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Supersolids are exotic quantum states in which long-range phase coherence coexists, and may in-
terplay, with emergent spatial orders. A particularly rich phase diagram featuring several competing
spatial orders is predicted for dipolar supersolids with two-dimensional crystals, yet the experimental
observation of this structural variety has remained limited. Here we experimentally form competing
triangular and stripe density-modulated states in a quantum gas of highly magnetic atoms confined
in a surfboard-shaped trap by tuning contact interaction strength and dipole orientation. We define
a structural order parameter and study its statistical behavior. Thereby, we identify both the tri-
angular and stripe phases and the transition between them, the associated critical behavior being
marked by enhanced non-Gaussian fluctuations. Furthermore, we observe each spatial structure in
both the phase-coherent supersolid regime and the phase-incoherent insulating one, near and far
from the unmodulated-to-modulated transition, respectively. Our results establish a versatile plat-
form in which multiple phases of the two-dimensional-supersolid phase diagram, and more generally,
intertwined symmetry-breaking phenomena, can be investigated.

I. INTRODUCTION

The emergence, competition, and coexistence of multi-
ple broken symmetries underlie some of the richest phe-
nomena in many-body physics, from condensed to active
matter [1, 2], yet the underlying mechanisms are chal-
lenging to isolate. Supersolids, which combine superfluid
and crystalline order within a single quantum phase [3–5],
provide a pristine setting to address this challenge. First
envisioned in the context of helium [5], they have been
realized on several platforms [6–20], most prominently
in dipolar quantum Bose gases, where they are studied
with an unprecedented level of control [9–13]. Dipolar su-
persolids were first observed with one-dimensional (1D)
crystal structures using cigar-shaped traps [9–13], and
later on with two-dimensional (2D) crystals, specifically
triangular arrays, using surfboard- and pancake-shaped
traps [12, 13, 21, 22].

Unlike their 1D counterparts, 2D dipolar supersolids
are predicted to support multiple crystalline arrange-
ments. These range from triangular arrays at low densi-
ties [21–26], to stripe or labyrinthine states at interme-
diate densities [23, 25, 26], and honeycomb or pumpkin
states at high densities [23–26]. The various arrange-
ments are expected to differ in their phononic and hydro-
dynamic responses, reflecting different manifestations of
supersolidity [26–29]. The competition between arrange-
ments gives rise to structural phase transitions [30–33]
within the supersolid regime [23, 24, 26]. Experimen-
tally accessing these phases and the transitions connect-
ing them provides a window into how global phase coher-
ence interplays with rearranging spatial order, making it
a major outstanding goal.
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FIG. 1. Protocol and Phase Diagram (a) Sketch of the
gas geometry (left panel). The gas is confined in a shallow
surfboard trap with tighter confinement along z. A uniform
magnetic field is applied in the xz plane with tunable mag-
nitude B and tilt angle α. In the experiment, we ramp B
and α in 100ms, hold for 30ms (right panels). (b) Phase
diagram as a function of as and α constructed from TeGPE
simulations with experimental settings. Alongside exemplary
ground-state density profiles, cut at z = 0 (parameters identi-
fied by symbols). Unmodulated, triangular, and stripe states
are identified from such profiles (App.D).

Previous experiments have almost exclusively consid-
ered dipoles aligned with the tight confinement axis [9–
13, 21, 22, 34], see however [35, 36]. Recent theory pre-
dicts that tilting them toward a weakly confined direc-
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tion reshapes the phase diagram [37]. It brings com-
peting crystalline orders into the experimentally acces-
sible density regime and alters the character of both
the unmodulated-to-modulated and the structural tran-
sitions.

Here, we experimentally explore the rich landscape of
states that spontaneously emerge in dipolar quantum
gases confined in a surfboard-shaped trap upon slowly
varying both the contact interaction strength and the
dipole tilt angle, α, relative to the tight confinement axis
[Fig. 1(a), Sec. II]. We observe density-modulated states
with distinct 2D spatial order, changing from triangular
arrays to stripes with increasing dipole tilt. By defin-
ing a structural order parameter, we identify the two
ordered phases as well as a critical regime at interme-
diate tilts (α ≈ 30− 45◦), associated with the structural
transition between them [34, 38–44] (Sec. III). Close to
the onset of density modulation, both the triangular and
stripe phases display global phase coherence, establishing
them as supersolids with distinct spatial order (Sec. IV).
These observations are supported by theoretical predic-
tions using an extended mean-field framework including
quantum and thermal fluctuation effects (Sec. II), in qual-
itative agreement with the experimental behaviors.

II. SYSTEM AND PREDICTIONS

For this work, we use a degenerate quantum gas
comprising 1.4(1) × 105 164Dy atoms, confined in an
anisotropic harmonic trap of in-plane and axial (z)
frequencies [39(1), 20(2)] Hz and 97(1)Hz, respectively
(App.A). A homogeneous magnetic field B of magni-
tude B = 2.54G oriented along z ensures that the gas
is initially in the unmodulated superfluid phase with a
condensed fraction and temperature estimated to 64(3)%
and 62(4) nK, respectively.

The interatomic interactions can be dynamically con-
trolled through the orientation and the magnitude of B
[Fig. 1(a)]. The orientation of B, parameterized by the
angle α between B and the z axis, sets the orientation of
the atomic dipoles. The field magnitude B sets the con-
tact interaction strength, characterized by the scattering
length as, through low-field Feshbach resonances [11, 12].
The in-plane component of B defines the x axis, which is
rotated by ≈ 16◦ with respect to the trap axis (App.B).
The dipolar interaction strength is fixed by the dipolar
length add = 131 a0 of 164Dy. Hereafter, α is varied from
0◦ to 70◦, while B is tuned from 2.36G to 2.59G, cor-
responding to an estimated variation of as from 89 a0 to
109 a0 (App.B).

To estimate the equilibrium states expected under our
experimental conditions as α and as are varied, and to
guide our measurements, we perform mean-field ground-
state calculations, including the effects of thermal and
quantum fluctuations, using a temperature-dependent
extended Gross-Pitaevskii equation (TeGPE) [45–47]
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FIG. 2. State structure analysis (a) Examples of exper-
imental in-situ images after ramping to B = 2.54G (99.0 a0,
upper row) and B = 2.39G (90.8 a0, lower row) and α =
0◦, 30◦, 45◦, 60◦ from left to right. (b) Power spectra of the
states shown in (a). S(k) is normalized to the peak at k = 0;
the color scale is clipped to the maximum of the finite-k peaks
in the range kρ ∈ [1.3, 2.7]µm−1 for visibility.

