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Topological insulators are noninteracting, gapped fermionic systems which have gapless boundary
excitations. They are characterized by topological invariants, which can be written in many different
ways, including in terms of Green’s functions. Here we show that the existence of the edge states
directly follows from the existence of the topological invariant written in terms of the Green’s
functions, for all ten classes of topological insulators in all spatial dimensions. We also show that
the resulting edge states are characterized by their own topological invariant, whose value is equal
to the topological invariant of the bulk insulator. This can be used to test whether a given model
Hamiltonian can describe an edge of a topological insulator. Finally, we observe that the results
discussed here apply equally well to interacting topological insulators, with certain modifications.

PACS numbers: 05.30.Fk, 03.75.Kk, 03.75.Ss

I. INTRODUCTION

The time-reversal invariant topological insulators of
recent interest, and the integer quantum Hall systems
of longstanding interest (for recent reviews at a variety
of levels, please see Ref. [1]), are now known to be just
two elements in a classification table of all noninteract-
ing fermionic systems,?" which identifies ten symmetry
classes of topological insulators. All of these systems are
gapped in the bulk and possess a bulk topological invari-
ant. They are also supposed to have topologically pro-
tected gapless excitations at the boundary. These gapless
excitations are often taken as the most significant, even
the defining, property of topological insulators.

A variety of arguments can be given supporting the
existence of gapless edge states based on bulk properties,
some more detailed (such as Laughlin’s original argument
designed for the integer quantum Hall effect?) and some
more qualitative. For example, consider the case of a
model of noninteracting fermions that supports both a
topologically trivial phase and a nontrivial phase, with
the phase transition driven by varying a parameter in the
system’s Hamiltonian. At the transition, corresponding
to a special value of the parameter, the excitation gap
must close. A boundary between two samples in the two
phases can then be seen as a domain wall across which
the parameter varies spatially through its special value.
This “spatial phase transition” should then also result in
gapless excitations, which form in the vicinity of the spe-
cial value. Such arguments, while correct, tell us nothing
about what kind of gapless edge excitations might form
at the boundary of the topological insulator.

Here we rely on the method of Green’s functions to
give a general, quantitative argument that proves the ex-
istence of the edge states for all topological insulators.
Moreover, our argument shows that the edge states are
described by their own topological invariant, analogous
to the winding number of a vortex in a superfluid or to
the charge of a particle as measured by Gauss’ law (and
similar to the defect invariants of Teo and Kane”), whose
value must be equal to the invariant of the bulk insula-

tor. This edge invariant vanishes if the edge states are
gapped, giving a simple way to see why they must be
gapless. The existence of this invariant gives us a tool
to test whether a particular Hamiltonian can describe an
edge theory, as it is straightforwardly calculable for any
Hamiltonian under consideration.

Before we derive this argument later in this article,
let us describe the edge topological invariant. A d-
dimensional topological insulator that is translationally
invariant, so that the d-dimensional momentum p? is a
good quantum number, possesses a d-dimensional (bulk)
topological invariant Ny If the topological insulator has
an edge, translation invariance in the direction perpen-
dicular to the edge is lost, and the good quantum number
is the (d—1)-dimensional momentum p¢~! parallel to the
edge. Let us take one of the components of this momen-
tum, say pg—1, and fix it at some large value A. Although
we expect the edge to have gapless excitations at some
momentum (and so is not an insulator), the Hamiltonian
at fixed pg—1 = A is gapped if A is sufficiently large (as
a function of the remaining d — 2 momenta), and so de-
scribes a (d—2)-dimensional insulator. We will show that
this insulator is a topological insulator, with the topolog-
ical invariant Ny_o(A). Finally, we will show that

Ng = Ng_o(A) — Ng—a(—A), (1)

which constitutes the main result of this article.

As an example, consider the three-dimensional edge of
a four-dimensional time-reversal invariant topological in-
sulator with spin-orbit coupling. Suppose the excitations
localized at the boundary are described by the Hamilto-
nian

H=v Z Pa0a — K, (2)
a=z,y,z

where o, are the Pauli matrices and v is Fermi velocity,
which satisfies the appropriate symmetry (time-reversal
invariance) H(p) = o,H*(—p)o,. Its single-particle ex-
citation spectrum is

ex(p) = v\ /p3 +pj +pZ — K, (3)



and its zero energy excitations occur on a sphere of radius
i/v, as shown in Fig. Let us see that this is indeed
the edge of a topological insulator. We fix p, = £A to
obtain the two-dimensional Hamiltonian

Hy = v (pgoy + pyoy £ Aos) — p, (4)

again as illustrated in Fig. [ This Hamiltonian, un-
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FIG. 1. The Fermi surface of radius /v of the topological
insulator discussed in the text, and the surfaces p. = £A on
which the edge topological invariant is computed.

derstood as describing a two-dimensional system, is well
known. For example, it has been studied as a model of
quantum Hall transitions®? The two-dimensional topo-
logical invariant of this Hamiltonian is known to be equal
to its Hall conductance in units of €2 /h (note that Eq. ,
unlike Eq. , breaks time reversal invariance), and, as-
suming A > p/v, evaluates to

Na(A) — Na(—A) = 1. ()

Therefore we conclude that this H is a valid model of
the boundary of a four-dimensional topological insulator.
This illustrates the usefulness of Eq. (1)).

