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1. Introduction

The goal of this work is to propose a scheme for an indirect
detection of the analog Hawking radiation in a certain quantum
system, using a topological soliton that the same system supports.

Hawking radiation (HR) is a quantum effect in a classical back-
ground of a black hole [1]. It has been a subject of numerous
studies aimed at better understanding of the fundamental prin-
ciples of quantum physics in the presence of a black hole (BH)
geometry (see, e.g., [2] and references therein).

In a commonly discussed astrophysical setting - i.e., for a BH
in the center of a galaxy - the intensity of HR is negligible as
compared to that of the infout-flows triggered by accretion of sur-
rounding matter and radiation onto the BH. Hence, detection of HR
in such settings appears to be unlikely.

It is then desirable to look for different setups in which simi-
lar quantum radiation, in otherwise classical background, might be
expected and detected. Such a program had been initiated by Un-
ruh who noticed the equivalence between the equations used to
predict HR and those governing wave propagation in certain in-
homogeneous and moving media [3]. The radiation of quantum
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counterparts of such waves, potentially accessible in a lab, is re-
ferred as the analog HR.

A numerous interesting platforms have been proposed for the
detection of the analogue HR [4-24]. Among them, atomic Bose-
Einstein condensates (BECs) were suggested as potentially useful
for the explorations. Moreover, a direct observation of the analog
HR has recently been claimed in such systems [25-28].

Given the complexity of such experiments and subtleties of the
detection [25-28], it is highly desirable to have complementary
methods of observing effects of HR in BEC's. For instance, indi-
rect detection by observing influence of HR on object within BEC
that can be controlled and manipulated would be welcome. In this
work we propose one such scheme using peculiarities of diffusion
of a topological (dark) soliton in BEC caused by a thermal radia-
tion, the analog HR in our case.

Solitons are fascinating large-amplitude excitations, stabilized
by the interplay between nonlinearity and dispersion/diffraction.
They appear in nonlinear media or in nonlinear relativistic sys-
tems. Among diverse types of solitons discovered in many branches
of physics, matter wave solitons in atomic BECs have been broadly
studied [29-40]. Their diffusion has also been explored recently in
various settings [41-44].

In this work we use the accumulated knowledge on the analog
HR, on solitons, and on field theory techniques describing both of
these phenomena, to investigate the HR driven diffusion of dark
(topological) solitons in a cigar-shaped atomic BEC with a repulsive
atom-atom interaction.
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By developing an analytic approach based on effective field
theory methods, we show that a dark soliton immersed in BEC
displays a nonlinear temporal variance of its position under the in-
fluence of thermal fluctuations, corresponding to a nonlinear Brow-
nian motion. Thus, it exhibits an apparent, asymmetric diffusion
during its propagation. In particular, we find that the width and
depth of the dark soliton change in time t respectively as, t3/2T
and t=3/2/T, with T being temperature of thermal radiation. Using
these results, we propose a scheme for an indirect detection of HR
by measuring the diffusion of the soliton caused by the analog HR
emanating from a sonic black hole horizon in a moving BEC.

The proposed scheme is entirely based on the inherent non-
linearity of the BEC, and by that, it differs from previous studies.
Since the dark soliton can be regarded as a large classical parti-
cle, its diffusion should be easier to detect than it is to detect the
Hawking quanta directly.

2. The model

We consider a cigar-shaped atomic BEC with repulsive atom-
atom interaction that is trapped by the potential Vex(r) =
YM1w? (x* + y?) + w?z?], where M is the atomic mass and o, (w;)
is transverse (axial) harmonic oscillator frequency, with w; > w,.
At low energies and momenta the dynamics of such BEC can
be described by an effective Lagrangian for a space-time depen-
dent order parameter of the condensed state, ¥ (z,t), that can
be referred as a wave-function of the condensate. In the long-
wavelength approximation both the condensate and its fluctuations
are captured by a classical solution for ¥ (z,t) and its perturba-
tions. Below we will directly deal with the equation of motion that
follows from the effective Lagrangian, and also incorporates the
terms due to the external harmonic trap. Thus, the wave-function
¥(z,t), satisfies the Gross-Pitaevskii (GP) equation:
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where gip = 2hw, as, with as > 0 is the s-wave scattering length
determined by the quartic repulsive self-interaction term in the
effective Lagrangian [45]. The condensate solution and spectrum
of its long-wavelength perturbations (the Bogliubov spectrum of
phonons) are well known; we just emphasize for further use how
that spectrum changes when one looks at a background flow of
BEC with velocity v along the z direction
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where “+” (“—") corresponds to the phonon propagating in the +z
(—z) direction, while pg is the one-dimensional density. The sound
phase velocity at low momentum reads (w/k)g—o = Vo + Cs, where
cs = £4/21ppo/M is the sound speed in the BEC frame.

The above description does not capture the effects of finite tem-
perature. In particular, at any nonzero temperature a finite fraction
of the atoms will not be in the condensed state and will scat-
ter incoherently off the condensed atoms, leading to dissipation in
the condensate. Furthermore, thermal fluctuations will give rise to
randomness. To account for both of these effects in a parametric
way one modifies the GP equation into a stochastic GP equation
(SGPE) [47,48]
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where y =igh=X(z,t)/4 is the dissipation rate (with g =1/(kgT)
and kg the Boltzmann constant), and A=K is the Keldysh self-
energy due to the incoherent collisions between condensed and
noncondensed atoms [49]. The last term 7 parametrizes the ther-
mal fluctuation, obeying the fluctuation-dissipation relation

n(z,On*(Z,t")) =2nkgTy (z, )§(z — Z')8(t — t'),

with (---) denoting the averaging over different noise realiza-
tions. Since the BEC is highly elongated and the region of in-
terest is far away from the edges, an approximate space- and
time-independent dissipation rate can be used in the analyt-
ical treatment, i.e, we adopt the approximation y = y(0) =
3MkpTa2/(wh?) [50].

