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We construct a hierarchy of exactly solvable spin-1/2 chains with so(N); critical points. Our construction
is based on the framework of condensate-induced transitions between topological phases. We employ this
framework to construct a Hamiltonian term that couples N transverse field Ising chains such that the resulting
theory is critical and described by the so(/N), conformal field theory. By employing spin duality transformations,
we then cast these spin chains for arbitrary N into translationally invariant forms that all allow exact solution
by the means of a Jordan-Wigner transformation. For odd N our models generalize the phase diagram of the
transverse field Ising chain, the simplest model in our hierarchy. For even N the models can be viewed as longer
ranger generalizations of the XY chain, the next model in the hierarchy. We also demonstrate that our method
of constructing spin chains with given critical points goes beyond exactly solvable models. Applying the same
strategy to the Blume-Capel model, a spin-1 generalization of the Ising chain in a generic magnetic field, we
construct another critical spin-1 chain with the predicted conformal field theory (CFT) describing the criticality.
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I. INTRODUCTION

Spin chains have played a crucial role in the study of
magnetism ever since Bethe’s solution of the Heisenberg spin
chain.! As relatively simple models that exhibit distinct phases
of matter, they have also tremendously contributed to our
understanding of quantum phase transitions.” In particular, the
Ising spin chain with a transverse magnetic field has been the
prototype model to learn about quantum criticality. The exact
solution®** by means of a Jordan-Wigner transformation® has
enabled one to study its properties in great detail, especially at
its critical point. Critical points, be they thermal or quantum,
are particularly interesting, because they display universal
behavior. Quantum critical points in one-dimensional systems
are often described by a conformal field theory (CFT),%7 which
encodes the spectral structure and the characteristic algebraic
decay of correlation functions. Remarkably, the description
by a CFT is not limited strictly to the critical point, but it also
allows one to calculate most of the physical properties of the
model in its vicinity.

For the understanding of quantum matter, it is therefore
desirable to have (preferably exactly solvable, if possible)
models that exhibit interesting critical points described by
different CFTs. Some examples are already known. For
instance, the (quantum) phase transition of the transverse
field Ising chain is described by the Ising CFT and is said
to belong to the Ising universality class, as the same CFT
describes the critical point of the classical two-dimensional
Ising model. Other classic examples of integrability are
the spin-1/2 XY chain, whose criticality is described by
the so-called u(1); CFT, and the spin-1 Heisenberg model,
whose solution by means of a (nested) Bethe ansatz,3 0 has
enabled the confirmation of the existence of an su(2), critical
point. The desirable exact solvability is a scarce property
though and in general restricted to special spin chains with
nearest-neighbor interactions. A rare example of an exactly
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solvable model with long-range interactions is the celebrated
spin-1/2 Haldane-Shastry model.!!'? Remarkably, this model
can be generalized to a series of critical spin-S chains with
an su(2)—2s CFT description.'3-!* Recent studies'> suggest
that this same series of critical points can also appear
with local interactions in the spin-S generalizations of the
Majundar-Gosh spin chain.'®!” Another recent approach for
exact solvability in higher spin systems has been to start with
manifestly so(N) symmetric spin chains.'® Several subsequent
case studies strongly support the conjecture that such models
exhibit critical points described by the so(N); CFTs.!*-%
While examples exist, it would be desirable to have a sys-
tematic framework for exactly solvable models with interesting
critical points. However, this is a nontrivial task for a simple
reason. While it is easy to verify that a critical point is described
by a given CFT, there is in general no simple prescription
to write down spin chains with critical points described by
chosen CFTs. Recently, few possible routes around this have
been pointed out by borrowing ideas from two-dimensional
topologically ordered systems. In Ref. 23 a series of long-range
parent Hamiltonians were derived from trial wave functions,
that enabled the numerical verification of the existence of
critical points described by the so(N); CFTs. Another route
was pointed out by usin Ref. 24, where we argued that a class of
phase transitions between topologically ordered phases—the
so-called condensate-induced transitions>>—could be used to
derive spin chains with given critical points. In a nutshell,
this argument is based on the close connection between two-
dimensional gapped topological phases and one-dimensional
gapless systems.”® For a large class of topological phases
the topological quantum field theory describing the (anyonic)
quasiparticle excitations of the gapped bulk is in one-to-one
correspondence with the CFT describing its gapless edge.
We argued that if two topological phases are related by a
condensation transition, then also two critical spin chains
described by the respective CFTs should be related.
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In this paper, we fully exploit this insight and construct a
general hierarchy of exactly solvable spin-1/2 chains with
so(N); critical points. While for generic N these chains
contain N-spin interaction terms, their form is such that
every model can be solved straightforwardly by means of
a Jordan-Wigner transformation.?’” The two simplest models
in our hierarchy, the cases N =1 and N =2, are the
well-known transverse field Ising model (TFI) and the XY
model, respectively. Of the other models, the physically most
interesting model and one of our main results is the case of
N = 3. Itexhibits so(3); >~ su(2), criticality that has not been
previously discovered in local and exactly solvable spin-1/2
models. Explicitly, at criticality this spin chain takes the form

_ x Y y X X X
Hyy), = § :(T3jf3j+1 T 3417342 T 13427343
J

Yy .z Yy X 4 y
T 0303110540 T 34173427343
y 4 X
+ 13107343 T3j+4)’ ey

where the t’s are the Pauli matrices. Terms of this type
could be viewed as staggered Dzyaloshinskii-Moriya-like
interactions,?®2° and they could be generated, for instance,
with cold atoms in optical lattices.*

The starting point of our construction of the hierarchy
of so(N); models is a system of N decoupled critical TFI
chains. The criticality of the latter is described by a product
of N Ising CFTs, that is related to the so(N); CFT via a
condensation transition. Drawing on this insight,?* the first step
is to couple the TFI chains together in a nonlocal manner that
respects all the symmetries of the system. This is in agreement
with the observation by Witten?! that so(N); models are
essentially equivalent to N Ising models at criticality. The
second step is to employ spin duality transformations to write
the coupled systems in a translationally invariant and Jordan-
Wigner solvable form for arbitrary N. The models we obtain
are fine-tuned to criticality by construction. By introducing
generic couplings, we find that for certain parametrizations,
for instance varying the relative couplings between the two-
and three-spin terms in (1), their phase diagrams can be viewed
as generalizations of either of the two simplest models in our
hierarchy, the transverse field Ising or the XY model.

While the exact solvability is an attractive feature of our
hierarchy, we also show that our condensation transition
motivated approach is not limited to exactly solvable models.
To this end we consider the one-dimensional quantum version
of the the two-dimensional classical Blume-Capel model, 3?33
which roughly speaking is a spin-1 generalization of the TFI
chain in a generic magnetic field. This model admits no known
solution, but it has been shown to exhibit a tricritical point
described by the tricritical Ising CFT. Applying the same
construction as we did in the case of the so(N); hierarchy,
we derive another model with a critical point described by the
predicted supersymmetric minimal model.

We have structured the paper such that it is accessible for
readers with different backgrounds. We start in Sec. II with a
general description of the motivation underlying our construc-
tion, namely that of the condensate-induced transitions, and
give an outline of how it is applied to construct the hierarchy
of so(N); critical spin chains. This section gives the readers
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who are mainly interested in the resulting spin chains an idea
of the method, without having to go through the details. These
details are given in Sec. III, where we review the concepts
of anyon models and condensate-induced transitions between
topological phases. We illustrate these concepts with examples
that are relevant for the current paper. In Sec. IV, we apply
these concepts to construct a general Hamiltonian counterpart
of a condensation transition in the setting of N decoupled
critical TFI chains. This hierarchical construction is the first
main result of our work. The second main result is presented in
Sec. V, where we give the spin duality transformations to cast
the hierarchy of resulting Hamiltonians into an exactly solvable
and translationally invariant form. The phase diagrams of the
constructed spin chains are studied in Sec. VI, where we show
that they exhibit structure that is qualitatively similar to those
of the transverse field Ising and XY chains. The generality
of our condensation transition motivated construction is
demonstrated in Sec. VII, where we provide an example of
it being applied to a spin-1 model that does not admit exact
solution. We conclude with Sec. VIII, where the physical
realization of our models, their relation to known problems,
and various interesting future directions are discussed.

For the sake of clarity, some of the details of our work
are left for the appendixes. In Appendix A we explicitly
derive the generalized boundary term that we use to derive
the hierarchy of so(N); spin chains. The general spin
duality transformations we use to cast the spin chains in a
translationally invariant form are given in Appendix B. In
Appendix C we explain at a general level the connection
between CFTs and the spectra of critical one-dimensional
(1D) models. Finally, Appendix D contains the details of the
spectra predicted by so(N); CFTs that describe the criticality
of the hierarchy of spin chains we construct.

II. BACKGROUND AND OVERVIEW OF THE METHOD

In this section, we briefly explain the main idea behind
our construction of exactly solvable spin chains with so(N),
critical points. Our method is based on our previous work>*
where we argued that condensate-induced transitions in two-
dimensional topological phases® have a precise counterpart
for critical spin chains. We showed using two specific examples
that if the CFTs describing the two critical spin chains are
related via the condensation mechanism, then, up to a spin
duality transformation, the two spin chains differed only by a
nonlocal term. We argued that this condensing boundary term
implemented a counterpart of condensate-induced transition in
critical spin chains by constraining the boundary conditions in
a specific manner. In particular, we argued that the constraints
are equal to removing those states from the spectrum that
corresponded to the CFT fields that are confined in the
condensation framework following the condensation of a
bosonic field.

Here we fully exploit this insight to construct local,
translationally invariant, and Jordan-Wigner solvable spin
chains with so(N); critical points. Our main example in
Ref. 24 was to show that in the presence of suitable condensing
boundary term two decoupled critical transverse field Ising
chains (TFIs) could be exactly mapped to the critical XY
chain, in agreement with the condensation framework relating
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the corresponding Ising and u(1)4 CFTs. Our main result in the
present work is to show that this is just one example of a larger
hierarchy. Instead of just two TFI chains, we will start from
N decoupled TFI chains described by a Hamiltonian H.y;.
Using the framework of condensate-induced transitions we
then construct a generalized condensing boundary term H 11;’ .
This term couples all the TFI chains together in a nonlocal
manner that constrains the boundary conditions such that the
desired CFT fields are effectively confined. At the microscopic
level this is equivalent to forcing all the N TFI chains to
have simultaneously either periodic or antiperiodic boundary
conditions.

The simple structure of this term enables us to find
general duality transformations that allow us to write the
total Hamiltonian Hy,yy, = Hﬁ:l +H 113\’ as a translationally
invariant spin chain for arbitrary N. These spin chains are N
local in the sense that the resulting Hamiltonians will always
contain N-spin operators acting on up to N adjacent spins.
However, the form of these many-body operators is such that
all the constructed Hy,y), models can always be solved by
means of a Jordan-Wigner transformation. In terms of fermions
the N locality means that the unit cell grows linearly with N,
with the fermions subject to tunneling and pairing of ranges
up to N — 1 nearest neighbors. By comparing the analytic
solutions to the CFT predicted by the condensation framework,
we explicitly verify that the spin chains are critical and indeed
described by the so(N); CFT. Finally, we analyze the phase
diagrams of the H,), spin chains when their couplings
are tuned away from criticality. We find that for a suitable
parametrization, for all odd N models the phase diagrams are
qualitatively similar to that of a TFI chain, while for even N
they are similar to that of the XY chain. For generic couplings
both series of models exhibit phases beyond these two simplest
members of the hierarchy.

