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Anomalous loss behavior in a single-component Fermi gas close to a p-wave Feshbach resonance
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We theoretically investigate three-body losses in a single-component Fermi gas near a p-wave Feshbach
resonance in the interacting, nonunitary regime. We extend the cascade model introduced by Waseem et al.
[M. Waseem, J. Yoshida, T. Saito, and T. Mukaiyama, Phys. Rev. A 99, 052704 (2019)] to describe the
elastic and inelastic collision processes. We find that the loss behavior exhibits a #* and an anomalous n?
density dependence for a ratio of elastic-to-inelastic collision rate larger and smaller than 1, respectively. The
corresponding evolutions of the energy distribution show collisional cooling or evolution toward low-energetic
nonthermalized steady states, respectively. These findings are particularly relevant for understanding atom loss
and the energetic evolution of ultracold gases of fermionic lithium atoms in their ground state.
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I. INTRODUCTION

Magnetic Feshbach resonances are essential for tuning the
collisional properties of ultracold atomic and molecular gases
[1,2]. The minimal model of Feshbach resonances takes into
account two coupled collision channels, the scattering chan-
nel and a closed channel with a bound state whose energy
lies, and can be tuned around, the scattering threshold of
the open channel. Together with the resonant behavior of the
elastic binary collisions, inelastic collisions are also altered
near magnetic Feshbach resonances. Understanding inelastic
collisions and the related losses near such resonances has been
essential for their exploitation. As a paradigmatic example,
the stability of a degenerate two-spin Fermi sample, caused
by the suppression of possible loss processes [3,4], led first to
the production of a Bose-Einstein condensate (BEC) of Fermi
dimers [5] and later to the investigation of the BEC-Bardeen-
Cooper-Schrieffer (BCS) crossover [6-8].

In the ultracold regime, collisions in the s-partial wave
typically dominate, see, e.g., [1,2]. However, in the case
of fermions, s-wave collisions are precluded between iden-
tical particles. Feshbach resonances enhancing the p-wave
scattering (the so-called p-wave Feshbach resonances) were
observed [9,10] between fermions of the same spin state.
Interest in resonantly p-wave interacting fermions arises, in
particular, from the possibility of a rich quantum phase di-
agram involving anisotropic p-wave superfluidity [11,12].
Such phases, however, require particularly low temperatures.
Driven by this interest, great theoretical and experimental
effort has been devoted to understanding the elastic and inelas-
tic scattering processes close to p-wave Feshbach resonances
[9,10,13-16]. For the case of two-component Fermi gases
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with resonant s-wave interactions, inelastic processes of a
two-body nature, induced by dipole-dipole interactions, dom-
inate [10,17]. A single-component Fermi gas prepared in the
lowest hyperfine state suppresses spin-flip relaxation such that
the dominant inelastic process should involve three atoms
[9,10,15,16,18].

One possibility for the scattering of three p-wave interact-
ing fermions is the direct collision of three atoms leading to
their recombination into a deeply bound dimer and one atom,
with a large amount of energy released [18]. However, as men-
tioned above, this effect is strongly suppressed due to Fermi
statistics and instead, in some regimes, it was hypothesized
that the dominant process for the scattering of three atoms
involves an intermediate stage in which a weakly bound dimer
is created before colliding with a third atom. To describe
losses in the latter regime and explain experimental observa-
tions in ground-state °Li atoms in the vicinity of a p-wave
Feshbach resonance, Waseem et al. [19] used a cascade model
inspired from earlier works in Bose-condensed and thermal
gases [20-22]. In this model, the inelastic process is split into
two steps. First, two atoms form a weakly bound dimer via
elastic scattering. Second, the dimer is vibrationally quenched
to a deeply bound state by inelastic collision with an observer
atom, resulting in the loss of the three atoms. Alternatively,
the weakly bound dimer can break up into two free atoms,
leading to an overall elastic scattering event.

