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Critical Velocity and Dissipation of an ultracold Bose-Fermi Counterflow

Marion Delehaye,!* Sébastien Laurent,!* Igor Ferrier-Barbut,!

Shuwei Jin,! Frédéric Chevy,! and Christophe Salomon!
! Laboratoire Kastler Brossel, ENS-PSL, CNRS, UPMC-Sorbonne Universités and Collége de France, Paris, France

We study the dynamics of counterflowing bosonic and fermionic lithium atoms. First, by tuning
the interaction strength we measure the critical velocity v. of the system in the BEC-BCS crossover
in the low temperature regime and we compare it to the recent prediction of Castin et al., Comptes
Rendus Physique, 16, 241 (2015). Second, raising the temperature of the mixture slightly above
the superfluid transitions reveals an unexpected phase-locking of the oscillations of the clouds. We
interpret this observation as resulting from a Zeno-like effect induced by dissipation.

PACS numbers: 03.75.Kk, 03.75.Ss, 37.10.Gh

Superconductivity and superfluidity are spectacular
macroscopic manifestations of quantum physics at low
temperature. Besides liquid helium 4 and helium 3, di-
lute quantum gases have emerged over the years as a ver-
satile tool to probe superfluid properties in diverse and
controlled situations. Frictionless flows have been ob-
served with both bosonic and fermionic atomic species,
in different geometries and in a large range of interac-
tion parameters from the weakly interacting Bose gas to
strongly correlated fermionic systems [1-5]. Several other
hallmarks of superfluidity such as quantized vortices or
second sound were also observed in cold atoms [6-8].

A peculiar feature of superfluid flows is the existence of
a critical velocity above which dissipation arises. In Lan-
dau’s original argument, this velocity is associated with
the threshold for creation of elementary excitations in
the superfluid: for a linear dispersion relation, it predicts
that the critical velocity is simply given by the sound ve-
locity in the quantum liquid. This critical velocity has
been measured both in superfluid helium and ultracold
atoms [1, 3-5, 9]. However the recent production of a
Bose-Fermi double superfluid [10] raised new questions
on Bose-Fermi mixtures [11-14] and interrogations on the
validity of Landau’s argument in the case of superfluid
counterflow [15-20].

In this letter, we study the dynamics of a Bose-Fermi
superfluid counterflow in the BEC-BCS crossover and at
finite temperature. We show how friction arises when
the relative velocity of the Bose and Fermi clouds in-
creases and we confirm that damping occurs only above
a certain critical relative velocity v.. We compare our
measurements to Landau’s prediction and its recent gen-
eralization v. = cf +cB where ¢’ and ¢P are the sound ve-
locities of the fermionic and bosonic components respec-
tively [16]. Finally, we study finite temperature damping
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of the counterflow and we show that the system can be
mapped onto a Caldeira-Leggett-like model [21] of two
quantum harmonic oscillators coupled to a bath of exci-
tations. This problem has been recently studied as a toy
model for decoherence in quantum networks [22] or for
heat transport in crystals [23] and we show here that the
emergence of dissipation between the two clouds leads to
a Zeno effect which locks their relative motions.

Our Bose and Fermi double-superfluid set-up was pre-
viously described in [10]. We prepare vapors of bosonic
(B) 7Li atoms spin-polarized in the second-to-lowest en-
ergy state and fermionic (F) °Li atoms prepared in a
balanced mixture of the two lowest spin states noted |1),
[4). The two species are kept in the same cigar-shaped hy-
brid magnetic-optical trap in which evaporative cooling
is performed in the vicinity of the 832 G Li Feshbach res-
onance [24]. The final number of fermions Ny = 2.5x 105
greatly exceeds that of the bosons Ng ~ 2.5 x 10* and
the temperature of the sample is adjusted by stopping
the evaporation at different trap depths. The thermal
pedestal surrounding the "Li Bose-Einstein Condensate
(BEC) provides a convenient low temperature thermome-
ter for both species after sufficiently long thermalization
time (~ 1 second). The lowest temperature achieved
in this study corresponds to almost entirely superfluid
clouds with T'/T; o= < 0.5, where Tt , is the super-
fluidity transition temperature of species a.

