
Article https://doi.org/10.1038/s41467-025-62277-w

Observation of a bilayer superfluid with
interlayer coherence

Erik Rydow 1 , Vijay Pal Singh 2, Abel Beregi 1, En Chang 1,
Ludwig Mathey 3,4, Christopher J. Foot 1 & Shinichi Sunami 1

Controlling the coupling between different degrees of freedom in many-body
systems is a powerful technique for engineering novel phases of matter. We
create a bilayer system of two-dimensional (2D) ultracold Bose gases and
demonstrate the controlled generation of bulk coherence through tunable
interlayer Josephson coupling. We probe the resulting correlation properties
of both phase modes of the bilayer system: the symmetric phase mode is
studied via a noise-correlation method, while the antisymmetric phase fluc-
tuations are directly captured by matter-wave interferometry. The measured
correlation functions for both of these modes exhibit a crossover from short-
range to quasi-long-range order above a coupling-dependent critical point,
thus providing direct evidence of bilayer superfluidity mediated by interlayer
coupling.Wemapout the phasediagramand interpret itwith renormalization-
group theory and Monte Carlo simulations. Additionally, we elucidate the
underlying mechanism through the observation of suppressed vortex excita-
tions in the antisymmetric mode.

Coherent Josephson tunneling between macroscopic quantum sys-
tems is an important paradigm that is the foundation for various
quantum technologies1,2. The interplay between coupling-induced
coherence and the intrinsic fluctuations of low dimensional con-
stituent systems gives rise to a rich variety of quantum many-body
phenomena3,4. In bilayer two-dimensional (2D) systems, this coupling
can induce a transition to an interlayer superfluid state. This transition
modifies the superfluid-normal transition observed in uncoupled sys-
tems, which is governed by the unbinding of vortex-antivortex pairs,
known as the Berezinskii-Kosterlitz-Thouless (BKT) transition5,6. Such a
bilayer system serves as a model with potential significance for
understanding high-temperature superconductivity7–9, including
optically pumped superconductivity10,11, twisted bilayer graphene12,13,
and dipolar particles with competing repulsive intra-plane and
attractive inter-plane interactions14,15. Furthermore, novel phases are
expected to emerge from the ordering of relative or common degrees
of freedom, and there is strong interest in both the static and dynamic
properties of these phases16–24. Several studies predict the existence of

a coupling-induced superfluid phase23,25 with others predicting a
separate paired BKT superfluid phase24,26,27, though these predictions
remain largely unexplored experimentally.

Ultracold atom systems offer an exemplary platform for studying
coupled many-body systems, thanks to their exquisite control over
coherent quantum tunneling and the ability to directly probe many-
body states;matter-wave interferometry, a key technique in cold-atom
systems, provides a direct probe of relative phase fluctuations28,29. In
addition, recent development of noise interferometry30,31 now enables
the detection of common-mode correlation properties from the den-
sity noise patterns appearing in expanded bilayer 2D systems.
Although trapping of 1D and 3Dquantumgases in controllable double-
well potentials has been used to investigate coupled systems32,33, the
experimental realization of a tunable double-layer 2D system was not
achieved before the work reported here.

We report on the creation of a highly controllable bilayer of 2D
Bose gases coupled via Josephson tunneling and detailed measure-
ments of its correlation properties using matter-wave and noise
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interferometry, to probe both relative and common degrees of free-
dom. We fit the correlation function with algebraic and exponential
models to identify the superfluid-normal transition, whichmanifests as
a coupling-dependent crossover. This allows us to detect the emer-
gence of a double-layer superfluid and trace the corresponding phase
diagram, which agrees with renormalization group (RG) analysis of the
bilayer XY model17,23 and Monte Carlo simulations. The microscopic
origin of this emergent phase is the suppression of vortex unbinding,
which we confirm through direct measurements of free vortices in the
relative-phase mode.

