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Abstract

We rigorously define the self-adjoint Hamiltonian of the harmonic oscillator
perturbed by an attractive §’-interaction, of strength 3, centred at O (the bottom
of the confining parabolic potential), by explicitly providing its resolvent.
Our approach is based on a ‘coupling constant renormalization’, related to
a technique originated in quantum field theory and implemented in the rigorous
mathematical construction of the self-adjoint operator representing the negative
Laplacian perturbed by the §-interaction in two and three dimensions. The way
the §’-interaction enters in our Hamiltonian corresponds to the one originally
discussed for the free Hamiltonian (instead of the harmonic oscillator one)
by P Séba. It should not be confused with the §’-potential perturbation of the
harmonic oscillator discussed, e.g., in a recent paper by Gadella, Glasser and
Nieto (also introduced by P Séba as a perturbation of the one-dimensional free
Laplacian and recently investigated in that context by Golovaty, Hryniv and
Zolotaryuk). We investigate in detail the spectrum of our perturbed harmonic
oscillator. The spectral structure differs from that of the one-dimensional
harmonic oscillator perturbed by an attractive §-interaction centred at the origin:
the even eigenvalues are not modified at all by the §’-interaction. Moreover, all
the odd eigenvalues, regarded as functions of 8, exhibit the rather remarkable
phenomenon called ‘level crossing’ after first producing the double degeneracy
of all the even eigenvalues for the value 8 = By = % = 1.47934(B(-, +)

being the beta function).
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1. Introduction

There has recently been renewed interest in the study of the existence of degenerate
energy levels in one-dimensional (1D) quantum mechanics, as attested by articles like [1-4]
in which the eigenvalue degeneracy exhibited either by quadratic Hamiltonians with various
types of potentials (volcano potentials, modified Posch-Teller potentials) or by particular
types of deformed oscillators was investigated. It is worth noting that all the models
presented in the aforementioned articles depend on two parameters. However, after reading
the following statement by Berry and Mondragon in the final discussion contained in [5]:
‘another phenomenon which occurs generically but is forbidden in quadratic Hamiltonians
in one dimension is degeneracy of states with different symmetry, which requires only one
parameter to be varied’, we wondered whether a quadratic Hamiltonian with a strongly singular
interaction term (dependent only on one parameter representing the strength of the interaction)
instead of the usual potential, could exhibit such a spectral feature.

In particular, we have decided to focus our attention on a strongly singular perturbation of
the Hamiltonian of the harmonic oscillator Hy = % (— (f—:z + xz) whose entire spectrum consists
exclusively of the isolated simple eigenvalues E, = n + %, VneNy:={0,1,2,...}.

From the point of view of physical applications, the Hamiltonian of the harmonic oscillator
perturbed by a zero range impurity represented by a §-interaction has drawn a considerable
amount of interest over the last decade both in quantum dot physics (see [6] for the three-
dimensional (3D) case) and the physics of Bose—Einstein condensates (see [7-9] for the 1D
case). Furthermore, it has also been widely studied in papers pertaining to the mathematical
physics literature such as [10—19]. It is certainly worth mentioning that the double degeneracy
issue did actually come to the surface in [12, 13], although only in the asymptotical sense:
in the limiting case of the 1D harmonic oscillator perturbed by an infinitely repulsive Dirac
distribution centred at the origin (equivalent to a Dirichlet boundary condition), the spectrum
of the new Hamiltonian consists only of the doubly degenerate odd levels.

In this paper we deal with a different type of 1D attractive point perturbation of the
harmonic oscillator, that is to say the §’-interaction. To the best of our knowledge, this is
the first paper treating such perturbations of the harmonic oscillator (the §’-interaction as a
perturbation of —%;‘722 was introduced by Séba in [26]). We are only going to consider the
case where such a zero range perturbation is exactly situated at the origin, the bottom of
the confining harmonic potential. After rigorously constructing in section 2 the self-adjoint
Hamiltonian giving mathematical sense to the merely formal expression

Hg = Hy — BI8' (0))(8' (). B = 0 (1.1)

by means of the resolvent convergence of Hamiltonians with a suitable energy cut-off, we
thoroughly investigate the spectral properties of the perturbed operator in terms of the only
parameter of our model, namely the magnitude of the extension parameter, that is to say our
coupling constant reciprocal ¢ = 1/,

B>0,a=+c0 for B=0.
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Before proceeding further, we wish to point out that, by using the Fourier transform
of the derivative of the Dirac distribution centred at the origin and the representation of the
momentum operator using the well-known creation and annihilation operators of the harmonic
oscillator, we get the heuristic expression:

Hg =a‘a+ 1 g(cﬁ —a) (a —a™). (1.1a)

1 1
z v
As a consequence, our perturbation could be regarded as a momentum dependent interaction,
borrowing the terminology used in [20] dealing with many-body systems in one dimension.
Furthermore, as the reader well acquainted with the literature on point interactions
will easily realize, our Hamiltonian operator is completely different from the one recently
investigated by Gadella ef al in [21] in which the 1D harmonic oscillator is perturbed by a
‘singular potential’ of the type

—y5+ 8.

