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The Bethe-Peierls asymptotic approach which models pairwise short-range forces by contact conditions is
introduced in arbitrary representation for spatial dimensions less than or equal to 3. The formalism is applied in
various situations and emphasis is put on the momentum representation. In the presence of a transverse harmonic
confinement, dimensional reduction toward two-dimensional (2D) or one-dimensional (1D) physics is derived
within this formalism. The energy theorem relating the mean energy of an interacting system to the asymptotic
behavior of the one-particle density matrix illustrates the method in its second quantized form. Integral equations
that encapsulate the Bethe-Peierls contact condition for few-body systems are derived. In three dimensions,
for three-body systems supporting Efimov states, a nodal condition is introduced in order to obtain universal
results from the Skorniakov—Ter-Martirosian equation and the Thomas collapse is avoided. Four-body bound
state eigenequations are derived and the 2D '3 + 1" bosonic ground state is computed as a function of the mass

ratio.
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I. INTRODUCTION

The nonperturbative zero-range limit of a pairwise in-
teraction was introduced in the context of nuclear physics
for the description of the deuteron [1-3]. In this modeling,
the finite-range pairwise-interacting potential is replaced by
a zero-range potential and a peculiar asymptotic behavior
is imposed on the wave function as the two interacting
particles approach each other. More than 60 years after these
pioneering works, the Bethe-Peierls [1] approach appears to
be especially relevant for modeling pairwise interaction in
few- and many-body systems of ultracold atoms where details
of the interaction are useless for understanding a large class
of low-energy processes [4—17]. This remarkable simplicity
follows essentially from two features: first, the temperature
in these systems is sufficiently low that s-wave scattering is
the dominant process in two-body collisions [18]; second, the
three-dimensional (3D) s-wave scattering length (denoted by
a3) inthe two-body scattering can be tuned by use of a magnetic
Feshbach resonance (FR) toward an arbitrary large value with
respect to the range of the interatomic forces (denoted by b3)
and which is of the order of the van der Waals radius [19,20]:

C\ V4
bw(%) : (1)

where Cg is the van der Waals coefficient of the interatomic
potential and p is the reduced mass of the two interacting
particles. In the vicinity of a broad FR the two-body scattering
cross section 47 a3 is very large with respect to the nonresonant
cross section (~47tb§) and this justifies the use of the 3D
Bethe-Peierls approach only parameterized by as.

Ultracold atoms in reduced geometries are the subject of
intensive experimental and theoretical studies [21]. Decisive
progress has been obtained both in quasi-1D systems (for
example, with the observation of the Tonks Girardeau gas
[22,23]) and in quasi-2D systems. A general review of
low-dimensional systems can be found, for example, in
Refs. [24,25]. Systems in reduced dimensions are achieved
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by using very anisotropic trapping potentials leading to a
D-dimensional behavior, where D = 1 (quasi-1D systems)
or D =2 (quasi-2D systems). In an ideal D-dimensional
atomic waveguide, noninteracting atoms move freely along
D direction(s) while they remain frozen in the lowest state
of the transverse zero-point motion characterized by a length
denoted as ay,ns. The associated energy Eyns = B2 / (ZMafrans)
defines the limit of energy beyond which higher transverse
states are populated and a 3D-like behavior is progressively
recovered for increasing energies. In the actual experimental
state-of-the-art, atomic waveguides have a transverse atomic
length which is large as compared to the 3D potential
radius (b3). Therefore for low-energy processes, i.e., for
collisional energies E such that |E| < n? /(,ub%), the short-
range pairwise-interacting potential can be described through
the 3D Bethe-Peierls approach. For collisional energies much
smaller than E.,, the transverse excited states of the trap are
populated only via virtual processes and for large interatomic
separations 7 (r > ayans) only the ground transverse state is
occupied. In this regime of collisional energies and in the
free D-dimensional subspace, the scattering process can be
deduced from a D-dimensional effective pairwise interaction
characterized by a finite range denoted bp, which is of
the order of the transverse length ay.,s. Hence for low-
energy D-dimensional processes where |E| < n?/ (/Lb%)), the
effective low-dimensional interaction can be, analogously to
the 3D case, replaced by a zero-range force. Therefore in
each dimension D less than or equal to 3, a D-dimensional
Bethe-Peierls approach can be relevant and useful as a tool
for exploring the properties of few- and many-body shallow
states. The dimensional reduction of the effective interaction
from 3D to 1D was first achieved in Ref. [4] and from 3D to
2D in Ref. [5].

One of the purposes of this paper is to show that the zero-
range potential approach can be handled in a very simple and
unified way in any dimension D < 3. The key tool used along
these lines is introduced in Sec. II of the paper. It consists of the
general expression of the Bethe-Peierls asymptotic condition
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which can be used in any representation for all dimensions D.
Substitution of the §-source terms of the zero-range approach
by a family of well-behaved functions of vanishing but finite
support allows one to avoid technical problems concerning
double-limit calculations (i.e., evaluation of infinite series in
the zero-range limit). While used usually in the configuration
space, the zero-range approach can thus be implemented
directly in the momentum representation for translation in-
variant systems. The link between this formulation of the
Bethe-Peierls approach and the A potential introduced in
Ref. [26] is analyzed. The method is illustrated in Sec. III
with the example of the dimensional reduction issue from 3D
toward 1D and 2D. The Bethe-Peierls contact condition is
directly expressed in the functional basis which diagonalizes
the free Hamiltonian and known results are obtained in a
simple manner. For N-body systems, integral equations which
encapsulate the Bethe-Peierls contact condition are obtained
in Sec. IV. It is also shown how to express this zero-range
force approach in a second quantized representation. As an
example, energy theorems [27-31] are derived by using this
last formulation. Section V of the paper is devoted to the three-
and four-body shallow bound state issue. For three identical
bosons in 3D, the original Skorniakov—Ter-Martirosian (STM)
equation [32] appears as a straightforward application of the
results of the preceding section. A nodal condition is imposed
on the three-body wave function in order to avoid the Thomas
collapse [33] while keeping the simplicity of the zero-range
approach [34]. Known results of universal theory [35] are
recovered from the regularized STM equation. For two-mass
component fermionic systems in 3D, critical mass ratios
for the Efimov threshold are given in each partial wave by
using the STM equation. Finally, the formalism is applied to
derive four-body equations in the zero-range limit. In 2D, the
eigenenergy equation for two-mass component tetramers is
studied numerically. The energy of the ground s wave of 3 + 1
bosonic tetramers in the zero-range limit is computed as a
function of the mass ratio.

In this paper the norm of any vector v is denoted by v. For
a unidimensional system (D = 1), v is algebraic and v = |v|
is the absolute value of v.

II. ISOTROPIC CONTACT FORCES

A. Two-body transition matrix and scattering amplitude

This section reviews basic notions of two-body scattering
in D-dimensional spaces which are useful in the formulation
of the Bethe-Peierls approach.

Two colliding particles are described in their center-of-
mass frame by the relative particle of reduced mass p and
relative momentum k. They are supposed to interact through
a short-range potential V', and the Hamiltonian for the relative
particle is H = Hy + V, where Hj is the free Hamiltonian.
In what follows, as a consequence of the small collisional
energy, scattering is supposed to only occur in the s-wave
channel of the relative particle. For an incoming atomic wave
of momentum ko and of collisional energy E :hsz/Z,u
(measured from the continuum threshold), the scattering state
|Wy,) of the relative particle verifies the Lippmann-Schwinger
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equation:

| Wy, ) = ko) + V| Wi, )- 2)

E+i0t — Hy

We now turn to the k representation with the convention
(rlk) = exp(ik - r):

v = d°k k| 1k 3
] )‘/W” ) exp(ik - ). 3)

In the k representation, the scattering states in Eq. (2) can be
written as a function of the half on-shell transition matrix (or
¢t matrix) defined by
(KIT(E 4 i0%)[ko) = (K[V|Wy,), “)
so that
(k|T(E 4 i07)|ko)
E+i0t —LE

(k| W) = )Pk — ko) + 5)

The pairwise interaction is supposed to be short range with
a typical radius bp. For a small energy |E| < h*/(ub?) and
momentum |K|bp « 1, the half on-shell # matrix only depends
on the collisional energy E and coincides with the low-energy
on-shell + matrix denoted as Tp:

(K|T(E +i0M)|ko) =~ Tp(E +i0™). (6)

At the lowest order in energy (implying that |kg|bp < 1), the
expression of Tp can be parameterized by the D-dimensional
scattering length ap. It can be written as [36,37]

) az /(1 + iasko) (D =3)
Tp(E +i0") = in x { —1/In(—iazkpe” /2) (D =2)
g —iko/(1 +iaiko) (D=1
(7

where 2 is the full D-dimensional space angle:
Q3 =4m, Q, =27, and Q; = 2. ®)

In Eq. (7) for the two-dimensional case, y is the Euler’s
constant, and the 2D scattering length a, is always positive.
The transition matrices in Eq. (7) are the basic objects for
describing low-energy scattering processes in D-dimensional
few- and many-body systems. Scattering properties can be
equivalently described with the D-dimensional scattering
amplitudes defined by

Sf3lko) = —az/(1 + ikoas), )
Sfalko) = 1/1In(—ikoaze” /2), (10
filko) = —1/(1 + ikoay). (1D)

The notion of scattering amplitude is often used in the
configuration space where the scattering states for large
relative coordinates (r >> bp) are deduced from Eq. (7):

eikor
r
ZH kor) (D=2) (12

eikor (D =1).

