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Abstract

Describing properties of a strongly interacting quantum many-body system poses a se-
rious challenge both for theory and experiment. In this work, we study excitations of
one-dimensional repulsive Bose gas for arbitrary interaction strength using a hydrody-
namic approach. We use linearization to study particle (type-I) excitations and numerical
minimization to study hole (type-II) excitations. We observe a good agreement between
our approach and exact solutions of the Lieb-Liniger model for the particle modes and
discrepancies for the hole modes. Therefore, the hydrodynamical equations find to be
useful for long-wave structures like phonons and of a limited range of applicability for
short-wave ones like narrow solitons. We discuss potential further applications of the
method.
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1 Introduction

In weakly interacting ultracold Bose gas, the mean-field approach given by a single particle
non-linear Schrodinger equation, which is also known as the Gross-Pitaevski equation (GPE),
has explained and predicted a large swathe of phenomena [1]. Interestingly, the GPE derives
from the complete neglecting of the mutual quantum correlations between the particles, and
yet it describes non-linear phenomena that originate from interactions between them. The
most known are solitons observed in experiments with an ultracold gas confined in a steep
cigar-shaped harmonic trap [2-4]. In the repulsive gas, the solitons are density dips travelling
with a constant speed, robust due to the balance between interaction and dispersion. The
dark solitons predicted by the GPE correspond to hole excitations in the many-body system
described by the linear Lieb-Liniger model [5]. The above correspondence has been debated
for many years before being fully justified only recently by works of different authors in Refs.
[6-14]. Should the correspondence hold for stronger interactions, however, remains an open
question.

The original GPE may overlook interesting physics even for weakly interacting systems
with quantum depletion [15, 16] still being very small. In the presence of both repulsive and
attractive interparticle forces of comparable interaction strength, the mean-field contributions
to the total energy almost cancel each other out and become of the same order as low-energy
quantum fluctuations. Their sudden prominence has given rise to the discovery of quantum
droplets and supersolids that have been recently studied at length both in experiment and
theory [17]. In three dimensions, one can easily add the effective term describing quantum
fluctuations, called the Lee-Huang-Yang (LHY) correction, to the GPE leading to its extended
version both for Bose-Bose mixtures [18] and dipolar Bose gas [19, 20], that resolves the
initial problem. For the dipolar case in one or two dimensions, however, such an approach is
more challenging to justify [21]. Nevertheless, in one dimension, both dipolar and Bose-Bose
mixtures have been investigated already by using ab-initio approaches like Monte-Carlo or
exact diagonalization, for example in Refs. [22-25].

The widely-used GPE, even supplemented by the LHY correction, becomes unreliable for
the strong interaction, especially in lower dimensions where quantum effects are enhanced. A
question arises whether there exists a better effective non-linear model that would be useful to
study quasi-1D Bose gas also for strongly correlated systems. The simplest system to study is
the uniform one and interacting only via short-range repulsive forces. The underlying many-
body model describing such a system with N particles is given by the exactly solvable Lieb-
Liniger (LL) model [26-28]. Nowadays, the LL model is a testbed for many-body methods, a
starting point of subsequent theoretical frameworks (like Luttinger liquid) but also an active
research area in mathematical physics. [29,30].

Although the LL model describes uniform repulsive 1D Bose gas completely, an effective
framework, somehow similar to the GPE, has been sought that would be suitable also for
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Figure 1: Graphical abstract: a) We describe 1D repulsive Bose gas using an equa-
tion called here the LLGPE. The LLGPE differs from the GPE only by the interaction
energy term, which, according to the explanation given in this work, is replaced
with the chemical potential of the Lieb-Liniger model. b) We study the energy of the
ground state. ¢) We analyse the dispersion relations of both types of the Lieb-Liniger
elementary excitations: the type-I excitations (Bogoliubov-like, solid red line) and
type-II excitations (solitonic branch, dashed green). d) We study spatial properties
of the type-II excitations that correspond to the black solitons and compare them
with solitonic solutions of the GPE and LLGPE equations.

In all these tasks (b-d), we benchmark our findings with the GPE and exact solutions
of the Lieb-Liniger model for all interaction regimes, from the weakly interacting gas
up to the Tonks-Girardeau limit.

strongly correlated systems with additional trapping potential or different interaction type.
In the extreme case of trapped 1D gas in the Tonks-Girardeau limit, Kolomeisky et al. [31]
already proposed a non-linear equation with higher-order nonlinearity than the GPE. Despite
the initial critics by Girardeau and Wright [32], the equation was generalized in [33,34] to any
interaction strength and successfully applied to a problem of an expanding 1D cloud. Similar
extensions served to study ground state properties as well as collective excitations of strongly
interacting gas in a harmonic trap [35, 36] and dynamics of shock waves [37, 38]. Finally,
alternatives of the GPE for strongly interacting dipolar systems have been proposed [23, 39]
and have already shown usefulness in timely topics like dipolar quantum droplets [23,40].
To assess the validity scope of the effective approach employed in this work, we focus
on the system described by the LL model. We will benchmark the ground state and its ele-
mentary excitations inferred from the effective non-linear approach [23, 31, 34], called here
the Lieb-Liniger Gross-Pitaevski equation (LLGPE), against the corresponding solutions of the
LL model [26,27] to test the validity range of the former. Our equation has the form of the
GPE but with the nonlinearity from the exact results for the Lieb-Liniger model, see Fig. 1. It
has appeared in the literature under the names the Modified Non-linear Schrédinger Equa-
tion [41] and the Generalized Non-linear Schrédinger Equation [42]. Here, we will focus
on two branches of elementary excitations in the LL, i.e. particle (type-I) and hole (type-II)
modes that correspond to phonons and solitons respectively. Their hallmarks are their disper-
sion relations and, for the type-II excitations, their spatial dependence. We will discuss the
interpretation of solitons as the many-body excitations for strong and intermediate interaction
strength. In this way, we will test the scope of the non-linear model, which is the cornerstone of
the quantum droplet description employed in [23] and an analysis of breathing modes in [40].
The paper and the main results are organized as follows. In Sec. 2 we introduce all impor-
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tant models: the LL model, the standard non-linear equation and finally the main subject of
this paper, i.e. the generalized non-linear equation. We discuss its derivation and the ground
state wave-function. In Sec. 3, we focus on particle excitations. Linearizing the generalized
non-linear equation, we calculate the excitation spectrum and the sound velocity for all y that
coincide with many-body results of the LL model. Subsequently, we compare our results to the
standard GPE and examine its validity range. In Sec. 4, we analyse dark solitons predicted by
the generalized non-linear model. In the first step, we compare our findings with solitons ob-
tained for two limiting cases of y — 0 and y — oo within corresponding effective, non-linear
models. Our model reproduces the preceding results and predicts solitons for intermediate
values of y. Later, we examine the correspondence between hole excitations in the LL model
and the dark solitons from the generalized non-linear equation for any y. As y increases, nar-
row solitons predicted by the hydrodynamical approach lose their connection with the hole
excitations in the LL. model. In Sec. 5, we predict the scope of validity of the generalized equa-
tion. The hydrodynamical equations find to be useful for long-wave structures like phonons
and of a limited range of applicability for short-wave ones like narrow solitons. In Sec. 6, we
summarize the main findings of the work and discuss further applications of the generalized
non-linear equation.

