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Abstract

We study if the interplay between dynamical localization and interactions in periodically
driven quantum systems can give rise to anomalous thermalization behavior. Specifically, we
consider one-dimensional models with interacting spinless fermions with nearest-neighbor
hopping and density-density interactions, and a periodically driven on-site potential with
spatial periodicity m = 2 and m = 4. At a dynamical localization point, these models evade
thermalization either due to the presence of an extensive number of conserved quantities (for
weak interactions) or due to the kinetic constraints caused by drive-induced resonances (for
strong interactions). Our models therefore illustrate interesting mechanisms for generating
constrained dynamics in Floquet systems which are difficult to realize in an undriven system.
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1 Introduction

The non-equilibrium dynamics of quantum systems has been extensively studied in recent years [1—
13]. Various kinds of time-dependent protocols have been considered such as quenching and ramp-
ing [1-4, 14-29], periodic driving [5-13], and quasiperiodic and aperiodic driving [30-38]. There
have been several experimental studies of non-equilibrium dynamics in systems of cold atoms
trapped in optical lattices [39—48].

Periodic driving of quantum systems can give rise to a host of interesting phenomena which
have no equilibrium counterparts, such as the generation of drive-induced topological phases [49—
54], Floquet time crystals [55-57], dynamical localization [58-64], dynamical freezing [65-70],
tuning between ergodic and non-ergodic behaviors [71-73], and dynamical transitions [74—79].
The out-of-equilibrium dynamics of a wide class of closes quantum systems is believed to be
governed by the eigenstate thermalization hypothesis (ETH) [80-84]. According to ETH, all the
eigenstates near the middle of the energy spectrum of a closed, non-integrable and disorder-free
quantum system are thermal; the thermal nature of such states guarantees the ergodicity of the
system. However, some instances are known where ETH is violated, for example, in integrable
quantum systems and in many-body localized phases in one dimension in the presence of disorder
and interactions [85, 86]. In recent years, it has been found that ETH can be broken in some quan-
tum systems which are not integrable and have no disorder. The breaking of ETH may be weak
or strong. In the case of weak ergodicity breaking, systems evade ergodicity due to the presence
of quantum many-body scars [87-98]. Quantum many-body scars are states which lie near the
middle of the spectrum and have anomalously low entanglement entropy between two halves of
the system. The number of scar states is typically much smaller than the full Hilbert space di-
mension. Moreover, the scar states form a subspace which is almost decoupled from the thermal
subspace. Hence they are protected from thermalization for a long period of time and show persis-
tent long-time coherent oscillations in their dynamics; this has been observed recently in Rydberg
atoms simulators. Furthermore, the interplay between quantum many-body scar states and peri-
odic driving can generate rich dynamical phase diagrams which have been studied in a number
of papers [73,99-104]. One possible mechanism for strong ergodicity breaking is Hilbert space
fragmentation (HSF) [105-109] which occurs due to the presence of certain kinetic constraints in
the dynamics. These kinetic constraints lead to the fragmentation of the Hilbert space into many
disconnected sectors which can give rise to non-ergodic behavior in such systems. The HSF in
Floquet systems has been examined recently [110].

It has been shown in a series of theoretical works that quantum many-body scar states can ap-
pear in systems hosting flat bands supported by compact localization [94-96]. Motivated by this
idea, we will pose a similar question in the context of Floquet systems undergoing dynamical lo-
calization (DL) [58-64]. DL can be achieved in Floquet systems by tuning some of the system pa-
rameters which makes the effective hopping amplitudes zero or very small. DL can thus be a pow-
erful tool for generating flat bands. The effects of interactions then become predominant which
makes such systems highly promising platforms for investigating correlated out-of-equilibrium
phases of matter. DL is special to periodically driven systems since this phenomenon has no equi-
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librium analog. Furthermore, the interplay between DL and quasiperiodic driving can prevent
thermalization in a quantum system; this has been studied recently [111]. Having understood the
rich possibilities that DL can offer in Floquet systems, the natural question that motivates our work
is as follows. Can the interplay between DL and interactions in a one-dimensional disorder-free

periodically driven closed quantum system induce anomalous thermalization behavior?

Class of periodic po-
tential

Condition for dynamical
localization

Dynamical localiza-
tionand y > J, V

Dynamical localiza-
tionandu=V > J

entanglement states
near the middle of
the spectrum due to

m=2 u=nw((n=1,2,---) | Many-body flat | Model of Hilbert
bands, slow ther- | space fragmentation
malization due to an
emergent integrabil-
ity
m=4(¢$ =0) u=2nw((n=1,2,---)| Same as period-2 | Same as the period-2
model model
m=4(¢p =71n/4) u=nwn=1,2,---) | Many low- | Model of Hilbert

space fragmentation
but different from
the period-2 case

the presence of an
extensive number of
conserved quantities

Table 1: Schematic of main results obtained for the period-2 and period-4 models. u and
w denote the driving amplitude and frequency respectively.

Another motivation for our work is as follows. As mentioned above, it has been known for
many years that periodic driving of non-interacting systems can be used to generate quantum
systems with a wide variety of band structures. It is therefore natural to ask if periodic driving of
interacting systems can produce new kinds of quantum many-body systems whose parameters can
be readily tuned.

The plan of this paper is as follows. In Sec. 2, we introduce our general model which con-
sists of a one-dimensional system of spinless fermions with nearest-neighbor hopping, an on-site
potential which is periodic in space [112] and is also driven periodically in time, and a density-
density interaction between nearest-neighbor sites. In Sec. 3, we study in detail a model in which
the potential has a periodicity of 2 sites. We first use first-order Floquet perturbation theory to
derive an effective Floquet Hamiltonian for a non-interacting system when the driving amplitude
and frequency are much larger than the hopping amplitude. We find that the system shows DL for
certain values of the system parameters. We look at a two-point correlation function as a function
of the stroboscopic time t = nT, where T = 27/ w is the time period. We find that the correlator
can decay as a power-law, where the power depends on the structure of the quasienergy disper-
sion around zero momentum. An interesting dynamical phase transition is found to occur when
the dispersion changes, and a crossover between different powers occurs. Next, we look at the
effects of interactions on DL. Exactly at a DL point, we find that there is an emergent integrabil-
ity with a large number of conserved quantities; these quantities are just the fermion occupation
numbers (0 or 1) at the different sites. An exact numerical calculation of the time evolution of
the system confirms this result from the Floquet Hamiltonian, namely, we find that the two-point
correlation function and Loschmidt echo (which is the overlap between an initial state and its time-
evolved state) oscillate in time and show almost perfect revivals with a frequency which depends
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on the interaction strength. The integrability disappears as we go away from a DL point, and the
Loschmidt echo then decays rapidly with time. In Sec. 3.4, we consider the combined effects of
resonances [113] and DL for the period-2 model. The first-order Floquet Hamiltonian then has a
remarkable structure in which we have both the large number of conserved quantities as well as
a density-dependent hopping in which the hopping between sites j + 1 and j + 2 depends on the
occupation numbers on their neighboring sites j and j + 3. We thus obtain dynamical constraints
on the hopping. This leads to the appearance of an exponentially large number of zero quasienergy
states (an expression for this number is derived in Appendix A using a transfer matrix method), a
highly fragmented Hilbert space, and several states with low entanglement entropy which lie near
the middle of the quasienergy spectrum.

In Sec. 4, we study a model in which the potential has a periodicity of 4 sites. The potential
has an amplitude which is driven periodically in time and a phase ¢. The system has a mirror
symmetry for two values of the phase, 0 and 77t/4. At a DL point, a period-4 model with ¢ =0
behaves similarly as the period-2 model. But a period-4 model with ¢ = 77/4 exhibits a different
and remarkably rich set of behaviors. First, in the absence of interactions, the Floquet Hamiltonian
has the form of the Su-Schrieffer-Heeger (SSH) model in which the nearest-neighbor hoppings
have a staggered structure; this leads to the appearance of modes near the ends of an open system.
At a DL point, we obtain an extreme limit of the SSH model in which hoppings on alternate bonds
vanish. This leads to a large number of conserved quantities which is the total fermion occupation
number on two sites between which the hopping is non-zero. Labeling the unit cell with two such
sites as j, the conserved occupation number n j can take the values O, 1 and 2. It is convenient
to map the two possible states of a unit cell with n; = 1 to the states of a spin-1/2 object. We
then discover that when interactions are introduced, a set of consecutive unit cells all of which
have n; = 1 is described by the transverse field Ising model, in which neighboring spin-1/2’s
have O';.( 0;.‘ 1 Interactions and there is a transverse magnetic field term O'?. In addition, the two
boundary sites of this model have a longitudinal magnetic field term 0;.‘. The exact spectrum of
this model can be found by mapping the spin-1/2 model to a model of fermions using the Jordan-
Wigner transformation. Once again we examine the spectrum of the entanglement entropy versus
the quasienergy and the time evolution of the Loschmidt echo. We find a clear fragmentation of the
Hilbert space in terms of the quasienergy spectrum, and the Loschmidt echo shows oscillations for
a long period of time. Both of these are consequences of the conserved quantities. We then study
the effects of a staggered on-site potential at a DL point; we find that the fragments of the Hilbert
space further break up into secondary fragments. Finally, we study what happens in the period-4
model when both resonances and DL are simultaneously present. The Floquet Hamiltonian again
consists of a density-dependent nearest-neighbor hopping. We summarize our main results in
Sec. 7.

2 Hamiltonian of period-m model

In this paper we will discuss a class of periodically driven one-dimensional models of interacting
spinless fermions. The general form of the Hamiltonian is

N
H(t) = Z [J (c}fcj+1+H.c.) + w(t) cos(2mj/m+ ) c;'cj + Vnnjgl, (1)
=1

where J is a uniform time-independent nearest-neighbor hopping, u(t) is the strength of an on-
site potential which varies in space with period m (we will call this a period-m model), ¢ is a
phase whose significance will be discussed later, V is the strength of a nearest-neighbor density-

density interaction, n; = c;rcj, and N denotes the number of sites (we will use periodic boundary
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conditions unless otherwise specified). We will take u(t) to be a periodic function of time with a
time period T and the form

p(e) = wf(),
where f(t) = 1 for 0 <t < T/2
= —1 for T/2 <t <T, 2)

and f(t+ T) = f(t). Since H(t) = H(t + T), we will use the Floquet formalism to examine this
model. The model can be analytically studied by performing a Floquet-Magnus expansion [1-13]
which is valid in the large w limit, where w = 27/T is the driving frequency. However, we
will analytically study the model by finding an effective Floquet Hamiltonian Hy using Floquet
perturbation theory (FPT) [11,73,114-116]; this approach is valid when both «w and u are much
larger than all the other parameters of the model. We will examine in detail two classes of models,
period-2 and period-4, both analytically using the Hamiltonian Hy and numerically by computing
the Floquet operator U which evolves the system through one time period. We will set 7 =1 in
this paper.

3 Period-2 model

In this section we will consider the period-2 model, whose form can be obtained by putting m = 2
and setting ¢ = 0 in Eq. (1),

N
H)=> [J (cicjsr +Hee) + p(t) cos(mj) + V g |- 3)
j=1

This Hamiltonian can be written in the following form in the language of a unit cell with two sites,

~

N/2
T

H(t) = [J (a] bJ+a;b]_1 +HC) + ‘Ul(t) (a;a]_bjb]) + V(nj’anj,b'f‘nj,anj_l,b)il,

~.
Il
—

“)

where N /2 denotes the number of unit cells (we assume N is even), and each unit cell consists of
two sites labeled a and b with a;.r and b;.r denoting the creation operator for a particle at odd- and
even-numbered sites, respectively. We will assume periodic boundary conditions.

We will first study the non-interacting case with V = 0. The Hamiltonian in momentum space
is then given by

H(t) = > [J (1 +e2R)abe+He) + plt) (afax — bib)], (5)
k

where k takes N /2 equally spaced values lying in the range of (—m/2, t/2]. For each value of k,
we define the Floquet operator

T

Uk =Texp[—lJ dt Hk(t)], (6)

0

where T denotes time ordering. The Floquet operator can be written in the form

Uk = e_iTHFk, (7)
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where Hp is the time-independent effective Floquet Hamiltonian. Assuming u > J, we can write

Hi(t) = Hy(t) + Hy,
Hy = w(t)(aq ar— b;( bi),
H = Z [J(1+ e_zik)a;:bk +H.c.]. )
k

We will now calculate H 1. using FPT to first order in the hopping J. We see from Eq. (2) that the
two instantaneous eigenvalues of H, given by E i(t) = +u(t) satisfy the condition

oifo dt B (D-E (O] — 1 )

Hence we need to use degenerate FPT [11,73,114,116].
The eigenfunctions corresponding to Eki are given by

|+)k=( (1) ) and |_>k=( (1) ) (10)

To construct the first-order Floquet Hamiltonian, we start with the Schrodinger equation

d
A (bt 1 00, ar
where we assume that [¢)(t)) has the form
() = Y calt)e o EO]), (12)

n

and |n) = |£); in our case. Using Eq. (11) and keeping terms up to first order in H;, we find that

T
en(T) = cn(0) = i D J dt {m|Hy|n) ¢'Jo 4TI ¢, (0). (13)
n JO

This can be re-written as follows

n(T) = D U—iHYT)p, c,(0), (14)

where I denotes the identity matrix and H ) refers to the first-order effective Hamiltonian. We
then find that

(HHQH) = 0, (—lHZ-) =
A : 4 [ SINA
(HHE) = +e e “*(Sj ) (~IH 1) =J(1+e2”<)e—“*(—31;1 ) (15)
where T
A=t =70 (16)
w
To first order in Hy, therefore, Hg) is given by
A -
B = (Slz ) > [T (1 +e ¥ )af by +Hee (17)
k
Before discussing further, we note a symmetry of the Floquet operator,
[Uk(u, DI = Ug(p, =), (18)
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which follows from the expression in Eq. (7) and the fact that the driving protocol satisfies
uw(T —t) = —u(t). Eq. (18) implies [77] that

Hp(u,J) = — Hpy(u, —J). (19)

Hence Hy can only have terms with odd powers of J. This implies that the next order term after
the first order will be third order since there cannot be a term of second order in J. Hence, the
first-order effective Hamiltonian will be a very good approximation to the exact Hamiltonian in
the limit u > J.

We also note that the Floquet quasienergy Er; must be an even function of k if we hold J, u
fixed. To prove this, we do the unitary transformation

H(t) = Vi H(0) Vi,

1 0
where V, = ( 0 ik ) . (20)
Thus we obtain
_ u(t)  2Jcosk
Hy () = ( 2Jcosk —u(t) |’ @D

With this Hamiltonian, it is clear that
Ux(u,J) = U_(u,J) which implies that Hp(u,J) = Hp_(u,J). (22)

Hence the Floquet quasienergy must be an even function of k.

3.1 Dynamical localization for a single-particle system

It is evident from the form of the Hamiltonian obtained by first-order FPT that the system will
(approximately) exhibit DL [58-64] when

A = nm, ie., U = now, 23)

where n is a non-zero integer. We note that this condition for DL becomes more and more exact
as u/J — oo and the higher order corrections to the first-order effective Hamiltonian become
negligible. In this limit, H;lk) vanishes for all values of k which produces a flat band with zero
quasienergy. We can see in Fig. 1 (a) that for a system with J = 1, u = 20, and w = 20,
the quasienergy band is almost flat with a bandwidth A ~ 0.02. In this case, we have taken
w > J, and the higher order corrections to the first-order effective Hamiltonian are therefore very
small. However, if we decrease the value of u holding J fixed, the first-order Floquet Hamiltonian
becomes less and lass accurate, and the DL begins to fail as can be seen in Fig. 1 (b), for a system
with J = 1, and 4 = w = 10. In this case, the bandwidth, A ~ 0.08, which is four times
larger than in Fig. 1 (a). This is due to the fact that the third-order effective Hamiltonian scales
as J3/u? at the dynamical localization points (u = nw) obtained from the first-order effective
Hamiltonian as seen in Appendix C. Interestingly, the third-order effective Hamiltonian does not
explicitly depend on the value of w if one keeps J and u fixed at DL points. Hence the bandwidth
remains unaffected if w is changed but yu = nw is kept fixed. For instance, we find numerically
that the bandwidth is the same for the parameter values (J = 1, u = 20, w = 20) and (J = 1,
u =20, w=10).
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Figure 1: Dispersion of quasienergies Ep, at DL points: (a) Plot of Ep; versus k
obtained from the exact numerical calculation for J = 1, u = 20, and « = 20. We find
that A ~ 0.02, which implies an almost perfectly flat band at zero energy. (b) The same
plot for J =1, u = 10, and «w = 10. In this case, the bandwidth A = 0.08 which is four
times larger than in the first case.