(D =3)
(r|Wi,) = €™ + fp(ko) x
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In Eq. (12), for D = 2 the outgoing scattering wave function
Hél) is the Hankel’s function of order zero [38]; for D = 1, f;
is also called the even scattering amplitude [4].

B. Bethe-Peierls asymptotic approach in arbitrary
representation

Surprisingly the zero-range approximation has been es-
sentially used in the configuration space while other repre-
sentations can yield substantial simplifications. For example,
as a consequence of translation invariance, the momentum
representation is very well suited for solving the few-body
problem in homogeneous space. In this section, it is shown how
the zero-range approximation can be formulated in arbitrary
representation.

While for finite-range forces Eq. (6) is only valid for a
small relative momentum k (i.e., for kbp < 1), in the zero-
range potential approximation this equality is extended for
arbitrary large values of k. That way, the short-range pairwise
potential V is replaced by a formal zero-range potential such
that the scattering states in this approximation coincide with
Eq. (5) in the small relative momentum limit (kbp < 1) or
with Eq. (12) for large interparticle distances (r > bp). The
simplest way to implement the zero-range approximation is
to follow the Bethe-Peierls method [1], where for any state
| W) described by the Hamiltonian Hy + V/, the pairwise short-
range potential V is replaced by a §-source term |§°) with an
amplitude Sy,

VW) — Sy|8P), (13)

and Sy is deduced from an asymptotic condition on the state
[W). In Eq. (13), |§P) is such that the usual § distribution is
obtained in the configuration space,

(r|s?y = a(r), (14)

and |8°) is also denoted by the formal ket of zero relative
coordinates |0;). From Eq. (5) the scattering state |Wy,) is
written in the zero-range potential approach as

Tp(E +i07)
E +i0t — Hy
Injecting Eq. (13) in the Lippmann-Schwinger equation (2)
gives

| Wi, ) = ko) + 187). (15)

|Wi,) = [ko) +

Su,
—__5P). 16
E+ior— " (16)

Identifying Eqgs. (15) and (16) shows that the source amplitude
associated with a scattering state |Wy,) is nothing but the on-
shell transition matrix: Sw, = Tp(E +1i 07). In configuration
space, scattering states in Eq. (15) or in Eq. (12) are singular
for vanishingly small interparticle distances. As shown in
what follows, this singular behavior defines the Bethe-Peierls
asymptotic condition. From Eq. (15) one finds that all the
scattering states for a given dimension D have the same
singular behavior which reduces to

(Z-H+o00¢) (D=3
(r|¥) = Ax {In(L)+00)  (D=2) (17)

(r — a1) +0@) (D=1).
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In Eq. (17) A is a function of the energy E but does not
depend on r. It is important to note that Eq. (17) is obtained
in the center-of-mass frame, meaning that the limit » — 0 is
taken at fixed value of the center of mass of the two colliding
particles. Conversely, for a given dimension D, Eq. (17)
is the sufficient asymptotic condition which permits one to
obtain the source amplitude Sy, of a scattering state | Wy, ) at
energy E in Eq. (16). The asymptotic condition in Eq. (17),
referred also as the “contact condition” or the Bethe-Peierls
condition, remains unchanged for any linear combination of
scattering states and can be thus used to find any eigenstate in
the zero-range approximation for a system where an external
potential is included within the free Hamiltonian H,. For a
positive energy E, the Lippmann Schwinger equation is

Sy

T |8P), 18
Etio " (19

W) = w?) +

where W) is the complementary solution; i.e., it is an
eigenstate of the free Hamiltonian H, at energy E (for a
negative energy |W(®) =0 and the +i0% prescription in
Eq. (18) is useless). The relation between the number A in
Eq. (17) and the source amplitude Sy in Eq. (18) is given by

_ ZILS\[J

A=""0
Qph?

19)

The crucial point of this section is to show that the asymptotic
condition in Eq. (17) can be expressed in arbitrary represen-
tation. In what follows for convenience, the § distribution
is represented by the € — 0 limit of a Gaussian weight:
8P(r) = lim._((r|8?) and

(rs?) = —L e o (20)
1= Qrepr P\ T a)

With this particular choice, in the momentum space the
representation of the § term has the same expression [denoted
Xe (k)] for all dimensions:

262

k
(k|s?) = Xe(k):exp(— T)' (1)

Matrix elements and states without index € are considered
in their zero-range limit which corresponds in this formalism
to the limit ¢ — 0 (for example, lim¢_.¢ |¥V.) = |¥). For the
formulation of the zero-range approximation it is also useful
to introduce the “reference state” denoted |¢2) which results
from the action of the two-body Green’s function in free space
on |8P) at the negative energy E:

1 2472

8P), where Ej, = —
), where Ej 2

A\
|¢€>_EA_H0|€

<0. (22)

In Eq. (22) the parameter A is chosen positive (A € RY)
according to the usual prescription in scattering theory. In
the momentum representation,

_Z_M X (k)
n k24 A2

(k|pl) = (23)

062711-3



LUDOVIC PRICOUPENKO

In the zero-range limit where € — 0, in the configuration
space the reference state has the same type of singularity as in
Eq. (17):
(—1+A)+00) (D=3)
x {In(47) +00) (D=2 (@4
(r—+)+ 0@ (D =1).

The contact condition in Eq. (17) can then be written in terms
of the reference state as

Ay 2
(r|¢ >_ Qth

Sy
lim lim (r|W, — Sy¢?) = : 25
r—>()e—>0( | € ‘I}¢E ) TD(EA) ( )
In the configuration space, the state |V, — Sq,d)é\) is a smooth
function for (,€) close to (0,0). It is thus possible to commute
the r — 0 and € — O limits in Eq. (25):

lim lim (r|¥, — Sy¢2) = lim lim (r| W, — Sy92).  (26)
r—0e—0 e—>0r—0

For particles moving in the presence of an external potential,

the source amplitude in configuration space depends on the

center-of-mass coordinates of the interacting pair. Hence, in

general situations the source amplitude is replaced by a state

associated with the center of mass of the interacting pair:

Sy —> [Sy). 27

Finally, the Bethe-Peierls condition can be written without
specifying any representation as

: [Sw)

lim (0, | W, — Syp?) = ———. 28

Jim (0 [ We — Su@p?) = S (28)
Equation (28) is, by construction, invariant in a change of
A e R*: as is shown in the next section, one recovers the so-
called A freedom of the A potential [26]. This freedom permits
one to simplify exact calculations without introducing any
approximation, or also to improve approximate schemes [26,
40,41]. Moreover, the ¢ — 0 limit can be taken equivalently
as follows,

. [Sw)

lim (82| W, — Sy¢l) = ——, 29

o2 Pe = Sv02) = 7 @)
or also by substituting the ket in the left-hand side of Eq. (29)
by its € — 0 limit:

. [Sw)

lim (8°|¥ — Sy¢™) = . (30)

e—>0 < | > TD(E A)
The contact conditions in Egs. (28)—(30) can be expressed in
any desired representation by inserting a closure relation in the
scalar product concerning the relative particle. For example
in the momentum representation, one can insert the closure
relation

dPk

W“()(k' =1 31

at the right of the bra <8€D | in Eq. (30), and this gives

| 4Pk W\ 1Se)
g%(/wxe(k)(quf—&qﬁ >> —pe @)
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In the next sections, it is shown that Egs. (28)—(30) allow one to
obtain in a simple way the standard integral equations of few-
body problems in the zero-range limit and also to compute the
induced scattering resonances and related scattering problems
in the presence of a harmonic transverse confinement. As a
conclusion of this part, it is interesting (and useful) to note that
for D =3 or D = 1, itis possible to eliminate the presence of
the reference function in the contact condition by performing a
specific limit on A. For D = 3, in the A — 0 limit the contact
condition can be written as

lim 3, (¢(32=3|W)) = HSw)

. 33
€—>0 271h2a3 33)

Equation (33) can be written in the following alternative form:

Reg 5= |v) = 220"

, 34
e—0 2nh2a3 ( )

where Reg extracts the regular part of (°=3|W) in the limit
e—0
where ¢ — 0. For D = 1, elimination of the reference function

occurs in the limit where A tends to 0co. One obtains
ua

. D=1 1
ll_ff(l)(ag W) = —Flsw% (35)

C. Link with the s-wave A potential

A zero-range s-wave pseudopotential was introduced by
Fermi [42] in order to perform calculations in the first-order
Born approximation. Thus, the Fermi pseudopotential cannot
be used for a nonperturbative approach (for large values of a3,
for example). In the modern formulation of the zero-range
pseudopotential, the Bethe-Peierls condition is included in
the Schrodinger equation via the zero-range pseudopotential
itself [2,3]. It has been shown in the configuration space
that there exists in each dimension D a family of zero-range
potentials: the so-called A potentials [26]. This section links
the Bethe-Peierls approach and the A potential in arbitrary
representation. For this purpose, a family of operators R is
introduced. They act on a state |\W,) as

RMWe) = [82)1im (82| We — Suol). (36)
e—0
For a state verifying the contact condition in Eq. (29) one has
RI™W,) =0, (37)
where dp is related to the scattering length ap as

ap forD=3o0rD =1,
ap = (38)
are’ /2 for D = 2.