2 Models

In this Section, we introduce different models of N bosons moving along a circle of length L
and interacting via delta potential V(x) = g6(x), where x is a distance between particles and
g is a coupling strength.

The fundamental model is expressed by the following many-body Hamiltonian:

N )
H:—%Zaxjﬁ'gZ(S(Xj—Xl), (1)
j=1 j,l
j<l

where x; denotes position of the j-th particle. The Hamiltonian (1) equals to the Lieb-Liniger
Hamiltonian, with physical constants written explicitly.

The seminal papers of Lieb and Liniger [26,27] present the general form of all eigenstates
of the Hamiltonian (1) in the case of repulsive interactions, i.e. g > 0. A useful dimensionless
parameter is:

__mgl

Y= hz N

known as the Lieb parameter. In particular, the energy of the ground state E; in the thermo-
dynamic limit (N — oo, L — oo , N/L = const) is given by:

; (2)

n* N3
Eg[N, L] = o 12 6L ), (3)
that defines the pressure [43]:
JEy,N,L] Hh? N°®
Py[N/L] =T %E(Zeu ) —re (1)) 4)

and the chemical potential:

OEG[N,L] > N?

pr[N/L]= N %ﬁ(?’em (Y)—YeﬁL(Y)), (5)
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as well. Here, e;; (y) does not have a known explicit analytical form 2. Although the explicit
expression for the function ey (y) is missing, its very expansions for small and large y are
known. In particular, for small y, it reads e;; (y) ~ y — 4y>/?/(3n). The first term of the
expansion leads to the mean-field energy, whereas the second negative term can be identified
with the LHY correction. Note that, unlike the total energy, the pressure and chemical potential
as intensive properties depend only on the ratio N/L.

Unfortunately, the many-body eigenstates of the LL model [26] are often impractical to
use straightforwardly due to the number of permutations of the N-particle bosonic state. One
has to resort to approximate models, from which the easiest one comprises the GPE. A typical
derivation of GPE is based on an Ansatz in the form of the Hartree product, in which a many-
body solution of the Schrédinger equation y(x1, ..., Xy, t) is approximated by a product state
]_[i.V:1 ¢ (xj, t). The LL Hamiltonian (1) averaged in such Ansatz gives the mean energy":

ﬁZ
Egpplo] = %f dX[H

The least action principle applied to the energy functional above leads to the Gross-Pitaevskii
equation for an optimal orbital ¢ (x,t):

2

201+ anipr]. ()

dx

2
iﬁatqb(x,t):(—Zh—maxz+gN|¢(x,t)|2)¢(x,t)- (7)

Most of the phenomena observed in the first years of research on the Bose-Einstein conden-
sate were sufficiently well described by this equation. Despite its indisputable role, however,
the GPE equation is only an approximation. For weak interactions, it does not include effects
related to the depletion of condensate by interactions, e.g. quantum depletion (including the
LHY correction). For stronger interactions, due to the resulting correlations between atoms,
the system state is no longer a product state, and the GPE equation (7) is no more justified. On
the other hand, there might exist another model that would be able to capture the essentials
of the system even in the strongly interacting regime. Indeed, such models for fermions are
being derived routinely in the frame of the density functional theory.

Here, we use the hydrodynamical approach to extend approximate models beyond weak
interactions. The classical hydrodynamic equations® read:

%, 5,
3P e = O ®
at dx  mpdx

where m- p(x, t), with f p(x,t) =N, is the gas density, v(x, t) denotes the velocity field, and
P(x, t) indicates pressure. We treat an atomic cloud as composed of small 'volume’ elements,
which are still large enough that comprise many particles. Following Ref. [33], we assume
local equilibrium, i.e. in each 'volume’ element the energy density, pressure and chemical
potential are fixed by the corresponding values of the many-body energy of the ground state
(3) (after replacing N/L by p(x, t) everywhere).

I The values of e;; (y) can be determined by solving the Fredholm equations given in [26] (where it is denoted
as e(y) without subscripts).

2please do not confuse with e;; introduced in Ref. [23], where it had a meaning of the total energy per volume
unit. Moreovey, it used a crude approximation of the total energy.

3We consider N > 1 therefore we replace N — 1 with N.

“The quantum hydrodynamic equation might consist of the quantum pressure term. Its role and flows in the
considered system are discussed in [37].
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Comparing (4) and (5), one may check by direct calculation that the Euler equation (9)
may be rewritten as:

e, 1

d e,
Ev+vavz 3 (.U'LL [pD). (10)

Note that Eq. (10) may be derived in an alternatlve, more intuitive way. Suppose the fluid
consists of many particles and consider the trajectory (x(t), t) of one of them. As the potential
energy for the particle at any point is given by a chemical potential y;;, one has directly from
Newton’s law of motion:

d d
amv(x(t),t)=—£MLL[P(X¢)] s (11)

which, after a straightforward applying of %, gives Eq. (10).
Introducing

¢(x)=+/p/Ne?, (12)

with # J, ¢ = mv, the two hydrodynamical equations (8),(10) can be written, up to a quantum
pressure term, in a compact form [37,44]:

h* 9
R N (A a3)

with

e [N 7] = %Vz'd’ﬁ@m (wigm) - wigrei(wgm) s

where k := i—'; denotes a parameter of inverse length dimension.
The equation (13) is our main subject of interest. In particular, one can rewrite it also as

w2y SHuls, 6]

atm s (15)

where

Ml 9= 192 g, (),

is the energy density. Thus the LLGPE can be derived using the least action principle for the
energy functional:

2 2
E[¢]=dexﬂ[¢,¢*]=%fdx[‘%

(16)

2] 416 K
+N2|$| eLL(N|¢|2)]. (17)
Notably, ¢ does not have interpretation of a macroscopically occupied orbital as in the deriva-
tion of GPE.

For y < 1, the function e;;(y) may be approximated in the first order as e;; (y) ~ v, and
then the resulting dynamical equation (13) coincides with the GPE for y < 1. In this regime,
the pressure (4) P [p]= £ p2 appearing in the hydrodynamical equation corresponds to the
pressure of classical interactmg gas.

For the opposite limit of y — o0, fermionization occurs in one-dimensional Bose gas —

the value of e[ (y) converges to a constant %2, so (13) coincides with the equation proposed
in [31]:

9 hz 2¢ h2 2

lﬁa Z—ﬁﬁ N2pl* . (18)
In such a case, the pressure (4) P [p] = 55 p 3 should be understood rather like an analogy

of fermion degeneracy pressure.
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Figure 2: Energy of type-I excitations as a function of the momentum for different
values of the interparticle interaction y. Following Lieb’s recipe [27], excitation en-
ergies for the LL model were obtained directly from solutions of the Bethe equations
for N = 100 particles. On the other hand, red and blue dashed lines correspond
to the excitation spectrum calculated from linearization of the GPE (7) and LLGPE,
respectively.