This example assumes an unphysically large bulk di-
mension, and the reader may doubt that it has any rele-
vance for real-world physics. However, it is known® that
the experimentally realized time-reversal-invariant topo-
logical insulators in 2 and 3 dimensions can be viewed
as descending from a four-dimensional parent, simply by
setting one or two of the momenta to zero. Similarly, the
three-dimensional boundary just discussed can be seen as
the parent of the boundary theories of those real systems.
In particular, it follows from Eq. that the boundary
theory for the two dimensional time-reversal invariant
topological insulator is H = vo,p, — u, while that of
the three dimensional time-reversal invariant insulator is
H = v (0gps + oypy) — pt. We will return to this “dimen-
sional reduction” later in this article.

The Green’s function formalism we use is quite pow-
erful: it remains applicable even when interactions are
added to the system, since Green’s functions exist for in-
teracting as well as for noninteracting systems. Here one

must comment that the power of topological invariants
often lies in the fact that they represent the response of
noninteracting systems to external electromagnetic field.
Once the interactions are turned on, the topological in-
variant written in terms of interacting Green’s functions
may or may not represent the response, and this could be
considered an impediment to using the Green’s function
formalism to describe interacting topological insulators.
However, the main result, Eq. , is correct regardless
of the presence of interactions as will be clear from its
derivation. If one takes as the most physically relevant
property of topological insulators is the existence of edge
states, then since the relation Eq. relates the topo-
logical invariant to the property of the edge, this rela-
tion, and not the response, can in principle be taken as a
starting point of the application of this formalism to the
interacting topological insulators.

Yet the interpretation of Eq. may change once the
interactions are turned on. As discussed in a recent pa-
per by one of us” in the presence of interactions the
(eigenvalues of the) Green’s functions may have zeroes
localized at the edge, in addition to the poles that indi-
cate the usual edge states. From the point of view of the
topological invariants, zeroes are similar to poles, and can
result in a nonzero edge invariant even in the absence of
zero-energy edge states! In fact, it can be shown that
the recent result of Ref. [11, where a model topological
insulator loses its edge states in the presence of inter-
actions, is due to the replacement of the edge states by
the zeros of the Green’s function.*? The study of the ef-
fects of interactions using the formalism developed here
appears to be a useful direction of further research, but
goes beyond the scope of this article. In what follows
we mostly assume that the fermions do not interact, al-
though throughout this article we point out what exactly
changes if interactions are taken into account.

To connect this article to previous publications, we re-
mark that the relation Eq. was discussed for d = 2
in Ref. [I3. Subsequently, it was extended for d = 1 and
discussed in the presence of interactions in Ref. [9. Here
we extend it for all topological insulators, in any number
of dimensions.

We proceed as follows: in section [lI] we derive Eq.
for systems with no symmetry other than translational
(class A in the Altand-Zirnbauer classification*#1),
which only have integer-valued topological invariants in
even spacial dimensions. Then in section [[IT| we describe
the effects of discrete symmetries on the invariants; and
then describe how these results imply the relation be-
tween bulk and surface physics for Zs topological sys-
tems. Finally in section [[V] we discuss systems with chi-
ral symmetry. Appendix [A] contains the derivation of a
key step in our derivation of Eq. (1)), and Appendix
presents a more complete discussion of 1D topological
insulators.



II. TOPOLOGICAL INSULATORS WITHOUT
ANY SYMMETRIES

We start with a translationally invariant topological in-
sulator with a single particle Green’s function G, 5(w, p).
If interactions are absent, the insulator can be described
by the Hamiltonian

H=Y Hap(p)alpapp. (6)

Here de creates a fermion with momentum p in d dimen-
sions, and the species label a runs over the spin, bands,
as well as particle/hole space for a superconductor (sum-
mation on indices should be always understood). In that

case, the Green’s function is simply given by
G(w,p) = [iw —H(p)] " (7)

Once interactions are switched on, simple expressions of
this kind are no longer available, but Green’s function
can still be defined in a standard way (see, for example,
16)).

The bulk topological invariant is

Ng=Cy eaomad/dwddptrG_laaoG. ..G71,,G, (8)

where a runs over (w,p) , and € is fully antisymmetric
tensor, with €,p,.. p, = +1 (the other nonvanishing com-
ponents are obtained by permutation). The constant Cy
is given by*

Cq = —(2mi) = W21 (@/2)!/(d + 1)! (9)

The spatial dimension d is even, as Ny vanishes when d
is odd (by antisymmetry of ¢ and cyclicity of the trace
tr); we will later introduce a different expression, valid
for chiral systems in odd dimensions, that we denote by
the same symbol.

