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Supersymmetric Chern-Simons theory and supersymmetric quantum Hall liquid
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We develop a supersymmetric extension of Chern-Simons theory and Chern-Simons-Landau-Ginzburg
theory for the supersymmetric quantum Hall liquid. Supersymmetric counterparts of topological and
gauge structures peculiar to the Chern-Simons theory are inspected in the supersymmetric Chern-Simons
theory. We also explore an effective field theoretical description for the supersymmetric quantum Hall
liquid. The key observation is the charge-flux duality. Based on the duality, we derive a dual super-
symmetric Chern-Simons-Landau-Ginzburg theory, and discuss physical properties of the topological
excitations in the supersymmetric quantum Hall liquid.
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L. INTRODUCTION

In recent years, concepts of the quantum Hall effect
(QHE), which was believed to be formulated only in
two-dimensional space, have been dramatically changing,
initiated by the success of the construction of the four-
dimensional QHE [1]. Since then, further generalizations
of the QHE have been explored, in even higher dimensions
[2-6] and in g-deformed systems [7]. More recently, in-
spired by the developments of the nonanticommutative
geometry [8-10], supersymmetric (SUSY) extensions of
QH liquids were proposed on noncommutative supermani-
folds, such as a fuzzy supersphere [11] and a noncommu-
tative superplane [12]. The analyses of the SUSY QHE
revealed some of the novel physical consequences of the
nonanticommutative geometry. The SUSY QH liquids ex-
hibit natural SUSY counterparts of the mathematical and
physical features peculiar to the original QH liquids, for
instance, noncommutative geometry, fractionally charged
excitations, Hall orthogonality, and W, symmetry. The
SUSY Landau problems on other analogous noncommuta-
tive supermanifolds, such as fuzzy CP"Im  were studied in
Ref. [13], a higher SUSY Landau problem was also re-
ported in Ref. [14], and a SUSY extension of the QH matrix
model was constructed in Ref. [15].

One of the most amazing incidents of the QHE is the
emergence of the Chern-Simons (CS) topological field
theory in a low energy sector. The CS flux attachment to
electrons induces the statistical transmutation from fer-
mion to (composite) boson, and the QH states are regarded
as “‘superfluid” states of composite bosons. The Chern-
Simons-Landau-Ginzburg (CSLG) theory describes low
energy phenomenology in the QHE [16—18]. Apart from
relations to QHE, the CS theory is important of its own
right in a field theoretical point of view [19]. It is quite
interesting that such a novel field theory appears from
mysterious many-body effects, and well describes collec-
tive phenomena of a real condensed matter system.
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In this paper, we develop a SUSY extension of the CS
theory and CSLG theory with OSp(1/|2) global symmetry.
The SUSY CS theory demonstrates natural SUSY exten-
sions of the topological and gauge features peculiar to the
original CS theory. We also explore the CSLG description
for the SUSY QH liquid. We show the existence of the
charge-flux duality in the SUSY QH system, and derive the
dual representation for the SUSY CSLG theory. Based on
the dual description, physical properties of the topological
excitations in SUSY QH liquids are discussed.

This paper is organized as follows. In Sec. II, we briefly
review the mathematical background for the SUSY QH
liquid. In Sec. III, we present a Lagrange formalism of the
one-particle mechanics on a supersphere in the presence of
the supermonopole background. In Sec. IV, the SUSY CS
theory is constructed and its field theoretical properties are
inspected. In Sec. V, the charge-flux duality in the SUSY
system is explored. With the use of the dual SUSY CSLG
description, we discuss physical properties of the topologi-
cal excitations. Section VI is devoted to summary and
discussions. In Appendix A, several useful formulas on
supermatrix are summarized. In Appendix B, we present
the super Jacobi and Bianchi identities.

II. THE SUPER HOPF MAP AND THE
SUPERMONOPOLE

In this section, we review the super Hopf map and the
supermonopole [20,21] used in the setup of the supersym-
metric QH liquid. First, we introduce the OSp(1|2) super-
group, whose generators are given by [, (a = x,y, 2),
which are Grassmann even, and [, (a = 64, 8,), which
are Grassmann odd. They satisfy the following graded
algebras:

[lw lb] = ieubclc’ (213)
[la’ la] = %(a-a)ﬁalﬁ’ (21b)
{lo 15} = 5(CT Q) upla (2.1¢)

The fundamental representations of the OSp(1]2) genera-
tors are given by
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where {o,} are Pauli matrices, C is the charge conjugation
matrix given by C = io, and 7, = (1,0)!, 7, = (0, 1)".
The general element of the OSp(1|2) supergroup (strictly
speaking UOSp(1|2) supergroup), is parametrized as

u —v* n'u— vt
g= (v u* nu*+n*v>,
n -

1=mn'n
where u and v are Grassmann even complex parameters, 1
is a Grassmann odd parameter, and they are chosen to
satisfy the constraint u*u + v*v — p*n = 1. With this
constraint, one may see that g satisfies the following con-
ditions

(2.3)

sdet(g) =uw'u+viv—n'n=1 2.4)

and

gtg=ggt =1 (2.5)

The definitions of the superdeterminant sdet, and the
superadjoint } are given by Egs. (A2) and (A3), respec-
tively. (Our definition of the superadjoint is different from
the conventional one.)

