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ABSTRACT. We consider a three-particle quantum system in dimension three composed
of two identical fermions of mass one and a different particle of mass m. The particles
interact via two-body short range potentials. We assume that the Hamiltonians of all the
two-particle subsystems do not have bound states with negative energy and, moreover, that
the Hamiltonians of the two subsystems made of a fermion and the different particle have
a zero-energy resonance. Under these conditions and for m < m, = (13.607)~!, we give a
rigorous proof of the occurrence of the Efimov effect, i.e., the existence of infinitely many
negative eigenvalues for the three-particle Hamiltonian H. More precisely, we prove that for
m > m, the number of negative eigenvalues of H is finite and for m < m, the number N(2)
of negative eigenvalues of H below z < 0 has the asymptotic behavior N(z) ~ C(m)|log |z||
for z — 0~. Moreover, we give an upper and a lower bound for the positive constant C(m).

1. INTRODUCTION

Efimov effect is a remarkable physical phenomenon occurring in three-particle quantum
systems in dimension three. It was discovered by Efimov in 1970 ([7], [8]) and it consists in
the following. Let us assume that the particles interact via two-body short range potentials,
the two-particle subsystems do not have bound states and at least two of them exhibit a zero-
energy resonance. Then the Hamiltonian describing the three-particle system has infinitely
many negative eigenvalues F, accumulating at zero. Moreover, the eigenvalues satisfy the
asymptotic geometrical law

E, _2n
E+1 — e i0, for n— oo (1.1)

where the parameter sy > 0 depends only on the mass ratios and, possibly, on the statistics
of the particles. The three-particle bound states (or trimers) associated to the eigenvalues
E,, are characterized by a size much larger than the range of the two-body potentials. They
are determined by a long range, attractive effective interaction of kinetic origin which is
produced by the resonance condition and it is independent of the details of the two-body
potentials. According to an intuitive physical picture, one can say that in a trimer the
attraction between two particles is mediated by the third one, which is moving back and
forth between the two. Note that the attraction disappears if the two-body potentials become
more attractive causing the destruction of the zero-energy resonance.

We emphasize that Efimov effect describes a universal low-energy behavior of the three-
particle system. As a consequence of this universality character, the effect can be realized
and observed in various physical contexts (e.g., in atomic, molecular, nuclear or condensed
matter physics) and this fact has motivated a large number of experimental and theoretical
works published on the subject in recent years (see, e.g., the reviews [3], [17]).

The original Efimov’s physical argument is based on the replacement of the two-body po-

tential with a boundary condition, which is essentially equivalent to consider a two-body
1



2 GIULIA BASTI AND ALESSANDRO TETA

zero-range interaction, and on the introduction of hyper-spherical coordinates. If the res-
onant condition is satisfied, in these coordinates the problem become separable and in the
equation for the hyper-radius R the long range, attractive effective potential —(s2 +1/4)/R?
appears. The behavior for small R of this potential is too singular and an extra boundary
condition at short distance must be imposed to restore self-adjointness. After this ad hoc
procedure, one obtains the infinite sequence of negative eigenvalues satisfying the law
as a consequence of the large R behavior of the effective potential.
The first mathematical result on the Efimov effect was obtained by Yafaeev in 1974 ([24]).
He studied a symmetrized form of the Faddeev equations for the bound states of the three-
particle Hamiltonian and proved the existence of an infinite number of negative eigenvalues.
In 1993 Sobolev ([20]) used a slightly different symmetrization of the equations and proved
the asymptotics

lim ) o (1.2)

=0~ |log|z|| 2«
where N(z) denotes the number of eigenvalues smaller than z < 0. Note that is
consistent with the law (L.I). In the same year Tamura ([22]) obtained the same result
under more general conditions on the two-body potentials. Other mathematical proofs of
the effect were obtained by Ovchinnikov and Sigal in 1979 (|I8]) and Tamura in 1991 (|21])
using a variational approach based on the Born-Oppenheimer approximation (see also the
related result in [I4]). For more results on the subject see [23], [12], [13]. It is worth
mentioning that a mathematical proof of the geometric asymptotic law is still lacking
(see the conjecture discussed in [I]).
In this paper we study the case of a three-particle system in dimension three composed of
two identical fermions with mass one and a different particle with mass m. In the physi-
cal literature such a system has been extensively studied (see, e.g., [4], [I7] and references
therein) and it is known that the Efimov effect can be present with some peculiar features.
Indeed, the effect is present only for m < m, = (13.607)~! and, considering a partial wave
decomposition, it takes place only in the subspaces corresponding to the “odd waves” (con-
trary to the case of identical bosons or distinguishable particles where the effect takes place
in the “s-wave” subspace). Following the approach based on the analysis of the Faddeev
equations, we give a mathematical proof of these facts. More precisely, we assume that: a)
the two-body potentials are short range, rotationally invariant, non positive; b) the Hamil-
tonians of all the two-particle subsystems are positive; ¢) the Hamiltonian of the subsystems
composed of the particle with mass m and a fermion has a zero-energy resonance. Then
we prove that the Hamiltonian of the three-particle system has a finite number of negative
eigenvalues for m > m, and an infinite number of negative eigenvalues accumulating at zero
for m < m,. We also prove the asymptotic behavior , where the constant at the right
hand side, which in our case is denoted by C(m), depends only on the mass m and it is
estimated from below and from above.
We note that, under our assumptions, the interaction potential between the two fermions
does not produce zero-energy resonance and therefore it plays no role in the occurrence of
the Efimov effect.
The method of the proof follows the line of reasoning of [20], with the modifications required
to take into account of the peculiarity of our system. In particular, we formulate the eigen-
value problem H1 = 21, z < 0, for the three-particle Hamiltonian in terms of symmetrized
Faddeev equations W = A(z)¥, where A(z) is a 2 X 2 matrix (compact) operator, and we
prove that N(z) = n(1, A(z)), where the right hand side is the number of eigenvalues of A(z)
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larger than one. Then the problem is reduced to the study of the asymptotics of n(1, A(z))
for 2 — 07. The presence of the zero-energy resonance for the subsystems composed of the
particle with mass m and a fermion determines a singular behavior (and a lack of compact-
ness) of A(z) for z = 0 and this is the reason for the possible divergence of n(1, A(z)) for
z — 07. Through some successive steps, we single out such singular behavior neglecting
operators which, for z < 0, are compact and continuous in z. At the end we find that the
asymptotics for z — 0~ of n(1, A(2)) reduces to the asymptotics for R — oo of an operator
Sk which has an explicit form. By a direct analysis of such an operator, we conclude the
proof of the main result in the two cases m < m, and m > m,.

The paper is organized as follows.

In section 2 we describe the three-particle model, formulate our assumptions on the in-
teraction potentials and state the main result. In section 3 we briefly recall some results
on the low-energy behavior of a two-particle Hamiltonian in presence (or in absence) of a
zero-energy resonance. In section 4 we introduce the symmetrized Faddeev equation for the
bound states of our three-particle Hamiltonian and we prove that N(z) = n(1, A(2)). In
section 5 we characterize the leading term of A(z) for z — 07, neglecting operators which,
for z < 0, are compact and continuous in z. In section 6 we prove the main result exploiting
the asymptotic behavior of the leading term.

