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We derive exact general relations between various observables for N bosons with zero-range interactions, in
two or three dimensions, in an arbitrary external potential. Some of our results are analogous to relations derived
previously for two-component fermions and involve derivatives of the energy with respect to the two-body s-wave
scattering length a. Moreover, in the three-dimensional case, where the Efimov effect takes place, the interactions
are characterized not only by a, but also by a three-body parameter R,. We then find additional relations which
involve the derivative of the energy with respect to R,. In short, this derivative gives the probability of finding
three particles close to each other. Although it is evaluated for a totally lossless model, it also gives the three-body
loss rate always present in experiments (due to three-body recombination to deeply bound diatomic molecules), at
least in the limit where the so-called inelasticity parameter 7 is small enough. As an application, we obtain, within
the zero-range model and to first order in 7, an analytic expression for the three-body loss rate constant for a
nondegenerate Bose gas at thermal equilibrium with infinite scattering length. We also discuss the generalization

to arbitrary mixtures of bosons and/or fermions.
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I. INTRODUCTION

Ultracold atomic gases with resonant interactions, that is
having a s-wave scattering length much larger in absolute value
than the interaction range, can now be studied experimentally
thanks to the broad magnetic Feshbach resonances, not only
with two-component fermions [1,2] but also with bosons [3-7]
or mixtures [8,9]. In this resonant regime, one can neglect
the range of the interaction, which is equivalent to replacing
the interaction with contact conditions on the N-body wave
function: In three dimensions (3D), this constitutes the so-
called zero-range model [10-16], that can also be defined
in 2D (see, e.g., [17-20]), and of course in 1D [21,22]. In
each dimension, these models include a length, the so-called
d-dimensional scattering length a. In three dimensions, when
the Efimov effect occurs [10], an additional length has to be
introduced, the so-called three-body parameter [23].

For the zero-range models, it was gradually realized that
several observables, such as the short-distance behavior of the
pair distribution function g‘®(r) or the tail of the momentum
distribution n(k), can be related to derivatives of the energy
with respect to the d-dimensional scattering length a. In 1D,
the value of g®(0) was directly related to such a derivative
by the Hellmann-Feynman theorem [21]; the coefficient of the
leading 1/k* term in n(k) at large k was then related to the
singular behavior of the wave function for two close particles,
and ultimately to g®(0), by general properties of the Fourier
transform [24]. In 3D, for spin-1/2 fermions (where the Efimov
effect does not occur), an extension of the 1D relations was
obtained by a variety of techniques [25-30], including the
original 1D techniques. Generalizations were then obtained
for 2D systems, for fermions or bosons [31-34].

This is the second of a series of two articles on such general
relations. The first one covered two-component fermions
(Ref. [34], hereafter referred to as Article I). Here, we consider
single-component bosons, as well as mixtures. In the 3D
case, remarkably, the Efimov effect leads to modifications
or even breakdown of some relations, and to the appearance

1050-2947/2012/86(5)/053633(11)

053633-1

PACS number(s): 67.85.—d

of additional relations involving the derivative of the energy
with respect to the three-body parameter R,. Several of the
results presented here were already contained in Ref. [35]
and rederived in Ref. [36] with a different technique, which
allowed the authors of Ref. [36] to obtain still other Efimovian
relations for N bosons.!

The article is organized as follows. Section II introduces
the zero-range model and associated notations for the single-
component bosons. Section III presents relations which are
analogous to the fermionic ones. Additional relations resulting
from the Efimov effect are derived in Sec. IV. As an
application, the three-body loss rate of a nondegenerate Bose
gas for an infinite scattering length is calculated in Sec. V.
Finally the case of an arbitrary mixture is addressed in Sec. VI.
We conclude in Sec. VII. Note that, for convenience, the main
relations are displayed in Tables I-III.

II. MODEL AND NOTATIONS

In 3D, the zero-range model imposes the Wigner-Bethe-
Peierls contact condition on the N-body wave function: For
any pair of particles i, j, when one takes the limit of a vanishing
distance r;; = |r; — r;| with a fixed value of the center of mass
¢;j = (r; +r;)/2 different from the positions ry of the other
N — 2 particles, the wave function has to behave as

1 1
Yy, ..., ry) = (—-—) Aij(cij, (T j) + O@ri), (1)

rij a

where a is the 3D scattering length. The a priori unknown
functions A;; are determined from the fact that v solves the
free Schrodinger equation over the domain where the positions

'The “three-body contact” parameter C; of Ref. [36] is equal to
(8nr, E)am/(27%) in our notations.
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TABLE I. For single-component bosons, relations which are analogous to the fermionic case. In three dimensions, the derivatives are taken
for a fixed three-body parameter R,. As discussed in the text, in three dimensions, the relation between energy and momentum distribution is
valid if the large cutoff limit A — o0 exists, which is not the case for Efimovian states (i.e., eigenstates whose energy depends on R,). The
notation (A, A) is defined in Eq. (8) in the text. y = 0.577215. .. is Euler’s constant.

Three dimensions

Two dimensions

C = limy_ 4 ok*n(k)

C =327 (A,A) (2a)
[dcg@(c+Le—1) o el (3a)
(a(EIE/m)R, = ;IJZTCn (4)

- £, "2
Hlima e fi_y 25 2L [n(k) — & (5a)
(o) = () T s, et (6

(D
€=frian (2b)
G Bt o
d(‘f"Eﬂ) = Z;zri (4b)

E — Ep = limp_, 0 [_ZZTC" In (%)
+ fion o ()] )
%"f'z“f”;z - (ZJ:THZ)Z Yot By #E W (6b)

of the particles are two by two distinct: Ey = Hr with

N hz
H=Z|:_%Ar"+U(ri)i| (2)
i=1

and U is the external potential. Also ¥ is normalized to unity.
If there are three bosons or more, the Efimov effect occurs
[10], and the zero-range model has to be supplemented by a
three-body contact condition that involves a positive length,
the three-body parameter R;: In the limit where three particles
approach each other (which one can take to be particles 1, 2,
and 3 due to the bosonic symmetry), there exists a function B,
hereafter called the three-body regular part, such that

Y(ry,...,ry) o &(ry,ra,13) B(€123.74, . ..,Ty),  (3)
where ¢35 = (r] 4 ry + r3)/3 is the center of mass of particles
1, 2, and 3, @ is the zero-energy three-body scattering state

1 R
®(ry,rz,r3) = o7 sin [ISoI In ?] b5, (82), “)
t

and R and R are the hyperradius and the hyperangles
associated with particles 1, 2, and 3. We take the limit R — 0
in Eq. (3) for fixed € and c¢;»3 (in analogy with the two-body
contact condition).

