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Abstract. In this note a representation formula for the scattering matrix
of a pair of self-adjoint extensions of a non-densely defined symmetric
operator with infinite deficiency indices is proved with the help of quasi
boundary triples and their Weyl functions. This result is a generalization
of a classical formula by V.A. Adamyan and B.S. Pavlov.

1. Introduction

Mathematical scattering theory and its applications is a central theme in
the works of B.S. Pavlov. Among his numerous contributions in this area
we mention here the works [1, 3, 4, 5, 8, 26, 36, 37, 39, 40, 41, 42, 43] and
we point out the famous classical paper [2], which can also be viewed as the
origin of the present note on scattering matrices. In fact, in [2] V.A. Adamyan
and B.S. Pavlov proved a representation formula in terms of M.G. Krein’s
Q-function for the scattering matrix of a pair of self-adjoint extensions A and
B of a symmetric operator with finite deficiency indices (see also [6]). In this
situation the resolvents of A and B differ by a finite rank operator, that is,

dim(ran((A—XN)""' = (B=XN)"")) < (1.1)

holds for some (and hence for all) A € p(A)Np(B), and the S-matrix becomes
a matrix-valued function in a spectral representation of the absolutely con-
tinuous part of A. This important result was revisited and newly interpreted
in [15] using the concept of ordinary boundary triples and their Weyl func-
tions from extension theory of symmetric operators, see also [14, 16]. Only
very recently in [17] the finite rank condition (1.1) was relaxed and, roughly
speaking, replaced by the typical trace class assumption

(A-N"1—(B-N"le&; (1.2)
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for some (and hence for all) A € p(A) N p(B). In this more general situation
it is convenient to work with so-called generalized or quasi boundary triples,
instead of ordinary boundary triples, in particular, this allows to apply the
representation formula for the S-matrix to scattering problems involving dif-
ferent self-adjoint realizations of second order elliptic PDE’s on unbounded
domains. For related recent results we also refer the reader to [33, 34, 35].

The main objective of the present note on scattering matrices is to pro-
vide a slight generalization of the main representation formula for the scatter-
ing matrix in [17]. Here we shall extend [17, Theorem 3.1] in two directions.
Firstly, we formulate and prove the representation formula in the framework
of quasi boundary triples (instead of generalized boundary triples), which
allows a bit more flexibility in applications to differential operators (see also
[10, 17]), and secondly, we drop the assumption that the underlying symmet-
ric operator is densely defined. We also note that the trace class condition
(1.2) will follow automatically from our assumptions on the 7-field and Weyl
function M of the quasi boundary triple; instead of &;-regularity of the Weyl
function as in [17, Theorem 3.1] we shall impose a Hilbert-Schmidt condition
on the v-field and require the values of M ~! to be bounded. The present
generalizations lead to some technical difficulties in the proof of the repre-
sentation formula for the S-matrix. More precisely, since the values of the
Weyl function of a quasi boundary triple may be non-closed and unbounded
operators, particular attention has to be paid in some of the main steps of
the proof. Furthermore, if the domain of the underlying symmetric opera-
tor is not dense the adjoint needs to be interpreted in the sense of linear
relations (multi-valued operators) and hence it is necessary to use boundary
triple techniques for linear relations here. However, these additional efforts
are worthwhile since problems in mathematical scattering theory naturally
lead to non-densely defined symmetric defined operators. As an example we
consider a scattering system consisting of one-dimensional Schrédinger op-
erators with a real-valued bounded integrable potential in L?(R). Here the
underlying symmetric operator is defined on all H?(R)-functions that vanish
on the support of the potential, and hence is non-densely defined. We shall
illustrate how a quasi boundary triple for the adjoint relation can be chosen
and derive a representation of the scattering matrix in this case from our
main result Theorem 3.1.
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2. Scattering systems and Weyl functions of quasi boundary
triples

Let A and B be self-adjoint operators in a separable Hilbert space . The
pair {A, B} may be viewed as a scattering system, where A stands for the
unperturbed operator and B for the perturbed operator. In this preparatory
section we do not impose any conditions on the type of the perturbation.
We shall discuss in the following how (quasi) boundary triples may be used
to regard A and B as self-adjoint extensions of an underlying symmetric
operator and how the resolvent difference of A and B can be factorized in
a convenient Krein type formula. In the following operators will often be
identified with their graphs.

Let S = AN B be the intersection (of the graphs) of A and B. Then S
is given by

Sf:=Af =Bf, domS:{fedomAﬂdomB:Af:Bf}. (2.1)

In general the domain of S is not a dense subspace of §), and it may happen
that dom S = {0}. However, S is a closed operator in $) and since A and B
are self-adjoint extensions of S it is clear that S is a symmetric operator in
$. The adjoint S* of S is defined as the linear relation

S*={{g.9'}: (Sf.9) = (f,¢') for all f € domS} C Hx H;

here and in the following we write elements in linear relations (linear sub-
spaces) in a pair notation, e.g. {g, ¢'}. It is clear that S* is (the graph of) an
operator if and only if dom S is dense in ), otherwise S* has a nontrivial mul-
tivalued part (that is, there exists elements of the form {0,¢'} € S*, ¢’ #0).
We shall view A and B as self-adjoint restrictions of the adjoint relation S*
and use the techniques of (quasi) boundary triples from extension theory of
symmetric operators and relations. We refer the reader to [7, 24, 25, 27] for
more details on linear relations and to [11, 12, 20, 21, 22, 23, 29, 46] for the
notion of ordinary, generalized, and quasi boundary triples for linear opera-
tors and relations. In the following we repeat a few necessary definitions from
[11, 12] and provide a useful factorization of the difference of the resolvents
of A and B in Proposition 2.4.

