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Abstract: Given an associative multiplication in matrix algebra compatible with the
usual one or, in other words, a linear deformation of the matrix algebra, we construct a
solution to the classical Yang-Baxter equation. We also develop a theory of such defor-
mations and construct numerous examples. It turns out that these deformations are in
one-to-one correspondence with representations of certain algebraic structures, which
we call M-structures. We also describe an important class of M-structures related to the
affine Dynkin diagrams of A, D, E-type. These M-structures and their representations
are described in terms of quiver representations.

Introduction

Two associative algebras with multiplications (a, b) — ab and (a, b) — a o b defined
on the same finite dimensional vector space are said to be compatible if the multiplication

aeb=ab+Aiaob 0.1)

is associative for any constant A. The multiplication e can be regarded as a deformation
of the multiplication (a, b) — ab linear in the parameter A.

In [1] we have studied multiplications compatible with the matrix product or, in other
words, linear deformations of matrix multiplication. It turns out that these deformations
of the matrix algebra are in one-to-one correspondence with representations of certain
algebraic structures, which we call M-structures. The case of a direct sum of several
matrix algebras corresponds to representations of the so-called P M -structures (see [1]).

Given a pair of compatible associative products, one can construct a hierarchy of
integrable systems of ODEs via the Lenard-Magri scheme [2]. The Lax representations
for these systems are described in [3]. If one of the multiplications is the usual matrix
product, the integrable systems are Hamiltonian g/(N)-models with quadratic Hamil-
tonians [4]. These systems can be regarded as a generalization of the matrix equations
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considered in [5]. Their skew-symmetric reductions give rise to new integrable quadratic
so(n)-Hamiltonians.

The main ingredient of the M-structure is a pair of associative algebras A and B of
the same dimension. The simplest version of a structure of this kind can be regarded as
an associative analog of the Lie bi-algebra [6].

We define an infinitesimal bi-algebra (see [20]) as a pair of associative algebras A
and B with a non-degenerated pairing and a B ® .A°?-module structure on the space
L = A® B such that the algebra A acts on A C £ by right multiplications, the algebra
B acts on B C L by left multiplications and the pairing is invariant with respect to this
action (that is (bb’, a) = (b, b'a) and (b, aa’) = (ba,a’) fora,a’ € Aand b, b’ € B).
Here A stands for the algebra opposite to .A. Given an infinitesimal bi-algebra, one
has the structure of associative algebra on the space A @ B @ A ® B (this is an analog
of the Drinfeld double).

In this paper we introduce the notion of associative r-matrices, which is a particular
case of the usual classical r-matrices. It turns out that the constant associative 7-matrices
can be classified in terms of infinitesimal bi-algebras. Moreover, one can introduce spec-
tral parameters into the definition of infinitesimal bi-algebras and obtain a classification
of non-constant associative r-matrices.

In [1] we have discovered an important class of M and P M-structures. These struc-
tures are related to the Cartan matrices of affine Dynkin diagrams of the A2k—1, f)k, Eg,
E7, and Eg-type. In this paper we describe these M-structures and their representations
in terms of quiver representations.

The paper is organized as follows. In Sect. 1, we consider an associative analog of the
classical Yang-Baxter equation. Since semi-simple associative algebras are more rigid
algebraic structures than semi-simple Lie algebras, it turns out to be possible to construct
adeveloped theory of the associative Yang-Baxter equation in the semi-simple case. This
theory is suitable for constructing a wide class of solutions to the Yang-Baxter equation.
We are planning to write a separate paper devoted to systematic search for solutions.

In Sect. 2, we give an explicit construction of a solution to the Yang-Baxter equa-
tion by each pair of compatible Lie brackets provided that the first bracket is rigid.
The corresponding r-matrices are not unitary and therefore they are not included in the
classification by A. Belavin and V. Drinfeld [7]. In particular, compatible associative
products give rise to solutions of the associative Yang-Baxter equation. This gives us a
way to construct r-matrices related to M -structures.

In Sect. 3 we recall the notion of M -structure and formulate the main results describ-
ing the relationship between associative multiplications in matrix algebra compatible
with the usual matrix product and M -structures.

In Sect. 4 we describe all M -structures with semi-simple algebras .4 and B. It turns
out that such M-structures are related to the Cartan matrices of affine Dynkin diagrams
of the Ay—1, Di, Eg, E7, and Eg-type. We describe these M-structures and their rep-
resentations in terms of representations of affine quivers [10-12].

In the Appendix we give explicit formulas for these M-structures of A and D types,

their representations and for corresponding solutions to the classical Yang-Baxter equa-
|
tion.

1 The explicit formulas for these M-structures of E type can be found in the preprint version of this article.
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1. Classical Yang-Baxter Equation

Let g be a Lie algebra. Let r (1, v) be a meromorphic function of two complex variables
with values in End(g). For each u € C we denote by g, a vector space canonically
isomorphic to g. Let g = &, g,. We define a bracket on the space g by the formula

[xu, yol = ([x, 7 (u, V) yDu + ([r (v, w)x, y])y. (1.2)

Lemma 1.1. The bracket (1.2) defines a structure of a Lie algebra on g iff r (u, v) satisfies
the following equation

[r(u, w)x, r(u, v)y] —r@u, v)[r@, wx, y] —ru, w)x, r(w,v)y] € Cent(g), (1.3)
where x, y are arbitrary elements of g and Cent (g) stands for the center of g.
Proof. of the lemma is straightforward.

