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1 Introduction

Matrix Chern-Simons models [1, 2] are gauged quantum mechanics models whose La-
grangian is first order in time derivatives. They have remarkable connections to a wide
range of topics in physics and mathematics.

Susskind [3] proposed that the infinite-dimensional matrix Chern-Simons quantum
mechanical model, as the non-commutative Chern-Simons theory on a plane, could de-
scribe the Laughlin theory [4] in such a way that the positions of an infinite number
of electrons moving in a two-dimensional plane influenced under strong magnetic field
correspond to infinite matrices. Polychronakos [1] subsequently proposed that the finite-
dimensional U(/N) matrix Chern-Simons model, as the regularized version of the Susskind
model, could describe the fractional quantum Hall effect for N electrons. In fact, the
matrix Chern-Simons theories share many features with the Laughlin theory in the lowest
Landau level [1, 2, 5-11]. The classical ground state of the theory describes an incompress-
ible homogeneous state at the Laughlin filling fractions. Level quantization leads to the
specific values of the filling fraction of the Laughlin states [1]. There exists a formal map-
ping between the quantum physical states of the matrix model and the Laughlin states [5].
Further extension has been studied in [2, 10] by introducing an SU(p) global symmetry
in the Polychronakos model. It has been argued that this extended model describes the
non-Abelian quantum Hall effect with internal spin degrees of freedom.

Another remarkable application of the U(/N) matrix Chern-Simons model has been
proposed by Tong [12]. From the brane construction in type IIB string theory [13] and
Manton’s analysis [14] of vortices in non-relativistic Chern-Simons theory, he conjectured
that the U(N) matrix Chern-Simons model can be viewed as a description of the low-
energy dynamics of IV vortices in non-relativistic Abelian Chern-Simons matter theories.
In addition, a further generalization has been argued in [2] that the U(N) matrix Chern-
Simons model with an SU(p) global symmetry is the effective description of N vortices in
non-relativistic U(p) Chern-Simons matter theories.

As shown in [1], the U(NN) matrix Chern-Simons model is equivalent to the Calogero
model, which is an integrable system of N non-relativistic particles with pairwise inverse-
square interaction. This relation can be achieved by identifying the eigenvalues of the
matrix with the coordinates of the particles on a line. Using the relation to the Calogero
model, the spectrum of the U(/N) matrix Chern-Simons model has been examined [7].

An exciting link between the U(N) matrix Chern-Simons model with SU(p) global
symmetry and the SU(p) Wess-Zumino-Witten (WZW) model has been established in [10].
In the large N limit, the current operators constructed from the matrix degrees of freedom
realize the affine Lie algebra su(p), and the partition function of the matrix model turns
out to be proportional to the character of the affine Lie algebra. This reflects rather rich
mathematical structures of the matrix Chern-Simons model.

We will study a new type of generalization of the matrix Chern-Simons theory, that is a
U(N|M) supermatrix Chern-Simons quantum mechanics with an SU(p|q) global symmetry.
Mostly we will consider the case where N > M and p > gq.



In section 2 we introduce the model and argue that the model describes the dynamics
of N vortices and M antivortices in the non-relativistic Chern-Simons matter theory, mo-
tivated by Tong’s proposal [12]. The supermatrix field Z 4B consists of an NV X N bosonic
matrix field Z,;,, an M x M bosonic matrix field Zw, an N x M fermionic matrix field A,
and an M x N fermionic matrix field B,,. While the bosonic fields Z,;, and Zag correspond
to the positions on a plane of N vortices and M antivortices respectively, the fermionic
A, and B, describe interactions between a vortex and an antivortex. In addition, the su-
pervector field > a1 describes their internal spin degrees of freedom of the two-dimensional
system. In a purely theoretical setup we argue that it can be realized by two types of
multilayered structure characterized by strong magnetic fields in opposite directions.

In section 3 we study the classical ground states as lowest energy solutions to classical
equations of motion. The model turns out to be related to the generalized Calogero model
with SU(p|q) spin degrees of freedom. We find two types of classical ground states. Both
configurations admit non-trivial configuration for Z,, which forms a circular droplet of
(N — M) vortices as in [1], however, they are distinguished by the positive or negative
contributions of vortex-antivortex pairs to the energy. In fact, these are similar to the two
types of energy contributions of vortex-antivortex pairs due to different polarizations of
the pairs of vortices and antivortices.

In section 4 we study the quantization of the theory. We represent the quantum ground
state in terms of a superdeterminant operator.

In section 5 we examine a connection to the WZW model. Following the idea of [10],
we construct the current operators from matrix degrees of freedom and demonstrate that
this provides the left-moving su(p|q) affine Lie superalgebra.

In section 6 we study the spectrum by studying the partition function. We present a
general integral expression of the partition function. We argue that it admits an expression
in terms of a supersymmetric generalization of the Hall-Littlewood polynomials, indicating
potential mock modularity. In particular, for ordinary gauge group we obtain an explicit
expression of the partition function in terms of Kostka polynomials and supersymmetric
Schur polynomials. From the resulting partition function we show that the ground state
energy in section 4 can be correctly reproduced.

In section 7 we conclude and discuss future directions.

2 Supermatrix Chern-Simons model

2.1 Model

We consider a U(N|M) supermatrix Chern-Simons model whose action is given by
S = /dt 1 Str (?rDtZ) + iZ(—l)I@ADtCBA[ — K Stra —w StrZtZ (2.1)
I1,A

where indices A € {1,--- ,N,N+1,--- N+ M} denote U(N|M) gauge symmetry and I €
{1,---,p,p+1,---p+q} are SU(p|q) flavor symmetry. Also, (—1)! =1for I € {1,--- ,p}



and (=1)f = ~1for I € {p+1,---p+ q}. Here

Zap = (Zab 4@6), Zhy = (Zfa 555“), Gan = (9“ i“ﬁ> (22)
Bab Zap As, 75, Aab Cap

are the (N + M) x (N + M) supermatrices where the indices a,b =1,--- N and «, 8 =
1,--+, M label the bosonic subgroups U(N) and U(M) of the supergauge group U(N|M).
The supermatrix 7 Ap involves a bosonic U(N) adjoint complex scalar field Z,;, a bosonic
U(M) adjoint complex scalar Zag, and fermionic bi-fundamental fields A3 and Bgyp. The
supermatrix & is the U(N|M) supergroup gauge field. It contains a U(N) bosonic gauge
field gy, a U(M) bosonic gauge field a,pg, and fermionic bi-fundamental parts Aqg, Xab of

the supergroup gauge field. Since the gauge field & is Hermitian, so are « and &, while
A = M. The fields

~ Gai Var ~ R ai NZ'
@ — = ;S , @ — a ~'ZC¥ — a b A 2.3
a <w m) I <wia ¢La> ( ) (23)

are arrays of complex (N|M) supervectors and (p|q) supervectors where the indices i =
1,---,pand A =1,---,q label the SU(p) and SU(q) global symmetry subgroups. The full
global SU(p|q) transformations are

@A[H‘/ISAJ]/W\J[ (2.4)

where M € SU(p|q). The covariant derivatives are defined by

~ ~

D7 =7 —i[a, 7], D;® = d —iad. (2.5)

The gauge transformations are

Z\AB — ﬁAcz\CDﬁLB, (2.6)
®a; — Uap®pr, (2.7)
- =~ = o AT
aAB — UACCVCDULB‘{'ZUACUCB (2.8)
where
> Uab Vaﬁ
Uap = ~ e UN\M 2.9
A (WabUw) (N|M) (2.9)
and since U is unitary
Gt — 1 vtlI-votwuht —utWwot g -wuttvo )
B S \-utwuta-vutwohH=t vl g-wutvuh! ’

(2.10)

Note that we have chosen the SU(p|q) transformations in (2.4) to act from the right
on ®. This is so that these transformations commute with the U(N|M) gauge transforma-
tions (2.7) acting from the left. This is only necessary when M # 0 and ¢ # 0 since in this



general case not all components of M commute with all components of U , as some pairs
anti-commute.
In terms of the elements of the matrices (2.2) and (2.3), the action (2.1) is expressed as

S = / dt [2 Tr(ZTDZ +B'DB — izt <)\B - AX) —iBt (XZ - ZX)
~Z'DZ — ATDA +iZt (XA . B)\) +iAl ()\Z - ZA))
+iy <¢TD¢ — i\ — YT DY+ iy TN — ST D+ idt N + T Dip — i{ETng))
~kTr(a—&)—wTr (ZTZ+BTB—ZTZ—ATA>] (2.11)

where the covariant derivatives are defined by

DZ =7 —ifa. 7], DZ =7 —ia, 2,

DA = A—iaA+iAa, DB = B —iaB + iBa,

D¢ = ¢ — ias, Dé = 6 - iag

D = 4 — o), D = o — iaw. (2.12)

The gauge transformations (2.6) of the fields Z Ap are expressed by
Z - UzU +VvBUT +UAVT + vV ZVT, (2.13)
Z - UZUt+WwAUT + UBWT + WzZzwT, (2.14)
A UAUT+Uzwt +vZUT + vBWT, (2.15)
B— UBUY+wzUt +UZvT + waAvT, (2.16)
those of the fields ® A are
¢ — Up+ Vi, ¢ — U+ Wi, (2.17)
¥ — U+ Vo, ¥ — U+ W, (2.18)

and those of the gauge fields a are

a— UaUt + VXUt + UNV + vavt Tt + v, (2.19)
. L ot .

& — UaU" + WAUT + UMW+ WaW'T +iUU +iWWT, (2.20)
- ~ ~ . -1

A= UNUT + UaWT + VAUt + VAWT +iUWT +iVU | (2.21)

X = UNUT+ WUt + UavT + WAV +iw Ut +iovT, (2.22)

When M = 0 and ¢ = 0, our supermatrix Chern-Simons model (2.1) becomes the
ordinary matrix Chern-Simons model in [1, 2, 10]

S:/dt

p
i Tr (ZTDtZ> +i> ¢iDiy — Kk Tra —wTr 212 (2.23)
=1



where Z is a complex adjoint scalar and ¢;, 7 = 1, -+ , p are p fundamental complex scalars.
Here the covariant derivatives are

D Z =7 —ila, 7], Dyi = i — iaeh; (2.24)

and the trace is taken over the U(N) gauge indices. The gauge symmetry transforma-
tions (2.13)—(2.18) reduce to

Z - UZUT, bi — Ud; (2.25)

for U € U(N). This ordinary matrix Chern-Simons model (2.23) is considered as an
effective theory of the fractional quantum Hall states composed of N electrons in the
lowest Landau level [1, 2, 5]. Although the matrix Z is not diagonalized, it describes
positions of N electrons on the plane. The vectors ¢; describe the internal spin, which is
called pseudospin, degrees of freedom of N electrons [2].

2.2 Vortex-antivortex system in multilayers
2.2.1 Chern-Simons vortex quantum mechanics

The matrix Chern-Simons theory with a U(/V) gauge symmetry and an SU(p) flavor sym-
metry has been proposed as an effective theory of N vortices in non-relativistic U(p) Chern-
Simons matter theory. We will review the discussion in [2, 11, 12, 14-16].

Let us consider a Chern-Simons matter theory with gauge group

U e = RO/ 2 SUp) (2.26)

with the relation
kK —kp e p*Z (2.27)
and the following Lagrangian [2]

S = SCS + Smattem
21
3

™

K k
Scg = —/dgx [46’“”)@“8”@,) + yp Tr e*P (AME)VAp — AMAVAP> — ,uao} ,

Suter = [ €% [161Da0s — 51 -DadiDati — {1 (l0r) "+ 1 (elroan)}] 229)

where p,--- = 0,1,2 are space-time indices, «,--- = 1,2 are spatial indices. Here a, is
the U(1) gauge field, A, is the SU(p) gauge field and ¢;, i = 1,---,p are the p funda-
mental complex bosonic fields. Note that the matter is non-relativistic, having first order
time derivatives and obeying Schrodinger-like equations of motion. The action has BPS
equations which give the vortex equations

2w 2m
fro =25 (163 = ) Ffy = S olt*o; (2:29)

D.¢; =0 (2.30)



where f1o = 01ag — dray and Fio = 01 Ay — 0241 — i[A1, Az]. The solutions to the vortex
equations (2.29) and (2.30) are not unique and the most general solutions with the vortex
number N have 2pN parameters [13]. The space of solutions is the vortex moduli space,
M, n, in which the solutions are parametrized by 2pN collective coordinates X a =
1,--+,2pN as ¢;(z; X) and A, (x; X).