Definition 2.1. Let T be a linear relation in the Hilbert space $) such that
T = S*. Then Il = {G,To,T1} is said to be a quasi boundary triple for S*
if G is a Hilbert space and T'g,T'1 : T — G are linear mappings such that the
following conditions (1)—(iii) are satisfied.

(i) The abstract Green’s identity
('.9) = (£.9') = ('] Tog) — (o] . T13)

holds for all f = I, ,a=49,9}eT;
(ii) The range of the mapping (Lo, T'1)" : T — G x G is dense;
(iii) Ag :=kerT'y is a self-adjoint relation in $.
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Assume that IT = {G, Ty, T'1 } is a quasi boundary triple for T = S* and
let Ag = kerT'g. For A € p(Ap) one verifies the direct sum decomposition

T =ATNAT), NA(T) = {{fx, Aa} s fr €ker(T = N}, (2.2)

which implies that Ty | Ny(T) is invertible. In the decomposition (2.2) the
direct sum AFN of linear relations A and N such that A NN = {0} is
defined by ATN = {f + g, f' +¢'}, where {f, f'} € A and {g,9'} € N

We then define the v-field and Weyl function corresponding to the quasi
boundary triple {G,T'o,T'1 } as operator functions on p(Ap) by

A y(A) =m (To TNAT) ™" and A M(X) =Ty (T [ NA(T)) ™

here 7 denotes the projection onto the first component of $ x §). We refer
the reader to [11, 12] for a detailed discussion of the properties of the -field
and Weyl function; here we only recall [11, Proposition 2.6].

Proposition 2.2. Let II = {G,Ty,T'1} be a quasi-boundary triple for S* with
~-field v and Weyl function M. For A\, € p(Ay) the following holds.
(1) v(A) is a densely defined operator from G into $) with dom~y(A) =ranTy
such that the function A — ~y(X\)p is holomorphic on p(Ag) for every
p €ranly and

YA = (T+ (A= @) (Ao = N)")v(n)
holds. Moreover, for each X\ € p(Ag) the operator v(X) is closable and
its closure () is a bounded operator from G into §).

(ii) v(A)* is a bounded mapping defined on $ with values in ranTy C G and
for all h € $ we have

\*7 (AO — A)flh
YA =T <(I+ A(Ag — N~k )
(iii) M(X) is a densely defined operator in G with dom M (\) = ranTy and
ran M (A) CranTy.
(iv) M(MNTofx =T1fx for all fx € N\(T).

(v) M(A\) € M(N)* and
M\ e = M(p)'e = A=mr()7(Ne, ¢ € dom M(A).
The function A — M(X) is holomorphic in the sense that it can be
written as M(X\) = C + L(X), where
1
Cyp:=ReM(i)p = §(M(z) +M(@@)")p, ¢€domC :=dom M (i),
is a possible unbounded symmetric operator and L()\) is given by
L) = 7(0)" (A + (1+X%)(Ao = A) "), X € p(Ag).

In the next lemma we show that the inclusion ran M (A\) C ranTy in
Proposition 2.2 (iii) becomes an equality if the relation A; := kerI'y is as-
sumed to be self-adjoint in §). Note that by Green’s identity A; is automati-
cally symmetric.
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Lemma 2.3. Let 11 = {G,Ty,I'1} be a quasi-boundary triple for S* with Weyl
function M and assume, in addition, that Ay = kerI'y is a self-adjoint re-
lation in $). Then for all A € p(Ag) N p(Ay) the operator M(\) maps ranT
onto ranT'y and M(\)™! exist and is defined on ranT}.

Proof. The assumption that A; = kerI'; is self-adjoint implies that the trans-
posed triple IIT = {G,Ty, T} is also quasi-boundary triple for S*. The
corresponding Weyl function M T ()\), A € p(A;), is defined on ranT; and
has values in ranT'y. One easily checks that M T (A\)M(\)g = —g, g € ranTy,
and M(A)MT(A\)h = —h, h € ranT';, A € p(Ag) N p(A1). Hence M(\) maps
ranI'g onto ranI'; and is invertible. O

The next result will be used in the formulation and proof of our abstract
representation formula for the scattering matrix in the next section. The
statement on the existence of a quasi boundary triple follows for the case
that S is densely defined also from [17, Proposition 2.9 ()] and the Krein-
type resolvent formula in (2.4) is a special case of [12, Corollary 6.17] or [13,
Corollary 3.9].

