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The N = 2 supersymmetric
Calogero-Sutherland model
and its eigenfunctions

L. ALARIE-VEZINA, L. LAPOINTE, AND P. MATHIEU

In a recent work, we have initiated the theory of N' = 2 symmet-
ric superpolynomials. As far as the classical bases are concerned,
this is a rather straightforward generalization of the N'=1 case.
However this construction could not be generalized to the formu-
lation of Jack superpolynomials. The origin of this obstruction is
unraveled here, opening the path for building the desired Jack ex-
tension. Those are shown to be obtained from the non-symmetric
Jack polynomials by a suitable symmetrization procedure and an
appropriate dressing by the anticommuting variables. This con-
struction is substantiated by the characterization of the N = 2
Jack superpolynomials as the eigenfunctions of the N = 2 super-
symmetric version of the Calogero-Sutherland model, for which,
as a side result, we demonstrate the complete integrability by dis-
playing the explicit form of four towers of mutually commuting
(bosonic) conserved quantities. The N' = 2 Jack superpolynomials
are orthogonal with respect to the analytical scalar product (in-
duced by the quantum-mechanical formulation) as well as a new
combinatorial scalar product defined on a suitable deformation of
the power-sum basis.
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1. Introduction

The study of the N’ = 2 symmetric superpolynomials has been initiated in
[1]. Let us review briefly what is meant by this program.

The construction amounts to extending the classical symmetric polyno-
mials to functions depending on not only x1,...,znx but also on two extra
independent sets of anticommuting variables 01,...,0y and ¢1,...,¢dn. We
require the variables in each set to anticommute among themselves:

(1) 0:0; = —0;0;, biv; = —Pjdi

and also with each other:

(2) 0ip; = —¢;0;.

Equivalently, we consider the ring C(z1,...,zx) ® /\((C(Bl, Y R P
ng)). This addition of the anticommuting variables is understood in the
context of superspace: the variables ¢; and #; are attached to the bosonic
variable x;. Therefore, the symmetry requirement imposed on polynomi-
als is the invariance under the interchange of two triplets (z;, ¢;,0;) <>
(To(i)s Po(i)s O(s)) Where o belongs to Sy, the symmetric group on N el-
ements. We call the resulting objects N = 2 symmetric superpolynomials
and denote their ring as ITV.

A detailed analysis of the N' = 2 supersymmetric version of the classical
bases my, ey, hy and py (A being a partition), was presented in [I]. Take for
instance the power-sum basis. It is a multiplicative basis built out of four
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constituents:

N N

N N
3) =Y. a}, Po=) ¢ixj, p =Y 6w, B = ¢ibiz]
=1 =1

i=1 =1

withn > 1 and r > 0.

Symmetric N/ = 2 superpolynomials are labelled by N/ = 2 superparti-
tions. The occurrence of four types of power-sums suggests that the super-
partitions are composed of four partitions. The splitting of these four types
into two bosonic and two fermionic ones further entails that two of these
partitions — that associated to the product of the p,’s and that associated
to the product of the gr’s — have distinct parts. The superpartition A will
be written as

(4) A= (A A5 A A7)

where A and A® are usual partitions while A and A are partitions without
repeated parts. For instance, we have for N = 2:

PGt = PPy = (P11 + P2w2) (0171 + O212),
P = ?2 = ¢191$% + ¢292$%.

(5)

There is a natural extension of the combinatorial scalar product defined in
terms of the power-sums which preserves the dual nature of the extension
of my and h)\.

However, the ultimate objective of this generalization of the theory of
symmetric polynomials is to construct the N = 2 Jack superpolynomials.
We expect those to be defined by directly extending the AV = 0,1 defini-
tion to the N/ = 2 case, namely, in terms of two conditions: triangularity
in the monomial basis and orthogonality. The scalar product with respect
to which we expect the yet-to-be-defined N' = 2 Jack superpolynomials to
be orthogonal is the a-deformation of the power-sums scalar product just
alluded to. However, in [I], we have indicated the difficulty of obtaining the
Jack deformation of the classical bases along those lines.

Let us pinpoint the source of the problem. We have considered in [I] the
characterization of the superpartitions that label the symmetric superpoly-
nomials by three numbers: the degree of the polynomial, denoted n, and the
number of ¢; and 60; factors in the monomial of anticommuting variables
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that decorate each term in the expression of the superpolynomial in a given
sector. Let us denote these numbers mg and mg. Now what is the problem
with this description? Take the simple monomial (still for N = 2):

(6) m1;1;) = ¢1210222 + goxabh )

(The construction of the monomial is explained below.) Its decomposition
in terms of power sums is easily found to be

(7) m(;l;l;) = ]79121 - ?2'

This preserves the sector mg = my = 1. However, it mixes for instance the
sectors corresponding to the product of 61 and ¢; to the sector correspond-
ing to 01¢1. According to our earlier attempts, this mixing seems to prevent
the introduction of a consistent dominance ordering, which in turn implies
the impossibility of using the triangularity requirement for defining the Jack
superpolynomials.

Heuristically, the cure for this problem is clear: the separation of the
superpartition into four blocks suggests the characterization of each sector
by four numbers, n, m, m and m, the latter three counting respectively the
number of factors ¢;0; (i.e., paired with the same indices), ¢; and 0. Equiv-
alently, m, m and m stand respectively for the length of A, A and A. This
refinement of the characterization of the fermionic sector is indeed a neces-
sary requirement for the successful construction of Jack superpolynomials.
But can we figure out a firmer argument for the necessity of four entries
specifying a given sector?

The physics of integrable N-body problems provide such a foundation.
Recall that the usual Jack polynomials are the eigenfunctions (with the
ground-state contribution factored out) of the Calogero-Sutherland model.
Their N' = 1 extension is similarly related to the supersymmetric version of
the CS model (referred to as the sCS model). We thus require the N' = 2
Jack superpolynomials to be eigenfunctions of the N/ = 2 supersymmetric
extension of the CS model (to be dubbed, for short, the s?CS model), first
introduced in [22]. This model is shown here to be integrable, as expected,
by displaying four towers of N bosonic mutually commuting conservation
law. This naturally implies a characterization of the sectors by four quantum
numbers.



The N = 2 supersymmetric Calogero-Sutherland model 547

But this simple cure (refinement of the fermionic sector) entails the re-
placement of the power-sum basis by an alternative one that does not lead
to sector mixing. This is one of the key technical point of our new construc-
tion and the new basis, called quasi-power-sums, is not multiplicative. The
combinatorial scalar product is now defined with respect to this new basis.

In this way, we have succeeded in constructing the N' = 2 Jack superpoly-
nomials orthogonal with respect to this new combinatorial scalar product.
But there is more: their construction from an appropriate symmetrization
of the non-symmetric Jack polynomials, taylor made to render them s?>CS
eigenfunctions, implies their orthogonality with respect to an analytic scalar
product. This is compatible with their physical interpretation as wavefunc-
tions.

The outline of the article is a follows. In Section [2] we derive the N' = 2
supersymmetric Calogero-Sutherland model using the formalism of [22] and
following the construction of the N'=0,1 cases. In Section [3| we intro-
duce the space of N' = 2 symmetric superfunctions and provide two simples
bases: the monomial symmetric functions and the quasi-power sums. We also
present superpartitions, the combinatorial objects which naturally index the
bases, as well as the dominance ordering on superpartitions. In Section [ we
introduce the N’ = 2 Jack superpolynomials from the non-symmetric Jack
polynomials. We then construct 4N quantities built out of Dunkl operators
that have those polynomials as eigenfuntions, a result that implies the inte-
grability of the N = 2 supersymmetric Calogero-Sutherland model. We then
show that if a triangularity condition is imposed, it suffices to consider only
4 commuting quantities, one of them being the Hamiltonian, to characterize
the N' = 2 Jack superpolynomials. In Section [5], we present two scalar prod-
ucts, dubbed analytic and combinatorial, with respect to which the N' = 2
Jack superpolynomials are orthogonal. But in order to not overburden the
text, only an outline of the proofs of the orthogonality are presented. In
Section @, we give conjectures for the norm (with respect to the combinato-
rial scalar product) and the evaluation of the A' = 2 Jack superpolynomials.
Finally, we discuss in Appendix [A] how our construction of the N' = 2 Jack
superpolynomials from the non-symmetric Jack polynomials is only of one
many possible constructions.
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2. N = 2 supersymmetric Calogero-Sutherland model

Before defining the N = 2 version of the Calogero-Sutherland model, we
introduce the A/ =0 and N =1 versions. The construction of the N' = 2
version will mimic very particularly that of the A" =1 case.

