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In this presentation, we wish to provide an overview of the spectral features for the self-adjoint Hamiltonian of the
three-dimensional isotropic harmonic oscillator perturbed by either a single attractive d-interaction centered at the
origin or by a pair of identical attractive J-interactions symmetrically situated with respect to the origin. Given that
such Hamiltonians represent the mathematical model for quantum dots with sharply localized impurities, we cannot
help having the renowned article by Briining, Geyler and Lobanov [1] as our key reference. We shall also compare
the spectral features of the aforementioned three-dimensional models with those of the self-adjoint Hamiltonian
of the harmonic oscillator perturbed by an attractive ¢'-interaction in one dimension, fully investigated in [2, 3],
given the existence in both models of the remarkable spectral phenomenon called ”level crossing”. The rigorous
definition of the self-adjoint Hamiltonian for the singular double well model will be provided through the explicit
formula for its resolvent (Green’s function). Furthermore, by studying in detail the equation determining the ground
state energy for the double well model, it will be shown that the concept of “positional disorder”, introduced in [1]
in the case of a quantum dot with a single J-impurity, can also be extended to the model with the twin impurities
in the sense that the greater the distance between the two impurities is, the less localized the ground state will be.
Another noteworthy spectral phenomenon will also be determined; for each value of the distance between the two
centers below a certain threshold value, there exists a range of values of the strength of the twin point interactions
for which the first excited symmetric bound state is more tightly bound than the lowest antisymmetric bound state.
Furthermore, it will be shown that, as the distance between the two impurities shrinks to zero, the 3D-Hamiltonian
with the singular double well (requiring renormalization to be defined) does not converge to the one with a single
d-interaction centered at the origin having twice the strength, in contrast to its one-dimensional analog for which
no renormalization is required. It is worth stressing that this phenomenon has also been recently observed in the
case of another model requiring the renormalization of the coupling constant, namely the one-dimensional Salpeter
Hamiltonian perturbed by two twin attractive d-interactions symmetrically situated at the same distance from the
origin.
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1. Introduction

In this work, we wish to further extend our previous research on various types of
point perturbations of Schrodinger Hamiltonians with or without harmonic confinement (see,
e.g., [2-11]) to the physical models utilized to describe three-dimensional quantum dots.

This presentation will try to be an expansion of the detailed spectral analysis carried out
in [1], in the sense that, after briefly reviewing in Section 2 the findings of [1,9] for the case of a
three-dimensional quantum dot with a single impurity consisting of a point interaction centered
at the origin, we are going to investigate in Section 3 the model with two twin attractive point
impurities symmetrically situated with respect to the bottom of the harmonic confining potential.
In Section 2, by analyzing the behavior of the new energy levels created by a point perturbation
as functions of the parameter labeling the self-adjoint extensions, physically characterized by
being proportional to the inverse scattering length (see [1,4]), we are going to stress the analogy
of the presence of the so-called “level crossings” between the newly created eigenenergies of
bound states with a given symmetry and those of the unperturbed harmonic oscillator unaffected
by the singular perturbation pertaining to bound states having the opposite symmetry. We will
also underline the difference between this three-dimensional model and the one-dimensional
one, studied in [2,3], in which the harmonic oscillator is perturbed by a so-called §’'-interaction,
whose quadratic form is given by the expression |0') (¢'].

The first step in the investigation outlined in Section 3 will necessarily be the rigorous
definition of the self-adjoint Hamiltonian representing the energy operator for our model. This
will be achieved by first introducing the usual ultraviolet energy cut-off and then making the
coupling constant dependent on the cut-off itself in such a way that the typical cancellation of
divergences will take place in the norm-resolvent limit once the cut-off is removed.

Once the explicit expression of the resolvent (Green’s function) is obtained, its poles
will provide us with the eigenvalues (energy levels) for the three-dimensional harmonic oscil-
lator perturbed by singular interactions (3D quantum dot with point impurities). The noticeable
difference between the bound state equation pertaining to the model with a single impurity
centered at the origin (described in Section 2) and the one for the singular double well is the
inevitable absence of the simple expression containing the ratio of Gamma functions enabling
us to study all the eigenvalues on an equal footing. Although it is still possible, at least con-
ceptually, to carry out the analysis of the entire discrete spectrum, the operational task is made
quite challenging by the fact that the equation for an eigenvalue pertaining to a bound state with
a given symmetry may not be used for the eigenvalue pertaining to the next upper bound state
with the same symmetry without the modifications needed to cancel the inevitable appearance
of divergences, a procedure outlined in [2,8-11] in the case of the other aforementioned models.

As a consequence, we have necessarily restricted our task to a rather detailed description
of the behavior of the lowest lying eigenvalues (energy levels) of the spectrum with respect to
the variations of the two key parameters of the model, one labelling the self-adjoint extensions
of the operator (or its reciprocal) and the other one given by the distance between either impurity
and the origin.

Given that the findings of our analysis in Section 3 are unavoidably linked to some
possible avenues of future research, we refrain from anticipating them in an abbreviated fashion
at this stage, as they will be summarized in detail in Section 4, the final section in which
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the most important conclusions will be drawn and some perspectives for future work will be
sketched.

2. The three-dimensional isotropic harmonic oscillator perturbed by a single attractive
point perturbation centered at the origin

We wish to start our analysis by revisiting the model used in [1] to describe a 3D-
quantum dot, namely the three-dimensional isotropic harmonic oscillator perturbed by an at-
tractive point perturbation. The spectroscopy of such a Schrodinger Hamiltonian was also fully
investigated in [9] under the restriction of having the impurity, that is to say the point pertur-
bation, situated at the origin. Hence, the Hamiltonian was given by the self-adjoint operator
making sense of the heuristic expression (see [9]):

1< 2 ’ 3
Hz = Hy — B0(%), Hy= = —— 2l = Ya;+ = 2.1
B 0 B (Z‘), 0 2;( dl'?—i_xl) p a; a +2 ( )
(a; and its adjoint being the usual annihilation and creation operators associated with H)).