Proposition 2.4. Let A and B be self-adjoint operators in $) and consider the
closed symmetric operator S = AN B. Then the closure of the linear relation
T = A B coincides with the adjoint relation S* and there exists a quasi
boundary triple 1 = {G,T,T1} for T C S* such that

A=%kerI'y and B=kerl;. (2.3)

Furthermore, if v and M are the corresponding v-field and Weyl function
then

(B=AN)""=(A=N"" = —N)MN) N, Aep(A)Np(B). (24)

Proof. Since A and B are self-adjoint extensions of the closed symmetric
operator S = AN B (see also (2.1)) there exists an ordinary boundary triple
Il = {G, Ag, A1} for S* and a self-adjoint operator © in G such that

A =kerAy and B = ker(A; — OAg). (2.5)

We note that in the present situation the self-adjoint parameter © in G is
an operator (and not a linear relation) since S = AN B, that is, A and B
are disjoint self-adjoint extensions of S (cf. [20, 22, 23, 29]). Now consider
the restriction T := AF B of S*. Since A and B are disjoint self-adjoint
extensions of S it follows that T = S*, see [17, Proposition 2.9]. We claim
that II = {Q,FO, Fl}, where

Tof :=Aof and T f:= A, f —OAof, feT,

is a quasi boundary triple for T C S* such that (2.3) holds. In fact, (2.3)
is clear from (2.5) and the definition of 'y and T'y, and hence it remains to
check items (i)—(iii) in Definition 2.1. For f = {f, f'},d = {9,9'} € T one



6 J. Behrndt and H. Neidhardt

computes
(T1£,T0g) = (Tof, T1g) = (A1 f — ©Aof, Aog) — (Aof, MG — OAoF)
= (A1, 209) — (Aof, A1)
=(f"9) = (}.9)

and hence the abstract Green’s identity is valid. Next, assume that

0= <<1i> ’ (Efj;)) = (%Aof) + (z/J,Alf— @Aof)

holds for some ¢, € G and all fe T. Since II" = {G, Ag, A1} is an ordinary
boundary triple the map (Ag, A1) " : S* — G x G is surjective. It follows that
A1 | ker Ag maps onto G and hence for fe A = ker Ay one has 0 = (¢, A1f),
and therefore, ¥ = 0. Now (i, Aof) =0 for J?E T, and the fact that the range
of the restriction of A onto T is dense in G (this follows since Ag : S* — G is
surjective, continuous with respect to the norm on S* C £ x $ and T is dense
in S*), yield ¢ = 0. Therefore, the range of the mapping (I'g,T1)" : T — GxG
is dense and hence condition (ii) in Definition 2.1 holds. Condition (iii) is clear
from (2.3). Thus, we have shown that II = {G,T'0,I'1} is a quasi boundary
triple for T = S*.

Next, we verify the Krein-type resolvent formula (2.4). To this end we
note that the right-hand side of (2.3) makes sense by Proposition 2.2 and
Lemma 2.3. It remains to show the equality of the left- and right-hand side.

Let g € § and define f = {f, f'} € T = Ay F NA(T) by
fi=(A=XN"g—v(N)MN) (N,
o=+ MA=X)"Ng = MMM (V) g.
Proposition 2.2 (ii) and the definition of the Weyl function yield
Tif =Ti{(A=2) "9, (1+ MA=2) g} = MM K) " v(XN)7g =0
and hence f € kerI'; = B. From (2.6), A,B C T, and rany(\) = ker(T — )

one infers
(B=XNf=(T=NA=2)"g=(T=A)vNMN) 7(N)'g=g
and together with (2.6) this yields the resolvent formula (2.4). O

(2.6)

3. Main result

Let again A and B be self-adjoint operators in a separable Hilbert space $,
and assume first that
(B=N"1—(A-N"te&(9n) (3.1)

holds for some, and hence for all, A € p(A) N p(B). Here the symbol &
is used for the ideal of trace class operators. The ideal of Hilbert-Schmidt
operators will be denoted in a similar way by Gs. The trace class condition
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(3.1) will follow in Theorem 3.1 and Theorem 3.2 from other assumptions
automatically. Denote the absolutely continuous subspaces of A and B by
H(A) and H*(B), respectively, let P*(A) be the orthogonal projection
onto H%(A) and let A% = A | (dom ANH**(A)) be the absolutely continuous
part of A. It is well known (see, e.g., [9, 32, 45, 48, 49]) that under the trace
class condition (3.1) the wave operators

N itB  —itA pac
Wi(B,A):=s tilinooe e " PY(A)

exist and are complete, i.e. ran(Wy (B, A)) = H%(B). The scattering opera-
tor is defined as S(A, B) := W (B, A)*W_(B, A) and it follows that S(A, B)
is a unitary operator in $%°(A4). In the following we discuss a representation
formula for the scattering matrix {Sap(A)}acr, & family of unitary operators
in a spectral representation of the absolutely continuous part A% of A (see,
e.g., [9, Chapter 4]), which is unitarily equivalent to the scattering operator
S(A, B).

The next theorem is a generalization of [17, Theorem 3.1] (see also [15,
Theorem 3.8]). Instead of generalized boundary triples the result is formu-
lated for quasi boundary triples here, and the assumption that the intersec-
tion of A and B is densely defined is dropped. The proof is similar to the one
in [17], although more technical. For the convenience of the reader we give a
self-contained complete proof in Section 4.