In order to describe the vortex dynamics, it is important to note that the non-
relativistic action (2.28) is first order in time derivatives. This implies that the vortex
moduli space M,, v is not the configuration space but rather the phase space. In the rel-
ativistic theory with second order time derivatives the moduli space is the configuration
space and the soliton dynamics is addressed by geodesic motion of a slowly moving particle
on the moduli space with respect to the metric gqp(X) [17]

S = /dt [gabX“Xb - V(X)] (2.31)

where V(X)) is some potential term. Meanwhile, in the non-relativistic theory with first
order time derivatives, the moduli space is the phase space. In general, the low-energy
effective description of such soliton dynamics is given by [14]

S = / dt [AQ(X)X“ VX)), (2.32)
Here A, is the connection one-form on the moduli space which obeys [14, 15]
dA =Q (2.33)

where €2 is the Kéahler form with respect to the metric ¢ on the moduli space. This fact
relates the vortices in the Chern-Simons theories and those in the Yang-Mills theories so
that the corresponding effective descriptions for both obey a similar relationship.

To extract such a relationship, Tong [12] uses the construction of vortices in Yang-
Mills-Higgs theories via the brane configuration in type IIB string theory [13]

0123456789
pD3 ooo o
NS5 oooooo
N D1 o o

(2.34)

which is depicted in figure 1. The p D3-branes and the NS5-branes provide the 3d N =
4 U(p) Yang-Mills-Higgs theory and N vortices are realized as the N D1-branes. The
dynamics of the N Dl-branes is given by the U(N) gauged quantum mechanics, which
includes a gauge field o, the real adjoint scalar fields o/, I = 3,4, 5 describing the positions
of D1-branes in the 23%? directions, the complex adjoint scalar fields Z as N x N complex
matrices, describing the positions of D1-branes in the two-dimensional z'-z2 plane, and
the fundamental complex scalars ¢ as p x N matrices arising from the D1-D3 strings. The
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NS5

NS5

Figure 1. N Vortices appear as N D1-branes in the 3d N = 4 U(p) Yang-Mills-Higgs theory on p
D3-branes attached on NS5-branes.

bosonic part of the Lagrangian is given by

1
L = tr|=—Dyo! Do’ + Dy Z' D, Z + DDy

2g2
2
- 2;2 01,07~ |12.0"]|" - ¢otolo! — % (¢¢T +(2,21 - r]I)] (2.35)
where
D7 =7 —ila, Z), Dol =61 —ifa, o], Dip = ¢ — i (2.36)

and the gauge coupling g and the FI parameter r are encoded by the positions of the
D3-branes and NS5-branes
1 272Ax° Azb
g—2 = _ T =

. 2.37
Js s ( )

The decoupling limit of the D3-brane theory can be achieved in the strong coupling
limit g> — oo. This leads to the D-term constraints from the leading terms in the La-
grangian (2.35)

12, Z1] + ¢! —r1 = 0. (2.38)

According to the N2 constraints (2.38), the (N? 4+ pN) original matrix degrees of freedom
from the matrices Z and ¢ reduce to pN complex (2pN real) degrees of freedom as required
from the dimensions of the vortex moduli space M, .

From the above analysis via string theory, we see that the dynamics of N vortices in
U(p) Yang-Mills theory is captured by the matrix model (2.35) with the constraints (2.38).
To find the matrix model of Chern-Simons vortices, we observe the following facts:

1. The Kahler form © on M, y can be constructed from the canonical Kahler form on
the space of unconstrained Z and ¢ by imposing the non-trivial constraint (2.38) via
the symplectic quotient construction.

2. The general action (2.32) is first order in time derivatives.



It then turns out that the above necessary properties follow from the matrix U(N) Chern-
Simons models (2.23) with SU(p) flavor symmetry in such a way that the auxiliary gauge
field « plays a role of a Lagrange multiplier which yields the Gauss law constraints as (2.38).

This fact further instructs us to consider our supermatrix U(N|M) Chern-Simons
model (2.1) with an SU(p|q) flavor symmetry as the microscopic description of the sys-
tem which involves N vortices and M anti-vortices with internal SU(p|q) spin degrees of
freedom. We will provide supporting evidence for this interpretation.

2.2.2 Vortices and antivortices in multilayers

Vortex-antivortex pairs. A vortex and an antivortex are distinguished by the winding
number or vortex number in such a way that a vortex carries the winding number +1 and
an antivortex does —1. When a vortex and an antivortex meet, they can form a vortex-
antivortex pair. Below a certain temperature, the thermal energy is not enough to generate
vortices, however, the lower energy vortex-antivortex pairs can occur. Vortex-antivortex
pairs can be localized configurations. The two-dimensional superfluid phase that is char-
acterized by the existence of vortex-antivortex pairs is called the Berezinskii-Kosterlitz-
Thouless (BKT) phase [18].! In addition to winding number, vortices and antivortices are
also characterized by polarity p [20]. The polarity is an out-of plane magnetization at the
vortex-core which can either point up (p > 0) or down (p < 0). The winding number N
and polarity p specify the circulation or vorticity ¢ by [20]

q = —2nNp. (2.39)

In general the topology and the dynamics of pairs of vortices depend on the circulation.
Let ¢; and ¢o be circulations of vortices. The kinetic energy of the pairs per unit mass in
the plane is given by [21]

R R R
E=1|¢ In—2 + 43 In—2 + 2q1q2 In—2 (2.40)
ao ao d

where Ry is the size of container, ag is the vortex core radius and d is the separation of pairs.
For vortex-antivortex pairs the winding numbers are taken to be opposite and therefore
the circulations are determined by their polarities. Dynamics of pairs of vortices have been
studied in [21] and vortex-antivortex pairs have been studied numerically in [20, 22, 23].
Let us briefly review the properties of vortex-antivortex pairs.

1. Parallel polarized vortex-antivortex pairs

When the vortex and antivortex cores are polarized parallel to each other, they have
the opposite circulation according to (2.39). Then the interaction energy in (2.40)
is negative binding energy. Qualitatively this is because the flow fields of vortices
and antivortices tend to cancel in the bulk and the total kinetic energy is reduced.
Consequently the cores of vortices approach each other on spiraling orbits and meet
in the center.

'In the quantum Hall states, a vortex-antivortex can be viewed as a quasiparticle-hole [19].



p layers

} q layers

B

Figure 2. N vortices (red) and M antivortices (blue) in multiple p layers under the influence of
vertically upward magnetic field B and ¢ layers under that of the downward magnetic field.

2. Antiparallel polarized vortex-antivortex pairs

Because of (2.39), when the vortex and antivortex cores are polarized antiparallel
to each other, they have the same circulation. From (2.40) the interaction energy
is positive in this case as the flow fields tend to enlarge in the bulk and the total
kinetic energy increases. This indicates that after the creation of a vortex-antivortex
pair, the antivortex quickly moves towards the original vortex in a rapid process and
they then annihilate each other.? It has been shown that such vortex-antivortex
annihilation is connected with the emission of sound waves [21, 25-28].

We will see in section 3.2 that the classical ground states in our supermatrix Chern-Simons
model (2.1) support these two different types of vortex-antivortex pairs.

Vortices in multilayers. Multilayered quantum Hall systems and vortices have been
constructed and studied in theoretical and experimental setup [29-33]. In this case electrons
or vortices may occupy several layers and carry different spins in such a way that additional
layer indices label them with internal spins. Recently it has been proposed in [2] that the
fractional quantum Hall states or vortices in p-component systems can be described by
the matrix Chern-Simons model (2.23) with an internal SU(p) symmetry. Here we will
consider a generalization of this model with an internal SU(p|q) symmetry. It is expected
that our generalized model may be theoretically realized in a system which consists of N
vortices and M antivortices in two sets of multilayers as shown in figure 2 where one set of
p multilayers is put in a perpendicular magnetic field pointing upward whereas the other
q are in the downward magnetic field.

2See [24] for the detail of the magnetization dynamics of such annihilation process.

,10,



3 Classical solutions

We first derive the classical equations of motion and Gauss law constraints for the general
case. We note that the model is related to generalized Calogero models. We then investigate
classical ground states and their physical interpretation, focussing on various special cases.
The classical equations of motion for dynamical scalar fields and fermions from Z read
Z‘(l)Z)ab - Aaa}v\aa - AaOcBozb + WZabv (3

(DZ)QB = Baa)\aa — XaaAag + wZag, (3.
Z(DA)aa = Zab/\ba - )‘aBZ,BOc + WAaaa (3
(DB)CMOL = NOc,BX,Ba - 3\Joabzba +wBaq (3

7

7

and those from ® are

Z(D¢)az - _)\aa{/}/aiu Z’(Da)a)\ - _Xaa¢aka (35)
Z.(Dw)a)\ - _)\aaga)n Z(D{[;)az - _}\vaaﬁﬁai. (36)

For M = 0 and ¢ = 0 the classical equations of motion for the scalar fields are
1Dy Z = w2, Doy = 0. (3.7)

The equations of motion for gauge fields lead to the Gauss law constraints. Using
notation (—1)4=1if A=a and (—1)*=—1 if A=a etc. the relevant part of the action is

Spange = / dt ((fl)AaAB [2 2*}
:/dt aap(—1)4 ([2 2*}

= /dt aap(—1)4 ([2, ZT}BA + ZI\)BI&)}A - HCSAB) . (3.8)

BA + (*1)1‘/1;}1404143(/1;3[ — K;(fl)AaAA>

i (_1)A+I+(A+B)(A+I)(’I‘)J}A&)BI _ MAB>

The Gauss law constraints are therefore

{2, ZTLB + BBl — kOap =0, (3.9)
or in component form
2,21+ AAT = BIB+> " ¢iol + Y ave] — kI =0, (3.10)
7 A
2,27+ BBt — ATA+ Y63l + Y i — sl =0, (3.11)
A i
BZ' - Z'B+ZAT - ATZ+Y il + > aapl =0, (3.12)
i A
ZB'—BYZ - 21 A+ AZV 4+ 3" ol + 3" 0ndl = 0. (3.13)
i A

Note that (3.13) follows from the Hermitian conjugation of (3.12).

— 11 —



Tracing the U(N) and U(M) parts of the Gauss law constraints (3.10) and (3.11) give
respectively

> Z(AMAT + BaaBl,) + Z Z Bl bai — Z Z ¥l Yar = KN, (3.14)
> Z (AaaAl, + BaaBl,) + Z Z B aPar — Z Z Yl ai = KM (3.15)
and the difference of these equations is the supertrace of the Gauss law constraints

Z Z ¢;‘ra¢ai - Z Zw;awa)\ - Z Z (Zgaaa)\ + Z Z "Z;ra{/;ai - H(N - M) (3-16)
7 o A a A« 7 a

Now, we can find explicit solutions after first gauge fixing. The simplest is to choose
the temporal gauge a = 0. Then the equations of motion for the supervector field EI\D, (3.5)
and (3.6) become ® = 0. Thus ® should be constant. Meanwhile the equations of motion
for the supermatrix field Z, (3.1)-(3.4) become

Zap = —iwZap, (3.17)
Zop = —iwZag, (3.18)
Ay = —iwAga, (3.19)
Baa = —iwBaa (3.20)

and therefore each block matrix has a simple time dependence given by a factor e =™,
In the Gauss law constraints (3.10)—(3.13) these time-dependent phases cancel, so in the
temporal gauge the classical solutions correspond to time-independent solutions of the
Gauss law constraints. Note that we still have the residual gauge symmetry of arbitrary

time-independent gauge transformations.

