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Three lectures on quiver Grassmannians

Giovanni Cerulli Irelli

ABSTRACT. This paper contains the material discussed in the series of three
lectures that I gave during the workshop of the ICRA 2018 in Prague. I will
introduce the reader to some of the techniques used in the study of the geome-
try of quiver Grassmannians. The notes are quite elementary and thought for
phd students or young researchers. I assume that the reader is familiar with
the representation theory of quivers.

Introduction

Given a finite quiver @ and a finite dimensional Q-representation M, the quiver
Grassmannian Gre(M) is the projective variety of Q-subrepresentations N C M
of dimension vector dim N = e. Quiver Grassmannians were considered in the
seminal paper of Schofield [57] for the study of general representations of Q. It is
shown there that a general representation of dimension vector d admits a subrep-
resentation of dimension vector e if and only if the minimal value of the dimension
of the extension space between a representation of dimension vector e and one of
dimension vector d — e is zero. This is shown by considering a universal family

Te,d * ye,d — Rq (Q)

over the representation space Rq(Q) of @Q-representations of dimension vector d
whose fiber over a point M € Rq(Q) is Gre(M). This is a proper family whose
total space is smooth and irreducible. It is nowadays called the universal quiver
Grassmannian.

Quiver Grassmannians then appeared in the Fomin and Zelevinsky theory of
cluster algebras ([33-35]), by work of Caldero-Chapoton [12], Caldero-Keller [13,
14] and Derksen-Weyman-Zelevinsky [28]. In those papers it is shown that for any
(non-initial) generator u of the cluster algebra Ag associated with Q there exists a
Q-representation M such that u has the following form

(0.1) u = x8M ZX(GI‘e(M))XBe

where gy is the index of M and x denotes the Euler characteristic (see section 8).
This is a remarkable fact, because the generators of the cluster algebra Ag are
defined recursively, starting from the initial seed (Bg,x). Thus, formula (0.1) is a
solution of this complicated recurrence relation and it is given in terms of quiver
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58 GIOVANNI CERULLI IRELLI

Grassmannians. It is then a natural question to see if a better understanding of the
geometry of the projective variety Gre(M) can provide useful information about
the cluster algebra Ag. This turned out to be true in the affine type A: in [17]
and [18] it is shown that by considering only the smooth part of Gre(M) in the
formula (0.1) one gets the elements of the atomic basis of Ag. The atomic basis
is a Z-basis such that its positive span coincides with the set of elements of Ag
which have positive coefficients with respect to any cluster. Nowadays it is known
that an atomic basis exists only in very particular cases.

When the quiver is acyclic, in formula (0.1) the Q- representation M is rigid, i.e.
Ext'(M, M) = 0. The positivity conjecture of Fomin and Zelevinky hence implies
that the Euler characteristic of the quiver Grassmannians associated with a rigid
Q-representation is non-negative. This was proved by Nakajima [48]. Caldero-
Keller and others conjectured that much more is true, namely that those quiver

irassmannians admit a cellular decomposition. This conjecture is still open. In
[16] it is proved a little less: namely that those quiver Grassmannians have property
(S), i.e. no odd homology, no torsion in even homology, and the cycle map is an
isomorphism. This refines the proof of Nakajima. For Dynkin and affine quivers
much more is true: for Dynkin quivers every quiver Grassmannian admits a cellular
decomposition and for affine quivers, every quiver Grassmannian associated with a
representation M whose regular part is rigid, admits a cellular decomposition. See
section 7.

Apart from this motivation, the geometry of quiver Grassmannians is an in-
teresting object of study, due to the fact that many geometric properties can be
studied via the representation theory of quivers. Butf one has to be careful here:
Reineke showed that every projective variety can be realized as a quiver Grass-
mannian in an elementary way and Ringel straightened considerably this result by
showing that every projective variety arises as a quiver Grassmannian of every wild
quiver. See section 4.7 for this, and for some examples.

It is then natural to restrict attention to particular quivers and dimension vec-
tors. The most fruitful restriction is when @ is an equioriented quiver of type An,
d=(n+1,---,n+1)and e = (1,2, - ,n). In this case the generic fiber of the
universal quiver Grassmannian is the complete flag variety for SLp41 and the other
fibers can be hence considered as “linear” degenerations of the com plete flag variety.
Among all fibers one is of particular interest: the Feigin degenerate flag variety. In
[20-23), we have studied degenerate flag varieties (and more general quiver Grass-
mannians of Dynkin type) from this point of view and get interesting new results
and new proofs of known results. In [19] we have explored the universal quiver
Grassmannian for the special case mentioned above, and find a very interesting
variety which is a flat degeneration of the complete flag variety and having the n-th

Catalan number of irreducible components. See Section 5 for details concerning
quiver Grassmannians of type A, linear degenerations of flag varieties and quiver
Grassmannians of Dynkin type.

In the last section 9 a collection of exercises is provided. The exercises are
divided according to the different sections of the paper and they are thought to

provide a better understanding of the techniques mentioned in the main body of
the paper. I encourage the reader to solve the exercises corresponding to a given
section during the study of the section.
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1. Notations

Let @ be a finite acyclic and connected quiver. We denote by Qo the finite
set of vertices (whose cardinality is always denoted with the letter n), by Q; the
finite set of edges, and the two functions s,t : Q1 — (o provide an orientation of
the edges. For an oriented edge o we write o : s(a) — t(a). The base field is
the field of complex numbers, denoted either by K or with the usual symbol C.
We denote by Rep(Q) the category of finite-dimensional complex representations
of Q. Recall that the objects of Rep(Q) are tuples M = ((M;)icqo, (Ma)acq,)
where M; is a (finite-dimensional) vector space and My, : My(q) — My(q) is a linear
map. A Q-morphism v : M — N between two (Q-representations is a collections
(i : My — N;)ieq, of linear maps such that the following square

Mo
Mgy — My

1/15(0‘)\[ lﬂ%(a)

Na
Neg(o) — Ny(a)

commutes for every arrow o of Q. We denote by Homg (M, N) the vector space
of Q-morphisms between the two (Q-representations M and N. We denote its
dimension by

[M, N] := dim Homg (M, N).

To a quiver @ is associated its {complex) path-algebra A = K@, which is the
algebra formed by concatenation of arrows. The category Repg (Q) is equivalent to
the category A-mod of K@Q-modules. Notice that KQ is finite-dimensional since
the quiver @ is acyclic, i.e. it does not have oriented cycles (even if its underlying
graph can have a cycle). The category Repy(Q) is abelian and Krull-Schmidt,
moreover it is hereditary, i.e. Extgz(—, —) = 0. We use the standard notation

[M, N]' := dim Ext (M, N).

The set {e; }icq, of paths of length zero form a complete set of pairwise orthog-
onal idempotents of A. Since @ is acyclic, and hence the path algebra A = KQ
is finite-dimensional, there are only finitely many simple A-modules parametrized
by the vertices of Q. We denote by Sy the simple corresponding to vertex k, by
P, its projective cover and by I}, it injective hull. Recall that as ()-representation,
Py, is described as follows: the vector space at vertex ¢ has a basis given by paths
from vertex k to vertex i, and the arrows act by “concatenation”. Notice that if
Q is an orientation of a tree (for example if @ is Dynkin), then every projective
P, is thin, which means that the vector space (P}); at every vertex ¢ is at most
one—dimensional. Dually, the injective indecomposable (left) A-modules are the
indecomposable direct summands of DA (viewed as left A-module), where D s the
standard K-duality. As Q-representation, I has at vertex j a vector space with
basis consisting of all the paths of @) starting in j and ending in k, and the arrows
act by “concatenation”.

For a @Q-representation M, the collection (dim M;)ieq, € Zgg of non—negative
integers is called the dimension vector of M, and it is denoted in bold by dim M.
Once the dimension vector is fixed, a Q-representation is determined by linear
maps: this leads us to the variety of Q—representations. Let d = (di)icq, € Zgg be
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a dimension vector. The vector space
Ra = @ Homp (K%, K%w)
a€Q1
is called the variety of @Q-representations of dimension vector d. The group
Ga:= [] GLa&(K)
i€Qo
acts on Rq by base change: (g:)i - (Va)a = (gt(a)Vag;[j\_))a and Gg—orbits are in
bijection with isoclasses of Q-representations. The stabilizer of a point M e Ry is
Stabg, (M) = Autg (M)
where Autg(M) denotes the open subvariety of Homg (M, M) consisting of in-
vertible Q-morphisms. In particular, dimAutg(M) = dim Homg (M, M). Given
another dimension vector e € Z‘jg we consider the vector space of (“degree zero”)
K-morphisms -
Hom(e,d) = @ Homg (K%, K%)
i€Qo
and the vector space of (“degree one”) K-morphisms
Hom(e, d[1]) = @ Hom g (K®(@ | K@),
a€Q1
In particular, if d is a dimension vector we get
(1.1) dim Hom(d, d[1]) = dim Rq.
Given N € Ro and M € Rq we consider the map
@% 5 Hom(e, d) — Hom(e,d[l]) 5 (f’i)'iEQo > (Ma o fs(a) — ft(a) o} Na)a€Q1
This is a linear map between finite dimensional vector spaces and one can show
quite easily (see e.g. [53], [4]): ‘
Ker &Y = Homg (N, M), CoKer ®¥ ~ Exty(N, M).
From these formulas we immediately get:
(1.2) [N, M] — [N, M]' = dim Hom(e, d) — dim Hom(e, d1]).
We have that dim Hom(e,d) = > ;g €:d: and dim Hom(e,d[1]) = >_e0.Es(e)t(e)-
QGiven two arbitrary integer vectors e,d € 7.0 the Euler form of Q is the integral
bilinear form (—, —)g : Z9° x Z9° — Z given by

