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Ultracold bosons in the vicinity of a narrow resonance:
shallow dimer and recombination

Ludovic Pricoupenko™ and Mattia Jona Lasinio(®
M) Laboratoire de Physique Théorique de la Matiére Condensée,
Université Pierre et Marie Curie, case courier 121,
4 place Jussieu, 75252 Paris Cedex 05,
France. @ Institut fur Theoretische Physik ,
Leibniz Universitit Hannover, Appelstr. 2,
D-80167, Hannover, Germany

(Dated: September 13, 2011)

The different resonant regimes that can be achieved by using a magnetic Feshbach resonance are
analyzed with a separable two-channel model. Emphasis is put on the case of narrow resonances in
a region of intermediate detuning where a shallow dimer exists and an approximate law including
the background scattering length for the three-body recombination rate is derived.
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I. INTRODUCTION

A possible way to prepare ultra-cold atoms in strongly
correlated states is to use magnetic Feshbach resonances
[1, 2]. Using this techniques in Bose gases a breakthrough
has been achieved with the observation of three-body Efi-
mov states [3-5] and also four-body resonances tightly
linked to the Efimov effect [6, 7]. However, a stable
many-body state has never been observed for bosons at
resonance as a consequence of a large losses into deeply
bound states [8]. In all these experiments, atoms are neu-
tral and the pairwise interaction between them is char-
acterized by a van der Waals tail. In the vicinity of a
magnetic Feshbach resonance, the scattering length (de-
noted by a) can be tuned (formally from —oo to o0) via
an external magnetic field of amplitude denoted by B. In
the vicinity of the resonance it can be parameterized as

[9]:
0= ang (1 - BA@O) | W

where By is the position of the resonance, AB is the
width of the resonance such that a = 0 for B = By + AB
and apg is the background scattering length, i.e. the
off-resonance s-wave scattering length. Away from reso-
nances the two-body scattering length is of the order of
the van der Waals range [10, 11]:

1 /mCsg 1/4
= — 2
Ryaw 2( = ) ; (2)

where m is the mass of one atom and Cjg is the London’s
constant. In the resonant regime, this length is small as
compared to the absolute value of the scattering length
Ryaw < |a|. The van der Waals length gives the short
distance scale for interatomic forces and also permits to
define a low energy regime corresponding to energies F
such that |E| < (72 /mR2 ;w)-

The precise description of the interaction between ul-
tracold atoms needs multi-channel computations. In
this paper we use instead a separable two-channel model
which describes the Feshbach mechanism and contains
the relevant energy scales in the vicinity of the resonance
while short range properties are taken into account only
qualitatively. It is a simplified version of the model of
Refs. [12, 13] and it was already introduced in the con-
text of the two spin-component interacting Fermi gas and
for the study of the three- and four-body problems in
Refs. [14-16]. A similar version of the model has been
also used in the context of Efimov physics for three spin-
component fermions [17]. It has also the same structure
as the one introduced in the study of three interacting po-
larized fermions in Ref. [18]. In Refs. [15, 16] it has been
shown that this separable two-channel model allows one
to study the few-body problem by solving equations of
the same order of difficulty than in the zero range ap-
proximation. The model takes into account the direct
interaction between atoms and is thus able to describe
the background scattering and the finite width of the
resonance. In this paper, we use this feature in order to
analyze the respective contributions of the background
scattering length, of the width of the resonance and of
the finite potential range on the properties of the shal-
low dimers in the different regimes encountered in experi-
ments using the magnetic Feshbach resonance techniques:
broad and narrow resonances and also the possible neigh-
borhood of shape resonance. Deviations from universal
laws valid near the threshold of resonance are obtained in
these three regimes. We use the example of a broad res-
onance in potassium where the spectrum has been com-
puted in a microscopic collisional approach in Ref. [19] to
show that the basic description of the short range interac-
tion with a single parameter is enough for a quantitative
description of low energy properties. The case of narrow
resonances, is particularly interesting because these de-
viations can be evaluated accurately without explicitly
taking into account short range physics. For this type of
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resonances, we define an intermediate regime where the
binding energy of the dimer is an affine law of the exter-
nal magnetic field. Finally, we show that the two-channel
model permits to study narrow resonances for a larger in-
terval of magnetic detuning as compared to the effective
range approach [20]. Finally, we find an approximate law
for the recombination constant which takes into account
the background scattering length ay,s and also general-
izes the analogous law obtained in the framework of the
effective range approximation.

The paper is decomposed as follows. In section IT we
define the two-channel separable model used in this pa-
per. In section III we analyze the basic properties of the
shallow dimers in the different regime of the the magnetic
Feshbach resonance. In section IV we derive the integral
equation which permits to solve the three-body problem.
We then consider the recombination rate issue for three
identical bosons and apply the formalism to the case of
the intermediate regime of narrow resonances defined in
this paper.

II. TWO-CHANNEL SEPARABLE MODEL

We consider neutral and spinless bosonic atoms. They
belong to the open channel of the model characterized
by a continuum of delocalized states above zero energy.
The model supports a closed channel characterized by
a discrete and structureless bosonic molecular state. In
our terminology, molecules in the closed channel are dis-
tinct from the dimers which are the bound states of the
full Hamiltonian. The Feshbach resonance mechanism
is encapsulated by a coherent coupling between atomic
pairs of the open channel and the molecular state. The
model contains a direct interaction term between atoms
in the open channel which permits to take into account
the background i.e. off-resonance scattering length (de-
noted by apg).

