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Abstract

We introduce a Floquet circuit describing the driven Ising chain with topological defects.
The corresponding gates include a defect that flips spins as well as the duality defect that
explicitly implements the Kramers-Wannier duality transformation. The Floquet unitary
evolution operator commutes with such defects, but the duality defect is not unitary,
as it projects out half the states. We give two applications of these defects. One is to
analyze the return amplitudes in the presence of “space-like” defects stretching around
the system. We verify explicitly that the return amplitudes are in agreement with the
fusion rules of the defects. The second application is to study unitary evolution in the
presence of “time-like” defects that implement anti-periodic and duality-twisted bound-
ary conditions. We show that a single unpaired localized Majorana zero mode appears
in the latter case. We explicitly construct this operator, which acts as a symmetry of this
Floquet circuit. We also present analytic expressions for the entanglement entropy after
a single time step for a system of a few sites, for all of the above defect configurations.
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1 Introduction

Quantum circuits are an active area of research as they provide a tractable way to simulate
dynamics of quantum systems with applications to experimental platforms such as trapped
ions [1-3], Rydberg atoms [4], and Noisy Intermediate Scale Quantum (NISQ) devices [5-8].
Quantum circuits have been used to explore diverse phenomena such as thermalization [9,10],
entanglement growth [11-17], quantum chaos [18-22], discrete time-crystals [23], informa-
tion scrambling [24-27], and topological phases [28,29]. Many of these quantum circuits
generalize Floquet (temporally periodic) circuits in various ways, most notably by introducing
randomness in either the temporal or spatial direction, or both [30-32]. These generalizations
of Floquet circuits have also been used to identify new forms of quantum criticality such as
measurement-induced phase transitions [ 33—-42] where the measurements introduce random-
ness in the temporal and spatial direction, with the projective measurements also making the
quantum circuits non-unitary.

A well-known idea in equilibrium statistical mechanics is that an enhanced understanding
of a model can be achieved after its dual has been identified and understood. For example,
the study of dualities has led to an improvement in the understanding of phases of matter and
the critical points that separate them [43]. This view, however, has not propagated into the
literature on non-equilibrium systems. This paper aims to remedy this by making a first step
in understanding the dual of a Floquet Ising chain. Mapping a model to its dual in equilibrium
statistical mechanics occurs via, for example, the Kramers-Wannier transformation. One way
of implementing this transformation is via a topological duality defect. Such a defect separates
a (spatial or temporal) region from its dual, but the physics is independent of deformations of
its location. In this paper we generalize these notions to Floquet systems.

In particular, we introduce an Ising Floquet circuit that hosts topological defects. Perfect
spatial periodicity and time periodicity can be destroyed, but in a universal way so that the
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physics is independent of deformations of the spatial or temporal locations of the defects.
We present these Floquet circuits in the context of the transverse-field Ising chain, including
inhomogeneous couplings and Floquet driving. We show that this system can host two types of
topological defects, spin-flip and duality, just as in the equilibrium case [44]. These generalize
those in the Ising conformal field theory (CFT) [45-47] in several ways: not only are they
exactly topological on the lattice, but they exist for all couplings, not just critical ones. Our
results here further generalize them to real-time Floquet evolution.

Each such topological defect can be applied to a Floquet circuit in two ways. Stretching
the defect in the spatial direction allows us to define the defect-creation operator commuting
with the Floquet unitary. These operators obey the same fusion rules as the Ising anyons [44,
48], and imply that the duality defect-creation operator is not unitary, but rather annihilates
all states odd under spin-flip symmetry. The second application is to stretch the defect in
the temporal direction, leading to generalized twisted boundary conditions. Such boundary
conditions are special in that they preserve (a modified) translation invariance as the partition
function is independent of the location of the twist/defect. Here, the two types of defects
result in anti-periodic and duality-twisted boundary conditions [49-51].

So far, the Floquet literature has only studied open or periodic boundary conditions, and
not twisted boundary conditions like the ones studied in this paper. In addition, while the
effects of defects on the ground state entanglement entropy have been explored recently
[52-54], these defects will not lead to interesting changes in the entanglement entropy in
a periodically driven system in the absence of disorder since these systems will simply heat up,
with the entanglement entropy evolving towards the thermal entropy that scales as the length
of the sub-system.

One striking consequence of duality-twisted boundary condition is an isolated localized
Majorana zero mode. This lone mode is unlike the pair of edge “strong zero modes” encoun-
tered in the transverse field Ising model with open boundary conditions, where the modes
anti-commute with a symmetry of the Hamiltonian [55] or the Floquet unitary [56,57]. In
contrast, the Majorana zero mode in this paper is a symmetry of the system. We obtain the
Majorana operator in an exact closed form by a direct computation, as opposed to the calcu-
lation of winding numbers as is commonly done in the study of Floquet Symmetry Protected
Topological (SPT) phases [58,59]. The twisted boundary conditions affects both the number
of localized Majorana modes and their quasi-energies in comparison to defectless Floquet SPT
models.

The paper is organized as follows. In Section 2 we introduce the two types of defects
and describe the corresponding defect-creation operators. We summarize the commutation
relations that establish their topological properties, following closely the analogous treatment
presented in [44] for the classical Ising model and the static quantum spin chain. In Section
3 we numerically simulate the system in the presence of topological defects, highlighting the
effect of the fusion rules on a return amplitude. In Section 4 we explain how topological defects
allow the Floquet circuit to have anti-periodic and duality-twisted boundary conditions, and
display amplitudes for the former. We show in Section 5 how a localized Majorana fermion
emerges for duality-twisted boundary conditions. We give an explicit analytic construction and
also present numerical studies of the auto-correlation function. Our conclusions and outlook
are presented in Section 6. In Appendix A we demonstrate the effect of these defects on the
entanglement entropy of a small system of four sites, where two sites host the physical qubits
and the other two are the empty or dual sites. In Appendix B, we provide some intermediate
technical steps. While the main text studies topological defects on the lattice, in Appendix C we
describe their various aspects in the continuum. In particular, we review topological defects in
the Ising CFT and their descriptions in terms of a single 1+ 1d Majorana fermion, and discuss
the Majorana zero mode from the duality twist in the continuum theory.
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2 Lattice topological defects

In this section, we review the relevant results for topological defects in equilibrium Ising sys-
tems [44], and generalize the notion to the Floquet Ising model. These defects break the homo-
geneity of the system, either temporally by acting on the system at a certain time, or spatially
via changing the boundary condition at a certain point in space. However, they are topological
because they can be freely deformed throughout the quantum circuit without changing am-
plitudes. The treatment of defects here is similar to that of equilibrium statistical-mechanical
models; the main difference being an additional factor of i coming from working in real time
as opposed to Euclidean.

We study a system comprised of L qubits/Ising spins, each with a local Hilbert space C2.
For implementing the Kramers-Wannier duality, it turns out to be convenient to place the qubits
on every other site of a chain of 2L sites labelled j = 0,1,2,...,2L — 1. When the qubits are
located on the “even” sublattice with j = 2r for r integer, the quantum states live in the Hilbert
space Heyen, While when on the “odd” sublattice with j = 2r — 1 they live in H,q4. The basis
elements for H.,., are labelled by |hgohyo ...hy;_50) and for Hyyq are |chychs...chy;_4),
where h; € {0,1} labels the qubit state, and sites without a qubit are labelled with a “state”
|o'). The Pauli matrices acting non-trivially on the jth qubit are denoted by X, Y; and Z; and
act as Zj|h;) = (—1)h1|hj), X;jlh;) = |1 —h;). We impose periodicity so that the site 2L + j is
identified with the site j.

The basic building block of the periodically driven Ising model is a three-site gate obtained
by acting on these qubits with the transverse-field and Ising-coupling unitaries

M/JX(MJ) — e—iquj, WjZZ(uj) — e_iuij—lsz, (1D

where W].X (u;) is a transverse field unitary with a field strength u; that acts on the qubit at site
j, while WJ.Z z (u;) is an Ising coupling unitary that acts on the sites j—1 and j+ 1 with an Ising
coupling given by u;. The full Floquet unitary evolution operators are

L-1
U]l,even = ( WZXj(uzj)) (l_[ WZZ]:ZH(qu+1)) > (23)
j= j=0
L—

L—-1
Ut,oad = (l_[ wff(ugj)) (]‘[ W5 (tz11) ) : (2b)
j=0 j=0

acting on Heyen and Hyqq respectively. The difference between placing the spins on the even
or odd sites shows up in the order in which the operators containing the transverse magnetic
field and the Ising coupling unitaries are applied.

A convenient pictorial presentation of the matrix elements of the building blocks (1) is
given by

=~

-1

- O

h';

= (oh?alWJX(uj)lohja), (3a)

hj—l hj+1 = (hj_lo' hj+1|WjZZ(Uj)|hj_1U hj+1>’ (Sb)
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where the variables h;_;,hj, h; ,hj11 € {0,1} and the unlabelled sites correspond to the label
o. For later convenience we include notation where the black dots indicate additional weights
depending on the degree of freedom at the site [44,48]

@ = di? - —w— diﬁ (4)
where
{ d¢ =1 fOI' hi = O, 1, (Sa)
di =
=+/2 for o sites. (5b)

A picture depicting a single time step of our Floquet circuit is shown in figure 1. It represents
the matrix element (hyoh,o ... hy;, 0 |Uy evenlho0hy0 .. Ry _»0). The analogous picture for
Uj 0da has the labels on the odd sites. The above setup can also be viewed as an interaction
round-a-face model which are statistical mechanical models where the degrees of freedom
live on the vertices of a square lattice and the interactions between them are defined by the
plaquettes of the square lattice [60-65].

1
1
1
1
0 1 2 3 4 5 6 7 8 9 10 11

Figure 1: Diagram depicting the matrix elements of the Floquet Ising unitary Uy eyen
for a single time step acting on Heye, With L = 6. The indices h; (h!) label the states
0,1 of the incoming (outgoing) states of the Floquet unitary. The unlabelled vertices
correspond to the label o.

The simplest defect possible in the Floquet circuit implements the Z, spin-flip symmetry.
The corresponding operator D, creates a spin-flip defect across space, and acts on the odd and
even Hilbert spaces as

L—-1

Dw,odd = l_[X2r+1 ’ Dlp,even = l_[XZr . (6)
r=0 =

It is easy to check that this defect commutes with the Floquet unitary: D, Uy = Uy D,,. (When

we omit the even and odd subscripts, it means that the relation holds for either case.) This
“space-like” defect is comprised of spin-flip defect gates with matrix elements

: I:I o~ 2

Thus the matrix elements of Dw even are pictured by

2L 2
hZL 2

and likewise for Dw’odd.
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The duality defects are much less obvious, and much more interesting. They implement
Kramers-Wannier duality [61, 66], which in general maps a classical statistical-mechanical
model on a graph to one on the dual graph with the same partition function. In the two-
dimensional classical Ising model and the corresponding quantum chain, a convenient way
of implementing the duality is via a topological defect [49-51]. The same goes for our Flo-
quet setting. The duality defect gate is defined in terms of an operator L; ;,; with the matrix
elements

h'; . /
I:l =<h§U|Lj,j+1|0hj+1) = E(—l)hfhj+l , (9a)
hjtq
R
| ] =Rl o) = 7( 17 (9b)
h;

The product of the duality defect gates produces a duality-defect creation operator D, mapping
between Hye, and Hyqq- Its matrix elements are

) (— 1)Zr 0 2r+1(h2r+h2r+z) (10a)

hZLZ

hZL 1

This operator can be constructed in terms of local unitary gates and measurements. Namely,
one introduces ancillary qubits on the dual lattice and couples them to the original qubits with
controlled-Z gates, and then performs projective measurements on the latter [67].

To gain some intuition into the duality defect, consider its action on a product state in the
Z;-diagonal basis in Hoqq and Heyen respectively:

=~

—1 |00-> + (_1)h2r—1+h2r+1 |10'>

D |chichy...chy;_1) = ) (11a)
O'l 1 3 2L 1) = 1/5
L—-1 hy.+h
|O'0) +( 1) 2r 2r+2|o—1>
Da|h00'h20' . ..hZL_zo') < 5 . (11b)

Thus for D, acting on H,qq, the resulting state in Hye, is @ product state in the X-diagonal
basis. Furthermore, for h,y,._1hy.,1; = 1, the output spin at site 2r will be parallel to the
transverse magnetic field. The action of D, on H.e, is completely analogous. The operator
D, therefore maps the ground states of the Ising ferromagnet to the ground state of the Ising
paramagnet, indeed the action of the Kramers-Wannier duality. Since this is a two-to-one map,
the duality defect is necessarily neither invertible nor unitary. More examples illustrating the
action of the defects on two qubits have been included in appendix A.

Mapping between Hilbert spaces via the duality defect is the quantum analog of exchanging
the lattice of Ising spins/qubits with its dual. It is the reason for our introducing the empty
sites labelled by o. Moreover, because the duality gates L; j.q ® 1,5 and 1; ® Lj,4 j,o from
(9) do not commute, D, cannot be be decomposed into a tensor product of local terms. Thus

even though L; ;. is unitary, D, is not.
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The duality and spin-flip defects defined by (9) and (7) are topological. They allow the two-
dimensional classical Ising model to be defined in the presence of defects, so that the partition
function is independent of deformations of the defect paths. The topological behavior arises
because these matrix elements obey the defect commutation relations [44]

b b b

a c a/\c a . c

ORI TR
)

a y @ y By «a a

o)
(12) (13)

where the gray quadrilaterals represent either the spin-flip defect or the duality defect. The
extension of the proof to the Floquet circuit is immediate, as the defect commutes with each
X; and Z;_,Z;,, individually, and so with each unitary WJ.X (u;) and W].Z “(u;).

The defects thus can be freely deformed throughout the Floquet circuit, and so D, and D,
commute with the Floquet unitary. Because the duality defect exchanges lattices,

Da U]l,even = U]l,odd Do > Da U]l,odd = U]l,evenDa: (14)

it also toggles between W* and W#Z. Namely, having a = ¢ = o in (12) or (13) with the
duality defect requires 5§ = 8 = o as well. The defect commutation relations then relate W¥
on the right-hand side to W%Z on the left-hand side.

It is easy to verify that the two types of topological defects themselves commute with each
other: D,D,, = Dy, D,. A little more work [44] shows that they also obey the fusion rules

D2 =1+Dy, D,Dy, =DyD, =D,, D; =1, (15)

where 1 is the identity operator. Applying these rules gives Dg =D (1 + Dw) = 2D,. The
eigenvalues of D, are thus 0,%+/2. Moreover, because (Dy —1)D, = 0, the duality defect
projects onto states even under the spin-flip symmetry implemented by D, i.e. Dy|w) = 0
for any state |w) obeying D, |w) = —|w). The Hilbert space therefore splits into three dif-
ferent sectors (v2,1), (—+/2,1) and (0,—1), labelled by the eigenvalues of D, and Dy, (see
Appendix C.1 in particular Table 1 for the continuum theory).

Since the defect operators commute with the unitary Uy, these sectors are left invariant
by the Floquet evolution. They thus can be thought of as symmetry sectors, even though D,
is not unitary. Kramers-Wannier duality defects thus provide a fundamental implementation
of what is now called a categorical symmetry or generalized symmetry (see [68,69] for recent
reviews). Such topological defects can be found in any two-dimensional classical lattice model
or quantum chain built from a fusion category [48,70]. This mathematical structure underlies
the fusion of chiral primary fields in a rational conformal field theory (RCFT) [71] and of any-
onic particles [72]. We review the topological defects in the Ising CFT and these structures in
Appendix C.1. There is a topological defect associated with each object in the fusion category,
with an explicit realization on the lattice, and the defect fusion rules like (15) are those of the
corresponding category. In the Ising case, there are three simple objects typically labelled as
1,0, and v, correspondingly the duality and spin-flip defects are labelled as D, and D,;, with
the identity “defect” Dy = 1. We exploit this topological nature of the Ising defects further in
section 4 in our definition of twisted boundary conditions.
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3 Amplitudes in the presence of topological defects

In this section, we study the quantum amplitudes of various states undergoing Floquet evo-
lution with the driven Ising model with topological defects. These amplitudes are essentially
the Lorentzian analogues of the partition functions with boundaries in [44] and are the easiest
way to observe the effects of defects on Floquet time evolution. These amplitudes can be com-
puted by exact diagonalization. The most straightforward way to compute them is to package
the physical qubits and the dual site |o) into qutrits. While this limits the system sizes we can
study, small system sizes are sufficient for our purposes of demonstrating the fusion rules of
the topological defects in Floquet circuits.

The Floquet unitaries (2a,2b) define the usual Floquet Ising model. We have allowed for
arbitrary inhomogenous couplings u;, but we typically restrict them to be one of two distinct
values. We call u; in W].X the transverse field g, and u; in WJ.ZZ the Ising coupling J. Even
though there may not be long-range order under Floquet time-evolution, for brevity, the part
of the circuit where the Ising coupling J is larger (smaller) than the transverse field coupling
g will be referred to as being in the ferromagnetic (paramagnetic) phase. The ferromagnetic
and paramagnetic Floquet phases we study are then

Paramagnet: g >J, J+g< g,
Ferromagnet: g <J, J+g< g,

with both J, g = 0. When the Ising and transverse field couplings are equal, we refer to the
Floquet circuit as being in the critical phase. Moreover, a domain wall refers to the site that
separates a paramagnetic phase from a ferromagnetic phase. The condition that the Ising
coupling and transverse fields have a sum no greater than 5 excludes the 7 phases which are
Floquet phases that are unique to the driven system [73-76]. By restricting our attention to
the less exotic Floquet phases, the effects of the topological defects on the Floquet Ising model
will be easier to tease out. However, in section 5, we briefly discuss = modes in the presence
of a duality twist.

We start by considering amplitudes in the absence of defects. For simplicity, we take the
initial and final states to be one of all qubits fixed up, and all qubits fixed down which in Heyep
and Hq4q are:

|u) =|0000...00) , |d) =|1c1l0...10), (16)
[u’) =|c000...00), |dy=|olol...01). 17

Plots of the real parts of the matrix element (u|U{|u) in the paramagnetic and ferromagnetic
phases are shown in figures 2 and 3 respectively. They oscillate rapidly with a slow beat. To
understand the source of the rapid oscillations, consider the exactly solvable limit u,,,; = 0
for all r. The unitary Uy ey, then includes only the transverse field terms, and so is in the
paramagnetic phase. Taking the remaining couplings u,, = u to be homogeneous, the matrix
element of the defectless Floquet circuit between fixed states is

-1
1 AL
2T (k) cos ((L — 2k)nu), L odd, (18a)
k=
(u|U]’f’even|u) = cost nu= { 0 iy
1(L 1 (L
27(%) + Py kzz(:) (k) cos((L —2k)nu), L even. (18b)

These amplitudes are superpositions of oscillations with angular frequencies up to Lu, and
account for the rapid oscillations observed in the matrix elements.

