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By taking advantage of Wang’s results on the scalar product of four eigenfunctions of the 1D harmonic oscillator, we explicitly calculate the trace
of the Birman—Schwinger operator of the one-dimensional harmonic oscillator perturbed by a Gaussian potential, showing that it can be written as
a ratio of Gamma functions.
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1. Introduction

As is well known, the harmonic oscillator is one of the very few solvable quantum models, that is to say its
eigenfunctions and eigenvalues can be expressed analytically. As a consequence, one of the most fundamental chapters
in any quantum mechanics textbook, such as [1], is devoted to its detailed description.

This remarkable property has led theoretical physicists to study various types of models involving perturbations
of the harmonic oscillator over many decades. In our inevitably limited summary of the related literature, we have
chosen to restrict ourselves to time independent perturbations of the one-dimensional harmonic oscillator.

The numerous contributions spanning many decades can be essentially divided into the following groups:

i) polynomial perturbations;
ii) nonpolynomial perturbations;
iii) point perturbations.

The x*-perturbation was the first polynomial perturbation to be extensively investigated also because of its con-
2

d
nections with Quantum Field Theory. As the Hamiltonian ——— + x? 4 Bz is one of the key topics in [2, 3], we

refer the interested reader to those textbooks and the related references cited therein (see [4] in particular). We remind
the reader that the non-analyticity of its eigenvalues as functions of 3 was a well-known thorny issue in the early days
of quantum mechanics. However, it is possible to exploit the Borel summability method to get around this obstacle
(see Theorems XII.19, XII.21 and Example 1 for botl21 theorems in [3]). A modified Borel transform allows the exten-

d
sion of the method to Hamiltonians of the type 3 4 a2 4 Ba® m > 3 (see Example 3 for Theorems XI1.20,
x

XIL21 in [3]). Another noteworthy polynomial perturbation is the one leading to the double well oscillator whose
2

d d?
Hamiltonian is given by o + 2% + 2822 + B2zt = Iz + x2(1 + Bg;)2. In particular, the analyticity of its
x T
eigenvalues is dealt with in Example 6 following Theorems XII.16.5 in [3] and the related references cited therein.
Another important branch of polynomial perturbations is the one of the type 32> " m > 0, which had its origin
2

d
in the early investigations on the Hamiltonian of the real cubic oscillator e + 22+ ﬁx?’ (see, e.g., [5,6]) and
was initially studied in [7, 8]. Further interest has been drawn into the cubic anharmonic oscillator by the fact that the
2

d )
Hamiltonian — x? 4+iB22°, 8 > 0is PT-symmetric (see [9, 10]).
X

The most extensively studied nonpolynomial perturbation of the harmonic oscillator is certainly the potential

A 2
sz, A, g > 0 with the early works on this model dating back to the late seventies (see [11-20]). The functional
gz
analytic approach based on the Birman—Schwinger principle was used in [21] to analyze the behavior of the eigenval-

ues for small values of X\ and large values of g. The same technique was exploited in [22] to further investigate this
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model assuming the coupling constant X to be a function of g, in particular A\(g) = g% ,n = 1,2,3. In the last case

Ag) = g% the Hamiltonian behaves, apart from the constant term g%, like that of the harmonic oscillator perturbed
by a d-sequence in the range of large values of g. More recent contributions to the study of this potential can be found
in [23,24].

The one-dimensional harmonic oscillator perturbed by a Dirac distribution centered at the origin was initially
considered in [25] as a toy model for the top quark and later in [26] in relation to supersymmetry. It is worth pointing

