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Abstract

We consider a class of singular, zero-range perturbations of the Hamiltonian of a quantum system com-
posed by a test particle and a harmonic oscillator in dimension one, two and three and we study its spectrum.
In fact we give a detailed characterization of point spectrum and its asymptotic behavior with respect to the
parameters entering the Hamiltonian. We also partially describe the positive spectrum and scattering prop-
erties of the Hamiltonian.
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1. Introduction

We consider in R? ,d=1,2,3, asystem composed of a test particle and a harmonic oscillator
interacting through a zero-range force.
The Hamiltonian is formally written as

.o 1
HY =Hy +“ad(x —y)”, HY =—ZAz — A5+ —— — —. (1.D)
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The precise meaning of the formal expression “ad(X — ¥)” will be given shortly.

Hamiltonians with formal zero-range forces have been introduced in physics since the early
1930s (see, e.g., [10,15,16,18]), in particular for the study of scattering of low energy atoms and
electrons from a target.

The operators often considered in literature are approximations of (1.1), which correspond,
very roughly speaking, to interactions with “very massive” nuclei through a potential of “very
short range” and the nuclei are supposed so massive that they can be regarded as fixed scattering
centers.

Here we consider a more general model in which the nuclei of the target are regarded as quan-
tum particles harmonically bound to their equilibrium positions. This kind of model is widely
used in physics to reconstruct the structure of the target (e.g., the distribution of the equilibrium
positions) from scattering data.

In this paper we treat only the case of one harmonic oscillator, in which case « is a real
parameter. We will come back in a forthcoming paper to the case in which several oscillators are
present.

From the point of view of mathematics, zero-range interactions are interesting non-trivial
models (see, e.g., [1,3,8]), for which it is possible to find simple explicit solutions to the
Schrodinger equation and to compute physically relevant quantities. These models can be in-
dexed by a small number of parameters which codify the “strength” and the position of the
interactions.

The cases d = 1, 2,3 will be treated in Sections 2, 3 and 4 respectively, and in each sec-
tion we shall recall some results about the rigorous definition of zero range interactions in the
corresponding dimension, often referring to [7] for proofs and further details.

Here we only remark that the definition of zero range interaction is much easier in dimension
one when it can be given in terms of boundary conditions at x = y.

On the contrary, in dimensions two and three the definition requires a more sophisticated anal-
ysis in terms of self-adjoint extensions of the restriction of the operator H{’ to smooth functions
which vanish in some neighborhood of the hyperplane X = y. This extension may be obtained at
a purely formal level, considering a suitable interaction of range € and letting ¢ — 0, after hav-
ing applied a suitable renormalization prescription. An equivalent rigorous definition is obtained
through the theory of quadratic forms. This is the definition we shall use in our analysis, indeed
we shall show that in dimensions 1, 2 and 3 the operators HS’ are determined by simple quadratic
forms, closed and bounded below.

It is worth remarking that zero-range interactions, as we have defined them, do not exist when
d > 4 (the restriction mentioned above defines in this case an operator which is essentially self-
adjoint) and that we consider only part of the self-adjoint extensions, i.e., those commonly called
“8”-type.

This is by no means the only way to define an interaction supported by a manifold of codi-
mension 1 (in our case the manifold X = y). The extension we choose is known in the physical
literature as “single layer potential.” Other extensions are possible, among them the ones cor-
responding, roughly speaking, to double layer potential (dipole layers) and to various forms of
the Robin conditions. A detailed mathematical study of the general case for pseudodifferential
operators in a bounded domain with regular boundaries can be found, e.g., in [4,11,17].

We remark that in two and three dimensions the interaction is supported on immersed mani-
folds of codimensions 2 and 3 respectively. In this case one can use a higher order Poisson kernel
or equivalently define the Schrodinger Hamiltonian by boundary triple theory (see, e.g., [5,19]).
In this approach the auxiliary Hilbert space is a Sobolev space built over the Laplace—Beltrami of
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the manifold and the auxiliary maps are roughly speaking the trace maps on the regular and the
singular part of the Poisson kernel at the manifold. In the two-dimensional and three-dimensional
cases this construction leads to all self-adjoint extensions of the Laplacian restricted to function
which vanish in a neighborhood of the manifold (one can take in place of the Laplacian any
strictly elliptic operator with smooth coefficients with a possible addition of a potential and a
regular magnetic field). While the method can be used for any immersed manifold, in our case
one can, as we have done, give rather explicit analytic formulae and estimates. Notice that when
the codimension is greater than three there is only one such extension, the Laplacian defined on
the Sobolev space H?.

In the following sections, we shall prove that the essential spectrum of HJ is the half-line
[0, +00), for all values of the parameters and d = 1, 2, 3, and the wave operators 2+ (Hy', H’)
exist and are complete.

We shall also fully characterize the negative part of the spectrum and give estimates of the
number of eigenvalues.

We plan to come back to the scattering problem in a forthcoming paper and give a complete
description of the multi-channel scattering associated with the pair H_’, HS.

1.1. Notation

We introduce in this section some notation and basic facts which will be used in the rest of

the paper.
Vectors in R? will be denoted by x, the modulus of X by x and (x) stands for (1 + x?)!/2.
Unless stated otherwise || - || will denote both the norm of functions in LZ(R?) and the norm

of bounded endomorphism of L2(RY). .
Given any function f € L?(R?), its Fourier transform, denoted by f, will be defined by

n 1 T S
fk) = . /dxe kX £(3). (1.2)
@m? ),

We shall denote the Sobolev space of order m by H™ (R%), i.e.,
H™(RY) ={f e L*(RY) | (k)" f e L*(RY)}.
1 l3en = [ k)"

and the logarithmic Sobolev space by

s

HO(RY) = | f € L*(R?) | log(1 + (k) f € L*(RY)},
I £ llgoe = [log(1 + (k) £

We introduce the Hamiltonian of the harmonic oscillator by HZ. = %( p? 4+ w?x?), which will

be used as a reference Hamiltonian in some technical estimates, and denote by lI/ﬁ(“’) (X),ne N9,
its normalized eigenvectors. The integral kernel of the semigroup (Mehler kernel, see [2]) is
given by

_H® RN
e ol (X, ) =

— {—“’(xzﬂ’z) o ¥ } (1.3)

n%(l _ e—zwt)% 2 tanh wt sinh wt
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Let us recall for the reader’s convenience some facts about compact operators. Let # and
Jt' be two Hilbert spaces, we shall denote the space of compact operators from F to J’ by
Bo(H, H');if A € Bo(H, #H'), we denote by w,, (A) its singular values with decreasing ordering
wo(A) = u1(A) > --- 2 0. For 1 < p < oo, we shall denote the Schatten ideals! by

B, (H, H') = :

(1n(A)” < +oo],
n=1

1

||A||p=<Z 1n(A)) ) :

and, for p = oo, we simply have Boo(H, H') = B(H, H') and ||Alcc = ||A|l. Let us recall
also that, for A € 8, (#, Ft'), we have u,(A) = u,(A*), where * denotes the adjoint, and
A* € Bp(H', H) (see, e.g., [14]).

We shall denote the spectrum of an operator A by o (A), the pure point spectrum by o},,(A)
and the essential spectrum by oegs(A).

