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We construct a bosonic analog of a two-dimensional topological Dirac semimetal (DSM). The low-energy
description of the most basic 2D DSM model consists of two Dirac cones at positions £k, in momentum space.
The local stability of the Dirac cones is guaranteed by a composite symmetry Z7Z, where 7 is time reversal and 7
is inversion. This model also exhibits interesting time-reversal and inversion symmetry breaking electromagnetic
responses. In this work we construct a bosonic version by replacing each Dirac cone with a copy of the O(4)
nonlinear sigma model (NLSM) with topological theta term and theta angle 6 = . One copy of this NLSM
also describes the gapless surface termination of the 3D bosonic topological insulator (BTI). We compute the
time-reversal and inversion symmetry breaking electromagnetic responses for our model and show that they are
twice the value one gets in the DSM case matching what one might expect from, for example, a bosonic Chern
insulator. We also investigate the stability of the BSM model and find that the composite ZZT 7 symmetry again
plays an important role. Along the way we clarify many aspects of the surface theory of the BTI including the
electromagnetic response, the charges and statistics of vortex excitations, and the stability to symmetry-allowed
perturbations. We briefly comment on the relation between the various descriptions of the O(4) NLSM with
0 = m used in this paper (a dual vortex description and a description in terms of four massless fermions) and the
recently proposed dual description of the BTI surface in terms of 2 + 1-dimensional quantum electrodynamics
with two flavors of fermion (N = 2 QED;). In a set of four Appendixes we review some of the tools used in the
paper and also derive some of the more technical results.
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I. INTRODUCTION

Massless 2+41-D Dirac fermions are one of the most
well-studied systems in condensed matter physics. Such
fermions often appear in relativistic field theories [ 1], but more
importantly are known to be the low-energy description of the
electronic structure of some 2D materials, e.g., graphene [2],
and as the effective theory of the surface states of time-reversal
invariant 341-D topological insulators [3]. In fact, in the latter
two contexts alone, there have been thousands of articles in
the past decade that discuss the properties of this fermion
system.

The impetus for the intense focus on 24-1-D Dirac fermions
was the experimental discovery of graphene [2]. Years earlier
[4,5] it had been theoretically predicted that the electronic
band structure of graphene near the Fermi level would be
linear dispersing, gapless cones, i.e., massless Dirac fermions.
Indeed, the unique signature of the Dirac fermions was quickly
confirmed in quantum Hall measurements on graphene [2].
Graphene itself has four Dirac cones, two more than the mini-
mum of two required to satisfy the fermion doubling theorem
in 2+1-D systems with time-reversal invariance. This theorem
implies that a 24-1-D material with time-reversal symmetry
cannot harbor an odd number of gapless Dirac cones. Hence,
the system will have a semimetallic nature with an even
number of pointlike Fermi surfaces and is often referred to
as a topological Dirac semimetal (DSM). Remarkably, this
2-+1-D (semi)metal is relatively stable upon the requirement of
some additional constraints: (i) intercone scattering across the
Brillouin zone is suppressed (translation symmetry is sufficient
for noninteracting fermions), (ii) intracone gapping terms
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are forbidden (minimally we need the composite symmetry
of time reversal combined with inversion), and (iii) the
system does not form a superconductor (we need to preserve
U(1).). With these conditions the 2+1-D DSM forms a
robust topological semimetal phase. Interestingly, if we relax
condition (ii) then the system will form a gapped insulator but
will typically have an unusual electromagnetic response (e.g.,
a quantum anomalous Hall effect [6] or a charge polarization
[7D).

We can find examples of systems with an odd number of
massless Dirac cones as well. If we do not require time-reversal
symmetry then there exist 2+1-D lattice models which have
an odd number of Dirac cones, e.g., a Chern insulator model
tuned to the topological critical point represents such a system
[6]. On the other hand, there is another way to avoid the
Fermion doubling theorem while maintaining time reversal
(7). However, this requires something more drastic, i.e., we
can produce an odd number of 241-D Dirac cones, and
maintain 7, by considering the surface of a 3+1-D 7 -invariant
(electron) topological insulator (TT). The nontrivial Z, 3+1-
D topological phase is known to have an odd number of
massless Dirac cones on its surface with a characteristic
spin-momentum locking feature of the states on the Fermi
surface. Additionally, there must be at least one massless
Dirac cone located at a time-reversal invariant momentum in
the Brillouin zone. This is unlike the generic 24-1-D DSM
for which the Dirac cones can exist at arbitrary points in the
Brillouin zone [8]. It is well known that theories with an odd
number of 2+1-D massless Dirac cones typically exhibit the
parity anomaly [1], and there are usually subtle features that
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must be carefully examined when considering the properties
of such systems.

More recently there have been rapid developments in
understanding symmetry-protected topological (SPT) phases
with interactions [9-26]. One development in which we are
particularly interested is the prediction that there could be
bosonic analogs of the electron topological insulators. Some
examples are the bosonic integer quantum Hall effect (BIQHE)
[15,16,27-33] and the 3D 7 -invariant bosonic topological
insulator (BTI) [17,18,22,34]. The former is characterized by
its quantized Hall conductance, which must come in integer
multiples of 2¢?/h, while the latter is characterized by a
quantized magnetoelectric polarizability with a ® angle of
27 instead of the usual value of & for the nontrivial phase of
the electron topological insulator [35]. These bosonic phases
are not topologically ordered, but they are SPTs that require
interactions to exist; at zeroth order the interactions serve to
prevent the system of bosons from forming a trivial Bose
condensate.

Consider, for a moment, the 3+1-D BTI. In analogy to the
electron TI we expect the surface states to exhibit unusual
properties. Indeed, for one example, the surface theory can
exhibit an effectively 2+1-D 7 -breaking phase with a Hall
conductance of +¢?/ h which is forbidden for a purely 2+1-D
BIQHE phase. To understand the properties of this exotic
surface state several equivalent representations of the surface
theory have been given in the literature: (i) a network model of
quasi-1D strips that are arrayed to form a surface and coupled,
(ii) a dual description of the surface bosonic theory in terms
of dual vortices, and (iii) an effective field-theory description
in terms of the O(4) nonlinear sigma model (NLSM) with
a topological theta term with coefficient 6 = 7. All three of
these representations of the surface were discussed in Ref. [17].
The description in terms of the O(4) NLSM with 6 =  was
also discussed in Ref. [36]. Very recently, inspired by new
developments in the description of the electron TI surface
[37-39], a new dual description of the BTT surface in terms of
2 4+ 1-D quantum electrodynamics with two fermion flavors
(N = 2 QED3) was proposed [40]. This new dual description
was then derived in a coupled wires construction in Ref. [41].
When any one of these theories is tuned to criticality it
represents a surface state in a symmetry-preserving gapless
phase.

In this paper our goal is to develop a thorough understanding
of the surface of the 34+1-D BTI and then to subsequently
combine multiple copies of the theory to form a symmetry
preserving bosonic semimetal state that can exist intrinsically
in 24-1-D without breaking some requisite symmetries. This
type of semimetal represents the bosonic analog of a 2+1-D
DSM. We will present an effective theory for the bosonic
semimetal and explore in detail the requirements for its stabil-
ity, the resulting electromagnetic responses, and possibilities
for neighboring gapped phases with and without intrinsic
topological order. We then provide an explicit coupled wires
construction of this semimetal model.

Our paper is organized as follows: In Sec. II we give an
overview of our main results, and in Sec. III we review the
properties of the 2+1-D fermion Dirac semimetal. Next, in
Sec. IV, we review some properties of the surface theory of
the 3+1-D 7 -invariant BTI and provide additional results
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and a synthesis of previous work. In Sec. V we discuss our
effective theory for the 24-1-D bosonic semimetal built from
multiple copies of the bosonic TI surface states, including
the quasitopological electromagnetic response, and the sta-
bility/instabilities of this critical state. In Sec. VI we derive
a criterion for identifying a gapless semimetal phase from
the value of its polarization response. Finally, in Sec. VII
we provide the details of the appropriate wire bundles and
couplings to generate the bosonic semimetal using a coupled-
wire array. Following the conclusions we have a set of detailed
Appendixes that review some of the technical tools used in the
paper and also contain explicit derivations of some of our more
technical results.

II. MOTIVATION AND OVERVIEW OF RESULTS

In this section we provide additional background motiva-
tion, describe the logic behind our construction of a bosonic
analog of a topological DSM, and give an overview of our
results. Henceforth, we call such a system a bosonic semimetal
(BSM). Readers interested in the technical details of the paper
can refer to the specific sections for more information. As
mentioned above, the main goal of this paper is to construct a
model of gapless bosons in 241-D which shares many of the
properties of the minimal two-node DSM of free fermions
studied, for example, in Ref. [7]. The main properties we
will be interested in are: (1) the electromagnetic response
of the system to perturbations which break time-reversal or
inversion symmetry and (2) the perturbative stability of the
gapless, low-energy effective theory. As for any topological
semimetal, translation symmetry is an important ingredient as
it prevents any scattering processes between the different Dirac
or bosonic “cones” (which are generically located at different
points in momentum space). Indeed, in our BSM effective
theory, translation symmetry will forbid perturbations which
could drive the system into a gapped state with only a trivial
electromagnetic response.

Before we begin let us make a note about units. In this paper
we consider systems constructed from fermions or bosons
which all carry a single unit of electric charge e. For most
of the paper we work in units where e = 1 but will restore the

charge e in all final response formulas. We also take i = 1,

. 2 .
which means that the conductance quantum % = % in our

units. We always express Hall conductances in units of %

We start out in Sec. III by reviewing the continuum
description of the two-node DSM. We focus our review on the
time-reversal and inversion symmetry breaking electromag-
netic responses of the DSM and also the local (in momentum
space) stability of the Dirac cones in the DSM. If the DSM
is perturbed by gap-inducing terms that break 7 or Z then
the respective electromagnetic responses of the DSM take the
forms

2

L7 = :—ﬂe#”*AuavAA (2.12)

L= %GMMB”BUAA, (2.1b)

where A, is the potential for the external electromagnetic
field, and B, is another three-vector field whose meaning
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is as follows. The two Dirac cones of the DSM are located
at different points in the Brillouin zone with a wave-vector
difference of 2 B; [for simplicity we choose their locations to be
atky = £(B,,B,)], and the two cones are separated in energy
by an amount 2B,. The effective Lagrangian L7 represents
a 241-D quantum Hall response with a Hall conductance
of 1, while £; represents a charge polarization and orbital
magnetization response whose precise meaning was discussed
in Ref. [7] and which we review in Sec. VII. We note that we
have suppressed a sign in these terms that tracks the nature of
the inversion or time-reversal breaking.

Typically point-node semimetals are unstable in 2+1-D
unless extra symmetries are imposed. The stability of the
DSM is due in part to the translation symmetry of the system.
This symmetry prevents scattering processes between Dirac
cones at different locations in the Brillouin zone. The local
stability (in momentum space) of each Dirac cone in the DSM
(at the level of free fermions) is then guaranteed by U(1),
charge conservation symmetry and a composite symmetry
ZzT I consisting of a time-reversal transformation combined
with an inversion transformation. These two symmetries forbid
translation invariant terms which could gap out a single Dirac
cone independently of any of the others.

Having reviewed the DSM, we can make the following
observation about a minimal, two-cone DSM which directly
informs our construction of a BSM model. Since a single Dirac
cone is the surface theory for the 341-D electron topological
insulator (ETI) [3], the degrees of freedom in the two-node
DSM can be viewed as being constructed from two copies
of the ETI surface theory but with the two copies separated
in momentum space. We are therefore motivated to construct
a model for a BSM from two copies of the surface theory
for the 3D bosonic topological insulator (BTI) but with those
two copies also separated in momentum space. According to
Ref. [17], one representation of the surface theory of the BTI
is the O(4) NLSM with theta term and 6 = 7, and it is this
theory which we discuss next.

In Sec. IV we give a lengthy review of the properties of the
O(4)NLSM with 6 = m asitappears on the surface of the BTI.
There are two reasons for giving an extended discussion of the
BTI surface theory: (1) Understanding just one copy of this
theory is a prerequisite for understanding our BSM effective
theory, which consists of two copies of the surface theory,
and (2) we provide alternate derivations (and also proofs in
Appendixes B and C) for some of the properties of this model.
These discussions, and some additional results, lend further
support to many of the claims about this model that have
already appeared in the literature. In particular we provide an
extended discussion on the stability of the gapless nature of
the O(4) surface theory that we will require for our discussion
of the BSM theory.

To begin, we recall that the O (4) NLSM can be equivalently
formulated in terms of an SU(2) matrix field

U— by —b} 7
b, b}
where the components b; and b, are interpreted as representing

physical bosons on the surface of the BTI. As such, they
transform under the physical U(1), charge conservation

2.2)
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symmetry as b; — e'Xp; for I = 1,2 (in units where the
boson charge e = 1). This theory also has a time-reversal
symmetry Z7 under which b; and b, are separately invariant.
The action for this model includes the conventional NLSM
“kinetic energy” term, and the topological theta term,

SelU] =

/ d*x " r{(UT3,U)UT,UNUT3,U)] ,
(2.3)

where tr[- - -] is the usual trace operation. In the action, the
theta term is multiplied by a parameter 6, which is an angular
variable defined modulo 2. For the surface theory of the BTI
we have 0 = 7 [17].In Sec. IV we review the calculation of the
time-reversal breaking electromagnetic response of this theory
via its dual vortex description (developed in Refs. [17,42]) and
also discuss an alternate method for calculating this response
that confirms this result. We also comment on the relation
between the descriptions of the BTI surface used in this paper
and the recently proposed dual description of the BTI surface
in terms of N =2 QED; [40,41]. We then go on to give a
careful discussion of the effects that perturbations allowed by
the U (1), and ZZT symmetries have on the surface theory. These
perturbations were only discussed briefly in Ref. [17]. Finally,
we review the construction of the symmetry-preserving Z,
topologically ordered surface phase of the BTI which was first
derived in Ref. [17].

After all of this setup we are ready to introduce an
effective theory of the BSM. In Sec. V we introduce a system
with two copies of the O(4) NLSM with theta term. One
copy has 8 = m and the other copy has § = —m, and just
as in the case of the fermionic DSM, the two copies of
the O(4) NLSM are located at positions ky = +=(B,,B,) in
momentum space. In our description of the effective theory we
discern how charge conservation, translation, time-reversal,
and inversion symmetries act on the fields in the model,
and then compute the time-reversal and inversion breaking
electromagnetic responses analogous to those found in the
fermion DSM. We find that these responses also exist in the
BSM case and have exactly twice the value of the responses
in Eq. (2.1) for the free fermion DSM. This doubling of the
response for bosonic vs fermionic systems is similar to what
happens for the case of the ETI and BTI in 3D and also the
integer quantum Hall effects for fermions and bosons in 2D
[15,17].

We then go on to give a partial discussion of the stability
of our theory. We argue that the translation symmetry prevents
us from coupling one copy of the theory to the other copy
in order to drive the system into a trivial insulating state
and that the combined ZZT 7 symmetry ensures the stability
of each individual O(4) NLSM. Finally, we discuss some 2D
topologically ordered phases which can be accessed from our
BSM model by condensing suitable bound states of the vortices
in the theory. In particular, we find a phase with Z, x Z,
topological order which breaks either the time-reversal or the
inversion symmetry of the original BSM model. This phase is
essentially two copies of the Z, topologically ordered phase
found in Ref. [17] but in which the time-reversal and the
inversion symmetry of the BSM exchange the two copies.
We also discuss phases with Z, topological order which break
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either the inversion or the time-reversal symmetry of the BSM
model.

In Sec. VI we give a different perspective on the stability
of any semimetal phase by relating the gaplessness of the
semimetal to its polarization response. In particular, we con-
sider three broad classes of 2D gapped phases with translation
symmetry which can have a polarization response, and we
show that for these classes of gapped phases the polarization in
the x or y direction (in the presence of inversion symmetry) is
always of the form r 2670, where r € Q is a rational number and
ay is the lattice spacing. In addition, for each class of gapped
phase we are able to relate the number r to simple measurable
properties of that phase. A crucial point is that the three
classes of gapped phases that we consider are representative
of all gapped 2D phases with translation symmetry which
could be expected to exhibit a polarization response. Our
result then implies that a generic (i.e., nonrational) value of
the polarization in a system with translation symmetry, and
in particular a continuously tunable polarization, indicates a
gapless semimetal phase. This shows that the gaplessness of
the semimetal is directly related to its physically measurable
polarization response. Since this response is expected to be
reasonably robust, this also provides additional evidence for
the stability of the semimetal phase itself.

Finally, in Sec. VII we give an explicit construction of
the BSM model using an array of coupled 1D wires. This
construction is motivated by the fact that 2+41-D fermion
DSMs can be constructed out of arrays of coupled wires [7].
A building block for the simplest two-node DSM of fermions
is a wire with a single 14-1-D massless Dirac fermion. When
coupled, arrays of these wires may exhibit three related phases:
(i) if an array of these wires is dominated by an intrawire
topological tunneling term then the system becomes a 2+1-D
weak topological insulator that exhibits a charge polarization
parallel to the wires, (ii) if the array is dominated by an
interwire topological tunneling term then the array forms a
Chern insulator phase with an integer Hall conductivity of
+e?/ h, or (iii) if there is significant competition between an
intrawire and interwire tunneling there can be a parent critical
phase, i.e., a DSM, which is unstable to the formation of phase
(i) if time reversal is broken and unstable to phase (i) if the
Dirac nodes meet at the boundary of the Brillouin zone and
annihilate.

A key observation of this construction is that a wire with
a single 1+1-D Dirac fermion can be thought of as a narrow
strip of a oy, = e*/h integer quantum Hall system. Hence,
by analogy, we can immediately propose a 1+1-D bosonic
wire model to serve as the building block for a coupled-wire
construction of our 2+1-D BSM state: a narrow strip of the
BIQHE, which will contain the degrees of freedom from both
edges. An edge of the BIQHE can be described by an SU(2),
Wess-Zumino-Witten (WZW) conformal field theory (CFT)
[15,17], therefore our 1+1-D bosonic wires will consist of
two (time-reversed) copies of an SU(2); WZW theory. The
fields in each wire consist of bosons which carry charge 1
under the U (1), symmetry.

It has been known for some time that one copy of the
O(4) NLSM with 8 = 7 can be obtained from an array of
coupled wires in which each wire contains a single SU(2),
WZW theory [17,42,43]. After giving a brief review of this
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result, we then show how our BSM model can be derived
starting with 141-D bosonic wires containing two SU(2);
WZW theories. We construct interwire tunneling terms which
not only give the desired O(4) NLSM’s with theta angles &
and —, but also shift the two copies of the O(4) NLSM’s
to the locations ki = £(By,B,) in momentum space (our
specific construction gives the case with B, = 0). We then
show how to assign transformations under time-reversal and
inversion symmetry to the fields in the coupled wires model
so that the transformations of the fields in the BSM model
are recovered in the continuum limit. We conclude Sec. VII
with a discussion of the different physical interpretations of
the coupled wire constructions of the DSM and BSM models,
and we also indicate how inversion and time-reversal breaking
perturbations of the BSM model can be explored within its
quasi-1D coupled wire description.

In Appendix A we review the canonical quantization of the
O(4) NLSM and also work out the commutators for this theory
when expressed in terms of the constrained bosonic variables
by and b;. This information is used in Sec. IV to investigate the
effects of symmetry-allowed perturbations on the BTI surface
theory and also in Sec. V to discuss the stability of the BSM
model to symmetry-allowed perturbations. In Appendix B we
study a family of exact, finite energy vortex solutions to the
NLSM equations of motion, and we compute the quantum
numbers carried by global excitations in the background of a
single vortex. In particular, we are able to prove the result, first
argued for in Ref. [17], that the main effect of the theta term
in the O(4) NLSM is to attach a charge % of the boson b;
to vortices in the phase of b,, and vice versa. In Appendix C
we discuss the role of the theta term of the O(4) NLSM in
the Minkowski spacetime path integral of the theory. Finally,
in Appendix D we resolve an apparent paradox associated
with our alternative calculation, via auxiliary fermions, of the
time-reversal breaking electromagnetic response of the BTI
surface theory.

III. REVIEW OF THE FREE-FERMION DIRAC
SEMIMETAL

Before going into the details of our construction of a bosonic
analog of a Dirac semimetal (DSM), we first give a review
of the free fermion DSM for the simple case of two Dirac
points in the Brillouin zone. Our review closely follows the
discussion in Ref. [7], in which the electromagnetic responses
of various topological semimetals were derived. Specifically,
we discuss a square lattice model of a DSM, its symmetry
requirements, its low-energy description, the time-reversal and
inversion symmetry breaking electromagnetic responses of the
system, and finally the local stability of the Dirac nodes.
A particularly important point is that the local stability of
the DSM, which means the stability against perturbations
that can gap out individual Dirac cones, is guaranteed by
enforcing a composite symmetry Z7Z, whose action consists
of a time-reversal transformation composed with an inversion
transformation. This composite symmetry will also play an
important role in our bosonic semimetal model.

We also note here that the surface theory of the 3D electron
topological insulator (ETI) is a single Dirac fermion. We
may therefore view the simple two cone DSM as a theory
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constructed from similar degrees of freedom as two copies of
the surface theory of the 3D ETI (but with the two copies of
the theory having opposite helicity). This observation is the
motivation for our construction of a bosonic semimetal from
two copies of the surface theory of the 3D bosonic topological
insulator (BTI), which is an O(4) NLSM with theta term and
theta angle 6 = . We return to this point in later sections.

