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SMILANSKY’S MODEL OF IRREVERSIBLE QUANTUM
GRAPHS, I: THE ABSOLUTELY CONTINUOUS SPECTRUM

W.D. EVANS AND M. SOLOMYAK

ABSTRACT. In the model suggested by Smilansky [7] one studies an opera-
tor describing the interaction between a quantum graph and a system of K
one-dimensional oscillators attached at several different points in the graph.
The present paper is the first one in which the case K > 1 is investigated.
For the sake of simplicity we consider K = 2, but our argument is of a
general character. In this first of two papers on the problem, we describe
the absolutely continuous spectrum. Our approach is based upon scattering
theory.

1. INTRODUCTION

In the paper [7] U. Smilansky suggested a mathematical model to which he
gave the name “Irreversible quantum graph”. In this model one studies the
interaction between a quantum graph and a finite system of one-dimensional
oscillators attached at several different points in the graph. Recall that the
term “quantum graph” usually stands for a metric graph I' equipped with a
self-adjoint differential operator acting on L?*(T); see the survey paper [4] and
references therein. In our case this operator will be the Laplacian —A.

In Smilansky’s model one initially deals with two independent dynamical
systems. One of the systems acts in L?*(T") and its Hamiltonian is the Laplacian.
Another system acts in the space L2(R¥), K > 1 and is generated by the
Hamiltonian H,,. = Zlehk where

V2 0?
he =2 (- i), k=1...K;
k 2 ( 8Qk2 + Qk) ) 9 3
in [7] the oscillators are written in a slightly different form; one form reduces
to another by scaling. In what follows the points in I' are denoted by x and
the points in R¥ by q = (q1,...,qx).

Consider now the operator

(11) AO - _A ® I + I® Hosc
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in the space L*(I' x RE). It is defined by the differential expression
K
1 0*U
1.2 AU = =AU + 2> (-5 + U
( ) D) o’ Vk( aqu dk )

and is self-adjoint on the natural domain. The terms in (1.1) do not interact
with each other.

Interaction is introduced with the help of a system of “matching conditions”
on the derivative U, at some points o01,...,0x € . One says that the k-th
oscillator is attached to the graph at the point 0. The condition at the point
o 1s

(13) [Uzlj](ok7q) = O[k(]kU(Ok,q), k= 17"'aK7

where [f!](.) stands for the expression appearing in the Kirchhoff condition,
well known in the theory of electric networks. When I' = R (which is the only
case we deal with in the main body of the paper), [f.](.) is the jump of the

x
derivative,

(1.4) [21(0) = filo+) = fr(o—).
The real parameter oy in (1.3) expresses the strength of interaction between the
quantum graph and the oscillator h,. The case oy = ... = ax = 0 corresponds

to the operator Ay as in (1.1).

Sometimes we shall denote by «a, v the multi-dimensional parameters a =
{o,...;ax}, v = {v,...,vk}. Let Any = Aoy axun...vn stand for the
operator defined by the differential expression (1.2) and the conditions (1.3).
Usually, the values of v} are fixed and we exclude them from the notation. On
the other hand, we use the notation Ar.,,, for this operator when it is necessary
to reflect its dependence on the graph.

The problem to be considered is the description of the spectrum of the
dynamical system generated by the Hamiltonian A,.,. More specifically, it is
to construct the self-adjoint realization of A, as an operator in the Hilbert
space L?(I" x RE) and to describe its spectrum.

Up until now, the problem has only been investigated for the simplest case
K = 1. The first results were obtained in the paper [7] by Smilansky. Then a
detailed study of the problem was carried out in the papers [8], [9] and [5]. In
[10], along with some new results, a detailed survey of the current state of the
problem is given.

On first sight, the problem might seem amenable to the perturbation the-
ory of quadratic forms. Indeed, the spectrum o(Ag) can be easily described
by separation of variables and the perturbation in the quadratic form, which
appears when passing from Ay to A, with a # 0, seems not to be too strong.
However, this is not so: this perturbation turns out to be only form-bounded
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but not form-compact, which makes it impossible to apply the standard tech-
niques. So, the problem requires certain specific tools which were developed in
[8] — [10] and [5]. The most important of these tools is the systematic use of
Jacobi matrices.

It was found in the above mentioned papers on the one-oscillator problem
that the character of the spectrum strongly depends on the size of a: there
exists some a* > 0 such that the absolutely continuous spectrum o, (A,)
coincides with o, (Ay) if || < o* (in particular, it is absent if the graph is
compact) and fills the whole of R if || > o*. The dependence of the structure
of the point spectrum o,(A,) on « is also well understood.

This is the first of two papers on the problem for K > 1 and in it we study
the absolutely continuous spectrum; in our other paper [1] the point spectrum
is investigated. This division is natural, since the technical tools used in each
part are different. We address the simplest situation, when I' = R and K = 2,
but our argument is of a rather general character and we firmly believe that it
applies to a wide class of graphs and to any K. However, in the general case,
the calculations become more complicated and this obscures the main features
of the argument.