2. NOTATION AND MAIN RESULT

We consider a quantum system composed by two identical fermions of unitary mass and
a different particle of mass ms = m. Let 21, 29 € R? denote the coordinates of the fermions
and z3 € R3 the coordinates of the third particle. The state of the system is then described
by a wave function v € L*(R?) which satisfies the symmetry condition ¢ (xy,zs,x3) =
—1)(x9, 21, x3) and the Hamiltonian is typically of the form

~ 1 1 1
H = _§A331 — EAQCQ — %Am3 —f- 1)12(1'1 — ZEQ) —I— ’023(1'2 — ZL‘3) + ?)31(ZE3 — 371) (21)

where A,, denotes the laplacian with respect to the coordinates of the i-th particle and v,,
a € {12,23,31} is the two-body real-valued potential associated to the pair of particles «.
Due to the symmetry constraint, we suppose v, spherically symmetric and vy3 = v3; := v.
We introduce the coordinates (R, z,,¥y,), where R is the coordinate of the center of mass
and (Z,,Ys) is any pair of Jacobi coordinates, e.g., for « = 12 one has

T+ T

T19 = T1 — X9, Y12 = 9 — X3. (22)
In such coordinates the Hamiltonian takes the form
- 1 1 1
H=——w—— - —A, ——A 2.3
2 1) T g B T g B + ;Uﬁ(xﬂ) (2.3)
where
B 1 B . m
,u12—2 M23—M31—,u—m+1 (24)
2m m—+1 '
N = ——F Nog =MN31 =N = —~

m + 2 m + 2
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and g, for 5 # «, is expressed in terms of (z,,y,). Moreover, it is convenient to extract the
center of mass motion and to study the problem in momentum space. Let (k4,p.) be the
pair of variables conjugate with respect to the Jacobi coordinates (4, y,). Denoting with k;
the conjugate variable of x;, they are explicitely defined by

L _k’l—k’g _m(k1+k2)—2k3
12 = 5 P12 = m 2
mkfg — k?3 (k’g + k’g) — (m + 1)]{31
kog = — = = 2.5
23 m 1 P23 m L2 ( )
fony — ]{33 — mkl . (kl —+ kg) — (m + ].)]Cg
T 1 st = m + 2 '
Then, for any choice of pair «, the Hamiltonian of the system can be written as
H=Hy+)» Vs (2.6)
B
where 2 )
p
Hy=—"2>+4+—2> 2.7
°T 20 2n, 27)
is the free Hamiltonian and
1 R
(Vi) hs.ps) = iz | ksl = ko) 238)

describes each interaction term. In (2.8)) and in the following we denote by f the Fourier
transform of f. Taking into account of the definitions given in (2.5)), the symmetry con-

straint reduces to ¥ (kas, pes) = —(—ks1, p31) or equivalently ¥ (ki2, p12) = —(—kia, p12).
Therefore, choosing for instance the coordinates (kag, po3), the Hilbert space of the system is

W = {¢ € LA(R%) |4 (kag, pas) = —t (mkjf’ - - Txi)?ng, kg — mpf 1) } (29

During the proof it will be useful to use also the system of coordinates (pa3, p31). Using the
relations

1
kog = —p31 — T 1p23
T (2.10)
S
31 = P23 + o 11031

one finds that the free Hamiltonian can be rewritten as

_ Zﬁ 1& D23 - P31

C2u 2 m
The exchange of the fermionic coordinates corresponds to the exchange of ps3 and p3;. Thus,
using the coordinates (pas, ps1), the Hilbert space of the system can be equivalently written
as

Hy (2.11)

Hy = {1/1 < LQ(Rﬁ) | (P23, p31) = —w(]?31,p23)}- (2.12)

Note that for f € H we have g € Hy, where g(pas3, p31) = f(—p31 — %,pﬁ) .
It is also useful to introduce the two-particle subsystems of our three-particle system, de-
scribed by the following Hamiltonians in L?(R?)

1
ha = _%A‘/x + Ua(l'> (213)
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In order to formulate our main result we introduce below our assumptions on the two-body
potentials, on the zero-energy properties of the two-particle subsystems and on the mass
ratio.

Concerning the two-body potentials v, and the Hamiltonians h,, we assume that the fol-
lowing conditions hold for any pair «

(A1) |va(x)| < C( + |2|)7°, with b > 3

(As): v, is spherically symmetric, that is v, (z) = va(|z])
(A3): v, <0

(Ag): he >0

A further important assumption is the presence of a zero-energy resonance for the two-
particle Hamiltonian ho3 = hg;. Here we recall the definition of a zero-energy resonance,
while further comments and some useful results will be given in the next section.

Let us consider an Hamiltonian in L*(R?)

1
h = —%Az + u(x) (2.14)

with m > 0 and u a generic potential satisfying|(A;) and |(A4)] We denote by gy the integral
operator with kernel

m

go(z,z') = (2.15)

2|z — 2’|
Definition 1. Zero is a (simple) resonance for h if there exists ¢ € L?(R?) such that

Vo=—p,  ([u]'? ) #£0, (2.16)

sgn(u) denoting the multiplication operator by the function sign of w.

1/2

sgn(w)|ul"“go|ul

Let us comment on the above assumptions. We remark that if each v, satisfies condition
then, via Kato-Rellich Theorem, we have self-adjointness and lower boundedness of H
on the same domain of H,.

Moreover, using the HVZ Theorem, we know that the essential spectrum of H is of the form
[, +00), where [ is the lowest point of the spectra of the operators h, describing the two-
particle subsystems. Thus the assumption implies that on the left of zero the spectrum
of H consists of isolated eigenvalues with finite multiplicities.

The assumptions [(A;)} [(43)] are introduced to simplify the analysis. Note that under the
assumption |(As )| the first equation in reduces to

golul¢ = ¢. (2.17)

Moreover prevents the presence of zero-energy resonance in the subsystem composed
by the identical fermions (see Remark [2] at the end of the next section).

As we already pointed out in the introduction, a peculiar aspect of the Efimov effect in our
fermionic system is that it only occurs for a certain range of values of the mass ratio (0, m.),
which can be defined as follows. Let A(m) be the following function of the mass

= 2(m + 1)2 L — arcsin ;
A(m) = - <\/m (m—I— 1)) ) (2.18)

|u|1/2
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It is easy to check that A(m) is decreasing and
lim0 A(m) = 400, lim A(m) = 0. (2.19)
m—

m——+00

Thus the following definition makes sense
Definition 2. The critical mass m., is the unique solution of the equation A(m) = 1.

Note that for m < m, (m > m,) we have A(m) > 1 (A(m) < 1). Moreover, we stress that
m, is the same mass threshold obtained in the study of the corresponding system with point
interactions (see, e.g., [11], [5], [15]).

We are now ready to formulate our main result.