By referring to the classification first introduced in [22, 23], it is quite evident that, while
the perturbation investigated by Gadella et al implies the use of a differential operator with a
‘generalized potential’, ours involves instead one with a ‘singular density’.

Moving to the findings of our paper, they seem rather remarkable to us: whilst the even
levels are not affected at all by this type of point interaction, as was to be expected on the basis
of the opposite behaviour of the §-interaction, the odd ones are given by smooth functions of
the parameter «. Each function representing an odd eigenvalue does cross the horizontal line
representing the adjacent even eigenvalue for the special value

- 13, (0)
oy = (Hy+1)710,0) = ;:0: znz+ ;
Lt e CB(RY V()
- ﬁ/(; (1—&2)1/2 dé = 27 = - = 0.675978, (1.2)

where (Hy + 1)71(0, 0) is the value of the resolvent kernel (Hy 4+ 1)~'(x,y) atx =y = 0,
and ¥, is the normalized eigenfunction associated with the nth eigenvalue E, of Hy, the
Hamiltonian of the above harmonic oscillator. In the second equality we have used Parseval’s
equality, while the following two are based on the results of [10, 11].

As a consequence, the model exhibits the double degeneracy of all the even levels for that
critical value of the parameter and the phenomenon called ‘level crossing’ in its neighbourhood.

In a final remark we will stress the close analogy between the 1D model investigated here
and the 3D isotropic harmonic oscillator perturbed by a Dirac distribution centred at the origin
investigated in papers such as [6, 17]: from the point of view of the structure of the spectral
curves representing the eigenvalues (energy levels) as functions of the extension parameter
and neglecting the degeneracy of the 3D eigenvalues, the harmonic oscillator perturbed by the
point interaction considered here seems to be a more legitimate 1D counterpart than the delta
distribution, as the latter bears no resemblance to 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 1D 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 wavefunction can

3
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change in the case of a sufficiently strong §’-interaction (the ground state wavefunction being
given by an odd function discontinuous at the origin).

In a separate paper we will show that (1.1) can be identified with the norm resolvent limit
of the Hamiltonian of the 1D harmonic oscillator perturbed by a suitable triple of simple Dirac
distributions.

2. The rigorous definition of Hg

The spectral features of the self-adjoint Hamiltonian of the 1D harmonic oscillator perturbed
by a single attractive point interaction centred at the origin (resp. centred away from the
origin) have been investigated in [10] (resp. [11]; see also [12—15]). The spectrum of the
self-adjoint Hamiltonian of the 1D harmonic oscillator perturbed by a pair of such identical
point interactions has been studied as well in the recent article [16]. As a further development
of such previous work, we consider the formal Hamiltonian Hpg, involving a different type of
attractive point interaction, that is to say the &’-interaction given by (1.1), resp. (1.1a).

The rigorous definition of Hg as a densely defined self-adjoint operator is bound to
be a slightly more challenging task given the fact that such a point interaction is far
more singular than its analogue involving the Dirac distribution. This can be immediately
understood by adopting the notation and terminology of [23, 24], according to which §€ # _ but
8eH _\H_4, 8,8 being the Dirac measure at 0 and its derivative as a distribution (where,
for any positive integer n, the symbol # _, denotes a negative index Sobolev space associated
with L*(R)) and noticing that, whilst in [10] the function F(E) = Fy(E) defined by (1.3) in
[23] was given by the convergent series

1 _ —1
(a, HO_E5> = (Hy— E)"'(0,0)

Wz,, 0) 2 (2n)!
= Z o+ E — ’ w2n(0) - ﬁzZn(n!)Z’

(where o ([Holsym) denotes the spectrum of the symmetric part of Hy), its counterpart in the
case of (1.1) diverges as N — oo, since Vn € N:

Dy L0 Y N [, (01
(52 )_Z l—E_nXZ(:)Zn—f-%—E

E¢ O'([[-IO]sym) 2.D

n+ :0n+2

_ 2%) @n+ Dy3, 0)

= E ([Holasym 22
I i3IoE # o ([Holasym) 2.2)

n=0
(where o ([Hplasym) denotes the spectrum of the antisymmetric part of Hp). The divergence is
seen by exploiting well-known properties of the eigenfunctions of the harmonic oscillator and
their derivatives, by which lim,,_, 112 ||y, |0 exists and is finite (see, e.g., [25] p 144).

As a consequence of this divergence, the rather straightforward resolvent convergence
methods used for the definition of the Hamiltonian in the aforementioned articles can no longer
be used. On the other hand, the divergence of (2.2) is reminiscent of that of the 3D counterpart
of (2.1). Hence, the strategy used in [17] to deal with the 3D isotropic harmonic oscillator
perturbed by an attractive point interaction centred at the origin (Fermi pseudopotential), i.e. the
renormalization of the coupling constant, can be exploited with relatively minor modifications
(this strategy was already used by Séba in his renowned article [26] on the Laplacian perturbed
by the same point interaction we are considering here, as well as by Albeverio et al in [27]
dealing with periodic configurations of §’-interactions; we also refer the reader to [6] for the

4
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Figure 1. The plot of Wyom, (x; 1/2).

more general study of a 3D harmonic oscillator perturbed by a point interaction centred at any
point in space).
Essentially, the role played by the function
~ .