In this paper we present an extension of the cascade model
studied in Waseem et al. [19] by investigating the two ex-
treme regimes of the ratio of the rates of elastic-to-inelastic
collisions. In the first regime where elastic collisions dom-
inate over inelastic collisions, we find, as in Ref. [19], that
the atom-loss behavior remains that of a three-body process.
Furthermore, we investigate the temperature and phase-space
density evolution and we identify the regimes of collisional
heating and collisional cooling as a function of the ratio of
the dimer binding energy to the mean thermal energy. The
possibility of collisional cooling is similar to earlier findings,

©2023 American Physical Society
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FIG. 1. Schematic depiction of the p-wave scattering process
for two-channel scattering. The figure shows the potential of the
incoming scattering atoms at energy E and the closed channel with a
resonant dimer state at energy E;. Incoming atoms can tunnel through
the centrifugal barrier and create weakly bound dimers at a rate
Lyn, with n the density of the atoms. Weakly bound dimers can,
in return, decay into two free atoms with rate I';(E£). This elastic
scattering process leads to energy redistribution, i.e., thermalization.
When weakly bound dimers collide with a free atom, they collapse
into a deeply bound dimer at a rate A 4n. This inelastic process leads
to a loss since the binding energy converted to kinetic energy is large
compared to the trap depth of the atomic trap.

see, e.g., Refs. [23-27]. In the second regime where inelastic
collisions dominate, we find that the loss dynamic distinctly
follows that of an effective two-body process. Due to the
slow thermalization compared to the losses, and due to the
energy dependence of the collision processes, the momentum
distribution is found to evolve to a low-energy nonthermal
steady state.

The paper is organized as follows. In Sec. II, we describe
the elastic and inelastic collisions via a cascade model and
explain the basic assumptions needed for the model and for
separating the two loss behavior regimes. Atom loss and tem-
perature evolution in the thermalized regime are described in
Sec. III A. The nonthermalized regime with an extension to an
energy-dependent model of the losses is studied in Sec. III B.
We conclude in Sec. IV.

II. COLLISIONAL CASCADE MODEL

In our model, we consider free identical fermions colliding
in a p-wave open channel and a unique weakly bound dimer
state of energy E; in a closed channel that induces a resonant
behavior of the scattering, see Fig. 1. The elastic and inelastic
collisions are each described by a cascade of two processes,
as in Ref. [19]. Both cascades start with the formation of a
weakly bound dimer in the collision of two free atoms. In the
elastic collision case, the second process is the breakup of this
dimer back into two free atoms, see the solid arrow pointing

to the right in Fig. 1. Here, a redistribution of kinetic energy
between the colliding atoms can occur.

In the inelastic collision case, instead, the second process is
the collision of the weakly bound dimer with a free atom and
its relaxation into a deeply bound dimer, see the vertical arrow
in Fig. 1. In the later process, a third atom is necessary because
of energy and momentum conservation. With the relaxation to
the deeply bound state, both the atom and dimer acquire large
kinetic energy such that they leave the trap and are irreversibly
removed from the system of interest. As a consequence, the
relaxation is an irreversible process in contrast to the creation
and breakup of the weakly bound dimer.

The inelastic and elastic cascades compete and their
dynamics can be described with two coupled differential equa-
tions describing the evolution of the density of free atoms n
and that of weakly bound dimers np [19,28] as follows:

an 2

= — (T + Aggn)np + Lyn”, (1
dn
o= —QLyn + Aganp)n + 2Tnp. 2

For both equations, the term with rate coefficient Ly; de-
scribes the creation of a weakly bound dimer from two free
atoms. The term with rate I'; corresponds to the breakup of
a weakly bound dimer. The atom-dimer collisions are de-
scribed by a rate coefficient A,q, yielding losses from the
system. The bracketed contributions in Egs. (1) and (2) de-
note the atomic and dimer density decay rates, respectively.
These equations neglect other loss processes such as the colli-
sion with background gases, direct three-body recombination,
dimer-dimer relaxations, and secondary collisions, which are
assumed to be slow compared to the investigated processes
[21,28]. The validity of these approximations is discussed in
the specific settings of the 159 G p-wave Feshbach resonance
of ®Li and with the parameters of Ref. [19] in Appendix A.

