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We generalize the noncommutative relations obeyed by the guiding centers in the two-dimensional quantum
Hall effect to those obeyed by the projected position operators in three-dimensional (3D) topological band
insulators. The noncommutativity in 3D space is tied to the integral over the 3D Brillouin zone of a Chern-
Simons invariant in momentum-space. We provide an example of a model on the cubic lattice for which the
chiral symmetry guarantees a macroscopic number of zero-energy modes that form a perfectly flat band. This
lattice model realizes a chiral 3D noncommutative geometry. Finally, we find conditions on the density-density
structure factors that lead to a gapped 3D fractional chiral topological insulator within Feynman’s single-mode

approximation.
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I. INTRODUCTION

The integer quantum Hall effect IQHE)! is the first known
example of a fermionic phase of matter characterized by a
topological index that is directly connected to a physical
observable. The index in this case is the sum of the (first)
Chern numbers obtained for each of the fully filled Landau
bands and the associated physical observable is the Hall
conductance.”™ The fractional quantum Hall effect (FQHE)’
results from the effects of electron-electron interactions when
the Landau levels are partially filled with electrons, for certain
rational filling fractions.® More examples of topological states
of matter that are comprised of noninteracting fermions
have been discovered recently’'® and have been classified
according to discrete symmetries they respect or not and the
dimensionality of space in which the particles propagate.'’""”
Such classification is sometimes referred to as the “periodic
table” of topological insulators.'® Among these states are Z,
topological ones associated with the presence of time-reversal
symmetry (TRS) in two-dimensional (2D) as well as three-
dimensional (3D) systems. It is natural to then question what
the “fractional” version of these phases should be and how they
could be described. In particular, it is interesting to ask what
are the possible fractional topological phases of interacting
fermionic systems in three spatial dimensions.

One approach to capture universal physics arising from
topological interacting electron systems in (24 1)°°7 and
(34 1)*73% dimensions of space and time is via the parton
construction. A fractional phase of electrons is obtained by
constructing integer-filled bands of “partons”, which are then
“glued” together by very strong gauge-mediated interactions
so as to assemble together the physical electron. This approach
is a generalization of theories that capture the universal physics
of the FQHE and yields, for instance, wave functions describ-
ing states that support fractional magneto-electric effects?®-3°
in the case of the Z, topological insulators. The parton
construction is one way to obtain an effective topological
quantum field theory (TQFT) to describe fractional topological
insulators.
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However, TQFTs do not capture the dynamics of the
systems beyond their topological properties. As emphasized
by Haldane,?' TQFTs are incomplete theories of the FQHE,
for while they characterize the quantum numbers of the
elementary excitations (topological defects), such as their
charges and statistics, they do not contain any information
about their energies. The information about the fundamental
length scale in the FQHE, the magnetic length, is lost in its
TQFT treatment. Recently, Haldane has proposed in Refs. 31
and 32 a geometric description of the FQHE based on the
algebra obeyed by the density operators projected to the
lowest Landau level that was originally introduced by Girvin,
MacDonald, and Platzman (GMP) in Ref. 33.

When projected to the lowest Landau level, the density
operators do not commute. However, the algebra closes in that
the commutation of two density operators is proportional to
a third one. Using this algebra, GMP were able to employ
an approach that parallels that of Feynman and Bijl in their
study of excitations in “He.>* Their approach allows one to
place a variational estimate on the excitation gap, if the static
structure factor is known. The algebraic approach to the FQHE
pioneered by GMP has also been useful to understand the
hydrodynamic description of the edge states in the IQHE and
FQHE.35’37 More recently, Parameswaran, Roy, and Sondhi
in Ref. 38 have initiated a study of the algebra obeyed by the
density operators in two-dimensional Chern band insulators
(see also Refs. 39 and 40). Our work in 3D is motivated by
this successful approach in 2D.

The main objective of this work is to identify the noncom-
mutative geometry that can emerge from 3D topological insu-
lators, its relation to topological invariants, and its relevance
to possible interaction-driven topological fractional phases
in fermionic 3D systems. Armed with this noncommutative
geometry, one can forge ahead in trying to construct a
dynamical theory of 3D fractional topological insulators that
could, perhaps, parallel the solid understanding of the FQHE
in 2D. In particular, the approach might suggest which types
of interactions can give rise to incompressible gapped phases
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and support the counterparts to the magneto-roton collective
excitation in the FQHE.??

There are important symmetry considerations that need to
be carefully taken into account when searching for interacting
topological insulators in 3D. The FQHE descends from the
IQHE when Landau or Chern bands are partially filled. In
turn, the 2D IQHE is a stable class of states characterized
by a Z index (symmetry class A in the terminology of
Ref. 17), which has no symmetry left out to be broken. If
the logic is that we are also to start from a noninteracting
topological insulator in 3D when constructing the interacting
fractional counterpart, we need to look at systems which are
topologically nontrivial in 3D space. One possibility is to start
with Z, topological insulators. This has been the choice in
most works so far. Here, instead, we shall start from systems
that have chiral symmetry, but lack TRS (symmetry class
AIIl in the terminology of Ref. 17). The rational for this
choice is twofold. First, from experience working on strongly
interacting 2D Z, topological insulators, we have observed
that TRS is easily broken in favor of magnetized states due
to the Stoner instability, which is enhanced in bands with
nonzero topological invariant.*'* Second, because 3D chiral
systems are characterized by a Z-valued topological invariant,
they might share similarities with the FQHE. Indeed, we shall
show that the noncommutative geometry for this 3D model
does depend on this Z-valued topological invariant.

The approach of GMP is ideally suited to the situation
where density operators are projected into a dispersionless
band (for example the lowest Landau level in the case of
the FQHE). Here, we shall give a concrete lattice model
with chiral symmetry that contains an exactly flat topological
band, on which we construct the projected density operators.
The resulting operator product expansions will depend on the
nonzero integral over the 3D Brillouin zone of a Chern-Simons
action in momentum space. For this lattice model, the average
Berry curvature over the entire Brillouin zone is zero. Hence,
the type of 3D fractional topological insulator that we discuss
is qualitatively different from the FQHE, where the average
Berry curvature over the Brillouin zone is nonzero. The nature
of the fractional states we discuss are intrinsically 3D and not
layered 2D (i.e., weak topological insulators).

The main results of this paper are the following:

In Sec. II, we relate algebraic and topological properties
of noninteracting fermions assuming a translation-invariant
insulating ground state. Although we are mostly interested in
either 2D or 3D space, our method applies to any dimension d
of space. We show in Sec. II A that the position operators for
noninteracting fermions, if projected onto the occupied bands
that make up the insulating Fermi sea, obey a noncommutative
geometry that is tied to the single-particle band topology. More
precisely, for any 3D translation-invariant and noninteracting
fermionic Hamiltonian with an insulating Fermi sea as ground
state, Eq. (2.54) relates the ground state expectation value
of the 3 bracket for the projected position operators to
Chern-Simons invariants in 1D and 3D momentum space.
If we impose chiral symmetry, Eq. (2.55) dictates that it
is only the Chern-Simons invariant in 3D momentum space
that controls this ground state expectation value. Imposing
chiral symmetry is thus a mean by which intrinsic 3D physics
marries noncommutative geometry with band topology. We
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show in Sec. II B with the help of Eq. (2.65) how to relate the
noncommutative geometry obeyed by the position operator
to that obeyed by the translation operator in momentum
space by means of an operator product expansion, whenever
chiral symmetry holds. The results of Sec. Il A are applied
to the case of a 3D Dirac Hamiltonian in Sec. IIC. This
3D Dirac Hamiltonian can be thought of as playing the
role of the Landau Hamiltonian in 2D space. So far, the
position operators under consideration are always unbounded
operators. Hence, Eqs. (2.55) and (2.65) are not applicable
to tight-binding (lattice) models. Sec. II D treats the operator
product expansion for the Fourier modes in momentum space
of the fermion density operator when projected onto a single
band. As opposed to the unbounded position operators from
Sec. IT A, there is no direct relation between the 3 bracket of
the projected density operators and band topology. Instead, the
interplay between algebra and band topology is captured by
Eq. (2.88) for any 3D lattice model with chiral symmetry.

A minimal microscopic 3D noninteracting lattice Hamil-
tonian that realizes the conditions necessary to marry the
noncommutative geometry to the band topology of Sec. II
is presented in Sec. III. A noninteracting fermionic 3 band (of
which one is flat) Hamiltonian is defined in Sec. IIT A. The
band topology is characterized by three distinct topological
numbers defined in Sec. IIIB by Egs. (3.7), (3.10), and
(3.12), respectively. They are related by Eq. (3.14). Bulk band
topology implies the existence of boundary states that disperse
across the bulk band gap in open geometries and to which we
devote Sec. III C.

The role of density-density interactions for screened
Coulomb interactions is discussed in Sec. IV for tight-binding
models on d-dimensional lattices within the single-mode
approximation (SMA) under the assumption that there exists
at least one flat band in the noninteracting limit. We follow
GMP and construct a family of variational states labeled by
momentum through the application of the Fourier modes in
momentum space of the projected (on the flat band) fermion
density operator on the exact interacting many-body ground
state. The corresponding variational energy dispersion then
delivers, within this approximation, the condition(s) for or
against the existence of a gap or the existence of collective
modes, as was achieved assuming a Laughlin state for the exact
ground state in the FQHE by GMP. If we denote the variational
excitation energy by the fraction A(k) = f(k)/s(k), where
both the denominator and numerator are expectation values
with a variational state such that the denominator turns out to
be the static structure factor of the exact interacting many-body
ground state, we show with the help of Eq. (4.10) the conditions
under which f(k) ~ k* for 2D and 3D lattice models. A
variational gap then requires that the static structure factor
s (k) of the exact many-body ground state scales like s(k) ~ K’
within the SMA. The condition s(k) ~ k* for a SMA gap can
be tested numerically given any ansatz for the many-body
ground state.

II. NONCOMMUTATIVE GEOMETRY

We begin by recalling some elementary facts about the
quantum motion of a spinless electron confined to move in
the plane spanned by the orthonormal unit vectors e; and e;
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perpendicular to an applied uniform magnetic field B = Bes,
whereby e3 = e; A e;.

Its quantum dynamics is governed by the single-particle
(Landau) Hamiltonian

Him
T 2me

2
[ﬁ + SA(ﬁ)} . B=VAA@r), (1)

where the momentum P = (Py,P;) and position R =
(R1,R,) operators obey the canonical commutation relation

(R, P,] = ihd, ., 2.2)

with w,v = 1,2.
Hence, neither do the components of the covariant deriva-
tive in position space

o=

RI=P+SA®), (2.3a)
C

nor do the components of the conserved guiding center

- o~ 02 —
X:=R- 73@ A (2.3b)
commute, for
o~ n?
[T1,,115] = —iz—z (2.4a)
B
and
[X1,X2] = +il3, (2.4b)

with £ = /hc/(e B) being the magnetic length.
An orthonormal basis of energy eigenstates of the Landau
Hamiltonian (2.1) is made of the kets

|n,m) = @ @', (2.52)
n'm!
with
al = E—B(ﬁl+iﬁ2), 5 (X, +iX,2), (2.5b)
V2n V20

and where n = 0,1,2, ... labels the Landau levels with energy

&n =hw. (m+1/2) and m = 0,1,2,...,[(®/Dy) — 1] labels

the orbital angular momentum. Here, ® = A B is the magnetic

flux threading the area A of the system, &y = hc/e is the flux

quantum, and w, = eB/mcc is the cyclotron frequency.
Defining the projector on the nth Landau level

7,5,, = Z |n,m)(n,m|,

m

one finds that the guiding center defined in Eq. (2.3b) is the
position operator projected on any single Landau level

= Lp 'B+Zﬁ
X=—| =~ 2%
V2 \ib—ib
bg ~ [ (Dbopt gl —ig\ A A an
5 [<b+b > - <ﬁ /\la> ]P11 = PnRPna
a'+a
2.7

2.6)

|
ﬁ

_f ib—ibt

s/1\ncej5,,a11 =0 and P,a'P, =0, while P,bP, = b and
’Pni)\T . = b'. Thus, the position operators projected to any
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given Landau level satisfy the noncommutative geometry
(2.4b).

This noncommutative geometry is at the heart of both the
IQHE and the FQHE. For example, it is intimately related to
the quantized Hall conductivity ™. The Kubo formula for the

contribution of the nth Landau level (n = 0,1,2,...) to the
Hall conductivity is
_enl Ty (n,m| T, Py Taln,m) — (1 < 2)
o lm2 A = (&n — &n)? ’
(2.8)

where A is the area of the Hall droplet. This can be rewritten
using Eq. (2.3a) as

> 2
le ~ o~ o~
o)t = -7 2 D _lnmIRi Py Roln,m) — (1 < 2)]

n'#n m
iez ~ A~
=0 ;[<n,m|R1PnRz|n,m> — (1< 2)]

i€2 ~ ~ 32
(n,m|[X1,X2]|n,m) = z’

_Em

(2.9)

where we used that A =27 )" ¢%. The role of the non-
commutative position-operator algebra is apparent in the
penultimate line.

To quadratic order in £g, the algebra of the projected
position operators (2.3b) is maintained if a coordinate trans-
formation r, — f,(r), u = 1,2, that varies on length scales
larger than £, is area preserving. Indeed, we can then expand

LAX), L] = +il3{ fi, frle(X) + O(€3),  (2.10a)
where the classical Poisson bracket is defined as
daf1 0
(A fle(r) == € (af‘ f2> (r). (2.10b)
ry ory

The condition for this coordinate transformation to locally
preserve area is that its Jacobian equals unity or, equiv-
alently, that {f1, o}p(r) = 1. In this case, it follows that
[A(X), /(X)) = +il% + O(£3).

From the projected coordinate algebra, one can obtain a
(projected) density algebra, by defining the projected density

p(r) :=P,o(r)P,, (2.11a)
where the unprojected density operator is
o(r):=8(r — R). (2.11b)

One can also construct the guiding center operators (2.3b) from
the projected density operators through

X, = / d&rr,P,o(r)P,. n=1.2. (2.12)
In momentum space, the projected normal ordered density
operators
igR . ﬁo — eiqi’

p(q) =BT AP, s e (2.13)
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in the lowest Landau level n = O satisfy the commutation
relations™?

- .y s —~
[o(q1),0(q,)] = —2i sin (jB(ql N'DE e3> g, +q,)

(2.14a)
or, in the limit of small momenta ¢, and ¢,,
[0(g1).0(qy)] =~ —igzg((h Aqy)-e3plq; +qy), (2.14b)

or, equivalently, to lowest order in the ¢,
[0405(q1). 93 P(q2)] ~ —ilGe,00(q; + q2). (2.14¢)

This algebra, the GMP algebra,**® plays two crucial roles.
First, within the SMA approximation,® it dictates under what
conditions interactions open a spectral gap between the many-
body interacting ground state and its excitations upon lowering
the chemical potential within the first Landau level. Second,
it also dictates the universal properties of the low-energy and
long-distance dynamics at the edge in an open geometry.>>—’

The goal of the work presented in the remainder of this
section is to generalize the noncommutative geometry encoded
by Egs. (2.4b) and (2.14c) to noninteracting many-body
fermionic Hamiltonians in 3D space. Before carrying out this
program, let us motivate what it is to come by first presenting
what would constitute a natural extension of the algebra in the
QHE to 3D problems.

First, instead of the commutator, consider the case where
the 3 bracket of the 3D projected position operators equals a
C number

[X1, X2, X3] = if?, (2.152)

where, following Nambu,* we have defined the 3 bracket
[A1,A2,As] := 6i'ikXiZjZk
= [A1,A2]A5 + [A5, A3]A) + [A3,4,]4;.
(2.15b)

The characteristic length scale ¢ of the 3D noninteracting
many-body Hamiltonian, not to be confused with the magnetic
length £5 of the 2D Landau Hamiltonian, is the signature of
a spectral gap separating the ground state from the excited
states. Similarly to the 2D case, for which area preserving
coordinate transformations leave the commutation relations
unchanged, we would like volume preserving transformations
not to change the 3 bracket. Under generic transformations
ry = fu(r), w =123, that vary on length scales larger
than ¢,

LAX), oK), foX)] = i { f1, fo, [3InX) + OE),
(2.16a)

where the classical Nambu bracket is defined as*

ofi 8f ofs

ark drv ark

{fi, fa, faln(r) i= € ( ) (r).  (2.16b)
The condition for this coordinate transformation to locally
preserve volume is that its Jacobian equals unity or, equiv-
alently, that {f1, /3, f3}n(r) = 1. In this case, it follows that
LX), £, f5X)] = i + O(8).
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Second, we claim (and show in this paper) that the 3D
counterpart to the operator product expansion (2.14) of the
projected densities is, to lowest order in the ¢’s,

(040 0(q1),0430(42),0,:0(43)] ~ €02’ 0(g, + 45 + ¢3).
.17

The algebra defined by Egs. (2.15) and (2.17), if it can
be realized by a 3D fermionic noninteracting many-body
Hamiltonian, might then deliver two results. First, within the
SMA approximation, it might dictate under what conditions
interactions open a spectral gap between the many-body
interacting ground state and its excitations upon lowering the
chemical potential below the single-particle gap. Second, it
might also dictate the universal properties of the low-energy
and long-distance dynamics at the boundary in an open
geometry.