This topological invariant always evaluates to an inte-
ger, and gives the Hall conductance in two-dimensional
spaceM at least in the absence of interactions — it re-
mains a topological quantity (an integer) even with in-
teractions. This is true simply because it measures the
winding of the map from a (d 4+ 1)-dimensional space
(w,p?) to a space of matrices Gj it is known that such a
map can be topologically nontrivial if d is even. More-
over, it is clear that in the absence of interactions, to
change the value topological invariant one needs to de-
form the Green’s function in such a way that either G or
G~! becomes singular. For noninteracting systems, this
is only possible if w = 0 and H has zero energy states as
follows from Eq. ; this results in infinite G at w = 0
and the closing of the gap in the spectrum. For inter-
acting systems G itself can acquire zero eigenvalues at
w = 0,2 so that G~! is singular; thus interacting systems
can change the value of their invariant Eq. without
ever closing the gap. All of this matches known results.

Now we introduce some technology, inspired by
Volovik 13 Consider a d-dimensional system with a do-
main wall of dimension d — 1; the Hamiltonian varies in
the direction perpendicular to the domain wall in such a
way that far from the domain wall the Hamiltonian de-
scribes a topological insulator with the invariant N* or
NZE, on the right or left side of the domain wall (what
this means precisely will be defined below). Since there
are only d—1 good momenta, it is described by the mixed
Green’s function G(w, p?~';s,s’), where s is the coordi-
nate normal to the boundary and is effectively another
matrix index. A Fourier transform with respect to s — s’
produces the Wigner (-Weyl) transform G(w, p?, 5) 819
with 5 = (s + §')/2 and pg; the momentum conjugate
to s — s’. Far from the domain wall, this will become
s-independent and coincide with the bulk Green’s func-
tion (that is, with translation invariance the Wigner and
Fourier transforms are the same).

Importantly, two objects exist which can be interpreted
as the inverse of G. The “true” inverse satisfies

Z / dS/f(aﬁ(sa 5/) éﬁ’v(sla SH) = 50&"/5(5 - 5//) (10)
B

(in this expression the w and p?~! dependence of K and

G was suppressed for brevity). For noninteracting sys-
tems

K(w,p¥s,8) = iw—H(w,p" 'ss,5), (11)

but for interacting systems one should rely solely on
Eq. to calculate K. At the same time, matrix (or
local) inverse G! satisfies

Ghw.p% 5) Goy(w, P, 8) = bar. (12)

With translation invariance along s, K = G~!, but in the
presence of a domain wall K # G~ [here K (w, p?,5) is
the Wigner transform of K (w,p?';s,s')].

With these tools, we define the (d + 2)-dimensional
vector

Nay :C’deaoal___adﬂtrG*l@alG...GilﬁadG (13)
in the space (w,p?,5). Remarkably, the divergence of
this vector is zero except where G (or G~ if interactions
are present) is singular, as can be checked by direct dif-
ferentiation. This is completely analogous to the electric
field in electrostatics with point charges or charged sur-
faces. Here, the sources of n are singularities (or zeros)
of G. The analogy to electrostatics is productive; we
will essentially measure the charge of a singularity with
Gauss’ law, integrating the flux of n over a surface that
surrounds the charge.

For the rest of this section, for simplicity we will always
refer to these as “singularities” having in mind that in the
absence of interactions G cannot have zeros. We will also
keep in mind that if interactions are present, singularities
will imply either infinite or zero G.



The singularities of G may occur at multiple points of
the d + 2 dimensional space or on surfaces in the space
spanned by (w,p?,3). We denote these f;.

Because G(w, p?, 5) reduces to the bulk Green’s func-
tion far from the boundary (domain wall), the definitions
Egs. and mean that we can compute N, as the
flux of n through the surface s = L for large L. That
is, the difference between topological invariants on either
side (right N2 and left NF, say) of the boundary,

NE-NJ = /dwddp [ns(5 = L) —ns(s=—L)], (14)
is just the flux of m through the combined surface

(w,p?,£L), shown in Fig. 2. On the other hand, and

n
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FIG. 2. The surfaces § = &L on which Ny is computed as
the flux of n.

this is the crucial point, because d,n, = 0 we can use
any surface we like to compute Nf — NdL so long as it
encloses the singular surfaces of G. Denoting by Sy, any
(d 4+ 1)-dimensional “Gaussian” surface (for example, a
sphere) surrounding f; we find

Nf—NdL:Z/dei-n. (15)

Eq. constitutes the first half of our argument 2%

To relate the flux of n to the edge properties of the
system, we construct a d-dimensional vector r out of the
mixed Green’s function G(w, p?~!;s, s’), which allows us
to define a topological invariant that directly captures
the behavior of the edge states. We define

Tay = Cd—2 eao,,,adflTrl%o &loéo ...oKo 8%716:. (16)
The convolution (A o B)(s,s") = [ds'A(s,s')B(s,s")
that appears here is really a generalization of matrix mul-
tiplication to functions of two coordinates s, s’. That is,
the coordinates s, s’ are treated as matrix indices of the
functions A and B, and G; of course, these functions also
carry the ordinary matrix indices «, 8 that label fermion
species, etc, and which are being summed over in the
usual way. Then TrA = [dstrA(s,s) is just the trace

for these generalized matrices. The index a here runs
over (w,p?~1), the space of the vector r.

