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Abstract. We algebraically construct the Fock space of the Sutherland model in terms of the
eigenstates of the pseudomomenta as basis vectors. For this purpose, we derive the raising and
lowering operators which increase and decrease eigenvalues of pseudomomenta. The operators
exchanging eigenvalues of two pseudomomenta have been known. All the eigenstates are
systematically produced by starting from the ground state and multiplying these operators by it.

The Sutherland model is a solvable quantum many-body system with inverse-square
interaction on a circumference [1]. The ground-state wavefunction is of the Jastrow type and
excited states are polynomials multiplied by the ground state. Among the polynomials, the
symmetric ones are Jack polynomials [2—4], while the others are called nonsymmetric Jack
polynomials. These energy eigenstates can be taken as eigenstates of the pseudomomenta
[5, 6], which commute with each other and with the Hamiltonian.

For its rich content, the Sutherland model has been zealously investigated at various
standpoints. For example, the Sutherland model is regarded as a model which describes the
edge state in the fractional quantum Hall effect [7]. It may describe the fractional statistics
of quasiparticles [8]. Also a deep connection of this model to the conformal field theory is
found [9]. Haldane argued that the Sutherland model is equivalent to the system of particles
obeying the exclusion statistics if the coupling constant is a rational number [10]. Based
on this assumption he obtained the concrete form of the two-point correlation function;
i.e. as intermediate states, he only used free particle states obeying the exclusion statistics.
The result coincides with the exact one which was calculated by using the duality of Jack
polynomials [11-14]. The duality means the invariance of the Jack polynomials under a
nonlinear transformation with the replacement of the coupling constant by its inverse. In the
Sutherland model, many interesting properties such as the exclusion statistics are deduced
by directly inspecting the Jack polynomials.

To deeply understand the Sutherland model, we need to reformulate algebraically the
eigenvalue problem of this model. We mention its importance by recalling the case of a
harmonic oscillator. Although this problem is solved in terms of Hermite polynomials, the
algebraic approach using creation and annihilation operators revealed the essence of the
model. The quantum field theory is formulated on the basis of harmonic oscillators. In
the Calogero model, with inverse-square interaction and harmonic potential, creation and
annihilation operators are examined [15, 16]. In the Sutherland model, a hopeful algebraic
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approach means that a simple and transparent algebra determines all the energy levels and
their degeneracy. There are some algebraic treatments for symmetric [17] and nonsymmetric
Jack polinomials [18, 19], where a polynomial generates another one by some operations.
However such a generated state is not an eigenstate of the pseudomomenta except for special
cases and is not simple for the present purpose to seek a physical transparency.

In this letter, we propose a novel algebraic formalism for the eigenvalue problem in
the Sutherland model. The formalism is based on operators which increase, decrease and
exchange the eigenvalues of psudemomenta. The raising and lowering operators are derived
in this letter and the operator for exchange has been introduced [19]. Starting from the
ground state, we can reach an arbitrary eigenstate of the pseudomomenta by multiplying a
finite number of operators. The Fock space of the Sutherland model is reproduced in terms
of eigenstates of the pseudomomenta.

We considerN particles on a circumference with lengthand denote the coordinate
of the ith particle by6;. For these particles we introduce an operakgy (i # j) which
exchanges coordinateés and 6;, i.e. K;;6; = 6;K;;. Then an extended version of the
Sutherland model is given by the Hamiltonian

l B(B — Kij)
= — 1
Z 892 Z < Sir’[(6; — 6;)/2] @)
where g8 is the coupling constant. Th|s Hamiltonian is invariant against the exchange of
the coordinates of particles and satisfies the commutation relaliok ;] = 0. To make

the description simple, we use the complex coordinate- exp(i6;) instead of6;. The
momentum is accordingly represented as

9
[ 1 2
Pi=Zig 2
The quantization condition is then given by
[pi. zj] = bijzi- 3

The Hamiltonian (1) is rewritten as

N . .
H = ZP,Z + Z %ﬁ(ﬂ - Kij). (4)
i, K '

i=1
Dunkl [5] and Cherednik [6] introduced the pseudomomentum which is defined as

Di=pi+f) —— ﬂZK,, )

jGh YT et

In terms of{D;}, the Hamiltonian and the total momentum are written as

N N
H =Y D? P=Y"D. (6)
i=1

i=1

The pseudomomenta are Hermitialhf(: D;) and commute with each other:
[Di. D;] =0. (7)