3.1 Generalized Calogero models

The Chern-Simons supermatrix quantum mechanics models (2.1) can also be related to
generalized Calogero models. To do this, first split Z into its Hermitian and anti-Hermitian
parts as

7= \}i ()? + z’?) (3.21)

where X and Y are both Hermitian. Then the U(N|M) symmetry can be used to diago-
nalize X which we write as X ap = x404p. In this gauge we find

[2, ZT} = —i(za — 25)Yan (3.22)
AB
so the Gauss law constraints (3.9) become

(I'A—LITB)?AB :Z‘IidAB—i&)A[({f)}B. (323)

— 12 —



Clearly the Lh.s. vanishes for A = B so we see that for all A (but summing over I)
(—1)I DT Day = D0 P}, = & (3.24)

and there is no constraint on the diagonal elements of Y so we can label }A’A A= YA
Note that up to total derivative terms the kinetic term in the Lagrangian is

iStr (2* a,j) ~ Str (?ap?) =3 (~1)yaia (3.25)
A

so (—1)4y4 is the conjugate momentum to x 4. Since the coordinates x4 are unconstrained,
they are generically distinct so we can just divide by (x4 — zp) in (3.23) to find the off-
diagonal components of Y 5. We can then write

Yap =yadap+ —— <H5AB - ®AI@§B) (3.26)

A—ITB

with the understanding that the second term vanishes for A= B due to the constraint (3.24).

We can now write the Hamiltonian in terms of the coordinates x4 and their conjugate
momenta as

2

[0}

H = wStr (2*2) - gsm ()?2 + ?2) - EZ@?L 92— 23 @)+ V, (3:27)

A
=2y UUT 58 6,8, (3.25)
2 = («TA _ «TB)Q IB JA

It is possible to interpret this as a model of N + M particles. However, while N have
a standard kinetic term, M have the wrong sign for the kinetic term. At the level of
equations of motion this is not a problem but it is likely problematic to treat the quantum
system. Note, however, that the original system had only first order derivative terms which
are well-defined for either sign of kinetic term. In fact, we will see in section 4.1 that it can
be quantized to produce a Hamiltonian bounded from below. Clearly, this indicates some
subtleties in relating the matrix quantum mechanics to the Calogero model. Nevertheless,
it may be possible to interpret the model as a coupling of an N-particle Calogero model
to an M-particle model with a specific interaction potential. In particular we see that

H = Hy + Hyr + Ving, (3.29)
w 2 2y , ¥ 1 2 2p 2 =
Hy = by Z(% +ya) + 5 Z m@alq)lbq)bJ(I)T]av (3.30)
a a,b
W 2, 2y W 1 s st & &t
Hy = D) Z(l”a +Ya) — 9 Z m%szm%ﬂjw (3.31)
a a?ﬁ
w 1 E A P 3 w 1 3 ol & .ot
Vi =752 (za =) et P15%31% 50 = 5 > [EEEAERL (R
a,f a,b
1 o~ -
oD D vt J LI LI I (3.32)
ap (za — zp)
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This reduces to the usual Calogero model in the case M = ¢ = 0 and p = 1. The
constraints (3.24) for the single fundamental scalar ¢ give (up to unimportant phases which
cancel in the potential)

¢o = Vk Va. (3.33)

We then recognize the usual Calogero model

H = .34
Z(:c +92) + = Z _mb) (3.34)
a;éb
If we allow arbitrary p, but still M = ¢ = 0, the potential is generalized to
2
w K
V=03 s (daidh) (u6),) (3.35)
2 (xq — xp)
a#b
with the constraints
Gai®), = K Va. (3.36)

Further generalizing to ¢ # 0 we get a potential containing terms quadratic and quartic
in fermions ©y,:

2
V= % ;) (xaiw(%i?bj‘b + Partil,) (Dh8L, + Uoptoh) (3.37)

with the constraints

Gaitl, + Vartll, = K Va. (3.38)

Such generalized N-particle Calogero models with SU(p|q) internal degrees of freedom,
and the related spin chain models — so-called supersymmetric Polychronakos models —
which arise as their freezing limit, have been studied in [34-37]. We also note that this
model can be embedded in specific angular momentum sectors of the ordinary bosonic
U(N) matrix model without any vector-like fields, i.e. with p = ¢ = 0 or Chern-Simons
term. In particular, upon quantization the conserved angular momenta [Z, ZT] become
integer representation SU(N) generators with vanishing Zy charge. However, any such
representation of SU(NN) can be obtained from a set of bosonic and fermionic oscillators by
the Schwinger construction. These oscillators correspond to the fields ¢4; and 1, in (3.37)
while (3.38) imposes the integrality condition.?

3.2 Classical ground state

The classical ground state is the classical solution of least energy, so we need to find the
time-independent solution to the Gauss law constraints which minimizes the Hamiltonian

H = wStr (2*2) . (3.39)

3We thank A. Polychronakos for pointing this out.
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The Gauss law constraint can be imposed using a Lagrange multiplier. As such a time-
independent Lagrange multiplier appears in exactly the same way as the original gauge
field, we use the same notation a. So, we must minimize

H = Str (w2T2 —& ([2, 71+ 3,3 — u)) . (3.40)

Varying with respect to Z1 we see that the result is that the ground state is given by a

solution to the Gauss law constraint where also for some &
w7 = [a Z] . (3.41)

As finding the general solution is not simple, let us now consider explicitly the case
where p = 1 and ¢ = 1. Up to gauge transformations, we take the following generic

configuration
da=1|" | da=1|"1. o = O , va=| " |- (3.42)

Then the Gauss law constraints become

~ o~

1Z, 2" ap= (Fé-(wT:r —y'y)éan — ZTZ5A(N+M)>5AB — Y26 aNOp(nran — Y S av a1 OB M
= (5= 2t 2(0an + Saevian) = KN = M)oan ) 8 = y="6andpv iy
— 2y’ S av+10)0BN (3.43)
where the second line takes into account the constraint
e —yly — 212 = k(N — M) (3.44)

on z, y and z imposed by (3.16), the supertrace of the Gauss law constraints (3.9).
We can also use the residual U(N — 1|M — 1) symmetry to partially diagonalize a:

Qgh = Ba(saba a, b 7& Na (345)
Aap = Badas; o, B # M. (3.46)
For generic 3, and 3, this reduces the symmetry U(N — 1|M — 1) to its maximal Abelian
subgroup, i.e. the Cartan subgroup so that the diagonal components correspond to the
generators of the Cartan subalgebra. Of course, the residual symmetry will be enhanced to

a non-Abelian subgroup of U(N|M) if there is any degeneracy in the values of 3, and Ba.
Finally, varying with respect to <I>} gives

ad; =0 (3.47)

which for the above configuration for d imposes additional constraints on & and ® which
can be described in terms of three cases:
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L. aan = au4n) = 0 so that @ is completely diagonal* but there are no further
restrictions on .

o~

2. :U:y:aA(M+N) =0.
3. Z:aANIO.

We comment on the first case in appendix A. In case 2 both ¢ and ¢ vanish so this is
equivalent to considering solutions in the case p = 0 and ¢ = 1. We now consider the third
case, but as we will see, we can find solutions taking the more restrictive ansatz

aONN — O, z = $M =0. (3.48)

Then the equations for Z4p, (3.41) reduce to
(/Ba — By — W) Zap =0, (Boa - BB - W) Zaﬁ =0, (349)
(Ba - Ea - W) Ao =0, (Ea — Ba — UJ) B,, = 0. (3.50)

It follows that the diagonal parts of Z and Z are zero. Let a® be the diagonal matrices
associated to the simple roots which form a complete set of diagonal matrices

1.,
a“:a?Hizidlag 0,0,---,0, 1, —-1,0---,0 (3.51)
a a+1
where
H,, =diag | 1,1,---,1,—m,0,--- ,0 (3.52)
———

m

is the generator of the Cartan subalgebra and the diagonal parts ap of the gauge fields «
can be written as

N-1
ap =Y cea”. (3.53)
a=1
It follows that
Tr(ap - a®) = %Ca = Ba — Bat1 (3.54)
where
ap = diag (81, B2, -+, Bn) - (3.55)

Thus {8, — By = w} corresponds to simple roots {e, — €} of Ay_1 so that the associated
canonical variables Z,, take values in CE,, where {ej, -+ ,ex} is the basis of the root

4However, note that this solution with anxx = @pa = 0 involving the same values for @ is not desirable
if we do not want any enhanced symmetry.
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space and Fgp is the matrix with ab-entry being one and all others being zeros. Similarly,
{Ea — Eﬁ = w} corresponds to simple roots {d, — dg} of Apr—1 so that Za/g take values
in CE,g.

We consider the case in which there is no enhanced gauge symmetry with (N — 1)
different values of 5, and (M — 1) different values of Ba-

In contrast to the Lie algebra, there are many inequivalent simple root systems in the
basic Lie superalgebra consisting of the even roots

Aj={eca—e&l <a#b< N}U{0q—dpll <a+#p <M} (3.56)
and the odd roots
Ar={f(ea—da)[1<a<N,1<a< M} (3.57)

where {€1, -+, en;01,- -, drr} is the basis of the root space with the bilinear forms (e, €5) =
dab, (0a,08) = —0ap and (€, 0o) = 0. All the simple root systems are given by [38]

H:i{€1_62762_637”' 5651_51761_527“' 76t1_651+1)"'} (358)

up to the Weyl equivalence where S = {s; < sy <---} and T" = {t; <ty <---} are two
increasing sequences. Correspondingly {8, — 5}, { Ea — EB}’ { Ba — Ea} and { Ea — Ba}

admit different configurations for non-trivial valued Zu,, Z,3, Aga and Bag.
According to the configuration (3.48), the Gauss law conditions (3.10)—(3.13) reduce to
1Z, ZVap + AaaAl, — BloBaa + (N — M)Sanyn = Kb,
Z, Z)ap — AluAap + BaaBl g = k04,
Zangﬁ — Bl Zog — Z1, Aps + AWZL/B =0,
BoaZl, — Z 3By + ZapAly, — Al Zay =0

and the trace conditions (3.14), (3.15) and the supertrace condition (3.16) become

Z (A“aAlza + BaaBloc) + |x‘2 - Z/Ty = kN, (3.63)
3 (AaaALa + BaaBjm) = kM, (3.64)
2|2 — yTy = k(N — M). (3.65)

Let us take, for some integer r with 1 <r < M < N,

(3.66)
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for which we have distinct values for 8,, a = 1,---, N and Ea, a=1,---,M as we are
considering the case with no enhanced symmetry. These diagonal parts correspond to the

set of roots

A ={er41 — €42, €42 — €43, eEN—1 =N FU{r41— Opg2, 02— Opg3, -, Or—1— Onr }
Ay ={e1 — 61,62 — 02, ;& — 6, U {041 —€1,01 —€2,02 —€3,--+ , 6 — € q1}.  (3.67)

The number of available independent components is (N —r—1)+ (M —r—1)+r+(r+1) =
N+M—1. According to (3.66), the component fields of supermatrix Z take general forms as

Zab = Za(a+1)s a=r+1,--- N —1,
Eaﬂ:Za(a+1)7 a=r+1,--- M—-1,

Ava = Avadaa, a=1,---,m1

Baa = Boa+1)%a(a+1) + Brmidanridar, a=1---,r (3.68)

Then the Gauss law constraints (3.59) become

AnAl, = Bl By + 5, (3.69)
AwaAly = B, Bla-1)a + 5, a=2-,r (3.70)
|Zsnrr2)* = By, Bririn) + 5 (3.71)
| Zo(as1))? = 1 Z(a—1yal® + K, a=r+2---,N—1, (3.72)
\Z(n—1yn|> = K(N — M —1). (3.73)
and we find that
| Zo(as))* = K(a — M) (3.74)

fora =r+1,---,N — 1. Due to the positivity of the equation (3.74), it follows that
r > M — 1 and so r must be either M — 1 or M.

