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Ultracold Rydberg atom arrays are an emerging platform for quantum simulation and comput-
ing. However, decoherence in these systems remains incompletely understood. Recent experiments
[Guardado-Sanchez et al. Phys. Rev. X 8, 021069 (2018)] observed strong decoherence in the quench
and longitudinal-field-sweep dynamics of two-dimensional Ising models realized with 6Li Rydberg
atoms in optical lattices. This decoherence was conjectured to arise from spin-motion coupling.
Here we show that spin-motion coupling indeed leads to decoherence in qualitative, and often quan-
titative, agreement with the experimental data, treating the difficult spin-motion coupled problem
using the discrete truncated Wigner approximation method. We also show that this decoherence
will be an important factor to account for in future experiments with Rydberg atoms in optical
lattices and microtrap arrays, and discuss methods to mitigate the effect of motion, such as using
heavier atoms or deeper traps.

I. INTRODUCTION

Arrays of Rydberg atoms, built either via optical lat-
tices [1, 2] or programmable microtraps [3–13], provide
a versatile platform for studying quantum many-body
systems, including their real-time dynamics. Recent ex-
periments have realized synthetic quantum magnetic sys-
tems by constructing Rydberg-atom lattices with block-
ade radii Rb that are comparable to the lattice constants
al [6–16]. Such systems are widely used in areas like con-
trolling many-body quantum phases [11–15] and studying
out-of-equilibrium dynamics [6–8, 16].

While many of these experiments are conducted on
timescales where the atom motion is negligible [8], recent
experiments [17] have revealed significant discrepancies
between the experimental results and the theoretical pre-
dictions even after accounting for single-particle decoher-
ence. Although Ref. [17] qualitatively explained this dis-
crepancy by introducing a “two-body interaction noise”,
their explanation does not predict the magnitude of the
noise or its dependence on system parameters, and this
magnitude must be fit to the experimental data. Ref. [17]
suggests the noise is likely to be an effect of atom motion,
which becomes important on the timescale Jt ∼ 1, where
J is the strength of interaction between atoms. Although
some theories of atom motion in Rydberg-atom systems
have been developed, these have focused on few-atom
motional effects [18–20]. Now, understanding motional
effects in a many-body setting is crucial for an emerging
generation of experiments [6, 7, 21–25].

In this paper, we show that the experimentally ob-
served deviations from the expected Ising model are con-
sistent with the effects of atom motion, which strongly
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supports atom motion as a source of Ref. [17]’s observed
interaction noise, and our calculations allow us to pre-
dict its effects in a wide range of experiments. There are
two contributions from the atom motion: the first comes
from the initial state’s quantum and thermal spread of
positions and momenta, and the second comes from the
interaction-induced motion during the dynamics.

We obtain these results by using the discrete trun-
cated Wigner approximation (dTWA) [26], a semiclas-
sical stochastic phase space method, which circumvents
the dificulties with direct numerical simulation that occur
due to the large motional Hilbert space. As an aside, we
note that Refs. [27–29] have applied dTWA to quenches,
while our results include both quench and ramp dynam-
ics.

The prediction of motional decoherence in Rydberg
atom arrays is especially important for the future of the
Rydberg atom array quantum simulation platform. We
show that while working with optical tweezers instead
of a lattice reduces the motional decoherence, the de-
coherence nevertheless can be significant on timescales
currently being experimentally explored [2, 6, 10]. Also,
our calculations quantify how the decoherence depends
on the depth of the tweezers or optical lattice, the atomic
mass, and the sign of the interactions, providing a road
map to mitigating the decoherence.

Our paper is structured as follows. Sec. II introduces
the spin-motion coupled Rydberg-atom lattice model and
the dTWA method. Sec. III shows the dynamics follow-
ing sudden quenches and slow detuning ramps, compar-
ing dTWA with and without motion. Sec. IV quantifies
how the decoherence depends on experimental settings in
optical lattices and microtraps. Sec. V concludes.
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II. MODEL AND METHOD

This Section presents the spin-motion coupled Ising
model used to describe experiments of Rydberg atoms
in optical lattices or microtrap arrays [Sec. II A] and
the dTWA methods used to calculate the dynamics
[Sec. II B].

