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We use a Rydberg quantum simulator to demonstrate a new form of spectroscopy, called quench spectroscopy,
which probes the low-energy excitations of a many-body system. We illustrate the method on a two-dimensional
simulation of the spin-1/2 dipolar XY model. Through microscopic measurements of the spatial spin correlation
dynamics following a quench, we extract the dispersion relation of the elementary excitations for both ferro-
and anti-ferromagnetic couplings. We observe qualitatively different behaviors between the two cases that result
from the long-range nature of the interactions, and the frustration inherent in the antiferromagnet. In particular,
the ferromagnet exhibits elementary excitations behaving as linear spin waves. In the anti-ferromagnet, spin
waves appear to decay, suggesting the presence of strong nonlinearities. Our demonstration highlights the
importance of power-law interactions on the excitation spectrum of a many-body system.

The nature and spectrum of elementary excitations are
defining features of quantum matter. They reflect low-energy
physics, and dictate how quantum information propagates in
the system [1–3]. These elementary excitations are often
waves characterized by a dispersion relation ωk that connects
their energy to their wavevector k. This relation depends
on the dimensionality of the system, its symmetries, and the
range of the interactions between particles. Excitations are
traditionally probed in condensed matter via linear response,
which relies on cooling the system down to low temperatures
and measuring its equilibrium response to weak perturba-
tions [4–7]. The ability offered by synthetic quantum systems
to monitor (nearly) unitary evolution, in both space and time,
provides an alternative approach to probe the excitations: one
can inject a finite density of excitations into the system and
observe the subsequent dynamics – a so-called quench experi-
ment [8]. Following the quench, the re-organization of spatial
correlations is then dictated by the propagation of excitations,
which is governed by their dispersion relation. This intuition
can be put on firm ground when the elementary excitations
are free quasi-particles: in that case, the Fourier transform of
the equal time correlations in space at wavevector k – here-
after termed the time-dependent structure factor (TSF) – is
expected to oscillate in time at frequency 2ωk [9–13]. This
result forms the basis of quench spectroscopy, which we im-
plement here.

Our experiment employs a Rydberg-atom quantum simu-
lator, consisting of a two-dimensional square array of N =
L × L = 10 × 10 87Rb atoms trapped in optical tweezers
(see Fig. 1A). We encode the pseudo spin-1/2 using a pair
of Rydberg states |↑⟩ = |60S1/2,mj = 1/2⟩ and |↓⟩ =
|60P3/2,mj = −1/2⟩, which are coupled by resonant dipole-
dipole exchange between the atoms [14, 15]. The system is

well-described by the dipolar XY Hamiltonian,

HXY = −J
2

∑
i<j

a3

r3ij
(σx

i σ
x
j + σy

i σ
y
j ), (1)

where J/h = 0.25 MHz is the dipolar interaction strength,
σx,y,z
i are Pauli matrices, rij is the distance between spins
i and j, and a = 15 µm is the lattice spacing. We apply
a magnetic field perpendicular to the lattice plane to define
the quantization axis and ensure isotropic dipolar interactions.
After initializing the system in an uncorrelated product state,
corresponding to the mean-field (MF) ground-state for ferro-
magnetic (FM) or antiferromagnetic (AFM) interactions, we
then monitor the evolution of equal-time spin correlations in
real space, as well as in momentum space by evaluating the
TSF. Our main results are twofold. In the case of FM dipolar
interactions, the excitations are found to behave as long-lived
spin waves (also called magnons), whose frequency can be
extracted from the persistent oscillations of the TSF. We ob-
serve the characteristic non-linear dispersion relation of dipo-
lar spin waves in two spatial dimensions, predicted to scale as
ωk ∼

√
k for small k [16]. For AFM interactions, a different

picture emerges. There, the frustrated nature of the antiferro-
magnetic dipolar interactions leads to a linear dispersion re-
lation at small wavevectors. Moreover, the oscillations of the
AFM TSF are strongly damped, suggesting the existence of
decay processes which render spin waves unstable.

We begin the quench spectroscopy protocol by prepar-
ing either a uniform coherent spin state (CSS) |CSS⟩ =
|→ · · · →→⟩y aligned along the y axis, or a staggered CSS
|CSSs⟩ = |←→ · · · →←⟩y (Fig. 1A,B). The uniform CSS
is the MF ground state of the FM dipolar XY Hamiltonian
HXY, and its dynamical evolution is thus governed by the low-
energy excitations above the true ground state. The staggered
CSS, on the other hand, is the MF ground state for AFM inter-
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Figure 1. Quench spectroscopy of the 2d dipolar XY model. (A) Schematic representation of the classical ferromagnetic state along y
prepared during the quench, |CSS⟩ = |→ · · · →→⟩y , featuring the dipolar FM couplings. (B) Schematic representation of the initial classical
antiferromagnetic state along y, |CSSs⟩ = |←→ · · · →←⟩y , featuring the dipolar AFM couplings. Applying a canonical transformation

σ
x(y)
i → (−1)iσx(y)

i on the spins of one of the two sublattice of the AFM state transforms it into a FM CSS state with frustrated couplings
(see text). (C),(D) Space-time dynamics of the spin correlations following the quench into the coherent spin state |CSS⟩ (FM case, (C)) or the
staggered coherent spin state state |CSSs⟩ (AFM case, (D)). The dashed line in (C) is a guide to the eye d ∼ t2. The one in (D) corresponds to
d ≈ 2vgt/a, with vg extracted from the dispersion relation (Fig. 2B). (E),(F) Time evolution of the FM and AFM structure factors S(kx, ky, t)
(with (kx, ky) = (2π/L)(nx, ny)) extracted from the data in (C) and (D) (circles). The error bars represent 68% confidence intervals. Solid
lines: results of tVMC simulation. Dashed lines: results of LSW spin-wave theory including the experimentally-calibrated state detection
errors. the AFM, we show in (F) the results of tVMC only for t ≲ ℏ/J as the results are not quantitatively accurate for later times (see [14]).
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actions, namely for −HXY. Due to time-reversal symmetry,
the ensuing evolution can be viewed as low-energy dynam-
ics governed by the AFM dipolar XY Hamiltonian −HXY

[10]. To clarify the contrast between the two cases, we apply
a canonical transformation in the AFM case, rotating spins
on one sublattice by π around the z-axis, so that σx(y)

i →
(−1)iσx(y)

i . In this relabeled coordinate system, the initial
state becomes the same for the FM and the AFM, but the
Hamiltonian of the AFM transforms into that of a frustrated
ferromagnet with staggered couplings, (Ja3/r3ij)(−1)i+j+1

(Fig. 1B).
After a given evolution time t, we read out the state of each

atom [17, 18] in the z-basis, and reconstruct the equal time
correlation function for the z spin components of the atom pair
(i, j), Czz

ij (t) = ⟨σz
i σ

z
j ⟩(t) − ⟨σz

i ⟩(t)⟨σz
j ⟩(t). The choice of

the z basis is dictated by the fact that σz-operators correspond
to spin flips in the xy plane, thus revealing excitations above
low-energy states which exhibit long-range order for the x and
y spin components [14]. The space-time evolution of the cor-
relations is presented in Fig. 1(D,E), where we show the cor-
relation function averaged over allNd pairs of spins separated
by the same distance d, Czz(d, t) = N−1

d

∑
ij|rij=d C

zz
ij (t).

Strikingly, the correlations differ between the FM and the
AFM at both short and long distances. At short distances,
the correlations are negative in the FM, while they alternate
in sign (and are stronger) in the AFM – a subtle effect that
we discuss at the end of this paper. Moreover, the correlations
of the FM propagate rapidly in space and reach the longest-
distances in less than an interaction time ℏ/J . The data are
also consistent with the super-ballistic propagation of correla-
tion fringes predicted to scale as d ∼ t2 for the dipolar XY
model [10]. This is highlighted by the dotted line in Fig. 1D.
In the AFM, we find that the correlations propagate slower,
and that the correlation front moves linearly with time (dotted
line in Fig. 1E). This difference is due to frustration, which
effectively shortens the range of the interaction and leads to a
finite maximal group velocity vg = maxk |∇kωk| ≈ Ja/ℏ of
the elementary excitations, such that d ≈ 2vgt/a [3]. More-
over, the correlations appear to vanish at a finite distance of∼
6 sites, a consequence of thermalization towards a state with
short-range correlations (see below).

