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In the pattern-of-zeros approach to quantum Hall states, a set of data {n;m;Sa|a=1, ...,n;n,m,S, e N}
(called the pattern of zeros) is introduced to characterize a quantum Hall wave function. In this paper we find
sufficient conditions on the pattern of zeros so that the data correspond to a valid wave function. Some times,
a set of data {n;m;S,} corresponds to a unique quantum Hall state, while other times, a set of data corresponds
to several different quantum Hall states. So in the latter cases, the pattern of zeros alone does not completely
characterize the quantum Hall states. In this paper, we find that the following expanded set of data
{n;m;8,;cla=1,...,n;n,m,S, € N;c e R} provides a more complete characterization of quantum Hall states.
Each expanded set of data completely characterizes a unique quantum Hall state, at least for the examples
discussed in this paper. The result is obtained by combining the pattern of zeros and Z, simple-current vertex
algebra which describes a large class of Abelian and non-Abelian quantum Hall states ®7 . The more complete
characterization in terms of {n;m;S,;c} allows us to obtain more topological properties of those states, which
include the central charge ¢ of edge states, the scaling dimensions and the statistics of quasiparticle excitations.
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I. INTRODUCTION

Materials can have many different forms, which is par-
tially due to the very rich ways in which atoms and electrons
can organize. The different organizations correspond to dif-
ferent phases of matter (or states of matter). It is very impor-
tant for physicists to understand these different states of mat-
ter and the phase transitions between them. At zero
temperature, the phases are described by the ground-state
wave functions, which are complex wave functions
®(r,,r,,...,ry) with N— o variables. So mathematically, to
describe zero-temperature phases, we need to characterize
and classify the ground-state wave functions with % vari-
ables, which is a very challenging mathematical problem.

For a long time we believe that all states of matter and all
phase transitions between them are characterized by their
broken symmetries and the associated order parameters. A
general theory for phases and phase transitions is developed
based on this symmetry breaking picture. So within the para-
digm of symmetry breaking, a many-body wave function is
characterized by its symmetry properties. Landau’s symme-
try breaking theory is a very successful theory and has domi-
nated the theory of phases and phase transitions until the
discovery of fractional quantum Hall (FQH) effect.?

FQH states cannot be described by symmetry breaking
since different FQH states have exactly the same symmetry.
So different FQH states must contain a new kind of order.
The new order is called topological order*~® and the associ-
ated phase called topological phase because their character-
istic universal properties (such as the ground states degen-
eracy on a torus*) are invariant under any small perturbations
of the system. Unlike symmetry-breaking phases described
by local order parameters, a topological phase is character-
ized by a pattern of long-range quantum entanglement.” In
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Ref. 10, the non-Abelian Berry phases for the degenerate
ground states are introduced to systematically characterize
and classify topological orders in FQH states (as well as
other topologically ordered states). In this paper, we further
develop another systematic characterization of the topologi-
cal orders in FQH states based on the pattern of zeros
approach.!l:12

In the strong magnetic field limit, a FQH wave function
with filling factor v<<1 is an antisymmetric holomorphic
polynomial of complex coordinates {z;=x;+iy;} [except for a
common factor that depends on geometry: say, a Gaussian

|Zi|2 .
factor exp(X,7-) for a planar geometry]. After factoring out
an antisymmetric factor of II,-(z;—z;), we can describe a
quantum Hall state by a symmetric polynomial ®(z;,...,zy)
in the N— oo limit.!! So the characterization and classifica-
tion of long-range quantum entanglements in FQH states be-
come a problem of characterizing and classifying symmetric
polynomials with infinite variables.

In a recent series of work,''"!® the pattern of zeros is
introduced to characterize and classify symmetric polynomi-
als of infinite variables. The pattern of zeros is described by
a sequence of integers {S,|a=1,2, ...}, where S,, is the low-
est order of zeros of the symmetric polynomial when we fuse
a different variables together. The data {S,|a=1,2,...} can
be further compactified into a finite set {n;m;S,|a
=1,2,...,n;n,me N} for n-cluster quantum Hall states.
Here N={0,1,2,...} is the set of non-negative integers. It
has been shown'!"!? that all known one-component Abelian
and non-Abelian quantum Hall states can be (partially) char-
acterized by pattern of zeros. It is also shown'"!? that, for
any given pattern of zeros {S,}, we can construct an ideal
local Hamiltonian'*~'$ Hyg y such that the FQH state with the
pattern of zeros is a zero energy ground state of the Hamil-
tonian.
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We would like to point out that, strictly speaking, a FQH
state must be a state with a finite energy gap. But in this
paper, we will use the term more loosely. We will call one
state a FQH state if it can be an zero energy state of an ideal
Hamiltonian (whose interaction potential is a sum of & func-
tions and derivatives of & functions). Such a FQH state is
called an ideal FQH state. So our ideal FQH states may not
be gapped.

The ideal FQH states has a nice property that they can be
characterized by pattern of zeros or CFT. In addition to those
ideal FQH wave functions, one can also construct FQH wave
function through composite fermion approach.!® Those com-
posite fermion wave functions can be very low energies for
Coulomb interaction, for example, for the v=2/5 state. How-
ever, the composite fermion wave functions are in general
not the ideal FQH wave function defined above. We still do
not know how to extract topological properties from the
composite fermion wave functions. On the other hand, the
ideal FQH wave functions introduced above are much easier
to handle and we can indeed extract topological properties
from the ideal FQH wave functions (provided that they are
gapped).

Due to the length of this paper, in the following, we are
going to summarize the issues that we are going to discuss in
this paper. We will also summarize the main results that we
obtain on those issues.

A. Sufficient conditions on pattern of zeros

Within the pattern-of-zero approach, two questions natu-
rally arise: (1) Does any pattern of zeros, i.e., an arbitrary
integer sequence {n;m;S,} corresponds to a symmetric poly-
nomial ®(zy,...,zy)? Are there any “illegal” patterns of ze-
ros that do not correspond to any symmetric polynomial? (2)
Given a “legal” pattern of zeros, can we construct a corre-
sponding FQH many-body wave function? Is the FQH
many-body wave function uniquely determined by the pat-
tern of zeros?

For question (1), it turns out that the pattern of zeros must
satisfy some consistent conditions'"!? in order to describe an
existing symmetric polynomial. In other words, some se-
quences {n;m;S,} do not correspond to any symmetric poly-
nomials. However, Refs. 11 and 12 only obtain some neces-
sary conditions on the pattern of zeros {n;m;S,}. We still do
not have a set of sufficient conditions on pattern of zeros that
guarantee a pattern of zeros to correspond to an existing
symmetric polynomial.

For question (2), right now, we do not have an efficient
way to obtain corresponding FQH many-body wave function
from a “legal” pattern of zeros. Further more, while some
patterns of zeros can uniquely determine the FQH wave
function, it is known that some other patterns of zeros cannot
uniquely determine the FQH wave function: i.e., in those
cases, two different FQH wave functions can have the same
pattern of zeros.!':?* This means that some patterns of zeros
do not provide complete information to fully characterize
FQH states. In this case it is important to expand the data of
pattern of zeros to obtain a more complete characterization
of FQH states.
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We see that the above two questions are actually closely
related. In this paper, we will try to address those questions.
Motivated by the conformal field theory (CFT) construction
of FQH wave functions,?!~?* we will try to use the patterns of
zeros to define and construct vertex algebras (which are
CFTs). Since the correlation function of the electron operator
in the constructed vertex algebra gives us the FQH wave
function, once the vertex algebra is obtained from a pattern
of zeros, we effectively find the corresponding FQH wave
function for the pattern of zeros. In this way, we establish the
connection between the pattern of zeros and the FQH wave
function through the vertex algebra.

In order for the correlation of electron operators in the
vertex algebra to produce a single-valued electron wave
function with respect to electron variables {z;,...,zy}, elec-
tron operators need to satisfy a so-called “simple-current”
property [see Egs. (34) and (60)]. Also the vertex algebra
need to satisfy the generalized Jacobi identity (GJI) which
guarantees the associativity of the corresponding vertex
algebra.?® We find that only a certain set of patterns of zeros
can give rise to simple-current vertex algebras that satisfy the
GIJI. So the GJIs in simple-current vertex algebras give us a
set of sufficient conditions on a pattern of zeros so that this
pattern of zeros does correspond to an existing symmetric
polynomial.

In this paper, we first try to use the pattern of zeros
{n;m;S,} to define a Z, vertex algebra. From some of the
GJI of the Z, vertex algebra, we obtain more necessary con-
ditions on the pattern of zeros {n;m;S,} than those obtained
in Refs. 11 and 12 (see Sec. II). It is not clear if those
conditions are actually sufficient or not.

Then, we try to use the pattern of zeros {n;m;S,} to de-
fine a Z, simple-current vertex algebra. From the complete
GJI of the Z, simple-current vertex algebra, we obtain suffi-
cient conditions on the pattern of zeros {n;m;S,} (see Sec.
V).

B. How to expand the pattern-of-zeros data to completely
characterize the topological order

If a pattern of zeros {n;m;S,} can uniquely describe the
topological order in a quantum Hall ground state, then from
such a quantitative description, we should be able to calcu-
late the topological properties from the data {n;m;S,}. In-
deed, this can be done. First different types of quasiparticles
can also be quantitatively described and labeled by a set of
sequences {S v;a} that can be determined from the pattern-of-
zeros data {n;m;Su}.12 Those quantitative characterizations
of the quantum Hall ground state and quasiparticles allow us
to calculate the number of different quasiparticle types, qua-
siparticle charges, fusion algebra between the quasiparticles,
and topological ground-state degeneracy on a Riemann sur-
face of any genus.'>!3

However, from the pattern-of-zeros data, {n;m;S,} and
{S,.4}» we still do not know how to calculate the quasiparticle
statistics and scaling dimensions, as well as the central
charge ¢ of the edge states. This difficulty is related to the
fact that some patterns of zeros do not uniquely characterize
a FQH state. Thus one cannot expect to calculate the topo-
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logical properties of FQH state from the pattern-of-zeros data
alone in those cases. We would like to point out that for a
particular pattern of zeros for the Z, parafermion Moore-
Read state, there is a successful calculation of the quasipar-
ticle statistics from the pattern of zeros and thin cylinder
limit.>” But we do not know how to apply such an approach
to more general pattern of zeros.

In this paper, we will try to solve this problem using a
very different approach and for generic patterns of zeros. We
first introduce a more complete characterization for FQH
states in terms of a expanded data set: {n;m;S,;c}. Then, we
use the data set {n;m;S,;c} to define a so called Z, simple-
current vertex algebra. The Z, simple-current vertex algebra
contain a subalgebra, Virasoro algebra, generated by the
energy-momentum tensor 7" and c is the central charge of the
Virasoro algebra. It contains only n primary fields #,, a
=0,1,...,n—1 of the Virasoro algebra, with a Z, fusion rule
Yoy~ Warbymod n» Y=o Those ¢, are called simple cur-
rents. The extra data c is the one of the structure constants of
the Z, simple-current vertex algebra. One may want to in-
clude all the structure constants {C,,} in the data set to have
a complete characterization. But for the examples discussed
in this paper, we find that data set {n;m;S,;c} already pro-
vides a complete characterization. So in this paper, we will
use {n;m;S,;c} to characterize FQH states. If later we find
that {n;m;S,;c} is not sufficient, we can always add addi-
tional data, such as C,,. Every Z, simple-current vertex al-
gebra uniquely defines a FQH state, and the data {n;m;S,;c}
that define a Z, simple-current vertex algebra also com-
pletely characterizes a FQH state.

We would like to remark that although the data
{n;m;8,;c} and the corresponding Z, simple-current vertex
algebras describe a large class of FQH states, they do not
describe all FQH states. For example let ® A be the FQH
wave function described by a Z"; simple-current vertex alge-
bra A;, i=1,2. Then, in general, the FQH state described by
the product wave function ®=® 4 ® , cannot be described
by a simple-current vertex algebra. Such a product state is
described by the product vertex algebra A4; ® A,, which is in
general no longer a simple-current vertex algebra. So a more
general FQH state should have the form

o=Td,, (1)

The study in Refs. 11-13 reveal that many FQH states de-
scribed by pattern of zeros have the following form:

V(e =TT @0 ah), (2)

g

where ®,k,)({z;}) is the wave function described by Zka)

parafermioﬁ vertex algebra.'* The Z, simple-current vertex
algebra mentioned above is a natural generalization of the
Zfl’;“) parafermion vertex algebra, and Eq. (1) naturally gen-
eralizes Eq. (2). (Note that there are many Z, simple-current
vertex algebras even for a fixed n, so there are many different
Z, simple-current states.)

For the subclass of FQH states described by Z, simple-
current vertex algebra (which includes Virasoro algebra as an
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essential part), the quasiparticle statistics and scaling dimen-
sions, as well as the central charge ¢ of the edge states can be
calculated from the data {n;m;S,;c}. Certainly, we can also
calculate the number of different quasiparticle types, quasi-
particle charges, fusion algebra between the quasiparticles,
and topological ground-state degeneracy on a Riemann sur-
face of any genus.

Obviously, not every collection {n;m;S,;c} corresponds
to a Z, simple-current vertex algebra and a FQH state. GJIs
of the Z, simple-current vertex algebra generate the consis-
tent conditions on the data set {n;m;S,;c}. Only those data
sets {n;m;S,;c} that satisfy the GJIs can describe a Z,
simple-current vertex algebra and FQH states.

C. Organization of the paper

This paper is organized as follows. In Sec. II, we review
and extend the pattern-of-zeros approach to quantum Hall
states. In Sec. III we use the pattern of zeros to define Z,
vertex algebra, and then use associativity conditions (i.e., the
GIIs) of the vertex algebra to obtain extra conditions on the
pattern of zeros that describe generic FQH states. In Sec. IV
we list some numerical solutions of the pattern of zeros for
the generic FQH states that also satisfy those extra consistent
conditions found in Sec. III. In Sec. V we define and con-
struct the Z, simple-current vertex algebra from the pattern
of zeros. We list the consistent conditions obtained from GJIs
of Z, simple-current vertex algebra. The detailed derivations
of those consistent conditions are discussed in Appendixes
D-F. The consistent conditions on the patterns of zeros that
describe a Z, simple-current vertex algebra are more restric-
tive than those for a generic Z, vertex algebra. Some of the
solutions of the Z, simple-current pattern of zeros are listed
in Sec. VII. In Sec. VI, we discuss how to represent quasi-
particles in the Z, simple-current vertex algebra, and to cal-
culate the topological properties of quasiparticles from the Z,
simple-current pattern of zeros. In Sec. VII, we apply the
vertex-algebra approach developed here to study some
simple (but nontrivial) examples of FQH states, which in-
clude Z, parafermion states (the Read-Rezayi states'’), the Z,
simple-current FQH states of Z,|Z, type, a Z, simple-current
FQH state of Z,|Z, type, etc.

II. PATTERN-OF-ZEROS APPROACH TO GENERIC FQH
STATES

In this section, we will review how to use the pattern of
zeros to characterize and classify different FQH states that
have one component.''=!3 A discussion on two-component
FQH states can be find in Ref. 28.

A. FQH wave functions and symmetric polynomials

Generally speaking, to classify generic complex wave
functions ®(r,,...,ry) is not even a well-defined problem.
Fortunately, under a strong magnetic field, electrons are spin
polarized in the lowest Landau level (LLL) when the elec-
tron filling fraction v, is less than 1. The wave function of a
single electron in LLL (we set magnetic length Iz=\7%/eB to

. . 2 .
be unity hereafter) is ¥, (z)=z"¢""* in a planar geometry.
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m is the angular momentum of this single particle state. Thus
the many-body wave function of spin-polarized electrons in
the LLL should be

2
s |l ) .

V(21 nzn) = Dulzys o ,ZN)exp( f
i=1
where ®,({z,}) is an antisymmetric holomorphic polynomial
of electron coordinates {z;=x;+iy;}. The electron filling frac-
tion v, is defined as
N N?
v,=lim — = lim — (4)
N—ox N¢ N—ox 2N

where N, is the total number of flux quanta piercing through

the sample, and N, is the total degree of polynomial <I~36({z,}).
For FQH states v,<1, we can extract a Jastraw factor
IT;< (z;~z;) and the remaining part

D(zy, ...,ZN):q)e(Zl’—“"ZN) )

HK i (zi=z)

would be a symmetric polynomial of {z;}. We will concen-
trate on this symmetric polynomial to characterize and clas-
sify FQH states.

For the symmetric polynomial ®({z;}) we can also define
a filling fraction v in the same way as in Eq. (4), only N,
replaced by the total degree of bosonic polynomial ®({z;}).
The electron filling fraction v, has the following relation
with this bosonic filling fraction v:

— <1. (6)

v
1+

B. Fusion of a variables: The pattern of zeros

The pattern of zeros'"»2 is introduced to describe symmet-

ric polynomials ®({z,;}) through certain local properties, i.e.,
fusion of a different variables z;,...,z,. More specifically,
we bring these a variables together, viewing z,,;,...,Zy as
fixed coordinates. By writing the a variables in the following
. +47

manner z=NE+Z9, i=1,...,a, where 7@= ; and

2%,£,=0, we can bring these a variables together by letting
A tend to zero. Then we can expand the polynomial ®({z;})
in powers of A,

lim ®\E + 29,

A—0F

=\SaPg [29, (&, ...

. ,)\§a+Z(a);Za+1, ’ZN)

Lzn] + O(NSathy .
(7)

In other words, {S,} is the lowest order of zeros when we
fuse a variables together. The pattern of zeros, by definition,
is this sequence of integers {S,}. In this paper, we will only
consider the polynomials that satisfy a unique fusion condi-
tion: the fusion of a variables is unique, i.e., Ps in Eq. (7)
has the same form except for an overall factor no matter how
{&} are chosen.

?gu);Zu+l’ cee
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There are other equivalent descriptions of the pattern of
zeros. One of them is the orbital description,

1,=S,-S,1, a=1.2,..., (8)

where {/,} labels the orbital angular momentum of the single-
particle state occupied by the ath particle. Another is the
occupation description in terms of a sequence of integers
{n;},>-3 denoting the number of particles occupying the or-
bital with angular momentum /.

C. Consistent conditions for the pattern of zeros

In this section, we will review and summarize the consis-
tent conditions on {S,} derived in Refs. 11 and 12.

1. Translational invariance

A translational invariant wave function ®(z,...,zy)
=d(z,-z,...,zy—2) satisfies D(0,z,,...,zy) #0. As a result
we have §,=0.

2. Symmetry condition

After we fuse a variables together to form an a-particle
cluster (a-cluster), it is natural to ask: what happens when we
fuse an a-cluster and another b-cluster together? Let D, ;, be
the order of zeros obtained by fusing an a-cluster and an-
other b-cluster together. It satisfies D, ,=D), ,=0. Since the
final state is the same as fusing a+b variables together, we
find an one-to-one relation between the two sets of data D, ,
and S,

Da,b = Sa+b - Sa - Sb7

Sa: 2 Di,l' (9)
i=1

Since ®({z;}) is a symmetric polynomial, it describes a
state of bosonic particles seated at coordinates {z;}. Thus the
a-cluster seated at zg”) can also be regarded as a bosonic
particle. The derived polynomial [see Pg_in Eq. (7) as an
example] should be symmetric with respect to interchange of
two identical bosons seated at z( and z(”) When we fuse
such two identical bosonic clusters z\ and z\® together, we
have

(a)

(a)
21tz
)= - (“))DMP<¥, )

lim P\, z
(z) 5

a0
+0[(z)") = 25")Paa1]. (10)
This leads to the symmetry condition

D,,=even & S,,=even. (11)

3. Concave conditions

The first concave condition is the non-negativity of D, ,
D,y =058,,=8,+S,. (12)

It comes naturally from the fusion of two clusters.
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When we fuse three clusters together, we find the total
order of “off-particle” zeros to be

AS(asb’c):Da,b+c_Da,b_Da,c>0~ (13)
This gives the 2nd concave condition:

A3(a’b’c) = Sa+b+c + Sa + Sb + Sc - Sa+b - Sa+c - Sb+c =0.
(14)

4. n-cluster condition

The above conditions, Egs. (11), (12), and (14), have
many solutions {S,}. Many of those solutions has a “peri-
odic” structure that the whole sequence {S,} can be deter-
mined from first a few terms,

k(k—1)

Spskn =S, + kS, +mn + kma, (15)

where
m= D”’l. (16)

We will call such a pattern of zeros the one that satisfies an
n-cluster condition. We see that, for an n-cluster sequence,
only the first n terms, S,,..., S,.;, are independent, and the
whole sequence is determined by the first n terms.

To understand the physical meaning of the n-cluster con-
dition, we note that Eq. (15) is equivalent to the following
condition:

As(kn,b,c)=0 for any k. (17)

This means that a symmetric polynomial that satisfies the
n-cluster condition has the following defining property: as a
function of the n-cluster coordinate z, the derived polyno-
mial P(z("),z(l“), --+) has no off-particle zeros.

Under the n-cluster condition, we see that

D, ,=nm=even. (18)

We also note that the filling fraction is given by

(19)

3=

; Im 2
since §,— 57 a” as a— .