Results
In our experimental apparatus, a cloud of 87Rb atoms is confined in a
cylindrically-symmetric 2D trap formed by a box-like potential of
radius 20 μm in the horizontal plane and a double-well potential in the
vertical z direction34,35. Strong vertical confinement in the double-well
is created by a multiple-RF (MRF) dressing technique, as described
in29,35, while the horizontal trapping comes from the dipole force of a
strong off-resonant laser beam that is spatially shaped by a digital
micromirror device into a ring-shaped intensity distribution31,36

(Fig. 1a). Atoms are loaded into the double well with equal populations
at a temperature of T = 50nK, set by forced evaporation. In each well
the vertical trap frequency is ωz/2π = 1.2 kHz and the quasi-2D condi-
tions ℏωz > kBT and ℏωz > μ are satisfied, where ℏ is the reduced Planck
constant, kB the Boltzmann constant and μ is the chemical potential.
The characteristic dimensionless 2D interaction strength is
~g =

ffiffiffiffiffiffi
8π

p
as=‘0 =0:08, where as is the s-wave scattering length and

‘0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=ðmωzÞ

p
is the harmonic oscillator length along z for an atom of

mass m.
The MRF-dressed double-well potential is created using RF mag-

netic fields with three frequency components applied to atoms in a
static magnetic field gradient37. The separation of the two potential
minima along the z direction is determined by the frequency differ-
ence between the RF components. The high controllability and stabi-
lity of the RF fields allow precise tuning of the inter-well distance d,
thereby creating a bilayer system with tunable coupling strength J
(Fig. 1a). The interlayer coupling shifts the vortex binding-unbinding
critical point, as illustrated in Fig. 1b, basedon theRG theory presented
in refs. 17,23 (see SupplementalMaterial). This emergent phenomenon
affects both antisymmetric (relative) and symmetric (common) phase
modes of the system, which are defined as θ = ϕ1 − ϕ2 and φ = ϕ1 + ϕ2,
respectively, where ϕi = argðΨiÞ is the argument of the order para-
meter Ψi for layer i (i = 1,2). The relative and common modes of the
system provide a natural basis for excitations in two-mode low-
dimensional quantum gases4,38, including the coupled bilayer
systems23.

We probe the spatial coherence of both phase modes using time-
of-flight (TOF) expansion of the two clouds, combined with a spatially
selective imaging technique along orthogonal directions, as schema-
tically shown in Fig. 1c and d. For the relativemode, the trap is abruptly
turned off, releasing the pair of 2D gases for a TOF duration of
trelTOF = 17 ms . Once released, the two clouds expand rapidly along the z
direction39 and overlap, forming an interference pattern along z
(Fig. 1c), whose phase encodes fluctuations of the relative mode29,40.
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Fig. 1 | Formation of a bilayer quasi-2D Bose gas and its characterization by
matter-wave interferometry. a We trap two near-homogeneous clouds of 87Rb
atoms (represented by wave functions Ψ1 and Ψ2, with complex phases ϕ) in a
double-well potential,where the inter-well distanced is controlledusing amultiple-
RF dressing technique; see text. This results in a bilayer system with a tunable
interlayer coupling J. The top panel shows the radially averaged density profile,
obtained from a single in-situ image taken along the z direction. The green-shaded
region indicates the box potential shape, which is created by a ring-shaped, blue-
detuned laser beam. b Theoretical phase diagram of our coupled bilayer system
based on RG analysis and Monte Carlo simulation (see Supplemental Material).
Increasing the interlayer coupling J increases the transition temperatureT, towards
T/T0 ~ 223,24, where T0 denotes the transition temperature for J = 0. Illustrations

show unbound vortex pairs in the normal phase and bound vortex pairs in the
double-layer superfluid (DLSF) phase. In the anti-symmetric superfluid (ASF)
phase, vortices are bound in the relative-mode but unbound in the common-
mode23. c Clouds released from the trap undergo a time-of-flight (TOF) expansion
for a duration of trelTOF = 17 ms, so that they overlap producing interference fringes
(blue wavy planes) encoding the local relative phase fluctuations. We capture the
interference pattern by selectively imaging atoms within a thin slice of thickness
Ly = 5 μm (shown as a red sheet; see text). The column interference profiles at
different x allow us to extract the local relative phase θ(x). d After a short TOF of
tcomTOF = 5:3 ms, we image the in-plane density distribution n(r) from below using a
selective imaging technique (thin repumping sheet with thickness Lz = 5μm).
Image on the right displays n(r)/nm, where nm is the maximum density.
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We then apply a thin sheet of laser light to optically pump atoms from
the lower to the upper hyperfine level in a slice of thickness Ly = 5μm
along the y direction (red transparent sheet in Fig. 1c) and image the
repumped atoms using resonant light34. From the interference image
we determine the local relative phase θ(x), and from a set of mea-
surements of θ(x) we calculate the relative phase correlation function.

