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Abstract

Periodically-driven (Floquet) systems are one of the most important classes in nonequilibrium
physics, which are modulated periodically in time. They have various realizations, such as materials
under laser light and AMO (atomic, molecular and optical) systems. In addition, due to their
time-dependency, they can host various quantum phenomena inherent in nonequilibrium beyond
conventional equilibrium physics. Floquet systems also enable the control of materials by periodic
drive, which is called “Floquet engineering.” These various platforms, nonequilibrium properties,
and applications have brought extremely rapid growth of Floquet systems during the past decade,
giving fundamental comprehension of nonequilibrium physics and technical developments related
to optical devices, quantum simulations, and quantum computation.
One of the most significant interests in Floquet systems in recent years may be :

What kinds of nonequilibrium phenomena take place when nonequilibrium properties inherent in
Floquet systems and quantum many-body properties induced by interactions coexist ?

As mentioned before, nonequilibrium properties are keys for Floquet systems to surpass conven-
tional equilibrium setups. A representative example is an anomalous Floquet topological insulator,
in which a winding number, emerging from the breakdown of the conventional band picture in
static systems, characterizes topological natures. On the other hand, quantum many-body prop-
erties bring various basic but nontrivial phenomena in condensed matter physics, well-known for
crystals, ferro- or antiferro-magnets, and superconductors. Thus, Floquet systems with the inter-
play of nonequilibrium and quantum many-body properties, dubbed Floquet many-body systems,
are intriguing fields lying in the frontier of nonequilibrium condensed matter physics.

Unfortunately, there exists a notorious problem called heating problem, which is believed to
valid for nonintegrable closed Floquet many-body systems from some numerical studies. Briefly
speaking, the heating problem dictates that any nonintegrable closed Floquet systems always relax
to featureless states after a long time as a result of Flogquet Eigenstate Thermalization Hypothesis
(Floquet-ETH). Does this immediately mean that Floquet many-body systems host no interesting
nonequilibrium phenomena ? The answer is actually no, as a series of recent studies have revealed
various stimulating many-body phenomena in Floquet setups. We should explore several directions
to realize nontrivial phenomena that overcome the heating problem as follows:

1. Ordered and topological phases on quasi-steady states in intermediate time regime
2. Ordered and topological phases in localized Floquet many-body systems
3. Nonequilibrium dynamics and steady states in dissipative Floquet many-body systems

Each of the fields 1., 2., and 3. breaks some part of the assumptions, “after a long time,” “noninte-
grable,” and “closed” in the heating problem (or Floquet-ETH) respectively, thereby enabling its
own nontrivial physics. Simultaneously, we should note that the heating problem (or Floquet-ETH)
is merely an empirical law confirmed by some numerical simulations. Therefore, it is nontrivial
whether the heating problem completely prohibits steady states other than featureless thermal
ones. To be precise, it is also a significant question whether there exist

4. Athermal steady states in nonintegrable closed Floquet many-body states

as opposed to featureless thermal steady states expected from the heating problem.
In this thesis, we focus on nontrivial nonequilibrium dynamics and steady states in Floquet
many-body systems, which cover the above fields 1., 3., and 4., as follows:



Resonant prethermal phases and resonant Floquet engineering (Chapter 2) — The high-frequency
regime, where the local energy scale of the Hamiltonian is much smaller than the driving frequency,
can host nontrivial quantum many-body phenomena during their quasi-steady states before heat-
ing to featureless steady states. However, in the high-frequency regime, the stroboscopic dynamics
of Floquet systems completely corresponds to that of static local Hamiltonians, indicating the
absence of unique nonequilibrium properties in this regime. In our study, we consider a hybrid
regime, where high-frequency drives and resonant drives having comparable energy scale to the
frequency coexist. Compared to the high-frequency regime, this hybrid regime can host unique
nonequilibrium phenomena such as prethermal discrete time crystals. We construct a perturbative
method to analyze their quasi-steady states with emergent unitary symmetries and prethermal
discrete time crystals. Furthermore, we also propose a new protocol for Floquet engineering, with
which we can simultaneously control phases and symmetries by resonant drives.

Emergent non-Markovianity in dissipative Floquet systems (Chapter 3) — We consider dissipa-
tive Floquet many-body systems which break the assumption “closed” in Floquet-ETH. They are
typically described by Floquet-Lindblad equations when we assume Markovianity. While they are
expected to host athermal steady states by avoiding the heating problem, their universal nature
has remained a mystery because of their complexity caused by the coexistence of periodic drives,
interactions, and dissipation. In our study, we focus on the high-frequency regime, and uncover
that dissipative Floquet many-body systems universally show emergent non-Markovianity due to
the spread of interactions. This result indicates that dissipative Floquet systems have no coun-
terparts in dissipative static systems under Markovianity even in the high-frequency regime, in
contrast to closed Floquet systems which have no unique nonequilibrium effect compared to static
systems in the same regime.

Ezact Floquet quantum many-body scars under Rydberg blockade (Chapter 4) — Floquet-ETH
is just an empirical law confirmed by some numerical simulations. It is a crucial and fundamental
question whether nontrivial athermal steady states appear in Floquet many-body systems satisfying
all the assumptions of Floquet-ETH, “nonintegrability,” “isolation,” and “infinite lifetime.” In
our study, we tackle this question by constructing a counter example of Floquet-ETH, called
Floquet quantum many-body scars. We consider a one-dimensional system with extremely strong
repulsive interactions, recently observed in Rydberg atoms experiments. By exploiting a binary
drive composed of two static Hamiltonians showing static quantum many-body scars, our model
shows athermal persistent oscillations under some special initial states, while all the other initial
states relax to infinite-temperature states. This anomalous behavior dependent on the initial
conditions contradicts the consequence of Floquet-ETH or the heating problem, and exemplifies a
novel nonequilibrium phenomena in nonintegrable closed Floquet many-body systems.
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Chapter 1

Introduction

1.1 Floquet systems

Floquet systems are one of the classes of nonequilibrium systems, driven periodically in time. In
the case of quantum systems isolated from environments, they are described by time-dependent
Schrédinger equation:

) = B W), H) = H(+T). (L1)

Here, a quantum state |¢(t)) is an element of a Hilbert space H with the normalization (¢ (t)|¢(t)) =
1, and a time-periodic Hamiltonian H(t) is a linear map from #H to H. Throughout this thesis, we
set the Planck constant as A = 1 and consider a finite-dimensional Hilbert space H.

The center of today’s condensed matter physics is static or equilibrium systems dominated
by a time-independent Hamiltonian H. They are described by well-established theories for time-
independent Schrodinger equation or the equilibrium partition function Z = Trlexp(—8H)]. The
difference between conventional equilibrium systems and Floquet systems is just the time-dependency,
but this is essential for Floquet systems to have unique nonequilibrium phenomena due to the
absence of energy conservation and the breakdown of statistical physics for equilibrium. The time-
periodicity of Floquet systems is also important in that it gives simple but various experimental
platforms and works as discrete time translation symmetry inherent in time-dependent systems.
Floquet systems have experienced the rapid growth both in theories and experiments during the
past decade, and have attracted much interest compared to conventional equilibrium systems and
other nonequilibrium systems, mainly due to the following characteristics of Floquet systems.

Various platforms for Floquet systems

There are several experimental platforms rapidly developing in recent years for Floquet systems.
They directly realize time-periodic Hamiltonians, or indirectly provide Floquet systems by realizing
unitary dynamics equivalent to that in Floquet systems.

Solid materials under laser light.— The first typical platform for Floquet systems is materials
coupled with classical light. Let us consider a material described by a tight-binding Hamiltonian

H= Z 8,30%6,;, G : reciprocal lattice, (1.2)
kea

for the undriven case. When we shine classical laser light described by the time-periodic gauge
field A(t) = A(t +T'), the time-periodic Hamiltonian is obtained by

H(t)= Z 5:‘,—57‘4'(15)C%CE7 (1.3)
kec

dubbed Pieres substitution. Recent typical experimentally-realized examples are two-dimensional
materials, such as graphene [1], under circularly-polarized light.

9
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Figure 1.1: Various platforms for Floquet systems. (a) Laser-irradiated materials. (b) Artificial
quantum systems under alternating pulse. (¢) Quantum walk and quantum circuits.

Artificial quantum systems under periodic switching— We can generate the time-periodicity
with the period T" by the following Hamiltonians:

H 0=T,<t<T

Hy Ti< £< T
=1 (1.4)

H, T, .<t<T,=T

with £ = (t mod T) and a set of static Hamiltonians {H;}7_,. Experimentally, they can be
realized by alternate sequential pulse (See Fig. 1.1). Such non-smooth modulation is generally
easy to implement highly-tunable artificial quantum systems such as trapped ions [2], cold atoms
[3], photonic waveguides [4, 5]. In these setups, the time evolution operator over one period T
(called Floquet operator later) is simply represented by

Up =UnUp_y ... UslUy, U;=e HiTi=Tim0) (1.5)

with a set of unitary operators {U;}7_;.

Quantum walk and quantum circuits.— Quantum walk is an extended version of the classical
random walk, which allows the superposition at different sites. The state at time t € Z is given by
[V(t) =3, o Qeo(t) |z, 0) (az(t) € C) with discrete spatial coordinate z and internal degrees of
freedom o. Its dynamics with the probability conservation is described as

|(t)) = U |4(0)), U: unitary. (1.6)

Typically, the unitary evolution U is experimentally implemented by optical elements in optical
systems, and is composed of the following operations for one-dimensional systems with ¢ = +
[6, 7]:

co) = Z €% |z, o) (x,0| : Coin operator with tunable € R, (1.7)
S* = > (lw+1,%) (x,£| + |2, F) (x,F) : Shift operator. (1.8)

x

Thus, quantum walk is often discussed as Floquet systems, in that U and its components {C(#), ST}
respectively correspond to Uy and {U;}; in Eq. (1.5).

Quantum circuits are one of the models for quantum computation. The quantum state defined
on multiple qubits are transformed by a set of unitary gates:

|woutput> = UpUp—1-.-U2U1 |’(/}input> . (19)

A set of unitary gates {u;}; is often chosen from elementary gates acting on single qubit (Pauli
gates etc.) and two qubits (CNOT gate etc.). When the series {u;}, has some time-periodicity
given as u;j4+r = u; for a certain £ € N, the quantum circuit is analysed as a Floquet system
with the correspondence of U = upug—1...u; and Uy [See Eq. (1.5)]. Even in the absence of
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such time periodicity, we can obtain some insight from Floquet analysis with relating the whole
gate U = uy, ... u; to Uy. Quantum circuits are experimentally implemented in artificial quantum
circuits such as superconducting qubits, photonic systems and trapped ions [8, 9, 10]. When we
remember the underlying Hamiltonians of these setups, quantum circuits often become equivalent
to the quantum systems described in the previous paragraph, given by Eq. (1.5). In that sense,
Floquet analysis on quantum circuits seems to be natural.

Novel nonequilibrium phenomena inherent in Floquet systems

What makes Floquet systems attractive seems to be their novel nonequilibrium phenomena pro-
hibited in static or equilibrium systems. Various interesting physics in Floquet systems comes from
the time-dependency of their Hamiltonians. This implies the absence of energy conservation, as we
can imagine from the fact that light irradiation does not conserve energy. Thus, energy eigenvalues
and energy eigenstates of Hamiltonians become ill-defined in Floquet systems. As discussed later
in Section 1.2.1, Floquet systems are characterized by quasienergy and a Floquet eigenstate of
certain time evolution operators (Floquet operators), which can show anomalous behaviors that
energy eigenvalues and energy eigenstates in static systems cannot mimic.

A prototypical example of unique nonequilibrium phases is an anomalous Floquet topological
phase [11]. A topological phase in static systems is a phase of matter characterized by the topology
of their static Hamiltonians H [12]. It is robust against any local perturbation as long as the
gap of H is maintained. If the robustness is present only under some symmetries, the phase is
called a symmetry-protected topological (SPT) phase. In Floquet systems, the gap of energy
eigenvalues is replaced by that of quasienergy eigenvalues. Quasienergy has periodicity of 27 /T
unlike energy in static systems (See Section 1.2.1), thereby enabling the nontrivial winding in the
quasienergy direction. This plays a role of a topological index unique to Floquet systems, and for
instance, Floquet systems can host unique two-dimensional Chern insulators with the vanishing
Chern numbers, which is topologically nontrivial due to the nonzero winding number [13]. The
periodicity of quasienergy also provides an emergent symmetric point at quasienergy ¢ = +7 /T in
addition to e = 0 under some symmetries such as a particle-hole symmetry (PHS). This provides
a unique SPT phase accompanied by a topologically-protected gapless excitation appearing at
¢ = +x/T, dubbed Majorana m mode (MPM) [14], while static systems host a Majorana zero
mode (MZM), appearing at € = 0. In terms of deformation of Hamiltonians H(t), Floquet systems
can be classified by the topology of their effective Hamiltonians, which is time-independent, or that
of their time evolution operators [15]. This difference results in various manifestations of Floquet
topological phases including the above examples.

We also note that various symmetries brought by the time-dependency are resources for inter-
esting physics in Floquet systems. The time-periodicity of Hamiltonians, H(t) = H(t + T, can
be interpreted as a discrete time-translation symmetry (TTS). Thus, we can expect spontaneous
symmetry breaking (SSB) for it. As a matter of fact, the ordered phases brought by spontaneous
breaking of a discrete TTS are known as discrete time crystals (DTCs) [16]. The no-go theorem
for static systems with local interactions ensures that spontaneous breaking of a continuous TTS
is absent in ground states and thermal equilibrium states [17], and hence time crystals are referred
to as novel nonequilibrium phases (See Section 1.3.5 for the detail). Furthermore, we can define
various symmetries combined with the time-dependency other than a discrete T'TS. For instance,
the symmetries generated by the combination of the time translation and the spatial symmetry
operations are known as dynamical symmetries, which includes Floquet nonsymmorphic symme-
tries. Such symmetries inherent in Floquet systems lead to Floquet topological phases protected
by the time-glide symmetries, which is composed of the half-period time translation and the spatial
rotation [18, 19], and selection rules for optical responses such as high-harmonic generation [20, 21].

Control of phases of matter in nonequilibrium setups (Floquet engineering)

The other interesting aspect of Floquet systems is the control of materials by periodic drives,
dubbed Floguet engineering. With the usage of Floquet theory discussed later, the stroboscopic
dynamics of Floquet systems, the dynamics at ¢t = mT (m = 0,1,2,...) can be described by a
static Hamiltonian Heg, called the effective Hamiltonian. Floquet engineering aims to reproduce
dynamics or steady states under a preferable static Hamiltonian H by tuning the periodic drive
H(t) so that the effective Hamiltonian Heg becomes the preferable one H.
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Floquet engineering is widely utilized both in artificial quantum systems and materials. For
instance, in cold atoms which are typically charge-neutral, we can realize a Hamiltonian involving
artificial gauge fields by exploiting the optical lattice shaking as a periodic drive [22]. This technique
is actually used for realizing the Haldane model [23], which is usually difficult due to the sublattice-
dependent gauge fields. Another important example is a light-induced phase transition in solid
materials, which employs the coupling between electrons and time-periodic gauge fields like Eq.
(1.3). For instance, we can realize topological phase transitions in graphene by shining circularly-
polarized light, which are theoretically proposed in 2009 [24] and experimentally observed in 2020
[1]. Recently, Floquet engineering with high-frequency light has been extensively explored such as
laser-induced topological superconductivity [25, 26], as the development of a powerful tool for the
effective Hamiltonian, called the high-frequency expansions [See Section 1.2.3].

1.2 Floquet theory

In this section, we introduce a mathematical framework, Floquet theory, to tackle quantum physics
in Floquet systems. The terminology Floquet theory is named after a French mathematician
Gaston Floquet in the 19-th century. Floquet theory, which was constructed before the birth
of quantum physics, provides information about solutions of generic linear differential equations
whose coefficients are periodic in some parameters. Nowadays, Floquet theory is widely used in the
context of quantum physics described by time-dependent Schrodinger equation with time-periodic
Hamiltonians — Floquet systems. We briefly discuss Floquet theory developed in the context of
quantum physics below.

1.2.1 Floquet theorem

Here, we introduce Floquet theorem, which identifies the solutions of time-periodic Schodinger
equations. In generic time-dependent Schrodinger equation, the solution is given by

t

[(t)) = U(t,0) [4(0)), U(t,t')=Texp {—i H(E)df} , (1.10)

t

where T denotes the time-ordered product. By using the time-periodicity, the following theorem
is obtained.

Theorem 1.2.1. (Floquet theorem)
Let us consider time-periodic Schiodinger equation,

d
o @) = HO[p(), HE)=HE+T) (1.11)
Then, the solutions are always written in the following form:

[B(E) =D cae™ " (1)), onlt +T)) = a(t)). (1.12)

Here, the coefficients ¢,, € C are determined by the initial condition as ¢, = (¢,(0)|(0)).
The real numbers g, called quasienergy, are eigenvalues of an effective Hamiltonian H.g
given by

. T
Heg = —% logUy, Uy =Texp {—z/ H(t)dt} . (1.13)
0

Proof

The unitary operator Uy, defined by Eq. (1.13), is always written in the spectral decomposition as

Uy =Y e " 164(0) (¢n(0)], (1.14)



1.2. FLOQUET THEORY 13

where |¢,,(0)) is an eigenstate of Uy. By setting t = to + mT (m =0,1,2,...), the solution of Eq.
(1.11) becomes

(D) = Ulto+mT,to)(Up)™ [(0)) = Ulto,0) Y e~ "™ [$,,(0)) (6 (0)|12(0)

= Y cae T 0T (19, 0)[6,(0))) (1.15)

n

When we define the Floquet states by [¢,(t)) = e®U(ty,0) |¢,(0)), they satisfy the time-
periodicity as 4
[fn(t +T)) = = Cr U (1,0)Us |64(0)) = [¢n (1)) - (1.16)

This completes the proof of Floquet theorem, Eq. (1.12). O

Terminology

The complex values €, and the time-periodic states |¢,(t)) in Eq. (1.12) are called quasienergy
and Floquet states respectively. Here, the Floquet states composes a orthornormal basis for the
Hilbert space H in that

(Dnlbw) = = / 0t (o (1) 6 (1)) = B (1.17)

T
Floquet theorem dictates that the solution is always written by the superposition of e~%»t |¢,, (¢)).
The time evolution operator over one period T' is called Floquet operator, given as Uy. The
first role of Uy is to provide quasienergy e,. It has a spectral decomposition

Up=> e [64(0)) (¢ (0)], (1.18)

giving the quasienergy. We note that the Floquet operator depends on the choice of the time origin
to (sometimes referred as Floquet gauge), since U(T,0) is not equal to U(tg + T, o) in general.
However, since Floquet operators in different gauges are connected by unitary transformation as

U;O = U(tO + T, tO) = U(tO + T7 T)U(Ta O)U_l(t070) = U(tO7O)UfU_1(t0a 0)7 (119)

the quasienergy ¢,, does not depend on the gauge to.

The second important role of the Floquet operator Uy is to provide the stroboscopic dynamics
of quantum states |[(mT)) (m = 0,1,2,...). By using the time-periodicity and the effective
Hamiltonian introduced by Eq. (1.13), we obtain

[W(mT)) = cne™ = (6, (0) = (Ug)™ [1(0)) = e~ T |45(0)) . (1.20)

n

The time evolution at any time t = to + mT (0 < tg < T) is always decomposed into the stro-
boscopic dynamics (Uy)™ and the microscopic dynamics U(tg,0) as U(t,0) = U(ty,0)(Us)™. The
stroboscopic dynamics describes characteristic long-term behaviors of Floquet systems, confirming
the importance of Uy or Heg. Therefore, physics in Floquet systems often focus on the stroboscopic
dynamics, so we do in this thesis.

We also note that the effective Hamiltonian H.g plays a role of a static Hamiltonian in time-
independent systems as Eq. (1.20). Analysis of He.g as a static Hamiltonian gives the properties
of Floquet systems. In fact, Floquet engineering aims to reproduce a preferable time-independent
system by the effective Hamiltonian Hg.

Quasi-energy periodicity and Relation to Bloch theorem

Each solution of the time-periodic Schrodinger equation satisfies

et (1)) = e TINGL (), [dn(D)) = €M (1)) = |dnlt +T)) (1.21)

with [ € Z. It dictates that {e,, |¢, (t))} and {e, + 1w, |¢,(t))} give the identical solution, regarded
as the quasienergy periodicity. We can also see this behavior as the choice of branch for the
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logarithm appearing in Eq. (1.13). In order to avoid considering the identical solutions by different
quasienergy, we generally consider € € [—n/T,7/T), which is called the first Brillouine zone (BZ).
Floquet theorem for time-periodic systems is completely parallel to well-known Bloch theorem
for spatially-periodic systems. Bloch theorem says that the eigenstates of a static Hamiltonian
H(z) satistying H(z) = H(z + L) is given by e~ %% |y, (z)) with |u,(z)) = |u,(z + L)). This is
a counterpart of Eq. (1.12) in Floquet systems. The quasienergy periodicity in Floquet systems
corresponds to that of the wavenumber k,,, which gives the first BZ k,, € [-n/L,n/L).

1.2.2 Formulation in Sambe space

Here, we introduce another formulation of Floquet systems based on the Fourier space in time,
called Sambe space. Using Floquet theorem, the independent solution of time-periodic Schrédinger
equation satisfies

i% (e |pn (1)) = H(t)e " [dn(t)) . (1.22)

We define the Fourier transformation in time by
H(t) =Y Hie ™, |gu(t)) =Y |g)) e ™! (1.23)
ez ez
with w = 27 /T based on the periodicity H(t +T) = H(¢) and |¢,(t +T)) = |én(t)). By substi-
tuting Eq. (1.23) into Eq. (1.22), we obtain
> (en+lw)e ™ |§0) = 3 HyloD) e 0, (1.24)
€z LIET

By performing the inverse Fourier transformation, this becomes equivalent to the following equa-
tion:

H |(b’ﬂ> =E&n ‘(I)n> ) (1.25)
with
(2)
Hy—2w Hy, Hy, Hi Hyy |¢?1)>
H_, Ho—w Hy1  Hyo H,ys | ")
H = H_, H_4 Hy Hyy H.io ; |Pn) = 16'0)
H_; H_, H . Hy+w Hyy |¢£;1)>
H_4 H_3 H 5 H_ 4 Hy + 2w |¢5;2)>
(1.26)

Floquet state |¢,,(t)) has one-to-one correspondence with the vector |®,,) in an infinite-dimensional
space called Sambe space. Thus, Eq. (1.25) suggests that solving time-periodic Schrédinger equa-
tion is equivalent to solving the eigenvalue problem of the time-independent hermitian operator
¢ on Sambe space.

We note that, while the time-dependency disappears in Eq. (1.25), the difficulty itself does not
alter from Eq. (1.11) in general due to the infinite dimensionality of Sambe space. However, this
formalism sometimes make use of physical intuitions and approximations based on them. Let us
regard each Fourier component |¢$L_l)> as a state dressed with [ photons. Then, the Hamiltonian
S describes a set of duplicated systems with different number of photons (See Fig. 1.2). The
diagonal term Hg + lw represents the energy of the [-photon-dressed states. The off-diagonal term
Hp; (Al € Z) plays a role of couplings with pairs of states having different photon numbers by Al.

1.2.3 High-frequency expansions

Here, we consider the effective Hamiltonian Heg, given by Eq. (1.13). While it enables analysis
of Floquet systems based on a static Hamiltonian, it is too difficult to obtain its explicit form
due to the existence of time-ordered product and the logarithm of operators. Possible ways to
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Figure 1.2: Intuitive picture of Floquet systems in Sambe space. Floquet systems are equivalent
to an infinite series of static systems having [ photons, described by Hy + lw, with the coupling
by the time-dependent terms H.i;. The van Vleck expansions or the Brillouin-Wigner expansions
intuitively give the effective Hamiltonian for the 0-photon state in the high-frequency regime.

obtain H.g is considering some limiting parameter regimes and performing some approximations.
The important parameter here is the ratio of the frequency w = 27 /T to the energy scale of the
Hamiltonian H (t).

Let us consider a parameter regime where the frequency w is much larger than the energy scale
of H(t), called high-frequency regime. In this regime, we can apply perturbative expansions in the
small parameter ||H (t)||/w, where || || denotes the operator norm. The result for Hog is known
as Floquet-Magnus expansions below.

Remark. (Floquet-Magnus expansion)
For a time-periodic Hamiltonian H (t) with the period T, we define the n-th order Floquet-
Magnus expansion Hiy (n =0,1,2,...) by

By — > B, (1.27)

m=0

with each m-th order term Hé”l\? given by

- oo 0(0)(m — 6(0))!
R

o

’ /O dtrosr ... /O A3 [H (o s ))s [H (s« s [ o 2))s HEo )] - 1]
Z O(o(k+1)—o(k)), 6(z): astep function. (1.28)
k=1

0(o)

Here, o represents the permutation of {1,2,...,m+ 1} [27, 28]. Then, the effective Hamil-
tonian Heg defined by Eq. (1.13) is approximated as

Hat = Hin+ 0 (1H® ), r = HOL (1.29

w

for the sufficiently small dimensionless parameter 7.

We note several points on Floquet-Magnus expansions. First, they are not always convergent,
that is, the perturbative expansion Eq. (1.27) has a finite convergence radius r. > 0 in the ratio
r. Although the exact value of r. is still unclear, several mathematical analysis has revealed
r. = O(1). When we consider quantum many-body systems under periodic drives, the energy
scale of ||H (t)|| is typically proportional to the system size L, making the ratio r larger than r..
This means that Floquet-Magnus expansions become divergent and the approximation is no longer
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valid in generic Floquet many-body systems. However, as we will see later in Section 1.3.4, when
we consider Floquet many-body systems only with local interactions, Floquet-Magnus expansions
Hpy, are still meaningful for the dynamics despite their divergence.

Second, we can also provide Floquet-Magnus expansions by using the Fourier components given
by

1t :
=~ / H(t)e™dt. (1.30)
T Jo
After some simple calculations, we obtain each m-th order term by
H_n Hy] |~ [Hun, Hol
g9 _ 1 (1) _ [Hom, Hi) Hms ST0] )

pu=Ho,  Hpy=) —oUm (1.31)

m##0 m#0

Finally, Floquet-Magnus expansion depends on the time origin ¢g due to the change of the Flo-
quet operator. With explicitly writing the to-dependence, the Floquet-Magnus expansion Hpy[to]
approximates the effective Hamiltonian Heg[tg] = (i/T) log U;O with U;O = U(to + T,to). It is
proven that we can remove the Floquet gauge dependence by a unitary transformation as

Heglto] = e Kol 7 o#K ol (1.32)

The effective Hamiltonian H/g; becomes gauge-dependent while K[to], called a kick operator, is
to-dependent with satisfying K[to + T] = K]Jto]. Since the time evolution operator becomes

(U;O)m _ e—iHeff[to]mT _ e—iK[tO]e—iHéffmTeiK[tU]’ (1.33)
H!; and Kto] respectively represent the macroscopic dynamics and the gauge-dependent micro-

scopic dynamics. We can also apply perturbative expansions to the gauge-independent effective
Hamiltonian H/; and the kick operator K[ty], dubbed van Vleck expansions.

Remark. (van Vleck expansion)
For a time-periodic Hamiltonian H (t) with the period T, we define the n-th order van Vleck
effective Hamiltonian H%, and kick operator K, [to] (n =0,1,2,...) by

=Y HEY, KNt =Y K& M), (1.34)

where each m-th order term is given by

© _ ) _ N~ [Hom, Hil
Hy = Hy, Hy=)> e, (1.35)
m;ﬁO
H_, Hol ([H_ ], H,,]
H® _ [H —m, Ho], m> Am—nl, Hn 1.36
A mz#:() 2m oﬂ + T;)n;):m 3mnw? ’ (30
, v,
iKQMto) = - > -2, (1.37)
= mw
.7-(1) o HmyHm n [HmaHO]
Koyt = Z Z T Y + Z I (1.38)
m#0 n#£0,m m#0
Then, for the sufficiently small r = ||H (¢)||/w, the effective Hamiltonian is approximated
by
Heglto] = e Kl gn vl L O(||H (1) - r™T). (1.39)

When we set ty = 0, this reproduces the Floquet-Magnus expansion up to the order of
o(r™).
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Floquet-Magnus expansions and van Vleck expansions both give the approximate dynamics of
Floquet systems. The former becomes important when we consider the real-time dynamics from
a certain initial state, since the Floquet gauge is specified by tg = 0. On the other hand, when we
consider quasi-steady states in the high-frequency regimes, the latter is often used to capture the
gauge-independent properties of the quasi-steady states.

We also introduce a property of van Vleck expansions for later convenience. As described in
Egs. (1.35) and (1.36), each m-th order term H(r\?) is composed of the (m + 1)-th order products,

v

H, H, .. H (1.40)

m+1)

by expanding all the commutators. Here, we use the gauge-independence of the van Vleck expan-
sions. If we change the time origin from 0 to tg, the Fourier component H; changes to H, lto, given
by

I : :
Hlto - T/ H(t + tg)e™tdt = e~ o), (1.41)
0
Each term given by Eq. (1.40) is transformed to
m—+1
H{°H[° ... H/°  =exp (—iwto > zi> H,Hy,...H,,,. (1.42)
i=1

This should be the same as Eq. (1.40) for any to due to the gauge-independence of H%,, and hence
we obtain the following result.

r

Remark. (Gauge-independence of van Vleck expansion)
Each m-th order term in van Vleck expansions Hy, (0 < m < n) is composed of the
(m 4+ 1)-th order products like

HyH,...H,,_,. (1.43)
Then, the gauge-independence of H7; results in
m+1
Z l; =0 for any m. (1.44)

i=1

As discussed in Sambe formalism in Section 1.2.2, H; represents the [-photon absorption or
emission process. Equation (1.44) indicates that only the processes satisfying the conservation of
the photon number have an effect on the gauge-independent part of Floquet dynamics. To be
precise, each m-th order term represented by Eq. (1.44) captures a process where a certain dressed
state gets back to the original space after repeating I;-photon absorption or emission (See Fig. 1.2).

We can also derive the perturbative theory based on Sambe formalism. In the high-frequency
regime w > ||H(t)||, we can focus on the space dressed with no photon (I = 0) and regard the
other dressed spaces (I # 0) as an environment since the energy scale of each space, w, is much
larger than the couplings H; in the Hamiltonian 4 [Eq. (1.25)]. By applying the conventional
perturbation theory of static Hamiltonian, we obtain the effective Hamiltonian for each space with
the fixed photon number given by

H_pH,, H_poHyp H H_HyH
Hiw =Ho+ Y=o [ N —omeom il N om0 ) L+ Hiw, (145)

mw
m#0 m,l#0 m#0

up to the n-th order. This is called Brillouine-Wigner expansion. The higher order terms capture
the process in which a state with the certain photon number travels other dressed spaces and
finally goes back to the original space via photon absorption and emission. Although the physical
sense of Hgw is similar to that of van Vleck expansions,we note that Hgw does not approximate
the dynamics. Nowadays, Brillouine-Wigner expansions are proven to be related to other high-
frequency expansions (Floquet-Magnus, van Vleck) via non-unitary transformations [29].
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1.3 Steady states in closed static and Floquet many-body
systems

One of the today’s central questions in quantum physics is what kind of phenomena can take place in
quantum many-body systems. In this section, we introduce the generic properties of the dynamics
in closed quantum many-body systems, that is, the solutions of Schrédinger equation under a many-
body Hamiltonian. The key notion in this section is Floquet eigenstate thermalization hypothesis
(Floquet-ETH), which we should overcome for realizing nontrivial quantum many-body phenomena
in Floquet systems. For the clear description and the comparison with time-independent cases, we
begin with discussion on static quantum many-body systems.

1.3.1 Eigenstate thermalization hypothesis (ETH)

Here, we focus on a closed quantum many-body system described by time-independent Schréodinger
equation,

.d
iz 0(®) = H (1) (1.46)

We assume that a system is defined on a lattice A with the size |A| = L, and that the many-body
Hamiltonian H is bounded, which means ||H|| < oo (bosonic systems with the limited occupation
at each site, fermionic systems, or spin systems).

In generic quantum systems coupled to a huge external bath, as we intuitively expect, any
initial state arrives at a thermal equilibrium state after a sufficiently long time. From this fact,
it has been one of the central questions whether there exists relaxation or some steady state in
isolated quantum many-body systems obeying Schrodinger equation. Some analytical and numer-
ical studies have shown that generic nonintegrable many-body systems generally relax to thermal
equilibrium states even in isolated cases while integrable and many-body localized (MBL) systems
avoid thermalization. They have also conjectured that what distinguishes them is the eigenstate
thermalization hypothesis (ETH), which is expected to be valid only for nonintegrable systems.
We discuss integrablity of quantum many-body systems and ETH below, and MBL is discussed in
Section 1.3.5.

Integrability and Nonintegrability

Integrability characterizes conserved quantities of Hamiltonians, which seem to play a crucial role
on the dynamics. We call a many-body Hamiltonian H integrable if it has a macroscopic number
(~ O(L)) of conserved quantities, and we call nonintegrable otherwise. The simplest examples for
integrable Hamiltonians is non-interacting Hamiltonians and their corresponding ones connected
via some transformations. For instance, the one-dimensional transverse-field Ising Hamiltonian,
given by

Hrpmm = JZUfOf+1 + hZof, (1.47)
: B

is integrable since it is equivalent to free-fermionic systems via Jordan-Wigner transformation.
Another nontrivial example of integrable Hamiltonians is the one-dimensional XX7 Hamiltonian,
given by
Hxxz = Z{JL(Ufoﬂ +olol )+ J.ofoi ). (1.48)
i

This model is exactly solvable and proven to have an extensive number of conserved quantities with
the usage of Bethe ansatz [30]. On the other hand, as an example of nonintegrable Hamiltonians,
the one-dimensional XYZ model under a magnetic field, given by

Hxyzn = Y _(Jxofol, + Jyolol, + Jzoi07,) +h > of, (1.49)

% i

is rigorously proven to have no local conserved quantities [31]. We note that rigorous judgment
on the integrability and the nonintegrability is generally difficult. For the integrability, we should
exactly solve the model and identify its conserved quantities in some way. The nonintegrability
is further difficult since we should prove the absence of local conserved quantities. While generic
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interacting models, in which we cannot naively find a set of conserved quantities (i.e. non-fine-
tuned Hamiltonians), are expected to be nonintegrable, the rigorous proof on the nonintegrability
is limited to specific models such as Hxyz,p [31].

