PULLBACK MODULI SPACES
FRAUKE M. BLEHER AND TED CHINBURG

ABSTRACT. Geometric invariant theory can be used to construct moduli spaces
associated to representations of finite dimensional algebras. One difficulty which
occurs in various natural cases is that non-isomorphic modules are sent to the same
point in the moduli spaces which arise. In this paper we study how this collapsing
phenomenon can sometimes be reduced by considering pullbacks of modules for an
auxiliary algebra. One application is a geometric proof that the twisting action of
an algebra automorphism induces an algebraic isomorphism between moduli spaces.

1. INTRODUCTION

To construct a well-defined moduli space associated to algebraic objects of various
kinds, one must introduce an equivalence relation on these objects and classify the
resulting equivalence classes. These equivalence classes may be much larger than one
would like, so that many isomorphism classes of objects are collapsed to a point in
the moduli space. A standard approach to dealing with this problem is to incorporate
more structure into the moduli problem. In this paper we consider moduli spaces
constructed by King in a now classical paper [10] for representations of finite dimen-
sional algebras A over an algebraically closed field. Our approach to adding more
structure is to introduce an algebra homomorphism A — A’ and to consider families
of A-modules which are pullbacks of families of A’-modules. The main problem then
is to control the loss of information resulting from restricting families of A’-modules
to families of A-modules. For certain A’, we will produce sufficient conditions on
A — A’ for no information to be lost in the pullback process. This leads in various
cases to non-trivial moduli spaces when the moduli spaces which result from apply-
ing King’s methods directly to A-modules alone collapse to points (see Example 2.4
and §3). A different approach to these moduli problems has recently been developed
by Huisgen-Zimmermann in [8, 9]. She uses closed subvarieties of Grassmannians to
describe the degenerations of a particular A-module. Under certain conditions she
obtains moduli spaces for all isomorphism classes of A-modules with a given top and
dimension.

We now introduce the notation needed to state our results. Let K be an alge-
braically closed field, and suppose A = K@Q/J is a finite dimensional basic algebra

1991 Mathematics Subject Classification. Primary 16G10; Secondary 14D22, 16W20.

Key words and phrases. Moduli spaces, pullbacks, representations of finite dimensional algebras,
algebra automorphisms.

The first author was supported in part by NSF Grant DMS01-39737 and by NSA Grant H98230-
06-1-0021. The second author was supported in part by NSF Grants DMS00-70433 and DMS05-
00106.



2 FRAUKE M. BLEHER AND TED CHINBURG

over K, ie. (@ is a finite quiver and J is an admissible ideal in the path algebra
K@. For each such A and dimension vector d, there is a representation variety
Va(d), whose points correspond to representations of A with this dimension vector
(see, for example, [10, 12, 15] and their references). The isomorphism classes of these
A-modules correspond to orbits of the variety V) (d) under the action of a reductive
algebraic group, called GL(d). Let A’ be another basic finite dimensional K-algebra
and let f: A — A’ be a K-algebra homomorphism.

King’s work in [10] can be applied to construct a fine moduli space M3, (d',0")
for families of A’-modules of dimension vector d’ which are stable with respect to an
additive function 0" : Ko(A') — Z. We will consider the functor which associates to
a variety X over K the set of equivalence classes of families of A-modules which are
pullbacks via f of families of #’-stable A’-modules (see Definition 2.5). The notion of
equivalence used here is fiberwise isomorphism. Our first main result, Theorem 2.7,
is that this functor has a fine moduli space M3 ; o/, provided the pullbacks via f of
non-isomorphic #’-stable A’-modules are non-isomorphic A-modules. One application
is to show in Theorem 2.10 that under the hypotheses of Theorem 2.7, the twisting
action of an algebra automorphism o of A induces an algebraic isomorphism between
M3 g and Moy g0

We will analyze two types of A’ and then present some examples suggesting further
generalizations.

In §3 we specialize to the case in which A’ is the path algebra K Q' of a circular
quiver )'. We call the A-modules which arise from this choice circular modules.
Many authors have used circular quivers to construct indecomposable A-modules
(see, for example, [7, 14, 6, 18, 5]). We show in §3.1 how circular modules generalize
some of these results. In Theorem 3.8, we find sufficient conditions on the algebra
homomorphism f: A — A’ for the fine moduli spaces M3 ; 5 of Theorem 2.7 to be
well-defined. We then specialize further in §3.2 to the case in which A is a special
biserial algebra, for which the indecomposable A-modules are well-known. In this
case the circular modules are band modules (see [5] or [11] for the definition of band
modules). By specializing Theorem 2.10 to this case we obtain an algebro-geometric
proof of a result proved earlier by one of us [3, 4] that twisting band modules by
automorphisms of special biserial algebras gives rise to algebraic automorphisms of
the parameter spaces of these modules. In §3.3, we discuss some other algebras for
which not all circular modules are band modules.

In §4 we define multi-strand modules, which arise from quivers associated to canon-
ical algebras. When A’ is an algebra giving rise to such modules, we analyze in The-
orem 4.7 some sufficient conditions on f: A — A’ for the fine moduli spaces M3 ; 4
of Theorem 2.7 to be well-defined. When M3 ; o is well-defined we show that it is a
projective space whose dimension may be larger than 1.

In a final section we will give an example in which the moduli space M3 ;4 is
P" x P*, King’s moduli space for the associated A-modules is P*, and the natural
map from M3 ;5 to King’s moduli space P* collapses the first factor P of M5 4 5.
There are many other examples of algebras A for which there are known families of
indecomposable A-modules parameterized by particular algebraic varieties, e.g. by
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projective spaces. One natural question at this point is to consider when such families
arise from the moduli spaces constructed in this paper for well chosen algebras A’
and algebra homomorphisms A — A’.

Throughout this article, K denotes an algebraically closed field and K* denotes
the set of non-zero elements of K. All algebras are finite dimensional K-algebras, all
modules are finitely generated left modules. A-mod denotes the category of finitely
generated A-modules. For precise definitions of quivers, relations and path algebras
see e.g. [1].

2. MODULI SPACES

In this section we describe a variation of the moduli spaces defined by King in [10].
We first recall a few of the definitions from [10].

Suppose A = K@Q/J is an arbitrary basic algebra, and C is the category of con-
nected varieties (over K') in the sense of King [10], Newstead [13] and Serre [17].

Definition 2.1. Let 6 : K4(A) — Z be an additive function, where Ky(A) denotes
the Grothendieck group which has as Z-basis the isomorphism classes of simple A-
modules.

(i) A A-module M is called f-semistable (resp. @-stable), if ([M]) = 0 and every
proper non-zero submodule M’ of M satisfies §([M']) > 0 (resp. 6([M’]) > 0).
(i) Let A-mod®* be the full subcategory of f-semistable modules in A-mod. The
simple objects in this subcategory are the f-stable modules. Since A-mod?**
is both artinian and noetherian, every #-semistable module M has a filtration

O:M()CMlCMQCCMn:M
such that M;/M,;_; is a 6-stable module for all 7. Define

gr(M) = @ (Mi/M; ).
i=1
By [16, Theorem 2.1], gr(M) does not depend on the filtration of M.
(iii) Two @-semistable A-modules M and M’ are called S-equivalent, if gr(M) is
isomorphic to gr(M’). In particular, two d-stable modules are S-equivalent if
and only if they are isomorphic.

For the moduli spaces we also need the definition of families of A-modules.

Definition 2.2. A family of A-modules over a variety X in C is a locally free sheaf
F of Ox-modules together with a K-algebra homomorphism oz : A — Endo, (F).
A family F over X is called a family of #-semistable (resp. #-stable) A-modules, if
for every point z € X the fiber F, is a f-semistable (resp. #-stable) A-module. The
notion of S-equivalence can be extended to families. We say that two families F and
F' of f-semistable A-modules over X are S-equivalent if for all z € X the fibers F,
and F are S-equivalent. This extension of equivalence to families arises in [13, Prop.
1.8].

