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Abstract
We consider Yang—Baxter equations arising from its associative analog and
study the corresponding exchange relations. They generate finite-dimensional
quantum algebras which have the form of coupled GL(N) Sklyanin elliptic
algebras. Then we proceed to a natural generalization of the Baxter—Belavin
quantum R-matrix to the case Mat(N, C)*? @ Mat(M, C)®2. It can be viewed
as symmetric form of GL(NM) R-matrix in the sense that the Planck constant
and the spectral parameter enter (almost) symmetrically. Such type (sym-
metric) R-matrices are also shown to satisfy the Yang—Baxter like quadratic
and cubic equations.

Keywords: quantum R-matrices, Yang—Baxter equation, integrable systems

1. Introduction

The associative Yang—Baxter equation
RizRy; = Ri3Ri2 + Ry3Ri3 (1.1

appeared in [1] as coassociativity condition (A ® idy) o A = (idy ® A) o A for the
(principle) derivation A :A — A ® A defined in an associative algebra A by
A(@) =aR — Ra,Va €A and some R€ A ® A. In this paper A = Mat(N, C), i.e.
N x N matrices over C.

The equation (1.1) was extended for R depending on additional parameters [17] and used
for description of structures behind the classical Yang—Baxter equation on elliptic curves and
their degenerations [6]. Let us write it as
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RER) = RIRM" + RIZ"RE, RE = RE (20— 2), (1.2)

ac*‘ab

(see (A.23)) where z,, 25, Z¢, I, i denote free generic complex parameters. Indices a, b, ¢ are
distinct numbers of tensor components in Mat(N, C)®">3. R, is defined in ath and bth
components. If ¢ = a, b then R,f‘b acts on the cth component of Mat(N, C)®" by Nx N
identity matrix.

The elliptic solution of (1.2) was found in [17]. It is the Baxter—Belavin’s elliptic GLy
quantum R-matrix [4, 5] (in vector representation). The latter means that R(Z, satisfies the
quantum Yang-Baxter equation6:

h R (1.3)

R(ZJR(ZRIZ = RZZLR(IL ab*

The property (1.2) of the Baxter—Belavin R-matrix was rediscovered in our papers
[12, 13] in the framework of integrable systems and related topics—Painlevé equations,
Schlesinger systems and their quantization via the Knizhnik—Zamolodchikov—Bernard (KZB)
equations.

Elliptic function identities. The associative Yang—Baxter equation (1.2) in the scalar case

(when N =1 and a, b, c = 1, 2, 3) is the Fay trisecant identity on elliptic curve
(21— 2, M)p(z22— 23, M) = (21— 23 MO (21— 22, = 1) + ¢(22— 23, N — )P (21— 23, D).
(1.4)
The function ¢ (z, u) satisfying this equation is the Kronecker function. It is define as
_ YOI+ w
?(2)9 (u)

where ¥ (z) is the odd Riemann theta-function’ (A.3). In this respect the Baxter—Belavin’s R-
matrix can be viewed as non-abelian generalization of the Kronecker function. In [13] we
described a list of elliptic function identities and properties together with their R-matrix
analogues. In particular, it is easy to verify that the Baxter—Belavin R-matrix defined as®

RE@D = Y wlzw+h)TLoT,, Res Rly(z) = NPy, (1.6)
pa

QELNX Ly

Pz, u) ; (1.5)

(see definition of ¢, (z, w, + 7) in (A.22)) satisfies the skew-symmetry property
Rl = R, " (1.7)

a

and the unitarity condition (see appendix)
RiyRhy = 1@ LN (p(ND) — 9(2a—2)). (1.8)

where ((z) is the Weierstrass gp-function. Condition (1.7) is analogue of
¢ (z, u) = —¢(—z, —u) while (1.8) is similar to (A.7) ¢ (z, u)Pp(z, —u) = ) — pu).

In trigonometric (hyperbolic) or rational cases the Weierstrass p-function entering (1.8)
equals p(z) = 1/sinh?(z) or p(z) = 1/z? respectively. The simplest example of the R-matrix
satisfying (1.2), (1.3) and (1.7), (1.8) is the quantum Yang’s R-matrix [22]:

l®1 NP
RY™E(z) = % + T‘z (1.9)

5 See [9] for reviews on the Yang—Baxter equation and related structures.
7 In trigonometric (hyperbolic) or rational cases ¢ (z, u) = coth(z) + coth(u) or ¢ (z, u) = 1/z + 1/u respectively.
8 In [17] this R-matrix was found in different-Richey—Tracy form [18].
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It is the R-matrix analogue of function 1/A + 1/z. The class of R-matrices under
consideration includes nontrivial trigonometric and rational degenerations (of (1.6)), which
satisfy (1.2), (1.7) and (1.8). These type R-matrices can be found in [2, 14, 21] for
trigonometric and rational cases respectively. In GL, case the corresponding 7-vertex and 11-
vertex R-matrices were found in [7]. See also [6] which results are (presumably) gauge
equivalent to those of [2, 14, 21].

Purpose of the paper

(1) Yang—Baxter equation with two Planck constants. As we will see it follows from
(1.2), (1.7) and (1.8) that the quantum R-matrix satisfies also cubic equations of Yang—Baxter
type. The one closest to the original one (1.3) have the following form:

RAR[R) + RERAR) = RARLR! + RAR)R/, (1.10)

where again R(Z, = R(Z,(zu — Zp). When 7 =mn (1.10) coincides with the Yang—Baxter
equation (1.3). Another (more general) type of equation contains gp-function entering the
unitarity condition (1.8):

RAYRAR) — RERARY = RS N2 (p(Nn) — o(ND)). (1.11)

Let us mention that equations of (1.11) type were considered in [19] in the context of double
Lie (and the quadratic Poisson) structures.

