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Dynamical formation of multiple quantum droplets in a Bose-Bose mixture
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We report on the formation of multiple quantum droplets in a heteronuclear *'K-8"Rb mixture

released in an optical waveguide.

By a sudden change of the interspecies interaction from the

non-interacting to the strongly attractive regime, we initially form a single droplet in an excited
compression-elongation mode. The latter axially expands up to a critical length and then splits
into two or more smaller fragments, recognizable as quantum droplets. We find that the number of
formed droplets increases with decreasing interspecies attraction and increasing atom number. We
show, by combining theory and experiment, that this behavior is consistent with capillary instability,
which causes the breakup of the stretching droplet due to the surface tension. Our results open new
possibilities to explore the properties of quantum liquids and systems of multiple quantum droplets

in two-component bosonic mixtures.

Quantum droplets are a novel liquid state at low den-
sity that forms in degenerate ultracold gases with com-
peting interactions [1-4]. In bosonic mixtures, such
states emerge as a result of the balance between the at-
tractive mean-field energy and the repulsive Lee-Huang-
Yang (LHY) correction due to quantum fluctuations
[5, 6]. So far quantum droplets have been observed in
spin mixtures of *K [7, 8], heteronuclear mixtures of
41K-87Rb [9, 10] and 2*Na-8"Rb [11], and in single-species
dipolar gases [12-17]. In the latter case, where contact
repulsion is counteracted by dipole—dipole attraction, the
droplets are elongated along the dipole direction and may
arrange in regular arrays under confinement [13, 14, 17].
Conversely, in atomic mixtures, where only contact in-
teractions are at play, the system is expected to form a
single self-bound droplet, with a fixed density ratio of the
two components. These binary droplets are a prime ex-
ample of an isotropic quantum liquid and have peculiar
properties like the predicted self-evaporation mechanism
[5, 19, 20]. In experiments, their liquid-like behavior has
been probed by studying the free-space collisions between
39K droplets [21]. The formation of binary droplets has
been also reported in quasi-1D [9, 22] and quasi-2D traps
[7]; in the former case a smooth crossover between bright
solitons and droplets has been observed [22].

Despite binary droplets having attracted much inter-
est, the study of their dynamics is hindered by the ef-
fect of three-body collisions, which shortens the droplet
lifetime. However, quantum droplets composed by 'K
and 8"Rb can still survive for several tens of millisec-
onds [9, 10], opening new possibilities to study the elusive
properties of these quantum liquids.

In this Letter, we show that a single 4'K-3"Rb droplet,
released in an optical waveguide, undergoes a dynami-
cal instability, which results in the formation of multiple

droplets. Due to the confinement, the droplet ground
state would take the form of a cylindrical filament, whose
length increases for increasing atom numbers or decreas-
ing interspecies attraction. We trigger the instability by
preparing the system out of equilibrium, through a sud-
den change of the interspecies interaction from the non-
interacting to the strongly attractive regime. This excites
a compression-elongation motion, mainly in the direction
of the waveguide. We track the evolution of the droplet
density distribution by in situ absorption imaging. The
density profiles show that, once the length of the axi-
ally stretched droplet exceeds a critical value, it breaks
up into two, or more, smaller droplets. The observed
dynamics is well reproduced by numerical simulations,
based on two coupled Gross—Pitaevskii (GP) equations
at T = 0, including the LHY correction for heteronuclear
mixtures [23, 24]. We study both experimentally and the-
oretically the outcome of the droplet breakup process by
varying the interspecies attraction and the atom number.
We explain our results in terms of the Plateau-Rayleigh
(PR) capillary instability of classical inviscid [25, 26] and
quantum liquid filaments [27, 28]. According to this, the
initial droplet breaks up into sub-droplets due to surface
tension, which acts to minimize the surface area.