For convenience of later calculations, we rewrite the SGPE (1)
into the dimensionless form
OF _ -8 19 Q2
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where T = w,t, { = lIlz, g =2a5p9, F = ¢efﬂf—il<o;+i&>0r/m'
Q=w,/w, <1, i =u/(hwy), and A = nelAT—kol+HooT /(hg) ),
with [} = /h/(Mw,) being the transverse harmonic-oscillator
length, IEO =kol, being the flow wavenumber, and @y = wo/w.
[wo=M v(z) /(2h)] the flow frequency. The correlator of the dimen-
sionless fluctuation fields reads (A*(¢, T)A(L', T")) =2kgTyS8(¢ —
8t =)/ (hew?).

If y, Q, A vanish, then the dimensionless SGPE (2) admits an
exact dark soliton solution [51]

F=+/(fi —1)/g(cos¢otanh Z + i sin ¢p),
with Z = /[t — 1cosgol¢ — (ko + /[t — 1singg)T — &o]. Here, &o

denotes the initial position of the soliton center and ¢ (|¢o| <
m/2) is a phase characterizing the blackness (the difference be-
tween the minimum soliton intensity and the background inten-
sity) as [(ft — 1)/g]cos? ¢, its width 3.3/(\/ft — 1 cos¢g), and its
velocity ko + /L — 15sin ¢o.

In the next section we will consider small but nonzero y, €,
and A, and their effects on the soliton.

3. Diffusion of the soliton

We start by looking for analytical results on soliton diffusion,
to get a clear physical picture and then to compare with numer-
ical simulations. Starting with the SGPE (1) in a weak nonlinear
regime a stochastic Korteweg-de Vries (KdV) equation can be de-
rived by using the multi-scale method developed in Ref. [52]; the
result reads as follows:
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where £ =¢ — (I~<0 +Cs)T and u = Fexp(—ip) — ug [46]. The first
term on the right hand side of Eq. (3) results from the thermal
fluctuation; the second term, R, comes from the higher-order ef-
fects - e.g., the high-order thermal fluctuations, higher-order dis-
persion and nonlinearity, the trapping potential along the z di-
rection, etc. — which are all small and neglected in the analytical
treatment, but will be included in our numerical simulations.

If A is set to zero, then Eq. (3) admits an exact dark soliton

solution u = —Agsech?[v/262Ag/ug(Z + EAoT /ug — £o)], where Ag
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is a positive constant characterizing the amplitude of the soliton.
In the leading-order approximation the dark soliton solution of
Eq. (3) can be expressed as

F(¢,7)=ug [1 — Agsech? < 2632\0X>] e’

with Ag = Ao/uo, X = ¢ — [ko + &(1 — Ag)lT — 4o, and ¢ =

—\/Tz%tanh(,/ZEEAOX). We should note that: (i) only the small-
amplitude dark solitons can be described by the KdV equation;
(ii) dark solitons can be at rest in the lab frame if I~<0 +&(1—Ag) =
0, which can only be satisfied if there is a background flow (i.e.
ko #0).

If the thermal fluctuations are weak enough (A « 1), the first
term on the right hand side of Eq. (3) can be treated as a small
perturbation. Thus, its effect on the dark soliton can be studied by
perturbing the non-perturbative soliton solution [53]; this leads to

the following perturbed solution

[~ C
u=—(Ap+ ~/2A0W1)sech2 [( 202A0 + —SW1> X
Juo
+W>], (4)
with Wy = [1/2Ju0)] [, dt’ [ ds A tanhssech®s, and W, =

(@Ao/ug) [ dv’ [T dt” [*°_ds Atanhssech®s — [1/(2ugy/2A0)] x
o dt’ [°2_ds A(ssinhs — coshs)/ cosh®s.

In what follows we’ll be interested in the long-time behavior of
the dark soliton under the influence of the thermal fluctuations. To
this end, we compute the ensemble average (u), and consider the
case of T > 1. Following the method of Ref. [54], and using the
relations (W?) = udAgo /(15¢8), (W1 W3) = 2udAgAoo?/(15C8),
and (W3) = uAgo /(15CH[(30 4+ 72)/(24A0) + 4A202], we obtain
the asymptotic solution for t > 1

(5)
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where Ag = 2kgTy/(hw?) o« T2. From Eq. (5) we see that for a
long-time diffusion, the width of the dark soliton grows as t3/2T
while the blackness decreases as 1/(t3/2T). Even though the soli-
ton gets deformated because of the diffusion, the area enclosed by
its shape-function remains constant.

The obtained soliton diffusion is due to its Brownian motion
induced by the thermal fluctuation in the BEC. From the solu-
tion (4), we can easily extract the time dependence of the posi-
tion of the center of the soliton, ¢ps = o + [IEO + (1 — Ag)]t —
JUuoWs/[E(/2A0 + W1)]. From this, we can calculate the vari-
ance of the position, D(zps) = ((¢ps — (¢ps))?), which reads

D N —

(¢ps) N
We see that for small t, D({ps) « 7, in accordance with the Ein-
stein relation for Brownian motion [55]; however for larger 7,
D(¢ps) o T3, that is, the dark soliton displays a nonlinear time-
variance of its position, which can be regarded as a nonlinear
Brownian motion. Furthermore, in contrast with the Einstein rela-
tion where the diffusion coefficient o< 1/y, here D(¢ps) o ¥ since
the dark soliton has a negative mass [43,44].

