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I. INTRODUCTION

There are two quantum fluid states which are known to exist at zero temperature,
i.e., they may appear as the ground state of a system. One is superfluid and the other

is incompressible fluid. Superfluid state was first discovered in He? (1932)! and later in
He? (1972).2 The first example of incompressible fluid state is probably the superconduct-

ing state? discovered in 1911. The superconducting state is incompressible if we fix the
positive background charge density which comes from lattice ions (by assuming the lattice
to be rigid). All excitations in the superconducting state have finite energy gaps (except
phonons which have been excluded). The incompressibility of the superconducting state
comes from the long range Coulomb interaction. In the early 1980’s a new class of in-
compressible quantum fluid was discovered in the Integer Quantum Hall (IQH) effects and

in the Fractional Quantum Hall (FQH) effects.* Recently in studying high 7. supercon-
ductors, a class of “incompressible” quantum spin liquid states — chiral spin states — was
proposed,®5 which support no gapless excitations. The time reversal symmetry (7') and
the parity (P) are broken in these spin liquid states. Chiral spin states are closely related

to the FQH states.0:

The FQH states and chiral spin states are very special in the sense that their ground
state properties are not characterized the symmetries in the ground states. The transition
from one FQH state (or chiral spin state) to another is not associated with a change in
the symmetries of the states. In this paper we will demonstrate that the FQH states and
chiral spin states contain non-trivial topological structures. The different FQH states and
chiral spin states may be classified by topological orders.

It has been shown that the topological orders in chiral spin states can be partially
characterized by the ground degeneracy of chiral spin states in compactified Spauce.778 The
ground state degeneracy depends on the topology of the space and is equal to k9 (ignoring
the two fold degeneracy arising from the spontaneous 7" and P breaking), where g is the
genus of the compactified space and k is an integer characterizing the topological order
in chiral spin states. Similarly, it is known long ago that the ground state degeneracy of
the FQH states also depend on the topology of compactified space. For the simplest FQH
states given by Laughlin wave function

U(zi) = | [z = 2)° 12 4l (1.1)

i<j

the ground state is found to be non-degenerate on a sphere? and ¢ fold degenerate on a
torus!? (with g = 1). The dependence of the ground state degeneracy on the topology of
space suggests that the FQH states also contain non-trivial topological orders.

The ground state degeneracy of the FQH states has been a puzzling problem for a long
time. Especially, it is not clear whether the degeneracy arises from broken symmetries or
not. There are arguments both favoring and disfavoring the symmetry breaking picture.

According to Anderson,!! some basic ingredients of symmetry breaking are already
contained in the Laughlin’s description of the FQH system on a circular disc. In the
1/3-filling case, for instance, the Laughlin states with zero, one and two quasi-holes are
macroscopically distinct, but energetically they are the same for the bulk of the system.
The Laughlin state with three quasi-holes differs from that of no quasi-hole by only one
single particle state and they are therefore macroscopically indistinct.
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Tao and Wu!2 considered the case of a cylinder geometry and concluded, using general
gauge symmetry arguments similar to those of Laughlin for the FQH case, that there
must be a symmetry breaking of the system in order to exhibit the FQH effect. The
same conclusion was reached by Niu, et al.,}13 who studied the problem from a point of
view of the topological invariant of the quantum Hall conductance on a torus. The latter
authors also demonstrated the degeneracy of the ground states by explicit construction of
distinct Laughlin states on the torus. The existance of degeneracy was further supported
by the numerical result of Su.!* The generality of the arguemtns of gauge symmetry and
topological invariance make the degeneracy a very robust property of the FQH system,
independent of perturbations which do not close the energy gap.

There are also arguments disfavoring the idea of symmetry breaking. These are backed
by the evidence of no ground state degeneracy in the sphere geometry.9 The kind of de-
generacy found in the torus geometry was interpreted as the degeneracy of center of mass
motion, 'Y and therefore does not qualify as degeneracy among macroscopically distinct
ground states, which is essential for symmetry breaking.

In this paper we wish to resolve the above puzzle. We argue that the ground state
degeneracy of the FQH states is really a reflection of the topological order of the system.
The degeneracy depends on the topology of the system geometry, and is preserved (in
the thermodynamic limit) even when the translational and rotational symmetries of the
system are absent. Therefore, the degeneracy should not be interpreted as a symmetry
breaking of the usual type, nor should it be regarded as the center of mass degeneracy.

If one insists on the symmetry breaking picture, one may attribute the ground de-
generacy to broken “topological” symmetries (see Section 9). However, the topological
symmetry can be defined only after the topology of space is specified. The very existence
of the topological symmetries depend on the topology of the space. The number of the
topological symmetries are different for the spaces with different topologies.

The characterization of the FQH states is another unresolved problem in the FQH
theory. The Hall conductance is certainly not enough to characterize the different FQH
states. Two different FQH states may give rise to the same Hall conductance and yet be
macroscopically distinct. Because the ground state degeneracy of the FQH states is robust
against arbitrary perturbations, the ground state degeneracy can be used to characterize
different phases in phase space. Therefore the different FQH states with the same Hall
conductance can be (at least partially) characterized (or distinguished) by their different
ground state degeneracies (on torus and high genus Riemann surfaces). A more complete
characterization of the topological orders in the FQH states can be obtained by studying the

non-Abelian Berry’s phases!® associated with twisting the mass matrix of the electrons.?

The paper is arranged as follows. In Section 2 we study the ground state degeneracy on
a torus and its lifting by impurity potentials using the first order perturbation theory. The
selection rule of the magnetic translation group implies an energy splitting exponentially
small in the shortest linear size of the system. In Section 3 and 4 we study the ground state
degeneracy using the effective theory of the FQH states. The effective theory approach
not only applies to case with spatial dependent magnetic field, random potentials, etc. , it
also applies to high genus Riemann surfaces where the magnetic translations can not be
defined. In Section 5 we study the splitting of the ground state energies of finite system
based on the effective theory approach. Comparing with the results obtained in Section 2,
the results obtained here are non-perturbative (but qualitative). The energy split is found

to be of order e LV A for generic random potentials. Here m* and A are the effective
mass and the energy gap of the fractionally charged quasi-particles and quasi-holes, and L
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is the size of the system. We also demonstrate explicitly that the ground state degeneracy
of the FQH state (or any other systems) is determined directly by the fractional statistics

of the quasi-particles, instead of by the filling fraction v = g. In Section 6 the ground

state degeneracy of the hierarchy FQH states is discussed. In Section 7 a duality picture
of the G-L theory of the FQH states is developed. The results obtained in Sections 3, 4, 5
and 6 are rederived in the dual picture. The dual picture allows us to directly apply our
results on the FQH states to the chiral spin states. In Section 8 we show that the ground
degeneracy on a genus g Riemann surface is given by ¢7 if the quasi-particle excitations
have statistics 6 = %:p. In Section 9 we discuss the concept of topological symmetry and

conclude the paper.

II. GROUND STATE DEGENERACY AND
ITS LIFTING BY IMPURITY POTENTIALS

In this section we discuss the ground state degeneracy of an FQH system on a torus
geometry using elementary methods. We show how and to what extent the degeneracy is
lifted by weak impurity potentials. This is done by projecting the impurity potentials onto
the subspace of the ground states and by applying degenerate perturbation theory. This
approach was first taken by Tao and Haldane.16:17 Here we give a more detailed analysis. A
very simple effective form of the impurity potentials is derived, from which the dependences
of the impurity effects on the system size and the phases of the boundary conditions are
clearly seen. In the end of the section, we remark on the practical significance of the
degeneracy lifting.

We first give a brief review of the magnetic translation group. Consider an electron
of charge —e on a rectangular plane of size L; X L9, with a magnetic field B in the
perpendicular direction (2). In the absence of impurities, the Hamiltonian is

e 2L yen) (i o)) (2.1)
- 2m Z@x e Zay “y ’ '

where (Az, Ay) is the vector potential such that

0 0
8_$Ay — a—yA:r =B (2'2)

The Hamiltonian has a symmetry of magnetic translations
#(@) = e'@k/N (2.3)
where a is a vector in the plane, and k is an operator (pseudo momentum) defined by

{ ky = —z'ha% +eA, +eBy (2.4)

ky = —ihg. + €Ay — eBa
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It can be easily shown that & (and therefore ¢(@)) commutes with the dynamical momenta:

My = —ihg +eA (2:5)
y = oy Ty
and therefore with the Hamiltonian (2.1). From the commutator
we have B
Hayt(b) = t(B)(a) - eI, (2.7)

1

where [ = (%) ? is the magnetic length, and @ x b means % - (@ x b).

When there are N electrons, each with a kinetic energy of (2.1), interacting mutually
via a potential

V(7 —7), (2.8)

the many-body magnetic translation

N,
H (2.9)

leaves the Hamiltonian of the system invariant, where ¢; acts on the jth electron. In
order to utilize this symmetry, we impose on the many-body wave funciton the periodic

boundary conditions:
ti(Ly)p = 210
{ t(Ea) = (210)

where El = L7, EQ = Lo9y. This means that the wave function is the same when an
electron is magnetically translated L or L9 across the plane.