<ead> B Z eid; — Z 6s(a)dt(Oc)-
i€Qo a€Q:
From (1.2) above, we immediately get
(1.3) dim Homg (N, M) — dim Extg, (N, M) = (dim N, dim M).
Formula (1.3) is called the homological interpretation of the Euler form.
In view of (1.1) and (1.3), we have
codimp, (G4 - M) = dim Rq — dimStabg, (M) = dim Extg (M, M).
We conclude that the orbit of M is dense in Rg if and only if Exté)(M ,M)=0. A
representation M such that Extéz(M , M) =0 is called rigid.
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A famous theorem of P. Gabriel [37] (see also [8] for a different proof and
[4, Section VIL5] for a survey) states that a quiver ¢ admits only a finite number
of isoclasses of indecomposable representations if and only if () is a Dynkin quiver
i.e. it is an orientation of a simply-laced Dynkin diagram of type A, D, E. The
quiver @ is called tame or affine if it is an acyclic orientation of a simply-laced
extended Dynkin diagram of type ADE. A quiver which is neither Dynkin nor
affine is called wild. The classification of the indecomposable Q)—representations is
possible if and only if @ is either Dynkin or tame and this explains the terminology.
Table 1 shows the Dynkin and the extended Dynkin diagrams.

|Type] Dynkin I ExtendedDynkin _|
®
Al e e i
[} L] ®
= b e
D ®—o —-.--—e® e — @0 — v — @
e N S AN
L] L L] L]
L ] e — o
[ |
FEg e—eo—o0—o—eo ®o—9o—9o—0—o
[ ] L]
| |
E7 o— 0 —0— 8 —0—0 *— 0o — 09— 09— 0 — 09— @
L] L ]
] |
ES e—9o—®—o—0—0—0 *a— 90— 08— 0 — 90— 0 — 06— 0

TABLE 1. Dynkin and extendend Dynkin diagrams

If @ is Dynkin, then Rq consists of finitely many Gg4-orbits, and hence, since
such orbits are connected and locally closed, there is a unique orbit which is dense.
The corresponding representation is hence a generic representation of dimension
vector d and we denote it by Mjy. In particular, for Dynkin quivers a representation
is generic if and only if it is rigid.

For an arbitrary acyclic quiver @ most dimension vectors do not admit a dense
orbit. By Kac’s theorem ([40, Theorem 1]) there exists an indecompsable represen-
tation of dimension vector d if and only if d is a positive root for the Kac-Moody
algebra associated with the underlying graph of @J; in this case Rq admits a dense
orbit if and only if d is a positive real root.

1.1. Almost split sequences. We conclude this section by recalling the fun-
damental notions of almost split sequence, irreducible morphism and of Auslander—
Reiten quiver of a quiver Q (see e.g. [11], [6], [4]). A short exact sequence

f

5 0 y N vE—2 s M N

is called almost split if it is non-split, both N and M are indecomposable and for
any morphism A : X — M which is not a split epi (i.e. it does not admit a right
inverse), there exists t : X — FE such that h = g ot. In particular, if § is an almost
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split sequence, and M is not a direct summand of X, then [X, F] = [X,N @& M].
Dually, it can be shown that § is almost split if and only if it is non-split, both
N and M are indecomposable and for any morphism h : N — X which is not a
split mono (i.e. it does not admit a left inverse), there exists ¢ : E — X such that
h =tof. A fundamental result of Auslander and Reiten [6, Theorem V.1.15] states
that for every indecomposable M which is not projective, there exists an almost
split sequence & as above (ending in M), which is unique up to scalar multiples
[6, Theorem V.1.16]. Dually, for every indecomposable N which is not injective,
there exists an almost split sequence § as above (starting from N).

One can show that almost split sequences are rigid, in the sense that they are
uniquely determined (up to scalar multiples as elements of Ext! (N,M)) by the
three modules N, E and M [6, Proposition V.2.3].

Almost split sequences are closely related to the so-called Auslander-Reiten
translate 7 and its quasi-inverse 7. In general the definition of 7 and 77 is quite
involved since they are not functors, but in our situation, which is the case of an
hereditary basic and finite dimensional algebra, it reduces to two simple functors:

r=DExt'(—,A) 7 =Ext'(D(-),A).
They are uniquely determined by the Auslander-Reiten formulas:
(1.4) Hom(M,7N) ~ DExt'(N, M) ~ Hom(r~ M, N).
If there is an amost split sequence ¢ as above then

N~tM, M=~7"N.

1.2. Auslander-Reiten quiver. A morphism f : M — N between two in-
decomposable Q-representations M and N is called irreducible if f is neither split
mono, nor split epi (i.e. it does not admit neither a left nor a right inverse) and
whenever there is a factorization f = fa o fi, then either f; is split mono or f2
is split epi (see [11]). The irreducible morphisms from M to N are parametrized
by the quotient space Irr(M,N) = radq(M, N)/rad®(M,N) (see e.g. [11, Sec-
tion 1]). Here rad(M, N) = {f : M — N not an isomorphism} and rad®(M, N) =
{f : M — Nwhich factor as hg with g not split mono and h not split epi}. The
Auslander-Reiten quiver of @ is a quiver denoted by I'q whose vertices are iso-
classes of indecomposable Q-representations, and there are k arrows [M] — [N] if
the dimension of the quotient space Irr(M, N) has dimension k (see e.g. [11, Sec-
tion 1] or [4, Section IV.4]).

The Auslander-Reiten quiver I'g consists of several connected components
which can be grouped together to form a decomposition

To=PglI R Ig

where Pg is the component containg all the indecomposable projectives and dually,
T is the component containg all the indecomposable injectives. The remaining
piece R¢ consists of all connected components which do not contain neither an
injective nor a projective module. It is easy to see that both Pg and Zg are
connected components. An indecomposable module M lies in Pg (resp. Zg) if and
only if there exists a vertex k € Qo and an index j > 0 such that M ~ 777
(resp. M ~ 79I;). Such a module is called preprojective (resp. preinjective).
With abuse of notation, we denote by Pg (resp. Zg) the full additive subcategory
of Rep(Q) whose indecomposable objects are preprojectives (resp. preinjectives)
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and its objects are still called preprojectives (resp. preinjectives). The connected
components of R¢ are called regular and their modules are also called regular.

The components Pg and Zg are called the preprojective and preinjective com-
ponent of I'g, respectively. These components of the quiver I'g can be described
combinatorially via the knitting algorithm. (I recommend the introductory book
[58] for more details about the construction of AR quivers of Dynkin quivers.)

The main property of the graphs Pg and Zg is that they encode the infor-
mation that one needs to understand homomorphisms and extensions between the
indecomposable representations corresponding to their vertices. Namely, the di-
mension of Hom(M, N) is given by counting paths from [M] to [N] modulo mesh
relations. To get the extension spaces one uses the Auslander-Reiten formulas (1.4).
Moreover Pg is a directed category, in the sense that given two indecomposables
M, N € Pg either [M, N]* =0 or [N, M]! = 0. The same holds for Zg. The regular
components encode much less information due to the fact that the infinite radical
of the module category contains many maps (if @ is wild). They are described by
Ringel [55]. They are far from being directed (see [42]).

Every module M admits a unique split filtration M’ € M" C M where M’ ¢
Ig, M"/M' € Rg and M/M" € Pg; these are called the preinjective, regular and
preprojective parts of M, respectively.

2. Quiver Grassmannians

Let Q be a finite quiver with n vertices and let A = KQ be the associated
(complex) path algebra. Given a dimension vector d, an A-module M € Rq and
another dimension vector e such that d —e € Zgg, in this section we define the
projective variety Gre(M) whose points parametrize submodules of M of dimension
vector e. We need to ask ourselves “what is a submodule?”. This question has
two answers: first of all, a submodule is a collection (N;);cq, of vector subspaces
N; C M; such that M, (N;) C N for every arrow « : ¢ — j of Q. On the other hand,
a submodule N C M is an A-module N endowed with an injective A-morphism
v: N — M. The two answers provide two different realizations of Gre(M).

2.1. First realization: Universal quiver Grassmannians. Schofield no-
ticed that quiver Grassmannians come in families: Let d and e be two dimen-
sion vector for @ such that e; < d; for all ¢ € Qo. Let us consider the product
of usual Grassmannians of vector spaces over the field K of complex numbers:
Gre(d) :=[[;cq, Gre:(K%). Given M € R4(Q) and a point N € Gre(d), the con-
dition that N defines a sub-representation of M is Mg (Ns(a)) € Niya)- We hence
consider the incidence variety inside Gre(d) X Rq given by:

(2.1) Gre(d) := {(N, M) € Gre(d) x Ra| Mo (Ny(ay) € Nea), Ya € Q1}-
The two projections p; : Gre(d) x Rg — Gre(d) and pa : Gre(d) x Rg — Rq induce
two maps

Gr&(d)

% fod

Gre(d) Rq

The group Gq acts diagonally on Gr&(d) (see exercise 9.5) and the two maps pe
and pea are Gq—equivariant. The map po is proper; moreover Gr%(d) is closed
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in Gre(d) x Rq and the closed embedding Gr@(d) — Gre(d) x Rq is proper. It
follows that the map pe a is proper, being the composition of two proper maps. Its
image is the closed subset of Rq consisting of those points M € Rq which admit
a sub-representation of dimension vector e. The quiver Grassmannian Gre(M)
associated with a point M € Rgq is defined as the (scheme-theoretic) fiber of pe,a
over M.

