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Abstract

Topological Phase Transitions
by
Lokman Tsui
Doctor of Philosophy in Physics
University of California, Berkeley
Professor Dung-Hai Lee, Chair

The study of continuous phase transitions triggered by spontaneous symmetry breaking
has brought revolutionary ideas to physics. Recently, through the discovery of symmetry
protected topological phases, it is realized that continuous quantum phase transition can
also occur between states with the same symmetry but different topology. The subject of
this dissertation is the phase transition between these symmetry protected topological states
(SPTs). There are two main parts in this dissertation.

In the first part we consider spatial dimension d and symmetry group G so that the
cohomology group, H4™(G,U(1)), contains at least one Zy, or Z factor. We show that
the phase transition between the trivial SPT and the root states that generate the Zs, or
Z groups can be induced on the boundary of a d+1 dimensional G x ZI-symmetric SPT
by a ZI symmetry breaking field. Moreover we show these boundary phase transitions
can be “transplanted” to d dimensions and realized in lattice models as a function of a
tuning parameter. The price one pays is for the critical value of the tuning parameter
there is an extra non-local (duality-like) symmetry. In the case where the phase transition is
continuous, our theory predicts the presence of unusual (sometimes fractionalized) excitations
corresponding to delocalized boundary excitations of the non-trivial SPT on one side of the
transition. This theory also predicts other phase transition scenarios including first order
transition and transition via an intermediate symmetry breaking phase.

In the second part, we study the phase transition between bosonic topological phases
protected by Z,, X Z, in 141 dimensions. We find a direct transition occurs when n =2, 3,4
and in all cases the critical point possesses two gap opening relevant operators: one leads
to a Landau-forbidden symmetry breaking phase transition and the other to the topological
phase transition. We also obtained a constraint(c > 1) on the central charge for general
phase transitions between symmetry protected bosonic topological phases in 14+1D.
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Chapter 1

Introduction to Topological Phases

Since the ancient times, humans have been wondering about the phases of matter. It was
Laudau™ who made a breakthrough in the early 20th century. He realized that different
phases corresponds to the realization of different symmetries, and in a phase transition, a
higher symmetry group is broken into a lower symmetry subgroup. For example, a magnet
undergoes a phase transition as temperature is raised past a critical value to go from a ferro-
magnetic state to a paramagnetic state. The ferromagnetic state has a magnetization which
breaks rotation symmetry, which is restored in the paramagnetic state. Another example
is the melting of ice. In ice the water molecules are arranged in a periodic crystal which
has only a discrete crystalline symmetry, which is a subgroup of the continuous translation
and rotation symmetry enjoyed by water molecules in the liquid phase. For some time it
appeared convincing that this is the complete story for the classification of phases of matter.

In the last three decades, a strange new class of phases was discovered by humans and
is coined the term “topological phases”. These phases all enjoy the same symmetry, but
one can never continuously deform two distinct phases into one another without closing the
energy gap. In other words, a phase transition occurs without any symmetry breaking. An
experimental realization of such phases is the celebrated discovery of fractional quantum
hall effect(FQHE)®. Following the discovery of FQHE, a rapid burst of theoretical and
experimental activities uncovered a huge plethora of other topological phases. The word
“topology” means the study of properties invariant under continuous deformation. The dis-
tinction between topological phases is not in their symmetry, but in their topology. At
the current understanding, topological phases are gapped phases of matter and can be di-
vided into two categories. The first category are known as symmetry-protected topological
phases(SPT) @5 Each of these phases have a unique groundstate with a full energy gap
when defined on a closed(i.e., boundary-free) manifold and exhibit the full symmetry of the
Hamiltonian. However, these states are grouped into different “topological classes” such
that it is not possible to cross from one topological class to another without closing the
energy gap while preserving the symmetry. In this class the fundamental degrees of freedom
may be fermionic, which includes topological insulators and superconductors, or bosonic,
which includes various spin systems. The second category, in contrast, can have degenerate
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%» -

Non-trivial SPT Trivial SPT

Figure 1.1: (Color online) A caricature showing the necessity of gapless excitations on the
boundary of a non-trivial SPT. The blue and green regions represent a trivial and a non-
trivial SPT respectively. If the interface between a trivial and non-trivial SPT were gapped,
then a small island of trivial SPT may be grown inside a non-trivial SPT, and gradually
expand to occupy the entire system without closing the energy gap hence adiabatically
connecting a trivial and non-trivial SPT.

groundstates when defined on a topologically non-trivial closed manifold. They are called
“topologically ordered” states. In this dissertation we will focus on the bosonic SPTs which
belong to the first category.

1.1 Symmetry-Protected Topological Phases

Symmetry protected topological(SPT) phases are the non-degenerate ground states of local
lattice Hamiltonians each respecting the same global symmetry group G. These ground
states remain invariant under G and are separated from their respective excited states by
an energy gap. If two Hamiltonians can be made equal by adding or removing symmetry
preserving local terms while preserving the excitation gap, they are viewed as equivalent.
Correspondingly ground states of equivalent Hamiltonians are viewed as the same phase.

Given two SPTs in the same dimension, we may try to stack them on top of each other.
This stacking operation provides an abelian group structure to the SPTs. The trivial group
element is the direct product state. All the other states which cannot be smoothly deformed
to the trivial state are non-trivial SPTs.

The hallmark of non-trivial SPTs is the presence of gapless boundary excitations. The
fact that a non-trivial SPT must have a gapless boundary can be understood as follows. A
SPT with boundary can be alternatively viewed as the same SPT interfaces with vacuum,
i.e., a trivial SPT. If there were no gapless excitations at the interface we can gradually
expand an island of trivial SPT embedded in the non-trivial one until it occupies the entire
system without closing the energy gap (See Fig. . Since such expansion, or more precisely
the local modification of the Hamiltonian which causes such expansion, does not have to
break the symmetry, this contradicts the notion of trivial and non-trivial SPT being in two
inequivalent classes. Hence a non-trivial SPT must have gapless boundary excitations which
cannot be gapped out if the protection symmetry is not broken.
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Example of fermionic SPT: Chern Insulator

To be concrete, lets consider an example of fermionic SPT, a Chern insulator. Consider a
2-by-2 single particle Bloch Hamiltonian in two spatial dimensions. Such a hamiltonian has
the general form

h(k) = ao(k)oo + ap(k)ow + ay(k)o, + a.(k)o.

And the single-particle energy eigenvalues are F (/2) = 09 £ /a3 + a2 + a2. Focusing on
gapped phases, and deforming the energy gap to a constant, we may assume oy = 0 and
az + az + a? = const. Thus the space of gapped 2-by-2 Bloch hamiltonians with constant
energy gap forms a 2-sphere parametrized by (a,,a,,a.). As a function of k belonging
to the Brillouin zone, the hamiltonian h(E) is a map from the torus 72 to the sphere S2.
Such maps form distinct equivalent classes under continuous deformation. They can be
distinguished by computing a topological invariant known as the Chern number, which is
the integral of the Berry phase curvature over the Brillouin zone. If the function h(E) can be
deformed to a constant map, it is considered as a “trivial” insulator. Otherwise it is a non-
trivial topological insulator. It turns out that when the corresponding lattice hamiltonian
is defined on a manifold with open boundary, the “trivial” insulator will still be gapped
while the “non-trivial” topological insulator will have gapless excitations (a chiral complex
fermionic mode) on the boundary. The direction of the chiral mode (left or right moving)
depends on the sign of the Chern number. Under stacking, these Chern insulators form the
group of integers Z. Physically the inequivalent phases are labelled by the difference between
the number of right moving chiral modes and left chiral modes ng — ny,.

In the above example, since the gapless mode is chiral, no symmetry is needed to protect
it from being gapped out. In other words, the protection symmetry is actually just the trivial
group with only the identity element. We may use the Chern insulator to engineer another
SPT with a non-trivial protection group as follows. If we combine a Chern insulator for
spin up electrons with one right-moving chiral edge modes and a Chern insulator for spin
down electrions with one left-moving chiral edge modes, the result is another fermionic SPT.
Without any symmetry, we may gap out the boundary edge modes (labelled by ¢rs, ;)

A

via the mass coupling M%W’L | + h.c.. However if we impose the time reversal symmetry 7'
which transforms ¥ gy — ¢, and ¢ — —trs so that 12 = (—1)"F is the fermion parity,
then the mass term ?ﬂETQ/JL | + h.c. is forbidden. Hence in this case the fermionic SPT is
protected by the time-reversal symmetry. This is known as the spin hall insulator and has a
Zs classification.

Example of bosonic SPT: Haldane Chain

Another example of SPT is the Haldane chain. In this case the degree of freedoms are bosonic
integer-spin variables, arranged in a one spatial dimensional chain geometry. Each unit cell
consists of two spin-1/2 variables, hence forming an integer (spin-0 or spin-1) variable in each
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Figure 1.2: (Color online) (a) The Hamiltonian and groundstate wavefunction for a trivial
bosonic SPT. The oval is a unit cell consisting of two spin-1/2 denoted as a black dot.
The Hamiltonian is Hy = »__, .. §; - §j where < i,j > are summed over the blue bonds.
In the groundstate, spin-1/2’s form spin singlets within each unit cell resulting in a direct
product state. (b) The groundstate wavefunction of the non-trivial SPT(Haldane chain). The
hamiltonian consists of singlet coupling for spin-1/2s across different unit cells. A dangling
spin-1/2 remains on each edge when defined on an open chain. (¢) Tuning a parameter A
to interpolate between the trivial and non-trivial SPTs. As A approaches the critical value
Ae = 1/2, the dangling spin-1/2 becomes more and more delocalized from the edge. (d) The
critical state at A = A.. The dangling spin-1/2 from the edge becomes completely delocalized
and freely propagate in the gapless bulk. As a result the bulk has fractionalized (spin-1/2)
excitations (spinons) despite each unit cell having integer spin.

cell. Suppose each unit cell enjoys the SO(3) spin rotation symmetry for integer spins. In
the trivial SPT state, the spin-1/2’s within each unit cell forms a singlet. The groundstate is
hence a direct product state of spin singlets over all cells. In the non-trivial SPT state, the
spin-1/2’s form singlet with a neighbour spin-1/2 in an adjacent cell (see Figure [L.2(a,b)).
It is observed that a dangling spin-1/2 resides on the edge of the non-trivial SPT state when
defined on an open chain. The dangling spin-1/2 cannot be gapped out while preserving the
SO(3) symmetry on each unit cell. This leads to a four-fold groundstate degeneracy on an
open chain since on each edge there is a two-fold degeneracy assocated with the spin-1/2.
Such edge degeneracy is the manifestation of “gapless” boundary states in the case of a 0-d
boundary.

If two non-trivial spin chains are stacked together, then on each edge there will be two
dangling spin-1/2’s. It will be possible to couple the two spin-1/2’s on each edge to gap out
the boundary, resulting in a trivial SPT state. Hence the bosonic SPT protected by SO(3)
in 1d have a Z5 classification.
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Classification of bosonic SPT via group cohomology

The Z, classification for the Haldane chain example is a special case of a general classification
result. For fixed spatial dimension d and symmetry group G, it is proposed® that the
SPT phases form an 1-1 correspondence with the cohomology group H™(G,U(1)). For
example, H*(SO(3),U(1)) = Z,. Its definition is presented in Appendix [A.1] In the 1-d
case, H*(G,U(1)) corresponds to the projective representations of group G. We remark that
this proposal does not provide a complete classification result. In fact, some exceptional
phases are discovered outside the cohomology classification @. In the dissertation we simply
focus on the phases transition between the SPTs classified by the cohomology group &,

1.2 Quantum Phase transitions between topological
phases

Having familiarized ourselves with topological phases, we will now turn to the focus of this
dissertation: the study of phase transitions between topological phases. In particular we
focus on the quantum(i.e. zero temperature) phase transitions. Before we begin, we should
explain our motivations: why study phase transitions?

The study of phase transitions brought tremendous impact on theoretical physics, stim-
ulating the development of very deep understanding of nature including the concept of uni-
versality class, renormalization group flow, and conformal field theory. As explained before,
Landau’s theory of symmetry breaking phase transitions is a very successful theory. A generic
phases transition involves the breaking of a higher symmetry group into a lower symmetry
group. This can be quantified through the measurement of an order parameter. In the state
of higher symmetry, the order parameter remains zero while it gains a non-zero value in the
lower symmetry phase. In the example of ferromagnetic to paramagnetic phase transition,
the magnetization is the order parameter. When people measure how this order parameter
vanishes as one approaches the critical point, they noticed something immensely preculiar.
As some control parameter t is tuned towards the critical value t. at which the phase tran-
sition occurs, the order parameter m vanishes. In general m vanishes as some power law:
m o |t — t.|?, where 3 is a dimensionless number known as a critical exponent. We can
study how various other quantities(e.g. heat capacity, susceptibility, correlation length) be-
have near the critical point and define a variety of other critical exponents. Amazingly,
across a variety of seemingly different experiments with different materials, the measured
sets of critical exponents are identical as long as they have the same spatial dimensions and
the same symmetry breaking pattern. This allows physicists to neatly group many different
phase transitions into a single “universality class”.

The root of this phenomenon is the emergence of conformal symmetry, or scale invariance,
at the critical point. This is best understood in 1+1 spacetime dimensions. As the control
parameter approaches its critical value, the energy gap closes and the correlation length
diverges. The system becomes self-similar upon rescaling and acquires a very large emergent
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symmetry group of conformal transformations. In 1+1 spacetime dimension, the conformal
symmetry turned out to be so large that they impose severe constraints on the possible
representations of the symmetry (with some assumptions). Thus the critical points which
fall into different representations of the conformal symmetry also becomes highly constrained.
This lead to the distinct universality classes which are observed.

Thus the study of phase transitions have far reaching consequences and is highly inter-
esting. After the discovery of topological phases, it is a natural question to ask what is so
special about the quantum phase transitions between topological phases. This dissertation
is born out of an attempt to answer this question.

1.3 Outline

The following two chapters summerize our study on topological phase transitions. In Chapter
we develop a holographic theory of phase transitions between a class of bosonic SPTs. We
find that a critical point between topological phases protected by group GG can be interpreted
as the boundary state of another SPT in one higher dimension protected by G x ZI. The
higher dimensional SPT can be interpreted as having ZI domain walls decorated by the
lower dimensional SPT. The extra ZI symmetry acts as a duality transformation between
the two distinct lower dimensional SPTs living on the boundary. It also elucidates a physical
picture that the critical point is the proliferation of gapless boundary states of the non-trivial
SPT.

In Chapter 3] we study the critical point between 1-d SPTs protected by Z,,x Z,,. We found
that a direct transition occurs for n < 4 and obtained an exactly solvable analytical model
which is verified by DMRG simulations. We observe that the central charge is always greater
than or equal to 1, which can be generalized to 1D phase transition between topological
phases protected by any discrete unitary symmetries. We also found the critical point is a
multicritical point, in the sense that it has two relevant symmetric operators. One drives
the SPT transition and the other drives the transition between two spontaneous symmetry
breaking phases whose symmetries do not have subgroup relations, i.e. a Laudau forbidden
transition.



Chapter 2

A Holographic Theory of Phase
Transitions Between Symmetry
Protected Topological States

2.1 Introduction

Suppose we have a bulk Hamiltonian describing a bosonic SPT. This hamiltonian has a
tuning parameter A, and by changing A the ground state of H(\) goes from one SPT to
another inequivalent SPT. Our purpose is to study the possible phase transition(s) occurring
for intermediate values of A\. We propose the following conjecture: in a direct transition,
the critical state is a proliferation of the gapless boundary states that lives on the boundary
between the two SPTs. (Recall that from section [1.1} the boundary of a non-trivial SPT
carries gapless boundary states which cannot be gapped out while preserving the protection
symmetry G. )

The motivation of the conjecture is as follows. Take the Haldane chain (Figure |1.2)) as
an example. Suppose the Hamiltonian is now a linear interpolation between the trivial (Hy)
and non-trivial (H;) chains parametrized by A. As we tune A so that the system approaches
the critical point A. = 1/2, the energy gap closes and the spin-1/2’s on the edge becomes
more and more delocalized (with localization length inversely proportional to the energy
gap)(Figure [.2(c)). At the critical point ., the gap completely closes and the localization
length becomes infinity. Thus the edge modes becomes free to propagate throughout the
bulk at the critical point.

Put it another way, we can imagine a spatially dependent parameter A(Z) such that on
one side of the system (z > 0), it is in one SPT (A(Z) > A.) while on the other side (z > 0),
the system belongs to the other SPT (A(Z) < A.). Near x = 0, the value of A ~ A.. Thus we
can view the gapless boundary state that lives near x = 0 as a spatially confined bulk critical
state. In other words the gap closure at the boundary between two inequivalent SPTs can
be viewed as a spatial coordinate tuned phase transition between the two SPTs®.
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Figure 2.1: (Color online) Three possible scenarios for the phase transition between two
different SPTs. Red dots represent continuous quantum critical points, red circle represents
first order phase transition, and “SSB” stands for spontaneous symmetry breaking.

To elucidate the above physical picture, we arrived at the following theorem, which is
the main result of this chapter:

Theorem The three scenarios of phase transition (see Fig. between a trivial d-
dimensional G-symmetric SPT and a non-trivial SPT satisfying a special condition can be
realized at the boundary a d+1 dimensional G x Z] symmetric SPT under the influence
of a boundary ZI symmetry breaking field. The condition the non-trivial G-symmetric
SPT must satisfy is that it is not equivalent to the stacking of any two other identical G-
symmetric SPTs. This condition will be referred to as the “non double stacking condition”
(NDSC) in the rest of the chapter. Any G whose HY™(G,U(1)) contains a Zy, or Z fac-
tor will have SPTs, e.g., that corresponds to the generator of Z,, or Z, satisfy this condition.

Here the ZI transformation inverts the sign of a local Ising variable and performs a
complex conjugation on the wavefunction. Because the Ising variable in question is not nec-
essarily time reversal odd, this ZI is not the usual time reversal symmetry. This theorem
allows us to construct explicit lattice models to describe the SPT phase transition. In par-
ticular these lattice models possess a non-local transformation (a “duality transformation”)
relating the trivial and non-trivial SPTs on the opposite sides of the transition. In the case of
continuous phase transition, the critical theory exhibits an emergent (non-local) symmetry.
The excitations at such critical point, sometimes fractionalized, correspond to “dynamically
percolated” boundary excitations of the non-trivial SPT on one side of the transition.(The
last statement was conjectured in Ref.®.)

