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Abstract

Let H, Hy be a pair of selfadjoint operators whose difference V.= H — Hj is trace-class
and has a definite sign. In this case a new (integral) representation for the Krein spectral
shift function of the pair H, Hy in terms of the spectral characteristics of the boundary
values of the operator |V|'/2(Hy — 2I)~!|V['/? is obtained. This representation is extended
to the case of perturbations V' of a definite sign which satisfy some rather broad conditions
of the relatively trace-class type. Applications of this result include pointwise estimates for
the spectral shift function and sufficient conditions for its continuity.

0 Introduction

Let Hy and H be selfadjoint operators in a Hilbert space H and let their difference, V, be
trace-class:
V:=H — Hy € Ss. (0.1)

Then, there exists a spectral shift function (SSF) £(\; H, Hy) for the pair H, Hy which plays an
important role in the spectral theory. The SSF was first introduced by I. M. Lifshits [1] (on a
formal level) and M. G. Krein [2]. For an exposition of the modern stage of the SSF theory, see
the review [7] and the book [9]; one can find a detailed bibliography on the subject there. The
Krein’s Theorem (see [2], [3]) provides a representation for the SSF in terms of the boundary
values of the perturbation determinant of the pair Hy, H:

&\ H, Hy) = 1 limo argdet(I +V(Hyg— (A +ie))™1), ae A€R (0.2)

T e—+

where the branch of the argument is fixed by the condition:
argdet(I + V(Hy — 2I)™%) — 0, Imz— +oo.

The SSF is related to the scattering matrix S(\; H, Hy) by the Birman-Krein formula (see [4]
as well as [7],[9]):

det S(\; H, Hy) = e 2™ENHHo) =g o X € 040.(Hy). (0.3)
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This connection allows one to interpret SSF as a scattering phase and stimulates its investigation
in quantum-mechanical problems.

The main result of the present paper is Theorem 1.1 which provides a new representation
for the SSF (see (1.7) below) in terms of the spectral characteristics of the boundary values
of the “sandwiched” resolvent of Hy in the case of perturbations V' of a definite sign. To a
certain extent, this representation can be considered as the Birman-Schwinger principle on the
continuous spectrum. In the Theorem 1.2 the representation (1.7) is extended to the case of
relatively trace-class perturbations (see conditions (1.8)-(1.11) below). This result allows us to
obtain some pointwise estimates for the SSF (Corollaries 2.3 and 2.4) which are convenient for
applications and a sufficient condition for the continuity of the SSF with respect to the spectral
parameter (Corollary 2.6). Note that some pointwise estimates for the SSF close to Corollaries
2.3 and 2.4 were obtained earlier in [14] (without the restriction on the sign of a perturbation)
on the basis of the formula (0.2) using the invariance principle.

The representation (1.7) is well adapted for the computation of the asymptotics of the SSF
in the large coupling constant in concrete problems. Another paper will be devoted to these
applications.

The proof of the representation (1.7) is based on some abstract operator formulas which are
close to (0.3) (see Lemmas 3.1, 3.2). Similar relations (for another purpose) were used in [15],
[16] (see also [8], [9]).

In §1, 2 we formulate the main results of the paper and their applications, while the proofs
are presented in §3-5.

The author is deeply grateful to professor M. Sh. Birman for suggesting the problem and
his constant attention to the work. The author is grateful to professor A. Laptev and the Royal
Institute of Technology, Stockholm, where the work was completed, for the hospitality.