Having the theoretical part clarified we adopt realistic param-
eters based on a recent experiment reported in Ref. [33], where
a cigar-shaped almost pure 87Rb BEC of N ~ 5 x 10* atoms in
the (5251/2, F =1, mp = —1) state was prepared, with (o, w;) =

1 (30+72 1 2.,
——— ———— + AT’ | Agt. 6
( 5 162 + 1540 ) 0 (6)
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Fig. 1. (a): Dimensionless density |¢|%/00 as a function of z/l; and w, t, obtained
for the initial position ¢o = 0, phase ¢o ~ —0.86 rad, and the dissipation rate y ~
0.22 x 10~* (corresponding to the temperature T & 5 nK) by numerically solving the
SGPE. Inset: Intensity of the dark soliton at t =0 (blue dashed line) and t ~ 300 ms
(red solid line). (b) and (c): Dark soliton’s width (red squares) and blackness (black
circles) as functions of w, t for T ~5 nK (b) and as functions of T for t ~ 600 ms
(c). Error bars indicate the standard deviation from the mean value for 50 runs.
The red dashed (black dashed-dotted) lines stand for the asymptotic behavior of
the dark soliton’s width (blackness) predicted by Eq. (5). (d): The variance of the
position of the center of the dark soliton, D(¢{ps), as a function of w,t obtained
from the numerical simulation (red triangles) and from the analytic prediction (6)
(black solid line). Left lower inset: D(¢ps) (black solid line) and its linear part (blue
dashed line) in the range of 0 < w t < 5. Right upper inset: The dependence of ¢ps
on T for t ~600 ms.

27 x {133,5.9} Hz and the peak density around 5.8 x 10" cm—3.
Furthermore, the velocity of the background flow is taken to be
vo~ 0.7 mms~!, and the temperature of the BEC is assumed to
be T ~ 5 nK (which is much lower than the critical temperature
of one-dimensional BEC, T, = Nhw;/[In(2N)kg] ~ 1.2 uK [56]).
With the above parameters at hand, one calculates [; ~ 1 pum,
cs~40.8 mms~!, and y 2 0.22 x 1074,

To test the obtained analytical results, we solve the SGPE nu-
merically by using the spectral method together with the fourth-
order Runge-Kutta method for time stepping. The numerical evolu-
tion of a typical dark soliton is shown in Fig. 1(a), with the initial
position and phase respectively taken as o =0 and ¢g9 ~ —0.86
rad (the initial blackness and width are approximately 0.6 and
4.3, respectively). Fig. 1(b) shows the width (red squares) and the
blackness (black circles) of the dark soliton as functions of T for
T ~ 5 nK, obtained by averaging over 50 runs of independent
noise realizations. The respective analytic curves obtained are also
shown by the red dashed and black dashed-dotted lines, respec-
tively. We see that the numerical results agree with the analytic
ones for large T, however, a disagreement occurs for small t since
the asymptotic solution (5) is valid only in the long-time regime
(i.e. T > 1). Fig. 1(c) shows the same quantities as functions of T
for T =500 (t ~ 600 ms). Since T > 1, the numerical results agree
well with the analytic predictions in the entire range of T.

The dependence of D(¢ps) on t is illustrated in Fig. 1(d), where
the red triangles are obtained from the numerical calculation and
the black solid line is the analytic result (6). One can see that
the numerical and analytic results are matched quite well. The
left lower inset of the figure shows D(¢ps) (black solid line) and
its linear part (blue dashed line) in the range of 0 < t <5. One
sees that they are matched only for a very short time, 0 <7 <2
(0 <t £2.4 ms). Thus, for a long-time behavior, the dark soliton
displays a nonlinear Brownian motion instead of a linear one. The
dependence of ¢ps on T for T =500 (t ~ 600 ms) is also given, as
shown in the right-upper inset.
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Fig. 2. (a): The setup scheme for mimicking sonic black hole, with notations defined
in the text. (b) and (c): Bogoliubov spectrum of the linear excitations (phonons)
on the background flow in the upstream (a) and downstream (b) of the BEC. The
Mach number in the upstream (downstream) is my = vou/Icsul 03 <1 (mg =
Vod/ICs.dl = 2.3 > 1). Red dashed-dotted lines denote the slope (sound speed) of
long-wavelength phonon excitation near k = 0. “in” and “out” denote in-going and
out-going directions with respect to the black hole horizon, respectively.

4. Detection on analogue HR via soliton diffusion

We now turn to demonstrate that the measurement of the dark
soliton diffusion might be an effective technique to detect the ana-
logue HR in the BEC. To this end, we assume that the background
flow in the BEC is generated along the z direction; this can be re-
alized by, say, adiabatically accelerating the trapping potential in
the z direction until the BEC reaches a constant velocity vg [25].
The near-horizon geometry of an analogue sonic black hole can
be mimicked by a transition region from a subsonic to super-
sonic background flow [see Fig. 2(a)]. If the central position of the
horizon is at z =0, the upstream (downstream) of the BEC cor-
responds to the region z < 0 (z > 0), where the flow is subsonic
(supersonic). The analog HR is a thermal radiation of the phonons
emanating from the analog horizon. Since the background flow is
supersonic in the downstream region, and the phonons cannot es-
cape from it, that region can be regarded as the interior of an
analog black hole.