The resolvent of the operator

1
Hy=—38:=38+—5-—%

is given by the following integral kernel,

=2 2 =2 27

GE(X,y; ¥, y)=(HY +A) @, y;x",y)

wd—I/I va—l
= dv
d d d
22 gy (1=v)2(ny)>
a)l—v 2 %) wv > =/\2
XeXp{ 2T YY) o ( - 5 G=I

(1.4)

where A > 0 and X, y, %, 3’ € R?. The above expression has been obtained in [7]. Note that by
separation of variables the kernel (1.4) can be expressed as well as>

Gh@E 5:3.7)=2 > G G- Az +20n + 2217 (1 ), (1.5)
neNd

' The norm [lA]l; will also be denoted by Tr(|A|), the usual trace class norm.

2 In the following we shall often omit the suffix @ and set G = Gi‘. Similarly we denote by H, and H(y the operators
HOE and HO1 respectively.

3 Forany ii e N4, we setn = Z?:l n;.
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which in the one-dimensional case becomes

v RO 0N ,
GA(x,y;x',y) =’;Wexp{—\/2(wn +1)lx — x|} (1.6)

The symbol IT will stand for the collision plane
m={@&75y eR¥|3=5} (1.7)
and G* f (X, y) for the potential associated with f € L*>(R%), i.e.,
G,1(G.5)= [ d¥ GLG.5: ¥ 3G, (18)
R4
If we denote by P: H™ (R ) — Lz(Rd), m > d /2, the restriction to the plane I7, we trivially
have G* = G2 P*.
Any positive constant will be denoted by ¢, whose value may change from line to line.
2. The one-dimensional case

2.1. Preliminary results

The easiest way to give the expression (1.1) a rigorous meaning is to consider the (formal)
quadratic form associated with such an operator: for any « € R, at least formally, we have

(| H®u) = (u| HY |u) —i—a/dx lutx, 0|
R

This formal expression identifies a closed quadratic form bounded below (see [7] for the proof).

Definition 2.1 (Quadratic form F(). The quadratic form (FS, D (FY)) is defined as follows,

F2lul = F{[u] + o Fing[u]

oul?> 1loul® w?y?
E/dxdy{i % +5 % +”2y |u|2—%|u|2}+a/dx’u(x,x) 2 21
R2 R
D(F?) = {u e L*(R?) | F2[u] < +oo}. (2.2)

The main properties of F’ are summarized in the following theorem.

Theorem 2.2 (Closure of the form FY’). The quadratic form (FS, D (FY)) is closed and bounded
below on

D(FY)=D(Fy)={uce Lz(Rz) |ue HI(R2), yu € LZ(R2)}.
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We denote by (HY, D (H)) the bounded from below self-adjoint operator on L?(R?) defined
by (2.1) and (2.2). Concerning the resolvent of H{” we have the following result.

Theorem 2.3 (Operator HY ). The domain and the action of HY are the following,
D(HY)={ue L*(R*) |u=¢" +Glq,¢" € D(HY).q +aPu =0}, (2.3)
(HY + 2)u= (HY + 1)p". (2.4)
Moreover there exists Lo > 0 such that, for A > Lo and for any f € L*(R?), one has
(HY +2)""f = (Hy +2)" f +Ghay. (2.5)
where the charge qy is a solution to the following equation,
qr +a{Kkqr +PGLf}=0 (2.6)
and K} = PG P* has integral kernel K (x; x') = G% (x, x; x', x").
It is straightforward to see that H is an extension of Hy defined by

D(Hy) = {u e C(R*\ 1)},

~ 1 1 0*y? o
Hou = —EAX——A),—i— .

——|u
2 2 2

Then, by definition, Hy is a perturbation of Hg’ supported by the null set 17, i.e., a rigorous
counterpart of (1.1). It follows from a general argument (see [1, Lemma C.2]) that HJ is a local
operator, i.e., if # =0 in an open set £2, then HYu =0in £2.

The effect of the interaction is equivalent to the boundary condition g + «’Pu = 0 satisfied
by u € D(HY) (see (2.3)) which fixes a unique self-adjoint extension of I:IO. Such a boundary
condition is manifestly local, i.e., the value of ¢ at a given point x € R is proportional to the value
of u at the point (x, x). In this sense the constructed Hamiltonian H{’ defines a local zero-range
interaction.

Note that the quadratic form (2.1) is not the most general zero-range perturbation of F§’: it is
clear, for instance, that, if we take a real function «(x) such that « € L®, then

1
Flul= /dxdy {E
R2

define another zero-range perturbation of F’.

The boundary condition corresponding to F, is ¢ (x) + a(x)(Pu)(x) = 0. The perturbation
we use is distinguished by its invariance under translations along the coincidence manifold /7.
In fact, the quadratic form (2.1) gives the simplest “5”-like zero-range perturbation of F’
which correspond to a local boundary condition. Similar remarks hold for the two- and three-
dimensional cases too.

2

2

2 wzy

2
ou -|-—|u|2—%|u|2}—i—/dxot(x)}u()c,x)|2 2.7)
R

0x

ou

dy

2
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2.2. Spectral analysis

In this section we shall study the spectrum of (1.1). We analyze first the properties of the
operator K2, for fixed w = 1.

Proposition 2.4 (Spectral analysis of K 1* ). The operator K f‘ :L*(R) — L2(R) is compact, posi-
tive definite and self-adjoint. Let u,, (1), n € N, be its eigenvalues arranged in a decreasing order.
Then p,(X) is a decreasing function of A, for any n € N, and lim,_, ¢ no(X) = 400, whereas
limy .0 un(A) < +00, for n > 0.

Furthermore the following estimate

1 3 /2
M"(A)_\/ﬁ‘gg ; (2.8)

holds true for any n € N.

Proof. In order to simplify the notation, we shall denote by K* the operator K7, i.e., K2 for
fixed w = 1.

Using the boundedness criterium for integral operators, see [12], it is straightforward to see
that

: pr—1
|| < c/dv _ (2.9)
51—+l

Estimate (2.9) implies that |K*| < c)»_% for A — 0 and for A — 4o00. The operator K* is
manifestly self-adjoint.
We introduce the following decomposition:

1
K*(x;x") = /dvmk(v)kv (x:x), (2.10)
0

UA—I

17
V21— vzw/ln;

m)\(v) =

@2.11)

— _ w2 _ w2
ku(x;x’)zexl,{_ll V(2 4 x?) - ST X)T v ) } (2.12)

21+v 2In1 12

Since k, is a positive operator-valued function and m* (v) is a positive function for v € (0, 1), the
operator K* is positive and has empty kernel.

Let us prove now that K* is a compact operator. Using lemma in [21, p. 65], it is straightfor-
ward to prove that

1-6

/ dvm* (Wk, (x; x")

0



M. Correggi et al. / Journal of Functional Analysis 255 (2008) 502-531 509

is the kernel of a trace class operator, for any 0 < § < 1. By Halmos criterium, it converges to
K* in the uniform topology, therefore K* is compact and positive.

By (2.10), the inequality K M > K2 holds for A| < Ay, therefore the eigenvalues are decreas-
ing functions of A by Min-Max theorem (see, e.g., [22, Theorem XIII.1]).

In order to study the behavior of the eigenvalues of K* for A — 0, it suffices to notice that, if
f is orthogonal to exp{—y;}, then lim; o (f|K*| f) < +o0; the statement follows by Min-Max
theorem and estimate (2.9).