The vector r, just like the vector n above, is divergence-
free, except at singularities of the mixed Green’s function
G. These singularities can also be interpreted as “elec-
trostatic” sources for the vector r emanating from them.

It is clear that the singular surfaces f; — the sources
of n — become the sources of r as well when projected
from the (d + 2)-dimensional space (w,p?,3) onto the
d-dimensional edge space (w,p?!). Since the Green’s
function G = [iw — H] " can only be singular where w =
0 and H has zero energy eigenstates, these sources are
confined to w = 0 and form surfaces (or points) in the (d—
1)-dimensional space spanned by p?~!, which we identify
with the edge Fermi surfaces and Dirac points and denote
F,; (having in mind that in the presence of interactions
surfaces and points of zero G play an equivalent role).

Remarkably, we can prove the following statement:

Z/dsfi'n:Z/dSFf'r' (17)

Here Sp, is the (d — 2)-dimensional surface surrounding
the Fermi surface (or Dirac point) F;. The proof of this
statement is given in Appendix [A] and is quite involved
(although for d = 2 the proof is significantly simpler; it
is given in Ref. [13). It relies on the approximation of
the domain wall being smooth. However, the corrections
to this equation form a series expansion in powers of the
gradient JsG. Since both sides of this equation are inte-
gers due to Eq. , small corrections to it must vanish.

It follows from Egs. and that

Nji-Nyp=>" /dSFi T, (18)

In words, this says that the Fermi surfaces (and Dirac
points) on the edge are characterized by “topological
charges,” or fluxes of r emanating from these surfaces
and points. This charge is equal to the difference in the
bulk topological invariants on either side of the bound-
ary. Eq. is the quantitative statement of the fact
that gapless excitations are required at a boundary be-
tween bulk insulators with different values of the topo-
logical invariant Ny (in the presence of interactions, there
can be zeroes instead”). Indeed, in the absence of such
excitations, r is divergence-free everywhere and its flux
is always zero.

What remains is to interpret this charge as a difference
of topological invariants, as discussed in the beginning
of this article. So long as the Fermi surface does not
traverse the Brillouin zone in the p;_1 direction, we can
choose Sk to be the surfaces (w,p?~2,£A) for suitable
A, instead of the spheres closely surrounding the Fermi
surface(s) that we assumed until this point [see Fig. [3].

The flux through S is then the difference of the fluxes
of r through these two surfaces. In turn, those fluxes can
be reinterpreted as the difference Nyg_o(A) — Ng_o(—A),
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FIG. 3. The surfaces p?~! = £A on which N4_s is computed
as the flux of r.

where
Nd—2(pd—1) = /dw dd_2prpd71 (19)

is a (d — 2)-dimensional topological invariant calculated
in the space (w, p?~2) with pg_; fixed, as can be verified
with Eq. (16). The main result of this article Eq.
(where NI is assumed to be 0 for simplicity) immediately
follows.

In the simplest case d = 2 this result was derived in
Ref. 13, where No(A) — No(—A) was interpreted as a
number of energy levels crossing zero as the momentum
along the one-dimensional edge changes from —A to A,
corresponding to the standard picture of edge states in
the integer quantum Hall effect. In higher number of
even dimensions d, this result’s interpretation is more
complicated, but the result is nonetheless useful, as in
the example given in the Introduction.

This concludes the discussion of topological insulators
without symmetries (systems of class A).

III. TOPOLOGICAL INSULATORS WITH
TIME-REVERSAL OR PARTICLE-HOLE
SYMMETRY

Now let us apply this formalism to systems in the nine
remaining classes of topological insulators with symme-
try, beginning from non-chiral insulators. Nonchiral insu-
lators, termed classes AI, AIl, C and D, are those which
possess either time-reversal or particle-hole symmetry (it
can be helpful to refer to the “periodic table” of topolog-
ical insulators in Refs. 2l and [3] for the discussion of this
section and the next). We have seen that with no symme-
try (class A), bulk insulators are classified by an integer
in even dimensions. The same invariants describe the
other nonchiral classes in even dimensions. However the
presence of discrete symmetries can force them to vanish

in some dimensions, as follows. Classes Al and AII repre-
sent time-reversal (T') invariant systems with integer and
half-integer spin respectively, and the Green’s function
satisfies the constraint

