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Abstract. We review recent results obtained at the intersection of the theory of quantum deformed
Calogero—Moser—Sutherland systems and the theory of Lie superalgebras. We begin with a definition
of admissible deformations of root systems of basic classical Lie superalgebras. For classical series, we
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Introduction

The main goal of this survey is to present the main results obtained in the last 15 years at the
intersection of the theory quantum Calogero-Moser—Sutherland systems and the theory of Lie super-
algebras. The existence of some connections between these two theories was first observed in [12,
13], where a superanalog of the Calogero-Moser—Sutherland operator was constructed by using the
root system of the Lie superalgebra gl(n,m). It was also proved in [12] that for the particular case
m = 1, the constructed superanalog of the CMS operator coincides, up to change of variables and a
parameter k, with the operator constructed by A. Veselov, O. Chalykh, and M. Feigin in [3]. Another
result obtained in [12] states that for k = —1 and k = —1/2, the constructed superanalog of CMS
operator is the radial part of the Laplace operator for symmetric Lie superalgebras (gl & gl, gl) and
(gl, 0sp). These results showed that there should be connections between Lie superalgebras and de-
formed CMS system similar to the connections discovered by M. A. Olshanetski and A. M. Perelomov
in their classical paper [9]. The next important step in an investigation of deformed quantum CMS
systems and their connections to Lie superalgebras was taken in [14]. This paper set up a basis for a
systematic construction of the theory of the deformed quantum CMS systems. Namely, it was shown
that it is possible to construct a deformed CMS operator for any root system of a basic classical
Lie superalgebra. The main objects for future investigation were also introduced in the same paper:

Translated from Itogi Nauki i Tekhniki, Seriya Sovremennaya Matematika i Ee Prilozheniya. Tematicheskie
Obzory, Vol. 136, Proceedings of the Seminar on Algebra and Geometry of Samara University, 2017.

756 1072-3374/18/2356-0756 (© 2018 Springer Science+Business Media, LLC



admissible deformations of generalized root systems and the corresponding second-order deformed
operator, and generalized invariant algebras and their difference analogs. The case of a generalized
root system of the type A(n,m) was considered in the differential case in [15] in more detail, and
the corresponding difference case was considered in [17]. As a by-product the paper [6], appeared, in
which Jack polynomials for some special parameters was discussed.

These papers showed that there are deep connections between quantum integrable systems and Lie
superalgebras, and these connections can be used to develop both these theories. Note that the main
difficulty in the theory of the deformed CMS systems is the absence of Dunkl operators, which play a
crucial role in the classical case. So we need to develop methods that are independent of the theory
of Dunkl operators: quantum Moser matrices and infinite-dimensional analogs of classical systems.
In particular, considering infinite-dimensional analogs of quantum integrable systems, it is easy to
explain the integrability of the deformed difference Macdonald—Ruijsenaars operator and differential
deformed operator of the type BC and to obtain explicit formulas for eigenfunctions (see [16, 17]).
These eigenfunctions depend on some parameters that can be specialized to some particular values,
and a natural question appears: “What is the meaning of the specializations from the point of view of
representation theory? It is well known that in the classical case Jacobi polynomials can be specialized
to the characters of irreducible finite-dimensional representations of Lie algebras or spherical functions
connected with finite-dimensional representations, and corresponding second-order operators can be
interpreted as radial parts of the Laplace operators. To date, the general picture is not clear in the
case of the deformed CMS systems. It should be connected with the fact that the representation
theory of finite-dimensional simple Lie superalgebras is not semi-simple. But partial results in this
direction can be found in [19, 20, 24]. In [19], it was shown that in the case of the deformed CMS
operator of the type BC, there exists a natural specialization of eigenfunctions to Euler characters,
and in [20], a description of Grothendieck rings of classical simple Lie superalgebras in terms of some
groupoid (which is natural from the point of view of integrable systems) is given. In the general case,
the spectral decomposition of the algebra of integrals of the deformed quantum CMS problem is not
semisimple. An interpretation of this fact in terms of the representation theory of Lie superalgebras
is given in [24]. In particular, it was proved in [24] that for kK = —1/2 the generalized eigenspaces can
be naturally described in terms of projective covers of the irreducible finite-dimensional modules.

Connections between Lie superalgebras and deformed quantum Calogero-Moser—Sutherland sys-
tems lead to a natural infinite-dimensional generalization of the Jack classical symmetric functions.
Moreover, using some analogs of translation functors from representation theory, it is possible to de-
scribe the action of the algebra of integrals in the generalized eigenspaces for special values of the
parameters (see [21, 23]). In [22], Lax pairs were found for deformed CMS operators of the classical
type by means of infinite-dimensional Dunkl operators. It allowed one to obtain a simpler proof of
the integrability for the classical deformed CMS systems.

1. Generalized Root Systems and Their Admissible Deformations

1.1. Generalized root systems. We start with the definition of the generalized root systems due
to Serganova (see [10]). We mention that there are three slightly different definitions of generalized
root systems in [10], and we choose one of them which suits our purpose best for.

Let V be a finite-dimensional complex vector space with a symmetric, nondegenerate bilinear form

<'> >

Definition 1.1. A finite set R C V'\ {0} is called a generalized root system if the following conditions

are fulfilled:

(1) Rspans V and R = —R;

(2) if o, 8 € R and (o, ) # 0, then
2, B)

(@, )

EZv Sa(ﬁ):ﬁ—
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(3) if @ € R and (o, ) = 0, then for any 5 € R such that (a, 8) # 0 at least one of the vectors § + «
or 8 — a belongs to R.

Introduce the following notation:
Re={a€R:<a,a>#0} Riso={a€R:<a,a>=0}

A generalized root system R is said to be reducible if it can be represented as the direct sum of two
nonempty generalized root systems R; and Rs, ie., V = Vi & Vo, where Ry C Vi, Ry C Vb, and
R = Ry U Ry. Otherwise, the system is called irreducible.

Any generalized root system has a partial symmetry described by the finite group Wy generated by
reflections with respect to the real roots. The main result of Serganova’s paper [10] is a classification
theorem for irreducible generalized root systems. One can introduce the notion of positive and simple
root in the same manner as for ordinary root systems. Below, we present a list of all irreducible
generalized root systems according to [10].

Classical series.

1. Series A(n—1,m —1), n # m. Let V, ,, = V1 & V5 be a vector space with a basis {eq,...,eptm}
such that {eq,...,e,} is a basis of V4 and {e,41,...,€netm} is a basis of Vo. Let €', i =1,...,n +m,
denote the corresponding basis in the dual space V7.

Consider the following bilinear symmetric form on V}, ,,:

B(u,v) :iuivi—zm:ujvj, (1)
i=1 j=1

where u' and v* are the coordinates of the vectors u and v in the basis e;.
Let us split the set of indices I = {1,...,n+m} into two groups, I = I U Iy, where I, = {1,...,n}

and Iy = {n+1,...,n+ m}, and rewrite the last formula as follows:
B:Zei®ei—Zej®ej, (2)
1€l j€EI2

where B is now considered as an element of V* ® V*.
A generalized root system of the type A(n — 1,m — 1), n # m, is defined as the set

R:{ei—ej, i+, z’,je[},

and the corresponding space V' is a hyperplane in V,, ,,, generated by this set, with the induced bilinear
form. It is easy to see that in this case

Rre:An—l@Am—la Rim:{i(ei_ej)a ie[ly jGIQ}-
The corresponding Lie superalgebra is sl(n,m).

2. Series A(n — 1,n — 1). In the case m = n, the restriction of the form B on the corresponding
hyperplane V is degenerate. Indeed, the vector

belongs to V' and is orthogonal to all roots (and, therefore, to the whole space V'). In order to obtain
a proper generalization of the root system in this case, we consider the quotient V' = V/ (v) and the
corresponding set R/, which is the image of R after such a projection. This is the system of type
A(n —1,n —1). The corresponding Lie superalgebra is psl(n|n).
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3. Series B(n,m). In this case, V =V}, ,, with the same bilinear form B and
R=BBB{te;+ej, i#j, i,jel, te;, i €I, £2¢;, i € 12}.
The real and isotropic roots are
Rye = B, ® BC,,, Rim = {:I:ei:I:ej, iel, je 12}.
This is the root system of the Lie superalgebra osp(2n + 1|2m).
4. Series D(n,m), n > 2. Here V =1V, ,, is the same as before, but R is the set
R:{ieiiej, i 474, 4,5¢el, 2, ielg}.

We have
Ric = Dy, ® Cpy, Rim:{ieiiejyiellaj612}-

This root system corresponds to the Lie superalgebra osp(2n|2m).
5. Series C(0,m). Here V =V}, and
R:{ieiiej, i# 7, 0,5 €, +2e;, ielg}.
In this case,
Rie = Crn,  Rim = { teide, jE 12}.
6. Series C(n,m). Here V =1V, ,, and
R={te;+e;, i#j i,jel, £2, z’eI},

so that
R = C,, ® Cp, Rim:{ieiiejaiellaj612}-

In this and the following cases, there are no related Lie superalgebras, but there are symmetric
superspaces with such root systems.

