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Quantum field theories provide fundamental models of complex interacting systems [1–4], from high-energy
physics and cosmology to condensed matter. However, solving these models in non-perturbative and dynamical
regimes is often challenging, particularly in more than one spatial dimension. Analog simulation using tunable
synthetic quantum systems can both verify existing theoretical predictions and lead to new physical insights.
Here, we realize analog simulation of massive relativistic quantum fields in 2 + 1 dimensions (two spatial
dimensions and time), using two coherently coupled spin components [5, 6] in a uniform two-dimensional atomic
Bose–Einstein condensate [7, 8]. Specifically, we encode the paradigmatic sine-Gordon model [9, 10] in the
long-wavelength modes of the field describing the relative phase, ϕ, of the two components. In the perturbative
regime, collective field excitations exhibit a relativistic dispersion with a tunable mass gap. We also observe
explicitly non-perturbative phenomena, including the existence of topological domain walls across which ϕ rapidly
winds by 2π [11]. Our work opens possibilities for studies of cosmologically relevant phenomena including
preheating [12, 13], dynamics of topological defects [14, 15], and relativistic false-vacuum decay [16–22].

Analog simulation offers insights into quantum field theories
(QFTs) pertaining to phenomena in naturally inaccessible set-
tings, such as the early universe. Time evolution in a QFT simu-
lator is especially valuable due to the computational complexity
of non-perturbative many-body dynamics. Single-component
atomic Bose–Einstein condensates (BECs), with tunable mi-
croscopic Hamiltonians, provide a simulation platform for
massless relativistic fields and have been used to simulate
cosmological acoustic fluctuations [23–29]. Extending experi-
ments to two-component BECs with coherent inter-component
coupling [5, 6, 30–35], one can simulate QFTs with massive
fields and compact conjugate variables, which can display long-
wavelength non-perturbative dynamics [36–48] and support
broader families of topological defects [9, 11, 49]. In partic-
ular, this allows realization of the paradigmatic sine-Gordon
model [9] for massive relativistic fields. Previously, this was
achieved in d = 1 dimension [36, 37, 39, 40, 42, 45], where
the model (for a uniform system) is integrable [10]. Here,
we realize quantum simulation of massive relativistic fields
in d = 2 and observe both perturbative and non-perturbative
sine-Gordon dynamics.

Our simulator is based on a coherently coupled mixture
of two miscible hyperfine states of 39K atoms in a two-
dimensional optical box trap [7, 8, 50]; we denote the two
states |↑⟩ and |↓⟩, and their individual wavefunctions ψ↑,↓ =√
n↑,↓e

−iϕ↑,↓ , where n↑,↓ and ϕ↑,↓ are densities and phases of
the individual components. In our gas, the two-dimensional
total density n = n↑ + n↓ is essentially uniform, but the spin
state varies in space (Fig. 1a); on the Bloch sphere, the two
compact conjugate variables are the local population imbal-
ance Z(x, y) = [n↑(x, y) − n↓(x, y)]/[n↑(x, y) + n↓(x, y)]
and the relative phase of the two components ϕ(x, y) =
ϕ↑(x, y) − ϕ↓(x, y). The strength of the coherent coupling
is given by the Rabi frequency Ω, while nonlinear interactions
set the spin chemical potential µs (Methods). In the Josephson
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FIG. 1. Two-dimensional simulator for massive relativistic fields.
a, The concept. In our two-dimensional BEC, the density n is essen-
tially uniform, and we use a spatially varying spin state, shown by the
Bloch vectors, to encode a massive relativistic field. The conjugate
variables Z(x, y) and ϕ(x, y) are, respectively, the local population
imbalance and relative phase of spin components |↑⟩ and |↓⟩, which
are coherently coupled by a radio-frequency (RF) field, indicated by
the Rabi vector. b, Sine-Gordon model. In the Josephson regime,
µs ≫ ℏΩ, where µs is the spin chemical potential and Ω the RF Rabi
frequency, ϕ evolves under a sinusoidal potential U . c, The exper-
iment. Our |↑⟩ and |↓⟩ are two hyperfine states of 39K. We image
both the local populations n↑,↓ = |ψ↑,↓|2 (where ψ↑,↓ are the wave-
functions) and the transverse spin projections n+,− = |ψ↑ ± ψ↓|2/2
and ni,−i = |iψ↑ ± ψ↓|2/2. Here, we show example images of n+,
n−i, and n↑, for a cloud with uniform n and Z but a magnetically
imprinted linear ϕ gradient. The scale bar corresponds to 20 µm; OD
is optical density.

