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Stability of Floquet sidebands and quantum coherence in one-dimensional
strongly interacting spinless fermions
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For strongly correlated quantum systems, fundamental questions about the formation and stability of
Floquet-Bloch sidebands (FBs) upon periodic driving remain unresolved. Here, we investigate the impact of
electron-electron interactions and perturbations in the coherence of the driving on the lifetime of FBs by di-
rectly computing time-dependent single-particle spectral functions using exact diagonalization (ED) and matrix
product states (MPS). We study interacting metallic and correlated insulating phases in a chain of correlated
spinless fermions. At high-frequency driving we obtain clearly separated, long-lived FBs of the full many-body
excitation continuum. However, if there is significant overlap of the features, which is more probable in the
low-frequency regime, the interactions lead to strong heating, which results in a significant loss of quantum
coherence and of the FBs. Similar suppression of FBs is obtained in the presence of noise. The emerging picture
is further elucidated by the behavior of real-space single-particle propagators, of the energy gain, and of the
momentum distribution function, which is related to a quantum Fisher information that is directly accessible by
spectroscopic measurements.

DOI: 10.1103/7fzq-zkbv

I. INTRODUCTION

A promising direction of research for realizing interest-
ing quantum states of matter is Floquet engineering, where
the interaction of the light field with electrons in materials
[1–7] is used to tailor the band structure. For example, such
periodically driven systems are predicted to offer a tunable
platform to realize Fractional Chern insulators (FCIs) [8,9],
engineered topological states [10–15], and coherent excita-
tions in experiments with ultracold gases [9,16–20] (for a
review see Ref. [21]). A hallmark of such periodically driven
crystalline lattice structures is the emergence of Floquet-
Bloch sidebands (FBs). These FBs are replica of the original
band structure and appear at energies which are integer multi-
ples of the driving frequency. They can directly be detected in
pump–probe experiments by using time- and angle-resolved
photoemission spectroscopy (trARPES) [22–30], which gives
insight into the time-dependent single-particle spectral func-
tion. The direct observation of FBs has been reported, e.g.,
for the topological insulator Bi2Se3 [23,24], for the semi-
conductor material WSe2 [26], and recently for monolayer
graphene [27,28] and for the topological antiferromagnet
MnBi2Te4 [29]. These experimental findings are for weakly
interacting systems. Model calculations and experimental
work shows that it is nontrivial to understand the Floquet
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physics even for weak interactions [26,31,32]. Theoretical
studies of interacting systems have been performed using
cluster perturbation theory, or in infinite spatial dimensions
using Floquet-DMFT and out-of-equilibrium DMFT [33–36].
However, in 1D and 2D strongly interacting systems the inter-
play of Floquet driving and many-body effects on the spectral
functions and on the stability of FBs is still a topic of ongoing
investigations [26].

Floquet systems have also been explored in the con-
text of many-body localization (MBL) and thermalization
[39–43]. In particular, by fine-tuning drive parameters or sup-
pressing hopping terms, one can induce localization even in
clean systems (dynamical localization [37,44]), revealing rich
regimes of Floquet MBL and prethermal dynamics. Other
important effects of periodic driving are energy absorption
[34,35,45], dressing of electrons [37], light induced gaps
[46,47], metal-insulator transitions [34–36], and in strongly
correlated systems it can also induce in-gap features in
the presence of symmetry broken ground states [38]. A
major challenge in interacting Floquet systems is the signif-
icant heating [43,48–55], which drives the system toward an
infinite-temperature state. As a result, one expects Floquet
effects to play a role on some transient time scale, before the
heating wins [48].

The scope of this paper is to investigate how for strongly
correlated electron systems the interactions, the driving pa-
rameters, and noise influence the Floquet physics. We do
so by directly studying the time evolution of the retarded
time-dependent spectral function Aret

k (t, ω), of real space cor-
relations, and of the momentum distribution function 〈nk〉(t ),
which relates to a Quantum Fisher Information (QFI) [56]. All
results are obtained with time-dependent matrix product states
(MPS) [57,58] and exact diagonalization (ED) [59–61] tech-
niques. While most of the calculations can be done using ED,
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FIG. 1. Summary of the two extreme cases of our findings. (a) Sketch of a typical equilibrium result for the retarded spectral function
Aret

k (ω) in the charge density wave (CDW) insulating phase at half filling for model (1). We denote by W the spectral width (see Sec. III), in
which the spectral function has populated continua. (b) and (c) illustrate the general expectation for FBs in such a strongly correlated system:
In both sketches, the magenta region illustrates the zeroth Floquet sector, which is located at the position of the original equilibrium spectral
function. Note that, due to the driving, in comparison to the equilibrium result the shape can be modified [37], and additional effects (e.g.,
in-gap bands [38]) can come into appearance. This spectral function in the zeroth Floquet sector then is replicated at energies, which are
multiples of the driving frequency ±n�. Here, we only sketch the first replicas at ±� (light blue). In (b) we sketch the situation, when the
driving frequency � < W . This leads to substantial overlap of the different Floquet sectors. In contrast to this, in (c) we sketch the situation
if � > W , so that there is no overlap between the Floquet sectors. (d) and (e) illustrate the effect of the driving on correlations in real space.
They display the time evolution of the single particle propagator Eq. (5) in real space in the CDW phase for driving frequencies � = 3.0 and
� = 20.0, respectively, at waiting time t = 5, indicating the stability of quantum coherence in both regimes. (f) and (g) show examples for the
resulting time dependent spectral function Aret

k (t, ω) [Eq. (4)] in the CDW state at low- and high-frequency driving, � = 3.0 (no FBs visible)
and � = 20 (FBs visible at ±n� indicated by the arrows), respectively, at waiting time t = 5. All results are at V/th = 5.

it is useful to compare the results for the spectral functions
with MPS results, since we can treat larger systems and hence
reach a better resolution in k-space there. Studying larger
systems will also be beneficial when exploring the dynamics
of real-space correlations (see Sec. III D). We focus on one-
dimensional (1D) systems, as MPS methods are particularly
efficient in this setting. Since correlation effects are strongest
in 1D, we believe that studying them in this context will
provide a generic understanding that is likely to hold in higher
dimensions as well. This, in turn, will help us understand how
interactions affect the stability of FBs in correlated systems
in general. We complement this by studying coherence in real
space correlations and in the momentum distribution function,
which is a simple QFI, in strongly interacting Floquet-driven
systems. This is motivated by recent inelastic neutron scat-
tering studies on quantum magnets, which analyze the time
evolution of correlation functions in real space and of the
QFI [62–65]. Further work relating the single-particle spectral
function [65,66] in- and out-of-equilibrium [67,68] to QFIs is
ongoing.

A summary showing the two extreme cases with and with-
out FBs is sketched in Fig. 1 . We find in the high-frequency
regime that the FBs are stable for long times even in the
presence of strong interactions, and are only suppressed when
adding noise to the drive. In the low-frequency regime, they

are suppressed if there is a large overlap between the FBs and
the original spectral function. In general, our results for clean
monochromatic driving indicate that for interacting systems
the stability of the FBs depends on this overlap.