We like to mention that the cluster condition plays a very
important role in the Jack polynomial approach to FQH.3!-3?
However, in the pattern of zeros approach, the n-cluster con-
dition only play a role of grouping and tabulating solutions
of the consistent conditions. The solutions with larger n cor-
respond to more complex wave functions which usually cor-
respond to less stable FQH states. Later, we will discuss the
relation between the pattern of zeros and CFT. We find that
the solutions that do not satisfy the n-cluster condition (i.e.,
with n=) correspond to irrational CFT, which may always
correspond to gapless FQH states. The Jack polynomial ap-
proach and the pattern-of-zeros approach have some close
relations. The Jack polynomials are special cases of the poly-
nomials characterized by pattern of zeros.
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5. Summary

To summarize, we see that the pattern of zeros for an
n-cluster polynomial is described by a set of positive integers

{n;m;S,,...,S,}. Introducing S;=0 and
k(k-1)

Sprin =S, + kS, + mn + kma, (20)

which define S,,;, S,.2,.... we find that the data

{n;m;S,,...,S,} must satisfy

Da,b=Sa+b_Sa_Sb =0
D, =even, (21)

A3((l,b,C) = Sa+b+c + Sa + Sb + Sc - Sa+b - Sa+c - Sb+c =0
(22)

for all a,b,c=1,2,3,....

Conditions (21) and (22) are necessary conditions for a
pattern of zeros to represent a symmetric polynomial. Al-
though Egs. (21) and (22) are very simple, they are quite
restrictive and are quite close to be sufficient conditions. In
fact if we add an additional condition

As(a,b,c) =even, (23)

the three conditions, (21)—(23), may even become sufficient
conditions for a pattern of zeros to represent a symmetric
polynomial.''> However, this condition is too strong to in-
clude many valid symmetric polynomials such as Gaffnian,>*
a nontrivial Z, state discussed in detail in Sec. VII. We will
obtain some additional conditions in Sec. III C, which com-
bined with Egs. (21) and (22) form a set of necessary and
(potentially) sufficient conditions for a valid pattern of zeros.

D. Label the pattern of zeros by h;°

In this section, we will introduce a new labeling scheme
of the pattern of zeros. We can label the pattern of zeros in
terms of

asS, am a*
hy=S8,- . +7—E. (24)

This labeling scheme is intimately connected to the vertex
algebra approach that we will discuss later.

The n-cluster condition (20) of S, implies that 4" is peri-
odic

WE=0, HE=E, 23)
The two sets of data {n;m;S,,...,S,} and
{n:m;hi", ... k)2, } has a one-to-one correspondence since
ala—1)m
5, = - ane + Se=1m (26)
2n

We can translate the conditions on {m;S,} to the equiva-
lent conditions on {m;h}}. First, we have

2nS, =2nh}; - 2nahi’ + a(a - 1)m =0 mod 2n,
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1Sy, = nh, — 2nah{’ + a(2a — 1)m = 0 mod 2n,

m >0, mn=even, 27)

nS,,=0 mod 2n in Eq. (27) leads to 2nh}°+m=0 mod 2, from
which we see that 2nhl" is an integer. From
2nhi’—a(2nhi’)+a(a—1)m=even integer, we see that 2nh;’
are always integers. Also 2nh5;, are always even integers, and
2nh3;,, are either all even or all odd. Since &) =0, thus when
n=odd, 2nh} are all even. Only when n=even can 2nh3,,,
either be all even or all odd. When m=even, 2nh5,, | are all
even. When m=odd, 2nh5,,, are all odd.

The two concave conditions become

abm
sc sc sc .
ha+b - hu - hb + T =D, = integer = 0, (28)
sc sc sc sc sc sc sc_
a+b+c~ Mavb T Mhve ™ ha+c + ha + hb + hc - A3(a,b,c)

=integer = 0. (29)

The valid data {n;m;h’, ...
ing Egs. (25) and (27)—(29).
Choosing 1<a,b<a+b<n in Eq. (29), we have

0<As(a,b,n—a->b)
= (I amp = M) = (g = 1) = (2, — hyf
=-Ay(n—a,n-b,a+b) <0

,hi |} can be obtained by solv-

which implies the following reflection condition on {h’}:
R~ h = a(hl - B ) =0. (30)

From Eq. (30) we see that partially solving conditions
(29) reduces the number of independent variables character-
izing a pattern of zeros from n—1 in {S,,...,S,} to [5] in
{h, ... ,hffl/z]}. However, being a sequence of fractions
rather than integers, {#'} labeling scheme imposes some dif-
ficulty in numerically solving conditions (25) and (27)—(29).
In Appendixes A 1 and A 2 we will further use consistent
conditions (29) to introduce two schemes labeling the pattern
of zeros with a sequence of non-negative integers or half-
integers. They turn out to be quite efficient for numerical
studies since consistent conditions (25) and (27)—(29) can be
reduced to a much smaller set after introducing a new label-
ing scheme {M;p;m} as in Appendix A 2. In particular, this
{M,;p;m} labeling scheme is the same one as adopted in the
literature of parafermion vertex algebra.®

III. CONSTRUCTING FQH WAVE FUNCTIONS FROM Z,
VERTEX ALGEBRAS

If we use {n;m;h}’} to characterize n-cluster symmetric
polynomial ®({z;}), conditions (27)—(29) are required by the
single-valueness of the symmetric polynomial. Or more pre-
cisely, Egs. (27)—(29) come from a simple requirement that
the zeros in ®({z;}) all have integer orders. However, condi-
tions (27)-(29) are incomplete in the sense that some pat-
terns of zeros {n;m;h}’} can satisfy those conditions but still
do not correspond to any valid polynomial.
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A. FQH wave function as a correlation function in Z, vertex
algebra

To find more consistent conditions, in the rest of this pa-
per, we will introduce a new requirement for the symmetric
polynomial. We require that the symmetric polynomial can
be expressed as a correlation function in a vertex algebra.
More specifically, we have?!-2?

d({z}) = lim 2™

N
Vi) T V(@) ), (31)
i=1

where V,(z) is an electron operator and V(%) represents a

positive background to guarantee the charge neutral condi-

tion. This new requirement, or more precisely, the associa-

tivity of the vertex algebra, leads to new conditions on ;.
The electron operator has the following form:

V() = )i 4, (32)

where: ¢/?@7: (:: stands for normal ordering, which is im-
plicitly understood hereafter) is a vertex operator in a Gauss-
ian model. It has a scaling dimension of ﬁ and the following
operator product expansion (OPE) (Ref. 36):

eiad)(z)eibd)(w) — (Z _ W)abei(a+b)¢(w) + 0((2 _ W)ab+1)_

(33)

The operator ¢ is a primary field of Virasoro algebra obeys
an quasi-Abelian fusion rule,

%Wb -~ ¢a+b + 0, lpa = (lzb)a’ (34)

where - -- represent other primary fields of Virasoro algebra
whose scaling dimensions are higher than that of ¢, by
some integer values. We believe that the integral difference
of the scaling dimensions is necessary to produce a single-
valued correlation function [see Eq. (31)].

Let ﬁff be the scaling dimension of the simple current .
Therefore the a-cluster operator

V, = (V)= hy(2)e ¥ (35)

has a scaling dimension of

~ a?

h,=h+—. 36
Sl (36)

The vertex algebra is defined through the following OPE
of the a-cluster operators:

Va,b(w)

e G}

V(2 Vy(w) = Cy

(37)

where CXb are the structure constants. However, the above
OPE is not quite enough. To fully define the vertex algebra,
we also need to define the relation between V,(z)V,(w) and
V() V(2).

The correlation functions is calculated through the expec-
tation value of radial-ordered operator product.’63637 The
radial-ordered operator product is defined through
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(2= w) ViRV (2) Vj(w)]

_ G=w) iV @ Vi), |z| > [w] (38)
/'Lub(w _Z)”‘VaVbe(W)Vu(Z)’ |Z| < |W|

where
aVaVb = ha + hb - ha+b' (39)

Note that the extra complex factor u,, is introduced in the
above definition of radial order. In the case of standard con-
formal algebras, where ay y, €7, we choose Map=—€TWVs
if both V,, and V), are fermionic and u,,=e'"*V.%, if at least
one of them is bosonic. But in general, the commutation
factor can be different from *1 and can be chosen more
arbitrarily.

To gain an intuitive understanding of the above definition
of radial order, let us consider the Gaussian model and
choose V,=e“® and V,=e"®. The scaling dimensions of V,
and V,, are haz%2 and hbz%z. avavfha*‘hb—hwb- We see
that ay v € 7, if a,b € 7 and such a Gaussian model is an
example of standard conformal algebras. If both a and b are
odd, then A, and h,, are half-integers and V, and V), are fer-
mionic operators. In this case aVaVb=—ab=0dd. So under the
standard choice p,,=—e ™., we have u,,=1. If one of a
and b is even, avavh=—ab=even and one of V, and V), is
bosonic operators. Under the standard choice w,j,=e*v.v, we
have again wu,,=1. Even when a and b are not integers, in
the Gaussian model, the radial order of Vu=ei“¢ and
V,=e™? is still defined with a choice u,,=1. This is a part of
the definition of the Gaussian model. In this paper, we will
choose a more general definition of radial order where w,,
are assumed to be generic complex phases |w,,|=1.

The vertex algebra generated by ¢ have a form

B 06) = oL O((z— T,
2wt
(40)
where
C.» #0. (41)

When combined with the U(1) Gaussian model, the above
vertex algebra can produce the wave function for a FQH
state [see Eq. (31)].

We will also limit ourselves to the vertex algebra that
satisfies the n-cluster condition,

=1, (42)

where 1 stands for the identity operator defined in Appendix
B. Those vertex algebras are in some sense “finite”” and cor-
respond to rational conformal field theory. We will call such
vertex algebra Z, vertex algebra. We see that in general, a
FQH state can be described by the direct product of a U(1)
Gaussian model and a Z, vertex algebra. Some exmaples of
Z, vertex algebra are studied in Refs. 38 and 39.

Note that the Z, vertex algebras are different from the Z,
simple-current vertex algebras that will be defined in Sec. V.
The Z, simple-current vertex algebras are special cases of the
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Z, vertex algebras. In this and the next sections, we will
consider Z, vertex algebras. We will further limit ourselves
to Z, simple-current vertex algebras in Sec. V and later.

As a result

7sc _ 7s¢c 7se _
ha - ha+n’ hn - 0’
Map = Iu’a+n,b = /'l’a,b+n’ /'Ln,a = lu’a,n =1 >

Ca,b = Ca+n,b = Ca,b+n’ Cn,a = Ca,n =1 s

Ca,b = lu'a,bcb,u' (43)

By choosing proper normalizations for the operators ¢, we

can have
1 ’
Ca,—a =
lu’a,—a s

if a or b=0mod n. (44)

amodn <n/2

amodn >n/2,

Ca,b: 1

To summarize, we see that the Z, vertex algebras (whose
correlation functions give rise to electron wave functions) are

characterized by the following set of data
{n;m;ﬁzc;ca,b,...a,b=1,...,n}, where m=n/v. Here ---

represent other structure constants in the subleading terms.
The commutation factors u,, are not included in the above

data because they can be expressed in terms of EZC and are
not independent [see Eq. (E8)]. Since the Z, vertex algebra
encodes the many-body wave function of electrons, we can
say that the data {n;m;h} ;C,,,...|a,b=1,...,n} also char-
acterize the electron wave function. We can study all the
properties of electron wave functions by studying the data
{n;m;ﬁZC;Cayb, ...la,b=1,...,n}. In the pattern-of-zero ap-
proach, we use data {n;m;h} to characterize the wave func-
tions. We will see that the {n;m;h; ;C,,,...|a,b=1,...,n}
characterization is more complete, which allows us to obtain
some new results.

B. Relation between /2 and A5

What is the relation between the two characterizations:
{nsm;kla=1,...,n} and {n;m;k;Cpla,b=1,...,n}?
The single valueness of the correlation function ®({z;}) re-
quires that the zeros in ®({z;}) all have integer orders. In this
section, we derive conditions on the scaling dimension EZC,
just from this integral-zero condition. This allows us to find a
simple relation between {n;m;h‘|la=1,...,n} and
{nym;n;Cypla,b=1,...,n}.

From the definition of D, and the OPE (37), we see that

Da,b = Sa+b - Sa - Sb

= ha+b - ha - hb
- ~ ~ b
S T R
v
=Db,a' (45)
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We see that Dy ,=%. So 7 is an positive integer which is
called m.

From Eq. (45), we can show that!!:1?
a—1 ( 1)
- ~. ala-
S,= > Dy =h,—ah =k —alf + ———  (46)
i=1 2v
and
~ aS, am a*m
M=, - =t — - —. (47)

n 72n

Therefore, the A introduced before is nothing but
the scaling dimensions 7 of the simple currents ,
[see Eq. (24)]. In the following, we will use %} to describe
the scaling dimensions of ¢, Thus the data

{n;m;I;ff;Ca’b|a,b=1, ...,n} can be rewritten  as
{nm;h;C,pla,b=1,...,n}. Those K satisfy Eqs.
(27)-(29).

As emphasized in Ref. 11 and 12, the conditions
(27)—(29), although necessary, are not sufficient. In the fol-
lowing, we will try to find more conditions from the vertex
algebra.

C. Conditions on &} and C,; from the associativity
of vertex algebra

The multipoint correlation of a Z, vertex algebra can be
obtained by fusing operators together, thus reducing the
original problem to calculating a correlation of fewer
points.® It is the associativity of this vertex algebra that
guarantees any different ways of fusing operators would
yield the same correlation in the end?® so that the electron
wave function would be single valued. The associativity of a
Z, vertex algebra requires A}, and C,, to satisfy many con-
sistent conditions. Those are the extra consistent conditions
we are looking for. The consistent conditions come from two
sources. The first source is the consistent conditions on the
commutation factors w, ;, as discussed in Appendix B. When
applied to our vertex algebra (40), we find that some consis-
tent conditions on u, ;, allow us to express u,, in terms of
hi. Then other consistent conditions on g, ; will become
consistent conditions on %} (see Appendix E 1). The second
source is GJI for the vertex algebra (40) as discussed in
Appendix E 2. We like to stress that the discussions so far are
very general. The consistent conditions that we have ob-
tained for generic Z, vertex algebra are necessary conditions
for any FQH states.

A detailed derivation of those conditions on &, and C,, , is
given in Appendix E. Here we just summarize the new and
old conditions in a compact form. The consistent conditions
can be divided in two classes. The first type of consistent
conditions act only on the pattern of zeros {n;m;h]} [see
Egs. (27)-(29), (E9), (E10), (E12), (E14), and (E31)],

nhy, —2nah\"+ a(2a — 1)m =0 mod 2n,

m>0, mn=even,
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abm
SC sC sC \/
a+b_ha_hb+ n e\,

B e m S, =S — B+ hE+ B+ R e N,

a+b+c a+b ~ "b+c a+c
na; | =even,
azal,l -a,,=even, Va=12,...,n-1,
A3<E,E,E> =4h,, # 1 if n=even, (48)
2°2°2
where Ay =h,, and a,,=h; +h), —h,,,.

The second type of consistent conditions act on the struc-
ture constants [see Eqs. (E21), (E22), (E27), and (E28)]. For
any a, b, and c,

Ca,bCa+b,c = Cb,cCa,b+c = lu“a,bCa,ch,aﬂ' lf A3(a,b,c) = 0’

Ca,bCa+b,c = Cb,cCa,b+c + lu’a,bCa,ch,a+v lf A3(a,b,c) = 1,

(49)
where u,, is a function of the pattern of zeros {4},
pij= (= D¥* %= * 1,
For any a#n/2
Coa=CuiCrya=1 if As(a,a,—a)=0,
2C, =CuuCou_o if Aj(a,a,—a)=1. (50)

Here C,, satisfies the normalization condition (44). There
may be additional conditions when As(a,b,c) #0,1. But we
do not know how to derive those conditions systematically at
this time.

IV. EXAMPLES OF GENERIC FQH STATES DESCRIBED
BY THE Zy VERTEX ALGEBRA

To obtain the examples of generic FQH states, we have
numerical solved conditions (48). [We do not require Eq.
(E16) to be satisfied in order to include some valid interest-
ing solutions, like Gaffnian which violates Eq. (E16).] In this
section, we list some of those solutions in terms of
{nym;nla=1,...,n—1}. First we note that, for two
n-cluster symmetric polynomial ®; and ®, described by
{n;m, ;hﬁc’a} and {n;mz;hzc’a}, the product ®=d, P, is also an
n-cluster symmetric polynomial. ® is described by the pat-
tern of zeros

{nsmshiy={nsmy + mys by, + 15} (51)

Most of the solutions can be decomposed according to Eq.
(51). We will call the solutions that cannot be decomposed
primitive solutions. We will only list those primitive solu-
tions. We only searched solutions with a filling fraction
v=1/4. We can see that most solutions shown also satisfy
condition (E16), which means they obey OPE (68) and cor-
respond to special Z, vertex algebras. However, some solu-

115124-8



NON-ABELIAN QUANTUM HALL STATES AND THEIR...

tions such as a four-cluster state called Gaffnian, explicitly
violates condition (E16) and their OPE’s take the more gen-
eral form (E18) and (E19). They are described by generic Z,
vertex algebras.
A. n=1 case
There is only one n=1 primitive solution,
c=0,

n=1:
it )= 23,
MM, }={0:},

{no -+ ny i} ={10}. (52)
It is »=1/2 Laughlin state. Note that 4 =0, indicating that
the simple-current part of vertex algebra is trivial and has a
zero central charge ¢=0. The vertex algebra contains only
the U(1) Gaussian part.

B. n=2 case

We note that the n=1 primitive solution also appears as a
n=2 primitive solution. We find only one new n=2 primitive
solution,

n=2: c=1/2 (Z, parafermion state),

1
{m;h?c-“hzc_l}={2;z},

{psMy - M,_}={1;0},

{no - ny_1} ={2 0}. (53)

It is the v=1 Pfaffian state CIDZZ. The simple current part of
the vertex algebra is a Z, parafermion CFT.

If we only use conditions (27)—(29) obtained in Refs. 11
and 12, then

n=2,

1
;hSC_”hSC - 2;_ ,
{m 1 n—l} { 4}
1
{P§M1"‘Mn—1}={5;0},

{no-+ nyay=1{10}. (54)

will be a solution. Such a solution does not correspond to
any symmetric polynomial, indicating that conditions
(27)—~(29) are incomplete. An extra condition (E12) from
commutation factors remove such an incorrect solution.

C. n=3 case

Apart from the n=1 primitive solution, we find only one
new n=3 primitive solution,
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n=3: c¢=4/5 (Z; parafermion state),

} 22
{m;hﬁc-“hff_]}={2;§ 5},
M-+ M,_1}={2;0 0},
{ng -+ n,_it=1{3 0}. (55)

It is the Z; parafermion state <1>Z%.

D. n=4 case

Apart from the n=1 primitive solutions, we find only two
new n=4 primitive solutions using conditions (27)—(29),
(E10), (E12), and (E14),

n=4: c¢=1 (Z, parafermion state),

33
;hSC”‘hSC — 2;_1_ ,
{m:h} it { 4 4}

{piM,---M,_}={2;0 0 0},

{ng -+ n,_1}={4 0}. (56)

which is the Z, parafermion state CI>Z4, and

1}
0—r,
4

1 1
My M,_i;=11;-1 -,
{p:M, 1 { 5 2}

n=4:

=

{m;hi°---h;il}={z;

{ng-++n,}={1010}. (57)

We like to point out that a nonprimitive solution
{m;n5°, ... ,hff_l}=2X{Z;i,O,i}={4;%,O,%} is the Z, para-
fermion state (the Pfaffian state). Consistent conditions from
a study of useful GJI's show that it has central charge
c=1/2 (the same as Z, Pfaffian state) and u,,=1, diy,=0,
indicating that ¢, =1 is the identity operator here. In other
words, this Z, simple-current vertex algebra is generated by a
Z, simple current.

Another  nonprimitive  solution  {m;h{",...,h "}
=3x{2; 41-1,0, i}:{6;%,0, %} is the Gaffnian state.>* Gaffnian
vertex algebra is a Z, simple-current vertex algebra with
M13=M1 =My 3=—1 and d¢»=0. In comparison with Z,
Pfaffian, this Z, Gaffnian vertex algebra cannot be generated
by any Z, simple current. This example will be analyzed in
detail in Sec. VII.

E. Including conditions (49) and (50)

In the above, we only considered conditions (48). Those
patterns of zeros that satisfy Eq. (48) may not satisfy condi-
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tions (49) and (50), i.e., one may not be able to find C,, that
satisfy Egs. (49) and (50). However, we do not know how to
check conditions (49) and (50) systematically. We have to
check them on a case by case basis.

For the Z, and Z; parafermion states, we find that Egs.
(49) and (50) reduce to trivial identities after using Eq. (44).
So the nontrivial C, ; and C,, for the Z; parafermion vertex
algebra cannot be determined from Egs. (49) and (50), which
means that conditions (49) and (50) can be satisfied by any
choices of C, that are consistent with Eq. (44).

For the state with pattern of zeros {n;m;h)}
={4;2?41'1 0 JT}, we find that by choosing (a,b,c)=(1,2,3)
and (1,3,3) in Eq. (49), we can obtain the following equa-
tions:

Ci2C33=053C  =—1,

1 =C3’3C1’2— 1 (58)

Clearly no {C,,} can satisfy the above two equations.
Thus the n=4 pattern of zeros {m;hff}:{Z;i 0 i} do not
correspond to any valid symmetric polynomial. It’s interest-
ing to note that the n=4 pattern of zeros {m;h
=2X {2;3; 0 4]_1}:{4;]5 0 %} correspond to the Z, parafermion
state and the n=4 pattern of zeros {m;h}}=3 ><{2;i 0 i}
:{6;3—1 0 %} correspond to the Gaffnian state, both being
valid symmetric polynomials.

