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We analyze the WAHUHA Floquet protocol recently applied to arrays of Rydberg atoms and derive
beyond-leading-order corrections in the high-frequency expansion of the effective spin theory. We find that an

appropriate choice of the pulses times can enforce an approximate symmetry corresponding to the conservation
of the total magnetization. The interaction channels emerging from higher-order Floquet terms affect three-
body bound states (trimers), which gain a significant mobility. We estimate the corresponding enhancement
in one-dimensional spin chains and conclude that their dynamics is within experimental reach. Detrimental

effects due to the proliferation of particles outside of the trimer magnetization sector are found to occur and
spread on timescales slower than the trimer propagation. We further show that long-range interactions enhance
trimer propagation and that two-dimensional triangular geometries can host energetically isolated trimer bands,
providing a possible route to reduce resonant mixing with higher-magnetization sectors. Our results establish a
concrete route to realizing mobile multiparticle bound states in Floquet-engineered Rydberg platforms.
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I. INTRODUCTION

Spin models provide a paradigmatic framework to de-
scribe many-body systems [1]. Recent developments in
quantum simulation platforms have opened avenues for their
programmable realization with tunable interactions and ge-
ometries [2]. In this context, spin models have been employed
to capture effective quantum properties of systems described
by Hubbard models, for example, with ultracold mobile atoms
[3—7]. Furthermore, they emerge as main description for ar-
rays of long-range interacting atoms, as dipolar atoms and
polar molecules [8,9], or Rydberg atoms [10,11]. In particular,
strong Rydberg-Rydberg interactions have enabled the exper-
imental realization of paradigmatic spin-% Hamiltonians, such
as the Ising, XY, and XXZ models, in one and two dimensions
by encoding the spin degree of freedom in a pair of atomic
levels [12].

These long-range interacting systems have made possi-
ble to explore the ground-state properties of spin models,
including quantum phase transitions [13,14], topological
states [15,16] and low-energy excitations, for example, sin-
gle magnons, collective excitations or domain walls [17,18].
In this context, bound states can also appear in the ex-
citation spectrum [4,19-24] at the cost of a slower time
evolution due to their higher mass. Two-particle bound states
have been largely investigated with synthetic matter sys-
tems with onsite interactions, as for the case of Hubbard
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models [25,26]. Systems with long-range interactions how-
ever display distinct features. They can manifest a critical
interaction strength for the existence of stable bound states
[27], recently observed with Rydberg dressed bosonic atoms
[28]. The interplay of long-range strong interactions and
lattice geometry can lead to bound states with emergent topo-
logical or localization properties absent in the noninteracting
regime [29,30]. Recently, more complex bound states or exci-
tations, like string excitations or domain walls [31-34], have
been the focus of investigation due to their exotic dynamical
properties, including the connection to gauge theories and
confinement [35].

While native models of the atomic platform already pro-
vide a rich playground to study spin models and their
few-particle or collective excitations, it is crucial to design
schemes that allow a higher degree of control of these many-
body systems. Floquet engineering has emerged as a versatile
method to manipulate atomic systems and their quantum
Hamiltonians via time-dependent periodic drives [36,37]. In
the case of mobile ground-state atoms, Floquet techniques
have been employed to control many-body transport prop-
erties across phase transitions [38,39], engineer gauge fields
[40—42], induce topological band structures [43—45], and de-
sign interacting models [46,47]. In the context of Rydberg
atoms, recent progress has shown that Floquet methods can
conveniently be employed to manipulate interactions beyond
the limitations of the native models [48,49], for example, to
engineer the Kitaev honeycomb model and its non-Abelian
topological properties [50-52]. A particularly convenient
driving scheme, known as WAHUHA pulse sequence [53],
has been employed to engineer the XYZ Hamiltonian [54,55]
at leading order in the Floquet high-frequency expansion.
Tunability of time pulses allows to tune the model in a
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parameter region where magnetization is conserved. In this
regime, the model exhibits an SO(2) symmetry and is
described by an XXZ spin model that can be tuned to
the rotational invariant Heisenberg limit. However, beyond-
leading-order corrections are expected, in general, to generate
a proliferation of spin-spin interaction terms that can break
this symmetry.

In this work, we investigate the WAHUHA protocol for
long-range interacting Rydberg atoms described by the XY
model. We derive next-to-leading order Floquet corrections
up to order 1/w?, with w the driving frequency, and we find
a regime of pulse times that removes all terms violating the
conservation of magnetization except for one. We then study
their impact on the dynamics of three-body bound states
(trimers) [30,56,57]. Three-particle bound states are expected
to have a very large mass in the XXZ model, which hin-
ders the possibility of observing them in experiments. Here
we show that WAHUHA Floquet engineering provides ad-
ditional channels that significantly increase the mobility of
trimers. We also investigate the role of long-range couplings
showing that they contribute positively to the trimer mobil-
ity. Moreover two-dimensional lattice geometries can help
mitigating the proliferation of states from other unwanted
magnetization sectors. Our findings highlight the potential
of Floquet-engineered Rydberg systems for studying exotic
few-body excitations and correlated dynamics in strongly in-
teracting quantum matter.

The paper is organized as follows. In Sec. II we in-
troduce the WAHUHA Floquet driving protocol and derive
the corresponding effective Hamiltonian up to second order
in the high-frequency expansion. We then specialize to a
one-dimensional chain with nearest-neighbor couplings and
choose the pulse durations such as to enforce an approximate
SO(2) symmetry. In this regime, the effective Hamiltonian
acquires a particularly transparent form, in which differ-
ent contributions can be directly identified as nearest- and
next-nearest-neighbor hopping, correlated hopping, and mul-
tispin processes, making their impact on the mobility of
magnons, dimers, and trimers explicit. In Sec. III we dis-
cuss the formation and dynamics of three-body bound states
(trimers) in one-dimensional (1D) chains, and analyze how
the Floquet-induced terms modify their dispersion and prop-
agation compared to magnons and dimers. In Sec. IV we
extend our analysis to systems with long-range interactions
and to two-dimensional (2D) lattice geometries, showing how
these ingredients enhance trimer mobility and at the same time
suppress unwanted mixing between different magnetization
sectors. Finally, in Sec. V we summarize our results and out-
line perspectives for experimental implementations and future
developments. Technical details on the Floquet expansion and
on the structure of the effective couplings are collected in the
Appendixes.

