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Abstract

We study the stability of the ground state of a two-identical-particles system in
an attractive external potential. We consider a repulsive interaction between the
particles. The existence of a bounded ground state as a function of the strength
of Hamiltonian parameters is studied for long- and short-range potentials. The
possible scenarios of ionization are discussed. Criteria for the existence of
a threshold-energy bound state and the energy critical exponent are given.
In particular, we show that for the case of an attractive long-range external
potential with short-range repulsive inter-particle interaction, a bound system
can become unstable increasing the strength of the attractive potential.

PACS numbers: 03.65.—w, 31.15.ae

(Some figures in this article are in colour only in the electronic version)

1. Introduction and definitions

Conditions for the existence of bound states in quantum few-body systems have been the
subject of research for many decades. Nowadays, the existence of a bound state and near-
threshold behavior for one-body systems in external potentials is well known. Upper and
lower bounds on the number of bound states for one-body systems were given in the pioneer
works of Jost and Pais [1] and Bargmann [2]. The critical behavior for eigenstates of one-body
spherical attractive potentials was studied as a function of the spatial dimension by Klaus and
Simon [3] and as a function of the angular momentum, considered as a continuous parameter,
by Lassaut et al [4]. A considerable amount of work had been done to obtain lower and upper
bounds on the energies of few and N-body systems ([5—7], and references therein). Numerical
methods to evaluate critical parameters were developed for one- [8] and few-body systems
[9, 10], including non-central interactions [11, 12].
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In this work, we study the existence of the ground state for two-body systems as a function
of the Hamiltonian parameters. Systems under consideration are formed by two identical
particles in an external radial potential (which can be a nucleus attraction). We consider spin-
independent Hamiltonians, so the spin variables are taken into account via symmetrization
of the spatial ground-state wavefunction. We study two-parameter Hamiltonians of the form
(atomic units are used throughout this paper)

H1, 22) = Ho(r1: 1,2) + 1 W(L, 2), (D

where Ho(X1; 1, 2) is a Hamiltonian for two identical non-interacting particles, W(l1,2) =
W (r1») is the repulsive interaction between the particles, which depends on the interparticle
distance ry», and A, A; are positive parameters. The Hamiltonian H, has the form

Ho(r1:1,2) = h(A) (D) + (A1) (2), 2
where h represents the one-particle Hamiltonian:
h(h) = =3V 4+ 100). 3)

We consider more attractive than repulsive external interaction v(r). Then, it exists
A(lc) > 0 such that for A; > Aﬁ”, h(XA;) supports at least one bound state and it does not have
bound states for A; < A(]C). We are interested in the existence of a two-particle bounded
ground state when a repulsive interaction between the particles is present. We consider purely
repulsive potentials W (r,) strong enough such that for fixed A;, the two-body Hamiltonian
does not support a bound state for large values of X,.

The stability of the ground state and near-threshold behavior of the ground-state energy
of one-body radial potentials had been completely studied. Conditions for the existence of
a one-body bound state at the threshold and asymptotics of the energy near Aﬁc) are known
[3, 4, 10].

For the one- and two-body potentials, we assume the following conditions.

(1) h(xy) is self-adjoint for A; > 0 and H(X;, A;) is self-adjoint in the region (A; > O,

A = 0).

(i1) v(r) and W (r») have no free parameters; then the Hamiltonian (1) depends only on 1
and A,.

(iii) Both the one-body and the two-body potentials are radial, that is v = v(r) and
W(l,2) = W(rp).

(iv) The potentials decay at infinity, that is lim,_, o v(r) = 0 and lim,,_,.c W (r12) = 0.

(v) v(r) is attractive enough so that 30 < )Lﬁc) < oo such that the eigenvalue equation for the
ground state of the one-particle system, given by

h(AD)Vo(Ay; 1) = Eg(A) Yo (Ar; 1), €]

has a bounded solution, £ (A1) < 0 and [[Yo(A1)|| = 1V A; > Al7. Eo(kgc)) = 0 could be
an eigenvalue.

(vi) W is completely repulsive W (rj2) > OVr;, > 0.

(vii) 34, > A\ such that for A < &, < &, we have 26, (1) > & (11), where & (L)) is
the energy of the first excited state of 2(A;)(E1 (A1) = 01if h(A;) supports just one bound
state).