- V,{0)
Hy—E)y'®= ) —=2——yy(®,

11, 13=0 Al +3-E
which belongs to L?(R3), (with ¥ € R?, VE ¢ o (Hy), |l_i =1+, + L) in [17], will be played
here by

o0
(2n+ 1)!729,,(0)
Y(x; E): = a1 (x 2.3
(x: E) Z o i Ve ® 2.3)
n=0 2
which belongs to [*(R), (with x € R, VE ¢ o ([Holasym), once again reminding the reader
of the above-mentioned crucial property regarding the decay of the uniform norm of the
eigenfunctions of the harmonic oscillator already exploited in [10, 11, 16, 17].

Remark 1. By writing for simplicity W(E) = W(-; E), we have that:

2 2n+ Dy
=3y IO 1 py0.0+ (E - %) (Ho+1— E)(0,0)
n=0 (2I’l+§—E)

=Tr[|(Hy+ 1 — E)""2(-,00)((Ho + 1 — E)~"/2(0, )]
+ (E - %) Te[|(Hy + 1 — E) ™' (-, 0))((Hy + 1 — E)~'(0, -)[]. (2.3a)

By taking for example the value E = 1/2, the function (2.3) normalized is given by
w(l1/2) w(l/2)
Wiorm (1 /2) = / = / .
IWA/202  /(Hy+1/2)71(0,0)

If we consider the approximating function

30 22(0)
Zn:O Q]fprw 1ﬁZnJrl (x)

30 ¥2,(0) ’
n=0 2n+1

WO (x;1/2) =

norm
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its graph (figure 1) clearly exhibits the vestige of the action of the attractive point interaction
of the singular type being considered here: the continuity of the eigenfunction at the origin is
bound to be lost.

The latter feature is in perfect agreement with the well-known findings about the

Hamiltonian
2

d
Ep=—93" BI8" () (8" ()],

fully investigated in [26-31] (the reader also interested in the literature on the potential related
to the derivative of the Dirac distribution is referred to [26, 32, 33]), where the coupling
constant 8 of the interaction also enters in the condition

f(04) = f(0-) = =B - f/(0)
defining the domain of the perturbed operator (the minus sign is due to the fact that we assumed
B > 0, i.e. we are considering an attractive §’-interaction).

The definition (2.3) obviously guarantees that |W(E))(W(E)| is a well-defined rank-1
operator trivially vanishing on the subspace spanned by the symmetric eigenfunctions.
We start with the following N-approximation H 2’ for the Hamiltonian Hg:

N
HY = Hy — pg(N) Z Vot 1) [V O3, (O (Y201l B € R\{0}, 2.4

m,n=0

where
N

2

ns(N) B e 2n+ 3

Its resolvent is explicitly given by:

, B eR\{0}. (2.4q)

2| Wy (E)) (W (E)]

NN W, OF
wp(N) Zn=0 2n+3-E

(HY —E)™ = (Hy—E)"' +

ImE >0, (25)

(B € R\{0}), with
N

2n+1)"4,(0) 2
v = " R 2.6
N (E) ,?:0 Mm+I-E Vont1 € L7 (R) (2.6)

VE ¢ o ([HO]asym)~
As a consequence of (2.3) and (2.6), it is not difficult to prove that, in the sense of operator
norm convergence

|Wn (E)) (YN (E)| — [W(E))(W(E)|

as N — oo.
This fact and the convergence of the denominator to

_ > Qn+ 1)y (0)
' _2F § 2n ., ImE >0,
’ Lo<zn+%)<2n+%—E>} e

yield the norm convergence of the second term in (2.5) as N — oo (the sum being convergent
by the reasons given above).

Hence, the limit in the operator norm of the sequence of resolvents in (2.5) does exist and
is explicitly given by:

2|W(E))(W(E)

1 o0 Qn+1)y3 (0) ’
’B 2E I:Z”ZO (2n+% ) (211+%7E)

R(B.E)=(Hy—E)' + ImE > 0. 2.7)
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By essentially mimicking the final part of the proof of theorem 2.2 in [17] which was, in
turn, a suitable adaptation of the final part of the proof of theorem 1.1.1 in section 2.1 of [27],
it is relatively straightforward to prove that (2.7) is indeed the resolvent of a densely defined
self-adjoint operator, namely Hg = [R(8, E ™'+ E,ImE > 0.