The key idea to realize the algebra defined by Eqgs. (2.15)
and (2.17) is to replace the effect of the magnetic field in
the Landau Hamiltonian by that of the projection of suitable
operators on a suitable subspace of the fermionic Fock space.
The construction of this suitable subspace presumes the
existence of fermionic Bloch bands as occurs in condensed
matter physics and assumes that a subset of these bands are
fully occupied, while the complementary set are empty and
separated from the filled subset by an energy gap.

Now, carrying out this program for some Bloch bands will
not yield immaculately the 3 brackets (2.15) and (2.17). It will
yield these relations approximately in the long-wavelength
limit. The situation here is similar to the case of the quantized
Hall effect in flat Chern bands of 2D models. %> As
discussed by Parameswaran, Roy, and Sondhi in Ref. 38
(see also Refs. 39 and 40), the algebra (2.14b) follows if
the fluctuations in the Berry curvature over the Brillouin
zone are neglected or, equivalently, if the local curvature is
approximated by its average over the entire Brillouin zone.
Without this approximation, however, the noncommutative
relations obeyed by the projected position operator will not
be as simple as in Eq. (2.4b) and may instead be represented
as

(X1, X2] =il>+ -, (2.18)
where - - - stands for operators that appear as a result of the
inhomogeneities in the Berry curvature. The central question
is how to distinguish universal from nonuniversal contributions
to the right-hand side of Eq. (2.18). To answer this question,
we_propose to consider the ground state expectation value
([X1,X5]), that encodes the quantized Hall conductivity, as
seen in Eq. (2.9). We show in Sec. IT A that

Lz = e
1’ 2 - - .
Np o

(2.19)

Here, C'V is the first Chern number of the topological band
that sustains the IQHE in the lattice, and will be defined in
Eq. (2.53), while N, is the total particle number and o is
the average particle density. This suggests that the universal
physical properties are captured by the C-number contribution
to the right-hand side of Eq. (2.18).
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As with the commutator (2.18), the 3 bracket (2.15) will
also acquire extra terms in 3D space

(X1, X2,X3] =il +---. (2.20)

We are thus lead to consider its normal ordered expectation
value instead, which, as we show in Sec. IT A, is given by

1272

p®. (2.21)

NLP(I [X1.X2,X5] 1) =
Here, the symbol P® stands for the 3D Chern-Simons invariant
defined in Eq. (2.51b). If the discrete chiral symmetry or
time-reversal symmetry holds, P® is a quantized topological
invariant that takes half-integer values. It is related to the
dimensionless coupling

6 = 27(P®mod 1) (2.22a)
that enters the effective action
" 0e>
£t = mE B (2.22b)

obtained from integrating out noninteracting fermions of a 3D
topological insulator in the background of external electric
E and magnetic B fields within linear response theory.
This electro-magnetic coupling was derived by Xi, Hughes,
and Zhang in Ref. 14 by dimensional reduction from a
topological insulator in 4D displaying an integer quantum
Hall effect to a 3D Z, topological insulator (see also Ref. 54
for a generalization that accounts for moderate interactions).
For a 3D Z, topological insulator, time-reversal symmetry
holds. In turn, time-reversal symmetry restricts 6 to the two
values # =0 and 6 = 7 that distinguish “ordinary” from
topological 3D insulators, respectively.'* Several derivations
of the magneto-electric response, of which the 6 term (2.22b)
is an example, have been proposed without time-reversal
symmetry.55‘59

Equation (2.21) relates a nonvanishing P® to the noncom-
mutative algebra obeyed by the components of the projected
position operator through the noninteracting ground-state
expectation value of their 3 bracket. Because the position
operator and its projection are unbounded operators and be-
cause Wannier states may not be exponentially localized if the
Bloch states have a topological character,’>%! a regularization
procedure is needed to compute Eq. (2.21). We shall choose
a regularization that preserves gauge invariance under pure
gauge transformation of the Bloch states, but that breaks a
discrete translation symmetry. In doing so, we shall make a
connection with Ref. 57, where a representation of the 6 term
is given in terms of expectation values of the position operators
in the Wannier basis.

We start by deriving the conditions under which Eq. (2.21)
holds in Sec. I A for any Hamiltonian that is endowed with
translation invariance, a spectral gap, and describes the motion
of noninteracting fermions in flat Euclidean space R3. We
draw a connection between the 3 bracket and the (classical)
Nambu bracket in Sec. II B. We then specialize in Sec. I1C
to the case of massive noninteracting Dirac Hamiltonians
for which some analytical results can be obtained in the
long-wavelength limit. Finally, Sec. IID is devoted to the
operator product expansion of single-particle density operators
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in 3D lattice models and the conditions under which Eq. (2.17)
holds.

A. Noncommutative geometry for projected position operators

We shall consider noninteracting fermions whose dynamics
are governed by the translation invariant Bloch Hamiltonian

N
H= / Y DI AHCIACIY AU} (2.23a)
Apy a=1

We are reserving the latin index a = 1, ...,N for the band
label. The momentum k = (k") belongs to the Brillouin zone
i b4
Ay, = {(k“)eRd — <kt <=, u= 1,...,d},
a a

(2.23b)

with 7/a playing the role of the upper momentum cutoff.
Eachbanda = 1, ..., N is characterized by the single-particle
energy dispersion &,(k), a real-valued function over the
Brillouin zone. The creation and annihilation operators obey
the fermionic algebra

(X xo (K} = (X1 k), % ()Y = 0,
(), x L (K = 84,080k — ),

for all pairs of bands and for all pairs of momenta in
the Brillouin zone. Finally, for any band a =1, ...,N, for
any momentum k from the Brillouin zone, and for any
Cartesian unit vector e from RY, we impose twisted boundary
conditions across the Brillouin zone through

Xa(k + Q2r/a)et) = ey, (k).

(2.23¢c)

(2.23d)

These twisted boundary conditions are parametrized by the
real numbers 0 < 0* < 1 withpu =1, ... ,ci.

We shall also assume that (i) there are N lower bands out
of the N bands that are separated by an energy gap from the
N — N remaining upper bands and (ii) the chemical potential
lies in this spectral gap (see Fig. 1). We denote with

N
Py = / d'kY " KaUFa(k) (2.24)
Abz a=1

N bands

ands

. filled
A el
S

FIG. 1. (Color online) Assumed spectral gap in the single-particle
energy spectrum. Here, . denotes the chemical potential and the
insulating noninteracting many-body ground state |®) is obtained by
filling all the states in the N bands below the spectral gap.
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the projection operator on the single-particle states spanned
by these gapped lower bands. We are reserving the latin index
with a tilde signa = 1, ...,N for the lower band labels.

In analogy to the guiding center coordinates (2.12) from the
IQHE, we would like to define projected position operators.
However, projected position operators are associated with
gauge fields, as we now explain.?

On the one hand, we may define the Wannier creation
operator through the Fourier transform

~ dk s
T —ik-R

W o= _— '(k),
a;R f/\éz @ /a)d/ze X, (k)

or, equivalently, the inverse Fourier transform

(2.25a)

1 o~
=t . +ik-R oot
x) (k) =: S dn E e W,k (2.25b)
a /2 a;
2m/a) Rene

for any band index a = 1,...,N and for any lattice point
R = (R") € Ag whereby

R

Ag = {(R") eR? =60"mod 1, u = 1,...,d.}.
a

(2.25¢)

The length scale a can thus be interpreted as a lattice spacing.
Consequently, creation and annihilation Wannier operators
obey the fermionic algebra

{Wa;R’Wa';R/} = {W;;R’WJ"R’} = 07
: (2.26)

{Wa;Rv WJ’;R/} = (Sa,a’SR,R’s

for all pairs of bands and for all pairs of lattice sites. Moreover,
the projection operator (2.24) remains diagonal in the Wannier
representation (2.25),

N
Pr= 3 S Wl Wk

(2.27)
ReAg a=1
Hence, the Wannier position operator defined by
N 1
Ri=) > W RWur (2.28a)

ReAg a=1

is projected onto the lower bands by restricting the band index
to the lower ones,

i
Xp:=PyRPy =Y > Wl,RWur. (2.28b)
REAR a=1

Hamiltonian (2.23a) in the Wannier basis is represented by

N
A= Y W w Wan

(2.29a)
R, R cAp a=1
The single-particle matrix elements,
dk ; ,
Hor—r = / ——— R (k) (2.29b)
Ay, Cm/a)

may decay slower than exponentially with the separation |R —
R’| on the lattice A g for some of the bands; that is, locality in
position space is not manifest in the Wannier basis.*¢!
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On the other hand, for any Hamiltonian describing the
electronic band structure of crystalline phases of matter, there
must exist a basis in which the Hamiltonian is local in position
space, for electrons all originate from atomic orbitals. We can
enforce locality of the Hamiltonian (2.23a) as follows: We shall
assume that, for any momentum k from the Brillouin zone,
there exists a unitary transformation from the band creation
operators to the so-called orbital creation operators; namely,

N
Yitk) =Y ul* ()% k),

(2.30a)

a=1
where we have reserved the greek index o = 1, ...,N for the
orbital label. For any k from the Brillouin zone, the N x N
matrix elements between the band ¢ =1, ..., N and orbital
o =1,...,N labels obey (i) the periodic boundary conditions
u@ (k) = u(k + 2 /a)et), (2.30b)

for any u =1, ...,d, in order for @a(k) to share with (k)
the same twisted boundary condition (2.23d) and (ii) the
orthonormality conditions

N
S U Ul k) =6 ad' =1.....N.

a=1

(2.30c)

in order for the pair (/f\j[(k) and fﬁar(k’) to share the same
fermionic algebra (2.23c) as the pair ¥ (k) and X, (k") does.
Finally, we assume that the representation

N
ﬁ: Z Z ai;rHa,a’;rfr’aa’;r’

(2.31a)
r.r'el, a,a'=
in terms of the Fourier transform
—~ dk s
fo= — e kryik 2.31b
Vi /A  Gjame B @31
or, equivalently, the inverse Fourier transform
~ 1 L~
k) = ——— Hikeryt 2.31¢
Valk) = i ZAe Vi  (23lo)

for any orbital index o = 1,...,N and for any lattice point
r = (r*) € A,, has the single-particle matrix elements

d
Hy o / —/ ievﬁk(rfr’)
o, r—r -—
Ay, 27 /a)!

N
< Y ul (ke (k) (k).

a=1

(2.31d)

that decay exponentially with increasing distance |r — r’| for
any pair of orbitals. Thus, locality on the lattice

r#

A, :={(M) e R? - =0*modl, u=1,... ,d} (2.31e)

is manifest in the orbital basis. The lattices A, and A g share
the same unit cell, however the two lattices can be shifted
relative to each other in their embedding space RY by any
vector Zi:] e et with —1 < e* < 1 from their unit cell.
The projection operator (2.24) is not diagonal with respect
to the orbital index while the projection operator (2.27) is
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neither diagonal with respect to the orbital index nor with
respect to the lattice sites from A,. Hence, the orbital position
operator, defined by

(2.32a)

ﬁ 'R, R Wﬁ’;R'»

(2.32b)
where we have introduced the single-particle kernel
Xaar R
'k +ik-(R—R') ’
= 7€ (820 R +iAzz (k). (232¢)
Ay, Cm/a)

This kernel depends on the U(I’\7 ) gauge field A(k), an anti-
Hermitian N x N matrix whose components

N @)
Agz () ==Y " ul® (k) (82‘2 ) (k), (2.32d)

a=1

are labeled by the lower band indices d,a’ =1, ,]V and
obey periodic boundary conditions across the Brillouin zone.

The gauge field (2.32d) does not need to be a pure gauge as
it originates from projecting the pure gauge field

N
Aw (k)= <“>*(k>( )(k) (2.33)

a=l1

by restricting the band indices a,a’ =1, ...,N to the lower
band indices a,a' = 1,...,N. Furthermore the decomposi-
tion (2.30a) is not unique Indeed, for any pair of orbital and
band labelsa,a = 1, ..., N, the simultaneous transformations

N
ulO(k) =: Yy uP(k)Gy(k), (2.34a)
a=1
on the one hand, and
N
Xa(k) =1 Y Gaalk)Ka(k), (2.34b)
a=1

on the other hand, leaves 1///\0,(k) unchanged. The N x N
matrix G(k) with the matrix elements G,5(k) is unitary and
obeys periodic boundary conditions across the Brillouin zone.
The sans-serif font for the index a = 1,...,N conveys that
the vector u® (k) with the N components u® (k) labeled by
the orbitals « = 1, ...,N need not be anymore an eigenstate
of the single-particle Bloch Hamiltonian.

Observe that for any triplet a,0c,a=1,...,N, for any
momentum k from the Brillouin zone, and any Cartesian unit
vector e* from R?, had we imposed the twisted boundary
conditions

Gaalk + 2m/a)e") = e '#G u(k), (2.35)
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parametrlzed by the real numbers 0 <
.,d, it would then follow that

ud(k + 2m /aye’) = e y3 k),

ot <1 with pu =

(2.36)

obeys twisted boundary conditions instead of periodic ones,
while

xa(k + 2m/a)et) = eFTEHIO (k) (2.37)

obeys new twisted boundary conditions. As a corollary, the
gauge field A,y obtained from Eq. (2.33) by substituting the
band indices for the sans-serif ones would not be a pure gauge
anymore as a result of this large gauge transformation. An
example of a large gauge transformation is
e+iﬁR0’

Gpg, = (2.38a)

for some Ry € Ag where P is the operator defined by the
algebra

[R,P1=i0, (2.38b)
with Q the fermion number operator. It acts on the single-
particle states |x“(k)) := 5@1 (k)|0), where |0) is the state an-
nihilated by any band annihilation operator, by multiplication
with the phase e*?*®o_ Thus, the action of the large gauge
transformation (2.38) on |x“(k)) is to change the boundary
condition obeyed by | x“(k)) from twisted to periodic. In turn,
the large gauge transformation (2.38) acts on the single-particle
states |Wg) 1= WTR|O) by shifting R to R — R (i.e., as a
global translation of the lattice Ag).

Let the insulating noninteracting many-body ground state
|D) be obtained by filling all the single-particle states from the
N bands below the spectral gap depicted in Fig. 1. The ground
state |®) is an SU(N ) singlet under the U(N ) gauge transfor-
mation defined by restricting the band index in Eq. (2.34b) to
the subset of occupied band indices. Consequently, the ground
state expectation value of any polynomial P of the components
of the projected position operator X, is, if it exists, invariant
under the simultaneous U(N) gauge transformation defined
by restricting the band index in Eq. (2.34) to the subset of
occupied band indices; namely,

x'k) — x'(KG(k), X(k) — GR)K(k),  (2.39)
on the one hand, and
A, (k) — G(k)A, (k)G (k) — (3,G)(k)G'(k),  (2.39b)

on the other hand. Here, G(k) is any unitary N x N matrix
for any k € A}, including one that changes the boundary
conditions across the Brillouin zone, and matrix multiplication
is implied in Eq. (2.39) with the operator-valued column-
vectors (k) and row-vectors X (k) that have the compo-
nents Xa(/Q and Xa(k) a=1,...,N, respectively. Existence
of (®|P(X,)|P) amounts to constructlng a gauge-invariant
regularization of (<I>|P(X,)|<I>) As we now prove, although
not all polynomials P are compatible with a gauge-invariant
regularization of (| P(Xr)| ®), we do find polynomials P that
admit such a gauge-invariant regularization.

To see this, we are going to momentarily dispense with
complications arising from many-body terms and work solely
in the single-particle Hilbert space. We define the pair of
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single-particle states
|Wa) = Wgl0), [x“(h) =
N, R € Ag, k € AL, and the pair of single-

[0y,  (2.40a)

witha =1, ...
particle states

W) = 01,100, [¥R) == Tl (k)[0),

with « = 1,...,N and r € A,. The single-particle counter-
parts to the projected position operators (2.28b) and (2.32b)
are defined to be

(2.40b)

(2.41a)

N
= > > |WR)R(wg
ReAyg a=1

and, with the help of the single-particle kernel defined in
Eq. (2.32¢),

N
Z Z |Wz)Xa,a/;R,R'(Wz/,

R,R'eAg a,a'=1

(2.41b)

respectively. Evidently, the trace over the (unprojected) single-
particle Hilbert space of either X y or X, is ill defined because
of the ill-conditioned sum over the lattice A .

__ The situation is much better with the commutator between
X! and X} forany p,v =1, ...,d owing to the identity

S ddk a ab b
[Xt.X)] = —/;v (2n/a)d|x (k) F, (k){x" (k)|
(2.42a)

where the summation convention over the repeated band labels
ab=1,...,Nis implied and

Fu(k) == (0, A))(k) — (3, A)(k) + [A ., Ay ](K).