The Calogero-Sutherland (CS) model [6, 21] describes a system of N
identical particles (of mass m = 1) lying on a circle of circumference L and
interacting pairwise:

N
1 T 2 1
(8)  HNO =N (F) BB Y
2 = L (<isrey Sin (maii/L)
where z;; = x; — x; and p; = —i0/0x; (we set h = 1).
In the N =1 version of the CS model, every particle coordinate x; is
paired with an anticommuting variable ¢;. In this case, the Hamiltonian is

built out of two anticommuting charges @ and Q' (with 9} = 0/00;) defined
in terms of a prepotential W as

(9) Q=> 0;(pj—i0s, W(x)).
J
Explicitly, the Hamiltonian is obtained as follows

_ 1
(10) H(Nil) = 5{@1 QT}v
where W (z) is determined by the requirement
(11) HW=1) ‘9]:0 _ gWw=0)

This fixes W(z) to be
(12) W(z) = Z gln (217r> )

and the resulting Hamiltonian reads

N t
N=1) _ 1 2 n 2 BB -1+ 91]61])

j=1 1<i<j<N

with Gij =0, — Hj.
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For the N = 2 extension, in which case x; is then paired with two inde-
pendent anticommuting variables, 6; and ¢;, we need two supercharges Q1
and ()o realizing the algebra

(14)  {Qa, Q)Y = 20uH, {Qu,Q} =0, {QI,Ql} =0, a,b=1,2
where
(15) H=HW=2,

As noted in [22], the supercharges are now expressed in terms of two prepo-
tentials: W10 (the previous W(z)) and W[l}

(16) Q1=>6; [p;— W (2) —i Z Wi (@) ér0]
J k=1
N
1
(17) quj pi—iW @) —i Y Whi@)6:6] |
k=1

where we have introduced the notation
(18) wlh =l wll .= a0,0wl.

It is readily seen that when the ¢ variables are set equal to zero, ()1 reduces
to Q while Q2 vanishes.

Under the assumption that W =3, ; w(wi;), the conditions lead
to the following Hamiltonian (we refer to [22] for the details of this analysis)

(19)
Heoos = ;Zp ny (2)2;.2{_ (8- (1 - o0l - 0356L))

. sin® 7

This is thus the candidate A/ = 2 version of the supersymmetric CS model
(s2CS for short). As it will be shown below, this is precisely the form of the
Hamiltonian that would result from an exchange formalism projected onto

'Due to the presence of four charges, Q12 and Q;z, the model is said to have
four supersymmetries in [22]. Our point of view is that there are two independent
charges, hence the N' = 2 qualifier.
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the space of symmetric superfunctions.

This Hamiltonian has the same ground state as the N =0 and N/ =1
versions, namely

(20) Yo(z) = AP(z) = H {sin (szkﬂﬁ

j<k

The ground-state energy is

(21) Ey = <7TLB>2N(NZ_1).

Any excited-state wavefunction will be of the form

11)(507 07 ¢) = ¢0($)§0($, Ha ¢)a
with ¢(z, 0, ¢) a polynomial in its variables.

2mix

Upon the change of variables z; = e2™#i/L the Hamiltonian becomes

(22)

=25 (e 2 5 ot )

7 1<j

It is convenient to factor out the contribution of the ground-state by a con-
jugation operation and perform a rescaling to get rid of the above prefactor,
defining thereby the new Hamiltonian

2
(23) H= % (i) A~P(H — Ey)AP

A simple computation yields

(24) H= Z(Ziai)2 + 8 Z Zij.zj (2:0; — 2;0;)
% i<j i
=28 (1= (1= 6y0l;) (1 - 03,6))).
i<j Y

To demonstrate the integrability of this model and to study its eigenfunc-
tions, we first need to introduce the space of symmetric superfunctions.
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3. Superpartitions and the space of symmetric
superfunctions

3.1. Symmetric superfunctions

One obvious symmetry of the Hamiltonian is its invariance under the
simultaneous exchange of the triplet of variables, that is, under (z;, 6;, ¢;) <>
(25,0, ¢;) for all ¢, j. This is the defining property of the /' = 2 symmetric
superfunctions. Let us define the following operators:

(25) K : zj +— Zj, Rij : ¢; — (bj, Kij - 0; «—— Hj.

The operator that produces the simultaneous exchange of the three types of
variables is thus

(26) Kz‘j = KijEijﬁij
with the following action on a superfunction
(27) Kljf(zza Zjs eia 9]7 ¢’iv ¢]) = f(zja Ziy 9]7 91’7 ¢j7 gbl)

Accordingly, a superfunction f(z,0,¢) in N (triplets of) variables is said to
be symmetric if and only if

(28) ICUf(z,Q,qﬁ) = f(Z,9,¢) V i,j = 1, “e ,N.

We will denote the space of symmetric superfunctions in the 3N variables
(i, 05, ¢i) by TIV:

(29) fen «— Kjf=f V i,j=1,...,N.

This space is graded by four numbers and each set of those four numbers de-
fines a sector. To define those sectors, we must first introduce some notation.

We first define the fermionic sector, denoted M, which is itself charac-
terized by three numbers:

(30) M := (m,m,m).

These numbers are defined as follows:

1) m is the degree of the polynomial in the doublet of variables ¢;0;;
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2) m is the degree of the polynomial in the variables ¢; that do not form
a doublet with a variable 6;;

3) m is the degree of the polynomial in the variables 6; that do not form
a doublet with a variable ¢;.

For example, taking N = 4, the following superpolynomial is in the M =
(1,1, 2) fermionic sector:

(31) (910102 + d2l2¢1)0304(23 — 24) + permutations

= (¢161)(¢2)(0364)23 + - - -
Focusing on the sole term written on the right-hand side, we see that we
have only one doublet of variables ¢ and 6 with the same index (m = 1), one
variable ¢ that do not form a doublet with a 6 of the same index (7 = 1)
and two # variables that do not form a doublet with a ¢ of the same index

(m = 2). The subspace of symmetric superfunctions (in N variables) in the
fermionic sector M will de denoted Hé\zf\/[).

It is convenient to introduce the following partial sums over the three
numbers that define the fermionic sector

(32) My =m, My:=m+m, Ms;:=m+m+m.
We then introduce the M-fermion monomial

M1 M2 M3
(33) b0 =[]0 TI o ] o

1=1 j=Mi+1  k=M,+1

with the understanding that the product is 1 if the upper bound of the
product is lower than the lower bound. The projector onto the monomial
term [¢; 0] is

;
(34) PM = (661 (I6561r) -
For instance,

(35) 79(1’1’2)[(¢101¢2 + p20201)0304(z3 — z4) + permutations]
= ¢101020304(23 — 24).

To recover the full symmetric superpolynomial from the projected term (e.g.,
the term on the right-hand side of the previous equality), we need to sum
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over the permutations of the symmetric group Sy that mix the elements of
the different fermionic subsectors, that is, over the elements of S(,;) defined
as

(36) S(M) = SN /(Sm, X S]Ml,MQ] X S}MQ,MS} X S]Mg,N])

where the following notation has been used

(37) S)jj+k] = Sk}

N

(so that Sy = S} n7). We can thus characterize a superfunction f of H( M)

with the condition

(38) > KPYE=F.

wES ()

We finally define the subspace HJY1 ) @s the set of polynomials f in I that
have degree n in the variables z and that belong to the fermionic sector M.

The following proposition shows that this characterization of the super-
polynomials in terms of the three numbers defining the fermionic sector is
sound.

Proposition 1. Let us introduce the three operators
N N N

(39)  E=> ¢bieibi)l, F=> ¢i¢l -F, F=Y 0,6l - F.
i=1 i=1 j

Then, for a function f € Hé\jf\/[), we have

(40) Ff=mf, ~ Ff=mf, Ff=mf

The proof is reported at the end of the section.