(2) Quantum algebras. Given a quantum R-matrix one can define the following (Sklyanin
type) algebra using exchange relations:

Riy@ —wL (2. §)L) (w. 8) = Ly (w. §)L (2. §)RAG — w)  (1.12)

with £" (z. 8) = trz(thz’ (z).§2). For N = 2, i.e. in the Baxter’s case equation (1.12) provides
the Sklyanin algebra [20] for the components S, S = Z& S, T, In particular case (see (3.3))
such L-operator is just the R-matrix (1.6) itself, and the exchange relations (1.12) are fulfilled
identically due to Yang—Baxter equation (1.3). It means that (1.12) follows from (1.3) by
treating one of tensor components as some Sklyanin algebra module.

In the same way we can define exchange relations corresponding to (1.10) as follows:

~ A\ A~ B ~ ~h AR A ~
R (z—w)Ll'/(z, S")LZL(w, Sh) + R} (z—w)Lll(z, Sh)Lz”(w, Sn)

— i) (w, Sh)il"(z, §")ng (z—w) + ﬁ;(w, S")il'z(z, §h)Rl’72 (z—w). (1.13)

Again, when h = 7 it coincides with the ordinary exchange relations (1.12). As we will see
this equation defines coupled Sklyanin algebras, i.e. given a pair of Sklyanin algebras for s
and §" the equation (1.13) provides commutation relations between S" and §".

(3) Symmetric R-matrix in Mat(N, C)*? @ Mat(M, C)®2. Here we consider the fol-
lowing extension of the Baxter—Belavin R-matrix (1.6):

Rz )= Y exp(sz%ﬁ) R (z+ Nws) @ To ® Tg (1.14)
€Ly X7, M
‘M ‘M
where Ty is T, of size M x M. We call this R-matrix symmetric in the sense that both
arguments (the Planck constant & and the spectral parameter z) are averaged over lattices
Zn X Zy and Zy; x Zy respectively. In the simplest rational case corresponding to Yang’s
R-matrix (1.9) the expression (1.14) is reduced to

3
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P15 +NP12®1M®1M. (1.15)
Z

1N®1N®

Rio,15(z, h) =

The limiting cases N = 1 or M = 1 are given as follows:
Riz,i3(z, 1)

M:l/ \N:l
R () R (h). (1.16)

We will show that such an R-matrix satisfies a set of relations similar to those for the ordinary
R-matrix. In particular, we have the following generalization of the associative Yang—Baxter
equation (1.4):

Ri2,13 Rz 5 = Rz 35 Rin i3 + Rz.31 Riz 15, (L.17)

where R a5 = Rap.as(Za — 2> g — T5). The cubic equations arise similarly. For example,
the generalizations of (1.11) takes the form:

Ri23 Ri3,13 B335 = Rz 13 Rz 3 Rinis + N2M? Rys, Ii( o(Nh3) — p(Nhis ))
R32.15 Ri3.13 Ra2.33 = Rz 53 R i3 Ris1s + N2M? S)%12,15( p(Mz3) — p(Mz ))
(1.18)

where z,, =z, — 2z, and hg = hz; — hjy. The Yang-Baxter like equation (1.10) is
generalized as follows:

Ri2.33( 212, 133) R 13213, i3) Rz 35( 2230 1133)

+ Ri2.3( 212, 71i3) Rz, i3 213 133) Ra3.33( 223, h13)
= M3, 13( 223, 1113)Ri3.33( 213, 133) Rz, 13( 2120 1ii3)

+ R 13223, h33)Ru3.35( 213, Fi3) Rz, 132120 133)

and

R, 13( 230, Fi3) Rz, 13( 213, Fi3) Rao33( 2320 1133)

+ Rap, 13 213, 113) Rao,13( 213, 1113) R2.33( 213, 1133)
= Ri353( 213, 1153) R0, 75232, 1113)Ruz,13( 213, Fiiz)

+ Ru333( 232, 133)Rao,15( 213, 1i3) Rz, 13( 232, 113).

2. Yang-Baxter equations with two Planck constants
Consider a quantum R-matrix which satisfies the associative Yang—Baxter equation (1.2) and

the properties (1.7) and (1.8). Then it is easy to get a set of cubic (in R) relations.

Proposition 2.1. The following cubic relations are valid for a common solution of (1.2),
(1.7) and (1.8):

R{RRY = RRR, 2.1)
RILR[.RL + RLRLR], = —N3g(NI) 1, ® 1, ® 1, (2.2)
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R,RI.R. — R.RIRY, = RIM N2 (p(Nn) — p(Nh)), 2.3)
RIRER) + RERIR) = RIRER) + RLRIR), (2.4)
ab™ac™ be ab™ac* bc betrac ™ ab bctractrab> .

where R‘Z) = R(Z) (za — zp) and a, b, c are distinct numbers from the set {1, 2, 3}.

Proof. First, notice that the primary one is the third identity (2.3) since all others follow
from it. Indeed, the Yang—Baxter equation (2.1) follows from (2.3) in the case h = 7.

The second equation (2.2) appears from (2.3) in the limit  — —% : one should use the
classical limit (A.25), and then the skew-symmetry property (1.7) to arrange the indices in a
cyclic order. This gives (2.2) up to permutation of indices.