This paper is organized as follows. In Sec. II, we introduce
the model used in our study. Our main findings are presented
in Sec. III, where we discuss the system’s behavior under
a low-frequency drive (Sec. III A), a high-frequency drive
(Sec. III B), the stability of the FBs against noise (Sec. III C),
and the evolution of real-space correlations, the momentum
distribution function, and heating (Sec. III D). We summarize
our conclusions and provide an outlook in Sec. IV. Several
technical details and complementary results are provided in
the Appendixes. Details on the numerical methods are pro-
vided in Appendixes A and B, with Appendix B discussing de-
tails of the Fourier transform used, in particular the choice of a
window function. Further supporting results for the main text
and an error analysis is provided in Appendixes C, D, E, and F.

II. MODEL

We consider a system of periodically driven one-
dimensional interacting spinless fermions (tV -chain),

H (t ) = − th
∑

j

(eiAV (t )c†
j c j+1 + H.c. ) + V (n jn j+1). (1)
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Here, c(†)
j is the annihilation (creation) operator for a spin-

less fermion at site j, n j = c†
j c j is the operator of the local

density on site j, th the hopping strength between nearest
neighboring lattice sites, and V the strength of the inter-
action between particles sitting on neighboring sites. The
periodic driving is realized as Peierls’ substitution [69] via a
time-dependent vector potential AV (t ) = A0 sin(�t ), which is
activated at time t = 0. Unless stated otherwise, we use open
boundary conditions (OBC) and the hopping parameter is set
to th ≡ 1 throughout, as well as h̄ ≡ 1. Without the driving
(i.e., for A0 = 0), the model Eq. (1) at half filling exhibits
a Berezinskii-Kosterlitz-Thouless-like (BKT) phase transition
from a Luttinger liquid (LL) [70] to a strongly correlated
charge density wave (CDW) insulator at V/th = 2, as obtained
from Bethe ansatz after mapping to an XXZ spin-chain via
Jorgan-Wigner transform [71]. In order to suppress artifacts
due to the OBC, we apply a pinning-field Hpin = μn j at one of
the edge sites, which enforces the numerics to converge to one
of the two possible CDW ground states [38,72]. Throughout
the paper, the initial state is prepared as a ground state of the
system at temperature T = 0. We compute the nonequilibrium
generalization of the spectral function by performing a Fourier
transform (FT) of the single-particle Green’s function,

Gret
αβ (t, t ′) = −iθ (t − t ′){〈cα (t ), c†

β (t ′)〉} . (2)

The FT to ω-space is not unique [73]. Typical choices are
Wigner coordinates, or relative-time coordinates. The qual-
itative behavior typically does not depend on the particular
choice of these coordinates [73–75]. For our numerical ap-
proach, relative-time coordinates τ = t ′ − t for the FT are
more convenient, since in this way one can reduce the number
of MPS states that need to be stored in the course of the
calculation. The protocol is

|ψ〉 t=0: turn on driving−−−−−−−−−−−−→
evolve in time variable t

|ψ (t )〉

|ψ (t )〉 evolve in τ−−−−−−−−−−→
compute Green’s fct.

Gα,β (t, t + τ )

Gα,β (t, t + τ )
FT−−→

τ→ω
Ak (t, ω) , (3)

where we interpret the evolution time t as a waiting time,
since we let evolve the state for time t under the influence
of the periodically driven time-dependent Hamiltonian before
we compute the Green’s function [38,72]. The evolution in the
time variable τ is also done with the time-dependent Hamilto-
nian, and then the retarded single-particle spectral function is
obtained via a FT over τ ,

Aret
k (t, ω) = − Im

1√
2π

∫ ∞

−∞
dτeiωτW (τ )Gret

kk (t, t + τ ) .

(4)
The function W (τ ) is a suitable window function (see Ap-
pendix B). Note that even at waiting time t = 0 the results
differ from the ground state behavior, since the Fourier-
transform to ω-space is done on results, which were obtained
with the time-dependent Hamiltonian (1). The retarded spec-
tral function Eq. (4) can then be interpreted as the spectral
function measured at waiting time t , with the driving be-
ing turned on at t = 0. In contrast to the equilibrium case,

FIG. 2. Retarded single-particle spectral function Aret
k (t, ω)

[Eq. (4)] for the tV -chain (1). (a)–(c): Results in the CDW phase
for V/th = 5 for L = 32 and OBC at half filling obtained with MPS.
(a) Results at equilibrium. WCDW ≈ 18 estimates the spectral width,
in which Aret

k (ω) > ε, where ε is 2% of the peak value of Aret
k (t, ω)

(see main text). (b) Driven case with � = 3 and A0 = 1.0 at waiting
time t = 0. (c) The same driven case at waiting time t = 20. The
inset in (c) shows the result at fixed k = π/2 for t = 20. (d)–(f):
Results in the LL phase V/th = 1.5 for L = 18 and PBC at half filling
obtained with ED. (d) Results at equilibrium, WLL ≈ 10 denotes the
spectral width, as before. (e) and (f) nonequilibrium results for the
same driving parameters as in (b) and (c). In (e) the first two side
bands are indicated with arrows. The inset in (f) shows the results
at fixed k = π/2 for t = 20, vertical lines indicate the position of
the side bands. Dashed lines in (e) and (f) are guides to the eye for
locating the side bands.

Aret
k (t, ω) can have negative values, see, e.g., Refs. [76,77],

which, however, in some strongly interacting systems have
been found to be absent at later times [38,77]. Here, in the
context of the existence of FBs, we focus our discussion on the
absolute value |Aret

k (t, ω)|. We use OBC for our MPS results,
since MPS are more efficient there [57]. For the results at
long times, we need to use Lanczos time evolution [78], for
which we use PBC and smaller system sizes. The results with
OBC and PBC show the same behavior, so that in the main
part of the paper we discuss them side by side, where needed.
For details of the MPS calculations and an error estimate, see
Appendixes A, D, and E.

III. RESULTS

We present in Figs. 2 and 3 our main results. In Fig. 2,
we investigate the dynamics at low-frequency driving for two
distinct phases of the system: the CDW insulator (top row)
and the LL phase (bottom row). For the high-frequency drive,
we focus on the CDW insulator, since here interaction effects
would be strongest, see Fig. 3 for our results.

In order to better distinguish between the low- and high-
frequency regime, we introduce the spectral width W in
the ground-state retarded spectral function at equilibrium,
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FIG. 3. The same as in Fig. 2 for V/th = 5, but at high-frequency
driving � = 20 and driving amplitude A0 = 1.6. (a) shows MPS
results for L = 32 and OBC, while the long-time results in (b) are
obtained using Lanczos time evolution with L = 18 sites and PBC.
The inset in (a) shows the results at fixed k = π/2; the green high-
lighted region indicates the spectral function in the zeroth Floquet
sector, the blue shaded regions indicate the first FBs, and the magenta
shaded regions indicate the second FBs.

