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Abstract

We announce two theorems on fractional Chern insulators and sketch the proofs.!
We consider interacting fermions in a magnetic field on a two-dimensional lattice
with the periodic boundary conditions. In order to measure the Hall current, we
apply an electric potential with a compact support. Then, due to the Lorentz force,
the Hall current appears along the equipotential line. Introducing a local current
operator at the edge of the potential, we derive the Hall conductance as a linear
response coefficient. For a wide class of the models, we prove that if there exists a
spectral gap above the degenerate ground state, then the Hall conductance of the
ground state is fractionally quantized without averaging over the fluxes. This is an
extension of the topological argument for the integrally quantized Hall conductance
in noninteracting fermion systems on lattices.

1 Introduction

The quantum Hall effect [12, 11] is one of the most astonishing phenomena in condensed
matter physics. In fact, the quantization of the Hall conductance is surprisingly insen-
sitive to disorder and interactions [15]. This robustness of the quantization reflects the
topological nature of the Hall conductance formula. Namely, the topological structure
never changes for continuously deforming disorder or interactions.

The first discovery was that Thouless, Kohmoto, Nightingale and den Nijs [24] found
that the Hall conductance is quantized to a nontrivial integer in a two-dimensional non-
interacting electron system in a periodic potential and a magnetic field. Later, Kohmoto
[13] realized that the integral quantization of the Hall conductance is due to the topo-
logical nature of the Hall conductance formula. Namely, the integer is nothing but the
Chern number which is the winding number for the quantum mechanical U(1) phases
of the wavefunctions on the magnetic Brillouin zone which can be identified with a two-
dimensional torus. More precisely, the U(1) phases are nontrivially twisted on the torus,
and the winding number is given by the number of times when the phases rotate on the
U(1) circle, and must be an integer.

Although realistic systems have disorder and interactions, they treated translationally
invariant noninteracting systems only. Instead of resorting to the topological argument
in usual differential geometry, the method of noncommutative geometry [4] was found to
be useful to show the integral quantization of the Hall conductance for noninteracting
systems which do not necessarily require translation invariance [3]. (See also [2, 1, 5, 17].)
However, its extension to interacting systems still remains an open problem.

!The full detail is given by [18].
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Another tricky approach which we will focus on the present paper was introduced
by Niu, Thouless and Wu [23]. They considered a generic quantum Hall system which is
allowed to have disorder and interactions. They imposed the twisted boundary conditions
with angles ¢, and ¢, at the two boundaries in a two dimensional system, and assumed
that the system exhibits a nonvanishing uniform spectral gap above a g-hold degenerate
ground state. Under the assumptions, they showed that the Hall conductance averaged
over the two angles is fractionally quantized. (See also [16].)

Clearly, their method is artificial, and their result does not implies that the Hall
conductance for fixed twisted angles is fractionally quantized. But one can expect that the
twisted boundary conditions do not affect the quantization of the Hall conductance. Quite
recently, Hastings and Michalakis [8] treated an interacting lattice electron system which
does not necessarily require translation invariance, and showed that the Hall conductance
is quantized to an integer irrespective of the twisted angles under the assumptions that
the system shows a nonvanishing spectral gap above the unique ground state.

In the present paper, we consider interacting fermions in a magnetic field on a two-
dimensional lattice with the periodic boundary conditions. As is well known, in generic
lattice systems, a constant electric field is known to be useless in order to measure the
conductance because the absolutely continuous spectrum of the unperturbed Hamiltonian
often changes to a pure point spectrum. Therefore, one cannot expect that there appears
an electric flow due to the constant electric field.

In the present paper, we overcome the difficulty as follows: In order to measure the
Hall current, we apply an electric potential with a compact support, instead of the linear
electric potential or the time dependent vector potential which yield the constant electric
field. Then, due to the Lorentz force, the Hall current appears along the equipotential
line. Introducing a local current operator at the edge of the potential, we derive the Hall
conductance as a linear response coefficient. For a wide class of the models, we prove that
if there exists a spectral gap above the degenerate ground state, then the Hall conductance
of the ground state is fractionally quantized without averaging over the fluxes. This is
an extension of the topological argument for the integrally quantized Hall conductance in
noninteracting fermion systems on lattices.

The present paper is organized as follows. In Sec. 2, we describe the model, and state
our main Theorem 1. In Sec. 3, we define current operators. Using these expressions, we
derive the Hall conductance formula as a linear response coefficient in Sec. 4. Following
the idea by Niu, Thouless and Wu, we twist the phases of the hopping amplitudes of the
model, and we present Theorem 2 below about the stability of the spectral gap above the
degenerate ground state against twisting the boundary conditions in Sec. 5. In Sec. 6,
the Hall conductance averaged over the phases is shown to be quantized to a fraction
by using the standard topological argument. In Sec. 7, we consider deformation of the
current operators, and prove that the statement of our main Theorem 1 is still valid for
the deformed current operators so obtained. In other words, the fractional quantization
of the Hall conductance is robust against such deformation of the current operators. In
Sec. 8, we sketch the proof of the main Theorem 1.



