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Efimov spectrum in the Born-Oppenheimer picture of a 2 + 1 system
with zero-range heavy-light interactions
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We study the Born—Oppenheimer approximation of a mass-imbalanced three-body system made of two heavy
particles of mass M and one light particle of mass m for arbitrary angular momentum. In this system, heavy-light
pairs interact via a zero-range force. We construct the light-particle Hamiltonian using self-adjoint extensions of
the two-center point interaction and show that the corresponding effective potential is regular at the coincidence
point of the heavy particles. Consequently, this model presents an alternative method to finite-range, cutoft,
or short-distance heavy-heavy regularizations: the necessary three-body input is encoded in the self-adjoint
realization of the light-particle Hamiltonian, while the heavy-light interactions remain point-like. In the unitary
limit, after fixing the characteristic length scale, we derive an explicit Efimov spectrum. Our results recover the
zero-angular-momentum case of [J. Phys. A: Math. Theor. 57, 055303 (2024)] and provide a sufficient condition
ensuring the absence of non-Efimov bound states. Away from unitarity, we show that the spatial size of the
shallowest trimer near the threshold is approximately 2.8 times the heavy-light scattering length, in contrast with
the common assumption that these two length scales coincide. We also derive a Bargmann-type bound on the
number of three-body bound states and obtain an estimate sharper than previous results. Finally, we illustrate the

method with numerical results for selected alkali mixtures.
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I. INTRODUCTION

The Efimov effect [1,2] is a universal low-energy feature
of three-body systems in R3: when at least two of the three
pairs are at resonance, i.e., in the unitary limit with infinite
two-body S-wave scattering length a, the three-body Hamil-
tonian supports an infinite sequence of shallow trimers E,
with relatively large spatial sizes, accumulating at zero en-
ergy, even though the individual two-body subsystems are
not bound. Asymptotically, the ratio of successive binding
energies approaches a universal geometric factor,

E, 2
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where sy is a dimensionless parameter that depends on the
number of resonant pairs, the mass ratio of the particles, and
their statistics.

Experimentally, weakly bound three-body states with large
spatial extent have been observed in mass-imbalanced mix-
tures such as '*3Cs, -®Li [3,4] and in systems of identical
bosons (see [5] and the references therein). In ultracold
atomic gases, the large two-body scattering lengths required
to access this regime are realized using magnetic Feshbach
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resonances [6], which have also been exploited recently
in mass-imbalanced '*’Er, - °Li, '%Er, - °Li, and '**Er, - °Li
mixtures in the microkelvin regime [7-9].

Theoretically, these observations are often described
within zero-range models. At low energies, scattering prop-
erties are largely independent of the microscopic details of
the short-range forces [10], so zero-range potentials (Fermi
pseudopotentials [11,12]) provide a natural framework. The
universal behavior of such systems is characterized by the
two-body subsystems and their S-wave scattering length, de-
termined as the zero-energy limit of the scattering amplitude.
A standard example of this universality obtained in zero-range
analysis is the (shallow) dimer in a two-body system: when it
exists, its binding energy is proportional to a%

Zero-range models are fully satisfactory for the two-body
problem. In the center-of-mass frame, the system is de-
scribed by the free Hamiltonian on R3 away from the contact
point, with the interaction encoded through the Bethe—Peierls
boundary condition [13]. If p denotes the distance of the
particle from the scattering center, then the wave function
satisfies

1//'\/1—1, o — 0. )
p a

The situation is very different in the three-body sector. Im-
posing an analogous two-body contact condition leads to the
so-called “Thomas effect” or “fall of the particles to the cen-
ter” [14—16]. In particular, the Ter—Martirosyan—Skornyakov
(TMS) Hamiltonian for a three-boson system [17] becomes
unstable, and its spectrum contains a sequence of eigenvalues
unbounded from below. We also note that, in the three-body
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problem, the singular boundary condition is imposed on a
three-dimensional submanifold rather than at isolated points.
For this reason, to distinguish these conditions from the two-
body Bethe—Peierls condition in (2), we refer to them as “TMS
boundary conditions” from now on (see Sec. II for details).

It is well known that the TMS Hamiltonian is symmet-
ric but not self-adjoint, and therefore it does not define a
valid quantum observable. Moreover, it was shown in Ref.
[15,16,18] that every self-adjoint extension of this symmetric
operator that satisfies TMS boundary conditions analogous
to (2) is unbounded from below. Minlos and Faddeev [15]
conjectured, however, that a suitable renormalization of the
boundary condition leads to a lower-bounded zero-range
Hamiltonian [see (6) and (7) below]. This idea has been
made rigorous recently in several works in mathematical
physics, which construct and characterize the corresponding
zero-range Hamiltonians (see, e.g., Refs. [19-23]).

In the theoretical physics literature, to avoid the ultraviolet
collapse present in the TMS Hamiltonian, authors introduce
an additional short-distance input, such as considering a finite-
range interaction or a short-range cutoff. This input may be
represented by a “three-body parameter” that characterizes
the Efimov spectrum. In this setting, the three-body parameter
plays the role of a boundary condition at some short length
scale Ry for the three-body Schrodinger problem, fixed by
a chosen observable. For example, one ma?/ identify it with
the wave number of the first Efimov level " or the range of
the interaction or derive an effective boundary condition at Ry
from a short-distance van der Waals potential (see, e.g., Refs.
[24,25] for further discussion and references). As a result,
universality is often taken to refer mainly to the geometric
law (1), since the Efimov eigenvalues themselves depend on
the chosen three-body parameter.

In summary, although zero-range theory provides an ac-
curate description of the long-distance physics of three-body
systems, the short-distance behavior encoded by contact con-
ditions analogous to (2) must be regularized. In the case
of finite-range potentials, regularization involves the explicit
short-range details of the chosen potential, for example, its
range, effective range, cutoff, or van der Waals length. In a
zero-range formulation, however, this information is not rep-
resented by a potential shape, but a three-body parameter still
enters the problem through the choice of a scale or boundary
condition.

Efimov, in his original work [2], considered short-ranged
potentials and, using hyperspherical coordinates, obtained the
Efimov eigenvalues
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Here, s¢ is the parameter appearing in (1) and is determined
by the hyperangular equation, my is the appropriate reduced
mass (which depends on the number of resonant pairs), A
plays the role of the three-body parameter (Efimov defined
it as the logarithmic derivative of the interior solution at Ry,
fixed by a momentum cutoff), and A is a phase that matches
the solutions at Ry. More recently, Efimov’s original idea for
three identical bosons has been given a rigorous formulation

by Fermi, Ferretti, and Teta [26], who imposed a hard-core
potential at the origin to avoid the Thomas effect.

It was later proposed (see, e.g., Refs. [27,28]) that, for three
identical bosons, including a Lennard—Jones-type interaction
v, (r) = —f—g(l — %) in the pairwise potentials can make
the three-body parameter universal, up to the van der Waals
length rygw = %(M)l/ 4. Here, Cg is the species-dependent
dispersion coefficient, A is a short-range cutoff, and 1,y is the
two-body reduced mass [6,27]. In hyperspherical coordinates,
with hyperradius Ryy,, the potential v, (r) prevents the ultra-
violet divergence by producing an effective repulsion barrier
at Ryyp A~ 2rygw. As a result, the three-body parameter, and in

particular, itV s largely determined by the value of ryqw.

Wang et al. [29] extended this idea to the mass-imbalanced
2 4 1 system consisting of two identical bosons and a third
particle of a different nature. In the Efimov-favored case of
two heavy and one light particle, they analyze the prob-
lem within the Born—Oppenheimer approximation. In this
approach, the heavy particles are treated as fixed scattering
centers for the light particle: for each heavy-heavy separation,
one first solves the light-particle eigenvalue problem [see (9)
below], and then uses the corresponding eigenvalue as an
effective potential in a reduced equation for heavy particles,
leading to an effective Hamiltonian [see (10) below]. The
spectrum of this effective Hamiltonian provides an approxi-
mation to the three-body energies of the 2 4 1 system (see
Sec. II for details).

Within this picture, imposing the boundary condition (2)
on the light-particle Hamiltonian produces a short-distance
singularity, analogous to the Thomas effect. More precisely,
denoting by r the separation between the two heavy particles,
the resulting Born—Oppenheimer effective potential behaves
as —W?2(1)/r* (see, e.g., Ref. [30] and Remark IIL.4 be-
low). Here, W is the Lambert W function, defined implicitly
by W (x)e" ™ = x; in particular, W (1) ~ 0.567143 (see Ref.
[31] for definitions and properties). As a consequence, the
effective Hamiltonian is unstable, and its spectrum is un-
bounded from below. Wang et al. showed that introducing a
heavy-heavy interaction v, (r) regularizes this short-distance
behavior, allowing them to compute the Efimov spectrum and
the corresponding wave numbers ..

In a closely related setting, Oi, Naidon, and Endo [32] and
Oi and Endo [33] studied the mass-imbalanced 2 + 1 system
of two identical fermions and a third particle within the Born—
Oppenheimer approximation. In this case, fermionic statistics
introduces a centrifugal repulsion in the heavy-heavy channel,
which competes with the attractive effective potential. By
including van der Waals and dipolar heavy-heavy interactions
in the effective Hamiltonian, they showed the universality of
the three-body parameter.

Prior to these studies, in 1979, Fonseca, Redish, and
Shanley analyzed the 241 system for arbitrary angular
momentum in Ref. [34] in the Born—Oppenheimer approxima-
tion. They assumed the light particle interacts with scattering
centers via a short-range Yamaguchi separable potential [35]
of range b. At unitarity, they recovered an inverse-square tail
in the Born—Oppenheimer effective potential and, as a con-
sequence, established the existence of an Efimov spectrum.
Away from the unitary limit, when the two-body scattering
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length is finite, they showed that the long-range behavior of
the effective potential is of Yukawa form. In this regime, the
light particle localizes near one of the heavy scattering cen-
ters at the limit r — oo, effectively reducing the three-body
system to a dimer plus a spectator atom. They also computed
the semiclassical Bargmann’s bound to show the logarithmic
growth of the number of bound states and argued qualitatively
that the spatial size of the weakest Efimov-like bound state
is set by the two-body scattering length a. We note that the
model studied by Fonseca et al. [34] does not include any
additional heavy-heavy interaction.

These observations motivate us to revisit the zero-range
description of the 2 4 1 system within the Born—Oppenheimer
approximation. In this setting, the light-particle Hamiltonian
is described by a free particle in the presence of a two-center
point interaction. Imposing the local contact condition (2) on
this Hamiltonian leads to a pathological coincidence limit of
the stationary scattering problem: as the distance between the
two scattering centers tends to zero, the delta centers effec-
tively disappear (nonadditivity pathology), while the bound-
state energy diverges to —oo. This behavior is in contrast with
the case of smooth short-range potentials (see, e.g., Ref. [36]
and references therein from the theoretical physics literature,
and Refs. [30,37,38] in the mathematical physics literature).
Consequently, the effective Hamiltonian is unstable, and the
problem cannot be defined from the outset, similarly to the
Thomas-effect singularity in the three-body system.

However, it is well-established in mathematical physics
(though it may be less familiar in the theoretical physics
literature) that, for two or more fixed centers, the Hamiltoni-
ans obtained by imposing (local) Bethe—Peierls conditions (2)
form only a strict subclass of all possible point interactions
(see, e.g., Ref. [30], Part II, Theorem 1.1.3 and subsequent
remark). This is in contrast with the one-center case (which
also describes the two-body problem in the center-of-mass
frame), where the point interaction is fully characterized by
the contact condition (2). More importantly, we see that by
characterizing the entire family of self-adjoint extensions, a
large subclass of point interactions corresponds to a well-
defined stationary scattering problem, and its eigenvalue,
which gives the effective potential for the heavy particles,
remains regular at the origin. As a result, the Thomas-effect
singularity is avoided. Physically, this can be viewed as a
renormalization of the zero-range two-body interactions that
depends on the configuration of all three particles. In this
sense, it has an effect analogous to a three-body force, while
preserving the point-like two-body nature of the interactions.

In our previous work [37], following the 1985 construction
of Dabrowski and Grosse [39], we focused on the nonaddi-
tivity pathology of local point interactions. Dabrowski and
Grosse characterize the entire family of n-center point inter-
actions in dimensions d = 1, 2, 3 via von Neumann extension
theory (see Appendix A for a brief discussion and further
references). We showed in Ref. [37] that a large subclass
of two-center Hamiltonians reduces to one-center Hamilto-
nians in the coincidence limit provided the wave function is
symmetric under exchange of the scattering centers, a setting
appropriate for bosonic statistics.