We refer the reader to Appendix A for the proof of
Eq. (2.42). Evidently, the components of X, are noncommuta-
tive if the non-Abelian gauge field A, (k) has a nonvanishing
field strength F lw(k).63 We can now safely take the trace of
the commutator (2.42) over the single-particle Hilbert space,

lf d’k —trF,, (k)
Ay, @rja)d

1/ d'k -
= —— —F—F—F 1 v
5 Jn;, Q@)

(2.42b)

1 ~ o~
_ mxv] = —
NPTr[X, X/ ]

— AWK,

(2.43)

provided we multiply the functional trace Tr by the inverse
of the total number of particles N, in the insulating ground
state |®) to obtain an intensive quantity. Then, the ratio of
the number of particles N, to the single-particle Bloch wave
function normalization constant is nothing but the average
particle density p. The symbol tr denotes the trace over the
lower N bands. Equation (2.43) is well defined and invariant
under both pure and large gauge transformations of the form
(2.39b).

For any integern = 2,3, ..., we define the n bracket of the
n symbols Bj, Bs, ..., B, equipped with the product x to be
their fully antisymmetrized product

[Bi.Bs,....B,l = €"""" By x B, x--- x B, (2.44)
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where the summation convention over repeated indices is
implied and the symbol €12 implies antisymmetrization.
For convenience, we also introduce the terminology of the 1
bracket of the symbol B to be the symbol B itself.

Observe that any odd bracket can be rewritten as

[315327 .. BZm+l]
— (;) ehin 12m+1[Bll7B ] ,[B.

m—12

B;

2m

]xB~

2m+17

(2.45a)

while any even bracket can be rewritten as

mAl
[B1.Bs. ... .Bonia] = (1) €imea[ By B, ]

X [Bi2m+1 ’Bi2m+2] (245b)

for m = 0,1,2,.... For any integer m = 0,1,2, ... such that

2m + 2 < d, it then follows that

1 _ —_~ —~
FTI.[XI{“ . ’Xﬁ2m+1 ’Xiizmn]

p
( 1)’"“ 1 / k.
— — | —= — Ell Dm+112m+2
2} b Jny, @uja)
S tr(EIiZ e E2/11+]i2m+2)(k)’ (246)
with i1, ...,00m12 = U1y .. M2mi2. Equation (2.46) is well

defined and invariant under both pure and large gauge
transformations of the form (2.39b). The right-hand side of
Eq. (2.46) is proportional to the (m + 1)st Chern number.

For any integer n such that 2 < n < d, the single-particle
trace over any n bracket of the components X XH X“ !
vanishes owing to the fact that (i) X r is diagonal in the
Wannier basis and (ii) performing the antisymmetrization
€iyir.iy RTR™ - - . R'» = () before taking the sum over the lattice
Ag.

In contrast to these brackets, neither is the single-particle
trace over the 1 bracket of the component X" nor that of
the 1 bracket of the component X} X" with w=1,...,d well
defined. More generally, for any 1nteger m =0, 1,2 . such
that 2m + 1 < d, the single-particle trace over any (2m +1)
bracket of the components XM XP s il defined
because there always remain ill- condmoned sums over the
lattice Ag. We are going to construct explicitly a suitable
regularization of the single- partlcle trace over any (2m + 1)
bracket of the components X*', ..., X" for m =0 and
m =1 that can be nonvamshmg and is invariant under any
pure gauge transformation of the form (2.39b).

To this end, we need the important identity

o~

X, —Xp=

dk . - :
WKYIA™ R (x k)], (247
/Aaz (27[/u)d|x (k)i AT (k) (x"(b)I,  (2.47)
which is proved in Appendix A. We can now safely take the
trace of Eq. (2.47) over the single-particle Hilbert space as we
did in Eq. (2.43). We find
——trA(k).

. d
iTr(X —Xp) = —/ dk (2.48)
N, Al

p BZ (2 / )d
Equation (2.48) is invariant under pure (but not large) gauge
transformations of the form (2.39b). The loss of the invariance
under the large gauge transformations of the form (2.39b) is
to be attributed to the fact that the regularization (2.48) breaks
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translation invariance in that there are gauge nonequivalent
ways of defining eigenstates of the projected position operator
at short distances. In other words, it is not possible to construct
a wave packet that can resolve distances smaller than the
lattice spacing a. This fuzziness survives the limit a — 0
as the breakdown of gauge symmetry under large gauge
transformations of the form (2.39b).

The regularization (2.48) is not unique. For example, we
could have chosen a regularization of the single-particle trace
over any (2m + 1) bracket of the components X"' ... X/
that preserves this translation invariance through the heat
kernel method.®* The heat kernel regularization yields zero for
all odd brackets, a manifestly gauge-invariant result! However,
we reject this regularization because enforcing invariance
under large gauge transformations of the form (2.39b) is not
required by general symmetry arguments.

Yet another example of a regularization of the single-
particle trace over any n bracket of the components Xi X
1stodothereplacementX”1 X - XX s X“" -
Xr X", With this substitution, the single- partlcle trace is well
deﬁned for it does not contain anymore ill-conditioned sums
over the lattice Ag. However, whenever the single-particle
trace over this n bracket is nonvanishing, it breaks the
invariance under pure SU(N) gauge transformations of the
form (2.39b) for any n > 2. For this reason, we reject this
regularization.

We are now in position to state the main result of Sec. IT A.
When d > 3 and for any choice of the triplet ;, o, uz =

.,d, we define the regularized 3 bracket of the components
X f 1, X", and X' of the projected position operator (2.32b)
to beb: 66

XXX

=[x X (X - XR)] + [X (X2 -
+H(x - X)X X0

—[(&r = XR).(Xe - XR). (X

Xi). Xp]

-z

We have introduced the multiplicative factor 2 on the left-hand
side in order to preserve the number of 3 brackets under
regularization; namely, one prior to regularization. Indeed,
since we add 3 brackets that include one substitution X, —
X, — X and remove one 3 bracket that include 3 substitutions
X, > X, — X on the right-hand side, we are left with
3 — 1 =72 3 brackets on the right-hand side. It is shown in
Appendix A that we can safely take the single-particle trace
over the regularized 3 bracket (2.49) after accounting for the
same normalization as for the 1 and 2 brackets,

| R 3 dlk
—Te[ X, X2 X5] = -2 x ’—_/ ==
N, g 4 ay, Q/a)!

(2.49)

i1i2i3 tr

2
<Fl112A - §Ai1 AizAiz) (k)s
(2.50)

where iy, ip, i3 = (1, 2, 13. As was the case with Eq. (2.48)
and for the same reason, Eq. (2.50) is invariant under pure (but
not large) gauge transformations of the form (2.39b).

The generalization to the case of any integer m such that
2m + 1 < d consists in defining the regularized (2m + 1)
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bracket [X", X1, ... Xl XHoni Treg by replacing the (2m +
1) bracket [X/',X"2, ... X! X"+ with the sum of all
(2m + 1) brackets obtained by doing all the possible substitu-
tion XM — XM — X“‘ (21 4+ 1) times withl = 0,1, ... ,m and
adding all resulting (2m + 1) brackets weighted with the 81gn
(—)'. We then define a normal _ordering by which all X! are
placed to the left of all X; XK — Xy X% as if they were commuting
numbers. Finally, we divide the resultmg linear combination
of (2m + 1) brackets by the integer equal to the absolute value
of the alternating sum of the binomials coefficients

() ()

The single-particle trace over the regularized (2m + 1) bracket
after accounting for the same normalization as for the even
brackets and the 1 and 3 brackets is intensive and proportional
to the Chern-Simons invariant obtained from integrating over
the d-dimensional Brillouin zone with d > 2m + 1 the Chern-
Simons (2m 4+ 1) form.

It is time to draw a precise connection between the
single-particle traces over the (regularized) brackets of the
components of the position operator X, and topological
invariants.

We define the d Chern-Simons invariants built from Chern-
Simons 1 forms in d-dimensional momentum space for any
choiceof u =1, ...,d as

P : (2 ) —t (2.51a)

We also define the d(d — 1)(d — 2)/6 Chern-Simons invari-
ants built from Chern-Simons 3 forms in d-dimensional

momentum space for any choice of u, u, A =1,...,d as
3 6IJI( k 2
P> = —tr| A Fyx — =AjA ;A |,
wp 4 / Qr)d1 r< 1fyk 3 147 K>
(2.51b)

where I, J, K = i, v, p. The integral on the right-hand side
of Egs. (2.51a) and (2.51b) is quantized to half-integer values
if the single-particle Hamiltonian obeys the chiral symmetry
and the domain of integration is that of a d-dimensional torus
T¢ with the volume (27)¢ (ie., a = 1)."* The 1D and 3D
Chern-Simons invariants in d-dimensional momentum space
carry the engineering dimensions of length raised to the powers
(1 — d) and (3 — d), respectively. They are thus dimensionless
if and only if d = 1 and d = 3, respectively.

The Chern-Simons invariants (2.51a) and (2.51b) are only
well-defined modulo integer values under the U(N) gauge
transformations (2.39b) since the latter can change the former
by their winding numbers, namely the numbers

; dk
Gy «G'9,G, w=1,....d,  (2.52a)
and
iEIJK ddk
| G (G 16)(G10,G)G a6
(2.52b)

with I, J, K = u,v,pand u,v, p =1, ...,d, respectively.
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In contrast, the d(d — 1)/2 first Chern numbers defined in
d-dimensional momentum space as

d'k

@ ._
C. =i @) tr

Fuv, myv=1,....4d, (2.53)
can only take integer values if the domain of integration is that
of a d-dimensional torus 7% with the volume (27)? in momen-
tum space,’’ irrespective of whether or not the single-particle
Hamiltonian obeys the chiral symmetry. However, when chiral
symmetry holds, the 1D Chern-Simons invariants (2.51a) are
quantized.19 Therefore, derivatives of these quantities vanish,
which in turn implies that all first Chern numbers (2.53) vanish.
Furthermore, the first Chern numbers (2.53) are invariant
under the U(N) gauge transformations (2.39b). The first Chern
numbers defined in d-dimensional momentum space carry the
engineering dimensions of (2 — d).

In closing, we reexpress our main result using second
quantization and for the case of d = 3 dimensions. We shall use
the standard notation : (- - -) : for normal ordering under which
it is understood that creation operators are to be moved to the
left of annihilation operators within the symbol (- - -) as if they
were Grassman numbers. After identifying the single-particle
states defined in Eq. (2.40a) with the single-particle holes
resulting from annihilating a single-particle state from the
insulating ground state |®), we find that

1 ~ o~y o~
CH e

P)

reg ’

0

Again, it should be noted that the right-hand side of Eq. (2.54)
is entirely determined by its quantized topological numbers
if the single-particle Hamiltonian obeys the chiral symmetry,
and if the equality is understood modulo contributions from
large U(NV) gauge transformations (2.39b) in which case

Qn )i [(2n)3

NP vop(D) (1) (3)
> 76”’ PPOCD) 3P | (2.54)

1 vl v2 3 .
—(®|: [X,.X;. X ]reg D P) =

32m)%i
N, ' >

P®,  (2.55)
owing to Cf)i,) =O0foranyv,p=1,....,d.

B. Regularized 3 bracket and Nambu bracket
On the one hand, we may define for any momentum ¢ from
the Brillouin zone the projected operator

Tr(g) := e'4%x, (2.56)

with X g defined in Eq. (2.41a) that acts on the single-particle
Hilbert space defined in Eq. (2.40a). This operator is a
projected translation operator in the Brillouin zone,

N

Te@Ix (o) = > 5“7k + ). (2.57)
a=1
foranya =1, ...,N. Its algebra under composition closes,
Tr(q)Tr(q,) = Tr(q, + 42, (2.58)

for any pair of momenta from the Brillouin zone.
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On the other hand, we may also want to define for any

momentum ¢ from the Brillouin zone the projected operator
T(g) := 0%, (2.59)

with X, defined in Eq. (2.41b) that acts on the single-particle
Hilbert space defined in Eq. (2.40b).
Be aware that 7, (q) differs from the projection

p(g) = /
"

x| x () (X% (k + q)

L piein7,
= N 4 I3
Qr/ay "

ik L&
Yo Ul o ke + g)

(2.60a)

on the N lower bands of the momentum-resolved density
operator 9(q) defined through the Fourier expansion

= d  +iq-ro ddq +ig-(r—7
or =t dqe™"o(q) = ————e
Ay Ay, /)

(2.60b)
of the unprojected density operator
N
or =) v )] (2.60¢)
a=1

defined for any site r of lattice A,.

The task of computing the regularized n bracket of
the operators 7,(q,),...,T,(q,) is formidable for arbitrary
momenta ¢, ...,q, from the Brillouin zone. However, an
expansion in the momenta up to order 7 is feasible in the limit
of small momenta. We undertake such an expansion for the 3
bracket with the help of the (classical) Nambu bracket.

To simplify notation, we work with d = 3. Let f;(x) with
i =1, 2, 3 denote three functions with the Taylor expansions

3
[ = [0+ Y @0, O + - -

pn=1

2.61)

at the origin of x € R?. For any pair of functions f; and f>,
or for any triplet of functions fi, f>, and f; their classical
Poisson and Nambu brackets were defined in Eqgs. (2.10b) and
(2.16b), respectively. For any pairs @,v =1,2,3 and f;, f;,
with i,j = 1, 2, 3, we shall also need the variant

U f1°0) = > e, £)@7 £,)(0)

1,J=pn,v

(2.62)

of the Poisson bracket, respectively. From the operator identity
(A76) follows that the single-particle trace over the regularized
3 bracket of fi(X), f>(X), and f3(X) admits the Taylor
expansion

Tl f1(X), X, 5K e
= X filf fidy OTe[ XA X ]
+{fl,fz,fa}N(O)Tr[frl,ff,)’(\f] +...

reg

(2.63)

(A summation convention is implied over the repeated indices
w,v=1,2,3 and i, j,k=1,2,3 on the right-hand side.)
This expansion preserves the invariance under the pure gauge
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transformations of the form (2.39b). Moreover, in the chiral
class,

Tl £1(X,), (X ) 35X ) reg

= (/1. L AINOTXL XX+ 264)
and
Te(7,(q1),T1(42). T1(q3)lree
= 4i(q, A q,) - q3Tr[)?},)?3,)?§]reg 4o (2.65)

Equation (2.64) admits the following interpretation: The
functions fi, f>, and f; may represent a coordinate transfor-
mation in 3D space. If this transformation preserves volume, its
Jacobian (i.e., the Nambu bracket) equals 1. If chiral symmetry
holds, the trace over the regularized 3 bracket of the projected
position operator X, is to lowest order in the Taylor expansion
invariant under volume preserving diffeomorphisms, while
quantum corrections appear at higher order.

Had we restricted ourselves to d = 2, the transformation
property of the 2 bracket (commutator) under the smooth
coordinate transformation

@'x?) = (i) o), x=0'a%)eR? (2.66)
is

(AKX, LX) = {fi, LIpO[XL X2+ (2.67)
Except for the quantum corrections contained in - - -, the 2

bracket of the projected position operator X, is thus invari-
ant under area-preserving diffeomorphisms. The difference
between the 2 bracket and the regularized 3 bracket is,
according to Eq. (A76), that for the latter it is necessary to
invoke chiral symmetry and taking the single-particle trace
in order to guarantee invariance under volume-preserving
diffeomorphisms.

The algebra obeyed by the set of diffeomorphisms of
the Euclidean plane that leave the Poisson bracket invariant
realizes the so-called classical w, algebra. Thus, Eq. (2.67)
draws the connection to a quantum version of the w,, algebra.
For the quantum Hall effect the relevant quantum version is
the W, algebra (see Refs. 45-48) obeyed by the projected
density operators in a Landau level >*3-37 A manifestation of
the connection between the wy, and Wy, algebras is found
in the nondissipative Hall viscosity, which can be viewed as
the response function of the quantum fluid to an infinitesimal
area-preserving deformation.®® In turn, an incompressible 2D
classical fluid may be described in terms of a one-form gauge
field, as appears in the Chern-Simons theory relevant to the
quantum Hall effect (QHE).%%"!

In 3D and for Bloch Hamiltonians belonging to the chiral
symmetry class, the invariance under volume-preserving dif-
feomorphisms of 3D Euclidean space displayed in Eq. (2.64)
to lowest order in the Taylor expansion draws a similar
connection to a quantum algebra that generalizes the classical
algebra obeyed by volume-preserving diffeomorphisms. In
the description of ideal 3D classical fluids a two-form gauge
field naturally arises as a consequence of volume preserving
diffeomorphisms. Such a two-form gauge field also appears
in the 3D BF theory that is believed to be relevant to 3D
topological insulators.”?
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C. Massive Dirac fermions

In Sec. IT A, we have related the ground state expectation
values of the commutator and of the regularized 3 bracket of
the projected position operators X, to quantized topological
numbers, namely the Chern numbers and Chern-Simons
invariants. By contrast, we have recalled in Eq. (2.4b) that
a Landau level has the special property that the commutator of
projected position operators itself is nothing but an imaginary
number

(X", X" = —F,, = i€, 3, (2.68)

where u,v =1,2. In other words, the Berry curvature is
constant in a Landau level.