2 Lattice Fermions in Two Dimensions

Let us describe the model which we will treat in the present paper. Consider a rect-
angular box, A := [-LW/2, LMW /2] x [-L® /2, L1 /2], which is a finite subset of the
two-dimensional square lattice Z2. Here both of L) and L® are taken to be a positive
even integer. We consider interacting fermions on the lattice A with the periodic boundary
conditions. The Hamiltonian is given by

A
(21) H[g ) = Z tw,yc};cy + Z Z Ux1,w2,..,,z1nz1nzg cc Mg,

z,yEA I>1 z1,z2,...,21€EA

where cl, c, are, respectively, the creation and annihilation fermion operators at the site
xr € A, the hopping amplitudes ¢,, are complex numbers which satisfy the Hermitian
conditions, t, , = t;,y, and the coupling constants Uy, 4, .. 5, of the interactions are real;
Ng = cicz is the number operator of the fermion at the site £ € A. We assume that both
of the hopping amplitudes and the the interactions are of finite range in the sense of the
graph theoretic distance, and that the strengths are uniformly bounded with respect to
the sites as [t,,] < ¢, and |U,, 4. 2,| < U© with some finite constants, t® and U©.
Although our method can be extended to more general models, e.g. in higher dimensions
and with internal degrees of freedom such as spin, we will treat the above model for
simplicity. The essential properties which we require for applying our method to a model
are charge conservation and a spectral gap above the ground state.

Clearly, the Hamiltonian HSA) of (2.1) commutes with the total number operator
Y zea Mo of the fermions for a finite volume |A| < co. We denote by HéA’N) the restriction

of H(gA) onto the eigenspace of the total number operator with the eigenvalue V.

We require the existence of a “uniform gap” above the sector of the ground state of
the Hamiltonian HéA’N). Since we will take the infinite-volume limit A — Z?, we keep the
filling factor » = N/|A| to be a nonzero value in the limit. The precise definition of the
“uniform gap” is:

Definition 1. We say that there is a uniform %ap above the sector of the ground state if
the spectrum o(H{™") of the Hamiltonian Hé M) satisfies the following conditions: The
ground state of the Hamiltonian HSA’N) is g-fold (quasi)degenerate in the sense that there
are q eigenvalues, E((,ﬁ’), e ((JZ), in the sector of the ground state at the bottom of the
spectrum of HSA’N) such that
0F = ma)/c{lE(()Ag - EM \} —0 as |A| — oc0.
m,m

0,m’

Further the distance between the spectrum, {E((,ﬁ]), ce E(g,]g)}, of the ground state and
the rest of the spectrum is larger than a positive constant AE which is independent of
the volume |A|. Namely there is a spectral gap AE above the sector of the ground state.

We prove:
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Theorem 1. We assume that the ground state of the Hamiltonian H(gA’N) is q-fold degen-

erate or quasi-degenerate, and there is a uniform gap above the sector of the ground state.
Further, we assume that, even when changing the boundary conditions, there is no other
infinite-volume ground state except the infinite-volume ground states which are derived
from the q ground-state vectors of the Hamiltonian HéA’N). Then, the Hall conductance
012 1S fractionally quantized as

1p
2.2 S
( ) 012 o1 q

with some integer p in the infinite-volume limait.

The precise definition of the Hall conductance ;3 is given by (4.11) in Sec. 4 below.

Remark . (i) We can relax the assumption on the number of the ground states so that
when twisting the phases of the hopping amplitudes at the boundaries, there appears no
other infinite-volume ground state at energies lower than or close to the energies of the
g-fold ground state, except the infinite-volume ground states which are derived from the
g ground-state vectors of the Hamiltonian H(gA’N).

(ii) The possibility of the spectral gap above the ¢g-fold degenerate ground state in quantum
Hall systems was treated by [14] in a mathematical manner. The numerical evidences of
the existence of nontrivial fractional Chern insulators were shown in [22].

3 Local Current Operators

In order to measure the Hall current, we must define current operators by relying on the
Ehrenfest’s theorem in quantum mechanics.