We use the second quantized form, where the oper-
ator ay annihilates one atomic boson of mass m and
wavevector k in the open channel while by annihilates
one molecule of mass 2m and wavevector k in the closed
channel. Both operators ayx and by obey standard bosonic
commutation rules:

laxe, aje] = (2m)?8(k—K') , [bi. b ] = (2m)*6(k—K), (3)

where the factor (27)3 in front of the d-distribution cor-

responds to the choice (r|k) = exp(ik-r) for the plane

wave. Any other commutator vanishes. In what follows,

the kinetic energy of an atomic plane wave of wave vector
k is

h2 k>

€k =

(4)

The Hamiltonian of the model can be written as the sum
of three terms:

2m

H = Hat + Hmol + Hatfmolv (5)

where H,; is the Hamiltonian for bosons in the open
channel, H,, is the Hamiltonian for molecules and
H.t—mo1 couples any atomic pair with the molecular
state. The three terms in Eq. (5) are defined as follows:

e The Hamiltonian H,; describes atoms:

3k go [ BKAPBkdK
Hyy /WﬁkalakﬁL?/kaXk/

T T
a%_k,a%_i_k/a%Jrka%,k. (6)

For simplicity, the pairwise interaction among
atoms has been chosen separable: it is character-
ized by a coupling constant go and a normalized
function xx with a Gaussian shape and a cut-off
length denoted by b:

Xk = exp(—k?b*/2). (7)

The parameter b mimics the potential range of the
true interaction between neutral atoms and is thus
of the order of the van der Waals range Ryqw. The
particular choice for the shape of the function yy is
not essential: it allows to perform some analytical
simplifications and gives a qualitative description
of the short range physics. The model Hamiltonian
H,; allows one to describe two-body scattering far
from the Feshbach resonance: the background scat-
tering length of the model is a function of gg and

b.
e Molecules in the closed channel are described by
Hyor
dgK €K
Hmo = a3 <_ Emo)bTb )
= [ G (5 o)t

where FEy,q is the internal energy of a molecule de-
fined with respect to the zero energy of the open
channel. In the magnetic Feshbach resonances,
Fnol is tuned by use of the external magnetic field
B. We make the reasonable assumption that in the
vicinity of the resonance, it can be approximated
by an affine law:

Eumot = 0p(B — BS). (9)

In Eq.(9), BS' is the magnetic field at which the
molecular state energy crosses the threshold of the
open channel continuum and §u denotes the differ-
ence between the magnetic moments for an atomic
pair in the open channel and the molecular state in
the closed channel.

e The last term in Eq. (5) couples the two channels
and thus models the Feshbach resonance mecha-
nism:

BEPBE
Hatfmol = A/ W Xk b%agikagﬂ( + h.c.. (10)
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In Eq. (10), the coupling function is generic: it
is characterized by a constant A (chosen here to
be real) and the same cut-off function yx as in
Eq. (7). When applied in the context of the few-
body problem, this particular choice greatly sim-
plifies the original model of Ref. [12]: it permits
to obtain single closed equations for the three- and
four-body problems [16, 18] similar to the ones ob-
tained in the zero-range potential approach [21].

III. TWO-BODY PROPERTIES
A. Scattering amplitude

The basic object for the study of two-body proper-
ties is the scattering amplitude. Thus, in this subsection
we derive the two-body scattering amplitude of the two-
channel model to make the link between two-body prop-
erties which may be measured experimentally (a,ang,AB,
Eg4im) and the four parameters of the model (go, A,
Emolab)'

The most general state for the two-body system in the
center of mass frame is a coherent superposition of two
atoms in the open channel and of one molecule at rest in
the closed channel:

3k
|@>/(2ﬂ)3 Arafal J0) + ABbJ0). (1)

A(k) is thus the wavefunction for a pair of atoms. The
equations verified by the amplitudes A(k) and 3 in
Eq. (11) are obtained from the projection onto the atomic
and molecular subspaces of the stationary Schrodinger’s
equation at energy E: (E — H)|¥) = 0:

(E — 2ex) Ax = AxkB + goxxkY (12)
(E - Emol)ﬁ = 2A’Ya (13)

where v = [ (d;Tk)/S Xt Ak From Egs. (12,13) we elimi-
nate v and obtain:

2A2
(E — 2¢ei) Ay — gg’f‘ (E — Bl + _) B=0. (14)
9o

For a scattering process, the atomic wavefunction is char-
acterized by an incoming plane wave of momentum kg
and an outgoing spherical wave:

27
gJoXk E - Emol + ==

9o
1
2N E —2¢ + 0t B, (15)

Ax = (27)%6(k — ko) +

where we use the standard prescription £ — E + 0% to
ensure that the scattered wave is indeed outgoing. Gen-
eral scattering theory relates the scattering state |¥)
with the incoming state |¥(©) by |¥) = (1 + GoT)|¥®),
where T denotes the transition operator and Gj is the
resolvent of the non-interacting Hamiltonian [23]. From

this identity and from Eq. (15), the half on-shell transi-
tion matrix is:

2A2
(K|T(E + i0") ko) = gg’f‘ (E — Emol + —) 8. (16)
go

The scattering amplitude f(FE) is derived from the on-
shell transition matrix (k = ko) using the relation:

m
47h?

F(E) = KIT(E+i0) ko). (17)

This way, f(F) can be expressed as:

m|xi,|? 7/ 4’k Ixi|?
(

4rh2f(E) 271)3 E — 26 +i0+
1 2A2

-—+ . (18
0 RE By

Equation (18) shows that in this model scattering only
occurs in the s-wave channel which is a sufficient descrip-
tion of binary collisions in the regime of temperature and
densities where ultracold gases are studied. In the ab-
sence of the inter-channel coupling (A = 0) i.e. in the off-
resonant regime, the scattering amplitude at zero energy
is by definition equals to the opposite of the background
scattering length apg and from Eq. (18), one finds:

4732 h2b
with g§=-———""_  (19)
m

The system is in the neighborhood of a shape resonance
when |abg| > b and in this model this corresponds to the
situation where go ~ g5. Away from a shape resonance,
|abg| is of the order of the potential range b.

