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Using the gauge invariances, I show that the (fractional and integral) quantum Hall states and the
chiral spin states must have gapless boundary excitations. The dynamical properties of those gap-
less excitations are studied. Under some general assumptions, the gapless excitations are shown to
form a representation of the U(1) or SU(2) Kac-Moody algebras and to contribute to a specific heat
with a linear temperature dependence. The low-energy effective theories for those gapless excita-
tions are derived. The quantum numbers of the gapless boundary excitations are also discussed. In
particular, the charge-zero sector of the low-lying boundary excitations in the fractional quantum
Hall states are shown to be described by the charge-zero sector of free fermions with fractional

charges.

I. INTRODUCTION

Recently it has been shown that a rigid state (a state
with no gapless quasiparticle excitations) may have many
nontrivial properties even at energies below the energy
gap.!™3 Although there are no particlelike local excita-
tions at those energies, global excitations may exist. The
global excitations appear in the form of ground-state de-
generacies. The ground-state degeneracies may depend
on the topologies of the compacted spaces. In this case
we say that the rigid state contains nontrivial topological
orders. The fractional quantum Hall (FQH) states and
the recently proposed chiral spin states®> are two exam-
ples of topologically ordered states.! ™3 Characterization
of the topological orders is discussed in Refs. 1 and 2.
The topological order can be partially characterized by
the ground-state degeneracies of the rigid state on com-
pacted spaces. It can also be characterized more com-
pletely by non-Abelian Berry’s phases generated by a
family of twisted Hamiltonians. Arovas and Haldane® re-
cently introduce a spin-twist operation to spin Hamiltoni-
ans. The spin twist is used to probe the topological struc-
tures in the ground states of a spin system. They show
that the topological structures in the spin-liquid states
can be (partially) characterized by the Chern number as-
sociated with a family of the spin-twisted ground states.

In Refs. 1-3 and 6, the topologically ordered states are
studied on the compacted space. However, experimental-
ly, it is very difficult to compactify a two-dimensional lat-
tice into, say, a torus. The results in Refs. 1-3 and 6
probably can only be tested by numerical simulations on
computers. In this paper we are going to study the FQH
states and the chiral spin states on spaces with boun-
daries. We will show that the FQH states and the chiral
spin states have gapless boundary excitations. In the
FQH states the neutral gapless boundary excitations are
described by the charge-zero sector of free-(chiral)-
fermion theories which in general contain several
branches of fermions. The fermions in each branch carry
electrical charges g; satisfying
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where o, and o, (v and v') are the Hall conductances
(the filling fractions) on the two sides of the boundary, I
labels different kinds of the (chiral) fermions, and ¢, is the
velocity of the fermions. The vacuum has Oy =v=0. In
the chiral spin state, the gapless boundary excitations are
shown to form a representation of several independent
SU(2) Kac-Moody algebras.” The levels / 1 of those Kac-

Moody algebras satisfy
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where k and k' are the levels of the chiral spin states on
the two sides of the boundary. The vacuum has k=0.
The above results are the consequences of the U(1) gauge
invariance of the electromagnetic field and the SU(2)
gauge invariance of the spin twist introduced by Arovas
and Haldane.®
Halperin’ has studied the boundary excitations of the
integral quantum Hall (IQH) states and found gapless
boundary excitations. He shows that the boundary exci-
tations remain gapless even in the presence of weak ran-
dom potentials. Our results are generalizations of
Halperin’s results to the FQH states and the chiral spin
states. We would like to emphasize that Halperin’s re-
sults can be obtained by perturbing around a free electron
system. However, the electrons in the FQH states and
the chiral spin states are strongly correlated. In this case
it is not even clear whether the boundary excitations are
described by the Fermi liquid theory or not, especially
after knowing that the boundary excitations may carry
fractional charges. A new approach is needed to study
the boundary excitations of a strongly correlated electron
system. In this paper we use the gauge invariance and
the locality of the theory to study some general dynami-
cal properties of the boundary excitations in the FQH
states and in the chiral spin states.
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The paper is arranged as the following. In Sec. II we
study the dynamics of the boundary excitations in the
FQH states. The gapless boundary excitations are shown
to be described by the U(1) Kac-Moody algebras. The
U(1) Kac-Moody algebras are equivalent to the charge
zero sector of free (chiral) fermions. (The charge zero
sector is formed by states with zero total charge. Those
states correspond to particle-hole excitations.) Thus the
neutral boundary excited states in the FQH states can be
described by the charge zero sector of the Fermi liquid
theory. However, as required by the gauge invariance,
the fermions in such Fermi liquids must carry fractional
charges which satisfy the sum role (1). In Sec. III we re-
view the Arovas and Haldane’s spin twist and the associ-
ated SU(2) gauge symmetry. The boundary excitations of
the chiral spin states are shown to be described by the
SU(2) Kac-Moody algebras. Those boundary excitations
carry nonzero spins. In Sec. IV we study the stability of
the gapless boundary excitations. We conclude the paper
in Sec. V.

II. BONDARY EXCITATIONS IN THE FQH STATES

Following Refs. 8 and 9 we can give a simple argument
that the FQH states must have gapless boundary excita-
tions. Consider a QH state with a filling fraction v on an
annulus with inner radius r; and outer radius r, (Fig. 1).
Adding a unit flux quantum ®,=hc /e to the hole moves
ve =axyh /3 amount charge from, say, the inner bound-
ary to the outer boundary. The work required to add a
unit flux is zero in the thermodynamic limit (r; — o,
Therefore the boundary excitation which
transfers ve charge from one boundary to another is gap-
less.