Since these three operators commute with the s2CS Hamiltonian, their
eigenvalues partly characterize its eigenfunctions.
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3.2. Interlude: rederivation of the s2CS Hamiltonian

The A = 0 Hamiltonian can be recovered from the exchange formalism,
where

(41) Fexch _ ij < ) Z ﬁﬁ KZ])

L<i<N sin? WJJZJ/L)

when the latter is restricted to the space of symmetric functions f(x) such
that wa(l‘) = f(CC), i.e.,

(42) H(NZO) — HeXCh’HN
Similarly, the A/ = 1 sCS Hamiltonian is recovered from
(43) H(NZl) _ HeXCh’HN

where now the restriction is on the space of symmetric superfunctions f(x, 0)

such that K;;f(x,0) = ki; f(x,0), where
(44) Rij = 1-— 9”9;[]

In the same way, the s2CS Hamiltonian constructed previously (cf. eq. )
is easily recovered form

(45) H(N=2) _ chch|HN

where in this case the restriction is on the space of N'= 2 symmetric su-
perfunctions f(z, ¢, ) such that K;;f(x, ¢,0) = Kijk;; f(z, $,0). This obser-
vation will be crucial when we study the conserved quantities of the s?CS
model.

3.3. Superpartitions

Bases of the space of symmetric superpolynomials, to be introduced shortly,
are labeled by superpartitions [I]. A superpartition A is a set of four parti-
tions, written as,

(46) A= (E, A; A; AS)

with restrictions on the constituent partitions: A is a standard partition in
which 0’s are allowed and contribute to the length of the partition. Both A
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and A are partitions with distinct parts that can contain one zero which, if
present, also contributes to the length. Finally, A’ is a standard partition
(for which zeros are ignored). Or, more explicitly:

A>A> > A >0

Al>Ay>->A_>0

A >Ay>--> A, >0
(47) AT > Ay > > Ay >0,

where £(A) is the length of the partition A. The length of the superpartition,
¢(A), is the sum of the length of the constituent partitions,

(48) O(A) = L(A) +L(A) +L(A) +£(N).

A superpartition is said to belong to the M-fermion sector, with M =
(m, m, m), if

(49) 5(

=

y=m, L(A)=m, LA =m.

3

With the M;’s defined in , a superpartition takes the form
(50) A= (Al, ce 7AM1; AM1+17 ce ,AMz; AM2+1, ey AMSQ AM3+1, e 7AN)
with the understanding that

(51) A€ Aforie{l,...,M}
A€ Aforie {My+1,..., M}
A€ Aforie {My+1,..., M3}

(52) Aje A forie {Ms+1,... N}.

Finally, the bosonic degree of a superpartition is defined to be the sum of
all its entries and is written |A| :

o(A)
1=1
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Therefore, a superpartition of bosonic degree n in the M-fermion sector is
said to be part of the (n|M) = (n|m,m, m) sector. For instance,

A=(3,2,2,0,0;1,0; 3,1; 2,1,1) € (16/5,2,2),
=

(54) (1,0;5,2,1; 5,1; 4,1) € (20/2,3,2).

3.4. Diagrammatic representation of superpartitions

The superpartition A = (A; A; A; A®) can also be written as a standard par-
tition where the parts are marked according to which constituent partition
they belong: with overbars, underbars, both overbars and underbars, and
unmarked. If there are parts which are equal, we use the ordering @, a, a, a.
Here is an example:

(55) A=(4,2,0;4,2,0;3,2,0;3,1) = (4,4,3,3,2,2,2,1,0,

==

76)

This notation suggests the following diagrammatic representation. As usual,
every part is represented by a row with as many boxes as its numerical value.
If the part is marked, we add a circle of a given type the end of the row: a
( if the part is overlined, a & if the part is underlined and a @ if the part is
overlined and underlined. We add the above ordering convention: when there
are more than one circle in a column, the ordering, from top to bottom, is
@, O and &. Here is the diagrammatic representation of the above example:

D
D

o

~—~
SN
=)
SN—
-
Il
—
[
B
[
w
ol
\.[\D‘
o
\.H
l=l
l=l
(=]
S—

SISy

Note that there cannot be two circles of any type in the same row.
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3.5. Ordering on superpartitions

We now introduce the dominance ordering on superpartitions. To formulate
it, we first need to a introduce a few concepts. For a composition n € Z]>VO,
let nt be the partition obtained by reordering the entries of 1 in weakly
decreasing order. Considering A as a composition, that is, by replacing its
semicolons by commas, we define

(57) A0 = A+

Also, for 1 < m < N, let n 4+ 1™ stand for the composition (9 + 1,..., 1, +
1, Mm+1,---,mn). This allows to define

(58) AR = (A 1M+ =1,2,3.

In the diagrammatic representation defined in the previous subsection, A0
correspond to the partition whose diagram is that of A without its circles,
A correspond to the partition whose diagram is that of A where every
@ is replaced by a box, Al correspond to the partition whose diagram is
that of A where every @ or () is replaced by a box, and APl correspond to
the partition whose diagram is that of A where every circle is replaced by a
box. For instance, using the example given in (56)), we have

A% = (4,4,33,2,2,2,1), AM=(5,4,33,3221,1,1),
(59) AP =(5,53,3,3,3,2,1,1,1,1), APl =(55,4,3,33,3,1,1,1,1).

Note that it is then obvious that there is a bijective correspondence between
(AT, AT AR ABL) and A.

The ordering on superpartitions can now be defined as
(60) A>Q = AN >0l v r=01,23

where the ordering on partitions is the standard dominance ordering [17]

k k
(61) A>p = =l and Y N> Yk
i=1 i=1
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Example 2. Consider the three superpartitions:

A =(0,0;1,0; 0; 2)
Q=(1,0;1,0;0; 1)

(62) I'=(0,0;2,1; 0; )

‘We have
A = (2,1) A =(2,1,1,1)
APl =(2,2,1,1,1) APBl=(2,2,1,1,1,1)

(63) Qo = (1,1,1) ol =(2,1,1,1)
ol =(2,2,1,1,1) ofl=(2,2,1,1,1,1)
Tioh = (2,1) i =(2,1,1,1)
r2 =3,2,1,1) 18 =(321,11)

which gives

AT I Al = ol ART = F) and AB = 0Pl — A >0
(64) TIOL= AL Pl = ADT PRI S AR and TB > AP — 1> A

3.6. Two bases of symmetric superpolynomials

We now introduce two bases of superpolynomials that will be central in our
construction of the eigenfunctions of the s?CS model.

Definition 3. Let 2} = zAleZ --+. To every A in the M-fermion sector,
we associate a monomial symmetric polynomial defined as E|

(65) mA =+~ wezs Kol 0]
where
(66) fa=fxfae with  fy=na(0) (1)

2Note that this basis differs sightly from the one presented in [I] since we use
a different ordering on [¢; 0] (compare eq. (27) of [1] with eq. above). This
minor redefinition is more in line with the symmetrization of the non-symmetric
Jack polynomials that plays a pivotal role in our construction.
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In the last equation, ny (i) stands for the multiplicity of the part ¢ in the
partition A (the part 0 being considered only for the partition A).

Note that 1/f is a normalization factor that can be avoided by restrict-
ing the summation to distinct permutations.

Proposition 4 ([1]). The monomial symmetric functions {mp}a for all
superpartitions A in the M -fermionic sector and length at most N form a
basis of Hf\jfw).

Example 5. Here are some examples of the monomial symmetric functions:

m(.1,0;2;) = P1¢203(21 — 29)23 + Pag3bh (20 — 23)2%
+ p1¢302(21 — 23)73,
(67) m(0,0;1;;1) = P1619202¢p32324 + distinct permutations,
2.1.1.0,0.3.1.1
M(2,151,0;0:3,1,1) = P101020203040527 292324 252627 25
+ distinct permutations ,

where in the first example we set N = 3 while in the two other examples the
number of variables in unspecified.

Now, a key step in the construction of the Jack superpolynomials relies
on the introduction of a new basis that can be viewed as a deformation of
the super power-sums introduced in [IJ.