We now aim to relate the rate coefficients relevant for
the cascade model to the parameters describing the scatter-
ing close to a p-wave resonance. For two atoms of mass
m and velocities v and @', the relative collisional energy
is given by E = m|v — v'|?/4 = mvrzel/4 = h’k®/m. The p-
wave scattering phase shift §,(k) can be described in the
picture of two-channel scattering by an effective range ex-
pansion k* cot 8, (k) = -V, - k.k?, where k. is the effective
range of the potential [29] and V, = Vi,[1 — AB/(B — By)] ~
—Voe AB/(B — By) is the magnetic-field-dependent scattering
volume. W, is the background-scattering volume, AB is the
resonance width, and B — By the magnetic field detuning from
the Feshbach resonance at By. The p-wave scattering ampli-
tude is then given by f,(k) = k*/[k> cot (8,(k)) — ik’] in the
limit of |Vp|‘1 < kg and diverges for the energy

—-r* 2ymE?
—i . 3)
mVpke keh

Epole =

From the real part of Eq. (3) we deduce that the molecular
bound state exists for V, < 0 and has an energy

R Rk: BB - By)
m\Vylke  m m|Vog ABlke

r =

4)
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From the imaginary part of Eq. (3) we infer that its energy-
dependent breakup rate in two free atoms of relative energy
E, is given by ['(E) = 2/mE>?/(k.h*) [30]. It is interesting
to note that il (E;) = 2E.//|V,|k} < E; holds in the limit
|Vp|_l < kg considered above. The energy-dependent rate co-
efficient at which two atoms of relative collisional energy E
form a weakly bound dimer is given by [23]

T 3 H*TL(E)?
KM(E) == Urel_2 2
k* (E — E)? + I°T(E)? /4

®)

and depends on the resonance width I';(E) and the resonance
energy L.

In this work, we focus on the regime where the cascade
model explains the dominant loss process, in contrast to the
noninteracting regime and the unitary regime where direct
three-body recombination models were applied [18]. This
regime is defined by E; = 3kgT /2 and distinguishes itself
from the unitary (noninteracting) regime via 3kg7 /2 > E,;
(ksT < E;/10) [15,19] where T is the gas temperature and
kg is the Boltzmann constant. In the interacting nonunitary
regime of interest, we can thus assume Al'\(E;) < kgT using
the limit of |Vp|_1 < ks. In this case, we can approximate the
dimer formation rate coefficient by a Dirac delta distribution

3 /2n\°
Ku(E) ~ Fr(Er)E(_) d(1 - E/E;). (6)

ke

This implies that two colliding atoms must have a relative
energy matching E; to be able to form a dimer. As a con-
sequence, we can approximate the collision rates as energy
independent as done in Egs. (1) and (2) with the dimer
breakup rate

)

and the dimer creation rate coefficient defined by a thermal
averaging of Ky (E),

67\ /2
Ly = 311(-) e B/l (8)
ki

with kt = «/3mkgT /2 /R the thermal wave number. Both rates
are magnetic-field dependent via Eq. (4). The vibrational
quenching rate coefficient A,q, quantifying the atom-dimer
collision rate, is taken to be constant and independent of the
dimer’s and atom’s momenta, see also Appendix A.