regime, µs ≫ ℏΩ (where ℏ is the reduced Planck constant),
fluctuations in Z are strongly suppressed, and long-wavelength
spin dynamics are dominated by fluctuations in ϕ. At constant
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FIG. 2. Robust simulator initialization. a, Experimental protocols.
Spin and total-density dynamics decouple for Z = Z0 (see text). In
protocol 1⃝, we prepare the system at the predicted Z0 using strong
RF coupling, and then reduce this coupling to reach the Josephson
regime, µs ≫ ℏΩ. Alternatively, in 2⃝, we start with a strongly
coupled symmetric mixture (Z = 0) and, as we reduce Ω, a nonzero
Z spontaneously emerges and tends towards Z0. b, Experimental
data for protocols 1⃝ (open symbols) and 2⃝ (solid symbols), for two
sets of interaction parameters corresponding to different Z0 values
(Methods). The dashed lines show the predicted Z0, and the solid
lines show predictions based on χ = dZ/dδ ≃ [Ω + 2µs/ℏ]−1,
where δ is the RF detuning; for the same Ω, the RF field in protocol
2⃝ is detuned from that in 1⃝ by −Z0Ω, so Z ≃ Z0(1− χΩ). Each

data point is based on 10 independent experimental runs; the symbols
show the mean values and the error bars (often smaller than symbol
sizes) denote the s.e.m.

Z, the energy cost for ϕ to deviate from 0 (defined by the Rabi
vector) corresponds to a potential U(ϕ) = −(ℏΩ/2) cosϕ
(Fig. 1b), which leads [22] to the sine-Gordon equation,

∂2t ϕ = c2 ∇2ϕ− (m∗c2/ℏ)2 sinϕ , (1)

with the spin sound speed c =
√
µs/m, where m is the atom

mass, and the field mass m∗ = m
√

2ℏΩ/µs, which arises
from the coherent coupling that breaks the U(1) symmetry
of ϕ. Solutions of this model include domain walls where ϕ
rapidly winds by 2π [9, 11, 49]. While in d = 1 such walls are
just point defects, in d > 1 they are extended objects that can
exhibit nontrivial patterns [14, 15].

In our experimental setup (Methods), |↑⟩ = |1,−1⟩ and
|↓⟩ = |1, 0⟩ in the |F,mF ⟩ basis, and we couple them by a
radio-frequency (RF) field with Ω up to 2π×20 kHz. With our
B field stability of ≈ 150µG, our error in the RF detuning δ is
δerr ≃ 2π × 100Hz. The contact interactions between atoms
in σ, σ′ ∈ {↑, ↓} are characterized by parameters gσσ′ ∝ aσσ′ ,
where aσσ′ are s-wave scattering lengths. We operate near
B = 58G, where a↑↑ ≃ 32 a0 and a↑↓ ≃ −53 a0 (where a0
is the Bohr radius) are essentially fixed, and a↓↓ is tunable via
a Feshbach resonance. We tune a↓↓ > 85 a0 to ensure that
a↑↑a↓↓ > a2↑↓, so that the mixture is miscible and stable against
mean-field collapse [51]. In our experiments, n ∼ 102 µm−2

and µs = κn ≃ 2πℏ × 800Hz, where κ = (g↑↑ + g↓↓ −
2g↑↓)/4. Note that we start our experiments with a quasi-pure
condensate; from our trap depth of ≈ kB × 30 nK (where kB
is the Boltzmann constant), we estimate the temperature to be
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FIG. 3. Plasma oscillations. a, A jump in the RF-field phase, ϕRF,
initiates global spin oscillations. Interactions squash the oscillation
trajectory (blue ellipse) in the Z direction. b, An example of Y and
Z oscillations, for µs/(ℏΩ) ≃ 11; note that ϕ ≃ Y . Damped-sine
fits (solid lines) give the plasma frequency ωp and the oscillation
amplitudes AY and AZ < AY . Each data point is based on 5
independent experimental runs; the symbols show the mean values
and the error bars (often smaller than the symbol sizes) denote the
s.e.m. c, Dependence of ωp/Ω and AZ/AY on µs/(ℏΩ). The Rabi
and Josephson regimes, respectively, correspond to µs/(ℏΩ) ≪ 1
and ≫ 1. For the measurements here, Z0 = 0.31, and the dotted
lines show the corresponding theoretical predictions (Methods), while
the essentially indistinguishable solid lines show the predictions for
Z0 = 0 from Eqs. (3) and (4). The error bars show fitting errors.

≲ 10 nK, while the Berezinskii–Kosterlitz–Thouless critical
temperature corresponding to our n is TBKT ≈ 0.5µK [52].