1
out that the potential —z* — Ad(z), A > 0 can be regarded as a singular “funnel potential”. The same model was

subsequently investigated by means of the integral operator isospectral to the Birman—Schwinger operator in [27].
A renewed interest in this model, to a great extent motivated by its applications to Bose-Einstein condensates, has
led to more recent contributions such as [28-36]. The case in which the Dirac distribution is not centered at the
origin was analyzed in [37] (see also [28]) while the model with two identical deltas symmetrically situated about
the origin was thoroughly investigated in [38] (see also [28]). The case of a PT-symmetric Hamiltonian for a one-
dimensional harmonic oscillator potential decorated with an even number of Dirac delta functions located at symmetric
points and complex conjugate strengths was first studied in [39] by means of ODE techniques and later in [40, 41].
As is well known, the Dirac distribution is not the only point interaction in one-dimensional Quantum Mechanics
(see [42,43]). Therefore, other types of point perturbations of the harmonic oscillator have been considered more
recently, in particular the central §'-potential (also called local ¢’ in the literature) and the central §’'-interaction (also
called nonlocal &' in the literature). The former has been investigated in [44,45] while the latter has been considered
in [46,47] (see also [48]). A remarkable property of the latter model is given by the existence of infinitely many level
crossings for a critical value of the coupling constant, which leads to a quantum phase transition since the ground state
wave function becomes antisymmetric once the coupling constant falls below that critical value.

Although we have restricted our review to point perturbations of the one-dimensional harmonic oscillator, it is
worth mentioning that a detailed comparison of the spectral properties of point perturbations of the n-dimensional
harmonic oscillator, n = 1,2, 3, stressing the role played by the dimension of the underlying space can be found
in [50]. ,

In this brief note, we have decided to start investigating the Hamiltonian H_ ) = 1(—d—2 +2%) — )\e_xz, A>0
since the latter Gaussian perturbation has the typical properties of short-range potentials but also those of the harmonic
oscillator near the bottom of the well. To the best of our knowledge the only work on this model has been [49]. The
combination of the harmonic potential with the attractive Gaussian gives rise to another type of funnel potential which,
differently from the aforementioned one or the one analyzed in [51] with a central attractive point perturbation of the

conic oscillator, has a finite minimum. The plot shown in Fig. 1 depicts this funnel potential for three different values of
2

1, d
the coupling constant. It is rather evident that the Hamiltonian (with a singular funnel potential) 5 (- +22) = \(x)

is the limit in the norm resolvent sense (see [52]) of the sequence of Hamiltonians (with a finite funnel potential)
1 d2 2 —n22?
5(—@+x)—>\ne ,A> 0asn — oo.

10F
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FIG. 1. The plotof V_,(z) = %gf —xe ™ A > 0for A = 5,10,20

. . . . — 2 . . . .
Although we are going to focus only on the attractive Gaussian potential —Ae™* in this note, it is clear that
. . . . . . . - 2 .
the integral operators to be investigated will also be relevant in the case of the repulsive perturbation Ae™® which,
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1
combined with the harmonic potential, produces the double well potential V, 5 (z) = 5332 + )\e_zz, A > 0, depicted
in Fig. 2 for three different values of the coupling constant.

/N

N
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FIG. 2. The plotof Vi(2) = 7a° + Ae “A>0forA=2,510

In particular, we carry out a detailed analysis of the two isospectral integral operators for this model that are at the
— 2
heart of the renowned Birman—Schwinger principle, namely Ae @ /2 [Hy — E] Le=#"/2 and
1 1
AHy—E]™ 2 e [Hyo — E]” 2. We show that the trace of these operators can be explicitly written in terms of a

ratio of Gamma functions, a feature shared by point perturbations of the harmonic oscillator.
2. The Birman-Schwinger principle: recasting the Schrodinger equation into an integral equation

The Schrédinger Hamiltonian for the one-dimensional harmonic oscillator perturbed by an attractive central
Gaussian potential reads:

Hy=Hy—AV(z)=Hy— e, A>0 @2.1)

where

2

is the Hamiltonian of the unperturbed harmonic oscillator. Hence, the equation determining the lowest eigenvalue
(ground state energy) is given by:

1 d? x? 1
I ) >z 2.2
Ho ( 2d2 © > 2 22)

[HO - Ae*ﬂ b =FEp, E< % 2.3)

or equivalently,

[Ho — E]¢ = Ae ™ ¢, (2.4)