1. Parallel polarized vortex-antivortex state

Let us consider the case for r = M — 1, in which the configuration (3.66) reduces to

5, — (N+M—-2a)w a=1,---,M—-1
’ ( ) CL:M,'-- 7N
~ N+ M -2« a=1,--- M—-1
Ba = ( J (3.75)
(N + M - ].) o = M

and the corresponding simple root system is
Ag={em — €41, €M+2 — M2, EN—1 — €N} (3.76)
Ay ={e1—01,ea—02, -, epr—1 — Opr—1 }U{dnr41—€1,01—€2,00—€3, -+, Opr—1— €nr} -
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Thus the classical configuration does not admit non-trivial values for Z. From the

configurations (3.74) and the Gauss law conditions (3.71) one finds that

T _
Byu—nyPar-ym = —k-
Then the second set (3.60) of the Gauss law constraints become

_ALaAaa + Boz(oa—‘,—l)BJr

(atD)a = a=1,--- M —2,

T _
A(M—1)(M—1)A(M—1)(M—1) =0,

BMIBIM = K.

Combining these with (3.69)—(3.73) and (3.74), we obtain

0 0
01
7 =K 0 V2 ;
0
N—-M-—-1
0
0 B
: Bag
B = 0 ,
0 Bov-nym
By O 0
Z =0, A =0,
0 0
0 0
o=1 |, Y=
0
so that
BgaJrl)aBa(aJrl) = —h, BIMBMl = —h,

|z? — yly = k(N — M).

(3.77)

(3.78)
(3.79)
(3.80)

(3.81)

(3.82)

The fermionic Gauss law conditions (3.61) and (3.62) hold for the above static con-

figurations.
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(N —1)

Figure 3. A quantum droplet of radius y/x(N — 1) formed by N electrons on the plane.

In order to interpret our classical solutions (3.81) and (3.82), let us firstly consider a
special case for M = 0 where the supermatrix field Z becomes the ordinary matrix

N x N matrix Z and Z = 0, A=0 and B = 0. The non-trivial field configurations
are given by

01 0 0
0 V2 0 0
Z =k o= e=] | s

and we have the constraint
|22 — yTy = &N. (3.84)

In this case, the gauge symmetry is an ordinary U(N) symmetry, but we still have
a supergroup SU(p|q) flavour symmetry. We have already presented the general-
ized Calogero model for this case in section 3.1, but here we find the classical
ground state. In the particular case when ¢ = 0, the supervector fields become
¢ = VEN(0,0,---,1)T, 1) = 0 so that (3.84) can be uniquely solved and our config-
uration is exactly same as the unique classical ground state in [1].

One can obtain a physical interpretation of the resulting configurations in the de-
scription of the fractional quantum Hall effect [1]. The solution (3.83) corresponds
to the round quantum Hall droplet (see figure 3). The radius squared of the disk
formed by N electrons or N vortices is given by the maximum eigenvalue of ZTZ

R? = k(N —1). (3.85)

The total energy is given by

N(N —1)

E=wT(Z'2) = kw 5

(3.86)

and depends on the size of the system consisting of IV vortices.

As discussed in [1], the non-zero values x and y which absorb the anomaly of the
commutators are required to realize the finite droplet and they are interpreted as
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M vortex-antivortex pairs

R(N =M —1)

Figure 4. Parallel polarized vortex-antivortex pair ground state. (N —M) vortices form a droplet of
radius \/k(N — M). M vortex-antivortex pairs are created and the cores of vortices and antivortices
approach each other on spiraling orbits and meet in the center.

boundary terms. In general, when p+ ¢ > 1 such terms may be associated to certain
additional internal degrees of freedom in the system. For example, when we consider
multi-layered two-dimensional systems, e.g. multi-layered graphene (with ¢ = 0),
they correspond to the so-called valley degeneracies, which label p multi-layers of
vortices in our case. Also note that in the solutions above with p = ¢ = 1 the SU(p|q)
symmetry acts on x and y (preserving 22 — y'y) while all other fields are invariant
(noting that z = 0 for these solutions).

Now for a general case with M # 0 the radius squared of the disk formed by electrons
is given by the maximum eigenvalue of ZZ

R>=k(N - M —1). (3.87)
This indicates that (N — M) electrons form a round disk of area k(N — M — 1).
The total energy is

(N — M)(N — M —1)
2

E=wTr(Z'Z + B'B) = kw — M. (3.88)

The first term is the energy of (N — M) electrons or vortices as in (3.86). An
interesting result is the second term with negative contribution to the energy. This is
the interaction energy of vortices and antivortices. As we have argued in section 2.2.2,
this indicates the negative binding energy of parallel polarized vortex-antivortex pairs
(see figure 4). Accordingly this classical configuration is expected to be associated
with M vortex-antivortex pairs with parallel polarization.

2. Antiparallel vortex-antivortex ground state

Next consider the case of » = M. The configuration (3.66) is given by

(N —a)w a=M+1,--- N
Ba = (N +M —20)w. (3.89)

5 _{(N—I—M+1—2a)w a=1,--- M
=
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In these configurations all the values of £, and Ba are different as required for no
enhanced symmetry. As in the previous case, the configurations (3.89) admit (N —
M—-1)4+04+ M+ M = N+ M — 1 non-trivial components of supermatrix field 2,
in which there are 2M fermionic components. They correspond to the set of roots

Aa = {€M41 — €EM42,EM42 — EM43" " ,EN—1 —EN},

A7 ={e1 — 01,60 — b2, ,epr — O} U {01 —€2,02 — €3, , 0y —eprq1} . (3.90)

In this case, the component fields of supermatrix A may take the form

Z:Za(a+1)7 CL:M—|—1,"'7N—17
Z =0,
Aaa = Aaaéaou Baa = Ba(a+1)6a(a+1) (391)

for = 1,--- ;M. Plugging the expressions (3.91) into the first set (3.59) of the
Gauss law constraints, we get

AaaAla = Bl(a—l)B((l—l)a + K, a=1---,M, (3.92)
|Z(M+1)(M+2)|2 - B(TM+1)MBM(M+1) + K, (3.93)
| Zagasn)* = Z(a—1al® + 5, a=M+2, N-1  (394)
1 Zn-1yn|* = k(N — M —1). (3.95)
Thus we find
’Za(aJrl)‘2 - ’k';(a - M)7 (396)
By =0 (3.97)
fora=M+1,--- ,N — 1. From the Gauss law conditions (3.60) one finds
AsaAle = Bl 10 Bafas1) + 5 (3.98)
where a = 1,--- , M. It then follows that
Baat1) =0, AnoAl = k. (3.99)
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Putting all together, the classical solution is given by

041 _
Z =k 0 V2 , Z =0,

0 -
VN —-M —1
0
Ay
Az
A= Ay | B =0,
0
0 0
0 0
o=|"1. =" (3.100)
0
x
so that
AnoAl =k, |22 — y'y = k(N — M). (3.101)

The radius squared of the disk formed by electrons is given by the maximum eigen-
value of Z1Z

R?> = k(N - M —1). (3.102)

Again this implies that (N — M) vortices form a round disk of area mx(N — M — 1).

The total energy is

(N—M)(N—-M-1)
2

E=wT(Z2'Z - ATA) = kw + M| . (3.103)
The first term is the energy of (N — M) vortices as in (3.88) However, unlike the
previous result (3.88), the second term has positive contributions to the energy. This
would correspond to the positive energy of antiparallel polarized vortex-antivortex
pairs, where the M vortex-antivortex pairs lose the energy due to the emission of
sound waves (see figure 5). Thus this classical solution would be the vortex-antivortex
pairs of antiparallel polarization.
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sound waves

M vortex-antivortex pairs

Ve(N =M - 1)

Figure 5. Antiparallel polarized vortex-antivortex pair ground state. (N — M) electrons form
a droplet of radius \/k(N — M — 1) on the plane. The annihilation of M vortex-antivortex pairs
releases the energy via the emission of sound wave.

4 Quantum states

4.1 Quantization

The elements of supermatrix 7 and the components of supervectors ® become operators
upon quantization. The action (2.11) specifies the canonical commutation relations

[Zabs Z14] = Sadbes Zap Z15) = =00as0p5,
{Aas; Aid} = —0add3y, {Bap, Bls} = 64500,
[Bair 61) = 0j0as, [Bar &)l = —0rp0as,
{tax, ¥y} = —Oxp0ab, {tair V15 = 013008, (4.1)

which can also be expressed in terms of superbrackets as
\Zap, Zlp| = ZapZhp — (~) P CPIZLp 2y = (<1)Poandpe,  (4.2)
(Bar, B = By — () EIIEIG] By, = (—1) 015048 (4.3)
When M =0 and ¢ = 0, (4.1) simplifies to
(Zap, Z}3] = Saadve: [bais dl) = Gabdij- (4.4)

Given the canonical commutation relations (4.4), the quantization of the matrix Chern-
Simons model (2.23) is performed in [1, 2] by introducing a reference state |0) that obeys

Zab|0> = ¢Z|0> =0, (45)

and by acting on |0) with ZT and cp;f. When requiring that all physical states satisfy the
Gauss law constraints there are operator ordering ambiguities. They are fixed as

p
112,27 : +Z¢¢¢I = Kln. (4.6)

i=1
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Combining the commutation relations (4.4) and the trace part of the constraint (4.6), we
find that

N p

S 6luai = (k= PIN. (4.7)

a=1i=1
This means that all physical states have charge (x — p) under the U(1) C U(N). Alter-
natively it demands that all physical states involve (k — p)N copies of ¢'. Meanwhile the
traceless part of the constraint (4.6) demands that they are SU(N) singlets.

However, in order to perform the quantization for the canonical commutation rela-
tions (4.1), one needs to determine which operators are realized by multiplication and
which operators by differentiation on the quantum states. This prescription is called the
polarization, which leads to the division of the phase space into coordinates and momenta.
Here we encounter the issue on quantization due to the non-trivial polarization. There ex-

ist two polarizations which include the proposed quantization (4.5) in the ordinary matrix
Chern-Simons model [1, 2].

1. Holomorphic polarization

Let us choose a polarization by introducing a reference state |0) that obeys
Zap|0) = 47]0) =0 (4.8)

and construct the Hilbert space by acting on |0) with EL g and 6} A

Due to the minus signs for the gg, P, Z and A quantization conditions, we define the
following number operators to count the number of each type of creation operator
acting on the reference state:

Ny =Tv(Z72), N; =-T(Z1Z), (4.9)
Ny =—Tr(ATA), Np =Tr(B'B), (4.10)
Ny = Tr(¢9), N =—Tr(¢9), (4.11)
Ny = —Tr(y'), Ny =Tr(y'). (4.12)

We can also define total number operators

N22N2+NB+NZ+NA:Str<2T2>, (4.13)
N@ = N¢ +N$+N¢ +NJ = (—I)IEI\);AEI;A[. (4.14)

Then the Hamiltonian is

—~

H=wTr (ZTZ+BTB—ZTZ—ATA) 4.15)

Ew(Nz—{—NB+NZ~—|—NA)EwN2

—

4.16)

which is manifestly non-negative.
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The system is a free set of bosonic and fermionic oscillators, subject to the Gauss
law constraints on physical states. From the form of the Hamiltonian, we see that
the ground state is the physical state with the minimal total Z number, irrespective
of contributions from ®.

To analyze the Gauss law constraints, we can just replace the expressions (3.10)—(3.13)
with the corresponding operators expressions. There is the question of normal order-
ing. This is only relevant for the diagonal constraints, i.e. the diagonal parts of (3.10)
and (3.11). Following [10] we can normal order the terms coming from Z. Choosing
to do this or not to do this is equivalent to shifting the value of k by (N — M). E.g.
taking the trace of (3.10) without normal ordering gives the constraint

N¢+N¢+NA—NB:N(H—N+M—]9+Q) (417)
whereas if we had normal ordered Z terms we would get
Ny + Ny + Ny —Np=N(k—p+q). (4.18)

The latter expression is more convenient when taking a large N, M limit. Similarly,
we could normal order the terms from ® but this would just result in a shift of &
by (p — q) and we are considering those to be fixed in the large N, M limit. These
possibilities can all be encoded in a relation between k appearing the the action and
k defined so that in the quantum Gauss law constraints (3.10) and (3.11) we just
take (3.10) and (3.11) to be completely normal ordered and replace x with k.