Theorem 1. Let us assume that conditions|(Ay)], [(A2)l ((As)l, |(A4)| hold for any pair o and
that the two-particle Hamiltonian hog = h3y has a zero-energy resonance. Then the following

holds.
i) For m < m, there exists a positive constant C(m) such that

N(z)

li = . 2.20
Jim e = ) (220)
Moreover, C(m) satisfies
Ci(m) < C(m) < Cao(m) (2.21)
where C1(m) is the unique positive solution of the equation F,,(x) =1, with
1 1 sinh (22 arcsin (=4
Fua) = L [ gy ) (2:22)
vm(m+2) Jo sinh (%x) coS (arcsm (mLH))
and
Co(m) = ———1og [ 1/ Za(m) | (E(m) + 3lo(m) +2) (2.23)
gm—47rﬂ(m) g 3am olm olm .
with

a(m) == 2%% log/? (1 + %) . B(m) = g — arcsin (mLH) (2.24)

and lo(m) is the largest odd integer smaller than wa(m)* —1/2.
ii) For m > m, the number of negative eigenvalues of H is finite.

3. TWO-PARTICLE SUBSYSTEMS

Here we recall some properties of the two-body Hamiltonian operator h in the position
space defined by (2.14), under the hypothesis that the assumptions [(A;)|[(4s)|[(A43)] and [(A4)]
are satisfied. In particular, we are interested in the low energy behavior connected with the
presence of zero-energy resonance (see Definition [I). We first observe that if ¢ is a square
integrable solution of |u|'/2go|u|*/?¢ = ¢ then ¢ = go|u|'/?p satisfies hi) = 0 in the sense
of distributions. Furthermore, v is an eigenfunction of h with eigenvalue zero if and only if
(|u*2,¢) = 0 (see, e.g., Section 1 in [22]). On the other hand, if zero is a resonance for h
then there exists ¢ solution of ki) = 0 in the sense of distribution with ¢ € LZ_(R?) but

4 ¢ L*(RY).
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Remark 1. The spherical symmetry of the potential v implies that zero-energy resonance can
only occur in s-wave subspace. Indeed, if ¢ belongs to the subspace with angular momentum
[ > 1 then obviously (|u|'/?, ) = 0.

Let us introduce the resolvent of h
r(z)=(h—2)"" (3.1)
which is a bounded operator in L*(R?) for any z < 0 due to condition the free resolvent
1 -1
—(——A- 3.2
ro(z) = (= 5 A= 2) (3:2)

(note that r(0) = go) and the operator

w(z) = I+ |u|?r(2)|ul*2. (3.3)

Using the resolvent identity r(z) = ro(z) — r(z) uro(z) one verifies that

w(z) = (I = Julro(2)[ul?)~! (3-4)

The following Lemma describes the behavior of the operator w(z) in the case 1 is not an
eigenvalue of |u|"/2gy|u|'/?.

Lemma 1. Let us suppose that 1 is not an eigenvalue of the operator |u|*?go|ul'/?. Then
w(z) is continuous in z < 0.

Let us assume that h has a zero-energy resonance. Then we fix the following normalization
condition on the eigenvector ¢

(Jul'2, ) = (2m)*2 (i lu]1/2)(0) = 2/ 2m =21 (3:5)
and we characterize the behavior of the operator w(z) when z — 0.

Lemma 2. Suppose that h has a zero-energy resonance. If z < 0 is small enough and
d < min{l,b— 3} then

L1
|2|1/2 + |z|7 2 w((s)(z) (3.6)

where the operator w'® () is continuous in z < 0. Moreover

() = [ CRE T a0) (37)

where the operator W9 (z) is continuous in z < 0.
For the proof of the previous Lemmas we refer the reader to [20].

Remark 2. Let us consider the Hamiltonians of the two-body subsystems defined in (2.13)).
We note that the operator his, due to the symmetry constraint, acts on

Loym(R?) = {¢ € L*(R°) [ ¢(~2) = —¢(2)}. (3.8)
Hence, by Remark [I] it cannot exhibit a zero-energy resonance because its domain does not
include s-wave functions. Moreover, using the assumptions [(As)| and [(A4)], hi2 cannot have
zero as an eigenvalue (see e.g. [25]). Hence we conclude that 1 is not an eigenvalue for the
operator |via|'/2go|via|'/?. Then we can apply Lemma [l| and, as we will see, this implies that
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the potential between the two fermions does not play any role in the proof of the Efimov
effect.

On the other hand, as we have already underlined, the presence of a zero-energy resonance
for hos = hg; is a crucial ingredient of the proof.

4. FADDEEV EQUATIONS

Our proof of the occurrence of the Efimov effect is based on the analysis of the Faddeev
equations ([10]), which are the three-body analogous of the Birman-Schwinger equation for
the one body problem. For the convenience of the reader, we recall here the derivation
following the clear and simple presentation contained in [16].

Let us consider the eigenvalue equation for H

(Ho—i-ZVa)w:zw, 2 <0 (4.1)

Note that the free resolvent
Ry() = (Hy — =) (4.2)

is bounded in H for any z < 0, so we can equivalently write

= —Ro(2) > Vath (4.3)

We decompose 1) in the Faddeev components
¢ = Z Ta (44)

where, for each pair «, from (4.3|) we have
N = _RO(Z)Va¢ (45)

In order to find the equations for 7,, we introduce the following operators acting in the
Hilbert space L*(R®)

H,=Hy+V, (4.6)
i.e., the Hamiltonian of the three-particle system where the two-body interactions V3, with
B # «, are removed, and its resolvent

Ro(2) = (Hy — 2)7" (4.7)
which is bounded in L?(R®) for any z < 0 by our assumptions on the potentials. Then we

rewrite (4.5)) in the form
N = —Ro(2)Va )15 (4.8)
B

or
Mo+ Ro(2)Valla = —Ro(2)Va > 15 (4.9)
B#o
Applying the operator R,(z)(Hy — z) to both sides of the above equation, we obtain the
Faddeev equations
Na = —Ra(2)Va Z N5 (4.10)
B
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Thus, we conclude that if ¢ is a solution of , then ¢ = > 7, and 7, are solutions
of . The converse is also true, i.e., if n, are solutions of , then ¢ = ) 1, is
a solution of . As it is well known, a suitable iterated form of Faddeev equations is
characterized by a compact operator and this is the main advantage of Faddeev equations
with respect to Equation (4.3)).

In the above derivation we have not used the symmetry property of our system and therefore
it is valid for a generic three-particle system. In order to take into account of the fermionic
symmetry we proceed as follows.