3.1 Current operators for a single particle

Consider the time evolution of a wavepacket of the single particle on the infinite-volume
lattice Z2. The single-body Hamiltonian H, corresponding to the present system is given
by
(How)(2) = Y tay¥(y) + Uath(2)
y€Z2
for 1 € ¢2(Z?%). The Schrodinger equation which determines the time evolution of the
wavepacket is given by

.d
'la'%bt = Hothy

for the wavefunction v; at the time ¢. The expectation value of an observable a is {a); :=
(v, ats) / (14, 1:), where the inner product is defined by (p, %) = Y g2 w(z)*¥(z) for
0,y € E(Z%).

The current due to the motion of the particle is determined by the velocity of the
center of mass. The center of mass is nothing but the expectation value of the position
operator. The position operator X = (XM, X@) is defined by (XWy)(z) = zW(z),



j = 1,2, where we have written z = (z(!), 2(?)) € Z2. The Ehrenfest’s theorem for the
position operator is expressed as

d
dt
where [A, B] is the commutator of two observables, A and B. Therefore, the natural
definition of the current operator must be JU) = i[H,, X]. Clearly, this is an infinite
sum. We want to decompose the current operator into the sum of local current operators
which are much more useful us to obtain the Hall conductance formula below.
In order to define local current operators, we introduce an approximate position op-
erator as

(X(j)>t — (i[ﬂfo,X(j)])t,

(X9) (@) = 17 (@ (@),
where the function fe(j ) on Z2 is given by

22

f2) =309 (@ k- ) — ¢

k=1
with the step function,

em@wyz{a 20 < k.

Clearly, we have ||(X@ — XP)y|| — 0 as £ — oo for (X@y) € £2(Z?). By replacing
X with X 53 ) in the expression of the current operator 39, we obtain the approximate
current operator as

26
ng) — i[f}fong(])] _ Zi[g.co,g(j)(. sk =0).
k=1
The summand in the right-hand side is interpreted as the local current operator. Namely,
the local current operator JU) (k) across the k-th site in the j direction is given by
the commutator of the Hamiltonian H, and the step function 8Y(--- ;k) as JO (k) =
i[Ho, 09(- - s k).

3.2 Current operators for many fermions

The step function is written
(3.1) 09 (k) = 09 (z;k) ng
TeZ?

in terms of the number operator n, of the fermions. Therefore, the local current operator
JU)(k) is formally written

. 2 .
(3.2) JOk) = i[H, 090 =i > > (tayeley — tyaches),
z€Z? yeZ?
eW<k 4>k
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where we have used the expression (2.1) of the Hamiltonian, and we have written z =
(z®, ). Although this is clearly an infinite sum, the expression can be justified for a
localized wavefunction of many fermions. For the present finite-volume lattice A, we can
define the local current operator J) (k) as

JOk) =1 Y > (taychey — tyaches)

€A yEA
(D <k y(:>>k

with the periodic boundary conditions because the range of the hopping amplitudes is

finite. In order to measure the Hall current, we introduce an approximate local current
operator as

(33)  JP*kO =iy > > > (taycley — tyaches),

zM <k E-N<z@<+N y(D>k -N<y@D<e+N

where N is a positive integer and ¢ is an integer. Namely, N is the cutoff in the second
direction.

4 Linear Response

In order to measure the Hall current, we apply an electric potential to the present system.
For this purpose, we introduce a 2M x 2M square box as

ik, 0) = {z= (e, 2P | k—M <20 <k+M,£<z® <2+ 2M}

for a positive integer M, and the sum of the number operators n, on the box as

(4.1) XTw(k, 0) =Y ns.

2€D ¢ (k,0)

The latter yields the unit voltage difference from the outside of the region. The current
operator segment JN (k, £) of (3.3) goes across the bottom side of the square box I'y(k, £).
When we change the potential energy inside the box by using the potential operator

x(T'x(k, £)), the Hall current is expected to appear along the boundary of the box 'y (k, £)
due to the Lorentz force. The Hall current is measured by the observable JN)(k ¢). More
precisely, we use a time-dependent electric potential. The Hamiltonian having the electric
potential on the region I'y(k, £) is given by

(4.2) HM® @) = HM + 2w (1)

with the perturbed Hamiltonian, W (t) = e x(I'x(k, £)). Here the voltage difference X is
a real parameter, and the adiabatic parameter 7 is a small positive number. We switch
on the electric potential at the initial time t = —T with a large positive T', and measure
the Hall current at the final time ¢t = 0.
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The time-dependent Schrodinger equation is given by
z‘%\p“\” (t) = H® () uM(2)

for the wavefunction W™ (¢) for the N fermions. We denote the time evolution operator
for the unperturbed Hamiltonian HéA) by

(4.3) UM(¢, s) == exp [—i(t — s)HéA)} for t,s € R.