II. WAHUHA FLOQUET DRIVING

A. Effective theory: Leading order

We study the Floquet dynamics of a periodically driven
spin system described by the Hamiltonian:

Hdriven = HXY + W([), (1)
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FIG. 1. Floquet pulse scheme and trimer dynamics. (a)
Schematic representation of the WAHUHA Floquet driving se-
quence, consisting of four /2 pulses applied at times #,, 1, t3, t4
with phases ¢ = 0, —7 /2, /2, 7, separated by intervals ty, 15, 273,
such that t; + 1, + 73 = T/2. For square pulses of duration €, the
pulse amplitude is 2 = 7 /(2¢), so that the pulse area is 7 /2. This
protocol effectively engineers anisotropic spin interactions by aver-
aging out undesired terms. (b) Illustration of a trimer (three adjacent

spin excitations forming a bound state) propagating coherently along
a one-dimensional spin chain.

where

HXY = % Z]ij(O'iXU; —|— O’iyo’;) (2)
i#]
is the native XY Hamiltonian of the spin system at hand,
for example, arising from dipolar couplings between Rydberg
atoms [11]. The periodic drive W (¢) follows the WAHUHA
protocol [53-55], notably realized by the sequence of four
7 /2 pulses with fixed phases ¢ = {0, —7 /2, w /2, 7} and sep-
arated by time intervals ty, 75, 273 such that 1) + 1, + 13 =
T /2, with T being the driving period [see Fig. 1(a)]. A w /2
pulse is defined by its pulse area fpulse dt Q(t) = /2. For
square pulses of duration €, this corresponds to an amplitude
Q = /(2¢), as schematically indicated in Fig. 1(a). In the
following, we work in the ideal-pulse limit € < T, where the
pulse duration is neglected with respect to the free-evolution
intervals.
In the rotating frame defined by the explicit form of the
drive

W) = mz(t)

Z [cosp(t)of +sinp(t)o) ], (3)

1
the Hamiltonian becomes

/ . dU rive(t)
H'(t) = Uy (OHarivenUsrive () — th;rive(t)dd—t
= UJrive (1)Hxy Udrive (1), 4)

where Ugive(t) = Te™ & Jyd™W @) s the time-evolution op-
erator. According to standard Floquet theory [36,37] (see
Appendix A) we can describe the effective dynamical behav-
ior of the system by a systematic high-frequency expansion in
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w = 21 /T leading to a time-independent effective Hamilto-
nian Hgg. At leading order, we obtain

1 n
Her =) | —He ~ Ho+ 0(1/?), (5)

n

where H, was studied in Refs. [54,55] and it is given by

T . g,
Hy=Y" 7][(71 + oo} + (1 + 13)o; o}

i#j

+ (12 + 13 )afaf]. (6)

The results above show that this Floquet protocol provides a
flexible scheme for engineering a generic XYZ spin model.
By tuning the times 1), 72, and 73, it is possible to obtain
different regimes. When 1, = 13, the model preserves SO(2)
with respect to the z axis and conserves magnetization. More-
over, for 71 = 1, = 13 the model reduces to the celebrated
Heisenberg model with SO(3) rotational invariance. In the
following, we investigate the higher-frequency corrections of
this model, which were neglected in previous analyses.

B. Effective theory: Correction 1/w>

As detailed in Appendixes A and B, the first nonvanishing
correction to Hj arises at the second order in the Floquet
perturbative expansion (5), and takes the form He(fzf) Jw* =
H? 4+ H* where H** and H*, respectively, correspond to
two-spin and four-spin coupling terms explicitly given by

HY =Y (Jhotof + Tolo) + Tioiof) (1)

Jj>k
and
40 __ (Y2 Yy Yy _z 2z 2% Z_7, X, X
H™ = E : (Chi;jkahai 0;0; + Gy k0,070 0
h>i
Jj>k
Xy X x_ YV Y
+ G}, 1193,07 0 ), 3

where the restricted summation ) '(...) excludes terms with
(h, i) = (J, k).

The Hamiltonian He(fzf) does not possess in general any
explicit relevant symmetry except for the trivial Z, parity
(6 — —&). However, under certain conditions an approx-
imate SO(2) symmetry emerges. In particular, when ©, =
73 and 1] < 12, T3 the two-spin and four-spin couplings
satisfy J7 = J;, and Gy, ;, = 5. Explicit SO(2) sym-
metry breaking originates exclusively from terms of the form
oj0i0}a; which reduce the symmetry to the Z, subgroup of
rotations by /2 around the z axis. In the ideal-pulse limit
introduced above, taking t; — 0 brings the pulse at the end
of one period, with phase ¢ = m, adjacent to the pulse at
the beginning of the next period, with phase ¢ = 0. These
two 1 /2 rotations are about opposite axes and therefore can-
cel each other. The protocol can thus be represented as an
effective two-pulse sequence over one period. In the rest of
the paper, we will consider a simplified WAHUHA sequence
corresponding to second and third pulses with 7, = 13 = T /4
with a rotation around the y axis.

In order to simplify our discussion, we limit ourselves
for the moment to nearest-neighbor J;; couplings in Eq. (2)

and we fix the lattice to be a one-dimensional chain. Under
these assumptions, the Hamiltonian reads as Hg & Hé?f) +
He(ff)/w2 = Hso() + Hsoey, where the two terms take the
form

Hsop) = (1 —-T) Z (Ui+‘7i11 +o7 ok + Uz'z(’iil)

1

+5- —-~F 52
+F§ :(Gi Oi4p T 0; 015 —0; Gi+2)
i

-r Z (O‘izflodinrl + 0i1101i3)(0i+0i12 + Ui_aii2)
i

z z +y— 57T
+2r E 071070 0+ o7 ot s)

L

o+ - - - - + _+
+2FZ(°';‘ 0:110;120;13 1 0; 0i+10i+20i+3) ©)

L

and

Hsoey = =20 Zai+oi:10i:20i:3 +He., (10)

1

assuming units Jxy = Jii+1 = 1. The reduction from the
general second-order Hamiltonian to Eqgs. (9) and (10) is
summarized in the subheading of Appendix B. As it is evident
from the equations above, Hso(2) contains terms all of which
conserve the total magnetization, while Hgoyincludes a term
violating this conservation law. Within Floquet perturbation
theory we can readily obtain the coefficient I' = 1 ()2, as
shown in Appendix B.