(App.C and D). Figure 1(b) shows the calculated phase
diagram as a function of α and as, together with exem-
plary in-plane density profiles (cut at z = 0).
At large as, the ground state is unmodulated. Decreas-

ing as yields density-modulated states for which we iden-

tify three distinct regimes in α. For small α < α
(th)
1 ≈

35◦, the modulated states consistently form almost equi-
lateral triangular arrays of droplets (see△), as previously

observed in Refs. [21, 22]. For large α > α
(th)
2 ≈ 55◦,

stripe patterns, aligned along x, systematically form (see

⊗). The values of α
(th)
1 , α

(th)
2 cannot be readily inferred

from uniform quasi-2D energetic considerations [48–51].

At intermediate angles α
(th)
1 ≤ α ≤ α

(th)
2 , different

structures spontaneously arise depending on as. For
as just below the unmodulated-to-modulated transition,
stripes form (see ⊠). Upon decreasing as, an increas-
ingly pronounced density modulation develops within
each stripe (see ⃝), continuously transforming them
into sheared triangular droplet arrays (see □). In these
sheared arrays, the droplets are aligned along x and the
triangle-shear angle appears to result from the interplay
between the trap and dipole-tilt axes. Upon decreasing
as further, the arrays transform into more equilateral tri-
angular arrangements, staggered along y (see ♢).
Guided by these theoretical predictions, we experimen-

tally explore the phase diagram by simultaneously ramp-
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ing as and α in 100ms starting from our unmodulated
quantum gas, and holding in trap for 30ms [Fig. 1(a)].
We then image the column density distribution n(x, y) of
the state via absorption imaging along the z-axis, either
just after switching off the trap (in-situ measurements) or
after 50ms of free evolution [time-of-flight (TOF) mea-
surements] (App. E). In Sec. III, we investigate the emer-
gence of triangular and stripe structural orders by an-
alyzing in-situ measurements. In Sec. IV, we probe the
global phase coherence of these states using TOF mea-
surements.

III. IDENTIFYING STRUCTURAL ORDERS

Figure 2(a) shows exemplary in-situ images across the
phase diagram. For large B and small α, we obtain
mostly structureless density distributions, identified as
unmodulated superfluid states (a1-a2). Although weak
density fluctuations are present, they are predominantly
random and only occasionally display local tendencies to-
ward crystallization [see e.g. (a2)], see also Refs. [52, 53]
and App. F. Upon increasing α at fixed B, marked struc-
tures spontaneously appear in the density, here with
stripe-like patterns along x (a3,a4). Likewise, structures
form upon decreasingB, now with different arrangements
depending on α, from triangular droplet arrays (a5,a6)
to stripe-like modulations (a7,a8). In (a6), the droplets
appear to stretch in the direction of the tilt. This ef-
fect stems from the predicted elongation of the droplets
along B combined with the axial integration of our imag-
ing system. While the staggered droplet arrays remain
distinguishable, this apparent droplet stretching with α
prevents us from clearly distinguishing between sheared
droplet arrays and stripes at large α in experimental im-
ages. Despite this caveat, our observations qualitatively
follow the theoretical predictions of Fig. 1(b), and give
first hints of the formation of triangular droplet arrays
and stripes in the experiment.

To quantitatively analyze the structure in the individ-
ual density profiles, we compute their power spectrum
S(k) = S(kx, ky) = S(kρ, θ) = |F {n(x, y)}|2 where F
is the 2D Fourier transform, k the in-plane wavevector,
kx and ky (kρ and θ) its Cartesian (polar) coordinates.
Note that for a translation-invariant system, S(k) also
corresponds to the 2D Fourier transform of the density-
density correlation function [54]. Figure 2(b) shows the
power spectra of the in-situ images of Fig. 2(a). While
the peak at k = 0 encodes the overall shape of the cloud,
density structures yield peaks at finite k. The amplitudes
of the latter peaks provide a measure of the modulation
strength, see the color scales of (b3-b8) in contrast to (b1-
b2), and are used below to extract the modulation-onset
boundary (Fig. 3 and 4; App. F).

Beyond their amplitude, the number and geometric ar-
rangement of the finite-k peaks encode the structure of
the density pattern and its regularity. In the absence
of a clear density modulation [Fig. 2(b1-b2)], S(k) shows

weak finite-k peaks with fluctuating number, arrange-
ment, and amplitudes. Instead, each structural arrange-
ment displays a characteristic spectral signature. Stripe-
like patterns [Fig. 2(b3,b4,b7,b8)] produce two dominant
finite-k peaks near kx = 0. Triangular arrays with axial
magnetization [α = 0, Fig. 2(b5)] yield six finite-k peaks
of similar amplitude and almost regular 60◦ spacing, with
two of these peaks near ky = 0. Staggered triangular ar-
rays with finite α [Fig. 2(b6)] yield four finite-k peaks
again of similar amplitude, grouped into closely spaced
pairs near kx = 0. The angular spacing of the peaks
depends primarily on the apparent stretching of the in-
dividual droplets in n(x, y) (and thus on α). We note
that excitations of these regular structures, as observed
in some shots, result in unequal amplitudes of the finite-k
peaks or the emergence of additional peaks (App.G).
Motivated by these characteristic spectral signatures,

we identify an order parameter R for the triangular-to-
stripe structural transition. We extract the amplitudes,
S1 and S2, of the two dominant finite-k peaks in the
upper sector of S(kx, ky > 0), specifically in the range
θ ∈ [30◦, 150◦] and kρ ∈ [1.3, 2.7]µm−1 [dashed lines in
Fig. 2(b)], and define R = S2/S1. Stripe-like patterns
yield R ≈ 0, at the percent level in our data, whereas
triangular arrangements produce substantially larger val-
ues. Perfect triangular arrangements have R = 1 while
excitations yield reduced R values, typically to the sev-
eral tens of percent. The axial integration of our imaging
further increases the sensitivity of R to excitations with
increasing α (see e.g. App.G, H and I). We note that
the order parameter for the triangular-to-stripe tran-
sition under dipole tilt remains theoretically unknown,
as no Landau theory framework has yet been devel-
oped [34, 42, 51].