From the construction, the minimal value of the energy function (17), obtained for the
constant function

$es(x) = (19)

1
T’
equals to the actual ground state energy Ey[N, L] for any interaction strength y. The ground
state of the GPE equals to the function (19) also, but its GPE energy, Egppl ¢pgs] = %N 2q/L,
approximates E, well in the weakly interacting regime only.

In the following sections, we will benchmark the underlying Lieb-Liniger model with the
approximated ones, the GPE and the LLGPE, elaborating the advantages of the latter. In our
numerical analysis, we approximate the function e;;, which does not have a known exact and
compact form, with a very accurate approximation presented in [45] (compare with Ref. [46])
and repeated here in the Appendix A.

3 Phonons and quasiparticles

Sound propagation, superfluidity, normal modes, stiffness — all these depend on the quasi-
particles properties in a many-body system. In the case of weak interaction strength, the dis-
persion relation of excitations was computed by Bogoliubov [47], before the general solution
of Lieb. The very notion of quasiparticles, natural in the approximated treatment of Bogoli-
ubov, required a new formulation in the exact many-body theory. Surprisingly, the elementary
excitations defined by E. Lieb form two excitation branches instead of one. One of them, the
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for two different approaches: LLGPE and GPE. In the former case, the speed of sound
has an asymptote lim, _, oo Vi1gpe = T;f—iv, which is marked with the black dashed line.
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Right: Relative excitation energy difference as a function of momentum

for different Lieb interaction parameters .

branch of the so-called type-I excitations, has almost the same dispersion relation E;(p) as the
Bogoliubov modes (in the weak interaction regime). For low momenta, their energy scales
linearly with momentum,

p—0

where v stands for the speed of sound. These excitations, responsible for superfluidity, are the
carriers of sound and are known as phonons.
The fast quasiparticles have the dispersion relation of free particles:

E() A p/(2m). 1)

As shown in Ref. [48], linearization around the ground state in the frame of the GPE leads
to the same dispersion relation as using Bogoliubov quasiparticles. Therefore, we recall and
apply this method to both approximate models, the GPE and the LLGPE, to trace the differences
between, similarly to Ref. [35].

Linearization. — We consider a small perturbation to the stationary solution (19). Fol-
lowing Ref. [49], we restrict ourselves to linearized dynamics and propose an Ansatz for a
time-dependent solution in the form:

$(x,t)= (% + 8¢ (x, t))e—iHLL[N/LJf/ﬁ , (22)

where 5¢(x,t) = Zp up(x)e_iept/h + v;(x)iept/ﬁ is assumed to be a small correction to the
stationary solution (19). Hence, after substituting the Ansatz to the LLGPE, we keep terms at
most linear in 6¢ and obtain

2
iho,6¢ = [ — f—mag + vazL[N/L]}Sq’J +mv2 [N/L]5¢*, (23)
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where v [N/L] = %’ \/ Berr(Y) —2ve (Y) + %yzei’L(y) determines an exact expression for the
speed of sound in LL model [27,50]. We use our ansatz for 6 ¢ (x, t) getting:

hZ
€plp(x) = (— %aj + vazL[N/L])up(x) + mva[N/L]vp(x), (24)
hz
—e,vp(x) = (- oA mIN JL1)vp(x) + mv2 [N/LTu(x). (25)
Owing to the translational invariance of our system, we consider u,(x) = upeipx/ " and
v(x) = vpeipx /M simplifying our equations to the form:
p?
Eplly = ﬂul’ + (u, + vp)mva[N/L], (26)
ey = Lo, + gy + v, [N /L) 27)
€pVp = o Ve T p T VIV :
We solve the above equations, finally obtaining the excitation spectrum:
p? 2
e(p) =\ OuIN/LIpY+ (5 ) - (28)

The formula (28) is the main result of this section. In the low momenta limit, one gets

e(p) p;O v [N/L]|pl, i.e. the phononic relation with the correct speed of sound; the same as
in the many-body approach. Interestingly, we recover also the correct limit (up to the second
order) for large momenta (cf. (21)). Thus the linearization of the LLGPE gives a dispersion
relation that coincides with the dispersion relation of type-I elementary excitations at low and
high energy limit and for any interaction strength. In Fig. 2, we show a comparison between
(28) and the exact many-body solutions. The deviations are present only for the intermediate
momenta. For completeness, we also show the dispersion relation based on linearization of

2
the GPE. It reads egp(p) = \/ (vgp[N/L]1p)? + (%) , with a modification in the speed of sound

which equals vgp[N/L] := 4/gN/mL and tends to inifinity in the Tonks-Girardeau limit. This
is illustrated in the left panel of Fig. 3. In the right panel we show relative error between
the LLGPE excitations and the type-I excitations. The discrepancies are visible mostly for the
intermediate momenta.

The results presented in this section show how well the LLGPE works concerning type-I
excitations for all interaction regimes. This leads us to more subtle questions about non-linear
effects. Such effects, observed in a number of experiments, appear naturally in the GPE, which
is based on the linear equation but are more difficult to identify in the frame of the many-body
approach. In the next sections, we shall focus on solitons and their relations with the type-II
elementary excitations.

4 Solitons

The GPE appears to be very convenient to study non-linear phenomena like solitons. Gener-
ally speaking, a soliton is a solution of a non-linear equation in the form of a moving wave,
Ps(x, t) = pg(x—v,t), that preserves its shape in dynamics due to the balance between kinetic
energy and nonlinearity. In the case of the GPE with repulsive interaction, a soliton has a form
of a density dip, as shown by a blue dashed line in Fig. 4. Such solitonic dips, predicted by the
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Figure 4: Black soliton density profiles for different equations and interaction
strengths. Note the GPE and the LLGPE solutions for y = 0.1 as well as LLGPE
and Kolomeisky (cf. Ref. [31]) solutions for y = 100 overlap each other. In all
cases the box size L = 100&, where & is the healing length (which corresponds to

N =100+/1/7).

GPE, were demonstrated experimentally [2,3]. Here, we shall focus on a special case, namely
solitons with the density dip touching O, called the black solitons.

Besides, the black soliton has a 7w phase jump in the very point of the density minimum.
In an infinite box, the black soliton is motionless v, = 0 (the situation in the box with periodic
boundary conditions is described in Appendix C). These features are the same as in the solitons
in the weakly interacting regime [51].

In this chapter, we discuss i.a. the differences in shape (focusing on the soliton width)
between solitons within GPE and LLGPE.

4.1 Comparison between solitons of GPE and LLGPE

As discussed above, the linearization of the LLGPE leads to the correct speed of sound in the 1D
gas of bosons with short-range interaction, even for the intermediate and strong interaction
regime. A natural question arises whether the LLGPE has a solitonic solution beyond the
weakly interacting regime.

Here, following the reasoning presented in Ref. [14], we find candidates for solitons in
LLGPE numerically for any interaction strength, as the minimal energy states constraint to a
7 jump of phase at the origin. We tested numerically that these states do not move and do
preserve their shape in dynamics, as the solitons should do (cf. Figs. 8 and 9 in Appendix C).

10
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Figure 5: Widths of black LLGPE (black dots) and GPE (green dashed line) solitons
found with the ITE method as a function of the Lieb parameter y. The dashed blue
line corresponds to the average interparticle distance L/N and the solid red line to
the Kolomeisky limit for y — oo (cf. [31]).