By means of the algebra of partial fractions the convergent series in the denominator can
be easily transformed into:

28| W(E))(W(E)|
1=2B[ 100 59 — (A - E) Xy m% |
Taking into account the fact that the two series in the latter formula represent the values of the
Krein function of Hj at the points £ — 1 and —1, we can rewrite the resolvent of Hg as:
(Hs —E)™' = (Ho— E)”'

(Hy—E)™' +

ImE > 0. (2.8)

28| W(E))(W(E)

, ImE > 0.
+1—2ﬁ[%(Ho+l)—1(0,0)—(%—E)(Ho—i-l—E)—l(O,O)] me=

(2.9)

The explicit form of the resolvent clearly implies its norm-analyticity in a small
neighbourhood of 0 (we have an analytic family in the sense of Kato, see [34, 35]) as a
function of 8 and the analyticity of the eigenvalues.

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

Theorem 2.1. The Hamiltonian making sense of the merely formal expression ((1.1) or (1.1a))
describing the harmonic oscillator perturbed by an attractive point interaction of the 8 -type
is the self-adjoint operator whose resolvent is given by:

2BV (E)) (V(E)|
1-2B[3(Ho+1)7'(0,0)— (3} —E) (Ho+1-E)~1(0,0)]
BeR, ImE>O0.

The latter is the limit as N — 00 in the norm convergence of the sequence of resolvents
(2.5) of the Hamiltonians Hév with the energy cut-off defined in (2.4) and (2.4a). Furthermore,
Hyg regarded as a function of B is an analytic family in the sense of Kato.

(Hs —E)' = (Hy—E)"'+

Remark 2. If we set m = é +23°V, ¥3,(0), B € R\{0}, instead of (2.4a), the resolvent
B
can then be expressed in terms of just one value of the function defined in (2.1), that is to say:
26| W(E)) (W(E)|
1428 (3 —E) (Ho+1-E)"'(0,0)

The right-hand side of (2.4a) can be written as

1 al ARSTER()
—+2 2(0) — ity R\{0
5+ gwh() ;()ZH% B € R\{0}

(H; —E)"'=(Hy—E)"' + ImE > 0. (2.10)

and setting

1 v3,0)
_ 2(; 2

=—_ — >
BB Znts

it is straightforward to check that

N

1 1 o ¥3,(0) ¥2.(0)
— = -y 250
pug(N) ey (N) ;zn+§ §2n+§ ~
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as N — oco. By setting @ = 1/8,@ = 1/8, 8, € R\{0}, we can easily express the link
between the two choices:

i V2 © _ o

n=0 n+§

Q
||

with ¢ defined in (1.2). We will come back to the comparison of the two representations near
the end of the next section.

Remark 3. As was explicitly done in [10] (see also [11, 16, 17]) using some basic functional
calculus, the series representation of the function F'(E) = Fy(E) given by (2.1) can be recast
as an integral for any real E < 1/2, (1/2 being the ground state energy of Hp), that is to say:

— ¥3,0) / e(I+E) -
Lo i-E G @ e

Hence, the resolvent of Hg given by (2.9) can be rewritten for any £ < 3/2 (for 8 > 0, i.e. in
the attractive case) as follows:

2/3|‘I’(E)><‘11(E)|

(Hp — B = (Ho — E)™' + : (2.12)
—(5—E)t
2 [1R e G-a i skl
or equivalently (using the change of variable & = e™),
2B|V(E))(V(E
(Hy—E) ' = Hy—E)"' + ﬁl (E)(V(E)I -
| el
2 L s~ (- B) ) e e
=) =)
- 2B1W(E))(V(E)]
= (H—E)™ + : (2.12a)
B 3 _E 1
— 77 [B(3:3) -1 =2E)B(3 - 5.3)]

having rewritten the integrals in terms of the well-known beta function B(p, g) = —Fl_(f’;i fg)

(see [36]). As will be seen in the next section, (2.12a) will be useful in order to study the odd
eigenvalues of Hg arising from the point perturbation considered in our paper.

In this context it might be worth reminding the reader that the bound state equation for the
Hamiltonian of the 1D harmonic oscillator perturbed by a §-interaction situated at the origin
also involves a ratio of gamma functions; see [6—10, 12].

3. The eigenvalues of the perturbed Hamiltonian

As is clearly shown by the explicit formula of the resolvent of Hg, the even eigenvalues of
the harmonic oscillator are not modified at all by the §’-interaction situated at the origin. This
is the opposite of what happens in the case of the §-interaction centred at 0 which, due to
its reflection symmetry, does not affect the odd eigenvalues. As a consequence, our analysis
will entirely focus on the new odd eigenvalues which will be given by those Es making the
denominator of the second term in (2.9) vanish.

8
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Hence, by using « = 1/8 and adopting also the notation H (o) = Hj/,, the following
equation will be investigated:

1 & ¥2.(0) (1 ) = Y20
=2y 22 _(-—E — 1
¢ [2;2n+g 2 §2n+%—E ’ G-

with E ¢ 2Ny 4 3/2.