In practice, to create a horizon of the analogue black hole, we
assume there is a stationary, step-like change of the radial confine-
ment of the trapping potential, i.e. w; =w, , for z<0and w; =
w] 4 for z> 0, with o, , < w, 4 (hereafter, subscripts “u” and “d”
refer to the upstream and downstream, respectively). Accordingly,
the transverse harmonic-oscillator length in the upstream (down-
stream) is |y = /fi/(Mw_ y) (11 ¢ =/h/(Mw] q4)). The quantities
in the upstream and downstream regions can be related to one an-
other by the mass-current conservation and the condition of equal
chemical potential in the whole BEC [17]: pouVou = podVod, and
My2, +hwLu+ gipupou =% v3,+hw) 4+ gip.dPod, respectively,
with gip,y =2hw yas and gip g = 2hw, 4as.

The sonic black hole requires that vo, < |5y and vog > [Csdl,
where the sound speeds in the upstream (downstream) is ¢, =
+/g1p,upou/M (cs,g = £,/g1p,aPoa/M). For a simple case with
Vou = |csul —u and vog = |cs gl +u (0 < u K cs,ul, Ics,al), the ana-
logue Hawking temperature is determined by the velocity gradient
(see, e.g., [25])

] hu
Th~s—— |- (v—c)| " —/—,
JTkBlo
where lp = i/(M|cs]) is the healing length. The latter is assumed
to be the shortest length scale in the hydrodynamical limit where
the wavelength of the Bogoliubov excitations are much longer than
lo [57].

o
w

For the numerical calculations, we take a; = 94.8ap, @, y
2w x 133 Hz (I, = 094 ym), w; 4 =27 x 140 Hz (I; 4
0.91 pm), poy 2 1.0 x 108 cm™!, vg, = 0.25 mms~!, and cs
+0.78 mms~'. With the above parameters we get pog ~ 2.67 x
10° cm™!, vog = 0.94 mms~!, and cs4 &~ £0.41 mms~!. Thus,
the Mach number in the upstream (downstream) reads: m, =
Vou/lCs,ul 0.3 <1 (mg = voq/lcsal 23 >1), ux05 mms~!,
and the Hawking temperature Ty ~ 1.4 nK.

Fig. 2(b) and Fig. 2(c) show the Bogoliubov spectrum in the
upstream and downstream regions, respectively. We see that long-
wavelength excitations in the upstream are able to propagate in
both directions, i.e., they’d be in-going and out-going with respect
to the horizon. However, they are dragged away by the background
flow and are unable to propagate back to the black hole horizon in
the downstream, i.e. they can only propagate along the out-going
direction with respect to the horizon. The minimum wavelength
of the trapped, long-wavelength excitations in the downstream is
approximately 5.5 pm.

Since the system is essentially one-dimensional, we assume
that a uniform density region will quickly equilibrate at the Hawk-
ing temperature Ty, as long as the latter is higher than the ambi-
ent temperature of the BEC. Once this happens, a dark soliton will
be injected in the upstream region, somewhat close to the horizon,
but in a way for it not to back-react on the analog horizon signifi-
cantly; this can be done by employing the known phase-imprinting
laser field [33], allowing to precisely set the soliton position, black-
ness, and velocity.

If Ty is higher than the temperature of all other reservoirs that
may exist, the dark soliton will behave as a nonlinear Brownian
particle due to the influence of the HR, as detailed in the previous
section. Note that the coolest BEC realized up to now can have
temperatures as low as ~ 10 pK [58]. In such setups the role of
the BEC thermal fluctuations will indeed be negligible and only the
HR will remain responsible for the soliton diffusion. Furthermore,
since the dark soliton is set with zero initial velocity [when taking
Ag = koy/Esu +1~0.24 (Gsy <0)] and a small amplitude, it is
“slow”, and hence sensitive to the influence of the HR.

Last but not least, we perform the numerical simulation of the
entire process of detection of the analogue HR. In the simulation,
we first let the BEC (with the length ~ 500 pm and a background
flow velocity vg =0.25 mms~—!) to undergo the change in the ra-
dial confinement at z =0, enabling the emergence of the analogue
black hole horizon [Fig. 3(a)]. As soon as the uniform density re-
gion reaches the horizon, a dark soliton with zero initial velocity
is injected in the upstream (we set this time as t = 0) [Fig. 3(b)].
Shown in Fig. 3(c) and Fig. 3(d) are numerical results on the HR-
induced-diffusion of the dark soliton at T ~ 300 (t ~ 359 ms) and
T ~ 600 (t ~ 718 ms), respectively. From Fig. 3(c), we see that the
soliton width (blackness) has increased (decreased) by nearly 1.5
times as compared with the initial values. These changes are in
good agreement with the results given in Fig. 2(b), and should be
possible to measure in a realistic experiment (see the third panel
in the middle row of Fig. 3). In Fig. 3(d), an asymmetric soliton dif-
fusion is observed. Specifically, we measure the distance between
the soliton center and its left (right) “edge”, denoted by &1 (82).
We find that 81/8 & 1.3 > 1 (the last panel in the lower row of
Fig. 3). Such an asymmetric soliton diffusion might be caused by
the inhomogeneous density of the BEC along the longitudinal di-
rection or by an asymmetry in the pressure acting on the soliton
due to the HR. Furthermore, we calculate the velocity of the whole
BEC (i.e. the velocity of the center-of-mass of the BEC), vggc, at
different times, and the influence of the HR is also calculated (see
the first panel of the lower row in Fig. 3). One can see that vggc
increases from the value of the background flow velocity in the
upstream to that in the downstream. Our simulation confirms that