7. Series BC(n,m). Here V =1V, ,, and
R:{j:eij:ej, i# g, i €1, +e;, +2, ie]}.
In this case,

R.. = BC,, ® BC,,, Rim:{ieiiej, i1ely, j EIQ}.

8. Case AB(1,3) (also known as F'(4)). Here V =V} @ V;, where V] is a three-dimensional space
with basis {e1, e2,e3} and V5 is a one-dimensional space generated by e4. The bilinear form is

B(u,v) = u'v! + u*v? + ud0® — 3utv?t
The root system R is the set

1
R = {ieij:ej, 1 #£ 74, te;, 1,5 =1,2,3, i(ieliegiegiq)};

here

1
R = B3® A, Rim:{§(:|:€1:|:62:|:€3:|:64)}.
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9. Case (G(1,2) (also known as G(3)). Here V = V; @ V5, where V] is a two-dimensional space
generated by vectors ey, es, and eg satisfying the condition e; +es+e3 = 0, and V5 is a one-dimensional
space generated by a vector e4. The form B is defined as follows:

B(ei,ej) =—1, if ¢#j,
B(e;,e;)
Ble;, eq)
Bley,ey)

2,
0,
_2’

where 4,7 = 1,2,3. The root system is
R:{iEi, (67;—6]'), j:64, :|:264, j:ei:l:€47 Z#]a Zaj§3}7
R.. = Gy ® BCh, Rim:{ﬂ:eiﬂ:64, i:1,2,3}.

10. Case D(2,1,)\). Here A = (A1, A2, A3) are parameters satisfying the relation A\ + A2 + A3 = 0.
The space V is the direct sum Vi @& V5 @ V3 of three one-dimensional subspaces generated by e1, es,
and e3. The form B is
B(u,v) = Mulol + Au?v? + Azude?;
the root system is
R= { + 2, +2e5, +2¢3, +e; +eq £ 63},
Rie=A1 8 A & Ay, Rim:{ﬂzelﬂzegﬂ:&g}.

1.2. Admissible deformations. In order to construct deformed CMS operators, we need the
notion of an admissible deformation introduced in [14]. Consider all possible triples R = (R, m, B),
where R is a generalized root system, m is a complex-valued function on R, and B is a symmetric
bilinear form on the space V. We can consider the initial root system as a particular triple of such a
form, where m is identically equal to 1 and the form B is the same as in the definition of the generalized
root system R. For any triple R, consider two algebras D' and D (the rational and trigonometric
algebras). Let R be such a triple. We can consider elements from o« € R as the functions on V.
Namely, a(v) = B(«,v), and we will also consider the derivations defined by the rule 9,(v) = B(u,v),
where u,v € V.

Definition 1.2. Let C(V') be the algebra of rational functions on the space V and End¢(C(V')) be the
algebra of its linear maps (considered as maps of a vector space). Let us denote by D its subalgebra
generated by multiplication operators by the functions 1/a, a € R, and differentiations 9,, v € V.
Let us also denote by D(V') the algebra generated by differentiations 9,, v € V.

Definition 1.3. A homomorphism ¢ : D'y — D(V) such that ¢(1/a) = 0, @ € R, is called a
Harish-Chandra homomorphism.

Definition 1.4. Let M(V) be the algebra of meromorphic functions on the space V', and End¢(M(V))
be its algebra of linear maps (considered as maps of a vector space). Let us denote by D}i g its

subalgebra generated by multiplication operators by the functions e=® and 1/(e”* — 1), « € RT, and
differentiations 9,, v € V.

Definition 1.5. A homomorphism ¢ : D 5 — D(V) such that p(e™®) = 0, o € R¥, is called a
Harish-Chandra homomorphism.

We can identify the algebra D(V) with the algebra of polynomial functions on V by the rule
By (u) = (v,u).
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Let us also introduce the following algebras:
At = {p e SV) | pluwn) = plu), w e Wo, 0a(p) € (a), @ € R}, 3)
A = {pe S(V) | pwn) = p(w), w e Wo, pluta/2) =plu—a/2) € (a), a € R},  (4)

where (a) means the principal ideal generated by «, and Rjs, means the set of isotropic roots.
For any triple R, let us define two types of operators, which will be called the rational and trigono-
metric Calogero-Moser-Sutherlend operators (CMS):

H;at _ AB . Z m(a)(m(022+ 1)(0&,0&)7 (5)
a€Rt
tr m(a) (m(a) + m(2a) + 1) (o, )
e = ae e a%; (eO‘/2 — e—Of/2)2 (6)
HE — Ap — Z m(a) (m(a) +m(2a) + 1)(a, Q) -

ot sinh?(a) ’

where Ap is the Laplace operator on V' defined by the form B. We note that the last two operators
differ by the change of variables v — 2wv.
Let us denote by U5* the function (called the ground state)

vt = [ o™ (8)
aeRt
in the rational case and
Ul = H (ea/z — e_o‘/2)m(a) 9)
a€R*

in the trigonometric case.

Let also C'(Hz2) be the centralizer of the operator Hy in the corresponding algebra. The main problem
is to describe this centralizer more or less explicitly. It turns out that in the cases under consideration,
the restriction of the Harish-Chandra homomorphism to the centralizer is an injection. Therefore, it
suffices to describe the image of the centralizer under the Harish-Chandra homomorphism.

Now let us indicate conditions that allow one to choose triples R corresponding to integrable systems.

Definition 1.6. A triple R is called an admissible deformation if it satisfies the following conditions:
(1) the new form B and the multiplicities are Wy-invariant;

(2) all isotropic roots have multiplicity 1;

(3) the following fundamental identity holds:

arB, of
a,BERY
in the rational case and
14+e @ 1+4e P
Z mamﬁ(a,ﬁ)<1_6_a.1_6_ﬁ+1>EO (11)
axp,
a,BERL

in the trigonometric case. Here « o¢ 8 means that « is not proportional to 8 (let us note that in
the case BC'(n,m), there are proportional roots).

One can verify that conditions (3) are equivalent to the following condition:
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3*) the function (V1) ~! is a formal eigenfunction of the rational CMS operator, and the function
R
(U%)~1) is a formal eigenfunction of the trigonometric CMS operator.

The theorem below describes all possible admissible deformations of generalized root systems. In
order to do so, one needs to use the fact that it suffices to verify the conditions (10) and (11) only
for two-dimensional subsystems of generalized root systems (cf. [4, 28]). It suffices to consider only
the classical root systems A(n,m) and BC(n,m) (from the point of view of deformations, the others
are simply special cases) and the exceptional root systems G(1,2), AB(1,3), and D(2,1)\). The forms
B are obviously defined up to a multiple, so we will choose some normalization to avoid unnecessary
constants.

One of the main results of [14] is the following theorem.

Theorem 1.7. The following list is the complete set of admissible deformations of gemeralized Toot
systems.

In all cases, admissible forms depend on one parameter. We denote this parameter by k and choose
it in such a way that the value k = —1 corresponds to the case of Lie superalgebras.

Classical series.

Series A(n,m). The form B is equal to
B:Zei®ei+kZej®ej, (12)
i€l Jj€lz
where k is an arbitrary parameter. The multiplicities m, = m(«) of nonisotropic roots
m(e; —ej) =k, 1i,j€ I, m(ei—ej):k_l, 1,7 € Iy

(recall that isotropic roots have multiplicity 1).
The corresponding one-parameter family of deformed CMS operators has the form

82 82 82 62
Lo i = k R
Aln=tm=1) <8x12+ " or,? >+ <8y1 i +8ym2>

—ZM—ZSH&(—H vy 2D g

|<icj<n Sinh (xi — ) 1<i<j<m 1<i<n1<j<m sinh?( y])
Note that in the case m = n, the vector
= Ye-Ye
i€ly i€lo
is not isotropic for the deformed form, so strictly speaking, we deform not the generalized system of

the type A(n — 1,n — 1) but its degenerate extension.

Series BC(n,m). The form B is the same as before, and the multiplicities are
m(ei + 6]) = k? m(ez) =D m(2€2) =dq, Z)] S Il7
m(e; £ej) = kL m(ej) =r, m(2e;)=s, 1,j€ Iy,
where p, ¢, r, and s satisfy the relations

p=kr, 2q+1=Fk2s+1).
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The corresponding deformed CMS operator deepens on three free parameters and can be given by
the formula

0?2 0?2 0?2 0?2
L nm) = — +.oi 4+ — ) -k I
BC{m,m) <8:v12 89ch> <5y12 et 8ym2>

2k(k+1) 2k(k+1) > 2(k +1)
+ +
Z < inh? ) sinh®(z; + ;) Z Z smh2 Yj)

sinh®(z; — ;) 1<i<n 1<j<m

2k~ +1 2k~ +1) 2q +1)
* Y (o aira) z“’*z*
sinh“(y; —y;)  sinh“(y; +y;) sinh” x

1<i<j<m i=1
n n
4q(q+1) kr(r+2s+1) Aks(s+ 1)
+ + + . (14
; sinh? 2z; Z sinh? Yj ; sinh? 2y; (14)
Exceptional cases.
Case AB(1,3).
B=el@el+e2@e?+ e @ed +3ket @€t
the multiplicities are given by
3k+1 1-k 3k—1
m(e;) =a= 2+ , m(&;)zbzw, m(e; X ej) =c= 1 1,7 =1,2,3.

