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Abstract. This work finishes a classification of U, (sl2)-symmetries on the Laurent extension
C, [mil,yil] of the quantum plane. After reproducing the partial results of a previous
paper of the author related to symmetries with non-trivial action of the Cartan generator(s)
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1 Introduction

Quantum algebras are normally considered together with a distinguished collection (‘quantum
group’) of their symmetries that form a sort of quantum dynamical system (a precise definition
is given below). A good example in this context is the quantum plane Cg[z, y], which is among
the simplest quantum algebras. It is very well known that C,[z,y| carries a Uy(slz)-symmetry
(in other terms, a structure of Uy (sly)-module algebra, see, e.g., [5]). During a long time it was
the only such symmetry considered in the literature.

The initial approach to considering different symmetries has been developed in the paper by
S. Duplij and S. Sinel’shchikov [4]. The authors produced a complete list of U, (slz)-symmetries
on Cy[z, y] and, in particular, demonstrated the existence of an uncountable collection of pairwise
non-isomorphic such symmetries.

The next and very natural step has been done in a work by S. Duplij, Y. Hong, and F. Li [3],
where the structures of Ug(sl,,)-module algebra on a generalized quantum plane, a polynomial
algebra in n quasi-commuting variables, m,n > 2, are considered. The authors apply, in the
above broader context, the methods of [4], together with more enhanced tools related to (gene-
ralized) Dynkin diagrams.

Another approach to generalizing the results of [4] and different from increasing the dimension
parameters as in [3], has been developed in [8]. The basic motive was in observing that a complete
list of symmetries on Cg[x, y] (as well as in [3] within fixed dimension(s)) is formed by only finitely
many series labelled by pairs of weight constants; the latter constitute invariants of isomorphism
of symmetries. This hints that the resulting amount of symmetries is rather low, and one may try
to embed everything into a more symmetric algebra, where restricting to the initial subalgebra
Cgylz,y] breaks the symmetry very essentially. Fortunately, the required embedding is readily
at a hand: the embedding to the algebra C, [xﬂ, yﬂ] of Laurent polynomials on the quantum
plane. This, together with a bit surprising (but in fact completely straightforward) observation
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that every U,(slp)-symmetry of the subalgebra C,[z,y] admits an extension to a symmetry
of the larger algebra C, [xﬂ,yil], allows one to claim that, in view of the results presented
below, C, [:I:il,yil] is much more symmetric than its subalgebra Cgy[z,y]. Thus, studying
the symmetries of C, [:Uil,yil] appears to be significant because it demonstrates where the
symmetries of the standard quantum plane C,[z,y] come from. The extended algebra, while
retaining the polynomial nature (all the sums are finite), removes the effect of presence of the
‘lowest homogeneous component’, the principal obstacle for existence of a large collection of
symmetries.

The purpose of this work is to extend the list of U, (sl2)-symmetries on C, [:Uﬂ, yil] presented
in [8] up to a complete list of symmetries. One might expect that a huge amount of additional
symmetries as compared to those coming from the subalgebra C,[z, y], should be a consequence
of a larger group of automorphisms for C, [xﬂ,yﬂ} than that of Cylz,y]. However, it was
demonstrated in [8] that the collection of symmetries in which the action of Cartan generator
of Uy(slz) (which anyway acts by an automorphism) does not reduce to multiplying the genera-
tors of quantum plane by (weight) constants, is rather poor. On the other hand, a collection of
generic symmetries [8] covers infinitely (in fact, uncountably) many admissible pairs of weight
constants, whence an uncountable family of non-isomorphic symmetries; this collection consti-
tutes a single series and is disjoint from the symmetries extended from Cg4[x,y]. Another part of
the complete collection, which is presented in this work, the non-generic symmetries, although
covering only a countable family of weight constants, is much more extended in writing down
the specific series submitted to the parameters D, G, and L (see Section 4 for their definition);
this collection is presented below.

Let us describe the general classification of Uj(sly)-symmetries on C, [mil,yil], which was
partially introduced in [8]. The entire collection of symmetries splits into 4 disjoint subcollections
as follows:

I The subcollection with the Cartan generator k of U,(slz) acting in a non-trivial way (its
action does not reduce to multiplying the generators x, y of quantum plane by constants).
This subcollection is rather poor and is described by Theorem 3.1 [8, Theorem 3.5].

IT (Trivial collection with weight constants.) This subcollection is contained in the rest of
symmetries which are contrary to (I) in the sense that the Cartan generator k multiplies
the generators z, y of quantum plane by weight constants, and constitutes a trivial part
of the complement to type (I) symmetries. This part is formed by just 4 symmetries in
which the weight constants are +1 and the generators e and f of Uy (sly) act as identically
zero operators. See Theorem 3.3.

ITT (Generic symmetries.) A part of symmetries in which the Cartan generator k multiplies
x, y by weight constants but, on the contrary to (II), either e or f acts as a non-zero
operator. This part (subcollection) of symmetries, referred to as generic symmetries, is
distinguished by a special ‘rational independence’ assumption on the weight constants. It
constitutes the most massive collection of symmetries in the sense that the associated pairs
of weight constants cover all but a countable subset of possible values for such pairs. See
Theorem 3.4 [8, Theorem 4.1].

IV (Non-generic symmetries.) The rest of symmetries with either e or f acting as a non-
zero operator and whose weight constants break the ‘rational independence’ assumption
mentioned in (III), are referred to as non-generic symmetries and constitute the princi-
pal subjects of this work. See Main Theorem formulated below, along with the related
terminology and definitions in Sections 4 and 5.

The above classification is not intended to describe the isomorphism classes of Uj(sly)-
symmetries on C, [.Z‘il, yﬂ]; it is much coarser. Instead, it focuses on the structure of sym-
metries which allows one to write down suitable general formulas for the symmetries in each of
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types (I)—(III) as well as within the specific series in type (IV) listed in Main Theorem. Both
isomorphism and non-isomorphism statements are formulated where they are easily available. In
particular, it is very well obvious to observe that any two symmetries of different types (I)—(IV)
are non-isomorphic. Another point worth mentioning is Proposition 3.6 where the existence of
uncountable family of non-isomorphic generic (type (III)) symmetries is established.

The following Theorem presents the list of series for non-generic (type (IV)) symmetries. The
names of series in the list reflect the associated values for the invariants D and G mentioned
above, together with the number of terms in the formulas involved. More details are to be found
in Sections 4 and 5.

Main Theorem. The collection of non-generic Uy(sla)-symmetries on C, [:cil, yil] s given by
the series

D1G1E F3, DG EyFy, D1G1E3F3,  D1GiExFy,  Di1GiEWFy, D1G1E3F,
DyG1E 1F3(a), DsG1EyF5(a), DoG1EsFi(a),

DyG1E 1 F3(b), D2G1EoF5(b), DyG1E3F(b),

D2GoEr F, DyGoEo Py, DyGoE3FY,

D,G1E1F5(a), DyG1EyFi(a),

D,G1E1F5(b), DyG1EyF;(b),

D,GoE 1 Fy(a), DyGaEyFy(a), DysGoE1Fs(b), DyGaE2F(b),

described in Section 5. Any two symmetries contained in the series from different lines of this
table are non-isomorphic.

This collection, together with the symmetries described in Section 3 by Theorems 3.1, 3.3, 3.4
(types (I)—(111)), form a complete list of Uy(sla)-symmetries on Cy[z*!, y*].

The outline of this paper is as follows. Section 2 (preliminaries) collects the basic definitions
and facts related to our subjects. Section 3 reproduces (the formulations of) the results of [§]
concerning the (type (I)) symmetries with non-trivial action of the Cartan generator, type (II)
(trivial) symmetries, and type (III) (generic) symmetries. Section 4 introduces and studies the
notion of extreme monomials for the weight polynomials related to symmetries. Certain integral
parameters of symmetries are considered; among those, the parameters D and G are proved
to be invariants of isomorphism of symmetries; these are to be used to label the series of non-
generic symmetries. Admissible values for D and G are clarified, along with a general form of
a symmetry up to complex coefficients and weight constants, to be computed later on.

Section 5 presents the final form of the series of non-generic (type (IV)) symmetries, preceded
by clarifying the associated pairs of weight constants.

2 Preliminaries

We start with recalling the general definition as follows. Let H be a Hopf algebra whose comul-

tiplication is A, counit is €, and antipode is S [1]. Consider also a unital algebra A whose unit

is 1. The Sweedler sigma-notation related to the comultiplication A(h) = > (1) ® hpy as in [9]
(h)

is used below.

Definition 2.1. By a structure of H-module algebra on A (to be referred to as an H-symmetry
for the sake of brevity, or even merely a symmetry if H is completely determined by the context)
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we mean a homomorphism of algebras m: H — End¢ A such that

(i) w(h)(ab) = %ﬁ(h(l))(a) “7(h(2))(b) for all h € H, a,b € 4;
(ii) m(h)(1) =e(h)1 for all h € H.

The structures w1, 7o are said to be isomorphic if there exists an automorphism W of the
algebra A such that Wy (h)U~—! = mo(h) for all h € H.

Throughout the paper we assume that ¢ € C\{0} is not a root of 1 (¢ # 1 for all non-zero
integers n). Consider the quantum plane which is a unital algebra Cylx,y] with two genera-
tors z, y and a single relation

yTr = qry. (2.1)

Let us complete the list of generators with two more elements 2!, y~!, and the list of
relations with

=zl = yy_1

=y ly=1. (2.2)
The extended unital algebra C, [xil, yil} defined this way is called the Laurent extension of the
quantum plane (more precisely, the algebra of Laurent polynomials over the quantum plane).
Given an integral matrix ¢ = (’f ?}) € SL(2,Z) and a pair of non-zero complex numbers
(1,v) € (C\{0})?, we associate an automorphism ¢, of Cq[z™!,y*!] determined on the

generators x and y by

Copn(@) = pzhy™ 0y (y) = valy™. (2.3)

A well-known result claims that every automorphism of C, [mil,yil] has the form (2.3), and
the group Aut ((Cq [xﬂ, yﬂ]) of automorphisms of C, [xil, yﬂ] is just the semidirect product
of its subgroups SL(2,Z) and (C\{0})? determined by setting [6]

d:ef(

o(pv)o™t = (p,v)” = (o™, o).

(see also [2, 7]). We also rephrase this via introducing the associated action of SL(2,Z) by group
automorphisms of (C\{0})?

k. m
() ()=o) e

Il n)\v uron
The quantum universal enveloping algebra U,(slz) is a unital associative algebra defined by

its (Chevalley) generators k, k=1, e, f, and the relations

k~lk =1, kk=! =1,

ke = ¢ek, (2.5)
kf = ¢~ 2fk,

k— k!
ef —fe = = (2.7)

The standard Hopf algebra structure on Uy(sl) is determined by the comultiplication A, the
counit €, and the antipode S as follows

A(K) = k@ k, (2.8)
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Ale)=1Re+e®k, (2.9)
Af)=f@1+k 1 af, (2.10)
S(k) = k1, S(e) = —ek™1, S(f) = —kf,

e(k) =1, ele)=¢€(f)=0

Given a Uy(slz)-symmetry on C, [:cil,yﬂ], the generator k acts via an automorphism of
Cq[z*!, y*!], as one can readily deduce from invertibility of k, Definition 2.1(i) and (2.8). In
partlcular every symmetry determines uniquely a matrix o € SL(2,Z) as in (2.3).

There exists a one-to-one correspondence between the Up(slz)-symmetries of C, [ajﬂ,yil]
that leave invariant the subalgebra C,[z,y] and the U,(sly)-symmetries on Cgy[z,y]. One can
readily restrict such symmetry of C, [xil, yil] to Cylz, yl.

On the other hand, suppose we are given an arbitrary symmetry = on C, [wil,yﬂ] (not
necessarily leaving invariant C,[z,y]). One has the following relations:

(k) (z71) = (n(k)a) ™, w(k)(y™") = (w(k)y) ", (2.11)
n(e)(z7!) = a7 (n(e)2)(r(k)x) ™, w(e)(y7") =~y (m(e)y)(m(k)y) ", (2.12)
m(f)(z71) = f(ﬂ(k_l)x)_l(w(f)x)x_l, )y = f(w(k_l)y)_l(w(f)y)y_l. (2.13)

Here (2.11) is straightforward since 7 (k) is an automorphism; (2.12) and (2.13) are derivable by
‘differentiating’ (i.e., applying e and f, respectively, to) (2.2). Certainly, these relations remain
true when x or y is replaced by an arbitrary invertible element.

Thus, given a symmetry on Cg,lz,y|, the relations (2.11)-(2.13) determine a well-defined
extension of it to the additional generators z=!, 4!, hence to Cq [xﬂ, yil].