QX
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Fig. 3. The scheme for detecting the analogue HR in the BEC. (a): A cigar-shaped
BEC (with length ~ 500 pm and flow velocity vo = 0.25 mms~') passes over the
change of radial confinement at z = 0, allowing the occurrence of the black hole
horizon and the analogue HR. (b): When the uniform density region of the BEC
reaches the horizon t =0, a dark soliton is generated in the upstream. (c) and (d):
The diffusion of the dark soliton due to the influence of the HR at w, ,t =300
(t ~ 359 ms) (c) and 600 (t ~ 718 ms) (d), respectively. Middle row: Dimensionless
density |¢|2/poy along the z direction, corresponding to (a)-(d), where the white
and shaded regions denote the upstream and the downstream, respectively. Lower
row: The first panel shows the velocity of the whole BEC at w, 4t = —300, 0, 300,
600, and 900 (t ~ —359, 0, 359, 718, and 1077 ms). The rest panels zoom in the
dark solitons. 8; (82) in the last panel denotes the distance between the soliton
center and its left (right) border.

the dark soliton propagation in BEC is robust, and the soliton has
the lifetime longer than 718 ms.

5. Conclusion

The Hawking radiation is one of the intriguing long studied
quantum phenomenon in a classical background field of a black
hole. Its detection in any realistic astrophysical context is unlikely.
The analog Hawking radiation is governed by the mathematical
equations that are identical to those used in the Hawking calcula-
tion. Therefore, it is interesting to study the analog HR in table-top
experimental systems where it can be potentially detected directly
or indirectly.

In this work the analog HR emanating from a sonic black hole
horizon formed in a cigar-shaped Bose-Einstein condensate was in-
vestigated. In particular, we studied the effect of HR on a dark
(topological) soliton. We showed that under the thermal HR the
dark soliton in the BEC would display a nonlinear Brownian motion
resulting in a specific asymmetric diffusion. We performed numer-
ical simulations of this process and based on the obtained results
argued that the analog HR can be detected indirectly through the
measurement of the dark soliton diffusion.

Our scheme is complementary to the previous proposals (see
works [14-17,28]) that are based on the measurements of the cor-
relation between a pair of Hawking quanta. The method proposed
and developed here may be extended to study the stochastic dy-
namics of other nonlinear waves [59] and other analogue gravity
problems [60-68].

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (NSFC) under Grants Nos. 11474099 and 11475063,
National Key Research and Development Program of China under
Grant No. 2017YFA0304201, Shanghai Program of Shanghai Aca-

demic Research Leader under Grant No. 17XD1401500, and the US
National Science Foundation under Grant No. PHY-1620039.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.physletb.2019.04.008.

References

[1] S.W. Hawking, Black hole explosions?, Nature (London) 248 (1974) 30;
S.W. Hawking, Particle creation by black holes, Commun. Math. Phys. 43 (1975)
199.

[2] D. Marolf, The black hole information problem: past, present, and future, Rep.
Prog. Phys. 80 (2017) 092001.

[3] W.G. Unruh, Experimental black-hole evaporation?, Phys. Rev. Lett. 46 (1981)
1351.

[4] T.A. Jacobson, G.E. Volovik, Event horizons and ergoregions in 3He, Phys. Rev.
D 58 (1998) 064021.

[5] U. Leonhardt, P. Piwnicki, Relativistic effects of light in moving media with ex-
tremely low group velocity, Phys. Rev. Lett. 84 (2000) 822.

[6] U. Leonhardt, A laboratory analogue of the event horizon using slow light in
an atomic medium, Nature 415 (2002) 406.

[7] W.G. Unruh, R. Schiitzhold, On slow light as a black hole analogue, Phys. Rev.
D 68 (2003) 024008.

[8] R. Schiitzhold, W.G. Unruh, Hawking radiation in an electromagnetic waveg-
uide?, Phys. Rev. Lett. 95 (2005) 031301.

[9] T.G. Philbin, C. Kuklewicz, S. Robertson, S. Hill, F. Kénig, U. Leonhardt, Fiber-
optical analog of the event horizon, Science 319 (2008) 1367.

[10] M. Elazar, V. Fleurov, S. Bar-Ad, All-optical event horizon in an optical analog
of a Laval nozzle, Phys. Rev. A 86 (2012) 063821.

[11] LJ. Garay, J.R. Anglin, J.I. Cirac, P. Zoller, Sonic analog of gravitational black
holes in Bose-Einstein condensates, Phys. Rev. Lett. 85 (2000) 4643.

[12] S. Wiister, C.]M. Savage, Limits to the analog Hawking temperature in a Bose-
Einstein condensate, Phys. Rev. A 76 (2007) 013608.

[13] P. Jain, AS. Bradley, CW. Gardiner, Quantum de Laval nozzle: stability and
quantum dynamics of sonic horizons in a toroidally trapped Bose gas contain-
ing a superflow, Phys. Rev. A 76 (2007) 023617.

[14] 1. Carusotto, S. Fagnocchi, A. Recati, R. Balbinot, A. Fabbri, Numerical observa-
tion of Hawking radiation from acoustic black holes in atomic Bose-Einstein
condensates, New J. Phys. 10 (2008) 103001.

[15] R. Balbinot, A. Fabbri, S. Fagnocchi, A. Recati, I. Carusotto, Non-local density
correlations as signal of Hawking radiation in BEC acoustic black holes, Phys.
Rev. A 78 (2008) 021603.

[16] A. Recati, N. Pavloff, I. Carusotto, Bogoliubov theory of acoustic Hawking radia-
tion in Bose-Einstein condensates, Phys. Rev. A 80 (2009) 043603.

[17] P-E. Larré, A. Recati, I. Carusotto, N. Pavloff, Quantum fluctuations around black
hole horizons in Bose-Einstein condensates, Phys. Rev. A 85 (2012) 013621.