Now, taking the trace of (3.10) gives
Ng+ Ny + Ny — Np = Nk (4.19)
while taking the trace of (3.11) gives
—N(;—NJ—FNA—NB:M]{. (420)
Taking the difference of these equations gives
N&)EN¢+N¢+N$+NJZ(N—M)/€ (4.21)
which is the supergroup analogue of (4.7).

. Super polarization
Taking account into the superbracket
ZapZLp — (1) ABCEEDIZT 7 s = (—1)Pdapdpe
= (=1)%6apdpc (4.22)

and identifying the annihilation operator Zap or ZéD as we have [a,al] = 1 or
{a, aT} = 1, we can consider the reference state defined by

(—1)BF1Z45]0) = Zap|0),
(=1)°ZEpl0) = ZE 0. (4.23)
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Similarly we could impose

(1) 47]0) = D 4/)0),
(—1)'@] 4]0) = @] ,]0). (4.24)

We call this procedure of quantization the super polarization. We will leave more
detailed investigation of this super polarization to future work.

4.2 Quantum ground states

We will first review the quantum ground states for the models without supergroup sym-
metries. These states can be constructed as (a power of) a determinant of a matrix of
operators acting on the reference state. This motivates similar constructions in the more
general supergroup case, generally involving superdeterminants. However, there are dif-
ferent candidate states. The states constructed all solve the Gauss Law constraints, but
we do not have a proof that there are no physical states with lower energy. In addition,
one complication is that in some cases the construction may give the zero state due to the
possibility of constructing nilpotent operators in the supergroup case. This results in the
possibility that a construction may produce the ground state for low enough values of k,
but for larger k& will simply produce the zero state.

4.2.1 Determinant states

In the analysis of the ordinary matrix Chern-Simons theory (2.23), which is regarded as
our model for M = 0 and ¢ = 0, the quantum physical states are constructed [1, 2]. Let us
firstly review the construction. For p = 1 the ground state can be constructed by acting
with kN copies of ¢! while keeping the number of ZT to a minimum. In addition, the
ground state should be the SU(N) singlet. Defining a baryon operator by

f T
B = man (Zhd)) . (Zqub) (4.25)
al an
where all the exponents [, are distinct because of the antisymmetrization factor et %~

the baryon generator with the lowest energy

Buin = €17 (2%)! (2'9)! - (27 19)] (4.26)

ai

gives the ground state as k multiple Bp,’s [1, 5]

jground) = [ (2%)] (20)!, -+ (2°0)! ] o) w.21)

ai

which carries kN copies of ¢! and k charges of the U(1) € U(N). Note that the baryon gen-
erator (4.26) with the lowest energy is in one to one correspondence with the Vandermonde

determinant

A =enman0 L N-1 H(za — 2p). (4.28)

a1 " *an
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When N is divisible by p > 2, the ground state is also uniquely determined. One can
build up the SU(p) singlet by collecting p creation operators d)T into the baryon operator
By = € (Z70)] 0, - (279)]

ay-ap irar

(4.29)

ipQp
This is a singlet under the SU(p) transforming as the p-th antisymmetric representation of
the U(N) gauge symmetry group. To construct the SU(N) singlet with kN charge of the
U(1) € U(N), we furthermore collect N/p baryon operators B(0 )a1 > B(l):&pﬂ...@p, e
B(% — ]‘)LN—;H-I“"IN by introducing a baryon of baryons

ai-a N T
Buia = € BO 0, B0, -5 (1) (430
aN-—p1-an
and find the ground state [2]
k
a N
lground)y = [ NB(O)Ll._,apB(1)2p+1._,a2p B (p — 1) ] |0) (4.31)
AN—pt1--an
whose energy is
[ N(N
E = wkp Z r= wk(2_p). (4.32)
p

Note that the ground state can also be written in the form
lground);, = (Det (S74))* |0) (4.33)
where the elements of the N x N matrix are

o= [61(2")]. (4.34)

a
with the notation

N
I=rp+iie{l,2,...,p}, rE{O,l,...,—l}. (4.35)
p

When N is not divisible by p > 2, there is no SU(p) singlet ground state. Let us
express N = mp +n, m,n € Z~g. Then the ground state is constructed as

k
ground H leal aNB a1 apB(l)ILp+1---a2p e B(m - 1)(1;4N—p—n+1"'a]\7—n
=1
f
(Z%(z,n)w (7m0, n)) ] 0), (4.36)
—n+41
where the indices i o) with [ =1,--- k a =1,--- ,n label the degenerate ground states.

The ground state energy is

m—1
k (er—l—nm) = wk [pm(n;_l)—i-mn] . (4.37)
r=0
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4.2.2 Superdeterminant states — case 1

Now we look for solutions to the Gauss law constraints, allowing non-zero M and ¢q. As
reviewed in section 4.2.1 in the case of ordinary Lie groups, the ground state was given
by a determinant acting on the reference state. As may be expected the generalization
to supergroups requires the use of a superdeterminant. Necessarily this is a rather formal
expression since superdeterminants are not polynomial functions of the matrix elements.
However, for now we simply show that at a formal level this gives a solution of the Gauss
law constraints. Explicitly, we conjecture a potential class of ground states given by

|SGgsl) = S*|0). (4.38)
Here we have defined
S = Sdet(Sz4) (4.39)
where the elements of the (N + M) x (N + M) matrix are defined as follows:
Sra = [@T (ZTUZA’ (4.40)
Saa = [qﬂ (ZT> }M. (4.41)

In these expressions I label the N even components while A label the M odd components
indexed by Z. Although not explicitly labelled as such, the exponents r, and indices ¢ and
A in each expression are determined by I or A. Specifically, (taking for now the simplest
case where N is a multiple of p and M is a multiple of ¢) we have

I=rp+i, i€{l,2,...,p}, re {0,1,...,];—1}, (4.42)
A=rqg+ X Xe{l,2,...,q}, r € {0,1,...,]\;[—1}. (4.43)
The normal ordered Gauss law constraints are given by
(GAB - kéAB) Iphys) = 0 (4.44)
where
Gap = (—1)AFONCHEBIZL 7 a0 — Zh o Zop + (—1)IFAUFBGE 6 (4.45)

is the quantum Gauss law constraint operator.

It is then straightforward to check that the state [SGgsl) defined in equation (4.38) is
indeed a physical state. One method is to note that superdeterminants can be written as
ratios of ordinary determinants, and then the commutation relations can be used to find
the commutators of Z 4B and ) A7 with S. E.g. using the standard even/odd split form of
a supermatrix we have

A B _ _
Sdet ( o D) = det(A — BD7C)(det(D)) L. (4.46)
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Note that while this is invariant under U(N|M) transformations, it is not invariant under
SU(p|q) transformations except in the case where N/p = M/q, since only then are all p+ ¢
components [EI;T (2T>T} ~and [EI;T (/Z\T)T} (for each A) included in the superdeterminant
expression for all valueszéf r. M

A short calculation shows that (relative to the reference state |0)) the potential ground
state has energy

ESG’gsl = wk ( % - 2
This reproduces the ground state energy (4.32) for M = ¢ = 0. We expect that this gives
the ground state energy in some more general cases with non-zero M and ¢. In the case
where N is not a multiple of p or M is not a multiple of ¢, a superdeterminant generalisation
of (4.36) will lead to an expression for the potential ground state energy generalising (4.37).
However, there will be cases where different constructions give physical states with lower
energy, particularly for small values of k. We consider explicitly the case of M = 0 but
q # 0, in which case, at least for k = 1, the construction in this section does not give the
ground state energy. We now consider this possibility and later generalize that construction
to M # 0.

4.2.3 Analysis for U(N)

In the case where M = 0 but ¢ # 0, we note that the previous construction could be used.
However, the state would not involve any of the fermionic creation operators wj\a. This
motivates us to consider another possibility to construct the candidate ground state from
the reference state. To do this, we consider the candidate ground state

|GSp—o) = S*0). (4.48)
We have defined
S = 1/Det((STS)a) (4.49)
where
(S"S)ab = SizST6 = S70STH (4.50)

and the elements of the NV x N matrix Sz, are:

Sro = [cfﬂ (ZT)T] , (4.51)

Q

She = [fIST (ZT)T}M. (4.52)

Clearly S* = (52)]“/2 is polynomial for even k, while for odd k we do need to consider
the square root in (4.49). In these expressions I label even components while A label odd
components indexed by Z. Although not explicitly labelled as such, the exponents r, and
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indices i and A in each expression are determined by I or A. Specifically, taking for now
the simplest case where IV is a multiple of p 4 ¢, we have

N
T=rp+i, ie{l,2,.. .p ,rE{O,l,...,—l}, 4.53
(L2 ) s (453
A=rg+ X Ae{l2....q) 6{01 N 1} (4.54)
=Trq s by qyp, T s Ly — . .
pP+q

Note that for ¢ = 0 this again reproduces the previous determinant construction of the
ground state.
The normal ordered Gauss law constraints are given by

(Gab - kéab) ]phys> =0 (455)
where
Gap = Z;rbZac - Z;[chb + (_1)1(/1\)}1)(/1\)(11 (4'56)

is the quantum Gauss law constraint operator.

It is then straightforward to check that the state |GShr—o) defined in equation (4.48)
is indeed a physical state. Another short calculation shows that (relative to the reference
state |0)) the potential ground state has energy

N(N —-p—q)

R (4.57)

Egsm=0 = wk
Note that the above claim for the potential ground state energy is made on the as-
sumption that |G\Syr—o) is a normalizable state. In fact this state will vanish for sufficiently
large k. To see this simply note that if we set all the fermions to zero the matrix Sz, would
have ¢N/(p + q) rows of zeros, so consequently S = 0. Reintroducing the fermions we
see that all terms in S? must involve a product of at least ¢N/(p + ¢) fermions. Since we
only have ¢/N independent fermionic components of ;I\%M we see that certainly S* = 0 for
all k > p + ¢. In fact, we may have S¥ = 0 for lower values of k. It is not clear what
the interpretation of this bound is but it does indicate a richer structure appears for the
supergroup models. The simplest case to explore the issue of the constructions producing
the zero stateis N =2 and p=¢q = 1.
We find a ground state for £ = 1 described by

Tt
S = Det (fj} iﬁ) — o} — ool (4.58)
1 V2

which is clearly generically non-vanishing. We have dropped the redundant labels ¢ = 1
and A = 1 in this example.

However, it is easy to check that S? = 0 so we have only found the ground state for
k = 1 and it indeed has energy zero as expected. Now, in this example we can try to
explicitly construct the ground state for £ = 2. However, the result shown below is that
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no such state exists, i.e. that for £k = 2 there is no extremal energy eigenstate arising as a
polynomial of creation operators acting on the reference state.
First note that the Gauss law constraints can be expressed as conditions on S

o o
kSupS = [Gap, S zl, - 71, + + S. 4.59
b [ b ] < 822[1 aZ;rC ¢ 8¢)T 71[) 8'¢a ( )

It is a simple task to check that there is no zero energy state for k > 2, at least assuming
it is constructed as a polynomial of the creation operators acting on the reference state. In
this case the requirement of zero energy is simply that no Z operators are used to create
the state. Then the two Gauss law constraints

[G11, 5] = [Ga2, 5] = kS (4.60)
impose the constraint that S must have the form
§ = (1) () (cond} b+ corv o + erosluf +envlul). (461)
Now we still have to impose the constraints
[G12,S] = [G21,5] =0 (4.62)

but clearly this means that G12 and G2; must annihilate the term with coefficient cgg, and
separately the term with coefficient ¢;;. This is only possible if copp = 0 and (except for
k=1) ¢ = 0. Then we are left with
Gz, S] = cor(k = 1)(@])* (811 9] + (cor + kewo) (61)" " (0] 4, (4.63)
(Ga1, 8] = ero(k = 1)(@)F (812 + (10 + keor) (6])* (61)* ] (4.64)
These equations have no solution unless S =0 or k = 1.

