Statistical Floquet prethermalization of the Bose-Hubbard model
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The manipulation of many-body systems often involves time-dependent forces that cause un-
wanted heating. One strategy to suppress heating is to use time-periodic (Floquet) forces at large

driving frequencies.

For quantum spin systems with bounded spectra, it was shown rigorously

that the heating rate is exponentially small in the driving frequency. Recently, the exponential
suppression of heating has also been observed in an experiment with ultracold atoms, realizing a
periodically driven Bose-Hubbard model. This model has an unbounded spectrum and, hence, is
beyond the reach of previous theoretical approaches. Here, we study this model with two semi-
classical approaches valid, respectively, at large and weak interaction strengths. In both limits, we
compute the heating rates by studying the statistical probability to encounter a many-body reso-
nance, and obtain a quantitative agreement with the exact diagonalization of the quantum model.
Our approach demonstrates the relevance of statistical arguments to Floquet perthermalization of

interacting many-body quantum systems.

The study of periodically driven systems has a long
history, tracing back to the work of Floquet on classi-
cal systems governed by linear equations of motion [].
Floquet showed that these equations can be solved using
a time-independent unitary matrix, Ug, which captures
the evolution over one period of the drive, 7. Remark-
ably, because the time evolution of quantum systems is
determined by a linear equation (namely, the Schrédinger
equation), Floquet theory can be used to study any quan-
tum system, even in the presence of interactions. The
practical applicability of Floquet theory is hindered by
the fact that finding Up, and diagonalizing it, is gener-
ically very difficult. This difficulty is especially acute
for many-body quantum systems, where the size of Up
grows exponentially with the number of degrees of free-
dom. Nevertheless, at large driving frequencies, Up can
be derived using a controlled analytical approximation,
the Magnus expansion [2]. The first term of this ex-
pansion is Up ~ e *Hav7 where H,, = 77! fOT H(t)dt is
the time-averaged Hamiltonian. The other terms are in-
tegrals of commutation relations of the Hamiltonian at
different times [3].

Using the Magnus expansion, Refs. [4H8] were able to
obtain rigorous constraints on the time evolution of pe-
riodically driven quantum many-body systems. These
rigorous theorems apply to quantum spin systems that
satisfy a local norm bound: their Hamiltonians consist
of sums of local operators whose matrix elements are
smaller than a given energy scale J. For these systems,
the heating rate ® was shown to be exponential sup-
pressed at large driving frequencies 2 = 27 /7, according

to
() < % exp (—g) ) (1)

where £ is the Plank’s constant, A and B are unitless
constant. This exponential suppression was observed in

several numerical studies [9HI2] and in an experiment
with dipolar spin chains [13].

The rigorous bound of Eq. can be understood us-
ing a perturbative argument [4]: Due to the local norm
bound, a single application of the driving field can change
the energy of the system by J, at most. On the other
hand, the absorption of a quantum of energy from the
pump injects energy h{2. Hence, the absorption of en-
ergy from the pump requires the product of n = hQ)/J
operators and is governed by the nth order perturbation
theory. Refs. [5H8] used the Magnus expansion to extend
this argument and demonstrate that Eq. is a rigor-
ous bound, valid to all orders. Interestingly, in the limit
of i — 0, this bound applies to classical systems with a
bounded spectrum [I4 [15].

Many physical systems escape the regime of validity
of the aforementioned rigorous bounds. For example,
massive particles with momentum p have a kinetic en-
ergy p?/2m that is unbounded from above. Ref. [16]
demonstrated that systems of interacting particles can,
nevertheless, show an exponential suppression of heat-
ing. They considered a canonical model of coupled kicked
rotors [I7TH20] and showed that, for appropriate initial
conditions, the system shows an exponentially long-lived
prethermal plateau with vanishing energy absorption.
This effect was explained in Ref. [2I] using the follow-
ing statistical argument: At large driving frequencies,
the heating rate is small and the time-averaged energy
of the system is (quasi) conserved. If the system is er-
godic, the state of the system can be approximated by
the Boltzmann distribution function,

H
P =Zexp (_ka;’)’ (2)
B

where Z is the partition function, kp is the Boltzmann
constant, and the temperature T is determined by the ini-
tial energy of the system, measured with respect to the




time-averaged Hamiltonian H,,. If other quantities, such
as the total momentum or the total number of particles
are conserved, the appropriate Lagrange multipliers need
to be taken into account. The resulting distribution can
then be used to estimate the heating rate by computing
the probability to incur into a many-body resonance [22].
Under physical assumptions, this probability is exponen-
tially small, leading to a statistical Floquet prethermal-
ization [21].

Having introduced the concepts of rigorous and sta-
tistical Floquet prethermalization, we now move to the
focus of this article, namely the periodically driven Bose-
Hubbard model, described by

H(t) = % Sz a)Y (b, + He), @)
( (4,5)

with J(¢t) = Jo+0J cos(Qt). Here, b; and b;r are canonical
bosonic operators, n; = bzbi is the number of particles on
site ¢ and (4, j) are nearest neighbors. The U term de-
scribes onsite repulsion and the J term hopping. Impor-
tantly, the U term is unbounded from above, making the
rigorous bounds of Ref. [4H8] unapplicable. The Hamil-
tonian of Eq. conserves the total number of particles
in the system, N = > .n; and 7 denotes the average
number of particles per site.