Thus quiver Grassmannians come in families: they are fibers of the proper map

Ded Gr@(d) — Ra

which is called the universal quiver Grassmannian. As shown in [20, section 2.2],
the map pe realizes Gr%(d) as the total space of an homogeneous vector bundle
over Gre(d) of rank

Y dsaydra) + s(@)€re) ~ Es(@)i(a)-
a€Q
Tn particular, Gr$(d) is smooth and irreducible of dimension
dimGr@(d) = (e,d — e) + dimRq.
By upper-semicontinuity of the fiber dimension, we see that for any point M in the
image of pe 4 We have
(2.2) dimZ > dimGr@(d) — dimIm(pe,a) > (e,d — e).

for every irreducible component Z of Gre(M).
Let D : Rep(Q) — Rep(Q°P) be the standard duality which associates to a
()-representation M its linear dual DM. There is an isomorphism of projective

varieties
(2.3)  (:Gre(M)— Gra_e(DM) : L+ Annp (L) = {w € DM|p(L) = 0}.

9.9. Second realization: Quiver Grassmannians as geometric quo-
tients and stratification. Following Caldero and Reineke [15], one can real-
ize quiver Grassmannians as geometric quotients. Recall the two vector spaces
Hom(e,d) and Hom(e,d[1]) of section 1 and the linear map oM . Hom(e,d) —
Hom(e, d[1]) associated with L € Re(Q) and M ¢ Ra(Q). Let us assume that
e; < d; for all i € Q. Given M € R4(Q) the algebraic map

oM . R, x Hom(e,d) — Hom(e,d[1]) : (L, f) +> @2 (f)
is used to define the following closed subvariety of Re x Hom(e, d):
Hom(e, M) := {(L, f) € Re x Hom(e,d)| &} (f) = 0}.

Inside Hom(e, d) there is the open (and dense) subvariety Hom®(e, d) consisting

of collections of injective linear maps; the induced open subvariety Hom" (e, M) =
Hom(e, M)N (Re x Hom" (e, d)) is of particular importance for us. Indeed the map
¢ : Hom®(e, M) — Gre(M) : (L, f) = f(L)

is surjective and each fiber of ¢ is a free orbit for the algebraic group Ge =
[Ticq, GL(ei) (see [15, Lemma 2]). This implies that the quiver Grassmannian

Gre(M) is a geometric quotient:

(2.4) Gre(M) ~ Hom®(e, M)/Ge.
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With this formulation, a point p of Gre(M) is represented (up to the Ge—action)
by a pair (L,t) where L € Ro(Q) and ¢ : L — M is an injective homomorphism
of Q-tepresentations; in this case we use the notation p = [(L,¢)]. As shown by
Caldero and Reineke, formula (2.4) implies the following description of the (scheme-
theoretic) tangent space Tp(Gre(M)) at a point p of the quiver Grassmannian.

THEOREM 2.1. Given M € Rq(Q) and a point p = [(L,t)] € Gre(M), the
tangent space Tp(Gre(M)) at p is isomorphic to Homq (L, M/i(L)).

REMARK 2.2. The tangent space formula only holds at level of schemes. The
usual example in this sense is given by considering a regular (indecomposable)
representation Ry of the Kronecker quiver of quasi-length 2 whose dimension vector
is (2,2). The quiver Grassmannian Gr( 1y(Rz) is a point, but the tangent space
has dimension one.

PROPOSITION 2.3. A non-empty quiver Grassmannian Gre(M) associated with
a Tigid representation M is smooth of dimension (e,dim M — e).

PRrOOF. For every subrepresentation N C M we have surjective morphisms
Ext!(M, M)—»Ext' (N, M)—Ext'(N, M/N). This proves that if [M, M]' =0
then [N,M/N]! = 0 and hence, by (1.3), the tangent space Tn(Gre(M)) has
dimension (e,dim M — e). This shows that Gre(M) is smooth. The dimension is
computed by using (2.2). d

As a consequence of the tangent space formula Schofield proved the following.

THEOREM 2.4. [57, Theorem 3.3] The universal quiver Grassmannian ped 15
surjective if and only if there exist N € Re and R € Rq_e such that [N, R]! = 0.

The realization of a quiver Grassmannian as a geometric quotient (2.4) allows to
define a stratification of Gre(M) as follows (see [20, Section 2.3] for more details):
let p be the projection from HomOQ(e,M ) t0 Re; its fiber over a point N € R, is
the space of injective linear maps Hom% (N, M). For each isoclass [IV] in Re we can
consider the subset Sy} of Gre(M } corresponding under the previous isomorphism
top~1(GeN)/Ge. Thelocally closed subset S}y is sometimes called an iso-stratum
of the quiver Grassmannian. In [20, Lemma 2.4] it is shown that Sy is a locally
closed subset of dimension

dimS[N] = [N, M] - [N, N]

In particular, a quiver Grassmannian Gre(M) admits a stratification

Gre(M) =[] Sim-
(V]

In case M is preprojective this stratification is finite. In this case, the irreducible
components of Gre(M) are hence closures of some strata which we called the generic
sub—representation types of Gre(M) (see [22]). See [39] for a description of the irre-
ducible components of Grassmannians of submodules of a module over an algebra.
In case of rigid modules the following holds

THEOREM 2.5. [16, Prop. 37] A quiver Grassmannian associated with a rigid
quiver representation is irreducible.
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3. Degeneration of Q-representations: Bongartz’s theorem
and applications to quiver Grassmannians

Given M, N € Rq4, M is said to degenerate to N and in this case it is customary
to write M <geg N, if the closure of the orbit of M contains N:

M<ge N &L Ga-M2Ga-N.

For arbitrary finite-dimensional algebras, it is a hard problem to control such a no-

tion. On the other hand, for algebras of finite representation type (i.e. admitting a
finite number of indecomposable modules) the following very useful characterization

holds:
31 M,<_degN — [X,M]S[X,N] s [MvX]S[NaX]
(3.1) ¥ X € Rep(Q) ¥ X € Rep(Q)

For Dynkin quivers this result was obtained by Bongartz [9] (partial results were
obtained by Riedtmann [51], Abeasis-Del Fra [1-3]). The surprising generalization
to any algebra of finite representation type was obtained by Zwara [59] (the second
equivalence follows from Auslander-Reiten theory [59, section 2.9], |5]). For general
quivers, not necessarily Dynkin, the equivalence (3.1) holds true in case both M
and N are preprojective or preinjective [9].
In the analysis of the geometry of quiver Grassmannians the following result
of Bongartz can be useful. In order to formulate it we need to recall the notion of
a generic quotient from Bongartz's paper [9, Section 2.4). Suppose that U € Re
and M € Rgq are given, and also that there exists a monomorphism ¢ : U— M;in
particular d — e € Z/l(;)'a is a dimension vector. The set of all possible quotients of
M by U is an irreducible constructible subset of Ra—e which is Gg—e-invariant. If
this set is the closure of the orbit of a point S then S is called the generic quotient
of M by U. In general, generic quotients may not exist. They exist for Dynkin
quivers, or if M is preinjective or if M is regular over an affine quiver, since there
are only finitely many isoclasses of quotients.
THEOREM 3.1. (|9, Theorem 2.4]) Let M,N € Rq such that M Sdeg N. Let
U be a representation such that [U, M] = [U, N then the following holds:
(1) if U embeds into N, it embeds into M too;
(2) in this case every quotient of N by U is a degeneration of the generic
quotient of M by U, in case it exists.

Bongartz’s theorem 3.1 can be used to prove that a certain quiver Grassman-

nian is non-empty. For example it can be used to prove Schofield’s theorem 2.4.
For Dynkin quivers, an interesting homological criterion that guarantees the non-

emptiness of a quiver Grassmannian associated with an arbitrary representation
can be found in [47].
4. Examples of quiver Grassmannians

In this section we collect examples of quiver Grassmannians.

4.1. Example 1: The Grassmannian. Let Q = - be the quiver with one
vertex and no arrows. A Q-representation of dimension vector d = (d) € Z»o is a
vector space M = K d Lete=(e) bea subdimension vector, .e. 0 <e < d. The
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quiver Grassmannian Gre(M) is an ordinary Grassmannian of vector subspaces
of M:

Gre(M) = {W CC4 dimW = e}.
Choosing a basis {wy,--- ,w} of a point W € Gre(M) defines a e x d-matrix

w1
W

Aw =

We

of maximal rank e whose rows are the elements of the chosen basis. On the other
hand every e x d-matrix A of maximal rank e defines a point W4 € Gre(M) which
is the span of the rows of A. This defines a surjective map

MatZ®% —» Gre(M) : A—— Wy

where Matgyy is the open subset of maximal rank e x d-matrices. The group GLe.
acts freely on Mat.xq by left multiplication and does not change the span of the
rows. The Grassmannian is hence a geometric quotient

Gro(C%) ~ Mat??% /GLe.

max

The quotient map Matyy —» Gre(M) can be (locally) trivialized as follows:

max

given A € MatZ}?5 there exists column indices 1 < j; < ja < -++ < je < d such
that the e x e-submatrix A” supported on the columms J = (i, -+ ,J.) of A4 is
invertible. Define

Ay(A) == det(A7) # 0.
For every J = (j; < --- < j.) define
Z;{J == {A S Mat?;;' AJ(A) # O} C Ma'texd-

This is an open subset. Given A € U we can multiply on the left by the inverse of

Y —J e
A’ and we get a matrix A such that A~ = 1.. We hence see that the restriction of
the quotient map to Uy provides a trivial quotient

Z:IJ—»L{J:{WA|AJ:16} ~ Ac(d—e) A Wy

so that Uy ~ Uy x GL,. This provides Gre(M) with the structure of an e(d — €)-
manifold. The Grasssmannian is covered by the affine spaces U:

Gre(M) =] Uy
J

an hence {U/;} is an affine covering of the Grassmannian, called the standard affine
covering.
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EXAMPLE 4.1. The standard affine covering for Gry(C*) is formed by

1 0 * = 1 % 0 =*
({11 0 {2 8 )
0 =*
¥+ 0 1 = ’
* 1 % 0 * % 1 0
“<2,4>={<* 0 = 1>} Usa = < £ 0 1>}

where * denotes an arbitrary complex number and (A) denotes the span of the rows
of A.

o

—

It is well-known (see e.g. [38, Example 6.6]) that the Grassmannian Gr.(C?)
is a smooth, projective and irreducible algebraic variety of dimension

(4.1) dim Gr,(C?%) = e(d — ¢).
The tangent space at W € Gr.(C%) is
T (Gre(C?)) =~ Home (W, C¢/W).