1 Main results

1. Notations Below H, H;, H2 are separable Hilbert spaces. By p(A), o(A), 0,(4), 0c(A),
0ac(A) we denote respectively the resolvent set, the spectrum, the point spectrum, the continuous
spectrum and the absolutely continuous spectrum of a linear operator A. For a selfadjoint
operator A let E4(J) be the spectral measure of a Borel set § C R and 24, = |A| + A. By
Soo(H1, H2) we denote the Banach space of compact operators from Hi to Ha; Soo(H) :=
Sec(H,H). For T = T* € Soo(H) and s > 0 let ni(s,T) = dimRan Er, (s, +00), and for
T € Soo(H1,Hz) and s > 0 let n(s,T) = ny(s*;T*T). Recall (see, e.g., [17]) the estimates
which are equivalent to the Weyl inequalities for selfadjoint operators 17, T»:

nt(s1 + s2, 71 + 1) <ni(s1,Th) +ne(s2,To), s1,52 >0 (1.14)
and their corollaries

nt(s,Th +To) > ni(s+ s2,T1) — ng(s2,12), s,s2 > 0. (1.24)



For 0 < p < 00 a class Sp(H1,H2) C Soo(H1,H2) is defined as the set of all compact operators
T such that the following functional is finite:

oo
71§, =p [ & n(s.T)ds.

Functional || - ||s, is a norm for p > 1 and a quasinorm for p < 1. For 0 < p < oo a class
3p(Hi, Ha) C Soc(H1,H2) is defined (see [17]) as the set of all compact operators 7" such that
the following functional (which is a quasinorm) is finite:

| T|s;, := sup s”n(s, T).
>0

For a measurable set § C R its Lebesgue measure is denoted by mes 4.

Formulas and statements with double indices (+ and F) are understood independently, as
pairs of formulas and statements in one of which all indices take their upper values while in
another — the lower ones.

2. Trace-class perturbations Let H be a basic and K an auxiliary Hilbert space, and Hy
be a selfadjoint operator in H. Let

G € S2(H,K) (1.3)
and
V:=G"G(€ S1(H)). (1.4)
Define the operators
Hy=Hy+V. (1.5)
For Im z > 0 we denote
T(z) = G(Hp — ZI)_IG*, A(z) =ReT(z), K(z)=ImT(2). (1.6)

It is well-known that under the condition (1.3) the operator-valued function 7'(z) has limit
values as z — A 440 in S3(K) (and even in S, (K) for any p > 1) for a.e. A € R; in this case
K(X+10) € S1(K), K(A+140) > 0. See [11], [9] and [12] for the case p > 1.

Below we formulate the main result of the paper.

Theorem 1.1 Suppose condition (1.3) holds. Then for a.e. X € R the SSF {(\; Hy, Hy)
admits the following representation via the converging integral:

1o ar
(N Ha, Ho) :i;/ e (LA +0) + HK (A + i0)). (1.74)

Let us discuss the formula (1.7). First suppose A € RN p(Hp). Then (1.7) transforms into

the relation from [14]:
§O\ Hee, Ho) = (1, G(Ho — A)7'G7)

which can be considered as a certain variance of the Birman-Schwinger principle. The case of A
lying on the continuous spectrum o.(Hy) is most interesting. Here, the integral in (1.7) performs



a “smoothing” of the integer-valued function n(1, A(A+10)). Note that the integral converges
due to the inclusion K (A 4+ i0) € S1(K).
3. Relatively trace-class perturbations Below we extend the formula (1.7) to a broader
class of perturbations V. We consider only the case of semibounded from below operators Hy.
Let Hg be a selfadjoint semibounded from below operator in a Hilbert space ‘H. Fix v € R
so that
Hy+~I>1. (1.8)

Let G be a closable operator from H to an auxiliary Hilbert space I, such that Dom G D
Dom (Hy + ~vI)'/2. Then the operator G(Hy + vI)~'/? is bounded. We suppose that a more
restrictive condition holds true:

G(Hy +~1)"'? € Soo(H, K). (1.9)
Moreover, suppose for some m > (
G(Hy+~I)"™ € Sa(H, K). (1.10)

The inclusion (1.9) means that the operator V' = G*G is compact with respect to Hy in the form
sense. This allows one to define the operators (1.5) via the corresponding sesquilinear forms.
We suppose that for some [ > 0, A\g < inf o(Hp) U o(H4) the following condition holds:

(He — XoI)7' = (Hy — MoI) "L € S1(H). (1.11)

This enables one to define the SSF £(\; Hy, Hy) on the basis of the invariance principle (see,
e.g., [7]). As above, we introduce the operators (1.6), which are compact in I due to (1.9). By
(1.9), (1.10), for a.e. A € R the operator T'(z) has limit values as z — X + 10 in So(K) and
K(A+10) € S1(K); see Lemma 4.1 below. Thus, under the above conditions both left and right
sides of (1.7) are well-defined.

Theorem 1.2 Suppose conditions (1.8)—(1.11) hold true. Then for a.e. X € R the SSF
E(\; Hy, Hy) admits the representation (1.7).

2 Applications of the main results

In this section by means of an elementary analysis of the right side of the representation (1.7)
we obtain estimates for the SSF and a sufficient condition for the continuity of the SSF.

1. Estimates for the SSF

For the operators

A= A" €8S(K), K=K*ecSi(K) (2.1)
et 1o dt

One easily checks that the conditions (2.1) are sufficient for the convergence of the integral (2.2).



Lemma 2.1 Suppose conditions (2.1) hold true and K € Sp(K) for some p < 1. Then for
the quantities {4 defined by (2.2), the following estimates hold true:

€ < inf (ng(l - 2, 4) + = Ppy(e. KK, (232)
6 > sup(ne(1+ ¢, 4) = <y e, KK ) (2.42)

where (e, K) obeys
0 < 2mppyle, K) < (1—p) 2 (1+p) 2, pp(e, K) =0 as e — +0. (2.5)

Similar estimates hold true for the class X replacing Sp.
Lemma 2.2 Suppose conditions (2.1) hold true and K € 3,(K) for some p < 1. Then for
the quantities {4 defined by (2.2), the following estimates hold true:

£+ < Og}il(n;(l —g,A)+e7P(2 cos(ﬂp/2))*1HK||§:p) (2.64)
§x > Sl;lg(ngp(l +e,A)—eP(2 cos(wp/Q))_1||K”§:p), (2.74)

Lemmas 2.1, 2.2 immediately imply the following corollaries.

Corollary 2.3 Suppose that under the hypothesis of Theorem 1.1 or 1.2 the representation
(1.7) holds true at some point A € R and K(A+10) € Sp(K) for some p < 1. Then the estimates
(2.3)—(2.5) are valid with £+ = &(A\; Hy, Hy), A= AN +1i0), K = K(\ +10).

Corollary 2.4 Suppose that under the hypothesis of Theorem 1.1 or 1.2 at some point A € R
the representation (1.6) holds true and K (XA +i0) € Xp(K) for some p < 1. Then the estimates
(2.6), (2.7), are valid with ££+ = £(\; Hy, Hy), A = A(A+1i0), K = K(\ +10).

Remark Using the monotonicity of the SSF, that is, the inequalities

(N Ho — V-, Hy) < &N Ho +V,Hy) < &(N Ho + Vi, Hy)

it is easy to obtain estimates analogous to (2.3)-(2.7) for the perturbations V without the
restriction on the sign.

For comparison, below we present the estimates from [14]. For simplicity, consider the case
of the trace-class perturbation V' of the type (1.4). In [14], provided that the operators (1.6)
have boundary values in Sp(K), 0 < p < o0, the following estimates have been proved:

€N Hy, Ho)| < Cp(|E(A+i0)[ls, + [T(A+40)][s,), p=>1

and
€\ Hee, Ho)| < Cp|T(A+i0)[Ig . p < 1.

Similarly, provided that the operators (1.6) have boundary values in 3,(K), 0 < p < oo, the
following estimates have been proved:

€O\ He, Ho)| < Cp(|K(A +10)[ls, + [[T(A+i0)5;), »>1

5



and
[E(\ He, Ho)| < G| T(A +i0)]5;,, p <1

Note that the scope of applications of the estimates (2.3)—(2.7) is broader, for they do not
require A(X +40) to belong to the classes Sp, Xp.

