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Tame Quivers and Affine Enveloping Algebras

Yong Jiang and Jie Sheng

Abstract: Let g be an affine Kac-Moody algebra with symmetric Cartan
datum, n™ be the maximal nilpotent subalgebra of g. By the Hall algebra
approach, we construct integral bases of the Z-form of the enveloping algebra
U(n™). In particular, the representation theory of tame quivers is essentially
used in this paper.
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1. INTRODUCTION

1.1. There are remarkable connections between the representation theory of quiv-
ers and Lie theory. For a complex simple Lie algebra g, let @ be the quiver given
by orienting the Dynkin diagram of g. In [Gab], P. Gabriel discovered that the
set of isomorphism classes of indecomposable representations of @ is in one-to-
one correspondence with the set of positive roots of g. A direct construction of
the Lie algebra g using representations of quivers was given by C. M. Ringel.
Roughly speaking, he defined the Hall algebra H(Q) using representations of @
over a finite field and then proved that H(Q) is isomorphic to the positive part
of the quantum group U’ (g), see [R1] [R3]. This result was generalized to the
case of Kac-Moody algebras in [Gr], where it was showed that the composition
subalgebra C(Q) provides a realization of U,/ (g). Thus when v specializes to 1,
the Hall algebra degenerates to the enveloping algebra U(n™), where n' is the
maximal nilpotent subalgebra of g (see [R2]).
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In [L1], G. Lusztig gave a geometric definition of H(Q), which is a modified
version of A. Schofield [S]. Namely, he used the constructible functions on va-
rieties of C(Q)-modules. The Euler characteristics appeared in the definition of
multiplication. Similar to the quantum case, the composition algebra C(Q) is
isomorphic to the enveloping algebra U(n™) (see Theorem 3.1). In the finite and
affine case, a Chevalley basis of n™ was reconstructed by the approach of Hall al-
gebra in [FMV] (see Proposition 8.3). Thus the structure constants of this basis,

which is the Euler characteristics of certain varieties, is given by the cocycles.

1.2. For any complex simple Lie algebra g, Kostant defined a Z-subalgebra Uy,
of the universal enveloping algebra U(g) using divided powers of the Chevalley
basis, which is the well-known Kostant Z-form [Ko]. Then he constructed a Z-
basis of Uz. These results were generalized to the affine Kac-Moody algebra by H.
Garland, in [Gal]. He defined the root vectors using the loop algebra structure
of the affine Kac-Moody algebra. The Z-form is defined as the Z-subalgebra
generated by the divided powers of all real root vectors. And he also construct a
Z-basis of Uz. For a given order on the set of positive roots, the basis elements
given in [Gal] are ordered monomials of the following generators: the divided
powers of real root vectors and certain functions of imaginary root vectors. The
method in [Gal] is not representation-theoretic and the proof of the integrality of
the basis is difficult, using some complicated combinatorial identities.

1.3. In this paper, we will construct Z-bases of Uz(n™) for affine Kac-Moody
algebras by the Hall algebra approach. The representation theory of tame quiv-
ers, especially the structure of the Auslander-Reiten-quiver is essentially used
in our method. The AR-quiver I'g, whose vertices are isomorphism classes of
indecomposable CQ-modules and arrows are irreducible morphisms, gives a nice
description of the category of CQ-modules. In [FMV], one can already see that
the real root vectors not only come from the preprojective or preinjective com-
ponents of I'g but also come from the non-homogeneous tubes in the regular
component. Furthermore, the behaviors of the imaginary root vectors arising
from homogeneous tubes and non-homogeneous tubes are quite different.

Therefore, we construct basis elements from the components of the AR-quiver
respectively. More precisely, the basis elements we construct arise from the pre-
projective component, the preinjective component, each non-homogeneous tube
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and an embedding of the module category of the Kronecker quiver respectively.
Then the ordered monomials of those basis elements form the desired integral
basis. In particular, the order is given by the structure of the AR-quiver. In this
way, we generalize the main results of Frenkel, Malkin and Vybornov in [FMV]
to the level of enveloping algebras.

1.4. One key to prove the integrality of our bases is that the Euler characteristics
are always integers. Thus evaluating a product of two characteristic functions
of certain constructible sets at any point gives an integer (see 3.4 for details).
However, this is not enough since not every basis element can be made as a
single characteristic function. Moreover, the supports of two basis elements may
have common points. So we have to find suitable constructible functions in
order to obtain the basis elements. The most difficult part is the choice in the
homogeneous tubes, where our idea comes from both representation theory and
the theory of symmetric functions (see 6.5).

1.5. We mention some results in the quantum case. There are several results
in constructing Z[v,v~!]-bases of the integral form of U," using the Hall algebra
approach. Ringel has construct an integral PBW-basis of U, in the case of finite
type [R4]. Later a Q(v)-basis of type Agl) was given in [Z] and it was improved
to be a Z[v,v!]-basis in [C]. For the affine case, in [LXZ], a PBW-basis of U,
was given as a step to construct the canonical basis by an algebraic method. The
method in the present paper obviously stems from that of [LXZ]. However, the
basis given there is a Q[v, v~1]-basis. Although it has been proved in [LXZ] that
this basis is nicely connected to the canonical basis, hence actually a Z[v,v]-
basis, it seems difficult to prove it directly only using algebraic methods.

1.6. The paper is organized as follows: In Section 2, we make necessary notations
and recall some basic definitions. In Section 3, we recall the definition of Hall
algebras. For convenience, we use the geometric version, following Lusztig [L1].
We also calculate the product of characteristic functions in two easy cases. A
brief review of the representation theory of tame quivers is given in Section 4,
for the details one can see [DR]. In Section 5 we focus on the preprojective and
preinjective modules. We define two subalgebras C(Q)P"°P, C(Q)P"¢" and construct
their Z-bases respectively. The arguments in this section are similar to those in
the quantum case, see [R4] for the case of finite type. Moreover, the results in
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this section are valid for arbitrary quiver without oriented cycles, not only for
tame quivers. Sections 6 and 7 are devoted to the construction of basis elements
arising from regular components. In Section 6, we consider the Kronecker quiver
K and construct Z-bases of Cz(K). The most important part of this section is
the construction of basis elements from regular components. In Section 7, we
consider the cyclic quiver C, and construct a Z-basis of Cz(C,). This will provide
basis elements arising from non-homogeneous tubes. The method used in this
section comes from [DDX]. Finally, in Section 8, we combine the results from
Section 5 to 7 to obtain integral bases of Cz(Q).

2. NOTATIONS AND PRELIMINARIES

2.1. Cartan datum. Following Lusztig [L2], a Cartan datum is a pair (I, (—, —))
consisting of a finite set I and a bilinear form (—,—) : Z[I] x Z[I] — Z which

)

satisfies the following conditions:
(i,1) = 2, for all i € I;
(i,7) <0, for all ¢ # j;

(7,7) = 0 if and only if (j,7) = 0.

Note that if we set a;; = (7,7) then the matrix A = (a;;) is a generalized Cartan

matrix.

A Cartan datum is said to be irreducible if the corresponding Cartan ma-
trix cannot be made block-diagonal by simultaneous permutations of rows and
columns. It is said to be symmetric if (i,j) = (j,¢) for all 4, j € I. In this paper
we always assume that the Cartan datum is irreducible and symmetric.

A Cartan datum is said to be of finite type (resp. affine) if the corresponding
Cartan matrix is positive definite (resp. positive semi-definite). A Cartan datum
is said to be simply-laced if (i,j) € {0,—1} for all 4,5 € I.

2.2. Kac-Moody algebras and their enveloping algebras. For a given Car-
tan datum there is the corresponding Kac-Moody algebra g which has the triangu-
lar decomposition g ~ nT @ hdn~ with n*, n~ the maximal nilpotent subalgebras
and h the Cartan subalgebra. The universal enveloping algebra U = U(g) is the
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C-algebra generated by {e;, f;, h;|i € I} with the following relations:

[hi, hj] =0, for all i,j € I;
lei, fi] = 0ijhi, for all 4,5 € I;
[hi,ej] = (i,)e;, forall i,j € I;
[his fi] = = (6,5) fj, for all i, j € I;

1—(i.j) 1 - (i) N
> V(1T ekl 0 tori

1— (i,

[

) 1 (i, ) y
(1)’f< N ) )fffjfj(“f)’“ =0, fori# j.

k=0

Let UT (resp. U™, UY) be the subalgebra of U generated by {e;}ics (resp.
{fiYier, {hi}ier). We know that U ~ Ut @ U% @ U~. Actually U (resp. U™)
is the universal enveloping algebra of nt (resp. n~). The Kostant Z-form Uy,
is defined as the Z-subalgebra of U generated by egn) and fz-(n), for all ¢ € I
and n € N, where egn) = el'/nl, fi(n) = fI'/n! are called divided powers. Let
Uf =UtNUz (resp. U, = U~ NUz), which is the Z-subalgebra of U generated

by 61@) (resp. fi(")) )

2.3. Quivers and their representations. A quiver is an oriented graph Q =
(1,9, s,t) where I is the set of vertices, €2 is the set of arrows; s,¢ are two maps
from € to I denoting the starting and terminal vertex respectively. In this paper
we consider quivers without loops (i.e. arrows from a vertex to itself).