The magnetic field values used in the experiment
(780 — 880 G) enable us to scan the fermion-fermion in-
teraction within a range —0.5 < 1/kpar < 1. Here,
ar is the s-wave scattering length between |1) and |[)
fermions and the Fermi momentum kg is defined by
h2kZ /2mp = hw(3Np)'/? with @ the geometric mean
of the trap frequencies, and Ng the total number of
fermions of mass mg. In our shallowest traps, typical
trap frequencies for 5Li are w, = w, = 27 x 550 Hz and
w, = 2w x 17Hz. Since the bosonic and fermionic iso-
topes experience the same trapping potentials, the oscil-
lation frequencies of the two species are within a ratio

\/ﬁ ~0.9.

We excite the dipole modes of the system by displac-
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FIG. 1: Center-of-mass oscillations of bosons (blue, top) and
fermions (red, bottom), for different sets of parameters at
unitarity. Solid lines: fits using Eq.1 for the bosons and a
similar equation for the fermions. (a) T'/T¢ = 0.03, T'//Tc <
0.5, z0 = 10 um. Superfluid regime, no damping is observed
and wp = 27 x 15.41(1) Hz = 1/6/7 wr. The observed beating
at wrp — wp is due to coherent energy exchange between the
clouds. (b) T/Tr = 0.03 and zo = 150 um. For a larger initial
displacement, initial damping (v = 2.4s7') is followed by
steady-state evolution. wg = 27 x 14.2(1) Hz =~ 1/6/7 wr. (c)
T/Tr = 0.4 and zo = 80 um. At higher temperature, phase-
locking of the two frequencies is observed with wr ~ wp =
21 x 17.9(3)Hz and vp = yr = 1.4(5)s™*

ing adiabatically the centers of mass of the clouds from
their initial position by a distance zy along the weakly
confined z direction, and abruptly releasing them in the
trap. The two clouds evolve for a variable time ¢ before
in situ absorption images perpendicular to z direction
are taken. The measurement of their doubly integrated
density profiles gives access to axial positions and atom
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FIG. 2: Damping rate of the center of mass oscillations versus
maximal relative velocity in the BEC-BCS crossover in unit
of the Fermi velocity vr. Dark blue dots: BEC side (780 G)
1/krar = 0.68, red squares: unitarity (832.2G) 1/krar =
0, light blue diamonds: BCS side (8380G) 1/krar = —0.42.
Power law fits with thresholds provide the critical velocity
(Solid lines).

numbers of both species. Typical time evolutions of the
centers of mass are shown in Fig.1 for different parameter
values. Since the Bose and Fermi components oscillate
at different frequencies, they oscillate in quadrature af-
ter a few periods. By changing 2y, we can thus tune the
maximum relative velocity between the two clouds and
probe the critical superfluid counterflow.

As shown in Fig.1 a, the superfluid counterflow exhibits
no visible damping on a ~ 5s time scale for very low
temperature and small initial displacement. A striking
feature is the beat note on the 7Li oscillation amplitude
due to the coherent mean-field coupling to the 5Li cloud
[10]. For larger relative velocities, “Li oscillations are
initially damped (Fig.1 b) until a steady-state regime as
in Fig.1 a is reached. We fit the time evolution of the
cloud position using the phenomenological law

z(t) = d(t) [a cos(wpt) + bcos(wrt)], (1)
d(t) = d1 + d2 exp(—”th).

We measure the damping rate yp as a function of rel-
ative velocity for six different values of magnetic field,
exploring a large region of the crossover going from the
BCS (1/kpar = —0.42, B = 880G) to the BEC side
(1/kpar = 0.68, B = 780G), see Fig.2. For these mag-
netic field values, the Bose gas remains in the weakly
interacting (repulsive) regime and the Bose-Fermi scat-
tering length is apr =~ 4lag, constant in this magnetic
field range, and equal for both [f) and ||} spin states.