Using in-situ state-selective absorption imaging (Fig. 1c),
we directly image n↑,↓(x, y) = |ψ↑,↓(x, y)|2. By applying
suitable π/2 spin rotations [53], just prior to the imaging, we
also measure n+,−(x, y) = |ψ↑ ± ψ↓|2/2 and ni,−i(x, y) =
|iψ↑ ± ψ↓|2/2. Additionally, to measure projections of the
global Bloch vector (X , Y , or Z), averaged over the system,
we (after any necessary π/2 rotations) release the atoms from
the trap, spatially separate |↑⟩ and |↓⟩ components with a Stern–
Gerlach gradient, and image them simultaneously.

For general gσσ′ , spin-dependent interaction energy is
minimized for Z = Z0, where Z0 = −∆/κ, with ∆ =
(g↑↑ − g↓↓)/4 (Methods). For Z = Z0, the interaction contri-
bution to the chemical potentials of the two components, µ↑
and µ↓, is equal. Consequently, total-density fluctuations do
not change µ↑ − µ↓, and thus (to leading order) do not couple
to the spin dynamics [22], which is essential for realizing the
sine-Gordon model in the spin sector. Note that Z0 = 0 for a
Z2-symmetric system (∆ = 0), while in our case ∆ < 0, so
Z0 > 0.

In Fig. 2, we show how we initialize our simulator at Z0,
for different Z0 values. In one scenario, we first use strong
RF coupling to adiabatically rotate the Bloch vector from state
|↑⟩ to the theoretically predicted Z0. Then, as we slowly (over
10ms) reduce the RF coupling to reach the Josephson regime,
Z remains constant; see 1⃝ in Fig. 2a and open symbols in
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FIG. 4. Massive relativistic dispersion relation. a, Experimental protocol. We parametrically excite the system by modulating Ω at frequency
ωm. The injected energy, in quanta of ℏωm, is converted to pairs of spatial excitations with opposite momenta, each carrying energy ℏωm/2.
b, Example measurements. Top: After the parametric modulation, images of n−i (top) show fluctuations with a characteristic ωm-dependent
length scale; the scale bar corresponds to 20µm. Bottom: Normalizing the spatial power spectrum of the fluctuations observed with modulation
to that without modulation, we reveal the dominant k excited at each ωm, which gives ωs(k) = ωm/2. Each data point is based on 5
independent experimental runs; the symbols show the mean values and the error bars denote the s.e.m. The solid lines show Gaussian fits. c,
Dispersion relations for different field masses m∗, tuned by varying the value of Ω (around which we modulate); here we also include k = 0
plasma-oscillation measurements. The solid lines show theoretical predictions from Eq. (5). The dashed lines indicate the inverse magnetic
healing lengths 1/ξM =

√
2mΩ/ℏ; in our system, ξM corresponds to the reduced Compton wavelength ℏ/(m∗c). The dotted line shows the

inverse spin healing length, 1/ξs =
√

2mµs/ℏ2, which sets the low-k range where the dispersion is approximately relativistic (see text). The
error bars in k denote the Gaussian widths of the spectra such as shown in b. For these measurements Z0 = 0.31.

Fig. 2b. Note that here we proportionally reduce Ω and δ, so
that the Rabi vector (Ω, 0, δ) remains aligned to Z0. Alter-
natively, if we instead prepare a strongly coupled symmetric
mixture (Z = δ = 0) and then slowly reduce Ω, the interac-
tions ‘torque’ the Bloch vector towards Z0; see 2⃝ in Fig. 2a
and solid symbols in Fig. 2b. Remarkably, one does not need
to know the correct Z0 a priori – the system spontaneously and
robustly finds it as the ground state in the Josephson regime.

This robustness also highlights an experimentally important
reduced sensitivity to δerr. In a non-interacting system, spin
control with error Zerr ≪ 1 requires δerr ≪ Ω, which can pose
challenging demands for the B-field stability [35]. However,
here, interactions reduce the magnetic susceptibility χ =
dZ/dδ ≃ [Ω + 2µs/ℏ]−1 [6, 54], so Z is robust as long as
δerr ≪ 2µs/ℏ, and we achieve Zerr < 0.07 (r.m.s.) even for
Ω ≪ δerr.

In Fig. 3 we examine the global spin dynamics in our system,
for Z0 = 0.31. By jumping the phase of the RF field (which
defines ϕ = 0), we globally displace the Bloch vector and
excite plasma oscillations (Fig. 3a), such as seen in Fig. 3b.