These regularizing operators satisfy two other properties:(i)for
a regular state (Sy = 0), thus RA|W) = |§°)(0,|W¥), and (ii)
R} |¢2) = 0.

Explicit expressions for R* can be found without specify-
ing any representation as follows:

RE[We) = 187) lim r2[ (87| W), (39)
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where r2 is an operator defined in each dimension as

[(0 + VFA)e - ] (D =3)

[(1+ §Iner A%?/2)3) -] (D=2) (40)

[(1+ VF400) -] (=1

Expressions of r2 in Eq. (40) depend on the choice made
for the short-range functions (r|8”), given here by Eq. (20).
The source term in the stationary Schrodinger equation can be
expressed in terms of ReA by using Egs. (28) and (36):

rM-1=

(Ho — E) |¥.) + Tp(EA)RMW,) = 0. (41)

In the limit ¢ — 0, the pseudopotential in this equation
coincides exactly with the A potential introduced in Ref. [26],
where the coupling constant g, is nothing but the transition
matrix at energy E:

gan = Tp(Eyp). (42)

D. Context of resonant scattering

The zero-range approximation is especially interesting in
the regime of parameters where the pairwise potential leads to
a resonant scattering at low collisional energy. In this regime,
the cross section proportional to |fp|> has a large value
at small relative momentum (kobp < 1) and expressions in
Eqgs. (9)-(12) are good approximations. For D =3, this
corresponds to the regime where the scattering length as is
large in absolute value as compared to the potential radius b3
and the maximum is at kyp = 0. This regime can be achieved by
using the FR mechanism (see Ref. [20] for a general review of
FR in ultracold atoms). The FR involves the coupling between
atoms (in the “open channel”) and a molecular state (in the
“closed channel”) characterized by a size of the order of
the potential range b3. This two-channel description provides
the expression of the scattering length (a3) as a function
of the external magnetic field B in the vicinity of a given
resonance located at B = By which can be modeled by the

formula [43]
AB
as = abg<1 — B——BO> (43)

In Eq. (43), AB is the width of the magnetic FR and ay, is
the “background” scattering length, i.e., the scattering length
away from the FR. The magnetic width (A3) can be also
characterized by the “width radius” R* defined by
* hz

k= Mapg U AB’ “@4)
where éu is the difference of magnetic moment for an atomic
pair in the open- and the closed-channel [20,44]. In the vicinity
of a broad resonance, R* is of the order of (or smaller than) b3,
the 3D scattering amplitude can be approximated by Eq. (9) in
a large interval of momentum where |kg|bs < 1.

As shown in the next section, the resonant behavior in the
low-dimensional atomic waveguide can be reached by tuning
the length ay,,s of the transverse confinement and/or the 3D
scattering length. For D = 1 the resonant regime occurs in the
limit where the 1D-scattering length a; is small with respect to
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the transverse length (i.e., |a;| < b1) and also for a vanishing
relative momentum ko — 0. In 2D, the maximum in |f2|2
occurs at the momentum ko = 2/(e¥ay) (where | f>| = 2/m)
and the resonant regime is thus reached at low-energy if and
only if the 2D scattering length is large as compared to the
transverse length (i.e., a; > b,).

In the resonant regimes defined above, the probability
of scattering for two colliding particles is large so that the
pairwise short-range potential affects the form of the wave
function at interparticle distances which are large with respect
to the potential radius bp. More precisely, the scattering states
in Eq. (5) can be decomposed in an incoming part |¢inc) = |Ko)
and a scattered part | ¢dscar) - At large distance and in the resonant
regime,

las|/r (D =3)
(rl@scan) | _
———| = {Jeray/Jmr (D =2) 45)
(r|¢inc) r>bp

1 (D =1).

For D =3 or D =2 this ratio is greater than or of the
order of unity for bp < r < |ap|, where |ap| is arbitrarily
large and is equal to unity for arbitrary large distance in
one-dimensional systems (D = 1). The zero-range potential
approach is a formalism which permits one to evaluate
accurately the wave function in configurations where particles
are outside the potential radius while configurations where
two or more particles are inside the potential radius are not
reliably described. Consequently, the Bethe-Peierls asymptotic
approach is very well suited for studying systems in the
resonant regime where the wave function is modified by
the interaction at interparticle distances which are large as
compared to the potential radius.

In the 3D space and for a positive scattering length, the on-
shell transition matrix 73 in Eq. (7) has a real pole at negative
energy E, = —h? /(2pea3). In the resonant regime, this pole
is associated with the existence of a shallow dimer which
is thus very well described in the zero-range approach (the
probability that the relative pair has a radius greater than the
potential radius b3 is exp(—2b3/a3) ~ 1). For D = 2, the pole
is at E, = —2h%/ [,ua% exp(2y)], and in the resonant regime it
is also the signature of the existence of a shallow dimer. For
D =1, in the resonant regime (a; — 0) the approximation
of the transition matrix in Eq. (7) doesn’t possess a negative
low-energy pole and next-order terms in the energy expansion
are needed to find the pole corresponding to the lowest bound
state [45].

III. DIMENSIONAL REDUCTION

In this section, the dimensional reduction issue is solved
by using the zero-range approximation with the Bethe-Peierls
condition expressed through Eq. (34). This section gives
alternative derivations of the results given in Refs. [4-7].
The problematic of the 3D— 1D (respectively, 3D—2D)
dimensional reduction is as follows: two particles move freely
in 1D (respectively, 2D) while they are confined in the
transverse direction by an atomic waveguide built from a 2D
(respectively, 1D) trapping potential. The collisional energy
is such that at large interatomic distances, the particles are
confined in the ground state of the trapping potential. Solving
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the issue amounts to finding the low-energy transition matrix
of this low-dimensional quasi-2D (respectively, quasi-1D)
scattering process as a function of the waveguide parameters
and of the 3D scattering length a;. In what follows only
the case of harmonic trapping where the center of mass and
relative motions decouple is considered. In the center-of-mass
frame the source amplitude Sy is constant and the scattering
state can be written as

W) = [WO) + |@in), (46)

where |W©) is the incoming wave and the “interacting part”
is

|\.Ilim) _ S\D

= —|0,). 47
o =% @7)

In Eq. (47), the source amplitude Sy is found from the Bethe-
Peierls condition by solving the equation

‘ D
(0 W©) + Reg (8273 |win) = 22 (48)

e—0 2nhla;
These quasi-1D and quasi-2D scattering problems have been
initially solved by using the Bethe-Peierls method in the
configuration space in Ref. [4] and Refs. [5,6]. In this section,
an alternative derivation is given in order to illustrate the
formalism introduced in the previous section.

A. Linear atomic waveguide

The 3D— 1D reduction problem is considered here in the
case where the two colliding atoms are confined in an isotropic
two-dimensional harmonic trap while they move freely along
the third direction (z). In this case, the problem can be
solved in the center-of-mass frame where the noninteracting
Hamiltonian is

h2
Hy = —=——02 + Hap, (49)
2u <
and H;p is the Hamiltonian for the transverse motion:

n? 1
Hop = —@(a)% +07) + Juel (¥ +yH) —hor. (50)

The linear atomic waveguide is characterized by the transverse

length,
h
ap = [—, (51)
M

and the zero-range approximation of the D = 3 pairwise
potential is justified in the limit where a; > bs. In Eq. (50),
the zero-point energy has been subtracted. That way, the
energy E of the scattering states is measured with respect to
the continuum threshold. In this quasi-1D scattering problem
at energy E = hzkg /2, the incoming wave for the relative
particle (state [W@Y) in Eq. (46) has a momentum K along z
and is in the ground state of the transverse 2D oscillator:

W) = |n, = 0)|n, = 0)|k, = ko), (52)

where n, and |n,) (respectively, ny and |n,)) are the quantum
number and eigenstate of the 1D harmonic oscillator of atomic
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frequency w, and mass u along x (respectively, y). The system
is quasi-1D for collisional energies such that

