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A model of the non-Abelian fractional quantum Hall effect is obtained from the diagonalization of the matrix
model proposed by Dorey, Tong, and Turner (DTT). The Hamiltonian is reminiscent of a spin Calogero-Moser
model but involves higher-order symmetric representations of the non-Abelian symmetry. We derive the energy
spectrum and show that the Hamiltonian has a triangular action on a certain class of wave functions with a
free-fermion expression. We deduce the expression of the ground-state eigenfunctions and show that they solve a
Knizhnik-Zamolodchikov equation. Finally, we discuss the emergence of Kac-Moody symmetries in the large-N
limit using the level-rank duality, and we confirm the results obtained previously by DTT.
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I. INTRODUCTION

Quantum systems with topologically protected states
called non-Abelian anyons are the best candidates for con-
structing fault-tolerant quantum computing devices [1]. States
of this type are encountered in models of the non-Abelian
fractional quantum Hall effect (FQHE) [2]. The FQHE refers
to the observation of plateaus in the Hall conductivity of
a system of electrons in a strong magnetic field associated
with fractional values of the filling factor. The non-Abelian
model considers the possibility of assigning spinlike degrees
of freedom to electrons to encode various physical properties
like the band structure, the presence of higher Landau
levels, or a physical spin. This model reveals excited states
with nontrivial statistics that exhibit the characteristics of
topologically protected states [2]. While non-Abelian anyons
have not been observed yet in condensed-matter systems, they
have been obtained very recently in quantum processors [3,4].

Three-dimensional Chern-Simons theory offers competing
descriptions of the FQHE at large distances. For instance,
Susskind proposed in [S5] a description of the Abelian FQHE
using a noncommutative U (1) Chern-Simons theory at level
k, and recovered in this way the Laughlin wave function
corresponding to the filling factor v = 1/(k + 1). Subse-
quently, Polychronakos introduced a U (N) matrix model as
a regularization of Susskind’s model to describe the micro-
scopic dynamics of a droplet of N electrons [6]. In [7],
building on recent results on the moduli space of vortices
[8], Tong reinterpreted Polychronakos’s matrix model as a
description of vortices in an Abelian commutative Chern-
Simons theory. Following this interpretation, Dorey, Tong,
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and Turner (DTT) introduced an extension of Polychronakos’s
matrix model with an additional U(p) symmetry to render
the dynamics of vortices in the non-Abelian Chern-Simons
theory.

One of the interests of the matrix model is to relate the
Chern-Simons theory descriptions to the conformal field the-
ory (CFT) approach to FQHE wave functions initiated by
Moore and Read [9]. Indeed, Polychronakos’s U (N) matrix
model reduces after diagonalization to a Calogero Hamil-
tonian, which describes the dynamics of the vortices. The
ground-state wave function of this model is known to co-
incide with the Laughlin wave function, which is identified
with a conformal block of the rational torus CFT in [9].
Similarly, DTT recovered from the non-Abelian model the
Blok-Wen wave functions identified with the correlators of
Wess-Zumino-Witten (WZW) models with SU (p); x U (1)x
Kac-Moody symmetry [2,10]. In fact, the Kac-Moody cur-
rents of the CFT can be directly constructed from the matrix
model, as shown in [11,12].

The method followed by DTT in [13] for the diagonal-
ization and quantization of the matrix model is based on a
matrix version of holomorphic coordinates and differs from
Polychronakos’s approach. In this paper, we revisit the DTT
matrix model following Polychronakos’s original approach,
and we show that the dynamics of the vortices are governed
by a spin Calogero Hamiltonian involving higher-order sym-
metric representations. To be specific, the order of the U (p)
spin representation is identified with the Chern-Simons level
k. A generating family of wave functions called wedge states
[14,15] is introduced, and we prove that the action of the
Hamiltonian on these states is triangular. We deduce from
this result the spectrum of our model and the expression of
the ground-state wave functions, recovering the Blok-Wen
wave functions in the absence of degeneracies. More gen-
erally, all ground-state eigenfunctions are shown to obey
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the Knizhnik-Zamolodchikov (KZ) equation characteristic of
WZW conformal blocks.

At level k > 1, the wedge states are no longer linearly
independent due to Pliicker relations. We solve this prob-
lem using a fermionic representation of the wave functions,
which highlights the underlying algebraic structure. In the
large-N limit, the wedge states become the exact eigen-
states of the Hamiltonian. The free fermions are identified
with the fields of a 2D_CFT with the conformal embed-
ding gl(pk)1 D sl(p) ® sl(k), @ u(1). This type of CFT has
been studied previously in the context of level-rank duality
[16]. The Pliicker relations project out the dual Kac-Moody
sl(k), algebra, and one recovers the s [(P)k ®u(1) symmetry
of the system in agreement with [13]. The primary fields
of the Kac-Moody algebra, which appear in the KZ equa-
tion, are identified with vertex operators. They are used to
translate the wedge states into the states of the fermionic Fock
space. In this way, the spin Calogero model is directly related
to the 2D conformal field theory.

One of our main motivations is the well-known integra-
bility properties of Calogero-type models, which offers the
prospect of applying the algebraic methods developed in this
context to the problem of the FQHE, like the algebraic Bethe
ansatz [17], the Lax formalism [18], and the thermodynamic
Bethe ansatz to study the thermodynamic limit in models with
a nonexplicit spectrum [19-21]. While we do not prove these
properties in this paper, we strongly suspect that our Hamilto-
nian possesses a Yangian symmetry realized in a similar way
as in the lower-order version studied in [22] (see also [18] for
an approach using the Lax pair). This expectation is consistent
with the well-known fact that Yangian invariance generates
Kac-Moody symmetries in the large-N limit [23-25]. We hope
to be able to come back to these important questions in a
future publication.

This paper is organized as follows. Section II contains the
derivation of the Hamiltonian by diagonalization of the DTT
matrix model. The analysis of its spectrum and eigenfunctions
is presented in Sec. III, and the free-fermion formalism and
the large-N limit are explained in Sec. IV. Technical details
have been gathered in the Appendixes. Appendix A contains
the proof of our main results, namely the triangular action
of the Hamiltonian and the KZ equation for the ground-state
eigenfunction. Appendix B presents the eigenfunctions of the
Hamiltonian for the simplest case of N = 2 particles, and
Appendix C is a brief reminder of the construction of the
Gel’fand-Zetlin basis, which applies to the k = 1 case. Fi-
nally, Appendix D presents an explicit check of the conformal
embedding by comparing the explicit expression of characters
in the case p =k = 2.

II. DERIVATION OF THE HAMILTONIAN

In this section, we first present our quantum model and
then its derivation from the diagonalization of the DTT matrix
model.

A. Definition of the model

The system consists of N particles with coordinates x,
carrying a U (p) spin structure defined using the N p oscillators

[@i.as (p; »] = 8i j84,5- In this paper, we take the convention that
indices a, b, c,d € {1, ..., N} label the particles, and i, j €
{1, ..., p} their spin states. Each particle carries a symmetric
representation [k] of U( p) obtained from the action of k cre-
ation operators (pl a gol a |@) on the vacuum |@) satisfying

0ia|l2)=0, Vie{l,...,p}, VYae{l,...,N}. (1)
In addition to the integers N, p, k, the model depends on
the parameter B that confines the particles in a harmonic

potential. The Hamiltonian of the system reads [26]

H = Z( — +B’x 2>+2Z

a,b=1

a, be a
(xa — xh)z

@)

a<b

p
Job=Y_ ¢l biv. 3)
i=1

This model is expected to describe the non-Abelian quantum
Hall states with filling factor v = p/(k + p). We note that
the generators J,;, satisfy the relations of the gl(N) Lie
algebra [Jap, Je.a]l = 8a.aJcb — Ob.cJa.qa, and the Hamiltonian
commutes with the diagonal operators J,, fora=1,..., N.
These operators are diagonal on spin states ¢, .-+ ¢ . |2)
in the representation [k], with the eigenvalue k. Due to the
U(N) constraints of our model, this integer k must be the
same for each particle a. The Hamiltonian (2) also exhibits a
global U (p) invariance which is generated by the operators

,,—Zw,u%a,

Kij Kiil =8;1Kip — 81Ky j.  (4)

1. Abelian model

Setting p = 1, we recover the Abelian model introduced by
Polychronakos in [6] to describe the Laughlin states at filling
factor v = 1/(k 4 1). In this case, there is no spin structure as
every particle carries the fixed spin state ((pZ)k |&). The action
of the interaction term in the Hamiltonian (2) simplifies since

MAJY%wm—MhHHY%W@ 5)

c=1

and we recover the Calogero-Moser Hamiltonian with a Gaus-
sian potential,

N 2
1
HP=D =3 (—% + Bx 2) +2k(k + 1) Z [t
— Ab

a=1 a,b=1
(6)

a<b

This Hamiltonian is known to be integrable [27].

2. Spin Calogero-Moser

Considering instead the case k = 1 for arbitrary p, the
particles carry the fundamental representation of U (p). This
is usually implemented by assigning the spin state |i,) =
¢! ,12) to the particle a, with the label i, € {1, ..., p}. In
this case, the interaction term also simplifies as the product
JupJp.q acting on such spin states can be rewritten using the
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permutation P, ;, exchanging the spin labels i, and i,

athal_[(p, a

Then, the Hamiltonian (2) reduces to the spin Calogero-Moser
Hamiltonian at coupling A = 1 with an extra Gaussian poten-
tial,

—(1+Pab>1_[<pl J2) . (D)

N

HE=D =) (—%4—32 2) +2)y

a a,b=1
a<b

1+Pab

8
(xXq — xb)z ®)
In the absence of the Gaussian term, this model is also a
well-known integrable system which exhibits the Yangian
symmetry Y (s[,) [18,28,29].

3. Remark

Another remarkable value, albeit somewhat trivial, is ob-
tained at k = 0. In this case, particles carry no spin degree
of freedom, and the interaction term of the Hamiltonian (2)
vanishes. We are left with N decoupled quantum harmonic
oscillators. If we look for an antisymmetric wave function so
that the true matrix model wave function is symmetric, the
ground state of our Hamiltonian is [30]

Wo(x) = A(x)e 2 Za¥,  E, = N’B. 9)

This is the Slater determinant of the wave functions of N
independent quantum harmonic oscillators. It coincides with
the Laughlin wave function of filling factor v = 1.

B. Diagonalization of the DTT matrix model

The Hamiltonian (2) has been obtained from the diagonal-
ization of the matrix quantum mechanics proposed in [13] to
describe the dynamics of vortices in a U(p) Chern-Simons
theory. It is a non-Abelian generalization of the quantum
Hall droplet matrix model proposed by Polychronakos in [6],
which was shown in [7,31] to also describe the vortices of the
U (1) Chern-Simons theory. The non-Abelian matrix model
is formulated in terms of dynamical fields consisting in an
N x N complex matrix Z(t) and p N-dimensional vectors
ei(t)(@i=1,..., p). The matrix Z(¢) transforms in the adjoint
representation Z(t) — U()Z(t)U @)™ under U (W) symme-
try, and the vectors ¢;(¢) in the fundamental representation
@i(t) = U(t)g;(t). The model also contains a nondynamical
gauge field o which imposes the (classical) constraint

B P
S22+ Y gipl = G+ p)ly. (10)

i=1
The action of this model reads [13]

S = / dt |:—1Btr(ZTD,Z) +i Z 0! Dyg;

i=1
—(k + p)tra — a)tr(ZTZ):|, (11)

where D, is the covariant derivative

DZ=90Z—ila,Z]l, Digi= ¢ —iag. (12)

The model depends on the parameters B (background mag-
netic field), k (Chern-Simons level), and @ (strength of the
harmonic trap).