We can relax the condition that the energy vanishes, but explicit calculation shows that
there is still no solution for the case kK = 2. Of course, the superdeterminant construction
of the previous section provides a formal solution, but not polynomial in the creation
operators acting on the reference state.

4.2.4 Superdeterminant states — case 2

The previous considerations for M = 0 lead to an alternative proposal for the ground
states. We can define an (N + M) x (N 4+ M) matrix with elements

o~ T
Sra = [qﬂ (ZT> } , (4.65)
iA
Saa = [6* (ZT) } . (4.66)
AA
Here the simplest construction is when M + N is a multiple of p + ¢, in which case
N+ M
IT=rp+i, i€{l,2,...,p ,re{O,l,..., —1}, 4.67
{ ) - (467
N+ M
A=rg+A Ae{l,2,....q}, re {0,1,..., 1’ —1}. (4.68)
pTq
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Then we propose the potential ground states

|SGgs2) = S*0) (4.69)
where
S = 4/Sdet((STS)ap) (4.70)
and
(STS)aB = ShrS18 = S14S1B (4.71)

It is then straightforward to check that the state [SGgs2) defined in equation (4.69) is
indeed a physical state and that (relative to the reference state |0)) it has energy
(N-M)(N+M—p—q)

2(p+q)

Esags2 = wk (4.72)

Note that this state is by construction the same as the state |GSy—g) defined in
equation (4.48) in the case M = 0, and it is also exactly the same as the state |[SGgsl)
defined in equation (4.38) in the case where N/p = M/q. However, in general the states
|SGgsl) and |SGgs2) are different, and it seems likely that the states |SGgs2) are the
better candidate ground states. One particular feature the states |SGgs2) have is that
(when N + M is a multiple of p + q) they respect the SU(p|q) symmetry.

Finally, we note that when both superdeterminant constructions are compared (as-
suming N/p, M /q and (N + M)/(p + q) are all integer) the difference in energies is

Esaont — Bsagn = o (N~ p*M?) (4.73)
which can be positive, negative or zero.
In terms of a potential relation to WZW models, as demonstrated for M = 0 and
g = 0 [10] we must consider a generalization of the large-N limit with fixed p and now also
fixed ¢. Two natural choices are to take M = 0, or to scale N and M in the same ratio as
p:q. In the M = 0 case we believe |SGgs2) is the ground state, while in the other case
|SGgsl) = |SGygs2).

5 Kac-Moody algebra

When M = 0, ¢ = 0, it was demonstrated [10] that the matrix degrees of freedom lead
to the affine Lie algebra su(p) in the large N limit. We will firstly review the argument
of [10]. Then we conjecture that the result generalizes to q # 0, leading to a su(p|q) current
algebra. We show this in the case M = 0 but expect it also holds in a large N and large
M limit.
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5.1 Affine Lie algebra

In the case of M =0, ¢ =0, i.e. U(N) and SU(p) symmetry, in [10] the current operators
were defined as

Jm = Tr 2™, (5.1)
T . m 1 m
g =i <¢}Z b — 2;51-]@2 ¢k) (5.2)

with 7,7,k =1,--- ,pand m > 0.
It is then straightforward to show that for m and n either both non-negative or both
non-positive

T, J] = i (suTpt = g T (5.3)

For m < 0 the negative graded currents are defined by

Fm _ Fimlf
Jit=J i (5.4)
Now the commutator of a current at positive level with one at negative level is more involved
as it requires evaluating commutators of powers of Z with powers of Z!. In particular, for
non-negative m and n

[T, T = [elzmes. 0120
= 0401 27 2101 — Sud]l 2765 + Bluowy | Zim, 203 | Sicta (55)

Additionally the current algebra is expected only when acting on physical states, so the
Gauss law constraint must be imposed. In fact, the su(p) current algebra is only correctly
reproduced in a large N limit.

The combination of imposing the Gauss law constraints and the large IV limit is carried
out using knowledge of the classical and quantum ground states. Specifically, results such
as ZT¢; = 0 for classical ground states are taken to imply that this relation holds for
all physical states (at least those with sufficiently low energy) to leading order in a 1/N
expansion. Using such considerations it is possible to identify the leading large N behavior
of various terms and retaining only the leading non-vanishing order in expressions greatly
simplifies the results. The discussion of classical solutions is applicable to calculations of
Poisson brackets, but this is expected to carry over to quantum commutation relations.
We refer the reader to [10] for more details, although we also make some more detailed
comparisons when generalizing the results to ¢ # 0.

The result is that after a rescaling” of the currents

[m|

s~ ((H]))N>_2 Jim (5.6)

®Note that this rescaling is trivial in (5.3) as that equation is homogeneous provided m and n have the
same sign.
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the Kac-Moody algebra is produced at leading large N order
m Jn ; m+n m+n 1
[T, Jp] ~ <5Z~1ka — G ) oo (O = 80w ) (5.7)

Actually, this is the classical Poisson bracket result, but it was argued [10] to hold also for
quantum commutators up to the replacement k — k in the central term.

5.2 Affine Lie superalgebra

We now consider the case with ¢ # 0 where we expect to get an affine Lie superalgebra.
The case where M = 0 is simpler than M # 0 although the calculations are similar, so we
present this first and briefly comment on the large M case in the next section.

We define the supertraceless (in the I.J indices) currents

p—q
It = (5! (5.9)

~ ~ 1M ~
Jr = <<1>§Zm<1>J _ =1 51J¢LZW¢M> : (5.8)

for m > 0. In defining the current, note that it is the supertrace, not the trace, which is
invariant under SU(p|q) transformations O; — Oy Mgy Also, 677 and not 7y = (—1)107;
is invariant under the same transformation as @}ZmEJ 7

We now calculate explicitly for m > 0 and n > 0, using the quantization conditions.
The superbracket of currents is easily calculated to give

[T, Japle = JiJay, — (=1)UTDEFD gu g (5.10)

= g JPt — (—1)UHNESL) ) gmen (5.11)
Now we calculate (up to terms ensuring supertracelessness in I.J and in K L)

(7%, T o =(=1)7E@T B, (2™ e, (Z1)34]® 5P L (5.12)

+ k! (ZT”Zm [z ZT“]) Oy — (—1)IHNERL), G zingmG

S

which generalizes (2.7) in [10].
We can analyze this similarly to [10]. E.g. [10] (2.10) onwards becomes

olzm zMe, (5.13)
m—1n—1 m—1
~-3 N (@}Z?‘ZT@M) (6}42“—1—82"1—1—7"&@) +rn Y @zrzin iz,
r=0 s=0 r=0
BF Bl (2o, (2] ® o1y (5.14)
m—1n—1
~ Z Z(_l)(JJrK)L ((/ISFZTZTSEI\)L) (isznilisZmilir(/ﬁJ) ]
r=0 s=0
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Now we introduce some notation to split ;I\J}ZTZ]LSEI\)J and ;I\D}ZT’"ZS;I\DJ into their su-
pertrace and supertraceless parts

D GHETVANAL I 18P ¢ (5.15)
s _ (_1)M HT orots®
X" =l 7771y, (5.16)
p—q
}/IT}S EEI;}ZTTZS(/I;J — (5[JYT’S, (5.17)
y™s :7(_1)M<f>T AALS (5.18)

so that the terms above with four ®s can be written as

3
[

n

O ~ ((_1)(J+K)L+JK(X;,5 + 5ILXT,5)(Y£;175,m717r + 5KJYn_1_S’m_1_T)

\3
I
=)
»
Il
o

(X S XTSI g gyt

n

3
L
|

I
(]
(]

((_1)(J+K)L+JK5[LXT,SYI7{Z;1—517”—1—7' _ nJKXT,SY;Z—l—Sym_l_T

%
|

+
/\O

@
I

~ O

1 (J+K)L+JKXT sYn 1—s,m—1-r _nJKX;}\ZYI\T}zl_&m_l_r) (519)

noting that all four terms containing Y~ 1=™~1=" cancel. Now we need to apply the large
N limit with generalizations of Identities 1 and 2 in [10].

We apply the large N limit as in [10]. The classical solutions for M = 0 are similar
in nature to those of [10] where also ¢ = 0. In particular the form of Z is the same
and Z1® 7 = 0 in the ground state. We also assume this implies that VAL 7 is suppressed
compared to the naive expectations based on the order of Zt and P at large N. This means
that the same results as in [10] hold, up to possible signs. In particular, to leading order
in N

m—1

Z (/I;}ZT’ZTn—lzm—l—r:I\)L -~ 511 Z M@T g zin=1ym—1— TCI)M
p—

r=0

(_1)M T 7in—1om—-13
~——"—01,P),Z ZM Dy, (5.20)
p—q
Collecting terms we find
m—1n—1
[T7, T NZ ( YIHKIL+IK 5, LXTEYTS 1—sm—1— T'_nJKanerz—l—s,m—l—r
r=0 s=0
+ 1)(J+K L+JKerYn 1—s,m—1— r_nJKerYn 1—sm—1—r

LY T YT — (—1)(I+J)(K+L)mLY£T> : (5.21)

The second line of (5.21) is subleading at large N compared to the first line so we drop
it from now on. Also, in the above sums over r and s, the dominant terms come from
r=s =0 since ZI®; and <I>;Z are suppressed.

— 36 —



Noting that the Gauss law constraints are
(2,71 + @1, = kT (5.22)

a slight generalization of the derivation of Identity 1 in appendix A of [10] (particularly
(A.4) and the equation directly above it) gives

N\" ~io o ~
Y[rzn—i—m - < R > }/I()[,/m _’_(I)}(I)J(I)(]L]ZTnlemflJrnq)L

p—q
N \" 0,m ( ﬁN) n—1n+m—1
~ Y7+ — Y, 0.23
(p—€1> o \p—q) 1" (528)

where the terms kept are those at leading order in /N and consistent with the fact that the
expression is traceless. This can be rewritten as

n
et 0,0y n—Ln+m—1 KN 0,
ypmtm _ x00yn-tatm-1 < - > Yo, (5.24)
p—q
Now the dominant terms in the first line of (5.21) are from the case r = s = 0, and
these combine with the last two terms in the final line in exactly the combination in (5.24)
so we have in the case m > n

kN " 0 kN " 0
[J?}, Jf{%]s ~NIK (p — q) YIL,m—n B (_1)(1+J)(K+L)771L (p q> YK’?_H

+ kb Y" L (5.25)

Now, rescaling the currents J™ by a factor (kN/(p — q))~I™I/? we get

(=)L)

75, Tt g ~ norJi " nrrJy "+ KN 0rL6mn (5.26)

using a generalization of Identity 2 in [10] and noting that terms from Y™~ 1"~1 with n # m
are suppressed and so do not contribute to this result for large V.

Finally, we correct this expression to ensure it is supertraceless in both I.J and KL so
we have

(—1)I+DEHL

75 It g ~nareJi ™ — 51J5KL> Smn.-

(5.27)

L TR + kn <77JK51L -

Presumably we would also have a quantum version of the generalization of Identity 2
in [10] which would have the effect of introducing a factor of k/k in the central term, in
which case the final result would be

[Ty i) g ~ I " = (—1)(I+J)(K+L)771LJ[T?}" +kn (?UK5IL - 51J5KL> Smn-

(5.28)
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5.3 Generalization to U(N|M)

We expect the results of the previous section for M = 0 generalize to M # 0 provided
we take a combined large N and large M limit. Specifically, we would expect that the
natural limit is to take large N/p = M/q. As the arguments are essentially the same
as in the previous section, we just present the definitions and result. We also note the
decomposition under U(N) x U(M) € U(N|M) but calculations are most naturally carried
out using superbrackets without such a decomposition.