In finite-size systems, the statistical properties of an or-
der parameter, in particular its higher-order cumulants,
contain signatures of critical behavior [34, 38–44]. We
therefore analyze the first four cumulants of R across the
parameter space from 30 independent realizations per pa-
rameter set (Fig. 3). The mean of R [Fig. 3(a)] evolves
from ≈ 1 to ≈ 0 upon tilting the dipoles, indicating a
transition from triangular to stripe arrangements. For
α ≈ 30 − 45◦, R takes intermediate mean values and
shows enhanced [increased variance; Fig. 3(b)] and non-
Gaussian [non-zero higher-order cumulants; Fig. 3(c,d)]
fluctuations. These features are characteristic of critical
behavior in finite systems and indicate competition be-
tween two orders through low-energy metastable states or
soft modes depending on whether the transition is first
or second order [34, 38–44].

Outside this intermediate regime, fluctuations are
reduced and higher-order cumulants approach zero
[Fig. 3(b,c,d)], indicating well-defined orders. Although
our imaging cannot directly distinguish between sheared
triangular states and stripes (see above), the reduced
fluctuations of R, together with our theory [Fig. 1(b)],
indicate the emergence of stripe order at large α (see
also App.H and I). This reduced-fluctuation signature
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FIG. 3. Statistics of the structural order parameter The nth-order cumulants κn of the order parameter R extracted
from the power spectra of 30 independent experimental shots for varying B and α with (a) n = 1 (mean), (b) n = 2 (variance),
(c) n = 3 and (d) n = 4 cumulants. The solid white line highlights the boundary between modulated and unmodulated states
extracted from the S(k)-amplitude analysis (App. F).

does not allow us to precisely pinpoint the onset angles

α
(exp)
1,2 in experiment but places upper bounds on them.

We identify the stripe phase for α ≥ 45◦ ≥ α
(exp)
1 , in

a range of as just below the unmodulated-to-modulated
transition. Its as range widens as α increases, and dom-

inates for α ≥ 70◦ ≥ α
(exp)
2 . The extracted bounds are

consistent with our theory predictions (see Sec. II).
Our statistical analysis establishes the existence of

density-modulated states with both triangular and stripe
order, as well as a phase transition connecting these
competing arrangements. The underlying phase di-
agram is rich, involving intertwined unmodulated-to-
modulated, triangular-to-stripe, and, as shown below,
phase-coherent-to-incoherent transitions. Because our
protocol concomitantly ramps α and as, the crossings
of these transitions are coupled, complicating the inter-
pretation of the observed critical behavior. Furthermore,
the use of a fixed ramp time implies varying ramp rates,
also affecting the fluctuation behavior. These findings
motivate future studies toward a comprehensive charac-
terization of the transitions and their criticality.

IV. PROBING GLOBAL PHASE COHERENCE

We now examine the global phase coherence of the
diverse density-modulated states realized in our exper-
iment, a key signature of their supersolid character [9–
11] (Fig. 4). We image the gas after 50ms TOF, during
which the different density-modulated regions interfere
(App. J). The global phase coherence is typically revealed
through the reproducibility of the resulting interference
patterns between shots [9–11, 55, 56]. Yet, the underly-
ing in-situ density arrangement, which varies in our case,
also affects the interference geometry. Therefore, fluctua-
tions in both the phase relation and density arrangement
impact the reproducibility of the TOF patterns.
We distinguish four characteristic regimes from in-

dividual TOF images and their 20-shot averages
[Fig. 4(a,b)]. Near the unmodulated-to-modulated tran-
sition, both triangular (△,a1,b1) and stripe (⃝,a2,b2)
states exhibit reproducible interference patterns that re-
main visible upon averaging, establishing their global
phase coherence. The distinct interference geometries
reflect the underlying in-situ arrangements: triangular
states yield a central peak at k = 0 surrounded by
finite-k peaks yielding a modulated annulus on average,
whereas stripe states yield three main streaks along ky.
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FIG. 4. Global phase coherence (a) Examples of single TOF density profiles, with (b) corresponding averaged images over
20 shots. The TOF images are shown as a function of the in-plane momentum components, kx, ky, using the free-expansion
formula (App.K). (c) Corresponding 1D Fourier transforms of the individual density profiles integrated along kx (grey lines)
together with Aϕ(y) (red line), AM (y) (blue line). The inset in (c) enlarges the range around the y > 0 side peak. Figures are
shown for: B = 2.44G, α = 0◦ (1,△), B = 2.55G, α = 60◦ (2,⃝), B = 2.51G, α = 40◦ (3,□), B = 2.36G, α = 0◦ (4,♢). (d)
A ∗

ϕ/A ∗
M as a measure of global phase coherence over different B and α. The solid white line highlights the boundary between

modulated and unmodulated states from the in-situ analysis (App. F).

By contrast, in the critical regime (□,a3,b3), the inter-
ference patterns fluctuate from shot to shot. A residual
structure survives averaging (b3), albeit with reduced
contrast and less-defined features than in (b1,b2). We
attribute this behavior to the strong fluctuations of the
in-situ arrangements revealed by the structural analysis
[Fig. 3], rather than to a loss of phase coherence. Fi-
nally, farther from the modulation onset (♢,a4,b4), the
interference patterns become more complex and irrepro-
ducible. They disappear upon averaging, indicating the
loss of global phase coherence and the emergence of an
insulating state (see also App. L).

To quantify the degree of phase coherence, we perform
a Fourier analysis of the TOF patterns [Fig. 4(c)]. For
each shot i, we integrate the TOF image along kx and
compute the 1D Fourier transform, A (i)(y), of the re-
sulting profile. The amplitude and phase of A (i)(y) at
the finite-y peaks of |A (i)(y)| [Fig. 4(c), grey lines] en-
code the interference patterns along ky. By performing
averages over all shots ⟨...⟩i, we extract two complemen-
tary observables: the modulation amplitude, AM (y) =
⟨|A (i)(y)|⟩i, which quantifies the presence of interference
fringes in the individual TOF images, and the phase am-
plitude Aϕ(y) = |⟨A (i)(y)⟩i|, which probes their shot-
to-shot phase stability [Fig. 4(c) blue and red lines] [9–
11, 55]. More precisely, these properties are quantified
by the values of AM (y) and Aϕ(y) at the finite-y peaks
defined as A ∗

M and A ∗
ϕ, respectively (App.K). Note that

Aϕ(y) also coincides with the norm of the 1D Fourier
transform of the averaged TOF images [Fig. 4(b)] inte-
grated along kx.