2. Continuity of the SSF

Lemma 2.5 Let operators A = A* € So(K), K = K* € S1(K), A; = A} € S (K),
Kj = K € 81(K), j € N be such that |[A; — Al — 0, [|[K; — K|ls; — 0 as j — oo. Suppose
that for some zg € C: F1 € 0(A+ 20K). Then, for j — oo

oo dt 4 oo dt A
| ) = [ e (LA K), (2.82)
The above lemma implies the following sufficient condition for the continuity of the SSF.

Corollary 2.6 Suppose that the hypothesis of Theorem 1.1 or 1.2 holds true, and for some
interval § C R the operator-valued function A(X + i0) is continuous in A € § in Seo(K), and
K (X +10) is continuous in A € § in S1(K). In addition, let F1 ¢ o(A(\ +i0) + iK (X + i0))
for all X\ € 6. Then for a.e. X € § the SSF £(\; Hy, Hy) coincides with a continuous in XA € §
function.

The proofs of Lemmas 2.1, 2.2, 2.5 are given in §5.

3 Proof of Theorem 1.1

1. In the course of the preliminary considerations (see Lemmas 3.1 and 3.2 below) it will be
convenient for us to impose on the operator G a less restrictive condition than (1.3) in Theorem
1.1:

G(|Ho| + I)™'/? € So(H, K). (3.1)

The proof of Theorem 1.1 depends on some abstract relations close to (0.3). The part of a
scattering matrix in our considerations is taken by the following operator in /C:

Si(z) =TT 2%KY?(2)I £T(2) ' KY?(2) (3.2)

where Im z > 0.
Remark Due to the identity

(I+G(Hy— 2D '\GIFG(Hy — 2I)7'G") =1 (3.3)

which holds true under the condition G(|Ho|+1)"1/? € So(H, K)), the inverse operator in (3.2)
exists for all z € C\ R (see [9], §1.9, 1.10).

Operators of the form (3.2) have been introduced and studied in [15], [16] (see also [8], [9]).
Below for the sake of brevity we omit variable z in the notations A, K, S+ if it does not lead to
a confusion. In the next lemma we collect the properties of the operators S4 that we shall need
later on.



Lemma 3.1 Let G satisfy the condition (3.1). Then for the operators Sy the following
properties hold true:

(i) for any z, Im z > 0, the operators Sy (z) are unitary in K and Sy(z) —I € S1(K);

(i) ||S+(2) — I||ls, — 0 for Im z — +o0;

(iii) for any z, Imz > 0 and any ¢ € (0,2x) the following relation holds:

e’ € 0p(81(2)) <= F1 € ap(A(2) + cot(p/2) K(2)) (3.41)

where the dimensions of the corresponding eigenspaces coincide;
(iv) for any compact set Q@ C {z € C|Imz > 0} there exist the numbers goéi) € (0,2m) such
that:

V2eQ: o(Si(2) C {e | g € [0, 21]} (3.54)

VzeQ: o(S_(2)) C{e¥ | o e0,o 7]} (3.5_)

Proof (i) was proved in [16] (see also [9]).
(ii) Let us write the operator T'(z) as

_1y2|Hol + 1
7() = G(| o] + 12 E0E

(G| Ho| + 1)V

Since (|Ho|+1I)(Ho—2I)"' % 0 for Im 2 — +o0, by (3.1) we obtain || T'(2)||s, — 0 as Im z — oo.
This immediately implies (ii).
(iii) To be definite, let us check (3.44):

€? € 0y(Sy) = ¥ cop(I —2K(I+A+iK)™)