Most of the remaining of the main text, namely, section 2.2]— section presents a sketch
of the proof for the theorem. In these discussions we shall focus on physical arguments while
keeping mathematics to a minimum level. The formal proofs are left in the appendices. The
mathematical tool we use in this chapter is the standard group cohomology cocycle manip-
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ulation. In the following we give the outline for the main text and appendices separately.

The outline of the main text

In section we discuss the special G x ZI' SPT whose boundary, in the presence of ZI
symmetry breaking field, exhibits the phase transition between a trivial and non-trivial G-
symmetric SPTs in one space dimension lower. In section [2.3]we discuss the NDSC condition
imposed on the non-trivial G-symmetric SPTs on one side of the transition. In section [2.4
we discuss the three possible scenarios (Fig. of the SPT transition and relate them to
the boundary physics of the G x ZI SPT. In section we present simple examples of lattice
models in one and two dimensions. These models are constructed under the framework en-
abled by the theorem. We shall discuss the phase transitions they exhibit. Finally in section
2.6 we conclude and discuss directions for future studies.

The outline of the appendices

In Appendix we show how to construct the (fixed point) ground state wavefunction and
their associated exactly solvable hamiltonian for G-symmetric SPTs in general dimensions.
Here G can contain both unitary and anti-unitary elements. In Appendix we construct
the basis states spanning the low energy Hilbert space for the boundary of a G-symmetric
SPT, and derive how do they transform under the action of G. In Appendix we focus on
G = G x ZI and dimension=d+1. In (A.3) we focus on a particular subset of the cocycles
of H¥*2(G x ZI U(1)). In (A.3) we determine the condition for the non-trivialness of the
chosen cocycles. In (|A.3) we show that the SPTs constructed from these cocycles correspond
to decorating the proliferated ZI domain walls with G-symmetric SPTs. In Appendix
we show that the boundary Hilbert space of the G x ZI SPT contains an invariant subspace
which is spanned by a basis isomorphic to the usual basis for studying G-symmetric SPTs
in d dimension. In part we show how to utilize this basis to write down a family
of d-dimensional lattice models exhibiting phase transition(s) between two inequivalent G-
symmetric SPTs. For these models we show that the extra ZI symmetry acts non-locally.
In Appendix we show how the extra ZI symmetry implies there is no local G x ZI
symmetric hamiltonian that can gap out the d-dimensional system without spontaneous
symmetry breaking. In Appendix and we show how the framework developed in the
chapter can be applied to obtain simple lattice hamiltonians in one and two space dimensions.
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2.2 The G x Z! symmetric SPT in d + 1 dimensions
from proliferating decorated Z! domain walls

Generalizing the work of Ref. @ we consider a subset of d+1 dimensional G x Z symmetric
SPTs constructed by proliferating ZI domain walls each “decorated” with a non-trivial d-
dimensional G-symmetric SPT (satisfying the NDSC). The basis states spanning the Hilbert
space for this problem is [], |pi, ¢;) where 7 labels the lattice sites and p; = +1 € Z7 , ¢; € G.
Hence each site has an Ising-like variable. This variable reverses sign under the action of Z7 .
A state with non-zero expectation value of such Ising variable breaks the ZI symmetry. From
such a symmetry breaking state we can construct a ZI-symmetric state by “proliferating”
the domain walls separating regions with opposite value of the Ising variable . (This means
the ground state is a superposition of all possible Ising configurations.) Such domain walls are
orientable d-dimensional manifolds and we choose the orientation consistently. To construct
the d+1 dimensional SPT, these domain walls are decorated with the G-symmetric SPT} or
SPT; (the inverse of SPT)) according to the following rule. If the orientation of a domain
wall points from the +1 domain to the —1 domain it is decorated with SPT;. If the reverse
is true it is decorated with SPT;. Because the ZI operation reverses the sign of the Ising
variable, it must transforms SPT} into SPT;. A domain wall decorated with SPTj is said
to be conjugate to the one decorated with SPT] because when they are stacked together
their respective SPTs combine to become trivial.

If we construct the wavefunctions for SPTy and SPT; according to Appendix , the
wavefunction associated with SPT) is the complex conjugate of that of SPTi. Hence the
non-trivial element of Z1 has two effects — it inverts the sign of the Ising variable as well
as performing the complex conjugation on the wavefunction. Because the Ising variable in
question does not have to be time-reversal odd, the ZI discussed here can be different from
the usual time reversal symmetry.

If the d + 1 dimensional system has boundary, and which respects the ZI symmetry,
the proliferated fluctuating bulk domain walls can intersect it. The intersection is d — 1-
dimensional (see Fig. and is itself the boundary of the domain wall. Thus they harbor
gapless boundary excitations of the SPT on the domain wall. However when two “conjugate”
intersections come close the gapless excitations on them can quantum tunnel. (A pair of
conjugate intersections are the respective intersections of a pair of conjugate domain walls
with the boundary.) When such quantum tunneling is strong a gap can open and effectively
the two conjugate intersections annihilate each other.

2.3 The NDSC and the non-trivialness of the
G x Z}-symmetric SPT

In Appendix (A.3) we prove mathematically that the state arises from proliferating the
decorated Z7 domain walls is non-trivial only if the SPT on the wall satisfies the NDSC.
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a) d=1 b) d=2
T
N

gapless boundary excitations

Figure 2.2: (Color online) Intersection of domain walls with the boundary of a d + 1 dimen-
sional system, for (a) d = 1 and (b) d = 2. The value of the ZI Ising variable for regions
colored blue and green are 41 and -1 respectively. The domain walls are decorated with a
d-dimensional SPT. Their intersections with the boundary are d — 1-dimensional, denoted
by black dots in (a) and solid lines in (b) respectively. These intersections host gapless
boundary excitations of the SPT living on the domain walls.

Now we explain why this condition is necessary. Let’s suppose SPT}, the SPT that the
domain walls are decorated with, violates the NDSC and SPT} = (SPT})?* for certain
G-symmetric SPT,. In the following we show it is possible to perturb the boundary with
alocal G x ZI' symmetric hamiltonian AH and gap out the gapless excitations.

Let AH coats the boundary with an additional layer of a SPT}/, or SPT;/5 depending
on whether the ZI variable on the boundary is +1 or —1. Since SPT; is G-symmetric, AH
respects the G-symmetry. Moreover because the coating switches from SPT) /5 to SPT,
when the ZI variable is flipped, AH also respects the Z symmetry. The fact AH is local
is because the coating only depends on the value of the ZI variable locally.

Without loss of generality let’s suppose the orientation of the domain wall points from
the +1 domain to the —1 domain. This will induce an orientation on the intersection of the
domain wall and the boundary. In Fig.[2.2]this means the blue region is “inside” and the green
is “outside”. Also let us choose the orientation of the coated film so that the orientation of
the boundary between SPT) o and SPT)/, agrees with that of the domain wall intersection.
Without the coating the domain intersection carries the boundary gapless excitations of
SPT,. After the coating the interface between SPT)/, and SPT)/, will be stacked on top
of the original intersection. In the coated film of Fig. ., when viewed from the SPT)/,
domain, the interface should host the boundary modes of SPT}/,. On the other hand when
viewed from the SPT)/, domain the interface has the opposite orientation, thus it should
host the conjugate of the SPT s, i.e., the SPT} 5 boundary modes. As a result the stacked

intersection /interface hosts the stacked boundary modes of SPT; and SPT; /22 = SP1T;.
Therefore they cancel and the gapless excitation on the domain wall/boundary intersection
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Figure 2.3: (Color online) Getting rid of the gapless boundary excitations if the SPT (SPT})
used to decorate domain walls can be written as the square of another SPT (SPTj/,). This
is achieved by coating the surface with a layer of (SPTj/;) on -1 domains and SPT}/, on +1
domains (left panel). The combined boundary excitations on the intersection is gapped as
denoted by the dashed line in the right panel.

are gapped out. This means the G x Z-symmetric SPT must be trivial because it is possible
to add totally symmetric boundary perturbation to remove the gapless excitations. Hence in
order for the SPT derived from proliferating the decorated ZZ domain wall to be non-trivial
the NDSC must be satisfied.

2.4 The Z! symmetry breaking field and the three
possible phase transition scenarios

Now let’s assume the proliferated domain walls are decorated with the SPT satisfying the
NDSC. In Appendix we show that the boundary of such G x ZI SPT has an invariant
subspace “transplantable” to one dimension lower ™). This invariant subspace can be made
into the lowest-energy subspace by turning on fully G x Z symmetric boundary perturbation.
The basis set of such subspace is [], [g,) 5, g € G where p labels the boundary sites. They

transform under G and the non-trivial element of ZI according to

Se [ 119w)5 = 11199408, g€ G (2.1)
S low s =o{a)K [[lgu)s —1€ 23 (2.2)

where the pure phase

o({g.}) = [ [[vara(e. {g, )17 (2.3)

A
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is the ground state wavefunction of the G-symmetric SP'T used to decorate the domain wall,
and K stands for complex conjugation. Here vy, is a U(1) phase factor whose arguments
are d + 2 elements in GG. It is a representative in the group cohomology class of G that
corresponds to the G-symmetric SPT), so it is fully determined by the group structure and
the choice of a particular G-symmetric SPT (See Appendix for a review of group co-
homology). The product is carried over the d-dimensional simplices A which triangulate
the d-dimensional boundary. o(A) = %1 is the orientation of each simplex and {g,}a is a
shorthand for the d + 1 group elements assigned to the vertices of A.

In Appendix (A.4) we show how to construct a family of d-dimensional lattice models
using the above basis set. These models depend on a parameter A € [0, 1],

H(\) = (1—XHy+ \Hy, (2.4)
where
Hy=-JY Y Hg.hs s{g.}. (2.5)
and

RN I

ugg#

|{9# )8 B{LIuL]- (2.6)

In the above equations J > 0 (and can be taken to very large value) and |{g],})5 stands for
the complex conjugation of [{g},})s. It is shown in Appendix that both Hy and H; are
invariant under the action of G, and that the ground state of Hj is the trivial G-symmetric
SPT while the ground state of H; is the non-trivial G-symmetric SPT described by the
wavefunction in Equation . Upon the action of the non-trivial element of ZI transforms
Hy and H; according to

S_lH()S:ll = H1 and S_1H15:11 = Ho. (27)

Consequently H(A = 1/2) has an extra ZJ symmetry (Equation (2.2))). For other values of
A there is only the G symmetry (Equation (2.1))). (Therefore we can view A — 1/2 as a Z7
symmetry breaking field. )

In Appendix we prove that due to the non-local action of S_y, H(A = 1/2) is
either gapless or the G x ZI symmetry is spontaneously broken. This implies at A = 1/2
the d-dimensional system can be in one of the three following phases. (1) Gapless and
G x ZI symmetric. (2) Gapped but spontaneously breaks the ZI symmetry. (3) Gapped
and spontaneously breaks the G (or both the G and ZI') symmetry. Because at A = 1/2 the
system must be in one of the three phases discussed above, there are three possible routes for
the phase transition from the trivial to non-trivial G-symmetry SPTs (Fig. . We discuss
these three scenarios in the following. We shall do so from the view point of the d-dimensional
system or that of the boundary of the d+1 dimensional system interchangeably.
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Figure 2.4: (Color online) The two inequivalent G-symmetric SPTs induced by opposite
values of the boundary ZI symmetry breaking field. Here blue and green denote the triv-
ial and non-trivial SPT, respectively. The interface between these two SPT’s are also an
ZI' domain walls whose intersections with the boundary (the black dots) host the gapless
boundary excitations of the SPT used to decorate the domain wall. The grey region in the
center denotes the G x ZI SPT with unbroken ZJ symmetry.

Continuous phase transition

This scenario corresponds to the boundary of the G x ZI SPT being gapless. Under such
condition the gapless excitations on the intersections of the fluctuating bulk domain walls
and the boundary gives rise to a gapless boundary. These gapless-modes-infested domain
wall intersections quantum fluctuate and delocalize throughout the boundary of the d + 1
dimensional system. This is the “dynamic percolation” picture conjectured in Ref.©.

Now let’s imagine introducing the ZI symmetry breaking field on the boundary (and
only on the boundary). Now the ZI domain wall can no longer intersect the boundary at
sufficiently low energies. As a result the boundary is gapped. The two possible directions of
the ZI symmetry breaking field leads to two G-symmetric SPTs corresponding to the ZI
variable having opposite expectation values. In the following we show that these two SPTs
are topologically inequivalent.

To do that we just need to demonstrate the interface between the two SPTs is necessarily
gapless. This can be achieved by breaking the ZI symmetry so that half of the boundary
has positive and the other half has negative ZJ symmetry breaking field. The interface
between these two halves are Z domain walls and they have to connect to the fluctuating
domain wall in the bulk (See Fig. . Hence they host gapless excitations. This implies the
two G-symmetric SPTs on the boundary induced by opposite ZI-breaking field are indeed
inequivalent.
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First order phase transition

Here we consider the case when the state at A\ = 1/2 spontaneously breaks the Z7 symme-
try. In this case there will be degenerate ground states corresponding to the ZI variable
having opposite expectation values. An infinitesimal Z7 symmetry breaking field will lift
the degeneracy and result in uniquely gapped G-symmetric phases on either side of A = 1/2.
From the boundary point of view because the ZI' symmetry is spontaneously broken the
fluctuating domain walls no longer intersect the boundary at low energies. This removes
the gapless excitations associated with the interaction. The same argument associated with
Fig. implies the two gapped G symmetric phases induced by opposite value of the sym-
metry breaking field are topologically inequivalent. Thus we have two distinct G-symmetric
SPTs whose energy crosses at the transition point — i.e. a first order phase transition has
occured. This is depicted as the second scenario in Fig.

An intermediate symmetry breaking phase

In the third scenario the boundary of the G x ZI symmetric SPT spontaneously breaks the
G (or both the G and ZI) symmetry. Because of the G symmetry breaking the gapless
excitations at the domain wall intersections are gapped out. From the point of view of the
d-dimensional system the ZI symmetry breaking field, i.e., the perturbation induced by A
deviating from 1/2, is G-symmetric. Because of the existence of energy gap, infinitesimal
symmetry breaking field can only act within the degenerate ground state manifold (i.e. the
subspace spanned by the degenerate ground states) . Because the G symmetry is spon-
taneously broken such ground state manifold must carry a multi-dimensional irreducible
representation of G. Since the ZJ symmetry breaking field is G symmetric, it should be
proportional to the identity operator within the ground state manifold. Consequently for
values of A in the immediate neighborhood of 1/2 the ground states remain degenerate and
the G symmetry remains spontaneously broken. When A deviates sufficiently from 1/2 the
G-symmetry has to be restored at some point because the limiting states at A =0and A =1
are G-symmetric. Thus two Landau-like G symmetry restoring critical points must intervene
at intermediate A. This gives rise to the possibility depicted as scenario (3) in Fig. .

In section we construct a simple solvable models for which scenario (1) and (3) are
realized. Scenario (2) is suggested to occur in a numerical study on 2D Zs SPT phase tran-
sition ™). We have not encountered an example where topological ordered ™ state appears
on the boundary as discussed in Ref. (#ISIGEITSIN02T) ~though it would be interesting for
future studies.
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2.5 Example: phase transition between
Zoy X Zo-symmetric SPTs in d =1

A solvable case in one dimension

In one dimension there are two inequivalent Z x Zy-symmetric SPTs (H?(Zy X Zo,U(1)) =
Zs). We follow the recipe in Appendix to construct the solvable Hamiltonians for the
trivial and non-trivial Zy X Zs-symmetric SPTs and a family of interpolating hamiltonians
which realize scenario (1) of Fig. . Consider two spin-1/2 variables 09; 1 and 9; in each
unit cell 7. The Zy x Zy group acts as global 7 rotations along x and z directions on all
spins. As detailed in Appendix the trivial /non-trivial Hamiltonians and the non-trivial
element of ZI transformation are given by

Hy = Z(ngelagi +05-10%;) (2.8)
Hy = Z(U;‘—%’;‘A + 05,0%i41) (2.9)
H(\) :l (1 —=XN)Hy+ \H; (2.10)
S, = H(l + ‘751'210'51‘“ n 1 - Ufzélagiﬂ oIVK (2.11)

Here K stands for complex conjugation. It is straightforward to show that the trivial /non-
trivial Hamiltonians transform into each other under S_;. Equation and Equation ([2.9))
and any linear combination of them are exactly solvable by going to the Majorana fermion
representation (see Fig. . In such representation H, contains intra-unit-cell (the rect-
angle boxes) coupling and H; contains inter-unit-cell coupling. The critical Hamiltonian
(Hy + Hy)/2 consists of two decoupled critical Majorana chains. As a result it exhibits
central charge ¢ = 1. In the spin 1/2 representation (Hy + H;)/2 is the XX model which
possesses gapless spin-1/2 excitations. Since Hy, the dimerized XX model, has spin-1/2 edge
states, this gives an explicit example where the gapless excitations of the critical state are
delocalized, or dynamically percolated, edge excitations.

Although the hamiltonians in Equation is exactly solvable it has one undesirable
feature, namely, it actually has higher symmetry (U(1)) than Zy x Zy (U(1) x ZI rather
than Zy X Zo x ZI in the case of A = 1/2). In the following we add perturbations to
Equation to break the extra symmetry while maintain the solvability. Consider the
following hamiltonian

H(\ a) = Z(l —A) [0“751710;1 +(1- 0‘)“51‘71‘751’]
+A [04‘7;'—2‘7;'—1 +(1- 0‘)‘7;"75%1] ) (2.12)
where a, A € [0,1]. For a # 1/2 the symmetry of the model is reduced to Zy x Z,. Like
Equation (2.10)) this model is exactly solvable after going to the Majorana basis. The phase
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SB,

w

SB, A
0 1)

Figure 2.5: (Color online) The phase diagram of Equation (2.12). The regions SPT,, SPT}
correspond to trivial and non-trivial SPTs, respectively. SB,, SB, correspond to sponta-
neous symmetry-breaking with (o,) and (o,) non-zero, respectively. The solid black lines
mark continuous phase transitions. Along the A = 1/2 line there is either spontaneous
symmetry breaking or gapless excitation.

diagram is shown in Fig.[2.5] Under S_;, A transforms into 1—\ while o remains fixed. Along
the line (A, a) = (1/2,a) the ZI symmetry is respected. Under that condition the system
is either gapless or exhibits spontaneous symmetry breaking as predicted by the theorem in
Appendix[A.5| Interestingly the critical point between SPTy and SPTy at (A, a) = (1/2,1/2)
is also the transition point between two symmetry breaking phases. Moreover because the
residual symmetry groups respected by the two symmetry breaking phases do not have
subgroup relationship, the transition is an example of Landau forbidden transitions. Hence
in this example the critical point between two SPTs is simultaneously the critical point of
a Landau forbidden transition. Along the line (X, o) where ag # 1/2, the two SPT phases
are intervened by a spontaneous symmetry breaking phase hence realizing the third scenario
discussed in section 2.4

Continuous phase transition in models with only Z, x ZI
symmetry (except at the critical point)

In the last subsection after the removal of the extra U(1) symmetry the transition between
the SPTs is no longer direct. As a result one might wonder whether the continuous critical
point is realizable without enlarging the symmetry group.