We assume there are Ny (integer) magnetic flux quanta through the surface,

LyLy

N. —
y 22’

(2.11)

which is also the total number of single particle states in a Landau level. Corresponding
to a fractional filling of the lowest Landau level, we have

N. = 2Ny, (2.12)
q

where p and ¢ are mutually prime integers. The translations which also leave the boundary
conditions (2.11) invariant are

{ Ty = T(Ly/Ny) (2.13)
Ty =T(Ly/Ns)
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and their integral powers. We can thus choose a ground state 1y to be an eigenstate of
1o, i.e.,

Toryy = €y (2.14)
where ) is a real number because of the unitarity of T5. Moreover, since
T\Ty = ToT) o~ Ne(L1x L) /(N212)
= TyTye 2mP/4, (2.15)
there will be ¢ — 1 more states degenerate (in energy) with . These are
Yp=TMy , n=12...,¢—1 (2.16)
and they are eigenstates of Tp,
Toipy, = el 2™Pn/ 0y, (2.17)

with different eigenvalues, and therefore they are orthogonal to iy and to one another.
This implies that the ground states are at least g-fold degenerate.

In the remaining part of this section, we assume there are exactly ¢ ground states.
Then qu and T2q are constants within the ground state subspace. We now consider a weak
impurity potential

=S TF Y ek (2.18)
j

where k = (22%, %) is a Fourier wave vector, with n1,n9 being integers. Since the
many-body states are antisymmetric in the electron labels, we can effectively write

U=N. S UF)eh” (2.19)
P

where 7 now stands for the coordinate of any one electron. We assume that the potential
is weaker compared with the energy gap above the ground state energy, so that we can use
first order degenerate perturbation within the ground state subspace.

The fact that the ground states form an irreducible representation of 77 and 75 implies
a number of selection rules. Consider the commutation relations,

-

que’LkF — eZkFqueZ27Tn1q/Ng
TYeih T = (g ei2mnag /N, (2.20)
Taking the matrix elements of both sides of these equations, we have
<wn/|ezk-r’wn> _ <¢n/‘ezk~r|wn> ez27fn1q/Ns
(el Tn ) = (treFTapy ) €20/ Ns, (2.21)
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where we have used the fact that qu and 7. 2q are effectively constants. The matrix element
is zero unless

ny =11 Ns/q
ng = la3Ns/q, (2.22)

where [, 9 are integers. The impurity potential can therefore be written effectively as

U=NeY UKy, loKy)e!hFratlaKay) (2.23)
l1lo

where K1 = Lo/(ql?), K9 = L1/(¢l?), and they are proportional to the system size. Thus,
if the potential is smooth within a linear scale of much larger than ¢l2 /L1 and ql? /Lo,

then U(l1K1,l2K9) will be exponentially small (except for (I1,l3) = (0,0)). Furthermore,
if the ground states are made of primarily the single particle states in the lowest Landau
levels, then, as has been shown in Ref. 16, we can write (2.23) effectively as

loLy\?

- —%[(%)QJF( ) } by Lz

U=Ne> UKy, 1aK)e t( =Ly — =Ly, (2.24)
I q q

where t is a magnetic translation acting on an electron.

The extra Gaussian factor makes the potential extremely small, even if the potential

_ G :
is not smooth. To lowest orders of e 2\a/ ore 2\d/ | we can write

L —L
U =ut (—1) + Ut (—1>
q q
L —L
T ugt (f) + Ut (TQ) (2.25)

2

2
_1(ky? —l< )
where u1; = Nee 2(ql) (0, K5), ug = Nee * & u(—K1,0), and we have also ignored
the constant part N.u(0,0).
We now proceed to derive the effective forms of ¢ <%) and t <—) Define an integer
r satisfying

+pr+qgm=1 , |r|< g , m = integer, (2.26)

which has unique solution, if ¢ is odd. Then it can be shown that

L L
Tt (ﬁ) and Tyt (f) (2.27)

commute with both 77 and T5. They must be constants within the subspace of the ground
states which form an irreducible representation of the group generated by 77 and T5. We
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can thus write

t I :ei‘ble
q

t <@> — /21y (2.28)

q
The potential (2.25) can then be written effectively as
U=UT] +U{Ty "+ UaTy + UsTy " (2.29)
where U = Ulewl and Us = U2€i¢2.
Next, we consider the effect of changing the boundary condition (2.10) to
t(D)e(@) = T Ly(a). (2.30)

The states satisfying different boundary conditions can be connected by the twister b(&)
defined as

b(&@) = T(&@ x 21%). (2.31)
If ¢/(0) is an eigenenergy state satisfying (2.10), then
P(a) = b(a)y(0) (2.32)

is an eigenstate of the same energy (in the absence of impurity potentials) satisfying (2.30).
It must be kept in mind, that (2.32) is not a gauge transformation unless the operators are
also transformed accordingly. In other words, (2.32) is a change of boundary condition, if
the operators of observables remain unchanged.

We can of course, keep the wave function unchanged, but transform the operators by
b(d). Then we have

U= UlemlLlrp/qT{ + Ug@ia?L?rp/qTQT + (h.c.) (2.33)
The Schrodinger equation becomes:
€n = ﬁleialLlrp/q¢n+r + [_]fe_mlLlrp/qwn—r
4+ ([72€ia2Lgrp/qeir)\eﬂﬂprn/q + C.C.) Un (2.34)

d’n—&-q = 6267/’71
where €% is the constant of qu . This can be transformed to the standard Harper’s equations

€pp =Ry (¢n+1 + ¢n—1)

2 L
+ 2Ry cos ( il n -+ a2727P
q q

Pn+q :ei[91q+a1L1rp+r§] ®n,

+rA+ 92) Pn (2.35)
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where Rie!”t = U, Roe'? = Uy, and ¢,, = e_i[eﬁo‘lLlrp/Q]”wm.

The band structure of (2.35) is well known. There are ¢ bands, €;(ay,as), with a
periodicity of o = 7’221 and ag = 7,]2)22.
inequivalent boundary conditions giving rise to the same ground state energy splittings.
For a large aspect ratio (L1 < Lg), we have Ry < Rj. The band widths are of order
R1/q, and the gaps are about Ry. In the other limit (L > Ls), the roles of Ry and Rs

are exchanged.

This periodicity implies that there are (rp)?

In any case, there is a unique ground state for each (aq,a9). It is then tempting to
conclude that the Hall conductance should be an integer using the theory of topological
invariant. This conclusion is wrong for two reasons. First, the arguments of topological
invariant are only applicable to a state separated from others by energy gaps which do
not become zero in the thermodynamic limit.!? Secondly, linear response theory does not
apply when the gaps are small such that Zener tunneling becomes important. However,
both the linear response theory and the topological invariant arguments are valid for a
group of states which are separated from others by finite energy gaps, even though the
energy gaps among themselves are infinitesimal. At a temperature larger than the energy
splittings, the ¢ states are equally populated. The total Hall conductance can be calculated
as the average of the contribution from each statel® as if the Kubo formula is applicable to
each of them. A more direct way is to invoke the topological invariance, and to calculate
it in the absence of the impurity potential. Both methods should, of couse, give the same

2
result: oy = %%.

ITI. GROUND STATE DEGENERACY OF THE FQH
STATES - AN EFFECTIVE THEORY APPROACH

In this section we are going to give a simple heuristic argument about the ground state
degeneracy of the FQH states. The approach is based on the effective Ginzburg-Landau
(G-L) theory of the FQH effects.1920 More rigorous proof will be given in the next section.
We will first consider the case with translation symmetry and reobtain the results in Ref. 10
and in the previous section.

The G-L theory for the FQH states can be written as
. 1 .
Lo = {05*(@50 —ap = eAg)d — 59" (i0; — a; - eAi)* ¢+ plol* — Ag|*

—1
+ |:4—€MV>\G,M81/0/)\:| +... (3.1)

where ¢ is an odd integer and f,, is the field strength of a,. A, is the electromagnetic

field and ay is an U(1) gauge field introduced in Ref. 20. In this paper we will always
regard A, as a fixed classical background field. We will not discuss the dynamics of the
electromagnetic field.

The precise meaning of the G-L effective theory (3.1) is the following. An inter-
acting (spinless) electron system in presence of electromagnetic field is described by the
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Lagrangian

m:/foW%—&ww (0, — eA) %

2me
—/ﬁ%fﬂquvu—xmwﬂW (3.2)

where V(z — /) describes the interaction between electrons. After integrating out the
electron field 1) we obtain an effective Lagrangian for the electromagnetic field A,;:

eifdtLeff(Au) — /Dw*D¢elfdtL0(w7Au) (33)

We say (3.1) is an effective theory of the electron system (3.2) if the same effective La-
grangian Leg(A,) can be obtained after we integrate out ¢ and ay, in (3.1):

eifdtLeff(A#) — /ng*Dd)Da/Meifd?)xEGL((b’aM’AM) (34)

To satisfy (3.4) the G-L effective Lagrangian may be very complicated and contain high
derivative terms. In (3.1) we only keep the lowest derivative terms because we are only
interested in low energy and long wave length properties of the system.