The TSF is then obtained by Fourier transforming the cor-
relation function at equal time:

S(k, t) = (1/N)
∑
i,j

eik · rijCzz
ij (t), (2)

with wave-vectors k = (2π/L)(nx, ny) where nx(y) =
−L/2 + 1, ..., L/2. As observed in Fig. 1E,F, the TSF ex-
hibits oscillations at short times for all wavevectors (full data
set in [14]). In the FM case, the oscillations persist at longer
times for small wave-vectors. The oscillations in the AFM
case have a lower frequency than their FM counterpart at the
same wavevector, and appear damped at long times. In both
cases, we compare the experimental data with the predictions
of linear spin-wave (LSW) theory and with time-dependent
variational Monte Carlo (tVMC) (see details in [14]). In the
FM case, we observe good agreement between the experimen-
tal results and both theoretical predictions (which also agree

with one another), suggesting that the elementary excitations
of the FM behave as undamped, linear spin waves. Contrarily,
the AFM data are in rather poor agreement with LSW theory,
which does not predict any damping – thus suggesting that the
AFM dynamics is strongly non-linear.

We then extract the dispersion relation ωk of elementary
excitations from a fit of S(k, t) to the form Ak cos(2ωkt +
ϕk) + Ck, predicted by LSW theory. Although our sys-
tem lacks well-defined wavevectors due to its open bound-
ary conditions (OBC), this fit is still applicable because its
early-time dynamics is approximately equivalent to that of a
system with periodic boundary conditions and modified cou-
plings (mPBC), as we detail in the Method [14]. We thus
restrict the fits to early times, i.e. to the data points of the
first full oscillation. In Fig. 2, we show the dispersion re-
lation ωk extracted from fits to the experimental data and
to the tVMC simulation, and also compare to the predic-
tions of LSW [10]. Namely, for dipolar XY systems with
mPBC, one expects ℏωk/J = γ0

√
1− γk/γ0, where γk =

(1/N)
∑

i ̸=j e
ik · rijηi+j+1a3/r3ij with η = 1(−1) for the

FM (AFM). In the FM case, we observe a non-linear disper-
sion down to the smallest wavevector – in agreement with the
LSW prediction that ωk ∼

√
k as k → 0 due to the long-range

dipolar tail [10, 16]. Also, LSW theory with mPBC matches
the experiment rather accurately. For the AFM, we instead ob-
tain a linear dispersion relation at small k (and even beyond)
from both the experimental and tVMC data, characteristic of
effective short-range interactions [19]. This is in agreement
with the light-cone picture of correlation spreading in real
space seen in Fig. 1, with a spin-wave velocity vg ≈ Ja/ℏ.
Again, the experimental and tVMC fits agree well with the
LSW prediction, which therefore suggests that the linearized
theory correctly captures the frequency of elementary excita-
tions. However, it does not predict their observed decay in the
AFM.

As is evident in Fig. 2A, the fit-extracted frequencies ex-
hibit a significant spread. This arises from the difficulty
of reliably fitting small-amplitude oscillations, especially for
ka ≈ π. This calls for a second method to extract the fre-
quency. Fortunately, LSW theory predicts a relationship be-
tween the offset Ck and the frequency ωk [10]:

ℏωk = Jγ0
√
2Ck − 1 , (3)

where γFM
0 ≈ 6.5 and γAFM

0 ≈ 2.5 for our 10 × 10 array.
Working under the assumption that the excitations are indeed
linear spin waves, we extract Ck from a fit to the data shown
in Fig. 1F,G, and infer ωk using Eq. (3). The thus-inferred
dispersion relation is shown in Fig. 2C,D, for both the exper-
imental and tVMC data. We also compare to the predictions
of LSW theory for a system with mPBC. In the FM, we ob-
serve excellent agreement, which again confirms the validity
of LSW theory for this system. The AFM also shows rather
good agreement, despite the fact that its state preparation is
plagued with more imperfections than the FM, and that its
spin waves are not expected to be stable, as we discuss below.

We now address the long-time dynamics, which, as pre-
viously noted, differs for the FM and AFM. First, to assess
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Figure 2. Measurement of the dispersion relation of the dipolar XY model. (A),(B) Frequency ωk as a function of |k| =
√

k2
x + k2

y ,
fitted from the time-dependent structure factors shown in Fig. 1F,G. The ferromagnetic case (A) exhibits a non-linear dispersion relation. The
antiferromagnetic case (B) shows a linear dispersion relation. (C),(D) Frequencies ωk obtained by using Eq. (3) and the fitted offset of S(k, t).
The data (filled circles) are compared to the results of LSW with, PBC (open circles), mPBC (square) and tVMC (diamonds), see text. On all
figures, the error bar represents the standard error from the fits.

A B

Figure 3. Time evolution of the structure factors S(kx, ky, t) for a 4×4 array. The black solid lines are the results of exact diagonalization
simulations, without or with experimental imperfections. (A),(B) ferromagnetic and antiferromagnetic case, respectively.
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whether the decay observed in Fig. 1G for the AFM dynam-
ics is due to experimental imperfections, or if it is intrinsic to
the unitary dynamics of the system, we scale our experiment
down to N = 4 × 4 atoms, which can be exactly simulated,
including all the known experimental imperfections (details
of imperfections in SM [14]). The results are presented in
Fig. 3A,B. In both the FM and the AFM, we observe that the
experimental imperfections do not fundamentally alter the dy-
namics at long times. This suggests that the decay of oscilla-
tions in the AFM is indeed intrinsic, which may be attributed
to an instability of the spin-wave excitations. As we further
elaborate in the SM [14], the origin of this instability can be
attributed to several effects. The first non-linear correction to
the AFM spin-wave theory predicts a decay of single magnons
into three magnons of lower energy and momentum. This de-
cay is instead negligible for the FM, due to kinematical con-
straints on magnon decay that lead to a lack of phase space
for the decay process. Moreover, as revealed by a systematic
study of different spectral functions (see [14]), the decay must
also come from multi-magnon processes resulting from the fi-
nite density of magnons injected into the system during the
initial state preparation.

Second, we discuss the issue of thermalization at long
times. For both the FM and the AFM, one could expect
equilibration of local observables to thermal equilibrium at
a temperature TCSS corresponding to the energy of the ini-
tial state, namely such that ⟨HXY⟩TCSS

= ⟨CSS|HXY|CSS⟩.
Experimentally, after the short initial transient from which
we extract the dispersion relation, the TSF tends to oscillate
around a well-defined value, which can be interpreted as sig-
naling the onset of equilibration. Assuming the eigenstate-
thermalization hypothesis [20], these oscillations should take
place around the thermal-equilibrium value of the TSF at
TCSS, with an amplitude decreasing exponentially with sys-
tem size. In the FM, however, this prediction should be taken
with some caution, as the dynamics of linear spin waves has an
effectively integrable nature. As such, it cannot lead to proper
thermalization, but only to dephasing (or pre-thermalization
[21]) when looking at quantities which probe several spin-
wave frequencies. For the AFM, instead, the damping of os-
cillations suggests a fully chaotic dynamics and proper ther-
malization.

For both the FM and AFM we extract the equilibrium value
of the TSF by averaging the data after the initial transient
of duration ℏ/J . The resulting time-averaged structure fac-
tors S̄(k) are shown in Fig. 4. For the FM, we calculate the
thermalized structure factor via equilibrium quantum Monte
Carlo (QMC) [14] (accounting also for the conservation of
structure factor at k = 0). We find that this value is in
excellent agreement with the one averaged over the oscilla-
tions, indicating that the pre-thermalized structure factor co-
incides with the thermal one. The corresponding tempera-
ture is TFM

CSS ≈ 1.2J/kB, lying deep inside the long-range
ordered regime [14, 22] where spin waves should be the dom-
inant thermally populated excitations. We also find that their
density remains small (see SM [14]), justifying the picture of
linear dynamics.