This analysis quantitatively supports the observations
of Fig. 4(a,b) [see also App. L]. For phase-coherent tri-

angular (c1) and stripe (c2) states, AM and Aϕ nearly
coincide and show pronounced finite-y peaks, yielding
A ∗

M ≈ A ∗
ϕ (inset). In the critical case (c3), AM shows

a broad, low-amplitude bump at finite y, whereas Aϕ is
confined to small y, resulting in A ∗

M > A ∗
ϕ (inset). The

phase-incoherent case (c4) follows a similar trend, with a
further suppression of Aϕ, and A ∗

M ≫ A ∗
ϕ (inset).

Although it is affected by structural fluctuations, we
use A ∗

ϕ/A ∗
M as an indicator for global phase coher-

ence [11, 55] and track its evolution across the pa-
rameter space [Fig. 4(d)]. For most tilt angles, ex-
cept α = 40 − 45◦, A ∗

ϕ/A ∗
M remains large (≈ 0.7 − 1)

over a range of as below the modulation-onset thresh-
old (white line). Combined with our structural analysis
[Fig. 3], this identifies phase-coherent triangular arrays
(α = 0−30◦), and phase-coherent stripes (α = 50◦−70◦).
The coherent region extends over ≳ 5 a0 in as before
A ∗

ϕ/A ∗
M decreases, signaling a loss of global phase co-

herence for both structural arrangements, as expected
from the predicted increasing density-modulation con-
trast [Fig. 1(b)] [9–13, 35, 55, 57, 58].
Near the unmodulated-to-modulated transition,

A ∗
ϕ/A ∗

M also decreases. We attribute this behavior to
the weaker density modulation in this regime, which
reduces both A ∗

M and A ∗
ϕ, rendering their ratio particu-

larly sensitive to noise (App.K). In the intermediate-tilt
regime (α = 40 − 45◦), the strong fluctuations of the
in-situ structures (Fig. 3) likewise reduce A ∗

M and A ∗
ϕ

[Fig. 4(c3), App.K], and complicate the quantitative
interpretation of A ∗

ϕ/A ∗
M in this regime. Note that the

TOF interference patterns contain considerably richer
spatial and statistical information than captured by
the average coherence indicator considered here. In
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particular, a statistical analysis may provide complemen-
tary information on the phase-coherent-to-incoherent
transition and its interplay with the structural transition.

V. CONCLUSIONS AND OUTLOOK

In conclusion, we realized both triangular and stripe
density-modulated states in a dipolar quantum gas by
tuning the contact interaction strength and dipole tilt.
We identified each spatial order through a statistical
analysis of a structural order parameter. We further es-
tablished their insulating or supersolid nature by measur-
ing global phase coherence. These states offer a promis-
ing platform to investigate how superfluid properties in-
tertwine with crystalline order. In particular, the differ-
ently arranged supersolids are expected to host distinct
collective excitations and hydrodynamic responses, pro-
viding access to this interplay, and a further probe of the
crystalline arrangement [27–29, 59, 60]. Dipole tilting
also implies anisotropic superfluid behaviors, which could
be revealed in collective excitation spectra or in vortex
dynamics, offering interesting directions to explore ex-
perimentally [53, 61–66].

Our system also offers a rich landscape of phase transi-
tions. Triangular-to-stripe, unmodulated-to-modulated,
and phase-coherent-to-incoherent transitions provide a
unique opportunity to investigate the interplay between
different symmetry-breaking mechanisms. Control over
interaction strength, dipole tilt, trap geometry, atom
number, and temperature enables exploring different
regimes, where the transitions may be of either first-
or second-order character [37, 45, 46]. Larger statistical
datasets and tailored ramp protocols will enable a quan-
titative determination of the transitions and their order.
Such studies could reveal how structural and superfluid
orders compete or coexist, providing deep insight into
quantum fluids with intertwined orders.
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Appendix A: Preparation of the initial samples

The experimental sequence starts with loading a three-
dimensional (3D) magneto-optical trap (MOT) using
626 nm light from a slow jet of dysprosium atoms pre-
pared via a 2D-MOT and push-beam scheme as described
in Ref. [67]. The 3D-MOT is made using five 12 mm-waist
beams [68], with two retro-reflected horizontal beams
and one vertical beam pointing upward, and a mag-
netic gradient that is created by an anti-Helmholtz pair
of coils along z. The power and detuning for the hori-
zontal and vertical beams are controlled independently.
During the 5 s loading stage, the horizontal (vertical)
beams are operated at ≈ 200mW (≈ 11mW) power and
−38 Γ626 (−36 Γ626) detuning. The gradient magnitude
is 0.4G/cm in xy. A vertical offset field of B = 0.5G is
applied. Then, the MOT is compressed in 160ms: the
power and detuning in all beams are decreased to less
than 1% of the initial power and to −32Γ626. The mag-
netic gradient is increased to 0.65G/cm, while the offset
is suppressed.
Next, the atoms are transferred into an optical dipole

trap (ODT) beam at 1064 nm wavelength with a waist of
30µm (ODT1) propagating along y′. The beam pointing
is modulated along x′ at 10 kHz by modulating the RF
frequency of an acousto-optical deflector. An imaging
system converts the resulting angular deflection into a
position modulation [69]. This effectively increases the
beam waist in x′, thus changing the beam aspect ratio
and enhancing the initial trap volume. The beam aspect
ratio can be tuned from 1 to 9.4 through the tuning of
the RF frequency range. The ODT beam is ramped up to
full power (34W) and maximal modulation range within
5ms. The MOT light and gradient are abruptly switched
off 70ms later. After another 15ms, a z-offset field of
B = 2.54G is switched on. We load 3.4(1) × 107 atoms
into the ODT in this manner.
Evaporative cooling then proceeds in three stages uti-

lizing a crossed ODT formed by ODT1 and a second
beam (ODT2) of a larger waist of 60µm and maxi-
mal power of 9W. First, the power and aspect ratio of
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ODT1 are ramped down while ODT2 power is ramped
up, trapping the atoms in the crossing region of the two
beams. Second, the power of both beams is reduced
further. Third, the ODT1 aspect ratio is ramped back
up, while the powers of both beams are modified. This
creates the final surfboard trap with trap frequencies
[νx′ , νy′ , νz] = [39(1), 20(2), 97(1)] Hz. We hold the cloud
in this trap for 1.6 s to allow for thermalization. The
z offset field is maintained during the full evaporation
sequence.

The resulting degenerate quantum gas is the start-
ing point of the experiment. It comprises a total of
1.4(1)× 105 164Dy atoms with an estimated 64(3)% con-
densed fraction and temperature of 62(4) nK. These val-
ues are obtained from a bimodal fit to the density dis-
tributions of the gas after a 20ms TOF measured by
resonant low-intensity absorption imaging on the 421 nm
transition along a horizontal axis using a single-lens
(f = 100mm) setup providing a magnification of 2.2.