The exact solvability of the constructed spin chains follows
from two properties. First, the elementary building blocks of
our construction, the critical TFI chains, are exactly solvable.
Second, the condensing boundary term H 113\/ respects all the
symmetries of the TFI system and, while being manifestly
nonlocal, acts locally on every symmetry sector of the
system. However, the exact solvability is not required by
the condensation framework. To demonstrate that it applies
also to spin chains which do not admit a solution via a
Jordan-Wigner transformation (or any exact solution to our
knowledge), we consider a similar construction as above for
spin-1 chains. Instead of TFI chains, we start from a decoupled
system of two spin-1 Blume-Capel models described by Hgc.
Roughly speaking, these are spin-1 generalizations of a TFI
chain in a general magnetic field and they are known to
have a tricritical point described by the tricritical Ising CFT.
We employ again the condensation framework to construct
an appropriate condensing boundary term HEC. When the
Blume-Capel chains are coupled by such a term and the
Hpc + HEC system is fine-tuned to the tricritical point, we
verify that the critical behavior coincides with the predicted
supersymmetric minimal model with central charge ¢ = 7/5.
By constructing a duality transformation for the spin-1 system,
we show that the Hamiltonian Hgc + H gc can be transformed
into alocal and translationally invariant form that bears striking
similarity to the constructed hierarchy of spin-1/2 chains.
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III. FRAMEWORK OF CONDENSATE-INDUCED
TRANSITIONS

In this section we first introduce the minimal knowledge
of anyon models and CFTs that is required to understand
the framework of condensate-induced transitions. Then we
illustrate the transitions using examples that motivate us later
to construct the family of exactly solvable spin chains with
so(N); critical points. Readers interested only in the spin
chains themselves can skip this section and go directly to
Sec. IV.

A. Anyon models and CFTs of type so(N),

The hallmark of two-dimensional topologically ordered
phases is that their low-energy theories, regardless of the
microscopics, are fully described by topological quantum field
theories, or more informally, by “anyon models.” For our
purposes we can regard them as sets of data that encode the
properties of the different types of quasiparticle excitations
of the system. In a nutshell, an anyon model is specified by
(i) the types of anyons (topological charges carried by the
quasiparticles), (ii) their fusion rules (how can two quasiparti-
cles behave when combined), and (iii) their topological spins
(that encode the mutual statistics of the quasiparticles). A
thorough account of such models can be found in Ref. 34,
but for our purposes only the minimal information consisting
of the three ingredients above is needed.

There is an intimate connection between anyon models and
CFTs. This connection, usually going under the name of bulk-
edge correspondence, states for a large class of models that if
the gapped bulk of a two-dimensional topologically ordered
phase is described by a given anyon model, then the gapless
one-dimensional edge of the system is described by a given
CFT, and vice versa. The precise correspondence between
the data characterizing the anyon model and the CFT is as
follows: The different anyon types correspond to the primary
fields of the CFT, which both satisfy the same sets of fusion
rules (in the latter they appear as expansions of primary field
correlation functions). Each field a is also associated with
scaling dimension %, that is directly related to the topological
spin of the anyon a through 6, = ¢?*/«_ For a comprehensive
account of CFTs, we refer the reader to Ref. 7. An additional
important property of a given CFT is its central charge ¢, which
is a measure of the number of degrees of freedom in the theory.

We will illustrate these concepts below with few examples
that are relevant to us. In particular, we will be mainly
concerned with CFTs which go under the name of so(N);.
These models have N real fermionic degrees of freedom,
corresponding to a central charge ¢ = N /2, where each real
fermion contributes ¢ = 1/2 (a single bosonic degree of
freedom would contribute ¢ = 1). Their primary fields, fusion
rules, and scaling dimensions exhibit systematic structure that
we consider separately for N odd and N even.

1. so(N); CFTs with N odd

All so(N); CFTs with odd N contain three primary
fields that we denote by 1, ¥, and o. Their scaling dimen-
sions are h; =0, hy =1/2, and h, = N /16, respectively,
and they satisfy the fusion rules (which are commutative,
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axb=>bxa)

v xy =1,

with ¢ and o fusing trivially with the vacuum 1, i.e., ¥ X
1 =14 and o0 x 1 = 0. From these fusion rules and scaling
dimensions we infer that as an anyon model 1 would denote
the vacuum state and ¥ a fermionic quasiparticle (half integer
spin). On the other hand, o would correspond to a non-Abelian
anyon, because of the fractional spin and because fusing o with
itself has several possible outcomes.

Due to isomorphisms between the associated CFTs, some
of the theories go under more familiar names. For instance,
so(1); is more commonly known as the Ising CFT, because it
is the CFT describing the critical point of the two-dimensional
classical Ising model (as well as the critical point of the one-
dimensional transverse field Ising chain). As an anyon model
itis relevant, for instance, to p-wave superconductors where
corresponds to a Bogoliubov quasiparticle and ¢ to a Majorana
mode binding vortex.* In addition, so(3); is usually referred
to as su(2);.

oxo=1+1, 2)

o Xy =o,

2. so(N), CFTs with N even

All so(N); CFTs with even N contain four primary fields,
1, ¥, A1, and A,, with scaling dimensions A1 =0, hy, = 1/2,
and h,, = h,, = N/16, respectively. The fusion rules depend
on N such that for N = 2,6, ... they are given by

YXxy =1 A x¢¥=>~, Axy¥=A>i,
3
)\.]X)\.]Z)\.QX)\Q:I/[, )LIX)\.ZZI,
while for N = 4,8, ... they are given by
I//XI//:], )»1X1//=)»2, )LQX}ZIZ)LI,
4)
)\1X)»1=)QX)»2=1, A]X)»gzw.

As an anyon model, i would again be a fermion, whereas A,
and A, would be Abelian anyons except for N an odd multiple
of 8, in which case they are fermions, and for N a multiple of
16, in which case they are bosons.

Like the odd N cases, some of the even cases are
known more commonly under other names. The so(2); CFT,
describing the criticality of the XY spin chain, is often denoted
as u(l)4, while so(4); can be denoted as a product theory
u(l)y x u(l); = su(2); x su(2);. As anyon models both are
relevant, for instance, to collective vortex states in p-wave
superconductors.*®

3. Product theories

In this paper, we make frequent use of products of CFTs that
can be constructed in a straightforward manner. For instance,
a direct product theory of N Ising CFTs with central charge
¢ = N/2, denoted here by Ising*" = Ising x --- x Ising,
consists of 3V primary fields that are labeled as (ay, ... ,an),
with ay, ...,ay = 1,¥ or o. The fusion rules of these fields
follow associatively from the fusion rules of a single Ising CFT
and the scaling dimensions are obtained as the sum of those of

.....
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B. Condensate-induced transitions between topological phases

A condensate-induced transition occurs when a bosonic
quasiparticle in a topologically ordered phase condenses.
Without going into the microscopic details of such a process,
the nature of the condensed phase can be worked out at
the level of anyons models, as has been studied in detail
in Ref. 25. Condensation implies that the vacuum state is
redefined, which imposes consistency conditions on the other
quasiparticles in the system. These conditions derive from
demanding that the condensate of the bosonic quasiparticles
behaves like a genuine vacuum, i.e., that (i) it fuses trivially
with all other quasiparticles; (ii) it has trivial statistics with all
other quasiparticles; (iii) it is unique.

Violating any of these conditions means that the quasiparti-
cle spectrum must change (some particles are identified, some
confined) in a manner that leads to these three conditions being
satisfied.”> We illustrate the condensate-induced transitions
with three examples that are relevant to us.

1. Ising** = so(2),

As the first example, we consider the condensation of the
boson (y,¢) in the Ising*?> CFT. The first step of condensation
is to identify this boson with the vacuum label, i.e., we set
(¥, ¢¥) = (1,1). In order for (¥,v) to behave like the vacuum,
the demand (i) above implies that all particles a and b that are
related by fusion with the boson should be identified. That is, if
ax )= lz thenweseta = b.VYe arrive at areduced set of
particle types T = (1,1) = (¥,¥), ¥ = (L,y) = (Y.1), & =
(0,1) =(0,¥), and 6, = (1,0) = (¢,0), while the particle
(0,0) remains unaffected at this step.

Demanding (ii) is equivalent to confining all particles that
have nontrivial statistics with the new vacuum. This in turn
is equivalent to removing all identified particles with unequal
conformal weights from the spectrum.? Since h,, 1y = 1/16,
but /(5 ) = 9/16, the particles &, and &, are eliminated from
the particle content of the condensed phase.

Finally, demanding (iii) one finds that (¢,0) has to branch
into several particles, because fusion with itself gives rise to
two times the new vacuum, (o,0) X (o,0) = (1,1) + (1,v¥) +
(Y, 1) + (¥, ¥) =2 - 1 + 2 - ¢. The uniqueness of the vacuum
can be satisfied if one replaces (o,0) by A; + A, and demands
that the particles i, 1/7, A1, and A, satisfy the fusion rules
(3). Evaluating the scaling dimensions of these particles as
sums of the constituent ones, we obtain so(2); =~ u(1)4 as the
self-consistent theory for the condensed phase.

2. so(2); x Ising — so(3),

As the second example we consider the condensation of the
boson in the so(2); x Ising theory. We label the particles in the
so(2), theory as in the previous example by 1,A;,A,,%. The
product theory so(2); x Ising contains a boson (¥, ), which
we identify with the vacuum (1, 1). Going through steps (i)—(iii)
again as described above, we find first that the following
particles are pairwise identified: (T,~1) =y, (,y)=
W, 1), (A1,0) = (A2,0),and (1,0) = (¥,0), (A1,1) = (A2,¥),
(A1,1) = (A1,¥). However, the identified particles in the latter
set have unequal scaling dimensions, which means that they
have to be confined. The fusion rules of the remaining three
particles are self-consistent and the new vacuum is unique.
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Thus, no particles need to split and one obtains a theory with
three particles: 1’ = (1,1) = (¥, ), ¥’ = (1,¥) = (¥,1), and
o' = (A,0) = (A2,0). These particles satisfy the fusion rules
in Eq. (2), and by considering the scaling dimensions, one finds
that the condensed phase is described by the so(3); =~ su(2),
model.

3. Generalization: Ising* — so(N),

Since the main difference between different N even and
N odd theories lies in the different N dependent scaling
dimensions, we can immediately see that the two examples
above obey the general rule: If one condenses the boson formed
out of the two fermions in a so(N); x so(N'); theory, then one
induces the transition

s0(N); x so(N"); — so(N + N');. 5)

Recalling that Ising*® ~ 50(1)1“, this implies that the two ex-
amples above can be viewed as two successive condensations

so(l)lX3 — 50(2); x so(1); — so(3);. (6)

It is then straightforward to generalize the result of successive
condensations in the so(l)IXN model for arbitrary N.
Without loss of generality, we can always choose to condense
consecutively and pairwise N — 1 bosons such that the process
is equivalent to a series of alternating pairwise condensations
between product theories consisting of either of two odd
N theories (example 1) or an even N and an odd N theory
(example 2). Regardless of the order in which the bosons
are condensed, the fully condensed phase will be described
by the so(N); theory. At the level of CFTs this means that
condensate-induced transitions conserve the central charge,
i.e., both the uncondensed and condensed phases have
effectively the same number of fermionic degrees of freedom.
Our main result is to show that this same structure applies
also to critical spin chains. Motivated by the condensation
framework, we will start with N decoupled critical TFI chains
(described by Ising*") and implement the counterpart of
condensation by coupling them with a nonlocal condensing
boundary term. Employing a suitable duality transformation
we arrive at a local spin chain with an so(N), critical point.

IV. CONDENSATE-INDUCED TRANSITIONS
AND CRITICAL SPIN CHAINS

In this section we first introduce the elementary building
block of our construction—the critical transverse field Ising
chain. Then we review the results of Ref. 24 that provide the
physical motivation for the construction of the condensing
boundary term. Going beyond the earlier studies for two
critical TFI chains, we generalize the condensing boundary
term for a system of N decoupled TFI chains.