A. Lattice model of a DSM

We now describe a lattice model, discussed in more detail
in Ref. [7], which realizes a DSM phase for a certain range
of parameters. The model consists of two species/orbitals of
spinless fermions at half filling on the square lattice. We
therefore have a two-component complex fermion operator
Cn at each site n = (ny,ny,) of the square lattice. We take
the lattice spacing ap = 1. A number of symmetries play an
important role in this system. They are discrete translation
symmetry, U(1l). charge conservation symmetry, ZzT time-
reversal symmetry, and ZZI inversion symmetry. The fermions
carry charge 1, so they transform under U (1), as

U(l), : ¢y — €'%éy,

3.1

where x is a constant phase. The action of the time-reversal and
inversion symmetries on the fermions is given in terms of the
antiunitary operator 7 and the unitary operator Z, respectively.
We will specify the action of these operators on the complex
fermions after introducing the DSM model.

The Bloch Hamiltonian of this model takes the form

Hop(K) = sin(ky)o™ + (1 —m — cos(ky) — ¢, cos(ky))o®,
(3.2)

where o, a = x,y,z are the Pauli matrices acting on the orbital
space. The sin(k,) term represents a complex hopping for
fermions in the x direction, while the terms multiplying o*
represent a mass term as well as real hopping terms in the x
and y directions. This system has time-reversal and inversion
symmetry where 7 and Z act on the fermions as

Té,T ' = 0%, (3.3)

and

T~ = 0% . (3.4)

We see that both time-reversal and inversion symmetry act with
opposite signs on the two species of fermion. We note that the
inversion symmetry also negates the spatial coordinate, and 7°
is antiunitary.

The energies of the two bands of this model as a function
of k are given by

EK)y = j:\/sinz(kx) + (1 —m — cos(ky) — 1, cos(ky))>.
3.5)

When ¢, =0 and m = 0, this model has a band touching at
k. = 0 for any value of k,. However, for nonzero m and ¢, the
bands touch only at isolated points along the line k, = 0 in
the Brillouin zone. The location of these points is determined
by the ratio of m and ¢,. We focus our attention on the regime
of m > 0 but m <« 2 (at m = 2 the band touching moves to
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ky = m). In this regime the low-energy physics of this system
is completely described by two continuum Dirac Hamiltonians
obtained by linearizing around the two band touchings. These
band touchings are located at the points ki = (0,£B,) in the
Brillouin zone, where B, is the positive solution, in the first
Brillouin zone, to the equation m + ¢, cos(B,) = 0.

Performing a k - P expansion around ki we find the low-
energy Dirac Hamiltonians H4 (k)

Ho(K) = ko™ + 1, sin(By)(k, F B,)o~. (3.6)

We emphasize that these two low-energy Hamiltonians have
opposite signs on their k, terms. This means that the two
Dirac fermions which emerge at low energy in this model
have opposite helicity, i.e., the Berry phase for electrons on
the two Fermi surfaces when the chemical potential is tuned
away from the Dirac points have opposite signs. This form
of the low-energy Hamiltonian for each Dirac point leads us
directly to the continuum description of the DSM.

B. Continuum description of the DSM

For the continuum description of the DSM, we take as
our starting point an effective Hamiltonian for two continuum
Dirac fermions {4 and 1 with opposite helicity (which is
exactly what we found in the linearized Bloch Hamiltonian
for the DSM model). We then shift the zero in momentum in
the k, direction by B,. This leads to the Hamiltonian

HpsuK) =k I®0c" —I—kyO'Z Qo — ByH®O'Z, 3.7

where for simplicity we have taken ¢, sin(B,) = 1 to make the
dispersion of the Dirac cones isotropic. In position space the
original lattice fermions ¢, may be written at low energies in
terms of the two continuum Dirac fermions 4 and {5 as

-

C, ih B
a_n ~ Ya(x)e' B + rp(x)e B,
0

(3.8)

where X = (x,y) = (ncag,n,ap), and we have temporarily re-
stored the lattice spacing. Now we define the multicomponent
fermion operator ¥ = (¥ 4,v%5)” . One can show that Z and 7
acton W as

TUEI ' =0* @ c?W(—x) (3.9)

and

TUT '=6"®cW. (3.10)

In particular, these operators exchange ¥4 and ¥, i.e., they
each map fermions from one Dirac cone to the other.

At this point we may go ahead and generically allow for an
offset B, to the k, location of the Dirac points, as well as an
offset B, between the energies of the two Dirac points. This
leads to the effective Hamiltonian

Hpsu(k) =k I1® 0" — Byo° @ 0" +kyo* Q@ 0°
—BI®c" + Bo 1. 3.11)

To more clearly see the final structure we can pass to a
Lagrangian formulation of this system. The Lagrangian has
the form

L=ViJ+ A+ (0" DBV, (3.12)
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where we define the gamma matrices y° =1 ®o”, y! =
—il ®o%, and )/2 —io? ®o*, and where U = \IlTJ/O. We
have also employed the Feynman slash notation § = y*9,,
etc., and included minimal coupling to the external electro-
magnetic field A, connected to the U(1). symmetry.

C. Electromagnetic response of the DSM
We now briefly review the electromagnetic response of
the DSM to time-reversal and inversion symmetry breaking
perturbations. The two mass terms

S =I®0" (3.13)

Yr=0"®0c” (3.14)
are the only matrices that anticommute with the kinetic energy
terms of the DSM Hamiltonian in Eq. (3.11) and preserve
translation invariance (i.e., they do not couple ¥4 to ¥5, which
are located at different points in momentum space). The first
term X7 breaks inversion symmetry, while the second term
Y7 breaks time-reversal symmetry.

As shown in Ref. [7], perturbing the system with a term
—mX7 leads to the 2D electromagnetic response L7 from
Eqg. (2.1), i.e., it induces a quantum anomalous Hall effect
with Chern number/Hall conductance [6] oy, = +e?/h. On
the other hand, perturbing the system with —m X7 leads to
the quasi-1D electromagnetic response L7 from Eq. (2.1).
This response indicates that, when starting from the gapped,
inversion breaking phase and taking m — 0, the DSM limit
will have a charge polarization and/or orbital magnetization.
In fact, the response does not depend on the magnitude of m
at all, and the dependence on m enters only as a global sign
sgn(m) multiplying the response formula. Interestingly, this
second response term depends crucially on the properties of
the Dirac nodes, i.e., their relative positions in momentum and
energy.

D. Combined 7 Z symmetry ensures local stability
of the Dirac cones

We end this section with a quick comment about the stability
of the DSM. We saw in the previous section that the only mass
terms that we can add to Eq. (3.11) which are allowed by
translation symmetry are the terms X7 and X7. If we add only
one of these mass terms to the system then it will gap out both
of the Dirac cones. However, suppose we tried to add a linear
combination of these two mass terms. The two possible linear
combinations are

Ty =1 £ ). (3.15)

Adding just one of these terms would gap out either ¥4
(add ¥,) or ¥p (add X_). However, both of these terms
are forbidden by the composite symmetry 7 Z. Therefore, the
local stability of the Dirac cones is guaranteed by the combined
time-reversal times inversion symmetry 7 Z [44]. If we enforce
this symmetry, then it is impossible to gap out one of the Dirac
cones independently of the other cone, and hence they can only
be removed if they are perturbed enough to collide with each
other in momentum space. This means that with translation
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77 and U(1), preserved the DSM is a (perturbatively) stable
2-+1-D semimetal phase.

IV. THE SURFACE THEORY OF THE BOSONIC
TOPOLOGICAL INSULATOR

In this section we review, and also clarify some aspects
of, the surface theory of the 3+1-D BTI. Since our BSM
model is constructed from two copies of the surface theory of
the BTI, it is essential that we discuss this theory in detail.
The surface theory of the BTI was first derived in Ref. [17],
where it was obtained from a network model constructed from
coupled edge theories of the BIQH state (we briefly discuss this
network model in Sec. VII). The authors of Ref. [17] then used
this theory, as well as a dual vortex description of the theory,
to derive many possible surface phases for the BTI. These
different possible surface phases were further investigated and
clarified in Ref. [18] which utilized monopole configurations
of the external gauge field to probe the properties of the various
phases.

In this section we provide a detailed account of the surface
theory of the BTI, which is equivalent to an O(4) NLSM with
theta term and theta angle 6 = . We first discuss the basic
properties of this theory and also the transformations of the
O (4) field under the physical symmetry group of the BTI. We
then give a summary of the dual description of the theory but
from a different point of view than the one given in Ref. [17].
We then show how the time-reversal symmetry breaking
electromagnetic response of the BTI surface can be obtained
from the dual description. We also describe an alternative
method for calculating the electromagnetic response of the
theory. This method uses a well-known formula derived by
Abanov and Wiegmann in Ref. [45], which allows one to
write the original O(4) NLSM as a path integral over a set of
auxiliary fermions which couple to the O(4) field. Since the
O(4) NLSM is such a difficult system to study, having two
different methods for calculating the response which give the
same answer is strong corroborating evidence. We next discuss
the stability of the gapless theory. In particular, we carefully
study the effects of symmetry-allowed perturbations, some of
which were briefly discussed in Ref. [17]. Finally, we end
the section with a brief review of the symmetry-preserving,
topologically ordered surface phase for the BTI proposed in
Ref. [17]. After all of this is complete we will be ready to
discuss the properties of the bosonic semimetal state.

A. The O(4) NLSM with theta term

In this subsection we review the description of the sur-
face of the bosonic topological insulator (BTI) in terms of
one 2+1-D O(4) nonlinear sigma model (NLSM) with a
topological theta term having 6 = . The O(4) NLSM field
N = (N',N2,N3,N%) is a real-valued unit vector field (i.e.,
N -N = 1). The action for this theory with a general theta
angle takes the form

S— / &x é(aMNf')(aﬂN“)—ese[N], @.1)
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where we sum over all repeated indices (u =f,x,y and
a = 1,2,3,4), and the theta term is

Sy[N] =

o / d*x € €apea N3, N 9, N0, N*. (4.2)

The coefficient g is a positive coupling constant. Small g
favors an ordered phase in which N is constant everywhere in
spacetime, while large g favors a disordered phase. The theta
term only plays a role in the disordered phase, so we assume
that we are working in the large g regime.

For the description of the surface of the BTI, it is more
convenient to use a formulation of the O(4) NLSM in terms
of an SU(2) matrix U which is related to the unit vector N via
U=NT+ 22:, iN“%c“. In terms of U the action takes the
form

1
S = /d3x 2—tr[8“UTE)MU] — 0S,[U], (4.3)
g
where now
SplU] = / d*x " a[(UT8,U)U T, UNUTR U],
2472

4.4)

and tr[...] denotes the usual trace operation for matrices. In
this form, the O (4) NLSM is also known as the SU (2) principal
chiral nonlinear sigma model (PCNLSM).

The renormalization group (RG) flows of general SU(N)
PCNLSM’s in the (g,6) plane were studied qualitatively in
Ref. [46]. In that paper the authors argued that the theory with
0 = m could either be gapless or have a degenerate ground
state. In the gapless case they predicted an RG fixed point at
0 = m and g = g* for some finite g*, while for the degenerate
case they predicted that g flows off to positive infinity. In
this paper we focus only on the first possibility of a gapless
theory. We might also suspect that the O(4) NLSM at 6 =
is gapless on the grounds that its lower dimensional cousin,
the O(3) NLSM with 6 = 7, was also shown to be gapless in
Ref. [47].

For the description of the BTI surface, one writes U in
terms of two complex fields b; and b, as

U— <b1 —b;‘)’
b, b}
where b; and b, are subject to the constraint Z?:l |b,|2 =1,
which is equivalent to the original constraint N - N = 1 of the
O(4) NLSM. We should think of b; and b, as representing the
physical bosonic degrees of freedom on the surface of the BTI,
and so we will refer to b;, I = 1,2, as “bosonic fields” for the
rest of the paper. Using these fields we see that the O (4) NLSM
can be viewed as being essentially a theory of two complex
scalar fields b; and b,, however, these fields interact with each
other due to (i) the constraint ), |b; |> =1 and (ii) the theta
term Sy[U].
The BTI is a gapped bosonic phase of matter protected by
U(1). charge conservation symmetry and ZZT time-reversal
symmetry. Under these symmetries the bosonic fields by

4.5)
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transform as

U : by — €Xb; (4.6)

ZT bi(t,x) — bi(—t1,x), 4.7)

for I = 1,2, where x = (x,y) denotes the spatial coordinates.
These transformations give the total symmetry group the
structure U(1). % Z;[ , where the semidirect product “x”
indicates that the U(1). and ZzT transformations do not
commute with each other. As we explain in the next few
paragraphs, the O(4) NLSM theory with a theta term only
possesses this time-reversal symmetry when 6 is an integer
multiple of .

To see why the only time-reversal symmetric values of 6 are
6 = nmw, n € Z, we first make a transformation to Euclidean
spacetime. Euclidean time is defined by 7 = iz, and the theta
term in Euclidean spacetime has the form

i
1272

Sp.e[N] = — / d*xg € €upeg N9, N3, N9, N,

(4.8)

where d®xr = dtd*x is the integration measure for Euclidean
spacetime, and now u,v,A = t,x,y. The theta term is now
imaginary, which means that e~?%.£INl appears as a phase
factor in the Euclidean path integral. Under a time-reversal
transformation we sendt — —¢,i — —i (since this symmetry
is antiunitary), and b;(t,x) — b;(—t,x). Since v = if, T is
invariant under this transformation. Therefore we find that
under time reversal Sy g[N] — —Sp,£[N] [48].

If we impose boundary conditions on N such that N tends to
afixed configuration Ny at infinity in all directions of Euclidean
spacetime, then we may identify Euclidean spacetime with the
sphere S3. The sphere S is also the configuration space for
the O(4) NLSM, so in this situation the theta term becomes
quantized,

1
1272

/ d*xp € €upeaN 9, NP3, N N' =n; € Z,

4.9)

where n; is the instanton number of the field configuration N.
The quantization of this integral follows from the homotopy
group m3(S%) = Z. In fact, the theta term is just the pull-
back to spacetime of the volume form on S°. Since Euclidean
spacetime (with the boundary conditions discussed above) is
just another copy of 3, the integral is required to be an integer,
which just counts the number of times that the spacetime $°
wraps around the configuration space (also S3) of the O(4)
NLSM field N.

In the Euclidean path integral, the theta term appears in an
exponential, e 755Nl = 1% wwhich shows that the parameter
0 is only defined modulo 27r. We have already seen that a time-
reversal transformation sends 8 — —@. It is then immediate
to see that the only time-reversal symmetric values of 6 are
6 = nm,n € Z, since it is only these values of 6 which satisfy

= —60 mod 2r. It was shown in Ref. [17] that the gapless
surface termination of the BT is described by the O (4) NLSM
with & = 7, and hence preserves time-reversal symmetry.

Another comment can be made about the interpretation of
the theta term in Euclidean spacetime. It was shown in Ref. [42]
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that the one-instanton configuration of the O(4) field N can be
re-interpreted in terms of vortex configurations of the bosonic
fields b; and b,. Recall that a vortex of the field b; is a point
in space around which the phase of b; winds by 27. In 2+1-D
the spacetime trajectory, or worldline, of a vortex is just a line
(or curve) in spacetime. In Euclidean spacetime (compactified
to the sphere S* via appropriate boundary conditions), the
worldlines of vortices become closed loops. In Ref. [42] it was
shown that the one-instanton configuration of the field N is
equivalent to a linking configuration in which the worldline
of a vortex in the phase of b; links exactly once with a
worldline of a vortex in the phase of b,. Since this configuration
contributes a phase of ¢/’ to the Euclidean path integral, the
authors of Ref. [42] interpreted this to mean that a vortex in
by and a vortex in b, have a mutual statistical angle of 6.
This means that a braiding process in which a vortex in b
makes a complete circuit around a vortex in b, should result
in an overall phase factor ¢’® for the wave functional of the
quantum field theory. This result was then used in Ref. [17]
to deduce a topologically ordered surface phase for the BT
We will review this topologically ordered phase at the end
of this section. We remark in passing that similar arguments
were also used in Ref. [49] to deduce the braiding statistics of
particle and looplike excitations in gauged SPT phases from
their description in terms of NLSM’s with theta term.

It is clear from the discussion in the preceding paragraphs
that the theta term plays an important role in the physics of the
O(4) NLSM. However, in this section we relied extensively
on the interpretation of the theta term in Euclidean spacetime
to understand its special properties. To better understand the
quantum mechanics of the O(4) NLSM with theta term, it
is desirable to understand the role the theta term plays in the
Minkowksi spacetime path integral. In Appendix C we explain
the precise interpretation of the theta term in Minkowksi
spacetime and show that the theta term does indeed contribute
a phase e’? to the path integral for configurations of the O(4)
field in which a vortex in the boson b, makes a complete circuit
around a vortex in b;. This result confirms the interpretation
of the theta term given by Senthil and Fisher in Ref. [42],
which was based on an analysis of the theory in Euclidean
spacetime. In addition, following an argument from Ref. [50],
this result implies that a bound state of a vortex in b; and a

vortex in b, carries intrinsic angular momentum J = . At

2 *
6 = we have J = %, which means that the vortex bound

state is a fermion, as was discussed in Ref. [17].

B. Time-reversal breaking response

In this section we discuss the calculation of the time-
reversal breaking electromagnetic response of the O (4) NLSM
with & = . This response is in principle obtained by coupling
the NLSM to the external electromagnetic field A, turning on
a small time-reversal breaking perturbation, integrating out
the matter fields b; and b,, and then setting the time-reversal
breaking perturbation to zero. In practice, however, it is very
difficult to integrate out the NLSM field directly, and so we
make use of two alternative and completely different methods
for calculating the time-reversal breaking response of the
theory. The fact that these two methods give the same answer
strongly suggests that the answer is the correct one, even
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though it has not, as yet, been checked with a direct calculation
in the O(4) NLSM.

1. Method 1: Dual vortex description

The first method for calculating the time-reversal breaking
response of the BTI surface is to use the dual vortex description
of the O(4) NLSM which becomes possible at the special
value of & = m. This dual vortex description was first obtained
in Ref. [42] using a lattice formulation of the theory. The
continuum version of this dual vortex theory was then used
extensively in Ref. [17] to study the possible surface phases of
the BTI. In this section we give areview of this dual description
from an alternative perspective that is complementary to that
given in Refs. [17,42].

We have already explained how the O(4) NLSM can be
regarded as a theory of two complex scalar fields b; and b,
subject to the constraint ), |b;|> = 1. This constraint has a
strong effect on the physics of vortices in the fields b; and b;.
Recall that a vortex in the field b; is a point in space around
which the phase of b; winds by 2. At such a point the phase
of b; is undefined, and so the amplitude of »; must vanish at
that point. However, since the fields b; and b, are subject to
the constraint discussed above, this means that in the core of
a vortex in by we have |b,| = 1. This indicates that vortices in
b, can trap charge of b, and vice versa. In fact, in Minkowski
spacetime the main effect of the theta term is to attach charge
% of boson b; to vortices in b, and vice versa. A heuristic
argument for this effect was given in Ref. [17]. In Appendix B
we prove this result explicitly by computing the charges of
global excitations on the background of certain exact vortex
solutions of the NLSM equations of motion.

We first give a short review of the dual vortex description
of the theory of an ordinary charged scalar field in 241-D and
refer the reader to Ref. [51] for a more detailed description of
this technique. Consider first an ordinary complex scalar field
b, with a Lagrangian of the form

. 2z A
EZK@ﬂﬂAMMZ—EWP—Zwﬁ+.”.(4M)

For later convenience we write b in a density phase represen-
tation as b = pe'”. When p < O this system has a symmetry-
broken ground state in which p = p = «/—_% and the phase
of b is locked to a particular value (thus spontaneously
breaking the original U(1). symmetry under b — ¢'Xb). The
low-energy excitations about this ground state are the gapless
fluctuations of the phase ¢ of b (the Goldstone modes), which
are described by
L=7p00— A0 +.... 4.11)
The fluctuations ¢ consist of two parts, ¢ = 9° + 9". The
smooth part 9° consists of small fluctuations around the fixed
vacuum value of . The second part ¥V consists of vortices
in which the phase winds by some multiple of 27 around the
vacuum manifold (i.e., the circle defined by |b| = p).
In the usual boson-vortex duality a sequence of transfor-
mations is now applied to the Lagrangian Eq. (4.11) (more
precisely, these transformations are applied to the path integral)
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to obtain a final Lagrangian of the form
. 2 B Aoy
L= (0, — i)l _E|¢| —Z|¢| +...

2
- é(%e“”*avo&) - %e““m,‘ava» 4.12)
This expression features two new fields: the gauge field «,,
and the complex scalar field ¢. The field ¢, is a noncompact
gauge field which is introduced to represent the conserved
number current J# of the original bosons b via the equation
Jh = %e“”* d,0,.. Noncompactness of «, is just the statement
that e#* 0,0y, = 0, which guarantees the conservation of J#.
The excitations of the complex scalar field ¢ represent vortices
in the phase of the original boson b. The vortex current of b,
defined by K* = %e’“’*av 9, 0", is given in this representation
by the number current of ¢ as K* = i(¢ 0*¢p* — ¢p*9"¢) (in
other words, the U(1) charge of ¢ is the vortex number). We
have also included a number of potential energy terms which
could appear in the action for the vortex field ¢.