That is the most fundamental property of solitons. The technical details of our method and ref-
erences to our codes are given in Appendices B and C. The results for the LLGPE are shown in
Fig. 4 with the solid black lines, together with the GPE solitons (blue dashed lines). The width
of a GPE soliton, which is of the order of the healing length & :=#/4/mN g/L, vanishes in the
limit of large g. This is an unphysical effect: in reality, the gas reaches the Tonks-Girardeau
limit, at which the further increase of interaction strength does not affect the system anymore.

In the LLGPE, this saturation effect is accounted for by the relation e;;(y) jiagy /3, and
the width of LLGPE solitons converges to a constant. In Fig. 5 we present the widths in the
logarithmic scale. As shown in Fig. 4, already for y = 100, the LLGPE soliton is indistinguish-
able from the solitons that are analytically derived in the Tonks-Girardeau limit y — oo (red
dashed line) [31].

4.2 Comparison between solitons and the type-II excitations

It was observed in Ref. [5] that for weak interactions, the GPE solitons have the same dispersion
relation as the many-body eigenstates forming the second branch of elementary excitations in
the solution of Lieb called in the literature yrast states or type-II excitations or the lowest
energy states at fixed momentum. This coincidence was rather unexpected: why the disper-
sion relation of the solutions of a dynamical, non-linear GPE should match the dispersion of
some static solutions of the linear many-body model, distinguished by E. Lieb as the type-II
elementary excitations?

There has been a lot of effort devoted to understanding better this relation [6-14,52,52—
55]. It has been pointed out that the GPE soliton emerges in the high order correlation func-
tion computed for the type-II excitation [9,10,55,56]. The other observation points that the
solitonic shape appears also in the single-body reduced density matrix evaluated in the appro-
priate superpositions of the type-II excitations [8,11-13,54]. These two different viewpoints
were recently unified in Ref. [14]. The agreement holds, however, for weak interactions only,
where the GPE is reliable. Here, we address a question whether the relation between solitons
and the type-II excitations remains valid for stronger interaction, provided that we use the
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Figure 6: Left: Yrast state excitation energy in the Lieb-Liniger model (blue line)
vs dark soliton excitation energy obtained with the LLGPE (black diamonds) and
the GPE (green pentagons) as a function of the Lieb parameter y. Right: Relative
excitation energy Ae of dark solitons within the LLGPE (black diamonds) and GPE
(green pentagons). Parameters used in all simulations: N = 100.

LLGPE solitons for comparison.

In Fig. 6, we compare the energy of the black GPE and LLGPE solitons with the energies
of the type-II excitations evaluated from the exact solution [27] for N = 100 particles. For
comparison, we use the type-II excitations with the total momentum AnN /L that has the
same momentum per atom as a black soliton. For a fair comparison, we present the excitation
energy being the total energy of the GPE (6) or the LLGPE (17) soliton reduced by the energy
of the ground state®. The excitation energy of GPE solitons, marked with green pentagons,
tends to the infinity with increasing y. This is a residue of the vanishing width of the GPE
soliton that gives a simple estimation of their kinetic energy by mh—;, where w is the soliton
width. In the strong interaction limit, the excitation energy of the LLGPE solitons converges to
a constant because the system enters the Tonks-Girardeau phase. The latter dispersion relation
qualitatively agrees with the dispersion relation of the type-II excitation, although differences
are clearly visible. We show the discrepancies between the energies in the right panel of Fig. 6.
The figure shows that in the considered example (N = 100), there are significant differences
in the relative energies of LLGPE solitons and the type-II excitations, which reach up to 25% in
the Tonks-Girardeau limit. Importantly, this divergence is not an artefact of the small number
of atoms used in the comparison. In fact, in the thermodynamic limit and for y — o0, the

. . 2 2 2 .
excitation energy of the yrast state equals Ey s — Egs = TEZZ—LAZI, whereas the LLGPE soliton has

the energy equal to “ZZZZLI\ZIZ [V3log(2+ v/3)/n] [31]. That gives relative difference between
energies around 28%.

It is not obvious how to reveal the GPE or LLGPE solitonic density profiles with character-
istic dip directly from the type-II "solitonic" excitations. Due to the translational symmetry, the

single body density

p(x)zf deJ dxz...f daxy |[Yg(x, x5, X5... x5)[2, (29)

of any eigenstate i of the LL model, including the type-II elementary excitations, is uniform.

The subtracted ground state energy differs between the GPE and the LLGPE.
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Figure 7: Left panels: Single particle density of the yrast state superpositions (Sato
et al. - based on [54], Shamailov and Brand - based on [11] with the dispersion
AP = 0.2h7tN /L used to generate a Gaussian superposition). Right panels: G,(0, x)
and G5(0, x’, x) correlation functions evaluated for the yrast state with the total mo-
mentum AN /L. NI - non-interacting gas, SI - strongly interacting gas (y — ©0).
The G, function, one dip in G5 and the LLGPE solution overlap each other in the
strong interaction limit. The length scales used on the horizontal axes reflect that
the soliton width depends only on L in the non-interacting regime, and only on L /N
in the strongly interacting regime.The value of x’ is chosen randomly.

Therefore, the differences in spatial properties of eigenstates are visible only in typical rela-
tions between atoms’ positions. Following [9] we study such relations using the families of
correlation functions

(X1, -+, Xt :=N<]_[®'*‘(xi)]_[®(xi)> : (30)
i=1 i=1

evaluated in the type II eigenstates. The correlation function (30) is a probability density
of measuring m-th particle at a position x,, provided that m — 1 particles has been already
detected at the random points xy, ..., X,,_1, and A stands for a normalization factor. It has
been shown in [9,14] that for weak interactions and large m, the functions G,,(x|x1, ..., Xn_1)
have spatial profiles close to densities of the GPE solitons. This coincidence is observed for
typical positions of other particles xy, x5, ..., Xx,,_1, namely positions drawn according to G,
Gy, ..., G,,_1 respectively.
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The other way to reveal mean-field solitons out of the type II excitations was suggested
in [8,11-13,54]. The Authors studied a wavepacket of the type-II excitations instead of a
single one. In this approach, the GPE solitons appear in the single-body density matrix (29).
In this approach, different wave packets were proposed.

Here we would like to use these ways, but in the regime of strong-interactions, and com-
pare the results with LLGPE solitons instead of the GPE ones.

In Fig. 7, we recapitulate findings of these two approaches at two extreme regimes: in
the limit of non-interacting gas (NI) and the strong-interaction regime (SI). In all panels, we
also present LLGPE black solitons marked by a solid black line. The left panels of Fig. 7
show a comparison between the density of the LLGPE soliton and the single-body densities of
superpositions of the type-II excitations, as studied in Refs. [11,12,54]. These results are not
unique in the sense that the reduced density depends on the choice of the superposition.