The symmetric Hamiltonian in Eq. (9) can be interpreted
as a sum of distinct physical contributions. The first line
represents the leading-order Hamiltonian, which is a nearest-
neighbor XXZ model and includes higher-order Floquet
corrections via I'. The second line introduces longer-range
corrections to the previous XXZ model proportional to T,
including next-nearest-neighbor hopping and interactions.
Starting from the third line, higher-order spin correlations
appear. The third and fourth lines describe correlated hop-
ping processes whereas the fifth and last lines correspond
to pair-hopping processes, in which two spins hop together
across adjacent sites, effectively shifting a pair by two sites.
Crucially, the emergent interactions described by the opera-
tor o}, ,07,(0;" 0,5+ 0, 0/ ,) are relevant for the mobility
of trimers, as we will further discuss below. In contrast,
the term in Eq. (10) changes the magnetization by four
units and can therefore couple the trimer sector to higher-
magnetization sectors. In the following dynamical analysis,
we monitor whether this channel obscures the trimer signal on
the simulated timescales. The resulting Floquet Hamiltonian
dynamics has been benchmarked with the full exact dynamics
in Appendix C. The benchmark shows that the second-order
effective Hamiltonian captures the local magnetization dy-
namics more accurately than the leading-order XXZ model
in the parameter regimes considered, while global quantities
such as the total magnetization can display visible deviations
in larger systems due to higher-order Floquet corrections.
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III. TRIMER DYNAMICS

In this section we investigate the dynamics of three—body
bound states (hereafter referred to as trimers) in the effective
models derived above. In the static nearest-neighbor XXZ
chain such excitations are known to be very heavy, as their
motion arises only through higher—order virtual processes.
The Floquet-engineered Hamiltonian introduced in Sec. II in-
stead contains additional hopping and correlated terms whose
contribution to trimer motion becomes explicit in the simpli-
fied one-dimensional, nearest-neighbor setting adopted here.
We first recall the structure and dispersion of the trimer in the
XXZ limit, and then analyze how Floquet corrections alter its
mobility and its robustness against residual SO(2)-breaking
channels.

A. What is a trimer?

We first consider the nearest-neighbor spin—% XXZ Hamil-
tonian on a generic lattice geometry,

H=2h)Y (007 +o70)+AY oioi, (1)
(i,.J) (i,J)

where (i, j) denotes pairs of nearest-neighbor sites.
In one dimension with closed boundary conditions,
Eq. (11) reduces to

H=2h)Y (oo, +o,0t)+AY ofoi,. (1)

We focus on the ordered phase regime |h/A| < 1 and A >
0, where the Ising interaction dominates. The leading-order
term in the effective Hamiltonian (9) corresponds to the XXZ
model for /A = 0.5.

For the purpose of studying the dynamics of spin-flip clus-
ters, it is convenient to adopt the fully polarized state |0) =
[{) ... 1)) as a reference. Although this state corresponds
to the highest-energy configuration in the antiferromagnetic
regime, it provides a simple and intuitive background in which
flipped spins can propagate, interact, and form bound states.
Within this picture, a single flipped spin |i)s = |... | {1l !
...) (i.e., a magnon) plays the role of a mobile particle, en-
abling a clean description of its dynamics. Two magnons can
form bound states |i)p =|... | 1itix1d ...), here dubbed
dimers, with energy different from free magnons. The XXZ
model also supports multiparticle bound states [4,19,22,23]
and here we consider the case of three adjacent spin flips: a
“trimer” [i)r = [ ... Ittt Tigad o)

The existence and stability of trimers can be understood
perturbatively by considering the subspace of states |i)r
weakly coupled by the spin-exchange term proportional to
h. The effective low-energy Hamiltonian takes the form of a
tight-binding model:

Hr = erli) (il +tr(ji+ 1) (il + He),  (13)

where |i) = |i); denotes the trimer localized at sites i,i +
1,74 2, er is the onsite energy of the trimer state, f7 is the
effective hopping amplitude. From perturbation theory, one

finds
hZ
er =Eop+2+ + o), (14)

where Ey = (L — 4)A with L the number of sites of the chain
with closed boundary conditions. The trimer hopping ampli-
tude reads as

h3

S 4>

Ir

where the only relevant virtual states are spin patterns of the
form |... MMy .. and [... UM .. L), whose energy
difference from the trimer manifold is 4A. From Eq. (13), the
trimer dispersion relation reads as
h2 h3
ET(k)IE()"‘zK‘i‘pCOSk (16)

It is important to emphasize that the trimer band described
above represents only a subset of the full spectrum at fixed
total magnetization Ny = 3, which is represented in Figs. 2(a)
and 2(b). In this sector, one also finds states where the three
spin ups are not adjacent, such as configurations with two
nearby spins and one separated (i.e., those used above for
enabling the trimer mobility), or three completely separated
spins. These configurations give rise to additional bands in
the energy spectrum yielding bound-state bands and scattering
continua.

From a perturbative perspective, the coherent propagation
of the trimer is well defined as long as its band remains
separated from the scattering states, namely, for sufficiently
small values of 4. As h increases, the trimer band lowers in
energy and eventually overlaps with the scattering continuum
triggering conversion of trimers into lower-spin constituents
(i.e., magnons and two-magnon bound states).

A crucial ingredient for identifying trimers as coherent
quasiparticles is the conservation of the total magnetization,
i.e., an SO(2) symmetry. As visible from the band structure
in Fig. 2(c), the trimer band can overlap in energy to single-
magnon states and other stringlike excitations that share the
same number of domain walls but differ in spin number, such
as dimer bound states. Without magnetization conservation,
such resonances would enable mixing between these sectors,
obscuring the identification of trimers as coherent, long-lived
modes.

Finally, it is worth noting that trimers move significantly
much slower than other excitations. Their effective hopping
amplitude arises at third order in perturbation theory via two
virtual states, scaling as fr ~ n / AZ. In contrast, a single
magnon propagates directly at first order in s, while a two-
magnon bound state hops at second order with amplitude
~ h?/A. As a result, the trimer band appears almost flat
compared to the others [Fig. 2(c)], and its group velocity is
suppressed. This slow dynamics can be a limiting factor for
experimental detection since the trimer motion may occur
over timescales longer than the coherence times of available
platforms. This motivates the effort to identify schemes that
allow to enhance its dynamics and visibility through suitable
engineering of system parameters, as we discuss in this work
and more specifically in the next paragraph.
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FIG. 2. Trimer properties in the XXZ model and its Floquet corrections. (a) Energy spectrum of the 1D XXZ model (with closed boundary
conditions) in the Ny = 3 sector for L = 50 sites as a function of 4/A. The trimer band appears as a narrow, high-energy band separated

from lower-energy scattering states for 71/A <

<. The vertical dashed black line marks the reference value 47/A = 0.5, corresponding to the

value for the leading-order XXZ terms in Eq. (9) (b) Momentum-resolved spectrum of the Ny = 3 sector for #/A = 0.5. The upper isolated
branch corresponds to the trimer band discussed in the main text. (¢) Comparison of the highest-energy bands of the XXZ model at i/ A = 0.5
across different magnetization sectors (Ny = 1, 2, and 3) highlighting the different dispersion of magnons, dimers, and trimers. (d) Schematic
illustration of the correlated third-neighbor hopping process contributing to trimer propagation in the effective Hamiltonian. (e) Bandwidth of
the trimer band from Eq. (9) as a function of the Floquet parameter I" for the full effective Hamiltonian (blue line) and the reduced model
(orange line) where the correlated third-neighbor hopping term [fourth line in Eq. (9)] is removed. The black star marks the choice of I' = 0.01,

used throughout the main text.