The super Hopf map is given by the mapping from
OSp(1]2) element g to the coordinates (x,, 6,) on the
supersphere S22

g — gligt = x,l, +iCopb,ls. (2.6)

Taking square and supertrace on both sides (see Eqs. (A4)
and (AY)), it is easily checked that (x,, 8,) satisfy the
constraint

X2+ Coplabs =1, 2.7)

which defines the supersphere with unit radius. With the
use of the Hopf spinor s = (u, v, ), (x,, 0,) in Eq. (2.6)
are concisely represented as
xo =2yt Ly,
0, = —2ipt 1y,

where 1 = (u*, v*, ). Since (x,, ,) are invariant under
the U(1) transformation

g— g evh (2.9)

(2.8a)
(2.8b)

or
v ey,
the supersphere is given by the coset

0Sp(1]2)/U(1), and the U(1) fibre is defined on S22, The
connection of the U(1) fiber is given by

A= —istr(lsg¥dg) = —il(ytdy — dyt ),

where ¥ = (u*, v*, —7*). Under the U(1) transformation

(2.10)
S2|2 —

2.11)
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(2.9) or (2.10), as expected, A is transformed as

A— A+ da. (2.12)

Inverting the super Hopf map (2.8) from (x,, 6,) to ¢,
the super Hopf spinor is expressed as [21],

E5(1 = 575 600)

2 4(1+x3)
L0 (] + o 6C6)
L ((1 + x3)0; + (x; + ix,)6,)

= NS 4(1+x3)
+/2(1+x3)

Using this explicit form, the supermonopole gauge fields
A =dx,A, +db,A, are calculated as

1 Xp 2+
— < €4b3 1+
2 1+X3

(2.13)

A, =

X3
2.14
2(1+x3)6C6>’ (2.142)

v
Aa = _IE(O-aC)a,Bxaa,B’ (214b)
with / = 1. The supermonopole gauge fields with quan-
tized charges take the same form as Eqgs. (2.14) with the
integer /. With the use of super gauge fields (2.14), the
supermonopole field strengths are obtained as

> (2.15a)

1
Faa = —i§(3ab - 3xaxb)(00'bC)w (215b)

I 3
Fab = Eeabcxc(l + —6C0>,

3
Fop = —iz(UGC)Qﬁxa(1 + 5000), (2.15¢)

where we used the definition of the super field strengths

Fab = aaAb - ahAu, (2]63)
Fop = 0,4, —d,A, (2.16b)
Faﬁ = BaAB + aﬁAa. (2160)

ITII. ONE PARTICLE ON THE SUPERSPHERE IN
THE SUPERMONOPOLE BACKGROUND

Before discussing the many-body system, we consider
one-particle mechanics on the supersphere with unit radius
in the supermonopole background. The supermonopole is
set at the center of the supersphere. The one-particle
Lagrangian is given by

= %(xg + Caplalp) + %Ay + O4Ag — V,  (3.1)

where V is the external electric potential, (A,, A,) are
supermonopole gauge fields (2.14), and (x,, 6,) satisfy
the constraint (2.7). Introducing a Lagrange multiplier A,
the equations of motion are derived as

mi, = Fp%, — F 00, + E, + Ax,,
my, = Cop(Fupty, + Fp,0,) + Eq + A0,

(3.2a)
(3.2b)
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where E, = —9d,V, E, = Coz35V, and (Fp, Fuq, Fop)
are supermonopole gauge fields (2.15). From Egs. (2.7) and
(3.2), A is eliminated as

A= —m(i% + Copb,0p) — (E,x, + CopEnbp). (3.3)

Inserting this explicit form of A to Egs. (3.2), we obtain
self-contained equations of motion. Though it is quite
nontrivial to solve such nonlinear equations, we may dis-
cuss local motions of the particle of our interest.

The center-of-mass coordinates (X,, ®,) are defined as

X, =x,— %Aa, (3.4)
2
O, = b — 7 Au (3.4b)

where (A,, A,) represent the OSp(1|2) angular momenta
of the particle

(3.5a)
(3.5b)

A, = megpexpi, + i26,(0,C)apbp,
Aa = i%xa(a-a)ﬂaaﬁ - i%GB(Ua)ﬂaxa'

In the lowest Landau level (LLL) limit (which is realized at
m — 0), the particle coordinates (x,, 6,) are reduced to the
center-of-mass coordinates (X,, ©®,). With the use of
Egs. (3.2), the constraint (2.7), and its derivative x,x, +
Caﬁéaﬁ g = 0, the velocities of the center-of-mass coor-
dinates are derived as

. 1 I
Xa = __Eabcbec - ZZ Ha(O'aC)a'BE'B, (363_)

2
: Ny i
®a = _lz(a'a)ﬁaxaEﬂ + lz(a'a)ﬁaHﬂEa. (36b)

In the presence of the magnetic field, a charged particle
performs a drift motion, where the center-of-mass coordi-
nates move perpendicularly to the direction of the applied
electric fields. From Egs. (3.6), we confirm such orthogo-
nality in the SUSY sense:

E X, + CopE,05 =0. (3.7)

Meanwhile, from Egs. (3.2), the particle velocities and the
electric fields are related as

Eaxa + CaBEaéﬁ = m(xaxa + Caﬁéaéﬁ)- (38)

In the LLL limit, from Eq. (3.8), one may find the super
Hall orthogonality

E %, + CopEnfp =0, (3.9)

which is consistent with the one obtained in the SUSY
noncommutative formalism [11].