For notational convenience we describe the symmetry by an operator T on L*(R®). In the
coordinates (kag, pa3), T is defined by

_ ka3 m(m + 2) D23
(T%) (K3, pa3) = —1 (m+ 1~ mt1)y P23, —ka3 —— (4.11)
and then we rewrite
H={ye PR | Ty =1} (4.12)
In the coordinates (pa3, ps1) and (ki2, p12) we have
(T¢)(p23,p31) = —w(]?31,p23), (T¢)(/f12ap12) = —w(—kn,plz)- (4-13)

A direct computation shows that T' commutes with Hy and V35 and it satisfies TVa3 = V3T
and TV3; = Vo3T'. Indeed, recalling the expression of Hy in the coordinates (po3, p31) given

in (2.11)), we immediately get THy = HoT. By (2.8) and assumption |( A5 )], one also obtains
TVio = VioT. Finally, using the Equations (2.10) and assumption |(A,)| we write

(Vast)) (pas; ps1) = (2;)3/2 / dpo(p — p31)¥(p23, p)

(Va19)(p2s, p31) = ﬁ /dpf)(p — p23)Y(p, p31)

which imply T'Va3 = V3T and TVz; = VosT.
Using the above properties, from the definition of 7, given in (4.5) we obtain Ty = 2,
n31 = T'noz and the system (4.10]) reduces to

Nog = —Ro3(2)Vas(Tn2s + M12)

(4.14)
ma = —Ri2(2)Via(I + T)n2s

where 793 € L*(R®) and ;5 € H. Consequently, in our fermionic system the solution of the
eigenvalue equation (4.1)) reads ¢ = 2 + (I + T') 7o3.

In this paper we find convenient to use a symmetrized form of the Faddeev equations similar
to the one used in [20]. In order to derive such equations, we first introduce the following
bounded and positive operators on L?(R%) for z < 0

Wa(z) = I 4 Vo2 Ro(2) Va2 (4.15)
Using the resolvent identity R,(z) = Ro(z) — Ro(2)VaRa(2), we find
Wal2) = (I = [V 2 Ro(2)|Val /2) (4.16)

Moreover, we define the resolvent of A,
ra(2) = (ha —2)7" (4.17)
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which is a bounded operator in L*(R?) for any z < 0, the bounded and positive operator

Wa(2) = I + |va|Y?ro(2)|va] V> (4.18)
and the Fourier transform F,, with respect to x,
1 —ika Ta
(Faf)<ka7pa) - W /dxae f('raapa)' (419>
Then one verifies that
2
Wa(2) = Fawa <z - p—“) Fr (4.20)
Na

Let us reconsider the first equation in (4.14). Using the resolvent identity and taking into
account that V, = —|V,|, we have

23 = —(RO(Z) — RO(Z)‘/23R23(2))‘/23(T7723 + M12)
= (Ro(2) + Ro(2)|Vas|Ras(2) ) [Vas| (T3 + m12) (4.21)
= Ro(2)|Vas|'*Was(2) > Was (2) /2 |Vas |/ > (T23 + m12)
Analogously, the second equation in (4.14]) can be rewritten as
M2 = Ro(2)|Via| * Wi (2) P Wia(2) 2 [Vio| 2 (I + T)as. (4.22)
Now we apply T to both sides of (4.21]) and sum it with (4.22). On the resulting equation
we apply W213/2|V23|1/2. Denoting

Yoy = Wag(2) V2| Vas |3 (T123 + 112)

(4.23)
P12 = W12(2)1/2|V12|1/2(I + T)na3

we find

o = Was(2)"/2[Vas |/ Ro(2) (T Vas|"*Was(2)*has + [Via| /2 Wia(2)Pehss). (4.24)

On the other hand, applying Wiy(2)Y2|Vio|'2(I + T to both sides of (4.21)) we find
Ui = Wia(2)2[Vaia| /2 Ro(2) (I + T)| Vas|'* Was (2)*has. (4.25)
Hence we have the following symmetrized form of the Faddeev equations for our model of

two identical fermions and a different particle

U =A(2)¥ (4.26)
where W = (1093, 112) and A(z) is a 2 X 2 matrix operator acting on the space
K=L*R% xH (4.27)
defined by
A(2) = W) 2PU ()W (2)Y2, (4.28)
with

W (2)'/? = diag{Was(2)"/%, Wia(2)"/?} (4.29)



EFIMOV EFFECT FOR A THREE-PARTICLE SYSTEM WITH TWO IDENTICAL FERMIONS 11

and
|Vas| 2 Ro(2)T | Vas| '/ |Vas| 2 Ry ()| Vi |2
[Via| 2 Ro(2) (1 + T)|Vas| "/ 0

The advantage of such symmetrized form of the equations is the fact that A(z) is compact
for z < 0.

Theorem 2. For z < 0 the operator A(z) is compact and it is continuous in z.

The proof of Theorem [2| goes exactly as that of Theorem 4.1 in [20] and it is omitted.

It turns out that the number of eigenvalues of H smaller than z < 0 equals the number of
eigenvalues of A(z) larger than 1. In order to prove this fact it is useful to introduce the
following definition.

Definition 3. Let B be a selfadjoint operator on the Hilbert space h and let A € R. We set
n(A, B) = sup dim bp(A) (4.31)
he(N)
where hp(A) denotes any subspace of D(B) such that if f belongs to h(A) then (Bf, f) >
LI

We stress that if the spectrum of the operator B on the right of A is purely discrete then
n(A, B) coincides with the number of eigenvalues (with multiplicities) on the right of A\. Thus
in particular

N(z) =n(—z—H). (4.32)

Due to the compactness of A(z) stated in Theorem [ we also have that n(1, A(z)) equals
the number of eigenvalues of A(z) larger than 1.

In the next Theorem we prove a “Birman-Schwinger Principle” for our three-particle system,
which is crucial for our analysis.

Theorem 3. For z < 0 we have

N(z) =n(1,A(z)). (4.33)
Proof. We adapt the proof of Theorem 3.1 in |20] to our case. First we show that
N(2) = n(1, Ro(2)"?|V|Ro(2)"?) (4.34)
where |V| = |Vas| + T'|Vas| + |Via|. Indeed, let = € h_g(—2) then
((Hy— 2)x,z) < (|V|x, z). (4.35)
Setting y = (Hy — 2)"/2x and using selfadjointness of (Hy — 2)'/? and Ry(z)'/? we have
(Ro(2)'2|V|Ro(2)" "y, 9) > (y,9) (4.36)

that is y € B, ()1/2)v(ry(21/2(1). This implies n(1, Ro(2)"/2|V|Ro(2)"/?) > N(z). Reversing
the argument we get the opposite inequality.
Next we introduce the matrix operator L(z) on H? defined by

RO(Z>1/2|V|RO(Z)1/2 Ro(2)1/2|V|RO(z)1/2
Ler=3 (4.37)
Ro(z)1/2’V]R0(Z)1/2 R0(2)1/2\V\R0(z)1/2
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and we note that
n(l,Ro(z)l/Q\V\Ro(z)l/z) =n(1,L(2)). (4.38)

The operator L(z) can be written as

L(z)=S(2)S"(2) (4.39)
where
3Ro(2) 2(I +T)|Vas|'/? 5 Ro(2)"?|Via|'/?