Aret, eq
k (ω). In the context of our discussion, we are most inter-

ested in the influence of correlation effects on the properties
of the FBs. On general grounds, for noninteracting systems
we expect well-defined band structures and no continua in
Aret, eq

k (ω). Hence, the presence of continua in Aret, eq
k (ω) is

indicative for correlation effects. This is further confirmed by
mean-field calculations (Hartree-Fock), which cannot repro-
duce the excitation continua discussed here in the tV-chain,
see Ref. [38]. In our estimate of W , we therefore focus on the
extend in ω-direction covered by such continua. In Fig. 2(a)
we denote by WCDW the spectral width in the CDW phase;
since for these parameters the most prominent aspects of
the spectral function are continua, WCDW essentially covers
the entire region in which |Aret, eq

k (ω)| > ε, with ε a suitable
threshold value. Note that the support of Aret, eq

k (ω) can ex-
tend over all ω-values [79]. In general, the continua may
decay as a power law and hence have finite weight over a
wide range of ω. However, for the following discussion it is
only important to distinguish highly populated regions from
weakly populated regions, so that choosing ε small enough
suffices. Here, we choose ε such that |Aret, eq

k (ω)| is larger than
2% of the peak value, leading to a value WCDW ≈ 18. In the
LL case shown in Fig. 2(d), the situation is different. Here,
Aret, eq

k (ω) is dominated by a cos-like feature, plus additional
weak excitation continua [79]. Using again a threshold value
of 2% of the peak value, we obtain a spectral width WLL ≈ 10.
Based on these considerations, we identify �/th < W as a
low-frequency drive and �/th > W as a high-frequency drive.

In more detail: in Fig. 2(a) we present MPS results for
Aret, eq

k (ω) deep in the CDW-regime at V/th = 5 for L = 32
at half filling. Two continua of holon excitations, separated by
a gap, are observed within the energy range ω ∈ [−10, 10],
consistent with previous studies [38]. The gap size � can be

calculated using the Bethe ansatz, which for V/th = 5 obtains
�/th ≈ 1.576 [71]. This is in agreement with the gap size
seen in Fig. 2(a), which is affected by finite-size effects and
the limited spectral resolution of our methods. Figure 2(d)
shows ED results for Aret, eq

k (ω) for L = 18 at half filling for
V/th = 1.5, i.e., in the LL phase, which shows the afore-
mentioned cosine-like dispersion with a buildup of a weakly
populated excitation continuum without gap. This weakly
populated region is observed within the energy range ω ∈
[−5, 5], leading to our estimated value of WLL.

The equilibrium results shown in Figs. 2(a) and 2(d) serve
as the starting point for our investigation. A key aspect to
consider is the potential overlap of the Floquet replicas with
the original GS spectral function: in case of a substantial
overlap, interference or scattering events seem likely, which
should lead to heating. This is expected for � � W .

In driven systems, heating can be suppressed by various
mechanisms. For example, in disordered systems, Floquet
many body localization (MBL) has been discussed as a
possibility to avoid heating up of the system to infinite tem-
peratures, at least on transient time scales [39,41,80–82].
Without disorder, it has been reported in the high frequency
case that heating is suppressed due to an emergent effective
static Hamiltonian. A transient prethermal state forms, which
can be long lived, before the system finally heats up to infi-
nite temperatures [50,52,54,55,83]. Indeed, our findings for
high frequency driving discussed in Sec. III B indicate this
behavior. In such systems, the driving frequency is typically
compared to the intrinsic energy scales of the system [52],
and in some cases, to the noninteracting bandwidth [50]. At
low frequencies, the picture of an effective static Hamiltonian,
which is obtained by perturbative ansatzes, may lose its valid-
ity. This makes the question of heating in a generic many-body
system a more difficult one due to nonuniversal heating rates
in low-to-intermediate driving frequencies [49] and may also
depend on the presence of high-energy continuum states [52].

Our findings indicate that the suppression of heating is
related to the overlap of the Floquet replica, and also to the
actual weight of the spectral function and its replica in the
overlapping regions. We use the spectral width W as defined
above in order to estimate the role of correlation effects. This
allows us to determine the relevant energy scale against which
the driving frequency is compared, as illustrated in Fig. 1(a).
However, it is not clear a priori whether in the case of over-
lapping Floquet replicas a transient time scale remains, on
which FBs can form. This can be contrasted to noninteracting
systems, where we do not expect heating due to the absence of
scattering terms, even in the presence of a complicated band
structure (e.g., multiple bands).

A. Low-frequency drive

Here, we set the driving amplitude A0 = 1.0 and driving
frequency �/th = 3.0, which is smaller than WCDW ≈ 18 and
smaller than WLL ≈ 10. The results in the CDW phase with
V/th = 5.0 are shown in Figs. 2(a)–2(c). One would expect
replicas of the entire equilibrium spectral function, which,
due to the small value of �/th, would significantly overlap
with the original signal and with each other. In Fig. 2(b)
we observe a significant spectral weight within the gap
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region, but no signature of FBs. The in-gap feature at t = 0
exhibits a rich structure, which is reminiscent to the avoided-
crossing scenario expected in noninteracting two-band models
[15,31,34,35,84]. However, as shown in Fig. 2(c) for t = 20.0,
these features vanish at later times, and a broad continuum
is obtained, with a stronger weight inside the original gap
region. This is further illustrated in the inset of the Fig. 2(c) for
momenta k = π/2 (dashed line). Further results at different
momenta k show similar behavior and are shown for t = 0
and t = 20 in Appendix F. This melting of the gap features
hints towards strong heating effects due to the chosen drive
parameters, see further below. This indicates that once the
replicas overlap in this strongly interacting system, heating
prevails and the spectral function does not show FBs.

In comparison to the gapped CDW phase, in the gapless
LL phase also at �/th = 3 we obtain FBs, which persist also
at intermediate times, see Figs. 2(d)–2(f) (results are obtained
with Lanczos time evolution, as the low-frequency case ex-
hibits higher entanglement buildup in MPS, leading to lower
accuracy. See Appendixes E and D for further discussion):
Figure 2(d) shows the spectral function in equilibrium, which
follows a cosine-like dispersion with a buildup of a weakly
populated excitation continuum without gap. In Fig. 2(e),
we observe an overlap of this weakly populated excitation
continuum and the FBs at t = 0. The FBs are clearly visible,
even at t = 20 in Fig. 2(f). This is further illustrated in the
inset of Fig. 2(f) for k = π/2. However, the overlap of the
FBs and the original spectral function now leads to a weaker
signal of the FBs compared to the t = 0 case. In addition, the
intensity of the FBs is time dependent, and at longer waiting
times t � 50/th they will be suppressed (see Appendix C).
Hence, our results indicate that in both, the interacting LL and
in the CDW phases, overlapping bands are the main cause for
the suppression of FBs due to the enhancement of scattering
and the resulting heating. However, if the overlap is weak as
in our results for the LL case, the FBs persist on a transient
time scale, which for our parameters is ttransient ∼ 50/th (see
Appendix C for additional intermediate and longer waiting
time instances).