Let now d be a dimension vector, i.e. d € Ky(A) with non-negative coefficients.
Then we have the following result due to King [10].
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Theorem 2.3. (King)

(i) There ezists a coarse moduli space My(d,0) for families of 0-semistable A-
modules of dimension vector d, up to S-equivalence. Moreover, My(d, @) is
a projective variety.

(ii) The moduli space My (d, @) contains an open set M3 (d, 8) whose points cor-
respond to isomorphism classes of 0-stable A-modules of dimension vector d.
In particular, M3 (d, 0) is a quasi-projective variety. If d is an indivisible vec-
tor, then M3(d,0) is a fine moduli space for families of 0-stable A-modules
of dimension vector d, up to isomorphism.

Theorem 2.3 means the following. For part (i) (resp. part (ii)) consider the con-
travariant functor

F :C — Sets

which sends each object X in C to the set F(X) of all S-equivalence classes of families
of f-semistable (resp. -stable) A-modules over X of dimension vector d. A morphism
¢: X' — X in Cis sent to F(¢) : F(X) — F(X') with F(¢)([F]) = [¢*(F)].

In case M = M;3(d,0) is a fine moduli space, F' is represented by M; more
precisely, F' is isomorphic to the functor Home(—, M). In particular, there exists a
universal family & over M which corresponds to the identity morphism id,, such
that for every family F over X, there exists a unique morphism g : X — M with
[F] = [w ()]

In case M = M, (d,0) is a coarse moduli space, there is a natural transformation
¢ : F — Home(—, M) such that ®(pt) is bijective and & satisfies the natural uni-
versal property with respect to natural transformations ¥ : F' — Hom¢(—, N) for
arbitrary varieties NV in C.

The points of Mx(d, ) (resp. M3 (d,0)) are in bijection with the S-equivalence
classes of #-semistable (resp. #-stable) A-modules of dimension vector d.

The following example illustrates how non-isomorphic indecomposable modules
can correspond to the same point of the moduli spaces of Theorem 2.3, even though
these modules correspond bijectively to the points of an algebraic variety over K.

Ezample 2.4. Let A be the algebra A = K{«, 3)/(a?, 3%, a3 — Ba), which is special
biserial. Since A has a unique simple module 7" up to isomorphism, the only possible
additive functions 0 : Ko(A) — Z are given by §([T]) = a, a € Z. If a # 0, the zero
module is the only #-semistable A-module. Suppose now a = 0. Then all A-modules
are f-semistable and T is the only #-stable module, up to isomorphism. Consider
the band modules M (Ba~!, A\, 1) defined for A € K U {oo} in the following way (see
[5, §3]). Define M(Ba~t, )\, 1) to be the two dimensional vector space on which «

acts as the matrix (8 (1)) and [ acts as (8 3) if A\ £ oco. In case A = oo,

. 1
« acts as the zero matrix and [ acts as 8 0 ) These band modules are not
isomorphic for any two values of A that define different points on the projective line
P! over K. Nonetheless, they are all S-equivalent. Hence they are not distinguished

by King’s moduli space My(d, ) for d = 2. However, the methods we will now
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describe together with the results in §3 will enable us to define a fine moduli space
for these band modules, up to isomorphism (see Theorem 3.8 and Proposition 3.11).

We now describe a variation of King’s construction. We need the following defini-

tion.

Definition 2.5. Suppose A’ is a basic finite dimensional K-algebra and that there is
an algebra homomorphism f: A — A’. Let ¢ : Ko(A’) — Z be an additive function,
and let d’ be a dimension vector in Ky(A"). Suppose X is a variety in C, and G (resp.
F) is a family of A-modules (resp. A’-modules) over X.

(1)

(i)

(iii)

(iv)

(v)

We call G the pullback via f of F, written G = f*F, it G = F as locally
free sheaves of Ox-modules and ag = ax o f, where ax : A’ — Ende, (F)
(resp. ag : A — Endp, (G)) is the K-algebra homomorphism which defines
the A’-action on F (resp. the A-action on G), as described in Definition 2.2.
If all the A’-modules in the family F have the same dimension vector d’,
then all the A-modules in the pullback family G = f* F have the same di-
mension vector in Ko(A) which we will denote by d’.
We call G a family of #)-semistable (resp. 6-stable) A-modules, if there
exists a family F of #'-semistable (resp. ¢'-stable) A’-modules such that G is
fiberwise isomorphic to f*F, where f*F is the pullback of F as defined in
part (i).
Suppose G and G’ are two families of ¢)-semistable (resp. ¢-stable) A-
modules as defined in part (ii). We call G and G’ Sy-equivalent if there are
two S-equivalent families F and F’ over X of #'-semistable (resp. #'-stable)
A’-modules such that G is fiberwise isomorphic to f*F and G’ is fiberwise
isomorphic to f* F'.
We say f is '-semistably separated (resp. #'-stably separated) with respect
to d', if whenever N and N, are #'-semistable (resp. €’-stable) A’-modules
of dimension vector d’ with f*N = f*N, as A-modules then N and N, are
S-equivalent.
Let Ma/(d',0") (resp. M35, (d',0')) be the moduli space from Theorem 2.3
for families of ¢’-semistable (resp. #'-stable) A’-modules of dimension vector
d', up to S-equivalence. In case f is ¢’-semistably separated (resp. #'-stably
separated) with respect to d’, we define My g (vesp. M5y o) to be the
projective variety My/(d',0") (resp. the quasi-projective variety M3, (d',0")).

Remark 2.6. (i) We will regard single A-modules (resp. A’-modules) as families

(i)

of modules over a point. In particular, parts (i), (ii) and (iii) of Definition 2.5
pertain to a single A-module G (resp. a single A’-module F).

In Definition 2.5 we have not chosen an additive function 6 : Ky(A) — Z.
One would first have to choose such a 6 to be able to consider the #-stability,
f-semistability and S-equivalence classes of A-modules. It is a natural prob-
lem to find when one can choose a 6 so that if G and G’ as in part (iii)
of Definition 2.5 are families of #-semistable (resp. 6%-stable) A-modules
and Sy-equivalent, then they are families of #-semistable (resp. 6-stable) A-
modules and S-equivalent. We address in Remark 2.8 the question of when
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there is a morphism from the varieties in part (v) of Definition 2.5 to King’s
moduli spaces associated with a choice of 6.

(iii) As in Definition 2.1(iii), two ¢'-stable A’-modules are S-equivalent if and
only if they are isomorphic. This is not necessarily true for €-semistable
A’-modules. Thus in Definition 2.5(iv), even if f is §’-semistably separated,
S¢-equivalent families G and G as in Definition 2.5(iii) need not be fiberwise
isomorphic. However, if f is 6’-semistably separated and F and F’ are families
of #'-semistable A’-modules which are not S-equivalent, then their pullbacks
f*F and f*F" are families of #-semistable A-modules which are not Sj-
equivalent (see the proof of Theorem 2.7 below). In particular, if f is €'-
stably separated and F and F’ are families of &’-stable A’-modules which are
not fiberwise isomorphic, then their pullbacks f*F and f*F’ are families
of f-stable A-modules which are not fiberwise isomorphic. Thus to reduce
collapsing different isomorphism classes of A-modules to a point, one should
work with #'-stably separated f and families of 9}—stab1e A-modules.

The following result is our main tool for reducing the collapsing phenomenon de-
scribed in Example 2.4.

Theorem 2.7. Let N', 0, d', f, 0, d} be as in Definition 2.5. Suppose that f is
¢’ -semistably separated (resp. 0'-stably separated) with respect to d', so that Mg ¢
(resp. M5 g o) is defined. Then My a o (resp. M3 4 o if d' is indivisible) is a coarse
(resp. fine) moduli space for families of ¢';-semistable (resp. 0'-stable) A-modules of
dimension vector d’f, up to Sy-equivalence.