We prove now the eigenvalue upper bound. Note first that (see, e.g., [25])

NI'—‘

o
| 1 7(}‘77 osc
(Hosc—i-k 1/2 :—n/dtf,
0
which together with (1.3) yields

(Hle +x— 1/2)_%(x; x)

0sC

1
1 A=l 11—
:—/d Y { E V(X2+X/2)— 11)—2()(—)6/)2}.
710 V271 =12 ln I+ -V

In order to apply Schur test (see [12]) to the operator (HJ. . 4+ —1/ 2)_% —V2K*, we estimate

0sC

fdx/{( osc+)‘_1/2) %(XUC/)—\/EK)"(X;X/)}

R
— L /]dv expl:—i(l — vz)x2]
T ) m In ‘1) 2(14+v?)
(1+v)Ind [ (1 —v)3x2 “
x 31— exp| —
1—v2+ (141 20+ v)[1 =2+ (1+v)Ini]

< /dv v 1(1 )
VL Il v )i -2+ (1402 i)

where we have used the inequality

blar — —
(a2 a1)exp{_a2x2}<02 @

a ay

exp{—aix?} — bexp|{—arx?} <

which holds true for any 0 < a; < az, 0 < b < 1 and bay > a;. The last integral can be easily
estimated by
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A1 3
1
/dv v3 I—-v)
Ini(1+v2)2[1—v24+ (1 +1v2)Inl]
oo 1 oo
(1—e™)’ 3 312
< | dt ————< | dtt2 + [ dit 2<?,
0 = 0 1
so that, using the kernel symmetry, one has
6
57

The result is thus a simple consequence of Min-Max theorem. 0O

[(HL +1—1/2)7 —V2K*| < (2.13)

We are now able to study the point spectrum of HJ .

Theorem 2.5 (Negative spectrum of H?). For a > 0, HY has no negative eigenvalues, while, for
o < 0, there is a finite number N, («) of negative eigenvalues —Ey(o, w) < —E1(a, w) <--- <0
satisfying the scaling property

E (0, ) = wE, (o), 1). (2.14)

The corresponding eigenvectors are given by u, = gfn gn, where q, is a solution* of the homo-
geneous equation q, + K" q, = 0.

Furthermore there exists ag > 0 such that, for —ay < a < 0, N,(@) = 1, whereas, for
lo| = ag, Ny(a) > 1. For fixed w > 0, the ground state energy Eo(o, ®) satisfies the asymp-
totics

052
Ey(a, w) ~ 5 (2.15)

as o — 0.

Proof. First we derive an integral equation equivalent to the eigenvalue problem. Let u be a
solution to HYu = —Eu, E > 0. Using (2.4), this proves to be equivalent to

(HQ + E)¢* = (L — E)Glyg.
The first resolvent identity yields from (2.5),
¢" =Guq— G4,
which implies

u=GEq.

4 Such a solution is actually unique once the L2-norm of qn s fixed, as it is by the L2-normalization of u,,.
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On the other hand by using the boundary conditions in (2.3), we arrive at the following homoge-
neous equation for g and E:

g+akEqg=0. (2.16)
By scaling the above equation is equivalent to the following one:

KF®G=0 (2.17)
i.e., g solves (2.16) if and only if

§(x) = 0 iq(x /o)

solves (2.17), which implies (2.14).
The other properties of the negative eigenvalues follow then from Proposition 2.4: if « > 0,
(2.17) has no solution, since K IE /? s a positive operator; if o« < 0, by projecting (2.17) onto the

eigenvectors of K 1E / . one obtains the algebraic equation

apn(Efo) _
e

and the eigenvalue equation is equivalent to find some n € N and E > 0 satisfying (2.18).

The monotonicity of u, together with their asymptotics as E — 0 (see Proposition 2.4) imply
that, for any o < 0, (2.18) has only a finite number of solutions E,,. More precisely, for |¢| < ag,
it has only one solution Ey, since limg_.o uo(E/w) = +00 and limg_,o u, (E/w) < +0o0, for
n>0.

For fixed w, the estimate (2.13) yields

I+ 0, (2.18)

1o(E Jo, 1) = /% + OWE) (2.19)
as E — 0 and Eq. (2.15) easily follows from (2.18). O

Note that the result contained in theorem above yields also the expected asymptotic behavior
as w — 0: the limiting system is given by two particles freely moving on the line with a mutual
zero-range interaction. The spectrum of such an operator is absolutely continuous for any sign
of «, because of the translation invariance associated with the motion of the center of mass and
it is [0, 00) for a > 0, [—a?/2,00) for a < 0. If & < 0, the scaling property (2.14) implies
that the eigenvalues accumulate at the bottom of the continuous spectrum as w — 0 and the
corresponding bound states eventually disappear.

More interesting is the opposite asymptotics, that is the limit w — o0: in this case the strength
of the harmonic oscillator becomes so large that, roughly speaking, one of the two particles
remains fixed at the origin. More precisely we expect that the reduced dynamics of the other
particle is generated by an Hamiltonian formally given by

1
ha = =5 A+ ad(2)".
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We define 5, as the self-adjoint operator corresponding to the closed and bounded from below
quadratic form f,, given by

2
+ alu(0)].

1 du
Jalul = E/dxla
R

It is straightforward to compute the domain and the action of &, (see, e.g., [1]):

ho =2 L 2.20
a="577 (2.20)
D(he) = {u e H'®) NH*(R\ {0}) |« (0T) — ' (07) = 2u(0)}, 2.21)

and, for « < 0, its spectrum contains only one negative eigenvalue —a?/2 with (normalized)
eigenvector

£y (x) = /larfe” I,

For fixed @ < 0 and o sufficiently large (larger than «?/2), the operator H has only one neg-
ative eigenvalue —Eo (o, w) with normalized eigenvector uy ., (x, y). We denote by pq. the
reduced density matrix associated with the ground state uy ,(x, y), i.e., the trace class opera-
tor Og, LZ(R) — LZ(R) with integral kernel

Par,o (X5 X') = / dyuy, ,(x, Vg, ). (2.22)
R

Proposition 2.6 (Ground state asymptotics as w — 00). For any fixed a < 0 and for w — oo,

012
Eole, )= — + O(0™), (2.23)

and the reduced density matrix py, o converges to the one-dimensional projector onto &, i.e.,

a0 — 18a) (Eal (2.24)
w—> 00
in the norm topology of B (L%(R)).

Proof. We first notice that the bound ||K*|| < c)ﬁ% (see (2.9)) together with the eigenvalue
equation (2.18) imply the bound Eg(a, w) < ca?, so that the ground state energy of HY is
bounded (from above) uniformly in w and Eog/w — 0, as w — oo, for fixed «. Therefore the
first part of the statement can be proved exactly as the asymptotics (2.15) (see, e.g., (2.19)).

We now consider the ground state wave function u ., Which can be expressed as uy , =
g(foqo (see Proposition 2.5), where go is a solution to the homogeneous equation go +
oerOqo = 0. Note that the L>-norm of ¢q is actually fixed by the normalization of Ug,w- Let
us decompose gg as go = QOLI/O(“’) + &, with (llfo(w) |€) = 0. We are going to prove that
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2
C
it — w12 < N9 (2.25)

w?2

W (3, 9) = %%‘”Rw exp{—2Eolx|}. (226)

The proof is done in two steps. We first show that

cligoll?
”u(x,a) - vot,w“ X 3

w?2

1 w X—X w
Va0 (¥, 3) =~y VA Ry)/dx e V2RI @) (g ().