The general calculation of the scattering amplitude at
finite energy in Eq. (18) is easy to perform in the domain
of negative energy E = h?kZ/m < 0. Keeping in mind
the standard analytical continuation kg = iq with ¢ > 0,
one obtains:

2,2 87rth2abg
1 —¢°b e
—— = gerfe(gb) — c 1- 9% 7 |
f( ) Ubg E*Emol“i’ 90

(20)
where erfc() is the complementary error function which
equals unity at zero. The zero energy limit of Eq. (20) is
equal to the opposite of the inverse scattering length that
can be exactly identified with the standard phenomeno-
logical expression of Eq. (1). This provides the expres-
sion of the width of the resonance as a function of the
parameter of the model:

B 87rh2A2abg

AB
mgéopu

, (21)

and also the magnetic detuning from the center of the
resonance:

Emol 2A2

B=Bo= 30 ™ goin

+ AB. (22)
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In what follows, (B — Byp) is called the energy detuning.
Equation (21) shows that duAB has the same sign as the
background scattering length as. We have checked that
this property is indeed verified for the various resonances
reported in Ref. [13]. As a consequence of the interaction
between the open and the closed channel the resonance
is not located at BS! and from Egs. (9,22) the resonance
shift in the magnetic field is:

AB
1—bym/ang

One can notice that nearby a shape resonance where
|abg| > b the resonance shift appears as independent
of the short range details of the interatomic forces
and equals —AB. This is the case of the the Fesh-
bach resonance in cesium at —12 G where one finds
(B! — By)/AB ~ —1.12 if one takes the reasonable value
b = Ryqw for the potential range.

B — By = (23)

B. Dimers
1. Binding energies

Using the results of the previous section, we now dis-
cuss the properties of dimers i.e. the two-body bound
states of the full Hamiltonian in Eq. (5). Their binding
energies (denoted by Fqim = % > 0) are given by the
poles of the scattering amplitude f(FE) at negative energy
(E = —E4im < 0) [22]. From Eq. (20) this leads to the
following equation:

dim Gbg eaim®” erfc(qaimb)
GdimObg 4dim?? erfc(qaimb) — 1
h2q(21im 7 B - BO
mouAB AB

(24)

In the limit where F and du(B — Bp) have both large and
negative values, the leading term in the expansion of the
left hand side gives the solution £ = Ey,o1 = —FEdim: i-€.,
far from resonance the dimer coincides with the molecular
state and is essentially in the closed channel. At finite
detunings, one may distinguish two qualitatively different
regimes in Eq. (24):

(i) For apg < by/m, the left hand side of Eq. (24) is
negative and is a monotonically decreasing func-
tion of gqim. Hence, there is at most one possi-
ble solution which only exists for a negative energy
detuning du(B — By). The dimer results from the
inter-channel coupling and is denoted below as the
Feshbach dimer.

(ii) For ang > by/m, the left hand side of Eq. (24) di-
verges at a given value denoted in the following
by ¢%V. It decreases from 0 to —oo in the in-
terval qqim € [0,¢%V[ and from +oo0 to —oo in the

interval qgim €]¢%"V, +00[. Consequently, there al-
ways exists a solution in the interval J¢4V, +o0|.
Away from the Feshbach resonance and for posi-
tive energy detunings [du(B — By) — -+0oc], this so-
lution gives the energy of the dimer associated
with the direct coupling and we denote it as the
background dimer. For negative energy detunings
[0p(B — Bp) < 0] a second dimer exists: at thresh-
old [i.e. for du(B — By) = 07] it corresponds to the
Feshbach dimer and for decreasing values of the en-
ergy detuning there is an avoided crossing between
the Feshbach and the background dimers.

Due to their important role and their universal character,
we now focus on the low energy two-body properties of
this model. We thus assume that the dimer’s energy is
such that gqimb < 1. In order to obtain an approximation
beyond the universal regime where ggim = 1/a, we solve
the equation:

E+ 6u(By — B+ AB)
f(E)

by expanding expanding the left hand side up to second
order in ¢ and find:

=0, (25)

—a+ \/a2 +4R*(a — apg) — 8%‘: + 4b2

2R*(a — apg) — 222 4 22

™

4dim = ’ (26)

where the parameter R* denoted hereafter as the width
radius is linked to the width of the resonance by [20]:

h2

=— . 2
= mapgd pAB 27)

We anticipate that the expression in Eq. (26) cannot be
obtained from the effective range approach (even in the
formal limit where b — 0). In the limit of large and pos-
itive values of the scattering length, i.e. at the thresh-
old of appearance of the Feshbach dimer, Eq. (26) gives
at the lowest order the universal and standard law sup-
ported also by the Bethe-Peierls zero-range model [24]:
1 h?

ddim = a ) Edlm - ma2 . (28)
The interest of the two-channel model is to give quan-
titative corrections to this law. In the vicinity of the
threshold where a is much larger than the three length b,
R* and |apg|, the correction in 1/a® on qqim is given by:

1 R* 20
m~—(1—— 29
1 a( aJr\/?a>Jr (29)

where terms of higher order are not consistent with the
approximation made for Eq. (26). A similar law was de-
rived by using another two-channel model in Ref. [13]
(see Eq. (53) in this last reference). We now distinguish
different regimes where the deviation to the universal pre-
diction are qualitatively different.
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a. Broad resonances— For a broad resonance, R* is
of the same order of magnitude or smaller than b, mean-
ing that the correction to the universal law depends on
the details of the true interatomic potential and Eq. (28)
is valid in the regime of small detuning:

1B — By

AB] < 1. (30)

b. Narrow resonances— The case of narrow reso-
nances defined by R* >> |ang| has attracted some interest
in the three-bosons problem [20, 25, 26] and we focus on
the dimer spectrum given by the present realistic model.
Near threshold for this type of resonance, the regime of
validity of Eq. (28) is very tiny:

B =Byl _ |ag|

2B < @ <L (31)
However for a narrow resonance, the first correction to
Eq. (28) given by Eq. (29) has also an universal character:
a feature already noticed in Refs. [13, 20]. A more inter-
esting feature brought by the two-channel model concerns
higher relative detuning |B — By|/|AB|, where there still
exists a shallow dimer. Equation (26) permits to distin-
guish between the contributions of the background scat-
tering length ape and of the potential range b. In the

regime where R* > b ‘ B;go ‘, terms involving b are neg-
ligible and one can thus use the following approximate
law:

—a++/a? + 4R*(a — apg)
2R*(a — apg)

ddim = . (32)

Moreover, in the intermediate regime where
R*(a — apg) > a* the binding energy of the Fesh-
bach dimer is given by:

1
o R o)

Eaim >~ 0pu(Bo — B).  (33)
This law, derived in the limit of a large width radius R*,
shows that for a negative background scattering length
(abg < 0) and for a vanishing value of the scattering
length (|a| < |ang|), there still exists a shallow dimer of
binding energy Fgim = —0pAB. In terms of magnetic
field detuning, the definition of the intermediate regime
chosen here can be written as:

R* ‘ AB B — By

34
avg] ~ |B—Bo | AB (34)

It corresponds to a larger interval of detuning than the
intermediate regime of Ref. [20] where it is defined as
R* > |a| > |apg| and corresponds to the inequalities:
> |2 >

c. Vicinity of a shape resonance— In the case where
the system is in the vicinity of a shape resonance i.e.
|ang| > b and for a positive background scattering length,

far from the Feshbach threshold the background dimer is
shallow. In the regime where a of the same order of
magnitude than apg, the expansion of Eq. (26) for large
values of apg (for a fixed ratio ang/a) gives the correction
to the universal law gqim ~ 1/apg:

U1 R* abg 2b
qdlm*al a( a)+ﬁa
The presence of the parameter b in Eq. (35) shows that
this correction depends on the details of the real inter-
atomic forces at short distances. For arbitrary magnetic
detuning, the set of solutions of Eq. (24) can be ob-
tained by using a graphical reasoning. As an example, in
Fig. (1) we have plotted the possible values of gqimang in
Eq. (24) as a function of the energy detuning du(B — By)
for a specific value of the ratio |ang|/R*. For a negative
background scattering length (apg < —b) only Feshbach
dimers exist and the corresponding branch is plotted in
the negative region of the product ggimane and of the
energy detuning. For a positive background scattering
length (abg > b), qaimabg is positive and there are two
possible branches displayed in Fig. (1). In this regime,
the figure nicely illustrates the interplay between the Fes-
hbach dimer and the background dimer [28]. At the Fes-

Y. (35)

P |
....................... BaCkground dlmer—
2 2 e \‘
FL =
EO
o Feshbach dimer |
2 a
4 |
o Ao o o

du(B-By) (units of E,)

FIG. 1: Graphical solution of Eq. (24) for gaimb < 1 and the
ratio |apbg|/R* = 2. The product gaimang is plotted as a func-
tion of the energy detuning du(B — Bo). In the regime of neg-
ative background scattering length (ang < 0) only one shal-
low dimer exists (solid line). For positive scattering length
(abg < 0) there exists an avoided crossing between the Fesh-
bach dimer and the background dimer respectively (dashed
and dotted lines respectively).

hbach threshold [du(B — By) = 0], the binding energy of
the dimer of finite energy is:

h2 2
Fim~——11 1+4 ol
d 4maﬁg < +4/1+4ang/R ) (36)

Hence, as we consider the vicinity of a shape resonance
where |apg| > Rvaw, this bound state is shallow only for
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a sufficiently narrow resonance. This shows the possible
occurrence of a regime where two low energy dimers co-
exist. Interestingly, in the case of a narrow resonance in
the vicinity of a shape resonance Eq. (32) is a low energy
solution for all values of the magnetic detuning including
the off-resonant regime where a is of the order of ap,.

2. Occupation probability in the closed channel

The inter-channel coupling induces a non vanishing oc-
cupation probability of the dimer in the closed channel.
In what follows, this probability is denoted by pclosed-
For a normalized bound state:

3k
7 +2 [ g5z 1Aw? = 1 (37)

and pelosed = |B])%. In the case of a shallow dimer such
that gqimb < 1, this probability is independent of the
short-range parameter b:

4ddim ' (38)

Pclosed = D)
. _1 [ Eqiy a
dim + 2R* (5,uAB + abgfa)

Near the Feshbach threshold, for a vanishing and nega-
tive value of the energy detuning du(B — By), the Fesh-
bach dimer has a vanishing occupation probability in the
closed channel:

2R*
closed ™ 5 39
Pclosed a (39)

while in the intermediary regime of Eq. (34), this occu-
pation probability is close to unity:

1 /a—ap
Pclosed ™~ 1- 5 R* s

(40)

C. Short range parameter of the model

In standard broad resonances used in current experi-
ments, for a detuning |B — By| of few Gauss and even if
Eqim < Evqw, the deviation of the dimer’s binding en-
ergy from the universal threshold law of Eq. (28) is non
negligible. Interestingly, this property can be used as a
way to set a reasonable value for the short range param-
eter b. In order to justify that b is of the same order of
magnitude than R,qw, we use an approximate formula
which has been derived semi-classically for a one-channel
model with a potential containing a van der Waals tail
[10]:

7# where, a = 7F(3/4)RV(1W
m(a —a)? ’ V2U(5/4)

It has been shown that this approximation is relevant
in the limit of large scattering length a > R,qw and for

Egim ~ (41)

a broad resonance, where the dimer near threshold is
essentially in the open channel [13, 27]. Comparing this
law to Eq. (29) confirms our assumption on the parameter
b. In the case of narrow resonances where R* is large as
compared to |ang|, Eq. (26) shows that low energy two-
body properties depend only sightly on the precise choice
made for b which is of the order of Ryqw.