B. High-frequency drive

In Fig. 3 we present results for the same setup, but with
A0 = 1.6, �/th = 20 > WCDW, and V/th = 5.0. At waiting
time t = 0.0 in Fig. 3(a), we observe clear FBs at integer
multiples of ±�. These FBs exhibit the full excitation con-
tinuum with renormalized bandwidth (since t eff

h = J0(A0)th
[37,45,48]) and the emergence of an in-gap band, see Ref.
[38]. This shows that also in the strongly interacting case the
FBs are replicas of the full spectral function of the zeroth
Floquet sector, including all features. This is further illus-
trated in the inset of Fig. 3(a) for k = π/2 (dashed line);
see Appendix F for further cross sections at other values of
k. The question arises, if these FBs are stable in time, or if
scattering between the particles eventually will destroy coher-
ence, leading to a suppression of the FBs in Aret

k (t, ω) at later
times. A simple estimate from perturbation theory suggests
scattering becomes visible on time scales ∼1/V 2. Hence, a
suppression of the FBs at waiting times t � 1 would follow.
However, in Fig. 3(b), we reach longer waiting times using

FIG. 4. The same as in Fig. 3, but in the presence of time-
dependent noise in the driving, where � = 20 ± �noise and �noise ∈
[0, 0.1]. The results are obtained using Lanczos time evolution with
L = 18 and PBC. Panels (a)–(c) show Aret

k (t, ω) at waiting times
t = 0, t = 20, and t = 100, respectively. The inset in (c) shows
results at fixed k = π/2 at t = 100. All results show an average over
eight realizations of the random noise.

the Lanczos time evolution, we have to restrict to system sizes
of L = 18 (PBC). Our results indicate that even at these sub-
stantially longer times of t = 200, the FBs remain stable. In
contrast to low frequency drive where heating suppresses FBs
already at short times t ∼ 5 (see above). This demonstrates
that high-frequency driving can yield FBs even in strongly
interacting quantum many-body systems, exhibiting stability
over the extended timescales we examined.

C. Stability of the FBs against noise

We now test these findings by explicitly breaking the co-
herence when adding incoherent noise to the drive and ask
for the stability of the FBs as a function of time. In order to
reach longer times, we again apply the Lanczos time evolution
method for L = 18 (PBC) at half filling, V/th = 5.0, A0 =
1.6, and a frequency � = 20 ± �noise, where �noise ∈ [0, 0.1]
represents the random time-dependent noise in the driving
frequency, such that AV (t ) = A0 sin((� ± �noise )t ). We dis-
cretize the time variable such that t = ndt , with n ∈ N0, and
then compute Aret

k (t, ω) when applying AV (t ) = A0 sin((� ±
�noise )ndt ). Note that the results depend on the value of dt ,
as discussed in Appendix E. Here, we present results for
dt = 0.005 in Fig. 4. Figures 4(a) and 4(b) demonstrate that,
at small to intermediate waiting times, despite the introduction
of noise, FBs are stable. However, at t = 20 in Fig. 4(b), we
observe a noticeable suppression of the second-order FBs. In
Fig. 4(c), for waiting time t = 100, this suppression becomes
even more pronounced, with the cross section at k = π/2
shown in the inset of Fig. 4(c) clearly showing the suppression
of all FBs. Additionally, we notice a higher intensity inside
the gap region, similar to what we found for low frequency
driving.

D. Real space correlations, momentum
distribution function, and heating

We complement our results for Aret
k (t, ω) by studying the

time evolution of correlation functions in real space and
of the momentum distribution function 〈nk〉(t ), accompanied
by the behavior of the energy as a function of time. This
helps us to monitor the heating, which is intrinsic to driven
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FIG. 5. Results at V/th = 5: (a)–(c) show the imaginary part of
Gr,L/2(t, τ ) [Eq. (5)] (MPS, L = 32, OBC) for the equilibrium case,
and for the driving parameters of Figs. 2 and 3 at waiting time t = 0.
(d) shows 〈nk〉(t ) at � = 3 and at � = 20, with and without noise
for L = 18 and PBC. (e) shows typical time evolution of the energy
gain compared to the initial state (ground state energy EGS), �E (t ) =
〈H (t )〉 − EGS for different driving frequencies for L = 14 and PBC.

interacting systems [49,50,52–55]. In the following we focus
on the case V/th = 5.0. We apply our low and high frequency
driving protocols in Figs. 5(a)–5(c) to the imaginary part of
the real-space single-particle propagator

Gr,L/2(t, τ ) = 〈ψ (t )| [c†
r (τ ), cL/2] |ψ (t )〉 . (5)

Figure 5(a) shows the typical light-cone-like behavior ex-
pected for gapped ground states [85–92]. Additionally, one
observes a ‘checkerboard-like’ pattern, which is similar to
the one observed for spinons in spin correlation function in
neutron scattering experiments [62]. Here, we expect this
should translate to the presence of holon excitations. In stark
contrast to the equilibrium results, we see in Fig. 5(b) that
for low frequency driving already at t = 0 the correlation
function is quickly suppressed as a function of time. This
demonstrates that in this case coherence is quickly lost, which
suggests the absence of FBs in Aret

k (t, ω). However, for the
high-frequency driving case shown in Fig. 5(c), again a light-
cone is visible, which is narrow due to the reduced hopping
t eff
h = J0(A0)th, which leads to a lower propagation velocity

of the perturbations in the system. In the equilibrium case
one observes ‘wakes’ [62], which are created inside the light
cone. In the driven case, they are more pronounced at later
times, and every second one seems to be suppressed. Also, the
checkerboard pattern is very similar to the one at equilibrium,
but with slightly slower oscillation frequency in time. This is
also obtained at later waiting times (see Appendix D). These
findings illustrate that coherence is maintained, suggesting
that here long-lived FBs are possible, as indeed found in
Fig. 3.

Coherence effects can also be studied in the momen-
tum distribution function 〈nk〉(t ) = 〈c†

kck〉(t ), with c(†)
k =

1/
√

L
∑L

r=1 e(−)ik·rc(†)
r , which is accessible via time-of-flight

experiments in cold-gases setups [16]. In Fig. 5(d) we show
several snapshots of 〈nk〉(t ) for � = 3.0 and � = 20.0 with
and without noise (ED results for L = 18 and V/th = 5). At
equilibrium, we obtain the typical result for a strongly corre-
lated insulator. This behavior persists in the high frequency
regime up to the longest times studied by us, here t = 100.
However, when turning on the noise, or in the low frequency
regime, all features are lost and 〈nk〉(t ) ≈ const for all values
of k. In the low frequency case, this happens already at short
times t ∼ 5, while in the case with noise it happens only at
later times t � 30. This featureless result for 〈nk〉 is expected
at very high or infinite temperatures, further showing that in
these cases coherence gets lost.

The findings for Gr,L/2(t, τ ) and for 〈nk〉(t ) can be related
to heating effects by comparing with the behavior of the en-
ergy gain as a function of time �E (t ) = 〈H (t )〉 − EGS (with
EGS the ground state energy), see Fig. 5(e). This has been
discussed extensively in the literature [50,52–55]. Further re-
sults for Gr,L/2(t, τ ), 〈nk〉(t ), and E (t ) for longer times and at
later waiting times, as well as a discussion of the numerical
errors, can be found in Appendixes D and E. The results for
coherent driving with � = 3 and � = 20 differ clearly at long
times. While for � = 20 the energy oscillates around a value,
which is clearly not at infinite T , for � = 3 it approaches
this limit quickly. This seems in agreement with the expected
suppression of heating at high driving frequencies [52]. When
adding noise, we find intermediate behavior: while at times
t � 25 the results for the coherent driving are reproduced, at
later times the result at infinite temperatures is approached.
This is in agreement with the findings of Ref. [93]. It is
interesting that in the presence of noise a clean transient time
window exists, in which the behavior is essentially the one of
the coherent driving, as can also be seen in Figs. 4(a) and 4(b).