We choose the initial vector W) (~T) as UM (-T) = UM (=T,0)9™) with a vector
®®). Then, the final vector ¥(¥) = WM (¢ = 0) is obtained as

0
(4.4) T = M) _ ) / ds UM(0, )W ()UM (5,0)8N) 4 o(\)
-T

by using a perturbation theory [16], where o()) denotes a vector \P%N) with the norm
H\IIE{N)H satisfying ||\11§2N)H//\ —0as A —0.

We denote the g ground-state vectors of the unperturbed Hamiltonian H; (AN) by &; N)
with the energy eigenvalue Eé nz ., m=1,2,...,q. We choose the initial vector &) = @é{:ﬁl

with the norm 1, and write the corresponding final vector at t = 0 as ¥™) = \Ifg\,/,z Then,

the ground-state expectation value of the approximate local current operator Jj(f )(k, £) is
given by

1 q
(4.5) (I (k, 0) = . ST, I (k, OTE).
m=1

Let PO(A’N) be the projection onto the sector of the ground state of HéA’N), and we
denote the ground-state expectation by

1 A
ey = T (Y,

where g is the degeneracy of the ground state. Using the linear perturbation (4.4), the
expectation value of (4.5) is decomposed into three parts as

(D, 0) = (D (5,0, + (DR, D), + (),

where (J{(k, €)), = w§™™ (J (k,£)), and
46) (I (k,0), = —i / ds w{™ (JP (k, UM (0, )W (5)USM (5,0)) + c.c.

The first term <J9(f )(k, Z))O is the persistent current which is usually vanishing. We are
interested in the second term ( I (K, ¢)), which gives the linear response coefficient, i.e.,
the Hall conductance. We write

(4.7) X (T (k, £); ) == UM (0, $)x(Tae(k, 0)USM (5, 0).
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Using the expression of the perturbed Hamiltonian W (t), the contribution (4.6) of the
expectation value of the local current is written

(48) (0 (k, 0)), = i) / " ds e ((Tye(h, £); ), Kk, 0)]).

Note that, by using integral by parts, we have

(4.9) / ds emw§™™ ([x® (Do (k, £); 5), I (k, 0)))

= [sem ™ (™ (Tae(k, )5 5), JP (K, €))]

0
-
0
—/ ds nse”sw(()A’N)([X(A)(FM(k,Z);s),JS)(k,E)])
-T
0
- [ dsserale ([ x®mati 56). 5 1,0) ).
-T

Clearly, the first term in the right-hand side is vanishing as T — oo. The second term is
also vanishing as 71 — 0 after taking the limit 7" — oo. The third term in the right-hand
side is written 0
[ ds semal N ([0 b ), T (O, 0 5)]),
-T
where

d .
TN (Toelk,€);5) = x™ (Cuelk, 0);5) = Us™ (0, s)ilHg", x(Tae(k, )10 (5, 0).

For getting the second equality in the right-hand side, we have used the definition (4.3) of
the time evolution operator U™ (¢, s) and the definition (4.7) of xM (T (k, £); s). Clearly,
the above operator J)(I'y(k, £); s) is interpreted as the current across the boundary of
the region I'y(k, £) at the time s. From these observations, we define the Hall conductance
for the finite lattice A as

0
(4.10) 8N n, TN, M) =1 / ds se™w™™ ([JP (k, €), TN (Tae(k, £); 8)])

-T
because A\ is the voltage difference. The Hall conductance in the infinite-volume limit is
given by

. . . . . ~(AN
(4.11) 012 2= lim lim lim lim /}1/,1?212 55" (0, T, N, M).

5 Twisting the Phases

Consider H{®(¢;, k) := exp[—ig;09 (k)| H expli;69)(k)], for ¢; € R, where 89 (k)
is the step function of (3.1). This transformation changes the hopping amplitudes as



toy — toy€'® for 29 < k, y9 > k, and the opposite hopping amplitude t,; is determined
by the Hermitian condition t,, = t},. The rest of the hopping amplitudes do not change.
In both of the first and the second directions, we define the twist by

2
HéZ ¢y, k1; o, ka)
= exp[—i(¢16D (ky) + 620 (ko)) | HE™ exp 3616V (k) + 626 (k) ).
This transformation is justified for localized wavefunctions.

