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This paper is concerned with the physics of parametrized gapped quantum many-body systems, which can be
viewed as a generalization of conventional topological phases of matter. In such systems, rather than considering
a single Hamiltonian, one considers a family of Hamiltonians that depend continuously on some parameters.
After discussing the notion of phases of parametrized systems, we formulate a bulk-boundary correspondence
for an important bulk quantity, the Kapustin-Spodyneiko higher Berry curvature, first in one spatial dimension
and then in arbitrary dimension. This clarifies the physical interpretation of the higher Berry curvature, which
in one spatial dimension is a flow of (ordinary) Berry curvature. In d dimensions, the higher Berry curvature is
a flow of (d — 1)-dimensional higher Berry curvature. Based on this, we discuss one-dimensional systems that
pump Chern number to/from spatial boundaries, resulting in anomalous boundary modes featuring isolated Weyl
points. In higher dimensions, there are pumps of the analogous quantized invariants obtained by integrating the
higher Berry curvature. We also discuss the consequences for parametrized systems of Kitaev’s proposal that
invertible phases are classified by a generalized cohomology theory, and emphasize the role of the suspension
isomorphism in generating new examples of parametrized systems from known invertible phases. Finally, we
present a pair of general quantum pumping constructions, based on physical pictures introduced by Kitaev,
which take as input a d-dimensional parametrized system, and produce new (d + 1)-dimensional parametrized
systems. These constructions are useful for generating examples, and we conjecture that one of the constructions
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realizes the suspension isomorphism in a generalized cohomology theory of invertible phases.
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I. INTRODUCTION

A. Parametrized quantum systems

Gapped phases of quantum matter are a source of surpris-
ingly rich physical phenomena and beautiful mathematical
structure. In particular, many gapped phases are topological,
in the sense that their universal low-energy properties are
described by a topological quantum field theory (TQFT). The
understanding of topological phases has undergone tremen-
dous advances over the past several years [1-7].

A recent prominent theme is the discovery and study of
generalizations of topological phases of matter. One general-
ization comprises topological phases in periodically driven,
many-body-localized quantum systems, sometimes referred
to as “Floquet topological phases” [8]. Another generaliza-
tion are the fracton phases, in which excitations of restricted
mobility are associated with the lack of a low-energy TQFT
description [9,10].

This paper is concerned with a different kind of general-
ization of topological phases. Namely, we study parametrized
families of gapped systems, and the universality classes
(phases) of such families. The basic idea is first to choose
a space X that we will refer to as the parameter space. In
general, X can be any topological space, but we usually
have in mind nicely behaved compact spaces such as the
n-dimensional sphere S”. Next, for each point x € X of param-
eter space, we specify a gapped finite-range Hamiltonian H (x)
defined on a d-dimensional spatial lattice, and the Hamilto-
nian is assumed to vary continuously with x. Formally, this
information can be packaged into a continuous map H : X —
65, where 65 is some space of finite-range gapped Hamil-
tonians.

We refer to such a parametrized family, with parameter
space X, as a (gapped) system over X. The spatial dimension
d, whether the system is bosonic or fermionic, and the sym-
metry that is imposed (if any), are all fixed attributes of the
system that do not vary as a function of X (even if X has multi-
ple connected components). It is important to emphasize that,
in our terminology, the parameter space X is distinct from (and
far smaller than) the space &$) of gapped Hamiltonians, or an
even larger space of all finite-range Hamiltonians. These latter
spaces are also sometimes referred to as parameter space, but
to avoid confusion we will not do so in this paper. Intuitively,
it is helpful to think of X as a space of parameters that can be
tuned by a hypothetical experimentalist who can vary some
number of “knobs” that control certain terms appearing in the
system’s Hamiltonian, such as the strength of a magnetic field.

When we study ordinary gapped quantum systems, we are
usually interested in phases of such systems, and universal
properties that are the same throughout a phase. The same is
true for systems over X, where we have a related notion of
a phase over X. Roughly speaking, two systems over X are

in the same phase if they can be continuously deformed into
one another without closing the gap anywhere in parameter
space. A more detailed and precise definition of phases over
X is given in Sec. III.

Before proceeding, it is helpful to anchor our discussion
by mentioning some familiar examples. First of all, in the
case where X = pt is the topological space containing a single
point, a gapped system over X is nothing but an ordinary
gapped quantum system, which can be referred to as a system
over a point. Moreover, phases over X = pt (phases over a
point) are the same as ordinary phases.

A more interesting example is a single spin % in a Zeeman
magnetic field of fixed magnitude, where the field direction
is parametrized by X = S? viewed as a space of unit vectors
[11,12]. This system is characterized by a nontrivial Berry
curvature and associated nonzero Chern number. Familiar
examples are not limited to zero dimensions; the Thouless
charge pump is a classic one-dimensional example with a
conserved U(1) charge [13]. The parameter space is a circle
(X = S"), and as the parameter is adiabatically cycled around
the circle, a quantized amount of charge is pumped across the
system. These two familiar examples are reviewed in more
detail in Sec. II.

A number of recent works have begun to explore the
physics of parametrized families beyond a handful of classic
examples [14-22], and these recent developments are also
reviewed in Sec. II. Among these works, Kapustin and Spo-
dyneiko’s higher Berry curvature and the associated quantized
invariant, which we refer to as the KS invariant, will play a
particularly important role in this paper [18].

There are a number of reasons that parametrized families
of gapped systems are of physical interest. Quite generally, if
we view X as a subspace of a system’s phase diagram lying
entirely within a gapped phase, the corresponding phase over
X captures universal global properties of the phase diagram.
A related idea is that we often think of ordinary gapped phases
as connected components of a space &5 of gapped Hamiltoni-
ans. Nontrivial phases over X can be viewed, at least roughly,
as probing more subtle features of the topology of &£. A
more specific perspective, which applies when X = S' (or,
more generally, X = S' x Y), is to observe that systems over
X are in correspondence with adiabatic pumping cycles where
the circle-valued parameter is cycled slowly as a function of
time, as in the Thouless charge pump. We may thus expect to
find quantized pumping phenomena associated with nontrivial
phases over X.

A more abstract reason to be interested in parametrized
families comes from Kitaev’s proposal that gapped invert-
ible phases are classified by a generalized cohomology
theory [23-25], which builds on earlier work on the K-
theory classification of gapped free-fermion phases [26].
Given a non-negative integer d and any topological space
X (not necessarily with the physical interpretation of pa-
rameter space), a generalized cohomology theory assigns an
Abelian group E?(X). Taking X to be a single point, in Ki-
taev’s proposal E¢ (pt) is the group of ordinary d-dimensional
invertible phases. More generally, E4(X) is the group of d-
dimensional invertible phases over X. Establishing Kitaev’s
proposal remains an open problem, and we discuss its status in
Sec. VL.
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Understanding whether or not gapped invertible phases
are classified by a generalized cohomology theory, and if so
which cohomology theory, is important for illuminating the
relationship between gapped phases and quantum field theory.
Invertible topological quantum field theories (TQFTs) have
been shown to be classified by a generalized cohomology
theory [27]. It is generally believed that invertible gapped
phases are well described by invertible TQFTs, and one way
to establish this would be to show the corresponding coho-
mology theories are the same.

B. Overview of the paper

This paper consists of two intertwined threads that we
now describe; this discussion also serves as an outline of the
remainder of the paper. One of these threads, in Secs. IV, V,
and VIII, is the development of a bulk-boundary correspon-
dence for Kapustin and Spodyneiko’s higher Berry curvature,
which is a closed (d 4 2)-form Q@+? on parameter space
X, where X is a differentiable manifold and d is the spatial
dimension. This bulk-boundary correspondence clarifies the
physical interpretation of the higher Berry curvature and the
associated quantized KS invariant, and relates it to anomalous
boundary properties of nontrivial phases over X. Sections IV
and V discuss systems in one spatial dimension (1D), while
Sec. VIII discusses higher dimensions.

In a semi-infinite one-dimensional system, we show that
Q® can be understood as a flow of 2-form Berry curvature
to/from the spatial boundary of the system (Sec. IV). This
is illustrated in a solvable 1D spin chain over S* denoted
as Hip (Sec. IV A). Spatial boundaries of this model are
anomalous, with a single gapless Weyl point over S, which
is impossible for a strictly zero-dimensional (0D) system
over S3. The boundary phenomena are associated with a bulk
nonzero quantized KS number of 27, showing that H;p is in
a nontrivial phase over S3. The KS number is computed in
Sec. IV B following a review of Kapustin and Spodyneiko’s
results. The bulk-boundary correspondence, which gives Q)
the interpretation of a flow of Berry curvature, is developed in
Sec. IVC, and is further illustrated in H;p by a “clutching
construction” in Sec. IV D. Finally, Sec. IVE presents an
inverse system for Hjp, in the sense that Hp stacked with
its inverse is in the trivial phase over S°.

As a consequence of the bulk-boundary correspondence,
we should expect that it is possible to construct a 1D system
that can be understood as a Chern number pump. In Sec. V,
we construct such a system over S? x S', which is closely
related to the system H;p over S°. Upon cycling the periodic
parameter taking values in S', a quantized Chern number
(over §?) is pumped to/from the spatial boundary.

More generally, in d dimensions, 2(“*?) has the interpreta-
tion of a flow of (d + 1)-form higher Berry curvature to/from
a (d — 1)-dimensional spatial boundary (Sec. VIII). After re-
viewing higher Berry curvature in systems of dimension two
and higher (Sec. VIII A), we introduce a solvable 2D model
over S* denoted Hop (Sec. VIIIB). Just like H;p has a bound-
ary termination with a single gapless point that is a source of
Berry curvature (a Weyl point), similarly a boundary of H»p
has a gapless point that sources the 1D higher Berry curvature
Q®). We develop the bulk-boundary correspondence for the

higher Berry curvature Q@ in two dimensions, and use this
to compute the KS number of H,p, showing it takes the non-
trivial quantized value 2 (Sec. VIII C). Hyp can be obtained
from H)p by the suspension construction (see below) and it
is not a coincidence that these two systems have the same KS
number. Indeed, in Sec. VIIID we show that upon applying
the suspension construction to a d-dimensional system over
X (where X is a (d + 2)-dimensional oriented closed differ-
entiable manifold), the resulting (d + 1)-dimensional system
has the same KS number as the input d-dimensional system.
It follows that there is a sequence of d-dimensional systems
over S412, all with KS number 27, of which the first three
members are (in d = 0) a single spin % in a Zeeman mag-
netic field, Hip and H,p. The dth system in this sequence
is obtained from the d = 0 system over S by applying the
suspension construction d times. Finally, in Sec. VIIIE we
discuss (d + 1)-dimensional systems over X x S! that pump
d-dimensional KS number to/from the spatial boundary.

The second thread discusses general results and expecta-
tions for gapped parametrized systems, and introduces a pair
of general quantum pumping constructions, based on physical
pictures introduced by Kitaev [23-25], that take as input a
d-dimensional parametrized system and produce a (d + 1)-
dimensional system. The key property of the output system is
a pumping or flow of the input d-dimensional system to/from
a spatial boundary. These constructions can be used to gener-
ate many examples of parametrized systems.

Section III discusses parametrized quantum systems in
general, and in particular gives a detailed account of the no-
tion of “phases over X,” i.e., phases of parametrized systems
over the parameter space X. We also discuss the notion of
invertible systems and phases over X, discuss their expected
anomalous boundary properties, and formulate a conjectured
bulk-boundary correspondence for invertible systems. We for-
malize the idea that a system’s Hamiltonian near a spatial
boundary can depend on additional parameters that do not
affect the bulk Hamiltonian.

In Sec. VI, we discuss the expectation that phases of in-
vertible parametrized systems are classified by a generalized
cohomology theory [23-25]. First in Sec. VI A, assuming this
proposal is true, we discuss its consequences. Our focus is
on using generalized cohomology classification to guide the
construction of new examples, emphasizing the important role
of the suspension isomorphism from this perspective. Then
in Secs. VIB and VIC, we review the generalized coho-
mology proposal and sketch a potential strategy to construct
a generalized cohomology theory of parametrized invertible
phases.

The heart of the second thread is Sec. VII, where we intro-
duce the general quantum pumping constructions and study
their boundary physics. One of these constructions, which
is the suspension construction referred to above, takes as
input a d-dimensional invertible system H; over X, and pro-
duces a (d + 1)-dimensional invertible system SH; over the
(unreduced) suspension SX. The suspension SX is a quotient
space formed from the product X x [—1, 1] by identifying
each of X x {1} and X x {—1} to single points. If X = §",
then SX = §"*!. Making slightly different choices, we instead
obtain a (d + 1)-dimensional system PH; over X x S ! While
the explicit examples studied in this paper are bosonic systems

125147-3



XUEDA WEN et al.

PHYSICAL REVIEW B 108, 125147 (2023)

without symmetry, we emphasize that these quantum pumping
constructions are not limited to this setting, and can be applied
to invertible phases with any desired attributes. We conjecture
the suspension construction gives a concrete realization of the
suspension isomorphism in a generalized cohomology theory
classifying gapped invertible phases.

After introducing the quantum pumping constructions in
Sec. VIT A, we discuss their boundary physics in Sec. VII B.
In particular we show that PH, can be viewed as a pump of
the d-dimensional phase invariant of H; over X, from a spatial
boundary into the bulk, upon cycling the periodic parameter
in S!. Similarly, SH; can be understood in terms of flow of
the d-dimensional phase invariant from the boundary to the
bulk; the essence of this phenomenon is the same as in PH,
but is not pumping in a strict sense, due to the absence of
a suitable periodic parameter. Finally, Sec. VIIC provides a
road map toward potentially establishing that the suspension
construction realizes the suspension isomorphism in a gener-
alized cohomology theory of invertible phases.

The paper concludes with a discussion in Sec. IX. Some
technical details, on computation of the KS number, properties
of the solvable models, and the locality of the higher Berry
curvature, are contained in Appendixes.

II. CHERN NUMBER, THE THOULESS CHARGE PUMP,
AND GENERALIZATIONS

Here we review two well-known examples of parametrized
quantum systems, as well as some recent work on
parametrized quantum systems and related topics. Our first
example is a 0D spin—% quantum system over S [11,12].
We parametrize points of S by w = (wy, w, w3) with w? +
w3 + w? = 1. The Hamiltonian is

H(w) = wio' +wy0? + wio”, )
where o 1'>3 are the usual Pauli operators. The eigenvalues are
E. = =1 for all w € §?, so the Hamiltonian is gapped and
defines a OD system over S°.

It is well known that there is no way to consistently define
the phase of the ground state globally over S2; the obstruction
to doing so is captured by the integral of the Berry curvature
over S%. The Berry curvature is a 2-form Q@ on S? [see (13)
for a general expression], and for this system is given by

in6
Q® = %d@ A do, )

where 6 and ¢ are the usual spherical polar coordinates.
The Chern number

C =/ Q® =27 3)
SZ

measures the obstruction not only to defining the phase of
the ground state globally over S2, but also, at the same time,
to deforming the parametrized family H (w) to a trivial (i.e.,
constant) family over S?> without closing the gap for some
w € S%. In more detail, suppose we have a homotopy H (w, t)
taking values in Hermitian 2 x 2 matrices, where ¢ € [0, 1]
and H(w, 0) = H(w). If H(w, 1) is constant (i.e., does not
depend on w), the associated Chern number would be zero,

which is only possible if H(w, t) is gapless for some value of
(w,t) € S? x [0, 1].

In more mathematical language, the ground states form a
line bundle over S? which does not admit a nowhere vanishing
global section, due to the nonvanishing first Chern class which
generates H>(S2, Z). It is impossible to deform H(w) to a
family which is constant over S? because the ground states of
a constant family of Hamiltonians form a trivial line bundle.

We note that defining the Chern number requires us to
specify an orientation on $?; this is required for the integral
[ Q@ to make sense. We choose the orientation given by
the locally defined 2-form d6 A d¢. This is the same as what
we refer to as the outward-normal orientation on S2, which
is given by viewing §? C R3, and defining a basis (b, by) of
the tangent space TS at a unit vector x € R? to be positively
oriented if (x, by, b,) has the same orientation as the standard
orientation on R3.

Our second familiar example is the Thouless charge pump
[13]. In our terminology, this a 1D quantum system over S’
with a U(1) symmetry. A parametrized Hamiltonian for the
Thouless charge pump is

w .
H(wi,wy) = == Y (=Dicfei+ ) g*wa)c]ein

i€Z i€2Z
+ Y. g (w)cfei +He, )
i€2Z+1

where w = (w;, w,) with w% + w% = 1 parametrizes points
of S' and where the functions g*(w,) are chosen as follows:

+ wa, w»y 2 0
= 5
g (wn) {0, wy <0 ()
= |t 20 (©)
§ W)= —w2, wy <0.

The ¢; and cl.T are fermion creation and annihilation operators
indexed by lattice sites i € Z, satisfying the anticommuta-
tion relations {c;, cx} = {c}, cZ} =0, and {c;, c}:} = 4. The
Hamiltonian clearly has a U(1) charge conservation symmetry
at all points in parameter space. This free-fermion system is
a two-band insulator with flat bands for all (w;, w,), and is
therefore gapped at a filling of one fermion per lattice site.

This system over S' is nontrivial because it exhibits quan-
tized charge pumping. Interpreting the S! as a time parameter
to be cycled adiabatically, one unit of charge will be pumped
through any point of the lattice over a single cycle. It was
argued early on that this phenomenon is robust to interactions
and to disorder [28]; any deformation of the system over S'
that preserves the gap and the U(1) symmetry will pump the
same quantized amount of charge.

One simple way to understand the robustness of the quan-
tized charge pumping is to consider a semi-infinite system,
i.e., a system with a spatial boundary. For instance, one can
define a system with boundary by retaining all lattice sites
with i < N, taking N even, and dropping all terms in the
Hamiltonian that couple to sites with i > N while keeping
other terms unchanged. One finds that the energy spectrum
is gapless at the single point of parameter space (0, 1) € S!
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and gapped otherwise. Upon tuning w € S! across the gapless
point, the U(1) charge of the ground state jumps by unity. As
a result, there is no way to consistently define the ground-state
charge as a function of w € S'; this would be impossible for a
strictly OD system over S', and the boundary is anomalous in
this sense. In the semi-infinite system, such a charge jump is
allowed because it is compensated by a quantized pumping of
charge from the bulk to the boundary (or vice versa). Finally,
while modifying the Hamiltonian near the boundary can in-
troduce additional gapless points where the charge jumps, this
cannot change the total net quantized jump in charge as w is
cycled around S'.

We now briefly mention some recent works that pertain
to generalizations of the two familiar examples reviewed
above, especially in higher-dimensional interacting systems.
In free-fermion systems, higher-dimensional analogs of the
Thouless charge pump were considered by Teo and Kane [14].
Among other results, they classified parametrized families
of d-dimensional free-fermion systems, in particular over D-
dimensional spheres SP.

Building on a proposal of Kitaev [15], Kapustin and Spo-
dyneiko generalized the Berry curvature (a 2-form for d = 0
systems) to families of gapped many-body systems in d spatial
dimensions [18]. The higher Berry curvature is constructed as
a closed (d + 2)-form on the parameter space. The cohomol-
ogy class of the higher Berry curvature defines a topological
invariant which we refer to as the KS invariant. Moreover,
when the parameter space X is an oriented (d + 2)-manifold,
the higher Berry curvature can be integrated over X, resulting
in the KS number, which was argued to be quantized for
invertible systems.