We extract the critical velocity v, using an ad-hoc
power-law fitting function v = AG(v—v.)((v—2v.)/vF)%,
where 6 is the Heaviside function and v is the Fermi ve-
locity given by vg = hkg/mp. For details see [28]. v, in
the BEC-BCS crossover is displayed in Fig.3 (red dots)
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FIG. 3: Critical velocity of the Bose-Fermi superfluid coun-
terflow in the BEC-BCS crossover normalized to the Fermi
velocity vr. Red dots: measurements. Red dot-dashed line:
sound velocity ¢ of an elongated homogeneous Fermi super-
fluid deduced from its equation of state [25, 26] and measured
in [27]. Blue bars: calculated sound velocity ¢Z of the elon-
gated "Li BEC for each magnetic field, (880G, 860 G, 832G,
816 G, 800G, 780 G). Green squares indicate the prediction
ve = & + cB. Error bars and cf are discussed in [28].

and compared to Landau’s and Castin et al. [16] pre-
dictions. In this later work, dissipation arises by cre-
ation of excitation pairs and yields a critical velocity
Ve = l\/gn (%ﬂ). In this expression, €®(p) de-
o=f,b

notes the dispersion relation of excitations in the BEC
and €& (p) refers to the two possible branches of the Fermi
superfluid, phonon-like (¢ = b) and threshold for pair
breaking excitations (o = f) [29]. For homogeneous
gases, at unitarity and on the BEC side of the crossover,
this critical relative velocity turns out to be simply the
sum of the respective sound velocities of the Bose and
Fermi superfluids, v. = ¢’ + ¢2. We thus plot in Fig.3
the calculated sound velocities of both superfluids in an
elongated geometry [25, 26, 30, 31] (red dashed line cf,
blue bars c2). Typically c? contributes ~ 20 — 25% to
the sum shown as blue dots in Fig.3. Around unitarity
and on the BCS side of the resonance, our experimental
data is consistent with this interpretation as well as with
a critical velocity v. = ¢ that one would expect by con-
sidering the BEC as a single impurity moving inside the
fermionic superfluid. By contrast, we clearly exclude the
bosonic sound velocity as a threshold for dissipation.

Our measured critical velocities are significantly higher
than those previously reported in pure fermionic systems
which, for all interaction strengths, were lower than Lan-
dau’s criterion [3, 5]. The main difference with our study
is the use of focused laser beams instead of a BEC as a
moving obstacle. In [5], the laser beam is piercing the
whole cloud including its non-superfluid part where the
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FIG. 4: Power spectrum of the oscillations for different tem-
peratures, obtained using the Lomb-Scargle algorithm of the
center-of-mass displacement. Above T' =~ Tcp ~ 0.34Ty >
T.,r, oscillations of the Bose and Fermi clouds become locked
together at wr. A value of 10 for the power represents typi-
cally a significance of 0.002 [28].

density is low, and its potential may create a strong den-
sity modulation of the superfluid. These effects make a
direct comparison to Landau criterion difficult [32]. On
the contrary, in our system the size of the BEC (Thomas
Fermi radii of 73, 3, 3 um) is much smaller than the typi-
cal size of the Fermi cloud (350, 13, 13 yum around unitar-
ity). For oscillation amplitudes up to £200 pgm the BEC
probes only the superfluid core of the fermionic cloud.
As the mean-field interaction between the two clouds is
very small [28] our BEC acts as a finite mass weakly in-
teracting probe.

On the BEC side of the resonance (780 G) however, we
observe a strong reduction of the measured critical veloc-
ity compared to the predicted values. This anomalously
small value for positive scattering lengths is consistent
with previous measurements [3, 5]. Its origin is still un-
clear but several explanations can be put forward [32].
Firstly, it is well known that vortex shedding can strongly
reduce superfluid critical velocity. However, this mecha-
nism requires a strong perturbation and the mean-field
interaction between the two clouds is probably too small
for vortex generation. Secondly, the critical velocity is
given by the sound velocity of the cloud if the disper-
sion relation is convez. For a weakly-interacting, homo-
geneous Bose gas described by the Bogoliubov mean-field
theory, this is indeed the case. However the convexity of
the low-energy dispersion relation is inverted in a con-
fined geometry [30] and this anomalous behaviour lowers
the critical velocity [33].

We now present results of experiments performed at
higher temperature (0.03 < 7/Tr < 0.5) for B = 835G.
For low temperatures (T/TF < 0.2), the two clouds re-



main weakly coupled and, as observed in the power spec-
trum of Fig.4, the bosonic and fermionic components os-
cillate at frequencies in the expected ratio ~ 0.9 ~ /6/7.
A new feature emerges for ' 2 Tc g =~ 0.34T% > Top
where both gases are in the normal phase. In this “high”
temperature regime, the two clouds are locked in phase:
"Li oscillates at °Li frequency (Fig.4) and the two com-
ponents are equally damped (Fig.1.c). This remarkable
behavior can be understood as a Zeno effect arising from
the increased dissipation between the two components.
Indeed the system can be described as a set of two har-
monic oscillators describing respectively the macroscopic
motion of the global center of mass of the system (Kohn’s
mode [34]) and the relative motion of the two clouds [28].
These two degrees of freedom are themselves coupled to
the “bath” of the internal excitations of the two clouds
(breathing mode, quadrupole modes, pair breaking exci-
tations...).