As an application, we studied the 2 4 1 mass-imbalanced
system of two heavy bosons and a third particle in the / =0

channel. In this framework, the effective potential has the
same value at the origin » = 0 and r — oo, recovering the
(shallow) dimer universality at the contact point of heavy
particles. This, in turn, leads to universality of the Efimov
spectrum at unitarity, up to the characteristic length of the
problem. In other words, although the effective potential may
be small but nonzero at intermediate and short distances, the
long-range Efimov scaling is unchanged as long as the poten-
tial is sufficiently regular and tends to zero sufficiently fast as
r— 0.

In the present paper, we extend our analysis to an-
tisymmetric exchange (fermionic case) and also higher
angular-momentum channels. We also study the system away
from unitarity. The analysis of the effective Hamiltonian (10)
for I > 0, where the attractive Born—Oppenheimer potential
competes with the repulsive centrifugal term, is technically
more involved and requires tools beyond those used in the
zero-angular-momentum sector.

To define a zero-range Hamiltonian as a physical model,
one has to specify the length scale with respect to which the
configuration variables are measured. This choice of scale is
independent of whether the system is at unitarity or away from
it. For example, if a heavy-heavy van der Waals interaction
is included, the van der Waals length ryqw provides a natural
length scale. For a finite-range short-range potential, the range
of the potential can play this role. In a zero-range model,
however, no finite interaction range is present.

In the two-body zero-range problem, the scattering length
is the physical low-energy length scale. In particular, away
from unitarity, the bound-state energy —uiz is determined by
the scattering length. At unitarity, the two-body zero-range
problem becomes scale invariant. Thus, the scattering length
no longer provides a finite characteristic length, although the
length scale used to measure the variables remains the same
as the one chosen away from unitarity.

We set Ly as the physical scale of the model and take it
as the length unit throughout this paper. Let a; denote the
physical heavy-light scattering length measured experimen-
tally. Then the reduced scattering length used in the rest of
the paper is a := 7. Thus, all lengths appearing below are
dimensionless unless stated otherwise. Physical lengths are re-
covered by multiplying the corresponding reduced quantities
by Ly. We also note that Ly may vary from system to system,
just as microscopic length scales such as the van der Waals
length ry4w, or the range of a finite-range interaction, vary
among different atomic mixtures.

Let M and m denote the heavy and light masses respec—
tively, and set the dimensionless parameter &> = 2M - For
angular momentum /, we show that, after fixing L, the Efimov
spectrum has the form

E, - M4r0 larctan(2 v dp0-nml (4 gy
with
Bpo=aeT(+if), n=viLs,
B=+v—I(1+1)+e2W2(1)— 1/4. 4)
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Here, the error terms ¢, tend to zero as n — co. We observe
that the ratio of successive bound states satisfies the geomet-
rical law (1) with the parameter B.

In the formula (4), the parameter r( plays the role of the
three-body parameter, while the value \/537” is uniquely de-
termined by the construction of the light-particle zero-range
Hamiltonian through von Neumann’s formula. This value
should therefore be understood as a consequence of the par-
ticular short-distance prescription adopted here, rather than as
a universal microscopic constant. At the end of Sec. III and
Remark A.2, we briefly discuss other possible constructions
of the zero-range light-particle Hamiltonian, which may lead
to different short-distance structures. This is consistent with
the general role of regularization in contact three-body theo-
ries: the prescription is not meant to describe the microscopic
interaction at arbitrarily small distances, but to remove the
Thomas collapse and to fix the required three-body input. In
what follows, in the rest of the paper, all lengths are measured
in units of Ly. Accordingly, we omit the explicit factor Ly from
the notation, except for the numerical results in Sec. V.

We stress that the present construction does not replace van
der Waals universality as a microscopic explanation of the
physical length scale in atomic systems. Rather, it provides
an analytic zero-range counterpart: once the characteristic
length L is fixed, the three-body parameter is fixed by the
construction, and the Efimov spectrum follows explicitly. The
price paid for this zero-range formulation is that, unlike in
van der Waals universality, the model does not determine the
absolute physical scale by itself; this scale must be supplied
externally and adjusted to reproduce experimental data.

We remark that in Ref. [34], and in much of the sub-
sequent literature on the Born—Oppenheimer approach to
Efimov physics, the three-body Hamiltonian is not introduced
explicitly. Instead, one defines the light-particle Hamiltonian
and the resulting effective Hamiltonian, and then assumes the
validity of the Born—Oppenheimer picture to approximate the
spectrum of the three-body system. In a zero-range setting,
however, the very existence of a three-body Hamiltonian free
of ultraviolet collapse is not trivial.

In this work, we do not construct the 2 + 1 Hamiltonian
in a fully rigorous way either; rather, we introduce it through
renormalized TMS boundary conditions on the coincidence
planes [see (6) and (7)]. This viewpoint provides a direct
link between the abstract construction of the light-particle
Hamiltonian via von Neumann’s formula and the underlying
physical picture. It also gives a natural framework for dis-
cussing the validity and limitations of the Born—Oppenheimer
approximation in Efimov physics (see Sec. VI).

The structure of the paper is as outlined below: In Sec. II,
we introduce the 2 + 1 Hamiltonian and formalism of Born—
Oppenheimer approximation. In Sec. III, we construct the
self-adjoint Hamiltonian of the light particle and explain
why this zero-range model is physically relevant. In Sec. IV,
we analyze the spectrum of the effective Hamiltonian, derive
the Efimov eigenvalues (4) in the unitary limit, and discuss
the spectrum away from unitarity: we estimate the spatial size
of the weakest near-threshold state, compute a Bargmann’s
bound on the number of bound states, and describe how the
spectrum deforms when the geometrical law (1) is no longer
satisfied. In Sec. V, we present numerical results for selected

alkali mixtures and for mixtures of alkali-metal atoms with a
different particle that are relevant for experiments. Finally, we
conclude this paper in Sec. VI with remarks on the validity of
the Born—Oppenheimer approximation in Efimov physics and
possible perspectives. Part of these results has been reported
in Ref. [40].

II. THE THREE-BODY HAMILTONIAN AND FORMALISM
OF BORN-OPPENHEIMER APPROXIMATION

Throughout this paper, we set i> = 1. Vectors are denoted
in boldface, for example x, and their Euclidean norm by
the corresponding nonbold symbol, x := |x|. For a (possibly
unbounded) operator A, we write D(A) for its domain. For
z € C, we denote its complex conjugate by z*. We also use the
notation (-, -) for the L? inner product. Moreover, we use [L]
and [M] to denote the units of length and mass, respectively.
Finally, we introduce the parameter «, which is proportional
to the inverse of the two-body scattering length, by

1
dro = ——.
a

Throughout the model construction, lengths are expressed in
units of a characteristic length Ly, supplied externally. We
consider two identical heavy particles of mass M at positions
¥1.¥2 € R? and a light particle of mass m at y; € R®. The
three-body wave function belongs to either the bosonic or
fermionic subspace Lg/f(]Rg) C L*(R?), consisting of func-
tions that are symmetric or antisymmetric under the exchange
of y; and y,. Also, heavy particles interact with the light
particle via zero-range forces.
Introducing Jacobi coordinates

x=y3— 3001 +y2). R=yi—y,

the center of mass (c.m.), and the effective-mass parameter
_ My +y2) +my; _ 2Mm
cm 2M +m v 2M +m’

we denote the Hamiltonian with bosonic (fermionic) symme-
try by H5,, (H},,) and define the free Hamiltonian

1 1 1
0

= Ay — —Ar— —Ax. (5

o 20M +m) T MR T 2y )

Bosonic (resp. fermionic) symmetry translates into

’

W(xem., X, R) = W(xem., x, —R)
(TeSP- \I'l(xc.m.a X, R) - _\I'l(xc.m.’ X, _R))

Henceforth, we neglect center-of-mass kinetic energy. Define
the coincidence hyperplanes

M: = {(R,x) € R x = £R/2}.

Away from these planes, the particles do not coincide, so the
interaction is absent and the dynamics is free. Accordingly,
the Hamiltonian H’;ﬁrfl acts as the free Hamiltonian ),
everywhere except on I1., on the configuration space, i.e.,
RS\ ITy. The effect of the zero-range interaction is en-
coded entirely through boundary conditions imposed as one
approaches ITL. We also set r := |R| for the heavy—heavy

i i -l 14 L
separation, introduce the mass parameter 7z~ := wm 3y
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and let £ denote a function associated with boundary charges,
belonging to the domain of 'Hgifl
Near the hyperplanes I1., that is, when

Xx—y|=x£R/2| -0, R#0, i=1,2,

the wave function satisfies singular TMS boundary conditions.
Explicitly, up to an o(1) term, in the bosonic case,

O3p(1)
+ 4nm1r>’

(6)

YP(x,R) = s&m(

4 1|x — yj|

while in the fermionic case,

v/ (x,R) = (=1)&(£R)

dm—lr

1 B30 (r)
(et ) O

Here, 65,(r) can be chosen from a broad class of functions
(see Ref. [19]) to prevent the Thomas effect. The TMS Hamil-
tonian associated with the boundary conditions (6) or (7) is
a symmetric operator with infinite-dimensional defect spaces
[see (A2) for the definition]. On the other hand, the two-center
point interaction Hamiltonian has a two-dimensional defect
space. In this case, under the imposed symmetry and other
natural technical assumptions, von Neumann’s formula leads
to a unique function g,. We discuss in Sec. VI and Remark
A.2 the relation between 63,(r) in (6) and (7) and the function
8« (r) in (15) and (16). Finally, we remark that (6) agrees with
the boundary conditions introduced in Ref. [19]; note that the
authors of Ref. [19] take identical bosons of mass 1/2, so the
corresponding mass parameter does not appear there.

Inspired by electromagnetism, the function & is referred
to as “charges” carried by the three-dimensional coincidence
planes IT. in the literature. In physical variables, its dimen-
sion is [M]~'[L]~!/?. In the reduced units used in this paper,
the length dimension is absorbed into the scale Ly. For fixed
R, the TMS boundary conditions (6) and (7) reduce to the
usual Bethe—Peierls form (2), up to the renormalization term
+ 47'[0 ;:z(r*)l re

We also note that the repulsive centrifugal term can stabi-
lize the 2 4+ 1 Hamiltonian even without the renormalization
term :I:Mej;—(’)lr in channels with angular momentum [ > 1,
provided the heavy-light mass ratio exceeds a critical value.
For instance, in the [ = 1 channel, the Thomas effect is
absent already without this renormalization when % > 13.6

(see, e.g., Refs. [10,41,42]). Nevertheless, including + Bavir

yields a Hamiltonian that is bounded from below for an;nnﬂlzasrs
ratio % > 1. The mechanism behind this becomes clearer
once we examine the structure of the 2 4 1 problem and the
role of angular momentum.

It is well known that a zero-range heavy-light interaction
couples only to the two-body S-wave channel (see, e.g., [43],
Chap. X and also the treatment in Ref. [25], Sec. 4.1). This,
however, should not be confused with the three-body (orbital)
angular momentum of the 2 4+ 1 system: after introducing
Jacobi coordinates, the heavy-heavy Laplacian —Apg still
contains the usual angular part, which produces a repulsive
centrifugal term in channels with [ > 1.

If one imposes the unrenormalized TMS boundary con-
ditions (6) and (7), the effective short-distance behavior is
governed by an attractive inverse-square term. In the /th
angular-momentum channel, this term becomes supercriti-
cal whenever % > M, and the corresponding Hamiltonian
develops an ultraviolet collapse unless a renormalization is
introduced. Note that the same threshold M7 is the critical
mass ratio for the onset of the Efimov effect [see (33) and the
following remark].

The instability is not related to binding in the two-body
heavy-light subsystems; it persists even at unitarity, where
the pairs are at the zero-energy threshold, and drives the
spectrum to —oo as the coincidence planes are approached.
This signals the need for a theoretical short-distance adjust-
ment rather than a physical prediction and motivates imposing
the renormalized TMS boundary conditions in all angular-
momentum channels, even when centrifugal repulsion is
present. Interestingly, in the Born—-Oppenheimer formulation,
this regularization is built into the light-particle Hamiltonian
by default [see (15) and (16) below], while the centrifugal
term enters only through the effective Hamiltonian.