Definition 6. To every A in the M-fermion sector, we associate a symmet-
ric function g, dubbed the quasi-power sums, defined as

(68) A= PRMGKA) P A

where

N _
(69) rx=]] (Z ¢k9kzkAi>
k=1

i

and where p) stands for the usual power sums:

N
(70) PA=Dpx Dy, With  p, =) 2
=1
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Example 7. We give some examples of the g5 polynomials

9(;1,0;2;) = M(;1,0,2;)
90,0:15;1) = (101 + P20 + - - - V(121 + pazo + )
(71) X (z14+204-)
q1,0:2,1;1,0;2,2) = (P10121 + Ppablaza + - -+ ) (1601 + P2l + - - +)
X m(;2,1;1,0;)(21 +25 4

We stress that this new basis is not multiplicative due to the non-
multiplicative character of the factor MR Ay

3.7. Proof of Proposition

Having introduced the monomial basis, we are now in position to prove
Proposition

Proof. Only the proof of the first relation in (40) will be presented since
the other two are similar. The proposition is proven by direct calculation.
Applying F on an arbitrary monomial my € H( M) We have

N
(72) Emp =Y ¢ifi(¢:6:)1 D Kuld; 0]ar2
=1

WESN

where the prime indicates that we sum only over distinct permutations. Now,
since (D, $i0;(6:0;)1) is Sy-invariant, we can move it through K, to get

(73) EA—ZKZ¢zz¢zZ ;]

wESN

Let us now focus on the second sum:

N

(74) > 0ibi(:6:)1[6; 01

i=1

N
Z D) 9101+ dmbmdnn 41+ GriOrsr - O,



The N = 2 supersymmetric Calogero-Sutherland model 561

It is clear that gbzﬁl(qbzﬁl)%j@] = 5ij¢j0j + (1 — 6Z])¢19]¢191(¢191)T We can

thus write

N

(75) > 4ii(:0:) 1[5 01 =

i=1 %

[0 0] 0 = T2 [; 0] s

M=

Substituting this back into gives us

13

(76) Fmpy =mma

NOVE since any f € Hé\]fw) has a unique decomposition on the monomial basis,
we have

(77) Ef=FEY camy=Y cAFmya=» cammy =T f
A A A
and the result holds. O

4. Conserved quantities of the s2CS model and its
eigenfunctions

4.1. Eigenfunctions of the s2CS model in terms of the
non-symmetric Jack polynomials

The construction of the s2CS eigenfunctions that is presented below is a
direct generalization of that worked out in the CS and the sCS models when
formulated in terms of the non-symmetric Jack polynomials. We thus start
with a brief review of these two known cases after summarizing the proper-
ties of the non-symmetric Jack polynomials.

When discussing Jack polynomials and their generalizations, we will
comply with the standard notation and use instead the parameter o de-
fined as

(78) a=1/p.
4.1.1. Brief review of the non-symmetric Jack polynomials. The

non-symmetric Jack polynomials [4} 19], denoted E,,, are indexed by a com-
position 7 € Zgo and defined as follows: E,, is the unique polynomial of the
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form

(79) E,(z) =2"+ Z anu2”
v<n

which simultaneously diagonalizes all Dunkl operators
(80) D;E, =0 Ey,

where the Dunkl operators D; is defined as

% Z .
81)  Di=azdi+y —(1—-Ky+Y “L(1-Ky) —(i-1).
— 24 — 24

<t j>t
The ordering < in is the Bruhat order on weak compositions, that is:

(82) v=<n <= v <nt or v\ =nt" and w, > w,

where w;, is the unique permutation of minimal length such that n = wy,n™
(w, permutes the entries of ) and where the Bruhat order on the sym-
metric group Sy is such that w, > w, iff w, can be written using reduced
decompositions as a subword of w,. The eigenvalues 7; are given by

(83) mi=an— (#{i=1,...,i—1n; > n;}
+#{j=i+1,....Nn; >mn}).

For instance, for n = (6,2,3,5,2,7,3,2), we have
(84) m=6a—1 and 75=2a—(4+2).

The action of the Dunkl operators on monomials is triangular in the Bruhat
order. To be more specific, we have

(85) Dia" =fia" + Y x2"
v<n

where the expansion coefficients are represented by = for simplicity.

In the remainder of this subsection, we collect some relations that will
later be useful, relations that describe the action of K ;1 on both the Dunkl
operators and the F,,.
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The Dunkl operators satisfy the degenerate Hecke relations :

(86) K;i41Dit1 — DiKj i1 = —1, and
Kj,j+1Di = DZ‘K]'7]’+1 for 7 ?é j, ] + 1.

Finally, the non-symmetric Jack polynomials have the following property
(see for instance [15])

ﬁEn + (1 - i)EKLHlW Mi > Mit+1

(87) KiinWEy=<( E, M = Nit1
ﬁEﬁ + EKi.,i+177 i < N4l

where

(88) Sim =i — Nig1-

4.1.2. Construction of the Jack polynomials in terms of E,. It is
well known that the (symmetric) Jack polynomials can be constructed out
of the non-symmetric ones by a direct symmetrization process

(89) P () :flA S KuBya(2)

wESN

where f) was defined in and where A® is the composition obtained by
reordering the entries of A\ in a weakly increasing way, that is, given the
partition A = (A1, A2, ..., An) (note that A may contain a string of zeros at
the end), we have

(90) M= (AN, A, A1)

We stress that any composition 7 that rearranges to A could have been used
instead of A®. The only difference would be that the normalization factor
would not necessarily be given by f.

4.1.3. Construction of the N/ = 1 Jack superpolynomials in terms
of E,;. The N =1 Jack superpolynomials can also be defined by a similar
symmetrization of the non-symmetric Jack polynomials (suitably dressed
with #-terms). In this case, the superpartition A is of the form A = (A%; A®)
where the parts of A% are distinct and the partition A® is an ordinary par-
tition (with possibly zeros at the end). The Jack superpolynomial P/(\a) —in
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the fermionic sector m — takes the form

(91) P{(z,0) = (_})(’) S Kby O Ean(2)
As wESN

where AT = ((A9)®, (A%)F) and where IC? stands for K;; = Kjjki;, with k;;
defined in ([44)). It was shown that the PAQ)(Z, 0)’s are the eigenfunctions of
the sCS model [9].

4.1.4. Construction of the N/ = 2 Jack superpolynomials in terms
of E,. By analogy, the candidate N' = 2 Jack superpolynomials are con-
structed as follows.

Definition 8. The A = 2 Jack superpolynomials, in the M-fermionic sec-
tor, are given by

—1)(+(3)
(1)fA > Kuld; 0]y Ean(2)

wESN

(92) P (z,6,0) =

where A% is the composition defined as follow
(93) AT = ((D)F, (M), (M), (AT,
4.2. Sekiguchi operators

We will construct four families of conserved quantities in involution using
Sekiguchi operators. The first is the usual Sekiguchi operator

N
(94) SO, a) = T[(Ds + w)

=1

The other three, S (u, o), are defined as

1
95) S¥(u,0) =" o > KPYT[Di+a+w) ] (Ditw),
o 1S wESN i=1 J=My+1

where k=1, 2, 3.
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Proposition 9. We have that P (z ®,0) given in 18 a common
eigenfunction of the operators S (u «). More precisely, let

N
(96) ex(u, a) :H(ax\i—f—l—i—l-u)
=1

where X\ is a partition (with possibly zeros at the end). Then
(97) SH(u, )P = ey (u,0) P for k=0,1,2,3

Proof. The proof follows most of the steps of the proof of Proposition 1 of
[12]. It is easy to verify, using , that foralli =1,..., N — 1 we have

(98) Kiit1(Di + ¢)(Dit1 + ¢) = (Di + ¢)(Diy1 + ¢) Kijis1,

where ¢ is an arbitrary constant. Hence K5 (u, o) = S%(u, a)K,, for all
w € Sy. And since SO (u, ) only acts on the variables z, we also have
Kolé; 01080 (u, @) = SO (u, ) K [¢; 0]as for all w € Sy. Therefore, using
([92), to prove the S )(u, ) case we simply need to show that

N
(99) (H(Di + u)> Ezn(2) = epo(u, @) Exn(z).

i=1

Similarly, we will now show that to prove the remaining cases, it suffices to
prove that

M, N

(100) H(DZ +a+ u) H (Dj + u) FEpr (2) = EAIK] (u, a) EAR(Z) .
i=1 j=My+1

for k=1,2,3.

As observed before, PMIC,,[#;0]as is non-zero only if w € S(ury- Using
again (forgetting the multiplicative factor), we get

(101) S[k] (u7 a) Z Ko [(ZS, Q]MEAR (Z)
weSN
M, N
|S |ZIC HD-+a+u) H (Dj +u)
M) ;cs, i=1 G=My+1

X Z Koo 0l Epr(2)

WES ()
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From (98), we can deduce that Hf\i’“l (Di + o+ u) H;’V:Mk-i-l(pj + u) com-
mutes with Ky, [¢; 0]as for every w € S(;r). Hence

(102)  SM™(u, ) > Kuld; 0larEnn(2)

wESN
M, N
=Y Kolgiblu | [[(Pi+a+w) [[ (Dj+w) | Ean(z)
ceSy i=1 G=My+1

and, as claimed, (100) implies the remaining statements in the proposition.