Proof. We consider the functors

F' G : C — Sets
(resp. F'*,G* : C — Sets)

which are defined as follows. The functor F’ (resp. F’?) sends each variety X in
C to the set F'(X) (resp. F'°(X)) of S-equivalence classes of families over X of €'-
semistable (resp. #'-stable) A’-modules of dimension vector d’. The functor G (resp.
G”) is the functor which sends each variety X in C to the set G(X) (resp.G*(X))
of Sg-equivalence classes of families over X of §-semistable (resp. 6'-stable) A-
modules of dimension vector d;. We have to show that Mz g (vesp. M5 4o if d'is
indivisible) satisfies the properties of a coarse (resp. fine) moduli space with respect
to the functor G (resp. G®). There are two natural transformations

F'— @,
s . F/S _)Gs
defined in the following way. For each X in C define =(X) : F'(X) — G(X) by
E(X)([F]) = [f*F], where [F] denotes the S-equivalence class of F and [f*F]

denotes the Sy-equivalence class of f* F. Let Z% be the restriction of = to F’°. We
claim that there is a unique natural transformation

U:G—F

[1]

[1]
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with U(X)([f* F]) = [F] for every family F over X of #'-semistable A’-modules of
dimension vector d’. To show W is well-defined, suppose F and F’ are two families
over X of #’-semistable A’-modules of dimension vector d’ such that G = f* F and
G' = f*F' are Sj-equivalent. This means that there are two S-equivalent families
Fo and Fj over X of §'-semistable A’-modules of dimension vector d’ such that G
(resp. G') is fiberwise isomorphic to f* Fy (resp. f*Fj). We need to show that F
and F' are S-equivalent. Considering the fibers, we have G, = (f*F). = (f* Fo)«
(resp. G- = (f* F")s = (f* F}).) as A-modules for all x € X. Since f is §'-semistably
separated with respect to d', it follows that F, and (Fp), (resp. F. and (F)).) are
S-equivalent for all x € X. This implies that F and Fy (resp. F' and F})) are S-
equivalent. Thus F and F’ are S-equivalent, which implies that ¥ is well-defined. It
is clear that U is unique, since every element of G(X) has the form [f* F] for some
family F over X of #’-semistable A’-modules of dimension vector d’. In a similar way
we can define a natural transformation

UGS B

Since (Vo =)(X) and (ZEo0 V)(X) are each the identity map, = is an isomorphism of
functors. Similarly, it follows that =Z° is an isomorphism of functors. Hence Theorem
2.7 follows from Theorem 2.3. U

Remark 2.8. Let A, ¢, d', f, 0%, d} be as in Theorem 2.7, and suppose that f
is #'-semistably separated (resp. 6'-stably separated) with respect to d’. Suppose
there is an additive function 0 : Ky(A) — Z such that if G and G’ are families of
0'-semistable (resp. §-stable) A-modules of dimension vector d; and Sj-equivalent,
then they are families of f-semistable (resp. #-stable) A-modules of dimension vector
d; and S-equivalent.

We consider the functors

F,.G : C — Sets
(resp. F*,G* : C — Sets)

which are defined as follows. The functor F' (resp. F*®) sends each variety X in
C to the set F(X) (resp. F*(X)) of S-equivalence classes of families over X of 6-
semistable (resp. ¢-stable) A-modules of dimension vector d. The functor G (resp.
G*) is the functor which sends each variety X in C to the set G(X) (resp.G*(X)) of
S-equivalence classes of families over X of ¢;-semistable (resp. ¢-stable) A-modules
of dimension vector d.

By the above assumptions, there is a natural transformation of functors G — F
(resp. G° — F*). Consider King’s moduli space My (d},0) (resp. M;(d},0))
associated to F' (resp. F*®) from Theorem 2.3, and the moduli space M 4 ¢ (resp.
M g ¢) associated to G (resp. G°) from Theorem 2.7. Then the definition of coarse
moduli space implies that there is a homomorphism My e — Ma(d},0) (resp.
M g0 — Mi(d},0)) in C.

In the next theorem we discuss the action on the fine moduli spaces M3 ; o which
are induced by algebra automorphisms of A. We first need the following definition.
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Definition 2.9. Let o be a K-algebra automorphism of A, and let X be a variety in
C. Then o acts on families of A-modules over X by “twisting” as follows. Let G be
a family of A-modules over X. Then o(G) is the family H over X such that H = G
as locally free sheaves of Ox-modules and ay = ag o 0.

Theorem 2.10. Let A', ¢, d', f be as in Theorem 2.7. Suppose that d’ is indivisible
and that f is @' -stably separated with respect to d'. Let o be an algebra automorphism
of A and define f' = foo. Let Uy (resp. Uy ) be the universal family over My o
(resp. M g g). Then there exists an isomorphism 7p 5+ M3y — M g g in C
such that [o(h*(Uy))] = [(75.p: 0 B)*(Up:)] for every morphism h : X — M5 4o in C.

Proof. We consider the following two functors Fy, Fyr : C — Sets. For a variety X in
C, let Fr(X) (resp. Fp(X)) be the set of all Sy-equivalence (resp. Sp-equivalence)
classes of families of #-stable (resp. 6% -stable) A-modules of dimension vector d
(resp. d’,). Twisting families by o induces an isomorphism of functors

TJZFf —>Ff/.

Hence T,(M5 y o) : Fr(M3 o) — Fp(M3 4 o) is bijective. Since Fy (resp. Fyr) is
represented by M3 , o (resp. /\/l?ﬁd,ﬁ,), T, induces a bijective map

To’( ;,d’,@’) . HomC(Mjc,d/’@H ;‘,d/’el) — HomC(M?d/’@/, j”,d’,@')‘

Define 77,4 to be the image of idM;lelel under T, (M3 y o). Then [77 . (Uyp)] = [o(Uy)].

Suppose now that X is an arbitrary variety in C and that h € Home (X, M?d,ﬂ/).
Then h corresponds to the family h*(Uy), and T,(X)(h) corresponds to the family
o(h*(Uy)). Since a(h*(Uy)) = h*(a(Uy)), we get

o (R Up))| = (17 (75,0 Up)) = [(75,5 0 B)" (Us)).
Therefore, T, (X)(h) = 74, o h. This means that
Ta’ : Ff - HOIIlc(—,Mjc’d/ﬁ/) — Homc(—, M;’,d’,@') - Ff/

is the isomorphism of functors which corresponds to the composition of morphisms
with the morphism 7y : M5 4 5 — M3, 4 o In particular, it follows that 7y, is an
isomorphism in C. U

3. CIRCULAR MODULES

Circular quivers have been used by many authors to construct indecomposable
modules for algebras (see, for example, [7, 14, 6, 18, 5]). In this section we will show
how the methods of the previous section lead to a generalization of some of these
results. The modules we construct will be called circular. Our main concern is to find
sufficient conditions on the algebra homomorphism f : A — A’ so that the hypotheses
of Theorem 2.7 are satisfied. This will ensure that the fine moduli spaces M3 ; o of
Theorem 2.7 are well-defined. We then apply these results to special biserial algebras
A, in which case the circular modules are precisely the band modules. We also provide
some examples of circular modules for other algebras A which are not band modules.
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3.1. Moduli spaces. As in the previous section, let A = K@Q)/.J be an arbitrary basic
algebra. We first define A’ and the indecomposable A’-modules whose pullbacks will
define the circular modules.

Definition 3.1. (i) Let n > 2, and let @' be a circular quiver with n vertices

(i)

(i)

V1, Vg, ...,0, and n arrows (31, s, ..., 3, such that Q' contains at least one
sink, where we may assume without loss of generality that (3, points counter-
clockwise.