8
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100 Loo
- — Re{u|U|u} 0.75 -
0504 Re(u| UD(100)UD,(50)U|u) 050 -
S 0251 0.25
B ™
& -0.25 - " M -0.25
—0.50 = l‘ " —0.50 =

w075 7751 —— Re(u|U|u)-Re(u|UD,(100)UD,(50)U|u)
~1.00 -1.00 4

E? 100 12 1.%0 1?‘5 260 E? 2‘5 5:3 ';'IEv 160 155 1.%0 1?‘5 260

n n
Figure 2: Comparison of amplitudes for a L = 3 circuit without defects and

with two spin-flip defects inserted at times n = 50,100. The physical spins
are on even sites, and the couplings correspond to the paramagnetic phase
with transverse magnetic fields u,, = 7 and Ising couplings u,_; = g for
r = 1,2,3. (Left): Plots of the matrix elements Re(u|Uj evenlu) and the cor-
responding quantity with spin-flip defects inserted at the 50® and 100" step,
Re(u|Uy even Dy even(100) Uy eyen Dy even(50)Uy evenltt), versus the number of Floquet
steps n. More precisely, spin-flip defects are applied after 49 and 99 defect-less uni-
taries Uy oven have been applied. (Right): The difference between these two matrix
elements.

Since the initial and final states are product states in the Z basis, the matrix element takes
an even simpler form in the exactly solvable ferromagnetic phase corresponding to u,, = 0.
The transverse magnetic fields vanish in the single-step unitary Uy cyen, leaving only Ising
coupling terms. For homogeneous couplings u,, .1 =u

(U|U] yepu) = e, (19)

so that the amplitude oscillates with a single angular frequency Lu proportional to the total
system size. The real part of this amplitude thus vanishes for times n,, = (m+ 1/2)n/Lu for
integer m. Plots of this matrix element with a non-zero magnetic field are shown in figure 3.
The introduction of non-zero transverse fields lead to an additional oscillation over a much
longer time-scale.

3.1 Spin-flip defect

The simplest topological defect that can be inserted in the Floquet circuit is the spin-flip defect
Dy,. Matrix elements in the paramagnetic phase are compared with the defectless circuit in
figure 3. Only the real part of the matrix elements are shown, as the imaginary parts are very
similar. Inserting a spin-flip defect noticeably changes the oscillations, but a second insertion
makes the amplitude identical to the defectless case. This behavior is a consequence of D,
commuting with U; and squaring to the identity, as seen in (15).

Plots of the return amplitude in the ferromagnetic phase are shown in figure 3. We see that
applying Dy, at about time n &~ 50 when the return amplitude Re[(u|U['|u)] is close to zero,
causes it to become close to one: Re[(u|D,,Uf'lu)] ~ 1. Since (u|Dy, = (d|, this observation
shows that the state Uj'|u) ~ |d). Thus probing with D,, showed that the system evolved close
to the all-down state at a certain time. Applying D,, again necessarily removes the effects of
the first insertion.
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LoD 100
s — Re{u|U|u} 075
0504 Re(u|UD,(100)UD ,(50)U|u) 050 |
T 0254 ’ ” 0.25
% 0.00 - |' || 0.00
& -0.25 - l ‘ } —0.25
—0.50 —0.50
0751 0751 —— Re(u|U|u)-Re(u|UD,(100)UD,(50)U|u)
—1.00 1 -1.00
0 00 125 175 200 0 5 50 7 W0 125 150 175 200
n n

Figure 3: As with figure 2, only in the ferromagnetic phase with transverse magnetic
field u,, = g and Ising couplings uy,_; = 7.

3.2 Duality defect

We here study the effect of inserting a duality defect D,; into the Floquet circuit. To highlight
the fusion rules of the duality and spin-flip defects, we also consider the case when both are
present.

Plots of the Floquet circuit with spin-flip and duality defects are shown in figure 4. Unlike
the spin flip defect which is unitary and acts exclusively in Hye, Or Hoq4, the duality defect is
not unitary, and connects the two Hilbert spaces. In performing the numerical simulations, the
effect of the duality defect has been computed using the transformations (11a), (11b). These
are well defined, linear, albeit non-unitary transformations that can be easily implemented
once the local Hilbert space is expanded to be a qutrit (0, 1, o).

Since the duality defect interchanges the even and odd sites, to best understand its effect
we evaluate the amplitude between two states, one where all spins are up on the even sites
|u), and the other where all spins are up on the dual sites i.e., the odd sites |u’). Treating each
lattice site as a qutrit (0, 1, o) allows one to expand the Hilbert space to include both even and
odd sites. Before the duality defect is applied, the amplitude is zero. After the duality defect is
applied, both (u’| and Ulu) live on the same lattice and the amplitude becomes non-zero. As
seen in figure 4, applying a single duality defect at different times leads to the same amplitude
after the latest defect has been applied. This is because the duality defect is topological and
hence can be moved freely throughout the circuit. Furthermore, applying a single spin-flip
defect followed by a duality defect and vice versa gives the same result as applying a single
duality defect after the time at which the latest topological defect has been applied. This is
because the defects obey the fusion rule (15). Therefore, the spin-flip defect can be fused
with the duality defect to produce a single duality defect. Note that these defects can be fused
together even though they were applied at different times, and the resulting topological defect
is not restricted to a certain time. That is because the defects can be freely moved up and down
the circuit since they are topological. Also, the fusion rules (15) were proven by acting the
defects on the quantum state one immediately after the other, so they apply even at the shortest
time scale of the Floquet circuit.

Plots of the return amplitude for a circuit with two duality defects inserted at two different
times are shown in figure 5. This return amplitude is compared with the sum of the return
amplitude of a circuit with no defects and a circuit with a single spin-flip defect. Since there
are two duality defects, both the initial and final states are chosen to live on the same lattice.
During the time between the two duality defects, U|u) and (u] live on different lattices so
their inner product is zero. After the second duality defect is applied, both states live on the
same lattice and have a non-zero inner product. In addition, after the second duality defect is
applied, the return amplitude agrees with the sum of the return amplitude of a circuit with no
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Figure 4: (Left): Plots of the real part of the amplitudes with a single du-
ality defect inserted at n = 50, Re(u’|Uy ,4qDy(50)Uy evenlu) (blue), a sin-
gle spin-flip inserted at n = 50 followed by a single duality defect inserted
at n = 100, Re(u'|Uy 0qaDy(100)Ug eyenDy(50)Up evenlu) (orange) as well as
a duality defect at n = 50 followed by a spin-flip defect at n = 100,
Re(u/|U]l,oddDw(100)U1L,odchr(50)UIl,even|u> (green), where UIl,even and Uﬂ,odd are
the defectless Floquet unitary circuits acting on the even and odd sites respectively.
Just as in the previous figures, inserting the defects at the Floquet steps n = 50 and
n = 100 means that the defects are inserted after 49 and 99 defectless unitaries Uj
are inserted. Note that these values of n are chosen arbitrarily. The couplings are
set to be uy, = 7 and uy,; = §. (Right): The difference between applying only
a single duality defect and applying a single spin-flip followed by a single duality
defect, Re(ullUIL,oddDO'(SO)UIL,even|u> - Re(u/|U]l,oddDU(loo)Uﬂ,evenDlp(SO)UIL,even|u>
(blue), as well as the difference between applying only a single duality de-
fect and applying a single duality defect followed by a single spin-flip de-
fect, Re<u/|U]l,oddDa(SO)UIL,evenlu> _Re<u/|UIL,odlep(100)Uﬂ,oddDo(50)Uﬂ,even|u> (or-
ange).

defects and a circuit with a single spin-flip defect. This is because the defects obey the fusion
rule (15) so introducing two duality defects into the Floquet circuit results in a superposition
of matrix elements, one for a defectless circuit and the other for a circuit with a single spin-flip
defect.

4 Twisted boundary conditions

In the preceding section, we studied the effect on Floquet time evolution of inserting defects
stretched across the system i.e, “space-like” defects. The operators D, and D, implement (cat-
egorical) symmetries and so commute with the unitary evolution operator U; with periodic
boundary conditions. In this section, generalizing [44], we utilize the same defect gates to de-
fine Floquet evolution in the presence of “time-like” defects which implement twisted boundary
conditions. Such boundary conditions are special in that the system still obeys a (modified)
translation invariance. Since the defects introduce a twist, the corresponding unitaries will be
denoted by T instead of U.

The spin-flip defect gates (7) allow us to define a unitary operator T, with anti-periodic
boundary conditions on the circuit, while the duality defect gates (9) allow us to define a
unitary operator T, with duality-twisted boundary conditions [49-51]. The latter are unusual
in that in their presence, part of the circuit can be in the paramagnetic phase and part of it can
be in the ferromagnetic phase.
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Figure 5: (Left): The real part of the matrix element with two duality defects in-
serted at n = 50,100 i.e, Re(u|Uy eyenDy(100)Uy 44qDy (50) Uy evenltt), where Uy even
and Uy oqq are the defectless Floquet unitary circuits acting on the even and odd
sites respectively. Also shown is the sum of the matrix elements for the defect-
less circuit and a circuit with a single spin-flip defect inserted at n = 75, i.e.,
Re(u|Uy eyen|u) +Re(u|Uy eyen Dy (75)Uy evenlt). (Right): Difference between the two
curves of the left plot. A total of L = 3 physical sites are taken and the couplings are
chosen to be u,, = 7,us,47 = . Both the initial and final states |u) live on the even
sites.

4.1 Anti-periodic boundary conditions

Anti-periodic boundary conditions are made using the spin-flip gates (7), but here they must
be placed in the vertical “time-like” direction. The matrix elements of a single-step Floquet
unitary acting on H,4q in the presence of a defect at 2s — 1 are then

(O'hllghg .. ah/ZL_l|Tlp,25—1,0dd|0h10h3 een 0h2L—1>

(20)

hy 3 has 3 hps—1 1 —hyeq hasia ha—3 hap—1

As apparent in the picture, an extra qubit is inserted into the system next to that at site 2s —1,
but because of the form of (7), it is fixed to have value 1—h,,_;. The effect of flipping an Ising
spin in szz (u;) is equivalent to sending u; — —u;. Since each of the spins (hy;_1, 1 —hy_4)
is involved in one such weight, the resulting unitaries are

L-1 11
Ty 26-1even = (]_[ wgi(uzr)) (]_[ WEZ (g 41 (=1)% )) : (21a)
r=0 r=0
L—1 L—1
Ty,25-1,0dd = (l_[ WZZrZ(Uzr(—l)5r’s)) (l_[ W2Xr+1(uzr+1)) : (21b)
r=0

r=0

Repeatedly acting with T, to evolve the system in time carries the defect line along with it. The
defect commutation relations ensure that the defect can be moved across the system without
changing the physics.

In both even and odd cases, the only effect is to change the sign of a single Ising coupling,
which indeed is the usual definition of anti-periodic boundary conditions. Thus in the trivially
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Figure 6: Comparing evolution with periodic (defectless) and anti-periodic boundary
conditions in the ferromagnetic phase. L = 3 physical qubits live on the even sites
and the anti-periodic boundary condition is imposed at site 3. Plots of Re{u|UY ., |1}
: _ = _n _ T Wi

and Re(ulT&B’evenlu) with uy, = §,uy.—; = 7 (left) and uy, = 55,u,,_; = 7 (right).
The closer one is to the solvable ferromagnetic phase at u,, = 0, the more enhanced
is the suppression of the oscillation frequency due to the spin-flip defect.

solvable paramagnetic case with only transverse magnetic fields, anti-periodicity has no effect.
However, in the fully ferromagnetic limit, the anti-periodicity modifies the return amplitude.
Namely, setting u,, = 0 in (21a) leaves only Ising couplings, and keeping the latter to be
uniform, u,y,_; =u, gives

< | YP,25—1 even|u> - e—iH(L—Z)H. (22)

Compared with the same matrix element for the defectless circuit (19), the angular frequency
has been reduced because of the twist. This effect will not be noticeable in the thermodynamic
limit since L — 2 would be effectively the same as L.

The ferromagnetic phase being more interesting, plots of a circuit with anti-periodic bound-
ary conditions are shown in figure 6 for two different couplings, both in the ferromagnetic
phase. The effect of the anti-periodicity is most apparent when approaching the trivially solv-
able point of uy, = 0. In particular, when the transverse magnetic field is small, the oscilla-
tions are less erratic. The introduction of the anti-periodic boundary condition reduces the
frequency of oscillation since the sign of an Ising coupling term is flipped and the resulting
cancellation reduces the oscillation frequency.

4.2 Duality-twisted boundary conditions

Among the different configuration of defects, the duality-twisted boundary conditions is par-
ticularly interesting and forms the main subject of this sub-section and the next section. The
single duality defect gates in (9) are the building blocks of the Floquet unitary with duality-
twisted boundary conditions. In order to construct this unitary, note that, just as the spin-flip
defect gate, the duality defect gate (9) can be inserted vertically in the Floquet circuit to im-
plement duality-twisted boundary conditions. Since the Floquet unitary is applied repeatedly,
we rearrange the terms to make the expression tractable. For simplicity, we introduce the twist
between the ends of the chain, i.e, sites 2L — 1 and 0. The single step unitary time evolution
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with the twist, and acting on Hye, and H,qq have the matrix elements

(hgohyo ... hy, 50| Ty evenlhoOhao .. hyy 50)

r !
| hor e h'z s

e

hyi_¢ hap—4 hyp—2

’
h 2L-2

(23a)

(ohiohy...ohy, |Ty oaalohiohs...ohy )

(23b)

Above, the yellow arrows indicate the edges that are identified as a result of the periodic
boundary conditions, with L = 6 in the above diagrams. It is easy to see that there are only
2L — 1 couplings u; instead of 2L, one less than the defectless circuit or the circuit with the
anti-periodic boundary conditions.

We would now like to write down explicit expressions for the green quadrilaterals in (23).
In order to do so, note that, depending on the orientation of the duality defect gate, it can be
represented either as a single site Hadamard gate or a two-site controlled-Z gate. For example,
if the two physical sites of a gate are stacked directly on top of each other (as in (23b)), this
duality defect gate will correspond to a single-site Hadamard gate

1 by 1 h,
OO = =
The Hadamard gate is a single qubit quantum logic gate that exchanges the eigenvectors of
the Pauli X and Pauli Z matrices with the eigenvalue 1, as well as the eigenvectors of the Pauli
X and Pauli Z matrices with the eigenvalue —1. If, on the other hand, the two physical sites
are horizontally aligned (as in (23a)), then the duality defect gate corresponds to a two-qubit
gate whose matrix element is precisely that of the controlled-Z gate

(24)

L(_l)h}hm — i

1 il 1
—(—1)7im = —CZ ;'+1’ /2 ‘/ECZh;_th’h;_th. (25)

V2 V2
The controlled-Z gate is a two qubit quantum logic gate that does nothing to a product of
eigenstates in the Z basis unless both of them are in the spin down state in which case the
controlled-Z gate produces an overall factor of —1. It is interesting to note that both the
Hadamard gate and controlled-Z gates are Clifford gates which are a special subset of unitaries
that map a single string of Pauli matrices to a single string of Pauli matrices [77,78].

stk
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We denote L j as the duality defect gate normalized by the inclusion of the quantum dimensions
(4), which from the above discussion, takes the form

N L

j—-1j j+1 J-1 j j+1
= [2)(2]j1 ® H; ® [2)(2]j41 + CZj_1 j41 ® 12)(2];. (26)

The normalization factors coming from the duality defect gates (9) as well as the quantum
dimensions (4) combine to render the normalized Floquet unitary with the duality-twisted
boundary conditions, unitary, even though, as we have seen, the duality defect in the space-
like direction is not unitary. Thus, the explicit expressions of the single step Floquet unitary
that acts in Heye, and Hogq are

12
T5 even (l_[W21+1(u2]+1)) CZyy 9 oWa o(Usp 5)CZo; 20(1_[ (uz] ) (27a)

j=0
L2

Ts0da = “W§j+1(u2]‘+1) Hyp aWy7 o (uar—2)Hap 1_[ Z(u2] (27b)
i=0

Conjugating a  transverse field unitary with a controlled-Z gate or
an Ising coupling wunitary with a Hadamard gate produces the mixed
coupling unitaries CZ, L_Z’Oe_i”ZL—ZXﬂ-Z CZy1 50 = e~ Uar—2X21-220 and
Hy,_je WaZausZaaf, | = e Wa2Zu-sXa-1 respectively. Therefore, the Floquet uni-
taries in the presence of the duality-twisted boundary conditions can alternatively be written
as

L—2
aeven (l_[ 2]+1(u2]+1)) ~huzi-oXai-2%0 (l_[ (u2] ) (28a)
L—2
U odd = (l_[ 2j+1 (u2]+1)) —luyr—2Zop-3Xo11 (l_[ WZZ(“Z])) (28b)

j=0

The net effect of introducing duality-twisted boundary conditions is to convert a transverse
field unitary (when even sites are physical sites) and an Ising coupling unitary (when odd
sites are physical sites) into mixed coupling terms of the XZ kind. More precisely, when the
physical spins live on the even sites, the duality-twist removes the Ising coupling between site
2L — 2 and 0. Instead, the transverse magnetic field term at site 2L — 2 gets converted into
a mixed coupling term between sites 2L — 2 and 0. On the other hand, when the physical
spins live on the odd sites, introducing a duality-twist removes the transverse field term at
site 2L — 1 and converts the Ising coupling between the sites 2L — 3 and 2L — 1 into a mixed
coupling term. In either case, there is one less transverse magnetic field and there is a single
mixed coupling term.

Since Hy;_; does not commute with WZ%(u) in (27b), and CZ,;_, o does not commute
with Wé( (up) in (27a), these local unitary transformations cannot convert the defectless uni-
taries into duality twisted unitaries.

