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It has been shown that different Abelian and non-Abelian fractional quantum Hall states can be characterized
by patterns of zeros described by sequences of integers {S,}. In this paper, we will show how to use the data
{8} to calculate various topological properties of the corresponding fraction quantum Hall state, such as the
number of possible quasiparticle types and their quantum numbers, as well as the actions of the quasiparticle
tunneling and modular transformations on the degenerate ground states on torus.
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I. INTRODUCTION

Characterization and classification of wave functions with
infinite variables are the key to gain a deeper understanding
of quantum phases and quantum phase transitions. For a long
time, people have used symmetry properties of the wave
functions and the change in those symmetries to understand
quantum phases and quantum phase transitions. However,
the discovery of fractional quantum Hall (FQH) states'? sug-
gests that the symmetry characterization is not enough to
describe different FQH states. Thus FQH states contain a
new kind of order-topological order.>* Topological order is
so new that the conventional mathematical tools and the lan-
guage developed for symmetry-breaking orders are not ad-
equate to describe it. Thus, looking for new mathematical
framework to describe the topological order becomes an im-
portant task in advancing the theory of topological order.’~
Intuitively, topological order corresponds to a pattern of
long-range quantum entanglement® in the ground state, as
revealed by the topological entanglement entropy.'®!! Char-
acterizing topological order is characterizing patterns of
long-range entanglement.

In a recent paper,'? the pattern of zeros is introduced to
characterize and classify symmetric polynomials of infinite
variables. Applying this result to FQH states, we find that the
pattern of zeros characterizes and classifies many Abelian
and non-Abelian FQH states. In other words, the pattern of
zeros characterizes the topological order in FQH states.* This
may lead to a deeper understanding of topological order in
FQH states.

More concretely, a pattern of zeros that characterizes FQH
ground-state wave functions is described by a sequence of
integers {S,}. Describing pattern of zeros through a sequence
of integers {S,} generalizes the pseudopotential construction
of ideal Hamiltonian and the associated zero-energy ground
state.!3-18 All the topological properties of FQH states should
be determined by the data {S,}. In this paper, we will show
how to use the data {S,} to calculate those topological prop-
erties. They include the quantum number of possible quasi-
particles and the ground-state degeneracy on torus.!>?’ We
also study the actions of quasiparticle tunneling and the
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modular transformation on the degenerate ground states.’!
The main results of the paper are summarized in Sec. V.

In another attempt to understand the topological order in
FQH states, the Jack polynomials are used and various topo-
logical properties are calculated.”>>* Many of those FQH
states correspond to nonunitary conformal field theory (CFT)
whose stability is questionable and needs to be
investigated.>> The unitary Jack-polynomial states are the Z,
parafermion states which are special cases of the FQH states
constructed through the pattern of zeros.

II. FUSION AND PATTERN OF ZEROS

In Ref. 12, we have introduced the pattern of zeros of a
wave function by bringing a variables together. In this sec-
tion, we will review the pattern of zeros within such an ap-
proach but from a slightly different angle. Readers who are
interested in the new results can go directly to Sec. IIL

A. Fusion of a variables

To bring a variables in a symmetric polynomial ®({z;})
together, let us view z;,...,z, as variables and z,,;,242,---
as fixed parameters. We write ®(z;,z,,...) as

qb({zz}) = (I)(Zl’ -+ 9Z2a52a+1>%a+2> -+ ) >
where D(z,...,2,3Z44152q42----) 18 @ symmetric polynomial
of z;,...,z, parametrized by (z,41,Z4+2,---). Now let us re-
write

Jo At

s

<= )\gl + Z(a)9 a

> =0, i=1,....a
i=1

and expand ®NE +29, ... NE+29204152442,-..) iN pOW-
ers of A,
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q)()\gl +Z )\§a+Z ’Za+l’za+2’~~~)

’gu);Za+laza+2’ .. ']’

= E )\um[Z(a)a(‘fl’
m=0

where P,[z29,(&,,....€,)Z041+2as2,---] is a homogeneous
symmetric polynomial of §,...,§, of degree m.
P29, (&1, ... €)1 Z0s1>Z0425- -] is also a polynomial of z(@
and Z,,,,24425--.. The minimal power of z@ is zero.

The polynomial P,[z'9,(&,....£,) 1 Z0s1+2049+--.] is de-
rived from ®({z;}) after fusing a z; variables into a single z(®
variable. Different choices of &,...,§&, represent different
ways to fuse zj,...,z, into z9. As a polynomial of
29 24e1>Zas2s - -, different ways of fusion can produce lin-
early independent P,[z'“,(&,....£.) Zus1>Z0s2s---). Thus
(&,...,&,) can be viewed as a label for those linearly inde-
pendent polynomials of 2%, z,, 1,242, ...

P2 (&1, ... €)1 Z0s1>Z0400---] is also a symmetric
polynomial of &, ..., &,. Different z("),zaﬂ 22425 - also lead
to different symmetric polynomials of &, ...,&,. Let K, be
the number of linearly independent symmetric polynomials

of & .., &p Pul2 (&1, €) 32041202, -], produced by
all the choices of 29, z,,,2442,.... Let Fi’{',},m)(gl ,...,&)bea
basis of those symmetric polynomials of &,...,&,, where

aem=12, ... , K, label those linearly independent sym-
metric polynomials of &;,...,&,. Thus the different polyno-

mials of z(@

2Zas1sZq+2---- labeled by (&, ...,&,) can be writ-
ten as
Pm[z(a)9(§l’ oo ?ga) sZa+15%a+2s -+ ]
Ka,m
= E F%,m)(fh cee vga)Pm[Z(a)v a,(a,m) 32a+15%a+2s - - ]
alam=1

We see that as different polynomials of 2@, z,,1,2,42,... la-
beled by gl LR ga’ Pm[z(a)’(gl IR ’ga) 5Za+15%a+25+ - ] can
also be labeled by '*™. F' %,m)(gl, ...,&,) can be viewed as
a conversion factor between the two different labels, @'@™
and &,..., &,

Let S, be the minimal total power of zj, ...
We see that K, ,,=0 if m<S, and

a,m

»Zq iIl (I)({Zl})

K,=K,s #0.
Since the symmetric polynomial FZZZ,,H)(gl,... ,€,) of order
m=1 must have a form

(6:1(1‘1’1‘))(61’ ’ga) x E g[’

which vanishes due to the 2&;=0 condition, we find that

S, # 1. (1)

Here we would like to introduce a unique-fusion condi-
tion. If Kam =1 for all a and allowed m,,, then we say that
the symmetrlc polynomial ®({z;}) satisfies the unique-fusion
condition. In this paper, we will mainly concentrate on sym-
metric polynomials ®({z;}) that satisfy the unique-fusion
condition. In this case we can drop the a*™ labels.
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Note that S; is the minimum power of z; in ®({z;}). If
S,>0, we can construct another symmetric polynomial with
less total power of z;,

d({z}) = (D({Zi})/H Zn

Since IlI;z’' is nonzero except at z=0, ®({z}) and
®({z;})/11;z" have the same pattern of zeros. Since the mini-

mal power of z; in 5({1,-}) is zero, without loss of generality,
we will assume

S, =0. (2)

For any symmetric polynomial, we obtain a sequence of
integers S1,9,,.... Different types of symmetric polynomials
may lead to different sequences of integers S,,S,,.... Thus
we can use such sequences to characterize different symmet-
ric polynomials. Since S, describes how fast a symmetric
polynomial ®({z;}) approaches to zero as we bring a vari-
ables together, we will call Sy,S,,... a pattern of zeros.

For the v=1/¢ Laughlin state (3), the holomorphic part of
the wave function is given by

(Dl/q({zi}) = H (zi— Z_,‘)q~ (3)

i<j
We find that S, is

qala—1)
=, 4
=5 @
For the Laughlin state, Ky, =0orl. Thus the Laughlin state
is a state that satisfies the unique-fusion condition.

B. Derived polynomials

In Sec. IT A, 27we have obtained a new polynomial
P(z9,a\?,7,,,,...) from ®({z;}) by fusing a variables to-
gether. We can fuse many clusters of variables together and
obtain, in a similar way, a derived polynomial,

P({z\,al™),

where z(“) is a type-a variable obtained by fusing a z; vari-
ables together. Since different ways to fuse z;’s into a z(@
may lead to different derived polynomials, the index 0‘,('”) is
introduced to label those different derived polynomials.

As we let z(") (b) , we obtain

P(Z(a) a(la) ,Z(lb), ) D

(l a) Z(lb)EZ(‘Hb)

~ (A = ZPYPab p((@+D) @it )
+ o[(z(]") - z(lb)]Dab). (5)

D, is another set of data that characterize the symmetric
polynomial ®({z;}). The two sets of data, S, and D,,, are
related by

Dclb=Su+b_Sa_Sb' (6)

This allows us to use S, to calculate D,;,. It also implies that

D, does not depend on a(la), a(lb ), and o@*),

To derive Eq. (6), let us write ®({z;}) as
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(I)(Zl’ o5 Za+bsZavb+15%a+b+2s -+ )
=N\ X P9, 200?701, )
o o0
XFa(a)(gl, ,éa)Fa(”>(§a+l’ oo 5§a+b) + 0, (7)

where

V=g 4 +z)a, 2P = (g + o+ 2a)lb,

Ng=7-79 for i=1,....a,

Xfl:zi—z(b) for i=a+1,...,a+b.

In Eq. (7), (- -) represents the higher order terms in \ and .
Since in ®({z;}) the minimal total power of z;,...,z, is S,
and the minimal total power of z,,,;,...,2Z44 1S S}, as a result
F (&, ...,&) and Fyw(&,,,...,E4p) are homogeneous
polynomials of degrees S, and S,, respectively. Since
the minimal total power of z, ... ,zu+€ is S, thus the mini-
mal  total  power  of  Z\° and  Z  in
P(Z(a) 5 a,(a) 5 Z(b) B a(b> 5Za+b+15Za+b+2s -+ ) is Sa+b_Sa_Sa' This
proves Eq. (6).

Equation (6) expresses D,, in terms of S,. We can also
express S, in terms of D,;,. Since S;=0, we find that

Sa+1 = Sa + Da,l?

which leads to

a-1

Se= 2 Dy (8)
b=1

C. n-cluster condition

In Ref. 12, we have introduced an n-cluster condition on
symmetric polynomials ®({z;}) to make polynomials of infi-
nite variables to behave more like polynomials of n vari-
ables. Here we will introduce the n-cluster condition in a
slightly different way. A symmetric polynomial ®({z;}) sat-
isfies the n-cluster condition if and only if (a) the fusion of
kn variables is unique, Ky, s, =1, where k=integer, and (b)
as a function of a kn-cluster variable z*”), the derived poly-
nomial P(z%",z\® ) is nonzero if ) # 2\ (i.e., no zeros
off the variables zg")).

Let

m= Dn,l’ (9)
condition (b) allows us to show that
Dy, o= kam.

From D, ,=S,.,-S,~S,, we find that S,,,=S,+S,+ma
which implies that

k(k—1)

S iin =S, +kS,+mn + kma. (10)

Equation (10) is the defining relation that defines the
n-cluster condition on the pattern of zeros {S,}. We see that
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{S,,...,S,} determine the whole sequence {S,}.

D. Occupation description of pattern of zeros

There are other ways to encode the data {S,} which can be
very useful. In the following, we will introduce occupation
description of the pattern of zeros {S,}. We first assume that
there are many orbitals labeled by /=0,1,2,.... Some orbit-
als are occupied by particles and others are not occupied.
The pattern of zeros {S,} corresponds to a particular pattern
of occupation. To find the corresponding occupation pattern,
we introduce

ly=Sy—Sei, a=12,... (11)

and interpret /, as the label of the orbital that is occupied by
the ath particle. Thus the sequence of integers [, describes a
pattern of occupation. /, is a monotonically increasing se-
quence,

lova=lay1=Sas2+ 84— 28,41 =0,
as implied by the condition (see Ref. 12)
Sarbre = Sash = Sare = Sprc+ S+ Sp+S. =0 (12)
with b=c=1. The n-cluster condition (10) becomes

Lyn=1,+m. (13)

So {l,,...,1,} determine the whole sequence {I,}. Two se-
quences, {/,,...,L,} and {S,,...,S,}, have a one-to-one cor-
respondence. Thus {S,} and {/,} are faithful representations
of each other.

The occupation distribution can also be described by an-
other sequence of integers n;. Here n; is the number of /,’s
whose value is /. n; is the number of particles occupying the
orbital /. Both {l,} and {n;} are equivalent occupation descrip-
tions of the pattern of zeros {S,}.

The occupation distribution {n;} (or equivalently {/,}) that
describes the pattern of zeros in ® has a very physical mean-
ing. If we regard n; as the occupation number on an orbital
described by one-body wave function ¢,;=z/, then the occu-
pation distribution {n;} will correspond to a many-boson state
described by a symmetric polynomial (I){"z}' The two many-
boson states ® and qD{n]} will have similar density distribu-
tion, in particular, in the region far from z=0.