Bn v Bl
/ \
Un (%]

B2

U3

Q=

Define A’ to be the path algebra A’ = KQ'.
We define the word 2’ corresponding to @)’ to be 2z’ = z125 - - - 2, where

| B; , B; points counter-clockwise
%= 1 . points clockwise
7 9 J p

Let V;,()\) be the indecomposable K|z, 2 !]-module of K-dimension m such
that x acts as the indecomposable Jordan matrix J,,(A\), A € K*. Let
M(2'; A\, m) be the A’-module which, as representation of @), assigns to each
vertex the vector space K™, to the arrow 3 the map J,,(\), and to all other
arrows the identity map. This module is called a band module for A" of type
2" and is indecomposable (see [5, §3]). There are two cases in which the pa-
rameter set K* of these band modules has to be extended. In case @)’ has
exactly one sink and z’ has the form 2/ = 3,3,"--- 37!, it makes sense to
include A = 0 in the parameter set, since M (z’,0,m) behaves like a band

B1
module for A’ (see [4, (2.6)]). In case n = 2, @’ has the form Q' = - 6: :
2

and it makes sense to include both A = 0 and A = oo in the parameter set,
where we define M (z', 00,m) = M (515", 00,m) to be M (3,3, ',0,m). Then
M(Z',0,m) and M(z', 00, m) behave like band modules for A’ (see [4, (2.6)]).
Thus the parameter set K,/ corresponding to the band modules for A’ of type
2" is either K*, K, or K U {oo}. In all cases K, is an open subset of the
projective line P! over K, and thus defines a quasi-projective variety over K.
Let f: A — A’ be an algebra homomorphism. Then for each A € K, and
each m € Z7, the pullback f* M (2, \,m) is called a circular A-module.

Remark 3.2. Note that A’ = K@’ is a string algebra. Hence all its indecomposable
modules are given as string and band modules, as described e.g. in [5, §3].

We now give a sufficient criterion when the pullbacks of two non-isomorphic band
modules for A’ define two non-isomorphic circular modules for A. This will later be
used to show that f: A — A’ is §'-stably separated for a certain d’ and 6'.
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Proposition 3.3. Suppose Q', N, 2, and f are as in Definition 3.1. Assume further
there exists an algebra automorphism w of A’ and a partition Ay U Ao U---U A, of
the arrows of Q' such that the following conditions are satisfied:

Define ¥y =3 ., § €N for1 <i<r.

(i) The preimage f~1(w(3;)) is non-empty for all 1 <i <r.
(ii) If for some 1 < j < m, z;zj+1 is equal to 636;31 or to 5{1@41; then 0,
and P41 do not belong to the same set A;. Here we use the convention that
Zn+l1 = <1-
(iii) If p is a nontrivial quiver automorphism of ', then there exists at least one
1 <i <r with p(4;) # A;.
Then the circular module f* M(2',\,m) is an indecomposable A-module for A € K,/
and m € Z*. Moreover, f* M(Z',A\,;m) and f* M (2, u,1) are isomorphic A-modules
if and only if A= p and m = 1.

Proof. 1t follows e.g. from [5, p. 161] that M(2’, A\, m) is an indecomposable A’-
module for A € K, and m € Z*, and that M(2', \,m) and M (2, 1, 1) are isomorphic
A'-modules if and only if A =y and m = [.

The idea of the proof of Proposition 3.3 is to define a subalgebra Ag of A’ such
that Ag C f(A) and such that M (7, /\,m)‘AO is an indecomposable Ag-module for
A € K, and m € Z*, and such that M(2/, )\,m)‘AO and M (2, i, on are isomorphic
Ap-modules if and only if A = p and m = [. To construct Ay we use results from
[11]. Define Q" to be the quiver with one vertex u and r loop arrows &1,&, ..., &,
and define the quiver homomorphism F' : ' — Q" by F(v;) = v and F(§;) = &
if B; € A;. Define I" to be the ideal in KQ)" generated by all paths of length at
least n. Then A” = KQ"/I" is a finite dimensional algebra. Moreover, F' satisfies
the conditions (W1), (IW2) and (W3) of [11]. We define an algebra homomorphism
g: KQ'" — KQ by g(&) = w(X;). Then g(I”) = 0, since any path in K@’ has
length at most n — 1. Hence g defines an algebra homomorphism ¢g : A” — A’. We
define Ag = g(A”). Then Ay is the subalgebra of A’ generated by {w(X%;)}iz1,..
therefore Ay C f(A). It follows as in [11, Remark (1) on p. 188] that g* M (2', A, m)
is an indecomposable A”-module for A € K., and m € Z*. It also follows from the
analysis of the maps between tree and band modules in [11] that ¢* M (2, A\, m) and
g* M (2, 1) are isomorphic A”-modules if and only if A = g and m = [. Since
g(A") = Ag, we obtain the desired results for the modules M (2, )\,m)|AO, A e Ky

and m € Z*. This proves Proposition 3.3. U

Remark 3.4. Circular modules are more general than the band modules for arbitrary
basic algebras A = K@Q/J as described, for example, in [11]. The algebra homo-
morphisms f : A — K@ which correspond to such band modules always satisfy
conditions (i), (ii) and (iii) of Proposition 3.3. Moreover, for each 1 < i < r there
exists a unique arrow «; in Q with f~1(%;) = {a; + J}. In §3.3, we will discuss
examples of circular modules which are not band modules.

We now define an additive function ¢ : Ky(A’) — Z which is preserved by every
quiver automorphism of the quiver '.
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Definition 3.5. For all vertices v; in Q)’, let S; be a simple A’-module associated to

v;. We

define ¢'([S;]) = 1 — b;; — b, where b;; and b, are defined as follows.

In case v; is a source in @)', let b;; be the number of arrows from v; to the next
sink when walking counter-clockwise around @', and let b;, be the number of arrows
from v; to the next sink when walking clockwise.

Suppose now that v; is not a source in @)’. We have to distinguish between two

cases:

(1)

(i)

The quiver ' has exactly one source v;,. Then @' has exactly one sink v, .

For v; = v, we let b;; = —1 if v;_1 # v;, and b;; = 0 otherwise, and let
b, = —1if v;11 # v;, and b;, = 0 otherwise. In case v; # v;,, let b;; = 1 if
v;—1 = v;, and b;; = 0 otherwise, and let b;, = 1 if v;;1 = v;; and b;, = 0

otherwise. Note that we set v,11 = v; and vy = v,,.
The quiver @' has at least two sources. Then we let b;; =0 = b, .

Example 3.6. In the following we give a few examples of circular quivers )’ where
we label each vertex v; by ¢'([S;]).

(1)

(i)

We first look at the case when (' has exactly one source and one sink.

2<———— 4

3&0 ,35/ Y
— B4T TﬁQ Q/: O 1
0<— -3
fs X /
1

Now we consider a circular quiver )" which has 2 sources.

1
N
-3 -1

Q' = ml J{Bz

1 1
N
1

Note that in case Q" has at least 2 sources, we get the following result. Suppose
v; and v; are two sinks when we walk clockwise from v; to v; and that there
are no other sinks in between v; and v;. In this case we will say that v; is
the next clockwise sink from v;. Let Cj; be the string z;z;11 - - zj_1, and let
M(C;;) be the corresponding string module for A’ (for the definition of string
modules, see e.g. [5, §3]). Then ¢ ([M(C;;)]) = 1. In the above example, we

get O'([M (818, 1)]) = 1 and 0/ ([M (B3:8505 1)]) = 1.

Proposition 3.7. (i) The additive function 0’ : Ko(A') — Z defined in Defini-

tion 3.5 is preserved by every quiver automorphism of Q'.
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(ii) The isomorphism classes of 0'-stable N'-modules of dimension vector d' =
(1,1,...,1) are in bijection with the isomorphism classes of the A’-band mod-
ules M (2, A\, 1) for A € K.

Proof. Part (i) is clear from the fact that a quiver automorphism of @)’ takes sources
to sources, sinks to sinks and preserves minimal distances from arbitrary vertices to
sinks.