However, we can numerically test the integrability and nonintegrability based on the energy
spectrum of a many-body Hamiltonian [32, 33]. Let E,, denote the n-th smallest eigenvalue of H
(n=0,1,...,dim(H) — 1), and define the level spacing s,, and the level spacing ratio r,, by

S$n = FEpi1— E,, 7, =min ( Sn sﬂ“) . (1.50)

b)
Sn+1  Sn

In generic many-body systems, the tendency of adjacent energy eigenvalues avoiding the degener-
acy, called the level repulsion, is expected to vary depending on their integrability. The statistics
of {sp}n or {r,}, measures the repulsion of the energy eigenvalues. When the Hamiltonian H is
integrable, the eigenvalue FE, is composed of independent contributions of a macroscopic number
of conserved quantities, implying the absence of the level repulsion. Thus, in integrable systems,
the level spacing {s, }, is expected to have the probability distribution of the Poisson statistics,

P(s) oc e™%/(5nn (1.51)
where (s;,), denotes the mean value of s,,. This gives the averaged value of the level spacing ratio,
r = (ry),, ~ 0.386, (1.52)

providing a simple diagnosis for integrable systems.

On the other hand, generic nonintegrable systems, without a macroscopic number of local
conserved quantities, host the level repulsion. Their Hamiltonians behave like a random hermitian
matrix from the Gaussian ensemble, with reflecting their hermiticity and symmetry. When the
nonintegrable Hamiltonian does not respect any symmetry, the level statistics {s, }, is expected
to obey the Wigner-Dyson distribution for the Gaussian Unitary Ensemble (GUE), given by

s\’ 452 . N
P(s) x <<3n>n> exp <_7r(sn>2> , 1= (rp), ~0.603. (1.53)

n

In the presence of the time-reversal symmetry, that is, if there exists a certain unitary operator
U7t satistying
UrH*Ur =H, (1.54)

the level statistics behaves like that of the Gaussian Orthogonal Ensemble (GOE). As a result, a
time-reversal symmetric nonintegrable Hamiltonian gives the level statistics obeying the Wigner-
Dyson distribution,

2

P(s) x TSN exp <_4<Sn)i> , r={(rp), ~0.536. (1.55)

We can numerically test the integrability by fully diagonalizing the Hamiltonian H and checking
its level statistics {sy, }n or {r,}n, which can be visualized as Fig. 1.3.

Eigenstate thermalization hypothesis

Now, let us consider the long-time dynamics of closed quantum many-body systems, that is the
Schédinger solution [1(t)) = e~ |¢)(0)) for the sufficiently large time ¢ and size L. The quantum
state |1(t)) itself cannot reach a thermal equilibrium state, since the latter one is a mixed state
while [¢(t)) is a pure state at any time. We note that this does not prohibit the existence of
relaxation in closed systems.

We characterize the relaxation from the viewpoint of indistinguishability in local observables.
We define the equivalence of a pure state |1) and a mixed state p by

(¥|0]y) ~ Tx[Op], (1.56)
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Figure 1.3: Level statistics {s,} in static Hamiltonians. (a) Poisson statistics, given by Eq. (1.51).
It appears in integrable and many-body localized systems. (b) Wigner-Dyson statistics for random
matrices from Gaussian Unitary Ensemble, Eq. (1.53). It appears in nonintegrable systems without
TRS. (¢) Wigner-Dyson statistics for random matrices from Gaussian Orthogonal Ensemble, Eq.
(1.55). Tt appears in nonintegrable systems with TRS.

for any local observable O, which acts in a nontrivial way simultaneously on at-most O(1) sites.
In terms of the long-time dynamics of closed systems, we are interested in

07 = lim 1/T W(BIO (L)) dt, (1.57)

which represents the infinite-time average of a local observable O(t) = (¢(¢)|O|(t)). Whether
O(t) reaches a constant steady-state value at t — oo is diagnosed by its fluctuation in time,

2

@07 = tim * [“ ol - (m 2 ["wiolwma) . o)

T—00 T

We refer to that the quantum many-body state |¢(t)) equilibrates if ((AO)2) < ||O|] for any local
observable O. In addition, if the steady-state value (O) corresponds to the thermal equilibrium

value (O),, with satisfying ((AO)?) < [|O]|, we call it the thermalization in isolated setups.

The existence of thermalization generally depends on the integrability of the system. In inte-
grable or MBL systems, a macropic number of conserved or quasi-conserved quantities prevent the
state from relaxing to equilibrium. On the other hand, some numerical and experimental stud-
ies have verified that nonintengrable systems generally host thermalization from any initial state
[34, 35, 36, 37, 38] (See Refs. [39, 40, 41] for review). They have also conjectured that the difference
comes from the following hypothesis, dubbed Eigenstate thermalization hypothesis (ETH). !

1Here, we consider the satisfaction of Eq. (1.61) for all the eigenstates |Eyn). The statement discussed here is
sometimes called “strong ETH” to be distinguished from weak ETH. Weak ETH indicates the satisfaction of Eq.
(1.61) for almost all the eigenstates |Ey ), and even integrable systems avoiding thermalization can satisfy it [42, 43].
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Remark. (Eigenstate thermalization hypothesis, ETH)
Let |E,) denote the n-th eigenstate of a Hamiltonian H. We consider the microcanonical
ensemble value in the energy shell A(E,,) = [E, — AE, E,, + AFE], given by

1
(Ohie =TelOpucl, puec=73— " D>, |Bm)(Eml, (1.59)
L m:E, €A(E,)

where N, denotes the number of the eigenstates in the shell A(E,,). In general, for a local
operator O, it corresponds to the canonical ensemble value,

(O)pic = (0)g = Tx[Opgl, pp = e PH | Tr[e=PH], (1.60)

with the inverse temperature 8 determined by F,, = (H) g The diagonal ETH (or simply
ETH) and off-diagonal ETH are described as follows.

(Diagonal ETH, or simply ETH)
Every eigenstate |E,,) is equivalent to the microcanonical ensemble, that is,

(En|O|En) ~ (O)yc (1.61)
for a local operator O when the system size L is sufficiently large.

(Off-diagonal ETH)
Off-diagonal matrix elements (E,|O|E,/) (n # n') for a local operator O show exponential
decay in the system size L,

Jo(Enn', Wmn) 5, _ Ent B

m Rnn’ ) Enn’ 2 )

with a smooth function fo(E,w). The density of states under the Hamiltonian, denoted
by Dg, usually shows exponential decay in the size L. The complex random variable
Ry, satisfying R,,,,» = R}, , has zero mean and unit variance.

n’'n’

(En|O|Eps) ~ Wnnt = Ep — Epr. (1.62)

While integrable and MBL systems violate ETH and off-diagonal ETH, it has been conjec-
tured that generic nonintegrable systems satisfy them.

Let us see the relation between ETH and thermalization in closed setups. Keeping the dynamics
of nonintegrable systems in mind, we assume (diagonal) ETH, Eq. (1.61). For any inital state in
the energy shell at E, given by [¢(0)) = >_, 5 ca(g)Cn|En), the infinite-time mean value of a
local observable O becomes

00 = lim + / S e BB (B, 0| By dt. (1.63)
0

n,n’

Due to the level repulsion in generic nonintegrable systems, it is natural to assume the absence of
degeneracy in the spectrum {E, },. Combining with Eq. (1.61), we obtain

(0) = Z ‘Cn‘Q (En|O|Ey) ~ <O>MC : (1.64)

n

Therefore, ETH is a sufficient condition for the long-time average of any local observable to ap-
proach the microcanonical ensemble value in nonintegrable many-body systems.

Next, we consider the fluctuation ((AO)?) to assess the equilibration of the system. Here, we
further assume off-diagonal ETH, Eq. (1.62). For the initial state [1)(0)) = Zn:EneA(E) en |Er),

we can compute the fluctuation as

J— 1 /7 )
(A0)%) = Y N chenciar <1Lm - / dteZ<En—En/+Ez-Ew>t> (E,|O|E,) (E)|O|Ey) . (1.65)
n#n! 12 TR T Jo
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In generic nonintegrable systems, the energy eigenvalues are expected to be placed at random with
experiencing the repulsion. This validates the assumption of the non-resonance condition,

E,—-E,=Ey,—E #0 onlywhenn=1andn =1, (1.66)

which indicates that any pair of the eigenstates has a different gap. This results in

(203 = 3> leallewl’|{EalOIEw) 2

n n'#n

max | (E,|O|En) |2, (1.67)
n#n'

IN

where we use the normalization condition )}, |c,[? = 1 in the last inequality. Considering off-
diagonal ETH represented by Eq. (1.61), the fluctuation ((AO)2) rapidly vanishes as e~ %) with
the increasing system size L. As a result, the satisfaction of off-diagonal ETH suggests that generic
nonintegrable systems equilibrate, and also relax to thermal equilibrium when combined with the
result of ETH.

ETH and off-diagonal ETH are merely a sufficient condition of thermalization and there is no
rigorous proof of them for generic nonintegrable systems. However, due to the satisfaction of them
and the existence of thermalization for generic nonintegrable systems and the opposite results for
integrable and MBL systems, ETH and off-diagonal ETH are considered to be key ingredients for
understanding thermalization in closed quantum systems.

Entanglement properties of ergodic systems

Generic nonintegrable systems are believed to satisfy ETH and off-diagonal ETH, thereby hosting
relaxation to thermal equilibrium states. Such systems are often referred to as ergodic systems, in
analogy with ergodicity in classical systems. Although it is difficult to rigorously judge whether
a given quantum system is ergodic, we can numerically test it from the common properties of er-
godic systems. As discussed above, the fingerprints of quantum ergodic systems appear in the level
repulsion and the level spacing obeying the Wigner-Dyson statistics, which comes from their non-
inetgrability. We can detect ergodicity by directly confirming that the matrix elements (E, |O|E,)
correspond to thermal equilibrium values.

We hereby introduce entanglement entropy as another frequently-used signature of ergodicity.
We split the whole system A by A = AU B with AN B = ¢, where A and B denote subsystems.
For a given quantum state [¢), we define its entanglement entropy between A and B by

Sl = —Trlpal]log pald]] = —Trlpp[v]log pr[¥]]; (1.68)
pald] = Trpll9) W, psl¢] = Trall$) (l). (1.69)

While the entanglement entropy measures quantum correlations between the two subsystems, it
corresponds to the von Neumann entropy of the reduced density matrix for each subsystem. Let
us discuss how the entanglement entropy behaves in generic ergodic systems. Here, we assume the
subsystem A is sufficiently large but much smaller compared to the whole system A. Then, for any
local observable O4 acting only on A, ETH dictates the indistinguishability,

Tra[OapalEn]] = (En|OalEy) = Tr[Oapg] (1.70)

for every eigenstate |E,) of the whole Hamiltonian H. If the subsystem A is large enough so that
the interactions between A and B at their boundaries can be neglected, the thermal equilibrium
value Tr[Oapg) is approximated by that of the subsystem equilibrium pf = e=#H#4 /Tr[e=FH4].
Thus, the equivalence by Tra[Oapa[E,]] ~ Tra [OA,o? for any Oy4 suggests pa[En] ~ p§7 and
hence every eigenstate |E,,) is expected to have the volume-law entanglement entropy,

S[E,] ~ L, (1.71)

in generic nonintegrable systems satisfying ETH.
We also mention typical behaviors of entanglement dynamics in ergodic systems. We prepare
a certain product state [1(0)), and track its entanglement entropy S(t) = S[y(¢)] with [¢(¢)) =
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e~ "t |4)(0)). From some numerical simulations on spin systems, it has been conjectured that
generic ergodic systems experience ballistic transport of information due to the absence of local
conserved quantities, which results in the linear growth, S(¢) ~ t [44]. This is in contrast to
localized systems, where the local conserved quantities strongly suppress the entanglement growth,
as discussed in Section 1.3.5.

1.3.2 Quantum many-body scars (QMBS)

As ETH is referred to as “hypothesis”, it has been a fundamental and crucial question whether
ETH is genuinely satisfied for any nonintegrable Hamiltonian. Quantum many-body scars (QMBS)
have been explored as intriguing nonintegrable models violating ETH since the observation of their
athermal behaviors in Rydberg atoms in 2017 [45, 46, 47, 48] (See Refs. [49, 50] for review).

Here, we briefly introduce QMBS based on some initial studies along the Rydberg-atom exper-
iments. Let us consider a one-dimensional Ising spin chain whose Hamiltonian is

Hrpmm = JZUfoH + hzaf. (1.72)

When the nearest-neighbor interaction J is extremely large compared to h, a pair of neighboring
excited states is prohibited and the states are restricted in the Hilbert space

N-1
Mo =span{Prsa [0} | 19) €4, Pra= [T (F0H0) 0

=1 iyit1
We can obtain the effective static Hamiltonian in the restricted Hilbert space Hrya by

PryaHremvi Pryd = PryaHpxp Prya ~ Hpxp  (on Hgyd), (1.74)
with a so-called PXP Hamiltonian 2,

N
Hpxp = » Pi10fPip1, Po=(I—[1) (1) (1.75)

i=1

The PXP Hamiltonian can be experimentally realized in Rydberg atoms, a cold atomic system
which has excited states with a larger quantum number ~ 100. Neighboring atoms in the excited
states feel strong repulsive van der Waals interactions, thereby making the restriction to the Hilbert
space Hprya (called Rydberg blockade).

From the level statistics, the PXP Hamiltonian Hpxp on Hryq is numerically confirmed to
be nonintegrable [46]. Nevertheless, opposed to the expectation from ETH that any initial state
relaxes to thermal equilibrium, it shows the following dynamics dependent on the initial states:

1. (Exact AKLT (Affleck-Kennedy-Lieb-Tasaki) QMBS) Persistent motion completely avoiding
thermalization from the exact QMBS eigenstates |I') (See Chapter 4 for the detail).

2. (Approximate Z, QMBS) Extremely long-term oscillation from the Z,, states,
Za) = (144 ), [Zs) = R e (1.76)

3. Relaxation to thermal equilibrium from the other initial states

The rigorous analytical calculation confirms the behavior 1. [47], and the experiments in Rydberg
atoms observes 2. and 3. [45]. The numerical simulations with some approximations, such as the
forward scattering approximation (FSA) [46] and the time-dependent variational principle (TDVP)
[48], reproduce all of them, especially explaining the mechanism of 2. As an important signature
related to ETH here, the exact QMBS eigenstate |T") is an athermal eigenstate of Hpxp, which
means that there exists a local observable O such that

(rjopr) # <O>Mc~ (1.77)

2We change the definition of the projection Py and Pr,t1 depending on the boundary condition. Under the
periodic boundary condition, we choose Py = Pr, and P41 = P1. Under the open boundary condition, we choose
PO = IL and PL+1 = 11.
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This indicates the violation of ETH in nonintegrable systems, resulting the completely athermal
dynamics 1. The approximately athermal behavior 2. can also attributed to the exact QMBS
eigenstate |I') in that the Z,, states have large overlap with |I') and a series of its locally-excited
states [47].

Therefore, quantum many-body scars (QMBS), the above athermal behavior from some special
scar states in nonintegrable systems, provide a counterexample of ETH, leading to the possibility of
another mechanism of thermalization in interacting systems. We note that ETH is still considered
to be one of the keys to understanding thermalization, since generic nonintegrable systems in fact
satisfy ETH, thereby experiencing thermalization. Even in the exceptional models showing QMBS,
the Hamiltonian restricted to the Hilbert space except for the exact QMBS eigenstates satisfies
ETH as well as generic nonintegrable models, resulting in the thermal steady state (See 3.).

After the proposal of the PXP model, various types of QMBS have been extensively explored.
The first type resembles the PXP model, in which local constraints by projections generate some
special QMBS eigenstates [51]. The second type relies on algebraic structures in the restricted
Hilbert space [52]. In this type, a series of QMBS eigenstates appears in the restricted space with
a tower structure generated by ladder operators. The third type is called Hilbert space shattering
[563, 54], in which the coexistence of macroscopic symmetries and locality causes the separation of
the whole Hilbert space leading to athermal steady states. Any type of QMBS not only plays a
role as counterexamples of ETH, but also provides an insight into many-body Hamiltonian and
many-body states, such as the hidden separated structure of the Hilbert space.

1.3.3 Floquet eigenstate thermalization hypothesis (Floquet-ETH)
Let us go back to the discussion on Floquet many-body systems described by

) = HO WD), H) = H+T). (L.78)

We again assume a system defined on a lattice A with the size |[A| = L, and the bounded Hamil-
tonian satisfying ||H (¢)|| < oo at any instantaneous time ¢. We are interested in the stroboscopic
dynamics of generic quantum many-body systems, [¢(mT)) = (Uy)™ |¢(0)). Particularly, in anal-
ogy with closed time-independent systems, it is of central interest whether or not the periodically-
driven system relaxes to some steady state, and what characterizes the steady state if true. As well
as time-independent cases, the existence of thermalization depends on the integrability for Floquet
systems, in which the Floquet version of ETH, “Floquet-ETH”, is considered to play a significant
role.

Integrability and nonintegrability

We begin with the integrability and the nonintegrability for Floquet many-body systems. In the
case of Floquet systems, we focus on the Floquet operator Uy, instead of static Hamiltonians.
We call a Floquet system integrable if its Floquet operator Uy has an extensive number of local
conserved quantities. We call a Floquet system nonintegrable if the Floquet operator U does
not have an extensive number of local conserved quantities and the effective Hamiltonian H.g =
(¢/T)log Uy becomes nonlocal. Here, we include the nonlocality of Heg for the nonintegrablity to
exclude the cases equivalent to time-independent systems. In nonintegrable Floquet systems, there
is no physically meaningful conserved quantity that is macroscopic and local, while nonintegrable
static systems possess conserved energy.

As well as static systems, integrability and nonintegrablity in Floquet systems can numeri-
cally be detected by level statistics [55]. With the usage of the quasienergy spectrum {e,},, the
eigenvalues of the effective Hamiltonian H.g, we define the level spacing r,, by

. Sn Sn+1
T, = min < , ) ,  Sp = Enil— En. (1.79)
Sn+1 Sn

Since the quasienergy near the branch cut occupies only the small fraction of the whole spectrum,
the choice of the brunch cut hardly affects its statistics {r,},. In integrable Floquet systems, the
quasienergy does not host the level repulsion, and hence the statistics of its gap is expected to
obey Poisson distribution. On the other hand, in nonintegrable Floquet systems, it hosts the level
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repulsion with mimicking random matrices. Instead of Gaussian ensemble for random hermitian
matrices in static cases, the Floquet operator U; behaves like a random unitary matrix from
Circular Unitary Ensemble (CUE) [without TRS] or Circular Orthogonal Ensemble (COE) [with
TRS] . Here, the TRS for Floquet systems is defined by

U : unitary, s.t. UTU}‘U; = U}L. (1.80)

To summarize, the integrability of Floquet systems can be diagnosed by the mean value of the
level spacing ratio r, coming from the different level statistics as follows.

0.386 (Integrable cases)
= (rn), ~ ¢ 0.597 (Nonintegrable cases without TRS) (1.81)
0.527 (Nonintegrable cases with TRS).

Floquet-ETH and the heating problem

With the above description for the integrability and nonintegrability in Floquet systems, let us
consider how the dynamics of closed Floquet many-body systems behaves. For Floquet systems, we
focus on the stroboscopic dynamics described by |¢(mT)) = (Us)™ |¢(0)), and we are interested
in the infinite-time average at discrete time,

1 M—-1
< >Strob0 = 1\/}13100 M Z <O(mT)>7 (182)
m=0

with (O(mT)) = (¢(mT)|O|p(mT)). The convergence of the observable (O(mT')) can be evaluated
by the fluctuation,

M — o0

M-1 M—1 2
(B0 gpopo = Jim_ 2= 3~ (O(mT))* ( tim L3 <0<mT>>> L)

When the fluctuation ((AO)?)q, .1, i sufficiently small compared to ||O|[?, the Floquet system

equilibrates after long time. In addition, under the equilibration with ((AO)?)g, 1o < ||O]?, we
can regard a mixed state psg, which gives @Stmbo ~ Tr[Opgs] for any local observable O, as a
steady state of the Floquet system. The central questions are whether there exists equilibration
in generic Floquet many-body systems, and what characterises the steady state psg then. The
latter is rather important in Floquet cases, since generic Floquet systems do not have the energy
conservation due to their time-dependency. The thermal equilibrium state pg, Eq. (1.60), becomes

ill-defined except for # = 0 in Floquet cases.

The existence of thermalization depends on the integrability also in Floquet cases. In integrable
Floquet systems, a macroscopic number of local conserved quantities again prevent the thermaliza-
tion. On the other hand, generic nonintegrable Floquet systems are believed to satisfy the Floquet
versions of ETH and off-diagonal ETH, while integrable Floquet systems violate them [55, 56]. In
a similar way to static cases, they lead to thermailization in nonintegrable Floquet systems from
any initial state. We describe them, dubbed Floquet-ETH and off-diagonal Floquet-ETH, and
discuss their relation to thermalization in Floquet systems below.
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Remark. (Floquet eigenstate thermalization hypothesis, Floquet-ETH)
Let |e,) denote the eigenstate of the Floquet operator U; with the quasienergy e,. We
define the infinite-temperature state by

. e PH I
Poo = lim

35 TofePH] ~ dm(H) (1.84)

as a thermal equilibrium state at infinite temperature. The state pg is referred to as trivial
in that it does not reflect the underlying Hamiltonian H(t) at all. Diagonal Floquet-ETH
(or simply Floquet-ETH) and off-diagonal Floquet-ETH are described by the following
statements.

(Diagonal Floquet-ETH, or simply Floquet-ETH)
Every eigenstate |e,,) is equivalent to the infinite-temperature state, that is,

(en|Olen) ~ (O) (0) oo = Tr[Oposl; (1.85)

00 !
for a local operator O when the system size L is sufficiently large.
(Off-diagonal Floquet-ETH)

Off-diagonal matrix elements (e,,|O|e,/) (n # n') for a local operator O show exponential
decay in the system size L,

~ fO (Wnn’)

<5n|0|5n/> — \/5

with a smooth function fo(w) and D = dim(#). Here, R, denotes a complex random
variable with zero mean and unit variance, satisfying R,,,, = R,,,.

Runiy Wppt = €p — Env,y (1.86)

While integrable Floquet systems and Floquet-MBL systems (See Section 1.3.5) violate
ETH and off-diagonal ETH, it has been conjectured that generic nonintegrable Floquet
systems satisfy them.

Let us discuss what Floquet-ETH and off-diagonal Floquet-ETH imply in the dynamics of
generic nonintegrable Floquet systems. We consider a generic initial state [¢(0)) = Y. ¢y |en),
and we first assume the satisfaction of Floquet-ETH, Eq. (1.85). Then, the infinite-time average
of a local observable, given by Eq. (1.82), becomes

M-1

T\ . 1 * 3 —E,/ T

(O)sirane = 1\41131002 i S hen el En T (2 10 (1.87)
n,n’ m=0

We can make the assumption of no degeneracy in the quasienergy {e,},, which naturally comes

from the level repulsion in nonintegrable systems. As a result, we obtain

@Strobo = Z |C’ﬂ|2 <€n|0|5n> =~ mﬁ[O] (188)

Therefore, in nonintegrable Floquet systems, Floquet-ETH or Eq. (1.85) is the sufficient condition
for the infinite-time average of local observables corresponding to their infinite-temperature values.
In other words, after sufficiently long time, any initial state becomes indistinguishable from the
trivial infinite-temperature state in its time average.

Whether or not the nonintegrable Floquet systems equilibrate can be determined by the fluc-
tuation ((AO0)?)g on0s given by Eq. (1.83). Here, let us assume off-diagonal ETH for the noninte-
grable Floquet systems, Eq. (1.86), in a similar way to static systems. Then, we can calculate the

fluctuation in time as follows:

M—-1
* * . 1 7 —E,1 —Er)m
((A0))strobo = E § CnCn’ € C1/ (A}I_T)HOOM § ellen et T) (en|Olen) (e1|Oler) -
n#n’ I#U m=0

(1.89)
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As a natural assumption in generic nonintegrable systems, we again suppose the non-resonance
condition,

€n—€Ep =cp —e #0 only whenn =1 and n’ =[. (1.90)
We combine this condition with off-diagonal Floquet-ETH, Eq. (1.86), which leads to
(A0 strone = Z |Cn|2‘cn’|2| (enlOlens) |2
n#n’
< H;léa)ﬂ (en|Olen) 2. (1.91)

Off-diagonal Floquet-ETH, Eq. (1.86), implies the vanishing fluctuation ((AO)?)g;,opo With the
growing system size L, representing that the expectation value (O(mT)) itself approaches a certain
value after sufficiently long time. With the combination of Floquet-ETH, we arrive at the following
conjecture in Floquet systems, dubbed heating problem.

Remark. (Heating problem)
In generic Floquet many-body systems with no local conserved quantities, any initial state
[1)(0)) is believed to relax to a featureless infinite-temperature state:

(O(mT)) ~ mTr[O], (1.92)

for sufficiently large time ¢ = mT as a result of Floquet-ETH and off-diagonal Floquet-ETH.

Overcome Floquet-ETH or the heating problem

To summarize, Floquet-ETH (or the heating problem) implies the thermalization of the long-
time average (O)gi,opo (0r (O(mT)) at late time ¢ = mT') to the infinite-temperature value. As
well as static systems, Floquet-ETH, off-diagonal Floquet-ETH, and the resulting thermalization
are numerically verified [55, 56, 57]. In a particular class of Floquet systems, called dual-unitary
quantum circuits [58, 59, 60, 61, 62], the distribution of off-diagonal matrix elements, which appear
in off-diagonal Floquet-ETH [See Eq. (1.86)] can be exactly obtained [63]. Taking into account
that thermalization is absent in integrable Floquet systems and Floquet-MBL systems violating
Floquet-ETH and off-diagonal Floquet-ETH, they are believed to explain thermalization in closed
nonintegrable Floquet systems.

What distinguishes Floquet-ETH or the heating problem from their counterparts in static
systems, they predict trivial physics in generic Floquet many-body systems. Any local observable
in steady states of generic Floquet many-body systems, given by Tr[Ops], does not reflect the
Hamiltonian H (t) at all. This comes from the absence of a macroscopic local observable, which is
a counterpart of a Hamiltonian H in static systems. Although the effective Hamiltonian H.g is a
conserved macroscopic observable in nonintegrable Floquet systems, it gives no physical sense for
any local observable O due to its nonlocality.

Quantum many-body phenomena in Floquet systems, which are at the center of this thesis,
have been a significant and fundamental field in today’s nonequilibrium condensed matter physics.
To find out nontrivial phenomena, we should overcome Floquet-ETH or the heating problem and
avoid trivial steady states predicted from them. In the following subsections, we introduce some
preliminary phenomena avoiding the troubles by Floquet-ETH and the heating problem in some
way.

1.3.4 Floquet prethermalization in the high-frequency regime

Floquet-ETH or the heating problem predict trivial inifinite-temperature steady states in generic
Floquet many-body systems, but they do not deny the non-triviality in the quasi-steady states.
Floquet prethermalization indicates the realization of nontrivial thermal quasi-steady states with
sufficiently-long but not infinite lifetime. We note that generic Floquet many-body systems hosting
Floquet prethermalization still satisfy Floquet-ETH, and typically show dynamics with multiple
equilibrations like Fig. 1.4. The existence of Floquet prethermalization or equivalently the long-
lived quasi-steady states is nontrivial. However, it has been proven that Floquet many-body
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. no
Dynamics under Hg,y,

>
p0(1/AT) t

Figure 1.4: Schematic picture of Floquet prethermalization in the high-frequency regime. Dynamics
under the time-independent local Hamiltonian Hyg, is approximately realized for a sufficiently long
time. After that, it is expected to relax to infinite-temperature states due to Floquet-ETH.

systems, where the local energy scale is much smaller than the frequency (the high-frequence
regime), can universally host such a phenomenon [28, 64, 65, 66].

To discuss Floquet prethermalization in the high-frequency regime, we first introduce the way
to quantitatively evaluate the local energy scale below. We define the locality and the extensiveness
as follows.

~

Definition 1.3.1. (Locality and Extensiveness)

We consider a static Hamiltonian H on a lattice A. The Hamiltonian H can be always
represented by H = >y -, hx, where hy nontrivially acts just on a domain X C A. Then,
the locality k and the extensiveness J are defined as follows:

H is k-local < |X| <k for any X s.t. hx #0, (1.93)
is J- i < J .
H is J-extensive < max (X%:B} ||hX||> <J (1.94)

For a time-periodic Hamiltonian H(t), we define its locality and extensiveness in a sim-
ilar way. We call H(t) a k-local Hamiltonian when it can be represented as H(t) =
> x:|x|<k hx (t), and call it J-extensive when the maximum of >y v, |[hx (t)|| with re-
spect to a site 7 and time ¢ is bounded by J. We define the local energy scale by A = 2k.J.

The k-locality means that a Hamiltonian involves at-most k-body interactions. Using the

following inequality
NHI <D lhxl < > lhxll < JL, (1.95)
X i€A X:X i
the extensiveness J (> ||H||/L) gives the maximal energy scale per site, characterizing the local
energy scale of a Hamiltonian, A\ = 2kJ. For a simple example described by the one-dimensional
long-ranged Hamiltonian

Jint 2 =z T
H:; ‘i_j‘aaiaj+2i:hwgi7 (Oé>1), (196)

we obtain the locality k¥ = 2 and the extensiveness J = 2|Jine|((c) +|hy| ({() is the zeta function).
We note that the locality defined here is not related to the range of interactions.
Quasi-steady states and Effective Hamiltonian

We now discuss Floquet prethermalization in the high-frequency regime. We consider a k-local
(k= 0(1)) and J-extensive Hamiltonian H () on an L-site lattice A. We assume the high-frequency
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regime, JT < 1. Then, as explained below, the following approximation is verified:
l(mT)) =~ e HermT |y(0)),  t =mT < 7, = 2@/ DT, (1.97)

with a certain local time-independent Hamiltonian H.g. In the exponentially-long time 7. =
eQ@W/ )T the stroboscopic dynamics has a macroscopic local conserved quantity Hog just like that
in static systems, thereby avoiding the heating. This approximate dynamics under Heg within
t < 9@/ DT is called Floquet prethermalization.

Here, we briefly review how the macroscopic local conserved quantity H.g emerges in Floquet
prethermalization. Let us consider the effective Hamiltonian Heg = (i/T")log Uy and the Floquet-
Magnus expansion Hpy [See Egs. (1.27)-(1.29)], since we are now focusing on the high-frequency
regime JT < 1. We should note that, for generic many-body systems, the perturbative expansion
HXi=>0, ngfl(? is divergent since the parameter ||H (t)||/w ~ JL/w exceeds the convergence
radius . = O(1) even in the case of JT <« 1. This means that the Floquet-Magnus expansion is
not an asymptotic expansion for the effective Hamiltonian H.g, and it seems to have no physical
sense. Nevertheless, under the locality and the extensiveness, the Floquet-Magnus expansion is
proven to show a convergent behavior up to a certain order. For instance, the first-order term

HE(}& is bounded by

() Lot
8| = |z [ an [ dete). me)
I t
< op [ dn [Cdn Y k) ) (1.9)
2T Jo 0 X,YCA

Since the integrand is further bounded by

Y hx (), hy (t2)]] 2 > lhx @)l Iy ()]

X,YCA X,Y:XNY#¢

< 2(22 Y AYY Y ) )l Iy )
Y €Y X: X3¢ X €eXY:Y>2i

< 26 (Ilhx (t)l + [[hx (E2)]]) < 4kTN, (1.99)
X

we obtain ||HY < AXI'(JL)/4. This bound is comparably smaller than the expected one,
FM y

O(|H®)|| - ) ~ AT(JL) - (N/k) , obtained from the perturbation parameter r = ||H(¢)||/w if
the locality k is smaller compared to the system size L. In a similar way, Floquet systems with
locality and extensiveness have the Floquet-Magnus expansion with suppressed divergence.

Theorem 1.3.2. (FM expansion under locality and extensiveness) [28]
For a k-local and J-extensive Hamiltonian H (t), each m-th order term of its Floquet-Magnus

expansion H. é"l\}), given by Eq. (1.28), has the following upper bound:

(AT)™

HED|/L < J0™ <
1Hpy I/ < I <=

ml - J, (1.100)

where J(™) is the extensiveness of H{r,.

Using Stirling’s formula m! ~ (m/e)™, this theorem says that the m-th order term HI%(L,[),
which is order of (mAT/e)™ JN/m, shows a convergent behavior up to the order ng = O(1/AT)
(> 1) satisfying noAT'/e ~ 1. This behavior is in contrast to the divergence of the Floquet-
Magnus expansion in generic Floquet many-body systems. In fact, after some discussion based on
the locality and the extensiveness, the Floquet-Magnus effective Hamiltonian Hy,,; plays a role in
giving a macroscopic local quasi-conserved quantity when its convergent behavior is accompanied
under n < ng = O(1/AT).



30 CHAPTER 1. INTRODUCTION

Theorem 1.3.3. (Floquet prethermalization) [28]
For a k-local and J-extensive Hamiltonian H (t), we assume 4\T' < 1 with the local energy
scale A = 2kJ. Then, the Floquet operator Uy is approximated as follows:

HUf - e*iH?&TH < %L(AT)Q*"O (1.101)

where ny is the largest integer that does not exceed 1/(16AT). When we truncate it at the
order n < ng, the bound becomes

2(n+1)!

T Dk LOT)™ 2. (1.102)

HefiH;f\’/lT _ efz'H;MTH < 2||H1EJHI)||T <

The right hand side of Eq. (1.101) becomes smaller as the order n increases up to ng = O(1/AT).
Considering the relation ||(Uy)™ — exp(—iHpyymT)|| < m||Uy — exp(—iHpyT)|| and choosing the
order n by ng, the stroboscopic dynamics can be approximated as

[W(mT)) = (Up)™ [1(0)) = e~ Hei™T [4(0)) + mL - OV o = HelmT |y(0)), (1.103)

as long as the time ¢ = mT is smaller than ¢?/*T)T/L. This reproduces Eq. (1.97), indi-
cating that the truncated Floquet-Magnus expansion Hpj; plays a role of a local macroscopic
conserved quantity and that the Floquet systems experience the dynamics under HpY; during
t < O/ AT)T/ L. This lifetime is much larger than the one expected from the convergence radius,
O(T/(AL)), for many-body systems. Although this theorem says nothing about the dynamics after
the prethermal regime, they are expected to host thermalization to infinite temperature due to
Floquet-ETH. Thus, the generic dynamics of Floquet many-body systems in the high-frequency
regime show multiple relaxations, which can be depicted as Fig. 1.4.