It was shown in [44, 48] that the Hamiltonian for the Ising model with duality-twisted
boundary conditions has a degenerate eigenspectrum. Let us extend this argument to the
Floquet unitary with the same boundary conditions. The Floquet unitary can be written in
terms of a Floquet Hamiltonian Hy as Ty oqq = e~HrIn general Hy is long-ranged in the
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couplings, but in the small coupling (high frequency) limit it takes the following local form in
Hoda

L—2 L—2
Hp = Z Upj1X2j+1 T U221 —3Xop—1 + Z UpjZoj1Z2j+1- (29)
j=0 j=0

We define the Floquet unitary that is transformed by a phase gate at site 2L — 1 as

Ty odd = Sa1-1T5 0ddSy; 1 = e~Hr S is the phase gate

1 0
S:(O i)’ (30)

which is a single qubit gate that exchanges the Pauli X and Y matrices up to a sign. The
corresponding Floquet Hamiltonian is

L—2 L—2
Hp = Z Upj11Xoj+1 T Upp—2Z213Yop 1 + Z UpjZnj 12241 (31)
j=0 j=0

Since [Hp, Dy ] =0, the Floquet unitary and the spin-flip operators are simultaneously diago-
nalizable. We denote such a simultaneous eigenstate by |, w) where

Ty oddle, @) = e7|e, w), Dyle, w) = wle, w), (32)
with «w = £1. One can show that
DyZy e, w)" = —wZy_4le, w), (33)

since the spin-flip operator and its eigenvalues are real, and also because this operator anti-
commutes with Z,; ;. One can also show that

eiHFZZL—l e, w)* = e Zy; e, w)*. (34)

To derive the above equation note that taking the complex conjugate of Hy keeps all terms

unchanged except the mixed-coupling term Z,;_5Y,;_;. Conjugating e'!’r by Z,;_; flips the
s * )

sign of Y,;_, and nothing else, leading to (ZZL_le_lHF ZZL_l) = e'fr, Now, bringing the

Floquet unitary and the phase in (34) to opposite sides of the equation gives
e_iHFZZL_]_lE, CO)* = e_iEZZL_1|S, (l))*, (35)

showing that the eigenspectrum is degenerate with the degenerate pairs being
le, w),Zy; 16, w)*. The above manipulations do not generalize away from the high
frequency limit because (ZZL—l T U’OddZZL_l)* #* T;’O 4q in general. Inspecting the spectrum
obtained from exact diagonalization also shows that the degeneracy does not hold away
from the small coupling/high frequency limit. Thus we conclude that the degeneracy of the
eigenspectrum does not hold for the Floquet unitary apart from the high frequency limit.

In the remaining paper, we will further explore the properties of the Floquet unitary with
duality-twisted boundary conditions.

5 Majorana zero mode

When open boundary conditions are imposed, Floquet SPT phases are known to host edge
modes [73,79-81]. In the absence of the twist, and with periodic boundary conditions, the
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system hosts no isolated localized modes. We will show below that the duality-twisted bound-
ary conditions allow for the introduction of a single domain wall in the circuit separating a
paramagnetic and a ferromagnetic phase. We will analyze this Floquet circuit and show that a
single unpaired Majorana zero mode resides on the domain wall. Following this, we will show
that even in the absence of a domain wall, a Majorana zero mode exists, but it is localized
where the duality twisted boundary condition has been imposed. In addition, we will show
that at the critical point where all couplings are equal, the Majorana zero mode is delocalized.

We will present an explicit construction of the Majorana zero mode with duality-twisted
boundary conditions. We will also detect the Majorana fermion by the appropriate auto-
correlation functions. These direct methods unambiguously establish the existence of a Ma-
jorana zero mode. Majorana modes in Floquet SPT phases have so far been studied for open
boundary conditions, where the Majorana modes appear in pairs. In addition, these Majorana
modes are also detectable via non-zero winding numbers. Exploring the circuits with twisted
boundary conditions from the viewpoint of SPT phases, and constructing associated winding
numbers, will be left for future work.

5.1 Majorana zero mode in the presence of a domain wall

The circuit with duality-twisted boundary conditions, (28), is capable of hosting a single do-
main wall. In particular, for a homogeneous choice of couplings, a domain wall located at
2s — 1 is obtained by setting ug = ... = Ugs_y = Uys_q = ... = Uy;_3 = U’ to be identical and
Ugg = ... = Uy 5 = U] = ... = Uy,_3 = U to be identical. Then, the single step unitary with
duality-twisted boundary conditions and the domain wall becomes

s—2 L2 s—1 -2
T even (l_[ J+1(u)> ( I1 szjil(u’)) e~ Wai-2%0 (l_[ WZXj(u’)> (]_[ ij(u)), (36a)
J

j=s—1 j=0 j=s

2 s—1 L—2
U odd = (l_[ 2]+1(u)> ( l_[ 2]+1(u )) —iuZy;3Xp11 ( WZZ(u )) (l_[ ZZ(U))
j =s—1 j=0

(36b)

The above assumes that 2 <s < L —2.

We now show how a localized Majorana zero mode can appear. The symmetry operator in
the presence of duality-twisted boundary conditions is no longer D,;, but 2, which for physical
spins on the odd sites is

Q= I:ZZL_]_D,¢y = _(Xl . 'XZL—?))YZL—I = S;L—lDwSZL—l' (37)

By performing a Jordan-Wigner transformation, the Floquet unitary can be written in terms of
fermionic operators. Following Appendix A of [44], we define the Jordan-Wigner transforma-
tion to be

j—1 j—1
Yoj = ( l_[ X2k+1> Z3j415 Yoj+1 = —( l_[ X2k+1) Yoji1s j=0,...,L—=2, (38)

k=—1 k=—1

which consists of Pauli strings starting from the mixed coupling term at site 2L — 1. The
Majorana fermions at that site are defined similarly but without the string of Pauli X matrices
attached, yy;_9» = Z5;_1, Yor—1 = —Y5;_;. These Majorana fermions satisfy the usual anti-
commutation relations {y3;,Yar} = {Y2j41,Yar+1} = 26 and {rzj,v2k+1} = 0. With these
definitions, all the Majorana fermions can be shown to commute with the symmetry operator
(37) except for y5; _» which anti-commutes with it,

Qyor—2 = Y2128, Qyyj=72iQ, j=0,...,L =2 (39a)
Qrgjr1 =72j+182, Jj=0,...,L—1 (39b)

17


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075

SCIl SciPost Phys. 16, 075 (2024)

Applying the Jordan-Wigner transformation (38), the transverse field and Ising coupling terms
in the Floquet unitary become

Zyj_1Z2j41 =—1Y2j-172) j=0,...,L—2, (40a)
Xoje1 =—1Y2jY2j+15 j=0,...,L—1, (40Db)
Zy1—3Xo11 =— 10213V 211 (400)

Therefore, the Floquet unitary in (28b) can be written as a product of exponents of quadratic
fermion terms
L2 L—2
Tyodd =€ =0 U2j+172jT2j41 e U228 213V 211 e_zj=o H2jY2j-172) 4D
where the Majorana fermion y,;_, is noticeably absent in the Floquet unitary. Despite this,
Yo1—o does not commute with the Floquet unitary because of the presence of the symmetry
operator 2 attached to the mixed coupling term, and because Q2 anti-commutes with y,;_,.

Under the Floquet unitary with duality-twisted boundary conditions, the Majorana
fermions evolve as follows

T _ .
Ta,oddYZJ' T5 0dd =Y2j COS2Uyj 41 COS 2Uy; + Y oj_1 SIN 2Uy; COS 2Uy;1q
_Y2j+1 sin 21[2j+1 COosS 21[2j+2 + ')/2]'_;,_2 sin 2U.2j+1 sin ZUZ]'_;,_z, _] = 0, ey L— 3,
(42a)
t _ .
T, 0daY2j+1 To,0dd =Y 2j+1COS 2Usjy1 COS 2Uyj o + V3 SIN 2Uyj1q COS 2Uy;

_Y2j+2 sin 2112j+2 COS 2UZ]'+1 + YZj—l sin zqu+1 sin zqu, _] = 0, ey L— 3,

(42b)
i _ .
Ty 0ddV21-4T0 0dd =Y21-4COS 22Uy _5C08 22Uy 4 + Y31 —58IN 22Uy 4 COS2Uy 3
—Y21—3 sin 2u2L_3 COS 2112L_2 + QYZL—]. sin 2112L_3 sin 2”2L—2 COS ZUO
_QYO sin ZU2L_3 sin 2112L_2 sin ZUO, (42C)
T _ .
Ty oddY21-3To,0dd =Y21—3 COS 2Uz) 3 COS 2Uyy_p —§2yppq SIN 2Up; 5 COS 2Uy 3 COS 2o
+Qygsin2uy; 5 C0S 2Usp_3SiN2Ug + Yo7 _4SiN2Uy; 3 COS2Usp_4
+Yo1_5 8N 2Uy; 58N 2Uy;_4, (42d)
i _ . .
T oddY21-1To,0dd =Y21—1 €08 2Ug COS 2Up; 5 — ¥ SIN 2Ug COS 2Uy;, o + §2Y 23 51N 2Up; o,
(42e)
T _ .
Ty oddY21—2To,0dd = COS 2Us oY 22+ 28IN 2Us 5 COS2UUgY 21 —2Y 21-3Y 211
—sin 2u2L_2 sin 2u0)/2L_2Y2L_3Y0. (42ﬂ

Since the Majorana fermion v,;_, does not appear in the Floquet unitary (41), the other
Majorana fermions will not transform into operators that contain it. Organizing the remaining
2L —1 Majorana fermions into a vector ¥ = (Yo, Y1, --->Y21—3> Y21—1), these Majorana fermions
will transform under a single Floquet step under the action of an orthogonal matrix
“i‘ - _ -

To’odd}’Ta,odd - MY’ (43)
where M is an orthogonal matrix. Diagonalizing the matrix M = VDV ! such that D, =04,
and defining ¥; = Vizlyk, the new linear combination of Majorana fermions evolve as

T 14a%To.0dd = D% = X% (44)
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If there is an eigenvalue of 1, the corresponding linear combination of Majorana fermions is left
invariant under the Floquet evolution and therefore commutes with the Floquet unitary.! Note
that these eigenvectors correspond to linear combinations of all the Majorana fermions except
Yo91—o and hence commute with the symmetry operator Q by (39). Therefore, the Majorana
fermion that commutes with the Floquet unitary is a Majorana zero mode but not a strong
mode in the sense of [55,57,82-90] where the Majorana strong mode anti-commutes with
the discrete symmetry.

We now introduce a domain wall in the Floquet wunitary by setting

Uy = e = Ugs_9 = Ugs1 = e = Ugr_3 = u/ to be identical and
Uy, = ... = Ugp_9 = U] = ... = Uy, = U to be identical. As a simple example, con-
sider a system with . = 6 sites and a domain wall located at 2s —1 = 5. Defining

¢ =cos2u,c’ = cos2u’,s = sin2u,s’ = sin2u’, the explict form of the matrix M is

( cc’  —sc’ ss 0 0 0 0 0 0 0 cs’ ‘\
sc’ cc/ —cs’ O 0 0 0 0 0 0 ss’
0 cs’ ¢’ —sc’ ss 0 0 0 0 0 0
0 ss  s¢/ o/ —cs’ 0O 0 0 0 0 0
0 0 0 s ? —cs' s 0 0 0 0

M= 0 0 0 s? s o —sc 0 0 0 0 (45)
0 0 0 0 0 s¢’ o —cs’  ss 0 0
0 0 0 0 0 ss ¢’ o/ —sc’ O 0
—Qss”? 0 0 0 0 0 0 sc/ o —cs’ Qss'c
Qss’'c” 0 0 0 0 0 0 ss" e’ ! —Qsc?
\—CS/ 0 0 0 0 0 0 0 0 Qs cc’ ]

The third and fourth rows are basically repetitions of the first and second, but shifted to the
right by two columns while respecting periodic boundary conditions. This pattern does not
carry through to the remaining rows because of the presence of a domain wall at 2s —1 =5,
with the fifth and sixth rows now encapsulating the domain wall. The seventh and eighth
rows can be obtained from the third and fourth rows by exchanging the primed and unprimed
quantities because the couplings u and u’ exchange roles after passing through the domain
wall. The last three rows encapsulate the duality-twisted boundary condition. With this struc-
ture, it is straightforward to generalize M to a system of arbitrary length as the bulk (such as
the first and second rows and the seventh and eighth rows) will keep repeating until either
the domain wall or the duality-twisted boundary is encountered.

We now solve for the Majorana zero mode in some exactly solvable limits before we give
the general solution. With the above choice of couplings, the Floquet unitary with the duality
twist becomes

Ta,odd — e_Zj;%) uY2j72j+1_Z§=_5271 U/Yzﬂ’zjﬂ e_UQY2L73Y2L71 e_Zj;}) u/YZj—l)/Zj_Zf:_gZ Uyzj-172j . (46)
When u’ = 0, the Majorana fermion y,,_, does not appear in the Floquet unitary, and therefore
it commutes with the Floquet unitary and the Majorana zero mode is simply ¥(u’ = 0) = y5,_5.
This corresponds to the single unpaired Majorana fermion at the location of the domain wall
as shown on the left of figure 7. On the other hand, when u = 0, all the Majorana fermions
except v,y _» appear. As seen on the right of figure 7, all the Majorana fermions are paired up
except for the three Majorana fermions located in the vicinity of the domain wall. Under the

In Appendix C.3, we give an explanation of this feature in the continuum using the Ising fusion category (see
figure 20).
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1 2s-3 2s-1 2s+1 2L-5 2L-3 211 1 2s-3 2s-1 2s+1 2L-5 2L-3 2L-1
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0 2s-4 2s-2 2s 2L-6 2L-4 0 2s-4 2s-2 2s 2L-6 2L-4

Figure 7: Pairing of Majorana fermions for the odd lattice sites when one of the cou-
plings is set to zero. The diagram on the left corresponds to u’ = 0 while the diagram
on the right corresponds to u = 0. In the paramagnetic part of the circuit, on-site
Majorana fermions are paired up while in the ferromagnetic part of the circuit, the
even Majorana fermions of each site are paired up with the odd Majorana fermions
of an adjacent site.

Floquet unitary, these three Majorana fermions transform as

Yos—1 cos2u’  sin2u’ cos2u’ sin® 2u’ Yos1
T! aal Y2—2 | Ty oaa = | —sin 2u’ cos? 2u’ sin2u’ cos2u’ || yos—o |. 47)
Y2s5-3 0 —sin2u’ cos 2u’ Yos—3

There is an eigenvector (1,—tanu’,1)/+ 1+ sec2u’ with eigenvalue 1, so that the Majorana
fermion that commutes with the Floquet unitary is

Y(u=0)= (48)

‘/ﬁ(}/%—l —tanu'ya 5 +723)-
In other words, the three Majorana fermions located in the vicinity of the domain wall can
be rotated so that two of them will be paired up, leaving behind a single unpaired Majorana
fermion.

The Floquet unitary also simplifies when either of the couplings is set to 7. If we setu’ = 7,
the Floquet unitary becomes

2L-3 25—3
T —uSE T2 _ —u S .
Ta,odd(u/= E):(_l)Le MZ]:OYZJYZJH | | ri |e uSdyor-—3Yar—1 | | vi|e UZJ:S Y2j-172j
j=25—1 j=20—1

(49)

Since y,,_, is absent in the Floquet unitary, it will be a Majorana zero mode. If we now set
u = 1t/2, the Floquet unitary becomes

TT
T, u=—
a,odd( 2)

s—2 L2
L—2 / s—1 _/
— L—2 = U 22541 ,—UQY 9L aTar1 o~ 2ujmo U T2j-1T2)
=(-1) | |Y21Y2j+1 e Y2j-172j |- (50)
j=0 j=s

All the Majorana fermions are present, just as in the u = 0 case. The three Majorana fermions
Yos—1> Yas—o and yo,_s rotate amongst themselves according to

Yos1 —cos2u’ sin2u’ cos2u’ sin? 2u’ Yos—1
T! sl 72=2 | Tooaa=| sin2u’ cos? 2u’ sin2u’ cos2u’ | [ yos |- (51)
Y53 0 sin 2u’ —cos2u’ Yos—3

The above matrix on the r.h.s. is orthogonal and has an eigenvalue of 1 with an eigenvector
of (1,cotu’,1). Therefore, it has a zero mode given by

1

o
S P——
2 V1+csc2u’

(Y51 +cOtu'yos o + Yo5_3). (52)
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2s—5 2s—3 2s—1 2s+1 2s+3 2s—5 2s—3 2s—1 2s+1 2s+3

Figure 8: Two possible kinds of domain walls depending upon whether the site 2s—1
is included with the phase on the right of the domain wall (left plot) or the phase on
the left of the domain wall (right plot).

These limits around u = 0(u = 7/2) and v’ = 0(u’ = 7/2) suggest the existence of a
Majorana zero mode at the domain wall for arbitrary values of u and u’. In the Kitaev chain
with open boundary conditions, there are an even number of Majorana fermions. Depend-
ing on the parameters, the Majorana fermions can be paired up intrasite or intersite, leaving
either no unpaired Majorana fermions or two unpaired Majorana fermions on the boundary
respectively. In our Floquet circuit, introducing a single duality-twisted boundary removes one
Majorana fermion which effectively reduces the system size to L — % Since there are now an
odd number of Majorana fermions, there should always be a single unpaired Majorana zero
mode sitting on the domain wall.

Note that there are two different ways of introducing a domain wall at 2s — 1. Either
Uy,_; = u’ which is the example discussed so far. Alternately, one may set uy,_; = u. These
two different domain walls are shown in figure 8. In particular, the sites to the left of 2s — 1
are in a different phase from the sites to the right of 2s — 1 since the couplings u and u’ play
opposite roles on opposite sides of the domain wall at 2s—1. The site at 2s—1 can be included
with the phase on the right which corresponds to the choice made in this section, or it can be
included with the phase on the left. This will lead to an asymmetry in the couplings u and u’
which can be attributed to the asymmetry about the domain wall. To understand this point
further, note that for the alternate domain wall, the Floquet unitary is

s—1 L—2 s—1 _/ L—2
Ta,odd — e_ijo uYZjY2j+1_Zj:5 UY2jY2j+1 e—UQYzL—3Y2L—1 e_ijo u Yzj—lej_ijs uYzj—1Y2j_ (53)
As before, y4;_5, which is one of the Majorana fermions located at the duality-twisted bound-
ary, is absent. Now, however, when u = 0, the Majorana fermion y,,_; is absent and hence
commutes with the Floquet unitary. This is opposite to what we found earlier with our original
choice of domain walls.