Next, we introduce the Born—Oppenheimer formalism. In
this framework, one exploits the separation of scales between
the heavy and light particles: in the limit % — 00, the heavy
particles move slowly compared with the light ones and may
be treated as approximately fixed while solving the light-
particle problem. Simon [44] studied the spectrum of systems
similar to the effective Hamiltonian in the Born—Oppenheimer
picture. Motivated by this viewpoint, we rescale ’Hgf , by the
factor 2y (note that y — m as M — o0) and introduce the
small parameter

2_2_)/: 4m
M  2M+m

After removing the center-of-mass motion, the free Hamilto-
nian 7—[(2) 41 (5) in this scaling reads
HY = —£2Ag — A, (8)

Henceforth, we work with the rescaled Hamiltonian ’H?/ s ;
results for ’H};ﬁrfl follow by undoing the scaling. In particular,
the Efimov spectrum (4) stated in the Introduction is expressed
for Hgifl.

In the Born—Oppenheimer picture, the total wave function
is factorized as

Y(x,R) = ¢ (x;R)®(R).

Treating R as a parameter, we (formally) define the light-
particle Hamiltonian HZ/ f by

[—Ax — ud(x £ R/2)[Y(x;R) = Ve ()Y (x;R).  (9)

Here, 1 is coupling constant and Dirac deltas (with a great
risk of confusion) formally represent point interactions with
fixed scattering centers at +R/2. In the reduced units of this
paper, lengths are measured in units of Ly. Thus the powers
of Ly carried by the three-dimensional delta are absorbed into
the rescaled coupling constant (Without the length rescaling,
1 would have dimension [L][M]~!). Also, it should not be
interpreted as a bare physical coupling: after renormalization
(see below) it is related to the extension parameter ¢, through
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the subtraction relation u~! = & + Gy(0). Since this formal
notation is common in the physics literature but can be mis-
leading if taken literally, we briefly recall how it should be
interpreted.

For simplicity, consider the one-center formal opera-
tor —Ax — ud(x —y), where y € R? is fixed. Let G, be
the Green’s function of the Helmholtz operator, (—A —
7)G,(x) = §(x), given explicitly in (Al). It is well known
(see, e.g., Refs. [30,43,45]) that there is no local po-
tential V to substitute for point interaction in —Ayx —
ud(x —y). Nevertheless, a formal resolvent expansion with
a lengthy but straightforward computation [see Ref. [30],
Chap. II.1.1, Egs. (1.1.3)—(1.1.5)] leads to the renormalized
identification ;! = & 4+ Gy(0). Here, Gy(0) is divergent and
must be understood through a subtraction procedure. Con-
cretely, for z = z* = —A, A € R and G, := G,—_;, one uses
limg .o Go(X) — G,.(x) = j{—;. As a consequence, for o < 0,
the bound-state energy is —A = —(4wa)’ = —alz, which is
precisely the shallow-dimer universality in the two-body prob-
lem. For a rigorous construction via self-adjoint extension
theory (von Neumann’s method), we refer to Appendix A,
where we also connect this characterization to the boundary
condition (2).

Returning to the Born—Oppenheimer formalism, we use
the light-particle eigenvalue Vg (r) as an effective potential
for the heavy degrees of freedom. In other words, we replace
the light-particle contribution in Hf/ I by Veg(r). This re-
duces the original three-body problem to an effective equation
for the heavy-particle wave function:

Her ®(R) := [—£?AR + Verr(r)]@(R) = ET®(R).  (10)

Within the Born-Oppenheimer approximation, ET is taken
as an approximation to the corresponding three-body energy
of 7—[?/ I

The Born—Oppenheimer approach is classical in molecular
physics (see, e.g., Ref. [46]) and has also been used in Efimov
physics for mass-imbalanced systems [29,32-34,37,47-49].
In general, its implementation for a 2 4+ 1 system consists of
three steps:

(1) Construct and analyze the light-particle Hamiltonian
(9) in order to determine Vg (r).

(2) Solve the effective heavy-particle problem (10) to ob-
tain E°T,

(3) Quantify the approximation error by comparing E°ff
with the true three-body spectrum of HE

In this paper, we carry out the first two steps and comment
on the validity of the approximation in the conclusion.

III. HAMILTONIAN OF THE LIGHT PARTICLE

The Hamiltonian H% with the formal expression (9)
and two point interactions was constructed in our previous
work [37] using von Neumann’s extension theory, under the
assumption of exchange symmetry between the scattering
centers, which is the natural setting for bosonic statistics.
Here, we briefly recall that construction and extend it to the
antisymmetric (fermionic) case 7-[5 .

As discussed in the Introduction, a well-defined zero-
range description of the 24 1 quantum system or its

Born—-Oppenheimer approximation is beyond imposing the
local boundary condition (2). As a consequence, the construc-
tion of self-adjoint extensions of a densely defined symmetric
operator and its technicality are unavoidable.

In this section, we view ’Hf/ 7 as the perturbation of the free
Laplacian, supported on points yi, y2:

Ho = —Ax | CPR\ {y1, y2)).

The operator H, is symmetric and acts as the free Laplacian
on R? away from the fixed scattering centers y;, y,. However,
it is not self-adjoint, i.e., the domain of HE s strictly larger
than D(Hy). In particular, besides regular H 2 functions, it
contains singular components such as the Green’s function
(Al).

The choice of domain for an unbounded operator can
drastically change its spectral properties. A simple standard
example is the one-dimensional momentum operator —ia"j—x f
on feC 110, 271, describing a particle on a finite inter-
val. Imposing the quasiperiodic boundary condition f(0) =
e f(2m), 0 < 0 < 2m, one obtains a symmetric operator
whose closure is self-adjoint on H 1[0, 2], with eigenvalues
n— %, n € Z. By contrast, imposing Dirichlet conditions
f(0) = f(2m) = 0, yields an operator with empty point spec-
trum (see, e.g., Refs. [43,50]).

Also, unitary time evolution e"* exists precisely when the
operator A is densely defined and self-adjoint [50]. Thus, to
obtain a valid quantum observable, one must construct self-
adjoint extensions of the underlying symmetric operator.

In Appendix A we briefly review von Neumann’s construc-
tion in the simpler one-center case and then collect the detail
of the characterization of H2/ as the self-adjoint extension
of H,. Specifically, we calculate the matrix Fg/f(—k) in (11)
below.

We use the resolvent formalism. The resolvent set is
definedby z € C \ 0(7—[2/ 1 .), where J(Hi’/ I ') denotes the spec-
trum. For simplicity, we restrict to real spectral parameters
z=27"= —A,A >0, assuming —A is not an eigenvalue of
H5Y . For x, x' € R3, the resolvent acting on f € L2(R?) has
the form

[(H7 + 1) flo) = /R Gy(x — X)) f(x)dx’

itA

2
+ > [P =071, G — ¥

m,n=1

« /R Gy~ XK. (D

Here, the matrix Ff/ ! (—A) is defined as

_Jir
[Fz/f(_)\)]mn = |:£ + ai|5mn + [ga(r) - - :|

4w drrr drrr

X (1 = &), 12)

where + (—) corresponds to the exchange symmetry ’HZ (ex-
change antisymmetry 7—[5) case. Also,

ga(r) = e’/ﬁ[(wim + 1)sin JLZ + cos %] (13)
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The function g, arises from the von Neumann construction
[see (A10) and (A11)].
For later use, we rewrite (11) more compactly as

2
GoNHX) + Y [T (=1)7"],,,G1 (X = Y ) (G f)(¥n)-

m,n=1

(14)

From this resolvent representation, one recovers Bethe—
Peierls-type boundary conditions near each center. We set
q € C the (point) charge, analogous to the boundary charge
& in (6) and (7). For |[x —y;| — 0, i = 1,2 in the exchange
symmetry case,

Wh(x) = q<; fa+ g“(r)> o), (15
4 (X —y;| Amr

while in the antisymmetric case

o — 8a (1)
4r|x —yi Ay

W (x) = <—1>"+‘q( >+0(1).

(16)

The boundary conditions (15) and (16) reduce to the lo-
cal Bethe—Peierls form (2), except for the additional term
involving g, (7). If one omits ‘5}7(’;) and enforces only the
local condition (2) at fixed separation r, one obtains a point-
interaction model that suffers from several inconsistencies:
in particular, the resolvent tends to the free resolvent, the
scattering length of the two-center system (which differs from
the two-body scattering length; see Corollary II1.2) tends to
zero as the centers merge. Also, the effective Hamiltonian
in the Born—Oppenheimer approximation becomes unstable.
These issues are avoided by characterizing the entire family of
self-adjoint extensions and introducing the Hamiltonian HYT
We summarize the main properties of HYT in the following
proposition.

Proposition II1.1. Case (i): Exchange symmetry.

(1) If r — 0, the resolvent (11) of H’ converges in the
strong resolvent sense to the resolvent of a one-center point
interaction. Explicitly, for f € L*(R3) and setting y; =y, =
y, this resolvent reads

4
(Go.f)(x) + —”acux —VGfy). (7

VA +4n

(2) The operator H> has two eigenvalues, given as the
solutions of the equation det '2(—1) = 0. They correspond
to the eigenfunctions G, (x — y;) & G, (x — y») with the asso-
ciated eigenvalues (in the implicit form)

+e V" — ar —dmar F go(r) =0,

where g, (r) is defined in (13).
(3) For k € R?® and x € R*\ {y;, y»}, generalized eigen-
functions of H?, characterized as

ik|X =Yl

2
b _ ikx bep2N1 ! iky, € _
ly“leqYZ (k’ X) =e + Z [Fa(k )]mne 4JT|X - Ym| ’

(18)

m,n=1

Case (ii): Exchange antisymmetry.

(1) If r — 0, the resolvent (11) of H, converges in the
strong resolvent sense to the free resolvent.

(2) The operator H/ has two eigenvalues, given as the
solutions of the equation det Ti(=») =0. They correspond
to the eigenfunctions G, (x — y;) £ G, (x — y,) with the asso-
ciated eigenvalues (in the implicit form)

:':e—ﬁr — Var —dar + g« (r) =0,

where g, (r) is defined in (13).
(3) For k € R® and x € R*\ {y;, y»}, generalized eigen-
functions of 7—[{; characterized as

1

n

2

Wl nx) =e*X 4 S (1T 3]

m,n=1

o aiklx—yal

S P — (19)

477X = Y|

Let us briefly comment on the above proposition.

(1) In the limit » — O for the bosonic case, the lim-
iting point interaction Hamiltonian has the binding energy
—(ra) = —alz for @ < 0, i.e., we recover the (shallow)

dimer universality. Note that the family ’HZ/ 7 is a rank-two
perturbation of the free Laplacian. Therefore, the strong re-
solvent convergence in the limit » — 0 cannot be improved
to norm-resolvent convergence (see, e.g., Ref. [51], Theorem
VIIL.23).

(2) Imposing antisymmetry under exchange of the scat-
tering centers, replaces Fg(—k) by F({: (—A), which differs
only by a sign in the off-diagonal entries. In either symmetry
case, only one eigenvalue equation is compatible with the
symmetry, namely,

eV _ ar — dmar — g(r)=0. (20)

The corresponding eigenfunction is proportional to G, (x —
¥1) + Gu(x — y2) [Gr(X —¥1) — G5 (X — ¥2)] in the bosonic
(fermionic) case. Moreover, in (19) there is an extra factor
(—=1)™*" compared with (18). This sign is precisely what
enforces antisymmetry under exchange of the scattering cen-
ters, i.e., contributions associated with indices of opposite
parity (i.e.,m 4+ n odd) pick up a minus sign. Additionally,
both in the bosonic and fermionic cases, for k € R3, x
R3 \ {y1, y2}, the generalized eigenfunctions (which are not
square-integrable) satisfy

(k, x) = K>W//

— blf
AW o,¥1,y2

o,¥1,¥y2

(k, x).