[18] D.D. Solnyshkov, H. Flayac, G. Malpuech, Black holes and wormbholes in spinor
polariton condensates, Phys. Rev. B 84 (2011) 233405.

[19] D. Gerace, 1. Carusotto, Analog Hawking radiation from an acoustic black hole
in a flowing polariton superfluid, Phys. Rev. B 86 (2012) 144505.

[20] S. Giovanazzi, Hawking radiation in sonic black holes, Phys. Rev. Lett. 94 (2005)
061302.

[21] B. Horstmann, B. Reznik, S. Fagnocchi, J.I. Cirac, Hawking radiation from an
acoustic black hole on an ion ring, Phys. Rev. Lett. 104 (2010) 250403.

[22] F. Belgiorno, S.L. Cacciatori, M. Clerici, V. Gorini, G. Ortenzi, L. Rizzi, E. Rubino,
V.G. Sala, D. Faccio, Hawking radiation from ultrashort laser pulse filaments,
Phys. Rev. Lett. 105 (2010) 203901.

[23] G. Rousseaux, C. Mathis, P. Maissa, T.G. Philbin, U. Leonhardt, Observation of
negative-frequency waves in a water tank: a classical analogue to the Hawking
effect?, New ]. Phys. 10 (2008) 053015.

[24] S. Weinfurtner, E.W. Tedford, M.CJ. Penrice, W.G. Unruh, G.A. Lawrence, Mea-
surement of stimulated Hawking emission in an analogue system, Phys. Rev.
Lett. 106 (2011) 021302.

[25] O. Lahav, A. Itah, A. Blumkin, C. Gordon, S. Rinott, A. Zayats, ]. Steinhauer, Real-
ization of a sonic black hole analogue in a Bose-Einstein condensate, Phys. Rev.
Lett. 105 (2010) 240401.

[26] ]. Steinhauer, Observation of self-amplifying Hawking radiation in ananalogue
black-hole laser, Nat. Phys. 10 (2014) 864.

[27] D. Boiron, A. Fabbri, P-E Larré, N. Pavloff, C.I. Westbrook, P. Zifi, Quantum sig-
nature of analog Hawking radiation in momentum space, Phys. Rev. Lett. 115
(2015) 025301.

[28] ]. Steinhauer, Observation of quantum Hawking radiation and its entanglement
in an analogue black hole, Nat. Phys. 12 (2016) 959.

[29] S. Burger, K. Bongs, S. Dettmer, W. Ertmer, K. Sengstock, A. Sanpera, G.V.
Shlyapnikov, M. Lewenstein, Dark solitons in Bose-Einstein condensates, Phys.
Rev. Lett. 83 (1999) 5198.


https://doi.org/10.1016/j.physletb.2019.04.008
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4861776B696E67s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4861776B696E67s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4861776B696E67s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4D61726F6C66s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4D61726F6C66s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib556E72756830s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib556E72756830s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61636F62736F6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61636F62736F6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C656F6E686172647430s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C656F6E686172647430s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C656F6E686172647431s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C656F6E686172647431s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib556E72756831s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib556E72756831s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53636875747A686F6C64s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53636875747A686F6C64s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5068696C62696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5068696C62696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib456C617A6172s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib456C617A6172s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4761726179s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4761726179s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib577573746572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib577573746572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib43617275736F74746Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib43617275736F74746Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib43617275736F74746Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42616C62696E6F74s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42616C62696E6F74s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42616C62696E6F74s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib526563617469s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib526563617469s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C61727265s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C61727265s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib536F6C6E7973686B6F76s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib536F6C6E7973686B6F76s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib476572616365s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib476572616365s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib47696F76616E617A7A69s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib47696F76616E617A7A69s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib486F7273746D616E6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib486F7273746D616E6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42656C67696F726E6Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42656C67696F726E6Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42656C67696F726E6Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib526F75737365617578s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib526F75737365617578s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib526F75737365617578s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5765696E667572746E657231s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5765696E667572746E657231s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5765696E667572746E657231s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C61686176s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C61686176s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4C61686176s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib537465696E686175657230s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib537465696E686175657230s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib426F69726F6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib426F69726F6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib426F69726F6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib537465696E686175657231s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib537465696E686175657231s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib427572676572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib427572676572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib427572676572s1

C. Hang et al. / Physics Letters B 793 (2019) 390-395 395

[30] J. Denschlag, J.E. Simsarian, D.L. Feder, CW. Clark, L.A. Collins, ]J. Cubizolles, L.
Deng, E.W. Hagley, K. Helmerson, W.P. Reinhardt, S.L. Rolston, B.I. Schneider,
W.D. Phillips, Generating solitons by phase engineering of a Bose-Einstein con-
densate, Science 287 (2000) 97.

[31] L. Khaykovich, F. Schreck, G. Ferrari, T. Bourdel, ]. Cubizolles, L.D. Carr, Y. Castin,
C. Salomon, Formation of a matter-wave bright soliton, Science 296 (2002)
1290.

[32] KE. Strecker, G.B. Partridge, A.G. Truscott, R.G. Hulet, Formation and propaga-
tion of matter-wave soliton trains, Nature (London) 417 (2002) 150.

[33] S. Stellmer, C. Becker, P. Soltan-Panahi, E.-M. Richter, S. Dérscher, M. Baumert,
J. Kronjager, K. Bongs, K. Sengstock, Collisions of dark solitons in elongated
Bose-Einstein condensates, Phys. Rev. Lett. 101 (2008) 120406.