Here, neglecting small corrections due to Z0 not being zero
(see Methods), the displacements δZ and δY ≃ sin δϕ ≃ δϕ
evolve under the effective Lagrangian density

L/n =
1

2
ℏ δϕ̇ δZ − 1

4
ℏΩ (δϕ)2 − 1

4
(ℏΩ+ 2µs) (δZ)

2 . (2)

The energy cost of a ϕ displacement is only due to U ∝ ℏΩ,
but the cost of a Z displacement also includes an interaction-
energy penalty, ∝ µs. The ratio of these costs gives the ratio
of the oscillation amplitudes:

AZ/Aϕ ≃ AZ/AY ≃ 1/
√
1 + 2µs/(ℏΩ) , (3)

while their product gives the plasma oscillation frequency

ωp ≃ Ω
√

1 + 2µs/(ℏΩ) . (4)

In the non-interacting (Rabi) limit AZ = AY and ωp = Ω,
while in the Josephson regime AZ ≪ AY , which is essential
for the implementation of the sine-Gordon model, and ℏωp ≃√
2ℏΩµs ≫ ℏΩ is the mass gap m∗c2 in Eq. (1).
Our measurements (Fig. 3c) agree with the predictions of

Eqs. (3) and (4) over three orders of magnitude in µs/(ℏΩ).
Crucially, we observe coherent oscillations deep in the Joseph-
son regime, up to µs/(ℏΩ) ∼ 102.

Next, we turn to the finite-momentum (k > 0) spin excita-
tions (Fig. 4). By modulating Ω at frequency ωm, we parametri-
cally excite finite-k spin modes with frequency ωs(k) = ωm/2
(Fig. 4a). Note that the coupling of this parametric drive to the
total-density modes is much weaker.

Figure 4b shows example images with and without paramet-
ric modulation. We measure n−i(x, y), which reveals the ϕ
excitations. For every ωm we observe ϕ modulations with a
well-defined spatial frequency k, and thus map out the spin
dispersion relation, shown in Fig. 4c for different m∗ values.

The measured dispersion is in good agreement with the
theoretical prediction [6, 22] (see also Methods)

ℏωs ≃
√
(ϵk + ℏΩ)(ϵk + ℏΩ+ 2µs) , (5)

where ϵk = ℏ2k2/(2m). For k ≲ 1/ξs ≃ 2.6 µm−1, where
ξs =

√
ℏ2/(2mµs) is the spin healing length, this prediction

is close to the massive relativistic dispersion relation

ℏωr ≃
√
(m∗c2)

2
+ (ℏck)2 , (6)
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FIG. 5. Non-perturbative sine-Gordon dynamics. a, Experimental concepts. We study non-perturbative dynamics following a large initial
phase displacement ϕ0. Left: For large |ϕ0| < π, the concavity of the sine-Gordon potential U(ϕ) leads to an amplitude-dependent oscillation
period. Right: for ϕ0 = π, different regions of the system may eventually settle to different potential minima, which results in formation of
domain walls across which ϕ rapidly winds by 2π. b, Large-amplitude plasma oscillations. Left: We measure ϕ(t) for different |ϕ0| < π and
extract the time, τ , for the system to return to ϕ = 0. Solid lines show sinusoidal fits. Note that for the largest ϕ0 here the oscillation is visibly
anharmonic. Each data point is based on 5 independent experimental runs, and the error bars show the s.e.m. Right: τ/τ0 versus ϕ0; here
τ0 = π/(2ωp) is the ϕ0-independent result in the perturbative (harmonic) regime. The solid line is the theoretical prediction based on the
mechanical-pendulum model. The error bars in τ correspond to half of the spacing between the sampled t values. For these measurements,
Z0 = 0.31, Ω/(2π) ≃ 74Hz, and µs/(ℏΩ) ≃ 11. c and d, The domain walls. The system is prepared at ϕ ≃ π at t = 0, and allowed to
relax for 10ms, corresponding to ≈ 7τ0; here Z0 = 0.53, Ω/(2π) ≃ 22Hz, and µs/(ℏΩ) ≃ 39. The black scale bar shows 20µm. In c, we
show examples of domain walls seen in the n+ and n− images, where they appear as, respectively, dark and white lines; each image shows an
independent realization (see also Extended Data Fig. 3 for complementary images taken in the same experimental run). In d, we show phase
maps that explicitly reveal the 2π phase winding at domain walls. We interfere the two spin states using a pair of Raman-Bragg laser beams
with wave vectors q1,2, and the imaged density distribution, nRB, shows modulations ∝ cos(q · r+ ϕ), where q = q1 − q2. By analyzing such
fringe patterns, we reconstruct the phase maps shown in the bottom panels (see text and Extended Data Fig. 4 for more details).

where we now use the more general expressions for c ≃√
(ℏΩ+ µs)/m and m∗ ≃ m

√
ℏΩ(ℏΩ+ 2µs)/(ℏΩ+ µs)2,

which are valid for any µs/(ℏΩ); see Extended Data Fig. 1 for
a comparison between Eqs. (5) and (6).