(viii) The interparticle potential W obeys

(Wo(1), YoIW ™' (1, 2)[¥o(1), ¥0(2)) > 0, &)
where |Yo(1), ¥(2)) is the ground state of H.
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As we will show below, conditions (vii) and (viii) give us a sufficient condition for the
non-existence of bound states for large values of A,. These conditions are not too restrictive.
Condition (vii) holds for attractive short-range potentials, which satisfies r>v(r) — 0 for
r — 00, because the critical values of A; for excited states are strictly greater than the critical
value )LEC) for the ground state. In the case of long-range potential, we note that for the Coulomb
potential, condition (vii) is fulfilled: VA; > 0O; then, in this case, A1 = oo. Condition (viii)
excludes a potential W which vanishes outside some sphere, as the simple step potential. For
this potential, the limit A, — oo represents finite-size particles that, for example, will have
bound states if v(r) is a Coulomb potential.

The eigenvalue equation for the ground state of the two-body system is given by

HA, A)Wo(hi, A2; F1, 72, 712) = Eo(A1, A)Wo(Ay, Ao; 71, 72, T12). (6)

The main subject of this work is to characterize the ground-state stability diagram as a
function of the parameters (A1, A;). This means to find the region where a bounded ground
state, with Eg(Aq, Ap) < & (Ay) and ||Wo(Aq, Ao)|| = 1, exists.

The critical line )»g') (A1) is defined by the threshold condition

Eo(h1, 17 (M) = E (). (7)

The asymptotic form of the ionization energy at the threshold defines the critical exponent «
[10]. We can define a critical exponent ¢, for the one-particle ground state energy:

EGu) ~ —e(h — 1), for A — A9, (8)
where e is a positive constant. Expressions for the critical exponent ¢, for a class of attractive
spherical potentials are given in [3, 4, 10]. For the two-body case, the energy depends on
two parameters and the threshold energy is the one-body ground-state energy. The critical
exponent oy, is defined by the asymptotic behavior of the ionization energy near a critical
point (19, kg). This asymptotic behavior can be obtained in an arbitrary direction except the
one tangent to the critical line (along this line, the exponent is always greater than o). For
convenience, we always use the direction of the A;-axis

Eo(r1,29) — &A1) ~ —al|A) — a|™, for A — A%, 9)
where a is a positive constant. Here, the meaning of A; — A% is that the line must always
approach the critical point from the region where a bounded two-body ground state exists. If
the line A, = Ag is tangent to the critical line, we change A; by A, in the definition of oy,.

Simon [13] proved that « = 1 iff the threshold energy is the eigenvalue of a bounded
solution for a given Hamiltonian. Then, in our context, the importance of the critical exponent
ay is that its value determines if the critical line belongs to the bounded region (o = 1) or
not (ayy > 1).

2. General results

In this section, we present the possible scenarios for the stability diagram for different potentials
and some general results that are valid for a large class of one- and two-body interactions. We
assume that the Hamiltonians satisfy conditions (i)—(viii).

Since W is a positive definite operator, H (A, X,) does not have bound states for 1| < xﬁ”.
We also know that if the Hamiltonian H (X, A,) supports bound states, the eigenenergies are
concave increasing functions of A, [14].

Following Thirring [14], we can get lower bounds for the energy of the system for
X2 < A2(A)) applying the inequality

1
2E001) + 42 (Yoo )] 37 [0 (Do) ™" (1) < Eo(ha, 2a), (10)

3
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where

- 1
Aa(Ap) = 2(E (A1) — Eo(Ay)) <W> , (11)
0

and & (A;) is the first excited state of the one-body Hamiltonian A (X;). Replacing A, by its
limiting value A, (%), and using condition (vii), we get

Eo(h) < 2E1(0) < Eg(hy, Aa), (12)

which shows that X, () is an upper bound for the critical curve Ag” (A1). A lower bound for
)L;C) (A1) is provided by the following lemma.

Lemma 1. VA| > )»Ec), AA3 > 0 such that if 0 < Ay < A}, then H(Ay, A2) supports at least
one bound state.

Proof. Using the variational principle with the trial function ®3(%;1,2) =
Yo(A1; 1) Yo(hi; r2), we have

Eo(xy, A2) < (H(A1, A2))o = 2E0 (A1) + A2 (W)o(Ay). (13)

According to the variational principle, the existence of a bound state is assured if we find
a trial function such that the expectation value of H(X, A2) is below the threshold energy
&o(A1). This condition on (13) gives

Eo(A1) +42(W)o(h1) <0 (14)
from which we define A} as

iy y €01
200 = e 7Y el

From the above results, it follows that the critical curve lies between the bounds:
M) < AY () < D). (16)

Now, we can describe the possible scenarios for the ground-state stability diagram. Three
different regions can exist in which H(A;, A,) supports states with 0, 1 or 2 particles bounded.
The first case occurs when /(A;) does not have bound states. In the second case, #(A;) has
at least one bound state and H (A, A;) does not have any. Finally, both particles are bounded
if H has a bound state. The critical lines between these regions will be denoted as 1-0 line,
2-1 line and 2-0 line. The stability diagrams can be classified into three cases, which are
qualitatively shown in figure 1.