The complex matrix Z can be decomposed into a sum of
Hermitian matrices

Z=X +iX,, Z'=X —iX, (13)

and isolating the dependence in the gauge field, the previous
action can be written in a more explicit form,

B
S= /dl (—Etr(Xle XoXp) +i Z @ @i

i=1
— wtr(X? + X7) + tlaG(Xy, Xz, 91, wf)]>,
with G(X1, X, 91, ¢))

)4
= —iBIX), X2l + ) gip] — (k+p)Ly, (1)

i=1

and we used the dot notation to indicate the time derivative.
When p = 1, this is precisely the form of the action studied
by Polychronakos in [6]. In contrast with the work of DTT, we
will work in the framework where (X;, X,) are the canonical
conjugate fields, instead of (Z, Z"). One of our motivations
is to investigate the connection with quantum integrable sys-
tems. Indeed, the dynamics of the eigenvalues of the matrix X
is given by the Calogero-Moser Hamiltonian (6) when p = 1
[6]. As we will show shortly, in the non-Abelian model, this
dynamics is defined by the Hamiltonian (2), which we suspect
is also integrable. A second, more physical, motivation is the
interpretation of these eigenvalues as the effective electron
coordinates in the quantum droplet model, and so the position
of Chern-Simons vortices. In this way, we expect the wave
functions derived in the next section to give a more physical
description of the corresponding model.

1. Diagonalization

The Hermitian matrix X, is diagonalized by decomposing
X1(t) = Q) Tx()Q0), with (x), 5, = X404, a diagonal matrix
and Q € SU(N) a unitary matrix containing the N> — N an-
gular degrees of freedom. This decomposition is introduced
using the global U (N) symmetry, and we denote with a prime
the transformed quantities

X, = QX0 ¢ =Qu ¢ =¢Q,

o =QaQf, G =QGQ. (15)

After transformation, the dynamical terms in the Lagrangian
read

trX; X, = trxX; + trL[x, X1,
trX; X, = trxX; — trL[x, X;], (16)
o o =o' 9l — oLy,

where we introduced the anti-Hermitian matrix L = QQF =
—QQ7. Replacing these terms in the action, we find after
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integration by part

V4
S = / dt (Btr)'ch/ +i Z ol ¢ — otr(x® + (X3)%)

i=1

V4
— BuLlx,X;]— iy oLy, + tra’G’),

i=1

P
with G' = —iB[x, X;] + Z(p;gof — (k+ p)ly. 17)
i=1
From now on, we drop the prime on the variables to simplify
the notation.

In the action (17), the dynamical fields are the eigenvalues
x,4(t), the components ¢; ,(t) of the vector fields, and the
angular degrees of freedom contained in €2(¢). Following the
standard method reviewed in [32], the anti-Hermitian matrix
L can be decomposed over the generators of su(N),

N—-1 N
L=Y auHo+ Y (@abTup+0asTap).  (18)
a=1 ab=1

a<b
We denoted the Cartan generators H, = i(€sq — €a+1.a+1)s
and the anti-Hermitian matrices 7, , = i(€sp + €p.q)/ /2 and
Ta,b = (e4p — €pa)/ V2 [here e, , denotes the elements of the
canonical basis of GL(N)]. Using this decomposition, we
can compute the momentum associated with each degree of
freedom,

6L o 5L .
a = . — aar  Tia = T =19; 4
p 3%, 2a, . 501 a Pia
8L
Ha = - :Jaﬁa _Ja+l.u+l’
Sw,
_ e ] Uap +J,
a,b — 3C.L)a,b - ﬁ a,b b,a
— iB(xq — xp)(X2 ap — X2 b.a)]s
o= 25 = g,
a,b — (Séa,b - ﬁ a,b b,a
+ iB(xq — xp)(X2 a.p + X2 b,0)] (19)

where J, ; is defined in (2). We deduce the Hamiltonian, which
reduces to a potential term since the Lagrangian depends
linearly on time derivatives. Setting @ = 0, we find

H = otr(x> + (X)%)
N p2
= W Z ()C[zl + B—;)
a=1

(Ju, - H: )(J a
P s
B~ (Xa = Xp)

-
a,b) i (20)

with [, = (M, £ ifl,)/v/2.

2. Quantization

We now impose the canonical quantization conditions for
the angular variables and the vector fields,

[a)aa Hb] - i8a,bv [wa,ba nc,d] - i8ﬂ,68b,dv
(@ia> 7T p] =16 j8ap- 21

In particular, ¢;, and (pja are conjugate variables,
[i.as (p;’b] =68 j8up- 'Howe.ver, we note that . due to the
Vandermonde determinant in the measure coming from the
diagonalization dX| = dQ2dxA(x), the momentum p, acts on
wave functions as (see, e.g., [32])

N
Pa=—iA® %A@, A® =[] —x).  ©@2)

a,b=1
a<b

After quantization, the constraints G, ;, = 0 must be im-
posed on physical wave functions. In the canonical variables,
these constraints take the form

Ja,a —k (a = b)7
Gup=1T,  (@<bh) 23)
my, (a > b).

Thus, physical states must obey
M, |phys) = M, [phys) = I, [phys) =0,
Ja.a IPhys) = k [phys) . (24)

These relations imply that they have no dependence in the
angular variables w,, w, 5, and 6, 5. Since J, , counts a number
of modes, the last condition imposes the quantization k € Z
of the Chern-Simons level. From the relation J,, yJp , + J4.0 =
Ib.adap + JIbp, we also deduce that J, pJp o = Jp 4J4,p ON phys-
ical states. Thus, the action of the Hamiltonian simplifies on
the physical states [33],

N
Jandva
H = % <Z (—A@) ' ZA@+HBAZ)+2 Y #>

(xa — xb)2
(25)

a=1 a<b

and it indeed reduces to the Hamiltonian given in Eq. (2)
upon rescaling the energies by a factor w~'B?, and a conjuga-
tion with the Vandermonde H — A(x)HA(x)~'. The latter
simply amounts to multiplying the wave functions by the
antisymmetric factor A(x).

III. SPECTRUM AND EIGENFUNCTIONS
A. Abelian model

Before studying the general case, we recall the results ob-
tained for the Abelian model (p = 1). As previously observed,
the Hamiltonian (6) describes the Calogero-Moser system
with coupling k € Z and a Gaussian potential. For this system,
the ground state is well-known [34],

Wo(x) = [ Jra — )t T,

a<b

Ey = N°B +kN(N — 1)B. (26)

Upon analytic continuation, Wy (x) coincides with the Laugh-
lin wave function with filling factor v = 1/(k + 1).

This model has been studied by Polychronakos in the con-
text of the Abelian FQHE in [6], and we recall here some
of his results. States of the model are labeled by N positive
integers n, satisfying the constraint n,,; —n, > k + 1, and
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the corresponding energy is [35]

N
=B Z(Zna +1). (27

For the ground state, the labels take the values n, = (a —
1)(k + 1), which gives precisely the energy E, written in (26).
To count the excited states, we can introduce the labels r, =
Ngy1 —ng — (k+1) with a=1,...,N — 1, together with
ro = ny, for which the previous condition becomes r, = 0. In
these variables, the energy reads

N
E, =Ey,+ 2B Z ary_q. (28)

a=1

We can interpret the variables ry_, as counting the multiplici-
ties of the columns of height a of a Young diagram with a total
of Za ary—, boxes, each column being restricted to contain
at most N boxes. In the large-N limit, this restriction drops,
and the corresponding character is simply the u(l) WZW
character,

Eo

o0
q
pm)got B = —————— (29)
; [T52,(1 = ¢%59)

where p(n) is the number of partitions of n.

x(q) =

B. Non-Abelian model

In the following, for the sake of simplicity, we introduce a
polynomial representation of the Fock space associated with
the variables ¢; 4,

O 0L W 10) = Yivay  Yiva- (30)

In this representation, the operators ¢; , act as the derivatives
0;i.q = 0/3yi 4. The gl(N) generators are represented by

P
Job =Y Viadis- 31
i=1

The condition (24) implies that physical states are described
by a homogeneous polynomial of degree k in y;, for each
particlea=1,...,N.

In this section, we derive the eigenvalues and study the
eigenfunctions of the Hamiltonian (2). To simplify the ex-
pression of wave functions, it is convenient to modify the
Hamiltonian and absorb the Gaussian part,

’}:l — e%Zuxzane_g ZHXZ‘
2

0 a b-]b a
a a#b
(32)
We further use the rescaling of coordinates x, — B~'/%x, and

energies H — B 'f toset B = 1.

The diagonalization of the Hamiltonian (32) is treated ex-
plicitly in Appendix B in the case of two particles (i.e., N = 2)
with k, p generic. The general treatment for an arbitrary num-
ber of particles given below follows from a careful analysis of
specific cases at lower N which are not presented in this paper
to avoid redundancy.

1. Wedge states

To write down the wave functions of the Hamiltonian (32),
we introduce the wedge product notation for the following
N x N determinants:

[yi X" A Ay x™]
Vi, 1(e)™ Vi, 1 (x1)™
= det : : . (33)
Vi N )™ Yiy.n (xn)"™

It satisfies the linearity and the antisymmetry properties,

[ A Qqur +2ou) A -]

=Ml Am A+l AlA--], AL,AeC
[.../\l{]/\.../\,{2/\...]=_[.../\1{2/\.../\1{1/\...]'
a b a b (34)

The second property implies that [---/\lg/\~-~/\%¢/\-~-] =

0.

The elementary blocks for constructing wave functions are
the elements of the following family of determinants indexed
by N-tuple integers r = (ry, ..., ry):

Vex,y) = clebt(y,»,,,ax;"’) = [x™ A ApX™] (35)
We call these determinants wedge states. The components r,
of the index r are related to the parameters (n,, i,) of the par-
ticle a by Euclidean division r, = pn, +i, — 1, 1 < i, < p.
This notation comes from the fact that monomials y; ,(x,)"
can be represented as a power of another variable z/,, where n
and i — 1 are, respectively, the quotient and remainder of the
Euclidean division of r = pn + i — 1 by p. Such a notation is
used, e.g., in [36]. In these variables, the determinants ), (x, y)
take the simpler forms

Vr(x,y) = ditng =[" A ATV (36)
a,

By definition, the determinants vanish if r, = r,, for a # b,

and up to permutation we can assume 0 < rp <7 < --- <

ry. Finally, we mention the Pliicker relations for bilinear com-

binations of the wedge products states [37],

N
Z(—l)“[z" ARERRA
a=0

=0 37

ZrN—l A ZSH][ZSO N /\?{/\ RN ZSN]

for an arbitrary pair r = (ry, ..., ry—1) and s = (sg, ..., SN).
It produces nontrivial quadratic relations for arbitrary choice
ofrandsifr ¢s.

2. Eigenfunctions as a product of wedge states

To label the eigenstates, we introduce a set of k sequences
of N non-negative integers,
e=(rV 0 O =
() () (a) _
0<r "<y’ <---<ry’, a=1,.. ,k (38)

We suppose that the reordering of r® in v does not give a new
element. Let R be the set of all possible t. For each element
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t € R, we define a function of the variables x,, y; 4,

k
Y@, y) = A [ [ Vo (e, ) (39)

a=1

It can also be seen as an element in C[zy, ..., zy] using the
previous translation rule. We define the level of .(x,y) as
the eigenvalue of the operator D = ZQ’: 1 Xa0q,

k
Dyr(x,y) = [elPre(x,y),  with o] = |r],
a=1

N N
|r(a)| — Z I_rf;a)/pJ — Zn((la)’ (40)
a=1 a=1

where | | is the floor function. The last equality is obtained
from the correspondence r® = pn'®@ + i — 1.

The functions ¥.(x,y) also satisfy the second condition
of (24), namely J, ¥ (x,y) = k. (x,y), since each factor
Y, (x,y) obeys the property

P
Joadr@.3) =Y yiabiadr(.y) = Vi(x.y)  (4D)
i=1
for any a. In this sense, it gives an element of the physical
space. We define the Hilbert space §) as the set of functions
spanned by 1 (x, y). It is important to note that the functions
Y (x,y) for v € R are not linearly independent if k > 2, since
the Pliicker relations (37) produce nontrivial relations among
the product of determinants.
The main result of this section is the general theorem
below.
~ General form of the eigenstates N

The Hamiltonian action (32) is triangular on the set
of functions ¢ (x,y) defined in (39),

7:1%(93,?!) = E(ﬂ%(%?l) +| ‘% C(Eﬁ)l/)s.(w,y),
s|=[v[-2
E(t) = 2Jt| + N2,
(42)

where C(t,s) is a numerical coefficient. As an im-
mediate consequence of this formula, one obtains the
eigenfunctions of the Hamiltonian through an appro-
priate recombination of the form,

Ue(z,y) =te(z,y)+ >, D(v,s)s(m,y). (43)

|s|<|¥]-2

These eigenfunctions have eigenvalue E(t).