The fourth relation (2.4) can be called Yang—Baxter equation with two Planck constants
because its structure is similar to (2.1) and it is coincide with (2.1) for iz = 7. It is easy to see
that (2.4) follows from (2.3) as skew symmetry of (2.3) lhs with respect to interchanging #
and 7.

Thus we need to prove (2.3). Consider(1.2) and multiply both parts by Rbh; " from the left
side:

Ry "RyRy. = Ry "RLR., "+ R)RR. 2.5)
Now interchange the indices 2, 3 in (1.2) and multiply both parts by R,

RiRGRy. = RiR "Rl — Ry "R Ry, (2.6)
where in the last term we have already used R}, b= —R;LC_ . From (1.7), (1.8) it follows that
RI"RI" and RY,R). are scalar operators. Subtracting (2.6) from (2.5) we get (2.3)
with i == h — 1. O

Let us also remark that the identity (2.2) appeared to be related to R-matrix valued Lax
operator for the classical Calogero—-Moser model [12]. Consider the following block-matrix:

L) = > Eup® (1 — )Rl (20 — 20), 2.7)
a,b=1

where E_, is the standard basis in Mat(n, C), i.e. (Ez)eq = OueOpa. Then the diagonal blocks
of tr £¥(h) are scalar operators, and the scalar functions are obtained as if £ (%) were element
of Mat(n, C) with matrix elements I, () = (1 — &,,)N¢ (Nh, z, — 2p):

(L) =1®@ .. 1(k") . (2.8)

aa aa

When n = 2 this equation is equivalent to the unitarity condition (1.8), while for n = 3 (2.8)
reproduces (2.2).

One more application of (2.2) comes from the classical limit (A.25). The identities which
appear from (2.2) together with (A.29) provide sufficient conditions for compatibility of the
KZB connections (see details in [12]).

Finally we conclude that the identity (2.3) is of great importance. On one hand it
reproduces the Yang—Baxter equations, and in this sense it ‘knows’ about quantum integr-
ability and related algebraic structures including quantum groups, Sklyanin algebras, etc. On
the other hand (2.3) also ‘knows’ about classical integrable system of Calogero type. At last,
the same identity provides the quantization of the Schlesinger systems via compatibility of the
KZB connections.
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3. Quantum algebras

In this section we discuss differen types of quadratic finite-dimensional quantum algebras
arising from exchange like relations. The quantum (Lax) L-operator [11, 20] is defined as

L'(z8) =L"@ = w(RH®S:). § =TS, 3.1
(&%

where {Sa, « € Z,XVZ} is the set of generators of the quantum algebra A. For the elliptic R-
matrix (1.6) we have

£"@) = ST.5.0,(2 wa + h). (3.2)

For the vector representation p, of A given by
pw(8.) = T-a € Mat(¥, C) (3.3)

the Lax operator (3.2) coincides with the R-matrix (1.6).
Finite Heisenberg group (see (A.18) in appendix) is the simplest example of quantum
algebra which comes from R-matrix relations for the L-operator (3.1).

Proposition 3.1. Relations

~ h+n ~ h+n

L' @L) w) = L, " RB G — w) — Ry — L (@) (3.4)
or

LYWL ) = Rz = wiky ") — £ @RSz — w) (3.5)
with L-operator defined in (3.2) and R-matrix (1.6) are equivalent to

$i 8, = NPy, 8, (3.6)
ie.

Sa S5 = Kap Sats 3.7)

. . e .. . AR A N
in components. The associativity condition for the triple product Lll(z)LG (W)Lf (x) follows
from the associative Yang—Baxter equation (1.2).

The proof of (3.4) and (3.5) follows directly from the Fay identity (1.4). The statement
about associativity is analogues to the derivation of (1.1) in [1].
Notice that the commutation relations

[2f @ Lo ]| = [ 2@, Ry = w) |+ [ £ 0. Rb = w)] (3.8)
are equivalent to those for the Lie algebra gl :
[51, ~§2] = N[Plz, 5'1]- (3.9)

Obviously the same expression (rhs of (3.8)) can be used for definition of the Poisson—
Lie brackets {S}, S} = N[Pp, Si] on gl}:

{LI@, Ly} =L@, Ry @ = w ] + [ LI, Ry = w) | (3.10)

with the classical matrix-valued function L (z, S) on the phase space gl}‘; parameterized by S,
S = Za S, T,). The Jacobi identity is due to (1.2). The relation (3.10) differs from the

6
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custom classical exchange relations

(@, Lw} =[h@), 2z — W] + [LW), r2@@ — w)], (3.11)

where the classical r-matrix rj; (z) (A.25) is used, and the Jacobi identity is fulfilled due the
classical Yang—Baxter equation (A.26) for rj, (z). Alternatively, we can say that in the case
under consideration the constant /i (and 7)) is not the Planck constant entering the quantum R-
matrix but rather additional spectral parameter entering the classical r-matrix. Indeed, the final
commutation relations (3.9) are independent of 2, 1 (as well as they are independent of z and
w). Such interpretation is close to the consideration suggested in [17].