3 The symmetries with non-trivial o
and the generic symmetries

We first reproduce the results of [8] which present a partial list of Uj(slz)-symmetries on
C [ il,y ]

Here and in what follows we describe the (series of) Ug(sly)-symmetries on Cq[2*!, y*!] via
determining an action of the distinguished generators of U, (slz) on the generators of C, [mil,yﬂ] .
To derive the associated U,(sly)-symmetry, we first extend the action to monomials (both

in Uy(sly) and Cq[2%!, y*!]) using

(abju ®a(bu),  a,beUy(sh), ueCyla*,y*],
def
a(uv) = Z(a(l)u) - (a)v), a € Uy(sly), u,v € Cy [xil,yil],
(a)

(the Sweedler sigma-notation is implicit here), and then extend by linearity to the entire algebras
Uy(sly) and C,[zt!, y*1], using

a(u +v) = au + av, (a+ b)u = au + bu,
lu =u, al =e(a)l, a,b e Uy(sly), u,v € Cy [:Eil,yﬂ].

Such extension determines a well-defined action of Uy(slz) on C, [:cil, yil] if and only if every-
thing passes through the relations in Uy(sly) and C, [acﬂ, yil]. To verify this, one has to apply
every generator of Ugy(sly) to each relation in Cq[z*!,y*!], and then every relation in Ug(sly)
to each generator of C, [:Cﬂ, yil]. This is to be done in each specific case, and normally such
verification is left to the reader.
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It turns out that there exists a single rather poor family (series) of U,(slz)-symmetries on
Cq [.%il, yil] that correspond to non-trivial matrices o € SL(2,Z) which determine the action
of Cartan generator. More precisely, the set of matrices o # I which appear this way reduces
to a single matrix ¢ = —I, and one has

Theorem 3.1 ([8, Theorem 3.5, type (I)]). There exists a two-parameter («, 5 € C\{0}) family

of Uy(sla)-symmetries on C, [mil,yil] that correspond to o = —1:
r(k)(z) =a a7t w(k)(y) =67y
m(e)(x) = 0, m(e)(y) =0,
7 (f)(z) =0, 7(f)(y) = 0.
These are all the symmetries with o = —I (and also with o # I). These symmetries are all

isomorphic, in particular to that with a = 8 = 1.

Now turn to the case 0 = I and let m be a symmetry with this property. Then it follows
from (2.3) that the action of Cartan element k is given by multiplication of the generators z, y
by non-zero weight constants. We denote these weight constants by « and (3, respectively:

m(k)(z) = oz,  7(k)(y) = By.

Certainly, monomials form a basis of weight vectors (eigenvectors for 7(k)), and the associated
eigenvalues are called weights.

Let us start with the simplest case in which the operators m(e) and 7 (f) are identically zero.
This case has been disregarded in [8] due to its triviality, but should be considered now in order
to get a complete list of symmetries.

Lemma 3.2. Let w be a Uy(sly)-symmetry on C, [mil,yil]. The following properties of ™ are
equivalent:

(i

(ii

the weight constants o, € {—1;1};
w(e) is the identically zero operator on C, [l‘il, yil};
(t3i) w(f) is the identically zero operator on C, [xil,yil] ;
(1v
Proof. Assume (i). Clearly the weight of any monomial is 1. On the other hand, it follows
from (2.5) that 7(e) takes x to a weight vector whose weight is +¢2 # +1. Hence 7(e)(x) = 0,
and one has also m(e)(z™!) = 0 in view of (2.12). Similarly, m(e)(y*!) = 0 in view of (2.5)
and (2.12). Thus we conclude that 7(e) = 0, which is just (ii). The proof of (i) = (iii) is similar.
Assume (ii). An application of (2.7) to z and y yields (w(k) — w(k™1))(z) = (w(k) —
m(k™1))(y) =0, hence a = ™!, B = B, which is equivalent to (i). The proof of (iii) = (i) is
similar, and the rest of implications are clear. |

)
)
)
)

both w(e) and w(f) are the identically zero operators on Cy[z*!, y*!].

Theorem 3.3 (type (II)). Suppose that the weight constants o, € {—1;1}. There exist 4
Uy (sly)-symmetries on Cqla®!, y*1] given by

m(k)(2) =xz,  w(k)(y) = +y, (3.1)
m(e)(x) = m(e)(y) = =(f)(z) = 7(f)(y) = 0.
These are all the symmetries with o, € {—1;1}. They split in 2 isomorphism classes: the

first one is just the symmetry with « = B = 1 and the second one is the (union of) 3 other
symmetries.
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Proof reduces to a (trivial) verification of the fact that (3.1) and (3.2) determine well-defined
U, (slz)-symmetries on C, [mil, yil], with a subsequent application of Lemma 3.2. The isomor-
phisms between the symmetries with (%‘) #+ G) are easily available. |

In the rest of our considerations we assume that either m(e) or 7(f) is not identically zero.

A pair of non-zero complex constants « and 8 which could appear as weight constants for
some Uy (slz)-symmetry of C, [xil, yil], can not be arbitrary. In fact, an obvious consequence
of (2.5) claims that m(e) sends a vector whose weight is v to a vector whose weight is ¢?v. In
particular, 7(e)(x), if non-zero, is a sum of monomials with (the same) weight ¢?a. Since the
weight of the monomial ax’y’ (with a # 0) is a’3?, one has that a“8Y = ¢ for some integers u, v.
Of course similar conclusions can be also derived by applying (2.5), (2.6) to  and y. Under our
present assumptions (contrary to those of Lemma 3.2), this argument demonstrates that the
pair a and § of weight constants for a U, (slz)-symmetry of C, [xil, yil] is subject to a“f¥ = ¢?
for some (in general, non-unique) integers u, v.

The following theorem covers all but a countable family of admissible pairs of weight con-
stants. The series of symmetries involved here have been called generic in [8].

Theorem 3.4 ([8, Theorem 4.1, type (III)]). Let a pair of constants o, f € C\{0} be such that
a'BY = ¢? for some u,v € Z and o™B" # 1 for all integers m, n with (m,n) # (0,0). Then
there ezists a one-parameter (a € C\{0}) family of Uy(sly)-symmetries of Cy[zE!, y*1]:

m(k)(z) = o, m(k)(y) = By, (3-3)
71'(6)({5) — aqqurZS(11:2‘2q)2wu+lyv7 W(e)(y) — aquv+3(;]__q25)2xuyv+17 (34)
(P = - e gy = D e (35)

There exist no other symmetries with the weight constants o and 8. Two symmetries of this
form are isomorphic if and only if the associated pairs of weight constants are on the same orbit
of the SL(2,Z)-action (2.4) on (C\{0})2.

Proof. We restrict ourselves to proving the last claim (the isomorphism criterion) which was
absent in [8, Theorem 4.1].

The ‘only if’ part is obvious.

Assume that two symmetries 7 and 7’ as in (3.3)—(3.5) have pairs of weight constants which
are on the same orbit of the SL(2,Z)-action. Let us replace one of these symmetries (let it be )
with an isomorphic symmetry BrB~!, where B = ¢,11 € Aut (Cq[2®!,y*!]) is as in (2.3) for
a suitable matrix o € SL(2,Z). This replacement allows us to assume that 7= and 7’ have the
same pair of weight constants and differ only in the complex constants a and a’, respectively,
in (3.4), (3.5). Now with A = ¢7 .., € Aut (C4[z*!, y*']) one can arrange a routine computation
of Am(e)A~Y(z), Ar(e)A™1(y), Ar(f)A~1(x), An(f)A~1(y) based on (3.4), (3.5), and (2.3) (left
to the reader) and then equate these 4 elements of Cq [z, y*!] to 7/(e)(z), 7/(e)(y), 7' (f)(z),
7' (f)(y), respectively. Using the fact that, under the assumptions of the Theorem, none of the
constant multipliers in (3.4), (3.5) can be zero, one concludes that each of the 4 relations is
equivalent to the same relation p“v' = %/ As one can readily deduce from the assumptions
on weight constants that (u,v) # (0,0), a pair (u,v) satisfying the latter relation exists. This
proves our claim. |

Remark 3.5. The generic symmetries described by Theorem 3.4 constitute the most massive
part of the entire collection of Uy (sly)-symmetries of C, [xil, yil] , as compared with those given
by Theorems 3.1 and 3.3 where 7(e) and 7 (f) are the identically zero operators on Cq [z%!, y*1].
Even more, among the symmetries with o = I where the pair of weight constants (a, 3) is the
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most essential feature of a specific symmetry, the collection of generic symmetries covers all
but a countable family of admissible pairs of weight constants. This is contrary to non-generic
symmetries described below in this work, where the collection of pairs of weight constants
involved is only countable. This observation is completed by

Proposition 3.6. The collection of generic symmetries presented by Theorem 3.4 contains an
uncountable family of isomorphism classes of Uy(sla)-symmetries on C, [xil,yil}.

Proof. Let a generic symmetry 7 with weight constants (a, 3) be given. Consider an isomorphic
symmetry 7 = A7'7A, where A = ¢,,, € Aut (Cq [xﬂ,yﬂ]) is as in (2.3). A routine
verification demonstrates that the weight constants o/, 3’ of ©’ are given by (g:) = a(g) with
the action of o being as in (2.4), while the parameters p, v do not affect the weight constants
of the isomorphic symmetry 7’.

The first consequence of the above argument is that the weight constants o/, 3’ of ©’ are
again subject to the assumptions of Theorem 3.4, hence 7’ is also generic. That is, the family
of generic symmetries is closed under passage to an isomorphic symmetry.

Another thing to be deduced is that every isomorphism class of generic symmetries is con-
tained in a certain class of symmetries whose pairs of weight constants are on the same orbit
of the action of (the countable group) SL(2,Z) on an uncountable invariant subset of (C\{0})2.
The latter subset is just the collection of («, 3) subject to the assumptions of Theorem 3.4. This
implies our claim. |

Remark 3.7. It has been mentioned in Section 2 that there exists a one-to-one correspon-
dence between the U, (slz)-symmetries on Cylx,y] appearing in [4, Theorems 4.2-4.7] and those
of C, [xil,yil] that leave invariant the subalgebra C,[z,y], which is nothing more than the
restriction-extension procedures. In particular, every U,(slz)-symmetry on Cylz,y] described
in [4] should have its counterpart in the list of symmetries we produce here. It is easily visible
that, in view of the above correspondence, the symmetries of [4, Theorem 4.2] are the same as
the symmetries in Theorem 3.3.

As for all other symmetries of [4], they do not extend to symmetries as in Theorems 3.1
and 3.4. In the first case, the symmetries with 0 = —I do not leave C[x,y| invariant. As for
the generic symmetries, it should be noted that, under the assumptions of Theorem 3.4, the
constant multipliers in (3.4), (3.5) are all (including fractions) non-zero. On the other hand,
one can find in every non-trivial symmetry in the final table of [4], at least one identically zero
expression among the formulas for 7 (e)(z), m(e)(y), m(f)(x), 7(f)(y).

Hence, the generic symmetries do not leave invariant the subalgebra C,[z,y]. Another thing
to be deduced here is that the counterparts of non-trivial symmetries [4] are to be found among
the non-generic symmetries of C, [wil, yil] described below.

4 Weight polynomials and extreme monomials

We start with defining the integral parameters of type (IV) (non-generic) U,(slz)-symmetries
on C, [acﬂ, yﬂ] based on considering the properties of the associated pair of weight constants.
Although these parameters are not determined uniquely by a symmetry, they allow one to derive
two more parameters D and G. The subsequent exposition demonstrates that the latter para-
meters, while still admit certain ambiguities in their definition, work as isomorphism invariants
for type (IV) symmetries and allow the classification suggested in this work.

In what follows we make implicit the natural action of (the semigroup of) integral matrices
by endomorphisms of the multiplicative group (C\{0})%:

(0 ()= (o) -
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Integral parameters of a non-generic symmetry. Let m be a U,(slp)-symmetry on
Cq [wil,yil] with the associated matrix ¢ = I. Assume that 7 is type (IV), that is, the
associated pair of weight constants «, 3 satisfy a%BY = ¢? for some u, v € Z (just the assumption
on 7 being not type (II)), but, on the contrary to assumptions of Theorem 3.4, o"3° = 1 for
some integers r, s other than » = s = 0. Let us choose a pair (r, s) to be minimal in the following
sense.

Definition 4.1. Given a non-generic U,(slz)-symmetry 7 on C, [xil, yﬂ] with the associated
matrix o = I and the weight constants «, (3, the pair of integers (r, s) with a”8% =1 is said to
be minimal if, under the assumption r = wr’, s = ws’ for some integers w, 7/, s, w # £1, one
has o' 3% # 1.

Clearly, under these settings the pair (r,s) is unique up to multiplying both r and s by —1,
and we assume this pair to be fixed while considering a specific type (IV) U, (slz)-symmetry .