The existence of gapless boundary excitations is a sim-
ple and almost trivial consequence of the gauge invari-
ance. However, the more important questions are what
are the dynamics and the quantum numbers of the gap-
less boundary excitations. Experimental tests of the gap-
less excitations rely on those properties. The main pur-
pose of this paper is to determine the dynamics and the
quantum numbers of the gapless excitations. In this sec-
tion we will concentrate on the FQH states (and the IQH
states). In Sec. III we will use the Arovas and Haldan’s
spin twist to study the chiral spin states.

Assume that a two-dimensional electron system
demonstrates the FQH effect (or the IQH effect) in a
background magnetic field 4;(A4,=0) with a Hall con-
ductance o,, =ve?/h. After integrating out the electrons

xp
we obtain an effective Lagrangian

7'2——~>oo).
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FIG. 1. Electrons on the annulus form a QH state.
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where 864,= 4, — Zu and 6F,,=d,64,+3,64, is the
field strength. The coefficient of the Chern-Simons term
64,064 ,€""* is given by the quantized Hall conduc-
tance.

On a compacted space, the action S,
= f d3x L {54 ) is invariant under the gauge transfor-
mation. However, on a space with boundary, say, a disc
D, Sy, is not invariant:

Spu(84,+0,f(x)) =Sy, (84,)

(8F )%+ -+, (3)

2
=f dxoda% f8F,,,

where o parametrizes the boundary of the disc. Because
the microscopic theory is gauge invariant, (4) implies that
Shpuik is not the complete action of the FQH states on the
disc. Since the change in Sy, is just a boundary term,
the total gauge invariant effective action may be obtained
by including a boundary action associated with the
boundary excitations S, =Sy +Sps- Under the gauge
transformation S, should transform as

2
Spa(8A4,+3,1)—S,,(84,)=— fdxoda%fSFUO (5)

so that S, is gauge invariant. The boundary effective ac-
tion satisfying (5) has a form

Spa= [dt do dt'do' L8 4,(1,0) KBt —1',0—0")8 Ay(t',0") (©)

where a,8=0,0 and t =x,. K° is the current-current
correlation function of the boundary excitations
KB(t,0)=i(0|T (j*t,05)j?0,0))|0), which satisfies (in
k space)

2
__ve
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where ky=w is the frequency, k,=k =2mwn/L is the
momentum in o direction, and L is the length of the
boundary. We see that the complete action of the FQH
states on a disk is given by Sy describing the bulk exci-
tations plus S,; describing the boundary excitations.
Spui @nd S, separately are not gauge invariant. But the
total action S, is gauge invariant.

The effective action (6) is obtained by integrating out
boundary excitations. The current-current correlation
function of those boundary excitations should satisfy (7)
in order for the total action S, to be gauge invariant. In
the following we would like to use (7) to study the
dynamical properties of the low-lying boundary excita-
tions. We will show that the boundary excitations are de-
scribed by chiral Kac-Moody current algebras.

In field theory the relation between three-dimensional
Chern-Simons theories and two-dimensional chiral con-
formal theories was first pointed out by Witten.'® The
mathematical formalism and the ideas behind our calcu-
lations are similar and motivated from those in Ref. 10.
However, the physical problem studied in this paper has
some fundamental differences from that in Ref. 10.

(a) The gauge fields in our problem are background
fields. They do not fluctuate and have no dynamics,
while the gauge fields in Ref. 10 are dynamical fluctuat-
ing fields. The gapless boundary excitations in our theory
come from electrons. Those excitations exist even when
the gauge fields are fixed. The gapless boundary excita-
tions in the FQH states may have several branches even
when we have only one gauge field. The two-dimensional
conformal theories studied in Ref. 10 come from the dy-

K%(t,0)=
nk

where o, is the energy of the state |k;n). In the k
space

kS

o—w,;+id

n,—kfna—k

oto, ,—i8’

K¥w,k)=L3,

n

where 5=07 and

fe={k;nlj%t=0,0=0)[0) . (10)

)

Assume all the boundary excitations have finite energy
gap @, = A>0, then K%P(w,k) is a smooth function of
o near o =0. If we further assume that the theory is lo-
cal, K %%(w, k) should be a smooth function of k near k=0
le.g., K®(w,k) cannot behave like F*(w)/k near k=0].
However one can easily check that a smooth function of
o and k (near ®=0 and k=0) can never satisfy (7).
Therefore, for local theories, the condition (7) implies the
existence of gapless boundary excitations.

Let us assume the boundary excitations have many
branches labeled by I and K% have poles at o=c;k
where c; is the velocity of the Ith branch. In this case (9)
can be rewritten as [for small (w,k)]
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namics of the gauge fields. Each gauge field only gives
rise to one Kac-Moody algebra.

(b) Although the Hilbert space of the low-lying bound-
ary excitations in our problem can be shown to form a
representation of the Kac-Moody algebra, the Hamiltoni-
an which governs the dynamics of the boundary excita-
tions does not respect conformal symmetry. The Hamil-
tonian does not even have Lorentz symmetry since
different edge branches in general have different veloci-
ties. The theories studied in Ref. 10 all respect conformal
symmetries. One must be careful about which results in
Ref. 10 are related to QH states and chiral spin states and
which are not. Our approach is also closely related to
that in Ref. 11 where the relation between the gauge
anomaly in 2N dimensions and the Chern-Simons term in
2N+ 1 dimensions are studied.