Floquet prethermalization in the Bose-Hubbard model
was studied theoretically in Ref. [23] using a self-
consistent quadratic approximation. This work employed
the concept of many-body parametric resonance [24] to
predict the existence of a frequency threshold above
which the system does not absorb energy. However, in
practice, terms that are neglected in the quadratic ap-
proximation lead to finite heating rates at all frequencies.
Ref. [4] predicted that at large driving frequency, the
heating rate should be rigorously bounded by a stretched
exponential [25]. In the limit of a large number of par-
ticles per site (7 > 1), the model can be mapped to a
system of classical rotors, where the heating rate is ex-
ponential suppressed [21].

Recently, the heating rate of the Bose-Hubbard model
with one particle per site (7 = 1) was studied by Ref. [26],
using three methods: (i) the numerical calculation of the
linear response of the model; (ii) the experimental mea-
surement of single-site excitations (doublons or holes);
(iii) the experimental measurement of the system’s tem-
perature. The experiments were performed using ultra-
cold atoms in one and two-dimensional optical lattices.
The time-periodic drive was obtained by modulating the
intensity of the laser fields that generate the lattice [27].
The findings of Ref. [26] demonstrate that the heating
rate is exponentially suppressed as a function of 2 in
all dimensions. As explained, this observation cannot be
accounted by the available theoretical methods.

In this article, we present two semiclassical approxi-
mations that capture the exponential suppression of the

heating in two opposite limits. The first limit is strong
interactions (U > J), where we link the heating sup-
pression to the low probability of finding many particles
on a single site. The second limit is weak interactions
(U <« J), where we can perform a controlled expansion
of the heating rate in orders of U. For both cases, we
use a statistical approach to compute the heating rate to
lowest order in the strength of the periodic drive (~ §.J2)
and compare it with the exact numerical diagonalization
of the model.

Strong interactions (U > J) — In the regime of
large interactions, U > J, we can describe the system
in terms of semiclassical particles hopping on a lattice.
The periodic drive moves one particle from one site to a
neighboring one. This process changes the value of the
on-site interaction by

@2 + mp?]
)+ 11 0

where the upper (or lower) sign refers to a particle hop-
ping from site j to site i (or vice versa). Following
Ref. [21], we need to identify the many-body resonances
of the model. Here, a resonance occurs when Eq.
equals to an integer multiple of the frequency of the
drive (in units of Schrédinger’s equation constant f), or
AFE = mh), where m is an integer. For high-frequency
drives, the heating rate is dominated by the lowest-
order available resonance, which corresponds to m = £1.
Without loss of generality, we assume that n; > n;, such
that when a particles moves from j to i (or vice versa) the
interaction energy increase (decreases). The resonance
condition AE = £k becomes +(n; —n;)+1 = +nq, or

AE = % [(ni £1)* + (n; F1)%] —

nj =n; —ng £ 1. (5)

where we defined ng = hQ)/U. Here, the upper (or lower)
sign refers to the absorption (or emission) of energy. Note
that this condition can be matched only if ng is inte-
ger. If the maximal occupation of each site is limited
to n; < 2, such as in the case of spin-1/2 fermions, the
resonant condition can be satisfied only for ng = 1 [2§].
In contrast, for bosons n; is unbounded and energy can
be resonantly absorbed at arbitrarily high frequencies.
Because the probability to find sites with large n; is ex-
ponentially small, so is the probability to satisfy the res-
onance condition, leading to suppressed heating rates.
The goal of this article is to put this intuitive argument
on solid mathematical ground.

The probability to satisfy Eq. is determined by
P; j(n;,nj), the joint distribution function to find n,; and
n; particles in sites 7 and j, according to

Pi(Q) =) Pj(n, n—ng+1). (6)

This expression needs to be multiplied by a factor of 2 to
take into account the case of n; < n;. In a d dimensional



square lattice, we need to further multiply the result by
the coordination number d [29].

Evaluating the distribution function P; j(n;,n;) in a
(pre)thermal state described by Eq. is a formidable
task in many-body quantum physics. In what follows,
we focus on the regime of large temperatures T > J,
where we can neglect quantum fluctuations and describe
the prethermal state by

P; j(ni,nj) = P;(n;) Pj(nj), (7)

U
Pi(n) = Pj(n) = Zoexp (_QkBTn2 - kZTn> S8

Here, in addition to the quasi-conservation of the en-
ergy in the prethermal state, we took into considera-
tion the conservation of the total number of particles,
through the chemical potential u. The values of Zy and
p are determined by the constraints ), Z;(n) = 1 and
YoanZi(n) =n.

These constraints, along with the numerical solution
of Egs. @— enable us to compute the semiclassical
heating rate of the Bose-Hubbard model, ®. The total
heating rate is given by the probability to incur into a
resonance (P, —P_), times the heating rate of an individ-
ual resonance. According to the linear response theory,
one obtains

h®(Q) = (6J)*(Py — P_)3(hQ — AE), (9)

where the delta function §(hQ — AE) imposes the rel-
evant resonance condition. To regularize this function,
one needs to take into account the effects of small, but
finite, J/U: the hopping term in Eq. transforms the
single particle states into “conduction bands” of width
A = 4dJ. To model this effect, we substitute the delta
function in Eq. @ by a square function of width 2A,
namely 0(fw) = [O(hw > —A)—O(fw > A)]/(2A), where
O is the Heaviside function. In Fig. [} we plot the result-
ing heating rates in d = 1, obtained from the numerical
solution of our semiclassical approach, Eq. @-@, for
different values of the temperature [30]. We find that the
heating rate is exponentially suppressed for all tempera-
tures and, at large temperatures, inversely proportional
to the temperature.

