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1. INTRODUCTION

1. First we briefly recall the definition of the spectral shift function
(SSF). For the details and references to the literature, see [7, 26].

Let Hy and H be self-adjoint operators in a Hilbert space H, and let
their difference belong to the trace class:

H - Hy € 6. (11)
Then there exists a unique function &(-; H, Hy) € L1(R), such that the

following trace formula holds [15]:

o0

Te((H) — p(Ho)) = / S NVENH, Ho)d\, Vo e CFR).  (12)

— 00

The function £ is called the SSF for the pair Hy, H.

Let Ay/p,(2) = det((H—zI)(Ho—2I)""), Im z > 0, be the perturbation
determinant of the pair Hy, H. The following Krein’s formula expresses
the SSF in terms of Ag/p,:

1
&\ H,Hp) = — liIEOargAH/HO()\ +iy), a.e. AER, (1.3)
m™y—
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where the branch of the argument is fixed by the condition

hrf arg Ay (A +iy) = 0. (1.4)
y——+00

The Birman-Krein formula [6] relates the SSF to the scattering matrix
S(A; H, Hy) for the pair Hy, H (for the definition of the scattering matrix,
see, e.g., [26]):

det S(\; H, Hy) = exp(—2mi&(\; H, Hp)), (1.5)

for a.e. A on the absolutely continuous spectrum of Hy.

2. In [11], a new representation for the SSF has been found. In order to
write down this representation, let us present the perturbation V := H—Hj
in the factorized form V = G*JG, where G is a Hilbert-Schmidt operator,
and J = J* = J~! =sign V. Further, denote

A(A+1i0) := lim Re (G(Ho — (A +iy)])~'G¥),
y—)

B(\ +10) := ylim+0 Im (G(Ho — (A +iy)I)~'G*).

(1.6)

Note that the limits in (1.6) exist for a.e. A € R in the operator norm (and
even in the norm of the Schatten-von Neumann ideal &, for any p > 1 —
see [5, 18, 19]).

The representation of [11, Theorem 5.4] reads as follows:

§(\ H, Ho)
1 [~ dt .
= 72 index(E 4 a(x+i0)+tB(+i0) ((—00,0)), E;((—00,0))),

ae. AeR. (1.7)

Here Ej(-) stands for the spectral projection of a self-adjoint operator
M, and index(-,-) denotes the index of a Fredholm pair of projections
(see (2.3) below). In the special case of perturbations of a definite sign
(where J = +£7) the formula (1.7) was originally found in [20]. In its turn,
[20] used as a starting point the paper [25], where the case J = £I and
A€ RN\ (o(H)Uo(Hp)) was considered.

3. In applications, the assumption (1.1) becomes too restrictive. Instead
of (1.1), it is usually possible to check that

f(H) — f(Ho) € &1, (1.8)

where f : 0(Hp)Uo(H) — R is a locally monotone (i.e., monotone on each
component of o(Hy) Uo(H)) smooth enough function.
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Under the assumption (1.8), the SSF for the pair f(Hy), f(H) exists and
the corresponding trace formula is valid. The change of variables A — f(A)
leads to the trace formula (1.2) for the pair Hy, H with

§(X H, Hy) = (sign f'(N) §(f(N): f(H), f(Ho)). (1.9)

Usually formula (1.9) is treated as the definition of the SSF &(-; H, Hy)
under the assumption (1.8). Further details can be found in [26, §8.11]. For
the function f, one often takes f(A) = (A—Xo)™™ or f(\) = e~ . In what
follows, we mainly consider (1.9) locally, i.e., for a fixed value of A; in this
case we will for simplicity assume that f/(\) > 0 (otherwise one can replace
f by —f). Formula (1.9) is sometimes called the invariance principle for
the SSF by analogy with the invariance principle for the scattering matrix
[4].

4. For the case of perturbations V of a definite sign and semibounded
from below operators Hy, H, formula (1.7) has been extended (in [20,
Theorem 1.2]) to the case when the inclusion (1.8) (but not necessarily
(1.1)) holds true with f(X\) = (A — Ag)~™. This extension has proved to be
useful in applications to differential operators (see [21]).

The aim of this paper is to prove a similar result, but (i) without the
assumption on the sign of the perturbation (ii) without assuming that Hy
and H are semibounded from below (iii) for a broader class of functions f.

Below we briefly describe our main result; for a precise statement, see
Theorem 8.1.

Let Hy be a self-adjoint operator and suppose that the perturbation V'
of Hp has the form V = G*JG, where the operator G is such that G(|Ho|+
I)’1/2 is compact, and the operator J = J* is bounded and has a bounded
inverse.! Under these assumptions, one can define the perturbed operator
H = Hy + G*JG. If Hy is semibounded from below, the sum Hy + G*JG
is understood in the quadratic form sense. If Hy is not semibounded from
below, one can still define the operator H using the resolvent identity. This
construction goes back to [13] and is discussed in detail in [26, §1.9, 1.10];
we recall its basic features in §2.2 below.

Next, we fix an open interval § C R and assume that the operator
GEp,(9) belongs to the Hilbert—Schmidt class &5. The above assump-
tions ensure (see [5]) that for a.e. A € R, the limits A(X 4 i0), B(\ + 40)
(see (1.6) or, for a rigorous definition, (2.6)) exist in the operator norm and
B(X +i0) belongs to the trace class. This implies that the r.h.s. of (1.7)
(and of its generalization (1.10) below) is well defined.

'In contradistinction to [11], we do not assume that J2 = I. This does not increase

the generality (one can always replace G by |J|1/2 G and J by signJ), but may be
convenient in applications — see [24].
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Further, we accept the following assumption on the function f (this
assumption depends on the spectral parameter A).

AssuMmPTION 1.1. Let Q C R be a Borel set, and let f : Q2 — R satisfy
the following two conditions at the point \:

(i) X is an interior point of Q, f is continuous and differentiable at \,
and f'(X) > 0;

(ii) for any & > 0, one has inf{|f(x) — f(N)| |z €Q, |z —A >} >0.

We suppose that o(Hp) U o(H) C €, the inclusion (1.8) holds and the
Assumption 1.1 holds for all A € . Thus, the SSF for the pair f(Hy), f(H)
is well defined. Under these assumptions, we prove that for a.e. A € d one
has

§(f(N); f(H), f(Ho))

1 [ dt .
= ;/ e index (Ej-14 A4(x+i0)+¢B(A+i0) ((—00,0)), E ;-1 ((—00,0))).
(1.10)

In many applications, imposing the appropriate requirements on the co-
efficients of the differential operators Hy, H, one can easily verify all the
above assumptions on Hy, H. In fact, while this paper was in the stage of
preparation, formula (1.10) has been already applied in [24] to the compu-
tation of the asymptotics of the SSF of the Dirac operator.

5. The proof is based on the analysis of a certain new (to the best of
our knowledge) unitary invariant for a pair of self-adjoint operators Hy, H.
This invariant is an integer valued function, which depends on two variables
0 € (0,2m) and A € R. We denote this invariant by u(6; A\, H, Hy). We
postpone the definition of p till §4; below we only list some of the properties
of p (without giving precise statements) and explain how formula (1.10)
can be deduced from these properties.

(i) The function p is defined outside the trace class scheme. The defini-
tion of p requires certain assumptions on the operators Hy, H, but these
assumptions are rather in the spirit of the ‘smooth’ scattering theory. We
state and discuss these assumptions in §4.

The function u(0; A\, H, Hy) is defined as a spectral flow of a certain family
of unitary operators. The notion of spectral flow of a family of unitary
operators is discussed in §3.

(ii) When A is on the absolutely continuous spectrum of Hy, the func-
tion p(f) up to an integer constant coincides with the eigenvalue counting
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function for the spectrum of the scattering matrix S(\; H, Hy) (see §9.1):

p(01) — p(02) = > dimKer(S(\; H, Ho) — 1), 0<6; <0y < 2.
0€[01,02)
(1.11)

(iii) When A is outside the essential spectrum of Hy, the function u does
not depend on 6. For such A, it can be determined from the eigenvalue
counting function of Hy and H (see §9.2).

Thus, we see that p, as well as the SSF, in a compact form contains infor-
mation about the perturbation of both continuous and discrete spectrum.
The following property shows that p actually contains more information
than the SSF.

(iv) If (1.1) holds, then u(6; X\, H, Hy) is well defined for a.e. A € R and
the SSF is given by (see §6):

27
€0 H. Ho) =~ [ (b H, Ho)ao. (1.12)
™ Jo

Thus, £ can be recovered from pu.
(v) The function p obeys the invariance principle (see §7):

p(0; A, H, Ho) = p(0; f(N), f(H), f(Ho)). (1.13)

(vi) Suppose that the perturbation V= H — Hy can be written down as
V = G*JG, where the operator G is such that G(|Ho|+1)~'/? is compact,
and J = J* is bounded and has a bounded inverse. If the limits (1.6) exist
in the operator norm, then the following formula for p is valid (see §5):

1(0) = index(E ;-1 ((—00,0)), Ej-14 A(x+i0)+cot(6/2) B(r+i0) (00, 0))).
(1.14)

Thus, the function p is an ‘intermediate’ object between SSF and the
scattering matrix. It uses only the information on the spectrum of the scat-
tering matrix, disregarding its eigenvectors. On the other hand, it contains
more information than the spectrum of the scattering matrix. Roughly
speaking, this additional information reduces to an integer constant at ev-
ery point A. Outside the essential spectrum this constant merely equals
—&(X\; H, Hp). On the absolutely continuous spectrum, observe that the
Birman-Krein formula (1.5) determines the SSF up to an integer constant;
the ‘additional information’ contained in p fixes this constant in accordance
with the normalisation condition (1.4).

Note that, taking into account (1.11), the equality (1.12) modulo Z is
merely the Birman-Krein formula (1.5), and the relation (1.13) modulo Z is
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a trivial consequence of the invariance principle for the scattering matrix.
It is the adequate choice of an integer constant in the definition of u, that
makes it possible to establish formulae (1.12)—(1.13) in the full scale.

Combining (1.12) and (1.14) and performing the change of variable t =
cot(f/2) in the resulting integral, we obtain (1.7) (if J=* = J); this can
be considered as an alternative proof of (1.7). Combining (1.12), (1.13),
(1.14), we obtain (1.10).

In fact, the properties (ii) and (iii) above are not used in the proof of
(1.10); we have mentioned them here only in order to explain the idea
behind the definition of p.