The deformed CMS operator has the form

2 2 2 2 3
(8 0 0 > 3k8— Za(a+1)+3kb(b+1)

+ +
dr1®  Oxs®  Oxs? Oy? —/ sinh? z; sinh? y

Lapags) = —

de(c+1) de(c+1) 3k +3)
+Z(h 3t e >4Zh21iii (15)
I<igj<s \sinh(z; —xj) - sin ? (@ + @) sinh? 3 (y + 1 £ 29 + x3)

where the parameters a, b, and ¢ are given in terms of the parameter k above, and the sum is taken
over all possible 8 combinations of signs. In this case, we have only one free parameter k.

Case GG(1,2). In the basis e1, eg, e4, the form B has the form
1
B:61®61+62®62—5(61@)624—62@61) + ket ® €.

The multiplicities are

2k -1 1
m(e;) =a=1+2k m(e;—ej) =b= kg , m(e4):c:z+2,
1 1
m(2e4) =d = %3 1,j=1,2,3.
The corresponding deformed operator has the following form:
02 02 02 > 2  S~ala+1) 3b(b+ 1)
Laus = — - + N D P —
¢(12) <8m12 011019 Ox9? dy? ; sinh? z; 1<§<3 sinh?(z; — x;)
ke(c+2d+1)  dkdd+1) < 2(k + 1) 2k +1)
+ . 19 . 1.9 Z . 1.9 . 19 ) (16)
sinh” y sinh® 2y — \sinh*(z; —y) sinh“(z; +y)

where the parameters a, b, ¢, and d are given in terms of the parameter k above. We again have the
one-parameter family.

763



Case D(2,1,\) The form B is
B =\e! @ el + Xe? ®e? + \3e® @ €,
where the parameters \;, i = 1,2, 3, are arbitrary but nonzero. Let us introduce the parameter
k=MAM+X+A—1

such that for k = —1 we obtain a case of Lie superalgebras. The multiplicities are
kE+1 .
m(2e;) =m; = Y 1, i=1,2,3.
The corresponding deformed CMS operator has the form
02 02 9?2 S~ ANmi(ms +1) 2(k + 1)
L =M—=+tX—+A + —_— s+ , 17
D@12 ! 1> 2 3ZE% 3 932 ; sinh? 2z; zﬂ:: sinh? (1 £ 29 £ x3) (17)

where the last sum is taken over all possible combinations of signs (four signs in this case). This family
can be parametrized by points on the projective plane A1 : Ao : A\3. The case of Lie superalgebras
corresponds to the line A\ + Ay + A3 = 0, so again we have a free parameter (say, k).

Everywhere above, the hyperbolic sine is defined by the usual formula sinh x = %(ew —e ). More-
over, x; and y; are chosen as elements of dual space defined by the basis vectors and the form B. The

next theorem shows the meaning of Harish—-Chandra homomorphism.

Theorem 1.8. Let A(n,m) and BC(n,m) be generalized root systems of the corresponding types, the
parameter k # 0, and Ho be the corresponding rational or trigonometric deformed CMS operator.

Then the restriction of the Harish-Chandra homomorphism on the centralizer C(Hz) is an injection
and its image is contained in the algebra A% or in the algebra A%, respectively.

The proof can be found in [14].

2. Integrability of Deformed Quantum CMS Systems

In this section, we will prove that the deformed quantum CMS systems related to classical gener-
alized root systems, i.e., the systems of the types A(n —1,m — 1) and BC(n,m), are integrable. The
integrability of the rational deformed CMS operator for exceptional root systems has still not been
proved.

Quantum analogs of the Lax pairs for usual CMS systems were proposed in 1992 by Ujino, Hikami,
and Wadati in [27, 29] (see also [25]). We note that the quantum version of the Moser matrix L was
used in 1975 by Calogero, Marchioro, and Ragnisco (see [2]) in order to construct integrals of the CMS
system. A proof of the integrability of the usual CMS systems are based either on Dunkl operators
or on Lax pairs. It appears that, in the deformed case, there are no Dunkl operators. So we use
the Lax-pair method, which allows one to construct some elements from the centralizer of the given
operator.

2.1. Lax pair. The proof of integrability is based on the following Lax equation.

Theorem 2.1. Let A be an associative algebra and a € A. Denote by E the identity (n x n)-matriz.
Let L and M be matrices of the same size with elements in A such that
[L,aE] = [L, M]. (18)

Moreover, let €* and e be (1 x n)- and (n x 1)-matrices with elements from A, respectively (i.e., a row
and a column) such that
€M =Me=0, e*a=aec*, ea=ae. (19)
Then the elements
L,=¢"Le
commute with a.
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Proof. The proof follows the ideas from [27, 29]. Equality (18) can be rewritten in the form [L,aFE —
M] = 0. Therefore, [L",aE — M| = 0 and hence
e(aE —M)L'e=e"L"(aE — M)e.

Further, e*aL"e = e*L"aFe and, therefore, ae*L"e = e*L"ea. O

2.2. Rational case. We consider the rational deformed CMS operator of the type A(n — 1,m — 1).
It has the form

m

2k(k + 1 (k=1 +1 - 2(k+1)
=y gk gm -y Aty s g sy A,

—_— 1‘ —_—
1<J 1<J Yi y] =1 j=1 y]
For the reader’s convenience, we introduce the new variables y; = x,4;, 7 = 1,...,n. Then the

algebra D' can be described as the algebra generated by differentiations ,i=1,...,n+m, and

or;

multiplication operators by the functions .1 # j. The algebra A%3" can be described as follows:

( J

of _ _of
05 O&n+j
and the group 5, X S;,, permutes the first n and the last m symbols. In this case, the Harish-Chandra
homomorphism can be described by the formulas

0 1
90< >:fz‘, i =1, 90< >:0, 1, 7=1,...,n+m.
Oz; T — X

Theorem 2.2. The operator Hy is integrable. More precisely, let us define the (m4+n)x (m+n)-matriz
L by the equalities

N = {f € Clér, . Eupm) 5 € (& — K&y, 1 Si < 1<) <mf,

, 1=p(j)
L= (Ly), Liu= kp(z)i, Lij = i

(%zl- Ty — Ty

y LFJ
Then the operators

Ly = (L")yk*® (20)
]
are differential operators of order r and they commute with each other, and we also have Hy = Lo.

Proof. Let us write the Lax equation in this case. We set 2 = Drat a = Hy, and take the matrix

21 1-p(j) 2k:1-p(4)
Mij = —, 1#7], M;; = — 5
T (i — ) 7 Z (zi — x5)?
J#i
as the matrix M. We also set
1 1 .

ef = <1, SRS E) (or ef:k_p(z),izl,...,m—kn),

e=(1, ..., 1) (ore;=1,i=1,...,n+m).

We verify that the element a and the matrices L, M, e*, and e satisfy the conditions of Theorem 2.1.
It is clear that e*M = Me = 0. Let us represent the matrix L in the form L = 0 + A, where 0 is the
diagonal matrix with elements

8i:kp(i)%, t1=1,...,n+m,

and rewrite the element Hs in the form Hs = A — f, where f is a potential. Further, we have

[L,aE — M| =—[0, fE]| + [A,AE] — [0, M] — [A, M].
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We must show that the right-hand side is zero. Let us calculate the nondiagonal elements. Let
i,j €{1l,...,n+m}, i # j. Then it is easy to verify that

26177 ) o)
2k1-p(j) . ,

A M = =2 (pt=p0) _ p1-p()

[ ’ ]z] («Ti—l’j)?’( )’
and, therefore, [L,aF — M];; = 0. Similarly, we can check that [L,aF — M]; =0,i=1,...,n+m.
Therefore, the elements L., r = 1,2,..., commute with Hs. The Harish-Chandra theorem implies
that L., r =1,2,..., commute with each other. O
Corollary 2.3. For a general value of the parameter k, the centralizer C(Hs) is generated by L.,
r=1,2,..., and the restriction of the Harish-Chandra homomorphism to the centralizer is an iso-
morphism.

Proof. The image of the integral L, under the Harish-Chandra homomorphism is

m
SG+ETD
i=1 Jj=1

For a general value of the parameter k, such elements generate the whole algebra A%' (see [14]). O

Now we consider the rational CMS operator of the type BCy, . In this case, it has the form

0? 0? 0? 0?
H2=<—+-~+ >+k< ot 2>—

8%12 81’n 8y1 8ym
B z”: <2k(k‘—|—1)  2k(k+ 1)> B i <2(k:—1 +1) 23kt +1)>
T\(wi—z)? (witz)?) S\ wi-y)® Wity)?
—ZZ< k:+1 2(k +1) > qu+1 zm:ks(s—l—l)
_ )2 2
i=1 j=1 x y (xl +y] j=1 yj
where the parameters k, ¢, and s satisfy the relations
2¢q+1=Fk(2s+1). (21)
Again, we set y; = nyj, j = 1,...,n. Then the algebra D* can be described as the subalgebra
generated by differentiations e 1 = 1,...,n + m, and multiplication operators by the functions
1 1 1
, , i # j, and —. The algebra A%3" can be described as follows:
Ti—xj T+ ZL‘] T;
Nt = {f el 25 9 (k) 1<i<n 1< m},
08 O&ntj

and the Harish-Chandra homomorphism acts by the formulas

0 1 1 1 ..
¥ =&, ¥ =@ =p(—)=0, 2,57=1,....,n+m.
ox; Ty — X5 T + T x;

Theorem 2.4. The operator Hy is integrable. More precisely, let us define the 2(m +n) x 2(m +n)-

matriz L as follows:
_ Ly Iy
()
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where

0 kPO m(7) k1—p() L1—p()
Lo)ii = kPO — L) = ———=; Lo)ij = Ly);; =
(Lo)ii =k oz, (L1) r— (Lo)i P (L1)i e

i # j.