By characterizing the generalized eigenfunctions of HYT
we can compute the (on-shell) scattering amplitude and, in
particular, the scattering length. Note that the standard two-
body scattering length is defined for a single, radial potential
and represents the effective length that characterizes how the
potential acts on a free quantum particle in low energies.
However, in the present two-center setting, the interaction
is neither radial nor reducible to a single two-body channel;
nevertheless, the scattering amplitude is well defined (see Ref.
[30], Sec. I1.2.5). Denoting the unit sphere in three dimensions
by S2. for directions w, ' € S% and k := |k| > 0, the scatter-
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ing amplitude reads

/a,yl,yz (ka @, C()/)

= lim |x|e” ’k‘xl[\IJb/f (ko', x) —

zkw’~x]
a,¥1,¥2

= (=1 [DL )] Lefkome o) a1y

4 T mn

The scattering length of H27 is then defined as the zero-
energy limit of the scattering amplitude £, y, y,(k, w, ). To
distinguish it from the two-body scattering length a, we de-
note it by a, (r) and set

aa(r) = —lim Loy, y, (k. @, o). (22)

Corollary I11.2. For fixed «, the scattering length a, (r) of
H27 defined in (22) is computed explicitly as

1 _
= 4 lim >~ [rae™],,,

m,n=1

ay(r)

= Hh_r)r(l) Z( D | A (Sl

mn_

_ 2r
 —dmar — g (r)+ 1’

where g, (7) is defined in (13). In particular,

" % for r — 400 23)
aq(r) =
4’—1 for r — 0.

T

Before discussing the physical relevance of the Hamil-
tonian ’H,Z/ ! we first analyze the eigenvalue equation (20),
recalling that —A(r) plays the role of the effective potential
in the Born—Oppenheimer equation (10). The implicit equa-
tion (20) can be solved explicitly in terms of the Lambert W
function. It plays the role of the effective potential in (10),
i.e.,Veie (r). For o < 0, we obtain

—ha(r) = —%{W(em%“’) — [rar +g.(N)?, (24)
where W denotes the principal branch of the Lambert func-
tion. For « > 0, the spectrum of ”H,fi/ ! has no discrete
spectrum, so its spectrum consists only of the purely essential
spectrum.

The function —A4(7) in (24) is analytic and, in the uni-
tary limit ¢ = O (infinite two-body scattering length), has the
expected inverse-square behavior at large distances. To study
the universality of the Efimov spectrum and its deformation
away from unitarity, we need precise estimates on —Ay (7).
The next lemma collects these properties; its proof is given in
Appendix B.

h?
'»ng ]

o
T

L9
© o
N—
—

o
N
T

=}
~
T

o
o
T

Potentials —Xo(r) and —\p**!(r) [units of ;
o
w

The distance r between heavier particles [units of L]

FIG. 1. The light blue curve represents —Ay(r) in (24), while
WA that is, —A°(r) in (27). The
two curves intersect at r; = «/5(37” + km), k € Ny, and, up to an
exponentially decaying oscillation, they coincide for r > ry.

the red curve is the graph of

Lemma I11.3. The function —\,(r) defined in (24) is ana-
lytic for » > 0. Furthermore, for « = 0, we have

2olr) —@ +0@E"Y?)  forr — +o0 25)
“ho(r) =
—%—I—O(ﬁ) for r — 0.

Moreover, the singularity at » = 0 is removable, and the re-
sulting analytic branch can be continued along the real half
line. Also, fora < 0,

—(4ma)? + 0( r/f) for r - +o00

_)‘a(r) =
—(4ra)* + O(r)

(26)
for r — 0.

The corresponding analytic branch can be continued along the
interval [a, 00), where a = —1/(4m ).

Remark I11.4. For local point interactions defined by im-
posing the contact condition (2) at each scattering center, the
term gé‘(;’r) is absent from (12) (see Ref. [30], Chap. IL.1, p.
119). Consequently, for « < 0, the analog of (24) is

1
—hlr) = =5 W ™) —dmarP. Q27)
r

Figure 1 compares —A!°! and — ), in the unitary limit o = 0.

Here, we constructed the Hamiltonian Hf/ / via von Neu-
mann’s formula. We remark that this Hamiltonian can be
rigorously approximated by separable potentials, provided
that potentials are regular enough (for details, see Ref. [39],
Sec. IV). At the same time, other renormalization schemes for
(local) point interactions have been proposed in the literature
(see, e.g., Refs. [23,36,38], and also Ref. [52] for a recent
contribution). In particular, Ferretti and Teta replace g, in (15)
by a function 6 (r) such that 8’(0) = 0 [23], Proposition 4.2 [or
more generally 8’(0) = ¢ for a constant c]. It is easy to see that
if g, in the eigenvalue equation (24) is replaced by a suitable
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function 6(r), then

[4ra + 6'(0))

VE(0) = — 7 (28)
In this case, although Proposition III.1 remains valid in this
case, the factor \/ijxm in (17) is replaced by

.
ﬁ + (471(1-;9’(0) )

Although the choice of the renormalization function is ar-
bitrary, this raises the natural question of which model is
physically relevant. We see, in fact, that the behavior of g,
at the origin plays a crucial role in having a satisfactory
scattering problem.

More precisely, when the two heavy particles are far apart,
one expects the light particle to bind to either center, so that
(away from unitarity) the system behaves as a dimer of energy
- aiz plus a free particle. This long-distance behavior does not
depend on the chosen renormalization. In particular, it sug-
gests that the scattering length associated with (9) at r — oo
should be twice its value r — 0: at large separation the free
particle has two binding options, whereas at the origin r = 0,
the two centers effectively act as a single one. This is exactly
the behavior in (23), which amounts to the asymptotics of the
effective potential in (25) and (26).

IV. THE SPECTRUM OF THE EFFECTIVE HAMILTONIAN

In this section, we study the eigenvalues of the Hamiltonian
Heee in (10), where the effective potential Vi (r) is given by
(24). By the Kato—Rellich theorem the operator is self-adjoint
(see, e.g., Ref. [53]). Moreover, using (25) and (26), we see
that

Oess(Hetr) = [~ (47 0)?, +00),
and any discrete eigenvalues satisfy
op(Herr) C [min Vegr, —(dma)?).

Furthermore, since the potential Vg (r) is radial, D(Heg) is
invariant under rotations, and we may apply the partial-wave
expansion. Fixing the angular momentum / > 0, we decom-
pose ® € L*(R?) into a radial part r~'u(r) € L2(R*;r? dr)
and spherical harmonics Y;,,(¢, 0) € L*(S;dS2), where S? is
the unit sphere in R? with surface measure dQ. Applying the
unitary map L>(R*;r? dr) — L>(R*;dr) given by f > rf
yields the radial equation for u(r) € L*RY):

_ 52<u”(r) G 1)u<r>) F Vi (u(r) = Eu(r),

72

forl =0, u(0)=0,

forl > 1, limu(r) =0, 1ir%r*<’+1>u(r)=1, (29)

where u(r) = r® (see Ref. [43], Appendix X.1, Example 4,
[54], Theorem XI.53, [53], Chap. XIII.3.B). In general, (29)
is understood as a differential operator acting on L>(R™).
However, since the effective potential is analytic (see Lemma
II1.3), any solution of (29) is smooth. Henceforth, we focus
our analysis on the Hamiltonian (29).

A. Efimov effect in the unitary limit

The main result of this section is the following theorem:

Theorem IV.1. There exists an infinite sequence of negative
eigenvalues E,fff of the problem (29) and the effective potential
(24) with o = 0, such that EST — 0 for n — oo. Moreover,

E:ff _ _g%eﬁlmtan(;ﬁ,)wmnn](l 1),
with
3 .
ro=~271, po=argl(1+if),
B =1+ 1)+e2W2(l) — 1/4. (30)

where ¢, — 0 forn — oo.
Corollary 1V.2. The eigenvalue formula (30) yields the Efi-
mov geometric law
Ecft 2
lim —2—-=¢e¥#. 31
n—co EXL) Gh
The error terms ¢, are o(1) as n — oo. They arise from
two sources: first, from the nonzero short-range part of the
effective potential (24) (see Lemma IV.5 below); and second,
from systematic corrections due to the fact that the modified
Bessel function K with imaginary index is the solution of

(29) with the effective potential of the form — sz(l) (see the
proof of Proposition IV.3). Consequently, the geometric law
(31) holds strictly only in the limit n — oo, and deviations
are expected for the lowest Efimov levels. We compute the
first-order correction in Lemma V.1.

We prove Theorem IV.1 by solving the problem (29) with

the simplified potential Vi (r) = 0 for r < rg and Ve (r) =
—@ for r > ry. Then, we extend the result to the full
potential V() = —Ao(r). For o =0, the latter is well

2
Wrz(l) for r > ry, up to exponentially de-

approximated by —
caying oscillations, with ry = «/TT” (see Fig. 1 below).

We show that, although —Xy(7) is nonzero yet small at
short distances r < ry, the low-energy character of the Efimov
spectrum makes this short-range behavior irrelevant, provided
—x0(0) =0.

From (24), we have —A(r) = —rlz[W(eg“(’)) — 2N
where gq(r) is defined in (13). r = v2(3 +kn), k € Ny,
are roots of g, (r) for « = 0. We replace —A((r) by the piece-
wise potential

—do(r) fOLr<n
Vi(r) = (32)
——Wiz(l) if r > rg.
Moreover, for k € Ny, define the operators H; := —e>Ag +

Vi. It is straightforward to see that H; converges to Heg in
the norm-resolvent sense as k — oo (see Ref. [37], proof of
Theorem 4.4). Therefore, once the Efimov effect is established
for each H;, it extends to the full Hamiltonian Hg.
Furthermore, it is well known that the radial operator
—u’(r) — %u(r) has infinitely many eigenvalues accumulat-
ing at zero if and only if u > i (see, e.g., Ref. [55], Sec. 4.6).
In addition, for any angular momentum / > 1, the centrifugal
term g21£D competes with the attractive part of Vi (r). More

72

precisely, for each integer [ > 1, the problem (29) with an
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effective potential of the form (32) has infinitely many eigen-
values if and only if

M . . MI+D+1-Wx1)
P > My, where Mj = WD) .

The value Mj is close to the critical mass ratio obtained
from a three-body analysis in hyperspherical coordinates. For
instance, in the / =1 channel we find M} >~ 13.4902, to
be compared with the critical mass 13.6069 reported by the
hyperspherical method (see, e.g., Ref. [25], Sec. 6.2.4 and
references therein). We also note that the critical mass ratio
(33) differs slightly from the condition given in Ref. [25],
Eq. (6.14), where the factor 231% was approximated by 1. We
remark that the logarithmic growth in the number of eigenval-
ues in the channel / = 1 was rigorously studied in Ref. [56].

Now, we prove the Efimov effect for (29) with an effective
potential of the form

(33)

A if0<r<n

w2 ()
72

Vaux(r) = (34)

if r > ry,

where A < 0 is a constant and ry > O is arbitrary. We also
rescale the energy in (29) by setting

A special case of Proposition IV.3 (with A =0 and [ = 0)
was proved in Ref. [37], Proposition 4.1. The present proof
follows a similar strategy and is given in Appendix C. We then
extend Proposition IV.3 to the potentials (32), in particular to
Vo of the form (32) with ry = +/23Z.

Proposition IV.3. For the problem (29) with the potential
(34), there exists an infinite sequence of negative eigenvalues
E® such that ES™ — 0 as n — co. Moreover,

f 4 2 {arctan —n.
E:rr — _82r_geﬂ{a ctan[2B f (§0)1+p.0 ”}(1 + ), (36)
with B, ¢ o as in (30). Also, ¢, — 0, for n — oo, and
Lis12(80)
fE) = ot

2§OI;+1/2 (SO) ’

where I is the modified Bessel function of the first kind. In
particular, for A = 0 in (34),

|
I -
dim fGo) = 377

Remark IV.4. We can also characterize the eigenfunctions
for (29) with the potential (34). Recall that (29) was derived

Eeff — —52772 n>0 from (10) by setting u(r) = r®. Using the solutions (C7) in
the proof of the proposition, the eigenfunction corresponding
0 = ~e2Ar. (35)  to E° can be written as
n
|

D J/ToKip (nar0) (+4/ E’Z\ES“T'*‘AV)%IIH/z(\/ e 2B +Ar) r<r

q)n(r) = (\/mm)%b“ﬁ(mm) ' ’ (37)
K; =2 |peff
D ﬂ(\/iﬁ\ ° \r), r> o,

where D is a normalization constant.

To show that, for A = 0, the eigenvalue formula (36) [with
a possibly different sequence ¢, still of order o(1)] also holds
for the full effective potential Ve (r) = —Ao(r), we compare
solutions of (29) for the auxiliary potential (34) with those for
Vet = Vi in (32). The goal is to control the latter by the former
in the limit » — 0. The value of the effective potential at the
origin, Vg (0), plays a crucial role in this argument.

In [37] we used an ad hoc argument to prove Lemma
IV.5 for the special case / = 0, which relied heavily on the
positivity of —A((r) on the (rmin, ro], Where rpiy is the point
that —Ao(r) attains its minimum. For higher angular momenta
this condition is no longer guaranteed, because the repulsive
centrifugal term competes with the attractive potential.