To gain physical insight into this result, we now de-
velop an analytical high-temperature expansion. In the
limit of T' — oo, the distribution function is solely deter-
mined by the conservation laws and

Pi(n) = Zyexp (&) = Zp2" (10)

with Zp =1 —z and z = /(1 + 72) [3I]. By combining

Egs. @ and , we obtain

o0
Pp=(1-2)? ) 22nmetl = 122 v (11)

1+2
n=ngq
oo 1 _
Po=(1-2)? Z L2n—no—1 _ ﬁth/Uﬁ-l. (12)
n=ng+1

Note that the two sums have different lower limits be-
cause P can occur only if n; > 1, while P_ requires
only n; > 0. Because P, = P_ the net energy absorp-
tion is zero, & = 0. This result is not surprising: infinite
temperature ensembles do not absorb energy!

We can use this result as the starting point of a per-
turbative analysis. By approximating Eq. as P ~
Zo (1= Un?/(2kpT)) e~ [32] we obtain

U
_ 2 2 2 n; M
Py =27, Z [I—QkBT(ni—i-nj) 2"
n,;—nj:ngﬂ:l
(13)
leading to (see symbolic script in appendix B)
Y 1—2
Py — P = —— " m/U+L 14
* kT 1+ 2 (14)
In particular, at 7 = 1 (2 = 1/2), we obtain
(6J)%Q hQ
() = —~— —log(2)— | . 1
@) = e (—log@ ). (19)

Eq. shows that, in the regime of U > J and at very
high temperatures, the heating rate of the Bose-Hubbard
model is an exponential function of the ratio between
the driving frequency and the onsite interaction. At in-
termediate temperatures, the heating rate is additionally
suppressed by the fact Un?/(2kgT) in Eq. , leading
to a faster-than-exponential decay of ®(Q), see Fig. ().
Hence, Eq. can be considered as an upper bound of
the heating rate at all temperatures.

We now compare the results of our semiclassical ap-
proximation with the exact diagonalization of the Bose-
Hubbard model. At finite temperatures, linear response
gives [26]

5J?
L B /ksT _ —En/ksT
x 7 (¢ ¢ ). e)

Here |¢,,) and E,, are, respectively, the eigenstates and
eigenvalues of the average Hamiltonian H,, at n = 1 and
V = Z@-’j) b;rbj + H.c. is the time-dependent perturba-
tion. We evaluate this quantity numerically for N = 9
particles on a one dimensional lattice with L = 9 sites
(n = N/L = 1) and open boundary conditions [33]. To
mitigate the effects due to the finite dimension of the lat-
tice, we have regularized the delta function of Eq.
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FIG. 1. Heating rate of the Bose-Hubbard model at i = 1 for J/U = 0.05: (i) High-temperature expansion, Eq. (dashed
line); (ii) Semiclassical approximation based on Egs. (f) - (dotted lines); (iii) Exact diagonalization of N = 9 particles on

L = 9 sites (continuous lines).

using the above-mentioned square function with A = 2J.
Because the maximal number of particles per site is al-
ways smaller or equal to the total number of particles
N, we need to restrict ourselves to frequencies €2, such
that ng < N, or hQ2 < NU [34]. As shown in the Fig.
for all temperatures 7' > U the results of our numerical
calculations are well approximated by the semiclassical
description.

Weak interactions (U < J) — We now turn to
the other extreme limit, where the interactions are small
in comparison to the kinetic energy and can be treated
perturbatively. The periodically driven Bose-Hubbard
model of Eq. can be written as the sum of a time-
independent part H = Hy + Hi,, and a periodic drive,
dJ cos(Q)V, with

Hy=Y (e — 10)bhbr, = Zﬁkblbk,
k

k

(17)

U
Hine = 5 Z bL'bk’bLbHP“k’,

p',k'\p

V =3, blby, and (in d = 1) e, = 2Jo [1 — cos(k)], by =
L7123 e™®p,. Using this notation, the heating rate
of Eq. (9) takes the form

(3,22 /Ooodf TV (t+ 1), V(). (18)

where the square brackets denote a commutator and
(...)r is the expectation value with respect to a thermal
state of the time-independent Hamiltonian Hy + Hi,; at
temperature 1. This expression can be computed nu-
merically using path integrals techniques, either as the
analytic continuation of an imaginary-time correlator, or
as a real-time (Keldysh) response function.

hd(9)

In what follows, we present a semiclassical approach,
aimed at computing ® for U <« J. As we will show
below, our approach captures the correct scaling laws
of ® and highlights its exponential suppression at large
frequencies. We treat the eigenstates of Hy as classical
particles (quasi-particles), generated by the interaction
term Hi,;. The probability to observe a process involving
the nth order of Hi, is given by

)n

U
(5
Here, the factor n! derives from the nth order Taylor ex-
pansion of the exponent used in the perturbation the-
ory. At zero temperature, this process creates up to
ngp = n/2+ 1 quasiparticles. This relation is justified by
the diagrams shown in Fig.|2] which demonstrate that the
leading order contribution to the creation of ng, quasi-
particles involves n = 2n4, —2 vertexes. From a semiclas-
sical perspective, this relation indicates that the second
order perturbation creates two quasiparticles (ng, = 2 for
n = 2), and that the number of quasiparticles increases
by one for every two additional orders of perturbation.
We now use the statistical approach of Eq. @ to com-
pute the heating rate. A many-body resonance condition
is satisfied when the total energy is conserved, namely
if B = Z;Li”l er; < 4Jngp. Hence, the lowest order
resonance is obtained for n;, = [Q/4J], where [...] is
the ceil function. The heating rate is, then, given by

hdr— = (8.J)*P(n)/J, or
( )271‘*”’_2. (20)

In Fig. Bfa) we compute ®7_o({2) as a function of U/.J

1
Tl

P(n) (19)

U

J

(07)?