It is important to notice that the second series in the latter equation is an increasing
multi-branch function of the energy with simple poles given by the odd eigenvalues of the
unperturbed Hamiltonian Hy. In particular, it is perfectly defined whenever E is given by any

even eigenvalue of Hy.
0o ¥3,00)

Byusingag =) ,_, ey from (1.2), (3.1) can be rewritten as follows:
00 2
¥3,(0)
oag—o=(1—-2E —n 3.1a
0 ( ); Tt E (3.1a)

with E ¢ 2Ny + 3/2.

It is quite straightforward to check that, by using the expression of the series in (3.1a) in
terms of the beta function (see 2.12a) and the well-known recurrence relation I'(z+1) = zI'(z),
the bound state equation (3.1a) can be written as:

rG-3)
y—o =2——=22, (3.1b)
rG-3)

Remark 4. As pointed out at the end of the previous section, the bound state equation for the
1D harmonic oscillator perturbed by a §-interaction situated at the origin with strength A #£ 0
can be written in terms of a ratio of gamma functions, precisely:

2 (-5
LT

Remark 5. It may be interesting to realize that, as a consequence of (3.1b), the bound state
equation in the case of the alternative renormalization leading to H (@) = H, 4 reads:
E__F(i_%) (3.1¢)
~ = 3 E\° :
o rE-3)
Let us then consider the following cases, for &« > 0 (the case @ < 0 will be handled in

Remark 8 below):

(i) a=0;
(i) 0 < a < ag;
>iil) a = ap;

iv) ap < .
Let us consider (3.1b) in the first case, namely:
3 _E
rz-3)
1_E\’
r(;-%)
recalling that o is given by (1.2).
Itis evident from either (3.1) or (3.2) (by using the expression of ¢ in terms of the gamma
function and reminding the reader of the well-known identity I'(z)["(1 — z) = 7 /sinmz, see

[36]) that E = O is a solution. Furthermore, by exploiting the well-known properties of the
gamma function, it is clear that, whilst the odd eigenvalues of the unperturbed operator Hy

a =2 (3.2)

9
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e- | ' T

rG-3

o, N

Figure 2. Case (i): the odd eigenvalues of H («) given by the E-coordinates of the intersections of
the horizontal line «g with the multi-branch function 2I‘<% - %) / F(% — %) fora = 0.

represent the vertical asymptotes of the gamma function in the numerator and, consequently,
of the right hand side of the latter equation, the even ones, being the poles of the denominator,
represent the zeroes of the entire fraction. The plot in figure 2 shows the location of all the
eigenvalues given by the intersections between the graphs of both sides of (3.2).

Remark 6. The spectral feature of having £ = 0 as an eigenvalue of H () for the limiting
value ¢ = 0, further confirms the link between the renormalization procedure used here to
define the attractive §’-interaction centred at the origin perturbing the 1D harmonic oscillator
and the one adopted in [17] to define the attractive §-interaction perturbing the 3D isotropic
harmonic oscillator. This point will be further dealt with in another remark at the end of this
section.

The graph (figure 3) illustrating the spectral configuration for the second case (ii) is not
too different from the former one. It is crucial to notice that in both cases, due to the positivity
of the left hand side of (3.1b) for ap > «, all the intersections occur above the horizontal
axis. Hence, all the perturbed antisymmetric eigenvalues lie below the unperturbed symmetric
ones (represented by the zeroes of the multi-branch function in figures 2 and 3), namely
Ezns1(a0) < Exy(a) =2n+ 3.Yn € Ny.

The third case (iii), occurring for the particular value «y defined in (1.2) leads to the
equation:

3_E
r(? ,f,) =0. 3.3)
F(Z_ 2)

As noted earlier, the zeroes of this fraction are exactly given by the unperturbed even
eigenvalues, i.e. the even eigenvalues of Hy. Hence, something rather remarkable occurs
in this case, namely the odd eigenvalues coincide with the unperturbed even ones, implying
their double degeneracy including the ground state energy E = 1/2, as shown in the graph in
figure 4.

In the case (iv), the horizontal line given by the value oy — « lies below the E-axis. Hence,
the odd eigenvalues of H(«) are situated to the right of the even eigenvalues of Hp, as shown
by the graph drawn for o« = 2 (figure 5).
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Figure 4. Case (iii): the odd eigenvalues of H («) coincide with the unperturbed even ones for
a = ap = (Hy + 1)71(0, 0), implying their double degeneracy.

As is quite evident, the limiting case « = 400 (i.e. B = 0) corresponds to the Hamiltonian

of the unperturbed harmonic oscillator. Hence, summarizing the main points of our analysis,
we can state the following.

Theorem 3.1. The spectrum of the operator H (@) is entirely discrete and its structure is fully
described by the following cases:

(i) for a € (ag, 00) (weak coupling), each odd eigenvalue E,,. (a) lies above the
corresponding even one, that is to say

Eopy1(a) > Eyp(a) = 2n + l, Vn € Ny
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ay-a

Figure 5. Case (iv): the odd eigenvalues of H(«) are located to the right (i.e. above) of the

unperturbed even ones.

Figure 6. The lowest odd eigenvalue E| (o) crossing the unperturbed eigenvalue Ep(o) = 1/2
exactly at @ = o and approaching asymptotically E; (c0) = 3/2,for « — +00.