Case 1. No 2—0 line. This case is shown in figure 1(a). For A, > 0, ionization is always from
2 — 1 — 0 particles; no double ionization then exists for A, > 0.

Case 2. Finite 2-0 line. 32" > 0 such that for A, < A)" the two-body system has at least
one bound state for 4, > A\”, but there is no bound states near A\” for 1, > A{"”. Then the

line A; = Agc) is a 2-0 line for A, < A;"’C). This case is shown in figure 1(b).

Case 3. Infinite 2-0 line. This case is obtained from case 2 when A"” — oo. The line

A= AEC) is a 2-0 line, as is shown in figure 1(c). Note that in this case, the system can lose a
two-body bound state increasing the strength of the attractive potential.

4
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Figure 1. Qualitative stability diagrams. They show the three possible scenarios for the stability
diagram. Two of them have the double ionization line 2—-0.

2.1. Existence of the 2-0 line

The existence of the 2—0 line is determined by the properties of the involved potentials v(r)
and W (r2). From (15) it can be seen that as A; — )ff”, the lower bound on the critical line
can be finite, infinite or zero, depending on the asymptotic behavior of the energy & (1) and
(W)o(A1). Suppose the asymptotic expansion

(W)o() ~ w(ni —17)” for A — A9, (17)

with w > 0. If o > o then, according to (15), the lower bound goes to infinity indicating
that the diagram is of type 3. For w = «;, the lower bound is finite; then the diagram is of
type 2 or 3. If w < «, the lower bound goes to zero. In this case, we can obtain a first-order
perturbative expansion of the two-body system energy in A;:

Eo(hi, A2) — Eo(Ar) ~ Eo(Ar) + Ao (W)o(Ay) + 0()»%). (18)

Foriy, ~0,and A; — Aic), Eo(r1, X2) —Eo(A1) > Osince & (A;) decays faster than (W)o(X1).
Then, the diagram is of type 1.
We summarize these results in the following lemma.

Lemma 2. If the near-threshold behavior of (W (r12))o is given by (17), then the stability
diagram for the ground-state energy of H(\1, Ay) corresponds to

(i) case 1 if o < ay,
(ii) case 2 or 3 if o = ay,
(iii) case 3 if > ay,.

When the one-body potential is of short range, we can prove that the stability diagram
can be of type 1, 2 or 3, that is, all cases are possible. A potential v(r) is defined as of short
range if lim,_, o, r2v(r) = 0. Furthermore, in this case, the threshold energy & = 0 is not an
eigenvalue and the energy critical exponent is ¢, = 2 [3, 10].

Theorem 1. For short-range one-body potentials, the stability diagram is of type 1, 2 or 3.

Proof. From the near-threshold properties of short-range potentials, we know that the
single-particle wavefunction has the form wo(/\gc)+e; r) ~ €y r) with ¢ (0;r) >

5
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OVr > 0. On the other hand, from (vi) 3[a, b] such that W(ri3) > O in [a, b]. Let
Winin = min, (a5 W (r12); then

(W) > eszmf VEr DY (r2) dx; dxy > aé?, a>0. (19)

rip€la,b]
Soas i — A(IC)+, (W)g ~ w(kl —Aﬁc))w with w < 2. According to lemma 2, this implies
that the stability diagram could be of type 1, 2 or 3. ]

2.2. Exponent oy

The existence of the 2-0 line is determined, as we saw in the previous subsection, by the
relative asymptotics of the external potential and the repulsive inter-particle interaction. In
this subsection, we study the critical exponent a3 at the 20 line.

Lemma 3. If the 2-0 line exists, then oy, = o, over this line.
Proof. The 2-0 line is defined by (A; = A(l"), A2) with A, < A;mc) and Eo()\(l"), A) =
Eo(k(lc)) = 0. Since Ey(A, A7) is an increasing function of A,,

Eo(A1, A2) > Eo(A1, 0) = 2E (). (20)

From (8), for A; — AEC)J', we get

Eo(h1, 22) > —2e(hy — 240)™; (21)
using (8), it follows that

oax = . (22)

Then, given that the 20 line exists,

Eo(A1, A2) < &), (23)
and in the region X TX?C) this equation becomes
EoGhi, 22) < —e(h = M) = ay < ay (24)
From (22) and (24), we conclude that
oy = oy (25)
]

In the next lemma, we prove that the existence of a one-body bound state at the threshold
k(lc) forbids the existence of a 20 critical line.