We recall the definition of R and : From the Jacobi
coordinates r =1, —r; and p = (2r3 —r; —r»)/+/3, one
forms the six-component vector R = (r,p)/ﬁ; then, the
hyperradius R = /(r? 4+ p2)/2 is the norm of R, and € =
R/R is its direction which can be parametrized by five
hyperangles, so that d°R = R°dRd’Q. In Eq. (4), so =
i x 1.00623782510... is Efimov’s transcendental number,
it is the imaginary solution (with positive imaginary part) of
scos(sm/2) = (8/\/3) sin(sm/6); ¢5,(S2) is the hyperangular
part of the Efimov trimers’ wave functions [10], which,
in the present case (single-component bosons), is given by
$5,(R) = N (1 + Q) sinh[|so|(§ — )]/ sinQx) where Q =
P13+ P»3 and P;; exchanges particles i and j, and where
o = arctan(r/p). Here we introduced, for later convenience,
a normalization factor such that [ d°Q |¢y,(R)|* = 1. Using

&= [T dasin’acos’a [ d°F [ d*p, where d’F and

d?p are the differential solid angles in 3D, we obtain [37,38]

) 67> . [
N = ——sinh(|so|7/2)| cosh(|sg|7/2)

ol

+ |s |z sinh(|sg|7/2) — 4—chosh(Is |n/6)} 5
ol5 0 33 0 .

For N = 3 particles, it is well established that this model
Hamiltonian is self-adjoint and that it is the zero-range limit
of finite-range models; see, e.g., [16] and references therein.
The fact that the zero-range (i.e., low-energy) regime can
be described using the scattering length and a three-body
parameter only is known as universality [15]. For N = 4, an
accurate numerical study [39] has shown, as was suggested
by earlier numerical work [40—42] and as supported by
experimental evidence [43], that there is no need to introduce a
four-body parameter in the zero-range limit, implying that the
zero-range model Hamiltonian considered here is self-adjoint
for N = 4. Physically, this is related to the fact that the
introduction of R;, imposed by the three-body Efimov effect,
necessarily breaks the separability of the four-body problem at
infinite scattering length; this precludes the simplest scenario
imposing the introduction of a four-body parameter, namely,
a four-body Efimov effect such as the one found for 3 4 1
fermions in Ref. [44]. Here we consider an arbitrary value of
N such that the model Hamiltonian is self-adjoint.

In 2D, the zero-range model is a direct generalization of
the 3D one, since one simply replaces the 3D zero-energy
two-body scattering wave function ri_,l —a~! by the 2D
one In(r;;/a), where a is now the 2D scattering length.
Accordingly, for any pair of particles i and j, in the limit
rij = |r; —rj| — 0 with ¢;; = (r; +r;)/2 fixed, the N-body
wave function satisfies in 2D

Y(ry, ..., ry) =1In(ri;/a)A;j(ci;, (i, ) + O@ij).  (6)
There is no Efimov effect in 2D so that no additional parameter
is required [45-47]. The Hamiltonian is the corresponding 2D
version of Eq. (2).
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III. RELATIONS WHICH ARE ANALOGOUS
TO THE FERMIONIC CASE

A first set of relations is given in Table I. These rela-
tions and derivations are largely analogous to the fermionic
case (which was treated in Article ). An obvious differ-
ence with the fermionic case is that there are no longer
spin indices in the pair distribution function g® and
in the momentum distribution n(k). Accordingly we now
have ¢@(r,r) = (Y@YW @) @) = [d'r - diry
[Y(ry,....ry) > i 8(r —r)8(r — 1), where ¥ is the
bosonic field operator, and the momentum distribution is
normalized as f n(k)d? k/ Q) = N. Apart from numerical
prefactors, there are two more important differences which
appear in the 3D case due to the Efimov effect.

The first important difference is that the derivatives with
respect to 1/a in Table I, Eqgs. (4a) and (6a) have to be taken
for a fixed three-body parameter R,. This comes from the
relation

_ Amh?

()
I—=1/a))p

with the notation (given for generality in dimension d)

(A,4) )

(AA) = Z/ 1_[ d'ry /ddcij|Aij(cija(rk)k;ﬁi,j)|2~

i<j ki, j

®)

Equation (7) was already obtained in Ref. [16] in the case N =
3. A simple way to derive it for any N is to use a cubic lattice
model, of lattice spacing b, with purely on-site interactions
characterized by a coupling constant gy [see the Hamiltonian
in Eq. (14) below, with ko = 0], adjusted to reproduce the
correct scattering length [48]:

l_ m / A’k m ©)
g0 4nhta  Jp Qn)3Rk2’

where the wave vector k of a single-particle plane wave on
the lattice is restricted as usual to the first Brillouin zone D =
-z, %)3. One then follows the same reasoning as in (Article I,
Secs. V C-E). The key point here is that, in the limitof b < |a],
the three-body parameter corresponding to the lattice model
is equal to a numerical constant times b.> Thus, varying the
coupling constant g, while keeping b fixed is equivalent to

varying a while keeping R, fixed, so that

d_E_( dE ) d(—1/a)
dgo  \d(=1/a) ), — dgo

(10)

2The value of this constant is irrelevant for what follows. It could be
calculated, e.g., by equating the energies of the weakly bound Efimov
trimers of the lattice model with those of the zero-range model. This
was done, e.g., in Refs. [16,49], not for the lattice model, but for a
Gaussian separable potential model.
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The left-hand side of Eq. (10) is given by the Hellmann-
Feynman theorem:

dE 1 300000
i = 2 Er b Y Y)()
NN -1
:¥ > PN e, ey

rr3,..ry

(1)

where 1 is the eigenstate wave function on the lattice. In the
zero-range limit b < |a|, ¥ has to match the contact condition
(1): Its two-body regular part Aj,, defined as

. ,I'N) = ¢(0)A12(I‘,I'3, . ,I'N), (12)

with the correctly normalized zero-energy two-body lattice
scattering wave function ¢(r) [¢(r) = rl—a '+ o(1) at
r > b], has to converge to the zero-range model regular part.
Similarly, in the right-hand side of Eq. (10), the lattice model’s
[dE/d(—1/a)]g, tends to that of the zero-range model if one
takes the zero-range limit while keeping R; fixed.? Finally, the
last factor of Eq. (10) can be evaluated from Eq. (9). Using
the relation ¢(0) = —Axh? /(mgo) established in Ref. [34], we
obtain Eq. (7). The same lattice model reasoning explains why
the second-order derivative in Table I, Eq. (6a) also has to be
taken for a fixed R;.