Reference [19] studied generalizations of the Thouless
charge pump to d-dimensional systems with U(1) symme-
try over S?. Reference [20] studied parametrized families of
quantum field theories and their associated topological terms,
focusing in particular on many-body diabolical points in phase
diagrams that generalize Weyl points in 0D, and on boundary
phenomena. See also Ref. [29] for a classification of topo-
logical phases with crystalline symmetry using parametrized
families of TQFTs.

Recently, the generalization of quantum pumping to
parametrized families of systems with discrete symmetries
and various types of parameter spaces X was reported in
Ref. [21]. Later in Ref. [22], the quantum pumping in in-
vertible quantum spin systems with discrete symmetries was
studied. Focusing on X = S!. it was shown that a lower-
dimensional symmetry-protected topological phase is pumped
to the boundary after a nontrivial cycle of quantum pumping.
In addition, it was shown that a symmetry-protected topolog-
ical phase in one dimension lower can be trapped at a spatial
texture in the parametrized system.

From the perspective of quantum field theory, so-called
anomalies in the parameter space were recently studied in
parametrized families of quantum field theories [16,17,30—
34]. In a theory with global symmetries, a 't Hooft anomaly
can be diagnosed by coupling to background gauge fields
and finding that the resulting partition function is not gauge
invariant. In parametrized families of quantum field theories,
by viewing the scalar coupling constants as background fields,
the notion of ’t Hooft anomalies can be extended to include

these fields. Quantum field theories with such anomalies arise
as effective field theories for spatial boundaries of the gapped
invertible parametrized quantum systems that are the focus of
this paper.

III. PARAMETRIZED SYSTEMS AND PHASES

Here we give a more detailed account of what we mean
in this paper by systems and phases over X. We also discuss
the notions of trivial and invertible systems and phases over
X. We do not aim to be mathematically precise or to give a
complete discussion of all the issues that arise in attempting
to define phases. Instead, our intent is to give enough detail
for a theoretical physicist reader to understand what we mean
by systems and phases over X. Indeed, some degree of detail
is necessary given that these notions are not standard in con-
densed matter physics.

First we recall the definition of a d-dimensional gapped
quantum system over X . To specify such a system, we take the
d-dimensional lattice Z¢, and place some degrees of freedom
at each lattice site, as usual for quantum lattice systems in
d dimensions. (If d = 0 the lattice is a single point.) These
degrees of freedom can be either bosonic or fermionic. We
may choose to impose some symmetry; to avoid subtleties, we
only consider unitary or antiunitary internal symmetries (i.e.,
symmetries that do not permute lattice points) throughout.
We then imagine that we have a space &) of gapped, finite-
range Hamiltonians respecting the symmetry (if any). We also
sometimes write &$); when we want to emphasize the spatial
dimension. Having made these choices, we fix a topological
space X (the parameter space), and a gapped system over X
is a continuous map H : X — &5). More generally, a (not
necessarily gapped) system over X is a continuous map H :
X — 9, where §) is a space of all finite-range Hamiltonians.

It is convenient to denote a system over X by H, where H
is the Hamiltonian map H : X — &5). However, it is impor-
tant to keep in mind that this is a shorthand notation. More
precisely, we should say that a system over X is specified by
the following data:

(1) The spatial dimension d.

(2) The local degrees of freedom attached to each lattice
site.

(3) The symmetry imposed, if any.

(4) The parameter space X .

(5) The continuous map H : X — &£). (Note that we sup-
pose the first three pieces of data give us the space &S5).)

A system H over X is said to be trivial if the map H
is constant as a function of x € X, and if the Hamiltonian
H(x) is that of a collection of decoupled zero-dimensional
systems, one for each lattice site. The ground state is thus a
product state (for bosonic systems) or an atomic insulator (for
fermions). In defining trivial systems, it might be tempting
only to require that H(x) is a collection of decoupled d = 0
systems for each x € X, but not to require that H (x) is con-
stant. However, this choice is unnatural as it would cause
problems in d = 0, where it would lump the example of a spin
% in a Zeeman field into the trivial phase (as defined below),
even though this system is characterized by a nonzero Chern
number.
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There is an important binary operation defined on systems
over X of the same spatial dimension referred to as stacking,
where two decoupled systems H; and H, are placed “on top
of one another.” For instance, in the case of bosonic systems,
the Hilbert space at each lattice site is a tensor product of the
two systems being stacked. The Hamiltonian is Hgycx(x) =
Hi(x) ® 14+ 1 ® H>(x). We often denote the stacked system
by writing H; © H,. Note that stacking two trivial systems
produces another trivial system.

Now we can describe gapped phases over X as equivalence
classes of gapped systems over X. First of all, we do not
consider all gapped systems over X when discussing phases.
Instead we fix the spatial dimension d, whether fermionic
degrees of freedom are allowed, and the symmetry imposed
(if any). We also fix the parameter space X. Phases are
equivalence classes defined on the set of systems with the
preceding fixed characteristics. The equivalence relation is
then generated by three operations, deformation, stacking, and
isomorphism, which we describe in turn. It is helpful to think
of these operations as “moves,” and two systems are equiva-
lent when they are related by a finite sequence of such moves.
Mathematically, these operations specify a binary relation on
systems, and we take the equivalence relation generated by
this binary relation.

First, two systems H; and H, over X are in the same phase
if their Hamiltonian functions can be deformed continuously
into one another while keeping the gap open and preserving
the symmetry. More precisely, we have a homotopy between
the maps H; : X — 6% and H, : X — &5$). That is, we have
a continuous map H : X x [0, 1] — &5, with values writ-
ten H(x,t), so that H(x,0) = H;(x) and H(x, 1) = Hy(x).
[Note that by demanding H (x, t) € &5, the Hamiltonian is
automatically gapped and symmetry invariant for all (x,¢) €
X x [0, 1].] When X = pt, this reduces to the usual notion
that two gapped systems whose Hamiltonians are joined by
a path are in the same phase, as long as the path is through
gapped, symmetry-respecting Hamiltonians.

Second, two systems H; and H, over X are considered to be
in the same phase when they become the same upon stacking
with trivial systems 7] and 7. That is, more precisely, H,
and H, are in the same phase if there exist trivial systems 7}
and 75 such that H; © T} = H, © T>. The motivation for this
equivalence operation is the same for parametrized systems as
for ordinary systems (i.e., systems over a point). Lattice mod-
els of quantum systems are always idealizations that ignore
some effectively inert degrees of freedom, like the atomic core
levels in a solid. Whether or not we ignore some such degrees
of freedom is a choice we make in our theoretical description,
so it should not affect which phase a given system is in. This
equivalence operation ensures that phases are not sensitive to
such choices.

Finally, and perhaps least familiar, we should allow for a
notion of isomorphism between systems, and consider iso-
morphic systems to be in the same phase. Isomorphism should
capture the rough idea that two different systems as defined
above may in fact be different mathematical descriptions of
“the same” physical system. For example, we may have two
systems that are mapped into one another by a unitary trans-
formation (constant over X ), where the unitary is a product of
single-site unitary operators. Such a unitary is nothing but a

local basis change, and two systems thus related are clearly
different descriptions of the same physical system. Another
example is that two systems related by a translation of the
lattice should be considered isomorphic since the only differ-
ence between such systems is the arbitrary choice of origin.
Beyond these two examples, additional kinds of isomorphism
may ultimately be needed to give a mathematically precise
and physically sensible definition of phases (whether ordinary
phases or phases of parametrized systems). However, this
issue is not important for our present purposes and will thus
be left for the future.

We can compare phases over two parameter spaces X
and Y if we are given a continuous map f : X — Y. Then
given a system H over Y, we can form the pullback system
f*H over X, whose Hamiltonian map is simply H o f. The
pullback gives a function f* : P/(Y) — P?(X), where P*(X)
and P4(Y) are the sets of d-dimensional gapped phases over
the corresponding spaces. It is straightforward to show that
if f : X — Y is a homotopy equivalence, then f* : P/(Y) —
P%(X) is a bijection. It is an important point that, in this sense,
only the homotopy type of X plays a role in studying phases
over X.

The trivial phase over X is defined to be the unique phase
containing any trivial system over X. This is well defined
because any two trivial systems 7 and 7, are obviously in
the same phase because 7} © T, and T, © T; are isomorphic
(trivial) systems. Note that our terminology distinguishes be-
tween the trivial phase and trivial systems, and, in particular, a
typical system in the trivial phase will not be a trivial system.

An important subset of phases are the invertible phases,
which form an Abelian group under the stacking operation.
A system H over X is invertible (or, synonymously, in an
invertible phase) if there exists another system H over X such
that H © H is in the trivial phase. In this paper, we denote the
group of d-dimensional invertible phases over X by E4(X). It
is easy to show that if H is invertible, then, for each x € X,
H (x) is an invertible system over a point. While the converse
statement is physically reasonable, it is not obviously true.

Physically, invertible systems over a point are character-
ized by a lack of fractional bulk excitations, and by spatial
boundaries with a range of interesting properties. Roughly
speaking, the boundary of a nontrivial d-dimensional invert-
ible phase (over a point) is anomalous in the sense that
it cannot occur on its own as a (d — 1)-dimensional quan-
tum system. Another sense in which the boundary physics
is anomalous is that a QFT description of the boundary is
characterized by a nontrivial quantum anomaly.

We expect a similar situation for invertible systems over
X, but before stating our expectations, some general remarks
about systems with spatial boundaries are needed. Suppose
we have a d-dimensional system over X (not necessarily
invertible), and we truncate the lattice to expose a (d —
1)-dimensional spatial boundary. Sufficiently far away from
the boundary, the local terms in the Hamiltonian H(x) are
the same as before the boundary was introduced. However,
the Hamiltonian near the boundary is not naturally given in
terms of H(x). Moreover, the Hamiltonian near the bound-
ary can depend on additional parameters that do not affect
the bulk Hamiltonian. This can be formalized by introducing
“bulk” and “boundary” parameter spaces Xp,ix and Xpqy, with a
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surjective map 7 : Xpgy —> Xpuik- The system with boundary is
a system (not necessarily gapped) over Xpq,. However, away
from the boundary, the local terms in the Hamiltonian only
depend on x € Xpgy through 7 (x) € Xpuk. The simplest pos-
sibility is of course Xpux = Xpqy With v the identity map, but
other situations will arise in the discussion of later sections.

Now suppose we have a nontrivial d-dimensional invertible
system over X, in the presence of a spatial boundary, in the
simple case X = Xpux = Xpay- We expect that the (d — 1)-
dimensional spatial boundary is anomalous if viewed as a
(d — 1)-dimensional system over X, in the sense that some
property of the boundary is impossible for a strictly (d — 1)-
dimensional system over X. There is an important difference
from systems over a point, which is clearest when X is con-
nected and when H(x) is in the trivial phase (over a point)
for each x € X. In such cases, which include the concrete
examples studied in this paper, the anomalous nature of the
boundary will only be apparent globally, i.e., by examining
the boundary physics as x varies over all of X. In contrast,
the local boundary physics in a contractible neighborhood
of some xy € X is not anomalous and can be realized in a
strictly (d — 1)-dimensional system. In different language, we
expect that a QFT for the boundary will be characterized by a
nontrivial anomaly in the space of coupling constants [16,17].

Another way to phrase our expectations is in terms of a
bulk-boundary correspondence:

Bulk-boundary correspondence. Two invertible systems H;
and H, over X are in the same phase if and only if there exists
a trivially gapped spatial interface between them.

By a spatial interface, we mean a third system over X
whose Hamiltonian is locally that of H; on one side of a
codimension one boundary region, and locally that of H, on
the other side of the boundary. By trivially gapped, we mean
that the interface, in addition to being gapped, lacks fractional
excitations and spontaneous symmetry breaking for all points
x € X. We obtain a special case of the bulk-boundary corre-
spondence by thinking of vacuum as a system in the trivial
phase, then the bulk-boundary correspondence implies that an
invertible system over X is in the trivial phase if and only
if it admits a trivially gapped boundary (i.e., trivially gapped
interface to vacuum).

IV. FLOW OF BERRY CURVATURE AND
BULK-BOUNDARY CORRESPONDENCE
IN 1D PARAMETRIZED SYSTEMS

In this section, we construct a parametrized family of 1D
lattice models over X = S3 (Sec. IV A), and study its bulk
and boundary properties. The spatial boundary of our model
has a single gapless Weyl point over S°, which is impos-
sible for a strictly zero-dimensional system over S* and is
thus anomalous. In Sec. IV B, after reviewing Kapustin and
Spodyneiko’s work on the higher Berry curvature and the
associated quantized KS invariant, we compute these quan-
tities for our solvable model over S*. We then develop a
bulk-boundary correspondence relating the bulk higher Berry
curvature to the flow of Berry curvature to/from a spatial
boundary (Sec. IVC). In Sec. IVD we describe a clutch-
ing construction that provides another way of understanding
the relationship between the 1D KS invariant and the Chern

number in zero dimensions. Finally, Sec. IVE presents a
system over S* that is an inverse to the system introduced in
Sec. IV A; the KS numbers of these two systems are opposite,
and when stacked together, they can be deformed to a trivial
system.

A. Exactly solvable 1D lattice model over S°

We consider a one-dimensional bosonic system with a sin-
gle qubit placed at each lattice site, and choose the parameter
space X = S°. This choice of parameter space is motivated
by the results of Kapustin and Spodyneiko, which lead us
to expect nontrivial phases over S in d = 1. In more detail,
the KS invariant is given by integrating a closed 3-form with
quantized periods over X, suggesting a Z classification over
S3. From a different point of view, it is believed that the clas-
sifying space of bosonic d = 1 gapped invertible phases is a
K(Z, 3), which also gives a classification by H3(S?, Z) = 7Z.

The Hamiltonian has the form

Hip(w) =Y Hyw)+ Y  Hyf (w)+ Y Hr (w),

peL pe2Z+1 pe2Z
7

where w € S3. It is convenient to view S° as a subspace
p

of R* and write w = (w;, wy, w3, ws) with the constraint

Z?:l w? = 1. The first term in Eq. (7) is a single-spin term,

with

H;(w) = (—l)p(wla; + wgoﬁ + w30p3), ®)

23 are Pauli

where p € Z denotes the lattice site, and crpl’
matrices of the qubit at site p. Note that H,} = 0 at the two

poles wy = £1 of S3, where w; = w, = ws = 0. The second
and third terms are two-spin terms given by

HYw (w)=g"(w) Y ofol. ©
n=1,2,3

The real functions g* (w) are chosen as follows:

+w) = wy, 0wyl (10)
g W)= 0, otherwise
and
_ —ws, —1<ws<0
= 11
g (w) {0, otherwise. an

We remark that H(w) is continuous but not smooth at
wa = 0. As we will see later, with this choice, the higher Berry
curvature will not be continuous at w4 = 0. If desired, one can
of course smooth out the function g*(w) at ws = 0 so that
the higher Berry curvature becomes continuous at w4 = 0.
However, smoothness of g©(w) will not be essential for our
purposes. In particular, the KS invariant is an integral of the
higher Berry curvature over S°, so the discontinuity at wy = 0
will not cause problems.
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Pictorially, the Hamiltonian in (7) for different values of
w4 € [—1, 1] can be visualized as follows:

wy = 1: .
O<ws<l: ® O—® 0B 00— O0—
w=0 ® O ® 0O ® O ©® 0 &
—1 < wq <0 @—@ ®—® ®_® ®_® @
Wy = —1: o

(12)
We use “+” (respectively “—”) to represent a lattice site with
nonzero single-spin term le <oz (tespectively H; c27.41)» While
“e” represents a lattice site with vanishing single-spin term,
as occurs at wy = 1. Two-spin terms are represented by
solid lines joining pairs of lattice sites. At wy = 0, the system
is composed of decoupled 0D quantum systems over the S°
subspace of S obtained by setting w4 = 0. These systems
are characterized by a Chern number of 27w (respectively
—2m) on even (respectively odd) lattice sites. Then for 0 <
|wg| < 1, pairs of nearest-neighbor lattice sites are coupled as
represented by solid line segments. Finally, at the two poles
wy = %1, the single-spin terms in (8) vanish, and there are
only two-spin terms in (9).

We emphasize that the 0D example of a spin % in a Zeeman
magnetic field appears as an ingredient in the construction of
this 1D system. Indeed, this system is a special case of the
suspension construction introduced below in Sec. VII, which
starts with a d-dimensional system over X and produces a
(d + 1)-dimensional system over SX. In the present case the
parameter space of the OD system is S2, the suspension of
which is homeomorphic to the 3-sphere, i.e., S(S?) = 3.

The Hamiltonian Hip(w) is exactly solvable because the
lattice always decomposes into decoupled dimers. Therefore,
it is straightforward to verify that the bulk energy spectrum is
gapped for all w € S? (see Appendix A).

The properties of the model at a spatial boundary indicate
that the system is in a nontrivial phase over S3. We truncate
the 1D lattice at the site p = N, keeping all lattice sites with
p < N butremoving those with p > N. All Hamiltonian terms
coupling to sites with p > N are dropped, and all other terms
are retained unmodified. This choice of boundary termination
does not enlarge the parameter space at the boundary, i.e., we
have Xpux = Xpay = S3 in the notation introduced in Sec. III.

Now taking N even, the p = N boundary site is decoupled
from the bulk for w4 < 0, and it is easily seen that the system
is gapped for all w € S3 except at the pole wy = —1, where
H, (w) for the boundary site has a gapless Weyl point. If on the
other hand we take N odd, then the boundary site is decoupled
from the bulk for wy > 0, and there is a single gapless Weyl
point at the opposite pole (w4 = 1).

If we view the boundary as an effective d = 0 system, the
presence of a single Weyl point over S3 is anomalous, and
clearly cannot occur for a strictly zero-dimensional system
over S3. This can be seen by surrounding the Weyl point
with a small 2-sphere ¥ C S3. In a strictly d = 0 system, the
Berry curvature 2-form Q® is well defined on S3 away from
the gapless point, and [ Q@ = £27 because ¥ surrounds

a single Weyl point. On the other hand, if the S° has only a
single gapless Weyl point, £ can be shrunk to a point (e.g.,
the wy = 1 pole, opposite the Weyl point), so we must have
[5 Q@ =0, a contradiction. This anomalous nature of the
boundary indicates that the bulk 1D system is in a nontrivial
phase over S*. Moreover, this also indicates that the model
generates (under stacking) a factor of Z in the classification of
phases, where the Z is interpreted as the total integer-valued
index of all isolated gapless points at the d = 0 boundary.

B. Higher Berry curvature and KS invariant

Given the anomalous boundary physics of our model, it
is natural to ask whether its nontrivial topological properties
can also be understood from a bulk perspective. The desired
bulk characterization is provided by the KS invariant obtained
from the recently proposed higher Berry curvature [18]. After
reviewing these concepts in Sec. IV B 1, we compute the KS
number in our model and show that it is 277 (Sec. IV B 2).

1. Review of Kapustin-Spodyneiko results

Here we briefly review Kapustin and Spodyneiko’s con-
struction of the higher Berry curvature and the associated
KS invariant [18]. For d-dimensional lattice systems over X,
those authors constructed a closed (d + 2)-form on X with
quantized spherical cycles, the higher Berry curvature. The
d = 0 case is simply the usual Berry curvature. While the
(d + 2)-form itself depends on the details of its construction,
and moreover is sensitive to deformations of the system within
a phase, its cohomology class valued in H**?(X,R) is a
topological invariant. In this section we focus on the d = 1
case, discussing d > 2 in Sec. VIII D.