The eigenfunctions of H,, the Hamiltonian of the three-dimensional harmonic oscillator,

can clearly be expressed in terms of those of their one-dimensional counterparts, namely:

Although, in this case, the radial symmetry of the model could obviously be exploited,
as was done in [1], we adhere to the Cartesian framework used in [9] in view of our prospective
investigation of the model in which H, is perturbed by two attractive deltas. Before moving
forward, it is crucial to notice that the function:

o0

(Ho— E)70,) =)

|7|=0

W,7(0)
(1271 + 3 — E)

Vs (7) (2.2)

is square integrable. In fact, by considering without loss of generality only negative values
of F, by means of Parseval’s identity, we obtain the following estimate:

N V35:(0) N ¥34(0)

< - =
(12 + 2 - B)" ~ 52 (200 + ) (200 + 1) (205 + 1)*°

ST RO N R
[Z (2n + 1/2)2/3] =%

n=0

|7i|=0

(2.3)

taking into account the well-known pointwise decay of the harmonic oscillator eigenfunctions
(see, e.g., [12,13]), precisely that lim n'/*4,(x) < co, for any fixed .
n—oo
As was shown in [9], using the coupling constant renormalization procedure, Hg is
rigorously defined (for any [ different from zero) by means of its resolvent, namely:

By — (i gy (Ho BN = B0

-1 _ 0o \Ilgﬁ(o)
B = B\ Xm0 () (ar3-2)

for any negative £ below Ej (), the ground state energy (lowest eigenvalue) of Hjg, that is to
say the first root of the equation:
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= N v3:(0)
Cr nzo (127 +3) (127 + 3 — E) 2.5)

as was done in [9] (and in similar contexts in [2,8, 10, 11]), the series on the right hand side
of (2.5) can be recast as an integral. This can be achieved by taking advantage of two crucial
properties that will be exploited throughout this work: the well-known integral relationship
between the resolvent and the semigroup of any semibounded operator for any E below the
lowest point in the spectrum (see, e.g., [14] page 204), as well as the fact that the integral
kernel of the semigroup of the three-dimensional harmonic oscillator is perfectly separable
(see [1] page 1278), such that (2.5) reads for any F < 3/2:

( Et _
7r3/ 2 % t, (2.5a)

or equivalently,

- = / 1_6 o Yt (2.5b)

By means of a simple change of variable inside the latter integral, (2.5b) can be rewritten as an
integral over a bounded interval (involving Mehler’s kernel):

!
-1 _ 1 £2 ( P - 1)
L= 0/ (1 - 52)% d€. (2.5¢)

By setting o = 1/5 and

~ 1—¢3 I'(3/4)
ap =Byt = / cdE = =~ (.107585,
TR et T T
(2.5¢) can be further transformed into:
F ]
a— oy = 5 dg. (2.5d)

\/_ 1-eyp

In perfect analogy with what was done in the aforementioned articles, the integral on
the right hand side can be converted into a ratio of Gamma functions as follows:

G-
(-5

It is crucial to realize that (2.5e¢) holds also to the right of £ = 3/2, enabling us to
determine all the eigenvalues and not only the ground state energy. Of course, our analysis in
this work is entirely consistent with what was observed in [9] (see the final remark in [2] as
well). The graph of the ground state energy as a function of the extension parameter o« = 1/
is shown below (Fig. 1). As is evident, Ey(a) — 3/2 as a — +o0.

Qp — X =

(2.5¢e)
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F1G. 1. The ground state energy of the 3D-isotropic harmonic oscillator per-
turbed by an attractive point interaction situated at the origin as a function of the
extension parameter o« = 1//3

At this stage, it might be worth recalling that the corresponding bound state equation for
the one-dimensional Hamiltonian:

bla) = e = 3 (=3 +2*) = ZW) @)

defined rigorously by means of its resolvent in two different ways in [2,3], is instead:

rE-3) ['(3/4)
P—a=2-—4 27 P =2 = 0. . 2.
o o) T (% - %)7 o I(1/4) 0.675978 (2.6)

Conversely, the corresponding bound state equation for the one-dimensional Hamiltonian is:

b = 3 (—a + ) =20 = 5 (4 + ) — M) (o),

taking account of the obvious identity in the sense of quadratic forms between the d-interaction,
namely the quadratic form |0) (|, and the so-called d-potential (whose quadratic form is in-
stead (-, d-)), reads:

2.7)

(see [2,8,15]).

The fact that (2.7), unlike (2.5¢) and (2.6), involves only the coupling constant is a
clear manifestation of the fact that A(\) can be easily defined by means of the KLMN theorem
(see [16]) without the renormalization required for the other two models.

The higher energy levels are even more interesting, as they exhibit the phenomenon
called “level crossing”. As was pointed out in [2] (see also a similar remark in [9]): “as a

consequence of the presence of the point perturbation acting only on states with zero angular
20+ 1) (20 + 2)

3
momentum, the -degeneracy of the eigenvalue Fo = 2| + 3 gets lowered by

one due to the emergence of the simple eigenvalue generated by the perturbation. Such a
simple eigenvalue, regarded as a function of the extension parameter o, does cross the next

lower unperturbed eigenvalue Ey_ 1 = (21 — 1) + 2
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As can be seen in Fig. 2, it is quite noteworthy that all these level crossings take place
exactly at a = oy (approximately equal to 0.107585), adopting the renormalization used in [9].
As was stressed in [2]:

“by using instead the alternative renormalization (3.6), the location of all the level
crossings would be exactly &'®) =0, leading to the graph shown in Fig. 4(a) of the aforemen-
tioned paper by Briining, Geyler and Lobanov”.