The second important difference with respect to the
fermionic case is that the relation Table I, Eq. (5a) breaks
down in general, and holds only for special states for which
the infinite-cutoff limit A — oo exists (such as the universal
states for three trapped bosons of Refs. [49,50]). This was
overlooked in Ref. [32], and was shown for an Efimov trimer
in Ref. [38]. The correct relation valid for any N-body state in
the presence of the Efimov effect was obtained in Ref. [36].

1//'(1',1',1'3, ..

IV. ADDITIONAL RELATIONS COMING FROM
THE EFIMOV EFFECT

In addition to modifying relations which already existed for
fermions, the Efimov effect gives rise to additional relations,
involving the derivative of the energy with respect to the
logarithm of the three-body parameter. These relations are
displayed in Table II.

A. Derivative of the energy with respect to the
three-body parameter

Our first additional relation [Table II, Eq. (1)] expresses
the derivative of the energy with respect to the three-body
parameter R, in terms of the three-body regular part defined in
Eq. (3). This is similar to the relation (7) between the derivative
with respect to the scattering length and the (two-body) regular

3The zero-range limit for a fixed R, can be taken by repeatedly
dividing b by the discrete scaling factor exp(w/|so|) and by adjusting
8o so that @ remains fixed. In this limit the ground-state energy tends
to —oo as follows from the Thomas effect, but the restriction of the
spectrum to any fixed energy window converges (see, e.g., Ref. [16]).
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TABLE II. For single-component bosons in 3D, additional relations coming from the Efimov effect. B is the three-body regular part of
the N-body wave function, g® is the triplet distribution function, T is the decay rate due to three-body losses, and 7 is the corresponding
inelasticity parameter (see text). The integral in Eq. (2) in the table is taken for fixed relative coordinates.

(i) = i LRENWV = DV = 2) [ dernndirs -

3 3) ~ 2 (_9E 4 m
fd 123 (X, r2,13) o |D(ry,r2,13)] (8(1nRr))a Blsole 72

I ~ dE 2
AT~ (i)

0 a(nR;) Za |sgl

“d’ry |B(Ci23,Xs, . . .

) ey
(@)
3

part.* We will first derive this relation using the zero-range
model in the case N = 3, and then using a lattice model for
any N.

1. Derivation using the zero-range model for three particles

We consider two wave functions 1,¥,, satisfying the two-
body boundary condition (1) with the same scattering length a,
and the three-body boundary conditions (3),(4) with different
three-body parameters R;1,R;,. The corresponding three-body
regular parts are denoted by Bj,B,. We show in Appendix A

that
> f . R
(Hr, ) = — l Sol ————sin |:|s0|1n R_Q:|

tl

(Y, Hyr) —

X /d3c1233T(6123)Bz(0123),
(13)

which yields Eq. (1) in Table I1, by choosing ¥; as an eigenstate
of energy E; and taking the limit R, — R;;.>

2. Derivation using a lattice model

We now derive Table I, Eq. (1) for all N using asin Sec. Il a
cubic lattice model, except that the Hamiltonian now contains a
three-body interaction term (of coupling constant /() allowing
one to adjust the three-body parameter R, without changing
the lattice spacing:

Pk B2k
p 2m) 2

+& waf AN

—— & Moek) + Z L U@ )

latt =

+ho Zb%/ﬁ VAANAARIY (14)

Here the bosonic field operator obeys discrete commutation
relations [lp(r),l/ﬁ(r’)] = $pr /b3 and the plane-wave anni-
hilation operators obey as usual [é,é,] = (27)38(k — k')

“We note that it was already speculated in Ref. [27] that, in the
presence of the Efimov effect, “a three-body analog of the contact”
may “play an important role.”

SWe note that v, and ¥, do not satisfy the lemma of Article I,
Eq. (33) because they are too singular for R — 0. If this lemma was
applicable, the right-hand side of Eq. (13) would be zero and the two-
body contact condition (1) would define a self-adjoint Hamiltonian
without need of the extra, three-body contact condition (3), which is
not the case.

provided that k and K’ are restricted to the first Brillouin
zone D.

We then define the zero-energy three-body scattering state
¢o(ry,ra,r3) as the solution of Hiy|g) = 0 for a = oo, with
the boundary condition

@o(rq,r2,13) ~ O(r,r2,13) (15)

in the limit where all interparticle distances tend to infinity.
Here & is the zero-range model’s zero-energy scattering
state, given in Eq. (4). This defines the three-body parameter
R/ (b,hy) for the lattice model (since ® depends on R;). The
Hellmann-Feynman theorem gives

oE
= DA (A AR AR AR

=NWN-1(N=2) Y  »N?

r,ry,...ry

x [Y(r,r,r,ry, ... vy (16)

For the lattice model we define the three-body regular part B
through

Y(r,r,rry, ..., ry) Iy); (17)

in the zero-range limit, we expect that this lattice model’s
regular part tends to the regular part of the zero-range model
defined in Eqgs. (3) and (4). Thus, in the zero-range limit,

IE \ o dho
(a(lnR»)a = NIV = DIV = 2)[900.0.0) (aanRa)b

X /d3rd3r4-~- d’

It remains to evaluate the derivative of hy with respect to
R;: This is achieved by applying (18) to the case of an Efimov
trimer in free space, where the regular part can be deduced from
the known expression [38] for the normalized wave function.
This yields Eq. (1) in Table II.