Theorem 3.1. Let A and B be self-adjoint operators in ), suppose that the
closed symmetric operator S = ANB is simple, choose a quasi boundary triple
{G,To,T1} for T = S* such that A = kerTI'g and B = kerT'y as in Proposi-
tion 2.4, and let v and M be the corresponding v-field and Weyl function M,
respectively. Assume that

v(Xo) € 62(G,H)  for some Ny € p(A),
and that M (A1) is boundedly invertible in G for some A1 € p(A)Np(B). Then
the following holds.
(i) The resolvent difference of B and A is a trace class operator, that is,
(B=N"1—(A-N"1e&9), X € p(A) N p(B).

(ii) For all A € p(A)Np(B) the closure of the Weyl function M (\) exists and
is boundedly invertible. Moreover, L(\) := M(\)—Re M (i), X € p(A), is
a Nevanlinna function such that the limit L(X +40) = lim,, o L(A + iy)
exists in the operator norm for a.e. X € R and

M\ +i0) := Re M(i) + L(\ + i0)

is boundedly invertible for a.e. X € R.

(iii) The space L*(R,d\, Gy), where Gy := ran(Im M (X + i0)) for a.e. X € R,
forms a spectral representation of A* such that the scattering matrix
{SaB(N)}rer of the scattering system {A, B} admits the representation

Sap(A) = Ig, — 2i7\/Tm M (A + i0) (M()\ + iO))ily/ImM(/\ +10)
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for a.e. X € R.

In Theorem 3.1 it is assumed that the closed symmetric operator S =
AN B is simple. This assumption can be dropped and Theorem 3.1 admits a
natural generalization, which will be explained next. If S is not simple then
there is a nontrivial orthogonal decomposition of £ = $; & 92 such that

S =H; ® Ho,

where H; is a simple symmetric operator in $; and Hs is a self-adjoint
operator in $s. Then there exist self-adjoint extensions A; and B; of H; in
$1 such that

A=A ® Hy and B = B; ® Hs.
Let L?(R,d\,H,) be a spectral representation of the absolutely continuous
part HS$¢ of the self-adjoint operator Hy in $)2. Then the following variant of
Theorem 3.1 holds.

Theorem 3.2. Let A and B be self-adjoint operators in $), let S = AN B,
choose a quasi boundary triple 11 = {G,To,T1} for T = S* such that A =
kerI'g and B = kerI'y as in Proposition 2.4, and let v and M be the corre-
sponding y-field and Weyl function M, respectively. Assume that

Y(Ao) € 62(G,H) for some Ao € p(A),

and that M(X\1) is boundedly invertible in G for some A1 € p(A) N p(B).

Then the conclusions (1) and (ii) of Theorem 3.1 are valid and instead (iii)

the following holds.

(iii’) The space L*(R,d\,Gx & M), where Gy := ran(Im M (X 4 i0)) for a.e.
A € R forms a spectral representation of A* and the scattering matrix
{SaB(N)}rcr of the scattering system {A, B} admits the representation

San(A) = (SAI% W IE)

for a.e. X € R, where {Sa, B, (A\)}rer given in Theorem 3.1 (iii) is the
scattering matriz of the scattering system {A1, B1}.

4. Proof of Theorem 3.1

The proof of Theorem 3.1 is split into steps. First we make clear in Lemma 4.1
and Lemma 4.2 in which sense the limits M (A £40) and Im M (X £0) of the
Weyl function M and its imaginary part are understood; cf. Theorem 3.1 (ii)
and (iii).

Lemma 4.1. Let M be the Weyl function corresponding to the quasi boundary
triple 11 = {G, Ty, 1} of Theorem 3.1. Then Im M(\) € &1(G) for all A €
p(A) and the limit

Im M (X +140) := alirilOImM()\+i€) (4.1)

exists for a.e. A € R in &1(G).
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Proof. From Proposition 2.2 (i) and the assumption v(Ag) € 62(G, ) for

some Ao € p(A) it follows that v(\) € &2(G,$) for all A € p(A). Hence we
also have y(\)* € G3(9,G) and therefore Proposition 2.2 (v) yields

() = In(A) ()" 70V € 81(G), A€ plA).

In particular, it follows that the limit in (4.1) exists for a.e. A € R in &4(G);
cf. [18, 19, 38] or [28, Theorem 2.2]. O

Lemma 4.2. Let M be the Weyl function corresponding to the quasi boundary
triple I1 = {G,To,'1} in Theorem 3.1. For all ¢ € ranTy and a.e. A € R the
limat
M(A+£i0)p = lim M(A+tie)p (4.2)
e—+0
exists and the operator M (A £+ 40) with dom M (X £40) = ranTy is closable.
Moreover, for a.e. A € R the closure M (A 4+ 10) is boundedly invertible and

(M(A+i0)) = 61_1)I51+ M\ +ig)~t = E1_1}15:0( M(X+ie)) (4.3)
holds in the operator norm for a.e. A € R.