Consider a d = 0 gapped system over X, where X is a
differentiable manifold. It is well known that one can define
the 2-form Berry curvature as

] d
Q@ _ i?§ L (G dH GEdH). (13)
2 2mi

where H is the Hamiltonian and G = Z_#H the Green’s func-
tion. Without loss of generality, the ground-state energy is
assumed to be constant over X, and f is a counterclockwise
contour integral taken around the ground-state energy. In (13),
d denotes the exterior derivative on X, i.e., in local coordinates
A" we have dH = Y d)* 3.

For an infinite 1D system, the quantity in (13) may be
divergent. For example, if the 1D lattice is composed of an
infinite number of decoupled OD quantum systems, then (13)
reduces to an ill-defined infinite sum of Berry curvatures over
the decoupled systems. A well-defined finite quantity is

@ 1 [ dz )
F,7 = 3 %Tr(GdH,,G dH,). (14)
Here p, g € Z, and we have written the Hamiltonian as a sum
of local terms H = ) ez Hp, where the support of H), lies
within some fixed distance & of the site p (i.e., £ is indepen-
dent of p, so the Hamiltonian is finite ranged). For gapped
Hamiltonians H, Fp(;) decays exponentially as a function of
|p — ql [35].
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Based on Fp(‘f), we can construct the well-defined 2-form

FO=YF® =

d
f ZT(GdH G*dH,).  (15)
peZ

The form Fq(z) is not closed, and its exterior derivative can be

written as
Z F. (16)
pEZ

dF? =

Here, the 3-form F) is antisymmetric under exchange of site

labels p <> ¢, and is given by

j d

é yg Z—Z,Tr(GQdHGdeGqu — GdHG*dH,GdH,)
i

—(p 9. a7

Similar to F?, the 3-form F® is a well-defined quantity
which decays exponentially in |p — ¢g| for a gapped Hamil-
tonian H [35]. Furthermore, one can check that

dF) = ZF“” (18)

rpq’
reZ

3 —
qu -

(4) _ . . . .
where F, ) is a 4-form that is completely antisymmetric in p,
Q9

Using F> in Eq. (17), one can construct the higher Berry
curvature as a closed 3-form Q, defined by

1
SY R U@-fol (9

P.qeZ

Q¥(f) =

where f: Z — R is a function which is 0 for p < 0 and 1
for p >> 0. The sum converges because F,’ decays exponen-
tially in |p — ¢|, and it can be shown using Eq. (18) and the
antisymmetry of F{) that dQ®(f) = 0. A simple choice of

=0O(p—a) witha € Z—i—%,

f is a step function f(p) such

that f(p) = 0 for p < a and f(p) = 1 for p > a. This results
in the simple expression
Q= ) Ey. (20)
p<a,g>a

Kapustin and Spodyneiko argued that the cohomology class
QP (f)/2rx] € H*(X,R) is an invariant of a phase over X
[18]. This cohomology class is the KS invariant, and it can
be considered as an obstruction to continuously deforming
the family to a constant family of gapped systems over the
parameter space.

Moreover, in invertible systems, Kapustin and Spodyneiko
argued that the KS invariant is quantized [18]; in particu-
lar, if X = 8%, then [, Q¥ (f) € 27Z. In more detail, they
showed that Q) (f) has quantized spherical cycles (in units
of 27). This means that, for any smooth map ¢ : 3 X,
f & ¢*Q3(f) € 2nZ, where ¢* denotes the pullback. At least
for X = S°, this allows us to view the cohomology class
[Q®(f)/27] as an element of H3(S3,Z) = Z, as we now
explain. The inclusion i : Z < R induces a map on cohomol-
ogyi,: H3(X,Z) — H*(X,R). When X = S3, i, is injective,
and the property of quantized spherical cycles implies that
[Q®(f)/27] lies in the image of i,, so we can view the KS
invariant as an element of H*(S3, Z) = Z. For general closed

differentiable manifolds X it is expected, though we are not
aware of a proof, that [2®(f)/2m] again lies in the image
of i,, and is quantized in this sense. In the general case i, is
not injective, but its image is instead isomorphic to H>(X, Z)
modulo its torsion subgroup, so [Q®(f)/27] can be viewed
as an element of this quotient group.

In addition, if X is an oriented, closed 3-manifold, we can
define the KS number as KS = [, Q¥ (f) € 27 Z, with the
sign depending on the orientation. More generally, if ¥ C X
is an oriented, closed three-dimensional submanifold, we can
define KSy = [ QP(f) € 27 Z.

While Q) depends on the choice of the function f, its
cohomology class and thus the KS invariant does not. Any
two functions f and f” differ by a function g with bounded
support on Z, and it is straightforward to check using Eq. (16)
that Q®(g) = Q¥ (f) — QP (f) is exact.

Another arbitrary choice involved in the construction of
Q@) () is the choice of local terms H, needed to write the
Hamiltonian as H = ) »Hp. For a given Hamiltonian, any
two such choices can be joined by a continuous path. Because
the KS invariant depends continuously on H),, and because
the cohomology class [2®(f)/27] is quantized as described
above, we expect that the KS invariant is again unaffected by
this arbitrary choice.

2. Computation of the KS invariant

Now we compute the higher Berry curvature and KS num-
ber of our 1D lattice model as introduced in Sec. IV A. We
show that the KS number of our lattice model is nonzero
and takes the value KS = 2x. Later, in Secs. IVC and IV D,
we discuss how the KS number is related to pumping the
Chern number of 0D quantum systems by imposing a spatial
boundary.

To compute the 3-form Berry curvature in (17), we need
to choose the local Hamiltonian terms H), for each lattice site
p € Z. As the Hamiltonian (7) is dimerized, it is convenient
to choose H, with support only on p and its two nearest
neighbors, as follows:

H,(w) = H (w) + xH? erl(w) + (1 - x)H pw), 2D

where we take the upper (respectively lower) sign for p
odd (respectively even), and where 0 < x < 1 is a real w-
independent parameter introduced to illustrate the ambiguity
in choosing local Hamiltonians discussed at the end of
Sec. IVB 1. As discussed there, this ambiguity should not
affect the cohomology class of Q®(f). In fact we find that
Q®)(f) does not depend on x at all; however, the higher Berry
curvature is expected to depend nontrivially on other variables
parametrizing different choices of local Hamiltonians.

We choose the function f needed to construct Q3 (f) to be
a step function f(p) = O(p — a), taking eithera € 2Z — 1/2
or a € 27 + 1/2. We denote functions for two such choices
of a as f(p) and f'(p), respectively. These step functions
are illustrated below in relation to the nonzero terms in the
Hamiltonian for wy > 0:

wy>0: @ O—® OO 00— O0—©
"""""" - f(p) 22)
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We see that the step in f(p) “cuts through” a dimer, while
the step in f’(p) lies between dimers. This will have the
consequence that Q™ (f’) = 0 for wy > 0, while in general
Q3 (f) # 0 for wy > 0.

We first compute the higher Berry curvature making the
choice f(p). Given the local Hamiltonian in (21), the higher
Berry curvature (20) can be simplified to

Q(S)(f) = Fa(i)l/z,a+1/2' (23)

This follows from the fact that F)) =0 for [p—g| > 2 in
our dimerized Hamiltonian with the local Hamiltonian chosen
in (21). It is also straightforward to check that Q®)(f) is
only nonzero for 0 < wy < 1 because for wy < 0 there is
no overlap in the support of local Hamiltonians H,_;,, and
Hyi1/2-

To proceed, it is convenient to change to hyperspherical
coordinates. We write

wy; = sina cosf, w, = sina sinf cos @,

(24)

w3 = sina sinf sing, w4 = cosa,

where o, 6 € [0, ], and ¢ € [0, 27]. The higher Berry cur-
vature can be explicitly calculated based on Egs. (17), (20),
and (A2) in Appendix A. We obtain Q®)(f) = Q) (f) da A
do A d¢, with

1
QSe)qs(f) = 5(2 + cos ) tan? % sin 6, (25)

where 0 < o < 7. For 5 <a <7, which corresponds to
—1 < wyq < 0, one always has QSQ) ¢( f) = 0. We note that the
3-form Q®)(f) is independent of the parameter x in (21).

To discuss the KS number (denoted K S), we fix the orienta-
tion on S3 specified by the (locally defined) 3-form da A df A
d¢. In contrast to the orientation chosen on S? in Sec. II, this
corresponds to the “inward-normal” orientation on S3, which
is given by viewing S* as a subspace of R* in the usual way,
and defining a basis (by, by, b3) of the tangent space T.S% ata
unit vector x € R* to be positively oriented if (—x, by, by, b3)
has the same orientation as the standard basis of R*.
The reason we choose the inward-normal orientation is for
the aesthetic purpose of making the KS number positive; if
we instead chose the outward-normal orientation, the sign of
the KS number would be reversed.

We then have [using foﬂ/z do (24 cosa)tan? ¢ = 1]

3
KS =/ Q¥(f)=27. (26)
$3

This takes the quantized value 27, indicating our lattice model
is in a nontrivial phase over S°.

To illustrate the dependence of the higher Berry curvature
on the choice of function f, we now consider f'(p) = O(p —
a) fora € 27 + % For 0 < wy < 1 or equivalently 0 < o <
7, we find Qi%(f/) =0. For —1 < wy < 0 or equivalently
7 < o < 7, we obtain

Q® (f) = 1(2 — cosa) cot? g sin 6. 27
adp 2 2

The higher Berry curvature is now zero in the upper hemi-
sphere and nonzero in the lower hemisphere of S°. It can
be checked that [ Q¥ (f') = 27, illustrating that the KS

number does not depend on the choice of f, as explained in
general in Sec. IVB 1.

C. Bulk-boundary correspondence

We now return to the properties of a spatial boundary,
and make a connection between the bulk KS number and the
flow of Chern number to/from the boundary. We formulate a
bulk-boundary correspondence, first for our exactly solvable
model, and then for a generic gapped 1D system over S°.
We restrict attention to the case where the boundary and bulk
parameter spaces are identical, i.e., Xpgy = Xpuk = S3.

1. Exactly solvable model

To formulate a bulk-boundary correspondence for our ex-
actly solvable model, we will need to compare two different
systems. One of these will be the infinite system we have
been focused on so far, which of course does not have a
spatial boundary. The other will be a semi-infinite system
with boundary. We consider the same boundary termination
at the site p = N introduced in Sec. IV A, and recall that the
boundary is gapless at wy = —1 for N even, and at wy = 1
for N odd. For concreteness, we now take N even and choose
f(p) =0O(p—a)witha € 27 — %, where a < N.

In the semi-infinite system, the higher Berry curvature is
only defined on Xy, the subspace of X = S where the spec-
trum is gapped. In this case, XA = S3\{(0, 0,0, —1)}, ie., 3
with the wys = —1 pole removed. Restricting to X, due to the
dimerized nature of our model, it is straightforward to see that
the higher Berry curvature is exactly equal to its value in the
infinite system. That is,

Q2 () =2, (28)

where Qfo)/z( f) and Q(o? (f) are the higher Berry curvatures
of the semi-infinite (“00/2”) and infinite (“c0”) systems, re-
spectively. This expression does not hold as an exact equality
in a generic system, a point that we return to below.

Now we observe that, based on (20), the higher Berry
curvature of the semi-infinite system on X can be written

QYL (f) =do®, (29)
where
=Y "F?. (30)

p>a

The sum in (30) is finite, and thus well defined, because the
system is semi-infinite.

The 2-form »® can be interpreted as a boundary Berry
curvature, and its integral over a closed 2-manifold as a
boundary Chern number, where the “boundary” is considered
to be all lattice sites to the right of a. This interpretation makes
sense because, for those parameter values where the boundary
is decoupled from the bulk, @@ reduces to the Berry curvature
of the boundary, which is a 0D system. For such parameters
w? is clearly closed, and hence QS))/Z( ) = 0. Moreover, if
Y C X, is a closed oriented 2-manifold such that the bulk
and boundary are decoupled for all x € ¥, then [; 0® is
quantized. These statements all hold in a generic system.
Of course, the boundary Chern number is not quantized in
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general because for some parameter values the boundary and
bulk are coupled.

In the exactly solvable model, the bulk and boundary are
decoupled for w4 < 0, including the gapless point. For wg <
0 we can view the (spatial) boundary as a decoupled 0D sys-
tem with a gapless Weyl pointat wy = —1,sofor—1 <y < 0
we expect

/ o? =2r, 31)
S$2(y)

where S?(y) C S is the subspace with wy =y, and is clearly
homeomorphic to the 2-sphere.

In order to make sense of (31), we need to specify an orien-
tation on S2(y). We do this by introducing the 3-ball D(y) C
§3 as the subspace of S* with wy > y, so then S?(y) = aD(y).
The subspace D?(y) inherits an orientation from the given
orientation on S3. Its boundary S?(y) can be oriented by the
following general procedure, which we will employ through-
out the paper whenever it is necessary to orient the boundary
of a manifold with boundary given an orientation on its
interior.

We rely on Brown’s collaring theorem [36], which says
that any manifold with boundary X possesses a collar that is
a diffeomorphism ¢ : 39X x [0, 1) — X onto an open neigh-
borhood of the boundary. Assuming that X is embedded in an
oriented manifold M of equal dimension m, the boundary 9X
is oriented in such a way that a basis (by, ..., b,_1) of the
tangent space 7,X at a boundary point x € X is positively
oriented if and only if (n(x), by, ..., b,—1) is a positively
oriented basis of ToM, where n(x) = —D(0)9(0, 1) is the
outward-pointing vector at x defined by the collar. Note that
this definition of an orientation does not depend on the partic-
ular choice of a collar. In the following we will refer to this
procedure of assigning an orientation as the collar method.
Applying it to S?(y) = dD?(y) gives the outward-normal ori-
entation described in Sec. II, i.e., the same orientation as given
by the locally defined 2-form d6 A d¢.

Equation (31) can be verified from an explicit computation
of ® on X, (see Appendix A). We find 0® = wéi?d@ Ado,
where

@) sin’ o sin 6 32)
Wy, = ———————,

9 7 2(1 + cosa)?
for 0 < a < % (corresponding to wy > 0). For 7 <a <7
(corresponding to 0 > w4 > —1) we have

sinf
W = = (33)

which is nothing but the Berry curvature of the decoupled
p = N qubit at the boundary. This result can be anticipated by
observing that each decoupled dimer gives a vanishing con-
tribution to @®, which can be understood by noting that the
Hamiltonian for each dimer is invariant under an antiunitary
symmetry, namely, the combination of time-reversal and the
reflection symmetry exchanging the two sites of the dimer.
Therefore, for wsy < 0, ?® = Fp(i)]\/

From (33) we can directly check that (31) indeed holds.
Moreover, by Stokes theorem, we have

3
f @ = / Q) = / f. G4
S2(y) D3(y) D3(y)

This relationship between the (nonquantized) boundary Chern
number over S%(y) and the integral of the infinite system’s
higher Berry curvature over D?(y) can be viewed as a bulk-
boundary correspondence, in the special situation of our
exactly solvable model. In particular we have

lim o? = / QY =2n, (35)
voollso) s?

where the limit already attains its value for y < 0. In words,
this equation says that the boundary Chern number over a
small 2-sphere surrounding the gapless point is equal to the
bulk quantized KS invariant.

From the above relations we see that as y decreases contin-
uously from 1 to —1, the boundary Chern number increases
from zero to 2w. We can think of this change as a flow
of Chern number from the semi-infinite bulk to the zero-
dimensional boundary. The boundary Chern number only
changes, and is nonquantized, in the interval y € [0, 1], where
the bulk and boundary are coupled and a nonzero flow of
Chern number is possible. Indeed, combining (29) and (28),
we have

QY = dw®?, (36)

which says that the higher Berry curvature measures the flow
of ordinary Berry curvature to the boundary.

2. Generic system over S*

Now we generalize the above discussion to a generic
gapped 1D bosonic system over S°. We start with an infinite
1D system, and again consider a semi-infinite system obtained
by throwing away lattice sites for p > N. For this generic sys-
tem, we do not specify any particular choice of Hamiltonian
terms near the boundary, but we do require Xpgy = Xpux = S3.
To discuss the higher Berry curvature in both infinite and
semi-infinite systems, we take f(p) = ®(p —a), with a €
7 — % and a < N. To simplify the discussion we first assume
the infinite system has KS = 27 and that the semi-infinite
system is gapless only at the pole wy = —1, later discussing
more general situations.

The key difference from the exactly solvable model is
that we do not expect (28) to hold in a generic system. It is
certainly the case that Qg)/z (f) can be influenced by bound-
ary effects when «a is close to the boundary. As an extreme
example of this, suppose that the infinite system (and a) is
chosen so that for some values of w € S3, there is nonzero
coupling between lattice sites lying on different sides of a.
Then, generically Qf) # 0. However, we can always intro-
duce a boundary termination where the lattice sites with p > a
are decoupled from the bulk for all w € S3, guaranteeing that

3
szfxf/z( £)=0.

However, we can relate %) and QSO)/Z( f) in a generic
system based on the observation that F\> is a local quantity.

More precisely, in Appendix C we express Fp((;’) as a three-
point imaginary-time correlation function of local operators,
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with the dominant contributions coming from regions of space
near p and g. In the limit that p and ¢ are both taken far from
the boundary, we thus expect F\>) computed for the infinite
and semi-infinite systems to approach the same value. Then,
since (20) tells us that the higher Berry curvature is dominated
by Fp(g) for p and ¢ near a, we conjecture that the infinite and
semi-infinite systems have the same higher Berry curvature if
a is taken sufficiently far from the boundary. That is,

Jim [ Su)/z(f )— Y] =o0. (37)

We expect that the limit, and other similar limits in a below,
approaches its value exponentially fast, with the scale being
set by the system’s correlation length. Therefore, practically
speaking, we can expect that the bulk-boundary correspon-
dence below will hold to a good approximation if a is taken
to lie a few correlation lengths away from the boundary. The
expression (37) should be viewed as replacing (28) when
considering a generic system. We observe that if one considers
a finite system, the limit in (37) cannot be taken. In this case,
it is expected the integral of higher Berry curvature is not
quantized, though it should be quantized to a good approxima-
tion when the system size is much greater than the correlation
length.

We introduce the 2-form w® as before, and again dw® =
9(3)2( f). But now we need to take a limit to establish a
relatlon with the bulk higher Berry curvature, namely,

lim QY (f) =

a——0Q0

Jim do®. (38)

The integral form of the bulk-boundary correspondence,
which generalizes (34), thus takes the form

lim o = lim Q). (39)

a——0o0 SZ(y) a——0o0 DZ(V)
Taking the limit y — —1 we obtain

o? = lim Q¥ =27, (40)

a——0o0 S3

lim lim
y—>—1la—>—00 Sz(y)
More generally, a boundary termination may be gapless
at points other than wy = —1, and the KS number may take
some value other than 27, denoted by KS € 2w Z. Supposing
we have a boundary termination that is gapless at a finite
set of points C C §3, we have XA = S°\C, and 9(3)2(]‘) and

®® can be defined on Xx. The differential form of the bulk-
boundary correspondence (38) holds without modification. To
relate @® to the bulk KS invariant, we let A, C S° be the
subspace constructed by removing a small open ball of radius
€ surrounding each point in C. Then the analog of (40) is

®® = lim
a——00 3

lim lim QP =Ks. (41D
e~>0a——o00 [, A,

Note that the integral over S° is independent of a, so the

second limit in a can be dropped. It is straightforward to

generalize these statements to the case where X is a general

closed oriented three-dimensional differential manifold.