In the spirit of the dressed-atom picture, we can rep-
resent the state of the two harmonic oscillators by the
“radiative” cascade of Fig.5. Here the states |N,n) are
labeled by the quantum numbers associated to Kohn’s
mode (V) and relative motion (n) of the two clouds and
we trace-out the degrees of freedom of the bath. On the
one hand, Kohn’s mode is not an eigenstate of the sys-
tem for fermions and bosons of different masses; center-
of-mass and relative-motion modes are coupled and this
coherent coupling is responsible for the dephasing of the
oscillations of the two clouds in the weakly interacting
regime. On the other hand interspecies interactions do
not act on the center of mass of the whole system, ow-
ing to Kohn’s theorem, but on the contrary lead to an
irreversible “radiative” decay of the relative motion at a
rate 7.

In our experiments, the initial state is a pure center
of mass excitation |N,0). If we neglect the interspecies
coupling, the system evolves in the subspace spanned by
[N —n,n)n=0,. n of the two coupled oscillators and the
system oscillates at a frequency dw ~ wp —wr as the cen-
ters of mass of the Bose and Fermi clouds dephase. If we
now consider the opposite limit where the decay rate - is
larger than the dephasing frequency dw, the strong cou-
pling to the bath prevents the conversion of the center of
mass excitations into relative motion. As soon as the sys-
tem is transferred into |N — 1, 1) it decays towards state
|N —1,0). Similarly to optical pumping in quantum op-
tics, we can eliminate adiabatically the excited states of
the relative motion and restrict the dynamics of the sys-
tem to the subspace |V, 0) y=o..oo of Kohn’s excitations.
This situation is akin to Zeno effect where strong coupling
to the environment inhibits coherent evolution. It is also
reminiscent of the synchronization of two spins immersed
in a thermal bath predicted in [35] and to a phenomeno-
logical classical two-coupled oscillators model.

In this letter we have investigated how a Bose-Fermi
superfluid flow is destabilized by temperature or relative

/|N,O> 2 IN-1,1) Q IN-2,2)...

IN-1,0) "= |N-21) =] [N-32)..
|N—2,0>(\g\,\|,l:|—3,l> =| |[N-42)

FIG. 5: Radiative cascade of the center of mass motion. In
|N,n), N (resp. n) refers to the center of mass (resp. relative)
motion of the two clouds (see text). When the decay rate of
the relative motion is larger than the oscillation frequency
difference between the two species, the dynamics is restricted
to the center of mass degree of freedom: in this Zeno-like
process, dissipation prevents excitation of the relative motion
and the center of mass modes of the Bose and Fermi gases do
not dephase.

velocity between the two clouds. In the limit of very
low temperature the measured critical velocity for su-
perfluid counterflow slightly exceeds the speed of sound
of the elongated Fermi superfluid and decreases sharply
towards the BEC side of the BEC-BCS crossover. In
a future study, we will investigate the role of the con-
fining potential and of the accelerated motion of the two
clouds [32] that should provide a more accurate model for
the damping rate versus velocity. Identifying the quasi-
particles responsible for dissipation would also be a de-
cisive step towards a full understanding of Bose-Fermi
counterflows.
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SUPPLEMENTAL INFORMATION

DAMPING RATES IN THE BEC-BCS
CROSSOVER

All the center of mass (CoM) damping rates mea-
sured in the BEC-BCS crossover and their respective
fitting functions to extract v, are shown in Fig. 6.
As indicated in the main text the fit function is vg =
ABO(v —v.)((v —v.)/vr)*, where 0 is the Heaviside func-
tion and wvp is the Fermi velocity. The x? test reveals
that most of our data is consistent with @ = 1 as in
[3, 5]. Nevertheless allowing « to vary between 0.5 and
2 induces a systematic correlation between the extracted
« and v, that we include in our error bars on v, shown
in Fig. 3. The fit results for « = 1 are displayed in
Tab. I along with experimental parameters to produce
Fig. 3. The error bars given for v, give the span of v,
when changing a from 0.5 to 2 in the fit function. Note
the strong decrease of the damping rate towards the BCS
regime.