To probe the common mode, we use a short TOF of duration
tcomTOF = 5:3 ms and record thedensitynoisepatterns after expansion (see
Fig. 1d). In thismethod, self-interference within and between the clouds
transforms initial phase fluctuations into density modulations30,41–44.
This short-TOF technique has been applied to measure phase coher-
ence in low dimensional gases in several experiments31,45,46, and for our
density-balanced bilayer, it measures the fluctuations of the common
mode, as demonstrated in ref. 31. We perform selective repumping of
the atoms using a horizontal sheet of thickness Lz = 5μm, and image the
resulting density distribution n(x, y) with a high-resolution imaging
system with optical axis along the z direction (Fig. 1d). The selective
imaging is necessary because the extent of the cloud after TOF expan-
sion exceeds the depth of focus of the imaging system31,47. We explore a
range of interlayer coupling strengths, from J/h < 10−3 to > 10Hz, by
varying the inter-well distance d between 1.7 and 5.9μm. We cover a
wide range of the phase-space density (PSD), D=nλ2th, by adjusting the
total atom number N from 2× 104 to 9 × 104, where n is the 2D atom
density in each cloud, and λth =h=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πmkBT

p
is the thermal de Broglie

wavelength. For each combinationofd andN, we repeat the experiment
to collect an ensemble of images using both relative and common

detection techniques. From these measurements of θ(x) and n(x, y) we
compute the correlation functions as describedbelow.We average over
up to 60 experimental repetitions for each set of d and D.

The real part of the two-point relative-phase correlation function
is defined as Cðx, x0Þ=Re½hei½θðxÞ�θðx0 Þ�i�, where θ(x) is the phase of the
relative mode. Throughout this paper, 〈..〉 denotes the statistical
average over experimental repetitions. A value of Cðx, x0Þ= 1 indicates
perfect coherence, while Cðx, x0Þ=0 implies no coherence. In Fig. 2a,
we plot Cðx, x0Þ for an inter-well distance of d = 1.7μm at two different
phase-space densities D=6:5 and 3.4. For small D, phase coherence
decays rapidly over large distances. To quantify this, we calculate the
correlation function CðxÞ=Re½hei½θðxÞ�θðx�xÞ�ix � as a function of separa-
tion x = x � x0, where 〈..〉x denotes both the statistical average and an
average over the coordinate x. This analysis is performed using θ(x)
obtained as illustrated in Fig. 1c restricted to the central region of the
cloud (see “Methods”). Figure 2b, shows that CðxÞ decaysmore rapidly
with distance as D decreases, indicating a transition from quasi-long-
range order to short-range phase coherence. To identify the critical
point, we fit the data with both algebraic and exponential decay
models (solid and dashed lines). The reduced χ2 value (χ2r ) of the
exponential fit increases significantly beyond a certain point, crossing
the χ2r statistic for the algebraic fit. We identify this crossing as the
critical valueDc (inset of Fig. 2b). For d = 1.7μm, corresponding to the
coupling strength J/h ≃ 30Hz, we determine Dc =4:8ð6Þ from the
relative phase. This is lower than the critical value Dcð0Þ= 10ð1Þ
observed in the uncoupled system at J/h ≪ 1 Hz.

a

c

b

d

Fig. 2 | Phase coherenceof the relativemode in the coupledbilayer. aTwo-point
relative-phase correlation function Cðx, x0Þ is shown for phase-space densities
D=6:5 and 3.4, with an inter-well distance ofd = 1.7μm.bCorrelation functionCð�xÞ
plotted as a function of the distance �x = x � x0, measured at d = 1.7μm for five
different values of D = 7:6, 5:9, 5:0, 4:2 and 3.4 (from top to bottom). c Cðx, x0 Þ is

shown for D= 7:5, with inter-well distances of d = 1.7μm and 4.5μm. d, Cð�xÞ is
measured at D = 7:5 for four inter-well distances d = 1.7, 2.3, 3.0 and 4.5μm (from
top to bottom). In (b, d), solid lines represent fits using an algebraic model, while
dashed lines represent exponential model fits. Insets show χ2r values for the alge-
braic (filled symbols) and exponential (open symbols) fit models.
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Tobetter assess the effect of coupling on the phase coherence,we
also perform measurements for varying d at fixed D. In Fig. 2c, the
measurements of Cðx, x0Þ at two different values of d clearly indicate a
fast-decaying correlation at large distance x when d is increased. In
Fig. 2d, the correlation functions for four distinct d values show a
coupling-induced crossover from algebraic to exponential phase-
coherence decay. This is confirmed by fits to the two models (inset).
The transition occurs aroundd≃ 2.5μm(or equivalently J/h≃ 10Hz for
our system) with D ’ 7:5. Despite D being below Dcð0Þ, stronger
coupling suppresses phase fluctuations, enforcing algebraic order.