A. Critical transverse field Ising chain

The starting point of our derivation of a spin chain, with an
so(N); critical point, is a system of N decoupled critical TFI
chains. We realize such a system as a single critical TFI chain
oflength L (with L a multiple of N)) with Nth nearest-neighbor
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interactions only,
L—1
N _ X __X b4
Hip = E 0;0;,yt0;. @)
j=0

Periodic boundary conditions, i.e., oj‘?‘+L = oj‘?‘, are always
assumed. For N = 1 one recovers the usual nearest-neighbor
TFI chain, which is readily solved via a Jordan-Wigner
transformation.>* The resulting fermionic Hamiltonian is
given by

L-1 L-2
Hipy = Z(ZC;CJ‘ -+ Z(cj - C})(Cj+l + Cl-‘+1)
Jj=0 j=0

—Ple,_y — ¢} _ ey +cp). ®)

where c¢; is a complex fermion operator at site j. This
Hamiltonian describes paired fermions and conserves only
the fermion parity described by the symmetry operator P =

]_[57;(; of =exp(im }; c}c ;). The presence of the operator
—’P, multiplying the hopping and interacting term crossing
the boundary, leads to a coupling between the parity sectors
and the boundary conditions. For odd parity (P = —1) one
has periodic boundary conditions (¢, = cj), while for even
parity (P = 1), one has antiperiodic boundary conditions
(cp = —cp). In momentum space the Hamiltonian can be
diagonalized with a Bogoliubov transformation, which gives
the spectrum

Hig = Y, V2 + 2cos@rk/D)2cle, — 1), (9)

where the c,t create fermions with momentum k.’ Due to the
parity-dependent boundary conditions, these momenta take
integer values for P = —1 and half integer values for P = 1.

The CFT describing the criticality of the TFI chain is the
Ising CFT with central charge ¢ = 1/2. This CFT has three pri-
mary fields, 1, o, and v, with scaling dimensions 7; = 0, h, =
1/16, and hy = 1/2. In general, if the spectrum of a critical
quantum chain can be described in terms of a CFT, this implies
that all the states can be labeled by the fields (or sectors) of the
CFT. The energy of these states (after an appropriate shift and
rescaling) take the form E = 2k + n in the large L limit. Here,
h denotes the scaling dimension of a primary field in the CFT,
and n is a non-negative integer. The connection between CFT
and critical spectra is discussed in more detail in Appendix C.
For our purposes the essential property is the correspondence
between the assignment of the CFT sectors and the boundary
conditions. In particular, all states in the even parity sector
(P =1, with antiperiodic boundary conditions) are labeled
by either 1 or i, while all the states in the odd parity sector
(P = —1, with periodic boundary conditions) are labeled by o.

For N > 1 the Hamiltonian (7) describes N completely
decoupled critical TFI chains of length L/N. Each of these
chains can independently be solved via a Jordan-Wigner
transformation. The parity of the fermions is conserved
independently for each of the N chains, which means that H.Y;,
has N mutually commuting symmetry operators given by

L/N—1

_ z _
P, = l_[ OiN4ns n=0,1,...
j=0

N-—1.  (10)
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The boundary conditions for the fermions in chain » depend
only on the parity P, of the fermions in that chain. When
diagonalized, the dispersion relation for each chain will be
identical to (9). Since the N TFI chains are decoupled, the
criticality of the whole system is described by the Ising*" CFT
with central charge ¢ = N /2. The labeling of the states by
the Ising*" primary fields follows directly from the labeling
of the states in each chain according to the correspondence
between the boundary conditions described above.

B. Condensing boundary term

We argued in Ref. 24 that the counterpart of condensate-
induced transitions in critical spin chains occurs not through
the condensation per se, but through the confinement of some
of primary fields it induces. Because of the correspondence
between the CFT sectors and the boundary conditions of
the TFI chains, constraining the set of allowed boundary
conditions is equivalent to removing some of the CFT sectors
from the theory. Our main result in Ref. 24 was to argue that
in a system of two critical TFI chains the states labeled by the
confined CFT primary fields could in general be removed from
the spectrum by adding to the Hamiltonian a nonlocal term that
made the boundary conditions of the two chains depend also
on the symmetry sectors of each other. We showed that the
spectrum is subsequently modified in a manner that encoded
all the features of condensate-induced transitions and had the
predicted critical behavior.

To motivate the generalization to a system of N decoupled
TFI chains, let us briefly revisit this example where the
condensing boundary term takes the form

H2 = (P, — )o} 08 +(Po—Doj_jof . (1)

Adding it to HT2Fl we obtain

L3 L1
2 2 X __Xx z
Hig+Hy =) ojof,+) 0]
=0 =0

+Pio;_,045 + Pooj_,07. (12)

If we would solve this problem using a Jordan-Wigner
transformation, the boundary conditions for the fermions in
both chains would now depend on the product PyP;. This
means instead of four independent boundary conditions, both
chains are now forced to have simultaneously either periodic or
antiperiodic boundary conditions. As illustrated in Table I, the
correspondence between the boundary conditions and the CFT
sectors is modified such that there are no longer states labeled
by confined primary fields in the spectrum (see Sec. III B for
the corresponding condensate-induced transition). Indeed, by
studying how the energy spectrum is precisely modified (states
in some symmetry sectors occur now at integer momenta while
they used to occur for half integer momenta, and vice versa),
we found that it coincides precisely with the critical spectrum
described by the so(2); ~ u(1)4 CFT. Moreover, we showed
by an exact mapping that HZ.; + H3 is equivalent to a critical
XY chain® (see also Sec. V A).

The key insight behind the form of the condensing boundary
term was the correspondence between the boundary conditions
and the CFT sectors. This correspondence applies beyond the
TFI chain. For instance, for the critical XY chain described by

PHYSICAL REVIEW B 89, 014409 (2014)

TABLE 1. Top part: The symmetry sectors (Py,P), the corre-
sponding boundary conditions (BCy,BC)) in the fermionic picture,
and the Ising*? CFT sectors that label all the states in the respective
symmetry sectors of HZ. Bottom part: Same, but now in the
presence of the confining boundary term Hj. After performing
the spin duality transformations (17) to map the system to (18), the
symmetry sectors mix and map to the parity symmetry sectors of
the XY chain described by the operator 7° = PyP;. In Ref. 24 we
showed that the matching of the states in the two models is in exact
agreement with the predictions of the condensation framework.

Sectors of Hiy
(Po,P1) (BCo,BC)
(1,1 (-1,-1)
(1,-1) (1,-1)
(-1,1) (-1,
(-1,-1) (1,1
Sectors of HZ, + H2 = Hyy

Ising™? fields

(1,1, (L), (¥, 1), (¥, 9)
(1,0), (¥,0)
(o,1), (0,9)

(0,0)

(Po,P1) (BCy,BCy) Ising™? fields T u(l), fields
(1,1 (1L, (LD, (L), (¥, D, (Y, 9) 1 Ly
1,-1) 1,1) (0,0) -1 A
(-L,1) (1,1) (0,0) -1 A
-1L,-D L= @D, (L), @D, @y) 1 Ly

the so(2); CFT the primary fields 1 and v again always label
states for antiperiodic boundary conditions, while all the states
for periodic boundary conditions are labeled by either A; or X,.
As we discussed in Sec. III B, condensate-induced transition
in an Ising*" system can always be understood as a series of
consecutive pairwise transitions between two odd N theories
(like the Ising*? example above) or between an N even and N
odd theories. The simplest example of the latter in spin chains
is realized in a decoupled system of a critical TFI chain and
a critical XY chain that is described by Isingxso(2); CFT. In
Appendix A we show that this transition can be realized by cou-
pling the two chains with a condensing boundary term similar
in formto (11). Since the XY chain can be viewed as emerging
from two coupled TFI chains as described above, we find that
we could have equally started with a system of three decoupled
critical TFI chains and added the condensing boundary term,

H,f, = (PiP, — Do} _305 + (PP, — Doj_,04
+ (PoP; — Doj_,05. (13)

Like in the N = 2 case, this term couples the TFI chains such
that when H%FI + H ; is fermionized with a Jordan-Wigner
transformation, all three are forced again to have simultane-
ously either periodic or antiperiodic boundary conditions.

This motivates us to write down a condensing boundary
term that implements the counterpart of successive condensa-
tions of all the N — 1 bosons in a system of N decoupled TFI
chains. Assuming that L/(2N) is an integer (the L-dependent
form is given in Appendix A), the general condensing term is
given by

N—-1
HY => 1 [T]P—1)ofnpor |- (4
n=0 l#n

We have verified, for N < 16, that the Hamiltonians Hiy, +
H g indeed are critical, and always have the so(NV); critical
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behavior predicted from the condensation picture, by making
use of the exact solution we present in the next section.

The nonlocal Hamiltonians HT’\;I + H }gv seem to break
translational invariance. However, when restricted to any
one of the symmetry sectors (Py,Pi,...,Pn—1), they are
local and translationally invariant. This suggests that it could
be possible to find duality transformations that would give
local and translationally invariant representation for all these
Hamiltonians. Indeed, in the next section we provide such
transformations for arbitrary N and show that the resulting
Hamiltonians can be solved by means of a Jordan-Wigner
transformation.

V. EXACTLY SOLVABLE SPIN CHAINS WITH so(N),
CRITICAL POINTS

Motivated by the framework of condensate-induced transi-
tions, we argued above that spin chains of the form Hiy;, + H}
are always critical and described by so(N); CFT. We now
set the condensation picture aside and focus on constructing
local, translationally invariant and Jordan-Wigner solvable
representations for these spin chains. To this end we employ a
duality transformation between the o spin variables that used
to write down the TFI chains and a new set Pauli operators t.
In particular, we will show that one can always write

Hyony, (1) = Hiyg(0) + HY (o), (15)

where H,n), (t) is N local (some terms consist of 7 Pauli
operators acting on N adjacent spins) and translationally
invariant with respect to a unit cell of N (N odd) or N/2
sites (IV even).

There are a number of general features shared by our
hierarchy of models Hy,),. First, the form of the N-local
terms is such that the spin Hamiltonians can always be solved
by the means of a Jordan-Wigner transformation. Second, the
boundary conditions for the fermions, like for the TFI chains
(8), turn out always to depend on the total fermion parity. In
terms of the dual o and t Pauli operators, it is always described
by the operator

L—1
[ (16)

j=0

1_[77 —HU

where the TFI chain specific parity operators P, are defined
in Eq. (10). In other words, the condensing boundary term
couples the N TFI chains in such a way that their total fermion
parity sectors coincide with the parity sectors of the Hyon),
chain. A third thing to note is that since H év does not break any
of the P, symmetries, they must also be symmetries of Hy,(y), -
Thus the number of symmetry operators for H;,y), increases
linearly with N, which results in an increased degeneracy in
their spectra.

We will first present the explicit forms of the Hi,w),
Hamiltonians, the required duality transformations to obtain
them, and their solutions for N < 5. Based on their systematic
form we then give the general form for exactly solvable
Hi vy, Hamiltonians and their solutions for arbitrary N. As
the corresponding general duality transformations are lengthy,
we present them in Appendix B.

SO(N n =

PHYSICAL REVIEW B 89, 014409 (2014)

A. N =2 case

The simplest case of N = 2 has been considered in Ref. 24,
where it is shown that the Hamiltonian Hj, (), coincides exactly
with that of a critical XY chain. This follows from the spin
duality transformations

— R z X X
02 = 0T+ %2j+1 = T2;02j410
L X X x x oy v _y
72j = HTZiTZi*‘ Djr %2j41 = Bjt nfzifziﬂ .
i<j i>j
(I7)
that when applied to (15), give the exact relation
L—1
Hio0), = Z( T T —|—rj ;+1) (18)
j=0

We note that transformations similar to Eq. (17), and the
relation between two TFI chains and the XY chain for open
boundary conditions, were studied in Refs. 38—41.