Having established the presence of a Majorana zero mode at the domain wall in certain
simple limits, let us now show that the Majorana zero mode is present for more general cou-
plings u and u’. This can be done by computing the eigenvector ¥ of the orthogonal matrix
M with unit eigenvalue. The eigenvalue equation (M — 1)¥ = 0 translates into the following
recursion relations

%]-H) : (%-_1 :
=C(u,u’) J , =0,...,5—2, (54a)
(‘1’21'+2 Uy; g
‘I’2s—1) ( 1 0 ) (‘1’25—3)

= P , (54b)
v, v,
( 21“) :C(u',u)( 21—1), j=s,...,L—3, (54¢)
Wojto U;

21


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075

SCIl SciPost Phys. 16, 075 (2024)

where we defined the matrix

Clu) = 1 ( sin? 2u’ sin 2u’(cos 2u’ — cos 2u) ) (55

sin 2u sin 20/ \ sin 2u’(cos 2u’ — cos2u) 1 — 2 cos 2u cos 2u’ + cos? 2u’

and assumed that sin2u is non-zero. These are a set of recurrence relations that begin with
the Majorana fermions at the ends of the chain ¥,; _; and ¥,. From (54b), we immediately
see that ¥,,_; = W,y,_5. Components of the Majorana fermion that commutes with the Floquet
unitary can be written as powers of the matrix C by repeated application of the recursion
relation

W, ; v

( 21+1) =C(u,u’)*? ( 2L—1) , j=0,...,s—2, (56a)
Wajr2 Yo

(\I’zj+1) =C(u/, u)j—s+1 (‘PZS—l) , ] =s,...,L—3. (56b)
U)o Pas

The exchange of the arguments u and u’ in the second row reflects the presence of a domain
wall at the site 2s — 1. The matrix C(u,u’) has eigenvalues eﬂ, where

t
anu (5 7)

Cuw = anu’

and the corresponding eigenvectors are (sinu’, cosu’) and (—cosu’, sinu”) respectively. There-
fore, for positive integers n € N, the n™ power of the matrix is

n s 2/ —n 2
Eu,u’ sin“u + Eu,u’ COS
n

_ . 58
(e ,—e " )sinu'cosu’ € (58)
u,u u,u u

Clu,u "= (

/ n __.—n : / /
U (e, 2eu,u,)smu cozu)
/ —n : / .

weostu' e sin®u

This matrix has unit determinant. The coefficients of the eigenvector with unit eigenvalue that
lie after the domain wall are related to the Majorana fermions at the ends of the chain by

‘1’2]'+1) (aj bj) (%L—l) ~
= , =s,...,L—3, (59)
(‘I’zj+2 ¢ d; Yo J

where the entries of the matrix are

_ 2+j—2s 2 7 25—2—j .. 2 ¢
aj =€, ~ Ccos“u + € SINTU, (60a)
_r 25—2—] 2+j—2s /o !
b; —(eu,u, — € )cosu'sinu’, (60Db)
25—2—j . 2-25+j
cj =€ S cotusin?u’ — e ™ cos? v tanu, (60¢)
u,u u,u
. 25—2—j 24j—2
d; =cosu’sinu’(e] " cotu+e " tanu). (60d)

The last coefficients that can be obtained from these recursion relations are ¥,; 5 and Wy, 4
and can thus be written in terms of ¥,; _; and ¥,. The remaining equations for the Floquet
evolution of the Majorana fermions y,;_ 4,773 and yo;_; lead to the following system of
linear equations

0 =(cos2u’ cos 2u— 1)Wy; _4 + sin 2u cos 2u'Wy; s —sin 2u’ cos 2u¥y; 4

+QW,; 4 sin2u’ sin 2u cos 2u’ — QW sin 2u’ sin 2u, (61a)
0 =(cos 2u’ cos 2u — 1)y, 5 — Qsin 2u cos® 2u' Wy, 4

+Q sin 2u cos 2u’ sin 2u’ W, + sin 2u’ cos 2uW,; 4 + sin 2u’ sin 2uWy; s, (61b)
0 =(cos 2u’ cos 2u — 1)¥,; _; —sin 2u’ cos 2u¥,, + Q2 sin 2u¥,; 5. (61¢)
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Figure 9: Plots of the analytic solution for the Majorana zero mode ¥, against the
Majorana mode number m where m =0, 1,...,2L —3,2L —1. We take a total system
size of L = 100 with the domain wall located at 2s —1 = 99. The plot on the left is
for (u,u’) = (g—g, 35) while the plot on the right is for (u,u’) = (33, g—g). The insets

show a close-up view of the localized Majorana zero mode.

Since the eigenvector can only be determined up to an overall constant, the last coefficient
can be set to Wy;_; = 1. Then, (61c) gives

1 — cos 2u’ cos 2u + sin 2u’ cos 2u¥,,

Vo135 = (62)

Qsin2u

Substituting this into (61b) and using (59) to relate ¥y; s and W,; 4 to the coefficients ¥p; 4
and ¥,, we obtain

1+ cos? 2u’ — 2 cos 2u cos 2u’ — Q sin 2u sin 2u’(c;_5 cos 2u + a; _5 sin 2u)
O =

63
sin 2u’(cos 2u’ — cos 2u) + Q sin 2u’ sin 2u(d; _3 cos 2u + b;_5 sin 2u) (63)

This solution for ¥, and ¥,;_; = 1 also satisfies the remaining equation (61a) and thus con-
stitutes a solution to the full system of linear equations given by (M —1)¥ = 0. The remaining
coefficients can be obtained by multiplying (¥,; _;, ¥,) by the appropriate matrices as in (56a)
and (59).

Plots of the normalized analytic solution of the Majorana zero mode ¥ are shown in figure
9. The coefficients of the Majorana zero mode is negligible except for the Majorana fermions
that are located close to the domain wall at 2s — 1. When u > u’, there is a maximum at
Y2s—o Which corresponds to a string of Pauli X matrices with a Pauli Z operator at 2s — 1,
the location of the domain wall. Recall that when u’ = 0, the Majorana zero mode is exactly
U(u’ = 0) = y5,_5. The exact closed-form solution shows that the Majorana zero mode remains
localized at the domain wall even after turning on the coupling u’. On the other hand, when
u < u’, the Majorana fermions with the largest coefficients are y,,_3, 75,1 and y,,_, with the
coefficient of y,,_, having a sign that is opposite to that of the other two. This agrees perfectly
with the Majorana zero mode obtained earlier for the u = 0 limit (48). In summary, the exact
closed-form expression for the Majorana zero mode is consistent with the u = 0 and v’ = 0
limits discussed earlier in the section, and shows that the physical picture of a single unpaired
Majorana zero mode at the domain wall extends to non-zero couplings u and u’.

From the plots, the Majorana zero mode appears to be symmetric about 2s —2. To see that
this is indeed the case, note that the other coefficients can be related to ¥,,_, and Wy,_5 = ¥y,

23


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075

SCIl SciPost Phys. 16, 075 (2024)

by powers of the inverse of C(u,u’) (see Appendix B for the proof)

Wy 1) s—1—j) [ Y25-3 .
=C(u,u)" 1 ) =0,...,s—2, (64a)

( ¥y Uy s !

W, v,

( 21“) =C(u,u’)” U—S“)( 2= 1), j=s,...,L—3, (64b)

2% Was o

where the second row for (64b) holds for j = L — 2 as well This is be-
cause (56b) and (54b) allows us to relate Wy 4 to Wy ; and Py _, as
2 4_(65511,' =) — ey ")sinu cosu Wy, + (el ) sin?u’ + e EIL, 1) cos? U)Wy, .

We now derive an asymptotic approximation for the Majorana zero mode for the case
where the domain wall is located far away from the duality-twisted boundary i.e, L > s> 1.2
By symmetry, we can focus our attention on the components of the Majorana mode to the left
of Wy, 5. Since (56a) relates both Wy; ; and Wy;,, to ¥, separately, these relations can be
combined to relate Wy, ; and W, giving

(et — €. u, T)sinu’ cosu "Wyin+1 '
Wojr1 = =) = , j=0,...,s—2. (65)
et eos2u/ + e 7 sin2w
u,u’ u,u’
On the other hand, the first recurrence relation (54a) gives
sin 2u’ cos 2u’ — cos 2u
Wy =———Wy, 1+ ———————— W, i=0,...,s—2. (66)
LT sinoy  ¥! sin 2u 2 J

When 7 >u>u">0,¢€,,, >1sofor 1< j<s—2,(65) relates odd-numbered fermions to
the next even fermion as

LP2j+1 I tanu/\I—’zj+2, 1 <<] <s—2. (67)
Substituting this into (66) relates each even-numbered fermion with the next fermion as

Wy

i~ cotuy; g, 1<j<s—2. (68)

These two equations can be repeatedly applied to give

—s+2
Wyiq A~ tanu eJ

jt+l=s / T .
Wy o, oy ~e, Yoo, O<u <u<§,1<<] <s—2.
(69)
Since €,,,, > 1, the coefficients get smaller the further the Majorana fermion is from Wy,_,.

On the other hand, when 7 >u’>u >0, and ¢,,, < 1, (65) is approximately
Wyip1 A —cotu' Wy o, 1<€j<s—2. (70)
Substituting this into (66) gives

Wy

i~ —tanuWy; g, 1<Kj<s—2. (71)

By repeatedly applying these two relations, the other Majorana fermions to the left of ¥,,_,
can be related to it by

92— —1— T .
‘P2j+1 N—Cotulei’u, ]‘1125_2, \Ilzjweuu, J‘IJZS 25 O<u<u/< E,1<<] SS—Z.

(72)

2See Appendix C.3 for discussions of the domain wall Majorana zero mode in the continuum Ising field theory.
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Since €, < 1, the coefficient of the Majorana modes decreases as one moves away from Wy,_,.
Furthermore, the odd coefficients have a sign that is opposite to that of the even coefficients
which explains the oscillating sign observed in figure 9.

We now make contact with Floquet SPTs with open boundary conditions, and in particular
those that can host zero and m Majorana modes with the latter oscillating at twice the drive
period [57,89]. The presence and absence of the zero and 7 mode can be inferred from the
properties of the orthogonal matrix M. Since M is real, for each eigenvector v with eigenvalue
A, MV = AV we have MV* = A*V*, so that the eigenvalues will come in complex conjugate
pairs. This only hinges on M being real and not on its orthogonality. Since M is an orthogonal
matrix, its determinant is £1. For the case we are studying, the matrix M is composed of
S0(2) orthogonal rotations generated by transverse field, mixed coupling and Ising coupling
unitaries. Therefore, the determinant of M is 1. Since M has an odd dimension, the complex
conjugate pairing will inevitably lead to a single unpaired eigenvalue which must be £1. The
products of the eigenvalues with complex conjugate pairs is 1, so this last unpaired eigenvalue
must be 1, implying that there is always a zero mode. The odd dimension of M always ensures
that there is a zero mode even in the absence of a domain wall (see below for an explicit
construction). Moreover, when all the couplings are equal, i.e., in the critical phase, this zero
mode is delocalized.

We now briefly discuss w Majorana modes. Since the determinant of M is 1, = modes will
have to come in pairs so that the product of their eigenvalues is 1. However, we only have a
single “boundary” and so our boundary conditions do not allow for a pair of 7w modes.

5.2 Auto-correlation functions

In situations where an analytic solution is not available, one can still identify zero modes by
studying auto-correlation functions. In this section, we compute the auto-correlation function
defined by

Ap(n) = %Tr[(?(n)@], (73)

where O is an arbitrary operator and O(n) is the operator after n steps of the Floquet evolution
in the Heisenberg picture. In particular, we are interested in computing the auto-correlation
function of the Majorana fermions with even mode numbers y,; for i = 0,...,L —1. These
are the Majorana fermions that correspond to strings of Pauli X operators that begin at the
duality-twisted boundary at site 2L — 1 and end with a Pauli Z operator at site 2i + 1. We
are primarily interested in the auto-correlation function in the presence of duality-twisted
boundary conditions as the auto-correlation function may be able to detect the zero mode that
is localized at the domain wall.

As in the previous section, we consider the case where the qubits live on the odd integer
sites. Plots of the real part of the auto-correlation function for the Majorana fermions y,; as
functions of the Floquet period for a system with I = 9 sites are shown in figure 10. Various
choices of the couplings u and u’ are chosen, while the positions of the domain wall is fixed
at 2s—1 =7, and the position of the duality-twisted boundary is fixed at the end of the chain
as in (23b). The imaginary parts of the auto-correlation functions are not shown since they
vanish. Four different locations of y;_; are chosen, of which two of them, j = 2L — 2,0, are
adjacent to the duality-twisted boundary, while the other two, j = 2s — 2,2s, are adjacent
to the domain wall. When u > u’, the auto-correlation function of the Majorana fermion
Y95y Oscillates about a non-zero value that decreases as u’ approaches u, i.e. as the system
approaches the critical point. This non-zero value is given by the square of the coefficient of
Y 95— in the expansion of the Majorana zero mode ¥ and is indicated by a black horizontal line
in figure 10. Once the system is at the critical point, none of the auto-correlation functions
appear to oscillate about a non-zero value. This is because the domain wall vanishes at the
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critical point since u = u’, and no localized Majorana mode is expected. On the other side
of the critical point where u’ > u, the auto-correlation function for the Majorana mode yo;
appears to oscillate rapidly about a non-zero value, and this oscillation is not as clean as for
the u > u’ case. This is not surprising as the Majorana zero mode in the u = 0 limit is given
by a linear combination of y5,_1, ¥5,_3 and y,,_, rather than y,,_, alone as in the u’ = 0
case. Nevertheless, the auto-correlation function of y,,_, oscillates about a non-zero value
that agrees very well with the analytic solution for the amplitude-squared of the y,,_, fermion
in the exact solution of the Majorana mode (solid black line).

Vary Couplings
— j=1 —_— j=25-3 —_— j=25-1 —_—j=2L-1
u=x u=3 u=g

Realn)
Re Aln)
Realn)
=
5

Re Aln)
Re Aln)

Figure 10: Plots of the real parts of the auto-correlation function A(n) as functions
of Floquet periods as the position of the Majorana fermion y;_; at the odd site j
is varied across the chain. The total system size is L = 9, with the duality-twisted
boundary condition imposed at site 2L — 1 as in (23b), and the domain wall is fixed
at 2s —1 = 7. Each subplot corresponds to a single set of couplings but for different
positions of the Majorana fermion y;_;. The couplings u and u’ are tuned across a
phase transition while keeping u +u’ = 7. Because of the domain wall, part of the
circuit is paramagnetic while the other part of the circuit is ferromagnetic except for
the third subplot (u = u’ = 7/8) which is at the critical point. More precisely, for
the first two plots of the upper panel, the sites j = 1,...,2s — 3 correspond to the
paramagnetic part of the circuit while the sites j = 2s—1,...,2L — 3 correspond to
the ferromagnetic part of the circuit since u > u’. On the other hand, for the lower
plots since u’ > u, the sites j = 1,...,2s — 3 are in the ferromagnetic phase while the
sites j =2s—1,...,2L — 3 are in the paramagnetic phase. The amplitude squared of
the y,,_, fermion in the Majorana zero mode ¥ is indicated by the black horizontal
line for L = 100 which is large enough to approximate the thermodynamic limit.

Plots of the real part of the auto-correlation function of the even Majorana fermion y;, for
different positions of the domain wall are shown in figure 11. As the domain wall is moved
along the periodic chain, the auto-correlation function that oscillates about a non-zero value,
follows the domain wall. This is because the Majorana zero mode is localized at the domain
wall. Furthermore, the auto-correlation function does not oscillate about a non-zero value at
any other location other than in the vicinity of the domain wall.
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Figure 11: Same as in figure 10 except that the couplings are fixed to be u = 7 and
u’ = 35, while the domain wall position is varied according to 2s —1 = 3,7, 13 (left,
middle and right plots respectively). The locations j = 1,...,2s — 3 correspond to
the paramagnetic part of the circuit while the sites j =2s—1,...,2L — 3 correspond
to the ferromagnetic part of the circuit since u > u’. L =9 as in figure 10.

Plots of the auto-correlation functions for the even Majorana fermion y,; as the total system
size is varied, are shown in figure 12. At early times, the auto-correlation functions do not
appear to depend on the total system size I and the plots for different system sizes lie on top
of each other. After a certain time, the auto-correlation functions for different total system sizes
are no longer identical with deviations appearing at later times for larger total system sizes.
This deviation can thus be attributed to finite size effects. Therefore, the auto-correlation
function is expected to oscillate about a non-zero value in the thermodynamic limit for the
Majorana fermion y,,_, (when u > u’) and about zero for the even Majorana fermions located
at other sites. It is also worth noting that the auto-correlation function shows no discernible
dependence on the parity of the total system size. The dependence of the Majorana zero mode
on the total system size differs from that of the strong zero mode [55,57,82-88,90] because
the Majorana zero mode studied here is exactly conserved and can thus be thought of as a
separate Z, symmetry of the system.

5.3 Majorana zero mode in the absence of the domain wall

In this section we will demonstrate that with duality-twisted boundary conditions, a Majorana
zero mode exists even in the absence of a domain wall, with the mode localized at the duality-
twisted boundary.

Consider the case where the physical spins are placed on the odd sites. We take uy;,; = g
and u,; = J which are the transverse field and Ising couplings respectively. From (41) the
Floquet unitary is given by

12 12
T, = e 8 Zj:o Y272j+1 o= Q2137211 e_J Zj:o Y2j-1Y2j (74)

When J = 0 this is T, (J =0) = ]_[]L:_g e~'8%2j+1 which is simply a product of transverse fields
acting on sites 1 to 2L — 3. For this case, both y5;_; and y,;_5 commute with the unitary
because there is no term acting on site 2L — 1. Thus in this simple limit, there is a zero mode,
Yo1—1, located at the duality-twisted boundary.

In contrast, when g = 0, all the Majorana fermions except for y,;_, are present in the Flo-
quet unitary. In addition, from (42), the Floquet unitary rotates the following three Majorana
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Vary Total System Size
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Figure 12: Plots of the real parts of the auto-correlation functions for Majorana
fermion y;_; at the odd site j as functions of Floquet periods and for different po-
sitions j = 1,2s — 3,2s — 1, as the total system size L is varied. The duality-twisted
boundary condition is imposed at 2L — 1 and the couplings are set to u = 7 and
u’ = 75. The domain wall is located at 2s—1 = 7 and the qubits live on the odd sites.
In the right most plot, the horizontal black line is the amplitude squared of the y5,_5

fermion in the Majorana zero mode ¥, in the thermodynamic limit (L = 100).

n 7 x In o
1=100,Q=1,g=— J=— L=100,0=1,g=—J=— = =1,g=2J==
g 321 » g 321 2 L=100,02=1,g: G'] 3

Figure 13: Plots of the zero mode when there is no domain wall. L = 100 sites,
Q =1, and the duality-twisted boundary is located at site 2L — 1. The couplings are
chosen so that the left, middle and right plots correspond to the paramagnetic phase,
ferromagnetic phase and critical point respectively.

fermions amongst themselves

Yor—3 cos2J —Qsin2J cos2J Qsin2J Yor—3
T yar—1 | T, = | Qsin2J cos?2J —sin2Jcos2J || you1 |.  (75)
Yo 0 sin2J cos 2J Yo

The above unitary has an eigenvalue of 1 with a corresponding eigenvector of
(Q,tanJ,1)/v1 +sec2J.

The zero mode for general values of g and J can be obtained by following the same
procedure as in the presence of a domain wall, where we solve the eigenvalue equation
(M —1)¥ = 0. This eigenvalue equation leads to the following recursion relation

v, . : v
( 2J+1)=C(g,J)J+1( flf—l), j=0,...,L—3, (76)
0

Wajt2

where the matrix C(g,J) is defined in (55). The last of these equations relate ¥,; s and ¥,;_4
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to ¥, and W,; ;. The remaining equations (42c), (42d) and (42e) become

0=V,; 4(cos2gcos2J —1)+ ¥y, 5sin2J cos2g — Wy, _5sin2g cos2J

+QW,; _; sin2g sin2J cos 2J — QW sin 2g sin 2J, (77a)
0=V,; 3(cos2gcos2] —1)+ ¥y, 5sin2Jsin2g + Wy, _,sin2g cos 2J

—QW,;_; cos 2g sin 2J cos 2J + Q¥ cos 2g sin? 2J, (77b)
0 =Wy, _;(cos?2J —1)—W,sin2J cos2J + Q¥ _5sin2J. (77¢)

The final equation allows W,; _5 to be written in terms of ¥,; _; and ¥, as
\IJZL—B = (\IIZL—l sin2J + \IJO COoS 2J)Q . (78)

We will show that the Majorana mode with and without a domain wall share similar asymp-
totics.