In this paper one of the main problems concerning us
is the following: without knowing the details of the elec-
tron Hamiltonian we would like to obtain, as much as
possible, the dynamical properties of the boundary exci-
tations from the gauge invariance and the locality of the
theory. It is well known in field theory that the gauge
anomaly (4) can be canceled by chiral fermions on the
boundary. What we try to do here is the reverse. We
would like to show that in order to cancel the anomaly,
the boundary excitations must be described by chiral fer-
mions [or more precisely, chiral U(1) Kac-Moody alge-
bras]. Our derivation is not completely general. It de-
pends on some weak assumptions which will be summa-
rized at the end of this section.

The current-current correlation K “ can be written as

i e ek (0] jxr,0) k;n ) (k;n| jA0)]0)6(1)+e*7 (0 jA(0) k;n ) ksnlj*(t,0)0)0(=0)],  (8)

Ko, k)= Yik Yk |4 p
’ T |o—cik+i8 wo—ck—ib T

(11)

where P(w,k) is a polynomial of @ and k which comes
from the gapful excitations. Note that y7% is nonzero
only when ¢;k =2 0. This is because the excited states al-
ways have positive energies and there are not states with
@k =c;k <0. Plugging (11) into (7) and using the fact
that ‘y‘}ﬂk only depend on k, we find that K% must have a
form (up to a polynomial in w and k)

kmny
2 o—ck’

o+tcrk
7 21 w—c; knl’

(a,B)=1(0,0)

(a,8)=(0,0),(0,60, (12)

€10,

ok (a,B)=(0,0),

D S

for small w and k, where
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From (11), (12), and the fact that y(}f)k >0, we find that

c;n; <0.

Each term in the summations in (12) arises from gap-
less boundary excitations with velocity ¢;. It is con-
venient to write the current j* as a summation of jf*:

Jj =2ir (14)
I
such that
KiP=Cifid)

k

— M (a,8)=(0,0),
a)_clk
1 otck

ZSIJ _5‘ a)——clk 7]], (a,B)Z(U,O),(O,U) N (15)

[470)

_ , (a,B)=(0,0).
w—clk

Therefore, ji is associated with the gapless excitations
with velocity ¢;. ji, generates a state with an energy
Wy =Cr k:

Hjf 10 =c;kjfl0) , (16)
where

. 1 ok

Jfk:fda VI el7kjix(o) .

From (15) we can obtain the vacuum expectation values
of the commutator we find that

Ol i 110y = k8 418y

17
Ol ir e 110Y =0l i i 110) =0,
where
'i:_l_ ~0+L a
Jr 2(1 —CIJ )

Under certain assumptions (e.g., the locality of the
theory) we can further show that (see Appendix) (16) and
(17) imply the operator equations

(H,jix 1=crkify (18)
and

Ui 1=mp1k8y 4185y .

Urksdne 1= Uinxnine1=0

in the subspace of states with small momentum k
(k& <<1, where ¢ is the magnetic length) and in the limit
L — oo, Therefore the low-lying boundary excitations
form a representation of several independent chiral U(1)
Kac-Moody algebras.!?> The current algebra (19) deter-
mines the Hilbert space and (18) determines the dynamics
of the low-lying boundary excitations.

The properties of Kac-Moody algebra (19) are well
known.!? For completeness we will give a brief review.
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A single copy of chiral U(1) Kac-Moody algebra is given
by the following current algebra:

U de 1=l k8, 4y »
Ui ix 1=U »ix 1=0, (20)
[H,ji&1=ckji .

Equation (20) corresponds to a half of the Tomonaga
model with fermions moving only in one direction.!?> An
irreducible representation of the above algebra can be ob-
tained from the vacuum state |0) satisfying

Ji10) =0l <o Jji 10)=0ly, . 21

(Note if j; 10)70 and ck <0, the state j;'|0) would have
negative energy.) The Hilbert space (denoted as #,) of
the irreducible representation is generated from the vacu-
um state [0) by the operators j,~ with ck >0. Within the
Hilbert space #,, the operator j, =0 (this can also be
obtained from the current conservation law
90j°+9,77=0). From (20) and (21) we see that the pair
Ui »ite)and (b ) and (jiF,j 1, ) commute if k4k’, the
Hilbert space ##, of the irreducible representation is a
direct product of the Fock spaces of the harmonic oscilla-
tors generated by (j; ,jox). The specific heat coming
from these low-lying excitations is C=(7/6)(T /c)L.

We would like to emphasize that the arguments in
Refs. 9 and 8 only show the existence of gapless excita-
tions. This by no means implies that the specific heat has
a linear temperature (7') dependence, since the specific
heat depends on the number of states at low energies.
However, if the theory is local, one can show that the
number of states at low energies is such that the specific
heat from the gapless excitations with finite velocity is
linear in T.