IV. CONCLUSIONS AND OUTLOOK

We directly studied the formation of FBs in the presence of
strong correlations in the time-dependent spectral functions
for different interaction strengths and driving parameters us-
ing MPS and ED methods. Since in the 1D systems studied
by us correlation effects are strongest, our results indicate
that, in the absence of noise, Floquet engineering should be
possible also in strongly correlated systems and for suitable
parameters also for low-frequency driving on a transient time
scale. This should also hold for strongly correlated materials
at low enough temperatures, e.g., cuprates [94]: As long as the
coherent driving frequency is larger than the typical spectral
width W and noise is suppressed, if the overlap of the FBs
and the original spectral function is weak, the FBs persist on
a transient time scale, which depends on details of the system.
In contrast, for large overlap, we find fast loss of coherence
and very strong heating, which leads to an immediate suppres-
sion of the FBs. For high frequency driving, (i.e., � � W ),
no such overlap is possible, and FBs are long-lived even
in the presence of strong interactions. However, incoherent
noise in the driving also here leads to a transient timescale
after which they are suppressed. This is further corroborated
by the behavior of the single-particle propagator Gr,L/2(t, τ )
and the momentum distribution function 〈nk〉(t ), which is
related to a QFI FQ(k, t ) = ∫

dωAret
k (t, ω) = 〈nk〉(t ) when
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expressing the QFI using the simple entanglement witness
operator Ô = ∑

i(aic
†
i + H.c.) [56]. This deserves further

investigation in order to explore the possibility to relate
time-dependent single-particle spectral functions with other
QFIs. [66]. Future investigations of FBs in strongly correlated
systems should address a more realistic modeling of such
materials and include the effect of finite temperatures and of
phonons on the stability of the FBs and hence the possibility
to realize Floquet engineering in these materials.
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APPENDIX A: DETAILS OF THE CALCULATIONS

We compute

Gret
kk (t, τ ) := −iθ (τ )〈{ck (t + τ ), c†

k (t )}〉 , (A1)

which is the retarded Green’s function. For the real-to-k-
space transform, in the case of PBC we apply a standard
Fourier transform, c(†)

k = 1/
√

L
∑

j e(−)i jkc(†)
j with momenta

k = 2π/L · {−L/2, . . . , L/2 − 1}. For OBC, we apply the
sine transform with quasimomenta k ∈ π/L + 1 · {1, ..., L}
[38,96–98],

ck =
√

2

L + 1

∑
i

sin(k · i)ci . (A2)

This leads for OBC to a nontrivial time dependence of 〈nk〉(t )
even for noninteracting systems, as can be seen as follows.
Consider the noninteracting Hamiltonian with Peierls’ substi-
tution,

H (t ) = − th

N−1∑
j=1

(eiAV (t )c†
j c j+1 + H.c. ) . (A3)

Using the sine transform, the Hamiltonian is diagonalized, but
has time-dependent eigenvalues,

H (t ) = − th
∑

k

[cos(k + AV (t )) + cos(k − AV (t ))]c†
kck ,

(A4)
which implies that 〈nk〉(t ) is time dependent. (At t =
0, this simplifies to the usual expression H (t = 0) =
−2th

∑
k cos(k)c†

kck .)

The MPS calculations have been carried out using
the SymMPS toolkit (developed by Sebastian Paeckel and
Thomas Köhler), which is freely available at [99]. For com-
prehensive reviews we refer to the literature [57,58]. We
follow the steps:

|ψ (t )〉 = UTDVP(t, 0)|ψ0〉,
|ψl (t )〉 = cl |ψ (t )〉, (A5)

|ψl (t + τ )〉 = UTDVP(t + τ, t )|ψl (t )〉,
with the time-dependent time evolution operator UT DV P(t, t ′),
which is implemented using a 2 − site time-dependent vari-
ational principle (TDVP) [58]. For time-dependent Hamilto-
nians, there are better approximations (e.g., commutator-free
expansions, see Ref. [100]); however, if the value of dt is
chosen small enough, we obtain a good accuracy also with
this simpler approach. We repeat similar calculations for the
operator c†

l . Using the states (A5) we calculate the quantities

Cml (t, τ ) = 〈ψ (t + τ )|c†
m|ψl (t + τ )〉 . (A6)

We work in units of the energy in which the hopping parame-
ter th ≡ 1, and h̄ ≡ 1 throughout the simulations, which leads
to discrete time steps dt in these units. Typically, we set dt =
0.005, which is chosen to be one order of magnitude smaller
than the highest frequency scale ∼1/� (with � = 20 for the
high frequency drive). We vary the bond dimension between
400 and 800. For � = 20 for dt = 0.005 without noise we
observe that the typical discarded weight at the end of the time
evolutions is � 10−8, which is a rather small value, indicating
a high precision of the results. This is further corroborated by
comparing the results for the time evolution of the energy with
different values of dt as shown in Fig. 14, where excellent
agreement is found (see also the discussion further below).
In other cases, in particular for � = 3, the discarded weight
grows much faster, and we reach rather large maximal values

FIG. 6. Damping of the data when applying the adapted Tukey
window (B2). The main figure shows the amplitude of the windowing
function for α = 0.7 and the impact on the raw data is shown in the
inset.
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FIG. 7. Retarded time-dependent single-particle spectral function Aret
k (t, ω) for L = 18, V/th = 1.5, and PBC at half filling obtained with

Lanczos time evolution. (a) shows the equilibrium case and (b) to (i) show different waiting times t indicated on the plots for driving parameters
A = 1.0 and �/th = 3.0. Dashed lines are guides to the eye and depict a cosine-like band ε(k) = −tLL cos(k) and its expected Floquet replica
for tLL = 2.6 and for the driven case teff = tLLJ0(A0), with J0 the zeroth Bessel function. Arrows in (b) show the locations of the first two (±n�)
side bands. Insets in (f) and (i) show the cross-section plots for k = π/2.

�10−4 at the end of the time evolutions treated. It is very
expensive to perform the calculations at substantially higher
bond-dimension, so that we refrain from doing so. However,
we check for the time-evolution of the energy when varying
dt , and find that also in these cases the results for different
values of dt are in excellent agreement, see Fig. 14 and the
discussion further below.