All the physical properties of the electron system are measured by electromagnetic
field A;,. Therefore we may use the effective theory to study the physical properties of
the effectron system. The G-L effective theories are useful because some states, like FQH
states, have simple forms in terms of the effective theories. Some physical properties of
those states are more transparent when expressed in therms of the effective theories. The
effective theory approach is more general. It may apply to high genus Riemann surfaces
where the ordinary magnetic translations can not be defined and used to study the ground
state degeneracy. It also applies to the case with spatial dependent magnetic field.

Certainly the effective theories are not unique. Different ground states have simple
forms only in the different effective theories. To study different FQH states we may use
different effective theories to simplify the problem. The equivalence between (3.1) and
(3.2) has not been proven in the sense that (3.4) is satisfied. However, it is demonstrated
that (3.1) reproduces all known long distance and low energy properties of the FQH state.
Therefore we will assume (3.1) is the effective theory of the FQH states, at least in the
low energy long wave length limit. The effective theory approach is less rigorous because
(3.4) has not been rigorously established yet.

According to Ref. 20, the FQH state is given by a mean field vacuum of (3.1):

(@) = V= | 22

2mq
where n is the electron density. The filling factor is given by v = 1/¢ and the Hall

2
conductance o = %%.

Now let us consider the FQH state on a torus of size L] X Lo. Notice that all the local
quasi-particle fluctuations around the mean field vacuum, (¢) = /n, have finite energy
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gaps. Therefore the vacuum degeneracy (excitations with zero energy) can only come from
the global excitations. On torus we may separate the local and the global excitations by

writing
0i(t)

L;

/5ai(x,t)d2:c = 0.

da; corresponds to the local excitations and 6; global excitations. The effective theory of
the global excitations 6, is obtained by integrating out ag, da; and ¢:

a; +eA; = + da;(x,t) (3.6)

where da;(z,t) satisfies

i J diLen(® / DagDéa;Dge' | ¥*vLr(a.0) (3.7)
Substituting (3.6) into (3.1) we find that (3.7) can be rewritten as

o [ dtLen(0:) _ i [ dtg;(010:—6261) / DagDéa; Doe' [ dalL4(a,.0)+La(3a,)] (3.8)
Log(0;) can be shown to have the following form

1 .
Leg(0;) = g (9192 — 0901) + f;(6;)0; + M(0 +63)
- V1(01, 62) + (higher derivative terms) (3.9)

The first term in (3.9) comes from the Chern-Simons term. The second and the third
terms comes from the quantum fluctuations of ¢ and da;. (See Fig. 1.) The potential term
V1(6;) is non-zero because ¢ field condenses. V7 is of order J-. Notice that ¢ carries unit
charge of the a; gauge field and the path integral in (3.8) is invariant under the following
transformations

_ p1xy p2x2
d)/ 227'('( e 5 >¢
(61, 92) (61 + 27Tp1, 62 + 27p2) (3.10)

where p; and py are integers such that ¢ is a single valued function on the torus. In
other words, (p1,p2) are the winding numbers of ¢ on the torus coordinated by (z1,x3).
The symmetry (3.10) implies that the potential V1 (6;) and the function f;(0) are periodic
functions

V1 (01 + 27py, 09 + 27mpo) = V1 (01, 62) (3.11)
[i(0 + 27py, 09 + 2wpa) = f;(61,62).

The explicit form of V7(6;) may be obtained in semi-classical approximation. In this
approximation we assume da; = 0 (in this case f; = 0). The integration of ay(z,) imposes
a constraint
e’B

2_ =
o =n =5
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The integration of ¢ is truncated to a summation of stationary points given by

P17 | P22 >
Lo

—127
Ppips (z) = Vn e ( E

(3.12)
where p; and po are integers. Now (3.8) becomes
eifdtLeff o Zfdt (6162—646,)
y j{:te —i [ dts [ (01+27p1)? i;(92+2wpzf}
p1p2
We find that I I
n 2 2, 1
Vi(01,602) = ( 01 92) (3.13)
2m \ Ly ! L2 —m<0y,0o<m

For other values of 6;, V1(6;) is determined by (3.11).

We would like to emphasize that the specific forms of the potential V;(6;) and the
function f;(6;) are not important in our discussions. Our discussions (followed below) only
depend on the periodic condition (3.11). The periodic condition is a consequence of the
charge one boson (¢ field) condensation and is very robust. The periodic condition can
be changed only through phase transitions in which, for example, the charge one boson
condensation changes to charge N boson condensation.

Now we are ready to study the dynamics of the global excitation governed by (3.9).
The Lagrangian in (3.9) effectively describes a charged particle moving in a #-space. There
is a periodic potential in the #-space V;(6;) with period 27 in both 61 and 65 direction. The
first and the second terms in (3.9) implies that there is a “magnetic” field in the #-space

with 27” flux per plaquette. This system has been studied in detail.21:18 The Hamiltonian

d 2 /0 2
A A
(891 o 1) ! (392 o 2)
with 8191[12 — 8%2;11 = 2—71rq + eij%fj. The ground state of (3.15) is found to be ¢ fold

degenerate. One way to prove this result is to notice that H in (3.15) commutes with the
magnetic translations 77 and T5:

is given by

H=— + V1(01,69) (3.15)

Ty:01 — 01 + 27
T5:09 — 09 + 27r. (3.16)

Ty and T5 satisfy an algebra
- 27
T =e'a ThT) (3.17)

whose irreducible representation has a dimension of g. The ground states of H must form
a representation of (3.17) and hence have to be at least ¢ fold degenerate. Sometimes the
ground states may be ng fold degenerate, if different irreducible representations of (3.17)
happen to have the same lowest energy. However, this is not a generic situation.

We would like to remark that the magnetic translations 77 and 75 are the quantum
realization of the classical transformations in (3.10) with (m,n) equal to (1,0) and (0,1)
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respectively. In absence of the Chern-Simons term the transformations (3.10) should be
regarded as the gauge symmetry. This means that we should identify 6 with 61 +27 and 69
with 09 +27. The 6-space is actually finite. However, in presence of the Chern-Simons term
the quasi-particles (and the quasi-holes) carry fractional charge. The quasi-particle-quasi-
hole tunneling process described in Section 5 produces physical operators proportional to
Ty or Th. Noticing that 77 and 75 do not commute, we can not regard 77 and T5 as
the gauge transformations, because the gauge transformations should leave all physical

operators invariant. Noticing that T} and Ty commute with 73 and Ty (see (3.17)), we

can still regard qu and TQq as gauge transformations. This implies that we may identify 6;
with 81 + 27wq and 0 with 69 4+ 2mq. The 6-space is still finite.

We would like to emphasize that the above result does not depend on the particular
simple form of the approximated Hamiltonian (3.15). The ground states remain to be ¢
fold degenerate as long as there exists the magnetic translations which satisfy the algebra
(3.17) and commute with the Hamiltonian (3.15). This only requires that the physics

described by (3.15) is periodic and there is %ﬂ flux in an area of period square. Our result
holds even for the following general Hamiltonian

0 ~ 0 ~
H=K|(:| — +1A4 [ — + 24
<Z(691“ 1)’Z<692“ 2))
+ V(61,62) (3.18)

where K (z,y) is an arbitrary positive function and V (61, ) an arbitrary periodic potential
satisfying (3.11). The “magnetic” field B(6;) = %AQ — %Al is periodic with period 27
in both 61 and 6y. B(#;) further satisfies

2 2w B o
/ / d0,d0,B(0;) = 2~ (3.19)
0 0 q

The periodicity in 61 and 69 is a consequence of the gauge symmetry (3.10) and the 27” flux

is determined by the coefficient of the Chern-Simons term. Therefore we expect that the
Hamiltonian for 61 and 69 has a form of (3.18) even if we include all the quantum corrections
(except for a non-perturbative effect which vanishes exponentially in thermodynamic limit.
See Section 5.)

Now let us include impurity potential to our system. In the framework of the effective
theory, the effects of impurity potential may be included by allowing the various coefficients
in the effective G-L theory to have a spatial dependence, except the coefficient in front of
the Chern-Simons term which must be a constant as required by the gauge symmetry. We
also allow the magnetic field B to have a spatial dependence. In this general situation, the
above discussions are still valid. The transformations (3.10) remain to be a symmetry of
the path integral in (3.8) and the Hamiltonian for 6 and 65 still takes the form in (3.18).
Thus the ground states remain to be ¢ fold degenerate.