Appendix B: Control of the magnetic field and
scattering length

A uniform magnetic field is created at the position of
the atoms by three pairs of coils - a pair of circular coils
along z and two pairs of rectangular coils in x and y
directions. This allows us to freely tune the orientation
of B in space. Here, we limit the tunability of B to the
xz plane and define α as the angle between B and z. The
angle of ≈ 16◦ between the x and x′ axes comes from the
tilt between the ODT beams and the coil axis.

Each coil pair is calibrated via Feshbach loss spec-
troscopy on three resonances close to our working fields,
at 1.306G, 2.591G and 2.803G [11]. Preliminary calibra-
tions via RF spectroscopy were also conducted. Feshbach
spectroscopy is performed on a thermal gas of 1.3 × 106

atoms at a few microkelvin. We measure atom losses af-
ter quenching B to the target value with the coil pair
under calibration and holding for up to 1.5 s.

We convert B to as using

as = abg
∏
i

(
1− ∆i

B −B0,i

)
(B1)

with abg the background scattering length, B0,i and ∆i

the position and width of the resonance i. We include 14
resonances between 1G and 7G and 1 broad resonance
at 77G [11, 12, 70, 71]. We adjust abg to best match the
unmodulated-to-modulated transition between TeGPE
simulations and experiment for α ∈ [0◦, 40◦]. This yields
abg = 73.6(9) a0, a value consistent with previous esti-
mates within uncertainties [11, 72].

Statistical and systematic uncertainties on the mag-
netic field produced by each coil pair are estimated to be
≲ 10mG. These result in uncertainties on B and α on
the order of ∼ 10mG and ±1◦. Accounting for these
uncertainties, the field range [2.36, 2.58]G maps onto

as ∈ [89 ± 1, 109 ± 4] a0. At 2.59G, as is ill-determined
because of the nearby resonance.

Appendix C: Temperature-dependent extended
Gross-Pitaevskii theory

To perform numerical simulations, we model our sys-
tem using a temperature-dependent extended Gross-
Pitaevskii equation (TeGPE) [45–47, 73–75],

iℏ
∂Ψ(r, t)

∂t
=

[
H0 +Hint +HQ +HT

]
Ψ(r, t) (C1)

where ℏ is the reduced Planck constant and

H0 = − ℏ2∇2

2m
+ V (r) (C2)

Hint =

∫
dr′U(r− r′)|Ψ(r′, t)|2 (C3)

are the single-particle and two-body terms, respec-
tively, with m the atomic mass and V (r) the (harmonic)
trapping potential. The interaction potential is given by,

U(r) = gδ(r) + µ0µ
2
m

1− 3 cos2 ϑ

4π|r|3
, (C4)

with the contact parameter g = 4πℏ2as/m, the mag-
netic permeability µ0, the magnetic moment of 164Dy
µm = 9.98µB , where µB is the Bohr magneton, and
ϑ = 90◦ − α is the angle between the z-axis and r. The
Fourier transform of the interaction potential is

Ũ(k) = g +
µ0µ

2
m

3

(
3 cos2 αk − 1

)
(C5)

where αk is the angle between k and the dipole polar-
ization axis. The beyond-mean-field quantum fluctuation
contribution is

HQ = γQ|Ψ(r, t)|3 , (C6)

with γQ = 32
3 g

√
a3s/π(1+3ϵ2dd/2) [76–78]. The thermal

fluctuation contribution, captured by HT, is calculated
by considering the Bogoliubov quasiparticle occupation
number in the grand-canonical ensemble [54] and by us-
ing a local-density approximation [45, 46, 75]

HT =

∫
dk

(2π)3
Ũ(k)

(eβϵk − 1)

τk
ϵk

, (C7)

where the free-particle [Bogoliubov] dispersion is τk =

ℏ2k2/(2m)

[
ϵk(r) =

√
τk(τk + 2Ũ(k)|Ψ(r)|2)

]
. To eval-

uate the integral in Eq. (C7), we use an ansatz that well-
approximates the density dependence,
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HT ≈ A[as, T ] e
−B[as,T ]|Ψ(r)| , (C8)

where A and B are best fit to match the exact value
of the integral, see Ref. [47] for more details and also
Ref. [79] for a similar approach with an alternative form.
To account for the dependences of A and B on as and T ,
we rely on a functional form that we extract for ϵdd < 1
(mean-field stable regime) and use as such with ϵdd ≥ 1,
see Ref. [47] for more details.

Appendix D: Ground-state simulations

Ground states are calculated by solving Eq. (C1) in
imaginary time using a split-step Fourier method. We
implement grid sizes of Lx,y,z = (48, 48, 24)µm with grid
spacings of ∆Lx,y,z = (0.1882, 0.1882, 0.3810)µm for a
trap of frequencies νx′,y′,z = (39, 20, 97)Hz in all simula-
tions, matching the experimental values.

The dipolar interactions (second term of Eq. (C4)) are
efficiently evaluated in Fourier space due to the convolu-
tion theorem. In order to avoid artificial self-interaction
of alias Fourier copies of the system, a finite-range cut-
off of half the grid widths (Lx,y,z/2) is implemented, and
it is ensured that the simulated densities are negligible
within Lx,y,z/4 of the edge of the grids.

For the simulations presented in Fig. 1(b), we set T =
60nK and N = 1.5 × 105, matching the experimental
temperature and total atom number within error bars.
We note that N is matched to the total atom number
and not only to the condensed atom number. Setting
the TeGPE particle number to match only the observed
condensed number of atoms yields states that have fewer
droplet/stripe structures than observed in experiments.
This effect has also been seen in other works on dipolar
supersolids using the eGPE [22, 36, 65], and has been
attributed to the fact that the condensed number is ex-
tracted from TOF images which do not probe the full
macroscopic wavefunction but only the fraction located
within the droplets or stripes [21].

Our choice yields simulated states whose characteris-
tic sizes and structure numbers match more closely those
seen in the experiment. Furthermore, the number of
atoms located within the stripes or droplets in these sim-
ulated states is found to roughly match the experimental
condensed atom numbers.

Fig. 1 (b) in the main text shows the phase diagram as
a function of as and α. To account for the fact that inte-
grated densities can hide the three-dimensional nature of
overlapping density structures introduced by the tilt, we
consider a cut of the density through the plane z = 0 to
reliably distinguish between tilted droplets and stripes.