We also analyzed the errors in the time-evolution of the
real-space correlations, where we obtain similar trends (high
accuracy for � = 20, lower accuracy in the low frequency
case). However, at waiting time t = 0 in all cases the errors are
smaller than the signal size at small times, and for � = 3 of
comparable value with the value of the correlation functions,
which is close to zero there. This confirms the statement about
fast loss of coherence in the low frequency case, as discussed
in the main text. For a more detailed discussion of the error in
the correlation functions, see below. To reach longer times we
use the Lanczos time evolution method where the computation
of one time step is achieved by projecting the time-evolution
operator onto a Lanczos basis for which |ψ (t )〉 is the initial

state of the iteration procedure. In this way, also for time-
dependent Hamiltonians, we compute [78]

e−idtĤ (t )|ψ (t )〉 ≈ Vn(t )e−idtTn (t )V+
n (t )|ψ (t )〉 , (A7)

where the matrix Vn(t ) contains the Lanczos vectors after n
iterations, and Tn(t ) is the tridiagonal matrix representation
of H (t ) in this basis. As for the MPS calculation, for time-
dependent Hamiltonians there are better approximations (see,
e.g., Ref. [100]); however, if the value of dt is chosen small
enough, we obtain a good accuracy also with this simpler ap-
proach. The Lanczos simulations were done using the QuSpin
package, see Ref. [61].

APPENDIX B: WINDOW FUNCTION

The retarded single-particle spectral function is
computed via

Aret, eq
k (ω) = − Im

1√
2π

∫ ∞

−∞
dτeiωτW (τ )Gret,eq

kk (t, τ ) ,

(B1)
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FIG. 8. ED results for the energy gain compared to the ini-
tial state (ground state energy EGS), �E (t ) = 〈H (t )〉 − EGS for the
driven case with � = 3.0 for L = 14 and V/th = 1.5 at half fill-
ing and with PBC. The dashed line indicates the result at infinite
temperature.

where W (τ ) is a windowing function. Typically, we use an
adapted Tukey window [101] with the parameter α = 0.7,
where

W (τ ) = 1

2

[
1 − cos

(
2πτ

αN

)]
, for 0 � n <

αN

2
. (B2)

In Fig. 6, we show an example of the window function in
Eq. (B2) for α = 0.7. We find that with this choice even weak
FBs can be resolved in the spectral functions shown in the
main text.

APPENDIX C: Aret
k (t, ω) FOR V/th = 1.5

We show in Fig. 7 the spectral function Aret
k (t, ω) for short

to long waiting times, for L = 18, V/th = 1.5, and PBC at half
filling, obtained using Lanczos time evolution. In Fig. 7(b),
we indicate the Floquet bands (FBs) with arrows to show the
locations of the ±1� and ±2� sidebands. Dashed lines are
included in all the figures as guides to the eye. We observe
clear FBs for a driving frequency of � = 3.0 and A = 1.0
for waiting times t � 50. For the chosen driving frequency,
overlapping FBs appear. For waiting times t > 50, we observe

a significant suppression of FBs and strong spectral intensities
in the zeroth Floquet sector, indicating heating effects. This
is further illustrated by the insets in Fig. 7, which show the
intensity of the FBs at the indicated waiting times and further
supported by Fig. 8, where we plot the energy gain as a
function of time to monitor the heating.

APPENDIX D: REAL SPACE CORRELATIONS

We show the real and imaginary parts of the real-space
correlation function

Gr,L/2(t, τ ) = 〈ψ (t )| [c†
r (τ ), cL/2] |ψ (t )〉

in Fig. 9 for L = 32 with OBC for V/th = 5.0 at waiting time
t = 5.0 for � = 3.0 and at waiting time t = 20.0 for � =
20.0. The results are presented at equilibrium in panels (a)
and (d), for � = 3.0 in panels (b) and (e), and for � = 20.0 in
panels (c) and (f). In equilibrium, we observe a light-cone-like
spread of correlations as the system is perturbed at the central
site. This behavior changes for � = 3.0, as also pointed out in
the main text. Already at t = 0, we observed a suppression of
correlation propagation as from the main text Fig. 5; here, at
t = 5.0 we observe even stronger suppression. For � = 20.0,
even at t = 20.0, the light-cone-like spread is clearly visible,
exhibiting coherence features also at later waiting times.

Furthermore, we compare the imaginary part of Gr,L/2(t, τ )
for cases with and without noise in Fig. 10 at longer waiting
times. In Fig. 10, we show results for L = 18 (PBC), V/th =
5.0 at half filling. Panels (a) and (b) correspond to the case
without noise, while panels (c) and (d) represent the noise
case at waiting times t = 0 and t = 100, respectively. As is
evident from the noise case, at longer waiting times the system
loses coherence, as seen in the vanishing imaginary part of the
correlation Gr,L/2(t, τ ) in Fig. 10(d).

In order to estimate the errors in the MPS results for the
real time correlation function, we compared results for the co-
herent drive with dt = 0.04 and dt = 0.005. For � = 20, we

FIG. 9. MPS results for L = 32, V/th = 5.0 at half filling and OBC for the real part (a)–(c) and for the imaginary part (e)–(f) of the
real-space correlation function Gr,L/2(t, τ ) = 〈ψ (t )| [c†

r (τ ), cL/2] |ψ (t )〉 at equilibrium and for the driven case for waiting times t = 5.0
and 20.0.
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FIG. 10. Lanczos results for L = 18 and PBC for the imag-
inary part of the real-space correlation function Gr,L/2(t, τ ) =
〈ψ (t )| [c†

r (τ ), cL/2] |ψ (t )〉, with A0 = 1.6 and � = 20.0. (a) and
(c) show results for waiting time t = 0 and t = 100 without noise.
(b) and (d) show results for waiting time t = 0 and t = 100 with
noise.

find in all cases that the difference between both calculations
is substantially smaller than the magnitude of Gr,L/2(t, τ ); the
difference is (in the case of small values) of the order of a
few percent. For � = 3, the situation is more complicated,
because at later times the value of Gr,L/2(t, τ ) becomes very
small, so that even small numerical errors lead to a larger
relative deviation of the results. However, we find for waiting
time t = 0 that at short times the difference is � 0.015, while
the maximal value of Gr,L/2(t, τ ) ∼ 0.16. At later times, the
maximal value of Gr,L/2(t, τ ) ∼ 10−3, and the difference be-
tween both runs is of comparable magnitude. Therefore, it is
difficult to make quantitative statements at the longer times;
however, it is clear that Gr,L/2(t, τ ) decayed to a value much
smaller than the one at the beginning of the time evolution,
clearly indicating the loss of coherence in this case. This is
further confirmed by Fig. 11, in which Lanczos results for
� = 3 for L = 18 (PBC) clearly show the loss of coherence

FIG. 11. Lanczos results for L = 18 (PBC) for the real-space
correlation function Gr,L/2(t, τ ) = 〈ψ (t )| [c†

r (τ ), cL/2] |ψ (t )〉 at wait-
ing time t = 0, with A0 = 1.0 and � = 3.0. (a) real part and
(b) imaginary part.

FIG. 12. Time-dependent Lanczos results for systems with L =
18 and PBC for the time evolution of the energy E (t ) = 〈H (t )〉 (main
figure) for the indicated different driven cases for dt = 0.005, and
〈nk〉(t ) (insets) for the indicated markers on the energy curves.

at waiting time t = 0. At later waiting times, the errors in the
MPS calculations for � = 20 are similar to the ones at t = 0,
but larger for � = 3 due to the higher entanglement in the
system; see Fig. 9 for results at equilibrium and at waiting
times t = 5 and t = 20. However, the results are qualitatively
very similar to the ones at waiting time t = 0 shown in the
main text (see also the discussion above).