We also note that Eq. (1.102) validates the approximation by the lower-order Floquet-Magnus
expansion. The triangle equation with Eqs. (1.101) and (1.102) results in

o] <[y s — et
3 _ 2(n+1)!
< ZLOT)2 ™o 4 T L L(AT) 2
-k (AT) +(n+2)k (AT)
3 2r
< ZLIT)27™ 4 — = (pAT)"2, 1.104
< ZLOT) +(n+2)2k(n ) ( )

Since the second term is decreasing function in n when n < O(1/AT) ~ ng, the lower-order
expansion Hy; (n < ng) also plays a role of a macroscopic conserved quantity in the time scale
t < (NT)~"=2/L for small n.

Floquet engineering

Floquet prethermalization in the high-frequency regime is often used for Floquet engineering, which
enables the control of phases of matter in nonequilibrium setups. As discussed above, Floquet
systems with the local energy scale A < w mimic the dynamics under the time-independent local
Hamiltonian Hgy; during ¢ < eOW/AT)T The truncated Floquet-Magnus expansion Hgy generally
includes many-body interactions via commutators, and is expected to become nonintegrable. Thus,
by assuming ETH and off-diagonal ETH in static systems [Egs. (1.61) and (1.62)], any local
operator O behaves like

(O(mT)) = ((0)[eFnm™T Qe Hin™T |4)(0)) ~ Tr[Opg), (1.105)

for sufficiently large time ¢ = mT but smaller than e©(/*T)T. Here, the state pg is the thermal

equilibrium state under Hgy,,
e_BHI?M

TrlePHfu]’

and the effective temperature 8 is determined by the energy conservation,

(V(0)[Hin|[(0)) = Tx[Hgnips]- (1.107)

ps = (1.106)
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Thus, we can realize a preferable thermal state under the static Hamiltonian Hg,; with finite
lifetime 7 = e?/AT)T. In the context of Floquet engineering, we often use the van Vleck effective
Hamiltonian instead of the Floquet-Magnus expansion, since we are interested in quasi-steady state
properties independent of the time origin. In that case, we consider a thermal equilibrium state
under the static Hamiltonian

H*'mmHm n
H3V=H0+Z[Tw]+...+fl§). (1.108)
m#0

To determine the temperature, we replace the initial state by v |)(0)) in Eq. (1.107), which
reflects the unitary equivalence between the two expansions Eq. (1.39).

One of the simplest examples is dynamical localization induced by laser light [67, 68, 69]. A
one-dimensional fermionic system coupled with linearly-polarized light is typically described by

H(t)=—-2tY > cos(k— Asinwt)cf ,cpo + Hin, (1.109)
ko=t

with the vector potential A(t) = Asinwt. Here, Hiy, denotes time-independent interactions such as
the Hubbard interaction Hy = U ), CI,¢Ci,TCI, 1Gi,.- When the local energy scale of the Hamiltonian
H(t) (e.g. max(t,U) in the case of Hi,, = Hy) is much smaller than the frequency w, the system
can be approximated up to the lowest order by

HY\ = —2tJo(A) Zcos(k)clck +U Z CL_ch_qu'Ck, (1.110)
k k.k".q
where we employ the formula for the m-th order Bessel function J,,(A4) = OQW (df/2) cos(mb —

Asind) (m = 0,1,2,...). This implies that we can control the hopping tgy(A) = tJo(A) by the
amplitude of the light. In particular, when we set A around the zeros of the Bessel function Jy(A)
(A ~2.405,5.520,...), the suppressed hopping causes localization, dubbed dynamical localization.

Floquet engineering in Floquet prethermalization under high-frequency drives is now widely
discussed in the context of various phenomena (See [70] for review). Recent theoretical studies
on Floquet engineering also tell us possibilities of controlling various phenomena, which cover
laser-mediated multiferroics [71], laser-induced topological superconductivity [25, 26], and laser-
irradiated Kondo effects [72]. While this technique provides a powerful tool to analyze the high-
frequency regime, we should note that the stroboscopic dynamics in this regime is completely
understood by the time-independent local Hamiltonian Hg,,;. In other words, closed Floquet
systems in the high-frequency regime cannot host unique phenomena in nonequilibrium, such as
anomalous Floquet topological phases and discrete time crystals.

1.3.5 Many-body localization and time crystals

Floquet many-body-localized (Floquet-MBL) phases and discrete time crystals (DTCs) are robust
nonequilibrium phases realized in Floquet many-body systems. They have a macroscopic number
of local quasi-conserved quantities and violate the assumption of Floquet-ETH “nonintegrability”,
thereby enabling nontrivial phases avoiding thermalization to infinite temperature.

Many-body localization (MBL) and Floquet-MBL

Many-body localization (MBL) is characterized by the emergence of an extensive number of quasi-
local conserved quantities under interactions and disorder, forming a robust phase dubbed a MBL
phase [32, 73, 74, 75, 76] (See Refs. [77, 78] for review). Quantum many-body systems lying
in MBL phases have attracted much attention in that they violate ETH and avoid relaxation to
equilibrium states.

Let us begin with the simplest model for MBL phases. We consider a static one-dimensional
antiferromagnetic (AFM) Heisenberg model under a disordered magnetic field with S = 1/2 [73,
74),

Hyigr, :ZJa:i'Ei—ﬁ—l'i‘Zhiofa 0; = (0’?,0’3,0’5). (1.111)
7 [
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Here, a real random variable h; is chosen uniformly from [—h, h]. Depending on the strength of
disorder h compared to the coupling J, this model lies in either a MBL phase or a delocalized phase,
hosting MBL transition between them. When the disorder strength h is smaller than a certain
threshold value h, =~ 3.5, the model lies in the delocalized phase. In this case, we can numerically
confirm that it behaves like usual nonintegrable systems; it experiences the level repulsion leading
to the Wigner-Dyson statistics of the level spacing, and it also satisfies ETH. Thus, the system in
the delocalized phase experiences thermalization from any initial state.

On the other hand, when the disorder strength is large, h > h,, the system lies in a MBL phase.
In this phase, a macroscopic number of quasi-local conserved quantities emergently appear. For
the one-dimensional spin chain with S = 1/2, such conserved quantities, called local integrals of
motion (LIOMs), can be identified by {77 = Ulpca1o? UIJ[) Cal}le with a certain local unitary operator
Ulocal. Each LIOM 77 is localized at the i-th site with exponentially-decaying tails around the i-th
site, and satisfies [77,77] = 0 and [r7, HupLr] = 0 for any 4, j. This results in the following generic

i1r'j
representation of the Hamiltonian in a MBL phase,

Hysr[{7/} Z Jiti + ZJZ]Tsz + Z JigeTETiTE + (1.112)
1,5,k

where the coefficients J;5, Jiji, . . . exponentially decay with the distance between each pair of their
indices. Emergence of LIOMs brings characteristic properties of MBL phases that distinguishes
them from generic integrable or nonintegrable systems. First, every eigenstate of the Hamilto-
nian Hypr,[{77}] is given by the simultaneous eigenstate of LIOMs |{7;}£_,) with the eigenvalue
Hypr[{7:}], where 7, = +1 represents the eigenvalue of 77. Since each LIOM independently
contributes to the energy eigenvalue, MBL phases do not host the level repulsion and possesses
the level statistics obeying Poisson distribution. Second, each eigenstate |{r;}£ ;) is distinguished
from thermal equilibrium states by local observables {77}7_,. This immediately means that MBL
systems do not satisfy ETH. Related to the violation of ETH, MBL systems avoid thermaliza-
tion due to an extensive number of conserved quantities {77};. The third characteristic property
of MBL phases appears in entanglement entropy. Each eigenstate |{7;}£ ;) is an approximate
product state with local conserved quantities having exponentially-decaying tails. This indicates
that each eigenstate of MBL systems has area-law entanglement entropy S ~ L%~!. This also
provides the characteristic entanglement dynamics of MBL phases, that is, the entanglement of
[(t)) = exp(—iHmpLt) [1(0)) logarithmically grows in time as S(t) x logt when we prepare a
product state [1/(0)). 3

Floquet-MBL is the Floquet version of MBL, having an extensive number of quasi-local con-
served quantities [79, 80, 81, 82]. One of the most simplest examples for Floquet-MBL phases is
realized by the following Hamiltonian on one-dimensional spin chain with S = 1/2 [79],

H(t):{ZzJUfo+1+Zzhldf (O§t<T1)

1.113
S It 4 aloly) (Tu<t<Th+T,=T). (1.113)

Here, the random variable h;, which is uniformly chosen from [—h, k], plays a role of disorder.
In the infinite-frequency limit 7" — 0, this model reproduces the static model Eq. (1.111) since
the effective Hamiltonian Heg corresponds to the zeroth-order Floquet-Magnus expansion H2y =
Hyr, which leads to MBL. When the frequency is finite 7' > 0, thermalization by periodic drive
competes with localization by disorder. If the former is dominant, the system lies in an ergodic
phase, and hosts thermalization to infinite-temperature as generic nonintegrable Floquet systems.
On the other hand, if the latter is dominant (e.g. To < T, ~ 1 in the case of T} = 1, J = 1/4,
h = 2.5), a Floquet-MBL phase is realized, where an extensive number of quasi-local conserved
quantities appear. The Floquet operator in Floquet-MBL phases can be written in the form of

Uf = eXp(—’L'THMBL[{TiZ}]) (1114)

with the usage of Eq. (1.112). Importantly, Floquet systems lying in Floquet-MBL phases vio-
late Floquet-ETH, and they can avoid thermalization to trivial infinite-temperature states. By

3Integrable systems, which violate ETH, possess the level statistics obeying Poisson statistics as well as MBL
systems. Typically, MBL systems can be distinguished from integrable systems by their entanglement nature. When
integrable systems can be mapped to free-fermionic systems or can be solved by Bethe ansatz like the XXZ model,
wave numbers work as conserved quantities. Since they are not localized in space, typical integrable systems have
eigenstates with volume-law entanglement, and host the linear growth in the entanglement dynamics, S(t) ~ t.
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discussion parallel to MBL phases, Floquet-MBL phases host the characteristic behaviors of MBL
phases, such as the level statistics and the entanglement properties.

Since Floquet-ETH or the heating problem predicts trivial steady states in generic interacting
Floquet many-body systems, MBL and Floquet-MBL phases are significant ingredients for ex-
ploring the interplay of quantum many-body properties and nonequilibrium properties. The first
typical example is a discrete time crystal (DTC) phase exploiting MBL, as discussed below. The
second one is a Floquet topological phase in interacting systems [83, 84, 85, 86, 87]. It is often
discussed upon the existence of Floquet-MBL to avoid trivial Floquet eigenstates, and for instance,
two-dimensional class A systems accompanied by Floquet-MBL can host interacting Floquet topo-
logical phases characterized by a rational topological number [83]. This is in contrast to static
interacting systems where ETH predicts nothing about the gapped ground states and nontrivial
topological phenomena in the presence of interactions can be realized without breaking ETH.

Discrete time crystals (DTCs)

Time crystals are one of the ordered phases which spontaneously breaks time translation symmetry
(TTS). Time crystals breaking continuous TTS were originally proposed in equilibrium systems
as an analogy of crystals spontaneously breaking continuous spatial translation symmetry in 2012
[88], but it was later proven that such continuous time crystals cannot exist in the ground states
and the equilibrium states of short-ranged static systems in 2015 [17]. Thus, time crystals are
novel ordered phases inherent in nonequilibrium. In particular, Floquet systems have become one
of the central platforms for time crystals [16, 89, 90, 91, 92, 93, 94, 95, 96] (See Refs. [97, 98, 99]
for review). Such time crystals in Floquet systems are called discrete time crystals (DTCs) since
they spontaneously break discrete TTS H(t) = H(t + T).

DTCs are defined by ordered phases showing spontaneous breaking of discrete TTS. To be
precise, we call Floquet systems DTCs when an eigenstate of the Floquet operator |e,) has a
spatio-temporal long-range order *:

lim | (en]|0;0jlen) — (en|Oilen) (€n|Ojlen) | = g0 > 0. (1.115)

Ji—j| =00

with a certain local order parameter O; that satisfies U}LOZ-Uf # O; and (U})mOi(Uf)m = 0,
(m € N\{1}). When we assume Floquet-ETH or equivalently Eq. (1.85), we obtain (,,|0;O;ep) ~
(0:05) . = (0i) o (Oj) . ~ (enl|Oilen) (enlOjlen) with (O) = Tr[O]/dim(#H). This indicates the
vanishing correlation function in Eq. (1.115), and hence DTCs can appear only when the Floquet
systems violate Floquet-ETH.

DTGCs, violating Floquet-ETH, are usually realized in Floquet systems accompanied by MBL.
Let us consider the simplest case, a kicked Ising chain described by

Yo (Jiofoz +hio?) (0<t<T)
H(t) = {7(ite zZH;lC ' <teT (1.116)
2(T—r) 2-i T (r<t<T),

‘Tr(l + 6) xr N z __Z z
U = exp <12 Zai> exp (w Z(Jiai 0iyq + hio; )> , (1.117)

where J; and h; are randomly chosen from [Jy — AJ, Jo+ AJ] and [hg — Ah, hg + Ah], respectively.
When the disorder AJ and Ah are strong enough, MBL takes place suggesting the existence of a
extensive number of local conserved quantities {77 = Ulpcalo? Ul];cal}i' Then, with the usage of the

deformed Pauli operator 7" = Ulpcalo; Ult)cal, the Floquet operator Uy is unitarily equivalent to

Uy = <H<—”f)> exp(—iT HvpL[{77}]), (1.118)

i

4This definition of the spatio-temporal order is given in an analogous way to long-range orders in equilibrium
systems. Let us consider spontaneous breaking of a certain discrete symmetry generated by g to another discrete
symmetry generated by h in equilibrium. Then, the long-range order indicates the existence of a local order
parameter O; satisfying g~ '0;g # O;, h~1O;h = O;, and the non-vanishing correlation function:
im  [{0i0j)oq = (Oi)eq (Oj)eq | =0 >0

li—j|—o0 ed
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where HypL[{77}] denotes the MBL Hamiltonian given by Eq. (1.112). Every eigenstate of the
Floquet operator Uy is given by

frda4) — %(ewHﬁfgL[{n}]/z|{Ti}>ie—ifH§f§L[{n}1/z|{_Ti}>>7 (1.119)
—iTe(mbd)  — L ATHESL (1.120)

Here, 7; takes £1 and |{r;}) satisfies 77 [{7;}) = 7 [{7:}). We also give the odd (even) part of the
MBL Hamiltonian by Hoo ™ [{72}] = (HypL[{77}] F HupL[{—77}])/2. We note that each pair
of |{7}i,+) and |{7;}:, —) has the fixed quasienergy gap 7/T. We can choose 77 as a local order
parameter that satisfies (U;)177U; = —77, (U})2T7;Z(Uf)2 = 77, and then we find the non-vanishing
correlation function for each eigenstate:

| {mds i ), +) — {n}, £ {n) £) ({nh £ {2 | = |mm| = 1 (1.121)

Thus, this system is a DTC. Every eigenstate |{7;}, %) is a superposition of macroscopically
different states, dubbed a cat state. Cat states are vulnerable to decoherence, measurement, and
infinitesimal perturbations that break the underlying symmetry, and physically unstable. In the
actual experiments, we observe physically stable short-range-correlated states, which are superpo-
sitions of the eigenstates with the fixed w/T gap:

H{=7i}) oc [{mi}, +) £ {m}, =) (1.122)

Due to the quasienergy gap /T, the physically stable state |{7;}) shows a 2T-periodic motion,

Up)" {m}) oc {7}, +) + (=1)" {7}, =) o {(=1)"i}) , (1.123)

giving a persistent 27-periodic oscillation of the order parameter (77 (nT)) = (—1)" (77(0)). The
form of the Floquet operator Eq. (1.118) is maintained under any local perturbation preserving
the time-periodicity H(¢t) = H(t + T') [e.g. ¢ in Eq. (1.116)] in the presence of MBL. Thus, the
2T-periodic oscillation of the order parameter, interpreted as spontaneous breaking of discrete TTS
T7Z to discrete TTS NTZ, is robust as long as the underlying discrete TTS TZ is preserved.

In the presence of the generic spatio-temporal order with m > 2 [See Eq. (1.115)], pairs of m cat
states having the fixed gap 27 /mT appear as the eigenstates of Uy, thereby making a mT-periodic
oscillation of the local order parameter in the physically feasible states. We refer to the system
having the spatio-temporal order (with m > 2) robust against any T-periodic local perturbation as
amT-DTC (so the above example is a 27-DTC). To summarize, DTCs are physically characterized
by the two following phenomena;

1. Existence of a local order parameter {1 (t)|O]v(t)), which is mT-periodic but not T-periodic,
from a physically-feasible short-range-correlated state [¢(0)) in ¢, L — oo (time-translation
symmetry breaking, TTSB).

2. Robustness of the above behavior against any local T-periodic perturbation in ¢, L — oo.

Discrete time-crystalline behaviors were first experimentally observed in trapped ions [95] and
diamond NV centers [96], and later in NMR experiments [100, 101]. Although all of them show
a 2T-periodic oscillation robust against a certain perturbation [i.e. € in Eq. (1.116)], the three-
dimensionality and the absence of disorder respectively deny the existence of MBL in the first and
third setups [102]. While trapped ions realize a one-dimensional disordered system, MBL seems to
be absent due to the lack of disorder in interactions [98]. Thus, the realization of DTCs with the
absolute stability brought by MBL is controversial in these prototypical setups. Recently, it has
been vigorously discussed to realize DTCs accompanied by MBL in programmable quantum simu-
lators for quantum circuits. In these setups, we can implement tunable disorder and measurements
on each qubit, and robustness of DTCs benefits as stability to coherent errors in quantum circuits.
After the theoretical proposal on noisy intermediate-scale quantum (NISQ) devices [103], DTCs
on superconducting qubits [104, 105, 106] and *C nuclear spins in diamond [107] were reported.
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1.4 Overview of this thesis

At the end of this chapter, we give an overview of this thesis. As discussed so far, Floquet systems
have become one of the most important nonequilibrium systems due to their various platforms
and phenomena inherent in nonequilibrium. Throughout the thesis, we aim at understanding the
fundamental question lying at the center of nonequilibrium condensed matter physics for Floquet
systems:

What kind of nonequilibrium phenomena can take place when nonequilibrium properties inherent
in Floquet systems and quantum many-body properties induced by interactions coexist ?

Although the theoretical framework of Floquet systems beyond equilibrium seems to easily host
unique phenomena, generic Floquet systems suffer from trivial steady states brought by Floquet-
ETH: “all the eigenstates of the Floquet operator become equivalent to infinite-temperature states
in closed nonintegrable systems.” Thus, we should seek for nonequilibrium dynamics or steady
states that overcome trivial physics by Floquet-ETH. We expect that a possible direction for
nontrivial nonequilibrium phenomena should be to explore outside of Floquet-ETH:

1. Long-lived quasi-steady states of Floquet systems, instead of trivial steady states
2. Integrable or localized Floquet systems, breaking the nonintegrability
3. Dissipative Floquet many-body systems, breaking the isolation

We also note that Floquet-ETH is an empirical law confirmed by experiments and numerical
simulations, and hence it is still significant to seek for

4. Nontrivial steady states in closed nonintegrable Floquet systems.

In Section 1.3.5, we briefly review recent development in Floquet-MBL phases and discrete time
crystals, which covers 2. We target nonequilibrium phenomena in the other fields 1., 3., and 4.

In Chapter 2, we consider Floquet prethermalization under the resonant and the high-frequency
drives, which covers 1. Although the conventional Floquet prethermalization in the high-frequency
regime, which we review in Section 1.3.4, enables Floquet engineering, it hosts phenomena having
a static counterpart. We clarify the effective Hamiltonian with emergent symmetries for quasi-
steady states in the presence of the resonant drive. We also provide its application to the analysis of
prethermal discrete time crystals and the resonant Floquet engineering, which enables simultaneous
control of symmetry and phases of matter.

In Chapter 3, we consider dissipative Floquet many-body systems in the high-frequency regime,
which covers 3. As mentioned above, closed Floquet systems in the high-frequency regime corre-
spond to closed static systems, but its dissipative version of the correspondence is nontrivial. We
clarify the breakdown of the correspondence universally caused by interactions, indicating that
dissipative Floquet systems can host unique phenomena that have no static counterpart even in
the high-frequency regime.

In Chapter 4, we construct a closed nonintegrable Floquet system showing nontrivial steady
states, which covers 4. By employing the notion of quantum many-body scars (QMBS) in static
systems [See Section 1.3.2], we find athermal and thermal steady states depending on initial states,
dubbed Floquet QMBS. We clarify that the model showing Floquet QMBS is a counterexample
to Floquet-ETH, and hence the empirical law, Floquet-ETH, is not always true.

Finally, we conclude and summarize this thesis in Chapter 5.
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Chapter 2

Resonant prethermal phases and
resonant Floquet engineering

In this chapter, we focus on long-lived quasi-steady states in closed Floquet many-body systems.
As Floquet-ETH predicts trivial steady states in generic Floquet many-body systems, the quasi-
steady states realized before the trivial steady states potentially provide platforms for nontrivial
physics of Floquet setups. One of the well-known cases hosting such quasi-steady states is the
high-frequency regime, where the local energy scale is much smaller than the frequency. However,
it cannot host phenomena inherent in Floquet systems. Nonequilibrium phases of matter such as
anomalous Floquet topological phases and discrete time crystals usually take place in the resonant
regime, where the local energy scale is comparable to the frequency.

Here, we aim at understanding long-lived quasi-steady states in the resonant regime. We
consider generic Floquet many-body systems both in the presence of the resonant and the high-
frequency drives, and clarify the effective Hamiltonian which describes their quasi-steady states.
Remarkably, the effective Hamiltonian possesses an emergent Z,-symmetry up to any order of
the perturbation theory, different from the conventional high-frequency regime. This result is
utilized to explain and analyze discrete-time-crystalline behaviors in quasi-steady states, which
are unique to Floquet systems in the resonant regime. We further propose Floquet engineering
with the resonant drive, dubbed resonant Floquet engineering. With the usage of the emergent
Zy,-symmetry, we can simultaneously control phases and symmetry of the system. As its example,
we show the control of topological phases protected by a Zs X Zo symmetry only in the presence
of a Zy in Floquet setups.

2.1 Prethermal Floquet phases under resonant drives

In this section, we first describe the setup which we target as Floquet systems in the presence of
both resonant and high-frequency drives. After that, we derive the effective Hamiltonian describ-
ing the sufficiently-long intermediate dynamics in the resonant regime, which is the main result
throughout this chapter. Importantly, in contrast to the high-frequency regime in Section 1.3.4, the
effective Hamiltonian has a robust emergent Z,-symmetry up to any perturbation order, leading
to prethermal discrete time crystals and Floquet engineering in the following sections.

2.1.1 Setups

Here, we specify Floquet systems under resonant and high-frequency drives throughout this chap-
ter. We consider a time-periodic Hamiltonian H(t) = H(t + T) on a finite lattice A. We assume
the following three conditions.

1. The time-periodic Hamiltonian H(t) is decomposed as
H(t) = Ho(t) + V (1), (2.1)

where both Hy(t) and V(¢) are time-periodic Hamiltonians with the same period 7'

37



38CHAPTER 2. RESONANT PRETHERMAL PHASES AND RESONANT FLOQUET ENGINEERING

2. (Resonant drive) The Floquet operator under the Hamiltonian Hy(t) gives an onsite Zy-
symmetry operation, that is,

T
INEN s.t. XN=1 X=Texp <—z/ dtHO(t)> . (2.2)
0

3. (High-frequency drive) The time-periodic Hamiltonian V' (¢) is k-local and J-extensive, de-
fined by Definition 1.3.1.

The condition 1. says that we assign resonant and high-frequency drives to Hy(t) and V()
respectively. The condition 2. gives restrictions on the drive Hy(t). In order to satisfy Eq.
(2.2) for the onsite operator X, the local energy scale of Hy(t) should be given by ~ 2aM/(NT)
[M € Z], comparable to the frequency w = 2x/T. In that sense, Hy(t) gives the resonant drives.
The condition 3. dictates that the Hamiltonian V' (¢) includes at-most k-body interactions with its
characteristic energy scale per site, J. This condition is the same as that of Floquet prethermaliza-
tion in the high-frequency regime (See Section 1.3.4). We refer to V' (¢) as the high-frequency drive,
which typically has a local energy scale smaller than the frequency. If the resonant drive Hy(t)
is absent, this setup reproduces the one for the high-frequency regime. Under these conditions,
the total Hamiltonian H(¢) has local energy comparable to the frequency, and we hereby explore
Floquet prethermalization in the resonant regime, which is out of the conventional high-frequency
regime.

We note the applicability of the above setup. The strongest restriction is the form of the
resonant drive Hy(t) designated by Eq. (2.2). Although it seems to be quite tight, such a form of the
resonant drive is often considered in the context of typical nonequilibrium phases of matter inherent
in Floquet systems. For instance, in anomalous Floquet topological insulators (AFTIs), unique
to the resonant regime, the Floquet operator often becomes or is deformed to a Zy-symmetry
operation. When we adopt such a drive as Hy(t), we can deal with AFTIs under perturbations
V(t). Some prototypical examples for two-dimensional systems give X = 1 in the square lattice
[13, 108] and X2 = 1 in the honeycomb lattice [11, 109]. Another important example for the
resonant drive is a sequence of time-periodic pulse, widely used for realizing discrete time crystals
(DTCs). When we apply a transverse magnetic field to a spin system with S = 1/2 on and off as

”Zleaf 0<t<r (23)

0 T<t<T, ’
we obtain the Z, Ising symmetry operation X = Hle (—io?) satisfying X2 = 1 for the even system
size L.

We also emphasize the unnecessity of the fine-tuning. When the resonant drive Hy(t) slightly
deviates with X ~ 1, the assumption seems to be broken by the violation of Eq. (2.2). However,
the above setup covers even such situations; Let H|(t) = Ho(¢) +£(t) denote the deviated resonant
drive with the small deviation e(t) = e(t + T). The original one Hy(t) satisfies XV = 1 as Eq.
(2.2). By interpreting Hy(t) and V(t) 4 (t) as the resonant and the high-frequency drives in the
deviated Hamiltonian H(t) = Hj(t)+V (t), all the above conditions are recovered. Thus, we do not
need to impose the fine-tuning, that is, the above Floquet setup in the resonant regime is robust
against any local perturbation as long as the periodicity is maintained.

Combining the various choice of the resonant drive and the robustness of the conditions, the
Floquet systems satisfying Eqs. (2.1) and (2.2) can deal with a wide class of nonequilibrium systems
in the resonant regime. It should be noted that they can include unique nonequilibrium phases such
as AFTIs and DTCs, while the conventional high-frequency regime always counterparts in static
systems (See Section 1.3.4). In the following section, we show that the choice of the resonant drive
by Eq. (2.2) enables Floquet prethermalization in the resonant regime, and clarify the effective
Hamiltonian for their intermediate dynamics.

2.1.2 Van Vleck expansions with emergent symmetries

Here, we clarify the effective Hamiltonian describing the sufficiently-long intermediate dynamics
in the above resonant setup. To this goal, we have two points that should be addressed. First,
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it is nontrivial whether there exists such intermediate time scale where Floquet systems under
resonant drive can avoid thermalization to infinite temperature. While Floquet prethermalization
in the high-frequency regime arises from the mismatch of local energy scale and excitation energy
by periodic drive, they are comparable in the resonant regime, which in general leads to quick
heating. As we will see later, the choice of resonant drive Hy(t) by Eq. (2.2) enables Floquet
prethermalization in the resonant regime. Second, we should identify the characteristics of the
approximate Floquet operator or effective Hamiltonian for the intermediate dynamics. In the
case of the high-frequency regime, the Floquet operator is approximated by the Floquet-Magnus
effective Hamiltonian (See Theorem 1.3.3). In contrast, as we will show below, in the resonant
regime, we can obtain the clear description by the van Vleck expansion, dictating that the effective
system for the intermediate dynamics acquires an emergent Zy symmetry.

Floquet prethermalization in the resonant regime

Let us begin with the existence of Floquet prethermalization in the resonant regime satisfying Egs.
(2.1) and (2.2). Considering that V(t) gives the high-frequency drive with the local energy scale
J, we employ the perturbation theory in J/w. In order to separate the energy scales of Hy(t) and
V(t), we consider the rotating frame in Hy(t):

V) = U V() Us(t), Up(t) = T exp (—i /0 t Ho(t)dt> . (2.4)

With the rotating frame, we can derive the following theorem implying Floquet prethermalization.

7

Theorem 2.1.1. (Floquet prethermalization under resonant drive)
Assume that all the conditions 1.-3. [See Egs. (2.1) and (2.2)] are satisfied. We define the
coarse-grained Floquet operator by

Uy =U(NT) = (Us)", (2.5)

which describes the stroboscopic dynamics with the interval NT'. Then, for a sufficiently
small period T independent of the system size L, it can be approximated by

||U;v _ e—z‘%‘h‘}[NTH < e~ OW/OANT) (2.6)

with the Floquet-Magnus expansion V£M7 given by f/(t) up to the truncation order ng =
O(1/(ANT)). Furthermore, with the corresponding van Vleck expansion for the lower
truncation order n < nyg, it is also approximated by

|UN — e K eIV NT iRl || < e=OW/OANTNL 4 O((ANT)"*?)L. (2.7)

Before proving the theorem, we give the explicit formula of the Floquet-Magnus and the van
Vleck expansions for V(¢). We define the I-th Fourier component of V'(t) by

G [ et g = L / N OV (U a (2.8)
NT J, NT J, °° 0 ’ '

where we have used the period NT for the coarse-grained stroboscopic dynamics. The n-th order
Floquet-Magnus expansion is given by

Crn = ~-(m (0 o (1 [‘7—17 ‘7l] [‘7[7 VO]
= S0, T =T TR - v e IRy,
m=0 1#0 1#0

which are obtained by substituting V(¢) and NT into H(t) and NT in Eqs. (1.28). In a similar
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way, the van Vleck expansion for V (t) is given by

~n 0 1 V 1y ‘/2
m = Z v, v -w, v = NZ ST (2.10)
m=0 170
r(2) 2 [[V ma‘/O 2 V mvvmfn]avn}
‘/Y\IV —_— N Z W N Z Z 3mnw2 PIRIENEIEY (2.11)
m##0 m#0 n#£0,m
N pm) i)~ Vin
- Ky, iKR)=-N>_ =, (2.12)
m=0 m#0
. 7-(1) _ V7m Vm n 2 V7m Vb
iKy = N°> > SIS AN > R (2.13)
m#0 n#0,m m#0
. (2) Vma VO ‘/O 3 [va [anv Vn]]
Ky = Z omBwd N Z 4m?2nw?
m#0 m,n#0
Vn [f/l—n Vm—l]] [f/n [‘71 ‘N/m—n—l]]
_N3 [ 9 ) i 9 I i
Z Z dmnlw? * Z 12mnlw?
m,n#0 \l#0,m,n 1#0,m—n
—N3 ’ ’ ’ 2.14
mzﬂ)n;m ( 2mn2w3 + 2m2nw3 ’ (2.14)

We prove the theorem with the usage of these expansions in the rotating frame below.

Proof

For the time-periodic Hamiltonian H(t) = Hy(t) + V(t), we consider Schrédinger equation,

F2p(0) = [Ho(t) + VO] 1(2), (215)

with the rotating frame by Up(t) [See Eq. (2.4)]. The state in the rotating frame [(t)) =
Up(t)~ (1)) obeys

i% W) = % (1)) + Uo(t)_li% | (t))
= ‘7( )W( ) - (2.16)

By solving this differential equation, we obtain

[9(t)) = Un(t) [ (1)) = Uo()U (1) [(0)),  U(t) =T exp (—1/0 V(t)dt> : (2.17)

The condition XV = Uy(NT) = 1 from Eq. (2.2) gives the coarse-grained Floquet operator
UN =U(NT).

Let us again focus on Eq. (2.16) in the rotating frame. From Eq. (2.2) and the time-periodicity
of V(t) = V(t + T), the rotating-frame Hamiltonian V (t) is NT-periodic, V(t) = V(t + T). Eq.
(2.16) can be interpreted as time-dependent Schrédinger equation for a Floquet system with the
period NT. In addition, since V() is related to the k-local and J-extensive Hamiltonian V (¢) [the
condition 3.] by the onsite unitary transformation Up(t) [the condition 2.], V (t) is also a k-local
and J-extensive Hamiltonian. Therefore, we can apply Theorem 1.3.3, which dictates Floquet
prethermalization in the high-frequency regime. When ANT < 1/4 is satisfied with the local
energy scale A = 2kJ, we obtain the following inequality for the coarse-grained Floquet operator
UN =U(NT);

U — e TNT| < S pNT)R 0 = O/ ONTI L (2.18)
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where ng is the largest integer that does not exceed 1/(16ANT). This result completes the proof
of Eq. (2.6) in the theorem.

Next, we consider the approximation by the van Vleck expansion with the truncation order
n < ng. Using the triangle inequality,

||Ufcv _ 67il~(cv67i\~/v”{,NTeif(‘7vH < ||chv _ efif/l;ll\?[NT” + Hefz'f/;]&NT _ e*inZLMNTH

FlemTMNT _ o miRly o=V NT iKly

| (2.19)

is obtained. The first term of the right hand side is bounded by Eq. (2.18). The second term
represents the deviation arising from the replacement of the ng-th order Floquet-Magnus expansion
with the n-th order. Since V (t) is a k-local and J-extensive Hamiltonian with the period NT', we
can exploit Theorem 1.3.3 again. This results in the following upper bound on the second term;

R Vakd Yrn 2 1 !
[|le= VR NT — o= VN T | < (fl”;)zc L(ANT)™* = O((ANT)"*?)L. (2.20)

The third term comes from the replacement of the Floquet-Magnus expansion by the van Vleck
expansion at the m-th order. Since e_WI:i\%NT, e VEMNT - and e v e VWINT iy (at least
formally) give the perturbative expansion for the same operator U ;V , they are equal to one another
up to the n-th order. Considering the locality and the extensiveness of V(t), the difference between
them is bounded by higher (n + 1)-th order terms in the local energy scale ANT":

||e—i\71,11MNT _ e—if(f,‘ve—if/v’{,NTeif(fv || < O(()\NT)n+2)L (221)

We note that the naive perturbation theory predicts the difference of O((||V (t)||NT)"*?) =
O((ALNT)"*2), which gives a meaningless bound for the large system size L. The locality and
extensiveness of V(t) allows much more strict bound given by the above inequality. The derivation
of this bound is provided in the appendix for this chapter since it is technical (See Section 2.5).
Finally, we obtain Eq. (2.7) by combing Eqgs. (2.18)-(2.21). O

Effective Hamiltonian with an emergent symmetry

In Theorem 2.1.1, Eq. (2.6) indicates that the sufficiently-long intermediate dynamics is described
by the Floquet-Magnus expansion, avoiding the thermalization to infinite-temperature at least in
this time scale. Then, what differs from Floquet prethermalization in the high-frequency regime,
which is similarly described by the Floquet-Magnus expansion as Eq. (1.101) ? In fact, we can find
the significant difference emerging from the presence of the resonant drive Hy(t) by employing the
van Vleck expansion validated by Eq. (2.7) in Theorem 2.1.1. We derive the following theorem on
the van Vleck effective Hamiltonian ~V’{,, which universally characterizes its symmetry.