We would like to stress that the derivation presented in this section is not strictly
correct. To obtain the effective theory for 6; we have assumed that 6, are slow variables.
But the 6; and other local fluctuations actually have similar energy scale. The separation
of the global and the local fluctuations is quite artificial in this case. However, the effective
theory of 6; does contain correct algebraic structure. This is the reason why we obtain
the correct result. A more rigorous and abstract derivation will be presented in the next
section.
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IV. TRANSFORMATION ALGEBRA ANOMALY AND THE
GROUND STATE DEGENERACY OF THE FQH STATES

In this section we are going to give a general proof of the ground state degeneracy of the
FQH states on a torus. We will construct operators similar to, but more general than, the
magnetic translation operators introduced in Section 2. These operators commute with the
Hamiltonian of the system, but not with each other, implying the degeneracy of the energy
eigenstates of the systems. The proof given here is general enough to apply to situations
with random potential, spatial dependent magnetic field and many other perturbations,
as long as all quasi-particle excitations have finite energy gaps.

The essence of the approach in the last section to the ground state degeneracy is the
magnetic translations (3.16) (in #-space), which is nothing but the gauge transformations
(3.10). Therefore the better approach is to directly use the algebra of the gauge trans-
formations (3.10) to calculate the ground state degeneracy without deriving the effective
Lagrangian (3.9) for the global excitations. To do so we first need to quantize the La-
grangian (3.1). In the following we will allow u,m, A and the magnetic field in (3.1) to
have a spatial dependence.

We may quantize the gauge field?2:23 ¢

1 in the gauge
ag =0 (4.1)

The equation of motion for ag serves as a constraint:

el =i [ d%(@%j

—i [ afla) (—cb*cb - ﬁqe%)
= i/def(x)G(x) =0 (4.2)

where f(x) is an arbitrary globally defined real function on the torus. After quantization
the constraint (4.2) is met by demanding all the states in the physical Hilbert space to
satisfy (the Gauss law)

C?[f]|‘1]phy> =0. (4.3)
From (3.1) we see that a; and a9 canonically conjugate to each other
(a1 (), az(y)] = i2mg6” (z — y). (4.4)

Similarly,
(61 (2), (y)] = i6*(x — ). (4.5)

Using (4.4) and (4.5) one can easily check that G generates a gauge transformation

e~ 1G4, iG] = 4, 1 00, f

e—ié[f](j)eié[f] —e i (4.6)
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On the other hand, (4.3) implies that e~ iGlf ]|lIJphy> = |V} hy), meaning that the physical
state should be gauge invariant. Because f(z) is single valued on the torus we will call

elGLIT a local gauge transformation.

Using G(az) we can also construct so-called large gauge transformations. Consider the
operators

Ty = eifdefl(x)é(a:)
Ty = ez’fdefg(w)é(x) (4.7)

where f;(x) have a 27 jump along a loop in z; direction which goes all the way around the
torus (Fig. 2). One can check

T 4Ty = a; + 0; f(x)

T76T; = e Hil)g (4.8)

Notice that 0;f;(z) and eifi(®) are smooth functions. T; generate non-singular transfor-

mations and are well defined operators. From (4.4) and (4.5) 77 and T can be shown to
satisfy the famous algebra

- 27
T =eaThT) (4.9)

The algebra (4.9) is very important. The non-communitivity of 77 and T is purely a
quantum effect. Classically the transformations generated by f; and fo definitely commute
with each other. Due to the algebra (4.9), there is no state which is invariant under both
T1 and T5. Despite the classical Lagrangian is invariant under the transformation (4.8),
the quantum states can not be invariant under 77 and T5. We will call this phenomenon
transformation algebra anomaly. T} and T» are physical operators in the sense that they
are generated by the physical tunneling process discussed in Section 5. The physical Hilbert
space is defined as a representation of the physical operators. In particular, the physical
Hilbert space form a representation of the algebra (4.9). Because the gauge transformation
must commute with all the physical operators, we can not regard 77 and 75 as gauge
transformations. However, from (4.9) we find that T 1q and Tg commute with 77 and T5.

We may regard T{] and T. 2q as generators of (large) gauge transformations. Since T 1q and

T2q commut(? we may require the physical states to be invariant under these large gauge
transformations

qu‘\ijhy> = ‘\ijhy>
T3 | Wphy) = [phy) (4.10)
Because 77 and T commute with qu and T2q , 17 and Ty naturally act on the physical

Hilbert space, i.e., a physical state when acted by 77 and T3 still remains to be a physical
state.

The Hamiltonian of the system (3.1) is given by

H == 1310, +ia; + z-eAnﬁ(ai T ia; + ieA) — p(z)d1d
+ A(@)(31 )2 (4.11)

15



The Hamiltonian commutes with G(f), Tf and TQq . Therefore H acts on the physical
Hilbert space. H also commutes with 77 and 7T5. Therefore each energy level of H is q
fold degenerate and forms an irreducible representation of (4.9). In particular the ground
states of the FQH state are at least ¢ fold degenerate on the torus.

We would like to remark that once written in the G-L form, the system has a de-
generacy, despite the disorders in the coefficients (A;, pu, A,m) of the theory as has been
proven in Section 3 and this section. However, the reader should be warned that the effect
of disorder in the original theory is a different story and is discussed in Section 2 and 5.
Disorder in the original theory may give rise, in addition to the disorder in the G-L theory,
to corrections to the G-L Hamiltonian (4.11), which breaks the symmetries of T and T5.

In the following we would like to discuss the ground state wave functions of the FQH
state. In the boson ¢ condensed phase, the Hilbert space is divided into sectors. The
states in each sector describe the quantum fluctuations around the stationary point

¢ = ¢p1p2
2w

a; = —eA; +pif (4.12)
i

where ¢p,p, is given by (3.12). Thus different sectors are labeled by two integers (p1,p2).
The states in the sector (p1,p2) are given by the wave functional

27p;

Ula;, 9] =V |—eA; + +0a;, ppp, + 00 (4.13)

7

where da; and d¢ are small fluctuations around the stationary point. In the thermodynamic
limit the states in the different sectors do not mix, i.e., the quantum fluctuations can not
connect a state in one sector to another state in a different sector. The Hamiltonian
does not contain off-diagonal terms (in the thermodynamic limit) which mix two different
sectors. Let |p1, p2) denote the lowest energy state (the ground state) in the sector (p1, ps).
Notice that T} and T map a state in one sector to a state in a different sector. Since T}
and T commute with the Hamiltonian, they map the ground state of one sector to the
ground state of another sector:

Ti|p1,p2) = PP ip; + 1, py)
Tylpy, pa) = P P1P2)|pipg + 1) (4.14)
The ground states in different sectors all have the same energy.

In the above discussion we did not consider the gauge symmetries. The ground states
in different sectors in general are not the physical states, i.e., they do not satisfy (4.3)
and (4.10). Only some particular superpositions of those ground states correspond to
the physical ground states. In absence of the Chern-Simons term, all physical operators
commute with 77 and T5. Since T} and 75 commute we may require the physical states to
be invariant under 77 and T5:

T1|\I/phy> = |\Ilphy>
T2|\Ilphy> = |‘I!phy> (4~15)

We may choose the phase of |pips) such that a(pips) and G(p1p2) in (4.14) are equal to
zero. This is possible because T and T commute. It is not difficult to see that using
|p1p2) we can only construct one physical ground state satisfying (4.15):

Ophy) = > [P1p2) (4.16)
p1p2
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Therefore in absence of the Chern-Simons term the ground state is non-degenerate as we
expected.

In presence of the Chern-Simons term 77 and 75 are the physical operators. The
physical ground states form a representation of (4.9). In terms of |pip2), the ¢ physical
ground states satisfying (4.10) and forming a representation of (4.9) are given by

2
nphy) = Y €0 " |pip) (4.17)
b1p2
where n = 1,...,q. The phases of |p1ps) have been chosen such that
2T
a(p1p2) = = P2
B(p1p2) =0 (4.18)
One can check that this choice of the phases is consistent with the algebra (4.9). The
states |nppy) satisfy

T1|nphy> = |(n + 1)phy>
- 2T

T2|nphy> 6_lTn|nphy> (4.19)
‘nphy> = |(n+ Q)phy>

In thermodynamic limit the perturbative Hamiltonian does not mix different physical
ground states, and all the physical ground states have the same energy. However, for finite
system the tunnel process described in Section 5 induces a term in the Hamiltonian which
mixes the different ground states and lifts the ground state degeneracy.