In the AFM case, predicting the thermal value for the

TSF is challenging due to the sign problem in QMC. Us-
ing tensor network methods, we estimate that TAFM

CSS ≈
0.6J/kB, falling in a paramagnetic phase above a Berezinskii-
Kosterlitz-Thouless transition [14, 17]. In this regime, non-
linear excitations (including unbound vortex-antivortex pairs)
should be thermally populated. This is reflected by a signifi-
cantly higher density of spin waves developed during the dy-
namics [14], which implies non-linearities play a prominent
role. Nonetheless, we again observe a relatively good agree-
ment between the experimental data and the predictions of
tVMC and LSW theory. For comparison, we also plot the
results of an equilibrium QMC calculation for the XY model
with nearest-neighbor interactions, at the corresponding TCSS

for that model. The agreement with the experimental data is
unexpectedly good, suggesting again the effective short-range
nature of the frustrated dipolar interactions.

Both the FM and the AFM show a peak of S̄(k) at ka =
(π, π), reflecting the short-range anti-correlations that we ob-
served in Fig. 1D,E. To understand the structure of these cor-
relations emerging at long times, we map the dipolar spin-1/2
XY model onto hardcore bosons [23]: the anti-correlations
in the σz spin components reflects the tendency of hardcore
bosons to form staggered density patterns for which the dipo-
lar hoppings allow them to delocalize and reduce their kinetic
energy. This has been observed in one-dimensional repulsive
bosonic gases, leading to short-range crystallization [24]. Sur-
prisingly the frustrated hoppings of the AFM case appear to
lead to significantly stronger correlations (namely, a higher
peak) than the unfrustrated, FM ones. This behavior is oppo-
site to what happens to phase correlations – namely the corre-
lations among the σx(y) spin components – which thermalize
to long-range order in the FM case, while they are expected to
thermalize to short-range order in the AFM case due to frus-
tration [17]. This enhancement of σz correlations by frustrat-
ing the ordering of the σx(y) components can be understood
as a result of the effective hopping range in the correspond-
ing bosonic model: In the FM case, bosons delocalize and
correlate in phase over all distances thanks to the dipolar hop-
ping, so that short-range density correlations are weakened;
contrarily, in the AFM case, bosons delocalize only at short
range because of the frustrated hopping, and they do so by
enhancing (short-range) density correlations.

In conclusion, we have experimentally reconstructed the
dispersion relation of a strongly interacting quantum sys-
tem (the 2d quantum dipolar XY model) using quench spec-
troscopy. Our results highlight the special role of ferromag-
netic dipolar interactions in two dimensions, whose long-
range tail leads to a non-linear dispersion relation of excita-
tions with unbounded maximal group velocity, accelerating
the dynamics with respect to finite-range interactions. The
frustration resulting from the antiferromagnetic dipolar inter-
actions leads instead to an effective cancellation of the long-
range tail, recovering a linear dispersion relation as in the case
of finite-range interactions. We observe that the elementary
excitations of the dipolar ferromagnet have the nature of linear
spin waves, leading to effectively integrable dynamics at low
energy. On the contrary, the dipolar antiferromagnet shows a
decay of spin-wave oscillations, highlighting the importance
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Figure 4. Time-averaged structure factor S̄(k). (A),(B)((D),(E) Comparison of experimental data and Quantum Monte Carlo (tVMC)
simulations for the ferromagnetic (antiferromagnetic) case, plotted in the first Brillouin zone. (C),(F) Experimental time-average structure
factor S̄(k) plotted along the path connecting the high symmetry points of the Brillouin zone (dotted lines in (A),(D)). We also plot the
predictions from tVMC, Quantum Monte Carlo (FM case), LSW (AFM) and QMC with nearest-neighbor (NN) interactions (AFM).

of non-linear quantum fluctuations in the system. Similar
spectroscopic analyses have been applied to the evolution of
quantum simulators after the application of a local perturba-
tion starting from the ground state [25], or of a parametric
perturbation at a given wavevector [26, 27]. Our approach is
instead based on a global uniform quench, akin to that adopted
in previous experiments on dilute Bose gases [28, 29] and
trapped ion chains [30]. It relies only on the initialization of
the system in the mean-field ground state of the Hamiltonian,
in order to target the low-energy spectrum. Our procedure
can be extended by using different initial states in order to
address higher-energy regions of the excitation spectrum. It
could also be applied to more exotic phases of matter, such
as magnetism on frustrated triangular or kagomé lattices, sup-
porting strongly fluctuating ordered phases or perhaps even
fractionalized spin liquids [31].
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Supplemental Material

I. EXPERIMENTAL METHODS

A. Experimental procedures

The implementation of the dipolar XY Hamiltonian is
based on the 87Rb Rydberg-atom tweezer array platform de-
scribed in previous works [17, 18]. The pseudo spin-states
|↑⟩ = |60S1/2,mJ = 1/2⟩ and |↓⟩ = |60P3/2,mJ = −1/2⟩
can be coupled by microwave at 17.2 GHz (see Fig. S1A). To
isolate the |↑⟩ − |↓⟩ transition from irrelevant Zeeman sub-
levels we apply a ∼ 45-G quantization magnetic field perpen-
dicular to the array.

Experimental sequence (Fig. S1) – We assemble arrays of
atoms trapped in 1-mK deep optical tweezers [32], Raman
sideband cool them down to 10µK and optically pump them
into |g⟩ = |5S1/2, F = 2,mF = 2⟩. We then adiabatically
reduce the trap depth by a factor ∼ 50 to further reduce the
temperature. The tweezers are finally switched off and the
atoms are excited to the Rydberg state |↑⟩ by a stimulated Ra-
man adiabatic passage (STIRAP) with 421-nm and 1013-nm
lasers.

To initialize the atoms in |CSS⟩ = |→ · · · →⟩ (FM case),
we apply a global resonant microwave π/2 pulse around x,
with a Rabi frequency Ω = 2π × 22.2 MHz (Fig. S1B). For
the AFM case, we need to initialize the system in |CSSs⟩ =
|←→ · · · →←⟩y . As the microwave field does not allow for
local manipulations, we combine them with local addressing
laser beams and use the following procedure. We first ap-
ply a global resonant microwave π pulse around x transfer-
ring all the spins from |↑⟩ to |↓⟩, (Fig. S1C). We then ap-
ply a staggered addressing light-shift (∼ 11 MHz) on half
of the atoms and, simultaneously, a weaker microwave π-
pulse (Ω = 2π× 7.7 MHz) to transfer only the non-addressed
atoms back to |↑⟩ while keeping the addressed atoms in |↓⟩.
This leads to the AFM state along z |↓↑ · · · ↓↑⟩. Finally,
we apply a global resonant microwave π/2 pulse around x
(Ω = 2π × 22.2 MHz) to get to the state |CSSs⟩.

State-detection procedure – The detection protocol includes
three parts. First, we apply a 7.5 GHz microwave pulse
(“freezing pulse” in Fig. S1) to transfer the population from
|↓⟩ to the n = 58 hydrogenic manifold (states |hi⟩ in
Fig. S1A). Atoms in the hydrogenic states are decoupled from
those in |↑⟩, thus avoiding detrimental effects of interactions
during the read-out sequence. Second, a 2.5 µs-deexcitation
pulse resonant with the transition between |↑⟩ and the short-
lived intermediate state 6P3/2 leads to decay of the atoms back
to 5S1/2. Third, we switch the tweezers back on to recapture
and image (via fluorescence) only the atoms in 5S1/2 (the oth-
ers being lost). This protocol maps the |↑⟩ (resp. |↓⟩) state to
the presence (resp. absence) of the corresponding atom. The
experimental sequence is typically repeated 400 times with
defect-free 4 × 4 assembled arrays, and ∼ 400 shots with at
most 2 defects allowed in the 10× 10 assembled arrays. This
allows us to reconstruct the spin correlations and the structure
factors by averaging over these repeated measurements.