For p = ¢ we need to take more care but otherwise we can propose the following

supertraceless SU(p|q) supercurrents

~ o~ o~ K L L
Ty =i (@}Z%J — (p _)q 5”@}(2%[{)

(@&ﬂ. (5.20)

I I
Denoting elements of Zm by

- Zm zm
m — ( B 2F ) , (5.30)

one can express the currents (5.29) by

Ty = i (01250, + 61230 + o1 Zpiy + DI 2] - bR (5:31)
T =i |0\ 2800 + W\ 28 6w + 8322w + v} 2800 ~ . ! oK™, (5.32)
Tt =i (01250 + 9 22w + 6128 6w + 01 2864] | (5.33)
T =i [\ Zg o, + 3\ 20, + vl 23, + 3\ 250 (534)
K™ = |6l Z5 ox + BLZ2 0 + ol 2 0n + 2L 23]

— (3728, + Ui 2R3, + B 220y + 628G (5.35)

Assuming the large NV and now also large M properties hold, along with generalizations
of the classical and quantum identities described in the previous section, we will find the

same affine Lie superalgebra result

1

51J5KL> Omn
(5.36)

75 Ttls ~ (naw Ty = (0D, Ty ko (it

for large N/p = M/q.

— 38 —



6 Partition function

6.1 Definition

In this section we study the spectrum of the system by computing the partition function
of the supermatrix Chern-Simons model (2.1). Let us consider the modified Hamiltonian

H' = wStr (2T2> Z;u (I)}Aq)AI

:wTr(ZTZ—I—BTB—ZTZ—ATA)

p N q M o p M o q N
- Z Z 1) Pai + Z Z IrGh dar — Z Z 1) i + Z Zﬁ,\@a%,\- (6.1)

i=1 a=1 A=1a=1 =1 a=1 A=1a=1

Here we have introduced the chemical potential — > ﬁ](_l)l(’ﬁh(f)m where fip = {pi, fix}
is a set of coupling constants. It counts the number of Zt and @J} excitations with weights
w and py. When evaluated on the physical state |phys), the modified Hamiltonian gives

p q
H'|phys) = (mvg = i =y ﬁ,\JA> |phys) (6.2)

i=1 A=1

where
Nz =Nz+ N+ N;+ Ny (6.3)
is the total number of excitations of ZT and
Ji = Ng. + N, Ty =Nj + Ny, (6.4)

is the total number of excitations of fundamental fields ¢; and 1@ and that of fundamental

fields gg,\ and 1. The partition function of the modified Hamiltonian is given by
Z(g,z,y) = Tre PH = Trg ZHa: Hy (6.5)
i=1

where the trace is taken over the physical states |phys) and /3 is the inverse temperature.
We have defined parameters q := e 7, z; 1= e®# and yy := e,

To compute this partition function, we firstly collect all states and then project out
the non-physical states by requiring that the physical states are gauge invariant so that
they obey the Gauss law constraints. The Lie superalgebra u(N|M) is a Zs-graded space V
decomposed into a direct sum of Z-graded subspaces V5 and V7. As we have the supertrace
form on u(N|M), a supersymmetric bilinear form on V is defined so that V4 and Vi are
orthogonal and the restriction of the bilinear form to V5 is symmetric and to V7 is skew-
symmetric. Identifying the Cartan subalgebra h with the root space h* via this bilinear
form, we have [3§]

€a = Eua, 00 = —Eon (6.6)
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where €4, = 1,--- ,N and 4, = 1,--- , M are a basis of the root space h* while E,
and E,p are the basis of the Cartan subalgebra h. Since (6.6) defines the gauge charges,
the relative minus sign for the u(M) subalgebra would require an additional sign to read
off the correct U(1) charges for the U(M) symmetry from the related excitation modes.
We will focus on the holomorphic polarized quantization where the Hilbert space is
constructed by acting with 21‘ g and EI\D} 4 on the reference states [0). All the physical states
are characterized by the number operators Nz, N, N4, Np, Ny, Ng, Ny, and NJ' Their

quantum numbers N, J; and J, \ appearing in the partition function (6.5) are determined
from (6.3) and (6.4). Their gauge charges are determined from the trace parts (4.19)
and (4.20) of the quantum Gauss law conditions by noting the relation (6.6). Let q and
q be the diagonal U(1) charges for U(1)Y c U(N) and U(1)™ < U(M) of the associated
excitation modes respectively. Then they read

q[Z] =0, q[Z] =0, q[A4] = q[B] = (6.7)
qle] =1, al¢] =0, q[y] = q[v] =0 (6.8)
q(Z] =0, [z =0, q[A] = q[B] =1 (6.9)
q[¢] =0, dle] =1, qy] = ] =1 (6.10)

In the following we will introduce w, and w, as the fugacity parameters for each Cartan
element of the gauge symmetries U(1)Y € U(N) and U(1)M € U(M) respectively. Taking
account into these charges and fugacity parameters, we can collect all the contributions to
the partition function as follows:

1. 2,

Supermatrix field Z Ap consists of bosonic fields Z, Zaﬁ and fermionic fields A,g
and Bgp. According to (6.3), each of the associated excitations carries quantum
number Nz = 1. In addition, these component fields have two units of gauge charges
as they involve two gauge indices. According to (6.7) and (6.9), A,z and By, have
quantum numbers of g—; and ‘%‘Z respectively. Although the total gauge charges of

Zap and Zag are zero, as we are now turning on the gauge fugacity parameter for
each of the Cartan elements, Z,, and Z,z carry quantum numbers of Z’)—‘Z and g—;.

The contribution to the partition function from the operatorsZ\ Ap is given by

2z = ﬂ 1_1qwa ﬁ - waHH(Hq >(1—|—qg§) (6.11)

a,b=1 Wb ,f= 1 wg c=1~v=1

where the first two factors come from the bosonic fields Z,, QB and the latter two
from the fermionic fields A,z and Bgp.

2. Z3

The operators d A1 involve ¢, gga Ay Yo and @Zai. While ¢,; and Jm- carry quantum
numbers J; = 1, ¢4 and 9, have quantum numbers Jy = 1. Unlike the supermatrix

— 40 —



field, these fields are labelled by a single gauge index. As seen from the gauge
charges (6.8) and (6.10), ¢4; and 1, have quantum numbers of w,, while q~5a,\ and
1;0”; have those of w,. The contribution to the partition function from the operators
d A7 18 given by

M g N ¢ M p
HH1_xwaHH ,\waHH 1+ ypws) HH 1+ zjwg) (6.12)
a=11i=1 v a=1)\=1 b=1 : : :

where the first two terms correspond to bosonic excitations of ¢,; and 560\ while the
others are fermionic contributions of 1,y and ;.

To project onto the physical states we will carry out a contour integration over the
gauge fugacity parameters w, and W, in such a way that only gauge invariant states are
picked up as a contour integration allows us to compute infinite sums by reducing them to
finite sums of residues at poles.

According to the trace parts (4.19) and (4.20) of the Gauss law constraints and the
sign factor (6.6), the physical states should carry charge k for each of the Cartan of the
U(N) and charge k for each of the Cartan of the U(M). Therefore we introduce poles of
order k + 1 and k + 1 by adding the factors [], wig and [],, i respectively.

As we deal with integration with respect to the elements w, and w, of the U(N|M)
supermatrix, we will introduce the U(N|M) Berezinian measure [39]. Taking these addi-
tional factors into the product of the two contributions (6.11) and (6.12), one can express

the partition function as

o, a5\ (T (1= 22) T8, (1 - 2)
NIMI (HQMji k+1> <H me% k+1> H%H?Q(HQ) <1+ﬂ)
= = wa Ws

JJARY ) el (1+q%§‘) (1+Q§~%;) <Hffl [T, (T +yawa) TN, Hf:1(1+a7io~,)a)>
T (102 )Ty (1022 ) ) \TLE: T (i) TR T (1 -038)
(6.13)

X

where ' and I are the N-dimensional cycle and M-dimensional cycle respectively.
Using the completeness relation [40]

H(lezl [Ty (1 +yawa) Ht]yzl [T7_, (1 + 2a) = sa(z/y)sy(w/w 6.14
[T () T Ty ()~ 2 D) 610

of the supersymmetric Schur polynomial sy(z/y) and the definition

wGSN i>7

Y W x?lwx?v” << q) (6.16)

’LUESN\S?\‘]

Sl

P\(x;q) := — Z w{ e tan? - )‘NH << I >) (6.15)
)
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of the Hall-Littlewood polynomial, where

_ PN-I(N) Hj21 Pm;(N) o M _ gt
V) = (1 o q)N ’ Pm = }_11:(1 q )7 (617)

Sa is the set of permutations that fix A, [()\) is the length of the partition A, and m;()) is
the multiplicity of the partition A\, we can write

5= 3 sa(e/y)sa(w/@), (6.18)
A

| Mo
1 = = Pevy(w 50), H =t = Puon (@ 59). (6.19)

Making use of the relations (6.14), (6.18) and (6.19), we can express the partition func-
tion (6.13) as

N
Z= ZSA z/y) Nl M (H 2mi % dwa) (H 27 f dwa) (6:20)
x Sx(w/w) Povy(@™5.q) Py (@15 9)
e (1 2) T35, (1= 2) ) (TRL I (1) (14 a22)
LT (1 2) (1) )\ (102 T (1 - o22)

Although we have not precisely yet understood the issue of choice of integration contour,

it would be very important as we are now considering the symmetries of Lie superalgebra
whose representation and (super)characters have rather rich structures. While the integra-
tion contour of simple unit circles would give us partition function contributed from singlet
sectors, other non-trivial contour picking up specific poles may realize non-singlet sectors.
In the next subsection, we will give an explicit computation for M = 0 by taking simply
unit circles and comment on general cases in subsection 6.3.

6.2 Computation for U(NN)

Let us consider the case where the gauge symmetry is ordinary U(N) and the coupling w
is very large. The contributions (6.11) from the supermatrix field ZT simplify as
N
zZ;=1]] T (6.21)

a,b=1 B q‘*Tb

and the contributions (6.12) from the supervector field o only contain two parts

Zy= HHl_Wa _ZSA z)s)(w (6.22)

a=1i=1
N q
2y = 1:[1 /\1—11(1 +awa) = Y su(y)s(w) (6.23)

— 492 —



where p/ is the conjugate of a partition g whose Young diagram is the transpose of that of
p. Thus the integral expression (6.20) reduces to

N _ W
2= Y @y I g 2 <1 %) R
< %)

X Zc)\u (@) Pp(w; q)P(kN)(w_l;q). (6.24)

On the second line we have used the relation
S) Z CA#/Sn Z K, o(0)Py(w; q) (6.25)

where cﬁy are the Littlewood-Richardson coefficients [41] and K ,(¢) are the Kostka poly-

nomials which are defined by

2) =Y Kyulq)Pu(zsq). (6.26)
n

Furthermore, using the orthogonal property

1

(PA(z;q), Pu(z ™5 9))p = o (6.27)

of the Hall-Littlewood polynomials with respect to the following inner product

(3@ ), gl 50))p = N,Hzm A ‘fd‘“jnj’((lqw >>fx() W), (629)

we can rewrite the partition function (6.24) as

N
z- Ky (@)52(2)3 ). (6.29)
i=1 )\ NTR]
According to the relation [40]
sx(z/y) = Z CvSu(T)s (Y), (6.30)
the expression (6.29) can be expressed as
AR
Z = H A=) ZK’u’kN (@)su(z/y) (6.31)
=1 7

— 43 —



where s, (x/y) is the supersymmetric Schur polynomial. Here the summation is taken over
the partitions g which obey

|ul = kN, (6.32)
g<lp) <p+q, (6.33)
tp+1 < q. (6.34)

The first condition (6.33) is required for non-trivial K, ;v (q) whereas the other condi-
tions (6.33) and (6.34) are for non-zero valued s,(z/y) as the supersymmetric Schur poly-
nomial s,(x/y) vanishes when 1,41 > q.