Hence they also commute with the Hamiltonia#([D;] = 0). The exchange operators
affect the pseudomomenta through the relations

DiKiit1— Kiit1Diy1 = B, (8
[Dj,Kii+1] =0 (#iLi+D. 9
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The quantization condition (3) is represented as

i+ Bu Yy Kij+B Y Kiz (=)
[D,’, Zj] = J(<i) J(>0) (10)

—Blz; K0 — j) + Kijz;0(j — i)} @ #Jj.
Here the step functiof(x) is 1 for x > 0 and 0 otherwise. While the Hamiltonian (6)
is of the form for free particles with momenta;}, the quantization condition (10) is
rather complicated. That is, all the effects of the long-range interaction are involved in
the quantization condition (10). For this reason the interaction in the Hamiltonian (1) is
called a statistical interaction. The operat¢r3, z;, Ki;} are closed with respect to their
mutual products, and thereby forming an algebra. However it is not a Lie algebra, since
the commutator of some operators is no longer represented by a linear combination of the
operators. Relations (7)—(10) form a degenerate double-affine Hecke algebra. The same
structure for the Calogero model was examined by Ujino and Wadati [15] and Kakei [16].

We construct the energy eigenvalues and the eigenstates of the Sutherland model in a

completely algebraic manner. First, we examine the opetétor; defined by

Xiiv1 =I[Di, K; i11] i=1...,.N=-1 (11)

which is clearly Hermitian XLH = X;i+1). We call this thebraid-exclusion operator
The g-deformed version of this operator was first introduced by Killirov and Noumi [19].
Relations (8) and (9) foD; and K; ;.1 are converted to the following relations:

DiX;it1=X;iy1Diy1 (12)
Diy1Xiiv1 = Xiiy1D; (13)
[Dy, Xii+1] =0 (k#1i,i+1). (14)

These equations mean th¥f; 1 exchanges the pseudomomeditaand D; 1.
From definition (11) the square &f; ;1 is written as

XZi1 = (D;i — Diz1)* — B2 (15)

The positive semidefiniteness oxffl.H requires that the difference of eigenvalues of
and D; ;1 must differ by a number larger than or equal|R. As will be clear by later
examination, any eigenvalues of the pseudomomenta are integers in both the special cases of
8] =0 and 1. Foig| = 0, the particles are bosonic since (15) shows that their eigenvalues
can take the same value. On the other hand)gor= 1, the particles are fermionic since
the eigenvalues must take different integers due to (15). Thus, relation (15xf¢8P< 1
shows neither bosonic nor fermionic statistics but suggests Haldane’s exclusion statistics
[20, 21].

The braid-exclusion operators satisfy the following relations:

Xiit1XivrivoXiiv1 = Xipriv2Xiiv1Xit1i+2 (16)
Xiiv1Xj jr1=Xj j11Xiit1 (i —jl =2 (17)

which are derived from definition (11) and relations (7)—(9) by straightforward calculation.
Equations (16) and (17) are the very relations which generators of a braid group satisfy
[22]; equation (16) is also of the same form as the Yang—Baxter relation. They essentially
determine the characters of operators which will be introduced below. Thus the exchange
operator X; ;.1 for the pseudomomenta possesses both the characters of the exclusion
statistics and the braid group structure. This is the reason why we have called them
braid-exclusion operators. The operator, however, has no inverse operator against any



L476 Letter to the Editor

true generators for a braid group. In fact the exclusion character (15) allows the eigenvalue
of X;;+1 to vanish when the eigenvalue o differs from that ofD; ;1 by £8.
Next we recall an operatas which is defined as
el = Kyn-aKn_1n-2... K2Ko1z1 (18)

and call it thedisplacement operatorlt was introduced by Knop and Sahi [18] in relation
to nonsymmetric Jack polynomials. The equatigfh = 1 guarantees its unitarity:

ele = eel = 1. (29)
Equations (7)—(10) show that the operatbrsatisfy the relations

Djel —e'D; 11 =0 (j=1,...,N—1) (20)

Dyel —efDy = e, (21)

That is, ¢! displaces all the subscripts @; by one periodically. Equations (7)—(10) also
deduce the relation among and{X;,,1}:

Xiiviel = e Xii1i42 i=1...,.N=-2 (22)
Xn_1n(eH? = (e"?X12. (23)

These equations show thétalso displaces all the subscripts of the braid-exclusion operators
by 1.
Before constructing raising and lowering operators, we introduce an operator

al = Xii1Xisvivz- - Xy—avel  G=1...,N) (24)

as an intermediate. In the caseiok N this equation reads ag, = ¢/. We callaiT the
constituent operatorThe constituent operators and the pseudomomenta satisfy the relations:

Djal —a/Djyy=0  (A<j<i-1 (25)
D,-a;r - aiTDl = af (26)
[Dj,a]]=0  (+1<j<N) (27)

which are derived from (12)—(14), (20) and (21). The constituent operators and the braid-
exclusion operators satisfy the relations:

Xi,i+1a,-T+1 = af (28)
alXiaivo  (2i+2)
X; i+1aT =1 I (29)
) ] T . .
a; Xi i1 (G<i—-1
a;[a; = a}aLlez (Gzi+1 (30)

which are derived from (16), (17), (22) and (23). Number-like operatfmzs anda,»aiT are
expressed in terms of the pseudomomenta as follows

N
ala; = ] Di=Dw?-p1  A<i<N-1 (31)
m=i+1
N
gal = [[(D1—Du+D*-p1  (A<i<N-1 (32)
m=i+1
aLaN = aNaL =1 (33)

which are derived from (12)—(15) and (19)—(21).
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The raising operatoris defined as a simple power of a constituent operator:
bl = (a)) i=1...,N) (34)
and the correspondinigwering operatoris its Hermitian conjugate. The raising operators
and the pseudomomenta satisfies the commutation relations:
[Di. b1 =6(j — i)b] (35)

as is derived from (25)—(27). That 'B; raises by 1 the eigenvalues of pseudomomenta with
subscripti for i < j and is qualified to be called a raising operator. The raising operators
are boson-like since they commute with each other:
[b], 611 =0 (36)
which are derived from (28)—(30).
Number-like operators are expressed in terms of the pseudomomenta as:

i N
bibi =[] [] Lo = Du)®— B2 (1<i<N-1 (37)
=1 m=i+1
i N
bl =[] [T 1D =Du+D*=p1  @A<i<N-1 (38)
=1 m=i+1
blby = bybl, =1 (39)

which are derived from (25)—(27) and (31)—(33). Further, (28)—(30) yields the following
relations:

Xi,i-‘rlb; = b;Xi.H—l i@ #J) (40)
b,]'LXi,iJrlb;r =[(Diy1— D; + 1%~ IBZ]Xi,i+lblej+1- (41)

We now construct the Fock space of the Sutherland model by using the set of operators
{D;, b;, Xu}. Concretely, we produce all the eigenstateg0f}, starting from a state and
multiplying operatorg(b;, Xi;} to it. These states are also eigenstates of the Hamiltonian
because of the commutability df and {D;}. An eigenstate with different energy levels
is produced by multiplying the raising or lowering operators, and a degenerate state is

produced by multiplying the braid-exclusion operators.
We label an eigenstate ¢D;} by their eigenvaluegk;} as

Dilky, ko, ... kn) = kilks, ko, ... ky) i=1...,N). (42)
We start the construction with a state which has the eigenvéajuesy; i =1,...,N—1)
and is annihilated by lowering operators as

bilay, az, ...,ay) =0 (i=1,...,.N-=1). (43)

The case of = N is excluded in this equation, sindg (= €") is exceptionally unitary
and does not annihilate any state. Equation (43) reduces to

Xi‘i+1|051,052,...,a1\/>:0 (l=179N_1) (44)

due to the definitions af; andb;. We begin the construction of the Fock space with a state
satisfying conditionx; > a» > --- > ay. Then (44) reduces to

Kiilo, ... ay) =sgnB)laz, ..., ay) (45)

by using definition (11) ofX; ;,; and the algebra, (7)—(9). Hence the stiatg ..., ay) is
a symmetric (antisymmetric) function fg@r > 0 (8 < 0).
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To examine possible values ¢&;}, we operate anotheX;;,; to (44). Then we see
that {«;} are related to each other since (44) and (15) yield the relatipr «;,1)? = 2.
In reality there stands a stronger condition:

ai_aH-l:l/g' (l=1,,N—1) (46)
which is obtained by a calculation with (7)—(9). This condition is rewritten as
N+1-2i
Olz:(XO‘i‘TLm (lzlsz) (47)

with undetermined constang (—% <ag < %). This kind of undetermined constant always
appears in quantum mechanics 8h[23]. Hereafter we choose it ag = 0 so that the
total momentumP of this state vanishes. We write the state with= 0 in (43) simply as
|0):

N-1 N-3 N-1 > (48)

10) = Bl Il =Bl

We will see that this state is the true ground state in the Fock space which we are going to
construct.