Under the assumption of a thermal gas in the interacting
nonunitary regime we deduce that the dimer creation rate co-
efficient Ly in Eq. (8) is much smaller than the dimer breakup
rate Iy in Eq. (7). Furthermore, it is reasonable to assume
that the initial dimer density is small compared to the initial
atom density. This results in the rate (I'; + Ayn) in Eq. (1)
at which the dimer density decreases to be much larger than
the decay rate of the atom density (2Lyn + Aqqnp) in Eq. (2).
Therefore, we can conclude that the dimer density is always
in a steady state compared to the atomic density, such that

dnp

= 0 on the scale of the atom loss and

LMl’l2

o 9
D= AT )]

The density-loss equation can then be rewritten as

dn

9AadFr 6
dr

32
_ ST B3 (10)
nhg + Ty k%

In Appendix A, we extract the scattering and loss param-
eters for a p-wave Feshbach resonance (close to B = 159 G)
of °Li in the spin state |F, mg) = |1/2, 1/2) using the mea-
surements of Ref. [19]. We demonstrate that the interacting
nonunitary regime can be reached experimentally while still
being able to change the ratio I';/(ngA.q). We also self-
consistently check the validity of the approximations made
in our model in this specific system. In particular, the average
dimer density is evaluated to be at least one order of magni-
tude smaller than the atom density. Based on this estimate,
we confirm that other loss processes such as dimer-dimer
relaxation and secondary collisions can be neglected.

In the following, we investigate the consequences of
Eq. (10) in two limiting scenarios leading to the separation
into a thermalized and a nonthermalized regime.

III. RESULTS

A. Thermalized regime

We start by investigating the regime where

T, > nhAg. (11)

In this case the creation and breakup of weakly bound dimers
happens quickly compared to the relaxation into a deeply
bound dimer. Considering the two scattering outcomes, this
condition implies a large elastic to inelastic collision ratio, and
therefore a thermalized system.

In this thermalized regime, Eq. (10) simplifies to

dn

dt
with the inelastic scattering process yielding an effective
three-body decay of the density with the three-body loss co-
efficient Ly = 9A,q(67 /k3)3/?e~E/®T) [ only depends on
Ayg and not on I'; evidencing that the atom-dimer collision
process is the limiting effect in the loss.

In the temperature evolution during the loss process in
the thermalized regime, either heating or cooling can occur.
For simplicity we assume a cloud trapped in a uniform box
potential of volume V. We further assume that the thermaliza-
tion is instantaneous compared to the loss events, as justified
by the inequality (11). We first consider a single cascaded
loss event where the atoms 1 and 2 form a dimer before
colliding with atom 3. We denote as v; the velocity of atom
i. Given the assumption of the interacting nonunitary regime,
v; and v, satisfy %|v1 —v,)? =E,. Assuming a temperature
T of the gas before the collision, the ensemble-averaged (de-
noted (-)) values satisfy 7 (|v; + v, ]%) = §(|v3|2) = 3kgT /2.
Therefore, the average total energy lost when the three atoms
leave the cloud is (Eioss) = Y o) 2(|vi|*) = E; + 3ksT. In
turn, the change in temperature in the gas induced by a single

= —Ln’, (12)
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FIG. 2. (a) The temperature 7 in units of the initial tempera-
ture 7o = T(t = 0) and (b) the phase-space density p in units of
po = p(t = 0) as a function of time t and the truncation parameter
E./(kgTy). The temperature decreases for ng > 3/2 and the phase-
space density increases for 7y > 9/2.

loss event §Tj4 is deduced from the average energy lost and
the average kinetic energy of the three atoms via %N kg8 Tioss =

%kBT — (Eloss) = %kBT — E, with N the number of atoms in
the gas after the loss. As in a box trap n = N/V, the rate of

total loss events is given by L3n>N/3. This results in

dT 2T (3
Yo (220), 13
ar " 9(2 ”) (13)

with the truncation parameter n = E,/(kgT ). Depending on
the value of n, the temperature variations are found to change
sign. For a small dimer energy such that n < 3/2, low ener-
getic particles are preferentially lost, resulting in an overall
heating of the gas. In contrast, for a large dimer energy such
that n > 3/2, high-energy particles are preferentially lost and
a cooling of the gas prevails. For a dimer energy such that
n = 3/2, the temperature of the gas is constant because the
average kinetic energy of an atom lost is 3/2kgT . Note that
the regime n < 3/2 actually matches the unitary regime (see
Sec. II) and in the interacting nonunitary regime of interest
n > 3/2 and loss-induced cooling prevails.