Without electric fields, from Egs. (3.6), the velocities of
the center-of-mass coordinates vanish

X,=0,=0 (3.10)

and, from Eq. (3.8), the accelerations and velocities be-
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Xk, T Copbobp =0. (3.11)

Under the perpendicular magnetic field, a charged particle
performs a cyclotron motion around its center-of-mass
coordinates due to the Lorentz force. Equations (3.10)
and (3.11) demonstrate this observation in the SUSY sense.

In the planar limit (x; = 1), the one-particle Lagrangian
(3.1) is reduced to

m, ... B -
L= 5()612 + Calgﬁoﬁﬁ) - Eeijxixj - ZB(O-l)a,Baaaﬁ’

(3.12)
where B = I/2. The canonical momenta are obtained as
] . B
pi = 8__le = mx; — Ee,»jxj, (3133)
9 .
Pa = JL = mCaBHB - ZB(O-I)aBHB (313b)

a
In the LLL limit, from the commutation relations
[x, p;j]=1i6;; and {0,, pg} = i8,5, We obtain the alge-
bras on the noncommutative superplane

1

[x;, x;] = —ig € (3.14a)
1

{00 0} = =55 (T1)ap. (3.14b)

These SUSY noncommutative algebras bring novel phys-
ics to planar SUSY quantum Hall systems [12].

IV. SUSY CS THEORY

It is well known that CS theories are defined in spaces
with odd dimensions. With the CS coupling constant «, the
CS Lagrangian in 3-dimensional space is given by

K
Les = 4 €abcAaFpe-
In the following, we modify Lg to be invariant under the
OSp(1]2) global supersymmetry.
As a preliminary, we summarize the OSp(1]2) trans-
formations of the super gauge fields. The derivative ex-
pressions for the OSp(1|2) generators are

@.1)

(4.2a)
(4.2b)

La = _ieabcxbac + %ea(a-a)aﬁaﬁl
La = %xa(co-a)aﬁaﬁ - %eﬁ(a-u)ﬁaaa

With the use of the Grassmann odd generators L,, the
super charge is constructed as

Q = Lafa/’

where £, are Grassmann odd parameters. The super trans-
formations of (x,, 6,) read

8§xa = [Q! xa] = %eo-aé‘:)
85001 = %xa(ca-ag)a'

4.3)

(4.4a)
(4.4b)
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Similarly, the super gauge fields and the super field
strengths are transformed as

BeAy = M (Co)upts (4.52)
8:Aq = 3A0(0,6) (4.5b)

and
8¢F = —3F,10(Copé)y + 3Fpo(Co,é),  (4.60)
8¢F uo = 3F (04 E) o + 3F 4 5(Cié) g, (4.6b)
8¢F up = —3Fua(0,8) g — 3Fup(0,8) 4 (4.6¢)

It is noted that 12-dimensional representations (F,p, Fq,
F,p) are not irreducible representations but irreducibly
decomposed into 7 & 5 representations. The 5-dimensional
irreducible representations (F,, F,), which we call the
super vector field strengths, are constructed as

(4.72)
(4.7b)

Fa = %Eachbc + ii(caa)a,BFa,B’
F,= _i%(ca-a)aBFa,B-

It is easy to check that, under the super transformations
(4.6), (F,, F,) form a super multiplet

5§Fa = %Fa(a-af)w (483)
8:F, = 3F(Coyé),, (4.8b)

and satisfy the scalar super Bianchi identity
3,F, +0,F, =0, 4.9)

where we used the identities €,,.9,F,., =0 and
(Coy)ap20,Fp, — 0,F45) =0, which are obtained
from the super Bianchi identities (B2) and (B4).

From the inner product of (A,, A,) and (F,, F,), an
OSp(1]2) singlet is constructed as

K
‘E sCS = E(AaFa + AaFa), (410)
which we adopt as the SUSY CS Lagrangian. In terms of
(Faba Faay FaB), £SCS iS rewritten as

i

K .
‘£SCS = _<EabcAanc - l(Ca-a)aﬁAaFaB + 2

4

X (Co-a)aBAaFa,B>
K i
= E(eabcAaabAc - E(Ca-a)aﬂAaaaAﬂ

+ i(C(Ta)aBAaaﬁAa>

+ (total fermionic derivative term).  (4.11)

Though either term in L g is not OSp(1]2) singlet, L g
is invariant in total. To respect the OSp(1]2) global sym-
metry, the basespace for the SUSY CS Lagrangian is given
by R312, whose volume element is d>xd?6. Thus, we have
obtained the SUSY CS action invariant under the OSp(1]2)
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super transformation, while it is not invariant under general
super coordinate transformations. Namely, the form of our
SUSY CS action critically depends on the particular choice
of the coordinates and the background manifold. Then, in
this sense, our SUSY CS theory is not a topological field
theory on supermanifolds. (Topological field theories do
not depend on the background metric and are invariant
under general coordinate transformations.) However, our
SUSY CS theory still inherits topological natures peculiar
to the original CS theory and manifests them in a SUSY
sense as we shall see in Subsections IV B and IV D. Some
comments are added further. One may find ‘“‘various
kinds” of SUSY CS theories in literature. For instance,
in Ref. [22], the SUSY CS theory is referred to as the CS
theory with OSp(1|2) gauge symmetry. In Ref. [23], the
SUSY CS theory is referred to as the CS theory coupled to
super matter currents. In the above, we derived a new
SUSY CS Lagrangian, which possesses the OSp(1]2)
global supersymmetry. The matrix analogue of our
SUSY CS Lagrangian is found in Ref. [24], where the
SUSY CS term plays a crucial role for the realization of
fuzzy superspheres in the supermatrix model. In the fol-
lowing subsections, we investigate field theoretical aspects
of our SUSY CS theory.