Also, the pair (u,v) is not unique for the given 7, as with v’ = u 4+ wr, v/ = v 4+ ws, w € Z,
one has a“/B“’ = ¢

Let us associate to a type (IV) symmetry 7 the matrix ® = (, 5 ), then the weight constants
a, (B satisfy

o)-(2)

The entries u, v, r, s of ® will be referred to as integral parameters of a type (IV) symmetry T,
with the minimality for the pair (r, s) being implicit. Now (4.2) may be treated as a definition
(although ambiguous in view of the above discussion) of integral parameters of 7.

One may ask if an arbitrary integral matrix corresponds in a manner described above to
a non-generic Uy(sly)-symmetry 7 on C, [:Uﬂ, yil]. Our subsequent observations demonstrate
that this conjecture fails.

One more trivial consequence of our choices is in observing that for any integers m, n, the
subspace of weight polynomials with the same weight as x™y" is just the linear span of the
monomials z™ Ty TSy € Z.

Let us introduce the discriminant D = rv — su of a non-generic symmetry . It follows from
our assumptions that D ## 0. The above ambiguities in the choice of u, v, r, s, given 7, could
at most affect D in multiplication by —1. This corresponds to the context of

Proposition 4.2. |D| is an invariant of isomorphism class of non-generic Uy(slz)-symmetries
on C, [ajil, yﬂ].

Proof. Let a non-generic symmetry m be given. Let us consider an isomorphic symmetry
7' = U~ 7¥, with an automorphism ¥ € Aut ((Cq [xil,yil]), U = 5, as in (2.3), whose
associated matrix is 0 = (’f ’;'Z) € SL(2,7Z). Clearly, the weight constants of 7’ are o/ = o*f™,
B = alp", that is a(g) = a;)

With the matrix ® = (7, ;) of integral parameters of 7 one has

o () -2()- ()

This implies that the integral matrix @’ © o1 = (Z/, f,i) is formed by the integral parameters
of the symmetry 7’ subject to all the necessary relations. Among those, the only item to be
verified is the minimality condition for r/, s’.

Assume the contrary, that is v = wr”, s = ws” for some non-zero integer w # +1, but

i

o™ 85" = 1. Consider the matrix ®” def (2/ 5, ), then one has

/
&\ 1 o -1_ (W 0 "
(0] <5/) = <q2) and Q' =Po " = <0 1> ",
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It follows that (wa ! 0)® = ®"0 is an integral matrix, and the latter relation being applied to
(g) yields

(o D)2)=oe(6) =7 (5) = ()

This contradicts to the minimality assumption on r, s, as the latter are just the entries of the
first line of ®. The contradiction we get this way proves the minimality assumption on 1/, s’.
Clearly, det ® = det ®, which implies the claim of our proposition. |

Remark 4.3. The proof of Proposition 4.2 could persuade the reader that the discriminant
D = det ® = rv — su is a more reasonable and subtle invariant than |D|, which might possibly
separate more isomorphism classes of non-generic symmetries. However, it will become clear
later that (simultaneous) multiplying r» and s (hence also det ®) by —1 produces a sort of
reparametrization of the same symmetry, thus remaining intact its isomorphism class.

There exists one more invariant, to be used later in classifying the symmetries. Let ged(r, s)
stand for the greatest common divisor for integers r, s.

Proposition 4.4. G = ged(r,s) is an invariant of isomorphism class of non-generic Uy(slz)-
symmetries on Cg [xil, yil] , with r, s being the matriz elements of the first line of ®, the matriz
of integral parameters of a symmetry.

Proof. We need to reproduce the beginning of proof of Proposition 4.2. Let us consider again
two isomorphic symmetries m and 7’ = U~ lx¥, with ¥ € Aut ((Cq [mil, yil]), V = pgu,, With
the associated matrix o = (”lC C’Z) € SL(2,Z), so that U(g) = (g,), with (g), (respectively, (g,))
being the weight constants of 7 (respectively, 7).

Let ® = (,5) be the matrix of integral parameters for 7. One has

v (5)=2(3) = (o)

That is, the integral matrix @’ el po-1 = (Z; j:) is formed by the integral parameters of the
symmetry 7’ subject to all the necessary relations. One can now verify the minimality condition
for 7', s’ exactly as it was done in the proof of Proposition 4.2.

Let w = ged(r, s), then r = wry, s = wsy, with 1, s1 being coprime. One has ® = (% 9) @/,
where @} = ("} 5).

It follows that

P =Po ! = (‘6’ (1)> oo,

whence ged(r’, s') > w = ged(r, s).
One can readily get the opposite inequality via applying this argument to the reverse passage

from 7/ to . Thus, we finally conclude that ged(r’, s") = ged(r, ). [ |
Proposition 4.5. A (non-degenerate) integral matriz ® = (7,5) of integral parameters for

a type (IV) symmetry m determines (via (4.1)) an onto endomorphism of the multiplicative
group (C\{0})2. The equation (4.2) has finitely many solutions. Every solution (g), in terms
of the matriz elements u, v, r, s and the discriminant D = det @, is subject to

— gD — g7, (4.3)
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Proof. The Cramer theorem allows one to form an integral matrix ®’ such that ®®’' = ¢'¢ =
(6) g), where D = det® = rv — su # 0. Explicitly &' = (_”u _Ts). Given arbitrary (‘lf) €

(C\{0})?, one chooses p', v/ with u'? = pu, v'P = v. Then q)’(l;:) is a preimage for (¥) with
respect to the endomorphism determined by ®, because

()~ 9))-0)

Hence the endomorphism in question is onto. Also, a routine argument establishes that the
kernel of this map is contained in T2 C (C\{0})?, the Cartesian square of the group I' of D-th
roots of 1, hence finite.

An application of ® to (4.2) produces (4.3). [ |

Let us consider a non-zero weight polynomial p € C, [l‘il, yil] with respect to a symmetry 7,
whose integral parameters are r, s, u, v. Due to the above observations, p is a finite sum of

the form p = Y dp,z™ % y" TS 5o that the weight of p is a™B". We need to consider its
WEZL
extreme monomials, namely the maximum and minimum ones, which correspond, respectively,

to max{w: d, # 0} and min{w: dy, # 0}. The associated values of w will be denoted by
maxind,, ,(p) and minind,, ,,(p). This certainly assumes that the pair (m,n) is fixed.

Consider the polynomials w(e)(z), w(e)(y), 7(f)(x), 7(f)(y), related to the symmetry 7. It
follows from the commutation relations (2.5), (2.6) that these are weight polynomials with
weights ¢?cr, ¢°83, ¢ %, ¢ 23, respectively. Furthermore, the discussion at the beginning of this
Section allows one to conclude that these should be finite sums of the form

ﬂ'(e)(.%') _ Z aiuxu+1Jru;ryv+ws7 Z CL” u+wr v+1+ws7 (4_4)
wWEZL wWEZ

m(f)(x) =) Ty n(f)(y) = ) fae iy ot (4.5)
teEZ teZ

It should be emphasized that the above notions of extreme monomials and the values
maxind,, ,(p) and minind,, ,(p) are well defined only for non-zero polynomials p. We need
to consider similar notions in a way more closely related to a (non-generic) U, (slz)-symmetry 7
on C [ 1 ] . Namely, given such symmetry 7, we consider the double (pair of) polynomial(s)
(W(e)(x), 7r( )(y)) € Cqlztt, y*] @ Cq[z*!, y*!]. This may be treated as a (finite) sum

(W(e)(x>; 7T(e) (y)) = Z (a;}xuﬁ-l-&-w?”yv—&-ws, ai:}xu-&-wryv-i-l-&-ws)
wWEZ

of double monomials with the coefficients al,, a!, as in (4.4), (4.5).
Let us introduce the notation

mininde(7) = min{w € Z | (a.,, al,) # (0,0)},

w? ’LU

maxinde(7) = max{w € Z | (al,,al)) # (0,0)}.

In a similar way we consider the double polynomial ((f)(z), 7(f)(y)) € Cq[z*!,y*!] &
C [ £ yE ] and introduce

minind¢(7) = min{t € Z | (c}, ¢}) # (0,0)},
maxinds () = max{t € Z | (¢}, c}) # (0,0)}.
The four values mininde(7), maxinde(7), minind¢(7), maxind¢(7) are well defined when we
are in the context of non-generic symmetries.

There exist certain dependencies between the constant coefficients in (4.4), (4.5). To clarify
them, we need the following lemma based on (2.1).
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Lemma 4.6 ([8, Lemma 4.2]). Let 7 be a Uy(sly)-symmetry on Cq[z®,y*'] such that
(k) (x) = az, m(k)(y) = By,
m(e)(x) Za”xy, m(e)(y) Zb,]:cy, (4.6)
Zcz,]x v, Zdz ]x y ) (47)

with o, f € C\{0}, a; ,b; j,cij,dij € C, and the above sums being finite. Then

ai1,j(¢" = B) = bijr1(1 — ad’),
Ci—l—l,j(l — 5_1qi) = dz’,j—}—l (Q'7 — Oé_l).

An application of Lemma 4.6 allows one to establish the relations between al,, a!/ and
between ), c/. Namely, we substitute al, = a,(1 — ag'™™%), al, = aw(¢“T™"" — B) and
rewrite (4.4), (4.5) in the form

m(e)(x) = Z aw(l — aq”+ws)x“+1+wy”+ws, (4.8)
WEZL

R() = 3 au (g = garteryie, (4.9
WEZL

W(f)(x) — Z ct (ail o qfvﬂfs):Cfqulthryvarts7 (4'10)
teZ

W(f)(y) — Z ct (ﬁ—lq—u—i-tr _ 1)x—u+try—v+1+ts' (4‘11)
teZ

To clarify the relations between a,, and ¢; required to write down the existing series of non-
generic symmetries, we need to collect several properties of extreme monomials of the weight
polynomials (4.8)—(4.11).

Lemma 4.7.

ay =0 for w > maxinde (), (4.12)
ay =0 for w < mininde(7), (4.13)
¢t =0 for t > maxindg(7), (4.14)
¢t =0 for t < minindg (7). (4.15)

Proof. To prove (4.12) and (4.13), it suffices, in view of our definitions, to verify that the
multipliers 1 — ag?™* in (4.8) and ¢“**" — 3 in (4.9) can not be zero simultaneously (with the
same w).

Assuming the contrary, we get o = ¢7V~"%5, B = ¢“¥" for some w. Under our assumption
on ¢, this, being substituted into (4.3), implies

D(u+ wr) = 2r, D(v + ws) = 2s.
This can be readily rewritten in the form
Du = (2 —wD)r, Dv=(2—wD)s,

and since the discriminant D # 0, this implies D = det ® = 0. The contradiction we get this
way proves our claim.
(4.14), (4.15) can be proved in a similar way. [
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One more application of the argument, used in the proof of Lemma 4.7, together with our
definitions, yields

Lemma 4.8. In (4.8), (4.9) one has
Umaxinde(r) 7 0, Amininde(r) 7 0-
In (4.10), (4.11) one has
Crmaxind; (7) 7 0, Crmininds (r) 7 0-

We also need the following relations valid in our present context (o = I):

H@) = Dy o ey, (116)
4,J

) = 2 b e @7 iyt (4.17)
Zcma -~ __(;J]pxp Iigd (4.18)

r(007) = Y B pﬂ"’ i, (4.19)

where p € Z, a; j,b; j, ¢ j,di; € C are as in (4.6), (4.7). These relations are due to a straightfor-
ward induction argument, together with (2.12), (2.13). Of course, these are valid unless some
special values for the weight constants o and/or 5 make the denominators of fractions involved
to be zero. In fact we will not encounter such special cases in what follows, so we need not take
care about replacing these fractions (which are just sums of certain progressions) to attain more
generality in (4.16)—(4.19).

We demonstrate here (4.16) for the reader’s convenience, assuming ag’ — 1 # 0. Clearly with
p = 0 we get m(e)(1) = 0 as one should expect. Substituting p = 1, we get just (4.6). With
p > 0, let us perform the induction step.

7(e)(2P) = 2P (e)(z) + m(e) (2P ) (k) (z)
i, j aPg’P — 1 —14i, g
=¥ zj:am-x Y+ z]: a; j o 1 P Myl ax

aqup -1 . aPtlgip+l) _q o
= Zal’] < ﬁaq > ZZ‘IH—Zy _ Zal"] aq] 1 xp'i"byj.