For a generic situation, the low-lying boundary excita-
tions may form a representation of several independent
U(1) Kac-Moody algebras (19). The specific heat in this
case is given by C = 3 ;(7/6)(T /c;)L. The above is the
bosonic construction of the boundary states. Due to the
boson-fermion equivalence in 1+ 1 dimensions, the repre-
sentation of (19) can be constructed from a fermion
theory!3

Spa= [dxodo 3 iv}[(3+ig,84,)
I
+c;(d,+ig;8A4,)1, , (22)

where i; are the chiral fermion fields. One can show ex-
plicitly =~ that the electric current in  (22),
(jPsJf )=(q; ¥ ¥;,c;q,9]0;), obey the Kac-Moody alge-
bra (19) with the “central charge”
ar

ml==—- (23)
One can also show that the current-current correlation of
(22) is given by (12) through a direct calculation of the di-
agram in Fig. 2. Thus (13) implies that the electric
charge g; of the boundary excitations satisfy

c
> —Iq}=ve2 . (24)
a ICI|
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b4

FIG. 2. The Feynman diagram which contributes to the
current-current correlation functions.

It has been shown that the charge zero states of (22) form
the i1r21-educib1e representation of the Kac-Moody algebra
(19).

The above results can be easily generalized to the
boundaries which separate two quantum Hall states with
the Hall conductances o, and o},. In this case (24) is
replaced by (1).

We would like to remark that in the above we only
show that the charge zero sector of the boundary excia-
tions is described by the charge zero sector of (22). We
did not say any thing about the charged excited states.
The charged excited states on the boundary of the FQH
states may not be described by the charged excited states
in (22). Especially the total charge of a boundary excited
state may not be a multiple of g;. In fact one can write
down one-dimensional models'? which form a representa-
tion of the U(1) Kac-Moody algebra (20) with central
charge || =¢?/27. But the total charges of the charged
excited states in the models are not multiples of g. Thus
(22) should be used with caution.

In this paper when we speak of charge of the boundary
excitations, we really mean the charge measured by the
current correlation function [see (23)]. Such a charge will
be called optical charge. The total charges of boundary
excited states are not necessarily multiples of the optical
charge (measured by the current correlation function).
The sum rule (1) is really satisfied by the optical charges
of the boundary excitations.

We would like to emphasize that the results in this sec-
tion (and in Sec. III) rely on two assumptions.

(A) The states generated by the current j* have discrete
velocities in the low-energy limit. The energies and the
momenta (w,k) of the states generated by j* lie within
the shaded region in Fig. 3(a). Our results do not apply
to the situations where the states generated by j* have a
continuous distribution of velocities [Fig. 3(b)]. Our as-
sumption would be reasonable if we could show that for a
generic interacting theory the velocities of the states gen-
erated by j® would in general discretize in the infrared
limit. Although we are unable to show correctness of the
above conjecture here, we do have an example which sup-
ports the conjecture. The example is a one-dimensional
boson system. For free bosons, the low-lying excitations
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FIG. 3. The shaded region represents the energies and the
momenta of the states created by the boundary current. (a) The
low-lying states created by the current have discrete velocities.
(b) The low-lying states have a continuous distribution of veloci-
ties.

(generated by j*) have a continuous distribution of veloc-
ities. However, after we turn on the interactions between
bosons, the low-lying excitations of the system are pho-
nons with discrete velocities *c.

(B) The total current j* can be written as a sum (14)
and the current operator jf generating the states with ve-
locity c; is a local operator. Notice that the operator jj
generates a pair of the quasiparticle and the quasihole.
Although the operator creates a single quasiparticle (or
quasihole) must be nonlocal in terms of the original elec-
tron operators (since the quasiparticles carry fractional
charges), the current operator may still be a local opera-
tor.

III. BOUNDARY EXCITATIONS
OF THE CHIRAL SPIN STATES

Now let us consider the boundary excitations of the
chiral spin states. First we would like to review Arovas
and Haldane’s spin twist® in terms of the mean field
theory of the chiral spin states. *

The spin twist is introduced by generalizing the
Heisenberg model to

H=3J;S;-U;8;+ 3 A5()Sf, a=12,3, (25)
where Uj; is a 3 X3 matrix
U=e"", Ag=—48, a=123, (26)
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and T? are the generators of SO(3) Lie algebra satisfying

[Ta’ Tb]=l-6abcTc , 27)
(25) can be put into a Lagrangian form with the help of
electron operator ¢ :(Z; ):

L=—i Ec;r [a,+i%A30“ ]ci

1/2450° 1/2)4j0°

i i(
— EJ,-j(c,»Tel ¢; )(che c;)

— S rdele—1), (28)
where A; is the Lagrange multiplier to enforce the con-
straint ciTci=1 and the spin S is related to the electron

operator ¢ by S=1c Toc. The partition function of (28) is
a functional of 4§(i) and 4j:

Z(A§,A8)= [ Dc'De Dhexp |i [Lic, 490 )ar

Eeiso(Ag,A;}) )

(29)

Because L in (28) is invariant under the SU(2) gauge
transformation

¢;—c;=Uyc; , (30)
LA8(i)o*—L A8 (i)o®

=1U; 43(i)o°U}—iU;3,UT , 31)
ei(1/2)Ai‘;a”_>ei(l/2)Ai§la”: Uiei(l/Z)Ai‘;aaU;— , (32)

the effective action S§ ) in (29) should also respect the
gauge symmetry (31) and (32).