-

The theorem (42) is one of the main results presented in
this paper. Its proof, which is given in Appendix (A1), is
technical and relatively lengthy. The second statement is a
simple corollary obtained by a recursion procedure. Indeed,
since the coefficients C(r, ) are finite (as shown in the proof)
and E (v) is a strictly positive integer, taking the combination

C(t, 5)

— o Vs(xy), 44

U, y) = Yex,y) — Z E(s)

Is|=lc|-2

we find that 7 has a triangular action on \Ilil)(x, y), and the
right-hand side now contains a linear combination of wi
with |s| = |t| — 4. We can continue this recursive procedure
until we arrive at the ground states, which are eigenstates since
|t] is minimal. While the functions . (x, y) do not form a ba-
sis due to their redundancy, this fact is irrelevant here since we
do not use independence. This set of functions provides a large
class of solutions, and it is natural to conjecture that general
eigenfunctions can be expressed as a linear combination of
such functions. The equivalence relations among eigenstates,
such as those following from the Pliicker relations (37), will
be discussed in Sec. V below.

3. Ground-state wave function and degeneracies

The ground states correspond to the labels t for which
|t| is minimal. As a consequence of the triangular form (42)
of the Hamiltonian action, the corresponding wave functions
Y (x,y) are eigenfunctions of the system. We first examine
the case k = 1, and we observe that the ground state is unique
when p divides N. Itis obtained forrg = (0, 1,2, ..., N — 1),
and the corresponding wedge state is

Vi) =1 A Ayp AVIX A=+ AYpXA
e AT A A ypxm_l] (45)

for N = mp. In the general case, N = mp + g with 0 < g <
p — 1, the ground state is (’q7 )-fold degenerate, which corre-
sponds to a choice of spin for the g extra particles,

Vi@, ) =i A AYp AVIX A - AYpXA
c Ay A /\y,,xm*1 Ay x" A
s Ay XM, (46)

forN=mp+gqgwithl <i; <ip <--- <i, < p. We denote
as MRy the set of all possible ground state labels, i.e., the set of
labels r € R that minimize E (r). The ground-state energy for
N=mp+qis

E(ro) = pm(m — 1) + 2gm + N*. (47)

When k > 1, ground-state wave functions are obtained by
taking the product of k determinants (46),

k
Ve, @) = AW [ [V @),

a=1

E(vo) = k[pm(m — 1) + 2qm] + N* (48)

with vy = (r(()l), ... ,rgk)) and r(()“) € Ro. Note that the expres-
sion of the ground-state energy E (tp) reproduces the formula
(26) obtained for the Abelian model. It also agrees with the
results obtained in [13]. The spin indices il(“), a=1---kand
Il =1---q labeling these states, transform in the k-fold sym-
metrization of the gth antisymmetric representation of SU(p)
[13], and the dimension of Ry is given by the hook length
formula

pta—i
an+k+1—a—i' “49)

k g
a=l1 i=1

In fact, SRy has more degrees of freedom than above because
of the redundancies mentioned above.
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Finally, we would like to comment on the excited states.
The theorem (42) shows that excited states are linear combi-
nations of products of the wedge states. They can be classified
according to U(p) [or gl(p)] irreducible representations. In
the k = 1 case, it can be done using the Gelfand-Zetlin basis,
which is explained in Appendix C. For general k, we have
to introduce the corresponding loop (or Kac-Moody) algebra,
and it will be presented in the next section.

In Appendix A, we prove that these wave functions satisfy the
following Knizhnik-Zamolodchikov (KZ) equation:

Javdb.a
(P +K)da®e (x,y) = ) o0 b”de>m( . 6D
b#a "¢

This is a generalization of a similar result obtained in the case
N = mpin [13]. Indeed, in this case the ground state is nonde-

generate, and the corresponding wave function ®., = (), )*
can be identified with the DTT wave function obtained as the
conformal block function, (V(x;)---V(xy)), where V(x) is
the primary field of the kth-order symmetric representation [k]
of a Wess-Zumino-Witten model 5i(p); ® u(1). To identify
the two expressions, we can relabel the particles and write the
wedge state in the form

C. KZ equation for the ground-state wave function

The wave functions of the matrix model differ from those
of the Hamiltonian by a Vandermonde factor [38],

k
[[Ve@yn. 60

a=1 |

DOy (X, y) = A) Y, (x,y) =

Ve, 3) =yt AYIX A= AYiX™ VAV APX A Ay T A Aypx™ 1, (52)

where ¢ is a sign coming from the permutation of the columns in the determinant. Expanding the determinant gives the
antisymmetrization over all particles,

AYp AYpX A -+

-1 -1
X y2,a(a+m)(-xa(a+m))a - X Yp.olatm(p—1)] (xa[a-‘rm(p—l)] )a ] (53)

Y@ y)=e Y (=) [ [1.ow@ @)

oeSy a=1

This operation is denoted A in [13]. It is then possible to antisymmetrize independently the particles in each set of m particles
with the same spin. It produces the Vandermonde determinants found in Eq. (5.5) of [13],

2m
Vi (¥, 3) = 1)p Z( ) |:l_[y1 o(a) l_[(xcr(a) — Xo (b)) l_[ Y2,0(a) 1_[ Xo(a) = Xo))
o€eSy a,b=1 a=m-+1 ab=m+1
a<b a<b
mp pm
Koo X 1_[ Yp.o(a) 1_[ (xa(a) - xa(b))i|
a:m(p71)+1 aAb:(pfii)er]
2m mp pm

—( 1)17 |:Hy1al_[(xa—xb) l_[ Y2.a H (Xa = Xp) x - H Yp.a l_[ (xa—xb):|. (54)
m ab=1 a=m-+1 b—m+1 a=m(p—1)+1 a,b=(p—)m+1

a<b a<b

In the next section, we show that the U (p) Kac-Moody symmetry appears in the large-N limit. We relate the KZ equation (51)
to the correlation function of the vertex operators, which intertwine the wedge states with the states of the free-fermion Fock
space. The results of this subsection show that the KZ equation holds even at finite N.

We note that the Calogero model ground states give a limited class of the chiral correlators of the WZW model. For the study
of more general correlators in the context of the FQHE, see, for example, Refs. [39,40].

D. Generalized statistics

Let us focus for a moment on the vacuum wave functions in the case k = 1 for which the matrix model wave functions
coincide with wedge states, i.e., @, (x,y) = Yy, (x,y). The latter can be written in the explicit form

Vil o Ypi Vi 1X7" Vi1 xX7'
12 - 2 i1, 2% .25

ey =" o e Yo (55)
YIN 't YpN Yii NXy iy NXN

An important feature of the wave functions ), (x, y) is that they do not vanish when two coordinates coincide x, — x; because
of the presence of the extra spin variables y; ,. Instead, when p + 1 particles approach each other at the same time, at least
two particles will have the same spin. As a result, the two corresponding rows of the determinants will be identical, and
the determinant will vanish. More precisely, when N = mp + ¢, all the wave functions ), (x,y) vanish when p + 1 particle
coordinates coincide. When only r < p + 1 particles coincide, some of the wave functions might still vanish if ¢ > 0, which
partially lifts the degeneracy of the vacuum. In this way, the wedge states describe particles obeying a generalized exclusion
principle.
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1. Fractional quasiholes

Using a similar argument, it is possible to introduce wave functions describing fractional quasiholes,

Y11 Yp.1
Vnleyple) = | I N
VI,N+1 Yp.N+1
Y1,N+p Yp.N+p
When we set ¢ =---=¢,=¢, the wave functions

Vs, (x,y|¢) contain a factor 1‘[5:,(; — x,) due to the gener-
alized exclusion principle mentioned above, and it describes
a hole of coordinate ¢. Thus, the general formula Y, (x, y|¢)
describes the splitting of this hole into p quasiholes, each of
which has a fractional charge —e/p.

2. Moore-Read state

Some of the characteristic states of the non-Abelian FQHE
can also be recovered from our general formula for the
ground-state wave function. For instance, taking p =2, N =
2m, and k=2, we find a singlet ground state with pa-
rameters ro = {0, 1, ..., 2m — 1}. The corresponding matrix
model wave function is

d(x,y) = [V, (x, )1 (57)

It was noted in [13] that this expression is equivalent to the
following Pfaffian [41]:

_ 2
(x. y) Pf(w) [Tew—x). (58

Ya =X a<b
The coordinate dependence of this wave function coincides
with the Moore-Read state.

It seems possible to generalize the Pfaffian formula for
general p =k and N = pm withro ={0,1,..., pm — 1} in
the following way:

dx,y) = [V, ]

m

(det; j yi,ax)?

A Y e(Al,...,AM)]_[’—”’f
Al m o

..... A =1

X l_[ ()Ca;y - xaﬂ)' (59)

j
I<i<j<p

The summation is defined over all possible decomposi-
tion of {1,2,..., pm} into L sets A* of p mutually dis-
tinct indices. Namely, A* = {af, ..., ag} (a > a‘}‘ for i >
j), and a¥ € {1,2,..., pm}, A* N AP = &, and Ur_ A* =
{1,2, ..., pm}. The sign €(A', ..., A™) depends on the sets
A“. This conjecture is a natural generalization of the Moore-
Read wave function (58). We have checked that the power
counting for both x and y variables match separately, and we
observed the correct behavior for the generalized statistics. In-
deed, the wave function vanishes only when p + 1 coordinates
x, approach each other, and such behavior is broken when the
y vectors become linearly dependent.

m+1 m+1
Yiy 1%7 e Vi 1%]
m+1 m+1
Vi ,NXy T Yig NXy 56
) m+1 ] m+1|- (56)
Vi, N+18; Vi, N+18)
m+1 m
yi],Neré‘p yi[,,N+p§p

IV. FREE FERMION REPRESENTATION
AND KAC-MOODY ALGEBRA

In the previous section, we have shown that the eigenstates
of the Hamiltonian can be expressed as linear combinations
of products of k wedge states. However, the Pliicker iden-
tities imply that this description is redundant for k > 1. In
this section, we rewrite the eigenstates using a free-fermion
formalism [14]. This has two main advantages. First, it allows
us to reinterpret the Pliicker relations at finite NV as constraints
from a loop-algebra symmetry. Second, it brings to light the
appearance of the Kac-Moody symmetry 5u(p); in the large-
N limit.

A. Pliicker identity as s1i(k)..-constraints at finite N

For a finite number N of particles, we introduce a set of

(nonrelativistic) free-fermion oscillators, ¥,-*, %, indexed
by the integers n > 0,i=1,...,p,a =1,...,k, and satis-
fying
{W,i’a, 1/7yjnﬂ} = 8i,j3a,ﬂ8n,ms
{wae, vt ={oe. wrl =o. (60)
We also define the bra and ket vacua as
Yi®10) =0, (0|¢*=0 forn>0. (61)

Generic states of the free-fermion Fock space are obtained
by the action of the modes lﬁ,’l‘" on the vacuum |0). This
Fock space has a natural family of grading operators N, =
Yoo b Wyl corresponding to the fermionic numbers
counting the number of modes v, for each o =1---k. As
a result, the total Fock space F*) decomposes as a direct
sum of subspaces }“1(\;‘ ) labeled by the vector N = (Ny, ..., Ny)
encoding the eigenvalues N, € Z=° of the fermionic number
operators N,. These subspaces admit the basis

e i
[T@ 9 ")0), (62)
1 ‘N
a=1
with ng‘;‘) € 27°, i® e [1, pll, and @y = 1 - N,. In the fol-
lowing, we restrict ourselves to the case No = (N, ..., N),

where N is the number of particles, and denote the corre-
sponding subspace F, 1(vko ),

Let Vl(f ) denote the space linearly generated by the wave
functions of the matrix model [i.e., omitting the Vandermonde
factor in ¥.(x,y)]. As shown in the previous section, this
space is spanned by products of k wedge states (which are
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not all linearly independent),

Y  Span g ,(k))em{l_[ Yy (x, y)} (63)

a=1

We define a map from the fermionic Fock space ]-'1(\;‘0 ) to the

wave functions V,(vk ) realized as a linear map [42],

k
[T 70

—iﬁ“),a 1,(\7),05
= Gy [T %)10)

(@ (@)
=¢ l_[ [+ )yi(l“) A AXY ] (64)

using the bra state (x, y| defined as [43]

(e, y| = (01w o, yw) - - Wxr, ), (65)
k
W(xa, ya) = [ | ¥ Car ya), (66)
o
Y Car Ya) = D Y Y HYia - (67)
n=0 i=l

Here ¢ = =+ is a sign that will be irrelevant in our discussion. It
is important to note that the fermionic states (61) are linearly
independent and define a basis of the space ]:1(\;{0 ) However, we
have seen that this is not the case for the products of wedge
states obtained from the inner product with (x,y|. We will
now show that the linear dependence is a consequence of the
invariance of the bra state under a loop algebra that we denote
su(k)y.

