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ince the realization of Bose—Einstein condensation
S (BEC) [1-3] and degenerate Fermi gases [4], ultra-
cold quantum gases have become important plat-
forms to study quantum phenomena and novel states of
matter with precise control over both internal and exter-
nal degrees of freedom. While quantum gases are typi-
cally dilute and weakly interacting, the interactions in-
trinsically determine their essential properties, such as
the superfluidity of a BEC. Most of the realized ultra-
cold quantum gases, like the ones consisting of alkali
atoms, are dominated by the short-range and isotropic
contact interaction that can be tuned from repulsive to
attractive via the so-called Feshbach resonances [5]. A
BEC with effectively attractive interactions at the mean-
field level was predicted to be unstable and undergo col-
lapse after exceeding a critical atom number, which has
been experimentally observed in purely contact interact-
ing clouds [6, 7] and dipolar quantum gases of Chromium
with additional long-range and anisotropic dipolar inter-
action [8].

For an improved description of quantum gases, quan-
tum fluctuations, a beyond mean-field quantum effect,
should be taken into account, leading to modified ground-
state energy. The leading-order correction due to quan-
tum fluctuations was first calculated in 1957 by Lee,
Huang and Yang, and called LHY correction [9]. Unlike
strongly interacting superfluid Helium, quantum fluctua-
tions are typically negligible for weakly interacting quan-
tum gases and the mean-field approximation can precisely
capture the features of a condensate. However, for a quan-
tum gas with two competing mean-field interactions with
opposite sign, resulting in a combined effective interaction
that is weakly attractive, the repulsive quantum fluctua-
tions can stabilize the cloud from collapsing and lead to a
exotic novel state of matter, the quantum droplet. Such a
new phase was first predicted by Petrov in 2015 for Bose—
Bose mixtures with competing inter- and intra-species
contact interactions [10] while shortly afterwards the first
experimental realization was independently observed in
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a different platform, dipolar quantum gases of Dyspro-
sium [11, 12] in Stuttgart with competing contact and
dipolar interactions. In 2018 quantum droplets in Bose—
Bose mixtures were also realized experimentally [13, 14].

Although observed in two distinct platforms, the un-
derlying mechanism for the formation of these quantum
droplets is the same, namely the stabilization of the pre-
cisely tuned attractive mean-field interactions by the re-
pulsive quantum fluctuations. The main features of the
droplets in both systems can be well captured with the cor-
responding extended Gross—Pitaevskii equations (eGPEs)
by incorporating additional quantum fluctuation correc-
tions. However, the different nature of the mean-field in-
teractions result in isotropic droplets in Bose—Bose mix-
tures while the anisotropic dipolar interaction leads to
elongated droplets along the magnetic field.

The realized quantum droplets feature a density that is
more than seven orders of magnitude lower than classic
liquids, but more than an order of magnitude higher than
a BEC. The hallmark feature of the droplets is their liquid
property of self-maintaining shape even without external
confinements, like a classic drop of water and distinct from
normal expanding quantum gases. The self-bound nature
is a direct result of the balancing between the attractive
mean-field interaction and the repulsive quantum fluctua-
tions when the condensate atom number exceeds a critical
value. Self-bound quantum droplets have been observed
in both platforms including spin mixtures of 3K [13, 14],
heteronuclear mixtures of 4'K and 8"Rb, dipolar conden-
sates of 14Dy and 2Dy [15, 16], and slowly expanding
dipolar gases of 'SEr close to the self-bound region [17].
Another liquid feature of imcompressibility was also ob-
served in 152Dy [16] by in-situ detection of the saturated
density distribution. When the peak density reaches a
critical value, adding more atoms into the droplet will
lead to a flat-top density distribution while maintaining
the peak density constant.

Shortly after the realizations of quantum droplets, col-
lective excitations of these novel quantum liquid are inves-
tigated to understand the underlying physics both theo-
retically and experimentally. As predicted in the original
theoretical work by Petrov [10], one fascinating feature of
the droplets in Bose-Bose mixture is that there exists a
region where the energies of all the collective modes are
above the chemical potential, which means exciting the
droplets will lead to emission of particles instead of pop-
ulating any excitation modes. Therefore the droplets can
self-evaporate to zero temperature. The self-evaporation
effect is unique in Bose-Bose mixtures and not exists in
dipolar case [18], but has not yet been observed due to the
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lack of temperature probes. Experimental measurements
of the collective modes are limited by the lifetime of the
droplets due to the three-body loss, and have been fo-
cused on the quadrupole mode across the BEC to droplet
crossover in '%°Er [17] and the unique scissors mode of
elongated dipolar droplets with 4Dy [19]. Recently, the
monopole mode of the quantum liquid was also observed
in a spin mixture of 3°K with in-phase oscillating of both
spin species in the quantum fluctuations dominated re-
gion where the effective mean-field interaction is tuned to
zero [20].