A representation of @ over C is an I-graded C-vector space V = ®;c;V; with
a collection of linear maps * = (75)neq € GneoHome(Vypy, Vin)). A morphism
from a representation (V,z) to another one (V’/,2') is an I-graded C-linear map
¢ = (pi)ier : V — V' such that z},¢4p) = ¢ynyrn for any h € Q.

The dimension vector of a representation M = (V,z) is defined as a vector
dimM = >, ;(dimcV;)i € N[I]. A representation (V,x) is called finite dimen-
sional if V; is finite dimensional for all 7.

A representation (V,z) of Q is called nilpotent if there exists N € N such that
Zhy - - xp, = 0 for any sequence hy,-- -, hy € Q with t(h;) = s(hit1).
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Denote by rep(Q) the category of finite dimensional representations of ). We
know that rep(Q) is equivalent to modCQ), the category of finite dimensional left
CQ-modules, where CQ is the path algebra of (). For this reason we will use
CQ-modules or representations of @ freely in the sequel, and we will just write
modules or representations for short when @ is fixed. Denote by rep,(Q) the full
subcategory of rep(Q) consisting of all nilpotent representations. Note that if @
has no oriented cycles, we have rep(Q) = repy(Q).

The isomorphism classes of simple objects in rep,(Q) are in one-to-one corre-
spondence with the vertices of ). Namely, for each i € I, set V; = C, V; = 0 for
j # i and x = 0. Then the module (V,x) is simple, denoted by S;.

2.4. Euler forms. Let (I,(—,—)) be a Cartan datum, we have the correspond-
ing Dynkin diagram, which is an unoriented graph. Giving any orientation of the
graph we obtain a quiver Q. @ is said to be a quiver corresponding to (I, (—, —)).
Conversely, the Cartan datum (I, (—, —)) can be recovered from any quiver cor-
responding to it.

More precisely, we define a bilinear form (—,—) : Z[I] x Z[I| — Z given by
(i,j) = 0;5 — #{h € Q|s(h) = 4,t(h) = j}, where d;; is the Kronecker symbol and
# denote the number of elements in a set. This form is called the Euler form. We
know that for any M, N € rep(Q),

(dimM, dimN) = dimcHom(M, N) — dimcExt! (M, N).

The symmetric Euler form is defined as (a, 3) = (o, 8) + (3, a), for any «, 3 €
Z[I]. Then (I,(—,—)) is a Cartan datum, whose corresponding Dynkin diagram
is just the underlying graph of Q.

A quiver is said to be of finite type (tame) if the corresponding Cartan datum
is of finite type (resp. affine). Thus the underlying graph of a tame quiver is of
type AV, DY, BV, EW or BV,

In the sequel, we will write g(@) for the Kac-Moody algebra g with Cartan
datum corresponding to Q.

3. THE HALL ALGEBRA

3.1. Constructible functions. Let X be an algebraic variety over C. A subset
of X is called locally closed if it is the intersection of an open and a closed subset.
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A constructible set in X is a union of finitely many locally closed subsets of X.
A function f : X — C is called constructible if f(X) is a finite set and f~1(m)
is a constructible subset of X for all m € C. We denote by M(X) the set of
all constructible functions on X with values in C. M(X) is naturally a C-vector
space. Let G be an algebraic group acting on X. We denote by M(X)F the
subspace of M(X) consisting of all G-invariant constructible functions.

Let ¢ : X — Y be a morphism of algebraic varieties. We can define two linear
maps ¢* : M(Y) - M(X) and ¢ : M(X) — M(Y) as follows:

for any g € M(Y) and z € X.
&(Ny) = ax(¢ W) N fa)
acC

for any f € M(X) and y € Y, where x denotes the Euler characteristic with
compact support.

3.2. Varieties of representations. Given a quiver ) and a fixed dimension
vector v = ) ;. ; a1 € N[I], denote by E, the set of all representations of () with

dimension vector «. i.e.
E, = ][ Homg(C*, Coum),
heQ

Hence E, is an affine algebraic variety (In fact, an affine space). Let G, =
[I;c; GL(a;,C). The group G, acts on E, by g(z;) = gt(h)xhg;(i), for any
g = (gi)ier, © = (1)neq. Let EP be the subset of all nilpotent representations
in E,. It is easy to see that E" is a closed subvariety of E,. The group G, also
acts on EP¥.

3.3. The Hall algebra. To simplify the notations, we denote M(ER!)%a by
Ha(Q). Let H(Q) = SaennHa(Q)-

Lusztig [L1] has defined a bilinear map
* 1 Ha(Q) X Hp(Q) — Hy(Q)

for any «, 3,7 € N[I] such that & + § = 7. Then an N[I]-graded multiplication
can be endowed with H(Q).
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The map * is defined as follows: Consider the following diagram:
Egil % Egll & E// 10_2> E/ p_g) E;Lll
where the notations are as follows:

E’ is the variety of all pairs (z, W) consisting of = € E;‘“ and an z-stable
I-graded subspace W of C7 such that dimW = j;

E” is the variety of all quadruples (z, W, R*, R%), where (z, W) € E/, R% is an
isomorphism C% ~ W, R* is an isomorphism C* ~ CY/W;

p1(z, W, R, R%) = (2, 2P), where th?(h) = Rf‘(h)w% and thf(h) = Rtﬂ(h)xg;
pa(z, W, R, RP) = (2, W); p3(x, W) = .

Note that p; is smooth with connected fibres, ps is a principal G, x Gg-bundle
and ps is proper.

Now we can define a convolution product of constructible functions

For f, € Ha(Q), fs € Hz(Q), we let f1 be a constructible function on EN x
Eg” given by fi(x1,22) = fol(x1)fs(x2) for any z; € ENY, 25 € Eg”. Then there
is a unique function fo € M(E’) such that pifi = p5fo. We define f, * fz as
(p3)i(f2)-

The C-space H(Q) equipped with the multiplication  is an N[/]-graded asso-
ciative C-algebra, called the Hall algebra. In the sequel we will omit the multi-
plication symbol .

3.4. Characteristic functions. For a fixed dimension vector o« and a G-
nil

invariant constructible subset O of E}

, the characteristic function of O is defined
as the function taking the value 1 on O and 0 elsewhere. We denote the function
by 1. It is obvious that 1p € Ha(Q).

For any M € E™, the G,-orbit of M is denoted by Oy;. In particular, Oy is
a constructible subset of E?. In this case we just write 1, instead of 1¢,,.

Let M € EZ“, N e Egil. The definition of the multiplication yields
1y1n(L) = x(F(M,N; L)), for any L € EJl 5,

where F(M, N; L) is the variety of all submodules L’ of L such that L' ~ N and
L)L ~ M.
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In general, let O (resp. O2) be a G, (resp. G)-invariant constructible subset
of EM (resp. Eg”), we have
10,10,(M) = x(F(O1,02; M)), for any M € EZ"frﬁ,

where F (07, O2; M) is the variety of all submodules M’ of M such that M’ € O
and M/M' € O;.

3.5. The composition algebra. For any ¢ € I, the simple module S; is the
unique module with dimension vector . We simply denote by 1; the characteristic
function 1g,.

Let C(Q) be the C-subalgebra of H(Q) generated by 1;, for all i € I. It is called
the composition algebra. The following theorem is well-known (for example, see
[L1]):

Theorem 3.1. For any quiver Q without loops, the composition algebra C(Q) is
isomorphic to the positive part of the enveloping algebra Ut = Ut (g(Q)). This
isomorphism is given by 1; — e; for any i € I.

We can also define the Z-form of the composition algebra (or the integral
composition algebra) Cz(Q), which is the Z-subalgebra of H(Q) generated by the
divided powers lgn), forall7 € I and n € N.

The following corollary can be seen immediately from the theorem.
Corollary 3.2. The integral composition algebra Cz(Q) is isomorphic to U%.
3.6. Some calculations. In general, the calculation of the Euler Characteristic

of a variety is difficult. In this subsection, we give two formulas dealing with
special cases which we will use later.

For any M € rep(Q), we denote by tM the direct sum of ¢ copies of M. A
module M € rep(Q) is called exceptional if Ext!(M, M) = 0.

Lemma 3.3. For any indecomposable exceptional module M we have

1oy =19,

Proof. Since M has no self-extensions, we have by definition

15, =1yly -1y = x(F)ly
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where F is the variety of all filtrations
tM=MyD>M; D---DM;=0
with factors isomorphic to M.

It is easy to see that x(F) is equal to the Euler characteristic of the variety of
complete flags in C!. Hence x(F) = t! and the lemma holds. O

Lemma 3.4. For any M, --- , M; € rep(Q) such that Hom(M;, M;) =0 and
Ext'(M;, M;) = 0 for all i > j. Then we have
I BYEES SYR BVAREEN B VA

where M = @t_, M;.

Proof. 1t is sufficient to prove the case t = 2. The general case follows by induc-

tion.
So let Hom(My, M) = 0 and Ext!(M;, Ms) = 0, we need to prove 1vem, =
1p7, 17, Since Ext!(My, M) = 0, we have
1an1a, = Xx(9) e,
where
G={N C My ® My|N ~ My and M; & My/N ~ M }.
As Hom(Ms, M7) = 0, we know that G is a single point and hence x(G) =1. O

4. REPRESENTATION OF TAME QUIVERS

In this section, we give a brief review of the representation theory of tame
quivers. For details one can see [DR], for example.