Exchange relations with two Planck constants and coupled Sklyanin algebras. Consider
a pair of the quantum Lax operators

~ ~ N NG
") = £"(z 8") = S8l w2 wo + 1) (3.12)
and

L'G) = L"(2. 8") = Y18 @ (2 wn + ). (3.13)

Each of them defines its own Sklyanin algebra via exchange relations (1.12). See details
in the appendix. Here we suggest another exchange type relation which provides commu-
tation relations between $” and $”. It is of the form:

Rl (z—w)E" @)Ly w) + Rl (z—w)L[ @) L) (w)
= L2 (w)Ll (Z)R Lz—w) + L2 (w)Ll @RL(z—w). (3.14)

Proposition 3.2. Equation (3.14) for the Lax operators i (§ h) and L" (8" is equivalent to
. . . ah an
the following commutation relations for the components of S and S™:

an o gh n,h
D tiva-68 - Sa4af afy T Fra- 55, S3+’Yfazﬂfy - (.15
gl
where the structure constants f, :Ig , are given by
for 3 = 0: fjgW = El(w7 + ﬁ) — Ei(Wwa—p—~y + 1)
+ Ey(wary + 1) — Ey(wsiy + R),
for 3= 0: ffé’w—p(ww—i- ﬁ) — @(Waery + M. (3.16)

«

Proof. Here we use short notation cph' () = <ph (z, wa + h). Compute

Rl —w)L, (Z)Lz w) — L, (W)L1 @RLz—w)= > T,® T
a,B,y

gn ol 1 ,
X (Sa—vsﬂ-ﬁ-ﬁﬂﬁ’,“*ﬁ(pzfq/ (Z)(‘OZ+W (W) QOZ(Z— W)

~ N .
= $hs S a0 @, D= W)
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By redefining the summation index for the second term as v — o — 3 — v we get for the
following coefficient behind the tensor component 7;, ® Tj:

an  ah 3
= YL@ TS, S e s( @l @k el —w)
a,B,y

— el @Dl - w)

Al
= Z To @ Ts oS54+ “%a—ﬂfcz’g,q/ ‘pZH](Z)‘pﬂ(W)’
By

where we assume ¢, (w) = 1. The last equality follows from (A.8) and (A.9). In this way we
reproduce the first term in (3.15). The second term in (3.15) is obtained in the same way by
interchanging # and 7. |

Notice that when /i = 1) the structure constants £’/
Sklyanin algebra (A.31). o

Recently the coupled Sklyanin algebras appeared also in different way—rvia the modular
double [8]. In that case two algebras depend on different modular parameters 7. In our case
this parameter is the same but the Planck constants are different.

=, , coincide with those for the

Remark. One can also consider (quasi)classical limits of the Yang—Baxter (2.4) and
exchange relations (3.14). There are different possibilities for the limits since we deal with
two Planck constants. In particular, when 7 — O (while 7 is finite) (2.4) is reduced to

[Ri, RA] + [R, ras] + [0, RE] =0, (3.17)

where r,;, is the classical r-matrix (A.25). At this stage the generators .Sil become classical
variables S, while .SQ;,] are still quantum. Then we get a ‘half-quantum’ Poisson structure
between the commutative classical variables S, and noncommutative variables .SA‘;] Taking
then limit 7 — O the equation (3.17) is reduced to the ordinary classical Yang—Baxter
equation (A.26), and the Poisson structure is the standard classical Sklyanin algebra. We will
describe the quasiclassical limits in our next paper.

4. Symmetric R-matrix in Mat(N, C)®? @ Mat(M, C)®?

In this section we consider an extension of the R-matrix (1.6) in Mat(N, C)®? to the matrix
function in Mat(N, C)*? ® Mat(M, C)®2. This type of R-matrices (see e.g. [3, 10, 15])
appears naturally when N := N x M from the original Mat(N, C)®2-valued one. Our defi-
nition is slightly modified in a way to get expression which is symmetric in spectral parameter
z and the Planck constant /. The simplest example of the R-matrix which we are going to
discuss here can be given in the rational case. Consider the following expression:

Iy ® Iy ® Py3 N P12®1M®IM’

hi — hs u— 2
Rio,i3(z1 — 22, I — h3) € Mat(V, C)*? ® Mat(M, C)*2,
“.1)

Rinis(z — 2. Wi — B3) =M

where Pj3 is the permutation operator in Mat (M, C)®2, and Ly (or 1) is the identity matrix in
Mat(N, C) (or in Mat(M, C)). R, 15 has four tensor indices. The first pair is for the
components of Mat(N, C)®2, and the second pair is for the components of Mat(M, C)%2.

8
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When M = 1 (4.1) coincides with the Yang’s R-matrix (1.9) R{?ihi(zl — 25) € Mat(N, C)#2.
In the same way when N = 1 (4.1) gives Rj 2(hi — h3) € Mat(M, C)*2.

The expression (4.1) is not a new R-matrix of course. Multiplying it by Iy ® 1y ® Pj3
we get a special form of the Yang’s R-matrix in Mat(NM, C)®2,

Below we define elliptic analogue of (4.1). But first we recall some important properties
of the Baxter-Belavin’s R-matrix which will be to extended to the case
Mat(N, C)®? @ Mat(M, C)®? for the proper definition of underlying set of functions. To be
exact, our goal is to define a set of functions ®, 5(z, 7)), @ € Zy X Zy, & € Zy X Zy which
are invariant with respect to shift by the full lattice periods « — o + N, @« — « + Nt
andad - & +M,& — & + Mr.

For the reasons given above (and for the brevity sake) we will refer to Ry 15 type
expression as symmetric R-matrix though it is not such symmetric in the elliptic case as
in (4.1).

Symmetries of Baxter—Belavin R-matrix. The quantum elliptic R-matrix (1.6) is Zy X Zy
symmetric, i.e.