1. su(k)-symmetry

Let L"‘ﬂ with n > 0 and «, B € [[1, k]| denote the positive
generators of the loop algebra of u(k) in the fermionic repre-
sentation,

LiP =3 > i’

(=0 i=1

(n > 0). (68)

We note that the fermionic number operators defined earlier
correspond to N, = L®. These generators satisfy the com-
mutation relations

[Le?, L1%] = 85, L%, — 8asLLY

n+m n+m >

(69)

and we denote (k) the algebra spanned by these operators.
These operator act on the free-fermion Fock spaces F*), and
obey the following commutation relations with the fermionic

fields:

[Lzﬁa lﬁy(xm ya)] = _Sa,yxgwﬂ(xaa ya),
[L,‘fﬁ, W(xg, ya)] = _azx,ﬂxgw(xas ya) s (70)

where the second identity is a consequence of the fermionic
exclusion principle [y *(x, y)]2 = 0. We deduce the action of

u(k), generators on the bra states (x, y| introduced earlier,

(@, YILEP = 84 ppa(x)(x,y], (71)

where p,(x) = Zg | X5 is the elementary power sum sym-
metric polynomials. It implies that the bra state is annihilated

by the action of the sii(k), generators defined as

_ _ S
e ylLP =0, L[ =L— Tﬁ oL (72)
Y

It means that the map from the fermionic Fock space Fy, (k)

to the space of wedge states products VIE,) is invariant under
the $1(k),. symmetry. This invariance explains the redundancy
of our description of VI(J‘ ). In the following, we refer to the
subspace of ]-'I(Vk ) obtained from the action of the generators
L% on the fermionic vacuum as the su(k)-orbit. As we have
shown, any state from this orbit has a vanishing inner product
with (x, y|, and thus belongs to the kernel of the map fzifo )
V.

The Pliicker relations (37) are a consequence of the tu(k). -
symmetry. To show this, we restrict ourselves to kK = 2 and
consider the action of the generator L2' = L' on the Fock
space fli,k) with N = (N + 1, N — 1). The action on the basis
vectors reads

Lt I Y 10)
N+1
= (-1 Z(—l)“"xﬁ,i‘;‘ g

1 2, T iN—1,2
' I//rlt[;{/:l] wn,ﬂrnw“ : wrjnlx;,ll |0)

After taking the inner product with (x,y| and using (72), we
find the identity

N+1

DD " A A

a=1

A A yiN+l'an+]]

Ly Ay XM A Ay XM = 0. (73)
This is indeed a generalization of the Pliicker relations (37)
which are recovered by taking n = 0. The same relations are
obtained if we consider instead the action of L? on .7-"1(\5‘ ) with

N=(N-1,N+1).
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It is also instructive to examine the action of the diagonal element L' = 1 (L11 L2%) = —L2? on the basis vectors of the
Fock space F, (I;),
(Lll L22)w11 1 1/; 1/,]]2 ,(ﬁ]N 2|0)
ny
a1, 2, N2 _ Tind 7 L 7.2
Z e T U U = U, ) 0). (74)

After taking the inner product with the bra state (x, y|, we find an identity that is trivially satisfied,

N
Z ([yilxnl A A yiax”“""” A A YianN] . [yjlxm] A
a=1
[y,lx"‘ A Ay x™ ] [yjlx’"‘ A - /\yj“xm"*'” A -
= {pn(x)[yilx"‘ N /\yiNx N]}[yj]x A /\yjN-xm ]

This shows that the invariance of the bra state (x,y| under
su(k)-symmetry for k = 2 is equivalent to the generalized
Pliicker identities (73) obeyed by products of wedge states.

2. Ground states

The ground-state wave functions (48) for N = pm + g
(with 0 < g < p) are associated with the following states of
]-'136 ).

0

m—1

k q r
[T T TTT Vi

a=1r=1 a=1i=1 [=1

(76)

When g = 0, the first factor is absent, and the vacuum is
unique. When ¢ > 0, the vacua are labeled by the indices
(", ..., i®) witha = 1-- -k taking the value in [1, p].. The
vacua form a representation [k?] of su(p) [13]. They belong
to a dual [qk] representation of su(k), which is singlet, which
does not belong to the 5u(k),-orbit [44] .

3. Dual loop symmetry and excited states

It is possible to define an action of the larger algebra
U(pk), on the fermionic Fock space F®). This algebra is
defined as the positive part of the loop algebra of u(pk).
It is generated by the following operators in the fermionic
representation:

o0
i+pla—1),j+p(B—1) _ Tiho g j.p
M, => Ui
=0

(n=20), (77)

where the indices i + p(o — 1) and j + p(8 — 1) run from 1
to pk.

The algebra 1(pk),. contains a subalgebra 1t(p), generated
by

K,/ = Z Z TS (0> 0), (78)
=0 a=1
which is dual to the algebra 1(p), in the sense that
[Lf, K] =0. (79)

RN yijmN]
A yij"’”])
[y XA A yiNx"N] {pn(x)[yjl)c"’1 Ao A yijmN]} =0.
(75)
[
More precisely, we have the decomposition [16]
u(pk)y D su(p); @ suck); ®u(l)y, (80)
where the 1(1),. subalgebra is generated by
oo k p k 14
L= Y > ki =YL ="K (@81

=0 a=1 i=1 a=1 i=1

It is obvious that the states generated by the action of
s5u(p)y ®u(l)y on the vacuum do not belong to the su(k). -
orbit. In the large-N limit, it is possible to show that these
states exhaust the possible eigenstates of the Hamiltonian
(32), and we expect that this statement holds also at finite V.

The adjoint action of the 1i(p), generators on the fermionic
field W(x,, y,) reads

[ " \p(xa’ya)] =

which shows that the field W(x, y) is the finite N equivalent
of the primary fields for the Kac-Moody algebra u(p). The
KZ equation for the ground-state wave functions obtained in
(51) is expected to follow from this primary field condition.
Indeed, at large N the derivation of the KZ equation from
the primary field condition is a standard procedure [45]. On
the other hand, the derivation of the KZ equation at finite N
given in Appendix A 2 does not involve the 1(p), -invariance,
and it would be interesting to provide an alternative derivation
starting from the condition (82).

In the Abelian case (p = 1), the algebraic structure sim-
plifies and the Fock space F® is generated by the action
of the 1(1), generators on the vacuum. Thus, in the large-
N limit, the spectrum of the Hamiltonian (32) produces the
u(1) character (29), in agreement with the results obtained by
Polychronakos in [6].

xgyi.aaj,aql(xaa ya)’ (82)

B. Kac-Moody algebra at large N and level-rank duality

In this subsection, we study the large-N limit of the
fermionic Fock space F®*) and observe the emergence of the
Kac-Moody symmetry 5u(p);. The emergence of this sym-
metry is one of the main results obtained by DTT in [11,13],
and it was later proved rigorously in [12]. Our spin Calogero
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model provides an alternative point of view, which we explain
here.

To take the large N (or, equivalently, large m) limit of the
wedge states, we focus first on the vacuum wave functions
(50) and (46),

k
=[[Yw@n. (83)

a=1

N
yré)u)(x’y) = (ng’l) [yleerl A -
a=1

cbto(xvy)

—m+1

/\ypx AR

(84)

AVIA = AYp AXygo A= Axyw]  (85)

with the decomposition N = pm + ¢, 0 < g < p. The factor
I—[zlz1 x"~! can be absorbed by a constant shift of the Hamil-
tonian, and it can be ignored for the purpose of taking the
large N limit. Permuting the factors in the wedge product, we
obtain an expression of the wedge states appropriate for the

limit N — oo. It produces

y;?) = [(yi(lwx) A A (yi;a)x) AYLA-- A yp

Ayix~UA --/\yp)f1 /\] (86)

When g = 0, the factors YiwXx are not present, and we re-
cover the usual free-fermion vacuum written as a semi-infinite
wedge product [15]. We will explain below how to intro-
duce the extra factors when ¢ # 0. General wedge states are
obtained by replacing a finite number of factors y;x™" by
yix ™" for some r € Z>°. The limiting procedure is the same
for these states. We denote the space of the eigenfunctions
®2°(x, y) built upon semi-infinite wedge products as VE. We
note that, in the large N limit, the wedge states become true
eigenstates of the Hamiltonian (32) since the energies E(v)
grow as O(N?), and so the subleading terms in (44) vanish.
We note that the coefficients C(t, s) are finite, as seen from
the explicit computation in Appendix A, and the number of
the sets s is also finite.

To describe the Fock space at large N, we introduce the free
fermionic modes ¥, ¥>%, which still carry the color index
i=1,..., pand Chern-Simons level index @ = 1, ..., k, but
now have the mode index r € Z + % These operators satisfy
the anticommutation relations

{wi,a lzj'ﬁ} — 5ij8a 58r+s.0a
(i wi?) = (gl 94} = o. 7

The Fock space is built on a vacuum |&), which can be
seen formally as the limit of the ground state (76) for g = 0.
The action of the fermionic modes on this vacuum and the
corresponding dual state reads

Vro1o) = 91y =0, (BIYl = (@i =0 (> 0).

(88)

We denote as .Fég’(() the Fock space obtained by the action of
negative modes ¥"%, ¥"% on this vacuum.

The map ]-"13‘0) — V,(Vk) defined in the previous subsection
can be extended formally to the limit of an infinite number
of particles, i.e., N = mp + g with m — oo, g € [0, p — 1]

fixed. To do so, we extend the definition of the bra state (x, y|
as follows:

k
oyl = lim o (TTTT [T o (89)

X lI/(-xmerqv ymerq) e \I’[(xl b )’1) : (90)

k

with W0, ya) = [ [ ¥ (s ya)s ©1)
a=1

V(K ya) = ) Zx/f”’ ARSI 92)
reZ+1/2 i=1

where : --- : is the fermionic normal ordering. We use the
anticommutation rule,

{ve@, ), v P =x Yi, (93)

to show that it defines by projection a map Fob 5 p®),
which sends the vacuum state |@) to the ground-state wave
function (83) for ¢ = 0. The ground-state wave functions for
q # 0 can be obtained from the fermionic states,

k
H H 7). (94)

1. 1u(pk)-symmetry and level-rank duality

—rt1/2

<

The fermionic Fock space FL) admits the action of the

u(pk); Kac-Moody algebra generated by the operators

=Y (95)

s€Z+1/2
The indicesi = 1---panda = 1-- - k can be combined into a
single index i 4+ p(a — 1) running from 1 to pk. This algebra
contains two commuting Kac-Moody subalgebras 1(p); and

Uu(k),, respectively, generated by

k
. 1)&io{ Je,
cFs Pn—s >

K =
seZ+1/2 a=1
P
L= 3" 3 gyt (96)
seZ+1/2 i=1

It also contains a (1), subalgebra generated by the traces
> Kl =5, L%. For each of these algebras, we can in-
troduce the traceless generators, as in (72), to define the
corresponding su(pk);, su(k),, su(p); subalgebra. The cen-
tral charge of the Kac-Moody 5u(p); algebra is
k(p* = 1)

Cph = ——. 97

p.k k+p ( )
It obeys the identity cpr1 = ck,p + Cpi, and it implies the
following decomposition as a conformal embedding [46—49]:

su(pk) D su(p) @ su(k),. 98)

In particular, the stress-energy tensors obtained by the Sug-
awara construction coincide,

Tsupiy = Tsupy + Tsuw, - (99)
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In [16], Nakanishi and Tsuchiya used this decomposition to
prove the level-rank duality between su(k), and su(p); Kac-
Moody algebras. The Fock space FE describes the states of
pk free fermions in the NS sector. It is graded by the fermion
number operator Np = 3", S0 S _ o by which
coincides with the zero mode of the u( 1)k current. Accord-
ingly, the Fock space is decomposed into

J) (p.k)
Fob =P Fry.
o€l

(100)

We note that the state of our model with N = mp + g belongs
to the subspace féé’j? with o = gk. For each subspace, we
have the decomposition

~ su st(k), i
J—_'Cf,k o~ @ W;U(P)k ® W;,u( )y ® )/V;(l)7
Y

(101)

where the index A labels the irreducible representation of
su(p)e This label corresponds to the sequence of integers
Al = Ay = --- = X, with the conditions (i) A; — A, < k, (ii)
0 <A, <k, and (iii) D7, A; = o mod pk. The sequences
A describe the dominant integral weights (k — A; + X,)Ag +
Z?;}()L i —Aj—1)Aj, where A; is the (affine) fundamental
weight of S/l\l(p)k’; We denoted the corresponding representa-
tion space as Wi Finally, X’ is obtained by transposition
of the partition defined by A. We refer to Sec. II of [16] for
more details, or the original paper [50] (see also [51,52] for
similar results).