4.1. The classification of indecomposable modules. Let ) be a quiver
without oriented cycles (not necessarily tame). Denote by ind(Q) the set of
isomorphism classes of indecomposable modules. For M € rep(Q), denote its
isomorphism class by [M].

The objects in ind(Q) can be classified as follows: M € ind(Q) is called prepro-
jective (resp. preinjective) if there exists a positive integer n such that 7"M = 0
(resp. 7™M = 0) where 7 denotes the Auslander-Reiten translation. And M
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is called regular if for any n € Z, 7" M # 0. We say a decomposable module is

preprojective, preinjective or regular if each indecomposable summand is.

Let Prep(Q), Prei(Q) and Reg(Q) denote the full subcategory of rep(Q) con-
sisting of preprojective, preinjective and regular modules respectively. These
three subcategories are extension-closed. Moreover, we have the following prop-

erties:
Proposition 4.1. For any P € Prep(Q),R € Reg(Q) and I € Prei(Q), we have
Hom(I, P) = Ext'(P,I) = 0;
Hom(I, R) = Ext'(R,I) = 0;
Hom(R, P) = Ext'(P,R) = 0.
Roughly speaking, the Auslander-Reiten-quiver (AR-quiver, for short) of rep(Q)
is the quiver whose vertices are objects in ind(Q) and arrows describe irreducible
morphisms between modules. We denote it by I'g. Thus in the language of

Auslander-Reiten theory, I'g can be divided into three components, called the

preprojective, regular and preinjective components respectively.
We remark that if @) is of finite type, there is no regular component in I'g and

the preprojective component coincides with the preinjective component.

4.2. Root system and indecomposable modules. We denote by A the root
system of g(@Q). We identify each ¢ € I with the simple root «;. Thus the

positive root lattice can be identified with N[/]. And the set of positive roots is

The set of real roots and imaginary roots are denoted by A" and A" respec-
tively. Set A€ = A" N AL, Al =A™ NA,.

The following theorem is due to Kac, which is a generalization of Gabriel’s

theorem.
Theorem 4.2. (1). For any [M] € ind(Q), dimM € A,.
(2). For any a € A’¢, there is a unique [M] € ind(Q) with dimM = o.
(3). For any o € A", there are infinitely many [M] € ind(Q) with dimM = «.

For any o € A, we denote by M («) the unique (up to isomorphism) inde-
composable module with dimension vector a.
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Denote by AE™ (resp. AE °. A’ the set of all positive roots which are
dimension vectors of indecomposable preprojective (resp. preinjective, regular)
modules. It is known that AY? U AT ¢ A7, A C AT but in general they

are not equal.

4.3. The preprojective and preinjective modules. To describe ind(Q), we
need to describe the preprojective, preinjective and the regular component respec-
tively. The case of the preprojective or preinjective is easy. In fact it is similar
to the case of finite type. We just recall the following representation-directed

property:

: - prep..
Lemma 4.3. (1). There exists a total order (not unique) on AL

ap <o <<y <
such that
Hom(M (e;), M(cj)) =0, for all i > j;
Ext' (M (i), M () =0, for alli < j.
(2). There exists a total order (not unique) on AY™:

< B = = B = By

such that
Hom(M(8;), M(B;)) =0, for alli < j;

Ext'(M(8;), M(B3;)) = 0, for alli > j.

4.4. The Jordan quiver. The description of the regular component is more
complicated. We need some preparations in this and the next subsection.

Let C be the quiver with only one vertex and a loop arrow. This is the so-
called Jordan quiver. Now a module in repy(C1) is just a pair (V,z) where V is
a C-space and z is a nilpotent linear transformation on V.

The unique simple module in rep,y(C;) is denoted by S. Any indecomposable
module with dimension n is isomorphic to S[n| = (C", J,), where J, is the n x n
Jordan block with 0’s in the diagonal. And 75[n] = S[n] for any n. The AR-
quiver of repy(C) is called a homogeneous tube.
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4.5. The cyclic quiver. In this subsection we fix » € N,r > 2. Let C, =
(I,9Q,s,t) be a cyclic quiver with r vertices, ie. I = Z/rZ = {1,2,---,r},

Q= {pi|l <i<r} where s(p;) =1, t(p;) =i+ 1 for all i. Note that underline
¢9)

graph of this quiver is of type A,”;, but it has an oriented cycle.

We consider the category repy(C;). There are r simple modules, denoted by
Siy 1 € I (See 2.3). For any ¢ € I and [ > 1, there is a unique (up to isomorphism)
indecomposable module in repy(C,) with top S; and length [, denoted by S;[{].
And it is known that the set of isomorphism classes of indecomposable modules
in repy(Cy) is just {S;[l]|1 < i < r,l > 1}. Moreover we have 7S;[l] = Si+1[l].
hence 77S;[l] = S;[l] for all i,l. For this reason, the AR-quiver I'c, is called a
non-homogeneous tube or more precisely, a tube of rank r (So a homogeneous

tube actually means a tube of rank 1).

Let 6 = (1,1,---,1) be the minimal imaginary root. We know that dimS;[nr| =
nd for any ¢ € I and n > 1. And dimS;[l] € A’¢ for any i € I and r {[.

Denote by Z(C,) the set of isomorphism classes of all modules in repy(C).
Let II be the set of r-tuples of partitions 7 = (71, 7 ... 7(") with each
components 7 = (ﬂgl) > 7751) > --.) being a partition of a positive integer. For
each 7w € II, we have a module

Mm) = @ Sii").

i€l j>1

In this way we obtain a bijection between II and Z(C).

4.6. Tame quivers and the regular modules. In this subsection let @) =
(1,9Q,s,t) be a tame quiver without oriented cycles. Now we can describe the
subcategory Reg(Q). The following lemma shows that the regular component of
['g is a collection of tubes indexed by P! = P!(C). Moreover, there are only finite
many non-homogeneous tubes and all the others are homogeneous.

Lemma 4.4.
Reg@Q) ~ (I ¢ ]I =
Jj=1 zeP\J

as coproduct of abelian categories, where J is a subset of P! containing s elements,
each T is isomorphic to repy(C1) and each T; is isomorphic to repy(Cy;) for some
Ty > 1.
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According to the lemma, for each 2 € P! — J and 1 < j < s, there is an
isomorphism functor F, : repy(C1) — T, Fj : repy(Cr;) — T;. In general, the
choice of Fj is not unique. We just fix one for each j. Then, for any z and [ > 1,
set Sp1 = Fp(S[l]) (see 4.4). For any 1 < j <5, 1 < <rjandl > 1, set
Sji1 = Fj(Si[l]) (see 4.5).

The modules S; 1 and S;;1 are called quasi-simple for any z, j and i. The
module S, ; (resp. S;;;) is the unique (up to isomorphism) module with quasi-top
Sz (resp. Sji1) and quasi-length |. Here the word quasi- means with respect to
the subcategory 7, or 7;. Note that for any x and j, 7, and 7; are extension-

closed abelian subcategories of rep(Q).

We know that for an affine Cartan datum, AY" = (N — {0})d where § is
the minimal imaginary root. The following lemma describes all indecomposable

modules with dimension vector nd and also tells us the difference between AT
and A9

Lemma 4.5. (1). For anyn > 1, the set of isomorphic classes of indecomposable

modules with dimension vector nd is the following

{[Sollz € P\ T} U{[Sjinr][1 < j < 5,1 <0 <15}
(2). dimS;;1 € AT for any 1< j <s, 1<i<r; andr;}l.

In fact for each tame quiver ), the number of non-homogeneous tubes and the
rank of each tube can be determined precisely. But we don’t need the details
in this paper. However, we mention a particular case: the Kronecker quiver K,
which is the quiver with two vertices and two arrows pointing from one vertex to
the other. In this case all tubes are homogeneous. Later (in section 6) we will
discuss the composition algebra C(K) in details.

At the end of this subsection, we recall a well-known result (see [CB], for

example):

Lemma 4.6. We have:

S

1+ (rj—1) =] -1

J=1

and this number is equal to the multiplicity of any imaginary root.
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5. BASES ARISING FROM PREPROJECTIVE AND PREINJECTIVE COMPONENTS

In this section we assume that Q = (I,,s,t) is a quiver without oriented
cycles (not necessarily tame). We will discuss two subalgebras of the composition
algebra C(Q).

5.1. The subalgebra C(Q)P"® and C(Q)P". Let C(Q)P" (resp. C(Q)P") be
the subalgebra of H(Q) generated by 1p for all P € Prep(Q) (resp. 1; for all
I € Prei(@)). In this section we will prove that 1p and 1; are actually in Cz(Q).
Thus C(Q)P™P and C(Q)P™® are subalgebras of the composition algebra C(Q).
Moreover, we can define Cz(Q)P"P (resp. Cz(Q)P"®) to be the Z-subalgebra of
Cz(Q) generated by 1p for all P € Prep(Q) (resp. 1; for all I € Prei(Q)). At
the end of this section we will construct Z-bases of these two subalgebras.