B. Trimer dynamics and SO(2) leakage

Perturbations introducing correlated longer-range hop-
ping processes can significantly enhance the trimer mobility,
thereby speeding up the propagation timescales. A concrete
example of such a modification is provided by the effective
model previously introduced in Eq. (9), where a small pa-
rameter I' < 1 controls various next-nearest and higher-order
spin interactions. In particular, the fourth line of Eq. (9) con-
tains a correlated third- neighbor hopping term of the form
Lo} “10; +2((7 03 to; 0 +3) This term directly enables a
first-order coherent hopplng process for the trimer as a whole,
without the need of virtual intermediate steps [see Fig. 2(d)].
However, such process will interfere with the ones originating
from the rest of the Hamiltonian, in particular the leading-
order XXZ terms, and it is not guaranteed that it would
enhance the mobility. Since I' > 0 and the product o}, 07, ,
is positive on trimer states, the overall sign of the process

is also positive. As shown in the previous paragraph for
the perturbative regime and in Figs. 2(a)-2(c), XXZ trimers
have an inverted band with positive hopping. Thus, the cor-
related hopping process adds up constructively to them and
leads to an enhancement of the mobility rather than a sup-
pression. As a consequence, the effective group velocity of
the trimer increases and the corresponding energy band be-
comes more dispersive. This effect is illustrated in Fig. 2(e),
which compares the trimer bandwidth for increasing values
of I'. The presence of the third-neighbor correlated hopping
in Eq. (9) visibly increases the bandwidth of the trimer. To
isolate the role of this process from the other I"-dependent
corrections, the same figure also compares the full effec-
tive Hamiltonian with a reduced model in which only the
correlated third-neighbor hopping term in the fourth line of
Eq. (9) is removed. The reduced bandwidth obtained in this
case shows that this term gives the dominant contribution to
the Floquet-induced enhancement of trimer mobility, while
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the remaining I'-dependent terms mainly provide a smaller
background renormalization.

To complement the band structure analysis, we study
trimer dynamics of the XXZ Hamiltonian under the
WAHUHA protocol discussed above in chains of L = 17 sites.

We find that trimer propagation remains well defined under
the exact driven dynamics for I' < 0.01 (w/Ju = 8). The
second-order effective Hamiltonian (9) provides the reference
bound-state dispersion used to estimate the propagation veloc-
ity, but the robustness of the signal is assessed directly from
the driven time evolution.

In this regime, we observe an enhancement of the trimer
propagation velocity of approximately up to 30% compared
to the undriven I' — 0 case. Despite the presence of SO(2)-
breaking terms, the dominating fast dynamics is dictated by
the trimer light cone as we comment further below.

We support the above conclusions by monitoring the
quantum walk dynamics of an initial product state |i)7 =
[... d1itir1Tir2d . .) using three complementary observ-
ables. First, we monitor the time evolution of the local
magnetization, n; = (1 + ¢;)/2, which reveals a coherent bal-
listic front that is consistent with the light-cone velocity vp,x
obtained from the effective theory (9) [see Fig. 3(a)]. Sec-
ond, we compute a five-point trimer correlator, specifically
designed to detect isolated three-spin bound states surrounded
by spin-down spins [46,58]:

Ti(t) = (1 = ni—o)niininipr (1 — nigo)). a7)

This correlator clearly traces the same light-cone structure
observed in the local magnetization [see Fig. 3(b)]. Finally,
we quantify the total magnetization contained inside and
outside the light cone. We find that the magnetization out-
side the light cone remains small and approximately constant
while the magnetization inside the cone increase with time.
This indicates that processes not conserving magnetization
are dominantly slower than the trimer propagation and do
not hinder the identification of its dynamics. Altogether,
these observations show that, on the simulated timescales, the
magnetization-nonconserving channels generated by the drive
do not prevent the identification of the trimer propagation
front for I' < 0.015.

For comparison, we also simulate the dynamics of a single
magnon and a two-spin dimer under the same driven Hamilto-
nian, using initial states respectively given by |... {1} ...)
and |... {1itit1d -..). In both cases we employ the same
system size (L = 17), drive strength (I' = 0.01), and closed
boundary conditions used in the trimer case. The correspond-
ing magnetization profiles, shown in Figs. 3(d) and 3(e),
illustrate the faster propagation of these excitations compared
to the trimer. We checked that the dynamics with closed
boundary conditions is reproduced also for an open chain
with a sufficiently large number of sites L > 50 to minimize
boundary effects.

IV. LONG-RANGE AND HIGHER-DIMENSIONAL
EFFECTS

In the previous sections, we have focused on trimer dy-
namics in one-dimensional systems with nearest-neighbor
interactions. While this setup captures the essential physical

(b)
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FIG. 3. Time-resolved diagnostics of trimer propagation in a 17-
site chain under the exact driven Hamiltonian with I' = 0.01 and
closed boundary conditions. (a) Local magnetization as a function of
time, showing a clear light-cone structure emerging from a central
trimer excitation. The effective light cone (white dashed line) is
obtained from the bound-state dispersion by extracting the maximum
slope via finite differences over three adjacent k points in the exact
spectrum. (b) Time evolution of the trimer correlator 7;(¢) showing
ballistic behavior. The dashed dark line marks the effective light-cone
velocity for I' = 0.01 (v & 0.173), while the dotted red line shows
the velocity for I' — 0 (v = 0.130) for comparison. (c) Time evo-
lution of the magnetization m = ), n; inside the light cone (green),
outside of the cone (orange) and the total one (blue). The steplike
structure of the curves arises the discrete nature of the lattice. (d)
Magnetization profile of a propagating single-spin magnon and (e)
of a dimer.

mechanisms and allows for clear analytical treatment, it is im-
portant to address generalizations that bring the model closer
to experimental platforms and open further directions. Here
we consider two such extensions: the inclusion of long-range
interactions and the generalization to two-dimensional lattice
geometries.