A. Spin-motion Coupled Ising Model

The experimental system we consider is an array of
atoms in a 2D square lattice at unit filling driven by a
laser that couples ground state atoms |g〉 = |↓〉 to a low-
lying Rydberg state |r〉 = |↑〉, with Rabi frequency Ω and
detuning ∆, as shown in Fig. 1. In the spin language, the
Ω and ∆ give transverse and longitudinal fields, respec-
tively. There is an attractive van der Waals (vdW) inter-
action when two atoms are in the Rydberg state, giving
rise to an Ising coupling between spins that is C6/R

6

where R is the distance between spins. The nearest-
neighbor terms dominate for the parameters in Ref. [17],
so we neglect longer-ranged interactions.

FIG. 1. (color online) A 2D optical lattice of atoms with two
internal states coupled by a laser realizes a transverse-field
Ising model with |↓〉 and |↑〉 given by the ground state |g〉
and a Rydberg state |r〉, respectively. Two atoms interact
only if both are in |↑〉, as described by Eq. (1). Spins (atoms)
are allowed to move, as indicated by the pale red trails.

Atoms move due to their initial velocities and the vdW
interaction among those in the Rydberg state, and the
Ising model must be extended to capture the kinetic en-
ergy and the optical forces on the atoms. We assume
atom i is trapped by a 3D harmonic oscillator centered
at lattice site i, which is valid in a deep lattice as long
as the atoms are not too far displaced from their equi-

librium position ~Ri. Then the appropriate Hamiltonian
is

H =
~
2

∑
i

(Ωσxi −∆σzi )

− ~J
8

∑
〈i,j〉

(
al
rij

)6

(σzi + 1)(σzj + 1)

+
∑
i,α

pαi
2

2m
+
∑
i

~V0
π2

2a2l
r̃i

2(1− σzi ), (1)

where al is the lattice constant, J = |C6|/a6l is the
nearest-neighbor interaction strength, pαi is atom i′s mo-

mentum in direction α (α = x, y, z), σαi is the Pauli ma-
trix for atom i, rij is the distance between two atoms i
and j that are located at ~ri and ~rj , and r̃i is the mag-

nitude of the displacement ~̃ri = ~ri − ~Ri of atom i from
the center of lattice site. We neglect the trap potential
on atoms in the Rydberg state, as it is much smaller
than the trap on ground-state atoms as well as negligible
compared to the Rydberg-Rydberg interaction.

Most of our concrete calculations are for Lithium-6
atoms in an optical lattice in the experimental config-
uration of Ref. [17], but the broad results apply more
generally, for example to other atoms and microtrap po-
tentials, which are discussed in Sec. IV. When consid-
ering the experiments in Ref. [17], we take the lattice
depth to be V0 = 55ER/~, where ER = π2~2/2ma2l is

the recoil energy and al = 1024/
√

2nm, and C6/a
6
l =

−2π × 6.0MHz, the result from experimental fitting in
Ref. [17]. Throughout our calculation, we neglect the
single-particle decoherence unless otherwise specified. To
measure how the system deviates from product states, we
focus on the connected spin-spin correlation

C(i, j) = 〈σzi σzj 〉 − 〈σzi 〉〈σzj 〉. (2)

B. Discrete Truncated Wigner Approximation

In the area of quantum spin dynamics, the truncated
Wigner approximation (TWA) methods are widely used,
especially for quenches and when timescales are not
too long. These methods are controlled approximations
when the correlations between particles are small or the
system is semiclassical [30]. Additionally, the dTWA
method[26, 31–33], which maps the spin degree of free-
dom to a discrete phase space, can also preserve oscil-
lating features [28, 29] and capture correlations [27] on
moderate timescales; often, it outperforms the continu-
ous TWA in 1D spin chains [33]. Recent studies [28, 34–
36] compare results from dTWA to exact results, higher
order dTWA calculations, or Rydberg atom experiments
and reveal that dTWA methods in 2D spin systems can
be accurate for timescales of Jt ' 2, comparable to the
largest timescales studied in this paper. TWA methods
approximate quantum dynamics by classical equations of
motion (EoM) propagated from the exact initial state’s
Wigner distribution (quasiprobability) [30]. The EoM’s
are derived from the Hamiltonian (1) and shown in Ap-
pendix A. We use the same random seed for calculations
with different physical parameters.