We now apply this technique to the boson b, in the O(4)
NLSM while leaving b; untransformed (a nearly identical
discussion can be had if one chooses to dualize b, and leave b,
fixed instead). We therefore define a complex scalar field ¢,
which creates a vortex in the phase of b,. From the discussion
earlier in this section, and the results of Appendix B, ¢, +
carries charge % under the U(1), symmetry. We represent
the conserved number current J,' of b, using the noncompact
gauge field o .

At this point, the dual vortex description of the O(4) NLSM
with general angle 6 takes the form

2

1 . . .0
L= §|(8ﬂ — ZAM)bllz‘i“ (E)M—laz,u — lEAll-)qu-‘F +...

1 S|
——(—6"")‘3”0{2,,\> — —€"" A, 8,00, (4.13)
2

where the ellipses stand for possible potential energy terms.
The field ¢, .. carries charge of both the dual gauge field a5 ,
and the external field A ,. The theta term is entirely responsible
for the coupling of ¢, to A,. Finally, the constant «, is
given by k, = %, where p, is the absolute value of b, in the
condensed phase.

Interestingly, exactly at the special value 8 = m, it becomes
possible to replace our description of the theory in terms of
by and ¢, with a much more symmetric dual description
in terms of two types of vortices ¢,y and ¢, _, as we now
explain. At 6 = m, the vortex ¢, 4 carries charge % of boson
b,. In this case the composite field

¢ = ¢ b}
1

carries charge —5 of boson b, (note that we are using * to
represent antiparticles). The field ¢, _ can be understood as
a vortex-anti-boson bound state, and at & = 7 it is a natural
object to consider because of the fact that it carries the same
magnitude of charge as the original vortex ¢, 4 (note that we
can always define ¢, _ in this way for any value of 6, but this
field only transforms nicely under the symmetries of the theory
when 6 = ).

4.14)
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Further justification for the introduction of the field ¢, _
can be obtained by recalling that at the special value 6 = 7,
the time-reversal symmetry of the O(4) NLSM is restored.
It follows that the vortex ¢, ; should have a well-defined
transformation under time reversal when 6 = . Vortices
should transform into antivortices under the action of time
reversal, since time reversal is an antiunitary symmetry. On
the other hand, the time-reversal partner of ¢, ; should have
the same U (1), charge as ¢, . in order to preserve the structure
of the symmetry group of the BTI. It turns out that ¢ _ has
just the right properties to be the partner of ¢, under the
time-reversal operation.

We see then that at the special value 6 = m, the dual
description of the O(4) NLSM is given most naturally in terms
of the two-component vortex field @, = (¢ 4 ,¢». )T, which
transforms under the U(1), and Z;[ symmetries according to

U(l)c : CDZ — e'2° q>2
ZZT : Py(t,x) > 0F D3 (—1,X).

(4.15)
(4.16)

In terms of the pair of vortex fields making up ®,, the final
dual action takes the form

s 2
L = Z‘(au—iaz,u—izAﬂ>¢2,s + ...
s=%

- — —1 E“U)‘B(XZ;L 2——1 G'uV)LA 30(2)\
ve2, 2 nlveR2 A,

where again the ellipses stand for possible potential energy
terms. Note that the two species of vortex carry the same
charge of «, , but opposite charge of A,,.

As stated in Ref. [17], the original boson field b, is now
represented approximately by

by =5 _,

i.e., it is a bound state of a vortex (¢, +) and an antivortex
(¢5 _). We should, however, take a moment to consider this
eqliation carefully. Interestingly, the two sides of this equation
do not have the same dimensions. The field b; is dimensionless,
while the complex scalar fields ¢,  and ¢, _ carry dimensions

(4.18)

1
of (length)™ 2 [this is true because the vortex current K* has
dimensions of (length)=2]. A more precise version of this
equation would be to write

by~ g 2403 _,

where g is the NLSM coupling which has units of length and
where an arbitrary dimensionless constant could be included
on the right-hand side of this equation.

The time-reversal breaking response of the O(4) NLSM
at 0 =  can now be explored using the dual description in
Eq. (4.17). A gapped, time-reversal breaking phase is realized
when, for example, ¢, ; condenses and ¢, _ becomes gapped,
or vice versa. In order to induce this phase, one needs to include
in Eq. (4.17) a potential energy of the form

(4.19)

V(@) = udlo @+ ayldo [t + 2 |da_|*,  (420)
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where AL are both positive. The choice of which vortex
condenses and which is gapped depends on the sign of u. Note
that the term <I>£<7Z ® explicitly breaks time-reversal symmetry.

When ¢, condenses and ¢, _ is gapped, we may (at
low energies) set ¢, =0 and ¢, = const. to find that
the minimum energy configuration is realized when «; , =
_%Aw which yields the response

2

Lo = :—ne’”AAMBVAA, 4.21)

where we have restored the charge e. This response yields a

“half” bosonic quantum Hall effect with o, = 4 2hiz If we had
instead condensed ¢, _ and gapped out ¢, ;, we would have
found the same response but with the opposite sign.

2. Method 2: Abanov-Wiegmann integration over fermions

The second method for calculating the time-reversal break-
ing response of the BTI surface uses a formula due to Abanov
and Wiegmann [45] which allows one to express the O(4)
NLSM with theta term as a path integral over a set of auxiliary
fermions. The fermions in this construction must also carry
charge under the physical U (1), symmetry, so we can directly
couple the fermions to the U(1). gauge field A, and then
integrate out the fermions to deduce the electromagnetic
response of the system. A similar approach was used recently
in Ref. [52] to calculate the electromagnetic response of a
bosonic integer quantum Hall state in 4+41-D.

The starting point for this construction is a multicomponent
fermionic field W = (Y1,v»,¥3,%4)T, where each of v,
a = 1,2,3,4, is a two-component Dirac fermion in 2+1-D. In
what follows we use tensor product notation in order to treat
spinor and “isospace” indices on equal footing. All indices
are traced over in the evaluation of the fermion path integral.
The rightmost 2 x 2 matrix in the tensor products acts on the
spinor indices of v, while the left and middle matrices in the
tensor products act on the isospace indices.

We define two sets of gamma matrices y* and I'* by

VW=I®Il®ds’ (4.222)
y'=-il®l®o* (4.22b)
Y =ill®o", (4.22¢)
and
MN=o"c*Ql (4.23a)
M=0"®c*QI (4.23b)
MP=0'Qo"QI (4.23¢c)
M“=IQ¢’ ®I, (4.234d)

where I is the 2 x 2 identity matrix. In this case we can also
define a fifth matrix for the second set,

P=Ic @l (4.24)

The first set of gamma matrices obey a Clifford Algebra
in Lorentz signature, {y*,y"} = 2n""Ig«s, and are used to
construct the derivative operator for the Dirac action. The
second set obeys a Euclidean Clifford Algebra, {I'*,T'?} =
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28%Tg,g, and is used to construct the mass terms which couple
W to the O(4) field N.
According to Ref. [45], a fermionic action of the form

4
L= \il(i(zf — cos(V)MT? — sin(v)MZN“F”)lll,
a=1

(4.25)

with large mass M > 0 will produce, after integration over the
fermions, an O(4) NLSM of the form of Eq. (4.1) with the
theta angle given by
0 = (1 — 3 cos(v) + § cos(3v)). (4.26)

Taking v = 7 gives @ = 7. The evaluation of this fermion path
integral is not completely straightforward, and so we refer the
reader to Ref. [45] as well as Ref. [53] for explanations of this
calculation.

If we set v = % — § for small 8, then the action takes the
form

4
L;=0 (ia — (MO =M Y N“F”)\If. 4.27)

a=1

Since the only time-reversal invariant values of 6 are multiples
of 7, this corresponds to adding a small time-reversal breaking
perturbation to the action [we would now get 0 ~ (1 — %8)
after integrating out the fermions]. We now calculate the
response of the theory in the presence of this perturbation
and then take the limit 6 — O.

Before we proceed with the calculation, we mention the
following puzzle. The calculation in Ref. [45] is controlled
by an expansion in powers of M~!, so we must take M to
be large for this expansion to make sense. On the other hand,
the coupling constant g of the O(4) NLSM is related to M
via a formula of the form M o 1/g. For M large we seem
to obtain an O(4) NLSM in the ordered (small g) phase,
whereas we are interested in studying the disordered (large g)
phase. It is therefore not immediately clear why the calculation
in this subsection agrees with the response calculation of
Ref. [17] using the dual vortex theory, which we reviewed in
the previous subsection. We resolve this puzzle in Appendix D,
where we use the Abanov-Wiegmann formula to argue that
the theory S; = [d*x i¥gW of four massless fermions ¥,
must possess exactly the same topological response as the
original O(4) NLSM at 6 = 7. In the rest of this section we
will therefore calculate the response of the fermions v, to the
time-reversal breaking mass term —(M8)WI>W. According
to the arguments in Appendix D, this response (or at least its
topological part), should be identical to the response of the
O@A)NLSM at0 = x.

Before we can do this we need to determine the charges g,
of the four Dirac fermions ,,. These charges should be chosen
so that the coupling term 22=1 N®UTVY is invariant under
the U (1), symmetry. Each fermion v, is assumed to transform
as

U(l), : Yy — €94y, (4.28)
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The transformation of the O (4) field under the U (1), symmetry
was described in Eq. (4.6). Using the relation

by = N*+iN? (4.29)

by, = —N>+iN!', (4.30)

and the explicit form of the matrices I'*, we find that in order
for the term Zi=1 NPT to be invariant under U(1),, the
charges g, must satisfy the matrix equation

-1 0 0 1\ /q 1
0 -1 1 o]fqe] [1
11 0o ol|lgal={=] ©3D
0 0 -1 1) \g 1

This matrix has a null vector (1,1,1,1)7, so the solution of
the system is not unique. One possible way to parametrize a
general solution is

q1 q )

@) _|-1+q] (4.32)
q3 q

q4 1+4g

where the parameter g is completely arbitrary because of the
nonuniqueness of the solution. In what follows, we keep g to
be some arbitrary number. Importantly, when we calculate a
physical quantity pertaining to the O(4) NLSM we will see
that the answer is independent of g.

We now define the diagonal matrix of charges Q =
diag(q1,92,93,94) ® 1, given explicitly by

0=gIQI®I+1i(c°®c*®I-0°QIR®I), (4.33)

(note that it acts as the identity on the spinor indices of the
fermions) and then use this matrix to couple W to A, to obtain
the action

4
['f,gauge = \i»’(la - (MS)FS — MZN“F” + QA) v,
a=1

(4.34)

We now integrate out the fermions and collect the lowest order
terms in derivatives involving only A,, because those terms
will give the dominant contribution to the electromagnetic
response. For completeness we give a basic outline of this
calculation below.

Since we are currently only interested in the electromag-
netic response of the fermions, we set N = 0 for the response
calculation. Integrating out W then gives

Seir[A,] = —i Indet(id — (MO + QA)
= —iTrln (i — (M + 04),

where Tr[...] indicates a trace over spacetime, spinor, and
isospace indices. We now write

Set[A,] = —iTrInG§ — (MS)I)
—iTrIn[l + G§ — MHTH'(QA)], (4.36)
In(1 4+x) =

(4.35)

and expand the second term

Yl

using
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Here is a technical point. The effective action we wrote
down is divergent for § — 0. Therefore a procedure is needed
to define the effective action for § = 0. Let us indicate the
dependence of the effective action on § by writing it as
Seir[A,0]. We follow Ref. [1] and define the renormalized
effective action at § = 0 by

SHeLAL.0] = Serr[A,,0] — aliglo Serr[Ay,8]. (4.37)
The second term in this expression also has a divergent term
which cancels the divergence from the first term. Now as
8 — oo, the second term gives a finite contribution, which
is a Chern-Simons term. We find that

1 sgn(d) ;
SerrlAu,01 = Etr,[QZFS]i—ﬂ / dPx e A0, A,
(4.38)

where tr;[. .. ] denotes a trace over isospace indices only (the
trace over spacetime and spinor indices has already been
performed). Since 1tr;[Q*I'°] = —1, the final response is
given by
&2

LR = —sgn(a)aeﬂ“m”avm, (4.39)
where we have restored the charge e. The answer depends on
sgn(8) and not sgn(6 M) because the mass M is assumed pos-
itive in the Abanov-Wiegmann method. Note that the result is
independent of g (the arbitrary offset to the charges of the four
fermions ,), which is expected because we have calculated
a physical quantity related to the O(4) NLSM at6 = 7.

C. Connection to the dual description of the BTI surface
in terms of N = 2 QED;

In this section we briefly comment on the relationship
between the descriptions of the BTI surface theory discussed
above: (i) the dual vortex description, (ii) the description in
terms of Abanov-Wiegmann fermions, and (iii) the recently
proposed dual description of the BT surface in terms of 2 + 1-
D quantum electrodynamics with two flavors of Dirac fermion,
also known as N = 2 QED; [40] (a quasi- 1D derivation of this
dual description was later given in Ref. [41]).

Before writing down the dual description of Ref. [40],
we first remind the reader that in their original study of
the BTI in Ref. [17], Vishwanath and Senthil assigned an
additional “pseudospin” quantum number to the bosons b and
b, for convenience, with b, carrying spin 1 and b, carrying
spin —1. We refer to the U(1) symmetry associated with
pseudospin conservation as U(1),. Under this symmetry the
bosons transform as

U(l) : by — by, (4.40a)
by — e éb,. (4.40b)

The fermions in the N =2 QEDj; description of the BTI
surface are charged under this U(1); symmetry.

The N = 2 QED; description of the BTI surface consists
of two flavors of Dirac fermions, x; and x,, which can
be combined into one multicomponent spinor X = (x1,x2)" .
These fermions do not carry any U(1). charge, but y; carries
spin 1 while y, carries spin —1. The time-reversal symmetry
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TABLE I. Charges and spins of the composite vortices of the
form ¢, ¢, .. As was discussed in Ref. [17], and as we show in
Appendix C, a bound state of a vortex in b; and a vortex in b, is a
fermion.

D1 +P2.+ O1,+P2.— O1, -2 4 D12 -
q 1 0 0 -1
K 0 —1 1 0

of the BTT acts on X like a particle-hole transformation. Both
fermions also carry charge 1 of a dual noncompact gauge field
a,,, whose curl represents the total number current J/,, of the
bosons on the BTI surface via J),, = 5-€*"*0,a;. The dual

2
Lagrangian takes the form
L=XAI®y"d, + (0" ®@y"A;, + T ® y"e)X

1 X
- —e’“’AALBUa,\,

o (4.41)

where y* are the usual 2 x 2 gamma matrices for 2 + 1
dimensional Dirac fermions [e.g., the matrices from Eq. (4.22)
without the additional identity matrices in the tensor product],
X =XT®y%, Af, is the external electromagnetic field
(denoted simply by “A,,” in the other sections of this paper),
and Aj is a new external U(1) gauge field which probes the
U(1); symmetry.

We now speculate on the relation between the fermions
x1 and x», the vortices ¢ + and ¢, + from the dual vortex
description of the BTI surface, and the four Abanov-Wiegmann
fermions ,. Out of the four vortices ¢; 1+ and ¢, 1, we may
form four composite vortices ¢; 1+ ¢, + by taking every possible
combination of “4” and “—” vortices of species 1 and 2.
As discussed in Ref. [17], and as we show in Appendix C,
when 6 = 7 a bound state of a vortex in b; and a vortex in
b, is a fermion. This means that the four composite vortices
@1.+¢>.+ are in fact fermions. The charges and spins of these
four composite vortices can be easily determined, and they are
shown in Table 1. The spins s, of the four Abanov-Wiegmann
fermions ¥, can also be calculated, using the same method
used to determine their charges ¢, (just like the charges, the
spins are also determined only up to an arbitrary offset §, which
we ignore here). The charges and spins of the four Abanov-
Wiegmann fermions are shown in Table II. Interestingly, each
composite vortex has precisely the same charge and spin as
one of the Abanov-Wiegmann fermions.

Since the composite vortices have precisely the same
charges and spins as the Abanov-Wiegmann fermions, and
since the composite vortices in the O(4) NLSM at 6 = 7 are
known to be fermions, we conjecture that these objects should

TABLE 1I. Charges and spins of the fermions 1, used in
the Abanov-Wiegmann formula for the O(4) NLSM (ignoring the
arbitrary offsets g and § discussed in the main text).

¥ /) Y3 Yy
q 0 -1 0 1
K 1 0 -1 0
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be identified with each other. Furthermore, we propose that
the fermions x; and x, from the N =2 QED; description
can be identified with ¥r; and 3, respectively, which in turn
correspond to the composite vortices ¢ _¢» 4 and ¢ ¢ .
The particle-hole-like transformation of x; and y, under time
reversal then follows immediately from the transformations of
the vortices under time reversal. Also, since the individual
vortices ¢+ couple to the noncompact gauge fields oy ,,
where the conserved current of boson b; is given by J;' =
%e“”* d,0 ., the composite vortices are coupled to the total
gauge field o, = o, + o, whose curl represents the total
boson number current. This is the exact same gauge field which
x1and x> couple tointhe N = 2 QEDj; description. It would be
an interesting challenge for future investigations to provide a
derivation of the N = 2 QED; description of the BTI surface
directly from the description in terms of an O(4) NLSM at
6 = . Such a derivation would provide the details necessary
to support the picture we have presented here.

D. Symmetry-breaking phases accessible from the dual theory

In this section we will complete our discussion, following
Ref. [17], of the symmetry-breaking phases of the surface of
the BTI which are accessible from the dual vortex description
of the O(4) NLSM at § = w. We have already seen that
condensing just one vortex, say ¢, 4, and gapping out the other
one leads to a phase which breaks time-reversal symmetry. In
that case it was necessary to add the time-reversal breaking
term CDEO'Z @, to the Lagrangian to simultaneously gap out
one vortex and force the other vortex to condense.

There are two other basic options for condensing and/or
gapping out the vortices in the dual theory. These options are:
(i) condense both vortices and (ii) gap both vortices. Both
options lead to a superfluid phase which can be understood
as a phase in which one of the original fields b; or b,
condenses. To identify which boson is condensing in each
case, it is convenient to separately gauge the U (1) symmetries
corresponding to b; — e'Xb; and b, — e'Xb,. We couple b,
to the external field Ay, and b, to the external field A, ;. In
this case the dual theory takes the form (recall that ¢, 4 carry
charge :I:% of the boson b;)

>
s=%

1 1
A 2 VA
— — (" 0yp;)" — —€" Ay 0,00 5.
K> 2

2
+...

N
(E)M - 1.05241_ — iaAl’M>¢2'S

(4.42)

Consider first the phase obtained by condensing both ¢, 4
and ¢, _. To be precise, we consider the condensation (¢, ) =
(¢2.—)* = v, which does not break Z;[. In this case we get a
Higgs term for the gauge field o, ,, and the external field Ay ,.
The gauge field «y ,, which represents the Goldstone boson
of a condensate of b,, is therefore gapped and can be safely
integrated out. The resulting action contains only a Higgs term
for Ay ., and so the phase where both ¢, | and ¢, _ condense
can be identified with the phase where b, condenses.

Next consider the second case in which ¢, ; and ¢, _ are
both gapped. We can then set ¢, 4 and ¢, _ equal to zero to
study the low energy properties of this phase. At this point the
gauge field a , can be integrated out to give a Higgs term for
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A, ., and so the phase where both ¢, | and ¢, _ are gapped
can be identified with the phase in which b, condenses. Finally,
we note that the dual vortex theory can be driven into either of
these two phases by a potential that does not break the U (1), or
ZzT symmetries, which means that the superfluid phase of the
BTI surface spontaneously breaks the U (1), symmetry (and it
does not break the time-reversal symmetry).

E. Symmetry-allowed perturbations

In this section we carefully investigate the effects of
symmetry-allowed perturbations on the BTI surface. This
is important as we want to understand the stability of the
gapless phase of the surface, and hence the related 2+1-D
semimetal, as explicitly as possible. In Ref. [17] Vishwanath
and Senthil initially studied the O(4) NLSM at 0 =«
assuming a larger symmetry group consisting not only of
U(1), charge conservation and ZZT time reversal, but also an
additional U (1), “pseudospin” conservation symmetry and a
Z; “spin-flip” symmetry. The action of the U (1), symmetry on
the bosons b; was already given in Eq. (4.40). The Z3 spin-flip
symmetry acts as

Z; : b] <~ bz. (443)

In the presence of these additional symmetries, interspecies
tunneling terms of the form bib, + b3b1, as well as chemical
potential terms of the form g1 |b1|? + wa|ba|? (with o1 # o),
cannot be added to the Lagrangian. However, the BTI is
supposed to be protected by U (1), and ZZT symmetry alone. It
is therefore essential to understand the effects that such terms
can have on the O(4) NLSM at 8 = m, since we are allowed
to add these terms to the Lagrangian in the generic case when
the extra U(1), and Z; symmetries are broken.

Interspecies tunneling and chemical potential terms can
have a drastic effect on the physics of the O(4) NLSM with
theta term. However, we will show that these terms always
drive the system into a symmetry-breaking phase. To show this
we make use of the commutation relations of the O(4) NLSM
fields in the canonical formalism. Because of the constraint
between the bosonic fields b;, these commutation relations
must be derived using the Dirac Bracket formalism, and we
review their derivation in Appendix A.