For Ω = 0, the dispersion is gapless, while a nonzero
Ω opens up a gap at k = 0 (see also Ref. [43]). For a
massive relativistic field, the transition from the low-energy
quadratic dispersion to the higher-energy linear dispersion is
set by the reduced Compton wavelength λ = ℏ/(m∗c), which
here corresponds to the magnetic (Rabi) healing length ξM =√

ℏ/(2mΩ). Our ability to tune µs/(ℏΩ) = (ξM/ξs)
2 ≫ 1

gives us a k range where the relativistic nature of the massive
dispersion is important.

We now turn to exploring the non-perturbative sine-Gordon
dynamics, by initializing the system at a large global phase
displacement ϕ0 (Fig. 5a).

For |ϕ0| < π, we observe the anharmonic nature of the
sine-Gordon potential, U(ϕ) ∼ cos(ϕ), by measuring the time,
τ , it takes the system to return from ϕ0 to ϕ = 0 (Fig. 5b).
Here, we extract ϕ = tan−1(Y/X), where Y and X are the
separately measured projections of the global Bloch vector. In

the perturbative regime, U(ϕ) is approximately harmonic and
τ ≃ π/(2ωp) is independent of ϕ0. However, as ϕ0 → π, the
concavity of U becomes increasingly relevant and τ grows,
in analogy with a mechanical pendulum with a large initial
angular displacement (solid line in the right panel of Fig. 5b).
Note that at longer times these oscillations damp out, and this
damping is accompanied by an emergence of spatial structures
corresponding to k > 0 excitations; see Extended Data Fig. 2.

For ϕ0 = π, different regions of the system may settle
into different potential minima, leading to the formation of
domain walls across which ϕ rapidly winds by 2π. We observe
such walls in most experimental realizations, with their spatial
patterns varying randomly shot to shot (Fig. 5c, d).

In the images of n+ and n− (Fig. 5c), the walls appear as
dark and white lines, respectively. Here we show images from
different experimental realizations, but note that if we image
both n+ and n− in the same experimental run, we see that they
are complementary; see Extended Data Fig. 3.

In Fig. 5d, we explicitly demonstrate the 2π phase winding
across the domain walls. Here, just prior to imaging the |↑⟩
component, we perform a fast (≃ 6µs) π/2 spin rotation using
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in the former case and decrease in the latter; the black scale bar shows 20µm. The summary of the extracted mean widths is consistent with the
expected trend w ∝ 1/

√
Ω. The dashed line shows the theoretically predicted w, including an 8% correction due to our nonzero Z0 (Methods).

The solid line shows the same trend with systematically 15% lower values. The error bars show the standard deviations of the w distributions.
The different symbols corresponding to the same Ω are slightly offset horizontally for clarity.

a resonant two-photon Raman-Bragg (RB) coupling (see car-
toon) instead of an RF field. Compared to the RF field that has
a spatially uniform phase across the cloud, the RB coupling
leads to a complex Ω with a spatially varying phase q · r; here
r = (x, y) and q = q1 − q2, where q1,2 are the wave vectors
of the two laser beams. In the Bloch-sphere picture, the RB
Rabi vector always lies in the equatorial plane, but its orienta-
tion varies along the direction defined by q. Consequently, the
imaged density nRB(x, y) shows modulations ∝ cos(q · r+ϕ).
For a spatially uniform ϕ, this is a pattern of straight parallel
fringes with period 2π/q ≃ 2.51µm, while spatial variations
of ϕ(x, y) lead to fringe deformations. In particular, a domain
wall perpendicular to q changes the fringe spacing, while a
wall parallel to q shifts the fringe phase by 2π. In Fig. 5d, we
show both straight fringes observed at t = 0 and two examples
of domain walls observed after 10ms of relaxation; the bottom
panels show the reconstructed phase maps (see Extended Data
Fig. 4 for more details).

The characteristic width, w, of an equilibrium domain wall
is set by the competition between the potential energy per
unit length, ∝ ℏΩ · nw, and the corresponding kinetic energy,
∝ ℏ2/(2mw2) · nw. Similarly to the oscillator length in a
quantum harmonic oscillator, this competition gives w = λ =
ξM =

√
ℏ/(2mΩ).

In Fig. 6a, we extract the domain-wall widths from both the
n± images and the phase maps. In all cases, one-dimensional
cuts perpendicular to the walls are fitted well by the theoreti-
cally predicted [11] forms n±(z) = n0 ± n1sech2(z/w) and
ϕ(z) = 4 arctan[exp(z/w)]; here, z is the coordinate perpen-
dicular to a wall centered at z = 0, and n0, n1 and w are fit
parameters. The extracted values of w have a wide distribution
(see histograms), likely because our domain walls are excited,
but the three mean values are (within one standard deviation)

consistent with each other and with the theoretically predicted
w, indicated on the histograms by the dashed lines; note that
here we include an 8% correction to the predicted w due to our
nonzero Z0 (Methods).