5.2. Reflection functors. To prove that 1p and 1; are in the composition
algebra we need some tools.

Let ¢ be a sink of @, i.e. there are no arrows starting from ¢. We define ;@
to be the quiver obtained from @ by reversing all the arrows connected to i.
Following [BGP] we can define the reflection functors:

U;F :rep(Q) — rep(0;Q)

The action of the functor o;" on objects is defined by o (V, ) = (V',2') where
Vi =V ifk #1,
Vi = ker(Dyny=iTh : Dy(ny=iVan) — Vi),
xy =z, if t(h) # i,

), is the composition V; — Bihy=iVs(ny — Vi) if t(h) = i.

The action of a;" on morphisms is the natural one.

Let rep(Q)[i] be the subcategory of rep(Q) consisting of all modules which do
not have S; as direct summands. Note that since ¢ is a sink, .S; is a simple pro-
jective module. Hence rep(Q)[i] is closed under extensions. Then we can define
H(Q)[i] to be the subalgebra of H(Q) generated by all constructible functions
whose support are contained in rep(Q)[i]. The functor o;" induces an algebra

homomorphism
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oi : H(Q)[i] — H(e:Q)[1]
defined by

oi(1y) = 1 +,,, for any M € rep(Q)][i]

Let C(Q)[i] = H(Q)[i] N C(Q), Ca(Q)li] = H(Q)[i] N Ca(Q). Note that C(Q)
and C(0;Q) (hence Cz(Q) and Cz(0;(Q))) are canonically isomorphic by fixing the
Chevalley generators which correspond to the simple modules of rep(Q) and

rep(0;Q) respectively.

We know that (see [BGP]) o} restricts to an equivalence of categories:
o+ 1ep(@Q)[i] = rep(a: Q)]

Hence it induces an isomorphism of algebras:

oi : C(Q)li] — C(Q)[i].

Dually for any source i € I we can define the reflection functor o; . We have

similar results as above.

5.3. Automorphisms of enveloping algebra. Recall for any i € I we have
the following automorphism of the enveloping algebra U (see [Ka]):

r; = exp(ade;) exp(ad(—f;)) exp(ade;) : U = U.

And we have

Thus r; is also an automorphism of Uy.

Lemma 5.1. The restriction of o; to Cz(Q)[i] is a Z-automorphism which equals

to the restriction of r;.
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Proof. We need a result proved in [XZZ] in which the reflection functors are
generalized to the root category. It was proved that the reflection functor o;
induces an automorphism of the whole Kac-Moody algebra g = g(@) (and hence
an automorphism of the enveloping algebra U(g)) and this automorphism is just

the same as r;.

In our case we goes back to the positive part UT. When we restrict both
automorphisms to Cz(Q)[i] C U, we get the result in the lemma. O

5.4. Admissible sequences. Let iy, ,4,, be an admissible source sequence
of @, i.e. i1 is a source of () and for any 1 < t < m, the vertex 4; is a source for

Tiyy 03y Q.

Let M € Prei(Q) be indecomposable, then there exists an admissible source
sequence i1, - - , i, of @ such that

M=at--of (S;)

(51 Tm—1
where S;, . is the simple C(o;,, , ---0;,@Q)-module corresponding to the vertex 4

(See [BGP)).

Lemma 5.2. Let M € Prei(Q) be indecomposable. Then there exists an admis-
sible source sequence i1, -+ iy, of Q such that

1M = ril e Tim—l]'im
Proof. 1t is clear by the definition of ¢; and lemma 5.1. O

Similar results can be proved for indecomposable preprojective modules using
admissible sink sequences and o, instead.

Thus by the above lemma we can see that for any indecomposable M € Prei(Q)
or Prep(Q), the characteristic function 1;; € Cz(Q).

5.5. Z-Bases of Cz(Q)P"® and Cz(Q)P"*P. We will use the notations in 4.3. Let
I be any preinjective CQ-module, then it can be decomposed into a direct sum
of indecomposable preinjective modules. We choose an order on AI_’[ e satisfying
lemma 4.3.
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Lemma 5.3. For any I € Prei(Q), if it decomposes as
m
I = @bZkM(ﬂlk)
k=1

where B;,, < -+ < Bi, < i, € Aﬁmi and b;, # 0. Then we have

(big ) 1 (bil )

_qiy)
=1 lM(ﬁz‘Q) M(Biy)

M (Biy, )

Proof. The key is the representation-directed property. Then the result follows
from Lemma 3.3 and Lemma 3.4. (]

From this lemma we can see that 17 € Cz(Q) for all I € Prei(Q), which we have

claimed at the beginning of this section. Now we can give a Z-basis of Cz(Q)P"*.

Proposition 5.4. The set {1;|I € Prei(Q)} is a Z-basis of Cz(Q)P™®* (hence also
a C-basis of C(Q)Pre!).

Proof. Since the subcategory Prei(Q) is extension-closed, we have for any I3, Iy €

Prei(Q),

151 = > X(F (I, I2; 1)1y
I€Prei(Q);dimI=dimI; +dimT>

where the right hand side is a finite sum because the number of isomorphism
classes of modules in Prei(Q) with fixed dimension vector is finite.

Now our proposition follows as the Euler characteristics are always integers. [

Similarly, we have the following results for preprojective modules.

Lemma 5.5. For any P € Prep(Q), if it decomposes as
m
P = EBCL%M(O[%)
k=1

where o, < o, < - < @, € Aﬂmp and a;, # 0. Then we have

_ (a‘il) (aig) . (azm)
1P = 1prtai ) Ity Y (o)

Proposition 5.6. The set {1p|P € Prep(Q)} is a Z-basis of Cz(Q)P"P (hence a
C-basis of C(Q)P™P ).
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5.6. Remarks. (1). The arguments in this section are essentially the same as
in the case of finite type. In fact when @ is of finite type, we have C(Q)P"P =
C(Q)Pr" = C(Q). Thus our construction gives a Z-basis of Cz(Q).

(2). The proofs of many results in this section are similar to those in the
quantum case. For example, see [R4] (the finite type case).

6. INTEGRAL BASIS: THE CASE OF THE KRONECKER QUIVER

In this section we consider the simplest tame quiver, namely the Kronecker
quiver K = (1,9, s,t) where I = {1,2}, Q = {p1,p2}, s(p1) = s(p2) = 2 and
t(p1) = t(p2) = 1. Note that this quiver is the only non-simply-laced tame
quiver.

6.1. Some notations. For convenience in this section we will identify N? with
N[/] and write the dimension vectors as (a,b) € N2. The set of positive roots are
Ar ={(n,n+1),(m+1,m),(l+ 1,1+ 1)|n,m,l € N}.

And we have A" = {(m + 1,m)|m € N}, A’fei = {(n,n + 1)|n € N},

A ={(l+1,1+1)|l e N} respectively. Note that the minimal imaginary root
d = (1,1). Hence in this case A = A™.

In this case the order on Aﬁm satisfying lemma 4.3 is unique:
o< (nyn+1)<---<(1,2) <(0,1),
and the same for AF™:

(L,0) < (2,1) < - < (m+1,m) <
Recall 4.6 that Reg(K) ~ [[ cp1 7o, where 7, ~ repy(Cy) for all z.

6.2. A basis of n™(K). In this section, for simplicity we will denote by 1, the
characteristic function 1y(4) for any o € A’°. Since dimS; = (1,0), dimSy =
(O, 1), we write 11 = 1(170), 12 == 1(071).

Following [FMV], for any n > 1, the set of all indecomposable regular mod-
ules with dimension vector nd is a constructible subset of E, 5. Let P,s be the
characteristic function of this set. Hence P,5 € H(Q).

The following results have been proved in [FMV]:
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Proposition 6.1. The set

{1(m,m+1)7 1(n+1,n)7 Pké‘my n >0k > 1}
is a basis of the mazimal nilpotent subalgebra w™(K) of the Lie algebra g(K).

Moreover, the structure constants with respect to the basis are clear:
[Prns, Pus) = 0;

(L (nn+1) Limme1)) = 0;

1,0 Lomar,m] = 0;
[Prss Lima1,m)] = 2L (mant1,man);
[l(m,m+1)7 Prs) = 21(m+n,m+n+1);

[l(m,m+1)v 1(n+1,n)] = P(m+n+1)§;

for any m,n € N.

Since 1 m+1)s Lint1,n) € Cz(K) (see section 5.4), by the last formula in the
above proposition we can see that P,s € Cz(K) for any n > 1.

6.3. The function H,s;. For n > 1, the set of all regular modules (may be
decomposable) with dimension vector nd is also a constructible subset of E,;.

Let H,s be the characteristic function of this set. For convenience we also set
Hys = 1.

Lemma 6.2.

n
1
(1). 1591 =14, + > Lppiin—nHis + Y 1pHily;
=1 Pl

n
41
(2). 1§n )1571) =Lt + E Hisl(n 111+ E 1pHis1y;
=1 P.I,l

(3). 13V1{") = Hy5 + Z 1pHs1y,
PIl

where in the formulas the last terms sum over all non-zero P € Prep(Q), I €
Prei(@) and 1 <1 < n —1 such that dimP + dimI + (I,1) = (n+ 1,n), (n,n +

1), (n,n) respectively.
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Proof. We just prove (1), the proofs for (2) and (3) are similar.
By lemma 3.3 we know that

+1
1517 = 1,610,115,

We know that Extl(Sg,Sl) # 0 and Extl(Sl,Sg) = 0. So each module with
dimension vector (n + 1,n) is in the support of 1,5,1(,41)s,. Thus the support
of 1,5,1(n41)s, contains infinitely many orbits of non-isomorphic modules. But
for any such module M we have

1n521(n+1)51 (M) = X(]:(nSQ, (TL + 1)Sla M)) = 17

since Hom(S1, S2) = 0.