6. Let us describe the structure of the paper. In §2, we introduce
some notation and recall the definition of the sum Hy + G*JG (without
the assumption that Hy is semibounded from below). In §3 we discuss
the notion of the spectral flow for unitary operators. In §4 we define the
function u. In §5, 6, 7, we prove formulae (1.14), (1.12), (1.13), respectively.
In §8 we state and prove the main result of the paper on the representation
(1.10). In §9, we prove formula (1.11) and explain the relation of the
function p to the eigenvalue counting functions of the operators Hy, H
away from their essential spectrum; this material is not used in the proof
of the main result of the paper.

In each section, the statement and discussion of all the results are given
first and the proofs are postponed till the end of the section.

7. In different parts of the paper, we use two different points of view
on the pair of operators Hy, H (in accord with the nature of the question
under consideration). The first point of view is that the ‘basic’ operators are
the unperturbed operator Hy and the perturbation G*JG; the perturbed
operator H is defined as the sum H = Hy + G*JG. This point of view is
aimed at applications.

According to the second point of view, the operators Hy and H are
defined independently one of another and have equal roles; in this case we
do not use the factorization of the perturbation H — Hy.

2. NOTATION AND PRELIMINARIES
2.1. Notation

1. Below H, K are separable Hilbert spaces; I is the identity operator.
For a closable linear operator T': H — IC, by Dom T we denote its domain
and by T — the closure of T. For a self-adjoint operator A in a Hilbert
space, the symbols o(A), css(A), p(A) denote its spectrum, essential spec-
trum and resolvent set and E4(d) is the spectral projection associated to
a Borel set § C R. We also denote by Z(A) the = operator associated with
A (see [10, 11]): E(A) := E4((—00,0)).
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By B(H, K) we denote the Banach space of all bounded operators acting
from H to K; 6 (H,K) C B(H,K) is the space of all compact operators
and 6,(H,K), p > 1, is the standard Schatten-von Neumann class. We
write B(H) := B(H, H), 6,(H) := 6,(H, H); the norm in the classes B, &,,
is denoted by |||, ||||6p and the limits — by n-lim, &,-lim, respectively.

We shall often use the well-known fact that

Ae6,, M, 250 = |M,Alls, — 0, pell,oo; (2.1)

here = denotes strong convergence. If, in addition, My = 0, then also
|AM,|ls, — 0. In particular, (2.1) implies that

A, €6, |A,-Als,—0, M, >M = |M,A,—MA|s, — 0.
(2.2)

Formulas and statements with double indices (£ and F) should be read
as pairs of statements, in one of which all the indices take upper values and
in another — the lower ones. A constant which first appears in formula
(i.7) is denoted by C; ;. We denote Cy ={z € C|Imz >0}, T={z€ C|
|z| = 1}. The open ball in a metric space with the centre z and radius r is
denoted by B(z;r).

2. A pair P,Q of orthogonal projections in H is called Fredholm if

{+17 71} N O'ess(P - Q) = @

In particular, if P — @ is compact, then the pair P, @ is Fredholm. The
index of a Fredholm pair is determined by the formula

index(P, Q) := dim(Ker(P — Q —I)) — dim(Ker(P - Q +1I)).  (2.3)
Clearly,

index(P, Q) = —index(Q, P).

If either (P—Q) or (Q—R) is compact and both P, @ and @, R are Fredholm
pairs, then the pair P, R is also Fredholm and the following chain rule is
valid:

index(P, R) = index(P, Q) + index(Q, R). (2.4)

See, e.g., [2] for the details.
2.2. Operator H(H,,G,J)
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Let ‘H be a ‘basic’ and K an ‘auxiliary’ Hilbert space. Fix a self-adjoint
operator Hy in H and let G : H — K and J in K be such operators that

Dom(|Ho| + I)"/? € Dom G, G(|Ho| +I)™"? € 6o(H,K), (25)
J=J"e€BK), 0¢ep(J). '
Below we define a self-adjoint operator H, which corresponds to the formal
sum Hy+ G*JG. Sometimes we shall explicitly indicate the dependence of
H on Hy, G, J by writing H(Hy, G, J). The construction below goes back
to [13] and is discussed in detail in [26, §1.9, 1.10].
For z € p(Hy) define the following operators of the class G, (K):

_ Ho|+1 C1/2v%
T(:) = Tz Ho, ) = (@018 + DL a4 oy,
A(z) = A(z; Hy, G) = ReT(2), B(z) = B(z; Hy, G) =ImT(z).
(2.6)
It is easy to check (see, e.g., [26, Lemma 1.10.5]) that
0€p(I+JT(z)) for all z€ C\R. (2.7)

Under the assumptions (2.5), there exists a unique self-adjoint operator
H = H(Hy,G,J) (see [26, §1.9, 1.10]), such that for all z € C\ R its
resolvent satisfies the equation

(H—2I)""— (Hy— 2I)7 "
= —(G(Hy —Z)™Y)*(I + JT(2)) " Y(JG(Hy — zI)7"). (2.8)

The inverse operator (I + JT(z))~! in the r.h.s. of (2.8) exists by (2.7).
Note that (2.7) implies

0€p(J 1 +T(2), z€C\R, (2.9)

and (2.8) can be recast as

(H— 207" = (Hy— 2I)~!
= —(G(Hy —z) " H*(J ' +T(2))"HG(Hy — 2zI)7"). (2.10)
If Hy is semibounded from below, then H coincides with the sum Hy +

G*JG in the quadratic form sense. More precisely, if o[-, | is the sesquilin-
ear form of Hy with the domain d[hg](= Dom(|Ho| + I)'/?), then the
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sesquilinear form h[-,:] of H is defined on the domain d[h] = d[hg] by
the relation

h[fvg] :ho[fvg]+(JGf’Gg)7 f,gEd[ho]

If the operator G*JG is well defined and Hy-bounded with a relative bound
< 1, then H = Hy + G*JG in the sense of the Kato—Rellich theorem.

Finally, by (2.10), the difference of the resolvents of H and Hy is compact,
and therefore the essential spectra of Hy and H coincide.

3. THE SPECTRAL FLOW FOR UNITARY OPERATORS
3.1. Introduction
Let A(t), t € [0,1], be a family of self-adjoint Fredholm operators. If A(t)

is continuous in ¢ in some appropriate sense, one can define the spectral flow
of A, sf(A). A ‘naive’ definition of the spectral flow is the following:

sf(A) = (the number of eigenvalues of A(t) that cross 0 rightwards)

— (the number of eigenvalues of A(t) that cross 0 leftwards)

as t grows monotonically from 0 to 1. The spectral flow was introduced
in [1, §7] as the intersection number of the graph Uscjo,1j0(A(t)) of the
spectrum of A(t) with the line A = —e, where ¢ is a sufficiently small
positive number (one can take e = 0 if both A(0) and A(1) are invertible).
The spectral flow is an important homotopy invariant of the family A(t)
— see, e.g., recent treatments in [22] and [9] and references therein.

In this paper, we will need the notion of the spectral flow for unitary,
rather than self-adjoint, operators. Namely, let us fix a Hilbert space H and
a parameter p € [1,00]. Let Y, = Y,,(H) be the set of all unitary operators
W in H such that W — I € 6,(H). Clearly, Y, is a metric space with the
metric d(Wl,Wg) = ||W1 — WQ”GP, p < o0 and d(Wl,WQ) = HW1 — W2||,
p = oo. Consider a mapping U : [0,1] — Y,. We do not suppose that
U is continuous; instead, we assume that the spectrum o(U(t)) depends
continuously on ¢ in a certain precise sense to be defined below. In this
section we define the spectral flow of the family U(¢) through the points
z € T\ {1}. A ‘naive’ definition of the spectral flow is the following:

sf(z;U) = (the number of eigenvalues of U(t) that cross z anti-clockwise)

— (the number of eigenvalues of U(t) that cross z clockwise)
(3.1)

as t grows monotonically from 0 to 1.
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In our subsequent construction, we will have to deal with sf(z;U) as the
function of the spectral parameter z € T \ {1}. For example, we will have
to consider the integral

2m
/ sf(e??;U)dh
0

for the families U : [0,1] — Y;. Therefore, the behaviour of sf(e?; U) as an
element of the functional spaces on (0,27) (such as L1 (0,27)) is essential
for us.

Because of this, we find it convenient to give our own definition of the
spectral flow (see Definition 3.1 below), rather than to use the standard
definition. Our definition is adapted to the specific purposes of this pa-
per and consistently takes into account the dependence of sf(z;U) on the
spectral parameter z.

In §3.5 we will show that our definition coincides with the naive definition
(3.1) (whenever the latter makes sense) and therefore is consistent with the
standard definition of the spectral flow. However, we do not use this fact
and work entirely in terms of our definition.

For the proofs of the main result of this paper we shall need only the
cases p = 1, p = oco. Nevertheless, we find it instructive to give a univer-
sal treatment of all the cases p € [1,00], since this does not require any
considerable modification of the proofs.

3.2. Covering spaces

For the reader’s convenience, we recall the definition of covering spaces
and their basic properties. The details can be found in any textbook in
algebraic topology; see, e.g., [17, Chapter 5].

Let X and X be topological spaces. We suppose that X and X are
arcwise connected (i.e., any two points can be joint by a path) and locally
arcwise connected (i.e., any point has a basic family of arcwise connected
neighbourhoods). A continuous mapping 7 : X — X is called a covering,
if every point x € X has an arcwise connected open neighbourhood U with
the following property. The restriction of m onto each arc component V of
7-Y(U) is a homeomorphism between V and U.

The important property of covering spaces is that paths and their ho-
motopies can be lifted from X to X. More precisely:

PROPOSITION 3.1. Let & € X, x = n(%). For any path v : [0,1] — X
with the initial point v(0) = x, there exists a unique path (a lift of ~)
7 :[0,1] = X such that w oy = and 7(0) = Z.

The idea of the proof is to express the path v as a sequence of a finite
number of ‘short’ paths, each of which is contained in an elementary neigh-
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bourhood, and then lift each of these paths. For the details (and the proof
of the uniqueness part), see, e.g., [17, Chapter 5, §3].

PROPOSITION 3.2. Let 7,71 : [0,1] — X be paths in X which have the
same initial point: 5o(0) = 41(0). If w0 Y is homotopic to o7, then Yo
is homotopic to 41 ; in particular, Fo(1) =71 (1).