A. Long-range interactions

One of the most natural and experimentally relevant
extensions concerns systems with long-range interactions
as compared to the nearest-neighbor couplings considered
above. In particular, platforms based on Rydberg atoms
trapped in optical tweezers provide a natural setting for realiz-
ing spin models with tunable long-range dipolar interactions
[11,15,59], while alternative realizations include magnetic
dipolar atoms [60] and polar molecules [61-63]. Rydberg sys-
tems implement an XY Hamiltonian (2) through dipole-dipole
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FIG. 4. (a) Maximum trimer velocity vy, = L) ayaluated

from the exact-diagonalization spectrum of the H.; up to O(1/w?)
specializing Eqgs. (7) and (8) to long-range couplings J;; ~ 1/rj%, L =
17 sites with closed boundary conditions, t; = Oand 7, = 13 = T /4,
within the sector Ny = 3, thus projecting out all magnetization non-
conserving terms. The distance r;; is taken as the minimal distance on
the periodic chain. The lower cutoff & = 3 corresponds to the dipolar
case. The black star marks the choice of I' and « used in Sec. IV A.
(b) Time evolution under the exact driven Hamiltonian of the trimer
projection operator 7;(¢) for I' = 0.01 and @ = 3 (dipolar couplings).
We observe an increase of ~60% in the speed of the excitations with
respect to the I' — 0 case (red dotted line).

exchange processes, and an external magnetic field deter-
mines the angular structure of the interactions. Specifically,
the atom-atom interactions in Eq. (2) scale as J;; = Cyq(1 —
3cos’ 6; i)/ ri3j, with 6;; the angle between the magnetic field
and the interatomic axis [64]. This provides a convenient knob
to tune anisotropy in the atom-atom couplings as well as the
sign. In this work, we consider lattice geometries (e.g., a
one-dimensional chain or a two-dimensional lattice) for which
we can choose the angle 6;; = 7 /2 for all pairs of atoms i and
J and obtain isotropic dipolar interactions decaying as 1/ r?J
More generally, one can, however, ask how the results of this
work depend on the decay of the interactions with distance
as 1/r*, with o = 3 being the dipolar case. This is moti-
vated by the fact that properties of bound states can indeed
strongly depend on the long-range tail [21,65] and different
platforms provide distinct and possibly tunable long-range
couplings [66].

The Floquet analysis presented in previous sections can be
extended in the presence of long-range couplings, leading to
an effective model analogous to Eq. (9) but containing addi-
tional long-range interaction channels, including new terms
that break SO(2) [see Eq. (B8)]. To probe the impact of these
additional interactions on trimer dynamics we computed the
maximum group velocity of the trimer band for various values
of a and Floquet strengths I' in the sector Ny = 3 [shown in
Fig. 4(a)], thus restricting the analysis to the SO(2)-symmetric
terms. We find that the trimer mobility substantially increases
as o decreases, i.e., as interactions become longer ranged,
while the dynamics remains effectively bounded by a lin-
ear light cone [67]. Not only does the natural (zeroth-order)

trimer velocity increase, but the additional enhancement due
to second-order corrections is also amplified at low-« values.
This analysis is supported by real-time dynamics showing that
the predicted velocity corresponds to an analogous propaga-
tion cone [see Fig. 4(b) for « = 3]. Specifically, we find that
the Floquet drive induces an enhancement up to 60% faster
than the undriven propagation. Furthermore, a comparison
with the nearest-neighbor case studied in Fig. 3(b) shows
a clear drastic improvement of the propagation timescale.
Here the trimer reaches the edge after 6 tunneling times Jxn,
whereas in the nearest-neighbor case it was a much slower
process requiring 45 tunneling times for a chain with 17 sites.

Recent experiments demonstrate that the characteristic in-
teraction strengths and timescales assumed in this work are
compatible with state-of-the-art Rydberg quantum simulators.
For example, in the Rydberg implementation by Scholl ez al.
[55] and by Chen et al. [68] dynamics up to a few tunneling
time (/i/Jyy) is achieved, which is within the range required by
our findings as in Fig. 4.

B. Two-dimensional geometries

We now briefly discuss the extension of our analysis to
two-dimensional lattice geometries, where (i) trimer states can
further gain additional mobility due to the higher-dimensional
geometry and (ii) energetic isolation of trimer states can be
observed thus providing a route toward the suppression of
resonant processes into other magnetization sectors that were
identified in 1D.

To be specific we focus on a triangular geometry with
nearest-neighbor couplings, as depicted in Fig. 5(a), but other
geometries can provide similar mechanisms with distinct fea-
tures. As shown in the figure, there are different kinds of
compact three-spin configurations, distinguished by their ge-
ometric structure, that can have 12 or 14 domain walls. This
provides an energy cost AE = 24 — 28J with respect to the
fully polarized state. Instead, the 7-spin excitations have 18—
30 domain walls with an energy cost AE = 36-60J. The
compact three-spin configurations are of three types: trian-
gles (T) and linear (L) or chair-shaped (C) states, shown in
Fig. 5(a). Notice that the T configurations are not degenerate
with the L and C configurations due to the different count of
domain walls.

In Fig. 5(b), we show the exact diagonalization (ED) spec-
trum of the Hamiltonian in Eq. (B8) for a small lattice 6 x 6,
where the two sectors Ny =3 and Ny =7 are plotted for
' =0.015.

We find an isolated high-energy branch in the Ny =3
sector. To clarify the nature of this branch, Fig. 5(c) shows
the evolution of the corresponding momentum-resolved spec-
trum of the triangular-lattice XXZ model of Eq. (11) in the
N; = 3 sector as h changes. In the small-h limit, where 7, C,
and L states are approximately eigenstates of the model, the
highest-energy states can be directly associated with compact
T configurations through the domain-wall counting discussed
above. Notice in particular that there are two types of T
states, depending whether the triangle points up or down.
This gives rise to two distinct 7 bands. Since we consider
a system of N = L x L = 36 sites with L = 6 and periodic
boundary conditions along both axes, the energy of the fully
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FIG. 5. Trimer bound states in a 2D triangular lattice. (a) Schematic representation of compact three-spin configurations on a triangular
lattice. (b) Spectrum of the effective Hamiltonian [see Eq. (B8) in the Appendix] with I' = 0.015 on a 2D triangular lattice of size L x L
sites with L = 6, nearest-neighbor couplings and closed boundary conditions along both directions. The plot shows energy levels in the
N; = 3 sector (blue squares) and the Ny =7 sector (red crosses) along a momentum-space path in the 2D Brillouin zone. The highest-
energy branch in the Ny = 3 sector appears isolated from both lower-energy N; = 3 excitations and higher-spin sectors such as Ny = 7. (c)
Spectrum of the triangular-lattice XXZ model of Eq. (11) in the Ny = 3 sector for A = 1 and increasing values of 4. In the small-£ limit,
the highest-energy states are identified with compact three-spin configurations. Their continuous evolution with increasing / supports the
trimerlike interpretation of the isolated high-energy branch in (b). (d) Comparison between the exact spectrum of 7 states and their effective
honeycomb-lattice description (see main text) for different cuts of the Brillouin zone.

polarized (FP) state is given by the total number of nearest-
neighbor links, namely, N, = 3L% = 108, thus Epp = 108A.
T configurations have 12 domain walls corresponding to en-
ergy AEy = Epp — E7 = 108A —2 x 12A =84A. Cand L
configurations have 14 domain walls and thus AEc = AE; =
80A. These energies are clearly identified in the left panel of
Fig. 5(c). Notice that as A is increased, the different energy
bands gain dispersion and bandwidth, so they start overlap-
ping and merging. However, the upper band remains isolated

and gapped from the rest. This supports the identification in
Fig. 5(b) of the upper state as a trimer band, in close analogy
with the one-dimensional trimer band discussed in Sec. III B
and shown in Fig. 2(b).