7]

This proves (4.16) for p > 0. To cover the negative powers, we set p > 0 and apply (2.12) as
follows

_ Pgir — 1
m(e)(z7P) = —z7Pr(e)(2P)m(k) (a:p =—x pz Ja q acp Wiyl Pg=P
aqup -1 —Jp . —p—1+1 - pq—jp —1 —p—1+2, 5
B IL v R ‘Zaql v

which finishes the proof of (4.16).
To use the relation (2.7) for computing non-generic symmetries, we need certain estimates
for extreme monomials of the polynomials produced by composed operators like 7(ef) applied

to the generators x and y. The estimates presented in the next two lemmas, of course, do not
involve (the r.h.s. of) (2.7) itself.
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Lemma 4.9. In our previous notation

(ef _ fe Z Z awCtq (utwr)(—v+ts) (aqis _ a—l) (q—2+z‘D _ 1)x1+z’ryz’s’ (4‘20)
i wtt=1i

7T(ef _ fe) (y) _ Z Z awctq(u+wr)(—v+ts) (IB—lqir _ 5) (1 _ q—2+iD)xiry1+is‘ (421)
i wtt=i

Proof. Let us start with computing the polynomial 7(ef)(x). This involves (4.4), (4.5), (2.9),
(2.10), and the notion of weight constants.

_ Z C;ﬂ(e) (x—u+l+try—v+ts)

_ Z Cg (w—u+1+tr7r(e) (y—v—i-ts) + 7r(e) (‘,L,—u-&-l-&-tr)ﬂ(k(y—v-&-ts))'

One has to observe at this point that the replacement here of 7(e) (y~***) and m(e) (z ")
with sums like (4.16), (4.17) involves the coefficients al,, al, as in (4.4). The specific form of
the latter coefficients as in (4.8), (4.9), respectively, implies that a!, (al]) appears to be zero
when the associated denominator in (4.16) ((4.17)) is zero. This special case would require
rewriting (4.16) ((4.17)) in a different form (sum of finitely many identical constants). This
rewriting appears to be redundant since the corresponding terms in the sums to be substituted
are totally absent, thus leaving only terms as in (4.16) ((4.17)) with non-zero denominators.

Now we proceed with computing 7 (ef)(x),

vaths q(quwT)(varts)

o / —u+1+tr " - utwr, (w+t)s
m(ef)(x) = th <x gaw 5 g x Yy

t

—ut1+ir o (vtws)(—ut+l+ir) _ q
;o q 1+(w+t)r, v+ws p—v+ts, —v+ts
+ Z y aqurws -1 T Yy ﬂ Yy

—u+t1+tr o (vtws)(—ut+l+ir) _ q

. / ! p—vtts ¥ q
>3
w t

/B—v+ts _ q(“+wT)(_U+ts) xl—i—(w-‘rt)ry(w-i-t)s.
B _ qu-‘er

"
+ a,,

Let us substitute a}, = ay (1 — ag"t*), al, = ay, (¢“"" — B) to get

= Z Z awCQ (IB—U—HES (1 o a—u+1+trq(v+ws)(_U_H_HT))
w t

+ q(u+wr)(7v+ts) o 57v+ts)$1+(w+t)ry(w+t)s

_ Z Z Aoy C/ (utwr)(—v+ts) (1 _ q—2+v+(w+t)D+wsa)xl—i—(w—l—t)ry(w—l—t)s.

A similar calculation yields

m(fe)(x) = Z Z aguctq(%l—wr)(—v-&-ts) (a—lq_2+(w+t)D _ q—v+ts)l‘1+(w+t)ry(w+t)5.

w t

Finally we obtain, using ¢, = ¢;(a™! — ¢7?*%%) as in (4.10):

7(ef — fe)( Z Z Gy g OHE) (71 - o) (1 — g2 Diws )



The Laurent Extension of Quantum Plane: a Complete List of Ug(slz)-Symmetries 15

_ (1 _ aqv+ws) (aflq—2+(w+t)D _ q7v+ts))x1+(w+t)ry(w+t)s

= Z Z awctq(u-‘rw'r)(—v-i-ts) (q—2+(w+t)D (aq(w+t)s B a—l)

w t
+ (a—l . aq(w—i-t)s))xl—&-(w—i-t)ry(w—&—t)s

— Z Z awctq(u+wr)(—v+ts) (aq(w+t)s o Oé_l)
w ot

24 (wtt)D _ 1)x1+(w+t)r (wtt)s

x (¢~ y :

which is equivalent to (4.20). The proof of (4.21) goes in a similar way. [
Lemma 4.10.

(ef —fe)(x

minindg 1 (7 (ef — fe)(y

m(ef — fe)(

m(ef — fe)(

minindy (7 )
)
x))
y))

Proof. An obvious consequence of Lemmas 4.7 and 4.9. |

ininde (7) + minind¢(7),

)
axinde(m) + maxindg(7),
axinde(7) + maxindg (7).

mi
mininde(7) 4+ minind¢ (7

maxindy g ma.

ma

>
>
<
<

—~~

)
)

maxindg

It follows from Lemma 4.10 that all the non-zero monomials of the (weight) polynomials
m(ef — fe)(x) (4.20) and w(ef — fe)(y) (4.21) should be among those with indices ¢ subject to

mininde(7) + minind¢(7) < 7 < maxinde(7) + maxindg (7).
In fact, this admits a further adjustment.

Lemma 4.11. Either
mininde(7) + minind¢(7) = 0 or maxinde(7) + maxind¢(m) = 0.
Proof. To clarify the position of 0 with respect to the interval of integers
[mininde (7) + minind¢(7); maxinde () + maxindg(7)], (4.22)

let us first assume that 0 is outside of this interval. In this case the monomial corresponding to
i =0 in both 7(ef — fe)(x) and 7(ef — fe)(y) (which is just x in the r.h.s. of (4.20) and y in the
r.h.s. of (4.21)) is zero. This is because every term of the coefficient at this monomial involves
products like a,,¢; with w4+t = 0. It follows from Lemma 4.7 that under our assumption every
such product is zero. Thus, looking at (2.7), we conclude that both weight constants o and /3
are 1 or —1. This contradicts to our assumption on 7 being non-generic, which implies that we
are not in the context of Lemma 3.2.

Next assume that 0 is inside the interval of integers (4.22) (not at an endpoint). Ob-
serve that the monomial in (4.20) corresponding to i being equal to one of the endpoints
mininde(7) + minind¢(7) or maxinde(7) + maxind¢(7) has a constant coefficient which is just
the (single) product a,cq(vTwr)(=vtts) (g — a1)(¢7*TP — 1) where w = mininde(r), t =
minind¢(7) (respectively w = maxinde(7), ¢ = maxind¢(7)). In both cases neither a, nor ¢
could be zero by Lemma 4.8. On the other hand, one deduces from (2.7) that the entire product
ey g v (agts — a71) (¢72+P — 1) should be zero with i at each endpoint. It follows
that at each endpoint one should have either ag’® —a~! =0 or ¢72P —1 = 0.

The relation ¢~ — 1 = 0, due to our assumption on g, is equivalent to iD = 2.

As for ag'”® — a~! = 0, one can apply additionally (4.3) to exclude o and obtain, under the
additional assumption s # 0, that iD = 4.
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One can also reproduce the above argument with respect to (4.21) in order to conclude that,
with ¢ being at an endpoint (other than that with ¢D = 2), under the additional assumption
r # 0, that iD = 4.

As it can not happen that » = s = 0 simultaneously (this is just our present assumption on 7
being non-generic), we deduce that at this endpoint D = 4 with no additional assumptions.

Since D is fixed, we conclude that the integer index i at both endpoints of (4.22) should have
the same sign, which contradicts to our assumption on 0 being inside the interval (4.22). This
completes the proof of lemma. |

Lemma 4.12. The extreme monomials in (4.20) and (4.21), which correspond to i # 0, are
subject to either iD =4 oriD = 2.

Proof. By Lemma 4.11 we need to prove our claim in two separate cases. Let us stick to the
case mininde(7) + minind¢(7) = 0. The opposite case maxinde(m) + maxind¢(7) = 0 can be
considered similarly.

So, we assume mininde(7) + minind¢(7r) = 0, hence by the assumption of our lemma
maxinde(7) + maxind¢(7) > 0. The monomial in (4.20) corresponding to ¢ = maxinde(m) +
maxindg () has a constant coefficient which is just the (single) product a,,c,q(“+twr(=v+ts) (aq“ -
o) (¢7?*P—1) where w = maxinde(), t = maxind¢(r). Neither a,, nor ¢; in the latter product
could be zero by Lemma 4.8. On the other hand, one deduces from (2.7) that the entire product
ayepqttwr)(-vtts) (agq® — a™1) (¢7*T*P — 1) should be zero since i > 0 (while (r,s) # (0,0), as
we are in type (IV)). It follows that one should have either ag®® —a~! =0 or ¢ 2+P — 1 =0.

The relation ¢~ 2P — 1 = 0, due to our assumption on ¢, is equivalent to iD = 2.

As for ag®® — a~! = 0, one can apply additionally (4.3) to exclude o and obtain, under the
additional assumption s # 0, that iD = 4.

One can also reproduce the above argument with respect to (4.21) in order to conclude that,
with 4 other than that with ¢D = 2, under the additional assumption r # 0, that iD = 4.

As it can not happen that r = s = 0 simultaneously (since 7 is type (IV)), we deduce that
1D = 4 with no additional assumptions. |

Corollary 4.13. The sums in (4.8)—(4.11) can have at most 5 (non-zero) terms.

Remark 4.14. In fact, the number of terms in the sums in (4.8)—(4.11) appears to be even
lower, namely at most 4. This will become clear below, after final computing of the coefficients.

In view of Lemmas 4.7, 4.8, 4.11, and Corollary 4.13, we can now arrange one more adjustment
of (4.8)—(4.11). For that, let us introduce three more parameters M, L, N € Z. Looking at
Lemma 4.11, we consider first the case mininde(7) + minind¢(7) = 0. Then with 0 < L <
maxinde(7) + maxind¢(7) = N, one can rewrite (4.8)—(4.11) as follows

L
W(e)(x) — Z aM—i—w(l _ aqur(Mer)s)qur1+(M+w)rvar(M+w)s7 (4'23)
w=0
L
W(e)(y) _ Z Mt (qu+(M+w)r i B)$u+(M+w)ryv+l+(M+w)s’ (4'24)
w=0
N—-L
m(f)(z) = Z conrpe(a™t — g U HEMADS) et lH (=M Ay —o b (=MD, (4.25)
t=0
N—L
() = S engpe (B-Lqm M _ 1)t CMH)r oM R)S (4.26)
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Note that by Lemma 4.12 [N| € {1, 2,4}, and there must be certain dependencies between a sy,
and c_pri¢.

In the case maxinde(7) + maxind¢(7) = 0, with N = mininde(7) + minind¢(7) < L < 0, one
has

0
m(e)(x) = Z aM+w(1 _ aqv+(M+w)s)xu+1+(M+w)ryv+(M+w)s’ (4.27)
w=L

0
m(e)(y) = Z aM 4w (qu+(M+w)r _ B)xu-l—(M-‘rw)ryv-I—l-i-(M—I—w)s’ (4.28)
w=L

0
rB)@) = S cnpe(at — g MR T My o (M) (4.29)

7(F)(y) = Z C Mt (IB—lq—u+(—M+t)r _ 1)x—u+(—M+t)ry—v+1+(—M+t)s' (4.30)

Lemma 4.15. The collection of (non-generic) symmetries corresponding to maxinde(m)+
maxinds(7m) = 0 coincides with the collection of symmetries with mininde(7) + minind¢(7) = 0.
More precisely, each symmetry from the first collection becomes a symmetry from the second
collection after a suitable change of parameters, and vice versa.

Proof. The symmetries with maxinde(7) + maxind¢(7) = 0 are described by (4.27)-(4.30),
together with m(k)(z) = ax, 7(k)(y) = By, where the pair of weight constants (g) is a (minimal)
solution of (4.2). This description is certainly modulo some dependencies between apsi,, and
C—M+t-

Let us substitute M = —M', r = —r', s = —s', w = —w', t = —t'. The latter two changes
of indices in sums forces also change of the parameters N and L. Now (4.27)—(4.30) acquire the

form
—L
71'(6)(211) — Z a—M’—w’(l - aqur(M +w’)s )xu+1+(M +w’)r var(M +w')s ,
w! =
L
W(e)(y) _ Z a0 (qu+(M +w)r’ ,B)qur(M +w’)r y'qulJr(M +w’)s ’
w/'=
—N+L
W(f)(l‘) _ Z CAL—p (Ozil q7v+(fM’+t’)s’)x7u+1+(7M’+t’)r 7v+(7M’+t/)s’7
t'=0
—N+L
W(f)(y) _ Z Crpr_ (B—lq—u—l—(—M +t)r' 1)$—u+(—M +t)r y—v+1+(—M +t')s '
=0

Clearly, this is the same as (4.23)—(4.26) up to replacement of (in fact, reindexing) the parame-
ters a;, ¢j. The set of minimal solutions of (4.2) (weight constants) obviously remains intact
under the above reindexing, hence the operator 7(k) remains the same. Another obvious obser-
vation is that this reindexing also remains intact the elements 7(e)(x), 7(e)(y), 7(f)(x), 7(f)(y)
of C, [l‘il, yil} under a fixed set of a;, ¢; before reindexing, since each of those complex constants
remains the same after reindexing. It follows that the operators 7(e), 7 (f) remain the same after
the above reindexing, as this is first an application of the coproduct in Ug(sly) (via using the
Sweedler sigma-notation) while extending to monomials, and then extending by linearity to the
entire C, [mil, yil]. Both procedures are independent of the parameters of symmetries.