The idea of the proof is essentially the same as that of Proposition 3.1.
Let F':[0,1] x [0,1] — X be a homotopy between m o7y and 7m0 7;:

)

F(t,0) = m(30(1)), F(t,1) = 7((2)),

F(0,5) = 7(3(0)), F(L,5) = 7(30(1)).
Then the square [0, 1] x [0, 1] can be subdivided into ‘small’ rectangles such
that F' maps each rectangle into an elementary neighbourhood. After that,
F' can be lifted to X locally on each rectangle. The result of this lifting
gives a homotopy between 7 and ;. For the details, see, e.g., [17, Chapter
5, Lemma 3.3].

3.3. The covering m, : 3(;, — X,

1. First we define the function space )?p which the function sf(-; U) will
belong to. Let Xoo be the set of all functions f : T\ {1} — Z such that the
function (0,27) 3 6 — f(e') is left continuous and non-increasing. Clearly,
the points z € T\ {1} where f € X4 is discontinuous, can accumulate only
to 1. For any f € X, let us introduce the function v(+; f) : Z — [0, 2] by

v(n; f) = sup({0} U {8 € (0,27) | f(e”) > n}). (3.2)
Clearly, v(+; f) is non-increasing and

Jim v(n; f) =0, lim v(n; f) = 2m.
Note that f can be recovered from v(-; f) by the formula
f(e?y:=inf{n € Z|v(n; f) <6} (3.3)
For p € [1,00), let X, C Xo be the set of functions f such that

D Wi )+ @2r —v(n; f))P < oo.

n>0 n<0
For any p € [1,00] and any f,g € )?p, define

op(fr9) = v f) = v 9, @)
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Note that
2 ) )
i(fog) = / F(e?) — g(e®)|do.
0

PROPOSITION 3.3. The function p, is a metric on )~(p. With respect to
this metric, X, is arcwise connected and locally arcwise connected.

2. Consider the following equivalence relation on )Z'p:
frg<=IneZ:V2eT\{1}, f(z)=g9(z)+n.

Let X, be the quotient space )N(p/w, and let m, : )Z'p — X, be the corre-
sponding projection. For f, g € X, define

po(fs9) = int{p,(F.9) | mp(F) = f.m0(9) = g}

PRrROPOSITION 3.4. The function p, is a metric on X,. With respect to
this metric, X, is arcwise connected and locally arcwise connected.

Obviously, the mapping 7, : )?p — X, is continuous.

ProposITION 3.5. The mapping mp : X'p — X, 15 a covering.

Remark.  Clearly, an element f € X, is uniquely determined by spec-
ifying the set of discontinuities z, € T\ {1} of an element f € ' (f)
together with the heights m(z,) of the jumps of fat the points z,. Thus,
the space X, can be identified with the set of the spectra of all unitary
operators W € Y),; under this identification, z, become eigenvalues with
the multiplicities m(z,).

Notation. Let~:[0,1] — )~(p be any mapping. Then v depends on two
variables, t € [0,1] and z € T \ {1}. If we need to indicate the dependence
of v on both variables z and t, we write vy(z;¢). If v is considered as an
element of the function space )~(p (for a fixed t), we write y(¢).



SPECTRAL SHIFT AND INVARIANCE PRINCIPLE 13

3. It is obvious that the following diagram is commutative for any 1 <
qg<r<oo:

Ny <
=~ Xq—Xr
X, ——5 X,
T . (3.4)
inxq X
X, ——5 X,

Here in %,—%, and inx,—x, are the natural embeddings.

3.4. The mapping 7, : Y, — X,
1. Below we use the following natural notation for the arcs of the unit
circle in the complex plane:

(€i01,6w2):{6i0 | 6 <9<92}’ 01 < 0,

with the obvious modifications for [¢?01, 2], (¥, e2], [0t i02).
Let W €Y, and 64,6, € (0,27). Define

' , rank EW([€i0176w2))7 61 < 0,
N, W) = 3 0, Pl G
—rank Ew([e’LGQ, 6201 ))7 02 < 01-

It is easy to see that for any zp € T\ {1} the function T\ {1} 3 z —
N(z,z0; W) € Z belongs to the space X,.

PROPOSITION 3.6. Fiz zo € T\ {1}. The mapping
Y, 3 W= N(,20; W) € X,
is continuous at the ‘points’ W such that zo € T \ o(W).

2. Let us define the mapping n,:
np: Y, 2 Wn,(W):=my(N(-,20;W)) € X, 20€T\o(W). (3.6)

Clearly, this definition does not depend on zy, since the change of zj re-
sults in adding an integer constant to N (-, zo; W). By Proposition 3.6, the
mapping 7, is continuous.
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3. Note that the following diagram is commutative for any 1 < ¢ <r <
00

Ny, v,

Yq—)}/r

nql Jm (3.7)

NXg—Xy

q XT

Here inx, . x, and iny, .y, are the natural embeddings.

3.5. The spectral flow

1. Now we are ready to define the spectral flow of a family U : [0, 1] — Y.
But first we have to take into account one complication of a formal nature.
In our construction below (see §4.1) we have to deal with the families,
defined on an open, rather than closed, interval (0, 1). At the same time, it
appears that the composition 7, o U can be extended by continuity to the
endpoints 0 and 1. Thus, first we need the notation for such an extension.
Suppose that a mapping v : (0,1) — X, is continuous and the limits
limg—, 10 7(¢), limg1— y(¢) exist. Then we write that the extension of ~y
exists and denote by

ext(y)
the mapping 7, extended by continuity to the whole interval [0, 1].

DEFINITION 3.1. Let U : (0,1) — Y, be such a mapping that the

extension v := ext(n, o U) exists. Let 7 be a lift of v into )N(p. Then we
define

sf(z,U) :==75(2;1) = 7(2;0). (3.8)

Definition 3.1 does not depend on the choice of the lift 5. Indeed, let
71 and 75 be two lifts of 4. Then the function 2(0) — 71 (0) is an integer
constant; let us denote this constant by n. By the uniqueness of the lift of
a path with a fixed initial point, one has J5(t) = 71(¢t) + n and therefore
Y2(1) = 72(0) =71(1) = 71(0).

Definition 3.1 does mot depend on p in the following sense. Let 1 <
g <r <ooandletU,:(0,1) — Y, be such a mapping that the extension
vq = ext(n, o Uy) exists. Let 7, be the lift of v, and 7,(1) — 74(0) be the
spectral flow of U,. Consider the mapping U, := iny, .y, o U, : (0,1) —
Y,. It follows from (3.7) that the extension v, = ext(n, o U,) exists and
Yr = inx,—-x, © Vg Consider the lift 3. of ~,.. Taking into account (3.4),
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one sees that in %,-%, © Yq is also a lift of ;.. From here it follows that

ing,—x, a(1) —ing 5 (3(0)) = 7-(1) = 3-(0).
2. Thus defined, the spectral flow is homotopy invariant:

PROPOSITION 3.7. LetUq,Us : (0,1) — Y, be two mappings such that the
extensions 1 = ext(n, o Ur) and v2 = ext(n, o Us) exist and are homotopic
(in particular, this implies that v1(0) = v2(0) and v1(1) = v2(1)). Then

sf(z;Uy) =sf(z;Ua), ze€ T\ {1}. (3.9)

Proof. A direct application of Proposition 3.2. |

Note that our proof of the invariance principle (1.13) depends heavily on
the homotopy invariance of the spectral flow.

3. In this paper we do not explicitly use the fact that Definition 3.1
agrees with the ‘naive’ definition (3.1), whenever the latter makes sense.
However, let us give a sketch of proof of this fact. Here for the sake of
simplicity of notation we assume that our mappings U are already defined
on the whole of [0, 1] and thus need not be extended.

First suppose that for a mapping U : [0,1] — Y}, (such that 5, o U is
continuous), there exists zo € T\ {1} such that zy € p(U(t)) for all ¢t € [0, 1].
One easily checks that in this case, according to Definition 3.1,

st(z;U) = N(z,20;U(1)) — N(z, z0; U(0)).

Clearly, this agrees with (3.1).

Further, for an arbitrary mapping U : [0,1] — Y}, (such that 7, o U is
continuous), one can always find a finite cover of [0, 1] by the intervals d,,
n =1,..., N, with the property that for any n there exists z, € T \ {1},
zn € p(U(t)) for any t € §,,. In this case, one can write

N
sf(z:U) = Y (N(2,2n;U(tn)) = N(2, 2n; U(tn-1))) (3.10)

for a set of points 0 = tg < t1 < -+ < ty = 1, &), € 0y N Opqq for
n=1,...,N —1. Formula (3.10) also agrees with (3.1).

3.6. Proof of Propositions 3.3—3.6

1. Proof of Proposition 3.8: 1. Let us prove that p, is a metric.

Cleatly, 7,(f.9) = fp(g, ) and 7,(f,g) > 0. Suppose that f # g; by (3.3),
it follows that v(-; f) # v(-;¢) and therefore p,(f, g) # 0.
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The triangle inequality for p, is evident.

2. We shall prove that any ball in f(,, is arcwise connected; clearly, this
will imply that )Z'p is arcwise connected and locally arcwise connected.

For every fo, f1 € )?p, let

va(n) = av(n; fi) + (1 —a)v(n; fo), a€l0,1], neZ

The formula (3.3) recovers the family f,, of the functions such that v(n; f,) =
vo(n). Clearly, the path [0,1] 3 o — fo € X, connects fo and fi; more-

over, pp(fo, fa) < pp(fo, f1). Thus, every ball in X, is arcwise connected. |
2. Auxiliary facts
1. Note that

pp(f +mn,9+n) =p,(f,g) for any constant n € Z. (3.11)

2. Clearly, for any f € )~(p one has

neizrg{o} po(f +n,f)=pp(f+1,f) >0 (3.12)

3. Let us prove that
WgeX, IeZ: il p(f+mg)=pp(f+n.g). (313

In other words, the infimum in (3.13) is always attained.
First let p # oo. Then, clearly,

hm ﬁp(f"_mvg) = 007

[m|—o0
which proves (3.13). Next, let p = co. Then

lim ﬁoo(f+mvg) =2m,

|m|—o0

whereas poo (f +m, g) < 27 for any m. This proves (3.13) for p = co.

3. Proof of Proposition 8.4: 1. Let us prove that p, is a metric.
Clearly, pp(f,9) = pp(g, f) and py(f,g) = 0. Suppose that p,(f, g) = 0; let
us check that f = g. Fix f € 7, ' (f), g € 7, (g9). By (3.13), theNrelation
pp(f,g) = 0 implies that p,(f+n,g) = 0 for some n € Z and thus f+n =7
and therefore f = g.