= ¥ co((I+A—iK)(I+A+iK)™)
= 0€oy(I+A—iK —eP(I+A+iK))
= 0€o,((I+A+cot(p/2)K) <= (1) € g,(A + cot(p/2)K)

and the dimensions of the corresponding eigenspaces coincide.
(iv) To be definite, let us prove (3.5_). By (3.4_), it is sufficient to prove existence of such

to > 0 that:
VzeQ, Vt>ty: o(A(z)—tK(z)) C (—o0,1). (3.6)

Then for ¢y = —cot(cp((f)/Q) we will have (3.5_). To prove (3.6), let us take arbitrary z =
A +ie € Q and note that

Hy— (A +te)l

(HO*AI)2+82G

A(z) —tK(2) =G

(|Ho| + 1)
(HO — )\1)2 + e

< G(|Ho| +1)7'/? 5 (Ho — (A +te)I) 1 (G(|Ho| + 1)1/ (3.7)



Consider the operator in the right-hand side of (3.7). Since €2 is a compact in {z € C | Im z > 0},
there exist 9 > 0 and Aj, A2 € R, A\; < Ay such that Q C {z € C|Imz > g9, \1 < Rez < Ao}
From here one gets:

‘Ho’ + 1
(HO — )\I)2 + e
(|Ho| + I)(Ho — A1)

(Ho— M2+ €3

where 6 is the characteristic function of (0,00) and C(£2) is a positive constant. Substituting
the above estimate into (3.7), we obtain:

|H0| + 1
(HO - AI)2 + 6%

S(Ho— (A +te)])y < (Ho — (M + teo)])s

9(H0 — (Al + t&o)[) < C(Q)Q(H@ — ()\1 + t&“o)[)

A(z) — tK(2) < C(Q)G(|Ho| + I)"/20(Ho — (A1 + teo)I)(G(|Ho| + 1)V/2)".

Taking into account (3.1) and the relation 0(Hg — (A + teg)I) > 0 as t — oo, we get that the
norm (and even the trace norm) of the operator in the right-hand side of the last inequality
tends to zero as t — oo. This gives (3.6). O
2. Below we prove the lemma which contains the main idea of the proof of Theorem 1.1.
Lemma 3.2 Let G satisfy the condition (3.1), and let for Im 2z > 0 a function Dy, /. (2) be
defined by

Dy, i, (2) = det(I £T(z)). (3.84)
Then the following formula holds true:
o dt
arg Dy, i, (2) = + /_ (L AR) + K (2)) (3.94)

where the branch of the argument is fized by the condition

arg Dy, /gy (2) — 0, Imz — +oo0. (3.104)

Proof To be definite, consider the case of the upper signs. First rewrite the left-hand side
of (3.94) as follows:

1
arg Dy, /g, = argdet(l + A +iK) = —§(argdet(I+A—iK)

1 1
—argdet(I + A+ 1K)) = D) argdet(I — 2K(I + A+iK)™ ') = ~3 argdet Sy .

Thus, it suffices to calculate argdet S;(z), where the branch of the argument is fixed by the
condition
argdet Sy(z) — 0, Imz— oo. (3.11)

Lemma 3.1 (iv) together with the condition (3.11) allows one to write down the following formula
for arg det S+
argdet 54 = — Z (21 — ¢p).

eten GUP(S+)
pn€(0,2m)



By (3.44), one has (counting multiplicity):

2 X
Z (2m — pp) = / card {n | "™ € 0,(54), on < p}dyp
0

eln €op(Sy)
Pn€(0,2m)

= /027r card{n | (—1) € 0p(A + cot(pn/2)K), pn < pldyp

27 0o dt
:/ n_(l,A—i—cot(go/Q)K)dgp:Q/ ——n_(1,A+tK),
0 —00 1+ t2

which gives (3.94). O
3. Proof of Theorem 1.1 Let us write down (0.2) in the following form:

1. .
§(\ Hy, Ho) = P EliquoargDHi/Ho()‘ + ie)

where the prelimit expression in the right-hand side is defined by (3.8), (3.10). By Lemma 3.2,
for a.e. A € R one has