We now consider the information that can be deduced from
the noise correlation function after free expansion g2ðrÞ=
h~nðrÞ~nðr � r0Þir0 , where ~nðrÞ= δnðrÞ=�nðrÞ is the normalized in-plane
density distribution after a short TOF expansion (see Fig. 1d). Here,
δnðrÞ=nðrÞ � �nðrÞ, with �nðrÞ � hnðrÞi being the average over many
experimental realizations. For bilayer systems, g2(r) the spatial auto-
correlations of the density distribution after TOF encodes
<½hei½φðxÞ�φðx�xÞ�ix � the two-point correlation function of the common-
mode phase in-situ31. Using this approach, we deduce comprehensive
information about correlations of the common-mode phase from the
experimental data (see “Methods”), including their functional form
and values of the parameters.

Figure 3 a and b show the measurements of the density correla-
tion function for the bilayer system at two different values of D. At
higher D, a negative ring-like structure is visible, but this feature dis-
appears at lower D. This structure arises from the quasi-long-range
order of the superfluid phase, which vanishes when coherence decays
exponentially in the normal phase30,31. We theoretically calculate the
noise correlation function for expanding clouds below and above the
BKT transition, which we fit to our measurements to characterize the
phase of the system (Fig. 3c). At PSDs much lower than the critical
value D ≲ 4, the increase of in-situ density fluctuations affects the
measurement as indicated by the gray-shaded region in the inset of
Fig. 3c. By repeating this analysis for various values ofD we determine
the critical value Dc for our bilayer system at varying coupling
strengths. Furthermore, this analysis allows us to extract the algebraic
exponent η of the superfluid phase, shown for two different inter-well
distancesd= 5.9 and3μminFig. 3d, e. These results agreewellwith the
measurements of the relative-phase correlations. The superfluid-
normal transition occurs at a lower value of D when d is smaller,

with Dc = 5:4ð6Þ from the common phase for d = 1.7μm. These obser-
vations are further supported by Monte Carlo simulations, showing
consistent scaling in the superfluid and crossover regimes (see Sup-
plemental Material).

In Fig. 4, we summarize our measurements of the critical points
for the relative and common modes. Within experimental error, the
value of Dc is not strongly affected by small interlayer coupling
J/h ≪ 1 Hz. However, Dc decreases monotonically with increasing
coupling when J/h ≳ 1 Hz, providing evidence for the emergence of a
double-layer superfluid (DLSF) phase. Thesemeasurements agree well
with the predictions of RG theory for layered 2D systems23. To further
validate our results, we perform Monte Carlo simulations of the cou-
pled bilayer system using experimental parameters (see Supplemental
Material). From the simulations, we determine DcðJÞ by direct

a

b

c d

e

Fig. 3 | Phase coherence of the common mode. a, b Noise correlation functions
~g2ðrÞ=~g2ð0Þ are shown for D=6:9 and 3.8, with an inter-well distance d = 1.7μm.
c Radially averaged noise correlation functions ~g2ðrÞ are presented for values in the
range fromD = 3:5 to 7.1, atd = 1.7μm,where the lines connecting the points are the
guide to the eye. Inset shows the χ2r values for the two fit models at different D
values (see text). Fitting is performed for r > 2μm to exclude the effect of finite

imaging resolution. d, e Measurements of the algebraic exponent η for both the
common and relative modes, along with simulation results, are shown for
d = 5.9μm and 3μm. The black (red) shaded region represents the critical points
and their uncertainty in the relative (common) phase, obtained from experimental
data, determined by the range over which the χ2r values for the models cross
(see Supplemental Material).