1 . .
By setting x = [Hy — E]? 1, the latter equation can be rewritten as:

[Ho — E|? x = e~ [Hy — E] ? y, (2.5)

which can finally be recast as the following integral equation

X = A[Ho— E]"% ™ [Hy— E] * x, 2.6)
1
taking account that the square root of the resolvent in z-space is a positive integral operator for any £ < 3

2
Alternatively, one can set ¢ = e~ * /2 , to get instead a different integral equation, namely:
y g g q y

¢ =Ne /2 [Hy — E] " e /%, 2.7)
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the positive integral operator on the right hand side of the latter equation being the renowned Birman—Schwinger
operator widely used in the literature on small perturbations of the Laplacian in the sense of quadratic forms. As is
well known (see [55,56]), the two integral operators are isospectral.

Therefore, the Birman—Schwinger principle can be exploited in either integral equation to establish the one-to-one
correspondence between the ground state energy of the original Hamiltonian and the value of the energy parameter
in (2.6) or (2.7) for which the respective integral operator has an gigenvalue equal to one. We wish to remind the

d
reader that the analog of the integral operator in (2.6) for Hy = — T2 has been investigated in [53,54] to evaluate the
T

lowest eigenvalues of the one-dimensional negative Laplacian perturbed by an attractive Gaussian potential. It is worth
pointing out that in those works the p-space representation was chosen so that the square roots of the resolvent acted
as multiplication operators and the potential as a convolution integral operator, thus taking advantage of the invariance
of the Gaussian under the Fourier integral transform.

3. Exact calculation of the trace of \ [Hy — ET% e [Hy— E] 2

As the Gaussian potential is clearly absolutely summable, we could exploit the general estimate of the trace class
norm of our positive integral operator given for any absolutely summable perturbing potential in [21] in terms of the
||-||,-norm of the potential, that is to say:

1

/\H[HO—E}_%e*””Q[HO—E : _/\Z Wnoe ) )t G.1)

n=0 n+§_

] 2
where C' = E 7|_|£b?”°°E < oo, given that the numerator of the sequence inside the sum decays like n "5 (
n+1_
n=0 2

[27,35,38]).
It is instructive, however, to take advantage of the unique properties of the Gaussian potential in order to obtain
2
more detailed information on the trace of the operator. Given that (¢,,, e~ 1) = Tz (Vn, Yoothy) =

T2 (Vntbo, Yothn) = (g) : Y32, (0) (having taken account of the fact that the eigenfunctions of the harmonic oscil-

lator are real-valued functions), as follows from Wang’s results on such scalar products of four eigenfunctions of the
harmonic oscillator (see [57,58]), one gets:

,l/)n) ’I’L ,l)bn Q)Z}TL
Sl () SO iSO ay

n=0

The convergence of the latter series is faster than that of the series defining the constant C'in (3.1) since ;pgn (0) —
0 like ™2 (see [27,35,38]). Furthermore, it is possible to write the series in terms of special functions since:

—1
V3 3
A(2 n A 2(Hy+ - —2F 0,0 33
™) 22n+172E (2m) °+2 (0,0), (33)
the value of the Green function (the integral kernel of the resolvent operator) of the unperturbed harmonic oscillator
evaluated at x =y = 0.

As is well known from the aforementioned papers on point perturbations of the one-dimensional harmonic oscil-
lator ( [27,37,38,46]), the right hand side of (3.3) can be expressed in integral form as:

) 1 -1 ) o) e(QE—l)t ) 1 S_2E
A2 )2(H0+—2E> (0,0):25/\/ 7ldt:2§>\/ LI (.4
2 o ( ) o (

1—e 23 1—s2)2
As the latter integral can be written in terms of the beta function, which in turn can be expressed as a ratio of

Gamma functions, the right hand side of (3.4) is simply given by:

A (g) : H (3.5)