This motivates us to look for models with only Zs x Z; symmetry (except at the critical
point) while exhibiting a continuous direct transition between two inequivalent SPTs. The
more general model is still exactly solvable at two limits, namely A = 0 and 1 where it gives
two inequivalent SPTs. However unlike the simple example the model is not solvable for
intermediate values of A. In the following we perform density matrix renormalization group
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(DMRG)® calculation to study the intermediate A including the critical point.
The Hamiltonian we consider is given by (as shown in Figl2.6|a))

N/6
H = Z [/\(5&755&74 + ngi—ssgz‘—4)
i=1
+(1 = A)(S6i—4S5i—5 + bS5 455;-3)]
FA(S6i—356i—2 + bS5i—_356i—2)
+(1 = A)(S6i—256i-1 + bSgi—256i-1)
+A(S5;-196; + bS5i-156:)
(1 = A) (565641 + 0S6:SG41)], (2.13)

where S*, S¥ and S* are spin 1/2 operators, A\ and b are coupling parameters. The unit
cell of Equation contain 6 sites each possessing a spin 1/2. These six spin 1/2s in
each unit cell add to form integer total spins. The Z, x Z5 group is generated by 7 rotation
around any two, e.g., x,y, spin axes for all spins.

When b = 1, the ZI transformation S_; flips A <> 1 — A, is defined by S_; = U, UK,
where

N/3
Uy = H Uxvyi—2Uy z3i-1Uzx 3i

=1

Uin (1+a;‘ L1-a) ) (1+i0f+1>
2 2 J V2

N/3

_ Y z x
Uy = | | 03;-203;-103;
i=1

It may be checked that S?, = 1 and it commutes with global Z, x Z, rotations generated
by II, of and [T, o7

In the limits A = 0 and A = 1 the system consists of decoupled dimers. It is simple to
check that for b > 0 the ground state of each dimer is a spin singlet, and the bulk energy
spectrum is gapped under periodic boundary condition. Under the open boundary condition
there are gapless edge modes for A = 0, while there is no edge state for A = 1. So, these
two limits are topologically distinct and we expect a phase transition between them for some
intermediate value of .

The phase diagram of Equation (2.13) is illustrated by FigP.6(b). We find that for
A < 0.5 the system is in a non-trivial SPT phase. This is manifested by the fact that
under periodic boundary condition (PBC) there is an energy gap while in open boundary
condition (OBC) it is gapless (see Fig. 2.7). In contrast for A > 0.5 the system is in a
trivial SPT phase. This is manifested by the existence of an energy gap in both periodic and
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®r 1 L o,
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Figure 2.6: (Color online) (a) Sketch of the interactions in the model Hamiltonian of Equa-
tion (2.13). Three different types of the interaction are represented by three different
colored bonds. For example, black bonds denote (S7SF,, + bS/SY,,), red bonds denote
(S7S?,, + bS?S?.,), and blue bonds denote (S7S7,, + bSFSY, ;). A and (1 — X) are the
strength of the interactions. It is represented by single bonds and double bonds respectively.
A dashed box denotes one unit cell. (b) Phase diagram for Equation (2.13). The A\ < 1/2
region is occupied by a non-trivial SPT, while the A > 1/2 region is occupied by trivial SPT.

open boundary conditions (Fig. 2.7(a,b)). Interestingly, there is indeed a continuous phase
transition between the two SPT phases occurring at A = 1/2 for all b > 0 we have studied.
Numerics indicate the central charge of this critical point is ¢ = 1 (see Fig. [2.8))), the same
as that of the solvable case. Since ¢ = 1 allows continuous varying critical exponents, we go
on to extract the energy gap exponent «,

A~ A —1/20, (2.14)

for different values of b. The results are shown in Fig. 2.9, For more details of the DMRG
calculation see Appendix |B.7]

The above example proves that scenario (1) in Fig. is indeed attainable for phase
transition between SPTs protected by only Zy x Zs.

Phase transition between Z; symmetric SPTs in 2D

In this subsection we follow the framework set in previous sections to construct a lattice
model describing phase transition between by 2D Zs-symmetric SPTs. (According to the
cohomology group classfication there are two inequivalent Zs-symmetric SPTs in 2D).

Consider a triangular lattice. For each site 7 there is an Ising variable o; := o7 = *1.
The trivial SPT hamiltonian is

After some math the non-trivial SPT Hamiltonian can be reduced to

H=Y [Hwﬂ(l?%)] (=)ot (2.16)

%
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Figure 2.7: (Color online) Excitation gap A as a function of A at b = 1 (Equation (2.13)).
(a) For periodic boundary condition, A is finite except the critical point (A = 1/2). (b) For
open boundary condition, A = 0 for A < 1/2 due to the presence of gapless edge modes in
the non-trivial SPT phase. For A > 1/2 the SPT is trivial hence A > 0.

(a) PBC, 2=0.5 (b) PBC, 2=0.5

w
N=72
—&—b=10 |1.6
—e—b=0.9
—A—b=0.7
—¥—b=0.5

I I I I 15
22 2.4 2.6 2.8 3.0 3.2

In(x)

Figure 2.8: (Color online) Entanglement entropy scaling for Equation (2.13]) at A = 1/2 and
various values of b. Panel (a) shows the result for periodic N = 72 and 144 site chains for

b = 1. Panel (b) shows the result for a periodic N = 72 site chain for various b values. The

N

fit to S(z) = £In(z) + const extrapolates to a central charge ¢ = 1. Here x = Zsin(%}), and

[ is the subsystem length.
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(a) PBC (b) PBC
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3l & A=\-172*
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Figure 2.9: (Color online) (a) In A versus In|A — 1/2| for b = 1 under periodic boundary
condition. Linearity implies A ~ |\ —1/2|*. (b) Gap exponent « for several values of b Note
that while ¢ = 1 for all these b values the gap exponent varies.

Here o4,...,06 designate the Ising variables on the six neighbours of ¢ as depicted in
Fig. (b), and the product I, ;- is performed over the six links connecting site ¢ and its
six nearest neighbors. The non-trivial element of the ZI transformation is given by

S, = H(_l)ﬁ%)(l*%)(l%)[( (2.17)
A

where o1, 09,03 are the ordered vertices on each triangle A. Again S,lHOSjll = H; and
S_H,S™{ = H,.

We construct the hamiltonian to study the phase transition in exactly the same way as
in Equation (2.4). H()) is solvable for A = 0 and 1. For intermediate value of \ it was
suggested ™ numerically that there is a first-order transition at A = 1/2. Thus scenario (2)
in Fig. [2.1]is realized.

Phase transition between trivial and non-trivial phases of 1D
integer spin chain

For integer spin chains G = SO(3). The SPT phases are classified by Zs, i.e., there is a
trivial and a non-trivial SPT. For spin-1 chain, the non-trivial phase is also known as the
Haldane @ or the AKLT phase@®. The continuum field theory describing the trivial and
non-trivial phases is given by the following O(3)-non linear sigma model(NLSM) with © = 0
and 27, respectively

1 . O o R
S = 3 /dxdt((?“n)Q + i /dxdt n - Oz X Oy (2.18)
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Here 7 is a 3-component unit vector. The critical point between the trivial and the non-trivial
SPT is described by the SU(2); Wess-Zumino-Witten(WZW) theory in 1+1 dimensions @2:

1 R
S = 5 / drdt(9,0)?
. 1
+ - / dudt / du €™40,0,0,9,2,0,04. (2.19)
m 0

Here Q € S® is a 4-component unit vector, and u is an extension paramater such that
Q(u = 0,z,t) = (0,0,0,1), and Q(u = 1,z,t) is the physical Q(z,t). If the extra term
=\ [ dxdtQy(z,t) is added to Equation , upon renormalization the low energy and
long wavelength effective action flows to Equation (2.18)) with ©® = 0 or 27 depending on
the sign of \. Hence A tunes the phase transition between the two SPTs. The emergent
ZI symmetry discussed in this chapter corresponds to reversing the sign of Q4 followed by
complex conjugation @, This symmetry is broken by the term —\ [ dxdtQy(z,t). When
ZI and SO(3)(which rotates €2;,05,(23) symmetries are preserved, the 1+1d boundary will
either be gapless or degenerate @D,

2.6 Conclusion and Discussion

In this chapter we focus on the quantum phase transition between trivial and non-trivial sym-
metry protected topological states (SPTs) in d dimensions. We prove that if the non-trivial
SPT satisfies the “non double stacking condition” (see the theorem) all phase transition
scenarios between them are captured by the boundary of a d+1 dimensional G x ZI sym-
metric SPT in the presence of Z1 symmetry breaking field. This result proves that at the
critical point of the topological phase transition in question there is always emergent non-
local symmetry. Moreover the symmetry operation associated with this non-local symmetry
transforms one SPT phase into another. In addition our results provide explicit recipes
for constructing d- dimensional lattice hamiltonians describing different phase transition
scenarios. As a byproduct we prove the conjecture made in Ref.® namely, the gapless
excitations at the critical point between a trivial and non-trivial SPT consists of delocal-
ized (or dynamically percolated) gapless boundary states of the non-trivial SPT. For future
studies, we shall study how to describe phase transition between SPTs which do not satisfy
the non double staking condition. We will also consider the ramification of the interesting
recent works which show the boundary of a three dimensional SPT can exhibit topological
order (HISIGITISIIZ02T)  We ask what is the implication of this possibility on transitions be-
tween SPTs. Of course we are also interested in generating simple lattice models, especially
in d > 1, describing the phase transition between SPTs, and in generalizing the approach
here to the fermionic case.
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Chapter 3

Which CFTs can describe phase
transitions between bosonic SPT's?

3.1 Introduction and the outline

Having understood quanlitatively that the physical picture that the critical point at a topo-
logical phase transition is a proliferated boundary states, we would like to make a more
quantitative statement about the nature of the critical point. Our goal is to understand the
difference (if any) between the traditional Landau type and this new kind of “topological”
phase transitions.

Because the Landau-type phase transitions are triggered by the fluctuations of bosonic
order parameters over space-time, to minimize the obvious difference we focus on the phase
transitions between bosonic SPT phases®. Hence we do not address the phase transition be-
tween fermionic topological insulators or superconductors ®# . Moreover, to make everything
as concrete as possible we shall focus on one space dimension and to topological phase tran-
sitions which have dynamical exponent equal to one (hence can be described by conformal
field theories (CFTs)).

We spend most of the space describing the study of a specific class of such phase transi-
tions — the phase transition between bosonic SPTs protected by Z,, x Z,,. Here we combine
a blend of analytic and numerical methods to arrive at a rather complete picture for such
critical points. From studying these phase transitions we observe an interesting fact, namely
whenever the transition is direct (i.e., when there are no intervening phases) and continuous
the central charge (¢) of the CFT is always greater or equal to one. Near the end of the
chapter, we obtain a constraint on the central charge for CFTs describing bosonic SPT phase
transitions: namely, ¢ > 1. Therefore, none of the best known “minimal models@®” can be
the CF'T for bosonic SPT phase transitions!

According to the group cohomology classification® in one space dimension, the group
Zn X Zy, protects n different topological classes of SPTs. If we “stack” a pair of SPTs (which



CHAPTER 3. WHICH CFTS CAN DESCRIBE PHASE TRANSITIONS BETWEEN
BOSONIC SPTS? 24

can belong to either the same or different topological class) on top of each other and turn
on all symmetry allowed interactions, a new SPT will emerge to describe the combined sys-
tem. An abelian (cohomology) group H*(Z, x Z,,U(1)) = Z, (here the superscript “2”
refers to the space-time dimension) classifies the SPT phases and describes the stacking
operation. Here each topological class is represented by an element (i.e., 0,...,n — 1) of
H*(Z, x Z,,U(1)) = Z, and the “stacking” operation is isomorphic to the mod(n) addition
of these elements.

To understand the phase transitions between different classes of SPTs it is sufficient to
focus on the transition between the trivial state (which corresponds to the “0” of Z,,) and the
non-trivial SPT corresponding to the “1” of Z,,. The transition between phases correspond
to other adjacent elements of Z,, e.g., (m,m + 1), will be in the same universality class as
that between (0, 1). Transitions between “non-adjacent” topological classes will generically
spit into successive transitions between adjacent classes.

There are 11 sections in the main text. In these sections we restrain from heavy math-
ematics, i.e., we simply state the main results and provide simple arguments. There are
6 appendices where mathematical details can be found. The outline of this chapter is the
follows. In section [3.2| we present the exactly solvable fixed point hamiltonians for the trivial
and non-trivial Z,, x Z, protected SPT phases. In section we present a hamiltonian
that interpolates between the fixed point hamiltonians in section [3.2] A single parameter
tunes this hamiltonian through the SPT phase transition. Section |3.4] introduces a non-local
transformation that maps the hamiltonian in section to that of two n-state clock models
with spatially twisted boundary condition and Hilbert space constraint. In particular, at
criticality, we show that the partition function of the transformed hamiltonian corresponds
to an “orbifolded” Z,, x Z, clock model. In section [3.5] we discuss the effects of orbifolding
on the phases of the clock model and show the results are consistent with what one expect
for the SPT phases. Section [3.6|gives the phase diagram of the hamiltonian given in section
B.3] In section [3.7] we show that from the point of view of the orbifolded clock model the
SPT transition corresponds to a Landau forbidden transition. In section |3.§| we present the
conformal field theories for the SPT phase transitions discussed up to that point. Section
presents our numerical density matrix renormalization group results. We compare these
results with the prediction of section 3.8 Section [3.10] presents the argument that the central
charge of the CFTs that describe SPT phase transitions must be greater or equal to one.
Finally, section |3.11|is the conclusion.

In appendix |B.1] we provide a brief review of the key ingredients of the 1 + 1D group
cohomology, namely, the notions of cocycles and projective representations. After that, we
show how to use cocycles to construct solvable fixed point SPT hamiltonians. Appendix
summarizes the non-local transformation that maps the hamiltonian in section [3.3| of the
main text to that of two n-state clock models with spatially twisted boundary condition and
Hilbert space constraint. In appendix [B.3] we show that the partition function associated
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with the hamiltonian in appendix (and section of the main text) corresponds to that
of “orbifolded” Z,, x Z,, clock model. Appendices present the modular invariant
partition functions of the orbifold Z5 x Zs, Z3 x Z3 and Z, x Z, clock models, respectively. In
these appendices, we examine the primary scaling operator content of the modular invariant
conformal field theory. In addition, we study the symmetry transformation properties of
various Verma modules and the scaling dimension of primary scaling operators, particularly
that of the gap opening operator. Appendix [B.7|summarizes the details of the density matrix
renormalization group calculation. Finally, in appendix we briefly review the symmetry
of the minimal model conformal field theories.

3.2 Exactly solvable “fixed point” Hamiltonians for
the SPT's

Each SPT phase is characterized by an exactly solvable “fixed point” Hamiltonian. In
appendix we briefly review the construction of these Hamiltonians using the “cocycles”
associated with the cohomology group @9 For the case relevant to our discussion the
following lattice Hamiltonians can be derived D) so that its ground state belong to the “0”
and “1” topological classes of H*(Z, x Z,,U(1)) = Z,

N
H(] = — Z(M%_l + MQi + hC)
i=1
N
Hy = — Z(R;i_QMQi—lRZi + RQi—lMQiR;H-l + h.c.) (3.1)

=1

These Hamiltonians are defined on 1D rings consisting of IV sites. For each site labeled by 7
the local Hilbert space is spanned by |ga;—1, 92i) := |g2i-1) ® |g2i) where (g2;-1, 92i) € Zn X Z,,
with g9; 1,92 = 0,1,...,n — 1. The total Hilbert space is the tensor product of the local
Hilbert space for each site. For the convenience of future discussions from now on we shall
refer to (2¢ — 1,2i) as defining a “cell”, and call |go;_1) and |go;) as basis states defined for
“site” 2¢ — 1 and 2i¢. The operators M; and R; in Equation are defined by

M;|g;) == |g; +1) mod n, and
R;lg;) :=niilg;) where n, = ™™/". (3:2)

From Equation (3.2) we deduce the following commutation relation between M and R:

R,;Ry, = RyR,
R; My, = ny* MyR;. (3.3)
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Due to this commutation relation, it can be checked that the n x n matrices associated with
M; and R; form a projective representation of the Z, x Z, group multiplication law (see
appendix for the definition of projective representations). Finally periodic boundary
condition is imposed on Equation (3.1)) which requires

Gan+1 = g1, and ganyo = go. (3-4)

Under these definitions Equation (3.1)) is invariant under the global Z,, x Z,, group generated
by

HMQiil and HMQZ (35)
The form of Hamiltonians given in Equation (3.1)) is quite asymmetric between M and

R. We can make it more symmetric by performing the following unitary transformation on
the local cell basis as follow

_ 1 — (92i—1—92i)95; /

19215 92i) = Ulg2i—1, 92i) = \/ﬁg;(] Mn G2i-1, Ga;) -
This results in the following transformations of the operators in Equation (|3.1]

UMy _1U = Ma;_y Mo,

UtMyuU = Rl Ry,

U'Ryi1U = Roi_4

Ut Ry U = M. (3.6)
It is straightforward to show that after these transformations the new operators obey the
same commutation relation as Equation . Moreover, it can also be shown that R obeys
the same boundary condition, namely, Ronyy1 = Ry and Royyo = Ro. In addition, it is
also straightforward to show that under Equation the generators of the Z,, x Z,, group
become

N 2N N 2N _
_1)J
UT(”MQZ-_1>U:||M]- and UT(||M2i>U:||R§ Y, (3.7)
i=1 j=1 i=1 j=1

Thus alternating “site” carries the projective and anti-projective representation of Z,, x Z,.