= ¢0(0,0,0) B(r,r4, ...

2
N |B(r9r41 '-~’rN)| .

(18)

B. Short-distance triplet distribution function

Similarly to the pair distribution function g, one
defines the triplet distribution function g( )(ry,ra,r3) =
(BT @) d (0P (03) P () (1)), which is
given in  first quantlzatlon by NN —1)(N —
2) [dPry--+ dry|Y(ry,...,rp))% In the limit R — 0
where the three positions ry,r;,r3 approach each other, the
many-body wave function behaves according to Eq. (3). The
result Table II, Eq. (2), where the integral over ¢3 is taken for
fixed R and €2, then directly follows, using Table II, Eq. (1).

053633-4



GENERAL RELATIONS ... .II. BOSONS AND MIXTURES

As a consequence, in a measurement of the positions of all
the particles, the mean number of triplets of particles having
a small hyperradius R is given by

1
Nuipiew(R < €) = = / d’rid’r3d’r;g(r),rs,13)
- JR<e

m ( oE )
e~0 2h2|s02 \d(InR,) /,

R. 2150l
x €2 [1 —Re w] (19)
1 +i]sol
where we used the Jacobian 20121 — 3. /3 and the division

D(c123,R)
by 3! takes into account the indistinguishability of the particles

within a triplet.

C. Decay rate due to three-body losses

In experiments, the cold atomic gases are only metastable:
There exist deeply bound dimer states, that is, with a binding
energy of order % /(mb?), where b is the van der Waals length
of the real atomic interaction. These deeply bound states can
be populated by three-body collisions, which are strongly
exothermic (with respect to the trapping potential depth) and
thus lead to a net loss of atoms. Usually, one expects that
these deeply bound dimer states have a vanishingly small
effect on the metastable many-body states for b — 0; the
metastable states then converge to stationary states described
by the zero-range model.

In the presence of the Efimov effect, however, the prob-
ability pcose to find three particles within a distance b (e.g.,
with a hyperradius R < b) vanishes only as b* according to
Egs. (3), (4), and (19). As the three-body loss rate scales as
Deloseh/ mb?, it does not vanish in the zero-range limit [13,51].
Fortunately, one can still in that limit simply include the losses
by modifying the three-body boundary conditions [52,53]: One
keeps Eq. (3) with a modified & deduced from Eq. (4) by the
substitution

sin | [so] 0 5 | = L [emngitln®/R) _ gnyilsoln(R/R)||
R 2

(20)

The so-called inelasticity parameter n > 0 determines the
extent to which the reflection of the incoming hyperradial
wave exp[—i|so| In(R/R;)] on the point R =0 (where the
nonuniversal short-range three-body physics takes place) is
elastic.
In this work, we have considered so far the ideal case where
n is strictly zero. We now show that this allows us to access
the decay rate due to three-body losses to first order in 1 by
taking simply a derivative of the lossless eigenenergies E. In a
first approach, generalizing to three-body losses the procedure
used for two-body losses in Ref. [27], we simply assume that
E(InR;) is an analytic function of InR,. As the substitution
(20) simply amounts to performing the change
in
InR, - InR, — —, 2D
Isol
we conclude that the resulting eigenenergy for nonzero 7
acquires an imaginary part —iil'/2 given to first order in
n by Eq. (3) in Table II. Furthermore, we have developed an

PHYSICAL REVIEW A 86, 053633 (2012)

alternative approach, that relates for arbitrary n the decay rate
" to the integral of |B|?, where B is defined by Eq. (3); see
Appendix B. Combining this with Table II, Eq. (1) in the limit
n — 0 reproduces the relation Table II, Eq. (3).

V. APPLICATION: THREE-BODY LOSS RATE FOR A
BOSE GAS AT THERMAL EQUILIBRIUM

We consider a 3D Bose gas, in a cubic quantization box
of volume V, at thermal equilibrium in the grand-canonical
ensemble and in the thermodynamic limit. Within the zero-
range model, with a truncation of the three-body energy
spectrum (that is, introducing a lower energy cutoff, as
discussed below), Eq. (3) of Table II can be used to obtain, to
first order in the inelasticity parameter 7, the three-body loss
constant L3 customarily defined by
iN = —L3n’N (22)
a0
where N is the mean particle number and n = N/V the
mean density. Applying Table II, Eq. (3) to each many-body
eigenstate, taking a truncated thermal average,® and keeping
in mind that each loss event eliminates three particles from the
system,” we obtain

dL; 6 a0
R —— =0)= , 23
=0 = N <8(lnR,))M,T @3)

dn
where the derivative of the grand potential €2 is taken for fixed
chemical potential  and temperature 7.

To obtain analytical results, we restrict consideration to the
nondegenerate limit © — —oo, where the density vanishes,
ni3 — 0, with A = [2nh2/(mk3 7)]'/? the thermal de Broglie
wavelength. One then can use the virial expansion [54-58]:

\%
Qu,T) = —FkBTqueqﬁ“, (24)
g>1
with 8 =1/(kgT), and b, depending only on the g-body
physics and temperature. The leading-order contribution that
involves InR; is thus for g = 3, so that

dL3( —O) 127 h)»4 8b3 (25)
dn T a(nR) ),

—
30 |so| m

where we used nA* ~ exp(BLu).

The coefficient b, can be deduced from the solution of
the g-body problem. We thus restrict our consideration to
the resonant case 1/a = 0, where the analytical solution for
g = 3 is known in free space [10]. Due to the separability in
hyperspherical coordinates [59] the solution is also known for

®To give a meaning to an N-body thermal average within the zero-
range model requires, for N > 4, a procedure whose identification is
beyond the scope of this paper. This is here a formal issue, as we will
consider the nondegenerate limit, allowing us to restrict our attention
to the three-body sector.