The result that has just been obtained can be summarized as follows:
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1
Theorem 3.1. Forany E < 3 the positive isospectral integral operators

2

(Hy — E)~'/? e (Ho — E)_1/2 and e 7 (Hy—E) ‘e %

are trace class and their trace class norm is equal to

H)\(HU _E) Y27 (g, — E)‘1/2H1 — (g)f M (3.6)

1 1
Of course, when E > 3 but still in the resolvent set p(Hy) (F # n + 5), the Birman—Schwinger operator is

no longer positive so that the right hand side of (3.6) is no longer its ||-||,- norm but only its trace, that is to say the
difference between the norm of its positive part and that of its negative part. The plot of the right hand side of (3.6) is
shown in Fig. 3.

FIG. 3. The plot of the trace of the Birman—Schwinger operator for the Gaussian perturbation as a function of
Efor A =1.

As is evident from the graph, the trace is positively (respectively negatively) divergent as E approaches an eigen-
value of H from the left (resp. right) due to the positive (respectively negative) divergence of the corresponding rank
one operator in the left (resp. right) neighbourhood of that eigenvalue.

The reader acquainted with the literature on point perturbations of the one-dimensional harmonic oscillator (see
[25,27,37,38,46]) will certainly recall that, in the case of an attractive central §-perturbation, the trace of the positive
operator A\(Hy — E)~/26(z)(Hy — E)~*/? can also be written in terms of a ratio of Gamma functions, namely

H)\(HO ~ E)"Y2§(2)(Hy — E)*I/QH1 - /\M 3.7)

The plot of the right hand side of (3.7) is provided in Fig. 4. As was to expected, while the trace corresponding

to the Gaussian perturbation vanishes at £ = n,n = 1,2, .. and diverges at £ = n + 2 n = 0,1,2, .., the trace

corresponding to the d-perturbation vanishes at £ = 2n+ §, n=0,1,2,.. and diverges at &' = 2n+ 1, n=0,1,2,..

However, a crucial difference between the two models is to be stressed with regard to the quest for the eigenvalues
of the perturbed Hamiltonian: while in the latter case, the operator has rank equal to one, which implies that the right
hand side of (3.7) determines completely the bound state equation, in the case of the Gaussian perturbation the right
hand side of (3.6) represents only the linear term in the expansion of the Fredholm determinant appearing in the bound
state equation, that is to say

det [1 “A(Hy — E) V%" (H, — E)*l/z} -0, (3.8)

so that the traces of all the other powers of the operator are needed in order to compute the new eigenvalues created by
the perturbation. We remind the reader that, as a consequence of a well-known inequality for Fredholm determinants,

1
forany A > 0and EF < > we get:

NPT T
b

‘det {1 CA(Hy— B) e (1, — E)‘l/ﬂ ‘ <e 3.9)
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TCND

FIG. 4. The plot of the trace of the Birman—Schwinger operator for the d-perturbation as a function of E for

A=1

which becomes
—1/2 g2 ~1/2 Az)Ere)
’det [1 “A(Ho — E)" 2" (Hy — E) ” <3 Tam (3.10)

taking advantage of (3.6). In Fig. 5 the plot of the function on the right hand side of (3.10) is shown for £ < —, even
though it must be borne in mind that the function represents the upper bound of the absolute value of the determinant

1
onlyupto ' < >

r —E
ra-5) for\=1

|

1
FIG. 5. The plot of ek(f) 2

Despite the far greater complexity of the determinant in our case, it might be possible to compute the eigenvalues
of the Hamiltonian of the harmonic oscillator with an attractive Gaussian perturbation to a satisfactory degree of

accuracy by exploiting the aforementioned fact that the integral operator A\(Hy — E) ™/ 2¢=2’ (Ho — E)~'/2 diverges
only on a one-dimensional subspace in proximity of an eigenvalue of H, which was crucial in [21,22] to investigate

the discrete spectrum of the harmonic oscillator with the Lorentzian perturbation 5o
gz

dealt with in a separate publication.
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