The decomposition (101) implies an identity for the char-
acters of the corresponding representations. As an illustration,
this identity is checked explicitly in Appendix D in the case
p=k=2.

In the large-N limit, we expect that the §u(k),-invariance
(72) of the bra state (x, y| is replaced by the condition

e,y =0, n<o0, (102)

where l_,,‘jﬁ is the traceless generator of 5u(k) » obtained from
L,‘fﬁ . If so, the decomposition (98) implies that the linearly
independent eigenfunctions are spanned by su(p); @ u(1) .
The extra u(1),; factor can be introduced by an extra free
boson. In this way, we recover the Kac-Moody symmetry of
the model observed in [13].

V. DISCUSSION

In this paper, we proposed a microscopic description of
the non-Abelian FQHE using a spin Calogero Hamiltonian
involving kth-order symmetric representations of the non-
Abelian U (p) symmetry. This description follows from the
diagonalization of the DTT matrix model [13] describing the
vortices of a (2+1)-dimensional Chern-Simons theory with a
U (p) gauge group. We have introduced a family of wave func-
tions constructed as determinants involving both coordinates
and spin dependence called wedge states. We have proved
that the Hamiltonian has a triangular action on these wave
functions, and we deduced its spectrum and the expression of
ground-state wave functions. The wedge states are not linearly
independent when the Chern-Simons level k is greater than 1,
and it is necessary to quotient by the loop algebra invariance
su(k), to find a proper eigenbasis. The action of this sym-

metry algebra was obtained by reexpressing the wedge states’
wave functions in a free-fermion formalism. In this way, it was
shown that the §u(k),-symmetry produces bilinear relations
among determinants, which generalize the celebrated Pliicker
relations.

In the large-N limit, where N is the number of vortices,
the su(k)-invariance is expected to extend to an invariance
under the Kac-Moody §u(k), algebra dual to the su(p)-
symmetry of the model under level-rank duality. As a result,
the spectrum of the Hamiltonian reproduces the WZW su(p);
characters, in agreement with the observations made in [13].
In fact, the presence of this Kac-Moody symmetry is already
observed at finite N. Indeed, it was shown that ground-state
wave functions obey a Knizhnik-Zamolodchikov equation,
generalizing a similar result obtained in [13] to the case of
degenerate ground states. This proof is independent of our ob-
servation of the 5u(k)-symmetry, and it would be instructive
to relate this KZ-equation to the finite N s1(k) . -primary field
condition given in (82).

One of the main open questions is the integrability of our
model. The standard spin Calogero model in which particles
carry a fundamental representation of the symmetry group
U (p) was shown to be integrable using the Lax formalism
in [18]. In addition, this model exhibits Yangian symme-
try [22], and it is natural to expect that our model is also
Yangian-invariant, albeit involving higher-order representa-
tions. In fact, we expect our Hamiltonian to belong to the
class of degenerate integrable systems recently introduced by
Reshetikhin as a generalization of the idea of quantum inte-
grability (see [53,54] and references therein) [55]. This notion
refers to integrable systems in which the invariant phase space
has fewer dimensions than the usual ones. Our construction of
the wedge states by projection on the bra state described in
Sec. IV A suggests some similarity with this notion. We hope
to be able to come back to this important question in a future
publication.

Several studies have indicated a possible role of the Wj -
algebra and its deformations (e.g., affine Yangian) in the QHE
(see, for example, Refs. [56,57]) [58]. In this context, several
deformations of the model can be introduced, like the trigono-
metric or elliptic deformations, relativistic deformations, or
B-deformations of the coupling. The relativistic model is ex-
pected to be diagonalized using the g-deformed wedge states
introduced in [59]. Moreover, it would be interesting to inves-
tigate the interplay between these algebraic structures and the
braiding of non-Abelian anyons.

Finally, from a more physical perspective, it was noted
in [13] that the model reproduces the Blok-Wen wave func-
tions with filling factor v = p/(k + pn) for n = 1. The KZ
equation and the Hamiltonian eigenvalue equation can accom-
modate any n > 0 simply by conjugation with powers of the
Vandermonde determinant, but the matrix model interpreta-
tion is unclear. It seems important to better understand the
physical implication of this manipulation.
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APPENDIX A: PROOF OF IDENTITIES

1. Proof of the Hamiltonian action (42)

We rewrite the Hamiltonian as

Ha =A@ HA®) =N+ (= 92 +2x402) + ) has (A1)
a a#b
Javdb.a
with  fp = — (8 — p) + —2ba (A2)
Xg — X} (Xa — xp)?

We have to prove that H , acting on the product of determinants ]_[];:1 Y, produces the diagonal term and the subdominant
terms in (42). Since the Hamiltonian is of second order in the derivatives, we can decompose

k
HA 1_[ yr(o”
a=1

1_[ y (@)

a(#B) a

k
= N? 1_[ Ve + Z
a=1 B

+2> | [] Yo

B<y \a(#B.v)

1
Ll Z 0 Vy# 00V + Z mfa,byr(ﬂdb,ayrm
P a — Ab

(A3)

Z ( - 83 + 2xaaa) + Zha,b yr(ﬂ)(-x$ Y) (A4)
a#b

(AS5)

a#b

The first line is just a multiplication by a constant. The second line gives the action of the derivative on a single determinant ) .
The third line gives the second-order derivative acting on distinct determinants.

a. Computation of the action on a single determinant (A4)

We omit the index B in (A4) and assume 1y < 12 < - -- <y inr® =r = {r(, ..., ry} with the translation rule r, = pn, +

ip —lfora,b=1,...,N. Using the properties

D XaduVe(x,y) = P Ve(x, ),

DV ) =Y nalng — D[y A AX Ty A AX Y], (A6)

the terms in (A4) can be written in the form
D02 4208 + Y has | Ir(@. ) (AT)

a a#b
= 2|r|yr(x’y) _ Zna(na _ 1)[xﬂ1yil A A xnu72yi“ Ao A anyiN] +2 Zha,byr(x,y) . (A8)

a a a<b

The first term in Eq. (A8) corresponds to the diagonal term and shows the eigenvalue associated with ), since |r| = Y n, and
E(r)=N?+2 >, na- The second term is a sum of wedge states Vs with |s| = |r| — 2, which can be included in the subdominant
terms in (42). We have yet to evaluate the third term, and we will show that it produces a sum of wedge states of the form Y;(x, y)
with [s| = |r| — 2. To do so, we use an expansion of the determinant with respect to row a and then b,

ne

Xa Yi,a

n,
Xy Vi,

Nd ).
'xa yld,a

ng
Xp Yig,b

Yrx,y) = Z(—)“+b+c+dyr, [ablcd] (X, ¥)

c<d

, (A9)
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where we took a < b, and YV [apcq) (X, y) denotes the second minor of the N x N determinant )(x, y) with respect to rows a, b
and columns ¢, d. Since the minors Y, jacq1(X, ¥) are independent of the variables x,, x; and y; 4, yi », the operator A, ; acts only
on the two by two determinants, and gives

_ 1
- _Xa — Xp
1

where we traded the spin permutation for a coordinate permutation in the second line.
Assuming n. < ngz, we can use the identity

;<_ ’E) 0y =
- — + ()Ca—xb)z[ — (Xa/Xp 1=

v

ne
xa( yi(,a x .Yla

ne—1
neXxy, Yib ndx;, yid,b

ne—1 ng—1
X, Yiea ndxd Yig.a

Neyy. Nd ).
h ‘xa ylc,a xa ’yzd,a
a,b yz
Xp Yie.b X" Vigb

s n ng
X, Vieh Xy Vigb

Ty, N ~,.
XaViea  Xg"Viga

ne ng
Xp Yieo Xy Vig,b

Nne ng
X Yica  Xp Vig,a

ne n,
Xy Vieh X" Vigb

ng—ne.—2

Z (l+1)xnd n.—2—1 ;’)l(—l’ld-H (All)

-xaxb

to rewrite (A10) as the sum of determinants,

ng—nc

-2
Z(l+1)
=0

Recombining the minors and taking the summation over the indices a, b, we arrive at the following sum of wedge states:

n nd —2—1

ne—1 —1
Yo" Viea  Xg" Viga|

n.—1 ng—1
Xy Vib Xy Vigb

ne+l
ylr a xa( yid,a

‘ . (A12)
y ,b xb(‘-‘rlyid,b

ne d2l

ng—nNe—

nc[~~~/\x"‘_1y,-c/\-~-/\x”"_'y,-d/\-~ Z (l—|—1) Xy A /\x"”“lyd/vn]. (A13)

All the wedge states on the right-hand side are indeed of the form Ys(x,y) with |s| = |r| — 2. The argument in the case n, > ny
follows the same lines. Finally, the expression vanishes when n. = n,.

b. Computation of the cross-terms (AS5)

To prove the theorem (42), we must show that the third line (A5) also produces a sum of the product of wedge states of total
degree |t| — 2. More precisely, introducing the shift operators T, = e« = %« and the permutation R([l",:] exchanging r, € r and
r, € ', we will show that

1
D 0@ 30 Ve () = Y ——— [ Ve I sV (X, )]

P (xg — xp)
n(_lndfl
= ) > TRy RV, (e, p) Yy (x, ). (A14)
ed y=0 §=0

The total degree of the terms entering on the right-hand side is

(rl = Lre/p) + Lry/pl =8 +y =D+ (IFl = Lry/p) + Lre/p) — v +8 = 1) = r| + |F| — 2. (A15)
To prove the identity (A14), we need the lemma

p
Jpadr(x,y) = Zyt,bai,ayr(xvy) = Z(—)aﬂyz;,b(x:f" — ) Vr a1 (X, ¥)- (A16)

i=1

This lemma is obtained by decomposing the determinant by the minors Y [4¢(x, y) with respect to row a and column c,

Toade (6. 3) =D (=Y 0r.a Vi) Vrale1 (6 3) = (=Y b Vi faler (%, ). (A17)

After antisymmetrization, we have

Tpadr@.3) =D (=YY b0 = 2l @) + ()i b Vi fater (6. ). (A18)

We then notice that the last term can be resummed and gives the minor expansion of the determinant ),(x, y) in which column
a has been replaced by a copy of column b, and so it is vanishing. The remaining expression gives the right-hand side of the
lemma (A16).
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Next, we examine the following quantity, and we apply the previous lemma twice to write

1
Y b I p Ve (%, )]
o (Xa — %)

,
g

xlte — x x — X,
= — Z Z( )a+b+£+dyh byzd a = b ” — yr,[a\c] (xs y)yrr’[b\d](xv y)

atb c.d X Aa
ne—1n,—1
b+c+d ny+y—=38—1_n.—y+s—1
== D (Y e > > X 6 Va6 )V i) (%, ¥)
a#b c,d y=0 §=0
nrflﬂé—l
b+c+d ny+y—8—1_n.—y+8—1
== D (Y e > > Xl 67 Va6 )V i) (%, ¥)
a,b c,d y=0 6=0
+d ne+n,
+ 33 Oy avianeny 3 Ve )V falar X, 9)- (A19)
a

In the last two lines, we completed the sum with the term a = b. We recognize in the last term the expansion in minors of the
expression

Z 8ayr(xs y)aayr’(xyy) = Z (Z(_)a-ﬂlyic,ancxgy_]yr,[aICI(x9y)) <Z(_)a+dyi;,,un:1ng_lyr’,[ald](xv y)) (A20)
a c d

a

Thus, by rearranging the terms, we arrive at

1
> 0V, )0V y) = G DI (x.9)]
a atb 4
ne—1n,;—1
=3NS S ety xR TR, e )V ar (). (A21)

a,b c,d y=0 6=0

We can now perform the summations of indices a and b; they correspond to the minor expansions of the following determinants:

¢

ny+y—38— ! +y—8—1
D (=), axa? i1 (e.y) = [¥y5 Ao AXETT g A Ay ],
a

Z( Py T Y ay e, y) = [y A ARy A Ay . (A22)

d

The first line corresponds to Y, (x,y) with r. replaced by r;, +y — 6 — 1, and the second one to )V, (x,y) with rL’i replaced

by r. — y + & — 1. These operations have been encoded using the permutation R([;’b'/] and the shift operator 7, in (A14). This
concludes the proof of the Hamiltonian action (42).