Proof. In order to see that the limit in (4.2) exists and defines a closable
operator in G we recall that M()A), A € p(A), admits the representation
M(N)¢ =ReM(i)p + L(A)p

for ¢ € ran Ty, see Proposition 2.2 (v). Since y(Ag) € &2(G, H) by assumption
we also have (i) € G2(G, ) by Proposition 2.2 (i). Hence [9, Proposition
3.14] yields that the limits L(\ & ¢0) of L(\ % ie) exist as ¢ — +0 with
respect to the Hilbert-Schmidt norm for a.e. A € R. In particular, one has
L(X £1i0) € 63(G) for a.e. A € R. Hence definition (4.2) makes sense and
yields the representation

M(X +1i0)¢ = Re M(i)p + L(A £ i0)p

for all ¢ € dom M (A £40) := ranTy and a.e. A € R; thus there is a Borel
set A C R of Lebesgue measure zero such that for each A € R\ A the limit
operator M (A +i0) is well defined. The operators M (A £ i0) are closable for
a.e. A € R and the closures M (A £ i0) are given by

M(X+10)p = Re M (i)p + L(A £1i0)¢ (4.4)

for all ¢ € dom M (A £40) = domRe M (i) and a.e. A € R.

It will be shown next that the closures in (4.4) are boundedly invertible
for a.e. A € R and that (4.3) holds in the operator norm for a.e. A € R.
Let us observe first that M (\) is boundedly invertible for all A € p(4) \ D,
where D is a discrete subset of p(A). In fact, since by our assumption there

is some A1 € p(A) such that M(A;) is boundedly invertible it follows from
Proposition 2.2 (v) that

M) = MO + (A= 2)rv(a) ()
MO = (v = VM) () v ]
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holds for all A € p(A). Furthermore, the operator-valued function

A (= VMY () 7Y

is holomorphic on p(A) by Proposition 2.2 (i) and hence the analytic Fred-
holm theorem (see, e.g. [44, Theorem VI.14]) implies that

M) = [1-(h =NV ()Y ] M)

is a bounded operator for all A € p(A4) \ D, where D is a discrete subset of
p(A).
Observe that the transposed triple IIT = {G,T';, —T} is also a quasi
boundary triple. The corresponding 7-field v and Weyl function M T are
given by

A=ATA) =yW)MN) ™ and A= MT(\)=-MN)1,

for A € p(A) N p(B), respectively. Hence M T (M) is boundedly invertible for
any X € p(A) N p(B) and

MO MTO) = MT(\)MO) =—1I, Xe p(A)Np(B).

Since M T is the Weyl function of IIT = {G,TI';,—T'¢} Proposition 2.2 (v)
yields the representation

MT(Ng=ReM (i) +7 ()" (A+ A+ 1)(B-N)"1)7 ()
for ¢ € ranT'y, and hence

K\ :=MT\) =ReMT(i)+ L"()\), M€ p(A)Np(B),

where L
LT =" @) A+ (P +1D)(B =1 )y ).

Our assumptions in Theorem 3.1 yield v T (i) = v(z) M (¢) e G2(G,$H) and
vT(i)* € &2(H,G), and therefore we conclude from [9, Proposition 3.14] that
the limits K (A + i0) of K(A + ie) as ¢ — +0 exist for a.e. A € R in the
operator norm. Hence we get

K(A+i0)M(\ +0) = M(X + i0)K (A +i0) = —I

for a.e. A € R and it follows that the operator M (A +40) is boundedly in-
vertible for a.e. A € R. g

The remaining part of the proof of Theorem 3.1 is similar to the proof
of [15, Theorem 3.8] and [17, Theorem 3.1]. The idea is mainly based on The-
orem 4.3 below, which follows from [9, Theorem 18.4]; cf. [17, Theorem A.2].
Some of the arguments require special care when working in the more gen-
eral context of quasi boundary triples since the values of the y-field and Weyl
function are not closed operators in general; we provide the full details when-
ever necessary. In the following we shall denote by £(G) the space of bounded
and everywhere defined operators in G.
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Theorem 4.3. Assume that the self-adjoint operators A and B satisfy the
trace class condition (3.1) and suppose that the resolvent difference admits
the factorization

(B—i) ' —(A—i)"t = ¢(A)CGC* = QC*,

where C' € 65(G,9), let ¢ : R — R be a bounded continuous function and
Q = ¢(A)CG. Assume that

H%(A) = clsp {ES(6)[ranC] : 6 € B(R) } (4.5)

holds and let D(\) = £C*E4((—00,A))C and Gy = ran D(X) for a.e. A €
R. Then L?(R,d\,Gy) is a spectral representation of A and the scattering
matriz of the scattering system {A, B} is given by

Sap(A) = Ig, +2mi(1+*)*/D(A\)Z(A) /D)
for a.e. X € R, where
- Lo+
A+ (A+1)?

and the limit of the last term on the right hand side exists in the Hilbert-
Schmidt norm.

Z(N)

oG + lim Q*(B—(A+i2)) 'Q

Proof of Theorem 3.1. (i) Since v(Ag) € G2(G,H) for some A9 € p(A) and
M (A1)~ is bounded for some \; € p(A)Np(B) it follows from the statements
in [13, Proposition 3.5] that v(\) € &5(G, $) for all A € p(A) and M(\)~!is
bounded for all A € p(A)Np(B); cf. the proofs of Lemma 4.1 and Lemma 4.2.