-2k 1 1 1 ’ 1
-3 -2 -1 Ju] 1

F1G. 2. The ground state energy and the next two symmetric eigenenergies of
the 3D-isotropic harmonic oscillator with an attractive d-perturbation situated at
the origin as functions of the extension parameter o = 1//3

The very same phenomenon observed in [2] for the one-dimensional Hamiltonian A(«),

for which all the level crossings take place exactly at a = ozélD) (approximately equal to

0.675978) using the renormalization (2.4a) of that paper, is to be regarded as being even more
remarkable. Citing again our considerations in [2], it can be stated that:

“from the point of view of the structure of the spectral curves representing the eigen-
values (energy levels) as functions of the extension parameter and neglecting the degeneracy of
the three-dimensional eigenvalues, the harmonic oscillator perturbed by the point interaction
considered here (|0'(x)){(8'(x)|) seems to be a more legitimate one-dimensional counterpart
than the delta distribution as the latter bears no resemblance of the 3D-level crossing involving
eigenstates of different symmetry. Having stated that analogy, an important difference must
also be pointed out: whilst in the case of the perturbed isotropic oscillator the eigenenergy
of the simple eigenvalue created by the point interaction (emerging out of a degenerate level
with an even value of the total angular momentum) can cross the next lower unperturbed level
(having an odd value of the total angular momentum) beyond a certain threshold of the key
parameter of that model, something of an opposite nature occurs in the one-dimensional model
being studied here: each perturbed odd eigenvalue can fall below the next lower unperturbed
even eigenvalue beyond a certain threshold. As a consequence, the symmetry of the ground
state wave function can change in the case of a sufficiently strong §'-interaction (the ground
state wave function being given by an odd function discontinuous at the origin)”.

The spectral features of the Hamiltonian for our perturbed isotropic oscillator described
in the previous remarks can be visualized in the above graph (Fig. 2) displaying the new ground
state energy FEp(c) and those of the two symmetric bound states Es(«) and Ejy(a) which
emerge from the 7/2 and 11/2 levels as a result of the perturbation and are confined inside the
intervals (3/2,7/2) and (7/2,11/2), as functions of the extension parameter, as well as their
level crossings with the unperturbed antisymmetric states £ = 5/2 and E = 9/2. Both of these
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occur, as anticipated above, at @ = o (approximately equal to 0.107585). It is worth reminding
the reader that the degeneracy of £ = 7/2 has been lowered to five and that of £ = 11/2 to
fourteen.

3. The three-dimensional isotropic harmonic oscillator perturbed by two twin
attractive point perturbations symmetrically situated with respect to the origin

We wish to continue our analysis of the three-dimensional model by considering the
heuristic Hamiltonian:

Higzy = Ho — B[6(F — %) + 0(Z + To)], & = (20,0,0), x> 0. (3.1)

As pointed out in the final remarks in [17] (see also the references therein), the model
with a singular double well has been increasingly utilized in the recent condensed matter theory
literature “since, in combination with a cubic nonlinearity, it leads to a particular type of the
nonlinear Schrodinger equation for Bose-Einstein condensates (Gross-Pitaevskii equation)”.

By essentially mimicking what was done in [2,9], we can start by performing the
standard ultraviolet cut-off and making the coupling 1 = p(¢,5) > 0 dependent upon the
related upper limit 0 < ¢ < +oo for the energy, which leads to the introduction of a perfectly
defined self-adjoint Hamiltonian:

¢
Hypay = Ho—p(6,8) Y W) [Up(F0) Ui (o) + Up(—To) W (—0)] (T, (3.2)
|1]=0,|m:=0

which implies that for any sufficiently negative £ we can write:
Hi iy — B =(Ho — B)V2{T — (e, B)[|(H§ — B)/2(, —30)){(H — B) (=, )|+

[(HG — BY7V2(, 30) ) ((HE — B)™ (70, )] b(Ho — B)'.

(3.3)
Therefore, in order to explicitly write the resolvent of the left hand side of (3.2), it is
crucial to determine the inverse of the operator inside the curly brackets on the right hand side
of (3.3). We wish to remind the reader that the expression of the resolvent given by the inverse
of (3.3) is known as Tiktopoulos’ formula, commonly used in dealing with perturbations of
semibounded operators (see, e.g., Theor. VIIL.25 in [18]). It is worth noting that in the latter

expansion of the resolvent the crucial role is played by an operator of the type:

(A+D)7V2A, - AA+T)"Y2 A>0,
which is isospectral to the more widely investigated Birman-Schwinger operator (see, e.g., [19,
20] in the case of perturbations of the negative Laplacian in one dimension). In perfect analogy

with what was done in [7,11,17], it is possible to rewrite the operator of rank two inside the
square brackets on the right hand side of (3.3) as follows:

|(HS—E)_1/2(',—50>> <(HS—E> 1/2 Z }_’_’ HZ 1/2 f >< Hé 1/2 )‘ —
2| | = )2, 7)) (S — )@, |+u# m;W )MU%—@JW%JW

(3.4)
where

¢
1 = Wi () .
(Hf — EY;Y2(2,7) = Z 21370 7 Uoz (),
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4

¢2n1+1(5f0)¢2n2 (0)¢2n3 (0)
=0 (2n1 + 2no 4+ 203 + 5 — E)

1/2 2anl-&-l (17)1/}2712 (y)@ban (2) )

which implies their mutual orthogonality.
By essentially mimicking what was done in the aforementioned papers, it is rather

straightforward to obtain the algebra for the powers of the rank-two operator on the right hand
side of (3.4):