Note that each module can be decomposed into a direct sum of preprojective,
regular and preinjective modules. Then using lemma 3.4 and the definition of
H,s we get the formula (1). O

Corollary 6.3. H,5 € Cz(K), for anyn > 1.
Proof. The left hand sides of the formulas in the above lemma are in Cz(K).
Also we know that for any P € Prep(K), I € Prei(K), 1p,1; € Cz(K). Then

the corollary follows easily by induction on n. O

By concrete calculations we can find the relation between H,s and P,:

Lemma 6.4. For anyn € Nyn > 1,
1 n—1
Hy5 = - ; HisP—i)s

Proof. By Lemma 6.2 we have

n—1
1l = 1§n)1§n_1)11 = (Z Hisl(j—1 1)+ Z 1pHi511)14

=1 Pl
n—1
= nlé")1§”) - ZHlél(n—l—l,n—l)ll - Z 1pHjs1r1y
=1 Pl

=nHps + X,
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where
n—1
X=n Z 1pHisly — ZHzal(n_z—Ln—Z)ll - Z 1pHjs11;.
Pl =1 PlLI

and in the above formula the first (resp. last) term sums over all non-zero pre-
projective and preinective modules P, I and 1 < [ < n — 1 such that dimP +
diml + (1) = (n,n) (resp. (n—1,n)).

Then by Proposition 6.1 we have

Pns = 1(n—1,n)]—1 - lll(n—l,n) =nHy; + X — 111(n—1,n)'

Now we only need to prove

n—1
X -1l 10 =— Z His Pln—1)s-
I=1

In fact, in the above formula, the left hand side is

n—1
n Z 1pHjs1y — ZHlél(nflfl,nfl)ll — Z 1pHps1i1y — 1111 p)
PlI =1 Pl

n—1
= — Z His(Y—i—im—nli — L1l 1)) +Y
=1
n—1
= - Z HisPip1ys +Y,
=1

where
n—1
Y=n Z 1pH;511 — Z 1pHis1rly — 1111 ) — ZH15111(n_z_1,n_1)-
P7l71 P7l7I l:1

Thus it remains to prove Y = 0. If Y # 0, it is easy to see that any module
M in the support of Y must have a non-zero preinjective summand. But on the
other hand,

n—1
Y = Z His Py, —1ys — nHnps,
1=0
whose support contains only regular modules, which is a contradiction. O

From this lemma we also know that H,5H,,5 = H,,sH,s for any n,m € N.
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6.4. The subalgebra Cz(K)"Y. Let Cz(K )" (resp. C(K)"Y) be the Z-subalgebra
(resp. C-subalgebra) of C(Q) generated by {H,s|n € N}.

For a positive integer n, let P(n) be the set of all partitions of n. For any
A € P(n) we also denote by A - n and write |\| = n. For n = 0, we set

P(0) = {0}.
For any w = (w1 > wg > -+ > wy) F n, we define
Hw5 = leéngé e Hwt5~

The following lemma is obvious.

Lemma 6.5.
C(K)Teg = C[H(57H25a ce 7Hn57 e ']7
CZ(K)Teg =~ Z[H§7H257 o 7Hn5) o }

And the set {Hyslw F n,n € N} is a Z-basis of Cz(K)"™ and a C-basis of
C(K)r9.

From this lemma we know that C(K)"Y (resp. Cz(K)"“Y) is naturally N-graded,
namely
C(K)™ = ®nenC(K); Y Cz(K)™ = @nenCz(K);”,
where C(K)p? (resp. Cz(K)n™?) is the C-subspace (resp. free Z-submodule) gen-
erated by { H,s|w I n}. Equivalently, C(K ), (resp. Cz(K)n™?) is the C-subspace
(resp. free Z-submodule) generated by constructible functions in C(K )" whose
supports are contained in E,;.

Then we know that the dimension of C(K),” (or the rank of Cz(K)y™?) is
[{w|w F n}|, which is a finite number.

6.5. The functions M, s and E,;. For any integer n > 1 and w = (w1 > wo >

- > wy) F n, let S, be the constructible subset of E,;s consisting of regular
modules R ~ Ry @& Ry ® --- ® Ry with dimR; = w;0 and R; indecomposable for
all i. We define M_; to be the characteristic function of the set S,,. We also set
Mys = 1. By definition we have

Lemma 6.6. For any n € N,

Hys = Z M.

wkn
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We will prove that the set {M,s|w F n,n € N} is also a Z-basis of Cz(K)"9.

The idea comes from the theory of symmetric functions. Let’s recall some no-
tations and results in [M]. Let A be the ring of symmetric functions in countably
many independent variables with coefficients in Z. For n € N,n > 1, denote by
hy, (resp. ey) the nth complete symmetric function (resp. elementary symmetric
function). We know that

AZZ[hthv”' 7hn7"']:Z[617€27"' aenu"']

Now we come back to Cz(K)"®9. We use the notations in 4.6. For each x € P,
denote by h, . the characteristic function of all modules in 7, with dimension
vector nd, and let e, ; be the characteristic function of the module nS; ;. Note
that S, is the unique quasi-simple module in 7. Let H(7;) be the subalgebra
of H(Q) generated by all characteristic functions 15, with M € 7,. The following

lemma also comes from [M]:

Lemma 6.7. For any x € P', there exists an isomorphism

where Yy (hnz) = hy and Yy(en ) = en for any n > 1.

For any n > 1, let E,s be the characteristic function of the set S(iny where
(1")=(1,1,---,1) Fn. So E,5 = M(in);. For convenience, set Eps = 1. We also
define E,5 = By 6Euwys -+ Euws for w = (w1 >we > -+ > wy) Fn.

Lemma 6.8. The set {E,s|wt n,n € N} is a Z-basis of Cz(K)"9 and a C-basis
of C(K)"9.

Proof. First it is easy to see that the elements in the set {E,s|lw - n,n € N} are
Z-linear independent.

Let E(t) = 1+ 3,5, Enst", H(t) = 1+ 3,5, Hust™ be the generating
functions. Also for each z € P! let Ey(t) = 1+ 3,5 enot" and Hy(t) =
1+ 2@1 P 2 t".

By the definitions we can see that

E(t) = H E:Jc(t)v H(t) = H Hx(t)

zeP! zeP!
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By Lemma 6.7 and results in [M] (section 1.2), we have H,(t)E,(—t) = 1 for
any = € P'. Thus

Equivalently, we have

for all n > 1.

Now by induction we can see that for any n, H,; is in the Z-span of { E s|w F n}
and vice versa. Since the set {Hs|lw = n} is a Z-basis of Cz(K)n™, we see that
{E,s|lwF n} is also a Z-basis of Cz(K)»?. Hence the lemma holds. O

For any partition A F n, let X' be the conjugate of \. By definition X' + n
and the Young diagram of )\ is the transpose of the one of . Recall that for
any positive integer n, the dominance order on the set P(n) is defined as follows:
A< pifand only if A\y + -+ X; <y + -+ p; for all ¢ > 1.

Lemma 6.9. For any w = (w; > wg > -+ > wy) b n, we have

Eos = M5 + Z aw,uM,uév

n<N

where ay,y, € Z.

Proof. Note that M, € C(K)z Y for any fixed w  n. Further, { M, 5w - n} is a
linearly independent set. Hence it is a C-basis of C(K),Y. So E,s is a C-linear
combination of M, ik n.

By definition
Ew6 = Ewlészcs T Ewtzs-

For any N € Reg(K), Let F(w; N) be the set of all filtrations
0=N;tCNy1C---CNyg=N
such that N;_;/N; is isomorphic to a direct sum of w; quasi-simples. So we have

E5(N) = x(F(w; N)).
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Suppose that w’ = (w],w), - ,wy,). It is not difficult to see that N is in the
support of E,s if and only if N € S, for some p < «’. Thus

Bus =Y GupMys.

plw!
Choosing any N, € S,,, we have
Eus(Ny) = X(F(w; Np)) = awp € Z.
Now it remains to prove a., = 1. This is equivalent to prove that for any
N, € Sy X(F(w; Ny) = 1. But the only filtration of N, in F(w; N,/) is
0 = qrad™(N) C --- C qrad!(N) c qrad’(N) = N,

where qrad denote the quasi-radical i.e. the radical in the subcategory Reg(K).
Hence F(w; N,) is a single point and we are done. O

Finally we can prove the following:
Lemma 6.10. The set {M,slw = n,n € N} is a Z-basis of Cz(K)"™ and a
C-basis of C(K)"9.

Proof. For any fixed n € N, {E s|lw F n} is a Z-basis of Cz(K), Y. By the
lemma above the transition matrix from {M,s|lw F n)} to {E,s|lw - n} is upper
triangular with 1’s in the diagonal. Thus {M,s|w F n)} is also a Z-basis of
Cz(K)y 9. Tt follows that {M,s|lw F n,n € N} is a Z-basis of Cz(K)"™. O

6.6. Integral bases of Cz(K). The main result of this section is the following:
Proposition 6.11. The set

{1pM_51;|P € Prep(K),I € Prei(K),wt n,n € N}

is a Z-basis of the algebra Cz(K).

