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PROBLEMS OF CLASSIFYING ASSOCIATIVE OR LIE ALGEBRAS
OVER A FIELD OF CHARACTERISTIC NOT TWO AND FINITE
METABELIAN GROUPS ARE WILD*

GENRICH BELITSKIIT, ANDRII R. DMYTRYSHYN#, RUVIM LIPYANSKI', VLADIMIR
V. SERGEICHUKS®, AND ARKADY TSURKOV'

Abstract. Let F be a field of characteristic different from 2. It is shown that the problems of
classifying

(i) local commutative associative algebras over F with zero cube radical,
(ii) Lie algebras over F with central commutator subalgebra of dimension 3, and
(iii) finite p-groups of exponent p with central commutator subgroup of order p3

are hopeless since each of them contains

e the problem of classifying symmetric bilinear mappings U x U — V, or
e the problem of classifying skew-symmetric bilinear mappings U x U — V,

in which U and V are vector spaces over F (consisting of p elements for p-groups (iii)) and V is
3-dimensional. The latter two problems are hopeless since they are wild; i.e., each of them contains
the problem of classifying pairs of matrices over F up to similarity.

Key words. Wild problems, Classification, Associative algebras, Lie algebras, Metabelian
groups.
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1. Introduction. A classification problem is called wild if it contains the prob-
lem of classifying pairs of n X n matrices over a field under similarity transformations

(A,B) — (ST'AS, S'BS), S is nonsingular.

The latter problem is considered as hopeless: it contains the problem of classifying
any system of linear mappings; that is, representations of any quiver, see [3, 5].

We consider
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(a) the problem of classifying symmetric bilinear mappings U x U — V, and
(b) the problem of classifying skew-symmetric bilinear mappings U x U — V|

in which U and V are vector spaces over a field F of characteristic different from 2
and V is three-dimensional.

In Section 3, we prove that the problems (a) and (b) contain the problem of
classifying pairs of matrices over F up to similarity. In Sections 4 and 5, we show that

(i) the problem of classifying local commutative associative algebras over F with
zero cube radical contains (a),
(ii) the problem of classifying Lie algebras over F with central commutator sub-
algebra of dimension 3 contains (b), and
(iii) the problem of classifying finite p-groups of exponent p # 2 with central
commutator subgroup of order p® contains the problem (a) over the field F,,
with p elements.

Therefore, the problems (a), (b), and (i)—(iii) are wild.

Note that the wildness of (a), (b), (i) and (ii) was proved in [2] if the field F
is algebraically closed. The purpose of our paper is to remove this restriction on F,
which admits, in particular, to prove the wildness of (iii).

In Section 2, we give two preparation lemmas. One of them is about matrix
triples up to congruence; its proof is based on the method of reducing the problem of
classifying systems of forms and linear mappings to the problem of classifying systems
of linear mappings, which was developed in [11] and was presented in detail in [12,
Section 3]. In Section 6, we recall this reduction, restricting ourselves to the problem
of classifying triples of bilinear forms.

All fields that we consider are of characteristic not 2.

2. Two lemmas. In this section, we give two lemmas that we use in later sec-
tions.

In each matrix triple that we consider, the three matrices have the same size,
which we call the size of the triple. Triples (A, B,C) and (A, B’,C") are called
equivalent if there exist nonsingular R and S such that

(RAS,RBS,RCS) = (A", B’,C").
If R = S7 then the triples are congruent.
Define the direct sum of matrix triples:

(A,B,CY® (A',B",C"):=(Ap A, Bo B ,CaC).
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We say that a triple is indecomposable for equivalence if it is not equivalent to a direct
sum of two triples of matrices of smaller sizes. We also say that a triple U is a direct
summand of a triple T for equivalence if T is equivalent to U &V for some V.

LEMMA 2.1. Fach matriz triple over a field is equivalent to a direct sum of triples
of size not 0 x 0 that are indecomposable for equivalence. This sum is uniquely deter-
mined, up to permutation of summands and replacement of summands by equivalent
triples.

Proof. Each triple of m xn matrices over a field F gives a triple of linear mappings
F™ — F™; that is, a representation of the quiver

==
By the Krull-Schmidt theorem [8, Section 8.2], each representation of a quiver is
isomorphic to a direct sum of indecomposable representations of nonzero size, and

this sum is uniquely determined up to permutation of summands and replacement of
summands by isomorphic representations. 0

LEMMA 2.2. Let T, T', U, U’ be triples of square matrices over a field F of
characteristic not 2. Let T ®T' and U DU’ be congruent, T and U be equivalent, and
let T and T’ have no common summands for equivalence of size not 0 x 0. Then T
and U are congruent, and T' and U' are congruent.