3.2 Dynamical phase transition

Motivated by our previous work [78], we now study the relaxation behavior of some correlators
for the non-interacting model (V = 0). We will examine the correlation function a; b; (where j
denotes a particular unit cell) at stroboscopic times t =nT,

Co = (Yola! (nT)b;(nT)ITy), (24)

where |¥;) is an initial state. For simplicity, we will take |¥,) to be a product state in momentum
space with the form

%) = [ [af 10). (25)
k

Since this state is translation invariant, the correlator C,, will not depend on the unit cell index j.
We will now investigate the relaxation behavior of C,, for large values of n, particularly to see if
there is any crossover behavior. We observe numerically that generally in the p > J limit (with a
few exceptions), the correlation function exhibits a n1/2 decay with oscillations and there is no
crossover behavior. To explain this, we first note that the Floquet quasienergy obtained from the
first-order Floquet Hamiltonian has the form

+
Er, + B,

sinA

2J (T) cosk. (26)

where Ej

The stationary point of E; within the first Brillouin zone lies at k = 0. Next, we can show that the
time-dependent part of the correlation function can be expressed as

5C, ~ 1% Zk: [f (k)e 27 B 1 H.c.], 27)

where f;, = (\I/ola;.r(O)b i(0)|[¥y). For N — oo and assuming f (k) to be real, the above equation
takes the integral form

1 /2
6C, ~ — J dk f (k) cos(2nTE;). (28)
n —1/2
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For large values of n, this integral gets a dominant contribution from the regions close to the
stationary points of E; [75,77,78]. Therefore, expanding Eq. (28) around the stationary point at
k = 0, we find that

1 .
6C, ~ — f dk f (k = 0) e!sn=K*/2), (29)

where { = 4J T (sinA/A). Assuming f (k) # 0 for a generic initial state, we find that the correlation
function for large values of n will decay as a power n~'/2 and there will be oscillations due to
the term cos({n). This is the usual decay behavior unless there are competing terms which come
from higher-order corrections.

We encounter such higher-order terms slightly away from the DL points (we recall that a DL
point is where A is an integer multiple of 7, i.e., u/w is an integer). Since an analytical calcula-
tion of the third-order effective Hamiltonian is a tedious task, we analyze this regime numerically.
We first find the Floquet quasienergy from the numerically exact calculation and then do a fitting
analysis of it. The results we obtain from such an analysis are as follows. We consider the pa-
rameter values J = 1, u = 10, and w = 10.6. Taking into account the structure of the stationary
point obtained from the first-order effective Hamiltonian, we fit the numerically computed Flo-
quet quasienergy around k = O as a function of k up to sixth order in k. We find the following
functional form

E(k) = psk*+poy, where p, = —0.02882, p, = 0.07865. (30)

All terms with odd powers of k are found to be zero which is expected by the symmetry discussed
in Eq. (22). Further, the coefficients of k% and k® are also found to be zero at these particular
parameter values. Hence Eq. (30) shows that E; goes as k* near k = 0. An analysis similar to the
one following Eq. (29) then shows that

5C, ~ % f dk f(k = 0) e!2nT(Po+pek®) (31)

Assuming f (k) # 0, we see that for large values of n, the correlation function will decay as
n~1/* with oscillations due to the cos(2nTpgy) term. This is what we see in the Fig. 2 (¢): for a
system with the parameter values mentioned above, the correlation function function decays as an
oscillatory term times n /4 If we plot |6C,| (rather than 6 C,)) versus n, the period of oscillations
An will be given by the condition, 2Anp,T = 7, which implies that An = w/(4py). Putting
w =10.6, and py = 0.07865, we find that An ~ 34), which agrees very well with the oscillation
period seen in Fig. 2. Interestingly, we observe a crossover from n~ /4 to n™1/2 as we move
slightly away from «w = 10.6. As mentioned earlier, the correlation function in general decays as
a power n~/2 for large values of n in this class of systems. However, we observe a different power
law decay behavior (n™'/4) emerging at w =~ 10.6, and we, therefore, call w ~ 10.6 the critical
frequency w,. To see the crossover, we consider J = 1, yu = 10, and «w = 10.7 as an example. We
again follow the same fitting procedure, and find the following functional form

E(k) = p4k4+p2k2+p0, where p, =—0.02823, p, =—0.009116, p, = 0.0981. (32)

The terms with odd powers of k vanish as before. In contrast to the previous case, however, there
is now a competition between the k% and k* terms, which can be seen in Eq. (32). Close to k = 0,
we see that E; has a leading contribution coming from the k* term, followed by a subleading
correction due to the k? term very close to k = 0. Expanding the integrand in Eq. (28) around
k = 0 then gives

5C, ~ % fdk f(k=0) o12nT (po+p2k?+pak®) (33)

9
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Figure 2: Quasienergies and crossover behaviors of correlation functions: Plots
showing Ep as a function of k obtained from the exact numerical calculation for J =1,
p = 10, and (a) w = 10.6 and (b) w = 10.7. In plot (a), Ex ~ k* around k = 0 as
can be seen in Eq. (31). In plot (b), Ex ~ k2 + ek*, where |e| < 1, as seen in Eq. (33).
Log-log plots of the absolute value of the n-dependent part of the correlation function
6C,, as a function of the time nT, forJ =1, yu = 10, and (¢) w = 10.6 and (d) w = 10.7.
(c) The correlation function decays as n~1/4 along with oscillations. (d) The plot shows
a crossover between an oscillatory term times n~/4and an oscillatory term times n1/2,
(e) Plot showing the variation of n. with |e| as we approach the critical frequency from
the w > w, side, where w, ~ 10.6 is the frequency where the correlation function
decays as n~'/4. The numerically obtained fitting indicates that n, ~ 1/|e|?.

Defining a scaled variable k' = kn'/#, and assuming f (k) # 0, we find

o0C, ~ p—yry

ei2nTpo f(k =0) Jdkl eiT(pzk’2n1/2+p4k’4). (34)
Since |py| < |pal, it is clear from Eq. (33) that there will be a n=*/4 scaling (along with oscil-
lations) when |e|n'/? < 1, where ¢/ = Po/p4. However, when le’|n'/? > 1, the n~Y/* scaling
breaks down and we then encounter a different scaling law, namely, n~'/2 (along with oscilla-
tions due to the cos(2nTpg) term). We can extract the crossover scale n. from this analysis; a
crossover between the n~/4 and n~1/2 power-laws occurs when |€’ Ini/ 2 ~ 1, which implies that
n. ~ 1/|€’|?. To see this behavior, we define € as w = 1/(1/w, —€) [78], where € o< €’, and
we look at the divergence behavior near w.. We plot the crossover scale n, with € in Fig. 2 (e),
and then numerically fit the plot of n. versus e. We find that n. ~ 1/|e|? which agrees with the
analytically derived result.

10
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3.3 Effects of interactions on dynamical localization

In this section, we will look at the effects of density-density interactions [61,63], H; = . iVnngg
on DL. For this case, we take the system to be at half-filling with periodic or antiperiodic boundary
conditions (cy,q = ¢; or — ¢;) depending on whether the particle number is even or odd, respec-
tively, to avoid any degeneracy in the spectrum. To get an analytical understanding of this system,
we will first compute the effective Hamiltonian up to first order in V. Since H; is diagonal in the
position basis and commutes with the unperturbed Hamiltonian, Hy(t), the effective Hamiltonian
to first order in V simply reads as

1
ng'l) = Z annj+1. (35)
j
Hence the full effective Hamiltonian to first order in J and V is as follows

o _ ¢))] ¢))]
Hp’ = HF,J + Hp/,

1 . [ SinA ik
H}(T’J) = e (T ) Z I:J(l +e Zlk)a,'(bk +H.C.:|,

k

1

HY = > v (36)
j

We note that the Floquet evolution operator U(T) satisfies the same condition as mentioned in
Eq. (19) [77], and therefore Hy possesses the symmetry

Hp(u,J,V) = — Hp(u,—J,=V). (37

Hence the first-order effective Hamiltonian will be a very good approximation to the exact Hamil-
tonian for u > J, V, since the higher order corrections will be negligible compared to the first-
order term. We see from Eq. (36) that H;DJ = 0 at the DL points where A is an integer multiple

of 7, and then H ;1) just reduces to Hg). Consequently, the spectrum of the Floquet quasienergies
becomes easy to compute at any filling due to the diagonal form of the effective Hamiltonian in
the position basis.

We now consider a system at half-filling with antiperiodic boundary conditions for J = 1,
u=20, w =20,V =1, and L =16, and calculate the spectrum of the Floquet quasienergies and
half-chain entanglement entropy. The dimension of the Hilbert space for N = L/2 and L = 16 is
16Cy = 12870. We first discuss the Floquet quasienergies and the degeneracies for some of the
Floquet eigenstates which can be obtained analytically. We observe that there are eight equally
spaced quasienergies lying between O and 8V with a energy spacing of V for L = 16, as shown in
Fig. 3 (a). Next, there are exactly two Floquet eigenstates, |+) = 1/+/2 (|1’ y £ 2 )) with Ex =0,
where |1’) and |2’} are equal to [1010101010101010) and |0101010101010101) respectively
in the number basis. Furthermore, there are 16 Floquet eigenstates with Er = 8V. We note that
the DL induces an emergent integrability which leads to the appearance of many flat bands and
several low-entanglement states (with Sy /5 < Spqe, Where Spq0, = (L/2)In2—1/2 [117,118])
near the middle of the spectrum as can be seen in Figs. 3 (a) and (b) respectively. However, this
emergent integrability starts to break down as we move away from a DL point, as we see in Fig. 3
(d), forJ =1, u =20, w =22 and V = 1. In Figs. 3 (¢) and (d), we observe that the flatness of
the bands begins to disappear as we move away from the DL limit.

In Fig. 4, we show some dynamical properties of the system, namely, the two-point correlation
function and the Loschmidt echo at a DL point and away from a DL point. The parameter values
chosen for this figure are the same as in Fig. 3. We will take the initial state to be the ground state of
the undriven Hamiltonian. In Fig. 4 (a), we see almost perfect revivals of the correlation function
in time, which is expected due to the emergent integrability at a DL point. Further, the oscillation
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Figure 3: Quasienergy and entanglement entropy spectrum of the period-2 model
at a DL point and away from a DL point: (a-b) Plots of the quasienergy spectrum
Ep and half-chain entanglement entropy Sy, /» as a function of Ey exactly at a dynamical
localization point with J = 1, u = w = 20, and V = 1, where the system exhibits many-
body flat bands with many low-entanglement states near the middle of the spectrum.
(c-d) Plots showing the same quantities as in plots (a-b) but away from a DL point, with
J=1,u=20, w=22and V = 1. For this case, the many-body flat bands start to
disappear as we tune the system away from a DL point.
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Figure 4: Dynamics of the correlation function and Loschmidt echo at a DL point
and away from a DL point for the period-2 model: (a-b) Surface plots showing the
two-point correlation function as a function of site number and time nT with n being
the driving cycle number, at a dynamical localization point and away from a dynamical
localization point. The parameter values chosen for plots (a) and (b) are the same as
in Figs. 3. (c): Plots showing the Loschmidt echo versus time for the same parameter
values as in Figs. 3. For all four cases, we choose the initial state to be the ground state
of the undriven Hamiltonian. As shown in (a) and the upper panel of (c), the dynamics
demonstrates long-time oscillatory behaviors indicating a non-ergodic behavior at a DL
point. However, both correlation function and Loschmidt echo decay rapidly with time
as we move away from a DL point, as can be seen in (b) and the lower panel of (c).
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period of the revivals can be calculated by using the condition e = 1. Hence the time period is
given by 6t = 27 /V, where V =1 in our case. Away from the DL point, the correlation function
decays rapidly in time due to a breakdown of the integrable structure. In Fig. 4 (c), we show the
Loschmidt echo, |(y(t)|y(0))|, for the same parameter values as in Figs. 4 (a) and 4 (b) and with
the same initial states. For the first case with w = 20, we again see perfect revivals with a period
of 27 in Fig. 4 (c), upper panel. For the second case with w = 22, the amplitude of Loschmidt
echo decays rapidly as shown in Fig. 4 (c), lower panel. These results indicate that the system
evades thermalization for a long time at a DL point but thermalizes quickly as we go away from a
DL point [58-64].

3.4 Effects of resonances

In this section we will examine the effects of resonances [5,113] on DL for the period-2 model. To
obtain an analytical insight for this case, we will consider parameter values with y = w =V > J
and derive an effective Floquet Hamiltonian using first-order FPT. We first consider a four-site
system so that we can easily identify various non-trivial processes, and we will then generalize
it to larger system sizes. We find that a four-site system only offers four distinct non-trivial pro-
cesses for a particular choice of a periodic potential pattern due to the constraints imposed by
DL. We further note that there are two possible potential patterns available for such a system con-
sisting of four sites. Therefore, we need to consider a total of eight distinct non-trivial processes
while formulating the first-order effective Floquet Hamiltonian. These eight processes and the
corresponding time-dependent effective Hamiltonians are listed below.

Pattern of periodic potential Process Effective time-dependent Hamiltonian

R 1100 <> 1010 H(t)=( ‘; ZMJ(t) )

—u(t) J
ot 0100 <> 0010 H(f)z( ‘f/( ) u(e) )
bote 0101 < 0011 H(t)=( zuj(t) \J/ )
ot 1101 <> 1011 H(f)=( g V+Ju(t) )
-t 1100 < 1010 H(f)=( ‘; 2‘1;](t) )

t) J

R 0100 <> 0010 H(f)z( MS) —u(t) )
I 0101 «> 0011 H(t) = 2‘{,@ \J/
-+ 1101 «> 1011 H(t)=( “(t)JJrV V_Ju(t) )

Table 2: Allowed processes and their corresponding effective time-dependent Hamilto-
nians for a four-site system with all possible patterns of periodic on-site potential in the
case of resonance and dynamical localization for a period-2 model.

As an example, we consider the first process listed above and calculate the first-order Floquet
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Hamiltonian for this case. We first note that the Hamiltonian can be recast as
H(t) = (wt)+V/2)I = (u—=V/2)o* + J o7,
Hy = —(u—-V/2)0%
H, = Jo%, (38)

where I, 0* and o® denote the identity and two of the Pauli matrices, and H, and H; are the
unperturbed Hamiltonian and perturbation, respectively. Assuming u = ¢« and V > J, the instan-
taneous eigenvalues of H are given by Eic = £(u(t)+V/2). The eigenfunctions corresponding to

. 0 1 . . .
E]f are given by |+) = ( 1 ) and |-)= 0 ) . These two eigenvalues satisfy the condition
given in Eq. (9), and we therefore use degenerate FPT. This gives

(+HP) = 0, (—HP-) =

(+HHP S = TIWVT), (—HPH) =J I,V T),

(v.o) = e VT sin((2u—V)T/4) | e '@ 3T 4sin((2u+V)T/4)
7 Qu—V)T/2 u+V)T/2

(39)

Putting u =V = w, we find that I(u, V, w) = —4i/(37). Thus, the effective Hamiltonian for this
particular process is

4 ]
Hl(,l) = — 3—71_5 nocyci(1—n3) + Ha, (40)

where we have set J = 1. Following similar procedures, we can compute the effective Hamiltoni-
ans for all the other processes. These are given below.

Pattern of periodic potential Process First-order Floquet Hamiltonian
ot 1100 < 1010 | HY = —2incle, (1 —ng)+ Hee.
+o ot 0100 < 0010 HY =0
+ot- 0101 < 0011 | HY = —2 (1 —ng)cleing+ Hee.
+- - 1101 < 1011 HY =0
- 1100 <> 1010 | HY = Hnocle)(1—ng)+ He.
- 0100 < 0010 HY =0
- 0101 0011 | H = 2L (1—ny)cle;na+ He.
4o+ 1101 < 1011 HY =0

Table 3: First-order effective FPT Hamiltonians for the allowed processes with all pos-
sible patterns of periodic potential in the case of resonance and dynamical localization
for a period-2 model.