As the eigenvector is only determined up to an overall factor, we can set Wy; ; = 1 for
convenience and normalize the eigenvector at the end. The components ¥,; s and ¥,;_4 can
be written in terms of ¥, and ¥,; _; = 1 by (76), while the component ¥,; 5 can be eliminated
using (78). Putting these into (77b) gives

sin2J [ 20— (€2 + €4 7?)sin2g |
\IJO == : . (79)

20(cos2g — cos2J) + sin 2g [cos 2J(e§:,2 + e;_f) + (eé;z - e;—JL ]

Above € e is defined in (57). The remaining equation (77a) is satisfied by the above solution,
showing that this solution is indeed consistent. Applying the recurrence relation (76) and the
relation (78) gives the rest of the coefficients.

Plots of the Majorana zero mode in the absence of a domain wall are shown in figure
13. Away from the critical point, the Majorana zero mode is pinned at the duality-twisted
boundary. The main striking difference between this Majorana zero mode and the Majorana
zero mode that is pinned on the domain wall is the lack of symmetry for this case. This can
already be seen from the analytical solution in the exactly solvable limit g = 0, where the
symmetry Q2 controls the relative sign between the modes ¥,; 5 and ¥, that lie on the left and
right of the duality-twisted boundary. As we show below, this asymmetry extends away from
the exactly solvable limit.

As a quick check, at the critical point J = g, the two solutions for the Majorana zero
modes, in the presence and absence of a domain wall, agree. To see this note that when
J=g,Cu,u')*=1,and

. Q—sin2g .
Ui =1, j=0,....,L—1; Vyj=——>—, J=0,...,L—2. (80)
cos2g
The above is identical to the solution for the zero mode in the presence of a domain wall as
presented in (63), (62), (54b), (56a) and (56b) but with u = u’. This agreement is expected
as when the couplings are equal, there is no domain wall in the system.

Now we proceed to construct the Majorana zero mode for general couplings. The recur-

rence relation (76) can be inverted to give

W1 _ —(1—2-) [ Yar-s5 . _
(\p _ )—C(g,J) L) j=0..,1-3. (81)

2j 2L—4

This is useful for approximating the solution in the thermodynamic limit. First, consider the
case where 5 > g >J > 0 so that €, ; > 1. Therefore, when L — o0, keeping only the leading
order terms in (79) and (78) gives

¥, =—tanJ, W,y _3 =QtanlJ, O<J<g<g. (82)
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For the modes immediately to the right of the duality-twisted boundary, (76) gives

—j—1

Wy =, Uyjp0 =€, tanJ, 0<J<g< g,j >0. (83)

This approximation for W,;,; and Wy;,, with j > 0 does not hold for the modes immediately
to the left of the duality-twisted boundary in the thermodynamic limit where L — oo. To
approximate those modes, we have to instead consider the recursion relation that goes in the
other direction from the duality-twisted boundary. Substituting (82) into the system of linear
equations (77a) and (77b), one finds that ¥,; < = QtanJ eg‘i, and Uy, _, = Qe;]. Substituting
this into (81) gives the approximations to the modes immediately to the left of the duality-
twisted boundary

Uy =06, tand, v, <

= Qe 1) 0<J<g< g,j <L-2. (84

Next, consider the case where 0 < g < J < 7 in which case €4 < 1. Now, the leading
order term in (79) and (78) gives

W, = cotJ, Wy, = Qcotl, 0<g<J< g (85)

Applying the recurrence relation (76) gives the exact expression for the modes to the right of
the duality-twisted boundary, in the thermodynamic limit
j+1

i TT
Uy =€t Wpjan = €3 COLJ, 0<g<J<_,0<]. (86)

As before, to obtain the thermodynamic limit of the modes to the left of the duality-twisted
boundary, we need to instead start from the boundary and move leftwards by applying the
inverse recursion relation given by (81). Applying the expressions (85) to the system of linear
equations (77a) and (77b) yields Wy;_5 = Qe, ; cotJ and Wy;_4 = —Qe€, ;, and (81) gives the
thermodynamic limit of the modes to the left of the duality-twisted boundary

L—j—1
gJ

L—j—1

\112]'_1 = Qe g.J N

cotJ, Uy = —Qe O<g<J<g,jSL—2. (87)

In summary, we have shown that in the presence of a duality-twisted boundary, a Majorana
zero mode exists. When a domain wall is introduced, the Majorana mode is pinned at the
domain wall, decaying away from it symmetrically according to (69) and (72). In the absence
of a domain wall, the mode is pinned at the duality-twisted boundary, decaying away from
it asymmetrically, and according to (83), (84), (86), (87). Unlike the Majorana zero mode
pinned on the domain wall, the choice of different symmetry sectors 2 can introduce a relative
sign between the modes to the left and to the right of the duality-twisted boundary.

Moving away from the domain wall, the coefficients of the Majorana zero mode that is
localized on the domain wall get multiplied by either tangent of the smaller coupling or cotan-
gent of the larger coupling. In addition, depending upon which coupling is larger, there is an
additional oscillating sign. The Majorana zero mode that is localized at the duality-twisted
boundary, in the absence of a domain wall, also depends on the cotangent and the tangent of
the couplings, but now it has an oscillating sign on one side of the boundary relative to the
other, for all couplings. In particular, for g > J, the coefficients to the right of the boundary
have oscillating signs, while the coefficients to the left of the boundary do not. This behavior
is reversed for J > g.

Setting aside the symmetry or asymmetry about the localization position, both zero modes
display the same over-all spatial decay away from the localization position. Denoting the
uniform couplings by u_,u., where u. < u., with one of them being the Ising coupling,
and the other the transverse-field, the decay length for the Majorana mode with and without
the domain wall is identical, and given by [In(tanu. /tanu.)]"'. Thus, at the critical point
u. = u, the Majorana mode is delocalized.
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6 Conclusions

The study of quantum circuits have so far been restricted to rather simple geometries such as
periodic and open boundary conditions. In addition, either the temporal and spatial behavior
is ordered, or completely disordered. In this paper we introduced a Floquet circuit which has
topological defects, which are new types of inhomogeneities that obey intricate algebraic struc-
tures. These defects can be deformed in the spatial and temporal directions without changing
the physics, and among them they obey non-trivial fusion rules. We explicitly constructed the
circuits with topological defects for the Floquet Ising model. In particular, we presented the
Floquet unitaries for a defectless circuit ((2a) and (2b)), a circuit with anti-periodic boundary
conditions ((21a) and (21b)), a circuit with duality-twisted boundary conditions ((28a) and
(28b)), as well as the spin-flip symmetry operator (8) and the duality defect operator (10).
The duality defect is a non-unitary topological defect that performs the Kramers-Wannier du-
ality transformation on the Floquet circuit. We verified explicitly how the fusion algebra of
the defects manifest in certain return amplitudes. The twisted boundary conditions amount
to arranging the “space-like” spin-flip and duality defect operators in the “time-like” direction.
We showed that the duality-twisted boundary conditions allow the system to a host an isolated
Majorana zero mode. We analytically constructed the Majorana zero mode and showed how
it manifests in the auto-correlation function. When a domain wall is present, this mode is
localized at the domain wall, which can also be seen in the continuum limit in the Ising CFT
with a space-dependent mass deformation. In the absence of the domain wall, the Majorana
mode is localized at the duality-twisted boundary. At the critical point where all couplings are
equal, the Majorana mode is delocalized. In contrast to strong zero modes [55], the Majorana
mode encountered here is a symmetry of the Floquet circuit.

Future directions involve a classification of Floquet SPTs taking into account topological
defects (which are generally described by fusion categories). Understanding the role of in-
teractions is also an important next step. We expect that certain kinds of interactions, while
making the circuit non-integrable, will not destroy the topological nature of the defects. For
such models, topological defects will be totally immune to heating. It is also interesting to con-
sider interactions for which the defects are no longer exactly topological. For this case it could
be that the time scales over which the non-commutativity of the defects are visible, are non-
perturbatively long in the interactions. In [91], the effect of integrability breaking interactions
which do not preserve the defect commutation relations, was studied. It was found that the
isolated Majorana zero mode with duality twisted boundary conditions, was still remarkably
robust for small system sizes. This was because for the Majorana mode to decay, the chain has
to act as an ideal reservoir, and this requires the chain to be sufficiently long. Thus, finite size
effects in fact make the isolated Majorana zero mode more stable. This is in contrast to strong
zero modes with open boundary conditions [57,82] where the modes appear in pairs, and are
therefore more unstable for smaller system sizes as the modes decay by hybridizing with each
other.

Finally, performing braiding in Floquet circuits and exploring the role of junctions on Flo-
quet dynamics, is another important topic to explore in the future. Noisy intermediate scale
quantum devices appear to be a promising platform for realizing topological defects. In fact,
the duality twisted Floquet unitary was recently simulated on an IBM quantum device [92].
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A Two-qubit Example: Entanglement entropy

In this section, a two-qubit circuit is studied as a warm-up. The small system size makes the
expressions for the unitary circuits with the different defects present easier to understand. Fur-
thermore, the entanglement entropy after a single Floquet step can be computed analytically
to gain some insight into the effects of the topological defects. In this appendix, the |o) label
for the dual sites will be omitted when it is clear to do so.

A.0.1 Single time step with no defects

We begin with the simplest example with two physical spins and a single time step with no
defects. For this case the unitaries are

—iupgXg ,—ius Xy —i(uy+ug)ZyZ.
Ul even =€ ittoXo gitt2Xz gilur Hu3)Zo 2, (88a)

UIL,odd :e—l(u0+u2)2123 e—lu1X1 e—lu3X3‘ (88b)

The Floquet unitaries have different orderings of the transverse field and Ising coupling uni-
taries depending on whether the physical spins are on even or odd lattices. For an initial
product state in the z basis |[¥(0)) = |hyh,) for the even lattice and |¥(0)) = |h;h3) for the odd
lattice, the entanglement entropy of a single site after a single step of the defectless circuit is

S{O} = 0, S{l} = —7L+ In 7L+ —A_InA_. (89)

Above Sy and Syqy are the single site entanglement entropies for the even (site 0) and odd
(site 1) lattices respectively and

A= % [1 + \/1 — sin? 2u; sin? 2u; sin? 2(ug + Uz)J , (90)
are the eigenvalues of the reduced density matrix for site 1. The single site entanglement en-
tropy vanishes for spins on the even lattice, as long as the initial state is a product state in the z
basis. This is because applying the Ising coupling term to such a product state merely produces
a phase, while the subsequent on-site magnetic fields rotate the two spins independently so
no entanglement entropy is generated. For spins on the odd lattice, the onsite magnetic fields
are applied first, rotating the spins that were initially product states in the z basis. Applying
the Ising coupling gates after this rotation then generates entanglement entropy.

A.0.2 Single time step with Anti-periodic boundary conditions

Consider a two-qubit circuit with anti-periodic boundary conditions imposed between sites 1
and 2, i.e. s =1 in (20). The Floquet unitaries are given by

Tlp’l,even :e_luOX()e—luZXzel(ul—U3)ZozZ’ (91a)

Tw,l,odd :ei(uz—uO)Z1Z3 e—iu1X1 e—iu3X3_ (91b)
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Comparing this with the defectless unitary (88), we see that the effect of the anti-periodic
boundary condition is to flip the signs of the Ising couplings in e "*1%%2 and e~“2%1%s for the
even and odd lattice respectively.

Let us consider evolving initial states that are product states in the z basis, |¥(0)) = |hgh,)
for the even lattice and |¥(0)) = |h,hs) for the odd lattice. After a single step of the unitary
circuit with anti-periodic boundary conditions, the single site entanglement entropy is

S0y =0, Sqy=—AylogA, —A_logA_, (92)

for the even and odd lattices respectively. Moreover

1
Ae=> [1 + /1 —sin? 2u; sin® 2uy sin? 2(u, —uo)], 93)

are the eigenvalues of the reduced density matrix for site 1 of the odd lattice. The single site
entanglement entropy is zero for the even lattice for the very same reason as the defectless cir-
cuit because the anti-periodic boundary condition flips the signs of one of the Ising couplings,
and hence only affects the initial phase engendered by the Ising coupling unitaries.

The single-site entanglement entropy for the odd lattice does not depend on the initial
state when it is a product state in the z basis as it only affects certain phases in the state. The
entanglement entropy is the same as that for the defectless unitary except that one of the Ising
couplings has its sign flipped. As a result, if u, = u, the entanglement entropy vanishes. This
is because the anti-periodic boundary condition flipped the sign on one of the Ising unitaries
and so if u, = ug, the phases coming from the two Ising unitaries cancel out and the state
remains a product state.

A.0.3 Single time step with Duality defect

Consider a single Floquet period with a duality defect sandwiched between the two steps of
the Floquet drive. The matrix element when the input spins are placed on the even sites is

<h/1hé | Ueven|h0h2> =
ho

(94)

The matrix element when the input spins are on the odd sites is similar. The unitary operators
for a single time step acting on Heyen, and Hoyqq are

_—lugZi1Z5 —iuyZ 1 Z. —iuyZogZy ,—iusZoZ
Ueven —p Ho4143 7 1l22 3Da€ 14042734022 | (953)

Uodd :e—luOXO e—luZXZDO_e—lule e—lu3X3 . (95b)

The duality defect exchanges each lattice with its dual. If the input state lives on the even
(odd) lattice, the output state will live on the odd (even) lattice. By comparing this with the
defectless unitary (88), we see that the net effect of this transformation is to turn Ising coupling
unitaries into transverse field unitaries and vice versa. To gain better intuition about the action
of the duality defect, consider an initial state |00) on the even sites and with all couplings set
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to u; = u. Under this Floquet unitary, the state evolves as

Ising Coupling _ -
T % 21u|00>

Duality Def : ;
uality Defect e_2”‘| + +> _ e_Z”‘ |00> + |01) ;— |10) + |11) (96b)
. i )

Ising Coupling e_4lu |00> + |11) n |01) + |10) . (96¢)

2 2

The initial Ising coupling term generated no entanglement since |00) remained a product state.
After the duality defect, the system is still in a product state but in the x basis instead. Now,
acting on the system with the Ising coupling terms will generate entanglement. On the other
hand, if the initial state |00) is defined on the odd lattice, the state will evolve under a single
application of the Floquet unitary as

on-site magnetic fields

|00) cos?1|00) —sin?u|11) —isinucosu(|01) + |10)) (97a)

Duality Defect L.
—————cos2u| ++) —isin2u| ——) (97b)

on-site magnetic fields

cos 2ue 24| + +) — i sin 2ue?4| — —). (97¢)

The first row of on-site magnetic fields rotates the two spins. The duality defect maps aligned
(anti-aligned) spins to spins that are polarized (anti-polarized) along the magnetic field. After
the action of the duality defect, the state is no longer separable because the duality defect has
implemented a projection.

Next, consider more general initial product states |¥(0)) = |hohy) and |¥(0)) = |h hs).
The single-site entanglement entropy is

Sty
1. 1—cos?[2(ug+uy)] (=1)hoth 14 (=1)*"2 cos [2(ug + uy)]
=1 - 2(ug + )] ,
2 °% 4 5 cosl2uo ) llog S e e T 1) ]
(98a)
Sto)
1, 1—cos®[2(u; + —1)hths 1+ (=1)"*hs cos[2(u; +
—_Zlog cos® [2(u; +u3)] _ (1) cos [2(u; + us)]log ( )h _ cos [2(uy UB)]’
2 4 1—(—1)m*hs cos[2(uy + us3)]

(98b)

for the initial states living on the even and odd lattices respectively. Note that the entanglement
entropy only depends on the Ising couplings u, u, when the input sites live on the even lattice,
and on uy,u; when the input sites live on the odd lattice. The easiest way to understand this
is to use the duality defect commutation relations (12) to drag the duality defect all the way
to the bottom. This will transform the initial state from a product state in the z basis to a
product state in the x basis. Also, the transverse magnetic fields for the second case with the
input state living on the odd sites turn into Ising coupling unitaries. Then, the only couplings
that appear in the single-site entanglement entropy for this transformed initial state (product
state in the x basis) are the Ising couplings since the transverse magnetic field merely rotates
individual spins in this basis.
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A.0.4 Single time step with spin-flip defect

Next, consider inserting a spin-flip defect in between the two-steps of the Floquet unitary. The
matrix element for the unitary that acts on Hye, iS

h’O

(h:)h/leeven|h0h2> = 1-hg
hyo

(99)

The diagram depicting the matrix element for the unitary acting on H 44 is similar. The unitary
operator is found to be

Ueven :e—luOXO e_lu2X2X0X2 e_l(lll +ll3 )2022 , (1 Ooa)

Uodd :e—i(u0+u2)2123X1X3e—iule e—iU3X3 . (100b)

The unitary operator is identical to the defectless case (88) except for the additional spin-flip
defect which is the Ising symmetry operator. The Ising symmetry operator can be dragged
to the bottom of the circuit by applying the defect commutation relation (12). Action of the
spin-flip operator on an initial product state in the z basis simply flips each spin. Since the
single site entanglement entropy for these initial states do not depend on the particular z basis
state, it will be identical to that of the defectless circuit (89). This is to be expected since the
spin-flip defect is the Ising symmetry of the model and should not affect physical quantities
like the entanglement entropy.
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A.0.5 Single time step with duality-twisted boundary conditions

Finally, consider a single time step with duality-twisted boundary conditions. The correspond-
ing unitary operator for a single time-step is represented by the diagram

(hyohy 0| Ty evenlhoohyo) = Z (101a)
B
h,
|
(oh{oh}|T, oaqlohiohs) = (101b)
Applying the matrix elements gives the unitary operator

Ty even =€ 11507207 yeM2X2C 7 e HoXo, (102a)

Ty oda =€ 151 Hye 2h1 %5 f e ito%1 %8, (102b)

Conjugating an Ising coupling unitary and a transverse field unitary with Hadamard gates

and controlled Z gates leads to mixed coupling terms. Thus, the Floquet unitary with duality-
twisted boundary conditions takes the form

To- even =e—iu12022 e—iuZZOXz e—iUOXO, (1033)

To- odd :e—iule e—ilIz21X3 e—iu02123 . (103b)

To better understand the effect of such a circuit, consider its action on a simple initial

product state |00). When this state is placed on the odd sites, the homogeneous choice of
couplings u; = 7 results in

|00> Ising Coupling |OO> Mixed Coupling |0) |0> — i|1>
V2
Transverse Field |0> — i|1) |O> — i|1)
V2 V2
This is a product state so the entanglement entropy of either site is 0. On the other hand, when
the physical spins are placed on the even sites, the initial product state transforms as
Transverse Field |0> — ill) |O> Mixed coupling |OO> — i|01> — i|10> + |11>
V2 2
Ising Coupling e % (|00) + |11)) —ie'% (|01) + |10))
2

(104)

|00)

. (105)
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Figure 14: Plots of the half-chain entanglement entropy after a single time step
against the homogeneous coupling u; = u, and for different defects present. We
take a chain of length two with periodic boundary conditions and for an initial state
that is a product state |h;h;) in the z basis. The entanglement entropy does not de-
pend on h;, h;. Left Plot: The physical spins live on the odd sites. The entanglement
entropy for the circuit with anti-periodic and duality-twisted boundary conditions is
zero, while the entanglement entropy for the circuit with a spin-flip defect is identical
to that of the defectless circuit. Right Plot: The physical spins live on the even sites.
The entanglement entropy for a circuit with a spin-flip defect or with anti-periodic
boundary conditions vanishes just like for the defectless circuit.