Remark 1. Here and in the sequel by Lie algebra we mean partial Lie algebra. Namely,
the bracket (1.2) is defined iff the functions r(u, v) and r (v, u) are defined at the point
(u, v). The anti-commutativity condition and the Yacobi identity hold whenever the left
hand side is defined.

Definition. The operator relation
[r(u, w)x, r(u, v)y] —r(u, v)[r(v, w)x, y] — r(u, w)[x, r(w,v)y] =0 (1.4)

is called the classical Yang-Baxter equation. A solution r(u, v) to the classical Yang-
Baxter equation is called the classical r-matrix. Arguments of r (u, v) are called spectral
parameters.

Note that the arguments u, v of r could be also elements of C" for n > 1 or elements
of some complex manifold called the manifold of spectral parameters.

Suppose g possesses a non-degenerate invariant scalar product (-, ). An r-matrix is
called unitary if (x, r(u, v)y) = —(r(v, u)x, y).

Remark 2. There are several algebraic interpretations of the Yang-Baxter equation
([7-9]). For our purposes the interpretation from Lemma 1.1 is the most convenient. All
definitions lead to the same equation for  (u, v) provided that the r-matrix is unitary. In
particular, it is easy to see [8] that Eq. (1.4) is equivalent to the classical Yang-Baxter
equation written in the tensor form. The unitary r-matrices were classified in [7]. The
case of the non-unitary r-matrix was considered in ([8, 9]). There is not any classification
of r-matrices in the general case.

It turns out that a theory of (non-unitary) r-matrices can be developed in the special
case of associative algebras. Let A be an associative algebra. Let r(u, v) be a mero-
morphic function in two complex variables with values in End(A). For each u € C we

denote by A, a vector space canonically isomorphic to A. Let A =®,A,. We define a
product on the space A by the formula

XuYo = (x(r (@, V)y)u + ((r @V, u)x)y)y. (1.5)
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Lemma 1.2. The product (1.5) defines a structure of an associative algebra on A iff
r(u, v) satisfies the following equation:

(r (u, w)x) (r(u, v)y) — ru, V)((r @, wx)y) —r, w)(x(F(w,v)y)) € Null(A),
where Null(A) is the set of z € A such that zt =tz =0 forallt € A. (o
Proof. of the lemma is straightforward.

Definition. The relation
(r(u, w)x) (r(u, v)y) —ru, V)((r@, wx)y) —r, w)(xrw,v)y) =0 (1.7)
is called the associative Yang-Baxter equation.

Lemma 1.3. Let g be a Lie algebra with the brackets [x,y] = xy — yx. Then any
solution of (1.7) is a solution of (1.4).

Proof. of the lemma is straightforward.

Let A = Mat,. It is easy to see that any operator from End(A) to End(A) has the

formx — ajxb' +-- -+ ap x b? for some matrices ay, ..., a,, b',..., bP. Moreover,
p is the smallest possible for such a representation iff the sets matrices {ay, ..., a,} and
{bl, ..., bP} are both linear independent.

Theorem 1.1. Let
r(u, v)x = ay(u, v) x b (v, u) + - - - +a,(u, v) x b (v, u),

where ay(u, v), ..., bP(u, v) are meromorphic functions with values in Mat,, such that
{a1(u,v), ..., ap(u, v)} are linear independent over the field of meromorphic functions
inu,v as well as {bY(u,v), ..., bP(u,v)}). Then r(u, v) satisfies (1.7) iff there exist
meromorphic functions (]b;fj(u, v, w) and 1/fl.]fj (u, v, w) such that

ai(u,v)a;j(v, w) = ¢l{fj(u, v, w)ag(u, w),
b (u, v)b7 (v, w) = Y’ (u, v, Wbk, w), (1.8)
b (u, v)aj(v, w) = ¢’ (v, w, Wb (u, w) + wfvi(w, u, v)ag(u, w).

The tensors qﬁf j(u, v, w) and wik j (u, v, w) satisfy the following equations:

¢F (s v, WGy w, w, 1) = ¢, v, D¢, (v, w, 1),
Uy v w) T o, ) = ) v g wow ), (1.9)
¢S 0w, YL (1, v) = ¢l w, DY (W, w,v) + ¢, w, WY, w).
Proof. of the theorem is similar to the proof of Theorem 3.1 from [1].

Remark 3. Itis easy to give an invariant description of the corresponding algebraic struc-
ture. In the case of a constant r-matrix this leads to the infinitesimal bi-algebras [20]
described in the Introduction.

Remark 4. A similar statement holds in the case of a semi-simple algebra A.
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Example 1. Let A = Mat, and r(u, v)x = ulTve(u, v)xf (v, u), where

e(u, vie(v, w) = e, w), fu,v)fw w)=f(u,w),

u—v —w
e(u,v) f(v,w) = e(u, w) + S, w). (1.10)
—w u—w

u

Then r (u, v) is an associative r-matrix. These equations hold if we assume, for example,
thate(u,v) =1, f(u,v) = w+C)(v+ C)~ !, where Cis an arbitrary constant matrix.