G(w7 p, 5) = U’} GT(W7 —-b, §) UT7 (20)

where Uy is a unitary matrix such that UpUr = ep = +1
for Al and ez = —1 for AII (G7 is the transposed Green’s
function). The same constraint holds for G. Putting this
into Ny, relabeling p — —p, taking the transpose, using
cyclicity, and relabeling indices, we see that this forces
Ny = 0 when d = 4n + 2 (an anticyclic permutation is
odd in d = 4n + 2). Similarly, classes C and D have
particle-hole (C) symmetry

G(w7 P, '§) = 7Ué GT(iw? -Pb, 5) UC7 (21)

where UUc = ec = +1 for class D and e = —1 for class
C. An additional minus sign in the integrals is generated
by w — —w, so that Ny is nonzero only in spaces of
dimension d = 4n + 2. All of this matches what was
established elsewhere using a different language.®

The conclusion here is that if we are in a spatial di-
mension where the topological invariant can be nonzero,
the bulk-boundary correspondence Eq. applies just
as it does for systems without any symmetry. One might
worry that the relation Eq. involves not only Ny but
also Ngy_o; as we just saw, in systems with symmetries
if Ny is nonzero, N4_o appears to be zero. However, in
Eq. (1) N4_s is calculated with p?~! fixed at some value
A, so the Green’s function no longer satisfies Eq. or
. Thus both sides of Eq. can be nonzero, as they
should.

Let us now account for the appearance of Zs invariants,
which in time-reversal-invariant insulators which belong
to class AIl appear for example in d = 2 and d = 3.
To explain these, we appeal to the dimensional reduction
picture of Qi, Hughes, and Zhang® in which the physi-
cal system is considered as embedded within a space of
higher dimension, with one or two of the momenta being
fictitious additional parameters in the Green’s function.
The real physical system corresponds to the fictitious mo-
menta set to zero. Under T' (or C) almost every point in
the momentum space has an image at the opposite mo-
mentum, the exceptions being the time-reversal-invariant
(TRI) points. As a result, if a Green’s function has a
point singularity at a non-TRI point, this contributes 2
to Eq. , since each point and its image contribute.
So, if NJ* — NdL is odd and all singularities are points,
some of the singular points must be located at the TRI
points in the momentum space. Finally, it is possible to
make sure, by choosing the appropriate extension of G to
the unphysical momenta, that all singular TRI points are
in the physical space. This leads to the conclusion that if
the topological invariant in the extended space is an odd
integer, there must be singular points, or as we saw edge
states, in the physical (reduced-dimension) theory.

The same arguments apply if, instead of a Fermi point,
there is a Fermi surface surrounding a TRI point. The



case of a surface is also crucial for showing that gener-
ally the dimensionality cannot be reduced by more than
2. Indeed, generalizing a result due to Hoiava,*! generic
topological insulators characterized by integer invariants
have two-dimensional Fermi surfaces at the boundary. A
Fermi surface (spherical, for simplicity) centered on zero
is defined by the equation pZ + p? + p? = p%, with the
remaining momenta, if any, being arbitrary. This can be
dimensionally reduced by one or two by setting p, = 0
or p, = p, = 0. However, to reduce the dimensionality
by more than 2 requires setting p, = py = p. = 0, which
eliminates gapless excitations.

An example of two-dimensional Fermi surfaces located
at the three-dimensional edge of a four-dimensional topo-
logical insulator with time-reversal invariance is shown

in Fig. [d Three Fermi surfaces are depicted, giving
pZ ‘ = %
Px
FIG. 4.  Example of an edge Brillouin zone containing a

time-reversal-invariant, multicomponent Fermi surface. The
two smaller spheres each contribute to the three-dimensional
edge topological invariant, but they do not intersect the time-
reversal invariant planes of the Brillouin zone and so do not
contribute to dimensionally reduced edges.

Ny = Na(A) — Na(—A) = 3. At the same time, two of
those Fermi surfaces located at opposite momenta play
no role if dimensions are reduced by setting, for example,
p, = 0. The remaining Fermi surface centered on the ori-
gin still yields zero energy excitations even if p, = 0, thus
in this example the edge state survives in lower dimen-
sions. On the other hand, if N, were even, then the cen-
tral Fermi surface would necessarily be absent (or there
would be a pair that could be deformed off the p, = 0
plane), and there would be no edge excitations in lower
dimensions. Here, as everywhere else, in the presence of
interactions, the Fermi surfaces could be the surfaces of
zero energy excitations as well as surfaces of zeroes of
Green’s functions.

Note that if one breaks time reversal invariance by
adding appropriate terms in the Hamiltonian, the exci-
tations no longer have to be symmetric under reflection
of momenta. Then the central Fermi surface can move
off the center of the Brillouin zone and no longer con-
tribute to the lower dimensional edge excitations. This

is the mechanism by which breaking time reversal invari-
ance removes edge states in lower dimensions (but not
in the original 3-dimensional edge where edge excitations
survive even if time reversal invariance is broken).