The right panels of Fig. 7 present benchmarks between LLGPE solitons and
Gn(xplxy,...,xm—1). Here, we show results for m = 2 and m = 3 only. A situation in the
TG limit (bottom right of Fig. 7) is very different. In the limit y — oo, the correlation func-
tions assume a simple structure. Owing to the fermionization, the atoms have to be at different
places. Thus the probability of finding the m-th particle, provided that m—1 particles were al-
ready measured, has zeros at the locations of already measured particles. Therefore, although
the LLGPE soliton seems similar to the G, function of the yrast state (compare the solid black
and blue dashed line in Fig. 7), it has to differ from the higher order correlation functions that
have m local minima and not a single one likewise the soliton. Actually, the fact that the LLGPE
soliton is close to G, of the fermionized gas is striking in the context of the hydrodynamical
origin of the LLGPE.

5 Validity range of LLGPE and solitons

The LLGPE equation derives from the hydrodynamical description, assuming that locally the
gas is at equilibrium. However, what locally means has to be specified. In the theory of con-
tinuous media, one introduces fluid elements consisting of many atoms but spanned over the
lengths much shorter than the length scale associated with the density changes. It means that
we should restrict our analysis to such solitons for which the latter length, of the order of the
soliton width w, is much larger than the typical distance between particles, here roughly ap-
proximated by L/N. The width w can be estimated from the condition that the kinetic energy
of a soliton, which is of the order of #2/(2mw?), balances the non-linear term in Eq. (13),
which is of the order of u;;[N/L]. This balance leads to an estimate w ~ fi/+/2mu; [N/L].
In the case of the weakly interacting limit, i.e. u;; ~ gN/L, one gets wgpg ~ fi/+/2mgN /L,
which gives the correct length scale of the GPE soliton width. The hydrodynamical analysis re-
lies on the assumption w > L/N, which can be expressed as 1 > 2y. Indeed, these qualitative
considerations are confirmed by the numerical analysis of the solitonic width illustrated in Fig.
5. The width of the GPE soliton, shown with the dashed green line crosses the typical distance
between atoms L/N (blue line) around y ~ 1. Apparently, the situation does not significantly
change for LLGPE solitons (black dots).

The qualitative discussion of the length scales leads to the conclusion that the solitons
presented in the previous section fulfil the assumptions underlying the LLGPE only for weakly
interacting gas. In particular, the analytical solutions given in Ref. [31] can go beyond the
validity range of the LLGPE. In the Tonks-Girardeau limit considered in Ref. [31], the solitonic
width equals the typical distance between particles that, owing to the fermionization, is of the
order of L/N. In that situation, one cannot define elements of fluid consisting of many atoms
with a smooth density profile as assumed in the derivation of the LLGPE. This will be also the
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case of other states involving length scales shorter than interparticle distance, for example, two
interfering atomic clouds [32] or shock waves [37]. The question of whether solitons exist in
the intermediate and strongly interacting regimes may be difficult to resolve on theoretical
grounds. We leave the question about their existence open as a challenge for experimentalists.

6 Conclusions

The purpose of this work has been to benchmark the generalization of GPE, called here the
LLGPE on the well-studied case of gas with solely contact interactions trapped in a 1D box
with the periodic boundary conditions. Our analysis support the credibility of this equation,
giving the stronger foundations for the further extension, like the one presented in Ref. [23]
about quantum droplets in 1D.

In introducing the LLGPE, we invoke the hydrodynamic interpretation. We expect that
the equation works in cases where the gas density is slowly varying in space. Indeed, the
linearization of the LLGPE leads to the analytical formula for phononic spectra that coincides
with the exact formulas known for type-I excitations of the Lieb-Liniger model, even in the
limit of infinite interactions. We also find solitonic solutions of the LLGPE and compare their
dispersion relation and the spatial dependence to type-II excitations of the Lieb-Liniger model
forming a ’solitonic’ branch. The correspondence between LLGPE solitons and type-II exci-
tations is limited to weak interaction y < 1. For stronger interaction, the LLGPE solitons do
not meet assumptions underlying the LLGPE. The question of whether solitons exist in the 1D
gas beyond the weakly interacting regime remains open. The problem might be addressed by
experimenters with the technique that was successfully employed for the weakly interacting
gas.

To conclude, the LLGPE offers an alternative tool to the GPE, useful in a wide class of
smooth solutions even in the strongly interacting 1D Bose gas. In principle, one could also
apply it to a gas confined by a slowly varying external potential or for atoms interacting via
smooth non-local potential.
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A Accurate approximations for e
The equation studied in this paper is based on the function e; (y), part of the ground state
energy in the LL model. There is no simple compact formula for this function, but there are

known accurate analytical [46] and numerical [45] approximations. In our numerical tools
we have used the approximation of e;; as given in Ref. [45]. In the regime of weak interactions
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Y < 1 we have

4 1 1
en(y)=7v— gr” + [g - ;]rz —0.00167°/2 + 0(y®). (31)

For intermediate interactions 1 <y < 15

e~y —5v32+ [% — #]yz —0.0020057%/2 4+ 0.0004197° — 0.00028417/% + 0.000031y*. (32)

Finally, nearly the fermionized regime y > 15

e (1) 7'5_2 1 4 N 12 10.9448 130.552 N 804.13 910.345 154238
wirrs g v o2 1 r* rS r® y7
100559. 67110.5 2.64681 x 10° 1.55627 x 107  4.69185 x 10°
+ y8 - ¥ - 710 + y11 + y12
5.35057 x 108 2.6096 x 10° 4.84076 x 10° 1.16548 x 10!
- y13 yl4 y15 B y16
4.35667 x 1011 1.93421 x 10'%2  2.60894 x 10'® 6.51416 x 10*3
+ + - +
Y17 YIS Y19 Y20

1
+O(ﬁ)) (33)

After having prepared our manuscript we got aware of better, analytical expansions for
weak interaction, given in Ref. [46]

2
e (Y)~y— %YB/Z + n6n26 2_4 8?;52(3) 52 %EES) 3
_ 45¢(5)—60¢(3)+32 ,, 3[15(5)—4¢(3)—6Z*(3)] ,
102475 ’ 204876 ’
_ 8505¢(7) —25208(5) + 4368{(3) — 6048L%(3) — 1024
78643217 ’
9[273¢(7) —1204(5) + 16Z(3) — 120Z(3)¢(5)]
B 13107278

P +0 (YH/Z) ' (34)

It has been shown in [57] that Eq. (34) (with expansion cut after the sixth term [the one with
y7/2]) taken for y < 1 matches asymptotically Eq. (33) taken for y > 1.

B Numerical implementation of (LL)GPE

The (LL)GPE (cf. Eq. 7 for GPE and Eq. 15 for LLGPE) is a complex, non-linear partial differ-
ential equation. In order to solve it, we use the imaginary time evolution (ITE) method. The
function ¢ is represented on a one-dimensional spatial lattice with N, fixed points with lattice
constant DX = NL

The algorithfcn is built in such way that we choose an initial guess. Generally, it can be
any function. We further evolve the initial guess in imaginary time t — —i7. It is done with
the use of split-step numerical method. The evolution in kinetic energy term is done in the
momentum domain, the self-interaction term is calculated in the spatial domain.