The triangle inequality for p, follows directly from the triangle inequality
for pp.
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2. Obviously, Tl'p()?p) = X,. Since )?p is arcwise connected, it follows
that X, is also arcwise connected.
3. Let us prove that X, is locally arcwise connected. To this end, we

prove that every ball in X, is arcwise connected. Fix f € X fve 7r_1( 1)
and 7 > 0 and consider the open ball B(f; ) with the centre f and radlus r.
Below we prove that m, maps the ball B(f;r) onto B(f;r). Since B(f;r)
is arcwise connected (see the proof of Proposition 3.3), this will imply that
B(f;r) is also arcwise connected.

The inclusion ﬂ'p(B(f; r)) C B(f;r)isevident. Let us prove that B(f;r) C
7rp(B(f; 7). If g € B(f;r) and g € 7, " (g), then inf,,cz ,Bp(er m,q) <,
which, by (3.13), implies that ﬁp(f+ m,g) < r for some m € Z. Thus,
ﬁp(j?,ﬁf m) < r and therefore § —m € B(f;r) and g = (g —m) €
m(B(Fir). | ) )

4. Proof of Proposition 3.5: Fix f € X, f € w;l(f) and € < pp(f +
1, f) /3. Let us prove that the ball B(f;e¢) is an elementary neighbourhood.
We shall prove that =, ' (B(f;¢)) = UnezB(f+n;e), where the balls B(f+
n;e) are mutually disjoint, arcwise connected and the restriction m, | B(f+
n;€) is a homeomorphism between B(f—&— n;e) and B(f;e).

Let us first check that the balls B( f +n; 5) are mutually dlsJ01nt Indeed,
let g 6B(f—|—n £)N B(f +m;e). Then pp(f—|—n f+m) <pp(f—|—n J) +
Pp(9; f +m) < 2e. By (3.12) and the choice of ¢, the last inequality implies
m=n.

In the course of the proof of Proposition 3.4, we have checked that
mp(B(f +m;¢)) = B(f;e) for any n € Z. The same reasoning also shows

that 7, (B(f;€)) = UnezB(f +nje).
Let us prove that the restriction 7 | B(f+n ¢) is injective. Let m,(g) =

7p(h) for §,h € B(f+n;e). Then g = h+m for some m € Z. Using (3.11),
one has:

GeB(f+mne) = pp(f+ng)<e = p(f+n—mh)<e

= 7L€B(f+n—m;5):> m=0 = g=h.

4. Finally, let us check that (m, | B( f +nye))~t is continuous. Let
g, he B(f+n g),g=mp(9), h = Fp(h) Below we show that if p, (g, h) < ¢,

then ,(g, h) = pp(g, k). Indeed, by (3.13), one has p,(g, h) = pp(g +m, h)
for some m € Z. Let us show that m = 0. Using (3.11), one has

po(f+m, ) = pp(F+n+m, f+n) < pp(f+n+m,g+m)+p,G+m,h)
+ﬁp(E7J?+ n) < 3,
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which, by (3.12) and the choice of ¢, implies m = 0. ||
5. The proof of Proposition 3.6 is based on the following

LEMMA 3.1. For any € € (0,2m) there exists Cs14(€) > 0 such that for
any zo € T\ {1} and any operators Wy, Wy € Y,, with the property

[z0e7, 20e ] Na(W;) =0, j=1,2,
the following estimate holds:

Pp(N(; 20: W1), N (-, 20; W2)) < C14(e) [[W1 = Wa|g - (3.14)

Proof 1. Let us first prove the following auxiliary statement. For an
operator A = A* € &, let {)\E,,Jr)(A)}neN be the sequence of its non-
negative eigenvalues listed in decreasing order counting multiplicities, and
let A5 (A) := AT (= A). Denote Zo = Z\ {0}. Let A(A) € 1,(Zo) be the
sequence

A(4) = ASD(A), 0> o0
" A5 4), n<o.

—n

Let us prove that for any self-adjoint operators A;, Ay € &,
[A(A1L) = A(A2) 1, (zo) < A1 — A2lls, - (3.15)

For p = oo, the above relation follows directly from the variational char-
acterization of the eigenvalues. For p = 1, it can be proven by using some
simple tricks with trace. Anyway, we proceed straight to the general case,
which is a consequence of a slight modification of Lidski’s theorem [16] (see
also [12, Chapter 2, §6.5]). First note that it is sufficient to prove (3.15)
for finite rank operators A;, As. In the finite rank case, Lidski’s theorem
says that

An(A1) = An(A2) =D OnmAm(A1 — Ay), (3.16)

where {\,(A)} is the sequence of all (positive and negative) eigenvalues of
A, listed in the order of decreasing of the absolute value |\, (A)|, and o,
is a matrix satisfying

S owml <10 |owm| < L. (3.17)

n m

The relations (3.16), (3.17) imply (cf. [12]) that

D (A = Au(A2)]P < DA (Ar = A)” = A = A2l . p € [L,00),
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which differs from the desired inequality (3.15) only by the method of
numbering the eigenvalues. Following the proof of Lidski’s theorem, it is
not difficult to see that it holds also in the case when the positive and
negative eigenvalues are numbered separately; more precisely, one has

A (A1) = AP (A9) =D olH) A (AL — A),
S|+ i <1, 3] <1

In the same way as above, (3.18) implies (3.15).
2. Below we will need the following fact. For any ¢ € C°°(T) and any
two unitary operators Wy, Wy such that W; — W, € &,,, one has

(3.18)

le(W1) — o(W2)lls, < Ca19(0)|[W1 — Wals, - (3.19)

In order to prove (3.19) (see, e.g., [7, §5.4] for the details and discussion),
one first writes a representation

p(z) = ez D Inllea] < oo,

nez neZ

which is valid for all smooth enough ¢. Next, it is easy to check that
W1 = Wie, < nl[W1 —W2|e,.

Therefore, (3.19) holds with C3.19(0) = >_,, o7 Inlleal.

3. Now we are ready to prove the estimate (3.14). Let ¢. € C*(T)
be such a function that ¢.(e®) = 6 for all § € [-27 + &, —¢]. Denote
ez (2) = pe(2/70) + arg 2o, where arg zg € (0,2w). It is straightforward
to see that for j =1,2 and n =1,2,..., one has

v(n— 13N (-, 205 W;)) = AJH (e 20 (W5)), (3.20)
v(—n; N (-, 20 Wy)) = 21 — A7 (e 20 (W),

and therefore

Pp(N (-, 20 W), N (-, 20; W2)) = [[A(@e,20 (W) = APz 20 (W2))l1,,(zo)-
(3.21)

The relations (3.21), (3.15) and (3.19) together imply (3.14) with the con-
stant

C3.14(€): sup 03.19(905,20)- |
zo€T\{1}
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Proof of Proposition 3.6 Fix Wy such that zp € T \ o(Wp) and € > 0
such that [z0e7%, 20€"] N o(Wy) = 0. Then for any W € Y, such that
|W —Wo| < €/2, one has [zge~"/2, z9¢**/?] N o(W) = (. Thus, we can
apply Lemma 3.1, which yields

Pp(N (- 205 W), N (-, 20: Wo)) < C3.14(2/2) [W = Wolg, -
Clearly, this implies the continuity of the mapping in hand at the ‘point’
Wo. 1

3.7. Lemma on convergence in X,
In the proof of Theorem 7.1 below we shall need the following

LEMMA 3.2. Let W, and W), be sequences of operators in'Y, such that
limy oo [Wn = Wyllg, = 0. Then the limit Xp-lim (W) exists if
and only if the limit X,-lim _ _ n,(W}) exists. If these limits exist, they
coincide.

n—oo lp

Proof. 1. For any f € X, let us introduce the notation

o(f) = {exp(iv(n; f)) [n € ZYy U1}, Jer(f)

(recall that v(n; f) is defined by (3.2)). Clearly, this definition does not
depend on the choice of an element f € w }(f). It is also clear that in this
notation,

c(W) =0(ne(W)), W € Y.

2. Suppose that the limit f := X,-lim

oo o (W) exists. Below we
prove that the limit X,-lim _ __ 7,(W)) also exists and is equal to f. Fix

20 € T\ o(f) and € > 0 such that [z0e7%, z0e®®] N o(f) = 0. If n is large
enough so that poo(f, 7 (Wr)) < €/3, we get

[Zoe—i25/37 zoei25/3} N (oo (W) = 0.

Further, if n is large enough so that peo (f, e (Wh)) < €/3 and |W,, — W/ || <
/3, we get

[20e™"/3, 20€™/3] N 0 (110e (W) = 0.

For such n we can apply Lemma 3.1, which yields

Pp (1 (W), mp (W) < Cs.14(e/3) [Wa — W’I/L”Gp —0 asn—oo.

Thus, lim,— o pp(Mp(W}), f) =0. 1
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4. THE FUNCTION p: DEFINITION
4.1. Definition

Let Hyp and H be self-adjoint operators in a Hilbert space H. For any
z € p(Hp) N p(H) define a unitary operator in H by

H—%I Hy— 21
Mz H, Ho) = =77 —7

=+ (z-2)(H—2I)" YT+ (Z—2)(Hy—2z)""). (4.1)

Next, in what follows we fix p € [1, 00]. We introduce

AssumpTION 4.2. (i) For any z € p(Hp) N p(H) one has
(H—z2I)""— (Hy—2I)"' € &,. (4.2)

(i1) For any A € R one has

ygr&oy |(H—\+iy))~" = (Ho— (A + z'y)I)_1||6p =0. (4.3)
By the identity
Hy— 21
M(z) =1 =(2=2)((H —2I)"" — (Ho — 2I)™ ") 2 4.4
()= 1= (=2 -2 = (D 2 (@
the inclusion (4.2) is equivalent to

M(z H, Ho) — I € &,(H), (4.5)

and the relation (4.3) is equivalent to
Jim (M (At iy; H, Ho) — I||g, = 0. (4.6)

PROPOSITION 4.1. (i) If (4.2) holds for one value of z, then it holds for
all z € p(Ho) N p(H).

(i) If (4.3) holds for one value of A, then it holds for all A € R.

(iii) Assumption 4.2(i) implies that the mapping

C\R>z+— M(z;H,Hy) — I € 6,(H)

15 continuous.

Further, we need one more assumption. Recall that the class X, and
the mapping 7, have been defined in §3.3, 3.4. Fix A e R.
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ASSUMPTION 4.3. The limit

Xp-lim g, (M (A + iy; H, Hy)) (4.7)
y—-+0

exists.

Under the Assumptions 4.2 and 4.3, consider the mapping
U:(0,1)3t— MA\+i(l—t)t" ' H, Hy) €Y. (4.8)

Clearly, the mapping U satisfies the hypothesis of Definition 3.1 and there-
fore sf(z; U) is well defined.