E < Ey. (53)

where ED = 2hiw, . Equation (53) defines the monomode
regime of the atomic waveguide such that outgoing particles
are trapped at large relative distances in the ground state of
the transverse trap. The contribution of the incoming wave in

Eq. (48) is

(0| W) = ¢(0)* =

1
Tar (54)

where ¢, (x) = (x|n) is given by

_y?
exp (55

X
Pn(x) = WHH(Z) (55)

In the calculation of (§°=3|Wi") the quantum numbers of
the noninteracting Hamiltonian are introduced directly by
inserting the closure relation:

+o00 dkz o 00

/ S kel 3 Il 3 lny) (| = 1. (56)
- n,=0 ny=0

Only even values of n, and n, give a nonvanishing contribu-
tion, and one obtains

+00 o0 2,2
(5£=3|\pint> _ S_\I’ & exp ( — kZ_G)

T hoy Joo 27 4
p.q=0
827" 2p)(62=" |24)$3,(0)¢3,(0)
X< € | >< €k2a2| > 2p 2 , (57)
T — I’4L _ p —_ q
where the dimensionless energy variable t is defined by
+i0". (58)

= 2ha)J_

The behavior of (8£=3|\Iﬂ“‘) in the limit where € vanishes
is more easily obtained in the domain of negative collisional
energies (tr < 0) than in the domain of positive collisional
energies E > 0 and are related the each to the other by
analyticity. For T < 0 one can use the identity

1 o —u<ﬁ+n+ —r)
o =/ due ! ! , 59
T tnt+p—rt 0

which allows one to decouple the discrete summations from
the integration over k., in Eq. (57). From Eq. (55), one can
deduce the following limit:

. |60 (0)?
lim Y (82=!2p)p? (0)e ™ = ——L—.  (60)
eeog(e } ) 2p /1 —e "
Using Eq. (60) and integrating over k. in Eq. (57) gives
- —uS
[ p——— 1)

o0 du eu‘[
—02732h2%a, Jo fu+ < 1—e '
aj
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In the limit where € — 0, this expression diverges as 1/€ and
its regular part coincides with a Hadamard’s finite part [46,47]:

Ay uSy ® du T
Reg (§P=3|wint) = —P-/ — . (62
e—>%< € ‘ ) 27{3/2h2al f 0 \/E 1 —e# ( )

One recognizes in Eq. (62) an expression similar to the integral
representation of the Hurwitz ¢ function ¢(s,z) defined for
Re(s) > 1and 0 < z < 1 by [48]

ts 1 e 1z
£(s,2) = F()f — (63)

However, in Eq. (63) the integral diverges for s = 1/2. The
Hadamard’s finite part in Eq. (62) permits one to achieve a
meromorphic continuation in the variable s of Eq. (63) and to
identify the function ¢(1/2,z) [49]. Hence,

271/
ne G-+l

For positive energies and in the monomode regime
(0 < E < 2hw,), the scattering state written in the con-
figuration representation in Eq. (46) has a nonevanescent
contribution at large relative length z > a , in the subspace
of the transverse ground state only. This property allows one
to identify a quasi-1D scattering process with

Sy = (64)

(Zvnx = O,I/ly = O|\II)

(iko2) inSy

= exp(ikoz) — ————
lzI>a. pitko Jh?a, ko
and a, plays the role of a 1D potential radius (i.e., b; ~ a,).
The low-energy scattering amplitude f3P~'P of this quasi-1D
system is thus

exp(ikolz]),  (65)

=P k) = —%. (66)
In the |k,) representation, the scattering states read
(kz,ny = 0,ny, = 0|W¥)
= Qm)s(k. — ko) + S (©7)

Jray(E +i0+ = Ky

so that the quasi-1D scattering transition matrix 73P~!P can
be expressed as

Sy
T3D—>1D _ ) 68
TR (68)
Finally, from Egs. (64) and (68) one obtains
2n? 1
T3D—> 1D — X l —. (69)
mayg é‘(i’ - T) + i

In the low-energy limit (kga; < 1),

G-)agma) ™
{ 27_‘[ ‘E:O —‘C+§ 7 ) (

and for positive energies /—17 = —ikoa, /2. From Eq. (7),
one can then identify a 1D scattering length which is a
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function of the transverse length a; and of the 3D scattering
length aj [45]:

. a) |ajg 1
o35 0) o

B. Planar atomic waveguide

In the 3D—2D reduction problem, the two colliding
particles are confined in a planar harmonic waveguide of
frequency w, along the z direction while they move freely
in the two other directions. The noninteracting Hamiltonian in
the center-of-mass frame reads

o,
HO=—2—(8 +97) + H., (72)

with the 1D-harmonic trap along z,

n? m ho,
7:__32 lad 2 2 %z
M 2u c e 2

(73)

In Eq. (73) the zero-point energy of the transverse trap has been
subtracted, so that, similarly to the previous 3D— 1D reduction
problem, the energy of an eigenstate is measured with respect
to the continuum threshold and coincides with the collisional
energy. In what follows, |n;) is the eigenstate of quantum
number 7, for the 1D harmonic oscillator of frequency w, and
mass p. The subsequent derivation supposes that the 3D zero-
range approximation is justified, i.e., that the atomic waveguide
is such that

a, > b, (74)

where a, is the characteristic length of the atomic waveguide,

h
a, = . (75)
naw;
In the quasi-2D scattering problem the incoming state is
W) = [kap = ko) |n. = 0), (76)

where kg is the 2D wave relative wave-vector of the incoming
wave and kyp = k&, + k€, is the 2D collisional relative
momentum. The collisional energy is E = hzk(z) /2 and the
monomode regime condition is given by

E < E®

trans?’

(77)

where Etzr?m = hw,. Equation (77) ensures that the system
is quasi-2D; i.e., the colliding particles are asymptotically
trapped in the ground state of the transverse trap. The behavior
of (86D=3|\11i“‘) in the limit where € — 0 is obtained by using
the same techniques as for the 3D— 1D reduction problem.
The quantum numbers of the free Hamiltonian are introduced

by insertion of the closure relation:

dzkzD x
/ Q)2 Ik2p) (Kop ;} In.)(n.| = 1. (78)
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In the 3D Bethe-Peierls asymptotic condition, only even values
of n, contribute and one obtains

2 oo

=3 |\ 1Sya

0= wm) = B2 [ handin

xzexp Kioe?) B P15, 0)

r— kZia2 _
(79)
where the dimensionless energy variable 7 is defined by
T= +i0™. (80)

2hw,

The discrete summation in Eq. (79) is performed in the domain
7 < 0 by using the transformation of Eq. (59) together with
the identity of Eq. (60). After integration over kyp, the regular
part of (553 |Wint) can be expressed in the limit where € — 0 as

Reg (83 [wint) = — 2% 10 0)2J (1), 81
H%<E| ) S| 90OF () (81)

where the function J(7) is defined in the domain T < 0 by

> du exp(tu)

J(t)=P _— 82
® u /1 —exp(—u) (82)
From Eq. (48), one finally obtains
2772 ¢(0
Sy = h9® (83)

1z + 10O (0)]

Projection of the wave function on the ground -state of the
1D transverse harmonic oscillator (k,p,n, = O|W) gives the
quasi-2D transition matrix:

. h?
T3D 2D:_ﬂ- (84)
T ]

2(13

In the domain of positive energy Eq. (80) is continued
analytically from the identity

B B > n \(2n—H!
J(T)_ln(_ﬁ>+zln<n—z> a9

n=1
where B =~ (0.9049 is defined by [39]
i Be? food u! 1 1 (86)
n{—|) = ul| ——oo———— ——
27 0 JT—e u3? 1+4u

andy = 0.5772 ... isthe Euler’s constant. The 2D low-energy
condition is given by

|E| < ho, (87)

and a, plays the role of a 2D-potential radius, i.e., by ~ a;.
Only the first logarithmic term in Eq. (85) contributes at the
lowest order in the limit of Eq. (87), and one can identify the
resulting expression of the quasi-2D transition matrix 73P~2P
with the 2D low-energy transition matrix 7> in Eq. (7). The
2D scattering length a, of this quasi-2D scattering problem
can thus be expressed in terms of @, and of the 3D scattering

length a; [6,7,41] as
2
a = ae i exp | — M . (88)
B 2(13
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It is interesting to discuss a little bit further the condition
for having a low-energy resonant behavior in this quasi-2D
system. The 2D cross section (this is a length) is proportional
to | T3P~2P (ko) |?/ ko and a maximum occurs in the low-energy
regime Eq. (87) for

a, 1 ! E 29

as _ﬁ n<Bh0)z>. &
The right-hand side of Eq. (89) is large and negative which
shows that the resonance occurs for sufficiently large values of
|a3| with respect to a, in the domain of negative 3D scattering
lengths (a3 < 0). At fixed value of the collisional energy E
and of the 3D scattering length, the resonance can be reached
by tuning the harmonic frequency of the atomic waveguide:
this is the so-called quasi-2D confined induced resonance first
found in Ref. [5].

