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We develop a numerical method to study the dynamics of a two-component atomic Fermi gas trapped inside
a harmonic potential at temperatuFevell below the Fermi temperatuf- . We examine the transition from
the collisionless to the collisional regime downTe=0.2T¢ and find a good qualitative agreement with the
experiments of B. DeMarco and D.S. Jiphys. Rev. Lett88, 040405(2002]. We demonstrate a twofold role
of temperature on the collision rate and on the efficiency of collisions. In particular, we observe a hitherto
unreported effect, namely, the transition to hydrodynamic behavior is shifted towards lower collision rates as
temperature decreases.

DOI: 10.1103/PhysRevA.67.041605 PACS nuntber05.30.Fk, 71.10-w

Recent experiments at JILUA] on the collisions between our numerical method is the strategy used to deal with col-
two oscillating spin-polarized components of a Fermi gas ofisional events. We develop lacally adaptive importance-
40K atoms have shown that this setup is an important tool fosamplingtechnique, which allows us to handle collisional
investigating the dynamics of dilute quantum gases. Thestteractions faster than in standard Monte Carlo techniques
experiments have given evidence for a transition from colli-by several orders of magnitude.
sionlesszero-sounyito hydrodynamicalfirst-sound behav- Owing to this computational advance, we are able to ex-
ior: the measured damping timebecomes very long at both @mine collisional effects down /Te~0.2, in a region of
low and large values of the estimated collision rate. The trantemperaturel well below the Fermi temperaturg: where
sition from the hydrodynamic to an intermediate regime had auli blocking would normally grind the simulation to a halt
also been followed with decreasing temperature and the eR€c@use of numerical attrition problerfimsically through a

fect of Pauli blocking of the collisions from increasing occu- saturation of phase space resulting in vanishing efficiency of

. : o the Monte Carlo samplingMoreover, since we focus on the
pation of final states has be_en exhibited at low temperature\]”_A setup[1] where the axial symmetry is maintained dur-
Various numerical experiments have addressed the dy

i fath | cloud of b inth ing the experiment, we can use an axially symmetric code
namics of a thermai cloud o osoff, evenin NE Présence in two-dimensional collisions, in which the angular degree
of a Bose-Einstein condensdt&| or of cold spin-polarized

: . : . , , of freedom is taken into accouwta an effective weight. The
fermions interacting with a condensatea mean field[4].  esyiting code permits us to study the collisional properties
Fermion molecular dynamid$MD) has been developd8]  of the two-component Fermi gas as functions of both tem-
as a quasiclassical model for treating problems such as iofyeratureT and quantum collision rat&,. The numerical
atom collisions or formation of antiprotonic atoms. However,approach has full control over additional variables that are
FMD is not adequate to deal with dilute fermionic systems,experimentally unaccessible. In particular, while in the ex-
such as the neutral atomic gas under harmonic confinemeperiments thelassicalcollision rate can easily be estimated
realized in Ref[1], and an approach explicitly acknowledg- but thefully quantal collision rateI’, remains unknown, in
ing the diluteness and other characteristics of such a systethe numerical approach both classical and quantum collision
is needed. Some work along these lines was developed imtes can be counted step by step. Because of this control of
Ref. [6] using the semiclassical Boltzmann equations as dhe collision rates we are able to observe that, even if most
function only of the energy, to describe the evaporative cool<ollisions become forbidden classically and by the Pauli
ing process. However, this simplified approach allows only grinciple as temperature is lowered, the few collisions that
very limited description of the dynamics of the fermionic can occur involve particles increasingly clustered around the
particles. Fermi level. The result is a kind of “catalytic effect” in

To the best of our knowledge, the present work reports thavhich these few collisions suffice to drive the gas from the
first numerical study directed to the transport properties ofollisionless to the hydrodynamic regime.
ultracold Fermi gases. The model and its solutiortlere we write the VLE for

