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FIG. 3. (Color online) (a) The scattering length dependence of ajj; and aéld (inset) at fixed collision energies is shown. At any nonzero
collision energy ayq deviates from the zero-energy prediction (black dashed line) as a— o0 and strong contributions from molecular disso-

ciation, agyy, occur. (b) The dimer-dimer relaxation rate, Vfg,

is shown versus a. The solid line is the total V‘rid1 and the dashed and dot-dashed

€

lines are contributions from different decay pathways (see text). For intermediate a, we reproduce both experimental data [7] (filled circles)

and the a=2%

green dashed, blue dot-dashed, and orange lines, respectively).

scattering observables from coupled-channel solutions to Eq.
(). We define the energy-dependent dimer-dimer scattering
length, ayq(E.o), in terms of the complex phase shift ob-
tained from the corresponding S-matrix element [Syq4q
=exp(2id49)]

tan 6dd

add(Ecol) == = a:ld(Ecol) + iafld(Ecol) . (3)

dd
Here, k§d=2mEml, E.,=E+2E, is the collision energy, and
aly and agd<0 are the real and imaginary parts of ayq, rep-
resenting elastic and inelastic contributions [6].

Figure 2(b) shows @y, and a), for a=125r,. For energies
E.<E, we find that a44(0)=0.605(5)a in agreement with
Refs. [4,12], while for E.,<E,, although molecular disso-
ciation is still not allowed, i.e., af]d=0, we obtain strong cor-
rections to the zero-energy result. At these energies, an ef-
fective range expansion, ag)(Ey)=ag (0)—%rddk§d where
rqq=0.13a [12], is accurate over a small range but quickly
fails to reproduce our results [see black solid line in Fig.
2(b)]. For E,, = E,, the channels for molecular dissociation
become open, leading to strong inelastic contributions to
aga(Eey), as parametrized by ajy. Our results indicate that
both ajj, and aj, are universal functions of energy and scat-
tering length, i.e., insensitive to the details of the short-range
physics, which should extend up to E.,;<<1/ mré in the ab-
sence of deeply bound states. Due to the small number of
basis functions used in these calculations, our results for
E,<E. <1/(mrj) are not fully converged, but we expect
their qualitative behavior, i.e., the sharp decease in ayq(E,),
to persist.

Figure 3(a) demonstrates that when approaching the Fes-
hbach resonance (a— ) at any finite collision energy, mo-
lecular dissociation becomes increasingly more important
and aj, substantially deviates from the zero-energy predic-
tions [black dashed line and inset in Fig. 3(a)]. As
a—o, E,«1/a* becomes extremely small and such finite-

scaling law [4] while deviating from that for larger a. Inset: we show T), as a function of R for a=100, 80, 65, and 50r (red,

energy effects [see Fig. 2(b)] are relevant even at ultracold
energies. Therefore, the molecular binding energy E,, or
equivalently a,=1/v2u,,T, defines the range beyond which
(i.e., a>, ) deviations from the zero-energy predictions can
be observed. Perhaps more importantly, it specifies a regime
beyond which molecular dissociation can lead to a long-lived
atom-molecule mixture [13,14], where dimers are
continuously converted to atoms and vice versa, i.e.,
FF'+FF' < FF'+F+F'. Further, this indicates that the un-
derlying physics of the strongly interacting regime may fun-
damentally depend on temperature. Values for a. at 100 nK
are 7000 a.u. for *°K and 17 000 a.u. for °Li, and therefore
the finite-energy effects above can become experimentally
relevant [2].

We also study vibrational relaxation due to dimer-dimer
collisions. We verify the suppression of the relaxation rate as
a—, however, with a different a dependence than a=>>°
predicted in Ref. [4]. In Ref. [4] it was assumed that the main
decay pathway for relaxations is a purely three-body process
and requires only three atoms to be enclosed at short dis-
tances. Therefore, it neglects the effects of the interaction
with the fourth atom. Here, however, we analyze such effects
and find that it strongly influences the suppression of relax-
ation. In our calculations we express the inelastic transitions
probability 7,(a,R) in terms of the probability of having
three atoms at short distances as a function of the distance
~R of the fourth atom from the collision center [15]. We
calculate 7, from our fully coupled-channel solutions and
effective potentials [see Figs. 1 and 2(a)], and our results are
shown in the inset of Fig. 3(b).

In our model the relaxation rate is simply proportional to
the transition probability 7),(a,R). It is interesting note that
our formulation allows for the analysis of different decay
pathways. For instance, at short distances, R=~ry, T, de-
scribes inelastic transitions in which all four atoms are in-
volved in the collision process. At large distances, R/a>1,
T,, describes the decay pathway where only three atoms par-
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ticipate in the collision, akin to the process studied in Ref.
[4]. We note, however, that for values of R up to R=5a the
scaling law for relaxation depends strongly on R/a and
greatly deviates from the a2 scaling. In order to take into
account inelastic processes for all values of R we define an
effective transition probability by integrating T),(a,R) over R
[15]. Our results for the relaxation rate, Vi, are shown in
Fig. 3(b) where the red solid line is obtained by integrating
T, from R=2r, up to 10a [16], giving an apparent scaling
law of a=329005 The dot-dashed and dashed lines are ob-
tained from integrating 7, from R=2r, to 5ry and from
R=5r, to 10a, which yields scaling laws of a=*%2 and
a—3202005  respectively, “separating” the contributions from
the decay pathways in which four and three atoms participate
in the collision process. The amplitudes for each of these
contributions, however, are disconnected as they depend on
the details of the four- and three-body short-range physics. In
contrast, the amplitudes for the a=>** and a2 processes are
governed by the same three-body physics. As a result, the
fact that we do not observe the a=>>° scaling implies that it is
not important for the range of a used here. The amplitude for
the process which leads to the a=>>° scaling is exponentially
suppressed owing to the unfavorable overlap of the dimers’
wave function [see inset of Fig. 3(b)]. In fact, for our largest
values of a, it is already apparent that in the very large a
limit the rate deviates from a=32°, however, to a behavior
different than =23 [15].

Figure 3(b) rescales our results for V%

o1 by an overall con-
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stant chosen to fit the experimental data for “°K at a tempera-
ture of 70 nK (Regal er al. [7]). We note, however, that
between a=1000 and 3000 a.u. [17], our results agree with
both the experimental data and the a=>> scaling law, ap-
proaching our predicted scaling law a~>?° only for larger
values of a. This change in behavior of VY originates in the
finite range of our model, which represents physics beyond
the zero-range model of Ref. [4] where the a >3 scaling
applies for all a.

In summary, we have calculated the energy-dependent
complex dimer-dimer scattering length, aq44(E,;), by solving
the four-body Schrodinger equation in the adiabatic hyper-
spherical representation. Our results demonstrate that for ex-
perimentally relevant temperatures and scattering lengths the
elastic and inelastic contributions of ay4q are equally impor-
tant. We show that molecular dissociation plays an important
role and suggest that the many-body behavior in the strongly
interacting regime might be significantly altered at finite
temperature. Our results also demonstrate a stronger suppres-
sion for dimer-dimer relaxation, compared to that obtained in
Ref. [4], while remaining consistent with experimental data.
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