Example 2. Let A = CP. The algebra A has a basis {e;,i =1, ..., p} such thateje; =
d;, jei. The formula

o yi(v) '
rlver = §:¢ﬂm—@wf’

I<j=p
gives an associative r-matrix for any functions ¢1, ..., ¢p, V1, ..., ¥, of one variable,
where ¢1, ..., ¢, are not constant. This r-matrix can be written in the form

- Vi (V)
r(u,v)e; = —ej,
l Z wj — v’
I<j=p
where it = (uy,...,up), v = (v1,...,v,), ¥;(V) are functions of p variables. In this
case the manifold of spectral parameters is C”.

2. Compatible Products and Solutions to the Classical Yang-Baxter Equation

Two Lie brackets [-, -] and [-, -]; defined on the same vector space g are said to be
compatible if [, -]y = [+, -] + A[, -]1 is a Lie bracket for any A. In the papers [13-16]
different applications of the notion of compatible Lie brackets to the integrability theory
have been considered.

Suppose that the bracket [-, -] is rigid, i.e. H?(g, g) = 0 with respect to [-, -]. In this
case the Lie algebras with the brackets [-, -], are isomorphic to the Lie algebra with
the bracket [-, -] for almost all values of the parameter 1. This means that there exists a
meromorphic function A — S, with values in End(g) such that Sop = Id and

[S1(x), Si(W] = Si([x, y1+ Alx, y]). 2.11)

Theorem 2.1. The formula
1
r(u,v) = ——S,8; ! (2.12)
u—v

defines a solution to the classical Yang-Baxter equation (1.4).

Proof. For r(u, v) given by (2.12), Eq. (1.4) is equivalent to

1

0 -1 -1
u—v)u—w) SMSU ([SUSw (x), )’])

1 -1 -
LSuSo (). Suy O = G =)

et -1 _
— w0 SuSy, ([x, SwS, (M =0. (2.13)
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Using (2.11), we get

[Su Sy (), SuSy )1 = Su (1S, (x), Sy 0T+ ulS, (), S, (0T,
SuSy 18y Sy, (), ¥1) = Su (S, (), Sy (01 + IS, (x), S, (0T,
Su Sy ([x, SwST D) = Su (1S, (), Sy )T+ wIS, (x), S ).

Substituting these expressions into the left hand side of (2.13), we obtain the statement.

Remark 1. Tt is clear that the r-matrix (2.12) is unitary with respect to an invariant form
(-, -) if the operator S, is orthogonal. In this case formula (2.11) implies that the form
(-, -) is invariant with respect to the second bracket.

Two associative algebras with multiplications (x,y) — xy and (x,y) — x oy
defined on the same finite dimensional vector space A are said to be compatible if the
multiplication (0.1) is associative for any constant A. Suppose H?(A, A) = 0 with
respect to the first multiplication; then there exists a meromorphic function A — S
with values in End(A) such that Sy = Id and

S$.(xX)S(y) = Si(xy +Ax o y). (2.14)
The Taylor decomposition of S; at A = 0 has the following form:
S, =1+RA+T A\ +---, (2.15)

where R, T, ... are some linear operators on A. Substituting this decomposition into
(2.14) and equating the coefficients of A, we obtain the formula

xoy=Rx)y+xR(y) — R(xy), (2.16)
where R is defined by (2.15). It is clear that for any a € A the transformation
R — R+ad,, 2.17)
where ad,, is a linear operator v — av — va, does not change the multiplication o.

Definition. Operators R and R’ are said to be equivalent if R — R’ = ad, for some
a e A.

The following analog of Theorem 2.1 can be proved similarly.

Theorem 2.2. Suppose that S, satisfies (2.14), then formula (2.12) defines a solution to
the associative Yang-Baxter equation (1.7).

Remark 2. In the important particular case S, = 1+ AR the r-matrix (2.12) is equivalent
to

r(u,v) = +(w+R)L (2.18)

u—v

Let A = Maty. Consider the following classification problem: describe all possi-
ble associative multiplications o compatible with the usual matrix product in A. Since
H?*(A, A) = 0 for any semi-simple associative algebra A, an operator-valued meromor-
phic function S, with the properties Sop = Id and (2.14) exists for any such multiplication
and the multiplication is given by formula (2.16).
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Example. Let a € Maty be an arbitrary matrix and R be the operator of left multipli-
cation by a. Then (2.16) yields the multiplication x o y = xay, which is associative
and compatible with the standard one. It is clear that S) can be chosen in the form
S5 (x) = (1 + Aa)x. In this case we have

r(u,v) = +@+a)l

u-—v

Any linear operator R on the space Maty may be written in the form R (x) = a;xb' +
.. .+a1xbl for some matricesay, ..., a;, b', ..., bl Indeed, the operators x — ¢; jxe; j
form a basis in the vector space of linear operators on Maty.

It is convenient to represent the operator R from formula (2.16) in the form

R(x)zalxb1+~-~+apxbp+cx (2.19)

with p being the smallest possible in the class of equivalence of R. This means that the
matrices {ai, ..., ap, 1} are linear independent as well as the matrices (b', ..., b7, 1).
According to (2.16), the second product has the following form:

xoy:Z(aixbiy+xaiybi—aixybi)+xcy. (2.20)

1

It turns out that the matrices {ay, ..., ap, bl ..., bP, c} form a representation of a
certain algebraic structure. We describe this structure in the next section.