Finally, in Fig. 6b, we show that the characteristic wall
width responds to changes in Ω. Here, we initiate the system
dynamics as in Fig. 5c, but quench Ω either down or up for
the last 2ms of relaxation. In the representative n+ images
one can see the systematic change in the wall widths, and the
widths extracted as in Fig. 6a are consistent with the expected
trend w ∝ 1/

√
Ω.

To conclude, we have established a versatile analog simula-
tor for self-interacting relativistic quantum fields with a tun-
able mass in 2 + 1 dimensions, and observed non-perturbative
phenomena that point the way to many future studies. The
damping of the global ϕ oscillations, accompanied by an
emergence of spatial structures (k > 0 excitations), is a pro-
cess closely analogous to cosmological preheating and reheat-
ing [12, 13]. The π phase jump that places the field at the
top of the sine-Gordon potential initiates dynamics associated
with a quench through a discrete symmetry-breaking phase
transition (with the energy minima changing from ϕ = π to
ϕ = 0 and 2π). Generalizing the π phase jump to a ramp
of Ω from a positive to a negative value, one can study the
associated Kibble–Zurek mechanism [55], linked to the forma-
tion of topological defects such as cosmic strings and domain
walls [14, 15]. Studies of domain-wall networks could provide
insights into cosmological dark matter production in axion sce-
narios [56, 57] and gravitational-wave signals in a broad family
of particle-physics models [58]. In this context, a particularly
interesting possibility is to use vector light shifts [59] to deter-
ministically imprint specific initial domain-wall configurations
and study their subsequent dynamics, including their relaxation
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and decay [60, 61]. Finally, using Floquet engineering to stabi-
lize the system at ϕ = π would enable studies of false-vacuum
decay [16, 17, 46, 47] in a relativistic, cosmologically relevant
setting [18–22].
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[37] T. Betz, S. Manz, R. Bücker, T. Berrada, C. Koller, G. Kaza-
kov, I. E. Mazets, H.-P. Stimming, A. Perrin, T. Schumm,
and J. Schmiedmayer, Two-Point Phase Correlations of a One-
Dimensional Bosonic Josephson Junction, Phys. Rev. Lett. 106,
020407 (2011).
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METHODS

Experimental setup. Our experiments are performed in
a uniform two-dimensional (2D) optical box trap formed by
repulsive 532 nm light. The 2D confinement is provided by an
accordion lattice with trapping frequency ωz/(2π) ≃ 1 kHz,
generated holographically [62] with a digital micro-mirror
device (DMD). The in-plane confinement is provided by a
square box directly projected from another DMD through a
high resolution microscope (N.A. = 0.7). The box size is
approximately 50µm×50µm for Fig. 1c, and 30µm×30µm
for the rest of the experiments.

The RF field coupling the two hyperfine states is derived
from a vector signal generator (Keysight N5172B). Using I/Q
modulation, we independently and simultaneously control the
amplitude, phase, and frequency of the RF field; to prevent
carrier feed-through from contaminating the signal, we use
a 200 kHz baseband offset. This allows us to dynamically
attenuate the RF power by > 60 dB, and realize Ω/(2π) ≲
10 Hz while retaining the ability to perform fast π/2 rotation
at Ω/(2π) > 10 kHz. The calibration error for Ω is ≲ 1%
(std).

To stabilize the magnetic fieldB, we first regulate the current
through our coils using a feedback loop with a bandwidth
> 1 kHz and then cancel the residual 50Hz mains oscillations
using feedforward. This cancels most of the high frequency
noise from the power supply. To counter slow thermal drifts,
we periodically (approximately once per minute) calibrate the
field using partial Landau–Zener transfers. Based on Zerr from
the calibration data, we estimate the residual field variations to
be about 150 µG (r.m.s.).

Interaction properties. The 2D interaction parameters
are gσσ′ = (ℏ2/m)

√
8π aσσ′/ℓz , where aσσ′ are the s-wave

scattering lengths, which we calculate using coupled-channel
calculations [63, 64], and ℓz =

√
ℏ/(mωz) [52].