B. Experimental imperfections

Several sources of state preparation and measurement
(SPAM) error contribute to affecting the observed structure
factors.

State preparation errors – We estimate that the Rydberg
excitation process is 98% efficient: a fraction η = 2% of the
atoms remains in the state |g⟩ after Rydberg excitation and
hence do not participate in the dynamics. These uninitialized
atoms are read as a spin |↑⟩ at the end of the sequence. For
the FM case, the following π/2-microwave pulse used to pre-
pare CSS is also imperfect due to the unavoidable effect of
the dipolar interactions between the atoms during its appli-
cation: it reduces the initial polarization by ∼ 1%. For the
AFM case, the π-microwave pulse applied simultaneously to
the addressing laser has an efficiency ηnon-add to transfer the
non-addressed atoms back to |↑⟩, and ηadd to transfer the ad-
dressed atoms to |↑⟩. For the 4 × 4 array with ∼ 68 MHz
addressing light-shift we find ηnon-add = 98% and ηadd = 2%.
For the 10× 10 arrays with ∼ 11 MHz addressing light-shift,
we get ηnon-add = 95% and ηadd = 2%. The fact that ηadd has
the same value in the two cases is fortuitous and indicates that
processes other than off-resonant microwave transitions play
a role.

Measurement errors – Due to the finite efficiency of each
step in the readout sequence (see Fig. I AB), an atom in |↑⟩
(resp. |↓⟩) has a non-zero probability ϵ↑ (resp. ϵ↓) to be de-
tected in the wrong state [17]. The main contributions to ϵ↑
are the finite efficiency 1 − ηdx of the deexcitation pulse and
the probability of loss ϵ due to collisions with the background
gas. As for ϵ↓, the main contribution is the |↓⟩ Rydberg state
radiative lifetime. A set of calibrations leads, to first order, to
ϵ↑ ≃ ηdx + ϵ = 1.5% + 1.0% = 2.5% and ϵ↓ = 1.0%.

The experimental structure factors S(kx, ky; t) are related
to the same quantities S̃(kx, ky; t) without detection errors by
the following equations (valid to first order in ϵ↑,↓):

S(kx, ky; t) = (1− 2ϵ↓ − 2ϵ↑)S̃(kx, ky; t)

+ 2ϵ↓ + 2ϵ↑.
(4)

The results of numerical simulations and spin-wave theory
shown in the various figures include the detection errors.

II. REPRESENTATIVE FITS OF THE EXPERIMENTAL
DATA FOR THE TIME-DEPENDENT STRUCTURE

FACTOR

Figures S2 (FM case) and S3 (AFM) present full data sets
for the time-dependent structure factor S(kx, ky; t) from the
experimental data and the data obtained by tVMC calcula-
tions. Both experimental and numerical data are fitted with
the same function Ak cos(2ωkt + ϕk) + Ck during the early
dynamics.
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Figure S1. Experimental sequence. (A) Schematics of the atomic levels relevant for the experiment. (B) Sequence of optical and microwave
pulses (not to scale) used for the experiments in the ferromagnetic case reported in the main text. (C) Sequence of optical and microwave
pulses (not to scale) used for the experiments in the antiferromagnetic case reported in the main text.

III. PRINCIPLE OF THE QUENCH SPECTROSCOPY
METHOD

We discuss here the bases of quench spectroscopy (QS) in-
troduced in several works [9–13], as applied to lattice spin
models with periodic boundary conditions. The quantity of
interest is the time-dependent structure factor

Sµµ(k, t) =
1

N

∑
ij

e−ik · (ri−rj)⟨Ψ(t)|σµ
i σ

µ
j |Ψ(t)⟩

= ⟨Ψ(t)|σµ
kσ

µ
−k|Ψ(t)⟩ (5)

where µ = x, y, z. We have introduced the Fourier transform
of the spin operators

σµ
k =

1√
N

∑
i

e−ik · riσµ
i . (6)

We consider quench experiments which start from a product
state |Ψ(0)⟩ = ⊗N

i=1|ψi⟩, corresponding to the mean-field ap-
proximation to the ground state of the spin Hamiltonian H of
interest. If such a ground state has spins forming a pattern
in the xy plane (as is the case in our work), elementary ex-
citations (with integer spin s = 1) are spin flips with respect
to these spin orientations: They are generated locally by the
σz
i = (σ+

i + σ−
i )/2 operator – σ±

i being the raising/lowering
operators of spin i with respect to the y quantization axis,
along which the spins are aligned in the initial state. Elemen-
tary excitations in a periodic system are moreover labeled by
their momentum, so that delocalized spin flips with wavevec-
tor k should be generated by the σz

k operator.
The time-dependent structure factor Szz(k, t) = S(k, t)

can then be rewritten as

S(k, t) =
∑
nm

eiωnmt⟨Ψ(0)|n⟩⟨m|Ψ(0)⟩⟨n|σz
kσ

z
−k|m⟩ (7)
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A B

Figure S2. Full data sets for the time-dependent ferromagnetic structure factor S(kx, ky; t). (Left): tVMC calculations. (Right): experi-
mental data. Line: fit by the function Ak cos(2ωkt+ ϕk) + Ck. Here, (kx, ky) = (2π/L)(nx, ny) where nx(y) = −L/2 + 1, ..., L/2. For
(nx, ny) = (4, 1), (5, 1), the fitting curves are not shown as the standard deviations of the fitting parameter ℏωk/J are very large.
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A B

Figure S3. Full data sets for the time-dependent antiferromagnetic structure factor S(kx, ky; t). (Left): tVMC calculations. (Right):
experimental data. Line: fit by the function Ak cos(2ωkt+ϕk)+Ck. Here, (kx, ky) = (2π/L)(nx, ny) where nx(y) = −L/2+1, ..., L/2.
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where we have introduced the Hamiltonian eigenstates
H|n⟩ = ℏωn|n⟩, and ωnm = ωn − ωm. The time-dependent
structure factor therefore oscillates at frequencies ωnm cor-
responding to transitions between Hamiltonian eigenstates
|m⟩ → |n⟩ which are connected by two delocalized spin flips
at opposite wavevectors ±k, generated by the operators σz

±k.
In turn, these two states must be both contained in the ini-
tial state |Ψ(0)⟩, as the transition between them is weighted
by the overlaps ⟨Ψ(0)|n⟩ and ⟨m|Ψ(0)⟩. This means that, if
the initial state is chosen so as to overlap with the low-lying
part of the spectrum of the Hamiltonian, only two-spin-flip
transitions between low-energy states will contribute to the
time dependence of the structure factor. In particular, if the
transitions |0⟩ → |n⟩ dominate in the sum Eq. (7) (where
|0⟩ is the Hamiltonian ground state), the time dependence re-
veals primarily the spectrum of two-spin-flip elementary exci-
tations. More generally, if spin-flip excitations correspond to
free quasiparticles, their corresponding transition energy re-
mains the same regardless of the |m⟩ → |n⟩ transition, so
that the spectrum of elementary excitations is revealed regard-
less of the degree of overlap of |Ψ(0)⟩ with the Hamiltonian
ground state. More precisely, as

⟨n|σz
kσ

z
−k|m⟩

= ⟨n|
(
σ+
k σ

−
−k + σ−

k σ
+
−k + σ+

k σ
+
−k + σ−

k σ
−
−k

)
|m⟩ (8)

the transition |m⟩ → |n⟩ is generated by two spin flips at
opposite wavevectors. In the case of spin flips correspond-
ing to free quasi-particle excitations with a well-defined dis-
persion relation ωk, S(k, t) oscillates therefore at frequen-
cies ωk ± ω−k. Hence, if ωk = ω−k (time-reversal in-
variance, valid in our case), S(k, t) oscillates at frequencies
ωnm = 0, 2ωk. This is indeed the prediction of linear spin-
wave theory, as discussed in the next section.