3. M-Structures and the Corresponding Associative Algebras

In this section we formulate the results of the paper [1] and their simple consequences
we will use below.

Definition. By weak M -structure on a linear space L we mean the following data:

Two subspaces A and B and a distinguished element 1 € AN B C L.

A non-degenerate symmetric scalar product (-, -) on the space L.

Associative products A x A — A and B x B — B with unity 1.

A left action B x L — L of the algebra B and a right action L x A — L of the
algebra A on the space L that commute to each other.

These data should satisfy the following properties:

dmANB=dimL/(A+B)=1.

2. The restriction of the action B x £ — L to the subspace B C L is the product in
B. The restriction of the action £ x A — L to the subspace A C L is the product
in A.

3. (a1,a2) = (b1, by) = 0 and (b1b2, v) = (b1, bov), (v, a1a2) = (vay, az) for any

ai, ap 6A,b1,b2 e Bandv e L.

—

It follows from these properties that (-, -) defines a non - degenerate pairing between
A/C1 and B/C1. Therefore dim A = dim B and dim £ = 2 dim A.

Given a weak M-structure £, we define an associative algebra U (L) generated by £
and satisfying natural compatibility and universality conditions.
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Definition. By weak M-algebra associated with a weak M-structure L we mean an
associative algebra U (L) with a linear mapping j : L — U (L) such that the following
conditions are satisfied:

1. jb)jx)=jbx)and j(x)j(a) = j(xa)forae A be Bandx e L.
2. For any algebra X with a linear mapping j' : L — X satisfying property 1 there
exists a unique homomorphism of algebras f : U(L) — X such that f o j = j'.

It is easy to see that U (L) exists and is unique for given L.

Definition. A weak M-structure L is called M -structure if there exists a central element
K € U(L) of the algebra U (L) quadratic with respect to L.

Theorem 3.1. Let L be an M-structure. Then there exists a basis {1, Ay, ..., Ap, B!,
..., BP CYin L such that {1, Ay, ..., Ap}is a basis in A, {1, B!, ..., BP}is a basis
in B, and

K:AlBl+~-~+ApB”+C.
Theorem 3.2. Let R € End(U (L)) be given by the formula
R(x) = AjxB'+-- -+ A,xBP +Cx,

and o be defined by (2.16). Then o is associative and compatible with the usual product
inU(L).

Notice that K = R(1).

Theorem 3.3. Let o be an associative product in the space Maty compatible with the
usual one and written in the form (2.16), where R is given by (2.19) with p being small-
est possible in the class of equivalence of R. Then there exists an M-structure L with
representation U (L) — Maty such that dim A = dim B = p + 1, the image of A has
the basis {1, ay, ..., ap}, and the image of B has the basis {1, b, ..., bP).

Definition. A representation of U (L) is called non-degenerate if its restrictions on the
algebras A and B are exact.

Theorem 3.4. There is one-to-one correspondence between N- dimensional non-
degenerate representations of algebras U (L) corresponding to M -structures and asso-
ciative products in Maty compatible with the usual matrix product.

The structure of the algebra U (£) for an M-structure £ can be described as follows.

Theorem 3.5. The algebra U (L) is spanned by the elements of the form a b K*, where
ac A, beB, s cZ,.

We need also the following

Definition. Let L be a weak M-structure. By the opposite weak M-structure L°P we
mean the M -structure with the same linear space L, the same scalar product and algebras
A, B replaced by the opposite algebras B°P, AP, correspondingly.

It is easy to see that if £ is an M-structure, then £° is an M-structure as well.
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4. M-Structures with Semi-Simple Algebras A and B and Quiver
Representations

4.1. Matrix of multiplicities. By V! we denote the direct sum of [ copies of a linear
space V. By definition, we put V° = {0}. Recall [17] that any semi-simple associative
algebra over C has the form ®1<j< End(V;), any left End(V)-module has the form
V! and any right End(V)-module has the form (V*)! for some r and /.

Lemma 4.1. Let L be a weak M-structure. Suppose A = @<i<,End(V;), where
dim V; = m;. Then L as a right A-module is isomorphic to @15i5r(\/i*)2mi.

Proof. Since any right A-module has the form EBlfiSr(Vi*)lf for some Iy, ..., >
0, we have £ = ®1<j<Li, where L; = (Vi*)li. Note that A C £ and, moreover,
End(V;) C L; fori =1,...,r. Besides, End(V;)LL; for i # j.Indeed, we have
(v,a) = (v, Idia) = (vld;,a) = 0forv € L;, a € End(V;), where 1d; is the unity of
the subalgebra End(V;). Since (-, -) is non-degenerate and End(V;) L End(V;) by prop-
erty 3 of the weak M-structure, we have dim £; > 2dim End(V;). But >_, dim £; =
dim£ = 2dim A = >, 2dim End(V;) and we obtain dim £; = 2dim End(V;) for
eachi =1, ..., r, which is equivalent to the statement of Lemma 4.1.

Lemma 4.2. Let A and B be semi-simple associative algebras:

A =®1<i<End(V;), BZ@lsjssEnd(Wj)» dimV; =m;, dim W;=nj.