Theorem 2.1.2. (Emergent Zy-symmetry in the effective Hamiltonian)

Assume that all the conditions 1.-3. [See Egs. (2.1) and (2.2)] are satisfied. The van Vleck
expansion VPILM, playing a role of the effective Hamiltonian for the intermediate dynamics,
respects the Zy-symmetry X at any truncation order:

T
XWX =V, X=Texp (—Z/ Ho(t)dt> , for any n. (2.22)
0
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0A

Dynamics under V0 t = e0/ANDT

Figure 2.1: Schematic picture of Floquet prethermalization in the resonant regime. Compared
to the high-frequency regime in Fig. 1.4, there exist multiple branches of intermediate dynamics
and quasi-steady states depending on the time modulo NT. The effective Hamiltonian for the
dynamics, VV’{,, emergently becomes Z y-symmetric due to the resonant drive.

Proof

The Fourier component V;, given by Eq. (2.8), can be rewritten as follows:

‘;2 _ L NT V(t)eilwt/th
NT J,

N—1 .7
- % Z / UJ(t +pT)V(t)Up(t + pT)eilw(t-i-pT)/th
p=0 "0

N-1 T

1 . )

= — ) X[ V(t)etrD/Ngy xp, 2.23
w7 X[ e (223)
p=0

Thus, by using the condition X~ = 1, the action of X on the Fourier component is
| Nol

T
XVx—t = ﬁZX—PH/ V()TN g x =t
p=0 0

2N (2.24)

When we focus on the n-th order terms of the van Vleck expansion, each term is a product of n+1
Fourier components, that is, it is composed of,

A7 (2.25)
From Eq. (2.24), this n-th order term transforms under X as follows,
-~ - 2mi O -~ ~
X‘/ll ‘/lz cee Wn+1X_1 = exp <N Z ll) ‘/21 ‘/22 e ‘/ln+1‘ (226)
i=1
As discussed in Section 1.2.3, the van Vleck expansion ~V’{, has terms V;, Vi, ... Vi, .. satisfying

>.;li = 0 due to its gauge-independence or its equal photon absorption and emission [See Eq.

(~1.44)]. Therefore, we obtain the emergent Z y-symmetry of the van Vleck expansion, X _117\,7{,X =
Vi;, for any truncation order n. [

Floquet prethermalization with the emergent symmetry in the resonant regime

Here, we summarize the above theorems and provide their physical interpretation. We consider
Floquet many-body systems under the resonant drive Hy(t) in addition to the conventional high-
frequency drive V(t). Since the Floquet-Magnus expansion Vi plays a role of a macroscopic
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approximately-conserved quantity from Eq. (2.6), we expect Floquet prethermalization in the
resonant regime, avoiding infinite-temperature states for at least e©(*/ANT)) time. Equation (2.7)
validates the approximation of the dynamics by

[P(mNT)) = (UN)™ [1h(0)) == e~ Kive VA mNT (iR y(0)) (2.27)

with the truncation order n < ng = O(1/(ANT)). This says that the unitarily-transformed state
ety |t)(t)) obeys dynamics under the static Hamiltonian XN/VT{, Since IN/J{, generally has complex
terms from commutators in the higher order terms, we naturally assume that it is nonintegrable.
With believing ETH in nonintegrable static systems [See Eq. (1.61)], the state e’ |1(t)) is
expected to relax to the thermal equilibrium state under Vv’{,, after the relaxation time 7y de-
termined by ETH. In other words, when the time ¢ = mNT is large compared to 7. but smaller
than the lifetime in which Eq. (2.27) is valid, 7 = eC(/QANT)) e obtain the quasi-steady states
in the intermediate time scale by

e_BVvT(/

Y(mNT :e‘iky‘/ﬁ eikf\’, = ———,
[%( ) 5 9= eV

(2.28)

where the symbol “~" denotes the indistinguishability by any local observable. The effective
temperature 3 is determined by the energy conservation;

(1(0)| e EN VR KN [4h(0)) = Tr[VR, fsl- (2.29)

v

While the above equations give the quasi-steady state for the coarse-grained stroboscopic dynamics
with the interval NT, the stroboscopic dynamics with the interval T" has N branches of quasi-
steady states determined by the time modulo NT. The quasi-steady state pg for t = mNT 4+t
(to =0,T,...,(N—1)T) is obtained by employing |t (to)) instead of [¢/(0)) in Eq. (2.29). After the
sufficient time longer than the lifetime 7 = e©(/(ANT)) "all the branches are generally expected to
converge to trivial infinite temperature states due to Floquet-ETH (See Section 1.3.3). As a result,
we obtain the approximate dynamics of Floquet systems in the resonant regime as described in
Fig. 2.1.

Other than the multiple branches of quasi-steady states, we emphasize the essential difference
from the high-frequency regime; We can realize the quasi-steady state pg under a controlled Hamil-
tonian with the Zy-symmetry X, although the original system H (t) does not respect any symmetry
except for the discrete time translation symmetry. Furthermore, this emergent Zy-symmetry is
quite robust. As discussed in Section 2.1.1, all the assumptions for the drive are maintained even
under local perturbations, and hence the resulting Z y-symmetry is also maintained. Thus, we can
always mimic a Zy-symmetric static systems by Floquet systems in the resonant regime as long
as local perturbations do not break the time periodicity H(t) = H(t + T), in which we refer to
the emergent Zy-symmetry X as “protected by discrete time translation symmetry.” At the end
of this section, we summarize Floquet prethermalization in the resonant regime, which is the main
assertion in this chapter.



44CHAPTER 2. RESONANT PRETHERMAL PHASES AND RESONANT FLOQUET ENGINEERING

Remark. (Floquet prethermalization in the resonant regime)
Consider a Floquet system in the resonant regime driven by the Hamiltonian H (t) = Ho(t)+
V(t). We assume that the resonant drive Hy(t) generates a Z y-symmetry,

T
XN =1 X =Texp <—z/ dtHO(t)> , (2.30)
0

and that the high-frequency drive V' (t) has local energy scale A smaller than the frequency
w = 27 /T. Then, its stroboscopic dynamics is approximately dominated by a static Hamil-
tonian with the emergent Zn-symmetry;

UJJcV =U(NT) =~ e~ KW gm VA NT ik (2.31)
- - Vo,V - . -
E = VoHVZ%*# B, XTWRX =VR, (232)
1£0

with the truncation order n < O(1/(ANT)).

2.2 Prethermal discrete time crystals (pDTCs)

We reveal that Floquet systems under the resonant drive generating a Zj-symmetry can host
sufficiently-long intermediate dynamics and quasi-steady states under a static Hamiltonian with
the robust Zy-symmetry by Theorems 2.1.1 and 2.1.2. While Floquet-ETH predicts trivial physics
by the heating to infinite temperature in generic Floquet many-body systems (See Section 1.3.3),
Floquet prethermalization in the resonant regime can be novel platforms for Floquet many-body
physics with a sufficiently-long lifetime. The rest of this chapter is spared to explore the application
of this result; what kind of nonequilibrium many-body phenomena can appear in prethermalization
of resonant Floquet systems.

While Floquet systems in the high-frequency regime always have counterparts in static systems,
the resonant regime is reminiscent of unique nonequilibrium phases of matter such as AFTIs and
DTCs. Thus, we can expect that some similar phenomena unique to nonequilibrium can appear
in the intermediate dynamics or the quasi-steady states. One of the most intriguing phenomena
among them is a discrete time crystalline order in the quasi-steady states, dubbed “prethermal
discrete time crystals” (pDTCs). In this section, after describing the definition of pDTCs, we show
how Floquet prethermalization in the resonant regime enables the realization of pDTCs.

Definition of pDTCs

Discrete time crystals (DTCs) are nonequilibrium ordered phases which spontaneously break dis-
crete time translation symmetry. As discussed in Section 1.3.5, they are defined by Floquet many-
body systems having a non-vanishing spatio-temporal correlation function in the thermodynamic
limit, with violating Floquet-ETH. Since DTCs require the spectral splitting of 27 /(mT'), compa-
rable to the frequency, we need resonant drives for the realization.

Floquet many-body systems considered here, satisfying the conditions 1.-3., also lies in the
resonant regime. Although they generally satisfy Floquet-ETH and cannot host DTCs in a rigorous
sense, we can expect DTC-like behaviors in their quasi-steady states. In the intermediate time
scale, they become equivalent to a series of thermal equilibrium states pg(t) depending on the time
modulo NT', as shown in Fig. 2.1. The quasi-steady states pg are determined by Eq. (2.29) with
the initial state |¢)(t mod. NT)). Based on the DTC signatures in Section 1.3.5, we call prethermal
discrete time crystals (pDTCs) if they satisfy

1. Existence of a local order parameter Tr[Opg(t)], which is mT-periodic but not T-periodic,
from a physically-feasible short-range-correlated state [¢)(0)) for the intermediate time ¢ and
the large but finite size L (time-translation symmetry breaking, TTSB).

2. Robustness of the above behavior against any local T-periodic perturbation for the interme-
diate time ¢ and the large but finite size L.
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The first difference between DTCs and pDTCs is that pDTCs can appear only in the interme-
diate time scale T,pe <t < T = eC/ANT)T due to the lifetime of the quasi-steady states. Second,
we should consider the sufficiently-large but finite L in pDTCs. This is because the thermody-
namic limit generally causes the breakdown of the quasi-steady states as Eq. (2.6) in Theorem
2.1.1 gives no meaningful bound in L. — oco. Although pDTCs cannot host a genuine long-range
order, pDTCs show the same behaviors as DTCs under actual experiments with the limited coher-
ence time and size. As discussed later, pDTCs have an approximately non-vanishing correlation
function as long as description by the quasi-steady states is valid, suggesting the presence of the
approximate spatio-temporal long-range order .

Effective Hamiltonian for pDTCs

Here, we discuss how Floquet many-body systems in the resonant regime realize pDTCs, or equiv-
alently how Theorems 2.1.1 and 2.1.2 give TTSB and robustness in the quasi-steady states.

Let us consider Floquet systems satisfying the conditions 1.-3. For simplicity, we assume that
the resonant drive Hy(t) generates a Zgo-symmetry operation X (N = 2). Then, the coarse-grained
Floquet operator UJ% = U(2T) is well approximated by

_igen _ o7 s Ton
U)% ~ e Bev g T2V T iKYy (2.33)

with a proper truncation order n. We choose a local operator O satisfying X ~'OX = —O, which
plays a role of an order parameter for Zs-symmetry breaking. Then, we have two branches for the
expectation value of O in the quasi-steady states;

¢ = ((2mT)|0)p(2mT)) ~ Tr[Oe zKvaﬁ(())e’Kjv], ] (2.34)
¢ = (W((2m+DT)O((2m + 1)T)) ~ Tr[Oe ™KW jg(T)e W], (2.35)

where 55(0) and /(T are thermal equilibrium states under V%, with the temperatures determined

n

by e [16(0)) and eV [)(T)) respectively.

Next, we seek for the relation between ¢ and ¢, which should be different in order to host
TTSB. By using the description by the rotating frame Eq. (2.4), the Floquet operator Uy is also
given by

T
Us = XU(T), U(T) =T exp <z /0 f/(t)dt> . (2.36)

Here, the unitary operator [7(T) can be regarded as a Floquet operator under the T-periodic
Hamiltonian V (¢mod.T). Considering that V(tmod.T) is also k-local and J-extensive, we can
apply Theorem 2.1.1 for Floquet prethermalization in the high-frequency regime. As a result, up
to the lowest order, we obtain the approximate Floquet operator by Uy = X + O(AT). This result
gives the following approximate relation between ¢ and ¢’;

¢ = ($2mD)[UJOU;|¢(2mT)) (2.37)
= (Y2mT)| X 'OX[p(2mT)) + O(AT) (2.38)
—¢+ O(AT). (2.39)

Therefore, as long as ¢ is a nonzero value larger than O(AT"), the system hosts TTSB with a
2T -periodic oscillation.

On the other hand, ¢ = Tr[Opg] + O(AT) [See Eq. (2.28)] is approximately a thermal equilib-
rium value under the Zs-symmetric Hamiltonian f/\,’{, While the Zs-symmetry generally predicts
the vanishing order parameter, ¢ can be nonzero if the spontaneous breaking of the Zy-symmetry
takes place under VV’{, In other words, we should prepare the initial state |1(0)) so that it can pro-
vide the temperature lower than the critical value for the spontaneous symmetry breaking (SSB)
under the static Hamiltonian V%,. As a matter of fact, such low-temperature initial states under a
Zo-symmetric Hamiltonian is unstable to dissipation and measurement. They are also vulnerable
to infinitesimal perturbations that break the discrete TTS H(t) = H(t+ T). In physically-feasible
setups, the quasi-steady state becomes a Zs-symmetry broken state with the nonzero order param-
eter ¢, rather than the Zy-symmetric state pg(0) given by Eq. (2.28), thereby allowing the TTSB
behavior described in Fig. 2.2 (a).



46CHAPTER 2. RESONANT PRETHERMAL PHASES AND RESONANT FLOQUET ENGINEERING

(a) (b)
1

T T

§ \ > —> o

5 ¢ o

g £

S t d=!

g X+0QT) ; o

5, XTI cll ceron )
s

:
|

Time t System size L

Figure 2.2: (a) Intuitive picture of pDTCs. In the presence of SSB under the Zy-symmetric Hamil-
tonian f/v’{,, the quasi-steady state repeatedly experiences transitions between branches, resulting
in the robust nontrivial oscillation. (b) Schematic picture of how the lifetime of pDTCs depends
on the system size L. It reflects the lifetime of SSB in finite systems 7ggp, and that of Floquet
prethermalization in the resonant regime 7.

We also show the robustness of the above TTSB behavior. We consider a perturbed Floquet
system H.(t) = Ho(t) + V() + e(t) with a local time-periodic perturbation e(t) (= e(t + T)).
By regarding V (t) + £(t) as the high-frequency drive, we can exploit Theorems 2.1.1 and 2.1.2
again. Then, TTSB in the perturbed Floquet system corresponds to SSB under the Zs-symmetric
Hamiltonian VV’{,’E, given by the van Vleck expansion. Considering that SSB defined as phases of

matter under the static Hamiltonian VV’{, is generally stable to any local perturbation that preserves
the Zy-symmetry, SSB under V5, . which slightly deviates from V[, is maintained. Therefore,
the 2T -periodic oscillation is robust against any local time-periodic perturbation, ensuring the

realization of pDTCs.

We finally summarize the result. For generic cases where the resonant drive Hy(t) generates
a Zy-symmetry X (XN = 1), the effective Hamiltonian Vi, respects the Zpy-symmetry. The
realization of pDTCs can be associated with the effective Hamiltonian as follows.

Remark. (Effective Hamiltonian for pDTCs)

Consider a Floquet system H(t) = Hy(t) + V(¢) with the resonant drive Hy(t) generating
a Zy-symmetry X. It can host pDTCs when the Zpy-symmetric effective Hamiltonian
V2, hosts SSB from the Zy-symmetry to a Zy-symmetry (M: a divisor of N) under the
temperature determined by the state e*vv |¢/(0)). Then, with the order parameter O for
the SSB, (1(t)|O|¢(¢t)) shows a MT-periodic oscillation in the quasi-steady state.

Since the quasi-steady state pg(t) corresponds to an ordered state under ~v’{,, it has the non-
vanishing and oscillating correlation function,

Tr[0:0;p5(t)] — Tr[Oips(t)|Tr[O; 55 ()] ~ qo f () (2.40)

for sufficiently-large |¢ — j|, where f(¢) is a mT-periodic function. While this is reminiscent of
the spatio-temporal long-range order in DTCs [See Eq. (1.115)], we should note that Floquet
prethermalization takes place in finite systems. As the lifetime of SSB under V% and that of
Floquet prethermalization are respectively given by 7gsg ~ ) and 7 ~ Q1/(ANT)) /L, the
lifetime of pDTCs will become the smaller one of the two, as described in Fig. 2.2 (b).
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Figure 2.3: Numerical results for the model described by Egs. (2.41) and (2.42). Each of them is
calculated by the exact diagonalization for the finite size L = 4. (a,b) Stroboscopic dynamics of
the local magnetization (¢(t)| o7 |¢(t)). The local magnetization oscillates with the period 27T in
the long transient dynamics.

Minimal model for pDTCs

We provide the simplest model for pDTCs,

L
Ho(t) = g Z of 3" 8(t —nT), (2.41)

neZ

L—1 L
V(t) —J Z 07071+ asinthof, (2.42)
i=1 =1
which describes a one-dimensional Ising chain under periodic pulse. Like Eq. (2.3), the resonant
drive Hy(t) generates the Zo Ising symmetry operation X = Hle(—iaf) satisfying X2. After
simple calculation by Egs. (2.10)-(2.14), we obtain the van Vleck expansion up to the lowest order;

~ L—1 ~ T L
V& =-J> oioi,, K= —- D o (2.43)
=1 =1

The effective Hamiltonian VVOV, corresponding to the one-dimensional Ising Hamiltonian, shows
spontaneous breaking of the Zsy Ising symmetry X only at zero temperature for J # 0. Thus, in
order to observe pDTCs, we should prepare an initial state which gives the zero-temperature quasi-
steady states under V.3,. Such an initial state is spanned by /5w || ... |} and e+ [ ... 1), where
[4...)) and |1 ... 1) are the two degenerate ground states of VVOV. However, the superposition of
them is physically unstable to observation or decoherence, known as a cat state. Either one of the

two states,
;eT L

[Y(0)) = e T im0l || 1), et R ST L), (2.44)
should be prepared as the initial state.

Figure 2.3 shows numerical results for the stroboscopic dynamics of the local magnetization
(¥(t)| o7 |¥(t)) and the lifetime of the oscillation when the initial state [1/(0)) is e!&! [1... 1). We
do not see the first relaxation in Fig. 2.3 since the initial state itself corresponds to the steady
state under V3. Figures 2.3 (a) and (b) show the robust 2T-periodic oscillations of pDTCs, which
we can predict from the lowest-order approximation. As the strength JT' (= €T') increases, the
2T-periodic oscillation with the amplitude approximately 1 shrinks faster. This behavior can be
attributed to the increasing local energy scale ~ O(J, e) compared to the frequency w.

We also compute the lifetime of pDTCs, which gives an estimation for the lifetime of Floquet
prethermalization 7. We define the lifetime of pDTCs by the time at which the amplitude of the
2T -periodic oscillation shrinks to 0.95 times as large as the initial value. Figure 2.4 describes
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Figure 2.4: (a) Lifetime of pDTCs with the increasing strength JT (= €T). The system size
is fixed to 4. (b) Lifetime of pDTCs with the increasing system size L with the fixed strength
JT = T = 0.9. In both cases, the lifetime of pDTCs is defined by the time at which the
amplitude of the oscillation in Fig. 2.3 reaches 0.95 times as large as the initial one.

how the lifetime of pDTCs depends on (a) the coupling JT' and (b) the system size L. As the
lifetime of Floquet prethermalization increases with 7 = e@/ANTNT we confirm from Fig. 2.4
(a) that the lifetime of pDTCs also exponentially grows in 1/(JT) ~ 1/(ANT). On the other
hand, Fig. 2.4 (b) says that the lifetime of pPDTCs exponentially increases in the system size L.
This result well matches the behavior for small L in Fig. 2.2 (b), obtained by the lifetime of SSB
under the effective Hamiltonian and that of Floquet prethermalization. In order to observe the
lifetime inversely-proportional to L, we should compute larger systems in some other ways such
as the time-dependent density matrix renormalization group (tDMRG) or the time-evolving block
decimation (TEBD) [110, 111, 112].

We demonstrate a driven one-dimensional system here, where the initial states only at zero
temperature are available for pDTCs. When we consider higher-dimensional systems, we obtain
a series of initial states corresponding to finite temperature, which can host pDTCs. We also
discuss how the pDTC behavior can be distinguished from that of DTCs in experiments. DTCs
show a robust nontrivial oscillation with infinite lifetime in the genuine steady state under L — oc.
However, due to the experimental limitation of the finite coherence time and the finite size, the DTC
behavior has finite lifetime like that of pDTCs. In the case of DTCs accompanied by many-body
localization (MBL) [See Section 1.3.5], we can distinguish them from pDTCs by the dependence
on the initial states. In DTCs accompanied by MBL, all the Floquet eigenstates have the spatio-
temporal long-range orders, indicating that any physically-feasible initial state experiences a robust
nontrivial oscillation. On the other hand, pDTCs can host TTSB only when the initial state has
low-temperature under the effective Hamiltonian. Thus, by demonstrating the real-time dynamics
from different initial states, we can identify DTCs and pDTCs. In fact, while the first experimental
observation in trapped ions [95] has been expected to detect DTCs accompanied with MBL due
to the one-dimensionality and the randomness, Ref. [98] suggests that it might be attributed to
pDTCs because of the absence of TTSB from another initial state.

2.3 Resonant Floquet engineering

Here, we provide the other application of Floquet prethermalization in the resonant regime, dubbed
“resonant Floquet engineering.” As discussed in Section 1.3.4, Floquet engineering is one of the
most intriguing fields as the application of Floquet prethermalization in the high-frequency regime,
with which we can control phases of matter by periodic drive such as laser light. This technique
is based on the fact that Floquet prethermalization in the high-frequency regime enables a quasi-
steady state under the Floquet-Magnus or the van Vleck effective Hamiltonian, which can be
modulated by the periodic drive. In a similar way, one can expect that Floquet prethermalization
in the resonant regime enables Floquet engineering by exploiting its effective Hamiltonian.
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Let us formulate Floquet engineering with the application of Floquet prethermalization in the
resonant regime. With the usage of Theorems 2.1.1 and 2.1.2, we summarize resonant Floquet
engineering enabled by resonant drives as follows.

7

Remark. (Resonant Floquet engineering)
We prepare Floquet many-body systems in the resonant regime driven by H(t) = Hy(t) +
V (t). We choose the resonant drive Hy(t) so that it can generate a Zy-symmetry X;

XN =1 X=Texp (—i /T dtHo(t)> . (2.45)
0

When we modulate the high-frequency drive V(t) with the local energy scale smaller than
the frequency w, we can control phase of matters in Zy-symmetric static systems with the
Hamiltonian

Vi, Vi]

VV% :VO—’—NZTJ'_"'—F NV?/’ X_lvvy{/X:VvT{/v (2~46)
1#£0

by focusing on the coarse-grained dynamics |[¢)(mNT)) in the intermediate time regime.
The emergent Zy-symmetry X is robust against any T-periodic local perturbation.

In Floquet engineering only with the high-frequency drive, we can modulate the effective Hamil-
tonian by the higher-order terms Hénl\? or H\(f\?) (m > 1). This enables the realization of preferable
phenomena under the static Hamiltonian Hgy; or Hpy; even when the undriven Hamiltonian H
does not host them. Similarly, resonant Floquet engineering also enables us to modulate the ef-
fective Hamiltonian with the higher-order terms f/v(cl) (m > 1). What distinguishes it from the
conventional Floquet engineering is the emergence of the robust Zy-symmetry X. While the orig-
inal Hamiltonian H(t) does not necessarily respect the Zy-symmetry, we can control phases of
matter with adding the Z -symmetry to the system.

Resonant Floquet engineering by Floquet prethermalization in the resonant regime can be
applied to quantum many-body phenomena where symmetries play a significant role. The simplest
application is the removal of unpreferable couplings with environments. For instance, let us consider
a spin system coupled with a bosonic bath, described by the Hamiltonian;

L L
V(t) =Y (Jojoiy +hof)+v Y oi(bi+b]). (2.47)

i=1 i=1

where b; and bj respectively represent bosonic annihilation and creation operators. We add a
periodic pulse to the system, described by the resonant Hamiltonian

L
Ho(t) = g S oS 6t — ), (2.48)
i=1

ne”Z

and we assume that only the states with a few bosons are relevant (the Hilbert space has finite
dimension). Then, when the local energy scale ~ max(J, h,~y) is small compared to the frequency
w, one can effectively realize the static Hamiltonian,

L
Va =Y (Jofo, +hof) + V) + .+ VS, (2.49)

v
=1

which retrieves the asymmetric coupling with the environment. This is reminiscent of the dynamical
coupling [113], in which we can retrieve the effect of the coupling with a non-Markovian bath by
applying a fast periodic pulse.

Another nontrivial application is the realization and control of symmetry protected topological
(SPT) phases. A SPT phase is a kind of topological phases, and has ground state degeneracies
robust against any local perturbation only in the presence of certain symmetries. Resonant Floquet
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Figure 2.5: Schematic picture of the driving protocol over one period T. The Ising interaction
Vint(t) [Eq. (2.54)] is uniformly imposed during 0 < ¢ < 7. The resonant drive Hy(t) [Eq. (2.53)],
which acts as a m-pulse, is imposed only on the odd sites during 7 < ¢ < T. The oscillating
transverse field V() and the static transverse field V, [Eq. (2.55)] are both uniformly imposed
throughout.

engineering is expected to allow us to manipulate SPT phases even when the required symmetry is
absent in the original system. In the rest of this section, we provide a simple example of resonant
Floquet engineering for SPT phases.

2.3.1 Model for resonant Floquet engineering

Here, we discuss Floquet systems in the resonant regime, which exemplifies resonant Floquet
engineering for SPT phases, and describe how resonant Floquet engineering benefits the control of
phases of matter. As the simplest case, we focus on a one-dimensional spin system which becomes
equivalent to a spin system hosting SPT phases under a Zs X Zs-symmetry. While the SPT phases
require a Zy X Zo-symmetric system in principle, we aim at constructing a Zs-symmetric Floquet
system hosting them as the nontrivial example of resonant Floquet engineering.

Let us describe the Zs-symmetric periodically-driven model on a one-dimensional spin chain
with S = 1/2. We assume that the system size L is a multiple of 4, and impose the open boundary
condition (OBC). We give the time-periodic Hamiltonian by

L—1 L
JZUjUj+1+(g+hcoswt)z of 0<t<r
Hity={ 7 =t (2.50)
— of 4+ (g + hcoswt) T<t<T.
2T — 1) 54 P
This model respects a global Zs-symmetry X,j, represented by
X H(t) Xan = H(t), Xan =[]0 (2.51)

The terms in the above Hamiltonian can be separated into resonant and high-frequency drives so
that we can grasp Floquet prethermalization in the resonant regime, as follows;

H(t) = Ho(t)+ Vine(t) + Va(t) + V, (2.52)
0 O0<t<r)
Ho(t) = m ot (7 : (2.53)
i 2<T_T)j:ozdd] (r<t<T)
L—-1
Vine (1) = / j; 7i%in (0=t<7) , (2.54)
0 (r<t<T)

L N
Wn(t) = hcosthU;”, Vg:gZU;-”. (2.55)
j=1 j=1
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The high-frequency drive V (t) = Ving(t) + Vi (t) + Vj is composed of the Ising interactions Ving (%),
the oscillating transverse field V;(¢), and the static transverse field V,. The local energy scale of
each term in V(¢) should be small compared to the frequency w, which means max(J, h, g)/w < 1.

On the other hand, the resonant drive Hy(t) represents a sequential pulse of the transverse
field, whose Floquet operator X gives the following Zs-symmetry,

Xodd = H o?. (2.56)

i:odd

Here, we employ the fact that L is a multiple of 4 to erase the phase factor (—i)*. Figure 2.5
schematically depicts how we drive the system. Here, we explore the way to realize and control
topological phases protected by the Zs x Zo-symmetry generated by Xoqq and Xeven, Where the
symmetry operation Xeyen is defined by

even— H U - allXOdd (257)

i:even

While a Zs-symmetric invariant under X,; cannot host SPT phases under the Zs X Zy-symmetry,
resonant Floquet engineering provides a quasi-steady state under the Zy X Zo-symmetry generated
by Xodqa and Xeven by adding the X qq-invariance to the system. Thus, even the Zs-symmetric
system under H(t) can be a platform for SPT phases under the Zs x Zs-symmetry. Such a control
of the symmetry is inherent in resonant Floquet engineering, compared to the conventional Floquet
engineering in the high-frequency regime. We concretely discuss what kind of the parameter choice
allows nontrivial SPT phases by analyzing the van Vleck effective Hamiltonian.

2.3.2 Realization of SPT phases in quasi-steady states

In this section, we discuss how nontrivial SPT phases are realized in the Floquet system driven by
the Hamiltonian Eq. (2.50) or Eq. (2.52). As shown in the beginning of Section 2.3, the quasi-
steady state is described by the van Vleck expansion V5,. Here, we consider up to the second
order,

V2 =vQ + v+ v, (2.58)

To evaluate this effective Hamiltonian, we first compute the Fourier components of V(t), the
Hamiltonian V() = Vin(t) + Vi (t) + V,(¢) in the rotating frame. Based on the definition Eq. (2.8),

L L

- - - h

Vo = gZUf, Vo=V_y= 5 Zaf, (2.59)

j—l j=1

_ zlw‘r/? 1

Vi = J 1: 0dd), 2.60
l Z aj Uj+1 ir ( o ) ( )

Vi = 0 (otherwise). (2.61)

Considering [V,l, Vl] = 0 for any nonzero integer [, the first order term Vvlv, which is given by Eq.
(2.10), always vanishes. Thus, the second-order van Vleck expansion becomes

([V_rm, Vi [V Vinenl, Vi
v—gzo pay, WbVl y5n g WVl Bl o )
m=#0 m#0 n#0,m

We assume that the local energy scale of Vj is much smaller than those of Vin(t) and Vj(t), that
is,

g = 0O((\/w)?), X =max(J,h). (2.63)

Then, the second term in Eq. (2.62) is negligible compared to the other terms. In the summation of
the third term, the indices m and n satisfying m —n = +2 and m:odd have nonzero contributions.
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This results in

L - -~ - - -
(7 4 [[V—m ‘/2] Vm—Q] [[V—m V—Z] Vm+2]
2 ~ 3? = ) ) 9 9
Vv = g; 7+ 3w? n;d ( m(m — 2) + m(m + 2)

L 2.J2h L-1 L L—1
=9 Z O—Jw' + 3w2 C Z U;O—j+17 Z O—;'E ) Z U]z‘o—;q_l 3 (264)
7=l i=1 =1 j=1

where the coefficient C is defined by

-y

m:odd

(efimw'r/2 _ 1)(ei(mf2)wr/2 _ 1)

m?(m — 2)2x2

(efimw'r/2 _ 1)(ei(m+2)w'r/2 _ 1)

m?2(m + 2)2x2

(2.65)

>

m:odd

With simple analytical calculation, we obtain the commutator in Eq. (2.64) and the coefficient C
as follows;

L—-1 L L-1 L L-1
S ooioin, > of [ DY cioig | =8 of+ Y o ofoi | +4(0f +07), (2.66)
j=1 Jj=1 Jj=1 j=1 j=2
1 .
C= 4—{w7'(1 + coswT) — 2sinwrt}. (2.67)
/I

When considering SPT phases, the local boundary terms 4(of + 0¥ ) are expected to be irrelevant
to topological nature coming from the bulk properties. Thus, by neglecting the boundary terms,
we arrive at the following effective Hamiltonian

L L-1
V& = g+ 0f +7 ) 0510505, (2.68)
j=1 j=2
4J?h
vy o= SZwQ {2sinwr — w7 (1 4 coswt)}. (2.69)

As described in Section 2.3.1, this Hamiltonian respects the Zs X Zg-symmetry,

X(;ild‘}\?VX(;ild = X;/érl‘?v%/ e;ln = VV2\/7 (270)
while the original Hamiltonian H (¢) does not. 3
Now, let us discuss what kind of SPT phases are realized in the Zy x Zy Hamiltonian V3, given
by Eq. (2.68). Here, we employ the Jordan-Wigner transformation, which maps a spin system to
a fermionic system [114]. The transformation is defined by

aj = Ha,f i, Bi=-— Half af, (2.71)

k<j k<j

where {a;}F , and {B;}F represent independent Majorana fermions, which satisfy

O‘i:a;‘ra ﬂl :/811'7 {alvaj}:{ﬂl7ﬂj}:25m7 {Ot“,B]}:O (272)

Under this transformation, the effective Hamiltonian Eq. (2.68) is rewritten by

VA = |=ilg+7) Y aiBi—iv ) Bimag | + | =ilg+7) D aibi—iv Y Bimaga |,
j:odd j:odd j:even j:even

(2.73)
which is equivalent to the Hamiltonian for two decoupled Kitaev chains composed of the odd sites
and the even sites. In each Kitaev chain, the SPT phases under a Zs-symmetry can be classified
by the ratio of the coefficient of the intra-coupling a;3; to that of the inter-coupling 8;_1;41. In
this case, sgn(|(g + v)/v] — 1) determines the SPT phases. When we assume h > 0, Eq. (2.69)
indicates v > 0 for 0 < wr < 7 and v < 0 for 7 < wr < 27m. As a result, we obtain the following
relation depending on the sign of ~;
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Figure 2.6: Excitation energies from the ground state to low energy excited states of H.g for
different choice of switching time (a) 7 = 1/4 and (b) 7 = 3/4, where the period T is set to 1. In
both of the cases, we choose the interaction J = 0.9, the amplitude of the oscillating field h = 0.9,
and the system size L = 8. In the gray regions, a four-fold degeneracy appears in the ground states,
which is a signature of nontrivial SPT phases. The black lines represent the analytically-obtained
topological phase transition points ¢ = 0 and g = —2v. In the parameter regions shown in both

graphs (a) and (b), the first excited state (blue star) and the second excited state (orange square)
are degenerate.

When 0 < 7 < T/2, or equivalently v > 0,

g<—2v,0<g : topologically trivial phase,
g=—2v,0 : topological phase transition point,
—2y<g<0 : topologically nontrivial phase.