Here, we are going to show that the same is true for massive
Dirac electrons in 2D, if the limit of small momenta k — 0O
is considered. We then extend the discussion to massive Dirac
electrons in 3D, where we consider the 3 bracket of projected
position operators in the same limit of small momenta.

In 2D Euclidean flat space, a single flavor of Dirac fermions
with mass m and in the fundamental representation of the
Lorentz group is governed by the single-particle Hamiltonian
in momentum space

HZD(k) = klal + k20'2 + mos. (269)

As usual, we use o for the 2 x 2 unit matrix, while oy, o7,
and o3 are the three Pauli matrices.

This Hamiltonian supports two bands with the Bloch states
|xE(k)), the nondegenerate energy eigenvalues

e® (k) = £V + m?2, (2.70)
and the Berry curvatures
B ) — i m
F(k) = i€y I (2.71)

for 1, v = 1, 2. Upon projection to the lower band £~ (k), we
can combine Eq. (2.42a) with Eq. (2.71) to deduce that

o OIXE X Ix~ (k)
= —F(k) = i€ thsgnm + O(K*) (2.72a)

v

for w, v = 1, 2. The Dirac counterpart to the magnetic length
in the QHE is here

1
by == —.
P ﬁm
As announced, the algebra (2.72) reproduces the algebra (2.68)
in the limit £ — 0. The first Chern number of the lower band
is given by

(2.72b)

i _
ch .= — /R 2 d’kwF) = (2.73)

sgnm
2 2

In 3D Euclidean flat space, a single flavor of Dirac fermions
with mass m and in the fundamental representation of the
Lorentz group is governed by the single-particle Hamiltonian
in momentum space

3
Hap(k) ==Y _ ko, — impys,

pn=1

(2.74a)

035125-11



NEUPERT, SANTOS, RYU, CHAMON, AND MUDRY

where we have defined the Hermitian 4 x 4 matrices
0 o, 5 op 0 0 oo
a”_aHO’_O—ao’%_aoO'
(2.74b)
Observe that this Hamiltonian has the chiral symmetry

ysHsp(k)ys = —Hsp(k)

forallk € R?. The spectrum of Hamiltonian (2.74a) consists of
two doubly degenerate bands with the Bloch states | x *¢(k)),
the energy eigenvalues

(2.75)

e® k) = VI + m?, (2.76)
and the non-Abelian Berry field strengths
i) (k) = Filheuny” + O(k]) 2.77)

foru, v =1,2, 3, where yT = (—o}, 02, 03). Upon projection
to the lower band &~ (k), we can combine Eq. (2.42a) with
Eq. (2.77) to deduce that

(xR [XH X! ]I (k) = 0+ O(lk|)

for u,v=1,2,3, as expected for a system with chiral
symmetry. In contrast, Eq. (2.50) delivers

X} el P UO)) = i33/265 + O(lkl).
(2.79)

(2.78)

w((x“RI[X), X7, X

The definition (2.72b) of £p has carried over.

D. Operator product expansions for projected single-particle
density operators

Until now, we have considered the noncommutative re-
lations obeyed by the projected position operator assuming
translation invariance in Euclidean flat spaces. This non-
commutative geometry encodes topological properties of the
noninteracting many-body ground state in view of the expec-
tation values (2.43), (2.48), and (2.50). Moreover, according
to Eq. (2.32), it is also predicated on some underlying
noncommutative relations obeyed by the second-quantized
fermion density operator projected onto the occupied bands
of the insulating ground state.

On the other hand, GMP were able to derive for the 2D QHE
the closed algebra obeyed by the single-particle electronic
density projected onto the lowest Landau level. Can we do the
same for the single-particle fermionic density projected onto
one band, say, of a 3D topological band insulator?

To answer this question, we resort to a tight-binding model
defined on a lattice A with a Brillouin zone BZ, and on which
we impose periodic boundary conditions. We assume, without
loss of generality, that the lattice is three-dimensional. In this
spirit, we turn our attention to the single-particle electronic
density defined on a given site r of a lattice A as

N
0r =) _Ira)(r.al,
a=1

,N labels degrees of freedom on every lattice
spin or orbitals). These operators obey the closed

(2.80a)

wherea =1, ...
site (e.g.,
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algebra

6’15’2 = Srl,rzarl , (2.80b)
owing to the orthonormality of the single-particle states
(2.80c)

for any pair of sites r; and r, from the lattice A and for
any pair of orbitals «j,a = 1, ... N. As a consequence, these
operators commute pairwise.

The Fourier transform of @, in terms of the orthonormal
Bloch states |k,«) labeled by the momentum k from the BZ
and orbital index o = 1, ...,N reads

N
0 =Y lka)k+q.al

keBZ a=1

(ri,oq|r2,00) = 8r, 1,00,

(2.81a)

for any ¢ € BZ. These operators obey the closed algebra

04,04, = 0q,+4,- (2.81b)
owing to the orthonormality of the single-particle states
(qy,a1lq5,02) = (Sql,qZSal,az (2.81¢)

for any pair of momentum ¢, and g, from the BZ and for
any pair of orbitals «j,c¢p = 1, ... N. As a consequence, these
operators commute pairwise.

Consider now a basis transformation in the o degrees of
freedom for every k € BZ that is parametrized by the N x N
complex-valued numbers u( ) witha,b = 1, ...,N; namely,

|u) = Zu(b)|ka b=1,...,N. (2.82)

The ket |ug,b) labeled by k € BZ for any givenb =1, ...,N
should be thought of as Bloch state of the bth band of a single-
particle Hamiltonian. This Hamiltonian shares the translational
symmetry of A and periodic boundary conditions are imposed.
For any ¢ € BZ, we define the density operator projected on a
single (nondegenerate) band b by

Ty

keBZ a=1

N
(b)* ®)

i g o |

uy) | (2.83)

The projected operators p, with ¢ € BZ are invariant under
the simultaneous local U(1) gauge transformations defined by

W) - e (2.84a)
on the one hand, and
) — e [u®) (2.84b)

on the other hand, forallae = 1, ...,N, k € BZ, and any real-
valued function ¢;. They do not obey anymore the algebra
(2.81b). In the long-wavelength limit ¢,,q, < 1 (the lattice
spacing of A is set to unity), their commutation relation is3%-

D, (b) (b)
(P4, P, = a1 a3 Z Fu, k‘u k+q1+42‘ (2.85a)
keBZ
to leading order in an expansion in powers of the components
of ¢, and ¢,, where

Fuu,k = a;/,Av,k - 8vAp,,k (2.85b)
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and

N ~ ~
o (b)x (b)
A,u,k T Mk,ot aﬂuk,a
a=1

(2.85¢)

for n,v =1,2,3 are the Abelian Berry curvature and the
Abelian Berry connection, respectively, and 9,, is understood
as the derivative with respect to the momentum component k*.
The operator product expansion (2.85a) closes only if F),, x is
independent of k, in which case

o~ i .
[p‘ll’p‘lz] = _Z(ql /\42)'C,0q1+q2 (2863)
to leading order in an expansion in powers of the components
of ¢, and ¢,, where

. 2miett
- L3 B v, ks
keBZ

(2.86b)

with A = 1, 2, 3 are the components of the vector C made of the
three first Chern numbers characterizing any nondegenerate
band in 3D space.”® (A summation convention is implied for
the repeated indices p, v =1, 2,3.) In the thermodynamic
limit by which the linear size L over which the periodic
boundary conditions are imposed is taken to infinity or,
equivalently, the lattice spacing is taken to zero, each first
Chern number is quantized.

The IQHE is an example in 2D for which the condition
of constant Berry curvature F),j is met. In this context,
the closed operator product expansion (2.86a) was found by
GMP (in fact, the operator product expansion for the projected
density operators closes to all orders in ¢ in this case, and thus
delivers a closed algebra for the projected density operators).
With the help of this algebra, GMP argue, within a single-mode
approximation, that FQH states are incompressible.

Recently, it was shown that lattice models with flat bands
and nonzero Chern number also support incompressible FQH
ground states,’*>* even though their Berry curvature is not
constant over the BZ. This result suggests to approximate the
commutator (2.85a) by the closed algebra (2.86a); that is, to
replace F,, x with its average value over the BZ.*%°

We will now consider the 3 bracket of three projected
density operators, and expand it to third order in the momenta

[@]’@2’@3]

o1
=<3 {qz‘q;m +47' ] 4L Fuvic Ak
keBZ

N
+al'q}d] [% (Z ufﬁ‘auaxufl)
a=1

(b (B
— (3, + ZAv)a/\Auj| } [

where the summation convention over the repeated in-
dices i, j,k=1,2,3 and pu,v,A =1, 2,3 is implied. Equa-
tion (2.87) is invariant under the local gauge transformation
(2.84), up to contributions of fourth order in ¢. The term of
second order in ¢ comes multiplied by the Berry curvature;
that is, the density associated with the topological invariants
C* for A =1, 2, 3 defined in Eq. (2.86b). As for the second

. (2.87)
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term on the right-hand side, we recognize the integrand of the
Abelian Chern-Simons form.

The term that dominates the 3 bracket of projected density
operators at long wavelength is thus not equal to the 3 bracket
of the position operator X,. According to Eq. (2.50), the
latter was determined by the Chern-Simons 3 form and not
by the Chern number density. This stands in contrast to
the long-wavelength limit of the 2 bracket (commutator) of
projected density operators which coincides with the 2 bracket
of position operators. However, the connection between the
projected density and position operators is recovered on the
level of the 3 brackets, if one considers the derivative of
the density operator with respect to momentum instead. This
choice is motivated by the fact that the Fourier components of
the density operator in momentum space are the generators of
translations in momentum space [recall Eq. (2.60)]. Indeed, it
follows from Eq. (2.87) that

[a‘ff‘ ’(/)\ql ’aqf 16\‘12’ 8‘13y "3\‘13]

By

2 ZG“VAAM,ka\,k|”(zch)xuﬁqﬁqﬁ‘“|
keBZ

(2.88a)

holds to lowest order in the momenta ¢, ¢,, and g, and is thus
determined by the Chern-Simons 3 form (the Chern-Simons
density in 3D). We define its average over the BZ to be

2

T
. A
0 = _L3 E et F;w.kA)\,k’
keBZ

(2.88b)

which is only invariant under the local gauge transforma-
tions (2.84a) that leave the boundary conditions in the BZ
unchanged. If the Chern-Simons density is nearly constant and
thus independent of k in the entire BZ, we may approximate
Eq. (2.88a) by
e a’o
[94: 4, 1040 Pgy 0y Pa,] ~ €apy 372 Partartas (2.88¢)

where a is the lattice spacing.

Insulators for which the invariants C* with A = 1, 2, 3 are
nonvanishing can be viewed as a 3D extension of an IQHE
or a layered system of 2D Chern insulators. In this case, C*
with A = 1, 2, 3 parametrizes the quantized off-diagonal part
of the conductivity tensor.”? The physics of such insulators is
not intrinsically 3D and they are thus not our primary interest
here.

Even if the Berry curvature vanishes on average in the
BZ so that C =0, 8 can be nonzero and may take any real
value in general. The value of 8 has measurable consequences
as it contributes to the magneto-electric coupling in a 3D
band insulator.’” For 3D band insulators with either spin-
orbit coupling that are time-reversal symmetric (symmetry
class AIl) or with chiral symmetry (symmetry class AIII),
0 is restricted to integer multiples of m and represents a
topological invariant.'” The 3 bracket (2.88a) shows that for
3D tight-binding Hamiltonians within the symmetry classes
All or AIIl, the 3 bracket of the momentum derivatives of
projected density operators is dominated by the value of their
topological invariant 6, just as the 2 bracket (commutator)
of the momentum derivatives of projected density operators
is dominated by the value of the Chern number in 2D

035125-13



NEUPERT, SANTOS, RYU, CHAMON, AND MUDRY

tight-binding models within the symmetry class A. We will
illustrate this statement with the help of a microscopic lattice
model belonging to the symmetry class AIIl in the Sec. III.

III. NONINTERACTING THREE-BAND
TIGHT-BINDING MODEL

The goal of this section is to define a “simple” single-
particle Bloch Hamiltonian that supports a dispersionless
isolated band with nontrivial topological character, such that
the 3 bracket of the momentum derivatives of the projected
electronic density operators [Eq. (2.88a)] is nonvanishing and
the system displays intrinsically 3D physics (i.e., C* = 0 for
A =1,2,3and 6 = 7). Our model belongs to symmetry class
AIIl and has three bands, which is the minimum number
required to realize the desired # term.”’ One of the three
bands is necessarily dispersionless as a consequence of chiral
symmetry. Therefore, it can be taken as the basis for the
construction of fractional topological states in 3D.

A. Definition

We consider spinless electrons hopping between the sites
rl = (r1,rp,r3) of a 3D cubic lattice A and onsite orbitals,
whereby each site r can accommodate three orbital degrees
of freedom that we label with the Greek index o =1, 2, 3.
To accommodate the hybridization between any of the three
orbitals, we need to choose a basis for all 3 x 3 Hermitian ma-
trices. We denote the unit 3 x 3 matrix by Ao which, together
with the eight traceless Gell-Mann Hermitian matrices A, with
n=1,...,8, form the desired basis of all 3 x 3 Hermitian
matrices. The second-quantized tight-binding Hamiltonian is
then defined by

3
~ 1 . .
H:=3 § § (€ (iA34; — A7)Croe, + Hoc]

reA j=1
+M Y el 3.1
reA

where we have introduced the 3-component operator o =

(’c\j;l,?:;z,'ci3) with &, creating a spinless fermion at site
r in the orbital @ = 1,2, 3 and obeying periodic boundary
conditions under the translation r — r + Le; for any of the
three orthonormal unit vectors e;, e;, and ez that span the
cubic lattice A. This single-particle Hamiltonian depends on
the real-valued parameter M.

Translation invariance allows to diagonalize Hamiltonian
(3.1) upon performing a Fourier transformation on the creation
and annihilation fermionic operators. If we denote with BZ the
Brillouin zone of the 3D cubic lattice and with k any Bloch
momentum from the BZ that is compatible with the periodic
boundary conditions, then

=" ¢H.

keBZ

(3.2a)
with the momentum-resolved single-particle 3 x 3 matrix

4
He= ) hayjdi; (3.2b)

Jj=1

PHYSICAL REVIEW B 86, 035125 (2012)

that depends on the 4-component real-valued row vector
dl = (dpy,diadis.dis)

3
= (sink,, sinky, sinks, M — Zcosk,) . (3.20)

i=1
With the help of the explicit representation of the eight Gell-
Mann matrices from Appendix A, one verifies that

CHiC™'= —Hy Y keBZ, (3.3a)
if and only if the 3 x 3 matrix C is given by
C := diag(1,1,—1). (3.3b)

The fact that Hj, anticommutes with C implies that any pair of

eigenstates uf) and u;_) of ‘H with nonvanishing eigenvalues

is associated with the opposite single-particle eigenenergies
8;:'_) = —85:), respectively. Since Hj is a 3 x 3 Hermitian
matrix for any momentum k from the BZ, it then follows that

at least one eigenstate uf) must have the vanishing eigenvalue

e =0, (3.4a)

irrespective of the Bloch momentum k in the BZ. For any Bloch
momentum k in the BZ, the values taken by the nonvanishing
eigenvalues

gD = el = |44 (3.4b)

follow immediately from the fact that the four Gell-Mann
matrices A4, A5, Ag, and A;, anticommute pairwise while
any one of these 4 Gell-Mann matrices squares to either
diag(1,0,1) or diag(0,1,1). The minimum value reached by
the magnitude |dy| over the BZ thus determines the energy gap
between the dispersionless band of zero modes and the pair of
bands related by the chiral transformation C. This energy gap
depends parametrically on M and is nonvanishing if and only if
|M| # 1,3 (see Fig. 2). In turn, the corresponding Bloch states
are derived as follows: One observes that the 2-component

(2) M=0 (b)
rXM I R X RM

M=1

r XM T R X R M

' XM T R X R M
(© M=2 (d) M=
' XM T R X R M r XM T R X R M

rxXMm I' R X RM

FIG. 2. Energy spectrum of the lattice model defined in Eq. (3.21)
for different values of the parameter M. Panels (b) and (d) show the
gap-closing topological transitions. Note the dispersionless band at
zero energy in each spectrum. The spectrum is plotted along the
straight path connecting the following points in the BZ: I" = (0,0,0),
X =(0,7,0), M = (,m,0), and R = (r,7,7).
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complex-valued row vector

qy = ldil ™ 1 + idiodis +ides)  (3.52)
of unit length (q,tqk = 1) enters Hy according to
0 0 qxa
Hi =ldil | O 0  qio
951 k2 O
02x2  qr
= |di| i . (3.5b)
dx 0
One then verifies that
+qr.1 +45.
uy) = 7|t | uy = | =gt | (3.50)
+1 0

are orthonormal Bloch states of 7 for any Bloch momentum
k from the BZ. For any value of the parameter M entering the
single-particle Hamiltonian H, Egs. (3.5¢) and (3.4) define
globally over the entire BZ the desired Bloch states with their
dispersions. For generic values of M (i.e., whenever |dg| is
nonvanishing over the entire BZ), there are two dispersive

bands whose Bloch states uf) =C uf) are related by the chiral

transformation and one dispersionless band M;o) = Cug)) of
zero modes.