APPENDIX E: ENERGY E(t ) AND MOMENTUM
DISTRIBUTION FUNCTION 〈nk〉(t )

In Fig. 12, we present the expectation value E (t ) =
〈H (t )〉 for the driven system with and without noise, com-
paring the energy gain by plotting the energy for L = 18,
periodic boundary conditions (PBC), and V/th = 5 at half
filling. We consider driving frequencies � = 3, and 20 (both
with and without noise) and illustrate the resulting energy
gain over time. The insets of Fig. 12 display the mo-
mentum distribution function 〈nk〉(t ) = 〈c†

kck〉(t ), with c(†)
k =

1/
√

L
∑L

r=1 e(−)ik·rc(†)
r at the times indicated by the markers.

Note that, as we also mention in the main text, 〈nk〉(t ) can
be related to the Quantum Fisher Information (QFI) FQ(k, t )
for the chosen witness operator Ô = ∑

i(aic
†
i + a∗

i ci ). We
use FQ(k, t ) = ∫

dωA(ω, k, t ), at temperature T = 0 where
A(ω, k, t ) = Im

∫
dt ′eiωt ′

i〈[Ô(k, t ′), Ô(k, 0)]〉, and integrat-
ing over ω results in the momentum distribution function
〈nk〉(t ) [56,65,68]. In Fig. 12, the insets show loss of coher-
ence as the system gains energy and the effective temperature
increases over time. In the following, we use matrix product
states (MPS) [57,58] to compute systems with open bound-
ary conditions (OBC) and pinning field μ = V/th (see main
text) for L = 32. We employ Lanczos time evolution [78] for
systems with L = 18 and PBC to achieve longer simulation
times than accessible with MPS. In Fig. 13(a) we show MPS
results for 〈nk〉(t ) for � = 3.0 and 20.0 at various waiting
times obtained with OBC (note that in the main text and in
Fig. 12 we show results obtained with PBC; in Fig. 13(a), we
have only positive k-values due to the sine-transform). For
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FIG. 13. MPS results for L = 32 and V/th = 5.0 at half filling
and with OBC: (a) momentum distribution function 〈nk〉(t ) at dif-
ferent waiting times for low �/th = 3.0 and high frequency �/th =
20.0. (b) energy �E (t ) = 〈H (t )〉 − EGS as a function of time for the
driven case with the different frequencies as indicated.

� = 3.0, we observe a strong flattening of the momentum
distribution function, consistent with the insets of Fig. 12.
Further, in Fig. 13(b) we check E (t ) for L = 32 using MPS
for different values of �, which shows that the energy gain de-
creases with increase of the driving frequency. For the case of
incoherent noise in the driving frequency, we consider a driv-
ing field with vector potential AV (t ) = A0 sin((� ± �noise)t ),
where the frequency is given by � = 20 ± �noise, �noise ∈
[0, 0.1]. We discretize the time as t = n dt with n ∈ N0 and
apply AV (n dt ) = A0 sin((� ± �noise)n dt ). Therefore, at each
time step of the simulation, we have a different value of
�noise. Hence, the frequency, with which the value of �noise

is changed, depends on the value of dt , so that we can ex-
pect different time-dependent behavior of the observables for
different values of dt in the presence of noise. In Fig. 14(a)
, we show the energy gain E (t ) for discrete time steps dt =
0.05 and dt = 0.005 for L = 14 PBC. We observe that the
choice of dt affects the energy gain over time in the presence
of noise, as mentioned above.

Furthermore, we check the dependence of our results on
the size of dt also without noise in the driving. This is im-
portant, since we are treating a time-dependent Hamiltonian,
and in addition to the usual MPS errors, we have an additional
source of errors due to the discretization of t in H (t ) [100].
In Fig. 14(a) we show Lanczos results for the different cases
treated in the main text, but with values of dt = 0.05 or
dt = 0.005, respectively, in order to estimate the error due
to the discretization of H (t ). As can be seen, in all cases the
values of the energy E (t ) lie on top of each other, so that this
discretization error seems to play a minor role. In Fig. 14(b)
we turn to MPS results for L = 32 (OBC) for � = 3.0 and in
Fig. 14(c) for � = 20.0, with discrete time steps dt = 0.04,
dt = 0.005, and dt = 0.0025. In these plots, the MPS results
all carry the accumulated error due to (i) discretization of time
in H (t ); (ii) error of the TDVP-ansatz due to the finite value
of dt [58]; (iii) accumulated MPS-errors due to the finite bond
dimension [57]. Hence, by comparing the time evolution of
observables with different values of dt , we get an estimate for
the accumulated errors of our numerical calculations, which
can be used to estimate the overall accuracy of our results. As
can be seen, only the values with the largest chosen value of

FIG. 14. Energy E (t ) = 〈H (t )〉 as a function of time for V/th = 5.0. (a) Lanczos results for the time evolution of E (t ) for the driven
case for different values of � for L = 14 (PBC) when using dt = 0.05, or dt = 0.005, respectively. The inset is a zoom into the interval
t = [99, 100.0]. MPS results for E (t ) in (b) for the driven case of � = 3.0 and in (c) for the driven case of � = 20.0 using dt = 0.04,
dt = 0.005, and dt = 0.0025. The insets in (b) and (c) show close-ups of the interval t = [17, 20.0]. (d) relative difference for the energy for
the choice of dt = 0.005 and dt = 0.0025, respectively.
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FIG. 15. Results for Aret
k (t, ω) for V/th = 5.0 at half filling at

different values of k. (a) and (b) show the results for the driven case
with L = 32, A = 1.0, and � = 3.0 at waiting time t = 0 and t = 20,
respectively. (c) shows the plots for the driven case with L = 32,
A = 1.6, and � = 20.0 for waiting time t = 0. (d) shows the plots
for the driven case with L = 18, A = 1.6, and � = 20.0 for waiting
time t = 200. The shaded regions show the location of the FBs as a
guide to the eye at ±n� in the panels (c) and (d).

dt = 0.04 for � = 3 show a clear discrepancy at later times,
indicating that the results obtained with dt = 0.005 shown in
the main text have a high numerical accuracy. In Fig. 14(d)
this is further quantified by showing the relative difference (in

percentage) for the energy E (t ) with the choice of dt = 0.005,
and dt = 0.0025. For the coherent drive case, the maximal
difference of these results at the end of the time evolutions
shown is ≈2% for � = 3 and ≈0.25% for � = 20. The
smaller error in the high frequency case can be understood
by having less heating and less growth of entanglement in this
case (this can be seen in the growth of the discarded weight
with time, which is much faster in the low frequency case, see
further below). We, therefore, stick to the discrete time steps
of dt = 0.005 for all our calculations presented in the main
text.