We first describe informally the main ideas lying behind our approach.

The effect of adding one more oscillator to a system with K oscillators is
twofold. Firstly, the total dimension of the set I' x R¥ increases by one which
certainly affects the spectrum. Secondly, there is some effect coming from the
additional matching condition (1.3) at the point ox 1. This second effect disap-
pears if we take a1 = 0. Indeed, then the variable g1 can be separated and
the operator decomposes into the orthogonal sum of simpler operators. More
exactly, denote by A the operator which corresponds to the configuration with
the (K + 1)-th oscillator removed,

A= Aal,...,a;(;ul,...,l/

K

Then it is easy to see that

D ~
(1'5) Aal7-~~70¢K70§V17-~~7VK,VK+1 = Z (A + V%{Jrl(n + 1/2>)'

n€eNg

This orthogonal decomposition yields the complete description of the spectrum
of the operator on the left-hand side, provided that the spectrum of A is known.

The key observation which allows one to solve the general problem is that
the interaction between the oscillators attached at different points is weak. For
K = 2 this observation leads to the conclusion that the study of o(Aa; g .10)
can be reduced to the same problem for the operators A, 0., .0, a0d Ag apiy -
Due to the equality (1.5) this reduces the problem to the study of the spectra
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of two operators, A,,,,, and A,,.,, each corresponding to the case of only
one oscillator. Since the latter case is already well understood, we obtain the
desired results for our more complicated case.

An accurate realization of this idea is different for the point spectrum and
for the absolutely continuous spectrum. In the present paper we concentrate
on the absolutely continuous spectrum. Here an important correction to the
above scheme is necessary: the study of o, (Aa, a9w1,) does not reduce to
the study of 04 (Aqy,) and 0, (Aq, ., ) for the same graph I'. Rather, we
have to divide I' into two parts, I' = I'y UT'; in such a way that o; € I'; and
0j ¢ I's_j. Then 04.c.(Ara; a01.,,) can be expressed in terms of o4 (Ar;ia;w, ),
j = 1,2. The paper [1] is devoted to the study of the point spectrum. There
such a partition of I' is unnecessary.

We use the following notation. We write Ny for the set {0,1,...}. The diag-
onal operator in an appropriate /2-space, with the diagonal elements aq, ay, . . .,
is denoted by diag{a,}. We apply similar notation for the block-diagonal oper-
ators. The notation J({a,}, {b,}) stands for the Jacobi matrix whose non-zero
entries are j,, = a, and Jn 1 = Jnt1n = bp. If A is a self-adjoint operator in
a Hilbert space, then o(A), 0,.(A),0,(A) stand for its spectrum, absolutely
continuous (a.c.) spectrum and point spectrum respectively. We use the sym-
bol m, .(A; A) for the multiplicity function of the a.c. spectrum. The symbol
G, stands for the trace class of compact operators.

Other necessary notations are introduced in the course of the presentation.

2. STATEMENT OF THE PROBLEM. RESULTS

2.1. The operator A,. As was mentioned in the introduction, we present
our argument for the graph I' = R and K = 2. We choose the points 0; =
1,00 = —1 and denote the coordinates in R? by ¢,,¢_ and the parameters by
a={ay,a_},v={v,,v_}. The Laplacian on I is just the operator —d?/dx?
with the Sobolev space H%(R) as the operator domain. The operator A, , acts
in the Hilbert space $ = L*(R?) and is defined by the differential expression

2 2

1% 1%
(2.1) AU = AU = U +7+(— @ +qu)+7‘(— v+ q2U)
and the matching conditions (cf. (1.4))
(2.2) [U(£1, g4, q-) = axqeU(£1,q4,q-).

So, in the notation of the introduction, we are dealing with the operator

AR;Q+7Q7 W V—-
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However, as a rule we use the shortened notation A,. Note that the replace-
ment ay — —ay corresponds to the change of variables ¢4+ +— —¢4 which does
not affect the spectrum. For this reason, we discuss only a4 > 0.

The structure of the differential expression A makes it natural to decompose
the function U in a double series in terms of the normalized Hermite functions
Xn, Namely

(2.3) U, q1,4-) = > tmn(®)Xm(@)Xn(q-),

which is hereafter represented by U ~ {up,}. The mapping U — {uy,n} is
an isometry of the space L?(IR?) onto the Hilbert space § = ¢?(N2; L?(R)). We
evidently have AU ~ {L,, num, ,} where

(2.4) (Lipnu)(x) = —u"(x) + rppu(z), xr # +1;

(2.5) P = V3 (m+1/2) + 12 (n+ 1/2), m,n € Np.

The conditions at = £1 reduce to

(1) = T (Vi Taan(1) 4 Vit 1,(1))

) (=1) = O‘—\/—i (Vi + Tumpa (1) + Vit 1 (<1))

To derive the conditions (2.6) from (2.2), one uses the recurrency equation for
the functions x,,

Vit It (@) — V2qxa(q) + v/nixa—1(g) = 0.