We have a series of excited states when we operate raising operators to the ground state
|0). By introducing a new notation, we write them as follows

In1,na, ... onyY) = BH™ 2By (b)), (49)

Here we must impose the constraint> n;,; (i = 1,..., N — 1) so that the power of
b is positive;b] (i # N) generally has no inverse operator siri¢é; has eigenvalue 0
as seen in (33). In contrast the powey of the last operatoij is unrestricted because
of its unitarity (39). The negative power ¢ﬁv is read as the positive power of, i.e.
(bj\,)” = (by)™". The constraint is concisely written as

ny=Znp=---=ny. (50)

The states defined by (49) are eigenstates of the pseudomomenta as is shown by (35):

N+1
Dilny, np, ..., nN) = <ni + —|/3|> |n1, no, ..., nN). (51)
Hence|ny, no, ..., ny) is identified as
|n1,na,...,nN) = lki, k2, ..., ky) (52)

with eigenvaluek; = n; + (N +1—2)|8|/2 for D; (i =1, ..., N). The norm of this state
is calculated as

ni—nit1

(n1,...nylng, . ony) = HH H H [(n = DB +r+nip1—ny)®— 7 (53)
i=1 I=1m=i+1 r=
by means of relations (35)—(39).
Next we operate a braid-exclusion operakjr;; to the eigenstate (42) diD;}. Then
relations (12)—(15) yields the following equation:

Xiivalooookikive, o) = Vkiva — k)2 = B2l ki ki ). (54)

Hence, if|k;+1 — k;| # |Bl, Xii+1 produces a new state in which eigenvaléesind k; ;1
are exchanged. Equation (54) for states corresponds to relation (12) and (13) for operators,
which means the exchange B and D; 1. Operating{X; 1} to |k1, k2, ..., ky) in (52)
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finite times, we reach any possible order{&f}. Redefiningk; as the eigenvalue ab;,

possible eigenvalues ¢D;} are written as

N+1-—20(i)
2

whereo is a permutation among 2, ..., N which satisfiesi, ) # ne(j) for o (i)—o (j)| =

1. For|B| = 1, constraint (50) is equivalent to the Pauli principle: — k;| # 1. Hence for

any g8 constraint (50) describes a generalized Pauli principle:

|ki — kil = |BI. (56)

When a set of pseudomomentum eigenval@le$ is known, (6) gives the energy
eigenvalue as

ki =neq) + 18] i=1....,N) (55)

N
E=Y k2 (57)
i=1
This equation shows that the setlof=o; (i = 1,2,..., N) gives the lowest energy and

(48) is the true ground state. In an arbitrary §ef, the energyE is invariant under an
exchange ok;’s. The exchanged set gives a state with the same energy as the original if
|k — k;| # |B] (i # j). Thus the braid-exclusion operatdcs; ; .1} create degenerate states

by repeating (54). The ground state is not degenerate, since the operatixn of} to the
ground statek; = «;) gives 0 due to (54).

The degeneracy of an energy eigenvalue is given by counting the number of possible
combinations of the corresponding sg}. We take out all the quantum numbers
m1, mo, ...,mg Which are included infn;} and are different from each other. Then we
definel; for eachm; so that/; is the number of elements equal#g in {n;}. In terms of
{I;} the degeneracy is given by

N!
I .Y
Thus we have reproduced all the eigenenergies and their degeneracy for the Sutherland
model.

In summary, we have found a novel algebraic formalism for the eigenvalue problem
of the Sutherland model. All the energy eigenstates are obtained as eigenstates of
pseudomomentgD;}. The formalism is based on raising operat{bfs and braid-exclusion
operators{X; .1} as well as pseudomomen{®;}. While bf creates another state with

different energy X; ;11 creates another degenerate state. The calculation of the correlation
function in the present formalism is a future problem.

(58)
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