Proof. First we prove that the above set is a C-basis of the algebra C(K).

By Proposition 6.1 and the PBW-basis theorem. the set

{1pP,s11|P € Prep(K), I € Prei(K),w - n,n € N}



Tame Quivers and Affine Enveloping Algebras 635

is a C-basis of C(K), where P, = P,,s- - FP,,s. But from lemma 6.4 we can see
that {P,s|lw - n,n € N} and {H,s|w F n,n € N} can be C-linearly expressed by
each other (actually the coefficients are in Q). So the following set

{1pHs11|P € Prep(K), I € Prei(K),w - n,n € N}

is a C-basis of C(K).

By Lemma 6.5 and Lemma 6.10 we can see that the set in the proposition is
also a C-basis of C(K).

Now consider the Z-subalgebra of C(K') generated by

{1p, Ms,1;|P € Prep(K),I € Prei(K),w F n,n € N}.

We claim that this Z-subalgebra is Cz(K). First, by Lemma 5.3 and Lemma
5.5 the divided powers 151) and lgm), for any I,m € N, are contained in the
above generators. Second, from results in section 5.5 and 6.5 we know that the

generators above are all in Cz(K). Thus our claim holds.

It remains to prove that any product of the generators is in the Z-span of the
elements in the set. For the case 1plp with P, P’ € Prep(K) and 171 with
I,I' € Prei(K), we have already done in 5.5. And Lemma 6.10 shows that for
any A= mn,utm, MysM,s also has the desired property.

For any P € Prep(K), I € Prei(K), since the set is a C-basis of C(K), we have

1,1p = E ap’ w1 1p Mysly,
Pw,I’

where ap/ , 7 € C and

dimP’ + |w|é + dimI” = dimP + dim/.

We need to prove all the coefficients ap , i are integers. For any P’,w, I, the
function 1p/ M1y is the characteristic function of the following set (recall the
definition of S, in 6.5):

{(M~P ®ReI'|ReS,}

Denote the set by Spr, 7. It is easy to see that Spr, p N Spr v # 0 if and
only if PP =P w=p,and I' = I".
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Thus for any fixed P',w,I’, and any module Np: , v € Spr, i we have
11p(Npr 1) = apr w1
But on the other hand by the definition of the multiplication in the Hall algebra,
111p(Npi o) = X(F(, P; Npro,1))-

Hence apr 1 = X(f([, P; NP’,w,I’)) € 7.

Next we consider M 51p for any w - n and P € Prep(K). Since preinjective
modules do not occur in the direct summands of the extension of a regular module

by a preprojective module, so first we have

M,s1p = Z bP/,,u]-P’Mm%
P

where bps , € C and dimP’ + |p|6 = dimP + nd.

For any module N, let F(w, P; N) be the set consisting of all submodules L of
N such that L ~ P and N/L € S,,. For any P" and p, let Spr ,, be the set of all
modules N such that N~ P' & R, R€ S,,.

By the same argument as in the case 1;1p we can see that
bpr e = X(F(w, P; Nprp)) € 7,
where Np/ , is a module in Spr ;.
The case 1; M, is completely similar.
Thus the set
{1pMs1;|P € Prep(K),I € Prei(K),w - n,n € N}
is a Z-basis of Cz(K). O
Corollary 6.12. The following two sets
{1pH s1;|P € Prep(K),I € Prei(K),w t n,n € N},

{1pE s1|P € Prep(K),I € Prei(K),wt n,n € N}
are also Z-bases of the algebra Cz(K).

Proof. Note that the elements in the above two sets are different from the one
in Proposition 6.11 only in the regular part. However, they can be Z-linearly
expressed by each other, see Lemma 6.5, 6.8 and 6.10. So the corollary holds. [J
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The results above immediately implies that the algebra Cz(K) has an integral
triangular decomposition:

Corollary 6.13.
Cz(K) =~ Cz (KPP @ Cz(K)"™ @ Cz (K )P,
6.7. Remarks. (1). The proofs of lemma 6.2, 6.4 are similar to the quantum

case [Z]. However, in our case the calculation is easier and we have avoid using

some complicated combinatorial formulas in [Z].

(2). The relation between Pys and Hygs given by lemma 6.4 is equivalent to the

Z Hist! = exp(z I?tj).

i>0 §>1

following:

This relation also appeared in the basis elements corresponding to imaginary
roots in [Gal]. However, the bases we constructed in 6.6 are different from [Gal].

7. INTEGRAL BASIS: THE CASE OF CYCLIC QUIVERS

In this section we consider the cyclic quiver C,.. We will construct a Z-basis of
the integral composition algebra Cz(C;). We use the notations in 4.5.

7.1. Generic extensions. Given any two modules M, N in rep,(C)), there ex-
ists a unique (up to isomorphism) extension L of M by N with maximal dimcQOy,
(or equivalently, minimal dimcEnd(L)), see [Re]. This extension module L is
called the generic extension of M by N, denoted by L = M ¢ N. We can define
[M] o [N] = [M o N]J then it is known that the operator ¢ is associative and
(Z(C}),) is a monoid with identity [0].

An n-tuple of partitions 7 = (71, 72, ... 7)) in II is called aperiodic or
separated if for each [ > 1 there is some ¢ = i(l) € I such that wj(i) # | for all
j > 1. We denote by IT1® the set of aperiodic n-tuples of partitions. A module M
in repy(C,) is called aperiodic if M ~ M (m) for some 7 € II1%. For any dimension
vector a € N[I], set II, = {\ € II|dimM (\) = a} and II% =TI N II,.

Let W be the set of all words on the alphabet I. For each w = 4140+ %,, € W,
set
M(w) = Sz'l 051'20'--051'

m*
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Then there is a unique 7 € II such that M (7)) ~ M(w) and we set p(w) = 7. It
has been proved that m = p(w) € II* and p induces a surjection p : W — 11

7.2. Distinguished words. Forw € W, we write w in tight form: w = ji'j5* - - ji*

with j, # jr4+1 for all 7. A word w is called distinguished if M (p(w)) has a unique
filtration

M(pw)=MyDM D---DM_1DM =0
with M,_1/M, ~ e,.S,.

For A € Il and w = j7'j52 - - - jf* € W, let ¢}, denote the Euler characteristic of
the variety consisting of all filtrations of M (\):

MM =MyDM D---DMi 1 DM =0

with M,_, /M, ~ e,S,. Thus if w is distinguished then 5 = 1.

The following proposition was proved in [DDX]:
Proposition 7.1. For any m € 11, there exists a distinguished word

wr =75’ it € 9 ()

For each m € II%, we fix a distinguished word w, € o !(7). The set D =
{wr|m € 1%} is called a section of distinguished words of g over II°.
7.3. Monomial bases. For A\ € Il and w = #1422, € W, we denote by XU’\J
the Euler characteristic of the variety consisting of all filtrations of M (\)

MM =My>DM D---D>DMy,=0

with M,_1/M, ~ S;, .

For each word w = i1i9 - - - i, € VW we define a monomial

m, =1;1;,---1; € C(Cr)

The following result was proved in [DD]:

Proposition 7.2. Fiz a distinguished section D = {w, € p~(n)|r € 1%} over
I1°. The set {m|m € 1I°} is a C-basis of C(C;).

Note that in [DD] the above result was derived from the quantum case. How-
ever, we can also obtain a proof independent of the quantum case by a similar
method, which we omit here.
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7.4. A geometric order on II. We can define a partial order on the set II as
follows: For A,y € I, set A < p if and only if Opry) C 6]\/[(#). Of course this
order can be endowed in Z(C,) by setting M (\) < M (p) if and only if A < p.

The following lemma asserts that the order is compatible with the generic

extension, see [DD].
Lemma 7.3. M’ < M, N' < N implies M'" o N' < M o N.

Lemma 7.4. For each w = i1is- -1 € W, we have

m, = Z X:;lM(A)
A<p(w)

Proof. By the definition of m,,, we just need to prove that x # 0 implies A <
p(w). We prove by induction on m.

If m = 1, there is nothing to prove. So let m > 1 and set w’ =iy --4,,. Then

M(u)) = Sil 0(31'2 <>"'<>Sim) = SZ'1 <>M(w’).

Since 2 # 0, M(\) has a submodule M’ with M(\)/M’ ~ S;, and M’ has a
composition series of type w'.

By the inductive hypothesis, we have M’ < M (w'). Hence
M) < Si; 0o M' < Sj 0o M(w') = M(w) = M(p(w)).
That is, A < p(w). O

7.5. A Z-basis of Cz(C,). For each w = j{'j5* - - j;* € W in tight form, define

m@ — qleqlea) - q(er)
J2

J1 Jt

Then we have

m(®) = Z XoLao-
A<p(w)

In particular, for a distinguished word w, € p~! () with 7 € I1%, since X7, = 1,
we have
m) = Lo + 3 X0 Ty
AL
Lemma 7.5. Let P(C;) be the C-subspace of H(C;) spanned by all 1y with
A € I\ II*. Then as a vector space, H(C,) = C(C,) & P(C,).
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Proof. Since H(C;) and C(C,) are N[I]-graded, it suffices to prove that for each
a € N[I], H(Cy)a = C(Cr)a®P(Cr)a, where P(C}), is the C-subspace of H(C)q
spanned by all 1,7y with A € TI, \ TI3.