"If one normalizes to unity the eigenstate i at time 0, the norm
squared || (¢)||? is the probability that no loss event occurred during
t. For the complex eigenenergy E — iiI"/2, this leads to a loss event
rate equal to I', and to a particle loss rate d N /dt = —3T".
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the case of an isotropic harmonic trap [49,50], which allows
us to use the technique developed in [58,60] to write b3 as

by = 332 lim [% —Zr+ %Z%} , (26)
where Z,(w) is the canonical partition function at temperature
T for the system of g interacting bosons in the harmonic
trapping potential U(r) = %ma)zrz. Since the center of mass
is separable, Z3/Z; simply equals the partition function Z}" of
the internal variables. The internal three-body eigenspectrum
in the trap involves fully universal states (not depending
on R;), and a single Efimovian channel with R,-dependent
eigenenergies E,(w), n € Z, solving a transcendental equa-
tion. Within the boundary conditions (3),(4), the sequence
E,(w) is unbounded below. To give a mathematical existence
to thermal equilibrium, we thus truncate the sequence, labeling
the ground three-body state with the quantum number n = 0
and then keeping only n > 0 in the thermal average.® In the
free-space limit w — 0, this corresponds to a purely geometric
spectrum of trimer states with a ratio exp(—2m/|so|) and a
ground-state Efimov trimer energy

2n?
Eyw) > ———

2/IsoDIm In'(14+s0)
e =—FE,. 27

Given E,, this uniquely determines the three-body parameter
R,.° This finally leads to

ob 33/2 E,
3 ——> {im ZefﬂEn(w)ﬂ_ (28)
d(nR) )7 kpT 00 3(InR,)

nz

Details of the calculation of that limit are exposed in
Appendix C. The resulting expression for the three-body loss
rate constant can be split into contributions of the three-body
bound free-space spectrum and the continuous free-space
spectrum:

dL;

dn
The bound-state contribution naturally appears as a (rapidly
converging) discrete sum over the trimer states:

Z BE;e /15l exp(BE,e /101y, (30)

n=0

Al
=0 = 723 —(Svound + Scon)-  (29)
nl3—0 m

T
|0l

This allows prediction of the mean number Ny, of trimers
with energy Euim = —E,e~2m/I%] in the lossless system at
thermal equilibrium: Since the contribution to d N /dt (to first
order in n) of the term of index n in Eq. (30) is intuitively

Shound =

8Physically, our n = 0 trimer state corresponds to the lowest weakly
bound trimer. As usual in cold-atom physics, the deeply bound (here
trimer) states are excluded from the thermal ensemble since their (very
exothermic) collisional formation simply leads to particle losses.

°In reality, for an interaction with finite range or effective range
b, the Efimovian trimer spectrum is only asymptotically geometric
(n — +00); there exist various models [61,62], however, where E,
is of order exp(—27/|so|)i*/(mb?) so that R, >> b, the ground-state
Efimovian trimer is close to the zero-range limit, and the spectrum is
almost entirely geometric.
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—3T trim Nim» Where the decay rate of the trimer is I'yim 2
(2n/n150])9nr, Exim, We obtain
N 332(na3)2e P Fum, 31)
N  a3-0
This agrees with Eq. (188) of Ref. [55] obtained from a
chemical equilibrium reasoning.

The continuous-spectrum contribution to Eq. (29) natu-
rally appears as an integral over positive energies E; see
Appendix C. Mathematically, it can also be turned into a
(rapidly converging) discrete sum that is easier to evaluate:'°

Seont = % + ) e "Re[ (1 — inlso)(BE)"™].  (32)

n>1

As expected, Scont is @ log-periodic function of E,. In practice,
because |sg| > 1, it has weak amplitude oscillations, between
the extreme values ~0.478 and ~0.522. Our continuous-
spectrum contribution to L3 is equivalent, to first order in
n, to the result of a direct three-body loss rate calculation
for the thermal ensemble of free-space three-boson scattering
states [64].

In experiments, the interaction potential has a finite range
b, and the actual L; will deviate from the above results.
For clarity, we now denote with an asterisk the quantities
corresponding to a finite b. Due to the three-body losses, the so-
called weakly bound trimer states are actually not bound states;
they are resonances with complex energies E; —ihl')/2.
Assuming that I'} < |E}|, we can name these resonances
quasibound states or quasitrimers. Their contribution to the
decay rate of the Bose gas, from the reasoning below Eq. (30),
can be estimated as

32 (mAYN Y The Phi (33)

n=0

* o ~
quasibound —

This is meaningful provided that the thermal-equilibrium
trimer population formula Eq. (188) of Ref. [55] makes sense in
the presence of losses, that is, the formation rate of quasitrimers
of quantum number 7 has to remain much larger than I'}; (in
the zero-range framework, this is ensured by first taking the
limit 7 — 0 and then the limit of vanishing density nA> — 0).
Evaluation of the finite-b positive-energy continuous-spectrum
contribution L} ., to the three-body loss rate constant is
beyond the scdpe of this work. We can simply point out
that taking the limit b — O (with a fixed, infinite scattering
length) makes L3 ., converge to the value obtained in the
zero-range finite-n model; further, taking the zero-n limit gives
. I, .. d L3,cont
%I_I}}) ; ( ;I_I)% L;conl>0) = d—n(n

In practice, as soon as b < A and n < 1, we expect that
ES ~ dL3.conl —
L3,cont>0 =n dn (77 - 0)

—0). (34)

VI. ARBITRARY MIXTURE

In this section we consider a mixture of bosonic and/or
fermionic atoms with an arbitrary number of spin components.

OThis is  rapidly since  |T'(1 —in|so)|? =

mn|so|/ sinh(mwn|sy|) [63].

converging
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TABLE III. Main results for an arbitrary mixture. In three dimensions, if the Efimov effect occurs, the derivatives must be taken for fixed
three-body parameter(s), the expression for E in line 4 breaks down, and the last two lines, with derivatives of the free energy F and of the
mean energy E respectively taken at fixed temperature 7 and entropy S, are meaningless in the absence of spectral selection (see Sec. V).

y =0.577215...1is Euler’s constant.