Hamiltonian (3.2) breaks time-reversal symmetry, for the
first three components of dy are odd while the fourth compo-
nent is even under k — —k for any value of M. This leaves no
room for a particle-hole symmetry by which Hamiltonian (3.2)
would anticommute with an anti-unitary operator. Adding to
Hamiltonian (3.2) any linear combination of the remaining
Gell-Mann matrices A, A2, Az, Ag, and the unit 3 x 3 matrix
Ao breaks the chiral symmetry. Such perturbations change
the symmetry class of Hamiltonian (3.2) from AIIl to A.
Although a chemical potential (a nonvanishing constant term
proportional to the unit matrix Ag) does break the chiral
symmetry, it does so by moving rigidly the entire energy
spectrum up or down in energy while leaving the Bloch states
unchanged. The topological attributes of the three Bloch bands
are thus untouched by the addition of a chemical potential.

B. Topological invariants

We shall take the thermodynamic limit L — oo with L the
linear extent over which periodic boundary conditions are im-
posed. In this limit sums over momenta in the BZ are replaced
by integrals over the BZ while the index k becomes the argu-
ment of functions. From now on, we shall identify the BZ with
T3. We can then distinguish two related topological invariants
associated with the family of single-particle 3 x 3 matrices
‘H(k) labeled by the momentum k from a BZ with the topology
of the 3 torus 7 owing to the periodic boundary conditions.

The first topological attribute characterizes the bundle of
Hamiltonians (k) over the BZ T3. For any momentum
k € T3, there is a one-to-one correspondence between the
3 x 3 Hermitian matrices (k) and the vector d(k) € R*. For
any momentum k € T3, the magnitude |d(k)| measures the
momentum-resolved energy separation between the zero mode

PHYSICAL REVIEW B 86, 035125 (2012)

u©(k) and the lower and upper modes u (k) and u™(k),
respectively. The eigenstates u? (k), u‘~)(k), and u™ (k) are
independent of the magnitude of |d(k)| [i.e., they only depend
on the coordinate defined by the unit 3 vector d(k)/|d(k)| on
the 3 sphere S°]. It follows that the topological attributes of
the three Bloch bands of Hamiltonian (3.2) are determined
by the homotopy group Z of the map defined by

keT?— dk)/|dk) e S (3.6)

between the BZ T3 and the 3 sphere S°. For each parameter
M # £1,4£3 entering in Hamiltonian (3.2), the integer value
taken by the topological invariant

1

. 1 37, ijkl _pvi
I)(M) = 122 ‘/;de ke'/* et |d|4d,~3“d_,ﬂavdk8xdl, (37&)

determines which homotopy class the map (3.6) belongs to.
Here, we are using the short-hand notation d,d; = dd;/dk",
with u, v, A labeling the three coordinates of the momentum
kandi, j, k, [ labeling the four components of the vector field
d, and the convention for summation over repeated indices.
Explicit computation of v as a function of M delivers

+2, M| <1
viM)y=43 -1, 1< |M| <3
0, 3 < |M|.

(3.7b)

Whenever |M| =1, 3, the gap over the BZ closes at the
discrete points (the lattice spacing is unity)

K I,mn=0,1.

i =T (I,m,n), 3.8)

These eight momenta change by a reciprocal wave vector
under the operation of time reversal, under which k — —k.
In this sense, they are time-reversal invariant. The touching of
the upper and lower dispersions at the momenta (3.8) occurs
at zero energy and delivers a Dirac dispersion in their close
vicinity when |M| = 1,3. Hence, we call the momenta (3.8)
Dirac points when |M| = 1,3. For small deviations away from
|M| = 1,3, a spectral gap opens up at the momenta (3.8) that
can be associated with a Dirac mass. Remarkably, the number
of Dirac points that change the sign of their mass across a
transition tuned by changing M through any one of the values
[M| = 1,3 is equal to the change in the topological invariants
(3.7). To see this, observe that the momentum resolved Dirac
masses are given by

dk000;4 =M -3,
dk001;4 = dk010;4 = dku)o;4 =M-1,

(3.9)
dk110;4 = dk101;4 = dk011;4 =M+1,
dk1|1;4 =M+3.
With the help of these 8 integers, we define the integer
1
wM)i=2 3 " sgndy, .. (310)

m,n,[=0,1

The factor (—1)"*"*! assures that the mass sign is taken
relative to the chirality of the kinetic piece of the Dirac

operator. One verifies that (see also Appendix D)
vp (M) = v (M) (3.11)

for any |M| # 1,3.
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The second topological attribute characterizes the bundle
of Bloch states u@(k) over the BZ T3 for any of the three
bands @ = —,0,+. Whenever |M| # 1,3, it is nothing but the
triplet of Berry phases’

_ 1 _ -
0D (M) := — / ke ADp,AP (3.12a)
4 T3 n
where we have introduced the Abelian Berry connection
_ .0 _
@) — @f (@
A (k) = (u Py ) (k)

for any of the three bands @ = —,0,+. With the help of
Eq. (3.5¢), one deduces that

(3.12b)

1
00 (M) = o /T 2 d*ke""™ (¢'9,90,9'8,q) (k)  (3.13a)

and

0 (M) =0 (M) = 160 (M) (3.13b)

when |M| # 1,3. Explicit evaluations of the Berry phase of
any of the three bands then yields

0 (M) =6 (M) = 41—19“” (M) = %v(M) (3.14)
when |M| # 1,3 (see Appendix C).

With this computation of the topological invariant 6, we
have also established that the projected electronic density in
any of the bands of 3-orbital model obeys the noncommutative
3 bracket defined in Eq. (2.88a) that is dominated by the value
of 6. Upon partial filling, the flat middle band thus provides
a manifold of many-body noninteracting ground states with
macroscopic ground state degeneracy, similar to the case of
a partially filled Landau level. Henceforth, one may expect
interesting many-body ground states to appear once electron-
electron interactions are added to the model. In that regard,
we observe that any many-body Hamiltonian that includes
an interaction build out of density operators projected to the
middle band is invariant under the chiral transformation (3.3a),
since the projected density operators themselves are invariant
under the chiral transformation (3.3a).

C. Surface states

We shall here provide an interpretation of the topological
invariant (3.10) as a manifestation of the surface states
associated with a spatially dependent mass parameter M in the
Hamiltonian (3.2). This observation applies when considering
the surface states that connect bands separated by a bulk
gap. Such surface states, connecting the upper and lower
band, appear only when the periodic boundary conditions are
replaced by open boundary conditions that implement a slab
geometry with the surface normal parallel to the r3 direction.

In order to study the surface modes, we consider the low-
energy description of the Hamiltonian (3.2) by linearizing it
around each of the 8 nodal points in the Brillouin zone k;,, =
w(l,m,n), with [, m,n = 0, 1. The Hamiltonian (3.2) in the
linearized approximation factorizes according to

H= & Him-

1,m,n=0,1

(3.15)
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For example, the expansion H around kgoo produces

0 0 k_
Hooo=1] O 0 ks —iMoyo |, (3.16)
ky ks 4 iMoo 0

where ky = ki £ iky, k; = —id,,, for j =1, 2,3 and Moo =
M — 3. For a uniform mass My, the spectrum breaks
into three low-energy bands with eigenvalues O and
vk + | Mooo| .

We now regard Mg as a domain wall configuration along
the r3 direction, which we choose to parametrize as

Mooo (r3) = Moo [O (r3) — © (=13)],

where © is the Heaviside function. The choice of a sharp
domain wall in Eq. (3.17) facilitates the analytic treatment of
the eigenmode equations and does not affect the generality of
the following discussion. Due to the translational invariance
on the e;-e; plane, we seek solutions of

(3.17)

Ho00V000,c = € V000,15 (3.18)

with Y00, (0,73) = € P Pooo,x(r3), whereby p = (r,r2) and
Kk = (k1,kp) are, respectively, the coordinates and momenta
projected on the e;-e; plane. The components of the spinor
wave function

P000.c (r3) = (fie (r3) .8k (3) e (r3))T (3.19)

satisfy

k_
Je (r3) = g—hK (r3), (3.20a)

1
g (r3) = o [0y, — iMooo (r3)] b (r3),  (3.20b)

K

and
[—02 + MGy (r3) — 2Moood (r3)] hye (r3) = (2 — K2) hye(r3).
(3.20c)
At ry # 0, the solution of Eq. (3.20c¢) yields
By (r3) = hoe™ V%, (3.21)
where ho, is a normalization constant and A~':=

(Mg, + k% — )2 > 0, while the 8 function discontinuity
at r3 = 0 imposes the condition A~1 = Mogo. Therefore, the
domain wall configuration (3.17) bounds surface states with
dispersion

1 = Elk|, (3.22)

provided Moo > 0. Evaluating the solution (3.21) in
Egs. (3.20a) and (3.20b) yields the spinor wave function,
which, up to a normalization constant A/, reads

Yoo, 2. (9.73) = N oo & e P Mmors, (3.23a)
i k .
Qo002 = 27,0, ﬁ = oo,
(3.23b)

The discussion of the boundary states of the low-energy
Hamiltonians with n = 0, Hj,,0, is very similar to that of
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Hooo- In this case, the existence of gapless surface states
with dispersion as in Eq. (3.22) for sharp domain wall
configurations

Mo (2) = Mo [0 (r3) — 60 (—713)] (3.24)

requires M;mo > 0. The explicit form of the eigenspinors
(omitting the r3-dependent part) is

Qoon . =27 A(Ee 0,1,

Gron e = 27 (F,0,D)T,

Prin e =272 (Fe,0,D)T,

otk = 272 (Ee 0,7,

(3.25)

where n = 0. For the boundary states of the low-energy
Hamiltonians with n = 1, H;,,1, the extra minus sign coming
from the Taylor expansion around k3 = m implies that the
gapless surface states exist for domain wall configurations

My (r3) = M1 [0 (r3) — 6 (=13)], (3.26)

provided M,,,; < 0. The eigenspinors in this case are given by
Eq. (3.25) withn = 1.

In order to account for all the possible surface modes
in a finite size configuration, we now take, for the sake of
concreteness, our system to be a slab, infinite in the e;-e; plane
and confined in the r3 direction by r;® < r3 < rf°™ with
r3F — rbotom assumed to be much larger than any other length
scale so as to regard the two surfaces as completely decoupled
from each other. Moreover, let us adopt the convention that
the vacuum is characterized by a positive value of the gap
parameter (M, > 0), which then changes to negative values
for ry? < r3 < r"™ For this particular configuration, the
discussion above implies the presence of gapless surface
states associated with M0 (Hy1) at the surface ry = ry?
(}’3 = r;)ottom) for Mlmo <0 (Mlml < 0)

In order to make a connection with the topological invariant
(3.10) we now compute the winding number of the eigen-
spinors as

1
o =+ 7§ dK - @ s Vetmose),  (3.272)

1
vy = —— 7{ dic - @}y 4 Ve 2x),  (327b)

where the explicit overall sign difference between (3.27a) and
(3.27b) reflects the opposite orientation of the outward normal
vectors +e; and —e; at the surfaces r3 = ;¥ and r3 = rotm,

respectively. Direct computation using Eq. (3.25) gives

(3.28a)
(3.28b)

Vooo = V110 = Vio1 = Vo11 = —1,
V100 = Vo1o = Voor = V111 = +1.

The total winding number of the surface states is encoded in
the quantity

(3.29)

V= E Vimn

M iyn <0
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which acquires the following values:

+2, M| <1
p=49-1, 1<|M|<3 (3.30)
0, 3 < |M|.

Comparison between Eqgs. (3.30) and (3.7b) thus establishes a
direct relationship between the topological index (3.10) and the
total winding number of the surface states . Similar analysis of
the finite size system spectrum for domain wall configurations
of the gap parameter along either the x or the y directions
reveals the nonexistence of surface states.

IV. INTERACTIONS WITHIN SINGLE-MODE
APPROXIMATION

We begin by reviewing the single-mode approximation
(SMA) to the FQHE from Ref. 33.

In the IQHE, the external magnetic field organizes
the single-particle spectrum into degenerate Landau levels,
whereby two consecutive Landau levels are separated by the
energy gap hw.. The cyclotron frequency w. =h/ (meE%) is
proportional to the magnitude B of the uniform magnetic field.

‘We consider the limit of very strong magnetic fields relative
to the characteristic energy scale V of the electron-electron
interactions (i.e., hiw. > V). Moreover, we consider a filling
fraction v = ®/®y < 1 (P the magnetic flux and P, the flux
quantum) such that the exact many-body ground state |Wy)
does not break spontaneously any symmetry. The translation
invariant interacting Hamiltonian H describing a nonvanishing
density of spinless fermions moving in a plane perpendicular
to an external magnetic field of uniform magnitude B and
interacting pairwise with a (screened) Coulomb interaction is
then well approximated, as far as low-energy properties go,
by its projection Hyyp onto the vector space spanned by the
single-particle lowest Landau level (LLL).

Upon imposing periodic boundary conditions in an area of
linear size L, Hyy is given by

ﬁLLL = Z Uqaﬁ—q515+q,
q

(4.1a)

where

Vg = v; =v_4 (4.1b)

is the Fourier transform of the screened Coulomb interaction,
while

8pq 1= Pg — (WolDg|Wo)

is the Fourier component of the fermion density operator after
projection into the LLL measured relative to its expectation
value in the exact many-body ground state |W).

Inspired by the early work of Feynman and Bijl in their
study of excitations in “He,>* GMP in Ref. 33 consider the
variational state

(4.1¢)

|px) == 8pk|Wo).

whose energy expectation value Ay, measured relative to the
exact ground-state energy Ey, sets a variational upper bound on
the low excitation spectrum of the LLL-projected Hamiltonian
4.1).

4.2)

035125-17



NEUPERT, SANTOS, RYU, CHAMON, AND MUDRY

Assuming the inversion symmetry

Apgp = Ay, (4.3a)
a direct calculation using Egs. (4.1) and (4.2) leads to
Ay = ﬁ (4.3b)
Sk
where
i = 5ol [87k [ Hir,80:4]11W0) (4.3¢0)
and
sk = (Yo 18p_18p1k| Wo) - (4.3d)

One recognizes on the right-hand side of Eq. (4.3d) the static
structure factor. The insight of GMP in Ref. 33 was to realize
that the density operators projected onto the lowest Landau
level close the exact algebra

[5g,Pk] = 2i sin (5 (q x k) - €363) gk (4.4)

(£ is the magnetic length). In turn, the algebra (4.4) implies
that

fie ~ |k|*

in the small-|k| limit. Hence, in the FQHE, a necessary (but
not sufficient) condition for the existence of a finite gap in the
thermodynamic limit is to have

sk~ k| (4.6)

(4.5)

also hold in the small-| k| limit. In fact, Eq. (4.6) was shown in
Ref. 33 to be satisfied when | W) is chosen to be any Laughlin
state with filling fraction v = 1/m, where m is an odd integer.

In the spirit of GMP, our starting point is a single-particle
Hamiltonian defined on a d-dimensional Bravais lattice and
sharing its point group symmetry. We also assume that
there exists at least one band that is independent of the
lattice momentum (i.e., a flat band) and, furthermore, that
is separated from the other bands by a single-particle gap
A. We constructed a 3D example thereof in Sec. III. We
then imagine switching on adiabatically a pairwise interaction
that preserves the Bravais lattice point-group symmetry, say
a (screened) Coulomb interaction. We shall denote with V
the corresponding characteristic interaction energy scale. In
the regime for which A > V, Hamiltonian (4.1) can be
reinterpreted as the interacting Hamiltonian projected onto this
flat band, provided we identify v, with the Fourier transform
at the lattice momentum ¢ of the pairwise fermion interaction,
8py with the Fourier transform at lattice momentum ¢ of
the projected operator describing density fluctuation measured
relative to the fermion density with lattice momentum ¢ of the
exact many-body ground state |Wy), whereby we assume that
|Wy) does not break spontaneously any point-group symmetry
of the lattice.

The projected density operator on a flat band reads

Pk = ZML : up+k3(\;5(\p+k = Z Mp,kj(\ljj(\erks
I3 P

4.7)

where u; € CV is vector valued (its components range over
the number N of orbitals per site of the Bravais lattice),
while ¥ and 5(\11 are the annihilation and creation operators,
respectively, of single-particle fermionic eigenstates on the
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isolated flat band with lattice momentum k. Hence, they satisfy
the canonical fermionic anticommutation relations

ToXp) = X TN =0, Fek)) =dws 48

for any pair k and k' of lattice momenta. In carrying out the
program laid out in Eq. (4.3) for a general lattice Hamiltonian
with a flat band, one notices two immediate obstacles.