Now we show C(C;)o NP(Cy)a = {0}. Once this is done, a dimension compar-
ison forces H(Cr)a = C(Cy)a ® P(Cy)a-

Take an z € C(Cy)q N P(C;)q and suppose x # 0. Then we can write
r= Y am.,
welld

for some a, € C. Let pu € 1IZ be maximal such that a, # 0. We can rewrite
T = Y em, bAlamey. By the maximality of p, we have b, = a,x&,, which
contradicts the fact that x € P(C))4. O

Now we fix a section of distinguished words D = {w,|r € I1*}, define induc-
tively the elements F, as follows:

For any o € N[I] and 7 € II%, if 7 is minimal, let

E, = m(‘“’f) € Cz(Cr)a.

In general, assume that E) € Cz(C)), has been defined for all A € II¢ with
A < 7, then we define

Er=mlr) — M %) By €Cu(Ch)a
A<, \ellg
Lemma 7.6. Let {w.|m € II*} be a given distinguished section. For each m € 1%,
we have
Er=1ym+ Y.  Slup
AETILN\TIE A <7

for some gy € Z, and

me) =B+ > %) Ea
A<m, \ellg

Proof. The second formula follows immediately from the definition. The first one
follows from induction and Lemma 7.5. (]

Proposition 7.7. For each distinguished section D = {wy|m € 11*} of p over
1%, the set {Ex|m € I1*} is a Z-basis of Cz(Cy).
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Proof. 1t is easy to see that the elements in the set are Z-linearly independent.
So it suffices to prove that for any o € N[I], the Z-module Cz(C}), is spanned
by {Ex|A € 119}

Let W, = {w € W|dimM (p(w)) = a}. It is clear that Cz(C;), is spanned by
m(™) 7 € W,. Thus it remains to prove that each m(™ is a Z-linear combination
of Er, me IIj.

Take arbitrary w € W,, and set 7 = p(w) € II%. We have

m(™ = Z oL
A<

m(™ — Z >~(3;1M(>\): Z aXla(ns

AETIE A< AETI\12 A<

hence

for some af} € Z.

The left hand side in the above formula is in C7(C,),. Hence by Lemma 7.5,
it must be zero. That yields

O

7.6. Connection with a basis of n*(C,). We investigate the relation between
the Z-basis we constructed in Proposition 7.7 and the basis of n™ (C,.) constructed
in [FMV]:
Proposition 7.8. The union of the following two sets
{lgplt <i<rril}
{1S¢[nr] - 1Si+1[nr}|n >1L,1<i<r-— 1}
is a basis of nt(C,).

Note that in the proposition the elements in the first set are real root vectors
while those in the second one are imaginary root vectors.

Lemma 7.9. (1). For any i,l with 1 <i <r,r{l, we have
1,y = Ex,
where m € II* and M (7) = S;[l].
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(2). For any i,n withn > 1,1 <i<r—1, we have

]-Si[m"} - 1Si+1[n7‘] = Er, — En,,
where w1,y € I and M (my) = Si[nr], M(m2) = Sit1[nr].

Proof. We just prove (1), the proof of (2) is completely similar.

By lemma 7.6,
Er=1g,; + Z IxLar(n)-
AETL\IIE A<
We have known that 1g,; € n*(C:) C C(C;). But the second term in the
formula above is in P(C;). Thus by Lemma 7.5 it must be zero. g

8. INTEGRAL BASES: THE GENERAL AFFINE CASE

Now we consider general tame quivers. In this section let Q = (I,€,s,t) be a
tame quiver without oriented cycles. We will use the notations in 4.6.

8.1. Embedding of the module category of Kronecker quiver. Let K
be the Kronecker quiver (see 4.6 and section 6). If @ # K, the main difference
between rep(K) and rep(Q) is that the regular component of rep(K’) only consists
of homogeneous tubes, while rep(Q) has s non-homogeneous tubes. A well-known
result in representation theory of tame quivers is that rep(K) can be embedded

into rep(Q).

To make it more precise, we need more notations. In the rest of this section
0 denotes the minimal positive imaginary root of (), and the minimal positive
imaginary root of K is denoted by 0. For the modules in rep(K’) and in rep(Q)
we distinguish them by putting different superscripts K and @) respectively.

Lemma 8.1. There exists a fully faithful, exact functor F : rep(K) — rep(Q)
which satisfies

(1). F(PE) € Prep(Q), F(I®) € Prei(Q) for all PX € Prep(K), I¥ €
Prei(K).

(2). F(Sgl) = Sf,l forallz € P\ J and | > 1.

(3). For each 1 < j < s there exists 1 < k; < r; such that F(S]Kl) = Sjc',gk]-,lr]-
foralll > 1.
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The embedding functor F' : rep(K) < rep(Q) gives rise to an injective mor-
phism between the corresponding Hall algebras H(K) — H(Q), which we still
denote by F. Namely F'(1y/x) = 1p(x) for any M¥ ¢ rep(K).

Note that by (1) in the above lemma, F(SX) € Prep(Q) or Prei(Q) for each
simple module S¥ in rep(K). Hence F(1gx) € Cz(Q).

So we have proved the following;:

Lemma 8.2. F: H(K) — H(Q) restricts to an injective morphism F : C(K) —
C(Q) and also F : Cz(K) — Cz(Q).

Recall that the sets {Mys,|w F n,n € N}, {Hysi|lw Fn,n € N}, {Eys.|lw
n,n € N} are Z-bases of Cz(K)"™ (Lemma 6.5, 6.8 and 6.10). Set M,; =
F(Mysy ), Hos = F(Hys,) and E,5 = F(E,s, ) for all w - n,n € N. We also
define P,; to be F'(P,;, ) for any n € N. By the above lemma, M,s, H,s, E,s €
Cz(Q).

8.2. A basis of n™(Q). In [FMV], a basis of n™(Q) has been given:
Proposition 8.3. The union of the following sets
{1p,1;|P € Prep(Q), I € Prei(Q) and P, I indecomposable},
{1s, 1 <j<s1<i<r,rtl}
{15]'11',]“»]. - 1Sj,i+1,krj |]- S j S S, ]- S ] S Tj - 17k 2 1}7
{Pné‘n > 1}7
forms a Z-basis of n*(Q).

, are real root vectors while

Note that in this proposition, 1p, 1; and 1g,
1g.

Gk 1g,, . and P, are imaginary root vectors. One can check the mul-

tiplicities of imaginary roots, recall Lemma 4.6.

8.3. Basis elements arising from non-homogeneous tubes. For any non-
homogeneous tube 7; (1 < j < s), which is an extension-closed abelian subcate-
gory of rep(Q) (see 4.6), we can define a subalgebra H(7;) of H(Q). Namely, it
is the C-subalgebra generated by all constructible functions whose supports are
contained in 7;. Then define C(7}) to be the C-subalgebra of H(7;) generated by
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lg;,, forall 1 <i < r;. And Cz(7)) is defined to be the Z-subalgebra of H(7})
generated by 1(Stj)i ) forall1<¢<r;andt>1.

We have the following result:

Lemma 8.4. For any 1 < j < s, the subalgebra C(7T;) is contained in C(Q). And
Cz(7;) is a Z-subalgebra of Cz(Q).

Proof. We claim that 1597731 €Cz(Q) for all 1 <i <rjand m e N.

By Proposition 8.3 we see that 1g,, is a real root vector of the Lie algebra
9(Q), thus it can be obtained from 1; for some i by a series of automorphisms 7
(see 5.3). This forces 1g,,, € Cz(Q) and so for the divided powers.

The lemma follows immediately. (]

Note that for any homogeneous tube 7, x € P!\ .J, we can define the subal-
gebras H(7;), C(7;) similarly. But C(7;) is not contained in C(Q) any more.

Recall 4.6 that we have the isomorphic functor Fj : repy(Cy;) — 7;. This
induces an isomorphism of the corresponding Hall algebras H(C.;) ~ H(Z}),
which we still denote by Fj;. Obviously Fj restricts to an isomorphism Cz(Cy,) ~
Cz(T;)-

We have to introduce more notations to distinguish objects in various repy(C; )
and H(Cy;). Let II denote the set of aperiodic r;-tuples of partitions. So for
m € 11, M(m) € repy(Cy, ), let M(m); = Fj(M(m)) € T;.

By Proposition 7.7 the set {Er|m € 117} is a Z-basis of Cz(Cy,;). For 1 < j <s
and 7 € 11, let By j = Fj(Ex). Thus for any j, {Ex | € 117} is a Z-basis of
Cz(T;)-

8.4. Main result: Z-bases of Cz(Q)). Now we can state the main result in this
paper. Let J be the set of quadruples ¢ = (P, I¢, e, we) where P. € Prep(Q),
I € Prei(Q)7 Te = (7Tcla7rc27 e >7Tcs)7 Tej € H? and we Fn,n € N.

For each ¢ € J we define
BC = 1PcE7r0171E7r0272 e E7Tc573Mw051[c‘

Theorem 8.5. The set {Bc|c € J} is a Z-basis of Cz(Q).