The mean-field Lagrangian of the chiral spin states is
obtained from (28) by replacing* c,-Te'(l/2>A’j 7 by X j,-elaf‘
and A; by A+a:

Loyean= 3 —ic] |8, +iag+il A%0? |c,

T i(1/2)Af0%+ia;;
— 3 Xefe;— 3 Jyxcle 17 e, L (33)

a;; and a are fluctuations around the mean-field solution
A and Y. After integrating out electron field ¢, we ob-
tain the effective Langrangian of the chiral spin states
Lgla, A°). The effective Lagrangian L gla, 4°=0) is
calculated in Ref. 4. Notice that when only 43540 the
spin-up and spin-down electrons in (33) decouple. Gen-
eralizing the calculation in Ref. 4 and using the SU(2)
gauge symmetry we obtain

Legla,, 4,)= ﬁauavake“"k

+$Tr A4,0,4,+24,4,4, e,

(34)

where 4, is a 2X2 matrix: 4,=1A4;0°and k is an in-
teger called the level of the chiral spin states. Equation
(34) indicates that the level of a chiral spin state can be
measured by using the spin twist.
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Strictly speaking, the effective action
Sepla,, A,1= [d*x Logla,, 4,) (35)
is invariant under the gauge transformation
A,—»UA,U'—iUd,UT=4V (36)

only when the space is compact and k is an even in-
teger.!* From this we obtain an important result that the
spin singlet chiral spin states always have even levels.

On a space with boundary, say, a disc D, the action
Sol 4,]1is not gauge invariant:

SO[AE]—SO[A#]zfdt dazk;TrAaaABeaﬁ ,

U=eit . (37)

We have assumed that A and A4  are small and only kept
the term linear in A and 4,,.

Let us introduce the SU(2) boundary current J?* which
couples to the SU(2) gauge field through 42%J°%. Using a
similar approach used in Sec. II we may write the SU(2)
current of the boundary excitations as

J(ld: Eand s (38)
I

where j;“ generates boundary states with velocity ¢; and
a=1,2,3 is the SU(2) vector indices. Notice that within
linear response theory, 4¢ in (37) corresponds to three
independent U(1) gauge fields. In this case we may repeat
the analysis in Sec. II to determine the current correla-
tion function on the edge. We find that in order for the
boundary excitations to restore the SU(2) gauge invari-
ance of the total action, the boundary currents j* must
satisfy

. I
COILEE 2L 10y =7 -8,,8" k8, 4y,

’

b o (39)
COILjf a7 110y =<0I[jf s il 110)
=0.
where
. 1 .
=it t ik
Cr

and jf¢= [do(1/VL)e'¥jf#*o). I, in (39) must satis-

fy

DOy L. U 40)
1 I|CI| 2

such that the boundary excitations may cancel the gauge
noninvariance (37). k in (40) is the coefficient of the
Chern-Simons term in (34) (i.e., the level of the chiral
spin state). Assuming the currents j;i"%o) are local
operators, we can show (see Appendix) that (39) implies
an operator relation

1 .
T 6“ch1€1§+

lI ab
kot k887 18y,

(41)
others=0,
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where k=integer X27 /L. Because jj ,ff generates states
with a fixed velocity c¢; we can also show that

[H,jfi1=cikifi - 42)

(41) and (42) imply that the boundary SU(2) currents j;=°
generate several independent SU(2) Kac-Moody algebras.
The gapless boundary excitations form a representation
of those algebras. Notice that V'L j{f_, defined in (41)
is the total spin operators which satisfy the SU(2) Lie
algebra. [; is the level of the SU(2) Kac-Moody algebra
which must be an integer. Otherwise (41) has no unitary
representations. ’

It is well known in field theory that the Kac-Moody
algebra (41) and (42) plus the sum rule (40) are the
sufficient conditions for the boundary excitations to can-
cel the gauge anomaly of the Chern-Simons term (34).!!
What we have shown here is that (40), (41), and (42) are
the necessary conditions to restore the gauge symmetry.
We show that in order to cancel the gauge anomaly of the
Chern-Simons term, the boundary excitations must form
a representation of SU(2) Kac-Moody algebras. Our
derivation does not rely on any symmetries, in particular
the conformal symmetry, of the Hamiltonian. However
our approach is not completely general. It relies on the
two assumptions which have been summarized at the end
of Sec. II.

Unlike the U(1) Kac-Moody algebra, the SU(2) algebra
(41) and (42) describes an interacting theory. However
such a theory is still exactly soluble.” The specific heat
coming from the excitations in a representation of the
SU(2) Kac-Moody algebras (41) and (42) is given by'®

iy T
C=LY ————. (43)
; 2(;+2) el

The levels I, of the Kac-Moody algebras should satisfy
(40). For the boundary which separates the different
chiral spin states with levels k and k’, the levels of the
Kac-Moody algebras of the boundary excitations should
satisfy (2).

Before ending this section we would like to discuss the
level k=2 chiral spin state studied in Ref. 4 in more de-
tail. From Ref. 4 we know that the mean-field chiral spin
state is equivalent to the IQH state with the first Landau
level filled by the spin-up and the spin-down electrons, if
we turn off the lattice. Using the results in Ref. 8 we find
that the boundary excitations of the mean-field chiral
spin state are described by the following free fermion

theory (in the long wavelength limit):
1

Sep= [ dx® Lﬂauavake’“’)‘-f-%Tr AMaVAA%-%A#AVAA]e’”)‘

4
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L= 3 Yidg—cd, )y , (44)
A=1,2
where the electron field (ﬁi) carries the spin 1 and the
electric charge e. The excitations described by (44) not
only form a representation of the level 1 SU(2) Kac-
Moody algebra