Then
Ly, = e*L%e (22)
are differential operators of the order 2r and they commute with each other; moreover, Hy = Lo.

Proof. In this case, the proof is similar to the previous case. Let us indicate the corresponding data for

the Lax pair. The matrix L is given above; e = (1,1,...,1)7; ef =€}, ,,4; = kPO i =1,... ,n+m;

m(i) =qfori=1,...,nand m(i) = s fori =n+1,...,n+m. Let us define the matrix M by the

following formulas:
_ (Mo My
v= (30 )

2k 1-r(d) 24 1-p(j) m(i)kP0) kPO m(i)
(M) == s = Y o = L M (= T,

where

x; — xj)? Ty — ;) x; Z;
2 1-p() 2 1-p()

M) = (My)ij=——— i#j

( 0)] T — 1 ( 1)] (xi+517j)2 Z#]

Let us verify that the element a and the matrices L, M, e*, and e satisfy the conditions of Theorem 2.1.
It is clear that e*M = Me = 0. As before, we represent the matrix L in the form

I — g 0\ Ay Ay
L0 -0 A —Ay )’
where 0 is the diagonal matrix with elements
) 0
8952-
and write the element Hs in the form Hy = A — f, where f is a potential. Again, as before, we have
[L,CLE - M] = _[87 fE] + [A7 AE] - [87 M] - [A7M]
We must show that the right-hand side is zero. This is equivalent to the following two equations:
_[87 fE] + [A07AE] - [87 MO] - [A07M0] - {AlaMl} = 07
[A17AE] - {87 Ml} - [A17M0] - {AOJMl} = 07
where the brackets { , } mean the anticommutator. Let us check the first equation. Calculate the
nondiagonal elements. Let 7,5 € {1,...,n+m}, i # j. Then

Lp(j)g(kp(i) — kp(j)),

0; = kPl 1=1,...,n+m,

[0, fEli; =0, ([Ao, AE] - [0, Mo)),; = e
([Ao, Mo] + {Ar, M1}),; =
— M 1-p(j) _ 1.1-p(3)
CEEDE (k E) (i — ;) (i + )

E1-p0) (m(z’)kp(i) m(j)kp(j)> . 9 1-P() (m(z’)kp(i) N m(j)kp(j)> .

T — Xy B (1‘2 + l‘j)z xT; T

2k1-p(5)

5 (kl—p(j) _ kl—P(i))+

-
2 2
x5 .ZE]-

PO (@) kP®  m () kPU)
+ .
(382‘ + l‘j)



Therefore, in the first equation all nondiagonal elements are zeros. Similarly, we can prove that all
diagonal elements in the first equation are zeros. The second equation can be verified in the same
way. Therefore, the elements L,, r = 1,2,..., commute with Hs. Moreover, it is easy to check that
L?*! =0, and Theorem 1.8 implies that the operators L,, » = 1,2, ..., commute with each other. (J

Corollary 2.5. For a general value of the parameter k, the centralizer C(Hz) is generated by operators
L., r=1,2,..., and the restriction of the Harish-Chandra homomorphism to the centralizer is an
isomorphism.

Proof. The image of the integral L, under the Harish-Chandra homomorphism is

m
I W
i=1 j=1

For a general value of the parameter k, these elements generate the algebra A%R*. O

2.3. Trigonometric case. In this section, we prove the integrability of trigonometric deformed
quantum CMS systems corresponding to the classical series of the generalized root systems A(n,m)
and BC(n,m). The integrability of the deformed CMS operator is still not proved in the case of the
exceptional generalized root systems.

First, consider the trigonometric quantum deformed CMS operator of the type A(n,m). Let us
introduce the new variables by the formulas x; = €%, i = 1,...,n, and y; = e¥%,j=1,...,m. Then
the operator takes the form

Hy = Z <x28—xz> -Hf; <y78—yj> -

=1
k(k 2k~ : 2(k + 1)z
N Z : (z; J:‘;)Sle - E 2(k71 +1) y 2+ Dyiy; Z Z + 1)z yj. (23)

i<j i<j (yi — ;)2 i=1 j=1
Define y; = @p4j, j = 1,...,n; then the algebra DI can be described as the algebra generated by
differentiations :L‘Z'7, 1 =1,...,n4+m, and multiplication operators by the functions il i_ i] NENE
The algebra A% can Zbe described as follows: C

A% = {f € Clér,. .o, Enpm) >

1 1 1
f <§z’ — 3 Entj t+ 5) f <§z =5 Sntj — 5) € (& — k&nyj),

and the Harish-Chandra homomorphism acts by the formulas

o . .
90<$i—>:£2" ¢<M>:1v =1, nt+m, 1<
0x; Ty — Ty

Theorem 2.6. The operator Hy is integrable. Define the (m+n) x (m+n)-matriz L by the formulas

0 1 N+ T
L= (L;; Ly = (i) Lii = - 1-p@G)2r T 5 ; 3
( ])’ k 8902-’ J 2k I‘Z‘—l‘j’ Z#]
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Then
L, = Z(Lr)”k—l’(l) (24)

.3

are differential operators of the order r; they commute with each other and

1
Hy=Ly+B(p.p), p=35 Y m(aa.

a€Rt

Proof. The proof is the same as above. Let us indicate the corresponding data for the Lax pair:
a = HQ;

1-p(3) . p - 1=p(J) .y .
_ 2k Ti%j it M, — Z 2k Ty

K (ZL‘Z - :L‘j)2 ’ i (1'2 - :L‘j)z ’
e=(1,....,1)T; e = k=P@) § = 1,...,n +m. Similarly to the rational case, we can check that
[L,aE — M] = 0, and by Theorem 2.1 the element L, commutes with Hs. Theorem 1.8 shows that
that the elements L,, r = 1,2, ..., commute with each other. O

Corollary 2.7. For a general value of the parameter k, the centralizer is generated by the elements
L., r=1,2,..., and the restriction of the Harish-Chandra homomorphism is an isomorphism.

Proof. The highest term of the image of the integral L, under the Harish-Chandra homomorphism
has the form

z”: & 4 k1 Zn: n;-
i=1 Jj=1

Therefore, for a general value of the parameter k, the images of the integrals generate the algebra A%.
O

Now we consider the trigonometric CMS operator of the type BC,, ,,. As in the previous case, we

define z; = e, i = 1,...,n, and y; = €%, j =1,...,m. Then the operator can be rewritten in the
form
- o\ & O\ = [8k(k+Dzz;  Sk(k+ 1)zz;
=3 () % (o) ~2 (i )
iZ:; 61‘2 ]Z:; J ayj Z; (1‘2 — :L‘j)2 (I‘Z‘l‘j — 1)2
8k~ + Dyy;  8(k~1+1) yzy] 8(k+1) a:ly]
N e EDIIE o
i<j Yi — Y Yils i=1 j=1

- Z <4p p+2q+1)a;  16g(q+ 1)x§> s Ak (r + 25 + D)y . 16ks(s + 1)y? (25)
(e — 1P @07 ) =\ 1P -1 )
where the parameters satisfy the relations

p=kr, 2q+1=Fk2s+1).

If we define y; = zp4j, j = 1,...,n, then the algebra DX can be described as the algebra generated
by differentiations acza—, i = 1,...,n + m, and multiplication operators by the functions ———,
Li Ty — Ty
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rir;+1
I‘Z‘l‘j — 1’

x;+1 and 1‘?—!—1

’ZL‘Z'—17 1‘12—1

i 7]

. In this case, the algebra A% can be described as follows:

A% = {f € ClE, - &yl T

1 1 1
f <€i — 5 Entj + 5) —f <€i +3 Envj — 5) € (& — k&nyj),

and we have the following action of the Harish-Chandra homomorphism:
0 i + 2 . T+ 1
90<8 >=£z-, @(L $’>=1, i <j, 90<LC” >=1,
ZTj Ty — Xy Tilj — 1

z;+1 241 o
=1, L =1, 4,5=1,...,n+m.
S0<9Cz‘—1> <$?—1> ’

Theorem 2.8. The operator Hy is integrable. In other words, let us define the 2(m +n) x 2(m +n)-

matriz L by the rule
_ Ly I
= )

where
N0 EPOp(i)(z; +1)  kPOu()(z?2 +1)
(@), Y P H v i
(LO)u k Zq 8%1'7 (Ll)n 2(x2 — 1) xlz 1 )
kPO (25 + x5) kPO (225 + 1)
L ii = ! J L ij — - ) .
( 0) J 2(«Tz _ mj) ’ ( 1) J Q(mzx] - 1) o 17

and p(i) =p, v(i)=q,i=1,...,n, u(i) =r, v(i) =s,i=1,...,n+ 1,n+m, and e* and e are the
same as in the rational BC' case. Then
LQT = 6*L2r6
are differential operators of the order 2r and they commute with each other. We also have the equality
1
Hy=Ly+B(p.p), p=35 Y m(aa.
aERT

As far as the author knows, the matrix M has never been calculated before, although there is no
doubt of its existence. But we will prove this theorem in the next section.