DEFINITION 4.1.  Suppose that for a pair of selfadjoint operators Hy, H
and for A\ € R, the Assumptions 4.2, 4.3 hold true. Let U be the mapping
(4.8); then we define

w(0; N, H, Hy) = sf(e?;U), 6 € (0,2m). (4.9)

4.2. Sufficient conditions

Let H be a ‘basic’ and K an ‘auxiliary’ Hilbert spaces and let operators
Hy, G, J, H = H(Hy,G,J)be as described in §2.2. Below we give sufficient
conditions (in terms of Hy, G, J), which ensure that the Assumptions 4.2
and 4.3 hold true for the pair Hy, H. In addition to (2.5), assume that

G(|Ho| + I)71/? € &9,(H, K) (4.10)
for some p € [1, c0].
PROPOSITION 4.2. Assume (2.5), (4.10). Then, for the pair of operators
Hy, H, Assumption 4.2 holds true.
In particular, if H — Hy € &, then Assumption 4.2 holds true.

PROPOSITION 4.3. Assume (2.5), (4.10) and define the operators (2.6).
Suppose that for some A € R

(i) the limit s-limy_, 1 o(J =1 + T(\ +iy)) " exists;

(ii) the limit Sp-lim,_  ( B(A +1y) =: B(A +10) exists.

Then, for the pair Hy, H, Assumption 4.3 holds at the point \.
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PROPOSITION 4.4. Assume (2.5), (4.10) and suppose that for an open
interval § C R one has

Then for a.e. A €0
(i) the limits
S limT(A+iy), Sp-lim B(\ + iy) (4.12)
y—+0 y—-+0

exist, where ¢ = p if p > 1 and q is any number greater than 1, if p=1;
(i) one has 0 € p(J~1 + T (X +10)).
Thus, the hypotheses (i), (ii) of Proposition 4.3 hold true and the pair
Hy, H satisfies Assumption 4.3.

In particular, if H — Hy € &1, then Assumption 4.2 holds true for p =1
and a.e. A € R.

4.3. Operator S(z)

In order to prove Propositions 4.2-4.4, below we introduce an auxiliary
operator S(z). Let H be a ‘basic’ and K an ‘auxiliary’ Hilbert spaces. Let
the operators Hy, G, J be as described in §2.2; assume (2.5) and (4.10) for
some p € [1,00] and let H = H(Hy, G, J). For any z € C\ R define

S(z) = S(z;Hy, G, J) := I — 2iBY2(2)(J ' + T(2)) "' BY?(2). (4.13)

The inverse operator in the r.h.s. of (4.13) exists by (2.9). A straightfor-
ward calculation shows that S(z) is unitary in IC. Clearly, S(z) — I € &,,.
The operator S(z) can also be presented as

S(z) =1 —2iBY?(2)(I + JT(2))"*JBY?(z) =
=1 —2iBY?(2)J(I +T(2)J) ' BY%(2).

The definition of the operator S(z) copies the stationary representation for
the scattering matrix (see (9.1)). For this reason, the operators of this type
are well studied (see, e.g., [8] and references therein).

LEMMA 4.1. Assume (2.5) and (4.10). Then the mapping
C\R>3zm S(2) -1 € 6,(K) (4.14)
is continuous and

S(2) = I||s, — 0 as Im z — +-o0. (4.15)
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Proof. 1. Let us first check that
the mapping p(Hy) 3 z+— T(z) € 6, is continuous (4.16)
and
|T(2)[ls, — 0 asImz— +oo. (4.17)

In order to do this, observe that the mapping

|H0‘+I
P b L

H
p(Ho) > 2 Hy— 21

€ B(H) (4.18)

is continuous (in the operator norm) and

Hyl+1
|HO|7+ZI 20 as Im 2z — 4o0. (4.19)
0 —

Now recall the definition (2.6) of T(z). By (2.1), the relation (4.16)
follows from (4.10) and the continuity of (4.18). Similarly, (4.17) follows
from (4.10) and (4.19).

2. Clearly, the relations (4.16) and (2.9) imply that

the mapping C\R 3z (J'+T(2))"!' € B(H) is continuous.
(4.20)

3. By (2.2), the relations (4.16) and (4.20) imply the continuity of the
mapping (4.14). The relation (4.17) implies (4.15). |

THEOREM 4.1. Assume (2.5) and let H = H(Hy,G,J). For any z €
C\ R the operator M(z; H, Hy) — I is compact and

Noo (M (2; H, Hy)) = 1150 (S(2; Ho, G, J)). (4.21)

Proof. 1. By (4.4) and (2.10), one has

M(z) =1~ (z—2)(G(Ho —=zI)")*
X (J7H+T(2)"HG(Ho — 2I) ") (I = (= 2)(Ho —21) 7). (4.22)

It follows that M(z) — I € 6.



SPECTRAL SHIFT AND INVARIANCE PRINCIPLE 25

2. For R > 0, denote P = Ey ((—R,R)), G® = GPR H{P =
HoP™ . Note that G € S (H,K) and H™ € B(H). Further, let
H® = g 1 (G®)*jGB (e B(H)). By (2.1), the relation P =
(PU)* 2 T implies that

|G (| Hol + 1)"V2 — G(|Ho| + )" /2 — 0 as R — o0,
and thus
||T(z;HéR),G(R)) —T(z;Hp,G)|| — 0 as R — +oc.
By the definition (4.13) of S(z) it follows that
1S(z; HS® . GW) | 1) = S(2; Hy, G, J)|| — 0 as R — 400
and by (4.22) it follows that
M (z; HB) HS®Y — M(z; H, Hp)|| — 0 as R — +oc.

Therefore, since the mapping 7, : Yoo — X is continuous, it is sufficient
to prove that

Moo (M (2 HF | H{) = 0o (S (2 HD LG, 7)) (4.23)
for any R > 0. For the sake of brevity, below we suppress the index R in
the notation and suppose that Hy € B(H) and G € G (H,K). We also
denote V := G*JG.

3. Recall that for any two bounded operators A, B and any A # 0 one
has
dim Ker(AB — A\I) = dim Ker(BA — AI). (4.24)

By (4.24), for any A € T\ {1}, one has

H— % Hy— 21
dimKer(M(z)—)J):dimKer( Sl U —)J)

H — 21 Hy — zI
(H—zI)(Hy—=I)""((H — 2I)(Hy — 2zI)™") ™" = \I)
(I+V(Ho—zI)""YI+V(Hy—=2I)"")"" =)
I—2iVIm ((Ho — zI)"" ) (I + V(Ho — zI)~")™! = XI)

I —2iGIm ((Ho — 2I)"" (I + V(Hy — 2I)"")7'G*J — AI).

= dim Ker
= dim Ker
= dim Ker

= dim Ker

P
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A direct computation shows that
(I+V(Hy— )" 'G*J=G*(J "+ T(2))"
Thus,
dim Ker (M(z) — )

= dim Ker (I — 2iGIm ((H0 — z[)—l)G*(J—l +T(2))"" = \)
= dimKer (I — 2iB(2)(J ' + T(2)) "' — )
— dim Ker (1 - 2131/2 ()(J~L + T(2)) " BY2(2) — /\I)
= dimKer (S(z) — AI),

which implies (4.21). |

4.4. Proofs of Propositions 4.1, 4.2—4.4
Proof of Proposition 4.1 (i) follows from the identity

(H—2I)"' = (Hy — 2I)~!
o H— 20]
- H-—2z]

HO — Zo.[

((H = zI)™" = (Ho — 201)™") Ho— 2

(4.25)
(ii) Suppose that (4.3) holds for A = X\g. In (4.25), take z = A\ + iy,
zo = Ao + 7y. Now the desired assertion follows from the fact that

o = Qo+ in)t
PN H Oyl

y>1 Hy — >‘+Zy

H < 0o, Ssup
y>1

Ho — (Mo +iy) H

(iii) Let us use (4.22) and check that the r.h.s. of this identity depends
continuously on z in the &, norm. Similarly to the proof of Lemma 4.1,
factorizing

G(Ho — =I)~" = [G(|Ho| + 1) *I[(|Ho| + I)'/?(Ho — 21)7"],

and using (2.1), we check that the operator G(Hy — 2I)~! depends con-
tinuously on z in &g, norm. Taking into account (4.20) and the fact that
the operator (I — (2 — z)(Ho — zI)~!) depends continuously on z in the
operator norm, we get the desired assertion. |

Proof of Proposition 4.2 Let us use (2.10). Since (J~! + T(2))~7! is
bounded and G(Hp — 2I)~! € &), we get the inclusion (4.2). The rela-
tion (4.3) is equivalent to (4.6); the latter follows from Theorem 4.1 and
(4.15). 1
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Proof of Proposition 4.3 By Theorem 4.1, it is sufficient to prove that
the limit
Sp-lim(S(A + iy; Ho, G, J) — 1)
y—+0
exists. By (2.2), the existence of the above limit follows directly from the
definition of operator S and the hypothesis of the proposition. |
Proof of Proposition 4.4
1. For any ¢’ C R, denote

Ts/(2) = T(z; Hy, GEp, (8)).
Denoting A =R\ 0, we see that
T(z) =Ts(2z) + Ta(z).

It is one of the classical results of the trace class scattering theory (see
[5, 18, 19]) that the inclusion (4.11) implies that for a.e. A € R the limit
T5(A+10) exists in &,(KC) (for any r > 1) and the limit limy,_, 1o Im T5(\ +
iy) exists in &1(K). On the other hand, the function Ta(z) € &,(K) is
analytic in C\ A and ImTa(A) = 0 for all A € 4. Thus, for a.e. A € § the
limits (4.12) exist.

2. It remains to check that the limit n-lim,_, 1o(J '+ T (A +iy)) ! exists
for a.e. A € 4. In order to do this, write

(J'+TE) " = +Talz) "I+ F(2) 7,
F(2) =Ts5(2)(J '+ Ta(2)) " .

Let us check that for a.e. A € R the limits

n-lim(J 7Y+ Ta(A+4y)™' and  n-lim(7 + F(O\+4y))~' (4.26)
y—+0 y—+0
exist.
3. By the Fredholm analytic alternative, the set

N={Aed|0ea(J 7 +Ta(\)}

is discrete in ¢ (i.e., the points of N can possibly accumulate only to the
endpoints of the interval §). Thus, the limit n-lim,_o(J ' +Ta(A+iy)) !
exists for all A € 6 \ V.