Fig. 4 | Phase diagram of the coupled bilayer 2D Bose gas.Measurements of the
critical phase-space densityDc for both the relative (circles) and common (squares)
modes are compared with the results fromMonte Carlo simulations (filled curves).
The solid lines are the predictions from the RG theory for two coupled 2D Bose
gases (see Supplemental Material). The coupling strength J (horizontal axis at the
top) varies exponentially with the interlayer separation d shownon the bottom axis
(see Supplemental Material).
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correlation analysis of the fluctuating classical fields. The simulation
results for the antisymmetric mode agree closely with the respective
measurements (Fig. 4). These simulations reveal that the critical points
for the relative and common modes differ significantly for d ≲ 2μm,
indicating a strong phase-locking effect that results in an ordered
relative phase while the common phase remains disordered, char-
acteristic of a predicted anti-symmetric superfluid (ASF) phase23. In the
range of coupling strengths that we have investigated experimentally,
we have not observed the separation of the critical points for the
relative and common degrees of freedom that is characteristic of a
predicted ASF phase. The interesting ASF phase can be investigated, in
future work, with stronger interlayer coupling by reducing the barrier
height of the double-well potential (which was fixed in this work) while
carefully maintaining 2D conditions for the two layers. Stronger cou-
pling can also be engineered by other methods, such as Rabi coupling
between F = 1 and F = 2 manifolds of 87Rb atoms48.

To elucidate themicroscopic origin of theDLSF phase, we analyze
quantized vortex excitations which appear as sudden phase jumps in
the relative-phase interference patterns (Fig. 5a). These free vortices in
the relative-phase mode are only visible when they are located within
the narrow region of the imaging slice (Fig. 1d), allowing the quanti-
tative analysis of their number density from interference images29. In
Fig. 5b, the measurements of the dimensionless vortex density nvξ2, as

a function of D, display exponential behaviors for all values of d. The
healing length ξ = 1=

ffiffiffiffiffiffi
~gn

p
, determined using the 2D density n and

interaction ~g, characterizes the size of the vortex core. This expo-
nential scaling is a hallmark of the BKT transition, consistent with
previous measurements of 2D Bose gases with negligible interlayer
coupling29. In our bilayer system, the interlayer coupling strongly
suppresses vortex formation, although the scaling remains exponen-
tial. Notably, the scaling exponent increases as d decreases, indicating
that stronger interlayer coupling enhances vortex suppres-
sion (Fig. 5c).

The realization of bilayer 2D systems and the interferometric
detection scheme demonstrated in this work provides a powerful
approach for exploring novel phases in coupled systems. For instance,
this platform can be utilized to study the two-step BKT transition
predicted in imbalanced bilayer systems18,19. Moreover, the ability to
tune the coupling strength, provided by MRF-potentials, makes it
possible to investigate the dynamics of phenomena that were pre-
viously inaccessible, such as the Kibble-Zurek mechanism23,49,50, uni-
versal scaling35,50,51 in particular predictions for non-thermal fixed
points in the sine-Gordon model52,53, parametric enhancement of
superfluidity10,54, and phase-locking effect of the antisymmetric
superfluid phase23,55.

Methods
Monte Carlo simulation
We use classical Monte Carlo simulations to obtain the many-body
thermal state of our interacting system at nonzero temperature. To
perform these simulations, we discretize real space on a 2D square
lattice and represent the continuous Hamiltonian using the discrete
Bose-Hubbard Hamiltonian. The system consists of two subsystems
(labelled a = 1, 2) coupled by a tunable Josephson tunneling J, and is
described by the Hamiltonian

H =H1 +H2 +H12, ð1Þ

with

Ha = � Jh
X
hiji

ψ*
a, iψa, j +ψ

*
a, jψa, i

� �
+
U
2

X
i

n2
a, i

+
X
i

ðVi � μÞna, i

ð2Þ

and

H12 = � J
X
i

ψ*
1, iψ2, i +ψ

*
2, iψ1, i

� �
: ð3Þ

Here, 〈ij〉 denotes nearest neighbors, ψa,i and na,i = ∣ψa,i∣2 are the
complex-valued field and the density at site i, respectively. Vi

corresponds to the trapping potential at site i, Jh is the hopping
energy, andU is the onsite repulsive interaction energy.We choose the
simulation parameters according to the experiments. The total atom
number N, which varies between 20,000 and 90,000, is adjusted by
the chemical potential μ in the simulations. We consider a lattice
systemwith sites Nx × Ny = 100 × 100 and use a discretization length of
l = 0.5μm. For the continuum limit, l is chosen to be smaller than or
comparable to the healing length and the de Broglie wavelength56. The
value of U is determined by U=Jh =

ffiffiffiffiffiffiffiffiffi
32π

p
as=l0 =0:16, based on the

experimental scattering length as and the harmonic oscillator length
l0 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=ðmωz Þ

p
of the confining potential mω2

z z
2=2 in the transverse

direction, where m is the atomic mass. Jh is given by Jh = ℏ2/(2ml2),
yielding Jh/kB = 11.16 nK for 87Rb atoms and l = 0.5μm. Vi is chosen such
that the simulated cloudproduces a homogeneous density profilewith
a radius of 20μm.