E. Ideal Hamiltonian and zero-energy ground state

For an electron system on a sphere with Ny flux quanta,
each electron carries an orbital angular momentum J=N /2
if the electrons are in the first Landau level.' For a cluster of
a electrons, the maximum allowed angular momentum is aJ.
However, for the wave function ®({z;}) described by the pat-
tern of zeros {S,}, the maximum allowed angular momentum
for an a-electron cluster in ®({z;}) is only J,=aJ-S§,. The
pattern of zeros forbids the appearance of angular momenta
aJ-S,+1,aJ-S,+2,...,aJ for any a-electron clusters in
D({z;}).

Such a property of the wave function ®({z;}) can help us
to construct an ideal Hamiltonian such that ® is the exact
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zero-energy ground state.!>~!8 The ideal Hamiltonian has the
following form:

His y= > >

a a-electron clusters

(P§" + P ), (14)

where P(S“) is a projection operator that projects onto the
subspace of a electrons with total angular momenta aJ-S
+1,...,aJ and Py is a projection operator into the space
H,.

What is the space 7,? Let us fiX z,,1,Z.2,... and view
the wave function ®(z;,...,zy) as a function of z;,...,z,.
Such a wave function describes an a-electron state. If
®(zy,...,zy) is described by a pattern of zeros {S,}, the
a-electron state defined above can have a nonzero projection
into the space H, s, where H, is a space with a total
angular momentum aJ-S,. However, different positions of
other electrons may lead to different projections of the
a-electron states in the space Hu,Sa' 'H, is then the subspace
of H, s, that is spanned by those states. 7,, is the subspace of
Ha,Su formed by vectors that are orthogonal to H,,.

We see that by construction, @ described by a pattern of
zeros {S,} is a zero-energy ground state of the ideal Hamil-
tonian His y. However, the zero-energy states of Hig y are not

unique. In fact, any state & with a pattern of zeros {S,} will
be a zero-energy eigenstate of H{Sa} if §a25a. (If §a:Sa, we

will further require that H,C H,,.)

But on sphere, Hig , may have a unique ground state. If
the number of electrons is a multiple of n, N=nN,, and the
number of the flux quanta N, satisfies

28
2J=Ng4=—"+m(N.- 1), (15)
n

then the state ® can be put on a sphere and corresponds to a
unique uniform state with zero total angular momentum.
Such a state may be the unique zero-energy ground state of
the ideal Hamiltonian Hig ) on the sphere.

If we increase N (but fix the number of particles N), then
Hig will have more zero-energy states. Those zero-energy
states can be viewed as formed by a few quasiparticle exci-
tations. Those quasiparticle excitations may carry fraction
charges and fractional statistics. In Sec. III, we will study
those zero-energy quasiparticles through the pattern of zeros.

II1I. QUASIPARTICLES
A. Quasiparticles and patterns of zeros

If we let z;,...,z, approach O in a ground-state wave
function ®({z;}), we obtain

(I)({Zi})|)\~>0 = )\Sap(gl’ ’ga;zc&l? .- ) + 0,

where z;=\§;, i=1,...,a. Due to the translation invariance
of the polynomial @, the pattern of zeros {S,} indicates that
the z=0 point is the same as any other point, since we will
get the same pattern of zeros if we let zy, ...,z, to approach
to any other point. Thus the pattern of zeros {S,} describes a
state with no quasiparticle at z=0.
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If a new symmetric polynomial ®,({z;}) has a quasiparti-
cle at z=0, ®,({z;}) will have a different pattern of zeros
{S,.4} @s 2y, ...z, approach 0,

(DY({Zi}) = )\S%aP‘Y(fh cee ’ga;zzﬁl’ ) + o (16)

In other words, the minimal total power of z;,...,z, in
®,({z;}) is S,,. Thus we can use {S,,} to characterize dif-
ferent quasiparticles. Here the index vy labels different types
of quasiparticles. We would like to stress that the quasiparti-
cle wave function (I)y({zi}) is still described by the pattern of
zeros {S,} if we let z;,...,z, approach to any other point
away from z=0.

Just as {S,}, {S,,,} should also satisfy certain conditions.
Here, we will consider quasiparticle states & ({z;}) that have
a zero energy for the ideal Hamiltonian Hg 3. We note that
when we consider topological properties of quasiparticles,
we regard that quasiparticles differ by electrons to be equiva-
lent. In every equivalent class of quasiparticles, there are
always members that correspond to the zero-energy excita-
tions for the ideal Hamiltonian. (In other words, a quasipar-
ticle, when combined with enough holes, will become a zero
energy excitation.) So by studying zero-energy quasiparti-
cles, we can study topological properties of all quasiparti-
cles.

The zero-energy condition on quasiparticles requires that
S .« should satisfy

Sya =S, (17)

Although both the ground state ® and the quasiparticle states
®,, have a zero energy, the ground state has the minimal
power of z; while the quasiparticle states have higher total
powers of z;.

In the followmg, we will discuss other conditions on §,.,.
Let P ({z(“) }) be the derived polynomial obtained from
® ({z }) Flrst we let 9 —0 in P,

Po(,a ;20,0 ) ~ ()PPl (a2, ;).

Then we let z HO and let D, be the order of zeros in
P (e @, ), ...) as 2P —0,

P;(a<“>; Z(m’ a®;..) ~ (Z)PrasP (0.

We have
Syarb = Syat Dyap+ Sps (18)
which leads to a condition on S,

Sy;a+b - Sy;a - Sb =0.

To get more conditions on §,.,, let us consider fusing
three variables z@, z?), and z( to O We may first fuse z'@ to
0 to obtain P’ (a(“ (b) ,a?: 70 ol ) Then we fuse z!)
to 0 to obtain P"(a(“) (b) (C (C ) Last we fuse z(© to
0. In this case, we obtain a DWH, Cth order zero as 29 —0 in
Pi(a);a®); <C) ,a'9;..). We also know that P/, has a D,, th
order zero as z( )—>z( and a D, th order zero as 79 —0
(see Fig. 1). If z®) is very close to 0, we find that Db 18
the sum of D -a.c» Dp.o» and the zeros close to z=0 but not at
z=0 and at z\»). This way, we find
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o
D’y;a c X Db,c
Ya® °)
X
z=0 z®

FIG. 1. As a function of z(©, P;(a(“);z("),a(h);z(c),a(c);...) has
a D, th order zero as Z9—0 and a D, th order zero as 7©
—>z(z>. The crosses mark the positions of other zeros that are not at
z=0 and not at z'»). The total number of zeros seen by the z*) in the
neighborhood of z=0 and z® is D .q4b,» Which satisfies Eq. (19).

Dy;a+b,c = Dy;a,c + Db,c’ (19)
which implies that
Sy;a+b+c - Sy;a+b - Sy;a+c - Sb+c + Sy;a + Sb + SC =0.
(20)

Equation (20) generalizes condition (12) on the pattern of
zeros of the ground state.

The n-cluster condition implies that, as a function of z™,
Py(z('”,zl(.“),...) is nonzero if z(”)aﬁzl(“) and 7" #0. There-
fore, inequality (19) is saturated when c=n,

D'y;a+b,n = Dy;a,n + Db,n’
which implies that (setting a=0)

Sy;b+n = Sy;b + Dy;O,n + Sb+n - Sb = Sy;b + Sn + Dy;O,n +mb

or
k(k—1)
S yarkn =S ya + k(S + ma+ D, ,) + mn 5
Since §,=0, we have §,,,=5,+D..,. Thus
k(k-1)

Syarkn = Sya + k(S + ma) + mn (21)

for a=0. This is the n-cluster condition on §,,,.

B. Solutions of patterns of zeros for quasiparticles

The ground state of the ideal Hamiltonian (14) is a state
described by a pattern of zero {S,}. The zero-energy quasi-
particles above the ground state ® can be characterized by a
pattern of zeros {S,,,}. If @ is a state with the n-cluster form,
then all the S,,,’s are determined from S, ....S,,, [see Eq.
(21)]. Thus zero-energy quasiparticles are labeled by n inte-
gers: Sy, ...,S,,. From the discussion in Sec. Il A, we find
that those integers should also satisfy

Sy;a+h - S'y;a - Sb = O»
Sy;a+b+c - Sy;a+b - Sy,a+c - Sb+c + S'y;a + Sb + Sc =0.
(22)

Numerical experiments suggest that the solutions of Eq. (22)
always satisfy Eq. (17). Thus condition (17) is not included.
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For a given pattern of zeros {S,} describing a symmetric
polynomial ® of n-cluster form, Eq. (22) has many solutions
that satisfy the n-cluster condition (21). Each of those solu-
tions corresponds to a kind of quasiparticle. Those solutions
(and the quasiparticles) can be grouped into equivalent
classes.

To describe such equivalent classes, we need to use the
occupation description of the pattern of zeros {S,,}. We in-
troduced

l S S a=1,2,...

yia = Pya” Pya-1b
and interpreted /., as the label of the orbital that is occupied
by the ath particle. Thus the sequence of integers /,,, de-
scribes a pattern of occupation. We note that /.., =D, ;.
Equation (19) implies that /,.,, =1,

The occupation distribution can also be described by an-
other sequence of integers n,,. Here n,,; is the number of
l,.s’s whose value is [. n,, is the number of particles occu-
pying the orbital /. Both {/,.,} and {n,} are equivalent occu-
pation descriptions of the pattern of zeros {S.,,,}.

The n-cluster condition on {S.,,} implies that
Lyain=lyq+m (23)

for a=1. This implies that occupation numbers {n..;} satisfy

Noylam = Nyg (24)

for a large enough /. Thus the occupation numbers n.,; be-
come a periodic function of / with a period m in large / limit.
In that limit, each m orbitals contain n particles.

Now consider two quasiparticles vy, and 7, described by
two sequences of occupation numbers {n}'} and {n}?}. If
My =Tyl for large enough /, then the density distributions
of two many-boson states (IJ),I and (sz only differ by an
integral number of electrons near z=0. Thus the two quasi-
particles vy, and vy, differ only by an integral number of elec-
trons. This motivates us to say that the two quasiparticles are
equivalent.

Numerical experiments suggest that each equivalent class
is represented by a simple occupation distribution n.,,; that is
periodic for all />0,

1=0. (25)

Moyiten = My

We call such a distribution the canonical distribution for the
corresponding equivalent class. For a canonical occupation
distribution, there are n particles in every unit cell (I
=0,...,m-1), (I=m,...,2m-1),....

We can obtain all the equivalent classes of the quasipar-
ticles by finding all the canonical distributions that satisfy
Eq. (22). The equivalent classes of the quasiparticles corre-
spond to fractionalized excitations. This way, we find all the
quasiparticle types for a FQH state described by a pattern of
zeros {S,}.

IV. TOPOLOGICAL PROPERTIES FROM PATTERN OF
ZEROS

A FQH state characterized by a pattern of zeros {S,} can
have many topological properties, such as quasiparticle
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quantum numbers,>?® ground-state degeneracy on compact

space, 2?7 and edge excitations.?® In this section, we are
going to calculate some of those topological properties from

the data {S}.

A. Charge of quasiparticles

We have seen that a quasiparticle excitation labeled by y
is characterized by a sequence of integers: {S,,,}. We would
like to calculate the quantum numbers of the quasiparticle
from {S.,}.

To calculate the quasiparticle charge, we compare the oc-
cupations n; that describe the pattern of zeros {S,} of the
ground state ® and the occupations n.,; that describe the
pattern of zeros {S y;a} of a quasiparticle state ®,. We divide
[=0,1,2,... into unit cells each containing m orbitals: [
=0,...,m—1;m,....2m—-1;.... n; and My contain the same
number of particles in the kth unit cell if k is large enough.
Since n,, describing a null quasiparticle, is a distribution that
corresponds to zero quasiparticle charge, we might think that
the quasiparticle charge corresponding to the distribution 7,
is given by

km
E (nl - n'y;l)
=0

in large k limit. However, this result is incorrect. Although
and n,,; contain the same n particles in the kth unit cell (for
a large k), the “centers of mass” of the two distributions in
the kth cell are different. The shift of the centers of mass is

given by

1 km—1
— E (”l—”y;z)l-
M y—fm—m

Shifting the center of mass by m is equivalent to adding or
removing n particles. Thus the total quasiparticle charge is
given by

km km—1

Qy: 2 (}’l[ - n'y;l) - l 2 (nl - n'y;l)l (26)

=0 M j—fm—m

for a large enough k. Note that in the above definition, a
charge +1 corresponds to an absence of an electron. For a
canonical occupation distribution satisfying Eq. (25), the first
term =" (n;~n.,;) vanishes.