(2.6)

2.2. Operator A,. The operator Ay := Ay, ,  admits separation of vari-
ables and we get

(2.7) Ao =) (Ho+rmn),

m,n

where Hj is the self-adjoint operator —d?/dz? in L*(R). This leads to the com-
plete description of the spectrum o(Ay), namely, that it is purely a.c. and fills
the half-line [rg,00) = [(¥] + 1?)/2,00). The expression for the multiplicity
function m, . (\; Ag) immediately follows from (2.7), but is omitted.

2.3. Domain of A,. It is convenient to describe the domain of the self-adjoint
realization of the operator A, in terms of the decomposition (2.3). Define the
set D, as follows.
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Definition 2.1. An element U ~ {u,,,} lies in D, if and only if
L. Uy, € HY(R) for all m,n.
2. For all m, n the restriction of ,, ,, to each interval (—oo, —1), (—1,1), (1, 00)

lies in H? and moreover,
E / \Lm,num7n|2d:ﬂ < 00.
m,n R

3. The conditions (2.6) are satisfied.
Along with the set D,,, define its subset
Db ={U €D, :U ~ {up,} finite}

where by finite we mean that the sequence has only a finite number of non-zero
components. Denote by A® the operator in ) = L?(R3), defined by the system
(2.4) on the domain D¢

Lemma 2.2. The operator A? is symmetric in 9. Its adjoint coincides with
the operator A, considered on the domain D.,:

(A%)" = A..
The proof is a straightforward modification of that for (5.2) in [5].
Theorem 2.3. For any a,,a_ > 0 the operator A, is self-adjoint.

The proof is given in section 4. Theorem 2.3 and Lemma 2.2 show that A,
is the unique natural self-adjoint realization of the operator, defined by the
differential expression (2.1) and the matching conditions (2.2).

2.4. Absolutely continuous spectrum of the operator A,. Below we
construct an operator A? whose a.c. spectrum admits a complete description.
Then we show that the a.c. spectra of both operators A, and A coincide,
including the multiplicities.

As a first step, let us consider two operators, AL and A, . The operator
AT | say, acts in the space L?(R, x R?) and is defined by the differential

(o)
expression (2.1), the matching condition (2.2) at the point 0; = 1 and the
Dirichlet condition U(0, ¢;,q-) = 0. The definition of A, is similar, with R

replaced by R_ and the point 0o = 1 by oo = —1. By separation of variables, the
operators A . can be identified with the orthogonal sum of simpler operators:

®
Al = Z (Aryapw, +2(n+1/2)),

n€eNp

A;, = Z v (ARf;a,;y, + V_%_(m + 1/2))

meENy

(2.8)
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Hence, both operators are self-adjoint. The direct sum
(29> AO AZL+ Q_ V4,V = A;Z_ @ A;_
is a self-adjoint operator in the original Hilbert space $).

The following theorem is the main result of the paper. Its formulation in-
volves the notion of wave operator, which is one of the basic notions in math-
ematical scattering theory; see e.g. [3], [6] or [11].

Theorem 2.4. For each of the pairs (Aa, AL), (A%, A,), there exist complete
1sometric wave operators. In particular, the absolutely continuous parts of A,
and A¢ are unitarily equivalent.

Theorem 2.4 and the formulae (2.8), (2.9) reduce the study of o,.(A,) to
the similar problem for the case of only one oscillator. The latter problem
was solved in [5] and [10]. The next statement collects, for the particular case
we need, the results of section 3 in [10]; see also Theorem 5.1 and remarks
in section 9 of [5]. In both papers it was assumed that v = 1, and we arrive
at the formulation below via scaling. By default, we take m,. (\;A) = 0 if

A ¢ ogc(A).
Proposition 2.5. (The case of one oscillator.) Let I' = R, and o = 1, or
I'=R_ and o= —1. Then

1) Oa.c.(Aoy) = [12/2,00);
Mae (N Ag,) =n for —12/2< A —v’n<1?/2, neEN;
2)if0<a< V2, then
Oac.(Aaw) = Oac(Aoy) = [V*/2,00);
Mo (A Aay) = Mae (A Aoyw);
3) if a = V2, then
Oac(Aaw) =[0,00);  Mac (A Any) =Mac (A Agy) + 1, VA > 0;
4) z'fy\/§ < a < oo, then
Oac(Aaw) =R; Mae (AN Any) =mee (X Agy) +1, VAER

Now we are in a position to present the final formula for the function
Mg (A; A2), and thus for our original operator A,.

Mo (N AL) =D Mee(A— 12 (n+1/2); Ar, o)
(2.10) netto
+ > M (A= v2(m+1/2); Ap_a_u).
meENy

Combining the equality (2.10) with Proposition 2.5, we obtain the following
description of the a.c. spectrum of the operator A, for any a,,a_ > 0.
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Theorem 2.6. Let A, = A,., be the self-adjoint operator defined by the dif-
ferential expression (2.1) on the operator domain D,,.

1) If ax /v < V2, then
Oac(Ay) = [rog,00) = [(V3 +12)/2,00).