This lemma is proved in Section 6.

3. The wildness of the problem of classifying bilinear mappings. In this
section, we prove the following theorem.

THEOREM 3.1. Let F be a field of characteristic different from 2, let U and V
be vector spaces over F, and let V' be three-dimensional. The problem of classifying
symmetric (skew-symmetric) bilinear mappings U x U — V whose image generates
the target space V is wild.

Note that the image of a bilinear mapping into a vector space need not be a
subspace of its target space. It is far from clear which subsets of the target space may
be such images. For vector spaces over the real numbers, a complete classification of
the images of bilinear mappings into a three-dimensional vector space is given in [4].

Let h : U x U — V be a bilinear mapping over I, and let dimV' = 3. Choose
bases e1,...,ey, in U and f1, fa, f3 in V. Then there is a unique triple (M7, Ma, M3)
of m x m matrices over F such that for all z,y € U, we have

h(z,y) = [2]" Myl f1 + [2]" Maly] f2 + [x]" Ms[y] fs, (3.1)

where [z] and [y] are the coordinate vectors.
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The mapping h is symmetric, i.e. h(z,y) = h(y,z), if and only if the matrices
My, My, M3 are symmetric. The mapping h is skew-symmetric, i.e. h(z,y) = —h(y,x)
if and only if the matrices M7, M, M3 are skew-symmetric. We can reduce the triple
by congruence transformations

(My, Mo, M3) — (STM, S, ST M,S, ST M3S), S is nonsingular, (3.2)

changing the basis in U, and by linear substitutions
3 3 3
(Ml,M27M3) H(Z’}/lej,Z’)@ij,Z’)@ij), [’Yij] iS nonsingular, (33)
j=1 j=1 j=1

changing the basis in V.

The image of h generates the target space V' if and only if the triple (M7, Ma, M3)
is linearly independent; that is,

OéMl—l—ﬁMQ—ﬁ-’}/Mg:O - Oz:B:’y:O. (34)

Indeed, let us choose any nonzero entry a;; in M; and make zero the (i,5) entries
in My and M3 adding yM; by transformations (3.3). Then we choose any nonzero
entry by ;s in the obtained matrix M, and make zero the (¢/, j') entries in M; and Ms.
Finally, we choose any nonzero entry c;;~ in the obtained matrix M3 and make zero
the (¢”,j") entries in My and M. By (3.1),

h(e’i) 6]) = aijfl) h(ei/)ej') = b,L'/ijQ7 h(e’i”)ej”) = Ci”j” fg,
in which f1, f2, f3 is the obtained basis of V.

This admits to reformulate Theorem 3.1 in the following matrix form.

THEOREM 3.2. The problem of classifying linearly independent triples of sym-
metric (skew-symmetric) matrices up to transformations (3.2) and (3.3) is wild.

Proof. For a matrix triple (A, B,C) and a fixed ¢ € {1, -1}, we write

(A, B,C)T .= (AT, BT, CT),

(A, B,C)®) == (A©) BE) ) (3.5)

where X () .= [ 0 X}

eXT 0

Let (A, B) be a pair of n x n matrices. Following [2], we define the triple of
350n-by-350n matrices

T (A, B) := (I, I, 1) @ (I100n, 01001, 0100n)© ® (0501, Is0n, 050n)
@ (OQOn; OQOn; IQOn)(E) ® (I4n7 J4(0n)7 D(Aa B))(E)a (36)
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in which

Op In 0 O I, 0 0 O
0 0, I 0 0 A 0 O

Ji(0,) == moon , D(A,B) = ,
4(0n) 0 0 0, I, (4.5) 0 0 B 0
0 0 0 0, 0 0 0 0,

and € = 1 or —1 (respectively, the matrices of (3.6) are symmetric or skew-symmetric).
The triple 7 (A, B) satisfies (3.4).

Let us prove that two pairs (A, B) and (C, D) of n x n matrices are similar if
and only if 7 (A, B) reduces to 7 (C, D) by transformations (3.2) and (3.3). If (A4, B)
and (C,D) are similar, then the triples 7(A, B) and 7(C, D) are congruent since
S71(A,B)S = (C, D) implies

R (Lin, Ja(0n), D(4, B))'9 R = (Lin, Ji(0a), D(C, D))",
in which

R:=N"ol M "o ") 'eS") 'eSeSsSe5S.