Rh@ =g '¢,'RE@D g8 g=8g®lg=11g 4.2)

where ¢ = Q or g = A (A.14). This R-matrix is the quasiperiodic function of the spectral
parameter z

Rz + D=07"R} () 01,
Rly(z + 1) = exp(—2mh) AT Ry (2) Ay (4.3)

on the elliptic curve with periods 1, 7. At the same time it is the quasiperiodic function of the
Planck constant /& on the smaller elliptic curve with periods 1/N, 7/N:

R@H/N (2) =0 'Rl () 0,
RN (2) = exp(—2miz/N) AT Rl (2) A, (4.4)

The property (4.4) can be considered as a consequence of (4.3) and the arguments
symmetry property

z
R5(z) = RY (Nh) Py, (4.5)

which follows from (A.12) and (A.13). In order to verify (4.4) directly consider
-1_5
(1), RhG)(T),

for some fixed T, (A.17). Here the lower indices 1, 2 are the numbers of the tensor
components (4.2), and T = T_, due to (A.18). For the above expression we have:
= Z (PQ(Z, Wa + ﬁ) T*'Yn’ ® T*GTV = z @Q(Z, Wa + h) T‘«Y*”l ® TW’*G'

QEZLy XLy QEZLNX Ly

Now shift the summation indices & — « + ~y. Then from (A.22) we get
-1 1T WA
(TW)1 R[ (z)( TW)z = exp(27r187ww)le2Jr 7 (2). (4.6)

This answer reproduces (4.4) for v = (1, 0) and v = (0, 1) (then T, = Q, w, = 1/N and
T, = A, w, = 7/N respectively).

Notice that in the proof of (4.4) we used the shift of summation indices (¢ — o + 7). At
the same time the limits of the sum were not changed because o € Zy x Zy. In fact, we also
used the periodicity of functions (A.10) ¢, (z, w, + f) in indices considered as discrete

9
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variables:

<Pa,+N,az<Z, Wo + wv0) + ﬁ) = %I’QZH\,(Z, Wo + wio,n) + h) = goa(z, Wy + h) .7

The property (4.7) demonstrates necessity of the exponential factor exp(2md,w,) in the
definition (A.10).

Symmetric R-matrix in Mat(N, C)*? @ Mat(M, C)®2. In this section we assume that N
and M are coprime integers unless otherwise specified’.

Consider the following expression:

Rz )= Y Yo 0@ WL, T 0 Th® T, (4.8)

QELN X INGELpy X Ly

where (with the definition (A.10))

B, a(z, i) = exp (Zm(z + N@a)% T 27rzﬁN%)¢)(z + Noa, i+ w,) 4.9)

exp (ZFlﬁN%)QOQ(Z + Nos, h + wa)

and for any o = (qq, ap) € Zy X Zy and & = (&4, &p) € Zy X Ly
ap + aT 0y + 0T

Wy = N wg = " (4.10)

while {7,,} (and {T}}) is the basis in Mat(N, C) (and Mat(M, C) respectively) defined as in
(A.14)—(A.18). That is, we mark the Mat(M, C) elements and related quantities (including
related indices) by tildes. For example, 75 53 = exp (m (Bids — Bhdu)/M ). For coprime N
and M two sets {f (NWwgz), & € Zy X Zy} and {f (0z), & € Zy X Zy} are equal for a
periodic function f on the lattice Zy; x Zy;.

First, notice that for M = 1 (then & = (0, 0)) expression (4.8) reproduces the definition
of the Belavin’s Mat(N, C)R-matrix (1.6) R5 (z) € Mat(N, C)?2, and similarly for N = 1 we
have RS (h) € Mat(M, C)*2.

The analogues of the quasiperiodic properties (boundary conditions) on the lattice
7. ® 77 are of the form:

Rz + 1, B = 07 ' Ria13(z, h) O,
Rip15z + 7, h) = exp(—2mh) AT Rip 13z, B) Ay 4.11)

and

Rio oz b+ 1) =07 " Riniaz, W) 0f
Ri2,13z, h + 7) = exp(—27z) f\fN Ri2,73(z, h) f\%v, (4.12)

where O =0 ®@ Iy @ Iy @ Iy, 0i= 1y ® Iy ® O @ Iy, and O, A are the matrices of
form (A.14) but of size M x M.

It is important for us that functions &, 5(z, 7) are periodic in both discrete variables—
indices a = (o, an) € Zy X Zy and & = (&, &n) € Zy X Zy, i.e. similarly to (4.7) we
have

° The general case is not difficult but requires more additional notations. We consider special case M = N in the next
section.
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q)((y1+N,(yz),&(Z’ h) = (I)(al,a2+N),&(Zs h) = (I)(a],az),(y(zs D) (4.13)

and
(I"a,(lerM,dz)(Z’ h) = q)a,(dl,d2+M)(Za h) = ‘I)a,(al,az)(Z’ h). (4.14)

These properties allow to shift indices of summations in the same way as it was used in (4.6).
To verify (4.11)—(4.14) one needs (A.4).

In GLy case we had also quasiperiodic behavior (4.4) on the smaller elliptic curve with
periods 1/N and 7/N. For the symmetric R-matrix (4.4) acquires the form:

1 ~ 1 -
mlz,ii(z + NM, ﬁ) =071 R sz M) O3,
%12,1§(z + Nl, h) = exp( —2771N£) f&fl Ri2.13(z, h) AQ (4.15)
M M
and
1 A -
9’{12,12(2, h+ N) =0, '05 : Ri2,15(z, h) O1 0o,
mlm(z, h+ %) - exp( fzmﬁ) AT'AT R sz, 1) A A (4.16)

The proof of (4.15) and (4.16) is similar to the one given for (4.7). For example, to get
(4.16) consider

~1 . -
(7), R (L) = X ¥ G, 0 9hel.
2 T X TNGE T X Ty
Then, shift the summation index as & — « + v and notice that
Doir.6(z, h) = exp(2mz87ww)f%72!d<l>a’&(z, h + wv).