For the state with pattern of zeros {n;m;h]}
={4;4;1 1 1}, we find that by choosing (a,b,c)=(1,1,1),
(1,1,2), and (1,2,0) in Eq. (49), we can obtain the following
equations:

C1C1=C1Ci0+Cp Cp,
C1,1 = C1,2: C1,2,

Ci2=Cir=—-Cy, (59)

which can be reduced to —Cil=2Cil. We see that the only
solution is C; ;=C,,=C, =0, which is not allowed by Eq.
(41). Thus the n=4 pattern of zeros {m;h;}={4;11 1} do
not correspond to any valid symmetric polynomial.

F. Summary

In Refs. 11 and 12, we have seen that conditions (27)—(29)
are not enough since they allow the following pattern of
zeros {n;m;h 7} =1{2; l;i}. Such a pattern of zeros does not
correspond to any valid polynomial. Condition (48) obtained
in this paper rule out the above invalid solution. So condi-
tions (48) is more complete than conditions (27)—(29). How-
ever, condition (48) is still incomplete since they allow the
invalid patterns of zeros such as {n;m;h)}=1{4;2; }‘0 41'1}
and {4:4; 1 1 1}. Both of them can be ruled out by conditions
(49) and (50).

Conditions (48)—(50) are the consistent conditions that we
can find from some of GJI, based on the most general form
of OPE (40). So those conditions are necessary but may not
be sufficient.

The correspondence between the patterns of zeros
{n;m;h}} and FQH states is not one to one. There can be
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many polynomials that have the same pattern of zeros. This
is not surprising since the pattern of zeros only fixes the
highest-order zeros in electron wave functions (symmetric
polynomials), while different patterns of lower-order zeros
could lead to different polynomials in principle. In other
words, the leading-order OPE (40) alone might not suffice to
uniquely determine the correlation function of the vertex al-
gebra. The examples studied in this section support such a
belief. Explicit calculations for some examples suggest that
the pattern of zeros together with the central charge ¢ and
simple current condition would uniquely determine the FQH
state. This is a reason why we introduce Z, simple-current
vertex algebra in the next section.

V. Z, SIMPLE-CURRENT VERTEX ALGEBRA

In the last section, we discuss “legal” patterns of zeros
that satisfy the consistent conditions (48)—(50) and describe
existing FQH states. If we believe that a legal pattern of
zeros {n;m;h}’}, or more precisely the data {n;m;h}’;c}, can
completely describe a FQH state, then we should be able to
calculate all the topological properties of the FQH states. But
so far, from the pattern of zeros {n;m;h}}, we can only
calculate the number of different quasiparticle types, quasi-
particle charges, and the fusion algebra between the
quasiparticles.'>'3> Even with the more complete data
{nym;h};c}, we still do not know, at this time, how to cal-
culate the quasiparticle statistics and scaling dimensions.

One idea to calculate more topological properties from the
data {n;m;h; ;c} is to use the data to define and construct the
corresponding Z, vertex algebra, and then use the Z, vertex
algebra to calculate the quasiparticle scaling dimensions and
the central charge c. However, so far we do not know how to
use the data {n;m;h ;c} to completely construct a Z, vertex
algebra in a systematic manner.

Starting from this section, we will concentrate on a subset
of legal patterns of zeros that correspond to a subset of Z,
vertex algebra. Such a subset is called Z, simple-current ver-
tex algebras. The FQH states described by those Z, simple-
current vertex algebras are called Z, simple-current states.
We will show that in many cases the quasiparticle scaling
dimensions and the central charge ¢ can be calculated from
the data {n;m;h’";c} for those Z, simple-current states.

a

A. OPE’s of Z, simple-current vertex algebra

The Z, simple-current vertex algebra is defined through
an Abelian fusion rule with cyclic Z, symmetry for primary
fields {i,} of Virasoro algebra,3>40

‘pawb -~ ¢a+b’ lzba = (lp)a (60)

Compared to Eq. (34), here we require that ¢, and i, fuse
into a single primary field of Virasoro algebra ¢,,,. Such
operators are called simple currents. The Z, simple-current
vertex algebra is defined by the following OPE of ,,3>40

¢a+b(w)

o T O0((z=w)'"%),  (61)
(z—w)%ab

V(D (w)=C,p
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SC

“(z=w)*T(w)

Y@ a(w) = L O,
(z—w)*a
(62)
where we define
Qg p = hy +hy =y, (63)

Y, =,_, and ,=,,, is understood due to the Z, symme-
try. In the context the subscript a of Z, simple currents is
always defined as @ mod n.

We like to point out here that the form of the OPE (62) is
a special property of the Z, simple-current vertex algebra.
For a more general Z, vertex algebra that describes a generic
FQH state, the correspond OPE has a more general form,

SC

“(z=w)*T(w)

T/

C a
IlWed) = e
+0((z = w)¥2a), (64)

where T, are dimension-2 primary fields of Virasoro algebra
({T,,a=1,...,[5]} may not be linearly independent though).
Also, for the Z, simple-current vertex algebra, the subleading
terms in Eq. (61) are also determined. For more details, see
Appendix F.

{C,,} are the structure constants of this vertex algebra.
We also have conformal symmetry

sc

T(@)h(w) = e )2¢a(W)+ 8%(W)+0(1)
(65)
and Virasoro algebra
2 2T(w
o = o+ 2 o0y (e

where T(z) represents the energy-momentum tensor, which
has a scaling dimension of 2. ¢ stands for the central charge
as usual, which is also a structure constant.

Using the notation of generalized vertex algebra®® (see
Appendix B), we have

[Wih)e,, = Cothapr 1+ # Omodn, (67)
e, =1, Tl =0,
[ 2= T, (69)
(T9d=he=[oiTh (TuR), = o,
[T = (5 = D, (69)
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[(17)=3, [TT]=0. [TTh=2T. [17],=dT,

(70)

with aT,,/,i=2 and ayy=4. We call it a special Z, simple-
current vertex algebra if it satisfies OPE’s (67)—(70). For
example, the Z, parafermion states'” correspond to a series
of special Z, simple-current vertex algebras.

The commutation factor u,z equals unity if either A or B
is the energy-momentum tensor 7 T,y = Moy, 7= urr=1.
Similarly we have w,,=mu;4=1 for the identity operator 1
and any operator A. However, u; ; = My, given in Eq. (E8)
can be *=1 in general. In deriving OPE’ (68) we have as-
sumed that u; =1, Vi, which is not necessary. For example,
the Z, Gaffnian does not satisfy w; ;=1, Vi. So, we will
adopt the more general OPE (E18) and (E19) instead of Eq.
(68) to include examples like Gaffnian which do give a FQH
wave function. OPE (68) is for a special Z, simple-current
vertex algebra that satisfies u; ;=1, Vi. For a more general
Z, simple-current vertex algebra, they become

[l//ilp—i]ai’_i = Ci,—i’ [llbllp—l]a- —1 -
2C, _ih*
[ipie, o=—""T.
c
1, i=<n/2modn
Ci_i= . (71)
’ Mi—i» >n/2modn

so that we always have C,,=u,,C,, for any subscripts a
and b in such an associative vertex algebra.

OPE’s (67), (71), (69), (70), (116), and (117) define the
generalized Z, simple-current vertex algebra, or simply Z,
simple-current vertex algebra. The Gaffnian state corre-
sponds to a generalized Z, simple-current vertex algebra with
Ma—qF 1. When u,_,=1, we have a special Z, simple-
current vertex algebra.

What kind of pattern of zeros {n;m;h}}, or more pre-
cisely what kind of data {n;m;h} ;c,C,}, can produce a Z,
simple-current vertex algebra? Since the Z, simple-current
vertex algebras are special cases of Z, vertex algebras, the
data {n;m;h;c,C,} must satisfy conditions (48)—(50).
However, the data {n;m;h};c,C,,} for Z, simple-current
vertex algebras should satisfy more conditions. Those condi-
tions can be obtained from the GJI of Z, simple-current ver-
tex algebras. In Appendix E 2, we derived all those extra
consistent conditions for a generic Z, vertex algebra from the
useful GJT’s based on OPE (40). Now based on OPE’s sum-
marized in this section, we can similarly derive a set of extra
consistent conditions for a Z, simple-current vertex algebra.
These conditions are summarized in Sec. V B. For those
valid data that satisfy all the consistent conditions, the full
properties of simple-current vertex algebra can be obtained.
This in turn allows us to calculate the physical topological
properties of the FQH states associated with those valid pat-
terns of zeros.
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We like to point out that many examples of Z, simple-
current vertex algebra have been studied in detail. They in-
clude the simplest Z, simple-current vertex algebra—the Z,
parafermion algebra.3>4%4! More general exmaples that have
been studied are the higher generations of Z, parafermion
algebra*>~*® and graded parafermion algebra.*’~*° In those
exapmles, the Z, simple-current algebras are studied by em-
bedding the algebras into some known CFT, such as coset
models of Kac-Moody current algebras and/or Coulomb gas
models. However, in this paper, we will not assume such
kind of embeding. We will try to calculate the properties of
Z, simple-current vertex algebra directly from the data
{nsm;hi,c, ...} without assuming any embedding.

B. Consistent conditions from useful GJI’s

In Appendix E 2 a, we show how to obtain the consistent
conditions on the data {n;m;h} ;c,C,,} characterizing a ge-
neric Z, vertex algebra from a set of useful GJI’s as de-
scribed in Appendix D, requiring that OPE (E1) is obeyed.
Here for a Z, simple-current vertex algebra, requiring that
OPE’s (67), (71), (69), (70), (116), and (117) are obeyed, we
can derive a larger set of consistent conditions on the data
{n;m;h ;c,C,}. For the examples studied in this paper, we
find that C,, can be uniquely determined from {n;m;h} ;c}
using those consistent conditions. Thus, for those states, C,;,
are not independent and can be dropped.

Since A;(A,B,C)=A5(A,C,B)=As(C,A,B) for an asso-
ciative vertex algebra, we can combine the consistent condi-
tions obtained from GJI’s of all possible six permutations of
three operators (A, B, C) together. In this section we summa-
rize the consistent conditions obtained from useful GJI’s
(just like in Appendix E 2 a) and list them in a compact
manner. These extra consistent conditions, together with con-
ditions (48) should form a complete set of consistent condi-
tions, which allows us to obtain a valid pattern of zeros and
construct the associated simple-current vertex algebra and
FQH wave function.

1. {A,B,C}={Y,, 5, .}, a+b,b+c,a+cF0modn

For As(a,b,c)=0, we have the following consistent con-
ditions:

Ca,hca+b,c = Ch,cCa,b+C = lua,bca,ccb,(ﬁc" (72)

Notice that the consistent conditions obtained from useful
GITU’s of (¢,, ¢, ) and of (¢, ¢,, ) only differ by a factor
of w,, since C,,=pu,,Cp,. Thus they are not independent
conditions. Similarly it’s easy to show that other permuta-
tions yield consistent conditions linearly dependent with the
above condition using the fact that w, ptt, .=, p+ here since
As(a,b,c)=0.

For As(a,b,c)=1, we have the following consistent con-
ditions:

Ca,bCa+b,c = Cb,cCa,bﬂ' + lu“u,bca,ccb,aﬂ" (73)
For As(a,b,c)=2 there are no extra consistent conditions.

2.{A,B,C}={, ¥, ¥}, a+bFO0mod n

For As(a,b,—b)=0 we have the following independent
consistent conditions,

PHYSICAL REVIEW B 81, 115124 (2010)

= =0, Kl =0,
CopCoip-b= MapCabCpas=Cp_p (74)

since we know Eq. (B7) and u,0=1.
For As;(a,b,—b)=1 the independent consistent conditions
are

An3hy
c=

- aa,b(l - aa,b) '
CotCospp=1=a,,)Cp .

PapCa-Cha—p=— A pCp_p- (75)

For As(a,b,—b)=2 the independent consistent conditions
are

aa,b(aa,b - 1)
2

21hE } c
b,—b>

Ma,bca,-bcb,a-b = {

~D(ay,-2) 25CKE
(aa,b )(aa,b ) + a'’b :|Cb e

CoCosb-b= { 5
(76)

For As(a,b,-b)=3 the independent consistent conditions
are

CapCatbb = MapCatChab
_ |: (aa,b - 1)(aa,b - 2) + 2/’12‘7’!2‘2
c

> ]c,,,_,,. (77)

For As(a,b,—b) =4 there are no extra consistent condi-
tions from useful GJI’s.

3.{A,B,CY={,, ¥, ¥_,}, aFn/2mod n

For As(a,a,-a)=a,,+2h =0 the consistent conditions
are summarized as

K =a,,=0, =0,

Ca,aCZa,—a = Ca,—a = C—a,a =Ma—a= 1. (78)

For As(a,a,-a)=a, ,+2h} =1 the corresponding consis-
tent conditions are

a.=—1, hi=1, c=-2, p, ,=-1,

Ca,aCZa,—a = 2Ca,—a7 Ca,—a == C—a,a~ (79)

For Aj(a,a,—a)=2 the independent consistent conditions
are

ZhSC
c= 4
32K

Ca,aCZa,—a = ZhZC’ Ca,—a = C—a,a =Mg-a= 1 (80)

since we have C,,_,=C_,,, here.
For As(a,a,-a)=a, ,+2h; =3 the extra consistent condi-
tions are
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Ma—q=— 1’

I () S
ClnEo3)nEog) T e

Cu,uCZa,—a = 4(hZC - 1)Ca,—a' (81)

For As(a,a,—a)=4 the independent consistent conditions
are

Ca,—a = C—a,a = Ma,—a= 1 ’

Ca,aCZa,—a = h;‘:(zhzc - 3)

sc\2
+ 2 ) ) (82)

For As(a,a,—-a)=a, ,+2h} =5 there is only 1 useful GJI
and the consistent conditions is

Ma—a=" L, Ca,—a == C—a,a’

2(h5)?

CoaCraa=2| (K =2)(2KE=3) + C

a—a:

For As(a,a,—a)=a, ,+2h} =6 there are no useful GJI's
and no extra consistent conditions.

4. {A,B,CY={th2, Y12 Yu12}, n=even
Just like shown in Appendix E 2 a, we require that
A3(n/2,n/2,n/2) # 1,3,5. (83)

Otherwise the useful GJI's would yield a contradiction

l/’n/2=0'
For As(n/2,n/2,n/2)=0 the extra consistent conditions

are

w2 =0, 9, =0. (84)

For A;(n/2,n/2,n/2)=2 the extra consistent conditions
are

c=hS,=1/2. (85)

For As(n/2,n/2,n/2)=4 the extra consistent conditions
are

c=h¥,=1. (86)

For As;(n/2,n/2,n/2)=6 there are no extra consistent
conditions.

For A;(n/2,n/2,n/2)=7 the extra consistent conditions
are

c=49, h$,=7/4. (87)
For A;(n/2,n/2,n/2)=8 there are no extra consistent
conditions.
VI. REPRESENTING QUASIPARTICLES IN Z, SIMPLE-
CURRENT VERTEX ALGEBRA

Since the Z, simple-current vertex algebras completely
determine the FQH states and their topological orders, we
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should be able to calculate all the topological properties from
the vertex algebras. In this section, we will discuss how to
represent quasiparticles and how to calculate quasiparticle
properties from the vertex algebras.

A. Pattern of zeros for quasiparticles and its consistent
conditions
First, let us review the pattern of zeros description for
quasiparticles in FQH states.!>!3
1. Definition and consistent conditions

The pattern of zeros for the ground-state wave function
can be easily generalized to describe the wave functions with
quasiparticle excitations. If a symmetric polynomial ®({z;})
has a quasiparticle at z=0, ®({z;}) will have a different pat-
tern of zeros {S,,.,} as ;=\, ...,z,=\&, approach 0,

lim CD({Zt}) = )\S”“Py(fh e ,ga;za+1, e ) + 0()\57;11"'1).
A—0*

(88)

Thus we can use the sequence of non-negative integers {S.,,,}
to quantitatively characterize quasiparticles.

It was shown!>!3 that there are similar consistent condi-
tions on the quasiparticle pattern of zeros {S.,.}.

First concave condition,

Doyrap = Syarv=Sya— S =0. (89)
Second concave condition,
As(y+a:0,0) = S prpe+ Syat Sp+ 5o = Syarn = Syane
—5,,.=0, (90)
n-cluster condition

k(k—1)

S yarin = Sya + k(S + ma) + mn (91)

{s vza} is a quantitative way to label all types of the quasi-
particles in the FQH state described by {S,}. The question is
that is {S,.,} an one-to-one label of the quasiparticles? Can
two different quasiparticles share the same pattern of zeros?
The answer is yes and no. For certain FQH states (such as all
the generalized and composite parafermion FQH states),
{S,.4} is an one-to-one label of all the quasiparticles. While
for other FQH states, such as Z,|Z, and Z;|Z; in Sec. VII,
{84} is not an one-to-one label and two different quasipar-
ticles can have the same pattern of zeros.

If we assume {S,,} to be an one-to-one label of all the
quasiparticles, then by solving the above consistent condi-
tions, we can obtain the number of quasiparticle types, which
happens to equal the ground state degeneracy of the FQH
state on a torus. We can also calculate other physical prop-
erties of quasiparticles from {S,,,}. For example, the quasi-
particle charge Q. can be obtained from the pattern of zeros

aSlZ

Qy: yin n. (92)

(The above formula is valid even when {S 7:(4} is not a one-
to-one label.)
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2. Label quasiparticle pattern of zeros by {ksyc;a 30,)

Another way to label the quasiparticle pattern of zeros can
be obtained by introducing the {k,} vector (which is de-

noted by Iy, in Ref. 13),

o +a-1
K, =5,,-8 a_1+h§°—M. (93)

Conversely we have

Ek (Q h“) %ﬂ_]) (94)

The n-cluster condition (91) of {S yzu} sequence results in the
periodic property of {k};}

ks;n+a ks;a (95)
Therefore we can use the set of data {k;cl, ,ksyc;n;Qy} to

describe quasiparticles.
Let a=n in Eq. (94) and use Eq. (92) we can see that

n

> ky=0. (96)

i=1

The two concave conditions (89) and (90) for this set of data
now becomes

b
3 b
Dyiap= > ksyc;a+i —hy + ban + m;l eN, (97)
i=1

A3(7+ a, b C) E ( yia+b+i ks;aﬂ) + h hSC - hh+c e N\
(98)
A set of {k3;,,....k7,;0,} satisfying the above two condi-

tions and S, >0 can generate a valid quasiparticle pattern
of zeros, which corresponds to quasiparticle above a ground
state with the pattern of zeros {/}’}.

We note that y+1 corresponds to a bound state between a
v quasiparticle and a hole (the absence of an electron). The
(y+1) quasiparticle is labeled by

‘y+] n’Q‘y+l} {kyZ’ .. k?nd’ i/claQ'y+ 1}

Since two quasiparticles that differ by an electron are re-
garded as equivalent, we can use the above equivalence re-
lation to pick an equivalent label that has the minimal charge
and satisfies §,,,= 0. For each equivalence class, there exists
only one such label. In this paper, we will use such a label to
label inequivalent quasiparticles.

{&>

YL e

B. Quasiparticle wave functions and quasiparticle operators

Just like the ground state wave function (31), the wave
function with a quasiparticle can also be written as a
R-ordered correlation function between electron operators
and quasiparticle operators in the vertex algebra
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—s00

@W&ymmﬁ%m%ﬂvmkw»ww

where w is the location of the quasiparticle and V,(w) is the
quasiparticle operator. By definition, a quasiparticle operator
can be any operator that is mutually local respect to the elec-
tron operators V,(z).

In our simple-current X U(1) vertex algebra, the quasipar-
ticle operator V., has the following form:

V() = 0, ():e ¥/, (100)

where o, is a disorder operator*! that generates a represen-
tation of the simple current part of the vertex algebra. When
a electrons and one quasiparticle are fused together we have

Voyral2) % VoV = 0 (2):0/ 400Ny,

yea ™ Y. (101)

The OPE between the quasiparticle operator and the electron
operator can be written as

V(D) Vyaal) 5 (2= W) 5051V () + <+ (102)

The mutual locality between the quasiparticle operator and
the electron operator requires /.., to be integers. In order for
the quasiparticle wave function ®,(w:{z;}) to contain no
poles, we also require that /,,,=0.

In fact, the sequence lw, a=1,2,..., provides a quantita-
tive way to label the quasiparticles (and quasiparticle opera-
tors). We have introduced another quantitative label of the
quasiparticles in terms of S..,, a=1,2,... The two labeling

yar
schemes are related by'>!3

a
Syazzly;i’ ly;azsy;a_sy;a—l- (103)
i=1
We can also convert the orbital sequence /,,, into an occupa-
tion sequence n,,. If we view /., as the index of the orbital
occupied by the ath particle, then n,, is simply the number
of particles occupying the /th orbital.

Let us denote the scaling dimension of disorder operators
o, as hsyc. Can we calculate those scaling dimensions from
the data [, that characterize the quasiparticle? From the
OPE of the quasiparticle operators, we find the following
relations:

«  mQ,+a)
ly;a+1 h?yc+a+l hsyc+a hl + n (]04)
and
: “ , mQ | mala-1)
SW:E ly;i:hm—h;ua(TY—hl ) A—
(105)

Making use of Eq. (93) we immediately obtain the rela-
tions between {k;c;a} and {h;ﬁrb},

SC _ 7,5C sc
ky;a_h hy+a 1

(106)
which implies that
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a
ha=hs+ 2 K. (107)
i=1
Moreover, Egs. (95) and Eq. (96) lead to the periodic condi-

scC
tion on A,

hb(,

Sc
h <

y+a+n

(108)

which is implied by the fusion rule z,/fn(r o since ,=1.