Then we also have y(A\)* € G3(9,G) for all A € p(A) and hence the resolvent
difference

(B=XN""=(A=N)7= —9()MN) ()" = =\ M)~y (V)*

is a trace class operator for all A € p(A4) N p(B).

(ii) This statement follows from Lemma 4.2.

(iii) This item is proved in two separate steps. In the first step we find
a preliminary form of the scattering matrix making use of Theorem 4.3. In
the second step we then obtain the final form of the scattering matrix.

Step 1. Expressing the resolvent difference at A = i in the same way as in the
proof of (i) and using (i) = (A +4)(A — i) ~1y(—i) we obtain
(B—i)"' = (A—i)"" = —y() M(i) " Iy(—i)"
= —(A+i)(A— 1)y (=) M (1) ~y(—)*
= ¢(A)CGC™,

where we have chosen

o) =

, teR, C=~(—i) and G=-M()"L
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It follows in exactly the same way as in [17, Proof of Theorem 3.1] that
the condition (4.5) in Theorem 4.3 holds. Now we compute the £(G)-valued
function

d
A= D(\) = aC’*EA((—oo, A)C
and its square root A — /D(A) for a.e. A € R. First of all we have

D()\) = lim —C*((A—A—ie)‘l—(A—)\+ie)‘1)0

e—0+ 2mi
- Eli%gr ;C* (A=X—ie) " (A—A+ie) ")C.
On the other hand
Im M (X + ie) = ey(A +ie)"y(\ + ie)
together with v(A +ie) = (A +i)(A — X\ —ie) "' vy(—i) shows
TIm M (A + ie) = ey(—i)* (I + A%) (A= A +ig) " (A= X —ig) ' y(—i)
and hence we conclude
Tm M(A+ i) = eC* (I + A>) (A — A +ig) (A= A—ie) ' C.
This implies
Im M(\ +i0) = Eli%l+m =7(1+A)D(\)

for a.e. A € R and, in particular, ran(Im M (X 4+ 40)) = ran D(A) for a.e. A € R
and hence

Gr =ran(Im M (A +i0)) =ran D(\) for a.e. A€ R.

Therefore, Theorem 4.3 yields that L?(IR,d\,G)) is a spectral representation
of A®¢ and the scattering matrix {Sap(\)}rer is given by

San(N) = Io, + 2mi(1 + N2>/ DN Z(A) VDY)

(4.6)

=1Ig, +2i(1+ )\2)\/ImM()\ + iO)Z(A)\/ImM()\ +10)
for a.e. A € R, where
1
T
and @ = ¢(A)CG is given by
Q=—(A+i) (A=) (=) M)t = =) M(7) ! € &2(G,9).

Z(\) = ¢(A)G+Egrg+Q*(B—(Aﬂ's))‘lcz (4.7)

Step 2. In this step we compute the explicit form

Z(\) = — M\ +i0)-1 (4.8)

14+ A2

for a.e. A € R of Z(X) in (4.7). From this and (4.6) the asserted form of the
scattering matrix follows immediately.
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Observe that by Proposition 2.4 we have

Lo(B—A)"'=To(A=XN)""=Toy(N)MN) " y(A)*

for A € p(A) N p(B) and hence

Lo(B+3)~" = =M=’

where we have used (M (—i)~1)* = (M(—i)*)~t = M (i)~!. This yields
Q" (B-N"Q=To(B+i) (B-AN)"'Q

=To(Q (B-N"'(B~-1)") (4.9)
=To(To(B+i) ' (B-N"'B-i)")".

it follows from Proposition 2.4 that

To(B+i) Y (B-XN"YB-i)!

Taking into account (M (z)~1)* = M(u)~! for u € p(A) N p(B) we obtain for
the adjoint
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and for ¢ € ranTy = dom M ()™, u € p(A) N p(B), we then conclude from
(4.9)

*

Q (B~ N)"'Qp=To(Lo(B+i) (BN (B—i) )
1

= Tz o O OM@ ™ = (NMN) e

+ S M) = (=) (=)
_ ﬁ(]\m)*l ~ M) Y

+ m(z\m)—l — M(—i) Yy

which extends by continuity from the dense set ranI'; onto G and takes the
form

Q' (B-N71Q = 1 (M) - ()
1 -1 __ —3 —1
+2i()\+i)( ()=t = M(=0)71)
This leads to
Dim Q°(B-(\+ie) Q=1 +1A2 (M@~ M(x 1 i0)7)

1
oM

for a.e. A € R. Note also that by Lemma 4.2 the limit M (X +0)~! exists for
a.e. A € R in the operator norm.