IV. FORMALISM FOR N-BODY SYSTEMS

A. Kk representation

In this section the Bethe-Peierls method is applied to few-
and many-body systems in the k representation. The system is
composed of N particles of respective masses my,my, ...,my
and of momenta Kk;,Kk», ... ,Ky. For convenience the set of
momenta is denoted by the short-hand notation {k}. The
relative and total momenta of a given pair of particles (ij)
are denoted by

m jki — m,-k j

kij=—7—7—7",

K;;=k; +k;, 90
m; +m; ! K ©0)

and the reduced mass of the pair (ij) is denoted p;;:

_ m;m; (91)
Mi,j = — m, .
It is also convenient to introduce the set of momenta denoted
(&) with {7} = &7 &Y, ... &, where
m; .
K; j\/% forn =i
i _ 5 iy >
& Kij\/% forn = j 92)
Kk, otherwise,

This last notation permits one to isolate in the kinetic energy
the contribution of the relative particle (ij) from the N — 1
other momenta:

Nk2
2o

m
ey M H“I

-~ (6)

4 Z (93)
j n=1 ml‘l

A nonvanishing source amplitude |S’*’ ) is associated with
any pair of particles interacting via the short-range pairwise
potential in the many-body state |\ ). In the case where the
system is composed of particles with spin, in what follows
|W.) denotes the projection over a given spin configuration
of the many-body state including the symmetry imposed by
the quantum statistics. The free Hamiltonian of the system
(which may include an external potential) is denoted Hy, and
the N-body stationary state at energy E verifies

==Y |G :82)|s57). (94)

i<j

(Ho — E)|W)
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In Eq. (94), |(ij) : 8P) is the state |§7) for the relative particle
(ij) of momentum k;;, and the source amplitude |Sfl,:j )isa
state for the N — 1 other particles of momenta {&§ iy, 1f the pair
(ij) does not interact, then |Si[,:j ) = 0; otherwise it satisfies
the Bethe-Peierls contact condition,

| i= j>

. ..\ . oD V. i=j\\ __ 1\
lim (i) : 82[(1%) = 1) : 6™)[Sy7)) = TR

95)

where the reference state [(ij): ¢2) is defined in the k
representation as

.. 2uij Xe(kij)
(kijl(i)) - ¢2) = —h—z’m (96)
In what follows Egs. (94) and (95) are used in the case
where there is no external potential and |W®) denotes
the complementary solution of Eq. (94) which satisfies the
boundary conditions of the problem considered (for example,
an incoming plane wave for a scattering problem). The

many-body wave function can then be written as

(K}We) = (WD) + Ge(kD D xelki)) (1ETHSE ),
i<j

o7

where Gp({k}) is the N-body Green’s function in the
k representation:

1
E+i0t— YN Th

n=1 2m,

Ge({k}) =

(98)

For each interacting pair, the contact condition Eq. (95)
gives in the k representation an integral equation in terms
of the source amplitudes and of the complementary solution
|W©), Interestingly, one can extract the contribution of the
interacting pair (ij) in the contact condition Eq. (95) without
any integration by using the fact that this equation is invariant
in a change of A € R™ (i.e., by using the A freedom). To this
end, one expresses the Green’s function in Eq. (97) as

1

Ge({k}) = 99)

EW 4o+ — L

col 2uij

where E élojl) is the collisional energy of the pair (i;) defined by

col 2 (100)

o
£ _ g XN: (&)
n=1 Mn

It is the energy of the pair (i) in its own center-of-mass frame
while the other particles do not interact for a given set of
momenta {k} and a total energy E.

For a negative energy (E < 0) in which case |¢©@) =0,
without loss of generality one can make the particular choice
A% = =24, ;EY) /h? in Eq. (95). That way, the term involving

col
the reference state ¢ exactly cancels with the term associated

with the source amplitude of the pair (ij) (|Sf[,:j )). By
analytical continuation, the same integral equation holds for
E > 0 (in which case |U®) £ 0). Finally, assuming that the
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€ — 0 limit is well defined, for each interacting pair one
obtains the following integral equation:

del“ n ne=
3 / Grp e kD{(E™) S5

n<p
(n, p)#(i. )
ij Si‘:,j de
_ (¢ (A}‘L“’ ) _ (k)W @), (101)
Tp(Eqy +i0%) (2m)

One has to notice that the integrals in the first line of Eq. (101)
are performed with the constraint that {£"/} is held fixed (but
{€"P} is not !).

B. Second quantization

In this section only fermionic particles of the same mass m
and two spin-components are considered. Generalization to
other systems gives similar equations. The creation and
annihilation operator of an atomic wave of momentum k
for a spin o are denoted alﬁ and ax, with the standard
anticommutation rule: {ak,g,aiﬁ,} = (27)38(k — k'), and
{ak,o »ak,a’} =0.

The general expression of the A potential is a simple way to
write the Hamiltonian in its second quantized form. Using the
definition of the A potential for finite values of € in Eq. (41),
the Hamiltonian can be expressed as

dPk Rk TD(EA)/ d°K
Ay Ak, o )

7 ) @mP & o ke (27)D

ok’ i
X / fo( )a%K—k’,Ta%K-&-khi
(102)

. A dPk
><Eh_r)r(1)rE [/er(k)a;K—k,ﬂ;K-rk,T . i|,
where the dot (-) after the annihilation operator aiy .y 4
reminds that the limit ¢ — 0 depends on the many-body state
on which H, applies.

In the hypothesis where the few- or many-body state |\W,)
is well defined in the zero-range limit (where only the Bethe-
Peierls contact condition is used), the mean energy of the
system (W |H|W,) is a regular function of € and the energy
theorem [27-31] follows from the identity:

lim (/%) [(We | He|We)] = (H). (103)
€E—>
The state |W.) verifies the contact condition for each inter-
acting pair; thus using the property in Eq. (37), the action
of the operator lim,_,¢ re(l/ @p) [-] on the interacting term in
(W |H | W, ) gives exactly zero and

, ~ dPk R2k2, .
(H):hmr(l/ap)[ (271)1)2_2"1 <a]'(’gak,g)€:|. (104)

€
e—0

The energy of the system can be thus expressed in terms of the
one-body density:

Mo = lim {ay ,a.).. (105)
€—
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In the limit where € — 0, one obtains from Eq. (97) the high-
momentum behavior of ny ,:

_ S o]
Mo e O\ )

where S is spin independent since the interaction only occurs
between particles of different spin. Hence, the integrand in
Eq. (104) behaves as kll at high momentum and the action of
the regularizing operator gives

de h2k2
(Zn)D

(106)

h2S~2
Mo — %p )}, (107)

2m(1 + k%ajg,

where the use of the length ap defined in Eq. (38) permits one
to gather in a single form the energy theorems for the three
different dimensions.

V. FEW-BODY BOUND STATES

A. Efimov states

In this section, the generic case where the Efimov effect
occurs is considered: three identical bosons of mass m interact
in 3D with a pairwise interaction of vanishing range with
respect to the 3D scattering length a3 [50,51]. These states have
been observed for the first time in ultracold atoms [52-55]. In
what follows, some universal properties of Refs. [35,50,51] are
recovered from the STM equation by using the nodal condition
introduced in Ref. [34]. However, it is worth pointing out that
deviations from universal predictions which are observed in
experiments can be taken into account through finite-range
models [56-59]. The energy of a trimer E = E3 in its center-
of-mass frame is negative (and less than the dimer’s energy E;
if it exists) so that the complementary solution in Eq. (101) is
zero (|W®) = 0). The binding wave number g > 0 of a trimer
is defined from

2.2
Ey= L
m

(108)

The Bose statistics imposes that the source amplitudes for each
pair of particles coincide with the same function:

({812}|Sl‘—2> ({§l3}|Sl_3> <{£23}|S2_3)

As a consequence of translation invariance, the source ampli-
tudes in the center-of-mass frame can be written as

(16")|8577) = @n)’8(k: + ko + ks) F(ks).
The integral eigenequation, Eq. (101), takes the form
F(k) d’u F(u)
=8

. 2713u2+k2+k.u+q2.
f3(l q2 34k2) ( )

Equation (111) is the so-called STM equation [32]. This
equation is rotationally invariant and can thus be studied in
each momentum sector. In Ref. [60], Danilov showed that as
it stands Eq. (111) is ill defined: it supports a continuum of
negative energy solutions in the s-wave sector of £ (k). Hence,
the Bethe-Peierls asymptotic method, which is at first sight
adapted for modeling the three-boson resonant problem, does
not permit one to derive a well-defined eigenequation. The

(109)