We know that we can use {k,, ...k}, ;Q,} that satisfies
the two concave conditions (97) and (98) to describe (or
label) a quasiparticle operator V., (or a quasiparticle y). The
above result (107) only allows us to determine the scaling
dimensions {h;,cﬂl} of the associated disorder operators up to a
constant. That is if we know the scaling dimension hsc of a
disorder operator o, then the scaling dimensions of a famlly
of disorder operators y+a €an be determined. However, the
scaling dimension hsyC cannot be determined from the consid-
erations discussed here. Can we do a better job by fully using
the structure of the vertex algebra? In Secs. VI D and VII we
will show how to extract the scaling dimension A}, from
useful GJI’s defined in Appendix D.

C. More complete characterization of quasiparticles

Through a study of Z, vertex algebra, we have realized
that the pattern-of-zero data {n;m;h}} does not fully de-
scribe a symmetric polynomial (i.e., a quantum Hall wave
function). We need to at least expand {n;m;h}} to
{n;m;h};c} to characterize a quantum Hall wave function.
Slmllarly, the data {kw; ,} does not fully describe a quasi-
particle either, i.e., some times, different quasiparticles can
have the same pattern of zeros {k7,; Q,}.

To see how to extend {ksyfa,Q }, we note that a generic
OPE between o, and ¢, has a form

¢a(Z)Uy+b(W) (—)QHLH? y+a+b(w) + 0, (109)
where
Qg =y + 1 = N (110)

We also need to introduce the commutation factor w, ...,

(Z - W) fa,yth l/la(Z) O-'y+b(w) = Iu“a,'y+b(w - Z)aa’who-'wb(w) l,lfa(Z) ’
(111)

to describe the commutation relation between o, and i,
We see that in vertex algebra, we need additional data,
Coyibr Corbas Ba yrbs A0 o o, to describe the quasiparticle
v. (In appendix C, we give a discussion about the relation
between the quasiparticle commutation factor u, , and qua-
siparticle pattern of zeros {k3,;0,}.)

However, if we put the quas1partlcle at w=0 [see Eq.
(99)], then we do not need to use commutation factor u, .,
when we calculate the R-ordered correlation function (99).
Thus, the electron wave function with a quasiparticle do not
depend on the commutation factor um,,. Similarly, the
R-ordered correlation function only depend on C,, .. There-
fore, we only need to add C, ., to describe the quasiparticle
v more completely.
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Therefore, within the simple-current vertex algebra, we
can use the following more complete data:

{k?yca ’ Q'y; Ca,y+b}

to describe a quasiparticle. By considering the full structure
of the vertex algebra (see Sec. VID), we can obtain many
self-consistent conditions on the data {kW,Qy;Ca’wb}. In
particular, we can calculate the scaling dimension h‘; of o,
from the data {k7,;0,; Cy yup}-

Once we find the scaling dimension h;‘ of a disorder op-
erator o, the scaling dimension 4., of the associated quasi-
particle operator V,, can be determmed from

(112)

2
mo,

h,= hSC + hga hSC .
2n

(113)
where /%' is the scaling dimension of the U(1) part ¢'#¥ 7 of
the quasiparticle operator. 4., is the intrinsic spin of the qua-
siparticle which is closely related to the statistics of the qua-
siparticle. (Note that in 2+ 1D the intrinsic spin is not quan-
tized as half-integer.)

D. Consistent conditions for quasiparticles from useful GJI’s
1. Complete vertex algebra with quasiparticle operators

To find more consistent conditions on the quasiparticle
data {ksyc;a;Qy;Ca,ﬁ,,}, we need to write down the. complete
OPE between the disorder operators o, and the simple cur-
rents,

V(2T yp(W) = Cg,ﬁb—am O((z — w) '~ %),

(z=w)%ar

sc

T(2)0 ) = () + ——dar, (w) + O(1),
—w

___yta
(z— W)2 Oyia
(114)

where we define

a

Qg yrp = hff — (h3; ya+b - h3, b) = hff - 2 Syc;b+i’ (115)
i=1

In other words we have

[0 y+b] CoyibO yrarhs
[oyptala, o = Hyb.aCaysbTyrarns (116)
[T0 a2 =100 o = [04aT s
[T0yadi = 00 e [0paT] = (1~ 1)d0 0, (117)

with ar, a=2. We set C, =1 as the definition of disorder
operators ., a7 0 modn, which possess Z, symmetry.
Note that Eq. (117) can be used in GJI’s to determine the
scaling dimension A, of disorder operators, as will be
shown in examples.

The consistent conditions on the quasiparticle data,
{kW,Qy;Ca,wb} or {h;CM;Q},;Cu%b}, can also be obtained
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from useful GJT’s with respect to the OPE’s (116) and (117),
just as we did in Appendix E 2 a for simple currents of a
generic Z, vertex algebra. In the following, we will list the
obtained consistent conditions from GJI's.

2. Consistent conditions: {A,B,CY={,, ¥, 0.}, a+b
#0 mod n

Apply the GIJI to the quasiparticle algebra (116) and
(117), we can obtain many new consistent conditions.

For As(a,b,y+c)=0 the independent consistent condi-
tions are

/'Lu,bca,y+ccb,7+a+c = a,bCu+b,y+c = Cb,y+cCa,7+b+L"
(118)

For As(a,b,y+c)=1 the only independent consistent condi-
tion is

/-La,bca,y+ccb,y+a+c = a,bCa+b,y+c - Cb,'y+cCa,y+b+C'
(119)

For Aj(a,b,y+c)=2 there are no extra consistent condi-
tions.

3. Consistent conditions: {A,B,CY={,,¥_,, 0.}
For Aj(a,—a,y+b)=0 the independent consistent condi-
tions are

SC — SCp.SC
ha (90-‘}/+b = 05 aia"y+b = ha h’)""h = 0,

Ca,y+bC—a,y+a+b = C—a,'y+hCa,y+h—a = Ca,—a (1 20)

since oy 0=1.
For Aj(a,—a,y+b)=1 the independent consistent condi-
tions are

y+b 4 ’

C—a,'y+bca, ytb-a = Ca,—a aa,y+b ’

Ca,'y+bc—a,y+a+b = C—a,aa’—a,wb' (121)

Notice here the quasiparticle scaling dimension h;c is deter-
mined through useful GJT’s.

For Aj(a,—a,y+b)=2 the independent consistent condi-
tions are

2K -1
a'"y+b + au,wb(aa,wb ):|Ca’_a,

C_ bC b—a =
a, Y+ a,y+b—a c 2

thchsyib + (aa,y+b ~ 2)(aa,7+h S :| Coia

Co b Crityrash =
a,’y a,yta c 2

(122)

For As(a,—a,y+b)=3 the independent consistent condi-
tion is
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Ma—a Ca, 7+bC—a, y+a+b + C—a, 7+bca, y+b-a

— thchsyc+b + (aa,'y+b - 2)(aa,y+b - 1)
c 2

Coa-

(123)

For As(a,-a,y+b) =4 there are no extra consistent con-
ditions from useful GJI’s.

VII. EXAMPLES OF FQH STATES DESCRIBED BY Z,
SIMPLE-CURRENT VERTEX ALGEBRAS

In this section, we will examine some examples of FQH
states that can be described by Z, simple-current vertex al-
gebra.

A. Pattern of zeros for Z, simple-current vertex algebra

When we consider FQH states described by Z, simple-
current vertex algebra, the patterns of zero for those FQH
states satisfy many additional conditions on top of conditions
(48)—(50) for generic FQH states. In section V B, we list
those additional consistent conditions obtained from GIJI.
Many conditions do not contain the structure constants C,,
and those conditions become the extra conditions on the pat-
tern of zeros. We have numerically solved all those condi-
tions on the pattern of zeros. In this section, we list some of
the numerical solutions.

We like to point out that the patterns of zeros for FQH
states described by simple-current vertex algebra do not have
the additive property. This is because given two FQH wave
functions described by simple-current vertex algebra, their
product in general cannot be described any simple-current
vertex algebra. The direct product of two simple-current ver-
tex algebra, in general, contains at least one dimension-2
primary field of Virasoro algebra that violates the Abelian
fusion algebra. Thus the direct product of two simple-current
vertex algebra is not a simple-current vertex algebra in gen-
eral.

Among many solutions of the consistent conditions are
the Z, parafermion algebras, which are the simplest simple-
current vertex algebra. The Z, parafermion algebras give rise
to Z, parafermion wave functions (IJZH. As an example of no
additive property, the pattern of zeros for the product wave
function (I)ZZ®Z3E(DZZ(DZ3 does not satisfy the consistent
conditions for the simple-current vertex algebra, indicating
that the direct product of Z, and Z; parafermion vertex alge-
bras is not a simple-current vertex algebra. In the following,
we only list some solutions that are not Z, parafermion alge-
bras.

Z, simple-current vertex algebra,

n=2 c=1 (2,|z, state),
ke b= {411},
{p:M,--- M, }=1{2;0},

{ng*++n,-1}={2000}. (124)
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n=2: (2,2,z, state),

3
{m;h?---h:,il}={6;£}’

{psM, - M,_}={3;0},

{no---n, }={200000}. (125)

Z5 simple-current vertex algebra,

n=3: (Z;|Z, state),

4 4
{m;hic---hff_l}={ e —},
{p;Ml.“Mn—l}Z{Z;O 0},

{no---n,_}={3000}. (126)

Z, simple-current vertex algebra,

n=4: c=1 (C, state),

{m;n B p={4;11 1},

1 1
My M,_5=12;-1 - ¢,
{17 1 1} { > 2}

{ng-+-n,_1}={2200}. (127)

n=4: c=1 (Z|Z, state),

5.5
;hSC._.hSC — 6;_1_ ,
{m 1 n—l} { 4 4}
p:My M, }={3:121},
(128)

{ng-+-n,_}={202000}.

n=4: (Gaffnian state),

e 3 3
{m;hi°~-~h2°_1}={6;101},
3.3
My M, 1=13:23 2,
ot ]

{no---n, }={200200}. (129)
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n=4: (C4|C, state),
{m;hi - h }=1{8:;2 2 2},

{p;Ml “'Mn—l}z{4;1 2 1}9

{ng-=-n,_1}={2020000 0} (130)
Ze simple-current vertex algebra,
n=6:
{m;hic---h2i1}={6;% 22 %}
{p:My--- M, }={3:12221},
{ng-++n,_1}={222000}. (131)
n=6: c=1,
{m;hﬁc---hf_l}={8;§ 13 ‘5‘}
{psM,---M, }={3;24542},
{ng+++n,.1}={21012000}. (132)

We like to stress that the above pattern of zeros are only
checked to satisfy the consistent conditions that do not con-
tain structure constants C,,. It remains to be shown that
there exist C,, for those patterns of zeros that satisfy all the
consistent conditions for structure constants (from GJI’s).
When we check those additional conditions for C, ;,, we find
that the C, pattern of zero {n;m;h}}={4;4;1 1 1} does not
correspond to any symmetric polynomial as discussed in Sec.
IV E.

We will discuss some other patterns of zeros in detail
later. We will show how the central charge ¢, the structure
constants C,,, and the quasiparticle scaling dimension hsyia
of the corresponding vertex algebra can be determined from
the pattern of zeros {n,m;h;’}, through the consistent condi-
tions in Secs. V B and VI D and in Appendix F. Those con-
sistent conditions are generated by useful GIT’s: (D3) or (D6)
with Eq. (D11).

To calculate the central charge and the quasiparticle scal-
ing dimensions {c;C,;;/%, }, in the first step we will try to
determine them from conditions in Sec. V B, i.e., we do not
specify subleading order term (F1) in OPE. If these condi-
tions do not give enough information, then we will resort to
more conditions in Appendix F, which is based on the sub-
leading OPE term (F1).

We note that some pattern of zeros can directly fix the
central charge, and we list the central charge for those pat-
terns of zeros as in above. The Z, parafermion patterns of
zeros are examples in this class. While for other patterns of
zeros, the central charges depend on the structure constants
C, - We will calculate those central charges below. There are
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even patterns of zeros that do not completely determine the
simple-current vertex algebra. We need to include additional
information C,, to determine the corresponding simple-
current vertex algebra. The Z;|Zs, Z4|Z, states, etc., are ex-
amples in this class of pattern of zeros.

We also give names for some patterns of zeros. For ex-
ample, the C,|C, pattern of zeros {m;h}"---h}
={2n;2 2---2} is the sum of two C, pattern of zeros
{m;n--mC }={n;1 1---1}. Also, the Z,| Z, pattern of zeros
is described by {m;h}"-- -hff_]}={6;f-1 1 %} which is a sum of
{mh"--h5,_}={4 3 3 03%} for the Z, parafermion state and
{m;hy - }={2;7 1 1} for the Z, parafermion state.
(Note that the Z, parafermion state is also described by
{m;hi-- -hf,c_l}:{Z;%}.“) However, the wave function of
such a Z,|Z, state is different from the product of a Z, para-
fermion wave function and a Z, parafermion wave function.
The product wave function called the Z,®Z, state is de-
scribed by a Z, vertex algebra given by the direct product of
the Z, parafermion algebra and Z, parafermion algebra. Such
a Z, vertex algebra is different from any Z, simple-current
vertex algebras, featured by an extra dimension-2 primary
field. However, both the Z,|Z, and Z,® Z, states have the
same pattern of zeros. This is an example showing that the
same pattern of zeros {m;h?°~--hfl°_1}={6;f-‘ 1 %} can corre-
spond to more than one FQH wave functions.

B. Z,, parafermion vertex algebra: Z, parafermion states
with {M;=0;p=1;m=2}

In this simplest case we have p=1, M;=0. For example,
the Z; parafermion state is described by the following pattern
of zeros:

n=3: Zj state,
22
;hSC”‘hSC — 2;__ ,
{m 1 n—l} { 3 3}
{p;Ml.“Mn—l}z{l;O 0}7

{no - ny_1}={3 0}. (133)

In general, we have (we do not specify p=1 until necessary,

trying to obtain some general conclusions on Z,|-:-|Z,
series)

an—a
jeep @),

2pab

aa,b:T—Zp(a+b—n)0(a+b—n). (134)

As a result we have
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lu'a,b = 1’ Ca,b = Cb,a' (135)

Besides, d,;, defined in Eq. (F4) has a simple form in this
case,

1 BE-hF a
dy=-{1+"—"L)=d,_,, ,=—
a.b ( hse ) n—a,n—b a+b

a+b

ifa+b<n.

(136)

In Eq. (A18) we have AM[a,b,c]=0 and Aj(a,b,c) can
only be multiples of 2p.

At first let’s take a look at {A,B,C}={y,, ..},
a+b,b+c,a+c#0modn. Only when As(a,b,c)=0 there

are extra consistent conditions in Sec. VB, ie.,
a+b+c<n or a+b+c=2n we have
Ca,bca+b,c = Cb,cca,b+c = Ca,ch,a+C' (137)
Particularly when a+b+c=0 mod n we have
Cu,b = Ca,c = Cb,c' (138)

The other consistent condition is satisfied by Eq. (136).

For A=B=C=¢,,, n=even we know that
As(n/2,n/2,n/2)=4h;,=pn. Only when np/2<2 there are
extra consistent conditions in Sec. V B 4, i.e., when n <4 for
p=1 and n=<2 for p=2.

The above conclusions hold for any p € N. Now let us
enforce p=1 for this special series.

For {A,B,C}={¢,, ¥, ¥}, a=b#0modn we know
As(a,b,-b)=2p. Only when As(a,b,—b)=2 there are
extra consistent conditions in Sec. VB2, ie., when
a=1<b,n-b<n, b=1<a<n-1lorl=sn,n-b<a=n-1.

For {A,B,C}={y,, ¥, ¥_,}, a# n/2 mod n, similarly only
when As(a,a,—a)=2,4 there are consistent conditions in
Sec. VB 3, i.e., when a=1,2 or a=n—-1,n-2.

First since As(1,1,-1)=A5(-1,-1,1)=2 and
hi*=1-1/n, a; ;=2/n from Sec. V B 3 we have
2(n-1)
c=——
n+2
2(n-1)
Cl,lcz,n—l = Cn—l,n-lcn—z,l = .
n
With central charge ¢ in hand, from A(2,2,-2)

=A5(-2,-2,2)=4 we have

6(n-2)(n-3)

nn-1) (139)

C2,2C4,n—2 = Cn—2,n—2Cn—4,2 =

Similarly ~ from  A;(1,b,-b)=A5(a,1,-1)=As(-1,-b,b)
=A;(—-a,-1,1)=2 we have
b(n+1->b)
Cb,n—lcn—h,b—l =T
n
+1-
Ca,n—lcl,a—l = M (140)

These are all the extra consistent conditions. Using Egs.
(137) and (138) repeatedly we find out that the independent
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conditions besides Egs. (137) and (138) and C,,=C,, are b-1 a+b-1
just H Cla+i H Ci;
C = Cap-1Cratb-1 _ L. =0 _ i=1
ab= C = = b1 Ta-1 bl
(a+1)(n-a) Lo e, Tlc.Ilc,.
Cl,aCn—l,n—a= - - (141) i1 Lj i—1 Li i—1 Li
n J= 1= =
(142)
Other structure constants can be expressed as if a+b=<mn;
|
n—b-1 n—a+n—b-1
C C H Cn—l,a—i H Cn—l,n—i
la i=0 i=1
Ca,b= a,b+1~n—1,a+b+1 == =— — (143)

Co1.p41
Cn—l,n—j H Cn—l,n—i 1—.[ Cn—l,n—i
i=1 i=1

if a+b>n. Notice that the above two equations are compatible with Eq. (137). Using Eq. (141) we immediately have

b-1
H C 'Cn— n—a—i
c c =0 harinlaa _ Ta+b+Dl(n-a+DI'(n-b+1) (144)
whsnman=b = bl T+ D@+ DI+ Dl(n—a-b+1)
H Cl,an—l,n—j
j=1
Vi<ab<a+b<n. (145)

To summarize, the consistent conditions in Sec. V B determine the central charge and fix the structure constants to the
following form:
b-1

)\ai
i \/ Tla+b+ D)l (n—a+D)T(n->b+1)

Cap= 7 Fn+ D@+ DG+ 1)I'(n—a-b+1)

(146)

7
Jj=1

if 1 <a,b<a+b<n. Free parameters {\,|a=1,...,n—1} are nonzero complex numbers, defined by Cl,a=)\§C,,_1,,,_a. More-
over, condition (138) requires that C,,_,=1, so from Eq. (142) we have the following “reflection” condition on {\}:

A, .
)\n—]z nz:"-: 1k=“‘=1. (147)
n \

We point out that the above conclusions are all obtained from conditions in Sec. V B, i.e., we have not introduced the
subleading order OPE (F1) and new conditions in Appendix F yet. Now we apply conditions in Appendix F to see whether the
normalization constants {\,|a=1, ... ,[%]} can be determined or not.

According to Appendix F 2 a, choosing those As(a,b,c)=2p=2 with a+b,b+c,a+c#0modn, a+b+c=n+1 leads to the
following new constraints:

NN =1, (148)

which means that A,= = 1. Other useful GJT’s like As(a,b,c)=4p=4 with a+b,b+c,a+c+# 0 mod n does not result in any
new constraints. So finally we can conclude that considering the subleading order OPE (F1), the structure of such a Z,
simple-current vertex algebra is determined self-consistently as

2(n-1)
n+2 "’

A= *1, (149)
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b-1

PHYSICAL REVIEW B 81, 115124 (2010)

[T
=0

TF'a+b+1D)I'n-a+1)I'n-b+1)

[IRY

a+i

It is interesting to see that the Z,-parafermion pattern of
zeros does not completely fix the structure constants C,, ;. Do
those different structure constants C, j, corresponding to dif-
ferent choices of A\, give rise to different FQH wave func-
tions, even through they all have the same pattern of zeros?

C,p= \/ s 150
@b= bl F(n+ D@+ DI(b+1)I(n—a-b+1) (150)
I,
j=1
J
j=1 IlF'a+b+1)I'n—a+1DI'h-b+1)
Corvwnep= \/ , Y a+b=n, 151
b = b T+ D@+ Db+ Dl(i—a—b+1) “ " (151)
)\a—l = )\n—m )\0 = )\n—l = 1’ )\a+n = )\a‘ (152)
I
b-1 n—-b-1 n—a+n—b—1
H )\/ H )\n —a+i H )\i
j=1 i=0 i=0
b-1 = n-b-1 = n—-a-1 n—-b-1 ’ (156)
I 11N NIy
i=0 j=1 i=0 i=0

In general, the different structure constants (even with the
same pattern of zeros) will give rise to different FQH wave
functions. But in this particular case, all the above different
structure constants for different choices of A,= =1 give rise
to the same FQH wave function. So those different structure
constants describe the same FQH state.

To see this, let us introduce

u=Xalor Xa= T L. Xasn=Xa- (153)

Those modified simple current operators will generate the
same FQH state. But the structure constants of Jfa is changed,

6(1,17 = Ca,banb . (154)
a+b
So such kind of change in structure constants,
Ca,b - Efa,b = Ca,banb s (155)
Xa+b

does not generate new FQH wave function. Therefore C,

and Ca »=C, ;,);'—X describe the same FQH state. We will call

transformation (155) an equivalence transformation.
Note that the factors can be rewritten as

b-1 a+b—1
Mre I N
i=0 i=0
-1 a1 b1
I, TINIIN
j=1 i=0 =0

where we have used Eq. (148). So if we choose x,=I1%'\;,
the equivalence transformation (155) will remove the \, de-
pendent factors in the structure constants. This completes our
proof. We see that the Z, parafermion patterns of zeros,
{M,;=0; p=1; m=2}, completely determine the structure con-
stants C,;, and the central charge c.

It is interesting to note that we can use the equivalence
transformation (155) to make C, ;=1 for all a+b=<n, as one
can see from Eq. (142). We can also use transformation (155)
to make C,,=1 for all a+b=n, as one can see from Eq.
(143). But we cannot make all C,,=1.