Finally, the dimensional reduction gives a trivial result
in some dimensions because the bulk invariant IV, takes
only even values for the dimensionally extended system,
which washes out the Z, structure.

These arguments conclude our discussions of topolog-
ical insulators in classes AI, AIl, C and D.

IV. TOPOLOGICAL INSULATORS WITH
CHIRAL SYMMETRY

We also want to show that analogous results hold for
the classes with chiral, or sublattice (S), symmetry (AIII,
BDI, CII, CI and DIII). In these systems there is a matrix
Y such that

G(w,p,3) = -XG(—w,p,5) %8, X2=1. (22)

The bulk invariant for chiral systems, analogous to
Eq. , can be written as

Ca-

2

where G is evaluated at w = 0, a runs over the compo-
nents of p, and the bulk dimension d is now odd 22 Unlike
the even-dimensional topological invariant Eq. , this
expression does not treat momenta and frequency in a
symmetric fashion and in fact is derived directly from the
topological invariant written in terms of the Hamiltonian
in Ref. [3 by replacing H — G~1 |w:0. An expression for
Ny with d odd which involves integration over frequency
and momenta is also possible? however for the purpose
of this article it is not needed.

Expressions strictly analogous to Egs. , , and
can be formulated for the chiral case, leading to
a relation just like the bulk-boundary correspondence

Eq. . In particular,

_ Ca-1
0 2

ng €ap..astt G104, G...G710,,G,  (24)
where a runs over (p%s), is a (d + 1)-dimensional

divergence-free vector, while

_ Ca_3
0 2

Ta

eao_”ad&TrEf{O&LlG'o _ OK&L%QG’ (25)
(a runs over p¢~1) is a (d—1)-dimensional divergence-free
vector. Here everything is evaluated at w = 0.

Class AIII, without T" or C' symmetry, is potentially
nontrivial in any odd dimension. Classes BDI, CII, CI,
and DIII are characterized by the presence of both T
and C' symmetries, with erec = 1 equal to +1 in the

first two classes and —1 in the other two. The invariant
Eq. vanishes if n = 1 and d = 3 4 4n, or if n =



—1 and d = 1 + 4n, because ¥ and G anticommute at
w = 0 as a consequence of S-symmetry and UpXU. I =
nX”. Arguments similar to the ones employed above in
nonchiral classes can now be used to see the emergence
of the chiral Zy invariant in appropriate dimensions.

For example if d = 1, the vector r reduces to a scalar
r = —TrX. As is well known, zero-energy states are
eigenstates of ¥, with the eigenvalue 41 (right zero
modes) or —1 (left). Tr¥, the difference of the number
of right and left eigenstates, is then equal to the differ-
ence of the bulk invariants on both sides of this zero-
dimensional boundary. A reader may worry that the for-
malism reported earlier in this article becomes somewhat
degenerate at d = 1, therefore we present a slightly more
detailed derivation of this result in Appendix

This concludes the derivation of Eq. for all classes
of topological insulators in all spacial dimensions.

V. CONCLUSIONS

In this article we presented a derivation of the rela-
tionship Eq. between the bulk and the boundary of
topological insulators. Even when there are no interac-
tions and no disorder, this relation is quite useful and
allows to test whether a particular proposed boundary
theory can indeed be at the edge of a topological in-
sulator. When interactions are present, the relationship
Eq. remains true and still allows to relate the the bulk
to the edge, although the edge states may get replaced by
zeroes? In addition to the extension to interacting sys-
tems already described, the method described here can
also be extended to disordered topological insulators, by
periodically repeating the finite size system. The results
obtained in this way will be reported elsewhere.
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Appendix A: Derivation of Eq. (17).

Given a matrix A(s,s’) which is also a function of two
variables s and s’, one can introduce its Wigner (or Weyl)

transform

Al(pa,5) = /dreipdzfx (§+ g,g - g) . (A1)
The technical tool we need in the following calculation is
the Moyal product expansion, which allows us to write
the Wigner transform of C = A o B (this stands for

C(s,s") = [ds' A(s,s')B(s',s")) as

1
C=AB+ —€, 0,A0,B+ ...,

5 (A2)

where p, v stand for 3, pg. In particular, this means that
1
K= G_l—f—Zeu,,XMxl,G_l—i—. c Xp = G_laﬂG. (A3)

This can be checked by demanding that K o G = 1, ap-
plying Wigner transform and using Eq. .

The Moyal product expansion is a formal expansion in
powers of the gradient of G, and the omitted terms in-
volve higher gradients of G. As mentioned in the text,
this does not limit the applicability of our results to slow
domain walls; since we are deriving a relation between
integer-valued quantities, any corrections from higher
powers of the gradient must vanish (unless they also eval-
uate to integers, in which case they would indicate extra
topological structure).