We start the experiment with a non-interacting dual-
species condensate of “'K and 8"Rb, both prepared in
their hyperfine ground state [10, 29], with a total atom
number N of about 4 x 10° and a population imbalance
P = (N; — N3)/N ~ —0.4 (hereafter we use the notation:
1 — *'K and 2 — 87Rb). The mixture is initially confined
in a cigar-shape optical trap formed by two laser beams at
1064 nm: a primary “waveguide” beam [Fig. 1(a)], along
the x axis, and an auxiliary “crossed” beam forming an
angle of 45° with the waveguide in the xy plane [30]. The
interspecies scattering length a5 is adjusted by a verti-
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FIG. 1. (a) Schematics of the experiment, showing the “waveguide” beam, the Feshbach and the quadrupole coils (in brown and
blue, respectively) and the objective lens. (b) Experimental sequence used to trigger the out-of-equilibrium dynamics where
P, and P. indicates the power of the “waveguide” and the “crossed” beam, respectively. (c) Examples of in situ absorption
images of 'K in the 2y plane (57 um x 15 um) after release in the waveguide with aja = —85.3(1.5)ao. Images taken at times
2, 5, 10, 15, 20, 25 ms. Each image is normalized to its maximum value to increase the visibility. (d) Axial density profiles of
K from GP simulations, for Ny = N2 = 4 X 10* and a12 = —85.3a0, at the times tq, t, to, t1 and t2 (from top to bottom)

indicated in the experimental sequence (b).

cal homogeneous magnetic field B,, tuned around 72 G,
corresponding to the zero-crossing in between two Fesh-
bach resonances [31]. In the range where B, is varied,
the intraspecies scattering lengths are almost constant:
a11 = 62.0ap [32] and age = 100.4ag [33]. The differen-
tial gravitational sag, due to the different trap frequencies
of 4K and 3 Rb, is compensated with a vertical mag-
netic gradient b, = —16.6 G/cm [10, 29], produced by a
quadrupole magnetic field. Here, we excite the dynam-
ics by linearly decreasing a;s from zero to —85.3(1.5)ag
[34], in ¢, — t, =25 ms, corresponding to a variation of
B, with a constant rate of —0.22 G/ms. Then, we expo-
nentially ramp down the crossed beam in 5 ms [sequence
sketched in Fig. 1(b)]. The final potential experienced
by #K (87Rb) is approximately harmonic with a radial
average frequency of 136(3) Hz [100(2) Hz] and an ax-
ial frequency of 3.4(2) Hz [1.9(1) Hz], the latter being
mainly due to the magnetic curvature of the Feshbach
field. Starting from tg = 0, we follow the system dynam-
ics through the sequential imaging of 'K and 37Rb, in
the zy plane, using an objective with a measured res-
olution of 1.5(1)um (1/e? Gaussian width) [30]. The
droplet shape is determined directly from the in situ ab-
sorption images of 'K, the minority component, which
is entirely bound [35]. After the 'K imaging pulse, the
bound state is dissociated and starts to expand. Thus,
the subsequent 8”Rb imaging cannot provide information
about the droplet size and is used as monitor signal. We
observe the following [Fig. 1(c)]: the droplet axially ex-
pands [36] up to approximately 15 ms and then splits
into two smaller fragments which move apart. To clarify

the nature of these clusters, we have followed their fall
in free space. Once the waveguide is abruptly switched
off, their size remains constant up to 10 ms, allowing us
to recognize them as self-bound quantum droplets [30].
In Fig. 1(d) we also report the simulated axial density
profiles of *'K, obtained by solving two coupled time-
dependent GP equations [30], corresponding to different
times of the experimental sequence, starting from the
non-interacting regime. As ais is ramped down to the
attractive side, the sample initially shrinks in size and
then, after tg, stretches along the waveguide axis until it
breaks up, reproducing the observed dynamics.

In Fig. 2 we show the droplet axial size (full width at
half maximum, FWHM) extracted from a Gaussian fit of
the experimental density profiles, and the measured 'K
atom number, Ny, as a function of time for the case re-
ported in Fig. 1 (filled and empty red squares). Starting
from the breakup time (the vertical dotted line) the den-
sity profile is fitted with a double Gaussian function [inset
(i) in Fig. 2(a)] and, thereafter we plot d + 3, d;, with
d the distance between the center of the two Gaussian,
and 0; the half width at the half maximum (HWHM)
of the j-th droplet. The atom number decreases during
the dynamics due to the effect of three-body losses [see
Fig. 2(b)] with a decay time that is consistent with our
previous estimation of the K3 coefficient [9]. In Fig. 2
we also report the corresponding observables (filled and
empty blue circles) obtained when the dynamics is trig-
gered by linearly ramping a,2 such that ¢, —t, =100 ms,
without changing the ramp endpoints. This has the two-
fold effect of enhancing the atomic losses and decreasing
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FIG. 2. (a) Evolution of the axial droplet size (FWHM)
and (b) the *'K atom number Nj, in the waveguide, for
a2 = —85.3(1.5)ap. The red squares and the blue circles
correspond to a ramp of a2 lasting 25 ms and 100 ms, re-
spectively. In the first case the droplet splits in two (the ver-
tical dotted line indicates the breakup time, see text). In the
second case, the droplet undergoes a compression-elongation
mode without breaking up. In the inset we show two typical
density profiles recorded at 20 ms: (i) breaking and (ii) no
breaking. The error bars correspond to a standard deviation
of typically five independent measurements. The lines repre-
sent the corresponding quantities extracted from GP simula-
tions, with atom numbers N; = 1.2 X 10° and N> = 3.0 x 10°
at the time t, before the interaction ramp to ai2 = —85.3a0
and a three-body loss coefficient K3 = 7 x 107*'m°/s [9].
The shaded areas indicate the systematic relative uncertainty
of the experimental atom number of 20%.