V. ENERGY SPLIT OF THE GROUND
STATES OF FINITE SYSTEM

In Section IV we show that the ground states of the FQH state are ¢ fold degenerate
even in presence of random potentials. This is because the generators of the algebra (4.9)
commute with the Hamiltonian of the system. However, the above result is only valid in
the thermodynamic limit. For systems with finite size there is a non-perturbative effect.
After including the non-perturbative effect, the Hamiltonian obtains a small correction

proportional to ’76_L VA which does not commute with T7 and T5. Therefore the energy
of the ground states can be shown to have a split of order ’ye_L VA

The non-perturbative effect comes from the following tunneling process. A pair of
quasi-particles and quasi-holes is virtually created at a time tg. The quasi-particle and
quasi-hole move in opposite directions and propagate all the way around the torus. When
they meet on the opposite side of the torus, they annihilate at time tg + 7T. The resulting
new ground state is different from the old ground state. The magnitude of the tunneling
amplitude is given by

Al =e

S—TA+21m* L 2T (5.1)
- 2 2T '
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where A is the energy gap of the quasi-particle quasi-hole pair creation, m™* is the effective
mass of the quasi-particle and L is the size of the torus. (In this section we will assume

Ly =Ly = L.) S is minimized at T' = %L mf* with the minimum value S = LvAm*.
Hence

|A| = e~ Lvam”, (5.2)
Therefore the magnitude of the non-perturbative correction is exponentially small.

In order to obtain the explicit form of the non-perturbative corrections and to show
that the corrections do not commute with 77 and T, we need to study the tunneling
process in more detail.

The quasi-particle in the FQH state is given by a vortex in ¢ field. The ansatz of the
quasi-particle may be chosen to be

62—l
Voo z=z0(t)] +¢€
apg =0 (5.3)

. i(z — 2p) .
+ = —eA| —ieA
a1(z) + ias(2) | NE 5 —edy —ieds

where z = x1 +iz9 and z is the position of the quasi-particle. £ and ¢’ in (5.3) are positive
which determine the size of the quasi-particle. A pair of the quasi-particle and quasi-hole
is described by the ansatz

8(2) _ (2= 20()(z — (1) + f* (120 — 20//9)
Vn |2 = 20(t)l]z — Zo(t)] + €2

. i(z — 2p) i(z — 2p) :
a1(z) +iag(z) = P L e? - PP —eA| —ieAs (5.4)

where zg and Zj are the positions of the quasi-particle and the quasi-hole respectively. The
function f(z) in (5.4) satisfies f(0) = £ and f(z) = 0|,~1. When |25 — Zy| is large, (5.4)
describes a vortex and an anti-vortex. When 2y — Zg = 0, (5.4) describes a mean field
vacuum state. Thus by separating zg and Zj, (5.4) describes a process of creation of a
quasi-particle and a quasi-hole.

In order to construct the quasi-particle and the quasi-hole on the torus, ¢ and a;
must satisfy the periodic boundary conditions. We find that on the torus a pair of the
quasi-particle and the quasi-hole is given by

- 27 ~
¢(2) _ F(z|z0,20)L + f(z0, 20)6_@ﬁR6(Zo—Zo)Im z

Vi Flel0. 20 1 € 9
a1(z) +iag(z) = Z ( iz = 20 = Zmn) 5 Z(Z;_ % = Zmn) 2) —eA1 —ieAy
o \|2 =20 = Zma|> + €% |2 =20 — Zyn|2 + ¢

where Z,,, = mL 4+ inL. f(z,Zg) is a positive periodic function of zy and Z.
f(z0 + mL +inL, Zg + mL + inL) = f(z9, Z)- (5.6)
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f (20, Z0) is non-zero only when |29 — 29 — Zmn| < £ for some m and n. f(zg,Zy) = &.
F(z|zp, Z9) in (5.8) is a periodic function in z:

F(z+ L|zp, )

= F(z 4+ iL|zg, 29) (5.7)
= F(z|20, %0)
F' has a zero at z
F (2|20, 20) ~ (2 = 20) |22 (5.8)
and an “anti-zero” at 2
F(2|20, 20) ~ (2" = £)| 25, (5.9)

An order O(1) function F' satisfying (5.7)—(5.9) is given by

F(2|20, Z0) _ o i7aRe(z0—20)[Im 2z+L] — 75 [Im(z—20)]* ~ £ [Im(2—Zo)]

0, (Z ;ZO |¢) o (Z ;ZO |¢) (5.10)

where 0y (u|7) is the odd elliptic theta function?® satisfying

Or(u+1r)
01 (u|T)

Or(u+7I7) _  —ir(2utr)
= (5.11)

61 (u’T) ~ u‘u—>0
when zg = Zg or zg = Zg + L, F satisfies

F (2|20, z0) = |F(z|20, 20)|
F(2]20, 20 + L) = e " 12| P (2], 20))| (5.12)

When 2y and Z; are well separated, f in (5.5) can be dropped and (5.5) describes a
quasi-particle at zy and a quasi-hole at Zy. When zy and Z; are close to each other (5.5)
describes creation or annihilation of the quasi-particle and the quasi-hole.

The tunneling process described at the beginning of this section is obtained by choosing
20(t) and Zp(t) in (5.5) to be

Z()(t) = 20(25) =0 , t <t
L

() = ~2(t) = gt fo<t<ty+T (5.13)
L

2o(t) = —2p(t) = 3 t>tyg+ T

Before the tunneling (¢ < tg) the vacuum state is given by (5.5) with zg = Zp:

2

7 :

ay +iag = —eA| —ieAs (5.14)
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After the tunneling (¢ > tg + 1) we have zg = —Z = % and the vacuum state is given by

¢ —i2y
< = L2 5.15
N (515)
2
a] = —eA; , a9 = % —eAy

The two states (5.14) and (5.15) are related by the transformation T5. This result is easy to
understand because form (Fig. 3) one can see that the quasi-particle quasi-hole tunneling
adds a unit a;, flux quantum to the hole of the torus.

Let us use two integers (p1,p2) to label different mean field vacua

¢ —i2% (p1z14pazs)
(p17p2)1 T — et \P1T1 P22
vn
2

The different vacua are connected by transformations 7 and 7. From (5.14) and (5.15)
we see that the tunneling process for the quasi-particle moving x; direction changes the
(0,0) vacuum to the (0,1) vacuum. Similarly, the tunneling in xo direction changes the
(0,0) vacuum to the (-1,0) vacuum. We may define the amplitudes of the above tunnelings,
(0,0) — (0,1) and (0,0) — (—1,0) to have zero phase (i.e., the amplitudes are real and
positive). The tunneling from, say, (p1,p2) to (p1,p2 + 1) can be obtained by making a
gauge transformation. The configuration describes the tunneling (p1,p2) — (p1,p2 + 1) is
given by

- 27
¢ = e—Zf(p1x1+p2x2)¢
2T

7 Pi (5.17)

a; =a; +
where ¢ and a; are given by (5.5). The phase of the tunneling amplitude is

P(p1.p2)(pr.p2+1) = /d3$ [CGL(a;,gp’) - £GL(ai790)]

—1 [(2mpy 279

where a; is given by (5.5). After some calculations we find that

21
Plprp2)(prp2+1) = To (5.19)
Similarly, we find that for the tunneling (p1,p2) — (p1 — 1,p2):
2Wp2
(p(p17p2)(p1_17p2) - 2—q (5'20)

P(pyr,p2) (P,.ph) BS the phase of the hopping amplitude between two different states is

not a physically observable quantity. Physically observable quantities are the phases of
20



tunneling with the same initial and final state. Let us consider the following tunneling

process: (p1,p2) — (p1,p2+1) — (p1 — Lp2 +1) — (p1 — 1,p2) — (p1,p2). (Fig. 4.) The
total phase of the tunneling is given by

Pp1,p2) (p1,p241) T Plp1,pat1)(pr—1,pa+1)
21

~ Pp1—1p2)(p1—1,p2+1) ~ P(p1,p2)(p1—1,p2) = ? (5.21)

The tunneling in xq direction, (p1,ps) — (p1,p2 + 1), changes one ground state to another
and defines a unitary matrix U; acting on the ground states. The tunneling in z9 direction,
(p1,p2) — (p1 —1,p2), defines a unitary matrix Us acting on the ground states. The result
(5.21) implies that Uy and Us satisfy the algebra

- 27

Uy tU Uy = €' (5.22)

which is identical to the algebra satisfied by 77 and T». Noticing that Uy (Us) changes a
state to its transformed state by T5(77), we may conclude that in the subspace spanned
by the degenerate ground states, Uy and U; are proportional to 77 and T respectively

Ui = 7915
Us =Ty (5.23)

After including the non-perturbative effects, the Hamiltonian (4.11) receives a correction

AH = AUy + UJ + Uy + UJ)
= ATy + T + h.c.) (5.24)

A= ’}/G_L Am*

AH does not commute with 77 and 75. The ground state degeneracy is lifted by the
non-perturbative effects. The energy split is of order ye_L VAm*

We would like to point out that the tunneling process described by Fig. 4 can be
deformed into two linking loops (Fig. 5). Therefore the phase in (5.21) is equal to the
phase we obtained by moving one quasi-particle around another. This phase is given by
260 where 6 is the statistical angle of the quasi-particle. Thus (5.22) can be rewritten as

Uy U tuaUy = &0, (5.25)

Because the ground states form a representation of the algebra (5.25), the ground state
degeneracy is directly determined by the statistics of the quasi-particles.