Ui %t 1= ‘/I—E €t Ee + ﬁkak 118, (45)
where jt*=1;"(a9/2),,¥,, they also form a representa-
tion of the U(1) Kac-Moody algebra (20) with j * =15 ;.
The boundary excitations described by (44) have strong
boundary charge fluctuations. The charge fluctuations
are due to the gapless excitations associated with the U(1)
Kac-Moody algebra. We know that the charge fluctua-
tions are forbidden in the chiral spin state. The actual
spin wave function of the chiral spin state is obtained
from the mean-field wave function by doing the Gutzwill-
er projection. The Gutzwiller projection removes all the
(unphysical) charge fluctuations in the mean-field chiral
spin state. Therefore in order to use (44) to describe the
actual boundary excitations of the chiral spin state we
need to remove all the excitations associated with the
charge fluctuations or, equivalently, associated with the
U(1) Kac-Moody algebra. Notice that the Hilbert space
of (44) can be written as a direct product of a representa-
tion of the /=1 SU(2) Kac-Moody algebra and a repre-
sentation of the U(1) Kac-Moody algebra.!'® The excita-
tions of the SU(2) Kac-Moody algebra and the excitations
of the U(1) Kac-Moody algebra are independent. In this
case the Gutzwiller projection can be performed by sim-
ply dropping those excitations associated with the U(1)
Kac-Moody algebra. After performing the Gutzwiller
projection to the theory (44), we obtain a theory contain-
ing only the SU(2) Kac-Moody algebra. Therefore the
boundary excitations of the chiral spin state are described
by the level 1 SU(2) Kac-Moody algebra. They cannot be
described by Fermi liquids of any spin.

We would like to mention that the low-lying excita-
tions in the one-dimensional Heisenberg model are de-
scribed by level one SU(2)XSU(2) Kac-Moody algebra,
one SU(2) for right-moving excitations, the other for left-
moving excitations. Thus the boundary excitations of the
level 2 chiral spin state are equivalent to the left- (or
right-) moving excitations in the Heisenberg spin chain.

According to the mean-field theory of the chiral spin
states,* the total effective action of the level 2 chiral spin
state (on a space with boundary) is given by

+ [dxedo 3 W3S tiagdu+idoa)—c (3,8 Fia, 8y, Fidy ) W . (46)

ALA'=1,2

Note that the 4, field in (46) is a fixed nondynamical
field representing the spin-spin coupling constants in the
twisted spin model. The Gutzwiller projection is realized
in the effective theory by integrating out the a, gauge

—

field in (46). One can show that the gapless excitations
associated with the U(1) Kac-Moody algebra are eaten by
the gauge field @, and obtain a finite energy gap.!” The
surviving low-lying excitations only contain the SU(2)
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algebra.

From the above discussions we see that the (level 2)
chiral spin state is closely related to a IQH state with the
first Landau level filled by spin-up and spin-down elec-
trons. However the two states have very different proper-
ties due to the Gutzwiller projection in the chiral spin
state. The boundary excitations of the chiral spin state
are described by the /=1 SU(2) Kac-Moody algebra with
specific heat C=7LT /6c. While the boundary excita-
tions in the QH state are described by two chiral fer-
mions which form a U(1) XSU(2) Kac-Moody algebra.
The specific heat is given by C =27LT /6¢c. The modes
associated with the charge fluctuations [the U(1) algebra]
is absent in the chiral spin state.

If the spin liquid state in the Cu-O planes of the high-
T, superconductors is described by, for example, the level
2 chiral spin state, our results imply that there may be a
lot of gapless spin excitations in the Cu-O planes even in
the superconducting phase. This is because the chiral
spin state in the Cu-O planes in general has a domain
structure. The chiral spin state in some domains has
k=+2 and in others has k = —2. There are two gapless
excitations on the boundaries (domain walls) which
separates two domains with k=-+2 and k =—2. The
two gapless excitations are described by two copies of the
SU(2) Kac-Moody algebra. These gapless excitations on
the domain boundaries contribute to a specific heat with
a linear T dependence even in the superconducting state.
The velocity of the boundary excitations is expected to be
of order of the spin wave velocity, which is much less
than typical Fermi velocities in metals. We would like to
emphasize that the two gapless excitations on the domain
boundaries move in the same direction. In the next sec-
tion we will argue that the gaplessness of the boundary
excitations is protected by the topological order. Weak
impurities and interplane interactions cannot open a gap
for those gapless boundary excitations.

IV. STABILITY OF THE GAPLESS BOUNDARY
EXCITATIONS

The stability of the gapless edge excitations is
guaranteed by the chiral property of the edge excitations.
When all the excitations move in the same direction there
cannot be any backscattering no matter what interactions
the edge excitations may have. The lack of the back-
scattering prevent the formation of the energy gap. The
gaplessness of the edge excitations is robust against weak
perturbations.

To demonstrate the above point we would like to con-
sider the following simple model:

L=} (3 +igy Ag)+c;i(d,+igr A,) 1Y,
+ Y50 (3p+igy Ag)+esi(d,+ig; A )Y,
+m (Yhy, + i) 47)

m can be regarded as the effective ‘““mass” term generated
by the interactions. The mass term is a relevant pertur-
bation and has a potential to open an energy gap. In or-
der for the mass term to respect the gauge symmetry, ¢;
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and ¥; must carry the same charge g;=gq;. Since the
gauge field in (47) is fixed we may set 4= A4,=0. The
energy spectrum is given by

2

k2+m?