Relying on this rule, we can twist the phases of the hopping amplitudes of the finite-
volume Hamiltonian H . We denote by HO ((;51, ki; 2, ke) the corresponding finite-
volume Hamiltonian on A. When both of k; and k, are placed at the boundaries of the
lattice A, the boundar conditions of the system become the usual twisted boundary con-
ditions. We write H0 1; ¢2) for the Hamiltonian with the twisted boundary conditions
for short. Further, one has

z€Z? z€Z?
() =k—1 2 =k-1

Thus, one can change the position of the twisted hopping amplitudes by using the unitary
transformation which is local in the j-th direction.
Similarly, we can consider

J(j)(k; o1, k1; @2, kz)
= exp[—i(¢19(l)(k1) + ¢29(2)(k2))] J9) (k) expi($:0 W (k1) + $209 (ky))]

for the local current operator J (k). Therefore, in the same way as in the case of the
Hamiltonian, one can change the position of the twisted phases as

T (ks 1,k — 1; o, ko)
=‘3XP[—73¢1 Z ’flz] J(j)(k;¢1,k1;¢2>k2)exp[i¢1 Z "z]

z€Z? z€Z?
MW=k -1 (M =k; -1

Further, one has

1) (g5, k) = expl=ig,09 (i[HE, 09 (b)) explic 69 (k)]

0;
= exp[—i$;09 (k)] JD (k) explid; 09 (k)].

Namely, we can obtain the local current by differentiating the Hamiltonian. Thus, one
has

9
86,

for the finite-volume Hamiltonian HéA).

(5.1) HM (1, kys o, k) = JD (ks dr, krs b, ko), G =1,2,
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Theorem 2. Under the same assumptwns as in Theorem 1, we have that the ground
state of the Hamiltonian HO (¢1, ki; @2, ka) having the twisted phases ¢1 and ¢, at the
positions ki and ky in the first and the second dzrectzons respectively, has the same ¢-fold
(quasi)degeneracy as that of the Hamiltonian HO ) without the twisted phases. Further,
there exists a uniform spectral gap above the sector of the ground state for any ¢, and
¢2, and there exists a positive lower bound of the spectral gap such that the bound is

independent of the phases ¢y, ¢.

The proof is given in [18].

Remark. As mentioned in Sec. 1, the method of twisting the phases at the boundaries was
first introduced by (23] for the quantum Hall systems. Later, the method was extended
to strongly correlated quantum systems such as quantum spin systems in [9], in order to
measure the local topological properties such as a local singlet pair of two spins.

6 A Topological Invariant

Consider the Hamiltonian HéA‘N)(gbl, k; ¢2,£). Relying on Theorem 2, we denote the ¢
vectors of the ground state by CID((){\,I,)L(gbl, k; ¢2, £) with the energy eigenvalue E( )(¢1, ®2),
m = 1,2,...,q, and denote the excited-state vectors ) (¢1, k; p2, £) with the energy

eigenvalue E,(LN)(qSl;ng), n > 1. We write ¢ = (¢1,¢s), and ¢ = (¢1, k; ¢o, £) for short.
We define

) a (@), JO(4; )0 ()
61) 693 o) (@), JD(k; p)2N () (@8 (), T (£; )DL
oD ;Z (E(@) — B8V ()2
(@), IO $)2N () (25 (), JD (k; ) DS ())
(ESN (@) — BN ()2

We write @é{\,’,)t((j)) for the vectors of the ground state of the Hamiltonian HéA) (¢1; ¢2) with

the twisted boundary conditions with the angles ¢; and ¢,, and <I>$LN’(¢) for the vectors
of the excited states. We define

(N) (1) (V) (V) 2) (N)
S0 (B5.m(#), JD (k) DR () (DK (), T () ()
(62 ZZ (E)(#) — BV ()2

m 1n>1
(@n(9), 202 (9)) (@8 (9), SV (k)20 (9))
(Esm(9) = EX"(9))?
This is the standard form of the Hall conductance for the degenerate ground state with
the twisted boundary conditions. Since we can change the position of the twisted hopping

amplitudes by usmg the unitary transformation as shown in the preceding section, this
conductance 65" (¢) is equal to the above a—§’; (@) of (6.1).




Niu, Thouless and Wu [23] showed the following: When averaging the conductance

&%’N)(qb) over the phases ¢; and ¢,, the averaged Hall conductance is fractionally quan-

tized [16] as in (6.4) below.
Using a contour integral, the projection PO(A’N) (&5) onto the sector of the ground state

is written ) )
PN gy = L 7{ dr—
) e P TR G)

because the spectral gap exists above the sector of the ground state as we proved in
Theorem 2. Note that, for j = 1,2, one has

- ] 1
PYO@) = 5 FMOB) = 5 i T i)

9¢; 2mi H™™ (@) - H"(¢)
where we have used (5.1). Using these, we have
(6.3 o™ (@) = - T BMU@) [FY(@), Pz (9)]

Remark. In the 1nﬁn1te—volume limit, A /' Z? and N / oo, one formally has
&(Zz,oo) — _é Ty Po(z2yoo) [[P()(Z2,oo))9(1)(k1)], [Péz2’oo)’ 9(2)(]62)]} ,

12
where we have used PO(% %) — [P(Z ) O(J)(kj)} for j = 1,2, which are derived from (3.2).