{2 [|(H§ — E);'2(-, %) ){(Hy — E); (%, )|+
] — By (G - B )]} =

2m+l{ [(HE — B); (@0, %)) ™ [(HE — B)7V2(,8)) (HS — E);V2(&, )| +
W%—BQ@MMWK%—EmW@%»W%—EJW%JG,Qﬂ
given that:
Wi () B
H(Hg—E)sl/Q H = ﬁz_: ﬁgjg = (Hg—ELl(foafo)’

and similarly for the square of the norm of (Hg — E);Sl/ 2 (Zo,-). Hence, the inverse of the

operator inside the curly brackets of (3.3) can be written as a new rank-two operator:

: A Or 12
e — (HE = B). (T %)’(Hg_E)s (. 20) ) (Hy — ), (@.)| +
_ - (3.6)
1 - -
(He E)_l (f ‘f ) ’(Hg - E)a51/2 ( ’ _»0>><(H£ E)a51/2 (foa >‘
(65 as 0, L0

Therefore, the inverse of the operator on the left hand side of (3.3) is:

(Hipay — E) ' = (Ho— BE) ' +
1

— (H§— B) . (70, )
1

~ (H{ - E),. (&, 7o)

|(HE = B). (@0 ) ((HE - B) (@0, )|+

_1
2u(¢,8)

-1, -1,
1 (5 = B), (.70) ) ((HE = B), (70, G
2u(£,8)
At this stage, we need to thoroughly investigate what occurs when the ultraviolet cut-off
gets removed, that is to say the behavior of (3.7) as £ — +-o0.
As a consequence of the simple estimate:
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(Zo, -) will converge in the Hilbert space norm to the

276
-1

0~ ),
(3.9)

it is immediate to realize that (H ¢
\IJQ $o —
n \Ilgﬁ(l')

Z 27|+ 2 - E

(HO_ES .l’o,
|7i[=0

The latter convergence implies in a straightforward manner that the rank-one operator

(15— ) (7)) ((H = B), (@,1)],

will converge in the trace class norm to the following
((Hy — E), " (-, %) ){(Ho — E); " (Zo.-)|-

following:

Similarly, it follows that:
‘(HOZ o E);sl <'7 fo>><(H£ - E);sl <fO7 )‘ — |(H0 - E);sl ( fO)><(HO - E);sl (xOJ
0

1/2 w2n1+1 (x)w2n2 (y>¢2n3 (’Z)

with
= 1/}2711-&-1 (xo)%nz (0)1/}2”3( ) (310)

(HO_E)as (.Io,f) = s
|ﬁ|:0 (2711 + 2712 + 2n3 + 5 E)
Therefore, the only problem caused by the removal of the ultraviolet cut-off is the
divergence of the series inside each denominator in the second and third term on the right hand
side of (3.7). However, we still have the freedom of choosing the /-dependence of u(¢, ) in
such a way that the typical “cancellation of infinities” may take place. Let us set:
¢
1 1 v2.(0)
—+ 2n (3.11)
Wt.5) B lZ 2] + 3
or equivalently:
—1
wu(l, 1+ . 3.11b
it is clear that

=0
in [2,3,9, 17],

In perfect accordance with the use of the term “attractive”
(¢,8) > 0 for the large values of ¢ involved in the limit, regardless of the sign of 5. This
makes the singular interaction attractive because of the presence of the negative sign in the

second term in (3.2). Hence, for any £ < 3/2:
¢ ¢
1 y -1 . 1 1 w20 gq To)
_ _E = 1 Z E E il 3.12
2#(575) ( 0 )s ($0,$0 ﬁ 9 = ﬁ % —I—% B’ ( )
and
1 y -1
_ _ E — — —
a3y~ (o™ Py (o0
¢ ¢
Z|2 |+ |Z:02n1+2n2+2n3+g—E’ '

(as will be seen shortly, considered separately, the latter expression is well defined for any

E <5/2).
By taking advantage of the integral representation for the resolvent of the three-dimensional
harmonic oscillator for any F' < 3/2, that is to say the aforementioned Mehler’s kernel, as well
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as of the explicit expressions of the symmetric and antisymmetric components of the integral
kernel of the semigroup for the one-dimensional harmonic oscillator established in [11], the
limit of the right hand side of (3.12), as £ — 400 can be written as:

1

1
11 ¢ ¢ B
ﬁ + 973/2 / (1— 52)3/2615 - / (1— £2)3/2 ¢ | =
0

0 e - (3.13)
1 1 1 51/2 [1 _ g—E <e*"”017+§ + e*xoﬁﬂ
R b
0
Similarly, for any £ < 5/2, the limit of the other denominator is given by:
1 51/2 — (e—mg% . e—x%%ﬁ)]
27T3/2 / By d¢ < o0, (3.13a)
0

taking into account that, as pointed out in [11], we have:

— P ol 4 _2%
£ 1(6 Po0Tre — ¢ 70T >—>4x0,

as £ — 0, which implies that ¢/2~% (e—zéi—;é —e ”C%rg) has an integrable singularity at 0,
as long as F < 5/2.

Hence, for any xy > 0 and any £ < 3/2 (resp. E < 5/2), the difference of the two
divergent series on the right hand side of (3.12) (resp. (3.12a)) yields a finite limit. Then, it is
not difficult to prove that, as a consequence of the first resolvent identity, the same holds at any
other point away from o (Hy).