Lemma 4. If o, = 1, then a 2-0 line does not exist.

Proof. o, = 1 = |yo(2\”)| = 1 is an eigenfunction of 2 (A{”) with a vanishing eigenvalue;
then (W)O(AEC) ) > 0. A first-order perturbative expansion gives

Eo(Ay, A2) — E(A1) ~ Eo(A1) + Ao (W)o(A1), (26)

for A, ~ Agc) and A, ~ 0. The fact that & — 0 for A; — )\Y') and (W)o()\gc)) > 0 implies
that )»éc) — 0, because otherwise E (Agc), Ay ~ 0) - & (Agc)) would be positive.
Furthermore, ‘3—3’ = (W)O(Agc')) > 0 at (Agc), A2 = 0); then applying the implicit function
any (x({")
9

theorem to Eg(11, X2) — & = 0, we get the value of at Ay =0,

6
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015" (M7) _ 9 —Eo) 1

: 27)
dh o Ik
S <<v1:/>)0 > 0. (28)
0
a4 (©) ()
Then 0 < ‘”235?‘ ) < cout (A9, 2, =0). O

From lemmas 3 and 4 we obtain an extra conclusion, that is
Theorem 2. If a 20 line exists, then oy, = a, > 1 over this line.

In the following section, we show how the different scenarios for the stability diagrams
are possible if the relative properties between repulsion and attraction are appropriate.
Section 4 will be focused entirely on Coulomb one-body attractive potentials.

3. Examples of the three cases of stability diagram

In what follows, we give a simple example and then a theorem for a certain class of external

potentials. With a short-range one-body potential v(r) the three behaviors are possible,

depending on the repulsion W (7). For the single one-body potential, we use the Hulthén

potential [15]:

e—r

l—e’
This potential is exactly solvable for s-waves; their energies and eigenfunctions have

analytic expressions. For the energies, we have

QA1 — (n+ 1)?)?

v(r) = — (29)

Ei(h) =———, =0,...,v2x — 1, 30
(A1) S+ 1) n 1 (30)
and particularly, for the ground state,
201 — 1)? N |
Eo(h) = —%, M =3 (31)

Since we are interested in regions where A; ~ )\gc), we can write Ay = Aic) +€/2 =
(1 + €)/2. Using this notation, the ground-state function has the form

1 —er2 (I —-e™) e
Yole;r) = —C(e)e _ Cle)=./=(1+e)2+¢). (32)
4 r 2

The three different critical pictures can be achieved changing the range of W.

Short-range interaction. For the repulsion between particles, we use a §-like potential (note
that this potential does not fulfill all conditions (i)—(viii), but they are sufficient conditions),

N - - 1
W(x1, x2) = 8(x; —x2) = r—25(i’1 —r2)8(cos ) —cos02)8(p1 —¢2).  (33)
1

For this kind of repulsion, the mean value of the potential is easily calculated:

(Who(h) = / x, / By 26 r)VR (e S G — )
=47(5In2 —31n3)e> + O (). (34)



J. Phys. A: Math. Theor. 41 (2008) 275303 F M Pont and P Serra

From this result and (16), we obtain a lower bound A} for the critical line A;C) (A1):
AOM) =5 =1/87(5In2 —31n3). (35)
According to lemma 2, this means that the diagram is in case 2 or 3.

Long-range interaction. As a typical example of a long-range potential, we choose a Coulomb
repulsion:

1
W(rlz) = —. (36)

ri2

With this potential, we obtain
(W)o(r1) = eln4; 37

then the diagram is of type 1, as expected from lemma 2.

The reason for the non-existence of the 2—0 line in the example above is related to the long
range of the repulsive interaction, and not to other characteristics of the potentials. Indeed,
we can understand this in the following qualitative way. It is known that the one-particle
wavefunction spreads when A; — )Lgc). Now, when the repulsive coupling X, is turned on, if
W is of short range the particles are so apart that they actually do not see each other, and the
system can have a bound state for A, > 0 near 1| ~ A(lc). In the long-range case, the situation
is the opposite one. The repulsive interaction is long enough to tear apart the system for all
Ao > Onear Ay ~ AE”). These considerations are actually valid even when the attraction is of
long range, as is shown in the following section.