4.21)
Then L as the A°P @ B-module is given by the formula
L=i<i<ri<j<s (V) @ W))“/, (4.22)
where a; j > 0 and
B r
Zai,j”j =2m;, zai,,/mi =2n;. (4.23)
Jj=1 i=1

Proof. Itis known that any A° ® B-module has the form @1 <<, 1<j<s(V;* @ W;)%/,
where a; ; > 0. Applying Lemma 4.1, we obtain dim £; = 2ml.2, where £; = ®1<j<s
(V¥ ® W;)4.i. This gives the first equation from (4.23). The second equation can be
obtained similarly.

Definition. The r x s-matrix (a; ;) from Lemma 4.2 is called the matrix of multiplicities
of the weak M-structure L.

Definition. The r x s-matrix (a; ;) is called decomposable if there exist partitions
{1,....,ry=1ul"and (1, ... ,s} = JuJ suchthata; ; = Ofor (i, j) € I xJ'Uul'x J.

Lemma 4.3. The matrix of multiplicities is indecomposable.

Proof. Suppose (a; ;) is decomposable. We have A = A" @ A", B = B’ @ B” and
L=L& L', where

A = @i End(Vy), A" =®icyEnd(V;), B =@®jcsEnd(W)),
B"=@®jepEnd(W)), L =& jyerxs(Vi @ W),
L' =& jrerxy (Vi@ Wj)hi.

Let 1 =e; +ep, wheree; € £ and e, € L”. It is clear that ey, eo € AN B. Therefore,
dim AN B > 1, which contradicts property 1 of the weak M -structure.
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Note that if A is the matrix of multiplicities of a weak M structure with semi-simple
algebras A and B, then A’ is the matrix of multiplicities for the opposite weak M -struc-
ture.

Theorem 4.1. Let L be a weak M -structure with semi-simple algebras A and B given by
Sformula (4.21) and with L given by (4.22). Then there exists a simple laced affine Dyn-
kin diagram [18] with vector spaces from the set {V, ..., V., Wi, ..., W} assigned to
each vertex in such a way that:

1. there is one-to-one correspondence between this set and the set of vertices,
2. foranyi, j the spaces V;, V; are not connected by edges as well as the spaces Wi,

W,
3. a;,j is equal to the number of edges between V; and W,
4. the vector (dim Vq, ..., dim V,, dim Wy, ..., dim W) is a positive imaginary root

of the diagram.

Proof. Consider a linear space with a basis {vy, ..., v, wy, ..., ws} and the symmetric
bilinear form (v;, v;) = (w;, wj) = 28; j, (v;, wj) = —a; j.LetJ = myvi+- - -+my v, +
niwy + - - - +nywy. Itis clear that Eqs. (4.23) can be written as (v;, J) = (wj, J) =0,
which means that J belongs to the kernel of the form (-, -). Therefore (see [19]) the
matrix of the form is the Cartan matrix of a simple laced affine Dynkin diagram. It is
also clear that J is a positive imaginary root.

On the other hand, consider a simple laced affine Dynkin diagram with a partition of
the set of vertices into two subsets such that vertices of the same subset are not connected.
It is clear that if such a partition exists, then it is unique up to transposition of subsets.

Let vy, ..., v, be roots corresponding to vertices of the first subset and wy, ..., ws be
roots corresponding to the second subset. We have (v;, vj) = (w;, w;) = 2§; ;. Let
J =mivi+---+mpv, +njwy +- - -+ nywy be an imaginary root and a; j = —(v;, w;).

Then it is easy to see that (4.23) holds.

Remark. The interchanging of the subsets corresponds to the transposition of the matrix

(ai,j).

Itis easﬂy seen that among simple laced affine Dynkin diagrams only diagrams of
the A2k 1 Dk, E6, E7, and Eg -type admit a partition of the set of vertices into two
subsets such that vertices of the same subset are not connected. The natural question
arises: to describe all M-structures with the algebras .4 and B given by (4.21) and £
given by (4.22), where the matrix (g;, ;) is constructed by an affine Dynkin diagram of

the Az;{_l, [)k, E6, E7, and Eg—type. It turns out that these M -structures exist iff J is
the minimal positive imaginary root.

4.2. M-structures related to affine Dynkin diagrams and quiver representations. We
recall that the quiver is just a directed graph Q = (Ver, E), where Ver is a finite set
of vertices and E is a finite set of arrows between them. If a € E is an arrow, then #,
and h, denote its tail and its head, respectively. Note that loops and several arrows with
the same tail and head are allowed. A representation of the quiver Q is a set of vector
spaces Ly attached to each vertex x € Ver and linear maps f, : L;, — L, attached to
each arrow a € E. The set of natural numbers dimL, attached to each vertex x € Ver
is called the dimension of the representation. By affine quiver we mean such a quiver
that the corresponding graph is an affine Dynkin diagram of A D E-type.
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Theorem 4.2. Let L be an M-structure with semi-simple algebras A and B given by
(4.21). Then there exists a representation of an affine Dynkin quiver such that:

1. There is an one-to-one correspondence between the set of vector spaces attached to
vertices of the quiver and the set of vector spaces {Vy, ..., V., W1, ..., W}. Each
vector space from this set is attached to only one vertex.