Corollary 2.9. For a general value of the parameter k, the centralizer is generated by the elements
Lo, v = 1,2,..., and the restriction of the Harish-Chandra homomorphism onto centralizer is an
isomorphism.

Proof. The highest term in the image of the integral Lo, under the Harish-Chandra homomorphism is
n n
Z g?r + k,r—l Z 77J2'T'
i=1 Jj=1

Therefore, for a general value of the parameter k, the images of such integral generate the algebra A%.
O
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3. Infinite-Dimensional Quantum CMS Systems

In this section, we define infinite-dimensional analogs of the CMS systems and show their connections
to the deformed CMS systems. Under infinite-dimensional operators we mean differential operators
on the algebra of symmetric functions.

In this situation, our main tool is the Dunkl operator at infinity. This approach actually does not
allow one to get Dunkl operators for deformed CMS systems, but it allows us to explain naturally the
appearance of the quantum Moser matrix in the deformed case.

In this section, we also obtain new formulas for quantum integrals at infinity for rational and
trigonometric cases of the type A and BC'. We note that the same type of approach was used recently
in the trigonometric A-case by M. Nazarov and E. Sklynin in [8].

In order to construct infinite-dimensional analogs, we must rewrite the deformed CMS operators in
the radial form. This means that instead of the operator Lo we will use the operator Lo = WRLQ‘I/:]_—\;}.
The next proposition can be verified by direct calculations.

Prposition 3.1. In the rational case, the following equalities hold:

£2 — \I/%tL (‘I,rat —A— Z 2m
aERT

In the trigonometric case, the following equalities hold:

1+e_°‘

t

Lo=UEL(UE) ' =A- Y m (@) 7——=0a
a€ERT

We also change the matrix L and the integrals by the formulas
L=VUpL(Ur)', L,=TgrL,(Ip)?

Recall that the algebra of the symmetric function A by definition is the inverse limit of the algebras
of the symmetric polynomials (see [7]). This algebra is isomorphic to the algebra of polynomials in
infinitely many variables A = C[p1,pa,...], where p1,po,... are infinite-dimensional power sums. Let
us add to this algebra one additional variable pg (infinite sum of zero powers) and denote this algebra
by A. We will also consider the algebras A[z] and A[x,z~!], which are the algebras of polynomials and
Laurent polynomials in one variable. We need the algebras generated by the deformed power sums as
well.

Definition 3.2. Denote by A, ., the subalgebra in the algebra Clzi,...,Z,tm] generated by the
deformed power sums

n+m ntm
() Zk‘p(zi‘ _ZZL‘ —|-— Z ZL‘ TEZZO-
=1 i=n+1

In the same way, denote by Aim the subalgebra in the algebra (C[a:lil, e f}rm

deformed power sums

| generated by the

n+m n+m
E PO = E xy —|—— E x;,
1=n+1

3.1. Rational operator of the type A.

Definition 3.3. An infinite-dimensional Dunkl operator of the type A is the linear operator on the
algebra A[z] defined by the formula

D=0 — kA,
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where 0 is a differentiation such that
Ox) =1, d(p) =l
Ay =2+ 2" %pr + - apa +pal — 12, A@f) = AR,
where f € A.
Introduce a linear operator by the formula

E:Az] = A, E@'f)=pf, feN 1€ZLs, (26)

and also the operators
LY A=A LX=ResEoD", reZ;, (27)
where Res means the restriction to A. We also define the homomorphisms
P - Ale] = Clar, oo Tngml, W (@) =i, on(p) = pi(2) Vi€ Zxo.

By F we denote the column

T
F = (0 o )
Prposition 3.4. On A[z], the following relation holds:
FoD=_LF. (28)
Proof. It suffices to prove that
. L0 . Lli-rG) .
(i) N IC) B () M 0 ,0)
@m oD = kom0 ol, > o, P = ). (29)

J#i
For any f € A we have
Pl 0 (0 — kA) (@ f) =
= go,(f?m(la:l_lf +2laf — k(lml_lpo + 272+ aps + pro — la;l_l)f) =
=12l 1+ k) pnm(f) + honm(0F) — k(2 po + 21 2p1 + -+ + wipia + pro1) o (f).
On the other hand, we have

kfl’(i)a% o ol) (alf) — g % (00 — o0 ) @) =
i
= KOl {0 () + ik D0, (e (1)) — (" (k)
- k($§_2p1 +otTipr2 +pr-1 — k_p(i)lifé_l)%(zi,)m(f) =
- (/-c(?’(i) + PO o0 (1) + kPO2la; (0D () —
— k:(:ri(n + k7 'm) + $§_2p1 +otTip—2 + pl—l)) qu(mi,)m(f)‘

Since kP + k1P =1 4 k for all i = 1,...,n + m, it remains to prove that

P (0F) = kD000 (). (30)
Since both 9 and 9; are differentiations, it suffices to verify the last equality for f = p;; this verification
is easy. 0

The assertion below explains the name and the formulas for infinite-dimensional Dunkl operators.
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Corollary 3.5. Let m = 0. Then the following diagram is commutative:

Alz] —2 Al

| 4
D;
Anolrs] —— Apolzi]
where D; are the Dunkl operators

0 1
Di = —k;xi_%(l—sij),

and s;; is a transposition.

Proof. Let m = 0; then the formula 29 can be represented in the form

gpil’)ooD: 8—@ 0907(17)0 —kz

Now we are ready to formulate the main result.

Theorem 3.6. Differential operators L° commute with each other:

[‘Cv?o7 £<8>o] =0,
and the operator LS° has the following form:
C2>O = Z pa+b—28aab -k Z papbaa+b+2 + (1 + k) Z(a - 1)pa—28a7 (32)
a,b>1 a,b>0 a>2

where Oy = ad/0pq,.

Proof. In order to show that L7° are differential operators of order <r, recall that M is a differ-
ential operator on A of order <r if ad(f)"*'M = 0 for any f € A. Since F and A commute with
multiplication by f, we have
ad(f)" 1 (£°) = Res Eoad(f) ™' (D").
Since
ad(f)(D) = ad(f)(9) = —0f,
we have ad(f)%(D) = 0 and, therefore, ad(f)"*'(D") = 0. In order to prove the commutativity in

the infinite-dimensional situation, let us reduce the proof to the finite-dimensional case. We have the
following commutative diagram:
_ L0 _
A —/—— A
gon,ml J/San,m (33)

Ly
An,m — An,m

where ©n.m(pr) = pr(z). Indeed, it is easy to verify that e*F = ¢, ,, o E, and after the restriction to
A we have the equality F' = e, ,,. Therefore, F'o D" = L"F and after the restriction to A we have

eFoD" =¢,moFEoD" =e L epy m.

This proves the commutativity. Since the integrals commute, we have

b ([£2,£21(1) = [0 £ (Prm () =0,

In order to to complete the proof, we need the following Lemma.
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Lemma 3.7. Let f € A. If ono(f) =0 for all N, then f = 0.

Proof. By definition, f is a polynomial in a finite number of variables p,., 1 < r < M, for some natural
number M, and the coefficients of f polynomially depend on pg.

Take N greater than M. Since ¢y (p,) are algebraically independant for 1 < r < M in Ay and
on,0(f) =0, all coefficients of f are zeros for pg = N. Since this holds for all N > M, the coefficients
are identically zeros. Therefore, f = 0. This proves the lemma. (]

Now, applying Lemma 3.7, we obtain the commutativity. O

3.2. Rational operator of the type B. The proofs in this case are the same as in the case A and
so we omit them.
Let us define an infinite-dimensional Dunkl operator of the type BC as the operator

D : Alz] — A, Dza—zm—%u—f). (34)
Here the differentiation 0 in A[z] are defined by the formulas
Ax)=1, d(p) =271, 1€ Zs,
and the operator A : Alx] — A[z] is defined by the formula
A@'f)=A@ENf, AQ)=0, feA, 1€Zs,

where

Ay =2 po+ 2% Ppr 4+ -+ Ppg +apiog — 127,

A =2 2pg + 2 p o o4 — 1222 1> 0;
the involution 7 can be defined by the formula
7(2'f) = (—2)'f, feA

Introduce also the linear operator

E:Az) - AE@?f) =pf, E@*Tf)=0, feA, [eZs,

and the operators
L A=A reZ,, L>=ResFEoD?¥, (35)
(4)

where, as above, Res means the restriction to A. In this case, the homomorphisms cprim : Az] —
Clx1, ..., Tp+m] act by the rule

@g,)m(l‘) = Iy, @g,)m(pT) = p2r($) Vr e Zzo.