A. U(1) gauge symmetry

The original CS Lagrangian (4.1) is invariant under the
U(1) gauge transformation up to a total derivative term.
Similarly, under the U(1) gauge transformation with the
gauge function A

(Ap Ag) = (A4, Ag) + (9,4, 3, M), (4.12)

L, o5 only yields the total derivative terms
8 Lycs = 5 (0 (AF,) + ,(AF,))

+ ;au(A(caa)aﬁFaﬁ)) 4.13)

where the scalar Bianchi identity (4.9) was used. Thus,
L, s is invariant under the U(1) gauge transformation
when the boundary contributions are neglected.

B. Coupling with matter
Next, we investigate the SUSY CS theory with matter
fields, by adding the interaction term

L, =Ad, + A, (4.14)

to L g, where (J,,, J,,) are the matter currents that form a
super multiplet

5§Ja = %Ja(a-af)w
ija = %Ja(co-aé‘:)a'

(4.152)
(4.15b)
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The equations of motion for SUSY CS fields are given by

kF,=—J, (4.16a)
kF, = —1J,. (4.16b)

It is obvious that the current conservation
0gJy + 9, =0 “4.17)

is compatible with the scalar super Bianchi identity (4.9).
Regarding the 3rd bosonic axis as the temporal direction,
we consider point particles coupled to the SUSY CS fields
in Wick-rotated Euclidean super space-time R3?2. The
Lagrangian is given by

L= —(xpxp + C, 56046 B+ | &xd*0 L,
Z s

+ [ Pxd*0 L, cs, (4.18)

where (x¥, 65) (i = 1, 2) denotes the position of the pth
particle, and the matter currents are

J,(x, 0) = Zx552(x — xP)8%(0 — 67), (4.19a)
P

J,(x, 0) = Za’gaz(x — xP)82%(0 — 6P). (4.19b)
p

The equations of motion for the pth particle are derived as
mxf = Fiaxg - F,’aég,

mﬁﬁ = Caﬁ(Faleg + Fﬁyef/)

(4.20a)
(4.20b)

With the use of Egs. (4.16), the equations of motion (4.20)
are reduced to those of the free particle

(4.21a)
(4.21b)

Thus, the SUSY CS gauge fields never affect the dynamical
motion of the matter particles in bulk. This is a conse-
quence of the topological nature of the SUSY CS theory.

C. SUSY Hopf term

The phase interaction between two anyons is described
by the nonlocal Hopf term

__[d3 fdyeabca

2k J 02 J
where (€0),, = €4pc0., 0> = 92, and J, represents the
anyon current. Introducing the CS gauge fields, the Hopf
interaction is rewritten as the CS local interaction
5A€dA + AJ. (Integrating out the CS fields, we obtain
the Hopf term (4.22).) The Hopf term corresponds to the
topological invariant of the two closed (anyon) loops,

LHopf = |g‘] ()’)

(4.22)
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known as Gauss linking number. It would be quite inter-
esting to see the SUSY extension of the Hopf term by
integrating out the SUSY CS gauge fields in the SUSY
CS Lagrangian. For later convenience, we rewrite the
SUSY CS Lagrangian in matrix representation

- e (A (A) (4)5)
(4.23)

where A, and J,, represent the bosonic gauge fields and the
bosonic currents, respectively, while A , and 7, represent
the fermionic ones. The matrix X is given by

- é (Co-a)oz B aa
(4.24)
Because of the existence of the U(1) gauge freedom (4.12),
with any smooth function A, the zero-mode equation of X

holds
A AN\
X- (aaA> = 0.

Then, when we take the inverse of X, the U(1) gauge
freedom needs to be fixed by restricting the function space
in which X does not have its zero-mode. For instance, we
may apply the super Lorentz gauge

(4.25)

0,A, T CopdoApg =0, (4.26)
or the ordinary Lorentz gauge
d,A, = 0. 4.27)

Integrating out the super gauge fields (A, “A) in Eq. (4.23),
a SUSY extension of the Hopf term is obtained as

s R NEAR YA

e 254 %)
__YraN( M MPy\(J
2l 7) (e R )5)

_ gy M LPN\/J
- ﬂ(j)(ﬁprﬁ; g )(J) (428)

- 1
M= — (4.292)
M+PLP
- 1
N=—. (4.29b)
N+PLp

See also the formulas (A6) and (A8) abogt the inverse of
the supermatrix. Expanding M and N in terms of
Grassmann odd quantity P, Ly, is simply rewritten as
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1Lpt L 1lpl <J>
- M M= N . (4.30)
Ve )5

Because of the nilpotency of the Grassmann number, terms more than quadratic about P do not appear in the expansion. In

the original derivative expression, block components of X!

o111 €d
———P_P—
M M N M), \8?),

1111 T,0,\3 9 0
— 4+ _p_p 2i(0r,C «CaY'e) ZcoZ,
< N N M N>a,3 (7, )aﬂ PR ’(( az> >aﬂae 90

1 1

—P— = —€
(M N)m
o0y _
(5" 5.

where - = ?, 9% =92, 8%(9) = 16C0, (ea)a,, €apce
and we used the Lorentz gauge (4. 27) to obtain L. = — Q
The identity matrix 1 corresponds to &3(x )52(0) in the
function sense. Since each inverse matrix performs one
integration in the parameter space, the SUSY Hopf term is
expressed by highly nonlocal interactions. For instance, the
second term on the right-hand side (r.h.s.) in Eq. (4.31a)
contains (€d/9%)%, which performs x-space integration 3
times. The fermionic terms in Ly, are regarded as
newly induced phases by the fermionic gauge field A.
As the topological charge of the supermonopole is given by
that of its bosonic counterpart [20], we may define the knot
invariant of the SUSY Hopf term by its original Hopf term
which appears as the first term in Eq. (4.31a).