When T/2 < 7 < T, or equivalently v < 0,

g<0,—-2y<g : topologically trivial phase,
g=0, -2y : topological phase transition point,
0<g<—2v : topologically nontrivial phase.

Thus, by properly tuning the parameters J, g,h, 7, we can realize nontrivial topological phases
protected by the Zs X Zo-symmetry in the Zs-symmetric setup.

In a Kitaev chain under OBC, a robust two-fold degeneracy appears in its ground state if the
system is topologically nontrivial. Since the effective model described by \N/VQV is equivalent to two
identical Kitaev chains, it has a robust four-fold degeneracy in its ground state if topologically
nontrivial. We numerically examine whether or not this topological nature can appear without
resorting to the high-frequency expansion. We compute the exact effective Hamiltonian for the
coarse-grained stroboscopic dynamics, defined by

2T

Heg = % log(U(2T)], U(2T) =T exp (—i H(t)dt) , (2.74)

0

where we choose the branch cut at +7/(27). In Fig. 2.6, we examine the ground-state degeneracy
of Heg. While the parameters experiencing the gap opening deviate from the phase transition
points predicted by the high-frequency expansion due to the finite-size effect, we can observe the
robust four-fold degeneracy in nontrivial SPT phases.

2.3.3 Control of SPT phases in quasi-steady states

In the previous section, we have discussed how nontrivial SPT phases are realized by tuning the
parameters J, g, h, 7. In the two decoupled Kitaev chains under the Zg X Zs-symmetry, four distinct
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Figure 2.7: (a) Phase diagram of the effective static model Eq. (2.79) based on the van Vleck
expansion f/\?\, The indices (Zodd, Zoven) € Za X Zsy represent the Zs topological numbers of the
Kitaev chains composed of the odd and even sites, respectively. (b) The degeneracy of the ground
states, calculated in terms of the effective Hamiltonian Heg. Here, we define the degeneracy for
the n-th excited state with the eigenenergy F, by satisfying |E, — Ey|/|Eo| < 0.01. The black
lines are the boundaries of SPT phases obtained by the analytical calculation of f/'vzv This result
well reflects the phase diagram based on the van Vleck expansion in (a).

phases are allowed while the previous section has observed two kinds of phases. Here, we provide
a way to engineer all the four distinct phases by the additional drive. Let us consider a Floquet
system with the deviation of the resonant drive, described by

H(t) = Ho(t) + Ve(t) + Vine(t) + Vi(t) + V, (2.75)
0 0<t<T)
Ve(t) = S gt (r<t<T) (2.76)

2(T —7) jrodd !

The additional drive V. (t) represents the deviation imposed on the resonant drive Hy(t), which
changes its rotation angle around the z-axis from 7 to 7(1+¢). We again assume that the deviation
€ and the transverse field g are much smaller than the local energy scale of the other terms, that
is,
— = Yo 0((Mw)?), A=max(J,h). (2.77)
NT—71) A ’ ’
Then, with redefining the high-frequency drive by V() = Vo(t) + Vine(t) + Va(t) + V4, we obtain
the approximate effective Hamiltonian up to the second order;

772
V& =~ deven E J;E+bodd§ 05_10;U;+1+aoddg 07 + beven E 0 1050544 (2.78)

j:even j:odd jrodd j:even

= | —%Godd E a;B3; — ibeven E Bj—1aj41| + | —ieven E a3 — ibodd E Bi—1a541 |,

j:odd j:odd j:even j:even

(2.79)

with apqqa = g + 7¢/2T + 7, deven = g + 7, and boqd = boven = 7- In the second equality, we again
map the system to a fermionic system by the Jordan-Wigner transformation. In the presence of
the deviation V.(t), the system becomes equivalent to two decoupled Kitaev chains but they are
not identical. The four distinct topological phases are classified by two Zs topological numbers,
defined by
1 b — 1 b —
+ Sgn(| eVQen‘ |aodd|)7 Fven = + Sgn(| ond‘ |aeven|)' (2.80)
Figure 2.7 (a) shows the phase diagram of the SPT phases which is analytically obtained from
the second-order van Vleck effective expansion V3,. The origin (g,e) = (0,0) lies at the phase

Zodd =
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boundary of the four distinct phases, and hence we can control the system among all the four SPT
phases by slightly changing the parameters (g, ¢) from the origin. These topological characteristics
can be found in the ground-state degeneracy of the exact effective Hamiltonian Heg [See Eq. (2.74)].
Figure 2.7 (b) shows the numerical result, showing that the ground state hosts two-fold or four-
fold degeneracy depending on the number of the nonzero Z, topological numbers. As mentioned
in Section 2.1.2, perturbations to the resonant drive do not harm Floquet prethermalization with
the emergent symmetry. On the contrary, they can be useful for the control of phases of matter.

2.4 Summary and outlook of this chapter

Here, we conclude this chapter and discuss some possible future directions, with providing some
recent developments in this field. In this chapter, we have formulated Floquet prethermalization
in the resonant regime, in which the resonant drive with the local energy scale comparable to the
frequency generates a Z-symmetry. In contrast to the high-frequency regime, the resonant regime
hosts sufficiently-long intermediate dynamics under the Zy-symmetric van Vleck expansion f/v’{,
Importantly, the emergent Zy-symmetry is robust as long as the time-periodicity is maintained.
By applying the formalism, we have also provided prethermal disctrete time crystals (pDTCs) and
resonant Floquet engineering, which are inherent in the resonant regime.

Floquet prethermalization in the resonant regime was firstly proposed in Ref. [115], in which
they show the existence of a macroscopic quasi-conserved quantity with an emergent Z y-symmetry
in a certain frame. The formulation presented here reveals the explicit formula for the quasi-
conserved quantity and the frame including higher-order corrections, which respectively corre-
spond to the van Vleck effective Hamiltonian VV’(, and the kick operator f(gv. The accurate
effective Hamiltonian with the emergent Zy-symmetry enables the detailed analysis of pDTCs
and resonant Floquet engineering. Recently, while the locality of interactions with a bounded
local energy scale and the time-periodicity of the Hamiltonian are essential in these setups, Flo-
quet prethermalization in other nonequilibrium setups, such as long-ranged interacting systems
[116, 117], has been vigorously explored. Interestingly, nonequilibrium systems under resonant
and high-frequency drives with multiple frequencies incommensurate with each other can also host
prethermalization, in which the effective Hamiltonian respects the emergent symmetry more com-
plex than Zy-symmetries [118]. Prethermalization in the high-frequency regime has been also
developed; the existence of the sufficiently-long time scale avoiding heating has been confirmed
in quasi-periodic interacting systems by both numerical and analytical ways [119, 120, 121]. In-
cluding its extension to the resonant regime, we expect that there exists much room for exploring
prethermalization in the resonant regime with some preferable properties coming from the time-
dependence such as the emergent symmetries.

As an application of Floquet prethermalization in the resonant drive, we have provided pDTCs,
in which robust discrete time crystalline behaviors can be observed in the quasi-steady states.
Based on the van Vleck expansion with in the rotating frame, we have shown that the appearance
of pDTCs corresponds to spontaneous breaking of the emergent Z -symmetry under the van Vleck
effective Hamiltonian ~v7{/. The van Vleck kick operator f(j}v is employed for determining the
effective temperature under the effective Hamiltonian. While we provide a one-dimensional model
as the simplest case for pDTCs, it will be significant to further explore the detailed properties
of pDTCs based on the van Vleck effective Hamiltonian, as the experimental developments in
Floquet prethermalization [122, 123] and pDTCs [124]. We also note that, the developments in
Floquet prethermalization will lead to the novel pDTCs. For example, DTC-like behaviors with
nontrivial quasi-periodic oscillations in quasi-steady states have been suggested by the usage of
prethermalization under quasi-periodic drive [118]. We expect a variety of pDTCs accompanied
by novel Floquet prethermalization.

We have dealt with resonant Floquet engineering as the other application of Floquet prether-
malization in the resonant regime. The formalism based on the van Vleck expansion enables the
control of phases of matter with adding a Zy-symmetry. The conventional Floquet engineering
exploiting the high-frequency regime has no constraints on the symmetry of the effective Hamilto-
nian. While the conventional protocol also realizes emergent symmetries in some limited cases only
up to low orders with enabling the control of SPT phases [125, 126], resonant Floquet engineer-
ing allows the robust emergent symmetry respected up to any truncation order for generic cases.
As exemplified in the control of SPT phases, the controlled parameters of both the resonant and
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high-frequency drives enable various phases of matter in symmetric setups. With recent studies
on the error cancellation and the emergent symmetry by modified resonant drives [127, 128, 129],
we expect rapid growth of the control of materials by resonant drives.

2.5 Appendix for this chapter

Rigorous bound in Theorem 2.1.1

Theorem 2.1.1 validates the approximation of the coarse-grained Floquet operator by the van
Vleck expansions. Here, we explicitly provide the upper bound in Theorem 2.1.1. To be precise,
we evaluate the right hand side of the triangle inequality,

||szcv _ e—iR;LVe—iVVT(,NTeikgvH < ||U}V _ e—iV;ﬁNT” + He—iVF”ﬁNT _ e—iVF"MNTH
—H |e—1'\~/I§LMNT _ e—ikcve—iVJ{,NTein,’V | |7 (2.81)
where the upper bound for the first two terms is designated by Egs. (2.18) and (2.20), originating

from Theorem 1.3.3. Under the assumption of the k-locality and the J-extensiveness on the high-
frequency drive V(t), we evaluate

D, = He—i\”/F"MNT _ o Ky gtV NT iKYy l (2.82)
Upper bound by effective Hamiltonians
The deviation D,, is bounded by
D, <2NT ‘ ‘VF"M — e RNy RN ||| (2.83)
with the following lemma. We can confirm Eq. (2.83) by setting A = —NTV{”M and B =
~NTe BV Vn B in Eq. (2.84).
Lemma 1. (Bound on the deviation of unitary operators)
For any finite-dimensional hermitian matrices A, B, the inequality
||e" — e'P|| < 2||A - B|| (2.84)
is satisfied.

Proof

For a bounded hermitian operator C' and a real number ¢t € R, we calculate the upper bound of
[|F(t) — F(0)||, where F(t) is a unitary operator defined by F'(t) = exp{i(B + Ct)}. By denoting
FM(t) = d™F(t)/dt™,

1P~ FO) < |3 S FO @] < 32 0 pe ) (2.85)
n=1 n=1
is obtained. By using the formula
4 xw _ / ' daeeX® <dX(t)> et=e)X () (2.86)
dt ) dt

we can evaluate ||[F((t)|| as follows:

1
IO < | [ dacteenigea-asen
0

‘ < lic]|- (2.87)
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In a similar way,
zﬁa BJrCt)ZCBZ(l B)a(B+Ct) ZCB (1—a)(B+Ct)

I
e

llc? (2.88)

IF@ @)

IN

’dadﬂ

a(B+Ct) ;(1,iB(1—a) (B+Ct); 1,i(1—B) (1—a) (B+Ct)

dodf

IN

is obtained. By repeating this calculation, ||F(™)(t)|| < ||C||" is satisfied. Therefore, if we assume
[IC]] - |t] < 1, we get

o0

\IF(t)*F(0)||<Z*HCII” 1" < llcyl - It\z <2/[C]] - [¢]. (2.89)

n=1

This inequality is satisfied also when ||C]| - [t| > 1, because of
IF(t) = FO)|| = |’ PF9) — &P <[] B0 + ||| < 2 < 2/l - [t (2.90)

Finally, if we substitute C = A — B and t = 1, we obtain the inequality Eq. (2.84). O

Upper bound on the deviation of the effective Hamiltonian

With the usage of Lemma 1, we should evaluate the upper bound of

- ’ e
instead of D,, in Eq. (2.82). Here, we employ the locality and the extensiveness. Let J(A) denote
the extensiveness of an operator A, defined by Eq. (1.94). Then, for a series of operators A;

(i = 1,2,...,n) which are respectively k;-local and J;-extensive, the extensiveness of the multi-
commutator is bounded from above as follows;

iK™, VI;LMefif(gv _/n

N —iK™ vrn iK™
HVFM*6 wWliyetv vV

(2.91)

{AnaAn—lw--,Al} = [An,[An_l,...,[Az,Alﬂ...], (292)

Jy ﬁ(ZJZ-Ki), (2.93)

=2

J({AnyAnfla o 7A1})

IA

where K; = )" _.km (See Lemma. 5 in Ref. [28]). With this formula, we obtain the following
theorem dictating the bound of Eq. (2.94).

Theorem 2.5.1. (Relation between the two high-frequency expansions)
We consider a Floquet system satisfying all the assumptions in Theorem 2.1.1. Then, for
the truncation order n smaller than ng = O((ANT)™1),

L{4(n + 1)ANT}"+2

iKM{rn —iKY, _ {rn <
‘ ¢ Ve | = 3kNT
% jmax,n - (jmax,n)n+1 + (jmax,n)n+1
1l = fmeszge 1 —4(n+ 1)jmaxnANT

(2.94)

is satisfied when the period T is small enough to satisfy 4jmaxn(n + 1)ANT < 1, where the
maximal value of the renormalized extensiveness jmax , is defined as follows:

(1
o = JEN)
(ANT)LINT(l + 1)H+1
Jmaxn = max{jV[0 <1< n}. (2.96)

(2.95)
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Proof

By using the Baker-Campbell-Hausdorff formula, we obtain

e

E

if(:,‘Vf/FnMe—if(f}v _n

IN

I
M i il
SR

(adfqv )mf/lgM - f/FnM

s

n

S SRS R, R 70 -

l17 )l77l:0 =0

3

(m+1)(n+1)

3

(1 (1 =(lm) (1 “m
S (B RS RS VY - V]
M=m+1 (Ll1,..;l;m)€Lm M

e

3
Il
<

(2.97)
where the symbol ad 4B denotes the commutator [A, B]. In the last equality, we recompose the

summation so that every term provides the same order M in ANT. Considering that each [-th
order term K( ) or K(M gives O((ANT)*1) contribution, the set I,,, 5 is defined by

Im,M = {(lvlla"'alm)

0< 1Ll <n, i(li+1)+(l+l)—M}. (2.98)

=1

From the definition of the van Vleck and Floquet-Magnus expansions, low order terms up of the
last right hand side in Eq. (2.97) should vanish up to the (n + 1)-th order, which results in

n  (m+1)(n+1) (m+1)(n+1)

= M=n+2 m=n+1 M=m+1 (l,ll,...,lm)elm,M

[r.h.s of Eq. (2.97)]

n  (m+1)(n+1) o) (m+1)(n+1)

)OI VDY > %)Ki%%Ki%%.-.ﬁi@”ﬁéi}}i\.

m=1 M=n+2 m=n+1 M=m-+1 Lyl €L

IN

(2.99)

Since VF(QI represents the Floquet-Magnus expansion under the NT-periodic Hamiltonian f/(t)

with k-locality and J-extensiveness, we can apply Theorem 1.3.2, which gives the following bound

on the extensiveness;

(ANT)!
[+1

JV) < nJ. (2.100)
Under the k-locality of V(t), the definition of the van Vleck expansion [See Eqs. (2.10)-(2.14)]

dictates that the I-th order terms VV(\l,) and f(‘(/l\), are at-most (I + 1)k-local. Thus, by using Eq.
(2.93) for the indices (1,11, ...,ln) € I, m, we obtain

[ &S kG Y| = LIARS RS, RS
< LIWVED T [27ESD ke t+1+3 a1 +1)
i=1 j=1
< LJ-(ANT)1(2k)™ HJ (K) M (2.101)
- P w) (M —m)!”
As a dimensionless quantity, we define renormalized extensiveness j) by
J R(l)
i = Fov) (2.102)

(ANT)LJNT(I + 1)+’
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which corresponds to Eq. (2.95). As aresult, noting that the indices (1,11, ..., 1) satisfy 0 <1 < n,
0<l<n,andl+1+> (l;+1) =M, Eq. (1.95) leads to

H{K&,, Jre OB (Rl 7a }H < LJ-(ANT)(2k)™ [H()\NT)”JNT(liJr1)“*13‘(“)1 My Com
=1
< LJ-(ANT)FXalitm(p 4 1) Hn+1 jmax,n] mi2M
=1
< 2LJ-{2(n+ L)ANT}M~ 1(]mam)mml, (2.103)

where jmax.n is the maximal value of {j(V}7 . defined by Eq. (2.96). By substituting this into
Eq. (2.99), when the truncation order n is small enough to satisfy n < ng < 1/(16ANT) and
n < 1/(4jmax,n ANT)—1 under the assumption of the sufficiently-small local energy scale ANT < 1,
we arrive at !

} . (2.104)

n (m+1)(n+1) oo (m+1)(n+1)
rhs of Eq. (299)] < 2LJ (> >+ > > S 204+ DANTI " (maxn)™
m=1 M=n+2 m=n+1 M=m+1 (Ll dm)ELm
< 2LJ <Z Z Z Z ) L a1 {2(n + DANT 7 (i)™
m=1M=n+2 m=n+1M=m+1
< 2LJ<Z Z Z Z ){4n+1 ANTH ™ (finax.n)™
m=1M=n+2 m=n+1M=m+1
N 2LJ{4(TL + 1))\NT}TL+1 jmax,n B (jmax,n)n+1 (jmax,n)n+1
- 1 - 4(n + 1))\NT ]- - jmax,n ]- - 4(” + 1)jmax,n)‘NT
. (s n+1 ( ; )n+1
< 4 DANT n+2 ) Jmax,n (]max,n) Jmax,n
< 3kNT{ (n+1) } { T 1—4(n + 1)jmax.n ANT
This completes the proof of Theorem 2.5.1. (|

As discussed below, the renormalized extensiveness of the kick operator, jmaxn, is typically
bounded from above by a value of O(1) independent of any parameter other than n, e.g. the
system size L. Thus, with Theorem 2.5.1, we obtain the approximate difference between the
Floquet operator by the van Vleck expansion and that of the Floquet-Magnus expansion,

S en i R 2L
||e—zVFMNT _ e—zK\,Ve—zV\,vNTesz\,H < @{4(71 + 1))\NT}”+2

n+1

. _ . . 77/+1
% ]max,n (.]max,n) + (]max,n')
1 — jmax.n 1 —4(n+ 1)jmax,nANT
O((ANT)"2)L. (2.105)

We hereby employ the upper bounds of ||U]{V - e‘iV;ﬁNTH and ||6_NFTLI€1NT - €_iVFnMNT||7 and
the triangle inequality Eq. (2.81). Finally, this verifies the validity of the approximation of the
coarse-grained Floquet operator by the van Vleck expansion,

‘ ‘U}V — RN IVANT (iR || — =O0/ONT) [ 4 O((ANT)" 2L, (2.106)

which reproduces Eq. (2.7) in Theorem 2.1.1.

Renormalized extensiveness of kick operators

Finally, we evaluate the upper bound of j() defined by Eq. (2.95), which measures the renormalized
extensiveness of the [-th order term of the kick operator f(&), This determines the difference

1The symbol |I,, ar| represents the number of the indices (I,11,...,ly) that satisfy 0 <1 <n, 0 <l; <n, and
l+3,1li = M —m — 1. By neglecting the restriction I,l; < n, it is bounded by

[T ar| <pr—1 Cri—m—1 < 2M 71
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between the van Vleck and the Floquet-Magnus expansions as described by Eq. (2.94) in Theorem
2.5.1 via the maximal value jmaxn = max{j(l)|0 <l<n}.

Here, we derive the upper bound under the k-locality and the J-extensiveness of the high-
frequency drive in the rotating frame V(t), based on the assumptions in Theorem 2.1.1. To this
end, we use Eq. (2.93) and the following inequalities;

eimwt/N
< m, (2.107)
m#0 m
eimwt/N 1
— < > = 2((s), for se&N\{1}. (2.108)
m#0 m#0
Here, ((s) is the zeta function. The first inequality is derived from the fact that
eimwt/N _ Q ?f wt/N =0 mod 27 (2.100)
= om i(m—a) if wt/N=a (€(0,2r)) mod 27.

We also note that, for a scalar function f(¢) bounded by |f(¢)] < F = Const. and a Jo-extensive
operator O(t), the operator O = fOT f(t)O(t)dt has extensiveness J(O) bounded from above as

T
J(O) < FJoT, O:/ f®)O(t)dt. (2.110)
0

This can be derived from the definition of the extensiveness [See Eq. (1.94)] and the inequality

Y lloxll= >

XueX XueX

T
< / FOLS llox®llde < FoT,  (2111)

XueX

T
/0 F(tyox (t)dt

for each site i € A, where O(t) and O are decomposed by their supports X C A as O(t) =

S xcaox(t),and O =3, ox.
For the lowest order, the kick operator Eq. (2.12) is rewritten in the following form,

- (0) i NT eimwt/N B
K~y =— V(t)dt. 2.112
m#0
By using a series of the above inequalities, we obtain
N 1 NT eimwt/N 1
J(KQ)) < 7/ Jdt < ~JNT 2.113
B < g7 [ |3 | e < gINT, (2.113)

m#0

and hence the renormalized extensiveness by Eq. (2.95) satisfies

JIKQY 1
© = W< o 2.114
J JNT =2 (2.114)
We can also discuss the first order term K’&,) given by Eq. (2.13) as follows,
. NT imwty /N
(1 1 e ~ -
Ky = m//0 dtydty | | V(). V()]
m##0
. NT imw(t1+t2)/N —inwty /N
i e e - -
— dtdt - — | [Vi(t1), V(t2)].
+2w2T2//0 1dt ﬂ; — 2;‘0 - [V (t1), V(t2)]

(2.115)



2.5. APPENDIX FOR THIS CHAPTER 61

This gives the upper bound of J (f{\(,i,)), which can be described by

HER) < om0, V) - (VT2 + 520 @IV (1), Vi) - (NT)?
< %(ANT)(JNT). (2.116)

This inequality results in the renormalized extensiveness j() < 1 /12. In a similar way, by using
¢(3) = 73/25.79... < 73/24, we can obtain the second order results as J(K'\(,%,)) < A47(ANT)?JNT/96
and j? < 47/2592. To summarize these results, the maximal value jmax,» appearing in Theorem
2.5.1 has the following bounds for low orders;

1

. . 1 .
Jmax,0 < 5; Jmax,1 < 5, Jmax,2 <-. (2117)

[N

In general, the [-th order term of the kick operator f(y\), can be decomposed into the inverse

Fourier transformation of 1/m® and the (I 4 1)-tuple commutators of V(t;) like Eqs. (2.112) and
(2.115). Thus, by using Eqgs. (2.93), (2.107), (2.108), and (2.110), we can obtain the upper bounds
of J (IN(\(II\),) and thereby jmax,» for any order in principle. We note that the bounds obtained in this

way are universal, which depend only on the locality and the extensiveness but not on the detail
of models.
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Chapter 3

Emergent non-Markovianity in
dissipative Floquet systems

In this chapter, we focus on dissipative Floquet many-body systems, affected by the coupling
between the system and the external bath. Since Floquet-ETH predicts heating to trivial infinite-
temperature states in generic closed Floquet many-body systems, dissipative Floquet many-body
systems are expected to host various nontrivial physics with overcoming the heating problem.
While this expectation matches the intuition that dissipation suppresses heating caused by energy
absorption from periodic drives, it is too difficult to find such intriguing phenomena because of the
competition of periodic drives, dissipation, and interactions.

Here, we consider generic dissipative Floquet many-body systems in the high-frequency regime,
where the local energy scale of both the Hamiltonian and the dissipation is much smaller than the
frequency. In the high-frequency regime, we can analytically understand them with a perturbation
theory in the same manner of the high-frequency expansion in closed Floquet systems. They are
important also in terms of the correspondence of closed Floquet systems with static systems. In
the closed cases, Floquet systems in the high-frequency regime cannot host phenomena inherent in
nonequilibrium, but such a correspondence is nontrivial in dissipative cases. We clarify that dissi-
pative Floquet many-body systems generally break this correspondence with static counterparts,
interpreted as emergent non-Markovianity in stroboscopic dynamics. This gives the possibility of
unique phenomena even in the high-frequency regime.

3.1 Dissipative Floquet systems

3.1.1 Setups

We first introduce how dissipative Floquet systems are described. Throughout this chapter, we
assume Markovianity, dictating that the state at time ¢, p(¢), is determined by that just before
infinitesimal time, p(t — §t). Combining with the time periodicity, dissipative Floquet systems
under Markovianity obeys Floquet-Lindblad equation as follows:

Ohp(t) = L()p(t), L(t) =L({E+T), (3.1)

LOp = —ilH0,p+ 3 L0pLi0)! = ST L), o} (3.2)

Since this is a linear differential equation in a state p(t), we can apply Floquet theory as well as
closed Floquet systems with replacing [1(t)) — p(t) and H(t) — iL(t).

Description of dissipative Floquet systems by Floquet-Lindblad equation is valid when the
relaxation time of the external bath is much smaller than the time scale of changes in the system and
the periodic drive. Then, the bath forgets the history of {p(t)}: (referred to as no memory time),
resulting in Markovianity and Floquet-Lindblad equation. While Floquet-Lindblad equation is
derived only from the time-periodicity, Markovianity and the CPTP (complete-positivity and trace-
preserving) property [130, 131, 132, 133], it can be derived also by considering the Hamiltonian
Hioi(t) = H(t) + Hpan(t) + Hc(t) including the bath terms and the coupling terms and applying

63
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some approximations such as Markov and the rotating-wave approximations [132, 133, 134, 135,
136]. Experimentally, artificial quantum systems such as cold atoms and cavity-atom systems in
approximate vacuum are expected to provide ideal platforms for dissipative Floquet systems under
Markovianity [137, 138].

Dissipative Floquet systems with Floquet-Lindblad formalism have been contributed to various
nonequilibrium phenomena, such as nonequilibrium steady states [139, 140], heat engines [141, 142],
and discrete time crystals [143, 144, 145, 146, 147, 148]. However, despite the applicability of
Floquet theory, investigation of dissipative Floquet many-body systems has been quite restricted
when compared to closed systems. While a state |1)) is given in a d*-dimensional Hilbert space,
a state p for dissipative systems is defined in a d?*-dimensional system, giving the complexity of
dissipative systems. Non-unitarity of the time evolution is also the difficulty of dissipative systems.
Thus, exploring universal behaviors in dissipative Floquet many-body systems is difficult due to the
competition of dissipation, periodic drives, and interactions, but important to seek for nontrivial
nonequilibrium phenomena that overcome the heating problem.

3.1.2 Dissipative Floquet systems in the high-frequency regime

As Floquet theory is applicable also to dissipative cases, generic dissipative Floquet systems can
be analyzed by the Floquet operator U or the effective Lindbladian L.g defined by

T exp ( /0 ! L‘(t)dt) , (3.3)

1
ﬁeff = flogl/{f. (3.4)

Uy

They determine the stroboscopic dynamics as well as closed cases:
p(mT) = (Up)™p(0) = e~ Tp(0), m=0,1,2,.... (3.5)

In general, it is difficult to obtain the Floquet operator or the effective Lindbladian due to the larger
dimension compared to closed cases in addition to the time-ordered product and the logarithm of
operators.

Hereafter, we focus on dissipative Floquet systems in the high-frequency regime for the following
two reasons. The first reason is the availability of the high-frequency expansion as well as closed
systems. We can discuss generic dissipative Floquet systems in a unified way with the perturbation
theory in ||£(t)||/w. Note that the high-frequency expansions in Chapter 1 are derived only with
the fact that H(t) is linear and time-periodic but not using the hermiticity, and hence those for
dissipative systems are derived in the same manner. The Floquet-Magnus expansion L, defined
by

M = Zﬁg/p FM—*/ L(t (3.6)
i=0

ch) = % dt / dts[L(t1), L(2s)], (3.7)
2 = — dtl/tldtg/tzdtg (t1), [L(t2), L(t3)]] + [L(ts), [L(t2), L(t)]]), (3.8)

approximately provides the effective Lindbladian Leg up to the order of (]|£(t)||/w)™. Generic m-th
order term E%nlf/[) is obtained by replacing H(t) — iL(t) and Hg;[) — ZE](;KI/[) in the Floquet-Magnus
expansion for closed systems [See Eqs. (1.27)-(1.29)]. As well as closed cases, the high-frequency
expansion enables to analyze Floquet systems as static systems with capturing the time-dependency
via higher-order terms E%TA) (m >1). In fact, Ref. [149] confirms that the stroboscopic dynamics
of local observables is well reproduced by £}, in the high-frequency regime. Refs. [136, 150]
consider a wide class of dissipative Floquet systems with time-independent dissipation, and clarify
generic steady states up to the first order with the usage of the high-frequency expansion.

The second reason why the high-frequency regime of dissipative Floquet systems is focused on
lies in the correspondence of closed Floquet systems with closed static systems, which is directly
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related to the aim of this chapter. In closed cases, as discussed in the last of Section 1.3.4, Floquet
systems in the high-frequency regime always have counterparts in closed static systems. This is
because they are approximately described by the Floquet-Magnus expansion Hgy,, which is a static
local Hamiltonian. Then, there appears a natural but important question for dissipative cases:

Do dissipative Floquet systems in the high-frequency regime have counterparts in dissipative static
systems ?

Tackling this problem will lead to comprehension on what kind of nontrivial steady states unique
to Floquet systems is possible.

Aim of this chapter

We aim to resolve the above problem, the correspondence of dissipative Floquet systems in the high-
frequency regime with static counterparts. Let us discuss the detail of the problem. We consider
dissipative systems under Markovianity. In static cases, a state p(t) obeys a time-independent
Lindblad equation,

dplt) = Lo(t), (3.9)
Lo = —ilHpl+ Y LipL! — S{LILip), (3.10)

with a Hermitian operator H. The form of £, called a Liouvillian, is derived from the requirement
that the time evolution operator e becomes a CPTP map for any ¢ > 0, and essential to describe
dissipative static systems under Markovianity [131]. We refer to it as as Liouvillianity of £, that
(or whether) £ is a Liouvillian given by Eq. (3.10). In Floquet cases, their dynamics dominated
by a time-periodic Liouvillian £(¢) is approximately described by the static operator L}, given
by the Floquet-Magnus expansion. Thus, the problem of interest is interpreted as:

Is the Floquet-Magnus expansion Ly, which approzimately describes dissipative Floquet systems
in the high-frequency regime, a Liouvillian ?
In other words, we analyze Liouvillianity of the Floquet-Magnus expansion L), for generic systems

throughout this chapter, and thereby we aim to clarify whether or not dissipative Floquet systems
in the high-frequency regime have static counterparts described by a static Liouvillian.

3.2 Liouvillianity behavior in noninteracting and interact-
ing models

Hereafter, we consider Liouvillianity of the Floquet-Magnus expansion to clarify the correspondence
of dissipative Floquet systems with static systems. To this goal we begin with introducing some
mathematical tools to judge Liouvillianity in Section 3.2.1. With these tools, we clarify that the
behavior of Liovillianity depends on the presence of interactions. Thus, we discuss noninteracting
cases and interacting cases respectively in Sections 3.2.2 and 3.2.3.

3.2.1 Method for judging Liouvillianity

We first introduce the Frobenius basis and the doubled Hilbert space representation. After that,
we discuss how to judge Liouvillianity. We also derive generic properties of Liouvillianity of each
order term in the Floquet-Magnus expansion.

Frobenius basis.—We denote a set of d x d matrices by My and assume a state p € My. We
define the Frobenius inner product (A, B) and the Frobenius norm ||Al[g by

<A’ B>F = TI“[ATB], ||A||F = <A7A>F7 (3'11)

for A, B € M. The Frobenius basis {F}; € Md}?; is a complete orthonormal set (CONS) for M,
based on the Frobenius inner product and the Frobenius norm, satisfying

(Fj,F)p = 0, “dk=12,....d%, (3.12)

Fp = Iy/Vd. (3.13)
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Here, I3 denotes the d-dimensional identity matrix. Using the condition (Fj, Fy2)p = 6§42, we
immediately obtain

Tr[F;] =0, j=1,2,...,d> 1. (3.14)
For the simplest case with d = 2, we can choose
FL=0"/V2, Fy=0Y/V2, Fy=0"/vV2 F,=05L/V2 (3.15)

as the Frobenius basis.

Doubled Hilbert space representation.—The doubled Hilbert space representation enables to
represent linear operators on My by a matrix by associating a state p € My to a d?-dimensional
vector [151, 152). Let {|s)}2_; denote a basis for the d-dimensional Hilbert space, and then a state
p is given by p = 37 pss |s) (s'|. We can designate the state p by the d?-dimensional vector
|p) =D .o Pss' |8) ®|s") by the one-to-one correspondence p <+ |p). The representation of the state
by |p) is called the doubled Hilbert space representation, since |p) is defined on a system twice as
large as the original system. In the doubled system for |p), the system designated by |s) (or |s'))
is called a real system (or a fictitious system). When considering linear operators on My, they
should be written by a d?-dimensional matrix. In fact, an action ApB (A, B € My) is written as
A ® BT € My due to the following correspondence:

ApB < (A@ B%)|p), A,BecM,. (3.16)

For instance, a Liouvillian £ given by Eq. (3.10) is given by the d?-dimensional matrix
1
L=—i(HI-T®H")+ Z [Li ®LF— §(LILZ» ®I+I1®LILY) (3.17)

in the doubled Hilbert space representation, where we simply write the correspondence by the
equality hereafter.

Judgment of Liouvillianity—Now, let us discuss how to judge Liouvillianity of the Floquet-
Magnus expansion, described by a d?-dimensional matrix in the doubled Hilbert space represen-
tation. By expanding the Lindblad operators with the Frobenius basis as L; = Z;l:ll ci; Iy with
¢ij € C (Note that Fy2 o< Iy gives no contribution), we obtain

d?-1
L=—iHRT-ToH")+ > aj [FjeaFk —§(F,IFj®I+I®FjTFk) (3.18)

k=1

from Eq. (3.17), where ajx = > . cijch (J,k = 1,2,...,d* — 1) gives a (d* — 1)-dimensional
positive-semidefinite (all the eigenvalues are non-negative) matrix with the hermiticity a;x = aj;-.
Conversely, when a linear operator on M, is given in the form of Eq. (3.18) with a hermitian
positive-semidefinite matrix [ajk]fk_:ll, we can obtain a Liouvillian of Eq. (3.17) by the spectral
decomposition a;r = >, ¢ijcl. Thus, we obtain the following condition: £ is a Liouvillian if
and only if £ has the form of Eq. (3.18) with a hermitian matrix H € My and a hermitian
positive-semidefinite matrix [ajk]fk_:ll € Mg2_;.