C. Quasiparticles in the Z, parafermion state

In this section, we will study the quasiparticles in the Z,
parafermion state. For the Z, parafermion state, we have a
simple current with scaling dimension 2}°=1/2 and central
charge c=1/2. According to Ref. 13, the patterns of zeros
{k%.,:Q,} for the quasiparticles are obtained by solving con-
d1t10ns (97) and (98). The result is listed in Table I. There are
three types of quasiparticles. In fact, these three quasiparti-
cles belong to two different families. The quasiparticles in
the same family can change into each other by combining an
Abelian quasiparticle. The two quasiparticles in the first fam-
ily differ from each other merely by a magnetic
translation!>!3 (i.e., by an insertion of an Abelian magnetic
flux tube), while the third quasiparticle differs from the first
two in their non-Abelian content. For a family of quasiparti-
cles differ by magnetic translations, we only need to study
one of them to obtain all the information of simple current
part [the difference between different quasiparticles in such a
family comes solely from a U(1) factor].

First let us study the third quasiparticle

{k55,. ... k5,:0,0={0,0:5}. Using the following relations
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TABLE 1. The pattern of zeros and the charges Q for the qua-
siparticles in the Z, parafermion state. n,,;**n.,,,,_; is the occupa-
tion sequence characterizing the quasiparticle y [defined below Eq.
(103)]. The quasiparticles are labeled by the index I. The scaling
dimensions of the quasiparticle operators are sums of the contribu-
tions from the simple-current vertex algebra and the Gaussian
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TABLE II. The pattern of zeros and the charges Q for the qua-
siparticles in the Z; parafermion state. The quasiparticles are la-
beled by the index /. The scaling dimensions of the quasiparticle
operators are sums of the contributions from the simple-current ver-
tex algebra and the Gaussian model: /1,=h*+h#".

model: h7=hSC+hga' 1 Ina Moy 0+ m—1 nks}("ln 0 h¢+ h8?
I Ina ny,Omm—l nksyc;b'ﬂ Q iS¢+ h&a 0 Ona 30 20-2 0 O+g
1 0 03 20-2 3/2 3
0 0, 20 1-1 0 0+0 na 0+%
1 Ona 02 1-1 1 04t 2 Lo 21 1-10 2 Lo
2 157 12
2 La 11 00 12 .t 3 Lo 12 01-1 1 R
168 153

derived from Eq. (107) (which will be used frequently in the
quasiparticle calculation):

a
_ s sc
Qg yib = ha - 2 k'y,b+k’
k=1

AS(a’b’ v+ C) = aa,y+c + ab,y+c - aa+b,y+ca (157)

we find A5(1,1,9)=A5(1,1,y+1)=1, a; ,=a; ,4,1=1/2. So
from Sec. VI D 3, we see that

W=k, = 1/16,
Cl,y+l=1/2' (158)

This is the famous disorder operator of a Z, or Ising vertex
algebra.

%\Iexlt we study tl.le first guasiparticle { ;C;I,... ,ksyc;n;Qy}
={3,-2:0} from its family. With A5(1,1,y)=0 and
A;(1,1,y+1)=2 we have from Sec. VID 3 that

h:/‘ =0, h¥ =1/2,

y+l1 =

Crpn=1, d0,=0, (159)

suggesting that o, is proportional to the identity operator.
This means that this quasiparticle is simply the trivial
vacuum modulo electrons.

We like to stress that for the above two quasiparticles, the
structure constants C, ., are uniquely determined by the
quasiparticles pattern of zeros {k’, }. So the quasiparticles in
the Z, parafermion theory are uniquely described by the qua-
siparticles pattern of zeros {k%,;Q,}. Each index / in Table I
label a unique quasiparticle pattern of zeros, and so the index
I also label a unique quasiparticle for the Z, parafermion
state.

We can also obtain the fusion algebra using the method in
Ref. 13. We find that

0X0=0, OX1=1, 0X2=2,

IX1=0, 1X2=2, 2x2=0+1, (160)

where we have used the index [ to label different quasiparti-
cles (see Table I). We have regarded two quasiparticles to be

equivalent if they differ by some electrons. The index [ really
label the above equivalent classes of quasiparticles. We may
also define a different equivalent class of quasiparticles by
regarding two quasiparticles to be equivalent if they differ by
some electrons or by some Abelian magnetic flux tubes.
Such classes of quasiparticles are characterized by
{k%y5 .. k5,} up to a cyclic permutation. We introduce an
index I, to label those non-Abelian classes of quasiparticles.
From the relation between the two sets of indices I and I, as
shown in Table I, we can reduce the fusion algebra (160) to
a simpler fusion algebra between the non-Abelian classes of
quasiparticles,
0pna X 0pq = Opa,

Ona X Tha=Tlha  L1ha X 153 =04y + Opy.

(161)

D. Quasiparticles in the Z3 parafermion state

The Z; simple-current vertex algebra is characterized by

4
c=-,

2
S]czhscz -,
3 5

2
C1,1=C2,2=_E, Cir=Cy =1, (162)
AY

where we have fixed the normalization factors to be \,=1.

There are two families of quasiparticles obtained from
Egs. (97) and (98) (see Table II). The first family is repre-
sented by quasiparticle {ki/c;l, ,ksyc;n;Qy}={§,O,—§;0}.
With A;(1,1,9)=A5(2,2,9)=A5(1,1,y+1)=A5(2,2, y+2)
=0, we find that (see Sec. VI D 2 or Appendix F 2 f)

Cip1=Crpn=C1=Crp,

Cr1=C - (163)

Then with A5(1,2,9)=0 and A;(1,2,y+1)=A5(1,2,y+2)
=2 we have from Sec. VI D 3 that
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2

sC _ sc _psc _Z =
By=0. Rjy=hya=3. d0,=0,

4
Cry1=Cry=1, C141Ch = 3 (164)
Therefore this quasiparticle is characterized by
hSC - O hSC —_ hSC — % a —_ O
y =0 Ml T2 = g 0y=Y,
2
Crp1=C1y=1, C=Cpn= V_E’ (165)

do,=0 and hS;:O imply that the quasiparticle operator o, is
a constant operator with scaling dimension 0. Such an opera-
tor is the trivial identity operator.

The second family is represented by a quasiparticle
with {5, ... K5, 00={3.-5.0:5}. With  A(1.1,9)
=A5(2,2,y+2)=0 and AL, L, y+1)=A5(1,1,y+2)
=A5(2,2,y)=A5(2,2,y+1)=1, we find that (see Sec. VID 2
or Appendix F 2 f)

Ciyw1=Cr1 Coyn=0Cy0/2,

Ciy2=C11Copld, Cp oy =Ci1Cy02.  (166)

Then with A5(1,2,7)=A5(1,2,y+2)=1 and A(1,2,y+1)
=2, we find that (see Sec. VID 3)

1 2
scC_ g7sc _ s _Z
fy=hn=15 Mha=35
2 1
C2,y+1 = Cl,y+1C2,y+2 = 5» Cl,y+2 = 5 (167)
This nontrivial quasiparticle is characterized by
SC SC 1 SC 2
hy=h7+2=g’ y+1=§’
2 1
C2,y+1 = 5’ Cl,y+2 = 59
Cip1=Cry =5 Crpa=Cro2=7 (168)
V3 V3

Again, for the above two quasiparticles, the structure con-
stants C, ., are uniquely determined by the quasiparticles
pattern of zeros {k7}. So the quasiparticles in the Z; para-
fermion theory are uniquely described by the quasiparticles
pattern of zeros {ks),fa;Qy}. Each index I in Table II label a
unique quasiparticle pattern of zeros, and so the index 7 also
label a unique quasiparticle for the Z; parafermion state.

The full fusion algebra between the quasiparticles is'3

PHYSICAL REVIEW B 81, 115124 (2010)

0x0=0, 0X1=1, 0x2=2,
0x3=3, 1xX1=0, 1x2=3,
1X3=2, 2X2=0+3, 2X3=1+2,
3X3=0+3. (169)

The fusion algebra between the non-Abelian classes of qua-
siparticles is

Ona X 0pa=0ps  0py X 15=1

na»

1na>< 1na=0na+1na- (170)

E. Z,|Z, series: {M;=0; p=2}

The Z,|Z, vertex algebra is called the “second genera-
tion” of Z, parafermion algebra and is studied in Refs.
42-45. In this case we have

aln—a)

B =2 (171)

n

As a result we still have Eqgs. (135)-(138); therefore Egs.
(142) and (143) still hold.

Apparently in this case the extra conditions in Sec. VB
are not enough to determine the full structure of this
vertex algebra since now As(a,b,c) are multiples of
2p=4. So we introduce the subleading order OPE (F1) and
resort to new conditions in Appendix F.

Since now we have A5(1,b,-b)=A5(-1,b,-b)
=A;(1,a,-1)=2p=4 from Appendix F 2 ¢ we have

Cl,aCn—l,n—a =

(a+1)(n-a) v [4a(n—a—1)(n—1)+(n

n*(n-2) c

—2a)(n—2a—2):|. (172)

Representing the central charge ¢ in terms of a continuous
variable g in the following way:

_4(n—1)g(n+g—1)
C_(n+2g—2)(n+2g)

(173)

yields an expression of structure constants in terms of g and

. . —1 .
pormahzat%on' cons'tants {)\a=)\n_1'_a;a=1, ,[”T]}, which
is totally similar with Z, parafermion states,

Co=n (a+1)(n—a)(a+g)(n+g—a—l),
’ n gln+g-1)

(174)
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a+b-1 b-1

ITc., TIr.
i=1 i=0

Cop=77 a-1 = b-1

HC1JHC1k H)\j
=1 =1

\/ Ta+b+Dl(n—a+1)L(n-b+1)
'+ DI(a+1DI'B+DI'(n—a-b+1)
\/F(a +b+g)l(n—a+g)’'n-b+gI'(g)
Fn+g)la+g)l(b+g)T(n-—a-b+g)’
(175)

b-1
LI,
Cn—u,n—b = b;l Ca,b’

H )\u+i
i=0

(176)

a+b=n

where reflection condition (147) should also be satisfied for
the normalization constants \,. It is easy to verify that
As(a,b,c)=2p=4 does not result in any new constraints on
free parameters {g;\,[a=1,....[*5 L1}, Therefore the above
are all conditions on this Z,,|Z serles of vertex algebra.

Using the equivalence transformation (155), we can
change the normalization constants to A,=1. So only differ-
ent g in the structure constants give rise to different FQH
states. All those different FQH states have that same pattern
of zeros, and we need an additional parameter g to com-
pletely characterize the FQH state. For the simple ideal
Hamiltonian introduced in Refs. 11 and 12, all those different
FQH states have a zero energy. In Ref. 20, additional terms
are introduced in the Hamiltonian so that only the Z;| Z state
with a particular g can be the zero energy states.

F. Quasiparticles in the Z,|Z, state

The Z,|Z, state is described by the following pattern of
Zeros:

n=2: c=1 (2,Z, state),

{m;h - By =1{4:1},

{no-n,1}=12000}. (177)

Here we have n=2, p=2, M;=0, and thus A°=1. Since
A;(1,1,1)=4 we have according to Sec. V B 4,

c=1. (178)

There is no free parameter in such a Z, simple current vertex
algebra.

Now let us turn to the quasiparticles of this state. There
are three families of different quasiparticles, and we will
discuss them one by one.

The first family has {kscl, n,Q +={1,-1;0} as its
representative. With A;(1, i ,Y)= 0 and A3(1 1,y+1)=4 we
have
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TABLE III. The pattern of zeros and the charges Q for the
quasiparticles in the Z,|Z, parafermion state. The quasiparticles are
labeled by the index /. The scaling dimensions of the quasiparticle
operators are given by h,=h*+h&, where n=C /2 is a free real
parameter. Note the index /=8,9 each actually corresponds to a
class of quasiparticles parametrized by a continuous parameter 7.

! Ina My;0-om-1 nks)?l ‘n 0 h%+h&*
Ona 2000 2-2 0 0+0
1 Ona 0200 2-2 1/2 04t
4
2 Ona 0020 2-2 1 0+1
3 Ona 0002 2 -2 3/2 O+2
4
11
4 L 1100 1-1 1/4 R
16 16
1 9
5 Loy 0110 1-1 34 L. 9
16 16
6 la 0011 1-1 si4 LB
16 16
7 la 1001 -1 34 2,9
16 16
1
8 2na 1010 00 1/2 ry
0 2, 0101 00 1 1
]’lSyC:O, (90')/5 O, Cl,‘y+1,= 1, (179)

indicating this quasiparticle is trivial. We also have hs)prl
=h} +k,,=1 from Eq. (107).
The second family is represented by {ksycl, sk 00

—{2, 331 } With A;(1,1,9)=0 and A;(1,1 y+1) 3, we
find that (see Sec. VID 3)
RE=1/16, K5, =9/16, C),y=1/2.  (180)

This is a nontrivial quasiparticle, resembling the one in an
Ising vertex algebra, except for the charge being Q,=1/4
rather than 1/2 in the Ising case.

The third family is represented by {kyl,.. NN
={0, 0,2} With A;(1,1,y)=A5(1,1,y+1)=2, we find that
(see Sec. VID 3)

RS = B, = Cy 2. (181)

Remember that the quasiparticles are described by the
data {k%,;0,; C, 4.} For the first two family of the quasi-
particles, the quasiparticle structure constants C, ., are
uniquely determined by the quasiparticle pattern of zeros
{kW,Q }. In this case, a pattern of zeros correspond to a
single type of quasiparticle. For the third family, the pattern
of zeros does not fix C, ,.,. Therefore the quasiparticles in
the third family are labeled by the pattern of zeros {k,,; 0.}
and a free parameter 7=C, ,,,/2. So there are infinite types
of quasiparticles in the third family. The energy gap for such
kind of quasiparticles must vanish at least in the 7— 0 limit.
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We want to mention here that even introducing subleading
order OPE terms, [¢,0 7+b] 1= Cayrvla y1b900 yiasp, like
we did in Appendix F cannot ﬁx this free parameter here.
There are indeed infinite types of quasiparticles in the Z,|Z,
simple-current FQH state. This suggests that the Z,|Z,
simple-current FQH state is gapless for the ideal Hamil-
tonian introduced in Ref. 11.

Using the method in Ref. 13, we obtain the full fusion
algebra between the quasiparticles (expressed in terms of the
index [ in table III),

0X0=0 OxX1=1 0xX2=2
0X3=3 0X4=4 0X5=5
0X6=06 0xX7=17 0X8=8
0X9=9 1X1=2 1X2=3
1X3=0 1X4=5 1 X5=6
1 X6=17 1 X7=4 1 X8=9
1 X9=8 2X2=0 2X3=1
2X4=6 2X5=17 2X6=4
2X7=5 2X8=8 2X9=9
3X3=2 3X4=7 3X5=4
3X6=5 3X7=6 3X8=9
3X9=8 4X4=1+8 4X5=2+9
4X6=3+8 4X7=0+9 4X8=5+7
4X9=4+6 5X5=3+8 5X6=0+9
5X7=1+8 5X8=4+6 5X9=5+7
6X6=1+8 6X7=2+9 6X8=5+7
6X9=4+6 TXT7=3+8 TX8=4+6
TX9=5+7 8X8=0+2+9 8X9=1+3+8
9X9=0+2+9

(182)

Here index /=8 or /=9 does not correspond to a single qua-
siparticle. They each actually corresponds to a class of qua-
siparticles parametrized by a continuous parameter 7. We
can use (8, %) and (9, 7) to uniquely label those quasiparti-
cles. Thus, for example, the fusion rule 8 X9=1+3+8
should to interpreted as (8,7)X(9,7%")=1+3+(8,7") for
some 7, 7', and 7.

The fusion algebra between the non-Abelian classes of
quasiparticles is

Ona X 0pa =0pas  Opy X 1= 1,

Ona X 203=2p  1pa X 13=0p + 2y,

Log X 200 = Tna+ Tas 200 X 205 = 04 + Oy + 2,
(183)

where the relation between [ and I, is given in Table III.

G. Quasiparticles in the Z3|Z; state

The Z;|Z state is described by the following pattern of
Zeros:
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|

{no---n,_,}={3000}. (184)

n=3: (Z|Z; state),

wu;
w |

b e} = {

Here we have n=3, p=2, M,=M,=0, and thus hﬁ°=h3°=%.
As shown in Sec. VII E we have

4(8
C1,1C2,2=§(;—1) (185)

as the only extra consistent condition of this vertex algebra
from useful GIT’s. We can use two free parameters {c,\} to
express the structure constants,

4 (8
C11=)\, C22— ( —1> (186)
' O\

However, using the equivalence transformation [see Eg.
(155)]

= xth, =X e, Mo NY, (187)

we can set A=1. So the infinite Z;|Z; simple-current vertex
algebras are parametrized by only a single real number c.

There are five classes of non-Abelian quasiparticles as
shown in Table IV. We shall study these five classes one by
one in this section. The first class is the trivial one, repre-
sented by the data

4 4
vl e k?ycn’Q’y}={§70’_§;o}' (188)

With A;(1,1,9)=A5(1,1,y+1)=A5(2,2,y)=A5(2,2, y+2)
=0 we have for the structure constants,

{&>;

Ciyw1=Ci1s Crpr=Chy  Cypn=Cy . (189)

Then with A3(1,2,7y)=0 we have

KS=0, do,=0.  (190)

Cl,y+2 = C2,'y+l = 1’ y

which dictates that this is a trivial quasiparticle, proportional
to the identity operator.
The second class is represented by the data

1 21
s .. k;cn,Q7}={1,—§,—§;Z}. (191)

With  As(1,1,9)=A5(2,2,y+2)=0 and Aj(1,1,y+1)
=A;(2,2,y)=1 we have for the structure constants,

Cip1=Cr1s Copa=Crp/2, Ch 01 =2C .

(192)
Then with A3(1,2,y)=1 and A;(1,2,y+2)=3 we have

1
Cl,'y+2_§s CZ v+l =

wn\)
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TABLE IV. The pattern of zeros and the charges Q for the
quasiparticles in the Z;|Z; parafermion state parametrized by {c,\}.
Note that the quasiparticle quantum numbers do not depend on the
second parameter N. The quasiparticles are labeled by the index /.
The scaling dimensions of the quasiparticle operators are sums of
the contributions from the simple-current vertex algebra and the
Gaussian model: /1,=h*+h%, where 7.. is given by Eq. (200). Note
the index /=16, 17, 18, and 19 each actually corresponds to a class
of quasiparticles parameterized by a continuous parameter 7. Simi-
larly the index /=12, 13, 14, and 15 each corresponds to two types
of quasiparticles parametrized by =*.

1 I, R0 et nkl )., 0 15 4 e
0 0, 3000 40-4 0 0+0
10, 0300 40-4  3/4 0+3
8
2 0, 0030  40-4 32 042
2
30 0003 40-4  9/4 27
na 0+?
4 1, 2100 3-1-2 1/4 e 1
24" 24
5 1, 0210 3-1-2 1 c.2
2473
6 1, 0021 3-1-2 7/4 ¥
24" 24
7 1, 1002  -23-1 32 (2,23
247372
8§ 2, 1200 21-3 12 c I
247 6
9 2 0120 21-3  5/4 c. B
" 2472
0 2, 0012 21-3 2 i%
I 2, 2001 1-32 34 (£,2),3
247378
1
12 3, 2010 220 172 mors
25
13 3, 0201 2-20  5/4 ——
4 3, 1020 02-2 1 77¢+§
15 3, 0102 02-2  7/4 ,}t+g
16 4, 1110 10-1  3/4 g
8
3
17 4, 0111 10-1 312 -
18 4, 1011 R U V7
3724
19 4, 1101 0-11 1 (n+%)+§
. C . 1+3Cl] ]C‘z2 2 C 2
hSC:—’ sc =C s . =— 4+ - 193
LY S A 8 3 (199)

after using the structure constants (186). The above results
from GIT’s are consistent with Eq. (107).
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The third class is represented by the data
21 1
{ksyc;l,---,ksyc;,,;Qy}={5,§,—1;5}- (194)
With  Ay(1,1,9)=A52,2,7+2)=1 and As(1,1,y+1)
=A;(2,2,7)=0 we have for the structure constants,

Cl,y+] = C1,1/2’ C2,y+2 = Cz,z, Cl,'y+2 = 2C2,'y+l'
(195)
Then with A5(1,2,y)=1 and A;(1,2,y+1)=3 we have
2 1
Cl,'y+2 = 5’ C2,7+1 = 5’
c c 2
hy=—, hi,=—+-. 196
Y4 T4 3 (196)
where we have used Eq. (186) in calculating /7, as well.
The fourth class is represented by the data
SC SC 2 2 1
{ 7;1,~--’ky;n;Qy}={g,_ 590’5} (197)

With As(1,1,y)=A5(2,2, y+2)=0 we have for the structure
constants,

Cir1=Cr1s Crp2C 041 = Co5C pyr. (198)

Then with A5(1,2,y)=A5(1,2,y+2)=2 we have the follow-
ing consistent conditions:

1
C2,'y+1 = Cl,'y+2 + 5 = Cl,y+1C2,'y+2»

¢ 3¢
Wy ===+ S Cor. (199)

Solving the above nonlinear equations gives us the structure
constants and quasiparticle scaling dimensions,

>

Cip1=Cr1s Cropa=Cy - 3

—

2 16 4V(c-2)(c-38)
C2y+1=—_+_i—
’ 9 9c 9¢

1
C2,y+2:C2,2(C2,y+l_§>/CZ,y+l’

s

sc sc 2 ¢ + \"(6_2)(6’_8) _
hy: y+2:§—g_7=7]i, (200)

where * corresponds to two different branches of solutions.
Here ¢<2 or ¢=8 is required to guarantee the scaling di-
mension h;c to be a real number.