For atoms in a harmonic trap with frequency ω at tem-
perature T , the Wigner distribution is

W (x, p) = 2 tanh

(
~ω

2kBT

)
exp

(
− (x/`)2 + (p`/~)2

coth( ~ω
2kBT

)

)
,

(3)

where ` =
√
~/mω is the harmonic oscillator length.

T = 0 yields the ground-state Wigner distribution. For
the spins, dTWA represents the spin-12 observables as
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points in a discrete phase space [26, 37], which we take

to be the eight points ~Su ∈ 1
2 (±1,±1,±1). Ref. [33] has

shown that this choice of basis performs better than other
choices in a broad range of scenarios [31]. When the ini-
tial spins are aligned in the |↓〉 state, the quasiprobability

W (~Su) is 1
4 for the four points 1

2 (±1,±1,−1) and 0 for
the other four.

Our dTWA and exact diagonalization (ED) calcula-
tions are for a 4× 4 lattice with periodic boundary con-
dition. We have calculated results for a 6 × 6 system
with dTWA and they agree well with the 4 × 4 results.
For example, for the long-time quench results discussed in
Sec. III A 2, the differences of the correlation between two
system sizes are always less (usually much less) than 6%
for the range of ∆’s plotted, and for shorter times these
differences are smaller. For both ED dynamics and solv-
ing the classical EoM, we use fourth-order Runge–Kutta
with a timestep of 1ns for the ideal Ising model and 0.5ns
for the motional model. The results are well-converged:
for example, decreasing the integration timestep by a fac-
tor of two for the ideal Ising long-time quench discussed
in Sec. III A 2 changes all results by less than 2%. Sta-
tistical errors are small and indicated in the figures.

III. RESULTS: QUENCH AND RAMP
DYNAMICS

A. Sudden Quench

Motivated by Ref. [17], the first scenario we study is
quench dynamics of the Rydberg atoms in an optical lat-
tice. Specifically, the lattice is initially filled with ex-
actly one atom per site, which is in its electronic ground
state and in its motional ground state. (Sec. IV con-
siders finite-temperature motional states as well.) After
an instantaneous turn-on of Ω, the system evolves under
Eq. (1). We study two quenches: “short-time quenches”
with Ωt < 1 (Sec. III A 1) and “long-time quenches” with
Ωt > 1 (Sec. III A 2). For each quench, we calculate the
spin correlations C(i, j) as a function of detuning ∆.

1. Short-time Quench

Figures 2(a) and (b) show that the effect of motion is
small but observable for the short-time quench (Ωt = 0.5)
dynamics. In these calculations, we use the Rabi fre-
quency (Ω = 2π×4.1MHz) and duration (t = 61ns) from
the experiments in Ref. [17]. We compare three versions
of the spin model: (i) the ideal Ising model with all spins
sitting at the center of individual lattice sites; (ii) the
frozen model, where each atom has a finite distribution
of locations initially, but does not move during the spin
dynamics; (iii) the full motion model, where each atom
has both an initial distribution of locations and momenta,
and it is allowed to move according to interactions with
other atoms and the lattice.

FIG. 2. (color online) Spin correlations at short duration (top
row, Ωt = 0.5, 61ns, 5,000 dTWA trajectories) and at long
duration (bottom row, Ωt = 2.97, 280ns, 2,000 dTWA trajec-
tories) after a sudden quench with different ∆ values. The
circles are experimental data from Ref. [17] and the curves
are theory calculations described in the text. The shaded re-
gion indicates ±1 standard error of the mean, and to avoid
clutter are shown only on the full motion results, which are
the results with the largest statistical errors.

Figures 2(a) and (b) shows that the motion modifies
the correlations even on these short timescales, as seen
by comparing the ideal Ising and the full motion model.
However, for this timescale, the dominant contribution
comes from initial spread of atom positions rather than
atom motion during the quench, evidenced by the close
agreement between the full-motion and frozen-motion re-
sults.

Figure 2 also shows results obtained by 4 × 4 ED of
the pure spin system. Comparing this and the dTWA
method confirms that the latter is an accurate approxi-
mation in the situations shown.