[34] J.H.V. Nguyen, P. Dyke, D. Luo, B.A. Malomed, R.G. Hulet, Collisions of matter-
wave solitons, Nat. Phys. 10 (2014) 918;

J.H.V. Nguyen, D. Luo, R.G. Hulet, Formation of matter-wave soliton trains by
modulational instability, Science 356 (2017) 422.

[35] P.O. Fedichev, A.E. Muryshev, G.V. Shlyapnikov, Dissipative dynamics of a kink
state in a Bose-condensed gas, Phys. Rev. A 60 (1999) 3220.

[36] A. Muryshev, G.V. Shlyapnikov, W. Ertmer, K. Sengstock, M. Lewenstein, Dy-
namics of dark solitons in elongated Bose-Einstein condensates, Phys. Rev. Lett.
89 (2002) 110401.

[37] S. Sinha, A.Y. Cherny, D. Kovrizhin, ]. Brand, Frictionand diffusion of matter-
wave bright solitons, Phys. Rev. Lett. 96 (2006) 030406.

[38] B. Jackson, N.P. Proukakis, C.F. Barenghi, Dark-soliton dynamics in Bose-Einstein
condensates at finite temperature, Phys. Rev. A 75 (2007) 051601.

[39] S.P. Cockburn, H.E. Nistazakis, T.P. Horikis, P.G. Kevrekidis, N.P. Proukakis, D.J.
Frantzeskakis, Matter-wave dark solitons: stochastic versus analytical results,
Phys. Rev. Lett. 104 (2010) 174101;

S.P. Cockburn, H.E. Nistazakis, T.P. Horikis, P.G. Kevrekidis, N.P. Proukakis, D.].
Frantzeskakis, Fluctuating and dissipative dynamics of dark solitons in quasi-
condensates, Phys. Rev. A 84 (2011) 043640.

[40] D.K. Efimkin, V. Galitski, Moving solitons in a one-dimensional fermionic su-
perfluid, Phys. Rev. A 91 (2015) 023616.

[41] R.G. McDonald, A.S. Bradley, Brownian motion of a matter-wave bright soli-
ton moving through a thermal cloud of distinct atoms, Phys. Rev. A 93 (2016)
063604.

[42] D.K. Efimkin, J. Hofmann, V. Galitski, Non-Markovian quantum friction of bright
solitons in superfluids, Phys. Rev. Lett. 116 (2016) 225301.

[43] LM. Aycock, H.M. Hurst, D.K. Efimkin, D. Genkina, H-I. Lu, V.M. Galitski, L.B.
Spielman, Brownian motion of solitons in a Bose-Einstein condensate, Proc.
Natl. Acad. Sci. USA 114 (2017) 2503.

[44] H.M. Hurst, D.K. Efimkin, I.B. Spielman, V. Galitski, Kinetic theory of dark soli-
tons with tunable friction, Phys. Rev. A 95 (2017) 053604.

[45] CJ. Pethick, H. Smith, Bose-Einstein Condensation in Dilute Gases, Cambridge
Univ. Press, Cambridge, U. K., 2008.

[46] For more detail, see the Supplementary Material of this article.

[47] H.T.C. Stoof, Coherent versus incoherent dynamics during Bose-Einstein con-
densation in atomic gases, J. Low Temp. Phys. 114 (1999) 11-108;

H.T.C. Stoof, M.J. Bijlsma, Dynamics of fluctuating Bose-Einstein condensates, J.
Low Temp. Phys. 124 (2001) 431-442.

[48] C.W. Gardiner, J.R. Anglin, T.LA. Fudge, The stochastic Gross-Pitaevskii equation,
J. Phys. B 35 (2003) 1555;

C.W. Gardiner, M. Davis, The stochastic Gross-Pitaevskii equation: I, J. Phys. B
36 (2003) 4731.

[49] N.P. Proukakis, B. Jackson, Since the BEC temperature is very low, the ther-

mal cloud consists of only low-energy modes, which are assumed to be highly

occupied, and hence the system is near equilibrium and the classical field de-
scription is valid, J. Phys. B, At. Mol. Opt. Phys. 41 (2008) 203002.

[50] A.A. Penckwitt, RJ. Ballagh, C.W. Gardiner, Nucleation, growth and stabilization
of Bose-Einstein condensate vortex lattices, Phys. Rev. Lett. 89 (2002) 260402.

[51] DJ. Frantzeskakis, Dark solitons in atomic Bose-Einstein condensates - from
theory to experiments, J. Phys. A, Math. Theor. 43 (2010) 213001.

[52] G. Huang, M.G. Velarde, V.A. Makarov, Dark solitons and their head-on colli-
sions in Bose-Einstein condensates, Phys. Rev. A 64 (2001) 013617;

G. Huang, J. Szeftel, S. Zhu, Dynamics of dark solitons in quasi-one-dimensional
Bose-Einstein condensates, Phys. Rev. A 65 (2002) 053605.

[53] R.L. Herman, A direct approach to studying soliton perturbations, J. Phys. A,
Math. Gen. 23 (1990) 2327.

[54] M. Wadati, Stochastic KdV equation, J. Phys. Soc. Jpn. 52 (1983) 2642;

M. Wadati, Y. Akutsu, Stochastic KdV equation with and without damping, J.
Phys. Soc. Jpn. 53 (1984) 3342.

[55] A. Einstein, Uber die von der molekularkinetischen Theorie der Wairme
geforderte Bewegung von in ruhenden Fliissigkeiten suspendierten Teilchen,
Ann. Phys. 332 (1905) 549-560.

[56] W. Ketterle, N.J. van Druten, Bose-Einstein condensation of a finite number of
particles trapped in one or three dimensions, Phys. Rev. A 54 (1996) 656.