For part (ii) we have to show that all M (2, A, 1), A € K/, are #'-stable, and that
there are no other #'-stable A’-modules of dimension vector d' = (1,1,...,1), up to
isomorphism. Let A € K .. By the definition of #’ it follows that ' ([M (z', A, 1)]) = 0.
Let now N be a proper indecomposable A’-submodule of M (z’, A\, 1). Then it follows
that the dimension vector of N has at least one zero entry. Since A’ is a string
algebra, it follows from [5, §3] that N is a string module. Hence N = M(C") for
some string C” for A’. Since N is a submodule of M (2, A\, 1), it follows that C” has
one of the following forms. The first case is that C" = 1,, such that v; is a sink.
Then M(C") = S; and 0'([M(C")]) = 0'([S;]) > 0. The second case is that C’ has
length m > 1 and C" = z;2z;41 ... Zizm_1 such that z;,,, is an arrow in " and z;_4
is a formal inverse. Here we set z,,1 = z; and zg = z,. From Definition 3.5, we
have that ¢'([S;]) > 0 for all v; which are not sources. Then C’ contains a vertex
which is a sink. If )" has exactly one source, C’ cannot contain the source because
C" is a proper substring of z’. It follows that ¢'([M(C’)]) > 0. Suppose @ has
more than one source. It follows from Definition 3.5(ii) and Example 3.6(ii) that
0’ ([S;]) + 6 ([Sj+1]) +- - - +6'([Sk]) = 1 for all pairs of sinks v; # vy, such that vy, is the
next clockwise sink from v;. Therefore it follows that §'([M(C’)]) > 0, which means
that M(2', A\, 1) is ¢'-stable.

Let now M be an arbitrary A’-module of dimension vector &’ = (1,1,...,1). Then
¢'([M]) = 0. Suppose first that M is decomposable. Then M = M; & Ms, and either
0'([M1]) = 0 = ¢'([Ms]) which means M is not #'-stable, or one of 6'([M;]) or 0'([Ms)])
is negative and M is not even #’-semistable. Suppose now that M is indecomposable
of dimension vector d' and not isomorphic to any of M (2, A\,1), A € K,.. Then it
follows from [5, §3] that M is a string module M = M(C;) for a string of the form
Ci = ziv12zip2 - zie1, 1 €{1,...,n}, where we set z,,1 = z; and zy = z,. We need to
show that M (C}) is not #'-stable. In case ()" has exactly one source and exactly one
sink, 0’ is given as in Definition 3.5(i). Without loss of generality the sink is v; and
the source is vy for [ € {1,...,n—1}. Let k = n—1. We may assume that k > [. If
k =1 =1, the only possible C; are C; = 3, and Cy = 3,. But M(Cy) & M(2,0,1)
and M(Cy) = M (%', 00,1) are both band modules, so there are no M to consider in
this case. If &k > [ = 1, then 0'([S1]) = 2, 0'([S2]) = —k = —(n — 1), O'([Si]) = 1,
3<i<n-—1,and #([S,]) =0. In this case, M(Cy) = M(z',0,1) is a band module,
so we do not need to consider it. Since S, is a proper submodule of M (C,,), M(C,)
is not @'-stable. For 2 <i <n—1, Ly = M(38;"---3;}) is a proper submodule
of M(C;) with 0'([L;]) =2 —k+ (i—2) = —(n—1)4+1i < 0. So M(C}) is not 0'-
stable. If & > 1 > 1, then 0'([S1]) = 3, 0'([S2]) = 0 = 0'([S,]), 0'([Si1]) = —(n — 1),
and for all other j, 6'([S;]) = 1. In this case, S, is a proper submodule of M (C}),
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and S, is a proper submodule of M(C,). So M(Cy) and M(C,) are both not 6'-
stable. For 2 <i <[ L; = M(Bis1--- 5;@111 <@t .- 371) is a proper submodule
of M(C;), and 0'([L;]) = (Il —i) —(n—1)+(k—2)+3=2—14 < 0. So M(C;) is
not ¢'-stable. Similarly, it follows that M (C;) is not #'-stable for [ +1 < j <n — 1.
We now consider M (C;) in case ' has at least two sources. Then ¢’ is given as in
Definition 3.5(ii). Let vj, be the next sink when walking counter-clockwise from wv;
around @', and let v; be the next sink when walking clockwise from v;;; around @'
Suppose one of the vertices between v, and v;, including v;, is a source, and v; is
not a sink. Then N; = M (zpzp.1 -+ 2;_1) is a proper submodule of M (C;), since @’
has at least two sources, and ¢'([V;]) < 0 (see Example 3.6(ii)). Suppose now one of
the vertices between v;1; and v;, including v;11, is a source, and v;4; is not a sink.
Then N; = M(2412i42 - - zj—1) is a proper submodule of M (C;) and ¢'([N;]) < 0 (see
Example 3.6(ii)). Since one of these two cases has to occur, it follows that M (C;) is
not #'-stable. O

The following result establishes a fine moduli space whose points correspond to
isomorphism classes of certain circular modules. This theorem is a direct consequence
of Theorem 2.7, and Propositions 3.3 and 3.7.

Theorem 3.8. Suppose @', N', 2/, and [ satisfy the conditions (i), (ii) and (iii) of
Proposition 3.3. Suppose further that 0 is as in Definition 3.5 and d' = (1,1,...,1).
Then f is 0'-stably separated with respect to d', and M iy grs as defined in Definition
2.5, is a fine moduli space for families of 0';-stable A-modules of dimension vector d,
up to isomorphism. Moreover, the points of M3 4 o are in one-one correspondence
with the circular modules f* M(z2',\, 1), A € K.

3.2. Applications to special biserial algebras. In this subsection, we describe
how Theorems 3.8 and 2.10 can be applied to special biserial algebras.

Definition 3.9. A basic algebra A = K@/ J is called special biserial, if the following
conditions are satisfied.

(i) Any vertex u € @ is starting point of at most two arrows and end point of at
most two arrows.

(ii) For a given arrow « € @), there is at most one arrow v such that yo ¢ J, and
there is at most one arrow 9 such that ad ¢ J.

If additionally J is generated by paths, A is called a string algebra.

Remark 3.10. Suppose A is a special biserial algebra. Let P be a set of submod-
ules of A giving a full set of representatives of projective indecomposable A-modules
which are also injective and not uniserial. Then A = A /(@ pepsoc(P)) is a string al-
gebra. Furthermore, the indecomposable A-modules are exactly the indecomposable
A-modules which are not isomorphic to any P € P.

For string algebras, the indecomposable modules are fully described as string and
band modules (see e.g. [5, §3] or [11]). Because of this structure of the indecom-
posable modules, it follows that special biserial algebras have either finite or tame
representation type.
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Let A = K@/ J be a basic special biserial algebra with corresponding string algebra
A = KQ/I. The band modules for A are certain circular modules f* M (', \,m)
where f : A — K@’ satisfies conditions (i), (ii) and (iii) of Proposition 3.3. More
precisely, f is induced by a quiver homomorphism F : " — @ such that for each
1 <i < r there exists an arrow «; in @ with F(3;) = «; for all 5; € A;. It is also

required that for each path v in @', F(v) does not lie in the ideal I for A. Then for
each vertex, resp. arrow, a in @, f(a+J) => .ime, S, where an empty sum is set
F(s)=a

equal to zero. In particular, for each 1 < i < r, o; is the unique arrow in () with
fla; +J) = %;. The word B = wyws---w, in A corresponding to 2z’ = z129- - 2,
and f is defined by
W — Q; s ijﬁj andﬁjGAi
N e zj:ﬁj_l and 3; € A,

(3

and is called a band for A. We denote the module f*M(z',\;m) by M(B,\, m).
Note that for all A € K*, M(B,\,m) is indeed a band module for A and lies in
a l-tube of the Auslander-Reiten quiver of A. But in case the parameter set K/
contains 0 (resp. c0), M(B,0,m) (resp. M(B, o0, m)) may not behave like a band
module, i.e. it may not lie in a 1-tube of the Auslander-Reiten quiver of A. For this
reason, the parameter set Kp of those values of A for which M (B, A, m) is a band
module for A may be properly contained in K. This happens only if 2z’ has the
form 2/ = 3185 " - 31 (see [4, (2.6)] for details on Kp). The modules M (B, \, m),
A€ K, m € Z*, are called band modules for A of type B.
The next result now follows from Theorem 3.8.