We would like to remark that the tunnelings along two different tunneling paths given
by, say, x9 = 0 and x9 = Azs have a phase difference

2
Ap = QA,TQL
q

because the quasi-particle carries the electrical charge g. Therefore, after summing up all
the tunneling paths associated with different Axo the factor v in the tunneling amplitude

(5.24) takes a form
2B S x
v ox /dAwgelTszLe_L meA (5.26)
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If our system respects translation symmetry m* and A in (5.26) do not depend on Axg
and we find that v = 0. The ground state degeneracy is exact even in systems with finite
size. This agrees with the result in Ref. 10. Only when the translation symmetries are
broken can the ground state degeneracy be really lifted by the non-perturbative effects.

Strictly speaking, the total tunneling amplitude is given by the sum of the amplitudes
of all different tunneling path C:

A / Di(t)els $o A o= $o dt[HEO)+A+V (@) (5.27)

where Z(t) describes the tunneling path C' and V(&) is the random potential. Or equiva-
lently we may express the tunneling amplitude A in terms of the Green functions of the

quasi-particle and the quasi-hole, GP and Gh-
9 h L L
A~ | dxdtG x,:c+§;t0,t0—|—t GP |z, — §;t0,to—|—t (5.28)

If we ignore the phase factor fC dz - ff, the second exponential in (5.27) gives rise to the

factor e~ LVA™" in (5.24). The summation of the phase factor e'a $o dT-A corresponds to
the reduction factor v in (5.24). Because the phase factor changes extremely fast from
path to path, the factor v itself may be exponentially small.

In a weak potential produced by a single impurity (i.e., a potential which is non-
zero only in a finite region), the quasi-particle can only do circular motion due to the
strong magnetic field. The propagator of the quasi-particle is localized and takes a form
_ (xim/)Q
|G(z,2;w)| ~ e # where [ is the magnetic length. Therefore, we expect the total
tunneling amplitude A to be a quadratic exponential in L:

2
An~e #, (5.29)

When the potential V' is periodic, the situation is very different because of possible
resonance effects. Let us consider a periodic potential V' such that there is a multiple of
2mq flux going through each plaquette. Such a potential changes the Landau levels of the
quasi-particles into energy bands with finite width. The nontrivial dispersion relation F (k)
(k is the crystal momentum) implies that the quasi-particles are delocalized by the periodic
potential. In other words, the wave packet of the quasi-particle moves in a straight line in
presence of the periodic potential. In this case we expect the tunneling amplitude to be a
linear exponential in L:

A~ e #T, (5.30)

A more direct way to understand the above result is to notice that the easy tunneling paths
favored by the periodic potential have phase factors which only differ from each other by
a multiple of 27. (Fig. 6.) There is no cancellation between the amplitudes of the easy
paths. All the easy paths together contribute to the total tunneling amplitude A a term

of order e_#%.

For generic random potentials, the quasi-particle Green function is shown to have a
_ \wfz/\
form? |G(x,2";w)| ~ e #
given by (5.30).

. In this case the tunneling amplitude is expected to be
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The point of the above discussion is the following. The strength of the tunneling am-
plitude A depends on whether the quasi-particles are localized or not in the potential V.
If the quasi-particles are not localized (e.g., in the periodic potential), the amplitude A is

L
expected to be of order e~ #7. If the quasi-particles are localized (e.g., in the single impu-

L
rity potential), the amplitude A is expected to be smaller than e_#T, or more precisely,
y

_uL?
In £A| — —00|[,— 00+ In case of single impurity potential we further expect A ~ e 7 2.

Before ending this section we would like to mention that Haldane0 has suggested that
the tunneling process discussed in this section may change one ground state of the FQH
system to another ground state. In the topological Chern-Simons theory the algebra of the

tunneling loops (or Wilson lines) (5.22) has been used to construct all the ground states.?”
Read has also pointed out that the tunneling loops satisfy the algebra (5.22) which may be

used to construct the ground states.?® These physical pictures and ideas are demonstrated
explicitly in this section in the frame work of the effective G-L theory of the FQH effects.

VI. THE GROUND STATE DEGENERACY
OF THE HIERARCHY FQH STATES

For general filling fraction v = g, the FQH states are given by the hierarchy scheme

suggested in Ref. 29. The general hierarchy FQH states are described phenomenologically
by the following effective G-L theory

1
Lar =P*(i0) — ag — e* Ag)® + 2—(19*@82' —a; — e*Ai)QCI)
m

F V(D) — %e“w‘auaya)\ (6.1)

with e* = Le where (r,s) and (p, ) are two pairs of incommensurable integers. The Hall
~ % ~ .2 ~ .2

conductance is given by ozy = %ehz = Iq%% and the filling fraction v = % = %. We

always rescale a;, such that ® carries unit a, charge. To obtain (6.1) we include the
possibility that the FQH state is given by n boson condensed state (¢") # 0. Thus ®
in (6.1) may correspond to ¢" in (3.1). In this case ¢ in (6.1) can be an even integer.28
However, an electron system may not be able to produce the general G-L theory (6.1) with
all possible integer pairs (r,s) and (p,§). It is possible that only a subset of the integer
pair (r,s) and (p, q) is realized by electron systems.

When (r,s) = (1,1) and (p,q) = (1,3), (6.1) describes a Laughlin state with filling
factor v = % The wave function of this FQH state is given by

|2]2
[ 27| 425

i<j
where z; = x;1 + izjo are coordinates of the electrons. However, when (r,s) = (2,1) and
(p,4) = (1,12), (6.1) describes a different FQH state with the same fill factor v = % Such
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a FQH state can be regarded as a Laughlin state for electron pairs, whose wave function
is given by

2] ;)2

19 1 21240

12— 21| e 1278
1<j

where Z; are center-of-mass coordinates of the electron pairs.

We would like to remark that a more general effective G-L theory of the QH states
may contain several boson fields and gauge fields, for example, it may take a form

N

. 1 )
Lar = Z [@?(180 —ajo — G?AO)q)I + 2—771[(1)?(281' —ay; — e?Ai)QQJ
I=1
PI
+V]((I)I) - 47_‘_(},] G’MV)\CL]MGVCLIA . (6.1&)

If we choose e} = e and py = gy = 1, (6.1a) describes an IQH state with N filled Landau

levels. For simplicity we will concentrate on the effective G-L theory in (6.1). Most of the
results obtained for (6.1) can be easily generalized so that they also apply to (6.1a).

The discussions in Sections 2 and 3 can be directly generalized to apply to (6.1). The
transformations 7 and T5 defined in (3.7) now obey an algebra

. 27D
T\Ty = ¢ 7 ToTy. (6.2)

The ground states of (6.1) defined on the torus have ¢ fold degeneracy in the thermody-
namic limit.

The quasi-particle in (6.1) has a fractional statistics given by 6 = ™  The denominator

of the statistical angle, is directly related to the ground state degeneracy. The statistical
angle 6, however, is not directly related to the Hall conductance oy or the filling fraction

2 _p
s> @

We would like to remark that the two hierarchy FQH states given by the same (p, §)
and different (7, s) have the same (low energy) topological structure or topological order.
They only differ by a rescaling of the electric charge. On the other hand two FQH states

with the same Hall conductance (and filling fraction g) may have different topological
order corresponding to different (p,q) (and (r,s)).

We would like to make a side remark here. We know that in the mean field approach

the anyon superfluid states?? is closely related to the QH states. The filling fraction v of
the associated QH problem is determined by the statistical angle 6 of the anyons:

s
V= —.

6

We know that the QH states with the same filling fraction may have different topological

orders. This fact suggests that the anyon superfluid state may have different phases.?!
Each phase has different topological order. The quasi-particle excitations in different
superfluid phases may have different statistics. In particular, the semion superfluid state
obtained from the HQ state of two filled Landau levels does not support quasi-particles
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with fractional statistics, while a different semion superfluid state obtained from the (tide
binding) semion pair condensation does support semionic quasi-particle excitations.?!

We would like to emphasize that in this paper we only show that the ground states
of the FQH state are at least ¢ fold degenerate on torus. Our proof does not exclude the
possibility that the ground state degeneracy may be larger than ¢. However, our results
do imply that the ground state degeneracy must be a multiple of q.

We would like to mention that the FQH state constructed in Ref. 29, for example, at
filling fraction v = %, is described by (6.1) with (p,q) = (1,10) and (r,s) = (2,1). The
quasi-particle carries a charge % and has a statistics § = {;. It is not clear whether the
integer pairs (p,q) = (2,5) and (r,s) = (1,1) can be realized by (spinless) electron systems
or not.

VII. DUALITY PICTURE AND APPLICATIONS
TO THE CHIRAL SPIN STATES

The G-L theory (6.1) has a dual form3233 in which the order parameter ® is replaced by
an U (1) gauge field a,. Some discussions in the previous sections become more transparent
in the dual theory.