Let us turn to how to judge whether the Floquet-Magnus expansion L, is a Liouvillian. While
it is difficult to know whether generic matrices in Mgz can be decomposed in the form of Eq. (3.18),
we can do that in the case of the Floquet-Magnus expansion by the following theorem.
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Theorem 3.2.1. (Form of the Floquet-Magnus expansion)
Each m-th order term of the Floquet-Magnus expansion, £g§,[), is always written in the

form of
d?—1 1
Lo =—iHM™ I -1 H™)T)+ Y ol [Fj ® Fy — i(FgFj QI+I® FJ-TF,;*)}
§.k=1

(3.19)
where H(™ € My and [ay;)]fk;ll € My2_; are hermitian. The n-th order Floquet-Magnus
expansion, Ly = Y7 _, £ s also written in the form of

d*—-1

Pvu=—iH"®I -1 H")+ ) af {Fj ® Fy — 5(F,ij ®I+I®FJTFk)] (3.20)
j,k=1

2
where H™ € My and [ag‘k]? 1) € Mgz, are hermitian.

We can derive Eq. (3.20) by using the fact that the time-periodic Liouvillian £(¢) is given by
the form of Eq. (3.2). Since the derivation is done in a similar way of Ref. [153], we provide it
in Appendix for this chapter (See Section 3.5). Equation (3.20) soon follows from Eq. (3.19) by
giving H" = Y1 _  H™ and a7y, = > _, ay:).

By multiplying FJT ® FY' (j,k # d?) to Eq. (3.20) from the left and taking its trace, we can
pick up the matrix elements as

afy, = Te((F) © F)Liyl, (3.21)

where we use the orthonormality of the Frobenius basis Eqgs. (3.12) and (3.13). While the form of
Eq. (3.20) is the same as that of a Liouvillian, Eq. (3.18), we note that the positive-semidefiniteness
of [a;?k} is not ensured here. In other words, we obtain the necessary and sufficient condition for
the Floquet-Magnus expansion being a Liouvillian as the following theorem says [154].

Theorem 3.2.2. (Judging Liouvillianity of the Floquet-Magnus expansion)
For the Floquet-Magnus expansion L3, the following relation is satisfied:

2

Ly is a Liouvillian < [a?k]?) i € My, is positive-semidefinite, (3.22)
2

where the hermitian matrix [a;?k]‘; ., is given by

a, = TY[(F] ® F¥) Loy, (3.23)

Thus, in order to judge Liouvillianity of the Floquet-Magnus expansion, we should confirm that
all the eigenvalues of the matrix [a?k]fk;ll is non-negative. When we consider an L-site system
having f degrees of freedom at each site, the dimension of [a};] exponentially grows with the
system size as d?> — 1 = f2I' — 1. It is nontrivial that we can rigorously evaluate Liouvillianity for
generic systems including interacting cases. In fact, Ref. [154], which provides the way of judging
Liouvillianity without specifying the usage of the Frobenius basis, gives an analysis on Liouvillianity
of the Floquet-Magnus expansion, but it is limited to noninteracting cases, essentially equivalent
to the case L = 1. Here, we aim to understand the behavior of Liouvillianity for generic Floquet
systems both in noninteracting cases and interacting cases.

Generic properties about Liouvillianity.—Before discussing Liouvillianity of the Floquet-Magnus
expansion, we derive a generic property of each m-th order term and reconsider the structure of the
problem. As each m-th order term E%T/I) is given by Eq. (3.19), we can diagnose its Liouvillianity
by

Egﬁ/{) is a Liouvillian < [aﬂn)]fk;ll € My2_ is positive-semidefinite, (3.24)
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with ag;n) = Tr[(F ]T ® FY )E%T;/I)L as well as the Floquet-Magnus expansion. Then, we derive the
following theorem on Liouvillianity of each m-th order term.

7~

Theorem 3.2.3. (Liouvillianity of each order term)
Each m-th order term of the Floquet-Magnus expansion satisfies the following proposition:

(a) E%O& (= L) is always a Liouvillian.
(b) Eg&) (m > 1) is a Liouvillian if and only if
[l = [ Tl(E] @ FE) £§™]] = 01, (3.25)

where O, (€ My) represents a zero matrix with the size d.

Proof

From Eq. (3.2), the time-periodic Liouvillian £(t) is also written in the form of

d?—1
1
LO)=—i(HH)I-I® H(t)T) + Z a;i(t) [Fj ® Fy — 5(F,IFJ- RUI+TI® F]-TF,;‘) (3.26)
J,k=1

where the T-periodic matrices H(t) € My and [ajx(t)] € Mgz2_; are hermitian. Since the zeroth
order term is given by the time-average of L(t), we obtain

o_1 [T
aj, = T/ a;r(t)dt. (3.27)
0

The hermitian matrix [aﬂ)] becomes positive-semidefinite since [a;(t)] is positive-semidefinite, and
hence Eéol\)/[ is always a Liouvillian. On the other hand, using the fact that each order term Eg;[)
is composed of m-tuple comutators, each m-th order term is traceless, Tr [51(?”1\1/[)} =0, for m > 1.

We can calculate the trace in another way using Eq. (3.19), and this results in

d*—1 d*—1
m 1 m * n m
Tr [gqu = =3 2 AP (E R+ THI0 T F) = ~d- ) af)) = —d-Tr ([a§-k)]>. (3.28)
7,k=1 j=1

(m)]
jk
Since all of the eigenvalues of hermitian positive-semidefinite matrices cannot be negative, [a%")} is

Therefore, [agzl)} is also traceless, and hence the summation of the eigenvalues of [a is zero.

positive-semidefinite if and only if [ag.zl)] = 0. Using the condition for Liouvillianity, we complete
the proof of the theorem. O

This theorem says that any higher order term Eg\b,[) cannot be a Liouvllian except for special

cases where E;TA) gives no dissipation. Since we use the fact that the zeroth-order term is given
by the time-average and that higher-order terms are composed of commutators, this result is also
valid for the van Vleck expansion and the Schrieffer-Wolff expansion other than the Floquet-Magnus
expansion.

We note that this theorem brings an essential difference from closed cases to the problem of
interest. In closed cases, any order term of the Floquet-Magnus expansion Hi(fl\'}l), given by Eq.

(1.28) is always a Hamiltonian (i.e. a hermitian operator), thereby making the Floquet-Magnus
n

m—0 ngT/[) a Hamiltonian. On the other hand, in dissipative cases, in the

expansion Hpy = >
Floquet-Magnus expansion Ly = >0 E%wl\l/[), only the zeroth-order becomes a Liouvillian while
the other terms cannot be Liouvillians in general. That makes Liouvillianity of the Floquet-Magnus

expansion nontrivial in contrast to closed systems.
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3.2.2 Liouvillianity in noninteracting models

To understand how Liouvillianity of the Floquet-Magnus expansion behaves, we begin with non-
interacting cases. For simplicity, we focus on dissipative systems under a binary drive, described

by
_ Cl (0 <t< T)
£ = {Eg (r<t<2r=1T), (3.29)

and then the Floquet operator is given by Ueg = exp(La7)exp(L17) = exp(Lesr - 27). By using
the Baker-Campbell-Hausdorff formula, we can directly calculate the Floquet-Magnus expansion
as follows:

1

Lode = (L1t L) Loy = 7002, L], (3.30)
2 3

LR = TlLe—LulLa, ol £ = TlLy L (L0, Lall), (3.31)

Since noninteracting cases can be captured by models with single site, we consider a single-spin
system with S = 1/2. We provide two models and show that they have different behaviors of
Liouvillianity; one always shows breakdown of Liouvillianity of L£%,; while the other preserves
Liouvillianity of £3,, in a finite parameter region.

Noninteracting model showing Liouvillianity breaking.—We first consider a single-spin system
with S = 1/2, described by the time-periodic Hamiltonian

) —ih[o®, p] 0<t<nT)
Ealllr = {%(U%x 5 (r<t<om) (352)

Here, h € R represents the magnetic field in the z-direction, and +; > 0 is the dephasing in the
z-direction. Assuming the high-frequency regime indicates h1,v17 < 1. By using the formula Eqgs.
(3.30)-(3.31), we obtain the Floquet-Magnus expansion in the doubled Hilbert representation as
follows:

ih 2
h ht)?
e - o) - 2@ esr e, (1)

Remembering that the Frobenius basis for the dimension d = 2 is given by Eq. (3.15), we can
calculate the matrix a3 = Tr[(FjT ® FiT)L%,] based on Eq. (3.23). This results in

1—a® @

Qa Ay
[a?k} =N 04541) af) 0 1> (3.34)
0 0 0
where 04541) = —h7 and osz) = 2(h71)?/3 are the first- and the second-order contributions. Substi-

tuting oy’ = oY) =0 (o) = 0) into Eq. (3.34) reproduces the matrix [a,] ([aj])-

Let us evaluate Liouvillianity of the Floquet-Magnus expansion L}, or equivalently, judge
the positive-semidefiniteness of [af,] based on Theorem 3.2.2. The zeroth-order LY is always
a Liouvillian since [a?k] is positive-semidefinite. This result is rather trivial due to Theorem
3.2.3. On the other hand, for the first-order, the matrix [a;k] always has a negative eigenvalue
(1 — /T+4(h1)%)7/2 ~ =1 (h7)? = O((h7)?). Thus, the first-order expansion £, cannot
be a Liouvillian regardless of parameters h,vy; # 0, which we refer to as Liouvillianity break-
ing. In a similar manner, for the second-order, the matrix [a?k} always has a negative eigenvalue
(1= /1+4(h7)2/3+16(h7)1/9)11/2 =~ —71(h7)?/3 = O((h7)?). As a result, L7 always breaks
Liouvillianity.

To summarize, this noninteracting model always shows Liouvillianity breaking of the Floquet-
Magnus expansion when we consider higher-order terms coming from the time-dependency of
L(t). This originates from the inevitable negative eigenvalues of [a};]. We note that, for the
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first-order in this model, it is difficult to observe the effects of Liouvillianity breaking since the
negative eigenvalue ~ (h7)? is small when we consider its accuracy. For the higher-orders n > 2,
Liouvillianity breaking of £%,, is non-negligible due to the negative eigenvalues ~ (h1)2.
Noninteracting model preserving Liouvillianity.—We introduce another noninteracting model
showing behaviors different from the above model. Let us consider the time-periodic Liouvillian

Loty = {w(ﬁmp&m -p) (0<t<T) (3.35)

y1 (% pa® — p) (r <t<27),

with 5%% = (0 + 0*)/+/2. This model is purely driven by dephasing terms 1,72 > 0. Up to the
second-order, we obtain the matrix [a?k] as

Y2/2 + 71 + ag)w 0 712/2+ ag)%

[a5,] = 0 0 0 (3.36)
v2/2 4+ Py 0 79/2— iy,

with ag) = (y17)(727)/6. Here, the first-order contribution aﬁ) disappears as aﬁ) = 0, exempli-

fying the case where 5%11\)/[ becomes a Liouvillian in Theorem 3.2.3. The zeroth- and the first-order
expansions L%, and L}, are Liouvillians under any choice of the parameters 71,72, 7. For the
second-order, the smallest eigenvalue of [a?k] is the smaller one of 0 and

Y1+ Y2
2

1
— S\ + 872 +12) + 9 (47 +99). (3.37)

This suggests that the second-order expansion L£%,; becomes a Liovillian in the finite parameter
range 0 < 7 < Tiax, Where Tyax is given by

1/2

6 (\/1 + (7 +73) / 2m72) — 1)
7+

> 0. (3.38)

Tmax =

This behavior, preservation of Liouvillianity of £f,, is confirmed also when we consider higher-
orders n > 3, while the threshold 7,.x depends on the order.

Non-universal behavior in noninteracting models.—In the above discussion, we discover two
different behaviors of noninteracting cases:

1. Liouvillianity breaking of L% (n > 1).
2. Liouvillianity preservation of L, in a finite parameter range.

This difference comes from the structures of the matrix [a;?k]. In the first case, the higher order
terms [aﬁn)] (m > 1) appear in the different block from [aﬁ)] [See Eq. (3.34)]. This can be

interpreted as that the zero eigenvalue of [a;.(l?] is perturbed by higher-order terms, resulting in
the negative eigenvalues of [a};] (n > 1). On the other hand, in the second case, the zeroth-

order term [a),] and the higher-order terms [ag.zl)] (m > 1) are closed within the same block

[See Eq. (3.36)]. Since the positive eigenvalues of [a};] are shifted by the higher-order terms,
the positive-semidefiniteness of [a?k] is maintained. This is why preservation of Liovillianity is
observed. Although we focus on two specific models, generic noninteracting models are expected
to show these behaviors since the matrix [a;] should be either closed or not with the increasing
order n. Thus, noninteracting models have non-universal behaviors of Liouvillianity of the Floquet-
Magnus expansion, in that they can either break or preserve it depending on the model.

3.2.3 Liouvillianity in interacting models

Here, we discuss few-body and many-body interacting models and how they behaves in contrast
to noninteracting models. We consider an L-site spin chain with S = 1/2, and the dimension d
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becomes 2°. Then, the Frobenius basis is composed of 4% matrices in Myz. We use a set of labels
J={53=01,J2,---,7) |51 =0,1,2,3 (I=1,2,...,L)}, and we can choose {Fj‘}j‘eJ given by

F;*ZHF]‘“ FOZIQ/\/i Flz(fm/\/i, FQZO'y/\@, Fszo'z/\/i, (339)

=1

as the Frobenius basis for Myz. The matrix F;.:(j corresponds to Fz, having the nonzero trace in
Eq. (3.13), and the others F 5 are traceless corresponding to Eq. (3.14).

Interacting model showing Liouvillianity breaking.— We begin with the model analysis based
on the following time-periodic Liouvillian

Lc(t) — _Z.JZ El[alzalZJrlvp] = ‘CClp (0 S t< T) (340)
12 (0fpof —p) = Lo2p (T << 27),

where Lo1 and Lo are respectively Ising interactions and dephasing. Here, we assume the periodic
boundary condition o | = of (o = ,y, 2), but it is not essential. The zeroth-order expansion

J 2
Lo = (Lor+ Le)/2 = —iy ;(Ufolzﬂ QI —-I®ofof,,)+ > le(af ®of —1) (3.41)

is trivially a Liouvillian as a result of Theorem 3.2.3. Note that we employ the doubled Hilbert space
representation, and then linear operators on My are represented as non-hermitian Hamiltonians
on a 2L-site spin system.

For the first-order, we obtain the following Floquet-Magnus expansion,

JZ T xT z z z z T
TIN of @of(of 1 +0fuy) — ol (0F 1 +0f) @}, (3.42)
l

Ly = Ly + 5

We compute the matrix elements [a}g] for j,k € J \{0}. By properly changing the order of the

basis, we arrive at the (4% — 1)-dimensional hermitian matrix,

L 1 o o
c c
[a%-];] = @ 2k—1y ag) 0 0 @ O4z 311, (3.43)
=1 a0 0/,
with the first-order contribution ozg ) = —J,7. The basis of the 3 x 3 matrices (--+); is composed of

f:(...07jl =1,0...),(...0,2,5,=3,0...),(...0,5, = 3,2,0...). Here, the component 1 in (---),

comes from the two-body term of ®o7 in 5%01\)/[ [See Eq. (3.41)], and ag) comes from the three-body

terms oF ® 0¥o7,, and 007, @ oF in LY. [See Eq. (3.42)]. Due to the block-diagonalization,
we can exactly obtain all the eigenvalues of the matrix [aﬁ], whose size is exponentially large in
the system size L. The smallest eigenvalue of [azz] is 7 - 2L=201 — /1 + 8(J,7)2} ~ —(J.7)%2F,
which is always negative. Therefore, the first-order Floquet-Magnus expansion £i,; cannot be a
Liouvillian regardless of the parameters J,,, 7, indicating Liouvillianity breaking. Note that its
order (J,7)? is small considering the truncation order n = 1 in this case.

As well, the second-order is calculated as

'Y(JzT)Q
3

Liy = Lhy-— > {ot @of(I+0f 107) +of(I+07 ,07,,) @0}

7
+o) (071 +oi1) @) (071 +07y1)},  (3.44)

and then, the matrix [a?E] becomes

12 oD Q0 @

270] —Qg
) Lo S0 e
= (D2 6 B B, ® Oyr_ar—1, (3.45)
=1 C C C

2 0 o0 o0
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with the second-order contribution ag) = 2(J,7)?/3. Here, the first three components of the basis
of (-++); are the same as those for Eq. (3.43), and the fourth is j= (...0,3,51=1,3,0...). The

components ozg ) appearing in the lower right of 0‘8 ) in (...); originate from the four-body terms in

E%\)/I. The matrix [a%] always has negative eigenvalues, and the smallest one is numerically given
by

3
Amin/[7 - 287N (7)) 2 ) Con (o)™, (3.46)

Co = —0.667,C; = 0.0197,Cy = —3.08, C3 = 2.84,

with the root mean square error 3.25 x 107 in 0 < J,7 < 0.5 (Although we can obtain its
analytical formula, it is too complicated). Thus, the second-order Floquet-Magnus expansion Lz,
shows Liouvillianity breaking with the non-negligible order O((J,7)?).

Universal behaviors of Liouvillianity in interacting models —In the above discussion, we obtain
that the interacting model L (t) show Liouvillianity breaking of the Floquet-Magnus expansion
Ly for n = 1,2. What should be tackled next is to examine whether or not the Liouvillianity
breaking behavior is common with generic interacting systems. For instance, we consider another
model Lp(t) given by

—q 151 =
L:D(t)p _ { (o Zl[al Ul+17p] = ‘CDlp (0 <t < T) (347)

v (oy poft — 3{ofo; ,p}) = Lpop (T <t<2r=T),

with o = (of + io})/2, which is composed of Ising interactions and dissipation making the
down-spin state preferable. The resulting non-positive-semidefinite matrix [a}_E] , given by

L 22 . 22z —i(( jx T)) —i(( jm T))
[ake] = ZEZBIV-zL—S i) —(Lr) 0 o @ O4r_ar—1, (3.48)
i(Jor) —(Jor) 0 0 l

has a structure similar to Eqs. (3.43) and (3.45), showing Liouvillianity breaking of Lky;.
We note that the structure of the matrices [a%] appearing in the interacting models is common

with that in the noninteracting case £ 4 (¢) with Liouvillianity breaking, in that the zeroth-order and
the higher-order contributions are not closed in the same block. In contrast to the noninteracting
case, higher-order contributions in [a?};] are connected to many-body terms in L, for interacting

systems. In the next chapter, we clarify that this connection holds for generic interacting systems
and results in the universal structure of the matrix [a%], which gives Liouvillianity breaking in
generic interacting systems.

3.3 Liouvillianity breaking in generic interacting models

Here, we generalize the result of the interacting models in the previous section, and provide the
main assertion in this chapter, saying that the Floquet-Magnus expansion L£},,; (n > 1) cannot be
a Liouvillian in generic interacting systems.

We first specify the setup for generic dissipative Floquet systems with interactions. We consider
an L-site lattice A, where each site has f degrees of freedom. The time-periodic Liouvillian
L(t) = L(t+T) is given by

LOt)=—i(Ht)@I -T2 HH)T)+ Z {Li(t) ® Li(t)* — %(Li(t)TLi(t) @I+ 1® Li(t)TLi(t)*)

(3.49)
in the doubled Hilbert space representation. By regarding L£(t) as a non-hermitian Hamiltonian
on a 2L-site lattice Aq = {1,2,...,2L}, we extend the notions of locality and extensiveness for

Hamiltonians to Liouvillians (See Definition 1.3.1). The locality k for a Liouvillian is defined by

L(t) is k-local < H(t) and L;(t) respectively have at-most k-body and (k/2)-body interactions.
(3.50)
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This immediately means that £(¢) in the doubled Hilbert space representation has at-most k-body
interactions. We decompose a Liouvillian by L(t) = >y, L|x(t), where L]x(t) denotes the
terms of L(t) nontrivially acting on a domain X C A4 in the doubled Hilbert space representation.
We define the extensiveness of a Liouvillian by

L(t) is T-extensive & Y [[Llx(®)|| < T, Vi€ Aq, (3.51)
X: X2

which is the natural extension of Eq. (1.94). Under the finite extensiveness J, we obtain the
bounded local energy scale ||L(t)||/L < 2J.

The locality (the extensiveness) of a Liouvillian assumes the locality (the bounded local energy
scale) of the Hamiltonian and the dissipation, which is expected to be physically reasonable. For
example, when we consider the model L (t) composed of Ising interactions and dephasing dissi-
pation, we obtain the locality & = 2 and the extensiveness J = 2|J.| + 7. Thus, we adopt the
k-locality and the J-extensiveness as natural assumptions for generic interacting systems.

To discuss Liouvillianity of the Floquet-Magnus expansion, we should consider the matrix
[a%] = ’H[(F; ® FF)LEy]. Here, the Frobenius basis for M. is designated by

J={j=Grodr) i =0,1,..., f =1} (3.52)

The Frobenius basis is composed of lj’;. = H1L=1 sz with Fy = I;/\/f and Fj (j # 0) given by the
Frobenius basis for M; other than Fy. Judgment of Liouvillianity can be done by the positive-
semidefiniteness of the (f*X — 1)-dimensional matrix [a?lz];. Fes(sy: When we assume the locality
and the extensiveness, we can obtain the following generic property of this matrix.

' )

Theorem 3.3.1. (Bound on the matrix elements aifg))

For a k-local and J-extensive Liouvillian £(¢), the matrix elements a;j;) = Tr[(F} ®
FET)E%T/I)} are bounded by
(m)| o CRIT™ oy gt
‘aﬁ < T ml T (3.53)

Proof
We consider a;g) for fixed 7, k #* 0, and let X € Aq be a domain where FoF i:: nontrivially acts.
Let us define A" by
Jk
(m) _ (m) (1, *
Al =3l (R @ F) (3.54)
3k

where Z;., i represents the summation over j'/, k' such that F;, ® F]%‘/ nontrivially acts only on

the domain X (there exist at-most (f2 —1)X| terms). Then, A%l) is the unique term nontrivially

acting just on X in ﬁgcm), and hence we obtain
1A% < 7, (3.55)

where J(™) is the extensiveness of the i-th order term £(F7K/I) from the definition of the extensiveness.
We note that the bound on the extensiveness of H, éT,[) in the Floquet-Magnus effective Hamiltonian,
given by Theorem 1.3.2 in Section 1.3.4, is derived without using the hermiticity of ngnl\j[) This

results in the same bound for the non-hermitian Hamiltonian Eg&) given by

(2kgT)™

(m) <
J - m+1

J -ml. (3.56)

Using the Schwartz inequality for the Frobenius inner product and the Frobenius norm, we arrive

at
D= (o). A7) | <||(Fer)

[
ik

e
F Jk

’F . (3.57)
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(a) (b) (c) (d) d < 0 ((4L)™)

Real

Fictitious

(L-site) (1

Real Many
budy

Fictitious

| Spread of |nteract|ons

Figure 3.1: (a) Possible local terms appearing in £(¢) or E%OI\)/I under the locality & = 2. (b,c)

Possible local terms appearing in £(t) and E%ll\)/[ and Eg\)/[ under the locality & = 2, respectively. In
(a,b,c), red rectangles (closed within either the real or the fictitious system) represent local terms
caused by the Hamiltonian H (t), while blue ellipses (connecting the two systems) originate from
the dissipation L;(t). Local terms with gray backgrounds, involving both the real and the fictitious
systems, appear as nonzero components in [a;i];]. (d) Generic form of the matrix [a;l]z] in few-body

or many-body systems with local interactions. It reflects the spread of local interactions seen in

(a), (b), and (c).

Since the Frobenius norm || - ||p is related to the operator norm || - || by ||A||lr < VrankA - [|A]],
we obtain
(2kJT
a“ ,/rank “ HA < " S Jeml - fE O (3.58)
m+1

(m)

This theorem says that the matrix elements ax generally decay with the increasing order m up

to 1/(2kJT) = O(w/T), as the m-th order term C%M is suppressed. Thus, in generic interacting

systems, Liouvillianity of E(WRL/[) is determined by whether ag%) can remain positive-semidefinite

under perturbations of non-positive-semidefinite matrices a( ) (m > 1), as well as noninteracting
systems.

However, unlike noninteracting cases, the locality of interactions strongly restricts the form of
the matrix [a;lE] in interacting cases. Let us consider a k-local Liouvillian £(¢). When we divide
A4 into L-site real and fictitious systems, H(t) ® I and I ® H(t)T in L(t) give at-most k-body
interactions closed within real or fictitious systems. On the other hand, the term L;(t) ® L;(t),
originating from the dissipation, appears as at-most k-body interactions bridging the real and the
fictitious systems [See Fig. 3.1 (a)]. The zeroth-order term L’%Ol\)/[, given by the time-average of
L(t), involves at-most k-body interactions as well as £(t). For the first-order, the commutator
[L(t1), L(t2)] in Eq. (3.7) gives at-most (2k — 1)-body interactions coming from local terms in

L(t) with overlaps on at-least one site. In general, the m-th order term E%M contains at-most
{(m 4 1)k — m}-body interactions originating from the m-tuple commutators of L(t).

Next, we examine how this locality constraint on LFM affects the form of [a;ﬂ]. Let n; denote
the number of [ satisfying j; # 0 for j € J. Then, Eq. (3.20) dictates that nonzero aﬁ ensures
the existence of a (n7 + ng)-body term F; ® FZ in Lz, involving both the real and the fictitious

systems [See Figs. 3.1 (a)-(c)]. Since Ly = Z E%M contains at-most {(n + 1)k — n}-body
interactions, the locality constraint results in

a;l]; =0 if (ny+ng) >{(n+1)k—n} (3.59)

We rearrange the labels of the Frobenius basis j € J in the ascending order of the locality ns, and
then we obtain the following block-diagonalized form:

[CL—m} Ad D OfQLidn717 Adn € Mdn- (360)
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The basis of the nontrivial part Ag_ is composed of j € J that satisfies 1 < n; < (n+1)k—n, and
the number of such j gives its dimension d,,. The dimension d,, is bounded by
(f2L)(n+Dk—n
{(n+ 1)k —n}l’

which is usually much smaller than the whole size f2* when nk < L. Furthermore, Eq. (3.59)
also indicates that the nontrivial part A;, becomes the triangular form,

dn < LC(mi1yp—n - (f7) TR o (3.61)

Ag, = < AET Odanen ), A, €M, : hermitian, (3.62)
where we assume d,, < f?/' — 1. Here, the dimension e, is the number of 5 € J such that n;
exceeds [(n+1)k/2 —n/2] ([z]: the ceil function), having the upper bound,

en < LC[(nt1)k/2—ny2) - ATTTDR/27n/2] (3.63)

When the interactions are neighboring (The ranges of interactions of H(t) and L;(t) are respectively
k and k/2), the size d,, and e,, respectively reduce to O((f2)+DE=n L) and O((f2)I(n+Dk/2=n/21 1))
since the Floquet-Magnus expansion L, also involves neighboring interactions whose range is at-
most (n 4+ 1)k — n sites. Finally, we summarize the generic form as follows.

7

Theorem 3.3.2. (Generic form of [a;l]z])

For a k-local time-periodic Liouvillian £(t), the matrix [a?}z] has the generic form

n A, B
[GJE] = ( B_‘_ Od B > ®Of2l’—dn—1 (364)

when the order n is smaller than L/k.

The triangular form of the matrix [a;ig] can be attributed to the spread of local interactions in
(

the Floquet-Magnus expansion. In fact, each m-th order contribution [a 7;)] (m < n) appears in

the upper left triangular of the nontrivial part satisfying ny +ng < (m + 1)k — m, and spreads

from the upper left to the lower right with increasing m [See Fig. 3.1 (d)]. Thus, the matrix [a;lﬁ]

generally has a structure where the zeroth-order and the higher-order contributions are not closed
within the same block, which is common with the interacting models L¢(t) and £p(t) discussed in

the previous section. Intuitively, the higher-order terms perturb the zero eigenvalues in the block

where [a;%)] does not appear, and can shift them negative as discussed in the previous section.

Here, we conclude more rigorously with employing the following theorem derived by technique of
the Schur complements (See Theorem 1.11 in Ref. [155]).

Theorem. Let A denote a hermitian square matrix represented by

Ao ( é g>7 (3.65)

with hermitian square matrices A = Af. Then, the number of positive (negative) eigenvalues of A,
denoted by p(A4) (n(A)), satisfies

p(A) > rank(B), n(A) > rank(B). (3.66)
With the usage of this theorem, we rigorously conclude that the matrix [a?]g] with the triangular

form always becomes non-positive-semidefinite as long as B # 0 !. Finally, we obtain the following
generic result on Liouvillianity of the Floquet-Magnus expansion.

1We show some trivial exceptions for this result. The first example is a commutative Liouvillian £(¢) [153],
which satisfies [£(t1), L(t2)] = 0 for any ¢; and ¢2. In this case, we obtain the exact Floquet-Magnus expansion
by Lay = ﬁ%M at any order n, preserving the Liouvillianity. The second example is a time-periodic Liouvillian
with time-independent Lindblad operators L;(t) = L;. The first-order van Vleck expansion L1, does not break

Liouvillianity since the first-order term E\(,l\; does not include dissipation. For higher-order expansions, Liouvillianity
breaking takes place in general.
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Remark. (Liouvillianity breaking in generic interacting systems)

In generic few-body or many-body dissipative Floquet systems with local interactions, de-
scribed by a time-periodic Liouvillian £(¢), the Floquet-Magnus expansion L, (n > 1)
cannot be a Liouvillian (Liouvillianity breaking).

This result answers the question delivered as the aim of this chapter, “Do dissipative Floquet
systems in the high-frequency regime have static counterparts described by a Liouvillian %7, in
Section 3.1.2. We clarify that, in generic interacting cases, dissipative Floquet systems in the
high-frequency regime are approximately described by a static operator L%, that cannot be a
Liouvillian. This implies the breakdown of the correspondence between Floquet systems in the
high-frequency regime and static systems under dissipation in contrast to closed cases, where
Floquet systems in this regime are described by a static Hamiltonian.

3.4 Conclusions and outlook of this chapter

Here, we conclude this chapter and provide possible future directions. In this chapter, we con-
sider dissipative Floquet systems described by a time-periodic Liouvillian £(¢). While dissipative
Floquet systems are expected to host unique nonequilibrium many-body phenomena with overcom-
ing Floquet-ETH or the heating problem, there are hardly such universal many-body phenomena
found due to the difficulty of the analysis by the competition of dissipation, periodic drive, and
interactions. We focus on the high-frequency regime, which can be addressed by the perturbation
theory in a unified way, and tackle the fundamental question whether or not dissipative Floquet
systems in the high-frequency regime correspond to static dissipative systems. As closed Floquet
systems in the high-frequency regime cannot host unique nonequilibrium phenomena due to the
correspondence with closed static systems, this question is of importance in that it determines the
identity of dissipative Floquet systems in the high-frequency regime.

With the usage of the Floquet-Magnus expansion, the question is interpreted as whether the
Floquet-Magnus expansion L), is a static Liouvillian or not. The main assertion in this chapter is
that the Floquet-Magnus expansion universally shows Liouvillianity breaking in generic interacting
systems, while noninteracting systems can either preserve or break its Liouvillianity depending on
models. Liouvillianity breaking in generic interacting systems can be attributed to the spread of
local interactions lying in the Floquet-Magnus expansion with the increasing order. As a result,
we clarify that dissipative Floquet systems can host phenomena having no static counterparts
even in the high-frequency regime as opposed to closed cases. We also note that Liouvillianity
breaking of the Floquet-Magnus expansion can be regarded as emergent non-Markovianity in the
stroboscopic dynamics. The Liouvillianity of £(¢) means that the time evolution microscopically
reflects Markovianity. Nevertheless, when we focus on the stroboscopic dynamics, the dynamics
effectively looks non-Markov due to Liouvillainity breaking of L3;.

Next, we show some possible future directions. First, it should be interesting to clarify what
kind of non-Markovian dynamics is realized in dissipative Floquet systems. Liouvillianity breaking
is the signature of non-Markovian dynamics. For instance, Ref. [156] confirms that finite memory
time unique to non-Markovian dynamics effectively appears in noninteracting dissipative Floquet
systems under Markovianity, with the numerical calculation of the effective Lindbladian Leg [Eq.
(3.4)]. Thus, identifying the effective non-Markovian dynamics by some ways such as memory time
will be necessary to further characterize interacting dissipative Floquet systems. Second, as one
of the most promising directions, we should seek for what kind of phenomena can be brought by
Liouvillianity breaking. While we clarify that the stroboscopic dynamics is described by a static
operator different from a Liouvillian, it is still unclear how this affects steady states, dynamics,
and observables. For instance, in contrast to closed cases where we can employ the knowledge of
time-independent Hamiltonians for Floquet systems, dissipative Floquet systems fail to have some
properties of time-independent Liouvillians, such as the existence of steady states and the validity
of the trajectory method (See Section 3.5 for the detail). Uncovering phenomena brought by
these properties will contribute to the comprehension on the essential difference between Floquet
systems and static systems. We expect that this direction will also lead to Floquet engineering in
dissipative Floquet systems. Liouvillianity breaking in generic interacting systems implies that we
can engineer steady states or dynamics which are not reproducible in static dissipative systems.
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3.5 Appendix for this chapter
Proof of Theorem 3.2.1

Here, we prove Theorem 3.2.1 for each m-th order term C M in a way similar to Ref. [153].

Theorem. (Form of each m-th order term)
Each m-th order term of the Floquet-Magnus expansion, ﬁ%q\l/[), is always written in the

form of
d*-1 1
Lo =—i(HM™ I -I0 H™)T)+ Y ol [Fj ®F; — §(F,1Fj ®I+1®FIFy)
j,k=1

(3.67)

where H(™) € M, and [a; (m )];1];11 € M2_; are hermitian.