2. Proof of the Knizhnik-Zamolodchikov equation
In this subsection, we use the following expansion property for rational fractions of the form
+B-1—
s —xbxg [0 AT a < B, 720 A23
B DR e “pet (A2
= Xp > y—pXa x; a> B,
a. Decomposing the KZ equation

Using the chain rule, we can write

0.0, ) = Y [ [ V& 3) 0V (x, y),
o BFa

Ja.pJb.adye (X, ¥) Jap Ve 6, YWp.a (X, y)

Ziahjhaq)to( y) Znyw)(x y)z Y Z 1_[ y(w(x y)z gL ;Ca_)‘Cb "o . (A24)

b#ta "¢ o Bta b#a a#p yFa.p b#a
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In this subsection, we prove the following two identities:

Ja J aJ'ry )
)3 Jabloadn@Y) 1 19,3, 9), (A25)
beta Ya = b
J av'ry ’ Ja, r ’
Z b, y (x y) byo(x y) _ y,o(x,y)(?ayré(x’J’)a (A26)

Xa — X,
bta a b

from which we deduce
Ja.pJb.adye (X, ¥)

Y Ivwend =" =+ DY [V @) 80 x. ),

a BFa b+a a  BFa
Jap Y0 (X, Y)Mp.ad 0 (X, ¥)
0 —_ i
oI Yeend, e = ® =D [V A, (A27)
aFp y#a.p b#a o pFa

It shows the KZ relation (51) using the decomposition (A24) for the left-/right-hand sides.

b. Proof of (A25)

To prove this identity, we first notice that the action of J, ;J5, on a single determinant ),(x, y) can be rewritten using the
permutation operator 7, , exchanging the coordinates x, and x;,

Jabdo.aVr(x,y) = (1 — 10 p)Vr(x, y). (A28)

To compute its action explicitly, we perform a double minor expansion assuming a < b for definiteness,

yr(x9 y) = Z(_)a+b+c+d Vi ,uyizl,ble.xzd yr[a,blc,d] (x: y)

c<d
- Z(-)a+h+c+d Vio.aYia bXa X" Vea,ble.d1 (6, ¥), (A29)
c>d

where Viiq.5/c.41(%, y) denotes the double minor with rows a and b and columns ¢ and d removed. From the previous remark, we
have

Ja J a E)
Z 6.0V (X, Y) —A A (A30)

Xg — X
bta a b

with

e )
A — _Natbtetd , o Ya X, — Xl
< = ( ) ytl,,ayld,bﬁyr[a blc, d](x .V)
— Ab

b#a c<d ¢

x —xpd x
A= N ey Ly e —2a - 2 Vrtabie.d) (. ). (A31)
b#a c>d

We note that ¢ < d implies n. < ng if Y, (x,y) is of the vacuum form (46) (i.e., r € Ry), and conversely ¢ > d implies n. > ny.
Using the expansion formulas (A23), we find [60]

nd—l

thtetd ng—1—
c= = Y Y My i b T Vi (6, ),

b#a c<d y=n,

ne—1

A=) (Y i T T X Y bie.ar (X, ) (A32)

b#a c¢>d y=nq

The next step is to perform the summation over b which is interpreted as a minor expansion of the determinant Vy4i¢) (%, ¥),
where some replacement has occurred. In the case of A_ [61],

D Ty 05 Vrtable.ar (%, ¥), (A33)
b#a

the elements y;,, ;,x"" on column d have been replaced by y;,, ;,x}; with y < ny. Since Y, (x, y) is of the form (46), this column is

already present in y,(,[a,c,(x, y), unless it is the one that has been removed previously, i.e., unless y = n. and iy = i., in which
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case we find Vyqa1(x, y). Thus,
Ac= ()™ 8 i,Yiy s ™ Vrofaian (€. ). (A34)

c<d
ne<ng

The summation over ¢ can be performed by a counting argument. It produces an extra factor ny [62],

A= Z(—)a+d Vi altd X Vrotala1 6, ¥) = 3. Vr (%, ). (A35)
d

Next, we examine A, and we interpret again the summation over b as a minor expansion of the determinant YV (41¢1(X, ¥),
where the elements y;,, bxzd on column d have been replaced by y; d,bxz);- The only difference is that now y € [ng, n, — 1] with
n. = ng. In general, the determinant vanishes since the same column is present twice, unless y = ny, in which case we simply
recover the original determinant,

Z(—)b—prdyid,bxzdyro[a,mc,d] *,¥) = Vrglale %, ¥). (A36)
b#a
Thus, we have
Ae == 3 () yi ks Va6, ). (A37)

c>d
ne>ng

The sum over d is performed by a similar counting argument which gives a factor pn, since the condition §
this case [63]. We find

i..i; 1S not present in

A, = — Z(—)a+c yit_,apncxzr—lyro[ald(x,y) = —pd, Y, (x,¥). (A38)

Combining the results (A35) and (A38) for A. and A_, respectively, we deduce that A. — A. produces indeed (p+
1)0,Yy, (x,y), which shows the identity (A25).

c. Proof of Eq. (A26)
In this proof, we need the following lemma, which can be derived using a similar argument as the previous lemma (A16):
IoaVr @ N apYr (e, y) = D (= DTy, (60000 — x50 Votaler (8 1) Vetsiar (8. ¥) (A39)
c,d

for a # b. The proof of this lemma is obtained using a minor expansion of both determinants to compute explicitly the action of
Ja,b,

ToaVe (e, ) ap e (e, y) =D (=D oy X0 Votale) (06, ) Vetpla) (%, ). (A40)
c,d
This expression is then antisymmetrized to produce (A39), noticing that
Z(— Dy, i aXa X Vetale) 6, ) Vripla) (6, ) = 0 (A41)
c,d

since it corresponds to the minor expansion of determinants with two equal rows (two copies of row b in the first one, and two
copies of row a in the second one).
Thus, using the lemma (A39), we can write

Jb,ay (xvy)Ja,by ,(x,y) " . x(rlzt.xnﬁz _ xn;xm
d d = E (=Dt Ly o =" Vot (6, ) Vi) (%, ). (A42)
Xa — Xp Xg — Xp

c,d

Next, we need to perform the summation over b # a. Assuming n. < n,, we can expand the rational function as in (A23) and
we obtain

xncxn:I _ xn/dxnc
b+d b a p
D oy =t Yy (. )
bta Xa — Xp
ny;—1
ne+n,—1—y btd d ne+nl—1
== Y Ay Vewar (06, 3) 4 () = n )i axa™ T Vetaian (%, ), (A43)
Y=nc b

where the second line corresponds to the extra term b = a added to the summation. The first line contains minor expansions of
the determinant ) (x, y) in which the elements y;, bed of the row d have been replaced by y; . be withy <n). If Y(x,y)isa
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vacuum wedge state of the form (46), i.e., ' € Ry, this determinant is vanishing and so

x"Cx"/ —xa , ot
D =y, ""—throw(x ¥) = (1) = n )=y e YV an e ). (A44)
b#a

This equation is also trivially satisfied if n. = n,.
When n,. > nil we need to use another expansion for the ratio (A23), and we find

(/ Ne

xa x " — x, Xy,
D (=) b (. )

b#a Xa
n.—1
ne+n,—1— , a ne+n)—1
= Yt Z( i %) Ve (6. 3) + (1l — ) (=) v axa™ T Veparar (. p). (A45)
Y= ”d

The first line still contains minor expansions of the determinant ) (x, y) in which the elements i, ;,xZ‘I of the row d have been
replaced by y,},be, butnow n); < y < n. — L.Ifbothr,r € Ry, then 0 < n., n; < mandsoy < m. Thus, this row will already
be present in y,é[,?,dJ (x,y) unle§s it is the one that had been removed from y,;) (x,y),1.e., unless y = n; and i, = izj. In this case,
we recover the original determinant,

th.xn/ - xa Ne ny—
D (=), fyro[bm(x ¥) =802 Y e y) + (1 — n) () Yy axe T V(e p). (A46)
b#a Xa
Combining the results (A44) and (A46), we find

Z Jb,ayro (x, y)Ja,byr(’) (x, J’)

Xa — Xp

b#a

a—+c . C I’l:—l
= Z( ) * 5& i, aL yzd ayro[alc](x _V)yf (x,y)+ Z( 1) +d(”d - nc))’tp aYi,, axa ! yro[aIC](x’y)yr(’)[ald](xv}")- (A47)
c,d

’l(‘>lld

The summation over d in the first line can be simplified by a counting argument. Examining the values of i, and n, for a =
1---N, we find a factor n. [64],

d |1 p p+1 - 2p 2p4+1 -~ 3p v oo (m—Dp+1 -~ mp mp+1 ... N
i:i 1 e p 1 ... p 1 ... p .. ... 1 ... p Sl ... sq
| o 0 1 U | 2 .. m—1 | m e m

Thus, we find after cancellation and reforming the determinant

Z Jb,ayrg (x, y)Ja,byr6 (x, J’)

Xg — X
beta a b

= Z( YR Y aVratalc) @ 0V 0. 9) + Y (=D @) = ne)yieaviy e Vratale) @ 0V taiar (. 9)
c,d

= > 0y avi e Vgl @) Va6, 3) = Yy (06,908, (X, ). (A48)

This is indeed the identity (A26), which concludes the proof of the KZ equation.
[

APPENDIX B: EXPLICIT FORM OF SOLUTIONS 1. Spin-wave function
FORN =2

The spin states of each particle a = 1, 2 take the form

In this Appendix, we examine the eigenvalue problem for ~ Yija** " Yi.a- They belong to the order k totally symmetric

the Hamiltonian (32) in the case of two particles (N = 2) for ~ representation of U(p) associated with the Young diagram
generic p and k. [k]. The tensor product of two representations [k] has the
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decomposition,
[kl ® [k] = [2k, 0] B [2k — 2,2] B - - - D [k, k]

=@ _glk+1.k—1]. B

The spin component of the wave function expressed in
terms of y-variables is obtained from a function Y™V (y) satis-
fying the highest weight condition

Ki Y ) =0,

J'm

K, Y7V () = m¥IV (v),

i <],

i=1,...,p (B2

for the U(p) generators K; ; defined in (4). In particular,
the highest weight state for the irreducible representation
[k + I, k — I] has the wave function

Vil i) = Gy — yiya) T o) o) (B3)
This state has parity (—1)*~/ under the exchange of the two
particles 1 <> 2. It satisfies the conditions (B2) withm; = k +
Lmy=k—Il,my=---=m,=0.

The operator JipJ>; can be written using the second
Casimir operator of U(p). It is constant on the states that
belong to a given representation [k + [, k — []. Its eigenvalue
can be obtained from the action on the highest weight state of
this representation,

(JIZJZI)Y[?EJ(_Z]()’) =1+ l)Y[ZIE,k_”(v).