To give a simple heuristic derivation of the dual theory of the G-L theory (6.1), let us
first turn off a;, and A, in (6.1). Now (6.1) described a superfluid state. However, the

2
low lying excitations have a spectrum of form ¢, = % corresponding to the free boson
condensation. For interacting bosons the low lying spectrum is linear €, = csk which

describes a phonon mode. Therefore the low lying excitation of the superfluid is rather
described by

L= /d%’c%(@u){)? (7.1)

after including the interactions. In (7.1) we have set the phonon velocity ¢y = 1. g% in
(7.1) is the rigidness constant. y is the phase of ®. The superfluid current J; is given by

1

Therefore g2 = ™ (in the unit cs = 1).

n

It is pointed out in Ref. 32 and 34 that (7.1) is equivalent to a U(1) gauge theory
described by

2 g’ 72
where JEW = Oyay —Oyay, if we identify the superfluid current J; and the superfluid density
Jo = n with €,

1
= Ay Chep

I, Fab, (7.4)
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A vortex in the superfluid can be viewed as a particle carrying a, charge. Including
the vortex anti-vortex excitations, the effective theory may be written as

2
_ 2 g 1 . 2
L= /d . [—1672@” +5 100 + ido)v|

1 » 1
—5 @ +ia) ) — Jmi|w)? (75)

The vortex density is given by Re(i¥*9y¥). A ¥ particle creates an “electric” field f;q
around it. From (7.4) we see that the “electric” field in radial direction corresponds to a
superfluid current circulating around the ¥ particle. Thus the ¥ particle indeed generates
a vortex in the superfluid. We have assigned a unit a, charge to ¥ particle such that it
creates a minimum quantized vortex (see (7.4)). There is no particle carrying fractional a,
charge because the circulation of a vortex is quantized. The fact that the a, charge of the
excitations in the dual theory is quantized as an integer reflects that the superfluid state
is a single boson ® condensed state, i.e., (®) # 0. Had the superfluid state come from N

boson condensation, <(I>N ) # 0, the a, charge would be quantized as a multiple of %

The G-L theory (6.1) of the FQH effects is obtained by coupling the superfluid current
Jy to ay + Ay and including the Chern-Simons term of a;,. We may do the same thing to
the dual theory (7.3) of the superfluid to obtain the dual theory of (6.1). After including

Jyu(at + e* AF) — %auﬁya)\e‘“/)‘ to (7.5) we obtain the dual theory of the G-L theory

2
2 | 97 m= 1 Fouvh D A
Licr = /d z [16%2 fiw + E(au + e Ay) e — mauauaxew
1 o~ 1 . 1
3100 + a0y - 50+ i) vl - Gmdup] (7.

After integrating out a;, we get

2 *
9° 2 €z q . .-
Ligr, = /de { v+ = Aufre™ + —4@%31/%6“” (7.7)

1672 47

1 . c2 . 1
+ I+ iagu? - G0, + ia) - o

U describes the quasi-particle (quasi-hole) excitations above the FQH state. Due to the
Chern-Simons term in (7.7), the ¥ particle (the quasi-particle) generates % flux of the
a, gauge field. As a bound state of charge and flux, the quasi-particle has a fractional

statistics®® 0 = ﬁg. The quasi-particle carries fractional electric charge ge* which can be
derived from the coupling %Au fore™ A in (7.7).

To rigorously prove that (7.7) is effective theory of the FQH state, we need to prove
that, after integrating out a, and ¥, (7.7) produces the same effective Lagrangian Leg(A,)
as the electron system does. A relation similar to (3.4) should be satisfied. Although here
we can not show that (3.4) is satisfied by the dual theory (7.7), the dual effective theory
does reproduce (at least qualitatively) all known low energy properties of the FQH states.
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Therefore we expect that the FQH states are correctly described by (7.7) at low energies
and we may use (7.7) to study other (unknown) low energy properties of the FQH states.

In order to use the dual theory (7.7) to study the ground state degeneracy of the FQH

states, we first need to quantize (7.7).27 At the moment let us ignore the quasi-particle
field ¥. Following the approach in Section 4, we may quantize (7.7) in the gauge ag = 0.
The constraint associated with the equation of motion is

0Lagcr, 9% . w00, @ iin-
G(z) = GL _ m@foZ + 2—6”81'%'

dag ™D
‘ T
=o' + Eﬁe”@aj =0 (7.8)
7' in (7.8) is the canonical momentum conjugated to a;:
b= 0LacrL — i FOi ieijd. (7.9)
Say; 472 drp ‘
After the quantization the operators a; and 7; satisfy
[7i(2), 4j(y)] = i6*(x —y) (7.10)

Under the gauge transformations a; and 7; transform as
aj — aj + 0;f
s a4 jy
T — 7 + me 9;f (7.11)

where f is a single valued function on the torus. Using (7.10) we see that the gauge
transformation (7.11) is generated by the operator

Glf) = o S Patnf (w+5ea;)
_ i [ PrfG(x) (7.12)

Once again the constraint (7.8) generate the gauge transformation. Due to the gauge
invariance of the theory, all physical operators commute with G[f]. Noticing that G[f]
and G|[f’] commute we may require the physical states (which form a representation of

physical operators) to satisfy
G[f]|quhy> = ‘\Ilphy> (7-13)

The constraint is satisfied by the physical states, G(z)|¥y) = 0. The condition (7.13)
defines the physical Hilbert space.

The operator G[f] given by (7.12) is well defined even when f is a multivalued function.
In particular, Gaf1] and Glafs] are well defined operators, where f; and fo are defined in
(4.7) and « is a constant. Using (7.10) and (7.12) one can check that Glafi] and G[S5fs]
satisfy an algebra

Glaf)GI8f) = €77 GIBf2)Glafi] (7.14)
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Because the a,, charge is quantized as integers, this is equivalent to say that G[f1] and G| fs]
generate the (large) gauge transformations and commute with all the physical operators.
However, because G|f1] and G|[f2] do not commute

GIAIGIfR = ¢ 7 GlRIGf] (7.15)

if p # 1, we can not require the physical states to be invariant under both G[f1] and G[fs].
But we can further restrict the physical Hilbert space by requiring the physical states to
satisfy, for example,

Cf[fl]|\llphy> = |\Ilphy>
Gp[f2”\Pphy> = ’q}phy> (7-16)

because G[f1] and GP[fs] commute.

Notice that Glafi] and Glafs] commute G[f]. When a =
commute with G[f1] and G[fs2]. Therefore

2

, Glafi] and Glafs] also

el
=0 [g fQ] (7.17)

act on the physical Hilbert space defined by (7.13) and (7.16). Later we will show that 7}
and T are generated by the quasi-particle tunneling described in Section 5 and they are
physical operators. T7 and T5 satisfy the algebra

- 27D

T =e' 1 TyTy (7.18)

and the physical states form a representation of the algebra (7.18). The Hamiltonian of
the dual theory (7.7) is given by (after ignoring V¥ field)

2 2
_ 9 0002 | 9 p12\2] 2
H—/{SWQ(]" 2+ (122 (7.19)

The Hamiltonian commutes with the gauge generators G|[f], G[f1] and G|[f2]. Therefore
H acts on the physical Hilbert space. The Hamiltonian (7.19) also commutes with the
physical operators T7 and Th. Hence the ground states of H must form a representation of
the algebra (7.18) and are (at least) ¢ fold degenerate.

We would like to remark that the above discussions demonstrate that the topological
Chern-Simons theory of compact U(1) gauge field can be (mathematically) consistantly
quantized, even when the coefficient in front of the Chern-Simons is a rational number.
This is true at least when the space-time metrics is kept fixed.

We would like to point out that if we separate the local and the global excitations by
writing
270,
=1
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from (7.4) we see that 6, (92) corresponds to constant current density in zo (x1) direction.

Therefore €' ; are proportional to the center of mass coordinate x.;. The operator T and
T shift 6;:

0; — 0; + 2r2 (7.21)
q

if we choose f; = 271'%. Thus the operator 17 (73) discussed in this section corresponds to

the magnetic translation T (77) discussed in Section 2 which also shifts the center of mass
coordinates. However the operators T; discussed in this section have a local definition and
can be easily generalized by the high genus Riemann surface.

Now let us consider the effects of the quasi-particle fluctuations ¥. First we notice
that, for finite torus, two operators

Wy = eii foLl dz10;
. rLo 2
Wy = ety duada (7.22)

are invariant under the gauge transformations generated by G|f]|, G[f1] and G[fs2]. There
is no reason to exclude the gauge invariant term

AH = (ciW1 + coWa + h.c.) (7.23)

from the effective Hamiltonian. Indeed after we integrate out W field (with fixed a,), AH
is induced by the quasi-particle fluctuations. It precisely comes from the quasi-particle
quasi-hole tunneling process discussed in Section 5. Under 7T; the operators W, transform
as

TIW T = e W

1 Wil =e 1 Wy

T2_1W1T2:W1

T WoTy = Woy (7.24)

-27p

T2_1W2T2 =e'"q Wy

When restricted to the subspace spaneed by the ground states (which are assumed to form
an irreducible representation of (7.18)), W; (W5) can be shown to be proportional to T
(T1). Because AH does not commute with 7;, the ground state degeneracy is lifted by the
quasi-particle tunneling effects.