No external potential is used. The solution is being found in a box with periodic boundary
conditions ¢ (_TL) =¢ (%)

16


https://scipost.org
https://scipost.org/SciPostPhys.12.1.023

Scil SciPost Phys. 12, 023 (2022)

The program implementing the algorithm above is available here: https://gitlab.com/
jakkop/mudge/- /tags/v01Jun2021. The program uses W-DATA format dedicated to store data
in numerical experiments with ultracold Bose and Fermi gases. The W-DATA project is a part
of the W-SLDA toolkit [ 58-60].

C Phase imprinting method

We use phase imprinting to generate solutions of black solitons; in every iteration ¢ is modified
in such a way that arg¢(x) = 7 - (% + 0.5) for x € (—é,O) and arg ¢(x) = m - (7 —0.5) for
x € (0, %) One can easily see that there is a © phase jump for x = 0. Moreover, the periodic

boundary conditions in terms of phase, i.e. arg¢ (_TL) =arg¢o (%), are fulfilled. The soliton

moves with constant velocity v, = %%

It is worth mentioning that the healing length & is the proper soliton width scale for y < 1
(as in the GPE), whereas for v > 10 (fermionized regime) soliton width scales with average
interparticle distance L/N.

The resulting soliton profile remains unchanged in the course of the real-time evolution,
as can be seen in Figs. 8 and 9.

On the other hand, when we initialize the real time evolution within LLGPE, but with the
soliton from GPE, we immediately see it gets distorted. It is shown in Figs. 10 and 11.

Particle density ~ N|®|? Phase arg® — ut
n
100
300
250 80
n/2
| 200
Ele 60
SD 0
> 150
1S
= - 40
100 ﬁ
F—n/2
20
50 i
0 -n
40 20 0 20 40 40 20 0 20 40

Position (x — vst)/&

Figure 8: Particle density (left) and phase arg ¢ (right) during the real-time evolution
of the LLGPE approach for y = 1. Other parameters as in Fig. 4.
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Figure 9: Particle density (left) and phase arg ¢ (right) during the real time evolution
of the LLGPE approach for y = 100. Other parameters as in Fig. 4.
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Figure 10: Particle density (left) and phase arg ¢ (right) during the real time evolu-

tion of GPE solitonic solution within the LLGPE soliton for y = 1. Other parameters
as in Fig. 4.
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Figure 11: Particle density (left) and phase arg ¢ (right) during the real time evolu-

tion of GPE solitonic solution within the LLGPE approach for y = 100. Other param-
eters as in Fig. 4.

19


https://scipost.org
https://scipost.org/SciPostPhys.12.1.023

Scil SciPost Phys. 12, 023 (2022)

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

C. J. Pethick and H. Smith, Bose—Einstein condensation in dilute gases, Cambridge Univer-
sity Press, Cambridge, UK, (2008).

J. Denschlag et al., Generating solitons by phase engineering of a Bose-Einstein condensate,
Science 287, 97 (2000), doi:10.1126/science.287.5450.97.

S. Burger, K. Bongs, S. Dettmer, W. Ertmer, K. Sengstock, A. Sanpera, G. V. Shlyapnikov
and M. Lewenstein, Dark solitons in Bose-Einstein condensates, Phys. Rev. Lett. 83, 5198
(1999), doi:10.1103/PhysRevLett.83.5198.

A. Weller, J. P Ronzheimer, C. Gross, J. Esteve, M. K. Oberthaler, D. J.
Frantzeskakis, G. Theocharis and P G. Kevrekidis, Experimental observation of oscillat-
ing and interacting matter wave dark solitons, Phys. Rev. Lett. 101, 130401 (2008),
doi:10.1103/PhysRevLett.101.130401.

P P Kulish, S. V. Manakov and L. D. Faddeev, Comparison of the exact quantum and qua-
siclassical results for a nonlinear Schrédinger equation, Th. Math, Phys, 28, 615 (1976),
doi:10.1007/BF01028912.

R. Kanamoto, L. D. Carr and M. Ueda, Topological winding and unwinding
in metastable Bose-Einstein condensates, Phys. Rev. Lett. 100, 060401 (2008),
doi:10.1103/PhysRevLett.100.060401.

R. Kanamoto, L. D. Carr and M. Ueda, Metastable quantum phase transitions in a periodic
one-dimensional Bose gas: Mean-field and Bogoliubov analyses, Phys. Rev. A 79, 063616
(2009), doi:10.1103/PhysRevA.79.063616.

J. Sato, R. Kanamoto, E. Kaminishi and T. Deguchi, Exact relaxation dynamics of a
localized many-body state in the 1D Bose gas, Phys. Rev. Lett. 108, 110401 (2012),
doi:10.1103/PhysRevLett.108.110401.

A. Syrwid and K. Sacha, Lieb-Liniger model: Emergence of dark solitons in the
course of measurements of particle positions, Phys. Rev. A 92, 032110 (2015),
doi:10.1103/PhysRevA.92.032110.

A. Syrwid, M. Brewczyk, M. Gajda and K. Sacha, Single-shot simulations
of dynamics of quantum dark solitons, Phys. Rev. A 94, 023623 (2016),
doi:10.1103/PhysRevA.94.023623.

S. S. Shamailov and J. Brand, Quantum dark solitons in the one-dimensional Bose gas,
Phys. Rev. A 99, 043632 (2019), doi:10.1103/PhysRevA.99.043632.

E. Kaminishi, R. Kanamoto, J. Sato and T. Deguchi, Exact yrast spectra of cold atoms on a
ring, Phys. Rev. A 83, 031601 (2011), doi:10.1103/PhysRevA.83.031601.

E. Kaminishi, T. Mori and S. Miyashita, Construction of quantum dark soliton in one-
dimensional Bose gas, arXiv:1811.00211.

W. Golletz, W. Gorecki, R. Oldziejewski and K. Pawlowski, Dark solitons re-
vealed in Lieb-Liniger eigenstates, Phys. Rev. Research 2, 033368 (2020),
doi:10.1103/PhysRevResearch.2.033368.

20


https://scipost.org
https://scipost.org/SciPostPhys.12.1.023
https://doi.org/10.1126/science.287.5450.97
https://doi.org/10.1103/PhysRevLett.83.5198
https://doi.org/10.1103/PhysRevLett.101.130401
https://doi.org/10.1007/BF01028912
https://doi.org/10.1103/PhysRevLett.100.060401
https://doi.org/10.1103/PhysRevA.79.063616
https://doi.org/10.1103/PhysRevLett.108.110401
https://doi.org/10.1103/PhysRevA.92.032110
https://doi.org/10.1103/PhysRevA.94.023623
https://doi.org/10.1103/PhysRevA.99.043632
https://doi.org/10.1103/PhysRevA.83.031601
https://arxiv.org/abs/1811.00211
https://doi.org/10.1103/PhysRevResearch.2.033368

Scil SciPost Phys. 12, 023 (2022)

[15] R. Lopes, C. Eigen, N. Navon, D. Clément, R. P Smith and Z. Hadzibabic, Quantum de-
pletion of a homogeneous Bose-Einstein condensate, Phys. Rev. Lett. 119, 190404 (2017),
doi:10.1103/PhysRevLett.119.190404.