(ii) for the special value o = oy = (Hy+1)71(0, 0) (critical value coupling), each eigenvalue

is doubly degenerate since
Eyngi (o) = Exy(og) =2n+ 3, Vne Ny
(iii) for a € [0, ag) (strong coupling), each odd eigenvalue E, () is situated below the
corresponding even one, namely
Eyi1(@) < Eyy(@) =2n+14, VYneN

Furthermore, in the limiting case a = 0 the bottom of the spectrum is given by E,(0) = 0.

Remark 7. In the situation where o = «(, our Hamiltonian H («) exhibits the phenomenon
known as ‘level crossing’, quite differently from many other Hamiltonians manifesting instead
the phenomenon called ‘level repulsion’ or ‘avoided level crossing’ (see [37, 38] as well as
the renowned original article by von Neumann and Wigner [39] on related issues). As a
consequence, the particular value ¢ represents a ‘critical point’ for this model.

12
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Figure 7. The fourth eigenvalue E3 (o) of H () crossing the unperturbed eigenvalue E; (o) = 5/2
exactly at @ = o and approaching asymptotically E3 (c0) = 7/2 for « — +o00.

As indicated in the third remark at the end of section 2, the equation determining the
eigenvalues can also be recast in integral form for each branch of the right-hand side of (3.1a).
In particular, the one determining the lowest odd eigenvalue of H («) reads:

_ 2t e gt
“‘T[z/o -y < _E>/ [ 5] GD

or equivalently,

= ! B 31 1—-2E)B S 3.4
=57 2(33) -0 (3-53)] (40

The plot of the lowest odd eigenvalue E («) is given in figure 6.

Remark 8. Although we have only considered o > 0 so far for the purpose of investigating
the double degeneracy and the level crossing at o, it is quite clear that our spectral analysis
can easily be extended to negative values of «, as can be immediately gathered by looking at

the explicit expression of the resolvent
[H(a) — E]™' = (Hy— E)”'
n 2{W(E)) (W(E)|
a—2[2Hy+1)71(0,0) — (} —E) (Ho+1—E)"'(0,0)]
with W(E) given by (2.3). For example, the equation leading to the lowest odd eigenvalue for
negative values of both « and E is:

_ 2! g A+
'“'_ﬁ[<5+'E')/o (1—52>‘/2d§_§/o (1—52>1/2dg]

Remark 9. It is not difficult to guess how the spectral curves representing the odd eigenvalues
of H(«) would be modified if we were to adopt the alternative renormalization recipe of the
first remark of section 2: we would obviously have E;(0) = 1/2 and all the level crossings

would then occur at @ = 0.
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This comparison is actually quite similar to the one regarding the 3D model with the delta
distribution centred at the origin. In [17] the following renormalization prescription for the
coupling constant was adopted:

1
—— =a" 3.5
PR Dy et ©:5)

<N

(where «® denotes the 3D analogue of ) in order to get, for N — oo, Ey(0) = 0 (see figure 1
in that paper). As a consequence of the presence of the point perturbation acting only on states
with zero angular momentum, the w-degeneracy of the eigenvalue E,; = 21 + % 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 «, does cross the

next lower unperturbed eigenvalue Ey;_y = (21 — 1) + % A suitable alternative to (3.5) could
have been:
2
L 504 ) wgf(o_) (3.6)
Hge (N) —~ 2l +1
HISN

leading to Ey = § at & = 0. By setting

00 2

&0 =a® 2 > o VD = =a® -, 3.7)
2 Qi+ DI+ 3)
then:
00 2
1 1 5/(0)

== Z — 0. (3.8)

Ha® (N) Us® (N) 2 >

e (2|1| + D21} + 3)N—eo

The numerical value of the 3D counterpart Ol ) of &g can be easily computed by converting
the series in (3.7) into an integral as was done in [17], that is to say:

@ _ 1 i ¥340) /‘°° erl(er — 1) o
o =
0 2 < 2l + DEIT+3) Va3t (-1
1! o1&

== ) Goen d§ =0.107585. (3.9)
Although the graphs shown in [17] are those of the inverse function «® (E), it can be gathered
from equations (4.3) and (4.4) in [17] that both level crossings implied by figures 2 and 3 in
that paper take place exactly at the same point o = a(S) Jie. E(aOS)) = 5/2,E(oz(()3)) =9/2.
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 figure 4(a) of the aforementioned
paper by Briining et al [6].

Going back to the 1D model with the §’-interaction centred at the origin, if we wish to
get the equations determining the higher odd eigenvalues as functions of « in integral form,
we need only mimic what was done in [10, 11, 16, 17] to get the corresponding equations
in the case of the harmonic oscillator perturbed by attractive §-interactions in either one or
three dimensions and even with point interactions situated away from the origin. For example,
in the case of the second odd eigenvalue of H(«), namely the fourth eigenvalue E3(«), by

1_
suitably transforming the integral fol (liﬁ d¢ in order that (3.4) may be extended to the

14
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range £ € ( %, %) , the bound state equation reads:

2|1 1 g% 1 ! Eg_E %_E
T E E/O a——szwdg_(i_E)/o G-+ -9 Tk
(3.10)

The plot of the fourth eigenvalue E;3 () of H(«) as a function of « is given in figure 7.