In the remainder of this section, we prove the converse. Denote by My, M, and
M3(A, B) the matrices of the triple 7 (A, B) and assume that 7 (A4, B) reduces to
T(C, D) by transformations (3.2) and (3.3). These transformations are independent;
so we can produce the substitutions (3.3) reducing 7 (A, B) = (M1, Ma, M3(A, B)) to

U(A, B) := (v My + viaMa + 7is M3(A, B))i_;
in which [y;;] is nonsingular, and then apply the remaining congruences (3.2) to
U(A, B) and obtain 7 (C, D) = (M1, M2, M3(C, D)). The rank of each matrix of the
triple U (A, B) is equal to the rank of the corresponding matrix of 7 (C, D) since the
triples are congruent. This implies that v;; = 0 if ¢ # j. Thus, o := y11, 8 := Y22,
and 7 := 733 are nonzero, and
M(A7B) = (aMla ﬁMQa ’YMB(AaB))
= (&, BIn,7In) & (@100n, 01001, 0100n)' ® (0501, Bl50n, 050n)
& (0200, 020n; YI20n)® & (0un, BJ4(0r), ¥D(A, B))). (3.7)
Write (3.6) and (3.7) in the form
T(CvD) = (Invlmln)(e) o7, (3.8)
U(A, B) = (al,, BL,,vI1,)® o U, (3.9)

in which 77 is (3.6) with (C, D) instead of (A4, B) and without the first summand,
and U’ is (3.7) without the first summand.

The sums (3.8) and (3.9) satisfy the conditions of Lemma 2.2 since:
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e 7(C,D) and U(A, B) are congruent.

. (In,In,In)(E) and 7’ have no common summands for equivalence. Indeed,
the pairs (I,,,1,)®) and 7] formed by the first and the second matrices of
these triples have no common summands for equivalence: each indecompos-
able summand of (I,,,I,)®) for equivalence is equivalent to (I1, I;), but the
form of 7J ensures that if any pair of nonzero matrices is an indecomposable
summand of 73 for equivalence, then this pair is equivalent to (14, J4(0)).

o (I,,1,,1,)® and (al,,BI,,vI,)) are equivalent. Indeed, 7(C,D) and
U(A, B) are equivalent, (I,,,I,,1,)® and U’ have no common summands
for equivalence, hence by Lemma 2.1 (I,, I, In)(s) is a direct summand of
(ol BI,,,vI,)® for equivalence. In like manner, (o, BI,,,v1,)(® is itself a
direct summand of (I,,, I, In)(s) for equivalence since (al,, 6In,'yIn)(€) and
T’ have no common summands for equivalence.

By Lemma 2.2, (I,,, I,,, I,,)®) and (al,,, BI,,vI,)) are congruent; that is, there exists
a nonsingular matrix S such that

STIE)S = oI = g1 =41,

Write § := det S, then 62 = a = 8 = v. Thus, U(A, B) = §T(A, B)§ and T (A, B)
are congruent. Since U(A, B) is congruent to 7(C, D), we have that 7 (A, B) and
T(C, D) are congruent. Write them in the form

T(A,B)=T®D(A,B)®,  T(C,D)=ToD(C,D)®, (3.10)
in which 7 is the direct sum (3.6) without the last summand, and
D(X,Y) := (Lan, J1(0,), D(X,Y)).

Since triples (3.10) are congruent, they are equivalent and Lemma 2.1 ensures that
D(A, B)®) is equivalent to D(C, D). Hence, D(A, B) ® D(A, B)T is equivalent to
D(C,D) @ D(C,D)T.