Taking all these processes into account, the complete effective Hamiltonian for the case where
a resonance and DL occur simultaneously is given by

. L/2
4 t i
H = 3 1 [(1—n2j)C2j+202j+1”2j+3+n2j02j+2521+1(1—n21+3) + H-C-]
j=
4i L/2
T T
t 3, Z[n2j+1C2j+3CZj+2(1_n2j+4)+(1_n2j+1)C2j+3C2j+2n2j+4 + H-C-]- 41

j=1

—.
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We can perform the unitary transformation cy; — ¢y and ¢y, — iCyj41 to obtain a simpler form
of the effective Hamiltonian

L
4 2: 2 (.
H= 5 =1 (1= 1j13) (Cj+zci+1 * HC) 2

This form implies that hoppings between two nearest-neighbor sites are forbidden whenever their
neighboring sites are both completely empty or completely occupied. Hence, these forbidden pro-
cesses act as kinetic constraints in the dynamics [105—-110], and these constraints can, in principle,
lead the system towards an anomalous thermalization behavior. We also find that the Hamiltonian
in Eq. (42) has several zero-energy states which consist of single states in the number basis. The
number of such states can be found using a transfer matrix method as shown in Appendix A. We
discover that the number grows exponentially with system size as 1.466".

In Figs. 5 (a) and (b), we show the variation of the half-chain entanglement entropy Sy /» as a
function of Ep, obtained from exact numerical calculations and from the first-order FPT Hamilto-
nian shown in Eq. (42) forJ =1, u = w = 20, and V = 20. Both these cases point towards many
low-entanglement states near the middle of the spectrum; these arise due to the kinetic constraints
simultaneously imposed by DL and the resonance condition. Before proceeding further, we note
that the effective Hamiltonian described in Eq. (42) supports many fragmented Hilbert space sec-
tors [105-110], which can be shown as follows. First, there are an exponentially large number
of fragments each of which consists of a single state with zero energy; this is shown in Appendix
A. Next, there are simple fragments consisting of only four states. Consider, for example, the frag-
ment containing the states |[0000111111110000), |0001011111110000), |[0000111111101000),
and [0001011111101000), and their translated partners (we have written all the states in the occu-
pation number basis). The action of the effective Hamiltonian on these four states is schematically
shown in Fig. 6. Taking into account the action of the effective Hamiltonian on these four states,
we find an effective 4 x 4 Hamiltonian which represents this particular fragment,

0

4 |1
37 |1
0

Hfrag =

1
0
0 (43)
1

_ O O =

0
1
1
0

The eigenvalues of this Hamiltonian are given by E; 5 = +0.85, E3 = 0, and E4; = 0. Hence
these four eigenvalues offer two distinct difference in energies, i.e., AE = 0.85 and AE = 1.7,
which will be important later in the discussion of dynamics. In Figs. 7 (a) and (b), the variation of
the Loschmidt echos with time, t = nT, is shown as found from the exact numerical calculation
and the first-order FPT, respectively, for the parameter values, J = 1, u = w = V = 20, and
L = 16, taking the initial state to be |[0000111111110000). We can show analytically that the
Loschmidt echo for this particular choice of initial state takes the form |a + b cos(AEt)|, which
implies that it oscillates with a period At = 27/ AE. Putting AE = 0.85, the period of oscillation
in the revival pattern turns out to be At =~ 7.4, which almost perfectly captures the numerically
obtained value. In Fig. 7 (c), we show the overlaps of the same initial state with the Floquet
eigenstates (obtained from the exact numerical calculation) as a function of Ep, where the color
bar indicates the variation of S/, of the Floquet eigenstates. Interestingly, we observe that the
overlap is highest for the Floquet eigenstates with E ~ 4 0.85 and 0, which almost identically
agrees with the analytically predicted values.
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Figure 5: Entanglement entropy spectrum of the period-2 model for the case of
DL and resonance: Plots showing the entanglement entropy Sy, as a function of the
Floquet quasienergy Er obtained from (a) the exact numerical calculation and (b) the
first-order effective FPT Hamiltonian shown in Eq. (42), forJ =1, u = w =V = 20,
and L = 16. (c) Plot showing E,,,.; versus Eppr obtained numerically for the same
parameter values as in plots (a) and (b). In (a) and (b), we see many low-entanglement
states near the middle of the spectrum. In both plots, the color intensity indicates the
density the states, implying that the majority of Floquet eigenstates show almost thermal
entanglement. Plot (c) shows that the quasienergies obtained from the first-order FPT
agree quite well with the exact numerically computed values. However, as plots (a) and
(b) show, there are a large number of Floquet eigenstates for which the entanglement
estimated from FPT is much smaller than the exact numerically obtained values.
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Figure 6: Schematic of a Hilbert space fragment for the period-2 case: Figure show-
ing a particular Hilbert space sector consisting of four states, [0000111111110000),
|0001011111110000), [0000111111101000), and |[0001011111101000). The black
and white dots indicate occupied and empty sites respectively.
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Figure 7: Dynamics of the Loschmidt echo and overlaps with Floquet eigenstates in
a resonant case: (a-b): Plots of the Loschmidt echo versus time as obtained from (a)
the exact numerical calculation and (b) the first-order effective FPT Hamiltonian, for the
same parameter values as in Fig. 5, taking the initial state to be |0000111111110000).
Both plots show show long-time oscillations in time indicating an anomalous thermal-
ization behavior. (c): Overlaps of the same initial state with the Floquet eigenstates as
a function of Er computed from the exact numerical calculation for the same parameter
values, with a color bar indicating the variation of S; /». The quasienergies of the Floquet
eigenstates having the highest overlaps with the initial state agree with the analytically
predicted values.
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Figure 8: Schematic of the mirror-symmetric periodic potential pattern for the
period-4 model: Schematic diagrams showing the potential patterns for the two mirror-
symmetric configurations of the period-4 model corresponding to ¢ = 0 and 77t/4.

4 Period-4 model

We will now discuss a model with the second type of periodic potential, namely, the period-4
model. The general form of the Hamiltonian for this class is given by

H = J Z [c;-cjﬂ + c;'ﬂcj + u(t)cos(mj/2+ ¢) c;'cj + Vnjnj], (44)
J

where J denotes the nearest-neighbor hopping, u is the amplitude of the periodic potential with
m = 4, V defines the nearest-neighbor density-density interaction, and ¢ refers to a generalized
phase. This model possesses a mirror symmetry [119] for certain special values of ¢. Since we
are interested in mirror-symmetric configurations for our analysis, it turns out that we can only
have two possible realizations, namely, ¢ = 0 and ¢ = 77/4. We will denote these as type-1 and
type-2 cases respectively.

4.1 Type-1 mirror-symmetric case

Taking u(t) to be proportional to u in Eq. (44), we find that the on-site potential pattern for ¢ = 0
is given by (u,0,—u,0) on four consecutive sites numbered (4n,4n + 1,4n + 2,4n + 3); this is
shown in Fig. 8 (a). Assuming u > J, and using the results presented in Appendix B, we find that
the first-order FPT Hamiltonian is given by

L/4
o _ i i i
HF] = J [Mc4jc4j+1+Mc4j+1c4j+2+M*CA,].j+ZC4j+3+M*C£'l.j+3c4j+4+H'c']’
j=1
; sin(uT /4
M = eluT/4(('“—/))_ (45)
uT/4

Since the interaction term commutes with the unperturbed Hamiltonian, Hy), that part of the Hamil-
tonian will just be given by

1
HI(:'Z) =V n]-nj+1 (46)
j=1

to first order in V.
The symmetry property discussed in Eq. (37) again holds for this model, and therefore, similar
to the period-2 case, this system will also exhibit DL when M = 0, i.e., when u = 2nw where
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Figure 9: Quasienergy and entanglement entropy spectrum of the period-4 model
with ¢ = 0: Plots showing the spectrum of (a) E and (b) S /5 as a function of Ep at a
DL point with yu = 2« = 20 and V = 0.5. Both the spectra look identical to those of the
period-2 case at a DL point.

n=1,2,3,---. Thus, this mirror-symmetric configuration [119] of the period-4 model with ¢ =0
and the period-2 model are identical to each other exactly at a DL point. In Figs. 9 (a) and 9 (b),
we show the Floquet quasienergy spectrum Ep and the variation of the entanglement entropy Sj, /5
with Ep forJ =1, u = 20, w = 20, and V = 0.5. The spectrum looks almost identical to the
spectrum of the period-2 model at DL with many low-entanglement states near the middle of the
spectrum.

4.2 Type-2 mirror-symmetric case

The period-4 model with ¢ = 77/4 is another mirror-symmetric configuration with many inter-
esting properties, which we will now discuss in detail. Taking u(t) to be proportional to u+/2 in
Eq. (44), the on-site potential pattern for ¢ = 77 /4 is given by (u, u, —u, —u) on four consecutive
sites numbered (4n,4n + 1,4n+ 2,4n + 3). Assuming u > J, we obtain the following first-order
FPT Hamiltonian,

L/4 L
W _ i | i
HFl = JZ(C‘;J»C4]‘+1 +M1Clj+1c4j+2 + C"U+2C4j+3 +MikC‘;j+3C4j+4 + HC) + VannjH,
j=1 j=1
; sin(uT /2
M, = el,LLT/Z( (M / )) @7
uT/2

Remarkably, we see that the non-interacting part of the Hamiltonian exactly describes the SSH
model [120], with nearest-neighbor hoppings which have alternating strengths given by J and
J|M;|. (It is clear that |M;| is always smaller than 1. The phase of M; can be removed by doing a
unitary transformation of the form ¢; — cjei“f with appropriately chosen a;’s). We thus see that
the periodicity of the model has effectively reduced from 4 to 2.

The expression for M; implies that this model will exhibit DL for u = ncw, wheren =1,2,---.

Exactly at these points, the effective first-order Hamiltonian is given by

L/4
1 - -
Hél) = J E (Cl'].jc4j+1 + CJU+2C4j+3 + HC) +V Z njnj+1. (48)
j=1 J

The non-interacting part of this Hamiltonian is an extreme limit of the SSH model with alternating
nearest-neighbor hoppings y; = 1, and y5 = 0. Our model therefore inherits the property of the
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Figure 10: Schematic of the topologically protected edge modes for the period-4
model at a DL point: Schematic picture showing topologically protected zero-energy
edge modes for the ¢ = 71/4 at a DL point and no edge modes for ¢ = 77 /4.

SSH model that a system with open boundary conditions has topologically protected zero-energy
edge modes provided that the hopping strength on the leftmost or rightmost bond is weaker than
the strength of the bond next to it. For ¢ = 77/4, we find that the leftmost bond (between sites
numbered 0 and 1) has a hopping strength which is larger than the strength of the next bond, and
therefore, the system has no edge modes. However, the system has edge modes for ¢ = /4, i.e.,
when the bonds are shifted by one unit cell and the stronger and weaker bonds get interchanged
(see the schematic pictures in Fig. 10). In Figs. 11 (a) and 11 (b), we see two zero-energy edge
modes and no edge modes for ¢ = 11/4 and ¢ = 771/4, respectively, forJ =1, u = w = 20 and
L = 2000 with open boundary conditions. As shown in Figs. 11 (c) and 11 (d), the two modes
are localized at the two edges of the system, which can be seen from a plot of the probability
[ (j)|? versus the site number j. Note that the parameter values J = 1 and u = w = 20 imply
that the system is at a DL point. Another interesting point to observe is that a static model with
a nearest-neighbor hopping J and a period-4 time-independent potential with strength u does not
have any such zero-energy end modes.

Since the interaction part again commutes with unperturbed Hamiltonian, H,, the effective
Hamiltonian to first order in V again reads as H;lz) =V>n injy1. The interplay between interac-
tion and DL in this case gives rise to various intriguing phenomena. We will study this in the next

few sections using an effective spin model based on the first-order Floquet Hamiltonian.

4.2.1 Effective spin model based on first-order effective Hamiltonian

To derive the effective spin model, it is convenient to recast the effective Hamiltonian in terms of
unit cells

L/2
H=1J [(a;’.'bj +H.c)+V(njnjp+ nj’anj_l’b)] , (49)

~

~.
I
—

where a; and b; denote the annihilation operators on the even and odd numbered sites of the j-th

unit cell. (Henceforth we will refer to the j-th unit cell as the j-th site for convenience). The

schematic of the periodic-4 model at a DL point is shown in Fig. 12. This above form suggests

that the particle number n; at the j-th site (unit cell) commutes with Hl(gl). Hence Hl(gl) has L/2

conserved quantities. (Note that these will be only approximately conserved quantities. The exact

effective Hamiltonian will have higher order terms which do not commute with these quantities).
max

For a system consisting of two sites with n'"®* = 2, we can have nine possible effective Hamilto-
nians which are shown in the table below.
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Figure 11: Quasienergies and wave function probabilities of the edge modes: (a-b):
Plots of Er in increasing order versus state number for a system with open boundary
conditions with J = 1, u = w = 20. (a) A system with ¢ = 7/4 supports two zero-
energy edge modes, while (b) a system with ¢p = 77/4 does not. (c-d): Plots showing the
probability versus site number for the edge modes showing that the modes are localized
at the ends of the system.
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Figure 12: Schematic of period-4 model with interaction at a DL point: The
schematic picture of the period-4 model at a DL point, with a nearest-neighbor hopping
which alternates between J and zero, and an interaction V.
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ny | ny Effective Hamiltonian
E=0
E=V
E=V
E=3V

H =J(alb, +H.c.)
H=J(alb; +H.c.)
H=J(alb; +Hc.)+Vblb +V
H=J(a)b, +H.c.)+Vala, +V
H= J(a; by, + a]{bl +H.c.)+Vn,ng,

=== [N OO
== O~ O

Table 4: Allowed configurations and the corresponding effective Hamiltonians for two
unit cells at a DL point with u > V for a period-4 model.

In the table above, n; and n, are the occupation numbers of the first and second unit cells,
respectively. We can see that eight out of the nine possibilities shown above can be mapped to
a non-interacting problem. The only instance when the effects of the interaction is non-trivial is
when both the unit cells are singly occupied. For this case, an effective spin degrees of freedom
can be defined as

|T) = 110), [l) = [01), (50)
where |10) defines a unit cell with the left and the right sites being occupied and empty, respec-
tively, and |01) means the other way around. With this definition, the correlated two-site problem
takes the following form

1%
H =J(o]+03) + 2 (1-0}) (1+07), 51

where 0* and o* are Pauli matrices. This two-site problem can now be generalized to larger
system sizes. To do so, we first consider the case where all the sites are singly occupied. The
effective spin Hamiltonian for this case is given by

L/2 v
H= > [Jo¥+ 7 =055l (52)
j=1
which is essentially the transverse field Ising model with the interaction term —V /4 and the trans-
verse field J. The other four cases for a system with L/2 — 2 unit cells being singly occupied
and with the two boundary unit cells being either empty or doubly occupied have effective spin
Hamiltonians as follows.

In Table 5, n; and ng denote the occupation numbers of the leftmost and rightmost unit cells
labeled j = 1 and L/2, respectively. Therefore, we see from Table 5 that the effective spin Hamil-
tonian has the form of the transverse field Ising model with additional longitudinal magnetic field
terms of strength £V /4 at the boundary sites, depending on the adjoining sites having n = 0 or 2.
Before proceeding further, we perform the transformation o}‘ - 0?, a? - —aj.‘, and o;' remains
unchanged. The Hamiltonian then takes the form

L/2-1 L/2-2
% v V(L—4) vV
H=J 3 0=5 2 050+ g o5 Foi, )+ =g +(0,5,5.), (53
j=2 =
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n; | ng Effective spin Hamiltonian

00 |H=J3"7"0% —(\//4)2”2 otol +(V/4)(—o%+ 0%, )+V(L—4)/8
0o|l2] H= JZL/Z 1 (V/4)ZL/2 0%0?,  +(V/4)(—05— 0%, )+VL/8
2| o H= JZL/Z 10"—(V/4)ZL/2 “otot, +(V/4) 05+ 0%, )+VL/8
22| H= JZL/Z 'o¥ —(V/4)ZL/2 2ot j+1+(V/4)(o2 0%, )+V(L+4)/8

Table 5: The four possible effective spin Hamiltonians emerging from a system with
L/2—2 unit cells being singly occupied and two boundary unit cells, each of them either
completely occupied or completely empty, at a DL point with u > V for a period-4
model.

where the last term depends on the four possible boundary conditions. It may appear that the
longitudinal field terms at the boundary sites 2 and L /2—1 would make it difficult to find the energy
spectrum analytically for this model. To overcome this problem, we add two more sites, labeled
1 and L/2, with Pauli operators oy and o7 ,,, which couple to o5 and o respectively [121].