An important application of the generic form of the bulk
boundary correspondence is to show that the boundary must
be gapless for some points in S* when the bulk KS number
is nonzero. We start with a gapped 1D system over S° with

KS number KS # 0 and introduce a boundary at p = N as
above. We can then re-introduce lattice sites with p > N, and
on these sites we place a trivial gapped system over S°. Each
individual lattice site with p > N is thus decoupled from the
rest of the system. Clearly this does not change the spectrum
of the system with boundary, which we are now viewing as
an interface between the original bulk system and a trivial
system.

Now we consider this interface as a system over S3, with
higher Berry curvature Ql(sl) (f), and examine two different
choices of the function f, namely, f(p) = ®(p —a) and
f'(p) =O(p—d'), whered’ > N and a < N. If the interface
is a gapped system over S°, then the KS number does not
depend on the choice of f, and in particular

/ Q) = / Q). (42)
But clearly Q) (f') = 0, while [, Q) (f) ~ KS # 0, where
the equality becomes exact in the limit @ — —oo. This is a
contradiction, and so evidently the interface cannot be gapped
everywhere over S°.
It is straightforward to generalize this argument to more
general interfaces between two different gapped 1D systems
over some closed oriented 3-manifold X. One concludes that

if the two KS numbers are different, the interface must be
gapless for some x € X.

D. Clutching construction

Here we present a “clutching construction” that further
illuminates the relationship between the quantized KS number
of a 1D system over S° and the Chern number of a 0D system.
Consider a generic gapped 1D system H over S°. If the KS
number is nonzero, then the cohomology class of Q2 is non-
trivial and we cannot write Q) = dw® for a globally defined
2-form @® on S3. However, we can cover S° with charts, on
each of which there does exist a well-defined 2-form w®. The
cohomology class of 2, and the KS number, is determined
by these 2-forms on the overlaps between the charts.

We choose f(p) = O(p — a), and we write the KS number

f Q® = / Q% + / Q®, 43)
3 $3 3

N S

as

where 513\1 (Sg) are northern (southern) hemispheres of S3,
i.e., the subspaces with wy > 0 (w4 < 0). Each hemisphere
is contractible, and because there is a trivial classification of
1D gapped bosonic phases without symmetry over a point
[37], the restriction of H to either hemisphere is a system in
the trivial phase. Therefore, we can introduce two different
boundary terminations, one gapped over Sy, and the other
gapped over S3. We denote the corresponding higher Berry
curvatures by Qéd) ~(f) and dey s(f), respectively. By the
discussion of Sec. IV C2 we have

aEIElOOQ(3)(f) lim Q(dyN(f) lim Q(dys(f) (44)

We introduce 2-forms w](\I)S defined on the respective
hemispheres by (30). These 2-forms can be interpreted as
boundary Berry curvatures and satisfy Q,(Jd) ~NUH= dwﬁ) and
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f(p)
® 00— o0 00—

wyg >0
wi=0" ® O ® O ® O G
® 0 O 06 o0 6 o

O>—0 00O 60 60

wg <0 :

FIG. 1. Depiction of the two boundary terminations used to con-
struct the 2-forms a)( ) in the clutching construction of the 3-form
Berry curvature Q) i 1n the exactly solvable 1D model. An extra lat-
tice site is added at the boundary for ws < 0 (southern hemisphere),
as compared to wy > 0 (northern hemisphere). The form wgz)s is
globally well defined on the hemisphere S;_S. Along the equator

w, = 0, the difference between the boundary Chern numbers f 2 wl(\lz)

and [, wg” is quantized.
ng)y’s( = dwéz). Using Stokes’ theorem and taking the

limit a — —o0 we obtain

fQ(3): lim |:/ a)(z)—/ w(sz)il’
3 a——00 2 S2

where S? is the wy = 0 “equator” of %, i.e., 2 = S3 N S3.
The minus sign in (45) arises because, using the collar method
to assign orientations to boundary manifolds, the orientation
on 82 induced by $> = S’ is opposite to that induced by
52 =35y

The clutching construction thus expresses the KS number
as a difference of boundary Chern numbers for the two differ-
ent gapped boundary terminations. Even though the individual
boundary Chern numbers are not quantized, evidently their
difference is quantized. This is made plausible by writing

> (Fx = F3).

q>a

(45)

o2 — 0@ = (46)

and noting that the quantity in parentheses vanishes exponen-
tially as a function of the distance between g and the boundary.
Therefore, even in the limit a — —oo one has a convergent
sum dominated by contributions near the boundary, which is
suggestive of the Berry curvature of a 0D system.

We now further illustrate the clutching construction by
describing it for our solvable lattice model. We consider
boundary terminations for the north and south hemispheres
as described in Sec. IV A, choosing N € 27Z in the northern
hemisphere, and N € 2Z + 1 in the southern hemisphere, re-
sulting in a gapped boundary in each hemisphere. Evaluating
wl(\?) (2) is straightforward, because on the w4 = 0 equator
all lattlce sites are decoupled from one another, with Hamilto-
nian H pl (w). We can thus talk about the Berry curvature of the
lattice site p, which is simply w?) = (—=1)?5¢ d6 A d¢.

Now, choosing a € 27 — %, we see that for the southern
hemisphere boundary termination, there are an equal number
of sites p > a with p odd and p even, so a)g) = 0 (see Fig. 1).
On the other hand, in the northern hemisphere there is one

more even than odd site, and wl(\lz ) —
we find [, (0 —
we have a)ﬁ ) = 0and wgz) =

% dO N d¢. Therefore,
a)gz)) = 2m. Choosing instead a € 27 + %,
—Si%@ do A d¢, giving the same
result for the integral of a)ﬁ) — a)éz) over S2, which has no
dependence on a in the solvable model.

E. Inverse system over S3

Here we introduce an inverse Hp of the system H;p over
§% described in Sec. IV A. These two systems are inverses
in the sense that upon stacking H;p with Hip, the resulting
system can be continuously deformed to a trivial system.
Moreover, the KS number of Hp is opposite that of Hip.
The inverse model will also be used in the construction of a
nontrivial 2D system over S* in Sec. VIII B.

We again consider a 1D lattice with a single qubit at each
lattice site. The Hamiltonian is given by

=Y CH'wy+ Y HE )+ Y HE (w).

i€Z i€2Z+1 i€2Z
47)

Comparing with Eq. (7), the only difference between H)p
and Hp is the sign of the single-spin term, which has been
reversed here, i.e., Hil(w) — (—l)Hil(w).

We first compute the KS number of Hip. We choose
f(p) =0O(p—a)witha € 27 — % Following the procedure
of Sec. IVB2, we find Q¥(f) = Q) (f)da Ado Ad¢,

with QU (f) =0 for —1 < wy < 0, while for 0 < wy < 1
we have

Hip(w) =

1
9(3)¢(f) —§(2+cosa)tan2%sin9, (48)

which differs from (25) by a minus sign. We immediately
obtain the KS number

/ Q¥ (f)=-2n
§3

which is opposite that of Hp as claimed.
_ Next we consider the system obtained by stacking H;p and
H p, with Hamiltonian

Hyaok(w) = Hp(w) ® 1 + 1 ® Hip(w).

(49)

(50)

We deform the Hamiltonian of the stacked system continu-
ously as a function of ¢ € [0, 1] as follows:

Hw, 1) = cos( )(HlD(w) ®1+1®Hpw))

+ sin (%I)Him, 51)

for

_ 2: E: no_p
Hint - Gi,loi,2’

i€eZ n=1,2,3

(52)

where o/, are the Pauli operators of layer 1 (layer 2) of
the stacked system. Below we illustrate a snapshot of the
configuration of H(w, t)in (51) for 0 < wy < 1:

Hie: O—0© 00O O0—® O0—O O

Ha O—0O 00 00 O—0 O, 53
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Here, the vertical dashed lines correspond to the interaction
H;,:. We note that H(w, 0) = Hy,cx(w), and so at + = 0 the
KS number of the stacked system is clearly zero, as it is a sum
of the opposite KS numbers of H;p and Hip.

Fort € (0, 1), the system in (53) is composed of decoupled
clusters, each of which contains four qubits, two from each
layer. As studied in Appendix B, the energy spectrum of each
cluster is always gapped. Moreover, H (w, 1) is independent
of w and the ground state is a product state, so for t = 1 we
have a trivial system over S3. This shows that Hp is indeed
an inverse of H|p.

V. CHERN NUMBER PUMP

Above in Sec. IV, we showed that the 1D higher Berry
curvature can be understood as a flow of ordinary Berry
curvature to/from a spatial boundary. This suggests that it
should be possible to construct a system that pumps quan-
tized Chern number to a spatial boundary, in analogy with
pumping of charge in the Thouless charge pump. Indeed, in
this section we introduce the Chern number pump as a 1D
system over S x S!. It is useful to think of the S! as a “time”
parameter, and we will see that upon cycling around the S! the
system pumps one unit of Chern number away from a spatial
boundary.

The Chern number pump is a relatively mild modification
of the system H;p over S introduced in Sec. IV A. As in that
system, we place a single qubit at each site of the 1D lattice.
We denote points in parameter space by pairs (v, 1) € §? x S',
with v = (vy, vy, v3) € §2. Tt will be convenient to consider S'
as the quotient §' = [—1, 1]/{—1, 1}, and we think of the time
parameter as running from —1 to 41. Choosing a constant
0 <ty < 1,fort € [ty fp] the Hamiltonian H,, of the Chern
number pump is given in terms of H;p. We define a map §? x
[—to, to] — S° with values w(v, t) given by w4(v, 1) = t/tg
and w;(v, t) = /1 — (t/to)*v; (i = 1, 2, 3). Therefore, fort €
[—10, o], we can simply write H.,(v, ) = Hip(w(v, 1)).

For t ¢ [—to, to], we will choose H,,(v, t) to be indepen-
dent of v. This will immediately imply that the higher Berry
curvature is only nonzero on the subspace §? x [—t, o] C
$2 x S'. Att = +1, we choose

Hep(v, £1) =) (1Yo} (54)
pEZ

For other values of ¢ ¢ [—1y, fp], the Hamiltonian is simply a
linear interpolation in z. For instance, for ¢t € [fy, 1] we choose

-1 ;
Hep(v, 1) = 1—1 Z Z OO

pe2Z+1 =123

t—1
+1 - > (-1)Yor. (55)
PEL

Finally, for t € [—1, —#y] we choose

141
Hyw = 03 S ofof

pe2Z n=1.23
—t =1 p_z
T > (=1yo;. (56)
peZ

L +to

OO0 600 00

—o —o —eo i ° —to

@O0 60060 0O -1
bulk boundary

FIG. 2. Configurations of the Chern number pump Hamiltonian
H.p(v,t) in the case Xpay = Xpuix = §% x S'. The boundary termi-
nates at site p = N € 27Z. There is a boundary phase transition at
t = —ty, where the boundary becomes gapless. The vertical dashed
line represents an arbitrary division of the system into bulk and
boundary as in the definition of boundary Berry curvature, and corre-
spondstoa =N — % T (respectively t’) denotes a lattice site p with
Hamiltonian o (respectively —o7;).

It is straightforward to check that the system H,, thus con-
structed is gapped for all (v, t) € §? x S'.

The next step in the analysis of the Chern number pump
is to establish that its KS number takes the value 27. We
will need to fix an orientation on S% x S', and we choose
the orientation induced by the locally defined 3-form —dt A
d6 A d¢. The reason for the perhaps unnatural-looking minus
sign is that with this choice of orientation, the map from
§% x [—t9, )] — S° used in the construction of H,, becomes
an orientation-preserving local diffeomorphism, for the choice
of orientation on S3 used in Sec. IV B 2. With this choice we
thus expect, and indeed find, that H,p, over $3 and H., over
52 x S' have the same value of the KS number. Ultimately, the
minus sign originates from the fact that ws = cos o decreases
as « increases.

Rather than proceeding by a direct calculation of the higher
Berry curvature, we will employ the bulk-boundary corre-
spondence as developed in Sec. IV C, which will also serve
to illuminate the physics of Chern number pumping. As in
Sec. IV A, we introduce a boundary by throwing away lattice
sites with p > N, and dropping all Hamiltonian terms cou-
pling to qubits with p > N. We take N € 2Z, and observe
that the boundary is gapless on S x {—f} but is otherwise
gapped. To discuss the KS invariant via the bulk-boundary
correspondence, we choose f(p) = O(p — a) witha € 27 —
% and a < N, and introduce the boundary Berry curvature »®
as in (30), which is defined on Xo = §% x S'\S? x {—t,}. The
Chern number pump with the chosen boundary termination is
illustrated in Fig. 2.

Given t € S' we have the natural S? subspace defined by
S2(t) = §? x {t}. Choosing the orientation on S(¢) specified
by d6 A d¢, for t # —ty the boundary Chern number is given
by C(t) = |, $20) . Generically, the boundary Chern number
is not quantized. However, it is quantized when there is no
coupling between lattice sites on different sides of the position
a. We thus see that in the model H,, with the given choice of
a, C(t) is quantized except for ¢ € [0, to].
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The KS number is given in terms of the boundary Chern
number by

KS = lim / »® —/ »®
=0 Js2(—tte) §2(~tg—e)

= liirg)[C(—to +e€)—C(—tg — €)l, (57)

where the overall sign comes from the chosen orientations on
5% x S' and S?(¢). In principle we should also take the limit
a — —oo, but we will see the result has no dependence on
a. For t = —1y — €, the system consists of decoupled lattice
sites whose single-spin Hamiltonians have no dependence
on v e S?% so clearly C(—ty — €) = 0. On the other hand,
for t = —ty + €, to the right of a there are some number of
dimerized pairs of lattice sites, as well as the p = N boundary
site with Hamiltonian H;:N(w). The dimerized pairs do not

contribute to »®, so the boundary Chern number is simply
the Chern number of the decoupled p = N boundary spin, i.e.,
C(—tp + €) = 2m. Therefore, we find KS = 27, as expected.
The same result is obtained by a similar analysis if we choose
aeZ+ %

More interesting than simply giving the expected result
KS =2m, Eq. (57) allows us to interpret the KS number in
terms of Chern number pumping. As ¢ is increased, starting
just above —ty and wrapping around S', the boundary Chern
number C(¢) decreases from 27 to zero att = —ty — €. There-
fore, a 2m-quantized amount of Chern number flows from the
boundary into the bulk over one cycle of the time parameter.
Moreover, because the Hamiltonian depends periodically on
t, so that the bulk returns to its initial state after a cycle, we
can think of the system as a Chern number pump. With this in
mind, (57) tells us that KS number of this system (and indeed
of any 1D system over S x S') is nothing but a measure of the
quantized amount of Chern number pumped over each cycle.

A different but closely related perspective on Chern num-
ber pumping is provided by enlarging the boundary parameter
space t0 Xpgy = S2 x [—1, 1], where Tody : Xody = Xbulk =
52 x S! is the identity on S? and on [—1, 1] is the quotient
map that identifies the two end points to a single point in S'.
In words, we have enlarged the boundary parameter space
so that ¢ is not required to be a periodic parameter on the
boundary (but the system still depends periodically on ¢ in
the bulk). Enlarging the parameter space in this way allows us
to introduce a fully gapped boundary termination, with the
boundary Berry curvature and Chern number thus globally
defined over Xpqy.

We again terminate the lattice at p = N with N € 2Z. The
Hamiltonian is chosen as for the previous boundary termina-
tion, with the only change being the single-spin Hamiltonian
of the p = N boundary spin whent € [—1, 0]. We choose that
spin’s Hamiltonian to be

H;zN(v, t) = vioy + va0y + V0%, (58)

which is independent of . Note that we do not make any
changes for ¢ € [0, 1], where the p = N spin is coupled to its
neighbor at p = N — 1 in a t-dependent manner. This bound-
ary termination is illustrated in Fig. 3.

We see that initially at t = —1, the p = N boundary spin
is decoupled from the bulk, and is a nontrivial 0D system

®0 00 000 11

e o—9o o—o — o +to

® -0 00 O+
® 06060006 fo
0 0 00

® 1t
OO0 006 Q@ {-
bulk boundary

FIG. 3. Configurations of the Chern number pump Hamiltonian
H.p(v,t) in the case of enlarged boundary parameter space Xpay =
§2 x [—1, 1], for which the boundary is always fully gapped.

over S x {—1} with Chern number 27. As 7 is increased, the
boundary spin is coupled to the bulk, and its Chern number
flows away into the bulk. At r = 1, the boundary spin is again
decoupled from the bulk, but is now a trivial OD system over
§? x {1} with Chern number zero. Even though the bound-
ary spin is not periodic in ¢ (this is the price we pay for a
fully gapped boundary) the bulk is still periodic in ¢. Over
one cycle, the Chern number of the boundary spin has thus
disappeared into the bulk “at infinity.”

VI. CLASSIFICATION OF INVERTIBLE
QUANTUM SYSTEMS OVER X

Here we discuss the expectation that invertible phases over
a space X are classified by a generalized cohomology theory.
In Sec. VI'A, we take a practical viewpoint and explain the
consequences of this expectation for guiding the construction
of new examples. Then in Sec. VIB, we explain where this
expectation comes from, put it in a broader context, and dis-
cuss its status. We also sketch a potential strategy to construct
a generalized cohomology theory of parametrized invertible
phases (Sec. VIC). We note that Secs. VIB and VIC are
not needed to follow the remainder of the paper, and can
be skipped by readers who are mainly interested in concrete
examples.

A. Consequences of generalized cohomology classification

To discuss the classification of parametrized invertible
phases, we first fix from the beginning whether we are in-
terested in bosonic or fermionic systems, and the type of
symmetry imposed (if any). Given these fixed attributes, the
set of d-dimensional invertible phases over X is denoted
E?(X); in fact, E4(X) is an Abelian group under stacking as
noted in Sec. III. The group of ordinary d-dimensional phases
is E4(pt), where pt is the single-point topological space. As
discussed in Sec. III, E4(X ) is homotopy invariant; that is, if X
and Y are homotopy equivalent spaces, then E4(X) = E4(Y).

The expectation that invertible phases are classified by
a generalized cohomology theory means that the groups
E?(X) obey certain properties (the Eilenberg-Steenrod ax-
ioms) that relate groups for different spaces X and in different
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dimensions d. We do not enumerate the Eilenberg-Steenrod
axioms here, but instead focus on some particularly useful
facts.

Any generalized cohomology theory also comes with a
reduced version of the same theory. Given a space X and a
chosen base point xp € X, the reduced theory associates an
Abelian group E“(X, xo). The reduced and unreduced theories
are related by

EYX) = E({x0)) ® EY(X, x0). (59)

If X is path connected, then E(X, x) = E4(X, x{)) for two
different base points xo, x;, € X. Sometimes writing out base
points is cumbersome, and the notation

E‘(X) = E(X, xo) (60)

is convenient, where on the left-hand side X is understood
to be a based space, i.e., a topological space together with a
chosen (but not explicitly written) base point. If we only care
about the isomorphism class of E4(X), for path-connected
spaces we do not need to specify the choice of base point.

Both E4(X, xo) and (59) have nice physical interpretations;
indeed, as should be apparent from the following discussion,
E%(X, xo) can be defined and (59) argued to hold on physical
grounds. We consider an invertible system H over X with
the additional property that H (xy) is in the trivial phase over
the point {xo}. (Note that this property is a phase invariant:
if it is satisfied for one system in a given phase over X, it
holds for any system in the same phase.) We say that H is
in a reduced phase over X with base point xg, and £ (X, x0)
is the Abelian group of such reduced phases. Equation (59)
then has the interpretation that the group of invertible phases
over X [E4(X)] can be decomposed into reduced phases
[E4(X, x0)] and phases that can be represented by a system
with x-independent Hamiltonian [E9 ({x,})]. Therefore, a gen-
eral invertible system over X can always be brought into a
reduced phase by stacking with a suitable constant system.
From this we see that reduced phases are the most interesting
from the point of view of finding physics beyond that of
ordinary phases (i.e., phases over a point).