As the modified Hall-Littlewood polynomials Q' (x;q) are defined by

Qu(7;9) ZK)\N sx(z (6.35)
we will define the supersymmetric modified Hall-Littlewood polynomial QL(x /y;q) by

Q. (x/y;q) : ZKAM sx(@/y). (6.36)

Then the partition function is expressed as

Z= H 75 Qv (@/y:9): (6.37)

Further study of properties of the supersymmetric modified Hall-Littlewood polynomi-
als (6.35) is intriguing. In particular, it would be desirable to understand the large N
behavior of the Kostka polynomials as the branching coefficient of su(p|q)/su(p|q) as in the
ordinary case [42, 43].

6.3 Comments on general case

Although it would be important to study the residues for different choices of contours of
the integral (6.20), we will not get into any details of these issues in this paper. Instead,
we will comment on some implications of the resulting expression (6.20). To have a well-
defined partition function from the integration (6.20), it is expected that the integration
can be performed by using the orthogonal property of certain functions with respect to w
and w. Provided that the supersymmetric Schur polynomial sy(w/w) in (6.20) is expanded
in terms of the supersymmetric Hall-Littlewood polynomial P,(z/y;q),5

sy(w/w) = ZK/\“ (w/ws q), (6.38)

the second line in (6.20), equipped with the expressions (6.15) in terms of permutation
of variables, would be regarded as the dual of P,(w/w;q). In fact, it takes the form of a
generalization of the Berele-Regev formula [44]

sy(w/w) = H H Wa + Wa)sxa(w)sy (w). (6.39)

a=1a=1

5This is the supersymmetric generalization of the definition (6.26) of the Kostka polynomial.
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It would be also interesting to observe that the supersymmetric Schur polynomial sy (x/y)
is alternatively expanded in terms of two Hall-Littlewood polynomials [45, 46]

m/y ZK)\ ,u|r] )Pﬁ(y;Q)7 (640)

which defines the Kostka polynomial K A,uln(q) and that it is expanded in terms of super-
symmetric monomial functions my(x/y) [40]

s(@/y) = §jaamnuxn» (6.41)

where K, is the Kostka number. Since the supersymmetric Hall-Littlewood polynomials
P,(x/y; ¢) may interpolate between the supersymmetric Schur polynomials when ¢ = 0 and
the supersymmetric monomial functions when ¢ = 1, these relations may help us proceed
to further survey of the supersymmetric Hall-Littlewood polynomials P,(x/y; q).

In the partition function (6.11) all states constructed from the supermatrix field Zan
have been picked up. However, there are distinguished operators with different structures
of the contracted gauge indices: among themselves, with antisymmetric invariant tensor,
with the supervector fields. There will exist operators (ZT”)ab, <2Tn)aﬁ as a product of

Z1’s with gauge indices contracted among them so that the antifundamental index of each
operator is contracted with the fundamental index of the following operator. If we start
with a set of states with minimal basis constructed by the operator {Zlb} and next count

a set of states with {Zlb} being replaced with {(ZT")ab} as they have the same gauge

charges but n units of the energy of {Zlb}, then the corresponding partition function may
take the form of

1 1 w
Zs = 1 — 1 6.42
Z Hl_qnwa 1_qnwa ( +q b> ( + WB) ( )

by taking some appropriate constrained product to avoid over counting. This has the same
form as the affine Weyl denominator R (divided by Weyl denominator R) [47]

nea
H ZHQEAO( qn a) (643)
HaEAl (1 + qg-e )
where R is the Weyl denominator defined by [47]
1 _
R = oea 1 =) (6.44)

[Toea, (1+e%)
and [ is the quantum number of the Virasoro generator Ly, which is equal to the rank for
N # M, under the identifications wq := e~ and @, = e % where €5,a = 1,--- , N and
O, =1,--- M is a basis of the root space (see (3.56) and (3.57)). We also note that the
factor of the Berezinian measure

N w M wg
Mo (- 2) T3 (1 - 2)
N M w w
LI (1+2) (1+2)

(6.45)
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in (6.13) has a close similarity with the Weyl denominator. Since the affine Weyl de-
nominator is associated to Ramanujan’s mock theta function, as pointed out by Kac and
Wakimoto [47, 48] (also see [49]), the partition function (6.42) would indicate the property
of mock modularity.

7 Discussion

We have studied a (04 1)-dimensional U(N|M) matrix Chern-Simons quantum mechanics
with an SU(p|q) global symmetry. We have proposed it as a description of a system
consisting of N vortices and M antivortices with SU(p|q) spin degrees of freedom. At the
classical level, we have seen that the model can be viewed as a generalized Calogero model
with SU(p|q) spin degrees of freedom. We have also found two types of classical ground
states which admit non-trivial configuration of fermionic matrix fields. They are similar
to the two types of vortex-antivortex pairs; parallel polarized vortex-antivortex pairs with
negative energy and antiparallel polarized vortex-antivortex pairs with positive energy.
Meanwhile we have provided a general expression of the partition function in an integral
form and we have found that the expression can be explicitly written in terms of Kostka
polynomials and super-Schur polynomials as a generalization of [10].

It is physically important to obtain further understanding of vortex-antivortex sys-
tems from the U(N|M) matrix Chern-Simons models. In particular, it is intriguing to
find new explanations and predictions in quantum Hall physics beyond the well-known
features of the Laughlin theory. For instance, as in the ordinary matrix Chern-Simons
models [1, 2], we would like to understand the level quantization and its relation to the
filling fractions of the quantum Hall states. Besides, it would be interesting to construct
and understand generalized wavefunctions valid for the superdeterminant states which we
found in this work.

Further understanding of the mathematical structure would be intriguing. Although
we have found that the current operators constructed from matrix degrees of freedom give
rise to the affine Lie superalgebra in the large N limit, we would like to support our results
with a rigorous treatment of the partition function. In addition, for general supergroup we
have not found an explicit expression in terms of polynomials. This is due to the lack of
knowledge of the orthogonal properties and we expect that it could be achieved by defining
supersymmetric Hall-Littlewood polynomials. But we leave this problem for future study.

In addition, it is an open question even for the ordinary Lie algebra to understand
the underlying larger algebra without taking a large N limit. Interestingly it has been
argued [50, 51] that in the related Polychronakos spin chain model [52] the Yangian sym-
metry can be embedded in the WZW model. Specifically, the partition function becomes
the character for the WZW model at level one in the large N limit, as the first Yangian
invariant operator is identified with the Virasoro generator.

Another attractive future direction is to explore the gravitational dual of the (0 + 1)-
dimensional matrix Chern-Simons quantum mechanics as it may be useful to understand
the holographic dual description of generally conjectured infinite dimensional symmetry in
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two-dimensional gravity. Geroch showed [53] that a hidden symmetry in two-dimensional
gravity is infinite dimensional, known as the Geroch group, which indicates that Einstein
gravity is integrable after reducing to two-dimensions. Julia demonstrated [54, 55] that the
Geroch group is the affine Lie algebra A(ll). Since Dorey, Tong and Turner’s recent work [10]
and our result show that the quantum mechanical systems with N degrees of freedom
realize the affine Kac-Moody symmetry in the large N limit, it may help us to understand
the underlying infinite-dimensional symmetry structure in two-dimensional gravity and
further lifted symmetry in higher dimensional gravity. There has also been recent work on
matrix U(N) Chern-Simons quantum mechanics systems with Ny fundamental and anti-
fundamental fields [56]. These models, also related to Calogero systems, describe FZZT
branes in Liouville theory and also two-dimensional blackholes. It was also shown [56] that
these models exhibit a phase transition at large N and Ny, and an intriguing relation of
the grand-canonical partition function to the Toda intergrable hierarchy was found. It will
be interesting to explore these issues for our supergroup models.

Further possible applications of the matrix Chern-Simons model could be found in
string and M-theory. In the type IIB string theory the D1-branes which end on the inter-
secting D3-branes are vortices in the effective 3d gauge theory, and the relation between the
vortex D1-branes and the matrix Chern-Simons model has been examined in [12]. In [57]
intersecting D3-branes and NS5-branes in curved spacetime are shown to correspond to
supergroup Chern-Simons theory. It would be interesting to explore the relation between
further attached vortex-like D1-branes involving the supergroup symmetry and our super-
group Chern-Simons matrix model. In M-theory intersecting M2-branes can be viewed as
vortices in the Chern-Simons matter theory. In this brane setup the large N limit of the
Chern-Simons matrix model corresponds to an infinite number of intersecting M2-branes,
which would lead to an M5-brane as a condensate of M2-branes. In [58, 59] we found that
a certain configuration of intersecting M2-M5 branes on a two-dimensional plane can be
effectively described by the supergroup WZW model associated to the affine Lie superal-
gebra. Since we have found a connection to the affine Lie superalgebra in this work, we
believe that further physical explanation and application can be available in string and
M-theory.
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A More classical ground states
Consider the case with ayy = apyp = 0 as the solution to (3.47) and take
Ba= (N - a)w, Ba = (M — a)w. (A1)

As ann = apr, this would imply the occurrence of enhanced symmetry. The configura-

tions (A.1) tell us that the fields Z,;, Zog, Aaa and By, have general forms

0 Z12 =
07
0 Zos 12
Z = . Z= N
0 Zy—
0 Zn_ix MO 1M
0
0 0 0
0 -+ Byn-m+2)
A | Awv-amn 0 0 . B= (A.2)
0 0 Bv-1)~
AN-1)Mm 0
0

where the elements Z, (1), Za(a+1), Ag(M=N+1+a)s Ba(N—M+1+q) are the only components
allowed to have non-zero values. Then the Gauss law constraints (3.10)—(3.13) become

2 2 t t
<‘Za(a+1)| - ‘Za(a—l)‘ + Aa(a—N—l—M—‘rl)A(a,NJrMJrl)b - Ba(a,NJrM,l)B(a—N—i-M—l)b) dab
+ (R(N = M) + |2[*)0an sy = Kbap, (A.3)
7 2_ |y 2 T T
<‘Za(a+1)’ - ‘Za(afl)’ + Boz(a+N7M+l)B(a+N,M+1)b_ Aa(a+N7M—1)A(Ot+N*M*l),3) 5aﬂ
+ |Z’25QM55M = /{504,87 (A.4)

T T
Ba(a N-m+41)Z (a4 No Mt 1)at N-M ~ Za(a—1)Bla—1)(a+N-11)

T 7 T _
- Aa(a+N—M—1)Z(a+N—M—1)(a+N—M) + Za(a+1)A(a+1)(a+N—M) + 2yt danr = 0. (A.5)

We define the following quantities:

1
Za:E|Za(a+l)|27 aE{l,Q,...,N_1}7
1z
Za:;|Zo<(a+1)’2a aef{l,2,....M -1},
1
Aa:;AG(G—N+M+1)AJ(ra—N+M+1)a’ a€{N—-MN-M+1,...,N-1},

Lot

B, = ;Ba(a—N—l-M—l)B(afNJerl)a , a€{N-M+2,N-M+3,...,N}. (A.6)

Above we have assumed N > M. In the case N = M note that there is one fewer A,
as clearly the value a = 0 is not allowed as in (A.2) there is no component Ay_yp; = Aoz
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Then the Gauss law constraints become, assuming N > M + 2

a+N—M—1 a+N—M+1
Za=a— Y A+ DY B, ac{l2...,M-1}
y=N-—-M y=N—-M+2
1 N-1 N
Sef=Mo Y Ak > By,
y=N-M y=N—-M+42

zZo=a, a€{1,2,...,.N—M — 1},
iN-mM=N-—-—M—An_wu,

N1 =N =M +1—-Ay_n — Av—n41,

a a
Za=a— Y A+ Y By, a€{N-M+2,N-M+3,...,N-1},

y=N—-M  y=N—M+2

j2* = yy —|2* = (N — M)

along with (A.5).

In the case N = M + 1 we don’t have equation (A.9) while in the case N =

Gauss law constraints are instead

El =1+ 827
a+1

a—1
Zn=a—Y» A+ By, a€{2,...,N-1},
y=1 y=2
1 N-1 N
— 2— J—
fP=N-3 A+ B,
y=1 y=2
21 =1— Ay,
a a
Za:a—ZAv"‘Zva a€{2,3,...,N—1},
y=1 y=2

2 —yly — 2> =0

along with (A.5).

M the

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)
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