Indeed, by using the representation (1.6), we can easily estimate

e¢]

1 1 2
ltteo — vl < Z 9| | 190 >| CIIQOII Z_<C|ICI(;II '

3
n=1 \/_(a)n + EO)2 602 n=1 N2 w?2

On the other hand, setting go(x) = a)_%qo (x/+4/w), one has

2
el = 12017 (2.27)
2 (2E0)?
Qo 1 .
||vo,,w||2:(2E)1 [ ax dx' 1x = x'|9g" @)wd (g (0G0 (x)
0)? ow?
2 2
C
100 claol?
QE)? o

and

2 *
2m<va,w|wa,w>=2'Q0'3 T /dxlxw”(x)qo(x)exp{ \/ |x|}
QE))?  JoE)?

2|Qo|2 _ cligol?
(2E0)2 w3

so that ||vg, — We, wll? <cligoll? /wz and (2.25) is proven.

Let us now consider the charge go. The asymptotic behavior of the operator Kf 0 as w— oo,
is given by the following estimate

'Kw F|w

which easily follows from (2.13) and the simple inequality

1

N || = 0(w™2), (2.28)
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1 1
|rg 260~ 1) - o

‘:o@%y
Therefore by projecting the homogeneous equation (2.16) onto &, we get

clefli§llqoll

\/5 X

because of (2.28), which in turn implies ||go|*> = |Qol* + O(w~!) and ||&]| = O(w™ ).

In order to derive from (2.25) the Lz—convergence of the ground state to wy_,, we need then to
bound ||go|| uniformly in w; this can be done by exploiting the L2-normalization of Ug.w: (2.27),
(2.25) and the estimate for ||£] yield

IEN* — 0

|Qol cligoll cligoll c|Qol s
7 = lweoll < lugol + —5- =1+ —5- <1+ —5- +0(07?)
(2Ep)* w? w? wi

which together with the reverse inequality imply that |Qo| =1 4+ o(1) and ||qoll = 1 4+ o(1).
Hence the integral operator with kernel

1Qol?
P8 (x5 x') = / dy ), (2, Y Wau@.y) =2 ) exp{—v/2Eo(1x| + |x'])}
R

converges in trace class norm to |&,) (x|, since it is a projector onto a vector which converges in
L?-norm to &y (|Qol — 1 and Eg — a2/2, as w — 00). On the other hand estimate (2.25) gives
| por.co — péwa)) || = o(1) and the convergence of the operators in the norm topology implies weak
convergence in B1(L*(R)), but, since Tr(pe.0) = Tr(|y) (5« ]) = 1, the convergence is actually

in trace class norm. O

Note that in one dimension point interactions share much of the properties of interactions
through potentials, which may give the possibility of proving the above result via methods used
in spectral theory, such as a variation, due to Grushin (see, e.g., [24]), of Schur complement
method.

Now we give some partial results on the positive spectrum of (1.1).

Theorem 2.7 (Positive spectrum of HY ). The essential spectrum of HY is equal to [0, +00) and
the wave operators 2+ (HY, HY) exist and are complete.

Proof. It is sufficient to prove that (HJ + Py — (Hg” + )~ lis atrace class operator for some
A > 0 and @ = 1, then the thesis follows from Weyl’s theorem (see [22, Theorem XIII.14]) and
Kuroda—Birman theorem (see [21, Theorem XI.9]).

Let us introduce the operator Q* = (I + aK 1)‘)_1. For A > Ao, Q" is bounded and positive
(see Proposition (2.4)); the resolvent equation (2.5) can be cast in the following form

(Hy +2)7' = G* =g 0*g™. (2.29)
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It is immediate to notice that the right-hand side of (2.29) is a positive operator; using Cauchy—
Schwarz inequality and the boundedness of Q%, one can prove that G* Q*G**(x, y; x/,y') is a
continuous bounded function and that

1 1y 2
G0 G (x, y; X',y <c[/dv v—} . (2.30)

o J1—-v2+Inl

Then using the lemma in [21, p. 65], together again with Cauchy—Schwarz inequality and the
boundedness of O*, one has

/dxdygAng)\*(xv )’§x9)’)

R2
112 ;112
Cfdxdy[fdy/lgk(x,y;y’,y/)l ] [fdy/lgk*(yﬁy’;x,y)l }
R

R?2 R

C/dxdydy’lgx(x,y;y’,y’)!2<c. i
RZ

3. The two-dimensional case

3.1. Preliminary results

In order to rigorously define the operator (1.1), we use again the theory of quadratic forms.
We refer to [7] for proofs and the heuristic derivation of the quadratic form associated with (1.1).

Definition 3.1 (Quadratic form FJ). The quadratic form (FY, D(FY)) is defined as follows
D(F?)={ueL*(R*) |3g € D(®L), ¢" =u —Ghq € D(FY)). 3.1)
Flu) = FHlu] + @5, [q], (3.2)
where A > 0 is a positive parameter and
-1 2 1 2
Fhlu] E/dxdy {E}v,;cpﬂ + E\V;M + Al [P = Aful? — wlul? + 22 | M } (3.3)

R4

D(®},)={qeL*(R?) | dL*Iq] < +oo},

(3.4)

cbg,w[q]z/dx (o +a )¢ @) + 5 /d dx' Gl (%, %: X', ¥)|q(X) —

R2 R*
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w1 / 1 [ 4o*ro=1(1 —y)
=—1cC d 1—
() 471{ +0 Ya=v) (1+v)Inl 4112
— 2 nl _ )2
eXp(_(l vH)Ind +2(1—v) wxz)} 7 35)
2[(1+v2)Int 4102

1 1 00 1
e v e v 1
CE—(/dV—+/dV—21H—>. 3.6)
v v v

Note that the decomposition u = ¢* + G2 ¢ is well defined and unique (for fixed 1), G1q €
L*(R*) for any ¢ € L*>(R?) and the quadratic form (3.2) is independent of the parameter A
(see [7]); as a matter of fact A plays here the role of a free parameter and its value will be chosen
later.

Theorem 3.2 (Closure of the form FJ). The quadratic form (FJ, D (FZ)) is closed and bounded
below on the domain (3.1) for any w > 0.

Let us denote by I'}* the positive self-adjoint operator on L?(R?) associated with the quadratic

)“ .
form @a’w, i.e.

(Il51q) = 5 ,lq] = allg |, (3.7)
and by HY the Hamiltonian defined by FJ’. Then we have
Theorem 3.3 (Operator HY ). The domain and the action of HY are the following
D(Hy)={ue L*(RY) [u=0"+Glq, ¢" € D(HF),q € D(I), (¢ + I))a =Pg}, (B8)
(HY + 2)u = (HY + 1)¢", (3.9)
and the resolvent of HY can be represented as
(He +2)"' f =Gl f+Ghay, (3.10)
where, for any f € L*>(R%), qr is a solution to
(@+I))qr =PGf. 3.11)

As in the one-dimensional case, one can recognize in (3.9) a self-adjoint extension of the
symmetric operator Hy defined by

D(Ho) = {u e C°(R*\ 1)},
70 N DN
K R A i

so that H is a singular perturbation of H{’ supported on /7.
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Note that the unperturbed Hamiltonian, corresponding to the case of no interaction between
the particle and the harmonic oscillator, belongs to the family HJ and is given by o = +o0.
This fact, which could seem surprising, if one considers the formal Hamiltonian (1.1), is due to
the renormalization procedure required to give a rigorous meaning to such a formal expression.
Therefore we stress that in the two- and three-dimensional cases o does not play the role of
coupling constant of the system. Also in the two-dimensional case, the one-parameter family of
extensions considered has local boundary conditions (see [7]).

3.2. Spectral analysis

In order to study the spectrum of HJ’, we first need to state some spectral properties of the
operator .