Every reduced generalized cohomology theory comes with
a suspension isomorphism, which is an isomorphism of
Abelian groups for each space X with base point xg:

sy 1 EY(X, x0) = ETN(ZX, Txo). (61)

Here XX is the reduced suspension of X, and is defined
as a quotient space formed from X x [—1, 1] by identifying
the subspace X x {1} UX x {—1} U {xo} x [—1, 1] to asingle
point. This point becomes the natural base point Xxp.

The reader may wonder about the relationship between
¥ X and the (unreduced) suspension SX mentioned in Sec. L.
Recall that SX is also formed from X x [—1, 1] by identifying
each of the subspaces X x {1} and X x {—1} to (distinct)
single points. In fact, under some reasonable assumptions
about the base point of xp € X, SX, and XX are homotopy
equivalent. (For example, this holds if xo € X has a neighbor-
hood that deformation retracts onto xy. In particular, this holds
for any point xo of a manifold X, or for any vertex in a CW
complex.) Therefore, for most of our purposes in this paper,
it is not important to distinguish SX and ¥XX; we introduced
2 X here to allow for a precise statement of (61). In particular,

noting that both X and SX are always path connected, we
have E9(SX) = E4(ZX).

In Sec. VII we give a proposed physical construction
of the suspension isomorphism. This provides a powerful
tool to construct new examples of parametrized invertible
systems from existing ones, as we now explain. First we
note that the suspension of a sphere is homeomorphic to
a sphere in one higher dimension: £S" = §"+!. Therefore,
we can apply the suspension isomorphism n times to ob-
tain E‘””(SD = E4(S%). But 80 is just the two-point discrete
space, so E4(S§%) = E4(pt), i.e., EY(S°) is isomorphic to
the classification of ordinary nonparametrized d-dimensional
phases. As a result we have

E*t(s™) = E4(pt), (62)

telling us that the classification of (d + n)-dimensional re-
duced phases over S" is the same as that of ordinary
d-dimensional phases. With an explicit realization of the
suspension isomorphism and a sufficient understanding of
ordinary d-dimensional phases, this allows us to construct an
example system for any (d + n)-dimensional reduced phase
over S". -

Equation (62) can be applied to obtain £9(S¥) whenever
d > k. On the other hand, if d < k, we instead have

E4(S%) = EO(SF9), (63)

where the right-hand side is the classification of zero-
dimensional reduced phases over S¥~¢. For example, for
bosonic systems with no symmetry, zero-dimensional systems
over §? have a Z classification indexed by the Chern num-
ber, and E°(S?) = Z. Then (63) implies that E4(S%+?) = 7,
where the d = 1 case corresponds to the KS invariant as
discussed above, and for d > 1 there are higher KS invariants
discussed below in Sec. VIIIL.

To summarize, (59), (62), and (63) can be used to obtain
E®(S™) quite generally, as long as one understands the classifi-
cations of ordinary phases and zero-dimensional systems that
appear. With the construction of Sec. VII, beyond merely ob-
taining the groups E%(S"), one can construct example systems
and explore their physical properties. While this paper focuses
on bosonic systems with no symmetry, forthcoming work
will consider other settings, including fermionic systems and
systems with symmetry. As we explain in Sec. VII, the physics
of the reduced phases in E 4($™) can be viewed in terms of flow
of a lower-dimensional invertible phase invariant to/from a
spatial boundary, just as 1D systems over S* with nonzero KS
number can be understood in terms of flow of Chern number.

In this paper, we also study systems over X x S', which
can be interpreted as pumps of a system over X in one dimen-
sion lower. From the properties of generalized cohomology
theories, it is straightforward to show that

EN (X x S = ENX) @ E4(pt) @ EX(X).

So, (d + 1)-dimensional phases over X x S' come in three
flavors, corresponding to each summand:

(1) A (d + 1)-dimensional phase over X which is propa-
gated in a constant way over S', i.e., it is possible to choose a
representative system whose Hamiltonian does not depend on
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the S!' parameter. This comes from the map
E™(X) - ETH'(X x S"),

induced by the map of spaces py : X x S' — X which sends
(w, 1) > w.

(2) A d-dimensional phase over a point, which is sus-
pended to a (d + 1)-dimensional system over S' using the
suspension construction of Sec. VII:

E*(pt)

and propagated in a constant manner over X (i.e., the Hamil-
tonian is chosen to have no X dependence).

(3) A d-dimensional phase over X, which is putonX x S!
by first using the suspension construction to get a (d + 1)-
dimensional phase over £X, and then put on X x S' by
precomposing the resulting system H : XX — &) with the
quotient map ¢ : X x §' — ¥X. In cohomology, this corre-
sponds to the composite

= E4(s") = E*F(s")

Ed(X) E‘”'(EX) 2% FH(x x S,

Physically the last summand is the most interesting. Ev-
idently, for any reduced phase in E4T!(EX), there is a
corresponding reduced phase over X X S!. That is, there
is an injective map from E9T!(ZX) to E4TI(X x S"). If
a phase over XX is characterized in terms of flow of a
given d-dimensional invertible phase over X to/from a spa-
tial boundary, then the corresponding phase over X x S! is a
pump of the same d-dimensional invertible phase, which we
discuss in Sec. VII. The Chern number pump over S? x S!
(Sec. V), and its close relation to the solvable 1D model
over S? of Sec. IV A, is an illustration of this more general
correspondence.

Finally, we briefly note the comparison with cohomolog-
ical classifications of phases, focusing on bosonic phases
without symmetry. Already, general techniques in stable ho-
motopy theory combined with what we know about bosonic
phases with no symmetry imply that for any parameter space
X, there is a map HY*?(X;Z) — E4(X). The existence of
phases “beyond cohomology” tells us this map is not an
isomorphism. We note, however, that when X is a mani-
fold, the differential form underlying the KS invariant gives
amap E4(X) — HYT2(X;R). It has been argued [18] that in-
tegrals of this form over spheres S9+2 — X are integer valued.
Extending this argument to integrals over arbitrary smooth
simplices A?*2 — X would give comparison in the other
direction, namely, a map from E“ (X ) to the group H*2(X; Z)
modulo its torsion.

B. Generalized cohomology: Context and status

We now briefly discuss where the generalized cohomology
proposal comes from, put it in a larger context, and comment
on its current status. In a series of talks, Kitaev proposed that
gapped invertible systems form what is known as an €2 spec-
trum in homotopy theory (not to be confused with the energy
spectrum of a Hamiltonian in quantum mechanics) [23-25].
These ideas were further developed by others [38—40]. We
first summarize some of the ideas that have been circulating

on this topic, and then emphasize a perspective offered by the
study of parametrized systems.

For simplicity, we focus on bosonic systems without sym-
metry; the discussion for fermionic no-symmetry systems is
identical. We note that the arguments for an 2 spectrum of
no-symmetry invertible systems apply equally well to invert-
ible systems with a fixed symmetry. Moreover, it was argued
that a simplification occurs, where the classification of phases
with symmetry group G is identical to that of parametrized no-
symmetry systems over the classifying space BG [23-25,38].

One supposes the existence of a classifying space of in-
vertible gapped phases in d spatial dimensions, denoted Ej.
This means in particular that E, is a topological space whose
path components correspond to invertible phases of systems.
Here, by “system” we mean a system over a point, i.e., a single
gapped Hamiltonian (in contrast to a parametrized system).
But the space E,; will also record other nontrivial topological
properties of phases. An initial observation about E,; is that
only the homotopy type of E; matters, so that there may be
different constructions or models for E; that give the same
classification.

We describe Ey as an example. A 0D gapped bosonic
system without any symmetry over X is a continuous family
of self-adjoint n x n matrices with unique ground states. The
ground states assemble into a line bundle over X, whose
first Chern class in H>(X, Z) is a complete phase invariant.
(When X is a closed oriented 2-manifold, this invariant is
computed using the Berry curvature 2-form Q@ by [, Q@,
as discussed in Sec. II.) So the space Ej can be chosen to
be the infinite complex projective space [i.e., a K(Z, 2)], the
classifying space for complex topological line bundles. (More
generally, it is expected that all the information about what
phase a system is in should be contained in its ground states.
This perspective has been emphasized in this context by Ki-
taev [24] and embraced in recent related work by Kapustin,
Sopenko, and Yang [41].)

Now, we turn to what it means for E,; to form an 2 spec-
trum. By definition, this means that we have maps

pdEq — QE 4

which are homotopy equivalences. Here QE; is the space
of loops in E;4; based at a point representing the phase of
a trivial system. This map p; can be loosely interpreted as
taking a d-dimensional system to a loop in the space (d + 1)-
dimensional systems. In Refs. [23-25,38], physical pictures
were given to motivate these maps and their homotopy in-
verses, and these pictures form the basis for the constructions
of Sec. VII.

Given the structure of the €2 spectrum, there exists a gen-
eralized cohomology theory of gapped invertible phases, as
briefly (and incompletely) described above in Sec. VI A. The
groups E4(X) arise as homotopy classes of maps, in particular

EY(X) = [X, E4l, (64)

where the notation [X, Y] means the set of homotopy classes
of continuous maps f : X — Y.

Clearly, the generalized cohomology proposal has prac-
tical value, for example, to understand the classification of
invertible phases over S” as described in Sec. VIA. From a
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broader perspective, the proposal is important given questions
about the relationship between gapped phases of matter and
topological quantum field theories (TQFTs). Such questions
have become newly pressing given recent progress on frac-
ton phases [9,10], which are gapped but noninvertible phases
that lack a TQFT description. Fracton phases are thus coun-
terexamples to prior conventional wisdom that every gapped
phase should be well approximated by a suitable TQFT at low
energies. These examples make it clear that the relationship
between TQFT and gapped phases is poorly understood from
both physical and mathematical perspectives.

Invertible phases appear to be simpler, and it is believed
that the universal properties of invertible phases of matter are
captured by suitably defined invertible TQFTs. Building on
work of Kapustin [42-44], the work of Freed and Hopkins
shows that certain families of invertible TQFTs are classified
by an Q spectrum [27]. This reduces the classification of
phases of matter to computations of generalized cohomology
theories familiar to stable homotopy theorists.! The computed
low-dimensional classifications agree with results from the
physics literature, but it is not known whether the correspon-
dence between invertible phases and invertible TQFTs holds
in arbitrarily high dimension. Determining whether gapped in-
vertible systems indeed form an €2 spectrum, and if so whether
the resulting cohomology theory is the same as that obtained
for invertible TQFTs, would represent important progress in
better connecting gapped phases and TQFTs.

This brings us to the status of the generalized cohomology
proposal, which has not been rigorously established so far.
One way forward would be to construct the €2 spectrum and
the maps p,. For example, one could think of constructing
E,; as a space whose points are quantum systems, or ground
states, and try to construct the maps p; based on the phys-
ical pictures of Refs. [23-25,38]. Some difficulties do arise
in interpreting these physical pictures literally: as noted in
Sec. VII'A, this construction depends on more data than the
input d-dimensional system alone, and thus does not define a
function with domain E;. Work thus remains to prove that the
additional data can be chosen consistently and continuously
for each point of E,. Therefore, at this point, a more complete
physical argument for the existence of an 2 spectrum of
gapped invertible phases is still needed.

Here, we do not attempt to construct the €2 spectrum,
but rather study directly the generalized cohomology theory
of parametrized invertible phases that would arise from the
existence of such an © spectrum. Although some of this has
already been explained in Sec. III, we summarize a strategy
for a construction of this cohomology theory directly below
in Sec. VIC. Note that the existence of an 2 spectrum follows
automatically from the existence of the cohomology theory
by the Brown representability theorem [45]. The difficulties of
directly constructing the classifying spaces E; are temporarily
avoided. However, understanding their homotopy type re-
mains the key problem for computing classifications.

'With our indexing conventions, the classifying spectrum for
bosonic (fermionic) phases with no symmetries is expected to be
%21ZMSO (21ZMS pin), where here 17 is the Anderson dual and
MSO (MSpin) is the oriented bordism (spin) spectrum.

C. Establishing the generalized cohomology proposal:
Sketch of a strategy

We continue to assume the existence of a space &5, of
gapped Hamiltonians. For example, ), may be modeled as a
subset of those bounded, finite-range interactions that give rise
to gapped Hamiltonians [46], equipped with an appropriate
topology. Here the term “interaction” does not have its usual
physics meaning, but instead refers to a mathematical object
that packages the parameters (i.e., coefficients of local oper-
ators) defining the Hamiltonian. Giving a precise definition
of 5, is a concrete mathematical problem which we do not
undertake here.

For suitable spaces X (e.g., spaces with the homotopy type
of a finite CW complex), gapped systems over X are then
continuous maps from X to &5, the set of which is denoted
C%(X, ®$,). If X is a manifold, differentiability conditions
may facilitate the study of the system, as for our analysis of
the KS invariant, but we do not impose such conditions here.

In Sec. IIT we defined a phase as an equivalence class
on CO(X, &5,) generated by deformations (i.e., homotopies
of systems), isomorphism, and stabilization with respect to
stacking with trivial systems. The stacking operation descends
to an operation on phases, and those phases that have an
inverse together form an Abelian group E4(X), the group of
invertible phases over X.

At this point, it is already clear that the assignment X >
E?(X) satisfies many of the properties required of a gen-
eralized cohomology theory, e.g., functoriality, homotopy
invariance, and additivity. Suitable restrictions on the kind
of Hamiltonians one considers as points of &), may be
needed to dispense with systems that would not be physically
relevant.

The missing, nonformal ingredient and the key to the
program is the suspension isomorphism, which establishes
a relationship between phases in dimension d and those in
d + 1. The general quantum pumping construction of Sec. VII
is a concrete proposal for this isomorphism. It is a straight-
forward reinterpretation Kitaev’s description of the homotopy
equivalences E; >~ QE;, for the Q spectrum of invertible
gapped phases. But casting this problem as the construction
of a map from E4(X) to E4F!(XX) makes it particularly
concrete.

VII. GENERAL QUANTUM PUMPING CONSTRUCTIONS

In this section we introduce and study constructions that
start with a d-dimensional invertible system H,; over X, and
produce (d + 1)-dimensional invertible systems SH; over the
suspension SX and PH; over X x S'. These constructions
generalize the 1D models over S3 and S x S' introduced
in Secs. IVA and V, respectively. In the language of the
general constructions, one obtains those models by choosing
the zero-dimensional system Hy over S to be a single spin %
in a Zeeman magnetic field (see Sec. II). Then one obtains 1D
systems SHy over S(5?) = S° and PH, over S? x S'.

We propose that the construction H; +— SH,; realizes the
suspension isomorphism in a generalized cohomology theory
of gapped invertible phases, as discussed in Sec. VI. We thus
also refer to this construction (distinguished from H; — PH,)
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as the suspension construction. Both constructions, which
are very similar to one another, are described in Sec. VI A.
Physically, PH,; can be understood as a pump of H; from a
spatial boundary into the bulk, and, roughly, SH; can be un-
derstood in the same way. We make this precise in Sec. VII B;
some of the discussion there is a generalization of results on
Chern number pumping described in Sec. V. In Sec. VIIC
we discuss some expected properties of the constructions, that
follow from assuming that H; — SH; realizes the suspen-
sion isomorphism. These properties would imply in particular
that the pumping phenomena of SH; and PH,; are char-
acteristic of nontrivial (d + 1)-dimensional phases over SX
and X x S'.

H,; may be either a bosonic or fermionic system, with or
without some internal symmetry (including time reversal).
Spatial (i.e., crystalline) symmetries of H; may introduce
some subtleties, and while we expect much of our discussion
will still apply, for simplicity we do not consider spatial sym-
metries.

The constructions of SH; and PH, are based on Kitaev’s
ideas that gapped invertible phases form an €2 spectrum in ho-
motopy theory (see Sec. VIB) [23-25]. In particular, the key
idea enabling these constructions is Kitaev’s physical picture
motivating the homotopy equivalences p; : E; — QE441.

A. Systems over SX and X x S!

Here we start with a d-dimensional gapped invertible sys-
tem H; over X, and construct (d + 1)-dimensional systems
SH; over SX and PH; over X x S'. The strategy to con-
struct both these systems will be to first construct a (d +
1)-dimensional system H over X x I (with [ =[—1, 1]), and
then exploit the fact that SX and X x S' can be obtained from
X x I as a quotient space.

To explain the strategy in more detail, we discuss the case
of SX, which we recall is the quotient space obtained from
X x I by collapsing X x {1} and X x {—1} to single points.
Let g : X x I — SX be the corresponding quotient map. We
construct H so that H (x, 1) is independent of x for 7 = 1 and
also fort = —1. That s, H (x, 1) is constant over the subspaces
of X x I that are identified to single points in forming the
quotient space SX. Therefore, we can think of H(x,?) as a
function with domain SX, and we thus have a system over SX.
More formally, there is a unique map Hs : SX — &5y that
satisfies H = Hs o wg. The map Hy defines the Hamiltonian
of the desired system SH; over SX.

The case of PH, proceeds very similarly. We view X x §!
as the quotient space obtained from X x I by identifying
(x, 1) with (x, —1) for all x € X, and let 7p : X x [ — X x
S! be the corresponding quotient map. In this case, H is
chosen to satisfy H(x, 1) = H(x —1)forall x € X, so we can
think of H as a system over X x S'. Or, again more formally,
there is a unique map Hp : X x S' — &$,, satisfying H =
Hp o mrp, and which defines the system PH,;.

As illustrated in Fig. 4, we now construct H as a one-
dimensional lattice of d-dimensional layers, with layer index
ieZ. At t =0, the layers are decoupled and alternate be-
tween H,; and H,, where H, is an inverse for H,. This gives

7 S '
* [) (] D +1
or o, o7, 8H, -+ T0
Ty Ty Ty

FIG. 4. Construction of H and SH,. The vertical axis shows the
parameter t € [ = [—1, 1] used to construct H over X x I. Att = 0,
the system alternates between d-dimensional layers of systems Hy
and H, over X. For t € [0, 1], these systems are coupled in pairs
(shaded regions) and deformed to trivial systems 7, at ¢ = 1. Sim-
ilarly, systems are coupled via the opposite pairing in bilayers for
t € [—1, 0], with trivial systems 7, att = —1.

the Hamiltonian

Hx,00= Y Hyx)+ Y Hai(x). (65

ie2Z i€2Z+1

Now consider a bilayer of adjacent d-dimensional layers, with
layer indices (i,i 4 1) and i odd. At t = 0, we can think of
this bilayer as the stack H, S Hy, so by construction it is
in the trivial d-dimensional phase over X. There thus exists
a deformation of H; © H; to a trivial system r2+ . In other
words, there exists a homotopy H,, : X x [0, 1] — &5y,

between the Hamiltonians for H,; © H; and 12 (In order to
construct such a homotopy it may first be necessary to stack
H, © Hy with a trivial system, but we can absorb this into the
definition of H;.) We use this homotopy to construct H (x,1)
fort € [0, 1], letting

A= Y Hf, (o), (66)
i€2Z+1
where
HY,(x,0) = Hgi(x) 4+ Hy i1 (x) (67)
and
Hij";.g_l(xv ]) = H'[z"'(x)9 (68)

the x-independent Hamiltonian for the trivial system r; .