Acknowledgments

We are indebted to the organisers of the conference ‘Trails in Quantum Mechanics and
Surroundings’, held in Frascati (Rome) from 29 January to 2 February 2013, for inviting us to
the conference during which SF presented the main points of this work in one of its sessions.
Stimulating discussions with Professor Merlini (CERFIM, Locarno) and warm hospitality at
CERFIM are gratefully acknowledged by the first two authors. The first author is also grateful
to Professor T Ratiu, R Dalang, M Dozzi, F Flandoli and F Russo for their warm hospitality at
the Centre Interfacultaire Bernouilli-EPFL, Lausanne, where part of this work was carried out
during the semester programme on Stochastic Analysis (2012). We would also like to thank
the anonymous referees for their valuable remarks and suggestions related to the first draft of
the paper.

References

[1] Kar S and Parwani R R 2007 Can degenerate bound states occur in one-dimensional quantum mechanics?
Europhys. Lett. 80 30004
[2] Dutt A, Nath T, Kar S and Parwani R 2012 Splitting of degenerate states in one-dimensional quantum mechanics
Eur. Phys. J. Plus 127 28
[3] Cho H T and Ho C L 2008 Self-adjoint extensions of the Hamiltonian operator with symmetric potentials which
are unbounded from below J. Phys. A: Math. Theor. 41 255308
[4] Gavrilik A M and Rebesh A P 2007 Deformed oscillators with two double (pairwise) degeneracies of energy
levels SIGMA 3 112-22
[5] Berry MV and Mondragon RJ 1986 Diabolical points in one-dimensional Hamiltonians quartic in the
momentum J. Phys. A: Math. Gen. 19 873-85
[6] Briining J, Geyler V and Lobanov 12004 Spectral properties of a short-range impurity in a quantum dot J. Math.
Phys. 45 1267-90
[7]1 Uncu H, Tarhan D, Demiralp E and Miistecaplioglu O E 2007 Bose—Einstein condensate in a harmonic trap
decorated with Dirac § functions Phys. Rev. A 76 013618
[8] Shea P, Van Zyl B P and Bhaduri R K 2009 The two-body problem of ultra-cold atoms in a harmonic trap Am.
J. Phys. 77 511-5
[9]1 Goold J, O’Donoghue D and Busch Th 2008 Low-density, one-dimensional quantum gases in the presence of a
localized attractive potential J. Phys. B: At. Mol. Opt. Phys. 41 215301
[10] Fassari S and Inglese G 1994 On the spectrum of the harmonic oscillator with a §-type perturbation Helv. Phys.
Acta 67 650-9
[11] Fassari F and Inglese G 1997 On the spectrum of the harmonic oscillator with a §-type perturbation: 11 Helv.
Phys. Acta 70 858-65
[12] Avakian M P, Pogosyan G S, Sissakian A N and Ter-Antonyan V M 1987 Spectroscopy of a singular linear
oscillator Phys. Lett. A 124 233-6
[13] Lutsenko V, Mardoyan L G, Pogosyan G S, Sissakian A N and Ter-Antonyan VM 1989 Non-relativistic
Coulomb problem in one-dimensional quantum mechanics J. Phys. A: Math Gen. 22 2739-49
[14] Demiralp E 2005 Bound states of n-dimensional harmonic oscillator decorated with Dirac delta functions
J. Phys. A: Math Gen. 22 4783-93
[15] Demiralp E 2005 Properties of a pseudo-Hermitian Hamiltonian for the harmonic oscillator decorated with
Dirac delta interactions Czech. J. Phys. 55 1081-4
[16] Fassari S and Rinaldi F 2012 On the spectrum of the Schrodinger Hamiltonian of the one-dimensional harmonic
oscillator perturbed by two identical attractive point interactions Rep. Math. Phys. 69 353-70


http://dx.doi.org/10.1209/0295-5075/80/30004
http://dx.doi.org/10.1140/epjp/i2012-12028-8
http://dx.doi.org/10.1088/1751-8113/41/25/255308
http://dx.doi.org/10.3842/SIGMA.2007.112
http://dx.doi.org/10.1088/0305-4470/19/6/018
http://dx.doi.org/10.1063/1.1647693
http://dx.doi.org/10.1103/PhysRevA.76.013618
http://dx.doi.org/10.1119/1.3013812
http://dx.doi.org/10.1088/0953-4075/41/21/215301
http://dx.doi.org/10.1016/0375-9601(87)90627-X
http://dx.doi.org/10.1088/0305-4470/22/14/022
http://dx.doi.org/10.1088/0305-4470/38/22/003
http://dx.doi.org/10.1007/s10582-005-0110-2
http://dx.doi.org/10.1016/S0034-4877(13)60004-X