Therefore, the norm resolvent limit of (3.7) after removing the ultraviolet cut-off is given
by:

[(Ho — E), " (-, ))((Ho — E), " (&, )]
0

(Ho—E)"" +

(3.14)

1 ¢ \I/%FE(O) ‘ ,lvb%nl-i-l ($0)¢§n2( )¢%n3( )
52 Z|:2n1+2n2+2n3+——E
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In particular, for any F < 3/2, we have the following integral representation:

}(Ho - E);l (.73‘;’0)><(H0 _ E)gl (7, )
: 1 /1 o [1 —¢ (Wg%g 4o

ﬁ + 973/2 (1—¢&2)32
0

(Ho— E)"' +

il

N————

[
N
Iy

((Ho — E),. (-, %0)){(Ho — E), (%,")

263 2m3/2
0

By essentially mimicking the proofs used in some of the above-mentioned papers [2,9,
17], it can be rigorously shown that the latter operator is indeed the resolvent of a semibounded
self-adjoint operator for any F below FEy(3), the lowest zero of the denominator in the second
term in (3.14) and (3.14a). Furthermore, the explicit form of the resolvent clearly implies its
analyticity in norm in close proximity to 0 (since we have an analytic family in the sense of
Kato, see [14,21]) as a function of f.

The results obtained so far can thus be summarized in the following theorem.

Theorem 3.1. The rigorous Hamiltonian of the three-dimensional isotropic oscillator,
perturbed by two identical attractive point interactions situated symmetrically with respect
to the origin at the points £%y = (+x0,0,0), xg > 0, making sense of the merely formal
expression (3.1), is the self-adjoint operator Hg z,, whose resolvent is given by the bounded
operator (3.14). The latter is the limit of the resolvents (3.7) (of the Hamiltonians with the
energy cut-off defined by (3.2)) in the norm topology of bounded operators on Lo(R*) once the
energy cut-off is removed. Furthermore, Hg 3, regarded as a function of (3, is an analytic
family in the sense of Kato.

Of course, unlike the Hamiltonian analyzed in Section 2, we can no longer hope to have
the bound state equation expressed in terms of a ratio of Gamma functions.

Nevertheless, since the limit of the difference of the divergent series appearing in the
first (resp. second) denominator of (3.14) gives rise to a smooth multibranch function of the
energy parameter, with its vertical asymptotes given by the symmetric (resp. antisymmetric)
eigenvalues of the unperturbed Hamiltonian, we can rely on the findings of [8-11] to have it
expressed in terms of an integral that will have to be suitably modified for each single level in
order to avoid the unpleasant appearance of divergences.

Remark. In perfect accordance with what was observed in [10] for the analogous
one-dimensional model with a single point impurity centered away from the origin, and in [11]
for the model having a pair of twin impurities symmetrically situated with respect to the origin,
it is worth pointing out that whenever the location of the impurities coincides with a node of
an eigenfunction for the one-dimensional harmonic oscillator (here we are obviously excluding
the trivial case xy =), then the corresponding eigenenvalue will not be affected at all by the
singular perturbation. In other words, if

Yom, (0) =0, 9 >0 (respectively 1y, 11(x9) = 0),
then

Vo (T), M= (m1,ma,mz)  (resp. Yam,+1(T)V2m, (Y)V2ms (2)t)
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belongs to the kernel of the first (vesp. second) rank-one operator in (3.14) and the corre-
sponding eigenvalue

3 5
|2m| 4+ 5 (resp. 2my + 2mso + 2ms + 5)

will stay in the spectrum with its original multiplicity.
Hence, for any F < 3/2, the equation determining the ground state energy is given by:

L 154/2[5—E:<6—x35£ 4_€—ﬂ%%%§> _.1}

Z = o / e de. (3.15)
0

By setting o = 1/3 and

1 : <€—x3%§ + 6_:8%%) — &2

+ _

ag (xg) = 5 / TETDEE dé < oo, (3.15a)
0

the equation can be exactly recast in a manner that is completely analogous to (2.5d), that is to
say:

N ) (e—w%%é + e—w%%>
s / de. (3.15b)

a — Qg (l‘o) = 372 (1 _ 52)3/2
0

The graph for the solution of the above equation, i.e. the ground state energy as a function of
the extension parameter, is shown below in Fig. 3 for zy = 0.2.

0.a

0.4h

1.0

1.5

F1G. 3. The ground state energy for the 3D-isotropic harmonic oscillator per-
turbed by a pair of identical attractive point interactions symmetrically situated at
a distance x(y = 0.2 from the origin as a function of the extension parameter

a=1/8

Similarly, the equation determining the energy of the lowest antisymmetric bound state
for any £ < 5/2, namely:

R I S A
%:ﬁpjgmkEGo+ - ﬁ 4%, (3.16)
0
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after setting

. 1 (e—zg% _ e—x%%) 1/2
ag (o) = 5 0/ (DL dé < oo, (3.16a)
can be recast as:
L b (eVE ) (e—w%% _ e—x%i#)
a —ag (20) = 73 / SLE dé. (3.16b)
0

The graph for the solution of the above equation, representing the energy of the lowest anti-
symmetric bound state as a function of the extension parameter, is shown below in Fig. 4 for
Ty = 0.2.
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F1G. 4. The energy for the lowest antisymmetric bound state of the 3D-isotropic
harmonic oscillator perturbed by a pair of identical attractive point interactions
symmetrically situated at a distance xy = 0.2 from the origin as a function of the
extension parameter o = 1//3

By further exploiting the technique developed in the aforementioned papers [8-11] to
obtain cancellation of the divergences as we move to the right of £ = 3/2, we can also study
the equation determining the second symmetric bound state energy.