The solution after a Jordan-Wigner transformation is given
by

wk
Hyo), = Z /2 +2cos )(2Ckck n, (19

where the momenta k depend on the parity P, (2), of fermions
present in the system. For odd parity (Pse), = —1), the
momenta take integer values k =0,1,...,L — 1, while for
even parity (Pso2), = 1), the momenta take half integer values
k=1/2,3/2,...,L —1/2.

B. N =3 case

For the case N = 3 we employ the duality transformations
(here0 <i,j < L/3-1)

z Y 2z y
03; = 13 %3j415342>

X __ Y x z Y X y
03; = l_[t3ir3i+1t3i+2 53 5Gj+103542
i<j
Z X y
l—[ BGiGi+1 03042 | o (20)
i>j
z o x Y X _ y_x z y
03541 = T3; 135410 93541 = Hf3if3i+173i+2 T3>
i<j

T3J+2 1_[ T3 T3l+1T31+2

l>_]

4 _ ) X
0342 = T3 4103542 ‘73/+2
Applying them to (15) we obtain the Hamiltonian

L/3—1
— P4 Yy x X
Hgo3), = E (T3j7:3j+1f3j+2 +73542T343
Jj=0
+ _L,x ‘L’Z .L.)' + .L,x ‘L’y
3j+183j4+21343 T 131341

y z X y X
T53400343 0344 T T3j+173j+2)’ 2
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which is translationally invariant with respect to a unit cell
of three sites. This Hamiltonian is identical to the Hamil-
tonian Eq. (1) mentioned in the Introduction. We note that
the mixed spin terms of type 73;73;,, and 73, ,75;,,73, 3
are reminiscent of (longer range) Dzyaloshinskii-Moriya
interactions,*? that have been considered in the literature (see,
e.g., Refs. 43 and 44). However, unlike those models, our
hierarchy models exhibit a particular spatial alternation in the
form of the couplings that underlies their systematic critical
behavior.

Before performing a Jordan-Wigner transformation, it is
useful to perform an additional transformation such that the
fermionic form of the Hamiltonian will have real coefficients.
A unitary operator implementing this acts on the sites 3j + 1,

J

L/3-2
HY()(3)1 =
j=0

PHYSICAL REVIEW B 89, 014409 (2014)

: x y : : z
by swapping 73;,, <> 735;,, and adding a sign as 73, —
—73,4- This gives the Hamiltonian

L—-1

Hyo = ) (857 Tt + 7 T5), (22)

j=0

where S; = —1for j =0 mod 3 and §; = 1 otherwise. The
full translational invariance is thus broken by the staggered
sign of the three-spin interaction. After the Jordan-Wigner
transformation, we obtain the Hamiltonian [compare with the
TFI case, Eq. (8)], which consist of uniform nearest-neighbor
and sign staggered next nearest-neighbor hopping and pairing
terms,

Z +(C§j + C3j)(0§j+2 —C3j42) — (C§j+1 + Csj+1)(C;j+3 —C3j43) — (c§,-+2 + C3j+2)(c§j+4 — C3j+4)

+ (Cin - C3j+2)(C§j+3 +c3i43) + (C;ﬁ; - 63j+3)(C;,»+4 +c3j4a) + (C;L-j+4 - C3j+4)(6§j+5 + ¢3j45)

+ (02_3 + CL—3)(CE_1 —cr-1) + Psor3), (02_2 + CL—Z)(C(T) — ¢0) + Pso3), (CTL_l + CL—1)(CI —cr)

— Pooy, (€ | — c)(ch + o) + (b = co)e! + e) + (¢} = eed + ). (23)

Given that we started the derivation from three decoupled TFI
chains, and essentially only changed the boundary conditions
in some of the sectors, one can expect that the spectrum
of Hy,3), would bear close resemblance to the spectrum
of three TFI chains. Indeed, by Fourier transforming with
respect to the three-site unit cell and diagonalizing the six
by six Bloch matrix, we obtain a spectrum in terms of three
fermions ¢, x, with n = 0,1,2. To be precise, the spectrum is
given by

Hyzy, = Y €042 1op — 1) + €14(2c] yop, — 1)
k

+ear(2ch ey — 1), (24)
where
. 242 cos((i’;g)) forn =0,
nk =
’ 2k
2—2005(m) forn =1,2.

The momenta k depend again on the total parity of fermions
such that for Pj,3), = —1 the momenta take integer values
k=0,1,...,L/3 — 1, while for Py,3), = 1 the momenta take
half integer values k = 1/2,3/2,...,L/3 —1/2.

In Fig. 1 we display the low-lying part of the spectrum for
system size L = 36, which corresponds to 12 unit cells. The
energies are shifted such that the ground state has zero energy,
and subsequently rescaled such that the first excited state
has energy 2h, = 3/8, as predicted by the CFT description.
With this shift and rescaling, all the other energies are fixed.
Comparing the energy levels and their degeneracies against
the CFT prediction explained in detail in Appendixes C

(

and D, we find excellent agreement with degeneracies
matching exactly. This convincingly shows that the critical
chain Eq. (21) is indeed described by the so(3); =~ su(2),
CFT.

Spectrum of the so(3), chain - L=36

T T
8 8 8 8 8 8
o o
38 % & % & % ) % s % & %7
< x <o O x o
[ 6 6 6 6 )
o o
2 8, 8, 12 8, 8,
2xgg) o8 o
2 5 5 X5 Xy 4 4 Xy X5 s
o)
g
[S3 4
O O o5 0
1 —()5 ><1 xz <>4 xz l)(%
x 1 -sector
O ©-sector
L & - sector |
02 O2
0x | | | 7
0 /6 /3 /2
K

FIG. 1. (Color online) The low-lying part of the rescaled spec-
trum of the critical spin chain Eq. (21) for a system of size
L =36 (12 unit cells). The different symbols denote the different
sectors in the CFT description of this critical point, and the
dotted lines indicate the energies predicted by CFT. The numbers
indicate the degeneracies of the states. These degeneracies are in
one-to-one correspondence with the so(3); CFT predictions. Here

- mk
K =2k
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C. N =4 case

For the N = 4 case we employ the duality transformations
(here0 <i,j < L/4—-1)

045 = TajTij 1 Taj2Taj 43
Tfjp1 = tztyﬂlfiﬁza
ij+2 = Téfj+lricj+2’
Ofj4s = Ty a1 T2 o

PHYSICAL REVIEW B 89, 014409 (2014)

Spectrum of the so(4), chain - L=64

T

x _ y_y
04 = Ty HT4iT4i+3 P, (25)

i<j

X J— Z X Z X X Zz
O4j+1 = Ujilajn | | i Tait1Tai2Tig3 |
i<j

X Y Z z.y y b4
O4j+2 = T4j12T443 l—[ Tyi Tair1 Tai2Taig3 |

i>j

X X X
= T4j43 l_[T4iT4i+3 Ps.

i>j

X
04j+3

The P, = ]_[j‘i %71 ajj +n Operators appearing in the expres-
sions for Ufj and Uj‘j 43 are included ensure correct commu-
tation relations. However, they do not affect the form of the
transformed Hamiltonian.

Applying these transformations to Eq. (15), we obtain the

local Hamiltonian
L/2—1

— X 22 4 X X X
Hgou), = § 50 j+1 0427243 T Tjr1 Tj42
j=0

+ 0,01 T2 243 T T4 Ty (26)
which is again translationally invariant. However, unlike in
the N = 3 case where the unit cell contained N sites, here the
unit cell has the size of N /2 sites. This Hamiltonian can also
be obtained by applying the condensation framework to two
decoupled XY models, as we showed in Ref. 24.

The structure of the Hamiltonian Eq. (26) is such that it
can be solved straightforwardly by means of a Jordan-Wigner
transformation, in the same way as the XY model was solved
in Ref. 5. In terms of fermions the Hamiltonian describes
two decoupled fermion chains subject to alternating nearest-
and third-nearest-neighbor tunneling. Explicitly, we obtain the
following form:

L/2-2

Z 2(c;jczj+3 + C£j+1C2j+2) + H.c.
j=0

H;ouy, =

— 2Py, (ch_c1 +cl_ o)+ hec. 27)

When diagonalized, the spectrum is given in terms of two
fermions cg x and c;  as

How, = 3 (26} 1co; — 1D+ ee] ey — 1),
k

(28)

87e 88 [ B B T
o o e} e}
rexgy pgxexgy ¥8™T]
[ g og g og 7
5527><ox X QXX X O
(]
&
F o0 RG] E
x 1 -sector
1H-9x% X% e} kl,kz-sector X—
o - sector
L o o ]
ox | | | 7
0 /4 /2 3m/4

FIG. 2. (Color online) The low-lying part of the spectrum of the
critical spin chain Hy,a),, Eq. (26), for system of size L = 64 or 32
unit cells. The different symbols denote the different sectors in the
CFT description of this critical point, and the dotted lines indicate the
energies predicted by CFT. While we did not indicate the degeneracies
of the states to avoid cluttering the figure, we have verified that they
are in exact agreement with the CFT predictions. Here K = Z&

L/4*
8k
€& = \/2+2cos (%)

Once again the momenta k runs over integers (k=
0,1,...,L/2 —1) for odd fermion parity (Ps,u4),, = —1) and
over half integers (k =1/2,3/2,...,L/2 —1/2) for even
fermion parity (Pso4), = 1). In Fig. 2 we display the rescaled
low-lying part of the spectrum of Hy,), for a system of size
L = 64. The energy-level spacings in the rescaled units as
well as the degeneracies are again in exact agreement with
the so(4); CFT predictions, as explained in Appendixes C
and D.

with

D. N =S5 case
Because the spin chains for N = 1 and N = 3 take a rather
different form, it is not immediately obvious what forms the
so(N); chains take for arbitrary odd N. To illustrate the
hierarchical structure, we also give the Hamiltonian Hy,s),
explicitly. Employing the general transformations given in
Appendix B, it takes the form
L/5—1
— Y Lz b4 4 y X X
Ho5), = E 757541054275, 430344 T 13147345
Jj=0
X z z z y x y
175541754275 43T5j44 53545 T 154575546
y z z z X y X
t 754075437544 75450346 T 5467547
x z b4 z y X y
t 7543754475 457546 T3j47 T 75477548
y z Z z X y X
t 754475457546 5477348 T U5, 187549
(29)
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Like the N = 3 case, also this Hamiltonian can be brought
to a form similar to (22) where the translational symmetry
is manifestly broken only by the sign of one of the five-spin
terms. To bring this model in a diagonal form, one uses exactly
the same steps as for N = 3, with the following result:

4
H;o5), = Z Zen,k(zc;kcn,k -1,
k n=0
(30)
. 2+ 2cos(ZEN) for n=0,
nk —
2 — 2005(2”£‘N) for n=1,2,3,4.

E. General N case

The examples above are part of a hierarchy of exactly
solvable spin-1/2 models with so(N); critical behavior. Their
microscopic structure depends systematically on N, such that
even and odd N cases form different sets of models. We present
in Appendix B the most general duality transformations to
bring the Hamiltonians Hy,(y), into a local and translationally

J
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invariant form. Here we present these Hamiltonians and their
solutions for all N.