In this case, the column F' has the form

P = (B o o™, e s T
where 7; changes the sign of the variables x;.
Prposition 3.8. On A[z], the following relation holds:
FoD=_LF. (36)

Corollary 3.9. Let m = 0. Then the following diagram is commutative:
Az —2— Az
‘PS,)O l l ‘PS,)ovﬂ
D;
Anolzi] —— Apolzi]
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where D; are the Dunkl operators,
0 1 1 D
9z Z P (1 — si) Z — (1= 7imjsij) — ;(1 — i),
J#i

sij 18 a transposition, and T; changes the sign of x;.

Proof. The relation (36) can be rewritten in the form

. , , P m (i
907(12,)777, ° Do = kp(z)ai 0 907(12,)777, - w(l - Tl)wg)m
i i

k‘l—p(j) . k‘l_p(j) . '
_ %;Z m(@%)m oY 271) %;Z A (sO%,)m _ Tj%(f,?n)-

If m = 0, then the previous formula can be represented in the form

’ 0 1 1 p i
oW oD = 5o > (1= si) ) (1 —7i7j8ij) — x—i(1 1) | 0.

T — 1 T — 1
#i o g#i ot

As above, we have the following main result.
Theorem 3.10. Differential operators L3° commute with each other:
[L;fO, ﬁgO] =0
and the operator LS° has the following explicit form:

go =38 Z pa-i—b—laaab — 4k Z papbaa—i-b-i-l + 4k Z(a + 1)paaa+1+

a,b>1 a,b>0 a>0

+ 2 Z(2a + 1)paOat1 — 4q Zpaaa—i-b (37)
a>0 a>0

where Oy = ad/0pg.
3.3. Trigonometric operator of the type A. It is easy to verify that

" ; 0 9
o5 () ) o B (o) -

l<z<]<n Ti =T
Yi +vy 0 T +y 0 0
Y () -3 T ().
1gz'<j§myZ Yi Yi Y i=1 j=1 Yi

Definition 3.11. Let us define an infinite-dimensional trigonometric Dunkl operator of the type A
by the formula

D=0- %k‘A,
where 0 is a differential operator such that
J(x) =z, OJ(p,)=ra",
and
A() = a'py+ 22" py + o+ 2apg +pl — 2020, A f) = A@D S, A1) =0,
where f € A.
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The operator E : A[z] — A can be defined by the formula
E@'f)=mf, feN €L,
and the operators £ : A — A, r € Z, by the formulas
LX =ResEoD",
(i)

(38)

(39)

where Res means the restriction to A. The homomorphisms ¢y, and the column F' are defined exactly

as in the rational case of the type A.

Prposition 3.12. We have the following relation on Alx]:
FoD=CLF.

Corollary 3.13. Let m = 0. Then the following diagram is commutative:

Alz] -2 Az

‘PS,)ol lﬂog,)o

Ay o[zi] LN Ay o[zl

where D; are the Dunkl-Heckman operators

B 0 1 T+ T
Dz—ﬂfza—xz—§kz ‘ (1—-9@])

and s;; 18 a transposition.

Theorem 3.14 (see [1, 23, 26]). The differential operators L") commute with each other:

(L2, L] =0.
The operator L3 has the following explicit form:
= Z pa—i—baaab —k Z papbaa—i-b + (1 + k) Z apaaa — kpo Zpaaay

a,b>0 a,b>0 a>0 a>0
where Oy = ad/0pg.
3.4. Trigonometric operator of the type B. In this case,

nm T+ T, Tix; + 1
Za2+kZa2 —kZ(wl 2( —aj)+$(ai+aj)>_

1<)

a<p i=1

TiYa

B ya+y5 B Yays + 1 [ wi+ 1 R A
Z( 0 05) + 2121, +aﬁ)> Z<pxi—1+2qa;§—1 )

(40)

(41)

_k.z(??jzi_i 282_:1?‘3%1_1) Zz<xz+ya _k‘aa)—kmzjyo‘i—fi(ai_i_kaa))‘

i=1 a=1

Definition 3.15. Let us define the infinite-dimensional trigonometric Dunkl operator of the type B

by the formula
1 1 122 +1
D= 8——1@A—§p$+1( g — st

where 0 is a differential operator such that

Az)=z, Op,)=r@ —z"), re€ZLso,
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and the homomorphisms A and # of the A-modules are defined by the formulas A(1) = 0,

r—1 r—1
Al =a"(po—2r—1) =23 2" — a2 pia’ 4 p,,
j=1 j=1
r—1 r—1
Alz™)=2"(po—2r—1)+2 Zx’"_% +a" -2 ijx_rﬂ - Dr,
J=1 J=1

where » > 0 and
9($) = :L‘_lv 9(]97«) = Pr-

We also introduce the linear operator E : A[z] — A by the formula

E@"f)=p,f, f€ A, rez, (42)
and define the operators
L A=A LX=ResEoD¥, rci,, (43)
where Res means the restriction to A. We also define the homomorphisms
gpﬁf?m cA[x] — (C[acfcl, ... ,a:,f}rm]

by the rule
@g,)m(m) = Ty, Soa(mi,)m(pr) = pr(x) +p—7“(m) Vr e ZZO‘

The column F' has the same form as in the rational BC case:

F = (B e o ot 1o, 1206, o T
Prposition 3.16. On Alx], the following relation holds:
FoD=_LF (44)

The following assertion explains the name and formulas for the infinite-dimensional Dunkl operators.

Corollary 3.17. Let m = 0. Then the following diagram is commutative:

Az, 271 -, Az, 271

o) 4%
— D; —
An’o[ﬂfi, Z,; 1] E— An,O[ajiv x; 1]7

where D; are trigonometric Dunkl-Heckman operators of the type BC"

N
1 T; +T; z;xi + 1 _ 1 z;+1 2 +1
D;=0; — ~k ST s+ T (1 sn) ) — sp (1 = ty) — g (1 — #);
! ’ 2 Z(l’z—%]( SZ])—I_{L’i{L‘j—l( SZ]) 2pxi—1( Z) qZL‘2—1( 2)7
J#i !
here s;; is a transposition, t;(x;) = aci_l, and t;(x;) = x4, j # 1.
Proof. The proof easily follows from the explicit formula for the Lax matrix. O

Theorem 3.18. The differential operators L3° commute with each other:

[‘67?07 Ego] =0,
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The operator L£°°2? has the following explicit form:

5 =4 (Patb = Pat)0aOb + 2 (ak + a+k + h)paOa+

a,b>1 a>1
a—1 2a—1 a—1
+2k = )Y D Pa2j | 0a=2D | D Paj|0a—2kD> | D piPaj | Oa-
a>2 \ j=1 a>2 \ j=1 a>2 \ j=1

4. Algebras of Integrals and Spectral Decomposition

4.1. Trigonometric operator of the type A. In this section, we examine the action of the
trigonometric algebra of integrals of the deformed quantum CMS problem. We mainly follow the
paper [24].

Assume that k is a nonzero complex number. Denote by ©,, ., the subalgebra in the algebra D
generated by the integrals £,., r=1,2,....

We examine the action of the algebra ©,, ,,, on the algebra 2, ,,, of (S, x Sy,)-invariant Laurent
polynomials

SnXSm
fe (C[a:lil, sty yil] .
and satisfying the quasi-invariance condition
of of
vi——kyi—€(x;—y;), i1=1,....n, j=1,...,m. 45
Dy Yj dy; (z; y]) J (45)

For any Laurent polynomial

consider the set M (f) consisting of p such that ¢, # 0 and define the support S(f) as the intersection
of convex hull of M(f) with X,, . It turns out that the algebra ©,,,, maps the algebra 2, ,, into
itself.

Theorem 4.1. The operators L,, p = 1,2,..., preserve the algebra 2, ,, and the support: for any
De®ymand f Ay,
S(Df) < S(f).

Corollary 4.2. Denote by Ql,J{m the subalgebra in the algebra Ay, ,,, consisting of ordinary polynomials.

Then the operators L,, p=1,2,..., map the algebra Ql,tm into itself.
In order to study the structure of 2, ,, and Ql,J{m as modules over D, ,,, we need the following
partial order on the set of weights A € X, ,,, = 7"t We say that p =< X if and only if
pr <A1, gt p2 S AT+ A2, o, gt g S AL A (46)

Prposition 4.3. Let f € Uy, and X be a mazimal element of M(f) with respect to partial order.
Then for any D € Dy, 1, there is no p from M(D(f)), u # A, such that X < p.

The coefficient of > in D(f) is o(D)(N)cy, where ¢y is the coefficient of z in f.

If X is the unique maximal element of M(f), then < X for any u from M(D(f)).

Let x : ©p,m — C be a homomorphism. Define the corresponding generalized eigenspace Ay, m(x) as
the set of all f € 2, ,,, such that for every D € D, ,,, there exists N € N such that (D—x(D))™(f) = 0.
If the dimension of 2, ,,,(x) is finite, then such NV can be chosen independent of f.

Prposition 4.4. The algebra 2, ., as a module over the algebra ®,, ., can be decomposed in the direct
sum of generalized eigenspaces

Q[n,m = @xmn,m(X)a (47)
where the sum is taken over the set of some homomorphisms x (explicitly described below).