Under Equation (3.6 the Hamiltonian Hy and H; become
N
HO = — Z(M%—IM% + Rgi_lR;- + hc)
i=1
N
Hl = — Z(MQiM2i+1 + RQiR;iJrl + hC) (38)

=1
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These Hamiltonians are pictorially depicted in Fig. [3.1[a,b). Note that while H, (Fig.[3.1[a))
couples sites within the same cell, H; couples sites belong to adjacent cells (Fig. [3.1b)). Be-
cause both Hy and H; consist of decoupled pairs of sites (the coupling terms associated
with different pairs commute with one another) they can be exactly diagonalized. The re-
sult shows a unique ground state with a fully gapped spectrum for both Hy and H;. Using
Equation it is simple to show that the ground states are invariant under Z,, x Z,,.

The fact that Hy and H; describe inequivalent SPTs can be inferred by forming an
interface of Hy and H; as shown in Fig. [3.1c). A decoupled site (red) emerges. Localizing
on this site there are degenerate gapless excitations carrying a projective representation of
the Z, x Z,B2  The fact that gapless excitations must exist at the interface between the
ground states of Hy and H; attests to that fact that these states belong to inequivalent
topological classes of H*(Z, x Z,,U(1)) = Z,.

;
:
®
:
.
:
:
:

Figure 3.1: (Color online) (a) Hy couples states associated with the same cell (each cell is
represented by the rectangular box). (b) H; couples states associated with adjacent cells.
Each pair of black dots in a rectangle represents the sites in each cell. They carry states
|g2i—1) and |g9;) which form a projective representation of Z,, x Z,. Each link represents a
coupling term in the Hamiltonian (3.8)). (¢) Hamiltonian describing the interface between
the two SPTs each being the ground state of Hy and H;. It is seen that there is a leftover
site (highlighted in red) transforming projectively at the interface.



CHAPTER 3. WHICH CFTS CAN DESCRIBE PHASE TRANSITIONS BETWEEN
BOSONIC SPTS? 28

3.3 An interpolating Hamiltonian describing the
phase transition between 7, x Z,, SPTs

To study the phase transition between the ground state of Hy and the ground state of H;
we construct the following Hamiltonian which interpolates between Hy and H; as follows

Ho(3) = (1= \)Hy + A,
N N

=—(1-)) Z(M%_IM% + Ry 1 RL) — A Z(M%M%—H + RoiRL,.)
=1 =1

+h.c. (3.9)

With both Hy and H; present the Hamiltonian given in Equation is no longer easily
solvable. However, in the following, we present analytic results showing (1) for 2 < n < 4
the phase transition occurs at A = 1/2, (2) the central charge, the conformal field theory
and its associated primary scaling operators at the phase transitions. For n > 5 there is a
gapless phase centered around A = 1/2 hence the phase transition is not direct. Moreover for
the interesting case of n = 3 we will present the numerical density matrix renormalization
group results which confirm our analytic solution.

3.4 Mapping to “orbifold” Z, x Z, clock chains

In appendix we show that Equation (3.9) can be mapped onto a Z, x Z, clock model
with spatially twisted boundary condition and a Hilbert space constraint. In appendix
we further show that these amount to “orbifolding”,

The mapping is reminiscent of the duality transformation in a single Z,, clock model.
The mapping is achieved via the following transformations:

RI_\R;=M; for j=2.2N, RL R, =M,
and M, = RjRjH for all j. (3.10)

After the mapping, the Hamiltonian in Equation (3.9)) is transformed to

HOl( ) en(/\) +Hodd( )
N
even Z |: MQZ + )\R2ZR21+2i| + h C.
i=1
N —_~ ~ ~
Hoaa(N) = = [AMQH (- /\)R;.ARQHJ +he. (3.11)

=1

Here M and R obey the same commutation relations as M and R in Equation |}
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Equation (3.11) is the quantum Hamiltonian for two Z, clock models®¥  one defined

on the even and one on the odd sites, respectively. However, generated by the mapping,
Equation (3.11)) is supplemented with a twisted spatial boundary condition and a constraint:

Boundary condition: égNH = E]T?l and §2N+2 = Eég, (3.12)
2N
Constraint: H M, =1. (3.13)

i=1

Here B is an operator that commutes with all the Rs and Ms. The eigenvalues of B are
b = 1,n,,...,n" " (recall that n, = €?7/"). In terms of the transformed variables, the
generators of the original Z,, x Z,, group are given by

N
B and HM%. (3.14)

j=1

The spatially twisted boundary condition Equation (3.12]) and the constraint Equation (3.13))
(which turns into a time direction boundary condition twist in the path integral representa-
tion of the partition function) execute the “orbifolding” (see later).

By swapping the even and odd chains Equation (3.11]) exhibit the
A (1=A)

duality. This implies the self-dual point at A = 1/2 is special. In particular, if there is a
single critical point as a function of A, it must occur at A = 1/2. Incidentally, if we put
aside Equation and Equation , A = 1/2 is where each of the clock chains in
Equation becomes critical.

As we will show later the effects of Equation and Equation (3.13)) (i.e., orbifold) is
to change the primary scaling operator content of the critical CF'T from that of the direct
product of two Z,, clock models. However they do not jeopardize the criticality, nor do they
change the central charge. We shall return to these more technical points later. At the

meantime let’s first study the effects of Equation (3.12)) and Equation (3.13) on the phases.

3.5 The effect of orbifold on the phases

Knowing the behavior of the single Z,, clock chain, Equation (3.11)) suggests for A < 1/2
the odd-site chain will spontaneously break the Z,, symmetry while the even chain remains
disordered. The ground state will lie in the b (the eigenvalue of B) = 1 sector on account
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of the twisted boundary condition. For A > 1/2 the behaviors of the even and odd chains
exchange, and the ground state remains in the b = 1 sector. On the surface, such symmetry
breaking should lead to ground state degeneracy which is inconsistent with the fact that
both SPTs (for A < 1/2 and A > 1/2) should have unique groundstate.

This paradox is resolved if we take into account of the constraint in Equation (3.13]). For
simplicity let’s look at the limiting cases. For A = 0 the ground state of Equation (3.11]) is

|gvgv"'7g>0dd® |p7p7"-7p>even®|gz ]—> (315)

where g = 0,...,n — 1. Here the “paramagnet state” |p) for each site is defined as

Ip) = % (0) + 1) + o4 [0 — 1)) (3.16)

As expected, such ground state is n-fold degenerate and it does not satisfy the constraint of
Equation (3.13). However, if we form the symmetric superposition of the odd-site symmetry
breaking states

-1
( Z|g g,---, g Odd> X |p;pw~-7p>even®|b: 1> (317)
g=0

the constraint is satisfied and the state is non-degenerate. Obviously, Equation (3.17) is
invariant under the Z, x Z, generated by Equation (3.14 - Although Equation (3.17) is
non-degenerate, the two-point correlation function <R2]+1R2k 1) still shows long-range or-
der. Almost exactly the same arguments, with odd and even switched, apply to the A = 1
limit. The only difference is instead of observing |p,p, ..., P)even being invariant under the

action of vazl ng we need to observe that <\/Lﬁ 2;”;& lg, g, ...,g)even> is invariant. As \

deviates from the limiting values, so long as it does not cross any phase transition the above
argument should remain qualitatively unchanged. In this way we understand the effects of
Equation (3.12)) and Equation (3.13|) on the phases.

3.6 The phase diagram

Since upon orbifolding the phases of the decoupled Z,, x Z,, clock models seamlessly evolve
into the SPT phases we shall construct that phase diagram using what’s know about the
phase structure of the clock model. It is known that a single Z,, clock chain shows an order-
disorder phase transition at a single critical point for n < 4, while there is an intermediate
gapless phase for n > 5 we conclude the phase diagram is shown in Fig. (a,b). Since our
goal is to study the continuous phase transition between SPTs we focus on n < 4.
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Figure 3.2: (Color online) Phase diagram for (3.9), which linearly interpolates between the
fixed point hamiltonians of Z, x Z, SPT phases. Red and blue mark the non-trivial and
trivial SPTs respectively. (a) For n < 4, a second-order transition occurs between the two
SPT phases, and the central charge takes values of 1, % and 2 for n = 2,3, 4, respectively.
(b) For n > 5, a gapless phase intervenes between the two SPT phases. The entire gapless
phase has central charge ¢ = 2.

3.7 SPT transitions as “Landau-forbidden” phase
transitions

According to Landau’s rule, transitions between phases whose symmetry groups do not have
subgroup relationship should generically be first order. Continuous phase transitions be-
tween such phases are regarded as “Landau forbidden” in the literature.

As discussed earlier, in terms of the orbifolded Z,, x Z,, clock chains, the two phases on
either side of the SPT phase transition correspond to the breaking of the Z,, symmetry in
one of the clock chain but not the other. In the following, we elaborate on this statement.

For A < 1/2 although the ground state in Equation (3.17)) is non-degenerate, the two-
point correlation function <R2j+1R$k +1) shows long-range order. When the odd and even
chains are switched the same argument applies to the A > 1/2 limit. If we define

N N
Qeven - HMQj and Qodd = HMQj—l (318)

Jj=1 J=1

it is easy to show that equations (3.11)), (3.12)) and (3.13) commute with them, hence the

Z! x Z! group they generate are also the symmetry of the problem. However it is im-
portant not to confuse Z/, x Z! with the original Z, x Z, group (which is generated by
Equation (3.14))).
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Symmetry group | Central charge
Lo X Lo 1
Z3 X 3 8/5
Z4 X Z4 2

Table 3.1: The central charges associated with the critical point of the Z,, x Z,, SPT phase
transitions for n = 2, 3, 4.

With respect to the Z/ x Z! symmetry the two phases (realized for A < 1/2 and A > 1/2)
breaks two different Z! factors, hence the symmetry groups of the two phases have no
subgroup relationship, thus if a continuous phase transition between them exists it is a
Landau forbidden transition. In fact, it is the original Z,, X Z,, symmetry that “fine tunes”
the system to realize such non-generic continuous phase transition.

3.8 The CFT at the SPT phase transition for n =2, 3,4

It is known that the central charge of the CF'T describing the criticality of a single Z,, clock
chain is ¢ = 1/2,4/5,1 for n = 2,3,4. Thus the central charge of the CFT describing the
simultaneous criticality of two decoupled Z,, clock chains should be ¢ = 1,8/5,2 for Zy x Zs,
Zy X Zz and Zy x Z4. This is summarized in Table [3.1]

Of course, we do not have two decoupled clock chains. The spatial boundary condition
twist (Equation (3.12))) and the constraint (Equation ([3.13))), namely the orbifolding, couples
the two chains together. The purpose of this section is to address the effects of orbifolding
on the criticality of the two decoupled chains.

Let’s start with the conformal field theory of a single Z,, clock chain. The partition
function of such CFT on a torus is given by

Z(q) =Y Xal@) MarXo(3)- (3.19)

Here the indices a, b labels the Verma modules. Each Verma module is spanned by states
associated with a primary scaling operator and its descendants through the operator-state
correspondence. Each Verma module carries an irreducible representation of the conformal
group. The parameter ¢ in Equation (3.19) is equal to €*™, where 7 is the modular param-
eter of the spacetime torus (see Fig. [B.2). x4(¢) and x5(q) are, respectively, the partition
function associated with the holomorphic Verma module a and antiholomorphic Verma mod-
ule b. The matrix M,, has non-negative integer entries.
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The partition function of the two decoupled Z, clock chains that are simultaneously
critical is given by

Z(q =) Xal@)Xel@) (MapMeq) X6(7) Xa(4). (3.20)

a,b,c,d

It turns out that the effect of orbifold is to change
Machd — N(a,c);(b,d) (321>

(N(a7c);(b7d) is a different non-negative integer matrix) so that

orblfold Z Xa Xc a c);(b,d)Xb<Q)Xd<Cj)' (322)
a,b,c,d

In particular, N 1y,1,1) = 1, i.e., the tensor product of the ground state of the two clock
chains is also the ground state of the orbifold model. Moreover, for those N4 c).5,4) > 0 the
scaling dimension of the holomorphic primary operator (a,c) is b,y = hq + he and that of
the antiholomorphic primary operator (b,d) is h wd) = he + hq. The fact that the ground
state of the orbifold model remain the same as the tensor product of the ground states of

the decoupled clock chains implies

Corbifold = Cdecoupled clock chains- (323>

The latter identity can be seen from the fact that the central charge can be computed from
the entanglement entropy, which is a pure ground state property. Thus, after the orbifold,
the system is still conformal invariant (i.e. quantum critical) and the central charge is un-
affected by the orbifold. This argument allows us to conclude that the central charge of the
Zn X Zy (n=2,3,4) SPT phase transition is indeed given in table [3.1]

In appendices [B.4IB.5] and [B.6] we go through the details of obtaining the modular in-
variant partition function for the orbifold Z,, x Z, (n = 2,3,4) clock chains. We examine
the primary scaling operator content of the modular invariant conformal field theory. In
addition, we study the symmetry transformation properties of various Verma modules and
the scaling dimension of primary scaling operators, in particular, that of the gap opening
operator. In Table we list the first few most relevant scaling operators and their scaling
dimension for n = 2, 3,4. Entries in blue are invariant under Z,, X Z,.

3.9 Numerical DMRG study of the 73 x Z3 SPT phase
transition

In this section, we report the results of numerical density matrix renormalization group cal-
culation for the Z3 x Z3 transition. The purpose is to check our analytic predictions in the
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Table 3.2: (Color online) The first few primary operators, with the lowest scaling dimensions
(h + h), of the orbifold Z, x Z, CFT for n = 2,3,4. The momentum quantum numbers of
these operators are equal to (h — h) x 27 /N. Entries in blue are invariant under Z,, x Z,.

n | h4+h | h —h | Multiplicity
0 0 1
1/4 0 2
2 1 0 242
1 +1 2
5/4 | +£1 8
0 0 1
4/15 0 4
4/5 0 2
14/15] 0 4
3 [17/15 | +1 8
19/15 +1 16
4/3 0 1
22/15] 0 8
8/5 0 1
0 0 1
1/4 0 4
1/2 0 2
5/8 0 4
1 0 2
NS 8
5/4 0 20
5/4 | +1 12
5/4 | +1 16
3/2 | £1 8
13/8 ] 0 1
13/8 | +£1 16

last section. The details of the numerical calculations are presented in appendix [B.7]

First, we demonstrate that A = 1/2 in Equation is indeed a critical point. Let’s
look at the second derivative of the ground state energy with respect to A for both open
and periodic boundary conditions with different system sizes (Fig. [3.3)). The results clearly
suggest a second-order phase transition at A, = 1/2 where the second order energy derivative
diverges.
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Figure 3.3: (Color online) Second order derivative of the ground state energy with respect
to A for both open (OBC) and periodic (PBC) boundary conditions and different values of
N. The results suggest a divergent —d?E/d)\? as A — 1/2 and N — co. Hence it signifies
a second-order phase transition. As expected, we note that finite size effect is significantly
stronger for open as compared to periodic boundary condition.

Next, we compute the central charge at A = 1/2. This is done by computing the en-
tanglement entropy, which is calculated from the reduced density matrix by tracing out the
degrees of freedom associated with N — [ sites in a system with total N sites. In Fig.
we plot the von Neumann entanglement entropy S against = = % sin(wl/N) where [ is the
number of sites that are not traced out. CFT predicts S = ¢In(x) + const for the open
boundary condition and S = £ In(z) 4 const for periodic boundary condition GD . From the
numerics we find ¢ = 1.599(9). This result is in nearly perfect agreement with our analytic

prediction ¢ = 8/5.

In addition to the above results, we have also calculated the gap as a function of A. In
fitting the result to

A~ A=A (3.24)

we estimate the gap exponent to be a = 0.855(1) for open boundary condition (Fig. and
o = 0.847(1) for periodic boundary condition (Fig.[3.6). These results are in good agreement
with the analytic prediction o« = 5/6 (see appendix [B.5)).

3.10 The constraint on the central charge

After an examination of Table I it is easy to notice that ¢ > 1 for all Z, x Z,, SPT phase
transitions. Moreover, for all the cases we know, including SPTs protected by continuous
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Figure 3.4: (Color online) Entanglement entropy is plotted against In(z), (where x =
X sin(wl/N) and [ is the size of the subsystem which is not traced over) for a few differ-
ent total system length N. (a) For open boundary condition (OBC) the maximum N is 200.
(b) For periodic boundary condition (PBC) the maximum N is 60. Combining these results

we estimate ¢ = 1.62 £+ 0.03.

(a) OBC N=12 —a— o |(b) OBC
1.4] N=24 —e— |
Ll N=48 —&— | o
’ N=60 —o—
N N=Infinity —e— |  —%?[

A=|\—0.5
a =0.855(1) |

0 . . : s 1 T S

03 035 04 045 05 055 06 065 0.7 1?35 34 -32 -3 -28 -26 -24 -22 -2 -18 -16

A In(|A — 0.5[)

Figure 3.5: (Color online) The energy gap A as a function of A for open boundary condition.
(a) The gap closes for A > 1/2 because of the presence of edge modes associated with the
non-trivial SPT. (b) The gap exponent is extracted by approaching A. from the A < 1/2
side. The value of « is found to be 0.855(1).

groups, all 1D (z = 1) bosonic SPT phase transitions are described by CFT with ¢ > 1.
In the following present an argument that the CFT of all 1D bosonic SPT phase transition
must have ¢ > 1.
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Figure 3.6: (Color online) The energy gap A as a function of A for periodic boundary
condition. (a) Now there is a non-zero gap for both A > 1/2 and A < 1/2. (b) The gap
exponent is extracted and found to be ov = 0.847(1).

We proceed by showing that the ¢ < 1 CF'Ts cannot be the critical theory for bosonic SPT
transitions. The 1D CFTs that are unitary and have ¢ < 1 are the so-called minimal models.
In appendix [B.§ we summarize the argument in Ref. 9 where it is shown that the mazimum
on-site internal symmetry (“on-site” symmetries are the ones consisting of product over local
transformations that act on the local, e.g. site or group of sites, Hilbert space.) that these
CFTs can possess are either Zy or Ss;. Since the critical point of the bosonic SPT phase
transitions must possess the same on-site symmetry as the phases on either side, and neither
Zy nor S3 can protect non-trivial bosonic SPTs in 1D (i.e., H*(Zy,U(1)) = H?(S3,U(1)) =
Z1), we conclude that the CFTs corresponding to the minimal model cannot possibly be
the critical theory for bosonic SPT phase transitions. This leaves the ¢ > 1 CFTs the only
possible candidates as the critical theory for bosonic SPT phase transitions.