S(z) = (4.40)
3Ro(2) 2(I + T)|Vas |2 5 Ro(2)"?|Via|'/2

is an operator acting from K to H? and its adjoint S*(z), acting from H? to K, is given by

|‘/23|1/2R0<Z)1/2 |‘/23|1/2R0(Z)1/2
S*(z) = (4.41)
\%“/12|1/2R0(2)1/2 \/L§|V12’1/2R0(2)1/2

where we have used T' = I on the space H. Since n(\, BB*) = n(\, B*B) for any bounded
operator B (see e.g., Lemma 4.2 in [20]), we have

n(1, L(z)) = n(1,8%(2)S(z)) (4.42)
where S§*(2)S(z) is an operator on K explicitly given by

[Vas|"2Ro(2)(I + T)|Vas|? /2| Vas|'2Ro(2)| Vi |/
S*(2)8(z) = . (4.43)
2\ Via| V2 Ro(2)(I + T)[Vas|?  [Via|V?Ro(2)|Via| /2

Let us decompose the above operator as follows

S*(2)S(2) = Dy(z) + Dsy(z) (4.44)
where
|Vas|'/2 Ry (2)| Vas|'/? 0
D, (z) = (4.45)
0 [Viz|'2 Ry (2)|Via|'/2
and

|Vas| 2 Ro(2)T | Vas| /2 V2| Va3 |2 Ro () [Vaa|'/?
Dy(z) = . (4.46)
V2| Vig| Y2 Ro(2) (I + T)|Vas| /2 0

Moreover, let us define

A(z) = (I = Di(2))"?Da(2)(I — Dy(2)) 712 (4.47)

and note that, from the Definition (#.16)), it follows (I — D;(2))~/2 = W (2)'/2.
Let us prove that

n(1,8%*(2)S(2)) :=n(1,Dy(z) + Ds(2)) = n(1, A(2)). (4.48)
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Assume = € b, (1), Le.,
((Dy(2) + Ds(2))x,x) > (z,2) (4.49)
then
(Ds(2)x, ) > ((I — Dy(2))z,x). (4.50)

Defining y = (I — D;(2))"2x and using (.47) we get

(A(2)y.y) > (v,9) (4.51)

which means y € b4.,)(1). This proves n(1,5*(z)S(z)) < n(1, A(z)). To get the opposite
inequality it is sufficient to reverse the argument.

We also note that for z < 0 the operator A(z) is compact and it is continuous in z.
Finally, by a direct computation one verifies that

Az) = (1 %) A(2) (é 35) (4.52)

This implies that ~A(z) and A(z) have the same eigenvalues and if ¥ = (t3,115) is an
cigenfunction of A(z) then W = (t93,1/2¢5) is an eigenfunction of A(z) with the same
eigenvalue. Thus, in particular

n(1,A(z)) = n(1, A(2)) (4.53)

Taking into account of (4.34)), (4.38)), (4.42), (4.48), (4.53), we conclude the proof.

O

We conclude this section describing the behavior of the operators W, (z) when z < 0 is small.
Let us introduce the multiplication operator in L?(R®)

(Ca(2)f) (ks o) =7 (% - ) F (ko p) (45)

o

where v € C°(R, ) is such that v(t) > 0 for all ¢, y(¢) =t if t <1 and y(t) =1if t > 2.
Moreover, for the resonant pair 23, we define the operator in L?(IR)

(TLga f) (k. pas) = @@(/ﬂ%) /dk EED (4.55)

where ¢ is the eigenfunction of |v|"/2go|v|'/? with eigenvalue 1 (see Definition [I]).
Using the relation (4.20) and Lemma [2] we find

1-6 _~

Waz(2)/? = Tas(2) /4 as + Tag(2) " 7 WiD(2) (4.56)

where 6 < min{1,b — 3} and Wg(g)(z) is continuous in z < 0.
On the other hand, Lemma [I| implies that W,(2)'/? is continuous in z < 0.
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5. LEADING TERM OF A(z) FOR z — 0~

The proof of our main result expressed in Theorem [I] requires, via Theorem [3, an as-
ymptotic analysis of n(1, A(z)) for = — 0~. From Theorem [, we know that for z < 0
the operator A(z) is compact but there is a lack of compactness for z = 0 and this is the
reason why we find that N(z) diverges for = — 0~. In this section we shall prove various
intermediate results where, at each step, we single out the leading term of A(z)) for z — 0™,
neglecting operators which are compact for z < 0. At the end, we shall obtain the following
integral operator acting in L?((0, R) X S?, dr ® d)

(Suf)(rw) = [ do [ 4940 St = p- (6.0 (5.1
where
S(z,y) = —b(m) m : reR, yel[-1,1] (5.2)
R = R(z)= yloglel]. (5.3)
bm) = ——— " *1 (5.4)

42\ /m(m +2)
In section 6 we shall prove that the asymptotic behavior of n(1, A(z)) for z — 0~ coincides
with that of n(1, Sg) for R — +o0.

As a first step, we show that the terms in A(z) depending on the interaction between the
two fermions give a compact contribution and can be neglected.

Lemma 3. For z <0 the operator A(z) — Ay(z) is compact and it is continuous in z, where
Ap(z) O
Ay(z) = ( Oé ) O) (5.5)

Ao(2) = TagTys " (2)| Vas |2 Ro (2) T| Vg | /2T 5 (2) s, (5.6)

and

Proof. Let us introduce the operators

I'(z) = diag{lss(2),T12(2)},
WO(2) = diag{Ws (2), W (=)},

(T 0
n o () oo
where § < min{1,b — 3}, Wl(g)(z) = F12(2)¥W12(Z) is continuous in z < 0 and the other

terms have been defined in (4.54)), (4.55)), (4.56].
Using the above notation we write

A(z) = Ap(z) + R(z) (5.10)

where

R(z) = HU(1/4’(1*5)/4)(2)W(5)(z)+VV(‘”(z)U((1*5)/4’(1*5)/4)(z)VV“”(z)
+ WO U=/ ()IT (5.11)
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and

1 1
U(2) =T(z) *U(L(2) ", 0<pw <o, ptv<y. (5.12)

By Lemma 4.4 in [20], for z < 0 the operator U*")(z) is compact and it is continuous in z.

Since Wc(f)(z), z <0, and Ily3 are bounded, we conclude that for z < 0 the operator R(z) is
compact and it is continuous in z.

O

In the next step we reduce the problem to the analysis of an operator in L?(R3). Such an
operator is better analysed using the coordinates (pag, ps1).

Lemma 4. For A > 0 and z < 0 we have
n(A, Ao(z)) = n(A, B(z)) (5.13)
where B(z) is the integral operator in L*(R3) with kernel

020 (p + 3%5) Y2 (¢ + 555)
o 1/4 1/4°
7(§—Z> (Ho—2)7(§—2>

Proof. We first observe that n(\, Ag(z)) = n(X, Ag(z)). Moreover, Ay(z) is compact for
z < 0 and then n(\, Ay(2)) is the number of its eigenvalues larger than A. By (/5.6)), recalling
(.55) and (4.54) we can write explicitly the eigenvalue equation for Ay corresponding to the

eigenvalue A > A > 0
Xiﬂ(pl,pg):—;w(erp—)/dp@( s )
(27)3/2|| || +1 m+ 1
p’21> "
m-+ N 2
)1/4 /dqso (q+ +m—+1) U(ps, q)-

o P -l (
x/dp2 73
V(8 -2) " (Holpr ) — 20y (% - =

B(p,q;2) = (5.14)