The comparison with the Ny = 7 sector in Fig. 5(b) further
shows that, for the parameters considered here, this trimer
branch is energetically separated from it, thus suppressing the
coupling originating from leading SO(2)-breaking process.
Moreover, compared with the zeroth-order XXZ spectrum
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shown in Fig. 5(c), the inclusion of the second-order Flo-
quet terms in Fig. 5(b) appears to further gap and isolate the
upper branch from the lower Ny =3 states. This suggests
that the Floquet-induced corrections can contribute not only
to the mobility of compact three-spin excitations, but also
to their spectral separation in triangular geometries. A full
time-dependent analysis in 2D, however, requires higher com-
putational resources or strategies compared to those discussed
so far, and is thus beyond the scope of this work.

The value of T" used in Fig. 5(b) is larger than the
one employed in the one-dimensional dynamical simula-
tions. Increasing I" enhances the second-order processes
discussed in this work and, at the same time, is expected
to make higher-order Floquet corrections progressively more
relevant. The spectral separation observed in the triangu-
lar geometry therefore suggests a possible route to protect
compact three-spin states even in regimes where additional
magnetization-changing channels may become more impor-
tant. Two-dimensional triangular arrays are also directly
relevant for current experimental platforms [69,70], provid-
ing a natural setting where such features could be further
investigated.

Moreover, the multiband structure of compact three-spin
excitations in lattices different from one-dimensional chains
offers an opportunity to investigate nontrivial bound-state
dynamics with emergent topological properties [29,57]. In
particular, following Ref. [29] and focusing for simplicity on
the regime of tightly-bound T states, their center of mass sits
on the center of the triangular plaquettes. This dual lattice
has the geometry of a honeycomb lattice. At leading order, T
states in nearest-neighbor plaquettes are coupled via second-
order processes with hopping J.iz = 242/ A and onsite energy
Eer = 84A + 9h?/ A. We thus expect the bands of T states to
be graphenelike, namely, two bands touching through Dirac
cones. Indication of this physics and band structure can be
identified in the two upper bands of Fig. 5(c), limited by
finite-size resolution, that are shown in Fig. 5(d). Increasing
values of & lead to a partial overlap of these bands with the
other bound states and with the scattering continua.

V. CONCLUSIONS

In this work, we have explored the emergence and dy-
namics of trimer bound states in periodically driven spin
models engineered via Rydberg atom arrays. By applying a
WAHUHA-type Floquet sequence to an underlying dipolar
XY Hamiltonian, we obtained an effective XYZ model with
tunable anisotropies and second-order corrections that include
correlated hopping and multispin interactions.

Our analytical and numerical results demonstrate that
second-order Floquet terms enhance trimer mobility in a
regime of the protocol that approximately conserves magne-
tization, enabling longer-range correlated motion. Despite the
presence of terms breaking magnetization conservation in the
Floquet second-order expansion, we find that trimer propa-
gation remains clearly identifiable in the parameter regimes
considered. The second-order effective Hamiltonian quanti-
tatively captures the driven dynamics in small systems and
provides a useful description of the dominant local propaga-
tion features in larger chains. We further find that long-range

interactions enhance the propagation of trimer bound states by
increasing their effective mobility. In addition, our analysis of
two-dimensional triangular geometries reveals isolated high-
energy branches in the Ny = 3 sector, suggesting the possible
emergence of energetically isolated trimerlike bound states
beyond one dimension.

These findings provide a route to engineer and study mul-
tiparticle bound states in programmable quantum simulators.
The parameter regimes considered are directly relevant to cur-
rent experimental platforms based on Rydberg atoms, where
Floquet periods and interaction scales naturally fall in the
range of few microseconds. Furthermore, recent advances
with polar molecules also provide an alternative setting for
our findings [71]. Our work provides further support for
beyond-leading-order analyses of Floquet-engineered Ryd-
berg systems as a tool to investigate nonequilibrium dynamics
of many-body quantum states. An interesting perspective is to
analyze how alternative pulse sequences [72] yield interaction
channels distinct from the ones analyzed here, which can
significantly affect the mobility of multiparticle states.
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APPENDIX A: DETAILS OF FLOQUET

We consider a generic time-dependent Hamiltonian com-
posed of a static and a periodic contribution,

H'(t) = Hy + W'(1), (AL)

where Hy is time independent and W'(¢) is a periodic operator
with period T = 27 /w. The periodic part can be expanded in
a Fourier series as

W/(l) — Z(V(n)einwt + V(n)fefinwt).

nx1

(A2)

As a concrete example, we consider the rotated Hamil-
tonian H'(z) defined in Eq. (4). This Hamiltonian can be
decomposed into a time-independent part Hy, given explicitly
in Eq. (6), and a time-periodic contribution whose Fourier
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components read as

J;
Ve = Z 2nn

by [sm(na)(rl + 1'2))(0 a —0; aj)
i#]

+sm(na)rl)(a o’ — O] UJ)]

) (A3)

with VT = v and vV© = 0. Within the high-frequency
Floquet formalism, the effective Hamiltonian governing the
stroboscopic dynamics over one driving period is given by

Heip = Ho + — Z Ly, vy
1 1
+ —_—

55 2 V" Hol, v

n_l

+ — - V(n)’ V(m), V(ner)T
o 2 e !

+Hec. +0(/0). (A4)

In the present case, since V" = V™7 the first-order cor-
rection in 1/w vanishes identically. As a result, the leading
nontrivial corrections to H arise at second order in the inverse
driving frequency and scale as 1/w?. This expansion follows
the standard high-frequency Floquet formalism described in
Ref. [36].