a

b

c

Fig. 5 | Vortex suppression. aPhase jumps, corresponding to vortices (as indicated
by the red dashed line), emerge in the interference patterns as the system
approaches the transition point. b Dimensionless vortex density nvξ2 plotted on a
log scale as a function of the phase-space density D for various values of d. nv is
obtained by averaging over multiple experimental repetitions, with over 20 pos-
sible vortex locations sampled on each image giving a total of nearly 1000 possible
locations for each datapoint, ensuring sufficient statistics for the parameter range
shown. The solid lines denote exponential fits to the function f ðDÞ=A expð�γDÞ,
where A and γ are fitting parameters. c The best-fit values of the exponent γ are
shown, with the horizontal dashed line marking the value for an uncoupled system
(d = 7μm), as reported in ref. 29. The empty circles are the results obtained from
Monte Carlo simulations.
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In the classical-field approximation, we replace the operators ψ̂ by
complex numbersψ as in Eq. (1). The initial states are generated using a
grand-canonical ensemble of temperature T and chemical potential μ,
via a classical Metropolis algorithm57,58. We set T/Jh = 4.5 and vary μ to
achieve thedesiredN for various values of J/hwithin the range between
10−4 Hz and 100Hz. The simulation procedure involves randomly
selecting lattice sites and performing single-site updates bymodifying
the real and imaginary parts of the complex field, drawn from a normal
distribution. The width of the distribution is adjusted such that the
acceptance rate is around one half for each step. About 105 steps are
performed to thermalize the system. After thermalization, more than
2000 updates per site are executed to ensure that the generated states
are uncorrelated. For each sample, we calculate the phases θ1(x, y) and
θ2(x, y) of the two clouds, and use them to compute the correlation
functions (Supplementary Fig. 2). We average the two-point correla-
tion function over the initial ensemble and determine the superfluid-
normal transition point for various values of J.

Experimental procedure
We form the double-well potential for the dressed atoms using a
combination of a static and radiofrequency (RF) magnetic fields37,59.
The static field is a quadrupole magnetic field with cylindrical sym-
metry about a vertical axis, and three RF fields are applied to give a
multiple-RF (MRF) double-well trap60,61. Control over the amplitudes
and frequencies of RF components allows us to shape the potential
from a single well into a double-well potential48,60–62. In this work, we
use the combinations of RFs [7.08, 7.2, 7.32] MHz to realize well
separation of d = 5.9μm, [7.11, 7.2, 7.29] MHz for d = 4.5μm, [7.14, 7.2,
7.26]MHz for d = 3.0μm, [7.15, 7.2, 7.25]MHz for d = 2.3μmand [7.155,
7.2, 7.245] MHz for d = 1.7μm (see Supplementary Fig. 1). For each set
of RF frequencies, we find combinations of RF amplitudes that provide
tight confinement in the vertical direction (ωz/2π = 1.2 kHz) for each
well and produce 2D potential, with the double-well barrier height of
Eb/h ~ 4 kHz. The large barrier height kBT, μ≪ Eb ensures that the atoms
in each plane are kinematically constrained to their respective 2D
planes63, with finite probability of hopping between the layers facili-
tatedby the overlapof ground-statewavepackets along the zdirection,
analogous to double-well experiments with 1D Bose gases4,64,65.

After loading the atoms into a single-RF dressed potential and
performing evaporative cooling, we transfer the atoms into the MRF-
dressed potential adiabatically, by slowly introducing the other twoRF
signals. This can be performed with negligible heating in the system,
andwe further rampup theoptical potential over 3 seconds to realize a
near-uniformdensity of atoms in the x − y plane. An optical potential is
created by 532 nm laser light, shaped by a spatial light modulator
(digital micromirror device, DMD), to realize a box-like trap geometry
(see Fig. 1a). We ensure the populations in the two wells are equal by
maximizing the observed matter-wave interference contrast34. After
equilibrating the gases further for 500ms, the MRF-dressed potential
and the optical potential are turned off, releasing the cloud into TOF
expansion to observe the matter-wave interference pattern as shown
in Fig. 129.