L/2’ L/2—1
The Hamiltonian then becomes
L/2—1 L/2—1
\% V(L—4)
_ z 2 X X
H=J Zz: o; 2 Zl:ajaj+l+—8 , 54)
j= j=

where we have ignored some constants. Note that o7 and o] jo Commute with the Hamiltonian.

Hence, there are four decoupled sectors of states corresponding to o7 = £1 and o} = = 1.
These four sectors precisely cover the four possible combinations of %+ signs in Eq. (53).
The Hamiltonian in Eq. (54) can now be solved analytically by writing it in terms of Majorana

fermion operators using the Jordan-Wigner transformation,

]'_
o] = ( a?) B;, (55)
i=1

where a;, f8; are Majorana operators. In terms of these operators, the Hamiltonian takes the form

9
Il
"y
R
q
-
N—
R

L/2—1 i L/2—1
H = —iJ Z aﬂj Z aj+1ﬂj. (56)
j=1

Since this Hamiltonian is quadratic in terms of Majorana operators, it describes a non-interacting
system and its spectrum can be found exactly [121].

To examine the effects of DL on the thermalization of the system, we consider the variation of
the half-chain entanglement entropy Sj /, with the quasienergy Ep, which gives a static measure
of ergodicity. As shown in Figs. 13 (a) and 13 (b), we consider the system at a DL point with
J =1, u=20, and w = 20, and take V to be 0.5 and 2, respectively. In the first case, we observe
many finger-like structures [122] in the entanglement spectrum, which are due to the presence of
an extensive numbers of approximate conserved quantities arising due to the DL. Furthermore, the
DL offers many frozen states with extremely low-entanglement values, i.e., S; o = In2 ~ 0.693
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Figure 13: Entanglement entropy spectrum for the period-4 case at a DL point
and away from a DL point: Plots showing the half-chain entanglement entropy S; /,
versus the quasienergy Er. For all three cases, we take J = 1 and w = 20. For the
first two cases, we consider a DL point with u = 20, and (a) V = 0.5 and (b) V = 2,
respectively. (a): The entanglement entropy consists of many finger-like structures with
multiple low-entanglement states near the middle of the spectrum. (b): No finger-like
structure is present; however, the system still exhibits multiple low-entanglement states
near the middle of the spectrum. (c): We consider a point away from DL, with u = 10,
and V = 0.5. As opposed to the behavior at a DL point, we see the system exhibits
low-entanglement states (except at the end points of the quasienergy spectrum where the
entanglement is always low). In all the plots, the color intensity indicates the density
of states. In plot (c) we see that the majority of the Floquet eigenstates show thermal
entanglement.

or 2In2 ~ 1.386 near the middle of the spectrum. Some of the frozen states can be found easily
from the effective Hamiltonian, such as [22220000), [20220200), |22202000) and their trans-
lated partners. Nevertheless, as shown in Fig. 13 (b), these finger-like structures are absent for
V = 2 due to the disappearance of these approximate conserved quantities with increasing interac-
tion strength. The low-entanglement states near the middle of the spectrum are still present, which
again indicates that this system would thermalize very slowly. We can, therefore, conclude that
this slow thermalization occurs due to two possible mechanisms:

(i) the existence of extensive numbers of conserved quantities arising due to the DL, which grows
exponentially with the system size as 3© /2 (which grows less rapidly than the Hilbert space dimen-
sion which goes as 2%) [123]. We emphasize again that these quantities are conserved to a good
approximation only for u > J, V.

(ii) the presence of many frozen state configurations, which do not participate in the dynamics at
a DL point.

In Fig. 13 (c), we consider a system away from a DL point with y = 10, w = 20 and V = 0.5,
and we see that the low-entanglement states have disappeared, signaling that the system should
thermalize quickly.

To see a dynamical signature of slow thermalization, we study the time evolution of the
Loschmidt echo precisely at a DL point with two non-trivial initial states, i.e., |1)=|21012101) and
|2)=]21102110). As shown in Fig. 14 (a), the Loschmidt echo exhibits long-time revivals, which
indicates that the system is evading a thermalized behavior. To gain an analytical understanding,

v J ) .
J 0 ) This Hamilto-

nian has the energy eigenvalues E, = % +4/J2+ VTZ. Taking this into account, we see that the
initial state |1) would have the highest overlap with 4 x 2* = 64 such Floquet eigenstates with

we first derive an effective Hamiltonian for the state [210), Hopf = (
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Figure 14: Dynamics of the Loschmidt echo starting from an initial state and
the overlap with Floquet eigenstates at a DL point for the period-4 model: (a-b):
Variation of Loschmidt echo with time for two different initial states, [210120101),
and |21102110), respectively, for four DL points with u = 20, V = 0.5, and
w =5, 6.67, 10 and 20 (satisfying w = u/n). In all these cases, the initial states
show perfect revivals due to the presence of approximate conserved charges. (c-d): The
overlaps of these two initial states with the Floquet eigenstates as a function of Er, with
the color bar indicating the variation of S; /5. The initial states have significant amounts
of overlap with a large number of Floquet eigenstates, and some of these eigenstates
have extremely low entanglement.
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Ep =4V, 4V +44/J2+ 2 4V —44/02 + 2 av+,/02 + L av 42402+ B av — /02 + &

and 4V —24/J2 + VTQ. From the numerically obtained data for a system with yu = «w = 20, and

V = 0.5, we find that two Floquet eigenstates with Ep = 4V = 2 and 4V +24/J2 + VTZ = 4.06 have
the highest overlaps with this particular initial state, which agrees quite well with the analytically
predicted values. Within the approximation of these two highest overlapping states, the Loschmidt
echo will have a time-dependence of the form be |1 + e!F17F2)| = 2| cos((E; —E,)t/2)| which os-
cillates with a period given by At = 27 /(E; —E,). For the parameter values given above, we find
At ~ 3, which agrees with what we see in Fig. 14 (a). In a similar manner, we can find the period
of oscillation for the other three DL points with v = 5, 6.67 and 10. For Fig. 14 (b), we choose
the initial state |2) which has the highest overlaps with 64 such Floquet eigenstates. As shown in
Fig. 14 (b), we see long-time oscillating behaviors in the Loschmidt echo at the four DL points,
which again indicates that the system will not thermalize for a long time. In Figs. 14 (c) and (d),
we plot the overlaps of these two initial states, |1) and |2), with all the Floquet eigenstates at a DL
point with g = «w = 20, where the color bar shows the variation of the entanglement entropy of
the Floquet eigenstates. In both cases, we observe that these two initial states have overlaps with
multiple Floquet eigenstates, some of them having extremely low entanglement entropy which
possibly causes the long- time persistent oscillations in the Loschmidt echo.

To further confirm the above findings, we investigate the dynamics of Sy /, and the unequal-
time two-point density-density correlation function with the initial state taken to be [21012101).
As shown in Figs. 15 (a), we see that the entanglement entropy slowly increases before reaching a
saturation value for u = 2w = 20 and V = 0.5, as expected. Further, the saturation value (~ 3.5)
is much less than S, ~ 5.1 signaling a deviation from a volume law behavior. In Fig. 15 (b), we
examine the two-point correlation function with the same initial state and see a behavior similar
to Sp /2. Thus, the dynamics also confirms the behaviors predicted from the static signatures. In
Figs. 15 (c) and 15 (d), we repeat the same analysis for the system away from a DL point, namely,
for u = 20, w = 11, and V = 0.5. As opposed to Fig. 15 (a), we see in Fig. 15 (c) that the
entanglement entropy saturates quite quickly. In Fig. 15 (d), the two-point correlation function
exhibits a similar behavior with the saturation value of (n j)z = 1/4 at half-filling, which suggests
that thermalization has occurred.

Finally, we compare the results obtained from the exact numerics and the first-order FPT
calculation for u > J, V. In Figs. 16 (a) and 16 (b), we see that the quasienergies obtained from
exact numerics and from first-order FPT for J = 1, u = «w = 20 (lying at a DL point), and V = 0.5
agree very well with each other. However, the results for the entanglement entropy do not agree
that well. We believe that this disagreement is due to the corrections in FPT which are higher than
first-order. The correction terms have a relatively small effect on the Floquet quasienergies but
have a noticeable effect on the Floquet eigenfunctions. Consequently, the entanglement entropy
deviates significantly from the exact numerical values. Nevertheless, we note that the qualitative
behavior of the entanglement entropy is the same in the two cases. In Figs. 16 (¢) and 16 (d), we
compare the same plots as in Figs. 16 (a) and 16 (b) but forJ =1, y =10, w = 20, and V = 0.25,
which is away from a DL point. Since the first-order term dominates over higher order corrections
away from a DL point, we see that the Floquet quasienergy and entanglement entropy agree with
each other almost identically.

4.2.2 Effects of staggered on-site potential

It is interesting to incorporate the effects of a staggered on-site potential with amplitude w in the
period-4 model with ¢ = 77/4 since such a potential commutes with the unperturbed Hamil-
tonian H,. Hence, in the presence of such a potential, the first-order FPT Hamiltonian becomes

Hl(,’ls)tagg = WZ§=1 (1) n;. This term can also be incorporated within the effective spin model.
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Figure 15: Dynamics of entanglement entropy and correlation function at a DL
point and away from a DL point for the period-4 model: (a-b): Plots showing
the dynamics of Sy, and the correlation function (n;(nT)ny(0)) for the initial state
|21012101) at a DL point with J =1, u = 20, w = 10, and V = 0.5. (c-d): Same plots
away from a DL point with J = 1, u = 20, & = 11, and V = 0.5. (a): At a DL point,
we see that the entanglement entropy increases extremely slowly before reaching a sat-
uration value which is less than the thermal value. (b): The correlation function shows
a behavior similar to Sy /5 with a long-time revival pattern. (c): Away from a DL point,
S1,/2 reaches a saturation value soon after an initial growth in time. (d): The correlation
function demonstrates a similar behavior, suggesting thermalizing behavior away from
a DL point. Note that the time scales in (c-d) are much shorter than in (a-b)
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Figure 16: Comparison of the exact numerical results with the first-order FPT: En-
tanglement entropy Sy /o obtained from (a) exact numerical computations and (b) first-
order FPT, for a system with J = 1, uy = w = 20, and V = 0.5 (a DL point). The
quasienergies agree quite well; however, S/, turns out to be generally smaller from the
first-order FPT in comparison to the exact numerically obtained values. (c-d) show the
same plots as in (a-b) but for a system with J =1, u = 10, w = 20, and V = 0.5 (away
from a DL point). For these parameter values, both the quasienergies and the entan-
glement entropy obtained from the exact numerical computation agree almost perfectly
with the first-order FPT results.
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Figure 17: Entanglement entropy spectrum with a staggered on-site potential at a
DL point: Plots of S; /5 versus Eg at a DL point with J =1, u = w =20, V = 0.5, and
(a) w=1 and (b) w = 3. In both cases we see many finger-like structures with multiple
secondary fragments, with the effect becoming clearer with increasing strength of the
staggered potential w. The color intensity indicates the density of states, revealing that
the majority of states demonstrate athermal behavior with S; /5 being much smaller than
the thermal value.

Assuming that all the unit cells are singly occupied (so that there is no boundary field), we obtain

L/2

H = Z |:O' + —(1 07‘7]+1) + WOJZ.]. 57
j=1

(In general, the o* term only appears for unit cells with single occupation, and has no effect on unit
cells with n; = 0 or 2). The other sectors where only some of the unit cells have single occupation
get modified in a similar way. In Fig. 17, we show the variation of the entanglement entropy S;, /5
versus Ep for a system withJ =1, u = w =20,V =0.5,and (@) w =1 and (b) w = 3. In
both cases the spectrum contains multiple finger-like primary structures with further secondary
fragments [124], and the secondary fragments become more prominent with increasing value of
the staggered potential. In Fig. 18, the dynamics of the Loschmidt echo is shown for a system with
w=3,and w =5, 6.67, 10 and 20, respectively. For all four DL points, the Loschmidt echo
for the initial state [21012101) exhibits an oscillatory behavior for a long period of time, which
implies that the system thermalizes very slowly.

4.2.3 Effects of resonances

We have so far discussed cases with V < y where the system can evade thermalization at a DL
point. In this section, we will address the effects of resonances at two DL points, i.e., uy = w =V
and u = 2w = V. For both cases, we note that u, V > J, which is the opposite limit to the previ-
ously examined cases, and we want to investigate whether this limit can give rise to non-ergodic
behavior similar to the period-2 model. To do so, we will first derive an effective Hamiltonian
based on the first-order FPT. Similar to the period-2 case, we will first identify the non-trivial
processes for a system with four sites. Due to the periodic pattern of the on-site potential, we
need to consider a total of sixteen independent processes to construct the time-dependent effective
Hamiltonian. These are shown in Table 6.

As an example, we will derive the effective time-independent first-order FPT Hamiltonian for
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Figure 18: Dynamics of Loschmidt echo in the presence of a staggered potential:
Plots showing the dynamics of Loschmidt echo for the initial state [21012101) at four
DL points withJ =1,V =0.5,w =3, u =20, and w =5, 6.67, 10 and 20. In all four
cases, the Loschmidt echos show an oscillatory behavior with an extremely slow decay,
suggesting that the system retains the information of the initial state for a long period of

time.
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Pattern of periodic potential Process Effective time-dependent Hamiltonian
+4-- 1100 «> 1010 H(t)=(2“(tj)+v é)
u(e) J
- 0100 « 0010 H(t)=
- (t) ( J —u(t))
++ 0101 « 0011 H(t)= 0 !
.- T\ J —2u()+V

_ [ VHu(t) J
- 1101 <> 1011 H(t)—( 7 v—u(t))
T 1100 <> 1010 H(t)=(‘J/ (J))

—u(t) J
P 0100 < 0010 H(t)=
0 J
P 0101 <> 0011 H(t)—(J V)

[ wt)+V J
+--+ 1101 « 1011 H(t) = J V+,U,(t))
4 1100 < 1010 H(t)—( 2“(t)+v (J))
-4+ 0100 « 0010 H(t)= ( (t) (t) )
-+ + 0101 «— 0011 H(t) = ( Z,u(t)-i-V )

++ 1101 «> 1011 | H(t)= o (
- - - V+u(t)
- 1100 < 1010 H(t)=(v é)
u(t) J
S+ - 0100 0010 H(t) =
0 J
- 0101 <> 0011 H(t)—(J v

[ —ut)+V J

S+ - 1101 «— 1011 H(t)—( J V—M(t) )

Table 6: Allowed processes and their corresponding effective time-dependent Hamil-
tonians for a four-site system with all possible patterns of the periodic potential in a

period-4 model in which both resonances and dynamical localization are present.

the first process shown in Table 6. In this case, the effective time-dependent Hamiltonian can be

written as

H(t) =
HO ==

(u()+Vv/2)I + (u+V/2)o® + J o¥,

(nu’+v/2) O.Z’ Hl = JO-XJ

(58)

where H, and H; are the unperturbed Hamiltonian and the perturbation, respectively, and we will

assume that u,V

1
eigenfunctions corresponding to E;f are given by |+) = ( 0 ) and |—) = (

32
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eigenvalues again satisfy the condition given in Eq. (9). Therefore, following the usual steps of
degenerate FPT, we obtain

(+HHPH) = 0o, (—HPH) = o,

HHD1-) = JIwV,T), (—HP4) = J (v, T),

WV, ) el @WIT/Agin[(2u+ V)T /4] e @+3IT/4gin[(2u— V)T /4]
u,V,w) = :

(2u+V)T/2 (2u—V)T/2

(39

Substituting u =V = w, I(u, V, w) turns out to be 4i/(3m). Thus, the effective Hamiltonian for
a system consisting of four sites with this specific choice of periodic potential pattern becomes
(setting J = 1)

4i .
t ny c,c; (1—n3) + Hec. (60)

1)
H =
F 3n

Following the same procedure, we can compute the effective Hamiltonian for all the other pro-
cesses.