the oscillation amplitude of the droplet size [37]. Con-
sequently, the droplet does not reach the critical length
for the onset of the instability, and a single density peak
[inset (ii) in Fig. 2(a)] is observed during the evolution.
The solid lines in Fig. 2, which qualitatively agree with
the experimental data, are the results of GP simulations
performed without free parameters including three-body
losses, the initial population imbalance, and the effective
potentials [30]. Once taking into account the experimen-
tal uncertainty on the atom number (shaded areas), we
find that, in the case of breaking, the partially separated
droplets may merge again in the simulation at later times
for low atom numbers.

We repeated the experiment by varying the endpoint
value of a12 in the interaction ramp lasting 25 ms. Due
to the three-body losses, a change of ai3, and thus of
the droplet density, also affects the atom number: Np in-
creases by decreasing |a;2|. Within the parameter space
accessible by the experiment, we find that, once the in-
stability sets in, the droplet splits either in two or more
fragments, whose number grows for weaker interspecies
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FIG. 3. (a) Comparison between experimental results and

GP simulations. The circle points represents the number of
droplets measured in the experiment as a function of a12 and
N;i. Vertical error bars are a standard deviation of typically
five independent measurements while horizontal bars show the
uncertainty in the value of a12. The colored map represents
the regions in the (@12, N1) plane where the GP simulations
show 1,2,3,... droplets. Experimental data and theory fol-
low the same color legend. (b) Typical in situ absorption
images of *'K in the xy plane (57 um x 15 pm) taken at a
time of 30 ms for decreasing |a12| and increasing Ny (from top
to bottom). Each image is normalized to its maximum value
to enhance the visibility.

attractions and larger atom numbers. This behavior is
illustrated in Fig. 3(a), where we plot the number of
droplets (circle points) counted in the absorption images
at a time ranging from 20 to 30 ms, as a function of
a1z and Ny. A set of images, corresponding to different
outcomes of the droplet dynamics, is shown in Fig. 3(b).
The experimental results are well reproduced by GP sim-
ulations [colored map in Fig. 3(a)] performed assuming
N1 = Ns, neglecting three-body losses, and a simplified
form of the waveguide potential. We have verified, in
selected cases, that these approximations do not signifi-
cantly impact the results [30].

Our findings are reminiscent of capillary instability,
which occurs in a variety of physical systems, including
ordinary liquids, superfluid and normal *He and nuclear
matter [38]. This phenomenon has also been predicted
in bosonic mixtures, both in the droplet [28] and in the
immiscible regime [39]. In the former case, it has been
demonstrated that a *'K-87Rb filament is unstable to
any varicose perturbation [40] with wavelength A\ approx-
imately larger than 27 Ry, with Ry the filament radius.
In close analogy with classical PR instability, the most
unstable mode, which eventually breaks up the thread,
corresponds to A\, ~ 9Ry. The relevant time scale of the
instability is given by the capillary time:

3
= \/(nlml + ngmg)RO (1)

76 )

where n; and m; are the density and the mass of the
i-th atomic species, respectively, and 7q is the surface



tension of the mixture [41]. Within this model, once
the length of the stretching droplet approaches A. (at
t = t*), the corresponding mode, with an initial ampli-
tude 6, starts to grow exponentially with a rate given by
(2.97.)!, according to the PR spectrum [38]. Follow-
ing [42], we define the breaking time tp,eax as the instant
when the mode amplitude reaches the radial size of the
filament Ry, causing it to break up into droplets. We thus
obtain tpreax = t* + (2.97.) In(Ro/d). The number Ny of
daughter droplets is then determined by the length of the
mother droplet Ly ax at tpreak, according to the relation
Ny =1+ [Lmax/Xe — 1/2].