Tame Quivers and Affine Enveloping Algebras 645

Note that for any ¢ € J, the modules in the support of B, have the same

dimension vector. So we define

S
dimBe = dimPe + Y _ dimM (7e;); + |we|d + dim .
j=1

Once this theorem is proved, we have the following corollary. The proof is
similar to Corollary 6.12.

Corollary 8.6. The following two sets
{Bé = ]'PCET('Cl,lEﬂ'CQ,Q o ETrcs,usc(S]-Ic|c € j}

{Bg = 1PCE7rC1,1E7rc2,2 T Eﬂcs,szc(51[C|C € j}
are also Z-bases of Cz(Q).

Define C(Q)"9 (resp. Cz(Q)"Y) to be the C-subalgebra (resp. Z-subalgebra)
generated by {Er j|m € 11,1 < j < s} and {Mys|w - n,n € N}. As in Corollary
6.13, we have a triangular decomposition of the integral composition algebra

Cz(Q):
Corollary 8.7.
CZ(Q) ~ CZ(Q)Prep ® CZ(Q)Reg ® CZ(Q)PTei-

The rest of the paper is devoted to the proof of Theorem 8.5.

8.5. A C-basis of C(Q). In this subsection we prove the set {Bc|c € J} is
a C-basis of C(Q), which is the first step to prove Theorem 8.5. We need the

following lemma:

Lemma 8.8. (1). Fiz1<j<s. Forany 1l <i<r; andr;{l we have
1Sj,i,l = EWJ
where m € 11§ such that M(m); = Sj 1.
(2). Fir1<j<s. Foranyl<i<rj—1,n>1 we have

1g,

],i,nrj - ]'Sj,i+1,n7‘j

= Eﬂhj - Eﬂ‘2,j

where w1, € 115 such that M(m1); = Sjinr;, M(m2)j = Sjit1,nr;-

Proof. Tt follows immediately from Lemma 7.9. g
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By the PBW-theorem, the monomials in a fixed order on the basis elements of
n™(Q) given in Proposition 8.3 form a C-basis of C(Q).

Note that C(Q) is N[I]-graded: C(Q) = @aenC(Q)a, Where C(Q)q is the
subspace spanned by constructible functions in C(Q) whose supports are in E,.
The PBW-basis elements are of course homogeneous. By construction B, is also
homogeneous for any ¢ € J.

Now by the results in 5.5, 6.6 and lemma 8.8, we can see that for any o € N[I],
the PBW-basis of C(Q),, can be expressed by { Bc|c € J }. Moreover, by definition
the elements in {Bc|c € J} are C-linearly independent. Hence {Bc|c € J} is a
C-basis of C(Q).

8.6. Commutation relations. We have known that the elements in the set
{Bc¢|c € J} areallin Cz(Q). And the divided powers of 1g for any simple module
S are in the set {Bc|c € J}. Thus the Z-subalgebra generated by {Bc|c € J} is
equal to Cz(Q).

Therefore, to prove Theorem 8.5 we have to check the product of any two ele-
ments in {B¢|c € J} is still a Z-combination of elements in {Bc|c € J}. So the
procedure is similar to the proof of Proposition 6.11. However, it is more com-
plicated here since we have basis elements E; ; arising from non-homogeneous
tubes. Moreover, the support of M,s contains modules not only in the homoge-
neous tubes but also non-homogeneous tubes.

For the case 1plp and 171 with P, P’ € Prep(Q); I,I" € Prei(Q), we have
done in 5.5. And we have the case MysM,s for any A F n,w F m done in 6.4.

Consider Er, jEr,  for any 1 < j, k < s, m € lI,m € 1I}. Since there are no
non-trivial extensions between different tubes, Er, jEr, p = Er, 1 Er, ; for j # k.
When j = k, we know that Er, ;Er, j must be a Z-combination of {E ;[j € 117},
see 7.5.

Lemma 8.9. For any fived 1 < j < s, m € Il and P € Prep(Q),

Erjlp = > ap g jlp B j
P’EPT@p(Q),ﬂ"EH‘;

where dimM (7'); + dimP’ = dimP + dimM (7); and ap: 5 j € Z.
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Proof. For any module M in the support of E; ;j1p, the direct summand of M
only contains preprojective modules and regular modules in 7;. So

Erjlp = > apr x j1p Ert i
P’EPrep(Q),ﬂ”GH?

for some ap r; € C. And by a comparison of the dimension vectors in both
sides, we have dimM (7”); + dimP’ = dimP + dimM (7).

By Lemma 7.6, we have

Er i =1y, + Z gniIm),
AEI\II¢ A<

with g;r/j €Z.

For any fixed P" and 7', let Mps  ; = P' @ M(n');. We can see that Mp:  ;
is not contained in the support of any other 1p»E;» ;. Thus

Er jlp(Mpr 7 j) = apr a j1p B j(Mpr 7 5) = apr ar j.

Again by Lemma 7.6,

Erj=lum,+ D>, 6yluw,
AEHJ‘\H?,A<T(
with g ; € Z.
This yields

ap' q'j = X(J:(M(Tr)j,P; MP/J"/,]')) + Z gz\r7jx(.7'—(M()\)j,P; MP/Jr’,j))'
AEI\ITE A<

Hence ap: 5 j € Z. (|

Similarly we can prove

Lemma 8.10. For any fivzed 1 < j <s, m € II} and I € Prei(Q),

1Erj =) borBwjly

7.‘-l’[l

where dimM (7"); + diml’ = dimI + dimM (m); and by pr ; € Z.

For A = (A > A2 > -+ > X\) F n, denote by S, the set of all regular
modules M ~ EszlRi € rep(Q) such that R; indecomposable homogeneous and
dimR; = \;6 (note that this definition coincides with the one in 6.5 when Q = K).
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Lemma 8.11. For any fited 1 < j <s, m €l andwtn,n €N,

M sEr ; = Z CrrnjErr j Mys
' €I12 Ak

where dimM (7'); + k6 = nd + dimM (m); and cp y; € Z.

Proof. Since there are no non-trivial extensions between different tubes, M, sFE ;
has the desired expression with ¢/ ; € C.

We prove cy ) j € Z by inverse induction.

We can find a positive integer m such that for any £ > m and any A\ - k,
e 114, the coefficient ¢y ; = 0. Now fix = 19 and A = m, let No j\ be a
module isomorphic to the direct sum of M(n"); and R where R € Sy. It is not
difficult to see that N ; is not contained in the support of Er» ;Mys unless
7’ =7"and N = \.

Hence we have

MwéEﬂ,j(Nw’,j,)\) = CW’,/\,jETr’,jM)\5(N7r’,j,>\) = Cr' \,j-

Since
Erj=lue,+ Y. 9R;luov;
AEI\IT¢ A<

with 95, ; € Z., we have

Corng = X(Fw, M(m);; Nojn )+ Y Gux(Flw, M(A)j; Navja)) € Z.
AET\ITS A<

Now we assume that ¢, ; € Z for all 7’ € [f and A=k, n+1<k<m.
Consider X' F n and " € II*. Again we choose a module Ny v ~ M(7'); & R
where R € Sy. We can see that Ny ;\ is in the support of E » ;Myns only if
7" =x"and N = X or \ I k for some k > n.

Hence we have

MwﬁETr,j (Nw’,j,/\’)

g Cﬁ’,)\/,jETI",jM)\/5(Nﬂ/,j,/\/) + E Cﬂ.II7A//7]’Eﬂ.Il7jMAII6(Nﬂ.lyj7)\/)
TS N[> [N

= Cﬂ",)\’,j —+ E CW”,)\”,jEW”,jM)\”(S(N7r’,j,)\/)
€I N> ||
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On the other hand, M,sEx j(Ny ) and Erv ;Myis(Ny jy) are integers.

By the inductive hypothesis, ¢, \v ; € Z for all [\"| > |X'| and 7" € 1I. Thus
we know that c./ \ ; € Z.

Finally, by induction we can see all the coefficients c. ) j € Z. O

Let J(I) (resp. J(P)) be the subset of J consisting of ¢ = (Pe,0, e, we)
(resp. ¢ = (0, I, Te, we))-

Let S¢ be the set of all modules N ~ P @ M (m¢1)1 @ -+ D M(7es)s ® RD I,
where R € S,,..
Lemma 8.12. For any wt n,n € N and P € Prep(Q), we have
Mw51P = Z chc
ceJ(I)
with dimB. = né + dimP and d. € 7Z.

Proof. The extension of a regular module by a preprojective contains no direct
summands of preinjective modules. Note that the support of M5 contains mod-
ules not only in the homogeneous tubes but also non-homogeneous tubes. So the
terms Er, . ; (1 <j < s) occur in the right hand side. Hence ¢ € J ().

We can prove de € Z by completely similar arguments as in the proof of Lemma
8.11. O

By similar methods we can prove:
Lemma 8.13. For any w - n,n € N and I € Prei(Q), we have

1/ M5 = Z ecBe
CEJ(P)

with dimBe = diml +né and ec € Z.
Lemma 8.14. For any P € Prep(Q) and I € Prei(Q), we have

1/1p = Z chc

ceJ
with dimBe = diml + dimP and fc € Z.
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Now by all the lemmas above, we see that any monomial of {B¢|c € J} is still
in the Z-span of the set {B¢|c € J}. Therefore {B.|c € J} is a Z-basis of Cz(Q).
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