APPENDIX B: SECOND-ORDER COEFFICIENTS

As shown in Appendix A, the leading nonvanishing cor-
rections to the effective Hamiltonian arise at second order
in the high-frequency expansion and scale as 1/w’. In this
appendix we provide the explicit expressions of the corre-
sponding second-order effective Hamiltonian, which cons1sts
of both two-spin and four-spin interaction terms (H ff D =
H? + H*), given in Eqs. (7) and (8). The coefficients ap-
pearing in the two-spin second-order Hamiltonian H>°
given by

(n,m) g (n) __ A (n,m) 4 (n)
x ZZ l/Ak/lAn Akl] Aﬂ)
J:k wz 2 n2(n + m)? ’
1;éjkn 1
=0
(nm) A(n) _ A (.11) 4 (n)
Yy ZZ Alkj An Ajkl Aﬂ)
Jk w2 2 n2(n + m)? ’
l;éjkn 1
=0
(n,m) 4 (n) _ A (nm) 4(n)
2 _ ZZ lJ Ajlk A Az]k Ax ) (Bl)
Jj.k wz 2 n2(n+m)2
lyéjkn })

Here J; ; denotes the native dipolar couplings introduced in
Eq. (2). The remaining coefficients entering the above expres-
sions are defined as

A" = sin[nw(t; + 1)),

A = sin(not)) — sin[no(t; + )],

A —
Z

— sin(nwty). (B2)

The coefficients Al(.?;cm) take different forms depending on
whether m = 0 or m # 0. For m = 0 they read as
i ]J J.k
T
i, k] k,j

ABY = [AP(1) + 1) — AV (1y + T3)| 7L~

+[AV @+ 1) - AP (1 + o) [
Jiidi

+[AV (1 4 13) — AP (11 + 13)] ’T" (B3)
whereas for m # 0 one finds
(nm) _ LISk
NG = [AD A — A A | Pk
. Ji ik, j
+HALTAY - AT
(n+m) 4 (m) (ntm) 4 )7 ik
+ [ArmAT — ATtmATM] p— (B4)

The four-spin contribution to the second-order effective
Hamiltonian can be originally written as

HY = Z (C;f'jk U/f"iyaf‘fk + Chz]k U;UZUXUE
hiti j#k
X, x Yy __V BS
—I—chukaha o’ ok) (B5)
where the coefficients are given by
(n,m) (n,m)
R 8 & (A AY — Al A;n))
hijk = 22 — n?(n+m)? ’
m=0
o 8 Snj(AGAY — AAY)
Criie = ,
hijk = 252 —~ n%(n + m)?
m=0
(nm) () _ A (mm) 4(n)
= ZJhl A ikj Ay ) (B6)
hijk ™ (2572 nz(n_|_m)2 )

The spin operators appearing in H** are symmetric under
the exchanges & <> i and j < k. It is therefore convenient to
introduce symmetrized coefficients

Chizjk = Chijk + Chikj + Cinjk + Cinkj» (B7)
in terms of which the four-spin Hamiltonian takes the com-
pact form reported in Eq. (8). The restricted summation in
that equation, together with the condition {h, i} N {j, k} = @
accounts for the fact that the coefficients are not symmetric
under the exchange of the two index pairs (%, i) < (j, k).

The emergence of a pseudo-SO(2) symmetry at second or-
der requires the conditions J, = J;, forall j,k and G} ;, =
Cjz.z;hi for all A, i, j, k. These constraints imply Ag”) =0 and
AW = —Afc”), which can only be satisfied in the limit 7; — 0
(see Fig. 6). This choice must be combined with the condition
7, = 13, which enforces an SO(2) symmetry already at zeroth
order.

With this choice of parameters, the definitions of the coeffi-
cients simplify dramatically: one can verify that all quantities
A®™™ with m # 0, defined in Eq. (B4), vanish. The remaining
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FIG. 6. Visualization of the four-body interaction coefficients Cﬁj j and Cy. « appearing in H 49 [Eq. (8)] for a five-site chain with dipolar
couplings (J;; o 1/]i — j|*), evaluated at I' = 0.01. The driving protocol is characterized by WAHUHA parameters 7, = 0, 7,/T = 0.33, and
73/T = 0.17. The y axis of each subplot labels all index pairs (#, i) and the x axis all pairs (j, k). The equivalence between Cflf i and Cﬁ‘;hi
across the plots illustrates that the symmetry condition for the four-spin coefficients is satisfied when t; — 0. As discussed in Appendix B, the

full pseudo-SO(2) symmetry requires in addition 7, = 73, which enforces an SO(2) symmetry already at zeroth order.

sums over n (with m = 0) reduce to

Z A(”) 8 isinz(nnﬂ) 1 (n>2
(a)n')2 = (on)? 1 n4 T 1R2\w/”’
"= J
Hjs i = Jj,k(U;er_ +0; 0 +0j0f)
J2 k‘]]k
nn l#] k
N

nn l#]k

2Ji i Jixd ik

Jk +J2 J,k—i-Jijk +Jzzkju

up to products of the couplings J. Introducing the parameter
= é(J“%”)z, the Hamiltonian (A4) can be cast in the form

Herr =) Hjok + O(1/w?), with

- Jf]«]i,k - J‘zk‘]i,j)(o'faki + Ujiolj)

i,

2.],',1‘.],'7]{]]',/() O‘;sz

r
7 Z n, idikdn i + Inidi jIn,j + Ji jiInidik + Jixdn, jJi j

m- psi

+ 2(Jh,iJh,th,k +Ji jiInidix — In jIniJix — Jh,th,iJi,j)]Cf;faf(afdk_ + G;U;j)

2J2

m-psj

Z [+Jh] lk‘]hk +Jh le th Jj + Jl ]-]h le k +Jl th JJl j

+ Jn, i Inidik + InxInidij + In jJiwdjx + Inidi ik

— Unidn jInx + i jInidix +JIn jJi il ik + Inadindj)loj oo op.

This expression remains valid for arbitrary lattice ge-
ometries and interaction profiles J; ;. The one-dimensional
nearest-neighbor limit relevant for Egs. (9) and (10) is dis-
cussed explicitly below.

A convenient alternative set of parameters is obtained by
taking 73 — 0 while imposing 7; = 7, (that is, A" = 0 and
A = —A(). In this case the two central pulses with phases
¢ = —m /2 and 4+ /2 become coincident at mid period and
cancel each other, so that the protocol again reduces to a

(B8)

(

two-pulse sequence per period, now consisting of ¢ = 0 and
applied at t = T /4 and 3T /4. Crucially, this implementation
avoids the need for a pulse at ¢+ = 0, leaving a time window
of T /4 after the quench before the first pulse is applied. The
resulting effective Hamiltonian is equivalent to the one dis-
cussed above up to a global spin rotation (i.e., a relabeling of
spin axes); in this paper we nonetheless adopt the convention
in which the pseudo-SO(2) symmetry lies in the x-y plane,
which is the most common choice in the literature.
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FIG. 7. Schematic selection rule for the nearest-neighbor reduc-
tion of the terms involving two spin operators in Eq. (B8). Double
lines denote the effective coupling generated between the external
sites, while single lines denote the native couplings. Only prod-
ucts made entirely of nearest-neighbor bonds survive; hence, these
terms either renormalize nearest-neighbor couplings or generate
next-nearest-neighbor ones. The four-spin-operator terms follow the
same selection principle but have different allowed topologies.