Since the two descriptions of occupation distributions,
{l,..} and {n,,}, have a one-to-one correspondence, we can
also express Q. in terms of {/.,...,L,,,} (note that, accord-
ing to Eq. (23), {I ,1,,,} determines the whole sequence

{ly;a})s

yilseee

1 n
Q'y= ;% (l’y;a - la) . (27)

There is another way to calculate the charge of a quasi-
particle. We can put the quasiparticle state ®,, on a sphere
with N, flux quanta. If we move the quasiparticle around a
loop that spans a solid angle (), the quasiparticle state ®,,
will generate a Berry phase,
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[=2J

FIG. 2. The 2J+1 orbital on a sphere forms an angular-
momentum J representation of the O(3) rotation.

Q0
00 =20 4 o). (28)

The part in 6 that is proportional to N, allows us to deter-
mine the charge Q,.

From the Berry phase 65(Q2) (as a function of the solid
angle (1), we can find out the angular momentum J,, of the
quasiparticle,

7, = 05(Q)/Q

(note that @< )). The occupation distribution n; for the
ground state @ describes a trivial quasiparticle with zero
charge and zero angular momentum. The occupation distri-
bution n,, for the quasiparticle state @, describes a non-
trivial quasiparticle with a nonzero angular momentum J,.
Since the orbital ¢, when put on a sphere with N, flux
quanta, is identified with an angular-momentum eigenstate
J ,Jz):(&,l —J), the quasiparticle state @, is an eigenstate
of total J2* (see Fig. 2). Since @, is the state with maximal
J', the total angular momentum of the quasiparticle is
Jo=Jt=J,.

Since the occupation distribution n; describes a state with
J'=0, the angular momentum of the quasiparticle is

Jq = 2 (ny;l_ nl)(l_'])
1=0
or more generally the Berry phase of the quasiparticle is

=02 (ny,-n)l-1J), (29)
=0

where the upper bound of the summation X, is roughly at
l=N¢=2J. From the part of 0; that is linear in N¢=2J, we
can recover Eq. (26) for the charge of the quasiparticle.

B. Orbital spin of quasiparticles

We have seen that the Berry phase of the quasiparticle
contains a term linear in Ny=2J that is related to the quasi-
particle charge. The Berry phase also contains a constant
term which by definition determines the orbital spin SO of
the quasiparticle.*?*3% More precisely, in the large N4=2J
limit, we have
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y
gf=JQ7+S$P+cxf*y (30)
Therefore, to calculate S‘;‘“p, we need to evaluate Eq. (29)
carefully. Equation (29) is not a well defined expression
since the upper bound of the summation X, is not given
precisely (on purpose). So to evaluate Eq. (29), we first regu-
late Eq. (29) as

=0, (n,y-n)(I- e " (31)
=0

and then take the small « and large J limit with e~ 1/J. The
key difference between Egs. (29) and (31) is that Eq. (31)
has a soft (or smooth) cutoff near the upper bound of the
summation X,_. After evaluating the regulated summation
(31) in Appendix, Sec. 1, we find that the orbital spin of the
quasiparticle is given by

m—1
I P
s =3 (n'y;l_nl)(i_%>' (32)
=0

Equation (32) is valid only for canonical occupation dis-

tributions that satisfy Eq. (25). In terms of /,,,, we can re-
write Eq. (32) as
“oml,,— 2 —ml,+ 2
— Y:a y.a a a
5P = > . (33)

a=1 2m

However, Eq. (33) is more general. It applies to generic qua-
siparticles even those whose occupation distributions do not
satisfy Eq. (25).

We would like to stress that Eq. (33) is obtained through
an untested method. Its validity is confirmed only for Abe-
lian quasiparticles (see Appendix, Sec. 2). Independent con-
firmation is needed for more general cases.

C. Ground-state degeneracy on torus

A FQH state has a topological ground-state degeneracy on
torus, which is robust against any local perturbations.’%°
Such a topological ground-state degeneracy is part of the
defining properties of topological orders.

According to topological quantum-field theory,’!33 the
topological ground-state degeneracy is equal to the number
of quasiparticle types. To be precise, two quasiparticles are
regarded equivalent if they differ by a multiple of electrons.
Thus, the topological ground-state degeneracy is equal to the
number of equivalent classes of quasiparticles introduced in
Sec. III B.

To understand such a result, let us consider a quasiparticle
state @, on a sphere (which is a zero-energy state of the ideal
Hamiltonian). We stretch the sphere into a thin long tube.
The state ®,, remains to be a zero-energy state in such a
limit. According to Refs. 34-36, the FQH state CDV in such a
limit becomes a charge-density-wave (CDW) state character-
ized by a particle occupation distribution among the orbitals
on the thin tube. We expect such an occupation distribution is
given by n,, in the large / limit. We see that n,,, in the large
[ limit is a CDW state in the thin cylinder limit that is com-
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patible with the zero-energy requirement. This suggests that
the quasiparticle types (determined by n,,; in the large /
limit) and the zero-energy CDW states on thin cylinder
(given by n.,, in the large / limit) are closely related.

The above result allows us to construct zero-energy
ground states on a torus. Let us consider a torus with N,
=N m flux quanta. There are N, orbitals on such a torus.
Those orbitals are labeled by /=0,1,2,... ,Ny—1. Now et
us consider a N=N_n-electron FQH state on such a torus.
The FQH state is described by a pattern of zeros {S,} of
n-cluster form and has a filling fraction v=n/m. What are the
degenerate ground states of such a FQH state on the torus?

According to Refs. 34-36, the zero-energy ground-state
wave functions of a FQH state in the thin cylinder limit can
be described by certain occupation distribution patterns (or
certain CDW states). The above discussion on sphere sug-
gests that the canonical distributions n.,; for the quasiparti-
cles are just those occupation distributions. (Note that the
canonical distributions fill each m orbitals with n electrons
and give rise to very uniform distributions.) Thus each ca-
nonical distribution 7., gives rise to a N-electron ground-
state wave function on the thin torus which corresponds to a
degenerate ground state. We see that the canonical occupa-
tion distributions n,, characterize both the degenerate
ground states on torus and different types of quasiparticles.
This explains why the ground-state degeneracy on torus is
equal to quasiparticle types. We also see that we can use m
integers n,,, [=0,1,...,m—1, to label different degenerate
ground states.

The condition on the CDW distributions, Ryt which cor-
respond to the zero-energy ground states on thin torus, can
be stated in the translation invariant way. Using [,.,’s, we can
rewrite the second expression of Eq. (22) as

c

E (ly;a+h+k - ly,a+k) = Sb+c - Sb - Sc = Db,C' (34)
k=1

Any {l,,,} (or the corresponding {n,,}) that satisfy the above
conditions are CDW distributions that correspond to zero-
energy ground states on torus. Thus Eq. (34) allows us to
calculate the ground-state degeneracy on torus and the num-
ber of quasiparticle types for a FQH state described by a
pattern of zeros {S,}.

To understand the meaning of Eq. (34), let us consider a
special case of ¢=1 in Eq. (34). In this case, Eq. (34) re-
quires that a zero-energy CDW distribution must satisfy the
following condition: any groups of b electrons must spread
over D, +1 orbitals or more. Condition (34) generalizes
those more special conditions introduced in Ref. 34-36.

After knowing the one-to-one correspondence between
the quasiparticle types and the degenerate ground states, we
like to ask which quasiparticle type corresponds to which
ground states? Since both quasiparticle types and the degen-
erate ground states are labeled by the canonical occupation
distribution, one may expect that a quasiparticle labeled by
n.,; will correspond to the ground state labeled by n.,;.. How-
ever, this does not have to the case. In general, a quasiparti-
cle labeled by n,,;, may correspond to the ground state la-
beled by n,,,,. Later, we see that the shift [; is indeed
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nonzero. So we will denote the ground-state wave function
that corresponds to a quasiparticle 7y as (D{ny'H-l y{XH) or

more briefly as & ({X;}).

D. Quantum numbers of ground states

The Hamiltonian of FQH state on torus has certain sym-
metries. The degenerate ground state on torus will form a
representation of those symmetries. In this section, we will
discuss some of those representations.

1. Hamiltonian on torus

First, let us specify the Hamiltonian of the FQH system
more carefully. The kinetic energy of the FQH system is
determined by the following one-electron Hamiltonian on a
torus (X', X%) ~ (X'+1,X?)~ (X', X?>+1) with a general mass
matrix,

HX=—l E ( J _iAi>gij<i_iAj)v (35)

2,5, \ox’ P

where g is the inverse-mass matrix,

2o
vt T n
g(n) = y ’ (36)
o1
y 7y
and
(A1.A,) = (= 27N 4X2,0) (37)

gives rise to a uniform magnetic field with N, flux quanta
going through the torus. The state in the first Landau level
has a form

HX'XP) = (X' + ) ™o (38)

where 7=7,+i7, and f(z) is a holomorphic function that sat-
isfies the following periodic boundary condition:

flz+a+b7 :f(z)e‘iT”bZN¢‘52”bN¢z, a,b = integers.
(39)

The above holomorphic functions can be expanded by the
following N basis wave functions:

f(l)(z| ’T) — E ei(”T/Nz/:)(Nd)k + l)2+i2'rr(N¢k+l)z’ (40)
k

where [=0,...,Ny—1. The corresponding wave functions
VXX 1) = fOX + X2 ™o (41)

are orbitals on the torus.

The thin cylinder limit*~7 is realized by taking 7, — .
In such a limit

0!, X2 7) = fOX! + X2 7) o™ X%’
_ E TNk + (N ) + X2]2+i27-r(N¢k+l)X]
k

—~ eiﬂTN¢{X2 - [1 = (N pPA+27(1-N g
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XZ

FIG. 3. The circular orbital wave function ¢(X!,X?) in the
thin cylinder limit. A thick line marks the positions where
VX', X?) is peaked.

We see that in the thin cylinder limit, the orbital wave func-
tion ¢(X',X?|7) is nonzero only near X2=1—NL¢ (see Fig.
3).

2. Translation symmetry

First let us consider the symmetry of Hamiltonian (35).
Since the magnetic field is uniform, we expect the translation
symmetry in both X' and X? directions. Hamiltonian (35)
does not depend on X', thus

! = _ ,dd
T<d]’O)HT(d1,0) - H, T(dl,()) = el x! .

But Hamiltonian (35) depends on X? and there seems no
translation symmetry in X? direction. However, we do have a
translation symmetry in X? direction once we include the
gauge transformation. Hamiltonian (35) is invariant under
X>—X2+d, transformation followed by a e2m™adX'+id
U(1)-gauge transformation,

T(To,dz)H Toay=H, Tay=e>™+* Mo
In general,
TZ HT;=H, T;= 12N g X' +imN 4 d e (42)
where we have chosen the constant phase in Ty,
¢=mNydd,, (43)

to simplify the later calculations. The operator T, is called
magnetic translation operator. So Hamiltonian (35) does
have translation symmetry in any directions. But the (mag-
netic) translations in different directions do not commute,

Tder = €i27TN¢(d1dé_d2di)Tdr Td, (44)

and momenta in X' and X? directions cannot be well defined
at the same time.

However, when N is an integer, T(; o) and Tg ;) do com-
mute and the wave function ¢’ in the first Landau levels
satisfies

To0¢" =T = ¢

Therefore ¢ is a wave function that lives on the torus
XX ~(X'+1,X2)~ (X', X>+1).

On a torus, the allowed translations are discrete since
those translation must commute with 7(; ) and T{g ;). The
smallest translations in X' and X? directions are given by

Ti=Taw,or  T2=Touw,

which satisfy
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Tl T2 = eizW/N‘szTl . (45)
We also find that (see Appendix, Sec. 3)
T] d)(l) — eiZWI/N(bd)(l)’ T2¢(1) — ¢(Z+l)'

The above T, and T, act on single-body wave functions.
To obtain T and T, that act on the many-body ground states,
let us consider the many-body ground-state wave functions
<I>{,,w+l W{X:H=®,({X;}) of the FQH state on torus. Those

ground states are labeled by the canonical occupation distri-
butions [see Eq. (25)]. In the thin cylinder limit 7,—, the
many-body ground-state wave functions q){"y-m} become the

CDW functions described by the occupation distributions
{n ¥ l+ls} where there are n,, I+l electrons occupying the orbital
. This allows us to obtain how CI){,IVM y's transform under

translation,

. N —1
_ 272, 8 oy N,
Tl CI){”W”A} =exp 1=0 Myl d’q){n%“_[&}

R S
— exptZﬂ'Elzo ”“/:1(1 ls)/N¢q){n [+[}
yil+l

sty (L, N2
1=0 "yl\ 1y

=exp 2m

{ny;l+lj} :
If we choose

; _ Nyg—m+ L,y

s > )
which is always an integer since N,=mN,, m=even, and

lpax =S, —S,_; =even, (46)
we find that

. m—1 .
qu)y= eXpﬂwE,:O (”711_”1)1/’”(1))/’ — eXplZWQV(I)y,

T,d, =Dy, D, (47)

7;([—])%m+[x} = v

where we have used =7";'In=nl,,,/2 [see Eq. (A4)]. Here
v' is the quasiparticle described by the canonical occupation
distribution n,r,;=n,,._1),,- We see that the eigenvalue of T
is related to the charge of the corresponding quasiparticle
QyzE;';{)l(nw—n,)l/m. The action of T, just shifts the occu-
pation distribution by one step. The new distribution de-
scribes a new quasiparticle y'. Those T, and T, on the many-
body wave functions satisfy the following algebra:

Tl T2 = eizwn/mTle, T’in = 73” = 1, (48)

the degenerate ground states on torus for a representation of
the above algebra.