Using the approach in Section 5 we can show explicitly that the quasi-particle tunneling
generates physical operators T;.

On the torus the quasi-particle quasi-holes tunneling discussed in Section 5 is given by
the following ansatz

q mn |Z_ZO_Zmn|2+€/2 |Z_20_Zmn|2+§/2

where zg and % satisfying (5.13) are the coordinates of the quasi-particle and the quasi-
hole. After the tunneling (in z; direction), a initial configuration (ai,a9) is changed to
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2T

a final configuration (&1, as + T) The tunneling in z9 direction changes the configu-

QS

ration (ap,as) to (dl - 232%7&2) Let us use operators Uy and Uy to denote the above

transformations:

- . - p 2T
Us - = per
9 :(a1,a2) (a17a2+ . L)

2
Uy : (ay,a2) — (dl — 2%7&2) (7.26)

Using the similar calculation performed in Section 5 (see (5.16)—(5.22)) we find that U;
and Uy satisfy

- 27D

U tuy Uy =€t (7.27)
From (7.26) and (7.27) we see that U; are proportional to T;.

According to Ref. 5, after setting A, = 0, (7.7) with p = 1 and ¢ an even integer is
precisely the effective theory of the chiral spin states. W field now describes the spinon
excitations. Therefore the discussions in this paper about the FQH states also apply to
the chiral spin states. In particular, we find that the ground state degeneracy of the
chiral spin state is very robut as suggested in Ref. 8. The degeneracy persists even when
the translation symmetry is broken, e.g., when the spin-spin coupling J;; has a spatial
dependence.

VIII. GROUND STATE DEGENERACY OF THE FQH
STATES ON ARBITRARY RIEMANN SURFACE

In Ref. 7 the ground state degeneracy of the chiral spin states (described by (7.7) with
p = 1) is shown to be ¢7 (for a given chirality) on a Riemann surface with genus g. In this
section we will derive a similar result for the FQH state. We will take the Lagrangian (6.1)
as our starting point. However, on an arbitrary Riemann surface ¥, with genus g # 1,

(6.1) needs to be generalized to

1 ..
EGL = q)*iDo‘I) - %gljDiQ*qu)
—V(®) — ﬁg e“’/)‘auaya)\ (8.1)

where D, ® = (9, + iay + A,)® and D, ®* = (0, — iay — ie*Ay,)P*. ¢ in (8.1) is a
two-dimensional metrics which in general has a spatial dependence. The matrices ¢/ is
necessary because we can not choose a single coordinate patch to cover the whole Riemann
surface X, with g # 1. On the Riemann surface ¥4 with g > 1 the translation symmetry
is bound to be broken.

We will use the method developed in Section 4 to derive our result. On a Riemann
surface ¥4 there are 2g canonical 1-cycles denoted as oy and 3, a = 1,..., g (Fig. 7). We
choose 2¢ functions f;, (b =1,...,2g) on X, such that f, has a 27 jump along o, and fgiq
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has a 27 jump along (,, where a = 1,..., g. However, we require 0, f, to be a smooth
vector field on ¥4. Using f, we define unitary operators T}, as the following

To = eifdzxfa(x)é(x) (82)
_ i [ Padiof, ik [ dPwaid;fac?
a=1,...,2¢g

After a transformation by Ty, ® — & = ¢fad. &’ remain to be a smooth function on Mg
Using the commutation relation

(a1(), da(y)] = z'zwgcs?(m ) (8.3)

we find that ) , -
T, Ty = /% | Co0dodsfo'y g, (8.4)

The exponent in (8.4) can be evaluated and we find
[ a0itu08y6 = 2

(Nap) = (_01 é) ) Iyxg (8.5)

where Iy 4 is a g x g unit matrix. Therefore (8.4) can be rewritten as

21D
TaTg+a = elTpTg—i—aTa ) a = ]-7 -5 g
T4, Ty =0 , b#a+g , ab=1,...,2¢g (8.6)

where we have assumed 7,49, = T. The pairs of operators T, and Ty, generate g copies

of the algebra (6.2), which commute with each other. Each copy of the algebra contributes
a factor ¢ to the ground state degeneracy. The total ground state degeneracy is ¢9.

If we compactify the space into g copies disconnected tori, the ground states of (6.1)
are obviously ¢9 fold degenerate. The result in this section implies that the ground state
degeneracy is unchanged after we connect the g tori by tubes to form a genus g Riemann
surface (Fig. 8).

IX. DISCUSSIONS

In this paper we show that the FQH states on the Riemann surface ¥, have ¢7 fold
degenerate ground states if the quasi-particles in the FQH states have fractional statistics

0 = %ﬁ. The fact that the ground state degeneracy depends on the topology of the

space suggests that the degeneracy is not due to the broken symmetry. We also show
that the ground state degeneracy (in the thermodynamic limit) is robust against arbitrary
perturbations. This means that the ground state degeneracy remains a constant in a
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finite region in the phase space. Therefore we may use the ground state degeneracy to
characterize different phases in the phase space. We may say that the phases with different
ground state degeneracy have different topological orders. As we change the coupling
constants in the theory, the ground state degeneracy may jump which signals a phase
transition between two phases with different topological orders.

If one insists on a symmetry breaking picture, one may regard the ground state de-
generacy considered in this paper as a result of broken “topological” symmetries. The
topological symmetry transformation is defined as the following. Consider a FQH state
on a torus. We adiabatically add a unit flux through the hole of the torus (Fig. 9a). The
Hamiltonian is invariant after adding a unit flux. Therefore the adiabatic process changes
one ground state of the FQH state to another. Such a transformation can be represented
by a unitary operator U; which acts on the ground states. Similarly, the adiabatic turning
on a unit flux going through the tube of the torus (Fig. 9b) generates an operator U acting
on the ground states. We call the operators U; and Us the topological symmetry trans-
formations. Notice that the topological symmetry transformations can be defined only
after we specify the topology of the space. The very existence of the topological symmetry
depend on the topology of the space. On the sphere there is no topological symmetry.
That is why the ground state of the FQH states is non-degenerate on the sphere. On the
Riemann surface ¥4 of genus g, there are 2g topological symmetry transformations. From
Ref. 13 we find that the operators Uy and Us satisfy the algebra

- 27Tp

U U Uy = €' (9.1)
where % is the filling fraction. Therefore U; and Us can not be the identity in the subspace

spanned by the ground states. This implies that the topological symmetry is spontaneous
broken.

On a finite system, the ground state degeneracy may be lifted by finite size effects.
For the degenerate ground states associated with ordinary symmetry breaking, the energy
_L?
split is expected to be of order e ¢ where £ is a microscopic length scale of the theory
and L is the size of system. This is because the different ground states associated with
the broken symmetry can only be connected by a tunneling process in which a domain
wall sweeps over the whole system (Fig. 10). Such a domain-wall-tunneling process has an
L2
amplitude of order e ¢ . However, the different ground states associated with the broken
topological symmetry can be connected by the particle tunneling process (see Section 5).
L

In this case the energy split is given by e €. Such an energy split also indicates that the
ground state degeneracy of the FQH state is not due to the ordinary broken symmetry.
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure T7:

Figure 8:

FIGURE CAPTIONS

Some of the Feynman diagrams which contribute to the second and

the third terms in (3.9).

fi(z) and fa(z) have a 27 jump along the two loops 1 and 2 respectively.

A solinoid (represented by the dotted lines) creates a quasi-particle
and a quasi-hole when pearing through the torus. The particle-hole
tunnel process discussed here can be viewed as a solinoid cutting
through the torus. Such a process adds unit flux to the hole, which

changes the winding number of ¢ going around the hole.

The four particle-hole tunnel processes are represented by the four
directed paths in the space-time. ABCD represents the torus. AB is

identified with CD and BC is identified with AD.

The four tunnel path in Fig. 4 can be deformed into two linked loops.
The dotted lines represent the minima of the potential. The two easy
paths (a) and (b) favored by the potential enclose an integer number

of plaquettes. The phase of tunneling amplitudes of (a) and (b) only

differ by a multiple of 27.

A Riemann surface and its canonical 1-cycles o, and [, (for g = 3).

A genus 2 Riemann surface is formed by connecting two tori by a

tube.

37



Figure 9: A torus with flux going (a) through the hole and (b) through the tube.

Figure 10: Two ground states resulting from a broken symmetry can be con-

nected by a domain wall tunneling process in which a domain sweeps

over the whole system.
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