2) Let ay /vy = V2 and a_Jv_ < V2, or a_Jv_ = /2 and ay /v, < V2.
Then
Ja.c.(Aa) = [V3/27 OO) or O-CL.C. (Aa) = [Vi/27 OO)
respectively.
3) Let ay Jvy = a_Jv_ = /2, then
Tac.(As) =0, 00).

In all the cases 1 — 3 the multiplicity function m,.(X\;Ay), given by the

equality (2.10), is finite for all A € 04..(AL).

4) Let max(ay /vy, a_/v_) > /2. Then
UG~C~<A04) = Ra ma.c.()\; Aa) = Q.

In connection with this theorem, we would like to emphasize that the ex-
istence of the wave operators established in Theorem 2.4 gives much more
information about the operator A, than just the description of its a.c. spec-
trum.

For the proof of Theorem 2.4 we use the following classical result due to
Kato, see Theorem 6.5.1 and Remark 6.5.2 in [11].

Proposition 2.7. Let A, A° be self-adjoint operators in a Hilbert space. Sup-
pose that for some natural number p the inclusion

(A°—A)P—(A°— AP e,

is satisfied for all non-real A € C. Then the complete isometric wave operators

exist for both pairs A, A° and A°, A.

In our case the conditions of Proposition 2.7 turn out to be fulfilled with
p = 3. This is the result of the following statement whose proof is our main
technical goal in this paper.

Theorem 2.8. For any non-real A € C one has
(2.11) (A2 —AN) 7P — (A, —AN) P €6y,

Theorem 2.4 is a direct consequence of Theorem 2.8.
The proof of Theorem 2.8 is rather long and requires some preparatory work.
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3. AUXILIARY MATERIAL

In this section we present some elementary technical material concerning the
equations

(3.1) —u" + Cu = f,

(3.2) —" 4+ v = 0.

where ( = v +146 is a complex parameter. We need this material for the proofs
of both our main technical results, Theorem 2.3 and Theorem 2.8.

We assume that v > 0, and are mainly interested in estimates which are
uniform with respect to (.

3.1. Homogeneous equation. Let J; be the two-dimensional space of func-
tions on R which are continuous, vanish as |x| — oo, and for x # +1 satisfy
the equation (3.2). We choose the following basis ¢, ¢ in F¢:

0, T < —1,
pl(r) = QB 1 <o <1 (@) =@l (—a).
el >
Then
(3.3) pl(1)=¢ (1) =1, ¢l (=1)=¢ (1) =0.

Just for this reason this basis is more convenient than the “natural” basis
consisting of the functions e~</**!I. Note also that

e~ %
()] () =~ (2] (F) = oo
and hence, for all v € F,
(1) =~ o (o(1) e (1))

(3.4)
[V](=1) =— 1_2—5_4( (v(—=1) — e*0(1)).

A standard calculation shows that for the norm and scalar product in L*(R),

_ 1~y lsinh4y — 6 'sin4d _
(3:5) Nl = llecll? = =77

— + = +o(e™),

2y 4(sinh? 27 + sin? 20) i (™)
(¢l o) =0(e™), v — o0
This shows that for v large the chosen basis is “almost orthogonal”. It follows
that the two-sided estimate

(3:6) g oll? S CP+[C-P < eorlloll’, v =Crpf +Cpr € ¢
with some ¢y > 1 is satisfied uniformly in any half-plane v = Re { > 7 > 0.
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Now we turn to the subspace F¢ formed by the functions v € F, satistying
an additional condition v(0) = 0. The functions

0, x <0,
(@) =M 0<r<1, @ (v) =@ (—n)

e~ SN > 1,
form a natural basis in F7. For the functions gpz’i the equalities (3.3) are
satisfied, and instead of (3.4) we have

2¢ o
71)(:‘:1), Yu € 3’}.

(3.7) [V](£1) = ——

Similarly to (3.5), we find that
lpZ =P ="+ 0e™), (9" 907) =0(), v = o0

As a consequence, we conclude that an analogue of (3.6), with the functions
gpf replaced by @Z’i, is valid for v € F¢.

A straightforward calculation shows also that
(3.8) g™ —¢fl =0(e™),  v— .

3.2. Non-homogeneous equation. Here we discuss the equation (3.1) with-
out the matching conditions at x = 41 or, equivalently, under the conditions
of the type (2.6) with @ = 0. Then the solution is given by

(3.9 ucle) = (20) [ e peyar

R
The solution of the same equation (3.1) subject to the condition u(0) = 0 is

o 2071 fR+ (e=Cletl — e=¢letD) f(2)dt, x> 0;
(310) UC<JJ> - {(2<)1 fR, (€7§|x7t| _ e((:}c+t)) f(t)dt, < 0.