There is a simple way to understand why interspecies
tunneling and chemical potential terms can have a strong
effect on the physics of the O(4) NLSM with theta term.
When these terms are strong, they can drive the fields into
a configuration in which the theta term vanishes identically.
This is easiest to see when the theta term is written in Hopf
coordinates on the sphere S3. In Hopf coordinates the fields b;
and b, are parameterized as b; = sin(n)e’”!, by = cos(n)e'”
withn € [0,7/2], and 9,9, € [0,27), and the theta term takes
the form

1
SplU] = 5 / d*x cos(n) sin(n)e"*8,nd, 18, 0,.
(4.44)

The interspecies tunneling and chemical potential terms take
the form

biby + b3b; = 2 cos(n) sin(n) cos(P9 — B2),  (4.45)

PHYSICAL REVIEW B 94, 245110 (2016)

and
wilbi1? 4+ palbal* = py cos®(n) + o sin®(n)

= 1 + (2 — py)sin®(n).  (4.46)

Consider the interspecies tunneling term. When it is strong,
the lowest energy configurations of the O(4) field are those
configurations which have ¢, = ¥, 4+ nx for some integer n
which is even or odd depending on the sign of the coefficient
of this term. It is easy to see that the theta term vanishes
identically on this kind of field configuration. The analysis of
the chemical potential term is even simpler. Depending on the
sign of wy — u1, the lowest energy configurations are those
with sin(n) = 0 or sin(n) = 1. In either case 1 is a constant
and so the theta term completely vanishes. This analysis makes
it clear that a more thorough understanding of the effects of
symmetry-allowed perturbations on the BTI surface is needed.

1. Interspecies tunneling

We now show that interspecies tunneling terms such as
bib, + b3b;, and even interaction terms such as (b7b,)" +
(b3b1)" forn > 1, do not condense (i.e., have zero expectation
value) in any time-reversal invariant state |\¥). This means that
interspecies tunneling terms can only condense in the ground
state of the system if that ground state breaks time-reversal
symmetry. It also means that weak interspecies tunneling terms
should have a negligible effect on the gapless time-reversal
invariant ground state of the O(4) NLSM with 6 = 7.

To show that these expectation values vanish, we canoni-
cally quantize the theory and study the (equal-time) commuta-
tion relations of the operators b;(x), their hermitian conjugates
b}L (x), and their canonically conjugate momenta. We discuss
the canonical quantization of this system in Appendix A. The
only commutation relation we will need here is

[b1(x). 77,01 = i (817 — b1x)B}(¥)8D(x —y), (4.47)
where 7; = 0L/9(d,;b;) is the momentum conjugate to b;.
Consider this commutation relation first in the case where
I =J,sayforI =J = 1. We have

[b1(X),m1 ()] = i (1 — 361X} (¥))6P(x — ).

In the Hilbert space the action of the time-reversal symmetry
Z2T is represented by an antiunitary operator 7, obeying
T? = 1, which acts on the boson operators b;(x) as

Th;xX)T ' = b;(x).
Then we must have

Tr(x0)7 " = —m(x),

(4.48)

(4.49)

(4.50)

in order for the commutation relations to be invariant under
conjugation by 7. Now suppose we have a state |W) of the
system which is time-reversal invariant, i.e., 7 |¥) = |¥).
Then the expectation value (W |O|W¥) of any operator O which
is odd under time reversal, 707 ~! = —©, must vanish.

‘We now apply this reasoning to the off-diagonal commuta-
tion relation

[51(%),12(0)] = —i Lo (b )8P(x — y).

If we take the expectation value of both sides of this equation
in the state |W), then the expectation value of the left-hand

(4.51)
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side vanishes since all operators on the left-hand side are odd
under the action of 7. We are left with the equation

0= —i (Wb, blIW)sPx—y), (452

and integrating both sides of this equation over y yields the
final result

(Wb (X)bL(x)| W) = 0. (4.53)

So we find that the operator bl(x)bi(x) has zero expectation
value in any time-reversal invariant state | ). Going further, we
may first multiply both sides of Eq. (4.51) by any time-reversal
invariant operator O(x) and then take an expectation value in
|W) to find that

(W|O(x)b, (x)b;(x)|‘~ll) =0. (4.54)

For example we could take O(x) = (l?l(x)b;(x))”’1 to find

that the expectation value of (bl(x)bg(x))” vanishes for any
n > 1. We can conclude from this analysis that if interspecies
tunneling and interaction terms of the form (b]b,)" + (b5b1)"
do condense in the ground state of the system, then that
ground state must break time-reversal symmetry. However,
our analysis is not limited to just these terms, since there are
many more possible choices for the form of the operator O(x)
which we are allowed to insert.

2. Chemical potential

We now discuss the effects of the chemical potential term
on the quantum theory. In a theory of two independent complex
scalar fields, a chemical potential term, combined with suitable
quartic terms in the potential, can have many possible effects
on the fields in the theory. For example, both scalar fields
could become gapped, or they could both condense, or one
scalar field could become gapped and the other scalar field
could condense. But the O(4) NLSM is not a theory of two
independent complex scalar fields. Instead, the fields b and b,
obey the very important constraint ), |b;|> = 1. In fact, with
the help of the constraint, any chemical potential term can be
re-written as

b ? 4+ palbal® = Lt + o) + 2w — w2)(Ib1 =162 1%).
(4.55)

This result indicates that for the O(4) NLSM, the effect of a
general quartic potential of the form

V(b1,b2) = p1lbi|* + palba* + 11| + Aalbal*, (4.56)

is to cause one of the fields b; or b, to condense and to cause the
other field to become gapped. The choice of which of b; or b
is condensed and which is gapped depends only on the sign of
W1 — o (assuming that A and A, are positive). In particular, it
seems that it is impossible to write down any potential which
could cause both b; and b, to condense. Further evidence
for this conclusion can be obtained from an analysis of the
commutation relations of the theory, as we now show.
Consider a state |®) which represents a superfluid ground
state of the O(4) NLSM for the boson b;. In such a state
the U(1) symmetry b; — e'*b, is spontaneously broken, and
(®@|b;|P) # 0. In general, the state | D) is not an eigenstate of
the operator by, or even of the phase of b (this can be seen from
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the form of the symmetry broken ground state for the phase
excitations of an ordinary complex scalar field shown in Chap.
11 of Ref. [54], for example). Below we show that in the special
case where |®) is an eigenstate of by, it is possible to prove that
(®|by| D) = 0. For the general case where |®) is not an eigen-
state of by, we must instead rely on the qualitative argument
presented above, and another argument which we present be-
low which is based on the expression for b, in terms of the vor-
tices ¢ + in by [Eq. (4.19) with the indices 1 and 2 swapped].

For now we assume that |®) is an eigenstate of the

operators b(x) and bl'(x), and that b(x)|®P) = «|P) and
bI(x)|<D) = B|®), where « and 8 are complex numbers which
do not depend on x. The relation (®|b;(x)|P) = (Cblbl{(x)| d)*
implies that § = o*. Now assume that o # 0 and take the
expectation value of Eq. (4.51) in the state |®). The left-hand
side vanishes and we find

o
l —

0=—i> (@[bY(y)| )P (x — y). (4.57)

Since we assumed that o # 0, we are forced to conclude that
(<I>|b§(x)|cl>) = 0, which shows that b, cannot condense in an
eigenstate of b; (which we have argued is a representative
ground state of the superfluid phase of b;). Similarly, we can
show that b; cannot condense in an eigenstate of b,.

Another intuitive way of seeing that b, cannot condense in a
superfluid ground state of b, is to recall that b, can be expressed
in terms of the two kinds of vortices in by as by ~ ¢ o] _.
In a superfluid ground state of b; we expect that the vortices
¢1.+ in by are gapped (i.e., not condensed), which means that
we should also have (b,) = 0 in such a state.

We conclude that the main effect of a chemical potential
term (combined with suitable quartic terms) is to spon-
taneously break the U(1). symmetry, since this term will
condense one of b; or b, and gap out the other one. Our
analysis of the commutation relations confirms that the vacuum
expectation value of one boson always vanishes in a state which
represents a superfluid ground state of the other boson.

F. Symmetry-preserving state with topological order

In Ref. [17] Vishwanath and Senthil showed that it was
possible for the surface phase of the BTI to retain the full
U(l), % Zg symmetry while gapped, but at the expense of
having intrinsic topological order, and they went on to derive
a specific topologically ordered state for the BTI surface.
That same topologically ordered state was constructed in
Ref. [55] using a coupled wires construction consisting of
bosonic integer quantum Hall effect edge modes decorated
with toric code/Z, topological order (Abelian Chern-Simons
theory with K matrix given by +20%) edge modes. In this
section we briefly review the construction of this topologically
ordered state via vortex condensation in the O(4) NLSM with
6 = 7 as shown in Ref. [17].

Recall the interpretation of the theta term that was derived
in Ref. [42] (see also our Appendix C). According to Ref. [42],
in the O(4) NLSM with 6 = &, a braiding process in which a
vortex in the phase of b; makes a full circuit around a vortex
in the phase of b, results in an overall phase of ¢/™ in the
path integral for the theory. In other words, the vortex in b,
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and the vortex in b, can be regarded as anyons with a mutual
statistical angle of 7.

In the O(4) NLSM at 6 = m, all quasiparticles with
nontrivial statistics can be built just from the fundamental
vortices ¢ + and ¢, . Indeed, recall that the other two vortices
¢1.— and ¢, _ should really be understood as bound states
of a vortex and a boson: ¢ _ ~ ¢; b5 and ¢ _ ~ ¢ b7,
and are hence not topologically distinguishable from ¢; ; and
¢+ This means that the two vortices ¢ 4+ and ¢, 4 should be
sufficient building blocks to describe any topologically ordered
states derived from this system. According to the arguments
given in the previous paragraph, these two vortices have a
mutual statistical angle of =, i.e., they are mutual semions.
Also, a composite of a vortex with itself, such as (¢],+)2,
should be regarded as trivial (topologically equivalent to the
vacuum quasiparticle), since that object has the exact same
quantum numbers as the boson b, and braids trivially with all
other quasiparticles. This property is partly responsible for the
Z, structure of the topological order discussed below.

We can now consider condensing some field O which is
a composite of the vortices. Standard reasoning then tells
us that any quasiparticles that have trivial mutual statistics
with O will survive as anyons in the state obtained by
condensing O. In Ref. [17] Vishwanath and Senthil construct
a topologically ordered phase for the surface of the BTI by
choosing to condense O = ¢; ¢ — in such a way that (O)
is real. Since ZZT maps O — O, this condensation does
not break time-reversal symmetry. In addition, O is invariant
under U(1)., so the resulting phase actually retains the full
U(l), x ZZT symmetry of the BTL

We see that both ¢, ; and ¢, ; have trivial mutual statistics
with O, so these vortices both survive as quasiparticles
in the condensed state. The condensed state therefore has
quasiparticle content (recall that fusing a vortex with itself
gives a trivial excitation)

{Lp1,+, d24s D1, 402.4 ),

where “1” is the trivial (vacuum) quasiparticle and ¢ 4 ¢, . is
the composite of the two vortices ¢; 4 and ¢, . The composite
vortex ¢ ¢+ is actually a fermion. The exchange and
mutual statistics of these quasiparticles is shown in Table III.
These quasiparticles with the braiding statistics shown in
Table III form a Z, topological order which is characterized by
a K matrix K = 20 and charge vector 7 = (1,1)”. Ina purely

(4.58)

TABLE III. Exchange and mutual statistics for the quasiparticles
contained in the topologically ordered surface phase of the BTI which
is accessed by condensing the composite field O = ¢; ¢ . The
diagonal entries in the table (exchange statistics) are the phase for
a process in which two identical particles exchange positions (so
a phase of 7 represents fermions), while the off-diagonal entries
(mutual statistics) are the phase picked up when a particle of one type
makes a complete circuit around a particle of a different type.

1+ oz D1L+02+
b1+ 0 T T
b2+ T 0 s
O1+$2.+ T 4 b4
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2D system which admits an edge to the vacuum, such a system
would exhibit a charge Hall conductance of 7 - (K~'7) =1
(it is nonzero and therefore breaks time-reversal symmetry),
which hints that the topologically-ordered state on the surface
of the BTI realizes time-reversal symmetry in a way which is
forbidden in a real 2D system [17].

V. THE BOSONIC SEMIMETAL MODEL: TWO 04)
NLSM’s WITH 6 = +n

In this section we introduce our bosonic semimetal (BSM)
model. The model is constructed from two copies of the O(4)
NLSM with theta term, and we take one copy to have 6 = 7
and the other copy to have 6 = —m. The intuition behind the
construction of our model is as follows. Recall that the surface
theory of the 3D ETTis a single massless 24-1-D Dirac fermion.
The two-cone DSM phase in 2+1-D can then be viewed as
being constructed from two copies of the surface theory of the
3D ETI, with the two copies separated in momentum space and
having opposite helicity. For our BSM model we instead take
two copies of the O(4) NLSM with |0| = =, (i.e., two copies
of the surface theory of the BTI), but we take the two copies
to have opposite signs of 6, which is the bosonic analog of the
helicity of the 2+1-D Dirac fermion. One way to see this is in
the construction by Abanov and Wiegmann in Ref. [45], where
the helicity of the auxiliary fermions directly determines the
sign of the theta angle in the resulting O(4) NLSM.

This section is broken up into several subsections as fol-
lows. We first define our BSM model and the transformations
of the fields in the model under U(1), charge conservation
symmetry, U(1), “translation” symmetry (to be defined), ZzT
time-reversal symmetry, and ZZI inversion symmetry. We then
discuss the dual description of our BSM model and derive
the action of the different symmetries on the vortex fields in
the dual theory. Finally, we calculate the time-reversal and
inversion breaking electromagnetic responses of our BSM
model (again using two different methods) and compare the
result with that of the 2+1-D DSM model discussed in Ref. [7]
and reviewed in Sec. III. We then discuss the stability of
the model and find that the composite ZzT 7 symmetry again
plays an important role. Finally, we close the section with a
discussion of phases with Z, and Z, x Z, topological order
which can be accessed from our BSM model by condensing a
composite of the vortices appearing in the dual description of
the model. We show that these phases break either the time-
reversal or the inversion symmetry of the BSM model. This
is interesting because the gapped phases which do not have
topological order also must break one of these two symmetries.

A. BSM model and symmetries

Our BSM model consists of two copies of an O(4) NLSM
with theta term, called “A” and “B” copies, with the theta
angles for the two copies being 84 = 7 and 0 = —m. We
write the model in terms of SU (2) matrices U, and Upg, which
are each expressed in terms of bosonic fields b; 4 and by p,
I = 1,2, as in Eq. (4.5). The action for the system is

1 .
S = fd% [itr[al‘UABMUA + (A > B)]

—JTSG[UA]+7TSH[UB]:|, 5.1
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where the explicit form of the theta term was given in Eq. (4.4).

The fields in the BSM model transform under U (1), charge
conservation symmetry, U(1), “translation” symmetry, ZzT
time-reversal symmetry, and ZZ inversion symmetry. In this
section we explain the action of each of these symmetries on
the fields b; 4 and b; p in the model. Just as for the DSM,
the composite symmetry Z77, consisting of a time-reversal
transformation followed by an inversion transformation, will
be important for guaranteeing the stability of the gapless phase
of our model.

The fields transform under the U (1), symmetry as
U(])C . bI,A/B — eiXbI'A/B. (52)

This just indicates that each bosonic field by 4,p carries charge

1 of the external gauge field A,,. Under the “translation” U(1)

symmetry, U(1),, the fields transform as
U(l), :bya — €by 4

bI,B — e_isb[,g.

(5.3a)
(5.3b)

To explain the physical meaning of this U(1) translation
symmetry, we need to imagine that our BSM model has been
obtained in the low-energy continuum limit of a bosonic lattice
model, as we now explain. Let us assume that the fields
br 4 and by p arise from the low-energy continuum limit of
a bosonic lattice model and that they are related to the lattice
boson operators in a way similar to the DSM case illustrated
in Eq. (3.8). In other words, the combinations e’*+b; 4 and
¢'*-b; g appear in the expression for the lattice boson operator,
indicating that the continuum fields b; 4 and b, p are located
at positions k4 = £(B,, By) in momentum space. We provide
an explicit example of such a model using a coupled-wire
construction in the next section.

To model this momentum shift, the kinetic term in the
Lagrangian for the fields b; 4 and b; p will feature a minimal
coupling to the vector field B, (and just as in the DSM case,
we also allow for a relative energy offset given by B,). The
translation properties of the fields b; 4 and b; g can then be
thought of in terms of carrying charges 1 and —1, respectively,
of the field B,,, and the action is invariant under the U (1), gauge
transformation in which the bosonic fields transform according
to Eq. (5.3) while B, — B,, + 9,&. This is the physical origin
of the U (1), symmetry [56].

We now discuss the discrete symmetries 7z ZZT , and ZZT T
We take ZZI and Z;[ to act on the bosonic fields as

Z% by a(t,X) = by p(t, — X) (5.4)

Z7 by at,x) — by p(—1,%), (5.5)

and vice versa. The composite symmetry ZZT 7 then acts as

ZI7 by a(t,X) — by a(—t, — X), (5.6)

with an identical transformation for b; p(¢,x). In the canonical
formalism, the action of time reversal is represented by
the antiunitary operator 7, and the action of inversion is
represented by the unitary operator Z. From the symmetry
transformations defined above we can see that these operators
satisfy the identities 72 = 1, Z> = 1, and [7,Z] = 0, which
implies that (77)> = 1 as well.
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Just as in the fermionic DSM case, the composite Z77
symmetry is important for ensuring the local (in momentum
space) stability of each O(4) NLSM copy in our BSM model.
We will have more to say on this subject later in this section,
but for now we note the following important property of the
ZZT 7 symmetry for the BSM model. In the BSM model it is
actually the ZZT 7 symmetry which fixes the theta angles 84 and
0p to be multiples of m, just as the ZZT symmetry guaranteed
this property for the BTI surface theory. Therefore, from this
general argument, the gaplessness of the BSM model (which
can occur only when the theta angles are odd multiples of )
depends crucially on this symmetry.

B. Dual vortex description of the BSM model

We now turn to the dual vortex description of our BSM
model, using the dual description of one O(4) model which
we reviewed in Sec. IV. We choose to employ the dual vortex
description in terms of vortices in b, 4 and b, g, although a
description starting in terms of vortices in b; 4 and b; p is also
possible. For the “A” NLSM, vortices in b, 4 are represented

by the two-component field ¢(2A) = (¢§é+)’¢§i))T. For the “B”

copy of the NLSM, vortices in b, p are represented by the

two-component field &5 = (¢5%),¢5%)7.

As discussed in Sec. IV, and as we explicitly prove in Ap-
pendix B, a vortex in the phase of one boson binds a charge of
% of the other boson. This result holds for any U (1) symmetry
under which the bosons are charged; for example, the U(1),
and U (1), symmetries in our case. This means that under the

U(1). and U(1), symmetries, the field <I>(2A) transforms as

.

Ul) : Y — 27 (M (5.7)
£ .

Uy, : oV — 27 oM. (5.8)

On the other hand, the “B” copy of the O(4) NLSM in
our BSM model has theta angle 65 = —m. The elementary
vortices ¢§2 and qbéi) now both carry charges —% and %
under the U(1l), and U(1), symmetries, respectively. The
“—" yortices must now be defined as ¢>§i) = ¢;i)b1, p and
¢i€_) = ¢§i)_b2, g. Unlike for the “A” copy, these relations
involve the bosons b; p and not the antibosons b}‘, g since
0p = —m and not 4. We then find that under the U (1), and

U(1); symmetries, the field <I>§B) transforms as

1 z

Ul), : ) — ¢727 P (5.9)
£ .

U), : o — 27 0P (5.10)

In terms of the fields QD(ZA) and CD(ZB), the dual description of
the BSM model has the Lagrangian £ = £4) + £®, with

Lo =3

s=%

1 /1 2
e
2,A v

1
- gef“*(Aﬂ + B)dasY,

2

2,;1,_ 2

[, ) 3a, v st

(.11
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and

L =3

s==%

2
_ 1 1 ;ka 81} (B)
K2 B 27‘[ 2 A

1
2 E/LUA(A _ Bu)a C((B)

B , .S (B)
|:8 la2u+l§(A — B )}b

(5.12)
In these expressions, 5-e#*3,a5") and ;- €73, 05" represent
the number currents of the bosons by a and b> g, respectlvely
We have included coupling to the external probe fields A,, and
B, associated with the two U (1) symmetries U (1), and U(1),.
Itis also possible to add various potential energy terms to these
dual Lagrangians.

C. Transformation of vortices under 7" and Z symmetries

In this section we deduce the transformations of the vortices
under the ZzT and Z% symmetries. First we note that because
of the quantum numbers carried by the vortex fields, we have
the approximate relations

bia~ ¢ o (5.13)

¢“” "9y, (5.14)

which are just Eq. (4.19) written for the two copies of the O (4)
NLSM and taking into account the fact that the “B” copy of the
O(4) NLSM has 6 = —m. Also, recall that a dimensionful
quantity like g, the NLSM coupling constant, is needed to
balance the units in this equation, but we ignore that subtlety
here. We now deduce the transformations of the vortices under
ZZT and ZZ by requiring that the transformations of the vortices
under these symmetries reproduce the transformations of b; 4
and b; p under the symmetries, and that the action of the
symmetries on the vortices is consistent with the general
structure of the symmetry group.