Theorem 3. If v(r) is of short range, a, = 2 and W is a Coulomb repulsion potential, then
the diagram corresponds to case 1.

Proof. For short-range potentials, we can define a constant R such that v(r) ~ 0 for » > R.
Then the asymptotic form of the wavefunction is

exp(—~/2&r)
r 9

l/fo()\]; r)r—)oo ~ (38)

which is exact for v of compact support. This expression is valid for » > R, so we can write

NY_(Ai;r) if r<R
Yo(hi;7r) = R (39)
N (A1; R)— exp(—+/2E(r — R)) if r>R,
r
where N is a normalization constant given by ||| = 1. Since v/ is a well-behaved function
ini = A(IC), we exclude it from the critical behavior. The norm of 1. can be arbitrarily
chosen; we then use
R
47 / Y20 r)rtdr =1, (40)
0
from which we obtain
172
& :
N(e) = V& ~ Aeonl* for A — A\, (41
V22128 + R*Y2 (15 R))

where A > 0 is a constant, € = A; — A(IC) and wi (A1; R) is strictly positive and finite even

for A = )LEC) . Since we do not know the explicit behavior of the potential near the origin,
¥~ (A1; R) is undetermined.

8



J. Phys. A: Math. Theor. 41 (2008) 275303 F M Pont and P Serra

We are interested in the asymptotic condition for ¢ — 0. Since ¥ _(A;; R) does not
vanish and the coefficient in the expression for r > R is positive and non-zero for » = R, then

exp(—+/2&r)
Yolhii 1) = N(€)C () =, (42)
where C (e = 0) = Cy > 0. Now we study the asymptotic behavior of (W), (11):
[o'¢] [o'¢] ry+ry
(Who(A1) =47T2f dry ryd (A Vl)f dry rad (A1 12) drip rioW(rp). (43)
0 0 [ri=ra]

Up to here, we have not used the fact that W is a Coulomb potential. We now introduce
W (r12) = 1/r1, and solve the last integral, which results from straightforward calculations

(W)o(r1) = (4m)? / wdr>r>w§(xl; r.) / N dror2yg(ha;ro)
0 0

R rs
= (4m)’N* { / droro 92 (r-) / dror2y2(ro)
0 0

00 _ R
e / dr. SPE2V2E0r) [ / dr_r 2 (r2)
R 0

rs

+C(e)? / . exp(—Z\/250r>):|}. (44)
R

We are concerned with the dominant behavior of the integral for ¢ — 0. The first integral
in (44) is in the region r < R and is therefore a positive constant in € = 0. From the
integrals between square brackets, it follows that the first equals 1 and the second is of order
€~%/2_ Then the second integral is the dominant term. Let us define 8 and A by the relations
238 ~ Be®/? and A = (471)2A4C3 / B > 0, respectively. Replacing in the integral, we
obtain

00 _ a,/2 _ a;,/ZR _ _ pa/2
(W)o(h1) ~ Ae™ / ar, PPN (exp( per ) —exp(p er>))
€

R rs

= Alexp(—Be™R)E\(Be™*R) — E (2B R)]e™ /2, (45)

where E;(x) is the exponential integral [16], which diverges at x = 0, but the divergences
cancel out each other in the expression, resulting in

!i_l)}g)[exp(—ﬁe"‘”/zR)El(,36“”/2R) — E1(2B€*/>R)] = In2. (46)

Then,
(W(1,2))o(r)) ~ e¥/? for € — 0; 47

therefore, according to lemma 2, the diagram is of type 1
O

4. Long-range, Coulomb one-body potential

In this section, we show examples with v(r) as a Coulomb attraction and give the stability
diagram for different repulsion potentials. The results are expected to be valid for general long-
range potentials v(r) such that v(r) — 0 for r — oo and lim,_, o, v(r)r> — 0o. Long-range
potentials have a one-body critical strength 1" = 0.