IV. LINEAR SPIN-WAVE THEORY FOR XY MAGNETS –
OPEN VS. PERIODIC BOUNDARY CONDITIONS

In this section, we review the essential features of spin-
wave theory of the XY magnets, described in many references
[10, 16, 33, 34], and their relation to quench spectroscopy.

The Hamiltonian for the spin-1/2 XY model with power-
law interactions is

H = −1

2

∑
i<j

Jij
(
σx
i σ

x
j + σy

i σ
y
j

)
. (9)

We consider the mean-field ground state of this Hamiltonian
to always be the coherent spin state (CSS) |CSS⟩ = | →y

⟩⊗N

. This is true for the dipolar ferromagnet with couplings
J
(FM)
ij ≥ 0, and, as explained in the main text, it becomes true

for antiferromagnetic interactions on a bipartite lattice (such
as the square lattice) when rotating around the z axis by π the
spins on the A sublattice, so that J (AFM)

ij = (−1)i+j+1J
(FM)
ij .

Spin-wave theory for the above models is built by map-
ping spins onto bosons via the Holstein-Primakoff (HP)
transformation σy

i = 1 − 2ni, σz
i =

(
σ+
i + σ−

i

)
=

= ¼ (3             +            )            

PBC           modified PBC           
A B

Figure S4. Periodic boundary conditions (PBC) vs. modified pe-
riodic boundary conditions (mPBC). Here we exemplify how a
specific form of couplings – those connecting nearest neighbors –
change when going from PBC to mPBC. (A) The black arcs indicate
nearest-neighbor couplings for PBC. On a torus, these couplings con-
nect boundary sites to the periodic image of the sites on the opposite
boundary (indicated with the open circles); (B) the orange arcs in-
dicate the same couplings for mPBC, and are given by the average
between the nearest-neighbor couplings and the dipolar coupling be-
tween opposite sites, which are nearest neighbors on the torus (see
the formula indicated in the figure).

(√
1− ni bi + b†i

√
1− ni

)
, σx

i = −i
(
σ+
i − σ

−
i

)
=

−i
(√

1− ni bi − b†i
√
1− ni

)
. Here bi, b

†
i are bosonic op-

erators, and ni = b†i bi. Replacing the spin operators with HP
bosons, and truncating the Hamiltonian to quadratic order, one
obtains HXY ≈ ECSS +H2 where ECSS = −

∑
i<j Jij/2 is

the energy of the CSS, and

H2 =
∑
i<j

Jij

[
(ni + nj)−

1

2

(
bibj + b†i b

†
j + b†i bj + b†jbi

) ]
(10)

is the Hamiltonian describing quadratic fluctuations around
the mean-field solution. It can be Bogolyubov diagonalized
via a linear transformation on the bosonic operators. We dis-
cuss in the next section the cases of periodic vs. open bound-
ary conditions, as both are relevant for this work.

A. Periodic boundary conditions

When using periodic boundary conditions, the couplings
Jij are calculated by taking distances between sites on a torus,
with a maximal distance of L/2 for a L× L square lattice: in
the case of dipolar interactions J (FM)

ij,PBC = J/(r
(t)
ij )3, with a

distance on the torus r(t)ij = [min2(|xi−xj |, L−|xi−xj |)+
min2(|yi−yj |, L−|yi−yj |)]1/2 (see Fig. S4A), and as before
J
(AFM)
ij,PBC = (−1)i+j+1J

(FM)
ij,PBC.

To perform the Bogolyubov diagonalization of the
quadratic bosonic Hamiltonian on a periodic lattice, we
consider the Fourier transformed Bose operators, bk =∑

i e
−ik · ribi/

√
N . Introducing the operators ak and a†k
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such that ak = ukbk + vkb
†
−k leads to the diagonal form

H2 =
∑

k ℏωka
†
kak +

∑
k(ϵk − Ak)/2 where Ak =

J(γ
(t)
0 − γ

(t)
k /2), and ωk is given in the main text. Here

(and contrarily to the main text) γ(t)k is the Fourier trans-
form of the dipolar interactions defined on a torus, γ(t)k =

N−1
∑

i̸=j η
i+j+1/(r

(t)
ij )3 with η = 1(−1) for the FM

(AFM). The bosonic quasiparticles associated with the Bo-
golyubov operators aq, a†q are called magnons, and they rep-
resent the linearized excitations of the system.

The dispersion relations of the dipolar ferromagnet and an-
tiferromagnet are shown in Fig. S5A,B. They exhibit the char-
acteristic nonlinear behavior ωk ∼

√
k at small k for the fer-

romagnet, as well as linear behavior ωk ∼ k for the antiferro-
magnet.

The time-dependent structure factor has a simple form
within linear spin-wave theory [10]:

S(k, t) = ⟨b†kb
†
k + b−kb

†
−k − bkb−k − b†kb

†
−k⟩

= Ck +Dk cos(2ωkt) , (11)

where Ck = 1− γ(t)k /(2γ
(t)
0 ) and Dk = γ

(t)
k /(2γ

(t)
0 ). It fea-

tures a term at zero frequency (corresponding to the constant
term) as well as a term at frequency 2ωk, as expected from
the discussion of quench spectroscopy in Sec. III. Moreover,
LSW theory yields a relation between the constant Ck and the
frequency ωk = Jγ

(t)
0

√
2Ck − 1 .

B. Open boundary conditions

For lattices with open boundary conditions, one can still
diagonalize the Hamiltonian of Eq. (10) via a generalized
Bogolyubov transformation aα =

∑
i(u

(α)
i bi + v

(α)
i b†i )

which brings the quadratic Hamiltonian to the form H2 =∑
α ℏωαa

†
αaα + const. To do so, one builds the N × N

matrices A and B, with 2Aij = (
∑

k Jik δij − Jij/2) and
Bij = Jij/4. One then diagonalizes the 2N × 2N non-

Hermitian matrix
(
A B
−B −A

)
with a matrix of right eigen-

vectors
(
U −V
−V U

)
where Uiα = u

(α)
i and Viα = v

(α)
i are

N ×N matrices [35, 36], assumed here to be real-valued (as
is the case for the models studied in this work).

C. Effect of boundary conditions on the linear spin-wave
eigenspectrum

The experiments of this work are performed on lattices
with open boundary conditions (OBC). It is thus important to
compare the linear spin-wave spectrum on open lattices with
that of lattices with periodic boundary conditions (PBC). Fig-
ures. S5C,F show the ordered eigenfrequencies spectrum ωα

for square lattices with PBC and OBC for both the XY dipo-
lar ferromagnet and the antiferromagnet. The eigenfrequen-
cies of the ferromagnet with OBC are systematically smaller

than those of the same model with PBC: this is a consequence
of the dipolar interactions, which enhance the role of bound-
ary conditions with respect to e.g. nearest-neighbor interac-
tions. In particular the discrepancy between the OBC and
PBC spectra persists for large lattices, and it is still visible
when tripling the linear size of the lattice (from 10 × 10 to
30 × 30). Contrarily, the antiferromagnet is less sensitive to
boundary conditions, and already on the 10 × 10 lattice the
OBC and PBC spectra are very close. This is a manifestation
of the effectively short-ranged nature of the antiferromagnetic
interactions, due to frustration: sites close to the boundary of
an OBC system and sites in the bulk experience almost the
same interactions, and boundary effects are less important.

The results in Fig. S5C,E may suggest that quench spec-
troscopy experiments on the ferromagnet on e.g. a 10 × 10
lattice will reconstruct a very different dispersion relation than
the one predicted for the PBC system. Moreover, this recon-
struction will be complicated by the fact that the eigenmodes
of the ferromagnet do not correspond to plane waves, and
therefore the momentum-dependent spin-flip operators σz

±k
excite a superposition of them. This difficulty is in fact over-
come when considering the system dynamics at sufficiently
short times, thanks to a short-time projective equivalence be-
tween the OBC system and a system with modified PBC as
we explain in the next section.