3.11 Conclusions

In this chapter, we present an analytic theory for the phase transition between symmetry
protected topological states protected by the Z, x Z,, symmetry group. We have shown
that for 2 < n < 4 a direct, continuous, topological phase transition exists. In contrast for
n > 5 the transition from the topological trivial to non-trivial SPTs is intervened by an
intermediate gapless phase. Our theory predicts that for n = 2, 3,4 the central charge of the
CFT describing the SPT phase transitions are ¢ = 1,8/5 and 2, respectively. We perform
explicit numerical density matrix renormalization group calculations for the interesting case
of n = 3 to confirm our analytic predictions.
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We expect treatment analogous to what’s outlined in this chapter can be generalized to
the phase transitions between SPT's protected by symmetry group Z,,, X Z,, X.... In addition,
we provide the proof for a conjectured put forward in a previous unpublished preprint G
that the central charge of the CFTs describing bosonic SPT transitions must be greater or
equal to 1. Thus all ¢ < 1 CFTs cannot be the critical theory for bosonic phase transitions.
However, we have not yet answered the question “are all CFTs with ¢ > 1 capable of de-
scribing topological phase transitions.”

Of course upon non-local transformation the ¢ < 1 minimal models can be viewed as
the critical theory for parafermion SPT transitions. Indeed, the ¢ = 1/2 Ising conformal
field theory describes the critical Majorana chain. The ¢ = 4/5 three-state Potts model
CF'T describes the critical point of Z3 parafermion chain. We suspect that the parafermion
models escape the classification of either the K theory or the cohomology group because of
its non-local commutation relation.

In space dimension greater than one, we do not know a model which definitively exhibits
a continuous phase transition between bosonic SPTs. This is due partly to the likelihood of
spontaneous breaking of the discrete protection symmetry when d > 2. In addition, even
if the continuous phase transition exists, it is more difficult to study these phase transi-
tions, even numerically. However a “holograpic theory” was developed for phase transitions
between SPT phases which satisfy the “no double-stacking constraint” . That theory pre-
dicts the critical point should exhibit “delocalized boundary excitations” of the non-trivial
SPT, which are extended “string” or “membrane” like objects with gapless excitation resid-
ing on them. We expect this kind of critical point to be fundamentally different from the
Landau-like critical point. Clearly many future studies are warranted for the understanding
of these interesting phase transitions.
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A

Appendix for Chapter 2

A.1 The ground state wavefunction and exactly
solvable bulk Hamiltonians from cocycles

We review the construction of bulk hamiltonians and wavefunctions from cocycles @29 In

this section we focus on lattices residing on closed d-dimensional manifolds. A m-cochain
with symmetry G is a map ¢,(go, g1, - - -, gn) : "1 — U(1) which satisfies ¢,(ggo, - . -, 9gn) =
cn(gos - -, gn)S, where e = —1 if g is antiunitary and +1 for unitary g. A n-cocycle v, is a
n-cochain which also satisfies the cocycle condition: dv,, = 1, where

n+1
(8Vn)<g07 T agn—i-l) = H Vn(goa s 7gi7 e ,gn_,’_l)(_l)l_
=0

(A.1)

(Here g; means g; is deleted). If v, = 0c,_1 for some n — l-cochain ¢, ; we say it is
a coboundary. It may be checked that a coboundary also satisfies the cocycle condition,
namely 9?c,_; = 1. Two cocycles related by the multiplication of a coboundary are viewed
as equivalent.

Up ~ V) = Uy - OCp_1. (A.2)

The equivalence classes of n-cocycles form H"(G,U(1)) — the n'" cohomology group. In
Ref. ® it is proposed that bosonic G-symmetric SPTs in d space dimensions are “classified”
by H¥1(G,U(1)), i.e., each SPT is in one to one correspondence with a equivalence class of
d + 1-cocycles.

Suppose we have a triangulated d-dimensional closed manifold where vertices are the
lattice sites. The Hilbert space for each site is spanned by {|g;)} where g; € G, and the total
Hilbert space is spanned by the tensor product of the site basis, i.e., [{g;}) = [[;]¢:). The
“fixed point” form (which is a particular representative) of the SPT states associated with
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the equivalence class of v4,; is equal to (Ref.® Section IX)

o) =Y o({a:}) Ho:})
{9:}
6({9:}) = [ [Ivar(e. {g:}a)17®. (A.3)
A
Here e is the identity element, [], is the product over the simplices of the triangulation,
{gi}a is a shorthand for the d + 1 elements of G assigned to the ordered vertices of simplex
A, and 0(A) = £1 depending on the orientation of the simplex.
The Hamiltonian whose exact ground state is Equation (A.3)) is

H=-J]) B, (A.4)

where J > 0. The operator B; only affect the state on site ¢ and

/ ¢({g1})
<{gk}’BZ’{gk}> <£;[ 6ykvgk> (b({gk}) (A'5)
From Eqgs [A.3] [A4] and [A5] it is straightforward to show B; is a projection operator,
Tr(B;) = 1 and B;|¢) = |¢o). In addition using the cocycle condition it can be shown
that [B;, B;] =0V 4,j. So [¢y) is the unique gapped groundstate of H. In addition using
the cocycle condition ¢(g1, ..., ¢}, ...gx)/?(g1, ---, Gi, ---gn) can be shown to depend on the ¢’s
in the neighborhood of site i, hence the hamiltonian is local. Examples for 1D and 2D are

given below.
In 1D ¢({g}})/¢({9:}) can be reduced via the cocycle condition into (Fig. |A.1|(a)):

Vz(gz'—l, 9i, gi)
V2(9¢7 g;v gz‘+1)

In 2D, suppose we have a triangular lattice, each site has six neighbors 1,...,6. In this
case ¢({g:})/o({g:}) involves the g’s on six tetrahedrons (Fig. |A.1| (b)):

V3(g3; 94, Gi, 9§)V3(94, i, 927 95)7/3(% gga gs, 96)
1/3(93, 92, Gi, 92)”3(92; i, 927 gl)VS(gia gz{; g1, 96)

A.2 Boundary basis and their symmetry
transformations
In this section we consider lattices on open d+1-dimensional manifolds. In general, a ground-

state wavefunction on an open manifold is defined subject to fixed boundary site configu-
rations. Then the wavefunction is given by (A.3)) summed over all bulk site configurations
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a) 1D

Figure A.1: (Color online) The construction of the exactly solvable bulk SPT hamiltonians
from cocycles. B; updates g; to g;. a) For d=1 the phase ({¢.}|B;|{g:}) involves the cocycles
associated with two triangles. b) For d=2 the phase ({¢}}|B;|{g:}) involves the cocycles
associated with six tetrahedrons.

with the product carried out over simplices within the open manifold. In this way, if we
have two open manifolds with the same boundary, we may take the direct product of their
wavefunctions, identify their boundary sites and sum over all the possible boundary site
configurations to recover the wavefunction on a closed manifold.

Let the vertices (sites) of the triangulated d-dimensional boundary be labeled by Greek
index p, and let there be a single “bulk site” labeled by “0”. Together with the boundary
sites they triangulate a d+ 1 dimensional open manifold. Our convention for vertex ordering
is that all arrows point from 0 to u (see Fig. . Note that the assumption of having
a single bulk site is purely for ease of manipulation, and does not put constraint on the
topology of the manifold considered. It can be checked that our final result, the boundary
transformation remains unchanged even when more sites are added in the bulk.

The total Hilbert space is spanned by {|go,{g,})}, and using Equation (except the
spatial dimension is d 4 1 rather than d) we write down the expression for the ground state
subject to boundary conditions {g,} as discussed before

{oub)e = [ [[varale, 90, {9u} 21790, {9u})
) (A.6)

Upon the action of the global symmetry group both the bulk and boundary states are
transformed. Let S, be the representation of the symmetry operation g € GG, we have

Sglgo, {9u}) = 1990, {99u}) (A7)
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and

SglH{gu})B
= Z H vasa(e, 9o, {9,32)1 990, {99,.})

= ZH vara(9, 990, {99, Y a)1° 990, {99, })
= ZH vas2(9, 90: {99} a))" ™ |90, {99,.})

Using the cocycle condition

8Vd+2(97 €, 90, {ggu}A) = 1 (Ag)

the last line of Equation (A.8) can be equated with

ST {rassto.e: (g1)7
go A

d
_1)itly
X [H Vd+2(g7eagOa {ggM}Al)( 2 (A)]

=0

X Vgya(e, o, {ggu}A)"(A)}lgo, {99.})

= [H Vd+2(g,e,{ggu}A)”(A)] [{99:})5 (A.10)

In the second line A; is the shorthand for the d — 1-dimensional simplex which is a face
of A obtained by removing its i™® vertex. In the last step we have used the fact that each
d — 1-dimensional simplex is the face to two opposite orientation d dimensional simplices
A’s, hence their contributions cancel in the product. Therefore

Sol{gub) s = [H Va+2(9, €, {ggM}A)”(A)] {99.})5
(A.11)

For example when d = 0, the edge of the 1D SPT are two points ¢r,gr. Under g they
transform as

V2(97 €, ggR)

l99L, 99R) B (A.12)
V2<g7 €, ggL)

Sg‘gLu gR)B =
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N-1 N

Figure A.2: (Color online) A single site 0 represents all the bulk degrees of freedom. We use
a convention where arrows point from the bulk to the boundary.

The phase % is interpreted as the edge states being carrying the projective represen-

tation of the symmetry group. For d = 1, the edge forms a ring labeled by p=1,... N. In
this case

N
Sol{gu ) = [ [ vs(9. € 990 99,41) {99, }) 5
pn=1

(A.13)

In Ref. @D this transformation with G = 7, is an example of “Matrix Product Unitary
Operator”. They also show that if v3 is non-trivial, then the edge states made up of linear
combination of |{g,})s cannot be a short ranged entangled state.

A.3 Construction and the physical interpretation of
G x Z SPTs

The special subset of cocycles

In this section we use a particular cocycle of H4"?(G x ZI' U(1)) to construct the SPT in
d 4 1 dimensions. This cocycle is given by

Vd+2(/9090, P191; - - - >pd+29d+2)
= [Vd+1(917 e ,gd+2)] e ) (A-14)

where g; € G, p; = £1 € ZI and vy, is a non-trivial cocycle of H¥ (G, U(1)). Tt is
straightforward to verify that v, indeed satisfies the cocycle condition.
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The non double stacking condition on the v;.; in Equation (|A.14)

In the following we prove that so long as v4.1 can not be written as the square of another d+1
cocycle, say, V4.1, the vy, given by Equation is a non-trivial cocycle of H*2(G x
ZT U(1)). More precisely we will show v4,9 is trivial if and only if vy, = (7441)% - 9, for
some (not necessarily trivial) G-symmetric cocycle 7441 and cochain /. Thus the higher
dimensional SPT constructed using Equation (A.14]) is trivial if and only if v4,; is a double-
stacking of another 7/ ;.

To prove the “if” part, suppose vgy1 = (P411)%- 0cj;. Substitute this into Equation (A.14))
we obtain

Vd+2(/)090, P1915 - - 5 Pd+2, 9d+2)

- _ P1—PO
= Uar1(g1, - -+ Gar2) 700 (91, - - -, Gara) E
If we define
Cd+1(P191, o ,Pd+29d+2)
_ pP1L—P
= Uap1(g1, - - -5 9ar2)" (g2, - - - 5 Gar2) En

Then using the cocycle condition on 74,1, it may be checked that cq,; is a G x ZI cochain
(hence is symmetric under the action of the group) and dcgy1 = vgia. S0 Vgyo is a trivial
cocycle.

To prove the “only if” part, suppose V4,9 = Ocqy1 for some G X ZI cochain cqy1, i.e.

Vd+2(/00907 e ;Pd+2gd+2)

= 0ca+1(pP0go; - - -+ Pa+29d+2)

= Cd+1(P191, e ,Pd+29d+2>
d+2

i H Cfi:rll)k(Pogoa PLGL, - -+ s PrGks - - - > Pdt29d+2) (A.15)
k=1

We will prove the cg4y1 in question must satisfy

9car1(90; - - - gar2) = 9car1(pogos - - -, Pa+29ds2) ,
pi—1 Vi

=1, (A.16)

i.e., upon setting all p; = 1 the c4y1 in question is a G-cocycle. In addition we shall prove
that if v4,0 = Jcgyq the vg441 in Equation (A.14) must satisfy

- 0c, (A.17)

2
Vat1 = Caq1
+ pi—1 Vi
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for certain G-coboundary d¢). (Assuming (A.16|) and (A.17) hold, then we choose Ugy1 =
to complete the proof.)

pi—1 Vi

To show (A.16), we first note that by taking py = p1 = 1 in Equation (A.14) and the

second line of Equation (A.15), we have

Cd+1

1 = 0cq1(90, 915 P292, - - - » Pa+29d+2) (A.18)

Then (A.16|) follows directly by further setting p; = 1 for all 1.
To show (A.17)), we let py = —1, p; = 1 for i # 0 and gy = ¢; in (A.14)) and (A.15)). Then

Var1(91s - -, Gdr2)
= Cd+1(g1, <o >gd+2)
d+2

—1)k ~
X HCElJrl) (_glagla ey Gky e 7gd+2)

=Cd+1" M1 <A19)
where ~; is defined as follows. For [ =1,...,d + 2,

’Yl(gla s 7gd+2)
d+2

_1\l—k+1 -
= Hcd—i-l (_917"'7_glagl7--'7gk’7"'7gd+2)

It turns out that v, ~ 11, for I =1,...,d+ 1. The proof is as follows

_ -1
M= Cd+1(_gla sy 9L 9141 - - 7gd+2)
d+2

(-1)- k+1 R
X H Cd+ gla--'7_gl7.gl:"'agk7"'7gd+2>
k=l+1

- cd—l—l( g1s---5 =91, 91415 - - - 7gd+2)

X Hcd—l-l 917"'7_gk7'"a_gl+lagl+l>"'7gd+2>

1)l+1

X aCd (917 cee 7gd+2)

+1
(_1)lfk —
~ H Ca+1 (_gla vy T Gks o TG1415 Gl - - 7gd+2)

d+2
(-1 ~
= H Ca+1 (_gla"'7_gl+17gl+17"‘7gk7"‘7gd+2)

k=I+1
( 1l+1
d+1 (917---,—gl+1,gl+1,-~,gd+2)

= V41

X Jc
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where ¢, is a G-symmetric cochain defined by:

c&(éla S ’gd-f—l) = Cd+1(_§17 sy _gbgl) s 7§d+1)

and in the last line we used

aCal+1(—917 vy 79141, G141y - - 7gd+2) =1
which follows from ({A.18)). Thus
Y1~ Yd42
=y (=91, —Gar2) = cas1(g1s - - -, Garo)- (A.20)

In the last line we have used the fact that cg11 is a G x ZI symmetric cochain. Substituting

Equation (B.21) into is proven.

Interpreting the wavefunction as decorated domain walls

The wavefunction,

V({pigi}) = [ [Ivara(e, {pigi}ta)l”®, (A.21)

A

constructed from (A.14)) can be viewed as having time-reversal domain walls decorated with
lower dimensional SPT.

To demonstrate this, we first derive an alternative form for the groundstate wavefunction
discussed in Appendix in general. In this subsection it is assumed the system is a closed
manifold. Suppose we have a G protected SPT in d-dimensions with associated cocycle
H¥(G U(1)). Applying the cocycle condition dvgi1(e,{gi}a,e) = 1 on the ground state
wavefunction (A.3)), we obtain

¢({g:}) = H[de(G, {g:}a)]7@

1)d+1

=[Ive oidael™®

a(A)
_1)d+J
X (H V(gﬁ) : (e, {gi}Aj7€)> (A.22)
j=0

The last factor is identity because each simplex A; is the face to two simpices A whose
contribtions cancel. Therefore we may alternatively write the groundstate wavefunction as

o({gi}) = HLVdJrl({gi}A, €))7 @D (A.23)

A ¢:¢A({Véh})"m)
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Now with G = G x ZI and using Equation (A.21]), we have
L) —PoA) _qyd+2
v({pigi}) = H[udﬂ({gi}m,e)] 2B o (a) (1)

& P1(8)~Po(A)
=[] [6a{g )@= ) (A.24)
A

Here A is the simplex A with the first of its ordered vertices deleted, and 0(A), 1(A) stand
for the integers labeling the first and second vertices of the simplex A.

We now assume the system is on a (n = d + 1)-dimensional torus 7" with a specific
triangulation defined as follows. Let the vertices form a simple hypercubic structure on
T™. Each hypercube is identified with the region {(zy,...,z,) : 1 > z; > 0}. Now cut
the hypercube into n! simplices A(P), each labelled by a permutation P of (1,...,n). The
simplex A(P) occupies the region with 1 > xpn) > -+ > xpg,) > 0. There are 2™ vertices
in the hypercube, each has all its coordinates equal to 0 or 1. For each vertex v, let N'(v)
be the number of 1’s in its coordinate. The arrows defining the ordering of the vertices run
from a vertex with a smaller N to a vertex with larger /. In each simplex, there are exactly
one vertex with any given N, which ranges from 0 to n. One may check that such ordering
of vertices is consistent on faces shared by two hypercubes. For every simplex, the lowest
vertex is the origin vy with all coordinates zero. The second lowest vertex has exact one 1
in its coordinates, which we label v, such that its j-th component is d5;. We also let Fj, to
be the face on the hypercube whose vertices gas all their k-th coordinate = 1. Fj is itself
a n — l-dimensional hypercube. A domain wall between vy and vy lives in the hyperplane
equidistant from vy and vy, which we associate to F}, via a translation of (3,...,3).

12
The orientation of simplex o(A(P)) is given by sgn(P). This induces an orientation on

the face A(P)o given by o(A(P)g) = o(A(P)). Now the interpretation of is that,
if there is a domain wall between vy and v, then on Fj, there will live a lower dimensional
SPT with ground state wavefunction given by Equation or its complex conjugate
depending on whether the orientation of Fj, points from the p = +1 vertex to the p = —1
vertex or vice versa.