Proposition 3.11. Let A be a basic special biserial algebra, and let f: A — KQ'
define band modules for A of type B. Let d € Ko(A) be the dimension vector of the
A-modules M (B, A, 1), A € Kp. Suppose ¢, d' and M3 4 o are as in Theorem 3.8
and define Mg to be the open subvariety of M3 y o obtained by removing the points
corresponding to parameter values in K, — Kg. Then Mg is a fine moduli space for
families of band modules for A of type B of dimension vector d, up to isomorphism.
The points of Mg are in one-one correspondence with the band modules M (B, \, 1),
A€ Kp.

Regarding the action of algebra automorphisms o of A on the moduli spaces Mg,
we obtain the following result, which is a consequence of Proposition 3.11 and The-
orem 2.10.

Proposition 3.12. Let o be an algebra automorphism of A such that o sends band
modules of type B to band modules of type B'. Let Ug (resp. Up') be the universal
family over Mg (resp. Mp/). Then there exists an isomorphism g g : Mp — Mp
in C such that [o(h*(Up))] = (T, o h)*(Up')] for every morphism h : X — Mg in
C. If B = B, then g is an automorphism of Mpg. Since Mg is isomorphic to
Kpg, 15 p is the restriction of an automorphism pp of P! to Kp.

Remark 3.13. Proposition 3.12 essentially reproves [3, Thm. 3.1], and thus [4, Thm.
3.1(ii)], without having to use multi-pushout descriptions for band modules and a
lengthy case-by-case analysis.
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3.3. Circular modules which are not band modules. In this subsection, we
give some examples of circular modules which are not band modules in the sense
of [11]. We obtain fine moduli spaces for these circular modules from Theorem 3.8

when @' is as in Definition 3.5 and the dimension vector d’ is (1,1,...,1).
Let first Ay = KQ1/J; where ) is the quiver
o (o)
2
o]
U

and J; is generated by all paths in K@i of length at least 3. Let )’ be the circular

quiver
]
N
U1 U3
N
Vg

and define f, : KQ — KQ' by fi(ug) = vi +ve +vs, fi(u1) = vy, fi(on) = fi(ae) =
b1+ B2, fi(as) = Ps, and fi(ay) = B4. Then f; induces an algebra homomorphism
which satisfies fi(J;) = 0. It follows that f; defines an algebra homomorphism f; :
Ay — KQ'. Moreover, f; satisfies the conditions (i), (ii) and (iii) of Proposition 3.3.
For 2/ = (313205 '3, ", the circular A;-modules My, = ff M(2',\,m), A € K, = K*
and m € Z, are not band modules for A;, which can be seen as follows. The definition
of band modules as given in [11] implies that for every band module T for A; any
two different arrows in (); which do not act as zero on T have to act differently on
T. Because fi(a1) = fi(az) # 0, the action of ay and ay is non-zero and identical
on M), for each A € K* and m € Z*. Therefore, the modules M) ,,,, A € K* and
m € Z*, give an example of circular modules for A; which are not band modules.

Let now Ay = K)o where ()5 is the quiver

U2
V y
a5

sz Ul <—— U3
N4
Uy

Let @' be the same circular quiver as in the first example, and define f5 : KQy — KQ'
by fo(u;) = v; for 1 < i < 4, fo(ay) = G for 1 < i < 4, and fo(as) = f1f2. Then
fo defines an algebra homomorphism which satisfies conditions (i), (ii) and (iii) of
Proposition 3.3. For 2/ = 313,05 '3,", the circular Ap-modules Ny = f3 M(2',\, 1),
A € K, = K*, are not band modules for Ay, which can be seen in the following way.
Since the K-dimension of N) is 4, any circular quiver S with a winding F': S — Q-
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satisfying (W1), (W2) and (W3) of [11] and giving rise to a band module of K-
dimension 4 has at most 4 vertices, hence at most 4 arrows. This means that for any
band module for A, of dimension 4, there is at least one arrow in ()2 which acts as
zero on this module. But no arrow acts as zero on Ny, A € K*. Hence the modules
Ny, A € K*, give another example of circular modules which are not band modules.
Note that if A # 1, the element ajas — a3 acts nontrivially on Ny. Thus N, is not

a module for the quotient K Qs /{ay e — ayas); modules for this algebra are discussed
in [5].

4. MULTI-STRAND MODULES

In this section we will consider certain representations of quivers which are obtained
from the disjoint union of linearly ordered quivers of type A, for various n, by
identifying all sinks to a single vertex and all sources to a single vertex. In other
words, these are the same quivers which appear as the Ext quivers of the canonical
algebras. However, we will not assume the usual canonical relations for the canonical
algebras, but consider instead the path algebras of these quivers.

As in section 2, let A = K@/ J be an arbitrary basic algebra. We first define A’ and
the indecomposable A’-modules whose pullbacks define the multi-strand modules.

Definition 4.1. (i) Let » > 2 and let t,ty,...,t. be positive integers. Let
Q' = Q' (t1,t2,...,t.) be the following quiver with vertices vy, v,11, v;; and
arrows «; j where 1 <¢ <r, 1 <j <t:

Vo
aq,1 Qr 1
@21
V1,1 V1,2 oo “ee Ur,1
al,Zi lazz larg
V1,2 V2,2 Ur,2
Q =
V1,611 V2,t,—1 e e Urt,—1
a1,t11i lOCQ,tQI lar,tr—l
U1,t; V2.1, e o o Ur.t,
Q2,to
1ty Qr ty
Ur41

Define A’ to be the path algebra A’ = K(Q'.
(i) Let (¢1,0s,...,4,) € K" —{(0,0,...,0)}. Define M(¢,¥s,...,¢,) to be the
A’-module given by the following representation

M(£17 627 cee 7€T> = (X07 Xi,ja XTJrla 901',]')
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of Q. It assigns to vy the vector space X, = K, to v;; the vector space
X,; = Kforl <i<nr1l<j<t, and to v,41 the vector space X, =
K'/K - (by,0y,....0,) 2 K™ Forl<i<r, 1<j<t—1,it assigns
to o ; the identity linear transformation ¢; ;, and to o;, the K-linear map
©;+; which sends 1 € X ;, = K to the coset e; + K - ({1,0s,...,¢,) in X,; =
K"/K - (¢1,05,...,0.), where ¢; = (0,...,0,1,0,...,0) € K" has precisely
one non-zero entry at the i-th position. We denote the dimension vector of
M(gl,gg,...,gr) by (1,1,...,1,7“— 1)

(iii) Let f: A — A’ be an algebra homomorphism. Then for each (¢1,0s,...,¢,) €
K" —{(0,0,...,0)}, the pullback f*M(¢y,0s,...,¢,) is called a multi-strand
A-module.

Lemma 4.2. Let Q' = Q'(t1,ta,...,t.) and ' = KQ' as in Definition 4.1. Sup-
pose (b1,ly, ... L), (0, 05, ... 00) € K" —{(0,...,0)}. Then M({y,05,...,0,) is an
indecomposable N'-module, and M (lq, 0y, ..., 0.) = M0}, 0, ..., L.) if and only if the

following two one-dimensional subspaces of K" are the same:
K- (b, ly,....0)=K- ({0, . ..0).
In other words, M({y,0y, ..., 0.) = M0}, 0, ..., 0.) if and only if
(b :ly:o )= (00, L)
in projective (r — 1)-space P"1 over K.

Proof. Since M (l1,0s, ..., ¢.)/rad(M(¢1,0s,...,¢.)) is a simple A’-module, it follows
that M(¢q,0s,...,¢,) is an indecomposable A’-module.