(110)
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s-wave component of the source amplitude F(k) is denoted as,

dQ2
[ 0 = ot (112)
T

and ¢(k) verifies the integral equation,

¢ (k) _2 /Ood,,, dIC, (k,u),
0

Hliyar+%) 7

where the s-wave kernel of the STM equation is given by
u? +k* + q* + ku
ur+k>+q* — ku
The fact that there exists a continuum of negative energy
solutions means that the Bethe-Peierls model is not self-adjoint
for the three-boson problem. Danilov found a way to restore
the self-adjointness by introducing a supplementary condition
on the high-momentum asymptotic behavior of the function
¢ (k) [60]. The method of Danilov is based on the fact that, for
all values of g and a # 0, Eq. (113) supports solutions with
the asymptotic behavior:

(113)

Ky (k) = %m( ). (114)

pk) ~ Aki0™2 4 Bk~1%072, (115)
k—o00

where A and B are two constants and sy solves the equation
sin(irso/6) = ﬁso cos(msyg/2)/8 (so =~ 1.00624...). The
zero-range approach is made self-adjoint if one fixes the
asymptotic phase shift between the two conjugate behavior
k%% for all values of a and g. However, Minlos and
Fadeev showed that even with this supplementary phase-shift
condition the spectrum is not bounded from below [61]: this
is the so-called Thomas collapse which is characteristic of
zero-range forces [33]. In 1970, Efimov solved the three-boson
problem in the resonant regime by introducing the notion of
a three-body parameter which is also in the zero-range limit,
a way to fix the asymptotic phase-shift in Eq. (115). In the
k representation it is referred in what follows as «* and is
defined through the asymptotic behavior of ¢(k):

o(k) kgcoo k_lz sin [so In <%§>]

By construction the three-body parameter is not unique
[Eq. (116) is invariant in a change x* — k™ exp(mw/so)]. At
unitarity (i.e., |a| — oo and b3 — 0), Efimov showed that the
spectrum of trimers is characterized by an accumulation point
at zero energy: binding wave numbers of the trimers are related
the each to the others by a scaling factor,

(116)

gn = qpe” "V, (117)

where (n,p) € Z2. Interestingly, in Ref. [62] the analytical
expression for the source amplitude of the trimers has been

found at unitarity:
k+/3
sin |:s0 arcsinh (%_)} . (118)
q

1
3k2
k\/q*+ -

In particular, this result shows that the choice made for the
definition of «* in Eq. (116) is such that the spectrum of
the zero-range theory at unitarity is g, = k* exp(nm/sy) with
n € Z. The shape of the function k’¢(k) of Eq. (118) is
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Ko(k)

1 1 1 1 1 1
110 10° 10 107
k/q

FIG. 1. Shape of the expession of k2¢(k) in Eq. (118) plotted in
a semi-log plot as a function of k/q.

given in Fig. (1). For increasing values of k starting from
k = 0, the first zero of ¢(k) is located at the momentum
k= j—‘% sinh(7r/s0). Using, this property, it is possible to filter a
set of solutions of Eq. (113) satisfying Egs. (116) and (117) for
sufficiently high quantum numbers (shallow states) and with
a spectrum bounded from below. This is done by imposing a
nodal condition on the eigenstates,

B (k) =0, (119)
where the node k,* is chosen among the set:
eE= L ermio pey. (120)

V3

The position of the node in Eq. (120) fixes the min-
imum energy of the spectrum. For example if one
chooses the nodal condition for p = 2, using the fact that
exp(m/so) ~ 2sinh(/sp), the minimum energy E, is al-
most equal to —h%k*? exp(27/so)/m [with a relative error
2exp(—2m/sp) 2 3.8 x 1073] and the spectrum at unitarity
is asymptotically (i.e., for large values of n) given by

h2 *2 ] -1
E,=— X exp|: (n )n]’ n € N.
m S0

(121)

For a finite scattering length a3 and for klaz| > 1, the
eigenfunctions ¢(k) of Eq. (113) have the same behavior as
the unitary solutions of Eq. (118), so that Eq. (119) can be also
used as a filtering condition and permits one to recover the
universal spectrum of the zero-range theory for energies much
larger than Ey. In principle, the zero-range theory also called
“universal theory” in the literature is recovered by imposing the
filtering condition at an arbitrary large node k, *. To summarize
this discussion, the nodal condition in Eq. (119) has two
roles: first, it imposes the Danilov’s asymptotic phase shift
for states of sufficiently high quantum number, and second,
it imposes a minimum energy to the spectrum. For a realistic
finite-range force, the possible values of the binding wave
numbers obtained from the zero-range theory in Eq. (117) are
such that g, b3 < 1, the ground-state energy in Eq. (121) has
thus to be chosen higher than —#2/ (mb%).
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The nodal condition in Eq. (119) applied in Eq. (113) can
be transformed into an integral condition:

2 * Ie,
0= —;/0 du¢(u)qu(kpg,u).

Subtracting Eq. (122) from Eq. (113) gives a regularized STM
equation [34]:

(k)
filiya? + %)

2 o0
:;/ du [Kgk,u) — Ky (ki®,u)lp@),  (123)
0

(122)

which encapsulates the nodal condition. The Danilov-Efimov
contact condition (116) is implemented exactly in the STM
equation in the limit where the integer p tends to infinity
in Eq. (123). Numerical solutions of Eq. (123) are obtained
by introducing an ultraviolet cutoff Q in the integral. One
can verify that results are insensitive to the choice made on
the cutoff for Q > k},®. For instance, considering the unitary
limit, taking the nodal condition at k;eg and an uv cutoff at
5 x 102 x «*, one finds the relative error for the ground state
equals 3.8 x 1073 ~ 2 exp(—2m/sy) and for the first excited
states (n < 8) one finds a relative error less than 10~*. In
practice, the value of the scaling factor exp(27/sg) ~ 515 is
relatively large, so that for the nodal condition at k5* the
spectrum is very close to the universal spectrum beginning
from the second branch (n > 1) and for an inverse scattering
length 1/]as| smaller or of the order of «*.

In Fig. 2, the second Efimov branch of the regularized STM
Eq. (123) with the nodal condition at k5 * has been plotted as
a function of (1/asz). As in Ref. [35], the thresholds for the
appearance of the trimers are denoted by a* at the atom-dimer
continuum limit and by a™ at the three-atom continuum limit.
As a consequence of the choice of the nodal condition at k},*
for a finite p, results slightly differ from the zero-range theory
in Ref. [35].

The atom-dimer scattering problem (regime where az > 0)
can be also solved by using the same filtering technique. The
atom-dimer scattering length is computed as a function of the
atomic scattering length a3 for a given value of the three-body
parameter «*. To this end, the atom-dimer collisional energy
is set to zero ¢ = 1/a3 and the ansatz for the source amplitude
is [32]

¢(k)=2n2% +4n%. (124)
Using the regularized STM equation one obtains
3g(k)as
8[1+ /1 + 2(kas)?]
N S
L+ (kas) 1 4 (KiBas)?

* du .
+/0 —5 (K (kst) = Kooy (k%1 Jg ). (125)

The atom-dimer scattering length denoted (a,q) is the zero-
momentum limit of the function g(k) and is plotted in Fig. 3
for the nodal condition taken at k, . Figure 3 is limited to
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FIG. 2. Solid line: Second branch of the trimer’s spectrum ob-
tained with the nodal condition at k5 . Vertical dashed line: Trimer’s
appearance thresholds. Oblique dashed line: Atom-dimer continuum
limit. The values of the scattering length at the trimer’s appearance
threshold, a* >~ —1.51/k*anda™ ~ .0713/k*, are close to the results
of the “universal theory” in Refs. [35,62], a* >~ —1.507/k* and
a’* =~ .0707/k*. The difterence is due to the fact that the zero-range

theory is recovered only for a nodal condition at an arbitrarily large
ky®.
atomic scattering lengths a3 much smaller than 1/ k;eg, ie., in
a regime where the nodal condition permits to recover the
universal theory with high accuracy. The scattering length
a,q diverges at the threshold of appearance of an Efimov’s
trimer [a3 >~ a* exp(nm/sy), n € N] and thus exhibits the log
periodicity which is a characteristics of the Efimov physics.
In Ref. [63] another regularizing technique of the STM
equation was derived in the framework of the effective field
theory. In this last formulation, the role of the integral
counterterm explicitly depends on the uv integral cutoff of
the integral (Q) in such a way that the three-body parameter
has a fixed value for all Q. In Refs. [64,65] a subtraction
technique has been also introduced in order to regularize
the atom-dimer scattering problem. In these last references,
the subtraction is made at zero momentum and therefore
imposes the exact value of the atom-dimer scattering length.

10

9

a,, (units of a;)
(=)

1
9,

vl

—_
o

107 10" 1 10"

lla3 (units of k™)

100

FIG. 3. Atom-dimer scattering length a,q computed with the
nodal condition at k,* and plotted in a semi-log scale as a function

of k* /aj for azky® < 1.
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FIG. 4. Schematic representation of the momentum coordinates
used for the source amplitude associated with the contact condition
between particles 1 and 3.