We would like to relate the vector r to the vector
n. The former involves Green’s functions in real space,
while the latter involves Wigner-transformed Green’s
functions. Therefore, we need to apply the gradient ex-
pansion to

éiloaué.
(A4)

Tay = Cd—Qeao...ad,lTrXalo' . 'oXad,la Xa

First, consider the trace of a product:
TrAoB = /dsds’ tr A(s, s')B(s', 5)

_ / def'dizgdpﬁz p—ipa(s—s")—ip}(s'~s)
21

!/ /
w5 (%)

dsd,
= / ot Alpa 5)B(pa, ).
™

This states that the trace is invariant upon changing to
the Wigner-Weyl basis. The expansion we need is there-
fore

TrK 08, Go---0Kod é:/dzdpdtrKM, (A6)

ad—1 T

where M is the Wigner transform of 8,, GoK - - -00,,_,Go
K08, ,G:

aq—1 :



M = [(00,G + 2220,,.0,G0,, ) (K + 6“'1;5 0, K0, )|

2

. [(6(1de + %%audfz,adfzc:aud—z) <

K+ 6”;—2?&—26 ,

Kayé_2>} aad71G+...

2i Ha—2

= [0, GK + 22220,,,0,GOL, (K ) + “220,,K0,,|

2

: |:aad72GK + Maﬂd—2aad—2Gan—2 (K ) + EMd_ﬁ&ld—zGaﬂd—zl(&/d—z} aad—lG + (AY)

21

Eq. comes from applying the Moyal product expan-
sion, Eq. , to every o-product.

The notation is quite unwieldy, so we make the follow-
ing notational simplifications. First, we suppress all €,,;
since we will only be keeping terms of first order in the
gradient, there should be no confusion about how indices
are contracted. Second, the factor €q,...q, , is suppressed
as well, and every other symbol that carries an index a; is
written in bold face, with the index suppressed: xa., = X
and 0,, — d. It must be remembered that these symbols

J

21

(

form a completely antisymmetric tensor. In more for-
mal language, these are one-forms. We can also rewrite
products (and o products)

Agy - Ag; — A7 (A8)
Finally, we will write d —1 = n (which is odd by assump-
tion).

Then the quantity to be computed, up to the overall
constant, is

_ n—1
Tr X" = /ds;fd tr K {dGK + %@szay(K )+ Q%,dGauKay dG + ... (A9)
The bracket expands to
1 n—2 . )
(dGK)" ! + % Z(dGGil)’“Q*J [aﬂdG&,(Gfl I+ dGaﬂGflau} (dGG™H + ..., (A10)
§=0

where K — G~! in the sum because we keep only first order in the gradient. Then

Tr X" = / dsdpa {(KdG)”
2
n—2

2t 4
Jj=0

4= S (GTHG) G [9,dGH, (G ) + dGO,G 10, dG(GldG)j} T

dsdpq R R i
:/ o {trx —|—Z2trx XuXvX

j=1

n—2
o > I [619,dG0, 00 — xxGD.(Gx )] } +oo (A11)
7j=0

where we have expanded K in the first term according
to Eq. and replaced x = G7'dG and 9,G! =
—xuG7h

Note that the the zeroth-order term in the expansion,

/depd trx", (A12)
2

(

produces what is often termed a “weak” topological in-
variant, that is, a topological invariant of lower dimension
than the bulk system; we will ignore this term from now
on.

Because n is odd, no sign is picked up under cyclic
relabeling of the indices hidden in the bold-face notation,
so we can use cyclicity of the trace. Therefore, we can

AE



combine terms to obtain the first order quantity

n n—2
T= Z tr X" XX’ + Z tr x" 27
j=1 j=0
x [G719,dGa, (X *) — xxuG 10, (GXTH)]
=tr X" XuXv
n—2

+ Z tr x> [G719,dG — xxu] 0,0 T).
=0

L , dtr x" 7 1y,8,(x?
tr x" 1(dxu)8y(xj)={ X Xu0y )

—dtr X" W0, (X7) — tr X" I xu0u (X7) + tr X X0, (X)) jodd

since n is odd. Then

n—1
T=tr x"xux»+d Z(—l)jtr X" X0, (xX7)
j=1

n—1

+ [tr Xn_j_IXuau(Xj+1) —tr Xn_quaV(Xj)}

™

Qk)
2
[l D—H

(=17t x™ 771X 00 (X)) + tr XXX

Il
M

<.
=

n—1
+ ) (=1t X" X0, (), (A16)
j=1

where we have shifted the summation index in the last
term. The total derivative is of no further interest, so
we set Dy = dZ;:ll(fl)Jtr X" 71,0, (x?). In the
last term, expanding the derivative 0, and using cyclicity

9

The combination in square brackets is simply dy, so,
shifting the summation index,

n—1

=tr X" xXuxv + Z tr X" (dx,)0u (X7).
j=1

(A13)