For a precise determination of b, one may use data
provided by detailed collisional models or experimental
results when available. As an example, the spectrum for
the resonance at 402 G in 3K has been computed in
Ref. [19] (see Fig. 4 in this last reference). It appears
that the choice b = 1.2R,qw permits to fit precisely the
spectrum even for a relatively large detuning. We plot-
ted in Fig. (2) the different predictions: the semi-classical
law (41), the universal law (28), the microscopic compu-
tation of Ref. [19] and the result given by the present
two-channel model. In Ref. [18], we have also considered

L e e N Y AL

2 4
Bo -B (Gauss)

FIG. 2: Spectrum of the Feshbach dimer for the resonance
at 402 G in *K. Stars: microscopic computations [19]; con-
tinuous line: two-channel model used in this paper where
b = 1.2 Ryaw; dashed line: universal law Eaim = h?/(ma?);
dashed dotted line: semi-classical prediction from Eq. (41).
Inset: for large detunings, the binding energy tends to —Fmor.

the resonance at -12 G for 33Cs where experimental re-
sults of spectroscopy were obtained [30]. We have shown
also that the data can be reproduced by a specific value
of the short range parameter which is close to the van
der Waals range (b = 0.7 Ryqw). These studies provides
strong confidences that for the various magnetic Fesh-
bach resonances that can be encountered in experiments,
the model can reproduce accurately two-body properties
for energies lesser than FEyqw.

D. Effective range approximation

In the effective range approach, the inverse scattering
amplitude 1/f(F) is replaced by its approximation at the
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linear order in E:

1 1 Teq?
Lol eq
a

f(E)

In Eq. (42) 7, is the effective range and ¢ = —ik if E > 0.
In what follows, we compare the predictions for the shal-
low dimer obtained from Eq. (42) to the one given by
the two-channel model, we thus choose the value of the
effective range obtained from Eq. (20):

2 2
Te:4—b7&72R*<17%). (43)
VToooa a

At resonance the effective range is r1* = j—b— — 2R*, thus
s

for FE <O0. (42)

ri® has a positive upper-bound of the order of the short

range length b but depending on the parameters of the
model, it can in principle assume any negative value. For
a broad Feshbach resonance the effective range is of the
order of the van der Waals range while for a narrow Fesh-
bach resonance (i.e. R* > |apg|) it is large and negative
(ries ~ —2R*) with a value which only depends on the
general characteristics of the resonance through Eq. (27).
In the regime where the scattering length is large and
positive, the effective range approach supports a shallow
bound states with a binding wavenumber given by

a—+a? —2are

are

qddim = (44)
Equation (44) and Eq. (26) coincide the each to the
other only in the region of asymptotically small detunings
|(B —By)/AB| < 1 of narrow resonances (characterized
by a large width radius R* > b). In this very specific
regime, the binding wavenumber of the Feshbach shallow
dimer is

—a+ Va2 +4R*a
2R*a

ddim = (45)
which differs from the more general approximate law in
Eq. (32). The effective range approach is thus especially
relevant for narrow resonances and for |a| > |apg|, while
for broad resonances it can only supports a qualitative
description of the corrections to the universal laws in
Eq. (28).

One can also compare Eq. (24) for the binding
wavenumber, with the equation written in a similar form
but obtained in the framework of the effective range ap-
proximation. In the low energy limit where gqimb < 1
and in the effective range approximation:

4dimdbg 7 Qi 1
Gdimabg — 1 mopAB (1 — BBe) (1 — ggimang)
B— By
= . (4

Equation (46) coincides with Eq. (24) only in
the regime of asymptotically small detuning i.e.

|(B—Boy)/AB| < 1) and for ggim|ang| < 1.  Conse-
quently, the interplay between a shape and a Feshbach
resonance cannot, be properly described by a model rely-
ing on an effective range approach.

In Fig. (3) we have plotted the dimer spectrum for the
narrow resonance of 3°K at 752 G obtained from the two-
channel model. We have added the different approximate
laws of Eqs. (32,33,45). The resonance is sufficiently nar-
row (R*/|abg| ~ 34) for having a well defined interval of
detuning where the intermediate regime of Eq. (34) holds.
This figure illustrates the fact that the effective range ap-
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FIG. 3: Spectrum of the shallow dimer for the narrow
resonance of *°K at 752 G (abg = —35 ao, AB=-04 G,
ou=1.5 pup, Rvaw = 64.6 ap). Solid line: binding energy
Eg4im obtained from the two-channel model in units of |§uAB|
as a function of the relative detuning (B — Bo)/|AB|; dashed
line: approximate law for narrow resonances from Eq.(32).
Dotted line: approximation in Eq. (33), derived in the in-
termediate regime of narrow resonances; dashed dotted line:
binding energy from Eq. (45); dashed doubly dotted line:
binding energy in the effective range approximation (44).

proximation is relevant only for a small enough relative
detuning |(B — By)/AB| < 1) while the low energy ap-
proximation in Eq. (32) remains a good approximation
of the exact solution of Eq. (24) of the model even for a
finite relative detuning.