V. PROJECTIVE EQUIVALENCE BETWEEN OBC AND
MODIFIED-PBC LATTICES AT SHORT TIMES

A. Momentum-sector decomposition of the Hilbert space and
of the Hamiltonian

As already pointed out above, a PBC lattice has the topol-
ogy of a torus, and its properties are invariant under transla-
tions Td by a vector d = (dx, dy) along the torus. The eigen-
vectors of the Hamiltonian with PBC are therefore also eigen-
vectors of the symmetry operator Td, namely states |ΨQ⟩with
definite total momentum Q, such that Td|ΨQ⟩ = eiQ ·d|ΨQ⟩.

An OBC lattice can also be thought of as being wrapped
to form a torus. However, the couplings Jij depend on the
standard euclidean distance between sites (and not on the dis-
tance on the torus), Jij = J/r3ij with rij = [(xi − xj)

2 +

(yi − yj)2]1/2. As a consequence the system with OBC is not
invariant under translations Td on the torus.

Yet, even for the OBC lattice, it is useful to keep a picture
of Hilbert space as being structured into different momentum
sectors, with related projectors PQ =

∑
ΨQ
|ΨQ⟩⟨ΨQ|, such

that
∑

Q PQ = 1. The Hamiltonian HOBC on a OBC lat-
tice, when written on the basis of momentum eigenstates, will
then possess a diagonal part as well as an off-diagonal one
HOBC = HD +HOD with

HD =
∑
Q

PQHOBCPQ , HOD =
∑

Q̸=Q′

PQHOBCPQ′ .

(12)
In the case of the Hamiltonian Eq. (9), the diagonal and off-
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Figure S5. Dispersion relation of the dipolar 2d XY model from linear spin-wave theory. (A): ferromagnet; (B): antiferromagnet. (C-
E): Eigenenergies from linear spin-wave theory for the 2d XY dipolar ferromagnet. We contrast periodic (PBC) with open (OBC) boundary
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diagonal parts are readily identifiable as

HD =
J

2

∑
k

γk
(
σx
kσ

x
−k + σy

kσ
y
−k

)
HOD =

J

2

∑
k ̸=k′

Γk,k′
(
σx
kσ

x
−k′ + σy

kσ
y
−k′

)
(13)

where

JΓk,k′ =
1

N

∑
ij

ei(k · ri−k′ · rj) Jij (14)

and γk = Γk,k – coinciding with the one used in the main
text. The diagonal part HD is an effective Hamiltonian
with periodic boundary conditions, and modified couplings
J̃ij,mPBC = J̃(r

(t)
ij ) where r

(t)
ij is a distance on the torus,

and

J̃(r) =
J

N

∑
k

e−ik · rγk =
1

N

∑
hl

Jhl,OBC δr(t)
hl ,r

. (15)

Thus, J̃(r) is the average coupling between all sites on the
OBC lattice that possess that same distance r

(t)
hl = r on the

torus. In the following we denote the Hamiltonian HD as the
Hamiltonian with modified PBC (mPBC).

All the results of spin-wave theory for PBCs, described in
Sec. IV A, apply as well to the Hamiltonian with mPBC after
the simple substitution γ(t)k → γk.

B. Short-time projective equivalence with uniform initial
states

The momentum structure of the OBC Hamiltonian (13) is
relevant when considering unitary evolutions that start in a
definite momentum sector. This is the case of the homoge-
neous initial states considered in this study, namely the CSS
state, which is a momentum eigenstate with Q = 0.

As a consequence, inserting the completeness relation on
the momentum basis

∑
Q PQ = 1 in Eq.(5), the time-

dependent structure factor of the OBC system can be rewritten
as

S(k, t) = SmPBC(k, t) + ∆S(k, t) (16)

where

SmPBC(k, t) = ⟨CSS|eiHDt/ℏσz
kσ

z
−ke

−iHDt/ℏ|CSS⟩ (17)

is related to the dynamics governed by HD, restricted to the
zero-momentum sector in which it is initialized. The term

∆S(k, t)

=
∑
Q̸=0

⟨CSS|P0e
iHODt/ℏPQσ

z
kσ

z
−kPQe

−iHODt/ℏP0|CSS⟩

(18)

is the contribution related to the leaking of the dynamics into
non-zero momentum sectors under the effect of HOD.

At the beginning of the dynamics S(k, 0) = SmPBC(k, 0)
and ∆S(k, 0) = 0 by virtue of the choice of the initial state.
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Figure S6. Time-dependent structure factor at short times for different boundary conditions, obtained by tVMC on a 10 × 10 lattice.
Comparison between periodic (PBC), modified-periodic (mBPC) and open (OBC) boundary conditions for three wavevectors ka/π = (0, 1),
(2, 2) and (5, 5) for the ferromagnet (panels (A), (B) and (C)) and the antiferromagnet (panels (D), (E) and (F)).

Therefore there must be an interval [0, tPE] in the early evolu-
tion during which

t ∈ [0, tPE] : S(k, t) ≈ SPBC(k, t) . (19)

Thus, over this early evolution time, the dynamics of the time-
dependent structure factor is (nearly) projectively equivalent
to that of a system with the same lattice structure but with
PBC, and possessing the modified couplings of Eq. (15). The
duration tPE of the approximate projective equivalence (OBC
≈ modified PBC) is difficult to estimate a priori, but it cer-
tainly extends to longer times the larger the system size, as
for N → ∞ the three lattice geometries – OBC, PBC and
modified PBC – will eventually give the same physics.

We have numerically tested the effective duration of the
projective equivalence by comparing the dynamics of the
time-dependent structure factor in the OBC system with that
of modified-PBC system. Figure S6 shows the tVMC predic-
tions for the time-dependent structure factor of a 10×10 lattice
with PBC, OBC and mPBC, both for the case of the dipolar
FM and AFM, and for three representative wavevectors going
from the center to the edge of the Brillouin zone. We ob-
serve a nearly exact projective equivalence between OBC and
mPBC dynamics at short times, and an approximate projec-

tive equivalence persists at times of the order of an interaction
cycle J−1 – enough to observe a first complete oscillation of
the time-dependent structure factor. Over this oscillation the
modification of the couplings in the PBC system is what it
takes to quantitatively account for the shift of the oscillation
frequency when going from (standard) PBC to OBC.

We therefore conclude that, when the initial state is an
eigenstate of the lattice momentum, the short-time dynamics
of the time-dependent structure factor of an OBC lattice al-
lows for the reconstruction of the excitation spectrum of an
effective system with PBC – namely a spectrum which admits
the wavevector k as a meaningful label of the eigenfrequen-
cies, and therefore which defines a dispersion relation in the
proper sense.

VI. DENSITY OF EXCITATIONS TRIGGERED BY THE
QUENCH, AND RELATIONSHIP TO THE

THERMODYNAMICS

The amount of excitations triggered by the initial quench
can be estimated via linear spin-wave theory in two alter-
native ways. In the case of periodic boundary conditions,
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Figure 2. Measurement of the dispersion relation of the dipolar XY model. a,b: Frequency !k as a function of |k| =
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y , fitted
from the time-dependent structure factors shown in Fig. 1f,g. The ferromagnetic case (a) exhibits a non-linear dispersion relation. The
antiferromagnetic case (b) shows a linear dispersion relation. c,d: Frequencies !k obtained by using Eq. (2) and the fitted offset of S(k, t).
The data (filled circles) are compared to the results of LSW with, PBC (open circles), mPBC (square) and tVMC (diamonds), see text. On all
figures, the error bar represents the standard error from the fits.