1. Odd N

The structure of the Hamiltonians for odd N is as follows.
There are pairs of two-spin and N-spin operators. One pair
will always consist of an N-spin term acting on N adjacent
spins, with two 77 operators straddling a string of N — 2 t*¢
operators. The Jordan-Wigner solvability of terms of this form
was first pointed out by Suzuki.?” The second term of this pair
is a product of two adjacent t* operators. These two terms
do not commute with one another (but they commute with all
other terms in the Hamiltonian). The remaining N — 1 pairs
consists of an N-spin term, where an t* and a t” straddle a
string of N — 2 t%’s, while the second term is the product of
neighboring 7 and a 7. Again, the two members of a pair
do not commute, while they commute with all other terms
in the Hamiltonian. Because of the structure with the strings
of 7% operators, these models can be solved by means of a
Jordan-Wigner transformation. Explicitly, the Hamiltonian for
general odd N reads

L/N—1
Hgon), = Z TNTinel  Tnen—2Tinan—1 + Tiven—1Tinven
j=0
(N-1)/2
+ Z T;N+(2n—l)T;N+(2n—l)+l e r;N+(2n71)+(N72)t}}VvL(anl)Jr(Nfl) + T;N-&-(Zn—l)+(N—l)T}/N+(2n71)+N
n=1
(N-D1)/2
+ Z T}}\/+2;1TfN+2n+1 ~~TfN+2n+(N—2)TfN+2n+(N—1) + ijN+2n+(N—1)T;N+2n+N . (31

n=1

As was the case for N = 3, this most general spin chain can
also be diagonalized with a Jordan-Wigner transformation.
The unit cell has the size of N sites, which implies that the
spectrum is given in terms of N fermionic operators ¢, . For
all odd N it is given by

N-1
HY()(N)I = Z Z Gn,k(zcjz,kcn,k - 1)’
k n=0
(32)
2+ 2cos(2”LkN) for n=0,
€Enk =
2—2005(2”L]‘N) for 1<n<<N-1.

As we discussed with the explicit examples above, the
momenta k run in the usual way over integers or half integers
depending on the total fermion parity (16).

2. Even N

The general even N Hamiltonians consist of N /2 pairs of
terms, where one member of a pair consists of two T* operators
straddling a string of t° operators, while the other member of
the pair consists of two 77 operators straddling a string of ¢

(
operators. The general Hamiltonian for even N reads

2(L/N)—-1N/2—1

— X Z
Hyovy, = E E TiN/24n TN 24nt1
j=0 n=0

x T;N/2+N7n72rfN/2+an71
y z y
+ TN an TN 2t 1 TN 2 N2 TN 24N —n—1-
(33)
As the unit cell for these models contains always only N /2

sites, the spectrum is given in terms of N /2 fermions c k.
Explicitly,

N/2—1

H;ony, = Z Z Ek(zcl,kcn,k - D,
k n=0

2wkN
€ = |2+ 2cos 7 ,

where the momenta k again depends in the usual way on the
fermionic parity (16).

We have performed checks on the low-lying states for all
these Hamiltonians up to N = 16 against the so(N); CFT

(34)
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predictions presented in Appendixes C and D. Labeling of the
states by the primary fields and their low-lying descendants as
well as the expected degeneracies are found to be in complete
agreement with the CFT predictions.

VI. STRUCTURE OF THE PHASE DIAGRAMS
OF THE so(N); MODELS

Our construction was motivated by the condensation frame-
work that related different CFTs that describe the criticality of
different spin chains. Therefore, the hierarchy of spin chains
we constructed are all fine-tuned to a critical point. However, as
is well known, the two simplest members of this hierarchy, the
TFI chain (N = 1) and the XY chain (N = 2), are typically
gapped with the critical points separating different gapped
phases. The situation is very similar for the models for general
N. In these models the number of different types of terms
grows linearly with N, so in principle one can introduce many
different coupling constants for which the models can still be
solved exactly.

A. Phase diagrams of odd N chains

We start by considering the odd N chains that contain
two-spin and N-spin terms. For concreteness we consider
the case N =3 and introduce the most general coupling
parameters

Y _ X X Y .z y
Hyo3), = Z (80731427343 + hot3; 73117342
J

X y X z y
+ 8173437344 T P1T311 73427343
y X y z X
+ 8273447345 T+ h2f3j+2f3j+3f3j+4)' (35)

Diagonalizing this model gives again a spectrum of
three fermions (24), but now with the generic dispersion
relations

\/gg + h3 + 2goho cos(%)

€Enk =
\/gg +h2 = 2gh, cos(Zh)  (n=1.2).

Let us first restrict to analyze the phase diagram when the
relative couplings between the two spin terms (i.e., the nearest-
neighbor couplings in the fermionic version) and the N-spin
terms [(N — D)th-nearest-neighbor coupling for fermions] are
varied. To this end we set go = g1 = g2 =g and ho = h; =
hy = h.Figure 3 shows that similar to the TFI chain,the N = 3
chain is critical only when |g| = |k|, with a gap opening up
immediately when one moves away from these four points. The
ground states in the four gapped phases can be characterized
by considering the special points g =0, h = +1 and g =
+1, h =0, where all terms in the Hamiltonian commute
with each other. When g = 0 we find a unique, “polarized”
ground state. The “polarization” of the spin depends on the
position of the spins in the unit cell, and can be obtained
from the Hamiltonian in a straightforward way. For h = 0
the system has a twofold degenerate ground state in which
neighboring spins are “aligned.” Again, in which direction the
spins are aligned depends on the position of the spins in the unit
cell.

PHYSICAL REVIEW B 89, 014409 (2014)

Gapped,
two-fold degenerate
ground state

Gapped,
unique
ground state
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unique
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FIG. 3. (Color online) The schematic phase diagram of I—AISO@)I,
Eq. (35), as a function of the angle 0, defined as cosd = g = gy =
g1 =g and sin@ = h = hy = hy = h,. The critical points at |g| =
|h| are indicated by the red dots, while the black dots represent the
special points with either g =0 or & = 0 where all terms in the
Hamiltonian commute with one another.

These phases are the direct analogs of the gapped phases
present in the TFI model, with the three-spin terms playing the
role of the magnetic field term. In its fermionic representation
the TFI chain realizes Kitaev’s p-wave paired nanowire,*
where the phase with degenerate ground state corresponds to
the weak pairing topological phase and the polarized phase
to the topologically trivial strong pairing phase. For open
boundary conditions the first hosts localized Majorana modes
at the chain ends. As the odd N models of our hierarchy exhibit
similar phase diagrams, and the classification of topological
phases admits only two topologically distinct phases for
particle-hole symmetric models in one spatial dimension,*¢-4’
we also expect similar behavior from the gapped phases of our
hierarchy models.

For general odd N and general coupling constants g,, and
h,,withn = 0,1, ... N — 1, thesituation is as follows. As long
as |gn| # |h,| for all n, the system has a gap, but as soon as
for an arbitrary value of n one has |g,| = |h,|, the gap closes.
This implies that the phase diagram is in general richer than
that shown in Fig. 3, that is valid only for g = g, and h = h,,
for all n. We leave the detailed study of the full phase diagrams
for future work.

B. Phase diagrams of even N chains

Like all the odd N models are generalizations of the
TFI chain, so can all the even N models be viewed as
generalizations of the XY chain. The general Hamiltonian
(33) implies that even N models always contain 2-, 4-,...
and N-spin terms. Focusing on the simplest case N = 4, we
introduce again general couplings for which the Hamiltonian
reads

L/2-1

Y _ X .2 z X y y
Hgow), = E 807505100 j+2T2j43 T H0T543T5 44
Jj=0

X x y z 4 y
+ 81T 11T F T 0T 3T 4T s (36)
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We have labeled the terms such that noncommuting terms
have coupling constants with the same index. For general
couplings the fermionized Hamiltonian also has pairing terms,
which means that after diagonalization, the spectrum is given
in terms of two fermions as in Eq. (28), but with more
complicated dispersions for the fermions. For n = 0,1, we

find
8k
€nk = \/g}l + hZ 4 2g,h, cos <%>

The phase diagram for the case g = g1 = gandho = h| =
h has qualitatively the same structure as the phase diagram of
the XY model. The difference from the phase diagrams of the
odd N chains (see Fig. 3) is that now the four critical points
at |g| = |h| separate four gapped phases with unique ground
states. Also similar to the odd N cases, all even N chains
with arbitrary coupling constants are gapped as long as for all
values of n, one has |g,| # |h,|, and critical otherwise. This
means that also the even N cases have phase diagrams that go
beyond that of the XY chain. Their systematic study certainly
warrants further investigation.

VII. BEYOND EXACT SOLVABILITY:
THE SPIN-1 BLUME-CAPEL MODEL

In the previous sections, we used the condensation picture
to construct so(N); critical spin chains starting from N
decoupled TFI chains. The constructed models are solvable
via a Jordan-Wigner transformation. In this section, we
argue that this condensation picture based construction is
general and applies also to critical chains that are not exactly
solvable.

A. Blume-Capel model

To show this, we consider the so-called Blume-Capel
model, which is a spin-1 model, exhibiting a tricritical point
described by the tricritical Ising CFT. In its two-dimensional
classical incarnation, the Blume-Capel model is an Ising model
with vacancies.?>*} In its one-dimensional quantum version
we consider here, it takes the form of a spin-1 model, exhibiting
an interesting phase diagram; see for instance Ref. 48. The
Hamiltonian of the one-dimensional L-site quantum Blume-
Capel model is given by*’

X QX 2 4
Hyc = Z Si8T +a(S))” +BS:. 37

We use the standard representation for the spin-1 matrices,
namely

st o 1) s—fo o o
V2V 1 o) 0 \o o 1)
R I

As we did for the so(N); models, we also assume periodic
boundary conditions throughout. To get an idea about the
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phase diagram of the model, we first consider the case o = 0.
Then, the model is the spin-1 version of the transverse field
Ising model, and exhibits a second-order phase transition (at

= +/2) in the Ising universality class, just as the spin-1,/2
transverse field Ising model. In the case that 8 = 0, the model
exhibits a first-order phase transition (at @ = 1). For arbitrary o
and B, the phase transitions mentioned above are actually lines
of phase transitions, which meet at a tricritical point located
at @ ~ 0.910207 and B = 0.415 685. We refer to Ref. 48 for
more details on the phase diagram.

At the tricritical point, the system is described by the
tricritical Ising CFT. This CFT has central charge ¢ = 7/10
and it is the second model in a series of CFTs, called “minimal
models,” where the Ising CFT is the first in the series.® It
contains six primary fields, which we label as {1,0,0”,¢,€’,€"},
with scaling dimensions h; = 0, her = 3/2,he = 1/10, he =
3/5, he = 3/80, and h,» = 7/16. To describe the fusion rules
of the tricritical Ising CFT, it is easiest to give each field
two labels, one label representing a set of particles {1,0,v}
satisfying the Ising fusion rules, the other representing the
so-called Fibonacci anyon model, {1,7}, with the only non-
trivial fusion rule T x T = 1 4 7. Using the correspondence
1=1,1),¢" =W,1),e =W,1),¢ =1,7),0 = (0,7), and
o’ = (0,1), one can derive the fusion rules of the tricritical
Ising CFT. For instance, we have o x o = (0,7) X (0,7) =
OLH+A D)+ WD+ Wr)=14+€ +€" +e.