Given that:

1U30) WA

l l
1 < W2(0) W2 (7))
- lim =y —2i 21t 3.17
273/2 3/2-F ik 2|le2ﬁ\+§ Zlyzﬁ\Jrg—E » G17)
and
w3(0) [ e VR(0) 1
0 1 T e
0 _ 1/2d 0\0 /1/2Ed
o 7 [ e T = S [ erra
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the equation determining the second symmetric bound state energy is given by:

1

1 2—382 2 1 1/2 1 — 23/2_1
1_ e N /f [(1-¢%) }d§+
B (3/2—E)w3/2  3md/2  r3/2 (1— £2)3/2
0
| e [emhUnO/050) 4 e 110/00) _ geri(1 — g2y

0
Since the quantity

e~ 0(1-0/(1+6) 4 o~23(1+6)/(1-§) _ 9,—3 (1- 52)3/2

behaves like c£? + O(£*) in the region to the right of the origin, it is quite evident that the
numerator inside the second integral on the right hand side of (3.18) has an integrable singularity
at the lower limit of integration for any F < 7/2, that is to say the third eigenvalue of the
unperturbed 3D-isotropic harmonic oscillator. One can immediately notice that both integrals
on the right hand side of (3.18) diverge as & — 1_. However, by rewriting their sum as:

) /1 €172 {(1 P g [geﬂ% (1— €2)%? — e—280-9/0+8) _ 67m3(1+s>/(175>] }

dg
73/2 ~ 2\3/2 ’
J (1-e)
it is a bit tedious but straightforward to check that:
g1/2 {(1 @y g [ge—w% (1 - €2)*? — emwd-9/0+8) _ e—w8(1+£)/(1—5)} }
— Lg < 00,

1—¢&2
as £ — 1_, which implies the integrable nature of the singularity at the upper limit of integration
and, therefore, the cancellation of the two divergent quantities on the right hand side of (3.18).
Hence, for any 3/2 < E < 7/2, the equation determining the second symmetric bound state
energy can be recast as:

1 2e~% 2 1

B (3/2—E)m2  3x3/2 T

L g1/ {(1 _ 52)3/2 _¢E |:2€—m(2) (1- éf2)3/2 _ o 73(1-0)/(14€) _ e—x%(l—i—f)/(l—f)]}
(1-¢)"?

The latter equation can be further transformed into:

d¢. (3.18a)

S —

2e~% ) 1
a—af ‘

()= GR-B)7  3r o~
[ L ¢1/2 {(1 @y B [26713 (1— €2)%? — e~e80-9/0+8) _ 67x3<1+5>/<175>} }
0

(1-g2)*? o

1
/ — e~ 23(1=6)/(1+6) _ a3 (1+6)/(1-€)

/
J (1-&)"

Figure 5 shows the plot for the counterpart of Fig. 2 for o = 0.2 with the five lowest
eigenvalues, namely Fy(«), Ei(a), Es(«) (clearly omitting their dependence on z to make the

dg] . (3.18b)
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notation less cumbersome), the new eigenenergies created by the pair of twin point interactions,
in addition to 5/2 and 7/2, whose degeneracy has now been lowered to two and five respectively.

-0.2 -0.1 0.0 o1 0.2 03 0.4

F1G. 5. The ground state energy and the next two eigenenergies created by two
identical attractive J-perturbations situated symmetrically at the same distance
from the origin, xy = 0.2, as functions of the extension parameter o = 1/

It is worth stressing that, in addition to level crossings of the same type as those
encountered in the aforementioned articles [1,9], which occur in the case of a single J-impurity,
involving the new eigenvalues created by the point perturbations and the eigenvalues of the
unperturbed harmonic oscillator preserved under the perturbation due to their degeneracy, two
further level crossings of a new type involving F;(«) and Ex(a) (the two new energy levels
created by the singular double-well perturbation above the ground state one), can be observed
at the values ay (approximately equal to —0.126478) and a3 (approximately equal to 0.309201).
It seems rather remarkable to us that, for such a small value of the distance x, there is a
range of values for the extension parameter «, namely the interval (aws, «3), inside which
Es(«a) < Ei(a). In other words, when the coupling is sufficiently strong (taking account of
the fact that o = 1/B) and the distance between the two centers is sufficiently small (this
point will be made more precise shortly), the second symmetric bound state created by the
singular perturbation can become more tightly bound than the lowest antisymmetric bound
state. Furthermore, the energy level created by the perturbation at oy (resp. «s) is doubly
degenerate, since Ey(as) = Ea(ag) (resp. Ey(as) = Ea(as)).

In addition to the value oy (approximately equal to 0.356236), where Fs(a) = 5/2, it
is also worth including the value «; (approximately equal to —0.198151) where E)(a) = 3/2,
even though £ = 3/2 is no longer an eigenvalue. Then, the spectral features displayed in Fig. 5
can be summarized in Table 1.

Next, we will show how an increase in x affects the energy levels considered before. As
clearly shown by the comparison between the graph of the ground state energy as a function of «
in Fig. 6 for o = 0.4 and its analogue in Fig. 3 for o = 0.2, we have Ey(«;0.2) < Ep(c;0.4)
for any a.