Pattern of periodic potential Process First-order Floquet Hamiltonian
- 1100 < 1010 | HY = Hpnocle (1—ny) +He.
+t-- 0100 < 0010 HY =0
++-- 0101 «<— 0011 Hl(cl) = %(1—no)czc1n3+H.c.
+t-- 1101 <> 1011 HY =0
+o-+ 1100 <> 1010 HVY =0
- 0100 < 0010 | HY = (1 —ng)cie; (1 —nz) +H.c.
+o-+ 0101 < 0011 HY =0
M- 11011011 HY = ngcleing + He,
- 1100 < 1010 | HY = Hnocle)(1—ng) +He.
I 0100 < 0010 HY =0
-+t 0101 < 0011 | HY = -2 (1 —ny)cleing +Hee.
- 1101 < 1011 HY =0
- 1100 <> 1010 HY =0
- 0100 < 0010 | H) = (1 —ny)cle;(1—nz) +Hec.
- 0101 < 0011 HY =0
- 1101 <> 1011 HY = nycleing + He.

Table 7: First-order effective FPT Hamiltonians corresponding to the allowed correlated
processes for a four-site system with all possible patterns of periodic potential in the case
of resonance and dynamical localization for a period-4 model.

These results enable us to deduce the complete first-order effective Hamiltonian fory = w =V,

33



SciPost Physics Submission

namely,
4i L2
H = 3In Z (-1 [(1 —N3;)Co o Coj41Maj43 + MajCoiyoCoj1(1—Ngjy3) + H-C-]
=1

L/2
+ Z [(1_n2j+1) C£j+3C2j+z(1—n2j+4)+nzj+1¢£j+3C2j+2”2j+4+H-C-]- (61)
j=1

The form of this Hamiltonian suggests that certain nearest-neighbor hoppings are forbidden, as
elaborated below, when the DL and resonance condition are simultaneously satisfied; in principle
this can lead to an anomalous thermalization behavior. In Fig. 19, we show the variation of S/,
with Er obtained from exact numerical calculations and from the first-order FPT analysis, for
J=1,and u = w =V = 20. As anticipated, the middle of the entanglement spectrum consists of
many low-entanglement states possibly due a fragmented nature of the Hilbert space as described
below. For example, we can see that this effective Hamiltonian supports a simple fragment which
consists of only one state, [1100110011001100), and its translated partners. To construct this
single fragment, we note the following constraints following from Eq. (61). The hopping on
the bonds (2j + 1,2j + 2) is only possible if the neighboring sites have (ny;,nyj,3) = (0,1)
or (1,0). However, the hopping on the bonds (2j + 2,2j + 3) requires the neighboring sites to
have (nyj41,n9j14) = (0,0) or (1,1). These two constraints enables us to show that the above
state forms a fragment on its own, and it does not mix with other states due to the action of
the Hamiltonian. In Fig. 20 (a) and (b), we study the dynamics of the Loschmidt echo for the
initial state |1100110011001100) using the exact Floquet dynamics and the first-order effective
Hamiltonian, respectively. In both cases, we find that the Loschmidt echo stays very close to 1,
with some small oscillations in (a). In Fig. 20 (c), we see that these initial states have highest
overlap with two mid-spectrum Floquet eigenstates with S; ;, = In2. Since S/, for this initial
state is much smaller than Sp,,,.(~ 5.1 for L = 16), this state is likely to retain its initial memory
for a long period of time.

Now we will consider the case y = 2w = V. Although both y = w and yu = 2w give rise to
DL for a non-interacting system, the presence of V makes a significant difference in the effective
Hamiltonian description. Going through the same procedure as before, we obtain the effective
Hamiltonian

L/2

H = Z [(1—ngj41) (1 —ngj44) + Nojig Nojigl (C;j+2C2j+3 + H.c.). (62)
i=1

Note that there is no hopping on the bonds (n15;1, n342). This implies that the occupation number
Nyj+Nyjyq in the j-th unit cell commutes with the effective Hamiltonian for all values of j. Hence
there are L/2 approximately conserved quantities, which can protect some of the mid-spectrum
states from thermalization for a long time. In Fig. 21, the entanglement entropy spectrum obtained
by (a) exact numerics and (b) first-order FPT are shown forJ =1, u = 2w =V =20, and L = 16.
The fragmentation in the spectrum points towards the existence of conserved charges following
from the first-order effective Hamiltonian.

5 Thermodynamic stability of Hilbert space fragmentation in our
models

In this section, we will discuss the stability of HSF in the thermodynamic limit (L — ©©) in the
context of the period-2 model which is at a DL point along with a resonance. In Figs. 22 (a-c),
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Figure 19: Entanglement entropy spectrum for a resonant case at a DL point of the
period-4 model: Plots showing the entanglement entropy Sy /o versus the quasienergy
Er obtained from (a) an exact Floquet calculation and (b) the first-order FPT Hamilto-
nian, for a DL point exhibiting a resonance with J = 1 and u = w = V = 20. The
color intensity indicates the density of states, suggesting that most of the states attain
the thermal value. However, there are also many low-entanglement states present near
the middle of the spectrum. The quasienergy spectrum obtained from FPT (b) agrees
well with the exact numerically computed spectrum (a). However, the entanglement en-
tropy obtained from the first-order FPT is much less than the exact numerically obtained
values for many of the states.

the scaled entanglement entropy Sy /5/L is shown as a function of the scaled quasienergy Ep/L
for L = 12, 16 and 20, respectively, for y = V = «w = 20. For this analysis, we employed the
exact diagonalization method for individual momentum sectors by using the translation symmetry
in order to access larger system sizes. For all three values of L, the range of the scaled quasienergy
turns out to be the same since the many-body bandwidth increases linearly with L. Interestingly,
we find that the scaled entanglement spectrum broadens with increasing system size, as can be seen
from Figs. 22 (a-c). The broadening of the entanglement spectrum indicates an increasing number
of Hilbert space fragments and inert configurations of states for larger system sizes. In Figs. 23
(a-b), the dynamics of the Loschmidt echo is shown for L = 12, 16 and 20 for the parameter
values u =V = w = 20 and u = V = w = 10, respectively. For both sets of parameters,
we consider three different choices of initial states, |[000111111000), |[0000111111110000),
and [00000111111111100000) for the three different system sizes, with the dynamics of all
three states being kinetically constrained to lie within a single Hilbert space fragment consisting
of four states, as depicted in Fig. 6 for L = 16. As a result, all three states execute long-time
oscillations in the dynamics, as seen in Figs. 23 (a-b). Furthermore, the envelop of the Loschmidt
echo in the first case falls off very slowly compared to the second case. This is due to the larger
values of u, V and w in the first case; hence the first-order FPT is a better approximation to the
exact Floquet Hamiltonian because the higher order corrections are smaller. In Figs. 23 (c-d), we
numerically fit the envelop of the Loschmidt echo with time for L = 20 for the same parameter
values same as in Figs. 23 (a-b). In both cases, we see that the period of oscillations of the
Loschmidt echo is almost the same, with At ~ 2. However, the decay rate of the envelop for
the first case is seen to be 1/7; ~ 0.0036, whereas the same quantity for the latter case is almost
four times larger, 1/75 ~ 0.0139. The faster decay rate in the second case can be explained
by the following argument. Due to the symmetry discussed in Eq. (37), the correction to the
first-order FPT effective Hamiltonian will be of third order, which should scale as J/u?; this
is derived in Appendix C at the DL points for V. = 0. Therefore, the decay rate 1/7, whose
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Figure 20: Dynamics of Loschmidt echo and the overlap with the Floquet eigen-
states for a resonant case at a DL point of the period-4 model: (a) Dynamics of the
Loschmidt echo for an initial state, |[1100110011001100), obtained from (a) an exact
numerical calculation and (b) from the first-order effective Hamiltonian, for a system
withJ =1, u = « = 20, V = 20, and L = 16. In both cases, the Loschmidt echo is
found to stay close to 1, indicating that the system retains the memory of the initial state
for a long period of time. (c) Overlap of the initial state with the Floquet eigenstates for
the same parameter values with the color bar showing the variation of S; /5. The Floquet
eigenstates having the highest overlap with this initial state lie exactly in the middle of
the Floquet eigenvalue spectrum and have extremely low entanglement.
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Figure 21: Entanglement spectrum at another DL point and at resonance for the
period-4 model: Plots showing the entanglement entropy S;, /, obtained from (a) exact
numerical calculations and (b) first-order Floquet Hamiltonian, at a DL point with J =1,
and u = 2w = V = 20. Both calculations show that the quasienergy spectrum consists
of multiple fragments with several low-entanglement states lying near the middle of the
spectrum. The color intensity indicates the density of states, revealing that the majority
of states do not attain the thermal value of te entanglement entropy which is given by the

upper envelop of the plots.
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Figure 22: Scaled entanglement spectrum as a function of scaled quasienergy at
another DL point and at resonance for the period-2 model: (a-c) Plots showing the
scaled entanglement entropy S/, obtained from exact numerical calculations as a func-
tion of the scaled quasienergy at a DL point with J = 1, and y = w = V = 20 for
L =12, 16 and 20, respectively. In all three cases, the range of the scaled quasienergy
appears to be the same. However, the spectrum of the scaled entanglement entropy

broadens with increasing system size, as can be seen in plots (a-c).

dominant contribution is expected to come from the third-order correction, should scale such that
T5/71 = (Ug/uq)?. Putting u; = 20 and u, = 10, we expect 1/7, = 4/7,, which agrees quite

well with the numerically fitted decay rate.

6 Experimental accessibility

Flat-band induced quantum many-body scars and HSF have been observed in recent years in the
context of equilibrium systems. One of the common mechanisms for these is compact localization
which requires special kinds of lattice structures. However, DL-induced flat bands can appear
in extremely simple lattice models; therefore, this mechanism is experimentally advantageous
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Figure 23: Variation of Loschmidt echo with time for different system sizes at a
DL point and at resonance: (a-b) Plots showing the variation of Loschmidt echo with
time for three different system sizes, L = 12, 16 and 20, and u = V = «w = 20 and
u =V = w = 10, respectively. (c-d) The fitting of the envelop of the Loschmidt echo
for L = 20 for the same parameter values as in plots (a) and (b). In plots (a-b), we con-
sider three different initial states for the three system sizes, all of them being kinetically
constrained to lie within a single Hilbert space cluster due to HSF. Consequently, these
states exhibit long-time persistent oscillations. The Loschmidt echo in (a) falls off very
slowly compared to (b) since the first-order FPT is a much better approximation to the
exact Floquet Hamiltonian due to the larger values of u, V and w in (a) compared to
the values in (b). Plots (c-d) show the functional forms of the envelops of the Loschmidt
echo as extracted from a fitting analysis. In both cases, the period of oscillation of the
Loschmidt echo is almost the same, with At ~ 27t. However, the decay rate significantly
increases as u, V and w decreases, as is clear from the fitting form of the envelop.
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compared to the systems demonstrating compact localization. This is one of the main reasons that
motivated us to pursue this idea. Moreover, the intricate interplay between DL and resonances
in this class of models induces a HSF which is different from the models of HSF discussed in
the literature until now. A well-studied model of HSF has a conservation of the total particle
number and the total dipole moment [105, 106]. However, the class of models studied here does
not conserve the dipole moment but conserves a staggered Ising interaction (see Appendix B);
hence this model merits a more detailed investigation. Further, our model for HSF does not seem
to arise from any limit of an equilibrium model, unlike an earlier model of HSF which appear
in the large V limit of a model of spinless fermions which have a nearest-neighbor interaction
with strength V [105, 106]. Therefore, periodic driving is necessary to realize this new kind of
non-equilibrium HSF. Furthermore, the kind of driving we chose for our proposed models can be
realized in cold-atom systems, and therefore opens up new possibilities for further explorations in
experimental settings.

7 Discussion

The central results presented in our paper are as follows. We have unraveled an intricate dynamical
behavior of a class of disorder-free one-dimensional interacting spinless fermionic models with a
periodically driven on-site potential which is also periodic in space. In the absence of interactions,
this class of models exhibits DL for a particular set of parameter values, giving rise to one or more
flat bands. We have focused in detail on two models, corresponding to potentials with period-2
and period-4 on the lattice. For the period-2 model, we describe a dynamical phase transition
which can be observed in the relaxation behavior of correlators in the absence of any interactions.
Our investigation shows that a crossover behavior between different power laws of the decay of
correlations generally occurs away from the DL points. We find that in the period-2 model, the flat
bands which arise due to DL are stable in the presence of a comparatively weak interaction strength
due to an emergent integrability. Further, the spectrum of half-chain entanglement entropy as a
function of the Floquet quasienergy for a weakly interacting system reveals that there are many
low-entanglement states near the middle of the quasienergy spectrum, implying that the system
may evade thermalization for a long time. The persistent oscillations in the correlation functions
and in the Loschmidt echo which survive for a long period of time support the above statement
about thermalization. However, these oscillations decay rapidly in time when we move away from
these fine-tuned parameter values.

Remarkably, our model also exhibits Hilbert space fragmentation due to the presence of kinetic
constraints when the DL and resonance condition are simultaneously satisfied and the interaction
is strong. In the case of period-4, the behavior appears to be much more intriguing, even in the
regime of weak interaction. The period-4 model possesses two mirror-symmetric configurations,
corresponding to two values of the phase, ¢ = 0 and ¢ = 77/4. Our study reveals that the
¢ = 0 case is identical to the period-2 model at the DL, although the conditions for DL for the
two cases are slightly different. The ¢ = 77/4 model is much more rich compared to the earlier
models. In the strong driving limit, the first-order Floquet perturbation theory suggests that the
¢ = m/4 model at the DL points reduces to the SSH Hamiltonian with perfect dimerization, with
the hopping amplitudes alternating as y; = 0 and v, = 1 respectively. Hence the system supports
robust zero-energy edge modes, which are topologically protected. The entanglement spectrum
in this regime demonstrates a finger-like structure with many low-entanglement states near the
middle of the quasienergy spectrum. We find that there are some initial states which either show
long-time persistent oscillations or do not participate in the dynamics at all. We put forward two
possible mechanisms for this ergodicity breaking.

(i) There exists an extensive numbers of conserved quantities at the DL points giving rise to sectors

39



SciPost Physics Submission

which are decoupled from the each other. The number of sectors grows exponentially with the
system size as 3%/, which is slower than the growth of the Hilbert space dimension 2. We
would like to emphasize that these quantities are only approximately conserved quantities; the
conservation becomes more and more exact as the driving amplitude is increased.

(i) Another possibility is that there are many configurations of frozen states which do not evolve
with time. However, these states quickly thermalize as we move away from a DL point.

In the presence of interactions, the period-4 model with ¢ = 77/4 is found to have a Flo-
quet Hamiltonian which describes the transverse field Ising model with longitudinal fields at the
boundaries. We find it surprising and remarkable that periodic driving of a period-4 model can
be tuned to generate well-known systems like the SSH model and the transverse field Ising model
which have been extensively studied for many years.

We also discuss the effects of a staggered on-site potential on the DL. In this case, we find that
the finger-like structure in the entanglement spectrum further breaks up into secondary fragments,
and the Loschmidt echo produces long-time coherent oscillations at the same fine-tuned parameter
values. Next, we examine the stability of this non-ergodic behavior whenever the DL and reso-
nance condition are simultaneously satisfied. To study this regime, we choose two different sets
of parameter values, uy = w =V > J, and y = 2w = V > J. In both cases, the non-interacting
part of the effective Hamiltonian supports DL. For uy = w = V > J, the entanglement spectrum
again demonstrates many low-entanglement states and slow thermalization of the system. In this
regime, the effective Floquet Hamiltonian found using first-order perturbation theory shows that
DL and resonances together put strict restrictions on the allowed hopping processes, and these re-
strictions protect some of the mid-spectrum states from thermalization. These kinetic constraints
on the dynamics generate dynamically disconnected sectors, a phenomenon called Hilbert space
fragmentation. For u = 2w = V > J, we see a fractured entanglement spectrum with many
segments and with many low-entanglement states near the middle of the quasienergy spectrum.
The first-order effective Hamiltonian for this case shows that there are an extensive numbers of
conserved quantities. Furthermore, as in the previous case, some processes are again strictly for-
bidden due to the combination of DL and resonance. These two mechanisms can, in principle,
lead the system towards non-ergodic behavior.