2. Long-time Quench

Figures 2(c) and (d) show that atom motion signifi-
cantly suppresses the growth of correlations in the long-
time quench dynamics with Ωt = 2.97, using the corre-
sponding experimental Ω = 2π× 5.4MHz and t = 280ns.

The simulations with atom motion qualitatively repro-
duce the experimental long-time quench results. Upon
incorporating the initial state effects and motion dur-
ing the dynamics (the full motion model), the height of
the correlation peaks is dramatically reduced, in agree-
ment with the experimental values. The atom motion
also broadens and shifts the peaks. We have found that
the frozen motion model [omitted for clarity in Fig. 2(c)
and (d)] deviates strongly from the full motion results.

Comparing short and long duration quenches demon-
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strates that the effects of motion increase over time. The
evolution of correlations in both ideal Ising and full mo-
tion models, as shown in Appendix B, confirms that the
effect of motion accumulates over time and shows up af-
ter t = 50ns in this experimental setting, independent
of the detuning. A drastic increasing of kinetic energy,
specifically in the transverse direction, is also observed
in Appendix B.

B. Slow Quench with Detuning Ramp

Again motivated by Ref. [17], the second scenario we
study is the dynamics as the longitudinal field ∆ is slowly
swept from far off resonance to the final detuning. For
sufficiently slow ramps, coherent evolution, and no mo-
tional coupling, this would result in adiabatic preparation
of the Ising ground state. The dynamics has two stages,
as in the experiment Ref. [17]. Initially, all the atoms
are prepared in the ground state under a laser field with
Rabi frequency Ωi and large laser detuning ∆i � J . The
first stage of the ramping process is that the ∆ decreases
to a preset value ∆f with a given ramp rate ∆̇ while
Ω is constant. The second stage is a linear turn-off of
the Ω with rate Ω̇ while ∆ holds constant. We focus
on the experimental parameter values: J = 2π × 6MHz,
Ωi = 0.9J , ∆i = 3.3J , and Ω̇ = 0.24J2, and we take the
single-body decoherence times, specifically the lifetime
and dephasing time, to be T1 = 20µs and T2 = 0.5µs, re-
spectively. The single-body decoherence is incorporated
into the calculations as described in Appendix A.

FIG. 3. (color online) Ramp results varying ∆f . (a) ∆̇ =
−1.42J2. The fields Ω and ∆ vary over time in two stages,
as shown in the inset and described in the text. (b) ∆̇ =
−0.70J2. The solid curves are the ideal Ising results. The two
shaded regions, which indicate ±1 standard error of the mean,
are Ising and full motion model results, each with single-body
T1 and T2 decoherence. Note that the horizontal axis is re-
versed.

Figure 3 shows results for two ramp rates ∆̇, in order to
compare motional effects at different timescales. For the
shortest duration ramps [Fig. 3(a) at positive ∆f ], the

single-atom noise can play a more important role than
the atom motion. However, the effect of motion rapidly
appears and exceeds the single-atom noise, as seen in
Fig. 3(a) for negative ∆f and Fig. 3(b) for nearly all
∆f . In Fig. 3(b), as the sweeping is slower (with smaller

∆̇), the process will be closer to an adiabatic process
and build up a higher correlation peak. However, as this
process takes longer time, the effect of the atom motion
is even larger.

The dTWA simulation supports Ref. [17]’s conjecture
that atom motion is a significant source of decoherence in
the detuning ramp results. Even though there are some
differences between simulation and experiments that are
possibly caused either by the limit of the dTWA method
or the simplification in the model, the numerical results
agree roughly with the experimentally-observed correla-
tions as a function of detuning [17], and give a peak
magnitude quantitatively consistent with the experiment.
As the atom motion is introduced to the model without
any fitting, our results give a reasonable explanation of
Ref. [17] two-body interaction noise.

IV. EFFECT OF MOTION IN OPTICAL
TWEEZERS

The results above have shown the importance of mo-
tion in recent optical lattice experiments, raising the
question of what role atom motion plays more generally
in ongoing experiments with optical lattices and micro-
traps, another important technique to realize spin models
with Rydberg atoms [10, 12]. In this section, we answer
two relevant questions: First, what are possible ways to
mitigate the motional effects in optical lattices? Second,
what is the effect of atom motion in optical tweezer ex-
periments?