In order to link the observed behavior to PR instability,
we extracted both L.« and tpreax from the systematic
GP simulations shown in Fig. 3 (see [30] for the criteria
used to define these two parameters). These quantities
are leveraged for a comparison with the predictions of the
capillary instability model of an inviscid liquid filament.

Fig. 4a shows Lya.x as a function of a9 and Ni. As
the interspecies attraction weakens and the atom num-
ber increases, the filament undergoes greater elongation
before breaking. The contour lines in Fig. 4a represent
Liax = 1.5X¢,2.5)¢,3.5), ..., with A\, = 9Ry and Ry
given by the droplet radial width o, ~ 0.85 pm, as de-
termined by the waveguide potential [30]. These lines
bound the regions where, due to the PR instability, one
expects Ny = 1,2,3,.... The labeled points show the
number of droplets formed in the simulations after fil-
ament breakage. The corresponding experimental data
points, already shown in Fig. 3, are not reported here
to facilitate the map readability. The effective number of
daughter droplets aligns well with the PR instability pre-
dictions. We emphasize that, while L,,., is determined
by the chosen experimental sequence used to initiate the
dynamics, N depends solely on the ratio between L,qz
and A, as expected from capillary instability [30].

We also compare the breaking time with the cap-
illary time estimated by Eq. (1), assuming as n; the
density of the filament at t* [43] and as 7y the sur-
face tension calculated according to [41]. In Fig. 4b
(Fig. 4c) the data points are the simulated values of
threak — t* with Ny = 5 x 10 (a12 = —86ag) as a func-
tion of ajo (N7p). The solid lines are obtained from a
fit using 2.9In(Ro/d)7c(a12, N1) as the fitting function,
with § as the only fitting parameter. The fit returns
0/Ry = 0.116 + 0.06 and §/Ry = 0.121 £ 0.06 for the
cases in Fig. 4b and 4c, respectively. These values agree
within the error bar and, since § < Ry , justify the used
linear approximation for the instability [42]. We can con-
clude that the observed scaling of the breakup time with
a2 and N; is qualitatively consistent with the capillary
time scaling, assuming a constant excitation amplitude
0/Ry. We point out that in Fig. 4b, 7. depends on aj2
only through 7y since the atomic density is fixed by the
filament length A., whereas in Fig. 4c 7. depends on N
only through the atomic density since 7y here is fixed by

aio.

Summarizing, the number of droplets resulting from
the breakup of the atomic filament is proportional to
Lmax [Fig. 4(a)] and the breakup time to 7. [Figs. 4(b)
and 4(c)], in agreement with the PR model.

In conclusion, we have studied the fate of a binary
quantum droplet created out of equilibrium and released
in a waveguide. The droplet evolves in a filament that,
above a critical length, breaks up into multiple quantum
droplets due to capillary instability. Our results provide
deep insight into the liquid-like behavior of binary
quantum droplets and direct evidence of their surface
tension. This work enriches the variety of hydrodynamic
instabilities reported in ultracold gases, in close analogy
with what observed in classical fluids [44-46]. Future
directions may include the study of surface modes,
the role of confinement in the splitting and merging
dynamics, and the emergence of quantum effects in
such processes, as already observed in experiments with
helium droplets [47, 48]. Finally, the ability to realize
multi-droplet arrays paves the way for future studies
aimed to address the coherence properties of such states.
Indeed, recent theoretical works [28, 49] suggest that,
in imbalanced mixtures, a superfluid background may
impart supersolid properties to the droplets.
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EXPERIMENTAL METHODS

Trapping potentials

The optical dipole trap, where we produce the initial
double condensate, is formed by two crossed beams de-
rived from the same laser source at 1064 nm. Their power
is independently controlled by means of separate acousto-
optic modulators. The two beams intersect at an an-
gle of 45° in the horizontal zy plane. The “waveguide”
beam is directed along the z axis (Fig. 1), orthogonal
to the gravity direction z (the angle with the horizon-
tal plane is smaller than 0.05° and is neglected through-
out), and it has a waist w,, = 95(5) pm and a power
P, = 1.35 W, while the auxiliary “crossed beam” has a
waist w. = 76(4) pm and a power P. = 0.1 W. The trap,
including the magnetic potentials and gravity, is approx-
imately harmonic with estimated frequencies of about
(44,166, 145) and (32,122,106) Hz for 'K and 8"Rb, re-
spectively. At the time ¢ = 0 (see Fig. 1(b) in the main
text), when the expansion leading to the droplet breaking
starts, P. is equal to zero and the remaining harmonic
confinement frequencies are approximately (3.4, 153, 116)
and (1.9, 112, 85) Hz, for 'K and 8"Rb, respectively. The
axial harmonic confinement is mainly due to the curva-
ture of the Feshbach field, C' ~ 5 G/cm?.