The complete solution for the one-body Hamiltonian with the potential v(r) = —1/r is
presented in any textbook of quantum mechanics. The ground-state function and energy of
h(l) + h(2) are

1
Yohi; r)Wo (s 12) = ;ﬁk?e’“(”m); Eo(ri, ko = 0) = —AT. (48)

9
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We choose a short-range Yukawa potential for the interaction between particles:

W) = RN, 49)
12
then, from equation (43), we obtain
— (1+8x; +2017) . 50)
T T eyt
The energy can be expanded to first order in A, as
1+ 8 +20A2
Eo(A, Ag) = —22 + Mx?xz +0(\). (51)

(1+2x)*
From lemma 2 and taking into account that o, = 2, the diagram is of type 3. The lower

bound A3 (1) of (16) can be written as

(1+2x)* 1 1

A (0) = M) = —~ =
2 () 22200 2(1+84 +2003) A A

for A1 — 0, (52)

and we obtain A, = o0 as a lower bound, which means that )L;C) — oo for Ay — 0.
The upper bound Ja2(X1) of (16) assures the existence of the critical line. First, we must
check that 28 (A1) > &y(11) in order to fulfill condition (vii); indeed
A
2(n + 1%’
forn =1,2& = —A}/4 > =13 /2. Since the Yukawa potential fulfills condition (viii), we
calculate X (A1),

- 3 3(3 — 36, + 14017)
T =23 "(re"o =23 1
2= Al =M s

Note that the upper bound tends to infinity for A; — 1/2, and the lower bound tends to
infinity but for A; — 0. Figure 2 shows the variational lower and upper bounds.

Sharper lower bounds can be obtained using a simple variational function that includes
correlation between particles:

28, (A1) = -2 (53)

(54)

V1617
/833 + 3511+ 48¢2

Yo (r1, 12, F12) = e M (1 4 orpy), (55)

where c is a free parameter. We plot the critical line for different values of ¢ € (0, c0) in
figure 2.

From the stability diagram of figure 2, and its bounds, we obtain some conclusions about
the exact critical line. For example, all systems with A, < min,, A5(;) have at least one
bound state below the threshold. The exact critical line must have a minimum 2™ at some
point between A7" and 1}/, defined as

A= {n}inkl CA () = n}in):z()q)} (56)
1 1
and
A = (max ;< 230) = minZa(h)). 57)
1 1

These bounds for the minimum of the critical line are shown in figure 2. The fact that the
critical line presents a minimum has interesting physical consequences. For a given value of
Ay > )L;mm), decreasing A; from A; = oo the system crosses the bounds in an ordered sequence

10
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Figure 2. Upper and lower bounds for the stability line when # is a hydrogen-like Hamiltonian and
W is a Yukawa potential. The trial wavefunction is given by equation (55), for several values of c.
The exact critical curve lies between the full lines, the upper bound and the better lower bound

(c = 00). A" and )\f” are also shown.

2 L B R
— - . _ /.' —
oo 't le -
-y £
57T R
7\'2 B | /“, |
10~ - K —

‘ -" -

- o ]
5_ —

T S I T R

L 5 10 15

A

20

Figure 3. Sketch of the behavior in case 3. The dash-dotted curves are the upper and lower bounds
to the exact critical curve. Points 1 and 2 represent systems with a bounded ground state that
unbinds when A increases or decreases, respectively.

lower—upper. As the exact critical line is in the region between lower and upper bounds, we
see that by decreasing A; the system unbinds as expected. If we now increase 1| from kgc),
the system crosses the bounds in the same order lower—upper. Then, it loses the bound state
increasing the attractive strength of the one-body potential L;. A schematic sketch of this
process is shown in figure 3. From point 2 by decreasing A; the system unbinds, and from
point 1 by increasing A the system also unbinds.
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A physical explanation of this behavior can be made in terms of the ranges of the
potentials. For a fixed value of A, and A; large enough the system binds two particles, no
matter how repulsive W is. For a less attractive coupling A, the system loses the bound
states because the repulsion W is too strong against the attraction. But, near A9 as is well
known from the critical behavior of weakly bound systems, the wavefunction spreads and
the distance between the particles diverges. Indeed, (r;2)o ~ 1/A;, then the short-range
repulsion W becomes unimportant and can be ignored because the distance between particles
is larger than the range of the repulsion potential. Then, the system is again bounded by the
long-range Coulomb attraction. If W is of long range, this argument is not valid. In fact,
if W(r;p) > 1/r;pVrp > 0, the upper bound for the critical line forbids this behavior (see
remark (ii)).

(i) For W = 1/r|», the homogeneity of the potential allows us to obtain the functional form
of the critical line [18] )\(2") = CX; ~ 1.1x;. There is no 20 line; the stability diagram is
then of type 1. Since the ground state is bounded at A, = X;C) (A1) [18], the exponent is
Ay = 1.