Figure 3. Time evolution of the structure factors S(kx, ky, t) for a 4⇥4 array. The black solid lines are the results of exact diagonalization
simulations, without or with experimental imperfections. a,b: ferromagnetic and antiferromagnetic case, respectively.
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Figure S7. Density of finite-momentum Holstein-Primakoff (HP) bosons generated by the dynamics. (A): time-dependent density of
finite-momentum (FM) HP bosons generated along the linear spin-wave theory dynamics of the FM on a 10× 10 lattice with PBC and OBC;
(B): same result for the AFM.

one can simply calculate the density of finite-momentum
magnons which are present in the initial state, nm =
1
N

∑
k ̸=0⟨a

†
kak⟩ =

1
N

∑
k ̸=0 v

2
k. For a 10×10 lattice we find

that nm ≈ 7.4 × 10−3 for the FM and nm ≈ 6.6 × 10−2 for
the AFM. The two densities differ by an order of magnitude,
exhibiting the enhanced role of fluctuations in the case of the
AFM compared with the FM. The small values of the densi-
ties may suggest that neglecting non-linear bosonic terms in
the Hamiltonian, leading to spin-wave theory, is well justified
in both cases.

Nonetheless the above observation needs to be reconsidered
when calculating instead the density of finite-momentum HP
bosons generated during the quench dynamics. This density is
defined as nHP = 1

N

∑
k ̸=0⟨b

†
kbk⟩; the approximation leading

to Eq. (10) can be considered to be valid if nHP remains much
smaller than its maximum value, 2s = 1, at least for finite-
momentum bosons. The zero-momentum ones, correspond-
ing to the zero mode of the U(1) symmetric Hamiltonian, can
be treated separately as a non-linear rotor variable: They do
not contribute to the correlations in the Sz spin components
[37]. On the contrary, a large density of finite-momentum
HP bosons implies that the linearization of the Hamiltonian
dynamics is a poor approximation: boson-boson interactions
must be accounted for, as well as the coupling between the
zero-momentum bosons and the finite-momentum ones.

The time evolution of nHP is shown in Figure S7. We ob-
serve that the FM dynamics develops a density of finite mo-
mentum bosons reaching peak values of nFM ≈ 0.04 (with
OBC). Contrarily, the largest value for the AFM is an order of
magnitude higher, bringing the system to a regime in which
the population of HP bosons can no longer be considered as
dilute. This shows that non-linearities are expected to play a
very different role for the AFM with respect to the FM.

VII. NUMERICAL METHODS

The theoretical results for the time evolution of dipolar spin
Hamiltonians have been obtained using time-dependent linear
spin-wave theory (discussed in Sec. IV), and two numerical
approches: 1) exact diagonalization on small (4 × 4) lattices
(using the QuSpin package [38]); and 2) time-dependent vari-

ational Monte Carlo (tVMC). The latter approach is based on
the time evolution of a trial wavefunction governed by the
time-dependent variational principle [39]. We used a spin-
Jastrow (or pair-product) wavefunction [40, 41] for the present
study, as this wavefunction has already proven to be very
successful in reproducing the non-equilibrium physics of the
dipolar XY ferromagnet [18, 41] (tested by comparison with
exact diagonalization on small systems): Figure S8A shows
the tVMC predictions for S(k, t) of the FM with OBC to-
gether with exact diagonalization (4 × 4 lattice), confirming
its ability to grasp the correct behavior over the entire time
scale relevant for the experiment. As a consequence, we use
tVMC to extend the numerical predictions beyond exact diag-
onalization, and up to the 10× 10 OBC lattices implemented
in the experiment.

In the case of the dipolar antiferromagnet, though, the abil-
ity of the Jastrow wavefuction to reproduce the correct non-
equilibrium evolution is much more limited. When compar-
ing with exact diagonalization (see Fig. S8B), tVMC based on
Jastrow wavefunction reproduces correctly the early-time dy-
namics – most importantly for us, the first oscillations of the
time-dependent structure factor – until a time of order ℏ/J .
However, the Jastrow wavefunction misses the later decay of
the oscillations. Hence we can use the tVMC results to extract
characteristic wavevector-dependent frequencies in the early-
time dynamics, independently of spin-wave theory.

In the case of the ferromagnet, we can also make quan-
titative predictions for the thermal state towards which the
dynamics is expected to relax at long times. This state
should be dictated uniquely by the conserved quantities in
the dynamics: If the energy is the only conserved quantity,
the thermal state is given by the Gibbs ensemble (GE) at
the temperature TCSS such that ⟨CSS|H|CSS⟩ = ⟨H⟩TCSS ,
where ⟨...⟩T = Tr[e−H/(kBT )(...)]/Tr[e−H/(kBT )] is the
GE average at temperature T . The dynamics of the dipolar
XY model also conserves the collective spin Jz =

∑
i σ

z
i

and all its functions. Of particular interest for us is
⟨CSS|(Jz)2|CSS⟩ = N , which corresponds to the structure
factor at zero wavevector S(0) = ⟨(Jz)2⟩/N . Hence, in order
to correctly capture the structure factor of the equilibrium
state to which the dynamics should relax, we run quantum
Monte Carlo (QMC) simulations (based on the stochastic
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Figure S8. Comparison between tVMC and exact diagonalization for the time-dependent structure factor of the dipolar XY model on a
4× 4 lattice (with OBC) for all the non-equivalent wavevectors in the Brillouin zone. Left panels: ferromagnet; right panels: antiferromagnet.

series expansion approach [42]) in the generalized Gibbs en-
semble (GGE), in which averages are calculated as ⟨...⟩T,λ =

Tr{e−[H/(kBT )−λ(Jz)2](...)}/Tr{e−[H/(kBT )−λ(Jz)2]},
where λ is a Lagrange multiplier tuned so that
⟨(Jz)2⟩T,λ = N . Our GGE QMC simulations are per-
formed on a N = 100 array with open boundary conditions,
in order to mimic closely the experiment. For this lattice
size, the temperature matching the initial-state energy is
T/J ≈ 1.2.

Some finite-temperature calculations are possible for the
dipolar antiferromagnet using tensor network methods, albeit
at restricted system sizes. Following the methodology de-
scribed in Ref. [17], we use minimally entangled typical ther-
mal states to estimate an energy-temperature calibration. For
a 4
√
2 × 8

√
2 = 64 site cylinder, we find TAFM

CSS /J ≈ 0.6.
As a benchmark, carrying out the same procedure for the
nearest-neighbor model gives a value of T nearest−neighbor

CSS dif-
fering by about 10% from prior QMC results [43]. We at-
tribute this discrepancy to strong finite-size effects near the
Berezinskii-Kosterlitz-Thouless transition – namely, our sys-
tem size is comparable to the correlation length ξ/a ≈ 23

found at T nearest−neighbor
CSS [43].

VIII. GROUND-STATE SPECTRAL FUNCTIONS VS.
QUENCH SPECTROSCOPY FOR DIPOLAR XY MODELS

We discuss here the spectral function accessible to quench
spectroscopy, and compare it with more conventional spec-
tral functions (i.e. the dynamical structure factor and its gen-
eralizations), obtained by probing the linear response of the
system at thermal equilibrium. In particular, using exact di-
agonalization to calculate the conventional spectral functions,
we gather informations on the nature of the spectrum of ele-
mentary excitations in the dipolar XY models.

A. Quench spectral function vs. dynamical structure factors

The Fourier transform of the time-dependent structure fac-
tor given by Eq. (7), monitored over an infinite time, recon-
structs the quench spectral function:

Q(k, ω) =
∑
nm

⟨Ψ(0)|n⟩⟨m|Ψ(0)⟩⟨n|σz
kσ

z
−k|m⟩δ(ω−ωnm) .

(20)
As discussed in Sec. III, this spectral function contains con-
tributions from all the transitions |m⟩ → |n⟩ among states
which are connected by two spin flips at opposite momenta
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and which have a significant overlap with the initial state of
the quench dynamics.