18 S. Sinel’shchikov

Thus, the symmetry (under a fixed set of complex parameters) appears to be the same after
reindexing, but now it possesses the property mininde(7) 4+ minind¢(7) = 0 with respect to the
new integral parameters. |

Remark 4.16. Lemma 4.15 implies that, in writing down a complete list of non-generic Uy (slz)-
symmetries on C, [xil, yﬂ], it suffices to restrict oneself to the symmetries with mininde(7) 4+
minind¢(7m) = 0.

Remark 4.17. In the context of Lemma 4.15 and Remark 4.16, it is useful to reindex the (non-
zero) complex constants a;, ¢; in such a way that apr4., as in (4.23)—(4.24) becomes a,, and
c_M+t as in (4.25)—(4.26) becomes ¢;. This allows one to simplify the notation and to rewrite
(4.23)—(4.26) and (4.20)—(4.21) in the form as follows, suitable for subsequent applications:

L
m(e)(z) = Z ay (1 - aqur(Mer)s)l_u+1+(M+w)ryv+(M+w)s7 (4.31)
w=0
L
W(e)(y) _ Z Qs (qu+(M+w)r o /B)l,u+(M+w)ryv+l+(M+w)57 (4'32)
w=0
N—L
w(f)(x) = Z c (a—l _ q—v—i-(—M—‘rt)s)x—u—i—l—l—(—M—i—t)ry—y-i,-(_M_A,_t)s’ (4.33)
t=0
N—-L
7(f)(y) = ¢ (5—1q—u+(—M+t)r _ 1)x—u-l-(—M-i-t)ry—v+1+(—M+t)s7 (4.34)
t=0
m(ef —fe)(x) = Z Z awth(u—i-(M—&-w)r)(—v+(—M+t)s) (quis o Oz_l)
i 0<w<L
0<t<N-L
wHt=1
X (g = )2ty (4.35)
m(ef —fe)(y) = Z Z ayepg it Mrw)r)(—ot(=M+t)s) (81" — B)
i 0<w<L
0<t<N-L
w—+t=1
v (1 _ q72+iD)$iry1+is. (4.36)

5 A complete list of non-generic symmetries

The discussion of Section 4 indicates that non-generic symmetries are to be searched for in the
form (4.31)—(4.34), together with

m(k)(z) = az,  w(k)(y) = By,

where the pair of weight constants (g) is such a solution of (4.2) that the pair (7, s) is minimal

with respect to (g)

Now we are in a position to write down an explicit form of non-generic U,(sl2)-symmetries
on C, [mil,yil]. The last step in doing this is in computing relations between (and, possibly,
excluding some of ) the constant coefficients a,,, ¢; at monomials in (4.31)—(4.34). This is to be
done (after explicit calculation of weight constants) via an application of (2.7) to (4.35), (4.36),
where all the monomials should be zero except those with 7 = 0; the latter must have coefficients
deduced from (2.7).

We keep the notation of Section 4 concerning the integral parameters r, s, u, v, D, N, L

of non-generic symmetries. It follows from Proposition 4.2 and Lemma 4.12 that we have to
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distinguish the 3 classes of symmetries with |D| = 1,2, or 4. Also, in view of Lemma 4.15, we
restrict our considerations to the case mininde(7) +minind¢ () = 0. It follows that maxinde(7)+
maxind¢(7) > 0, hence, in view of Lemma 4.12, D = 1,2, or 4. However, it will become clear
below that the explicit form of relationship between the coefficients a,,, ¢; depends on L, so we
need to partition the class of symmetries into finer series corresponding to specific values of L.
In fact, the values of L involved here determine the number of terms (utmost, with all a,, ¢
non-zero, 0 <w < L, 0 <t < N — L) at w(e)(z), w(e)(y), m(f)(x), 7(f)(y).

The names of series of symmetries to be used below are of the form D;G;Er1FN_1+1,
where 7 is the value of D within the series (see also Proposition 4.2 and the subsequent remark),
Jj is the value of the invariant G = ged(r,s), L + 1 the utmost number of terms at m(e)(x),
m(e)(y), N — L + 1 the utmost number of terms at 7 (f)(x), = (f)(y).

In what follows we restrict ourselves to writing down the final form of the series of non-generic
U, (slz)-symmetries on C, [xil,yil]. The related calculation of the coefficients is completely
routine and thus omitted.

5.1 Thecase D =1

With D = 1, the weight constants «, 3 are determined by (4.3) unambiguously, once the integral
parameters r, s, u, v are given. The corresponding values for the weight constants are assumed
to be substituted to (4.31)—(4.36) prior to final calculations. The minimality condition for (r, s)
here is an immediate consequence of D = rv — su = 1, as 7, s are coprime. Hence in the present
case G = ged(r, s) = 1.

DG E 1 F3
n(k) (@) =gz, w(k)(y) ="y,
m(e)(z) = _Calq(u—l—Mr)(v-‘rMs)-i-?)(l _ q2)_2(1 _ qv-‘r(M—Q)s)qu,-lJ,-Mryv_FMS?
m(e)(y) = —cp LquHMNWEMa)+3 (1 _ 272 (qutMr _ 2r) gt Mry v 1+Ms
w(f)(z) = co (q25 _ q*Ust)xfquleryfvst
+ co (q2s - q’”Jr(*MﬂL?)S)x*u+1+(*M+2)ry7v+(fM+2)s

ey (q2$ o q—”u—i-(—M—l—4)s)x—u—&-1—|—(—M—|—4)'ry—'u—l—(—M—i—4)s7

R(O) = colg- D — 1)t

T e (q—u—Mr . 1)x—u+(—M+2)ry—v+1+(—M+2)s

ey (qfqu(fMJrZ)r _ 1)x7u+(fM+4)ry7v+1+(fM+4)s'

Here r,s,u,v,M € Z, D =rv —su =1, G = ged(r,s) = 1, ¢p,c2,c4 € C, ¢9 # 0. The name of
series is due to the real number of terms, unlike D;G1FE1F5 (as it might be in correspondence
with the value L = 0). This is because the calculation of coefficients in (4.33), (4.34) with L =0
yields ¢; = ¢3 = 0.

D1G1E2F4

n(k) (@) = ¢z, w(k)(y) ="y,

0 4" A 5 -2 v —2)8) .u r.v s
m(e)(x) = —colq( +Mr)(v+M )+3(1 _ q2) (1 Sy +(M—2) )m 1Mot M

+ 66201q(u+Mr)(v+Ms)+25u+4+2Mrs(1 _ q2>,2(1 _ qur(Mfl)s)

x xu+1+(M+1)ryv+(M+1)Ms’
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m(e)(y) = —cg q("+MT)(”+Ms)+3(1 ) (M gy (o (M)
+CO Clq

u+(M+1)r, v+1+(M~+1)Ms
T Y )

W(f)(x) = co (q23 _ qfvst)xfquleryfvst

1 (q23 . q—v—i-(—M—I—l)s)x—u+1+(—M+1)ry—v+(—M+1)s

+ e (q28 _ q—v+(—M+2)s)$—u+1+(—M+2)ry—v+(—M+2)s

(u+Mr)(v+Ms)+2su+4+2Mrs (1 o q2) —2 (qu—i-(M—‘rl)r - q2r)

AMrs—Mrv—M?rs—Mr+2rs (qQS —v+(—M+3)s)

+ ¢ 'ercag
X x—u+1+(—M+3)ry—v+(—M+3)s,
m(f)(y) = co (qiqu(fM*Q)T — 1)x7“’M7"y*”H*MS

T (qfqu(fol)r i 1)l,fu+(fM+1)ryfv+1+(fM+1)s

—4q

+ e (q—u—Mr . 1)x—u+(—M+2)ry—v+1+(—M+2)s

4M7’S—M7"U—M27‘S—M7‘+27‘S( —ut(—M+1)r 1)

+ calclcgq
—u+(—M+3)ry—U+1+(—M+3)s

q

X T

Here r,s,u,v,M € Z, D = rv —su = 1, G = ged(r,s) = 1, ¢p,c1,c2 € C, ¢y # 0. This
corresponds to L = 1.

D1G1E3F3

n(k) (@) = ¢z, w(k)(y) ="y,

m(e)(z) = ao(l . qv+(M—2)s)mu+1+Mryv+Ms + a1(1 _ qv+(M—1)s)xu+1+(M+1)ryv+(M+1)Ms

+ a2(1 i qu+Ms)xu+1+ (M+2)r v+(M+2)

m(e)(y) = ap(¢" ™" — ¢®" )t My I Ms 4 gy (q“+(M+1)T — @) gt 4Dyt 1+ (M4 1) M s

T ay (qu+(M+2)r —q r)xu+(M+2)ryv+1+(M+2)s,

7r(f) (l‘) _ _aalq(u+Mr)(v+Ms)+3(1 _ q2)—2 (q25 _ qfvst>$fu+1ery7vst
+ aa2a1q(u+M7‘)(v+Ms)+2—28u—2M7‘s (1 o q2)*2 (q25 o q—v+(—M+1)s)
% x—u-i—l-i—(—M—i—l)ry—v—i-(—M-i-l)s
. aa2a2q(u+Mr)(v+Ms)+1—4su—4Mrs(1 . qz)—Q (q2s _ q—v+(—M+2)s)
> x—u+1+(—M+2)ry—v+(—M+2)s

7r<f) (y) _ _aalq(u+Mr)(v+Ms)+3(1 _ q2)*2 (qfqu(foQ)r _ 1)x7u7Mry7v+1st
+ a62a1q(u+Mr)(v+Ms)+2—2su—2Mrs(1 - q2)—2 (q—u—i-(—M—l)'r o 1)
> w—u—l—(—M-l—l)ry—v—&-l—&-(—M—f—l)s
o a62a2q(u+Mr)(U+Ms)+1f4su74Mrs(1 _ q2)—2 (qfuer _ 1)
X $7u+(fM+2)ryfv+1+(fM+2)s‘

Here r,s,u,v,M € Z, D = rv — su = 1, G = ged(r,s) = 1, ag,a1,a2 € C, ap,a; # 0. This
corresponds to L = 2.

In the case a1 = 0 the last terms at 7(f)(x), 7(f)(y) appear to be different and we obtain the
series



The Laurent Extension of Quantum Plane: a Complete List of Ug(slz)-Symmetries 21

D.G1ExF;
m(k)(@) =q >z, w(k)(y) ="y,
m(e)(x) = ao(l _ qv+(M—2)s) ut+1+Mr U+Ms T as (1 _ qv+Ms)xu+1+(M+2)7’yv+(M+2)5’
7(e)(y) = ap (g — g )t Mryp I Ms g (qut(MA2)r _ 2r) puk M42D)r vk 14+ (M 42)s
7(f)(z) = —ag 1q(U+Mr)(v+Ms)+3(1 qz)—2 (¢ — qfvst)xfquleryfvst
+ e (q _ q—v-i-(—M-l—Q)s)x—u+1+(—M+2)ry—v+(—M+2)s7
7(F)(y) = —ag  qurMIWEM)E3 (] _ 272 (qrut(=M=2)r _ 1) pmuMry —vt1-Ms

+ ¢y (qfuer _ 1)x7u+(fM+2)ryfv+1+(fM+2)s'

Here r,s,u,v,M € Z, D = rv—su =1, G = ged(r,s) = 1, ap, as,ca € C, ag # 0. This is just the
case L =2, a; = 0in (4.31), (4.32), hence the name of series corresponding to the real number
of terms.

D.G1E4F>

n(k)(z) =q >z, w(k)(y) = ¢y,
m(e)(x) = ag(1 — g T M=) guidtMryvidds 4 g (1 — gvF (M=) gu e (MALry v (ML) M

U+Ms)mu+l+(M+2)ryv+(M+2)

v+(M+1)s) xu+1+(M+3)ryv+(M+3)57

+ CLQ(l —q
+ ag tarasg® (1—g¢

W(e)(y) — ao(qu—l-Mr . q2'r)xu+Mry
+ as (qu+(M+2)r _ q2r)l,u+(M+2)ryU+1+(M+2)s

v+1+Ms +a (qu—O—(M—H)T _ qQT)xu+(M+1)ryv+1+(M+1)s

+ a61a1a2q2rs (qu+(M+3)r _ 1)$u+(M+3)ryv+1+(M+3)s,
_ —2 —y— _ _ —y—
W(f)(l‘) = —ag 1q(u+Mr)(U+MS)+3(1 _ q2) (q2s —q v MS);U u+1 Mry v—Ms
+ a62alq(u—l—Mr)(v+Ms)+2—25u—2Mrs(1 _ qQ)—2 (qQS . q—v+(—M+1)s)
% x—u+1+(—M+1)ry—v+(—M+l)s’
— -2/ _ M- —u— — —
W(f)(y) = —q; lq(u+Mr)(v+Ms)+3(1 _ q2) (q ut(—M-2)r _ 1).58 u Mry v+1—Ms
+ aa2a1q(u+MT)(U+Ms)+2—25u—2Mrs(1 _ q2) —2 (q—u+(—M—1)r _ 1)
—ut(=M+1)r, —v+1+(=M+1)s

X T Y

Here r,s,u,v,M € Z, D = rv — su = 1, G = ged(r,s) = 1, ap,a1,a2 € C, ag # 0. This
corresponds to L = 3.