We have left to prove expressions and ((100]). Let n = A and suppose
that n; = r. It is easy to get from that the eigenvalue 7); of D; is

(103) fi; = ar — #{rows of A% of size larger than r}

— #{rows of A® of size r above row i}.
Therefore, letting

(104) ji = #{rows of A% of size larger than 7}
+ #{rows of AT of size r above row i} + 1

we have {j1,...,jnv} ={1,..., N}, Ag-?] =r,and 1; = aAB?] + 1 — 4;, which
gives .

Continuing with the same notation, we suppose that i belongs to
{1,...,m} and that there are ¢ rows of size r in (91,...,nmy). Then n; =r
belongs to the £ highest rows of size r in 7, and thus, by , Ag.?] is also
one of the ¢ highest rows of size r in Al%). Hence, in this case

(K]

(105) ﬁi+a:aA£€]+1—ji+a:aAji—i—l—jz'-

If ¢ does not belong to {1,...,m}, then 7; = r does not belong to the ¢
highest rows of size r in 1, and we have

(106) i =adl 11— ji=anl? 11,

and (100]) follows. O

From this proposition, we will later conclude that the Jack superpolynomials
expand triangularly in the monomial basis. But we first need to establish
that the Sekiguchi operators act triangularly on the monomial basis.
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Proposition 10. We have that
(107) Sl (u, o) mp = epm (u, @) ma + lower terms

Proof. For any weak composition 7, define nl% to be nt and n*! to be (n+
1M)* Tt was shown in [5] that if z¥ occurs in the expansion of Y;2z", where
Y; is a Cherednik operator [7, 8, [I8] (whose precise form is not needed here)
then % < yl0 and v < k!, Since D; can be obtained as a limit of ¥j,
that is, since [14]

1Y
10%) i ey

the result also holds for D;. Using , which gives the triangularity in the
Bruhat order, we thus have

(109) Diz" =iz + Y %2
n<y

for certain coefficients *, where n <~ iff vk < n[k] for k=0,1,2,3. We then
have that

(110) Diz = 2"+ Y %2
n<y

where the order is now
(111) n<~ < v <yl with k=0,1,2,3.

We finish the proof by showing that (the other cases are similar)
(112) S (u, @) my = epm(u, a) my + lower terms

It is easy to see that, up to a sign (—1)5, we have

(13)  ma= o 3 Kl Ot = (<1 3 Kol

wESN

since the permutation + that sends A to AP is such that K,[¢;0]y =
(—=1)¢[; 0] am/C,. After acting with the projector PM contained in S (u, a),
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we then obtain

(114) S (u, ) my = et
Ial 1

)5
(M
N
I[I @i+w > Koleolz"

j=Mi+1 O'ES(M)

Z’C Dz'—i—oH-u)
wESN i=

Now, K, commutes with the two products of D;’s since o € S(jp), which
gives

(115)
N
SU(u, @)y my = Z Ko$: 0] H(Dz- +atu) [[ Dit+w:t
WGSN i= ]:M1+1

Using (100]) and ( . , this gives

sAmua A -+ E x 2N

S (u, )y my =

wESN n<AR
(116) Z Koold;0]ar | eam (u, o)z + Z * 2"
fA wESN n<AE

Now, 7 corresponds to a unique superpartition {2 = wyn, where wy,; € Siyp).
This correspondence is easily seen to be such that n < v iff the corresponding
superpartitions €2 and I' are such that € < I'. The previous equation then

immediately implies (112)). O

Proposition 11. The Jack superpolynomials are unitriangularly related to
the monomials, that is,

(117) P =mp+ Y daala)m
Q<A

Proof. The proof that follows is basically the proof of the triangularity in
Proposition 7 of [5]. We include it for completeness.

Suppose that there exists a term mgq such that Q £ A in P/(\a) and sup-
pose that € is maximal among those superpartitions. Then, by Proposi-
tion the coefficient of mgq in S (u, a)Jy is equal to dageqm (u, a) for
k =0,1,2,3. On the other hand, Proposition [J] tells us that the coefficient
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of mq in in S (u, ) Jg is equal to dynepm (u, @) , again for k =0,1,2,3.
But this gives that

(115) equi(u, @) = epo(u, @),  equi(u, o) =epm(u, @),
EQl2] (u, a) = EAl2] (u, a), Eqmpu, a) = EABI\U, Oé),

which is a contradiction since A # Q (ep0(u, @), ean(u, @), epm(u, @) and
e (u, @) uniquely determine A since they uniquely determine A%, A1, A%
and AB). O

Given that the monomials form a basis of Hf\]fv‘,), we have immediately.

Corollary 12. The Jack superpolynomials {P/(‘a)}/\ for all superpartitions
A in the M-fermionic sector and length at most N form a basis of Hé\]fw).

Fori=1,...,N,let HZ»[O] be the coefficient of uN =% in S[O}(u, a). Let also
Hl-m be the coefficient of ¥ ~* in S (u, a), and similarly for Hip] and HZ.B].
The previous corollary together with Proposition [9] imply that these 4N
operators are in involution. We will see in the next subsection how the inte-
grability of the s2CS model is then immediate since the s?CS Hamiltonian
H can be taken to be one of those operators.

Corollary 13. The 4N quantities Hi[o}, H][-u, H,[f] and HE’}, fori, 4, k.=
1,..., N mutually commute when restricted to the space of symmetric su-
perpolynomials, that is,

(119) =Y Hf=0 ¥ k1=0,1,23 and ij=1,..,N
N
whenever [ belongs to H(M).

4.3. Complete characterization of the eigenfunctions from a
minimal set of commuting operators and integrability

of the s2CS model

The Jack polynomials are fully characterized by being (1) triangular in the
monomial basis, and (2) eigenfunctions of the CS Hamiltonian. Similarly,
the N =1 Jack superpolynomials are completely characterized by the tri-
angularity condition and that they diagonalize both the sCS Hamiltonian
and another conservation law Z. For the A/ = 2 version, the condition (2)
amounts to diagonalizing the s?CS Hamiltonian together with three extra
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conservation laws (that we shall denote Zyj, Zj5) and Zjz)). This implies in
passing that the s2CS model is integrable.

_We first prove that if we impose the unitriangularity, then the operators
H2[z] for i =0, 1, 2, 3 are sufficient to characterize the Jack superpolynomials.
The eigenvalue of those operators is the coefficient of uN =2 in e, (u, ) for
k=0,1,2,3. In general, we have that

(120) 5&2)(04) =ex(u, )|  =ex(ar,ada—1,...,0dy +1-N)

u

where eg(x1,x9,x3,...) = X122 + 123 + T2x3 + - -+ is an elementary sym-
metric function.

The following lemma will prove useful.
(2) (2)
Lemma 14. If p < X then e, (a) # e (o).

Proof. 1t is a known easy lemma (see for instance [20]) that we prove for
completeness. Suppose that A and v are two partitions such that \; = v; + 1
and \; = v; — 1 for i < j. Comparing their quadratic terms in «, we get

,=1+vi—v;>0

(121) (e2(0) = D)

«

since v is a partition. When pu < A, it is well-known [17] that one can go
from A to p using steps such as those we just used to go from A to v. Hence

(122) (59 (@) — 5§2>(a)) >0
2 (2)
and we can conclude that €, (a) # €, (). O

Proposition 15. The Jack superpolynomial P/(Xa) is uniquely defined by the
following two conditions:

(1): P/(\a) =mp + lower terms
123 9): Pl diagonalizes the operators H[O], Hm, a2 and gY
A 2 2 2 2
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Proof. This is again a standard proof that we include for completeness. Let
P/(\a) and Pl(\a) be two polynomials that obey the two conditions ([123)). Then

(124) P P =3 cpala)me
Q<A

for some coefficients cpq(a). Assume that I' is maximal among the Qs
such that cyn(a) # 0. Since A # I', we have that Al¥l £ T¥ for either k =
0,1,2,3. Suppose without loss of generality that Al £ 0 Applying HQ[O}
on both sides of the previous equation then gives, from our assumptions,