We will show below that the representation with [ = 0 (i.e.,
[k, k]) has minimal energy and corresponds to the true ground
state. Instead, states in the representation [k + [, k — [] with
I =1, ..., kenter in the wave function of excited states.

We note that there are different choices for the spin compo-
nents of the wave functions at fixed /. In some references on
the spin Calogero model (see, e.g., [65]), a totally symmetric
wave function / = k is used. The form of the KZ equation for
the vacuum wave functions depends explicitly on this choice
of spin component (see, for example, [18,29]).

Finally, we comment on the dimension of the representa-
tion. The dimension of the symmetric representation of order
k is

(B4)

'tk + p)

= T DGy B

On the other hand, the dimension of the irreducible represen-
tation [k + [, k — [] is given by the factors over hooks rule
(see, for example, p. 120 in [66]),

k+p+1—Dlik+p—1—2)1Q1+1)

(k+1+ Ditk—DI(p— Di(p—2)!
(B6)

w(p, k,[) =

We note that dlz,’k = Z?:o m(p, k, 1) in agreement with the

branching rule (B1).

2. Inclusion of the coordinate dependence

The total wave functions can be factorized into coordinate
and spin dependence, V¥ (x,y) = X;(x)Y;(y), where Y;(y) is
assumed to belong to the representation [k + [, k — []. In this

case, the Hamiltonian (32) acting on the coordinates compo-
nent X;(x) reduces to

201+ 1)
(x1 —x2)%

7:l|x: Z (_83+xaaa)+2+

a=1,2

B7)

We recover here the Calogero Hamiltonian; the ground state
is found using the ansatz X;(x) = (x; — x»)". The eigenvalue
problem has a solution only if n =141 or n = —[. Only
solutions with n positive, i.e., n = [ 4 1, are nonsingular. The
corresponding eigenvalue is E; = 2/ + 4, and the representa-
tion [k + [, k — [] with [ = 0 has indeed the minimal energy.

Combining spin and coordinate components, we deduce
the ground-state wave functions for / fixed,

Yx,y) = (r —x2) ™ Giyn — yioya ) Ty, (BS)

k—1
Yo Y1z

Y21 Y22

Y Y1z
YiuiXir  Yi2Xx2

!
. (B9)

= (X1 —x2)

This expression agrees with the formula (39) for N = 2. We
note that for k£ even (odd), the system is fermionic (bosonic)
under the exchange of the two particles, i.e., the simultane-
ous exchange of spin and coordinate variables (xj,y; ;) <>
(x2, ¥i2)-

For the singular branch of solutions obtained by choosing
n = —I, the corresponding energy is E; = —2[ + 2. The low-
est energy among the representations [k + [, k — [] is found
for I = k, which gives E; = —2k + 2, and the wave function
has a pole of order (x; — x,)~* which grows with k.

3. Excited states

The wave functions of excited states have a coordinate
dependence of the form X;(x) = xglP(x), where P(x) is a
symmetric polynomial in the variables (x, x;). After conju-
gation, the action of the Hamiltonian (32) on P(x) takes the

form
Hip = xi3~ Hpex'3'!
2(1+1)

X12

(01 — 92).
(B10)

=21+4+Z(—a§+xaaa)_

The polynomial P(x) can be decomposed on the basis of
symmetric monomials m, o(x) = x{xj + x{x} with r > s > 0.
The action of the Hamiltonian H» on the monomials reads

Hypm, ((x) = 2(r + 5 + 1 + 2)m(x) + - -, (B11)

where - - - is a linear combination of m, ¢ (x) with ' + 5" =
r + s — 2. We recover here the triangular action of the Hamil-
tonian written in (42) for general N. For each value E,; =
2(I + r + s + 2) of the energy, it is possible to construct the
corresponding eigenfunction as a linear combination,

l/fl,r,s(x»y) = Yl(y) mr,s(x) + Z

r4s'<r4s—2

Crrs My ¢ (X)

(B12)

From the formula (B6) for the dimension of irreducible rep-
resentations, we deduce the partition function for a system of
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two particles,

q21

k
TF(C]H) = 6]4 Zm(l?, k, l)m .

=0

(B13)

APPENDIX C: CLASSIFICATION OF EIGENSTATES
USING GEL’FAND-ZETLIN PATTERNS

In this Appendix, we focus on the case k = 1 and describe
the decomposition of the wedge state according to irreducible
representations of the Lie algebra u(p), or gl, upon complex-
ification. This technique is well-known in the context of the

J

ALl A2, 1
Al2 A22
AM,p—1
Alp
with the identification XA;; = A; and the requirement that

other integers satisfy A; ; > A; j11 = Aiy1,;. These patterns are
in one-to-one correspondence with the sequence of embed-
ding gl, D gl,_; D --- D gl;. Indeed, the integers A;; (i =
I,...,p—j+ 1) correspond to the highest weights of the
representation of the subalgebra gl,_; ., embedded in the rep-
resentation of gl,_;,, with highest weights 4; ;. The highest
weight state of gl, corresponds to the Gel’fand-Zetlin label
Ao defined by A; ; = A; for any i, j.

By construction, the wedge state belongs to a tensor prod-
uct of N fundamental representations of gl,. This tensor
product decomposes as a sum of irreducible representations
labeled by integers A; with the constraints

P
=N 1,20 (C3)
i=1

Thus, the labels X; define a partition A = [Aq,..., ;] of N

with [ = £(}) < p.

Let n = (ny,...,n;) be a set of mutually distinct non-
negative integers. The highest weight states of the irreducible
representations of gl,, mentioned before correspond to wedge
states written in two equivalent forms,

Naon(x,y)
=[x AP A AT A XA A yax™2
/\.../\ylxn1 /\.../\yl_xml]

ny no

AP Ay XA YIXE A Ay

(C4)

= e[ylx

A Ay Ay x,
1

where ¢ is a sign of reordering the factors in the wedge
product, and A" =[], ..., )»;1] is the transposed partition.
The first form is convenient for discussing the highest weight
representation given below, while the second form is useful to
derive the energy of the wedge state. These two expressions
illustrate the U (N)/U (p) duality of the spin Calogero system.

spin Calogero model [36]. We apply here similar ideas to the
wedge states defined in (35). We note that the Gel’fand-Zetlin
framework also works for k > 1, but it requires the decom-
position of a tensor product of k irreducible representations,
which is difficult in practice.

Irreducible highest weight finite-dimensional representa-
tions of gl,, are labeled by sequences of integers [67],

L™ (¢

The basis of these irreducible representations is labeled by
Gel’fand-Zetlin (GZ) patterns, i.e., a set of integers filling the
following table A:

Ap—1,1 Api1
Ap—12
(C2)

A2, p—1

These states satisfy the highest weight condition with
weight A,

Ki jYingm(x,y) =0,
Ki i Viaom1 @, ¥) = AiVingm (X, ¥),

where the action of the gl, generators K;; has been de-
fined in (4). The highest weight state with the lowest energy
in each representation A is obtained by taking n =ny =
{0, 1, ..., A; — 1}. The corresponding wedge state is an eigen-
state of the Hamiltonian (32) with energy E(X) = N> +
Zﬁzl Ai(A; — 1). A short proof of these statements is given
below.

Proof 1. We note that the wedge state can be written in the
form

X
y[Ao,nl(xvy) = Z(_)a 1_[ Hyi,a(a,-,a)x:;?am)»

o€es, i=1 a=1

i< ],

(C5)

(C6)

with g; 4 = o + Z;_:ll A; labeling the N boxes of the Young
diagram A.

(i) The first condition comes from the fact that
Ki j(k,axy) = 8k ViaXy, but when i < j the same factor ex-
ists in the wedge product due to the condition A; < A;. The
expression for the action of K; ; comes from the fact that there
are A; particles of spin i, i.e., there are A; factors y; , in each
term.

(i) The lowest energy state is obtained by minimizing |r|
in each representation A, since the Hamiltonian has a global
g[p-invariance. For Vip,.n(x,y), we have from (C4),

(C7)

It is indeed minimized by n, = o — 1, which gives

A 1 Ai 1
M= @—Da, =Y > (-1= %Z)\i()\i - 1.
a=1 i=1

i=1 j=1
(C8)
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1. Examples
(i) For the totally symmetric representation Ay = N, A, =
=A,=0,l=1,and np ={0,1,..., N — 1}. The corre-

sponding wedge state is proportional to the Vandermonde
determinant:

N
Vinom )= Ayix A Ay = (l_[yl,a> Ax).
a=1

(€9

Generic states of the representation A of gl, are obtained
by the application of K;; which does not modify the
x-dependence. The Gelfand-Zetlin patterns of this represen-
tation have the form

N 0 0 0
Ao 0 0
A= : )
)\l,p—l O
Alp
(C10)
with 0 <A1, <Ay p—1 <+ < Arp <N. The number of

WN+p—1)!

patterns is —DINT > which coincides with the dimension of
the representation [N] of gl,.

(i) In the totally antisymmetric case with N < p, we have
N

m———— .
A =[l,..., 1] and ry = {0}. The corresponding wedge state

where all elements but A; 1, A;» (i =2, ..., p) vanish.

does not depend on the variables x,,

Viron1 X, ¥) =i Ay2 A Aynl. (C1D)

The number of patterns for
N N—p
— . 1 . . .
[1,...,1,0,...,0] is m, which equals the dimension
of the order N totally antisymmetric representation of gl,,.
(iii) With the exception of the two previous cases, in
general the coordinate and spin dependence mix. For in-
stance, taking A = [A, A»] with A; + A, = N, we have n =
{0,1,..., A1 — 1} and

the representation A =

Naono1X,y)

A2

— Z ADA@ l_[y1 o Hy2 uz]A(x(l))A(x(Z)) (C12)

A(l),A(7) i=1 j=1

where A(l) = {(1],1, ey Ll],)\l} and A(z) = {612,1, ey a2,k2}
are disjoint divisions of a set of integers {I,...,N},
namely AWM A® c{1,....N}, ADUA® ={1,...,N},
ADNA® =g, xU = {xal oo Xa, ) and  x® =
{Xay s - -+ Xay,, }. The patterns have the form
0 0
0
) (C13)
)\Z.p—l

Alp

APPENDIX D: CHARACTER DECOMPOSITION AND LEVEL-RANK DUALITY

In this Appendix, we check the decomposition (101) of the fermionic Fock space at the level of characters for p =k = 2.
In this case, irreducible representations are labeled by the integer [ = 0, 1, 2. The relevant decompositions for the DTT matrix

model are
2,2
Fy

22
Fy =

(WlﬁuéZ)o ® WlsuéZ)z ® W]suéZ)z ® Wlsuz(Z)o) ® Wu(l)

(Wsu(2)2 ® Wsu(Z)a ey Wsu(Z)z ® Wﬁll(2)2) ® Wu(l)

(D1)

(D2)

1. Character of the fermionic Fock space

We use the following formula for the character of the free-fermion Fock space F2:

ch(F}?) = Resp—op ™"~ ‘1"[<<1+pq" VO 4 pT g,

n=1

(D3)

where the residue picks up the contribution of fermionic number ¢ in the usual free-fermion partition function. For [ = 0, 2, we

find at first order in g,

ch(Fy?) = 1+ 16g + 68¢° + 256" + 777¢" + 2160¢° + 5460¢° + 130564 +29482¢% + - -,

ch(F5?) = 6 + 32¢% + 140> + 4484" + 1316¢° + 3456¢° + 8520¢" +19712¢° + - --

(D4)
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a. Character for 51(2) Kac-Moody algebra

The character formula for the 511(2) Kac-Moody algebra at level k can be found in [68],

i 1 |
XD = —— DM+ 1+ 20k + 2l DT (DS)
’ n(q) nez
where [ =0, 1, ..., k labels primary fields, and
n(q)=q"™ ] —q". (D6)
n=1
In particular, removing the overall factor g—¢/** = ¢~!/16,
ch(WEP2) = 1 4 3¢ 4+ 9¢% + 15¢° + 30¢* + 54¢° + 94¢° + 153¢7 +2524° + - -,
ch(WE®2) = ¢'2(3 4 4g + 12¢% + 21¢° + 43¢* + 69¢° + 123¢° + 193¢7 +318¢° + - --). (D7)
b. Character for (1) Kac-Moody algebra
We use
[o¢]
chOWED) = g7 BT T = ¢") ' = ¢" (1 + g+ 24* +3¢° +5¢* +7¢° + 11¢° + 15¢" ++22¢° ). (DS)
n=1
Using these formulas, we can check the following character identities at first order in g:
ch(F5?) = (ch(WEF")" + (W) )en (W5 ). (D9)
ch(F22) = 2ch (WD) ch (WD) ch(WED). (D10)

[1] A. Y. Kitaev, Ann. Phys. 303, 2 (2003).