We would like to emphasize that the results obtained from the first-order Floquet Hamiltonian
(such as the appearance of a large number of conserved quantities) agree well with the results
from an exact numerical calculation of the Floquet operator only when (i) the driving amplitude
and frequency are much larger than all the other parameters of the system, and (ii) the time scale of
observation of correlation functions and Loschmidt echos is not very large. The two sets of results
are expected to deviate from each other at very long times because the effects of higher-order
terms in the FPT then become important.

In summary, we have presented a number of models in this paper which can be tailored by
Floquet engineering to exhibit rich topological and dynamical phase diagrams which have no
counterparts in a time-independent (undriven) model.
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9 Appendix A

In this appendix we will consider the model described in Eq. (42),
L
H = Z (nj— nj+3)2 (C]T.+2Cj+1 + H.c.) , (63)
j=1
where we have set the coefficient in front to be equal to 1 for simplicity, and we assume L to be

even. This model has three conserved quantities given by the total particle number and the total
staggered Ising interactions (0707 ; where o7 = 2n; —1) on odd- and even-numbered bonds,

M-
=
~.

C; =
j=1
L/2
C; = Y. (-1 (2ny_ —1) (2ny— 1),
=1
o
C; = (—1Y (2ny; —1) (2ng14, — 1). (64)

j=1

.
Il

We will use a transfer matrix method to determine the number of zero-energy states which consist
of a single state in the number basis for the Hamiltonian given in Eq. (63). We see from that
Hamiltonian that there cannot be any hopping between sites j + 1 and j + 2 if either

(i) the occupation numbers at sites (n;,n;,3) are either (0, 0) or (1, 1), or

(ii) the occupation numbers at sites (n,1,7;,5) are either (0,0) or (1,1).

Hence, any configuration which satisfies any of the above conditions for all values of j must
necessarily be a zero-energy state. This leads us to define an 8 x 8 transfer matrix T; whose rows
correspond to the eight possible occupation numbers (nj,n;,1,1;42), ie., (111), (110), (101),
(100), (011), (010), (001) and (000), and the columns correspond in a similar way to the eight
possible occupation numbers (11j,1,1j42,7;.3). The conditions given above imply that T; must
have the form

[11000000\
00100O0O0O
000O01O0UO0DO0
0 00O0O0O0OT11
T1_11000000 (65)
000100UO0TO0
000O0O0OT1O0TO0
\00000011}

We now have to find the eigenvalues of this matrix. We first note that the matrix has two 4 x 4
blocks which are not coupled to each other: the blocks consist of the rows and columns numbered
(1235) and (4678), and the two blocks have identical eigenvalues. We can therefore look at either
of the two blocks and find the four eigenvalues; the eigenvalues of T; will then be given by these
four eigenvalues, each repeated twice. The block corresponding to (1235) takes the form

1100
0010

T1/20001 (66)
1100

We find that one of the eigenvalues of Tl/ is zero. The other three eigenvalues must therefore be
solutions of a cubic equation which turns out to be

A—A2—1=0. (67)
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The solutions of this equation are found to be

A==+ % cos [%cos_l(zg) _ 2“}, (68)

1
3 2 3
where k can take the values 0, 1, 2. We then find that the three eigenvalues are given by 1.466 and
—0.233 £ 0.793i approximately. The eigenvalues of the original transfer matrix T, are therefore
given by 1.466, —0.233 £+ 0.793i and 0, each repeated twice. Hence, for a system with a large
number of sites L, the number of zero-energy states grows exponentially as 1.466" (compared to
the total number of states which grows as 2L).

It is interesting to compare the number of zero-energy states in this model with the number
of such states in a different model which also has a kinetic constraint on the nearest-neighbor
hoppings [105, 106]. The Hamiltonian of that model is given by

L
H = Z 1 - (nj—nj+3)2] (c}+2cj+1 + Hc) (69)
j=1

This model is known to have three conserved quantities given by the total particle number and the
total dipole numbers (n;n;,7) on odd- and even-numbered bonds,

M-

C4 = j»
j=1
L/2
Cs = Ngj—1 Nyj,
j=1
L/2
Co = Nyj Ngji1- (70)

1

J
It has been shown recently that this model can appear as the effective Hamiltonian of a periodically
driven system for some special values of the driving parameters [110]. In this model, we see that
there cannot be any hopping between sites j + 1 and j + 2 if either
(i) the occupation numbers at sites (n,n;,3) are either (0, 1) or (1,0), or
(ii) the occupation numbers at sites (n,1,7;,5) are either (0,0) or (1,1).
To find the number of zero-energy states in this model, we again construct an 8 x 8 transfer matrix
which now takes the form

(71

g

I
SO OO OOOoOR
OO O R OO0
[eNeN NoNoNoNoNo]
SO OO OO oo
O =R O OO O OO0
el eolNolNelNell Rl
_ O OO ~=OOOo
_ O OO~ OOoOOo

\ J

This matrix has a 6 x 6 block consisting of the rows and columns numbered (124578) and a 2 x 2
block consisting of the rows and columns numbered (36) which are not coupled to each other. The
6 x 6 block is found to have eigenvalues (1/2)(1 £ +/5), (1/2)(1£i+/3), 0 and 0, while the 2 x 2
block has eigenvalues +1. Hence the number of zero-energy states in this model grows with the
system size as 7%, where T = (1 + +/5)/2 ~ 1.618 is the golden ratio.
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10 Appendix B

In this appendix, we will derive the first-order FPT for a two-site model with nearest-neighbor
hopping J, and on-site potentials p; and u5, which can then be generalized to a system with larger
system sizes. We will further assume that the on-site potential is periodically driven in time with
a square pulse protocol. Assuming u, Uy > J, we can recast the Hamiltonian as

H = Ho+H;, where HOZ(MJ;U) szg)(t)) and H1=(3 é) (72)

1
The eigenfunctions corresponding to E; o = uyf(t) and u,f (t) are given by [+) = ( 0 ) and

|—) = ( 1 ) respectively. The instantaneous eigenvalues E; 5 satisfy the degeneracy condition in

Eq. (9). Following the procedure for degenerate FPT outlined in Egs. (11-14), we find that
. inB
(HHPH) = FHOR) = 0, (HO) = HEOW =set (22, a3

where B = (V; —V,)T /4. Hence Hl(gl) is given by

5 [ SinB 5
Hl(:l) =Je'B (T) (clrcz + c;rcl). (74)

11 Appendix C

In this section we will derive the third-order effective Hamiltonian using Floquet perturbation
theory for the period-2 model for V = 0 at a dynamical localization point obtained from the first-
order effective Hamiltonian. Following the usual steps of perturbation theory, we find that the
third-order effective Floquet Hamiltonian is

1
mEPTI) = — (mM®n) + §<m|(M(”)3|n>,

T
(mIM®|n) = > (m|H,|p){p|H, |q)(gH, |n) f et JoEn(t)Ep(ta)) dty ¢
pPq 0

/

t / t "
x f ot Jo (Bp(t2)=Eg(t2)) dty g4 J eifo (Bo(ta)—En(t)) dts gt
0 0

T
(m|(MM)3|n) = (m|H |p)(p|H1lq){q|H,In) J e JoEn(t)—Ey () dty g
p.q 0

T , T 1
XJ eifot (Ep(ta)—Eq(t2)) dty dt/f eifo[ (Eq(t3)—En(t3)) dts g4/ (75)
0 0

While writing Eq. (75), we use the fact that the second-order term M®) is zero for our particular
model with our choice of driving protocol due to the symmetry discussed in Eq. (19). Since the
perturbation part of the Hamiltonian for our model is off-diagonal in the basis, |m) = |+£), the only
non-zero matrix elements for the third-order effective Hamiltonian are

HHD) = = (MO + SHMOP), PR = GEO a6
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where
T t
(+HM®)-) = (+|H1I—><—|H1|+><+IH1I—>f e Jot) dts g
0
t t/ t/ t//
x J e—2if0 u(ty) dty dt/J ezifo ulty) degy dt”, (77)
0 0
T t
(+HMDY|) = <+|H1I—><—|H1I+><+IH1I—>f e Jot) dts g
0
T f/ T [l/
xf e—2if0 wtp) dty 34/ J eZifo w(ty) dtg g o (78)
0 0
For our model, we find using Eq. (8) that
(HH =) AH ) (+H, =) = 8 e cos” k. (79
Fo our choice of driving protocol, the integral in Eq. (77) can be written as
T t t t/ t/ t//
f eZifo u(ty) dty dtf e—2if0 wty) dty 34/ J eZifo ulty) dtg g4
0 0 0

/

T/2 t t
=f e2int dtf e 2int’ dt/f e2int” g
0 0 0

T t / t’ "
+lf e‘mM“detJ‘e_mﬁ§M“)m1dth 2o we) des g
2 0 0

T/
(80)

At the dynamical localization points u = new obtained from the first-order FPT Hamiltonian, the
first integral in Eq. (80) is given by

T/2 t t T
J p2it dtj o 2int dt’f Q2imt” g1t — — Wwhen p=now. (81)
0 0 0 u

The second integral in Eq. (80) can be written as a sum of three integrals,

T t / t/ 1"
J o~ 2iu(t=T) dtf e—2if0t u(ty) dey dt/f eZifO[ ults) dtg 3477
2 0 0

T/

T T/2 t/
— J e—Ziu(t—T) dtJ e—Ziut’ dt/J eziut” dt”
T/2 0 0
T t T/2 t/
+ f e—ZiM(t—T) dtf ezm(t’—T) dt’ (f eZiut” dt”+f e—2i,u(t”—T) dt“).
T/2 T/2 0 T/2

(82)
The three integrals in Eq. (82) at the dynamical localization points reduce to
T T/2 ¢
1. e~ 2m(t=T) q¢ J e2int” q¢/ J 2t g = o,
Jr)2 0 0
T t T/2
2 e—2i,u,(t—T) dt J eZi,u,(t’—T) f eZiut” dt’ = 0,
Jr)2 T/2 0
rT t t’ T
3. e~ 2u(t=T) dtf e2iu(t'=T) dt’f e 2T gy = ") (83)
JT1)2 T/2 T/2 4u
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when y = new. Similarly, one can show that the integral related to (M (1))3 in Eq. (78) is
T t T t/ T t//
J e2 Jou(ty) dn dtJ 2 fo ults) dtz dt’f e o M)t g¢” — 0 when p=nw. (84)
0 0 0
Therefore, the third-order effective Hamiltonian for V = 0 at the dynamical localization points
U = nw is given by
4J3

— Z cos® k (e_ika£ by + Hc) (85)
k

(3) _
H” =

Interestingly, we see that HS) scales as J3/u? at the dynamical localization points u = new, and it
does not explicitly depend on w at these special points.

References

[1] S. N. Shevchenko, S. Ashhab, and F. Nori, Landau-Zener-Stuckelberg interferometry,
Physics Reports 492, 1 (2010), doi:10.1016/j.physrep.2010.03.002.

[2] J. Dziarmaga, Dynamics of a Quantum Phase Transition and Relaxation to a Steady State,
Adv. Phys. 59, 1063 (2010), doi: 10.1080/00018732.2010.514702.

[3] A. Polkovnikov, K. Sengupta, A. Silva, and M. Vengalattore, Colloquium: Nonequilibrium
dynamics of closed interacting quantum systems, Rev. Mod. Phys. 83, 863 (2011), doi:
10.1103/RevModPhys.83.863.

[4] A. Dutta, G. Aeppli, B. K. Chakrabarti, U. Divakaran, T. F. Rosenbaum, and D.
Sen, Quantum phase transitions in transverse field spin models: from statistical

physics to quantum information (Cambridge University Press, Cambridge, 2015), doi:
10.1017/CBO9781107706057.

[5] M. Bukov, L. D’Alessio, and A. Polkovnikov, Universal High-Frequency Behavior of Peri-
odically Driven Systems: from Dynamical Stabilization to Floquet Engineering, Advances
in Physics 64, 139 (2015), doi:10.1080/00018732.2015.1055918.

[6] L. D’Alessio and A. Polkovnikov, Many-body energy localization transition in periodically
driven systems, Ann. Phys. 333, 19 (2013), doi:10.1016/j.a0p.2013.02.011.

[7] L. D’Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol, From quantum chaos and eigenstate
thermalization to statistical mechanics and thermodynamics, Adv. Phys. 65, 239 (2016),
doi:10.1080/00018732.2016.1198134.

[8] T. Mikami, S. Kitamura, K. Yasuda, N. Tsuji, T. Oka, and H. Aoki, Brillouin-Wigner the-
ory for high-frequency expansion in periodically driven systems: Application to Floquet
topological insulators, Phys. Rev. B 93, 144307 (2016), doi:10.1103/PhysRevB.93.144307.

[9] T. Oka and S. Kitamura, Floquet Engineering of Quantum Materials, Annu. Rev. Condens.
Matter Phys. 10, 387 (2019), doi: 10.1146/annurev-conmatphys-031218-013423.

[10] S. Bandyopadhyay, S. Bhattacharjee, and D. Sen, Driven quantum many-body sys-
tems and out-of-equilibrium topology, J. Phys. Condens. Matter 33, 393001 (2021),
doi:10.1088/1361-648X/ac1151.

45


https://doi.org/10.1016/j.physrep.2010.03.002
https://doi.org/10.1080/00018732.2010.514702
https://doi.org/10.1103/RevModPhys.83.863
https://doi.org/10.1017/CBO9781107706057
https://doi.org/10.1080/00018732.2015.1055918
https://doi.org/10.1016/j.aop.2013.02.011
https://doi.org/10.1080/00018732.2016.1198134
https://doi.org/10.1103/PhysRevB.93.144307
https://doi.org/10.1146/annurev-conmatphys-031218-013423
https://doi.org/10.1088/1361-648X/ac1151

SciPost Physics Submission

[11] A. Sen, D. Sen, and K. Sengupta, Analytic approaches to periodically driven closed quan-
tum systems: Methods and Applications, J. Phys. Condens. Matter 33, 443003 (2021),
doi:10.1088/1361-648X/ac1b61.

[12] T. Kitagawa, E. Berg, M. Rudner, and E. Demler, Topological characteriza-
tion of periodically driven quantum systems, Phys. Rev. B 82, 235114 (2010),
doi:10.1103/PhysRevB.82.235114.

[13] T. Kitagawa, T. Oka, A. Brataas, L. Fu, and E. Demler, Transport properties of nonequilib-
rium systems under the application of light: Photoinduced quantum Hall insulators without
Landau levels, Phys. Rev. B 84, 235108 (2011), doi:10.1103/PhysRevB.84.235108.

[14] K. Sengupta, S. Powell, and S. Sachdev, Quench dynamics across quantum critical points,
Phys. Rev. A 69, 053516 (2004), doi:10.1103/PhysRevA.69.053616.

[15] P.Calabrese and J. L. Cardy, Time Dependence of Correlation Functions Following a Quan-
tum Quench, Phys. Rev. Lett. 96, 136801 (2006), doi:10.1103/PhysRevLett.96.136801;
ibid., Quantum quenches in extended systems, J. Stat. Mech. (2007) P06008,
doi:10.1088/1742-5468/2007/06/P06008.

[16] C. De Grandi, V. Gritsev, and A. Polkovnikov, Quench dynamics near a quantum critical
point, Phys. Rev. B 81, 012303 (2010), doi:10.1103/PhysRevB.81.012303.

[17] A. Polkovnikov, Phys. Rev. B 72, 161201(R) 2005, doi:10.1103/PhysRevB.72.161201.
[18] A. Polkovnikov and V. Gritsev, Nature Phys. 4, 477 (2008), doi:10.1038/nphys963.