IV. THREE-BODY RECOMBINATION
A. Wave equation for three bosons

In this subsection, we derive the integral equation
which permits to solve the general three-body problem
of the present two-channel model. It is thus the first step
in order to compute three-body recombination processes.
We consider three bosons in their center of mass frame
at energy E. The state of the system is a coherent super-
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position of three atoms plus one atom and one molecule:

dBKdk
_ T T T
|\I/> - / (27T)6 AK7ka%+ka%,ka—K|0>

BK
+/ ) Brcblcal (]0).  (47)

In Eq. (47), Bk (respectively Ak k) represents after
symmetrization the atom-molecule wavefunction (respec-
tively the wave function for the three atoms in the open
channel, where K and k are two Jacobi coordinates in
momentum space). In what follows, without loss of gen-
erality Ak x is considered to be an even function of k.

Projection of the stationary Schrédinger’s equation
(E — H)|¥) =0, at energy E on the states with one atom
and one molecule provides the equation for fk:

(Erel - Emol)ﬂK - 2A'YK =0 (48)

where for convenience, we introduced the function:

A3k N
YK = /(QT)P,Xk (AK,k+2A_%+k,—¥—%)' (49)

In Eq. (48), E,q is the relative (or collisional) energy of

a pair of center of mass momentum K:

3 h2K?
Erel:E_Z .

50
— (50)
It represents the energy of a pair in its center of mass
frame while the third particle does not interact with
an atom of this pair. The projection of the stationary
Schrodinger’s equation on the states with three atoms
gives:

(Erel — 2ex)Ax x — AxxBx — goxxTx = 0. (51)

In order to simplify subsequent equations, we introduce
the effective wavefunction Sg:

(= D0 4 Su(AB - BBy (52)

where the factor 29/82 can be also written in terms of the

molecular energy by using Eq. (22). From Eq. (48) we
obtain:

(Frel — 26x) Ak x — AxifBie = 0. (53)

Similarly to the two-body case [compare with
Egs. (14,15)], the general solution of Eq. (53) can
be written as:

Axu B8

A = AQD, 4 XK
Kk = Akt po o ot

(54)

where A represents a possible incoming wave of three
free atoms, and is thus an eigenstate of the kinetic energy
in the center of mass frame. A is non zero only if the

energy E is non negative, in this case the second term
in the right hand side of Eq. (54) represents an outgoing
spherical scattered wave, thanks to the i0" term in the
denominator. It is clear that for a negative energy, the
factor between brackets in Eq. (51) cannot vanish and
the prescription £ — F + 30" can be omitted.

From Eqs. (48,54), we deduce a closed integral equa-
tion verified by the effective atom-molecule wave func-
tion:

. 2 /52 (0)
mexp(—mEeb”/h*) g LK
a2 f(Br) K A

B 2/ Bk ﬁﬁHX%JFkXKJFg
B (27T)3 €k+€K+€K+k*E*Z‘0+,

(55)

where,

3
o _ [ Lk .0 (0)
W = [ Gy (A +240% ) 60

Remarkably this equation has a form similar to the Skor-
niakov Ter Martirosian (STM) equation [31]. In the limit
where b — 0, the kernel in the integral of Eq. (55) coin-
cides with the one of the STM equation. For the more
realistic situation where b is finite, the cutoff function yk
permits to avoid the Thomas collapse [32]. A remarkable
feature of the two-channel separable model used in this
paper is that the two-body physics is entirely encapsu-
lated in the diagonal part of the integral equation (55)
only through the two-body scattering amplitude f(E). It
has been shown recently that this property remains true
in the four-body integral equation derived from the same
model [16].

B. Three-body recombination constant

We consider the recombination of the three bosons into
a Feshbach dimer and one atom in the limit where there
is no background dimer. Thus, the following inequalities
hold:

a>ang and apg < by/T. (57)

The derivation of the recombination rate and recombi-
nation constant is obtained along the same lines as in
Ref. [18]. We study the scattering process in the center
of mass frame, we thus assume a vanishing total mo-
mentum for the incoming wave. Moreover, we consider
the limit of vanishing kinetic energy in the center of mass
frame which is relevant for the Bose gas in the degenerate
phase. We denote the wavevectors of the three incoming
atoms by kY, k9 and k9 and we introduce the total and
relative momentum Ky = kY + k3 and ko = (k9 — k9)/2
for the atomic pair 12. The incoming wave function can
be written as

dKdk
|\p<o>>:/ G Akl xl0), (658)
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where
o0k —ko)+d(k +k
Ak = (2m)%6(K — Ko) (ke ~ ko) 5 ko) | (59

In the limit of vanishingly small but positive energy we
have:

0
A = (2m)°5(K)d (k). (60)
and we always assume in the following that £ = 0. In
this limit, the source term in Eq. (55) which is given

by Eq. (56) is 1) = 3(27)36(K). The atom-molecule
wavefunction Sk can be written as

Bk = 3V8TR*(a — ang)(27)35(K)

4drh(K)
+ vV Pclosed K2 _ K2 — ’LO+ (61)

The coefficient in front of the delta distribution in
Eq. (61) is adjusted in order to cancel the source term of
the generalized STM equation (55). In the last term of
Eq. (61) we introduced the wave number

Kiim = (62)

2
\/qulm
which corresponds to the relative momentum for the
atom and the dimer formed in the inelastic three-body
collision. Physically, the pole at K = Kgj, +107 is
linked to the outgoing spherical wave for the atom-
dimer relative particle. The angular average appearing
in Eq. (55) for the isotropic ansatz of Eq. (61) is per-
formed in Appendix A. After calculation one is left with
the following inhomogeneous integral equation:

eTarb” Kheff( )

( YEI) K2 dlm ZO+
e fr(
/dk R ok ko) B0
dlm - ’LO+ o
0
1 2Unh?ae 3K (63)
v/ Pclosed mA K ’
where
off _ goh(K) _ 3RPKP
h (K)772A2 ou(AB — B+ By) 1
(64)

We derive the recombination rate from the solution h(K)
by considering formally the three-body system in a large
fictitious box of size L. We consider the state of three
particles in this box with periodic boundary conditions
and defined by [1)P%) = [4)/L%2. The atom-molecule
wavefunction in position space is obtained by a Fourier
transform of Eq. (61):

BE - h(K)e T
( = V/Dclosed 47T/ ( )3 K2 _ Kglm 0+ +... (65)

where r = ryq] — rat and the dots indicate terms which
are not relevant in the recombination process. This pro-
vides:

einimr

B(r) = /Pclosed MK dim) +... (66)
which corresponds as expected to an outgoing spherical
wave for the relative particle composed of the atom and
the molecule with the wave number Kg;ip,. In the limit
of large separation between the atom and the molecule,
the outgoing wave function in the box is:

X h Kdim einimT
C}?l_(l)t (I‘) = pclosed% .