Nearest-neighbor reduction in one dimension

We now specialize Eq. (B8) to a one-dimensional chain
with nearest-neighbor couplings J;; = Jxx for |i — j| = 1 and
Jij = 0 otherwise. Using Jyn as the energy unit, we summa-
rize how the general expression reduces to Eqgs. (9) and (10).

The reduction is most transparent by observing that every
second-order coefficient in Eq. (B8) is a product of three
native couplings. Therefore, in the nearest-neighbor limit, a
contribution survives only if all three factors correspond to
nearest-neighbor bonds. This imposes strong geometric con-
straints on the relative positions of the indices and eliminates
all terms requiring one site to be simultaneously connected to
three distinct sites. For the terms involving two spin operators,
this selection rule is illustrated schematically in Fig. 7.

In this part of the Hamiltonian, the only nonvanishing con-
tributions occur for |j — k| = 1 and |j — k| = 2: the former
renormalize the leading-order XXZ Hamiltonian, while the
latter generate the second line of Eq. (9). Explicitly,

20 _ + - -+ zZ.Z
HyN = FE :(Ui 011 T0; 0;4y +0; Ui+1)

L
+T ) (0o, o0, —0i0f,). (B9
i

Adding the zeroth-order contribution gives the first two lines
of Eq. (9).

We next consider the four-spin terms proportional to
a,fof(oj*cfk’ + H.c.). In the nearest-neighbor chain, the al-
lowed index configurations can be classified according to the
distance between the hopping sites j and k. First-neighbor
correlated hopping is absent because it would require at least
one vanishing native coupling. For |j — k| = 2, the surviving
configurations are those where the two z operators occupy
sites adjacent to the hopping pair, giving

2 . 42 +.- -5t
~T' ) (07407 +07510713) (07 077, + 07 0,). (B10)
i
For |j — k| = 3, the two intermediate sites carry the z opera-
tors, giving

2r Z 07410712(0; 0715 + 0, 0713). (B1D)

1

Equations (B10) and (B11) correspond, respectively, to the
third and fourth lines of Eq. (9).

Finally, the xxyy part of Eq. (B8) survives only when the
four indices occupy four consecutive sites. After summing

over the inequivalent permutations and rewriting the result in
terms of o*, one obtains

XXy _ 4+t = = - -+ _+
Hy™ =2r § :(Ui 0410120143 T 07 011012073)

1

ot gt ot o oo
—2r § (0;7031101120143 + 07 014101,20713)-
i

(B12)

The first line conserves the total magnetization and gives the
last line of Eq. (9). The second line changes N; by four units
and is the only term that breaks the emergent SO(2) sym-
metry in the one-dimensional nearest-neighbor limit, yielding
Eq. (10). All other terms in Eq. (B8) vanish in this limit
because at least one of the native couplings appearing in the
corresponding product is zero.

APPENDIX C: FLOQUET THEORY BENCHMARK

We validate the second-order effective Floquet Hamilto-
nian (9) with closed boundary conditions by comparing its
dynamics with the exact one obtained via the time-dependent
evolution under the full Hamiltonian (1). This comparison
focuses on the magnetization dynamics starting from a trimer
state, i.e., a state in which three neighboring spins are flipped
on top of a fully polarized background.

For relatively small system sizes (up to 7 spins) the two
evolutions show excellent agreement even at moderate driv-
ing frequencies w/Jy, ~ 6. In this regime, the parameter I'
reaches values as high as 0.02 without compromising the
accuracy of the effective description (9) [see Fig. 8(a)].

For larger systems, higher-order terms can become more
visible since global observables accumulate small corrections
over many sites and over longer timescales. As a consequence,
the range of parameters where the second-order effective
Hamiltonian provides a uniformly quantitative description be-
comes more restricted as the system size increases.

For example, when studying the behavior of total magneti-
zation, the effective Hamiltonian (9) already includes the lead-
ing symmetry-breaking channel at order 1/w?. This already
provides a substantial improvement over the leading-order
XXZ Hamiltonian, which strictly conserves magnetization
and therefore cannot capture this drift at all. At the same time,
in longer chains this leading symmetry-breaking contribution
does not fully account for the magnetization variation ob-
served in the exact driven dynamics. This indicates that the
second-order effective Hamiltonian should not be regarded
as a uniformly quantitative description of all observables in
this regime, especially for global quantities that are sensitive
to small magnetization-changing processes accumulated over
the whole system. As expected, reducing I', and therefore
increasing the driving frequency, improves the agreement with
the exact driven dynamics [see Fig. 8(b)].

On the other hand, the discrepancies observed in the total
magnetization do not affect all observables in the same way.
Local quantities, which are the main diagnostics used in the
main text to identify the propagation of the trimer excitation,
are captured more accurately by the second-order effective
model. This is illustrated in Fig. 8(d), where the local magne-
tization at the center of the chain for L = 15 follows the exact
driven dynamics substantially better than the leading-order
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FIG. 8. Time evolution of global (top panels) and local magnetization (bottom panels) in finite spin chains with L = 7 (left panels) and
L = 15 (right panels), starting from a trimer initial state localized at the center of the chain and corresponding to (N;) = 3. Closed boundary
conditions are used in all simulations. In all panels, we compare the dynamics generated by the exact driven Hamiltonian (orange), the
second-order effective Hamiltonian [Egs. (9) and (10) in the main text] (blue), and the leading-order XXZ model (green line). The driving
parameters are chosen such that I' = 0.01 for the L = 7 (a)—(c) and I' = 0.005 for the L = 15 (b)—(d).

XXZ Hamiltonian. We therefore use the second-order effec-
tive Hamiltonian primarily as a controlled guide to identify
the relevant Floquet-induced processes and the associated
propagation scales, while the visibility of the trimer signal is
assessed directly from the driven dynamics in the main text.

APPENDIX D: NUMERICAL METHODS

All numerical simulations presented in this work are based
on exact diagonalization and exact unitary time evolution of

finite-spin chains. The dynamics is initialized from product
states corresponding to localized excitations, typically trimers
placed at the center of the chain with closed boundary condi-
tions.

The construction of the spin Hamiltonians and the time
evolutions were implemented using the quspin library [73,74],
together with standard numerical routines from Python
libraries. Momentum-resolved spectra were obtained via ex-
act diagonalization within symmetry-resolved Hilbert-space
sectors.
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