Our main tool is Ulam stability for second-order ordinary
differential equations (see, e.g., Refs. [57,58]). A brief review
of this topic and the proof of following lemma are given in
Appendix D.

Lemma IV.5. Let f(r) [fo(r)] denote the solution of (29)
with effective potential Vg = Vi in (32) [Vegr = Vaux in (34)].
Then, for any / > 0, on the interval [0, r;] with r;, = \/5(37" +
km), k € Ny, there exists a constant C;, > 0 such that

1£(r) — fo(r)] < Cr(nr)' ™. (38)

Finally, we can prove Theorem IV.1.

Proof of Theorem IV.1. Let ES™ (E?) denote the nth eigen-
value of the problem (29) with the effective potential —Xq(r)
in (24) (Vp in (32)). By min-max principle (see, e.g., Ref.
[53]), and the convergence of Hj; — Hy in the norm-
resolvent sense, we have lim,, .o |EST — E?| — 0. Here, with
abuse of notation, we absorbed this error into the systematic
error ¢, in (36). Putting together Proposition IV.3, Lemma
IV.5, and the discussion above, we obtain the eigenvalue for-
mula (30). |

Remark IV.6. The asymptotic behavior of Ay(r) at the ori-
gin is crucial for obtaining an Efimov spectrum of the form
(30). More precisely, if the constant A in (34) is replaced by
a regular function A(r) with nonzero value at r = 0, then
an argument similar to Lemma IV.5 no longer yields (36),
because the error [(e~2A)"/2ry]> does not vanish in the limit
n — 0 [see (C5)]. Therefore, Efimov spectrum depends on
the choice of the renormalization function and its shape near
the origin, even if different choices share the same value A at
r = 0. Intuitively, imposing a nonzero A at the origin means
that the three-body system generates an energy larger than
the expected two-body value —aiz; this shift then enters the
Efimov spectrum beyond the characteristic length, unless the
short-range part is a sharp constant potential as in (34).

We conclude this section with a brief discussion of possi-
ble non-Efimov eigenvalues of the Hamiltonian (29). Loosely
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FIG. 2. Effective potentials shifted by the constant (4wa)?. The
light blue line represents the potential with infinite two-body scat-
tering length a. Decreasing a increases the depth of the short-range
well.

speaking, a non-Efimov eigenvalue (see, e.g., Refs. [59,60]) is
an eigenvalue generated by the short-range part of the inter-
action and its spatial size is significantly smaller than that of
Efimov states. Such eigenvalues do not obey the scaling law
(1). Consequently, if no non-Efimov eigenvalue is present, the
ground state of the system is the first Efimov eigenvalue.

Let ryg = 23Tﬂ and set A = —Ag(Fmin) in (34), where
—MAo(Fmin) is the minimum of —Aq(r). Denote by 711,21
the first positive zero of the Bessel function J;1 /> (see Ref.
[61], sec. 9.5). In Proposition IV.7 below we give a sufficient
condition ensuring that the ground state of (29) coincides with
E£ in (30). The proof is presented in Appendix E

Proposition IV.7. For a fixed angular momentum / > 0,
the ground state of the Hamiltonian (29) is the first Efimov
eigenvalue, if the mass ratio %’ satisfies:

M 1 2 S| 39)
— < — - -
m Ao (Fmin) 37 Ji+1/21 8

To illustrate (39), for [ = 0 (I = 1) the condition becomes
% < 11.24 (% < 23.12), to two-decimal accuracy, ensuring
that no non-Efimov eigenvalue exists.

B. Spectrum of the effective Hamiltonian away from unitarity

In this part we study the eigenvalue problem (10) with
Vet = —Aq for o < 0. We shift the entire spectrum by the
constant (4w« )? and define

Van(r, &) := —Aq(r) + (4a)®, o <0. (40)

In Fig. 2, we plot V, for a = oo, 102, 24/2, /2. We im-
mediately observe that, as the two-body scattering length a
decreases, the short-range well deepens; consequently, for suf-
ficiently small a the system develops a ground state localized
near the origin, essentially independent of the mass ratio.

It is natural to expect that, for large a, sufficiently close
to unitarity, the point spectrum of (29) consists of low-energy
eigenvalues with large spatial extent. Let S denote the spatial

size of the weakest Efimov-like eigenstate (see Remark IV.9).
More precisely, S should be understood as the maximal spatial
size of such a state; following the convention in the physics lit-
erature, we simply refer to it as the spatial size. In the Efimov
physics literature, it is often suggested that S = a, where a
is the two-body scattering length (see, e.g., Refs. [2,25,34]).
The underlying idea is to view the three-body system as a
superposition of pairwise two-body channels, so that, in the
Born—-Oppenheimer picture, the effective Hamiltonian (29)
would support bound states localized inside a sphere of radius
of order a.

However, taking S = a is not consistent with the actual
long-distance behavior of the effective potential. To analyze
this more quantitatively, and in analogy with (32), for @ < 0
(recall that 4rax = — 5)’ we introduce the piecewise potential

{—Aa(r) + (4ra)?
Vu(r) =

drary_ 2 .
— W) —drar] r)z drarl | (Ara)® ifr>a

ifo<r<a
(41)

Moreover, for r > a, we obtain from Lemma II1.3 the estimate

2 e—r/a _ e—2r/a e—3r/a
2 ) n o( )
a r r

(42)

—2r/a

e
V.(r >a)= —( P

Up to the term %efir/a , the long-range behavior (42) coincides

with the expressions given in Ref. [2], Eq. (27) and Ref. [34],
Eq. (45).

In the region where the potential V, in (41) is below —i(r)
with inverse-squared behavior, the min-max principle implies
that the number of eigenvalues of (10) with Veg =V, o < 0
is greater than or equal to that obtained with Ve = —Ao(7).
Therefore, the radius at which these two potentials intersect
gives a natural estimate S.

Corollary IV.8. For fixed o < 0, the parameter S is given
by the first root (other than r = 0) of V,(r) + Ao(r) = 0. In
particular, using (42) and (26), one can estimate S from

B 6728/11 N %efs/a_6723/a ‘o 6733/11 _ _WZ(I)
S2 a S r s

(43)

Therefore, S >~ 2.80a to two digits.

This means the estimate S >~ 2.80a cannot be reconciled
with a Hamiltonian built from local point interactions (i.e.,
constant Bethe—Peierls boundary conditions) in which the
three-body system is treated as a sum of pairwise two-body
channels. However, this mismatch is not the only issue with
that model.

Efimov [2] and later Fonseca et al. [34] describe the effec-
tive potential in (10) away from the unitary limit as having
three ranges: a short-range part of size b, an intermediate
regime with inverse-squared behavior, — ng”, forb <r <a,
and a long-range Yukawa tail for » > a. In this picture, the
intermediate region supports the first m Efimov levels Efff,
while the remainder of the Efimov spectrum fades into the
Yukawa tail. However, this qualitative explanation means that
the potential is discontinuous at » = a (see Corollary IV.8
above), which is not physically consistent, and it is contrary
to the actual potential introduced by Fonseca et al.
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Furthermore, for any angular momentum / > 0, Fonseca
et al. [34] applied Bargmann’s bound [see (44) below] to
the problem (29) with a potential of form (41) and obtained
an upper bound n;(V,) on the number of bound states. It
is straightforward to see n;(V,) =~ 0.53% over the range
a < r < 8, independent of the value of a. This is rather a large
number for the mass-imbalanced system of two heavy and one
light particle. For example, in the / = 1 channel, inserting
the critical mass ratio M7 from (33) into 0.53251’—;21 gives
n;(V,) > 1.16 on the interval (a, S), which is incompatible
with the description proposed in Ref. [34].

Due to the low-energy nature of Efimov physics,
Bargmann’s bound (see Ref. [53], Theorem XIII.9) gives a
nearly sharp upper bound on the number of negative eigenval-
ues of (29) with Vg =V, in (41). For fixed [ > 0, let n;(V,)
denote the number of negative binding energies. Bargmann’s
bound is then given by the right-hand side (RHS) of (44):

8_2 %)
nV,)) < ——— r|V,(r)|dr. 44
1(Va) (21+1)/0 [Va(r)| (44)
To evaluate the RHS of (44), we split the positive half-line

into three intervals: [0, a], (a, S1, and (S, +00). On [0, a] we
use numerics. For example, for a = 1042,

10v2
/ PV y(r)ldr 2= 1.1042,
0

as computed in MATLAB to four-decimal accuracy.
For r > a we use the estimate (42). Set ¢ := r/a; then, on

(a, S],
g2 S e—2r/a 2 ) B
Q@+ 1) / e e
a

g2 S/a = o e~ 2%
:(21+1)/1 Aot me )

-2

Qi+

—x —2x x=8/a
(267 — e — (0, 20)][=
-2

Ql+1)

where we used S = 2.8a from Corollary IV.8 and I is the in-
complete gamma function (see Ref. [61], Sec. 6.5). Similarly,
on the interval (S, +00),

-2 o0 L—2r/a 2
€ / € 4 _(e—r/a _ e—2r/a)dr
QL+1) Js r a

-2

Ql+1)

Note that the growth of the number of bound states propor-
tional to —Ina is encoded in the incomplete gamma term
I'(0, 2x).

We conclude this section with a remark on how the en-
ergy eigenvalues away from unitarity deviate from the Efimov
spectrum in the unitary limit.

Remark IV.9. As discussed above, for « < O the potential
— M (7) does not exhibit an inverse-squared behavior in any
range. Hence, interpreting the eigenvalues that localize within
the sphere of radius S as genuine Efimov states obeying the

=~ 0.5308

(45)

~0.1184 (46)

geometric law (1) is not accurate. In this regime, the shifted
effective potential Vi, (r) lies below —Ay(r) for r < S. Conse-
quently, the wave function associated with any eigenvalue of

(10) in this case is no longer of the form of the modified Bessel

L. Se2E, D2 . -
function, 1.e.,Dw in (37). This discrepancy grows

as o moves away from unitarity, and for sufficiently large
mass ratio this mismatch can even generate additional bound
states. For these reasons, we refer to these near-threshold
states at finite scattering length as “Efimov-like” eigenvalues,
to distinguish them from the Efimov spectrum (30) that obeys
the geometric law (1).

V. NUMERICAL RESULTS OF PARAMETERS OF THE
EFIMOV SPECTRUM IN ALKALI MIXTURES AND
MIXTURES OF ALKALI ATOMS AND A DIFFERENT
MATERIAL

In this section, we compute the binding wave numbers i

of the first four Efimov levels in units of L ! together with the
parameter B appearing in (30) and (31), for several mixtures
of alkali-metal atoms that may be accessible experimentally.
The purpose of these computations is mainly illustrative: they
show how to apply the model developed in this paper to
concrete mass ratios.

In realistic systems, depending on the specific mixture,
additional heavy-heavy interactions may need to be included
in the effective Hamiltonian (10), for example Lennard—
Jones, van der Waals, or dipolar potentials (see, e.g., Refs.
[29,32,33]). In fact, these additional parameters may help to
determine the characteristic length L.

We first compare our values of g with the hyperspherical-
coordinate results for sy reported in Ref. [29] in the [ =0
channel of (29). We then apply the same framework to Er-Li
and Dy-Li mixtures, which are naturally associated with the
[ = 1 channel in (29).

Recall that the eigenvalue formula (30) involves error terms
&y, which can be non-negligible for the first few Efimov levels.
As discussed after Corollary IV.2, these corrections have two
sources: (i) the short-range part of the effective potential (see
Lemma IV.5), and (ii) the fact that the inverse-square tail
controls the spectrum only asymptotically (see Proposition
IV.3). Consequently, one should expect the ratio in (31) to de-
viate from an exact geometric value for small n, even though
limneoo gn — 0.

Here we neglect the contribution of —Ao(r) for r < ry and
its exponentially decaying oscillations for r > ry and approx-
imate —Ao(r) by the auxiliary potential

IANGES

aux

{O if0<r<n

. 47
——ngl) ifr>ry 47)

We compute the next-order correction to (C9) in the case A =
0,1ie., f(§) = ﬁ Note that in the Born—Oppenheimer pic-

ture the effective potential has an inverse-square tail, — Wrz( 1);

however, the argument of Lemma V.1 below also applies to
hyperspherical-coordinate models, where the tail has the same
inverse-square form with a different coefficient. The proof is
given in Appendix F.
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TABLE 1. Efimov scaling parameter s, the parameter f, and the values of L, for different heavy-heavy-light mixtures.