Plugging v = (1, 0) (or v = (0, 1)) into the obtained expression one gets the upper (or the
lower) line of (4.16).

Quadpratic relations. Let us prove that the symmetric R-matrix obeys the relations similar
to (1.1), (1.7) and (1.8).

Proposition 4.1. The symmetric R-matrix (4.8) satisfies the following set of properties:
(1) Skew-symmetry:
Roi5i(—z, —h) = =Rz 13z, h). (4.17)

(2) Associative Yang—Baxter equation:
Ri2,i3 Ro3.33 = Rz 5 Rin,13 + Rz 31 Rus 1z, (4.18)

where iRab,dbﬂ = iRab,dbﬂ(za — Zps ﬁd - ﬁE)
(3) Unitarity:

RiizRoizn=Ivy @ Iy ® Iy ® Ty N2M?(p(Nh) — p(Mz)). (4.19)

or
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Rz Rt = v @ Iy @ Ty @ Ty N2M?(p(Mz) — o(Nh)). (4.20)

Proof. The first property simply follows from the definition (4.8) and (4.9):
Rosi(—z, —H) = D, Yo a2z, DT, T, ® T 0 T;
QELNXINGE Lipg X Ly
Changing summation indices as a— —a, & — — & and using
D —a(—z, —h) = =Dy 4z, h) we get (4.17).
The second property follows from (A.19) (for both s and &) and the Fay identity (A.5)
written in terms functions (4.9) as
Po.a(z, 1) By p(w, m)
=Psa1pz+w, ) Pu-palz h—n) + Ps_apw, n — h) Puarpz+w, h) (4.21)
withz=27 —2,w=2 —23,h=hi— hs and n = h3 — hs.
To prove the unitarity (4.19) let us write its lhs explicitly
Ri2, 132, W) Rori3(—2, W) = Y Paalz, h) By (=2, h)

., B, [

and subdivide this sum into four parts as

o= 2 2+ X+ Y

a,B.a,8 a=p,a=—p a=f,a=—f a=0,a=—p0 a=f,a=—0

The first sum reproduces the answer due to (A.7) and (A.1 1)10:
> Bualz W) B p(—z, =3 > p(h+ w) — p(z + Na)

a=0,a=—0 a @
= N*M*(p(Nh) — p(Mz)).

Each of three other sums equals zero. The vanishing of the second and the third sum is proved
in the same way as it is made for unitarity of R" (z) in the appendix. Consider the fourth sum.
Denote v = a« — 3,5 = & + (. Then, using (4.21)

> = Y her,ehel,

a=06,a=—0 ~v=0,5=0

x| Yok, By B0, 1) a2, 0) + D okay B2 5 800, 1) Dy 5(—2, 0) |-
B.a a,3

The latter two terms cancel each other after changing notation o := (3, 3 := —& in the last
term. This finishes the proof of (4.19). At last, (4.20) follows from (4.19) and (4.17). O

Cubic relations. The next step is to derive cubic relations of (2.1)—(2.4) type. Recall that
(2.3) is the most general in that list. In a similar way one can obtain its analogue for the
symmetric R-matrix (4.8). First, multiply (4.18) by 9,3 i3 from the left:

R23,13 Ri2,13 Ro3.35 = R3,13 Ri3,35 Rin, 13 + Rz, 13 Roz 31 Ris 13

10" We also use here that Y9G + Now)=)__p(z + @) for coprime N and M.

12
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Second, change indices 2 < 3 in (4.18) and multiply it by 9,3 53 from the right:
Ri3,13 R32.33 Rz 35 = Rin35 Ris 13 Rz 33 + Ran 31 Rin iz Ros 53

Combining these two equations and using the properties of skew-symmetry (4.17) and
unitarity (4.19) and (4.20) we get

233 Ria.13 Ra 52 = Roa13 R 5z Rio i3 + N2M2 Rz 13( p(Nhsz) — o(Nhis)),  (4.22)
where hgz; = hg — hj. When M =1 (4.22) coincides with (2.3), where h = hi — hj3
and n = hy — hs.
In particular case of 5 = (A1 + h3)/2 we get Yang—Baxter like equation
Ri2,33( 212, ) Rz 15213, B) Rz 33( 223, 1) = Ro3,13( 223, 1) Rz 33( 213, ) Rz 13212, )
4.23)
with 1 = Az = hss. B 3
Another particular case i = h5 in (4.22) leads to analogue of (2.2):
Ro153( 221, 1) Ruz 15213, B) Ran33(230, 1) + Ros.i3( 203, ) R31.33( 231 1) Rin,i3( 212, F)
= —1y ® ly®Piz N’M?g (Nh).
(4.24)

A similar derivation leads to the cubic equation of (4.22) type with /& and z variables
interchanged:

R 13 Rz i3 B33 = Riz s Ran,is Ris iz + N2M? 9"&12,15( p(Mz3) — @(MZB)), (4.25)

where 7., = 2, — 2p.