APPENDIX F: FURTHER RESULTS AT FIXED k

In Fig. 15 we show further results of Aret
k (t, ω) when keep-

ing k fixed and at different values of k for V/th = 5.0, see
Figs. 2 and 3 in the main text. In Figs. 15(a) and 15(b) we
show the results for L = 32 (MPS), A = 1.0, and � = 3.0 for
waiting time t = 0 and t = 20. As we have mentioned in the
main text, we observe high intensity in the gap region at finite
waiting time t = 20 across different momenta as shown in
the plots. Figure 15(c) shows the results for L = 32 (MPS),
A = 1.6, and � = 20.0 for waiting time t = 0. We observe
the intensities of the sidebands at ±n� across different mo-
menta shown in the plot. Furthermore, we also show results at
longer waiting time, t = 200, in (d) for L = 18, A = 1.6, and
� = 20.0. We again observe stable FBs at the different values
of k shown here. We highlight by shaded regions as guides to
the eye the location of the FBs in the (c) and (d) subplots.
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odically driven ergodic and many-body localized quantum
systems, Ann. Phys. 353, 196 (2015).

[81] R. Moessner and S. L. Sondhi, Equilibration and order in
quantum Floquet matter, Nat. Phys. 13, 424 (2017).

[82] P. Bordia, H. Lüschen, U. Schneider, M. Knap, and I. Bloch,
Periodically driving a many-body localized quantum system,
Nat. Phys. 13, 460 (2017).

[83] D. A. Abanin, W. De Roeck, W. W. Ho, and F. Huveneers,
Effective Hamiltonians, prethermalization, and slow energy
absorption in periodically driven many-body systems, Phys.
Rev. B 95, 014112 (2017).

[84] S. T. Park, Interference in Floquet-Volkov transitions, Phys.
Rev. A 90, 013420 (2014).

[85] E. H. Lieb and D. W. Robinson, The finite group velocity
of quantum spin systems, Commun. Math. Phys. 28, 251
(1972).

[86] P. Calabrese and J. Cardy, Time dependence of correlation
functions following a quantum quench, Phys. Rev. Lett. 96,
136801 (2006).

[87] P. Calabrese and J. Cardy, Quantum quenches in ex-
tended systems, J. Stat. Mech.: Theory Exp. 2007, P06008
(2007).

[88] S. Bravyi, M. B. Hastings, and F. Verstraete, Lieb-Robinson
bounds and the generation of correlations and topological
quantum order, Phys. Rev. Lett. 97, 050401 (2006).

[89] A. M. Läuchli and C. Kollath, Spreading of correlations and
entanglement after a quench in the one-dimensional Bose–
Hubbard model, J. Stat. Mech.: Theory Exp. 2008, P05018
(2008).

[90] S. R. Manmana, S. Wessel, R. M. Noack, and A. Muramatsu,
Time evolution of correlations in strongly interacting
fermions after a quantum quench, Phys. Rev. B 79, 155104
(2009).

085144-14

https://doi.org/10.1103/PhysRevLett.120.197601
https://doi.org/10.1103/PhysRevResearch.1.033202
https://doi.org/10.1038/nphys3700
https://doi.org/10.1016/j.aop.2010.09.012
https://doi.org/10.1016/j.aop.2019.167998
https://doi.org/10.1063/1.2080349
https://doi.org/10.1063/1.3518900
https://doi.org/10.21468/SciPostPhys.7.2.020
https://doi.org/10.1038/s41467-022-33571-8
https://doi.org/10.1103/PhysRevB.103.224434
https://doi.org/10.1016/j.mtquan.2024.100020
https://arxiv.org/abs/2403.12779
https://doi.org/10.1103/PhysRevLett.133.260202
https://doi.org/10.1038/s41467-023-38540-3
https://doi.org/10.1103/PhysRevLett.130.106902
https://doi.org/10.1007/BF01342591
https://doi.org/10.1063/1.1705048
https://doi.org/10.1103/PhysRevB.98.035138
https://doi.org/10.1103/PhysRevLett.119.156601
https://doi.org/10.1103/PhysRevB.101.115117
https://doi.org/10.1103/PhysRevLett.122.130604
https://doi.org/10.1103/PhysRevB.111.035152
https://doi.org/10.1063/1.2080353
https://doi.org/10.1103/PhysRevB.79.165113
https://doi.org/10.1016/j.aop.2014.11.008
https://doi.org/10.1038/nphys4106
https://doi.org/10.1038/nphys4020
https://doi.org/10.1103/PhysRevB.95.014112
https://doi.org/10.1103/PhysRevA.90.013420
https://doi.org/10.1007/BF01645779
https://doi.org/10.1103/PhysRevLett.96.136801
https://doi.org/10.1088/1742-5468/2007/06/p06008
https://doi.org/10.1103/PhysRevLett.97.050401
https://doi.org/10.1088/1742-5468/2008/05/p05018
https://doi.org/10.1103/PhysRevB.79.155104


STABILITY OF FLOQUET SIDEBANDS AND QUANTUM … PHYSICAL REVIEW B 112, 085144 (2025)

[91] M. Cheneau, P. Barmettler, D. Poletti, M. Endres, P.
Schauß, T. Fukuhara, C. Gross, I. Bloch, C. Kollath, and
S. Kuhr, Light-cone-like spreading of correlations in a
quantum many-body system, Nature (London) 481, 484
(2012).

[92] M. H. Kalthoff, D. M. Kennes, and M. A. Sentef, Floquet-
engineered light-cone spreading of correlations in a driven
quantum chain, Phys. Rev. B 100, 165125 (2019).

[93] C. Fleckenstein and M. Bukov, Thermalization and prether-
malization in periodically kicked quantum spin chains, Phys.
Rev. B 103, 144307 (2021).

[94] E. Dagotto, Correlated electrons in high-temperature super-
conductors, Rev. Mod. Phys. 66, 763 (1994).

[95] K. Gadge, and S. R. Manmana, Stability of Floquet
sidebands and quantum coherence in 1D strongly in-
teracting spinless fermions [Data set], Zenodo (2025),
https://doi.org/10.5281/zenodo.15115513.

[96] H. Benthien, F. Gebhard, and E. Jeckelmann, Spectral function
of the one-dimensional Hubbard model away from half filling,
Phys. Rev. Lett. 92, 256401 (2004).

[97] A. C. Tiegel, Finite-temperature dynamics of low-dimensional
quantum systems with DMRG methods, Ph.D. thesis, Goettin-
gen University, Goettingen, 2016.

[98] T. Köhler, S. Paeckel, C. Meyer, and S. R. Manmana, For-
mation of spatial patterns by spin-selective excitations of
interacting fermions, Phys. Rev. B 102, 235166 (2020).

[99] S. Paeckel and T. Köhler, Symmps toolkit — symmps.eu,
https://www.symmps.eu.

[100] A. Alvermann and H. Fehske, High-order commutator-free
exponential time-propagation of driven quantum systems,
J. Comput. Phys. 230, 5930 (2011).

[101] P. Bloomfield, Fourier Analysis of Time Series, Wiley Series
in Probability and Statistics (John Wiley and Sons, Nashville,
TN, 2000).

085144-15

https://doi.org/10.1038/nature10748
https://doi.org/10.1103/PhysRevB.100.165125
https://doi.org/10.1103/PhysRevB.103.144307
https://doi.org/10.1103/RevModPhys.66.763
https://doi.org/https://doi.org/10.5281/zenodo.15115513
https://doi.org/10.1103/PhysRevLett.92.256401
https://doi.org/10.1103/PhysRevB.102.235166
https://www.symmps.eu
https://doi.org/10.1016/j.jcp.2011.04.006