The Hamiltonian for ¢ € [—1, 0] is constructed similarly,
but in terms of the opposite pairing into bilayers. That is,
we consider bilayers (i,i+ 1) with i even. There exists a
homotopy H;;,, along which H; © H, deforms into 7,,4a
trivial system on the bilayer. The Hamiltonian for ¢ € [—1, 0]
is given by

H(x,t)= Y Hy, (x.1), (69)
i€2Z
where
H;(x,0) = Hy i(x) + Hg i1 (x) (70)
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t
! !
o7 T o7 oT r1
o7, Hy o7, e, --- 10
o7’ lT o7’ o7 -+ +-—1

FIG. 5. Construction of PH,. As compared to the construction of
SH, illustrated in Fig. 4, the trivial systems 7, and 7, are chosen so
that the Hamiltonian is periodic in ¢ € [—1, 1].

and

H o (x, —1) = Ho- (x). (71
Note that we do not require any relationship between the
homotopies H* and H~. This completes the construction
of H. _ _

We now observe that H(x, 1) and H(x, —1) are indepen-
dent of x, so as discussed above we obtain from H the system
SH,; over SX. N
_To instegd obtain PH;, we need to modify H so that
H(x, 1) = H(x, —1). The necessary modification is to choose
rzi so that the (d + 1)-dimensional trivial systems at t = +1
and —1 agree with one another. That is, we choose ot =
’©rtand t;, =767, sothat at t = =1 we have the triv-
ial system 7 (respectively ) on all even (respectively odd)
layers. The construction of PHj is illustrated in Fig. 5.

We note that the construction H; — SH,; (respectively
H; — PH;) depends on more data than just the invert-
ible system Hy, and so cannot be thought of as giving a
function from d-dimensional invertible systems over X to
(d + 1)-dimensional systems over SX (respectively X x S!).
Specifically, beyond the choice of H,;, one needs to choose the
inverse H,; and the homotopies H* and H~.

B. Boundary physics and quantum pumping

Here we discuss the boundary physics of the systems SH,
and PH,, and in particular its interpretation in terms of pump-
ing of the invertible phase H,; from the boundary of the system
into the bulk. Our use of the term “pumping” is somewhat
loose in the case of SH; because the bulk does not depend
periodically on the pumping parameter.

We first examine the boundary physics of PH,, in the
case of identical bulk and boundary parameter spaces (i.e.,
Xody = Xpux = X x S'), as illustrated in Fig. 6. We denote the
coordinate of S' by ¢ € [—1, 1], identifying t = 1 and —1. To
introduce a boundary, we consider a semi-infinite lattice of
d-dimensional layers, indexed by i with —oo < i < N, taking
N even. For t € [0, 1] the Hamiltonian is given by

H(x.t)y= Y Hf, (x.0). (72)

i<N,i odd

i=N
, even t
o7’ T o7’ | o7 T1
|
o7, Hy o, : oH, +0
[
‘ Lt
| 0
I
o7’ lT o7’ : o7 +—1
bulk boundary
layer

FIG. 6. Boundary physics of the system PH,, in the case of
boundary parameter space Xpqy = X x S'. The dashed line shows the
division of the system into bulk and a boundary layer, with the i = N
boundary layer immediately to the right. The bulk extends infinitely
to the left. The boundary phase transition between t and H, occurs
at t = ty, denoted by x. Shaded regions indicate coupling between
neighboring layers.

Fort € [—1, 0], on the other hand, we modify the Hamiltonian
on the boundary, i.e., on the i = N layer:

He,ty= Y Ho () +H® (0. (73)

i<N,i even

Here H Edy (x, t) is the Hamiltonian for the i = N layer.
For consistency with the Hamiltonian chosen for ¢ € [0, 1],
we must have

HYY (x,0) = Hyn(x) (74)
and
HYY(x, —1) = Ho v (), (75)

where H; y is the Hamiltonian for the trivial system 7. That
is, the Nth layer goes from the trivial system t at t = —1,
to H; at t = 0. Moreover, the Nth layer is decoupled from
the rest of the system for all + € [—1, 0]. Therefore, if H; is
in a nontrivial phase, the boundary must become gapless or
undergo a first-order phase transition for some (x, t) with ¢ €
(—1,0). For concreteness, we assume the simplest scenario,
where this only occurs for a single value fy € (—1, 0).

Therefore, for small positive €, as ¢ increases from 7y + €
to fp — €, we can think of the d-dimensional phase invariant
of H; as being pumped into the bulk, leaving the boundary
layer in the trivial phase over X. Note that we can just as well
think of the inverse H, as being pumped from the bulk and
to the boundary. This pumping can occur without closing a
gap for t ¢ (ty — €, ty + €) because, when the boundary layer
is coupled to the bulk, d-dimensional phase invariants of the
boundary layer are not well defined. At the same time, these
invariants are well defined when the boundary layer is de-
coupled from the bulk for r € [—1, 0], and the d-dimensional
boundary layer phases at #;, & € can be meaningfully com-
pared.

By enlarging the boundary parameter space, we can access
essentially the same physics, but avoiding the complication of
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i=N
even t
’ s |
oT T °T | oT T1
|
o7, Hy of7, : ®H, +0
|
|
|
|
o7’ i T o7’ : o, +—1
bulk boundary
layer

FIG. 7. Gapped quantum pumping at the boundary of PH,, in
the case of boundary parameter space Xpqy = X x I. The dashed line
again shows the division of the system into bulk and a boundary
layer, with the i = N boundary layer immediately to the right. The
boundary layer begins at t = —1 as the d-dimensional system H,,
and ends, after coupling to the bulk, as the d-dimensional trivial
system 7 att = 1. Note while the bulk is periodic in ¢, the boundary
layer is not. We see that the nontriviality of PH, is manifest as a con-
flict between having a trivially gapped boundary and the periodicity
of the S! in the boundary parameter space, in the sense that both these
properties cannot hold simultaneously.

boundary phase transitions, as illustrated in Fig. 7. Keeping
Xouk = X % S!, we take Xoay = X x I, with mpqy : Xpay —
Xpuik the map that identifies the end points of / = [—1, 1]. We
proceed as above, choosing H (x, t) to be of the same form as
in Egs. (72) and (73). We modify only the choice of Hﬁdy (x,1)
fort € [—1, 0], which we now take to be

HyY (x, 1) = Hyn(x), (76)

independent of ¢ (for t € [—1, 0]). Clearly, the gap remains
open for all (x,7) € X x I.

This modified system realizes gapped quantum pumping,
where the d-dimensional phase invariant of H; is pumped
into the bulk as ¢ is increased from —1 to 1. At ¢ = —1, the
boundary layer is decoupled from the system and is the system
H; over X. As ¢ is increased, bulk and boundary are coupled
fort € (0, 1), and at # = 1 the boundary layer is in the trivial
system t. Meanwhile, the bulk is periodic in ¢; that is, the bulk
system over X is the same for# = —1 and 1.

The boundary physics of the system SH,; over SX can also
be somewhat loosely understood in terms of gapped quantum
pumping. We have Xpu = SX, and take Xpqy = X x I, with
Tpdy - X X I — SX the usual quotient map. Once again, t € /
will play the role of time in a pumping process. Strictly
speaking, referring to such a system as a pump is an abuse of
terminology because the bulk is not periodic in ¢. Nonetheless,
the physics is very similar to that of PH;, so we freely use the
language of pumping. Alternatively, we can speak of a flow
of a d-dimensional phase invariant from the boundary into the
bulk (or vice versa).

We again consider a semi-infinite lattice with —oo < i <
N with N even. For t € [—1, 0], we take the Hamiltonian to

i=N
even t
oT +1

®H , T0

®Hs 11

boundary
layer

bulk

FIG. 8. Boundary physics of SH,, in the case of boundary param-
eter space X,ay = X x 1. The dashed line again shows the division of
the system into bulk and a boundary layer, with the i = N boundary
layer immediately to the right. The boundary layer begins at t = —1
as the d-dimensional system H,, and ends, after coupling to the
bulk, as the d-dimensional trivial system 7 at r = 1. A boundary
termination in the case Xpqy = Xpux can be obtained from the same
picture by choosing the Hamiltonian of the boundary layer to be
strictly zero at t = —1 (blue circle), as described in the text. Here,
similar to PH,, we see the nontriviality of SH; manifests as a conflict
between a trivially gapped boundary and choosing the boundary
parameter space to be the same as the bulk parameter space.

be
Hx,t)= Y Hy (.0 +Hy¥(x,1), (77
i<N,i even
with H,(x,) as in Eqgs. (70) and (71), and Hy"™(x,1) =

H; n(x), independent of 7. It is important to note that this
choice of Hﬁdy (x,7) may be x dependent at + = —1, which

would not have been well defined if we had Xpgy = Xpux =
SX.Fort € [0, 1] we have

Hx.t)= > Hf, (x0), (78)

i<N,iodd

where HiﬁH (x, 1) is as in Eqgs. (67) and (68). We write 7," as a
stack of trivial systems on bilayers 12+ = 1’ © 1, as illustrated
for the (N — 1)th and Nth layers in Fig. 8. We see that the
i = N boundary layer goes from the system H; att = —1 to
the trivial system 7 at t = 1, and we can think of the phase
invariant of H; as flowing into the (d + 1)-dimensional bulk.

Finally, we complete our discussion by considering the
boundary physics of SHy; with Xpqy = Xpuix = SX. The only
modification needed to the case above is to ensure that
Hlt’,dy(x, t) is independent of x at t = —1. In fact, if H; is
a constant system over X, then no modification is needed.
Therefore, if H; is constant, SH,; admits a trivially gapped
boundary to vacuum when Xpgy = Xpuk, so based on the
bulk-boundary correspondence as formulated in Sec. III, we
expect SHy is in the trivial phase in this case. (Indeed, with-
out assuming the bulk-boundary correspondence, this can be
straightforwardly shown by exhibiting a homotopy to a trivial
system.) However, if H; is not constant over X, we need to
modify the Hamiltonian for the boundary layer. One simple
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choice, albeit one that results in highly fine-tuned boundary
physics, is to take (for r € [—1, 0])

HYY (x, 1) = (1 4+ ) Hy n (x). (79)

This gives H[de(x, —1) =0, so that the boundary is gapless
and in general highly degenerate at r = —1. While, more
generically, this degeneracy must be split somehow, as long
as SHy is in a nontrivial phase, the bulk-boundary correspon-
dence tells us it should not be possible to trivially gap the
boundary. As discussed below, we expect, but have not yet
established, that SH, is in a nontrivial phase if H; is in a
nontrivial reduced phase.

C. Universality and properties of quantum
pumping constructions

At this stage, it is not clear to what extent the vari-
ous pumping phenomena above are universal, or are special
nonuniversal features of the systems PH,; and SH,. This issue
is closely related to a number of properties of the quantum
pumping constructions that follow if we assume our proposal
that H; — SH, realizes the suspension isomorphism in a
generalized cohomology theory of invertible phases. These
properties are simple consequences of the above assump-
tion, but we list them here explicitly to give a kind of road
map to what one might want to prove to make progress
towards establishing the generalized cohomology proposal.
We note that property No. 1 is straightforward to show if
one assumes the bulk-boundary correspondence as stated in
Sec. III. If properties Nos. 1-3 indeed hold, the quantum
pumping phenomena of SH; and PH; are associated with
nontrivial (d + 1)-dimensional phases over SX and X x S',
respectively. These properties will not be used in the remain-
der of the paper, except as a part of the motivation for the
construction of solvable models ind > 1.

(1) The constructions H; — SH; and H; — PH; give
well-defined functions on invertible phases denoted sy :
EY(X) — E(SX) and px : E*(X) — E?T1(X x S'). This
means that the phase of SH; (and of PH,) is invertible and
only depends on the phase of H,.

(2) The constructions respect the stacking operation, and
thus sx and px are homomorphisms of Abelian groups. As-
suming No. 1, this is easily shown to hold.

(3) SHy is in a nontrivial phase whenever H; is in a
nontrivial reduced phase. Moreover, if H; is in a nontrivial
(not necessarily reduced) phase, then PH; is in a nontrivial
phase. In other words, py is injective, and sy is injective when
restricted to the group of reduced phases E4(X, xo) C E4(X)
for any base point xp € X. We note that it is easily shown that
if H; is a constant system (possibly in a nontrivial phase), then
SH, is in the trivial phase. _

4) sy : EY(X) —» ETTN(SX) = ET(ZX) is an isomor-
phism. Given the above properties, this could be established
by exhibiting a (two-sided) inverse construction, which may
be possible based on Kitaev’s proposal for the homotopy
inverse mapping QE;,; — E; [23-25].

VIII. HIGHER BERRY CURVATURE FLOW
AND PUMPING IN HIGHER DIMENSIONS

In this section, we consider the higher-dimensional descen-
dants of the one-dimensional systems introduced in Secs. IV
and V. That is, we discuss systems with nonzero KS num-
ber in 2D and higher-dimensional lattice systems. These are
d-dimensional systems over a parameter space which is a
(d + 2)-manifold. One family of such systems can be con-
structed by repeatedly applying the suspension construction
to the OD system over S? of a spin % in a Zeeman magnetic
field.

We first give a review of (d + 2)-form higher Berry cur-
vature and KS invariant in families of d-dimensional lattice
systems (Sec. VIIIA). In Sec. VIIIB, based on the sus-
pension construction as introduced in Sec. VII, we give an
explicit construction of a 2D lattice system over S* that has
nonzero KS number, and argue that its spatial boundaries are
anomalous. We establish that the KS number of this system
is nonzero in Sec. VIIIC via the bulk-boundary correspon-
dence, which also gives the higher Berry curvature Q®* the
interpretation of a flow of 1D higher Berry curvature to/from
the spatial boundary. The corresponding interpretation also
holds in arbitrary dimensions as discussed in Sec. VIIID,
where we show that a gapped invertible d-dimensional system
H, over a closed oriented (d + 2)-manifold X has the same
KS number as the (d + 1)-dimensional system SH; over SX
obtained from the suspension construction. In general, SX is
not a topological manifold (except when X is a sphere), so this
requires us to generalize slightly the definition of KS number.
Finally, we discuss the system PHy over X x §' as a pump of
KS number in Sec. VIIIE.

A. Review of higher Berry curvature in higher dimensions

Kapustin and Spodyneiko constructed the (d + 2)-form
higher Berry curvature and associated KS invariant in d-
dimensional lattice systems [18]. Here we give a brief review
focusing on those results needed below.

The 2-form Fp(z) in (15) is related to a sequence of n-forms

E{M by the descent equations

dF™ = gF®+D, (80)

Here n > 2 is an integer, and F () s a shorthand notation for
the n-form F\" . which depends in a totally antisymmetric
manner on the n — 1 lattice sites po, ..., p,—2. Here d is
the usual exterior derivative, and the operator 9 is defined
by (0F )p,..p, = ZPO Fpop,...p,- Similar descent equations were
found earlier by Kitaev in the context of Euclidean lattice sys-
tems [15]. Below, we discuss how the higher Berry curvature
(d + 2)-form Q“*? is constructed from F“@+2).

In Ref. [18], explicit formulas for F™ were given that
solve the descent equations and generalize the expression for
F® given in (15). Taking F® as given by (15), there is an
ambiguity in using the descent equations to obtain F™ with
n > 2 that we now discuss. We imagine solving the descent
equations iteratively, starting with F® and obtaining F®,
then obtaining F®, and so on. At each stage of this procedure,
F®™ is determined in terms of F“~1 up to the ambiguity

(n) (n) (n)
F[’un-[’nfz - F[’oml’nfz + Bl’oupnfz’ (81)
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where dB™ = 0. Kapustin and Spodyneiko have argued that
the equation dB™ =0 has only “trivial” solutions of the
form B™ = 3C™ [47]. If we shift F™ — F® 4 3C™ the
descent equation at level n is modified to

dF™ = 3(F"+D — qc™). (82)

This change can be compensated by shifting F®tD —
FO+D 1 dCc™ which does not affect descent equations at
higher levels since d*> = 0. It is also natural to allow for an
ambiguity in F®, namely, F® — F® 4+ 3C?, since in a
d = 0 system this does not affect the Berry curvature Q% =
>, Fq(z). Therefore, given a sequence F™ (n > 2) of solu-
tions to the descent equations, the full ambiguity is

F? — F® 4 3c?, (83)
and, for n > 2,
F® — F® 4 ac™b +3c™. (84)

Based on the discussion of Appendix C, we expect that
E"  is alocal quantity, in a sense that we now describe.
First of all, for n =2 and 3, F{" s expressed as a sum
of imaginary-time-ordered correlation functions of n local
operators, where n — 1 of the local operators are supported
near the lattice sites pyg, ..., pp—2, and the remaining lo-
cal operator comes from a sum of local operators over all
sites. It is expected that similar expressions hold for all n,
but become more complicated as n increases. Moreover, it
is also expected that F\") ~ decays exponentially if any
two points of po, ..., p,—» are far away from each other
compared to the correlation length of the system [18]. For
n =2 this is an empty statement, and for n = 3 it follows
from the discussion of Appendix C, and in fact is proved
rigorously based on Ref. [35]. For each n > 3 this statement
could in principle be shown by expressing " in terms
of imaginary-time-ordered correlation functions and studying
the resulting expression, although this brute-force method will
rapidly become impractical with increasing n. We leave a
careful study of these issues for future work.

To construct the higher Berry curvature, it is convenient
to employ the language of homology and cohomology. More
specifically, as noted in Ref. [18], the relevant mathematical
theory appears to be that of coarse homology and cohomology
[48], although connecting this theory with the treatment of
Ref. [18] in a fully precise way is an open problem. Here
we give only a very brief description of some key aspects of
the chain and cochain complexes that arise. A more thorough
discussion can be found in Ref. [18].

We consider a chain complex whose k chains are totally
antisymmetric functions A, of k 4 1 lattice sites, taking
values in some real vector space V, which is a fixed property
of a given chain complex (i.e., the vector space V is the
same for all chains in a given complex, independent of the
chain degree). It is required that k chains decay exponentially
away from the diagonal pp = --- = p;. As above, d is given
by (0A),,. p = Zpo Ap,...pe; this lowers the chain degree by

one, and it is easily seen that 3> = 0. Now, we view F®
as a chain of degree k = n — 1, in a chain complex where
the vector space V is the space of differential n-forms on
the parameter space X. It should be noted that F and F

for n # m belong to different chain complexes with different
vector spaces of n-forms and m-forms, respectively.

The k-cochains are bounded, totally antisymmetric real-
valued functions of k 4 1 lattice sites. This is similar to the
definition of k-chains, with V = R. However, an important
difference between chains and cochains is that the exponential
decay condition on chains is replaced with a condition on the
support of cochains described in Ref. [18]. There is a pairing
between k-chains and k-cochains given by

.....

There is a coboundary operator § on cochains, so that if « is
a k-cochain, S« is a (k 4+ 1)-cochain, and 8> = 0. The above
pairing satisfies

(0A, a) = (A, a). (86)

Using this language, the higher Berry curvature Q“*2) is a
(d + 2)-form on X given by the following formula [18]:

QU (fis s f) = (FUD 5[0 UL, (8T)

Here, 5 f1 U - - - U § f; is a d-cochain that we now describe. We
choose d-bounded, real-valued functions of a single lattice
site, with values written f,,(p) (u =1,...,d). We assume
that f,(p) = f(x,(p)) and x,(p) is the p coordinate of
p. Moreover we assume that f,(p) =0 for x,(p) < 0 and
fu(p) = 1forx,(p) > 0. For simplicity, one may choose step
functions f,(p) = O[x,(p) — a,], where a, € Z + % From
each of these functions we construct a 1-cocycle é f),, defined
as

)P, @) = fulq) — fu(p). (88)

Even though we use the notation of the coboundary operator,
8 f,. is not exact because f,, does not have finite support and
thus does not satisfy all the conditions to be a 0-cochain. How-
ever, 8f, is a cocycle, i.e., 6(6f,) = 0. Finally, §f; U---U
8f4 is a d-cocycle obtained as a cup product of 1-cocycles as
defined in Ref. [18].