In order to classify the ground states, we compute the
power spectrum of the density cuts at z = 0. We ex-
tract the smallest relative angular difference θmin between
peaks in the power spectrum and classify it as triangular
(stripe) if θmin ≤ (>) 90◦.

Appendix E: Imaging Sequence

Both in-situ and TOF images presented in the main
text are acquired by resonant absorption imaging on the
421 nm Dy transition of linewidth Γ = 2π × 32.2MHz
and saturation intensity Isat = 56mW/cm2. Imaging is
performed along the z axis using a microscope objective
providing a theoretical resolution of 0.48µm at 421 nm.
The resolution has been tested via noise analysis on a 2D
thermal gas, yielding 0.89µm. The cloud is imaged on
a qCMOS camera (Orca Quest) through an additional
lens (f = 750mm), providing an overall magnification
of M = 24(1). The magnification is calibrated by com-
paring the horizontal displacement of a thermal cloud,
induced by an in-plane magnetic gradient of 6.7G/cm
applied for 17ms, as measured with vertical and hori-
zontal imaging systems. The horizontal-imaging magni-
fication is independently calibrated from a time series of
a thermal cloud falling under gravity.
The imaging beam has a waist of 320µm at the posi-

tion of the atoms and power up to 3.3mW. For in-situ
imaging, the saturation parameter s = I/Isat is s ≈ 36,
and an imaging pulse of τ = 5µs is used. For TOF im-
ages, s = 1.2 and τ = 25µs. During an imaging sequence,
three frames are taken: one with the light and the atoms,
Cin, one with only the light (the atoms having been re-
moved through free fall), Cout, and one dark background
image without light, Cdark. We then calculate the optical
density (OD) profile via [80, 81]:

OD = − log

(
Cout − Cdark

Cin − Cdark

)
+

Cin − Cout

χsat · τ
. (E1)

The first term on the right-hand side corresponds to the
low-intensity behavior (Beer-Lambert law). The second
term accounts for saturation and becomes relevant for
s ≳ 1. Here, χsat ·τ denotes the number of detected pho-
tons per pixel for s = 1 and pulse length τ . To calibrate
χsat for our imaging system, we take a set of images of
a thermal gas using varying s and τ , and minimize the
variations of the OD extracted via Eq. (E1). This yields
χsat = 1400 counts/µs.
We note that the in-situ images of Fig. 2 display nega-

tive OD values, in particular in between the high-density
regions of the modulated states. We attribute these fea-
tures to optical aberrations occurring because the axial
extent of the states is larger than the depth of focus of
our imaging system of ≲ 1µm. From theoretical simu-
lations, the axial extent of the states is estimated to be
up to 2.2µm. Other effects, such as collective scatter-
ing, might also contribute [82], which warrants further
investigation.

Appendix F: Analysis of the in-situ images

Each in-situ image is rotated to align with the
magnetic-field axes and zero-padded to increase the
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power-spectrum sampling. This results in n(x = jp, y =
lp) with j ∈ [1, Nx], l ∈ [1, Ny] being the indices of
the padded grid, and p = 0.19µm the effective pixel
size at the atom position. The power spectrum is com-
puted via S(kx, ky) = |F {n(x, y)}|2 with wavenumbers
(kx, ky) = 2π

Nxp
(j, l), where j, l are the indices of the

Fourier grid.
We isolate the band kρ ∈ [ki = 1.3µm−1, kf =

2.7µm−1] containing the finite-k peaks. We identify the
local maxima in this band by morphological dilation: a
pixel is retained as a peak if and only if it equals the
maximum of its local neighborhood inside the band.

We restrict the subsequent analysis to a fixed angular
window θ ∈ [30◦, 150◦]. Distinct peaks are retained by
imposing a minimum separation in k of ≈ 0.6µm−1 and
a minimum angular separation of 6◦ before ranking them
by amplitude.

To delineate the boundary between the unmodulated
and modulated phases, we compare the strongest identi-
fied finite-k peak (power S1) with the k = 0 peak (power
S0). Accordingly, we define the ratio R0 = S1/S0.
Figure 5 shows the mean of R0 for the dataset of Fig. 3.

Starting from small α and large B, either decreasing B
or increasing α increases R0. This indicates the onset of
the density-modulated phase, which we identify by R0

exceeding 1.2 ◦/◦◦. The onset shifts to larger B upon in-
creasing α as theoretically expected, see Fig. 1 (b).

At large B and small α, corresponding to the unmod-
ulated phase, the states are not entirely devoid of struc-
ture, as hinted by the small but non-zero R0. We at-
tribute these low-amplitude finite-k peaks to the ther-
mal population of roton-like excitations in our finite-
temperature unmodulated superfluids [52, 53, 83].
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FIG. 5. Mean value of R0 as a function of the final B and α,
with the solid white line indicating the boundary above which
it grows beyond 1.2 ◦/◦◦.

In the modulated phase, R0 varies with α and B, indi-
cating changes in the density-modulation structure. De-
creasing B at fixed α initially increases R0, reflecting
an increase in the contrast of the modulation. For large

b1 b2 b3 b4

b5 b6 b7 b8

a1 a2 a3 a4

a5 a6 a7 a8

0° 15° 30° 40°

45° 55° 55° 60°

b

a

FIG. 6. Selected states exhibiting distinct arrangements com-
pared to Fig. 2(a5-8) at B = 2.39G and α = 0◦ (a1,b1), 15◦

(a2,b2), 30◦ (a3,b3), 40◦ (a4,b4), 45◦ (a5,b5), 55◦ (a6-7,b6-7),
60◦ (a8,b8). Both the in-situ density n(x, y) (a1-8) and the
corresponding power spectrum S(k) (b1-8) are shown.

α, this trend reverses when decreasing B further, which
relates to apparent excitations of the stripe structures.
Changes of R0 also occur upon increasing α. These
changes do not directly relate to the modulation contrast
but are also influenced by the stretching of the droplets
with α and the rearrangement from triangular arrays to
stripes.