The difference ug — u¢ is given by a rank one operator,

BI) 0 ) = —207 ) [ FOucdn o) =
Note that ||gc||* ="

3.3. Dependence on the additional parameters. We are particularly in-
terested in the case when ( depends on two parameters » € R and A € C,
where r > 19 >0, A ¢ R:

(3.12) C=G(A) == (A) +i0.(A) = Vr — A,
We select the branch of the square root in (3.12) to have
Re(.(A) > 0, ImA-Im¢.(A) <0.
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For A fixed all the points ¢,.(A) lie in some half-plane Re ¢,.(A) > vo(A) > 0,
hence (3.6) is satisfied. It is clear that 7,.(A) ~ r'/? as r — oco. Therefore, for
any A ¢ R there exists a constant ¢; = ¢;(A) > 1 such that

01_17”1/2”1)”2 <|CL P+ 0 < 017“1/2||U||2>

(3.13) N 3
VU:O—F‘P( +C—<Pg € ¢, ¢ =G (A).

4. SELF-ADJOINTNESS: PROOF OF THEOREM 2.3

According to the general theory of self-adjoint operators, we must show that
the equation A,V = AV has only the trivial solution for some (and then all)
A € C.. To simplify our notation, we shall denote

(4.1) Cnn(A) = G (A) = (rmgn — MV2, @i,n(@ A) = ‘Pgim,n(/\) ().

If V.~ {vmn}, then each function v,,, can be written as

(4.2) Vman(2) = 130 (O (138) + O o (w3.4))

with some coefficients C%; . We have inserted the factor 7“71,{;11 in order that (cf.
(3.13))

(4.3) {Cf

m,n’

Coont €02 <= {V € H}.

The matching conditions (2.6) at x = +1 yield an infinite system of homo-
geneous linear equations for the unknown coefficients C’nj;n. Below we set

i+ = v/2/ax. Taking (3.4) into account, we get from the condition at x = 1:

2M+Cm,n (A>T3'1/7i

Trlr{il,n<m + 1)1/2C;+1,n + 1 — o dCmn(®) (Ch. = O;L,ne_%m’"m))
(4.4) gt mPCh =0
It is convenient to multiply each equation by the factor r},{i. Let us also denote
G = M L G = 0P

4.5
e Pmn(A) = Cmm(A)?‘iﬁl.

The equation (4.4) and the similar equation coming from the condition (2.6)
at r = —1 yield

(4.6)

2411 P (D) -
GritnConiin + Tty (O = Conne W) + 610G = 0,

20— Py (A (

- - - —2Cm,n (A - - —
Qm,n+10m,n+1 + m C - C"n—i;,n6 Cmon )) + Qm,nCm,n—l =0.

m,n



0]
)
\]

12 W.D. EVANS AND M. SOLOMYAK

Denote by R = R(A) the infinite matrix which corresponds to this system. In
view of (4.3), we consider R as an operator in the space

® = (>(N2; C?).

Removing in (4.6) the exponentially small terms, we come to a simpler sys-
tem

(47) q’r—;—i—l,nC;—l—l,n + 2M+pm,n(A)Cnt,n + qz,nor—:—z—l,n = Oa

(48> q?:l,TL‘F].CT;rFl,TL + 2,ufpm,n<A>CniL,n + QT:L/H,C’I;I,TL*]. = 0.

Let R = R'(A) stand for the matrix which corresponds to the system (4.7) —
(4.8), and also for the operator in & generated by this matrix. The operator R’
decomposes into an infinite family of simpler operators. First of all, the equa-
tions (4.7) (for C} ) and (4.8) (for C}, ) are mutually independent. Further,
fix any n € Ny. The equations in (4.7) which correspond to the chosen value
of n form a linear system in ¢*(Ny) with the Jacobi matrix

3T+L<A> = 8 ({2M+pm,n(A)}7 {Q;,n}) :

In the same way, the equations in (4.8), which correspond to the chosen
value of m, form a linear system in £*(Ny) with the Jacobi matrix

I (N) = ({20 pmn (M)} {gmnt) -

The above reasoning shows that
e e
(4.9) RA) =8N @) 3.0

The original operator R can be written as

(4.10) R(A) =R'(A) + N(A)

where N = N(A) is a block-diagonal matrix with 2 x 2-blocks:
2pm,n(A)€72<m’n(A) M+€72Cm’n(A) — U4

(4.11) Nn(A) = Ty e o~ 2ma(d) |-

The last two equations elucidate the structure of the matrix R(A).

In the rest of the section we take A = i € {R. We will show that each
term on the right-hand side of (4.9) is an invertible operator in £ and that the
norms of ||J(i7)~!|| are uniformly bounded. For this purpose, we note that

(2p04) 7 Im 35 (i) = (2u-) ™ T J,, (i7) = diag{pmn(ir)}.

We have p,,(i7) = \/T2,,, — ir'maT = X +iY where

rm7n7'2

9y2 — (44 2 2\1/2 _ 2 _ > 26217,
(rm,n +7nm,n7— ) Tmm (T?n,n _'_7.2>1/2 +Tm,n = &C ’T|
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The last inequality, with some constant ¢ > 0, is valid for || > 75 and for any
m,n > 0; we have taken into account that r,,, > roo = (Vi +1v2)/2.