2. For any a € E the space attached to its tail t, is some of V; and the space attached
to its head h, is some of W.

3. Las A% ® B-module is isomorphic to @ace V] ® Wh,.

4. The vector (dim Vi, ..., dim V,,dim Wy, ..., dim W) is the minimal imaginary
positive root of the Dynkin diagram.

5. The element 1 € L = @ycgHom(Vy,, Wy,) is just ZaeE fa, where f, is the linear
map attached to the arrow a.

Proof. In Theorem 4.1 we have already constructed the affine Dynkin diagram corre-
sponding to £ with vector spaces {Vi,..., V., Wi, ..., Wy} attached to the vertices.
Note that each edge of this affine Dynkin diagram links some linear spaces V; and W;.
By definition, the direction of this edge is from V; to W;. The decomposition of the
element 1 € £ = @1<j<r1<j<s (V7 ® W;)%J defines the element from V* ® W;. Since
V*® W; = Hom(V;, W;), we obtain a representation of the quiver. We know already
that J = (dim Vy, ..., dim V,, dim Wy, ..., dim Wj) is an imaginary positive root. It is
easy to see that if it is not minimal, then dim AN B > 1.

Now we can use known classification of representations of affine quivers [10—12] to
describe the corresponding M -structures. Note that each vertex of our quiver can not be
a tail of one arrow and a head of another arrow at the same time. Given a representation
of such a quiver, it remains to construct an embedding 4 — £, B — L and a scalar
product (-, -) on the space £. We can construct the embedding 4 — L, B — L by the
formula a — la, b — bl fora € A, b € B whenever we know the element 1 € L.
After that it is not difficult to construct the scalar product.

Example. Consider the case Az;(,]. We have dim V; =dim W; = 1for1 <i <k. Let
{v:} be a basis of V.* and {w; } be a basis of W;. Let {¢;} be a basis of End(V;) such that
vie; = v; and { f;} be a basis of End(W;) such that f;w; = w;. A generic element 1 € L
in a suitable basis in V;, W; can be written in the form 1 = Zl<i<k(vi QW +Avi+1 Qw;),
where index i is taken modulo k and A € Cis a generic complex number. The embedding
A — L, B — Lis the following: ¢; — le; = v; @ w; + Av; Q wi—1, fi — fil =
v;i ® w; + Aviy] ® w;. It is clear that the vector space A N B is spanned by the vector
> i (vi ® w; + Av; ® w;_1) and that the algebra .A N B is isomorphic to C.

Let Q = (Ver, E) be an affine quiver and p be its representation constructed by a
given M -structure £ with semi-simple algebras A and 5. Let Ver = Ver;UVery,, where
Ver; is the set of tails and Very, is the set of heads of arrows. We have p : x — Vi, y —
Wy,a — fsforx € Ver;,y € Verp and a € E. It turns out that representations of the
algebra U (L) can also be described in terms of representations of the quiver Q.

Theorem 4.3. Suppose we have a representation of the algebra U (L) in a linear space
N; then there exists a representation T : x — Ny,a — ¢4; x € Ver,a € E of the
quiver Q such that

1. The restriction of the representation of the algebra U (L) on the subalgebra A C
U(L) is isomorphic to ®xecver, Vy & Ny.



A. Odesskii, V. Sokolov

2. The restriction of the representation of the algebra U (L) on the subalgebra
B C U(L) is isomorphic to @xcver, Wy ® Nx.

3. The formula f = ZQGE Jfa ® @q defines an isomorphism f : @xever, Vi @ Ny —
GaxEVerh Wx & Nx~

Proof. 1t is known that any representation of the algebra End (V) has the form V ® S,
where S is alinear space. The action is given by f(v®s) = (fv)®s. Therefore N has the
form N = @xcver, Vx ® N, with respect to the action of A = @<, <, End(V;) and has
the form N? = ®rever, Wx ® Ny withrespect to the action of B = @1<j<sEnd(W;) for
some linear spaces N, . Both linear spaces N* and N? are isomorphic to N. Thus we have
linear spaces N, attached to each x € Ver and isomorphism f : @yever, Vi @ Ny —
@Bxever, Wx ® Ny. Let f = Zx,yEVer fx,y. Itis easy to see that fy , = 0 if x and y
are not linked by arrow and fx y = fu; ® ¢, for some ¢, if x = 1,, y = h,. Here f, is
defined by Theorem 4.2 (see property 5). This gives us a linear map ¢, attached to each
arrow a € E.

Remark 1. It is clear that all statements of this section are valid for weak M -structures
with semi-simple algebras A and B. However, it is possible to check that any such weak
M -structure has a quadratic central element K and therefore is an M -structure.

Remark 2. Tt follows from Theorem 4.3 (see property 3) that

dimN = > mydimN,= > ncdimN,. (4.24)

xeVer; xeVery

Moreover, if the representation t is decomposable, then the representation of U (L) is
also decomposable. Therefore, if the representation of U (L) is indecomposable, then
dim 7 must be a positive root with the property (4.24). If this root is real, then the repre-
sentation does not depend on parameters and corresponds to some special value of K. If
this root is imaginary, then the representation depends on one parameter and the action
of K depends on this parameter also. In the Appendix we describe these representations
for imaginary roots explicitly.