€(\ Ha, Ho) = £ lim &

— lim mn;(l,A(A+i6) +tK (X + ig)). (3.12)

Note that {—1,1} Nop(A(A+1i0) +iK(A+1i0)) = 0 for a.e. A € R. This can be deduced, say,
from the identity (3.3) and the fact that, by (1.3), the operator-valued functions G(Hx —2I)~'1G*
have limit values as z — A + i0 for a.e. A € R. This remark allows one to apply Lemma 2.5.
Passing to the limit in the right-hand side of (3.12) for a.e. A € R, we obtain (1.7). O

4 Proof of Theorem 1.2

1. First let us discuss existence of the boundary values of the operators A(z) and K(z). The next
statement follows directly from the basic facts of the stationary trace-class scattering theory.

Lemma 4.1 Let the conditions (1.8)~(1.10) hold true. Then for a.e. A € R:

(i) the operator T'(z) has limit values in S (K) as z — X + i0;

(i) K(\ +i0) € S1(K);

(iii) {—1,1} Nop(T(A +140)) = 0.

Proof

1. Let § C R be an arbitrary bounded interval. Let us represent T'(z) as follows:

T(2) = GEp,(8)(Ho — 2I) " (GEm, (9))*

+GEp,(R\ 8)(Hy — 2I) Y (GEy, (R\ 8))* =: T1(2) + Tu(z).

By (1.10), the operator 77 (A+ic) has limit values in So(K) for a.e. A € § and Im 71 (A +140) € Sy
(see [11]). On the other hand, the operator Ta(A + ie) has limit values as ¢ — 40 in S (K) for
all A € 0, and Im T5(\ + ¢0) = 0. This proves (i), (ii).



2. To prove (iii), let us first show that (1.8)—(1.10) imply the inclusions
G(Hs +al) ™% € S((H,K) (4.1)

G(Hy +al)™ € So(H, K) (4.2)

for some —a < inf o(H_).
Obviously, (4.1) follows from (1.9) and the boundedness of (Hg +~I)Y/?(Hx + al)~/2. The
relation (4.2) is equivalent to the inclusion

G(Hy + al)7?mG* € S1(K) (4.3)

which we check below.
3. Take —a < inf o(H_) so that

IG(Hy +al)"?|s. <1 (4.4)

|G(Ho +al)™™|s, < 1. (4.5)

It is easy to see that such a exists by (1.8)—(1.10). Interpolating between (4.4) and (4.5), one
gets
IG(Ho + aI) * Flls e <1, 0<E<m—1/2. (4.6)

Writing the perturbation power series for the operator (4.3) and taking into account (4.6), one
easily verifies its convergence in S1(K), which gives (4.3). A similar argument see, e.g., in [10],
Theorem XI.12.

4. From (4.1), (4.2), as in part (i), we obtain that the operator G(Hy — 2I)~!G* has limit
values in S (K) for a.e. A € R as z — A +40. Applying (3.3), we get the statement (iii). O

2. The plan for the proof of Theorem 1.2 is to approximate V by a sequence of trace-class
operators V;, apply Theorem 1.1 for a fixed j and pass to the limit as j — oo in (1.7). Lemma
2.5 enables one to pass to the limit in the right side of (1.7), while the next lemma ensures the
passage to the limit in the left side.

Lemma 4.2 Suppose that for a sequence of operators, M;, 7 =0,1,2,... in 'H the following
conditions hold true:

0<M;<al, a>0 (4.7)
+(Mj — Mji1) >0 (4.84)
rank (M; — My) < oc. (4.9)
In addition, suppose that for
M :=s-lim M; (4.10)
j—0o0

(this limit exists by (4.8)) one has

Ml — M' e Sy for some I > 1. (4.11)
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Then for a.e. X € (0,a)
€ My, M) =0, j — oo. (4.12)

Proof

1. First note that by (4.11) and (4.9) the SSF &(X\; M;, M) is correctly defined. Next, (4.84)
implies the monotonicity of the sequence &(\; M;, M). Thus, it suffices to show that the sequence
&(X\; Mj, M) tends to zero in Li(ap,a) for any ag € (0,a).