We notice that M = C? is a rigid Q-representation (cf. Proposition 2.3).

We now highlight another fundamental property of Gr.(C%): it admits a cel-
lular decomposition. We say that two matrices A and B of the same size are
row-equivalent if there exists an invertible matrix C (of the appropriate size) such
that B = C'A. Since invertible matrices are products of elementary matrices, we
see that this happens if and only if A can be transformed into B via Gaussian elim-
ination. It is not hard to prove that every matrix A € Mat.xq4 is row equivalent to
a matrix, denoted rref(A), with the following properties: 1) The zero rows are at
the bottom; 2) The pivot of every (non-zero) row is one; 3) the columns containg
the pivots have only the pivots as non-zero elements; 4) the pivot of the i-th row
is on the left of the pivot of the (i 4+ 1)-th row. The matrix rref(A) is called the
row reduced echelon form of A (and this explains the notation). The columns of
rref(A) containing the pivots are called dominants. We hence get a partition (i.e.
a disjoint union)

(4.2) Gr.(C% =11;Cs

where J = (1 < j; < -+ < jeo < d) is an e-set of column indices and C; has the
following equivalent definitions

C; = {Wy|rref(A) has dominant columns J}

. dim W, - itk &1
B d - k—1
= {W CecC |d1ka—{ dimWi_1+1 ifked }

where e¢; = (0,---,0,1,0,---,0) is the i—th row of the identity matrix 14 and
Wi = W N {eg, -~ ,e,) (notice that we identify C? with the row matrices). It
is clear that C; is an affine space (i.e. a cell). To make this more explicit we
consider the subgroup U C GL4 of unipotent upper triangular d x d matrices (i.e.
its elements are upper triangular matrices with 1 on the diagonal). This group acts
on Matgyy to the right, i.e. it acts on the columns. We immediately get

Cy={e;]j € JHU.
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This has the following interesting consequence: the closure of a cell is a union of
cells of smaller dimension

(4.3) G =11,C;
where I varies on a subset of index-sets that can be explicitely described. Conditions
(4.2) and (4.3) imply at once the following properties of X = Gr.(M):

(1) Hy(X) =0if 7 is odd, and it is torsion-free if 7 is even.

(2) The cycle map A.(X) — Hq(X) is an isomorphism.

Varieties having those two properties are said to have property (S). The cellular
decomposition (4.2) depends on the choice of an ordering of the standard basis
vectors of C%. It is sometimes called the standard cellular decomposition of the
Grassmannian.

EXAMPLE 4.2. The standard cells of Grg(C*) are

1 0 % =« 1
con={(o 1 1 1)} wo={(s
1 * * 0 0
can={(3 33 )} con={(3
01 = O 0
cao={(5 0 o 1)} co={(5

The Hasse diagram of the closure relation is the following:

Ciz

o o O = S *
(e =] = o
= O * ¥ * ¥
—_— N —f ——

Cia
Cia Cos
Cos

Caq

Another useful way to describe the cells is via torus action. Let us consider
the following action of the one-dimensional torus 7' = C* on Gr.(M): for every
A € T we rescal the standard basis vectors as A - e; = Xi~le;. This defines a linear
automorphism of the vector space K¢ and hence descends to an action on Gre(M).
Notice that this action depends on the ordering of the standard basis. It is hence
immediate to see that

C; = {W € Gr.(C%)] lim A- W = {e;|j € J)}.

For example, limy_,o A - {e1 + e2) = limx_yo(e1 + Aez) = (e1).
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4.2. Example 2: The complete flag variety. The complete flag variety is
Flapr = {U1 CUa C - CUp CC™|dimU; = i} .
This is naturally a quiver Grassmannian: Let

(4.4) Q:1—s2—..-——n—1——n

be the equioriented quiver of type A, let

M = P1n+1 . (C"‘H 1n+i(\ (C"'H Lot RPN Cn+1 _L‘i} (Cn+1

and let e = (1,2,3,--- ,n). Then
Flpi1 ~ Gre(M).
The complete flag variety is smooth, irreducibile of minimal dimension

M = (e,dim M — e).

dim Flp41 =
We notice that M is indeed a rigid Q-representation (cf. Proposition 2.3)

4.3. Example 3: The complete degenerate flag variety. Let V = cntt

with standard basis {e1, - ,ens1}. For every k=1,---,n+ 1 consider the pro-
jection along eg:
prp: V=V inei — Za:iei.
) i£k

Motivated by the study of abelian degenerations of simple Lie algebras, E. Feigin
introduced the projective variety FI%,, called the (complete) sl,-degenerate flag
variety [30-32). He showed that it has a realization in terms of linear algebra as
follows

Fie, = {(U,-,Un) € [ ] Gra(V)l pr+1(Uk) © Uka}
k=1
and he proved that this projective variety has marvellous properties: it is a (typi-
cally) singular, irreducible projective variety of dimension

n(n+1)
2

which is a flat degeneration of the complete flag variety Fl,y1; moreover, it is a
normal, locally complete intersection variety which admits a cellular decomposition.
Let Q be the equioriented quiver (4.4) of type Ay, Let A = KQ be its path algebra.
As a Q-representation A = @®J_; F; is the direct sum of all the indecomposable

dim Fl2 ., = dim Flp41 =

projectives and hence dim A = (1,2,--+ ,n). Dually, DA = @}_,I) is the sum of
all the indecomposable injectives and dim DA = (n,n—1,n—2,---,1). We notice
that

dim(A®DA) = (n+1,n+1,---,n+1)= dim P
From the definition it is immediate to check that

}—l?H—l = GrdimA(A D DA)
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4.4. Example 4: Singular quiver Grassmannians. We give two easy ex-
amples of singular quiver Grassmannians. Let @ : 1 — 2 be an Ay quiver.
The easiest example of a non-smooth quiver Grassmannian is the following: let

[0 0)
00
M=C—5C?’>~50P®5
and let e = (1,1). Then Gre(M) is the union of two P'’s crossing in one point.
Thus Gre(M) is a connected, equidimensional curve of dimension one with two
irreducible components and one singular point.

An easy example of a singular non-equidimensional quiver Grassmannian is the
following: let

1 0
0 0

M=C———5C3~ S, &P & 52

and let € = (1,1). Then Gre(M) is the union of a P? and a P' crossing in
one point. Thus Gre(M) is a connected projective variety of dimension two with
two irreducible components (one of dimension 1 and one of dimension 2) and one
singular point.

4.5. Example 5: A non—connected quiver Grassmannian. Let us give
an easy example of a non-connected quiver Grassmannian. Let @ :1 —=2 be
the Kronecker quiver. Let A be a 2 X 2 complex matrix with distinct eigenvalues.
Let us consider the Q-representation

1z
M:C2?§C2

and let e=(1,1). Then Gre(M) consists of two distinct points (the two eigenspaces).
The tangent space at those two points is zero dimensional and hence Gre(M) is a
reduced projective variety of dimension 0 with two connected components.

4.6. Example 6: a smooth quiver Grassmannian with negative Euler
characteristic. We borrow this example from Derksen-Weyman-Zelevinsky’s pa-
per [28, Example 3.6]. Let @ :1 2 be the 4-Kronecker quiver. Let d = (3,4)
and let e = (1,3). We notice that (e,d —e) = 1. It is easy to construct repre-
sentations N € Re and R € Rq_e such that [N,R] = 1 = (e,d —e) and hence
[N, R]! = 0. By Theorem 2.4, the universal quiver Grassmannian Gre(d) — Ra(Q)
is surjective. Thus, there exists an open and dense subset U of Rq such that the fiber
Gro(M) over a point M € U is smooth of minimal dimension (e,d —e) =1 > 0.
Let X = Gro(M) be a generic fiber (i.e. M € U). Then X is a smooth curve
of degree 4 and genus 3. It hence follows that its Euler characteristic is negative:
x(Gre(M)) = —4 < 0. Notice that since (d,d) = —11 < 0, U does not contain an
open orbit, i.e. there is no rigid representation of dimension vector d.

4.7. Every projective variety is a quiver Grassmannian. It is well
known that every projective variety can be realized as the intersection of a Veronese
variety with a linear space (see [38, Example 2.9]). Markus Reineke noticed that
this construction can be used in a straightforward way to realize every projective
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variety as a quiver Grassmannian [50]. In the next section 4.8 it is shown how this
works in an example. In this costruction, the quiver and the quiver representa-
tion depends on the chosen projective variety. Surprisingly, Ringel proved that the
choice of the quiver does not depend on the variety, as long as the quiver is wild.

THEOREM 4.3. [52] Let X be a projective variety and let Q be a wild quiver.
Then there exists a Q-representation M and a dimension vector e such that

X ~ Gre(M).