3. Modular transformations

The degenerate ground states on torus form a projective
representation of modular transformation,?!

a b
M = ( ) e SL(2,2),
c d

where a,b,c,deZ and ad—bc=1 (see Appendix, Sec. 4).
The modular representation may contain information that

PHYSICAL REVIEW B 78, 155109 (2008)

completely characterizes the topological order in the corre-
sponding FQH state. Thus understanding the modular repre-
sentations may be the key to fully understand the topological
order in FQH states.

The modular transformations are generated by

11 0 -1
MT:(O 1)’ MS=<1 0)' (49)

For every M € SL(2,Z), we have an invertible transforma-
tion U(M) acting on the degenerate ground states on torus.
U(M)’s satisfy

umMuM') ~UMmM'),

where ~ mean equal up to a total phase factor. The two
generators M7 and Mg are represented as

T=UM,), S=UMy). (50)

M=-1 is represented as
C=U(-1),

which is the quasiparticle conjugation operator [see Eq.
(A17)].

T, S, Ty, and T, have the following algebraic relation (see
Appendix, Sec. 5):

TT,=T,T, TT,=¢™""T,T\T,

ST,=T,S, ST,=CT,C'S. (51)
Since M2=~1 and (M¢M;)*=~1, we also have

$?=C, C’=1, (ST)’=¢"C. (52)

4. Quasiparticle tunneling algebra

We have seen that the degenerate ground states form a
representation of the magnetic translation algebra [Eq. (48)]
and the modular transformation algebra [Egs. (51) and (52)].
The degenerate ground states also form a representation of
quasiparticle tunneling algebra. In the following, we will list
some important results. The details can be found in Appen-
dix, Sec. 6.

The quasiparticle tunneling algebra is generated by the
quasiparticle tunneling operators A and B”), which are in-
duced by creating a quasiparticle-antiquasiparticle pair (y, )
and moving the quasiparticle y in x or y directions around
the torus, then annihilate y with y. The quasiparticle tunnel-
ing operators A and B act within the degenerate ground
states on torus and those ground states form a representation
of the quasiparticle tunneling algebra. Note that if the quasi-
particle y is described by the occupation distribution n,,
then its antiquasiparticle y is described by the distribution
ny=ny _ [see Egs. (46) and (A18)]. We have Q,=
-0y mod 1.

AW and B satisfy the following algebra:

() Aly) = bl (v3)
AMIA 1—§n7?y2A 3,
3
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g = 7 B(r)
BB =3 0y B, (53)
73

where the fusion coefficients nﬁh are non-negative integers
that satisfy

! ’ 0
n&'y: "% =08,y My = Syy. (54)

In a basis labeled by the quasiparticle types |y), A?” and B
have a form

s,
AT y) = —Sw 19,
70

BY|y)) = E n7172|y3) (55)

where S,/ are the matrix elements of the modular transfor-
mation S in the basis |y): S|y)=2,]y")S,,,
The magnetic translations 7 and T, still have a form

T\|y) ="y, Tly=1v) (56)

in the basis |y), where 7' is the quasiparticle described by
the canonical occupation distribution n,,=n.,_1)g,- Due to
charge conservation, the fusion coefﬁments satlsfy nz? =0if
le +0,, # Qy Thus 7}, T,, A”, and B satisfy the follow-
ing algebra:

TlA(Y) = AT TlB(Y) — ei27TQyB(7)T1 ,

TZA()’) — e_iZWQVA(Y)Tz, TzB()’) — B(Y)Tz. (57)

Furthermore T, S, A, and B satisfy the following algebra:

TAW =A(7)T,
SA® = BUs. (58)
C=S5? has a form
Clyy = (59)

In addition to the above algebraic relations, the tensor cat-
egory theory gives us some additional conditions. First, we
can obtain a symmetric matrix STC from S,

TC
S ' =fySyy

by choosmg proper factors f,, where STC satisfies S5 =d,
>0 and Soo =1. Once we know S, we can use those condl-
tions to fix f,. Let us write the diagonal 7" matrix as

_ i2mh
Ty,yr =e 75),7/ . (60)

where &, is the CFT scaling dimension for the quasiparticle
v (see Appendix, Sec. 7). Then S and T should satisfy the
following conditions:”-3

TC _ n? i2m(h,, —h ~h,)
SM_Z np, dye ), (61)
3

—¢IC_ 4 32
where dy—Soy—dy, and

PHYSICAL REVIEW B 78, 155109 (2008)

ex plZWE«/hy/Aw _CXPIZW}LVSEV,AVV (62)
Yy 'y
where A, =2n7-n oyt n%,ny, 5
Although we cannot prove it, it is very likely that S is
always symmetric, and the factor f,, is independent of y. In
this case, we have another condition.’? Let

E 1yl dyet T, (63)

then v,=0 if y# ¥ and v,= =1 if y=7. Here
_ 2
=\/>2d.
Y

E. Summary

In this section, we calculated the charge and the orbital
spin of quasiparticle, as well as the ground-state degeneracy
from the pattern of zeros {S,} of a FQH states. We also
discussed the translation transformations, the modular trans-
formations, and the transformations induced by the quasipar-
ticle tunneling on the degenerate ground states. The algebra
of those transformations can help us to determine the quasi-
particle statistics, quasiparticle quantum dimensions, and fu-
sion algebra of the quasiparticles. In particular, we can use
the algebra [Egs. (51) and (52)] to determine S and then use
Eq. (55) to determine the quasiparticle tunneling operators,
A and BY). The conditions [Egs. (61)—(63)] can help us to
determine quasiparticle scaling dimensions /.. The condition
that the matrix elements of BY must be non negative inte-
gers put further constraint on S.

The main goal in this section is to calculate the data that
completely characterize the topological order from the pat-
tern of zeros. At the moment, we do not know what data
completely characterize the topological order. But the S and
T matrices contain a lot of information about the topological
order. If we do find the data that completely characterize the
topological order, the same data should also characterize a
CFT which will be the theory that describes the edge excita-
tions of the corresponding FQH states. In Ref. 38, some di-
rect relations between the pattern of zeros and CFT are dis-
cussed.

V. EXAMPLES
A. Quasiparticles in FQH states

In Ref. 12, many FQH states are characterized and con-
structed through patterns of zeros. The pattern of zeros in
FQH states can be characterized by a S-vector
S=(m;S,,...,S,), a h-vector h=(%; Ts....h), or an occu-
pation distribution (ny---n,,_;). All those data contain infor-
mation on two important integers n and m. n is the number of
electrons in one cluster and m determines the filling fraction
v=n/m.

The FQH states constructed in Ref. 12 include the Z,
parafermion states (D"/m;zn introduced in Refs. 16 and 39. The
patterns of zeros {S,} for those Z, parafermion states are
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obtained. The occupation distributions {n;} of those states
agree with those obtained in Refs. 34, 35, and 37. Wen and
Wang'? also obtained generalized Z, parafermion states
®,,..z0 and their patterns of zeros. @,,.,® has a filling
fraction v=n/m. Many other new FQH states and their pat-
terns of zeros are also obtained in Ref. 12, such as the
q)n/Zn;Cn and the (I)n/n;Cn/Zz states.

Once we know the pattern of zeros of a FQH state, we can
find all the quasiparticle excitations in such a state by simply

PHYSICAL REVIEW B 78, 155109 (2008)

finding all S, , that satisfy Egs. (22) and (25) [note that n,,
in Eq. (25) are determined from S, ,]. From the pattern of
zeros that characterizes a quasiparticles, we can find many
quantum numbers of that quasiparticle. Here we will summa-
rize those results by just listing the number of quasiparticle
types in some FQH states. Then, we will give a more de-
tailed discussion for few simple examples.

For the parafermion states ®,,, (m=2), we find the
numbers of quasiparticle types (NOQT) as follows.

FQH State|q)2/2;z2 D3z, Punz, Pspz, Ponz, Pinz, Penz, Ponz, Pionz,

NOQT | 3 4 5 6

7 8 9 10 11

For the parafermion states <Dn,(2+2n);zn=<Dn/2;ZnH,-<j(zi—zj)2 (m=2+2n), we find the following table.

FQH State|q)2/6;22 Cy5.2, Panoz, Psnaz, Ponaz, Prnez, Psnszy, Ponoz, Pionz,

NOQT | 9 16 25 36

49 64 81 100 121

For the generalized parafermion states ®,,,,,.,®, we find the following table.

FQH state|q>5/8;z§2> PCs/1520 gz Prozd Pz Pz Pyjisz®) Possizd) Prosz?)

NOQT | 24 54 32 88

Here k and n are coprime. For the composite parafermion states CID,l1 Im 2

wave functions, we find the following table.

72 128 81 40 99

kz)CI)nz,mz; 7k, obtained as products of two parafermion
1 )

n

FQH state | D22, P322, P32z, Paniz, Poniz,Psiniz, ‘I)z/z;zzq)s/s;z(sz)

NOQT | 30 70

Here n; and n, are coprime. The filling fractions of the above
nyny

composite states are v=;-"" .

The above results suggest a pattern. For a (generalized)
parafermion state ®,,,.,(, we can express its filling fraction
as v=n/m=plq, where;) and g are coprime. Then the num-
ber of quasiparticle types is given by NOQT=¢D(n), where
D(2)=3, D(3)=2, D(4)=5, D(5)=3, D(6)=7, D(7)=4,
D(8)=9, D(9)=5, and D(10)=11 or

D(n)=n+1 for n=even,

D(n)=(m+1)/2 for n=odd.

Similarly, for a  composite  parafermion  state
(I)"Mml;Zf,k‘)q)"z”"zlzf,kz)’ we can express its filling fraction as
1 2

niny

V= o =P where p and g are coprime. Then the num-
ber of quasiparticle types is given by NOQT=¢D(n;)D(n,).

The corresponding CFT of the above (generalized and
composite) parafermion states is known. The numbers of the

quasiparticle types can also be calculated from the CFT.3

63 117

For the generalized parafermion state ®,,.,(0 the numbers
n
for the quasiparticle types are given by®®

NOQT:ln(’H-l) :ﬂn(n+ 1) :m(n+1).
v 2 n 2 2

For the composite parafermion state [[;®,, ,, ., the numbers
PAR n;

for the quasiparticle types are given by3?

NOQT = l]'[ "(”T”)

i

Here we require that k; is not a factor of n; and ny,n,,ns,...
have no common factor. Despite their different forms, the
results from CFT agree exactly with the results from the
pattern-of-zero approach.

For generalized parafermion states <I>,,,m;zik>, where n and

k have a common factor, we have the following table.
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FQH state|‘b4/8;zf) Qo572 Poj15.73 Loz Pysiz) Popigz

NOQT | 10 20

21 35

36 56

For more general composite parafermion states (Dnl/ml;Z(kp(i)nz/mz;z(kz), where n; and n, have a common factor, we have the
m ]

following table.

FQH state|‘1>z/2;zzcbz/2;z2 ©opz,Paniz, P3nizPinz, Punz,Punz, PsnzPsnz, (I)S/Z;qu)S/S;Z(SZ) CDS/S;ZgZ)CDS/s;ng)

NOQT | 10 4 20

For the v=1/2 states (I)n/Zn;Cn’ we have the following table.

FQH state | P30, Pasic, Psioc,

35 56 352 224

Po12,c, Prnnae, Psnec, Ponsic,

NOQT | 56 170 352

Note that (195,10;(;5 and (DS/Z;ZSQDS,&Z(;) have the same pattern

of zeros and may be the same state. For the v=1 states
CI),I,H;C”/ZZ, we have the following table.

FQH state | Cuucyz, Powicyz, Pamicyz, Pionoc,yz,
NOQT | 35 138 171 338

Note that @8/8;2552), @4,4;C4/Zz, and <D4/2;Z4(I>4,2;Z4 have the
same pattern of zeros and may be the same state.

For those more general and new FQH states, the corre-
sponding CFT is not identified, even the stability of those
FQH states is unclear. If some of those states contain gapless
excitations, then the number of quasiparticle types will make
no sense for those gapless states. In the following, we will
study a few simple examples in more detail.