In lower dimensional BECs, there exists another type of
self-bound object, the so-called soliton. However distinct
from quantum droplets, soliton is a product of the inter-
play between the kinetic dispersion and the nonlinear two-
body mean-field interactions while the droplets result from
additional nonlinearity of the beyond mean field many-
body quantum fluctuations, featuring a distinct density
dependence. Furthermore, while a solition is only stable in
one-dimensional contact interacting clouds as well as one-
and two-dimensional dipolar systems, droplets can exist in
three-dimensional free space. On the other hand, connec-
tions between the solitons and droplets have been stud-
ied with spin mixture of 3°K in an optical waveguide [21],
where the system evolves from solitons to droplets with in-
creasing atom number and the crossover can be smoothly
connected or remained distinct in a bistable region de-
pending on the interaction strength.

In the spirit of the coalescence of Helium clusters to
reveal the superfluid features of the liquid, collisions of
the quantum droplets have been studied. In Bose—Bose
mixtures, separated droplets are typically prepared from
separate condensates, say in a double-well potential. As
expected, the outcome of two colliding droplets, merg-
ing or separating, depends on the collision velocity [22].
The dependence of the critical velocity on the atom num-
ber behaves differently for small and large droplets, cor-
responding to the crossover from a compressible to an in-
compressible region where the dynamics is dominated by
the droplet binding energy and the surface tension respec-
tively [22]. In dipolar gases, multiple droplets state can
be reached even in a harmonic trap and colliding droplets
repel each other without even contacting each other due
to the repulsive dipolar interaction [23].

Uniquely in the dipolar case, the systems can also de-
velop into multiple droplets ground states even in har-
monic confinements as an intrinsic result of the long-
range and anisotropic dipolar interaction [24]. Indeed
the first experimental observation of the quantum lig-
uid is a two-dimensional array of droplets by quench-
ing the contact interaction [11]. The emergence of such
a droplet array naturally raises the question whether it
can be the long-sought supersolid state, which is an ex-
otic state of matter possessing both the frictionless flow
of a superfluid and the periodic structure of a crystal,
therefore simultaneously breaking the gauge symmetry
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and the translation symmetry. Distinct from the initially
proposed candidate of strongly interacting superfluid He-
lium, the intrinsic interactions inducing the crystalline
structure in the droplet arrays is much weaker but still
leads to a similar rotonic excitation spectrum as in He-
lium [25]. Recent experiments realized in three indepen-
dent groups proved the periodic density structure of the
droplet arrays and the global phase coherence between
the droplets in one-dimensional droplet arrays of Dyspro-
sium and Erbium [26-28]. Together with the measured
low-lying collective excitations [29-32] including the Gold-
stone modes which are closely related to the genuine su-
perfluidity and the two broken symmetries, these hallmark
features confirm the supersolidity of the droplet arrays
close to the phase transition. Other properties of the su-
persolid states like the out-of-equilibrium dynamics [33],
high-energy Bragg spectroscopy [34], rotation of the ar-
rays [35], as well as the density fluctuations and structure
factors [36], are also studied.

The recently discovered quantum droplets and droplet
arrays are attracting great interests both from theoreti-
cal and experimental aspects (see recent reviews [37, 38]).
These include but are not limited to quantum droplets in
lower dimensions, droplets in other platforms like Bose—
Fermi mixtures and dipolar mixtures, supersolidity of two-
dimensional droplet arrays, and vortices in the droplets
and droplet arrays (see references in the reviews [37, 38]).
On the other hand, there are many open questions that
need to be solved. Although the eGPEs well capture fea-
tures of the droplets qualitatively, the corrections due to
quantum fluctuations are derived under the local density
approximations which is not always valid in the droplet re-
gion. Consequently there are some quantitative discrepan-
cies with experimental measurements [16, 37]. Moreover,
the effects of finite temperature and the particle correla-
tions, which cannot be described by the eGPEs, are still
not clear. To answer these questions and gain better un-
derstanding on the novel and exotic quantum droplets, a
close collaboration between theoretical and experimental
research is needed.
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