Contrarily, the conventional spectral function associated
with σz

k operator, and relevant for spectroscopy at thermal
equilibrium, is the one-spin-flip dynamical structure factor:

S1(k, ω) =
1

Z
∑
nm

e−βEm |⟨n|σz
k|m⟩|2δ(ω − ωnm) (21)

where β = (kBT )
−1 is the inverse temperature. This struc-

ture factor is probed e.g. by neutron scattering, as it dictates
the scattering cross sections of neutrons from magnetic mate-
rials at thermal equilibrium [7]. At variance with the quench
spectral function Q(k, ω), S1(k, ω) probes transitions among
states connected by a single spin-flip operator σz

k. Here, the
final state of the transitions needs not be thermally populated.

It is then instructive to consider a two-spin-flip dynamical
structure factor, defined as

S2(k, ω) =
1

Z
∑
nm

e−βEm |⟨n|σz
kσ

z
−k|m⟩|2δ(ω−ωnm) (22)

which probes instead the same transitions as those that con-
tribute to the quench spectral function, although not with the
same weights. Related spectral functions are measured in
condensed-matter experiments by two-magnon Raman scat-
tering [44] and resonant inelastix X-ray scattering [45].

In the following we contrast these three spectral functions
in the case of the dipolar XY models.

B. Spectral functions for dipolar XY magnets from exact
diagonalization

Figure S9 shows the one- and two-spin-flip dynamical
structure factors at T = 0, as well as the quench spectral func-
tion, for both the ferromagnetic and antiferromagnetic dipolar
XY models on a 4×4 lattice with PBC, obtained via exact di-
agonalization. The T = 0 dynamical structure factors reveal
the spectrum of excitations created by the spin-flip operators
σz
k and σz

kσ
z
−k onto the Hamiltonian ground state.

Figures S9A,B show that, for the dipolar ferromagnet, the
spectrum of two-spin-flip excitations corresponds to twice the
spectrum for the single-spin-flip ones – highlighting the free
quasiparticle nature of the excitations themselves. This is fur-
ther confirmed by the correspondence between the character-
istic frequencies of the one-spin-flip and two-spin-flip spectra
compared to the predictions of linear spin-wave theory. The
quench spectral function (Fig. S9C) has also a similar struc-
ture to that of the two-spin-flip dynamical structure factor, but
with additional lower frequencies: These correspond to tran-
sitions which do not involve the Hamiltonian ground state.

A different picture emerges for the dipolar antiferromag-
net, as shown in Figs. S9D,F. The one-spin-flip structure fac-
tor (Fig. S9D) exhibits multiple frequencies for the same
wavevector with similar spectral weight. For the wavevec-
tor (π, π) (M -point) a dominant frequency emerges, which

nonetheless differs significantly from the spin-wave predic-
tion. As we discuss in Sec. IX, the first nonlinear correc-
tion to spin-wave theory leads to a finite decay rate of single-
magnon excitations at (π, π), which may indeed be reflected
in the result on the small size accessible to exact diagonal-
ization. This already suggests a significant departure of the
elementary excitation spectrum from that of free quasiparti-
cles. Yet the most dramatic departure is seen at the level of the
two-spin-flip structure factor (Fig. S9E), which shows an even
broader spectrum of frequencies at essentially all wavevectors,
and especially so at (π, π), where a “continuum” of frequen-
cies emerges. This result suggests that two-magnon-decay
processes may be even more prominent that single-magnon
ones. The broad spectral features observed in the two-spin-
flip structure factor are much more prominently revealed in the
quench spectral function (Fig. S9F), whose structure is consis-
tent with the fast decay of oscillations of the time-dependent
structure factor revealed by the experiment, as discussed in the
main text.

IX. ONE-MAGNON DECAY

To test the robustness of spin-wave predictions beyond the
harmonic approximation we consider the first nonlinear cor-
rection to the quadratic Hamiltonian Eq. (10), and calculate
its effect on possible decay of single-magnon excitations us-
ing Fermi’s golden rule [46]. The first nonlinear correction
to the quadratic Hamiltonian is the quartic Hamiltonian, ex-
pressed in momentum space:

H4 =
1

N

∑
kk′q

[
Akk′q b†k−qb

†
k′+qbkbk′

+ Bkk′q

(
b†kb

†
k′b

†
q−k−k′bq + h.c.

) ]
(23)

where Akk′q = Jq − (Jk′ + Jk−q)/4 and Bkk′q = −(Jk +
Jq−k−k′)/8. It can be Bogolyubov transformed to a quartic
Hamiltonian in terms of the magnon operators ak, a

†
k. The

resulting expression is rather lengthy but straightforward to
obtain. In a system with periodic boundary conditions, this
Hamiltonian leads to a decay process of a single magnon into
three magnons via terms of the form a†q1

a†q2
a†q3

ak, conserving
momentum (k = q1 + q2 + q3) and energy (ωk = ω1 +ω2 +
ω3), with a rate [46]:

Γk =
π

8ℏ
∑
q1,q2

⟨1q1 , 1q2 , 1k−q1−q2 |H4|1k⟩|2 (24)

δ(ωk − ω1 − ω2 − ω3)

where the states |{nq}⟩ are Fock states of magnon occupation.
To calculate the decay rate on a finite-size system, the δ func-
tion of Eq. (24) is given a finite width, e.g. by approximating
it with a Gaussian δ(x)→ exp[−x2/(2σ2)]/(

√
2πσ). The fi-

nite (i.e. non-zero) width corresponds to a finite (i.e. not infi-
nite) observation time, in which energy needs not be perfectly
conserved. The numerical value of Γk depends on σ, but only
weakly when σ is sufficiently large (e.g. σ/J ≳ 5× 10−3 for
a 10× 10 system, as shown in Fig. S10B).
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Figure S9. Spectral functions for the 4×4 dipolar XY model (with PBC). (A),(D): Zero-temperature one-spin-flip dynamical structure factor
S1(k, ω) for the ferromagnet (A) and the antiferromagnet (D); (B),(E) zero-temperature two-spin-flip dynamical structure factor S2(k, ω)
for the ferromagnet (B) and the antiferromagnet (E); (C),(F) Quench spectral function (referred to the coherent spin state) Q(k, ω) for the
ferromagnet (C) and the antiferromagnet (F). The k vectors are taken along the the path indicated in Fig. 4 of the main text. The red squares
mark the dispersion relation from linear spin-wave theory. In all the panels, the values of the spectral functions are normalized to their
maximum.
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Figure S10. Single-magnon decay rate. (A) Γk for the spin-wave modes of a 10 × 10 dipolar XY antiferromagnet. The Dirac function
entering in Eq. (24) has been broadened to a Gaussian with width σ = 0.01J . (B) σ-dependence of the decay rate for the spin-wave mode at
k = (π/a, π/a).

In the case of the dipolar ferromagnet, the calculation of
the decay rate leads to a negligible result – consistent with
the robustness of linear spin-wave theory. Contrarily, in the
antiferromagnet case, a significant decay rate emerges for
k ≈ (π, π), as shown in Fig. S10A. The propensity to decay
of antiferromagnetic magnons can be understood by inspect-
ing the dispersion relation of Fig. S5: such a dispersion rela-
tion is nearly linear close to the diagonal of the Brillouin zone
connecting the origin to the (π, π) corner. This allows for the

decay channels k→ q1+q2+q3 which conserve energy, and
which are more numerous the closer k is to (π, π).

The latter result suggests that the decay of oscillations in the
time-dependent structure factor observed in the experiment
can be – at least partially – traced back to the decay process of
single-magnon excitations. Nonetheless the initial state of the
experiment – the coherent spin state along y – corresponds to
a finite density of magnons, so that multi-magnon decay pro-
cesses are expected to be as relevant as single-magnon ones.
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In fact, the two-spin-flip dynamical structure factor shown in
Sec. VIII B shows a richer frequency content than the single-
spin-flip one, which suggests already the importance of two-
magnon decay processes compared to single-magnon ones.
A full study of the (multi-)magnon decay processes quantita-

tively explaining the damping of oscillations observed in the
experiment goes far beyond the scope of the present work. Yet
this aspect deserves further investigations, in order to under-
stand more deeply the insight into the nature of elementary
excitations which is provided by quench spectroscopy.
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