The factor dy,, contains double derivatives of G, which
do not appear in our desired result. Therefore, we will
separate out total derivatives in d, which produce no
flux on the (closed) Gaussian surfaces Sy on which the
topological invariant is built [see Eq. ] To do this,
note that d2 = 0 and that, when using the product rule
to expand these derivatives, a sign appears every time d
moves past a x. This gives

j—1

d(x?) = > (=1 x7 (dx)x/

jeven

Al4
jodd ’ (A14)

j—1 0
- Z(—l)j FixIt = {Xj+1

which implies

J even (A15)

(

gives
T =D1 + tr x"xuxv

n—1 7
+ Z Z (=)t x™ ™ x X" O x
j=1m=1
=D1 +tr X" xuxv
n—1
>
m=1

n—1
S (=17 e x" M xux ™ O
j=m

n—1

=Dy +tr X"XuXe + O XXX O

m=2
meven

Wlth 8,,)( - de + XXI/ - XVX7

n—1

=Dy +tr X" + Y X" xX ™

m=2
meven

n—1
+ Z [tI' Xn—mXNXm,XU —tr Xn—m-i—lxuxm—lxy] )
m=2

meven

(A17)



Now, because n is odd and m is even,

> dtr XX

m=2
m even
n—1
_ Z [_ tr Xn_m+1XMXm_1XV
m=2
m even

—tr x" (X)X ™ X
+tr XnimXuXmXV +tr XnimXuXmildXV}

T ™ X+t X T X

3
<HM|
-

o

o+

=

X

n—m-+1 u mflxy]’ (A18)

where the second equality follows from antisymmetry in
1 and v after a relabeling of the summation index in the
second term of the first equality. This means

T =D +tr X" Xuxv
n—1

1 n—m m—1
+ 5 mX::Q {d tr x XuX Xv
meven

+tr Xn—mXM Xle/

n—m-+1

—tr x XuX™ v} (AL9)

We can collect the total derivatives as Ds, shift the sum-
mation index in the last term, and rewrite 2tr x"x . X, =
tr X" XpuXy — tr XuX" Xy to obtain

n

1 m n—m
T:D2+§Z(—1) tr x

m=0

XuX"Xv-  (A20)

Including D> with the suppressed terms and restoring
€uv, this means that

Tr X" — / dsdpa

8mi

(=D emtr X" 7" XuX "Xy + -

_0

(A21)

This expression is sufficiently simple that we can return
to the original, more explict notation:

€agan... Tera1 o---0X,
dsdpd
/ 871'Z 1)m611«1’6a0a1man
XA Xay - Xan—m XuXan_—ms1 - XanXv T o nn
(A22)

The right-hand side has 2n!(n + 1) = 2(n + 1)! terms
and is totally antisymmetric, while using the Levi-Civita
symbol gives (n + 2)! terms. Therefore,

Tr X, 0---0X,,

6(10 ay...an

1 —
= pr oo d5dpg €agay...anistT Xay -+ Xanso T s
(A23)

10

assuming that we choose to order the new indices appro-
priately.
Finally, it is important that the constant be correct:

Cy=—(2mi)~ 2! (d/2)!

(d+1)!
o d)2 4 (d/2-1)!
=) a7 T
_ mcd’% (A24)

so (substituting back d = n + 1)

Ca—2€apay...ay_ Tt Xq, 00X

1 _
= mcd—z/depd Gaoal...ad+1tr Xai -+ Xags1

ad—1

+...

=Cy /d§dpd €apar...ag it Xay - Xages +---5 (A25)

= /d@dpd Ng +

This is valid for values of a in (w,p?!), but does not
make sense for a = § or a = pg since r does not have
such components.

We would like to calculate

/ ds{t! - m.

We deform the sphere S to the space S x M where Sp
is the sphere in the space (w,p?!) and M is the entire
space (R?) spanned by p; and 3. This can be termed
a “hypercylinder,” since a cylinder is the product of a
circle (analogous to our sphere Sg) and a straight line
(analogous to the flat space M = R?).

The flux of n through such a surface can be computed
with only the components of n for which the relation
Eq. holds. Part of that flux involves integration
over dsdpg, which then naturally leads to

/dS?Hn:/de,_l-/dEdpdn:/dS?_l-r, (A28)

where Eq. (| was used. This is the result asserted in
the text as Eq. .

or

(A26)

(A27)

Appendix B: Chiral systems in one dimensional
space

We start by writing Tr ¥ as

T =TrYKoG. (B1)



Notice that this is true at arbitrary w. We then take
advantage of Eqs. (A3)) and (A5]) to rewrite this as

E%ME/QmMG*@GG4@G—G*@GG*&@.

(B2)
The expression to be integrated is a total derivative and
results, upon integrating, in

TS = Ny(s=—L) — Ni(s = L), (B3)

11

where N7, defined in Eq. , is evaluated at s = —L
and 5 = L. This is indeed what is claimed in section [Vl
What remains is to remark that while these expressions
are written at arbitrary w, the limit w — 0 is conve-
nient as only in this limit Tr > counts zero energy states
(and zeroes of Green’s functions if there are interactions)
localized at the boundary. This derivation can be used
instead of the much more involved procedure reported in
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