4. The function F(z) € &1(K) is analytic in C; and for a.e. A € ¢ has
limit values F'(A+10) in &,(K) (for any ¢ > 1). Thus, using Theorem 1.8.5
from [26], we obtain that the limit n-lim,_,1o(I + F(X + iy)) ™! exists for
ae. Aed. |
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5. FORMULA FOR p
5.1. Statement of result

Let the operators Hg, G, J be as described in §2.2, assume (2.5) and
let H = H(Hy,G,J). For a self-adjoint operator A, we denote Z(A) :=
E4((—0,0)); see [10] for the reasoning behind this notation.

THEOREM 5.1. Suppose that, for some A € R, the limit n-lim,_, o T (A +
ie) exists and 0 € p(J~t + T (X +i0)). Then for all 6 € (0,27) the pair of
projections Z(J 1), 2(J71 + A(X +i0) + cot(8/2) B(\ + i0)) is Fredholm
and

u(0; A, H, Hy) = index(E(J 1), E(J " 4+ A(X 4 i0) + cot(6/2) B(X +i0))).
(5.1)

If J = +1I, then (5.1) takes the form
M(ez )‘7 H7 HO) = —rank EA()\+iO)+C0t(0/2)B()\+iO) ((_007 _1))7 J = I7
(05 A, H, Hy) = rank E4(x1.i0)+cot(6/2) B(A+i0) ([1, 00)), J=-I

Note that, in particular, this implies the following monotonicity rule for
the function p:

+J>0 =  Fu0;\H, Hy) > 0.

Related statements are well known in the spectral analysis of the scattering
matrix — see [8] and references therein.
The relation (5.1) also implies the following estimates for pu:

+u(0; A\, H, Hy) < rank Z(+J).

In particular, if the perturbation G*JG has rank n < oo, then the absolute
value of u does not exceed n.

5.2. The spectrum of S(z)
Consider the following operators A, B, J:

A=A €GB (K), 0<BeBL(K), J=J eBK),

L1 : (5.2)
0ep(J), 0€p(J"+A+iB).
Under these assumptions, define a unitary operator in K by
S=1-2iBY*(J '+ A+iB)"'BY2 (5.3)

The proof of (5.1) is based on the following simple characterization of the
spectrum of S.
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LEMMA 5.1. Assume (5.2) and let S be defined by (5.3). Then for any
0 € (0,2m) one has

dimKer(S — ¢I) = dim Ker(J ™! 4+ A 4 cot(6/2) B). (5.4)

Proof One has (using (4.24)):

dim Ker(S — ¢T) = dim Ker
= dim Ker

= dim Ker

I—-2iB(J7 '+ A+iB)~! —¢1)
(J '+ A—iB)(J '+ A4+iB)" — €T
J Y4+ A—iB-e?J '+ A+iB))

= dimKer(J ' 4+ A+ cot(6/2)B). |

P I

We shall need the following auxiliary statement, which is a very slight
modification of one of the results of [11].

LEMMA 5.2. Let M = M* € B(K),0< B € 6,(K) and0 € p(M+7B)
for some 7 € R. Then Z(M),Z(M + B) is a Fredholm pair of projections
and

index(E(M),E(M + B)) = Y dimKer(M + sB). (5.5)
s€(0,1]

Proof. 1. In [11, Corollary 4.8], the desired assertion has been proven
under the additional assumption B € &1(K). Below we show that this
assumption can be lifted.

2. First note that the condition 0 € p(M +7B) implies that 0 & oess(M).
Further, it is easy to see that

[1]

(M) —E(M + B) € 64 (K).

This can be proven by representing the above projections by Riesz integrals
and using the resolvent identity (cf. [11, Lemmas 3.5, 3.8]). The above
inclusion implies that Z(M), E(M + B) is a Fredholm pair.

3. First assume that 0 € p(M) and 0 € p(M + B). Let 0 < B, €
S1(K), ||Br, — B|| — 0 as n — oo. For all large enough n we will have
0 € p(M + 7By,). By [11, Corollary 4.8], for such n one has

index(2(M),E(M + Bn)) = > dimKer(M + sB,). (5.6)
s€(0,1]

Our aim is to pass to the limit in (5.6).
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4. By [11, Theorem 3.12], the Lh.s. of (5.6) tends to the Lh.s. of (5.5)
as n — oo. Further, by the Birman—Schwinger principle in a gap (see, e.g.,
[3]), one has

Z dim Ker(M + sB) = rank Egi/2;-11/2((—00, —1]).
s€(0,1]

Since ||By/?M~1BL? — BY2M~1BY/2|| — 0, we see that the r.h.s of (5.6)
tends to the r.h.s. of (5.5).

5. In order to get rid of the assumptions 0 € p(M), 0 € p(M + B),
we observe that for all small enough € > 0 one has 0 € p(M +¢B), 0 €
p(M + B+ eB) and thus

index(E(M +¢B),E(M + B+¢B)) = > dimKer(M + sB).
s€(e,14¢]

Taking ¢ — +0 in the above formula, we get (5.5). |

LEMMA 5.3. Assume (5.2) and let S be defined by (5.3). Then for the
function N(-,+;S), defined by (3.5), one has for any 61,02 € (0,27):

N(eiel’eieg; S) = index(E(JA + A+ cot(6:/2)B),Z(J 1+ A+ cot(91/2)B))
= index(2(J"),E(J " + A+ cot(6,/2)B))
+index(E(J ! + A + cot(62/2)B), E(J71));

(5.7)
all the three pairs of projections in the r.h.s. are Fredholm.
Proof. 1. First of all we note that
E(J 4+ A+ cot(0;/2)B) —E(J ) € 6(K), j=1,2. (5.8)

As in the previous lemma, this can be proven by representing =(J ! +
A+cot(;/2)B) and Z(J ') by the Riesz integrals and using the resolvent
identity (cf. [11, Lemmas 3.5, 3.8]). The inclusion (5.8) implies that all the
three pairs of projections in the r.h.s. of (5.7) are Fredholm.

2. Tt is sufficient to prove (5.7) for 81 < 6. Indeed, the case 6; > 65
follows from the above mentioned one by changing the roles of 8, and 65;
for 81 = 05 the relation (5.7) trivially holds.
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In the case 6; < 05, using Lemmas 5.1 and 5.2, one has:

rankFg([e', e%2)) = Z dimKer(S — 1)

0€[6:1,02)
= Z dim Ker(J ™! + A + cot(6/2) B)
0€[6:,02)
= Z dimKer(J ™' + A+ tB)

0€(cot(62/2),cot(61/2)]
= index(Z(J ! + A + cot(#2/2)B),E(J " + A + cot(6,/2) B)).

Note that Lemma 5.2 is applicable, since, by the analytic Fredholm al-
ternative, the assumption 0 € p(J~' + A + iB) (see (5.2)) implies that
0€p(J~t+A+7B) for all T € R but for a discrete set of points.

3. Thus, we have proven the first equality in (5.7). The second one follows
by the chain rule (2.4). Note that the inclusion (5.8) ensures the applicabil-

ity of the chain rule. |

5.3. Proof of Theorem 5.1

1. First we need a simple result which shows that the r.h.s. of (5.1)
depends continuously on A(A+1i0) and B(A+140). This statement is closely
related to [20, Lemma 2.5] and [11, Theorem 3.12].

LEMMA 5.4. Assume (5.2) and let, in addition, B € &, p € [1,00]. Let
A = A5 € 6(K), 0 < B, € 6,(K), Jy = J; € B(K), k € N be such
operators that 0 € p(Ji), 0 € p(Jy ' + Ax + iBy), lim_oo [|Ax — A|| = 0,
limp—oo | Be — Bllg, =0, limg—oo [|[Jx — J|| = 0. Define the functions

E(J7 + A+ cot(0/2)B)) € Z,

f:T\ {1} 3e" — f(e) = index(Z(J 1),
), (T 4 Ay + cot(0/2) By)) € Z.

fe : T\ {1} 2 € — fi(e") = index(Z(J;,
Then f, fr € )~(p and

op(fi, ) — 0  ask — . (5.9)

Proof. 1. Define the operator S by (5.3) and let
Sp=1—2iB/*(J;' + A, +iBy) ' B/

As in Proposition 4.3, we see that [|Sy — S||g, — 0 as k — oo.
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Fix 6y € (0,27) such that e € p(S). By Proposition 3.6,
Pp(N(-, €% S), N(-, e, 8)) -0 ask — oc. (5.10)
2. By Lemma 5.3,
N(e,e%:8) = F(e) + C(00).
N(e”,e";5) = fu(e') + Cr(bo)
with

C () = index(E(J ' + A + cot(6y/2)B),Z(J 1)),
Cy(0p) = index(Z(J, * + Ay, + cot(8o/2)By.), E(J; 1)).
Since e?% € p(S), by Lemma 5.1 one has 0 € p(J ™' + A+ cot(6y/2)B). By

[11, Theorem 3.12], it follows that limy_ . Ck(6p) = C(6y). Since Ck(6p)
and C(fy) are integer valued, one has Cy(6y) = C(6y) for all large enough k.

Thus, by (3.11), the relation (5.10) implies (5.9). |
2. Proof of Theorem 5.1: 1. First of all, we note that for all § € (0, 27)

(1]

(J™H = Z(J 7+ A\ +1i0) + cot(0/2) B(A +10)) € S (K)

(cf. (5.8)) and thus the pair of projections in the r.h.s. of (5.1) is Fredholm.

2. Let U be the mapping (4.8) (for p = o0) and v = ext(ne o U)
(recall that 7., has been introduced in §3.4, and ext — in §3.5). Below we
explicitly construct the lift of 4. Let us define the mapping 7 : [0,1] — Xoo
by

7(e";0) = 0;

F(e;t) = index(Z(J 1), E(J ! + A(2) + cot(0/2) B(z))),
z=A+i(l -ttt te€(0,1);

F(e";1) = index(E(J 1), E(J ! + A\ +90) + cot(6/2) B(\ + i0))).

Below we show that:

(i) 7 is continuous;

(ii) Too 0 = 7.

The statements (i), (i) mean that 7 is the lift of v with 7(0) = 0. Since
the r.h.s. of (5.1) coincides with J(e?; 1), this implies the statement of the
theorem.

3. By Lemma 5.4, the continuity of 7 for ¢ € (0, 1) follows from the norm
continuity of A(z), B(z) (see (4.16)) in z. Similarly, the continuity of 7 at
t = 0 follows from (4.17) and the continuity at ¢ = 1 is evident.