Hence, the probability current for the relative particle of
reduced mass 2m/3 is:

(67)

r

. 3h o
§= o (vha vebn — cc.)
DPclosed thim 2 ér
= Detosed 2o Ky
E s M) (68)

The total flux associated with j is obtained by integration
over the center of mass position and the full space angle
(4m) for the relative particle:

Pclosed h
76 o — | h(Kdim) > Kdim- (69)

The outgoing dimer has a probability pcioseda to be in
the closed channel, we thus divide this total flux by the
corresponding probability in order to get the probability
flux of dimer formation. The atom loss rate is then

b =6m—F7

ANbeox ) 67h 1
im _ = = Kaion| (Kt . (70
dt Pclosed d | ( d ) LG ( )

The general definition of the three-body recombination
constant ayec for a system of IV particles is:
dNbox N(N —-1)(N -2
dim —Olrec ( )( ) (71)
dt LS
In the present case N = 3 in Eq. (71) and by identifica-
tion with Eq. (70) we obtain the link between the recom-
bination constant and the atom-molecule wave function:

h
 Kaim|h (Kaim) 2. 72
o Kaiml (i) (72)

Qrec =

Finally, the determination of the recombination constant
reduces to the calculation of h(Kq4im ), that is to the calcu-
lation of the residue of the atom-molecule wavefunction
at the wave number K = Kgim.

We now apply Eq. (72) to the case of narrow reso-
nances in the regime R* > |a| where the integral term
in Eq. (63) is negligible for asymptotically large values
of R*. We evaluate heﬂ(Kdim) to the lowest order by
neglecting the integral term, thereby obtaining

1 24r1h? a

heff
( ) v/ Pclosed mA K?

w5 [ (Bre)(K? = K&;pn)- (T3)
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Large values of the width radius R* are reached in the
intermediary regime of Eq. (34), so that we use the ap-
proximate law Eq. (33) for the dimer’s binding energy.
Moreover, we use the approximation pcjosed ~ 1 and we
find the dominant contribution:

247h?
mA

Finally, in the intermediate regime the recombination
constant can be approximated by the law:

192m2a%h 3
N = — /3R*(a— 75
Qrec R*>lal m (a—ang)” + (75)

This is the main result of this paper which is a general-

heff (Kdim) ~

a(a — apg). (74)
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FIG. 4: Three-body recombination constant aec in units of
7i/m for the narrow resonance in ** K in the vicinity of 752 G.
Solid line: numerical solution of Eq. (63) for positive value of
a; dashed line: numerical solution of Eq. (63) for ans < a < 0;
dotted line: analytical solution of Ref. [25] valid for large val-
ues of the scattering length; dashed-dotted line: approximate
law of Eq. (75) valid for large values of the ratio R*/|al. In
order to guide the eyes, this last curve is also plotted in the
region where R*/|al is small.

ization of Eq. (16) in Ref. [20] obtained in the effective
range approximation and where the supplementary con-
dition a > apg was assumed. The deviation of Eq. (75)
from this last law is substantial in the case where the
background scattering length is negative and the ratio
R*/|a| can be arbitrarily small for a fixed value of R*
while a shallow dimer still exists. In this regime, the re-
combination constant tends to zero with an anomalous
quadratic law in the scattering length a (the usual law
brought by dimensional analysis is in a*). This regime
can be reached for instance in the case of the narrow res-
onance in potassium near 752 Gauss (see Fig. 3). We
illustrate this example in Fig. (4), where the asymptotic
law in Eq. (75) is compared to the exact numerical cal-
culation. In the region where the scattering length a
is large (and positive) with respect to the width radius
R*, we recover the oscillatory law in log-scale which is

10

characteristics of the Efimov effect and was derived an-
alytically in Ref. [25] in the framework of a two-channel
model strictly equivalent to the effective range approxi-
mation. In Fig. (5), we plotted the three-body recombi-
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FIG. 5: Three-body recombination constant ayec in the region
of small scattering length (|a| < |abg|) for the narrow reso-
nance in **K in the vicinity of 752 G. Solid line: numerical
solution of Eq. (63); dashed line: approximate law of Eq. (75)
valid for large values of the ratio R*/|al.

nation constant for the same species in the region of zero
crossing for the scattering length (B = By + AB) where
it vanishes quadratically.