A
o,

Proposition 3.4 (Spectral analysis of T, a))‘ ). For w > 0 the domain D (P
in the following way:

») can be characterized

D(®} ) ={g € L*(R?) | g € H"°¢(R?), g € H%(R?)}. (3.12)

On this domain @é’ » 18 closed and defines a self-adjoint operator T, a))‘ For any A > 0 the spec-
trum, O'(Fa);), is purely discrete, i.e., J(Fa);) = app(Fa);).

Let y,(A), n € N, be the eigenvalues of Fl’\ arranged in an increasing order (limy,_, o0 Yn(A) =
400). For every n € N, y,,(X) is a non-decreasing function of A. Furthermore limy_, o y9(A) =
—o00 and the other eigenvalues remain bounded below, i.e., for any A > 0, there exists a finite
constant ¢ such that y,,(A) = —c, foranyn e N, n > 0.

Proof. For the sake of simplicity we fix w = 1 from the outset and omit the dependence on w in
the notation.

The self-adjointness of I'* immediately follows from the properties of the quadratic form @é‘
(see [7]). Note that I"* can be written in the following way

r=d +ry,
where a¢* is the multiplication operator for the unbounded function (3.5) and FO’\ is the self-

adjoint operator associated with the positive quadratic form

1 oo o ooy o - -
ollql= 3 /dx d¥’' G*(x, %, x’,x/)|q(x) — q(x’)|2. (3.13)
RZ
Since @3 is positive and a*(x) is bounded below but not above, I"'* is an unbounded operator.
Notice that a”(x) is a monotone increasing function of x and a*(x) ~ clogx for x — oo; fur-

thermore a*(x) > a*(0), a’(0) is a monotone increasing function of A and a”(0) ~ clog A for
A — o00. Hence the following lower bound

DLlgl > / di (@ +a* ()¢ @) = (¢ +a*©)Ig]? (3.14)
]RZ
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proves that for any @ € R there exists A such that for A > A the quadratic form <Do); is positive;
for such A the operator I'* is invertible and its inverse is a bounded operator.

We shall prove now that o (I"*) is purely discrete for any A. By [22, Theorem XIIL.64] it
suffices to prove that

D,y ={q € D(®})| ?}lq]1 <n}

is a compact subset of L2(R?) for any positive ; this will be proved using the Rellich’s criterion
[22, Theorem XIIL.65]. The positivity of I'; implies that, if ®}[¢] < 7, then

[ did @l <n.
R2

Moreover, applying the Fourier transform, @2 can be rewritten in the following equivalent form

- 5 - I
®lq] =/dk (@+a ®)|gd | + Efdkdk G K)|gd) —Ga®H[*,  (3.15)
R2 R4
where
1
5, 1 1 411 —v)
a*(ky=—13C+ [ dv 1-— i
47 J 1—v (I+v)Iny+1—12
1—1v?)Ini
x exp<— v 1) al k2)} , (3.16)
2[(1+v)Int+1-12
1
L 1 r—1
G Ky = —Z/dv -
272 ) (=) 4201 - vp?
{ [+ v)Ind +1 2]k +£7)
X expy — I
201 —v)Inl 4201 — )2
1—v24+2vInd k- -k
_ 1 : ! } (3.17)
(I—v)Iny 421 —v)?

In order to prove (3.15), it is convenient to introduce a regularized quadratic form dﬁé"‘s obtained
by restricting the integration domain in v to the set [0, 1 — §], for some 0 < § < 1.

It is straightforward to notice that (D‘f;"S is a bounded form and that for every g € L*(R?),
®2-%[4] is a monotone function of §; therefore for g € D (P}) we have

lim @} °[q] = @;lq]. (3.18)

On the other hand, due to the regularization, with straightforward calculations one can prove that
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]_

1 dv N e ay o o o

oL0gl= e+ — C+/ IIQI|2—/dxdx/Gk"s(x,X;x/,X’)q*(x)Q(x/)
0

4 1—v
L - R4
_ 1=8 -
1 dv A2 T an CMS (T TINAR(INA (L
= (X+E C+ = gl — | dkdk’ G™°(k; k')g"(k)g k'), (3.19)
L 0 _ R4

which can be rewritten in the following way:

- o 1 N
czsg»f?[q]:fdk (a+dx”3(k))|q(k)|2+E/dkdk’ GOk K)|q k) — q(H[?,  (3.20)

R2 R*

where a*% and G* are the regularization of (3.16) and (3.17). Notice that (3.19) shows how
@’ can be obtained by a renormalization of the formal quantity (g|G*|q).

Due to the monotonicity in §, we can take the limit § — 0 of (3.20) and, by (3.18), we ob-
tain (3.15). It is immediate to notice that (3.15) has the same structure as (3.4) and in particular,
if ®2[¢q] < n, then

/ﬁﬁﬂmw®Pgm
R2

The function a*(k) has the same properties of a*(x), namely it is a monotone function of &,
a* (k) ~ clogk for k — oo and a*(0) ~ clog A for A — 0. Hence Rellich’s criterion guarantees
that £, is a compact subset of L?(R?) and therefore I'* has only pure point spectrum.

Notice that also the following bound holds,

B31g1 < cllg 1 gos g2, - (3.21)
Indeed using the following inequality

1
—1
PP v
G*(x,x;x',x)<c [ dv T eXp)—
v

in (3.13) and taking the Fourier transform, we have

. _ | el
@[]éc/dk/dv—
old 2vln%~|—1—v2
R2 0

b [ 21— vhlng kﬂ}rw)
x P 42vinl +1-12) 1

2

(3.22)

and, since
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1
2=l 2(1 =v?)Ini
o far P[] 2t
J 2viny 4+ 1 —v? 4Q2viny +1—v?)

< clog(1 + (k).

(3.21) is proven. Therefore, taking into account the behavior of a*, (3.21) implies that there exists
Ao > 0 such that for A > Lo we have

c(log(x) +log(p) + logX). (3.23)

We can prove also a similar lower bound for I"*. Putting together the lower bound (3.14) and a
corresponding lower bound for (3.15), we obtain:

1
(qIl*q) > 2/abuﬂ(x>|q(x)|+ fdk&k(k>|q(k>|

R2 R2

A )\
>[" © (O)}u 2. (3.24)

2

and in particular (3.12) holds true, due to (3.23) and (3.24).

The monotonicity in A of the eigenvalues y;, (1) follows from the monotonicity of @é [¢g] with
respect to A. This can be easily seen by observing that the regularized expression (3.19) is a
non-decreasing function of A, as it must be its limit as § — O.