The first one arises from the fact that the commutator of
two (projected) density operators does not satisfy the algebra
(4.4) found by GMP for the FQHE in a uniform magnetic field.
However, it was noticed in Ref. 38 that, in the limit of small
lattice momenta k and k', the commutation relation between
two projected density operators reads

[p(k), p(K")]
= /[i(k AK)-B(p)+-- 10 (px(p+k+ 1) (4.92)
p

in the thermodynamic limit L — oo, whereby the short-hand

notation
/ / Qm/ L)d

B(p):=—i(VAA(p (4.9¢)

is the (real-valued) Berry field strength of the flat band, and
A(p) = (u' - Vu)(p) (4.9d)

is the (imaginary-valued) Berry connection of the flat band,
while --- in Eq. (4.9a) accounts for higher-order terms in
powers of k and k’. Consequently, it was proposed in Ref. 38
that the numerical observation of the FQHE without an external
magnetic field in 2D Chern insulators in Refs. 50-53 can be
understood on the account that, because in a 2D Chern band
insulator the integral of the Berry curvature on the Brillouin
zone equals the (nonzero) Chern number, replacing B(p) in
Eq. (4.9) by its average implies the GMP algebra (4.4) in
the long-wavelength limit. However, we would like to stress
that, contrary to the 2D Chern band insulators for which
one can associate the notion of an average Berry curvature
due to the nonzero Chern number, for the 3D lattice models
studied in Secs. II and III, the integral of the Berry curvature
vanishes so that replacing B( p) by its average is meaningless.
Even for 2D Chern band insulators, the Berry curvature is
generically nonuniform; a fact that should be reflected in the
exact many-body wave function.

The second obstacle to applying the SMA to an interacting
lattice model is the fact that no good candidate wave function
is presently known with which one can compute the static
structure factor s and compare its small k dependence with
that of fi, as was done by GMP in Ref. 33. Nevertheless,
information about the behavior of f; for small k and the
requirement of a finite gap in the thermodynamic limit (i.e.,
Ay — Ay #0 for k — 0), puts a constraint on the static
structure factor for small &k and, correspondingly, on the
correlations of the exact many-body wave function.

In Appendix E we discuss in detail the evaluation of the
function fj defined in Eq. (4.3c) to lowest order in k. Our
main result is that, due to the nonclosure of the density algebra
for any d-dimensional lattice model, the leading contribution

(4.9b)

is used,
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to f(k) reads

PHYSICAL REVIEW B 86, 035125 (2012)

Flh) = / / / @Ik A q) - SB(P)IIK A q) - SB(POA(pIA(P)
q/pJp

+ f / v(q)%(k Aq) - @B Pk - X (PX(P+ @) — (X (P + OX(P)SD ()],
qJp

where [ = [d“q/(27/L)" and the summation convention is
implied over the repeated index u = 1, ... ,d. In Eq. (4.10a),

Ap):=x"(MX(P), (4.10b)

while
§B(p):=B(p)—B (4.10c)

denotes the deviations of the Berry curvature B( p) away from
the uniform background value B. This uniform background
value is defined in such a way that, when d = 3,

1 d’p 2 1 d*p
- B(p="x-| &5
%2 /T3 ol P =152 /1:3 1)}

4.11)

Ct=2x

where L = 1, 2, 3 is compatible with a generalization of the
2D Chern number to layered (quasi-2D) materials. The result
(4.10a) should be contrasted with the calculation in Ref. 33,
for which the order k* term in f(k) vanishes identically as
a consequence of the algebra (4.4). The formula (4.10a) thus
establishes a direct relationship, within the SMA, between the
deviations of the Berry field strength away from a uniform
configuration and the order k* contribution to f (k)

fk) ~ |k|*.

Such a relation is relevant either for 2D fractional Chern band
insulators for which, despite a nonzero Chern number, B(p)
can be nonuniform throughout the Brillouin zone or for the
general classes of 3D lattice models studied in Secs. II and III
for which the integral of B( p) vanishes. The result (4.10a) also
indicates that a prerequisite for the existence of a nonvanishing
but finite many-body gap to excitations above the many-body
ground state is that the static structure factor s(k) has also to
vanish as k* to allow for the possibility of a nonzero ratio
A(k) = f(k)/s(k) and therefore a nonvanishing SMA gap in
Eq. (4.3b).

4.12)

V. SUMMARY

The noncommutativity of coordinates and density operators
in a featureless liquid-like electronic state can be a local probe
of its topological character. In this paper, we have studied
how this fact, which is well established for quantum Hall
fluids in 2D, carries over to 3D topological states of itinerant
electrons. In the limit of long wavelength, we found that both
the noncommutative relations obeyed by projected position
and density operators are characterized by the topological
invariant of a 3D band structure with chiral symmetry. We
established a relation between the noncommutative relation
of the projected position operators and the classical Nambu
bracket of volume-preserving diffeomorphisms of 3D fluids,

(4.10a)

that might bridge the description of classical ideal fluids and
that of topological incompressible states in 3D.

One experimental manifestation of band topology are
boundary states. Their existence is, in turn, tied to the topologi-
cal electromagnetic response of the system. On the basis of our
results that relate the expectation values of position operators
with band topology, we conclude that the noncommutative
geometry is observable via response functions. First, the ex-
pectation value of the regularized projected position operator
itself is the polarization; that is, a zeroth-order response, in
the sense that it exists without external perturbing fields.
The expectation value of the commutator and the 3 bracket
of projected position operators describe linear response via
the Hall conductivity and the magneto-electric polarizability,
respectively. The latter yields the polarization created by
application of a magnetic field and has a contribution from the
3D Chern-Simons invariant or, equivalently, the 6 term.>”>
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APPENDIX A: GAUGE-INVARIANT REGULARIZATION
OF BRACKETS OF PROJECTED POSITION OPERATORS

1. Definition of single-particle Hilbert space

Define the three lattices

A}, = {(k") eR?

k":z—nn“, n“:l,-n,./\/'“},
a
(Ala)

A, ={0r") e Rd|r“ =an*, n*=1,....N"}, (Alb)

Ag = {(R") e RYR* = an*, n*=1,... N*},

(Alc)

each of which shares the same cardinality

d
N = H/\f".

pn=1

(A2)
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The lattices A, and A  share the same unit cell of linear extend
a but they might be shifted by the vector

(A3)

from the unit cell relative to each other.

The single-particle Hilbert space is defined through a basis
of orthonormal states. We introduce two such bases.

There is the orbital basis

L= |yy) | = [vi)(vil.

(l/, W ) Saa (Sr r's (A4)
(wk|1//k> 8aa8kk’
(wf’wz ) — +ik-r’

W

with the summation convention implied over repeated indices
and for any pairsa,a’ = 1,...,Norr,r' € A,ork, k' ¢ Ay
There is the band basis

1= |Wg)(Wg| = |xi)(xi]
Welwe) = §998p pr
< R| R/> R.R'> (AS)
(xglxe)= s a5kk’
kR

(Walxi) W’

with the summation convention implied over repeated indices
and for any pairs a,a’=1,...,N or R,R' € Ag or k,k ¢
Ny N
The orbital and band basis in momentum space are related
by the momentum resolved N x N unitary matrix U with the
matrix elements
(xﬁ,‘:‘x,f):u%“, a,a=1,...,N. (A6a)
Hence, for any k € Ap,, these matrix elements obey the
orthonormality conditions

ulyd e = 5% qa’ =1,...,N, (A6b)
for row multiplication or
ud s =5 aad =1,...,N, (A6c)

for column multiplication.
The orbital basis in position space and the band basis in
momentum space are related by the Fourier component

<I//;1 |X[(:> _ Luzae-&-zk r’

VN

forany r € A, and any k € Aj,.

aa=1,...,N, (A7)
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The orbital and band basis in position space are related by
the convolution

1 —ik- a
|Wg) = Wi R xi)

_Le—ik-R a a a
= e () L)

_ Lefikﬁ A o
- W (<¢r|Xk>)|wr)

— ./\i/e—zk(R r) (xa|w ) (A8)

forany R € Ay with the summation convention over repeated
indices on the right-hand side.

2. Projected lattice position operator

A lattice position operator generates infinitesimal transla-
tions in momentum space. There is an ambiguity when defining
a lattice position operator. We can either choose to define the
position operator on the lattice A, or on the lattice Ag. In the
former case, we define

=2 Z v )r{ws

relA, a=1

= [y )rlyy

; (A9)

with the summation convention over the repeated indices o =
1,...,N and r € A, implied on the second line. In the latter
case, we define

Ri=3" ilW?e)R

ReAg a=1

(Wi| = [Wr)R(Wg|,  (A10)

with the summation convention over the repeated indices a =
1,...,N and R € Ag implied on the second line.

We define the projection operator on the first N occupied
bands by

=2 XN:|XI‘3>(XI‘3|

keAy, a=1

= |xi) (x&

: (ALD)

with the summation convention over the repeated indices
a=1,...,Nand k e A%, implied on the second line. In the
sequel, 1t w1ll always be understood that latin indices such as
a run over the first N occupied bands. The projection operator
on the first N occupied bands is represented by

- 1 ik (R—R') | v1d\ 1a/d a\fvird
PN =N Z TR Wil we | = W)W,
keAy,

(A12)

in the Wannier basis (with the summation convention over
the repeated indices @ = 1,...,N and R € Ay on the second
line). The projection operator on the first N occupied bands is
represented by

Py = ufug ™[y | (A13)

in the momentum space orbital basis (with the summation
convention over the repeated indices @ =1, ...,N; a,a’ =

1,...,N,and k € Aj,). Itis notdiagonal in the orbital indices
because of the truncation to the occupied band.
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The lattice position operator projected on the first N
occupied bands can be either defined by

X, := pyiDr (Al14)
or by

X :=piR (A15)

=

3. Lattice discretization of single-particle trace over 1 bracket
of projected position operator

We are first going to show that

i(Zr— ZR). (A16)

a=1 \reA, ReAg

Tr(X, — Xg) =

We are then going to show that

Te(X, — Xp) =i Y trA;,

keAy,

(A17a)

where, in the thermodynamic limit N' — oo and assuming
smoothness of the k dependence of the matrix elements (A6a),
Ay is the N x N antisymmetric matrix with the components

A% = s ab=1,....N.  (Al7b)

The summation convention over repeated indices is implied.

Comments: (i) Equation (A17) follows from the identity (the

proof of which is postponed to Sec. A 5)
X, =Xe+ 1) i AP (x2]. (A18)

(ii)) Equation (A17) holds for any choice of the boundary
conditions. (iii) Equation (A16) is mathematically meaningless
in the thermodynamic limit N'— oo, for it involves the
subtraction of two ill-conditioned sums.

Proof. First, we make two observations. On the one hand,
from the definition (A14)

TrX, = (Wa|X,|Wg)
= (Wil#| W)

— [_e'Hk-(R—r)u%&*(wa[I i'
r
1 7zk/(R r) o'a wa)]
Up r
_ |:_e+ik.(R—r)uid*<w;x‘:| ,
X j%/'e—lk/(R r) aa|w )]

’ , 1 ) )
(W) =898, p = Z |:N6+tk~Ruza*i|

rel,

1 . _
Xr [Fe’k'Rui/“ .

The implied summation over R produces the factor N'§; .
We are left with the implied summations over the orbital & =
1,...,N, over the occupied bands @ = 1, .,N, and over the

X

|—|2.’_‘|—|Z’—‘
Z

(A19)
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*
momenta k € Ay,

(A20)

On the other hand, the definition (A15) immediately implies
that

(A21)

Subtracting Eq. (A21) from Eq. (A20) delivers Eq. (A16).
Second, to prove Eq. (A17), we start from Eqs. (A14) and
(A11) to establish that

TrX, = (X}? |X |Xk>
= (il #[xi)
= (i [(lr v ) 7 i)
(v ) (rfur? k)

) (-

(
+ik-r -
( )
+zkr
-t ()]
—ik-r +zkr
( )| ()

e+zkr -
()]
= (X2 [v2) (—i) v |x§)

+iud * dpul. (A22)
To prove Eq. (A17), it suffices to recognize that
UG st = Y itrAy (A23)

keAy,

and that, after insertion of the Fourier expansion within the
band basis (A5),

(i [wr ) =Daelwy | xi)

oikR otikR )

= <_W_v (wa, f‘))(—i)ak(T(WﬂWﬁ))
—ik-R’' ik-R

(S wi ) (R Wil
JN VR VN

—ik-(R'— 3 _

_ ( y e 7 ) Wi |R([ve)we))| W)
keAy,

= (Wg| R [Wg)

= TrXy. (A24)

n

035125-21



NEUPERT, SANTOS, RYU, CHAMON, AND MUDRY

4. Lattice discretization of 2 bracket of projected
position operator

We are going to establish that the 2 bracket of the projected
positions operator (A14) is

e XIRY = | (= F2) (x|

N otik-(R—R) = 5
= Wl | ———7—Fivwe | W |, (A250)
where
Fob o = 0,AY, — 0,A%L + Ak, Ak ]™,
nvik ntk; ki 3 H (A25b)

ab=1,....N, keAy,

in the thermodynamic limit /Y — oo and assuming smooth-
ness of the k dependence of the matrix elements (A6a). The
summation convention over repeated indices is implied. In
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contrast, the 2 bracket of the projected positions operator (A15)
vanishes

€ XiXh =0. (A26)

Comments: (i) No regularization is needed here. (ii) Equation
(A25) holds for any choice of the boundary conditions.
Proof. We begin with the proof of Eq. (A25) which we
establish by computing the matrix elements of X;' X! in the
band basis (AS) in the Wannier representation (as opposed to
the momentum representation). For any triplet of pairs a,a’ =
1,...,N, R,R ¢ A\R}\and w,v=1,...,d, we evaluate the
matrix element of X;' X" in the Wannier basis given by

(Wl X1X! | Wa) = (Wal By By (Pri* B) W)

(Wale D | Wie) = (Wl (e lws e (gl D (v v D Iwg)

Eq. (A9%) = e (Wi e e [k e o | W)

Egs. (A7) +(A8) = 7

1 adx +ik-R 0 —ik-r
= j\? (Mk €+ me ) (

= 8095 (WalpH prit |[We ). (A27)
With the help of Egs. (A4) and (AS),
o (u%d*e-i—ik-(R—r)) (u(;Eer-r) (uo;’i?*e—iw’) (ui,’@’e—ik/%"'—"))
uol‘,geﬂp") (uﬂl‘,’E*e*i""’) (uz:[',e"k/'R, %e“k/",) . (A28)

We would like to perform the implicit sums over r € A, and r’ € A,. To this end we use twice the product rule for

differentiation,

F) (@) = [3(fg) — (3f)glld'(f'g’

)_

@' gl

= 3(fg)0'(f'g") —a(fg)( fg — (3183 (f'g) + (3f)8(d f)g’

= 90'(fgf's) — dlfg(d'f)g'l — d'1(f)gf 81+ (3f)8(d f)g',

(A29)

for any pair of functions f and g of one variable and for any pair of functions f” and g’ of another independent variable. We find

1 9 0
7 e i LU
1 0
3 g
1 0

WalXrXY Wi =
R r “‘r

1

aa*eJrzk-R

uad*eJrikR) (uo;5€+i(p7k)~r) (uo;’E*efi(pfk’%r’) [3(; (u

adr g+l RY | (2B g Hi PRI (& e g=ip=KT") [

)(utlx’geﬂ'(pfk)f) (ut;z”l;*efi(pfk')-r’) (MZ:d’e—ik’-R’)]

g7 ))

([ (e ) (007 00 g 8

a’ﬁ’e—ik’-R’)]‘

“ (A30)

We perform the implicit sum over r € A, on lines 1 and 2. We perform the implicit sum over ' € A, on line 3. We perform
the implicit sum over the pair r,r’ € A, on line 4. The implicit sum over r € A, yields the multiplicative factor N8y, ,, while
the implicit sum over r’ € A, yields the multiplicative factor V'8 ,. Thus,

a|lvurvv a'\ __ 1 8 8
(Wl XXy |w ’>_+/\7WW[
1 9

N ke
1
Ve LACH

1 o - x Py
[ e R g [, o))

{(e+ik-R5dE)(uz’E*e—i(k—k')-r’) [8;(

(e+ik-R5ﬁE)(M%’E*efi(kfk’)-r’) (uz/’d/e—ik’~R’)]

g )|

uaa*e+ik~R)] (u:,l;e-&-i(k/—k)r) (Sﬁa’e—ik’»R/) }

(A31)
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Performing the implicit sum over the projected band index b = 1, - - - ,N on lines 1, 2, and 3 gives
a|yny a’ I a 9 ‘ax ,+ik-R ,—ik—Kk)r o'd ,—ik'-R 19 o'ax ,+ik-R ,—i(k—K')- o'd ,—ik'-R'
(W1%|X£LX:|W‘I'):+/\7WW[ o'ax +ik R ik k)ruk/ o—ik R]_mm{ a/dn o +ikeR o ik k)r[a‘/}Mk/ ik R]}
1 0 _ . , s n) o 1 I - 'z e _ir o
L T R ) T [ (T N (g ) | R P