B. »=1/2 Laughlin state

For the v=1/2 Laughlin state, n=1 and its pattern of
zeros is characterized by

Dy)p:(m;S,, ....8,) =(2:),

(ﬂ;h“, ,hff) = (z;o),
n 1

ng...n,_;=10.

Solving Eq. (22), we find that there are two types of quasi-
particles. Their canonical occupation distributions and other
quantum numbers are given by the following table.

Thus Ty, T,, and T are given by

(1 0) (o 1) (1 0)
T1= ) T2= . T= .
0 -1 10 0 1

Since /,,,=0, from Eq. (A18), we find that the conjugate of
10 is 10=10 and the conjugate of 01 is 01=01. Thus C=1.

910 1612 3546 6266

From TT,=e'™"T,T\T [see Eq. (51)] we find that ,=i.
From ST|=T,S, we find that S;y=Sy, and Sy;=-S;;. From
$?=C=1, we find that S};=-Sy and Spo= = 5. Thus

s 1(1 1) T(lO)
2\ -1 TN i)

The above implies (ST)*=¢™*. Those modular transforma-
tions, S and 7, agree with those calculated using the Chern-
Simons effective theory?! and the explicit FQH wave
functions.** From T,,=i, we find that the quasiparticle
(n,,)=(01) has a scaling dimension 2=1/4 and a semion
statistics.

Let us introduce

Tm — ei27T/24T’ Sm =S.
We find that 7, and S, satisfy
Sp=1, (S,T,)°=1.

Thus §,, and T,, generate a linear representation of the modu-
lar group.

C. Z, parafermion state

The v=1 bosonic Pfaffian state’® is a Z, parafermion state
with n=2. Its pattern of zeros is described by

q)z/z;zzi(m;Sz, ’Sn) =(2;0),

(T;hii h) - (%;1,0>,
n 22

’nm—l) = (2’0)

Solving Eq. (22), we find that there are three types of quasi-
particles as shown in the following table.

(no,

Thus in the |7> basis, T}, T,, and T are given by
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10 0 010 100
7,=l01 0|, m=[{1 00] 7=(0144 0
00 —1 00 1 00 1

Since /;,,,=0, from Eq. (A18), we find that 20=20, 02=02,
and 11=11. Thus C=1.

From TT,=¢'™™T,T,T [see Eq. (51)] we find that t,=
-1, but t, is undetermined. Using ST,=T,S, ST,=T,S, ST
=S, and S2=1, we obtain the following possible solutions:

. \2x
S= 5 1 1 - \Ex

\E/x - wE/x 0

Those S’s satisfy (ST)3=t,.

Using the above S, we can calculate the fusion coeffi-
. 0
cients n}J, ~and B(yyl)72 from Eq. (A40). We find that n;,
=ny,=1/x* The condition n%:l fixes x=*1. Thus we
have the following two possible solutions:

1 1 VE
1
S;=={ 1 1 -2
Pl -
V2 =2 0
and
1 1 - \E
s=4 1 1
2= B - N
-\V2 V2 0

We note that the above S’s are already symmetric. Thus those
$’s can regarded as ST¢: ST¢=28.

Now let us calculate A and B(V), y=0,1,2, using Eq.
(55). For the first solution S; we find that

1 1 \6
@=|1 1 -2
1 -1 O

where vy labels rows and ' labels columns. We have

100 10 0
AO=lo 1 0|, AW=f0o 1 0 |,
00 1 00 -1
VEOO
A= 0 —\2 0
0 0 0

We see that
A040)  40)4(1)  40)4(2)
ADAO) 44D 4(1D42)
APAO0) 424 42)4(2)

A0 4 4@
= AW A0 AQ
AD 4@ A0 L 40
We recover the fusion algebra of the Z, parafermion theory.

Since S can transform A to B [see Eq. (58)], we also find
that

PHYSICAL REVIEW B 78, 155109 (2008)

100 010
B9={0o 1 0], BY={1 0 0],
001 00 1
00 1
B?P=(0 0 1
110

We see that B also encode the fusion algebra,
B9y BOly BOI2)\ [loy [1) |2)
B0y BV By [=| (1) o) |2y |,
B0y B?[1) B?|2) 2) [2) [0)+]1)

where |'y>, v=0,1,2, are the degenerate ground states.

We note that the third eigenvalue of 7, t,=e?™2, is still
undetermined. Using condition (62), we find that

1 1
hy=—mod—.
16 8

Using condition (63), we further find that

1 48— + e
which does not put any additional constraint on /,. The cor-
rect value for h, is hy,=1/16.

Now, let us consider the second solution S,. For such a
solution we have

1 1 —\/E
@={1 1 2
1 -1 0
and
100 10 0
A9=10 1 0|, AW=f0 1 0 [,
00 1 00 -1
-\V2 0 0
AP=| o \JE 0
0 0 0

B"Y remain the same.

The first row of the STC-matrix is called quantum dimen-
sions of the quasiparticles. For a unitary topological
quantum-field theory, all quantum dimensions must be posi-
tive real numbers, and moreover =1. Therefore, the second
solution does not give rise to a unitary topological field
theory. Based on this reason, we exclude the S, solution.

The v=1 bosonic Z, parafermion state CI)M;Z2 has three
degenerate ground states on a torus. In the thin torus limit,
the three ground states are described by the occupation dis-
tributions --+20202020- - -, --+02020202- - -, and
s 111111 -,

The v=1/2 fermionic Z, parafermion state CDZ/Z;ZZH(ZI‘
—z;) has six degenerate ground states on a torus. In the thin
torus limit, the six ground states are also described by the
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occupation distributions. Those occupation distributions can
be obtained from that of @2/2;22 state given above. We note
that multiplying the factor II(z;~z;) increases the space be-
tween every neighboring particles in a distribution by 1. For
example, it changes from 11 to 101, 101 to 1001, 2 to 11, 3
to 111, etc. It changes the bosonic distribution ---202020- - -
to a fermionic distribution ---110011001100- -+ and changes
the distribution ---111111--- to ---101010101010- - -. Includ-
ing the translated distributions of ---110011001100- - and
-++101010101010- -+, we find that the fermionic Z, parafer-
mion state ¢)2/2;ZZH(ZI‘_Z]‘) has six degenerate ground states
described by the distributions

--110011001100-- -,
-+011001100110 - -,
--001100110011 -+,
--100110011001 - -+,
--101010101010 -+,

--010101010101 - -- .

Note that a unit cell contains m=4 (or 2) orbitals.

D. Z; parafermion state

The v=3/2 bosonic Z; parafermion state has a pattern of
zeros described by

q)3/2;Z3:(m;SZ’ e ’Sn) = (29050)’

m o . 222
_;h13"'shn = _;_7_90 ’
n 333

(ngs .. n,-1) =(3,0).

Solving Eq. (22), we find that there are four types of quasi-
particles as shown in the following table.

nal 0y S
301 0 0

03 |3/2 3/4
1211 172

21 1172 1/4

Thus in the |y) basis, T}, T,, and T are given by

1 0 0 O 0100

0 -1 0 O 1 000
T1= bl T2= s

0 0 1 O 0001

0 0 0 -1 0010
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1 00 O
0# 0 O
T=

00 ¢ O
00 0 1nn

Since /,,,=0, from Eq. (A18), we find that 30=30, 03=03,
21=21, and 12=12. Thus C=1.

From TT,=e'™™T,T,T [see Eq. (51)] we find that t,=—i
and #,=t. Thus

1 0 0 O

0 -i 0 O
T=

0 0 ¢ O

0 0 0 —ir

We can rewrite T, T,, and T in direct product form,

T1:03®0'0, T2:0'1®00,

=y 5)els 0

Using ST, =TS, ST,=T,S, and $*=1, we find that S must
have the following form:

1 (1 1 )@ <c0s(0)

- \E 1 -1 sin( )

Note that the above S is already symmetric. Thus we can
regard the above S as the STC.

The direct product form of T, T,, T, and S suggests that

the U(1) charge part and the non-Abelian part separate.*® So
let us concentrate on the non-Abelian part,

T:(l 0>’ §=<C?s(0) sin(6) )
0 ¢ sin(6)

— cos(6)
From S, we can calculate A and B [see Egs. (55) and
(58)]. All the matrix elements B"”) must be non-negative in-

tegers and (ST)3ec1.
One way to satisfy those conditions is to let

sin(6) )
—cos(6) /)

1+\"§_

tan(6) = = .

In this case

~ (1 0 ~ 1 1 o
r= 0 e*Hms ) S l+o e -1 (64)

and
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Those are the only valid solutions, which are realized by
the Fibonacci anions. The solutions with d; <0 are excluded
as reasoned at the end of the last section, and one of them is
the nonunitary Yang-Lee model.

Taking y,=7,=1 in Eq. (61), we find that

1= (e—i47rh1 " e—i27rh1(p)
or

cos(ZWEI) =—¢/2,
which gives us

hy= *2/5mod 1.
i2mh

Since }70=0, we see that e'“™» are the eigenvalues of the T
operator [see Eq. (64)]. Let us denote the eigenvalues of the

T operator as 2™y We find, for the two choices of EIT
==*2/5 [see Eq. (64)], the following table.

ny | h, R
300 0 0
03 | 3/4 3/4
12| 2/5 3/5
21 3/20 7/20

According to CFT (see Appendix, Sec. 7), the scaling dimen-
sion of the qua51partlcle operators in the Z; parafermion

FQH state is h,= —Z +h;. For the quasiparticles 30 and 03,
h;C—O since those are Abehan quasiparticles. For the quasi-
particles 12 and 21, hi;: 1/15. Thus hy:O, 3/4, 2/5, and 3/20
for the quasiparticles 03, 30, 12, and 21, respectively, which

exactly agree with h for the case of h1 2/5. This example
demonstrates a way t0 calculate® quasiparticle scaling di-
mensions from the pattern of zeros.

The v=3/2 bosonic Z; parafermion state ®5. .z, has four
degenerate ground states on a torus, described by the occu-
pation distributions

-+3030303030 - - -,
--0303030303 - -,
-+2121212121 -+,

-+1212121212--- .

The v=3/5 fermionic Z; parafermion state @37, 1(z;~z;)
has ten degenerate ground states on a torus, descrlbed by the
occupation distributions

--1110011100111001110011100 -+,
-+0111001110011100111001110 -+~
--0011100111001110011100111 -+~
-+1001110011100111001110011 - -,

--1100111001110011100111001 - - -,

PHYSICAL REVIEW B 78, 155109 (2008)

--1101011010110101101011010 - -,
--0110101101011010110101101 - -,
--1011010110101101011010110- -+,
--0101101011010110101101011 -+,

--1010110101101011010110101 - - - .

Note that a unit cell contains m=5 orbitals.

VI. CONCLUSIONS

Through string-net wave functions,™® one can show that

nonchiral topological orders can be naturally described and
classified by tensor category theory. This raises a question on
how to describe and classify the chiral topological order in
FQH states. The results in Ref. 12 suggest that the pattern of
zeros may provide a way to characterize and classify chiral
topological orders in FQH states. In this paper, we see that
many topological properties of chiral topological orders can
be calculated from the data {S,} that describe the pattern of
zeros. In particular, through the algebra of tunneling opera-
tors, we see a close connection to tensor category theory. The
pattern of zeros provides a link from electron wave functions
(the symmetric polynomials) to tensor category theory and
the corresponding chiral topological orders.
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APPENDIX
1. Calculation of orbital spin

Let
_ e _ —az(km + L)2
Fra)=2 (1-0e™ " 8= 2 (km+L~J)e :
1=0 k=0
(A1)

We find that, for a canonical occupation distribution (25), we
can rewrite Eq. (31) as

m—1

eg = QE (ny;l - n])Fl(a) . (A2)
=0

To evaluate F; j(«), we will use the Euler-Maclaurin for-
mula,
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k

JO) + flhmar) | < o
—_— k
5 2 UORS
where B, are Bernoulli numbers (B, B,,B,,B3,"**)=(1,-

f(x)dx

1 1
573,07
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P
% *), and

For our case f(x)=(L+mx—J)e‘“2(m“L)2. If we choose a~1/J and p=1, in large J limit, we find R~ 1/J in large J limit.
Therefore
x
- ] L+—-J
m
Fp(a)= f (L+mx— J)e i+ L2y 4 (LD =+ 00 = J e all gy 4 — (L J) - —2 +0(11))
0 0
cL+—=J
o
=f — (1 -2alx— L+ 22PL2 ) e dx + — (L J)- —+O(1/J)
0 ma 12
alNa-1 J 1> L-J
= —2+—L——+———+0(1/J)
2a°m m 2m 2 12

Since Z;ﬁgl(n,—ny;,)=0 for a canonical occupation distribu-
tion, the terms that do not depend on L do not contribute to
the Berry phase. Thus we have

m—1 i 12
6y—92 (}’l,yl n1)<ml+§—2—>

(A3)
Compare with Egs. (26) and (28), we find that the il term
exactly reproduces the quasiparticle charge. The terms that
do not depend on J give us the orbital spin (32).