Consider first the inversion symmetry. Inversion commutes
with the U (1), symmetry, whereas it negates the U (1), charge.
In addition, since inversion is a unitary symmetry, it should
take vortices to vortices, not antivortices (conjugation by
the operator Z does not negate the phase of by 4,p). We

have only two options: either @;A)(t,x) — o"dD(ZB)(t, —X)
or @;A)(t,x) — icr«V(I)(zB)(t, —Xx). Only the first option is
consistent with Eq. (5.4). We hence find that

7% oM (,x) » 0¥ 0P (1, — x), (5.15)

and vice versa.

Next consider time-reversal symmetry. Time reversal is an-
tiunitary, so it should take vortices to antivortices (conjugation
by T does negate the phase of b; 4,5). In addition, time reversal
preserves the U (1), charge and negates the U (1), charge. The
only two possibilities are then ¢(2A)(t,x) — CD(ZB)’*(—Z,X) or
CI>(2A)(t,x) — o* CD(ZB)’*(—I,X). Only the first option is consistent
with Eq. (5.5), so we find that

77 o (,x) - P (—1.x), (5.16)

and vice versa.
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We see that the time-reversal and inversion symmetry
continue to commute with each other when acting on the
vortices. The combined ZZT 7 symmetry then acts on the
vortices as

zI7: oV, x) > ot O (—1, — x), (5.17)

and similarly for CD(ZB).

D. Time-reversal and inversion breaking mass terms,
electromagnetic response, and a bosonic Chern insulator

Now that we know how the vortex fields transform under
the various symmetries, we can use the dual vortex theory to
calculate the responses of our BSM model to time-reversal and
inversion breaking perturbations. Analogous to the fermion
DSM, we can define a time-reversal breaking mass term for
the vortices,

o7 = o)V 0 o)) — oot @l (5.18)
and also an inversion breaking mass term
vz = 05V 070l + oot (5.19)

The term X7 is odd under Zg but even under ZZI . On the other
hand, X7 is even under ZZT but odd under Z% .

Now let us consider the electromagnetic response in these
two gapped phases. Suppose we add the time-reversal breaking
mass term X7 to the vortex potential energy. If © < 0 (and
in the presence of suitable quartic terms in the vortex action),
this will cause q)(A) and qb(B) to become gapped, and (])(A) and

¢<B) to condense. In this case we can then integrate out ¢(A)
and qS(B) A mean-field treatment of the remaining terms in the

action then gives a(A) (A + B,) and a(B) (A
B,), which gives the 2D tlme reversal breaklng response

2 1

Ly = 2“”—ﬂewmﬂavfxA + 5o BB (5.20)
The first term in this expression is a quantum Hall response
with Hall conductivity oy, = 2¢%/ h, exactly the same as one
finds for the bosonic integer quantum Hall effect [15,16]. If
we took p > 0 we would get the same response but with the
opposite sign. We note that we cannot add a simple mass term
to find a o, quantized as an odd multiple of e¢?/ h. This gapped
phase represents a bosonic Chern insulator.

On the other hand, we can add the inversion breaking mass
term p X7 to the vortex potential energy instead. If u < 0 (and
again, assuming suitable quartic terms), this will cause qb(A)

and ¢§i) to become gapped and ¢§é and qb(B) to condense.

In a mean-field treatment this gives alt = _E(AM + B,)

2,p
and oz(B) 2(A — B,,), which yields the quasi-1D inversion
breaklng response

e
L1 =—€e""B,d,A,;. (5.21)
7
Again, if we took u > 0 then we would get the same
response but with the opposite sign. This response encodes
a charge polarization P' = £€" B; (i,j = x,y) and an orbital
magnetization M = = B;.
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We see that both the time-reversal breaking and inversion
breaking electromagnetic responses of the BSM are twice as
large as the responses for the free fermion DSM shown in
Eq. (2.1). Let us now provide an alternate derivation of these
responses.

E. Electromagnetic responses from Abanov-Wiegmann method

We now briefly show how the time-reversal and inversion
breaking responses of our BSM model can be computed using
the Abanov-Wiegmann method of integration over auxiliary
fermions which we discussed in Sec. IV. We first rewrite our
BSM model in terms of two four-component unit vector fields
N4 and Np. Now introduce the multicomponent complex
fermion ¥ = (WLA,..,IM_A,%,B,..,w4,B)T, where each of
Y, /B 18 atwo-component Dirac fermionin 2 + 1 dimensions.
The fermion W has a total of 16 components. In terms of the
two sets of gamma matrices introduced in Eqgs. (4.22) and
(4.23), our BSM model can be obtained from the fermionic
Lagrangian

4
L M
L= q:(mwau— ?ZNZ(]H—GZ)@F”

a=1

M 4
- Z NI — 0% ® r”) v, (5.22)
a=1
where we have defined
P=1I®y° (5.23a)
Pl=1gy' (5.23b)
72 =0"®y? (5.23¢c)

and U = W% now. The extra 0% on 72 means that the
fermions v, g have opposite helicity to the fermions ¥, 4.
This change directly accounts for the opposite signs of the
theta angle for the “A” and “B” copies of the O(4) NLSM that
we get when we integrate out W. This is the reason why we
stated earlier that the sign of € is the analog in the BSM of
the helicity of the Dirac fermions in the DSM. Indeed, we see
that the helicity of the Abanov-Wiegmann auxiliary fermions
directly translates into the sign of 6 in the O(4) NLSM.

By the same reasoning used in Sec. I'V to deduce the charges
of the fermions used to generate one O(4) NLSM on the
surface of the BTI, we now find that the field ¥ transforms
under the U (1), and U(1), symmetries as

U(l), : ¥ — 1180y
U(l), : W — ¢£778Cy,

(5.24)
(5.25)

where Q is the 8 x 8 charge matrix introduced in Eq. (4.33).
We can now couple W to the background gauge fields A,
and B,, and calculate the response of the system to various
perturbations.

The time-reversal breaking response is obtained by adding
the term —(M8)¥(0° ® I'°)W to the Lagrangian. According
to Eq. (4.26), this will give 04 ~ 7 (1 — %S)andQB ~—n(l+
%8), so this breaks Z;[ (which requires 64 = —60p mod 27).
The inversion breaking response is obtained by adding the
term —(M8)¥ (I ® I'*)W. This will give 64 ~ 7 (1 — 35) and
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Op ~ —m(1 — %8), so this breaks Z% (which requires 64 = 0p
mod 27).

In the limit that § — 0, the time-reversal breaking pertur-
bation generates the 2+ 1-D response

~ 1

Lr= —sgn(ﬁ)EG’w’\(ezAuavA,\ + B,3,B;), (5.26)
coming from the contributions of each of the Dirac fermions
(and according to their charge), while the inversion breaking
perturbation gives the quasi-1D response

L7 = —sgn(8) S e B, 3, A,. (5.27)
i

These are the same responses which we derived in the previous

subsection using the dual vortex formulation of the BSM

model.

F. Stability of the BSM effective theory

We have provided an effective theory for a gapless
bosonic semimetal in 2+1-D, and we now want to evaluate
the perturbative stability of this theory to see under what
conditions the semimetal is a stable phase. In discussing
the stability of the BSM model, there are a few expected
properties which we would like to verify. First, the translation
symmetry of the model should prevent us from trivially
gapping out the model by coupling the “A” copy of the O(4)
NLSM to the “B” copy (for our purposes, by a trivially
gapped phase, we mean a gapped phase which retains all
the symmetries of the original gapless system and has no
interesting electromagnetic response). Second, the composite
ZzT 7 symmetry should guarantee the local stability of the
0O(4) NLSM’s which make up our BSM model (recall that
local stability means that it should be impossible to gap out
one copy of the O(4) NLSM independently of the other
copy without breaking required symmetries). We claim that
analogous to the 2+1-D fermionic DSM, these symmetries
are enough to provide perturbative stability to the BSM.
However, just as with any symmetry-protected phase (gapped
or gapless) it is also important to keep in mind the possibility
that even symmetry-allowed perturbations may spontaneously
break one or more of the symmetries of the system if those
perturbations are strong enough.

Also, as a caveat, the O(4) NLSM with 6 = 7 is a difficult
interacting theory to study in general. Since many of its
properties are still unknown, it is impossible for us to give a
complete characterization of the stability of our BSM effective
theory. We do provide a thorough analysis of the effects of
many important perturbations on the BSM model, but there
are still many other symmetry-allowed perturbations that we
have not been able to completely understand: for example, a
quartic coupling of the form |b; 4|*|b; p|* between bosons in
the “A” and “B” copies of the O(4) NLSM. Our discussion
in this section gives strong evidence for the stability of the
semimetal phase so we will leave a possible discussion of
these untreated terms to future work.

Let us begin by addressing the issue of trivially gapping
out the system by coupling the “A” copy of the O(4) NLSM
to the “B” copy. Since the two copies of the O(4) NLSM
have opposite theta angles, an interaction which could enforce
N4 = £Njp would have the effect of canceling the theta terms
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and leaving us with just a single O(4) NLSM without theta
term. According to Ref. [48], an O(4) NLSM with 6 =0
represents a trivial gapped phase of charged bosons in 2 +
1 dimensions (i.e., this phase has no topological term in its
electromagnetic response). Hence, as one consideration, we
should make sure that it is not possible to get Ny = £Np in
our model. To show that it is impossible to drive our system
into a phase where Ny = £Np, we should examine the term
N4 - N, as any interaction which could set N4 = £Npg should
be a function of N4 - Np. In terms of U4 and Uy we have

N, -Np = Lu[U]Up). (5.28)

This term is invariant under the U(1). symmetry, but under
U(1), we have

(U Up] — UL Uge 7], (5.29)

where we used the fact that the U(1); transformation of the
bosons from Eq. (5.3) is equivalent to Uy — Uxe’*" and
Up — Uge 7" Since this term is not invariant under U(1),,
we see that translation symmetry forbids terms which could
drive our BSM model into a trivial gapped phase.

As we mentioned earlier in this subsection, there are
symmetry-allowed quartic terms which can couple the two
copies of the O(4) NLSM in the BSM model, for exam-
ple the term |b; 4|%|b, 3|>. Another possibility would be a
current-current interaction of the form n*"J ,“ 4 JJ”‘ 5» Where
Jia= é(a"b;Abl,A — b} 49"b; 4) is the conserved number
current for boson [ in the “A” NLSM, similarly for Jj 4,
and n*¥ = diag(1,—1,—1) is the Minkowksi metric. A precise
analysis of these terms is very difficult and beyond the scope
of this paper. To address them what is really needed is the
scaling dimension of the O(4) field at the RG fixed point at
0 = m discussed in Ref. [46]. Despite this, we expect the BSM
model to be perturbatively stable to these interactions since,
at least when treated in a mean-field limit, these terms do not
cause the theta terms for the “A” and “B” copies of the O(4)
NLSM to cancel each other.

We see that translation symmetry prevents us from coupling
the two NLSM copies (if they are not at the same momentum
point), so it remains to discuss the local stability of each NLSM
copy. Recall that in the dual description of the BSM model we
added mass terms of the form @;A)’TJZCD(ZA) =+ QD(ZB)’TGZCD(ZB) to
gap out the system and induce an interesting electromagnetic
response. Suppose instead that we tried to add just a single
term CD(ZA)’TGZCDEA) or CD(ZB)’TUZQD(ZB) to the dual theory in
order to gap out just one of the “A” or “B” copies of the
model. It turns out that adding one of these terms alone is
actually forbidden by the composite ZZT 7 symmetry. Indeed,
under Z7Z we have d>(2A)’T(t,x)01d>(2A)(t,x) — —CD(ZA)'T(—I,
— x)oZCD(zA)(—t,—x) and likewise for the “B” copy. Thus, if we
require our system to obey ZzT T then these terms are forbidden,
and some measure of stability is provided for the BSM phase.

While the requirement of Z7Z forbids the conventional
mass terms listed above, we should also consider the local
stability of each O(4) NLSM in the presence of symmetry-
allowed perturbations. The discussion here closely parallels
the discussion in Sec. IV of the effects of symmetry-allowed
perturbations on the surface theory of the BTI. We start
by considering interspecies tunneling terms of the form
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by 4b2.a + c.c. for the “A” copy of the O(4) NLSM. In the
canonical formalism the operators b; 4(x) and their conjugate
momenta 7 4(X) also obey the commutation relation of
Eq. (4.47). Since the composite ZZT 7 symmetry acts on
the bosons as (7Z)b; A(x)(TI)~" = b; 4(—x), we deduce
from the diagonal commutator that (7Z)m; a(x)(T2)~! =
—m1,4(—X). Now consider a state | W) which is ZZT z symmetric,
i.e., (7Z)|¥) = |¥). Then in such a state we find that

(W|[b1,4A(%), 2, aAMNW) = —(¥|[b1,4(=X), 2, A(=Y)]| V).
(5.30)

If we now plug in for the commutators on both sides of this
equation using Eq. (4.47), then we find (again, after integration
over the y coordinate) that

(W]b1,4(X)b) 4, X)|W) = —(W[by 4(—X)b] ,(—X)|W).
(5.31)

On the other hand, if the state | W) is really invariant under the
action of ZzT T then we should have

(Wlb1 40D 4 (X)) = (W[by 4(—X)b] ,(—X)|W¥). (5.32)

Therefore we find that (Wb, A(x)b; A(X)|¥) = 0 in any state

| W) which is invariant under the combined Zg 7 symmetry. Just
as in Sec. IV, we may conclude that weak interspecies tunnel-
ing terms should have a negligible effect on the BSM model
(which has ZZT 7 symmetry), but strong interspecies tunneling
can drive the system into a phase which spontaneously breaks
Z;[ 7 symmetry. The same conclusion holds for interspecies
tunneling terms in the “B” copy of the O(4) NLSM.

Also, in close analogy to the case in Sec. IV, this result
may be generalized to include insertions of any operator O(x)
which transforms nicely under the action of 7Z (recall that in
Sec. IV the result was generalized to include operators O(x)
invariant under 7°). Suppose O(x) transforms under the action
of T7 as (TT)OX)(TZ)~' = O(—x). Then we find that

(W|OX)[by,a(X),72,4())]| )
= —(V|O(—x)[b1 A(—X), 72, A (=Y)]|¥),

and following the same steps as above gives the result that
(\I—f|(’~)(x)b1’A(x)b;A(x)|\IJ) =0 in any state |¥) which is
invariant under ZzT T Note that O(x) could in principle contain
operators from both the “A” and “B” copies of the NLSM, as
long as it transforms under 7 7 as specified above.

Finally, we can again consider chemical potential terms; the
discussion of these terms is nearly identical to that in Sec. IV
since the discussion of the terms in that section did not involve
the time-reversal symmetry at all. For the BSM model we can
add chemical potential terms of the form ju1|by 4[> + 12|b2. al?
for just one copy of the O(4) NLSM. As in Sec. IV we again
find that this term (combined with suitable quartic terms) will
in general cause one of b; 4 or by 4 to condense and the other
to become gapped (with the choice depending on the sign of
W1 — ). The only new feature in this context is that if a boson
from one of the O(4) NLSM’s were to condense, then both
U(1), and U(1), symmetries would be spontaneously broken
(i.e., condensing a boson from just one of the O(4) NLSM’s
also spontaneously breaks translation symmetry).

(5.33)
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G. Topologically ordered phases accessible
from the BSM theory

In this section we briefly discuss the possibility of gen-
erating topologically ordered states from the BSM model by
condensing composite vortices. As in Sec. IV, a basis for
describing any possible topological orders generated from the
BSM model is provided by the “+4” vortices ¢(A) ¢(A) ¢(B)

L+ L+
and ¢§i)r, since the “—” vortices may be obtained by binding
a “4” vortex with a trivial boson excitation.

In exploring different composite vortices to condense, we
note first that if we condense a composite vortex of the form

¢ ¢'"\, then the only “+” vortices which braid trivially with

this object are ¢ffr and ¢(Jli)r, and these two vortices braid
trivially with each other. The resulting state is therefore trivial.
This means that it is impossible to generate any topologically
ordered states by condensing a product of one vortex from
the “A” NLSM and one vortex from the “B” NLSM. We
must therefore consider composites which have at least two
vortices from the same copy of the O (4) NLSM. In this section
we discuss one particular phase with Z, x Z, topological
order which is generated by condensing two fields which
are themselves quadratic in the vortex fields from a single
O(4) NLSM. We then show that this same phase can be
constructed by condensing a single field which is quartic in
the vortex fields. We also show how to construct phases with
Z, topological order by condensing a composite vortex in one
copy of the O(4) NLSM and in the other copy simultaneously
condensing a single vortex of one species and gapping out the
other one.

We now show how to construct a phase with Z, x Z,
topological order by condensing the composite vortices O4 =
¢<A)¢>(A) and Op = qb(B)qb(B) in such a way that (O4) =

(Op) = O with O real. The vortices ¢§ﬂ,¢§f‘l,¢ﬁi, ¢>(B)
all braid trivially with O4 and Ogp, and so they survive as
quasiparticles in the resulting topologically ordered state. The
particular condensation shown here, with O real, appears to
respect all symmetries of the system (U(1)., U(1l),, Z 2 , and
ZI ), however, we show below that this state must break either

the time-reversal (Z T) or the inversion (ZI ) symmetry.

Since {¢§ﬂ,¢w } braid trivially with {¢§B+) , q‘)(B) } the result-
ing state is nearly identical to two copies of the Zz topological
order shown in Table III. The first factor of Z; is represented
exactly by Table III. This part of the topological order is

generated by {¢>§ﬂ,¢m) } and is described in the K-matrix

formalism by K™ = 2¢*, f» = (1,1)7 and a® = (1,17,
where #™ is a U(1), charge vector which describes the
coupling of the vortices to the external field B,,. Based on this
data, the contribution of the “A” vortices to the electromagnetic
responses of this state are

2
A € v
LY = =" *A,0,A, (5.34)
and
(A) ¢ v
‘CI = ZEH )”BﬂavA)L. (535)

The second factor of Z, is generated by {qﬁfj_,d)(m} For

the “B” copy, since we actually have 65 = —m, it seems
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that we should choose K® = —2¢0*, however, there is some
ambiguity here because a statistical phase of 7 is equivalent
to a phase of —7. So let us consider both possibilities K& =
420", On the other hand, there is no ambiguity in the charges
of the “B” vortices under the U(1), and U(1), symmetries:
The coupling of {d)ﬁ_,(j)w) } to A, and B, is described
by the charge vectors r® = (=1, — )7 and u'® = (1,1)7,
respectively. Based on this, the contribution of the “B” copy
to the responses of this state are given by

2
LY = j::;e””AAMBUAA, (5.36)
T
and
LY = :ineWBuaqu, (5.37)
JT

where the signs out front correspond to the choice of K& =
+20*.

We see that if we choose KB = 20*, then the entire
system will break time reversal (we get the full 2D time-
reversal breaking response of the BSM), but if we choose
K® = _207, the entire system breaks inversion (we get the
full quasi-1D inversion breaking response of the BSM). In
particular, it seems like one cannot construct a topological
order consisting of the quasiparticles ¢if‘+) , ¢§ﬁ,¢ii), and ¢§i)r,
which also preserves all of the symmetries of the BSM model.

The topologically ordered phase which we constructed
above can also be accessed by condensing the single quartic
vortex field O’ = ¢>(A) ¢(A)¢>(B) qb(B) in such a way that the
expectation value ((’)’) is real. The field O’ does not carry any
charge under the U (1), or U(1),; symmetries, is invariant under
inversion, and is complex conjugated by time reversal (so we
should take (') real in an attempt to preserve time reversal).

In analyzing the resulting topological order, we first note
that all four fundamental vortices ¢(1ﬁ)r,¢(A) ¢§B+), nd ¢(B)
braid trivially with O, so they all survive as quas1partlcles
in the resulting topologically ordered state. The composite
quasiparticles that can be constructed from these four funda-
mental vortices have the form (¢(A) )y (qb(A) )" (¢<B) )3 (¢(B) ),
where the integers n; are elther 0 or 1 (since the fu51on
of a vortex with itself is topologically trivial). A total of
16 possible quasiparticles can be constructed by letting all
n; range over their values O and 1. To see whether the
resulting topologically ordered state actually supports all of
these quasiparticles as distinct excitations, we need to check
whether any quasiparticle can be obtained from another one
by fusing with the condensate O, which is equivalent to the
vacuum (in the phase where O’ is condensed). We find that
each of the 16 quasiparticles is topologically distinct and that
this set is sufficient to label all of the anyon sectors. Hence, the
resulting state is actually identical to the state obtained earlier
from simultaneously condensing O 4 and Opg. This result could
have been anticipated since O' = O, Op, and the vortices from
the “A” copy of the NLSM braid trivially with the vortices from
the “B” copy.

Another way to see that condensing O’ leads to Z, x Z,
topological order, and not, for example, Z4 topological order, is

as follows. First, note that ¢(A) carry charge 1 of the dual gauge
field a(lﬁi (whose curl is the number current of by 4), while
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qﬁﬁﬁ)[ carry charge 1 of the dual gauge field aﬁﬁf (whose curl is

the number current of b, ). So the composite field O’ carries
charge 2 of aﬁz and charge 2 of ozii). Therefore, condensing O’

will break the U (1) symmetries associated with a(lA/i and aEBJ

down to a Z, subgroup, i.e., the symmetry breaking associated
with this condensation is U(1) x U(1) — Z, x Z,. If instead
it were the case that the four vortices qbiAj)E and (/5512 all carried
charge 1 of the same U(1) gauge field, then we would expect
the condensation of O’ to break that U (1) symmetry down to a
Z4 subgroup, leading to a Z4 topological order. This does not
happen in our case since the vortices ¢>§ﬁ and qbﬂ)[ couple to
different U (1) gauge fields.