Now we can easily obtain the cubic Yang—Baxter like equations of (2.4) type. It is based
on the skew-symmetry of p(Nhi33) — @(Nhis) with respect to interchanging of the arguments
only. Therefore, from (4.22) we have:

Ri2.33( 212, 33) Rz, 15213, Fii3) Rz 35( 223, 1133)
+ Ri2.35( 212, 13) Rz, 15213, 33) Rz 33( 203, 1113)
= MR03,13( 223, 113)Ri3.53( 213, 1133) R12,15( 2120 Ri3)
+ R23,13( 223, 133) Rz, 33 213, 7i3)Riz,13( 202, 1)
In the same manner from (4.25) we get:
Rz, 13( 230, Fi3) Rz, 13( 213, Ai3) Rao33( 2320 1133)
+ Rao,15( 213, 1113) R, 13( 213, 113) Rao53( 213, 1133)
= Ri353( 213, 1153) R0, 13232, 113)Ru3,13( 213, Biz)
+ Rz 53230, 733) R0, 13( 213, 713) R 13( 2320 113).
Relation 1o Baxter-Belavin GLyy R-matrix. Multiply the symmetric R-matrix by
NP, ® 1y ® ly:
R i@ MNP @ Iy @ Ty = ) Yo Pa@ WL R T T30 T 0T,

@, BELN X LnaE Ly X Ly



J. Phys. A: Math. Theor. 49 (2016) 014003 A Levin et al

= /{(21,’,7 exp(Nh 0,0a) @, (2 + Novg, i+ wo) T, @ Ty @ To @ T_@(Af)

a,y,l
:NZ%M(ML, wy + @g + %) T,RT @ Ty ® T,
7,0

Since M and N are coprime the summation over w, + @ is equivalent to the summation over
w,, where a € Zyy X Zyn. Therefore, we get the expression which is the GLy,, Baxter—
Belavin’s R-matrix written in special basis.

Particular case M = N. In this particular case the function @, 5(z, f) (4.9) is simplified.
Using (A.4) it is easy to get that

goa(z, wy + ﬁ) = /ﬁi,& <pa(z, wy + ﬁ).

By 2z, ) = exp(mw)
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Appendix

A.1. Elliptic functions

We deal with the following elliptic functions:
_ YOI+ u

¢ (z, u) FTE TR (A.1)
B ﬂ/(Z) _ B B 119///(0)
Ei(2) = TS Ey(z2) = —0.E1(2) = p(2) 300 (A.2)

where () is the Riemann theta-function

2
9@ =0 = Y exp[w(k + %) + 27rl(z n %)(k + l)) (A3)

keZ 2

which has simple zero at z = 0, and p(z) in (A.2) is the Weierstrass g-function.
The function ¢ (x, y) = ¢(y, x) has the quasiperiodic properties

px + 1, y) = ¢(x, y), ¢(x + 7, y) = exp(=2my)p (x, y) (A4)
and satisfies the Fay type identities:
¢(X, M)¢(Y, W) = (b(x - M)¢(y, u—+ W) + (b(y - X, W)¢(X, u+ W)’ (AS)
O, D, w) = d(x, 2 + W)(E1(x) + Ei(2) + Ex(w) — Ej(x + z + w)), (A.6)

Pz, W@z, —u) = p2) — pu) = Ex(z) — Ex(u). (A7)
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These relations lead to
¢(Z’ u — V)(b(W, uy + V)(b(Z - W, V)
— @z, us + VIG(W, uy — vV)P(z — w, uy — up — v)
= (2, u)(w, u)(Ey(v) — Ey(uy — up —v) + Ey(uy — v) — Ey(uz +v))  (A8)

and

¢ u—vopw, V¢ —w,v) — ¢ VoW, u —v)$@E —w, u — V)
= ¢z, w(pOv) — pu — v)). (A9)

We also need the following set of functions:
@ (2, wa + h) = exp (2m%z)¢(z, Wo + 1), a € 772, (A.10)

These functions satisfy the set of identities (A.5)—(A.9) because the exponential factors are
canceled.
Averaging p-function:

> p(wa + 1) = N2pWNh). (A.11)

QELNX Ly

The following formulae (of finite Fourier transformation type) are also useful in deri-

vation of R-matrix identities (see [13]):
1
— > KL, %(Nh, Wy + i) = ¢ (2 wy + 1), Vyez? (A.12)
NQEZNXZN N

or (exchanging the arguments)
1
— Y Koy u(zwn+h) = %(Nh, w, + i), Vy€eZ?, o (Al3)
NQ’EZNXZN N

where k, g is from (A.18).

A.2. Baxter-Belavin R-matrix

Finite-dimensional representation of the Heisenberg group. Consider the following N x N
matrices:

21
O, AeMat(N,C): Qu=du eXP(Tk), Ay = Ok—i11=0modn> kK, I =1, ..., N,

(A.14)
oV = AV = 1, (A.15)
exp(Zm%) QA% = A2QY, . 7, € Z. (A.16)
Introduce
T, =T, = exp| m2 2] Q1A% v = (7, ) € 22 (A.17)
¥ N N > Y2 . .

The subset of T, with v, v, = 0, ..., N — 1 is the basis in Mat(N, C). From (A.16) we
have
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Tl
TGT[} = Krk,ﬂTrHﬂ, Ra,p = €Xp (W(ﬂIOQ - 62‘11))’ (A.18)

where o + 3 = (oy + 81, an + (2). Obviously
Ra,RG,0 = 1, Ra,—g = K—a,p = Kg,as Ra, = Ra+B8,8 = Fa,p+a- (A.19)

Notice also that

S kL, = N%.. (A.20)

where 0 = (0, 0).

For N = 2 the basis (A.17) in 2 x 2 matrices coincides (up to signs) with the Pauli
matrices basis o; endowed with 09 = lLx>. In this case (A.18) can be re-written as
0j0r = 000 + 1€, 0, together with o;09 = 0po; = 07 and 0(2) = 0p.