(125) s (@) (P = P) = £R0(0) Y enala)ma
Q<A
= HQ[O] Z can(a) ma,
Q<A

where we used the fact, on the Lh.s., that the eigenvalue of P/(Xa) and 15/(\00

needs to be 85\2[2)] () from Proposition The coeflicient of mr is then, by

maximality and Proposition such that
2 2
(126) el (@) ear(a) = e (@) ear(a)

Since T'l”) < A% we have from Lemmathat 65\2[?)] (o) # 5%2[2,] (). This leads

to the contradiction that car(a) = 0 from which we deduce that cpxq(a) =0
for all 2. Hence PI(XO‘) = P/(\a) and the proof is complete. O

We will now show that we can replace the four operators in the previous
proposition by simpler ones. Let

1
(127) Ty = Zm D> KuPY(Dy+ -+ D).
M M

wESN

Theorem 16. The Jack superpolynomials P/(\a) are uniquely defined by the
following two conditions:

(1): P/(\a) =mp + lower terms
(128) (2) : P/(\a) diagonalizes the operators H, Iy, Ljg and I

where H is the Hamiltonian defined in .
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Proof. Let
(129) D=1 =Dy - 4 Dy

whose eigenvalue on P is > (aA,; OF 4 — i) =a|A| = N(N —1)/2. The
eigenvalue of D is thus constant on basis elements of the same degree (which

is the case we are considering). From we have that the relation
2 2 [0] N(N? - 1)
(130) a“H = D" —2H, +(N—1)D+f

which is valid in the A = 0 casd3 also holds in the N = 2 case. Hence H can
replace HQ[O] in Proposition (15| without affecting the validity of the proposi-
tion.

It is also straightforward to check that

(131) Dy + -+ Dy,
N m N
= HD+u HD+a+u H (D; + u)
j=1 =1 Jj=m+1 w2

+m(Dy+---+Dn)+m(m—1)/2
which implies that
(132) Ty = HY — HF 4+ MyD + My(M;, — 1) /2

for k =1,2,3. Since the eigenvalue of D are constant on basis elements of
the same degree (these numbers are already encoded in A), we have that
I can also replace Hgk] in Proposition |15 without affecting the validity of
the proposition. O
From ) and - the s2CS Hamiltonian # can be taken to be one of the
4N 1ndependent commuting quantities H; M for § = 1,...,Nandk=0,1,2,3
(see Corollary [L3]). Hence, we have the followmg

Corollary 17. The s> CS model is integrable.

For completeness, we give the eigenvalues of H, Zjyj, Zjg) and Zj3).

3This is a well know result that can be compared for instance with (3.27) in [16]
for lack of a better reference
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Proposition 18. We have that

(133) H Py =er(@) PR and Ty PR = ed)(a) PR

for k=1,2,3. The eigenvalues are given explicitly as

N
(134) en(@) = > [a2 (A2 + a(N +1 - 20)A]]
=1
and e%}(a) = Z (aAEk] +1—1)
i:AFl£ A

with k = 1,2, 3.

Proof. Straightforward using (130]), (132) and the known eigenvalues of
7Y 7Y and D O
2 s 115 .

5. Two orthogonality characterizations of the Jack
superpolynomials

5.1. Relation with Jack polymomials with prescribed symmetries
and the analytic scalar product

The relation between the Jack superpolynomials and the non-symmetric
Jack polynomials implies that we can define a scalar product with respect
to which the Jack superpolynomials are orthogonal. We outline the details
of this implication in the present section.

It proves convenient to introduce as an intermediate step the relation
between P[(‘a)(z, ¢,0) and the Jack polynomials with prescribed symmetry.

Definition 19. The Jack polynomials with prescribed symmetry (the pre-
scription being SAAS where S and A stand respectively for symmetry and
antisymmetry), are defined as

(135) Ey=~—T (1) @OHUD K KK o K Epn
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where fp was defined in and where we used the compact notation

(136) Yoo= >

a, o, acSw,
aeS]MLMZ]
Q€S| a1y, 15
YES) Mz, N

Explicitly, the SAAS prescription means that the symmetrization is taken
independently with respect to the m first and last N — M3 variables while
the antisymmetrization is taken independently with respect to the variables
in position My +1,...,Ms and My + 1,..., Ms. This entails the following
corollary of Definition

Corollary 20. The Jack superpolynomials (92) can equivalently be written
as

(137) P\ (20,00 = > Kuld:0luér(2)

wES ()

where we recall that Sy was defined in .

Proof. The proof is obtained by direct calculation using Definition [T9}

—1)(3)+(%)
(138) Y Kuloibldn = S
wES fA
(M)
X Koo 0 (—1) O K KoKy Epn
wES)
o, o, oy
—1)(3+(3)
(139) _ Ve > KuKaKaKaky[@;0]a Enn
fa % afvala
weS)
o, o, QLY

In the last equation, passing the factor [¢; 6]y through the permutations
Ka, Ko produces a sign (—1)4@+4) Then, the combined sum over all the
permutations is exactly the sum over all permutations of Sy. The last line
then matches the definition of P/(\O‘) given in . O



The N = 2 supersymmetric Calogero-Sutherland model 575

Definition 21. The analytic scalar product in the M-fermion sector is
defined as

(140) (A(2,0,0)|B(2,0,))a = ﬁ (j’{ o )

. 2miz;
=1

X H/dqﬁzde 11 (1 - ) A(z,0.9)]" B(2.,0,0)

k£l

where the § operation on the z; variables acts as zf = z;~! while on the
anticommuting variables it is defined such that

14ty JJoed: [Toi 110 | 110t [105 10 =0Onon-- 0100

el jedJ leL icl jed leL

The non-symmetric Jack polynomials are known to be orthogonal with
respect to the scalar product (see [19]) in the case where M} = My =
Ms = 0. It then easily follows that the Jack polynomials with prescribed
symmetry are also orthogonal with respect to that scalar product. We have
indeed

(142) (ErlEa)a = dra ca(a)

where ¢y (a) is a non-zero constant belonging to Q(«) (see [2] for an explicit
formula).

Lemma 22. The sJacks are orthogonal with respect to the scalar product

(141)) and have the following norm:

N!

(@) ple)y  _
(143) (PA7 1P e = dag m!m! m! (N — M3)!

IN()

where cp(a) is the norm of the Jack polynomials with prescribed symmetry.

Proof. We know that any two symmetric superpolynomials that are not in
the same sector will be de facto orthogonal. So A and €2 must belong to the
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same sector M. We thus have

(144) (PP = (Y KuldiOluéa| Y KoldiOlaba)a

wES (M) oES (M)

Now, using the adjoint ([¢;0]ar)T (Ko )™t of Ko[0; 0] s, we obtain

(145) (PR Na = D (16500a) (o) T Kulds Olaréal60)a

w,0€S (M)

Here, we see that ([¢;0]a)T (ko) T 0 [#; 0] a7 will be 0 unless ([¢;0]p)" and
(Ko)71Ku[0; 0]ar have the exact same fermionic content, that is, unless w =
o. We then get

(146) (PP e = (6alba)a

wES ()

N!
(147) = Tl ml (N = Mg)!<5A\5A)a5A,Q

O

Summing up, the Jack superpolynomials given in Definition |8] are equiva-
lently characterized as follows:

Theorem 23. The superpolynomials {P/(\a)}A are defined by the two con-
ditions:

(1) : Pjsa) =mp + lower terms
(148) (2) 1 (PP )a o G0
Proof. The triangularity was shown in Proposition[I1} Given that the Gram-

Schmidt process constructs a unique basis from any total order compatible
with the order on superpartitions, the theorem follows immediately. O

5.2. Combinatorial scalar product

We first give two simple examples of sJacks constructed from , or equiv-
alently, as eigenfunctions of the s>CS four basic conservation laws, expressed
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both in the monomial basis and the quasi-power sums.

(@) _
P(l 2,1,055) — MH(152,1,055) + mm(o;m,o;;n
_ 1 1 n 1+
(2 a)CI(o;2,1,o; DT 2 a)q(0;3,1,0;;) 31 o d210:0)
1
P(((;)&LO;;) = M(0;3,1,0;5) T a+ ot 1 M0:2,1,0551) + ?m(l;m,o;;)

1

o
(149) = mQ(o;z,Lo;;l) Tta T -49(0;3,1,0;;)

We now introduce a combinatorial scalar product defined directly in
terms of the quasi-power sums. It is a natural (albeit non-trivial) extension
of the N/ = 1 scalar product for super power-sums [10].