For a Z3|Z; simple-current algebra described by a fixed ¢
and a quasiparticle pattern of zeros indexed by /=12, 13, 14,
or 15, there are two sets of quasiparticle structure constants

that satisfy all the consistent conditions for the GJI. This
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implies that the index /=12, 13, 14, and 15 in Table IV each
actually corresponds to two types of quasiparticles param-
etrized by the two sets of structure constants. Those quasi-
particles are uniquely labeled by (I,+) and (I,-), I=12, 13,
14, and 15. When ¢=2 or c¢=38, then there is only one type of
quasiparticle for each /=12, 13, 14, and 15.

The fifth class is represented by the data

13
- == . 201

3 4} (201)
With A3(1 s 1 > 7)=A3(1 > 1 Yt 1)=A3(2’29 7’)=A3(2,2, 7+2)
=1 we have for the structure constants,

1
{ iil’ ’ki?;n;Q}’}= {3?0’

Ciy1=Ci1/2, Cyhn=Cr0/2, Cjr=0Cy .

(202)

Then with A;(1,2,9)=2 and A;(1,2,y+1)=A5(1,2,y+2)
=3 we have

W =20 =
v = 1,42 — 7,

8
c c 3¢ 1
Syc+1 = hsyc+2 = E(Cl,yﬂ + Cl,y+1C2,y+2) + ﬁ = Ecl,wz + 5
(203)

where we have used Eq. (186). Just like the Z,|Z,
states, there are infinite sets of quasiparticles structure
constants the satisfy the consistent conditions. Those sets of
structure constants is parametrized by a single real number
7=%C\ y12="5 Cy.,s1. This implies that the index /=16, 17,
18, and 19 in Table IV each corresponds to a class of quasi-
particles parametrized by a continuous parameter 7. Those
quasiparticles are uniquely labeled by (1, ), I=16, 17, 18,
and 19. We see that there are infinite types of quasiparticles
in the Z;|Z; state, suggesting that the Z;|Z state is gapless
for the ideal Hamiltonian introduced in Refs. 11 and 20.

H. Zlelez state

This Z, simple-current state is described by the pattern of
Zeros,

n=2: (2,2,z, state),

{m;hy - by} =1653/2},

{p:M; - M, }={3:0},

{no---n,,}={200000}. (204)

Since there are no structure constants for a Z, vertex al-
gebra after choosing the proper normalization, the only free
parameter in this simple-current vertex algebra is the central
charge c¢. However, since A;(1,1,1)=6 in this case, consis-
tent conditions from GJI’s cannot fix the central charge ac-
cording to Sec. V B 4.

Explicit calculations of simple currents correlation func-
tions suggest that the electron wave functions uniquely de-
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TABLE V. The pattern of zeros and the charges Q for the qua-
siparticles in the Z,|Z,|Z, state. The quasiparticles are labeled by the
index 1.

I L L nki .., 0
0 Opa 200000 3-3 0
1 Opa 020000 3-3 1/3
2 Opa 002000 3-3 2/3
3 Opa 000200 3-3 1
4 Opa 000020 3-3 4/3
5 Opa 000002 3-3 5/3
6 Lo 110000 2-2 1/6
7 Lo 011000 2-2 1/2
8 . 001100 2-2 5/6
9 . 000110 2-2 7/6
10 . 000011 2-2 3/2
11 . 100001 22 5/6
12 20 101000 1-1 1/3
13 2 010100 1-1 2/3
14 2a 001010 1-1 1
15 20a 000101 1-1 4/3
16 20 100010 -11 2/3
17 20 010001 -11 1
18 31a 100100 00 1/2
19 3ha 010010 00 5/6
20 3 001001 00 7/6

=3
5

pends on the central charge c¢. We like to stress that the
7,|2,|Z, state provides an interesting example that the vertex
algebra is not determined by the structure constants C,, of
the leading terms, but by a structure constant of a subleading
term.

In Table V, we list 21 distinct quasiparticle patterns of
zeros which give rise to at least 21 different quasiparticles.
Those quasiparticles group into four classes of non-Abelian
quasiparticles.

I. Gaffnian: A nonunitary Z, example
A Z, solution {m;h“ic,...,hic_l}={6;%,0,%} is called
Gaffnian in literature.* It has the following commutation
factors:

Mi2= 3= Mo3=—1. (205)

Therefore it is a generalized Z, simple-current vertex
algebra.
With A5(2,2,2)=0 we know from Sec. V B 4 that

i, =0. (206)

Since As(1,1,2)=A5(2,3,3)=0 we know from Sec. VB 1
that
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Cii=Cip=—-Cy,
C33=Cy3=—C3),

C3’1 =— 1, C1’3 =1 (207)

With A;(1,1,3)=A5(1,3,3)=3 we know from Sec. VB2
that
—2(hY)? 3

TEE-3)KE-2) 5

C1C3=C33C 1 5,=-1 (208)

Other useful GIT’s with A5(1,2,3)=A5(2,2,3)=A45(1,2,2)
=0 in Sec. VB2 and A;(1,1,1)=A5(3,3,3)=3 in Sec.
V B 1 do not produce any new conditions. Further calcula-
tions show that even introducing the subleading order OPE
(F1) and applying new conditions in Appendix F would not
supply any extra conditions. In summary we have

R,
Cc= 5, h =

Cl,l = CLQ = - C2’1 = )\ # 0,
C33=Co3=—Cyp=—\"",

Ciz=1, GC3;=-1 (209)

for this Z, simple-current vertex algebra, which corresponds
to the Gaffnian wave function. Using the equivalence trans-
formation [see Eq. (155)]

(1.t ) — (xth o X' ),

we can set A=1. So there is only a single Gaffnian wave
function.

Gaffnian state {m;h}*,....h° }= {6,4, ,%} has two
families of different quasipartlcles according to conditions
(97) and (98) (see Table VI). The first family has the follow-
ing representative: {ky,,....k} ;0}= 2 1 4, -3 3.0L.
With As(1,1, 'y) A3(1 1, y+2) A3(1 2,v+a)
=A5(2,3,y+a)=A5(3,3,v)=A5(3,3, y+2)=0 we obtain all
the structure constants from Sec. VID 2 or Appendix F 2 f,

Cl,y+l = Cl,'y+2 == C2,y+l = }\’

N— X2, (210)

Ciy3=Crpr=—C5 =1,
Cr43=C3503==C3 n=—\"". (211)
With  Ay(1,3,9)=1=A5(1,3,7+2),  As(1,3,7+1)

=A;5(1,3,y+3)=2 and A5(2,2, y+a)=0 we have the quasi-
particle scaling dimensions from Sec. VID 3
3

hSC h;/c+2 - O h;il = hsyC+3 = Z’

90,= 00, =0. (212)

Since C,;,=C,, . and do,=0 here, we know this quasipar-
ticle o, must be proportional to the identity operator 1.
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TABLE VI. The pattern of zeros and the charges Q for the
quasiparticles in the Gaffnian state. The quasiparticles are labeled
by the index /. The scaling dimensions of the quasiparticle opera-
tors are sums of the contributions from the simple-current vertex
algebra and the Gaussian model: h,=h*+h&"

1 Ina Ny0- - m—1 }’lk?;l - 0 h*+h&
0 0, 200200 3-33-3 0 0+0
1 0, 020020 3-33-3 2/3 0%
2 0, 002002 3-33-3 4/3 02
3 l 110110 1-11-1 173 _L 1

20712
4 I, 011011 1-11-1 | r.3

20" 4
5 l, 101101 -11-11 2/3 1t

573

The second family has the following representative:
k), k0= -1 s With  Ag(1,1,)
SR )2 A3 3 ) =AY (3.3, y+2)=1 and
As(1,2,y+a)=A5(2,3, y+a)=0 we obtain all the structure
constants from Sec. VID 2 or Appendix F 2 f,

Cip1=N2, Cip3=—N\712,

Ciy3=—Cayn =12, C =1,

Cl,y+2 == C2,7+1 = )\?

Cp2=- (213)

With  As(1,3,9)=25(1,3,y+2)=A5(2,2, y+a)=0  and
As(1,3,y+1)=A5(1,3,y+3)=3 we have the quasiparticle
scaling dimensions from Sec. VID 3,

-1
C2,'y+3 =N

1
h%c =1, =_ —, K¢

sc 1
y+2 = 20 y+1 = =h g

3= (214)
and the structure constants are consistent with all the useful
GJI’s. Apparently this quasiparticle is a nontrivial one.

Using the method in Ref. 13, we obtain the full fusion
algebra between the quasiparticles (expressed in terms of the
index I in Table VI),

0XxX0=0 O0X1=1 0x2=2
0X3=3 0X4=4 0X5=5
I X1=2 1X2=0 1 X3=4
1 X4=5 1 X5=3 2X2=1 (215)
2X3=5 2X4=3 2X5=4

3X3=1+5 3X4=2+3 3X5=0+4
4X4=0+4 4X5=1+5 5X5=2+3

The fusion algebra between the non-Abelian classes of qua-
siparticles is
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Ona X Ona = Ona’ Ona X lna = 1na’
Loy X 1pa= O+ Ly (216)
J. Z,4]Z, state
This solution {m;h,... ,hff_l}:{6;%, 1,%} is a direct
product of a n=4 Pfaffian state {m;h}",....h |}

={4; ]g,O,%} and a Z, parafermion state {m;hy,... A}
:{2 ; 5 9 1 9 3 .
In this case we have

p:3, M]:M3:1, M2:2. (217)

It is easy to verify that u; ;=1 and thus C; ;=C; ;.
From Sec. V B 4 we see that A;(2,2,2)=4 determines the
central charge,

c=1. (218)

Then with As(1,1,2)=A3(2,3,3)=0 we know from Sec.
V B 1 that

C1,1 = Cl,z = Cz,l,

C33=C3=C3,, (219)

A5(1,1,3)=A4(1,3,3)=4 in Sec. VB3 and A4(1,2,3)
=A5(1,2,2)=A4(2,2,3)=2 in Sec. VB 2 both lead to the
following conclusions:
C. c.C 5 5 25 5
= = =—=—4—=—.
1,1623 12633= 5 8 8 2

Note that As(1,1,1)=A3(2,2,2)=2 does not bring us any
new constraints. Further studies after introducing subleading
order OPE (F1) show that there are no new constraints on the
structure constants, so we conclude that

C1,3 = C3,1 = 17

(220)

c=1,

Cl,l = C1’2= C2,1 =)\ 3& O,

5
Cr3=C3=C50=—

oY (221)

characterizes this Z, simple-current vertex algebra. Using the
equivalence transformation [see Eq. (155)]

(W1, h3) = (xthr o, X' ),

we can set A=1. So there is only a single Z,|Z, simple-
current vertex algebra which correspond to a single FQH
wave function.

In Table VII, we list 42 distinct quasiparticle patterns of
zeros which give rise to at least 42 different quasiparticles.
Those quasiparticles group into eight classes of non-Abelian
quasiparticles.

A=Ay (222)

K. C,|C, series with {m;h}’,... .,k }={2n;2,...,2}

This corresponds to a series of FQH states with filling
fraction v=1/2 for bosonic electrons (and v=1/3 for fermi-
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TABLE VII. The pattern of zeros and the charges Q for the
quasiparticles in the Z,|Z, state. The quasiparticles are labeled by
the index 1.

I Ina Ny0---m—1 Q I Ina My0- - -m—1 Q
0 0, 202000 0 1 0, 020200 2
3
2 0, 002020 % 3 o0, 000202 2
3
4 0, 200020 2 5 o0, 020002 4
3 3
6 1, 201100 L 7 1, 020110 2
6 6
3 7
8§ 1, 002011 3 9 1, 100201
2 6
0 1, 110020 3 11 1, 011002 3
6 2
12 2, 111100 1 13 2, o11110 1
3
5 4
4 2, 001111 3 15 2, 100111 %
3 3
16 2, 110011 1 17 2, 111001 2
3
18 3, 200200 1 19 3, 020020 1
3
20 3, 002002 3
3
21 4,, 110200 L 2 4, o11020 7
2 6
23 4, 001102 M 24 4. 200110 L
6 2
25 4, 020011 I 26 4, 102001 2
6 6
27 5, 201010 L 28 5., 020101 1
3
2 4
29 5, 102010 2 30 5, 010201 4
3 3
31 5, 101020 1 32 5, 010102 23
3
33 6, 111010 L1 34 ¢, o11101 7
2 6
35 6, 101110 3 36 6, 010111 3
6 2
37 6, 101011 I 38 6, 110101 2
6 6
2 4
39 7, 110110 2 40 7, o11011 4
3 3
4 7, 101101 1

onic electrons). A C,|C, example is given in Eq. (130).

First, from Eq. (E8) we know that u,,=1 for such a
C,|C, simple-current vertex algebra, since all the simple cur-
rent scaling dimensions are even integers and so are all «,, ,
Ya,b. As a result we have

Cap=Cha Vabel. (223)

115124-28



NON-ABELIAN QUANTUM HALL STATES AND THEIR...

It is straightforward to check that if we do not have the
subleading term (F1) in OPE, this solution only has the fol-
lowing extra consistent conditions shown in Section V B 1
with As;(a,b,-a—b)=0, a,b,a+b+# 0 mod n,

Ca,b = Ca,—a—b = Cb,—a—b’ (224)

which for sure can be satisfied for all a,b € Z.

Now we introduce the subleading OPE term (F1) and the
new consistent conditions in Appendix F to see whether they
are satisfied for this vertex algebra. Note that here we have

(225)

2, a+b#0modn
Yab= 4, a+b=0modn

for any a,b#0modn, and also d,,=1/2, a+b+#*0modn
from Eq. (F4).

Taking any integers a,b,c # 0 mod n, for this such a Z,
simple current vertex algebra we have As(a,b,c)=2 for
a+b,b+c,a+c,a+b+c#*0modn, so according to Appen-
dix F 2 a we have

Ca,bca+b,c = Cb,cca,b+c = Ca,ccb,a+c‘ (226)

Then all consistent conditions are satisfied without requiring
that i, =0.
As(a,b,c=—a-b)=0 for a+b+# 0 mod n, so according to
Appendix F 2 b we have
Ca,b = Ca,—a—b = Cb,—a—b' (227)

As(a,b,c=-b)=4 for a=b+#0modn, so according to
Appendix F 2 ¢ we have

o | oo

CorCotbty=CoaCpap= (228)
As(a,b=a,c=—a)=6 for 2a+# 0 mod n, so according to
Appendix F 2 d we have

dya=102, (229)

which is consistent with Eq. (F4).
As(a=n/2,b=n/2,c=n/2)=8 for n=even, so according
to Sec. V B 4 there are no extra consistent conditions.
In summary, this series of solutions {m;h}",...,h" }
={2n;2,...,2} corresponds to a Z, simple-current vertex al-
gebra satisfying the following consistent conditions:

Cop=Cpon Vabel, (230)
CapCarbe = CocCrare = Cp.Caprcs
ifa+b, b+c, a+c#0modn, (231)
CotCoip, -6=CopCpap= g if a= b # 0modn.

(232)

By solving the above conditions in the similarly way as with
the Z, and the Z,|Z, series, we find that
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a+b-1

i=1 8
Cop=70 3 ~ a+b<n,

(233)

Cn—a,n—b =T a-1

e
\/j, a+b<n, (234)
c

Cona=1. (235)
where nonzero complex parameters {\;|i=1,2,...,n—2} sat-
isfy the following constraint:

N1=Nye Isasn-1, N=1. (236)

If we choose xa:H?;Ol)\,-, the equivalence transformation
(155) will remove the N\, dependent factors in the structure
constants. We find that the C,|C,, series is characterized by
the following data:

8
Cip= \/j, a+b<nora+b>n,
c

C(l,ﬂ—(l = l'

(237)

(238)

Therefore this theory has one free parameters c if n>2.

In Table VIII, we list 56 distinct quasiparticle patterns of
zeros which give rise to at least 56 different quasiparticles
for the C;|C; state (or Z3|Z;|Z5 state). Those quasiparticles
group into ten classes of non-Abelian quasiparticles.

VIII. SUMMARY

The pattern-of-zeros is a powerful way to characterize
FQH states.!'"!3 However, the pattern-of-zeros approach is
not quite complete. It is known that some patterns of zeros
do not uniquely describe the FQH states. As a result, we
cannot obtain all the topological properties of FQH states
from the data of pattern of zeros {n;m;S,}.

In this paper, we combine the pattern-of-zero approach
with the vertex algebra approach. We find that we can gen-
eralize the data of pattern of zeros {n;m;S,} to {n;m;S,;c}
to completely describe a FQH state, at least for the many
examples discussed in this paper. Many consistent conditions
on the new set of data {n;m;S,;c} are obtained from the GJI
of the simple-current vertex algebra. Those consistent condi-
tions are sufficient: i.e., if the data {n;m;S,;c} satisfy those
conditions, then the data will define a Z, simple-current ver-
tex algebra and a FQH wave function. Using the new char-
acterization scheme and the Z, simple-current vertex algebra,
we can calculate quasiparticle scaling dimensions, fractional
statistics, the central charge of the edge states, as well as
many other properties, from the data {n;m;S,;c}.

For example, for the Z, parafermion state characterized
by pattern of zeros {n;m;hsf'~‘hf,°_1}={2;2;%}, we find the
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TABLE VIII. The pattern of zeros and the charges Q for the
quasiparticles in the C3| C; state (which also the Z3|Z3|Z; state). The
quasiparticles are labeled by the index /.

=]
)
=}
)

001011 11/6 51
110010 5/6 53
101010 1 55

100101 4/3
011001 4/3
010101 3/2

<]
)
<]
)

<]
)
<]
)

I Ly e 0 I Ly e 0
0 0, 300000 0 1 0, 030000 1/2
2 0, 003000 1 3 0, 000300 3/2
4 0, 000030 2 5 0, 000003 5/2
6 1, 210000 1/6 7 1, 021000 2/3
8§ 1, 002100 7/6 9 1, 000210 5/3
0 1, 000021 13/6 11 1,, 100002 5/3
12 2, 120000 1/3 13 2, 012000 5/6
14 2, 001200 4/3 15 2, 000120 11/6
6 2, 000012 7/3 17 2, 200001 5/6
8 3, 201000 1/3 19 3, 020100 5/6
20 3, 002010 4/3 21 3, 000201 11/6
22 3, 100020 4/3 23 3, 010002 11/6
24 4, 111000 1/2 25 4, 011100
2% 4, 001110 3/2 27 4, 000111 2
28 4, 100011 3/2 29 4, 110001
30 5, 102000 2/3 31 5, 010200 7/6
32 5, 001020 5/3 33 5, 000102 13/6
34 5, 200010 2/3 35 5, 020001 7/6
36 6, 200100 1/2 37 6, 020010 1
38 6, 002001 3/2 39 6, 100200
40 6, 010020 3/2 41 6, 001002 2
42 7, 110100 2/3 43 7, 011010 7/6
44 7., 001101 5/3 45 7, 100110 7/6
46 7,, 010011 5/3 47 7,, 101001 7/6
48 8 101100 5/6 49 8 010110 4/3

8 8

8 8

9 9

<]
)
=
)

well- known scaling dimensions (the non-Abelian part) 0, 5 2,
and 1¢ for the three kind of quasiparticles. For the Z, |Z, state
characterrzed by pattern of zeros {n;m;h{"---h," }={2;4;1},
we find the scaling dimensions and the charges for all its
quasiparticles (see Table IIT). We find that the FQH state
described by the Z,|Z, simple-current vertex algebra con-
tains infinite types of quasiparticles and two classes of them
are parametrized by a real parameter. This indicates that the
7,|Z, state is gapless for the ideal Hamiltonian introduced in
Ref. 11.

We also studied the Z;|Z; state described by the Z;|Z;
simple-current vertex algebra, with the pattern of zeros
{nsmshitmc 1={3; 4:% 3 3} Such a state is also studied in
Ref. 20. We show that the Z;|Z; state cannot be completely
characterrzed by the pattern-of-zeros data {n;m;h{---h)"}
={3; 4, 3 3} We need to add one more parameter ¢ and use
the expanded data {n;m;h}" -k ;c}=1{3; 4,3 3 2. ¢} to com-
pletely characterize the Z3|Z; state. We find the scaling di-
mensions and the charges for all its quasiparticles (see Table
IV). Again there are infinite types of quasiparticles and four
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classes of them are parametrized by a real parameter. This
again suggests that the Z;|Z; state is gapless for the ideal
Hamiltonian introduced in Refs. 11 and 20.

The study in this paper is based on the Z, simple-current
vertex algebra. But the Z, simple-current vertex algebra
makes some unnecessary assumptions. It is much more natu-
ral to study FQH state based on the more general Z, vertex
algebra. This will be a direction of future exploration.
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APPENDIX A: OTHER WAYS TO LABEL THE PATTERN
OF ZEROS

In Sec. II, we have discussed two ways to label the pattern
of zeros, one in terms of {n;m;S,} and the other in terms of
{n;m;h;}. In this section, we will introduce two other more
efficient ways to label pattern of zeros. The new ways of
labeling automatically satisfy more self consistent condi-
tions.