By the well known estimate for the operators with sign-defined imaginary
part, see e.g. Theorem IV.4.1 in [2], this implies that

1D < (V) . ke,

and therefore
(4.12) R ()7 = sup [8(r) | < (e/T7])

The norms of the blocks N, ,,(i7) in (4.11) are controlled by |p,, ,, (i7)|e=2mn(7)
and hence, are bounded uniformly in m,n € Ny. Therefore,

|R(£iT) — R (£iT)|| < C = C(70).
Choosing |7| large enough, we conclude from (4.12) that
|R(EiT) — R (Zir)|| < [|R (i)~

It follows that the operator R(+i7) has bounded inverse, and, in particular,
the system (4.6) has only the trivial solution in &.
The proof of Theorem 2.3 is complete.

5. REPRESENTATION OF THE RESOLVENT (A, — A)™!

5.1. Resolvent. In order to prove Theorem 2.8, we need a convenient rep-
resentation for both resolvents involved in (2.11). Here we do this for the
operator A,. We derive an analogue of the formula (6.6) (the basic formula)
in [5] or, equivalently, (6.4) in [10]. However, there is an important difference
between the techniques we employ here and those in [5] and [10]. The main
goal in both cited papers was the direct study of the a.c. spectrum of the oper-
ator corresponding to the case of one oscillator. To achieve this objective, the
behaviour of the resolvent as the spectral parameter approaches the real axis
was carefully studied. What we do here is to apply scattering theory, and use
the already known results of [5] and [10]. This makes our analysis much easier.
We are able to work with the resolvents for a fixed value of the parameter A.
We exclude A from the notation, unless to do so would be confusing.

Let a function F' € $) have the decomposition F' ~ {f,,,}. For any a > 0
let us denote

-1
auo| (5.1) U, = (Aa — A) F ~{uammnts V ~Avman} = {tamn — Yoimn}-
In the notation for v we do not reflect dependence on the parameter a.

The operator (Ag — A)™! can be written in an explicit form. The functions
Up.m.n are given by the formula (3.9), with ¢ = (nn(A), see (4.1). It follows
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that

(5.2) UO;m,nH:l) = (QCm,n)_l / e_cm’nﬁ;l‘fm,n(t)dt; [%;m,n](il) =0.
R

Each function vy, ,(z) belongs to the space JF, . Hence, the equalities
(3.4) are satisfied for it, again with ¢ = (,,(A). Using these equalities and
taking into account that [u],, ,](£1) = [v;, ,](£1), we find from the matching
condition in (2.6) at the point x = 1 that

2Cm,n (Um,n<1) . 6_2cm‘"’l)m,n(—1))

11— e Y
Q
=—t (\/ m + 1ua;m+1,n(1> + \/mua;mfl,n(l)> .
V2
As in section 4, we let puy = \/§/Ozi. Since Uy n = Ugsm,n — Uosm,n, the equation
(5.3) yields

/ 2 m,n —
m+ 1u04;m+17n(1) + % (uoz;m,n(l) —¢€ QCW’nUa;m,n(—l))

(5.3)

(5.4)

2 m,n —
+\/Eua;mfl’n(1) = % (UO;m7n<1) — € QCm,nuo;m7n(_1)) .

The next step is the same normalization as in section 4. Denote
(5.5) X = Tt o (£, Zig iy = Tt U (£1)-
Each function v,,, can be represented as in (4.2), with C%5 = = Z%  — XZ .
We use a shortened notation for the corresponding elements in &:

X = {Xr: X;L,n}’ Z = {ZT—:’_L,TN Z;L,n}7 C= {Cnt,m O?’):,,?’L}’ m,n € No.

7”7

Multiplying each equation in (5.4) by r%ﬁl and writing out the similar equa-
tions coming from the matching conditions at x = —1, we reduce the system
to the form

2014 Pmn - -
q’r—ir_z—f—LnZ’l’—l_L-f—l,n e (Z+,n — ¢ 2cm7an,n) + q+ zZ5

1 — 674@”»” m mn~“m—1n
24

_ +pm7n + _2< 1, - .

= T ity (Ko =72 X00)

_ _ 20 Pmn _
qm,n—l-lZm,n—l—l + 1— (Zm,n

(5.6)
— 6—2Cm,n ZT—;’”) + qT_nmIZ_

- 6_4§mv" m—1,n

24P, - 2
T e—z}:m (Xm:n - CmynX’Zv”) '

This is the non-homogeneous counterpart of the system (4.6). In order to write

it more conveniently, we need more notation. All the operators introduced

below depend on A and we always assume that A ¢ R.
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Define the operator 8 = §(A) : § — & by

1/4

1/4
S Fis {Tz,n/ecm,nlt1|fm7n(t)dt7 T;vn/ecm,n|t+1|fm7n(t)dt}_
R R

According to (5.2) and (5.5), this can be written as

(57) S: F— {pm,nXTt,napm,aniL,n}'

It follows from the Cauchy-Schwartz inequality and (3.13) that the operator 8
is bounded.
The diagonal operator

ﬂ) = ?(A) : {XTJrrmw Xr;,,n} = {pm,anJg,n7pm7nX;1,n}

acts in & and is unbounded. Its inverse P~! is a bounded operator.
Further, let M = M(A) be the operator generated by the block-diagonal
matrix, M = diag{ M, }, where

— _2<7n,n
5.8 My = (1 — e~ 4omm)~t ( fe fve ) :
(53) e el e

Evidently, M is bounded in &.
Finally, we let

(5.9)  T=T(A): {C} . o} = Ll + O i) }-

This is a bounded operator acting from & into §.