[16] R. Chang, Q. Bouton, H. Cayla, C. Qu, A. Aspect, C. I. Westbrook and D. Clément,
Momentum-resolved observation of thermal and quantum depletion in a Bose gas, Phys.
Rev. Lett. 117, 235303 (2016), doi:10.1103/PhysRevLett.117.235303.

[17] E Bottcher, J.-N. Schmidt, J. Hertkorn, K. S. H. Ng, S. D. Graham, M. Guo, T. Langen and
T. Pfau, New states of matter with fine-tuned interactions: quantum droplets and dipolar
supersolids, Rep. Prog. Phys. 84, 012403 (2021), doi:10.1088/1361-6633/abc9ab.

[18] D. Petrov, Quantum mechanical stabilization of a collapsing Bose-Bose mixture, Phys. Rev.
Lett. 115, 155302 (2015), doi:10.1103/PhysRevLett.115.155302.

[19] A. R. Lima and A. Pelster, Quantum fluctuations in dipolar Bose gases, Phys. Rev. A. 84,
041604 (2011), doi:10.1103/PhysRevA.84.041604.

[20] A. R. Lima and A. Pelster, Beyond mean-field low-lying excitations of dipolar Bose gases,
Phys. Rev. A. 86, 063609 (2012), doi:10.1103 /PhysRevA.86.063609.

[21] K. Jachymski and R. Oldziejewski, Nonuniversal beyond-mean-field properties
of quasi-two-dimensional dipolar Bose gases, Phys. Rev. A 98, 043601 (2018),
doi:10.1103/PhysRevA.98.043601.

[22] L. Parisi, G. E. Astrakharchik and S. Giorgini, Liquid state of one-dimensional Bose
mixtures: A quantum Monte Carlo study, Phys. Rev. Lett. 122, 105302 (2019),
doi:10.1103/PhysRevLett.122.105302.

[23] R. Oldziejewski, W. Gorecki, K. Pawlowski and K. Rzazewski, Strongly correlated quan-
tum droplets in quasi-1D dipolar Bose gas, Phys. Rev. Lett. 124, 090401 (2020),
doi:10.1103/PhysRevLett.124.090401.

[24] L. Parisi and S. Giorgini, Quantum droplets in one-dimensional Bose mix-
tures: A quantum Monte Carlo study, Phys. Rev. A 102, 023318 (2020),
doi:10.1103/PhysRevA.102.023318.

[25] S. I. Mistakidis, T. Mithun, P G. Kevrekidis, H. R. Sadeghpour and P Schmelcher, For-
mation and quench of homonuclear and heteronuclear quantum droplets in one dimension,
Phys. Rev. Research 3, 043128 (2021), doi:10.1103/PhysRevResearch.3.043128.

[26] E. H. Lieb and W. Liniger, Exact analysis of an interacting Bose gas. I. The general solution
and the ground state, Phys. Rev. 130, 1605 (1963), doi:10.1103/PhysRev.130.1605.

[27] E. H. Lieb, Exact analysis of an interacting Bose gas. II. The excitation spectrum, Phys. Rev.
130, 1616 (1963), doi:10.1103 /PhysRev.130.1616.

[28] E. H. Lieb, R. Seiringer and J. Yngvason, One-dimensional bosons in three-dimensional
traps, Phys. Rev. Lett. 91, 150401 (2003), doi:10.1103/PhysRevLett.91.150401.

[29] J. Mossel and J.-S. Caux, Exact time evolution of space- and time-dependent correlation
functions after an interaction quench in the one-dimensional Bose gas, New J. Phys. 14,
075006 (2012), doi:10.1088/1367-2630/14/7/075006.

[30] M. Panfil and J.-S. Caux, Finite-temperature correlations in the Lieb-
Liniger one-dimensional Bose gas, Phys. Rev. A 89, 033605 (2014),
doi:10.1103/PhysRevA.89.033605.

21


https://scipost.org
https://scipost.org/SciPostPhys.12.1.023
https://doi.org/10.1103/PhysRevLett.119.190404
https://doi.org/10.1103/PhysRevLett.117.235303
https://doi.org/10.1088/1361-6633/abc9ab
https://doi.org/10.1103/PhysRevLett.115.155302
https://doi.org/10.1103/PhysRevA.84.041604
https://doi.org/10.1103/PhysRevA.86.063609
https://doi.org/10.1103/PhysRevA.98.043601
https://doi.org/10.1103/PhysRevLett.122.105302
https://doi.org/10.1103/PhysRevLett.124.090401
https://doi.org/10.1103/PhysRevA.102.023318
https://doi.org/10.1103/PhysRevResearch.3.043128
https://doi.org/10.1103/PhysRev.130.1605
https://doi.org/10.1103/PhysRev.130.1616
https://doi.org/10.1103/PhysRevLett.91.150401
https://doi.org/10.1088/1367-2630/14/7/075006
https://doi.org/10.1103/PhysRevA.89.033605

Scil SciPost Phys. 12, 023 (2022)

[31] E. B. Kolomeisky, T. J. Newman, J. P Straley and X. Qi, Low-dimensional Bose lig-
uids: Beyond the Gross-Pitaevskii approximation, Phys. Rev. Lett. 85, 1146 (2000),
doi:10.1103/PhysRevLett.85.1146.

[32] M. D. Girardeau and E. M. Wright, Breakdown of time-dependent mean-field theory for
a one-dimensional condensate of impenetrable bosons, Phys. Rev. Lett. 84, 5239 (2000),
doi:10.1103/PhysRevlLett.84.5239.

[33] V. Dunjko, V. Lorent and M. Olshanii, Bosons in cigar-shaped traps: Thomas-Fermi
regime, Tonks-Girardeau regime, and in between, Phys. Rev. Lett. 86, 5413 (2001),
doi:10.1103/PhysRevLett.86.5413.

[34] B Ohberg and L. Santos, Dynamical transition from a quasi-one-dimensional Bose-
Einstein condensate to a Tonks-Girardeau gas, Phys. Rev. Lett. 89, 240402 (2002),
doi:10.1103/PhysRevLett.89.240402.

[35] Y. E. Kim and A. L. Zubareyv, Density-functional theory of bosons in a trap, Phys. Rev. A 67,
015602 (2003), doi:10.1103/PhysRevA.67.015602.

[36] I Bouchoule, S. S. Szigeti, M. J. Davis and K. V. Kheruntsyan, Finite-temperature hydrody-
namics for one-dimensional Bose gases: Breathing-mode oscillations as a case study, Phys.
Rev. A 94, 051602 (2016), doi:10.1103/PhysRevA.94.051602.

[37] B. Damski, Formation of shock waves in a Bose-Einstein condensate, Phys. Rev. A 69,
043610 (2004), doi:10.1103/PhysRevA.69.043610.

[38] B. Damski, Shock waves in a one-dimensional Bose gas: From a Bose-Einstein condensate
to a Tonks gas, Phys. Rev. A 73, 043601 (2006), doi:10.1103/PhysRevA.73.043601.

[39] B. B. Baizakov, E Kh Abdullaev, B. A. Malomed and M. Salerno, Solitons in the Tonks-
Girardeau gas with dipolar interactions, J. Phys. B: At. Mol. Opt. Phys. 42, 175302 (2009),
doi:10.1088/0953-4075/42/17/175302.