D1G1E3F1

n(k)(@) =g¢ >z, 7(k)(y) ="y,
m(e)(z) = ao(l _ qv+(M72)s)xu+l+Mryv+Ms + a2(1 _ qurMs)xu+1+(M+2)ryv+(M+2)s
+ ag (1 — g MFDs) guttH(M)r v (M4)s

W(e)(y) = ag (qu-i-Mr _ q2r)l,u+Mryv+1+Ms T as (qu+(M+2)r _ q2r)xu+(M+2)ryv+l+(M+2)s

+ay (qu+(M+4)r o q2r)xu+(M+4)ryv+1+(M+4)s,

m(f)(x) = ag 'qutMPOEMOE3 (1 q2)—2(q25 gy M) gl My o= Ms

)
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m(f)(y) = aalq(u+Mr)(v+Ms)+3(1 — q2)_2 (q_“+(_M—2)T _ l)x_u_MTy_”"'l_Ms.

Here r,s,u,v,M € Z, D =rv —su =1, G = ged(r,s) = 1, ap,az,a4 € C, ag # 0. The name of
series is due to the real number of terms, unlike D1G1 E5F; (as it might be in correspondence
with the value L = 4). This is because the calculation of coefficients in (4.31), (4.32) with L =4
yields a; = a3 = 0.

The case D =1, N = 2

Under the assumption D = 1, by Lemma 4.12 we have also to consider the case N = 2. It
turns out that this way we find no additional symmetries. To verify this, we apply the above
procedure of computing coefficients just to write down the corresponding series. We refrain from
setting names to these series, because they are all embeddable to the above series with N = 4.

L=0

m(k)(2) = ¢ 2, 7)) ="y,

m(e)(z) = _Calq(u—l—Mr)(v-‘rMs)-i-B(l _ q2) —2(1 _ qy+(M—2)s)xu+1+Mryv+Ms7
m(e)(y) = —cy qUAMIWHM)T3 (1 2) 72 (qudMr _ 2r) qut Mry vt 14Ms,
7(f)(z) = o (q25 — q*U*MS)xfquleryfvst

+ co (q23 - q*’U+(*M+2)S)x7u+1+(7M+2)’r‘ 7v+(7M+2)37

Y
m(f)(y) = co (q—u+(—M—2)r _ 1)x_“_M7"y—v+1—Ms
ey (q UM = 1) g Ut (CMAD)ry v L (M4 2)s,

Here r,s,u,v,M € Z, D = rv—su =1, G = ged(r,s) = 1, ¢y, co € C, ¢g # 0. This is embeddable
into D1G1 E1F3 by setting there ¢4 = 0.

L=

m(k)(@) = ¢ %z, w(k)(y) = ¢"y,

m(e)(z) = ao(l - qv+(M—2)s)xu+1+Mryv+Ms+ a1(1 . qv+(M—1)s)$u+1+(M+1)ryv+(M+1)Ms’
m(e)(y) = ap(q" M — ¢ ) gt Myt Ms g (qui(MEDr g 2r) put (M Drg vt L (MA DM
7(f)(z) = _aalq(u+M7")(v+Ms)+3(1 _ q2)—2(q2s _ qfust)query,v,Ms

+ aa2a1q(u+Mr)(v+Ms)+2—2$u—2M'rs (1- q2)—2 (qQS B q_v+(_M+1)s)
x g~ U (EMA )y —ot (= MA)s
m(f)(y) = _aalq(u+MT)(v+MS)+3(l — q2)_2 (q*“JF(*M*Q)T _ 1)x7uery7v+1st

+ aa2a1q(u+M7")(v+Ms)+2—25u—2Mrs(1 o q2)—2 (q—u—l—(—M—l)r . 1)

> x—u—i—(—M—i—l)ry—v—&—l—&—(—M—i—l)s'
Here r,s,u,v,M € Z, D = rv —su = 1, G = ged(r,s) = 1, ag,a1 € C, agp # 0. This is
embeddable into D1G1E4F5 by setting there as = 0.

L=2

n(k)(@) =gz, w(k)y) ="y,

m(e)(x) = ao(1 — qv+(M—2)s)xu+l+Mryv+Ms +an(1— qv—l—Ms):Eu+1+(M+2)ryv+(M+2)S’
7(€)(y) = ag (¢ M7 — ) MTyrHIEM g g (quAHMADT _ g2 k42 o 1 (M42)s.
m(f)(z) = aalq(u+Mr)(v+Ms)+3(1 . q2)—2(q25 . qfvst)l,fquleryfvfMS’
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m(f)(y) = aalq(u+Mr)(v+Ms)+3(1 — q2)_2 (q_“+(_M—2)T _ l)x_u_Mry_”‘H_Ms.

Here r,s,u,v,M € Z, D = rv —su = 1, G = ged(r,s) = 1, ag,a2 € C, ag # 0. This is
embeddable into D1G1E3F] by setting there as = 0.

5.2 The case D =2

(e}

With D = 2, (4.3) is only a property for a pair (ﬂ) of weight constants as a solution of (4.2),
corresponding to a non-generic symmetry m under consideration. Namely, one has a? = ¢~2%,
(% = ¢*. The minimality assumption on (r,s) is essential here. For example, (g) = (q:qz) is
a solution of (4.2) with ® = (3, §) = (73). The pair (r,s) is minimal with respect to (), as
af = —1 # 1, and the associated symmetries are among those with D = 2.

However, with another solution (g) = (qu) of (4.2) corresponding to the same ®, the pair
(r,s) fails to be minimal. Dividing both r and s (respectively, the first line of ®) by 2, we come
back to the above picture with D = 1.

Clearly, with D = 2, the invariant G can take only two values 1 or 2.

The following lemma clarifies the existence of pairs of weight constants providing the necessary
minimality condition, hence the existence of series of symmetries written below derived by
a routine computing the coefficients.

Lemma 5.1. Let ® = (,5) be an arbitrary integral matriz with D = det ® = 2.

1. With G = ged(r, s) = 1, there exist two pairs of weight constants (g) € { (q;); ((_(Pl;g:s)},
which are solutions of (4.2), along with the associated collections of symmetries. Such
symmetries corresponding to different pairs of weight constants are non-isomorphic.

(=1)vq~°
(—D’“qr)’
which is a solution of (4.2) such that the pair (r,s) is minimal with respect to (g), along
with the associated collection of symmetries.

2. With G = ged(r,s) = 2, there exists a single pair of weight constants (g) = (

Proof. Let us treat ® as an endomorphism of the multiplicative group (C\{0})2. Consider the
pair (g) = (qzs). One can readily verify that this pair is a solution of (4.2). To get a complete

q
list of solutions, we need a description of Ker ®.

We start with the trivial purely computational observation that Ker® C I & {—-1;1}2

Use Cramer’s rule to derive explicitly the integral matrix ® = (%, %) such that ®'® =
PP’ = (39). The above inclusion property is certainly valid for Ker ® as well, and I is invariant
with respect to actions of both matrices. As an immediate consequence of the definition of @’

we deduce that
O'T C Ker . (5.1)

Note that IT' is a 4-element group, and every its non-trivial proper subgroup is 2-element.
Since det ® = 2, at least one of the matrix elements r, s, u, v is odd (otherwise det ® would
be divisible by 4). Let it be r, then

1 — 1 —1)7° 1
@/ — v S — ( ) # ,
-1 —u T -1 (=1)r 1
and a similar argument works for the rest of the matrix elements. It follows that #®'T" > 2.

This argument is also applicable to ®, that yields #®I" > 2, and hence # Ker & = ﬁ < 2.
The latter inequalities, together with (5.1), allow one to obtain

2 < H#P'T < #Ker® < 2,
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whence
®'T = Ker @,

and this subgroup is 2-element.
1. Let G = ged(r, s) = 1. In this case at least one of the integers 7, s is odd, hence, in view

of the above observations, (((__11);) # G) generates ®'T" = Ker ®. Therefore in this case (4.2)
(—1)*Sq*5)

N e L

To see that the associated symmetries are non-isomorphic, it suffices to prove that the above

two pairs of weight constants are not on the same SL(2,7Z)-orbit. Assuming the contrary, we

deduce the existence of a matrix (¥™) € SL(2,Z) with (¥™) (q;) = ((‘(i)l’)igf), which is

has two solutions (q;), (

equivalent to

—ks+mr+s _ (_1)—57 —ls+nr—r _ (_1>r.

q q

It follows that ¢2(~kstmr+s) — 2(=lstnr—r) — 1 and since ¢ is not a root of 1, one also has
—ks+mr+s = —ls+nr —r = 0. Thus we conclude that (—1)7® = (—1)" = 1, that is both r
and s are even, which contradicts to our assumption G = 1.

2. Let G = ged(r,s) = 2, that is r = 21/, s = 2s'. It follows that u, v are coprime, in
particular, at least one of them is odd. We thus deduce two solutions of (4.2):

=0 ()=

One has
ag,,ﬁfl _ q—sr’—i—rs’ _ q2(—s’r’+r’s’) =1,
0451,35/ _ (_1>r’v—s’uq—sr’+rs’ _ _1’
. _ (—1)“(]75 . ..
hence only the solution (%;) = ((71)_uqr) makes the pair (r, s) minimal. |

Here is the final list of non-generic symmetries with D = 2, coming from adjusting the
coefficients in (4.31)—(4.34) via applying (2.7) together with (4.35)—(4.36).

D>G1E1F3(a)
(k) (z) =q %z, 7K (y) =q"y,
m(e)(x) = _calq(u+Mr)(v+Ms)+3(1 . qz) —2(1 _ qu+(M—1)s)xu+1+M7~yv+Ms7
71'(6) (y) = _Calq(u+Mr)(v+Ms)+3(1 — q2)_2 (qu+Mr _ qr)xu—i—Mryv—i—H-Ms’
7(F) (&) = cog® — Mgt Mry =M
+c1(q® — q_v+(_M+1)s)x_u+1+(—M+1)7”y—v+(—M+1)s
+ o (qs _ qfv+(*M+2)s)x7u+1+(—M+2)ry,U+(,M+2)s’

m(F)(y) = co ((f“*(*M*l)’" - 1)$*uery7v+1st

T <q—u—Mr B 1)x—u+(—M+1)Ty—v+1+(—M+1)s

+ e (q—u+(—M+1)T _ 1)x—u—l—(—M—i—Q)ry—U—&-l—&-(—M—&-Z)s'

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 1; ¢cg,c1,c0 € C, ¢ # 0. This
corresponds to L = 0.
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D2G1E2F2(a)
r(k)(@) =gz, 7 (K)() =4y,
m(e)(x) = ao(l _ qu+(M_1)s)xu+1+Mryv+Ms + a1(1 _ qv—l-Ms)xu+1+(M+1)ryv+(M+1)s’
m(e)(y) = ao (qu+MT - qr):c“’LM’"y”“JFMS +a; (unr(MH)T _ qr)xu-f-(M-&-l)Tyv-&-l-‘r(M-i—l)s’
m(f)(z) = _aalq(u+Mr)(v+Ms)+3(1 B q2)f2 (qs _ qust)xqueryfust

1 (qs B q*v+(*M+1)S)$7U+1+(*M+1)7'yfv+(*M+1)S

u+Mr)(v+Ms =2/ —ut(—M-1)r —u—Mr, —v+1-Ms
ﬂ(f)(y):—a lq( +Mr)(v+M )+3(1 q2) (q +(—M-1) —I)SL‘ M y +1-M

)

1 (q u—Mr 1)x—u—i—(—M-i—l)ry—v-‘rl-‘r(—M—&-l)s‘

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 1; ap,a1,c1 € C, ap # 0. This
corresponds to L = 1.