[19] J. Dziarmaga, Dynamics of a Quantum Phase Transition: Exact Solution of the Quantum
Ising Model, Phys. Rev. Lett. 95, 245701 (2005), doi:10.1103/PhysRevLett.95.245701.

[20] J. Dziarmaga, J. Meisner, and W. H. Zurek, Winding Up of the Wave-Function Phase by an
Insulator-to-Superfluid Transition in a Ring of Coupled Bose-Einstein Condensates, Phys.
Rev. Lett. 101, 115701 (2008), doi:10.1103/PhysRevLett.101.115701.

[21] R. W. Cherng and L. S. Levitov, Entropy and correlation functions of a driven quantum spin
chain, Phys. Rev. A 73, 043614 (2006), doi:10.1103/PhysRevA.73.043614.

[22] D. Sen, K. Sengupta, and S. Mondal, Defect Production in Nonlinear Quench
across a Quantum Critical Point, Phys. Rev. Lett. 101, 016806 (2008),
doi:10.1103/PhysRevLett.101.016806.

[23] S. Mondal, K. Sengupta, and D. Sen, Theory of defect production in nonlin-
ear quench across a quantum critical point, Phys. Rev. B 79, 045128 (2009),
doi:10.1103/PhysRevB.79.045128.

[24] K. Sengupta, D. Sen, and S. Mondal, Exact Results for Quench Dynamics and De-
fect Production in a Two-Dimensional Model, Phys. Rev. Lett. 100, 077204 (2008),
doi:10.1103/PhysRevLett.100.077204.

[25] S. Mondal, D. Sen, and K. Sengupta, Quench dynamics and defect production
in the Kitaev and extended Kitaev models, Phys. Rev. B 78, 045101 (2008),
doi:10.1103/PhysRevB.78.045101.

[26] U. Divakaran, A. Dutta, and D. Sen, Quenching along a gapless line: A different exponent
for defect density, Phys. Rev. B 78, 144301 (2008), doi:10.1103/PhysRevB.78.144301.

46


https://doi.org/10.1088/1361-648X/ac1b61
https://doi.org/10.1103/PhysRevB.82.235114
https://doi.org/10.1103/PhysRevB.84.235108
https://doi.org/10.1103/PhysRevA.69.053616
https://doi.org/10.1103/PhysRevLett.96.136801
https://dx.doi.org/10.1088/1742-5468/2007/06/P06008
https://doi.org/10.1103/PhysRevB.81.012303
https://doi.org/10.1103/PhysRevB.72.161201
https://doi.org/10.1038/nphys963
https://doi.org/10.1103/PhysRevLett.95.245701
https://doi.org/10.1103/PhysRevLett.101.115701
https://doi.org/10.1103/PhysRevA.73.043614
https://doi.org/10.1103/PhysRevLett.101.016806
https://doi.org/10.1103/PhysRevB.79.045128
https://doi.org/10.1103/PhysRevLett.100.077204
https://doi.org/10.1103/PhysRevB.78.045101
https://doi.org/10.1103/PhysRevB.78.144301

SciPost Physics Submission

[27]
(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

V. Mukherjee, A. Dutta, and D. Sen, 77, 214427 (2008), doi:10.1103/PhysRevB.77.214427.

U. Divakaran, V. Mukherjee, A. Dutta, and D. Sen, Defect production due to quench-
ing through a multicritical point, J. Stat. Mech. (2009) P02007, doi:10.1088/1742-
5468/2009/02/P02007.

C. Trefzger and K. Sengupta, Non-equilibrium dynamics of the Bose-Hubbard
model: A projection operator approach, Phys. Rev. Lett. 106, 095702 (2010),
doi:10.1103/PhysRevLett.106.095702.

S. Nandy, A. Sen, and D. Sen, Aperiodically Driven Integrable Systems and Their Emergent
Steady States, Phys. Rev. X 7, 031034 (2017), doi:10.1103/PhysRevX.7.031034.

S. Nandy, A. Sen, and D. Sen, Steady states of a quasiperiodically driven integrable system,
Phys. Rev. B 98, 245144 (2018), doi:10.1103/PhysRevB.98.245144.

A. Verdeny, J. Puig, and F. Mintert, Quasi-Periodically Driven Quantum Systems,
Zeitschrift fur Naturforsch. A 71, 897 (2016), doi:10.1515/zna-2016-0079.

P. T. Dumitrescu, R. Vasseur, and A. C. Potter, Logarithmically Slow Relaxation in
Quasiperiodically Driven Random Spin Chains, Phys. Rev. Lett. 120, 070602 (2018),
doi:10.1103/PhysRevLett.120.070602.

S. Ray, S. Sinha, and D. Sen, Dynamics of quasiperiodically driven spin systems, Phys.
Rev. E 100, 052129 (2019), doi: 10.1103/PhysRevE.100.052129.

S. Maity, U. Bhattacharya, A. Dutta, and D. Sen, Fibonacci steady states
in a driven integrable quantum system, Phys. Rev. B 99, 020306(R) (2019),
doi:10.1103/PhysRevB.99.020306.

D. V. Else, W. W. Ho, and P. T. Dumitrescu, Long-Lived Interacting Phases of Matter
Protected by Multiple Time-Translation Symmetries in Quasiperiodically Driven Systems,
Phys. Rev. X 10, 021032 (2020), doi:10.1103/PhysRevX.10.021032.

H. Zhao, F. Mintert, R. Moessner, and J. Knolle, Random Multipolar Driving: Tun-
ably Slow Heating through Spectral Engineering, Phys. Rev. Lett. 126, 040601 (2021),
doi:10.1103/PhysRevLett.126.040601.

B. Mukherjee, A. Sen, D. Sen, and K. Sengupta, Restoring coherence via aperi-
odic drives in a many-body quantum system, Phys. Rev. B 102, 014301 (2020),
doi:10.1103/PhysRevB.102.014301.

L. Bloch, J. Dalibard, and W. Zwerger, Many-body physics with ultracold gases, Rev. Mod.
Phys. 80, 885 (2008), doi:10.1103/RevModPhys.80.885.

L. Taurell and L. Sanchez-Palencia, Quantum simulation of the Hubbard model
with ultracold fermions in optical lattices, C. R. Physique 19, 365 (2018),
doi:10.1016/j.crhy.2018.10.013.

M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, and 1. Bloch, Squeezed states in a
Bose-Einstein condensate, Nature (London) 415, 39 (2002), doi:10.1038/415039a.

C. Orzel, A. K. Tuchman, M. L. Fenselau, M. Yasuda, and M. A. Kasevich, Squeezed states
in a Bose-Einstein condensate , Science 291, 2386 (2001), doi:10.1126/science.1058149.

T. Kinoshita, T. Wenger, and D. S. Weiss, A quantum Newton’s cradle, Nature (London)
440, 900 (2006), doi:10.1038/nature04693.

47


https://doi.org/10.1103/PhysRevB.77.214427
https://dx.doi.org/10.1088/1742-5468/2009/02/P02007
https://dx.doi.org/10.1088/1742-5468/2009/02/P02007
https://doi.org/10.1103/PhysRevLett.106.095702
https://doi.org/10.1103/PhysRevX.7.031034
https://doi.org/10.1103/PhysRevB.98.245144
https://doi.org/10.1515/zna-2016-0079
https://doi.org/10.1103/PhysRevLett.120.070602
https://doi.org/10.1103/PhysRevE.100.052129
https://doi.org/10.1103/PhysRevB.99.020306
https://doi.org/10.1103/PhysRevX.10.021032
https://link.aps.org/doi/10.1103/PhysRevLett.126.040601
https://doi.org/10.1103/PhysRevB.102.014301
https://doi.org/10.1103/RevModPhys.80.885
https://ui.adsabs.harvard.edu/link_gateway/2018CRPhy..19..365T/doi:10.1016/j.crhy.2018.10.013
https://doi.org/10.1038/415039a
https://doi.org/10.1126/science.1058149
https://doi.org/10.1038/nature04693

SciPost Physics Submission

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

L. E. Sadler, J. M. Higbie, S. R. Leslie, M. Vengalattore, and D. M. Stamper-Kurn, A
quantum gas microscope for detecting single atoms in a Hubbard-regime optical lattice ,
Nature (London) 443, 312 (2006), doi:10.1038/nature05094.

W. S. Bakr, J. Gillen, A. Peng, S. Folling, and M. Greiner, Nature 462, 74 (2009),
doi:10.1038/nature08482.

W. S. Bakr, A. Peng, M. E. Tai, R. Ma, J. Simon, J. I. Gillen, S. Folling, L. Pollet, and M.
Greiner, Probing the superfluid-to-Mott insulator transition at the single-atom level, Science
329, 547 (2010), doi:10.1126/science.1192368.

H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran, H. Pichler, S. Choi, A. S. Zi-
brov, M. Endres, M. Greiner, V. Vuletic, and M. D. Lukin, Probing many-body dynamics on
a 51-atom quantum simulator, Nature (London) 551, 579 (2017), doi:10.1038/nature24622.

H. Levine, A. Keesling, A. Omran, H. Bernien, S. Schwartz, A. S. Zibrov, M. Endres, M.
Greiner, V. Vuletic, and M. D. Lukin, High-Fidelity Control and Entanglement of Rydberg-
Atom Qubits, Phys. Rev. Lett. 121, 123603 (2018), doi:10.1103/PhysRevLett.121.123603.

N. H. Lindner, G. Refael, and V. Galitski, Floquet topological insulator in semiconductor
quantum wells, Nature Phys. 7, 490 (2011), doi:10.1038/nphys1926.

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

A. Kundu, H. A. Fertig, and B. Seradjeh, Effective Theory of Floquet Topological Transi-
tions, Phys. Rev. Lett. 113, 236803 (2014), doi:10.1103/PhysRevLett.113.236803.

F. Nathan and M. S. Rudner, Topological singularities and the general classifica-
tion of Floquet—Bloch systems, New J. Phys. 17, 125014 (2015), doi:10.1088/1367-
2630/17/12/125014.

B. Mukherjee, A. Sen, D. Sen, and K. Sengupta, Signatures and conditions for phase
band crossings in periodically driven integrable systems, Phys. Rev. B 94, 155122 (2016),
doi:10.1103/PhysRevB.94.155122.

B. Mukherjee, P. Mohan, D. Sen, and K. Sengupta, Low-frequency phase diagram of irradi-
ated graphene and a periodically driven spin-12 XY chain, Phys. Rev. B 97, 205415 (2018),
doi:10.1103/PhysRevB.97.205415.

V. Khemani, A. Lazarides, R.Moessner, and S. L. Sondhi, Phase Structure of Driven Quan-
tum Systems, Phys. Rev. Lett. 116, 250401 (2016), doi:10.1103/PhysRevLett.116.250401.

D. V. Else, B. Bauer, and C. Nayak, Floquet Time Crystals, Phys. Rev. Lett. 117, 090402
(2016), doi:https://doi.org/10.1103/PhysRevLett.117.090402.

J. Zhang, P. W. Hess, A. Kyprianidis, P. Becker, A. Lee, J. Smith, G. Pagano, 1.-D. Potir-
niche, A. C. Potter, A. Vishwanath, N. Y. Yao, and C. Monroe, Observation of a discrete
time crystal, Nature 543, 217 (2017), doi:10.1038/nature21413.

T. Nag, S. Roy, A. Dutta, and D. Sen, Dynamical localization in a chain of hard core bosons
under periodic driving, Phys. Rev. B 89, 165425 (2014), doi:10.1103/PhysRevB.89.165425.

T. Nag, D. Sen, and A. Dutta, Maximum group velocity in a one-dimensional model
with a sinusoidally varying staggered potential, Phys. Rev. A 91, 063607 (2015),
doi:10.1103/PhysRevA.91.063607.

48


https://doi.org/10.1038/nature05094
https://doi.org/10.1038/nature08482
https://doi.org/10.1126/science.1192368
https://doi.org/10.1038/nature24622
https://doi.org/10.1103/PhysRevLett.121.123603
https://doi.org/10.1038/nphys1926
https://link.aps.org/doi/10.1103/PhysRevB.88.155133
https://doi.org/10.1103/PhysRevLett.113.236803
https://dx.doi.org/10.1088/1367-2630/17/12/125014
https://dx.doi.org/10.1088/1367-2630/17/12/125014
https://doi.org/10.1103/PhysRevB.94.155122
https://doi.org/10.1103/PhysRevB.97.205415
https://doi.org/10.1103/PhysRevLett.116.250401
https://doi.org/10.1103/PhysRevLett.117.090402
https://doi.org/10.1038/nature21413
https://doi.org/10.1103/PhysRevB.89.165425
https://doi.org/10.1103/PhysRevA.91.063607

SciPost Physics Submission

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

A. Agarwala, U. Bhattacharya, A. Dutta, and D. Sen, Effects of periodic kicking on
dispersion and wave packet dynamics in graphene, Phys. Rev. B 93, 174301 (2016),
doi:10.1103/PhysRevB.93.174301.

A. Agarwala and D. Sen, Effects of interactions on periodically driven dynamically local-
ized systems, Phys. Rev. B 95, 014305 (2017), doi:10.1103/PhysRevB.95.014305.

D.J. Luitz, Y. Bar Lev, and A. Lazarides, Absence of dynamical localization in interacting
driven systems, SciPost Phys. 3, 029 (2017), doi:10.21468/SciPostPhys.3.4.029.

D. J. Luitz, A. Lazarides, and Y. Bar Lev, Periodic and quasiperiodic revivals in pe-
riodically driven interacting quantum systems, Phys. Rev. B 97, 020303(R) (2018),
doi:10.1103/PhysRevB.97.020303.

R. Ghosh, B. Mukherjee, and K. Sengupta, Floquet perturbation theory for pe-
riodically driven weakly interacting fermions, Phys. Rev. B 102, 235114 (2020),
doi:10.1103/PhysRevB.102.235114.

A. Das, Exotic freezing of response in a quantum many-body system, Phys. Rev. B 82,
172402 (2010), doi:10.1103/PhysRevB.82.172402.

S. Bhattacharyya, A. Das, and S. Dasgupta, Transverse Ising chain under periodic instan-
taneous quenches: Dynamical many-body freezing and emergence of slow solitary oscilla-
tions, Phys. Rev. B 86, 054410 (2012), doi:10.1103/PhysRevB.86.054410.

S. S. Hegde, H. Katiyar, T. S. Mahesh, and A. Das, Freezing a quantum magnet by re-
peated quantum interference: An experimental realization, Phys. Rev. B 90, 174407 (2014),
doi:10.1103/PhysRevB.90.174407.

S. Mondal, D. Pekker, and K. Sengupta, Dynamics-induced freezing of strongly correlated
ultracold bosons, Europhys. Lett. 100, 60007 (2012), doi:10.1209/0295-5075/100/60007.

U. Divakaran and K. Sengupta, Dynamic freezing and defect suppression in the
tilted one-dimensional Bose-Hubbard model, Phys. Rev. B 90, 184303 (2014),
doi:10.1103/PhysRevB.90.184303.

S. Lubini, L. Chirondojan, G.-L. Oppo, A. Politi, and P. Politi, Dynamical
Freezing of Relaxation to Equilibrium, Phys. Rev. Lett. 122, 084102 (2019),
doi:10.1103/PhysRevLett.122.084102.

A. Lazarides, A. Das, and R. Moessner, Equilibrium states of generic quantum systems sub-
ject to periodic driving, Phys. Rev. E 90, 012110 (2014), doi:10.1103/PhysRevE.90.012110.

B. Mukherjee, A. Sen, D. Sen, and K. Sengupta, Dynamics of the vacuum
state in a periodically driven Rydberg chain, Phys. Rev. B 102, 075123 (2020),
doi:10.1103/PhysRevB.102.075123.

B. Mukherjee, S. Nandy, A. Sen, D. Sen, and K. Sengupta, Collapse and revival of
quantum many-body scars via Floquet engineering, Phys. Rev. B 101, 245107 (2020),
doi:10.1103/PhysRevB.101.245107.

M. Heyl, A. Polkovnikov, and S. Kehrein, Dynamical Quantum Phase Transi-
tions in the Transverse-Field Ising Model, Phys. Rev. Lett. 110, 135704 (2013),
doi:10.1103/PhysRevLett.110.135704.