For the evolution with time ¢ of a gas, the initial pa-
rameters are defined as ny = E;/(kgTp), To = T (t = 0), and
ng = n(t = 0). To formulate the time as unitless, we use the
characteristic loss time 13 = 1/(L3(t = O)né) (typical time for
N/3 loss events). Figure 2(a) shows the numerical results of
the time evolution of the temperature following Eq. (13) as a
function of 1. As anticipated above, for ny = 3/2, the tem-
perature of the gas is constant. For o < 3/2, the temperature
increases, with an overall change over 73 of T'(t3)/Ty = 1.12

for ng = 1/2, and for ny > 3/2, the temperature decreases,
with T'(13)/Ty reaching 0.74 for ny = 9/2. The speed of the
temperature change saturates for o > 11/2, limiting a possi-
ble cooling scheme on the characteristic loss timescale. This
is because the fast temperature decrease slows down further
losses.

Considering the change in density and temperature, the
change in phase-space density p = n(27rh)3/«/27'rkaT3 is
given by [24,27]

dp 20 9
Lol (n-2). 14
o 3N 3<77 2) (14)

As seen in Fig. 2(b), the time derivative of the phase-space
density is found to change sign at n = 9/2. For n < 9/2
(n > 9/2), p decreases (increases) with time. The energy-
dependent cascaded loss close to p-wave Feshbach resonances
can therefore be an eligible method of collisional cooling. The
evaporation efficiency y = —In(p/po)/In(N/Np) [31] in this
caseisy =n/3 —3/2.

We note that the simple scaling laws extracted above
hold for a uniform gas. In the presence of a harmonic trap,
the density is inhomogeneous and a spatial dependence of
the loss behavior is expected. For the energy-independent
three-body recombination, this is known to yield a so-called
“anti-evaporation” effect, i.e., loss-induced heating [32]. We
foresee that a spatially dependent loss behavior may temper
the cascade-induced collisional cooling discussed above.

B. Nonthermalized regime

In the following, we consider the opposite extreme case
of I’y K nA,q, i.e., the breakup of the weakly bound dimers
being negligible compared to the loss process. The relaxation
into the deeply bound dimer is instantaneous subsequent to the
dimer creation. This leads to a large inelastic to elastic colli-
sion ratio and therefore a nonthermalized, out-of-equilibrium
sample. In this regime, Eq. (10) simplifies to

dn

dt
where the inelastic scattering process only depends on [T,
with L, = 9T, (67 /k%)*/>e~E:/®sT) This shows a qualitative
change in loss behavior from an n® dependence in the ther-
malized regime to an n> dependence in the nonthermalized
regime. This change is due to the losses being limited by the
number of dimers instead of the number of dimer-atom pairs.

Due to the absence of thermalization, the reshaping of
the kinetic energy distribution from an initially thermalized
sample is determined by the energy-dependent losses. The
change in the kinetic energy distribution is described by a
differential equation obtained via the extension of Eq. (2) into
a velocity-dependent description (see Appendix B). Figure 3
shows the numerical results of the change of the kinetic energy
distribution for 19 = 4. The time is expressed in units of the
characteristic timescale of the losses defined by Eq. (15),
7 = 1/(Ly(t = 0)np) (analogous to t3). At short times, the
change in the energy distribution is dominated by a decrease
in amplitude which evidences the atom loss. At a later time,
we observe a reshaping of the exponential tail at high energy.
In particular, the kinetic energies E, > E,/2 are depleted.