As we mentioned above, it is also possible to generate
a phase with Z, topological order by condensing composite
vortices in one copy of the O(4) NLSM and in the other copy
simply gapping out one vortex species and condensing the
other. We show that such a phase will break either the time
reversal or the inversion symmetry of the BSM model. As an
example, consider condensing the composite vortex O in the
“A” copy of the NLSM, while in the “B” copy condensing
the single vortex ¢>§2, and gapping out the vortex qbf_) . The
resulting phase has a Z, topological order generated by ¢>§ﬂ
and ¢§ﬁ. Note that the “B” copy does not contribute to the

topological order since ¢é€: has been condensed (i.e., it is

now topologically equivalent to the vacuum quasiparticle) and
¢§ﬁ: is confined (it has nontrivial braiding with qbéi), which is
condensed). The electromagnetic response of this phase can be
easily calculated using the results contained in this section, and
we find that this phase has no time-reversal breaking response,
but it does possess the full inversion breaking response of the
BSM, as shown in Eq. (5.21). If for the “B” copy we instead
chose to condense ¢;i) and gap out qb;i) (while still condensing
O 4 for the “A” copy), we would get a phase with Z, topological
order which has no inversion breaking response, but the full
time-reversal breaking response of the BSM, as in Eq. (5.20).

VI. QUANTIZATION OF POLARIZATION IN GAPPED 2D
PHASES AND A CRITERION FOR SEMIMETAL
BEHAVIOR

In this section we give a general discussion of the
quantization of the charge polarization in gapped phases of
2D quantum many-body systems with translation, inversion,
and U(1). charge conservation symmetries, with the goal of
establishing a criterion for detecting whether a given system is
in a semimetallic phase by measuring its polarization response.
The systems in question can be either bosonic or fermionic, and
we assume they are made up of some fundamental particles of
charge e. For simplicity we focus on systems on a square lattice
with lattice spacing ay, but the result can be easily extended
to any Bravais lattice. We consider three broad classes (to be
described below) of gapped phases of 2D systems in which
one can define a charge polarization, and we show that in
these three classes the polarization in (say) the x direction is
quantized in units of

P)gmin) _ ri

) 6.1
20 (6.1
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where r € Q is a rational number. This result then implies
that if a 2D quantum many-body system is found to have
a continuously tunable polarization of the form 0‘2%0 for a
generic real number «, then this system cannot be in one of the
three classes of gapped phases mentioned above. If these three
classes of gapped phases exhaust all possible gapped phases
with translation symmetry which can support a polarization
response, and from their definitions below it is clear that
they do, then this implies that a polarization of the form
aﬁ for generic o € R is indicative of a gapless semimetal
phase. Therefore our argument in this section provides a
direct relation between the gaplessness of a semimetal and
the tunability of its polarization response. As we mentioned
in Sec. II, since the polarization response is expected to be
reasonably robust, this provides additional evidence for the
stability of the semimetal phase to perturbations which do not
destroy its polarization response.

As we show below, the rational number  mentioned above
can be related to specific measurable properties of the three
types of gapped phases that we consider, so we do not need to
worry about the difficulty of “measuring an irrational number,”
as the number r can be readily obtained for these gapped
phases in other ways. Thus, the charge polarization response
of a2D system can be used as a criterion for detecting a gapless
semimetal phase. The reason for focusing on gapped phases
with translation symmetry is that we know that a semimetal
requires translation symmetry for its stability. Since we are
looking for a way to distinguish a semimetal phase from other
phases with a polarization response, we need to compare to
other systems with translation symmetry as we know that
without translation symmetry the semimetal phase is not even
a possibility. We now give the details of our argument.

The three classes of gapped systems which we consider
are (i) systems with a unique ground state and translation
symmetry by one site, (ii) systems with a ground state which
spontaneously breaks translation symmetry by one site down
to translation symmetry by ¢ sites (so ¢ is a positive integer),
and (iii) systems with intrinsic topological order as well as
translation symmetry by one site. To calculate the charge
polarization of these systems we use a many-body formula
for the polarization introduced by Resta in Ref. [57], which
we now review. We focus on an analysis of the polarization
in the x direction, and so we assume periodic boundary
conditions in that direction. This assumption of periodic
boundary conditions in at least one direction will also allow
us to invoke certain theorems [58,59] which will be crucial for
our results in this section.

A. Polarization in 2D, ambiguity with translation invariance,
and quantization with inversion symmetry

Consider a quantum many-body system defined on a square
lattice with lattice spacing ag and lengths L, and L, in the x
and y directions. Let N be the number of sites so that Nsa(z) =
L,L,. We label sites on the square lattice by the vector of
integers j = (jx, jy), jx,Jy € Z. Finally, let | W) be the ground
state of the system. We assume |W,) is an eigenstate of the
number operator with eigenvalue N, so that the filling factor

in the ground state is v = % The total number operator can
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be expressed as N = >_;fij where #; is the number operator
for site j. Then, assuming that |W,) is the ground state of a
gapped system, Resta’s formula tell us that the polarization in
the x direction is given by

e 2 %
P, = lim Im([In(Wyle' X [ Wo)], 6.2
Jim s mln(Wole S0, (6.2
where the position operator X is given by
(6.3)

X = (o).
J

The polarization in the y direction has a similar definition.
Let us suppose that the state | Wy) has translation invariance
by one site in the x direction, i.e., |W) is an eigenstate of

. LS . . 7.0
the translation operator 7, with some eigenvalue etk (the
precise value of ' will not be important in what follows).
Concretely, T, acts as YA}T @jf”x = (’jj+(],0) on operators (’jj
carrying a position index. If this is the case then one can
show that P, is only well-defined modulo % To see it we
compute the polarization P, of |[W) = T |Wo) in two ways.
. . +1.(0)

On one hand we can just write |¥) = e |Wg) to find that
P; = P.. However, we can also use

A 22T O A L2 O . 2maq N
(Wo| Tl X T [ W) = (Wole! B X e T i wyy)

27 5 . 2magNp
= (Wole' X |Wp)e™ "1, (6.4)
to show that
, ev
Pl=P ——. (6.5)
0

So we conclude that P, is defined only modulo % in the

presence of translation symmetry by one site.

The last ingredient in the polarization calculation is to
enforce inversion symmetry in the system. We consider
inversion which acts simply as j — —j for the coordinates
on the square lattice. It is clear that under inversion we have
P, — — P, and similarly for the polarization in the y direction.
So the polarization in the inversion symmetric system must
obey the relation

ev
P, =—P, mod —. (6.6)
ap
The solutions to this relation are
ev ev
P.=0 or— mod —, 6.7)
n) ap

with a similar result for P;. So in a gapped 2D system with
translation and inversion symmetry and filling factor v, the
polarization is quantized in units of

pmin _ 22 6.8)

2a0

Before moving on let us make a few general comments
about this formula for the polarization. First, in a band insulator
made out of free fermions the filling v must be an integer in
order for the system to be gapped (i.e., in order to have a
completely filled band). This is why the filling v usually does
not appear explicitly in discussions of the polarization in band
insulators. Also, in the discussion above we have assumed
that there is only one type of particle. More generally, our
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system could have several different species of particles, for
example spin up and spin down electrons, and in this case one
can separately consider the polarization for each species. If
we label different particles species by o then we can compute
P, »,the polarization from particles of species o, by modifying
the position operator X to

X =Y (js@o)ije (6.9)
J

where 75, is the number of particles of species o on site
j. The total polarization is then given by P, =) _ P.,.
The importance of computing the polarization in this way
is demonstrated by the following example. Suppose we have
a band insulator of spinful electrons (so o = 1, |), and we
have a completely filled band of up and down electrons. Then
we have vy =1 and v, =1 and so the total filling is v = 2.
However, in the absence of time-reversal symmetry both
bands do not have to have the same polarization. Since each
individual band is at filling v, = 1, we could have P, ; = 2‘70
but P, | =0, and so P, = ﬁ This result could not have
been predicted from Eq. (6.8), since that formula does not
distinguish between different particle species. We now discuss
the specific values that v can take in the three classes of gapped
systems discussed above, and in this way constrain the possible
values of P™™ in such phases.

B. The filling factor v in the three classes of gapped phases

Now we discuss the possible values of the filling factor v
in the three classes of gapped phases, which will in turn give
us the minimum value % of the polarization in these systems.
To start we go back to a theorem of Oshikawa [58] which
was later proven rigorously (under slightly more restrictive
assumptions) by Hastings [59]. What Oshikawa/Hastings
showed is that if the filling v of a gapped system is a
rational number, say v = f with p and g coprime, then the
system will in general have g degenerate ground states (in
the thermodynamic limit), each with a different momentum in
the (for example) x direction. For integer v the ground state is
unique. On the other hand, irrational values of v in the ground
state generally imply a gapless system. In Hastings’ rigorous
proof the condition is actually that v(NL‘—f“) = % = g, where
L, is the length of the system in the x direction [59]. In what
follows we assume that this result holds for the condition
V= g, as is expected on general physical grounds, although
the reader should be aware that there is no rigorous proof
available in this case (and there are even counterexamples in
2D systems which are long in one direction but short in the
other, see e.g., Ref. [60]).

Using this theorem we can immediately conclude that in the
case of integer filling the minimum value of the polarization in
the ground state of a gapped, translation-invariant 2D system
with a unique ground state is

pmin — _° (6.10)
2(10
which corresponds to the filling v = 1. This gives the answer
for the minimum value of the polarization in a gapped system
in class (i) discussed above.
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Next we discuss the case of rational filling factor v = g

which will turn out to include gapped systems in classes
(i1) and (iii). For rational filling factor v = g there are two
possible physical explanations for the ¢ degenerate ground
states [58,59]. The first possibility is that the ¢ degenerate
states correspond to a spontaneous breaking of the translation
symmetry by one lattice site down to translation symmetry
by ¢ lattice sites. In this case the actual ground state in the
thermodynamic limit is expected to be a particular linear
combination of the ¢ ground states (which each have different
momenta in the x direction) which is an eigenstate of (YA} )4 but
not of 7, thus breaking the symmetry of translation by one site.
This corresponds to our class (ii) of gapped phases. If we repeat
the analysis from above of the ambiguity of the polarization
in the presence of translation symmetry, but replace 7, with
(T,)?, then we find that the polarization is only well-defined
modulo % Then in the presence of inversion symmetry the
minimum value of the polarization in this case is also

e

pmin = — (6.11)

2610

corresponding to the choice v = é.

The final possibility is that the system at filling factor v = g

does not break translation symmetry but instead has intrinsic
topological order, which can also explain the g-fold ground
state degeneracy in the thermodynamic limit. This corresponds
to our class (iii) of gapped systems. In this case the filling
factor v can be related to the data describing a 2D symmetry-
enriched topological (SET) phase with U(1), and translation
symmetry [61,62], and so we now give a brief overview of
the physical properties of 2D SET phases with U(1), and
translation symmetry. For more details see Ref. [61].

An SET phase in 2D is a gapped phase possessing intrinsic
topological order, but which also has global symmetry of a
group G (see Ref. [63] for an in-depth discussion of these
phases). The group G can act in various nontrivial ways on the
anyons which are present in the topologically ordered system.
For example if G = U(1). then an anyon can carry a fractional
charge under G (i.e., the anyon transforms in a projective
representation of G). A more exotic possibility is that the
action of G can exchange, or permute, two different kinds of
anyons. In the case where the symmetry does not permute the
anyons it is known that 2D SET phases with symmetry group
G are classified by the cohomology group H*(G,.A), where
A is the group of Abelian anyons in the topologically ordered
system.

In a 2D SET phase with U(1), symmetry, each anyon a can
carry a particular fractional charge e, = Q,e under the U(1)
symmetry, where Q, is a dimensionless number. The number
Q, can also be expressed in terms of the mutual braiding
statistics M, , of a with the anyon v, which is the excitation
created in the system by threading 2w delta function flux of
the U(1). gauge field at a point in the system (this excitation
was referred to as a vison in Ref. [62]). Here M, , = %«
is the U (1) phase accumulated during a process in which the
anyon a makes a complete circuit around the anyon «’. This
essentially calculates the Aharonov-Bohm phase of the U (1),
charge carried by a when dragged around the fundamental flux

PHYSICAL REVIEW B 94, 245110 (2016)

of U(1), carried by v. Hence, we have the relation

7% =M, , (6.12)
or
9& v
Qu=——. (6.13)
2

A 2D SET phase with translation symmetry is characterized
by one additional property. This is the anyonic flux b per
unit cell, where b is an Abelian anyon in the topologically
ordered system under consideration. The physical meaning of
the anyonic flux b is that if an anyon a is translated around a
unit cell, then the state of the system picks up the phase M, ;.
We see that we can characterize a 2D SET phase with U(1),
and translation symmetry by the data ({e, },b), which includes
the set of charges {e, } of the anyons under the U (1), symmetry,
and the particular anyon b which provides the anyonic flux per
unit cell in the system.

The authors of Refs. [61,62] showed that the filling factor
vin a 2D SET phase with translation and U (1), symmetry can
be expressed in terms of the data of the SET phase as

v= 0, modl, (6.14)
or, using Eq. (6.13),
Op.v
v =2 mod 1. (6.15)
2

So the filling factor of the 2D SET phase is equal to the
U(1), charge of the anyon b characterizing the anyonic flux
per unit cell in the system, and this is in turn related to the
mutual statistical angle 6, , between b and the excitation v.
The derivation of this equation essentially uses Oshikawa’s
original flux threading argument and the fact that threading a
flux through the hole of the torus is equivalent to wrapping
a string operator for v around the cycle of the torus which
does not enclose the hole [62]. Note that O, must be a rational
number since if it were not then the relation between Qj, and v,
combined with the Oshikawa/Hastings argument, would imply
that the phase was gapless and not a gapped SET phase. From
this relation between Q,, and v we find that the minimum value
of the polarization for systems in our class (iii) is

P(min) — e_b _ eQb
X -_—.

6.16
2610 261() ( )

We have succeeding in showing that for all three classes of
gapped phases considered in this section, the polarization is
quantized to some rational multiple of 2‘70 and, in particular,
is not continuously variable since tuning v away from a
rational value leads to a gapless phase according to the
Oshikawa/Hastings argument. Thus, we see that generic
nonrational values of the polarization are indicative of a
gapless semimetal phase. Furthermore, we have shown how
the polarization in these gapped phases can be simply
related to various physical data describing those phases,
which means that it should be simple to diagnose whether
a given value of the polarization implies a gapped or gapless
phase.
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VII. COUPLED WIRES CONSTRUCTION OF
THE BOSONIC SEMIMETAL

So far we have provided an effective theory for a 24+1-D
bosonic semimetal and discussed its electromagnetic response
properties and stability criteria. In this section we provide
an explicit construction of this phase using a coupled wires
approach which is modeled after the coupled wires construc-
tion of a single O(4) NLSM with 6 = 7 derived in Ref. [42]
(see also Refs. [17,43]). We are able to find a suitable wire
building block, as well as suitable interwire tunneling terms,
which together generate our 2D BSM model after taking the
continuum limit in the wire stacking direction.

The rationale for a coupled wires construction of the BSM
model is provided by the general demonstration in Ref. [7]
that free fermion DSMs admit a coupled wires construction in
terms of 1+1-D topological insulator wires, each with a charge
§ polarization response. Indeed, one of the most important
aspects of the coupled wires construction of the free fermion
DSM is the intuitive explanation it provides for the quasi-
1D inversion-breaking electromagnetic response of the DSM
model, shown in Eq. (2.1).

This section is organized as follows. We begin by reviewing
the coupled wires construction of the free fermion DSM. We
then construct a wire building block for the 2D BSM phase
using two copies of the bosonic integer quantum Hall (BIQH)
edge theory. For our purposes, we require the description
of the BIQH edge in terms of an SU(2); Wess-Zumino-
Witten (WZW) theory, as discussed in Refs. [15,17]. For
completeness, we briefly review this description of the BIQH
edge and carefully discuss how this edge theory couples to an
external electromagnetic field. We then review the derivation
of Ref. [42] of a single O(4) NLSM with 6§ = 7 from coupled
wires consisting of a single copy of an SU(2); WZW theory.

With all of this information in hand, we go on to present
a coupled wires construction of the 2D BSM model, and we
include a careful discussion of how to define the action of
time-reversal and inversion symmetries in the coupled wires
model so that the correct action of these symmetries on the
continuum fields is recovered in the continuum limit. Finally,
we conclude this section by contrasting the coupled wires
constructions of the DSM and BSM phases, and we briefly
comment on how the symmetry breaking phases of the BSM
model can be accessed within the coupled wires description.

A. Coupled wire construction of a fermionic Dirac semimetal

We begin by reviewing the construction of the free-fermion
DSM via a stacking of 1D gapped topological free fermion
wires, each with charge 5 polarization. This construction
was introduced in Ref. [7], and it provides a clear physical
interpretation of the quasi-1D inversion-breaking response of
the DSM in terms of the polarization response of the individual
wires in the stacking construction. Just as in Sec. III, the
degrees of freedom are two-component spinless fermions ¢,
living on a 1D lattice with site index n. The Bloch Hamiltonian
for the 1+1-D free fermion topological wire model has the
form

Hiplky) = sin(k)o™ + (1 —m — cos(k,))o®.  (7.1)
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This model is in a topological phase for 0 < m < 2, and one
can show that charge +5 is trapped at a domain wall between
a state withm < Qand m 2 0 [35,64-66]. For our interest, we
consider the topological phase of this model to be protected
by inversion symmetry [67,68], where the inversion operator
7 acts on the lattice fermions as

T¢I =o%c,. (7.2)

To obtain the DSM model we now stack these 1+1-D
fermion wires into two dimensions and introduce a hop-

ping term: 7, (EHLJZE,, + H.c.) between fermions on adjacent
wires. The Bloch Hamiltonian for the resulting 2D system has
exactly the form of Eq. (3.2). Now we note that the 241-D
model Eq. (3.2) looks like many copies of the 141-D model
in Eq. (7.1) where the different copies of the 141-D wire are
labeled by k,, and with each having a k,-dependent mass

my, = m + t, cos(ky). (7.3)

Essentially, the Bloch Hamiltonian for each value of k,
represents a 1+41-D insulator of the type Eq. (7.1), but with a
ky-dependent mass parameter.

Consider the parameter range m,t, > 0 and recall the
definition of B, from Sec. III (it is the positive solution to
m + t, cos(B,) = 0 with By € [0,7)). We see that the 14-1-D
systems labeled by k, have m; > 0 for k, € (—B,,B,), but
my, < 0 for k, € (By,m) or ky € (—m, —By). So the 141-D
systems in the range —B, < k, < B, are in the topological
phase, while the rest are in the trivial phase.

As we now review, this observation immediately leads to
a microscopic description of the quasi-1D response of the
DSM. First, note that each topological wire contributes a factor
5 [ dxdt F,, to the electromagnetic response of the system.
Here F;, = 9;A, — 3, A; = —E, (the electric field in the x-
direction), so this response represents a charge polarization of

magnitude 5 in the x direction. The total number of 1+1-D

systems in the range — B, < k, < B, is %, where N, is the
Nyag

number of wires that we stack to construct the 24-1-D system,

and qy is the lattice spacing in the y direction. So the total

electromagnetic response from all of the topological wires in

the range — B, < k, < B, is

2B, e
Seff, 1D = (—}—/dxdt F,. (7.4)

N?:;o) 2

Using Nyag = f dy and the fact that B, is uniform in this case,
we get

Settip = f dx ByF,, (1.5)
2 ’

which is exactly the response from Eq. (2.1) for the case where

only By, # 0.

We would like to make one more comment about the
free fermion topological wire model of Eq. (7.1). If one
linearizes this model near the m = O critical point, and then
takes a continuum limit, the resulting model is a 1 4 1-D
Dirac fermion with a Dirac mass (backscattering) term acting
between the left and right-moving fermions that make up the
Dirac fermion. For the BSM construction it will be useful to
make the following analogy. We note that the edge theory of
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the v = 1 integer quantum Hall effect IQHE) (for fermions) is
a single right-moving fermion. Hence, the fermion topological
wire model used to construct the DSM can then be interpreted
as being built from the edge theory of a v = 1 IQH state and
a v = —1 IQH state, with an additional backscattering mass
term introduced to gap out the entire system. Alternatively,
we could think of the wire as just a thin strip of v = 1 IQHE
where the opposing edges are close enough to interact with
each other. Similarly, in our coupled wires construction of
the BSM model, each individual wire will contain the two
counterpropagating edge modes of a thin strip of the BIQH
system.

B. Edge theory of the bosonic integer quantum Hall system

In this section we briefly discuss the edge theory of the
BIQH system, paying close attention to how the edge theory
couples to an external electromagnetic field. This edge theory
will help form the basic building block for the 1D bosonic wires
we will use to construct our 2D BSM model, just as the edge
theory for the fermion IQH system forms the basic building
block for the 1+1-D fermionic topological wire considered
in the previous subsection. We expect the edge theory for
the BIQH system to satisfy (at least) two requirements:
(i) the basic fields in the model are bosonic, and (ii) the U (1),
charge conservation symmetry is realized in an anomalous
way so that the variation of the boundary action under a
gauge transformation cancels the contribution from the bulk
Chern-Simons action for the BIQH system.