4.8. Realization of an elliptic curve as a quiver Grassmannian. Fol-
lowing Reineke [50], in this section we realize an elliptic curve as a quiver Grass-
mannian. This example appeared in the blog of Le Bruyn [44]. Let us consider the
elliptic curve

E={[z:y:2 €P2|y2z=:1:3—|—z3}.
We fix the complex vector space V = 3 with standard basis {e1,e2,e3} and its
linear dual V* with dual basis {e}, e}, e5}. The first thing we need to do is to
linearize the equation defining the elliptic curve: we do this using the Veronese
embedding j : V — Sym*(V) : v —» v ®@uvdwv. Consider the linear form ¢ =
(e1)2el — (e1)% — (e5)° Sym?(V) — C then

(4.5) £ = {[v] € Gri(V)| ¢(j(v)) = 0} = {[w] € Gr1(Sym®V)| p(w) =0}

where [v] denotes the line generated by a non-zero vector v and the isomorphism is

induced by the embedding j.

Next, we need to describe the image of the Veronese embedding. Recall that a
tensor w € VO of the form w = v®" is called decomposable. Thus, the image of j
consists of the decomposable tensors of VB3 For1<i<j<k<3we define

eej =€ Qej +e; ®e, eigjeg = 20653 eq(i) ® €s(5) ® €q(k)-

The sets {e;e;} and {e;e;jex } form a basis of Sym?(V) and of Sym?(V'), respectively.
Tt is easy to describe the decomposable vectors of V ® V: consider the canonical

isomorphism
G :VeVeHom(V,V)iw=0v@w (= (u > u(v)w)
defined on the decomposable tensors and extended by linearity. It is immediate to
verify that w is decomposable if and only if rk(¢,) < 1. We use this criterion to
detect the decomposable tensors of V@V @ V: ‘We consider the linear map
L Sym*(V) — V @ Sym*(V)

defined on the basis elements by e;ejex — €; @ ejex + €5 & €i€k + e ® e;e;. This is
the injective linear map compatible with the inclusions Sym*(V) c V® and V ®
Sym?(V) ¢ V3. In particular, it sends a decomposable vector to a decomposable
vector: Indeed
o( Z QOO €5€5€k) = (Z ae;) ® (Z Q;joke;ek)-
i<j<k i j<k

The standard basis {e1,e2,e3} of V determines an isomorphism of vector spaces
V @ Sym?(V) ~ Sym*(V) & Sym? (V) @ Sym?(V). Let

71,7, 3 2 V @ Sym? (V) — Sym?(V)
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be the projections onto the three factors, respectively. Thus, by definition, a vector
w of V ® Sym?(V) is written as w = e; ® m1(w) + e2 ® ma(w) + e3 ® m3(w). Let

W1, %2, 93 1 Sym®(V) ——— V @ Sym*(V) =2 Sym*(V)
be the composite maps 1; = m; o t. From the criterion above we see that w is
decomposable if and only if 7;(w), m2(w) and m3(w) are all contained in a same
line. We hence have:

(4.6) teImj<u(t) is decomposable <> dimSpan{y:(t), ¥2(t), ¥a(t)} < 1.
We consider the quiver e «+——e 5 e and its representation
Y1,92,93

M= C+——Sym* (V) —= Sym*(V

Then, putting together (4.5) and (4.6), we have & ~ Gre(M) where e = (0,1,1).

5. Quiver Grassmannians of type A

In sections (4.2) and (4.3) we saw that the complete flag variety and the corre-
sponding degenerate flag variety are quiver Grassmannians attached to representa-
tions of the equioriented quiver of type A,. In this section we study some general
properties of quiver Grassmannians of this sort, that we briefly call “of type A”.

Let Q be the equioriented quiver (4.4) of type A,. A (-representation M =

(M3)7q, (fi)?—_-_f) s
M : Ml—)MQL f—n_z)Mn_lfn_—1>n.

It is an interesting problem of linear algebra to find the normal form of a collection
of linear maps (f1,-*- , fn_1) by base change. It turns out that the indecomposable
QQ-tepresentations are thin and they are supported on connected subgraphs of Q).
Given 1 < 4 < j < n we denote by U;; the indecomposable supported on the
interval [i, j]. The projectives are P; = U; , and the injectives are Iy = Uy . The
AR-translate 7U; ; of U, ; is 7U; ; = Ujt1,541 and the AR-quiver is the following
(for n =4):

20N,

NN,
SN IS

The space of homomorphisms (and of extensions) between them are at most one-
dimensional and are given as follows

1 ifk<i<i<y
(5.1) [Uis, Uke] = { 0 otherwise

1 fk41<i<4+1<]j
(5.2) [Uke, Uss)' = [Uij, Untae41] _{ 0 otherwise
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We can order the indecomposable )-representations as M (1) < M(2) < --- <
M(N) (where N = W) so that

(5.3) M (i) < M(£) == Ext' (M (i), M(£)) = 0.

As shown in [19, Remark 7], a natural choice is the following (for n = 4)

i
NN

J VL Q DR a— M(5) < i M(8) < ~ M(10)
To a Q-representation M = ((M;), (f;)) we associate the sequence of non-negative
integers r™ = (rM|1 < j < n) given by the ranks of the composite linear maps
fis,ie. T = rk(fj_10---0 f;) for i < j and r}{ = dim M;. If M decomposes
as direct sum of indecomposables as M = @; Uml i the relation between the rank

NAEW
tuple r™ and the tuple of multiplicities (m; ;) is given by

M _ M _ M M M M
Ti T Dok<igi<e MG Mij = Ti5 = TiZ1 5 = Mg 1l

In particular, the sequence (r%) satisfies the inequalities

M, M M M
Tig tTic1i41 2 Tige1 T Ty
Conversely, let r = (r; ;|1 < 1 < j < n) be a sequence of non-negative integers
which fulfill the inequalities

(5.4) Tig FTicl4l 2 Tigel T Tic1j

for all 1 < < j < n, with the convention r; ; =0if ¢ =0 or j =n+ 1. An easy
induction shows that (5.4) are equivalent to

(5.5) Tijk + T4 2 Tje+ Tik

for every 1 <1i < j <k < ¢ <n. Then one can easily contruct a ¢}-representation
M such that ™ = r. A sequence of non-negative integers r = (r; ;) satisfying
the inequalities (5.5) is called a rank sequence. By the above, M ~ N if and
only if r™ = r¥ i.e. the isoclasses of Q-representations are parametrized by rank
sequences. Moreover it is proved in [1] that M <ge, N if and only if r¥ = rlY and

rM > rlf for every i,7; in this case we briefly write r™ > r

5.1. Cellular decomposition. Let M = (M;, f;) be a Q-representation. De-
compose M = @®}_, M (k) as a direct sum of its indecomposable direct summands,
so that [M (i), M(4)]! = 0 for i < j.

For every A € C* consider the automorphism fy : M — M of M which rescales
the M(k)’s as follows

fr(m) = N"tm ¥m € M(k).
This gives an action

TxGre(M)— Gre(M): (\,\N)—= A-N
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of the one-dimensional torus T' = C* on every quiver Grassmannian associated with
M. This action has finitely many T—fixed points which are coordinate subrepre-
sentations:

(5.6) Gre(M)T = ] Gra(M(1)) x--- x Gre, (M(s))
f1+-+f,=e

Notice that since the M (k)’s are thin, every non-empty quiver Grassmannian asso-
ciated to them is a point and Gre(M)T is a finite collection of points. For a T-fixed
point L consider the attracting space

Cp = {N € Gre(M)| lim A.N = L}.

We can represent the representation M as a collection of strings, ordered from top
to bottom, according to (5.3). This collection of strings is called the coefficient
quiver of M. Given a T-fixed point L € Gre(M)T we colour black the vertices
corresponding to L and to compute the dimension of C;, we only need to count how
many white vertices there are below each black source of L. For example, if n =3
and M = A® DA, e = dim A = (1,2,3) the following is coefficient quiver of M
together with a T-fixed point L highlighted by black vertices

L]
oO— e
oO——e —— e
O —O0—0
e — e
o

SO W

Then the dimension of Cp, is 4 (see [19, Sec. 6.4]). By elementary linear algebra
techniques one can prove the following result.

THEOREM 5.1. [19, Thm 12] For every T—fized point L, the attrcting set Cy, is
an affine space and the quiver Grassmannian Gre(M) admits a cellular decomposi-
tion

Gre(M)= ][] ¢z
LEGre(M)7T

Moreover the points of every cell Cy, are isomorphic to L and hence every iso-stratum
Sy, decomposes as union of cells.

The choice of the ordering of the indecomposable direct summands M (i)’s of
M is necessary to make theorem 5.1 working. Indeed, consider the case n = 2 and
the representation M = S; & P, & Sy of example 4 with the ordering given by

° 1
o—e 2
o 3

and let L be the highlighted point of Gr(;,1)(M). One can easily verify that C(L) ~
{([L: A],[1: u]) € P! x PY A = 0} which is not a cell.
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5.2. Schubert quiver Grassmannians. Let Q) be the equioriented quiver of
type Ay as in the previous section. A Q-representation R = ((R;), (fi)) is projective
if and only if every linear map f; : R; — R;11 is injective. In other words, R is
projective if and only if R, is a flag in R,,. The automorphism group Aut(R) of
R consists of those g € GL(R,,) which fix the flag R,; thus, Aut(R) is a parabolic
subgroup of GL(Ry,). This implies that the quiver Grassmannians associated with
R are Schubert varieties inside the partial flag variety GL(Ry)/Aut(R). Given a
Q-representation M, let us consider its minimal projective resolution

0 yP—~3R—— M + 0 .
For example if n = 3 and M = A & DA then the diagram

O

O ——>0
0o——0—o0
0O—0 —0
O—O0 —r %
O — % —— %

describes the minimal projective resolution of M: the * form (the coefficient-quiver
of ) P, the whole diagram is (the coefficient-quiver of ) R and the diagram without
* is (the coefficient-quiver of ) M. We can use the surjective morphism 7 : R — M
to embed a quiver Grassmannian Gre(M) associated with M into the partial flag
variety GL(R,,)/Aut(R) (see [23, Prop. 2.1]): we define the map

¢ : Gre(M) = Greyaimp(R) : N 7 (N).