The field ¢” has scaling dimension h. = 3/2, which
means that it is a fermionic field. Thus, if we consider a
Blume-Capel model with (apart from the on-site terms) next-
nearest-neighbor interactions only, we obtain two decoupled
chains, whose criticality is described by doubled tricritical
Ising CFT that contains a bosonic field with h. o = 3.
This suggests that it could be possible to add an appro-
priate condensing boundary term, such that we obtain a
different spin-1 chain, whose criticality is related to that
of the doubled Blume-Capel model via the condensation
framework. To do this one needs to find a symmetry operator
that separates the confined and nonconfined CFT sectors.
Following Kennedy and Tasaki,”® we introduce the following
operators:

0 0 1

PY=—"" =28 -1=0 1 0],

1 0 0

0 0 -1
PY= - =28"Y?—-1=0 1 0], @39

-1 0 0

1 0 0
Pi=—¢"" =28 -1=[0 -1 0

0 0 1

The operator P* = ]_[iL;O1 P commutes with (37) for all values
of o and B. States with an even (odd) number of sites with 7 =
0 have P* eigenvalue +1 (—1). In Fig. 4, we give the low-lying
spectrum of the Blume-Capel Hamiltonian, indicating the P*
eigenvalues of all the states. We find that the states deriving
from the CFT sectors 1,¢,¢’,€” have P? eigenvalue 41, while
the states deriving from 0,0’ have P*? eigenvalue —1. This

division of the states into two groups is similar to the TFI
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Blume-Capel model, tri-critical Ising point
L =12; a=0.910207, p = 0.415685

M T S
o o
4 o o
T B BRI S -
© < @ @ 3 °
L <D> g g <E>1 ]
o o
3@ 8 5 8 g 5 8 B
O <o @ @ < 9
el 4
B
= o
S8 z B g ° 9
i o Parity: +1 |
= g < Parity: -1 g o
1; e CFT primary 9|
o CFT descendent
m]
o8 ! ! ! ! ! 8
0 /6 /3 172 2n/3 Sn/6 2n

FIG. 4. (Color online) The low-lying part of the spectrum of the
Blume-Capel chain at the tricritical point. The blue squares (red
diamonds) indicate the states with P eigenvalues +1 (—1). The black
dots (blue squares) indicate the position of the primary (descendent)
fields of the tricritical Ising CFT.

chain, suggesting that a condensing boundary term could be
constructed from this operator. The spectrum also confirms
that the tricritical point is indeed described by the tricritical
Ising CFT.

B. Constructing a new spin-1 chain
from condensation framework

We now use the correspondence between the symmetry
sectors P? = %1 and the tricritical Ising CFT primary fields
to construct a condensing boundary term for the Blume-Capel
chain with next-nearest-neighbor interactions only.

The CFT describing the tricritical point of the decoupled
system is given by the product of two tricritical Ising CFTs.
This CFT has central charge c = 7/5 and it contains 36 primary
fields. The field labeled by (¢”,e”) has scaling dimension
h(e eny = 3, which means that it is a boson that can condense.
Without going into details, the construction of the theory after
condensing this boson follows the same lines as the case of the
Ising*? theory, by making use of the fact that the fusion rules
of the tricritical Ising CFT can be seen as a “product” of an
Ising and a Fibonacci sector. In the end one obtains a theory
containing the 16 fields

1=@11, =1,"), o,=(0,0), o =" 0),
€ =(e,6), € =(e€), 0p=1(0,0), 05=10(",0),

e =(1), ¢=(E1), of =@ o) o=(0,0),
& =(Le), e =0,¢), o) =(",0"), o5=10(0,0.

(40)

The fusion rules for these fields are equivalent to the fusion
rules of Fib x Fib x Z4, where Fib stands for the Fibonacci
fusion rules introduced above, and Z4 correspond to charges
1 =0,1,2,3, which upon fusion are added modulo 4 [i.e., they
correspond to the fusion rules of u(1)4].
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The condensation process confines all the primary fields
that contain only a single o or ¢’ field. In the Blume-Capel
chain with next-nearest-neighbor interactions all states labeled
by these fields reside in the symmetry sectors for which P ., =
—Poaa> Where Péen = [ even Pj and Pgg = [1; 0aa P} are
the symmetry operators for the two decoupled chains on even
and odd sites, respectively. The lack of an exact solution means
that there is now no obvious correspondence between the
fermion boundary conditions and the symmetry sectors, but
the similar spectral partitioning as in the system of two TFI
chains motivates us still to construct a similar condensing
boundary term. In precise analogy to (11), this term is given
by

Hie = (1= Phen) S5 ST+ (1= Ply)Si 585 (4D

Just as was the case for the spin-1/2 chains we considered,
it is possible to perform a duality transformation on the spin-
1 operators and transform Hgc + H]fc into a translationally
invariant form. This transformation can be compactly written
as HS2 = U(Hpc + HE)UT, where

U= ]9 (42)
Jj<k
Jjeven
k odd

We note that the form of this operator is closely related to the
one considered in Ref. 51. More explicitly, the individual spin
operators transform as

X _ 4 X X QX Z
Tj,even - l_[ Pk j? Tj,odd - Sj l_[ Pk ?
k<j,odd k> j,even
y _ z y y Y O z
o= [] PE|S Thawa=S| [] P
k<j,odd k> j,even
z __ =z z _ Z
Tj,even - Sjv Tj,odd - S-, (43)

which gives the local and translationally invariant Hamiltonian

L—-1
d . 2
ng(()?n = Z - zj ;(4—2 + ZT;((TJ‘Z+1) ;r+2
=0

+a(TF) + BT?. (44)

We have diagonalized this Hamiltonian exactly for a system
of size L = 12. Figure 5 shows that although the finite-size
effects are rather substantial, the spectrum is in excellent
agreement with the predicted CFT with the 16 primary fields
given by (40).

To gain insight in the CFT with the primary fields (40)
describing the tricritical point of the Hamiltonian Eq. (44),
we note the following. The starting point was the tricritical
Ising CFT, which is the first in a series of CFTs having N = 1
supersymmetry.’”> This series is labeled by the integer m =
3,4, ..., with central charges ¢ = 3/2{1 — 8/[m(m + 2)]},
giving ¢ = 7/10 for m = 3. Condensation transitions conserve
the central charge, and after condensing the boson in the
product theory of two tricritical Ising CFTs, one finds a
theory which seems to inherit the N/ =1 supersymmetry.
The central charge of this theory is ¢ = 7/5, which is indeed
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'Condensed' Blume-Capel model
L=12; & = 0.910207, p = 0.415685
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FIG. 5. (Color online) The low-lying part of the spectrum of the
model Eq. (44) at the tricritical point. The blue squares (red diamonds)
indicate the states with P* eigenvalues +1 (—1). The black dots
indicate the position of the primary fields (40) of the CFT describing
this critical point.

among the central charges of the supersymmetric “minimal”
models, namely for m = 10. For m even, the central charge
does not uniquely specify the supersymmetric CFT. There are
different CFTs with the same central charge that form different
modular invariants.>® The standard diagonal modular invariant
for m = 10 has 76 (Virasoro) primary fields. It turns out that
the theory at hand corresponds to an exceptional modular
invariant, namely (Dg, E¢), which indeed has 16 primary fields.
We verified explicitly that the CFT we constructed is indeed
the (Dg, E¢) invariant®> of the m = 10 CFT, by making use
of the explicit form of the characters of the Virasoro minimal
models™* and the characters of the V' = 1 supersymmetric
minimal models.>

The qualitative similarity of the condensing boundary term
suggests that this counterpart of condensation transition in
two Blume-Capel models is just one example of a larger
hierarchy, exactly like the coupling of two TFI chains by
means of such term was the simplest example of the so(N),
hierarchy. Indeed, since the fusion rules of a tricritical Ising
CFT could be understood as the product Ising x Fib, and
the condensed boson in the doubled theory was formed out
of the fermions in the two Ising-like sectors, the transition
acts trivially in the two Fib sectors. At the level of fusion
rules, the transition modified them as IsingX2 x Fib*? — Z4x
Fib*2. As the corresponding CFT contains a fermion in the
spectrum (40), one can imagine considering a system of three
or more tricritical Blume-Capel models coupled together by
a generalized condensing boundary term similar to the one
we derived for three TFI chains in Appendix A. Starting
from N Blume-Capel models, one would then expect a
transition

Ising™" x Fib*" — so(N); x Fib*", (45)

where all the CFTs refer only to the fusion rules (scaling
dimensions have to be worked out separately). The resulting
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criticality would be described by a CFT with central charge
¢ =7N/10, but in general these would not correspond to an
N = 1 supersymmetric minimal models, because their central
charge is maximally ¢ = 3/2. We leave it for future work to
study whether such hierarchy could be realized at the level of
spin-1 chains.

VIII. DISCUSSION

We have generalized the insight of Ref. 24, that two-
dimensional condensate-induced transitions> have counter-
parts in critical spin chains, to construct a hierarchy of exactly
solvable spin-1/2 chains with so(N); critical points. Our
construction is based on first coupling together N critical TFI
chains by means of a nonlocal Hamiltonian term—a condens-
ing boundary term that can be derived from the condensation
picture—and then transforming these coupled systems into
a translationally invariant form by means of general spin
duality transformations. As our construction respects the
symmetries of the decoupled TFI system, the resulting chains
are also exactly solvable with a Jordan-Wigner transformation.
Comparing the energy spectra of the constructed chains to the
predictions by CFT, we explicitly verified that all the chains
in our hierarchy are indeed critical and described by so(N),
CFTs. While the exact solvability is an attractive feature of
our hierarchy, the condensation transition motivated approach
goes beyond exactly solvable models. We showed that a similar
strategy could be applied also to two decoupled tricritical
Blume-Capel models, TFI-like spin-1 models with, to our
understanding, no known exact solution, and derived another
critical spin-1 chain with a critical point described by the
predicted supersymmetric minimal model with central charge
c=17/5.

The constructed so(N); spin chains contain up to N-
spin operators whose couplings are tuned to criticality by
construction (namely, they are all are equal). However, exact
solvability enables one to explore their phase diagrams
beyond the critical point. By varying the couplings of
nearest-neighbor two-spin with respect to N-spin terms, we
showed that the phase diagrams of all odd N models are
qualitatively similar to the one of the simplest members
of the hierarchy, the transverse field Ising chain, with the
longer range couplings playing the role of the Zeeman term.
For the even N models the different terms could always
be grouped to varying range generalizations of the XX and
YY terms appearing in the XY model. Varying their relative
couplings produced a phase diagram qualitatively similar to
this canonical spin chain. While these results illustrate the
general features of the phase diagrams, the number of terms
in our so(N); models grows linearly with N. For generic
couplings the phase diagrams are expected to exhibit additional
phases and critical points. We leave their study for future
work.

In addition to the full phase diagrams of our hierarchy of
models, there are also several other interesting aspects that
deserve further investigation. First, one can use the exact
solutions of the models to study the nature of the ground
states, including correlations in them?! and their entanglement
properties.>® In this respect it would be particularly interesting
study the overlap of our N-local ground states with the
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projected Pfaffian states that are exact ground states of infinite
range models with so(N); criticality.?? The low-energy theory
of our models could also be studied and compared to that
for the so(N) symmetric spin chains.’ A second natural
future direction is to consider various generalizations of our
hierarchy models. The simplest generalization is to include a
local magnetic field term (which is already present in the TFI
model). Even in the presence of such a term, all the models can
still be solved by means of a Jordan-Wigner transformation.
On the other hand, if one adds a term o0}, to the critical
XY chain, one obtains the so-called X X Z chain, which can
be solved by the Bethe ansatz.! It would be most interesting to
investigate if one can add analogous terms to our models and
obtain spin chains that allow for a solution via Bethe-ansatz
techniques.

A third open question is the physical realization of our
hierarchy models. As the locality of our models grows
linearly with increasing N, the experimentally relevant ones
reside in the small N end of the hierarchy. Indeed, three-
spin interactions required for the N = 3 chain have been
constructed in triangular optical lattices,® but a challenge
remains to isolate only those required for our hierarchy
of models. Another way around the problem of many-spin
interactions would be to treat the fermions as fundamental
degrees of freedom. A proposal to implement the fermionic
version of the TFI chain with cold atoms in an optical lattice
has been put forward in Ref. 57. Since all our models are
equivalent to free fermion problems of up to range N tunneling
and pairing, the realization of the N = 3 chain with its inter-
esting su(2), critical point could be possible along the same
lines.