The interaction energy density is

Eint =
1

2

(
g↑↑n

2
↑ + 2g↑↓n↑n↓ + g↓↓n

2
↓
)
, (7)

which can be re-written as

Eint =
1

2
gdn

2 +
1

2
(Z − Z0)

2κn2 , (8)

where gd = (g↑↑g↓↓ − g2↑↓)/(g↑↑ + g↓↓ − 2g↑↓), κ = (g↑↑ +
g↓↓ − 2g↑↓)/4, and Z0 = −∆/κ, with ∆ = (g↑↑ − g↓↓)/4.

For Ω = δ = 0, the density and spin chemical potentials
are, respectively, µd = gdn and µs = κn. For Ω, δ ̸= 0, these
quantities still provide the relevant interaction energy scales.

For Ω ≫ µs/ℏ and δ = 0, the plasma frequencies for oscilla-
tions near ϕ = 0 and ϕ = π are ωp,0 =

√
Ω(Ω + 2µs/ℏ) and

ωp,π =
√

Ω(Ω− 2µs/ℏ). By measuring ωp,0−ωp,π ≃ 2µs/ℏ,
we calibrate µs and hence n. We summarize the interaction
parameters relevant for our experiments in Table I.

Spin excitations. Following Ref. [22], the Lagrangian, L,

Wavevector, k (μm−1)

ω
s /ω

r 

1/ξM

ħΩ /μs
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Extended Data Fig. 1. Comparison of our spin dispersion ωs(k)
in Eq. (5) and the relativistic ωr(k) in Eq. (6). For k < 1/ξs ≃
2.6 µm−1 (dotted line), the difference between ωs and ωr is never
larger than ≈ 20%. The colored dashed lines indicate 1/ξM for the
three nonzero ℏΩ/µs. For the domain walls in Figs. 5 and 6, 1/w
is always smaller than the smallest 1/ξM shown here, so they are
deep in the relativistic regime, where the difference between our spin
dispersion and the relativistic one is negligible.

that describes perturbative spin dynamics is

2L/(αn) = ℏ δϕ̇ δZ ′ − 1

2
δϕ

[
ℏΩ′ − ℏ2∇2

2m

]
δϕ

−1

2
δZ ′

[
(ℏΩ′ + 2µ′

s)−
ℏ2∇2

2m

]
δZ ′ ,

(9)

Here, trigonometric corrections due to nonzero Z0 are incorpo-
rated through the factor α = (1−Z2

0 ) and the scaled variables
Ω′ = Ω/

√
α, µ′

s = αµs, and δZ ′ = δZ/α. From Eq. (9),
we can derive various quantities such as the spin dispersion
relation,

ℏωs(k) =
√

(ϵk + ℏΩ′)(ϵk + ℏΩ′ + 2µ′
s) , (10)

and the aspect ratios for the plasma oscillations

AZ/Aϕ = α
√
ℏΩ′/(ℏΩ′ + 2µ′

s) ,

AZ/AY = AZ/(
√
αAϕ) .

(11)

In the main text we give the simpler and more intuitive
approximate equations that assumeZ0 = 0. For all expressions
in the main text other than Eqs. (2) and (3), for which the exact
forms can be obtained from Eqs. (9) and (11), the corrections
due to nonzero Z0 can be incorporated by simply replacing
Ω by Ω′ and µs by µ′

s. For our experiments, these corrections
are usually negligible (compared to the statistical errors), as
we illustrate in Fig. 3c by plotting both the predictions that
take into account the Z0 corrections (dotted lines) and the
approximate predictions that assume Z0 = 0 (solid lines). For
Figs. 4 and 5, the corrections are similarly negligible and for
simplicity we ignore them, using only the simpler theory given
in the main text. The only perceptible correction, which we do
include when comparing the data to theory, is in Fig. 6, where,
for Z0 = 0.53, the expected wall width w =

√
ℏ/(2mΩ′) is

≈ 8% smaller than
√
ℏ/(2mΩ).
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TABLE I. Experimental parameters. Here, we give the typical values for the densities and the chemical potentials. The statistical variations
in µd and µs, due to experimental fluctuations in the atom number, are typically 5% (std) within each dataset, and the uncertainties in their
calibrations are approximately 3% (std).

B (G) a↑↑ (a0) a↑↓ (a0) a↓↓ (a0) Z0 n
(
µm−2

)
µs/h (Hz) µd/h (Hz)

57.3 32 −53 110 0.31 100 830 40
58.1 31 −53 220 0.53 70 850 110

In Extended Data Fig. 1, we also examine the range of k
values for which the dispersion of our spin modes, ωs(k) in
Eq. (5), mimics well the relativistic dispersion ωr(k) in Eq. (6).
As long as k < 1/ξs, the difference between ωs and ωr is
≲ 20% even for Ω = 0, and it reduces with increasing Ω.