= —Ln?, (15)
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FIG. 3. The kinetic energy distribution f(E,) of a gas in the
nonthermalized regime in units of £-! for a truncation parameter
no = 4 after a hold time 7 in units of the loss timescale 7, in a box
potential. Initially, f is a normalized Maxwell-Boltzmann distribu-
tion of temperature E./(4kg) and the three-body losses lead to a
decrease and reshaping of the kinetic energy distribution. After the
axis break, at = 101, the distribution does not have an exponential
tail of energies E, > E,/2 anymore. The inset shows the density in
units of the initial density changing due to a decrease of the kinetic
energy distribution (solid line) and the projected n*-dependent loss
for a gas of constant kinetic energy distribution (dashed line).

Finally, the loss stops after this energy tail is fully depleted,
as then no collision process bears enough relative energy
to form a weakly bound dimer. The result is a stable out-
of-equilibrium kinetic energy distribution, with a depleted
high-energy tail, no thermalization, and no loss. Note that at
this point, other processes that were neglected such as direct
three-body recombination may still contribute.

IV. CONCLUSION

In this work, we extended the previously studied cas-
cade model for a single-component Fermi gas near a p-wave
Feshbach resonance in the interacting, nonunitary regime to
combine the description of thermalization and three-body
loss. We extract simple scaling laws for the time evolution of
the atom number and the temperature in the thermalized case
and predict anomalous loss behavior in the nonthermalized
scenario. In the later case, the atom number loss exhibits a
n* dependence and a yet unexplored behavior of the sample’s
energy distribution: it is reshaped due to the loss with a partic-
ular depletion in the high-energy tail (E, = E,/2). Within the
approximation of our model, the loss vanishes once the tail
is fully depleted, leaving a low-energetic, nonthermal steady
state. In the opposite regime, i.e., the thermalized case, we find
that, in the interacting nonunitary regime [E;/(kgT) > 3/2],
the sample is collisionally cooled at a rate proportional to n>.
This allows for an increase in phase-space density that can
be controlled via the bound-state energy E;, that is to say, in
experiments via the magnetic-field value.

It is interesting to note that cooling or energy removal
via three-body loss generally occurs on different timescales
as compared to standard evaporative cooling. Furthermore,
these timescales can be reduced below typical two-body evap-

oration timescales at low temperatures by tuning E.. In the
thermalized regime, this could allow for efficient cooling of
single-component Fermi gases similar to standard evapora-
tion of s-wave interacting fermions. The cooling efficiency
is found to be y = n/3 — 3/2, which can be tuned to com-
parable values as that of standard evaporative cooling y’ 2
2n’/3 — 1 [31] without relying on s-wave collisions or chang-
ing the external trapping potential. Here 1’ is the standard
truncation parameter, i.e., the ratio of trap depth to mean ther-
mal energy, and is typically less than 10 [31]. Finally, we find
that the interacting, nonunitary regime in terms of temperature
and magnetic-field detuning from the Feshbach resonance is
experimentally accessible using °Li, see Appendix A. Thus,
our findings can be tested experimentally in future three-body
loss investigations of nonunitary p-wave interactions.
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APPENDIX A: BENCHMARKING THE CASCADE MODEL

To verify our model we compare it to the experimental data
from Waseem et al. [19]. In their experiment they investigated
three-body losses of °Li in the |F, mg) = |1/2, 1/2) state close
to the Feshbach resonance at 159 G for different magnetically
tuned positive binding energies E; on the order of the kinetic
energy of the atoms 3/2kgT. They extracted the three-body
loss parameter L3 from a fit of the atom-loss curves [see
Eq. (12)]. Then they used the cascade model to fit the rate
coefficient of the vibrational quenching A,q from L3 [33].