This expression of the Hall conductance 0§2 ) has the same form as that for formally

applying the method of noncommutative geometry [4, 3, 1] to an interacting fermion
system. Actually, the expression can be obtained by replacing the single-fermion step
function? with that for many fermions. But, justifying the expression in a mathematical
rigorous manner remains a challenge because the many-body step function 89 (k;) is
expressed in terms of the infinite sum of the number operators.

The following proposition is essentially due to Kato [10]. See also Proposition 5.1 in
[16].
Proposition 3. There exist orthonormal vectors égﬁ(&), m = 1,2,...,q such that the
sector of the ground state of HéA’N)(tib) is spanned by the q vectors é((,]\g(é)), and that
all the vectors @E,}Q(a)) are infinitely differentiable with respect to the phase parameters
¢ € [0, 2] x [0, 27].

Relying on this proposition, one has [16]

1 ~ (A,N) lp
(6.4) ) / dbrdgy 50N (F) = L
(2m)? [0,27]% [0,27] g 01" 2myq
with an integer p. Since U(A’ )(¢) = 5™ (¢) as mentioned above, we obtain
6.5 / / dgrdes 65"
(65) (QW)Z [0,27]x [0,27] $rdd2 & (¢)= 27rq

for the Hall conductance 65" (¢) with the simple twisted boundary conditions.
2See, e.g., (2, 5, 17].
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7 Topological Currents

We write HO(A)(&)) for the Hamiltonian HéA)(¢1, k; @9, £) in Sec. 5. Consider a further defor-
mation of the Hamiltonian H{" (¢) as H™ (¢, &) := exp|—iadin H™ (@) expliading),
where we have written & = (o, z) for short. Then, the relation (5.1) is modified as

32 A)(qb, &) = exp|—iaping) {J(I)(k @) + za[HéA)( ?), nz]} expliading).
We write JU(k; <~ﬁ, &) for this right-hand side. Namely, we have
7) A HE(8,8) = J0(0:6,).

Clearly, this operator J®(k;¢,a) is the local current operator which is obtained by
twisting the phases of

(7.2) JO(k, &) == JV(k) +ia[HM  ng)
with the angles ¢; and ¢,. In the infinite volume, the operator is formally written
JO(k, &) = i[HE), 0 (k)] + ia[HE) ny] = i[HE 60 (k) + an,).

That is to say, the step potential is slightly deformed with « at the site z.
In the same way, the projection operator onto the sector of the ground state is trans-
formed as

AN (G =\ L (AN) /3 : _ RS dz
A (6,8) 1= epl-iaind () expliagun] = 5 § HOY(5.5)

We write

PN (p,6) = %Pé“ N(g, &)
J

for j = 1,2. Then we have:

Lemma 4.

/] drdy T PPV, 6) [P (3, @), PG™ (8, 8)]

[0,27]x[0,27]

=[] b B@) [FEV(6), FE(@)]
[0,27]x [0,27]

The proof is given in [18]. This lemma implies that the topological invariant, the Chern
number, does not change for the local deformation of the phases of the Hamiltonian. But
the local current operator in the first direction changes from (3.2) to (7.2). Even when
starting from this deformed local current operator J®)(k, &), our argument holds in the
same way. In consequence, we can prove the same statement as in Theorem 1 for the
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deformed local current operator. Since we can repeatedly apply local deformations, we
can define more generic local currents in the following way.

Consider generic functions 99 (z; k, £), j = 1,2, which satisty 9 (z; k,£) = 6D (x; k),
I (z;k, £) = 03 (z, 0) for dist(z, (k,£)) > R, with a large positive constant Ry. Namely,
the functions 9V)(z; k, ¢) coincide with the step functions at the large distances. At short
distances, the functions ¥V (z;k,¢) can take any real values. We define 9U)(k,f) :=
- 90)(x; k, £) ng. Then, the twisted Hamiltonian is formally given by

HE) (§) = exp[— 3 ig99 (k, 0] B exp[ 3 iy 89 (k, 0)).

Jj=1,2 7=1,2

The generic local current operators are 30 (k, £) := i[H®",90)(k, ¢)]. The potential op-
erator of (4.1) can be also replaced by a generic electric potential such that, except the
boundary ribbon region, the potential takes the unit inside the finite large region and
zero outside region. Namely, the potential coincides with the characteristic function of
the finite region at the large distances from the boundary of the region, while the potential
takes any values at the short distances from the boundary of the region.