5. Appendix

In this Appendix we present explicit formulas for M-algebras with semi-simple algebras
A and B based on known classification results on affine quiver representations. We give
also formulas for the operator R with values in End(U(L)). Note that K = R(1). It
turns out that in all cases

S, = 1+AR. (5.25)

Moreover, the operator R satisfies a polynomial equation of degree 3 in the case A
and degree 4 in other cases. Using these equations, one can define (v+ R) ! with values
in the localization C(K) ® U (L), where C(K) is the field of rational functions in K . For-
mula (2.18) gives us the corresponding universal r-matrix with values in C(K) ® U (£).
For any representation of U (L) in a vector space N the image of this r-matrix is an
r-matrix with values in End(N).
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The case 52;(,1. The algebras A and B have bases {e;;i € Z/kZ} and {f;; i € Z/kZ}
correspondingly such that the multiplications are given by
eiej = ai,jei’ f,f] = (Si,jfi- (526)
The M-algebra U(L) is generated by ey, ..., ek, f1,..., fr with defining relations
(5.26) and
er+-+e = fi+t -+ fi=1,
fie; =0, j—i#0,1.
The operator R can be written in the form:
R(x) = Z eixfi+ frexx.
1<i<j<k—1
This operator satisfies the following equation:
KR(x)— (K +DR*(x)+ R3(x) = 0.
From this equation we obtain
1 1
W+R) ()= —x+ ——— @+ K) ' (R°(x) = (1 + v+ K)R(x)).
v v(v+1)
The corresponding r-matrix is given by (2.18).

For any generic value of K the algebra U (L) has the following irreducible represen-
tation V. There exist two bases {v;; i € Z/kZ} and {w;; i € 7Z/kZ} of the space V such
that

ejvj = 5,',]'1)1‘, ﬁwj = 8,-7jw,-, vi =w; —twi—1, I,j € Z/kZ.

Here ¢ € C is a parameter of representation. In this representation K acts as multiplica-
tion by 1/(1 — ).

The case Dy;. Thealgebra A = COCH(Matr)*2@C@C hasabasis {e], €2, ex, €2x41,
€y, j;2 <a=<k—1,1=<1i,j <2} with multiplication

exep = Sapep, ewepij =epijea =0, eqijepi i =0updjireqij. (5.27)
The algebra B = (Maty)*~! has a basis {exg—1,;j;2 < a < k,1 < i,j < 2} with
multiplication

ga,i,jeﬂ,i/,j/ = (Sa,ﬁgj,i’eoz,i,j/' (5.28)

The M-algebra U(L) is generated by ey, ez, ext, €241, €q,i,j;3 < o < 2k — 1,
1 <1, j <2 with defining relations (5.27), (5.28) and

er+ex+ ey + et > uii = D,  ew-1ii=1
d<a<k—1,1<i<2 2<a<k,1<i<2

ex—1,jep =0, 2<a<k, B=122k2k+1,

el jep,i, i =0, a#B,B+1,

e3 1201 =e3p2e) =e311e2 =e321€3 =0,

€2a—1,i,j€0,i’,j) = €+l j€2ai’js =0, j#Ii,

€u—1,i,1€2a,1,j = €20—1,i2€20,2,j» €2a+1,i,1€2a,1,j = €2a+1,i,2€2a,2,
€2k—1,1,1€2k = €2k—1,1,2€2ks €2%k—1,2,1€2k = €2k—1,2,2€2%,

€2k—1,1,2€2k+] = AC2L—1,1,1€2%+1s €2k—1,2,2€2k+] = A€2k—1,2,1€2k+1-
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The operator R can be written in the form:

R(x) = E (Aerxery+1,2,2 — Ae1Xergs1,2,1 +€2X€341,1,1 — €2X€241,1,2

1<a<k—1

+erkxerq+1,1,1 + AeapXxern+1,2,2 + Al2kr1X€2q+1,1,1 + A€2k+1X€20+1,2,2)

+ Z (Aeaw,1,1xXe2-122 + €202,2X€26-1.1,1)
d<a<k—1, 2<p<k

- Z (Aeza,1,1x€26-1,2,1 + €20,2,2X€26-1,1,2)
2<a<pB=<k

+ Z (Aexg2,1xe26-122 + €2q,1,2%€25-1,1,1) + (1 — A)eax—1,22€21+1X.
2<B<a<k—1

This operator satisfies the following equation:
R* )= (1+A+K)RP(x)+ (A + K + AK)R*(x) — AKR(x) = 0.
From this equation we obtain

N 1
viv+ 1D+ A)

+2+av+v+a+(l +U+A)K)R(x)),

w+R)(x) = —%x v+ K)™! (R3(x)—(1+u+,\+K)R2(x)

and the r-matrix is given by (2.18).

For any generic value of K the algebra U (£) has the following irreducible represen-
tation V of dimension 4k — 4. There exist two bases {vy, v2, U2k, V2k+1, V200, j3 2 < @ <
k—1,1<i,j<2}and {vag—1,i,j;2 <a <k,1 <i,j <2} of the space V such that

eqvg = 8q,pv8, a,B=1,2,2k,2k+1,
eqV2B,i,j = €2B,i,jVa = 0, a=1,2,2k,2k+1 2< ﬂ <k-—1,
€0,i,jV28,i",j' = 00, 8},i'V2a,i,j’» 2=, B<k—1,
€x—1,i,jV2—1,i",j) = 0a,8),i'V2a—1,i,j's 2=, B =<k,

and

vl =V30,1, U2 =1V322,
V2g,i,j = V2a+l,i,j — V2a—1,i,j» 2<a=<k-—1, i, j=12,

U2k = V2k—1,1,1 + V2k—1,2,1 + V2k—1,1,2 + V2k—1,2,2,
V2ktl = V2k—1,1,1 + AV2%—12,1 + FU2%—1,1,2 + AfU2%—1,2,2.