The triple D(A, B)T is equivalent to

D'(A, B) := PD(A,B)T P = (I4,, J4(0,,), D'(A, B)),

where
o 0 0 I, 0, O 0 0
0 0 I 0 0 BT 0 0
P = " D'(A, B) :=
0o I, 0 o0}’ (4,B) 0 0 AT 0
I, 0 0 © 0 0 0 I,

Therefore, D(A, B) @ D'(A, B) is equivalent to D(C, D) & D'(C, D).
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By [2, Lemma 3], D(4, B) and D’(C, D) have no common direct summands for
equivalence. Analogously, D(C, D) and D’(A, B) have no common direct summands
for equivalence. Lemma 2.1 ensures that D(A, B) is equivalent to D(C, D); that is,
D(A, B)S = RD(C, D) for some nonsingular R and S. Equating the corresponding
matrices of these triples gives

So Si Sy Ss
1o Sy S S B
S=R=|, & |  DABS=RDCD).
0O 0 0 Sy

Hence, (A, B)Sy = So(C, D), and so (A, B) is similar to (C, D). O
4. The wildness of the problems of classifying associative and Lie al-
gebras. In this section, we prove the following theorem.
THEOREM 4.1. Let F be a field of characteristic different from 2.
(a) The problem of classifying local commutative algebras A over F for which
(RadA)® =0 and dim(RadA)? =3
s wild.

(b) The problem of classifying Lie algebras over F with central commutator sub-
algebra of dimension 3 is wild.

We follow the proof of Theorem 4 in [2], in which F is algebraically closed.

By a semialgebra we mean a finite-dimensional vector space R over F with mul-
tiplication ab := h(a, b) given by a mapping

h:RxR—R (4.1)
that is bilinear, i.e.
(aa + Bb)c = afac) + B(be), a(ab + fc) = a(ab) + B(ac)

for all o, € F and all a,b,c € R. A semialgebra R is commutative or anti-
commutative if ab = ba or, respectively, ab = —ba for all a,b € R. Denote by R?
and R? the vector spaces spanned by all ab and, respectively, by all (ab)c and a(bc),
in which a,b,c € R.

LEMMA 4.2. The problem of classifying commutative (anti-commutative) semial-
gebras R with R? = 0 and dim R? = 3 is wild.

Proof. Let R be a semialgebra with R? = 0 and dim R? = 3. The multiplication
on R is defined by the bilinear mapping (4.1). Since R* = 0, we have ar = ra = 0 for
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all a € R and r € R%. Hence, h(a + R?,b + R?) = h(a,b) for all a,b € R, and so h
induces (and is determined by) the bilinear mapping

h:R/R*x R/R* — R? (4.2)

which is symmetric or skew-symmetric if the semialgebra R is commutative or anti-
commutative and whose image generates R2.

Every symmetric or skew-symmetric bilinear mapping g : U x U — V with
dim V' = 3 whose image generates V' can appear as (4.2). Indeed, consider the com-
mutative or anti-commutative semialgebra R := U @& V with multiplication given by
the bilinear mapping

h:RxR— R, h(u+v,u" +0') == glu,u'); w,u €U, v,0' €V.

Clearly, R* = 0 and dim R?> = 3. Since V = R? and the spaces U and R/V are
naturally isomorphic, we can identify g and h.

We have reduced the problem of classifying commutative (anti-commutative)
semialgebras R with R? = 0 and dim R? = 3 to the problem of classifying symmetric
(skew-symmetric) bilinear mappings (4.2). The latter problem is wild by Theorem
3.1. 0

Proof of Theorem 4.1. Let R be a semialgebra with R3 = 0 and dim R? = 3.

(a) Suppose first that R is commutative. We “adjoin” the identity 1 by considering
the algebra A consisting of the formal sums

al +a; a€F, aeR,
with the componentwise addition and scalar multiplication and the multiplication
(al +a)(Bl1+0b) =afl+ (ab+ Ba+ ab).

This multiplication is associative since R? = 0, and so A is an algebra. It is commu-
tative because R is commutative. Since R is the set of its noninvertible elements, A
is a local algebra and R is its radical.

(b) Suppose now that R is anti-commutative. Since R® = 0, the Jacobi identity
(ab)e + (bc)a + (ca)b =0

holds on R, and so R is a Lie algebra. The set R? is the commutator subalgebra of
R; it is central since R® = 0.

Thus, Theorem 4.1 follows from Lemma 4.2. O

Note that the wildness of the problem of classifying local associative algebras
A with (RadA)?® = 0 and dim(Rad A)? = 2 over an algebraically closed field F of
characteristic not 2 was proved in [1].
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5. The wildness of the problem of classifying metabelian p-groups. The
exponent of a finite group G is the minimal positive integer m such that ¢ = 1 for
all g € G. In this section, we prove the following theorem.

THEOREM 5.1. The problem of classifying finite p-groups of exponent p # 2 with
central commutator subgroup of order p? is wild.