A. Suppressing motional decoherence

Intuitively, the effect of motion will be smaller in
deeper lattice or with heavier atoms. Our calculations
show that replacing lithium atoms with rubidium atoms
or increasing the lattice depth can help to reduce, but not
eliminate, the motional effects, as shown in Fig. 4. In
dynamics similar to the long-time quench in Sec. III A 2
(Ωt = 2.97), using heavier atoms (Rb) or applying a
deeper trap (V = 10V0) increases the height of correla-
tion peaks and is closer to the ideal Ising result. However,
the peak remains much lower than in the ideal Ising dy-
namics and shifts noticeably. Because these techniques
only partially alleviate the motional decoherence, atom
motion will be important to consider when designing fu-
ture experiments.
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FIG. 4. (color online) Long time (Ωt = 2.97) quench when
Rb atoms are used or the depth of the lattice increases to
10V0, where V0 is the lattice depth applied in Sec. III. These
two results are plotted in comparison to the ideal Ising and
full motion results of the original setting. The shaded region
indicates ±1 standard error of the mean.

B. Motional decoherence in microtraps

Although the programmability of microtraps leads to
a diversity of geometries, the effect of motion is gener-
ally expected to be smaller in microtraps than lattices,
due to the microtraps’ deeper wells. To evaluate these
effects, we simulate the sudden quench dynamics with
atom motion in microtraps in recently-used experimen-
tal conditions with 87Rb [10, 38]. The parameters include
al = 10µm, C6 = ±2π× 1.95MHza6l , Ω = 2π× 1.95MHz,
and a radial (longitudinal) harmonic oscillator frequency
near the trap center of 100kHz (20kHz).

The quench duration is 760ns, which gives the same Ωt
value as the long-time quench discussed in Sec. III A. The
results are shown in Fig. 5, along with the dTWA results
of the ideal Ising model for comparison. It should be
noted that the atoms in microtraps are not fully cooled
down after the preparation of the experiment. Thus, the
initial conditions [Eq. (3)] correspond to the atoms’ tem-
perature in the magneto-optical trap, which is 25µK [38].

Figure 5(a) shows that in microtraps with repulsive
dipole-dipole interactions, a common case in experi-
ments [10, 12], the motional effects are fairly small in the
timescale we considered. After the sudden quench, the
full motion model’s peak in C(0, 1) has the same height
as in the ideal Ising model, but with a slightly shifted
position.

An important point is that in ongoing microtrap
experiments, Jt is 10 times larger than we consider
here [10]. We have performed dTWA calculations for
such timescales, seeing a much larger motional effect.
This is not included in the figures because the strong
quantum fluctuations and correlations at the longer times
make our dTWA method questionable. Nevertheless, our
results here suggest that the effect of motional decoher-
ence should already be detectable at much shorter times,
and, as discussed in Sec. III A 2, it is reasonable to expect
an increase in this motional effect at longer times.

Finally, we note that the sign of the interaction changes
the motional effects as shown in Fig. 5(b). The effect of

FIG. 5. (color online) Sudden quench results for Rydberg-
atom lattice based on Rb atoms trapped in microtraps, under
different detuning values. The quench time is 760ns (Ωt =
2.97). (a) C(0,1) with repulsive vdW interaction; (b) C(0,1)
with attractive interaction. The shaded region indicates ±1
standard error of the mean.

motion for repulsive interactions is less significant than
that for attractive interactions. The C(0, 1) in the attrac-
tive Rydberg-atom lattice [Fig. 5(b)] shows a suppression
of peak height by the atom motion, which is not observed
in the repulsive model in Fig. 5(a). The atom motion in
the attractive model also shifts the peak position.

V. CONCLUSION

In summary, we show that atom motion affects the
evolution of correlations in Rydberg-atom lattices, which
explains the discrepancy between coherent results and re-
cent experimental observations. For example, the results
indicate that atom motion suppresses magnetic correla-
tions, sometimes by a large amount.