D2G1E3F1 (a)

m(k)(@) =q¢ "z,  7k)(y) =q"y,
71'(6)(33) _ ao(l - qv+(M—1)s) u+1+Mr v+Ms + a1(1 - qv+MS){L‘u+1+(M+1)Tyv+(M+1)S

+as(1 - q”+(M+1)3)mu+1+(M+2)ryv+(M+2)s,

W(e)(y) — ao(uner . qr)mquMry
+ as (unr(MJrZ)r _ qr)xu+(M+2)ryv+1+(M+2)s’

v+1+Ms +ay (qu+(M+1)r _ qr)$u+(M+1)ryv+1+(M+1)s

7(f)(z) = aalq(u—&—Mr)(v-i-Ms)—i-?)(l _ q2)*2 (qs _ q—fu—Ms)x—u—H—Mry—v—Ms

m(f)(y) = aalq(u+Mr)(v+Ms)+3(1 — q2)_2 (q*“+(*M*1)T _ 1)x*U*Mry7v+1st.

9

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 1; ap,a1,a2 € C, a9 # 0. This
corresponds to L = 2.

D,G1 E;1F5(b)

k) (z) = (=1)"¢"z,  7(k)(y) = (=1)"¢"y,

(
m(e)(z) = _ca1q(u+Mr)(v+Ms)+3(1 qz) —2(1 _ (_1)fsqur(Mfl)s)xu+1+Mryv+Ms7
m(e)(y) = —cp g UTMIIEMIT (1 @) 7 (MY — (1))t My
() = eo(C1)°g" =g M)y

+c1((-1)%¢° V(=M +1)s) g ud 1 (M4 LTy~ (=M 1)s

—1—02(( 1) ¢ var( M+2)s) —u+1+4(— M+2)r —vF(—=M+2)s 7

m(f)(y) :CO(( 1)™"q™ ut(=M—-1)r 1)x7uery7v+1st
o1 ((=1)TqumMT — 1) M v T (M)

q
—1—02((—1) rq—u+( M+1)r 4 ) —u+(—M+2)ry—v+1+(—M+2)s'

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 1; ¢cg,c1,¢0 € C, ¢g # 0. This
corresponds to L = 0.
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m(k)(z) = (=1)"°¢ °x, (k) (y) = (=1)"q"y,
W(E)(l‘) = ao(l - ( 1) Sq”"’ (M-1) S):L,u—i-l—l-MT v+Ms

Fay (1 — (—1)8gv M) gut (M D (M4 Ds

m(e)(y) = ao(¢" ™M — (=1)7¢")a My

+ al(qw(MJrl)r _ (_1)rqr)xu+(M+1)ryu+1+(M+1)s

9

)

W(f)(l‘) _ 7aalq(u+MT)(v+Ms)+3(1 . q2)—2((71)sqs . q—v—Ms):C—u—&—l—Mry—v—Ms

e ((_1)sqs _ q—v+(—M+l)s)x—u+1+(—M+1)ry—v+(—M+1)s’

m(F)(y) = —ag tqUHMIEEME3 (1 _ ¢2) 72 (1) rgmut (M= _ ) pmu=Mry—vt1=Ms

+c ((_1)*Tq*u*M7" _ 1)x*u+(fM+1)ry7v+1+(fM+1)s'

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 1; ap,a1,c1 € C, a9 # 0. This
corresponds to L = 1.

D>G1E3F;(b)

m(k)(z) = (=1)"¢ "z, w(k)(y) = (=1)"q"y,
m(e)(x) = ao(l — (-1 —sgut(M-1)s ) Ui+ Mr v+ Ms
+a1(1 —(=1)" sqv+Ms) ut+14+(M+1)r v+(M+1)
+a2(1 —(~1)" sqv+(M+1) ) u+1+(M+2)'ryv+(M+2)
ﬂ-(e)(y) = ap (qu+Mr . ( 1)rqr) u+Mryv+1+Ms
—|—a1( ut+(M+1)r _ (—1)" r) ut(M+1)r v+1+(M+1)s
(=

q
1)q)at (M+2)r v+1+(M+2)s

m(f)(z) = aalq(u+Mr)(v+Ms)+3(1 _ q2)—2((_1)sqs _ qfvst)xfquleryfvst’

+ a9 ( u+(M+2)T

—1_(u+Mr)(v+Ms -2 —r _—ut+(—M~-1)r —u—Mr, —v+1—Ms
W(f)(y) = a; lq( +Mr)(v+M )+3(1_q2) ((_1) q +(—M-1) _1)1, M y +1-Ms

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 1; ap,a1,a2 € C, a9 # 0. This
corresponds to L = 2.

D2;G2E7 F3
r(k)(@) = (-1 %z, 7(k)() = (1) "q'y,
w(e)(x) = —cy tqHMIEEME3 (1 _ ¢2)72(1 _ (1) qut(M=1)s) gut 4 Mry vt Ms,
m(e)(y) = —¢ 1Q(HMT)(HMS)JF?’(1 - QQ) -~ (uner - (_1)7uqr)xu+M1"yv+1+M57
W(f)(.l:) = C()((—l)qus — q*U*MS)x7u+1ery7vst
+ o1 ((—1)70g° — g U HEMADS) gt M Ay o (M)
+ 62(( 1) — —U+(—M+2)S)$—u+1+(—M+2)ry—v+(_M+2)S,

—u+(—M-1)r 1)x—u—M7“ —v+1—Ms

m(f)(y) = co((-1)" y

q
+Cl(( 1)u —u—Mr 1).%7 +(7M+1)ry7v+1+(fM+l)s
)

q
+C2(( 1uq*u+ —M+1)r 1)xfu+(*M+2)ry7v+1+(fM+2)s'
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Here r,s,u,v,M € Z, D = rv —su = 2, G = ged(r,s) = 2; cp,c1,c2 € C, ¢y # 0. This
corresponds to L = 0.

D2G2E2F2

m(k)(x) = (=1 "z,  7(k)(y) = (=1)""q¢"y,

) =
W(e)(ﬁ) = ao(l — (_ v v+ (M— 1)3)$U+1+M7~ vt Ms
+ar(1—(-1)" v+Ms)xu+1+ (M+1)r g v (M+1)s.
m(e)(y) = ao (qu+MT — uqr)$u+Mr vE14+Ms
+a1( u+(M+1)r (—1)" r) u-+(M+1)r v+1+(M+1)s

Y
W(f)(x) — _aalq(u+Mr)(v+Ms)+3(1 - q2)—2((_1)7vq3 o q—v—Ms)mfquleryﬂ;st
+r (1) — g ot EMEDs) g rud L (M mok (ZMADs
m(F)(y) = —ag g MM (1 - g?) 7 (—1)tg M ) My

+ e ((_1)uq7uer - 1)x7u+(fM+1)Ty7v+1+(fM+1)s.

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 2; ag,a1,¢1 € C, ap # 0. This
corresponds to L = 1.

D2G2E3F1

m(k)(z) = (=1)%¢ "z,  7(k)(y) = (-1)""¢"y,
W(e)(l‘) _ ao(l o (_1)qu+(M—1)s):L,u—&-l-&-MTyv-i—Ms

ay (1 — (—1)qutMe) gut It (M Dry vk (M+D)s

+ a2(1 _ (_1)qu+(M+1)s)gcu+1+(M+2)ryv+(M+2)s7

m(e)(y) = ao (q“JrM’” — (—1)*“q7”)a;u+Mryv+1+Ms

+ay (unr(MJrl)r _ (_1)fuqr)xu+(M+1)ryv+1+(M+1)s

+ ay (qu+(M+2)r _ (71)—uqr)xu+(M+2)ryv+1+(M+2)s’
’R’(f)(l’) _ aalq(u+MT)(v+MS)+3(1 _ q2)*2((_1)—vq5 o q—v—Ms)x—u—&-l—Mry—v—Ms’

m(F)(y) = ag 'q MM (1 - ) (—1ytg M ) My,

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 2; ap,a1,a2 € C, a9 # 0. This
corresponds to L = 2.

The case D =2, N =1

Under the assumption D = 2, by Lemma 4.12 we have also to consider the case N = 1. To
see that this way no additional symmetries occur, one has to compute coeflicients just to write
down the corresponding series. We stick here to the case G = 1, a« = ¢7°, 8 = ¢"; the rest of
cases are to be considered in a similar way. No names are given to these series, because they
are all embeddable to the above series with N = 2.

L=0
7(k)(z) = ¢, (k) (y) = q"y,
m(e)(x) = —¢ 1q(u+Mr)(v+Ms)+3(1 . qz) —2(1 _ qu+(M—1)s)$u+1+M7~yv+Ms7
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9

— -2
m(e)(y) = —¢ 1q(u+Mr)(v+Ms)+3(1 _ q2) (qu+Mr _ qr)xu—i-Mryv—i-l—i-Ms

ﬂ_(f)(x) = ¢y (qs . q—v—Ms)x—u—l—l—Mry—v—Ms

+e (qs o q—v+(—M+1)s)x—u+1+(—M+1)ry—v+(—M+1)s

m(f)(y) = co(q M — 1) g Mrymotl=Ms

T (qfuer B 1)x7u+(fM+1)ry7v+1+(fM+l)s'

9

Herer,s,u,v,M € Z, D = rv—su = 2, G = ged(r, s) = 1; cp,c1 € C, ¢g # 0. This is embeddable
into DoG1 E1 F3(a) by setting there co = 0.

L=1

m(k)(@) =q¢ "z, w(K)(y) =q"y,

m(e)(x) = ag (1 — gt M —1s) gutleMryvihs

a1(1 — qU+MS)xu+1+(M+l)r v+(M+1)57

(e)(y) = ag (g7 — g") g HMryp M o (quE(MEDr _ )y gt (Mo (M)
(f)(x) = aalq(u+Mr)(v+Ms)+3(1 _ q2)—2 (¢ — q v Ms)gutl-Mry—v-Ms

7 (F)(y) = ag ' qrMIETM)E3 (] _ 2) 72 (et (M= _ q)gmusMry —ut1=Ms,

Here r,s,u,v,M € Z, D = rv — su = 2, G = ged(r,s) = 1; ap,a; € C, ag # 0. This is
embeddable into DyG1E3Fi(a) by setting there as = 0.

5.3 The case D =4

With D = 4, Lemma 4.12 implies that the only possible value for N is N = 1. Thus, the
multiplier(s) ¢~ 2*” — 1 in (4.35), (4.36) at the extreme monomials corresponding to i = N = 1
are non-zero. It follows that ag® — a™! = B71¢" — B = 0, that is, the weight constants are
subject to

Ck2 = qisa BZ = qT7 (52>

which is a more subtle condition than a* = ¢=2*, 84 = ¢*" coming from (4.3). The existence of
solutions of (4.2) compatible to (5.2) with the minimality property for (7, s) (hence the existence
of symmetries) is described by

Lemma 5.2. Let the integral matriz (of integral parameters of symmetries) ® = (,5) be such
that D = det ® = 4. Then

1. Let G = ged(r,s) = 1 and ¢ be a fized square root of q¢ ((? = q), then there exist evactly
two solutions (g) of (4.2) compatible with (5.2)

¢ (=1)°¢®

) (=1)r¢r
(the latter pair is nothing more than the solution corresponding to —(, another square
root of q). Hence the ezistence of symmetries listed below by calculation of coefficients.

Any two symmetries corresponding to different pairs of weight constants as above are non-
isomorphic.
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2. With G = ged(r, s) = 2, the solutions (g) of (4.2) compatible with (5.2) with the minima-
lity property for (r,s) exist if and only if both u and v are even. In this case there exist
two such distinct solutions as follows

_qfs’ (_1)s’+1q75’
(_1)T,+1q’f‘/ ) _q,,,/ Y

where r = 2r', s = 2s'. Hence the existence of symmetries listed below.

3. In the case G = ged(r, s) = 4, there exist no solutions (g) of (4.2) compatible with (5.2)
with the minimality property for (r,s). Hence no associated symmetries.

Proof. 1. Let G = ged(r,s) = 1. Since r and s are coprime, there exist u',v’ € Z such that
v'r —u's = 1. This, together with rv — su = 4, implies

r(v—4v') = s(u — 4u').

One more application of the fact that r and s are coprime allows one to deduce the existence
of t € Z with uw — 4u' = tr, v — 40" = ts. It has been mentioned in Section 4 that (obviously)
a replacement of v and v by u — tr and v — ts, respectively, does not affect the set of solutions
(hence the set of solutions with the minimality property for (r,s)) (g) of (4.2). So we may
assume that v = 4u/, v = 40,

Let us fix a square root ¢ of ¢ (¢ = q), and consider the pair (g) = (CC_TS)' An easy
verification shows that this pair is a solution of (4.2) compatible with (5.2). Observe that any
pair of constants subject to (5.2) differs from (CC_TS) by changing signs of the components, and
there exist exactly 4 such pairs. Let us present a list of those as follows

() () (e (TL)

A routine verification demonstrates that for any coprime r, s the elements of this list are pairwise
distinct. Another simple calculation shows that the initial two pairs are solutions of (4.2), while
the latter two pairs are subject to a”3° = —1. The last claim is due to our assumption that r, s
are coprime, so that r + rs + s cannot be even. That is, only the initial two pairs are solutions
of (4.2).