Let G be a finite p-group of exponent p # 2 with central commutator subgroup
A. Then G/A and A are abelian p-groups of type (p,...,p). We consider G/A and
A as vector spaces over the field I, with p elements, but we use the multiplicative
notation

a“b’; a,feF, abeG/AorA, (5.1)
instead of the additive notation ca + 8b. Define the mapping:
p:G/AXG/A= A, p(gA g'A) =g, (5:2)
LEMMA 5.2. (a) The mapping (5.2) is a skew-symmetric bilinear mapping over
the field F), and its image generates A.
(b) The mapping (5.2) uniquely determines the group G, up to isomorphism.

(c) Let A and B be vector spaces over F,, p # 2. Let ¢ : Bx B — A be a
skew-symmetric bilinear mapping whose image generates A. Then there exist

e a finite p-group G of exponent p with central commutator subgroup A, and
e q linear bijection B — G /A that transforms i to (5.2).

Proof. (a) The mapping (5.2) is bilinear and skew-symmetric since
lgh, ] = =g~ 2 ghe = h™'[g,ala™ ha = [g,a][h, 2], [g.h] = [h, 9]
for all g, h,x € G.

(b) The group G/A can be decomposed into a direct product of cyclic groups of
order p; let g1 4, ..., g A be their generators. Then ¢g” = 1 and each element of G is
uniquely represented in the form

g1t gita; 0<a;<p, ac€A. (5.3)

The multiplication of two elements of G that are written in the form (5.3) is fully
determined by the mapping (5.2) since

gyt gitan gyt glth =gt gs gt gl gltablgs® - g 9]

= g g Pablgs gt g (g5 - g2, 98] ot g ] (5.4)
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(c) Let ¢ : Bx B — A be a skew-symmetric bilinear mapping on vector spaces A
and B over ), and let the image of 1) generate A. We write the operations in A and
B in the multiplicative notation, as in (5.1). Choose a basis b1, ...,b; in B. Denote
by G the set of all formal expressions of the form (5.3) and extend the multiplication
on B to G by analogy with (5.4):

F==gl=1 g gia gl glb
g a5 B BB U B (b ).

It is easy to check that G is a group, A is its central commutator subgroup, and the
vector space G/A is isomorphic to B. The exponent of G is p because if z,y € G and
P = yP =1 then

(l‘y)p — nyQxy . xy[y, QC] _ x3y3xy . xy[y,x] [y27x]
= aPyPly, 2)[y?, 2] - [y a] = [y, @) P

- [y,x](p—l)pﬂ —1. 0

Proof of Theorem 5.1. By Lemma 5.2, the problem of classifying finite p-groups
of exponent p with central commutator subgroup of order p reduces to the problem
of classifying skew-symmetric bilinear mappings over F,, whose images generate the
target spaces, which is wild by Theorem 3.1. 0

The problem of classifying finite p-groups with central commutator subgroup G’
of order p? is wild both for the groups in which G’ is cyclic and for the groups in
which G’ is of type (p,p); see [9]. Finite p-groups with central commutator subgroup
of order p are classified in [7, 10].

Note that

if U and V are vector spaces over a field ' of characteristic not
2 and dim V' = 3, then each skew-symmetric bilinear mapping (5.5)
h:U x U — V whose image generates V is surjective.

Indeed, d := dimU > 3. Let d = 3 (the case d > 3 is considered analogously).
Represent h in the form (3.1). Using transformations (3.3), we have

and obtain

h(z,y) = (r1y2 — T2y1, T1Y3 — T3Y1, T2Ys — T3Y2),
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in which x1,z2,z3 and y1, Y2, y3 are the coordinates of x and y. It is easy to verify
that the system

TiY2 — T2Y1 = a, T1Y3 — T3y =Db, ToYyz — Tayz =c
is solvable for all a,b,c € F.

By Lemma 5.2(c), the statement (5.5) over F = IF,, is a special case of the following
theorem [6, Theorem BJ]: Let p > 3 and let G be a finite group whose commutator
subgroup G’ is an abelian p-group generated by at most 3 elements. Then G’ coincides
with the set of all commutators; moreover, the proof is valid for p = 3 under the
assumption that G is nilpotent of class 2.