More generally, for an arbitrary z basis product state |¥(0)) = |h;h;,,), the resulting state
after applying a single step of the Floquet unitary with a duality-twisted boundary is

Ty oaalhihs) =e D™ (cosuy |hy) — i sinug |1 —hy)) (cosuylhs) — i sinuy(—1)"[1—hg)),

(106)
Ty evenlhohs) = cosug cos uze_i“l(_l)hw12 |hohy) —isinug cos uzeiul(_l)hml12 |1—hg, hy)
—icosugsin uz(—l)hoeiul(_l)hwh2 |hy, 1 —hy)
+ sinug sin uz(—l)hOe‘iul(_l)hw2 |1—hy,1—h,). (107)

The single-site entanglement entropy after a single application of this unitary operator with
inhomogeneous couplings is

S{l} =0, S{O} = —)L_,_ In )L_,_ —A_ln )L_, (108)

for the odd and even lattices respectively. Moreover,

1 _
Ay = 3 [1 + \/1 — cos2 2u sin? 2uy sin? 2u2J , (109)
are the eigenvalues of the reduced density matrix on site 0.

A.0.6 Summary of two-site entanglement entropy after a single time step

To better understand the effects of the topological defects, the half-chain entanglement entropy
for a system with two physical qubits, and after a single time-step of a Floquet unitary with
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different defect insertions, is shown in figure 14. For concreteness, the initial state is taken to
be a product state in the z basis. In this basis, entanglement entropy can be generated when
an Ising coupling term is applied after transverse magnetic fields as the latter will rotate the
various spins and the former will produce different phases for different states in the z basis.

The simplest defect is the spin-flip defect as it is the Ising symmetry generator which flips
the initial product state, and has no bearing on the single site entanglement entropy. The
anti-periodic boundary conditions on the other hand reverses the sign of some of the Ising
couplings. The resulting phases that are generated by neighbouring Ising couplings cancel
each other out, leading to a reduction in the final single-site entanglement entropy.

The most interesting topological defect is the duality defect as it is a symmetry operator
of the system that is non-unitary. Its effect is to change the initial state which is polarized in
the z direction to one that is a product state in the x basis. This can produce entanglement
because operators that do not generate entanglement in one basis can do so in another basis.

B Proof of (64)

By inverting (54a), the Majorana modes to the left of ¥,,_, can be written as

W, . o (W
( 2J_1) _ C(u, u/)—(s—l—])( 23—3)’ j=0,...,s—2, (110)
\I’zj \IIZS—Z

with the powers of the inverse matrix given by

,cos’u’ + €. " sin’u’ (e

en N eh ,)sinu’cosu’
wit (111D

C(uu)n (uu TR 5

: / / n 227
(eu T eu’u,)smu cosu’ ey ,sin“u’+e 7, cos"u

for positive integers n. The first row of (54b) implies Wy, 3 = W,,_;, and together with the
second row of (54b) one can write ¥y, in terms of Wy,_; and ¥,,_, as follows

cos 2u’ sin 2u’
‘IJZS = | cot 2u — 25—1

_ Uy 5. 112
sin 2u 252 (112)

sin 2u
Substituting this into (56b), the recursion relations for the Majornana fermions
on the right of the domain wall, and wusing the double angle formula
cos 2u — cos 2u’ = 2 cos? u — 2 cos? u’ = 2sin® v’ — 2sinu, one finds

s—j—1 —s+1 s 1 —s+1

Wyipq =(€, L{, sin®u +eJ v cos?u' )W, 1+ (€, L{, e] )sinu’cosu'¥,,_,, (113a)
s—2— s+2 —s+2 S— 2

Wyito (eu Iy I iu, )sinu’ cosu' W, 1+(eJ sin®u’ +e, Jcos u' )W, 5, (113b)

for j =s,..., L —3. By shifting the index j, the second equation, (113b), can be re-written as

—s+1 . s—1—j

L o ] s+ 2 2
= (e )sinu’ cosu' Wy, 1+(e w Sinu e, CcosTu YWy o, (114)

u,u’

for j=s+1,...,L —2. When j = s, this equation agrees with (112) so it holds for j = s as
well. Therefore, (113a) and (114) can be packaged into a single matrix equation

7 R4
( 2]+1) Clu,u’)” (J—S+1)( 25— 1), j=s,...,L—3. (115)
\I’zj lIlZS—Z

Since ¥,,_; =W, _;, the above equation is essentially identical to (110) except that it applies
to the Majorana fermions to the right of the domain wall. Thus we have explicitly shown that
the zero mode solution is symmetric about the domain wall.
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C Topological defects in the Ising CFT and Majorana modes

Conventional global symmetries are associated with unitary operators that commute with the
Hamiltonian. These unitary operators act linearly on the Hilbert space, implementing the sym-
metry transformations. Recently it was realized that there is a natural generalized notion of
symmetries by topological defect operators defined on closed oriented submanifolds of space-
time [93] (see also [68, 69] for a recent review), where the conservation of the symmetry
charge is encoded in the topological property of the defect operator, and the composition of
symmetry transformations is represented by the fusion product of topological defects. The
most general topological defects define the generalized symmetries. In this language, the con-
ventional global symmetries constitute the special case where the topological defects are ex-
tended along the entire space and invertible, meaning that their fusion products follow group
multiplication and a symmetry transformation can be undone by inserting a defect represent-
ing its inverse. For general topological defects, an inverse does not exist, in which case we
call the defect non-invertible and the corresponding generalized symmetry is a non-invertible
symmetry. Equivalently their fusion products no longer form a group, but instead a fusion
algebra, where a direct sum of topological defects appear from the fusion of a pair.

In the following we will a give brief review of the topological defects (equivalently general-
ized symmetries) and their underlying structures in the Ising CFT, as well as their descriptions
in the related theory of a Majorana fermion. We then use these structures to discuss the con-
tinuum version of the Majorana modes found in Section 5.1.

C.1 Review of Ising topological defects

The Ising CFT has three topological defects
Dy, Dy, Dg, (116)
that obey the following fusion rules
DyDy =Dy, D,D,=Dy+Dy, D,Dy=DyD,=D,. (117)

In particular Dy is the transparent (trivial) line defect and Dy is the invertible defect that
generates the Zg spin-flip (charge-conjugation) symmetry in the Ising model.

In general, topological defects may form n-fold topological junctions (with n incoming
topological defect legs). A general n-fold topological junction can be resolved into multiple
trivalent junctions. Different resolutions lead to different basis for the vector space of n-fold
topological junctions.® For example, for a four-fold junction, there are two resolutions related
by a F-move and the change of basis matrix is given by the F-symbol (ngc )xy Where a,b,c,d
label the four external defects and x, y label the internal defects that appear in the two reso-
lution channels respectively (see figure 15). The F-symbols are subjected to constraints from
consistency conditions of the resolutions of n-fold junctions (with n > 5). In particular the
famous pentagon relations arise from n = 5-fold junctions, which turn out to be necessary and
sufficient to ensure the consistency for all topological junctions. Each solution to the pentagon
relations (up to a certain “gauge freedom”) for the set of topological defects we start with
fully specifies a fusion category, which is the mathematical framework underlying generalized
symmetries in 1+ 1d (see [94] for more about fusion categories).

For the topological defects in (116) obeying the fusion rules (117), there are two solutions
to the pentagon equations that differ by an overall sign in the F-symbol FJ?“. One of them

3In CFT, this topological junction vector space is the subspace of the defect Hilbert space (on a S with n defect
points) of zero conformal dimension.
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describes the generalized symmetry in the Ising CFT, and for that reason, we call the corre-
sponding fusion category the Ising category. The other describes a generalized symmetry in
the SU(2), WZW model. We record the nontrivial F-symbols for the Ising category below

1 ({1 1
ooo _ oyo _ _
(FI99),y = ﬁ(l _1), Fyt =1, (118)
a b c a b c
X — Z(Fsbc)xy y
Y
d d

Figure 15: The F-move that relates two resolutions of the four-fold junction of topo-
logical defects labelled by a, b, ¢, d into a pair of three-fold junctions joined by inter-
nal topological defects (in blue) labelled by x and y. Here the arrows keep track of
the orientations of the defects.

In CFT, topological defects have richer structures encoding how they act on local operators
(equivalently states on S'). Firstly, a topological defect £ when positioned along a spatial
direction naturally act on the Hilbert space H of the CFT on S' as a linear operator L (which
is not unitary in general). Secondly, a topological defect £ when positioned along the time
direction defines a twisted Hilbert space H . (e.g. H; = #) also known as the defect Hilbert
space for £. More generally, topological defects £; also act on defect Hilbert spaces H c;-In this
case, since the defects £; and £; intersect on the cylinder, the corresponding linear operator
acting on H c; in general depend on the junction vector (equivalently a choice of resolution
into a pair of trivalent junctions). Finally, since topological defects commute with the Virasoro
generators, to specify these linear operators acting on various Hilbert spaces on S?, it suffices
to state their actions on the Virasoro primaries in each sector.

We now review these defect actions in the Ising CFT (see [95] for general discussions on
topological defects in 1+ 1d CFTs). In the Ising CFT, the (twisted) Hilbert space organize into
unitary representations of the Virasoro algebras Vir._, 5 XVir,_; /2 which may have (anti)chiral
weights h, h € {0, %, %}. In the ordinary Hilbert space 7, the primaries are the identity opera-
tor 1, the energy operator € of dimension h = h = %, and the spin operator o withh =h = %.
Below we list the primaries in general defect Hilbert spaces where the subscripts keep track of
the (h, h) weights of the corresponding operators,
}s HwZ{TP%,O,lpO,%;M A }
119)
In particular, in the Zg twisted Hilbert space H,, u is the disorder spin operator and P,
are the left and right moving Majorana fermions. Perhaps less known are the operators in
the D, twisted Hilbert space H, listed in the last equality above. They (together with the
Virasoro descendants) represent a basis of operators that live at the end of the duality defect
D, . The topological defects act on a (twisted) point-like operator by enclosing it as in Fig. 16.
Equivalently this determines how they act on the states in the (twisted) Hilbert spaces. More
generally, topological defects relate states in Hilbert spaces (correspondingly point-like opera-
tors) with different twists. See Fig. 17 for an example in the Ising CFT which is an important
feature of the duality defect D,.

The action of the topological defects on (twisted) Hilbert spaces in the Ising CFT is sum-
marized in Table 1. Note that the linear operators ﬁa in general do not obey the same fusion

H = {]10,076%’%>O- %6}, Ho’ = {811_6’0, 0, ;A

NI

1
16

&l

11 1 11
16°16 16> 2>16
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rule as in (117) when acting on a twisted Hilbert space (this is a consequence of the nontrivial
F-symbols).

Hy | 1 € o Hy P Y |u| | He | s § A A
D, | 1 1 1 Dy 1 1 |1||Dy| 1] 1 1 1
Dy| 1| 1 |-1 Dy | =1 | =1 |1||Dy| i | —i | i —i
ﬁa V2| —v2 ] 0 ﬁo —v2i | V/2i |0 130 es | e % | —es | —e T

Table 1: The action of topological defects restricted to (twisted) Hilbert spaces on S!
in the Ising CFT. Here the defects act diagonally and the diagonal entries are listed
above. We have picked a particular resolution of the nontrivial four-fold topological
junctions when the defects act on twisted Hilbert spaces.

Yo

resolve

Figure 16: The action of the topological defect D; on an operator O that lives at the
end of the defect D; (equivalently a state in the defect Hilbert space #;). The linear
map ﬁj depends implicitly on a choice of the four-fold topological junction (in the
first picture above from the left), which is specified by a resolution into three-fold
topological junctions via a topological defect D, (second picture).

Figure 17: As we move the duality defect D, across the order spin operator o(x),
the disorder spin operator u(x) emerges at the end of the Z, spin-flip defect D,j,.

The operator content of the Ising CFT in the absence of defects is captured by its torus
partition function

Z(7,1) =l (D + 2y (D + 2o (D (120)

Similarly, the defect Hilbert space and the action of the topological defects therein in a general
CFT of central charge c follows from the (twisted) torus partition functions Z; ;(7, T) decorated
by defects D; and D; along the time and spatial cycles of the torus respectively (see figure 18),

Zyj(7, %) = tryy, (Dje? ™ o) 2ritlomag)) (121)
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The twisted partition functions are constrained by modular covariance, namely under the T-
transformation (Dehn twist) and the S-transformation,

T
Zi(t, 1) > Zy:(t+ 1,7+ 1) =Z;,.:(7,7),
ilj ilj ilj-i (122)

Zyi(7,7) 35, Zyj(=1/7,=1/7) = Z;;(7, T),

where i denotes the orientation-reversal of D; and j - k denotes the fusion product of D; and
Dy.

For the Ising CFT, we record the twisted partition functions below (note that the Ising
topological defects are all identical to the orientation reversal of themselves),

Zyy =11 P + 2y (P = 26D, Zyo = V2121 ()2 = V2Uxy(0)P,

Zpjn =1 (D xyp(D) +ce) + 1o (P, Zop = 26(D (2 (F) + 24 (B + c.c.,

Zyy = — GO + )+ 11o(DP ) Zopy = ixo(D (D) + 2y (B +ec, 20
Zyjo = = iV2ry (DD +ec,  Zgjp =¥ 1o(1)(ra (D) = 1y (D) +cc..

Here the partition Z,, twisted by D,, in both space and time directions is defined with the
resolved topological junction via D, = Dy in figure 18. One can check that the above is
consistent with the modular transformations (122) using the modular S-matrix for Vir._ /o,

(11 V2
Sy=5| 1 1 —V2|. (124)
V2 —v2 0

resolve
—

Figure 18: Torus partition functions twisted by various configurations of topological
defects. The third diagram involves a pair of topological defects that intersect at
a topological junction. Its resolution in the diagram to the right defines the twisted
partition Z;); in the text (the dependences on the resolution channel labelled by defect
D, and the pair of three-fold junctions are implicit). See also Fig. 16 for the action
of topological defects on point-like operators.

C.2 Ising topological defects from the Majorana fermion

The Ising CFT is the bosonization of the Majorana fermion. Correspondingly, we expect gen-
eralized symmetries (described by the Ising fusion category) in the Ising CFT to have origins
in the fermionic theory.

We start by reviewing the symmetries of a free Majorana fermion (v, ). There is a non-
chiral Zg fermion number symmetry generated by (—1)F and a chiral parity symmetry Zé

D (@) = =), YPE)—PE). (125)

As we will explain, under the bosonization map, the “dual symmetry” of (—1)F becomes the
Zg symmetry generator Dy, and (—1)fr becomes the Kramers-Wannier duality defect D,,.
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In the fermionic theory, depending on the spin structure (fermion boundary condition) on
the spatial S, we have two Hilbert spaces Hyg (for periodic boundary condition) and Hg (for
anti-periodic boundary condition). They further decompose into even and odd subsectors with
respect to (—1), and we list the Virasoro primaries in each sector below,

His =11 e =Y}, Hys={, ¥}, HE = {0}, Hy = {u}. (126)

The Ising CFT is obtained from the Majorana fermion by bosonization (the continuum
version of the Jordan-Wigner transformation). The relation between the operators in the
fermionic theory and the bosonic theory is already implied by our notations above. More
explicitly, recall that the bosonization (also known as GSO projection) of a fermionic theory,
in the modern point of view, corresponds to gauging a non-anomalous Zg symmetry [96-98],
which involves summing over spin structures (corresponding to Zg twists) and projecting onto
the Zg invariant subspace. The bosonization procedure is not unique in general. The freedom
comes from the choice of the non-anomalous fermion number symmetry and the possibility
to stack a fermionic SPT. Here the single Majorana fermion has a unique non-anomalous Zg
symmetry and the only freedom in bosonization comes from stacking a fermionic SPT defined
by the Arf invariant [99].%

At the level of the partition function on a genus g Riemann surface, the Ising CFT and the
Majorana fermion are related by [96-98]

1
ZIsing(A) = 2_g Z ZMajorana(P)(_l)Arf(p+A) 5 (127)
Iel

where p denotes the spin structure and A is the background Zg gauge field. The sum over
o on the RHS gauges the (—1)F symmetry of the Majorana fermion, and Zg emerges as the
corresponding “quantum symmetry” or “dual symmetry” in the Ising CFT. This is a common
feature in 1+ 1d for orbifolds by a discrete abelian group G and the “dual symmetry” charges
are G-Wilson lines that measure the magnetic flux in the G-twisted sectors [100]. Note that
the other possible bosonization map from stacking the fermionic SPT (—1)A ()

1
ZIsing/ (A) = 2_g Z ZMajorana(p)(_1)Arf(p+A)+Arf(p) . (128)
P

produces the same (isomorphic) Ising CFT (in particular Zigny(A) = Zising(A)) because the
Majorana satisfies [99]

ZMajorana(p) = ZMajorana(p)(_l)Arf(p) ] (129)

This property is a consequence of the anomalous (—1): symmetry of the Majorana fermion
and is closely related to the duality symmetry in the Ising CFT which we will come to next.

To see more explicitly how the chiral (—1)f: symmetry of the Majorana fermion descends
to the duality defect D, in the Ising CFT, we first note that the energy operator e = i2)1) is odd
under (—1)f*, which matches with how D, acts on € from Table 1. Furthermore (—1)* of the
Majorana fermion carries a Zg anomaly [101-104]. This is a fermionic mixed gravitational
anomaly classified by the cobordism group prin(BZ?) = Zg and the single Majorana fermion
provides a generator for this Zg anomaly. The anomaly can be detected in several ways, for
example by studying the Hilbert space Hy on S! with periodic boundary condition, where the
ZgL and Zg generators anti-commute (see e.g. [105]),

{(-D, (-D)f}=0. (130)

“The Arf invariant Arf(p) is a Z,-valued function of the spin structure p. For example on a torus, Arf(p) is
non-trivial only when p corresponds to the odd spin structure (periodic boundary conditions in both space and
time directions).
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In particular from (126), this requires that (—1)": must exchange o and y which have opposite
(—1)F charges, as expected for the Kramers-Wannier duality. The Zg anomaly also implies the
following relation for the massive Majorana fermion,

ZMajorana(p: m) = ZMajorana(p: _m)(_l)Arf(p) 5 (131)

and the massless case m = 0 leads to the relation (129) which says that the massless Majorana
partition function must vanish whenever (—1)AP) £ 1.