Moreover, for ¢ € ranT'; = dom M (u)™1, u € p(A) N p(B), we have

*

Q"Qp = (v(&) M(1)~1) (i) M (i)'



Scattering matrices and Weyl functions of quasi boundary triples 15

Hence we obtain for ¢ € ranI'; and a.e. A € R that

1 N 1 N _ =1
Z(Np = THQ Qp + mQS()\)G‘P +Q"(B—(A+1i0)) Qg
B 1 -1 N —1 - 1 N —1
= g M M
1 N1 Y D=1
+ T (M(Z) — M(\+10) )gp
1 N1 N1
+m(M(Z) M(=i)")e
1T -
- _ 0)—1
e MO0 Ty
and since M (X +140)~! € L£(G) we conclude (4.8). This completes the proof
of Theorem 3.1. O

5. An example

In this section we discuss a scattering system consisting of the one-dimensio-
nal Schrodinger operators {A, B}, where

Af =—f", Bf=—f"+Vf, dom A = dom B = H*(R). (5.1)

Our aim is to show in a particularly simple situation how quasi boundary
triples for the adjoints of non-densely defined symmetric operators appear and
can be applied to obtain a formula for the scattering matrix via Theorem 3.1.
To avoid technical difficulties we will assume that the real-valued potential
V in (5.1) satisfies the condition

V e L*(R). (5.2)
It is well known that the operators A and B in (5.1) are self-adjoint in L?(R).
Later, in Lemma 5.2, it will also be assumed that V' € L!(R). In the present
situation the symmetric operator S = AN B has the form
Sf=—f'=—f"+V{, dom S = {f € H*(R) : Vf =0}, (5.3)
and, in general, S is not densely defined. In particular, it may happen that
dom S = {0}. In the following we use the factorization
V =+/|V|sgn(V)/|V| = D*UD, (5.4)
where
D:L*R) =G,  f= VIV,

G :=ran \/m, and U : G — G, ¢ — sgn(V)p. Observe that ran D is dense
in G and that U is a unitary operator in G. In the next proposition we shall
construct a suitable quasi boundary triple for the adjoint relation S*. For our
purposes it is convenient to introduce the linear relation

T={{f,—f"+Vh}: f,he H*R)}
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in L?(R)x L?(R). It is not difficult to see that T = A F B holds. We emphasize
that the quasi boundary triple IT = {G,T3,T'1} below is not a generalized
boundary triple in the sense of [23, Definition 6.1] whenever ran D is not
closed.

Proposition 5.1. Let A, B and S,T be as above. Then Il = {G,T,T'1}, where
G=rany/|V|, Tof=Dh and T.f=UDh-UDY,

f= {f,—f" +Vh} € T, is a quasi boundary triple for T = S* such that
A =kerl'g and B = kerI'y. The corresponding ~y-field and Weyl function are
given by

TNp =—(A=N)""'D*p, ¢ eranTy,
and

M\ =Up+UD(A-XN)"'D*Up, ¢ €ranly.

Proof. Consider two elements J?— {f, —f"+Vh},g={9,—¢g"+VEk} €T
and note that (—f",g)r2w) — (f,—¢")12@®) = 0 as f,g € HQ( ) = dom A
and A is a self-adjoint operator. A stralghtforward computation shows
(=f"+Vh, g)L2(]R) = (fi—9"+ Vk)L2(R)
= (Vh, 9)L2(JR (fs Vk)LQ(]R)
= (h,Vg)r2w — (Vi k)2 + (Vh k) 2wy — (b, VE) L2 (w)
= (Vh=VEE) oy - (h Vk: Vo) s
= (UDh — UDf,Dk)g — (Dh,UDk — UDg)g

= (' f,Tog)g — (Tof.T19)g
and hence the abstract Green’s identity in Definition 2.1 is satisfied. Next we

check that ran(I'g,I';) " is dense in G x G. Assume that for some ¢, ¢ € G we
have

0=(¢.Tof)g + (&.T1flg = (¢.Dh)g + (£, UDh ~UDf)g  (5.5)
for all f = {f,—f” + Vh} € T. In particular, if h = 0 then
0= (ga UDf)g = (D*U*Ea f)L2(]R)

for all f € H?(R). Hence D*U*¢ = 0 and ker D* = (ran D)t = {0} yields
U*¢ = 0. But U is unitary and thus we conclude £ = 0. Now (5.5) reduces
to 0 = (¢, Dh)g = (D*¢,h) 2y for all h € H?*(R). As above ker D* = {0}
implies ¢ = 0. We have shown that ran(T', I‘l)T is dense in G x G.

Furthermore, if f € kerg then Dh = 0 for all h € H%(R), and hence
Vh =0 for all h € H?(R) by (5.4). Therefore

kerTo = {{f,—f"}: fEH*R)} = A
and it follows that II = {G,Tg,T1} is a quasi boundary triple for T = S*.
Moreover, if f € kerT'; then Dh = Df and hence Vh = V f by (5.4). This
implies

kerI'y = {{f,.—f"+Vf}: fe H*R)} = B.
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It remains to verify the assertions on the form of the «-field and Weyl
function corresponding to the quasi boundary triple IT = {G,Ty,T';}. Note
first that in the present situation for A € p(A) we have

NAT) = {({fx AP} s o= —(A=N)T"Vh, he HX(R)}.