2. Let V; = £(M; — M) > 0 (the signs are taken in accordance with those in (4.8)). It
is easy to show that the condition (4.11) implies the compactness of Vj. From here and (4.8),
(4.10) one gets

V| =0, j— oc. (4.13)

3. Let us present a compulsory result from [13] (see also [9], Theorem 8.10.4). Arrange the
eigenvalues A\; of V| in order of decreasing, and write the spectral representation of V; as

Vo =D Akl ¥r) .
k=1

~ k ~ ~ ~
For k > 1 denote: By = (-, ¢i)hi, P = I — By, V¥ = PVo, V¥ = BV, Tt has been proven
=1
in [13], [9] that (4.11) implies

(M £ V)" — M"[ls, =0, k— o0 (4.14)

where n is the first odd integer greater than [.
4. Let us fix arbitrary ag € (0,a) and check that

/ €O My, M)|dA — 0, j — oo, (4.15)
ao

For all j,k =1,2,3,... write V; as V; = V}(k) + f/j(k), where Vj(k) = P, V; P and the projection

Py, is defined in the previous paragraph. It is clear that Vj(k) < Vo(k) (by (4.8+)). Thus, for all
k, j one has:

€O My, M)| = |6\ M £ Vy, M)| < [€(\ M £V, M £ V)]

e M £ VP M) < e M £V, M £ V)| + e M £ VY, M),

From here taking into account the estimate Hf/j(k) |ls, < rank f/j(k) |V;l| < 2k[|Vj|| one gets

[ len anin < [ jes M £ Vi £ v, ) ax
ap ao
+ [l £V, anjax < 2w
ao
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n

a0t [ IO (- VP X < 2K

On
nlag (M £ Vg)" — M ls,.
Since k is arbitrary here, (4.13) and (4.14) imply (4.15). O

3. Proof of Theorem 1.2

1. Let P; be some sequence of finite-dimensional orthogonal projections in K so that Py = 0,
Pj 1 > Pj, and P; 2 I as j — oo. Denote G; = P;G and define the operators HE_E) = Hy=G;G;
via the corresponding sesquilinear forms.

2. Let us fix j € N and prove the representation:

: 1 [ dt
e HY Hy) = = / T (L BA A+ i0)P; + P K (A +0)Py). (4.16)
—00

The condition (1.10) implies
G;(Ho +~1) 7Y% € S3(H, K). (4.17)

It was proved in [5], [6] that (1.8), (4.17) imply the following representation for a.e. A € R

a0 _ 1 ,
g()V H:I: 7H0) - ; 51—1>H+10 arg DHij)/HO (>‘ + ZE) (418)

where the function DHE_J)/HO(Z) is defined by (1.6), (3.8), (3.10) with G — G;. By (4.17), one

can apply Lemma 3.2, which gives the representation
() Lo [ _dt . :
¢\ HY,Hp) = +— lim ——nx(1, P A\ + i) P; + tP K (X +ie) P;). (4.19)

n
mTe—+0 /) _ 1 + t2

Next, as in Lemma 4.1(iii), one checks that {—1,1} No(P;T(A+:0)P;) = 0 for a.e. A € R. This
allows one to apply Lemma 2.5 and pass to the limit as ¢ — +0 in the right-hand side of (4.19),
which gives (4.16).