778



Proof. Let f € %y, . We define the vector space

V(f)= {9 €M | Stg) S SN}

By Theorem 4.1, V(f) is a finite-dimensional module over ®,, ,,. Since the proposition is valid, the
claim is also valid for all finite-dimensional modules. O

Now we describe all homomorphisms x such that 2, ,,,(x) # 0. We say that the integral weight
A€ Xpm € Z™™ is dominant if
ALZ X2 2 Ay At 2 Ang2 200 2 A
The set of dominant weights is denoted X;f m- For every \ € X,f; m» we define the homomorphism
Xr:Or = C, xa(D)=¢(D)(N), DeDg,
where ¢ is the Harish-Chandra homomorphism.

Prposition 4.5.

(1) For any A € X,f,,, there exists x and f € Apm(x), which has a unique maximal term x*.

n,m:s
(2) Anm(x) # 0 if and only if there exists X € X,I,, such that x = xx.
(3) If Ap m(x) is finite-dimensional, then its dimension is equal to the number of \ € X;[,m such that
X\ = X-

Proof. Let py = A1, ..., tin = A\p, Y1 = Apt1,- -, Ym = Aptm. Consider the Laurent polynomial
2
Y
9(x.y) = su(@)s ) [ (1 - ﬁ) ,
.. (]
27-]

where s,(x) and s,(y) are the Schur polynomials (see [7]). It is easy to verify that g belongs to the
algebra 2, ,, and has a unique maximal weight X\. By Proposition 4.4, we can write g = g1 +---+gn,
where g; belong to different generalized eigenspaces. Therefore, there exists ¢ such that A € M(g;).
Since g; can be obtained from g by some element from the algebra 2, ,,, (which is the projector to the
corresponding generalized eigenspace in some finite-dimensional subspace containing ¢g), then A is the
only maximal element of M (g;) by Proposition 4.3. This proves the first part.

Let Ay, m(x) # 0. Take a nonzero element f from this subspace and choose some maximal element
2D from M(f) and an operator D € ®,, ,,. Then, according to Proposition 4.3, the element A
does not belong in f1 = (D — x,w (D))(f) and S(f1) C S(f). Repeating this procedure, we obtain

a sequence of nonzero elements fo = f, fi, ..., fx and numbers a; = x,o)(D), ..., any = x, (D)
such that
fi:(D—aZ-)fi_l, iZl,...,N, (D—aN)fN_le.

Therefore,

N

P =TJ¢-a)

i=1
is a minimal polynomial for D in the subspace (fo,..., fv—1). But this subspace lies in 2, n,(X).
Therefore, this polynomial is a power of ¢ — x(D) and hence a1 = ay = --- = ay = x(D). In
particular, this implies that x(D) = a; = x,) (D) for some PYONS X,J[,r, as required.

Conversely, let A € X,‘{ m- According to the first part, there exists x and f € 2, ,,,(x) such that A is
its maximal weight. Therefore, the previous considerations show that x = x and thus 20, ,,,(xx) # 0.
To prove the third part, assume that 2, ,,,(x) is finite-dimensional and AD L A®) are all different
elements from X,tm such that x,@ = x, ¢ = 1,...,N. According to the first two parts, there
exists f; € Ay, m(x) with a unique maximal weight A Tt is easy to see that fi,..., fn are linearly
independent. To show that they form a basis, we consider any f € 2, ,(x) and take a maximal
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weight p from M (f). According to Proposition 4.3, x,, = x and thus p must coincide with one of A9,
Subtracting from f a suitable multiple of f; and using induction, we arrive at the required result. [

Corollary 4.6.

(1) The set of homomorphisms in Proposition 4.4 consists of x = xx, A € X;r’m.
(2) For a general value of k, we have

Q’l:,m = @Xgl;t,m(X)? (48)
where the sum is taken over the subset x» such that
MZ >0, M1 = dgm =0, Ay < |{i | Mg > 0}
and all the corresponding eigenspaces are one-dimensional.

The eigenfunctions from Corollary 4.6 are called Jack superpolynomials (see [15]). In the general
case of the algebra 2, ,,, the corresponding eigenfunctions are called Jack-Laurent superpolynomials.
Consider several examples.

Example 4.7. Let n=m =1,
Uy = {f € Cle*,y*] | 0f — kO, f € (@—1)}.

For integers (A, i), we set
A—ku

P)uu = l»)‘yﬂ - N—1— k(ﬂ + 1)33)\_1yﬂ+1’ ()‘7:u) 7& (070)7 (17 _1)7
Po=1 P,1= 2.y
y T

So we have the decomposition into generalized eigenspaces

A1 = @ (Pru) @ (Po,0): Pa-1))-
(Am)#(0,0),(1,1)
It is difficult to verify that the image of the algebra of integrals in generalized eigenspace
<P(070), ﬂ(1_1)> is the algebra of dual numbers C[e], €2 = 0.

If k € Q, the decomposition may have another form.
Example 4.8. Let £ = —1; then
U1 = {f eCl*y™] |0, +0,f € (@ -p)}.
This is a particular case of the algebra of supersymmetric polynomials. In this case,

xa
A1 = @ <PA,M>@<E, aEZ>,

Ap#0

and all generalized eigenspaces are simply eigenspaces. One of them is infinite-dimensional and all the
other are one-dimensional.

Example 4.9. Let k = —1/2. Then

A1 = {f € (C[a:il,yil] ‘ O f + %%f € (a:—y)}

In this case, we have

A= P <PA,H>@@<%,%<5+%>>,

22A445£0,1 acz VY Y Y

Thereby, this decomposition has the same form as in the general case.
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4.2. Trigonometric operator of the type B. In this section, we examine the action of the
trigonometric algebra of the integrals of the type B (we follow [15]). Assume hat k is general. Let us
denote by D, », the subalgebra in the algerba DY generated by the integrals £,, r =1,2,....

Now we consider the algebra 2, ,, consisting of Wy = (S, X Z%) x (Sy, x Z5')-invariant Laurent

polynomials f € (C[mfl, cee xfl, yfl, cee y#]WO that satisfy the quasi-invariance conditions
of of
i— —kyi— € (x; —y;), i=1,....n, j=1,...,m. 49
i 85137, y] ayj (xl y]) ? n J m ( )

It turns out that the algebra ©,, ,,, maps the algebra A, ,, into itself.

Prposition 4.10. The operators L, map the algebra 2, ., into itself for all p = 1,2,... and they
preserve the support: if f € Ay, then

S(Df) € S(f).
We say that an integral weight A\ € X, ,,, € Z"™™ is dominant if

>\12)\222>\n207 >\n+12>\n+222>\n+m207 >\n§|{2|>\n+z>0}‘

Denote by X;f m the set of dominant weights. For any A € X7, we define the homomorphism

X\ ::DR_>(C7 X)\(D) :SO(D)()\% DE:DR,
where ¢ is the Harish-Chandra homomorphism.

Theorem 4.11. The algebra A, ,,, as a odule over the algebra D, ,, for a general value of k can be
decomposed into the direct sum of one dimensional eigenspaces

an,m = @an,m(X)y (50)
X

where the sum is taken over the set of homomorphisms x = xx, A € X .

Definition 4.12. An eigenfunction SJy corresponding to the homomorphism y is called a Jacobi
superpolynomial. Tt is easy to verify that the highest term in the lexicographic order is equal to

A A
cAa:?l eyt Lyt

5. Representation Theory and Quantum CMS Systems

In the case of finite-dimensional semi-simple Lie algebras (i.e., m = 0), eigenfunctions of the quan-
tum trigonometric CMS operators for an appropriate specialization of parameters yield either charac-
ters of irreducible finite-dimensional representations or spherical functions corresponding to symmetric
Lie algebras (see [7]). Connections between quantum CMS systems and representation theory of Lie
superalgebras are much more complicated. A general picture is not still clear. Partial results in this
directions are given below.

5.1. Representations of the Lie superalgebra gl(n, m) and CMS systems. First, we consider
the case of polynomial representations. Recall that a representation of the Lie superalgebra gl(n,m)
is said to be polynomial if it is a subrepresentation of the tensor algebra of the identical representation.
It is known (see [11]) that the tensor algebra of the identical representation is completely reducible as
a module over the Lie superalgebra gl(n, m), and the corresponding irreducible representations can be
labelled by partitions A such that A\,+1 < m. We denote the category of polynomial representations
by FT. In the general case, we denote by F the category of all finite-dimensional representations over
the Lie superalgebra gl(n,m).
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Definition 5.1. The Grothendieck algebra over the field C of the category F (respectively, F1) is
the algebra generated by classes of simple modules subject to the following relations:
Vi=MW]l+[M] 0=Vi—=V =V,—0,
[Vl & V2] = [W1][Va].

We denote these algebras K (F) and K(FT), respectively. It is easy to verify that the algebras
K(F) and K(F™") considered as vector spaces have the basis consisting of the classes of irreducible
modules.

Definition 5.2. Let V be a module from the category F or from the category F'. Assume that it
can be represented as the direct sum of one-dimensional irreducible h-modules

V= v
re(h)”

Then the function
sch(V) = Z sdim (V()\))m)‘
A
is called the supercharacter of V', where
sdim V(A.pu) = dim V(A.p)g — dim V(A.p);.