The higher Berry curvature is a closed form, i.e.,
dQU*+? =0, which is easily checked using Egs. (80), (87),
and (86). We also note that the ambiguity in F“*? given in
Eq. (84) results in the shift

QU 5 QUAD L gD sfU---USE).  (89)

This is a shift of the higher Berry curvature by an ex-
act form, so the cohomology class of Q@*?) is unaffected.
In addition, the cohomology class does not depend on the
choice of the functions f, (1 < u <d) in (87), as long
as fu(p) =0 for x,(p) < 0 and f,(p) =1 for x,(p) > 0.
In more detail, if two choices f,(p) and f/’L(p) differ by
a function g,(p) with compact support, then one can find
Q(d+2)(flv -~'1f/u vfd) and Q(‘H_Z)(fl’ sf/p "'vfd)
differ by an exact form dw@+P.

The KS invariant is precisely the cohomology class
[QU@+2 /271, If X is an oriented (d + 2)-dimensional mani-
fold, then the KS number can be defined as

KS = / QU+, (90)
X
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For invertible systems, it is argued that the KS number over
X = 8§92 is always quantized in units of 27 [18]. There-
fore, since F?*2) and hence Q“*? depends continuously on
x € X, the KS number can be considered as an obstruction
to deforming a system over S“*2 to a constant system. For
invertible systems over general closed oriented differentiable
manifolds, it is also expected that the KS number is quantized
in units of 27, though we are not aware of a proof.

B. 2D lattice model over S$*

Now we construct a nontrivial 2D lattice system H,p over
S* based on the suspension construction as introduced in
Sec. VII. To make the suspension construction, we need an
input 1D system, and we choose Hip over S* introduced in
Sec. IV. We then argue that a spatial boundary of Hpp is
anomalous, suggesting that Hyp is in a nontrivial phase over
S*. This is confirmed in Sec. VIII C where the KS number is
found to be 2.

We consider a 2D square lattice with sites labeled by
p = (x1,x2) € Z x Z, and place a single qubit on each site.
Given a lattice site p, sometimes it is convenient to denote the
two coordinates by x;(p) and x,(p). The parameter space is
S*, and we denote points w € s by w = (wy, ..., ws) with
Zle w? = 1. On the “equator” §*> C S* defined by ws = 0,
the system is chosen to be a lattice of 1D layers, with each
layer a column extending along the x, direction. The layers
alternate between the systems Hip (for x; even) and Hp (for
x1 odd) over §3.

The Hamiltonian is

Hyp(w) = Z Hip, (w) + Z Hip (W)

x1€27Z x1€2Z+1

2,+
+ Z H(Xl qxz)l(lerl,Xz)(w)
x1€2Z+1,x,€Z

2,—
+ Z HE o410 (W)- on
X1 EZZ,XZ cZ

Here the first two terms are Hamiltonians for the 1D layers
summed over even and odd x; coordinates, with H;p ,, (w) and
H 1D,x, (w) defined in (7) and (47), respectively. While these
Hamiltonians are defined for w € S? with w = (wy, ..., wa),
they are given explicitly as functions of the coordinates
wq, ..., ws, which continue to make sense when w% + -4
wf < 1. Note in particular that Hp,, (w) = ITIID,x](w) =0
when ws = +1.
The remaining terms couple neighboring layers and are

2,+ _ 1t n 1%
H(Xl,xz):(xl-i-l,xz)(w) = I (w) Z Oxi 02 O 141,300 92)
n=1.23

where o} %% are Pauli matrices of the qubit at site (xy, x;). The

real functions 4% (w) are chosen as follows:

I (w) = ws, 0<ws<1 ©93)
W= 0, otherwise
and
oy =T IS ussO (94)
wr= 0, otherwise.

Hqiqg Hia Hig Hia

—1<ws; <0 ws =0 0<ws <1

FIG. 9. Illustration of the dependence on ws of the 2D lattice sys-
tem H,p of (91). At ws = 0, the 2D lattice is composed of decoupled
1D lattice systems H;p and Hip running along the vertical direction.
These 1D systems are coupled in neighboring pairs for ws # 0, with
two different pairings appearing, depending on the sign of ws.

It can be checked that Hop(w) is gapped everywhere on S*
(see Appendix B).

Similar to the 1D case as discussed in Sec. IV A, Hyp(w)
is not smooth at wy = 0 and ws = 0, which may result in a
discontinuous distribution of higher Berry curvature. One can
always smooth out the functions g*(w) and h*(w) at wy = 0
and ws = 0, respectively, and then the higher Berry curvature
becomes continuous at w5y = 0. Here we are mainly inter-
ested in the cohomology class of the higher Berry curvature as
measured by the KS number, and therefore the discontinuity
of the higher Berry curvature will not cause any problems.

The dependence of the Hamiltonian on ws is visualized
in Fig. 9. At ws = 0, the system is composed of decoupled
1D quantum systems over the equatorial S> C S*. These 1D
systems are characterized by a KS number of 257 (respectively
—2m) on even (respectively odd) layers.

Now we impose a spatial boundary by truncating the lattice
to a half-plane, retaining only those sites with x; < N (see
Fig. 10). All Hamiltonian terms coupling to sites with x; > N
are dropped, and all other terms are retained unmodified. This
choice of boundary termination does not enlarge the parame-
ter space at the boundary, i.e., we have Xpux = Xpay = S$* in
the notation of Sec. III.

If N is even, the x; = N boundary layer is decoupled from
the bulk for ws < 0 (see Fig. 10). The energy spectrum of
the 2D system with boundary is gapped everywhere except at
ws = —1, where the Hamiltonian for the boundary layer goes
to zero and the system is gapless. Similarly, if N is odd, the
boundary layer is decoupled from the bulk for ws > 0, and
there is a single gapless point at the opposite pole ws = 1.

The gapless point in the system with boundary is closely
analogous to the gapless Weyl point appearing when H|p

$1:N

even

—1<ws <0 O<ws <1

FIG. 10. The 2D lattice model with a spatial boundary termi-
nated at the layer x; = N € 27Z. The red dashed lines indicate the
steps in the functions fi(p) and f>(p).
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over S? is studied in a semi-infinite system, as discussed in
Sec. IVA. In the 1D case, we argued that the 0D spatial
boundary is anomalous because a single Weyl point cannot
occur for a strictly OD system over S*. This also led us
to expect that the bulk 1D system is in a nontrivial phase
over S°.

We now give a parallel discussion for the 2D lattice model,
leading to the conclusion that the 1D boundary is anomalous.
For concreteness we take N even. We view the boundary as
an effective 1D system, and note that it is gapless only at
the pole ws = —1, where w; = w, = w3 = ws = 0. Now we
consider the family of S* subspaces defined by fixing ws, for
any ws € (—1, 0]. For such values of ws, the x; = N bound-
ary layer is decoupled from the bulk, and has a well-defined
higher Berry curvature Q). As studied in Sec. IV B one has
[ Q¥ = 2. However, we can shrink the S subspace to a
point (for instance by continuously increasing the fixed value
of ws until ws = 1), upon which we must have fs3 Q3 =0.
In a strictly 1D system this is a contradiction because the
value of [(; Q) is quantized. Therefore, the 1D boundary is
anomalous, as it exhibits behavior impossible in a strictly 1D
system. As we will see below in Sec. VIII C, this anomaly is
related to the topologically nontrivial nature of the 2D bulk.

C. Calculation of KS invariant from bulk-boundary
correspondence

Now we study the KS number of the 2D lattice system H,p
over S*. For a 2D lattice system defined on an infinite plane,
according to (87), the 4-form higher Berry curvature can be
expressed as

QW = (FW sf,UsL). (95)

We choose f; and f, to be step functions depending on x;
and x,, respectively, namely, fi 2(p) = O[x; 2(p) — a1 2], with
aj, €+ % The cup product of the two 1-cocycles § f; and
3 f> is given explicitly by

(81 U8f2)(po. p1. p2)

1
=5 Z(SgnU)[fl (Po1y) — J1(Ps )]

oSy
x[f2(Po2) = 2(Po)], (96)
where the sum is over permutations of the three-element set

{0, 1, 2}.

To determine Q“, we need to make a choice of local
Hamiltonians H), so that H = Zp H,. We choose H,, to have
support only on the site p = (xj, x) and its four nearest-
neighbor sites as

1 2,+
Hp(w) = H(xlsXZ)(w) + 'XH(Xl X2 )3(x1 ,X2+1)(w)
2, 2,+
+ (1= x)H(xlj,FXz);(xl,XrI)(w) + yH(XI ,Xz);(x|+l,xz)(w)
+d - y)HZ’C.I%XZ);(XI_lsXZ)(w)y o7

where the single-spin and two-spin terms can be found in (8),
(9), and (92), and where 0 < x, y < 1 are real w-independent
parameters introduced to illustrate the ambiguity in choosing
local Hamiltonians. In the discussion below, we will only need

to use the fact that when ws = 0, the support of H), lies within
the 1D layer containing p.

It is quite involved to obtain an analytical expression for
QW, so we instead evaluate the KS number KS = [, Q@
using the bulk-boundary correspondence. We first discuss
the bulk-boundary correspondence for a general gapped 2D
parametrized system over X, and then specialize to the spe-
cific system Hop over S*.

We consider both infinite and semi-infinite systems, i.e.,
systems without and with a boundary. We choose f,(p) =
O[x,(p) — a,] with u = 1, 2. For concreteness, we take the
boundary to run along the vertical direction; that is, the system
with boundary is defined by retaining only those lattice sites
with x; < N. We focus on the case X = Xpgy = Xpuc, Where
X is a differentiable manifold.

The higher Berry curvatures in the infinite and semi-infinite
systems are denoted QY and Qf)i)/z’ respectively. These 4-
forms are both defined on the subspace Xo C X for which the
semi-infinite system is gapped. We have

Jlim [200,(/) - (] =0, 98)
where the limit means that a; is taken deep inside the bulk, far
away from the spatial boundary.

The formula (98) is expected to hold for a general gapped
2D parametrized system. To see this, we first observe that the
two step functions f; and f, divide the 2D plane into four
quadrants meeting at the point (ai, a;). Moreover, by (96),
(6f1 U3 f>2)(p, g, r) is only nonzero when the lattice sites p,
¢, and r all lie in different quadrants. We next consider the
expression

1
QY == Y R GA UL, a 1), (99)
p.aq.r

and observe that the expected exponential decay of Fp(;‘r) as
discussed above in Sec. VIII A implies the sum is dominated
by contributions where p, g, and r are all near the point
(a1, ay). Finally, the expected locality of F\;) (see Sec. VIII A)
implies that, in the limit where (a;, a) is far away from the
spatial boundary, the dominant local contributions to Q® in
the infinite and semi-infinite systems become the same, and

we have Q) (f) — Q& (f) — 0.
Next, using (86) and (80), we express Q(oi)/z in terms of a
3-form defined by w® = (F®, f; U f,) by writing

QL) = (FD.8(f1 U8/ = (FY, fiUsf)

= (dFY, fiUsh) =d(FP, fUsf)
= do®(f). (100)

These manipulations only make sense in the semi-infinite
system because the sum in the pairing defining »® would be
divergent in an infinite system. This can be seen noting that

(fi U ) (po. p1) = 5Lf1(po) + filpDIL2(p1) — f2(po)].
(101)
This is nonzero whenever x;(po) and x,(p;) lie on opposite

sides of a,, and if x1(pg) > a; or x1(p;) > a;. In a semi-
infinite system, the finite width of the strip with a; < x; < N
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combined with the exponential decay of F) ensures that
o (f) is well defined.

We can view w®(f) as a 3-form boundary higher Berry
curvature, where in this case the effectively one-dimensional
“boundary” is considered to be all lattice sites with x; > a;.
This point of view is justified by considering the situation (at
some value of parameters) where the boundary is decoupled
from the bulk (i.e., lattice sites with x; < a;), so the boundary
is truly a one-dimensional system. In this case, F\) = 0 if
po lies in the boundary and p; lies in the bulk (or vice versa).
Then we have

1
0P = (FO,52) = 2 3 1) = fo(po)lFy)

Po,P1

(102)

where the sum is over sites lying in the boundary, i.e., those
with x; > a;. This is nothing but the 3-form higher Berry
curvature for the (decoupled) one-dimensional boundary. In
particular, dw® (f) = 0 whenever the boundary is decoupled
from the bulk.

To summarize, (98) and (100) provide us with a bulk-
boundary correspondence relating the bulk 4-form higher
Berry curvature to the 3-form boundary higher Berry curva-
ture. In particular, Q® can be interpreted as a flow of 3-form
higher Berry curvature to/from a spatial boundary.

We now specialize again to the system Hap over $* and use
these results to compute the KS number. In order to proceed,
we need to give S* an orientation. We do this by viewing S* as
the suspension §* = S(S3), taking the orientation on S° given
in Sec. IV B 2, and using this to specify an orientation on S(S?)
as described in a more general situation below in Sec. VIII D.
Here, we specifically note that the coordinate ¢ in the sus-
pension construction can be identified with the coordinate ws
when we view §* as a subspace S* C R; if we start with
S* and remove the two poles ws = =1, the resulting space is
homeomorphic to the product S* x (—1, 1). When that space
is endowed with the product orientation of the given one on 3
and the upward one on (—1, 1), the homeomorphism equips
S* minus the poles with an orientation which can be extended
to $* and is the one we choose.

We impose a spatial boundary as described in Sec. VIIIB
(see Fig. 10), taking N even for concreteness. Moreover, we
choose a; € 27 — % with a; < N. We note that (98) holds
without taking the limit a; << N because neighboring 1D lay-
ers are only coupled in pairs. At ws = 0, we have decoupled
1D systems H;p and Hip running along the x, direction,
and the boundary higher Berry curvature is simply a sum
of higher Berry curvatures of these decoupled systems. As a
result we have ™ (f) = Q0)(f2), the higher Berry curvature
of H\p. This is so because, apart from the x, = N layer on the
boundary, the systems Hp and Hp come in pairs with equal
and opposite contributions to w®(f).

Now we let S3(y) C §* be the subspace defined by set-
ting ws = y, and similarly define D4(y) C S* as the subspace
with ws > y. We have S?(y) = dD*(y), which gives S?(y) an
orientation inherited from that of S* by the collar method of
Sec. IV C 1. The discussion above implies that fs3 0) o®(f) =
27; this is nothing but the expression for the K% number of

Hp. More generally, we have

/ o® =21 for —1 <y<0. (103)
3

This holds because for —1 < ws < 0 there is no coupling
between boundary and bulk, so we can think of y as
parametrizing a deformation of the gapped 1D boundary sys-
tem over S3. Under such a deformation, the 1D KS number is
invariant.

Using (100) and applying Stokes theorem gives

3) _ @ _ @)
/ w) = / Q. = / Q5.
$3(y) D4(y) D4(y)

Finally, taking the limit y — —1, we obtain the KS number

/ QY = lim 0™ =2m,
st =g

That is, the boundary KS number over a small 3-sphere sur-
rounding the gapless point equals the quantized KS number of
the bulk.

We remark that the same analysis applies if we start with a
general invertible gapped 1D system H over X, where X is a
closed oriented differentiable 3-manifold, and consider the 2D
system SH over SX obtained by the suspension construction.
That is, the 2D KS number of SH is equal to the 1D KS
number of H.

We further remark that the clutching construction of
Sec. IVD can be generalized to the present setting of a 2D
gapped invertible system H over S*, with higher Berry cur-
vature Q@. In the 2D case, we need the further assumption
that H is in a reduced phase (see Sec. VI A); recall this means
that H(w) is in a trivial phase over {w} for any w € S*. We
cover S* with two subspaces Sﬁj and Sé defined by ws > 0
and ws < 0, respectively. These subspaces are contractible,
and using the assumption that H is in a reduced phase, it
follows that the restrictions of H to S§ and S§ are in the triv-
ial phase. Therefore, we can introduce two different gapped
semi-infinite systems Hy s over Sy, g, whose Hamiltonians are
identical to H in the bulk, and differ only near the spatial
boundary, which for concreteness we define by retaining only
lattice sites with x; < N. The higher Berry curvatures of the
semi-infinite systems satisfy

Qs = doy, (106)

(104)

(105)

where the 3-forms wf\?)s have the interpretation of boundary
1D higher Berry curvatures. Then the KS invariant is given by

KS= [ Q¥ =1 / (3)—/ O 107
\/5“4 (,111<I<nN S} wN S} wS ( )

where 3 = Sfl, N S§~ For the system Hp, and more generally
for any 2D system obtained via the suspension construction,
the clutching construction provides an alternative method to
compute the KS invariant.

D. KS number in (d + 1)-dimensional lattice
systems from suspension construction

So far we have given an explicit construction of 1D and 2D
lattice models that have nonzero KS number. One can go on to
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use these lower-dimensional lattice models and their inverses
to construct higher-dimensional systems with nonzero KS
number, based on the suspension construction as introduced
in Sec. VII. Here, given a d-dimensional gapped invertible
system H; over X, and the (d + 1)-dimensional system SH,
over SX obtained from H, by suspension construction, we will
show that

Ksua(st) = [ 290 = [ 99 sy, 108)
¢ X
where Q@+2) is the higher Berry curvature of H; and Q@+
is that of SH,. That is, the KS number of the (d 4+ 1)-
dimensional system SH; over SX is identical to that of the
d-dimensional system H; over X .

Here we assume that X is a closed oriented differentiable
manifold, with orientation specified by a nowhere-vanishing
(d + 2)-form 7. There is a subtlety because in general SX is
not a topological manifold; in fact, SX is a closed topological
manifold if and only if X is a sphere. Therefore, in order to
make sense of the claim (108), we have to give a definition
of the KS number on SX and show it is a phase invariant.
Below, we first discuss the simpler case where X is a sphere,
employing the clutching construction (see Secs. IVD and
VIII C). Next, we treat the general case where X is an arbitrary
closed oriented differentiable manifold.

Now letting X = S”, the result (108) holds trivially if n #
d + 2 since both KS numbers are zero. Therefore, we assume
X = S§9*2. We fix the orientation on SX = §?*3 by choosing
the (d + 3)-form —dt A 7, which is defined away from the
t = %1 poles. Below, while we do assume X = S9+2, we write
X and SX instead of $9*2 and S(S9*?) = $9+3, to help make
contact with the more general discussion to follow.

As described in Sec. VII, SH; can be viewed as a
one-dimensional lattice of d-dimensional layers. We choose
coordinates so that the layers are stacked along the x; di-
rection. Let us consider a semi-infinite system over SX by
terminating the system at layer x; = N. Taking a; < N in
the step function fi(p) = ®O[x;(p) — a;], and restricting to the
subspace of SX over which the semi-infinite system is gapped,
we have

(d+3) _ d+3)
Qoo - Qoo/Z ’

(109)

where ¢ and Qgﬁ ) denote the higher Berry curvatures
of the infinite and semi-infinite systems, respectively. Here,
the equality is expected to be exact without taking the limit
a; < N because layers are only coupled in pairs. The re-
sult (109) relies on the expectation that F@+3) (in QU+3 =
(F+3) 8§ U---Ubfs,1)) is a local quantity in the sense
discussed in Appendix C.