Now suppose that the representations of ()’ corresponding to the A’-modules
M(ly, by, ..., 0) and M (0,0, ..., 0), as described in Definition 4.1(ii), are iso-
morphic. For each vertex v in @', denote the K-linear isomorphism between the
vector spaces associated to v by 7,. Then without loss of generality we can as-
sume that 7,, is the identity map, which implies that 7, . is the identity map for
1 <i<r, 1<j<t;—1. Moreover, 7, ., has to send e; + K - (¢1,4s,...,¢,) to
ei+ K- (0),0,,...,0) for all 1 < i <r. This implies that

K-y, ly,....0)=K-(l},0,...0)
which proves Lemma 4.2. O

Remark 4.3. Because of Lemma 4.2, the parameter set corresponding to the iso-
morphism classes of the A’-modules M ({q,...,¢,) can be identified with projective
(r — 1)-space P 1.

We now give a sufficient criterion when the pullbacks of two non-isomorphic A’-
modules of the form M (¢y,...,¢,)and M (¢,,...,¢.) define two non-isomorphic multi-
strand modules for A.

Proposition 4.4. Suppose QQ', N, and f are as in Definition 4.1. Define ¥; =
Z§=1 a;j € N for 1 <i <r. Suppose that the following condition is satisfied:

(x) The preimage f~1(%;) is non-empty for all 1 <i <r.
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Then the multi-strand module f* M (41,05, ..., ¥¢,) is an indecomposable A-module for
(by,05,...,0,) € K" —{(0,...,0)}. Moreover, two pullbacks f* M(l1,0s,...,¢.) and
fEM, 0, .. ) are isomorphic A-modules if and only if
(Cy:ly:o i)y =0ty 0 in P

Proof. As in the proof of Proposition 3.3, we will define a subalgebra Ay of A’ such
that Ag C f(A) and such that M (¢4, ... ,ET)‘ A, 18 an indecomposable Ag-module for
(ly,...,¢0,) € K" —{(0,...,0)}, and such that M(fl,...,ﬁr)‘AO and M(fﬁ,...,é;)‘Ao
are isomorphic Ag-modules if and only if K - (¢1,...,0,) =K -(¢},...,0).

Let Ao be the subalgebra of A’ generated by the identity 1 and by {X;}i—1, ..

Hence it follows from (*) that Ag C f(A). Moreover, the ¥; satisfy the following
relations:

ZZEJ =0 fOI'i?éj7
(Z)" = ayy - Q2 O,

(Z)4t = 0.
Consider the representation M (l1,0s,...,0.) = (Xo,Xij, Xr41,9i) of @ corre-
sponding to the A’-module M (¢y,4s,...,¢,), as described in Definition 4.1(ii). Let
1 <i<r,and let X;o = Xo. Then for 0 < j <t;, 3; acts on X;; as the linear trans-
formation ¢; ;. This implies that M (¢y,. .. ,ET)‘AO/rad(M(ﬁl, . ,&)|AO) is a simple
Ag-module, and hence M (¢4, ... ,fr)| Ag is an indecomposable Ag-module. Moreover,
there is a basis element by of Xo = X = K such that

(4.1) ()" (bo) = (@i, -+ in-pin) (o) =€+ K - (l1,bo, ..., 0,) € X, 11,
and hence

(G(E)" 4+ £(2)") (bo) = 0.
Since (3;)" acts as the zero linear transformation on X; ; for 1 <i<r, 1 <j <t
and (X;)" also sends e; + K - ({1, 0s,...,£,) to zero for 1 < i < r, this implies that
(4.2) O(E)" + -+ 4(5,) =0.

Viewing the (X;)%, 1 < i < r, as linear transformations of the K-vector space
spanned by basis elements of Xy and of X;; for 1 < i < r, 1 < j < ¢, and by
ei + K - (U1,0s,...,0,) € X1 for 1 < i < r, we obtain the following: By (4.2)
(X1)", ..., (%, are K-linearly dependent satisfying the particular equation (4.2),
and by (4.1) there are (r — 1) of them which are linearly independent over K. This
implies that M ({y,...,¢,) }1\0 and M (¢4, ...,0) ‘Ao are isomorphic Ag-modules if and

only if we have K - ({1,...,¢,) = K - ({},...,0.). O
We now define an additive function ¢’ : Ky(A’) — Z such that the #’-stable A'-
modules of dimension vector (1, 1,...,1,7—1) are precisely the modules M (¢4, ..., ¢,)

from Definition 4.1(ii).

Definition 4.5. Let Q' = Q'(t1,ts,...,t,) and A’ = KQ' as in Definition 4.1. We
denote by Sy (resp. S;; for 1 <i <1 < j <t resp. Sy41) a simple A'-module
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corresponding to the vertex vy (resp. v;; for 1 < i <1 <j <t resp. v,41). We
define an additive function 0" : Ky(A') — Z by

0'([So]) = —(r—=1)- (b +--+t,+1), 0(S;])=0r—-1), OS] =1

for1<i<r1<j5<t,.
It is obvious that @’ is preserved by every quiver automorphism of ()'.

Proposition 4.6. Let ¢ : Ko(\') — 7Z be the additive function from Definition
4.5.  The isomorphism classes of 0'-stable AN'-modules of dimension vector d =
(1,1,...,1,7 — 1) are in bijection with the isomorphism classes of the N -modules

My, ..., 4., as defined in Definition 4.1, for ({1 : ... ¢,) € Pr=L.

Proof. We have to show that all M(¢y,...,¢,), (¢1,...,¢,) € K" —{(0,...,0)}, are
0'-stable, and that there are no other #’-stable A’-modules of dimension vector d’ =
(1,1,...,1,7 — 1), up to isomorphism. Let (¢y,...,¢,) € K" —{(0,...,0)}. By the
definition of ¢ it follows that ¢'([M(¢y,...,¢.)]) = 0. Let now N be a proper A’-
submodule of M(¢y,...,¢.). Then it follows that N C rad(M(¢y,...,¢,)). Since
My, ... 0.)/rad(M(¢y,...,£.)) corresponds to the vertex vy in @', it follows that
¢'([N]) > 0.

Let now M be an arbitrary A’-module of dimension vector d' = (1,1,...,1,r—1).
Then ¢'([M]) = 0. Suppose first that M is decomposable. Then M = M; & M, and
either ¢'([M;]) = 0 = 0'([Ms]) which means M is not #'-stable, or one of ¢'([M;])
or 0'([M,]) is negative and M is not even #'-semistable. Suppose now that M is
indecomposable of dimension vector d’ and denote its corresponding representation

of Q' by
M: (YE),Y;'J',Y;«+17/M,]')

where Yy, V;; (1 <7 <1< j <t) and Y, are the vector spaces of dimension
1, 1 and r — 1, respectively, corresponding to the respective vertices in ', and g, ;
(1 <i<r1<j<t)is the linear transformation corresponding to the arrow «; ;
in Q.

Suppose first that there exist 1 < i < r,1 < jo < t; — 1 with p;, 5, = 0.
Then we obtain a submodule N of M whose corresponding representation N =
(Zo,Z; j, Zyrs1,vi;) of Q' is obtained from M by setting Z, = Yo, Z,11 = Y1,
Ziyqa = 0 and v;,; = 0 for jo < < t;,, and by setting Z, ; = Y, ; and v;; = p,;; for
all other 1 <i <r,1 <j <t Moreover, #'([N]) = —(r — 1) - (t;, — jo) < 0, which
means that M is not #'-stable.