Let U(gl(n,m)) be its universal enveloping algebra and Z(gl(n,m)) be the center of U(gl(n,m)).
Any element from Z(gl(n,m)) acts as a scalar operator in each irreducible module. Therefore, we
have a natural action Z(gl(n,m)) on K(F). Now we can formulate the following theorem.

Theorem 5.3. The supercharater map
sch: K(F) = Apm

is an algebra isomorphism and translates the action of Z(gl(n,m)) to the action of Dy, for k = —1.
Its restriction to K(F1) is the isomorphism

sch : K(F©) —f,,

and translates the action of Z(gl(n,m)) to the action of Oy, for k = —1, and under this isomorphism
the irreducible modules go to the Schur superfunctions (see [11]).

Now let us consider the case of the symmetric Lie superalgebra (gl(2n + 1,2m),0), where 6 is an
involutive authomorphism such that the orthosymplectic Lie superalgebra osp(2n + 1,2m) is its fixed
subalgebra. There exists a natural surjective homomorphism

Y Z(gl(2n+1,2m)) = Dy,

which is called the homomorphism of the radial part.
Therefore, we can consider the algebra 2, ,, as a module over the algebra Z(gl(2n + 1,2m)). In
this case, the main result can formulated as follows (see [24]).

Theorem 5.4. Let ©,, ,, be the algebra of the deformed quantum operators CMS with the param-
eter k = —1/2, which acts naturally on the algebra A, of deformed Laurent polynomials with the
parameter k = —1/2, and let

an,m - @mn,m(X)
X

be its decomposition into the direct sum of generalized eigenspaces. Then for any finite-dimensional
generalized eigenspace Ay, m(X), there exists a unique projective indecomposable module P over gl(2n+
1,2m) and the natural map

[ (P*)b = Apm (X)),
which is an isomorphism of vector spaces and Z(gl(2n + 1,2m)-modules.
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5.2. Orthosymplectic Lie superalgebras and CMS systems. Consider the case of the or-
thosymplectic Lie superalgebra osp(2m + 1,2n) (the case of the superalgebra osp(2m,2n) can be
considered similarly). We briefly present two main results that show some connections of the repre-
sentation theory of the Lie superalgebra osp(2m+1,2n) and the corresponding CMS system. The first
result describes the Grothendieck algebra as an integrable system. Let K(F) be the Grothendieck
algebra of the category of finite-dimensional representations of the superalgebra osp(2m + 1,2n) with
the action of the center defined above, and 2, ,, and ©,, ,,, be the same as in Theorem 4.11 with the
parameters k =p = —1 and ¢ = 0.

Theorem 5.5. The supercharacter map
sch: K(F) = Apm

is an isomorphism of algebras; it translates the action of the center Z(gl(n,m)) to the action of the
algebra ®y, .

The proof follows from the results of [20]. The second result shows possible specializations of Jacobi
superpolynomials. For any parabolic subalgebra p C g and any finite-dimensional module M over
p, one can defined the Euler character E¥(M) according to the superversion of the Borel-Weyl-Bott
construction. By the general result of Serganova (see [5])

Defsch M
[T (1—e))’

+
OéERp le

EP(M)= > w

weWy

(51)

where

H (ea/2 _ e—a/2)

+
a€ER]

H (60‘/2 _ e—a/2) ’

aeRé

D=

Here p is the half-sum of even positive roots minus the half-sum of odd positive roots, and R, is the
set of roots a such that g1, C p.
The main result of [19] can be formulated as follows.

Theorem 5.6. If we take the limit of Jacobi superpolynomials SJy as k — —1 and then the limit as
(p,q) — (—1,0), then the result is well defined and coincides with the Euler character EP™ (x) for the
Lie superalgebra osp(2m + 1,2n), where p(X) is some parabolic subalgebra (depending on X), and x is
a one-dimensional representation of it.

6. Infinite-Dimensional Versions of Eigenfunctions of CMS Operators

Infinite-dimensional versions of quantum integrals and corresponding eigenfunctions play an impor-
tant role in the theory of the deformed CMS systems. These systems have an additional parameter
(an analog of the dimension) and they also have some additional symmetries (see [16, 21, 23]). As
was shown in Sec. 3, integrals of the deformed CMS problem can be obtained by reduction from
infinite-dimensional integrals. This was first noted in [15] in the case of the trigonometric deformed
CMS system of the type A. Moreover, the question what integrable systems can also be obtained from
infinite-dimensional CMS systems by the same procedure was examined in [15]. Below, we mainly
follow the papers [21, 23].

In order to define Jack—Laurent symmetric functions, we introduce the Laurent version of the algebra
of symmetric functions. By definition, this is the algebra A* freely generated by “infinite power sums”
pi, 1 € Z\ {0}. We also consider infinite “zero power sum” pg as an additional parameter.
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Let A*[z, 271] be the algebra of Laurent polynomials in the variable x over the algebra A*. Define
the differentiation 0 in A* [z, 2~!] by the formula

dx) =z, d(p)=1la,
and the operators
A Az a7 = AE[z, 7Y, A@NY) =A@, A1)=0, feAE, ez,
A(Sﬁl) = alpg 4+ 227y 4+ -+ 2appq +pp — 208, 1> 0,
Az = —(A@@Y)*, 1<0, z*=2"L

Introduce the infinite-dimensional analogs Dunk—Heckman operators

D:Af[z, 27 = AE[z, 27, D=0 - %kA (52)

and the linear operator
E: Az, 27| = A%, E@Ef)=pf, feA, lez, (53)

and also the operators
LAY 5 A, L=FEoD", reiZ, (54)

where the action on the right-hand side is restricted to the algebra A*. We claim that these operators
give the Laurent version of the quantum integrals at infinity.

Theorem 6.1. The operator L° is a differential operator of order r polynomially depending on py.
Moreover, the operator LS° has the following explicit form:

5= Past0aOs =k | > papsOats — Y PaPbOats| —

a,beZ a,b>0 a,b<0

- pr [Z paaa - Zpaaa

a>0 a<0

+(1+k) apada, (55)

a€Z

where O, = ad/0pg, and this operator is the Laurent version of the CMS operator at infinity.
The operators L commute with each other:

(L2, LF] =0

Let P be the set of all partitions (or Young diagrams). By bipartition we mean a pair of partitions
a = (A, u) € P xP. Define the length of a bipartition oo = (A, ) by l(c) := I(A) +1(u). Let I(a) < N
then we define
XN(a):<)\17”’7)\T7 0, ..., 0, ,us,...,—ul). (56)
N

and the symmetric polynomial
Py (@1, 2n) = (z1...on) " By(21, ..., TN),

where a is a nonnegative integer such that v = x 4 a is a partition and P,(x1,...,2zy) is an ordinary
Jack polynomial. Consider the algebra AT (pg) of rational functions in py with coefficients in A*
and the homomorphism ¢y : A*(pg) — A% defined by ¢n(p;) = 2% + -+ + a%, i € Z, with the
spacialization pg = N.

Now we can define Jack-Lautrent symmetric functions P, € AT (pg) by the following theorem.
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Theorem 6.2. If k ¢ Q and po # n + k~'m for any m,n € Z~o, then for any bipartition o there
exists a unique element P, € A*(pg) (called the Jack-Laurent symmetric function) such that, for any
N eN,

PXN(a)(xl" .o ,:L‘N), zfl(a) < N,

0, if l(a) > N. (57)

@N(Pa) = {

It can be easily verified that for a general value of the parameter pg, these symmetric functions are
eigenfunctions for infinite-dimensional operators from Theorem 6.1. We note that for special values of
po this assertion does not hold. It turns out that the function P, is not well defined for such py and,
in general, instead of eigenfunctions we need to consider generalized eigenspaces.

Consider the case where pg = n + k~'m, n,m € Zg. Denote by 7(n,m) the rectangular Young
diagram of size n x m and consider the corresponding bipartition 7 = (7(n,m), 7(n,m)). Define the
central symmetry 6 acting on (ij) € w(n,m) by the formula 6(ij) = (n —i+ 1,m — j + 1). Introduce
the equivalence relation on the pairs of bipartitions. Below, the set-theoretic operations on partitions
are understood as the operations on Young diagrams.

Definition 6.3. We say that a bipartition v = (\, ) is equivalent to a bipartition & = (X, i) if
a\m=a\r and OA\X) =p\i, OA\N) =0\ u (58)

It turns out that every equivalence class E consists of 2" elements, where the number r depends on
the class E.

Let D* be the algebra generated by the integrals £°, r = 1,2,.... The following theorem de-
scribes the structure of AT as a module over D>, and also describes the action of D™ in generalized

eigenspaces.

Theorem 6.4.

(1) The algebra A* as a module over the algebra D> can be decomposed into the direct sum of gener-
alized eigenspaces
At =P AE(E),
E

where the sum is taken over all equivalence classes.
(2) If a class E contains 2" elements and k is not an algebraic number, then the image of the algebra
D> in the algebra End(A*(E)) is isomorphic to the tensor product of v copies of the algebra of

dual numbers
2 2

Clet,e0,...,60]/(€2, €3,...,€2).
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