For further simplification, we apply the identity
I [f Oh(k, kg (k)]

= +okLf (k)h(k,k")op (k")) + d [g(K YAk, k) f (k)] + f(k)g(k" o dphk,k') — h(k, k)3 fU)][dg(K)], (A33)
for the smooth function f, g, and & to the first three lines of Eq. (A32). We find

<WI‘§|)?£‘)?:|W&) =+ 1 |: 9 iei(kk’)-riluzﬁ*eﬂk-RuZ/ﬁ’eik’-R’ _ Lefi(kfk’)-r[aﬂ(uzé*eﬂ'k-R)][a/(uz/ﬁ’efik“R/)]

N2 | 8kn 9k e ’
1 P sl v pp
+ N[aﬂ (uza*e-ﬂkR)]uzb[uz b*au (uiu e—lk-R )] (A34)

We perform the derivatives on lines 2 and 3 first, which we then follow up with the implicit sum over r,

<Wﬁ|§f§f}wﬁ> = +./\% [% %e_i(k_k’)'r]u%‘-‘*er'Ruz,‘Te_ik/'R’

— RO R g + 8] [~ R+ 0]
+ Nﬁ""““" i Ruf™ + 3,us™ Jugul ™ [—i RLug ™ + d,uf ™). (A35)

By making use of the orthonormality (A6b) and (A6c) and the definition (A17b) for the gauge connection, we can expand the
product of the bracketed terms on line 2 and 3 according to

i~ o~ ~, 1 0 0 . , ~ . o
<W§|X£AX;)|WIL;,> =+ |: e—l(k—k )-r]uza*e-ﬁ-lk-Ruz,a e—tk<R

N2 | 9k ak"
eIk (R=R) - o
- T[RMR’V(S““ + iR, AV + iR AYG + (8,57 ) (9,ug” )]
oIk (R—R) » » . .
+ T(i R, — AT (=i R, 8" + AT). (A36)

Terms that have been underlined on line 2 cancel with line 3, leaving us with

PR ~/ 1 3 8 . 7 ~ . ~/ L1l eik‘(RiR,) ~ ~/ ~ 7 P~
<W§ |XﬁX: | Wa,> = +/\7 [m Weil(kik )"]uza*e“kﬁu%ﬂ 671k ‘R — T[(auuz“*)(avui“ ) + AzljkAﬁ’ak] (A37)
Here we would have to stop if we do not want to antisymmetrize the indices u = 1, ...,d and v = 1, .. .; doing so, however,
yields
o~ _ el K(R—R") i P e Hk(R-R)
e We| XX |WE) = —T[GMGMUZ)MAV?,( + A AV = —TFZ\‘f;k. (A38)

We continue with the proof of Eq. (A26), which we establish by computing the matrix elements of X~ 5(\;’ in the
projected band basis (AS5) in the Wannier representation (as opposed to the momentum representation). For any triplet

of pair a,a’=1,...,N, R,R' € Ag, and u,v =1, ...,d, we evaluate the matrix element of )?ZX\; in the Wannier basis
given by
(Wl XeXp|Wi) = 895" Y (W |y R*Pr)(py R pi)| W) = 87874 (Wg |R py R*| W)
= g (g R (Wi W R W)
= 84957 RER (Wi | W )(Wa | Wh ) = 6“76"T RER" 6™ S g (A39)
Antisymmetrization yields Eq. (A26). |

035125-23



NEUPERT, SANTOS, RYU, CHAMON, AND MUDRY PHYSICAL REVIEW B 86, 035125 (2012)

5. Lattice discretization of 1 and 3 bracket of projected position operator

We are going to show that, in the thermodynamic limit A" — oo and assuming smoothness of the k dependence of the matrix
elements (A6a),

R - —i(k—k')-r » - —i(k—k')-R _, _, _
X, = |Xff>(T’“%“*”7f )(X,‘H = |X:‘§)<TR8“” + i Ay’ 8k,k’>(X;;'

a[ €™ F aap L aaw a a e+ik'(R7R,) ad pry : gad a
— |Xk>[ \/N (8 4R +1Ak )}(WR” = |WR>|:T(8 “R +1Ak )}(WR’ ) (A40a)
while
o 1 etk R=K) P i .,
cun XI XY K] = [Wg) 1 Se v [OFL R+ iAT) ] (Wi (A400)

The summation convention over repeated indices is implied. Comments: (i) A regularization is needed to dispose of the explicit
R dependence in the position representation of the covariant derivative. (ii) Equation (A 5) holds for any choice of the boundary
conditions. The equality between the first and second right-hand sides of Eq. (A40a) implies that we can make the identification

(Z e—z(kfk’)r Z efz(k k)-r 7l(k k)R _,
—idy ———— ) 4 ———— U ) idy «— — & R&, (A41)
rel, N rel, N N

which will become handy to go back to a formulation in the continuum for both position and momentum that does not assume
the vanishing of boundary terms. (iii) Had we chosen to represent the 3 bracket in the Bloch basis, we could have either written

PPN - 1 —i(k—k')-r _
e,MXfX,”iju;;)(EeW( )F;;’;k—N r,w%“ui“)(x,‘:,, (A42a)

had we opted not to use the product rule for differentiation, or

THPVY al 1w a (e KR aa | : pad @
e X X)X = ‘Xk)[f“ = )Fufk<TR?»3 +’Ak;x5k,k’>]<xk’ ; (A42b)
had we opted to use the product rule for differentiation. However, the representation on the first line of Eq. (A40a) as well
as Eq. (A42a) are meaningless in the thermodynamic limit AV — oo. They fail to separate a finite and physically meaningful
contribution to the trace of n brackets.

Proof. Needed is

-~

(Wl (€un XEX XM Wa) = Len(Wa | ([XF,X2]XH) | WE) (A43)

for any pair a,a’ = 1,...,N and any pair R,R’ € Ak. With the Fourier expansion within the band basis (A5) and the matrix
elements (A25), there follows

(Wal[xe X)X Wi) = (Wal[a)( = Fiv ) o 1% i) = 89784 (Wa i) (= Fiva i | X2 [ Wg) (Ad4)
for any pair a,a’ = 1, ...,N and for any pair R, R’ € Ag. With the Fourier expansion within the band basis (A40a),

e+ik~R

"

(Wilxi) =847 (A45)

Equations (A40a), (A44), and (A45) imply Eq. (A40).

The proof of Eq. (A40a) is done along the same lines as in Sec. A 3. We choose the paira,a’ = 1, ..., N and the pair k € AL,
R € Ag. With the help of Egs. (A14) and (A11)

(e, W) = 3797 [ W) (ad6)
In turn, for any paira,a’ =1, ... N,
Uk 715 = I3
= (rx v ) (v [wi))

—tkr —zk (R-r)
aa* ad’

—zkr e—1k~r B e—ik’-(R—r) .,
[+z ( ‘;“*)+W(—iakuz“*)] Tuzf’ . (A47)
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To proceed, we reexpress the first term on the right-hand side as a product of two overlaps to be differentiated with respect to
momentum, while we perform the implicit sum over r € A, on the second term on the right-hand side. This implicit sum over

r € A, produces the multiplicative factor N'§; ;. Thus,

Uk F1WE) = [ +i0u (ko WD) + S (i) |

The implicit sums over r € A, and « = 1, ...,N in the first
term on the right-hand side delivers the resolution of the
identity, while we can use the orthonormality (A6b) and (A6c)
to move the momentum gradient in the second term on the
right-hand side. This manipulation gives

—ik-R
1) = [ ek WED) + ™ i) |
(A49)

Equations (A7) and (A17b) deliver

A L fe KRN kR
g = |vine (57 ) + < pia |
(A50)

We conclude with
—ik-R

il =7

The proof of Eq. (A42) starts from suitably modifying
Eq. (A44) according to

e |[(Xe XX xe) =

(RS“ + i ASY). (A51)

Al PAIC AP P

= 805" (—Fil ) 1K i) (A52)
where we can either choose the representation
o o—ik—K)r
(X}? |X,|XZ,> = ruz“*uza (AS3)

if we opt not to use the product rule for differentiation or
o o—itk—k)-R
(il Xl ) = (—N

if we opt to use the product rule for differentiation as we did
in Egs. (A22) and (A24). |

Rs™ + iA;‘"f’ak,k/) (A54)

6. Gauge invariant regularization of trace of 1 and 3 brackets

Equation (A40) is the main result that we need to draw
a connection between the expectation value of the 3 bracket
in the noninteracting filled Fermi sea and the U(N) Chern-
Simons action in three-dimensional space.

We have shown in Sec. I A the “symbolic” gauge invariance
of the expectation value of the 1, 2, and 3 bracket of the
projected many-body position operator in the Fermi sea filling
up N Bloch bands. The qualifier “symbolic” must be used
since this symmetry presumes the existence of the expectation
value. There is no ambiguity for the 2 bracket. The 1 and 3
brackets are however ill defined. They need to be regularized
(i.e., made finite).

—ik-R
(A48)

Itis well known in quantum field theory that regularizations
can break a classical symmetry. Regularizations know about
quantum mechanics, for they involve expectation values of
operators made of additive pieces that do not commute.
In a path integral formalism, quantum mechanics is traded
for coherent states at the price of a measure that requires
a regularization. Here, we need to trace over an operator
that can be decomposed into two additive operators that do
not commute. The resulting quantum fluctuations require a
regulation of ill-conditioned sums.

However, in the process of regularization the symbolic
gauge invariance can disappear. The question thus becomes
the following. Is it possible to regulate the 1 and 3 bracket in a
gauge invariant way whereby the gauge invariance only applies
to pure gauge transformation since large gauge transformations
change the boundary conditions and thus the very nature of the
Hilbert space over which the trace is to be performed?

Our answer is positive and relies on the observation that
we already made in Eq. (A18) and follows from Eq. (A40);
namely, that

X, —Xp=iA, (AS55a)
where we have introduced the operator
A= | x8) AL (kb (AS55b)

through its spectral decomposition.
One verifies by direct computation with the help of
Egs. (A40) and (A55) that

Féifte[A] _JT/( R|[€uw\X Xy (XA ??%)]|Wz“e>
11
LIS vl s
NzkeABz

breaks SU(N) pure gauge symmetry. This regularization is
thus not the one we seek. (The summation convention over
repeated indices is implied.)

However, we immediately see that there is an ambiguity
when choosmg the > space | 1ndex for which we will do the re-
placement X — X — X . There are three possible choices
that would have all lead t0 the same right-hand side (A56);
namely,

FutelA] = (W[ XX (X} = X3)][Wg)

(Wallem XM (X! — Xp)XH]|Wa)

JRE

=N(WR][6,M(X — XR)X'XH]|Wa).  (AS7)

(The summation convention over repeated indices is implied.)
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Proof. We can first insert and then remove the resolution of
the identity as

(Wi |[X0 (X} = X3) X} wg)
= (W| X1 (X) = XR) W) Wi | X} [ W)
= (W | X Wil Wil X (X) - X3) | W)
= (W | X} XX = X3) W)

for the second line of Eq. (A57) and

(A58)

(Will(Xr -
(Wil(Xr = X)W Wi [ X2 [wi)
(Wi | XX Wil Wi (X2 — X) [ wi)
= (Wi Xy X2 (Xy = Xp) Wi ),

for the third line of Eq. (A57). The space labels u,v,A =
1, ...,d have been reordered in cyclic fashion so that contrac-
tion with e#¥* delivers Eq. (A57). [ |

The subtraction that we performed in Eq. (A56) does
regulate the expectation value of the 3 bracket but not in a
gauge invariant way. Instead of Eq. (A56), we use the more
symmetric definition

Xp) X)X ]| i)

(A59)

F(auge mvarlant[A] =+ (Wﬁi[euvxgﬁgf (gj - Xﬁ):”W;é)

»—2’—‘

(Wil [ewn X2 (X} = X)X} ]| W)
+ = (Wi [ewn (XI — XR) XX} ]| W)

(Willewn (X2 = X3) (X} = X3)

ZI~2|~ZI

< () - T3] W) (A60)

One verifies by direct computation with the help of Egs. (A40)
and (AS55) that

3)
F, gauge invariant [A]

31 ) 2
= — E./T/ Z et }\tr <Fuu;kAA;k — gAu;kAv;kA)»;k>
(A61)

is proportional to the integral over the Brillouin zone of the
Chern-Simons 3 form.

The operator over which the trace is taken on the right-hand
side of Eq. (A60) can be rewritten in a way that brings it to a
linear combination of 3 brackets thereby justifying the upper

index (3) for the functional F, gauge invariant LA ] over the manifold

of su(N) gauge fields. Indeed, we are allowed to reorder the
3 x 6 = 18 operators over which the trace is taken on the first
three lines of the right-hand side of Eq. (A60) as follows:

ek [RIR) (XK~ RE)
+X] (X = Xp) X + (X! - Xp) X/ XF]
= [X1.X). (X = XR)] + [X2 (%) - XR) . X7
+[(xr - Xp) X2.X7]. (A62)
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where I,J,K = pu,v,A. One also verifies that
[(X) = XR). (X} = XR) . (X} = X3)]
=€1JK ()?,1 - 5(\2) ()?,J - )?IJQ) ()?rK - )?’,g) , (A63)

where 1,J,K = pu,v,A. We may then define the regularized 3
bracket to be the linear combination
[gﬁ’j(\:’y?]reg
1 o~ —~ —~ o~ o~ -~
= S [ X0 (30 = Xa) [+ [X0 (X0 -
+ [(X1 = Xk) . X} X]]
—[(XF = X5) . (X = XR). (X} = XR)] }-

Here, we have multiplied the curly braces by the normalization
1/2 as we demand that the regularization preserves the number
of 3 brackets to be regularized. To regularize a single 3 bracket,
we added three 3 brackets and subtracted one 3 bracket. the
number 3 — 1 = 2 is thus the integer by which we choose to
divide the curly bracket on the right-hand side of Eq. (A64).
Because the regularized 3 bracket is a linear superposition of
3 brackets, it remains odd under the exchange of any pair of
its consecutive arguments,

~ ~ o0
[Xf(“),Xf(V),Xf( )]reg —

Xp).X}]

(A64)

(=)= [X1 X)X ], (A65)
with o denoting any permutation of 3 objects and sgn(o) = 0,1
with 0 if the permutation is even and 1 if the permutation is
odd. The regularized 3 bracket also vanishes whenever two of
its arguments are equal,

[X* X', X*] =0

reg

(A66)

if u = vorv = Aoru = A.Finally, the regularized 3 bracket is
invariant under pure gauge transformations of the form (2.39b)
since

[R4.R0.%]

reg

2
_ 2L 1JK _ =
= 14/\/_26 tr(FnkAKk 3AIkAJkAKk>

keAg,
(A67)

where 1,J,K = u,v,\.

7. Regularized 3 bracket and Nambu bracket

We are going to prove Eq. (2.63) to which we refer the
reader for the notation and definitions.