D. SUSY Maxwell-Chern-Simons theory and

—€upc(T40p)ap 22 dp,

are represented as

1/€d\3 9 _ 9
§<?>abﬁcﬁ, (4.31a)
(4.31b)
3, d
abe(TaTh)ap =5 72 a; d, (4.31¢)
a, 9
4 (4.31d)

[

1
Ly = _@(Fé + CopFoFp)

1 i
== @(Fih + Eeabc(co-c)(FabFa,B + Faan,B)

1
+ 5 CopFaaFap +

5 (4.32)

1
1 CaBCVBFavFM)’

which we adopt as the SUSY Maxwell Lagrangian. The
SUSY Maxwell-CS Lagrangian is constructed by the cou-
pling of L), and L, cs:

1 K
£SMCS = _ﬁ(Fg + Ca,BFaFB) +§(AaFa +AaFa)-

topological masses (4.33)
The inner product of the super vector field strengths (F,,
F,) gives an OSp(1|2) singlet The equations of motion are derived as
|
1 .3 1
?abea - I@Gabc(CUc)aﬁabFaﬁ 10 CopdaFup = K€upcFpe T 12 (Ca-a)a,BFa,B’ (4.34a)
.3 1 .
i~ €apc(CO)apdpFay — 12 Copld,Fup + Cys50,Fps) = ik(Cay)apFap. (4.34b)

With the use of (F,, F,), Egs. (4.34) are simply rewritten
as

_zeabcach - #(Co'ac)aﬁaaFlg = _ZKFa,
e
(4.35a)
i i
E(Caac)dﬁaaFﬂ + E(C(Ta)aﬁaﬁFa = _2KFa.
(4.35b)

It is well known that the CS term coupled to the Maxwell
Lagrangian induces a topological mass to gauge fields. The
mechanism is intuitively explained with the use of the

{
analogy between the Maxwell-CS mechanics and the par-

ticle mechanics under the magnetic field [25]. The CS term
acts as a “Lorentz force’ in the Maxwell-CS mechanics,
and yields a cyclotron frequency which corresponds to the
gauge mass in the Maxwell-CS field theory. Here, we
perform similar analyses in the SUSY Maxwell-CS theory.
For this end, we treat the 3rd bosonic coordinate as the
temporal direction, and work in the super space-time. In a
low energy limit, the spatial derivatives of the gauge fields
are dropped and the super vector field strengths are reduced
to

Fi_’_fijAj’ F

i .
a7y (1) apAp (4.36)
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and the Lagrangian for the SUSY Maxwell-CS mechanics
is obtained as
1

2 _
Lwvcs 202 A + Y% CopAsAp > €;;AA;

K, .
The equations of motion (4.34) become
{Xi = e’ke;A, . (4.38a)
Aa = _2i€2K(0'3)aBA'g. (438b)

Limcs is formally equivalent to the one-particle
Lagrangian on the superplane (3.12) with replacement

(Ai’ Aa) i (xi, 2Ca593), K — _B

(4.39)

From Egs. (4.38), the cyclotron frequencies in the SUSY
Maxwell-CS mechanics are given by wgz = ¢’k and wp =
2¢k, which, respectively, correspond to the topological
masses for the bosonic and the fermionic gauge fields in
the SUSY Maxwell-CS field theory.

ez —1/m,

V. THE SUSY CSLG THEORY AND ITS DUAL
REPRESENTATION

In this section, we present an effective field theory for
SUSY QHE. We explore the charge-flux duality in the
SUSY QH system, and construct its dual description,
where topological solitons arise as fundamental excita-
tions. Based on the dual SUSY CSLG description, we
discuss physical properties of topological solitons on the
SUSY QH liquid. Since we deal with the spinless matter
fields, the topological solitons are realized as the SUSY
extension of vortices.

A. Charge-flux duality

For the existence of the charge-flux duality, space(-time)
dimension is crucial. In general dimensions, the field
strengths behave as a 2-rank antisymmetric tensor, while
in 3-dimensional space, thanks to the existence of the 3-
rank antisymmetric tensor, the 2-rank field strengths are
mapped to the 3-vector field strengths

Fa = %eachhC' (51)

Then, in 3-dimensional space, there exists one-to-one cor-
respondence, called the charge-flux duality, between 3-
vector currents and 3-vector field strengths

Ja « Fa = %611chva (52)
or, in their components,
(,0, Ji) - (B, Ei)- (5.3

In the SUSY case, there exists an analogous correspon-
dence between super vector currents and super vector field
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strengths:

Ja -« Fa = %6achbc + l%(co-a)aBFalB) (543)

J, o F, = —%(coa)aBFaﬂ. (5.4b)

Based on this one-to-one relation, we introduce the dual
CS field strengths (F,, F,)

1

- - 1 -
Fa = zeachbc + iZ(Ca-a)a,BFa,B’ (5521)
Fa == %(Ca-a)aﬁﬁaﬁ’ (5.5b)
to match the super matter currents
F,=-1, (5.6a)
F,=—1,. (5.6b)