The system (5.6) can be written in the operator form
RZ = 2MSF,

whence Z = 2R7IMS8F. Here R = R(A) is the operator in & which corresponds
to the left-hand side of the system (5.6), or, equivalently, of the homogeneous
system (4.6). We also have X = P~I8F, so that

C=Z—-X=02R"M-?P")8F.

If C is found from this equation, then evidently U, — Uy = TC.
Now it follows from the construction that

(5.10) (Aa =N —(Ag—A) =T (2R'M -2 8.

This is the desired representation of the resolvent of the operator A,.



16 W.D. EVANS AND M. SOLOMYAK

5.2. On the matrix R(A). It was shown in section 4 that for 7 large enough
the matrix R(i7) has a bounded inverse. This allowed us to conclude that the
operator A, — A has a bounded inverse for all A ¢ R, and hence ker R(A) = {0}
for all such A. So, the operator R(A)™! is well- deﬁned However, this does not
imply automatically that this operator is bounded in &. We now show that this
property is a direct consequence of the representation (5.10). Indeed, (5.10)
implies that

2RTIM — P = (T'T) T (A — A) 7 — (Ag — A) 1) 87(88%) !

It is easy to show that for A ¢ R, the operators M and T*J and 88* (acting
in &) have bounded inverses. This yields the desired result.

6. REPRESENTATION OF THE RESOLVENT (A2 — A)~!

Our aim here is to derive an analogue of the representation (5.10) for the
operator A2. One possible way to proceed is to use the decompositions (2.8),
(2.9). However, we prefer another way, one which parallels our argument in
section 5. The calculations are easier for A than for A,.

For the objects related to the operator A we use the notation

o; mn} Vo~ {’U;Ln} = {uz;m,n - ug;m,n}‘

An analogue of (5.2) is given by

(6.1) U= (A —A) W aRNEIT

(6.2) ug;m,n(il) _ (QCm,n)_l/ (e—Cm,n\t:FH —Cm n(12t) ) fmn( )
Ry

Next, we derive an analogue of (5.3). Taking (3.7) and [ug,,,,,,'](#1) = 0 into
account, we get from the matching condition at z = 1:

Kons o (1) = 22 (Vi F T, (1) + Vi oD

_—1 — 6*24"“" m,n \/§

. —
Since vy, , = Ug.nn — Ugm.n, We find, taking, as before, p = V2 s

\% +1uam+1n(1> + M szn( )+\/_u04m 171( )

1 — e 2mn
2M+Cm,n o
(63) = muo;m,n(l)'

This is much simpler than the system (5.4), which, of course, merely reflects
the special structure of the operator A2 as given by (2.9).
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The normalization, as in section 5, reduces (6.3) and the similar equations
for x = —1 to the form

o 214 Pmin_ o o 2{14Pmn o
Gt Zoitin + T— o—2Cnn Zmin o Gz = metw
(6.4)
0, T 0, e
1 Zmnir ¥ T, Zmn Gt 1Zmn—1 = T ag, Xmn:
Here

Xorn =g, (L), Zpm =g, ().

m,n U’O ;m,n T'm ,n Uq, ym,n
The coefficients qim, Pm.n are the same as in (5.6), being defined in (4.5). By
(6.2), we have

T G / (e Cmmlt=ll — e mn D) £ (1)d,
Ry

2Pmn X = / (el — ebrmn ) fon ().

Now we define analogues of the operators involved in the equality (5.6). First
of all, R° = R°(A) is the operator in &, defined by the infinite matrix which
corresponds to the left-hand side of (6.4). The operator R° can be written in
the form similar to (4.10):

(6.5) R(A) = R(A) + N°(A)
where

0 . ) o Pm ne—QCm,n M+ 0
(6.6)  NU(A) =diag{Npn},  Non=27" -~ ( 0 u) '

The self-adjointness of the operator A in §) implies that the operator R°(A)
is invertible for any A ¢ R.
The operator 8° = 8°(A) : § — & is a bounded operator defined by

8 F o~ {fm,n} = {pm,n mn’pmnXo _}

cf. (5.7).
The operator M° = M°(A) is the bounded operator on & of block-diagonal
form

07) M =ding(Munh Mo = (1= ().

Finally, let
T ( ) { m,n’ mn}H{T1/4 C;rzn(pmn—i_crtn(p;l;n)}
This is a bounded operator acting from & into §.