[2] B. Blok and X. G. Wen, Nucl. Phys. B 374, 615 (1992).

[3] Google Quantum Al and Collaborators, Nature (London) 618,
264 (2023).

[4] M. Igbal, N. Tantivasadakarn, R. Verresen, S. L. Campbell,
J. M. Dreiling, C. Figgatt, J. P. Gaebler, J. Johansen, M. Mills,
S. A. Moses et al., Nature (London) 626, 505 (2024).

[5] L. Susskind, arXiv:hep-th/0101029.

[6] A.P. Polychronakos, J. High Energy Phys. 04 (2001) O11.

[7] D. Tong, J. High Energy Phys. 02 (2004) 046.

[8] A. Hanany and D. Tong, J. High Energy Phys. 07 (2003) 037.

[9] G. W. Moore and N. Read, Nucl. Phys. B 360, 362 (1991).

[10] For a more recent study on the relation between FQHE and
Kac-Moody symmetry, see, for example, K. Schoutens and
X.-G. Wen, Phys. Rev. B 93, 045109 (2016); Y. Fuji and P.
Lecheminant, ibid. 95, 125130 (2017).

[11] N. Dorey, D. Tong, and C. Turner, J. High Energy Phys. 08
(2016) 007.

[12] S. Hu, S. Li, D. Ye, and Y. Zhou, arXiv:2308.14046 [math.QA].

[13] N. Dorey, D. Tong, and C. Turner, Phys. Rev. B 94, 085114
(2016).

[14] E. Date, M. Jimbo, M. Kashiwara, and T. Miwa, Proceedings of
RIMS Symposium (World Scientific, Singapore, 1983).

[15] D. Uglov, Nucl. Phys. B 478, 401 (1996).

[16] T. Nakanishi and A. Tsuchiya, Commun. Math. Phys. 144, 351
(1992).

[17] G. Ferrando, J. Lamers, F. Levkovich-Maslyuk, and D. Serban,
arXiv:2308.16865 [math-ph].

[18] K. Hikami and M. Wadati, J. Phys. Soc. Jpn. 62, 469 (1993).

[19] C.-N. Yang and C. P. Yang, J. Math. Phys. 10, 1115 (1969).

[20] W. Wang, Y. Qiao, J. Cao, W.-M. Liu, and R.-H. Liu, Nucl.
Phys. B 975, 115663 (2022).

[21] W. Wang, Y. Qiao, R.-H. Liu, W.-M. Liu, and J. Cao, Phys. Rev.
D 107, 056005 (2023).

[22] D. Bernard, K. Hikami, and M. Wadati, arXiv:hep-th/9412194.

[23] D. Bernard, V. Pasquier, and D. Serban, Nucl. Phys. B 428, 612
(1994).

[24] P. Bouwknegt, A. W. W. Ludwig, and K. Schoutens, Phys. Lett.
B 359, 304 (1995).

[25] P. Bouwknegt and K. Schoutens, Nucl. Phys. B 482, 345
(1996).

[26] We note some similarities with the Calogero model obtained in
N. B. Copland, S. M. Ko, and J.-H. Park, JHEP 07 (2012) 076;
arXiv:1205.3869 [hep-th] by dimensional reduction of 2D Su-
per Yang-Mills. However, here the interaction term is bosonic,
while it is fermionic in the latter.

[27] M. A. Olshanetsky and A. M. Perelomov, Phys. Rep. 94, 313
(1983).

[28] D. Bernard, M. Gaudin, F. D. M. Haldane, and V. Pasquier, J.
Phys. A 26, 5219 (1993).

[29] K. Hikami and M. Wadati, J. Phys. Soc. Jpn. 62, 4203 (1993).

[30] Without the antisymmetrization requirement, we would simply
have

Wo(p,x) = e 2%, E,=NB.

[31] D. Tong and C. Turner, Phys. Rev. B 92, 235125 (2015).
[32] I. R. Klebanov, arXiv:hep-th/9108019.

155158-22


https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1016/0550-3213(92)90402-W
https://doi.org/10.1038/s41586-023-05954-4
https://doi.org/10.1038/s41586-023-06934-4
https://arxiv.org/abs/hep-th/0101029
https://doi.org/10.1088/1126-6708/2001/04/011
https://doi.org/10.1088/1126-6708/2004/02/046
https://doi.org/10.1088/1126-6708/2003/07/037
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1103/PhysRevB.93.045109
https://doi.org/10.1103/PhysRevB.95.125130
https://doi.org/10.1007/JHEP08(2016)007
https://arxiv.org/abs/2308.14046
https://doi.org/10.1103/PhysRevB.94.085114
https://doi.org/10.1016/0550-3213(96)00387-2
https://doi.org/10.1007/BF02101097
https://arxiv.org/abs/2308.16865
https://doi.org/10.1143/JPSJ.62.469
https://doi.org/10.1063/1.1664947
https://doi.org/10.1016/j.nuclphysb.2022.115663
https://doi.org/10.1103/PhysRevD.107.056005
https://arxiv.org/abs/hep-th/9412194
https://doi.org/10.1016/0550-3213(94)90366-2
https://doi.org/10.1016/0370-2693(95)01078-5
https://doi.org/10.1016/S0550-3213(96)00565-2
https://doi.org/10.1007/JHEP07(2012)076
https://arxiv.org/abs/1205.3869
https://doi.org/10.1016/0370-1573(83)90018-2
https://doi.org/10.1088/0305-4470/26/20/010
https://doi.org/10.1143/JPSJ.62.4203
https://doi.org/10.1103/PhysRevB.92.235125
https://arxiv.org/abs/hep-th/9108019

CALOGERO MODEL FOR THE NON-ABELIAN QUANTUM ...

PHYSICAL REVIEW B 109, 155158 (2024)

[33] We note that the canonical quantization condition implies that
the conjugate variables ¢;, and goZ . both commute with the
momenta I, ;, and 1,5, and so0 J, , commutes with IT%, in (20).

[34] We discard the wave functions that are singular at coincident
points and lead to negative energies for k > 0,

g _Ex 2
Wo(x) = [ Jxg —xp)*e2 2,

a<b

with Ey = NB —kN(N — 1)B.

[35] To recover our convention, we simply need to replace w = 2B
in the formulas (45) and (47) of [6]. Comparing instead with the
ground-state energy found by DTT in [13], we need to discard
an overall shift of N>B. We will find the same overall shift of
the energies in the non-Abelian model as well.

[36] D. Uglov, Commun. Math. Phys. 191, 663 (1998).

[37] See, e.g., P. Griffiths and J. Harris, Principle of Algebraic Ge-
ometry (Wiley Classics Library, 1994), p. 211. In the context of
the soliton equation, it appeared as the Hirota bilinear equation

for the tau function in Ref. [14].
2

B

[38] We continue to omit the exponential factor e’ B here.

[39] E. Ardonne and G. Sierra, J. Phys. A 43, 505402 (2010).

[40] Y. Fukusumi, G. Ji, and B. Yang, arXiv:2311.15621.

[41] To recover our expression, we need to substitute z, — x, and
Ca = Yia/V2.a i Eq. (3.7) of [13].

[42] The second identity follows from the anticommutation relation
{W‘X(Xa, )’a), &;ﬁ} = aaﬂxzyi.n-

[43] Note that the free-fermion operator ¥*(x, y) can also be writ-
ten as Y (z) = Y vy Db *zP" using the translation rule
given in Sec. III.

[44] We note that the orbit cannot contain a singlet state since
L*|x) # 0 implies that neither |x) nor L*#|x) belongs to the
singlet.

[45] V. G. Knizhnik and A. B. Zamolodchikov, Nucl. Phys. B 247,
83 (1984).

[46] P. Goddard and D. Olive, Nucl. Phys. B 257, 226 (1985).

[47] P. Goddard, W. Nahm, and D. Olive, Phys. Lett. B 160, 111
(1985).

[48] F. Alexander Bais and P. G. Bouwknegt, Nucl. Phys. B 279, 561
(1987).

[49] A. N. Schellekens and N. P. Warner, Nucl. Phys. B 287, 317
(1987).

[50] K. Hasegawa, Publ. Res. Inst. Math. Sci. 25, 741 (1989).

[51] D. Altschuler, M. Bauer, and C. Itzykson, Commun. Math.
Phys. 132, 349 (1990).

[52] M. A. Walton, Nucl. Phys. B 322, 775 (1989).

[53] N. Reshetikhin, J. Math. Sci. 213, 769 (2016).

[54] N. Reshetikhin, Lett. Math. Phys. 107, 187 (2017).

[55] The spin Calogero-Moser model is indeed an example of this
class of models.

[56] A. Cappelli, C. A. Trugenberger, and G. R. Zemba, Nucl. Phys.
B 396, 465 (1993).

[57] B. Estienne, V. Pasquier, R. Santachiara, and D. Serban, Nucl.
Phys. B 860, 377 (2012).

[58] We refer to the review Y. Matsuo, S. Nawata, G. Noshita, and
R.-D. Zhu, Phys. Rept. 1055, 1 (2024); arXiv:2309.07596 [hep-
th] for more details on these algebraic structures.

[59] M. Kashiwara, T. Miwa, and E. Stern, Selecta Math. 1, 787
(1995).

[60] Note that the terms n. = n, are indeed vanishing on both sides.

[61] We need to sum here with the sign b — 1 since the row a < b
has been removed from the determinant Y, , rolald]1(s X, b, . Y)-

[62] Decomposing N =mp+q, d =dp+d', c =cp+c with
c,d €0, p—1]. In the vacuum case ,,r € Ry, we have
n.==¢eng=d,andi, =c +1,i; =d + 1forn,, n; < m (but
arbitrary for n, = m or n, = m). The restrictions on the summa-
tion impose ¢ =0---d — land ¢’ = d'.

[63] Using the same decomposition as in the previous argument, we
haved =0---¢—1landd' =0---p— 1sinced < m.

[64] Note that the last values n, = m and i/, = s, are never reached
thanks to the condition ), < n, < m.

[65] J. A. Minahan and A. P. Polychronakos, Phys. Lett. B 302, 265
(1993).

[66] H. Georgi, Lie Algebras in Particle Physics: From Isospin to Uni-
fied Theories (Benjamin/Cummings, Reading, Massachusetts,
1982).

[67] R. Raczka and A. O. Barut, Theory of Group Representations
and Applications (World Scientific, Singapore, 1986).

[68] P. Di Francesco, P. Mathieu, and D. Senechal, Conformal Field
Theory, Graduate Texts in Contemporary Physics (Springer-
Verlag, New York, 1997).

155158-23


https://doi.org/10.1007/s002200050283
https://doi.org/10.1088/1751-8113/43/50/505402
https://arxiv.org/abs/2311.15621
https://doi.org/10.1016/0550-3213(84)90374-2
https://doi.org/10.1016/0550-3213(85)90344-X
https://doi.org/10.1016/0370-2693(85)91475-3
https://doi.org/10.1016/0550-3213(87)90010-1
https://doi.org/10.1016/0550-3213(87)90108-8
https://doi.org/10.2977/prims/1195172705
https://doi.org/10.1007/BF02096653
https://doi.org/10.1016/0550-3213(89)90237-X
https://doi.org/10.1007/s10958-016-2738-9
https://doi.org/10.1007/s11005-016-0897-8
https://doi.org/10.1016/0550-3213(93)90660-H
https://doi.org/10.1016/j.nuclphysb.2012.03.007
https://doi.org/10.1016/j.physrep.2023.12.003
https://arxiv.org/abs/2309.07596
https://doi.org/10.1007/BF01587910
https://doi.org/10.1016/0370-2693(93)90395-X