(i) Suppose two potentials W, and W, such that W, > W,. The corresponding Hamiltonians
are H, = h(1) + h(2) + AW,y =a, b, then

Eq (A1, A2) < (bIH,|D)
= Ep(A1, X2) + A (b|W, — W, |b)
< Ep(M, A2), (58)

where |y) is the ground state of H,. This relation for the energies implies that
)»éc) (a) > A(ZC) (b), meaning that if an upper (lower) bound for Ag” (a)()»éc) (b)) exists,
then it is an upper (lower) bound for k(zc) (b) (A(Zc) (a)) too. So, from the previous remark,
if W > 1/rVr, there is no 2-0 line, and the diagram is of type 3 (this does not include
1/r" potentials with n > 1, unless the tail is changed for 1/r).

(iii) For W = 1/r# and 2 < B < 3, it follows that (W), ~ Af. The diagram is of type 3 for
B > 2 and of type 2 or 3 for 8 = 2. For 8 — 3, (W)o — oo for all A;.

(iv) If W has a short-range repulsive tail and a 1/72 behavior at the origin, (W), ~ )L?, then
the diagram is of type 3.

The last remark shows that the behavior at r = 0 of the repulsion is also important for the
behavior of (W), at x| — 0.

Finally, we search a potential that has the two bounds finite for all A;; the diagram is then
of type 2. We search a bounded potential that fulfills W < 1/r, so the critical line is above
that for W = 1/r. A possible choice is

2 2

This potential fulfills condition (viii), so we calculate the upper and lower bounds which
are shown in figure 4. The limiting values for the bounds are

r? 3 1
W= <_—+—) O —r)+ 500 —1). (59)

N (=1 % B 1 I

l111Ln0 Ay (A1) = A111210 Wy 3 (60)
.= . 1

klllino)»z()n) = k1]1§)102(51 (A1) — & (A1) <W>o =09; (61)

then 3/8 < A;mc) < 9 (see figure 1).

12
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Figure 4. Upper and lower bounds for the repulsive potential W of (59). For comparison we also
show the bounds for W = 1/r, calculated from equations (11) and (15).

4.1. Existence of critical lines for a large class of potentials W

The upper and lower bounds for the Yukawa repulsion can be used to prove, using a variational
argument, that the critical line exists for other repulsive potentials with the same attractive
interaction. As proved above, for W = e™" /r there exists a critical line at least for A; > 1/2.
Note that if we make a dilation » — 7 on the Hamiltonian and rescale the energy H — H12,
we obtain

HA1, A2) = HAG /T, A2/ 7). (62)
Then the upper bound obtained for the Yukawa potential now turns into
2@y =29 yr A1) =2, (63)

which is an upper bound for e~*"/r. Making T — 0, we see that the upper bound (54)
tends to 105A;/32. This is the bound *o(h) for W =1 /r, which can be easily calculated
from equation (11) as we did for the Yukawa potential. The bound keeps the divergence at
A1 = 7/2V T > 0, and vanishes for T = 0.

With this family of upper bounds, we are able to prove the existence of the critical line for
several potentials. For example, potentials of the form 1/r" with n > 1 satisfy the condition
1/r" > e "™ /r with T(n) > (n—1)/e, so the critical lines for these potentials exist. In fact,
for A, = 0 there is always at least one bound state with energy 2£y(A;). Since the threshold
is & (A1), from the continuity of the energy in A, we conclude that there exists a region below
the upper bound with A, > 0 where the system has a bounded ground state.

It is also possible to prove the existence of the 2—1 critical line for short-range one-body
potentials that are finite at the origin. For this purpose, we use an exponential potential e =",
which has an upper bound

3(1— 1041 +3217)

T = 222 () = 28 (64)
g b2 = 1)8
As in the Yukawa case, we use this bound to obtain a bound for e™*",
Aty =2 A1) = 29122, (65)

13
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Figure 5. The graphic shows the upper bounds given by (54) and (64) for the exponential potential
and for the Coulomb potential (slash-dotted). Also the bounds for two exponentials are shown
(slashed): e~™" with T = 0.8, 1.2 obtained from (65).

These bounds are shown in figure 5. Note that this bound actually proves the existence
of the critical line for every potential that fulfills

W) > 1, W'(0) > -t

(66)
Wr)>e "Vr>0 for some 1 > 0.

5. Conclusions

In this work, we presented the possible stability diagrams for the ground-state energy for two
identical particles in an external attractive potential. The critical exponent that characterizes
the asymptotic form of the energy near a critical point was also discussed.