Since (F,, F,) satisfy the super Bianchi identity 9,F, +
d,F, =0, Egs. (5.6) are compatible with the current
conservation d,J, + d,J, = 0. With the use of the origi-
nal and the dual CS fields, the SUSY CS Lagrangian is
expressed as

K ~ ~
£:LsCS+LIZE(AaFaJ’_AaFa)_AaFa_AaFa

K

= Z(EabcAanc - i(Ca-u)a,BAaFaB

. 1 _
+ %(Co-a)aﬁAaFaﬂ> - E €avcAaFpe

i ~ i -
+ E(Co-a)aﬁAozFaB - Z(Ca-a)aBAaFa,B' (57)

Integrating out the original CS fields (A,, A,), we obtain
the dual CS Lagrangian

1 - - .
‘ESCS = __(AaFa + AozFa)
2k

1 . .
- E(EabcAanc - l(Ca-a)aBAaFaﬁ

i -
+ E(Co-a)aBAaFaB>' (58)
Since the CS coupling constant in ES cs 1s opposite to that

in L g, the charge-flux duality is restated as the s-dual
transformation of the CS coupling.

B. Relativistic SUSY CSLG theory

Before detailed discussions of the nonrelativistic CSLG
theory for SUSY QH liquid, it would be worthwhile to
explore the relativistic formulation of the SUSY CSLG
theory. We regard the 3rd bosonic axis as the temporal
direction, and deal with a covariant SUSY CSLG theory in
the Wick-rotated super space-time R32. The essential fea-
tures of duality can be found in this relativistic formula-
tion. We introduce a complex scalar field coupled to the
SUSY CS fields as
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Lesig = (0, +ic,)p™ - (0, —ic,)¢

+ Cop(dy +icy)p™ - (dg —icg)d
K

+ 8—7T<€abccafbc - i(ca'a)aﬁcafaﬁ

+ %(Co-a)aﬁcafaﬁ)’ (59)

where we denote the SUSY CS fields as (c,, ¢,), and their
field strengths as (fp, f4a> fap)- The field equation for ¢

is given by
(0, —ic)? ¢ + Copdy —icy) (95 — icg)dp = 0. (5.10)

We decompose the complex scalar field into the density
part p and the phase part y as

é = .px

With the use of this decomposition, the kinetic term for ¢
is rewritten as

(5.11)

Ly = pllix* (9, — ica)x)?
+ Cozﬁ(iX*(aoz + ica)/\/ : l/\/*(aﬂ - lcﬁ)/\/)]’ (512)

where we postulated the density fluctuations are very
small. With the use of the Stratonovich-Hubbard trans-
formation formula [26], L is expressed as

‘£K = (l/\/*(au - lcu)/\/) : Ja + (l/\/*(aa - ica)/\/) ' Joz

1
_%(Jg + Calg.]a]lg), (513)

where (J,, J,) are auxiliary fields. If there were not CS
fields, the equations of motion for (J,, J,) would be given
by

Jo = i3,
Ja = lcalg(ﬁ*algd)

(5.14a)
(5.14b)

Thus, (J,, J,) are essentially the U(1) conserved currents.
From Eq. (5.9), the equations of motion for (c,, c,) are
given by

Jo= 2= fu (5.152)
27

J, =7 (5.15b)
2

We further decompose the phase part into the smooth
part and the singular part (vortex part) ¢ as

x=e"¢, (5.16)

and obtain
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Ly=00,0+i0 0,0+ c, ), +(0,0+i@0 0,0+ cy)l,

1
- E(J,% + Copdadp)- (5.17)

Integrating out the smooth function 6, we find the current
conservation law d,J, + d,J, = 0. We introduce the dual
CS fields (¢,, ¢,) based on the relation (5.6), and rewrite
the total Lagrangian Lqg; g as

£CSLG = 27TEaja + 2775aja - Cafa - Cafa + 8£
aa

()?3 + Ca,BfafB):
(5.18)

1
x(cafadl—cafa)_@

where we used a partial integration, and (J,, J,,) denote the
topological currents for the vortex

; i . !
Ja = - Eeabcab(go 6L¢) + E(Caa)aﬁaa(qp a:BqD)’
(5.19a)

~ 1 ) .
Ja= =7 (Co)aplda(9”059) = 05(¢70u9)] (5.19b)

Since (J,, J,) are topological currents, they automatically

satisfy the current conservation law, 0,J, + d,J, = 0.
In the original bosonic CSLG theory, the explicit

representation of the vortex part ¢, is given by

@(x) = explia(x)), alx) =3 alx — xP) =
% , and yields the topological charge density
1

where

X,

e
>, arctan 2
X —x

. 1
€;;0(¢70;¢) = — >—€;;0;0;a(x)

P = - o

i
21

= —Zéz(x — xP), (5.20)
P

where x” denotes the position of the pth vortex. See
Ref. [27] for detailed discussions. Similarly, in the SUSY
case, the vortex part ¢ may be expressed as ¢(x, ) =
exp(ia(x,0)) with a(x, 0) =3 ,alx — xP)6%(0 — 07),
and yields the super topological charge density

plx) = _Eeijai(go d;0) + E(Ul)aﬁaa(qp d39)

1 1
= - %e,ja,-aja(x, 0) + E(Gl)aﬁaaaﬁa(x’ 0)
1

= — %fijaiaja(x, 0)
= —Z(S% — xP)8%(6 — 6P). (5.21)
p

Integrating out the original SUSY CS fields (c,, c¢,) in
Eq. (5.18), the dual SUSY CSLG Lagrangian is derived as
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ZCSLG = 277511]0 + 27750»75! - _(cafa + Cafa) -