1. Label the pattern of zeros by a set of non-negative integers
{aj}

Since As(a,b,c) in Eq. (29) is just a linear combination of
the i, there are only n—1 independent equations among all
the possible n* choices of (i,j,k) in Eq. (22). A convenient
choice would be (i,j,k)=(1,1,a), a=1,2,---,n—1. These
equations are

Ay(1L1,1) = 21 = h) + b =2k + h =a, e N,

A5(1,1,)) = (2RY = BY) + By = 2055, + B, =a; € N,
As(1,1,n=3) = W = hY) + hS s =20, + 1S = a, 5 € N,
As(1,1,n=2) = 2B = hY) + BS 5 =21 | =a, , € N,

Ay(1Ln=1)=QhE = b +hS  +h=a,, € N,

Here we only used the /) =hy =0 condition. Adding up these
equations together we immediately obtain the following
equation:
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n—1

n(2h - h¥) = >, a;. (A1)
i=1
By defining another vector {A},
n—1
Aj=a;- 2hY - hy) =a;- ;21 a;, (A2)
we have a simple relation
X-h*=A, (A3)

where h*=(h{*, -1 )T and A=(A,,---,A,_))7 are col-
umn vectors and the matrix

x=| . (A4)
o 00 1 -2 1
0 0 0 1 -2
I - 0 0 0 1

i (n=1)X(n-1)

It would be straightforward to check that the above matrix is
not singular and its inverse equals

o Jiy—gn,
n'Xi,j: e L.
{l] (i-1)n, j=Ii.

<1
’ (AS)
So we can express (hY,..
(al"“’an—l)a

n—1

hff = 2 X;,I})Ab
b=1

L h7) in terms  of the

n—1 n—1

n—1
an—a a—n
_« )Eaj+—2(i+1)aj+2(j+l—a)aj.
j=1 no j=a

2n
(A6)

Since the date {n;m;h{",...,h)"} and {n;m;a,,....a,_}
have an one-to-one correspondence, we can also use
{n;m;a,,...,a,_;} to label the pattern of zeros. The
{nim;ay,...,a,_} labeling scheme is more efficient: once
we choose non-negative integers {a,, ...,a,_;}, we generate
kY that already satisfy a part of Eq. (29).

From the reflection conditions (30) of {/}’}, we can obtain
similar reflection conditions for a;,

aj=a,,,; (1<j<n-3), a,,=0, (A7)

then the independent sequence of non-negative integers is
actually {a;.1=<j=<[5]-1;a,_,}, which contain [5] integers.
(We use [x] to denote the biggest integer no larger than x.)
The {a;} label of the patterns of zeros provides us an efficient
way to numerically find the solutions of Eqgs. (25) and (27)-
(29).

2. Label patterns of zeros by {M, ;p;m}
a. {M, ;p;m} labeling scheme

Using reflection conditions (A7) we can define
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n—1 [n/2]-2

1 a,_ Aarp2]-1- n=odd
P== aj = ! + E aj+ 2]
235 2 = arun}-1/2, n=even,
(AB)
and
kn—l n—1
n—
My=—2 (j+Da,—= 2 (j+1-Ka;.  (A9)
n =1 j=k
It is easy to verify the following reflection condition for
{M
n
fork=1,2,... ,[—]:
2
My=M,_;
k=2 [n/2]-2
A[p2]-1> n=odd
=2 (j+Daj+k X a;+k- 2]
j=1 k-1 arun1-1/2, n=even,
(A10)
and another important relation
M2 =2M1. (All)

Then we can express {h)} in terms of this new set of
independent variables {M,,k=1,3.,4,--- ,[%];p} (also [n/2]
dimensional),

aln—a
h;c=p—( ; )—Mu.

(A12)

From definitions we see that both p and {M,, k=0dd} can
be half-integers, while {M,, k=even} must be integers. When
n=odd, {M,, k=o0dd} must be integers too. In fact, the sim-
plest parafermion vertex algebra® (which describes the Z,
parafermion states'” in a FQH context) corresponds to the
case in which p=1, M;=0.

Certainly, not all possible choices of {M;p;m} corre-
spond to valid patterns of zeros. Only those that satisfy con-
ditions (27)—(29), are valid. But {M,;p;m} labeling scheme
is an efficient way to generate the valid patterns of zeros.

Now we have two [5]-dimensional  vectors
describing the {h}: {a;,j=1,2,---,[5]-1:a,4} and
{M;,k=1,3,4,--- [5]:p}. The latter is expressed in terms of
the former in Egs. (A8) and (A10). Conversely, we can ex-
press the former in terms of the latter in the following way:

. n
aj=_Mj+2Mj+l_Mj+2’ ]=1’2s'”’|:§:|_2’

1, n=odd

at1 = (Mpyo = Mpyop-1) - {2 = even

an_1=2p—2M1. (A13)

The {M,;p;m} label of the pattern of zeros has a close tie to
simple parafermion CFT.
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b. Consistent conditions on {M; ;p;m}

Now we use this new labeling scheme in Eq. (A12) to see
what are the constraints on {M; p;m} from all the consistent
conditions (27)—-(29) on {A}";m}.

At first, with M,=2M, (27) leads to

m-—2

$p=Dy ;= (A14)

=cven.

Therefore we have

D Ma+Mb—Ma+b+2kmab,
N\ M+ My - M, +2k,ab+2pla+b-n), 0<ab<n<a+b
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m=2p+2nk,, k,eN. (A15)

This determines the electron filling fraction v,=(1+m/n)~!
=n/2p+ 2k, +1)n.

To guarantee mn=even with Eq. (A15) we have another
condition on p,

pe N if n=odd. (A16)

Since S,==¢,D;,, Eq. (28) naturally guarantees S, e .
Moreover we have D, ,=D,,+mb, thus we only need to
satisfy the following conditions for Eq. (28):

Osab=sa+b=n .
e N. (A17)

Since As(i,j,k), 0<i<j<k<n should be non-negative integers, M, and p satisfy some additional conditions as shown in

Eq. (29),
A3(i,j.k) = h;° + B g — B -
- AM[i,j,k],
- AM[i,j,k]+2p(i+j+k—n),
< _AM[ls.]sk]-i—zpls

- AM[I».]»k] + 2P(” _k)’

- AM[i.j.k],

where we defined
AMLi,j, k] =M+ M;+ M+ M i jsk mod n) = M (it mod n)

- M(i+k mod n) — M(/'+k mod n) * (A 1 9)
By partially solving the consistent conditions (27)—(29) on
{hS;m}, we obtain a finite set of conditions (A15) and (A18).
They are the consistent conditions to be satisfied by the pat-
tern of zeros {M,;p;m}, a sequence of integers and half-
integers. For instance, the simplest Z, parafermion states'”-%
correspond to the pattern of zeros {M,=0;p=1;m=2p=2}
by choosing non-negative integer k,,=0.

APPENDIX B: CONSISTENT CONDITIONS ON THE
COMMUTATION FACTOR 5

To introduce some useful notations, let us write the OPE
between two generic operators A(z) and B(w) as the
following:%6

A(z)B(w) = ([AB]

(z—w)“aB B

W)+ ++0), (B1)

W) + (z=w)[AB],, 1 (W)

a,p—1

+(z—w)’[AB]

QAR

where

i+j+k=n
jrtk=n<i+j+k<2n
ithks=sn<j+k<i+j+k<2n

- AM[i,j,kl+2pQ2n—i—j-k), n<i+j<i+k<j+k<i+j+k<2n

. . . - e N, (A18)
i+jsn<i+k<sj+k<si+j+k<2n
n<it+j<i+ksj+ks=2n<i+j+k
I
aAB:hA+hB_h[AB]aAH’ (BZ)

and hy ia the scaling dimension of operator A. A and B sat-
isfy the following commutation relation:

(z = w)*“BA(2)B(W) = wap(w — 2)“EB(W)A(z).  (B3)

Let us derive some conditions on w,p from the associa-
tivity of the vertex algebra. By exchanging A and B twice we
have

Maipa=1, (B4)

which immediately leads to

Mag=1. (BS)

tas#—1 because the leading term in the OPE of two A
fields would vanish otherwise.
Let

BRC =—2_ (B6)
(Z — W) BC

To exchange A with B and then with C is equivalent to ex-
change A with D=[BC]aBC, so we have
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Map(= 1) By o(=1)*€ = wyp(= 1) = py

= MABMACT ABCS (B7)

in which

Fape= (- 1)*AB*eAc™ D = + |, (B8)

and
A3(A,B,C) = aup+ ayc— ayp

=B+ RS+ RS S ~his, ~he,

- hf%c]ag(v e N. (B9)

In a vertex algebra the identity operator 1 (e.g., ¢, in a Z,
simple-current vertex algebra) is a zero-scaling-dimension
operator with the following OPEs:

[1,Al;=A8,, [A1]= _l(?fA, (B10)
. T

and a; 4=a, =0, and w;s=us ;=1 for any operator A in

the vertex algebra. #1=0, j=1 is understood as usual.

One thing needs to be pointed out here: the derivative of
an operator A (let us suppose that A is not the identity op-
erator: A # 1), i.e., A could be zero or not, depending on the
definition of this operator A. For example, simple current i/,
in a Z, Gaffnian vertex algebra obeys di,=0. However, this
simple current ¢, is not the identity operator 1=, since it
has nontrivial commutations factors w, ;=pm,3=—1%1.

APPENDIX C: DETERMINE THE QUASIPARTICLE
COMMUTATION FACTOR p,, FROM THE
QUASIPARTICLE PATTERN OF ZEROS {kiﬁ’ o)

The quasiparticle commutation factors w.,, are not fully
independent of the patter-of-zero data {ksyc;a;Qy}. In this sec-
tion, we try to determine w,.,;,, from ki;;a. Note that

Cy+h,a = M’y+b,dcd,‘)/+b . (C 1)

By choosing A=0..,, B=4;,, C=4,, and D=4, . we see
from Eq. (B7) that

IU“V+a,b+c = IU“7+a,bluy+a,cei‘rr(awa’b+a7+"’c_a7+a’b+c) > (C2)
where we have defined
AXyap = hsyc+a +hy - s7C+a+b' (C3)
Repeatedly using Eq. (C2) we immediately have
Moyrap = Mwa,b—lMy+a,1em(a”“"m““*”‘l_aw”’)
= M7+a,b—21u‘§'+a,le T2y 11 b2 M prat)
— .. ZI_L’;Jra’leiW(bawa,l—“wa,b)' (C4)

By requiring that .., ,=1 since #, is the identity operator,
we have
Myta,1 = e—iway+a’1+277i[(;<},+a)/n]’

(Cs5)

where ., is an Z, integer. As a result we can obtain all
commutation factors,
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Moyrap = e—iway.,.a,b+277i[(bl<y+a)/n]. (C6)
Due to the consistency condition (B4) we also have
My yia = ei?TCK,}/+a,b—27Ti[(bK.y+a)/n] (C7)

Now we implement Eq. (B7) again with A=, B=0,,,
C=4¢., and D=0, to see whether there are any new con-
sistency conditions for quasiparticle scaling dimensions hsycm,

_ im(a +a;, —a, )
I_Mb,y+alu’b,au’y+a+c,be y+abT . Th yrate

— e2”i(awa,b"’ab,c_awaw.b)lub Ce—i'n'abyc+277i{[b(K7+a+(?—K7+a)]/n}
— e—iﬂbca|)1+277[{[b(Ky+a+(.—K,y+a)]/n} — eZﬂrih[(lel+C—pc—Ky+a)/n]’

(C8)

where we used Eq. (E8), g=na;;/2€Z, and that
As(y+a,b,0)=ayyp+ @~ Ayrgrcp €N, Equation  (B7)
with A=0 ., B=i,, C=4¢,, D=y, does not produce any
new conditions. We can see that all the consistency condi-
tions on {44}, i.€., Eqs. (B4) and (B7) can be guaranteed
by choosing Eqs. (C6) and (C7) and the integer .., as

Kysq = Ky+gamod n. (C9)

v+

We find that w..,, and u; ., can almost be determined
from k77,

—i +2mi{[b(k Faq)l/
Boyra =€ Ty, p+2mi{[D(krag)] n}’

My = eiﬁa,ﬂ_a'b—ZWi{[b(K,y+aq)]/n}’

g=na; /2 € L. (C10)

However, we need to supply a Z, integer «, to fully fix

Hyeap a0d @y, o, from k5 . (Note that Ay =l == K5

APPENDIX D: GENERALIZED JACOBI IDENTITY

1. GJI’s of an associative vertex algebra

In the above, we only considered the associativity of the
vertex algebra through the commutation factor u,p. Al-
though some new conditions on pattern of zeros and some
relations between the quasiparticle scaling dimensions are
obtained, the associativity of the algebra is not fully utilized.
To fully use the associativity condition of the vertex algebra,
we need to derive the generalized Jacobi Identity.

Choose f(z,w) in the following relation:
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3€ dzﬂg dwf(z,w) — dwjg dzf(z,w) =§ dwﬂg dzf(z,w) (D1)
2>|w| 0 [w|>lz] 0 0 w
to be the operator function
f(z,w) =A(2)B(w)C(0)(z — w) "aBwBCzAC, (D2)
with ayp—Yap, ¥ac—Yac» Asc— Ysc € Z, we obtain the generalized Jacobi identity (GJT),
apc=vpc1 {Yag asc=Yac1 {Yag
jg() (= 1)1( i )[A[BC]yBC+j+1]'yAB+'yAC+l—j — pap(= 1)AB=74B ,go (- 1)j< i )[B[AC]yAC+j+1]'yAB+yBC+1—j
arp=vYap~1 Yac
= E < . )[[AB]VAB+j+1C]73C+7Ac+l—j’ (D3)
j=0 J
where () is the binomial function.
When we choose Vip—aup=Yic— sc=Ysc—apc=0, Eq. (D2) is a regular function with the asymptotic behavior
lim Tim f(z,w) = lim 245" %A (2)D(0) = lim z45*%c24p[AD], (0). (D4)
z—0 —0

z—0 w—0

4

Since f(z,w)) is an analytic function of both z and w, z%B*®Ac"®D ghould still be an analytic function of z. Thus
ap+ayc—ayp should be a non-negative integer, allowing us to obtain the consistency condition (B9).

For clarity we introduce three integers rnyp, n,c, and nge as

Yap=ap— 1 —nyp,
and the GJI (D3) can be rewritten as
ngc ( aAB _ 1

(= 1)se (= 1)
j=0

ngc—

Yac= Qac— 1 —nyue,

—NAp § .
j )[A[BC]aBC—j]aAB+aAC—l—(nAB+nAC+nBC)+j + MAB(_ 1)”AB+ 1AC2 (_ 1)]
C

Ysc= agc— 1 —npc, (D5)

nac
(aAB —1-nyp )

j=0 nac—J

"AB
ayc—nyc—1
X[B[AC]aAC—j]aAB+aBC—1—(nAB+nAC+nBC)+j = 2 ( n ] )[[AB]aAB—jC]aBC+aAC—1—(nAB+nAC+nBC)+j' (D6)
=0 AB~

The GJI (D3) and (D6) is the associativity condition of a
vertex algebra. It generalizes the usual Jacobi identity of a
Lie algebra to the case of an infinite-dimensional Lie algebra
(the vertex algebra here), with the usual Lie bracket (the
commutator) defined by OPE in Eq. (B1) We say that the
theory is associative up to a certain order if all the GJI's are
satisfied up to this order in OPE. Applying the GJI, more
conditions on the patterns of zeros can be found. More im-
portantly, those conditions are likely to be the necessary and
the sufficient conditions.

For example, by choosing C in GJI (D6) to be the identity
operator 1 [note that we have A;(A,B,1)=0], nyz=k=0,
ngc=—1, and ny =0 and making use of OPE (B10), we im-
mediately reach the following relation:

k

[BAl, .= 1y dI[AB]
MaB ay gk e (k—j)!

(D7)

appi*

This allows us to obtain the OPE of [B,A] to the same order
with the OPE of [A,B] to a certain order in hand. For ex-
ample, we have

[4T] =Tyl - [Ty], = (b = 1)y,

since ur, =1 and ey, =2. As a special case of Eq. (D7) we
have

12k

-1y
[AAL,, 21 =5 2 cD

—————#[AA
275 2k+1-))! 4]

app=ie
(D8)

This relation is actually an example, showing how we
“derive” (or more precisely, obtain the consistent conditions
of) higher order OPE’s from the known OPE’s up to a certain
order based on GJI's.

2. “Useful” GJI’s of a vertex algebra up to a certain order

In practice we need to extract the consistent conditions of
a vertex algebra from a set of “useful” GJI's concerning only
the OPE’s up to a certain order. The OPE’s up to this order
are determined already except for some structure constants
(usually complex numbers). Other GJI’s involving higher or-
der OPE’s do not serve as constraints to the vertex algebra up
to this order since we can always introduce new operators
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into this infinite-dimensional Lie algebra in higher order
OPE’s. For example, a generic Z, vertex algebra is defined
by OPE’s between currents {¢,} up to leading order with

[, lﬂj]ailf Ci i

Let us now consider the GJI (D6) of three operators
(A,B,C), with the corresponding vertex algebra defined up
to (Nyg,Npc,Nyc) order, i.e., [AB]QAB_i is known up to struc-
ture constants for all 0<i{<N,; in the OPE (B1) of opera-
tors A and B. For example, in a special Z, simple-current
vertex algebra defined by OPE’s (67)-(70), with
(A=y;,B=1);) we have N,z=0 if i+j#0mod n or Nyp=2 if
i+j=0mod n. Let us further assume the following relation:

a[AB]aAB—j’C = a[AB]“AB’C +7, if [AB]U‘AB_j #0 (D9)
is satisfied by any operators (A,B,C) of this vertex
algebra. It is straightforward to verify that Z, simple-current
vertex algebra indeed obeys the above relation: e.g.,
(A=y;,B=¢,;,C=4;) we have 1=[AB], . T=[AB]
and aT,,/,j=2, a1,¢/=0. Defining the following quantity:

a,p—2

Napc(nap.npc.nac) = min{N, [AB]QAB_j,C’O <J

< Nug:Npac) 0=y

.
L Veul

< NAC;NA,[BC]QBC__/-’O < <N}
(D10)

then we can obtain all the “useful” consistent conditions of
the vertex algebra from the GJI (D6), by choosing

nag =< Nap, npc=<~Npc, Nac=<Nyc,

A3(A,B,C) = 1 < ngp+npc+nyc
< A5(A,B,C) = 1 + Nypc(nap.nge.nac) -
(D11)

Any other choice with larger (ngz,n4c,n50) Wwill involve
higher order OPE’s. Generally speaking, the set of useful
GITI’s satisfying Eq. (D11) will be translated into a set of
nonlinear equations of structure constants. [Here “structure
constants” have a broader meaning than usual, e.g., 2hf°/c in
Eq. (68) and A;° in Eq. (69) should also be considered as
structure constants.] Some of these equations become consis-
tent conditions of this vertex algebra, while others help de-
fine this vertex algebra, e.g., by determining the structure
constants {C,;,C, .} and central charge ¢ of a Z, simple-
current vertex algebra, as is shown in Secs. V and VIIL.

APPENDIX E: ASSOCIATIVITY OF Z, VERTEX ALGEBRA
AND NEW CONDITIONS ON #;° AND C,,

In this section, we apply the consistency conditions of
commutation factor discussed in Appendixes B and GJI dis-
cussed in Appendix D to a Z, vertex algebra. This allows us
to derive additional conditions on the scaling dimension &’
from the associativity of Z, vertex algebra.

As mentioned earlier, a generic FQH wave function can
be expressed as a correlation function of an associative ver-
tex algebra obeying the following OPE:
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Cct,b¢a+b(w) + O(Z - W)
(z—w)Tat

h(2) (W) = ; (E1)

N¢

where we have a, , =h} +h} —h., .., This guarantees the
quasi-Abelian fusion rule i, ~ ,,, [see Eq. (34)]. More-
over, we choose the normalization of simple currents ¥, to
be Eq. (44).

1. New conditions from the commutation factors

If we use the radial order (38) to calculate correlation
function, then the continuity of the correlation function re-
quires that

(2= W)WV (2) V(W) = py v, (W = 2) VsV (W) V().
(E2)
Since the operators ¢“*?\ in the Gaussian model satisfy

(z— W)(u2/2V)+(b2/2V)—[(a +0)%2v] giaqs(z)/\f? eibqﬁ(w)/\:‘;
=(w- Z)(a2/2v)+(b2/2v)—[(a +0)22v] eibd)(w)/v; eia¢(z)/\s‘;’
(E3)

the simple current operator satisfy the following commuta-
tion relation:

(z=w) % i, (2) (W) = (W = 2) “abify, (W) i, (2), (E4)

where

gy =hE+ 1= B (ES)

a+b*

We stress that relation (E4) is required by the continuity of
the correlation function of the electron operators.

The commutation factors w;; satisfy some consistency re-
lations, which is discussed in Appendix B under a more gen-
eral setting. Conditions (B4), (B5), and (B7) are the condi-
tions on the commutation factors w;; that were obtained from
the associativity of the vertex algebra. From the n-cluster
condition ¢/'=¢,=1, we also have

m;=1 if i=0modn or j=0modn (E6)
due to the definition of the identity operator =1 shown in
Appendix B.