Finally, to probe the density distribution locally, before
absorption imaging we apply a sheet of repumping light that pro-
pagates horizontally (in the x direction) with thickness Ly = 5 μm and
height much larger than the extent of the cloud of atoms34. All atoms
are initially in a state with F = 1, and are then selectively pumped to
F = 2 by the sheet of repumping light, which we image using a light
resonant for the atoms in the F = 2 state (Fig. 1c, d). We ensure the
repumping light passes through the centre of the cloud by moving
the pattern along the direction parallel to the propagation of imaging
light, to the position where the total absorption signal is maximum.
We repeat the experiments using repumping light sheet with size
covering the entire cloud, to extract the total atom number reported
in the main text.

Image analysis for relative phase detection
The analysis of the interference patterns is described in detail in
refs. 29,35,66 and proceeds as follows. We first characterize the
wavevector of the fringes by fitting the interference pattern with the
function40

ρxðzÞ=ρ0 exp �z2=2σ2� �
1 + c0 cosðkz + θðxÞÞ
� �

, ð4Þ

where ρ0, σ, c0, k, θ(x) are the fit parameters, as shown in Supple-
mentary Fig. 1.We then obtain the relative phase profile θ(x) by Fourier
transforming the images along the z direction at each x and extracting
the complex argument of the Fourier coefficient corresponding to the
wavevector of the fringes. The extracted phase θ(x) encodes a specific
realization of the fluctuations of the in-situ local relative phase
between the pair of 2D gases. From the ensemble of at least 40 images
at each d and N, we calculate the phase correlation function
CðxÞ=<½hei½θðxÞ�θðx�xÞ�ix � where the averaging is performed over the
set of images and different positions in the cloud x for which x and
x � x are within the central 30μm of the density distribution of the
cloud. As described and confirmed experimentally in ref. 29, the long-
range behavior of this function changes from algebraic scaling ~ r−η in
the superfluid phase, to exponential scaling in the normal phase. We
thus fit the obtained CðxÞ at long distance r ≳ 5μmwhere the effect of
finite imaging resolution is negligible. From the fits with both algebraic
and exponential models, we compare the χ2r statistics to identify the
critical pointDc (see Fig. 2). The uncertainty ofDc is determined by the
averaged difference of D to the two nearest data points.

From the interference images, taken along the y direction, we
detect vortices using themethod described in detail in ref. 29.We look
for sudden jumps of the phases within two pixel distance (3.4μm),
defined by the phase difference of 2π/3 < δθ < 4π/3. The vortex density
nv(x) can be obtained by dividing the probability of finding vortices in
each column of the images by the vortex detection area of a single
pixel column, ℓpLy = 8.4μm2 where ℓp = 1.67μm is the image-plane
pixel size.

Image analysis for common phase detection
As analytically studied and experimentally confirmed for bilayer 2D Bose
gases in ref. 31 (and independently in ref. 67 for double-well 1D Bose
gases), the spatial coherence of the common phase φ = ϕ1 + ϕ2 pre-
dominantly affects the density noise pattern observed along the double-
well direction (Fig. 1d). The noise correlation function in 2D Bose gases,
obtained by taking the two-point density-density correlation function
after a short TOF, is expressed by the common-mode and relative-mode
correlation functions F comðrÞ2 ’ hΨy

1 ðrÞΨy
2ðrÞΨ1ð0ÞΨ2ð0Þi=n2 and

F relðrÞ2 ’ hΨy
1 ðrÞΨ2ðrÞΨy

2ð0ÞΨ1ð0Þi=n2 via31

g2ðr, tÞ �
1

ð2πÞ2
Z

d2q
Z

d2R cosðq � rÞ cosðq � RÞ

×
F comðqtÞ2F comðRÞ2

F comðR� qtÞF comðR+qtÞ
F relðqtÞ2,

ð5Þ

where qt = ℏqt/m and t is the time-of-flight duration. The common-
mode fluctuations are primarily responsible for the spatial structure of
the self-interference patterns and thus the oscillatory behavior of g2,
while relative-mode correlations are only relevant in the normal phase,
where g2 displays short-ranged exponential decay (Fig. 3c).