This is a closed embedding and we refer to it as the standard embedding of Gre(M)
inside a partial flag variety. Let B C Aut(R) be the Borel subgroup of GL(R,) con-
tained in the parabolic subgroup Aut(R). It is a natural problem to find conditions
on the Q-representation M and to the dimension vector e so that the standard
embedding of Gre(M) into a partial flag manifold is stable by B. Indeed, if this
happens, then the irreducible components of Gre(M) are Schubert varieties. For
this reason, we called such varieties Schubert quiver Grassmannians.

In [23] we studied this problem and found a purely combinatorial solution. To
state the result we introduced the following terminology:

DEFINITION 5.2. We say that a Q-representation M is a catenoid if the in-
decomposable direct summands of M lie in an oriented (connected) path of the
AR-quiver of Q.

To illustrate definition 5.2 consider the case n = 4; given a ()-representation
M we highlight with e the vertices of the AR~quiver corresponding to the indecom-
posable direct summands of M. Consider the following two configurations:

L, L
Catenoid NotaCatenoid
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Then a representation whose configuration of its indecomposables is shown on the
left is a catenoid, while the one on the right is not a catenoid. Notice that the
multiplicities do not play any réle.

THEOREM 5.3. A quiver Grassmannian Gre(M) is a Schubert quiver Grass-
mannian if and only if M is a catenoid.

Theorem 5.3 has the following interesting corollary.
COROLLARY 5.4. Degenerate flag varieties are Schubert varieties.

PRrROOF. The complete degenerate flag variety is Graim (A ® DA) and the
representation M = A @ DA is a catenoid. By Theorem 5.3 its irreducible com-
ponents are hence Schubert varieties. Since the complete degenerate flag variety is
irreducible the result follows. O

Corollary 5.4 was first proved in collaboration with Martina Lanini [24] and it
was the starting point for the study of Schubert quiver Grassmannians. It holds for
partial degenerate flag varieties, and for symplectic degenerate flag varieties. For a
characteristic-free approach see [25].

5.3. Linear degeneration of the complete flag variety. Let ) be the
equioriented quiver of type A, and let A = K@ be its path algebra. The dimension
vectord = (n+1,n+1,--- ,n+ 1) is of special intereset. Indeed, both Pln+1 and
A@® DA have dimension vector equal to d. The complete flag variety Fl,; and the
degenerate flag variety FI7 , , are hence fibers of the universal quiver Grassmannian

Pea : Gr¥(d) — Rq

where e = dim A. Notice that pe q is surjective because the rigid representation
P1"+1 belongs to its image. The family pe a is hence of special interest and it was
studied in [19]. The main result of [19] describes the locus where pe g is flat with
irreducible fibers, denoted with Ufiq,irr and the locus where pe 4 is flat, denoted
with Upjqs. Since Flpi1 = p;(li(PI"H) and Flg | = p;}i(A @ DA) are irreducible,
both Pln+1 and A ® DA lie in Ugaeirr- Let us consider the rank sequences r0, r!
and r? given by

y=ntl, rhi=nt1-(—d), ¥ =n—(-i.
We put M = P M! = A@® DA and notice that r° = r™° and r™". The

representation M2 such that 2 = r™” is

n n—1 n
M =P Po@I; &P Sk =Ad DA/(soc DA) ®soc DA
i=1 =1 k=1

The following are the coefficient quivers of M?, M* and M? respectively, for n = 3

o > O e o > O > O o] > O o
(e} > O > O o ) [} e} o o
O—>0—0 o o ——0 o o0 —0
o > 0 » O o > 0O as o > 0 > O

MO M? M?
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The following theorem describes the loci Unat,rr and Ug,: defined above.

THEOREM 5.5. [19]

(1) Z/{ﬂat,lrr = {M [= Rd| M Sdeg Ml} = {M S Rd| rM > I‘l}.
(2) Ugar = {M € Ra| M <geg Mz} == {M € Rd| M > r2}.

It is worth noting that the irreducible flat locus Unap e coincides with the
normal flat locus, i.e. the locus consisting of points M whose fiber p;('l(M ) is
normal and of the same dimension as the complete flag variety Fln+1.

Tn view of Theorem 5.5 we call Grgim a(M %) the most-flat linear degeneration
of the complete flag variety, or, in short, mf-linear degeneration of the flag variety.
It turns out that the mf-linear degeneration has an interesting geometric structure:
it is an equi-dimensional, locally complete intersection variety whose irreducible
components are naturally parametrized by nomn-crossing arc diagrams on n vertices
and hence they are in number of Cy, = ;‘:(3;‘), the n-th Catalan number.

The flat irreducible locus contains two Schubert varieties, namely the complete
flag variety Fl,41 and the degenerate Aag variety Fl2. ;. We callUppw C Uirr,flat
the locus of points whose fiber is a Schubert quiver Grassmannian. In [19, Section 5]
those Schubert quiver Grassmannian are shown to be PBW-degenerations of the
complete flag variety, and hence the name. Moreover a complete description of the

realization as a Schubert variety is provided.

6. Quiver Grassmannians of Dynkin type

In section 5 we saw that even quiver Grassmannians of type A can have a com-
plicated geometric structure. We hence cannot expect to find general results con-
cerning quiver Grassmannians associated with an arbitrary Dynkin quiver. What
we can do is to restrict our attention to particular quiver Grassmannians. We have
in mind the complete degenerate flag variety Flny1 =~ Graim a(PI'), and the
degenerate flag variety Flg,; ~ GIdim A(A® DA), where A is the path algebra
of the equioriented quiver of type Ay,. Those varieties share many nice properties.
It is hence natural to consider quiver Grassmannians of the form Graimp(P & I)
where P is a projective and I is an injective representation of an arbitrary Dynkin
quiver. We call such varieties well-behaved quiver Grassmannians [20]. We prove

the following result.

THEOREM 6.1. [20] Let Q be a Dynkin quiver. Let P and I be a projective and
an injective Q-representation, respectively. Let Z = Grdim p(P®I). Then Z is
a reduced, irreducible and rational locally complete intersection scheme of minimal
dimension (dim P,dim I). Moreover Z has normal singularities and it is acted
upon by an algebraic group G C Aut(P & I) with finitely many orbits.

We can extend a little bit the class of well-behaved quiver Grassmannians by
considering varieties of the form Z = Grdim x(X®Y) where X and Y are rigid and
such that [X,Y]' = 0. In this case the variety Z has the same properties stated
in theorem 6.1 but not the group action and the normality. Normality does not
hold for such quiver Grassmannians, in general, since they can have singularities in
codimension 1 (see example 4 in section 4.4).
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7. Cell decomposition and property (S)

A finite partition (X;) of a complex algebraic variety X is said to be an a-
partition if

(7.1) X1 II---1I X; is closed in X for every 1.

Clearly, every piece of an o-partition is locally closed. Property (7.1) can be
reformulated by

(7.2) X, X U-- X4

for every i. A cellular decomposition of X is an a-—partition whose parts X; are
(complex) affine spaces. By (4.2) and (4.3) we see that the Grassmannian admits an
a-partition into affine spaces; more precisely the standard cells of the Grassmannian
form an a-partition with the stronger property that in (7.2) the equality holds. The
following is an example of a variety admitting a partition into affine spaces which
do not admit a cellular decomposition.

EXAMPLE 7.1. Let X = {[z : y : 2] € P?|zyz = 0} be the union of three P'’s
crossing in the three distinet points [1 : 0: 0], [0 : 1 : 0] and [0 : 0 : I]. We can

represent X as a triangle:
[0:1:0]
L]
[lzyy \%lzz]

L] L ]
[1:0:0] [2:0:1] [0:0:1]

Then X = C, UCy U Cs is the disjoint union of three affine lines Al given by
Ci={1:y:0},C={1:0:2z]}, C3 ={[0:1: 2]} which do not form an
a-partition.

The existence of a cellular decomposition for X is rare but when happens it
implies wonderful homological properties: we denote by H;(X) the i-th space of
the Borel-Moore homology of X (see [26]). Following [27, Sec. 1.7] we say that an
algebraic variety X has property (S) if:

(S1) H;(X) is zero if i is odd and it has no torsion if i is even;

(82) the cycle map ; : A;(X) — Hy;(X) is an isomorphism for all i.

(Here Ai(X) denotes the Chow group generated by K—dimensional irreducible sub-
varieties modulo rational equivalences (see [36, Sec. 1.3])). It is easy to prove (see
e.g. [27, Section 1.10]) that

Cell decompositon =—=> Property (S)

but the opposite is not true. A counter-example for the reverse implication was
communicated to me by Antonio Rapagnetta: it is the first example of an irrational
surface with trivial H' [7]. Those surfaces have property (S) but they cannot
admit a cellular decomposition, since cellular decomposition implies rationality.
The variety X of example 7.1 has non-trivial H; and hence it cannot admit a
cellular decomposition.

If X is a smooth complex algebraic variety, we can formulate property (S)
equivalently in terms of singular cohomology as: 1) the odd cohomology groups
H%+1(X) vanish and 2) the cycle map A*(X) — H?(X) is an isomorphism.
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By [27, Lemma 1.9}, if f : X — Y is a locally-trivial affine bundle, and ¥ has
property (S) (resp. admits a cellular decomposition) then X has property (S) (resp.
admits a cellular decomposition) too. If X admits an a-partition into pieces having
property (S) (resp. admitting a cellular decomposition) then X has property (S)
(resp. admits a cellular decomposition).