8 Sketch of the Proof of Theorem 1

8.1 Estimates of the current-current correlations
The conductance (4.10) is written
555" (n, T, N, M)
=§ / ds se"sZZ[ @) JO (k, )NV (@WN, J(Toq(k, £)) D) e BR = Egm)a
- m=1n>1

(B0, T(Taclk, £)BL) (00, S, ) e85
in terms of the ground-state vectors <I>(N) with the eigenvalue EOm, =1,2,...,q, and

the excited-state vectors <I>$L with the eigenvalue E,(Z ), n > 1. Here, we have dropped
the twisted phase dependence for short. Consider the limit

&gg’N)(O,oo,N, M) := lim lim 053 (n, T, N, M).

n—0T—oo

Integrating with respect to s, one has

(@) I (k, )@YV @5V, J(Toe(k, £)) @)
~(A,N) 0,m> M
012 (07007N7M> ZZ (E(N) _ E(N))

m—l n>1

(@, T(To(k, 0)BEV) (@, S (k, ) B0
(B — BNy
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where we have written J(I'y(k,£)) := J® (T (k, £); 0) for short. We can obtain

®.1) |58 0, 7,8, — 550, 00,N,20)

SAE+7n 1+TAE _,
< n
—2[ At Tt AR ¢

] 19k, ]| |7 ok, 0]

Both of the current operators, JJ(‘,1 )(k, ) and J(I'pi(k, £)), are written as a sum of local
operators. We want to show that the dominant contributions to the conductance in the
double sum are given by local operators in the neighborhood of the point (k, £). In other
words, if the distance between two local operators in the sums is sufficiently large, then
the corresponding contribution are negligible.

We define

(V) N 1 N (V)
(4; B)) = ZZ q)om,A(I’( ) (ESN) _ E,SN))z (@} )’Bq)O,m>

q 1 n>1

for local observables A and B.
Proposition 5. The following bound holds:
[(A4; B)| < Ce™™,
where r = dist(supp A, supp B), and C and k are positive constants.

Proof. The above correlation is written

(480 = 230 [ s @l A0 expl- (8 — BR)s) (@, B

1< )
=23 [ dss(@lR, A0 expl—(BLY) — Bl (@00, Bl

1 .
PP / ds 5(24;,, ARLY) exp[—(ESY) — Eg)s)(@07, Begy),

=1n>1

where c is a positive constant. Clearly, the second sum leads to the desired bound because
of the spectral gap above the ground state. The first sum is written

[ ds sl (aB i),
0

where B := B — PMV BPMY) and BW(2) = eH6"2 Be=iHi"% for 2 € C. Therefore, it
is sufficient to estimate w((,A’N)(AB (tb)) for 0 < b < cr. By definition, one has

WM (ABD (ib)) = W™ (ABD (ib)) — W™ (AP BD (ib))



where we have written BA)(z) := i *Be~i#"% for z € C. For a large distance r =
dist(supp A, supp B), we can prove the exponential clustering

w(()A’N)(AB(A)(’ib)) -~ w(()A,N)(APO(A,N)B(A)(Z'b)) + O(e—nr)

for a small b because of the spectral gap above the ground state, by using the Lieb-
Robinson bounds. (See Theorem 2 in [21].) O

Using Proposition 5, we have

. . | (A, A(A N) _
(82) Aim  lim Ah/rg 555"(0,00,N, M, ¢) — ()] =0

for the Hall conductance 5" () of (6.2) with the twisted boundary phase ¢.

8.2 Twisted Phase Dependence of the Hall Conductance

We write 35 (n, T, N, M, ¢) for the conductance of (4.10) in the case of the twisted
boundary conditions. We write AN (t) := 15" Ae=itH5" for the time evolution for a
local operator A. Let Q be a subset of A, and write Hém for the Hamiltonian H(EA)

restricted to the subset 2. Let A be a local observable with supp A C 2, and define
. 2 .

AD(1) = tH” Ae=#H5”  This is the time evolution of A on the region . Then, one

has

(8.3) [AW () — AP @) < / “ds [ - HE), At - 5))

for t > 0. When the distance between the supports of two observables (HO HSQ))
and A is sufficiently large, the norm of the commutator in the integrand in the right-
hand side becomes very small for a finite t. This inequality can be proved by using the
Lieb-Robinson bounds [20].

We define

0
8.4) #40Mm, TN, M, Q, @) = i / ds se"ws™ ([JQ) (k, £), JD(Tae(k, £); 8)]; D).
-T

This is given by replacmg the current operator J™ (T'y(k,£);s) by J (T (k, 0);8) =
ety )J(FM(k Z))e‘“Hé in the expression (4.10) of the conductance 55" (n, T, N, M, ¢)
in the case of the twisted boundary conditions. Note that

85) %M 0, T,N,M, ¢) — 5™ (n, T, N, M, Q, ¢)

0
_ / ds se™u) ([T (k, €), IO (Dac(k, €); 8) = T Ta(k, £); 9)]; 6)-

T

Using the above bound (8.3), we can prove that the difference between the two conduc-
tances becomes very small for a large lattice A. Actually, we choose the region Q so
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that dist(Q,0A) = O(L) and dist(89, I'm(k, £)) = O(L), where OA and 52 denote the
boundary of the regions A and €2, respectively, and L = min{L®"), L®}. Then, we have

8.6 AN (0 TN M, @) — 55 (n, T,N,M,Q,¢) =0 asA /7
12 12

by using the Lieb-Robinson bounds. (See also [19, 7, 21].)