Although we cannot strictly use the definition of “positional disorder” given in [1] for
the 3D-isotropic quantum dot with a single impurity because of the presence of the vector
—Xo in our model, we, nevertheless, believe that the concept is still valid in the sense that
the greater the distance between the two impurities is, the less localized the ground state will
be. It might be worth noting that this is in full agreement with our findings in some of the
aforementioned papers [7,11,17] on one-dimensional singular double wells (see also [10]).
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TABLE 1. The ordering of the five lowest eigenvalues over the corresponding
five intervals of the extension parameter for zy = 0.2

a < a Eo(a) < Ey(a) < 3/2 < Ey(a) < 5/2

o << Eo(a) <3/2 < Ey(a) < Exy(a) < 5/2

as < a<ag Eo(a) < 3/2 < Exy(a) < Ey(a) <5/2

az < a <oy Eo(a) < 3/2 < Ei(a) < Ey(a) <5/2

ay < « Eo(a) <3/2 < Ey(a) <5/2 < Ey(a) < 7/2

L L L L L L
-0.2 a0 0.2 0.4 06 ] 10

F1G. 6. The ground state energy of the 3D-isotropic harmonic oscillator perturbed
by a pair of identical attractive point interactions symmetrically situated at a
distance xo = 0.4 from the origin as a function of the extension parameter

a=1/p

The graph of the lowest antisymmetric eigenvalue created by the singular double well
when the separation distance becomes xy = 0.4 is also provided below (Fig.7).

We now wish to provide the analog of Fig. 5 for g = 0.3 (Fig. 8).

As can be clearly seen in the plot, a remarkable change in the energy spectrum has
now occurred: for any value of the extension parameter we have FE)(a) < Es(«), that is
to say, the new energy levels created by the double well perturbation completely avoid each
other, borrowing the terminology used in articles such as [22] on the spectral phenomenon
called “level repulsion” or “avoided level crossing”. Of course, we still have the level crossing
between Fs(a) and 5/2, the antisymmetric eigenvalue of the 3D-isotropic harmonic oscillator
whose degeneracy has now been lowered to two by the perturbation.

The threshold value of z(, denoted by X; in the following, can be determined by ob-
serving that for that particular value, the two spectral curves Fj(a, X;) and Fs(a, X;) must
have the same value as well as the same partial derivative with respect to the extension parame-
ter a. Hence, X, is the second coordinate of the point representing the solution of the following
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1 1 1 1 1
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F1G. 7. The energy for the lowest antisymmetric bound state of the 3D-isotropic
harmonic oscillator perturbed by a pair of identical attractive point interactions
symmetrically situated at a distance xy = 0.4 from the origin as a function of the
extension parameter o« = 1//3
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F1G. 8. The ground state energy and the next two eigenenergies created by two
attractive J-perturbations situated symmetrically at the same distance from the
origin, 2o = 0.3, as functions of the extension parameter o« = 1//3

system:

Ei (o, x0) = Ex(a, xp); 31
), o, (3.19)
9o 1(a, 7g) = Dar 2 (v, o).

For any fixed value of the distance z, the function E;(«, zo) with domain given by the
entire real axis and range (—oo, 5/2) has its inverse given by a1 (E, zo) with domain (—o0, 5/2)
and range equal to the entire real axis.

Similarly, if we restrict Es(a, o) to the domain (—oo, a*| and range (—oo,5/2|, with
Es(a, xg) = 5/2, its inverse function is as(E, z) with domain (—o0, 5/2] and range (—oo, a].
Both functions can actually be written in terms of explicit integrals and functions:

21+

7T3/2 / (1 . €2>3/2
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2¢~ % 2 N 1 y
(3/2— E)m32 332 " 732

L g1/2 {(1 A o [ge—xa (1 — €2)%% — e—eB01-9)/0+8) _ e—x3<1+f>/<1—e>] }
(1-¢)*?

OéQ(E, 'IO) -

dg

0

(of course, we could alternatively use (3.16b) and (3.18b)).

Consequently, also taking into account the well-known theorem on the derivative of
the inverse function, instead of obtaining X; by solving the system (3.19), it is easier from a
computational point of view to derive its value by solving the system:

a1 (B, z0) = az(E, x); (3.19a)
. a

0 0
8_Ea1 (E, Z‘o) = a—EOéQ(E, Io).
The numerical solution of (3.19a) is the point with coordinates £ = F; (approximately
equal to 2.29949), x( = X; (approximately equal to 0.2339644), where both functions «; and as
attain the value «; (approximately equal to 0.0829). The plot of the tangential contact between
the two spectral curves for xy = X; is provided below in Fig. 9.
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F1G. 9. The curves of the two eigenenergies F;(«, X;) and Eq(«, X;) (X, being
approximately equal to 0.2339644) intersecting each other tangentially at @ = o
(approximately equal to 0.0829)

Hence, what has been seen regarding the three different spectral configurations for the
two energy levels Fj(«a, ) and Fs(«, ) can be summarized by means of the following
Table 2, which clearly shows the role played by the threshold value xq = X;.

The table thus makes our earlier statement written below Fig. 5 more precise: for
any xy < X, there exists an interval (cs(xg),as(xg)) (using the same indices used above)
of values for the extension parameter « (or equivalently of its reciprocal () for which
Es(a,zp) < Ei(a,z0). In other words, as the values of |a| in that range are rather small
(c2(0.2) approximately equal to —0.126478 and «3(0.2) approximately equal to 0.309201 in our
previous example) and the corresponding values of |3 are large, such a singular configuration
of those two eigenvalues (energy levels), characterized by having the second excited symmetric
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TABLE 2. The three possible configurations involving the two energy levels
Ey (o, z0) and Ey(«, o) as the distance parameter x varies

two distinct intersections between
El(Oé, [L‘()) and EQ(O[, CL’())

xo = X; = 0.2339644, | one tangential intersection between
a; 22 0.0829 Ey (o, zo) and Fs (v, xp)

xo < X3 = 0.2339644

no intersection since

20 > X, = 0.2339644 Ey(a, z0) < Bs(av, )

bound state more tightly bound than the lowest antisymmetric one, can only occur by shrink-
ing the distance between the two impurities below the threshold and raising their strength.
Moreover, it can be seen that the interval expands as x shrinks to zero.