In order to analyze the asymptotics for A — 0 of y(1), we shall show that there exists a func-
tion ¢ belonging to D (I"*), such that lim,_.¢(g|I"*|q) = —oo. The result is then a consequence
of the Min-Max theorem. Indeed taking the ground state of the 2d harmonic oscillator 11/0(1) (x),
one has

1

8v (1 —
hm(lp(l)‘F)“'Jl(])) lim — C—I—/dv |: e 1( ») i|
A—0 A—0 47 ) —v B+v)In +4(1—-v)

A—1

<cl—o0 hm /dv = —00. (3.25)
1+ln—

The boundedness from below of the other eigenvalues can be proved by showing that the
quadratic form remains bounded as A — 0, if g is orthogonal to the above function lllél) (X). Let
g+ (x) be an L%-normalized function’ in j)(@bé‘) such that (lI/O(l)()?)|qJ-) = 0. From the expres-
sion of the quadratic form (3.4), it is clear that we can restrict the integrations in v in (3.5) and
G* to the interval [0, 1 — 1 /e], because the remainder is uniformly bounded in A, i.e., there exists
a finite constant ¢ independent of A such that

5 For instance one can take qL lI/(l) ,n;j # 0 for some i.
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e [%+—/w st

— / dxdx' G}, (X, %: X, X)) (¢ () g (&)

R4

where we have expanded the second term in the form as in (3.19). The first term on the right-
hand side of the expression above is again bounded by a finite constant, whereas, as we are going
to prove, the only unbounded contribution comes from G} Je> but it contains a projection to the

subspace spanned by 11/0(1);

o=

L . - . 1 a—1
/dx dx’G)l‘/e(x,x;x’,x’)(qJ‘(x))*qJ‘(x’) < 271—2de 11)_ v2<ql|kv’qJ‘)
R4 0
=g~ |K*|q™).

where k, is the integral operator whose kernel is the two-dimensional analogous of (2.12). More-
over

1
(1K |at) < la [ (Hoe +2 = 1) g

1
e

1 U A
+m/d“1_v2<q kv —kvlq™), (3.26)
0

k, denoting the integral operator with kernel

_ AV
i, (x. x)—exp{—;Jrv(szrx’z) %} (3.27)

The last term in (3.26) can be estimated as follows:

1

! v 7L
Z,T—zfd"l_vz(q [y = kvl ™)
0

1
— | dv dX dX'|% — %' [Pk, (35 3| g @) ||gt
4n20/ (l—vz)ln,/ [E — Pl G E)|g ) g @)
R4

1

1 I

—2f — /dxdx’xzku(x;x’)IqL(x)HqL(x’)l
0 R4

llg1?

< Mt +r - 1) o) < 1

:||_
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Since, for any ¢ orthogonal to the ground state of Holsc,

2

(@t (HLe + 2= 1) 7'ty < gt

we thus obtain

(gt 1K gt) < = [t

: |
2
and the boundedness from below of the operator I'* on the subspace of functions orthogonal

&)
tow,’. 0O
0

The spectral properties of the operator I} allow us to give a complete characterization of the
discrete spectrum of HJ .

Theorem 3.5 (Negative spectrum of H?). For any « € R and w € R the discrete spectrum
opp(HY) of HY is not empty and it contains a number N,(a) > 1 of negative eigenvalues
—Eo(o, w) < —E((a, w) < --- <0, satisfying the scaling

En(a, w) = wEy(a, 1). (3.28)

The corresponding eigenvectors are given by u, = Q(E” qn, where q, is a solution to the homoge-
neous equation aq, + FwE” gn =0.

Moreover there exists ag € R such that, if @ > ag, Ny,() = 1 and, for fixed w and « — —00,
In N, (o) > cla].

The ground state energy has the following asymptotic behavior for fixed w: Eg ~ —ca ™! for
o — 400 and In Eg > c|a| for o — —o0.

Proof. Following the proof of Theorem 2.5, we get that ug is an eigenfunction of HJ relative
to the eigenvalue —E, E > 0, only if

ug=Grq (3.29)

for some g € D(P; ). On the other hand ug belongs to the domain of HY and then it must
satisfy the boundary condition on /7, which for a function of this form becomes ag + F(f q=0,
or

oy lal=allal’ + (qITf1a) =0. (330)
So that there is a one-to-one correspondence between the negative eigenvalues of H? and non-

trivial solutions to the homogeneous equation above. In other words —E is an eigenvalue of H,,
if and only if O is an eigenvalue of & + I''£. Note that, by scaling, g solves (3.30), if and only if

gx)= w_%q()_é /+/) is a solution to the homogeneous equation
aq + FlE/wq =0,

which implies (3.28).



M. Correggi et al. / Journal of Functional Analysis 255 (2008) 502-531 523

The other results are simple consequences of Proposition 3.4. In particular in order to com-
plete the asymptotic analysis for « — +o0 it is sufficient to notice that in fact (3.14) and (3.25)
imply that —ciA™' < (L) < —c2A~! as A — 0, due to the asymptotic behavior of aé)(O) and
&2‘)(0) in such a limit; this is sufficient to conclude that Eg = O(a™!) for « — +00.

The previous argument can be repeated for A — —oo and gives that yp(A) > cIlnA for A —
+00, which means In Eg = O(|a|) for @ — —o0.

In order to conclude the proof, it is sufficient to notice that, for fixed w = 1, Ny () is bounded
below by the cardinality of {n € N | y,(0) < —a}; therefore any upper bound on y, (0) provides
a lower bound on Nj(«). Due to the monotonicity in A of y,, (1), to (3.23) and to the straight-
forward estimate (log(x) + log(p)) < clog(HolSc + 1), we can use the eigenvalue distribution
of the logarithm of the harmonic oscillator to estimate Nj(«) which gives In Nj(«) > c|a| for
a—>o00. O

We underline that for w > 0 the interaction is attractive in the sense that there exists at least
one bound state irrespective of the sign of «. This fact is essentially due to the renormalization
procedure used to rigorously define the quadratic form in (3.2) and to the presence of the har-
monic oscillator; this is a common phenomenon in the theory of point interactions (see, e.g., [1]
for a similar effect).

Note also that the different scaling (3.28) in w is due to the scaling properties of the Green
function (1.4) (more precisely its restriction to the planes I7T), i.e., in d dimensions,

GA(%,5:%,5) = 0?1 GV (Vox, Joy; Jox', Joy)).

The asymptotics for « — 0 can be easily derived from (3.28): the spacing between different
eigenvalues goes to 0 and in the limit they form a continuum, so that no bound state survives in
the limit. On the opposite all the eigenvalues corresponding to excited states diverge as w — 00.
More detailed results on the eigenvalue asymptotics could be obtained by applying usual tech-
niques in semiclassical analysis (see, e.g., [6,9,13]), but such an investigation goes beyond the
aim of this paper.

Before giving a partial characterization of the positive spectrum, let us prove a technical
lemma.

Lemma 3.6. Define the operator Ta]f = gj)* (Gf‘u)kgi‘) (L2(R?) — LQ(RZ),for any k € N. Then, if
A >k, TK e 8,(L>(R?), L2(R?)), forany p > 2(k + 1)~ 1.

Proof. Setting w = 1 for the sake of clarity and omitting the w-dependence in the notation, we
have the identity

d k+1
Tk:<_d_)\> PGP*, (3.31)

so that, using (1.4), we get the integral kernel of Tk ie.,

1
A—1 1\k
T*E: ¥) = c [ gy )

(1—v?)
I1—v, ,  ,, (G=X)? vE-¥)?
xexp{ 21+V(x +x ) ZIn% —
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Notice that, using the same argument as in the proof of Proposition 2.4, we can view T* as the
integral over the parameter v of positive operator-valued functions #,, i.e.,

1

T* =c/dv mp(V)t,, (3.32)
0
A—1 1\k
v (In )
=Y 3.33
mw) == (3.33)
1 (%5 X) L= (4472 G-3) _vGE- ) (3.34)
X;x')=expy—= x'°) = - . .
v Pl 214w 20 [
Applying Schur test to the operator ¢, one has ||#,||cc = ||£y]| < c(1 — v), whereas a simple

calculation yields ||z, ||; = Tr(t,) < c(1 — v)~!. On the other hand Hélder inequality in Schatten
ideals (see [23]) gives

el < /P11 =17 < (1 =)' =27, (3.35)

It is then straightforward to check that

1
|7, < /dumk(v)”tv”p <400 (3.36)
0

forany p>2(k+1~'. O

Now we present some partial results on the continuous spectrum of (1.1) by means of a char-
acterization of the mapping properties of the resolvent; in the following we shall fix A > 1, such
that (F(j + o)~ ! exists and is bounded. Therefore Eq. (3.10) can be cast in the following form

(HC +2) "' =Gk —Gh(I +a) ' Gh. (3.37)

Theorem 3.7 (Positive spectrum of HY). The essential spectrum of HY is equal to [0, +-00) and
the wave operators 2+ (Hy, Hy') exist and are complete.