In the right-hand side of (8.4), the support of the commutator of the two current
operators is a finite subset of A and apart from the boundary of A. Therefore, we can
expect that the effect of the twisted boundary condition is exponentially small in the size
L in the approximated Hall conductance (8.4). Actually, we can prove the inequality (8.7)
below.

To begin with, we note that the expectation value of a local operator A for the
ground state of the Hamiltonian HéA’N)(q&) with the twisted boundary conditions is writ-
ten w(()A’N)(A; @) =q'Tr APéA’N)(d)), where PO(A’N)(gb) is the projection onto the sector
of the ground state. Using contour integral, one has

ANy L 1
PO (¢) - o7i %dzz . HéA,N)(d))

Further, by relying on the existence of the spectral gap above the sector of the ground-
state, one obtains

2 RM(§) = o § de— By () —

; 4 e S
0¢; 2ri ] e — HM(@) T 2 - HY (@)
where we have written
By(9) = —H{"(¢)
0¢;
From this, we have
9 AN) 1 ]{ 1 1
— Tr AP =—@QpdzTr A—————B;(¢) ——F———
8¢] 0 (¢) 21i 2 — HéA,N)(¢) J(¢)z _ HO(A,N)(¢)

Integrating both side in the case of j = 1, we obtain

Tr AP (1, ¢5) — Tr AP0, ¢)

o1 1 1
| dy— f dzTr A By(¢' ,
| 5 e TR )

where we have written ¢’ = (¢, ¢2). Therefore,

WM (45 @) — Wi (450, ¢0)
21 I (BN(#), 40 (¢)) (@S (¢'), Bi(¢) DG (@)
dd' =~ ) s
/o ¢qn{:‘\: EM(¢) - EM ()

+ (A & Bi(¢)).



This right-hand side can be evaluated in the same way as in the preceding Sec. 8.1. Thus,
the difference of the two conductances with the different phases is exponentially small in
the linear size L = min{L®, L®} of the lattice-A as

513" (0, TN, M, 1, 62) = 585 (0, TN, M, 2,0,69)| < €01, T) x 0L,

where C(n,T') is a constant which depends on n and T only. In the same way, we obtain

\O’YQ\ N) 777T7 N7M,Q,¢1,¢2) — 5{12\ N)(']],T’ N, M, Q, 0, 0)’ < 6(777]") X O(e—Const.L)‘

This is the desired inequality.

8.3 Proof of Theorem 1

Now, we shall give the proof of Theorem 1. From (8.6) and (8.7), the difference between
the two conductances with the twisted phases, ¢ = (¢1, ¢2) and (0, 0), is vanishing in the
infinite-volume limit as '

(8.8) G5 (0, T, N, M, ¢y, ¢2) — 50 (0, T, N, M,0,0) > 0 as A /2

By using the formula (6.5) for the averaged Hall conductance, we have

1p
5™ (0, T,N,M,0,0) — %
21 q
Therefore, in order to prove Theorem 1, it is sufficient to show that the integrand in the
right-hand side is vanishing in the multiple limit in (4.11). The integrand is estimated as

< Const. max{‘ag’ '(n, T, N, M,0, 0) — A(AN)(cb)l}.

IJYZ\ N)(n,T, N,M,0,0) — &(Q’N)(Qb)l
[ 58N (n, T, N, M, 0,0) —&§3N)(n,T,N,M,¢1,¢z){
+ 650, TN M 61, 62) ~ 5570, 00, N, M, 61,6)|
‘0% (0, 00, N, M, ¢1, ) — 535 ()] .

As shown in (8.8) above, the first term in the right-hand side is vanishing in the infinite-
volume limit A  Z?. Relying on the estimate (8.1), we can show that the second term
is vanishing in the double limit n — 0 and T' — oo after taking the infinite-volume limit.
Finally, the result (8.2) implies that the third term in the right-hand side is vanishing in the
limit. Since the above Hall conductance a( ’ )(n, T, N, M, 0,0) with the vanishing phases
is equal to the Hall conductance a§ N (n, T,N,M) in the case of the periodic boundary
condition in the right-hand side of (4.11), we have proved the fractional quantization (2.2)
for the Hall conductance o5 in the limit.
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