To perform a Taylor expansion on Tr[ fl(X,) fz(X,)
f3(X )reg, we need to start with a Taylor expansion on

AKX, LX), 35X ) e
=+ [AX), LX), 5 X, — Xp)]
+AX), LXK, — Xp), (X )]
+AX, = Xp). LX), (X )]

—[iX, — Xp), (X, — X ), (X, — Xp)]. (A68)
To this end, we recall that
[A,B,C] = A[B.C]+ B[C,A] +C[A,B]. (A69)
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Thus,

[AX), X, (X ) e
=+ A LX), X, — Xp)]
+ AXIAX, — Xr), (X))
+ AX, = XRLAX), HX)]
~ X, = XL AX, — Xg), (X, — Xp)]

+ cyclic permutations of 1,2,3. (A70)
We are now ready to insert the Taylor expansions
3
i) =F0)+ > @ufi)Ox" -+, (ATI)
n=1

for i =1,2,3 after substituting x with the corresponding
projected position operator. Because f;(0) with i = 1,2,3 are
C numbers, the commutators in Eq. (A70) must necessarily be
of second order in the projected position operators if they are
to be nonvanishing. This means that the insertion of Eq. (A71)
into Eq. (A70) can be organized into the expansion

LAX D). LX), 5K ) ]reg
= [AX). LX), XD
FLAXD) LX) XD + -+, (AT2a)
where

AKX, LX), HEDIE
=+ )@ HIO[ X X! — X
+ L@, )@ N[ XY — X X
+ [0, 1)@ 210 [ X2, A“]

—[f1@ )0, f)IO0) [X — X3 X} —
+ cyclic permutations of 1,2,3,

7]
]
X;]
(A72b)
while
AKX, XD, HEDIE
= (B 1)@y )3 O X2 X2 XD

The summation convention over the repeated indices ,v,A =
1,2,3 is understood. If we take advantage of the fact
that

(A72c)

[Xk,X5] =0, wv=123, (A73)
we find the remarkable simplification
[AX ). LX), XL
= +2 fl (auf2)(av f?)
+ cyclic permutations of 1,2,31(0) [X*,X]
ek fl S fie” OV [XE X (A74)

Another simplification due to the full antisymmetry of the 3
bracket delivers

[AXD, L&D, L& =1 o EINO[XL XX

(A75)

PHYSICAL REVIEW B 86, 035125 (2012)

We thus arrive at the operator identity

[F1(X), (X)), 35X ) reg
= R f{ i fR O [X, XY ]

o AN O XXX - (AT6)

]reg

APPENDIX B: GELL-MANN MATRICES

The Gell-Mann matrices are 3 x3 Hermitian matrices that
are a representation of generators of SU(3). They are defined
as

010 0 —i O
M=1]1 0 0], »=|i 0O 0]},
0 0 O 0O 0 O
1 0 O 0 0 1
MmM=]|0 -1 0}, =110 0 O],
0O 0 O 1 0 0
0 0 —i 0 0 O
=10 0 0], 2=(10 0 1],
i 0 O 01 0
0 0 O 1 1 0 O
AMm=10 0 —i], x=—]0 1 0 (B1)
0 i 0 V3lo 0 —2
APPENDIX C: TOPOLOGICAL INVARIANTS IN
3-ORBITAL MODEL
In this Appendix, we evaluate the Chern numbers
L / PPkF,,(k) € Z (€1
Cen? 2 Jr M ’
for A = 1,2,3 and the Chern-Simons invariant
elwk
0 := / d*kF,, (k) A, k), (C2)
87 Jpz

for the projection on the dispersionless middle band of the
3-orbital model defined by Eq. (3.1) in the thermodynamic
limit. (We have dropped the symbol referring to the projection
for notational simplicity.) For the three-orbital model defined
in Eq. (3.1), the block off-diagonal projector g (k) defined in
Eq. (3.5a) delivers a natural choice of gauge for the Berry
connection of the flat band

A(k) = q'(k)Vq(k). (C3a)
In this case, A can be decomposed as
A’ (ky ko k3) + A" (k1 ko, k3)
A(k) = | A’ (ka,ki,k3) — A" (ka,ki,k3) |, (C3b)
Az (k1,k2,k3)
where
Aty = _sinky sin k3 (C30)
i—, C
G(k)
_cos k; sinkp
A'(k i—, C3d
(k) = ) (C3d)
1 k k ky — M
As(h) = + cos k3 (cos k; + cosky — )’ (C3e)

G(k)
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and
3 3
Gk)y=3+ | M= cosk, | =D cos’k,. (C3)
n=1 u=1
It follows that
A (ki,ky,k3) = —A'(—ky,ka,k3)
= +A'(ky,—ks,k3) (C4a)
= _A,(kl 7k2’_k3)7
as well as
A" (ky,kpk3) = +A"(—ky ko, k3)
= —A"(ki,—k2,k3)
= +A" (ki ky,—k3), (C4b)

while A3(k) is an even function of k, k5, and k5.
As a consequence, all terms appearing in Fi3(k) and F»3(k)
are an odd function of either k; or k,. Thus,

c'=C’=0. (C5)

Furthermore,
C / d’kFy>
BZ
— [ A Gk k) = Ak ko)
— 0o A'(ky,ka,k3) + A" (ky,ka,k3)])

—2/ d*kdy A" (ko k1, k3)
BZ

= —2[A" (27 ,k1,k3) — A"(0.k1,k3)]
=0, (Co)

since 9,A”(ko,ki,k3) is a continuous function of k, with
periodicity 2. We conclude that the Chern numbers C defined
in Eq. (C1) vanish identically.

To calculate 0 defined in Egs. (C2) we consider integrals of
the form

/ kA, DA, wF v # D, (C7)
BZ
which are nonvanishing in general. On one hand, defining
’ 1 3
+60" = — d kA182A3
8w BZ
1
= — | kA" (ki.ky.k3) 0245 (k1. ka.k3),  (C8a)
87 Jpz
partial integration delivers
1
—0'=— | d’kA30,A,, (C8b)
87 Jpz

and using the identity Az(ky,k2,k3) = As(kz,k,k3) one obtains

1
+6' = - d’kA39, A,
T
X Bz (C8c)
0= — | d’kA,9,A;.
87 Jpz
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On the other hand, defining

1
+6" = g/ d’kAr33 A4, (C8d)
BZ
partial integration delivers
" 1 3
—0" = S d’kA 03A;. (C8e)
BZ
Finally, numerical evaluation of
6 =46"+20" (€9

reveals that 6 is quantized in units of 7 as announced, while
6" and 0" are not quantized and are not equal in general (see
Fig. 3).

APPENDIX D: EQUIVALENCE OF CHERN-SIMONS AND
DIRAC INVARIANTS

The purpose of this Appendix is to prove that the Abelian
Chern-Simons invariant, defined by

1
0= —

= ke A,0,A;,
47 T3 pEv L

(D1)

with the Abelian Berry connection A, (k) is equivalent to the
Dirac invariant vy defined in Eq. (3.10) for the case of a
Bloch Hamiltonian with chiral symmetry and three bands. The
topological attributes of such a Hamiltonian are characterized
by its normalized off-diagonal part ¢(k) from Eq. (3.5a) in
terms of which the Abelian Berry connection reads

Au(l) = g~ (k)d,q (k). (D2)

Here, q(k) represents a map from T3 (the BZ) to S5 and 6 /7 is
the associated winding number. As a member of Sz, g(k) can

6
,,,,,,,,,,,,, 6 27
6L
4
26'
"'~———1
|27
2"-.
" .'~l
L .
a=4 — — S
47 o, B4
r--- .--‘
n-—_- __.—-l
\‘ 'f
2k
,,,,, SR
4L

FIG. 3. (Color online) Numerical evaluation of the topological
invariant 8© = wv(M) (solid line) for the model (IIIA) The
parameters 6" and 6” that sum up to the topological invariant 6 are
defined in Egs. (C8a) and(C8d), respectively.

035125-28



NONCOMMUTATIVE GEOMETRY FOR THREE-DIMENSIONAL ...

be parametrized by three angular coordinates

cosae'?
q = ( sinael” ) (D3)
and the Berry connection reads accordingly
A, =icos® @d, ¢ +isin® @d, v, (D4)

where we suppress the variable k for the moment. As we
shall see, contributions to the winding number (D1) arise from
vortex lines in ¢ (k) and 9 (k). Rewriting

e;w)\
4
G;/.vk

4

0

/ d*ksin 2a(3,)(3,9),.¢0
T3

{ ?g d*k,, cos® a(d,9)d,¢

- / d3kcos2a[(auavﬂ)m+(aMaA¢)avﬂ]}, (D5)
T3

the antisymmetric double derivatives in the last term contribute
a delta-function for k on the vortex lines times the winding of
the vortex.

Let us now specialize on the model given by Eq. (3.1) in
which case

@ = arg(sink; + i sinky), (D6)

3
¥ = arg |:sink3 +i <M - Zcos k,')i| ; D7)
i=l

and cosa = 1 in the vortex lines of ¢, while cos « = 0 in the
vortex lines of ¢. Observe also that the first term in Eq. (D5)
vanishes, since the either of the partial derivatives d,,© and 9, ¢
vanishes on each surface with the normal k. The four vortex
lines of ¢ are parametrized by

(D8)

and their winding numbers are (—1)"*", Equation (D5) then
simplifies to

k! = (mm.nm.ks), mne{0,1},

0/

1
1
—5- Z (-1)“’*”/ P8 (k — k) 330
T 3

m,n=0 T

1
> =DM signdy,, . (D9)

m,n, =0

N =

where we have written the number of phase windings of ¢ in
the vortex line of ¥ as

o . .
dk siendy .4 —signdy .
/ 3 3939 (k) gndy,,.:4 gndy,, 4

0

27 N 2
>
1=0
and k,,,; is defined as in Eq. (3.8). In writing Eq. (D9), we
have recovered the Dirac invariant (3.10).

signdg,,4.  (D10)

APPENDIX E: SINGLE-MODE APPROXIMATION FOR
FLAT BAND

We present some of the intermediate steps needed to derive
Eq. (4.10a). (For ease of presentation, we use Latin instead
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of Greek indices for the momentum components in what
follows. Summation convention over repeated indices is also
implied.)

Our aim is to evaluate Eq. (4.3c) up to order ¢2k*. The
commutator in Eq. (4.3c) can be conveniently broken into four
contributions,

fo= fix+ for+ ok + faks (Ela)
each of which read
1 PO
fiei=5 ;vq<[8p_k,6p_q][ap+q,8p+k1>, (E1b)
1 PO
fri=3 ;vq<[8p_q,ap+k][ap_k,5p+q1>, (Elc)
(E1d)

1 S
fi=3 ; Vg (8P g[8, 8514814 11),

and

1 P,
fari=5 > 0y (1874 67-4.P4411P4).  (Ele)
q

The commutator of two projected density operators can be
expressed, with the aid of Eq. (4.8), as

[,Z)\q 71(/)\](] = Z Rp,q,kj(\;rj(\IH—q-&-kv (Eza)
p
where
Rp’q.k = Mp,qu_;,_q,k - Mp+k,qu,k' (EZb)

The nested commutators of three projected density operators
can be expressed, with the aid of Eq. (4.8), as

[ [Pg- Pk1] = ) A pg kX ) Xptar (E3a)
P
where
Ap,q,k = Rp—k.qﬁkMp,—k - Rp,q,kMp+q+k,—k~ (E3b)
Observe here that the identity
(B [P 51" = (5= [P—g P—k]] (E4)
implies that
Ay = Apra—q k- (ES)

Needed is the expansion of R, 4 x and A, 4 & up to order
q*k?. We start with

Mpq = qu “Uptq
= qu (up+q'Oup+3q'q70up+ )
=1 +6]iu; SOup + %qiqju; <0 0jup+ -
:1+q"A,-’p+%qiqjuL-Biajup+~-- (E6a)
where we have introduced the (imaginary-valued) Berry
connection

Aip=ul - diup, (E6b)
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and the summation convention over repeated indices i,j =
1,...,d is implied. The symbol 9; withi = 1,...,d is to be
regarded as a derivative with respect to the argument of the
function on which it acts. Similarly,

Mpigr=14+KA +q'kKou - dju
+ 1(k'k7 +2q' Kk yut - 9;9,u
+ 3 g k" + Kk g™yt - 8;9;9,u
+ 3 (k'K g™ + 29" q k7 )u't - 3;0;0,u
+1q'q7 k"3 9ut - dyu
+ 34" g7k k" ut - 0;0,;0,0,u
+ Lkikiq'qm ' - 9;0;0,u
+1qiq Kk d;0ut - 33, duu + -+ (ET)

where the summation convention over the repeated indices
i,j,l,m=1,...,disimplied.
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‘We multiply Eq. (E6a) by Eq. (E7) and antisymmetrize with
respect to the interchange of ¢ and k. We obtain
R(p.g. k) = q'K (T,7)(p) + (KK q" — q'q’ k™)
i1, m 4
x (T50)(P) + Kk q'q" (T3, (),
where the summation convention over the repeated indices

i,j,l,)m=1,...,d is implied and we have introduced the
short-hand notation

(E8a)

(T.2)(p) = (Fi)(p) = (i A; — 8;A})(p), (E8b)
(T (p) = 3@uut - 8:0,u — 8;0;u" - B,u
—29;u’ - 3 du —2A;9;A,)(p),  (E8c)

(T59,)(p) == 3 [0ut - 3:0;u — 3;0;u' - 39,1
+ 248, (ul - 3;0;u) — 2A;8;(u’ - 3,,u)
+20u't - 3;0;,u — 20;u’ - 30;8,,ul(p)
(E8d)

fori,j,l,m =1,...,d. We evaluate

A(p.q.k) = R(p — k,q.k)M(p,—k) — R(p,q.k)M(p + q + k,—k)
= [R(p.q.k) — k9, R(p.q.k) + - --1[1 — k" Ap(p) + - -1 — R(p.q. 0[] — k*Ay(p) — k*q" 9 Au(p) + -]
= R(p,q,k) — k“0,R(p,q.k) —k“A.(p)R(p,q.k)+ --- — R(p,q.k)
+k“Ad(P)R(p.q.k) + k*q 8, Au(P)R(p.q.k) + - --
= —k*3,R(p.q.k) + k“q" 9 A.(p)R(p.q. k) + - --
= —k[q'K (3 T7)(p) — 4" ¢’ k" (3. T30 ) (D) + -+ ] + kq" 0y Au(p)[q'K (T () + -+ -]

— _qikjka(aaTiS-Z))(P) +qiqjk"’k“(8aT(-3)

where the summation convention over the repeated indices a,b,i,j,m = 1, ...,d is implied.
At last, we are in a position to evaluate the terms contributing to the function fy in Eq. (E1). We start with

1 e ~ o
Jre= 3 Z vg( [85-k.00—4] [654.05k] )
q

Z%qu<

q p

1 , PPN ~t
=32V ) R(p. k=@ R(P G I)T) Kpimg Ky Kt

q p.p

1
= > 2D KT )+

q pp

1 o
=—3 Z Z ve [K*q"(Fup) (D] [K g (F;

q9 pp

1 PPN ~t o~
- _E Z Z Vg [(k A q)- B(p)] [(k ANgq)-B (P/)] <X11Xp7k7qXpT/Xp’+k+q> +---,

q pp

D))+ a"k g K 9 Au(p) (T ) (p) + - (E9)
Y R(p—k—@) X} Xpk—q Y R(P.4.k) ij,,zp/+k+q>
~
: '][qikj(Tif))(p/) +- '](X\Jyp*k*qj(\;/?p%ﬂtl)
ij) (P/)] <A;5(\p7k7q5(\;/5(\p’+k+q> + -
(E10)

where we used that B’ = €79 A,, = %e’j ™ Fjn or, equivalently, F;; = €;,, B". We now break the Berry field strength into two

contributions [i.e., B(p) = B + § B(p)]. If so,

I - - JUSRIN
fie==5222 v ltk ng)- (B + 5Bk A q)- (B +8B(P NN} Kp—k-a Xy Xpicea) +

q9 p.p

1 R D1/t ~T ~
= =3 2 vl A @) Bl A @) - BYR Tpk-a T Kpa)

q9 p.p
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1 - JUSGRSSN
=5 2.2 val(k A @) Bl A @) - SBP X Rp-k-a X T +icra)
q pp

—= Z > " vglk A q) - SB(PII(k A q) - BUX X p-k—g X Xp/-+hq)

q9 prp
1 PR ot o~
3 Y vl A @) BN ) BB Ry kX Tprshra) +
q pp
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=——qu[(kAq> Bll(k A q) - BIp iy Pktq) Zqu (k A q)- BIl(k A q) - 8B(P\ND-k—q Xy X +kra)

q9 P

= Z Y vl(k A q)- SB(PII(k A q)- BUX) Xpk—qPirq)

q pp

1 PPN o
=5 2. 2 vl(k A q) - 3B(P)IICk A q) - SB(PIXy Kp-k-g Xy Kpricra) + -
q pp

(E11)

In a uniform liquid-like ground state we have (py) o 8.9 and, due to the relation k“qua;, = (k A q) - B, we can replace ﬁikiq
by 8 p1k+q. As a consequence, we can drop the first three terms on the last equality of (E11) up to order q%k’>. We are then left with

1
fie= =52 vlk A q)-SB(P)Ik A q)- SB(P)Gipitp) +

q pp

where i, = ¥ Tf is the number operator projected on the lowest band. Similarly,

1 e
for=5 ;vq<[3p_,,,8pk][6p_k,apq]>

1 SOV
5 2 a{l80:57411874,67 &)
q

= fl-«

1
= > Y wlte A a) - 5B A g)- 3B p) +

q9 pp

while

1 - ~ ~ o~
fk = 3 Z Vg (8D g[8k, [8Dg.80k11)
q
1 A o~
= 5 2 vl8P=g ) AP.4 KT} Kpa)
q 4

1 ~ At~
=2 ZZ Vg A(P.q. 58D Xy Xp+q)-
a p

ce,

(E12)

(E13)

(E14)

The matrix element (82)\,,1?; X p+q) vanishes in the limit ¢ — 0 and, therefore, the only term that contributes to f3 x up to order

g2k is

1 L PN
frr=5 Z Z Vg [—q" K k*0u Fip)(P)ND—g X ) Kpta)

The condition (E5) implies that fy x = f3°;, which then delivers
1
fa= s X ul ko (5
a P

where we have used that (B(p))* = —B(p).

>(p)} YR g X00Pa)s
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Putting together all the contributions, we obtain

PHYSICAL REVIEW B 86, 035125 (2012)

fe==>_ "vltk A q)-SB(pII(k Aq)-SB(p)I(Aphy)

9 pr
a oB PPN oB o~ o
DD [(k ng)- ( p )(p)(sp_qx;x,,+q> —(kng)- ( P )(p><x;+,,x,,5pq>], (E17)
q p
where the summation convention over the repeated indices a = 1, . .. ,d is implied. Finally, the analytical continuation B = —i B

delivers Eq. (4.10a).
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