In addition, ¢ depends on the Bose-Bose scattering
length which varies with magnetic field and in particular
diverges for a magnetic field of 845.5G (corresponding
to 1/kpap = —0.13). We therefore show only the values
of cB at the six magnetic field values used in our experi-
ments.

Following [15] the Bose-Fermi coupling can be char-

Ous Our | OuB OpF
BnF 8TLB /E)nB a’l’LF : AS

A increases, the interspecies interactions affect more and
more the properties of the system and for A = 1, the
mixture is dynamically unstable at rest and demixes.
For measurements presented here we typically have A ~
15%.

acterized by the quantity A =

LOMB-SCARGLE ALGORITHM

We use the fit-free Lomb-Scargle periodogram - or
Least Square Spectral Analysis - to extract the spectral
components of the oscillations for different temperatures
[36, 37]. This method is an adaptation of the Fourier
transform to the case of unevenly spaced data. For N
data points {h; = h(t;)}i=1,... v taken at times {¢;}, the
periodogram is defined as

Py (w) 1 { > (hj — h) cosw(t; — 7)]?

T 202 > jcos?w(ty — )

N 32, (hy — h)sinw(t; — 7)]? }

> sin® w(t; — 1)

(2)

where 7 is defined as tan(2wr) = %
the periodogram independent of the time origin. h =
+ Zf\il hi and 0 = 5 Zfil(hi — h)? are the mean
and the variance of {h;};. The periodogram, or power
spectrum, gives access to the statistical significance (ie
the probability of rejecting the null hypothesis when it
is true) of each of the evaluated frequencies: noting
Poax = max Py (w), the signifiance is proportional to

e~ Pmax and here a value of 10 for the power represents

typically a significance of 0.002.

making

RADIATIVE CASCADE MODEL

Consider a mixture of two atomic species labeled by
a = 1,2 of identical masses m and confined in identical
harmonic traps. According to Kohn’s theorem [34], the
single-species Hamiltonian can always be written as

P? M w?X? o
a4 WA G —|—H~( ) (3)

H =
o 2Ma 2 int

where P, is the total momentum of cloud «, X, the
position of its center of mass and M, = N,m its total
mass (N, being the number of atoms). Hi(noé) acts only on
the internal excitation modes of the cloud and commutes
with the center-of-mass variables.

Neglecting interspecies interactions, the total Hamilto-
nian of the system can be written as H = Hy + Hs. In-
troducing the center of mass/relative variables, we have
then

P2 M 2X2 2 2,2
H=H+H, = s L BT g

2
2M 2 2/ 2 i+ Hi

int ’
(4)
with the usual definitions P = P, + P», X = (M1 X7 +
MyXo)/M, p = p(Pi/My — Py/Ms), © = x1 — @3,
M = M; + My and p = M;My/M. The dynamics of
the center of mass and relative variables are described
by independent harmonic oscillators decoupled from the
internal degrees of freedom. The decoupled base can
therefore be written as |N,n, ), where N (resp. n) is
the excitation number of the center-of-mass (resp. rel-
ative) motion, and ¢ describes the state of the internal
excitation modes.

Let’s now add the interspecies interactions and the
mass difference between the two species.

1. Interspecies coupling: interactions between the two
species are described by the Hamiltonian

H1’2 = Z U((L’l’i - {EQJ). (5)

1<N1,j<N2
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FIG. 6: Damping rates of the center of mass oscillations versus maximal relative velocity in the BEC-BCS crossover in unit of
the Fermi velocity vr. Red line: fit with o = 1. Orange zone: region spanned by the fitting function when varying a from 0.5

to 2.