As before, we can record the properties of the fermionic symmetry defects (i.e. their defect
Hilbert spaces and the symmetry actions therein) by the twisted partition functions on the
torus. We start with the partition functions in the NS and R sectors respectively,

Zys(0, ) = 23, (7, D) = (D) + oy (DF - ZE (1,8 =20y (1,8) = 2025 (DP . (132)
In the presence of an additional symmetry defect along the spatial cycle, we have

Zi1-1y (T, B) = | (D) — 2y (P,

Zg 11y (T 8) = G (1) = 2y (0 () + 2y (7)),
Zg 11y (T 8) = O (0 + 29 (D) (F) — 2 (7)),
ZE (0.1 = V226 (D) (1) + 2y (1)),

zg’ iy (5 F) = V2e % 1 (D)0 () = 1y (5)), (133)

( 1)FR|]1(T T) 1/E()C‘JI(T)-’_)('L,U(T)))(o‘(;l’-)9
ZE iy (T ) = ﬁe‘%(xﬂ(f)—xw(f))xa(f),
Z gy (7B = Z ( 1)F|( oy (5D =2 1)F|( py (7> ) =

( vy (T T = ( D=1y (T T) = ( Dyrj—py (5T =

Here (—1)fr is the right-moving fermion parity. The above partition functions are related
to the twisted partition functions (123) in the Ising CFT by the bosonization map (127). The
vanishing of the twisted partition functions in the last two lines of (133) is again a consequence
of the Zg anomaly (129) (see also below (131)). From the above, we also observe that the
precise relation between the duality defect in the Ising CFT, and the (—1)f: symmetry defect
in the Majorana fermion is,”

D, < vV2(=1)r. (134)

C.3 Majorana fermion in the duality-twisted sector

In the main text, we have identified a Majorana zero mode in the duality-twisted Floquet
circuit and showed that this Majorana mode is a symmetry of the circuit. Here we discuss its
counterpart in the continuum both at the critical point and away from criticality. We will see
that the Majorana zero mode originates from the Majorana fields 1(x) (and v)(x)) attached
to the spin-flip defect D, that anchors topologically on the duality defect D, (see figure 19).
We start at the critical point. First of all, from the F-moves (as in figure 15) using the
F-symbols in (118), it is easy to see that the Majorana field v(x), 1 (x) commutes the spin-flip
defect D, in the duality twisted sector (see figure 20). Next let us see how quantization of
the Majorana fields leads to the spectrum in the defect-twisted Hilbert space H, in (119).
We work with the cylinder spacetime with coordinates (x1,x5) ~ (X1, X5 + 27). States in H,,

>More precisely this relation involves a topological interface Z between the bosonic Ising CFT on the left and
the Majorana fermion on the right such that D, 7 = Z+/2(—1)" [106].
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Figure 19: The Majorana field +)(x) (similarly for +)(x)) attached to the spin flip
defect Dy, that joins the duality defect D, at a topological junction.

has eigenvalue *i under the spin-flip symmetry which acts as lA)w (see figure 16 and Table 1),
correspondingly we have the obvious decomposition H, = ”H; ® H_. As a consequence of
the F-moves as in figure 21, we find that the Majorana fields have the following periodicity
conditions in the two sectors,

HE 2 (g, xg +27) = (1, X5), Py, X9 +27) = —1p(x1,X3),

o _ _ (135)
Hy o Py, xg +271) = —1P(xq,x2), P(xq, x5 +27) = 1P(x1,x3).

Quantization proceeds by decomposing v, into Fourier modes respecting the periodicity
conditions. Each sector has a ground state whose energy and momentum are determined by
standard Casimir energy analysis and are here given by [107],

1 1 1 1
E,P)=(—,— ——. 136
(E.P) (48’16)’ (48 16) (136)
Using the relation between cylinder and plane conformal charges,

E=L0+i0—1c—2, P=1Ly—L,, (137)
we see the two states in (136) correspond to precisely the two operators s,$ listed in (119)
respectively. We note that the periodicity conditions (135) allows for a zero mode for 1 in the
H sector and a zero mode for 1) in the H_ sector. They preserve the ground states in their
respective sector (up to a sign that can be reabsorbed into the definition of 1,1)). The states
of higher energy in #, are obtained from these ground states by creation operators from the
Fourier expansion of 1), ).
The Ising CFT does not admit relevant translation invariant perturbations that commute
with the duality defect. Nonetheless, we can turn on a spatially inhomogeneous coupling to
the energy operator

Scrr = Scrr + f d%x m(x)e(x), (138)

while preserving the topological defects. This is achieved by choosing a domain-wall profile
for m(x) centered at x, = 0 with width 2¢ such that (see figure 22)

M xpe(w),
m(x)—{_M xy,€(w,2m—1), (139)

where we insert the duality defect D, at x, = w, which is by construction topological as long
asf <w < 2nm—/{ (see figure 22). The Majorana fields now become massive and contribute a
single localized Majorana zero mode at the domain wall (for M > 0 from v(x) as in figure 22
and for M < 0 from 1(x)) [108]. The setup here corresponds to the small coupling and zero
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temperature limit of the Floquet circuit considered in Section 5.1, and we find the continuum
description of the Majorana zero mode identified there.

D, F:;wU =1 LIJEX) ..........................................
w(x) — I - W(x)
""""" Dw
Nommute /
px)  e2misy = 1 W(x)
----- ° —

Figure 20: A sequence of F-moves (clockwise from top-left to bottom-left) that shows
Dy, commutes with the Majorana field ¢ (x) (similarly for 2)(x)) in the presence of
the duality twist by D,. The only step where the F-move introduces a nontrivial factor
is the first step on the top-left. The —1 contribution there is cancelled by the —1 from
27-rotation of the spin-1 1 (x) field in the last step at the bottom.

2

Figure 21: Periodicity of the Majorana field v(x) in the duality twisted sector from a
sequence of F-moves. The left and right ends of each diagram are identified (cylinder
topology). There is a nontrivial factor (F777 )y, = % from the second step and then
a—i+/2 factor from D (x) in the third step. Together they imply that bringing 1 (x)
around the cylinder generates a horizontal D,, defect and introduces a factor of —i.
Similarly, performing these moves for v(x) gives the same right-most diagram but
with a factor of i. The duality twisted sector decomposes H, = H_ ® H_ according
to charges for Dy, which can be +i (see above (135)). Together with the —i factor
from the F-move, this determines the periodicity for v(x) (and similarly for 1(x)).
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Dy
-------------- [ ] (p _
D, m=M
m=-M
w
Xo=W X2=0

Figure 22: Ising CFT on the cylinder twisted by the duality defect D, in the presence
of a domain wall profile (blue) for the mass coupling m(x) in (138). Here the domain
wall W (red) has width 2¢ and M > 0. The domain wall Majorana mode comes from
the 1) (x) field attached to the spin flip defect D,y.

References

[1] C. J. Ballance, T. P Harty, N. M. Linke, M. A. Sepiol and D. M. Lucas, High-fidelity
quantum logic gates using trapped-ion hyperfine qubits, Phys. Rev. Lett. 117, 060504
(2016), doi:10.1103/PhysRevLett.117.060504.

[2] C. Monroe et al., Programmable quantum simulations of spin systems with trapped ions,
Rev. Mod. Phys. 93, 025001 (2021), doi:10.1103/RevModPhys.93.025001.

[3] R.Blattand C. E Roos, Quantum simulations with trapped ions, Nat. Phys. 8, 277 (2012),
doi:10.1038/nphys2252.

[4] A. Browaeys and T. Lahaye, Many-body physics with individually controlled Rydberg
atoms, Nat. Phys. 16, 132 (2020), doi:10.1038/s41567-019-0733-z.

[5] J. Preskill, Quantum computing in the NISQ era and beyond, Quantum 2, 79 (2018),
doi:10.22331/q-2018-08-06-79.

[6] K. Bharti et al., Noisy intermediate-scale quantum algorithms, Rev. Mod. Phys. 94,
015004 (2022), doi:10.1103/RevModPhys.94.015004.

[7] E. Huffman, M. Garcia Vera and D. Banerjee, Toward the real-time evolution
of gauge-invariant Z, and U(1) quantum link models on noisy intermediate-scale
quantum hardware with error mitigation, Phys. Rev. D 106, 094502 (2022),
doi:10.1103/PhysRevD.106.094502.

[8] S.-H. Lin, R. Dilip, A. G. Green, A. Smith and E Pollmann, Real- and imaginary-
time evolution with compressed quantum circuits, PRX Quantum 2, 010342 (2021),
doi:10.1103/PRXQuantum.2.010342.

[9] W. Brown and O. Fawzi, Decoupling with random quantum circuits, Commun. Math.
Phys. 340, 867 (2015), doi:10.1007/s00220-015-2470-1.

[10] B W. Claeys and A. Lamacraft, Ergodic and nonergodic dual-unitary quantum circuits
with arbitrary local Hilbert space dimension, Phys. Rev. Lett. 126, 100603 (2021),
doi:10.1103/PhysRevLett.126.100603.

47


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075
https://doi.org/10.1103/PhysRevLett.117.060504
https://doi.org/10.1103/RevModPhys.93.025001
https://doi.org/10.1038/nphys2252
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.22331/q-2018-08-06-79
https://doi.org/10.1103/RevModPhys.94.015004
https://doi.org/10.1103/PhysRevD.106.094502
https://doi.org/10.1103/PRXQuantum.2.010342
https://doi.org/10.1007/s00220-015-2470-1
https://doi.org/10.1103/PhysRevLett.126.100603

SCIl SciPost Phys. 16, 075 (2024)

[11] A. Nahum, J. Ruhman, S. Vijay and J. Haah, Quantum entanglement
growth under random unitary dynamics, Phys. Rev. X 7, 031016 (2017),
doi:10.1103/PhysRevX.7.031016.

[12] T. Zhou and A. Nahum, Emergent statistical mechanics of entanglement in random unitary
circuits, Phys. Rev. B 99, 174205 (2019), doi:10.1103/PhysRevB.99.174205.

[13] H. Liu and S. Vardhan, Void formation in operator growth, entanglement, and unitarity,
J. High Energy Phys. 03, 159 (2021), doi:10.1007 /JHEP03(2021)159.

[14] N. Hunter-Jones, Unitary designs from statistical mechanics in random quantum circuits,
(arXiv preprint) doi:10.48550/arXiv.1905.12053.

[15] Y. Huang, Dynamics of Rényi entanglement entropy in diffusive qudit systems, IOPSciNotes
1, 035205 (2020), do0i:10.1088/2633-1357/abd1e2.

[16] T. Rakovszky, E Pollmann and C. W. von Keyserlingk, Comment on “Entanglement growth
in diffusive systems”, (arXiv preprint) doi:10.48550/arXiv.2010.07969.

[17] A. Bera and S. S. Roy, Growth of genuine multipartite entanglement in random unitary
circuits, Phys. Rev. A 102, 062431 (2020), doi:10.1103/PhysRevA.102.062431.

[18] B. Bertini, P Kos and T. Prosen, Exact spectral statistics in strongly localized circuits, Phys.
Rev. B 105, 165142 (2022), doi:10.1103/PhysRevB.105.165142.

[19] P W. Claeys and A. Lamacraft, Maximum velocity quantum circuits, Phys. Rev. Res. 2,
033032 (2020), doi:10.1103 /PhysRevResearch.2.033032.

[20] C. Chamon, A. Hamma and E. R. Mucciolo, Emergent irreversibility and
entanglement spectrum statistics, Phys. Rev. Lett. 112, 240501 (2014),
doi:10.1103/PhysRevLett.112.240501.

[21] T. Rakovszky, E Pollmann and C. W. von Keyserlingk, Diffusive hydrodynamics of out-
of-time-ordered correlators with charge conservation, Phys. Rev. X 8, 031058 (2018),
doi:10.1103/PhysRevX.8.031058.

[22] C. W. von Keyserlingk, T. Rakovszky, E Pollmann and S. L. Sondhi, Operator hydrody-
namics, OTOCs, and entanglement growth in systems without conservation laws, Phys.
Rev. X 8, 021013 (2018), doi:10.1103/PhysRevX.8.021013.

[23] X. Mi et al., Time-crystalline eigenstate order on a quantum processor, Nature 601, 531
(2021), doi:10.1038/s41586-021-04257-w.

[24] J. Kudler-Flam, M. Nozaki, S. Ryu and M. T. Tan, Quantum vs. classical information:
operator negativity as a probe of scrambling, J. High Energy Phys. 01, 031 (2020),
doi:10.1007/JHEP01(2020)031.

[25] J. Kudler-Flam, M. Nozaki, S. Ryu and M. T Tan, Entanglement of lo-
cal operators and the butterfly effect, Phys. Rev. Res. 3, 033182 (2021),
doi:10.1103/PhysRevResearch.3.033182.

[26] Z.-C. Yang, K. Meichanetzidis, S. Kourtis and C. Chamon, Scrambling via braiding of
nonabelions, Phys. Rev. B 99, 045132 (2019), doi:10.1103/PhysRevB.99.045132.

[27] M. Blake and N. Linden, Quantum circuits with classically simulable operator scrambling,
Phys. Rev. Lett. 125, 030502 (2020), doi:10.1103/PhysRevLett.125.030502.

48


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075
https://doi.org/10.1103/PhysRevX.7.031016
https://doi.org/10.1103/PhysRevB.99.174205
https://doi.org/10.1007/JHEP03(2021)159
https://doi.org/10.48550/arXiv.1905.12053
https://doi.org/10.1088/2633-1357/abd1e2
https://doi.org/10.48550/arXiv.2010.07969
https://doi.org/10.1103/PhysRevA.102.062431
https://doi.org/10.1103/PhysRevB.105.165142
https://doi.org/10.1103/PhysRevResearch.2.033032
https://doi.org/10.1103/PhysRevLett.112.240501
https://doi.org/10.1103/PhysRevX.8.031058
https://doi.org/10.1103/PhysRevX.8.021013
https://doi.org/10.1038/s41586-021-04257-w
https://doi.org/10.1007/JHEP01(2020)031
https://doi.org/10.1103/PhysRevResearch.3.033182
https://doi.org/10.1103/PhysRevB.99.045132
https://doi.org/10.1103/PhysRevLett.125.030502

SCIl SciPost Phys. 16, 075 (2024)

[28] L. Piroli, G. Styliaris and J. Ignacio Cirac, Quantum circuits assisted by local operations
and classical communication: transformations and phases of matter, Phys. Rev. Lett. 127,
220503 (2021), do0i:10.1103/PhysRevLett.127.220503.

[29] A. Lavasani, Y. Alavirad and M. Barkeshli, Measurement-induced topological entangle-
ment transitions in symmetric random quantum circuits, Nat. Phys. 17, 342 (2021),
doi:10.1038/s41567-020-01112-z.

[30] T. Zhou and A. Nahum, Entanglement membrane in chaotic many-body systems, Phys.
Rev. X 10, 031066 (2020), doi:10.1103/PhysRevX.10.031066.

[31] A. Chan, A. De Luca and J. T. Chalker, Solution of a minimal model for many-body quan-
tum chaos, Phys. Rev. X 8, 041019 (2018), do0i:10.1103/PhysRevX.8.041019.

[32] A. Chan, A. De Luca and J. T Chalker, Spectral statistics in spatially ex-
tended chaotic quantum many-body systems, Phys. Rev. Lett. 121, 060601 (2018),
doi:10.1103/PhysRevLett.121.060601.

[33] Y. Li and M. P A. Fisher, Statistical mechanics of quantum error correcting codes, Phys.
Rev. B 103, 104306 (2021), doi:10.1103/PhysRevB.103.104306.

[34] T-C. Lu and T Grover, Spacetime duality between localization transitions
and measurement-induced transitions, PRX Quantum 2, 040319 (2021),
doi:10.1103/PRXQuantum.2.040319.

[35] S. Sang and T. H. Hsieh, Measurement-protected quantum phases, Phys. Rev. Res. 3,
023200 (2021), doi:10.1103/PhysRevResearch.3.023200.

[36] M. Ippoliti and V. Khemani, Postselection-free entanglement dynamics via spacetime dual-
ity, Phys. Rev. Lett. 126, 060501 (2021), doi:10.1103/PhysRevLett.126.060501.

[37] X. Chen, Y. Li, M. P A. Fisher and A. Lucas, Emergent conformal symmetry in
nonunitary random dynamics of free fermions, Phys. Rev. Res. 2, 033017 (2020),
doi:10.1103/PhysRevResearch.2.033017.

[38] L. Fidkowski, J. Haah and M. B. Hastings, How dynamical quantum memories forget,
Quantum 5, 382 (2021), doi:10.22331/q-2021-01-17-382.

[39] B. Skinner, J. Ruhman and A. Nahum, Measurement-induced phase tran-
sitions in the dynamics of entanglement, Phys. Rev. X 9, 031009 (2019),
doi:10.1103/PhysRevX.9.031009.

[40] O. Lunt and A. Pal, Measurement-induced  entanglement  transitions
in many-body localized systems, Phys. Rev. Res. 2, 043072 (2020),
doi:10.1103/PhysRevResearch.2.043072.

[41] D. Rossini and E. Vicari, Measurement-induced dynamics of many-body systems at quan-
tum criticality, Phys. Rev. B 102, 035119 (2020), doi:10.1103/PhysRevB.102.035119.

[42] L. Zhang, J. A. Reyes, S. Kourtis, C. Chamon, E. R. Mucciolo and A. E. Ruckenstein,
Nonuniversal entanglement level statistics in projection-driven quantum circuits, Phys.
Rev. B 101, 235104 (2020), doi:10.1103/PhysRevB.101.235104.

[43] T Senthil, D. T. Son, C. Wang and C. Xu, Duality between (2+1)d quantum critical points,
Phys. Rep. 827, 1 (2019), doi:10.1016/j.physrep.2019.09.001.

49


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075
https://doi.org/10.1103/PhysRevLett.127.220503
https://doi.org/10.1038/s41567-020-01112-z
https://doi.org/10.1103/PhysRevX.10.031066
https://doi.org/10.1103/PhysRevX.8.041019
https://doi.org/10.1103/PhysRevLett.121.060601
https://doi.org/10.1103/PhysRevB.103.104306
https://doi.org/10.1103/PRXQuantum.2.040319
https://doi.org/10.1103/PhysRevResearch.3.023200
https://doi.org/10.1103/PhysRevLett.126.060501
https://doi.org/10.1103/PhysRevResearch.2.033017
https://doi.org/10.22331/q-2021-01-17-382
https://doi.org/10.1103/PhysRevX.9.031009
https://doi.org/10.1103/PhysRevResearch.2.043072
https://doi.org/10.1103/PhysRevB.102.035119
https://doi.org/10.1103/PhysRevB.101.235104
https://doi.org/10.1016/j.physrep.2019.09.001

SCIl SciPost Phys. 16, 075 (2024)

[44] D. Aasen, R. S. K. Mong and P Fendley, Topological defects on the lattice: I
The Ising model, J. Phys. A: Math. Theor. 49, 354001 (2016), doi:10.1088/1751-
8113/49/35/354001.