Here we use the L; values fitted to their atom-loss mea-
surements and extract A,q using the model described in this
paper. Figure 4 shows L3 for three sets of measurements of
samples at temperatures of 2.7 uK, 3.9 uK, and 5.7 uK for
magnetic field detunings between 150 mG and 600 mG. The
mean densities for the data sets are n; = 1.2 x 10'8 / m?,
n,=13x10" /m?, and n3 = 1.5 x 10'"® /m> for the re-
spective temperatures. For these measurements, the gas was
neither fully in the thermalized nor in the nonthermalized
regime with regards to the elastic-to-inelastic collision ratio,
and thus the loss coefficient should be extracted from Eq. (10)
for small losses with

int __
Ly =

3/2
ot (), (a

noAaa + Tt E

The data in Fig. 4 show a transition from the interacting
nonunitary regime to the noninteracting regime, making a
second description of the loss necessary to explain the mea-
surements. Because the assumption that virtually all atoms
lost have the collision energy E; does not hold in the non-
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FIG. 4. The three-body loss coefficient L; close to the p-wave
Feshbach resonance at By = 159.17(5) G from the publication [19]
for three different sets of temperatures of 2.7 uK, 3.9 uK, and 5.7 uK
shown as squares, circles, and triangles, respectively. The arrows
mark the points where E./(kgTy) = 10, separating the interacting and
noninteracting regime. The solid curves, describing the crossover
between the two regimes, are a fit of Eq. (A2) to the data of the
three temperatures with a fit result for the vibrational quenching rate
coefficient of A, = 3.6(6) x 10~* m? s~!. The dashed curves show
the loss coefficient of only the cascade model with the fit result A4
included in Eq. (A1).

interacting regime, the molecule creation rate cannot be
approximated with a delta distribution. Instead, in this regime,
the losses are described via direct three-body recombination
yielding L3 Vps/ ? and no density-dependent regimes [18].
We add the two results for L3 to describe the crossover of the
two regimes

: h
Ly=LM+ Cak%pr. (A2)

Here C =2 x 10° is dimensionless and quantifies the cou-
pling strength between the closed channel and the deeply
bound state [15]. Equation (A2) describes the three data
sets from Fig. 4 in the crossover regime with A,q as the
only free parameter. We fix the other parameters to the val-
ues E./[kg(B — By)] = 113 £ 7 uK G~! from Fuchs et al.
[34] and k. = 0.055(5) agl from Nakasuji et al. [14] and fit
Eq. (A2) to the data points.

We weight each data set equally, independent of the num-
ber of points. The resulting curves are shown in Fig. 4 (solid
lines), and they are in good agreement with the data. We ex-
tract a vibrational quenching rate coefficient A,g = 3.6(6) X
10~ m3s~! [35]. By fitting the data with Eq. (A2) we
reduce the relative error to AAaq/Aqaq =~ 0.17 compared to
AK,q/Kaq ~ 0.38 from Waseem et al. [19]. It is interesting to
note that the bare cascade model of Eq. (A1), using the above-
extracted A,q, explains well the data for each temperature in
the region where the system is close enough to the resonance
(dashed lines), identifying the interacting nonunitary regime.

10°

10° |

Cascade process rates (s™)

10!

100 200 300 400 500
Magnetic field detuning B-B, (mG)

FIG. 5. The cascade process rates of Egs. (1) and (2) as a function
of the magnetic field detuning B — B,. The three colors correspond to
the rates for the densities and temperatures of the loss measurements
depicted with the same colors in Fig. 4. The magnetic field detuning
spans the range corresponding to E./(kgTy) ranging from 3/2 to 10,
which is the interacting, nonunitary regime as defined in Sec. II. The
dimer breakup rate I, (solid line) has a (B — B,)*/? dependence, the
inelastic loss rate A,qng (dotted lines) is constant with ng the initial
density of the three scenarios, the dimer creation rate is Ly (dash-
dotted lines), and the loss rate of observer atoms is A,qnp ¢ (dashed
lines) with np the initial dimer density.