R-matrix is defined as''

Rhaw) = > @ (u, wy+h) T, ® T, € Mat(N, C)*2, (A.21)
QELNX Ly
where
(U, wo + h) = exp(Zm%u) (U, wo + h), wy = %‘ (A.22)

Writing RZ‘,, (z) we mean that T,® T, in (A2l) is replaces by
1®. 10T, ®1..1T,®1..& 1in such a way that T, and T, acts in the ath and
bth components of Mat(N, C)*">3, If the number of components equals n then
Rl € Mat(N", C). With the above definition we get the correct relation

R[(2) = Py Rl (—2) Py, (A.23)

where P, is the permutation operator in Mat(N, C)®2. Notice also that P has the following
form in the basis (A.17):

YT, ® T, = NPp. (A.24)
o
The classical limit 7 — 0 is defined as
Rh@) =11 @ 1+ @) + hmp@) + O(172). (A.25)
Then the quantum Yang—Baxter equation (1.3) provides the classical one
[7abs Tacl + [Tacs Tocl + [Tabs Toe] = 0, Fap = 1ap(Za — 2p)- (A.26)
Condition (1.7) leads to
Tab = — Tbas Mah = Mpg, (A.27)

while (1.8) gives expresses my, in terms of 7,

2mp3(2) = i (2) — 1 ® IN?p(2). (A.28)

11 et us mention that original definition [5] differs from (A.21). It was defined in terms of theta functions with

characteristics 1/N and normalized as R/4RJ, =1 ® 1. Its representation in the standard basis of
Mat (N, C){ (El-j)kl = 6i6;} was suggested in [18].
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The answer is similar to /' term in the local expansion of the Kronecker function near /i = 0:
$(h, D) =h"'+ E1@ + h(E2 () — p())/2 + 0(h?).

At the same time the Fay identity for R-matrix (1.2) gives
Tab Tac — Tbe Tab + Tae The = Mgp + Mpe =+ Nige. (A.29)

Plugging m,,;, from (A.28) into (A.29) one gets the non-abelian analogue of

(Ei(za — 2) + E1(zp — 2¢) + Ei(zc — Za))2 = (24 — 2p) + (2 — 2¢) + (z2c — 2Za)-

In the end let us prove the unitarity property (1.8) (this proof was skipped in [12, 13]).
Unitarity. proof of (1.8). It is convenient to rewrite (1.8) using (1.7) as

R, @RS" (2) = —N2(p(Nh) — p(x)) 1 @ 1.

The proof is achieved by direct calculation:

REQRL" @) = Y TT3 @ TaT 50, (2 wo + M)p(zows — ) = >0 + > .
a3 a+[5=0 a+[=0

The first term reproduces the answer due to (A.7) and Zap(wa + 1) = N?p(Nh). So we
need to prove that the second term (where « + (3 = 0) equals 0:

(A.18),(A.6)
Z = Z Z I,oT, “i,ﬁ%(z’ wy)
a+[3=0 ~y=0a+[B="
X (El(z) + El(wa + h) + El(w,g — h) —E(z+ ww,)).
The first and the last terms in the brackets are independent of o, 3. Each of them gives 0 since

Ko§ = Kaatg = Kan and ke = N2, but the sum does not contain y =0 term.
Finally, we are left with

Z Ei,ﬁ(El(wa + ﬁ) + EI(LQ[,‘ — ﬁ)) = Zﬁi,v(El(wa + ﬁ) + El(wwy—wu, — ﬁ)) =0
a+p=y et
because the summation index of the second term can be shifted as a« — « + +, and due
to E](x) = —El(—x).

More details and properties can be found in [11, 13, 18].
A.3. GLy Sklyanin algebra

The Sklyanin algebra [20] has extension to GLy. One possible approach is given in [16]. The
most natural way is to use the exchange relations (as in [20]).

Proposition A.1. Consider the Lax operator (3.2) and R-matrix (1.6). The quantum
exchange relations

~h Ah ~Ah ~h
Rz — W)L, @)Ly W) = Ly, WL, @R}z — w)

are equivalent to N* x N2 relations numbered by o, € Zx* (for the component T, @ Tj):

ZHW,ufﬂS\af’y55+7 (f;’g’n,, =0, (A.30)

!
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where the structure constants f. f 5., are given by
for 3= 0 : f(ﬁﬂ,v = El(u)W + ﬁ) — El(wa_ﬁ_ﬁ, + ﬁ)
+ Ei(wan + 1) — Ei(wssq + h),
for g=0: fI =p(w, +h) = p(whry + h). (A31)

For N = 2 relations (A.30) reproduce GL, Sklyanin algebra in its original form [20].
Indeed, for «a,3=0 and «a =3 the structure constants are related:

(il;ﬁ,(y—ﬂ :faﬁ,ﬂ,—ﬁ = — f,ﬂ,o and f(f"ﬂ,a :f;”ﬂyo. Therefore,

[Sar $5] = ras] Sassn So] - (A32)
Here we also used that for o, 8= 0 and a = Bkop = *1, i.€. Kq 3 = —Kg,a. TO get the
second commutation relation introduce

oh = p(h + w) — p(h) (A33)
and notice that f!') = —f" o fP0 = — " .. Then

oh [ So. Savs] = = ras( b — OB)[ S 5], (A34)

for some (3 = a, 0. Notice also that the same commutation relation appears from
a = 0, 8 = 0 component of (A.30) but in a different form:

Kgﬂ’f [SO’ Srkﬂ”l - "%,ﬁ(K(}J - KQ)[SM SBL,
where K" = E/(h 4+ w,) — Ei(h) — E (w,). The latter is the same as (A.34) due to
K —K§ oo - ob

7 = 7
Ka-‘rﬂ pa-‘rﬁ

in GL, case.
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