[45] J. L. Cardy, Boundary conditions, fusion rules and the Verlinde formula, Nucl. Phys. B
324, 581 (1989), doi:10.1016/0550-3213(89)90521-X.

[46] V. B. Petkova and J.-B. Zuber, Generalised twisted partition functions, Phys. Lett. B 504,
157 (2001), doi:10.1016/S0370-2693(01)00276-3.

[47] J. Frohlich, J. Fuchs, I. Runkel and C. Schweigert, Kramers-Wannier duality from confor-
mal defects, Phys. Rev. Lett. 93, 070601 (2004), doi:10.1103/PhysRevLett.93.070601.

[48] D. Aasen, P Fendley and R. S. K. Mong, Topological defects on the lattice: Dualities and
degeneracies, (arXiv preprint) doi:10.48550/arXiv.2008.08598.

[49] G. Schutz, “Duality twisted” boundary conditions in n-state Potts models, J. Phys. A 26,
4555 (1993).

[50] M. Oshikawa and I. Affleck, Boundary conformal field theory approach to the criti-
cal two-dimensional Ising model with a defect line, Nucl. Phys. B 495, 533 (1997),
doi:10.1016/S0550-3213(97)00219-8.

[51] U. Grimm, Spectrum of a duality-twisted Ising quantum chain, J. Phys. A: Math. Gen. 35,
L25 (2002), doi:10.1088/0305-4470/35/3/101.

[52] A. Roy and H. Saleur, Entanglement entropy in the Ising Model with topological defects,
Phys. Rev. Lett. 128, 090603 (2022), doi:10.1103/PhysRevLett.128.090603.

[53] A. Roy and H. Saleur, Entanglement entropy in critical quantum spin chains with bound-
aries and defects, (arXiv preprint) doi:10.48550/arXiv.2111.07927.

[54] D. Rogerson, E Pollmann and A. Roy, Entanglement entropy and negativ-
ity in the Ising model with defects, J. High Energy Phys. 06, 165 (2022),
doi:10.1007/JHEP06(2022)165.

[55] P Fendley, Strong zero modes and eigenstate phase transitions in the XYZ /interacting
Majorana chain, J. Phys. A: Math. Theor. 49, 30LT01 (2016), doi:10.1088/1751-
8113/49/30/301t01.

[56] M. Thakurathi, A. A. Patel, D. Sen and A. Dutta, Floquet generation of Ma-
jorana end modes and topological invariants, Phys. Rev. B 88, 155133 (2013),
doi:10.1103/PhysRevB.88.155133.

[57] D. J. Yates, E H. L. Essler and A. Mitra, Almost strong (0,7) edge modes in
clean interacting one-dimensional floquet systems, Phys. Rev. B 99, 205419 (2019),
doi:10.1103/PhysRevB.99.205419.

[58] J. K. Asbéth and H. Obuse, Bulk-boundary correspondence for chiral symmetric quantum
walks, Phys. Rev. B 88, 121406 (2013), doi:10.1103/PhysRevB.88.121406.

[59] J.K. Asbéth, B. Tarasinski and P Delplace, Chiral symmetry and bulk-boundary correspon-
dence in periodically driven one-dimensional systems, Phys. Rev. B 90, 125143 (2014),
doi:10.1103/PhysRevB.90.125143.

[60] T. Prosen, Reversible cellular automata as integrable interactions round-a-face: Determin-
istic, stochastic, and quantized, (arXiv preprint) doi:10.48550/arXiv.2106.01292.

50


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075
https://doi.org/10.1088/1751-8113/49/35/354001
https://doi.org/10.1088/1751-8113/49/35/354001
https://doi.org/10.1016/0550-3213(89)90521-X
https://doi.org/10.1016/S0370-2693(01)00276-3
https://doi.org/10.1103/PhysRevLett.93.070601
https://doi.org/10.48550/arXiv.2008.08598
https://doi.org/10.1016/S0550-3213(97)00219-8
https://doi.org/10.1088/0305-4470/35/3/101
https://doi.org/10.1103/PhysRevLett.128.090603
https://doi.org/10.48550/arXiv.2111.07927
https://doi.org/10.1007/JHEP06(2022)165
https://doi.org/10.1088/1751-8113/49/30/30lt01
https://doi.org/10.1088/1751-8113/49/30/30lt01
https://doi.org/10.1103/PhysRevB.88.155133
https://doi.org/10.1103/PhysRevB.99.205419
https://doi.org/10.1103/PhysRevB.88.121406
https://doi.org/10.1103/PhysRevB.90.125143
https://doi.org/10.48550/arXiv.2106.01292

SCIl SciPost Phys. 16, 075 (2024)

[61] R. Baxter, Exactly solved models in statistical mechanics, Dover Publication, Mineola,
USA, ISBN 9780486318172 (2013).

[62] C. Gomez, M. Ruiz-Altaba and G. Sierra, Quantum groups in two-dimensional
physics, Cambridge University Press, UK, ISBN 9780521460651 (1996),
d0i:10.1017/CB09780511628825.

[63] V. Pasquier, Etiology of IRF models, Commun. Math. Phys. 118, 355 (1988),
doi:10.1007/BF01466721.

[64] G. Sierra and T. Nishino, The density matrix renormalization group method ap-
plied to interaction round a face Hamiltonians, Nucl. Phys. B 495, 505 (1997),
doi:10.1016/S0550-3213(97)00217-4.

[65] D. Bianchini, E. Ercolessi, P A. Pearce and FE Ravanini, RSOS quantum chains associ-
ated with off-critical minimal models and Z,, parafermions, J. Stat. Mech.: Theory Exp.
P03010 (2015), doi:10.1088/1742-5468/2015/03/p03010.

[66] H. A. Kramers and G. H. Wannier, Statistics of the two-dimensional ferromagnet. Part I,
Phys. Rev. 60, 252 (1941), doi:10.1103/PhysRev.60.252.

[67] N. Tantivasadakarn, R. Thorngren, A. Vishwanath and R. Verresen, Long-range en-
tanglement from measuring symmetry-protected topological phases, (arXiv preprint)
doi:10.48550/arXiv.2112.01519.

[68] J. McGreevy, Generalized symmetries in condensed matter, Annu. Rev. Condens. Matter
Phys. 14, 57 (2023), doi:10.1146/annurev-conmatphys-040721-021029.

[69] C. Cordova, T. T. Dumitrescu, K. Intriligator and S.-H. Shao, Snowmass white pa-
per: Generalized symmetries in quantum field theory and beyond, (arXiv preprint)
doi:10.48550/arXiv.2205.09545.

[70] L. Lootens, C. Delcamp, G. Ortiz and E Verstraete, Dualities in one-dimensional quantum
lattice models: Symmetric Hamiltonians and matrix product operator intertwiners, PRX
Quantum 4, 020357 (2023), doi:10.1103/PRXQuantum.4.020357.

[71] G. W. Moore and N. Seiberg, Lectures on RCFT, Springer, Boston, USA, ISBN
9781461538028 (1990), doi:10.1007/978-1-4615-3802-8 8.

[72] A. Kitaev, Anyons in an exactly solved model and beyond, Ann. Phys. 321, 2 (2006),
doi:10.1016/j.a0p.2005.10.005.

[73] C. W. von Keyserlingk and S. L. Sondhi, Phase structure of one-dimensional interact-
ing Floquet systems. I. Abelian symmetry-protected topological phases, Phys. Rev. B 93,
245145 (2016), doi:10.1103/PhysRevB.93.245145.

[74] C. W. von Keyserlingk and S. L. Sondhi, Phase structure of one-dimensional interact-
ing Floquet systems. II. Symmetry-broken phases, Phys. Rev. B 93, 245146 (2016),
doi:10.1103/PhysRevB.93.245146.

[75] V. Khemani, A. Lazarides, R. Moessner and S. L. Sondhi, Phase struc-
ture of driven quantum systems, Phys. Rev. Lett. 116, 250401 (2016),
doi:10.1103/PhysRevLett.116.250401.

[76] V.Khemani, R. Moessner and S. L. Sondhi, A brief history of time crystals, (arXiv preprint)
doi:10.48550/arXiv.1910.10745.

51


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075
https://doi.org/10.1017/CBO9780511628825
https://doi.org/10.1007/BF01466721
https://doi.org/10.1016/S0550-3213(97)00217-4
https://doi.org/10.1088/1742-5468/2015/03/p03010
https://doi.org/10.1103/PhysRev.60.252
https://doi.org/10.48550/arXiv.2112.01519
https://doi.org/10.1146/annurev-conmatphys-040721-021029
https://doi.org/10.48550/arXiv.2205.09545
https://doi.org/10.1103/PRXQuantum.4.020357
https://doi.org/10.1007/978-1-4615-3802-8_8
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1103/PhysRevB.93.245145
https://doi.org/10.1103/PhysRevB.93.245146
https://doi.org/10.1103/PhysRevLett.116.250401
https://doi.org/10.48550/arXiv.1910.10745

SCIl SciPost Phys. 16, 075 (2024)

[77] D. Gottesman, The heisenberg representation of quantum computers, (arXiv preprint)
doi:10.48550/arXiv.quant-ph/9807006.

[78] M. A. Nielsen and I. L. Chuang, Quantum computation and quantum in-
formation, Cambridge University Press, UK, ISBN 9781107002173 (2012),
doi:10.1017/CB0O9780511976667.

[79] E Harper, R. Roy, M. S. Rudner and S. Sondhi, Topology and broken symmetry in flo-
quet systems, Annu. Rev. Condens. Matter Phys. 11, 345 (2020), doi:10.1146/annurev-
conmatphys-031218-013721.

[80] R. Roy and E Harper, Abelian Floquet symmetry-protected topological phases in one di-
mension, Phys. Rev. B 94, 125105 (2016), doi:10.1103/PhysRevB.94.125105.

[81] R. Roy and E Harper, Periodic table for Floquet topological insulators, Phys. Rev. B 96,
155118 (2017), doi:10.1103/PhysRevB.96.155118.

[82] J. Kemp, N. Y. Yao, C. R. Laumann and P. Fendley, Long coherence times for edge spins, J.
Stat. Mech.: Theory Exp. 063105 (2017), doi:10.1088/1742-5468/aa73f0.

[83] D. V. Else, P Fendley, J. Kemp and C. Nayak, Prethermal strong zero modes and topological
qubits, Phys. Rev. X 7, 041062 (2017), doi:10.1103/PhysRevX.7.041062.

[84] L. M. Vasiloiu, E Carollo and J. P Garrahan, Enhancing correlation times
for edge spins through dissipation, Phys. Rev. B 98, 094308 (2018),
doi:10.1103/PhysRevB.98.094308.

[85] L. M. Vasiloiu, F. Carollo, M. Marcuzzi and J. P Garrahan, Strong zero modes in a class
of generalized Ising spin ladders with plaquette interactions, Phys. Rev. B 100, 024309
(2019), doi:10.1103/PhysRevB.100.024309.

[86] D.J. Yates and A. Mitra, Strong and almost strong modes of Floquet spin chains in Krylov
subspaces, Phys. Rev. B 104, 195121 (2021), doi:10.1103/PhysRevB.104.195121.

[87] D. J. Yates, A. G. Abanov and A. Mitra, Dynamics of almost strong edge
modes in spin chains away from integrability, Phys. Rev. B 102, 195419 (2020),
doi:10.1103/PhysRevB.102.195419.

[88] D. J. Yates, A. G. Abanov and A. Mitra, Lifetime of almost strong edge-mode operators
in one-dimensional, interacting, symmetry protected topological phases, Phys. Rev. Lett.
124, 206803 (2020), doi:10.1103/PhysRevLett.124.206803.

[89] D. J. Yates, A. G. Abanov and A. Mitra, Long-lived period-doubled edge modes
of interacting and disorder-free Floquet spin chains, Commun Phys 5, 43 (2022),
doi:10.1038/s42005-022-00818-1.

[90] J. Kemp, N. Y. Yao and C. R. Laumann, Symmetry-enhanced bound-
ary qubits at infinite temperature, Phys. Rev. Lett. 125, 200506 (2020),
doi:10.1103/PhysRevLett.125.200506.

[91] A. Mitra, H.-C. Yeh, E Yan and A. Rosch, Nonintegrable Floquet Ising model
with duality twisted boundary conditions, Phys. Rev. B 107, 245416 (2023),
doi:10.1103/PhysRevB.107.245416.

[92] S.Samanta, D. S. Wang, A. Rahmani and A. Mitra, Isolated Majorana mode in a quantum
computer from a duality twist, (arXiv preprint) doi:10.48550/arXiv.2308.02387.

52


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075
https://doi.org/10.48550/arXiv.quant-ph/9807006
https://doi.org/10.1017/CBO9780511976667
https://doi.org/10.1146/annurev-conmatphys-031218-013721
https://doi.org/10.1146/annurev-conmatphys-031218-013721
https://doi.org/10.1103/PhysRevB.94.125105
https://doi.org/10.1103/PhysRevB.96.155118
https://doi.org/10.1088/1742-5468/aa73f0
https://doi.org/10.1103/PhysRevX.7.041062
https://doi.org/10.1103/PhysRevB.98.094308
https://doi.org/10.1103/PhysRevB.100.024309
https://doi.org/10.1103/PhysRevB.104.195121
https://doi.org/10.1103/PhysRevB.102.195419
https://doi.org/10.1103/PhysRevLett.124.206803
https://doi.org/10.1038/s42005-022-00818-1
https://doi.org/10.1103/PhysRevLett.125.200506
https://doi.org/10.1103/PhysRevB.107.245416
https://doi.org/10.48550/arXiv.2308.02387

SCIl SciPost Phys. 16, 075 (2024)

[93] D. Gaiotto, A. Kapustin, N. Seiberg and B. Willett, Generalized global symmetries, J. High
Energy Phys. 02, 172 (2015), doi:10.1007/JHEP02(2015)172.

[94] P Etingof, S. Gelaki, D. Nikshych and V. Ostrik, Tensor categories, in Mathemati-
cal surveys and monographs, American Mathematical Society, Providence, USA, ISBN
9781470420246 (2015).

[95] C.-M. Chang, Y.-H. Lin, S.-H. Shao, Y. Wang and X. Yin, Topological defect lines and
renormalization group flows in two dimensions, J. High Energy Phys. 01, 026 (2019),
doi:10.1007/JHEP01(2019)026.

[96] A.Kapustin and R. Thorngren, Fermionic SPT phases in higher dimensions and bosoniza-
tion, J. High Energy Phys. 10, 080 (2017), doi:10.1007/JHEP10(2017)080.

[97] R. Thorngren, Anomalies and bosonization, Commun. Math. Phys. 378, 1775 (2020),
d0i:10.1007/s00220-020-03830-0.

[98] A.Karch, D. Tong and C. Turner, A web of 2d dualities: Z., gauge fields and Arf invariants,
SciPost Phys. 7, 007 (2019), doi:10.21468/SciPostPhys.7.1.007.

[99] A. Kapustin, R. Thorngren, A. Turzillo and Z. Wang, Fermionic symmetry pro-
tected topological phases and cobordisms, J. High Energy Phys. 12, 001 (2015),
doi:10.1007/JHEP12(2015)052.

[100] C. Vafa, Quantum symmetries of string vacua, Mod. Phys. Lett. A 04, 1615 (1989),
doi:10.1142/50217732389001842.

[101] L. Fidkowski and A. Kitaeyv, Effects of interactions on the topological classification of free
fermion systems, Phys. Rev. B 81, 134509 (2010), doi:10.1103/PhysRevB.81.134509.

[102] S. Ryu and S.-C. Zhang, Interacting topological phases and modular invariance, Phys.
Rev. B 85, 245132 (2012), doi:10.1103/physrevb.85.245132.

[103] X.-L. Qi, A new class of (2 + 1)-dimensional topological superconductors with Zg
topological classification, New J. Phys. 15, 065002 (2013), doi:10.1088/1367-
2630/15/6/065002.

[104] H. Yao and S. Ryu, Interaction effect on topological classification of superconductors in
two dimensions, Phys. Rev. B 88, 064507 (2013), doi:10.1103/physrevb.88.064507.

[105] D. Delmastro, D. Gaiotto and J. Gomis, Global anomalies on the Hilbert space, J. High
Energy Phys. 11, 142 (2021), doi:10.1007/JHEP11(2021)142.

[106] 1. Makabe and G. M. T. Watts, Defects in the tri-critical Ising model, J. High Energy Phys.
09, 013 (2017), doi:10.1007/JHEP09(2017)013.

[107] P Ginsparg, Applied conformal field theory, (arXiv preprint) doi:10.48550/arXiv.hep-
th/9108028.

[108] R. Jackiw and C. Rebbi, Solitons with fermion number V%, Phys. Rev. D 13, 3398 (1976),
doi:10.1103/PhysRevD.13.3398.

53


https://scipost.org
https://scipost.org/SciPostPhys.16.3.075
https://doi.org/10.1007/JHEP02(2015)172
https://doi.org/10.1007/JHEP01(2019)026
https://doi.org/10.1007/JHEP10(2017)080
https://doi.org/10.1007/s00220-020-03830-0
https://doi.org/10.21468/SciPostPhys.7.1.007
https://doi.org/10.1007/JHEP12(2015)052
https://doi.org/10.1142/S0217732389001842
https://doi.org/10.1103/PhysRevB.81.134509
https://doi.org/10.1103/physrevb.85.245132
https://doi.org/10.1088/1367-2630/15/6/065002
https://doi.org/10.1088/1367-2630/15/6/065002
https://doi.org/10.1103/physrevb.88.064507
https://doi.org/10.1007/JHEP11(2021)142
https://doi.org/10.1007/JHEP09(2017)013
https://doi.org/10.48550/arXiv.hep-th/9108028
https://doi.org/10.48550/arXiv.hep-th/9108028
https://doi.org/10.1103/PhysRevD.13.3398

	Introduction
	Lattice topological defects
	Amplitudes in the presence of topological defects
	Spin-flip defect
	Duality defect

	Twisted boundary conditions
	Anti-periodic boundary conditions
	Duality-twisted boundary conditions

	Majorana zero mode
	Majorana zero mode in the presence of a domain wall
	Auto-correlation functions
	Majorana zero mode in the absence of the domain wall

	Conclusions
	Two-qubit Example: Entanglement entropy
	Single time step with no defects
	Single time step with Anti-periodic boundary conditions
	Single time step with Duality defect
	Single time step with spin-flip defect
	Single time step with duality-twisted boundary conditions
	Summary of two-site entanglement entropy after a single time step


	Proof of (64)
	Topological defects in the Ising CFT and Majorana modes
	Review of Ising topological defects
	Ising topological defects from the Majorana fermion
	Majorana fermion in the duality-twisted sector

	References