To prove that any two symmetries corresponding to different pairs of weight constants (gg,.s),

((—1)%*5

(=1r¢r
on the same SL(2,Z)-orbit. To see this, let us observe first that ¢ is obviously not a root of 1,
together with g. If one replaces here { with ¢, we get the two pairs considered in the proof
of Lemma 5.1. These pairs are proved there to be not on the same SL(2,Z)-orbit, and the
argument used works also in our present case.

2. Let G = ged(r,s) = 2. Then r = 27/, s = 25/, and (in our context) " and s’ are coprime.
Any pair of weight constants a, 8 subject to (5.2) has the form o = eoq~*, 8 = 5,3qu, with
€ar€p = E1.

Suppose that both u and v are even. Then for any choice of €, €5 one has

) are non-isomorphic, it suffices to demonstrate that these pairs of constants are not

ras _ r s —s'r+r's _ _2r" 25 —2s'r'+2r's’ __
"B = enepq =¢e, €5 ¢ =1,
wpv . u v, —sutr’v 2

B = enepq =q°.

This means that (a) is a solution of (4.2) for any €4, £g, and one has 4 such solutions. We need
only to distinguish those making (r,s) minimal. For that, we reproduce the idea used in the
previous case with G = 1 in writing down the 4 pairs of constants as follows

G (&%) (ae) (707
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It turns out that, given any coprime 7/, s’ (as in our case), the elements of this list are pairwise
distinct, which is a matter of routine verification. Also, the above discussion demonstrates that
these pairs of constants are solutions of (4.2) subject to (5.2).

As for minimality for (r,s), an easy calculation with (g) standing for initial two pairs of

constants establishes that o/ 35 = 1, thus minimality condition fails. However, a similar simple

calculation based on 7/, s’ being coprime in the case of the last two pairs of constants (%) shows

that o”' 8% = —1, hence our claim.

Conversely, suppose that there exists a solution (g) of (4.2) compatible with (5.2), with the
pair (r,s) being minimal. In view of the above observations, a = caq ¥, B = 5/3q7"/ for some
€a,eg € {—1;1}, a"B¥ = 555%(]2, ' g8 = Ega‘;}/. Our current assumption on «, S allows one to
conclude that, with ® = (7' '), one has

u v

()= ()= () () -()-(2)

whence

-1
@' <5°‘> = < > (5.3)

€g 1
As det ® = 2, an application of Cramer’s rule produces an integral matrix ®” such that
®"®" = (29). With ®” being applied to (5.3), one has (29) (Z‘;) = ®"(7"). This relation, using

the explicit form of ®” = (_”u _jl), becomes (}) = (((:S),Uu), which implies that both v and v
are even.
3. Let G = ged(r, s) = 4, in particular r = 47/, s = 4s’. Suppose (g) is a solution of (4.2)

compatible with (5.2). Then one has

2r' n2s’ _  —sr'4rs’ 4(=s'r'+r's") _
o' g =g ( =1,

=4q
which implies that the pair (7, s) is not minimal. [

Remark 5.3. It should be noted that in Lemma 5.2(2), the choice between the two distinct
pairs of weight constants in general does not lead to non-isomorphic symmetries, as it was the
case in Lemmas 5.1(1) and 5.2(1). For example, substituting there r’ = 0, s’ = 1 one observes
that the distinct pairs of weight constants mentioned in the statement of (2) are on the same
SL(2, Z)-orbit:

1 1\ [—q " B g !
0 1 -1 ) \-1)
Hence an application of the isomorphism ¢,1,1 with o = (} 1) intertwines the associated sym-

metries.

Here is the final list of non-generic symmetries with D = 4, coming from adjusting the
coefficients in (4.31)—(4.34) via applying (2.7) together with (4.35)—(4.36).
The initial 4 series assume a square root ¢ of ¢ (¢*> = q) being fixed.

D4G1E1F2(a)

m(k)(x) =z, w(k)(y) ="y,

71'(6) (:E) _ _Calq(quMr)(erMs)Jr?)(l _ q2) —2(1 _ Cfsqv+Ms)qurlJervarMs7
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(e)(y) = —¢c5 g
ﬂ_(f)(x) _ CO(CS . q—v—Ms)x—u+1—Mry—v Ms
+e (Cs o q—v+(—M+1)s)l,—u+1+(—M+1)7“y—v+(—M+1)57

m(F)(y) = co(¢Tq M — 1) g My oI Ms

+c (C—Tq—u-l—(—M-i-l)r _ 1)x—u+(—M+1)ry—v+1+(—M+1)s_

(u+Mr)(v+Ms)+3(1 7q2) ( u+Mr Cr) u+Mr v+1+Ms

Here r,s,u,v,M € Z, D = rv — su = 4; G = ged(r,s) = 1; ¢p,c1 € C, ¢g # 0. This corresponds
to L =0.

D4G1E2F1 (a)

m(k)(x) =Cx, w(k)(y) =Ty,
W(e)(m) _ ao(l o Cfsqv+Ms)xu+1+Mryv+Ms

+a1( _ C—sqv+(M+1)s) u+1+(M+1)ryv+(M+1)s

m(e)(y) = ap(q" M — (") g My HIEMs g (quH(MADr _ery put (M ok (ML)

7(f)(x) = ay q(u+Mr)(v+Ms)+3(1 _ q2)72 (¢ - qfust)wqueryfust

)

T(F)(y) = ag g MM (1 - @) 7 (¢ M ) My e,

Here r,s,u,v, M € Z, D = rv — su = 4; G = ged(r, s) = 1; ag,a1 € C, ag # 0. This corresponds
to L =1.

D,G1E; F5(b)
m(k)(z) = (-1)°C""z,  w(k)(y) = (-1)"("y,
W(e)(m) _ _Calq(u+Mr)(v+Ms)+3(1 qz) —2(1 . (_1)s€—sqv+Ms) ’u,+1+M7'yv+M37
m(e)(y) = —cg qUFMIEHM)E3 (1 q2)—2 (qUTMT — (—1)r(r) gt Mryo 1M,
7T(f)(:1}) —_ CO((_l)SCS _ q—v—Ms)x—u—l—l—M’/‘y—v—Ms
+c ((—1)8C5 — q_v+(_M+1)5)x—u+1+(—M+1)ry—v+(—M+1)s’

m(F)(y) = co((—1)7¢ g M — 1) MryvHi=Ms
+ ((_1)TC*TQ*U+(*M+1)T _ 1)x7u+(*M+1)ry7v+1+(fM+1)s.

Here r,s,u,v, M € Z, D = rv — su = 4; G = ged(r,s) = 1; cg,c1 € C, ¢g # 0. This corresponds
to L =0.

D4G1E2F1 (b)

m(k)(z) = (=1)°¢ m(k)(y) = (=1)"¢"y,
m(e)(x) = ao (1 - <— g ke
_|_a1(1 — (=1)%¢® U+(M+1)s) u+1+(M+1)ryv+(]\4+1)s7
(unrMT — (—1)"¢")a" utMr v+ 1+Ms

+ay (qu-i—(M—I—l)r o ( ) Cr) u+ M+1)ryv+1+(M+1) ’

W(f)(l‘) — aalq(u+Mr)(v+Ms)+3(1 o q2) ((_1)SCS - qfvst)w7u+1ery7vst

Y
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m(F)(y) = ag "qHMIEEMIE (1 - @) ()¢ M e My,

Here r,s,u,v, M € Z, D = rv — su = 4; G = ged(r, s) = 1; ag,a1 € C, ag # 0. This corresponds
to L =1.
The final 4 series assume even integral parameters r = 21/, s = 2s’.

D4G2E1F2(a)
) (@) =—-¢ "z, wky) =(-1)""q"y,
xle)(x) = _Calq(u—i-Mr)(v-‘rMs)-i-?)(l - q2)72(1 + q—s’—i-v—i—Ms)xu—&-l—&-Mryv—ﬁ—Ms’

)

(z)

(y) = _calq(u+Mr)(v+Ms)+3(1 _ qz)—ﬂ(qur + (_1)r/qr’)$u+Mry’U+1+Ms’
(z) z

Nz :CO(_C]S _qfvst) 7u+1ery7vst

+e(-¢" —q
m(f)(y) = co((—1)" Flgm 7w Mr — q)gmumMry ol =Ms

+ ((_1)T’+1q—r’—u+(—M+1)r _ 1)x—u+(—M+1)Ty—v+1+(—M+1)s'

Y

7v+(fM+1)s)w7u+1+(fM+l)ry7v+(fM+l)s

Here r,s,u,v, M € Z, D = rv — su = 4; G = ged(r,s) = 2; r = 21", s = 25'; ¢p,c1 € C, ¢o # 0.
This corresponds to L = 0.

D4G2E2F1 (a)

rk)(@) = —¢ %z, w(k)(y) = (1) "y,
m(e)(z) = ao(l + q*5/+”+MS)$u+1+Mryv+Ms

+ai(1+ q*SUF”JF(M*l)S)xu+1+(M+1)ryv+(M+1)37

m(e)(y) = ao (¢ M + (—1)7 g7 )a My M

+ay (qu+(M+1)r + (_1)r/qr/)xu+(M+1)ryv+1+(M+l)s’

m(f)(x) = ap tqUMDEMOES (1 q2)_2(—qs' — gV Ms) gl =Mry —v-Ms

)

-1 _(u r)(v s —2 7 —' —u—Mr u—Mr —v+1—Ms
m(F)(y) = ag g MM (1 — )7 ((—1)" g Mr 1) g Mrymvti=Ms,

Here r,s,u,v, M € Z, D = rv — su=4; G = ged(r,s) = 2; r = 21", s = 2¢'; ap,a1 € C, ag # 0.
This corresponds to L = 1.

DG E;1 F>(b)
r(k)(@) = (~1)" gz, 7K@y =—q"y,
71'(6)(3:‘) _ _Calq(u—f—Mr)(v—l—Ms)—l—?:(l _ q2) 72(1 + (_l)s’q—s’+v+Ms)xu+1+Mryu+Ms’
W(e)(y) _ _Calq(u+Mr)(v+Ms)+3(1 . qz) -2 (qu+Mr + qr’)xu+Mryv+1+M37
m(f)(z) = CO((_1)5’+1qs’ o qfvst)l,fU+leryfvst
+e ((_1)s’+1qs’ _ q—er(—M+1)5)3C—u+1+(—M+1)ry—v+(—M+1)s7

7(F)(y) = co(—g~" UM — 1)U Mry T Ms
+ 1 (_q—r/_u-l—(—M-l-l)r N 1)x—u+(—M+1)ry—v+1+(—M+1)s‘

Here r,s,u,v, M € Z, D =rv —su =4; G = ged(r,s) = 2; r = 2r', s = 25'; ¢g,c1 € C, ¢y # 0.
This corresponds to L = 0.
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D4G2E2F1 (b)

w(k)(z) = (1" gz, 7k () = "y,
7r(e)(a:) _ ao(l + (_1)s’q—s’+v+Ms)xu—&—l—&—Mryv—f—Ms

+ a1(1 + (_I)S’q—s’—i-’l)"'(M“Fl)S)xu+1+(M+1)7'yU+(M+1)S

W(e)(y) _ ao(qu—l—M'r + qr’)l,u—l-Mryv—l—l—l—Ms

T a (qu+(M+1)r +q" )$u+(M+1)ryv+1+(M+1)s’

)

-1 _(u r)(v s -2 s’ —s' —v—Ms\,,—u+1-Mr,K —v—Ms
(F)(x) = ag tqUFMICFMIT (1 2) 7 ((—1) g — g M) g My e

m(f)(y) = aalq(u+Mr)(v+Ms)+3(1 — q2)_2(_qr’*u*MT _ 1)$7U7MTy7v+17MS,

Here r,s,u,v, M € Z, D =rv —su =4; G = ged(r,s) = 2; r = 2r', s = 2¢'; ap,a1 € C, ag # 0.
This corresponds to L = 1.
We conclude our list of symmetries with the following

Proof of Main Theorem. The completeness of list of symmetries with ¢ # I and the list
of generic symmetries (those with the weight constants being subject to the assumptions of
Theorem 3.4) has been established in [8].

As for the non-generic symmetries listed in this Section, these are determined by setting
the action of generators of Uj,(sly) on the generators of C, [a:il,yil]. To see that such an
action extends to a well-defined Uj(slz)-symmetry on C, [l‘ Y ], one needs only to verify
that everything passes through the relations in Uy (sly) and in C, [azil, yﬂ]. This is a matter of
routine calculations.

To see that the list of non-generic symmetries is complete, one has to observe that our
exposition first separates out all the admissible collections of parameters for such symmetries
(Section 4), and then exhaust these collections in writing down the associated symmetries in
Section 5. |
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