Since n; is a periodic function of / with a period m, we
may also view n; as a periodic function with a period km. If
we view n; as a periodic function with a period km, the
orbital spin S% will be given by

km—1 lz
Smp_ 2 (nyl ”z)( )

2 2km
k-1 m—1
_ jm+1 (]'m+l)2)
"2 ”’)< 2

k=1 m-1 2
=SS - 22

=0 1=0 2 k 2km
m—1

Kkl k(k=1)I 12>
"g("”_”’)(z_ 2% 2m
Sy T,
_l:0 n‘}/l n; 2 2m 5

which is identical to the previous result [Eq. (32)]. Therefore,

the formal calculation of S7* using e —a? regulator [see Eq.
(31)] produces a sensible result

2. Orbital spin of Abelian quasiparticles

If a quasiparticle is described by an occupation distribu-
tion n,,, that can be obtained by shifting the occupation dis-
tribution n; for the ground state, then the orbital spin of such
a quasiparticle can be calculated reliably without using the
formal unreliable approach described above. Such kind of
quasiparticles can be created by threading magnetic-flux
lines through the FQH liquid and correspond to Abelian qua-
siparticles.

The occupation distribution n; for the ground state has
some properties that will be important for the following dis-
cussion. In addition to the periodic property n,,,,=n;, n; also
have a symmetric property

n= nl P 0=i= lmax7 (A4)

according to numerical experiments, where [, ,,,=S,—S,_; is
the largest [/ in the first unit cell 0=/<m such that n_
>0 (see Fig. 4). [Equation (A4) implies that ny>0.]

a unit cell
{ ]
012 Iy m )

FIG. 4. (Color online) The graphic representation of an occupa-
tion distribution (ny, ...,n;9)=(2,0,1,0,2,0,0,0) for the @5/8;2(52)
state with n=5 and m=8. [,,,=4 for such a distribution.
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izl Bx1

012 m 2]

FIG. 5. (Color online) If Ny=2J=l;,+Nm, the symmetric
polynomial ® of N=N_n variables can be put on the sphere without
any defects (or quasiparticles).

On a sphere with N,=2J flux quanta, there are Ny+1
orbitals labeled by [=0,1,...,2J (see Fig. 2). Those orbitals
form an angular-momentum J representation of the O(3) ro-
tation. The J, quantum numbers of those orbitals are given
by m,=[-J. If the flux through the sphere is such that N
=2J= lmax+(N 1)m for an integer N,, then the occupation
n; can fit into the 2J+1 orbital in such a way that there is no
nontrivial quasiparticle at the north and south poles (see Fig.
5). Such a state has N=N_n particles. Such an N_n-particle
state can fill the sphere without any defect and form a Jo
=0 state. Note that lmax—l =S,-S,_; and S, ;=" S (see
Ref. 12), thus ;=2 S So an N n- partlcle state can fill the
sphere without any defect if N ¢—2J —-S 4+ (N.—1)m which
is exactly the condition obtained in Ref 12.

Let us create a quasiparticle by threading n, flux lines
through the south pole. The total flux quanta become N,
=2J= S +(N.—1)m+n, and the occupation distribution 7.,
for the created quasiparticle is obtained from n; by shifting
the distribution by n, (see Fig. 6). The occupation distribu-
tion is identical to that of the ground-state distribution in Fig.
5 near the north pole (/=2J). Thus the distribution describes
a state that has no quasiparticle near the north pole. How-
ever, the occupation distribution is different from the ground-
state distribution near the south pole (/=0). Therefore, the
distribution describes a state with a quasiparticle near the
south pole.

The total J, of the above quasiparticle state is given by

2J 2J

S = Enwm Enyl(l J)= —‘éN
1=0

__fzﬂ( ﬂ_ﬂé)
m 2 2
_lmax m o
ZJQ)/"'TQ)/_EQW
where
o
012 2J

FIG. 6. (Color online) If N =2J =15+ (N~ 1)m+n,, the above
occupation distribution 7., (obtained by shifting the ground-state
distribution in Fig. 5) describes a single quasiparticle on the sphere
located at the south pole (/=0). There is no quasiparticle at the
north pole (I=2J).
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0,="% (AS)

is the quasiparticle charge. If we move such quasiparticle
along a loop that spans a solid angle (), the induced Berry

phase 6} will be
Y
L m—=lax m
=S T 0

Compare with Eq. (30), we find the orbital spin of the qua-
siparticle to be

m-— lmax m
S(;,SP = TQy_ ZQ%Y (A6)

Let us compare Eq. (A6) with Eq. (32). For the Abelian
quasiparticle, its occupation distribution n,,;, has a form

ny;l = nl—n¢'
In this case, Eq. (32) becomes

2
SOSP—En,< +ng (I+ny)° £+ i )
2 2m 2 2m

My M a M
) 2m m ;0

Using Eq. (A4), we find that the above expression agrees
with Eq. (A6). This confirms the validity of Egs. (32) and
(33) for the case of Abelian quasiparticles. On the other
hand, the validity of Egs. (32) or (33) for the case of non-
Abelian quasiparticle is yet to be confirmed by a more rig-
orous calculation.

3. Translations of orbitals on torus

To show T,¢" ="V, we note that
T2¢(/)(X1,X2) _ eiZﬂ-le(l)

X|:X1 + 7_<X2_+_ L):|ei7-rNd,7{X2+(l/N¢)]2.
Ny

Since

f“)< -~ L) =S HTTINNh + D +i2m(N et +(7N )]
N¢ k
= TN GHTTNG N+ L+ D2+i27(N gh+)z
k
— e—i(WT/N¢)e—iszf(l+1)(Z) ,
we have

T, d)(l)(Xl’ X2) _ eiZle—i(wr/N,b)—isz]&lH)(Xl

+ TXZ) ein¢7[x2 + (NP _ ¢(z+1)(X1’ Xz)_

4. Non-Abelian Berry’s phase and modular transformation
The wave functions (D{”ym y form a basis of the degener-

ate ground states. As we change the mass matrix or 7, we
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obtain a family of basis parametrized by 7. The family of
basis can give rise to non-Abelian Berry’s phase*' which
contains a lot of information on topological order in the FQH
state. In the following, we will discuss such non-Abelian
Berry’s phase in a general setting. We will use vy to label the
degenerate ground states.

To find the non-Abelian Berry’s phase, let us first define
parallel transportation of a basis. Consider a path 7(s) that
deforms the inverse-mass matrix g(7) to g(7,): 7,=7(0) and
7,=7(1). Assume that for each inverse-mass matrix g[7(s)],
the many-electron Hamiltonian on torus (X', X?)~ (X!
+1,X*)~ (X", X>+1) has N,-fold degenerate ground states
y:s), ¥=0,1,...,N,~1, and a finite-energy gap for excita-
tions above the ground states. We can always choose a basis
v;s) for the ground states such that the basis for different s
satisfies

ds

Y55l —|vis)=0.

Such a choice of basis |7y;s) defines a parallel transportation
from the bases for inverse-mass matrix g(7) to that for
inverse-mass matrix g(7,) along the path (s).

In general, the parallel transportation is path dependent. If
we choose another path 7/(s) that connect 7; and 7, the
parallel transportation of the same basis for inverse-mass ma-
trix g(7), | y;s=0)=|y;5=0)', may result in a different basis
for inverse-mass matrix g(7,), |y;s=1)#|y;s=1)". The dif-
ferent bases are related by an invertible transformation. Such
a path-dependent invertible transformation is the non-
Abelian Berry’s phase.*!

However, for the degenerate ground states of a topologi-
cally ordered state (including a FQH state), the parallel trans-
portation has a special property that, up to a total phase, it is
path independent (in the thermal dynamical limit). The par-
allel transportations along different paths connecting 7; and
7, will change a basis for inverse-mass matrix g(7;) to the
same basis for inverse-mass matrix 7(7,) up to an overall
phase: |y;s=1)=¢'?|y;s=1)". In particular, if we deform an
inverse-mass matrix through a loop into itself [ier(0)
=7(1)], the basis |y;0) will parallel transport into |y;1)
=e'%|y;0). Thus, non-Abelian Berry’s phases for the degen-
erate states of a topologically ordered state are only path-
dependent Abelian phases e’ which do not contain much
information of topological order.

However, there is a class of special paths which give rise
to nontrivial non-Abelian Berry’s phases. First we note that
the torus (X', X?)~ (X'+1,X?) ~(X',X?>+1) can be param-
etrized by another set of coordinates,

()L DNk G- 20e)

(A7)

where a,b,c,d e Z, ad—bc=1. The above can be rewritten
in vector form,

PHYSICAL REVIEW B 78, 155109 (2008)

X' =M"'X, X=MX', M eSL2,2). (A8)

(X'',X"?) has the same periodicity condition (X'!',X'?)
~X""+1,X"?)~(X'", X'?+1) as that for (X',X?). We note
that

(z?xl d _c)<¢9xr1 dyr1 a c)(ﬁxl>
ax2 - -b a &X!Z ’ &sz - b d ax2 ’

The inverse-mass matrix in the (X',X?) coordinate, g(7), is

changed to
, d -b d -c
g'= (1)
-c a -b a

in the (X'',X’?) coordinate. From Eq. (36), we find that

T/2 T,
el -
[ T\ y _ ’ A
8 = ' _g(T)a ( 9)
oo 1
;0
with
b+drt
7= ) (A10)
a+ct

The above transformation 7— 7' is the modular transforma-
tion. We see that if 7 and 7’ are related by the modular
transformation, then two inverse-mass matrices g(7) and
g(7") will actually describe the same system (up to a coordi-
nate transformation).

Let us assume that the path 7(s) connects two 7’s related
by a modular transformation,

(0 2)

M= )

c d

7'(1)2%. We will denote 7(0)=7 and 7(1)=7". The par-
allel transportation of the basis |y; 7) for inverse-mass matrix
g[70)] gives us a basis |y;7') for inverse-mass matrix
g[m(1)]. Since 7=7(0) and 7' =7(1) are related by a modular
transformation, g[7(0)] and g[7(1)] actually describe the
same system. The two bases |y;7) and |y;7') are actually
two bases of same space of the degenerate ground states.

Thus there is an invertible matrix that relates the two bases,

y:7')=UM)

Y7,

Uyy M) =(y:dy i 7) =(y:dUM)|y ;7).  (All)

Such an invertible matrix is the non-Abelian Berry’s phase
for the path 7(s). Except for its overall phase (which is path
dependent), the invertible matrix U is a function of the
modular transformation M. In fact, the invertible matrix U
forms a projective representation of the modular transforma-
tion. The projective representation of the modular transfor-
mation contains a lot of information of the underlying topo-
logical order.

Let us examine (y;7|vy’ ;7 in Eq. (All) more carefully.
Let ®_.[{X;}| ] be ground-state wave functions for inverse-
mass matrix g[7] and @ [{X 3171 be ground-state wave
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X X X 23 | X T X2
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FIG. 7. (a) A system described by an inverse-mass matrix g(7).
(b) A system described by an inverse-mass matrix g(7') where 7and
7 are related by a modular transformation My. (c) The system in
(b) is the same as the system in (a) if we make a change in coordi-
nates. (d) The system in (c) is drawn differently.

functions for inverse-mass matrix g[7']. Here X,=(X;,X})
are the coordinates of the ith electron. Since 7 and 7’ are
related by a modular transformation, &,[{X;}[7] and
@ [{X;}| '] are ground-state wave function of the same sys-
tem. However, we cannot directly compare &®.[{X;}|7] and
o [{X | 7'] and calculate the inner product between the two
wave functions as

(@, [{X}70)]. @, [{X}7]).