Proof. We shall drop the dependence on w for brevity. It is sufficient to prove that (H, + 1)~ —
(Ho+21)"lisa compact operator and that (Hy + 1) 73— (Ho+ )73 is trace class for some A > 0,
then the thesis follows from Weyl’s theorem (see [22, Theorem XIII.14]) and [21, Corollary 3 of
Theorem XI.11]).

We first analyze G* (I'* + ) ' G** and prove that it is a compact operator. Due to Lemma 3.6
we have G* € 8,(L*(R?), L*(R*)) with p > 4: by taking k = 0, one obtains GMG* €
£p(L2(R2), L2(R?)) for p > 2, ie., denoting by g,zl, n € N, its singular values, {g,} € £, for
p > 4. By a standard argument (see, e.g., [20, the proof of Theorem VI.17]), one can show
that {g,} are the singular values of G* and the result easily follows. This also implies that
G € B,(L*(R*), L*(R?)), p > 4, and both operators are compact. Moreover (I'* + )~ is
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a bounded operator and then G*(I'* + a)~1G** € 8,(L*(R*), L*(R*)) with p > 2, by Holder
inequality, and in particular is a compact operator.
In order to prove the existence of wave operators and asymptotic completeness, let us expand
the difference of the resolvent to third power:
(Hy +2)7> = (Ho+2)7°
— g (F/\ + a)_lg)‘* (GA)Z

+ GAgA(F* +a)—1gk*Gk + (GA)2gA(FA +o¢)_lg’\*

+ (gl(rk +a)—1g;\*)ZGA + gA(FA +a)—1gk*ckgk(rk +a)—1g;\*

+GHGH (I +a)7'6) + (GH(T +a) ') . (3.38)
All the terms on the right-hand side of (3.38) are trace class operators. Indeed it is sufficient to
use Lemma 3.6, with k = 2, and Holder inequality, as done when studying Mt + a)_lgk*.
As an example let us consider the first term in the above expression: by Lemma 3.6, G**(G*)? €
B,(L*(R*), L2(R?)) for p > 4/5 (by the same argument applied to G*) and thus it is a trace

class operator. The claim then follows from boundedness of G* and (I'* 4+ «)~! and Holder
inequality. O

4. The three-dimensional case
4.1. Preliminary results

As in the two-dimensional case, operator (1.1) can be rigorously defined by means of the
theory of quadratic forms (see [7]).

Definition 4.1 (Quadratic form FJ). The quadratic form (FS, D(FY)) is defined as follows
D(FY)={ueL*R% |3g e D(®},).¢" =u—Giq e D(F)}. (4.1)
Folul = F»lul + @ ,[ul, (4.2)
where A > 0 is a positive parameter and
Aw | a2 1 a2
Flul = [ dxdy EWW "+ §|V§<p |
RO

3 2.2
+x|<p*|2—,\|u|2—7‘“|u|2+%|¢1|2}, 4.3)

D(®,)={q|qeL*(R?). & lq] <+oo},
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@, ,lq] E/d)‘é (oz+a}u(x))|q()?)|2

R3

1 > oo R =
+§/dxdx/G)‘(x, LXg ) — q(x)\z, (4.4)

Hoy = Y2 1+/ldv [ vt/ (1 —v)>
a,(x —
(471’)2 2 J 1_\;)2 [(1+U2)ln%+l—u2]%

(1—vHInl+200-v2
) 4.5
XexP( 2[(1+v2)ln +1-12] x)” @)

The well-posedness of the definition above can be shown exactly as in the two-dimensional
case. Moreover in the same way one can prove that the form is actually closed and bounded
below (see [7] for the proofs).

Theorem 4.2 (Closure of the form F{). The quadratic form (FJ, D (FS)) is closed and bounded
below on the domain (4.1).

Concerning the self-adjoint operators H and Fa))‘ associated with the quadratic forms F’ and
453’ » respectively, i.e.,

Il51q) = 5 ] = allq |, (4.6)
we have the following theorem.
Theorem 4.3 (Operator HY ). The domain and the action of HY are the following
D(H?) = {u e L*(R®) |u=¢" +Glg,
¢" € D(H),q € D(Iy), (@ + I7)a =Py}, @)
(H? +2)u = (HY + )¢, (4.8)
and the resolvent of Hy can be represented as
(HY +2) " f =Gy f +Ghay, 4.9)
where, for any f € L>(R), qr is a solution to
(a+I)ar =PGof. (4.10)
The operators (4.8) give rise to a one-parameter family of self-adjoint operators, which actu-
ally coincides with a family of self-adjoint extensions of the three-dimensional analogous of the

operator Hy introduced in the previous section. Note that the free Hamiltonian H{ belongs to
the family and it is given by (4.8) for « = +00, exactly as in the two-dimensional case.
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4.2. Spectral analysis

Most of the results proved in the two-dimensional case apply also to the three-dimensional
one and there are only minor differences in the proofs. Hence we shall often omit the details and
refer to the two-dimensional case.

The spectral properties of H? are strictly related to spectral properties of the operator I'*, so
we shall start by studying the latter.

Proposition 4.4 (Spectral analysis of T Lﬁ ). The domain i)(d?;" ») can be characterized in the
following way:

D(®},) =g e L*(R%) | g e H'*(R%), g e H'*(RY)}. (4.11)

On this domain dﬁé’ » I8 closed and defines a self-adjoint operator Faf. For any A > 0 the spectrum
a(l"a))‘) is purely discrete, i.e., 0(1’3) = app(l"af).

Let y,()), n € N, be the eigenvalues of FI)‘ arranged in an increasing order
(limy,— 00 Y (A) = 4-00). For every n € N, y, (1) is a non-decreasing function of A. Further-
more limy ¢ yo(A) = —o0 and the other eigenvalues remain bounded below, i.e., for any A > 0,
there exists a finite constant ¢ such that y,(A) > —c, foranyn e N, n > 0.

Proof. Let us set again w = 1 and denote by I"* the operator I'}".
We can decompose I'* =a* + I O)‘, where 1’0A is the self-adjoint operator associated with the
positive quadratic form

@0[q]——/dxd5c"G*(x 5E,0)|g — @) 4.12)
RZ

Since @ is positive and a*(x) is an unbounded function, which is however bounded below
for any A > 0, I'* is an unbounded operator which is bounded below. Notice that a*(x) is a
monotone increasing function of x and a*(x) ~ cx for x — oo; furthermore a*(x) > a’(0),
a’(0) is a monotone increasing function of A and a*(0) ~ c+/A for & — o0o. Hence by the lower
bound (3.14) we have that for any o € R, there exists A9 > 0 such that for A > A¢ the quadratic
form @ is positive and bounded below; for such A the operator I” * is invertible.