Appendix G: Further examples of in-situ patterns
and corresponding power spectra

In the main text (Fig. 2), we show examples of in-
situ images and the corresponding spectra for varying
parameter values. Variations in the in-situ density pat-
terns also occur from shot-to-shot when repeating the ex-
periment under identical conditions. Fig. 6 shows mea-
surements taken under the same conditions as those of
Fig. 2(a5-a8) but exhibiting different structural arrange-
ments. Here again the different structural arrangement
translates to a different angular distribution of the finite-
k peaks in S(kρ, θ). In the case of droplet arrays, typ-
ically several peaks appear in the upper (ky > 0) sec-
tors, yet excitations of the regular triangular arrange-
ment as seen for α = 0 − 15◦ [Fig. 6(a1,a2)] yield un-
equal amplitudes of these peaks [Fig. 6(b2,b2)]. In the
intermediate regime of α = 30 − 45◦, the states are ob-
served to fluctuate between staggered-triangular or wavy-
stripe patterns, and sheared-array or straight stripe ones
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FIG. 7. Experimental normalized distributions of the values of R for 30 shots at [α,B, as] = [15◦, 2.47G, 94a0] in the triangular
phase (a), [40◦, 2.52G, 97a0] (b) and [50◦, 2.40G, 91a0] (c) both in the fluctuating regime, and [50◦, 2.53G, 98a0] in the stripe

phase (d). The vertical dashed lines show the mean value κ1(R), and the dark blue bins fall into the 1σ =
√

κ2(R) region
around the mean.
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FIG. 8. Theoretical normalized distributions of the values of R from 60 repetitions of the TeGPE real-time simulations ramping
to (97a0, 15

◦), (97a0, 40
◦), (94a0, 50

◦) and (99a0, 50
◦). The vertical dashed lines show the mean value κ1(R), and the dark red

bins fall into the 1σ = 1
√

κ2(R) region around the mean. The insets show exemplary integrated densities at the indicated R
bin.

[Fig. 6(a3,a4,a5)]. Several peaks, shifted in θ, and of un-
equal amplitudes are observed in the upper (ky > 0) sec-
tors [Fig. 6(b3,b4,b5)]. Excitations of the stripe states
for α > 45◦ [Fig. 6(a6,a7,a8)] might also lead to the
emergence of additional peaks, of low amplitude, shifted
mostly in kρ [Fig. 6(b8)], indicating a different periodicity
of the modulation [Fig. 6(b6,b7)].

Appendix H: Examples of experimental distributions
of the structural order parameter values

In the main text (Fig. 3), we examine the statistics of
the order parameter over the parameter space by com-
puting its first four cumulants. This allows us to iden-
tify three regimes, that of the triangular phase at small
α, the stripe phase at large α, and a fluctuating inter-
mediate regime indicating critical behavior. Figure 7
shows the full distribution of the R values over 30 ex-
perimental shots for four parameter sets covering these
three regimes.

Appendix I: Examples of distributions of the
structural order parameter values from simulation

We simulate the experimental sequence by evolving
Eq. (C1) in real time in steps of 5µs. We initialize the
wavefunction to the unmodulated ground state at α = 0◦,
as = 100a0, and add random noise consisting of har-
monic oscillator modes with amplitudes sampled from a
Bose-Einstein distribution at T = 60nK. We let this ini-
tial state thermalize for 20ms. We then ramp α and as
for 100ms and hold for 30ms, following the experimen-
tal protocol [Fig. 1(a)]. We record the R value extracted
from the power spectra of the integrated density profiles
of the final state, as in experiment (Fig. 2). We show in
Fig. 8 the distribution of the R values over 60 repetitions
of the simulations, using independent noise. Similar to
Fig. 7, we use four parameter sets covering triangular (a),
fluctuating (b,c), and stripe (d) regimes. As in the ex-
periment, the mean of R is high in the triangular, low
in the stripe, and intermediate in the fluctuating regime,
with the largest variance found in this intermediate case.
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Appendix J: Sequence for probing phase coherence

To probe phase coherence, the gas is imaged along z
after TOF. The imaging system is focused on the in-situ
cloud position and has a limited depth of focus (App. E).
To take TOF images, we do not realign the imaging path
but bring the cloud back to the in-situ position using
magnetic gradients. The TOF is split into two steps.
First, we let the cloud fall and expand for 10ms while
keeping the magnetic-field configuration as at the end of
the sequence. Second, we apply a magnetic gradient for
40ms. The gradient and offset values during this second
stage are chosen to return the cloud to its in-situ position
at the end. This two-step scheme maintains the interac-
tions at their initial strength during the early expansion,
and delays the application of the gradient until interac-
tion effects are substantially reduced. Interaction effects
during the first stage are significant in both experiment
and simulations. Interaction effects in the second step,
and changes induced by the modified field configuration,
cannot be eliminated completely but are minimized by
the late switch time. Increasing the duration of the first
step beyond 10ms requires larger gradients in the second
step, leading to increased thermal effects in the coils and
visible fluctuations in the cloud position.

Appendix K: Analysis of phase coherence

To mitigate shot-to-shot center-of-mass fluctuations,
we calculate the center of mass of each OD distribution
and zero-pad the images to center them. For α > 0,
the orientation of the structures is mainly set by the
in-plane magnetic-field component. For α = 0, the tri-
angular structures instead fluctuate in orientation. We
compensate for these fluctuations by rotating the α = 0
images. We determine the angle of the strongest peak in
the 2D Fourier transform of each TOF image and rotate
the original image accordingly. The TOF images (Fig. 4)
are shown as a function of kx, ky obtained from the free-
expansion formula, (kx, ky) = m(x, y)/ℏtTOF where m is
the atomic mass, and tTOF = 50ms. The aligned individ-
ual images [Fig 4(a)], are then averaged [Fig 4(b)] or used
to calculate the Fourier-transformed integrated profiles
A (i)(y) and their averages AM (y) and AΦ(y) [Fig 4(c)].
Phase coherence is probed at a length y∗, namely

A ∗
M = AM (y∗) and A ∗

Φ = AΦ(y
∗). To determine y∗, we

first extract a characteristic value y∗0(α) for each angle α
and define an interval centered on y∗0(α) within which we
search for y∗. We estimate y∗0(α) as the mean distance
between central and side peaks in A (i)(y) over all shots
i at a single magnetic field value in the phase-coherent
regime. The extracted y∗0(α) is used for all values of B as
we observe that the periodicity of the density modulation
varies weakly with B. Using a common y∗0(α) for all B
also avoids ambiguities in the unmodulated and phase-
incoherent regimes. The length y∗ is then found within
≈ ±1.2 µm of y∗0(α) for each value of B.
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FIG. 9. Amplitudes (a) A ∗
Φ and (b) A ∗

M as a function of B and
α. The values are normalized by the values of the profiles AM

and AΦ at y = 0, AM (0) and AΦ(0), respectively. The solid
white line highlights the boundary between modulated and
unmodulated states as extracted from the power-spectrum
analysis.