Proof

The time-periodic Liouvillain £(t), given by Eq. (3.2), satisfies the following conditions at each
time ¢:
v
Te(L(t)p) =0, (LW)" = LB, p.
The first condition represents that the time evolution operator is trace-preserving, and the second
one represents that £(t) is hermiticity-preserving. Then, the sum, difference, and product of L(t)
satisfy the same properties. For example,

(L(t)L(t2)[p))" = L(#)I(L(E2) (o))

is obtained. Each m-th order term of the Floquet-Magnus expansion Lg&), composed of m-tuple
multi-commutators of L(t), possesses the same properties:

(3.68)

= L(t:1)L(t2)[p'] (3.69)

Te(Lilol) = 0, Yp, (3.70)
(i)’ = Ll Ve (3.71)
We show that linear operators satisfying Eqs. (3.70) and (3.71) result in Eq. (3.67). The
structure theorem [157] says that a linear operator satisfying Eq (3.71) is always given by
Litlol =3 wiXipX], @ €R, X; € Ma. (3.72)
By expanding X; € My by the Frobenius basis as X; = Z‘;; t;; I, we arrive at
/J(m) Z ap, Ff o = Zx it a(m)) (3.73)
FM Jp k> ik igbik — kj ) .
7,k=1
with the hermitian matrix [a(m)]d%l Using the fact Fy2 = I,/v/d and defining M(™ = (a(7), /2d)1
ik )G a1 g the fact F;2 = I4/+v/d and defining = (a0 /2d)Iq+

2
Z?;ll a§ dQ)F result in

d?—1

Lilol = M pp(M N 3™ ol FrpFl = iftm(M™), pl+{Re(M

jk=1

d?—1

jk=1

(3.
In the last equality, we have defined two hermitian matrices Re(M) = (M + M1)/2 and Im(M

(M — MT")/2i. Then,

d*—1 d?—1
Te(L{ (o)) = Te[{Re(M ™), o} + 3~ P Te[FjpF] = Tr | | 2Re(M™) + 3 oV FIF; | p
J.k=1 J.k=1

NEDY a%’Fijg -
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should be zero regardless of p from Eq. (3.70). Therefore, Re(M™) is given by

d —1
Re(M (™) = Z U ELE, (3.75)

where the hermiticity of Re(M(™) is ensured by Eq. (3.73). Finally, by defining H(™) =
—TIm(M ™)) and using the doubled Hilbert space representation, we obtain Eq. (3.67) 0.

As discussed in Section 3.2.1, the Floquet-Magnus expansion Lgy; is also written in the same
form. By expanding the hermitian term H"™ by the Frobenius basis as H" = Z;li_ll R} Fy (The
j = d? component is irrelevant in the commutator), we obtain

d?—1 d?—1
M= —t E h?(Fj®I—I®FjT)+ E a?,c |:Fj®Fk —a(FgFj®I+I®FjTFk) . (3.76)
j=1 k=1

While the matrix elements a7 are given by Tr[(F JT ®@ FiI) LRy, we can also extract the effective
Hamiltonian terms H" from Eq. (3.76). We multiply (F; ® I) from the left and take the trace
with assuming the hermiticity of F; (This is satisfied in generic spin systems):

1
Te[(Fy @ 1) Litg] = —ih Tel — 5 > al Tr[FFy Fy] - Txl. (3.77)
j/k/

We obtain the effective Hamiltonian terms H™ =) y h% F;, characterized by the coefficients

n_ b " i .
hj = =T((F; @ 1) Lyl + 5 ST T((F, @ ) L] - Te[Fj Fo Fy). (3.78)
jlk/

We emphasize that Theorem 3.2.1 is proven only using the fact that cim M is given by the
integrals of polynomial functions of the Liouvillian £(¢). Therefore, other types of high-frequency
expansions such as the van Vleck expansion and the Schrieffer-Wolff expansion [158] also satisfy
this theorem, and we can check their Liouvillianity in the same way.

Properties of the Floquet-Magnus expansion breaking Liouvillianity

Here, we discuss generic properties of the Floquet-Magnus expansion L,; in the presence of
Liouvillianity breaking. In closed cases, the Floquet-Magnus expansion Hpg,, is always a static
Hamiltonian, and hence we can employ all the conventional methods for closed static systems. For
instance, when we apply ETH of the static Hamiltonian Hy,;, we can predict prethermalization
in Floquet systems. Floquet engineering for controlling phases of matter considers topological
phases or ordered phases under the static Hamiltonian Hp,,. Clarifying the difference between
the Floquet-Magnus expansion breaking Liouvillianity and a static Liouvillian is important to
understand what kind of conventional methods or what kind of novel properties are possible in
Floquet systems.

We employ the spectral decomposition of the hermitian matrix [a;’k], which results in ajy =
S #itijt, (@ € R). By substituting this into Eq. (3.20) and defining L; = Z;i;l |zt F;
we obtain

Linp = —i[H", p] + Zsz ( LipL! — LTL,p}) . s =sgn(®) = +1, (3.79)

and the approximate time evolution operator e£¥™7 Thus, the Floquet-Magnus expansion break-
ing Liouvillianity is different from a static Liouvillian in that it has some negative signs s; in dis-
sipative terms. We note that this difference does not necessarily mean that the Floquet-Magnus
expansion is unphysical. Liouvillianity of £ is equivalent to that the time evolution operator e“*
becomes a CPTP map for any ¢t > 0. On the other hand, the approximate one e“*v™7 is valid
solely at discrete time ¢ = mT, thereby imposing weaker constraints on L.
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With the usage of Eq. (3.79), we obtain the trace-preserving property,
Tr [eﬁngTp} =Tr[p], pe My (3.80)

The approximate dynamics satisfies the conservation of probability as well as that under a static
Liouvillian. However, Eq. (3.79) implies that the Floquet-Magnus expansion can break two impor-
tant generic notions of a static Liouvillian, the existence of nonequilibrium steady states (NESS)
and the validity of the trajectory method.

Ezistence of NESS.— It is proven from Eq. (3.10) that any static Liouvillian £ has at-least
one eigenstate with zero eigenvalue, and that all the eigenvalues of £ have non-positive real parts.
Then, the right-eigenstates with zero eigenvalue are called nonequilibrium steady states (NESS)
PNESs, which appear after sufficiently long-time dynamics due to the other vanishing eigenstates.
The existence of NESS is proven with the usage of Liouvillianity, Eq. (3.10), and hence it is
nontrivial whether it holds under Eq. (3.79) breaking Liouvillianity. Using Eq. (3.79), we can
show that Ly, has a left-eigenstate with zero eigenvalue, described by

(Lin)[La] = O (3.81)

This ensures that L3, has also a right-eigenstate with zero eigenvalue, which survives after long-
time dynamics. However, eigenvalues of L}, do not always have non-positive eigenvalues, and
hence £} which breaks Liouvillianity does not ensure the existence of NESS in general.

In our models £,(t) (o = A, B,C, D), NESS becomes ill-defined under £, (n > 1) when the
frequency is comparable to the energy scale, although such an anomalous effect is not physically
accessible. However, we expect that, when the NESS of the Liouvillian E(} is degenerated or the
Liouvillian gap A = min{Re\ # 0| X : eigenvalue of E(}} is small enough, NESS will disappear in
the high-frequency regime. While such a situation where some eigenstates become divergent might
be unphysical, we expect some anomalous behaviors related to Liouviilianity breaking around that
situation.

Validity of trajectory method.— Next, we discuss the validity of trajectory method, with which
we can efficiently calculate the nonequilibrium dynamics [159]. In static Liouvillian systems, the
Lindblad equation is rewritten as

Oip = —i(Hegrp — pHlg) + > LipL] (3.82)

with a non-hermitian Hamiltonian Heg = H — (i/2) ), LILi. A single trajectory dynamics is
a stochastic dynamics composed of non-unitary time evolution under H.g and quantum jumps
by L;. Let us assume the initial state pg = |¢o) (o] and consider the dynamics of |t¢g) for
infinitesimal duration d¢. Up to the first order of §t, the state is stochastically updated by
exp(—iHcgdt) [to) /+/T — p with the probability 1 —p (non-hermitian dynamics) or by L; [vo) /+/Pi
with the probability p; (quantum jumps). Here, the propabilities p; and p are given by p; =
<w0|LZLi|z/)O> and p = 1 — ) . p; respectively. A series of states [¢(t)) obtained by repeating
this procedure m times up to ¢ = mdt is called a trajectory. By taking the statistical ensemble
of [1(t)) (¥(t)| over many trajectories with small 6¢, we can reproduce the density operator p(t)
obeying the Lindblad equation Eq. (3.82). We note that all the eigenvalues of Heg have nonpositive
imaginary parts, indicating that the non-unitary time evolution by H.g is always lossy. The lost
probability due to this non-unitary dynamics corresponds to the probabilities of quantum jumps

On the other hand, if £, breaks Liouvillianity, the corresponding non-hermitian Hamiltonian
becomes Heg = H — (i/2) Y s;LIL; (s; = +1) where some of {s;} are —1. Thus, Heg can
have eigenvalues with positive imaginary parts, and then stochastic dynamics composed of the
non-hermitian Hamiltonian time evolution and quantum jumps becomes ill-defined (some of the
probabilities p; become negative). This represents the breakdown of the trajectory method in the
absence of Liouvillianity for L;}. Each trajectory of the dissipative dynamics is also often in the
context of realizing non-hermitian physics under Heg [160]. The Floquet-Magnus expansion L),
which breaks Liouvillianity can provide broader non-hermitian Hamiltonians compared to static
Liouvillians, maybe leading to one of the advantages in Floquet systems.
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Chapter 4

Exact Floquet quantum
many-body scars under Rydberg
blockade

In the previous chapters, we explore Floquet many-body systems that violate some assumptions of
Floquet-ETH or the heating problem to find nontrivial phenomena. Chapter 2 considers long-lived
quasi-steady states which appear before the trivial steady states, and Chapter 3 deals with dissi-
pative systems which violate the isolation assumed in Floquet-ETH. On the other hand, Floquet-
ETH is an empirical law numerically and experimentally confirmed in closed nonintegrable Floquet
many-body systems, and hence it has been still a significant task to seek for nontrivial steady states
when all the assumptions of Floquet-ETH are satisfied.

In this chapter, we explore closed nonintegrable Floquet systems, expected to satisfy Floquet-
ETH. Here, using quantum many-body scars (QMBS) in static systems, we find a series of Floquet
setups rigorously violating Floquet-ETH. We consider a periodically-driven one-dimensional chain
under Rydberg blockade, and prove the existence of athermal Floquet eigenstates, dubbed Floquet
QMBS eigenstates. Our model becomes a counterexample to Floquet-ETH, giving the possibility
of nontrivial phenomena even in nonintegrable Floquet systems.

4.1 Periodically-driven model under Rydberg blockade

4.1.1 Setups

The aim of this chapter is to construct nonintegrable counterexamples to Floquet-ETH. In other
words, we will find a series of nonintegrable time-periodic Hamiltonian H (t), such that there exists
a eigenstate of the Floquet operator Uy = U(T'), denoted by |¢), satisfying

(cl0le) # 3

o) (4.1)

for a certain local operator O. The right hand side is the expectation value of infinite temperature
states poo = I/dim(H), and this inequality indicates the breakdown of Floquet-ETH (See Section
1.3.3 for the detail). Since counterexamples to ETH are referred to as hosting quantum many-body
scars (QMBS), we call their Floquet versions Floquet QMBS.

For simplicity, we first consider a binary drive described by the following Hamiltonian H(t) =

H(t+T):
H(t)— H1 0§t<T1 (42)
O\ Hy, Th<t<Ty+T,=T. '

In that case, the Floquet operator Uy is given by

Us = e iH2T2gmithT1, (4.3)

81
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For the binary drive, what distinguishes Floquet systems from static systems is to assume the
incommutability
[H1, Ha] # 0. (4.4)

In order to construct nonintegrable Floquet models showing Floquet QMBS, we take a strategy in
which we employ two different static Hamiltonians H; and Hs showing static QMBS.

To achieve the above strategy, we first consider static QMBS that can be candidates for the
binary drive. Here, we focus on the PXP model realized on a one-dimensional system under
Rydberg blockade as the first candidate, and construct other static models inequivalent to the PXP
model, named the PY4P model and the PZ4P model. Following this strategy for Floquet QMBS,
the rest of this chapter is organized as follows. In Section 4.1.2, we discuss some properties of one-
dimensional systems under under Rydberg blockade, which are platforms of both the PXP model
and the time-periodic model showing Floquet QMBS. In Sections 4.1.3 and 4.1.4, we introduce
some static models for the binary drive. The construction of Floquet QMBS begins from Section
4.2. We consider the binary drive composed of different static Hamiltonians hosting QMBS, and
mainly focus on two key ingredients for the model to be a nontrivial counterexample to Floquet-
ETH, “nonintegrability” and “existence of eigenstates inequivalent to infinite-temperature states.”
In Section 4.3, we generalize the result, and construct generic time-periodic drives other than the
binary drive, which host Floquet QMBS.

4.1.2 Preliminary: One-dimensional system under Rydberg blockade

First, we discuss one-dimensional systems under Rydberg blockade. We consider a L-site chain
where each site has two degrees of freedom |1) and |]) under OBC. Throughout this chapter,
we consider Rydberg atoms, which have been developed as programmable quantum simulators
[161, 162]. Then, the two states |T) and ||) respectively represent the Rydberg state and the
ground state, where the former is a highly-excited state with a large quantum number n ~ 100.
The dimension of the whole Hilbert space Hy is 2%. In Rydberg atom systems, two atoms in
Rydberg states feel the van der Waals repulsive interactions V;; ~ C/|r; — r;|% (C' > 0), which
are controllable by arranging the atom-atom distance with the optical lattice. In the limit of
the extremely strong repulsive interactions, pairs of neighboring atoms in Rydberg states are
prohibited, referred to as Rydberg blockade. In other words, some configurations which include
adjacent excited atoms [11) are excluded from the whole Hilbert space Hy. In one-dimensional
systems under Rydberg blockade, we consider such a constrained Hilbert space Hryq,r instead of
the whole one H,.

Both the PXP model and the time-periodic models showing QMBS are defined on the con-
strained space Hryq,r. DBefore going to QMBS and Floquet QMBS, we briefly discuss some
properties of Hrya,r. Let Dy denote the dimension of Hgryq,r, giving the number of possible
configurations prohibiting adjacent pairs of 7. Under OBC, the number of such configurations
satisfies the following recursive relation:

Dl = 2, DQ = 3, DL+2 = DL+1 + DL- (45)
This is nothing but the definition of the Fibonacci sequence, and hence we obtain

o (1= g)lte), g 1EVD (46)

Dy, 5

_ 1 {
V5
Next, with the dimension Dy, we derive some properties of infinite temperature states po,, which

are determined only from the constrained Hilbert space Hryd,r-

Local observables

The expectation value of a certain observable O at infinite temperature is given by

1 1

<O>T:oo = 7’I\I.HRyd,L[O} = ,D7L

D, P (@|0|a) , (4.7)

where K represents a set of classical spin configurations of an L-site chain which includes no
adjacent excited states [t1). The basis {|o)} is composed of eigenstates of Pauli z operators,
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satistying o7 |6') = 0; |6) with & = (01,...,01) € Kr. Here, we focus on the expectation values of
the Pauli operators o7 and o7, and that of the domain wall density Dy = (1 — 05,_,03,)/2.
Since the operator of has only off-diagonal elements in the basis {|&)}scx,, we obtain

g = 5 O (Flo1) =0, (48)

FeEKL

Let us consider the expectation value of o7, which is diagonal in the basis {|)}zecx,. When we
fix the i-th site’s state by |1) (or [{) ), the number of possible configurations of the other sites
excluding neighboring 11 is D;—o X D_;—1 (or D;—1 X Dp_; ). This results in the following

expectation value for finite and infinite systems:
2 1 o 2t Di oD i1 —D; 1Dr . . 1
(05— = 5 D (#0716) = 5 cgim (oi), =T (49)

GEKL

In a similar way, we obtain the expectation value of the domain wall density D, by counting the
possible configurations & as follows:

1 i i Dap_3Dar, _op + Dop_2Dar, —2p—1 . 2
D) = — E G| Dyld) = , lim (D = —.
< b>Tfoo Dy A < ‘ b| > D2Lb Lb—>oc< Lb/2>T_oo \/5<Z5
(4.10)

Here, Ly, = L/2 represents the number of pairs in the system.

We rigorously derive expectation values of some local observables in infinite temperature states,
(O ) oo (D) p—oos and (Dy)p_ . These values are important to confirm the inequivalence be-
tween eigenstates and infinite temperature states. We will see that the Floquet operator of the
model has some eigenstates |¢) with the expectation values (¢|Ole) (O = o7, 07, Dy), different from
those at infinite temperature.

Entanglement entropy

For a certain pure state |1), whether or not it is thermal can be detected by its entanglement
entropy. To see the similarity and difference between the eigenstates |¢) and (thermal) infinite
temperature states in terms of entanglement, we hereby introduce the entanglement entropy of
the infinite temperature states. The infinite temperature state of the L-site system is given by
Poo = Ip,/Dyr. Let the left half (the right half) of the system A (B), and then we define the
entanglement entropy at infinite temperature S, by

Seo = —Tra[pllogpa] = —Trp[pl log pZ], (4.11)
b = Teplpsl, B = Tralped) (112)

This definition is chosen so that it can be operationally equivalent to the entanglement entropy for
pure states, and we note that the entanglement entropy is not available for generic mixed states
and other partitions A, B. From the above definition, we obtain the reduced density matrix as

1

A o\ /= o\ /=

=5 Drjaa #Z |5) (G| + Dr /o #Z @) (@] | . (4.13)
O'E)C¢ O'E)Ci

Here, we define It (K) by a set of configurations of L/2 sites having 1 (]) at the right edge. Using
the equations |KC4| = Dp /22 and ||| = D /5_1, we obtain S, as follows:

Drj2—2Drj2-1 Drja—1 Drj2—2Drj2-1 Drja—
o = ——F————1 — 1 — . 4.14
S D, og D, Dy og D, ( )

In particular, when we focus on the thermodynamic limit L — oo, it obeys the volume law described
by g
. o 1
Lll_{r;o < =3 log ¢. (4.15)
Thus, infinite temperature states, which are thermal, have the volume-law entanglement entropy
Soo ~ O(L). We will numerically calculate the entanglement entropy of all the eigenstates of the
Floquet operator, and compare them with infinite temperature states.
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4.1.3 Preliminary: Static PXP model

To construct a periodically-driven model showing Floquet QMBS, we employ multiple static models
showing static QMBS, inequivalent to each other. Here, we introduce the PXP model as the first
candidate of the static models [46]. We assume the even system size L and OBC. As briefly
discussed in Section 1.3.2, the PXP model is given by

L-1

Hexp =Y P10y Py +0iPa+ Pryof, Pr=(I—|1) (1], (4.16)
=2

defined on the constrained Hilbert space Hryd,r.. For the later discussion, we focus on the exact
QMBS eigenstates of the PXP model. We can rigorously derive some eigenstates of the PXP model
as follows [47].

7

Theorem 4.1.1. (Exact QMBS eigenstates of the PXP model [47])
Let us define four matrix product states |I't5) (o, 8 = 1,2) by

IT2g) = > @l,B7'C°...B7"'C°%iig|F) (4.17)
FgeKL
00 0 10 0
T = ¢_

B —ﬁ(101>73 010 (4.18)
1 0 0

ct = V2l 0o o |, Cct=|1 (4.19)
-1 0 0

@ = %(1) az_f(l (4.20)

Then, these four states become exact eigenstates of the PXP Hamiltonian Hpxp as

Hexp [T1) =0, Hpxp[Th) = V2[T]),

(4.21)
Hpxp [T3,) =0, Hpxp|T5)=—-v2|T%).

While the original proof of this theorem is given in Ref. [47], we provide another simple proof
in Appendix of this chapter (See Section 4.5). In Eq. (4.17), we can replace the summation over
K1 by the one over all the configurations of &, since configurations which include neighboring up
states 11 have no contribution due to BTCT = O and CTB' = O.

With the numerical calculation of the level statistics, the PXP model is considered to be
nonintegrable [46], thereby expected to satisfy ETH. Nevertheless, as discussed later, the four
eigenstates [I'Z 5} are inequivalent to thermal equilibrium states in terms of some local observable,
which indicates the breakdown of ETH. These four eigenstates, having athermal properties, |I'Z B>
are called exact QMBS eigenstates while other typical eigenstates are thermal as expected from
ETH.

4.1.4 Static PY,P model and PZ,P model

In order to realize Floquet QMBS, we prepare another static model Hy showing static QMBS,
which is inequivalent to the PXP model in that [Hpxp, H2] # 0 is satisfied. Although there exist
various types of static QMBS, a tactless choice without considering the property of the PXP model
leads to the satisfaction of Floquet-ETH. As promising candidates for realizing Floquet-QMBS with
the breakdown of Floquet-ETH, we construct two static models, dubbed the PY4P model and the
PZ4P models.

PY,P model

We first introduce the PY4P model, showing static QMBS. We assume that the number of the
sites L is a multiple of 4. Then, the PY4P Hamiltonian, defined on the constrained Hilbert space
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HRyd,rL, is given by

L-1
HPY4P = Zcipi_laini_H +O’¥P2 +PL_10':Z, (422)
i=2
imm
;= 2 — ——. 4.2
c V2 cos ( 5 4) (4.23)

This model possesses quadruple lattice-periodicity, different from the PXP model. In a similar way
to the PXP model, we derive exact eigenstates of the PY 4P model as follows.

Theorem 4.1.2. (Exact QMBS eigenstates of the PY,P model)
We define four states |T'f5) (a, 8 =1,2) by

TY;) = Y #1B7C*... BT Ctis|7), (4.24)
1 /1 1 (1

o= —( .|, ®=—7( "), 4.25

=) wms( ) )

where B and C7 are given by Eqgs. (4.18) and (4.19). Then, these are exact eigenstates of
the PY 4P Hamiltonian Hpy,p, that is,

Hpy,p|T%) =0, Hpy,p T%) =v2[IY,), (4.26)

Hpy,p |T%,) =0, Hpy,p T)=—v2|T%).

Proof

We provide the proof of Eq. (4.26). Let us consider the projection to the constrained Hilbert space
HRyd,L, given by
L—1

Pryar =[] (=111 (M1 - (4.27)

i=1

In the constrained Hilbert space, each term of the PY,P Hamiltonian is represented by

Prya, . Pi-10] Pis1Prya,. = iPrya,.(1—[1) (P11 ([4) (P = 1) ADi(X = 1) (D1 Prya,z
iPrya, (4) (1] = 1) (4])i Pryd, L- (4.28)

in the bulk. The edge terms O'lepg and PL_10'% give the same results. Thus, we should show that
the four states [T'Y, ﬂ> are the eigenstates of the PY 4P Hamiltonian in the constrained Hilbert space,
given by

™

L )
i
Prya, . Hpy,pPryd, . = ZCiPRyd,LU?PRyd,L, ¢; = V2 cos (2 — 4) . (4.29)
i=1

On the other hand, the four states [T}, ;) given by Eq. (4.24) can be written in the following
form:

%, = @lBCy...B;_Cri, (4.30)
V2t =
/ |\I/>»L 0 0 ) / ¢ ’
B, = ( , Cl= 1), 0 . (4.31)
\/§|T>z 14 \/§|T>z —\/i‘ﬂz 0

Considering the relations BTCT = 0 and CTBT = 0 from Eqgs. (4.18) and (4.19), the states Ty,5) do
not include 11, which ensures Pryd, 1, |F(yyﬂ> = |1"ZB>. Let us compute the action of Pryd, 1,0} Pryd, 1
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on [I' ;). For an odd integer i, we obtain

Yy Y _ =t ! ! RS all / ! =
PRyd,LUZ' PRyd,L |Fa5> = PRyd,LUaBl ce i*l(o-i Bi i+1)Bi+2 RN CL’UIQ

= PRyd,Lﬁng...cg,lF;{M o CLs, (4.32)

- _ ( 0 i) >
i,i41 —1 |/Nf>i,i+1 7\/5 H’\wi»i"'l

= YB’ZC'L{-'Fl - BiYCz{-H, (4.33)
. 0 —i 0
1 0 —1 ~ 1 . .
Y = — ( . ) , Y=—| —i 0 =2 |. (4.34)
vaiie 0 V2\ o 2 o0
In a similar way, for an even integer i,
Prya,0} Prya,r IT%s) = Prya,nLB] ... Ci_o(Bi_10/C})Bi,y ... CLip
= PryarU,B|...C{_,FY | B}, ...CLis (4.35)
) - ( \/QZ |\I/*L>i71,i ZH’T>1711 )
b =i [ )i 0
= —-B, \YC/-B,_ ,ClY (4.36)

is obtained. When the size of the system L is a multiple of 4, the alternately varying coefficients
{eci}li(ca=cs5=...=l,ca=c=...=—lcg=cr=...= —l,ca =cg = ... = 1) lead to
the ca}ncellation of the middle terms in 25:1 ¢;iPryd, 0 Prya,r [T, ﬁ> under the expansion of FZ’I 41
and Y | ; by Eqs. (4.33) and (4.36). As a result, we arrive at

Prya..Hpy,pPryar |T%;) = Pryartl(YB{Ch... By Cp — BiCy... By | C1Y)is
1 a— — x
= ﬁ{(—l) L ()P T, (4.37)

where we have used the fact that the vectors 7, (a) [See Eq. (4.25)] are eigenvectors of Y [See Eq.
(4.34)] with eigenvalues (—1)®~!. This completes the proof of Eq. (4.26). O

The PY,P Hamiltonian Hpy,p is related to the PXP Hamiltonian Hpxp by a unitary trans-
formation as follows:

L
T i
Hpy,p = Uz HpxpU),, Hpxp = —UzHpy,pU};, Uz = exp <—z4 > ci0i> . (4.38)

i=1

Thus, properties of the PXP model as a static QMBS are inherited to the PY4P model, including
ithe nonintegrability, the violation of ETH, and the anomalously long athermal oscillation from a
Zo-ordered state.

PZ,P model

We introduce another static model dubbed the PZ,P model. The PZ,P Hamiltonian under OBC
is defined by

L1
Hpzp = —V2 <Z P 1QiPii1 + Q1P + PL—1QL> ; (4.39)
i—2
Qi = Li—-P=(1+0])/2, (4.40)

where the coefficient ¢; is given by Eq. (4.23). As well as the PY4P model, it has the following
four eigenstates which satisfy

Hpz,p T5,) = V2[Ti,),
Hpz,p |T5) = —V2[T3),

Hpz,p [I'f;) =

(4.41)
Hpz,p |T'3,) =

0,
0,



4.1. PERIODICALLY-DRIVEN MODEL UNDER RYDBERG BLOCKADE 87

where the four eigenstates [I'; ;) (o, 8 = 1,2) are given by
[Z,) =Y @l B7'C72 ... BTt~ CLiijg |7 o A 4.42
|a,8>_Z:wa o), w=| ), w={ ) (4.42)

The derivation is done in the same way as that for the PY4P model. While the PXP model and
the PY4P model are referred to as static QMBS, the PZ4P model is not due to its integrability. It
has a macroscopic number of conserved quantities {07 }£ ,, satisfying [07, Hpz,p] = 0. Although
the PZ4P model is a trivial model in terms of QMBS, the four eigenstates |F25> gives properties
similar to [ 5) and [['} ;). Thus, we refer to |I'Z) as the exact QMBS eigenstates. The PZ,P
model can provide a variety of nontrivial Floquet QMBS when combined with the PXP model and

the PY4P model, as we will discuss later in Section 4.3.

4.1.5 Local observables in the exact QMBS eigenstates

Let us calculate expectation values of some local observables in the exact QMBS eigenstates |I'Y, B>
(v = z,y,2). The results are used to confirm that the PXP model and the PY4P model vio-
late ETH, giving static QMBS. In addition, they are also necessary for rigorously concluding the
violation of Floquet-ETH in the periodically-driven model.

To compute local observables, we first introduce the block description, where the b-th block is
composed of the (20 — 1)-th and the 2b-th sites for b = 1,2,..., L, (L, = L/2). Each block has
three states | =71, o =l|, r =1, while 11 is excluded by Rydberg blockade. Then, the exact
QMBS eigenstates are rewritten in the following form,

Thg) = > (@) A™ .. A%t |3), (4.43)
5
0 0 0 -1 V2 0
1 _ o_ -
A_<0—x/§>’A_(1 0>’A_<0 0)’ (444)
with 4% = iy, @Y = Uy, and 4% = W,. The vector § = (sy,...,sr,) designates the basis of each

block by s, =1, 0,r. The relation A" A! = 0 indicates the exclusion of 1.
We consider a local observable Oy, acting on the b-th block, and its expectation value. Then,
we define

Fr= )" (0)ewA”. (4.45)

s'=l,o,r

The matrix elements (I'y, 5|Op|I';,, 5/) can be computed by

(T5100 T ) = Y {(@)TA% . Amagy {(as,) T A™ P Ay, )
= (Ul (Baa)’Ear(Ean)™ "7 (Ugg), (4.46)

2 0 0 1

_ e o qs_ | O 0 =10

° 1 0 0 2
Eap = Y (A ®@F, UL, = (i) @il (4.48)

S

The norm and the overlap of {‘Fzﬁ>}a,5:1,2 are evaluated by setting O, = I, which results in
14 v v 14 1 14 v v 14 1
<F11|F11> = <F22|F22> = 5(3Lb + 1)7 <F12|F12> - <F21|F21> = 5(3% - 1)7 (4-49)

<F§1|F11/2> = <F11/1|F§1> = <F52|F11/2> = <F52‘F51> = <F11/2|F51> =0, <F11/1|Fl2/2> =1 (450)

for even Lj and v = x,y, z. Thus, under the renormalization by |I~“ZB> =[T%s) /11T ) ||, the four

eigenstates \f‘%) (a, 8 =1,2) become orthonormal with one another.



88CHAPTER 4. EXACT FLOQUET QUANTUM MANY-BODY SCARS UNDER RYDBERG BLOCKADE

Here, we focus on the Pauli operators o, o7 and the domain wall density D,. The Pauli = [#]
operator for the b-th block is represented by Oy = 03, | + 03, = (|I) (o] + |r) (0| + h.c.)p [Op =
o5 1+ 0% = —2(|o) (0])s]. Using Egs. (4.45)-(4.50), their matrix elements in the renormalized
eigenstates \ffw), which include their expectation values, are given by

L
: T T | i _1\ya—1_ (¢ 1\8-1
i S E5aloT ) = )" = () (451)
1 & - . 1
Jim TS (00 ) = e (152)

in the thermodynamic limit. The matrix elements in |f‘Z ﬁ> for v = y, z are computed in the same
way. On the other hand, the domain wall density, given by Dy = (1—03,_,05,)/2 = (|I) ({|+|r) (r|)s,
has the following matrix elements,

Lliinoo (Cag| Dol T gr) = §5aa'5ﬁ5', vV=2a,y,%. (4.53)

We compare these results with the infinite-temperature values in Section 4.2.2. We focus on the
PXP model Hpxp and one of the renormalized exact QMBS eigenstates, |I'#;), which has zero en-
ergy (I%,|Hpxp|T%,) = 0. On the other hand, when the thermal state pg = e~ #HPxe /Ty[e=#Hrxp]
has zero energy with satisfying Tr[Hpxppg] = 0, the temperature 1/8 should be infinite due
to Tr[Hpxp] = 0. Then, ETH predicts that the eigenstate |f‘”fl> should be indistinguishable
from the infinite temperature state po, in any local observable. However, considering the infinite-
temperature results Eqgs. (4.9) and (4.10), the eigenstate |T'%,) has expectation values different from
those of p in the local observables o7 and Dy, suggesting the breakdown of ETH. In the same
way, the PY 4P model also possesses eigenstates which are distinguishable from the corresponding
thermal states, exemplifying a static model violating ETH, referred to as QMBS.

4.2 Exact Floquet quantum many-body scars (Floquet QMBS)

In this section, we construct a periodically-driven model composed of static Hamiltonians showing
QMBS, and prove that it shows Floquet QMBS, exemplifying a counterexample to Floquet-ETH.

We consider a L-site chain, where L is a multiple of 4. Based on the strategy in Section 4.1.1,
we focus on the following time-periodic Hamiltonian,

H 0<t<T
Hit)y=¢ 7*F "= ! (4.54)
Hpy,p Th <t<Ti+Ty=T,
defined on the constrained Hilbert space Hrya,r. The Floquet operator is written by
U = e tHPY PT2 o—iHpxpT1 (4.55)

Here, T1 and T3 are arbitrary except for the case where either one of them is zero (there is no need
for fine-tuning of them).

We specify the symmetries underlying in the model. First, the model has an inversion symmetry
I, which maps each i-th site to the (L — i + 1)-th site. Since both the PXP and PY4P models
are invariant under I, the Floquet operator satisfies [I,Uy] = 0, which dictates that Uy can be
block-diagonalized in the eigenvalues of I = +1. Second, a nonlocal chiral symmetry C, designated
by

cusct =Ul, ¢ = (H af> eflrvartz, (4.56)

is also respected. The chiral symmetry C makes the spectrum of quasienergy {¢} symmetric to
e = 0. In addition, in the case of T} = T5, the model also respects a time-reversal symmetry
(TRS), described by

L
L{ZU}‘Z/I; = U}, Uz = exp (—ZZ Zcmf) , (4.57)
i=1
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Figure 4.1: (a) Level statistics of the PXP model (the yellow line) and the periodically driven
model (the red and blue lines). In the Floquet case, it rapidly approaches a value close to 0.6
(Th = 9.5,75 = 0.5) or 0.53 (T1 = T, = 5, with TRS) as the system size grows. Both results
imply the nonintegrability of the driven model. (b)-(d): Entanglement entropy per length for each
Floquet eigenstate of a different system size (b) L = 8, (¢) L = 12, and (d) L = 20. We use
Ty = 9.5 and T = 0.5 as the parameters. The blue (lower solid) lines, representing the mean
values of entanglement entropy, approach the red (upper solid) lines which denote the one at
infinite temperature as the system size increases. The four marked states designated by the arrows
(two points are degenerated at ¢ = 0) remain low-entangled since they are exact scar eigenstates
of the periodically driven model within the embedded subspace S.

This comes from the fact that the PY4P model is unitarily equivalent to the PXP model [See Eq.
(4.38)].

Floquet-ETH is believed to be valid for nonintegrable systems, dictating that any eigenstate
of the Floquet-operator becomes equivalent to infinite temperature states. Thus, in the following
subsections, we examine the nonintegrablity of the model and explore the existence of athermal
eigenstates of the Floquet operator, so that the model can be regarded as a nontrivial example
rigorously violating Floquet-ETH.

4.2.1 Spectrum and entanglement as a signature of nonintegrablity

Here, we numerically confirm that the Floquet system described by the Hamiltonian Eq. (4.54) is
nonintegrable. As discussed in Section 1.3.3, we compute the level spacing ratio

. S Sp41
rp = min <n, nt ) ,  Sp = Enil — En. (4.58)
Sn+1 Sn

from the quasienergy spectrum {e,},, determined by the Floquet operator U;. Considering the
inversion symmetry I, we pick up the eigenstates |¢) in the inversion-plus sector, satisfying I |e) =
le), and compute 7, from them. The level statistics {r, }, determines whether or not the model is
integrable.