In this paper, we solve the Vlasov-Landau equationdwo interacting Fermi gases and describe the algorithm used
(VLE) for two-component fermionic Wigner distributions. in their numerical solution. We summarize some points that
As in FMD [5] or in numerical studies of the dynamics of have been described in more detail in Hédf. and point out
thermal bosons[2—4], the quantum-mechanical fluid is how the difficulties raised by the Fermi statistics are handled
treated by a particle-dynamics approach. We proceed along our method.
the path traced for a single spin-polarized Fermi [gds by The two fermionic components in external potentials
duplicating it and introducing mean-field interactions andvg)zt(r) are described by the distribution functiof8(r,p,t)
collisions between the two components. A major highlight ofwith j=1 or 2. These obey the kinetic equations
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p A A , A start evolving in time in thér,z} plane by performing oscil-
af 0+ m'Vrf(J)_VrU(])'fo(J):Clz[f(])]v (1) lations at their respective frequencies. We exploit the fact
that by symmetry the average valuemffor each value of
where the mean-field Hartree-Fo¢KF) effective potential 1S Zero and does not change in time, to decouple the variable
is UO(r,ty=VU)(r)+gnd)(r,t) with ] denoting the species P? fror:n thﬁ equatllons of motion. V\ée marl1<e thekapprlo;qma-
different fromj. Here we have sei=1 andg=2ma/m,, tion that the angular momentum of each quark is left un-
with a being thes-wave scattering length between two atom:sCh.amge.d by Fhe g:oII|S|onaI eve_nts ar_ld Fake Into account. the
dm. is the reduced m nd(r 1) is th tial den- third dimension in the exclusion principle by suppressing
andm 1S the reduced as%_,)a (r.t) is the spa collisions whose final states are occupied by more thal
sity given by integration of *’(r, p,t) over momentum. quarks. At each time step, the quarks are moved by the con-
Collisions between atoms of the.same spin can be N&inement and the mean-field forces by using a Verlet algo-
glected at low temperature, so that in Efj) the termC;,

involves only collisions between particles with different po- rithm on a grid of mesh spacingx>v dt, wherev s a
y P P typical particle velocity andlt is the time step. This inequal-

larizations: ity is dictated by the accuracy and the stability of the propa-
_ o gation steg4]. No exclusion constraint is applied during this
Cid f0]=2(2m)%g4Ve X AA[FOFDPFY) step: this does not lead to any appreciable deviation from the

P2:P3.Ps Fermi statistics down to 0IZ, where the system is still
_ f(j)f@?g)ﬂﬂ], @ Isufﬁciently dilute. Thig ha}s been checl_<ed by monitoring vio-
ations of the Pauli principle at each time step.

, M — () 1 () D) — () Finally, we come to the collision step, which i_n\_/olves
with fP=f0(r,p,1), f=1-%, f'=10(r,pi,1), and st of the innovative aspects of our scheme. Collisions are
f=1—10). Here,V s the volume occupied by the gas and tracked on a grid of mesh spacimiy of the order of the de
the factorsA, and A, are the usuab functions accounting Broglie wavelengthhg, which is smaller than the particle
for the conservation of momentum and energy, with the enmean free pathand larger than the spacintx of the propa-
ergies given bypizl2mj+ ui(r,t). gation meshlI(> éx~\g>dx). The first inequality enhances

The numerical procedure by which the VLE is advancedthe statistical accuracy of the collision step, whereas coarse
in time consists of three basic stegs: initialization of the  graining with respect to the propagation step avoids the need
fermionic distributions(ii) propagation in phase space, andfor the Pauli-principle constraints, at least down toTg.2
(iii ) collisional interactions. Before turning to the results, we add some computational

The initial distributions in equilibrium at the bottom of a details on how a speedup of the code by several orders of
harmonic trap are generated by using the HF expression magnitude has been achieved. The number of probable col-
lisions between all possible pairs of quarks belonging to the
two species in each cell of volunt® is evaluated at each
computational time step asINgq=dtyNiN,Zjvj07; .
_ Herev;; is the magnitude of the relative speed of partioté
whereB=1/kgT andu is the chemical potential of species species 1 and particjeof species 2 is the corresponding
j [7]. The particle densities entering(!)(r) are to be deter- (differential cross section, arld; (N.,) is the number of par-
mined self-consistently by integration over momenta, and theicles of species 1 (2) in the given spatial cell.dN,
momentum distributions of the two clouds need generating< 1 the collision probability is accumulated over the subse-