The claim on the spectrum of I'* can be proved in the same way as the two-dimensional case,
then it is sufficient to prove that @} can be written in the following way:

cbg[q]=/d1€(a+ (k))|q(k)| + = /dkdk G*(k; k)]G k) — (4.13)
R2 R4
where
- : VA=l =)
it (ky=—1C d
0= { +0/ b V[ (1+v)Inl 4112

( (= vHin, kzﬂ (4.14)
X — s .
P 2[(1+v)Inl+1-12)
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1
r—1
Gk(kk E%/ 5 Ul 5
, —v9)Ing +2(1—v)

{ [(1+vD)Int +1 - 0212 + &%)
X eXpy—
2[(1—v)Int 421 —v)?]

[1—v2+2vln k- &
v (4.15)

Cd—v)Inl o —vy2
The function @” (k) has the same asymptotic behavior for k — oo as a*(x), namely a* (k) ~ ck
and by applying Rellich’s criterion, the spectrum of I'* is pure point.
Notice that the following bound holds:

B51q1 < cllgllz g gs)- (4.16)

Indeed, using the inequality in (3.13),

1 1 _ 12
((1—‘12)111;)3/2 21n; 1—v

1
A—1 = =12 =2 =12
e e 4 v X—X V(¥ — X
G (%, %X, %) gcfdv exp{—( )~ u ) },
0

and taking the Fourier transform, we have

1

r—1
Cbé[q]gc/dk/dv lv
J , (2ving 4+ 1 —v2)3/2

(1—v)mi )
1— — Y k& q(k)|”". 4.17
x{ exp[ 2(1—v2+2vln%) “|CI( )| 4.17)

Since

1
A=l 2(1—v)Ind
0</dv 1” {1—exp[— ( lv) v k2“<c<k>,
/ vl 41 —v2)3/2 4Qviny +1—v2)

(4.16) is proved.
Therefore, taking into account the behavior of a*, (4.16) implies that there exists Ao > 0 such
that

r*<e(@)'2+ ()2 +2172) 4.18)

holds for A > Ag. Also in the three-dimensional case the lower bound (3.24) holds as well, but
let us stress that a* and a* have a different behavior; in particular in the three-dimensional
case (4.11) holds true, due to (4.18).
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Monotonicity of the eigenvalues and unboundedness from below of y(4), as A — 0, can be
shown exactly as in the two-dimensional case. Note that one has to evaluate the form on the
ground state of the three-dimensional harmonic oscillator.

Furthermore we have the lower bound,

1
e e R Kb LR
@mz2 ) -2

_ / did¥ G E 5 5,7 (0 ®) g @),
R6

but, acting as in the proof of (3.26), we get

/ R AR G, (5 7 ) (0 ®) g @)
R6

1 _
< — [l (Hoe +2=3/2) " |g") + 2] 4[],

(2m)2

so that, if qL is a normalized function orthogonal to the ground state of the harmonic oscillator,
(q*|I*|gt) > —c, for some finite constant c. [

The discrete spectrum of HY can now be fully characterized.

Theorem 4.5 (Negative spectrum of HY ). For any a € R, the discrete spectrum opp(HY) of HY
is not empty and it contains a number N, () of negative eigenvalues — Eo(a, w) < —E1(a, ) <
-+- < 0 satisfying the scaling

E,(a, ) =wE,(a/Jw,1). (4.19)

The corresponding eigenvectors are given by u, = gf" qn, Where g, is a solution to the homoge-
neous equation aq, + Ff” gn =0.

Moreover there exists ag € R such that, if @ > ag, Ny(a) = 1 and, for fixed w and &« — —00,
Ny (@) =~ clal®.

The ground state energy has the following asymptotic behavior for fixed w: Eq ~ ca™" for
o — +o00 and Ey =~ ca? for o — —o0.

Proof. See the proof of Theorem 3.5; notice that in the argument used to estimate the asymp-
totics of N («), the spectral distribution of the square root of the three-dimensional harmonic
oscillator is involved. O

An interesting consequence of the above theorem is the existence of a bound state for any o
and 0 < w < 00, in particular even if o > 0 and there is no bound states for the “reduced” system
(we shall come back to this question in the concluding comments).
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The asymptotics for @ — 0 and « > 0 is exactly as in the one- and two-dimensional case,
whereas the behavior for « — 0 and o < 0 proves to be much more complicated, due to the
ground state asymptotics (see theorem above). If w — oo we expect that the asymptotics depend
on a crucial way on the sign of «, since at least one bound state should survive if ¢ < 0, whereas,
if o > 0, all bound states should disappear in the limit.

Now we shall give a partial characterization of the positive spectrum of (1.1), but we first state
a result analogous® to Lemma 3.6.

Lemma 4.6. Define the operator Ta]j = gj)(Gg)kgg*, for any k € N. Then, if A >k, Talj €
B,(L2(R3), L2(R3)), for any p > 3(k + 1/2)~.

Theorem 4.7 (Positive spectrum of HS). The essential spectrum of HY is equal to [0, +00) and
the wave operators 2+ (HY, Hé") exist and are complete.

Proof. We shall omit the dependence on w for brevity. It is sufficient to prove that (H, + 1)~ —
(Hy + M lisa compact operator and that [(H, + M = [(Hy + )»)’1]4 is trace class for
some A > 0, then the thesis follows from Weyl’s theorem (see [22, Theorem XIII.14] and [21,
Corollary 3 of Theorem XI.11]).

We shall fix A sufficiently large such that (I'* + &)~! exists. Boundedness of (I'* 4+ &)L,
Holder inequality and the fact that G**G* € By (L2(R®), L2(R%)), p > 6, because of Lemma 4.6,
imply compactness of (H, + A)~! — (Hy + A)~!, as in the two-dimensional case. Besides one
can show that G* belongs to £,,(L2(]R6), L%(R3)), p > 12, and G** € £,,(L2(R3), L2 (R®)) for
the same p. Finally the tedious but straightforward calculation of [(H, + )»)_1]4 —[(Hy+ )»)_1]4
and the application of Lemma 4.6 with k = 3 to each term of the expansion give the result. O

5. Conclusions and perspectives

We have studied a quantum system composed of a test particle and a harmonic oscillator
interacting through a zero-range force. We have given a rigorous meaning to the Hamiltonian HJ
of the system, described the properties of its spectrum and established asymptotic completeness
for the scattering operators 2+ (Hy', Hy’), where H’ is the Hamiltonian of the system without
the zero-range force.

The negative part of the spectrum of HY for w > 0 is discrete and we have given estimates of
the number of bound states. There is a peculiar feature of this part of the spectrum: in the three-
dimensional setting, in the case of a fixed center, i.e., @ = 0o, when the parameter « is negative,
there is exactly one bound state, while, in the case o > 0, the spectrum is absolutely continuous.
In our case, if o > 0, there is always a bound state and, if « < 0, the number of bound states
increases as the strength of the harmonic force goes to zero.

We might interpret this feature as due to the fact that bound states of the harmonic oscillator
provide a mechanism through which the test particle is bound, even if the interaction due to the
zero-range force is “repulsive.”

We have privileged explicit expressions because we regard our analysis as preliminary to a
detailed treatment of the case in which many oscillators are present. This model is widely used
in the physical literature, for instance in kinetic theory, under the name of Rayleigh gas and in that

6 The proof follows exactly the proof of Lemma 3.6 and is omitted for the sake of brevity.
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context one considers as relevant the spectral and scattering properties of a particle interacting
with a background of scatterers, in particular detailed estimates on the scattering cross sections.
We plan to extend our analysis to this more general setting and obtain rather detailed information
through a multichannel scattering approach, the channels being labeled by the bound states of
the harmonic oscillators.
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