Mixture l S0 B kDL kPLy kPLy kP Ly

174D, - °Li 0 2.246 2.117 0.294 0.064 0.015 0.003

133Cs, - OLi 0 1.983 1.840 0.229 0.041 0.007 1.33 x 1073
87Rb, - °Li 0 1.632 1.468 0.148 0.017 0.002 237 x 1074
4K, -Li 0 1.154 0.962 0.052 0.002 7.57 x 1073 2.89 x 107°
BNa, - °Li 0 0.875 0.667 0.014 1.27 x 107* 1.15 x 107° 1.03 x 1078
87Rb, - K 0 0.653 0.424 1.15 x 1073 7.04 x 1077 430 x 10710 2,62 x 10°13
13Cs, -¥Rb 0 0.536 0.276 2.49 x 1073 2.87 x 10710 332 x 10715 3.83 x 10720
197Br, -1 1 2.102 1.514 0.115 1.44 x 1072 1.81 x 1073 227 x 1074
166y, - 614 1 2.095 1.506 0.113 1.40 x 1072 1.74 x 1073 2.16 x 10~*
194Dy, -Li 1 2.083 1.488 0.110 1.33 x 1072 1.61 x 1073 1.94 x 10~*
19Dy, -°Li 1 2.077 1.479 0.108 1.30 x 1072 1.54 x 1073 1.84 x 10~*
1Dy, -SLi 1 2.064 1.460 0.105 1.21 x 1072 1.42 x 1073 1.65 x 10~

Lemma V.I. Denote

_(ng)Z = _ize%[arclan(%)_;,_%.o_nﬂ]
0

and set t° := ron?. In the setting of Proposition IV.3 with A =
0, we have

Eeff — _ g2 ie%[arctan(zf—fl)+¢7ﬁ.0—nn+5n]
n r(% ’

where
B —28%) 02 04
n = — o . (48
AT o+ e ) FOm) - 6

Corollary V.2. Assuming ry = ﬁ%’Lo, and «"™ =
(e2|EST)1/? we have

2 2p
Kin) — _e%(arctan TH'W’;&.O—"”"FSU’ (49)
o

where §,, is defined in (48).

From (49) we see that the correction enters through the
factor e’/#. Moreover, increasing the heavy-light mass ratio
increases the size of this correction. Setting

(n) (1) 48,/
0 ’

kW =k
we find, for example, that in the mixture 174Yb, - 0L, the first
level Kil) differs from K(()l) by 3.49%, while in 133Cs, - L1
the deviation is 2.55%. For higher Efimov levels this effect
is negligible.

We now briefly comment the calculation sy in hyper-
spherical coordinates. denoting v := arcsin MLer, inthe/ =0
channel, the parameter sy in (1) satisfies a transcendental
equation [see, e.g., Ref. [25], Eq. (6.8)]

b4 2 sinh
socosh 20 — .—(Sov). (50)
2 sin 2v
In the [ = 1 channel, the corresponding equation reads (see,

e.g., [25], Sec. 6.2.2])

2cos (soy)

— 55 . (So% sin (s0y)
tan (—) - - L
50 2 sin 2y cos (%47)

so sin® y cos (3£)

(S

In Table I we compare B and sy for several mixtures in the
I =0 and ! = 1 channels, and we also report the dimension-
less parameter MLy for n =1,2,3,4. Atomic masses are
taken from Refs. [62—64]. The quantities reported in Table I
are dimensionless and the physical wave numbers are obtained
only after specifying the characteristic length L,. This also
suggests that the parameter Ly may depend on the mixture.
In particular, a direct comparison with experimentally mea-
sured Efimov features for Cs-Li mixture in Refs. [3,4] cannot
by itself determine Lj. Such a comparison is affected by
the difference between the Born—Oppenheimer parameter 8
and the hyperspherical parameter sy, and also the theoret-
ical complexity of the nature of the approximation in the
Born—Oppenheimer picture (see Sec. VI below). Moreover,
additional heavy-heavy interactions are present in realistic
mixtures. Nevertheless, the comparison may still be useful,
since it can indicate the order of magnitude of L, for example
a van der Waals length or another short-distance length. Ad-
ditionally, if the minimizer of V¢ is denoted by ru;,, then,
for sufficiently large mass ratios, which are more relevant
to molecular physics, one can apply the Born—Oppenheimer
scheme and expect the ground state of the system to have
spatial size approximately rn;, [see the discussion in Sec. VI,
and in particular the approximation in (53)]. This fact also
helps us to determine L. However, a precise identification of
Ly (if possible) requires further analysis and is left for future
work.

VI. CONCLUSIONS AND PERSPECTIVES

In this work, we studied a 2 + 1 mass-imbalanced system
in the Born—Oppenheimer approximation, where the heavy-
light interactions were modeled by zero-range (delta-type)
interactions. Using von Neumann’s theory, we defined a fam-
ily of light-particle Hamiltonians which, unlike local point
(delta) interactions [constant Bethe—Peierls conditions (2)],
remain regular as the distance between the heavy centers tends
to zero. The effect of these two-body zero-range interactions
resembles a three-body force in the sense that the distance
between the scattering centers enters explicitly into the two-
body boundary conditions [see (15) and (16)].

We showed that this construction is consistent with
the expected low-energy behavior of a heavy-heavy-light
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system. However, unlike short-range potential models, this
model does not provide the physical length scale and it must
be supplied externally. After fixing this characteristic length,
in the unitary limit we derived an analytic formula for the
Efimov spectrum. We also provided a sufficient condition
ensuring that the ground state coincides with the first Efimov
level. Moreover, we illustrate the method by computing the
Efimov scaling parameter 8 and the binding wave numbers of
the first four Efimov levels in units of the inverse characteristic
length, for several mixtures.

We also stress that the short-distance prescription used in
this work is not unique. This should not be viewed as a draw-
back of the construction, but rather as a standard feature of
contact three-body theories. Zero-range models are effective
descriptions of the long-distance regime and are not expected
to reproduce the microscopic interaction at arbitrarily small
distances. Therefore, the role of the regularization is to re-
move the Thomas collapse and to fix the required three-body
input.

Away from unitarity, we followed the deformation of the
spectrum and showed how qualitative pictures based on local
point interactions conflict with the quantitative features of
the three-body problem. In particular, we found that the size
of the weakest near-threshold trimer is approximately three
times larger than the two-body scattering length, in contrast
with the common assumption that these two length scales
coincide. Additionally, we refined Bargmann’s bound on the
number of bound states and analyzed how the spectrum away
from the unitary limit differs from the Efimov spectrum in the
unitary regime. Finally, we comment on the validity of the
Born—Oppenheimer approximation for Efimov physics.

The validity of the Born—Oppenheimer approximation in
Efimov physics is often taken for granted once the mass ra-
tio exceeds the critical value (33). However, the comparison
between B and sg in Table I indicates that this expectation
is not quantitatively justified. Denoting by E,%*l the Efimov

energies of the full 2 + 1 Hamiltonian ’Hf/ f ', for k > 0, one
would expect to have an asymptotic expansion of the form

EX = E* + 0(e). (52)

The Ansatz (52) is inspired by the standard Born—
Oppenheimer theory in molecular physics, where the approx-
imation is primarily used to describe states localized near the
minimum of a smooth effective potential. Let Ey denote the
corresponding short-range ground-state energy (to distinguish
it from the Efimov spectrum). In this picture, Vg (rmin) is a
lower bound for E, where ry,;, is the minimizer of V.¢. Here,
the kinetic-energy term —&? A raises the ground-state energy
slightly above the value Vg (7min ). Moreover, for any fixed n,
there exists a mass parameter ¢ > O sufficiently small such
that the system has (at least) n + 1 isolated eigenvalues of the
form

E" = Ey + ¢C,Ey + O(&?), (53)

where the coefficients C, are obtained from a harmonic
approximation and depend on the shape of V() in a neigh-
borhood of its minimum [44]. Such expansions can change in
the presence of nonsmooth minima: for instance, if the effec-
tive potential has a sharp twist at its minimum, the leading

correction becomes of order /3, with coefficients expressed
in terms of zeros or extrema of the Airy function [65,66].

In the Efimov setting, the validity of an expansion like (52)
is far less clear. In particular, the hyperspherical exponent s
obtained from (50) and (51) depends on the mass ratio and
satisfies so — oo as M — oo. Thus, while B approaches sg in
the limit ¢ — 0 (equivalently M — 00), long-range shallow
eigenvalues collapse toward the threshold in this regime.

There is also a natural difference with the molecular
situation. The expansion (53) describes a ladder of states
increasingly concentrated near the potential minimum as ¢ —
0, so the Born—Oppenheimer approximation becomes more
accurate for the low-lying spectrum. In Efimov physics, by
contrast, the states of interest are long-range excited trimers
whose energies are not governed by the structure of Vg near
its minimum. Heuristically, as ¢ — 0 the minimum of Vg
controls the ground state and produces many nearby levels
separated on an e-scale, while the long-range Efimov states
fade away toward threshold.

Finally, typical mass ratios in molecular systems can
be extremely large, i.e.,1.8 x 103-3.7 x 10°, well beyond
those encountered in ultracold atomic mixtures where Efimov
physics is studied. Taken together, these observations lead
us to question the Born—Oppenheimer approximation as a
quantitative method for determining three-body eigenvalues
in Efimov physics.

At the same time, the appearance of the Efimov effect
in this framework suggests that there is still a meaningful
connection. To clarify this, we briefly recall how one may
attempt to relate a 2 + 1 Hamiltonian H 1o the 1i ght-particle
Hamiltonian Hf/ I

In the literature (see, e.g., Ref. [67]), it is common to intro-
duce the direct integral of the light-particle Hamiltonian (more
precisely, of its quadratic form and the associated operator),

52
HE/L = /R 3 H2/(R)dR,

and (formally) rewrite the 2 + 1 operator 7-[?

HI = —? Ap + HLL. (54)

' as

For smooth heavy-light interactions such a decomposition can
be justified. In three (and two) dimensions with zero-range
interactions, however, (54) is not valid. Roughly speaking,
(54) enforces a strict separation between the x and R depen-
dence, while the zero-range coupling is implemented through
TMS contact conditions on the coincidence hyperplanes x =
+R/2. These conditions are intrinsically “radial” in the con-
figuration space and cannot be encoded by simply taking a
direct integral over R. Moreover, passing to hyperspherical
coordinates does not resolve this issue. Rather, at the level of
quadratic forms, the form associated with ’Hf/ ! contains cross
terms that do not arise from the direct integral construction
(see, e.g., Refs. [19,21] for three identical bosons; the same
strategy applies to the 2 4 1 problem). Consequently, the
natural identification 03,(r) = g4(r) [or any other admissible
renormalization function 6(r); see Remark A.2] does not, by
itself, recover the renormalized TMS contact conditions (6)
and (7) from the Bethe—Peierls-type boundary conditions (15)
and (16).
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It is also worth noting that even in one spatial dimension,
for the formal operator

—&292 — 32+ a8(x £ R/2), x,ReR,

the identity (54) still fails at the operator level. In particular, a
factorized ansatz W(x, R) = ¥ (x, R)®(R) does not belong to
the domain of the 2 4+ 1 Hamiltonian, because it fails to satisfy
the required boundary conditions in the R variable. This ob-
struction can nevertheless be bypassed at the quadratic-form
level; see Ref. [66] for details.

This viewpoint suggests that, in Efimov physics, under-
standing the accuracy of the Born—Oppenheimer approxima-
tion is closely tied to the problem of constructing a genuine
three-body Hamiltonian starting from the light-particle model.
In a sense, this is the reverse direction compared with the usual
molecular-physics setting.

To summarize, the quantitative validity of the Born-
Oppenheimer approximation in Efimov physics is far from
understood. Nevertheless, this formal framework captures the
qualitative features of the Efimov effect and provides a bet-
ter understanding of the three-body problem, whose spectral
analysis is considerably harder and more involved.
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APPENDIX A: CONSTRUCTION OF ONE- AND
TWO-CENTER POINT-INTERACTION HAMILTONIANS
VIA VON NEUMANN'’S THEORY

This Appendix is intended for readers who may not be
familiar with self-adjoint extensions of densely defined sym-
metric operators. For further background and details, we refer
to Ref. [30], Appendix A and to Refs. [39,43].