To exploit the axial symmetry of the system, we first de'quent time steps until an integer numbedl,y,
fine the angularly integrated particle densitié§)(r,z)  =int(dN,,,) of collisions occurs. Within each spatial cell
=2mrn0)(r,2) on afr,z} grid in cylindrical coordinates and  the pairs of particles are ordered according to the value of
we move on to a particles-in-cell description by locating atheir classical collision probability, from largest to smallest.
number\Y)(r,z) Ar Az of fermions in each cell of volume The acceptance rate of the Monte Carlo sampling is en-
ArAz [4]. A momentum distribution with low statistical hanced by two to three orders of magnitude at each step by
noise is generated by representing each fermion by means fitering out pairs with classical probability smaller than a
Ny computational particles'quarks”). Theith quark is lo-  given threshold. This is a form of importance sampling and
cated at poinfp;, ,piy,Pi,} in momentum space by using the threshold is dynamically adjusted cell-by-cell in such a
Monte Carlo sampling and making sure that each cell ofyay as to guarantee the correct supplydf, collisions at
volume h® is occupied by no more thaN, quarks. This each time step. The collision probability becomes smaller
control in three-dimensiondBD) phase space is transferred than the classical one after multiplication by the quantum
to 2D by imposing a maximum numbeN, of quarks in the  suppression factor £N(r,z,p, ,p,)/(wNg) due to the occu-
2D cell {Ar,Az,Ap,,Ap,} of volumeh?. Here the weight pancy of the final state, and consequently the selection of the
w=int(2pgr/h) takes into account that the number of avail- most likely pairs to collide becomes essential. To this pur-
able cells in 2D depends on the radial position and on thgose, each particle is allowed to collide only with the partner
number of particles through the Fermi momentum@  that maximizes the produat;;oj;. The original pool of
=\2mhkgTE. NN, collisions is cut down toN; collisions only, with a

In the propagation step, the two clouds are rigidly dis-resulting additional speedup of at least one order of magni-
placed from the center of the trap along thdirection and tude.
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FIG. 2. The damping coefficient (in units of s 1) as a function
70 | | | : : | : : : of the collision ratel’ (in units of s'*) for T=T¢ (filled square}
65 { i T=0.6T¢ (crosses andT=0.2T¢ (empty squares|n the collision-

less region,y has been fitted by the function(T') = a1 T’y and in
s | | the collisional regime by the functiop(I'g) = a, /T’y The fits are
50 { { } shown by a continuous line fof=Tg, a dashed line forT

60

=0.6T¢, and a dotted line fol =0.2T .

a5 -

Ta(1/s)

2; i motion of the centers of mag§l)(t) in Fig. 2.
o5 | In Fig. 1(a)_, the oscillation frequencies; at T=Tg and
2 Lo 4 4444 T=0.2Tg, with kgTe=riwg(6Ngp) Y3 are evaluated by
02 03 04 05 06 07 08 09 10 11 fitting zU)(t) with the functionszycosit)e . At very low
T/Tr I', the dipole mode frequencies are given by the correspond-
(b) ing trap frequencies with a shift due to the mean-field poten-
tial. At intermediate values df , the data points show large
fluctuations, due to the fact that in this region just a few
collisions can drastically alter the motion of the clouds.
However, the trend towards a locking of the two dipole mode
frequencies at larg€|, is very clear and the location of the
locking is identified with reasonable accuracy.
The main physical result of this study is the shift of the

ResultsAs a first application of the numerical method, we !ocking transition to lowerl’y as temperature is decreased.
have considered 200 magnetically trapgd atoms, which This is shown in Fig. (b). This effect is related to the Fermi

are represented by a total number of Z0° quarks. As in the statistics: at low temperature, the collisions involve particles