Suppose now that p;; # 0 forall 1 < i < r 1 < j <t — 1. Since M is in-
decomposable, it follows that the images of p;4,, 1 < i < r, have to generate all of
Y, 41 = K™~'. But this means that there is an element (¢4,...,¢,) € K"—{(0,...,0)}
such that M is isomorphic to the representation of )’ obtained from M by replac-
ing Y41 by K"/K - ({4,...,¢,) and p;,, by the linear transformation which sends
leY, =Ktoe+ K- (l,....0,) € K"/K - ({1,...,0). Since all the g, ;,
1<i<nr1<j5 <t —1, are given by non-zero scalars, it then follows that M is
isomorphic to M ((,ul_% g )l (g g q) < ). O
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The following result establishes a fine moduli space whose points correspond to
isomorphism classes of certain multi-strand modules. This theorem is a direct con-
sequence of Theorem 2.7, and Propositions 4.4 and 4.6.

Theorem 4.7. Suppose ', N, and f satisfy the condition (x) of Proposition 4.4.
Suppose further that 0" is as in Definition 4.5 and d' = (1,1,...,1,7r —1). Then f
is 0'-stably separated with respect to d', and My g5 as defined in Definition 2.5, is
a fine moduli space for families of 0'-stable A-modules of dimension vector d', up to
isomorphism. Moreover, the points of M3 y 4 are in one-one correspondence with
the multi-strand modules f* M (ly,...,¢,) for (€1 :...: () € Pr1,

5. EXAMPLE

In this section we will give an example of A, A’, f: A — A’, d’ and ¢ in which the
moduli space M5 ; 5 is isomorphic to P" x P*. For an appropriate additive function
0 : Ko(A) — Z and dimension vector d = d; € Ko(A), we will obtain a morphism
M o — Ma(d,0) in C where M, (d,0) is King’s moduli space and is isomorphic
to P*. This morphism collapses the first factor P" of M3 , 4.

Assume r, s are positive integers. Let A = KQ/J where @ is the quiver

N o
(

W41

Y| 72 ' \ Vs+1
\/

and J = (wwj, Ew;,w? | i # 7,1 <4,7 <r+1). Let A" = KQ' where @' is the quiver

/\\

041(042! - larp

v= )/ /’ /

Vo2

a

52! < 1 Bs+1
ANV,
and define f : A — A" by f(uo) = vo1 + vo2, f(u1) = v1, f(uz) = v2, f(wi) = a,

1<i<r+1, f(§) = p, and f(y;) = 5;, 1 < j < s+ 1. Let d be the dimension
vector d' = (dy,, dyy, dy, dy) = (1,7,1,s) for A’ and let @' : Ko(A') — Z be the additive
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function with 6'([Spo]) = —(r+s+1), 0'([So1]) = 1, and 6'([S1]) = 1 = 6'([Ss]), where
S, denotes a simple A’-module associated to the vertex v, for x € {01,02,1,2}.

The #'-stable A’-modules of dimension vector d’ = (1,r,1,s) can be described as
follows.

Let (E, E) = (kl, ce 7kr+1>€17 R ,ES_H) € Kt x K+l — {(Q, Q)} Define M(E, E)
to be the A’-module given by the following representation

M(k, £) = (Xo1, Xoz, X1, X2, 05, 1))

of Q. It assigns to vg; the vector space Xg; = K, to vge the vector space Xgpo =
K™K - (ki,... k1) =2 K", to v the vector space X; = K, and to vy the vector
space Xo = K*TV/K - (0y,...,0s11) = K° For 1 < i <r+1, it assigns to «; the
K-linear map ¢; which sends 1 € Xy, = K to the coset ¢; + K - (k1,...,kyq1) in
Xoo = K™K - (ky, ..., kyy1), where ¢, = (0,...,0,1,0,...,0) € K" has precisely
one non-zero entry at the ¢-th position. For 1 < j < s+ 1, it assigns to (3; the
K-linear map v, which sends 1 € X; = K to the coset n; + K - (1,...,0541) in
Xo =KV /K - (l,...,lss1), where n; = (0,...,0,1,0,...,0) € K*! has precisely
one non-zero entry at the j-th position. Hence the dimension vector of M (k,{) is

d=(1,r1,s).
Similarly to the proof of Lemma 4.2, one can show that M (k,¢) = M(k', (') if and
only if (k1 :... k) = (K ootk ) inPrand (64 ... leyq) = (6 ... £ 1) in

P?. Moreover, it follows similarly to the proof of Proposition 4.6 that the isomorphism
classes of #'-stable A’-modules of dimension vector d’ = (1,7, 1, s) are in bijection with
the isomorphism classes of the A’-modules M (k, £) for (k, £) € P" x P=.

An argument similar to the proof of Proposition 4.4 shows that the above K-
algebra homomorphism f : A — A’ is #'-stably separated with respect to d’. Hence it
follows from Theorem 2.7 that M3 ; o/, as defined in Definition 2.5, is a fine moduli
space for families of 0}—stable A-modules of dimension vector d’f, up to isomorphism.
Moreover, the points of M3 ;o are in one-one correspondence with the modules
f*M(k, L) for (k,0) € PT x P*.

We now determine which additive functions 0 : Ky(A) — Z can be chosen so that
the modules f* M(k,£) for (k,£) € P" x P* are among the #-semistable A-modules of
dimension vector d = d}. Note that d} = (do,dy,dz) = (r+1,1,s). For i =0,1,2,
let T; be a simple A-module corresponding to the vertex u; in ). We claim that
the modules f* M (k,{) for (k,£) € P" x P*® are among the #-semistable A-modules
of dimension vector d = d’; only if 6([Tp]) = 0. This can be seen as follows. Each
module f* M (k, £) has a direct sum of r copies of Tj as a submodule of its socle. Hence
6([7o)) must be non-negative. If 0([Ty]) is strictly positive, say 0([Ty]) = a > 0, then
O([Th)) +s-0([Tz)) = —(r+1) - a < 0. But since f* M(k,{) always has a submodule
of dimension vector [T}] + s - [T3], this is impossible.

This implies that there are basically two possibilities for 6 so that the modules
f*M(k,0) for (k,£) € P x P* are among the f-semistable A-modules of dimension
vector d = d} = (r +1,1,5). Namely, either 6 is identically zero, or 6([Ty]) = 0,
6([T1]) = —b- s and 0([T3]) = b for some 0 < b € Z, in which case we can choose
without loss of generality b = 1.



22 FRAUKE M. BLEHER AND TED CHINBURG

In case 6 is identically zero, all A-modules are #-semistable, the only 6-stable A-
modules are the simple A-modules, and all A-modules of a given dimension vector
are S-equivalent. Hence King’s moduli space M (d, @) is a point.

In case 6([To])) = 0, 0([T1]) = —s and 6([T3]) = 1, we claim that a A-module N of
dimension vector d = d’, = (r+1, 1, s) is f-semistable if and only if the corresponding
representation N of the quiver @) assigns to each arrow v;, 1 < j < s+ 1, a K-linear
transformation I'; : K — K?* such that the images of I';, 1 < j < s 4 1, generate
all of K*. If this were not true, one could write N as a direct sum N; & N, in
which N; is a complement in K® to the span of the images of the I'; and 0([N;]) <
0, contradicting 6-semistability. In particular, every #-semistable N of dimension
vector d has a #-stable proper submodule Uy which results from changing N by
assigning to wug the zero vector space and to £ and w;, 1 < ¢ < r + 1, the zero linear
transformations. By Definition 2.1(ii), this implies that two #-semistable A-modules
N and N’ of dimension vector d = d}; = (r + 1,1, s) are S-equivalent if and only if
the corresponding submodules Uy and Uy are isomorphic. Hence we can describe
the S-equivalence classes of #-semistable A-modules of dimension vector d as follows.
For every fixed choice of the first parameter k, € K™ involved in defining the A’-
modules M (k, £), the S-equivalence classes of #-semistable A-modules of dimension
vector d are in one-one correspondence with the A-modules f* M (k,, ) for £ € P*.
This means that for this 0, King’s moduli space M,(d, 8) is isomorphic to P*. By
considering functors as in Remark 2.8, we obtain a morphism

M;,d’ﬂ’ 2P x P — MA(d, 0) =~ P?

in C which collapses the first factor P of M3 ; 4.
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