In the semi-infinite system, the higher Berry curvature can
be written

QUIY = (F“") 8(AUSH U+ Ubdfar)

=d(FY“", fLUSH U Ubfu)

— dod+?) (110)
where the (d + 2)-form
@D = (FUD fUSHU- U ) (111)

is a boundary higher Berry curvature, and is expected, with
appropriate choice of local Hamiltonian terms H,, to reduce
to the higher Berry curvature of a d-dimensional system for
parameters where the boundary region (x; > a;) is decoupled
from the bulk (x; < a;). In the second step of (110), we have
used (80) and (86). The relations (109) and (110) can be
considered as a bulk-boundary correspondence for the higher
Berry curvature, and tell us that the (d + 3)-form higher Berry
curvature measures the flow of (d 4 2)-form Berry curvature
to the boundary.

If the KS number KS;4(SX) = fsx Q(OZH) is nonzero,

then the cohomology class of QY™ s nontrivial, and @@ +?

is not globally well defined over SX. Our strategy is to cover
SX by two charts as SX = SX; U SX_, where SX, (SX_) de-
notes the subspace of SX with# > 0 (r < 0). On each chart a
gapped boundary termination can be chosen (i.e., we consider
two different gapped semi-infinite systems, one over each
chart), and we have well-defined (d + 2)-forms a)f *2 on
SX.. More concretely, on SX; (SX_), we choose the bound-
ary terminated at layerx; = N € 2Z (x; =N — 1€ 27 — 1),
which results in gapped systems over SXi (see Sec. VII).

Denoting the higher Berry curvature on SXy by ng ) we
have
QU = do{*?. (112)
The KS invariant of SH; can then be expressed
/ QU+ = / QU+ +/ QU+ (113)
sx SX. SX_

where we have used (109). Then, by (112) and Stokes theo-
rem, we obtain

/ Q(Og+3)=/wf+2)_/w(_d+2)7
SX X X

where X = SX; N SX_ is the t = 0 “equator” of SX. The mi-
nus sign in (114) arises because the orientation on X induced
by X = 9(SX_) according to the collar method is opposite to
the given orientation of X.

Att = 0, the system SH; is composed of decoupled layers
that alternate between H; and H ;. Therefore,

d+2 2
fw; =) (-1)’“1/9@+ ),
X x1€Z,a;<x; <N X
/w(_dJrz) _

X

Z (=1 / Qd+2)
x1€Z,a;<x; <N—1 X

where Q@*2) is the higher Berry curvature of H;. Here we are
assuming the local Hamiltonian terms H,, are chosen so that,
att = 0, the support of H), lies within the d-dimensional layer
containing p. We are also assuming for notational convenience
that H; has higher Berry curvature (not just KS number) equal
and opposite to that of Hy; this assumption is easily relaxed.
From (114) it then follows that

KSqy1(SHy) = KSq(Hy),

(114)

(115)

(116)

which is the desired relation between KS invariants in the case
where X = §9+2.

We now address the case when X is not a sphere. In this
case, SX is not a closed manifold: the north (r = 1) and south
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(t = —1) poles are singular points. We consider a general
d-dimensional reduced invertible system H over SX . Provided
that H is differentiable away from the singularities of SX,
we can enlarge our definition of the KS invariant so that the
results above continue to hold.

For 0 < € < 1, define a function r : SX — SX by

x, (1 —e)7 '), [t <1 —¢€
r(x,t) = {N={X x {1}}, t>1—¢ (117)
S={Xx{-1}}, t<—-1+4¢

where N and S are the equivalence classes of points repre-
senting the north and south poles. The system H o r is locally
constant and trivial outside of the subset X x [—1+¢€,1 — €].
Furthermore, H o r is in the same phase as H, as can be seen
by tuning € back to zero in the definition above.

For H o r, the higher Berry curvature Q@+2)(f) is defined
onX x (—1, 1).Itis a closed compactly supported differential
form on the noncompact manifold X x (—1, 1). So, we get an
element of Hj;f,% [X x (=1, 1)], where the subscripts denote
compactly supported de Rham cohomology. But this group is
isomorphic to H4*2([X x (—1, 1)]*, {*}), where the asterisk
denotes both the one-point compactification and the single
added point (see Lemma 11 of Chap. 6, Sec. 6 in Ref. [49]),
and in turn HOP2([X x (=1, D], {x}) = H42(SX) for all
d > 0. The latter group is where the KS invariant should live.

The KS number is then defined by

KS = / QU (), (118)
Xx(=1,1)

which is well defined because Q@*2)(f) is compactly sup-
ported. We argue that KS is quantized in integer multiples
of 2w, making the assumption that the KS number of an
invertible system over a closed oriented manifold is similarly
quantized. The idea is to obtain a system over the manifold
X x S' whose KS number is equal to KS defined above. We
introduce a continuous function Ays : [0, 1] — &%, so that
hns(0) = H(N) and hns(1) = H(S); this is possible because
both H(N) and H (S) are trivial systems over a point. We then
define a new system H; over SX by

th(S—tf(ife)),

Hor(x,t),

~ t>1—¢€
Hy(x,1) = - (119)

t<1—c¢

where § € [0, 1]. Since ﬁo = H, we see that ﬁa is in the
same phase as H o r by tuning § to zero. Now at § = 1 we
have the property H;(S) = H(N) = H(S). Therefore, we can
view Hj as a system over X X § I. Moreover, the higher Berry
curvatures of Hs and H are same for all §; for t > 1 — € the
Hamiltonian only depends on ¢ and thus the higher Berry
curvature is zero there. The KS number of H is thus the same
as that of H; viewed as a system over X x S!.

Next we need to verify that KS is an invariant for phases
over SX. If H can be deformed to H’ via a continuous homo-
topy h: SX x I — &§y, then hor deforms Hor to H or
via a homotopy of systems which are equal to a constant
trivial system outside of X x [—1 + €, 1 — €]. Because the
KS number is quantized, it follows that the systems H o r and
H'’ o r have the same KS number.

With this definition of the higher Berry curvature and KS
number for a system over SX, the discussion above applies
to any closed manifold X, giving the relationship between the
KS numbers of H; and SH, stated in (108). We note that the
boundary higher Berry curvature a)fﬂ) on SX, is compactly
supportedon X x [0, 1 — €] C SX,, because the semi-infinite
system over SX, is trivial and constant outside X x [0, 1 — €].
The analogous result holds for @9 on SX_. Equation (114)
thus continues to hold because, e.g., the integral of wf”)
X x {1 — €} vanishes.

Different choices of conventions would result in the
slightly different relationship KS;1(SH;) = —KS4(Hy). For
instance, the minus sign appears if we reverse the chosen
orientation on SX. Another way to get a minus sign is to ex-
change the roles of H; and H  in the suspension construction.

over

E. KS number pump in (d + 1) dimensions

In Sec. V, we studied a 1D system H,, over S* x S' that
we interpreted as a Chern number pump. Upon adiabatically
cycling the coordinate of the S, a quantized 27 Chern number
over S? was pumped from the boundary of the system into
the bulk. This was generalized in Sec. VIIB, where given
a gapped d-dimensional invertible system H; over X, we
showed that the (d + 1)-dimensional system PH, over X x S'
can be interpreted as a pump of the d-dimensional phase
invariant of H; from the boundary into the bulk. Therefore, if
H, is characterized by the d-dimensional KS number K S;, we
expect that PH,; is a KS number pump. That is, for each cycle
around S', PH,; pumps a d-dimensional KS number KS,; from
the spatial boundary into the bulk. We now briefly establish
this expectation.

We consider a gapped boundary termination with Yuqy =
X x [—1, 1] and Ypux = X x S!, as described in Sec. VIIB
and illustrated in Fig. 7. We suppose X is an oriented closed
differentiable (d + 2)-manifold, with orientation given by a
nowhere-vanishing (d + 2)-form r. We then give X x [—1, 1]
the orientation specified by the (d + 3)-form —dt A T, where
t € [—1, 1]. This also gives X x S! an orientation by viewing
St =[-1, 11/{-1, 1}.

We let Qgi;“;’ ) denote the higher Berry curvature of the
semi-infinite system, and observe that the cohomology class
of QY is trivial for dimensional reasons. This is so because

o0/2

Yoay = X x I is homotopy equivalent to the (d + 2)-manifold
X . Therefore, Qiiﬁ’ ) = dw“*D where w2 is globally well
defined on Y4y and has the interpretation of boundary higher
Berry curvature.

Now we let QU*3) be the higher Berry curvature of
the infinite (d 4 1)-dimensional system PH;. Applying the
bulk-boundary correspondence and Stokes theorem, we
have

d+3
KSy41 Zf QU+3) :/ 9(0072)
X xS! Xx[-1,1]

= —/ w<d+2>+/ 09 = KS,;.  (120)
X x{1} Xx{-1}

The last equality holds because the system is trivial at t = 1,
while at t = —1 the system is trivial apart from the x; = N
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boundary layer, which is in the d-dimensional system H;. Not
only do we see that KS;+; = KS,, but we also see that KS;4
can be interpreted as the d-dimensional KS number pumped
from the spatial boundary into the bulk over a single cycle of
the S! parameter.

IX. DISCUSSION

In this paper, we explored the physics of parametrized
quantum systems, focusing in particular on invertible phases
of parametrized systems. We developed a bulk-boundary
correspondence for the Kapustin-Spodyneiko higher Berry
curvature, which clarifies its physical interpretation. More-
over, we introduced a pair of quantum pumping constructions
that take as input a d-dimensional invertible system over
X and produce a (d + 1)-dimensional system either over
the suspension SX, or over X x § I These constructions can
be used to generate many examples, and we used them in
our discussion of d-dimensional systems over S?T2 with
nonzero KS invariant. Moreover, the construction producing
a system over SX, referred to as the suspension construc-
tion, is proposed to realize the suspension isomorphism in
a generalized cohomology theory of parametrized invertible
phases.

It is emphasized that there are also nontrivial phases in
one-dimensional parametrized bosonic systems without sym-
metry that cannot be detected by KS numbers. The topological
invariants of such parametrized systems take values in the
torsion part of H3(X, Z) and cannot be obtained by integrating
over the higher Berry curvature. These torsion phases have
been considered in recent works [50,51].

Many related directions remain to be explored in future
work on parametrized quantum systems. For instance, some
results on invertible such systems with discrete symmetries
have been reported, which are also related (under duality) to
parametrized systems with spontaneously broken symmetry,
and (upon gauging symmetry) to parametrized noninvertible
systems [21,22]. Much work remains to be done in under-
standing the bulk and anomalous boundary properties of such
systems. More generally, parametrized noninvertible systems
are even less explored and understood than their invertible
counterparts.

We close with a brief remark on interfaces between sys-
tems with different KS numbers. As discussed at the end
of Sec. IVC2, for two 1D systems over the same closed
oriented 3-manifold X, if their KS numbers are different, then
an interface between them must be gapless for some x € X.
For d-dimensional systems over a closed oriented (d + 2)-
dimensional manifold X, we argue that this conclusion is still
true, i.e., the (d — 1)-dimensional interface must be gapless
for some x € X (or, there must be a first-order interface phase
transition for some x € X) if the two d-dimensional systems
have different KS numbers. We note that a similar conclusion
was reached in Ref. [20] for systems over S?*2. In partic-
ular, this rules out the possibility of having a topologically
ordered system on the (d — 1)-dimensional interface. This is
in contrast to invertible phases over a point, where the inter-
face between two invertible systems in different phases can
sometimes host a gapped, anomalous topologically ordered
system ifd > 3.

The argument is as follows. We consider two gapped (but
not necessarily invertible) d-dimensional systems over X as
introduced in Sec. VIIID, with an interface between them
located near the hyperplane x; = 0. We suppose the interface
is gapped everywhere over X, and consider higher Berry cur-
vatures defined for two different choices of a; in the function
f1 = ©(x; — ay). In one case we choose a; <« 0, and in the
other we choose a; > 0, so that the two higher Berry curva-
tures (as local quantities) are those of the two d-dimensional
systems and do not depend on the properties of the interface.
These two (d + 2)-forms differ only by an exact form, and
thus must give rise to the same KS number. We emphasize
that these arguments continue to hold if the interface is gapped
but topologically ordered. Therefore, if the two systems have
different KS numbers, their interface must become gapless at
some x € X, or a first-order phase transition must occur at the
interface for some x € X.
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APPENDIX A: HIGHER BERRY CURVATURE
OF 1D LATTICE MODEL

Here we give some details on the calculation of the higher
Berry curvature in the 1D lattice model Hp studied in Sec. IV.
For the Hamiltonian Hip(w) in (7), one can find the energy
spectrum is gapped everywhere over S3. Recalling that for any
w=(wy,...,ws) €S>, spins are only coupled in dimers, it is
enough to check the energy spectrum for a single dimer. This
is easily found to be

E, = =2 —|wa|, |wal, [wal, 2 — |wsl. (AD)
Therefore, the system is gapped for all w € S°. At the wy = 0
equator, the spins are decoupled, and the energy spectrum for
a each spin is E, = %1, which reproduces (A1) for a pair of
spins (at wy = 0).

To obtain the higher Berry curvature Q©, we consider the
3-form F,3) in (17). By inserting complete sets of basis and
performing the contour integral, one can obtain

F) = é[—Z(dH Gy dH, GydH,) — (dH Gy dH, Gy dH,,)
+2(dH, GodH, G;dH) + (dH, Gy dH, Gy dH)
+(dH, G dH Gy dH,) — (dH, Go dH G§ dH,))
+3(dH G dH,)(dH,) — 3(dH, G} dH)(dH,,)]

— (<9, (A2)
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where (...) denotes the ground-state expectation value, and
we have defined

Go=Y E':!"; (A3)

where 3, denotes the summation over all excited states, Ey
is the ground-state energy, and E,, is the energy of the mth
excited state. Finally, H,, is the local Hamiltonian defined in
(21).

Using (A2), we evaluated Q® as expressed in (23), and
obtained the explicit expression (25). The same procedure can
be used to obtain the higher Berry curvature for other choices
of a in the step function f(p) = O(p — a), and for the inverse
system Hp discussed in Sec. IV E.

Now we consider the boundary Berry curvature 2-form
o as studied in Sec. IV C and defined by (30) in terms
of ¥ =3 7 F\Y. By inserting complete sets of energy
eigenstates in Eq. (13) and performing the contour integral,
one can rewrite the 2-forms F, [,(5) explicitly as

i
F =5 {aH, G dH,) + (dH, G; dH,)].

5 (A4)

Since Hp is composed of decoupled dimers, the energy
eigenstates are tensor products over dimers, and it is straight-
forward to check that £’ = 0 if |p — g| > 1. For wy >0,

the expression (30) for @ can be simplified to @ = F3) ,
because decoupled dimers that lie fully to the right of a give
vanishing contributions. Similarly, for —1 < w4 < 0 we have

o® = FA(,Z). Using Eq. (A4), we obtained »® as given in (32).

APPENDIX B: ENERGY SPECTRUM
OF FOUR-SPIN CLUSTERS

Here we show that the energy spectrum of H(w,?) in
(51) is gapped for arbitrary w € §% and ¢ € [0, 1]. In fact, the
spectrum of H (w, t) is directly related to the energy spectrum
of the 2D lattice model H,p introduced in Sec. VIIIB, by
identifying ws = sin % in (91). It is noted that the lattice
models in (51) and (91) are always composed of decoupled
clusters (each of which contains four sites). Therefore, it is
enough to study the energy spectrum of a single cluster.

Consider the cluster composed of four sites at (i, j) where
i, je€{1,2} in (91). By making a unitary transformation
to rotate the onsite magnetic field w = (w;, wy, wz) to the
positive-z direction, the Hamiltonian has the simple form

H= Y (-D)"wd},

i,je{l,2}

wo_p wo
+ws § : 01,102,1 T W4 E : 01,2922
n=1.23 n=1.23

i no_p
+ ws E 01101, + Ws E 05,105 5, (B1)
n=1,2,3 n=1,2,3

where w = V1 —w} — w?, and wy, ws € [0, 1]. We com-
puted the energy spectrum of the Hamiltonian in (B1)
numerically, as shown in Fig. 11, and found that the spectrum

=2 f:

-3t
Energy_4E

FIG. 11. Energies of the ground state and the first excited state
of the Hamiltonian in (B1) as a function of w4 and ws, with wy, ws €
[0, 11.

is gapped everywhere. While the plot is for positive w4 and
ws, the same property holds when when wy or ws is negative.

APPENDIX C: LOCALITY OF THE HIGHER
BERRY CURVATURE

Here we express both £ and F,$) in terms of imaginary-
time-ordered correlation functions of local operators. These
expressions show that these quantities are local, in the sense
that they are dominated by contributions from regions of space
near g, or near p and g, respectively. The result for F©® is used
in Sec. IV C2 to obtain a bulk-boundary correspondence for
generic parametrized systems in d = 1. Itis expected from the
derivation of these results that similar local expressions exist
for F™ when n > 3.

We first consider Fq(z) =2 e
be written

7z Fp(g), which from (A4) can

i
F = 5((dHG§qu) + (dH,G}dH)). (C1)
Moreover, defining dH = dH — (dH) and cﬁ-l,l =dH, —
(dH,), we have
i o~ o~ ~ ~
F? =5 ([dHGdH,) + (dH ,GodH)). (C2)
For operators A and B with vanishing ground-state expec-
tation value, the identity

oo
(AG3B) = / dt t{A(1)B(0)) (C3)
0
oo
= / dt t({Ae "1 B) (C4)
0
can be established by inserting complete sets of energy eigen-
states and evaluating the t integral. Here, for instance, A(t) =

erHAefrH .
Using (C4) in (C2), we obtain the result

F® = %fo dt t[(dH(t)dH,) + (dH ,(t)dH)]. (C5)
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Because dH is a sum of local operators, this expresses E®
in terms of a sum of imaginary-time-ordered correlation
functions of local operators whose ground-state expectation
values vanish. Therefore, we see that the dominant contri-
butions to F,* come from regions of space near g, while
far-away contributions are exponentially suppressed in a
gapped system.

Now we proceed to obtain a similar result for F). Starting
from (A2) we have

F) = < [~2dHGyH GodF,) ~ (dH GodH Gy
+2(dH ,GodH ,G3dH) + (dH ,G}dH ,GodH)
+(dH ,G3dHGydH ;) — (dH ,God HGdH ,)
—(p < 9] (Co)

Each term in this expression can be written as an imaginary-
time-ordered correlation function of local operators with
vanishing ground-state expectation value. This is easily seen

via the identity

peic) = _CCD [
<AG0BG0C> T (a— Db -1)! /0 an

« / 4ot (At + 0)B)C),  (CT)
0

where A, B, and C are operators with vanishing ground-state
expectation value, and where a and b are positive integers.
The identity can be established by inserting complete sets of
energy eigenstates on the right-hand side, and evaluating the
integrals. The quantity in (C7) decays exponentially to zero if
any two operators of A, B, and C are far away from each other
in space. See, e.g., Ref. [35] for a more detailed discussion. So
we see that F p(;) is dominated by contributions of space from
regions near p and gq.

We expect that similar expressions can be obtained for ar-
bitrary F, p(;') n_,- I more detail, starting from the expression in
Eq. (21) of Ref. [18], we expect an expression similar to (C6)
can be obtained. In turn, it should be possible to express each
term in the resulting expression as an imaginary-time-ordered
correlation function of dH and the n — 1 operators dH ), for
i=0,...,n—-2.
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