To build intuition, we first recall von Neumann’s construc-
tion in the standard one-center case. Formally, one writes the
Hamiltonian as

Aoz = —Ax— M‘S(X - Y)a

where y € R? denotes the position of a fixed scattering cen-
ter. It is well known that functions ¥ in the domain D(Ay)
decompose into a regular part u € H>(R?) (the domain of the
free Laplacian) plus a singular contribution that enforces the

Bethe—Peierls behavior (2) near y. In what follows, we show
that the operator A4 obtained rigorously via von Neumann’s
extension theory is equivalent to the Hamiltonian A, .

The Hamiltonian A, is rigorously defined as the perturba-
tion of the free Laplacian, supported on the point y:

Ag = —Ax [ G R\ {y)).

The operator Ay is densely defined and unbounded on L?(R?),
and it is symmetric. However, it is not self-adjoint: the domain
of its adjoint AT is strictly larger than D(A). A convenient way
to see this is through the Green’s function G, of the Helmholtz
operator, defined by

(—A —2)G,(x) =8(x), zeC\R™.
Although G, ¢ D(AO), for any ¢ € D(Ao), one has
(Gz, Aog) = (:G:. ¢),
which shows that G, € D(A"). Explicitly,
NN
m,

Intuitively, to obtain a self-adjoint extension of the symmet-
ric operator Ao, one enlarges its domain inside D(AT) by
adding suitable defect vectors, in such a way that the resulting
operator is self-adjoint. To describe all such extensions, we
introduce the deficiency (defect) spaces of Ay, denoted by M.
and N-. Forz € C \ R*, we set

N, :=ker(A" —z*), N, :=ker(A" —2). (A2)

G, (x) = Imz > 0. (A1)

A closed symmetric operator admits self-adjoint extensions
if and only if the dimensions of the defect spaces are equal
(see, e.g., Ref. [43], sec. X.1, p. 141). In the present one-center
case, both spaces are one-dimensional, and the Green’s func-
tion G, (G;+) in (A1) span N, (N.-). von Neumann’s theory
states that self-adjoint extensions are in one-to-one correspon-
dence with unitary maps

J:N, = Nj.

Since dim N, = 1, such a unitary operator J identifies by e’
for ¢ € [0, 27). Denote by A, the corresponding self-adjoint
extension. Then, by von Neumann’s decomposition, any f €
D(Ay) can be written as

F=h+f+If  foeDA),
and the action of Ay is given by
Apf =Afo+z2f* + IS (A4)

Here, for a general defect parameter 7 = ix> the parameter
« > 0 has physical dimension [L]~!. Different choices of «
only correspond to different parametrizations of the same fam-
ily of self-adjoint extensions. We therefore choose the length
unit so that x = 1. In physical variables, this corresponds to
measuring lengths in units 1/«, which we identify with the
characteristic length L.

We see that von Neumann’s decomposition for f € D(A)
gives

ffeN.  (A3)

eiVilx—y| eiV=ilx-yl

f=ht o te?

Im+/=%i > 0.
arlx—yl | dnx—y VT
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The extension parameter ¢ is related to the point-interaction
parameter o by

o b4 ¢
4o — =cos—|tan — — 1 ).
K 4 2

Here, £ is dimensionless. After fixing the reduced units by
setting k = 1, we then (by abuse of notation) keep the same
notation « for the extension parameter and identify it with the
reduced scattering length through

1
4o = ——.
a
We recall that a = a,/Ly, where a; is the physical scattering
length.
Equivalently, for z=2z*=—X,A € RT and denoting
G, = G,—_,, the domain of the one-center Hamiltonian A,
can be written as

P = {‘” €L |y = v +4qGux —y).u € H,

4 (A9

xqeC,u(y) = (a + ﬂ)q}
Here, g is the (one-center) point charge, analogous to the
boundary charge £ in (6) and (7). In physical variables, it has
dimension [L]~!/2. In the reduced length units used here, this
length dimension is absorbed into the scale Ly. Setting p :=
|x — y|, the matching condition in (A5) implies the Bethe—
Peierls behavior (2). Indeed, as p — 0 one has, up to an o(1)
term,

1 1
Y (x) =u (y)+q<— - ﬂ) =q<— +a)

drp 4w 4 p

which is equivalent to (2).

We now turn to the operator H27 that appears formally in
(9). As in the one-center case, we construct it as a self-adjoint
extension of the symmetric, densely defined operator

Ho=—A [ CGER\ {y1.y2)).
Self-adjoint extensions are parametrized by the action of a
unitary map J between the defect spaces. We denote the
relevant extension parameter by 6, and later relate 6 to o and
derive the resolvent of H2// .

For the two-center point-interaction problem, the defect
spaces N; and N_; of H, are both two-dimensional. A con-
venient choice of bases is given by the Green’s functions
centered at y; and y;:

PNE=IA

_— x € R3.
47T|X - ynl

Gl (x;y,) = n=12,
Without imposing any symmetry, the defect spaces can be
written as
N ={f e P®R)If = ;G + eGP}, ci,exeC.
(A6)

A unitary map J : N; = N_; is therefore represented, in these
bases, by a 2 x 2 unitary matrix U. explicitly,

JG' =Y " UmG",.
Consequently, for ' = ¢,G!" + ¢,G?

2
= J(Z CmGEm)> = Z (Z Unmcm> G(n)
m=1

n=1

Furthermore, we assume

(i) the scattering centers are identical. This means the
matrix U is constrained to be diagonal, with each diagonal
element expressed as e where 0 < 6 < 2.

(i) the wave function of the light particle under the ex-
change of positions of the centers either remains unchanged
or flips its sign. The symmetry (antisymmetry) assumption
means ¢; = ¢; (¢; = —cy) in (A6).

Henceforth, for simplicity, we restrict to the symmetric
or antisymmetric subspaces by choosing ¢, ¢z € {1, —1}. We
denote by H} (’H{;) the corresponding self-adjoint extension
of 7—10 in the symmetric (antisymmetric) case. Due to the fact
that a two-center point interaction is a rank-two perturbation
of the Laplacian, the extension theory and the resolvent for-
mula naturally involve a 2 x 2 structure: the unitary map J
acts through a 2 x 2 unitary matrix, and the resolvent of HZ/ !
contains a 2 x 2 matrix encoding this choice. We now make
this relation explicit.

The free Laplacian —Ay is the “trivial” self-adjoint exten-
sion of . Denote its resolvent by (—Ax — )7, forx,x €
R3, ze€ C\R*, and f € L*(R?). we apply Krein’s formula
for the difference of resolvents of two self-adjoint extensions:

[(H2F = 2)7 £l =[(—=Ax — 27 F1(x)

Py

m,n=1

(™, GMx = yum)

X /]1&3 Gl(y, —x)f(xdx'. (A7)
Here, the matrix Fg/ T(=1)71 satisfies
[Fg/f(z)fl] _ [Fg/f(zo)fl]

= (z— )T (@7 ']SE" [Ty ()],

where, for 1 < m

(A8)

n < 2, elements of matrix § are defined by
Spn (2, w) = f (cnG") e,Gldx, z,w e C\RT. (A9)
R3

Dabrowski and Grosse applied Krein’s formula at zg = —
and connected the unitary matrix U (representing J) to
T2 (=3)7"; see Ref. [39], Egs. (2.18)=(2.20):

o7 (z) = 2iSG, U + 1)

— (z+ DS —i). (Al0)

In our symmetric and antisymmetric reduction, 2i(U” + 1)~}
forms a diagonal matrix, with each diagonal element being
i+ tan % We denote #y := tan % which ranges over (—oo0, 00)
labels the self-adjoint extensions, and is closely related to
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the two-body scattering length (see (A12) below). Moreover,
from (A9) we have

1
Sun(i, 1) = form = n,
@) 4ﬁn
1
Sy (i, ) = :I:me_’/ﬁ sin (%) for m # n,
— @+ DS, —i) = Nl for m = n,
4
e Vir eV
Gt DS —) = for m # n,
drrr
(A11)

where + (—) in off-diagonal terms corresponds to exchange
symmetry H’ (exchange antisymmetry 7—[5) case [see also
Ref. [37], Eq. (16) for the n-center case]. Also, we set z =
7¥ = —A, A € R™, and identify
o= ! (A12)
W,
If we put (A11) into (A10), we obtain (12).

Remark A.1. We emphasize that the choice of the de-
fect parameter k does not change the self-adjoint operator,
provided the unitary map between the defect spaces is
transformed consistently. In fact, the invariant object is the
resolvent itself; it would be just a different parametrization
of a same operator. Consequently, if one chooses z = ik? and
7* = —ik? with « # 1 as the defect parameters, the matrix
U that represents the unitary operator J between the defect
spaces has a different shape and is not simply of diagonal
form.

Remark A.2. We remark that, in the construction presented
in this Appendix, the extension parameter 7y is kept fixed
as the separation r varies. This is a natural choice, but it
is still a special one. Dabrowski and Grosse characterize all
self-adjoint extensions of the symmetric operator H for fixed
positions of the scattering centers; in particular, the distance
r between the centers is fixed in their construction. In the
Born—-Oppenheimer scheme, however, r is a variable. More
generally, one may therefore allow the extension parameter 6,
equivalently the function #y, to depend on r. From this point
of view, replacing g, in the off-diagonal entries of rof (—2)
in (12) by a suitable function 6(r) corresponds to choosing a
family of self-adjoint extensions, one for each value of r. In
this sense, the quadratic-form construction can be interpreted
in von Neumann terms as gluing together different fiber oper-
ators as r varies.

Note that the choice of 6(r) is not arbitrary if one wants
the resulting effective Hamiltonian (10) to have the desired
stability and coincidence-limit properties. In particular, the
behavior of 6 near r = 0 s crucial; if 8(0) # 1, the stability
of the effective Hamiltonian is not guaranteed (see also the
remarks at the end of Sec. III).

APPENDIX B: PROOF OF LEMMA 111.3
Define

w(r,a) :=4mar + g.(r), r=0. (B1)

It is evident that u = f~'(w) = W(e®) — w is the inverse
function of w = f(u) = e™ — u. The main tool here is the
Lagrange inversion theorem (see Ref. [61], sec. 3.6), i.e.,f~!
is analytic at wg = f(up), if f/'(ug) # 0, provided f is analytic
itself.

Clearly, w(r, @) in (B1) is a composition of analytic func-
tions, so it is analytic itself. To satisfy the conditions of
Lagrange inversion theorem, wy = f(up) must belong to a
domain V that

fuo) #0, fluo) € V.

Since f'(u) = —(e™* + 1), the critical points u. = —i(2k +
D7, k € Z satisty f'(u) = 0. The corresponding critical val-
ues under the map f are

we = flu) = =1 +i(2k + D,

Those closest to the real axis are o = —1 + in. By Lagrange
inversion, the Taylor series of f~! about w, converges in the
open disk centered at wy with radius equal to the distance from
wy to the set of critical values:

kelZ.

e = dist(a, {wchkez) = Inf [log — [—1 +i(2k + D]
€

In particular, if wy € R in this case, then the nearest critical
values are oF, s0 k = ||wg — ©F|.

For wy = w(r, o) from (B1) withae < Oand r > 0, we have
k > 0, so the series for f —1 is valid. Moreover, the factor r—2
is a removable singularity at r = 0; hence —A,(r) extends
analytically to the real half-line, and the asymptotics (25) and
(26) follow.

At r =0 we have w(0, @) = 1 for any o < 0. Hence, « =
(% +4)"/2 and the Taylor series of f~! about wy = 1 has
radius « = (72 + 4)'/2. However, the distance that we can
vary r while keeping w(r, @) inside the disk D (1, «) depends
on «. Set

u(r) :== f o, @),

there exists §(«) the range that |w(r, o) — 1] <k for 0 <
r < 8(a). We readily see the admissible r range shrinks as
o — —o00, s0 (o) — 0. Moreover, at unitarity o = 0, we
have —v/2 e /4 < w(r, 1) < 1, s0 w(r, 1) € D(1, «) for all
r > 0. Therefore, the admissible r range is unbounded radius
to the right in the r variable.

Next, we now show that, for « < 0, the Taylor series in
r of u(r) about r = a converges for all r > a, i.e., it is un-
bounded in the variable r as well. So, at r = a, we have w( :=
w(a;a) = —1+ g4(a). With the same reasoning as before,
the Taylor series of £~ is convergent about wy with the radius
7. Therefore, if |w(r, a)| < 7, the Taylor series of u(r) about
r = a converges for every r > a. Additionally, if w(r, o) <
—1, the Taylor series of the term W (e®) is convergent for any
r and again, the radius of convergence of the Taylor series of
u(r) about the point a is infinite to the right. This because the
principal branch Wy(x) has a Taylor expansion about x = 0
with radius e ™! (Corless et al. [31]). Summing up these two
conditions, we need to show w(r, o) < m for r > a. We verify
it in two ranges of «.