When viewed in terms of fermions, the odd N models also
generalize Kitaev’s celebrated Majorana chain® that can be
obtained from the TFI chain (which is the simplest odd N
model in our hierarchy). From the classification of topological
phases,*®# it follows that for one-dimensional systems in class
D, the symmetry class of the odd N models, there can only be
two types of phases, namely a trivial phase, and a topological
(nontrivial) phase. In the phase diagrams we studied, these two
types of phases correspond to the “spins aligned” phase with
twofold degenerate ground state (the analog of the topological
phase with Majorana end states for open boundary conditions)
and the “spin polarized” phase with unique ground state. As
the critical point of our models corresponds to the transition
between these two phases, the so(N); criticality would usually
imply that the adjacent phases would be somehow distinct from
those with a critical point in the Ising universality class. Thus
it would be fundamentally interesting to study whether there
is any observable microscopic signature that distinguishes the
gapped analogs of the “topological” phases for N = 3,5, ...
from those of the N = 1 case.

Finally, the application of the condensation picture** to spin
chains is far from complete. This is vividly illustrated by the
presented spin-1 Blume-Capel example, which we strongly
believe is just a single example of another hierarchy, exactly
like the mapping between two TFI chains and the XY chains
was just the simplest example of the so(N); hierarchy. The fact
that our construction works even in the absence of clear corre-
spondence between the boundary conditions and the symmetry
sectors suggests that there is something more fundamental to
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be understood about the form of condensing boundary term.
A clue to this might be the way the constraining of boundary
conditions closely resembles a Gutzwiller projection that has
been used to construct so(N); critical states.”> Given such
understanding, it would be interesting to generalize our method
first to N Blume-Capel models and then to other (higher) spin
chains. This should also be possible in models whose criticality
is not described by a CFT that is a direct product. Within the
set of models we constructed, the counterpart of condensation
could in principle be performed when N is a multiple of 16,
because then the CFT describing the criticality contains always
a bosonic field. In Appendix D we comment on the possibility
of using the condensation picture to obtain spin chains with
critical points described by (Eg);, and products thereof. While
such models are likely to have little experimental relevance, it
would be academically highly satisfying to find a realization
of such an exotic mathematical structure in terms of a spin
chain.
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APPENDIX A: GENERALIZED CONDENSING
BOUNDARY TERM

In this appendix, we first explicitly derive the condensing
boundary term (13) for the system of three decoupled TFI
chains. Then we give the most general form for these terms
that takes into account possible additional signs that can appear
for different chain lengths L.

1. Derivation

Let us consider a system of three decoupled critical TFI
chains (we label them 0, 1, and 2) described by H3 and
consider condensing a boson in two of them, say chains 0 and
1, by adding the condensing boundary term

Hj o1 = (P1 — Doy _z04 + (Po — Do} o7 (A1)
By employing the duality transformations (17), the resulting
system Hip + Hj , could be written as a decoupled system
of a critical XY chain and a critical TFI chain. The criticality
of this theory is described by so(2);x Ising CFT, which
also contains a boson. Recalling example 2 in Sec. III B,
condensation of this boson would lead to confinement of
all the product primary fields that together with the 1 and
Y fields contain only a single o, A, or A, field. These
fields label the states in the total odd parity sectors of
HT3FI + wa], i.e., when the TFI chain and the XY chain
have different boundary conditions. Defining 7° = PyP; as
the parity operator for the XY chain part of the system, we
can force them to have always same boundary conditions, thus
effectively condensing the boson in the so(2); x Ising system,
by adding to H%FI + Hz%,m the further condensing boundary
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term

Hy = (T% = Dof_08 + Py — D(tf 55 +1)_,7)).

(A2)

The duality transformations (17) imply that 1;_,75 =
Pio} 408 and 1;_,t5 = Poo;_,o7. Thus the total condens-
ing boundary term added to HT?’FI can be written as

Hj o + Hy = (PoP1 — Do _ 05 + (P/P> — Do} _y03
+ (PyP>r — 1)02_20'1)‘. (A3)

The two boundary terms implementing the counterparts of
the two condensations in critical spin chains are therefore
equivalent to a single condensing boundary term. This term
constrains the boundary conditions of the decoupled system
such that all the three TFI chains can only have simultaneously
periodic or antiperiodic boundary conditions across all the
eight symmetry sectors labeled by (P, P1,P»).

Since any sequence of condensing all the bosons in a system
of N decoupled TFI chains can be understood in terms of
pairwise condensations of either this type (N odd theory with
N’ even theory) or that considered in the main textin Sec. IV B,
any such process must be equivalent to adding the generalized
boundary term (14).

2. Most general L-dependent form

In the main text, we restricted ourselves to the cases where
the system size is an even multiple of N. The reason we
did this is that in the case that L is an odd multiple of N,
the boundary Hamiltonians contain some additional signs.
While they are not important from the point of view of the
condensation framework, they are required for the general
duality transformations we present in Appendix B to bring the
H;,ny, Hamiltonians into a translationally invariant form. In
the end of the day, the additional signs come from the fact
that Pauli matrices obey the relation 7*7¥ = it*, which when
applied an even but not a multiple of four times gives rise to a
sign.

In the case that N is even, the condensing boundary term
takes the following form:

N-1 N—1
N __ _ X X
HB = E 1_[ P 1 OL-_N+nOn >
n=0 1=0
l#n
(A4)
S (—DEYN for N mod4 =0,
)1 for N mod4 =2,
oty =17 oYy =1y P,
JN — FjN ]N+1 ]N+N 2 jNJerl’ JN — "jN
z _ ) z z y x
OiN+l = Tin+1TjN+2 " " TiN+N-3TjN+N-2> OTjN+1 =

T
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while for the case of odd N they are given by
N-1

Hév = |:(l_[ P,) — 1] 07 _NOo
I=1

+ Z (- 1)L/N l—[ pPl-1 UL N+n0n'

1=0
l#n

(AS5)

When L is an even multiple of N, both cases reduce to the
form given in the main text as Eq. (14).

APPENDIX B: EXPLICIT FORMS OF SPIN
TRANSFORMATIONS

In this appendix we give the spin transformations that are
necessary to bring the Hamiltonians Hy,v), = Hiyy + Hp
into a form that is manifestly translationally invariant.

The form of these transformations for general N are rather
unwieldy when expressed completely in terms of the Pauli
matrices t. To simplify the notation, we introduce a set of
string operators, that are closely related to the parity operators
‘P, of Eq. (10), whose definition we repeat here for convenience

L/N-1
[] oivew n=01....N—-1. (Bl

The string operators we need are
Pn<j = Hali’i+n’ Pn>j = l_[GIi’i+n’ (BZ)

i<j i>j

where n =0,1,... N — 1, and we have the relation P, =
Pl o Py > Fmally, we need the products of these operators
over all n, so we introduce

N—1 N—1
P = H Pn<j’ P = 1_[ Pn>j' (B3)
n=0 n=0
Using this notation, the transformations for o* in the case
N = 4in Eq. (25) take the following form:
O’fj = 'L’4]P<JP<1P1,
x z <j p<i
041 =TTy B P
o (B4)
_ .y z >j p>j
O4jp2 = Tyl Pl TPy
>j p>J
Ufj+3 =Tfj+3pt PP

The generalization for arbitrary even N reads as follows:

N/2—1
(1)

s
PP ( I P

n=2

jNTjN+1

)
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z _x z z x X _ .z z y <J p<J
OiNan2—2 = TiNeN2—2TiNeN 21 TiNan 2 TN N 241 Oinany2—2 = Tin Tinana—3Tinenp—2Pr " PyjnaPnja-1,

z .y y x .z z X <jp<ij
Oinan2—1 = Tingna—1Tinen/2 OjNan2—1 = Tin Tinvanp—aTinen2—1 B " Pyjooys

z _ X x x _ Y z .2 >j p>J
OiNan2 = Tinan2—1Tinen2s Ojnans2 = Tinaen2Tinena+t - Tinen—1 B0 Pyjos

z .y z z y X X z z >j p>J
OiNtN/241 = TiNaN2—2T NN 21 NN 2 TiNan 241 OiNeN/241 = Tinen2e1 Tinanyor2 - Tinen—1Pr " Pyjog1 Paye

N-3
z _ X z L2 x x _ Y z >j p>J
Oinin—2 = Tins1 TNt Tinen—3TjNeN—2  Ojnan—2 = Tjnen—2Tjnen—1 P " Pyls 1_[ Pu |,

n=N/2
N-2
z — Y Lz z y x X >j p>J
Tinan—1 = TGNT N1 Tinan—2Tinen—10 Ojnen—1 = Tingn—1 P " Pyl l_[ Pu | - (B5)
n=N/2
When N is odd, the transformations for the matrices o'* are given by
7z _ .Y .z .42 y
OiN = TUNTiN+1 " TiN+N-2TjN+N-1
b4 X y
OiN+1 = TiNnTiN+1
b4 X y
Oint2 = Tin+2TjN+3
b4 X y
OiN+(N=1)/2—=1 = TiN+N-5TjN+N-4
b4 X y
OiNt(N=1)/2 = TiN+N-3TjN+N-2" (B6)
O‘Z _ ‘L"V _L,x
IN+(N=1)/2+1 = TiN+1TjN+25
z _ Y x
OiN+(N=1)/24+2 = TjN+3TjN+4s
O’z _ .[)’ .[x
jN+N=2 = TiN4N-aTjN+N-3>
z _ Y x
OiNt+N—1 = TjN+N2TjN+N-1.
Finally, the matrices o~ transform as
(N-1)/2 (N-1)
N Y x y <J <j > <j
Oin = TinTing1 " Tinan-3Tinen—2Tjnen—1 Fr 1_[ PP l_[ P B7)
n=1 n=(N—1)/2+1
(N=1)/2
x _ .Y p<ip<i
Oyt = Ty PPy l_[ P,
n=2
(N—=1)/2

X I S y <Jj p<J
Oing2 = TinTins1Tjna bt " Py || Pu ).
n=3

z y <j p<J
Tivan—6Tjnen—s P Pivo1yp—1Piv-1y2,

X — Zz
OiN+(N-1)/2-1 = TN

x S S ¢ y <J p<J
TiNtN-12 = TN Tinen—aTjnen—3 P " Pov_iy 2

x _ Y z L2 >j p>Jj
OiN+(N-1)/2+1 = Tins2Tine3  Tinvan—1 P Pv—n) o415

X .y z z >j p>j
OiN+(N=1)/242 = TjnsaTings  Tingn—1 Fr PoN—1 o2 Piv-n2+15
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X

(o2

N-2

[

n=(N—1)/2+1

x .y >j p>J
OineN—1 = Tjnan—1 B " PyZy

APPENDIX C: CFT PREDICTIONS
FOR THE CRITICAL SPECTRA

Conformal field theory gives a detailed prediction for
the spectra of one-dimensional critical systems. We refer to
Ref. 7 for a general introduction to CFT. Once the correct
CFT for a given critical system has been identified, one
can obtain the spectrum in the thermodynamic limit. In
particular, the energies of the states of an L-site chain are
given by

21

Tve v
T(hl + hr +n+ nr)~

E=EL—-—
1 6L+

(ChH
Here, the on-site energy £ and the velocity v are nonuniversal
numbers, while the central charge c and the scaling dimensions
h; and h, can take several values, one for each primary field,
and are determined by the conformal field theory. Finally, n;
and n, are non-negative integers. The subscripts / and r refer
to the left- and right-moving modes of the CFT, which are
decoupled.

To confirm that a particular finite-size spectrum is con-
formal, one typically shifts the energy of the states, such
that the ground state has zero energy, Eg; = 0. In addition,
one rescales the energies, such that the lowest excited state
has energy E.x 1 = h; + h,. After this shift and rescaling,
the spectrum is fixed completely, and one can compare it
to the spectrum predicted by CFT. The CFT spectrum takes
the form E =h; + h, +n;, +n, =2h +n; + n,, were we
assumed that the left and right scaling dimensions are equal,
h; = h, = h, which will always be the case for the theories
we encounter in this paper. In addition, we also assumed that
the scaling dimension corresponding to the ground state is
h=0.