The wave function & [{X | 7'] for inverse-mass matrix g[ 7]
can be viewed as the ground-state wave function for inverse-
mass matrix g[ 7] only after a coordinate transformation (see
Fig. 7). Let us rename X to X' and rewrite ®,[{X;}|7'] as
®,({X/}|7'). Since the coordinate transformation (A8)
changes from 7to 7/, we see that we should really compare
q)y({X[}| T’):CI)),({M"X,H 7') with CID),({Xi}| 7). But even
¢, ({X;}|7) and ® ({M'X;}|7') cannot be directly com-
pared. This is because the coordinate transformation (A7)
changes the gauge potential (37) to another gauge equivalent
form. We need to perform a U(l) gauge transformation
Ug(M) to transform the changed gauge potential back to its
original form [Eq. (37)]. So only q)y[{XiH 7] and
Uc¢y[{M‘1X 7’1 can be directly compared. Therefore, we
have

U,y (M) ={®,[(X)|7], UMD ,[(M'X,)| 7' ]}

(A12)

which is Eq. (All) in wave function form. Note that
) Mipt+MypT
T M +My T

Let us calculate the gauge transformation Ug(M). We
note that @ ({X/}|7') is the ground state of

1 d d
H=->-2> (—,i—iA,’)g{-(—f—iAf)’
r 2ij-12 \0X; Nox)

where k=1, ...,N labels the different electrons. In terms of
X' [see Eq. (A7)], H' has a form

1 J ~ J ~
H=->-2 (_i_iAi>gi‘<_‘_iA'),
v 2im10 \0X, Noxj

where

- ) G-t

Since (A] ,Aé)=(—2’7TN¢X'2,O), we find that
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(A,Ay) = (= 2TN4X'%d, 27N 4X"*b)
=[-27Ny4(- X'+ aXz)d,277N¢(— cX' +aX?)b]
Us(M) will change H' to H,
Ug(M)H' U(M) = H

233 (sl )
=T 4, i A8\ T T A
k 2ij=12 \ 90X Nox,

with (A, ,A2)=(—27TN¢X2,0). We find that

UgM) =TT ug(M; X)),
%

ug(M:;X) = eiZWNd)[thIXZ—(ch)(Xl)z—(ah/Z)(Xz)z]. (A13)

Equation (A12) can also be rewritten as a transformation
on the wave function ®,({X;}|7),

UMD, (X }|7) = Us(M)D ({X]}|7)
= Us(M)D ({M'X}|7)

=B, (X}DU, (M), (Al4)

, MMyt

where 7 =M, e

U(M) on a wave function CD}&

X/=M"'X;, replace 7 by 7= Mﬁ:%j: and then multiply a

phase factor Ug(M) given in Eq. (A13). Thus Eq. (Al4)

defines a way how modular transformations act on functions.

We find that

UM {UGD® [(X)| 7]} = UM UGN D [(047'X)| T

=UsM'M)® [(M'M'7'X)|7"]
= Ug(M'M)®{[(M"M)™'X,]| 7'}
= U(M'M)®P,[(X))|7].

M +MyT M +M T . ~ MMt

Here 7'=3"00 and 7'="00% with 7= #sz Thus

UM")UM)=UM'M). So U(M) form a faithful representa-

tion of modular transformations SL(2,2).

To summarize, there are two kinds of deformation loops
7(s). If 7(0)=7(1), the deformation loop is contractible [i.e.,
we can deform the loop to a point or in other words we can
continuously deform the function 7(s) to a constant function
7(s)=7(0)=7(1)]. For a contractible loop, the associated non-
Abelian Berry’s phase is actually a U(1) phase, U,
=e'%d,,,, where ¢ is path dependent. If 7(0) and 7(1) are
related by a modular transformation, the deformation loop is
noncontractible. Then the associated non-Abelian Berry’s
phase is nontrivial. If two noncontractible loops can be de-
formed into each other continuously, then the two loops only
differ by a contractible loop. The associated non-Abelian
Berry’s phases will only differ by an overall U(1) phase.
Thus, up to an overall U(1) phase, the non-Abelian Berry’s
phases U,/ of a topologically ordered state are determined
by the modular transformation 7— T’:Z’,:Z. We also show
that we can use the parallel transportation to defined a sys-
tem of basis @ ({X;}| 7) for all inverse-mass matrices labeled
by 7. By considering the relation of those basis for two 7’s

. We see that the action of the operator
({x}| 7 is to replace X; by
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related by a modular transformation, we can even obtain a - 1
faithful representation of the modular transformation

M d, = Ny | =d
SL(2,2). i (o 1) 0‘/’ !

Thus we next calculate

The translation T; and modular transformation U(M) all Ty U(MT)(DY[(X5)|T]
act within the space of degenerate ground states. There is an =T, exp[— i 7TN¢2 (X?)2:|®‘y[( M;l X)|7]
algebraic relation between those operators. From Eq. (A14), i
we see that

5. Algebra of modular transformations and translations

= exp[— i7TN¢2 (Xiz)z]q)y{[M}l(X,- +d,)]|7'}
UM)T,@,({X}|7) = UMD, (X, +d}|7) ’
U (M, + ) ) - exp[— £ (x,?)Z]cpy[(M;lxﬁdl)w].

= Ug®,({M"'(X; + Md)}| T').

Therefore,
Therefore UMp)T,=T,U(My).
' To obtain the algebra between U(My) and T,, we first
UM T, =Ty ,UM). (A15)  calculate
Let us determine the possible phase factor e’ for some U(MT)T2<I>7({X,»}|7')
special cases. Consider the modular transformation 7— 7’ ) |
=7+1 generated by = U(MT)GXP[’EWE Xi ](DV({Xi +d,}[7)
L
Y <1 1 ) = exp{— i7TN¢E (X?)Z}exp[ﬂ'n'z (Xl-] —X,z)]
7= . i i
01

XO ({M7'X; +do}|T),

We first calculate where d,=(0, NLJ), We note that

UMDT\® (X} 7) = UMp)D,(X; +d,}7) L1\ ©
. 2 _ M.d, = 1 |=d,+d,.
= e"“Nd;f(Xi)z(I)y({MTlXi+d1}|7"), e (0 1 ) — e
¢
where dl=(NLqs ,0). We note that Thus we next calculate

T,T,\ UMp)P,({X}|7) =T,T, exp[— mN(,,E (X?)z]qay({M;lxiH )=T, exp[— mN¢2 (X,?)?](by{[M;l(Xi +d)]|7'}
= exp[i2772 X}]exp[— iTN 5> (X7 + @)2]¢7{[M;1(X,» +d, +d,)]|7}

= ¢ ™Iy exp[i2 7>, (X! - X?) } exp[— iTN 4> (Xf)z] D[ M7'X; +dy)]|7'},

We see that From

UM)T,=e™""T,T\UMy).

Next we consider the modular transformation 7— 7’ = UM P ({X}7) = exp[— 0 WN(/,E X}Xf]cby( (M5 X}|7).

—1 / ( generated by
( )
1 0 ’

we find
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UMUMs)® (X} 7)
= U(Ms)exp[— i27TN¢2 X}X?](I)y({MEI X}7)

= exp[— 27N 42, X}X?]exp[— 27N 42, X7 (- X))
i 1

XD (- X}| 1) = D, X} 7).

We see that UMg)U(Mg)=U(-1) generates to transforma-
tion X ——X. We can show that

U-DTU ' (-)=T{", U-DLU(-1)=T,"
(A16)
Since the wave function of an orbital satisfies
V(= X'.- X2 = N (X', X?) = ¢ (X' XP),
we find
UMaUMD (X} 7 = U(- )P (X} 7) = D;({X;}|7),
(A17)

where Yy corresponds to the occupation distribution,
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T R

Since n,,; and ny,; are periodic with a period of m, the above
can be rewritten as

Ny =Ny )em- (A18)
7y corresponds to the antiquasiparticle of . Thus we find that
[UMYP=C, CP,=y,

W?ere C is the quasiparticle conjugation operator. Clearly

‘ iit us first calculate
UM)T® ({X}}|7) = U(Ms)‘by({MEIXi +d,}|7)
= exp[— 27N 2, X}X?]
XD (M'X; +d}|7).

Since Md,=d,, we next consider

T,UMg)® (X} =T, exp[— i2wN¢E X}x,.z]cby({MngiH )

= exp[iZﬂ'z X}]exp[ zsz¢2 X (X7 + 5 )]CI) (M5 (X, +dy)]| 7'}

= exp[— 27N 42, X}Xiz]q)y{[MEl(X,- +dy)]| 7'}

We see that

UMg)T, =T,U(My),

U(Ms)Tz = TTIU(MS),
where we have used Eq. (A16). Let us introduce
T=e"UMy), S=UMy),

where the value of 6 will be chosen to make T,=1. We find
that

IT,=T,T, TT,=¢™""T,T\T,

ST,=T,S, ST,=CT,C'S. (A19)

6. Quasiparticle tunneling algebra
a. Quasiparticle tunneling around a torus

To obtain the quasiparticle tunneling algebra, it is useful
to consider the following tunneling process: (a) we first cre-

ate a quasiparticle vy, and its antiquasiparticle y,, then (b)
move the quasiparticle around the torus to wrap the torus n;
times in the X' direction and n, times in the X2 direction, and
last (c) we annihilate y; and %,. The quasiparticle-pair-
creation process in step (a) is represented by an operator that
map no-quasiparticle-particle states to two-quasiparticle-
particle states. The quasiparticle transport process in step (b)
is represented by an operator that map two-quasiparticle-
particle states to two-quasiparticle-particle states. The
quasiparticle-pair annihilation process in step (c) is repre-
sented by an operator that map two-quasiparticle-particle
states to no-quasiparticle-particle states. The whole tunneling
process induces a transformation between the degenerate
ground states on the torus,

|’Y> (nl 112)|y> |7 >( (n] n2 )

For Abelian FQH states, Wm) is always an invertible
transformation. But for non- Abehan FQH states, Wm) ,) may

not be invertible. This is because when we create the
quasiparticle-antiquasiparticle pair in step (a), the pair is in
such a state that they fuse into the identity channel. But after
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FIG. 8. The tunneling processes A" and B2

wrapping the quasiparticle around the torus, the fusion chan-
nel may change and hence the pair may not be able to anni-
hilate into ground in step (c). In other words, the annihilate
process in step (c) represents a projection into the subspace
spanned by the degenerate ground states.

Let (see Fig. 8) A Wg”) and B(“Vl)—W(’/1 ). A combina-
tion of two tunneling processes in the X! d1rect10n A and
then A2, induces a transformation A"2A) on the degen-
erate ground states. A combination of the same two tunneling
processes but with a different time order, A and then AV,
induces a transformation A7DA(") on the degenerate ground
states. We note that the two tunneling paths with different
time orders can be deformed into each other smoothly. So
they only differ by local perturbations. Due to the topological
stability of the degenerate ground states,? local perturbations
cannot change the degenerate ground states. Therefore A7)
and A commute, and similarly B and B commute
too. We see that A’s can be simultaneously diagonalized.
Similarly, B"’s can also be simultaneously diagonalized.
Due to the 90° rotation symmetry, A®” and B have the
same set of eigenvalues. But since A” and B in general do
not commute, we in general cannot simultaneously diagonal-
ize A and B,

The basis =y, st} described by the occupation distri-
bution Nyjyl ON the 0rb1tals ¢ is a natural basis in which
AW is diagonal. This is because the tunneling process A"
does not move quasiparticle in the X? direction and hence
does not modify the occupation distribution Nyl ON the
orbitals ¢”. On the other hand, BV does move quasiparticle
in the X? direction and hence shifts the occupation distribu-
tion Nyl that characterizes the ground states. Therefore
B is not diagonal in the ®, basis. In particular, when acted
on the state ®y= (D{"z y that corresponds to the trivial qua-
siparticle, B produces the state @,
quasiparticle 7y,

that corresponds the

BYd =b, O (A20)
Y1 N

where an is a nonzero factor. (Note that y=0,1,... ,Nq—l
where y=0 corresponds to the trivial quasiparticle and N, is

the number of quasiparticle types.)

b. Tensor category structure in quasiparticle tunneling operators

WEnl ) is just a special kind of quasiparticle tunneling. In

general, we can create many pairs of quasiparticles, move
them around each other, combine and/or split quasiparticles,

PHYSICAL REVIEW B 78, 155109 (2008)

X!

FIG. 9. A general quasiparticle tunneling process.

and then annihilate all of them (see Fig. 8). In addition to the
quasiparticle-pair-creation process represented by a mapping
from no-quasiparticle-particle states to two-quasiparticle-
particle states and the quasiparticle-pair annihilation process
represented by a mapping from two-quasiparticle-particle
states to no-quasiparticle-particle states, the more general
tunneling process also contains the quasiparticle splitting
process represented by a mapping from one-quasiparticle-
particle states to two-quasiparticle-particle states and the
quasiparticle fusion process represented by a mapping from
two-quasiparticle-particle states to one-quasiparticle-particle
states. We will use W(X) to represent the action of the whole
tunneling process on the degenerate ground state where X
represents the tunneling path (see Fig. 9). W§Z;?n2) discussed
above is just a special case of W(X).

Due to the topological stability of the degenerate ground
states W(X) can have some very nice algebraic properties.
However, in order for W(X) to have the nice algebraic struc-
ture we need to choose the operators that represent the
quasiparticle-pair-creation or annihilation and quasiparticle
splitting or fusion processes properly. We conjecture that af-
ter making those choices, W(X) can satisfy the following
conditions:

l I |

M1 ML I
E & eo|
3
— =

—

~—— ”:{

~—
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where i,j,...=0,1,...,N,—1 label the N, quasiparticle
types and i=0 corresponds to the trivial quasiparticle. Note
that N, is also the ground-state degeneracy on the torus. The
shaded areas in Eq. (A21) represent other parts of tunneling
path. Note that there may be tunneling paths that connect
disconnected shaded areas. Here X, represents a tunneling
path which has a compact support (i.e., there is no path in
Xloca that wraps around the torus). In this case W(X|oe)
represents local perturbations that cannot mix different de-
generate ground states on torus.’ Thus W(Xj,,) must be pro-
portional to the identity. The second relation in Eq. (A21)
implies that the tunneling amplitude W(X) only depends on
the topology of the tunneling path. A smooth deformation of
tunneling path will not change W(X).