[57] Since temperature T is very low, only long wavelength phonons can be signif-
icantly excited in the system.

[58] T. Kovachy, ].M. Hogan, A. Sugarbaker, S.M. Dickerson, C.A. Donnelly, C. Over-
street, M.A. Kasevich, Matter wave lensing to Picokelvin temperatures, Phys.
Rev. Lett. 114 (2015) 143004.

[59] V.V. Konotop, L. Vazquez, Nonlinear Random Waves, World Scientific, 1994.

[60] J.-C. Jaskula, G.B. Partridge, M. Bonneau, R. Lopes, J. Ruaudel, D. Boiron, C.I.
Westbrook, Acoustic analog to the dynamical Casimir effect in a Bose-Einstein
condensate, Phys. Rev. Lett. 109 (2012) 220401.

[61] C.-L. Hung, V. Gurarie, C. Chin, From cosmology to cold atoms: observation
of Sakharov oscillations in a quenched atomic superfluid, Science 341 (2013)
1213.

[62] UR. Fischer, R. Schiizhold, Quantum simulation of cosmic inflation in two-
component Bose-Einstein condensates, Phys. Rev. A 70 (2004) 063615;

S. Chd, U.R. Fischer, Probing the scale invariance of the inflationary power spec-
trum in expanding quasi-two-dimensional dipolar condensates, Phys. Rev. Lett.
118 (2017) 130404.

[63] M. Uhlmann, Y. Xu, R. Schiizhold, Aspects of cosmic inflation in expanding
Bose-Einstein condensates, New ]. Phys. 7 (2005) 248.

[64] P.O. Fedichev, U.R. Fischer, Gibbons-Hawking effectin the sonic de Sitter space-
time of an expanding Bose-Einstein-condensed gas, Phys. Rev. Lett. 91 (2003)
240407.

[65] C. Barceld, S. Liberati, M. Visser, Probing semiclassical analog gravity in Bose-
Einstein condensates with widely tunable interactions, Phys. Rev. A 68 (2003)
053613.

[66] S. Weinfurtner, P. Jain, M. Visser, C.W. Gardiner, Cosmological particle pro-
duction in emergent rainbow spacetimes, Class. Quantum Gravity 26 (2009)
065012.

[67] S. Finazzi, S. Liberati, L. Sindoni, Cosmological constant: a lesson from Bose-
Einstein condensates, Phys. Rev. Lett. 108 (2012) 071101.

[68] O. Fialko, B. Opanchuk, A.L. Sidorov, P.D. Drummond, ]. Brand, Fate of the false
vacuum: towards realization with ultra-cold atoms, Europhys. Lett. 110 (2015)
56001.


http://refhub.elsevier.com/S0370-2693(19)30240-0/bib44656E7363686C6167s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib44656E7363686C6167s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib44656E7363686C6167s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib44656E7363686C6167s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B6861796B6F76696368s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B6861796B6F76696368s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B6861796B6F76696368s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53747265636B6572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53747265636B6572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5374656C6C6D6572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5374656C6C6D6572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5374656C6C6D6572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4E677579656Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4E677579656Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4E677579656Es2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4E677579656Es2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4665646963686576s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4665646963686576s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4D75727973686576s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4D75727973686576s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4D75727973686576s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53696E6861s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53696E6861s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61636B736F6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61636B736F6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib436F636B6275726Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib436F636B6275726Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib436F636B6275726Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib436F636B6275726Es2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib436F636B6275726Es2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib436F636B6275726Es2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4566696D6B696E30s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4566696D6B696E30s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4D63446F6E616C64s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4D63446F6E616C64s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4D63446F6E616C64s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4566696D6B696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4566696D6B696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4179636F636Bs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4179636F636Bs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4179636F636Bs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4875727374s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4875727374s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5065746869636Bs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5065746869636Bs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53746F6F66s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53746F6F66s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53746F6F66s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib53746F6F66s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib47617264696E6572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib47617264696E6572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib47617264696E6572s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib47617264696E6572s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib6E6F7465303030s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib6E6F7465303030s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib6E6F7465303030s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib6E6F7465303030s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib50656E636B77697474s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib50656E636B77697474s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4672616E747As1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4672616E747As1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4875616E67s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4875616E67s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4875616E67s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4875616E67s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4865726D616Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4865726D616Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib576164617469s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib576164617469s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib576164617469s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib45696E737465696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib45696E737465696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib45696E737465696Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B65747465726C65s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B65747465726C65s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B6F7661s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B6F7661s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B6F7661s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4B6F6E6F746F70s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61736B756C61s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61736B756C61s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4A61736B756C61s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib48756E67s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib48756E67s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib48756E67s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib46697363686572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib46697363686572s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib46697363686572s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib46697363686572s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib46697363686572s2
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib55686C6D616E6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib55686C6D616E6Es1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib466564696368657630s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib466564696368657630s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib466564696368657630s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42617263656C6Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42617263656C6Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib42617263656C6Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5765696E667572746E657230s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5765696E667572746E657230s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib5765696E667572746E657230s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib46696E617A7A69s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib46696E617A7A69s1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4669616C6B6Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4669616C6B6Fs1
http://refhub.elsevier.com/S0370-2693(19)30240-0/bib4669616C6B6Fs1

	Soliton diffusion in a Bose-Einstein condensate: A signature of the analogue Hawking radiation
	1 Introduction
	2 The model
	3 Diffusion of the soliton
	4 Detection on analogue HR via soliton diffusion
	5 Conclusion
	Acknowledgements
	Appendix A Supplementary material
	References