The statement (5.5) does not extend to symmetric bilinear mappings: the map-
ping f : F?2 x F? — F3 over any field F given by the formula

f((z1,22), (Y1, 92)) = (T1Y1, T1Y2, T2Y1)

is not surjective (since (0, 1, 1) has no preimage) though its image generates F3 (since
each (a, b, ¢) with a # 0 has a preimage); see [4, Example 1].

6. A proof of Lemma 2.2. Lemma 2.2 follows from [11, Theorem 1] (or see
[12, Theorem 3.1]), in which the problem of classifying systems of forms and linear
mappings over a field of characteristic not 2 was reduced to the problem of classifying
systems of linear mappings. This reduction is presented in detail in [12, Section 3;
we recall it restricting ourselves to the problem of classifying triples of bilinear forms.

For a fixed € € {1,—1} and each matrix triple (A, B, C), define the adjoint triple
(A, B,C)° =¢(AT, BT, c™).

Suppose we know a maximal set ind(@)) of nonequivalent indecomposable matrix
triples (this means that every matrix triple that is indecomposable for equivalence is
equivalent to exactly one triple from ind(@)). Replace each triple in ind(Q) that is
equivalent to a selfadjoint triple by one that is actually selfadjoint, and denote the
set of these selfadjoint triples by indp(@). Then in each two- or one-element subset
{T,U} C ind(Q) ~\ indo(Q) such that 7° is equivalent to U, select one triple and
denote the set of selected triples by ind;(Q). (If 7° is equivalent to U then {7,U}
consists of one triple and we take it.)

Let T = (A, B,C) € indo(Q). A matrix pair (R, S) for which
(AS,BS,CS) = (RA,RB,RC)

is called an endomorphism of T; the set End(7") of endomorphisms is a ring. Since
7T is indecomposable for equivalence, the subset

Rad(T) := {(R,S) € End(7)| R or S is singular}



Electronic Journal of Linear Algebra ISSN 1081-3810

A publication of the International Linear Algebra Society
Volume 18, pp. 516-529, August 2009

Problems of Classifying Associative or Lie Algebras and Metabelian Groups are Wild 527

is the radical and the factor ring
T(7) := End(7)/ Rad(7T)

is a field or skew field, see [11]. Since 7 is selfadjoint, for each endomorphism (R, S)
of 7 we can define the adjoint endomorphism

(R, 8) = (ST, R").

The mapping (R, S) — (R, S)° is an involution on End(7), which induces the invo-
lution

(f+Rad(7))° = f°+ Rad(7) (6.1)
on T(7T). For each selfadjoint automorphism
f:=(R,S)=(R,S)° € End(7T) ~ Rad(7),
define the selfadjoint matrix triple
T/ := RT = (RA,RB,RC).

LEMMA 6.1. OQver a field F of characteristic different from 2, every triple of
symmetric (skew-symmetric) matrices of the same size is congruent to a direct sum

q
Tl(e) @...@’];(6) @@(Uifﬂ @...@uif”i)’
i=1
in which € = 1 (respectively, e = —1),
Za"'v%ejndl(Q)) Z/{zelndo(Q)a

’Ti(e) is defined in (3.5), U; # Uy if i # 7', and each f;; is a selfadjoint automorphism
of U;. This sum is uniquely determined by the initial triple, up to permutation of
summands and replacement of fi; by gi; such that the Hermitian forms

o7 (fi + Rad(U;))zy + - - + 27, (fu, + Rad(U;))xy,
and

21(g9a + Rad(l))z1 + - - + x7, (9u, + Rad(Us))y,
are equivalent over the field or skew field T(U;) with involution (6.1).

Proof. This lemma is a special case of [12, Theorem 3.1] (which was deduced
from [11, Theorem 1]). Indeed, each triple of n x n symmetric or skew-symmetric
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matrices over F defines the triple of symmetric or skew-symmetric bilinear forms on
F™. Following [12, Section 3], we can consider the latter triple as a “representation of
the graph with relations”

E
=z’ B=ef,
a- acg o 60;267* €

Y

in which e = 1 or e = —1, respectively (compare the graph G with the graph (7) in
[11], whose representations are pairs of symmetric or skew-symmetric bilinear forms).
The “quiver with involution” of G (see [12, Section 3]) is

Each triple of mxn matrices can be considered as a triple of linear mappings F™* — F™;
that is, a representation of ). Respectively, ind(Q) is a maximal set of nonisomorphic
indecomposable representations of @ and we can apply [12, Theorem 3.1]. O

Lemma 2.2 follows from Lemma 6.1.
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