An example is given in Fig.[A.3] for the case where d+1 = 2. Here the dashed red line is
the actual domain wall and the solid red line is where the d dimensional G-symmetric SPT
resides. The wavefunction with ZI variables fixed as in Fig. is

v({g:}) = TT=o[v2(gss 93+1), €)]
= Hj:o[ 2(6793jag3(j+1))]

Thus the SPT wavefunctions constructed using cocycles satisfying Equation (A.14) are
indeed decorated domain wall wavefunctions.
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+ - + - - -

Figure A.3: (Color online) The wavefunction for the 2-D G'x Z7-symmetric SPT (constructed
from Equation (A.24])) with frozen configuration of the ZI variable (denoted by + (blue)
and - (green) on each site). Upon examining the dependence of such wavefunction on the
unfrozen g; € GG on each site it is noted that the value is the same as the wavefunction of a
1-D G-symmetric SPT living on the solid red line, which is the domain wall (dashed red line)
slightly displaced. Here the top and bottom edges are identified by the periodic boundary
condition.

A.4 A G x Z} invariant boundary subspace of the
d + 1 dimensional G x Z! symmetric SPT that is
transplantable to d dimension.

According to Equation (A.6) and Equation (A.14)

ougu)s = Y [ [varale, pogos {pugu}a)l”™ |pogo, {pugu})

po,90 A

- Z H {[Vd+1(90, {gu}A)](m_lw}g(A)|,0090, {Pugu})

po,90 A

=Y X(p0, 90: {9, 1) |p0go. {Pu9,}) (A.25)

£0,90

It is important to note

xX(po, 90, {gu}) = H {[Vd+1(go, {gM}A)](Po—l)/z}U(A)
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is independent of {p,}. Therefore

1
{9.})5 =~ Qo 2N/2 %:} {pugu}) B (A.26)

where N is the number of boundary sites, form an orthonormal basis

s({g,}{9.})5 H O, g1 (A.27)

for the sub-Hilbert space spanned by

|po>|go>H('p“ *”ji"’“ 1>)|gu>

The subspace spanned by {|{g,})s} is isomorphic to that spanned by the usual site basis
{{g.})} for G-symmetric SPTs in one dimension lower (d dimensions).

Since
Var2(9: €, 922, - - -, 9Par2ga+2)
= vay1(e, 992, - 9gar2)’ =1 (A.28)
for g € G, Equation implies
Sel{g.}) B = [{99,}) B, (A.29)

e., the boundary basis {|{g,})s} transform in exactly the same way as the usual site
basis under group G. However the Z1 := {+1,—1} group transforms the boundary basis
differently:

Syil{gu ) = Hgu)}) B

S_1l{gu})s = 0({9.3) K {gu}) 5, where
K = complex conjugation and

o({g.}) = [ [vari (e, {g,3a)17® (A.30)

A

Because v441 is a pure phase

lo({gu})I? =1 (A.31)
Eqs[A.29 and [A.30] are the basic transformation laws of the boundary basis.
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Breaking the Z! symmetry and the resulting G- symmetric SPT

Let’s come back to the basis defined by Equation ((A.26]) and their transformation law, Equa-
tion (A.30)), under G' x ZI. Now consider the following G-symmetric boundary Hamiltonian

Hy=-J) > Hg.he silg}, (A.32)

B gu.gy,
where J > 0 (and can be taken to very large values). Under the action of S,
SgHoS, ' = Hy (A.33)

while under the action of ZI transformation it becomes

St = -1 % Y ST wtla = i (A31)

ugg“

where WB stands for the complex conjugate. Equation has exactly the form of ,
namely the Hamiltonian for the d-dimensional non-trivial (assuming v4, is non-trivial and
can not be expressed as the square of another d 4+ 1 cocycle) G-symmetric SPT. We note
that H; is also invariant under the action of Sy, i.e.,

SgH1S, ! = H;. (A.35)
Moreover due to Equation (A.31))
S 1H\S™| = H,. (A.36)

The Hamiltonian (Hy + H;)/2 is symmetric under G x Z7 , then based on the theorem
of Appendix we conclude that either its spectrum is gapless or the G' x ZI symmetry is
spontaneously broken. In the Appendixwe give an example where (Hy+ H1)/2 is gapless.

A.5 A Lieb-Schultz-Mattis type theorem

In this section we present a proof stating that a d dimensional system with G' x ZI symmetry
(where ZI acts according to Equation ((A.30)) can not be gapped without degeneracy.

Proposition: Let [{g;}) (¢; € G) be the site basis of a d-dimensional lattice problem,
and under the group G they transform as

Sgl{git) = {9g:})- (A.37)
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Let there be an additional group ZZ = {+1, —1} which acts on the basis as

Sul{g:}) = Ha:})
S-il{gi}) = o({gi}) Kl{gi})- (A.38)

In addition we assume ¢({g;}) is the ground state wavefunction of a d-dimensional SPT
constructed out of cocycle v4.1 which can not be expressed as the square of another cocycle,
ie.,

¢({9:}) HVd-H Agi}a)7™. (A.39)

Then it follows that it is impossible to find a local G x Z7-symmetric Hamiltonian which
possesses an unique gapped ground state without breaking any symmetry.

The situation described above arises naturally at the boundary of a d+1 dimensional G x
ZI symmetric SPT. It can also be regarded as a d-dimensional problem with a G symmetry as
well as a non-local Z7 symmetry. In either case the ZI symmetry ensures the impossibility
to have a totally symmetric gapped ground state without breaking any symmetry. This
theorem is similar to the Lieb-Schultz-Mattis theorem @83%40) for translationally invariant
spin 1/2 chain. The difference is the group G' x ZI can be discrete.

We prove the above proposition by reductio ad absurdum. Let’s assume it is possible to
find an unique G x ZI symmetric ground state that is separated from all excited states by
an energy gap. Let [1) be such a ground state:

=> x{gHl{g}) (A.40)
{9:}

Since [¢) is symmetric under G it must lie in certain equivalent class of a G-symmetric SPT
having the fixed point form for y

x({g:}) me Agiya)’@. (A.41)

Since |1)) is also invariant under S_;

Salyy =Y x"(ehe{aH{g:})

{g:}

=> x({gHHa}) (A.42)

{gi}

Since {g;} is an orthonormal set we must have

X"({giH)o({gi}) = x({gi}), (A.43)
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or

o({g:}) = x({gi})? = [ [Fasa (e, {g:32)H] 7. (A.44)

This contradicts the assumption that ¢ in Equation (|A.39)) can not be constructed from the
square of another cocycle. Therefore this d-dimensional problem must be either gapless or
it spontaneously break the G x ZI symmetry.

A.6 Gapless 7y x Zy X Z2T symmetric hamiltonian in
1D and the transition between the 75 x Z5 SPTs

The Zy X Zy-symmetric SPTs in 1D is classified by H?(Zy x Zo,U(1)) = Z,. Let g = (0,7) €
Zy X Zy where 0 = £1, 7 = £1. Following Appendix [A.T], the bulk Hamiltonian is

le_JE B;, (A.45)
where
/ gl 17gl7gz
9. HBil{g . A.46
oo = St Tl o (A.46)

The trivial cocycle is v5 = 1, hence the Hamiltonian associated with the trivial SPT is
Hy =-JY .(oF +717). (A.A4T)
The nontrivial cocycle is
va(e, 0171, 0972) = 71(1_0102)/2, (A.48)

hence

V2(gifla gi, 92)
1/2(91'7 gia gi+1)

= (Ti,lTi)(l 5 7'7'/>(1 )
1 if (o}, 7)) = (04, %)

_ Joioin if (of,7]) = (04, —T3) (A.49)
Ti_1Ti if (o],7]) = (=04, 13)
00T if (o), 7)) = (—0oy, —7i)



A. APPENDIX FOR CHAPTER 2 53

Therefore the Hamiltonian associated with the non-trivial SPT is

. z T _z z_x 2z
H = _JE :[1“‘71'—1‘71' T T 0T 0in
i

+(Tz'z—10f7'z‘z)(Usz‘foﬂ)} : (A.50)

Note that each term of the Hamiltonian commutes with all others. In fact because the fourth
term is the product of the 2nd and 3rd terms we may drop the constant term and the fourth

term without changing the ground state wavefunction or closing the gap. Thus Hy and the
simplified H; read

H[) = _JZ<Uf+Tf)

Hy = _JZ(T;—W%‘Z + o077 07). (A.51)

Now enlarge the symmetry group to Zs x Zo x Z1 and go through the steps in Appendix
it is straightforward to show is given by
So=[] )P K, (A.52)
which transforms Hy and H; into each another.
The critical Hamiltonian (Hy+ H;)/2 can be solved exactly by the Jordan-Wigner trans-
formation

O';-E = 27’LQZ‘_1 - ]_, Tz-m = 2’)’LQZ‘ - 17 n; = fjfz
o; = (fZTi—l + f2i71)€mzj<2"_1nj
77 = (i + fas)em i, (A.53)

where f; are fermionic operators. The Hamiltonian is further simplified by introducing the
Majorana fermion operators

Coj—1 = f; + fi e = (fj — fj)/Z (A.54)

In terms of the Majorana fermion operators

HO =—J E iCQj_lcQj
J

Hy=—-J E 1C9j_2C2j41
J

J ) )
H ritical = —5 E [2022'—1621- + 1021_202%1] .
J

(A.55)
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a) H, Oj T

b) H, T |
Tee([eefleoald®eflee|®e]l
¢) Heitical

Figure A.4: (Color online) Hy (a) and H; (b) in terms of Majorana fermions. Each bond
represents a Majorana fermion hopping term. For panel (b) there are two uncoupled Ma-
jorana fermions on each of the right and left end, leading to a 22 = 4 fold degeneracy. (c)
A graphical representation of He,iticar = %(HO + Hy). There are two independent Majorana
chains each contributing 1/2 to the total central charge. The dashed lines enclose one unit
cell. Each solid rectangle encloses a spin 1/2. The blue dots denote Majorana fermions.

The hopping patterns of these Hamiltonian are shown in Fig. [A.4 Because the critical
Hamiltonian describes two translational-invariant gapless Majorana chain each characterized
by central charge 1/2, the total central charge of the critical Hamiltonian is 1.

Each site of the above problem can also be viewed as composing of two spin 1/2s each
carrying a projective representation of Zy X Zs, or a linear representation of the quaternion
group (Js. The unitary transformation between the (o, 7) basis discussed above and the spin

1/2 basis is U = [, 1”:/?/ (1+20§ — 1;Uf 77). Under the new basis

Hy = Z J(oiT) + 0i7)

Hy = Z J(ri107 + 77 071)

1+oior,,  l-oioi,
Sp:H< 9 =+ 9 +1Ti)K

%

(A.56)
Upon renaming o; — 09,1, 7, — 09; and setting J = 1, we obtain (2.8]), (2.9) of the main

text.

A.7 Some details of the density matrix
renormalization group calculations

We determine the ground state phase diagram and properties of the model Hamiltonian
Eq.(2.13) by extensive and highly accurate density-matrix renormalization group(DMRG)
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simulations. For the DMRG simulation, we consider both a periodic boundary condition
(PBC) and open boundary condition (OBC). We study many system sizes for a more reliable
extrapolation to the thermodynamic limit. We keep up to m = 1024 states in the DMRG
block with around 10 sweeps to get converged results. The truncation error is of the order
10~® or smaller.

For the a critical theory in one dimension, the central charge of the conformal field theory
can easily be extracted by fitting the entanglement entropy to the analytical form @0

S(x) = %In(x) +0(1), (A.57)

where r = %sin(“ﬁl} is the so-called chord distance for a cut dividing the chain into segments
of length [ and N —1, and periodic (open) boundary conditions are indicated by the parameter

n = 1 or 2, respectively. Performing such a fit to the data in Fig[2.8 with different system
sizes, we get the central charge ¢ = 1.

A.8 7, SPT in 2D

In this subsection we follow the framework set in previous sections to construct a lattice model
describing phase transition between by 2D Zy-symmetric SPTs. Because H?(Z,, U(1)) = Zs,
according to the cohomology group classfication there are two inequivalent Z,-symmetric
SPTs in 2D. The non-trivial cocycle is

) 1m9102) (129298 ) (1298

(A.58)

V3(017027U3,04> = (_1

To construct the lattice model we consider a triangular lattice. For each site ¢ there is
an Ising variable o; := 07 = £1. The trivial SPT hamiltonian is

Hy=—J) of. (A.59)

The non-trivial SPT Hamiltonian is

Hy=-J]) B, (A.60)
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where

<{0-;}|Bi|{0-i}> = H 5gkafk X
ki
V3(g37 04, 0y, 02)V3(0-4, gi, 0';, 0'5)1/3(0',“ o’g’ 05, 0‘6)

V3(U3> 02,04, U;)V?)(UQ, Oi, 027 01)V3(0z‘> 02, 01, 06)

=[] 00

ki
1 if o] = o

— {H<j71€>i(1"27”’“)} [i(Z?:1 ij)i| if o/ = —0; (A.61)

Here o4, ..., 04 designate the Ising variables on the six neighbors of 7 as depicted in Fig.|A.1{(b),
and the product Il ;- is performed over the six links connecting site ¢ and its six nearest
neighbors. After dropping a constant term we obtain

=Y [Hwﬂ'(l_?%)] 15199 o7, (A.62)

i

It was shown in Appendix D of Ref.® that H, is related to the Levin-Gu® Hamiltonian

l—o oy

Hic=>, [Hg,k)i( 2 )] of by a local unitary transformation. The non-trivial element of

the ZI transformation is given by

Sy =~ EEEIEY K (A.63)
A

where o1, 09,03 are the ordered vertices on each triangle A. Again S_lHOS:ll = H, and

S_H,S~{ = H,.

We construct the hamiltonian to study the phase transition in exactly the same way as
in Equation (2.4). H(\) is only solvable for A = 0 and 1. For intermediate value of X it was
suggested ™ numerically that there is a first-order transition at A = 1/2.
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B

Appendix for Chapter 3

B.1 Construction of fixed point 7, x Z, SPT
Hamiltonian in 1D

We briefly review the relation between of cocycles and projective representation, and recall
a procedure ®29 to construct fixed point SPT hamiltonians (3.1]) that are relevant to this
chapter.

Cohomology classification of 1D SPT

Recall from Appendix that bosonic G-symmetric SPTs in 1 space dimensions are “clas-
sified” by H?*(G,U(1)), i.e., each equivalent class of SPTs is in one to one correspondence
with an element of the abelian group H?(G,U(1)). The binary operation of the abelian
group corresponds to the “stacking” operation, i.e., laying two SPTs on top of each other
and turning on all symmetry allowed interactions. It turns out that in 1D, the cohomology
group has the physical interpretation of projective representations of the boundary degrees
of freedom.

Projective representation

In quantum mechanics, symmetry operators are usually realised as matrices R(g) acting on
Hilbert space. Usually these matrices form a linear representation of the symmetry group,
namely,

R(g1)R(g92) = R(9192)- (B.1)

However, two quantum states differ by an U(1) phase are regarded as the same quantum
mechanically. Thus, one should relax Equation (B.1) by allowing a phase ambiguity w,
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namely,

R(91)R(g2) = w(g1, 92)R(9192)- (B.2)

When Equation is satisfied we say that R(g) form a projective representation of the
original symmetry group. Obviously, linear representation where w(gi,g2) = 1 is a special
case of projective representation. In the literature linear representations are usually viewed
as “trivial” projective representations. Associativity under group multiplication, namely,

[R(91)R(g2)]R(g3) = R(g1)[R(92)R(g3)] (B.3)

requires

w(g1, 9293)w(g2, g3) = w(g1, g2)w (9192, g3) (B.4)

In addition the phase ambiguity of quantum states obviously allows one to multiply all R(g)
by an U(1) phase ¢(g), namely,

R(g) —=o(9)R(g).

This phase transformation results in

w(gr, g2) — %W(ghgﬂ (B.5)

Consequently ws related by Equation (B.5]) should be regarded as equivalent.

To see how to interpret cocycles of group cohomology as projective representations, define
w(g1,g2) and ¢(g1) in terms of the cocycle v and the coboundary ¢ defined in section/A.1],
namely,

w(g1, 92) ==v(e, g1, 9192)
¢(g1) :=c(e, g1).

where e is the identity group element of GG. In terms of w the cocycle condition becomes

(0w) (91, 92, 93) := (Ov)(e, g1, 9192, G19293)
_ (91,9192, 919295) V(€, 91, 919293)

v(e, 9192, 919293) v(e, g1, 9192)
_ w(g2,93) w(g1,9293) —1

w(9192,93) w(g1,92)
= w(91, 9293)w(g2, 93) = w(9g1, g2)w (9192, 93), (B.6)
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namely Equation (B.4). In terms of ¢ the coboundary equivalence relation becomes
w~w i W =w- 09, (B.7)
where

(99)(91, g2) := (9c)(e, g1, g192)
0(91, 9192)0(6, 91)
c(e, g192)
_ ¢(g2)9(91)
o(g192)

which is exactly the factor appearing in Equation (B.5]).

(B.8)

Construction of Hamiltonian

Recall from Appendix that the groundstate wavefunction for an SPT is given in terms
of the cocycles by

o) = > 0({g:}) Ha:}), where
{gi}

o({9:}) = H[V(‘f, gi» gis1))7 00D, (B.9)

=1

Here e represents the identity element of G. It is attached to “0” site at the center of the
ring as shown in Fig. . o(i,1+ 1) = £1 depending on the orientation of the triangle
0,7,72 + 1. The orientation of each link in the triangle is represented by an arrow pointing
from the site labeled by a smaller site index to the site labeled by the bigger index. From the
link orientation we determine the triangle orientation by following the majority of the link
orientation and the right-hand rule). Finally periodic boundary condition requires gy11 = ¢i.

Recall from Appendix the Hamiltonian whose exact ground state is Equation
is

H=-J]) B, (B.10)

where J > 0. The operator B; only changes the basis states on site 7, and

({1} Bil{an}) = (H " ) (9—”) (B.11)

o 9i> 93> Yi+1)
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gN g1

gN-1 g2

R

93

Figure B.1: (Color online) Construction of the 1D groundstate SPT wavefunction from the
cocycle. Here the physical degrees of freedom labelled by g1, ..., gy live on the boundary of
the figure. At the center, there is an auxiliary “0” site to which we attach the identity group
element e. A phase can be assigned to each triangle by evaluating the cocycle on the group
elements on the vertices. The wavefunction is the product of the phases from all triangles.