Here A € Cisaparameter of the algebra U (£) andt € Cis aparameter of representation.
In this representation K acts as multiplication by 4 = A(t — 1)/(t — A).
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The case Dzk,l. The algebra A = CH C P (Mat,)*~2 has a basis {e1, e2, €24,
2<a<k-—1,1<i,j <2} with multiplication

eqep =da.pep, eqepij =epijea =0, eqijepi j=0apdji€aij. (529)

The algebra B = C & C @ (Mat)*? has a basis {ex_1, ex., exq—1,i,ji
2<a<k-—1,1<i,j <2} with multiplication

eaeﬁ = 50!,/36‘45, eaeﬁ’,’,j = eﬁ,i’jea = 0, ea,,-,jeﬁ,,-/,j/ = 8(1,/35]",'/6&,,',]'/. (5.30)

The M-algebra U(L) is generated by ey, ez, e2k—1, €%, €q,i,j;3 < a < 2k — 2,
1 < i, j <2 with defining relations (5.29), (5.30) and

eep =0, a=2k—1,2k, B=1,2,
ertey = Z €2q,ii = €2k—1 t €2 + Z ea—1,ii = 1,
2<a<k—1,1<i<2 2<a<k—1,1<i<2
€2a—1,i,j€B =0, o >2, ﬂ: 1,2,
ex—1je,i,j =0, a#B,B+1,
egerpij =0, B<k—1, a=2k-1,2k,
e3 1201 = e3pne] =e31e2 =e321€ =0,
. ./
€n—1,i,jCa,i’,j’ = €ua+l,ij€2a,i’j =0, J#I,

€2a—1,i,1€2a,1,

€20—1,i,2€20,2,j5 €2a+1,i,1€2a,1,j = €2a+1,i,2€20,2,
€2k—1€2k—2,1,1 = €2k—1€2k—-2.2,1, €2k—1€2%k—2,1,2 = €2k—1€2%k—2,2,2
€2k€2k—22,1 = )LeZkeZk—Zl,ls €2k€2k—222 = )Le2k62k—2,1,2-
The operator R can be written in the form:
R(x)=(— Dexex1+ D, ((A—Derxes—122+* — Dex11x€2-1
2<a<k—1

—Aexxery—1,1,2 — €1Xex—12,1 +Aexxery 122 + Ae1xexq—_1,1,1)

+ Z (A = Deaa,1,1x€28-1,2,2
2<a,B<k—1

+hery,1,1X€2-1,1,1 + Aexy22X€28-122)

+ E (Aeag,1,2X€26-1,1,1 + €20,2,1X€25-1,2,2)
2<f<a<k—1

- Z (Aeaw22xe28-1,1,2 + €20,1,1¥€25-1,2,1) + (A — Dxeyer—22.
2<a<f<k—1

This operator satisfies the following equation:
RYx) = RPx)2r—1+K)+ R*(x)(02 =% — K +20K) — A(A — DR(x)K = 0.
From this equation we obtain

. 1
viv+A)(v+A—1)
FROO)WZ + 20 +22 —v— A+ —1+ 2A)K)) w+K)!,

W+ R (x) = —1x

(R3(x) — R +2h —1+K)
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the r-matrix is given by (2.18).

For any generic value of K the algebra U (£) has the following irreducible represen-
tation V of dimension 4k — 6. There exist two bases {vi, V2, V2g,i,j; 2 <a <k—1,1<

i,J

that

and

< 2} and {vok—_1, vok, V2u—1,i,j; 2 <@ <k —1,1 <1i, j <2} of the space V such

eqvg = 8q,pvg, a, B =12,
eqV2gij =€, jva =0, a=12 2<B=<k-1,
€0, jV28,i",j' = Oa,p0),i'V2ai,j7» 2=, B <k—1,
eqvg = 8q,pv8, «, B =2k —1,2k,
eqV2p—1,ij = €26-1,i,jVa =0, a=2k—1,2k, 2<B=<k-—1,

e2a—1,i,jV26—1,i",j' = 8,8/ V2a—1,ij5» 2=, B <k—1,

vV =V31,1, V2 =1U322,
V2g,ij = V2a+l,i,j — V2a—1,i,j, 2<a<k—1, i,j=12,

U2k—2,1,1 = V2k—1 + U2k — V2k—3,1,1, V2k—2,2,2 = V2k—1 + AfUk — V2k—3272,
V2k—2,1,2 = Uok—1 + U2 — V2k—3,1,2, V2k—22,1 = V2k—1 + AU2k — U2%k—32,1-

Here A € Cisaparameter of the algebra U (£) andt € Cis a parameter of representation.
In this representation K acts as multiplication by u = tA(1 — A)/(1 — tA).
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