B (G) 780 800 816 832 860 880
ar(ao) 6.4 x10° | 11.3 x 10® | 24.0 x 10° 00 —16.5 x 10° | —10.3 x 10®
1/krar | 0.6840.07 | 0.3940.01 | 0.18 £0.02 | 0+ 0.002 | —0.264+0.05 | —0.42+0.03
ag(ao) 21.3 30.8 43.3 69.5 76.0 259

es(10 %vp)| 9.6+1.4 | 944014 | 11.0+£1.6 | 11.1+1.7 | 11.4+1.7 15.1 £ 2.2
Ve / VR 0177908 | 0387005 | 0.357097 | 0.42709% 0.5479:92 0.4019-10
A(s™Y) | 148414 | 85+32 | 246+43 |17.3+3.6 30+ 11 2.940.5
ve/ck 0537030 | 1117995 | 0.997931 | 117702 1.4610:9 1.05190:2%

TABLE I: Experimental parameters, sound velocity at the center of the Bose gas in an elongated geometry cg = /us/2ms,

critical velocity v./vr, damping rate A(s~'), and v/ct for @ = 1 in the BEC-BCS crossover. The typical number of bosons
and fermions are constant in the crossover and are respectively 2.5 & 0.5 x 10* and 2.5 4 0.5 x 10°.

where z; o is the position of the i-th particle of
species a and U is the interspecies interaction po-
tential.

Owing to Kohn’s theorem, this Hamiltonian com-
mutes with P and X and therefore couples the in-
ternal degrees of freedom only to the relative vari-
ables (z,p).

. Mass difference: assume that species a has a mass
Mo = M+ €,,0m/2, with ¢ = 1 and eo = —1. This
mass difference adds to the kinetic energy a term

om Pia
0Hx = — «—.
K 2m ¢ 2m

(6)

i,

As before, we can isolate the center of mass contri-

bution and write

rt _ p

§Hy = — 2% _ 2
K oM, M,

2m

| 7)

:l + 5HK,inta

where  Hg ijnt contributes to the internal energies
of the clouds and commutes with the center-of-mass
degrees of freedom.

Let’s now insert these two contributions in the total
Hamiltonian. We have

H:HCOM +Hrel+Hi/nt+H1,2 +Hcoh' (8)



with
P? om Mw?
H, = —(1—p— X2
CoM 2M( P2m)+ 5 9)
2 2
p om HW™ 2
H.g = —(1 — —_— 10
o = g0 +og+ (10)
Hilnt = Hi(r}t)—’_Hi(r?t)—i_éHK,inta (11)
om (P -
Hcoh = m < Mp>a (12)

and p = (Ml — MQ)/M

This hamiltonian describes two harmonic oscillators
(Hcom and H,e) coupled to a thermal bath (H/ ). The
coupling is ensured by the P -p terms which couples only
the center-of-mass and relative degrees of freedom, and
H; 5 that commutes with Hoom, owing to Kohn’s theo-
rem, and couples the relative motion to the internal de-
grees of freedom of the two clouds.

The interaction between the relative degrees of free-
dom and the internal thermal bath described by Hllnf
leads to an irreversible decay of the relative motion. By
contrast, Hcop, reflects the coherent beating existing be-
tween the relative oscillations of the two species due to
their oscillation-frequency difference. It can be expressed
using the annihilation operators a and b for the center of
mass and relative motions respectively. We have then

Hoon — —(i:hw\/g (a—al) (b—b1). (13

Using the rotating wave approximation, one can elimi-
nate the non resonant terms and one finally gets

om, B t
HCOh =~ %ﬁw M (CL b—|—ab ) . (14)

This Hamiltonian is similar to the generalized Caldeira-
Leggett model [21] used in solid state physics to study
heat transport by phonons in a crystal. The absence of
coupling between the bath and Kohn’s mode generalizes
to the decomposition used in [22] for a bilinear coupling
between the harmonic oscillators and the bath.

In the experiment, we excite the center of mass motion
and the initial state is |N,0, ). The coherent coupling
transfers the system to the state [N —1, 1, ). If the cou-
pling to the bath is strong, the relative motion decays
very fast and the system falls into a state |N — 1,0, ¢)
(actually, since several states of the bath are involved, it
is more appropriate to describe the state of the two har-
monic oscillators by a density matrix rather than a well-
defined quantum state). In this case, just like for optical
pumping, we can adiabatically eliminate the intermedi-
ate state [N — 1,1, ¢) and consider that the dynamics
occurs only in the sub-space |N, 0, ¢), where the relative
motion is never excited and the centers of mass of the
two clouds are locked. In some sense, this freezing of the
system state in a pure motion of its center of mass can
be considered as a manifestation of the quantum Zeno
effect.