As in section 5, we can re-write the system (6.4) as

(6.8) (A —A)' — (A5 —A)' = T° (2(R°) M — P 8°.
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Note that for any A # A the operator R°(A)~! is bounded. The proof is the
same as for the operator R7*(A), see section 5.2.

7. PROOF OF THEOREM 2.8.
7.1. The case a = 0. Here we show that
(7.1) (Aj— N7 —(Ag—AN) P €6
Recall that in the notation of (5.1) and (6.1)
(Ao =N F ={uomn},  (AJ—AN)TF ={uf,,.}

where the functions ugm,n, ug,, , are given by the equations (3.9) and (3.10)
respectively, with ( = (u,. So, both operators are diagonal. Denote by
P, Py, , their components, and let

Q= diag{Qm,n} :(Ag - A)il - (AO - A)ilv
Qm,n :cb;nm - cI)m,n-

According to (3.11), each @, ,, is a rank one operator:

(7.2)

(7.3) Qmmn © frmn(T) = _(QCm,n)ilgm,n<x) /Rgm,n(t>fm,n<t)dt

where gp,.(r) = e~¢mnl#l Tt follows from (7.3) that
1Qmnll = 2lGnnl Re Gnn) ™t < Oy C=C(A).

m,n’

The norms of ®,,,, and ®;,  can be easily estimated (actually, |[®,,,| can
be calculated explicitly, since this is a convolution operator). By the “Schur
test”, the norm ||K|| of an integral operator in L? with the kernel K (z,t) can
be estimated as

IKIP < sup [ Ko, t)lde sup [ 5o, 1) e
t T
Applying this to the operators (3.9) and (3.10), we find that
1@mnll, (1950ll < Cripl:
Furthermore, the components of the operator (A — A)™3 — (Ag — A)~3 are

D2 Qi+ Prin Qi@ + Qi (P5,,)°

The norm of this operator does not exceed 3C%r, 3 and, since its rank is no

greater than 3, its trace class norm does not exceed 9037’;3”. By (2.5), these
numbers form a convergent double series, and hence, (7.1) is established.
Note that the exponent 3 in (7.1) can not be replaced by 2.
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7.2. Difference between the right-hand sides in (5.10), (6.8). To shorten
our notation, let us denote

(7.4) H=T (231713\/[ — iP*l) S, H°=7° ((2310)*13\/[0 — ?71) 8°.
Here we show that
(7.5) U :=H°—-H =€ 6&;.

Since all the inverse operators appearing in (7.4) are bounded, we only need
to check that

T =T,8 =8 M -M, R°-R e &;.

Here each operator has a block-diagonal structure, with (2 x2)-blocks, and it
is sufficient to estimate the operator norm of each block and to verify that the
corresponding series converge.

For the operators T7° — T and 8° — 8§ the result immediately follows from the
definitions of the operators involved and the estimate (3.8). For the operator
M° — M the result is evident from the comparison of (5.8) and (6.7). Finally,
for R° — R the result is implied by (4.10) and (6.5), if we take into account
evident estimates of the norms of blocks N, ,, in (4.11) and Ny, , in (6.6).

7.3. End of the proof. Unfortunately, the desired inclusion (2.11) is not
implied by (7.1) and (7.5) automatically and we need an extra argument in

order to finalize the proof.

Let us denote G = (A — A)~!. Using also the notation Q, ¥ as in (7.2),
(7.5), we can re-write the equalities (5.10) and (6.8) as

(A, —AN)'=G+H, (AS—A)'"=G+H+Q+ V.

We already know that ¥ € &; and (G + Q) — G3 € &,. Therefore, the
following equality is satisfied modulo a trace class correction:

(A —AN'1T—(A,-N)'"=(G+Q+H+ V)~ (G+H)?
=(G+Q+H)?’-(G+H)*( mod &)
=((G+Q)?*-G)H+ (G+QH(G + Q) — GHG
+H (G +Q)*— G?) + QH? + HQH + H*Q ( mod &)).

Removing the parentheses, we come to the sum where each term involves one
of the products QH, HQ, QGH, HGQ. Taking into account the structure of
the operator H, we see that it is sufficient for us to prove that the operators

(76> Q‘Ia 8Q7 Q(AO - A>71‘T7 8<A0 - A)ilQ
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are trace class. All these operators have block-diagonal form, with the blocks
given by explicit formulae implied by the corresponding definitions. For in-
stance, according to (5.9) the operator QT transforms the number sequence

{CF s Crn b into the sequence of functions {wy,, } where
L1/
@) = =52 0) [ (Ol Coainalt)) .
m,n R

An elementary calculation shows that the integral here is of order O(e=mn).
This happens because the function g¢,,,(t), see (7.3), is concentrated around
the point ¢ = 0, while ¢, (¢) is concentrated around ¢ = =£1, and all the
three functions decay exponentially when ¢ moves away from the corresponding
center. Clearly, this estimate implies that QT € &;. The proofs for the other
operators in (7.6) are similar.

The proof of is complete.
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