In [27] it is shown that Springer fibers for classical groups admit a cellular
decomposition and the Springer fibers for exceptional groups have property (S). It
is conjectured that cell decomposition exists also for the exceptional groups.

We say that a quiver representation M has property (C) (resp. (S)) if every
quiver Grassmannian Gre(M) associated with M admits a cellular decomposition
(resp. has property (S)). In [16] the following result is proved.

THEOREM 7.2. [16] Let Q be a connected quiver and M a Q-representation.
(1) If Q is Dynkin, then M has property (C).
(2) If Q is affine and M has indecomposable or rigid reqular part, then M has
property (C).
(3) If Q is arbitrary and M is rigid, then M has property (S).

It is conjectured that every rigid quiver representation has property (C). For
quivers with two vertices this has been proved in [56]. For quivers of type D,
theorem 7.2 was partially proved in [45] and [46]. It is not clear to us if the
restrictions assumed in part (2) of Theorem 7.2 on the regular part of M for an
affine quiver are necessary. At the moment, our proof only works for those cases.
The proof of part (3) is based on a general theorem of Ellingsrund and Strgmme
[29] concerning the decomposition of the diagonal in the Chow group.

7.1. Decomposition induced by short exact sequences. In this section
we illustrate the idea of the proof of part (1) and part (2) of theorem 7.2. Let Q
be an acyclic quiver and let

n: 0— M —sM-—"3M' ——0

be a short exact sequence in Rep(Q). This induces the map
U7 Gre(M) > J[ Gre(M') x Grg(M”): N = ("IN, 7(N))
fig=e
between quiver Grassmannians. By taking the preimage SfT'],g = (U)~H(Gre(M') x
Grg(M™)) of each piece, we get the algebraic map
VY, 0 S = Gre(M') x Grg(M") : N+ («7'N,w(N)).

The finite partition Gre(M) = [I¢, .. St is an a-partition (see [16, Lemma 20]).
It is hence natural to investigate the map W¥{ g in order to deduce nice properties
of each piece 8}7, g Lhe first thing to study is its image. It is basically by definition
that the image of ‘If?g consists of those pairs (N', N”) € Grg(M') x Grg(M") such
that in the commutative diagram

(7.3) Ext'(M", M') —s Ext'(M", M'/N")

! |

Ext'(N", M") — Ext'(N", M’ /N")
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the element 1 € Ext'(M"”, M') is mapped to zero in Ext'(N", M'/N’) (see [16,
Lemma 21]). For a general n the image of \I/;-’,g is hence difficult to control. Never-
theless, there are some short exact sequences for which this image is under control.
They are called generating.

7.2. Generating short exact sequences.

DEFINITION 7.3. An element ¢ € Ext!(S, X) is generating if Ext'(S, X) = C¢.

In other words ¢ € Ext'(S, X) is generating if either [S, X]' = 0 and £ = 0 or
[S,X]! =1 and ¢ # 0.

If a generating sequence ¢ € Ext!(S, X) is split then Ext' (S, X) = 0 and hence
the map lIff-‘g is surjective by the above description of its image.

If a generating sequence ¢ € Ext'(S, X) is not split then Ext'(S, X) ~ C and
hence for every (N7, N2) € Gre(X) x Grg(S) the diagram (7.3) becomes

(7.4) C ———» Ext'(S, X/Ny)

| l

Ext!(Ny, X) — Ext'(Na, X/Ny)
forcing [Nz, X]* < 1, [S, X/N1]} < 1 and [Na, X/Ni]' < 1. A pair (N, Nz) is not in
the image of \Ilg’g if and only if [Nz, X/N;]! = 1. By diagram chasing one shows that
a pair (N7, N2) is not in the image of \Ilgg if and only if [Ny, X]* = [S, X/N:]' = 1.
It turns out [16, Lemma 27| that the following subrepresentations are well-defined
Xg :=max{N C X|[S,X/N|' =1}, SX :=min{N C S|[N,X]' =1}.

Let us give a better description of those subrepresentations. The subrepresentation
X is the maximal subrepresentation of X such that the pushout sequence

0 > X »Y > S s 0
P& 0— X/Xg——Y ——85——0

does not split. Dually, the subrepresentation SX C S is the minimal subrepresen-
tation such that the pull-back sequence

R 0 s X % y §X 0
J’= [ '
&: 0 y X > Y y S >

does not split. If £ is almost split then this description implies that SX = § and
X5 = 0. We hence say that a generating extension is a generalized almost split se-
quence if SX = S and Xg = 0. It is easy to find examples of generalized almost split
sequences which are not almost split (see exercise 9.22). If £ € Ext' (S, X) is gener-
ating and not split, then, by the Auslander-Reiten formula, [X,7S5] = [t~ X, S| =1,
Let f: X - 7S and g: 7~ X — S be two non-zero maps then

(7.5) Xg =Ker(f) and SX =1Im/(g).
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EXAMPLE 7.4. Let Q be the equioriented quiver (4.4) of type A,,. Given indices
1 <i< k< j<{f<nlet us consider the indecomposable (Q-representations
X = Ugy and S = U; ;. In view of (5.2), [S,X]' = 1 and there is a generating
extension { : 0 -+ X =Y — § — 0 where Y = U;; ® Ug ;. A non-zero map
between X and 75 is injective, and hence, by (7.5), Xg = 0. The image of a
non-zero map 7~ X = Ug_14-1 — U;; is X = Ug_1,4-1. For quivers of this
type the only generalized almost split sequences are the almost split sequences (see
exercise 9.23). In general, one can easily find examples of generilized almost split
sequences which are not almost split (see exercise 9.22).

Turning back to Im(\Iigg), it follows from the discussion above that (Ny, Na) is
not in the image of \Il§ . if and only if Ny € Xg and Ny D 5% . We hence see that
for a non-split generating extension £ the image of \Ilg g 18 given by:

(7.6) Im 5, = (Gre(X) x Grg(S5)) \ (Gre(Xs) x Grg_aim sx (5/5%)) .

The following technical result, that we call the “reduction theorem”, provides
a way to reduce the problem of checking property (C) or (S) for a ()-representation
Y which is the center of a generating extension.

THEOREM 7.5. Let & € Ext'(S, X) be a generating extension. Then \I/gg is a
locally trivial offine bundle over its image of rank (g,dim X —f).

Theorem 7.5 is called “reduction theorem” because of the following corollary.

COROLLARY 7.6. Let & : 0— X —Y —S5—0 be a generating extension. If
Im \Il?g admits a cellular decomposition for all £ and g, then Y has property (C).
In particular, if [S, X! =0 and both X and S have property (C) (or (S)) then Y
has property (C) (or (S)).

Corollary 7.6 has the following immediate consequence: if M is a preprojective
(-tepresentation and all its indecomposable direct summands have property (S)
or (C) then M itself has property (S) or (C). This is because the preprojective
component is directed.

In order to prove that every representation of a Dynkin quiver has property (C)
it is hence enough to prove it for the indecomposables. This is done by induction
using an elementary technique (see [16, Theorem 45]).

If @ is an affine quiver then one can use its well-known representation theory
to deduce that every indecomposable preprojective Y fits as the middle term of
a generating extension £. Moreover the subrepresentations Xg and SX are under
control and hence is the image of ‘Il§ . By corollary 7.6 one gets the proof of part (2)
of theorem 7.2 by induction. Proving property (C) for preprojective representations
of an arbitrary quiver @ seems to be much harder, due to the fact that the reduction
theorem only allow us to use generating extensions. This is done in [56] for quivers
with two vertices by combining the reduction theorem 7.5 with covering theory.

The proof of theorem 7.2 has the following easy corollaries.

COROLLARY 7.7. Given an acyclic quiver Q, every Q-representation M whose
reqular part is rigid has property (S).

ProOF. Decompose M = Mp & Mg @ Mz as the sum of a preprojective, a
regular and a preinjective ¢)-representation. By theorem 7.2, every indecomposable
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direct summand of both Mp, Mz and Mz has property (S). By the reduction
theorem 7.5 it follows that Mp, Mz and Mz have property (S). Since [Mp, Mg ®
Mz} = [Mg,Mz]' = 0 again by the reduction theorem 7.5 we get that M has
property (S). O

COROLLARY 7.8. [16, Corollary 42] Let M be a rigid representation of a quiver
Q and let v : Gre(M) — [[;cq, Gre;(M;) be the closed embedding. Then the induced
map in cohomology v* : H*([[;c o, Gre;(M;)) — H*(Gre(M)) is surjective.

COROLLARY 7.9. [16, Corollary 2] Let M be a rigid representation of a quiver
Q and let X = Gre(M) be a quiver Grassmannian attached to it. Then X is defined
over Z and it has polynomial point count, i.e.

#Gre(M)|p, = _ dimoH™(Gre(M),Q)q".

8. The cluster multiplication formula

In this section we provide an application of the reduction theorem 7.5 to
cluster algebras. Let @ be an acyclic quiver with n vertices and let M be a Q-
representation. The F-polynomial of M is

Fu(y) =Y x(Gre(M))y® € Zlys, -+ ,yn]

where x denotes the Euler-Poincaré characteristic. The g-vector or indez of M is
gu = 1] - [I0"] € Ko(Rep(Q)) = Z%
where 0 — M — IM — IM — 0 is the minimial injective resolution of M. Notice
that (gar): = —(Si, M). The ezhange matric B = (b ;)i jc, € Matnxn(Z) of Q is
the integer matrix given by
bij=#{j »ie@}—#{i—>je}

The cluster character of M is the Laurent polynomial

COM(x,y) = > X(Cro(M))xPeteuy® = CC(M) € Zly1, - ,ynllai", -+ , 27",

The reduction theorem 7.5 implies the following multiplication formula. To state
the precise result we need to recall that given a generating extension & € Ext! (S, X)
there exists an exact sequence 0 = X/Xg — 75X — I — 0 where I is injective.