2

(5.15)
Let us define
R e ) (5.16)
Then ¢ € L*(R?) and, by , it satisfies the equation
A(pr) = —ﬁ/dpﬂﬁ (p2 + %)
. /dp,2 [0'72(ps — pb) [0/ ( 1 m+1) b
(B =)t <_)“ o

[ T T
2 1/4 2
V(8 -2) " (Holpr,q) — 2)7 (£ - z)
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that is B(z)¢ = Aé. On the other hand, if £ € L?(R®) is such that B(z)¢ = X then
1 / [0 (ps — q)[o] /2 (71 + 7255)

U(p1p2) =~ t )
pi:p (2m)3/ q7<%—z> / (Ho(p1,q) — 2)v <%_Z>

satisfies the equation Ag(z)y = A and therefore the Lemma is proved.

el (5.18)

O

The lack of compactness of B(z) for z = 0 is clearly due to the behavior of its integral kernel
near the origin. Indeed, in the following Lemma we show that the difference of B(z) with
an operator whose kernel is different from zero only in a ball of radius one is compact and
continuous in z < 0. Denoted by y, the characteristic function of the ball of radius a > 0,
we have

Lemma 5. For z <0 the operator B(z) — B(z) is compact and it is continuous in z, where
B(z) is the operator in L*(R3) with kernel

) ] x1(p)xi(q)
B(p,q;2) = — 1/4 Ve o
p.q c(m) (% _ z) / (Ho(p,q) — 2) <§—i B Z) /

and c(m) = 2°/27? (%)3/2. Moreover

m—+
n(\, B(z)) = n(\, By(z)) (5.20)
where By(z) is the integral operator in L*(R3) with kernel
1 Xjzf=1/2(P) X212 (2)

c(m) (57? + 1>1/4 (Ho(p,q) +1) <% * 1>

Proof. The proof is divided into three steps. We first introduce the operator &(z) with
integral kernel

[o['2¢ (p+ 255) V20 (0 + 257)

2

v (g—n - z)l/ (Ho(p,q) — 2)v (g_n B Z>

and note that the integral kernel of the difference B(z) — & (z) can be written as

&o(p,q:2) = —xa(p) X (a) (5.22)

w120 (p+ 45) v]V20 (¢ + 725)
1/4
V(B -2) " (Holp.g) =2y (% - 2)
020 (p + 55) [0V (g + i)
p2 1/ 2
ot (g - 2> (Ho(p, q) — 2)v (% - Z)
W[V 20 (p+ 245) [v]V20 (¢ + 755)

v <§_i - z) B (Ho(p,q) — 2)v (% a Z>

(I+ I+ II0)(p, ¢; 2) =(1 — x1(p)) X1 (q)

+x1(p) 72 (1= xa(q))

(- (- @),

(5.23)
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Let us consider I(p, ¢; z). We note that |v|'/2¢ € L'(R®) which implies [v]|'/2¢ < c. Moreover,

Hy(p,q) — z > cp? and therefore we obtain

(1 —x1(p)) xa(q)
P2 q\/?

which is a square integrable function. Analogously, one can prove square integrability of

[(p, q; z). In order to estimate III(p, q; 2), we note that |v|*/2p € L*(R3) and therefore

I(p,q;2) < e (5.24)

e
id *”(qpf 25) (1 _ () (5.25)

is square integrable. Hence we conclude that for z < 0 the operator B(z) — &(z) is Hilbert-
Schmidt and it is continuous in z. Now we consider the operator & (z) with integral kernel

1 x1(p)xi(q)

I11(p, q; 2) < c(1 —x1(p))

Ep,q;2) = — (5.26)
o c(m 2 /4 ) 1/4
( H(g—n—z) (Ho(p,Q)—Z)7<§—n—Z>
We note that b3
[0|/20(k) — [0]1/20(0)] < c|k]”, 0<v< % (5.27)

Indeed, using |e=** — 1| < ¢ |k|*|z|, we have

0] 2p(k) — [v]'/2(0)] < Clk\”/dﬂ?!flf\”lvll/Z(x)\sOI(w)

1/2
< cllgl [kI* ( [ |m|2”|v|<a:>)

and the last integral is finite by assumption |(A;)] Moreover, using Young’s inequality, we

get
2 2 . 2k\1/kK 2k"\1/K'
p q p-q p q K 2K
HO(I%Q)—Z:ﬂ*‘ﬂ-FWZC(( H) +( o )ZCPQC}Q (5.28)
for any x, <" > 0 such that K + < = 1.
By (5.27)), (5.28) and condition ({3.5)), we find
pl” + lal”
[&o(p; g 2) = Eu(p g5 2)] < exalp)—— 1 | - maxa(e)  (5:29)
(£-2)" (Hop.0) =) (£ -2)
xaphxile) - xae)ala) (5.30)
— ‘p|—y+25+1/2|q’2n’+1/2 ‘q’—y+25+1/2|p’25’+1/2 :
which is square integrable choosing x € (3, 1£2). In order to obtain the operator B(z) from

2

s

&1 (z), it remains to replace ~y (g—z — z) and ( — z) with % —z and % — z, respectively.

C

One can easily see that the difference £;(2) — B(z) is compact up to z = 0. This concludes
the proof that for z < 0 the operator B(z) — B(z) is compact and it is continuous in z.
In order to prove it is sufficient to observe that l’;’(z) is unitarily equivalent to By(z)
via the unitary operator U, defined by U.£(p) = |2]3/4¢(]2|Y/?p).

O

In the following Lemma we finally arrive at the operator Sg defined in (5.1)), (5.2)).
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Lemma 6. For z <0 the operator By(z) — S(z) is compact and it is continuous in z, where
S(z) is the integral operator in L*(R3) with kernel

(2n)1/2 (X|z|*1/2 - Xl)(p) <X|z|*1/2 - X1)(q)

c(m) 12 (P2 L @ 4 pa)|,(1/2 (5:31)
P72 (2 + £ + 22) g/

Sp,q;2) =—

Moreover

n(A,S8(2)) = n(A, Sg). (5.32)

Proof. The first point is easy to check. Let us prove the second statement. Using the unitary
operator M : L?(R3) — L?(R x S?,dr @ d2) defined by

(M&)(r,w) = €%¢(e”, w) (5.33)
we see that S(z) is unitarily equivalent to the operator on L?(R x S?, dr ® d2) with integral
kernel

X©,R) ()X 0,r) (@) (5.34)
- :
cosh(z — ') + =5
where x(q) is the characteristic function of the interval (a,b). Indeed,
2 +oo
(m+1) 31/2 dp P/

MEEOrw) =~ e = ),

Xz~ (€ w) = xa(€",w)) (xz-12(p; €) — xa(p, )

x/de(C)( 2 e 2_2( S ) ¢(6,0)
S er/ (W +5, T e”p7>
1 oo

(A e [ da0(¢) XomNon () ¢ ()

m 52 Eriaa i
(m +1)° e’ dme / i O(f)g +)§_(?’R) (Si).g % (e, ¢)

T2 y/m?(m + 2) ) 1)

oo X(OR) )X(OR)( )
/ dz /S2dQ 2 (M), 0).

cosh(r —z) + =
(5.35)
Since the operator with the kernel given by can be considered as an operator on
L*((0,R) x $?,dp ® dS?), we find Sk.
O

6. PROOF OF THEOREM [1I

In this section we give the proof of Theorem [I} Taking into account of Theorem [3] the
result for m < m, is obtained in two steps. We first show that

n(l, SR>
6.1
SR (6.1)
converges for R — oo (see Proposition || below). Then we prove that
1,A

| log |z]]
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converges to the same limit for z — 0~ (see Proposition 2 below).