Dr_o(Q) = —— At
ir—o(®) J(2n;, —2)!
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FIG. 2. Representative diagrams for the leading contribu-
tions in the second (n = 2) and fourth (n = 4) orders of
the perturbative expansion. The annihilation (creation) op-
erators are denoted by outgoing (incoming) arrows, from left
to right. The maximal number of simultaneous quasiparti-
cles is ngp = 2 and ngp = 3 for the second and fourth or-
ders, respectively. All other diagrams of the same order (i.e.
with the same number of vertexes) create less quasiparticles.
The generalization to higher order diagrams is straightforward
and shows that the nth-order perturbation can create up to
ngp = n/2 + 1 quasiparticles.

using the exact diagonalization of a finite-size system
(L = N =9) and show that Eq. captures the correct
scaling behavior. As one increases the driving frequency
Q, the heating rate is dominated by higher orders of per-
turbation theory in U/J. Hence, at a fixed U/J < 1, the
heating rate decreases exponentially with 2. To see this
effect, we consider a smooth version of Eq. by ap-
proximating [z] = x 4+ 1/2 and substituting n! — T'(n),

leading to
U\
)

This expression is found to be in quantitative agreement
with the exact diagonalization calculations, see Fig. b).

We now study the temperature dependence of the
heating rate by considering the statistical properties of
the aforementioned semiclassical quasiparticles. For sim-
plicity, we approximate the band structure (k) as two
plateaus, one at e,—9 = —2J and one at ep—, = 2J. In
this simplified model, the creation of a quasiparticle in-
volves an energy jump of Ae = 4J. This event is possible
only if the k = 0 state is full and the k = 7 state is empty.
The probability to excite ng, quasiparticles simultane-
ously is, then, [fq:O(l - fq:ﬂ) fq Tl'( fq:ﬂ)]nqp =
(fy=0 — fq=n )", where f, = (e=#)/FBT _1)=1 is the
Bose-Einstein distribution function and the chemical po-
tential p is determined by the condition fq—o + fq=r = 1.
The resulting heating rate is

(67)*

he(sy) = JT(hQ/2J — 1)

(21)

Nl

1 1 Ea
e—n/ksT — 1  o(AJ-w/ksT _ 1
(22)

O(2) = Pr—o(R2)

where ®7_q is given in Eq. . As shown in Fig.
Eq. (dashed lines) agrees well with the numerical
solution for a wide range of temperatures. At very large
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FIG. 3. (a) Heating rate (normalized by ®n = ®(U/J = 0.1))
as a function of U/J for different values of 2, obtained from
the ED of the Bose-Hubbard model for N = L = 9. The nu-
merical results are compared with Eq. which is the analyti-
cal continuation of the heating rate for all frequencies (dashed
lines). Each range of energies is corresponded to a specific
resonance condition, where increasing the external drive re-
quires an additional order in the perturbative expansion of
the heating rate. From the linear slope it is evident that for
each such range, ® scales like U?. In particular, the blue cir-
cles corresponded to the regime of 0 < #Q)/J < 8, and further
increasing the external drive in an additional 4hQ/J, yields
the power-law dependent for the other regions. (b) The scal-
ing of the heating rate, Eq. as a function of the external
drive. This expression (dashed lines) gives a good estimation
for the exponential suppression as obtained numerically from
ED.

temperatures, when kgT'/J approaches J/U, the sub-
leading orders of our perturbative approach become non-
negligible and the analytical expression deviates from
the exact numerical results. Note that as the tem-
perature increases, the thermal weight in the square
brackets of Eq. goes to zero. Consequently, the
zero-temperature expression Eq. provides an upper
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FIG. 4. Temperature dependence of the heating rate, as ob-
tained by ED (N = L = 9), compared with the analytical
approximation (dashed lines), Eq. for U/J = 0.01. The
low temperatures curves (kpT/J < 0.1) are almost indistin-
guishable, and thus not shown explicitly. Our semi-classical
approach captures well the exponential decay of the heating
rate for a wide range of temperatures, up to kgT'/J 2 J/U.

bound for the exponential suppression, which persists at
all temperatures.

Conclusion — To summarize, we discussed the differ-
ences between rigorous [4Hg] and statistical [2T] Floquet
prethermalization. The former approach relies on the
boundedness of quantum operators and applies to spin
models only. See also Ref. [35], where it was shown that
the rigorous approach applied to systems of interacting
particles with an unbounded spectrum does not lead to
exponential bounds on diffusion rates. The latter ap-
proach relies on the statistical description of the prether-
mal state and applies to a wider range of models, includ-
ing interacting particles in a lattice and in the continuum
[36]. A key difference between these two approaches is
that, while the rigorous approach is independent on the
initial state, the statistical approach depends on the ini-
tial state, through its (quasi)conserved quantities, such
as energy and particles’ number.