For G = Z, x Z,, there are n inequivalent SPT classes and H*(Z, x Z,,U(1)) = Z,.
Each equivalent class of H*(Z, x Z,,U(1)) is represented by a cocycle

V((ea 6)7 (91, 92)7 (937 94)) - 7729293a where N = eﬂﬂ/n

In the above (g2i—_1,992) € Z, X Z, are the Z, elements associated with site ¢, and k €
{0,1,...,n — 1} each correspond to a different element of Z, (H?*(Z, X Z,,U(1))). In the
main text, we refer to |ge;_1,92;) as the “cell basis” which is the tensor product of the
“site basis” |go;—1) and |gs;). The fixed point Hamiltonian constructed using the procedure
discussed above is

H=-— Z(Bgi_l + BQZ' + h.C.),

(2

where Bs; 1 changes the state |go;_1) and By; changes the state |go;). Explicitly calculating
the matrix element (Equation ) for the cases, i.e., k = 0 and k£ = 1, relevant to our
consideration (recall that we are interested in the quantum phase transition between SPTs
correspond to the “0” and “1” elements of Z,,) it can be shown that

k=0: By = My, By = My;
k=1: By =Rb_yMy_ 1Ry, Bo= Ry 1MyR}, |, (B.12)

where M; and R; are defined by Equation (3.2) of the main text.
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B.2 The mapping to 7, x Z, clock models with
spatially twisted boundary condition and a
Hilbert space constraint

In this section, we show that Equation (3.8) and Equation (3.9) of the main text can be
mapped onto an “orbifold” Z, x Z, clock models. The mapping is similar to the “duality
transformation” of the Z, clock model. The mapping is given by

RI_\R;j=Mj, for j=2..2N, and RiyR, = M,.

Mj = §}§j+1 for all ] (B13)
Here the tilde operators obey the same commutation relation as the un-tilde ones. Due to
the periodic boundary condition on R, namely, Roni1 = Ry and Ronyo = Ry the line of

Equation (B.13)implies

2N .
1M =1 (B.14)
i=1

Moreover, if we also impose the periodic boundary condition on R; a similar constraint on
M;, namely,

2N
[[a=1 (B.15)
=1

is obtained. Since there is no such constraint on M; in the original problem we need to
impose a “twisted” boundary condition on R;:

§2N+1 = Bél
Ronyo = BRy (B.16)

1

where B commutes with all Rj and Mj. Moreover B has eigenvalues b=1, (/O R W

By = b,

Substituting Equation (B.13)) into Equation (3.8) and Equation (3.9) of the main text
we obtain the following expression of the transformed Hamiltonian
Hoi(\) = HEY™(A) + HYM(N\) where
N
HG ) ==Y [(1 — N My + AR;R%Q} Y he
-1
N

HEM ) = =% [AM%H +(1- A)Egi,ﬁw} +he. (B.17)

=1

~.
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It is important to note that Equation (B.17)) is supplemented with the spatially twisted
boundary condition

§2N+1 = Eﬁl and §2N+2 = éég (B].S)

and the constraint Equation (B.14)). In addition, after the transformation the two generators
of the Z,, x Z,, group become

N
J

=

On the surface Equation (B.17)) describes two decoupled Z,, clock models living on even
and odd sites, respectively. However the notion of “decoupled chains” is deceptive because
the constraint in Equation (B.14)) couples them together.

B.3 The notion of “orbifold”

A useful way to implement the constraint Equation (B.14]) is to apply the projection operator

1 > (B.20)

to states in the Hilbert space, where the operator () is given by
2N
Q=[] M, (B.21)
j=1

Because the eigenvalues of Q are 1,1,,...,7""!. Equation (B.20) projects onto those states
in the Hilbert space that are symmetric under the action of (). The partition function of the
Hamiltonian (B.17)), subject to constraint Equation (B.14])) and summed over twisted spatial

boundary condition sectors is therefore

n—1 n—1

1 even O
Z==Y 3 m [que—/f(H o ‘“)] : (B.22)
n

4r=0 gs=0 qs
where Tr]...],, denotes the trace under the spatially twisted boundary condition
R2N+1 = T]glsRl and R2N+2 = UZSRQ. <B23)

Moreover in the path integral the action of Q9 at 7 =  and be viewed as imposing a twisted
boundary condition in the time direction.
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Thus Equation (B.22)) can be written as

n—1
1 n-clock n-clock
Z=— 3 Zrt <z (B.24)

qs,q9r
qs,9r=0

where Z;:;f‘:k represents clock model partition function under the space and time twisted
boundary condition characterized by ¢, and ¢.. In Equation Zyo fqlka appears twice
on right-hand side because without orbifold (i.e., summing over space and time twisted
boundary conditions) we have two independent n-state clock models. Averaging over the
partition function under space and time boundary condition twists is the “orbifolding” ®2).
Note that here the spatial boundary condition twist is generated by one of the Z,, generator,
namely B, in Equation (B.19). However, the time twist is generated by ) = Hffl M;, which
is a symmetry of the Z,, X Z,, clock Hamiltonian, Equation , but it is not the generator
for the other Z,, in Equation (B.19).

B.4 The modular invariant partition function and the

primary scaling operators of the orbifold critical
Z9 X Z9 clock model

Review of modular invariant partition function for the Ising model

The Ising model shows an order-disorder phase transition. At the critical point, the Hamil-
tonian is given by

Hlsing - - Z [Mz + RiRH—I]

where M;, R; are Pauli matrices o and o* respectively (we use M, R rather than ¢®, o for
the consistency of notation). The central charge of a single critical Ising chain is ¢ = %
Its conformal field theory is the M(4,3) minimal model. The primary scaling operators are
labeled by two pairs of indices (r, s) and (', s") each label the “holomorphic” and the “anti-
holomorphic” part of the operator. The ranges of these indices are given by 1 < s <r < 2
and 1 < ¢ <’ < 2. The scaling dimensions of the holomorphic and anti-holomorphic parts

of these operators are given by

(4r — 3s)? — 1
48 ’

_ 4/_3/2_1
by s = {r’ = 35) (B.25)

hrs =
’ 48

Equation (B.25)) gives rise to three primary holomorphic (and anti-holomorphic) scaling
operators with distinct scaling dimensions. The corresponding (r, s) indices are (1,1), (2,1)
and (2,2). Through the operator-state correspondence, each of these primary fields and
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Im(2)

T 1+71

0 ' 1 Re(z)

Figure B.2: (Color online) The spacetime torus with modular parameter 7 is obtained from
identifying opposite edges of a parallelogram with vertices 0,1, 7 and 1 + 7 in the complex
plane. Here 7 is a complex number in the upper complex plane.

their associated “descendants” form the basis of a Hilbert space (the “Verma module”)
which carries an irreducible representation of the conformal group.

Now consider the partition function of the CFT on a spacetime torus (see Fig. |B.2).
The prototype torus is obtained from identifying opposite edges of the parallelogram having
(0,1,1+7,7) as the complex coordinates of its four vertices (7 € upper half complex plane).
On such a torus, the partition function is given by

Z(T> = Z M(r,s);(r’,s’)Xr,s(T)Xr’,s’ (7_—)7 (B26)

where M, ) ¢ i a matrix with integer entries, and

Xr,s (7—) = q_iTr(r,s)th’s

Y, = N\ — 57 N

Xr’,s’(T) = (Q) # Tr(rﬁs’) (C]) R (B27)
with ¢ = €*™ and ¢ = e~*"" Here the trace Tr(. s and Tr. o) are taken within the Verma

module labeled by (r,s) and (r/,s’). In the literature x, s and y, ¢ are referred to as “char-
acters”.

For the CFT to be consistent, its partition function must be “modular invariant” @3 The
modular group consists of discrete coordinate transformations that leave the lattice whose
fundamental domain is given by Fig. invariant. This group is generated by the T' (1 —
7+ 1) and the S (71 — —1/7) transformations. When acted upon by these transformations
the characters x, s (with a similar expression for y, ) transform according to

T: Xes(T+1) =D Tirs)(00) Xpor(T)
(p,o)

S XT,S(_]'/T> - Z S(T,s),(p,a) XP,O'(T)'
(

p0)
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Here S, T are known matrices and the transformation matrices for the anti-holomorphic y
are the complex conjugate of those of the holomorphic ones.)

The requirement of modular invariance,namely,
Z(r+1)=2Z(-1)7) = Z(1) (B.28)

impose stringent constraints on the possible M, ). in Equation (B.26)). For ¢ = 1/2 if
we require M1 1),1,1) = 1, i.e., a unique ground state, there is only one such possible M,
namely, M, o). sy = O(rs),(,s)- The corresponding partition function is given by:

78 (1) = |x1(7)* + [xe(T) ] + [xo ()
where
XTI 7= X115 Xe = X215 Xo = X2,2 (B.29)

The explicit form of x(, s is given by equation (8.15) of Ref.[#®]. The conformal dimensions
of primary fields and their eigenvalues under the action of the Z, generator are summarized

in table [B.1]@D

Table B.1: Conformal dimensions of the primary fields of the Ising model, and their trans-
formation properties upon the action of the Z, generator.

(r,s) | (1

)| (2,1) ] (2,2
1/2 | 1/16
1 | -1

>
=
<3
=l =]

Constructing the orbifold partition function for the Z, x Z, critical
theory
With the brief review of the modular invariant partition function of the critical Ising model

we are ready to construct the partition function for the orbifolded Z, x Z5 model defined by
of Equation ([B.24]):

1 1

1 sin S11|
ZZ2><Zz 2 Z Z ZI § Z;s q-%( ) (BBO)

=04¢-=0
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T B N s

qs s q;l
sin sin Isin
Zés Q§( ) Z;s ng (T + 1) - Zqzlvgqs(_l/T)

Figure B.3: (Color online) The transformation of the boundary twisted partition function
Zy,.q. (1) under the S and T' transformations.

Z(I(S)Hllgg is given in Ref.[®¥]. Tt is also shown in the same reference that ZIU8(7) =
zZpwe (t+1) = Zismg (—1/7) (see Fig. [B.3)), hence
Zoo *(7) = [xr (TP + [xe(m) P + [xo (7)
Zoa™ (1) = (M) + [xe(m) P = [xo(7)]?
Zi0 (1) = SZp"™ (1)
ZP8 (1) = TZ055%() (B.31)

Using the known S, T matrices of the Ising model we can compute Zﬁi}ng and Z{filng. Substitute
the results into Equation (B.30|) we obtain the orbifolded Z, x Z, partition function:

Zzyx2,(T) = (IX1)* + X [)* 4 2217 + (Xrxe + Xexs)? (B.32)

where the 7 dependence is suppressed. When expanded in terms of x, sX, s the first term
yields 4 terms (henceforth referred to as group I terms). The second term yields 2 terms
(group II terms). The third term yields 4 terms (group III terms). Due to the prefactor 2
in the second term on the right-hand side of Equation , terms in group II appear with
multiplicity 2. It turns out that this partition function is the same as the XY model. The
first few energy levels with h + h < 2 and their quantum numbers are listed in Table .

Transformation properties under the action of 7, x Z,

To see how the contributing Verma modules of Equation (B.32)) transform under the action
of Zy x Zy, we construct operators that project the Hllbert space into subspaces _carrying
various irreducible representations of Zy x Zy. Let G4 = — Band G B = HZEEUEHM be the
generators of Zy X Z,. The operator that projects into subspace with eigenvalues (1§, n5)
(here 7 = —1 and a,b = 0, 1) under the action of G4 and Gp is given by

—a —b
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Table B.2: The quantum numbers of the first few primary operators of the orbifold Zs x Z5
CFT.

h+h|h—h Multiplicity Terms in Zz,«z,
0 0 1 x|
/4 | 0 2 2o
1 0 4 A PIxe?
1 +1 2 Xixe +cc.
5/4 +1 8 2|Xo|*(due to the first descendant)

To filter out the Verma modules that transform according to this particular irreducible
representation, we compute

PayZzyx 2y 7= 5 Z Z Tr[ aqufe—B(Heve%Hodd)}

qs

(IT—O qs=
=3 Z Z Zn;““ T [ G G Qe U |
;U'V O(IT—OQS ds
—apu—bv s sin, Isin
=3 Z 5 Z w2 (2 )| (B.34)
;U'V 0gr=0qs=
For example,
POOZZ2><Z2 - (|X1|2 + |XE|2>27 <B35)

which means only group I transform as the identity representation of Z, x Z5. For other P,
the results are summarized in table [B.3]

Table B.3: Transformation properties of the contributing Verma modules in Equation (B.32))
under the action of G4 and Gg. For group II, the doublet records the transformation
properties of the multiplicity two Verma modules in Equation (B.32) .

Group Ga Gp
I 1 1
IT (1,-1) | (—=1,1)
I11 -1 —1
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Scaling Dimension for the operator driving the Z, x Z, SPT
transition

The operator that drives the SPT phase transition must be (1) relevant, (2) translational
invariant and (3) invariant under Zs x Z. In Equation the only term that contains
operators (there are two such operators due to the multiplicity 2) satisfy these conditions
is 2|x7xc|?>. The scaling dimension of (I€)(I€) is h +h = 1 < 2 hence it is relevant. The
momentum of this operator is h — h = 0 hence is translation invariant. Moreover according
to Table there operators are invariant under Z, x Z,. It turns out that one of these
two relevant operators drives a symmetry breaking transition while the other drives the SPT
transition (See Fig. . From the scaling dimension k4 h = 1 we predict the gap exponent
to be ﬁ =1

ZASB

SPT;

ZBSB

Figure B.4: (Color online) A schematic phase diagram near the Zs x Zs SPT critical point
(the black point). The vertical and horizontal arrows correspond to perturbations associated
with the two relevant operators found in section [B.4l The relevant perturbation represented
by the horizontal arrows drives the transition between the trivial SPT(blue) and the non-
trivial SPT (red). The perturbation represented by the vertical arrows drives a Landau
forbidden transition between spontaneous symmetry breaking (SB) phases where different
Z, symmetries are broken in the two different phases (turquoise and green).

B.5 The modular invariant partition function and the
primary scaling operators of the orbifold critical
Z3 X Z3 clock model

Review of modular invariant partition function for the 3 states
Potts model
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The construction of the orbifold partition function for the Z3 x Z3 case closely mirrors the
Zoy X Zg case. But instead of two critical Ising chains, we now have two critical Potts chains.
We first review the known results for the modular invariant Z3 clock model (equivalent to
the 3-state Potts model). The 3-state Potts model shows an order-disorder phase transition.
At the critical point the Hamiltonian is given by

Hpotts = — Z [Mz + R}RM + h.c.]

where R; = 1,13,12 (13 = ¢*/3) and R;M,, = ngj'“MkRj. The conformal field theory for the
critical 3-state Potts model belong to the well known “minimal” model M (6,5) @45  The
central charge is

= B.36
= (8.36)
and the primary scaling operators are labeled by two pairs of indices (r, s) and (r/, s’) each
label the “holomorphic” and the “anti-holomorphic” part of the operator. The range of these
indices are given by 1 < s < r <4 and 1 < s <1’ < 4. The scaling dimensions of the
holomorphic and anti-holomorphic parts of these operators are given by
(6r —5s)*—1 - (6r' — 5s')?—1

TS — T 1o~ hr’s’: . B.
' 120 ' 120 ( 37)

It is easy to check that h,, = hs_,6_s and Brgs/ = B5_T/76_8/ hence there are 10 distinct
primary fields in the holomorphic and anti-holomorphic sector each.

Requiring modular invariance (B.28)) for ¢ = 4/5 yields two possible such M’s: one with
My sy 1) = O(r.s),,s7) describing the “tetra-critical Ising model”, and the other corresponds

to the 3-state Potts model described by the following partition function @®:
73 (1) = [xa(7)]? + xe (7)1 + 2D (7) 2 + 2[xo (7)1, (B.38)
where
X1i= X141+ X415 Xe = X210 + X381, Xop = X3, Xo = X33 (B.39)

Note that out of the 10 possible primary operators in each holomorphic/anti-holomorphic
sector only six of them contribute to the partition function. In addition, the diagonal com-
bination of the (3,3) and (4, 3) operators from each sector appear twice. The explicit form
of X(rs) is given by equation (8.15) of Ref.[#®]. The conformal dimensions of primary fields
and their eigenvalues under the action of the Zs generator are summarized in table [B.4/#4).
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Table B.4: Conformal dimensions of the primary fields of the 3-states Potts model, and their
phases under the transformation of the Z3 generator.