The above conjecture is based on the following consider-
ation. In a class of topologically ordered states—string-net
condensed states—the amplitudes of string operators satisfy
the above conditions.® The quasiparticle tunneling operators
behave just like the string operator, and thus we assume they
satisfy the same conditions.

Strictly speaking, due to the quasiparticle charge and the
external magnetic field, we only have

(8) - (Bl

where 6 is a path-dependent phase. However, we can restrict
the tunneling paths to be on a properly designed grid, such as
a grid formed by squares. We choose the grid such that each
square contains k units of flux quanta where & is an integer
that satisfies kQ,=integer for any 7. In this case, e’=1 for
the tunneling paths on the grid. Other relations in Eq. (A21)
are motivated from tensor category theory.f"8

One may notice that rules [Eq. (A21)] are about planar
graphs while the tunneling paths are three-dimensional
graphs. How can one apply rules of planar graphs to three-
dimensional graphs? Here we have picked a fixed direction
of projection and projected the three-dimensional tunneling
paths to a two-dimensional plane.*> The rules [Eq. (A21)]
apply to such projected planar graphs. Also, the action of
tunneling process can only be properly represented by
framed graphs in three dimensions to take into account the
phase factors generated by twisting the quasiparticles. Here
we have assumed that there is a way to choose a canonical
framing for each tunneling process, such that their projec-
tions satisfy Eq. (A21).

The coefficients (d,»,F%f ,

wf-‘j) must satisfy the following
self-consistent relations;®’

ijk Uk
P~ et
Jt Uin

; U,V
ijm _ plkm _ pmjim _ l_m] n
Fkln ij Flkn Fknl v
JjYl

mlq jip pmjsn _ pjip prig
E FionF Flkr =F qk
n=0

kpn® mns mls
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/ . T2 T2
% 1
] |
T~ |
Y Vi Y1
S x| x| 7
X1 X1 X1
(a) (b) (c)

FIG. 10. (a) Two tunneling processes: A" and A", (b) The
tunneling path of the above two tunneling processes can be de-
formed according to the fifth relation in Eq. (A21) with i=7%,, j
=y, k=7, k=7, m=0, and n=1y;. (c) The fifth, the fourth, and the
third relations in Eq. (A21) can reduce (b) and (c).

o™ sli jik n jln
ijm FJ] rk ksm
m n=0
Nq —
zs
=2 @ Fp (A22)
si mj
k=0

Here iis the antiquasiparticle of i, v; is defined by v,;=v;
—\a’,, and n is given by

‘ 1 if i,j can fuse into k
n: = .
Y10 otherwise.

We would like to point out that here we only considered a
quampartlcle fusion algebra ;= Eknl ;¥ that has a special
property n; -—0 1.

c. Implications of tensor category structure

As the first application of the above algebraic structure,
we find that (see Fig. 10)

— E Fran0 d F737172A(’Y3)_ 2 n?’% A(73)

(7)) A(r1)
AZAT Y17173 717}

73

(A23)

We see that the algebra of A forms a representation of
()

fusion algebra ¢7 ¢72 7'y yzlﬂh The operators B'Y

=SAS! [see Eq. (A38)] satisfy the same fusion algebra,

BB = n7s B0, (A24)
271
V3

As the second application of the above algebraic struc-
ture, we can represent the degenerate ground states on torus
graphically. One of the degenerate ground state @ that cor-
responds to the trivial quasiparticle y=0 can be represented
by an empty solid torus [see Fig. 11(a)]. We denote such a
state as |0)=®d,,. Other degenerated ground states can be ob-

tained by the action of the B'” operators,
) =B")0). (A25)

From Eq. (A20), we see that ®,, and |y) are related,
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—
X2 (a) (b)

FIG. 11. (a) The ground state &, on a torus that corresponds
to the trivial quasiparticle can be represented by an empty solid
torus. (b) The other ground state ®,, that corresponds to a type
quasiparticle can be represented by an solid torus with a loop of
type v in the center.

=|y.

Since |y) i
represented by adding a loop that corresponds to the B
operator to the center of the solid torus [see Fig. 11(b)].

|y) is a natural basis for tensor category theory. The ma-
trix elements of A and B have simple forms in such a
basis. From Eq. (A24), we see that

BBy = B y,) = E”mlm)'

Therefore, in the basis |'y>, the matrix elements of B are
given by the coefficients of fusion algebra,

(v2) — 7
(B 2)7371_n7;y1'

(A26)

The action of A?") on |y) is represented by Fig. 12. From
Fig. 13, we find that
TC

S-,
Ay = 2L ,
|7 4, |7

(A27)

where STC is the amplitude of two linked local loops (see
Fig. 14). S%C satisfies

§TC _ ¢TC
M T

(A28)

We see that A is diagonal in the | ) basis. Let a(7 ) be
the eigenvalues of A" ). We see that

TC TC
(7'): h: %7 (A29)
y .

dY SO?

Using the tensor category theory (A21), one can show
that’

FIG. 12. The graphic representation of A(“/’)|y>.
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(@ (b)

FIG. 13. (a) The graphic representation of A(V,)|y>. (b) The
graphic representation of A(7’)|y). (c) The fifth and the fourth rela-
tions in Eq. (A21) can deformed the graph in (b) to the graph in (c).
The shaded area represents the hole of the torus.

TC ¢TC

S
eSSBS,
which can be rewritten as
TC
%ﬂm 732” SIS BN I(STO 1T, =AY (A31)
In the operator form, the above becomes
CADC = STCRM)(§TC)~1 (A32)

where C is the charge-conjugation operator C|y)=|7). We
see that STC can change the tunneling operator B to A,

Equation (A30) can also be rewritten as (assume SC is in-
vertible)
TC (TC [ TC\-1
E SY?’]SYYQ[(S ) ]73'}’ Y3 A33
STC =n "N ( )

Y

We note that the above expression is invariant under S
—f )5 vy . We also note that the above expression implies that

PR}

My =My

FIG. 14. The amplitude of two linked local loops is a complex
number S;Cyz
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T, and T, generate the translation symmetry of the torus.
We expect that T, and 7, commute with the algebraic struc-
ture of the tensor category. Thus we expect that Eq. (47)
keeps the same form in the new basis |7y),

Ty =e?"0y), Tlm=|v), (A34)

where 7y’ is the quasiparticle described by the canonical oc-
cupation distribution 7,,;=1..(1_1)gm-

d. Quasiparticle tunneling operators under modular
transformation

The transformations W” . induced by quasiparticle tun-
(ny.n5)
neling processes have certain algebraic relation with the
modular transformations U(M). From Fl% 7, we see that the
modular transformation M, changes W( Ly 1O wy

(ny+ny,ny)°
M’Yl) Vv('yl)

ny.ng) — T (ny+ny, nz

(A35)

Since the modular transformation Mg generates a 90° rota-
tion, we find

SVV(VI) VV()’l)

nl n2 —n2 ”1

(A36)

Here M and M are given by Eq. (49) and T and S are given
by Eq. (50). Also since the modular transformation M=-1
generates a 180° rotation, we find

CVVW]) VV(Y]) _nl)c

nl n2
In terms of A and B we can rewrite Egs. (A35)—(A37)
as

(A37)

TA(Y]) =A(71)T
)

TB™ = W{)T,

SA) = B(VI)S’

SBMC=cAMs. (A38)

Let us assume that the set of the quasiparticle operators
A can resolve all the degenerate ground states |7), i.e., no
two degenerate ground states share the common set of eigen-
values for the operators AW, In this case, the commutation
relation TA=AVT implies that T is diagonal in the E%)
basis. We will fix the overall phase factor of T by choosing
TOO= 1 .

The operator C=S? is a charge-conjugation operator. Its
action on |v) is given by [see Eq. (A18)]

Cly=».

Compare S~'CACS=B" with Eq. (A32), we find that
STC=FS, where F is a diagonal matrix F.,, =f,8,, in the |y)
basis. Using STC=FS, we can rewrite Eqs. (A29) and (A33)
as

IAm S _ o

fw So 7 (43
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2 S7715772(S_1)737

=n”3_. (A40)
b S Y0

72

We see that A and B can be determined from S.

Since STC is symmetric, S5=d,>0 and Sj; =1, once we
know S, we can use those conditions to fix F. Thus we can
determine STC from S. Once we know STC, we can also cal-
culate the CFT scaling dimension /., for the quasiparticle y
(see Appendix, Sec. 7) up to an 1nteger

TC E vy i2m(h, ~h., —h.,)
> Y- Y Y,
S71 %= nyl yze 3 1 d

o (A41)

V3

7. Relation to conformal field theory
The symmetric polynomial ® can be written as a correla-
tion function of vertex operators V,(z) in a conformal field
theory (CFT),343:44

Pz = lim ZMVEIVED). (A42)

V, (which will be called an electron operator) has a form

V(@) = ),

where ¢ is a simple-current operator and e'#?/ 7 is the vertex
operator on a Gaussian model with a scaling dimension &
=$. The scaling dimension £ of i,(z) =[¢(z)]* has being
calculated from the pattern of zeros {S,} in Ref. 12,

2
aS, am a
SC n
hy=S,——+—-—.

A43
n 2 2n ( )

The quasiparticle state @, can also be expressed as a cor-
relation function in a CFT,

() = lim 2%V IV OT V). (ad4)

Zoo—®

(Note that @, has a quasiparticle at z=0.) Here V,, is a qua-
siparticle operator in CFT which has a form

- i¢(2)0\v
V(2) = 0,(2)e' P9,

where o,(z) is a “disorder” operator in the CFT generated by
the simple-current operator . Different quasiparticles la-
beled by different 7y will correspond to different disorder
operators.

Let us introduce a quantitative way to characterize the
quasiparticle operator. We first fuse the quasiparticle operator
with a electron operators,

Vy;a(z) =

(A45)

V.Va= a'y;a(z)ei(i’(z)Qm/\;V
Ora= Ol Qpa=0Qyba,  (A46)

where V,=(V,)*=),e/®?9"7_Then, we consider the opera-
tor product expansion (OPE) of V.., with V,,

CFT
Ve(Z) Vy;a(w) = (Z - W)ly;ll+lvy;a+l(w) .

and h.,, be the scaling dimensions of V,, V., and
respectively. We have

(A47)

Let A, hy’
Vv

Y:a
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I = hygsr = by = Ty (A48)

y,a+1

Since the quasiparticle wave function ® ({z 1) must be a
single valued function of z;’s, this requlres that lcFT must be
integers. The sequence of 1ntegers {l I gives us a quantita-
tive way to characterize qua51part1cle operators V,in CFT.

From the occupation distribution description of the quasi-
particle 7y introduced in Sec. III B, we see that a quasiparticle
can also be characterized by another sequence of integers
{l,..}. What is the relation between the two sequences of
integers, {ZCFT} and {/,.,}, which characterize the same set of
quas1partlclesr7 From Eq (A47), we see that ZCFT is the order
of zeros as we move an electron z; toward a qua51partlcle 0%
fused with a electrons. Thus lsFT is the order of zero D, ,
introduced in Sec. III A. From Eq. (18) and S;=0, we find
that ICFT in the above OPE is given by ICFT—S =Sya-1-
Thus the two sequences, {ICFT} and {l,.f, are 1dentical
{l = {I,.a}. In the rest of the paper, we W111 drop the super-
scrlpt CFT in l

Now let us calculate the quasiparticle charge Q,, [see Eq.
(A45)] from the sequence {/,,,} within the CFT. Using [,

=S,.=S,4-1, We can rewrife Eq. (A48) as h,,.—hy,

=8,.441=Syqth;. Thus hw,—hy:Sy;a+a£z1, where we have
used S,,0=5,=0. Using h1=h§°+L=§——", we find
m S,
hya—hy=S§, +a( )
2 n
Since Oy n=0,, We have

PHYSICAL REVIEW B 78, 155109 (2008)

PR (il o (ﬂ_&)
y:n Y 21/ y:n 2 n
Thus
S,,=S, 1<
Qyz_uz_g(lya_la)7
m m

which agrees with Eq. (27).
Let kY, be the scaling dimension of o, We see that
S =y 22 ng

sc sc _ ﬂ 2 ﬂ Sz;n
hy;a_hy_sv;a_zna +<2— . a
It

m , (m S;,,

we can rewrite the above as

SC _ 7,8¢C

he=Ny + Sy, (A49)
We see that the simple-current part of CFT is determined by
Syas a=1,...,n—1, only. In particular, if oy and o, are re-
lated by a simple-current operator, o,=a,i,, then the scal-
ing dimension of o, can be calculated from that of o

SC _7sc
hy,—hy+sw.
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