Three dimensions

Two dimensions

T = e (A Ao (la) T = A (A, A (1b)
Co =Ty ock®no (k) = 30, (1 + 850) T2 52— (2a) Co = limg ook o (k) = 30, (1 + 8501) et 5t E (2b)
f d’c girz;’ (C + m:#or;a/ r,c— mg'il;nar l‘) f d*c gc(‘fzt:’ (c + m:rf:n,vgr r,c— mu’:‘:ﬂnl I‘)

(8000 2 ol (3a) (800 2 gl In’ (3b)
E—Evp=Yocw 7o 5010 E = Eqp = lim o [~ X, oy 77— In (et

T3, [ s e [ ) — %] (4a) + 3, fron 2, () (4b)

Vvt = () S o, et (5a) by = (Z2) 5 5, g, Cpient (sb)

(et )r <0 (62) (7)< 0 (6b)

(miz)s <0 (Ta) (7maiy)s <0 (7b)

The N particles are thus divided into groups, each group corre-
sponding to a given chemical species and to a given spin state.
We label these groups by an integer o € {1, ...,n}. Assuming
that there are no spin-changing collisions, the number N,
of atoms in each group is fixed, and one can consider that
particle i belongs to the group o if i € I,, where the I,,’s are
a fixed partition of {1, ..., N} which can be chosen arbitrarily.
For example, a possible choice is I) ={1,...,N1}; b =
{Ny+1,...,N; + N,}; etc. The wave function ¥ (ry, ...,ry)
is then symmetric (respectively antisymmetric) with respect to
the exchange of two particles belonging to the same group I,
of bosonic (respectively fermionic) particles. Each atom has a
mass m; and is subject to a trapping potential U;(r;), and the
scattering length between atoms i and j is a;;. We setm; = m,
and a;; = a,, fori € I, and j € I;/. The reduced masses are
Uoor = MMy /(Mg + my). We shall denote by P, the set
of all pairs of particles with one particle in group ¢ and the
other one in group o¢’, each pair being counted only once:

Poo =1, j) € Uy x YUy x I,) /i < j}.  (35)

The definition of the zero-range model is modified as
follows: In the contact conditions (1),(6), the scattering length
a is replaced by a;;, and the limit r;; — O is taken for
a fixed center-of-mass position ¢;; = (m;x; +m;r;)/(m; +
m j); moreover Schrodinger’s equation becomes

N hz
> [——Ar, - Ui(ri>] v =Eqy. (36)
2mi

i=1

Our results are summarized in Table III, where we introduced
the notation in dimension d

R D [Tan f d’c;j

((,))€Psor ki, j

X A (€3 (ki DA (€3 Xz ). (3T)

Since a,, = ay, there are only n(n + 1)/2 independent
scattering lengths, and the partial derivatives with respect to
one of these independent scattering lengths are taken while
keeping fixed the other independent scattering lengths. We
note that, in Ref. [32], Eqgs. (4a) and (4b) of Table III were
already partially obtained.'!

In 3D the three-body Efimov effect occurs, except for a
mixture of only two fermionic groups with a heavy-to-light
mass ratio my, /mgy < 13.6069 - - - [65-67]. When the three-
body Efimov effect occurs, as for single-component bosons,
the derivatives with respect to any scattering length have
a minimum to be taken for fixed three-body parameter(s),
and the relation between E and the momentum distribution
[Table III, Eq. (4a)] breaks down, which was not realized
in Ref. [32];'?> moreover, we expect new relations analogous
to the ones given in Sec. IV for bosons. Furthermore, we
assume here that there is no fermionic group o with a
mass ratio m, /m, > 13.384 with respect to any other group
o', so as to avoid a four-body Efimov effect [44]. More
generally, the zero-range model Hamiltonian is assumed to be
self-adjoint without introducing interaction parameters other
than scattering lengths and three-body parameters.

"Our expressions Table III, Egs. (4a) and (4b) complete the ones in
Ref. [32] in the following way. In Ref. [32],the coefficient of 1/a,,
was not expressed as dE/0(1/a,,); only the case of a spatially
homogeneous system was covered; finally, an arbitrary mixture was
covered only in 3D, while in 2D only the case of a two-component
Fermi-Fermi mixture was covered.

2Indeed, in the presence of the Efimov effect, the momentum
distribution has a subleading contribution 8n, (k) scaling as 1/k°,
evaluated in the bosonic case in Ref. [68], leading to a divergent
integral in this relation. For two-component fermions with a mass
ratio sufficiently close to 1, the integral converges, because én, (k)
1/k°*% where s > 0 is the scaling exponent of the three-body wave
function, ¥ (Ar;,Ar,,Ars) o< A°~2 for A — 0; see a note in Ref. [26]
and note 6 in Ref. [34].
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The derivations of the relations of Table III are analogous
to the ones already given for two-component fermions and
single-component bosons. The lemmas of Article I, Egs. (33)
and (35), are replaced by

(W HY2) = (H )
: |
I (e = AV, A%, in3D,
_ 39)
210 (afy /afy J(AV Aoy in 2D,

where 1| and Y, obey the same contact conditions (including
the three-body ones if there is an Efimov effect), except for
the independent scattering length a,,/, which is equal to a( )
for v;,i = 1,2. The momentum dlstrlbutlon for the group o 1s
normalized as [ n,(k)d?k/(2m)? = N,. The pair distribution
function is now defined by

gf;,(u,v) = /ddrl ddrN|1//(r1, ... ,rN)|2

<D

iely,jel,i#j

8([1 — I',')S(V — I'j). (39)

The Hamiltonian of the lattice model used in some of the
derivations now reads

Hlatt == HO + Z 80,00" Wao”» (40)
o<o’
where Hy = Z, =3 Ar, + U;(r;)] with the discrete Lapla-

cian defined by (1'|Ar|k) = —k*(r|k) (for k in the first Bril-
louin zone) and W, = Z(i,j)epm/ Sr‘.,r/b’d. In the formulas
of Article I involving the two-body scattering problem, one has
to replace go by go.60’» a by dso’, and m by 24, . Denoting
the corresponding zero-energy scattering wave function by
¢s0(r), the lemma in Article I, Eq. (56), is replaced by
(W' Woorl¥) = |60 (0)* (A, Ao

VII. CONCLUSION

In dimensions two and three, we obtained several rela-
tions valid for any eigenstate of the N-boson problem with
zero-range interactions. The interactions are characterized by
the 2D or 3D two-body s-wave scattering length a and, in 3D
when the Efimov effect takes place, by a three-body parameter
R,. Our expressions relate various observables to derivatives of
the energy with respect to these interaction parameters. Some
of the expressions, initially obtained in Ref. [35], were derived
in Ref. [36] with a different technique. For completeness,
we have also generalized some of the relations to arbitrary
mixtures of Bose and/or Fermi gases.