CoroLLARY 8.1. [16, Theorem 66] Let £ : 0 - X - Y — 5 = 0 be a
generating extension. Then

(8.1) CC(X)CC(S) = CC(Y) + ytimS* cC(X5)CC(S/5%) xF
where I = ®jcq, ij

The multiplication formula (8.1) is a slight generalization of the multiplication
formula of Caldero and Keller [14] and it can be interpreted as a categorification
of the exchange relations in the cluster algebra associated with Q. The apperence
of dim SX in the formula seems to be new and provides a representation theoretic
description of the c—vectors.
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9. Exercises
We conclude the notes with a list of exercises divided by arguments.

9.1. Generalities on quiver Grassmannians.

EXERCISE 9.1. Recall that the complete flag variety Fl,+1 = {U1 CUs C--- C
U, C C™"1|dimU; = i} can be realized as the quiver Grassmannian Gro (P,
where P; is the projective cover of the simple S; for the equioriented type A quiver
Q:1—>---—>nande=(1,2,---,n). Show that the dimension of Fl, is (e,d —e)
where d = dim P1"+1.

EXERCISE 9.2. Consider the quiver @ : 1 — 2 and let M = P; & 51 @ S». Show
that Gr(; 1y(M) is isomorphic to two P! crossing in one point.

EXERCISE 9.3. Given an e-subset I = (1 < i3 < ip < -+ <, < n) of [1,7],
compute the dimension of the affine space C; C Gre(C?).

EXERCISE 9.4. Show that the universal quiver Grassmannian Gr9(d) has di-
mension (e,d — e) + dim Rq(Q).

EXERCISE 9.5. Given g = (g;) € Ga, N = (N;) € Gre(d) and M € R4(Q)
consider the action: g - N = (g;(N;))ieq, and g- M = (ngagi_l)a:i—)jte- Show
that the universal quiver Grassmannian Gr(d) C Gre(d) x R4(Q) is invariant
under the diagonal Gq action and that the map pg : Gr2(d) — Ra(Q) is Ga-
equivariant.

EXERCISE 9.6. The group Ge acts on Hom(e,d) by: g = (g:) € Ge, (N, f) €
Hom(e,d), g - (N, f) := ((9s(0)Nabyzy)» (figi 1)). Verify that given M € Ra(Q),
Hom(e, M) C Hom(e,d) is Ge-stable. Prove that Ge acts freely on Hom®(e, M).

EXERCISE 9.7. Let M be a rigid quiver representation. Using the tangent space
formula, show that every non-empty quiver Grassmannian Gre(M) attached to M
is smooth of minimal dimension (e,dim M — e).

EXERCISE 9.8. Let M be a rigid quiver representation of dimension vector d.
Show that Gre(M) is non—empty if and only if Gre(M') is non-empty for every
M' € R4a(Q).

EXERCISE 9.9. Consider the quiver Q:1 — 2 andlet M! =P P, o1 & 1.
Find the generic subrepresentation type of the degenerate flag variety Gr(y oy(M h.

EXERCISE 9.10. Let X and Y be rigid representations of an acyclic quiver @
such that [X,Y]! =0 and let M be a Q-representation such that M <jeq X ® Y.
Use Bongartz’s theorem 3.1 to show that there exists a short exact sequence 0 —
X—->M-—-Y =0

EXERCISE 9.11. Consider the quiver @ : 1 — 2 and let M2 = P& S7®S53. Find
all iso-strata of the mf-liner degeneration of the flag variety Gr(; 2)(M) and show
that there are two generic subpresentation types. [Hint: compute the dimension of
the iso-stratal

EXERCISE 9.12. Let Q be an acyclic quiver and let M = P & I where P is
projective and I is injective. Consider the quiver Grassmannian Gre(M) where e =
dim P. Let N € Grgim p(M). Show that the iso-stratum Sy has dimension less or
equal than (e,dim M — e). Using Bongartz’s theorem, show that the only generic
iso-stratum is Syp). Conclude that Gre(M) is irreducible of minimal dimension.
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9.2. Quiver Grassmannians of type A.

EXERCISE 9.13. Find a normal form for pairs of matrices (A, B) € Maty,xk X
Matixn by base change. In other words, find the decomposition of a representation
V of Q:1— 2— 3 as direct sum of indecomposable Q-representations.

EXERCISE 9.14. Let Q =1 — 2 and let M = So® P ®S1 € Rep(Q). Order the
indecomposable direct summands of M as M (1) = Sy, M(2) = P, and M(3) = Ss.
Consider the quiver Grassmannian Gr(; 1)(M) and the C*-action given by A-m =
Ae=Im for every m € M (k). Prove that there is a torus fixed point L such that its
attracting set Cr, is not an affine space.

EXERCISE 9.15. Let Q be a Dynkin quiver, and let X and ¥ be two rigid Q-
representations such that [X,Y]! = 0. Show that the dimension of each isostratum
Sinp of a quiver Grassmannian Grgim x (X @ Y) satisfies:

dim Sy < (dim X,dimY).

and equality holds if and only if N ~ X. ([HINT: use the fact that the degeneration
order for Dynkin quivers is equivalent to the Hom-order: M <g4o, M’ if and only
if [M, L] < [M', L], for every L]). Conclude that Grdim x (X ®Y) is irreducible of
minimal dimension.

EXERCISE 9.16. Realize the degenerate flag variety Fl§ as a Schubert variety.

EXERCISE 9.17. Let Q: 1 > 2 >3 and M = Ps® P2 S, @ I, ® I;. Verify
that M is catenoid and describe the natural embedding of Gr; 21)(M) inside a
partial flag manifold. Show that there are two irreducible components.

EXERCISE 9.18. Let Q be the equioriented quiver of type A,, and let A = KQ
be its path algebra. Put e = dim A and d = dim (A & DA) as in section 5.3. Use
theorem 5.5 and exercise 9.10 to show that a point M € R4(Q) belongs to Ugag, 1rr
if and only if there exists a short exact sequence 0 -+ A —- M — DA — 0.

9.3. Cellular decomposition of quiver Grassmannians.

EXERCISE 9.19. Let n : 0 y78 ——Y —"385——0 be an almost
split sequence. Describe the image of the map
oy, Gro(E) —— Gre(1S) x Grg(S5)

N ——— (N N u(r8), 7(IN))

EXERCISE 9.20. Show that if ¢ € Ext!(S, X) is generating then
Im(¥§ ) = {(N1, N2) € Gre(X) x Grg(S)| [Nz, X/N1]* = 0}

EXERCISE 9.21. Let &€ € Ext'(S, X) be a non-split generating extension. Prove
that Xs and SX are well-defined as follows. (For Xg) for every N,N' C X such
that [S, X/N]' =[S, X/N']' = 1, one has [S, X/(N + N")]' = 1. Dually (for S¥)
for every N, N’ C S such that [N, X]! = [N/, X]! =1, one has [NN N', X]' = 1.

EXERCISE 9.22. Prove that an almost split sequence ¢ € Ext'(X,7X) ending
in a brick X (i.e. a Q-tepresentation such that [X,X] = 1) is generalized almost
split. Find an example of a generalized almost split which is not almost split. (Hint:
look among the representations of a quiver of type Dy.)
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EXERCISE 9.23. Let @ be the equioriented quiver of type A,. Prove that a
non-split generating extension (between two indecomposable Q-representations) is
generalized almost split if and only if it is almost split.

EXERCISE 9.24. Prove the equalities in (7.5).

EXERCISE 9.25. Let X and Y be indecomposable preprojectives, such that
Hom(X,Y) = C. with ¢ : X — Y an irreducible monomorphism. Let S = Coker(1).
Show that the short exact sequence

£:0 y X —4—Y "8 >0

induced by ¢ is generating and SX = S.
EXERCISE 9.26. A short exact sequence

0 )AJ'=(J'1 er]Bl @ ng

gives rise to a commutative diagram

=(g2:91)
>

C s 0

B
2N
A C
N A
By
which is both a push—out and a pull-back square. Prove that

Ker(g;) ~ Ker(fi), Coker(g;) ~ Coker(f;) (i=1,2).

EXERCISE 9.27. Let Q be the following quiver of type Ay:

2
/‘ \\[2
_
1 5 3

Let M be the indecomposable @ representation of dimension vector (3,3,4). Using
the construction seen during the lecture, find a cellular decomposition of the quiver
Grassmannian Gre(M) for e = (1,2, 3).

EXERCISE 9.28. Let @ be the following quiver of type Dy:

and let M be the indecomposable preprojective ()-representation of dimension vec-
tor (3,2,2,2,2). Let e =(1,1,1,1,1). Find a cellular decomposition of the quiver
Grassmannian Gre(M), using the techniques seen at the lecture. Find a geometric
interpretation.
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EXERCISE 9.29. Let X be a rigid brick (i.e. [X,X] =1 and [X, X]' = 0) which
is not projective and let £ : 0 - 7X — E — X — 0 be the almost split sequence
ending in X. Show that F is rigid and [X @ 7X, E|' = [E,X & 7X]|* = 0. Show
that & is generalized almost split.

EXERCISE 9.30. Let £ : 0 - X — Y — 5 — 0 be a generating extension.
Prove that the reduction theorem 7.5 implies the following multiplication formula

of F-polynomials Fx Fs = Fy + y3m™S™ Fy Fg gx.
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