After the release in the waveguide, in addition to the
mentioned elongation, the droplet displays also an axial
motion of the center of mass, which is mainly due to
the shift between the Feshbach-field symmetry axis and
the starting position of the droplet (~ 250um). This
produces an overall displacement of the droplets center
of mass of about 60 pm after an evolution time of 30 ms.

High-resolution imaging

We measure the atomic density distribution of the
41K-87TRb mixture in the xy plane by means of a high-
resolution objective placed, outside the vacuum system,
a few mm above the upper vertical viewport of the
main chamber, which is mounted on a re-entrant CF150

flange (see Fig. 1). The objective, made with a plano-
convex aspheric lens and a positive meniscus, was de-
signed with the help of the commercial ray-tracing soft-
ware OSLO Educational. The chosen aspheric lens (Ed-
munds - 66334) has a diameter of 40 mm and an effective
focal length of 40 mm (at 587 nm). The meniscus lens,
custom manufactured in fused silica, has a diameter of
30 mm and curvature radii of 200 mm and 335 mm, cor-
responding to a focal length of -1000 mm. To correct for
the aberrations introduced by the viewport, the meniscus
is placed in between the viewport and the lens, approxi-
mately at 4 mm from the latter. The optics are assembled
into a custom-designed tube, made with PEEK polymer,,
which is in turn held by a five-axis optical mount for
alignment adjustment (not shown in Fig. 1). From de-
sign, we expected a nominal Strehl ratio [1] of 0.87 and a
radius of the Airy-disk of 1.3 pm, both at 767 nm and at
780 nm, namely the #'K and 8"Rb imaging wavelengths.
The performance of the microscope was first character-
ized on a dedicated optical table using a replica of the
viewport in combination with a 1951 USAF resolution
test chart and a 1-pum pin-hole. We achieved a resolution
of 1.5(1) pm at 780 nm. At 767 nm, we observed similar
results at a different focal distance, i.e. approximately
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FIG. 1. Vertical cut view of the main chamber showing the
high-resolution microscope placed along the z axis, above the
upper vertical viewport.
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FIG. 2. Sequential absorption imaging of *'K and *Rb in
the zy plane (238 um x 45 pm). First *'K atoms are imaged
in situ at the final value of B, (a) and then ®"Rb atoms are
imaged at B, = 0 after a TOF of 2 ms (b).

0.02 mm closer to the objective.

In the experiment, the absorption images of both
atomic species are recorded by the same CCD camera: a
41K image followed by a 3"Rb one. The 'K component
is imaged in situ at the final value of B,. To this end,
we employ the *'K repumper light, with polarization o~
with respect to the z axis, and a detuning of —117 MHz
with respect to the corresponding F' = 1 — 2 transition
at zero magnetic field. The 8"Rb component is instead
imaged after a time of flight (TOF) of 2 ms, once the
atoms are approximately in the objective focal plane for
the corresponding wavelength of 780 nm. Rb imaging
is performed at zero magnetic field on the FF = 2 — 3’
cycling transition after an optical pumping stage.

For the final in situ test of the imaging system, we have
recorded the density distribution of a strongly attractive
mixture held in an optical dipole trap. Specifically, we
measured the 'K axial widths and compared them with
the ones expected for the system’s ground state calcu-
lated under the experimental conditions. In agreement
with the theoretical predictions, we found that we are
able to image high-density 'K atomic samples with an
average width (RMS) ¢ = /5,0, as small as 1.5 ym.

As an example, in Fig. 2 we show absorption images
of 'K and 8"Rb in the strongly-attractive regime, after
an evolution time of 20 ms in the waveguide. We observe
that 4'K, the minority component, is almost bound while
87Rb, the majority component, is only partially bound.
Further, in the latter case the bound component is not
clearly resolved due to the imaging procedure.