In order to study the asymptotic behavior of for R — oo, it is convenient to decom-
pose the integral kernel of Si in spherical harmonics. Indeed, denoted by P, the Legendre
polynomial of order [ and by Y}” the spherical harmonic of order [, v, we write

X241 L
S(r.w+0) = > 202 Pw- ) [ dyR)S(.y (63
1=0 -1
and, using the addition formula
PO = T S T W) (6.4)
NS T g £ TS |

we find ( see. -
S =205 3" Vi) /dp/dyST—p, () [ 49A6) £ VD

=0 v=—I
R 1
B(y)
= —2mb(m Y/ (w) [ dp fi d :
T lz;;l / pfi (p)/lycosh(r_p)Jrm%1 (6.5)
= Z Z (S fiu) (0) Y (w)
=0 v=—1
where
ul) = [ 4960) £ OO (6:5)
and Sj(%l) is the integral operator in L?((0, R)), for any R > 0, with kernel defined by
SO(x — 2"y = —27b(m) / 1 d Ay) z,2' €R (6.7)
. ycosh(a:—x’)—i—mLH ’ ’ ' '
In particular, this decomposition implies
+o0
n(\,Sr) = (2 + 1)n(), SY). (6.8)

1=0
We are now in position to characterize the asymptotics of (6.1)).
Proposition 1. For any A > 0 we have
. n(\Sk) R2+1 A A
lim —2 o =y — L ke R| SO(k) > —— 6.9
Rtee 2R IZ; ir SR ST > o (6:9)
and the limit is continuous in A > 0.
Proof. The kernel of the operator Sg) is an even function and satisfies the estimate
S0()] € ————. (6.10)
mt1
By (6.10) we have S¥ € LY(R) N L*(R) and e*SW € L2(R) for any e € [0,1). These

properties imply that |S® (k)| — 0 for |k| — oo, by Riemann-Lebesgue Theorem, and that
SO (k) has an analytic continuation to a neighborhood of the real axis (see, e.g., Theorem

coshx —
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IX.13 of [19]). Then, for any A > 0 the set M(\) = {k eR|SO(k) = \/%} consists of a

finite number of points and, in particular, it has measure zero. Thus, the hypotheses of
Lemma 4.6 in [20] are satisfied and we have
n(}\ S(l)) 1 +00 . 1 . A
lim —~2f2 = — [ dk SU(k) =—[1keR|SU(k) > —=1| (6.11

dim MR = o [ (59 0) = 5 1300 > 1| (61)
where | A| denotes the Lebesgue measure of the set A. Taking into account of (6.8]), we obtain
. Concermng the continuity of the limit, we observe that limy_.x x (v, +oo)(5(l)(k)) =
X(rto0) (SO (K)) for any k such that SO (k) # X. Using the Dominated Convergence Theorem

we conclude the proof.
O

We collect here some properties of S (k) which will be useful in the sequel. By definition,
we have

\/%S(l)(k) = -2 b(m)/%cc)ix e”“‘”/ldy Fi(y)

1 coshox + 2= m+1

1 1 +00 —ikx

- _mrl dsz R
,/ (m +2) e Cosh$—i-erl

1 om41 oo 1 (6.12)

= dy P,(y) / dx ———— cos(kx)
Smlm < 2) m(m+2) J_1 coshz + 4
1 1 sinh (k arccos

- _m¥: dy Py(y) ( ( +1)y)

vm(m +2) sinh(k) sin (arccos ( +1))

where, for the computation of the last 1ntegral, we refer the reader to [9, p. 30]. Moreover,
by the elementary relations arccos(a) = 5 — arcsin(a) and sinh(a + ) = sinh(a) cosh(3) &
sinh(f3) cosh(«), we find

500k — 1 m+ 1 ldy Ay [ cosh (k arcsin ( +1))
C Ver/m(m+2) ) | 2cosh (k3) cos (aresin (7))
6.13
sinh (k arcsin ( +1)) ( )
~ 2sinh (k ) CoS (arcsm ( +1))
and using the parity of the Legendre polynomials in the equation above we obtain
1 m 41 1 dy Ply)— sinh(karcsin( )) ! odd
V27 \/m(m +2) Jo sinh (kZ) cos (arcsm ( Z—/H))
SOk =
1 m4+1 1 cosh (k: aresin ( 1))
dy Pi(y) mt [ even.
| V2r /m(m 1 2) Jo cosh (k5) cos (arcsin (;47))
(6.14)

~

Note that SO (k) = SO (—k). Moreover, in [5] the following properties of S (k) are proved
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SO&)>0  1odd (6.15)
SOk <0 [ even, '
SED(k) < SO(k)  1odd (616)
SE (k) > SO(k) [ even '
and
max SU(k) = §0(0) = \/%A(m) (6.17)

where A(m) is defined in ([2.18)).
For the proof of the last step we make repeatedly use of the following technical Lemma (for
the proof see Lemma 4.9 in [20]).

Lemma 7. Let B(z) = By(z) + K(z), where for z < 0 (2 < 0) the operator By(z) (K(z))
is compact and continuous in z. Suppose that for a function f such that f(z) — 0 when
z — 07 there exists the limait

fim £(2)n (% By(2) = 1) (6.15)
and () is continuous in A > 0. Then the following holds
h%l f()n(A, B(z)) =1(\N). (6.19)
z—0™

Then we have

Proposition 2.

n(l,SR) ~ lim n(l,A(Z))

li = 6.20
Roise 2R =—0- |log |z|| (6.20)

Proof. The proof is obtained using Proposition [T} Lemma [7] and Lemmas [3], [, [5], [6]
U

Let us prove our main result in the case m < m,.

Proof of Theorem[]] (case m < m,). By Theorem [3| and Propositions [1} 2] we find that the
limit relation (2.20)) holds with

Clm) = f 2l Hk € [0, +00) [ 5V (k) > LH (6.21)
= 2r V2
[ odd

where we have used the parity of S(Z)(k;) and the sum is only for [ odd due to the property
(6.15). It remains to show that C(m) is finite and strictly positive.