49


https://doi.org/10.1103/PhysRevB.93.174301
https://doi.org/10.1103/PhysRevB.95.014305
https://scipost.org/10.21468/SciPostPhys.3.4.029
https://doi.org/10.1103/PhysRevB.97.020303
https://doi.org/10.1103/PhysRevB.102.235114
https://doi.org/10.1103/PhysRevB.82.172402
https://doi.org/10.1103/PhysRevB.86.054410
https://doi.org/10.1103/PhysRevB.90.174407
https://dx.doi.org/10.1209/0295-5075/100/60007
https://doi.org/10.1103/PhysRevB.90.184303
https://doi.org/10.1103/PhysRevLett.122.084102
https://doi.org/10.1103/PhysRevE.90.012110
https://doi.org/10.1103/PhysRevB.102.075123
https://doi.org/10.1103/PhysRevB.101.245107
https://doi.org/10.1103/PhysRevLett.110.135704

SciPost Physics Submission

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

A. Sen, S. Nandy, and K. Sengupta, Entanglement generation in periodically driven inte-
grable systems: Dynamical phase transitions and steady state, Phys. Rev. B 94, 214301
(2016), doi:10.1103/PhysRevB.94.214301.

S. Nandy, K. Sengupta, and A. Sen, Periodically driven integrable systems with long-range
pair potentials, J. Phys. A 51, 334002 (2018), doi:10.1088/1751-8121/aaced®6.

M. Sarkar and K. Sengupta, Dynamical transition for a class of integrable models coupled
to a bath, Phys. Rev. B 102, 235154 (2020), doi:10.1103/PhysRevB.102.235154.

S. Aditya, S. Samanta, A. Sen, K. Sengupta, and D. Sen, Dynamical relaxation of correla-
tors in periodically driven integrable quantum systems, Phys. Rev. B 105, 104303 (2022),
doi:10.1103/PhysRevB.105.104303.

A. A. Makki, S. Bandyopadhyay, S. Maity, and A. Dutta, Dynamical crossover behavior in
the relaxation of quenched quantum many-body systems, Phys. Rev. B 105, 054301 (2022),
doi:10.1103/PhysRevB.105.054301.

J. M. Deutsch, Quantum statistical mechanics in a closed system, Phys. Rev. A 43, 2046
(1991), doi:10.1103/PhysRevA.43.2046.

M. Srednicki, Chaos and quantum thermalization, Phys. Rev. E 50, 888 (1994),
doi:10.1103/PhysRevE.50.888.

M. Srednicki, The approach to thermal equilibrium in quantized chaotic systems, J. Phys.
A 32,1163 (1999), doi:10.1088/0305-4470/32/7/007.

M. Rigol, V. Dunjko, and M. Olshanii, Thermalization and its mechanism for generic iso-
lated quantum systems, Nature 452, 854 (2008), doi:10.1038/nature06838.

P. Reimann, Foundation of Statistical Mechanics under Experimentally Realistic Condi-
tions, Phys. Rev. Lett. 101, 190403 (2008), doi:10.1103/PhysRevLett.101.190403.

R. Nandkishore and D. A. Huse, Many body localization and thermalization in quan-
tum statistical mechanics, Annual Review of Condensed Matter Physics 6(1), 15 (2015),
doi:10.1146/annurev-conmatphys-031214-014726.

D. A. Abanin, E. Altman, I. Bloch, and M. Serbyn, Colloquium: Many-body lo-
calization, thermalization, and entanglement, Rev. Mod. Phys. 91, 021001 (2019),
doi:10.1103/RevModPhys.91.021001.

C. J. Turner, A. A. Michailidis, D. A. Abanin, M. Serbyn, and Z. Papi¢, Weak er-
godicity breaking from quantum many-body scars, Nature Physics 14(7), 745 (2018),
doi:10.1038/s41567-018-0137-5.

C. J. Turner, A. A. Michailidis, D. A. Abanin, M. Serbyn, and Z. Papi¢, Quantum scarred
eigenstates in a Rydberg atom chain: Entanglement, breakdown of thermalization, and sta-
bility to perturbations, Phys. Rev. B 98, 155134 (2018), doi:10.1103/PhysRevB.98.155134.

A. Hudomal, I. Vasi ¢, N. Regnault, and Z. Papi ¢, Quantum scars of bosons with correlated
hopping, Communications Physics 3(1), 99 (2020), doi:10.1038/s42005-020-0364-9.

S. Sinha and S. Sinha, Chaos and Quantum Scars in Bose-Josephson Junc-
tion Coupled to a Bosonic Mode, Phys. Rev. Lett. 125, 134101 (2020),
doi:10.1103/PhysRevLett.125.134101.

50


https://doi.org/10.1103/PhysRevB.94.214301
https://doi.org/10.1088/1751-8121/aaced6
https://doi.org/10.1103/PhysRevB.102.235154
https://doi.org/10.1103/PhysRevB.105.104303
https://doi.org/10.1103/PhysRevB.105.054301
https://doi.org/10.1103/PhysRevA.43.2046
https://doi.org/10.1103/PhysRevE.50.888
https://doi.org/10.1088/0305-4470/32/7/007
https://doi.org/10.1038/nature06838
https://doi.org/10.1103/PhysRevLett.101.190403
https://doi.org/10.1146/annurev-conmatphys-031214-014726
https://link.aps.org/doi/10.1103/RevModPhys.91.021001
https://doi.org/10.1038/s41567-018-0137-5
https://doi.org/10.1103/PhysRevB.98.155134
https://doi.org/10.1038/s42005-020-0364-9
https://doi.org/10.1103/PhysRevLett.125.134101

SciPost Physics Submission

[91] O. Vafek, N. Regnault, and B. A. Bernevig, Entanglement of exact excited eigen-
states of the Hubbard model in arbitrary dimension, SciPost Phys. 3, 043 (2017),
doi:10.21468/SciPostPhys.3.6.043.

[92] T. Iadecola and M. Znidari¢, Exact Localized and Ballistic Eigenstates in Disordered
Chaotic Spin Ladders and the Fermi-Hubbard Model, Phys. Rev. Lett. 123, 036403 (2019),
doi:10.1103/PhysRevLett.123.036403.

[93] D. K. Mark and O. I. Motrunich, n-pairing states as true scars in an extended Hubbard
model, Phys. Rev. B 102, 075132 (2020), doi:10.1103/PhysRevB.102.075132.

[94] Y. Kuno, T. Mizoguchi, and Y. Hatsugai, Flat band quantum scar, Phys. Rev. B 102,
241115(R) (2020), doi:10.1103/PhysRevB.102.241115.

[95] Y. Kuno, T. Orito, and I. Ichinose, Flat-band many-body localization and ergodicity break-
ing in the Creutz ladder, New J. Phys. 22, 013032 (2020), doi:10.1088/1367-2630/ab6352.

[96] Y. Kuno, T. Mizoguchi, and Y. Hatsugai, Multiple quantum scar states and emer-
gent slow thermalization in a flat-band system, Phys. Rev. B 104, 085130 (2021),
doi:10.1103/PhysRevB.104.085130.

[97] D. Banerjee and A. Sen, Quantum Scars from Zero Modes in an Abelian
Lattice Gauge Theory on Ladders, Phys. Rev. Lett. 126, 220601 (2021),
doi:10.1103/PhysRevLett.126.220601.

[98] K. Sanada, Y. Miao, and H. Katsura, Quantum many-body scars in spin models with multi-
body interactions, arXiv:2304.13624, doi:10.48550/arXiv.2304.13624.

[99] S. Sugiura, T. Kuwahara, and K. Saito, Phys. Rev. Research 3, L012010 (2021),
doi:10.1103/PhysRevResearch.3.1.012010.

[100] S. Pai and M. Pretko, Dynamical Scar States in Driven Fracton Systems, Phys. Rev. Lett.
123, 136401 (2019), doi:10.1103/PhysRevLett.123.136401.

[101] H. Zhao, J. Vovrosh, F. Mintert, and J. Knolle, Quantum Many-Body Scars in Optical Lat-
tices, Phys. Rev. Lett. 124, 160604 (2020), doi:10.1103/PhysRevLett.124.160604.

[102] B. Mukherjee, A. Sen, D. Sen, and K. Sengupta, Dynamics of the vacuum
state in a periodically driven Rydberg chain, Phys. Rev. B 102, 075123 (2020),
doi:10.1103/PhysRevB.102.075123.

[103] K. Mizuta, K. Takasan, and N. Kawakami, Exact Floquet quantum many-
body scars under Rydberg blockade, Phys. Rev. Research 2, 033284 (2020),
doi:10.1103/PhysRevResearch.2.033284.

[104] B. Mukherjee, A. Sen, D. Sen and K. Sengupta, Restoring coherence via aperi-
odic drives in a many-body quantum system Phys. Rev. B 102, 014301 (2020),
doi:10.1103/PhysRevB.102.014301.

[105] G. De Tomasi, D. Hetterich, P. Sala, and F. Pollmann, Dynamics of strongly interacting
systems: From Fock-space fragmentation to many-body localization, Phys. Rev. B 100,
214313 (2019), doi:10.1103/PhysRevB.100.214313.

[106] Z.-C. Yang, F. Liu, A. V. Gorshkov, and T. Iadecola, Hilbert-space fragmentation from strict
confinement, Phys. Rev. Lett. 124, 207602 (2020), doi:10.1103/PhysRevLett.124.207602.

51


https://scipost.org/10.21468/SciPostPhys.3.6.043
https://doi.org/10.1103/PhysRevLett.123.036403
https://doi.org/10.1103/PhysRevB.102.075132
https://doi.org/10.1103/PhysRevB.102.241115
https://doi.org/10.1088/1367-2630/ab6352
https://doi.org/10.1103/PhysRevB.104.085130
https://doi.org/10.1103/PhysRevLett.126.220601
https://doi.org/10.48550/arXiv.2304.13624
https://doi.org/10.1103/PhysRevResearch.3.L012010
https://doi.org/10.1103/PhysRevLett.123.136401
https://doi.org/10.1103/PhysRevLett.124.160604
https://doi.org/10.1103/PhysRevB.102.075123
https://doi.org/10.1103/PhysRevResearch.2.033284
https://doi.org/10.1103/PhysRevB.102.014301
https://doi.org/10.1103/PhysRevB.100.214313
https://doi.org/10.1103/PhysRevLett.124.207602

SciPost Physics Submission

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

V. Khemani, M. Hermele, and R. Nandkishore, Localization from Hilbert space shat-
tering: From theory to physical realizations, Phys. Rev. B 101, 174204 (2020),
doi:10.1103/PhysRevB.101.174204.

P. Sala, T. Rakovszky, R. Verresen, M. Knap, and F. Pollmann, Ergodicity Breaking Arising
from Hilbert Space Fragmentation in Dipole-Conserving Hamiltonians, Phys. Rev. X 10,
011047 (2020), doi:10.1103/PhysRevX.10.011047.

T. Rakovszky, P. Sala, R. Verresen, M. Knap, and F. Pollmann, Statistical localization:
From strong fragmentation to strong edge modes, Phys. Rev. B 101, 125126 (2020),
doi:10.1103/PhysRevB.101.125126.

S. Ghosh, 1. Paul, and K. Sengupta, Prethermal Fragmentation in a Pe-
riodically Driven Fermionic Chain, Phys. Rev. Lett. 130, 120401 (2023),
doi:10.1103/PhysRevLett.130.120401.

V. Tiwari, D. Bhakuni, and A. Sharma, Dynamical localization and slow dy-
namics in quasiperiodically-driven quantum systems, arXiv:2302.12271 (2022),
doi:10.48550/arXiv.2302.12271.

M. Thakurathi, W. DeGottardi, D. Sen, and S. Vishveshwara, Quenching across quantum
critical points in periodic systems: Dependence of scaling laws on periodicity, Phys. Rev.
B 85, 165425 (2012), doi:10.1103/PhysRevB.85.165425.

A. Quelle and C. M. Smith, Resonances in a periodically driven bosonic system, Phys. Rev.
E 96, 052105 (2017), doi:10.1103/PhysRevE.96.052105.

A. Soori and D. Sen, Nonadiabatic charge pumping by oscillating potentials in one di-
mension: Results for infinite system and finite ring, Phys. Rev. B 82, 115432 (2010),
doi:10.1103/PhysRevB.82.115432.

T. Bilitewski and N. R. Cooper, Scattering Theory for Floquet-Bloch States, Phys. Rev. A
91, 033601 (2015), doi:10.1103/PhysRevA.91.033601.

A. Haldar, D. Sen, R. Moessner, and A. Das, Dynamical freezing and scar points in strongly
driven Floquet matter: resonance vs emergent conservation laws, Phys. Rev. X 11, 021008
(2021), doi:10.1103/PhysRevX.11.021008.

D. N. Page, Average entropy of a subsystem, Phys. Rev. Lett. 71, 1291 (1993),
doi:10.1103/PhysRevLett.71.1291.

L. Vidmar and M. Rigol, Entanglement Entropy of Eigenstates of Quantum Chaotic Hamil-
tonians, Phys. Rev. Lett. 119, 220603 (2017), doi:10.1103/PhysRevLett.119.220603.

D. Bhakuni, A. Ghosh, and E. Grosfeld, Interaction-driven phase transition in one-
dimensional mirror-symmetry protected topological insulator, SciPost Phys. Core 5, 048
(2022), doi:10.21468/SciPostPhysCore.5.4.048.

W. P. Su, J. R. Schrieffer, and A. J. Heeger, Solitons in Polyacetylene, Phys. Rev. Lett. 42,
1698 (1979), doi:10.1103/PhysRevLett.42.1698.

M. Campostrini, A. Pelissetto, and E. Vicari, Quantum Ising chains with boundary fields, J.
Stat. Mech. P11015 (2015), doi:10.1088/1742-5468/2015/11/P11015.

A. S. Aramthottil, U. Bhattacharya, D. Gonzdlez-Cuadra, M. Lewenstein, L. Barbiero,

and J. Zakrzewski, Scar states in deconfined Z, lattice gauge theories, Phys. Rev. B 106,
L041101 (2022), doi:10.1103/PhysRevB.106.1.041101.

52


https://doi.org/10.1103/PhysRevB.101.174204
https://doi.org/10.1103/PhysRevX.10.011047
https://doi.org/10.1103/PhysRevB.101.125126
https://doi.org/10.1103/PhysRevLett.130.120401
  https://doi.org/10.48550/arXiv.2302.12271
https://doi.org/10.1103/PhysRevB.85.165425
https://doi.org/10.1103/PhysRevE.96.052105
https://doi.org/10.1103/PhysRevB.82.115432
https://doi.org/10.1103/PhysRevA.91.033601
https://doi.org/10.1103/PhysRevX.11.021008
https://doi.org/10.1103/PhysRevLett.71.1291
https://doi.org/10.1103/PhysRevLett.119.220603
https://scipost.org/10.21468/SciPostPhysCore.5.4.048
https://link.aps.org/doi/10.1103/PhysRevLett.42.1698
http://dx.doi.org/10.1088/1742-5468/2015/11/P11015
https://doi.org/10.1103/PhysRevB.106.L041101

SciPost Physics Submission

[123] P. A. McClarty, M. Haque, A. Sen, and J. Richter, Disorder-free localization and
many-body quantum scars from magnetic frustration, Phys. Rev. B 102, 224303 (2020),
doi:https://doi.org/10.1103/PhysRevB.102.224303.

[124] B. Mukherjee, A. Sen, K. Sengupta, Periodically driven Rydberg chains with staggered
detuning, Phys. Rev. B 106, 064305 (2022), doi:10.1103/PhysRevB.106.064305.

53


https://doi.org/10.1103/PhysRevB.102.224303
https://doi.org/10.1103/PhysRevB.106.064305

	Introduction
	Hamiltonian of period-m model
	Period-2 model
	Dynamical localization for a single-particle system
	Dynamical phase transition
	Effects of interactions on dynamical localization
	Effects of resonances

	Period-4 model
	Type-1 mirror-symmetric case
	Type-2 mirror-symmetric case
	Effective spin model based on first-order effective Hamiltonian
	Effects of staggered on-site potential
	Effects of resonances


	Thermodynamic stability of Hilbert space fragmentation in our models
	Experimental accessibility
	Discussion
	Acknowledgements
	Appendix A
	Appendix B
	Appendix C
	References