Figure 4.1 shows the numerical results calculated by the exact diagonalization for finite-size
systems. The red solid line shows the spectrally-averaged value r = (r,) in the case of T3 = 9.5,
Ty = 0.5 without TRS. As the system size L increases, it approaches the Circular Unitary Ensemble
(CUE) value 0.6, supporting that the model is nonintegrable. On the other hand, the time-reversal
symmetric case with Ty = T> = 5, has the average r approaching 0.53, as described by the blue solid
line. This is the Circular Orthogonal Ensemble (COE) value, which ensures the nonintegrability
of systems with TRS.

We also demonstrate the nonintegrability in terms of entanglement entropy of each Floquet
eigenstate. Entanglement entropy of a given state |¢) is defined by

S[] = =Tralpalogpal, pa=TrpY) (Y], (4.59)

where the subsystem A (B) represents the left (right) half of the system. We numerically compute
entanglement entropy for all the eigenstates of the Floquet operator by the exact diagonalization.
Figures 4.1 (b)-(d) show the results for the different system size L = 8,12,20. Each yellow point
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shows quasienergy and entanglement entropy of each eigenstate |¢), and the averaged value of the
entanglement entropy is represented by the blue solid line. We see that, with the increasing system
size, almost all the eigenstates become featureless in terms of entanglement entropy with approach-
ing the infinite temperature value computed in Section 4.1.2 (the red solid line). This behavior,
showing the volume law of entanglement entropy, is consistent with other generic nonintegrable
systems. We note that there exist four eigenstates which do not obey the volume law, designated
by the black arrows in Figs. 4.1 (b)-(d). As discussed later, these are the exact Floquet QMBS
eigenstates which are inequivalent to infinite temperature states.

Based on the above calculation of the level statistics, the Floquet system H (t), described by Eq.
(4.54), is nonintegrable. Thus, by showing that this nonintegrable model has athermal eigenstates,
it is proven to be a nontrivial counterexample to Floquet-ETH in contrast to trivial ones which
are integrable or localized. We show this, with referring to it as the exact Floquet QMBS.

4.2.2 Exact Floquet QMBS eigenstates

Now, we prove the existence of athermal eigenstates of the Floquet operator Uy, indicating the
violation of Floquet-ETH. In addition, we also discuss the real-time dynamics of the model. We
show that it shows thermal or athermal steady states depending on the initial states accompanied
by the exact Floquet QMBS eigenstates, while other generic nonintegrable models always show
relaxation to infinite temperature regardless of the initial states.

Existence of the exact Floquet QMBS eigenstates

Let us derive the exact Floquet QMBS eigenstates by using the properties of the PXP and the
PY 4P models in Sections 4.1.3 and 4.1.4. We define the four-dimensional embedded subspace &
by

S =span({|['7,) , [I'T2), [5:)  [T52)})- (4.60)
Within the subspace S, thermalization does not take place under exp(—iHpxpT1) by its definition.
On the other hand, using Eqs. (4.17) and (4.24), we obtain

1 xT . xT . T xT
ITY) = §(|F11> +4|T2) —i|T5;) +[33)),
1 N xr xT xr . xT
IT%,) = 5(2 1) + [T72) +1T%;) —(T%,)),
. (4.61)
T5,) = 5 (=P +[F) + [T31) + 8 ['%9)),

1 €T . X . xT T
IT3,) = §(|F11> —i|Ify) +i|T5;) + [I'35)).

Since this transformation is invertible, the subspace S is identical to the one spanned by {|T'}, 5)}a,5=1,2-
Thus, thermalization does not take place in the subspace S also under exp(—iHpvy,pT2), and hence
we can conclude the absence of thermalization in the subspace S under the Floquet operator Uy.
The above discussion shows that the dynamics under the Floquet operator Uy is completely
closed within the embedded subspace S. As obtained from Egs. (4.49) and (4.50), the renor-
malized exact QMBS eigenstates |f‘f§,8> (o, B = 1,2) become orthonormal with each other in the
thermodynamic limit, giving an orthonormal basis of the subspace S. By using this basis and the
relation Eq. (4.61), we obtain the matrix representation of the Floquet operator restricted to S,

P qr qr* 1-p
—q pr —Q=p)r*  q
Usls = /] , 4.62
sls -¢ —(-pr  pr q (4.62)
1—p —qr —qr* p
1 /2T sin /27 ;
p= I CEVED CO; v2 2= \2[ 2, r=eTtVA (4.63)

Thus, the Floquet operator Uy has four eigenstates |¢) ¢ within the subspace S. Equation (4.53)
suggests that the domain wall density D, is diagonal within S, ensuring the following relation
2 2
lim (e|Dple)s = = # — =0.542. .., 4.64
Jim CDile)s = 5 # (4.64)
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for all the four eigenstates |¢) g € S. Considering the deviation from the infinite temperature value
2/(v/5¢) [See Eq. (4.10)], the four eigenstates |¢) are distingushable from infinite temperature
states in terms of a local observable D;,. Thus, we rigorously show that the model violates Floquet-
ETH in spite of its nonintegrability, which is the main result of this chapter. We call the four special
eigenstates |e) g “the exact Floquet QMBS eigenstates.”

Let us discuss the detailed properties of the exact Floquet QMBS eigenstates. The explicit
form of them can be obtained by diagonalizing the Floquet operator within S, given by Eq. (4.62).
Two of them have the following simple form:

To) = IT%) + %), (4.65)
. T T T T T 3 T —1i T
To) = sin = cos Z(Iy) = [[5,)) + dsin (/Y2 [gy) — /Y2 I5,)). - (4.66)

Both of the two have the quasienergy € = 0, and are invariant under the nonlocal chiral symmetry
operation C [See Eq. (4.56)]. The other two athermal eigenstates are too complex to write down.
Instead, from the chiral symmetry C, we can mention that they are related to each other by C and
have quasienergy with the opposite sign.

All the four exact Floquet scar eigenstates appear in Fig. 4.1 (b)-(d) as the four marked low-
entangled states. As discussed above, the two of them, lying in € # 0, appear symmetrically with
respect to € = 0. Since each of the Floquet scar eigenstates is a superposition of the four states
Tz ﬁ) with bond dimension 2, they are represented by matrix product states with at-most bond
dimension 8 using the direct sum of matrices. Thus, their entanglement entropy per length decays
with O(1/L), which implies the nonthermal behavior of them. This result also corresponds to the
numerical result [See Fig. 4.1 (b)-(d)].

Dynamics in and out of the embedded subspace

Floquet-ETH is a sufficient condition for the system relaxing to infinite temperature states from
any initial state. Thus, the violation of Floquet-ETH in the model implies that it can relax to
or avoid such trivial steady states depending on initial states. Here, we analyze the dynamics for
initial states in and out of the embedded subspace S, and clarify that the former case shows a
persistent motion with avoiding trivial steady states.

First, let us consider the dynamics within the embedded subspace S. Once the initial state
|(t)) is in S, the state evolving under the Hamiltonian H(¢) remains in S. The stroboscopic
dynamics is given by

[Y(nT)) = (Uyls)" [¥(0)) €S, |) €S. (4.67)

Here, the Floquet operator Uy|s is given by Eq. (4.62) with the orthonormal basis {|f§6>} in
the thermodynamic limit. For any local observable O, its expectation value can be computed by
<¢(0)|(Uf|g)"0|5(Uf|5)”|¢(O)> with the matrix elements in the restricted subspace S, denoted by
Ols. For instance, from Eqgs. (4.51), the total magnetization in the z-direction, limy o Y, o7,
is given by diag(0, /2, —v/2,0) and shows a persistent oscillation in general, while the local Pauli
operator o7 and the domain-wall density Dy remain constant since they are proportional to identity
in §. On the other hand, concerning the microscopic dynamics, generic initial states in S, different
from |T'y), show some persistent motion since |I'g) is the unique simultaneous eigenstate of Hpxp
and Hpy,p in §. We show typical real-time dynamics in Fig. 4.2 (a).

Next, we demonstrate the dynamics outside of the embedded subspace S. Following the non-
integrability of the model, generic initial states are expected to relax to infinite temperature, and
we numerically confirm it by ED [See Fig. 4.2 (b), (c¢)]. We consider two different initial states
1) = |4 ...) and 1) = Pryar |—)®" /v/Dr with |=) = (|1) —|1))/v/2 and the projection to the
constrained Hilbert space Pryq,r.. They have an exponentially small overlap with S in the system
size, and have energy under the PXP Hamiltonian Hpxp, given by

(1| Hexp|¢n) =0, (Yo Hexplia) = —2L/V5¢. (4.68)
By solving the energy conservation

<1/J|HPXP |’(/J> . TI“[HPXPe—ﬂHPXP]
(lp) — Trle-PHexe] (4.69)
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Figure 4.2: (a) Real-time dynamics of total  spin ), o¥ under the initial states within S at
Ty = 9.5,75, = 0.5. The states |[I'{y) and |I'},) show a persistent oscillation. (b) Real-time
dynamics under the initial state |1;), which is at infinite temperature under Hpxp. The red lines
represent the values at infinite temperature. (¢) Real-time dynamics under the initial state |is),
which is at finite temperature Bo¢ under Hpxp. The lower solid yellow lines represent the finite-
temperature-equilibrium values under Hpxp [Berr is obtained by numerically solving Eq. (4.69)].
The Floquet drive breaks such a feature of the initial state, and makes the observable approach
the values at infinite temperature (the upper solid red lines).

in terms of 8, the initial state |¢1) (|1)2)) corresponds to infinite temperature 8 = 0 (finite tem-
perature 8 > 0) under the PXP Hamiltonian Hpxp. Figure 4.2 (b) and (c) show the dynamics
at 71 = 9.5 and T = 0.5, which we choose so that pre-equilibration under an effective static
Hamiltonian in the high-frequency regime can be avoided (See Section 1.3.4). The model shows
thermalization to infinite temperature regardless of initial states outside of the embedded subspace
in contrast to the static PXP model and the PY4P model, where the system relaxes to thermal
states with a certain temperature depending on its initial states.

Local conserved quantities in the embedded subspace

To summarize the behavior of the model showing Floquet-QMBS, any initial state spanned by the
exact Floquet QMBS eigenstates avoids thermalization while the other initial states experience
the relaxation to trivial infinite temperature states as well as conventional nonintegrable Floquet
systems. Here, we aim to understand the dynamics within the embedded subspace S in terms of
emergent local conserved quantities.

Let us reconsider the PXP Hamiltonian and the PY4P Hamiltonian in the embedded subspace.
The PXP model is proven to have an extensive number of conserved quantities when restricted to
the embedded subspace [163], and we show that the PY4P model also does in a similar way. We
employ the block description provided in Section 4.1.5, where the b-th block is composed of the
(2b — 1)-th and 2b-th sites. In the PY4P Hamiltonian [See Eq. (4.22)], the nontrivial terms acting
on the b-th and (b + 1)-th blocks, hy, ., are given by

hg,bﬂ = (_1)b(P2b—1U?2JbP2b+1 + PgbangPng)

= i(=1)"(lo) (r| = [r) (oD (I = 1) {UDps1 +i(=1)"(L = |r) (r])p(l0) (I = |1) (o] )p41

= B R, (4.70)
hg l§-1|-)1 = (-1 ) (Jo) (r| = |r) {ol)p + i(_l)b(|0> =11y (o] p+1 (4.71)
gDy = (=10l ((ol] + (rof) — he. by, (4.72)

for the bulk b = 2,3,..., Ly — 1. The terms hZ éi)l and hg 54_)1 respectively represent one-body
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noninteracting terms and two-body interacting terms in the block description. The boundary
terms of the PY4P Hamiltonian is also computed as

olPy = (o) (I~ ) (o)1, Prsol = —i(|r) (o] — |o) (r])z,- (4.73)

Using these results, the PY4P Hamiltonian is written in the following form:

Lp—1 Ly

Hoxe = 3 w2+ >t )
b=2 b=1

R = i(=1)2(Jo) (] + |1) (o] — h.c.)p. (4.75)

From the matrix elements of A% (s =1[,0,7) in Eq. (4.44), we can confirm A" A! = 0 and A°A! +
A" A° = 0. As a result, we obtain

Ly,

1% ) 1 1%
Hpy,p [T45) = > h () (4.76)
b=1

for o, 8 = 1,2 and v = x,y, z, where we have used Eq. (4.24). In addition, as discussed in Section
4.1.4, the PY4P Hamiltonian is completely closed within the embedded subspace S spanned by
[T 5), and hence this equation gives the PY4P Hamiltonian restricted to S,

Ly
Hpy,pls =Y W, ™ =i(=1)(Jo) (r| + |1) (o] — h.c.)p. (4.77)
b=1

Since each term hz’(l) is closed in each block, the PY 4P Hamiltonian has an extensive number of

local conserved quantities {hg’(l)}g‘i , within the subspace S.

In a similar way, according to Ref. [163], the PXP Hamiltonian also has a macroscopic number
Ly

of local conserved quantities {hlyf’(l)}b:1 within the same subspace S, as described by

Ly
Hexels = > hy™, 0™ = (lo) (1] + o) (r] + ey (4.78)
b=1

in §. Based on the conserved quantities, we can reinterpret the dynamics of the model showing
Floquet-QMBS. Within the embedded subspace S, the Floquet operator Uy = e~ #ryarT2e—ifloxe T

becomes equivalent to
Ly

vsls =[] (e—iTzhi’“)e—iTlhf’“)) . (4.79)
b=1

due to Eqgs. (4.77) and (4.78). This indicates that the model emergently possesses a macroscopic
number of local conserved quantities {—i 10g(exp(—iT2hi”(1)) exp(—iTlhg’(l)))}b within S as well
as integrable systems. Therefore, any state in S does not experience thermalization to infinite
temperature. On the other hand, in the other states out of &, such local conserved quantities
do not appear like conventional nonintegrable systems, leading to thermalization to trivial steady

states.
We also note that the emergent local conserved quantities in S make the nonlocal chiral sym-
metry C local. To be precise, the nonlocal operator C defined by Eq. (4.56) can be rewritten

by

C= (H 0—§> exp <ZZ hﬁ*”n) , (4.80)

i b

within the embedded subspace S using Eq. (4.77). This suggests that the two Floquet QMBS
eigenstates which are related to each other by C possess the same entanglement entropy, while
other pairs outside of S do not due to the nonlocality of C. We can confirm this signature of the
conserved quantities from Figs. 4.1 (b)-(d), in which the pair of the Floquet QMBS eigenstates
having nonzero quasienergy symmetrically appears in the entanglement spectrum.



94CHAPTER 4. EXACT FLOQUET QUANTUM MANY-BODY SCARS UNDER RYDBERG BLOCKADE

4.3 Generalized time-periodic models for Floquet QMBS

In the above discussion, we construct a model under binary drive, which rigorously shows Floquet
QMBS. Here, we generalize the binary drive to generic time-periodic models by combining the
PXP, PY4P, and PZ4P models. First, we consider the following time-independent Hamiltonian on
the constrained Hilbert space:

Hz=d-H, H = (Hpxp,Hpy,p, Hpz,p), (4.81)

with @ € R3. While the PY4P model is unitarily equivalent to the PXP model, this generalized
static model is no longer equivalent to either the PXP, PY 4P, or PZ,P models. With the polar
display @ = |@|(sin 6 cos ¢, sin 0 sin ¢, cos #), we can compose four exact QMBS eigenstates by

Tl = > a'BCo ... B C i} |7), (4.82)

= (S ) = (e ) (1)

By using the action of the PY,P Hamiltonian on the embedded subspace S, given by Eq. (4.37),
and the similar relations for the PXP model [See Eq. (4.100)] and the PZ4P model, we obtain

Hq|T3g) =S aet {(a- $)D? — D% (a- i)} i |7), (4.84)

in which we define ¥ = (0%,0%,0%)/v/2 and D7 = Bo1C%> ... B°4-1C%%. Considering the fact
that the vectors @2 (« = 1,2) are eigenvectors of the 2 X 2 matrix @ - X, we confirm that the four
states [T'¢ ﬁ> (o, 8 =1,2) are the exact eigenstates of the generalized Hamiltonian Hyz as follows:

. 1 .
H; D) = — {(=1)*"' — (=1)# 11?8 ,). 4.85
| a5> \/5 {( ) ( ) }| a5> ( )
Now, we give the generalized time-periodic Hamiltonian for Floquet QMBS as follows:
H(t)y=a(t)-H, at+T)=adt)eR>. (4.86)

Since it is composed of a series of nonintergable static Hamiltonians such as Hpxp and Hpv,p, the
time-periodic model also becomes nonintegrable in general. Since |F§ ﬁ) is represented by a linear
combination of {|I';4)} for arbitrary @, the dynamics under H(t) is closed within the subspace
spanned by {|I';5)}a,s=1,2. Therefore, this generalized Floquet model has at-least four Floquet
eigenstates |¢) in the embedded subspace S, indicating the breakdown of Floquet-ETH. Using the
fact that {@%},—12 is a complete orthonormal basis of C?, the static Hamiltonian Hz always has
the following eigenstates,

Do) = TF,) + T9,) = Y Tr[B7'C°%... B7*C°*]|5), (4.87)

o

with zero eigenvalue independent of @. This means that we can obtain the exact description for
one of the Floquet QMBS eigenstates by

T
0

While the Floquet QMBS eigenstate |T'g) is invariant during the dynamics, any initial state in the
subspace spanned by the other three Floquet QMBS eigenstates show persistent oscillation since
the Hamiltonians Hg for different time ¢ do not have simultaneous eigenstates other than |I'g)
in general.
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4.4 Discussion and conclusion for this chapter

Before concluding this chapter, we briefly discuss how to realize the time-periodic Hamiltonian
Eq. (4.54), which hosts Floquet QMBS, in experiments. As discussed in Section 1.3.2, the PXP
Hamiltonian can be realized in Rydberg-atom experiments, where the Rabi oscillation takes place
under the strong repulsive atom-atom interactions [45]. Once the PXP Hamiltonian is realized,
the time-periodic model H(t) is also realizable by implementing the potential with quadruple
periodicity of the lattice:

L .
Hy, = Zcmf? ¢i = V2cos (z;r - Z) . (4.89)
i=1

Then, using the unitary equivalence Eq. (4.38), the Floquet operator for the binary drive is
Uf — e tHpy,pT2—iHpxpTh

e—iHZ4 (W/4)e—inxpTge—i(—HZ4)(Tr/4)e—inxpT1 . (4.90)

Thus, switching of the PXP Hamiltonian and the potential enables the realization of the time-
periodic model. We can realize the PZ4P model in a similar setting since the potential @); =
(M (11)i = (1 + 07)/2 becomes equivalent to each term P;,_1Q; P11 in the constrained Hilbert
space Hrya,r- This is confirmed by the relation

L

Pryd, . Hpz,pPRryd,L. = Z ¢iPryd, L QiPryd, L, (4.91)
i=1

with the projection to the constrained Hilbert space Pryq,r. Thus, the time-periodic models
for Floquet QMBS, including the generalized versions Eq. (4.86), can be realized in Rydberg
atoms. While our model does not require the fine-tuning of the parameters Ty, Ts, or a(t) in
Eqgs. (4.54) and (4.86), what seems to be difficult is to prepare the initial state in the embedded
subspace §. However, considering that the states in the embedded subspace S are equivalent to
the well-known topologically nontrivial state under certain symmetries called the Affleck-Kennedy-
Lieb-Tasaki state [47, 163], there are some proposals for preparing such low-entangled states in
AMO experiments, such as the dissipative preparation [164].

In summary, we have constructed a nonintegrable model which hosts Floquet QMBS, driven
by uniformly imposed Hamiltonians on the constrained Hilbert space prohibiting adjacent pairs of
excited Rydberg states. We have rigorously shown that the model violates Floquet-ETH with the
fact that instantaneous Hamiltonians share a subspace immune to thermalization although their
QMBS eigenstates do not correspond to one another. We note that the violation of Floquet-ETH
results in the initial-state-dependent behavior of relaxation; The initial states in the embedded
subspace generally show persistent oscillation avoiding the heating. On the other hand, the entan-
glement spectrum of Floquet eigenstates and the real-time dynamics of the model indicate that
any initial state outside of the embedded subspace is thermalized to infinite temperature.

Finally, we provide some future directions for Floquet QMBS with discussing recent progress in
QMBS. Throughout this chapter, we focus on the PXP-type static models, which are realized under
Rydberg blockade, and construct Floquet QMBS based on their properties. While such PXP-type
Hamiltonians are experimentally feasible in Rydberg atoms, they have only a few QMBS eigenstates
rigorously found, which have not been directly observed yet. Recent studies have revealed a series
of static QMBS, such as models with local constraints by local projections [51, 163, 165, 166] and
models relying on algebraic structures [52, 167, 168, 169, 170, 171]. In the latter case, there exist
a series of exact QMBS eigenstates composing a tower-like structure. It will be interesting to seek
for the interplay between various static QMBS and Floquet systems, e.g. whether we can find
some Floquet-intrinsic dynamics dependent on initial states, which emerges from the algebraic
structures of the Floquet operator Uy instead of static Hamiltonians. It should be of interest to
find out the relation between special scar states in static systems [See Section 1.3.2] and Floquet
QMBS. In the PXP models, there exist some special initial states such as |Zy) = 1] ...) showing
long-lived athermal oscillation, other than the exact QMBS eigenstates [45, 46, 47, 48, 172, 173].
Although the Floquet systems discussed here do not show such an anomalous oscillation other
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than the exact Floquet QMBS eigenstates [See Section 4.5], recent theoretical and experimental
studies have reported athermal behaviors from some special initial states in other time-periodic
models [174, 175, 176]. It is also important to clarify what kind of Floquet systems has special
initial states with long-lived athermal oscillation and how the special states are related to the exact
Floquet QMBS eigenstates, in parallel to static systems.

We also introduce recent developments in Floquet QMBS. In terms of the exact Floquet QMBS
eigenstates, Ref. [177] have reported a periodically-driven model rigorously showing Floquet
QMBS, composed of PXP-type but integrable instantaneous Hamiltonians. Since it is realized
by the quasienergy degeneracy modulo 27/T, they call it “Floquet-intrinsic QMBS.” As Floquet
QMBS, the Hilbert space shattering [54, 178] has attracted much interest, which is realized in local
random unitary circuits with macroscopic conserved quantities. Ref. [54, 178] has reported that lo-
cality of interactions and the conservation of macroscopic charge and dipole moment prevent some
initial states from relaxing to infinite temperature. Ref. [54] also suggests that a large number of
exact Floquet QMBS eigenstates in the model, immune to thermalization under the presence of
the locality and the macroscopic symmetries, may be applicable to quantum information storage.
While Floquet QMBS is originally introduced to find out counterexamples to Floquet-ETH and
the resulting nontrivial dynamics in interacting Floquet systems, now it may be time to seek for
intriguing or useful condensed matter properties of Floquet many-body systems such as response
and robustness upon Floquet QMBS.

4.5 Appendix for this chapter
Exact QMBS eigenstates of the PXP model

Here, we prove Theorem 4.1.1, dictating that the PXP Hamiltonian Hpxp has four eigenstates
IT%g) (a, B =1,2) satisfying
Hpxp |Tf;) =0, Hpxp [T7,) = V2|TY,),
Hpxp [T5,) =0,  Hpxp [T5;) = —V2[T5;) .

See Eq. (4.16) for Hpxp and Eq. (4.17) for |I'; 5) respectively. We take a strategy different from
the original way provided in Ref. [47, 163], but in a similar way to the PY4P model in Section
4.1.4.

(4.92)

Proof

We consider the PXP Hamiltonian PRyd,LHPXPPRyd,L = Zz‘Lzl PRyd,LU;‘EPRyd,La where PRyd,L =
HlL:_ll (1= [11) (111); ;41 denotes the projection to the constrained Hilbert space Hpyd,r. This
representation is nothing but the result of perturbation theory where Rabi oscillation takes place
under strong repulsive interactions causing Rydberg blockade (See Section 1.3.2).

As well as Eqs. (4.30) and (4.31) for the PY4P model, the four states |I'; 5) given by Eq. (4.17)
can be written in the following form:

I%g) = a@,BiCY...B;_Clig, (4.93)

Vi, -1,
[A— |~|f>l 0 0 ;L i i
B = (ﬂm 1) x/§|T>i>’ Ci= _\%jm 8 : (4.94)

We apply Pryd, .07 Pryd,r to |1"25> with the relation Prya,r, |I‘Zﬁ> = |Fgﬁ>. We obtain

PRyd’LO';-EPRyd’L |Fz3> = PRyd,LﬁLBi e Cz{ilFig’CiJrlB;Jrz e 02657 (495)

e _ ( 0 =M >
hitl |¢T>m’+1 _\/§|¢¢>i,i+1

= XBCj,, — BiXC},,, (4.96)
0 1 0
1 .1
X = <(1’ (1)) X=—| -1 0 —2|. @97
V2 2\ o —2 o0
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for an odd integer ¢, and obtain

Pryd,107 Prya,rIT%5) = PryarihBi...Cl_oF B}, ...Cliig, (4.98)
- <\@¢¢>¢1,i _|¢T>i1,¢>
i—1,2 Hir>7;,177; 0
= B! XC!-B|_,C!X. (4.99)

for an even integer i. Finally, when the system size L is even, we arrive at

% {(=D)*7" = (=)} Ty, (4.100)

where we have used Eq. (4.20) for the vectors i, (o = 1,2). Thus, the four states [I', ;) are exact
eigenstates of the PXP Hamiltonian. O

Dynamics of Z, scar states

As introduced in Section 1.3.2, the static PXP model can show anomalously-long athermal oscil-
lation from some special initial states such as Z,-ordered states |Z,). Although it has been still
unclear whether or not this behavior gives rigorous violation of ETH in the thermodynamic limit,
the approximate relation to the exact static QMBS is pointed out [47]. From the unitarily equiva-
lence, the PY4P model also shows such an athermal oscillation from the same special initial states.
Here, we examine the Floquet dynamics from such special initial states found in the static mod-
els, and explore the possibility of special athermal behaviors related to the exact Floquet QMBS
eigenstates.
We consider the binary drive,

(4.101)
Hpy,p Th <t<Th+T15 =T,

H(t){HPXP 0<t<Ty
which shows Floquet QMBS as discussed in Section 4.2. Here, instead of the embedded subspace
S, rigorously avoiding the thermalization, we consider the Zs-ordered state |Zo) = |[TI1) ...) as
an initial state. Figure 4.3 (a) shows the corresponding dynamics of the domain wall density and
the Pauli Z operator under the PY 4P Hamiltonian Hpy,p, or equivalently the above binary model
with 77 = 0. As far as we can numerically simulate, the static model shows a long-lived oscillation
with avoiding the thermalization to the corresponding equilibrium states. The similar behavior
from the Zy-ordered initial state is also observed for the PXP model both in experiments [45] and
numerical simulations [46, 172].

Let us discuss what happens if we add time-periodic modulation like Eq. (4.54), where the
instantaneous static Hamiltonians show the above anomalous long-lived athermal behaviors from
|Zs). Figures 4.3 (b) and (c) show the numerical results for the periodically-driven model with
(b) Ty =9.5,T, = 0.5 (¢) T1 = 0.95,T5 = 0.05. First, we identify the athermal behavior observed
in (c). In the case of T = 0.95,75 = 0.05, the frequency of the binary drive, given by w =
2n/(Th + To) = 2, is relatively larger than the local energy scale of the Hamiltonian H(t), given
by O(1). Thus, the system lies in the high-frequency regime which hosts pre-thermalization,
justifying the description by the Floquet-Magnus expansion [See Section 1.3.4]. Up to the lowest
order in the period T, the static effective Hamiltonian for the model is given by the time-averaged
one over one period,

T Ty
Hpg=—"—"H + —=
f T+ T PXP T+ 1)

This static model is unitarily equivalent to the PXP model, and hence show anomalous long-lived
athermal behavior from the initial state |Zs). The long-lived oscillation in Fig. 4.3 (c) originates
from the static model Heg, which is not inherent in Floquet systems.

On the other hand, in the case of T} = 9.5,T5 = 0.5 corresponding to Fig. 4.3 (b), the local
energy scale of the system is larger than the frequency, where the system is deeply affected by the
time-dependency. As shown in Fig. 4.3 (b), both the domain-wall density Dy, /o and the Pauli

Hpy,p + O(T). (4.102)
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Figure 4.3: Real-time dynamics under the special initial state |Zs) = |[TI1] ...): (a) under the
static PY4P Hamiltonian, or equivalently at 73 = 10,75 = 0; (b) under the binary drive at
Ty = 9.5,T5 = 0.5; and (c) under the binary drive at T3 = 0.95,75 = 0.05. (a) Both the domain-
wall density and the Pauli Z operator show long-lasting oscillations without approaching their
thermal equilibrium values at the temperature ' = oo. (b) The observables rapidly approach
those of the infinite temperature due to the drive. (c¢) Athermal behaviors of the observables
are observed as in the static case in spite of the existence of the drive. These are brought by
pre-equilibration under an effective static Hamiltonian in the high-frequency regime of Floquet
systems.

operator o7 /2 with the initial state |Z2) quickly relax to the values of infinite temperature states
as well as other usual initial states. This behavior is also confirmed by the entanglement spectrum
of the Floquet eigenstates {|e)} [See Figs. 4.1 (b)-(d)]. In the static models showing QMBS such
as Hpxp, there exist a large number of low-entangled eigenstates, which are distinguishable from
volume-law entangled thermal equilibrium states, other than the exact QMBS eigenstates such as
IT'%5)- The special initial state [Z2) (and also other scar states) has a large overlap with these low-
entangled eigenstates, thereby leading to the long-lived athermal oscillation in the static models
[47]. However, when we focus on the entanglement spectrum of the Floquet eigenstates in Figs. 4.1
(b)-(d), only the four Floquet QMBS eigenstates in the embedded subspace S are low-entangled.
This suggests that all the other Floquet eigenstates, having volume-law entanglement entropy,
are indistinguishable from infinite temperature states. Considering that the initial state |Zy) is a
superposition of the four Floquet QMBS eigenstates and a comparably large number of Floquet
eigenstates equivalent to infinite temperature, the system shows relaxation to infinite temperature
even under the preparation of |Zs).

Thus, we can conclude that some special scar states having long-lived oscillations vanish in
the periodically-driven case. This indicates that the exact Floquet QMBS eigenstates have no
relationship with anomalously long athermal behavior in contrast to the static models, where such
an athermal behavior is also dubbed “quantum many-body scars.”



Chapter 5

Conclusion

In this thesis, we have focused on nonequilibrium phenomena in periodically-driven or Floquet
many-body systems. As introduced in Chapter 1, isolated Floquet many-body systems generally
suffer from trivial steady states at infinite temperature predicted by Floquet-ETH or the heating
problem. Motivated by recent developments of novel nonequilibrium phenomena and their appli-
cations, such as discrete time crystals (DTCs) and Floquet engineering, we have aimed to find
out nontrivial dynamics or steady states in Floquet many-body systems with avoiding Floquet-
ETH. Based on the assumptions in Floquet-ETH, we have explored Floquet many-body systems
in quasi-steady states, those breaking the isolation, and those directly violating Floquet-ETH.

In Chapter 2, we have explored quasi-steady states in Floquet systems under resonant drive,
giving the effective Hamiltonians for their coarse-grained stroboscopic dynamics. Floquet systems
in the regime can host unique nonequilibrium phenomena such as DTCs and anomalous Floquet
topological phases, while those in the high-frequency regime cannot. Motivated by this, we have
extended the van Vleck expansion to the resonant regime, and have shown that Floquet systems
effectively acquire an emergent Z y-symmetry up to any perturbation order when the resonant drive
realizes a Zy-symmetry operation. Furthermore, the emergent Z-symmetry is robust against any
local perturbation that does not break the time-periodicity. As the applications of quasi-steady
states with the emergent symmetry, we have proposed a way to analyze DTCs in quasi-steady states
(prethermal DTCs, pDTCs) and Floquet engineering in the resonant regime (resonant Floquet
engineering). In particular, in the latter case, we can simultaneously control phases of matter
and symmetries of the system, enabling us to realize and control symmetry-protected topological
phases even when the required symmetries are absent in the original system.

In Chapter 3, we have explored dissipative Floquet interacting systems, and in particular we
have discussed the high-frequency regime.One of the central questions in dissipative Floquet sys-
tems is whether those in the high-frequency regimes have static counterparts, since isolated Floquet
systems cannot host unique nonequilibrium phenomena in the high-frequency regime. Focusing on
the Floquet-Magnus expansion for the time-periodic Liouvillians, we have proven that the gener-
ator for the stroboscopic dynamics cannot be a Liouvillian in generic interacting systems. This
implies that dissipative Floquet interacting systems cannot have no counterparts in static systems
even in the high-frequency regime unlike isolated Floquet systems, which we call Liouvillianity
breaking. While noninteracting systems can either preserve or break Liouvillianity depending on
model, Liouvillianity breaking is a universal phenomenon caused by interactions, and hence we
expect novel dynamics or steady states in dissipative Floquet interacting systems.

In Chapter 4, we have proposed Floquet quantum many-body scars (QMBS) realized under
Rydberg blockade. Floquet-ETH or the heating problem is a conjecture for nonintegrable Floquet
systems giving the sufficient condition of thermalization. It is of great importance to ask wherer
there exists a nonintegrable counterexample to Floquet-ETH, which can avoid trivial infinite-
temperature steady states. By extending the static QMBS, which provides counterexamples to
static ETH, we have composed a periodically-driven model which rigorously violates Floquet-
ETH. We have first extended the PXP model, and have constructed the Floquet models composed
of static Hamiltonians hosting the static QMBS. Exploiting the overlap of the embedded subspace
avoiding thermalization, we have delivered the exact Floquet eigenstates inequivalent to infinite-
temperature states, suggesting the violation of Floquet-ETH. Accompanied by the breakdown of
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Floquet-ETH, the models show either thermalization to trivial steady states or persistent oscillation
depending on their initial states. Our proposal, dubbed Floquet QMBS, will elucidate nontrivial
dynamics and steady states in Floquet many-body systems without local conserved quantities.
Although each of Chapters 2,3, and 4 has dealt with different Floquet setups, all the topics
have been devoted to understanding nontrivial dynamics and steady states in Floquet many-body
systems beyond Floquet-ETH or the heating problem. As well as several future tasks discussed in
each chapter, it is also a fundamental and interesting issue to further seek for what kind of phases
of matter can exist upon (quasi-)steady states with resonant drives, dissipation, or Floquet-QMBS.
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