JILA experimentg 1], the atoms are equally shared among®" & narrower region around the I_:ermi level and have a
greater impact on the global dynamics of the gas. A smaller

two different spin statesnf; = 9/2 andm; = 7/2) in harmonic - _ :
number of collisions is needed to produce locking of the two

traps with slightly different longitudinal frequenciesod, . , : , .
=27x19.8 s ' and w,=2mX17.46 §1). When the two interacting species. Here we wish to emphasize that we were

clouds after initialization are rigidly displaced from the cen- 2P!€ t0 gain insight into this unforeseen effect, thanks to our

ter of the traps, in the absence of interactions they would€tailed numerical methods, which allowed us to precisely
keep oscillating at their respective trap frequencies withouf"easure the full quantum collision rate at each El_gne step.
damping. The_damplng ratey obtained from the fit ofzcjm(t) is
The collision ratel, is independently varied by changing e;sennally the same for the two components anq is shown in
the scattering length, thus mimicking the exploitation of a Fig- 2. We have also evaluated the correlation function
suitable Feshbach resonari€d To offset the difference be- #(t)=(| Z&(t")[|ZU)(t" +1)|) between the magnitudes of
tween the number of atoms used in the simulation ( the turning pointszl)), which decays exponentially as exp
=200) and that in the experimentdl{,,~10F), the refer-  (—) atlarget. This estimate ofy is in good agreement with
ence value of the off-resonant scattering length is scaled by tat obtained from the center-of-mass motions, but yields a
factor (Nexp/N)l/2~ 10?, thus producing a system with es- less noisy signal in the intermediate region. In the collision-
sentially the same collision rate and mean-field potential atess regime the damping rate increases linearly Vith
in Ref[1]. The transition from the collisionless to the colli- while in the collisional one it scales Iildé;l. This is seen in
sional regime, as driven by varying the scattering length aFig. 2, which also shows again that the hydrodynamic regime
various temperatures, is shown both in the plot of the freis reached at lowel; asT is lowered.
quency of the dipole mode for the two components in Fig. The collision ratel’q can be driven by cooling at fixed

40 | .
{ { 1(a) and in the plot of the damping rate= 1/7 of the axial

FIG. 1. () The oscillation frequencies (in units of s'1) as
functions of the quantum collision raig, (in units of s 1) for the
two components of the gas &a&=Tg (X) andT=0.2T¢ (+). The
horizontal dashed lines show the bare trap frequenc®sThe
collision ratel" at frequency locking as a function of temperatiire
(in units of Tg).
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7 T T T T T T T T T classical and only at very low temperatureT (
=0.3T—0.2T) Pauli blocking becomes manifest, as sig-
6 A . nalled by the collapse of the curves into a single one. Our
results thus suggest new experiments, in which the collision
. rate is changedia a thermal drive.
The implication of the results shown in Figs. 2 and 3 is
. that this thermal drive rests upon the increasing importance
of a decreasing set of “strategic” collisions involving par-
. ticles in states clustered around the Fermi level. Our data
also indicate that thermal cooling will need to reach tempera-
9 ! [ T S [ T S tures below 0.Z¢ in order to see the complete transition
02 03 04 05 06 07 08 09 10 L1 from the collisional to the collisionless regime.

T/Tr Efforts to develop a concurrent code, including the Pauli
principle in the Lagrangian evolution to treat the collisional
Fermi gas well below 02, are currently under way. A

FIG. 3. The collision ratd"y (in units of s'1) scaled by the

factor 16(a,/a)? with a, being the Bohr radius, as a function of letalv three-di ional h will allow furth
temperaturerl (in units of Tg) for various values of the scattering completely three-dimensional approach will allow further

length a. From bottom to top:a=(12,15,18,21,24,27,30,33) studies, including the investigation of anisotropic fluctua-
X 10, tions. The extension of the code to the case of negative scat-

tering lengths will also allow us to make contact with current
experiments on the anisotropic expansion of a cigar-shaped

scattering length, as is seen from Fig. 3. The various CUNVe$as in the proximity of a Feshbach resonaf@k
after scaling by a factor proportional to the classical cross

section, show a residual weak dependence,amhich is due We thank Dr. A. Minguzzi for helpful discussions and
to the mean-field interaction between the two overlappingacknowledge support from INFM through the PRA2001 Pro-
fermionic components. The trend of these curves is mostigram.
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