We can extract the characteristic rates of the cascade pro-
cesses appearing in Egs. (1) and (2) using the above value of
A, and Egs. (7) and (9) of the main text. The values corre-
sponding to the experimental parameters of Fig. 4 are shown
in Fig. 5. The dimer breakup rate I'; shows a strong magnetic-
field dependence while the inelastic atom-dimer collision rate
noAqq is constant. For small magnetic-field detunings, I'; be-
comes smaller than ngA,q4, thus making the consideration of
the thermal and nonthermal regimes relevant. In the interact-
ing regime where the loss is well described by the cascade
process (see Fig. 4), we find that I';/(n9A,q) varies between
0.1 and 7. This indicates that the system can be in a nonther-
malized regime or in a transition regime where elastic and
inelastic cascade processes happen at similar rates. We also
note that in previous studies with SLi[15,19], T, /(noAaq) was
varied from 107! to 10'. Furthermore, we note that for the
parameters of Fig. 4 and in the approximation of Eq. (9), the
equilibrium dimer density np is between 30 and 7 x 10* times
smaller than the atom density n.

With the extracted dimer densities and assuming similar
atom-atom and dimer-dimer collisional cross sections, dimer-
dimer relaxation processes can indeed be neglected. Another
process to be considered is secondary collisions, which can
happen when the fast products of the relaxation collide elasti-
cally with trapped atoms or dimers on their way out of the trap.
Following the argument of the authors of Ref. [21], the loss
rate of both dimers and atoms ;.. associated to such collisions
can be estimated from

Vsee X 2Aqnnpbo exp (bo (n + np)) (A3)
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for a cloud of characteristic size b. Here o is the elastic
collisional cross section for a fast collision product (atom
or dimer) with an atom or a dimer of the sample. As the
upper limit of the cross section for atom-atom, atom-dimer,
and dimer-dimer collisions we choose the interatomic elastic
cross section at the average collision energy. This energy is
determined by the kinetic energy of the fast product and is
on the order of the vibrational deactivation energy. For the
p-wave Feshbach resonance of SLi, an estimate for the lower
limit of the vibrational deactivation energy is 0.2 K due to
deactivation from the molecular state X E;r with vibrational
quantum number v = 38 [1] to the molecular state 132); with
highest rovibrational level at 4.10 GHz binding energy [36].
Thermal averaging of the elastic cross section then gives an
upper bound of ¢ = 5.6 x 107! m?. Assuming a cloud size
of b = 100 um, the upper limit for 4. is approximately 1 s~!
for B — By = 100 mG and always several orders of magnitude
smaller than A,qnp. Thus secondary collisions can be safely
neglected.

APPENDIX B: LOSSES IN THE NONTHERMAL REGIME

To study the three-body losses in the nonthermalized
regime, we extend Eq. (2) into a velocity-dependent dif-
ferential equation in the limit of 'y < ngA,q. With the
approximation of Ky (E) o« §(E — E;) for the dimer creation
rate, the phase-space density p(v) of the atoms changes with
every event where a dimer is created and immediately lost via

atom-dimer collision. The collision energy of two atoms with

velocities v and v’ is E(v, v') = m|v — v’|?/4, such that the

change in phase-space density is

dp(jv])
dt

_”i'”') / dv' dv"K(EW', v")p (v Do(Iv"])

—2 / dv'Km(E (v, v)p([v))p([v']). (BI)
Here the gas is assumed to be trapped in a box potential and
p(v) = nof(E,) is the product of the initial density of atoms
with the kinetic energy distribution. The atom’s kinetic energy
E, = mv?/2 is assumed to be independent of the atom’s po-
sition, and the gas is prepared such that f(E,) initially is a
Maxwell-Boltzmann distribution.

The second term of Eq. (B1) accounts for the process that
the atom lost from the distribution with velocity v collides
with another atom with velocity v’ to form a weakly bound
dimer. In the limit of no thermalization, this dimer is auto-
matically lost from the trap, and thus the loss rate has no
additional dependence on the density. The factor of 2 is due to
the interchangeability of the two atoms making up the dimer.
The first term of the equation accounts for the loss of single
atoms due to collision with a dimer, formed beforehand by the
collision of two atoms of velocities v’ and v”. The velocity
group of atoms lost this way depends only on the population
of the velocity group and the dimer-creation rate. Thus no
condition is imposed on the velocity of the atom and the loss
scales with the population of the velocity group.
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