Definition 24. The scalar product is defined on the g5 basis as

(150) (aalaa)a = ™A €5 2 obrg
with
(151) o= [[imPna()! and &5 =][[nz()

We can check that the P(®)’s given in (149)) are orthogonal with respect
to the scalar product defined in ((150):
1 2
0;3,1,0;; )>> = (a+2)(a+t 1)||‘J(0;2,1,0;;1)||
- 2

(Oé n 2)(04 + 1) ||CI(0;3,1,0;;)||

1 9 Q

of — o

a+2)(a+1) (a+2)(a+1)

(152) <<P(

(20000 P01

(
=0

Claim 25. The superpolynomials {P/(\a)},\ are defined by the two condi-
tions:

(1): Pj(\a) =mp + lower terms
(153) ) (PYVIP)a o Oaa

where the scalar product is given in (150)).
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In order to prove the claim, it suffices to prove that the Jack superpolyno-
mials are orthogonal with respect to the combinatorial scalar product .
As we will briefly outline, the main ingredient is a symmetry property of
the 4N commuting quantities Hllk] with respect to a reproductive kernel of
the scalar product . This symmetry property, which is equivalent to
the self-adjointness of the operators an with respect to the scalar product
, then implies the orthogonality of the superpolynomials {P/(XO‘)} A- This
result is given as a claim since it is presented without a complete proof. We
only detail the original part of the argument, which is the formulation of the
kernel.

To appropriately describe the reproductive kernel, it is convenient to
define auxiliary variables. Let the variables (7, <;~5, é) obey the relations

(154) {61,651 = {05, 0;} = {4:,6;} = 0
(155) (i, m;] =0

(156) Gkl =0, mim;i =0

(157) Gini = 0im; =0

We then introduce the space Oy of symmetric superfunctions in the 4N
auxiliary variables (zz,qﬁz, Z,m) where f belongs to Iy if and only if it
is invariant under the simultaneous exchange of the quartet of variables
(zi,q;i,éi,m) — (zj,q;j,éj,nj) for any i,j € {1,...,N}. It is easy to see
that if f(z,¢~>, 0, n) € Iy, then we can obtain a function f(z,6,¢) € Iy by
doing the substitution

(158) £(:6.0) = |F(=,6,0.m)] 5.,

In particular, it is not too difficult to show that
(159) QA(Zv (ba 9) = [pA(Z, &7 éa 77)} i

Ni—¢i0;

where py = pxpzp APAs 1S defined in the obvious way with for instance (com-

pare with (| -
(160) px(z¢.0,m) =] <Z M), >

%
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The auxiliary kernel K4(z, 6,0, m:y,, 7, () = KA(Z, Y; «) is defined to be
the bi-symmetric formal power series

a6  KAZ Vi) =][————]] (1 + Ml%)

TR A ST

éﬂﬁj éﬁj
1 14+ ——1.

It is then straightforward to show that

1 _

(162) KA(ZaY/;O[): Z mp]\—(zvg7§gvn)p/\(y7%a@z’<)

AeSPar

Taking this result from the auxiliary world back to our world, we get the
following.

Proposition 26. Let K(Z,Y;a) = K(z,0,0;y,7,1;a) be given by

(163) K(Z,Y;a) = [KA(Z, V:a)

(z;, —>¢7 s j:7 —T;
ni—¢i0i, YT

We then have

(164) K(ZY;a)= )

AeSPar

1

T
T A e L 797 ? v by 9
a@+g(A~)£AquA (Z ¢ U)QA(?/ T, C)

which implies that K(Z;Y;«) is a reproducing kernel of the scalar product
(1150), that is,
(165) (K(Z,Y;a) [f(Z))a=fY) V felly,

The main step to prove Claim[25is then to show that the 4N commuting
quantities HT[Lk] (Z) are symmetric with respect to the reproducing kernel
K(Z,Y;a), that is

(166) HMNZ)K(Z,Y;0) = HI(Y)K(Z;Y; )
This can be done using the methods described in [II]. The orthogonality

of the Jack superpolynomials, and thus also the claim, then follows from
standard arguments in symmetric function theory (see for instance [17]).
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6. Norm and evaluation
6.1. The combinatorial norm

In order to present our conjectured expression for the norm of the Jack
superpolynomial with respect to the scalar product , we have to refine
the description of the diagrams introduced in Subsection We first divide
the set of boxes in a diagram into fermionic and bosonic boxes. The fermionic
boxes are the boxes that have a & both at the end of their row and at the
end of their column or a () both at the end of their row and at the end
of their column. The bosonic boxes are then simply the boxes that are not
fermionic. We further subdivide the set of bosonic boxes into four subsets
defined as follows. Let BrA with k = 0, 1,2, 3 be the subset of bosonic boxes
that are in rows which end with a box, a @ , a () , or a & respectively.
We illustrate this definition with an example in which the fermionic boxes
are indicated in gray and the boxes in the sets BiA are identified by their
coordinates (4, j) (i-th row and j-th column):

D

o
S

S Bk = ({410, 14,2)
BiA ={(4,1), (4,2
(167) o B;A ={(1,2),(1,3),(1,4),(2,2), (2,3),(2,4)}
B3A: {(373)7(&4)}

OS>l

We are now in position to present the conjectured norm of the Jack
superpolynomials.
Conjecture 27. The superpolynomial Pjga) has the following norm with
respect to the combinatorial scalar product (150)):

sy + 1
(168)  das= (PVIPY ) = H T S e
4 4=0seB;A Al

with the convention that A=Y = ABl and where, for a partition \ and its
conjugate N (obtained by interchanging rows and columns), we have that



The N = 2 supersymmetric Calogero-Sutherland model 581

the arm-length and the leg-length are respectively given by

(169) ax(s) =X —j and L\(s) =X —i, where s = (i, ).

This conjecture has been tested for every superpartition of the following
sectors:

(111,1,1), (2]1,1,1), (2[2,1,1),
(312,1,0), (3[2,1,1), (3/2,1,2),
(170) (312,2,0), (3[2,2,1), (3[2,2,2),
(42,2,2), (5[3,2,2), (6]2,2,2).

These sectors all together contain 171 superpartitions. As further evidence
of the validity of the conjecture, we stress that the norm has the correct
reduction for N = 1 superpartitions. Let us make this explicit. In the case
where there is only one type of circles, we need to replace A®) by A1) (so
that now AV = A(l)) and to restrict the product to ¢ = 0,1. Thus, the
N =1 special case of reads (with Ms =m)

fAm S aAm( )+1)
fA[o( +1+aA[1( )

(171) ja NS g
s€BoA
[ faole) ¢ aan(s) + Do
EAU] + 1 + aAlll( )

seEB1A

Note that the boxes in By A belong to rows that end with a circle and because
they are bosonic they cannot have a circle in their column. Therefore, for
the boxes in B1A, we have that £50(s) = £y (s) so that we can rewrite jj
under the compact form:

N=1om 11 Cami (8) + (apm(s) + Da

172 ] o
(172) In lrior(8) + 1+ apm(s)a

SGBQAUBlA
which is precisely the formula given in [13, Eq. (18)].

Back to the general N' = 2 case, we see that each bosonic box contributes
to a factor in the conjectural expression for the norm. Here is an example,
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where the contribution of each bosonic box is written within the box:

3Ha | 33a | 22 @
IHa | 43a | 32

2430 | 220 | Ha
3IBa|3Ra| 2ta

20| o

22| Ha

1. '
Toa| = [

Ha
1

D
D
S

The norm is the product of all theses contributions times the prefactor
aMs /¢ & = a8/1, which gives

a?(3+ a)(1 + 2a)(2 + 3a)(3 + 4a)
2(24 @)?(3 4 2a)%(4 + 3a)

(173) ja = a® [

6.2. Evaluation

The evaluation of the Jack polynomials J )(\a) refer to its explicit expression
(in terms of A\, @ and the number of variables N) when all variables z; are
set equal to 1. In the NV =1 case, because there is a part of the superpoly-
nomial that is antisymmetric in the x;’s, setting z; = 1 for all ¢ makes the
polynomial vanish if its fermionic sector m is greater than 1. Note that the
fermionic variables #; are not set to a definite value. The proper way to do
the evaluation is by:

1) removing the monomial prefactor 6 - - - 0,,,

2) dividing the result by the Vandermonde determinant in the variables
T1,...,Tm, and

3) setting all the variables z; = 1.
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In the resulting combinatorial expression for the evaluation, the contribut-
ing boxes are those of the skew diagram A /0m where 9y, is the fermionic
core, defined as §,, = (m,m —1,...,1).