Thus, .ZCSLG is equivalent to the SUSY Maxwell-CS
Lagrangian coupled to the topological currents. The equa-
tions of motion for (¢,, ¢,) are derived as

1 = i = 2pm ~ -
Eeabcabfc + Z(Co-a)aﬂaafﬂ = Jfa= —4pml],,
(5.23a)
i ~ i =~ 2pT - ~
- Z(O-a)ozﬁaafﬁ + Z(Ua)a,gaﬁfa - Tf“ = —4pml,.
(5.23b)

In a low energy limit, the higher derivatives in the SUSY
Maxwell term are neglected, and the dual SUSY CSLG
Lagrangian is approximated by the super vortex
Lagrangian coupled to the dual SUSY CS fields. Then,
replacing vortex with matter, and the CS coupling constant
with its inverse, the dual SUSY CSLG Lagrangian has the
same form as the original SUSY CSLG Lagrangian.
Similarly, in a low energy limit, Egs. (5.23) are reduced to

fa = 2K.7a,
fa =2«kJ,.

(5.24a)
(5.24b)

Comparing Eqs. (5.24) with Egs. (5.15), one may find that
the relation between charge and flux in the dual SUSY
CSLG theory is opposite to that in the original SUSY
CSLG theory. It confirms the previous observation that
the s-dual transformation of the CS coupling corresponds
to the charge-flux duality. Such dual feature has already
been reported in the study of the original bosonic CSLG
theory [16,17], and our SUSY CSLG theory shares it. This
may be considered as a manifestation that our SUSY
CSLG theory provides a natural SUSY framework for the
original CSLG theory.

-ZrClrSLG = 277(_5z ¢l +

l ~ ~ o~
+2(C(T )apCa <fa,3 +— Fa5>> 2p< A +§€ij(ca-i)a,8ftjfaﬁ

1 -~ o~
+ Z(Co-aa-b)aﬁfaafbﬁ> - 5 fﬁp "V 5P:

1 /- i ~ o~ ~ o~ 1 ~ o~
- —p<fz21b + 5 Eabc(cac)aﬁ(fabfaﬁ + faoszﬁ) + Ecaﬂfaozfaﬁ +
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(fa + Caﬁfafﬁ)

w ~ Z , ~ F . ~ 7
_K<6ubccafbc + li(cau)aﬁcafaﬁ - Z(Ca-a)aﬁcafaﬁ>

1 -~
§CatCosfurps) (522

{
C. Nonrelativistic CSLG theory for SUSY QH liquid

Here, we work in the super space-time again, and con-
struct the nonrelativistic SUSY CSLG theory on a super-
plane. The magnetic field and the electric fields are defined
by the super vector fields (F,, F,) as B= —F,, E; =
F(i=12), E, = F,. Since the original QH liquid is
described by composite bosons coupled to CS fields, it
would be reasonable to adopt the following nonrelativistic
CSLG Lagrangian as the effective field theoretical descrip-
tion for the SUSY QH liquid

L6 = (i, + 6A)p — *(—18 + 8A;) "

1
2m

1
v .
+ 8_7T<€ahccafbc - Z(Co-a)aﬁcafaﬁ
i
+ E(C(Ta)aﬁcafa,@)’ (525)

where ¢ denotes the composite boson field, 5p = p — pis
the net charge on the background, v = 27p/B is the filling
factor, and (6A,, 0A,) are the effective gauge fields for
composite bosons

6A, = A, — ¢,
0A, = A, — Co

(5.26a)
(5.26b)

where (A,, A,) are the external gauge fields.

Since LY 5 does not possess a quadratic term about the
time derivative, the Stratonovich-Hubbard transformations
are applied only to quadratic terms about the (super)spatial
derivatives. Except for this step, following procedures
similar to Sec. V B, the dual nonrelativistic SUSY CSLG
Lagrangian is derived as

al,) = 5o (e (fm Fic) = (Co)pt, (fa/a+ Fup)

+ E(cgi)aB(CO',‘)yafanﬁ

(5.27)

045026-9



KAZUKI HASEBE

where 8p is given by 6p = %e.ij(fij + £ F) + 41X
(01)ap(fap + 5= Fop). Further, we integrate out ¢, to ob-
tain an effective action for super vortices. The equation of
motion for ¢, is given by

1 2mp 1
072+ -C,p0,05|¢,=———(p——6
( i 4 aBa B)Ct m (p v p)

+ (higher derivatives), (5.28)

where p = —J,. Eliminating ¢, in Eq. (5.27), the density
excess is given by

op = vp. (5.29)

This relation suggests that the super vortex with unit
topological number carries the fractional electric charge
v. Inserting Eq. (5.29) to L% g and extracting the vortex
part, the effective Lagrangian for the super vortex is ob-
tained as

Lo =2m(@d; +2,00) + vap ~ 4 [ 5V -5
(5.30)

As expected, the super vortex is coupled to the electric
potential with coupling ». In a low energy limit in which
super vortices are approximated as pointlike objects, L
is written as

Lo = 2w2(5{’x{.’ + &hoh) — v, (5.31)

P

where (x?, 6%) denotes the position of the pth super vortex,
and V represents electric interactions between super vorti-
ces. Since L. is formally equivalent to the charged parti-
cle Lagrangian (3.1) with m = 0, the super vortex motion
is similar to the particle motion in the LLL. The equations
of motion for the super vortex are derived as

2m(=fijx; + fiaba) = &
zw(fiaxi + .faﬁeﬂ) = Caﬁgﬂ’

where £; = =9,V and £, = C,zdgV. From these equa-
tions, we obtain the super Hall law for vortex

Ei)'ci + Caﬂc‘)a@ﬁ = 0.