Therefore, it might be fair to say that a wider separation of the two zero-range impurities
makes the structure of the spectrum more similar to that of the unperturbed isotropic harmonic
oscillator. As a matter of fact, it is not difficult to convince oneself that, for any fixed value
of the coupling 3 (or, equivalently, of the extension parameter /), the denominators of both
rank-one operators in (3.14) or (3.14a) are bound to diverge as xy — +oo. Hence, the resolvent
of our Hamiltonian will approach that of the 3D-isotropic harmonic oscillator in the limit
x9 — +00. As a result, that is in perfect agreement with its one-dimensional counterpart
established in Theorem 2.2(a) in [11].

However, a sharp contrast with the one-dimensional model occurs for the opposite
limit analyzed in Theorem 2.2(b) in [1I]. In fact, by noting that the right hand sides of both
(3.15) and (3.16) become divergent as xy — 0., it is clear that the lowest eigenvalue of our
Hamiltonian will decrease without any lower bound as the distance shrinks to zero. Therefore,
in sharp contrast with the one-dimensional case, we cannot expect in the limit x; — 0, to
obtain the operator studied in Section 2 with the strength of the point interaction doubled. It
might also be worth reminding the reader that, as is well known to Quantum Chemistry students,
three-dimensional interactions with a nonzero range do not manifest this singular behavior as
the distance between the two centers shrinks to zero, as the classical textbook example of Hy
smoothly approaching He™ in the limit R — 0 clearly shows (see [23-25]).

The same singular spectral phenomenon has been recently observed in [17] where an-
other model requiring a renormalization procedure, that is to say the one-dimensional Salpeter
Hamiltonian with a double well of identical attractive point interactions, was investigated. Our
spectral finding in this work confirms the general conjecture formulated in the above-mentioned
paper that, when we deal with point interactions requiring the renormalization of the coupling
constant (either because of the higher dimension or because of the different kinetic term), we
must inevitably give up “the intuitive idea that in the limit (xro — 0.) the eigenvalue should
approach the ground state energy pertaining to a single delta with double strength”.

In analogy with what was proved in [17], it will be shown in a forthcoming paper
that the only possible way of obtaining the expected behavior in the limit also in the case
of the operator investigated in this work is to make the coupling constant p(¢, 5) used in the
renormalization procedure suitably dependent on the separation distance z.
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4. Conclusions and perspectives

After reviewing the spectral features of a three-dimensional isotropic quantum dot with
an attractive point impurity situated at the origin (the bottom of the confining harmonic po-
tential), a model investigated in papers such as [1,9,26], the model in which a pair of twin
attractive point impurities gets inserted into the 3D-isotropic quantum dot has been studied by
first defining in a rigorous manner the self-adjoint Hamiltonian representing the energy operator
for such a model. Since the energy eigenvalues are given by the poles of the resolvent, its
explicit expression has enabled us to start the spectral analysis of the model. Although the
bound state equation no longer has the simple expression involving a ratio of Gamma functions,
as was the case in the presence of a single impurity centered at the origin, it is still possible to
carry out, at least conceptually, the required spectral analysis.

Here, we have restricted our task to a rather detailed description of the behavior of
the lowest lying spectrum eigenvalues (energy levels) with respect to variations of the two
key parameters of the model, one labeling the self-adjoint extensions of the operator (or its
reciprocal) and the other one given by the distance between either impurity and the origin.

The important spectral phenomenon called “positional disorder” singled out in [1] (see
also the references cited therein as well as [10]) in the case of a single point impurity located
away from the origin retains its validity in the sense that the more separated the twin impurities
are the less localized the ground state is.

In addition to the level crossings involving the spectral curve of each new singular
perturbation-created eigenenergy and the next lower eigenvalue of the unperturbed harmonic
oscillator (still present in the spectrum because of its degeneracy), another seemingly more
noteworthy spectral phenomenon occurs. There exists a threshold for the separation distance
between the twin impurities, above which, the spectral curve Es(a, z), representing the energy
of the second symmetric bound state, lies entirely above E(«,zy), the curve pertaining to the
energy for the lowest antisymmetric bound state. Below that threshold, there exists a range of
values of the extension parameter, which is physically characterized by being proportional to the
inverse scattering length, over which Fs(«, xy) < Fy(a, xp), implying the existence of two new
types of level crossings. From the point of view of what could be called “spectral engineering”,
the latter implies that the second symmetric bound state can become more tightly bound than
the lowest antisymmetric bound state provided the separation distance is below the threshold
and the extension parameter is sufficiently small. At the threshold value we have shown the
existence of a single tangential intersection between the two spectral curves. As a consequence,
the narrower the separation between the impurities is, the wider the aforementioned range is.

The current analysis could be further extended to the next higher eigenvalues to explore
the existence of other distance thresholds leading to level crossings of the new type.

It has also been pointed out that, in full accordance with the findings of [17] for another
singular double well model requiring renormalization of the coupling constant, and in total
contrast to those of [11] for the one-dimensional counterpart of the model studied in this note,
not requiring the renormalization procedure, the limit of our Hamiltonian as the separation
distance shrinks to zero is not given by the Hamiltonian of the 3D-isotropic quantum dot with
a single point impurity centered at the origin having twice the strength. It is our intention to
prove in a forthcoming paper that the expected behavior in the limit can be achieved by making
the coupling constant used in the renormalization procedure also dependent on the separation
distance.

Finally, we also intend to extend our investigation to the two-dimensional counterpart of
the model given the growing relevance of that dimension in Nanophysics, as attested by some
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contributions to the relevant literature, such as [27-30]. Of course, as can be seen in the case
of the 2D-isotropic quantum dot with a single impurity, fully studied in [31], some logarithmic
divergences, which are typical of two-dimensional Quantum Mechanics, are inevitably bound to
arise.
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