As
Mr=-ANA-N"Vh=-AA-N"Vh+Vh=Af+Vh
it follows that the elements fy € N3 (T) have the form
A={f—-H+Vh}, fi=—(A-N"'Vh

Using (5.4) we find

I={f.—f+DUDLY, fr=—(A—XN"'D*UDh.  (56)
Setting ¢ = Dh € ranTy, h € H%(R), we get

A={-R+DUs}, fr=—-(A-XN"'DUp.
By definition one has Fof)\ = Dh = ¢ which yields
YNe = fr=—-(A=N)"'DUep.

Hence the assertion on the 7-field is proven. Furthermore, applying I'; to the
same element in (5.6) gives

U1 fx=UDh—UDf, =Up+UD(A - X "'D*Ugp
which implies the assertion on the Weyl function. (]

In the next lemma we shall strengthen the condition (5.2) on V such
that the assumptions on v and M in Theorem 3.1 are satisfied.

Lemma 5.2. Assume that the real-valued potential V in (5.1) satisfies
V € L¥(R)N L'(R) (5.7)

and let v and M be the vy-field and Weyl function corresponding to the quasi
boundary triple Il = {G,T9,T'1} in Proposition 5.1. Then

(o) € 62(G, L*(R)) (5.8)

for some Ao € p(A) and M (A1) is boundedly invertible for some Ay € p(A)N
p(B).

Proof. The assumption (5.7) yields that D(A — X\)~! is a Hilbert-Schmidt
operator for all A\ € p(A). Hence (A — \)~tD*U is also a Hilbert-Schmidt
operator and (5.8) follows for all A\g € p(A). Moreover, one has

M) =U+UD(A—\)"'D*U, )¢ p(A).

For Im(\) sufficiently large the operator norm UD(A — \)~1D*U* becomes
small and hence M (A1) is boundedly invertible for some A; € p(A)Np(B). O
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Finally, we summarize the conclusion for the scattering matrix of the
scattering system {A, B}. Here it is clear that the resolvent difference of A
and B is a trace class operator (see, e.g. [47, Lemma 9.34]) and this also
follows from Theorem 3.1. Furthermore, the symmetric operator S in (5.3) is
simple and the absolutely continuous part A% of A coincides with A. Hence
by Theorem 3.1 the scattering matrix {S4p(\)}rcr of the scattering system
{A, B} admits the representation

Sap(\) = Ig, — 2i\/Tm M(X + i0) (M()\ + 1‘0)) B VImM(A+1i0)  (5.9)

for a.e. A € R, and L?(R,d\, G)y), where

Gx = ran(Im M (X + 40)) (5.10)

for a.e. A € R, is a spectral representation of A. It will turn out next that
the limit Im M (A +40) is zero for a.e. A < 0 and a rank two operator for a.e.
A > 0 and hence (5.10) simplifies to

Gx = ran(Im M (X + i0))

and for the scattering matrix we get

Sap(\) = Ig, — 2iy/Im M (X +i0) (M(/\ + iO))il\/ImM(A +40).

In fact, for ¢ € H?*(R) we first compute Im M (X + i0)p for A € R.
Observe that for A € C\ R we have

KAA)%@Ag%WMyMM%fEH®7

where the square root /- is defined for all A € C\ [0, c0) such that Imv/A > 0

and v/ > 0 for A € [0, 00). Making use of VA = —v/X for A € C\ [0, 00) we
find

(Im M (A)p)(z) = %Sgn(V(x))\/ [V (@)]x

x/[ 1 eV Ale—yl 4 Le—iﬁ\r—yl
R

[V (y)|sen(V(y))e(y)dy

2v/\ 2v/\
for A € C\ R and for A +40 = X\ > 0 this implies
(Im M (A +i0)p)(x)

= S5 EaV@)VIVE [ cos(Vale = y) VIV senV (0)elu)dy

= S5 sEn(V @)YV cos(vAz) [ cos(v) IV sen(V (1)l

+§ﬁmwmwwmmMmAmwm|WMmW@mm%
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in particular, Im M (A + i0) is a rank two operator for A > 0 and the spaces
Gx, A > 0, in the spectral representation L?(IR,d)\, Gy) of A% are given by

Gx = span {sgn(V) [V cos(V\-), sgn(V) |V|sin(\f)v)}.

Note that Im M (A +¢0) = 0 for a.e. A < 0 as (—00,0) C p(A), and hence
Gy = {0} for a.e. A < 0.

Remark 5.3. (i) The representation (5.9) of the scattering matrix coincides

with the one obtained in quite different manner in [9, Section 18.2.2].

(ii) Proposition 5.1 admits a straight forward generalization to higher di-
mensions. However, under the assumption (5.7) the condition (5.8) in
Lemma 5.2 remains valid only for space dimensions n = 2, 3.

(iii) If ran D is not closed then the quasi boundary triple in Proposition 5.1
is not a generalized boundary triple and hence our extension of [17,
Theorem 3.1] for quasi boundary triples is necessary here.

(iv) If for some C' > 0 the condition

1
(14 [a])t+e
is satisfied for a.e. x € R™ it was shown by Kato in [30] (see also [31])
that the wave operators W, (B, A) exist and are complete. In this proof

it also turns out that the limit M (X + i0) of the function M exists for
a.e. A € R in the operator norm.

[V(z)| < C e >0,
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