CFT not only predicts which energies will be present in
the spectrum, it also predicts their degeneracies (and to some
extent, their momenta). This information is encoded in the
partition function of the CFT. The total partition function splits
into left- and right-moving pieces, one for each primary field.
In general, for a primary field ¢;, with scaling dimension #;,
the left-moving part of the partition function reads Z;(¢;) =
q,h ! Zf:o ¢n,q;" (and similar for the right-moving part), where
the ¢, are constants, depending on the primary field, and we
view ¢; as a formal variable. The total partition function takes
the form Z,,; = Zi Z,(¢:)Z,(¢;), where the sum runs over all
primary fields in the theory.

To explain how the partition function Z encodes the
energies of the states in the spectrum of a critical model,
we look at the “vacuum sector” of the CFT, which corre-
sponds to the trivial primary field, with scaling dimension
h = 0. The total partition function for this sector takes the

.y z z >j p>J
iN+N=2 = Tinan—3Tjnen—2Tinen—1 P TPy,

P
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N-3

I

n=(N—1)/2+1

PI‘[ )

form

Z(MZ, (1) = 1+ croq + co1qr + 2047

@ + copq’ + - (C2)

Each term correspond to ¢, ,, states, which have the energy
n; + n, (or, in general, 2h + n; + n,) that appears as the power
of the ¢, variables. So, the degeneracy of the states is encoded
in the constants c,,, ,, .

CFT does not completely predict the momenta of the states,
but one can make the following remarks. Let us assume that
the state corresponding to the primary field ¢; has momentum
k (in units of 277 /L). This momentum is not fixed by the CFT.
Often, but not always, the momenta of the states obtained from
this primary field by increasing the values n; and n, is given
by k —n; + n,. This is typically true for Virasoro minimal
models (such as the Ising CFT). In the presence of additional
symmetries, additional shifts in momenta can occur (typically,
shifts by 7 or 7 /2) upon increasing the values of n; and n,.
Thus, one cannot completely predict the momenta of all the
states, even if the momenta of the states corresponding to the
primary fields are known.

In Appendix D we explicitly state the partition functions
for the so(N); CFTs that are relevant to our hierarchy of spin
models.

APPENDIX D: CHARACTERS OF THE so(N); CFTs

In this appendix we will give the precise forms of the
partition functions of the so(N); CFTs describing the critical
behavior of the hierarchy of spin chains we constructed. In
the CFT literature, the partition functions Z; and Z, are often
referred to as (chiral) characters of the CFT, and denoted as
Z(¢;) = chy,(¢;) and Z,(¢;) = chy, (¢;). In this appendix we
will adopt this notation.

The characters of so(N); CFT were considered in, for
instance, Ref. 58, using a so-called spinon formulation. Here
we give the characters, making use of the knowledge that they
can be written in terms of N free fermions, by employing the
condensation picture.

1. Characters for N =1

For N = 1, the so(N); theory is just the Ising CFT, i.e., the
minimal model with central charge ¢ = %; see Ref. 6. Because
the formulation of the so(N); characters we use is based on
the characters of the Ising theory, we give them here explicitly.

We start by introducing the following notation: (g),, =
I—[Z’:l(l — q"), for m > 1 an integer. In addition, we define
(@) =1 and (¢)oo = [T1=;(1 — ¢*). With this notation, we
can write the (chiral) characters of the vacuum sector 1, the o
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sector, and the i sector as follows:

2/2

qm

chi(g) = @
m>0 q)m
even

=14+¢"+q¢ +2¢* +2¢° + -,

m(m—1)/2

q
chy(g) = g0 3 LT
m=>=0 9m

even

=4 +q+q"+2¢° +2¢" +3¢° + ),

Z qm2/2
chy(q) =
Pt (Dm

odd

=421 +q+¢*+4’ +2¢" +2¢° +---). (D1

2. Characters for N =2

The case so(2); is equivalent to a compactified free boson
CFT, namely u(1)4, which has four primary fields. More
detailed information on these CFT's can be found, for instance,
in Ref. 59.

In the general case u(1),, with p an integer, the fields are
labeled by an integer = 0,1, ...,p — 1, and the associated
characters read

1
chyq)=—— > q" .

D2
(@)oo (b2)

meZ
mmod p =1

We labeled the fields of the so(2); theory as 1, Ay, A, and ¥,
which correspond to the labels / =0,/ =1,/ =3,and [ = 2,
respectively. Using Eq. (D2), we find the following results:

1 2
chy’=2(g) = chyo(q) = @ >

meZ
m mod 4 =0

=1+q+49>+5¢° +9¢* +13¢° + - -,
Ch)lylzz(q) = Chﬁzz(q) = chy 1(g) = chs3(q)

_L m?/8
" @ > 4

meZ
mmod 4 =1

=q'"*(1+2q +3¢*> +6¢° +9¢* + 14¢° + - - ),

_ 1 "
ch)=(q) = chaslq) = — > ¢"/*
O

mmod 4 =2
=q'?2+2q + 49> + 6¢° + 12¢* +16¢° +---).
(D3)

3. Characters for N =3

With N = 3, the model so(3); is equivalent to su(2),.
The general models su(2); have often been considered in
the literature; see for instance the Refs. 60-62, which give
details on the characters from rather different perspectives. The

PHYSICAL REVIEW B 89, 014409 (2014)

characters take the following form (using the labels 1,0,v):

qm%+2m 1 mﬁ-m%

chY=(¢q) =
(Q)oo >0 (C])ml
my € Z
=1+3q+9¢° + 15¢° +30g* + 54¢° + - -,
3/16 m%+2m|m2+m%+m2
chY=(q) = 2
(q)OO m > 0 (Q)nu
my € Z
= ¢*/"°Q2 + 6 + 12¢* + 264° + 484*
1/2 m%+2m1m2+m§+1711+2mz
ch)y=(q) = !
(@)oo ) (@m,
my € Z

=q'? (3 +4q + 12¢° +21¢° + 43¢*

+69¢° 4 - ). (D4)

4. Characters for N = 4

The model so(4); is equivalent to u(1), x u(1), (or
su(2); x su(2);), so the characters can be obtained directly
from Eq. (D2). Using the following correspondence to the
labels (I1,l;) of the u(l); x u(l), theory, 1 =(0,0), A; =
0,1), A, = (1,0), and ¥y = (1,1), one finds
chy=*(g) = 1 + 6q + 17¢* +38¢> + 84¢* +172¢° + - - -,
chy=H(g) = chy ()

= q"*(2 + 8¢ + 204> + 484> + 1024*
+200g° + ),

ch)=(q) = ¢'/*(4 + 8¢ + 284> + 564’

+124¢* +232¢° + - -). (D5)

5. Characters for general N

We now give the form of the characters for the general
theory so(N);. In analogy to the condensation picture that we
employed to construct the hierarchy of spin chains form N
decoupled TFI chains, these characters can be expressed in
terms of the characters of the Ising model, namely chy(g),
chs(g), and chy, (g), given in Eq. (D1).

In the case N = 2, one finds

ch~(q) = chy’~'(q) chy’~'(g) + ch}y~' (¢) chy = (q).
ch}=2(g) = ch)~(q) = ch)~'(q) ch}~'(¢q), (D6)
ch)y=*(q) = 2 chy='(¢q) ch})='(q).

By using this result, we obtain the characters for the case
N =3as

chy=(g) = chy='(g) ch{’="(q) ch{='(g)
+3chy="(g) ch='(q) ch]='(g).
ch¥=3(¢q) = 2 ch¥="(g) ch"='(¢) ch¥='(¢),
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ch)=(g) = 3 chy’='(g) chy=!(g) ch)='(g)
+chy = (g) chyy~'(g) chy ™ (g).

From these results, it is not hard to obtain the structure for the
general case of so(N);. For N even they are given by

D7)

N

N _
chf)=Y" (p)(cth‘l(q))N ?(ch="(g))".

p=0
p even

chf (q) = chl (q) = 2V>7 (b= ()", (D8)

N-1
N _ - _
chl(g)= ) (p)(chiv“(q))N "(ch)='(@)".
=1
iodd
while for N odd the characters read
NoL oy
— N— —
chi(g)= > (p)(chiv—%q)) " (ch) = (@),
p=0

p even

ch¥(q) = 2NV (ch¥=1(g))", (D9)

NN _
chi(g)= ) (p)(chivzl(q))N "(ch) =" ()"

p=1
p odd

6. Remark about the character of (Eg);

We close this appendix by making a remark about the CFT
associated with (Eg);. When N = 16, the scaling dimensions
of the fields A; and A, of the so(N); CFT are integers. This
means that one could condense, for instance, the field A;.
It turns out that after condensation, the fields A, and yr are
confined, so one is left with a theory which consists of only
the vacuum sector, and has central charge ¢ = 8. This is the
so-called (Eg); CFT.

The character of this theory reads

ch(gy, (q) = ch)='%(q) + ch)="%(¢).

In principle, one could try to take the spin chain, which has
s0(16); as its critical behavior, and add a boundary term, which
causes the condensation to the (Eg); critical behavior. It turns
out, however, that if one constructs the full spectrum associated
with the (Eg); CFT, one obtains exactly the same energies
as predicted by the so(16); CFT, because of the following
relation:

(chigy, (@) =

(D10)

(chy="%(g))” + (ch='(¢))*

+ (chl=15())” + (ch='5(g))>. (D11

PHYSICAL REVIEW B 89, 014409 (2014)

In principle, the momenta of the states could differ, but because
CFT does not fully specify the precise momenta, one cannot
unambiguously say if a certain spectrum is described by the
so(16); or (Eg); CFT. It is more a matter of choice how one
interprets the spectrum.

In the case that N = 32, the situation is slightly different.
The theory so(32); also contains two bosons, this time with
h; = 2, which can be added to the chiral algebra. One obtains
the thCOI'y (Eg)l X (Eg)l,

ch(gy), (q) x ch(g,), (q) = chf=(g) + ch)=(g).

However, in this case, the number of states in the spectra differs
between the theories (Eg); x (Eg); and so(32);, because of the
inequality

(Ch(Ex)l(CI))4 #* (Ch]1v=32(q))2 + (Chi\/]=32(q))2

+ (chﬁvfﬂ(q))2 + (ch$:32(q))2.

So, it should be possible to take the spin chain with so(32),
critical behavior, and add an appropriate boundary term, to
obtain a critical spin chain described by the (Eg); x (Eg);
CFT. We did not embark on this exercise, however.

Finally, we note that for N = 16 p, with p an integer p > 3,
the spectrum of the theory so(16 p); contains two bosons, with
integer scaling dimension p > 2. Adding one of these bosons
does not directly give the [(Eg);]” CFT as one might have
expected naively. Instead, one finds the following relations for
N =48, 64, 80, 96:

ch}=*(q) + ch)=*(g) = (chg,), (9)

(
ch=%(g) + ch}=**(q) = (ch(z,), ()
(

(D12)

(D13)

3 1348,

* 410244 chg,), ().

+1920g (chegy), (@)’

+3072g (chegy), ()’
(D14)

ch}=*(¢) +ch}'= 8O(q)— chegy), (q)

ch)= 96(q)JrchN %(q)= (ch(zy), (@)
198 30442

6

)
) +
.
)

In general, the sum chf’:lﬁp (@) + chivl:]ﬁp (g) decomposes in
terms of

(chizy, (@) (chzg, @) - (chezy), (@)

For completeness, we give the explicit decomposition. For p
a positive integer, we have

)p mod 3

ch)='?(g) + ch) =" (¢)

T N L
=2 28]E< 2j )q](Ch(Eg»(‘l))p Y. @1

Jj=0

where the floor function | x | denotes the largest integer j, such
that j < x.
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