Figure 4(d) discusses A ∗
Φ/A ∗

M as a measure of phase co-
herence. The individual amplitudes A ∗

M and A ∗
Φ also pro-

vide relevant information, e.g. on modulation strength,
density-structure fluctuations, and role of noise. Fig-
ures 9 (a) and (b) show A ∗

M and A ∗
Φ for the same dataset

as Fig. 4(d). We normalize both quantities by the ampli-
tudes at y = 0, AM (0) and AΦ(0), respectively, to partly
account for atom-number variations (App.M).
For decreasing as just below the unmodulated-to-

modulated phase transition (white line), A ∗
M and A ∗

Φ
show increasing values, both at small α ≤ 30◦ (trian-
gular arrays) and large α > 50◦ (stripes). This indicates
the emergence of modulated states of increasing density
contrast. At intermediate α = 40−45◦, both amplitudes
remain low for all as, which we attribute to fluctuations
of the density structures in the critical region. There,
noise has a strong impact on the ratio A ∗

Φ/A ∗
M . The am-

plitudes A ∗
M and A ∗

Φ also decrease as the critical region
is approached by increasing (decreasing) α for triangu-
lar (resp. stripes) arrangements, indicating progressively
stronger fluctuations. At α = 70◦, both amplitudes re-
main low. The stronger atom losses observed at this angle
(App.M) likely contribute to this reduced signal despite
the normalization by AM (0) and AΦ(0). For all α, a
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FIG. 10. (a) More examples of single TOF density profiles, with (b) corresponding averaged images over 20 shots, shown as
a function of the in-plane momentum components, kx, ky. (c) Corresponding 1D Fourier transforms of the individual density
profiles integrated along kx (grey lines) together with Aϕ(y) (red line), AM (y) (blue line). The inset in (c) enlarges the range
around the y > 0 side peak. Same as Fig. 4(a,b,c) but now for: B = 2.47G, α = 15◦ (a1,b1,c1), B = 2.50G, α = 30◦ (a2,b2,c2),
B = 2.41G, α = 60◦ (a4,b4,c4).

further decrease of as strongly suppresses A ∗
Φ and also

reduces A ∗
M , a behavior expected from the loss of global

phase coherence [55, 56].

Appendix L: Further examples of phase coherence
analysis

In the main text [Fig. 4(a,b,c)], we show examples of
our TOF analysis for four different parameters, corre-
sponding to the four distinct regimes we identify, namely
phase-coherent triangular arrays, phase-coherent stripes,
state in the critical regime, phase-incoherent states.
Fig. 10 provides complementary examples at different tilt
angles and scattering lengths, illustrating the cases of
phase-coherent triangular arrays with dipoles at moder-
ate tilt (a), and at larger tilt approaching the fluctuating
region (b), and of phase-incoherent stripes (c).

Appendix M: Ramp sequence and atom losses

After creating our initial cold samples, we simultane-
ously ramp B and α in tr = 100ms, and then hold the gas
in the trap for th = 30ms, see Fig. 1(a). As described in
the main text, at the end of this sequence, different states
are formed depending on B and α. As the states have
both varying in-situ densities and scattering properties,
losses occur differently as a function of B and α, result-
ing in different final atom numbers. We estimate the
total atom numbers at the end of each ramp sequence
by performing TOF measurements with 20 ms of free fall
followed by horizontal imaging (App.A) and report them
in Fig. 11. We observe that the atom number decreases
with decreasing magnetic field but the loss remains lim-
ited up to α ≲ 55◦, with N ≳ 105. For α = 60 − 70◦,
atom losses become more severe and N < 8× 104 for all
B values.

B (G)
2.36 2.4 2.45 2.5 2.55 2.59

,
(d

eg
re

es
)

0

15

30
40
45
50
55
60

70

0.0

0.3

0.6

0.9

1.2

1.4

N
#

1
0
5

as=a0

89 91 93 96 100

FIG. 11. Total atom number measured at the end of the
experimental sequence as a function of the final B and α.
The solid white line highlights the boundary between modu-
lated and unmodulated states as extracted from the power-
spectrum analysis.
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[6] J. Léonard, A. Morales, P. Zupancic, T. Esslinger, and
T. Donner, Supersolid formation in a quantum gas break-
ing a continuous translational symmetry, Nature 543,
87–90 (2017).

[7] J.-R. Li, J. Lee, W. Huang, S. Burchesky, B. Shteynas,
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F. M. Peeters, and D. Neilson, Chester supersolid of
spatially indirect excitons in double-layer semiconductor
heterostructures, Physical Review Letters 130, 057001
(2023).

[21] M. A. Norcia, C. Politi, L. Klaus, E. Poli, M. Sohmen,
M. J. Mark, R. N. Bisset, L. Santos, and F. Ferlaino,
Two-dimensional supersolidity in a dipolar quantum gas,
Nature 596, 357 (2021).

[22] T. Bland, E. Poli, C. Politi, L. Klaus, M. A. Norcia,
F. Ferlaino, L. Santos, and R. N. Bisset, Two-dimensional
supersolid formation in dipolar condensates, Phys. Rev.
Lett. 128, 195302 (2022).

[23] Z.-K. Lu, Y. Li, D. S. Petrov, and G. V. Shlyapnikov, Sta-
ble Dilute Supersolid of Two-Dimensional dipolar bosons,
Physical Review Letters 115, 075303 (2015).

[24] Y.-C. Zhang, F. Maucher, and T. Pohl, Supersolidity
around a critical point in dipolar Bose-Einstein conden-
sates, Phys. Rev. Lett. 123, 015301 (2019).

[25] J. Hertkorn, J.-N. Schmidt, M. Guo, F. Böttcher, K. S. H.
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Neindre, M. Pârlog, M. Rivet, R. Roy, E. Rosato,
E. Vient, M. Vigilante, C. Volant, J. Wieleczko, and
B. Zwieglinski, Bimodality: A possible experimental sig-
nature of the liquid–gas phase transition of nuclear mat-
ter, Nuclear Physics A 779, 267 (2006).

[40] J. M. Fink, A. Dombi, A. Vukics, A. Wallraff, and
P. Domokos, Observation of the photon-blockade break-
down phase transition, Phys. Rev. X 7, 011012 (2017).

[41] G. Beaulieu, F. Minganti, S. Frasca, V. Savona, S. Fe-
licetti, R. Di Candia, and P. Scarlino, Observation of
first- and second-order dissipative phase transitions in
a two-photon driven Kerr resonator, Nature Communi-
cations 16, 1954 (2025).

[42] M. Allemand, G. Dupuy, P. Paquiez, N. Dupuis,
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