[40] S. De Palo, E. Orignac, M. L. Chiofalo and R. Citro, Polarization angle dependence of the
breathing mode in confined one-dimensional dipolar bosons, Phys. Rev. B 103, 115109
(2021), d0i:10.1103/PhysRevB.103.115109.

[41] S. Choi, V. Dunjko, Z. D. Zhang and M. Olshanii, Monopole excitations of a harmonically
trapped one-dimensional Bose gas from the ideal gas to the Tonks-Girardeau regime, Phys.
Rev. Lett. 115, 115302 (2015), doi:10.1103/PhysRevLett.115.115302.

[42] S. Peotta and M. Di Ventra, Quantum shock waves and population inver-
sion in collisions of ultracold atomic clouds, Phys. Rev. A 89, 013621 (2014),
doi:10.1103/PhysRevA.89.013621.

[43] £ Mancarella, G. Mussardo and A. Trombettoni, Energy-pressure re-
lation for low-dimensional gases, Nucl. Phys. B 887, 216 (2014),
doi:10.1016/j.nuclphysb.2014.08.007.

[44] I Bialynicki-Birula, M. Cieplak and J. Kaminski, Theory of quanta, Oxford University
Press, Oxford, UK, (1992).

[45] G. Lang, E Hekking and A. Minguzzi, Ground-state energy and excitation spectrum of the
Lieb-Liniger model: Accurate analytical results and conjectures about the exact solution,
SciPost Phys. 3, 003 (2017), doi:10.21468/SciPostPhys.3.1.003.

22


https://scipost.org
https://scipost.org/SciPostPhys.12.1.023
https://doi.org/10.1103/PhysRevLett.85.1146
https://doi.org/10.1103/PhysRevLett.84.5239
https://doi.org/10.1103/PhysRevLett.86.5413
https://doi.org/10.1103/PhysRevLett.89.240402
https://doi.org/10.1103/PhysRevA.67.015602
https://doi.org/10.1103/PhysRevA.94.051602
https://doi.org/10.1103/PhysRevA.69.043610
https://doi.org/10.1103/PhysRevA.73.043601
https://doi.org/10.1088/0953-4075/42/17/175302
https://doi.org/10.1103/PhysRevB.103.115109
https://doi.org/10.1103/PhysRevLett.115.115302
https://doi.org/10.1103/PhysRevA.89.013621
https://doi.org/10.1016/j.nuclphysb.2014.08.007
https://doi.org/10.21468/SciPostPhys.3.1.003

Scil SciPost Phys. 12, 023 (2022)

[46] Z.Ristivojevic, Conjectures about the ground-state energy of the Lieb-Liniger model at weak
repulsion, Phys. Rev. B 100, 081110 (2019), doi:10.1103/PhysRevB.100.081110.

[47] N. N. Bogoliubov, On the theory of superfluidity, J. Phys. 11, 23 (1947).

[48] Y. Castin, Bose-Einstein condensates in atomic gases: Simple theoretical results, in
Les Houches - Ecole d’Ete de Physique Theorique, Springer Berlin Heidelberg,
doi:10.1007/3-540-45338-5 1.

[49] L. P Pitaevskii and S. Stringari, Bose-Einstein condensation, Int. Ser. Monogr. Phys.,
Clarendon Press, Oxford, UK (2003).

[50] Z.Ristivojevic, Excitation spectrum of the Lieb-Liniger model, Phys. Rev. Lett. 113, 015301
(2014), doi:10.1103/PhysRevLett.113.015301.

[51] A.D.Jackson, G. M. Kavoulakis and C. J. Pethick, Solitary waves in clouds of Bose-Einstein
condensed atoms, Phys. Rev. A 58, 2417 (1998), doi:10.1103/physreva.58.2417.

[52] A. D. Jackson, J. Smyrnakis, M. Magiropoulos and G. M. Kavoulakis, Solitary waves and
yrast states in Bose-Einstein condensed gases of atoms, Europhys. Lett. 95, 30002 (2011),
doi:10.1209/0295-5075/95/30002.

[53] O. Fialko, M.-C. Delattre, J. Brand and A. R. Kolovsky, Nucleation in finite topological
systems during continuous metastable quantum phase transitions, Phys. Rev. Lett. 108,
250402 (2012), doi:10.1103/PhysRevLett.108.250402.

[54] J. Sato, R. Kanamoto, E. Kaminishi and T. Deguchi, Quantum states of dark solitons in the
1D Bose gas, New J. Phys. 18, 075008 (2016), doi:10.1088/1367-2630/18/7/075008.

[55] A. Syrwid, Quantum dark solitons in ultracold one-dimensional Bose and Fermi gases, J.
Phys. B: At. Mol. Opt. Phys. 54, 103001 (2021), doi:10.1088/1361-6455/abd37f.

[56] A. Syrwid and K. Sacha, Quantum dark solitons in a Bose gas confined in a hard-wall box,
Phys. Rev. A 96, 043602 (2017), doi:10.1103 /PhysRevA.96.043602.

[57] S. Prolhac, Ground state energy of the 5-Bose and Fermi gas at weak coupling from
double extrapolation, J. Phys. A: Math. Theor. 50, 144001 (2017), doi:10.1088/1751-
8121/aa5e00.

[58] W-SLDA Toolkit, https://wslda.fizyka.pw.edu.pl.

[59] G. Wlazlowski, K. Sekizawa, M. Marchwiany and P Magierski, Suppressed solitonic cas-
cade in spin-imbalanced superfluid Fermi gas, Phys. Rev. Lett. 120, 253002 (2018),
doi:10.1103/PhysRevLett.120.253002.

[60] A. Bulgac, M. M. Forbes, M. M. Kelley, K. J. Roche and G. Wlazlowski, Quantized su-
perfluid vortex rings in the unitary Fermi gas, Phys. Rev. Lett. 112, 025301 (2014),
doi:10.1103/PhysRevLett.112.025301.

23


https://scipost.org
https://scipost.org/SciPostPhys.12.1.023
https://doi.org/10.1103/PhysRevB.100.081110
https://doi.org/10.1007/3-540-45338-5_1
https://doi.org/10.1103/PhysRevLett.113.015301
https://doi.org/10.1103/physreva.58.2417
https://doi.org/10.1209/0295-5075/95/30002
https://doi.org/10.1103/PhysRevLett.108.250402
https://doi.org/10.1088/1367-2630/18/7/075008
https://doi.org/10.1088/1361-6455/abd37f
https://doi.org/10.1103/PhysRevA.96.043602
https://doi.org/10.1088/1751-8121/aa5e00
https://doi.org/10.1088/1751-8121/aa5e00
https://wslda.fizyka.pw.edu.pl
https://doi.org/10.1103/PhysRevLett.120.253002
https://doi.org/10.1103/PhysRevLett.112.025301

	Introduction
	Models
	Phonons and quasiparticles
	Solitons
	Comparison between solitons of GPE and LLGPE
	Comparison between solitons and the type-II excitations

	Validity range of LLGPE and solitons
	Conclusions
	Accurate approximations for eLL
	Numerical implementation of (LL)GPE 
	Phase imprinting method
	References