We also suggest possible ways to relieve the effect of
atom motion including using heavier atoms, deeper lat-
tices, or repulsive Rydberg-Rydberg interactions. All of
these methods, which are usable in current experiments,
can reduce, but not eliminate, the motional decoherence
on the timescales we have considered. As the Rydberg
atoms become one of the major toolboxes in quantum
simulation and quantum computation, knowing the ex-
istence and magnitude of motional decoherence can be
helpful in both designing experiments and analyzing re-
sults.

Interesting future questions include how the motional
dynamics interplays with other sources of noise including
disorder in the lattice [10], blackbody-induced broaden-
ing [39, 40] or transitions [41], and motion-facilitated ex-
citation [20, 40]. We have noticed that some quantitative
differences remain between the dTWA simulation and ex-
periments. To understand this, one may look to improve
the motional Rydberg-atom lattice model to include ef-
fects of longer-range interaction [17], shapes of Rydberg-
Rydberg interaction [19], and to extend the numerical
methods to capture the strong quantum fluctuations that
occur at larger timescales [29, 42].
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[49] M. Genkin, S. Wüster, S. Möbius, A. Eisfeld, and J. Rost,
Dipole-dipole induced global motion of Rydberg-dressed
atom clouds, J. Phys. B-At. Mol Opt. 47, 095003 (2014).

Appendix A: Classical Equation of Motion

According to the Hamiltonian (1), the classical equa-
tions of motion are

ṙαi =
pαi
m

ṗαi = −
∑

j∈n.n. i

3~Ja6l
2r8ij

(rαi − rαj )(σzi + 1)(σzj + 1)

− ~V0π2

a2l
r̃αi (1− σzi )

σ̇αi =

−∆

2
−
∑

j∈n.n. i

Ja6l
2r6ij

(σzj + 1)− V0π
2

2a2l
r̃2i

∑
β

εαβzσβi

− Ω

2

∑
β

εαβxσβi −
1

T1
(−1 + σzi )δαz − 1

T2
σαi (1− δαz),

(A1)

where εijk is the Levi-Civita symbol, δαβ is the Kronecker
delta, and the variables rαi , pαi , and σzj are c-numbers cor-
responding to their quantum operator counterparts. The
T1 and T2 times arise from single particle decoherence.
These are the single particle excitation decay time and
the dephasing time, respectively.

Appendix B: Dependence of correlations, kinetic
energy, and atom number on time

To see how the effect of motion evolves, in Fig. 6
we show the values of the nearest-neighbor correlation
C(0, 1) over time in the long-time quench at ∆ =
−10MHz (far from the single-particle resonance) and
∆ = 0MHz (on resonance). These roughly are the de-
tunings where atom motion has the largest and smallest
effects, respectively. Fig. 6 shows that the effect of mo-
tion accumulates over time, as the ideal Ising and full
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motion curves overlap at the beginning of the quench,
but start to show differences after t = 50ns.
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FIG. 6. Nearest-neighbor correlation C(0,1) changes over time
(a) off-resonance (∆ = −10MHz) and (b) at the single-atom
resonance (∆ = 0MHz).

To gain insight into the role that atom motion plays in
the dynamics, we examine the motional behavior directly.
The average kinetic energy in Fig. 7 suggests that, when
allowed to move, the kinetic energy of atoms will increase,
especially in the in-plane direction. This is consistent
with the effects of motional decoherence increasing over
time during the quench.

Also, at long enough time some Rydberg atoms will

get close enough to each other and react, leading to atom
losses. During the dynamics, some atoms can move out
of the traps and cause atom loss as well. At the end of
dynamics, all lost atoms are treated as Rydberg-state
atoms, according to the experimental detection tech-
niques in Ref. [17]. However, as plotted in Fig. 8, after
the long-time quench in Sec. III A 2, the fraction of atoms
lost by the end of the dynamic is < 5%, a small impact
on the simulation results shown.
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FIG. 7. Average kinetic energy (blue curve) and out-of-
plane kinetic energy (green curve) at the end of the long-time
quench as a function ∆. Initially, the zero-point energy per
direction is ~ω/2 = h× 0.108kHz.
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FIG. 8. Percentage of atom loss at the end of the long-time
quench as a function of ∆.
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