SPECTRAL SHIFT AND INVARIANCE PRINCIPLE 33
The relation 7o, 0y = v follows from Theorem 4.1 and Lemma 5.3. |

6. THE FUNCTION p AND THE PERTURBATION
DETERMINANT

6.1. Statement of result
Let the operators Hy, G, J be as described in §2.2. Assume (2.5) and

(4.10) with p = 1 and let H = H(Hy, G, J). As in [26, §8.1.4], we introduce
the ‘modified perturbation determinant’

Dyyp,(2) = det(I + JT(2)), =z € p(Hy). (6.1)

If the operator V = G*JG is well defined and V(Hy—21)~! € &1(H), then
Dy /h,(2) coincides with the usual perturbation determinant Ay, g, (2).
By (4.16), the determinant Dy /g, (2) is continuous in z € p(Hp) (it is, of
course, even analytic in z, but we do not use this fact). By (4.17) with
p = 1, one has Dy/p,(z) — 0 as Imz — +o00. Let us fix the branch of

arg Dy, (2) by
arg D /p,(2) — 0 as Im 2z — +o0. (6.2)

By Propositions 4.2, 4.4, for p = 1 and a.e. A\ € R, the Assumptions 4.2
and 4.3 hold true. Therefore, for a.e. A € R the function u(-; A\, H, Hp) is
well defined and belongs to L;(0, 27).

THEOREM 6.1. Assume (2.5) and (4.10) with p =1, define the function
Dy, by (6.1) and fix the branch of arg Dy p, by (6.2). Then for a.e.
A € R the limit lim,,_, o arg Dy, (A + iy) exists and

1 27
lim arg Dy /g, (A +iy) = f—/ w(0; N\, H, Hy)dO
y—-+0 2 0

- /Z 1 ittz index (E(J 71 + A\ +10) + tB(A +0)), 2(J 1)) .
(6.3)

remark. A similar reasoning shows that under the hypothesis of The-
orem 6.1, one has for all z € C

o dt o o
argDH/HO(z):/ mmdex(:(J "+ A(z) +tB(2)),E(J ).

This formula might be of an independent interest, although we do not need
it in this paper.
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Recalling the Krein’s formula (1.3), (1.4) for the SSF, we see that for G €
S2(H, K), the first equation in (6.3) implies (1.12). The second equation
(in the case J? = I) gives the representation (1.7), which was originally
obtained in [11].

6.2. Proof of Theorem 6.1
1. First let us prove that
det M (z; H, Ho) = Dy, (2)/Duym, (), 2 € Cy. (6.4)
One has:
Diriy1y(2)/ Drryig (2) = det (I + JT(2)(I + JT(2)) ™)
= det ((I + JT(2) — 2iJB(2))(I + JT(z))_l)
=det (I —2iJB(2)(I + JT(2))"")
— det (1 ~2iBY2(2)(I + JT(Z))’IJBl/Q(z))
= det S(z; Hy, G, J).

Finally, note that, by Theorem 4.1,
det S(z; Hy, G, J) = det M(z; H, Hy).
2. Tt follows from (6.4) that
arg Dy, (2) = —% argdet M (z; H, Hy),
where the branches are fixed by (6.2) and by the condition
argdet M(z; H, Hy) — 0 as Im z — 4o0. (6.5)
Now let U be the mapping (4.8) (for p = 1) and v = ext(n; o U) (recall

that 77 has been introduced in §3.4, and ext — in §3.5). Note that for any
W ey,

det W = exp (z " f(ew)dﬁ) , fem N mW)).
0

Thus, it is clear that with the choice (6.5) of the branch, one has

2
argdet M (z; H, Hy) = / F(e:t)do, 2= +i(1—t)t7",
0
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where 7 is the lift of v with the initial condition 7(0) = 0. This proves the
first of the equalities (6.3). The second one follows from Theorem 5.1 after
the change of variables ¢t = cot(6/2). |

7. THE INVARIANCE PRINCIPLE FOR p
7.1. Statement of results

Let Hy and H be self-adjoint operators in a Hilbert space H. Fix A € R.
In this section we prove the invariance principle (1.13) for the function pu.
For the sake of convenience of notation, we shall prove it in the following
form:

w(0; f1(A), f1(H), f1(Ho)) = p(0; fa(N), f2(H), f2(Ho)), 95(0,27()~ )
7.1

The functions f1, fo in (7.1) are supposed to satisfy Assumption 1.1 (with
A from (7.1) and with the same Q D o(Hp) Uo(H) for fi and f2).

THEOREM 7.1. Let Q C R be a Borel set, o(Hp)Uo(H) C Q, and let the
functions f1, fo satisfy Assumption 1.1 with A € Q. Let the two pairs of
operators f;(Ho), f;(H), j = 1,2, satisfy Assumption 4.2(i) (for p = o0).
Then:

(i) Assumption 4.3 (for p = co) holds true for the pair f1(Hy), f1(H) at
the point f1(X\) if and only if it holds true for the pair fo(Hy), f2(H) at the
point fa(N).

(ii) If for j = 1,2 Assumption 4.3 (for p = oo) holds true for the pair
fi(Ho), f;(H) at the point f;(\), then

Xeoo-lim nee (M (f1(N) + iy; f1(H), f1(Ho)))

y—+0
= Xyoi-}riénﬁoo (M (f2(N) +iy; f2(H), f2(Ho))). (7.2)

Suppose that under the hypothesis of Theorem 7.1, the two pairs of op-
erators f;(Ho), fj(H), j = 1,2, satisfy the Assumption 4.2(ii) (for p = 00).
Then p(-; f;(A), f;(H), f;(Ho)) is well defined for j = 1,2. The relation
(7.2) leads to the invariance principle (7.1) modulo Z. In order to obtain
the invariance principle in the full scale, we have to replace Assumption
4.2 by a pair of slightly more restrictive conditions.

For z € C, 2 ¢ R_ :={z | Imz = 0,Rez < 0}, let us fix the branch of
arg z, say, by

argz € (—m,m), z€C\R_. (7.3)
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ASSUMPTION 7.4. For a pair of self-adjoint operators Hy, H, one has:
(i) for any z € C4,

arg(H — zI) — arg(Ho — 21) € Goo(H); (7.4)
(i) for any A € R,

A llarg(H — (A +ay)I) —arg(Ho — (A +ay)D)| =0. (7.5)

PROPOSITION 7.1. If for the pair Hy, H Assumption 7.4(i) holds, then
Assumption 4.2(i) holds. If Assumption 7.4(ii) holds, then Assumption
4.2(ii) holds.

THEOREM 7.2. Let Q C R be a Borel set, o(Hp)Uo(H) C Q, and let the
functions f1, fo satisfy Assumption 1.1 with X € Q. Let, for j = 1,2, the
pair of operators f;(Ho), f;(H) satisfy Assumption 7.4 and Assumption 4.3
(for p = o0) at the point f;(X). Then the invariance principle (7.1) holds.

Let us give a sufficient condition for Assumption 7.4.

THEOREM 7.3. Let the operators Hy, G, J be as described in §2.2; as-
sume (2.5) and let H = H(Hy, G,J). Then Assumption 7.4 holds for the
pair Hy, H.

7.2. Auxiliary statements

LEMMA 7.1. Let M = M} € B(H), j =0,1. Then, for anyt € R,
(i) one has

[ ¢M — Mo | < || | M — Mo ;

(i) if M — My € G, then e™ — Mo ¢ & .

Proof ITmmediately follows from the representation
eth _ ethWo — ,L-eth/ 6728M(M _ Mo)@ijods. I
0

Recall that we have fixed the branch of the argument by (7.3).
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LEMMA 7.2. Let the functions f1, fo satisfy Assumption 1.1 at a point
A € Q. Then, for any self-adjoint operator H such that o(H) C Q, one has

larg(fo(H) = fa(MT — iy f5(A))
—arg(f1(H) = (NI — iy fi(NI)| = 0. (7.6)

lim
y——+0

Proof. 1. First let us denote g;(z) = (f;(z)— f;(N\))/f;(N), j = 1,2 and
without loss of generality assume that A = 0. Clearly, we get g,(0) = 0,
g;(0) =1, j = 1,2, and we have to prove that

Jim larg(g2(H) —iyl) — arg(g (H) — iy D) =0,
which reduces to

lim sup |arg(g2(x) — iy) — arg(g1(z) — iy)| = 0. (7.7)
y—=+0 zer

It is sufficient to prove the following two relations:

lim sup |arg(go(z) — iy) — arg(gi(x) —iy)| =0 for any § >0, (7.8)
y—=+0 21>

lim sup |arg(g2(x) — iy) — arg(g1(x) — iy)| = 0. (7.9)
r—0 y>0

2. Let us prove (7.8). Clearly, by Assumption 1.1(ii), one has

‘81‘11)5(1/ |9;(2)]) <oo, j=1,2.
T[>

Thus, as y — 40,

arg(ga(r) — iy) — arg(g1(z) — iy)
= arg (1 — (iy/g2(7))) — arg (1 — (iy/g1(x))) = O(y)

uniformly in |z| > §.
3. Let us prove (7.9). By Assumption 1.1(i), one has for z — 0:

arg(ga () — iy) — arg(g1(x) — iy) = arg(z + o(z) — iy) — arg(x + o(x) — iy)
=arg (1 —i(y/z) + o(1)) — arg (1 —i(y/x) + o(1)) = o(1)

uniformly in y > 0. |
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7.3. Proof of Proposition 7.1 and Theorems 7.1, 7.2
1. Proof of Proposition 7.1 First note that

M(z;H,Hp) — I
= exp(—2iarg(H — zI)) (exp(2iarg(Hy — zI)) — exp(2iarg(H — z1))) .

Thus, by Lemma 7.1(ii), (7.4) implies (4.5) (with p = 00). The inclusion
(4.5) is equivalent to (4.2). Similarly, by Lemma 7.1(i), (7.5) implies (4.6)
(with p = 00), and (4.6) is equivalent to (4.3). |

2. Proof of Theorem 7.1 As in the proof of Lemma 7.2, we can reduce
the problem to the case A = 0, f;(0) =0, fi(0) = 1, j = 1,2. Further, for
x € R and y > 0 denote

(fo() + iy) (fi(x) — i)
(fa(@) — i) (fi(2) + i)
— exp (20 arg(fu(x) — iy) — 20 arg(f(x) — iy)).

Az y) =

One has
M (iy; fa(H), fo(Ho)) = A(H;y) M (iy; f1(H), f1(Ho))(A(Hos y))*.
By Lemma 7.2 and Lemma 7.1(i),

li AH:y)—-1I|| = 1 A(Hy;y) = I|| =0.
Jim [A(H; y) = I = Tim | A(Hosy) 1|

Therefore,
ylifﬂo | M (iy; f2(H), f2(Ho)) — M (iy; f1(H), fi1(Ho))|| = 0.