In this article, we applied the statistical argument to
the periodically driven Bose-Hubbard model, which was
recently realized experimentally [26]. We developed two
semiclassical descriptions of Floquet prethermal states,
valid in two extreme regimes. The first limit corre-
sponds to strong interactions and large temperatures
(U > kT > J), where the suppressed heating rate is
the outcome of the low probability to find many parti-
cles on a single site. The second limit corresponds to low
temperatures and weak interactions (kgT < U < J) and
is relevant to the experiment of Ref. [26]. Here, the ex-
ponential suppression results from the low probability to

create simultaneously many quasiparticles in momentum
space. In both limits, we described the system semi-
classically and applied statistical arguments to derive an
analytical expressions for the heating rate ® as a func-
tion of the driving frequency 2 and of the temperature
T. These expressions are found to match the results of
the exact diagonalization of the model, without any fit-
ting parameter. Importantly, we demonstrated that in
both regimes, the exponential suppression of the heating
persists at all temperatures.

In this aspect, the Bose-Hubbard model differs from
the coupled rotors model of Refs. [T6H21], where the expo-
nential suppression of heating disappears at large temper-
atures, eventually leading to a runaway from the prether-
mal regime. This fundamental difference stems from the
nature of the conserved quantities of the two models: In
the rotor model, the conserved quantity, namely the mo-
mentum of the rotors p;, is a continuous variable and can
acquire both positive and negative values. At large tem-
peratures, the fluctuations of p; diverge making the expo-
nential suppression of heating ineffective. In contrast, in
the Bose-Hubbard model, the conserved quantity, namely
the particles’” number n;, is non-negative. If the expec-
tation value of n; is kept fixed, the fluctuations of this
quantity remain finite and the heating rate is suppressed
at all temperatures. The prediction of the two models
coincide when the average number of particles per site is
taken to infinity (7 — 00).

Our semiclassical approach disregards effects associ-
ated with quantum coherence. In the case of a sin-
gle kicked rotor, quantum coherence strongly suppresses
heating through the dynamical localization in energy
space [37, B8]. Accordingly, it was recently shown that
dynamical localization can lead to ergodicity breaking in
many-body kicked models, such as coupled rotors [39)
and the Bose-Hubbard model [40]. However, as conjec-
tured in Ref. [4I], dynamical localization is probably
restricted to kicked models and, hence, is not relevant to
the present study, where we considered a sinusoidal time
dependence.

We thank Jonathan Ruhman, Francois Huveneers, and
the authors of Ref. [26] for useful discussions. This work
was supported by the Israel Science Foundation, Grants
No. 151/19 and 154/19.

[1] G. Floquet, Sur les équations différentielles linéaires & co-
efficients périodiques, in Annales scientifiques de UEcole
normale supérieure, Vol. 12 (1883) pp. 47-88.

[2] W. Magnus, On the exponential solution of differential
equations for a linear operator, Communications on pure
and applied mathematics 7, 649 (1954).

[3] See, for example, Ref. [42] for an introduction.

[4] D. A. Abanin, W. De Roeck, and F. Huveneers, Expo-
nentially slow heating in periodically driven many-body



systems, Physical Review Letters 115, 256803 (2015).

[5] T. Mori, T. Kuwahara, and K. Saito, Rigorous bound on
energy absorption and generic relaxation in periodically
driven quantum systems, Physical Review Letters 116,
120401 (2016).

[6] D. Abanin, W. De Roeck, W. W. Ho, and F. Huveneers,
A rigorous theory of many-body prethermalization for
periodically driven and closed quantum systems, Com-
munications in Mathematical Physics 354, 809 (2017).

[7] D. A. Abanin, W. De Roeck, W. W. Ho, and F. Hu-
veneers, Effective Hamiltonians, prethermalization, and
slow energy absorption in periodically driven many-body
systems, Physical Review B 95, 014112 (2017).

[8] T. Mori, T. N. Ikeda, E. Kaminishi, and M. Ueda,
Thermalization and prethermalization in isolated quan-
tum systems: a theoretical overview, Journal of Physics
B: Atomic, Molecular and Optical Physics 51, 112001
(2018).

[9] S. A. Weidinger and M. Knap, Floquet prethermalization
and regimes of heating in a periodically driven, interact-
ing quantum system, Scientific reports 7, 1 (2017).

[10] D. V. Else, B. Bauer, and C. Nayak, Prethermal phases of
matter protected by time-translation symmetry, Physical
Review X 7, 011026 (2017).

[11] F. Machado, G. D. Kahanamoku-Meyer, D. V. Else,
C. Nayak, and N. Y. Yao, Exponentially slow heating in
short and long-range interacting floquet systems, Physi-
cal Review Research 1, 033202 (2019).

[12] K. Mallayya and M. Rigol, Heating rates in periodically
driven strongly interacting quantum many-body systems,
Physical Review Letters 123, 240603 (2019).

[13] P. Peng, C. Yin, X. Huang, C. Ramanathan, and P. Cap-
pellaro, Observation of floquet prethermalization in dipo-
lar spin chains, arXiv preprint arXiv:1912.05799 (2019).

[14] O. Howell, P. Weinberg, D. Sels, A. Polkovnikov, and
M. Bukov, Asymptotic prethermalization in periodically
driven classical spin chains, Physical Review Letters 122,
010602 (2019).

[15] T. Mori, Floquet prethermalization in periodically driven
classical spin systems, Physical Review B 98, 104303
(2018).

[16] A. Rajak, R. Citro, and E. G. Dalla Torre, Stability and
pre-thermalization in chains of classical kicked rotors,
Journal of Physics A: Mathematical and Theoretical 51,
465001 (2018).

[17] K. Kaneko and T. Konishi, Diffusion in Hamiltonian dy-
namical systems with many degrees of freedom, Physical
Review A 40, 6130 (1989).