For the bosons in 3D, especially interesting are the relations
involving the derivative of the energy with respect to the
three-body parameter. Physically, one of then predicts (to first
order in the inelasticity parameter n) the decay rate I" of the
system due to three-body losses, which occur in cold-atom
experiments by recombination to deeply bound dimers. This
means that one can extract I" from the eigenenergies of a purely
lossless (n = 0) model. As an application, we analytically
obtained (within the zero-range model, and to first order in 7)
the three-body loss rate constant L3 for the 3D nondegenerate
Bose gas at thermal equilibrium with infinite scattering length.
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Experimentally, this quantity is under current study with real
atomic gases [64].

Mathematically, the 3D relations hold under the assumption
that the two-body scattering length and the three-body param-
eter are sufficient to make the N-boson problem well defined,
with a self-adjoint Hamiltonian. Therefore they may be used to
numerically test this assumption, for example by checking the
consistency between the values of the derivative of the energy
with respect to the three-body parameter obtained in different
ways. Three possible ways are by numerical differentiation of
the energy, use of the present relation on the short-distance
triplet distribution function, or use of the virial theorem which
also involves this derivative [69].
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APPENDIX A: DERIVATION OF A LEMMA

Here we derive the lemma (13) for three bosons in the
zero-range model. The first step is to express the Hamiltonian
in hyperspherical coordinates [16,70]: Using the value of the
Jacobian given below Eq. (19),

(V1. HYr) — (HY1, )

— ——3f/ dRRS/dS /d3
2 59 Te .
{‘h (8R2 Ra—R—f-ﬁ-i- Ac)‘h—[lh elﬁz]}

——3\/_{/ dR RS/dSQAC(R,SZ)

+/d5£2/d3cAR(Sl,c)+/ dR R’ /d%AQ(R,c)},
0

(AD)

where ¢ = ¢35 and

AC<R,9>E/ {wl LA wz—[wlewz]},mz)

92 5 0
— 5 *
ARm,c)_/o dRR {wl <8R2 RaR)llfz

—[y] < Iﬁz]}, (A3)

Aa(ro) = [ @ {wl e wl} (Ad)

Tq being a differential operator acting on the hyperangles and
called the Laplacian on the hypersphere.

The quantity Az can be computed using the following
simple lemma: If ®;(R) and ®,(R) are functions which decay
quickly at infinity and have no singularity except may be at
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R =0, then
/oodRRS o* i +5 9 &y — [OF © Dy
—_— + —— — <~
0 "\9rR2 " ROR) * ! :
dF: dF*
= —lmR(F=2-FR2L), (A5)
R—0 oR JR

where F;(R) = R?> ®;(R). Expressing the right-hand side of
Eq. (AS) thanks to the boundary condition (3) then yields the
desired result (13), because the other two contributions A, and
Ag both vanish, as we now show.

The quantity A(R,R), rewritten as 1 [d’cV.-
(WUVeyo — YnVer) and transformed with the divergence
theorem, is zero, since the ;’s are regular functions of ¢ for
every (R, ) except on a set of measure zero.

It remains to show that

Ag(R,¢c) =0 foranyc and R > 0. (A6)

We will use the fact that i, and v, satisfy the two-body
boundary condition (1) with the same a, and apply the lemma
of Article I, Eq. (33). More precisely, we will show that for any
smooth function f(R,c¢) which vanishes in a neighborhood of
R =0,

/Ooa’R RS/d3c f(R.c)* Ag(R.c) = 0; (A7)
0

this clearly implies (A6). To show (A7) we note that

2 00
—h—3J§/ dR RS/d3cf(R,c)2Ag(R,c)
0

2m

2 00
__"si / AR RS / 59 / d%{(fw;")%(fwz)
0

2m

—[y] < l/fz]}, (A8)

which can be rewritten as

/ Erd*nd s {(fFUDH ) — W7 < )
2 00
+h—3ﬁ/ dR RS/dSQ/d%{(fw)
2m 0

02 50 1 A N A9
X (W+Eﬁ+§ c)(fl/’z)—[% <—>1//2]}_ (A9)
The first integral in this expression vanishes, as a consequence
of the lemma of Article I, Eq. (33). This lemma is indeed
applicable to the wave functions fv;: They vanish in a
neighborhood of R =0 (see the discussion in Article I);
moreover they satisfy the two-body boundary condition for
the same value of the scattering length a (as follows from the
fact that R varies quadratically with r for small r). The second
integral in Eq. (A9) vanishes as well: The contribution of the
partial derivatives with respect to R vanishes as a consequence
of lemma (AS5), and the contribution of A, vanishes because
the f;’s are regular functions of c.

APPENDIX B: RELATION BETWEEN I AND B FOR ANY 7

In contrast to the remaining part of the paper, we assume
here that the inelasticity parameter n > 0 and is not necessarily

PHYSICAL REVIEW A 86, 053633 (2012)

a small perturbation, so that the N-body wave function
obeys the contact conditions given by Eqs. (3) and (4) modified
according to Eq. (20). As a consequence, i is in general an
eigenstate of H with a complex energy E — ihl'/2, where I’
is the decay rate. If ¥ is normalized to unity at time O then

d
= ——(lylI*)( = 0). Bl
7 (117X ) (B1)
This can be transformed using the continuity equation
¥y (X,)I* + divk] = 0, (B2)

where we collected all the particles coordinates in a single
vector X = (ry, ...,ry) with 3N components, and where we
introduced the probability current in R3V:

h
J = —Im (y"grady)). (B3)

Equation (B2) is valid for all 7;; > 0, and results as usual from
Schrddinger’s equation.