(T, S) (1,1) (2,1) (3,1) (4,1) (3, 3)1,2 (4, 3)172
hr,s) 0 2/5 7/5 3 1/15 2/3
Z3 1 1 1 L | (n3,m3) | (03,73)

Constructing the orbifold partition function for the Z35 x Z3 critical
theory
With the brief review of the modular invariant partition function of the critical 3-state Potts

model we are ready to construct the partition function for the orbifolded Z3 x Z3 model
defined by of Equation (B.24)):

Zz,x2,(7 Z Z Zya (1) X Z2(r) (B.40)
=0¢qr=0
Z ?050“5 and Z 305)0“5 are given in Ref.[®¥]. Using Zi;gftts( T) = Zg’giﬁ?s(TﬁLl) 73 Pi’qtts( 1/7),
we have
3 Potts

7) = ()P 4 [xe(71? + 2]x (1) 2 + 2|x0 (1)
3 PO“S ) = IXt(T) P+ Ixe(T) P+ (s + 7)o (7) P + (03 4 73) [0 (7))
3 Potts ) Z30f)otts (7_)

(

(

(

(r) = ZiE(=1/7) = SZi5ke(r)
3 Potts (7_) S7Z 3 Potts<7_)

(

(

(

\]

3 Potts

3 Potts

\]

) Z31(1)3)otts (7_ ) Tz?)lg)otts ( )
7) = T2 ()
3 Potts 7_) 7— égotts< )

25’25)"“5(7) =T 25" (7) (B.41)

3 Potts

Using the S, T matrices of the 3-states Potts model we can compute all these terms. Substi-
tuting the results into Equation ([B.40]) we obtain the orbifolded Z3 x Z3 partition function:

Zzyxzy = (IX1]? + Ixel)? + 4(xo? + Ixal?)? + 4X1X0 + XeXo |, (B.42)

where the 7 dependence is suppressed. When expanded in terms of x, sX,” s the first term
yields 64 terms (henceforth referred as group I terms). The second term yields 16 terms
(group II terms). The third term yields 64 terms (group III terms). Due to the prefactor of
4 in the last two terms of Equation - group II and III terms appear with multiplicity 4.
Thus there are in total 144 terms, each corresponds to a primary scaling operator. In Table
we give the first few energy (h + h) and momentum (h — h) eigenvalues
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Table B.5: The quantum numbers of the first few primary operators of the orbifold Z3 x Z3
CFT.

h+h |h—nh Multiplicity Terms in Zz,«z,
0 0 1 x|t
15 | 0 1 ]!
4/5 0 2 2[x1]*xe/?
14/15 | 0 4 Axe* x|
17/15 +1 8 4(X[XUX¢X€ + C.C)
4/15+1 | +1 16 4]xo|*(due to the first descendants)
4/3 0 4 Alxr P[]
22/15 | 0 8 81xo*[xu|”
8/5 0 1 x|

Transformation properties under the action of Z3 x Z3

Following the same procedure in we construct operators that project the Hilbert space
into subspaces carrying various irreducible representation of Z3 X Z3 which is generated by
Ga = B and Gp = [[icopen Mi- The projector into subspace with eigenvalues (n§,75) (here
n3 = €?™/3 and a,b = 0, 1,2) under the action of G4 and G is given by

1 —acy aG2 1 —bG bGQ
Pab:< + 13 :;4+773 A)< + 73 3B+773 B) (B43)

Analogous to Equation (B.34)) we filter out the Verma modules that transform according to
this particular irreducible representation by computing

2
1 —ap—bv s -Potts -Potts
Palozi=5 3. w2 (2| (B.44)

Gr,qs1,v=0

For example,

POOZZ3><Z3 = (|X1|2 + |X5|2)2a (B45)

which means only group I transform as the identity representation of Z3 x Z3. For other P,
the results are summarized in table [B.6]

Scaling Dimension for the operator driving the 73 x Z3 SPT
transition

From Table and Equation (B.45) it is seen that the translation-invariant (i.e. h—h = 0),
relevant(i.e. h + h < 2), Z3 x Z3 invariant operators either have scaling dimensions 4/5 or
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Table B.6: Transformation properties of the contributing Verma modules in Equation ([B.42))
under the action of G4 and Gg. For group II and group III, the quadruplet records the
transformation properties of the multiplicity four Verma modules in Equation (B.42) .

Group Ga Gp
I 1 1
II (73,73, 1,1) (1,1,m3,m3)
111 (03,13, 73, 73) | (13, 73,13, 73)

8/5. Through a comparison with the numerical result for the gap exponent in section 9 of
the main text, we identify one of the operators with scaling dimension 4/5 as responsible
for the opening of the energy gap in the SPT phase transition. The predicted gap exponent

is 2_11 = 5/6 which agrees reasonably well with the numerical gap exponent. Moreover

similar to the Zy x Z, case there are two operators with the same scaling dimension (4/5).
Again one of these operators drives a symmetry breaking transition while the other drives
the SPT transition, hence the phase diagram is similar to Fig. [B.4]

B.6 The modular invariant partition function and the
primary scaling operators of the orbifold critical
Z4 X Z4 clock model

Review of modular invariant partition function for the 7, clock
model

The Z, clock model undergoes an order-disorder transition. The Hamiltonian at criticality
between the ordered is given by

N
Hy==Y" [Mi + RIRipy + hec, (B.46)

=1

where R; = 1,n4, 2,13 where 1y = ¢27/* and R; M, = n’* MyR;. With periodic boundary
condition, Ry,1 = Ry, it can be exactly mapped onto two decoupled periodic Ising chains 4%
as follows. For the Z, clock model the Hilbert space for each site j is 4-dimensional. In the
following, we shall regard this 4-dimensional Hilbert space as the tensor product of two 2-
dimensional Hilbert spaces associated with site 27 — 1 and 2j5. We then view each of the
2-dimensional space as the Hilbert space of an Ising spin. In this way the Z; clock model
with IV sites can be viewed as an Ising model with 2N sites.
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More explicitly, under the unitary transformation U = [[, U;, where

0100
1 000
Ui=1o 01 0l
00 01
Equation (B.46|) becomes
N N
UTHZ4U = - Z (Xoim1 + Zoic1Z2i41) — Z (Xo; + Z9i Zit2) (B.4T)
i=1 =1

Isin Isin
= I{oildg + Heie'r%
where X; and Z; denote the 2 x 2 Pauli matrices o7 and o;. Thus the partition function of
the Z; clock model under periodic boundary condition is given by
~cloc Isin, Isin;

Zflo,é) (r) = Z(o,o;g(T) X Z(o,o;g<7')
The fact that Ising model has central charge ¢ = 1/2 implies the central charge of the critical
Z, clock model to be 1/2+1/2 = 1.

CFT with ¢ = 1 has infinitely many Verma modules®?. The scaling dimension of the
primary fields, which can take any non-negative values, is parametrized by h = z2/4 where
x is a non-negative real number. The characters associated with these Verma modules are
given @8 by

sat forz ¢ Z B.48
Xh(Q) = % (qxz/z; I q(x+2)2/4> 7 forx eZ ( ' )
where
n=1

Because later on we shall perform orbifolding it is necessary to consider the Z; clock model
under twisted spatial boundary condition. With the spatial boundary condition twisted
by the Z, generator, i.e., Ryi1 = n4R;, the last two terms, namely ZonZs + Zoy_177 in

Equation (B.47]), are replaced by
ZaNZia + Zan-121 — ZanZy — Zan-122

In the language of Ising model, the above replacement creates an overpass connecting the
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@

2N-3 2N-1 1 3
(c) =
Figure B.5: (Color online) The mapping of Zs-clock model with different spatially twisted
boundary conditions to Ising models. Each black dot represents the X; term in the Hamil-
tonian and each blue bond represents the term Z;Z; (an antiferromagnetic bond). The red
bond represents —Z;Z;. (a)With periodic boundary condition, the Z; clock model maps to
two decoupled Ising chains. (b)When the boundary condition is twisted by a Z, generator,
the Z, clock model maps to a single Ising chain twice as long with one antiferromagnetic

bond. (¢)When the boundary condition is twisted by the square of the Z, generator, the Z,
clock model maps to two decoupled Ising chains, each having an antiferromagnetic bond.

2N-3 2N-1 1

3

(b)

even chain to the odd chain and a sign change of one bond (the red bond in Fig. [B.5(b)).
Thus we arrive at an Ising chain twice as long and with the spatial boundary condition
twisted by the Z5 generator. As a result
~cloc] Isin
Z(41,(}) () = Z(1,0§;(T/2)‘ (B.50)
The reason the modular parameter of the Ising partition function is half that of the Z; clock
partition function is because the Ising chain has twice the length in the spatial direction.
The same argument applies if the boundary is twisted by the inverse of the Z; generator
(Ryy1 = niR;) instead, i.e.,
~cloc Isin
ZE03 () = Z365 (7/2). (B.51)
Similarly, when the spatial direction is Ry, ; = 73Ry, the Hamiltonian of the Ising model
becomes that of two decoupled Ising chain each having a sign-flipped bond equivalent to the
Z5 twisted boundary condition (See Fig. |B.5(c)). The resulting partition function is given
by

~cloc Isin Isin
Zé,é) (1) = Z(Lo;g(T) X Z(1,0)g<7')
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Using the known S and 7" matrices for the Ising model, other Z, (4&:1351{(7—) can be determined

400113>ck (7_) 4 clock(T) SZ4 clock(T) Z(Igllilg<2 )

Zh%(r) = 24;1“;*(7) TZEW%(r) = Zha(r/2+1/2)

ZESH(r) = ZEBH(r) = SZES™(7) = Z38(r/2+ 1/2)

ZERN(r) = ZEHH(r) = TZEN() = 2558 /2)

ZESN(r) = ZE3H(r) = SZEE™(r) = Z3E(n)

ZE8N(r) = SZES™H(r) = ZgE(r) x 2 (o)

ZESN(r) = TZES™ () = ZE8(r) x Z555() (5.52)

Orbifold partition function for the critical Z, x Z, CFT

Using these result and Equation (B.24) we can calculate the orbifolded Z; x Z; partition
function

E : 2 : 4 clock 4-clock
ZZ4><Z4 ds,4r X qu qr (T)

=0¢q-=0
_ _ 2
= (‘XI|2 + ‘XJ|2 + 2|XY’2 + ‘XG‘Z + XaXp + XBXQ)
_ _ _ _ 2
+ (Xrxs 4+ Xaxz + 2lxy® + [xel” + Xaxs + XsXa)
_ _ _ 2
+2 (Ixal? + x> + x>+ v (X1 + x0) + (X7 + X7) Xv)

2 _ _
+4 (Il + [XP) " + 4 (XoXr + XrXo)”
+ 4|>_<O1X03 + XOaXO2 + )_602)(04 + >_(04X01 |27 (B53)



B. APPENDIX FOR CHAPTER 3 76

where

X1 =Xo+ Y (Xsn2 + Xan2)

n>0
XJ = Z (Xsn2 + X(2n-1)
n>0
Xy = ZX2(2n71)2; Xe = ZX(4n+1)2/2
n>0 n

Xa = Z X(8n+1)2/8; XB = Z X (8n+3)2/8
Xo = Z X(8n+1)2/165 X+ = Z X (8n+3)2/16
X0, = ZX(16n+1)2/32; X0, = Z X(16n+7)2/32
X03 = Z X(16n+3)2/325 XO4 = Z X(16n+5)2/32- (B.54)

The X, in the above equations are given by Equation (B.48). The scaling dimensions of
the highest weight states associated with the Verma modules that generate these y;, are
summarized in Table B.7

Table B.7: Scaling dimensions of the extended primary fields of the Z4 clock model.

field | I |J|Y | € o 153 o T (ON O, O3 Oy
ho |0 1]2[1/2]1/3]9/8|1/16|9/16 | 1/32 | 49/32 | 9/32 | 25/32

Let’s refer to the six terms in Equation as Group I, II, III, IV, V, and VI re-
spectively. Due to the prefactor of 2, Group III elements appear in doublets. Due to the
prefactor of 4, Group IV, V and VI elements appear with multiplicity 2. In Table we
list the first few primary fields with scaling dimension h+h < 2 and their quantum numbers.

Transformation properties under the action of 7, x Z,

Similar to section and we resolve the Verma modules that generate the partition
function in Equation (B.53)) into different irreducible representation spaces of Zy x Z;. As
done in previous sections we construct the symmetry projection operators

3 3
1 —ap—br+qs -cloc ~cloc
Pl = DI Eow i avie? (B.55)

qr,qs=0 p,v=0

The results are summarized in Table [B.9
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Table B.8: The quantum numbers of the first few low scaling dimension primary operators

of the orbifold Z, x Z, CFT.

h+h | h — h | Multiplicity Terms in Zz,xz,
0 0 1 Xl
/4 | 0 1 TRAR
121 0 2 21 xa]”
5/8 | 0 4 4xo0,X0s |
1 0 2 2x1Xe|?
9/8 +1 8 4 (X%, x0.X04 + c.C.)
5/4 0 16+4 16’X0XT|2 + 4|XaX6’2
5/4 | +1 8+4 4 (Xox=) + 2Ix11*Xaxs + coC.
5/4 | +1 16 4|y, |*(first descendants)
3/2 | +1 8 2| X« |*(first descendants)
13/8 | 0 1 Torvo,?
13/8 | +1 16 4x0, X0 | (first descendants)

Table B.9: Transformation properties of the contributing Verma modules in Equation (B.53))
under the action of G4 and Gi. For Group III to VI, the multiplet records the transformation
properties of the corresponding degenerate Verma modules in Equation (B.53)).

Group Ga Gp
I 1 1
IT -1 -1
Tl (1, =1) =)
IV (171777477_]4> (77477747171>
N <_17_177747774> (77477747_17_1)
VI (7747 N4 N4, 774) (7747 14, M4, 774)

The term 2|xrx|* in Equation yields two primary fields with scaling dimension
h+h =1 (hence are relevant) and are invariant under Z, x Z, and translation. Hence they
are qualified as the gap generating operator. The gap exponent is ﬁ = 1. Similar to the
Zy X Zy and Z3 X Z3 cases there are two operators with the same scaling dimension (1). As
the above two cases one of these operators drives a symmetry breaking transition while the
other drives the SPT transition, hence the phase diagram is similar to Fig.
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B.7 Some details of the density matrix
renormalization group calculations

The truncation error estimate

We determine the ground state phase diagram and properties of the model Hamiltonian in
Equation by extensive and highly accurate density-matrix renormalization group @
(DMRG) calculations. We consider both periodic (PBC) and open (OBC) boundary condi-
tions. Careful study of the dependence on the finite system sizes enables the extrapolation
to the thermodynamic limit. For OBC, we keep up to m = 1000 states in the DMRG block
with around 24 sweeps to get converged results. The truncation error is estimated to be no
bigger than € = 5 x 107°. For PBC, we keep up to m = 1100 states with around 60 sweeps
for converged results. In this case, the truncation error is of the order e = 107°.

The entanglement entropy

For conformal invariant system in one dimension, the central charge can be extracted by
fitting the von Neumann entanglement entropy to the following analytical form ©9

S(x) = 3£ In(x) 4 constant. (B.56)

U
Here n = 1(2) for the periodic (open) boundary condition, respectively. The parameter z
is given by x = # sin(”ﬁl) for a cut dividing the chain into segments of length [ and N — [.

For each system size under both OBC and PBC, we first calculate the entanglement entropy
by keeping a fixed number of states m, hence yielding finite truncation error e. We then
perform systematic m dependence study which allows us to extrapolate to the ¢ = 0 limit.
For each system size the resulting entanglement entropy is fit to Equation to generate
the data shown in Fig. . This result enables us to estimate the central charge to be ¢ = %.
The exponent for the energy gap is obtained in a similar way.

B.8 The on-site global symmetry of conformal field
theories

In order to determine which CFT can describe the critical points between bosonic SPT
phases, it is important to understand the on-site symmetries of CFTs. This is because the
critical theory should at least contain the protection symmetry (which is on-site for bosonic
SPTS) of the SPT phases on either side. In Ref.® it is shown that a particular type of
lattice models (the “RSOS models”) reproduce the minimal model CFTs in the continuum
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limit. Moreover, the symmetry of such lattice model is related to that of the Dynkin dia-
grams which are used to classify the modular invariant partition functions®®%  However
this elegant result does not answer the question whether the continuum theory has emergent
symmetry beyond that of the lattice model. In this appendix we briefly review the results
of Ref. G189 which answers this question.

9r
gr

>

Figure B.6: (Color online) The space-time torus with spatial and temporal boundary con-
dition twisted by group elements g; and ¢g,. The path in red picks up the group element
9-9gs, while the path in blue picks up the group element g,g,. Since the path in red can be
deformed into the path in blue, g, and g, need to commute so that the boundary condition
is self-consistent.

The key idea of Ref.® is the following. Let’s assume the CFT in question has an on-site
symmetry group G. This means G commutes with the Virasoro algebra hence each Verma
module must carry an irreducible representation of GG. Let Z,, be any abelian subgroup of G.
We can use Z, to perform orbifolding. (Note that in order for the space and time symmetry
twists to be consistent with each other on a torus the respective elements we use to twist
the space and time boundary conditions must commute (see figure . Moreover, if the
Zn irreducible representations are correctly assigned to the Verma modules the resulting
orbifolded partition is modular invariant. Therefore to detect whether an on-site symmetry
group contains Z,, as an abelian subgroup we just need to see whether it possible to assign
Zm irreducible representations to the Verma modules so that after orbifolding the partition
function is modular invariant. For discrete groups after knowing all abelian subgroups we
can reconstruct the total group G. This is essentially the strategy followed by Ref.®),

More explicitly, let the Hilbert space consistent with a spatial boundary condition in-
volving a twist generated by p9 (p is the generator of certain abelian subgroup Z,, and
gs=10,...,m—1)

ML9s) ~
HO) =@, 0,7 VoV (B.57)



B. APPENDIX FOR CHAPTER 3 80

where V; (V;) is the ith Verma module in the holomorphic (anti-holomorphic) sector and

M%’s) is a non-negative integer labeling the multiplicity of the V; ® V; modules. Moreover,
for the CFT to have a unique ground state, we require the vacuum module (i = 1) only

shows up once in the periodic sector, i.e., /\/lggf) = 00,9, -
Next we assign irreducible representation to the Verma modules:
P (V; @ V), = n@lom9=bik) (Y, @ V) ), (B.58)
where g, = 0,....m — 1, n,, = e and Q(gr; 95,1, 7, k) € 0,...,m — 1 is called “symmetry

charge” in Ref.®). Combine Equation (B.57) and Equation (B.58)) we obtain the following

space-time boundary twisted partition function on a torus with modular parameter 7

_ —Lo—c 395580,k Y,
Zgog (7) = Trygon(qho—e/iqho=eiiqy = 37| S (@orontabhy )y, ()
ij k=1

(B.59)

The consistency conditions

So far the abelian subgroup Z,, as well as MEJQS) and Q(gr; gs, 1,7, k) are unknown. They
need to be determined subjected to the following consistency conditions. (1) When there
is no spatial boundary condition twist the Hilbert space in Equation must return
to that of the periodic boundary condition. Moreover in the case where there is also no
time boundary condition twist the partition function must agree with the modular invariant
partition function Zyo(7). (2) The Z,, , (7) in Equation (B.59) must transform under the
generators (S and T) of the modular transformation as (see Fig. [B.3):

ng:g‘r (T) = ngyg‘rgs (T + ]') = Zg;l,gs(_l/T)

(3) Mﬁﬁs) = 00,9, Ml(j.s) = non-negative integer, and Q(¢-; gs,?,j, k) = 0,....m — 1. (1)-(3)
pose strong constraints on the possible abelian subgroup Z,, and the allowed assignment of
the irreducible representations (i.e. Q(g-;9s,1,J, k)) to each Verma module.

The on-site symmetry of minimal models

Under constants (1)-(3) in the previous subsection Ref.® solved the possible abelian sub-
groups and their symmetry representations for the all minimal models. By patching these
abelian subgroups together the author reached the following conclusion: the on-site symme-
tries of the unitary minimal models are exactly the same as those predicted by the lattice
RSOS models®. Hence there is no emergent symmetry! Thus, for most of the unitary
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minimal models the symmetry is Z,. The only exceptions are 3-states Potts and tri-critical
3-state Potts models where the symmetry is S3. Finally for the minimal model labeled by
E;, Es, where there is no symmetry.
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