[18] T. Konishi and K. Kaneko, Diffusion in Hamiltonian
chaos and its size dependence, Journal of Physics A:
Mathematical and General 23, L715 (1990).

[19] B. Chirikov and V. Vecheslavov, Arnol’d diffusion in
large systems, Journal of Experimental and Theoretical
Physics 85, 616 (1997).

[20] M. Mulansky, K. Ahnert, A. Pikovsky, and D. L. Shep-
elyansky, Strong and weak chaos in weakly nonintegrable
many-body Hamiltonian systems, Journal of Statistical
Physics 145, 1256 (2011).

[21] A. Rajak, I. Dana, and E. G. Dalla Torre, Characteri-
zations of prethermal states in periodically driven many-
body systems with unbounded chaotic diffusion, Physical
Review B 100, 100302 (2019).

[22] B. V. Chirikov, A wuniversal instability of many-
dimensional oscillator systems, Physics Reports 52, 263

(1979).

[23] M. Bukov, S. Gopalakrishnan, M. Knap, and E. Dem-
ler, Prethermal Floquet steady states and instabilities in
the periodically driven, weakly interacting bose-hubbard
model, Physical review letters 115, 205301 (2015).

[24] R. Citro, E. Dalla Torre, L. D’Alessio, A. Polkovnikov,
M. Babadi, T. Oka, and E. Demler, Dynamical stability
of a many-body Kapitza pendulum, Annals of Physics
360, 694 (2015).

[25] To the best of our knowledge, the proof of this claim is
not publicly available.

[26] A. Rubio-Abadal, M. Ippoliti, S. Hollerith, D. Wei,
J. Rui, S. Sondhi, V. Khemani, C. Gross, and I. Bloch,
Floquet prethermalization in a bose-hubbard system,
Physical Review X 10, 021044 (2020).

[27] See Ref. [43] for a review of earlier experiments on peri-
odically driven ultracold atoms. Note that a modulation
of the laser field makes U time dependent as well and,
for small §J/Jo, the relative oscillations of U and J are
comparable.

[28] F. Peronaci, M. Schird, and O. Parcollet, Resonant ther-
malization of periodically driven strongly correlated elec-
trons, Physical review letters 120, 197601 (2018).

[29] According to our approach, the dimensionality does
not affect the exponential suppression of the heating
rate, in agreement with the experimental observations
of Ref. [26]. This is in contrast to their theoretical expec-
tation, where the rigorous approach is used to derive a
stretched exponential with exponent of the form exp(2%)
with o = (1 + d)/2d.

[30] The script used to generate this figure is given in Ap-
pendix A.

[31] Eq. can be formally derived by considering Eq. (8]
in the limit " — oo, at a fixed p/T, such that U < T
can be neglected.

[32] Here we are neglecting the corrections due to the renor-
malization of the partition function, Zy. These correc-
tions are identical in Py and P— and cancel out.

[33] The numerical calculation was performed using QuSpin
package, [44] [45], version 0.3.3 for Python2.7 on a per-
sonal computer with an Intel core i7 (8th generation)
CPU and 24 GB RAM. The script used to generate
Fig. [[] is given in appendix C and required approxi-
mately 2 seconds, 30 seconds, 15 minutes, 6 hours for
N =L=6,7,8,9, respectively.

[34] Finite size effects are further studied in Appendix D,
where we show the results of the calculation for N = 2
to N =9 particles.

[35] F. Huveneers and J. Lukkarinen, Prethermalization in a
classical phonon field: Slow relaxation of the number of
phonons, Physical Review Research 2, 022034 (2020).

[36] C. Shkedrov, M. Menashes, G. Ness, A. Vainbaum, and
Y. Sagi, Absence of heating in a uniform fermi gas created
by periodic driving, arXiv preprint arXiv:2102.09506
(2021).

[37] D. Grempel, S. Fishman, and R. Prange, Localization in
an incommensurate potential: An exactly solvable model,
Physical Review Letters 49, 833 (1982).

[38] S. Fishman, D. Grempel, and R. Prange, Chaos, quantum
recurrences, and anderson localization, Physical Review
Letters 49, 509 (1982).

[39] S. Notarnicola, F. Iemini, D. Rossini, R. Fazio, A. Silva,
and A. Russomanno, From localization to anomalous dif-
fusion in the dynamics of coupled kicked rotors, Physical



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Review E 97, 022202 (2018).

[40] M. Fava, R. Fazio, and A. Russomanno, Many-body dy-
namical localization in the kicked bose-hubbard chain,
Physical Review B 101, 064302 (2020).

[41] M. M. Roses, H. Landa, and E. G. D. Torre, Simulating
long-range hopping with periodically-driven supercon-
ducting qubits, arXiv preprint arXiv:2102.09590 (2021).

[42] M. Bukov, L. D’Alessio, and A. Polkovnikov, Universal
high-frequency behavior of periodically driven systems:
from dynamical stabilization to Floquet engineering, Ad-
vances in Physics 64, 139 (2015).

[43] A. Eckardt, Colloquium: Atomic quantum gases in pe-
riodically driven optical lattices, Reviews of Modern
Physics 89, 011004 (2017).

[44] P. Weinberg and M. Bukov, Quspin: a python package
for dynamics and exact diagonalisation of quantum many
body systems part i: spin chains, SciPost Phys 2 (2017).

[45] P. Weinberg and M. Bukov, Quspin: a python package
for dynamics and exact diagonalisation of quantum many
body systems. part ii: bosons, fermions and higher spins,
SciPost Phys. 7, 020 (2019).