Thus, this regularization scheme does not correspond to the
nodal condition of Eq. (119). It is interesting to write down
the equation for the atom-dimer scattering amplitude g(k)
obtained within this scheme,

3g(k)as _ 3awas
8[1+ /14 3kas?] 16
a% 2

1t kay? B

2,2
2u-ajs

> du
— | Koy (kyu) — ——— , 126
+/O mz[ oot l+u2a§:|g(u) (126)

and to compare it with Eq. (125).

B. Heteronuclear trimers

As a consequence of interesting predictions [8,16,17,66—
73], heteronuclear systems play an important role in ultracold
physics. In this section, the eigenequation for heteronuclear
trimers is considered without external potential. However, it
is worth noticing that an external potential can deeply change
the physical properties of the system as it is the case, for
example, in systems of mixed dimensions [69,70]. Particles
(labeled by i) can be either bosons or fermions and have
a mass m; which can take two possible values: m; = m
or m; = M. Bosons (respectively, fermions) of mass M
are denoted by B (respectively, by F) while bosons (re-
spectively, fermions) of mass m are denoted by b (respec-
tively, by f). Fermionic particles are supposed to have two
possible internal states denoted 4 and |. The configurations
studied here are thus constructed from the set of particles
{b,B, fy,f,,F+,F,}. The present study is also restricted to
2 4+ 1 few-body systems where the two-body interaction is
nonvanishing for heterogeneous pairs of particles only. As an
example in the case of (b F}) interacting pairs, other pairs like
(bF,) or (bB) are not interacting. For fermions neglecting
(Fy Fy) or (f fy) interactions is an exact assumption which
follows from the Pauli principle. However, neglecting (B B)
or (bb) interactions is not an exact hypothesis and only
means that these interactions are negligible with respect to
a heteronuclear interaction. Thus the true interatomic forces
of the heteronuclear interacting pairs are in the vicinity of
an s-wave resonance while interaction for pairs of identical
bosons is neglected. For convenience, the following notations
are introduced for the different combinations of particles’
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masses m;:
Mgjy =m; +m;j, (127)
mi Mjx
i) = —————, 128
Wi (k) P VI (128)
MMy
sy = —TaMan (129)

M + May
In this section, two identical atoms of mass M (particles 1
and 2) interact with another one of mass m (particle 3). All
the possible bound states can be thus deduced from the two
configurations: (B Bb) [or, equivalently, (BBf)] and (F} F;1b)
[or, equivalently, (F} Fy f)].

An eigenequation for trimers is obtained for a negative
energy £ = Es,

h2q2
U3
and if a dimer of binding energy E, exists, then E3 < Ej.
In the center-of-mass frame, the source amplitude associated
with the pair (23) is

((67}]S37°) = @n)Ps(k; + ko + k3) F(ky).

The other source amplitude with the momentum coordinates
represented schematically in Fig. 4, is deduced from Eq. (131)
by using the exchange symmetry between particle 1 and
particle 2:

(11%)]S47) = 513@)P5(K) + Ky + ks) F(k),

where 513 = 1 when particles 1 and 2 are bosons and 513 = —1
if they are fermions. For simplifying the notations, it is useful
to introduce the mass ratio y defined by

_Ma_ M

T my M+4m’
Assuming that the € — 0 limit is well defined, the eigenequa-
tion is obtained from the contact condition for the pair
(2 : M;3 : m)inEq. (101) where |¥©) = 0:

—sish’F(k) [ dPu F(u)
2ua3Tp(EL) ) Q)P u? + k% + 2yku+ g2’

In Eq. (134) the identity dPky3 = dPk, has been used (the
contact condition is performed at a fixed value of Kj3) and
E°! s the collisional energy:

E; = <0, (130)

(131)

(132)

(133)

(134)

n’k?
244123

A detailed study of the three-body bound states in 2D has been
performed in Ref. [67], and in this subsection the discussion
is centered on the 3D case. By using the rotational symmetry
of the kernel in Eq. (134), one can fix an arbitrary direction,
é4, and expand the source amplitude F (k) in terms of partial
waves as

EX = E; — <0. (135)

Fk) =Y Pi(éx - eq) Fi(k).
=0

(136)

Each component F;(k) verifies the integral equation
R si(=DTRK) /°° 1 1 <u2 +k+4q°
2[,L1’3T3 (EIC(OI) N 0 ynk ! 2yku

137)
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FIG. 5. Critical mass ratio (%)™ for the threshold of appearance
of an Efimov spectrum in each partial wave [/ of Eq. (137).

where Q; is a Legendre function of the second kind. One
can notice that the standard STM Eq. (111) is obtained by
setting formally s;3 =2 and y = 1/2 in Eq. (137). For a
sufficiently large value of the mass ratio, the Efimov effect
appears in nonzero partial waves [74,75]. As in the three-boson
case, in this regime and in the limit of large momentum k,
Eq. (137) supports a pair of solutions Fj(k) ~ k2 (s € R).
The critical values of the mass ratio of the Efimov theshold in
the I wave [denoted (%)Zm] are plotted in Fig. 5. They have
been deduced from Eq. (137) in the Appendix and the results
found with this method coincide with the ones computed in
Refs. [9,17,75].

C. Heteronuclear tetramers

Recent theoretical [73,76-80] and experimental [81,82]
progress has been achieved in the four-body problem with
ultracold atoms. In this section, a zero-range eigenequation
for four-particle bound states or “tetramers” is considered.
The binding energy is denoted E4 and

h2q2

210’
where E4 < E5 and/or E4 < 2E, if a trimer and/or dimer
exists. A particle (i) is characterized by a momentum k; and
a mass m; equals to m or M. In the center-of-mass frame, the

source amplitude associated with the pair (12) can be written
as

E, = (138)

4

(8" 847%) = @m)P8( D k) F(K 12.K34).

n=1

(139)

The integral equation satisfied by the function F is obtained
from Eq. (101) [here (ij) = (1,2)]. A specific configuration
is represented schematically in Fig. 6. The summation on
the left-hand side of the integral equation is composed of
source terms which are deduced from Eq. (139) by using the
permutation symmetry and the statistics of the particles. In
order to have a general equation for the different possible
configurations, a statistical factor denoted s,, is introduced
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FIG. 6. Schematic representation of the momentum coordinates
used for the source amplitude associated with the contact condition
between particles 1 and 2 for a system of fermions with two-mass
components.

for each pair of particles. Depending on the system, for two

interacting particles n and p, the statistical factor is s,, = %1

or s,, = 0 for noninteracting particles. Using this notation, the

different source amplitudes are written in Table 1. Different

possible configurations of the two-mass component system

and the corresponding statistical factors are listed in Table II.
Equation (101) can be simplified to

/deIZ Z F(K,, ki) _ —h?F(u,v)
@m)P £ K2tk 2uaTp(EG)

col

where u = K12 and v = k34. In Eq. (140) the momentum « is
related to the collisional energy by E (12) — 22 /(2u1.2); thus

col —
1,2 M1,2

2 =q2+—u2+—v2.
M(12),(34) M3 .4

(141)

Using the notations defined in Table III, the integral equation
which encapsulates the Bethe-Peierls contact condition can
finally be written as

d’k F(k,v3) F(k,vi4) F(K,v23)
D513 7 TS > T 83— >
(2m) K*+0i3 K*+0fy K=+ 0y
F(K,V24) F(—u,k) —h2F(u,v)
924 2 s e e (142)
+03 +k 2#1,2TD(E001)

In the particular case where the system is composed of
two heterogeneous dimers made of fermions (F; f| F; f|), one
recovers the same integral equation as in Eq. (16) of Ref. [12].

TABLE 1. Source terms for each pair (ij) deduced by using
the permutation symmetry of the four-body wave function from the
source term of the interacting pair (12) in Eq. (139). The statistical
factors s;; are given in Table II.

Pair (i) Permutations (€] el )
(12) (277)05(2,1 | )F(K127k34)
(13) 23 s13(2n)05(2§ 1 k,) F(K 13,k2)
(14) 24 S14(2T[)D5( ) F(K14,k32)
(23) 13 $23(27) 5(2 kn) F(K.,ks)
(24) 14 $24(277) 5(2 1K) F(Ka4.k31)
(34) 13,24 S34(27'[)D8(Z 1K) F(K34.k12)
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TABLE II. Different possible four-body configurations. The
notation is as follows: B (respectively, F') means that the atom is
a boson (respectively, a fermion) of mass M, and b (respectively, f)
means that the atom is a boson (respectively, a fermion) of mass m.
The fermions have two possible internal states, ¢ and |. For each
configuration, interaction is nonvanishing only between one type of
heterogeneous pair. The statistical factors s;; appear in the integral
equation (142).