Time-of-flight measurements

We identify the localized states observed during the
dynamics with self-bound quantum droplets by following
their free fall. To this end, we let the sample to evolve
within the waveguide up to 20 ms, when according to in
situ absorption imaging it splits into two smaller clusters
under the same conditions of Fig. 1 in the main text. At
this point, we suddenly switch off the waveguide and we
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FIG. 3. (a) Average size & and (b) aspect ratio of two daugh-
ter droplets (blue squares and orange diamonds), produced
by a breakage event in the waveguide, as a function of TOF.
The error bars correspond to a standard deviation of typically
three independent measurements. The insets show typical ab-
sorption images of 'K at 2, 5 and 7 ms of TOF (30 pm x
30 pm). Images are rotated to align them with the z axis.

record the atomic density distribution by TOF imaging.
Without the optical potential, the atoms fall down under
the effect of the gravity, thus, for each TOF we adjust the
focal position of the objective by means a high-precision
motorized vertical translation stage. Fig. 3 shows the
free-space evolution of the average width ¢ and the as-
pect ratio, defined as 0, /0y, of two fragments produced
in the waveguide. We find that both clusters do not ex-
pand, within our imaging resolution, up to a TOF of
10 ms. This allows us to identify such localized states
as quantum droplets, distinguishing them from solitons,
which are stable solutions in the waveguide thanks to the
radial confinement [2]. Furthermore, we observe that the
initially stretched droplets after abruptly switching off
the trapping potential undergo a quadrupole excitation,
as shown in Fig. 3 by the change of the aspect ratio.

NUMERICAL SIMULATIONS

We performed numerical simulations by solving two
coupled, generalized, time-dependent Gross-Pitaevskii
(GP) equations, as detailed below.



The GP energy functional, which includes both the
mean-field term and the Lee-Huang-Yang (LHY) correc-
tion accounting for quantum fluctuations in the local den-
sity approximation, is given by [3]:

p=3 | [Q’;lwwi(r)l? +Vilr ()] dr+

% Z gij/ni(r)nj(r)dr+/€LHy(n1(r),n2(r))dr,
(1)

where m; are the atomic masses, V;(r,t) the external
potentials, and n;(r) = |1;(r)|? the densities of the two
components (i = 1,2). The LHY correction reads [4]
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with £ = 8m>/?/(1572h3) and f(z,u,z) > 0 being a
dimensionless function of the parameters z = mo/m;,
u = g72/(g11922), and & = gaona/(grima) [3, 4]. The
mixture is characterized in terms of the intraspecies
gii = 4mh%a;/m;, and interspecies g2 = 2mh2aia/miz
coupling constants, where mis = mims/(mq+ms) is the
reduced mass. The initial stationary configurations are
numerically computed by minimizing the above GP en-
ergy functional through imaginary-time evolution, using
a steepest descent algorithm [5] that iteratively propa-
gates the two condensate components.

The time-dependent GP equations can be obtained
through the variational principle ihdyp; = SE/dr [6],
yielding

L0 [
ihgy = |~V + Vit milnma) | i (3)
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These equations are solved by means of a FFT split-
step method (see, e.g., Ref. [8]). During the sim-
ulations, the LHY correction is kept always on, re-
gardless of the interspecies interaction. We checked
that gradually increasing the LHY term during the
ramp in a2 does not significantly affect the sys-
tem dynamics. The effect of three-body losses has
been included (where indicated) by adding a dissipa-
tive term, —(i/2)hK3 [ni(r,t)na(r,t)?dr, with K3 =
7 x 10~ mS/s, to the energy functional in Eq. (1).
We have performed different series of simulations con-
sidering for the external potentials V; either the exper-
imental one (including the two far-off resonance laser
beams, the magnetic field used to tune the interspecies

interaction, the magnetic gradient used to compensate
the gravitational field, and gravity), or its harmonic ap-
proximation with concentric traps.

To simulate the experimental sequence, we first cal-
culate the ground-state of the non-interacting mixture
(a2 = 0) in a three dimensional trap. The dynam-
ics is then initiated by linearly ramping ai2 to the fi-
nal value af, within the range [-90, —82]ag. Following
this, the confinement along the z-direction is exponen-
tially ramped down, as in the experiment, allowing the
system to evolve in a waveguide. The simulations shown
in Fig. 2 of the main text were performed with an un-
balanced population of the two components, consider-
ing three-body losses that primarily occur during the a2
ramp. After verifying that the resulting dynamics are
very similar when starting with a balanced population
and neglecting three-body losses, all other simulations
were performed under these latter conditions.