3. Finally, let us prove that one can pass to the limit in (4.16) as j — oo and thus obtain (1.7).
Let AMji = (ng) —XoI)7Y, M* = (Hg — M\I)~!, where \g is the same as in (1.11). Operators
M;E, M#* satisfy the hypothesis of Lemma 4.2 with ¢~ = min{inf o(Hg) — Ao, inf o(Hy) — Ao}
Hence, for a.e. A € R:

¢\ Hy, Ho) — €\ HY Hy) = ¢\ He, HY) >0, j — 0.

On the other hand, by Lemmas 2.5 and 4.1(iii), one can pass to the limit in the integral in the
right-hand side of (4.16) for a.e. A € R, which gives the desired representation (1.7). O
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5 Proof of Lemmas 2.1, 2.2, 2.5

1. Proof of Lemma 2.1 We will prove only the estimate (2.3_); the other estimates are
treated analogously. By (1.14), we get for all € € (0,1):

ny(1,A+tK) <ny(l—e,A)+ny(e,tK).
Integrating by ¢ with the weight 7=1(1 4+ ¢?)~!, one obtains:

dt

1 +t2n(st*1,K). (5.1)

1 o0
&<ni(—e )+ |
m™Jo

It remains to estimate the integral in the right-hand side of (5.1). One has:

1 [ dt 1 1 [~ ¢
— —n(et ", K) = — —_— K)d
7r/0 1—{-t2n(5  K) 7r/0 52+72n(T’ ydr

= s_p/ gp(T/z—:)pr_ln(T, K)dr
0
1-p

where prg,(z) = 2 7P(1+2?)~1. Since [3° pr?~In(r, K)dr = IK8, . 2mpgp(z) < (1-p) = (1+

1
p)¥, and gp(x) — 0 as © — oo, one gets

| /2w i, K)dr = yle, KK,

where p1,(¢, K) has the required properties (2.5). O
2. Proof of Lemma 2.2 As in the proof of the previous lemma, first we obtain (5.1). Then
we estimate the integral in the right-hand side of (5.1) as follows:

1 [ dt 1 gp oo 7P
= 1K) =" Pp(r, K)d

e P < 7P - ™\ 1
< (smrrntr0) [ = e K,

which gives (2.6_). The rest of the estimates are treated analogously. O

3. Proof of Lemma 2.5 To be definite, let us prove (2.8_).

1. Let us first estimate the integral in the left-hand side of (2.8_). By (1.1;), for a fixed
e € (0,1) one has:

TL+(1,Aj —|—tKj) = n+(1,A—i—tK + (AJ — A) —I—t(Kj — K))
<ny(1—2e,A+tK)+ni(e,Aj — A) +ny (e, t(K; — K)).

Integrate the above estimate with the weight (1 4 ¢2)~!:

0 dt A < o dt A

13



o dt
(e = A [ (e G - K)), (5.2)

2. Let us estimate the last integral in the right-hand side of (5.2):

0 dt © ¢
a6 UK - K)) = — 5+ (7 |Kj — K|)dr
—oo 1 +1 0o T24e¢

<K - K]s, (5-3)
3. Let us pass to the upper limit in j in the estimate (5.2). By (5.3) one gets:

11m + 5 J TL+ 67 . .

4. By the analytic Fredholm alternative (see, e.g., [9]), the set {t € C |1 € oc(A+tK)} is
either discrete or coincides with C. But the last variance cannot realize because of the condition
1 ¢ 0(A+ 2K). Thus, for all ¢ € R but for a discrete set one has:

ny(1—2e, A+tK) —>ny(l,A+tK) ase — 0.

Thus, by the monotone convergence theorem,

/°° A (1= 2, A+ tK) /°° A (1, A+ tK) as e — 0
——ny (1 - — ——n — 0.
7ool+t2 + 3 fool‘i’tz +\4

From here and (5.4) one gets:

I /Oo @t A +tK)</°O A (1A +tK)
im su ——n(1,A; ) < ——n,(1, )
i A IR Sl S

Similarly (using (1.24) instead of (1.14)) one estimates from below the lower limit in j. These
two estimates imply (2.8_). O
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