172
+ C'1+CJ
€= 5 +

Cr—¢C
RESELEA 48)

The spectrum € is plotted in Fig. 4 and it has very
different behavior for two cases, c;c; >0 and c¢;c; <O.
When ¢; and c¢; have the same sign (i.e., ¥; and 9, are
both right movers or left movers), the mass term does not
open an energy gap [Fig. 4(a)]. Only the Fermi momenta
and the velocities of the low-lying excitations are
modified. When ¢; and c¢; have the opposite signs, the
mass term does open an energy gap A=2m [Fig. 4(b)].

V. CONCLUSIONS

In this paper we have shown that the gapless boundary
excitations of the QH states and the chiral spin states
form a representation of several (chiral) Kac-Moody alge-
bras. The Kac-Moody algebras with different velocities
are shown to commute with each other. Using the repre-
sentation theory of the Kac-Moody algebras, we calculate
the partition functions of the gapless boundary excita-
tions. The specific heats are found to have a linear T
dependence. The quantum numbers of the gapless
boundary excitations are shown to satisfy certain sum

S

(a)

FIG. 4. The energy spectrum (48) for (a) c¢;c; >0 and (b)
c;cy <0. The dotted lines are unperturbed spectrums.
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rules. We also argue that chiral gapless boundary excita-
tions are stable against small perturbations.

We would like to point out that the results in this pa-
per do not depend on the details of the Hamiltonian. We
only require that the planar state has a finite energy gap
and the effective Lagrangian contains a Chern-Simons
term. Many properties of the boundary excitations can
be determined from the gauge invariance and the locality
of the theory. Certainly some properties, like the veloci-
ties of the boundary excitations, remain underdeter-
mined. They have to be calculated from the microscopic
Hamiltonian. It seems to me that the number of the
branches of the boundary excitations are closely related
to the topological orders in the FQH states and the chiral
spin states. One may be able to determine the number of
the branches of the boundary excitations directly from
ground degeneracies and the non-Abelian Berry’s phases
studied in Refs. 1, 2, and 3.

The existence of the gapless boundary excitations is a
characteristic property of the FQH states and the chiral
spin states. This property can be tested in experiments. '8
Measuring the quantum numbers carried by the gapless
boundary excitations could be a powerful and practical
way to probe the topological orders in the parent planar
state.

Note added: After submitting this paper, I obtained a
copy of unpublished work by A. MacDonald!® in which
he also pointed out the existence of the gapless edge exci-
tations in the FQH states. I would like to thank S. Gir-
vin for informing me about MacDonald’s paper. Since
submission of this paper many new results about the edge
excitations in the FQH effects have been obtained based
on the Kac-Moody algebra approach. In particular we
have a very good qualitative understanding of the edge
excitations in the hierarchy FQH states and the non-
Abelian FQH states. These developments can be found

in Ref. 20.
|
—(k'—k, Y12+io,-
‘ vl,k ¢az,k2>zze v 2
k' k"
If the two wave packets do not overlap (e,

|o,—0o,|>>1) and if the interactions in the theory are
short ranged, we have

Hlp ok »'/faz,k )=(erky+esk, |¢al,k ; az,kz)

(4 c
+o |+ (A4)

l l

Because |¢gl & ,1/1(,2 2) are superpositions of states

jIk]Jk |0) with (k,k’) mnear (k;,k,) therefore
Jrk ij |0) should also have an energy near c;k; +c;k,.

ey
] .

(A5)

More prec1se1y,

crk, "”Cjkz)jzkljf,kz |0)+o0

Hjfy jfi, 10)=(

(k" =k, P12 +io,k
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APPENDIX

In this appendix we would like to show that the vacu-
um expectation values of the commutators (17) imply the
operator relations (19) in the subspace of states with
small momenta. Our derivation relies on the locality of
the theory.

First we would like to show that (18) is valid in the
small-momentum subspace. We know that j{,[0) is an
eigenstate of H:

Hj]‘fk|0>:C1kj1(fk|0) ) (A1)

provided that the momentum k is small. Let us consider
a large wave packet of size / and centered at o,

R — )22 4 ke
1/’{70[1()28 (k'—k)1“+io k]gk"()) . (A2)
g

In the limit /k >>1 we have
HIWe ) =c k|l

‘1
% )+o 7

Now consider a wave function with two wave packets,

j./ k10D . (A3)

[

The last term in (AS5) can be dropped if we take the limit
| — oo. Similarly, we can show that

.a .a
HJI,I,1 o 'Jl,j,kN l0)

= R 14 . jON
(Cf,k1+ +CINkN)]Il,k, JIN,kNm) (A6)
if all momentum k,,...,ky are small. Equation (A6)
implies (18) in the small-momentum subspace.
Now we would like to use (18) to show that the

currents j; with different I are independent, i.e.,
Ui ife1=0, I#J (A7)

in the small-momentum subspace. Let us introduce
0,(t=0)= [y )

) is a smooth function and is nonzero only

(A8B)

where h;(o
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when |o| <! (here ! is a large length scale). Notice that

[6,(0),0,(0)]=e™[0,(1),0,(1)]e !, (A9)
where .
O,(t)=e " H0,(0)= [ hj(c—c;0)jf{0)do .  (A10)

The last equality in (A10) is due to the fact that jf(o)
creates states with a fixed velocity ¢;. When ¢ is large
enough, h;(c —c;t) and h;(0 —c;t) do not overlap (no-
tice ¢;5c¢;). Assuming jf(o) are local operators, i.e.,
[i#a),jP(0’')]=0 when o and o’ are separated, we have

[0,(1),0,(1)]= (A11)

From (A11) and (A9) we conclude that (A7) is valid in the
small-momentum subspace.