To avoid the singularities that appear in i for three
coinciding particle positions, we introduce the exclusion
volumes B;jx(€) = {X € R /R;j; < €} for all triplets {i, j,k}
of particles (of hyperradius R; ;) in the integral defining ||y ||%,
taking the limit € — O at the end of the calculation. With the
divergence theorem, this leads to

I =-lim d*NX 8[|y (Xt = 0)]*]
Is

= — lim

> [ avise
0T J0B@©

(B4)

with the surface element d>V~!S oriented towards the exterior
of B;ji. Here I is R3Y minus the union of all Bijji(e); itis thus
the set of all the X having all the R;;; > €. Using the bosonic
symmetry we single out the decay rate due to particles 1, 2,
and 3:

I' =

N(N — 1)(N =2
_M X )1im / a*V7'S-J. (B5)
3! €0 J3B1s(e)

The integration domain in Eq. (BS), which is the boundary
of Bi»3(€), is actually a cylinder in R3N | and the coordinates
numbers 10 to 3N of the surface element d>N~!S are zero,
so that one can keep the contribution to the probability
current of the first three particles only: We can thus replace
d*N-1S . J with d8S, - J,, the nine-coordinate vectors J, and
d®S, coinciding with the first nine coordinates of J and d*V~!8S.
For fixed ry, ... ,ry we thus have to evaluate

y(e) = — / ass,-J, = / d*rid*ryd’r3dive, 1, o Js,
R=¢ R>¢
(B6)

where we used the divergence theorem. We then change the
integration variables from ry,r;,r3 to €23, R, with the Jacobian
given below Eq. (19). Further use of the identity

3
Z dive, (Y *grad, ¥ — c.c.)
i=1
o 1. .
=divg(Y"gradgy —c.c.) + gleCm(lﬁ grad, ¥ —c.c.),
(B7)
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and backward application of the divergence theorem yields

y(©) = —3v3¢ / i / PR %Imw*aw]h.
(B8)

The R — 0 behavior of ¥ being given by B times a known
function [see Egs. (3) and (4) modified according to Eq. (20)],
we finally obtain

h 3
= EN(N — I)(N — 2)§|s0| sinh(2n)||B|I>  (B9)

with || B||> = [d®cio3d®rs -+ d°ry |B(€123,F4, ..., xx)|*. In
the limit 7 — 0, || B||* tends to its value in the lossless model
and we recover Table II, Eq. (3) using Table II, Eq. (1).

APPENDIX C: FREE-SPACE LIMIT OF A VIRIAL SUM

Here we derive the free-space limit (28) of a sum over the
internal Efimovian eigenenergies E,(w) for three bosons in a
harmonic trap with oscillation frequency w, interacting in the
zero-range limit with infinite scattering length. A rewriting of
the implicit equation for E, of Ref. [50] gives, forn € N,
1450 — E) |0l (Zha)

ol —0.
2 toom E,)+"”

ImInIC <

(ChH

We have introduced the notation E, = E, /(hw). Also, I'(z)
is the Gamma function and its logarithm InI'(z) is the usual
univalued function with a branch cut on the real negative axis.
The left-hand side of Eq. (C1) can be shown to be a decreasing
function of E,, using relation 8.362(1) of Ref. [63], so that
Eq. (Cl) determines E, in a unique way. The fact that E,,
as given by Eq. (27), is the free-space ground trimer binding
energy can be checked from Eq. (C1) by a Stirling expansion
for £, — —o0.

To evaluate the sum in Eq. (28) for v — 0, we collect
the eigenenergies E, into three groups. The (finite) transition
group corresponds to | E, | not much larger than Ziw, and gives a
vanishing contribution to Eq. (28) for w — 0. The bound-state
group corresponds to negative eigenenergies with |E, | > hw;
the corresponding free-space trimer sizes are much smaller
than the harmonic oscillator length [/ (mw)]'/?, so that the
trapping potential has a negligible effect and E,(w) is close to
the free-space trimer energy of quantum number 7:

E,(w) ~ —E,e” 2 n/Isol (C2)

This directly leads to the contribution Spoung in Eq. (30).
Finally, the third group contains the positive eigenener-

gies with E, > ho, which will reconstruct the free-space

continuous spectrum for @ — 0. As shown in Sec. 3.3.a of
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Ref. [16], these E, are almost equally spaced by 2. We need
here the leading-order deviation from equispacing, which we
parametrize with a “quantum defect” A as

E, = 2n+ A(E,)+ 0(/n).

n——+oo

(C3)

For E, — oo, Stirling’s formula cannot be immediately
applied to Eq. (C1) since the argument of the Gamma function
remains at finite distance from the poles of I (on the real
negative axis). Using I'(z)['(1 — z) = wr/sin(;rz) [63], we
obtain the useful identity

1 —E 1— E
—Im InT <+S+) =ImInl (S++>

+ %E +Im In[1 + e‘”"‘”'e‘i”E]
(C4

for all real E. Note that the logarithm in the last term of that
expression is unambiguously defined [by a series expansion
of In(1 4 u) with u] since e ™! < 1. Stirling’s expansion can
now be used in the right-hand side of Eq. (C4), turning (C1)
into an implicit equation for the quantum defect A:

E 2 ‘
A(E) = |j_[—0| In <E) — —Im In[1 + e—TIIA‘oIe—UrA(E)].

t T

(€5

Since exp(—m|so|) < 1, we have a small-deviation property:
A(E) only slightly deviates, by O[exp(—m|so|)], from the first
term in the right-hand side of (C5). This deviation was not fully
taken into account in Sec. 3.3.a of Ref. [16]. To remain exact,
we multiply (C5) by im on both sides, and we exponentiate
the resulting equation. Since exp[—2iIm In(1 4+ u)] = (1 +
u*)/(1 4+ u), we obtain a solvable equation for exp(iw A) that
determines A modulo 2. From the small-deviation property
stated above, we can lift the modulo 2 uncertainty:

Isol E 2 - E N il
AE)=""In|— )|+ ZImIn|1—e ™kl [ = )
4 Et b4 Et

(Co)

Finally, it remains in Eq. (28) to replace the sum over n (for E,,
in the third group) by an integral [,* dE /(2hw), where 2w
is the leading-order level spacing, to obtain the continuous-
spectrum contribution

ab;y \ O™ 332 oo _pr OA(E)
- dE e PEZ2Z) (o)
o(nR;) / 1 2k T Jo d(InR;)
After expansion of dj,z A(E) in powers of e ="l the integral

over E can be expressed in terms of the Gamma function,
which eventually leads to Eq. (32).
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