In Fig. 4(a), we show the density of the 'K com-
ponent (with 87Rb being similar) integrated along the z-
direction (the experimental field of view), convolved with
a Gaussian function accounting for the finite resolution
of the experimental imaging system. In this simulation,
performed for a ramp time t,4mp = 25 ms, the number of
atoms in the two components are N; = Ny = 4 x 104, the
final interspecies scattering length is a{Q = —85 ag, and
the external potential is the one used in the experiment.

The integrated densities are plotted during the time
sequence, starting (for consistency with the main text)
at ¢t = —30 ms when a;2 = 0. Note that the horizontal
axis corresponds to the direction of the waveguide, and
at the starting time, the cloud is slightly tilted do to the
presence of the angled “crossed beam”. At the end of
the ramp, at ¢ = —5 ms, the two species become strongly
attractive, with a1 = —85 ag. At this point, the axial
confinement is reduced to zero in 5 ms, while the cloud is
still shrinking in the axial direction. Then, the filament
begins to expand in the waveguide, eventually splitting
into two droplets, which exhibit shape excitations.

To better understand the system dynamics, in Fig.
4(b) we show the behavior of the filament length L and
radius R as a function of time. The length L is defined as
the distance along the waveguide between the two end-
points of the density distribution where the density drops
to 1/20 of its maximum value, while the radius R is the
mean standard deviation o along the radial direction.
The colored areas in the figure represent the time inter-
vals in which interactions are changed (red) and when the
confinement of the crossed beam is turned off (blue). For
comparison, the horizontal dashed gray lines represent
the corresponding dimensions of the waveguide ground
state Lo and Ry at ajo = a{Q. To evaluate the filament
breaking time tp e, We consider the central density pro-
file of the ' K component along z. During the evolution,
we calculate its maximum np,x and its corresponding
position xpax. Then, we find the minimum of the den-
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FIG. 4. (a) Density profiles integrated along z obtained from
the GP simulation with N1 = Ny = 4 X 104, a{z = —85ao,
tramp = b — ta = 25 ms, and to — t, = 5 ms [the times tq,
ty, and to are indicated in the experimental sequence in Fig.
1(b) of the main text]. The image sizes are 10 ym x40 pm.
(b) Solid black lines represent the length L and radius R of
the filament as a function of time. The horizontal dashed gray
lines show the length Lo and the radius Ry of the calculated
ground state in the waveguide at ai2 = af,, while the vertical
dashed black line represents tpreax. The solid horizontal red
line correspond to 1.5A; = 11.6 um. (c) The solid blue line
shows the behavior of the ratio Nmin/Nmax of the filament as
a function of time. The horizontal dashed gray line represents
the ratio Nmin/Nmax = 0.1, which we use to determine tpreak,
shown as the vertical black dashed line. The red and blue
areas correspond to the time intervals during which the inter-
actions change and the crossed-beam confinement is turned
off, respectively.

Sity Mmin In the range [—Tmax; Tmax]- We consider the
ratio Nmin/Mmax(t) and define the breaking time as the
time when nmin/Mmax (threak) = 0.1; we have verified the
results are not very sensitive to this value up to 0.2. Fig-
ure 4(c) shows the value of nyin/Mmax as a function of
time, represented by a solid line, while the vertical dashed
line [shown both in Fig. 4(b) and (c)] represents threak.

As one can see from Fig. 4(b), during the evolution
in the waveguide, the radius performs small oscillation
around Ry, allowing us to define a constant R value (de-
termined by the waveguide confinement) as its mean.
Consequently, assuming the splitting into droplets is
caused by capillary instability, we can calculate the wave-
length of the most unstable mode of the Rayleigh-Plateau
spectrum [9] as A, = 27/0.697TR ~ 9R ~ 7.7um. In
Fig. 4b, we show the value 1.5\, as a horizontal solid
red line, which represent the minimum length to have
a splitting of the filament caused by the density mod-
ulation at the wavelength A.. The number of result-
ing droplets can be obtained from the filament length
at t = tpreak, Which we call Ly,.x. In the simulation
shown in Fig. 4, we have Ly,x = 14 ym, and a number
of droplet Ng = | Liax/Ae — 1/2] +1=2.
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FIG. 5. Same as Fig. 4, but for a longer interaction ramp,
tramp = 100 ms. All the other parameters are unchanged.
a) Density profiles obtained from the GP simulation, inte-
grated along z. (b) Length L and radius R of the filament as
a function of time (solid black lines). The horizontal dashed
gray lines show the length Lo and the radius Ro of the cal-
culated ground-state in the waveguide at a1z = af,. The
solid horizontal red line correspond to 1.5\, = 11.6 um. (c)
The solid blue line represents the ratio nmin/Mmax of the fila-
ment, while the horizontal dashed gray line indicates the value
that defines tyreax. The red and blue areas correspond to the
time intervals during which the interactions change and the
crossed-beam confinement is turned off, respectively.