V. CONCLUSIONS

In this paper, we used a separable two-channel model
for the description of the magnetic Feshbach resonance in
ultracold atoms. We studied the deviation of the dimer’s
binding energy with respect to the general threshold law
Eq. (28) in the different regimes that can be achieved ex-
perimentally. For narrow resonances, we defined a inter-
mediate regime of detuning where the background scat-
tering length is a relevant parameter. In this regime, we
derived approximate laws for the binding energy of the
shallow dimer and for the three-body recombination rate.
These results show the interest of using a two-channel
model for the description of ultracold gases in the reso-
nant regime. In particular it appears as an useful tool for
providing universal properties (that is, properties which
are not explicitly dependent of the short range details
of the interactions) in regimes where the effective range
approximation is not quantitative.
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Appendix A: Angular averages

The ansatz for Sk used in this paper is isotropic. Thus
in the homogeneous part of Eq. (55) one has to perform
the following angular average:

. —b’K-k
asdy e

I(K .k q) = [ &k
K. k.q) i P+ K2+k2+K -k

(A1)

(in the recombination process considered in the present
paper, ¢ = 0). To perform the angular integration we use
spherical polar coordinates of polar axis K/K. After the
integration over the azimutal ¢ angle, we are left with

I(K, k,q) = % (A2)

In Eq.(A2), C(K k,q) is defined by:

de e ' eVt
CZ/? v+ - T[El(vt_t)_El(Ut‘i‘t)] (A3)

11

where F(z) = [ ds <

and the variables (v, t) are:

is the exponential integral,

’Uiq2+K2+k2

12
= t=0Kk  (A4)

In the zero-range limit b — 0 we obtain the simple result:

1. (@ + K2+ i+ Kk
051(‘”r AL ) (A5)

@+ K?+k?2-Kk

which coincides with the result of Skorniakov and Ter
Martirosian [31].

[1] H. Feshbach, Ann. Phys. (N. Y.) 5, 357 (1958); ibid. 19,
287 (1962).

[2] S. Inouye, M.R. Andrews, J. Stenger, H.-J. Miesner,
D.M. Stamper-Kurn, and W. Ketterle, Nature (London)
392, 151 (1998).

[3] T. Kraemer, M. Mark, P. Waldburger, J. G. Danzl, C.
Chin, B. Engeser, A. D. Lange, K. Pilch, A. Jaakkola,
H.-C. Négerl and R. Grimm, Nature 440, 315 (2006).

[4] S. Knoop, F. Ferlaino, M. Mark, M. Berninger, H.
Schoebel, H.-C. Naegerl, R. Grimm, Nature Physics 5,
227 (2009).

[5] M. Zaccanti, B. Deissler, C. D’Errico, M. Fattori, M.
Jona-Lasinio, S. Miiller, G. Roati, M. Inguscio, G. Mod-
ugno, Nature Phys. 5, 586 (2009).

[6] F. Ferlaino, S. Knoop, M. Berninger, W. Harm, J. P.
D’Incao, H.-C. Nagerl, R. Grimm, Phys. Rev. Lett. 102,
140401 (2009).

[7] S.E. Pollack, D. Dries, R.G. Hulet, Science 326, 1683
(2009).

[8] J. Stenger, S. Inouye, M.R. Andrews, H.-J. Miesner,
D.M. Stamper-Kurn, and W. Ketterle, Phys. Rev. Lett.
82, 2422 (1999).

9] A. J. Moerdijk, B. J. Verhaar, and A. Axelsson, Phys.
Rev. A 51, 4852 (1995).

[10] G.F. Gribakin and V.V. Flambaum, Phys. Rev. A 48,
546 (1993).

[11] J. Dalibard, Proceedings of the International School
of Physics ’Enrico Fermi’, Course CXL: ’Bose-Einstein
condensation in gases’, Varenna 1998, M. Inguscio, S.
Stringari, C. Wieman edts.

[12] M.D. Lee, T. Kohler and P.S. Julienne, Phys. Rev. A 76,
012720 (2007).

[13] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Rev.
Mod. Phys. 82, 1225 (2010).

[14] F. Werner, L. Tarruell, and Y. Castin, Eur. Phys. J. B

68, 401 (2009).

[15] M. Jona-Lasinio, L. Pricoupenko, Phys. Rev. Lett. 104,
023201 (2010).

[16] C. Mora, Y. Castin, L. Pricoupenko, Comptes Rendus
Physique 12, 71 (2011).

[17] P. Naidon and M. Ueda, Comptes Rendus Physique, 12,
13 (2011).

[18] M. Jona-Lasinio, L. Pricoupenko and Y. Castin, Phys.
Rev. A 77, 043611 (2008).

[19] C. D’Errico, M. Zaccanti, M. Fattori, G. Roati, M. In-
guscio, G. Modugno, A. Simoni, New Jour. Phys. 9, 223
(2007).

[20] D.S. Petrov, Phys. Rev. Lett. 93, 143201 (2004).

[21] L. Pricoupenko, Phys. Rev. A 83, 062711 (2011).

[22] L. Landau and E. Lifchitz, ’Quantum Mechanics’
(Butterworth-Heinemann, Oxford, 1999).

[23] J.R. Taylor, 'Scattering theory’, Wiley, New York (1972).

[24] H. Bethe and R. Peierls, Proc. R. Soc. London, Ser. A
148, 146 (1935).

[25] A.O. Gogolin, C. Mora, R. Egger, Phys. Rev. Lett. 100,
140404 (2008).

[26] L. Pricoupenko, Phys. Rev. A 82, 043633 (2010).

[27] Thorsten Kohler, Krzysztof Géral, and Paul S. Julienne,
Rev. Mod. Phys. 78, 1311 (2006).

[28] B. Marcelis, E. G. M. van Kempen, B. J. Verhaar, and S.
J. J. M. F. Kokkelmans, Phys. Rev. A 70, 012701 (2004).

[29] Javier von Stecher, Jose P. D’Incao, Chris H. Greene,
Nature Physics 5, 417 (2009).

[30] M. Mark, F. Ferlaino, S. Knoop, J. G. Danzl, T. Kraemer,
C. Chin, H.-C. Négerl, and R. Grimm, Phys. Rev. A 76,
042514 (2007).

[31] G.V. Skorniakov and K.A. Ter-Martirosian, Sov. Phys.
JETP 4, 648 (1957).

[32] L.H. Thomas, Phys. Rev. 47, 903 (1935).