The main result of this work is that a rebinding phenomenon may occur for some two-
body systems when the attractive coupling is decreased. As we have showed, this effect is
a consequence of a competition between the attractive long-range external potential and the
short-range inter-particle repulsion of these systems.

Remarkably, for one-body Coulomb attractive potentials the three types of diagrams
discussed in this work are possible.

We also showed that o3, > 1 over a 2-0 line, and hence the wavefunction spreads when
A — )L(ICF for Ay < A;mc) fixed. However, some questions are still unanswered. One of them
is the value of the critical exponent over the 2—1 line. We were unable to obtain this value in
a rigorous mathematical way, but we can argue that a3; = 1, and then a bounded two-particle
solution exists over this line. Over a 2—1 line, the one-particle Hamiltonian has a well-defined
bounded ground state with negative energy. Two identical particles in the ground state have
the same spatial quantum numbers. Then the ground-state function of a two-identical particle

14
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system cannot spread continuously to a state corresponding to one particle bounded and one
particle unbounded, and therefore the critical exponent oy, has to be equal to 1 over a 2—1 line.
This assumption was proved for the two-electron atom [18].

Another open question is the value of the critical exponent at the point (17, 25"”) when
the stability diagram corresponds to case 2.

Acknowledgments

We would like to thank Julio Hugo Toloza, Alejandro Ferron and Belen Franzoni for useful
discussions and critical reading of the manuscript. This work has been supported by CONICET,
SECYTUNC and FONCyT.

References

[1] Jost R and Pais A 1951 Phys. Rev. 82 840
[2] Bargmann V 1952 Proc. Natl Acad. Sci. 38 961
[3] Klaus M and Simon B 1980 Ann. Phys. 130 251
[4] Lassaut M, Bulboaca J and Lombard R J 1996 J. Phys. A: Math. Gen. 29 2175
[5] Juillet O, Fleck S, Theussl L, Richard ] M and Varga K 2001 Phys. Rev. B 63 073102
[6] Chadan K, Kobayashi R and Lassaut M 1999 J. Math. Phys. 40 1756
[7] Chadan K and Grosse H 1983 J. Phys. A: Math. Gen. 16 955
[8] Brau F and Lassaut M 2004 J. Phys. A: Math. Gen. 37 11243
[9] Serra P, Neirotti J P and Kais S 1998 Phys. Rev. A 57 R1481
[10] Kais S and Serra P 2003 Adv. Chem. Phys. 125 1
[11] Ferrén A, Serra P and Kais S 2004 J. Chem. Phys. 120 8412
[12] Ferrén A, Serra P and Kais S 2008 J. Chem. Phys. 128 044307
[13] Simon B 1977 J. Func. Anal. 25 338
[14] Thirring W 1979 A Course in Mathematical Physics I1I1: Quantum Mechanics of Atoms and Molecules (Wien:
Springer-Verlag)
[15] Fliigge S 1994 Practical Quantum Mechanics (Berlin: Springer-Verlag)
[16] Abramowitz M and Stegun I A (ed) 1972 Handbook of Mathematical Functions (New York: Dover)
[17] Gradshteyn IS and Ryzhik I M 1994 Table of Integrals, Series and Products 5th edn (San Diego: Academic)
[18] Hoffmann-Ostenhof M, Hoffmann-Ostenhof T and Simon B 1983 J. Phys. A: Math. Gen 16 1125-31


http://dx.doi.org/10.1103/PhysRev.82.840
http://dx.doi.org/10.1073/pnas.38.11.961
http://dx.doi.org/10.1016/0003-4916(80)90338-3
http://dx.doi.org/10.1088/0305-4470/29/9/028
http://dx.doi.org/10.1103/PhysRevB.63.073102
http://dx.doi.org/10.1063/1.532832
http://dx.doi.org/10.1088/0305-4470/16/5/014
http://dx.doi.org/10.1088/0305-4470/37/46/010
http://dx.doi.org/10.1103/PhysRevA.57.R1481
http://dx.doi.org/10.1002/0471428027.ch1
http://dx.doi.org/10.1063/1.1695552
http://dx.doi.org/10.1063/1.2822285
http://dx.doi.org/10.1016/0022-1236(77)90042-8
http://dx.doi.org/10.1088/0305-4470/16/6/007

	1. Introduction and definitions
	2. General results
	2.1. Existence of
	2.2. Exponent

	3. Examples of the three cases of stability diagram
	4. Long-range, Coulomb one-body potential
	4.1. Existence of

	5. Conclusions
	Acknowledgments
	References