Those conditions, (B4), (B5), (B7), and (E6), can be ex-
pressed as the extra condition on the scaling dimensions £, .
We note that according to Egs. (B7) and (B8),

M = Mg by g (= 1) Sl i1
= M,‘z,lﬂi,j—z(— 1)2% 1+ -2
— e — /‘l’{:,l(_ l)jai,l_aij' (E7)

A similar manipulation leads to M1,i=Mi,1(—1)ia1'1_a1'i, and
we can write the commutation factor in a symmetric way

/.L” = (— l)ija],l_aiv./ = i 1 (ES)

We see that u;; can be expressed in terms of /;°. Equation
(E8) also implies that

ija; | — a; ;= integer, (E9)

which is actually guaranteed by Eq. (29). Condition (E6)
becomes
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TABLE IX. The parity of M, with different parity of n for a
special Z, simple-current vertex algebra with OPE (68), according
to constraint (E17). The parafermion scaling dimension {/} is
given by hi’=pa(n—a)/n—M,, with p being a non-negative integer.
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TABLE X. The parity of M, with different parity of n for a Z,
simple current vertex algebra with OPE (71), according to con-
straint (E20). The parafermion scaling dimension {4} is given by
hyf=pa(n—a)/n—M,, with p being a non-negative integer.

n=odd M, e?2/ n=odd M, e?27
n=even My € My €27 n=2 mod 4 My € My, €27
n=0 mod 4 2M ;=M od n € 27 My, €27
ijoay;—a;;j=even if i=0modn orj=0modn.
(E10 YD) (w) = 1 ek A (E18)
Now we use {M;,k=1,3,4,...,[5];p} to describe K} (z—w)™
(see Appendix A 2). So the consistent conditions on {i’} can  and for ¢ >n/2 mod n
be translated into the consistent conditions on {M,;p}. We
note that Do) (w) = Ma—a . (E19)
= 7—w)*a
Qij = Xy,
B If we ad.opt the more gener'a'l OPEs (E18) and (E19), the
! J " corresponding consistent conditions on {M,} from Egs. (E11)
2ij L o and (E14) become
=p— =M;=M;+ M, moqan—2p(i+j—n)0i+j—n)
n 2M; = M mod » = €VEN. (E20)
(E11) . . .
This leads to some conclusions on the parity of {M,} as sum-
for 1=<i,j<n-1. marized in Table X. Generally we do not have M, e Z for
By choosing j=n in Eq. (E10) we have such a generic Z, vertex algebra.
To summarize, Eqgs. (E12) and (E14) are the extra condi-
ney  =2p =even. (E12) tions from commutation factors for a generic Z, vertex alge-
As a result bra. They become Eqgs. (E13) and (E20) when translated into
consistent conditions of {M,;p;m}, as a supplement to con-
p e N. (E13) ditions (A15)—(A18) in Appendix A 2.
Besides, u; ;=1 becomes another constraint
izal,l —a;=even Vi=12,....n-1. (E14) 2. New conditions from GJI

What is more from OPE (68) of a special Z, simple current
vertex algebra and the definition of commutation factor (E4)
we immediately have

Map=1 ifa+b=0modn, (E15)
which becomes an extra constraint
i(n—i)ay;—a;,;=even Vi=12,...,n—-1.
(E16)

If we require OPE (68) to be satisfied, combining Egs.

(E11), (E14), and (E16) we find

2Mi—M2,~m0dn=2Mi=even. (E17)
This determines the parity of {M,} as summarized in Table
IX. Notice that we always have M, e 7 for such a special Z,
vertex algebra.

However, constraint (E16) is too strong and is not neces-
sary (this is why we use special as a description here). For
example, a four-cluster state called Gaftnian explicitly vio-
lates it since we have w;;=—1%#1 for a Gaffnian vertex
algebra. To remove constraint (E16), we need to modify the
normalization C,_,=1 in OPE (40) to for a=<n/2 mod n

As shown in Appendix D, all GJI’s must be satisfied for
the associativity of the vertex algebra. With the OPE (E1),
we have Na!bEN%,l/,h:O and the useful GJI's are very lim-
ited. We list the consistent conditions from useful GJI's of
this generic Z, vertex algebra below. Then we summarize the
new consistent conditions on {4} and {c}.

a. List of useful GJI’s (A=, B=yy,, C=,)

Using the notations in Appendix D, here we have
Nap=Npc=N4c=0.

If As(a,b,c)=0, all the three useful GJI's satisfying Eq.
(D11) are

nap=—1, npc=0,

nac=0=(Cp . Copre = MapCacChare) Yarpre =0,
mp=0, nge=-1,

1ac=0= (U CocChare = CapCotb.e) Yarbic =0,

nABZO, nBcz(),
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Nac=— 1= (Cb,cca,b+c - Ca,bCa+b,c) ¢a+b+c =0.

If As(a,b,c)=1, the only 1 useful GJI satisfying Eq.
(D11) is

nABZO, ”BC:O,

nac=0= (Ca,bca+b,c = CpCopre— /*La,bca,ccb,aw) Vasbre
=0.

For As(a,b,c)=?2 there are no useful GJT’s satisfying Eq.
(D11) and thus no new conditions on C; ;.

b. Summary of new consistent conditions from GJI

As shown in Appendix E 2 a, for As(a,b,c)
= A;(¢,, ¥, ) =0 the extra consistent conditions are

Ca,bCu+b,c = Cb,cca,b+c = Iu’a,bCa,CCb,a+C' (EZl)

For As(a,b,c)=1 the corresponding consistent condition
is

Ca,bCa+b,c = Cb,('cu,bﬂ' + lu“u,bca,ccb,a+c- (E22)

For As(a,b,c)=2 there are no useful GJI’s and no extra
consistent conditions.

The above conditions should be satisfied no matter what
(a,b,c) are. Now let us further specify (a,b,c) and use the
normalization (44) of structure constants to obtain new con-
ditions.

If a+b,a+c,b+c+# 0 mod n. For As(a,b,c)=0 we have

Ca,bca+b,c = Cb,cCa,b+C = Ma,bC{l,CCh,a+C' (E23)
For As(a,b,c)=1 we have
Ca,bca+b,c = Ch,cca,b+c + lua,bca,ccb,tHC' (E24)
If a=b+# 0 mod n. For As(a,b,—b)=0 we have
CapCatb-v=Cp b= 1apCapCha-b- (E25)
For As;(a,b,—b)=1 we have
CapCatbv=Cpp+ MapCapChamp- (E26)
If a # n/2 mod n. For As(a,a,—a)=0 we have
/'Lu,—u = Ca,—a = Ca,aCZu,—a =1. (E27)
For As(a,a,—a)=1 we have
Ma—a= M—ga="— 1, (E28)
Ca,aCZa,—a = 2Ca,—a' (E29)
If n=even, we require As(5,5,5) # | since otherwise
Up=0 (E30)

must be required to satisfy GJI’s.

Among the above consistent conditions, some are just
conditions on the structure constants {C,,}, while others
serve as the new conditions on the pattern of zeros {4’} or
{S,}. As a summary, the extra consistent conditions for the
pattern of zeros from GJI's are
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Ma—a=1 if Aj(a,a,—a)=0,
Ma—a=—1 if As(a,a,—a)=1,
M(g,g,g) =4h), # 1, n=even. (E31)

where we need Eq. (E8) to relate commutation factor u,
with the pattern of zeros. Note that the first two conditions in
the above can be rewritten as a’a; +a, ,=even if
As(a,a,—a)=0 and a’a; +a,_,=odd if As(a,a,-a)=1.
Since a’a; -a,,=even and Aj(a,a,—-a)=a,,+a,_, the
two conditions are always satisfied.

Obviously these extra conditions, based on the most ge-
neric OPE (El) of a Z, vertex algebra, are not enough to
determine the structure constants {C,,} of this vertex alge-
bra. In order to have more consistent conditions and to de-
termine the structure constants, we need to specify higher
order terms in the OPE (E1). This is done through defining
Z, simple current vertex algebra in Sec. V, essentially by
introducing the energy momentum tensor 7" and Virasoro al-
gebra into the vertex algebra. The corresponding extra con-
sistent conditions are summarized in Secs. V B and VI D. We
can obtain even more extra conditions from GJI’s when we
fix the subleading term of OPE’s between simple currents, as
shown in Appendix F.

APPENDIX F: SUBLEADING TERMS IN OPE OF A Z,
SIMPLE-CURRENT VERTEX ALGEBRA AND
MORE CONSISTENT CONDITIONS

1. “Deriving” subleading terms in OPE from GJI’s

In this section we show how to “derive” the subleading
term in OPE (67) of a Z, simple-current vertex algebra as an
example. First we notice that the subleading term
[z,bal,lf,,]%,h_l should have a scaling dimension of A}, + 1, thus
we propose the following conclusion:

[walpb]aayb—l = Ca,bda,ba¢a+b' (Fl)

Then we can use GJI's to determine the expression of d, ; in
terms of scaling dimensions {4}.

First we choose (A=T, B=,, C=1) and (nyg=—Ilngc=1,
nye=-1) in GJI (D6). Since A;(T,#,,1)=0 and [¢,,1],
=di, we have the following consistent conditions from this
GJI:

[Tﬁl//‘a]g, = Z[Twa]Z = 2h:zc 17061' (FZ)

Then we choose (A=T, B=,, C=), a+b+#0modn
and (ny5=0, ngc=1, nyc=0) in GIT (D6). It’s easy to verify
that As(T, 4, ) =2 since we have ary,=2, Vi. Plugging in
Eq. (F1) and this GJI yields a consistent condition on d,, ;,

2d, by, = (B, + by — hy). (F3)
Thus we conclude that as long as 4., # 0 (this should hold
in most cases except for “strange” examples like Gaffnian)

we have
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1 hSC _ hSC
dyy= 5(1 + —b> (F4)

a+b

2. More consistent conditions due to subleading terms in
OPE

Now with the subleading terms we have more useful
GJI’s and therefore more consistent conditions on the data
{n;m;hi;c} characterizing a Z, simple current vertex alge-
bra. In this section we shall show the extra consistent condi-
tions accompanied with the introduction of the subleading
term (F1) and (F4) in OPE of [, ¥, ].

It turns out that there are many more useful GJI's consid-
ering the subleading order OPE (F1) with Eq. (F4). In many
cases the new consistent conditions are extremely compli-
cated, so we will only show the complete consistent condi-
tions in several cases (which will be utilized in Sec. VII for
some examples).

a. {A,B,C}={¢,, ¥y, .} ,a+b,b+c,a+c,a+b+c#0modn

Right now we have N z=Npc=N,c=1>0 thus there are
more useful GJI's and more conditions compared with Sec.
VB 1.

For As(a,b,c)=0 the complete consistent conditions are
summarized as

Ca,bcu+b,c = Cb,cCa,b+c = /'Lu,bca,ccb,c&c’
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aa,b+cdb,c = ab,a+cdu,c = aa,b’
(da,b+c + db,a+c - da+b,c) (7¢a+b+c =0 >
[da,b+c - da,c(] - db,a+c)]07¢a+b+c = 07

(da,b+c - da,cda+c,b) ﬁ'r//a+b+c =0. (FS)

The above conditions should also be satisfied with respect to
any permutations of (a,b,c).

For As(a,b,c)=1 some of the new consistent conditions
are

c,.C

c-abte -1

C C - (1 - aa,b + db,caa,b+c) ’
a,b“~a+b,c

/J’a,bCa,ch,tHc _ Qyp— db,caa,b+c
Ca,bCa+b,c Qgp— db,caa,b+c -1

(aa,h + da,cab,a+c)(aa,b - dh,caa,b+c) =1 s

(1 —Qp + db,caa,b+c)(aa,c - da,baa+b,c) =1. (F6)

We did not show those lengthy consistent conditions with the
form of (-**)d,,p..=0 here.
For As(a,b,c)=2 the new consistent conditions are

(aa,b - db,caa,b+c) Cb,cca,b+c = lu’a,bcu,ccb,aﬂ'(aa,b - ab,aﬂ'da,c) > (F7)
(aa,b - dh,caa,h+c - 2)Ch,cca,b+c == Ca,bCa+b,c(aa,c - aa+b,cda,b) s (FS)
(aa,b - da,cab,a+c - 2) Ca,bCa+b,c = lu“a,bCa,ch,a+c(aa,b - ab,a+cda,c - 2) 5 (Fg)

0= alr/fa+b+c{ca,bca+h,cda+b,c + Cb,cCa,b+c[da,b+c(aa,b + db,c -1- db,caa,b+c) - db,c]

+ /*La,bca,cch,a+c[dh,a+c(aa,b + da,c -1

- da,cab,a+c) - da,c]}a

(F10)

0= ﬂ¢a+b+c{cb,cca,b+cda,b+c + Ca,bca+b,cda+b,c(_ aa,c - da,b +1+ da,baa+b,c)

+ Iu'a,bCa,ch,a+c[db,a+c(aa,b + da,c -2~ da,cab,aﬂ') - da,c]}’

(F11)

0= a¢a+b+c{lua,bca,cch,a+cdb,a+c + Cb,cCa,b+c[da,b+c(aa,b + db,c -2- db,caa,b+c) - db,c]

+ Ca,bca+b,cda+b,c(aa,c + da,b -1~ da,baa+b,c)}-

For As(a,b,c)=4 the new consistent conditions are

Nap= 1,

(F12)

npc= 1,

nac= 1= Ca,bca+b,c(2 et da,baa+b,c) + Cb,cca,b+c(2 —Qupt db,caa,b+c) - /-La,bca,ccb,a+c(2 —Qpt da,cab,a+c) =0.

(F13)

For As(a,b,c)=35 there are no useful GJI’s and thus no extra consistent conditions.
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b. {A,B,C}={¢f,, Y, Y_o_p},a,b,a+b#0 mod n

For As;(a,b,—a—b)=0 the new consistent conditions are

Ca,bCa+b,—a—b = Cb,—a—bCa,—a = lu“a,bCa,—a—be,—b’
au,b = aa,—adb,—a—b = ab,—bdu,—u—ln
aa,—a—b = aa,—ud—a—b,b = a—a—b,a+bdu,b’
db,—a—bhzc = da,—a—bhzc = aa,b/z’
d—a—b,bhzc = da,bhzszi-b = aa,—a—b/Z,
da,bhzc = aa,—a—b(hzC +1- h:zi-b)/z’
A_apshysn = Aap Py + 1= Hy)12,

Ay o phS = au (B +1 = B0)/2. (F14)

The above conditions should also be satisfied with a <« b exchange.
For As(a,b,—a—Db)=4 there is still only 1 useful GJI for (A,B,C) in a certain order and the new consistent conditions are

nAB=17 nBC=1,

nac=1= CopCaip-a-b2 = y_ap+dap@arp—a-p) + Cp_a-pCa-a(2 = Qup+dp_4-pa)
= tapCa-a-bCh-p(2 = @+ dy_q_pa, ;) =0. (F15)
For As(a,b,—a—b)=35 there are still no useful GIT’s and thus no extra consistent conditions.
c. {A,B,C}={f,, Yp,, _},axbF 0 mod n

Now we have N =1, N =2. For As(a,b,—b)=0 the consistent conditions are
Ypibsy, by 3

KRS =, p=0, hCay,=0,

CovCoib-b = MapCa-bChas=Cpp,

(daib,Ib - 1)(9¢a = (daib,Ib - 1)(91,00 = dib,a(?lzba = dib,aib(}lpa =0 (F16)
For As(a,b,—b)=2 the consistent conditions are
PabCatChab _ Ay p _ @y p(a,,—1) N 2hy hy (F17)
Cpp Aup =g apy 2 ¢’
C,,Coip_ 2-a, o= D(a,,—2) 2K8°hy
abbatbb _ Xab _ (a b ) (e, b )+ a'lp ’ (F18)
Ch-p = Ao Carpyp 2 ¢
C,pCoip_ b —2—dy Ay, -
abbatbob  _ Xy —b b%a+b, b, (F19)
lu’a,bca,—bcb,a—b Ay p— 2- da,—bab,a—b
205°hy a, vy —1 20hy (ay +p—2)(a,+p—1 2hy
dibmb{ oo | ZaxelCozs )]+(1—daib+b){ oo, (o= Dy )}——” =0,  (F20)
’ 2 ’ c 2 c
205°hy o, ap(a, wp—1 2h5¢
{[ ab . 22l 2,,17 ):|[da,—b(db,a—b D+ 1]+ a,,dy - _b}a% =0, (F21)
c c
a,,— e, ,—2) 21k 2h¢
{{( o )2( w=2) + ac : ](1 —dypuip-p) + (u = 2)dyypy = Cb }W/a =0, (F22)
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aa,,,(aa,,, - 1) + ZthChZC

PHYSICAL REVIEW B 81, 115124 (2010)

:|da+b,—b(da,b - 1) + |:

{ [ (s = Dap=2) _ 20h
2

:|db,a—b + (aa,b - 2)(1 - da+b,—b) } alpa = 0’

(F23)

H(aab— (@, -2) 2hifh2°] [aa Mgy — 1) 2HCHE
' ’ + davpb — +

2 2

[ (ayp= Dlay,=2)  20hy
2 c

+ 1+ a,pdy g+ (@, — z)da+b,—b}'9% =0.

} (da—ppap = da-p = dpap) + Aap(dy 4+ 1) = 1}5%

} (2—=d,p)dyep—p+ {

c
(F24)
(agp—Dayy, 21 hy
2 > Ly . : (da—ppact = Aoy = 2}y o)
(F25)

We see that central charge ¢ can be determined consistently from the first two conditions. Notice that after a b+« —b exchange

the above conditions should also be satisfied.

For As(a,b,—b)=4 there are four useful GII’s for (A,B,C) in a certain order now and the consistent conditions are

CoupCosbt = MapCapCha-p(papdy_p = Wy p+ 1) + Cb,—b|:
HabCabCha-b=CapCosb-(dypQuip—p— A _p+ 1) + Cb,—b[

{Ca,bca+b,—bda+b,—b(2 — @ _p—dyp+dy Q) + Ch,—h|:

+ a5 CatCh—a-bldp g p + dy_p =2 = dy_pty, 4 1) = da,—b]}é’% =0.

All the above conditions should also hold when we exchange
b« —b. For As(a,b,—b)= 6 there are no useful GJI’s and no
extra consistent conditions.

d. {A,B,C}={¢,, s, ¥_.},a#n/2 mod n

Now we have N, , =1, Ny, , =2. For As(a,a,—a)
=a,,+2h} =0 the consistent conditions are the same as in
Sec. VB,

SC _ 7.5C _ _
hy=hy,=a,,=0,

iy, =0,

Ca,aCZa,—a = Ca,—a = C—a,a = Mag—a= I. (F29)

For As(a,a,—-a)=w, ,+2h} =1 the consistent conditions are
sC SC
=3, hi=1,

c=-2, Iua,—a:_l’

Ca,aCZa,—a = 2Ca,—a’ Ca,—a == C—a,a?

3 1
doyy_g— = |0, =\d_ — |y, =0,
( 2a,—a 2) wa ( a,2a+2> %

(@a= Dlay=2) 2h2°h2°}

F26
5 . (F26)
-3 -2) 2h¥hy
(a0 =3) ey =2) 205h; } ’ 1)
2 c
(@ =3)(a,,—2) N 2(hy = Dhy
2 c
(F28)
[
d,,=1/2. (F30)

Notice that d_, ,,=-1/2, d,_,=3/2, and d, ,=1/2 are con-
sistent with Eq. (F4) and h}’=1, a,,=-1.

For Aj(a,a,-a)=a, ,+2h} =2 the consistent conditions
are

2h*°
= 3 ;hSC’ Ogg=2— ZhZc’

Ca,aCZa,—a = Zh(szc # 0’

Ca,—a = C—a,a = lu‘a,—a = 1 >
1 1
d2a,—a -2+ }F (91/’6, = d—a,2a +1- }F al/fa =0,

Qr=1)d, ,=1/2. (F31)

Again notice that Eq. (F4) is consistent with
dZa,—a=2_(hZC)_l and d—a,2a=(hzc)_l -1
For As(a,a,-a)=a, ,+2h} =4 the consistent conditions

are
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Qya= 4- 2hzc’ Ca,—a = C—a a= Ma—a= L,

2h
#0,
c

<d2a,—a 2+ h_)(;wa ( —a,2a +1-

Ca,aCZa,—a = h(szc<2h(slc - 3 +

2 —
— |9, =0,

a

(B = 1)(d, . — 1/2) = 0. (F32)

For As(a,a,-a)=a, ,+2h} =6 there is only one useful
GJI for (A,B,C) in a certain order now, and the consistent
conditions are

(25 = 3)(dy 0= 1/2) =0,
(hSC)Z
(oa—1) +(hE=2)(2h°-3) [=0. (F33)

For A3(a,a,—a)=aa,a+2hff>7 we do not have any use-
ful GJI’s and there are no consistent conditions.

e. {A,B,CY={2, Yup2, Y2} ,n=even

This section is exactly the same as Sec. V B 4 since we
still have N p=Npc=N =2 if A=B=C=1/,,,. The sublead-
ing term in OPE (F1) has no effect on these GJT’s.
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f. {A,B,C}={y, Yy, O yuc},a+b#0 mod n

Now we have N, o, =1>0, so there are new useful GJT’s
in this case than in Sec. VI D 2. Therefore we have more
consistent conditions. For Aj(a,b,y+c)=0 the consistent
conditions are

lu’a,bcu,y+ccb,y+a+c = Ca,bCa+b,y+c = Cb,y+ccu,y+b+c9

Xy yic = aa+b,y+cda,b = ac,y+u+bda,b~ (F34)

For Aj(a,b,y+c)=1 the consistent conditions are

ﬂa,hca,wccb,y+a+c = Ca,bca+b,y+c(aa,'y+c - da,haa+b,'y+c) s

Cb,y+cCa,y+h+c = Ca,bca+h,y+c(1 - aa,'y+c + da,baa+h,‘y+c) s

da,b(aa+b,y+c - c,y+a+b) =0. (F35)

For As(a,b,y+c)=2 the consistent conditions are
Cb,y+cca,y+b+c - lu’a,bCa,y+ch,y+a+c

= a,bCa+b,y+c(aa,y+c -1~ da,baa+b,y+c)’

(F36)

For Az(a,b,y+c) =3 there are no useful GJI's, and thus
no extra consistent conditions.
g {A,B,C}={,,b_,, 0'7/+c}

This section is exactly the same as Sec. VI D 3 since the
subleading term in OPE (F1) has no effect on these GJT’s.

da,b(aa+b,y+c - ac,'y+a+b) =0.
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