The edge theory for the BIQH state can be described
using the K -matrix formalism familiar from Abelian quantum
Hall systems (in which case it is described by K = ¢*, c.f.
Ref. [16]), however, we will use the description of the edge
theory in terms of an SU(2); Wess-Zumino-Witten (WZW)
theory, which was proposed in Refs. [15,17]. Here we review
some details of this theory and explicitly show that the anomaly
of the edge theory with the correct charge assignment exactly
cancels the boundary term we obtain when we perform a gauge
transformation on the bulk Chern-Simons effective action for
the BIQH system. Indeed, this clearly shows that the BIQH
state can be terminated with an SU(2); WZW edge theory.

The bulk Chern-Simons effective action for the BIQH
system can be written in differential form notation as

1
SBIQH = E/ A /\dA,
M

where M is the space-time manifold and A = A, dx*. Under
a gauge transformation A — A +dx we have Sgion —
SBIQH + 8SBIQH with

(7.6)

1
5SB[QH:EAMAAdX. 1.7
Therefore, in order for the system as a whole to be gauge
invariant, we should expect that the edge theory has an anomaly
when we couple to an electromagnetic field, in order to cancel
this term coming from the gauge variation of the bulk action.

The SU(2); WZW theory takes the form (see Ref. [69] for
an introduction)

1 2 T
S = g/d x u[(@* U@, U)] — SwzlUL,  (7.8)
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where U is an SU (2) matrix field, and the Wess-Zumino (WZ)
term is

1 1
SwlUl = — [ ds / P e
1277.' 0

x te[(U19,0)U8,0) T8, 0)]. (7.9

As usual, the WZ term involves integration over an auxiliary
direction of spacetime. In this expression U (s,t,x) denotes an
extension of U(t,x) into the s direction and u,v,A = s,f,x
in the sum (we take €*'* = 1). By convention, one typically
chooses boundary conditions U@,t,x)=1 (i.e., a trivial
configuration) and U(,t,x) = U(t,x), so that the physical
spacetime is located at s = 1.

The SU(2); WZW theory has an SU(2) x SU(2) symme-
try: The action is invariant under the replacement U — g'Uh,
for g,h € SU(2). The transformation with g = I is referred
to as the rightSU (2) symmetry, while the transformation with
h = lisreferred to as the left SU(2) symmetry. Thecase g = h
is called the diagonal SU(2) symmetry. Just as in Sec. IV, the
matrix U can be written in terms of bosonic fields b;, I = 1,2,
and the physical U(1). symmetry b; — e'*b; is realized on
U as U — Ue*°". Hence, the U(1). symmetry is a U(1)
subgroup of the right SU(2) symmetry of the SU(2); WZW
theory.

It is known that one cannot obtain a gauge invariant action
by only gauging the right or left SU(2) symmetry of the WZW
theory (or a subgroup of one of these symmetry groups) [70].
However, in the case where one chooses to gauge a left or right
symmetry of the theory, there is a “best possible” action that
one can obtain, in which the gauge transformation produces a
term that only depends on the gauge field itself and the element
of the Lie algebra involved in the gauge transformation (instead
of a more complicated expression involving the actual field U)
[71]. In our case, this “best possible” action takes the form

1
Sumsea = 3 [ €% LD B)(D,b) — SwlU]
1

1
+— | d*x e"uliA, 07U, U],

4
(7.10)

where D, = 9, —iA,. In the kinetic term we applied the
usual minimal coupling procedure 9, — D,,. The last term,
however, is more mysterious. Its purpose is to make the gauge
variation of this action as nice as possible (the WZ term is
not gauge invariant). Indeed, under a gauge transformation
U— U™ A, — A, + 3, x(x), we have

ANndy.

1 1
8 Sauged = —g/dzx e"Adx = 5 .

(7.11)

This precisely cancels the gauge variation of the bulk Chern-
Simons term, which shows that the SU(2); WZW theory with
gauged right U(1) symmetry is an appropriate description of
the edge of the BIQH system.

In our coupled wires construction of the BSM we will
take each wire to consist of two copies of the SU(2); WZW
theory, with fields Uy and U_, but with the two copies
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having opposite signs on their WZ terms. Based on the form
of the gauged action Eq. (7.10) for one WZW theory, it
is clear that this doubled system can be gauged in such a
way that the total action is completely gauge invariant. This
1D wire model, which can be interpreted as consisting of
two counterpropagating BIQH edge modes, is a completely
consistent 1D system and is therefore an appropriate building
block for a coupled wires construction of the BSM model.

C. Review: Coupled wires model for one O(4) NLSM
with = 7

Before presenting the coupled wires construction of the
BSM model, we first review the coupled wires construction
of a single O(4) NLSM with 6 = 7, which was first derived
in Ref. [42] (see also Refs. [17,43]). In this construction each
1D wire consists of just one copy of the SU(2); WZW theory.
We note briefly that in accordance with the discussion in the
previous subsection, if each wire contains only one copy of the
SU(2); WZW theory, then the left or right SU(2) symmetry
of each wire cannot be consistently gauged. This was not a
problem in the physical context of Refs. [42,43], where the
SU(2); WZW theory was considered in connection with 1D
spin chains. In that case the SU(2) subgroup of the theory
which one might consider gauging is actually the diagonal
subgroup (U — h'Uh), and this subgroup can be consistently
gauged [70].

We label the individual wires in the wire model by the
discrete coordinate j =0, ...,N — 1. The lattice spacing in
the stacking direction is ag, and the continuum coordinate for
the stacking direction will be y = jag. The unperturbed action
for the collection of wires is

T

1 .
So = Z {8— f d*x tr[(aﬂU;)(auUj)] + (_l)jSWZ[Uj]}'
J

(7.12)

We see that the sign of the WZ term alternates between adjacent
wires. The coupling between the wires takes the form

2
t
Si=2% / &Px Y 0 i +ec), (1.13)
j I=1

where t;, > 0, and b; and b, are the matrix elements of U. This
term is proportional to tr[U]TU j+1 +H.c.]. We now Fourier
transform in the stacking direction

1 -
b= —— Zb,,ke”ﬂ“o (7.14)
VN 4

to get

Sy =1t cos(kay) / d’x Y bjibri. (115
k 1

The key point now is that we should expand this term near
its lowest energy point. This should be contrasted with the free
fermion case, where the correct procedure was to expand the
dispersion near the band touchings at zero energy (which is
where the low energy excitations are located when the lattice

PHYSICAL REVIEW B 94, 245110 (2016)

is at half filling). The potential energy associated with S, is
Hy = —t, ) cos(kag) / dx Y bjibie.  (7.16)
k 1

which has its minimum value at k = 0 for #; > 0. Expanding
around k£ = 0 gives

I
S1 ~ const. — = Zk:(kao)z f d’x leb;kb,_k. (7.17)

Since this interaction tends to align the fields U; and U;4
(if we think of them as four component unit vector fields), it
makes sense to introduce the slowly varying continuum fields
b;(t,x,y), which are obtained from b, ;(t,x) by keeping only
the modes near k = 0. We have [72]
1 dk :
by j(t,x) = by(t,x,y) = Wi / mbl,k(l,x)elk’v,

Na()

(7.18)

where y = jag, and we have expressed the continuum field
b(t,x,y) as an integral over a continuous set of wave numbers
k. The continuum fields b;(¢,x, y) then become the components
of the continuum matrix field U(¢,x,y). Back in real space, S|
becomes the y derivative term (0,U T)(ayU ) in the continuum
limit.

Finally, the theta term comes from a careful evaluation of
the alternating sum of Wess-Zumino terms. We have

: 1
2D SwalUj) ~ 5 / dy 0,Swz[U],  (7.19)
J

where U in Sy z[U]is the continuum field U (¢,x,y). It remains
to evaluate 9, Swz[U]. One method for evaluating this quantity
is to simply use the definition of the derivative,

Swz[U(t,x,y + )] — Swz[U(t,x,y)]
€

0y SwzlU] = 1iII(1)
(7.20)

We thenexpand U (¢,x,y +€) ~ U(t,x,y) + €9,U(t,x,y) and
use the formula for the variation of the Wess-Zumino term with
8U set equal to €0, U. The variation of the WZ term is

8SwzIU] = ifdzx (Ut U U, U)UTSU)Y
47 " ! ’

(7.21)

where ji,D = t,x only. Setting §U = €9,U, we obtain for the
y derivative,

3y SwzlU] = %/dzx M u[(UTa U)UT:U YU, U)].

(7.22)

A small amount of algebra then gives the final result

D (=1 SwzlU;1 = 7w S,[U],

J

where Sy[U] is the theta term for the O(4) NLSM from
Eq. (4.4). Note that the theta angle 6 works out to be
exactly 7.

(7.23)
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D. Coupled wires construction of the 2D BSM model

In this section we give a coupled wires construction of
the 2D BSM model. Specifically, the construction presented
here yields our 2D BSM model with only the y component
of the field B, nonzero. As we have discussed, our coupled
wires construction uses two SU(2); WZW theories in each
unit cell j in the stacking direction. We label the fields for
the two copies of the WZW model in each unit cell as Uy ;.
Below, we will see how the “A” and “B” fields for the 2D BSM
model emerge from these initial &+ fields (they are not the
same). In order to accommodate the inversion transformation
in the stacking direction, we take the wires to be numbered
as j = —7, ..., ¥ _ 1 (so there are still N unit cells). We
take N even and assume periodic boundary conditions in the
stacking direction so that j = & is identified with j = —%.
The unperturbed action for the decoupled collection of wires
is

{Z /d2x tr BMUT )(a[LUS,_j)]

+ Swz[Us ;1 — SWZ[U—,j]}, (7.24)

which consists of two SU(2); WZW theories in each unit
cell j but with the £ copies having opposite signs on their
respective WZ terms. We add two kinds of interwire coupling
terms, which take the form

Si1= —Z/dzxz{lerjbl—H-l+b171+1b1+1

b brggn + b b ) (7.25)
and
Si,=—i2 > =1y /dzx
: 22
X Z{b}k,+,_ib1~—v.i+l - b?,—,j+1b1,+,j
1
— O} _ b1y = by jabi ). (1.26)

The hopping term S, ; is proportional to tr[(Uiij,,Hl
+He) + (UL [ Us i1 +Hel,
proportional  to  tr[((GU ;U jy1 +He) — (GU! Uy i
+ H.c.))o*]. When #; > 0 the term S, ; will tend to align

Uy jwith U_ ;11 and U_ ; with U, ;1. We therefore define
the fields bI,A,j and bI,B,j by

while the term S, is

b[ +.jo ] = €ven
brai= o 7.27
La.Jj {b,,_,j, j=odd (7.27)
and
by_j, Jj=even
bypi= o . 7.28
I,B,j {bI,Jr,j’ j — odd ( )

It is these fields which have a nice continuum limit for the
chosen hopping terms. In terms of these fields the hopping

PHYSICAL REVIEW B 94, 245110 (2016)

terms take the simpler form

Si :—Z/dzxz{blAjblAj+l+b1AJ+1b1AJ

+ b7 5. jbrs.j+1 + b7 g j1b15 i}, (7.29)
and
SL2__1_Z/d2xZ{b1AJb1Aj+1 by a. 1014,
— by g jbr.B,j+1 — by g j41b1,8,))} (7.30)

Now we Fourier transform the “A” and “B” fields as
in Eq. (7.14) and also make a specific choice of hopping
parameters, f; =t cos(Byag) and t, =t sin(Byap). In terms
of the Fourier-transformed fields the interwire coupling now
takes the form (with S} = S, 1 4+ S12)

S, = IZ cos[(k — B,)ao] Z b} 4 ibrak
k 1

+ cos[(k 4 B,)ao] Zb’,"qubl,B,k}. (7.31)
1

It is clear that the additional imaginary hopping terms with
amplitude #, have cause the minima of the cosine potentials to
shift from k = 0 to k = £B,.

Finally, we take the continuum limit in the stacking
direction. For the “A” fields we expand the cosine around k =
By, and for the “B” fields around k = — By, which is where the
potentlal energy (which is proportional to — cos[(k &= By)ag])
has its minimum. The lattice fields now take the approximate
form

(7.32a)
(7.32b)

bra j(t,x) ~ PVby 4(t,x,y)

by p,i(t,x) ~ e B Vby p(t,x,y),

where the slowly varying continuum fields are now given by

bra(t,x,y) = bIA +8,(, x)e™  (7.33)

\/—/ Nao
bratxy) = / (s n @00, 3
N(l()

where the integration over wave numbers k is now centered
at the modes with wave number £B, instead of at k = 0.
The term S will give the terms |(9y — iBy)b[,A|2 and [(9, +
iB))b; p |2 in the continuum limit, so this construction gives the
correct minimal coupling of the bosonic fields to the “gauge
field” B,

Now we look at how the alternating sums of WZ terms
transform into the theta terms for the “A” and “B” copies
of the O(4) NLSM. We first define the matrix lattice fields
Uy,j and Up ;, whose matrix elements are the lattice fields
by a,j and b; g ;. In the continuum limit these are expressed in
terms of the continuum matrix fields U (¢,x,y) and Up(t,x,y)
(whose matrix elements are the continuum fields by 4(¢,x,y)
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and by p(t,x,y)), as

Ua j(t,x) & Ux(t,x,y)e B (7.35)

Ug,j(t.x) ~ Ugl(t,x,y)e” BI7" (7.36)

The matrix phase factors e (837" attach the appropriate phase

to the lattice bosons, as shown in Eq. (7.32). Because of
the form of the WZ term, the matrix phase factors e*(8:)*
completely cancel each other, and the evaluation of the theta
terms from alternating sums of WZ terms proceeds exactly as
in the case of one copy of the O(4) NLSM. In addition, we
have

D SwzlUs 1= SwzlU- ;D)
j

=Y (1Y SwzlUa ;1= D> (=1 SwzlUp 1, (7.37)
J J

so the theta angles for the “A” and “B” copies of the O(4)
NLSM will have opposite sign.

E. Symmetry transformations

We now define transformations for the lattice bosonic fields
by +.; under inversion ZZ and time reversal Z7 in such a way
that in the continuum limit we get the transformations shown
in Eq. (5.4) and Eq. (5.5) for the fields b; 4 and b, p of the 2D
BSM model. For time reversal, we take

Thr ;T ' =br+;.

It is easy to see that the term S ;| has this symmetry. The term
S .2 picks up a minus sign under the swap + — —, but the
factor of i in that term is also negated since 7 is antiunitary.
These two signs cancel each other, and so the term S , is also
symmetric under this time-reversal symmetry. We also see that
Thy, A,J-T_l = by p,j, which then translates over to the correct
continuum transformation 7 b, AT 1= br g, as can be seen
from Eq. (7.32).

Next we consider the action of inversion symmetry. We take
7 to act on the lattice fields as

Ib],i,j(x)z_l =b;+_j(—x),

(7.38)

(7.39)

which is just an inversion about the origin x = 0, j = 0. Again,
itis easy to see that S ; has this inversion symmetry. Although
it is not obvious, one can explicitly check that S, , also
has this symmetry. For example the terms b7 , \b; > and
b} _ b1 +.—2, which are partners under inversion, appear in

S| with the same sign. We also see that Zb; 4 ;(x)I ' =
by p,—j(—x) since j =—j mod 2. In the continuum limit
this inversion symmetry then translates into Zh; 4(X)Z~! =
by p(—X), as can be seen from Eq. (7.32), and this is exactly
the inversion transformation for the continuum fields in the 2D
BSM model.

Finally, we discuss the emergence of the U(1), translation
symmetry for the continuum fields. We saw that after ex-
panding the cosines near k = =B, and taking the continuum
limit in the y direction, the term S, gave the kinetic terms
[(d, — i By)bs al> and |(d, + iBy)bs p|> for the continuum
fields by 4 and b; . We can see from the form of these terms
that the continuum action is invariant under the transformation
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b[,A — eiSbI,A, bl,B — Eiisb[’B and By — By + 3},5. This
transformation is exactly the U(1), gauge transformation
shown in Eq. (5.3) and discussed in the paragraphs following
that equation (in the special case where only the y component
of B, is nonzero).

F. Discussion

In this section we have shown how to construct our 2D
BSM model from a quasi-1D coupled wires model. Let us now
contrast the coupled wires model for the BSM phase with the
coupled wires model for the DSM phase (derived in Ref. [7]).

In the DSM case, we considered fermions on the square
lattice at half filling. The Bloch Hamiltonian for the model
in question featured two bands with energies £ (k) shown in
Eq. (3.5). At half filling, the low-energy excitations of that
model were at the locations in the BZ where the two bands
touched, i.e., at the locations where E (k) = E_(k) = 0.
For this reason we expanded the Bloch Hamiltonian where
E1 (k) = 0 to obtain the low energy description of the system.
If the band was just a cosine, e.g., cos(k,), then we would
expand atk, = :b% (so two locations), which are the locations
of the two Dirac points. From this discussion it is clear why
the form m =+ ¢, cos(k,) for the dispersion was appropriate
for the construction of the DSM model: The addition of the
intrawire mass m shifts the cosine vertically, which changes the
positions of the zeros of energy, and hence shifts the locations
of the Dirac nodes in the BZ.

Now we compare to the BSM case. For bosons there is
no notion of filling a band or of expanding a dispersion near
band touchings. Instead, the appropriate method for finding
the low energy description of the system was to expand the
potential about its minimum. For a potential which is just a
cosine, e.g., — cos(k,), we expand around k, = 0 (so a single
location). From this discussion it is apparent that in order
to move the low-energy physics of the bosonic system away
from k, =0, we need to shift the minimum of the cosine
potential, i.e., we need a horizontal shift of the cosine, as
in —cos(ky, — By). In our coupled wires construction of the
BSM model this horizontal shift was accomplished using an
imaginary interwire hopping term, not an intrawire mass term
as in the DSM case.

It seems that the essential difference between the coupled
wires constructions of the DSM and BSM models comes from
the simple fact that fermions fill a band structure, while bosons
do not. Therefore a different mechanism is needed in the two
cases to shift the low-energy physics to the points (0,+B,) in
momentum space.

Finally, we note that our coupled wires model for the BSM
can be driven into time-reversal or inversion breaking phases
by adding dimerization to the interwire tunneling terms. As
we discussed in Sec. V [see the discussion in the paragraph
above Eq. (5.26)], the time-reversal and inversion breaking
perturbations to the BSM model correspond to correlated shifts
of the theta angles 64 and 6 away from their original values
64 = —60p = 7. In Ref. [43], Tanaka and Hu have shown that
incorporating dimerization into the interwire interactions in the
coupled wires construction (of Ref. [42]) of the O(4) NLSM at
0 = m leads toan O(4) NLSM with 6 shifted away from 7. Itis
therefore possible to investigate the time-reversal and inversion
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breaking phases of the BSM model within its quasi-1D
description in terms of coupled wires, just by adding suitable
dimerization to the interwire tunneling terms. However, we do
not carry out this analysis here as we have already investigated
these phases within the continuum description in Sec. V, and
we do not expect the results to be modified in an essential way.

VIII. CONCLUSION

We have constructed an effective theory and a coupled-wire
model for a bosonic analog of a topological DSM, in which
the Dirac cones of the DSM are replaced with copies of
the O(4) NLSM with topological theta term and theta angle
0 = £m. We computed the time-reversal and inversion sym-
metry breaking electromagnetic responses of this BSM model
and showed that they are twice the value of the responses
obtained in the fermionic DSM case. We also examined the
stability of our BSM model to many kinds of perturbations
and found that the same composite ZZT 7 symmetry which
protects the local stability of the DSM also plays an important
role in the local stability of the BSM. Finally, we provided
a quasi-1D construction of the BSM model using an array
of coupled 1D wires in which each individual wire is made
up of two copies of the SU(2); WZW conformal field
theory.

Along the way we have been able to clarify many aspects
of the O(4) NLSM with 6 = 7 which have been discussed in
the literature. In particular we provided a detailed analysis of
the stability of the BTI surface theory to symmetry-allowed
perturbations, which were only briefly discussed in Ref. [17].
We were also able to prove the results on the charges and
statistics of vortices in the O(4) NLSM with theta term
which were argued for in Refs. [17,42]. We also conjectured
a relationship between the descriptions of the BTI surface
discussed in this paper, in particular the dual vortex description
of Ref. [17] and the description in terms of Abanov-Wiegmann
fermions and the recently proposed dual description in terms
of N =2 QEDj; [40]. As we discussed in Sec. IV, one
interesting direction for future work would be to give a direct
derivation of the N = 2 QEDj; description of the BTT surface,
starting from the description in terms of the O(4) NLSM
with9 = .

Another interesting direction for future work would be to
explore bosonic analogues of Weyl semimetals in three spatial
dimensions. In particular, it would be interesting to understand
the requirements for the local stability of a bosonic analogue of
a Weyl semimetal, since in the fermion case the local stability
of the Weyl nodes does not depend on any discrete symmetry
[73]. This is quite different from the DSM case in 2D, in
which the composite symmetry Z;[ 7 was necessary to ensure
the local stability of the Dirac nodes. One possibility for a
bosonic analog of a Weyl semimetal would be to try replacing
each Weyl node with a copy of the O(5) NLSM with theta
term and theta angle 6 = +£m.