(5.32a)
(5.32b)

(5.33)

Thus, the super vortex moves perpendicularly to the direc-
tion in which it is pushed.

VI. SUMMARY AND DISCUSSIONS

We studied SUSY extensions of the CS theory and the
effective field theory for the SUSY QHE. First, a
Lagrangian formalism for the one particle on the super-
sphere in the supermonopole background was explored.
The particle motion exhibits a SUSY generalization of that
on the bosonic sphere in the Dirac monopole background,
for instance, Hall orthogonality, cyclotron motion, and
noncommutative geometry. Next, we constructed a SUSY
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CS theory with OSp(1]2) global supersymmetry. Our
SUSY CS theory contains many analogous properties pe-
culiar to the original CS theory, such as U(1) gauge sym-
metry, topological mass generation, and etc. In particular,
we derived a SUSY generalization of the Hopf term, which
is expressed by highly nonlocal interactions. Finally, the
CSLG description for the SUSY QH liquid was presented.
Based on the duality between the super matter currents and
the super vector field strengths, we derived the dual CSLG
theory, in which super vortices are coupled to the dual
SUSY Maxwell-CS gauge fields. It was shown that the
super vortex carries the fractional charge and the vortex
motion is equivalent to that of the charged particle in the
super LLL.

The SUSY CS theory discussed in this paper is a global
OSp(1|2) extension of the simplest CS theory in 3-
dimensional space. It would be quite interesting to see
SUSY generalizations of the CS theory in higher dimen-
sions. Their constructions may be performed based on the
higher dimensional SUSY Lie group, such as OSp(1]4).
Higher dimensional SUSY CS theories may have deep
connections with supertwistor theory, supermatrix model
in higher dimensions, etc. Because of the incompressible
property of the QH liquid, the low energy excitations are
confined on the edge, and the QH dynamics is well de-
scribed only by the edge states. We hope to report edge
excitations in SUSY QH liquids based on the SUSY CSLG
theory in a future work. The study of the edge excitations
may reveal yet unknown dynamical properties of the SUSY
QH liquid. Since, at present, the SUSY QHE provides a
unique physical setup whose underlying mathematics are
given by the nonanticommutative geometry, it would be
quite worthwhile to accomplish a full analyses of the
SUSY QHE. Such explorations are expected to lead to
the deeper understanding of novel physics in the nonanti-
commutative world.
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APPENDIX A: SEVERAL FORMULAS ABOUT
SUPERMATRIX

When the supermatrix X takes the form of

(4 1)

(where M and N are Grassmann even matrices, P and Q are
Grassmann odd matrices) its superdeterminant is given by

(AD)
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det(M — PN~1Q) _ detM

detX = , (A2
sde detN derN —om1py; A
and the superadjoint is defined as
_ (Mt -0t
Xt = < - ) (A3)

It is noted that our definition of superadjoint is different
from the conventional one. (In the conventional definition,
the minus sign is placed in front of Pt, not Qt.) Similarly,
the supertrace is defined as

str (X) = tr(M) — tr(N). (A4)
For instance, for the fundamental representations (2.2), the
supertraces are calculated as

Str(lalb) = %5ab’ (Asa)
str(l,1,) = 0, (ASb)
str(lylg) = —3Cp- (A5c¢)
The inverse of X is given by
1 1 1
X1 = lM—P#Ql M—fl%QPN
~~Qurio N-QLP
1 —1p_1
_ MTP%Q 1 M 1N—QLP (A6)
N-QLP¥M N-QLP
When X takes the special form
M P
x-(_Pt N), (A7)

its inverse is calculated as

PHYSICAL REVIEW D 74, 045026 (2006)

- P - 1 pe
X'={, A/{~ MEN) = ~A4tl N :
v P'M N NP'5; N
(A8)
where M and N are defined in Egs. (4.29).

APPENDIX B: SUPER JACOBI AND BIANCHI
IDENTITIES

With arbitrary operators (A, B, C) (any of A, B, C can be
Grassmann even or odd), it is easy to check the super
Jacobi identities

[[A, B], C]+[[B,C], A] +[[C,A], B] =0, (Bla)
{[A, B], C} + [{B, C}, A] — {[C, A] B} = 0, (B1b)
[{A, B}, C] + [{B, C}, A] + [{C, A}, B] = 0. (Blc)

Substituting (A, B, C) = (D,, Dy, D.) (where D, = 9, +
iA,) and (A B C)= (D, D, D, (where D, =
d, +iA,) to the 1st Jacobi identity (Bla) respectively,
we obtain the 1st Bianchi identity

aanc + acha + acFab = O) (Bz)
and the 2nd Bianchi identity
8ana + 8bFaa + 8aFab =0. (B3)

Similarly, substituting (A, B, C) = (D,, D,, D ﬁ) to the 2nd

Jacobi identity (B1b), the 3rd Bianchi identity
03Fap = 00Fup — 0gF . =0 (B4)

is obtained. From the last identity (Blc), with (4, B, C) =
(D, Dg, D,), we obtain the last Bianchi identity

GaFB,), + BBFya + a,yFa'B = 0. (BS)
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