Most importantly, the domain walls we observe in Figs. 5
and 6 are deep in the long-wavelength, relativistic regime. For
these walls, the relevant k modes are k ≲ 1/w, and even for
our largest Ω in Fig. 6, 1/w is still smaller than the smallest
1/ξM (purple dashed line) shown in Extended Data Fig. 1. In
this k range, ωs(k) and ωr(k) are essentially identical.

n−i

+

0

ΔOD
Evolution time, t (ms)

0 5 10
0

1

2

0 ms 2.5 ms 10 ms
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om
 n

um
be

r

−

Extended Data Fig. 2. Damping of large-amplitude plasma os-
cillation. Here, Z0 = 0.53, Ω/(2π) ≃ 45Hz, µs/(ℏΩ) ≃ 18, and
we jump the phase by 0.5π. We image n−i, which reveals the lo-
cal sin[ϕ(x, y)]. In the top panel, spatially integrated n−i shows a
damped plasma oscillation. The bottom images show that this damp-
ing is accompanied by emergence of spatial structures that correspond
to a transfer of energy from the k = 0 oscillation to higher-k modes.
These long-time spatial structures vary randomly between experimen-
tal shots. The black scale bar shows 20µm.

Damping of plasma oscillations. In Extended Data Fig. 2
we illustrate how the large-amplitude plasma oscillations, such
as shown in Fig. 5b, damp at long times. This damping is
accompanied by emergence of spatial structures corresponding
to a transfer of energy from k = 0 to higher k modes; qual-
itatively, this is what is expected in models of cosmological
preheating and reheating [12, 13].

Total density at the domain wall. In Extended Data Fig. 3,
we create domain walls as in Fig. 5c, and take consecutive
images of n+ and n− in the same experimental run, which

shows that the two density distributions are complementary.
Phase reconstruction. From our nRB(x, y) images, we

extract ϕtot = q · r + ϕ using a convolutional neural net-
work [65], trained on synthetic data that mimics the experimen-
tal images. The network generates quadrature maps I(x, y)
and Q(x, y) that approximate, respectively, cos[ϕtot(x, y)]
and sin[ϕtot(x, y)], and we extract ϕtot(x, y) as the phase of
I(x, y) + iQ(x, y).

In Extended Data Fig. 4, we illustrate the fidelity of this ex-
traction for two examples shown in Fig. 5d and two additional
ones from the same dataset. Left to right, we show: (1) the
nRB images, (2) the reconstructed [1 + cos(ϕtot)]/2, which is
essentially the de-noised version of the fringes seen in nRB, (3)
the contours tracing the maxima of the reconstructed fringes,
(4) the overlaying of these contours on the original images, and
(5) the extracted ϕ(x, y).

We obtain ϕ(x, y) from ϕtot(x, y) by subtracting the inde-
pendently calibrated carrier phase q · r, but note that, because
the relative phase between the RB beams and the RF coupling
is random, our measurement determines ϕ(x, y) only up to
a global offset. We fix this offset such that ⟨eiϕ⟩ = −1 for
t = 0ms (since ϕ is jumped to π) and ⟨eiϕ⟩ = 1 for t = 10ms
(appropriate for relaxation to ϕ = 0 (mod 2π), as observed in
the n± images).

n+ n−

1.0

0.5

0.0

OD+

=+

=

Extended Data Fig. 3. Total density at the domain wall. Here
we show examples of n+ and n− density distributions imaged in the
same experimental run, with the protocol otherwise as for Fig. 5c. The
two density distributions are complementary, and we do not observe
any significant variation of the total density, n+ + n−. The black
scale bar corresponds to 20µm. Here Z0 = 0.53, Ω/(2π) ≃ 22Hz,
and µs/(ℏΩ) ≃ 37.
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Extended Data Fig. 4. Phase reconstruction. We illustrate our phase-extraction process and its fidelity for two examples from Fig. 5d and two
additional ones. We extract ϕtot = q · r+ ϕ from the nRB images using a convolutional neural network [65] trained on synthetic data. Here
we show the reconstructed fringe pattern [1 + cos(ϕtot)]/2, the contours tracing the reconstructed-fringe maxima, and the overlays of these
contours on the original experimental images. To obtain ϕ(x, y), we subtract from ϕtot the independently calibrated carrier phase q · r. This
determines ϕ only up to a global offset, because the relative phase between the RB beams and the RF coupling is random from shot to shot.
We fix this offset such that ⟨eiϕ⟩ matches the expected value. For the data in Fig. 5d, we impose ⟨eiϕ⟩ = −1 for t = 0ms and ⟨eiϕ⟩ = 1 for
t = 10ms. The scale bar shows 20µm and the fringe period 2π/q is 2.51± 0.04µm, with the error originating from Fourier broadening.
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