Appendix

A. Matlab script used to plot the semiclassical approximation in Fig.

close all; clear all
syms n; syms U;syms mu

%Temperature is set to
H = Uxn"2/2 4+ muxn
myUs=logspace(—logl10(100),—1logl10(0.01) ,5)
YamyUs=logspace (—3,0,4)

one

YamyUs=myUs(length (myUs): 1:1)
Nmax=60;
PP=zeros (length (myUs) ,Nmax*2/3) ;

for u=1:length (myUs)
myU=myUs (u)

Z = @(mymu) sum(double (subs(exp(—subs (subs(H,U,myU) ,mu,mymu)) ,n,0:Nmax)));
avn = @(mymu) sum(double (subs (nxexp(—subs(subs(H,U,myU) ,mu,mymu)) ,n,0:Nmax)));
avn2 = @Q(mymu) sum(double (subs(n”2xexp(—subs(subs(H,U,myU) ,mu,mymu)) ,n,0:Nmax)))

eqn = @Q(mymu) avn (mymu)/Z(mymu)—1;

mymu = fzero (eqn,1)
myavn2(u)= avn2 (mymu) /Z(mymu)
P=exp(—subs(subs (H,U,myU) ,mu,mymu) ) ;

figure (2)

semilogy (subs (P,n,0:Nmax) ) ;

hold on

mylegend{u}=["k BT /U=",num2str (1/myU) |;

allP=double (subs (exp(—subs (subs (H,U,myU) ,mu,mymu) ) ,n,0:Nmax) ) /Z (mymu) ;

for nOmega=1:(Nmax%2/3)
nn=nOmega : Nmax ;
Pplus=sum( allP (1+nn) .* allP (14+nn—nOmega+1)) ;
%add 1 because the first item of allP corresponds
nn=(nOmega+1) : Nmax;
Pminus=sum (allP (14nn) .* allP (14+nn-—nOmega—1)) ;
PP(u,nOmega)=2%(Pplus—Pminus) ;

end

to n=0;
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11
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13

14

figure (3)
semilogy ([0 ,1:(Nmax*2/3)],
,’ .7, "markersize’ ,15.0)
hold on;
end

save ( 'PP.mat’, PP’ 'myUs’ ) ;

nn=0:Nmax;

plot (nn,nn."2.xexp(—log(2)*nn) /3, 'k— "’ "linewidth’,1.0, 'marker’,’ .’ "markersize’
,15.0);

mylegend{u+1}="Eq. (13)7;

rubio %plots the inset of Fig. 7 of Ref. [22] (v2)

xlabel ("${\ it \Omega™ "[U/\hbar]}$’, ’Interpreter’, ’latex’);
ylabel (’$\Phi{\it kB T~ 7[U"2/\hbar|}$’, ’Interpreter’, ’latex’);
xlim ([0,45]) ;ylim ([1E—8,1]);

set (gea, "fontname’, times’);
set (gea, fontsize’ [12);
set (gea, 'xtick’,0:10:50) ;
set (gea, 'ytick’,10.7(—8:2:0));
legend (mylegend , "location ’, "northeast ’, "box’, off | fontsize  ,10)
set (gef, "color’, "white ") ;
set (gef, "position’ [[100 100 500 300]);
saveas (gcf, 'numerics.eps’, epsc’)

B. Matlab symbolic script used to derive Egs. (11]), (12]), and (14]

syms a; syms n; syms nOmega
assume (a>0 & a<1)

symsum (a"n,n,0, Inf)

simplify ((1—a) "2xsymsum(a " (2*n-—nOmega+1) ,n,nOmega, Inf))

simplify ((1—a) "2xsymsum(a” (2*n—nOmega—1) ,n,nOmega+1,Inf))

Pplus=(1—a) "2*symsum ( (n"2+(n—nOmega+1) "2) *xa " (2xn—nOmega+1) ,n,nOmega, Inf)
Pminus=(1—a) " 2*symsum ((n" 24 (n—nOmega—1) "2) *a " (2*n—nOmega—1) ,n,nOmega+1,Inf)
simplify (Pplus—Pminus)

C. Python script used to plot the exact diagonalization in Fig.

#Study the temperature dependence of the heating rate in the Bose—Hubbard model

from __future__ import print_function, division
import sys,os

import scipy.io as spio

import seaborn as sns

from quspin.operators import hamiltonian # Hamiltonians and operators
from quspin.operators import quantum_LinearOperator # operators

from quspin.basis import boson_basis_1d # bosonic Hilbert space
import time

import numpy as np # general math functions

import matplotlib.pyplot as plt # plotting library

#

[0 ,PP(u,:) /myU.*(1:Nmax%2/3)], linewidth’,1.0, marker’
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#plt .rcParams[” font . family”] = ”Times New Roman”

H#HHAHE define model parameters

# initial

seed for random number generator

np.random. seed (0) # seed is 0 to produce plots from QuSpin2 paper
# setting up parameters of simulation

8 # length of chain

L # number of sites

nb = 1 # density
sps = L+1 # number of states per site

L:
N:

J_par = 0.05; U= 1.0; gamma=2+J_par; Emax=9.5; Nomega=200;mylim=[le—10,2];allT

=[100,10,1,0

of bosons

.1,0.01]; unit="U";PBC=False

plt.figure(1,figsize=(5,5))
sp=sns.color_palette(’'jet_r’,5);#dark#rainbox

plt

#H#H+ Numerics:

.subplot (212)

Diagonalizing Hamiltonian

filename = 7 /data/ED3.JoU"4str (J_par /U)+" N"+str (N)+” PBC"+str (PBC)
if not os.path.exists(filename+" allE .npy”)

print (" Running” ,filename )

tic=time.time ()

HHEHE set up
int_list_1 =
int_list_2 =
if PBC :
hop_list
else
hop_list

hop_list_hc = [[J.conjugate(),i,j] for J,i,j in hop_list] # add h.c. terms

Hamiltonian and observables

[[-0.5%U,i] for i in range(N)] # interaction $U/2 \sum.i n_i$
[[0.5%xU,i,i] for i in range(N)] # interaction: $U/2 \num-i n_i 2§

= [[—-J.par,i,(i+1)%N] for i in range(0,N,1)] # PBC

= [[-J.par,i,i+1] for i in range(0,N—1,1)] # OBC

# set up static and dynamic lists

static = |

]

"+ Jhop_list], # hopping
"—+”7 Jhop_list_hc], # hopping h.c.
‘nn” ,int_list_-2], # U n_.i"2

[7
.
["n” ,int_list_-1] # U n_i

#Note that ”"perturbation” is proportional to J_par —> need to

J_parxx2
perturbation

]
dynamic = []

basis = boso
print (" total

HBHM = hamiltonian (static ,dynamic, basis=basis ,dtype=np.complex128)

= [
[+ ,hop_list], # hopping
["+" ,hop_list _hc] # hopping h.c.

# no dynamic operators

n_basis_1d (N,nb=nb, sps=sps)
H-space size: {}”.format(basis.Ns))

allE , allV=H BHM. eigh ()

hop=hamiltonian (perturbation ,dynamic, basis=basis ,dtype=np.complex128)

devide Phi by

10

matrix_elem2=np.power (np.abs((hop.rotate_by (allV , generator=False)).toarray()),2)

b
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np.save (filename+” allE .npy” ,allE)
np.save (filename+"me.npy” ,matrix_elem?2)
toc=time.time () ;print ("Time : 7 ,toc—tic)

print ('Loading ', filename )
allE=np.load (filename+” allE .npy”)
matrix_elem2=np.load (filename+"me.npy”)

##H# Numerics: Computing the spectrum
allomega=np.linspace (0,Emax, Nomega) ;

for

¢ in range(len(allT)):

T=allT [c]

tic=time.time ()

filename2 = filename+"’ T"+str (T)4+” _gamma’+str (gamma)+’ Emax’+str (Emax)+” Nomega”
+str (Nomega)

if not os.path.isfile (filename2+" .npy”)
print ('Running ', filename?2)
allPhi=np. zeros (Nomega) ;

Ej ,Ek = np.meshgrid (allE , allE);

Z=np.sum(np.exp(—(allE—allE [0]) /T));
Pj = np.exp(—(Ej—allE [0])/T)/Z;
Pk = np.exp(—(Ek—allE [0]) /T)/Z;

PO = (Pk—Pj)s*matrix_elem2
for w in range (Nomega)
deltaE=Ej—Ek—allomega [w]
allPhi [w]=np.sum ((P0Ox(deltaE <gamma) % ( deltaE >-gamma) /gamma/2) )

toc=time . time ()

print (" Time:” toc—tic)

np.save (filename24+” .npy” ;allPhi);
else

print ('Loading’,filename2)

allPhi=np.load (filename2+4" .npy”);

plt .semilogy (allomega ,TxallPhi/(le—15+allomega)/J_par**2/L/2, label="T/U= "+str (T
) ,color=sp[c]);#sp(coloric]));:

#HHH# Semiclassical approximation (laoding from Matlab)

mat

= spio.loadmat(’../PP.mat’, squeeze_me=True)

PP=mat [ 'PP’]

myUs=mat [ "myUs’ ]

print ( 'Loaded theory for T/U’,1/myUs)
sh=PP.shape

Nmax=sh [1];

for

s in [1,2]:
ax=plt .subplot (210+s)
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nn=np.array (range (1,45))

plt.semilogy (nn,1/3*np.power(1/2,nn/U) /2/gamma, 'k.: ' ,label="Eq. (13)7)

nn=np. array (range (1 ,Nmax+1))

for i in range(sh[0]) :
plt.semilogy (nn,PP[i,:]/myUs[i]/nn/2/gamma, ’.: ' ,label=r’'§k_B T/ '4unit+’'="+

str(1/myUs[i])47$” ,color=sp[i])#sp(colori[i]));

plt.xlabel (r”$\Omega\ [”"4unit+”/\hbar]$”);

plt.ylabel (r”$ \left (\Phi kB T\right)\ /\ (\Delta J 2\ \Omega)\ [\ hbar/’+unit+’
[$7);

box = ax.get_position ()

print (box)

plt.ylim (mylim) ;

ax.set_position ([box.x0+0.05%xbox.width, box.y0+0.05%box.height*(3—s), box.width,
0.95%box . height])

plt.yticks ([le—10,1le—8,le—6,le—4,1e—2,1])

.subplot (211)

.xlim ([0 ,Nmax+5]) ;

.legend (loc=1)

.subplot (212)

.xlim ([0 ,Emax]) ;

.savefig (7 ../ +filename [5:]+7 . pdf”)
.show ()
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FIG. 5. Same as Fig. [I] for N particles on L sites. No fitting parameter is used. The semiclassical approximation matches the
exact results for frequencies ) < N/U and temperatures kgT > U.
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