J. Phys. A: Math. Theor. 46 (2013) 385305 S Albeverio et al

(17]
(18]
[19]
(20]
[21]
(22]
(23]

[24]
[25]

[26]
(27]

(28]
(29]
(30]
(31]
(32]
(33]

(34]
[35]

[36]
(371

(38]
[39]

16

Fassari S and Inglese G 1996 Spectroscopy of a three-dimensional isotropic harmonic oscillator with a §-type
perturbation Helv. Phys. Acta 69 130-40

Correggi M, Dell’ Antonio G and Finco D 2008 Spectral analysis of a two-body problem with zero-range
perturbation J. Funct. Anal. 255 502-31

Filatova T A and Shafarevich A 12010 Semiclassical spectral series of the Schrodinger operator with a delta-
potential on a straight line and on a sphere Theor. Math. Phys. 164 1064-80

Grosse H, Langmann E and Paufler C 2004 Exact solution of a 1D many-body system with momentum dependent
interactions J. Phys. A: Math Gen. 16 4579-92

Gadella M, Glasser M L and Nieto L M 2011 One-dimensional models with a singular potential of the type
—ad + B8’ Int. J. Theor. Phys. 50 2144-52

Albeverio S, Dabrowski L and Kurasov P 1998 Symmetries of Schrodinger operators with point interactions
Lett. Math. Phys. 45 33-47

Albeverio S and Kurasov P 2000 Singular Perturbations of Differential Operators: Solvable Type Operators
(Cambridge: Cambridge University Press)

Kurasov P B 2003 On field theory methods in singular perturbation theory 2003 Lett. Math. Phys. 64 171-84

Reed M and Simon B 1972 Functional Analysis—Methods of Modern Mathematical Physics I (New York:
Academic)

Séba P 1986 Some remarks on the §'-interaction in one dimension Rep. Math. Phys. 24 111-20

Albeverio S, Gesztesy F, Hgegh-Krohn R and Holden H 2004 Solvable Models in Quantum Mechanics (AMS
Chelsea Series) 2nd edn (Providence, RI: American Mathematical Society) (with an appendix by P Exner)

Cheon T and Shigehara T 1998 Realizing discontinuous wave functions with renormalized short-range potentials
Phys. Lett. A 243 111-6

Exner P, Neidhardt H and Zagrebnov V A 2001 Potential approximations to §”: an inverse Klauder phenomenon
with norm-resolvent convergence Commun. Math. Phys. 224 593-612

Fassari S and Rinaldi F 2009 On the spectrum of the Schrodinger Hamiltonian with a particular configuration
of three point interactions Rep. Math. Phys. 64 367-93

Kostenko A S and Malamud M 2010 Schrédinger operators with §'-interactions and the Krein—Stieltjes string
Dokl. Math. 81 342-7

Golovaty Y D and Hryniv R O 2010 On norm resolvent convergence of Schrédinger operators with §’-like
potentials J. Phys. A: Math Theor. 43 155204

Zolotaryuk A V 2010 Boundary conditions for the states with resonant tunnelling across the §’-potential Phys.
Lert. A 374 163641

Kato T 1995 Perturbation Theory for Linear Operators (Heidelberg: Springer)

Reed M and Simon B 1978 Analysis of Operators—Methods of Modern Mathematical Physics IV (New York:
Academic)

Arfken G B 1985 Mathematical Methods for Physicists 3rd edn (New York: Academic Press)

Demkov YuN and Kurasov PB 2007 Von Neumann-Wigner theorem: level repulsion and degenerate
eigenvalues Theor. Math. Phys. 153 1407-22

Wilczek F 2012 Introduction to quantum matter Phys. Scr. T146 014001

Von Neumann J and Wigner E 1929 On the behaviour of eigenvalues in adiabatic processes Phys. Z. 30 467-70


http://dx.doi.org/10.1016/j.jfa.2008.04.005
http://dx.doi.org/10.1007/s11232-010-0085-4
http://dx.doi.org/10.1088/0305-4470/37/16/008
http://dx.doi.org/10.1007/s10773-010-0641-6
http://dx.doi.org/10.1023/A:1007493325970
http://dx.doi.org/10.1017/CBO9780511758904
http://dx.doi.org/10.1023/A:1025750025624
http://dx.doi.org/10.1016/0034-4877(86)90045-5
http://dx.doi.org/10.1016/S0375-9601(98)00188-1
http://dx.doi.org/10.1007/s002200100567
http://dx.doi.org/10.1016/S0034-4877(10)00004-2
http://dx.doi.org/10.1134/S1064562410030026
http://dx.doi.org/10.1088/1751-8113/43/15/155204
http://dx.doi.org/10.1016/j.physleta.2010.02.005
http://dx.doi.org/10.1007/s11232-007-0124-y
http://dx.doi.org/10.1088/0031-8949/2012/T146/014001

	1. Introduction
	2. The rigorous definition of Hb
	3. The eigenvalues of the perturbed Hamiltonian
	Acknowledgments
	References