Finally, there is still more to be learned about the O(4)
NLSM at6 = m. The disordered (symmetry-preserving) phase
of this model was first argued to be gapless in Ref. [42].
Qualitative arguments about the RG flows of this model also
indicate the existence of a fixed point (representing the putative
gapless phase) at & = at a large but finite value of the
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coupling constant g [46]. Very recently, numerical simulations
on a (fermionic) honeycomb lattice model whose low energy
sector is described by the O (4) NLSM with 6 = 7w have shown
that this model is indeed gapless [74,75]. It would be very
interesting to understand how the vortex braiding processes we
described in Appendix C, which at & = 7 lead to destructive
interference between the different field configurations summed
over in the path integral of the O(4) NLSM, lead to this gapless
behavior. In addition, it would be interesting to calculate the
scaling dimension of the O(4) field N at the disordered fixed
point.
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APPENDIX A: CANONICAL QUANTIZATION OF THE
0(4) NONLINEAR SIGMA MODEL

In this Appendix we briefly discuss the canonical quantiza-
tion of the O(4) NLSM. We use these commutation relations
in Sec. IV to understand the effects of symmetry-allowed
perturbations on the surface theory of the BTI. Since the O (4)
NLSM is a constrained system, it is necessary to use the Dirac
bracket formalism to obtain the canonical commutators of this
system [76,77]. Let ¢;, i =1,...,M, be the second class
constraints of the system in question. Then the Dirac bracket
is given by

M
(F0.60l = (fe) = Y [ d2a
ij=1
< RV @IC] @) @).8W)),
(A1)

where the C;;(z,z), which are the matrix elements of a matrix
with discrete indices i, j and continuous spatial indices z and
z/, are given by

Cij(z,2) = (Vi (2),¥;(Z)},

and where { , } is the ordinary Poisson bracket.
In the case of the O(4) NLSM, one possible choice of
coordinates and momenta is just the fields N and their

canonically conjugate momenta I = —2%__ In terms of

(A2)

3O, N
these variables the Poisson bracket reads
{f(x),g()}
_i / dzz<3f(x) 53(y)  8f(®) 8g(y)
_a:1 SNe(z) 8T1%(z) 8T1%(z) SN (z) )’

(A3)

245110-29



MATTHEW F. LAPA, GIL YOUNG CHO, AND TAYLOR L. HUGHES

where %(Z) is a functional derivative. This system has two
second class constraints, which take the form

Y=Y NN“—1 (A4)

Yo =)y NI (AS)

Using this data one finds, for example, that the Dirac bracket
for N® and I1° is

[N“(x),TT?()}p = (8" — NN ()P (x — y). (A6)

The rest of the Dirac brackets for this system are shown
explicitly in Ref. [78]. The commutator for the quantum field
theory is then obtained by replacing {N“(x),I1°(y)}p with
—i[N“(x),T1(y)] in the previous expression.

In this paper we discuss the O(4) NLSM using the variables
b and b, defined in Eq. (4.5). In the canonical formalism we

now have the coordinates b; and b} and momenta 7r; = #ﬁb,)
and 7} = 8(3—‘;) for I = 1,2. In these variables the second
1O}
class constraints are
Y1 =) bibi—1 (A7)
I
Yo =) (brmy +bj)). (A8)
I

The Dirac bracket for b; and 7 takes the form

{br(x), 70, (N} = (815 — 5b1L5(¥)8P(x —y).  (A9)

For the quantum theory this yields the commutation
relation

[b;(x),70,()] =i (817 — Lo, ()P (x —y),  (A10)

where the function b} (x) has been replaced with the operator
b; (x) on the Hilbert space. One can also show that the operators

b;(x) and bTJ(X) all commute with each other. These are
the only commutation relations we require for this paper,
but the others can also be derived using the Dirac bracket
formalism.

APPENDIX B: VORTICES IN THE O(4) NLSM
AND THEIR QUANTUM NUMBERS

In this Appendix we study vortex solutions of the equations
of motion for the O(4) NLSM, and we also perform a
collective coordinate quantization of the global excitations on
the background of a single vortex. This allows us to show very
directly that vortices in the phase of b; carry charge % of by
and vice-versa, as was argued in Ref. [17]. A more precise
statement is that in the presence of a vortex in bj, the charge
spectrum of b, is shifted by % Our analysis (in particular,
the collective coordinate quantization) closely parallels the
analysis in Ref. [78] of solitons in the O(3) NLSM with
Hopf term. In Ref. [78], the authors showed that a soliton of
topological charge Q carries angular momentum % Q?, where
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0 is the coefficient of the Hopf term (the result for Q = 1 was
originally worked out in Ref. [50]).

1. Finite energy vortex solutions

We start by discussing a class of finite energy vortex
solutions to the NLSM equations of motion. To the best
of our knowledge, these solutions have not appeared in the
literature. They are, however, closely related to solitons in
the O(3) NLSM, due to the fact that they involve only three
components of the O(4) field. Exact soliton solutions for
the O(3) NLSM were obtained long ago by Belavin and
Polyakov [79]. Our vortex solutions, however, involve different
boundary conditions than those considered in the soliton case.
Indeed, in the study of solitons in an O(3) NLSM, with field
m, one imposes the boundary condition that m tends to a fixed
configuration my at spatial infinity. This boundary condition
has the effect of compactifying 2D space to the sphere S2.
For the vortex configurations considered here, we will instead
regard 2D space as a large disk of radius R, and only take R
to infinity at the end of the calculation.

If we vary the O(4) NLSM action in Eq. (4.1) with respect
to U and use 8UT = —UTSU U (since U is an SU(2) matrix)
we find the equation of motion

Ou — u@UhHU =0, (B1)

where [ = 32 — V2. The theta term does not contribute to
the equation of motion since its variation is a total derivative.
We work in polar coordinates (r,¢) for the plane, but with an
upper cutoff R for the radial direction, i.e., r € [0, R], and take
R — oo at the end of the calculation. Let z = (b;,b,)7, where
by and b, are the elements of U as shown in Eq. (4.5). We
make the time-independent vortex ansatz,

iag
= (COS(f (r)e ) (B2)

sin(f(r))

where o € Z (so that the solution is single valued) and we take
the boundary conditions f(0) = 7 and f(R) = 0, so that the
amplitude of b; vanishes in the vortex core. One can actually
take o to be any real number in what follows. Solutions with
general values of o might be relevant for the study of braiding
statistics of excitations in gauged NLSM’s as considered in
Ref. [49]. Plugging this ansatz into the equations of motion
yields a differential equation for f(r)

P+ L @S ORIO)

(B3)

whose exact solution for the given boundary conditions is

R\ T N
f(r) =am 10g(7) 1 =—5+2tan [(7) ]

(B4)

In this expression, am[u,k] is the Jacobi amplitude function.
When k = 1, this function reduces to a much more manageable
form.

Next we show that this solution has finite energy. We will
see that the energy of the solution is actually independent
of the long-distance cutoff R. The topological term does not
contribute to the energy, so we just have (i = x,y and we sum
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overi)
2 1 t
E, = d°x —(aiZ )(0;2)

2
/ 4’x _{(a e+ 22 if (r))}. (B5)

Next we go to polar coordinates and use the fact that

R2lal 2]l R2laly2le]

2 r
(@ f () = % iy and 0 = 4 G, forthe
solution for f(r)in Eq. (B4) to find
gL 2 d¢ 4(0{2 + 1) R2|a\r2|a|
@ = 2 (r2lal + R2laly2
271
= lo| + ﬁ (B6)

So we find that the vortex solution has finite energy and that
the energy is independent of the upper cutoff R. The energy
increases essentially linearly with the “vortex strength” ¢. For
the case of @ = 1, we just get E; = 3%,

It is interesting to note that this theory admits finite energy
vortex solutions without requiring coupling to a dynamical
gauge field, as is necessary in the case of an ordinary complex
scalar field in 2D (see, for example, the discussion of the
Abelian Higgs model in Ref. [80]). These vortex solutions are,
however, somewhat pathological, in the sense that the size of
the vortex core grows without bound as the upper cutoff R is
pushed to infinity. Vortex-anti-vortex pairs, however, do not
have this problem. This is because the energy density of such
a pair falls of faster than % at long distances, so these objects
are well defined when the system size is infinite.

2. O(2) NLSM for phase excitations of b,
on a vortex background

We now study the global excitations of the phase of the
boson b, on the background of a vortex in b;. Note that the
classical energy E, of the vortex ansatz in Eq. (B2) is invariant
under the replacement sin( f(r)) — sin(f(r))e’” where 6, is
any constant phase. To study the global excitations about the
vortex solution, we promote &, to a time-dependent phase 6, (1),

[ cos(f(r))e'?
- (sin(f(r))e”z(”)’

where f(r) is the vortex solution from Eq. (B4) with ¢ = 1.
We then evaluate the action on this configuration and quantize
the motion of 6,(¢). This type of analysis is referred to as
collective coordinate quantization (see Refs. [78,81]) and is
useful for understanding how quantum fluctuations can lift the
classical degeneracy of global fluctuations about the vortex
solution.

On this field configuration the theta term in the action
reduces as

(B7)

Sy = f d*x e"Mr{(UT8,U)UTS,U)UT8,U)]

2472

L / dt 3,6:(1), (B8)
2
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which is precisely the theta term foran O(2) NLSM in0 + 1-D
[82]. The kinetic term in the action reduces to

Skmzfd%x
27 R?
—>/dt{n J

8

where E; = ? is the energy of the vortex solution and J is
the convergent integral

1 .
VAN
g( 21)(8,2)

(8,02)* — E } (B9)

o0
J = / dw e sn’[w,1] = % —1In(4).  (B10)
0
In this expression sn[w, 1] = sin(am[w, 1]) is one of the Jacobi
elliptic functions. An important point here is that it does not
make physical sense to evaluate the action on a vortex solution
with infinite energy, therefore it is crucial for our analysis that
the vortex solutions do have finite energy.
The full action for the phase excitation 6,(¢) is (neglecting
the constant E)

2nR*J
592=/dt{ T
g

This is exactly the action for an O(2) NLSM with theta term in
0 + 1 dimensions. We can now canonically quantize the action
for 6,. We define the canonical momentum

0
(3,02)* — Eatez}. (B11)

0Lcore _Aw R%J
P2 = 00,00 - g (0,62) — oo (B12)
from which we derive the Hamiltonian
Heore = i(pz " i)z, B13)
2m 2w

27 . . .
wherem = 4”% is the “mass” of the degree of freedom inside

the vortex. In canonical quantization we set py = —i 3%?, and
so we find that the eigenfunctions of the vortex Hamiltonian
are

n(02) = ——=e"", nel (B14)
V(62 o
with energies
E ! n+ 0\’ (B15)
"= m 2

We see that there is generally a unique ground state except
for when 6 = 7, in which case the n = 0 and n = —1 states
are degenerate. The energies of these states do, however, all
collapse to zero in the thermodynamic limit R — oo.

3. Spectrum of charges

Finally, we can look at the charge spectrum of 6,(¢)
fluctuations on the background of a vortex in b;. We start
by considering the conserved charge for boson species 2,

0, = / d*x L(8,b5by — b%0,by), (B16)

8
where the integration is taken over all of space. This is the
conserved charge for the Noether current of the O(4) NLSM
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associated with the invariance of the action under the symmetry
b, — e'Xb,. After canonical quantization, Q, will become the
number operator for the b, bosons. Evaluating this expression
on our vortex solution gives

47w R%J

0, = (8,65), (B17)

and replacing 9,6, with the canonical momentum p, gives

0
Qr=p2+ = (B18)

2

This shows that the charge spectrum of b, is shifted by
% in the presence of a vortex in b;, which means that a half
charge of b, may be associated to vortices in b; at 6 = .
An analogous result holds for vortices in b,. It follows that a
vortex in by will carry half of any U(1) charge carried by b,,
for example the U(1). and U(1), charges considered in this
paper. Thus, we have been able to prove the result of Ref. [17],
which is that vortices on the surface of the BTI carry charge
:I:%, directly from the description of the surface in terms of the

O(4) NLSM with 0 = 7.

APPENDIX C: THETA TERM AND THE MINKOWSKI
SPACE PATH INTEGRAL FOR THE 0(4) NLSM

In this Appendix we discuss the role of the theta term in
the Minkowksi spacetime (i.e., real time) path integral of the
O(4) NLSM. Recall from Sec. IV that in Euclidean spacetime
(compactified to the sphere S* via appropriate boundary
conditions), the theta term was quantized due to the nontrivial
homotopy group m3(S?) = Z. In that case the theta term
contributed a phase ¢/’ to the Euclidean path integral, where
n; € Z was the instanton number of the field configuration [see
Eq. (4.9)]. It then followed that the time-reversal symmetric
values of 6 are = nm, n € Z, at which the phase /%" is real.
In Minkowski spacetime these arguments no longer hold, and
it is illuminating to develop a separate understanding of the
role of the theta term in the real time path integral.

In this Appendix we show that in the real time path integral
the theta term gives a weight e/? to spacetime configurations of
the O(4) field in which a vortex in the field b, makes a complete
circuit around a vortex in b;. This result was anticipated
by the Euclidean spacetime arguments of Senthil and Fisher
(Ref. [42]), but in this Appendix we derive this result using
only the properties of the theta term in Minkowski spacetime.
In addition, following an argument used by Wilczek and Zee in
Ref. [50] in their analysis of solitons in the O(3) NLSM with
Hopf term, our result implies that a bound state of a vortex
in b; and a vortex in b, carries intrinsic angular momentum
J = % When 6 = 7, we have J = %, which means that the
bound state is a fermion. This result was also argued for in
Ref. [17].

To start, we express the components b; and b, of the NLSM
field U in Hopf coordinates as in Sec. I'V. In these coordinates
the bosonic fields are expressed as b; = sin(n)e’”" and b, =
cos(n)e’” with n € [0,Z] and 91,9, € [0,27). The theta term
can be written in the form [compare to Eq. (4.44)]

1
SolU]l = ——

= d®x €9, (sin*())d,918,0,.  (C1)
472
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Now we integrate by parts, for the moment ignoring boundary
terms. Later we will comment on the boundary conditions
necessary to justify ignoring these boundary terms. We get

1 .
SelUl = - / d’x sin*(n)(9,01 KL — 3,9:K1"), (C2)

where we have introduced the vortex currents K; =
%e’”*&vakﬂl for vortices in the phase of the field b;. If ¥,
has vortices of vorticity g; ; (g;,; € Z) atlocations r; ;(¢) [i.e.,
r; j(¢) is the location of the vortex core], then the components
of the vortex current K j’“ take the form

Ki =Y q1;8Px—r;(t) (C3)

J
K, = ZCII,jV1,j(f)5(2)(X —ry,;(1)),
J

(C4

where K; = (K7,K}) and v, ;(1) = 24 Since sin(n) = 0

at the core of vortices in b, and sin(n) = 1 at the core of
vortices in b,, the theta term reduces further to

1 3 &
SG[U]ZZ de,u?le.

(€5

We now show that the theta term gives a phase of e’ in the
real time path integral whenever a vortex (of strength ¢ = 1)
in the phase of b, makes a complete circuit around a vortex
(also of strength ¢ = 1) in the phase of b,. We take the vortex
in ¥ to be located at r(¢), and the vortex in ¥, to be located
at rp(¢), and we restrict the time integration in the action to
be on the interval [0,7], where T is the time it takes for
the vortices to complete their circuit. From the form of the
components of the vortex current shown above, we find the
result

T
d
/ Px 8,01 KL = / @), ()
0

where the integrand is the fotal time derivative of 9(t,r>(¢)),

d
Eﬂl(t,l'z(f)) = 0;,01(1,r2(1)) + v2(t) - VI (2,X)

x=r(t)

€N

Here the function 9 (¢,r;(¢)) is the phase of b; evaluated at the
core of the vortex in b,.

Now we integrate the total time derivative of o (z,r»())
fromt =0tot = T to obtain

1
SelU] = g(l‘h(T,rz(T)) — 91(0,r2(0))). (C8)

Finally, since the core of the vortex in b, makes one full
circuit around the core of the vortex in b; as t varies from
0to T, we have 9, (T,r(T)) — 91(0,r(0)) = 2. We then get
So[U] = 1, which means that in the real time path integral
we get a phase e!?%[Ul = ¢/ for every field configuration in
which a vortex in b, makes a complete circuit around a vortex
in b. More generally, if a vortex of strength g, in b, makes a
complete circuit around a vortex of strength ¢; in b, we get a
phase of /192,

The result obtained above can also be used to investigate the
intrinsic angular momentum and statistics of the bound state
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of vortices in by and b,. In Ref. [50], the authors calculated the
intrinsic angular momentum J of a soliton in the O(3) NLSM
with Hopf term by calculating the action corresponding to an
adiabatic rotation of the soliton by 2. If the time it takes
to complete the rotation is 7', then the action should evaluate
to S =2nJ + 0(%). The topological term in the action is

responsible for the value of J, and the terms of order % are
produced by the other terms in the action. From our result
above, we immediately see that 27t J = 6 for the vortex bound
state, so J = % At0 =m we get J = %, which means that
the vortex bound state is a fermion.

Finally, a few words are in order about the conditions
necessary to justify ignoring the boundary terms produced
when we integrated the theta term by parts. First, the boundary
terms in the time direction can be neglected if the field
configurations at the initial and final time are chosen to be
the same. This is the usual choice in field theory, where
the path integral represents a matrix element of the form
(¥|e~"T|yr), in which the time evolution operator e ~#T
is sandwiched between the same initial and final state |y)
(usually the vacuum, or ground state).

Now we discuss the spatial boundary terms. One way to
ensure that the spatial boundary terms vanish is to require the
phases ¥ and ¥, to tend to constants at spatial infinity. This
means that these two phases cannot wind at spatial infinity,
which means that if vortices are present in ¥ or v, there must
also be an equal number of antivortices present to completely
cancel the winding of the phase at spatial infinity. In other
words, the sum over configurations of the O(4) field U in
the path integral should be restricted to include only those
configurations which contain an equal number of vortices and
antivortices in the phase of each boson b;. This requirement
makes physical sense since, as we saw in Appendix B, isolated
vortices have some undesirable properties (their core size grew
without bound as the system size was taken to infinity). As we
discussed in Appendix B, vortex-anti-vortex pairs do not have
this problem.

APPENDIX D: ABANOV-WIEGMANN FERMIONS
AND THE RELATION TO THE O (4) NLSM
WITH THETA TERM

We mentioned in Sec. IV that the Abanov-Wiegmann
method seems to be more closely connected to an O(4)
NLSM in the ordered (small g) phase, whereas we are
interested in studying the disordered (large g) phase of the
model. Nevertheless, our response calculation using Abanov-
Wiegmann fermions completely agrees with the response
calculation of Ref. [17] using the dual vortex theory (which
we reviewed in Sec. IV). In this Appendix we use the
Abanov-Wiegmann formula to argue that the topological part
of the electromagnetic response of the O(4) NLSM with
0 = m must be exactly equal to the topological part of the
response of the theory of four massless fermions ¥,, where
Y, are the four Abanov-Wiegmann fermions which can be
coupled to the O(4) field to produce an O(4) NLSM at
0=m.

As discussed above, the Abanov-Wiegmann method cannot
produce an O(4) NLSM in the disordered, or large g phase,
because the expansion in powers of M ~!' would not be reliable
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at such low orders if M was taken to be small. Let us instead
consider a completely different scenario, in which we start out
with a system containing bosonic and fermionic degrees of
freedom. The ingredients in this theory are (i) an O(4) NLSM
in the disordered phase with a theta angle 6 = —m and (ii) the
four massless fermions v, introduced in the discussion of the
Abanov-Wiegmann method in Sec. IV. The action for these
two decoupled theories takes the form § = §;, + Sy with

S, = / Px [l(aw“xauzv“)} + SN (D)
8
and

Sy = / dPx Vv, (D2)

where W = (V,¥2,v3,%4)7. We now turn on a strong inter-
action between these two theories of the form

4
Sur=-M Y [ wneTow, (D3)
a=1

with M > 0 and large (so the coupling is strong).

If we integrate out the fermions in this theory (using the
Abanov-Wiegmann formula), then the theta term for the O (4)
NLSM will be canceled (recall that the original theta angle
was —), and we are left with the action

S = f d’x l(aﬂN“)(a N%) (D4)
= ; N9,

where g is very small, since §~! = g7! + coAr;Ist. . The resultis an

O(4) NLSM with no theta term which is in its ordered phase.
We see that strong coupling to the four massless fermions
¥, has completely destroyed the topological properties of the
original O(4) NLSM with 0 = —r.

Our interpretation of this is as follows. The theory of four
massless fermions in Eq. (D2) (in which the fermions carry the
charges g, calculated in Sec. IV) should be regarded, in some
sense, as the inverse of the O(4) NLSM with § = —m, since
strong coupling between the two theories completely destroys
the topological properties of the latter theory. In particular, the
topological part of the electromagnetic responses of these two
theories should have opposite signs. Now the O(4) NLSM
with 6 = 7 is also, in this same sense, the inverse of the
0O(4) NLSM with 6§ = —m. To see this, suppose we had two
0O(4) NLSM’s with theta term, with fields N and M, with the
first copy having 6 = 7 and the second copy having 6 = —x.
Then a strong dot product coupling of the form N - M between
these two theories will have the effect of setting N = £M,
which will in turn cause the theta terms for the two theories to
cancel. We therefore conclude that the topological part of the
electromagnetic response of the fermion theory in Eq. (D2)
should be exactly equal to the topological part of the response
of the O(4) NLSM with 6 = . This explains why we were
able to calculate the electromagnetic response of the O(4)
NLSM with & = & by instead coupling the fermion theory in
Eq. (D2) to the external field A,,.
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