Configuration (my,my,m3,my) (513,514,523, 524,534)
BBBB (m,m,m,m) (1,1,1,1,1)
(forb)BBB (m,M,M,M) (1,1,0,0,0)
BbBb (M,m,M,m) 0,1,1,0,1)
F, f\Fy f, (M,m,M,m) ©O,—-1,—-1,0,1)
BfyBf; (M,m,M,m) ©,-1,1,0,—-1)
(f orb)F; Fy Fy (m,M,M,M) (-1, —-1,0,0,0)

In 3D depending on the statistics of the particle and of the mass
ratio, Eq. (142) is not in general well defined as a consequence
of the Efimov-Thomas effect. For systems composed of four
particles in 2D, bound states of particles of the same mass have
been considered in Ref. [77]. In the present work, the binding
energies of 2D ground tetramers are computed numerically
as a function of the mass ratio of the interacting particles in
the B B Bb configuration. Calculations are restricted to s-wave
tetramers by using the ansatz

Fu,v) = F(u,v,0), with0 = Z(u,v). (143)

In order to check the numerical computation, the particular
case of four identical bosons which has been already ob-
tained by several authors [76,77] has been considered. In
this configuration, two bound states have been found with
binding energies which are close to already published results:
E4/E; = 197 and 24, to be compared with E4/E, = 197.3
and 25.5 in Ref. [76] or with E4/ E; = 194 and 24 in Ref. [77].
Results for three identical bosons interacting resonantly with
another particle is shown in Fig. (7). In 3D for the same
bBBB configuration, similarly to the three-boson original
STM equation, Eq. (142) does not constitute a well-defined
problem. The nature and properties of eigenstates of this
system in the zero-range limit are yet unsolved. The b F; F} Fy
or f| FyFyF; configurations have been studied recently in
Ref. [73] and a pure four-body Efimov effect (i.e., without a
three-body Efimov state) involving a four-body parameter has
been found for a mass ratio of 13.384 < M/m < 13.607.

TABLE III. Coordinates appearing in Eq. (142).

Pair (lj) Vij (]
(13) R A (B2 —B4)u—v 4k
m m3k 12 M3,
(14) _Mij_l— +M;3 (#f— nj:)u+v+k
(23) TV (M2 — B4 utv—k
(24) Yy k (42— i)y —y—k
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FIG. 7. Ground-state branch for the three bosons of mass M
interacting with one impurity of mass m in 2D as a function of the
mass ratio.

VI. CONCLUSIONS

In this paper, it has been shown how the zero-range
approach can be formulated for different problems in a
unified framework without technical intricacy for all di-
mensions D < 3. In the few-body problem, general integral
eigenequations are obtained straightforwardly in the momen-
tum representation. The Efimov effect is deduced from the
STM equation by using a nodal condition and a subtracting
technique which is close to regularizing schemes used in the
effective field theory.

Various open issues remain to be solved for few-body
systems in the limit of zero-range forces. For example, the
question of whether or not the three-body parameter is enough
for describing four-boson properties in 3D is still under
debate [79,80]. For heteronuclear few-body systems, taking

. 7kN—l) + F(klka1k3v ..
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into account the external trapping (which is a natural concern
in regard to experiments) makes the problem even richer.
The external potential differs for different atomic species
and this degree of freedom allows one to explore realistic
intermediate situations between the fully three-dimensional
homogeneous configuration and the limit of mixed dimensions
where interesting predictions have been already made in the
three-body case [69,70]. The present formalism can be also
used to model systems where interaction occurs between three
spin components like in ®Li experiments [83—-86]. Another
open issue concerns the possible occurrence of Efimov states
for more than four particles in 3D. The four-body Efimov
phenomenon has been found to occur for a specific interval
of mass ratio in the 3 + 1 fermionic problem in Ref. [73].
Therefore, one can wonder whether or not a pure Efimov
effect in a N + 1 fermionic system can also occur and at
which critical mass ratio for N > 3. Despite the difficulty of
this problem, the integral equation of the system in the limit
of zero-range forces can be easily deduced from the present
formalism and is given below as a concluding remark. Each of
the N polarized fermions of mass M labeled by i (1 < i < N)
interact with only one impurity (particle i = N + 1) of mass
m. In the center-of-mass frame, the source amplitude for the
pair N,(N + 1) can be written as

NN+ | QNSN+1

(™ lse )
= (Zn)D8<Z k,-)F(kl,kz o Kyop),

i=1

(144)

and other source amplitudes ISffN“) i=1,...,N—1)are
deduced from this ansatz by using the fermionic statistics. The
general integral equation for this problem which encapsulates
the Bethe-Peierls asymptotic condition is then obtained from
Eq. (101):

. 1kN—1) + -+ F(klvk2’ e 7kN—27kN)

/ dPky F(ky.ka.Ks, ..

2m)P
_ Flak, ... ky-) [ dky YOk, .|
TD(Ecol + 10+) (27T)D '

Eeo = E— 33 Y5 K = i (215K,
W@ is a complementary solution associated with the free
Hamiltonian at energy E in the center-of-mass frame (it is
equal to zero for £ < 0), and F is antisymmetric under the
exchange of two coordinates (k; K ;).

where
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—E—i0t+ YN 2y (v k)

2m i=l

k), (145)

APPENDIX: THRESHOLDS FOR THE ‘1 + 2'-BODY
EFIMOV EFFECT

In this appendix, the values of the mass ratio for which an
Efimov effect occurs are deduced from Eq. (137). To this end,
zero-energy solutions at unitarity |a3| = co are considered
(solutions for finite energy have the same high-momentum
behavior). In this regime, Eq. (137) is scale invariant and this
allows one to search for power law solutions: Fj(k) = k=2,
where v is a function of the mass ratio. For convenience, the
following dimensionless parameter ¢ is introduced:

M
). (Al)
m

t = arcsin(y) = arcsin
» < i
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Thus, the scattering amplitude is f3(kx) = 1/(kcost) and
Eq. (137) gives for each partial wave / an eigenvalue equation:
A(v,1,t) = 0, where

s13(=1) /oo _ 1+22
_ d v+l—1 .
wsint J “ & 2zsint

(A2)

A(v,l,t) = cost

The integrand in Eq. (A2) is positive, hence for a
Bose (respectively, Fermi) statistics only even (respec-
tively, odd) values of / can support a solution. For x > 1,
0/(x) = —Pl(x)ln(x“) + W (x), where W;(x) is a polyno-
mial of order I. The polyn0m1a1 W, does not contribute in the
integral of Eq. (A2) and A(v,/,¢) can be thus expressed in terms
of a sum of functions of the form

o0 72+ 2zsint + 1
I(y,t) = dzz’ 'In| 2"~ , A3
(1) /0 .z n<z2—2zsint+l) (A3)

with 0 < ¢ < 2 and |Re(y)| < 1. In Eq. (A3), I(y,t) can be
calculated explicitly as

27 sin(y't)
I(y,t) = ——%- (A4)

y cos( 5 )
In the / wave, Efimov states are characterized by a power law
such that v = —[ 4 is, where s is real. For example, for two

identical bosons interacting with another particle (s13 = 1), in
the s-wave sector,

sin(vt)

A(v,l =0,t) =cost — (AS)

v sin(t) cos (%) '

Equation (AS5) admits solution of the form v =is for all
values of the mass ratio and s — O for + — 0. For higher
I waves, Efimov states appear above a critical value of the
mass ratio. The threshold is obtained by searching the value
of the parameter ¢ = £/ such that

lim A (v, tcm) =0. (A6)

v——I
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In the p-wave sector which concerns the case of two identical
fermions interacting with another particle (s;3 = —1), one gets

(v 4+ 2)sin(vt) — vsin[(v + 2)¢]

Al =1,t) =cost — :
( ) 2v(v + 2) sin® 7 cos  cos (5Y)

(AT)

and the threshold is obtained from the equation
1§ = tan(r{"™) — Z sin*(t{"™), which gives the critical mass
ratio (%)ICZ‘1 =~ 13.6 found in Refs. [8,75]. For higher partial
waves, the critical values of the mass ratio (%)lCrit found by this
method coincide with the ones computed in Ref. [17] where
the hyperspherical method was used. Results are reported in
Fig. 5.

In the regime where an Efimov effect occurs, the regulariz-
ing technique can be achieved by fixing the asymptotic phase
shift which is a function of the three-body parameter (denoted
k) in the partial wave [:

Fi(k) k_o)coo k_12 sin [s In (kl;/_>:|

A set of solutions satisfying Eq. (A8) can be filtered from
Eq. (137) by imposing the nodal condition:

(A8)

*

K
Fl( reg) =0, where ks = —ZSeP”/S, p € N.

P pl = (A9)

Exact zero-range theory is obtained in the limit Where p — 0.
Universal results are recovered if the node k is chosen
at a large value as compared to all the low- energy scales
(kreg > 1/]al,q). Using the subtracting scheme of the three-
boson problem, Eq. (A9) can be also incorporated into the
integral equation, Eq. (137):

h2 Fy(k)
2u13T5(ER)

! 2 2 2
- M/ dWF,(M)[IQl<M>

v 2yku
1 u +(k“’g) +q
—w Ql<—r)j|' (A10)
kpi 2yuky;
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