Because the current jZ generates U(1) symmetry, we
have

[if=0,f1=0 . (A12)
Equation (A12) can be rewritten as

[if=0,if 1058k) , (A13)

> O07fk)=0 (A14)

I
From (18) we see that

[H,08%(k)]1=c;kOFP(k) . (A15)
Equations (A15) and (A14) imply that

OfP(k)= (A16)
From (A16), (A13), and (A7) we find that

[ifk =0,k 1=0 . (A17)

In the following we would like to use (17), (A17), (A7),
and the locality of the theory to derive the operator rela-
tion (19). From (17) we find that the commutator
(ji'%»Jix ] must have the form

J

Ui (o)t (e)]=—|n;|is"(c—a")+ |8"(0—0")0;
reree A 0'+0" 1
8"""(oc—0")0;5 2 16 8 (o

In the momentum space (A25) can be written as
( _k4|[j1jrk1 ’jI?rk2 ks

ilkyot+k,yo')

=—£—fdada’e

—%6’(0——0')( —k,|0, ‘i’iz‘—’— lky)+ - -+

= |771|k18k1+k28k3+k4+ {é(k —ky P& f3(ky, k) +

—InIIiS’(o—a')8k3+k4+8’”(0~—0')( —k4|63
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[JI (0)11 (o")]

—|n;1i8(c—0")+8 (0 —0")0, a-;a
+8"(0—0"0y [ TFT |4 .. (A18)
where the operators 6,- satisfy
(0[0;10)=0. (A19)
From (A17) we find
Jdolif(e),iff(a]=0, (A20)
which implies
101(0)+10Y"(0)+ -+ - =0. (A21)
The operator 61(0) can be solved from (A21):
0,(0)=0,(0)—10%(0)— L0 " (0)— -+, (A22)

where 60 is a constant operator (i.e., independent of o ):

Oy(0)=0,(a") . (A23)
Because j; (o) is assumed to be a local operator, the
operators 6,-( =0,1, - - - ) derived from j; (o) are also
local operators. A local constant operator with zero vac-
uum expectation value must be zero. This is because for
an arbitrary local operator ®(o )

[0o(0), ®(0)]1=[0y(c"),®(5,)]=0, (A24)

if we choose o’ to be far away from o,. Therefore, in the
Hilbert space generated by local operators, the operator
00 must be proportional to the identity operator. Since
00 has a zero vacuum expectation value, 00 must be
Zero.

Substituting (A22) into (A 18) we find that

o+o'’ 1o, A,,[U-HT'
2 48(0 0)03[ 2
—0")0%" %’— +o (A25)
m k)

ki —ky)ky+ky )& (ks ky) Ok, +hy+hy+k, T 77

(A26)
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where

ithy+k,

TEf (kg k,) (A7)

and £ is a typical length scale in the microscopic theory.
Notice that O,(c) has a dimension (length)?. f3(ksy,k,)
in (A27) is a dimensionless function of order O(1). For
small k; (i.e., k2% << 1) the second term in (A26) can be
ignored comparing to the first term. Therefore (19) is
valid in the small-momentum subspace.

In the following we would like to derive the commuta-
tors of the SU(2) currents, (41). Following the above dis-
cussions for the U(1) current, we can easily show that

[H,jft1=c/kjfE , (A28)
ek, it 1=0, I#J . (A29)
|

(—k,|05(a)]ky)=e

I "
Lif F (o), i He)]= —711'8'(0—0')4-8(0—0’03”

og+o’

+8"(c—0')0%® 5

where Of%(0) satisfy
O0o)=—(—)0"0) . (A34)

The operators O%(o) have zero vacuum expectation
values as implied by (39). Equation (A31) implies that
172

ejf T (0)=0¢"(0)— 10" (o)

—10%"" (o) + - - - (A35)

Using (A34) we can break (A35) into two equations:

172
__72L Gabcjc+(0')
:68b(0_) %6;1)”(0') Tlgazb””(a')_F . 6’)
A A (A3
0=—101""(0)—10%"" (o) + - -~

o+o’
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The current conservation 3,j°°+3,j?°=0 and (A28) im-
ply that

i~ =0 (A30)
in the small-momentum subspace.
Using the SU(2) algebra
[ do[j®0), jtua")=e"jf%a") , (A31)

we can show that [following a similar derivation leading
to (A17) and using (A30)]

Uik =0tk 1= 7 €™l

(A32)

In general the current commutator can be written as

o+o’

+8'(c—0")0%® 5

(A33)

[

Because 6,-“1’(0) has a dimension (length)i_‘l, the matrix
elements of (3,)'0/%(o') in the small-momentum subspace
contains a factor (k&) ~!. Therefore in the small-
momentum subspace the operators 6,»‘”’(0) i=2,3,...1in
(A33) and (A36) can be set in zero. In the previous calcu-
lation we also show that O{’(¢) vanishes if O{’(o)
satisfies (A36) and (0|0 {’(¢)|0) =0. From (A36) we find
that 63”(0 )=(7/V2)e®j$t (o). After dropping 6,(0 ),
i=1,2,... from (A33), we find that (A33) is equivalent to
(41). In this way we show that (41) is valid in the small-
momentum subspace.
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