Let us prove the upper bound for C(m). We first look for an estimate of S (k) for I odd
and k > 0. By Cauchy-Schwarz inequality we have

R 1 i h(k;arcsin (L))
0 < m+1 SI m+1
S (k)_\/%\/m i dy |P(y)| ;

(m + 1)3/2 1
= V2rym(m + 2) V2l + 1

sinh (k%) cos (arcsin (m_ﬂ))

/ZO g sinh*(kz)
z
0 sinh? (k‘g) Cos 2
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inh(k
where 2z, = arcsin (m#ﬂ) . Using the estimate m < e Mm/2=20) for 2 € (0, 2), we
find
3/2 oz 1/2
sy < DT 1o [ 7 ] ]
T V2my/m(m+2) V2041 0 oS 2
(m + 1)3/2 1 —k(r/2—20) M < (7‘(‘ 20 1/2
< e "\T/em20) Hog | tan —+—>>]
V2r\/m(m + 2) V21 + 1 |8 172 (6.23)
- 1/2
3/2
< (m + 1) / 1 e_k(w/Q—zo) 10g 1+ z
V2my/m(m +2) V20 + 1 ] V m
where in the last step we have used the elementary formula tan § = 1+Slél—0zm and the definition
of zy. Taking into account of the definition of a(m) and S(m) given in (2.24]), we have shown
SO < Me—ﬁ(m)k. 6.24
o < 2 (0:20)
By Equation (6.21]) and the above inequality we obtain
+oo
2041 a(m)  _ 1
C(m) < kel0,400) | ———e¢ ﬁ<m)k>—}’. 6.25
()—,;%H O Vo (629
I odd
The measure of the set in the r.h.s. of (6.25]) is different from zero only if
a(m) 1
> 6.26
V2l+1 27 (6.26)
i.e., only if I < ly(m), where lo(m) is the largest odd integer smaller that 7o (m)? — 1.
Therefore we have
lo(m)
204+ 1 a(m) 1
C(m) < k e [0, 400 e B(m>k>—}‘. 6.27
m = > T (ke o0l — (6:27
I odd
For any [ < ly(m), let
1 V21 a(m)
Ki(m) = lo 6.28
= ) A (629
be the unique positive solution of the equation Me’ﬁ (m)k — L Then
V2041 2
lo(m)
20+ 1 V2
C(m) < Z + log 71'04(?7”&)
 2mp3(m) V20+1
I odd
lo(m)
1 V2 a(m)
< log 2 +1 (6.29)
s () S
I odd
1 V21 a(m) 5
= lo lo(m)” + 3lo(m) + 2
473 (m) g< 3 )(0( ) o(m) )

and this concludes the proof of (2.23)).
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Let us prove the lower bound for C(m). By (6.21) we immediately get

3 A 1
C(m) > — |k €0, +00) | SU(k >—H 6.30
) 2 o k€ 0.4o0) |50 > (6.30
Using ((6.17) and Definition |2, we find that
A 1
SW(0) = (m) for m < m, (6.31)

V2 \/ 2
and this implies strictly positivity of the right hand side of (6.30]). Furthermore, by mono-
tonicity of S (k), we have

{k € [0,00)|SV (k) > \/LQ_WH — iy (m) (6.32)

where k1 (m) is the unique positive solution of the equation S(l)(k) = \/%7 From ((6.30)) and

(6.32)) the lower bound ([2.21f) follows.

O

Remark 3. Let us check that lo(m) > 1 for m < m,. Recall that [y(m) is the largest odd
integer smaller than g(m) := ma(m)*—1/2. It is easy to see that the function g is decreasing,
g(m) — +oo for m — 0 and g(m) — 0 for m — +oo. Then the assertion follows if one
observes that g(m,) > 1 (indeed, g(m.) ~ 6.65).

)
)2

Remark 4. The lower bound of C(m) can be improved. Recall that m, := m7 is defined as
the solution of v/27 S™(0) = A(m) = 1. By analogy, for each I odd we can define a critical
mass m; as the solution of v/2r S (0) = 1. By (6.14)), m; solves the equation

2m+1) [ arcsin (747)

e dy P,
/i) Jo 1Y os (arcsin (27))

One can show (see [6, Appendix A|) that m; is uniquely defined, it is decreasing in [ and
V21 SO(0) > 1 (V27 5D(0) < 1) if m < mj (m > mj). Hence, if mj ., < m < mj, for
&

some L then in (6.21

=1 (6.33)

) each term with [ < L is certainly nonzero and this implies

) > Z 20+ 1 {k € [0, +00)[SV (k) > #H (6.34)

Obviously, for L = 1 we have only the first term and the inequality above reduces to (6.30]).

l odd

Remark 5. It is worth noticing that, by Deﬁnition z we have /2w S(l)(O) < 1 for m > m,

which, via and (6.17), implies C(m) = lim

section shovvlng that for m > m, the discrete spectrum of H is finite, i.e., there is no Efimov
effect.

= 0. In fact, we conclude this

Proof of Theorem 1| (case m > m, ). For z < 0 and ¢ € (0,1) the following inequality holds
5 € ~
n(1,A(2) < n(l—e8(2)+n (§= A(z) - Ao(z)> tn (§= B(z) — B(z)>
€
+ on <§= Bo(z) — S(z)> (6.35)
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where the operators Ay(z), B(z), B(z), S(z) have been defined in the previous section. Such
an inequality is a direct consequence of Lemmas [3] [4], B} [6] and of the following technical
result (see, e.g., [2]): if A, B are compact selfadjoint operators and A\; > 0, i = 1,2 then

Note that for z < 0 the operators appearing in the last three terms of are compact
and continuous in z. Therefore, the last three terms of (6.35)) remain finite for z — 0.

Let us consider the first term in the right hand side of (6.35)), i.e., n(1 —&,8(z)).

We notice that

(S(2)¢,6) = (8¢.,€.) = (SM¢., M) (6.37)
where &.(p) = (X|z-172 — x1)(p)&(p), S is the operator in L*(R?) defined by
RS flo) .

S _ )
(Sf)p) A2 \/m Ip|1/2 ( + -I— pq) Iq|1/2

M is the unitary operator defined in (5.33)) and S acts on L?(R x S? dr @ dS2) as follows

_ 1 m+1 o £(p,¢)
(S1)0) = ~ s / /S e T (6.39)

Let us estimate (Sf, f). By (6.6) and ( . we get
1 m+1 <% ! P (y)
_ , d
(vaf) \/T—FQZZ/ d’f‘fl,, / dpfl()/l yCOSh(T—p)—FmL_H
S S VR )

=0 v=—1
w/zz/dmy 250 (k).
=0 v=—1
(6.40)
Taking into account of (6.15| m, and m we deduce
(S50 <V Z/ ki (WSO (1)
foda "=
Joo ¢ (6.41)
m) Y > |l
I=1 v=—1
lodd
< A(m)|If11*.
By (6.37)) and (6.41)) we have
(S(2)€:, &) < A(m)|ME* < A(m)|1€]I* (6.42)

where 0 < A(m) < 1 for m > m, (see Definition [2)). Therefore, the operator S(z) does not
have eigenvalues larger than A(m), i.e.,

n(l—e,8(2)=0 (6.43)
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for any € € (0,1 — A(m)). By Theorem [3| and (/6.35)), (6.43) we find

N()<n (% A(z) - Ao(z)> o (% B(z) — B(z)> T (g Bo(z) — S(z)) (6.44)
for any z < 0 and € € (0,1 — A(m)). Taking the limit 2 — 0~ and using compactness and
continuity in z < 0 of the operators in the right hand side of ((6.44)), we obtain the finiteness
of the number of negative eigenvalues of H.

O
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