1 If —(ﬁ +1)<a <0, then g.(r) <+2 and
4drar < —1 for all r > a. Hence the condition w(r, o) <
is satisfied.
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Q) If a< —(# 4+ 1), we have trivial inequalities
r —r/V2
f landﬁ—l-e smf >0 and
seew(r,a) <1, a < _(4J§n + 1).
We conclude that for every o < O the map r — u(r) =

f No(r, a))is analytic on the entire half line [a, 00), and its
Taylor series at r = a converges for all r > a.

v e~"V2 cos

APPENDIX C: PROOF OF PROPOSITION IV.3

By considering (35), we can rewrite the eigenvalue prob-
lem (29) as

" (l(l+ 1)
u
V

+n*+e 2A>u_0forr <ry, (CI)
24 1/4
(ﬂ 5 / r)2>u =0 forr > ry, (C2)
p

with the boundary conditions
for/ =0, u(0)=0

for/>1, limu(r)=0, lim Dy =10 (C3)
These equations are respectively modified Bessel equations of
real order [ + 1/2 and imaginary order v = if. As a result,
the general solution of (C1) is a linear combination of mod-
ified Bessel functions of the first and second kind. However,
the modified Bessel function of the first kind / with purely
imaginary order becomes complex on the positive real axis,
so it not admissible as the solution of (C2) that satisfies (C3).
Therefore, Dunster [68] introduces the modified Bessel func-
tion L,

Ly(@)= 7L, @+I1,@} y#0). (CH

251( )

As a result, the general solution for (C2) can be written
as a linear combination of the Bessel functions Lig(nr) and

Kig(nr). Set

£ =(/n*+e2Ar),

and we have the following form of the solutions:

u(r < ro) = AVEL12(8) + BYEK 11 2(E), (C5)
u(r > ro) = C/rLig(yr) + D/rKig(nr),  (C6)

where A, B, C, D are arbitrary complex constants. Note that,
the modified Bessel function L;g grows exponentially fast at
infinity and the modified Bessel function Kji/, is singular
at the origin. Taking into account this property alongside the
boundary conditions (C3), we obtain B = C = 0 in (C5) and
(C6). Thus,

u(r < ro) = AVEL1(6),
u(r > ry) = DﬁKiﬂ(nr).

Let us denote 7o = nry. The solution has to satisfy matching
conditions, i.e., the continuity of the function and its derivative
in r = ry. This condition implies that the coefficient A, D have

(C7)

to satisfy
VED12(6)A = /roKig(1)D = 0,
(gllﬂ/z(é) + @I[.H/z(é))f\

Kig(to) + n\/ﬁKi’ﬂ(ro))D =0. (C8)

1
24 /10
This linear homogeneous system has nonzero solutions if and
only if its determinant is equal to zero. In other words, we
have to satisfy

Kip(t0) = 270 f (§)K[4(70)  with

£E) - l1p6) li412(8)
251[“/2("3) E[L—12(8) + L1320 (6)]

Note that by the asymptotic behaviors of the functions
I111)2 (see Ref. [61], sec. 9.6) we have

(€9)

1
I €)= 77

Furthermore, for ty — 0 we also have (see Ref. [68]):
i T
Kip(r) = Gy sin (B1n 3 = ¢y.0) + O(13).

K}y (o) = cﬁ% cos (,3 In % - ¢ﬂ,0) +0().  (Cl0)

where

Cs=— /m and ¢y = arg (1 +i).  (Cl1)

As aresult, Eq. (C9) in the limit 7y — 0 (i.e., n — 0) can be
rewritten as

sin (,3 In % - ¢>ﬁ,o) —2Bf(éo) cos (/3 In % - ¢ﬂ,0>

= F(w) (C12)

where &) was defined in (35), and F is (at least) continuous
and F(7y) = 0(r02) for tp — 0. With the change of coordi-
nates 6 = B1n 3 — ¢p o and the equation, we have (C12):

F (7 0))
cos 6
Note that % with 7y = 2 e?9/Be?/B tends to zero with the
order of 0(1'02) as 79 — 0. Also, f(&), & € C is analytic in the
unit disk in vicinity of the origin.

As a result, for any value of ry, there exists an infinite
sequence 6, of solutions of Eq. (C13) as tp — 0, with 6, <0
and lim,,—,  » 6, = —00.

To conclude the proof, we have to show that the sequence
of —(17,)?, corresponds this sequence of 6, as the solutions of
(C13) can be written in the form (36). Let us denote by —(1°)?
because the solutions of (C13) correspond to F(ty) = 0. We
have

6 = arctan (Z,Bf(éo) + (C13)

2 4 > - _
_(772) — ‘9_2E1(1) — _r_zeﬁ{afCtan[zﬁf(Eo)]-Fd’ﬁ.o "71}. (C14)
0

It is evident that the function 7, = %e"’f’v‘)/ Bef/B is a differen-
tiable function of 1 [see (C13)] with bounded derivative which
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converges to zero for n, — 0. Consequently,

—(7111)2 = _(772)2 + é‘n,

where ¢, — 0 asn — oo.

APPENDIX D: ELEMENTS OF ULAM STABILITY

We follow Ref. [57] with some notational changes. Define
a second-order differential operator D on C*(I, R) by

D(f) = a(r)f"(r) + b(r)f'(r) + c(r)f(r) —d(r), (D)

where a, b, ¢, d are at least continuous on /. We say that D
is Ulam stable on / if there exists a constant C such that, for
every 8 > 0 and every h € C%(I, R) satisfying

sup la(r)h" (r) + b(HH (r) + c(Hh(r) —d(r)| <8, (D2)

rel

there is a C? solution f(r) of (D1) with
sup |h(r) — f(r)] < Cé. (D3)

rel
To prove (D3), one typically derives the Riccati equation as-
sociated with (D1):

a(r)lp'(r) + p* (N1 + b(r)p(r) = 0. (D4
LetI = (y, o) and define

ool (p()+25 Yar
k1(r) :=/ —F— s,
r la(s)]

Ko (r) = / eli P g, (D5)
Y

If ||killoo < 00, i = 1,2, then (D1) is Ulam stable on I [see
Ref. [57], Theorem 3.1, (ii)].

Proof of Lemma IV.5. Technically, we cannot apply Ulam
stability theory to the neighborhood of the origin r = 0, where
the associated Riccati equation is not well-defined (In di-
verges). Therefore, we treat that interval separately. We scale
the energy as —&2n%. Let Vk_] (n?) be the point where Vi (r) +
n* = 0. We split [0, 7] into [0, V. '(»*)] and (V. '(?), ri]
and analyze (29) on them separately.

(1) step I: the interval [0, Vk_l(nz)].

Since —Aq(r) is analytic and bounded, —Ao(r) € L' N L*®
on the interval [0, Vk_l(nz)]. Therefore, we can write f(r) as
the solution of (29) with the effectivee potential Ve = Vj in
(32) on this interval as (see, e.g., Ref. [69])

JF(r) = fo(r) + [fo * (Ao - HIF), (D6)

where the convolution [fy * (—Ag - f)](r) is defined as

/’ —Ao@)f@)fo(r —t)dt, t>0.
0

From the proof of Proposition IV.3, fo(r) = A\ /nrli11,2(n7),
with 1 /> the modified Bessel function of the first kind and
AeC.Sett =nr.Ast — 0,

1 2
VTl () = Y] ;TH_I +0(«'). (D7)

Without loss of generality take A € R*. Then, by (Cl),
Jo, fo. S >0 on [0, Vk_l(nz)]. On this interval n® +

V:'m*) >0 by definition, so similarly £, f/, f” > 0.
Hence [fy* (—Xo - f)] < 0, which implies |fy(r)| = |f(r)]
on [0, Vk_l(nz)]. Moreover, for t — 0, (D7) yields

v o)
/ n —hof @) fo(r —)dt < Lit™™, (D8)
0

where the constant

Ly = Vk71(772) sup
rel0,V, ()]

[2o(r)f (r)].

(2) step 2: the interval (kal(n2), el
Here we apply Ulam stability directly. Substituting (29)
into (D1) with E = —g2? gives
airy=1, b(r)=0, d(r)=0,

Id+1) 2
> -
-

c(r) = e *ao(r) —

Since we have excluded r = 0, c¢(r) is not singular. From
Lemma II1.3, —Ay(7) is analytic and the radius of conver-
gence of its Taylor series about the origin is infinite. This
fact, implies that by the Cauchy—Kovalevskaya theorem (see,
e.g., Ref. [70]), the solution f(r) is unique and analytic on
(Vk_l @02, rel. Consequently, the functions «;, i = 1, 2in (D5)
are bounded, and (29) with V.4 = V, is Ulam stable on this
interval. Moreover, fo(r) = A./nrl11,2(nr) is bounded here,
and for low energies n — 0 there exists a constant L, such
that (D2) holds:

1
1)+ (f%(r) JED
.

- Uz)fo(r)

= le 220 (r) fo(r)| < La(nr)t.

Therefore, there exists a constant L3 on (Vk’1 (n?), r¢] such that

If(r) = fo(r) < Ls(nr)'™*.

Combining the two steps and setting Cj := max{L, L3}
completes the proof. |

Note that, in view of the asymptotic behavior of —Ay(r)
at r = 0 displayed in (25), it may be possible to improve the
exponent / 4+ 1 in (D8). Moreover, the second step of the proof
of Lemma I'V.5 can still be carried out under weaker regularity
assumptions on —Aq(r).

APPENDIX E: PROOF OF PROPOSITION IV.7

Let uﬁ.(r) denote the solution of (29) with the potential (34)
and A = —A¢("min)- Then, from (C7), using standard Bessel
identities (see Ref. [61], sec. 9) and the scaling (35),

ul(r) = AV e 2o (Fmin) — 121) 21412
x (Ve 2ho(Fmin) — 021), 1 < 1. (E1)

Because |Ao(r)| < |Ao(Fmin)|, the Sturm—Picone comparison
theorem [71] on [0, ry] implies that the number of zeros of ulc
is greater than that of u in (C7). Hence, for [ > 0, if the first
zero of ui(r) (besides u.(0) = 0), occurring at r., lies outside
[0, ro], there is no eigenvalue on this interval. Equivalently,

VeT2h0(Fmin) — 0°1e < Lig12.1- (E2)
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Setting n = 0 and r. = +/23F yields (39).

APPENDIX F: PROOF OF LEMMA V.1

Similar to the proof of Proposition IV.3, we have to solve
the equation [see also (C9)]

Kig(t0) = Kig (10). (F1)

21+1

Recall the definition of the modified Bessel function of the
second kind, Kig(x) [see, e.g., Ref. [68], Eq. (2.8)]

< B )‘/2 = (2/4) sin[BIn(x/2) — ¢p.]
sinh(B7) por SIB2)(12 + B2) -+ - (2 + ’32)]1/2’
(F2)

where
¢ps =argl'(1 +s+iB). (F3)

Denoting Cg = —(m)l/ 2, we obtain the asymptotic be-
havior (C10) for 7y — 0 in the leading order. To calculate the
next order, by using the identity

Pp,1 = ¢p,0 + arctan 8, (F4)
we have
2
K,’ﬂ(‘(()) = Cﬁ|:(1 + #) sin (,B 111% — ¢5,0>
/37502 4
ke (ﬁ In — — ¢ 1):| + 0(7y).

Ki/ﬁ(m) = Cﬂ{rﬁ; cos (,3 In % - ¢5,0>

m[( +B )s1n(,31n——¢,30)

— Bcos (,3 In % . ¢ﬂ,o)} } +o(d).  (FS)

Setting §p = B1n 3 — ¢ 0, from (F1) we have

2p
—+0
241+ O):
The solution has the form 8 = 6y + §. The rest of the proof is

a straightforward linearization to find the exact from of §. We
define

tan 6y =

f(@)=sinf — cosf.

2
21 4+1

By construction f(6y) = 0(13 ). Moreover, f is smooth and

F (6o + 8) = f'(69)8 + O(8%). Therefore, we can rewrite (F1)
as
21 —3-2p2
"(8)8 + 12( sin 6
Fe+ul gor e v n

BQR2I—1)
T DA 1) cos@0> = 0(103).

By the same argument as the proof of Proposition IV.3, we
obtain (48) and conclude the proof.
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