The analysis of the density noise patterns, as shown in Fig. 3,
proceeds as follows, as described in ref. 31. From at least 20 experi-
mental images taken from below as in Fig. 1d for each experimental
parameter value, we first normalize the images by the average density
distribution for each dataset. We then obtain autocorrelations from
the density patterns in the images within a region of interest (ROI)
which captures the central part of the cloud. This results in a collection
of correlation functions on a 2D grid, scaled by the squared mean
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density n2
0 = hn̂ðr, tÞi

2 = hΨ̂ðr, tÞyΨ̂ðr, tÞi2, where Ψ̂ðr, tÞ is the bosonic
field operator after the expansion, which corresponds to30

hn̂ðr, tÞn̂ð0, tÞi
n2
0

= g2ðr, tÞ+
δðrÞ
n0

, ð6Þ

where the second term is the shot-noise term with zero mean, such
that

g2ðr, tÞ=
hΨ̂yðr, tÞΨ̂ðr, tÞΨ̂yð0, tÞΨ̂ð0, tÞi

hn̂ðr, tÞihn̂ð0, tÞi , ð7Þ

is identified by averaging over experimental repetitions. Some of the
extracted g2, such as Fig. 3a, exhibit anisotropy of the ring structure
which arises because of finite sampling used in our measurements but
this does not affect the radially averaged g2 functions used for the
quantitative analysis such as the fitting procedure described in this
section. We have confirmed this by taking a larger dataset for a few
chosen parameters and then randomly selecting a subset, some of
which contain anisotropic rings, and finding that this resampling
analysis yields the same radially averaged g2 functions.

The quantitative analysis of the measured g2 follows the proce-
dure of ref. 31; we fit the experimental data with a model based on Eq.
(5), where the model is constructed from the theoretical forms that
describe both F com and F rel, namely, the algebraic falloff in the
superfluid regime and the exponential decay in the normal regime, for
both common and relative phase modes23,30. More concretely, we
programmed a numerical routine to compute Eq. (5) and performed
curve fitting via nonlinear least squares and fit results of a few repre-
sentative datasets are shown in Supplementary Fig. 4.

Renormalization-group theory
The analytical prediction for the phase diagram inFig. 4 is based on the
renormalization-group equations for coupled 2D superfluids in
refs. 17,23. The equations relate the effective system parameters at
varying length scales l, and provide a universal description of the DLSF
phase and its transitions. The coupled equations are expressed in
terms of, the temperature energy scale T 0, the interlayer coupling J⊥,
the stiffness of symmetric and antisymmetric phase fluctuations,
Js/a = J ± Jint, the single vortex fugacity A1 ~ Je−J, and corresponding
fugacities for symmetric and antisymmetric vortex pairs As andAa, and
is23

dJ?
dl = 2� T 0

2πJa

� �
J?,

dAs
dl = 2� 2π Js

T 0

� �
As +α3

A2
1 ð Ja�Js Þ
2T 02 ,

dAa
dl = 2� 2π Ja

T 0

� �
Aa +α3

A2
1 ð Js�JaÞ
2T 02 ,

dA1
dl = 2� πð Js + JaÞ

2T 0 +α3
As Js +Aa Ja

T 02

� �
A1,

dJa
dl = α2

J2?
4π4Ja

� 4 A2
a

T 04 J
3
a � A2

1

2T 04 ð Js + JaÞ J2a
� �

,

dJs
dl = �α2 2 A2

s

T 04 J
2
s +

A2
1

4T 04 ð Js + JaÞ Js
� �

2Js,

ð8Þ

where α2 and α3 are dimensionless non-universal constants. We
identified the crossover for common and relative modes shown in
Fig. 4, from the behavior of Js and Ja, respectively, after integrating Eqs.
(8) for Δl, as we vary theD: the transition is labelled at theDwhere the
dimensionless stiffnesses~Js=a = Js=aπ=T

0 suddenly drop below a certain
value, which we chose to be 10−1 for this work, where the changes
jumps by orders of magnitude at the transition under RG flow
(Supplementary Fig. 3). We used Bayesian optimization to identify the
non-universal RG parameter values for our system, reported in
Supplementary Fig. 3 caption, where the cost function is defined as

the χ2 distance between the RG phase diagram to the Monte Carlo
simulation results.

Estimation of Josephson coupling J
We estimate the interlayer coupling strength J by numerically solving
for the ground and first excited states in our trap using the imaginary
time evolution of 3D Gross-Pitaevskii equation68. We deduce the
Josephson plasma energy in the two-mode model following the
method of the improved two-mode model in ref. 69. For our system
the relation between well separation and Josephson coupling energy
follows

J=h=2437eð�b�dÞ Hz , ð9Þ

where b = 2.63 × 106m−1 and d is the well separation.

Data availability
Data supporting this study are openly available fromZenodo at ref. 70.

Code availability
The simulation codes supporting this study are openly available from
Zenodo at ref. 70.
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