—

In Fig. 5, we show a similar analysis for a longer inter-
action ramp, tramp = 100 ms. Remarkably, in this case
the filament does not reach the critical value of 1.5\, and
therefore does not break. This has also been observed in
the experiment, as reported in Fig. 2 of the main text.

Systematics

To systematically study the effect of different values
of N and ai2, as presented in Figs. 3 and 4 of the main
text, we have performed simulations in a simplified ax-
ially symmetric configuration assuming concentric har-
monic potentials, to reduce the simulation times. The
initial frequencies were chosen as v, = (30,100, 100) Hz
and v = 1.36vgy, providing a reasonable approximation
of the experimental potentials. During the evolution, we
simply removed the axial potential. We have verified that
the dynamics up to the breaking of the filament are sub-
stantially equivalent in both the approximated harmonic
potential and the potential used in the experiment.

As an example, in Fig. 6, we show the result of a
simulation with a2 = —84a¢ and N; = 8 x 10%, cor-
responding to a filament that breaks into five droplets.
The dynamics of fragmentation shows remarkable simi-
larities with the breakup of a classical (inviscid) filament,
which is usually initiated by the formation of two droplets
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FIG. 6. Left: Density profiles obtained from the GP simula-
tion with N; = No = 8 x10%, af, = =84 ao (tramp = to — ta =
25 ms, and to —t, = 5 ms). Right: Cut of the density profiles
along the waveguide direction at » = 0 (in arbitrary units).

at the filament end (pinching-off), as discussed by [10].
We emphasize that, since the newly formed droplets are
highly excited, they undergo large shape oscillations and
can come into contact during their evolution, which may
lead to variations in their number over time.

To ensure that the presented results are general and
do not depend on the specific procedure used to excite
the droplet compression-elongation mode, we have simu-
lated the droplet dynamics for a representative case with
Ny = 5 x 10* and a{2 = —84 ap, while varying only
the duration of the interaction ramp tramp = tp — 4.
We find that, if a12 varies rapidly enough, the droplet
axial size exceeds the critical length and the droplet pos-
sibly breaks up. The results are shown in Fig. 7. Panel
(a) shows that L4, increases as the duration of the in-
teraction ramp is decreased. In panel (b) we compare
the number of droplets from the simulations with those
predicted by the relation Ny = 1 + |Lmax/Ac — 1/2].
From this analysis, we conclude that our interpretation
in terms of capillary instability does not depend on the
specific timing of the experiment. Indeed, the model re-
liably predicts the outcome of the breakup process, while
the emergence of small discrepancies for long t,qm, (short
Lynaz) can be attributed to the dynamical nature of the
process and the finite length of the filament.

We also performed a detailed investigation of ground-
state properties of the mixture in the waveguide. This
included examining its length and radius as a function of
a2 and N, as well as analyzing the droplet character of
the ground state. The latter was accomplished by simu-
lating its time-of-flight free expansion and identifying the
droplet region as the parameters region where the radial
size of the ground state in free space does not expand but
instead oscillates. This analysis has been used to support
the overall theoretical framework presented in this work.

50 100 150 200
tramp (MS)

IS
®
[ ]

droplet number

1 °

15 20 25 30
Lmax (um)

FIG. 7. Outcomes of the simulations performed with af, =
—84ap and N; = Ny = 5 x 10* for different values of the
ramping time tramp: (a) Lmaz VErsus tramp (the dashed line
is a guide to the eye); (b) number of droplets produced during
the filament expansion (data points), and prediction of the PR,
instability Ng = 1 4 | Lmax/Ac — 1/2] (continuous line), here
R = 1pm.
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