The procedure for the evaluation of the N' = 2 superpolynomial is a

direct generalization of the N/ =1 case. We first introduce the fermionic
core

(174) Omm=Mmm—1,...,1)U(m,m—1,...,1)
and then define the skew diagram

(175) AN = AP 8,

i.e., the set of boxes of APl that are not in 8 ,,,. Here is an example

@ |
D |
S

OB

(176) A= 043 = AN =

D

S}

with the understanding that AA is the set of white boxes in the last diagram.

For a superpolynomial F(z,0,¢) in the M-fermionic sector, with N >
M3, we define its evaluation as

(65 0]}, F(2,0,0)

(177) Eny [F(z,0,9¢)] = Var (o)

)

] T1=To=-=xn=1

where

(178) V@)= [ @-=z) ][I (-,

M <i<j<M, Moy<k<I<Ms;

is a product of Vandermonde determinants in the variables xps, 11, ..., T,
and Tps,+1, ..., 0, respectively. We are now in position to formulate our
conjectural expression for the evaluation.
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Conjecture 28. The evaluation of the Jack superpolynomial P/(\a), for N >
L(A), is

3l 3

_m>—1

% HseAA (N - 4\[31 (s) +a a;\[g_] (5))
£x H?:o [Tsena (Car(s) + 1+ aap(s))

aro) e [A] = (V7

)

where, for a partition A,

180 a\(s)=j—1 and 0l\(s)=1i—1, with s = (1, ).
A A

This conjecture has been tested for N = 3,4,5,6 in each of the follow-
ing sectors (with the understanding that the evaluation only makes sense
whenever N > ¢(A)): (1]1,0,1), (2]1,0,1), (3|2,0,1), (3]2,2,1), (3|2,2,2),
(n|0,0,m) withn=1...4and m=1...3. It was also tested for (4/0,0, 3)
with N = 7. These sectors represent together 120 superpartitions. Note also
that this formula is de facto correct for any sector (n|m,0,0) or (n|0,m,0)
since, in these cases, it reduces to the N’ = 1 evaluation formula presented
in [13].

We illustrate the formula for the Jack superpolynomial in the fermionic
sector M = (1,2,2) indexed by the superpartition

od

(181) A=

OS]

We will consider the case N =6 = £{(A). First, we have {5 =1 and the
binomial coefficient is (N —g—m) = 2. We next compute the product in the
numerator. Here dz 2 = (2,2,1,1). The contribution of each box that belongs
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to AA is given explicitly in the following diagram

6+2a

5+2a

(182) 4+a |4+2a H (N - E?\B] (8) + «a a{/\[:ﬂ (S))
= SsEAA

3+a =82+ )3+ a)? (4 + a)(5 + 2a).

2

1

For the denominator, we have

4+2a| 3+« 1
‘ (N
3+2a] 2+a \J 3
L+a CD H H (Uaw () + 14 aape (s))
(183) @ =7 iZ0seBiA

=2(1+a)(2+ a)*(3 4+ a)(3 + 2a).
O,

S/

Collecting these contributions gives

(184) B (1,22)[P éﬁg] - 2((13: 5))((24: 5))((35j 225)) '

[0}
S}
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Appendix A. Different prescribed symmetries

The construction of the Jack superpolynomials in terms of the Jack polyno-
mials with prescribed symmetry was discussed in Section 5.1. The prescribed
symmetry underlying our construction is of type SAAS — cf. Definition
Although this ordering of the (anti)-symmetrization operation appears to be
rather natural (up to the trivial permutation of A4 and Ag which amounts
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to a simple relabeling of variables), one can ask wether this is the only pos-
sibility for defining the A/ = 2 version of the Jacks.

For stability reasons when the number of variables is set to infinity, it is
natural to let the symmetrization associated to the unmarked entries in a
superpartition be to the right. Given the aforementioned trivial permutation
between Ay and Ay we actually only have to consider the alternatives ASA
or AAS for the first three constituent partitions with the understanding that

M = (m,m,m)
(A1) SopApAg — { A= (A A A A)

M = (m,m,m)
(A.2) ApSepAdg — { A= (A; A; A; A)

M = (m,m,m)
(A.3) ApApSpp — { A= (A A A N)

with the partial sums M; being changed accordingly. To each case, there cor-
responds a specific dominance ordering. Accordingly, the ordering of symbols
in the diagrammatic representation of superpartitions must be coherent with
the choice of symmetrization, that is

D @ O
(A4) SAA: @O , ASA: ¢ , AAS: ©
&) S ©

Let us introduce a compact notation to cover these alternative construc-
tions. Let

(A5) AV =2 AP =] A®=A AD=N
and o be an element of S3, so that
(A.6) o(A) = (AP, A2, A(0(3)), A(4))
The reverse superpartition would now read
(A7) (0(A)E = (AR, (AN R, (AR, (A(4))R)
Finally, with

¢;0; fori=1

(A.8) Ey) =< ¢; fori=2
0; fori=3
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the modified version of [¢; 0] is

M,y M, M
(A.9) [¢;em=[HE“<”] I =@ [H "“”)]

i=1 J=M+1 k=M,+1

[1]

The polynomial with 0(SAA) symmetry and labelled by o(A) would the be
given by
(1)) +(G)

(@) _ . .o
(A.10) Py = — > Koldi 003 By
weSN

Are these proper candidates for N’ = 2 versions of the Jack superpolyno-
mials? Remarkably, it seems that it is indeed the case given the following
properties/conjectures:

1) These polynomials are still eigenfunction of the s2CMS Hamiltonian.

2) By construction, they are still orthogonal with respect to the analytic
scalar product ((141)).
3) They appear to be also orthogonal with respect to the combinatorial

scalar product ((150)).

4) The expression for the norm given in Conjecture is still valid if
the role of the B;A’s is changed according to the permutation of the
constituent partitions A, A and A. (This version of the conjecture has
been tested for every permutation of (SAA) for all the cases listed in

eq. (L70).)
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Sector(A) | Py

(1]1,1,1) P(%;O;U;l) = M(0;0;0;1)

e} _ 1
Po.0;15) = M0;01) — (a+3) "T4(0;0;0; 1)

P10, = M0:1:00) — <a}r2> m(0;0;1;) + (aJlrQ)nL(O;O;O;l)

Lo _ 1 1 1
Pii0:0,) = M150505) F arny H0:1:05) o) 005 1) T Ty TH05 05 051)

(212,2,1) Po.0:0.1:1) = M0,0;05151) — (nsz)m(o,o;o;o;Lm
_ 1 1
P(%,O; 0;0;2) — "%(0,0;0;0;2) + (a+1)7n(170§ 0;0;1) T ((,HQ»I)
m(0,0;1;0;1) — mm(o,o;og;n + mm(o,o;o;o; 1,1)
— 1 1 -1
Poos02) = M0.0:0,2) F i ™10;0:13) ~ aagmy TH0.0:0:0;2) .
T 212 (atD) THL00;0;1) T 1) THO00; 1515) T 2(at2)(at1) TH(0,0; 1505 1)
+
T 312 (D) TH0.0:0151) ~ (@) @Dy TH0.050;0: 1,1)

2 2
(32:2,0) | P20 = m(l,O'éZU;;) + mm(l,l;l,g;;) * Gy "0.0; 2«,14;1;)
T2 M0.0:2.0:51) T 7(§++2)2m(1«,0;1,0;;1> * arzzMH0,0:1,0;; 1,1)

_ 1 2
Poo:30i5) = m(O,O;&Oé;) + Garn"U20;10;;) T (2a+1)m(l,0;2,0:;)2
G @arn ML 105 T (22a+1)m(0,0;2,1;;) + a1 "H0,0:2,0;;1)
T ZarD0.0:1.0::2) T G @ar D TH10:1.0::1) T G @arD) H0,0;1.05:1,1)

_ 1 42
(51,3,2) | PGoon0:2.0:) = M(0:2,,0:2,15) — (@ F3)M(0:2.1,0:2.0:1) ~ (aF8)(2a75) TU0:2,1.0:1,0:2)

1 [ .
+ (a+3)(2at5) "4(1;2,1,0;1,0; 1) + (@+3)(20+5) T4(0;2,1,0;1,0;1,1)

Table Al: Sample of small degree Jack superpolynomials expanded in the
monomial basis.
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