By Lemma 3.2, this proves the theorem. |

3. Proof of Theorem 7.2: 1. For j = 1,2, let U; be the mapping (4.8)
(for p = 00), corresponding to the pair of operators f;(Ho), f;(H) and the
spectral parameter f;(\). Let v; = ext(1n. o U;) (recall that 1., has been
introduced in §3.4, and ext — in §3.5). Clearly, 71(0) = v2(0). By Theorem
7.1, v1(1) = v2(1). Below we explicitly construct a homotopy between ~;
and 7. By Proposition 3.7, the existence of a homotopy between v, and
72 implies that

sf(z;Ur) = sf(z;U2), z€T\{1},

and (7.1) follows.
2. As in the proof of Lemma 7.2, we reduce the problem to the case when
A =0, fj(0) =0, fj(0) =1, j = 1,2. Further, for x € R and ¢ € (0,1)
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denote
hj(z;t) = arg(f;(x) —i(1 —t)t™h), j=1,2.
For z € R, s € [0,1] and ¢t € (0, 1) denote

A(z;t, s) := exp(2is(hy (z;t) — ho(z;1))),
M(t,s) = A(H;t, )M (i(1 = t)t™"; fi(H), f1(Ho))(A(Ho; t, 5))".

It is straightforward to see that

M(t,0) = M(i(1 — t)t~"; f1(H), f1(Ho)),

_ . (7.10)
M(t,1) = M(i(1 = t)t™"; f2(H), f2(Ho)).

3. Let us check that M(t,s)—1I € & (H) for all (¢,s) € (0,1) x[0,1]. By
Assumption 7.4(i), one has hj(H;t) — h;(Ho;t) € G (H) for all t € (0,1)
and j = 1,2. By Lemma 7.1(ii), this implies that for j = 1,2,

exp(2ish;j(H;t)) — exp(2ishj(Ho;t)) € 6 (H), (t,s) € (0,1) x[0,1],
and therefore
A(H;t,s) — A(Hp;t,s) € 6oo(H), (t,8) € (0,1) x [0,1].

From here it is easy to deduce that M (t,s) — I € G (H).
4. Define the mapping T': [0,1] x [0,1] — X by

L(t,s) = oo (M(t, 5)), t#0,1;

(0, s) = 0;

I(1,5) =7 (1)(=72(1)).
Let us prove that I' is a homotopy between 1 and 2. By (7.10), I'(¢,0) =
7 (t) and T'(¢,1) = ~2(¢) for all ¢t € [0,1]. It remains to check that the

mapping I' is continuous.
5. First let us check that the mapping

(0,1) x [0,1] > (t,8) — M(t,s) — I € G (H)
is continuous. By Proposition 4.1(iii), M (i(1 — t)t=1; fi(H), f1(Ho)) de-
pends continuously on ¢ € (0,1) in the operator norm. It can also be

checked explicitly that the mapping

(0,1) x [0,1] (¢, 5) — A(+;t,8) € C(R)
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is continuous and therefore A(H;t,s) and A(Hp;t, s) depend continuously
on (t,s) in the operator norm.
6. Let us check the continuity of I at t = 0. Let us prove that

lim sup ||M(t,s)—I||=0.
Jim, st () 1]

Assumption 7.4(ii) implies that

lim || M (iy; f1(H), f1(Ho)) — I|| =0,

y——4o00
and therefore it suffices to prove that

lim sup HA(H,t,S)*A(Ho,t,S)” :0’ ]: 132
t=+05¢00,1)

By Lemma 7.1(i), the last relation follows again from Assumption 7.4(ii).
7. Let us check the continuity of I" at ¢t = 1. Let us prove that

lim sup ||M(¢,s)— M(t,0)|| =0. (7.11)
t—=1-sc0,1]

It follows from Lemma 7.2 and Lemma 7.1(i) that

lim sup ||A(Hp;t,s) —I||= lim sup |A(H;t,s)—I||=0.
t—1-s¢[0,1] t—1=sel0,1]

This implies (7.11). By Lemma 3.2, it follows that I' is continuous at
t=1. 1|

7.4. Proof of Theorem 7.3

LEMMA 7.3. Let Hy be a self-adjoint operator in H and K be a compact
operator. Then, for any r > 0 and ¥ € H one has

| [t e - an ol @ < coaes o o, @2

where

Proof. 1. Below we prove the following two facts:
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(i) the relations (7.12), (7.13) hold for any finite rank operator K;
(ii) for any bounded operator K and any i) € H one has

[ sl + 20— iny ol a < Coaa g I (g
where C7 14 is a universal constant.
Approximating a compact operator K by finite rank operators, one ob-
tains the assertion of the lemma from (i), (ii).
2. Let us prove (i). Clearly, it is sufficient to consider a rank one operator

K= (o llell = [Ixll = 1. Let duy(A) = d(Em, ((—00,A))p, p) be the
spectral measure of Hy, associated with the vector ¢. One has:

/Oo | K| + D)2 (o - itI)’lezdt
= /TOO (ol + D)7 (Ho — it1) M, 0)|
<l [ ool + 1720+ i)

Al+1
=1l [t [ 5o = I [ FOurdug (),

where
o dt Al+1, 4
F\r)= (M + 1)/T EpE = B tan™ " (|A] /7).
Clearly,
Cr.15 :=supsup F(\,r) < oo, (7.15)
r>1 A€R

and lim, o, F(A,7) =0 for any A € R. Therefore,
lim [ F(\r)dp,(A) =0

T—00 R

and we arrive at (7.12), (7.13) with C7.12 = [ F(A,7)dpy ().
3. Let us prove (ii). As above, one has:

o0 2
/ HK(|H0|+I)1/2(H0—itl)‘1¢H dt
1
e’} 2
<IKI [ ol + D2~ itr) e
1

= HKHQ/RF(Ml)duw(/\) < Cras 1K1 1],
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and we get (7.14) with C714 = C715. |

Proof of Theorem 7.3: 1. First of all, note that the conditions (2.5) are
invariant under the linear transformations Hy — aHgy + bl, a,b € R. Thus,
it is sufficient to prove (7.4) with z =4 and (7.5) — with A = 0.

Next, we will use the integral representation

o dt
x—it t’

arg(x —iy) = —(7/2) + Im /

Yy

zeR, y>0.

In view of this representation, it is sufficient to prove that under the as-
sumptions (2.5), one has

/R[(H —tI)™t — (Hy —it]) " ']dt € Goo(H) forany R >0, (7.16)

lim sup =0. (7.17)

T—00 RZT‘

R
/ [(H —dtI)™" — (Hoy — itI)~']dt

By (2.10), the inclusion (4.2) (with p = oo) holds for all z € p(Hy) N p(H).
From here we get (7.16). Thus, it remains to prove (7.17).

2. Let us prove (7.17). First, for brevity we denote K := G(|Ho|+1)~1/2.
Using (2.10) and Lemma 7.3, we obtain the following estimate for any

P, p € H:

R
[l = ity ) = (o i1 o, vl
R
< / 1T+ T(0) | |G (Ho — itD) || |G (Ho — itD) | dt
o 1/2
< sup|| (7 +7(it) 7| (/ HK<|H0|+I>1/2<Ho—z-m—1soH2dt)

: </OO | ] + 1220 itl)llfszdt)l/Q

< sup (T +T@t) " ] el [[¢]] Craz(r, K),
which, by (7.13) and (4.17) (with p = c0), proves (7.17). |
8. MAIN RESULT

Theorems 5.1, 6.1 and 7.2 imply the following statement, which is the
central result of this paper.
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THEOREM 8.1. Let the operators Hy, G, J be as described in §2.2; as-
sume (2.5) and let H = H(Ho,G,J). Suppose that for an open interval
0 C R the inclusion (4.11) holds. Further, let Q@ C R be a Borel set,
o(Hp) Uo(H) C Q, and let a function f satisfy Assumption 1.1 for all
A € 4. Suppose that

f(H) — f(Ho) € &1(H).
Then for a.e. X € §, the representation (1.10) holds true.

Proof.  First note that the limit 7'(A+i0) exists in & (K) by Proposition
4.4 and the pair Z(J ! 4+ A(X +0) + tB(X +i0)),=(J ') is Fredholm by
Theorem 5.1. Further, by Theorem 7.3, both the pair Hy, H, and the pair
f(Hy), f(H) satisfy Assumption 7.4. By Proposition 4.4, the pair Hy, H
satisfies Assumption 4.3 (for p = o) for a.e. A € § and the pair f(Hy),
f(H) satisfies Assumption 4.3 (for p = oo) for a.e. A € R. Thus, we can
apply Theorem 7.2, which yields

w(0; f(N), f(H), f(Ho)) = n(0; A, H, Ho), a.e. A€G.
By Theorem 5.1, one has
(05 X, H, Hy) = index(E(J 1), E(J " 4+ A(A 4 i0) + cot(6/2) B(A + i0))).

Applying Theorem 6.1 to the pair f(Hy), f(H), we get

) ) 1 2
yhm+0 arg A gy f (i) (N +iy) = —5/ w(@; N, f(H), f(Hp))do, a.e. ' €R.
- 0

Combining the last three equalities and the Krein’s formula (1.3) and mak-
ing the change of variables t = cot(6/2) in the resulting integral, we get

(1.10). 1

As in §5.1, for the perturbations of a definite sign the representation
(1.10) takes the form

* d
EFO I, F(H) = 7 [ s rank B oy rmon (=00, 1),

J= I,i (8.1)
1 [ d
E(f(N); f(H), f(Ho)) = *;[ 1 +tt2 rank E 4 (x1i0)+tB(r+i0) ([1,00)),

J=-1I. (8.2)
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The representations (8.1), (8.2) have been proven in [20] in the following
particular case. It was assumed that the operator Hy is semibounded from
below and f(A\) = (A —a)™, 1 > 0, a < inf(c(Ho) U (H)). Instead of
(4.11), it was supposed that G(Hy — al)™™ € &4 for some m > 0. The
proof was heavily based upon the particular form of the function f and
used the results of [14].

Note that the SSF is non-negative in (8.1) and non-positive in (8.2). This
fact itself is already non-trivial. In the case f(\) = A, it has been proven
by M. G. Krein in the original paper [15], but very few generalizations for
f(A) # A have been known so far (see [26, §8.10] for the discussion).

9. APPENDIX: ADDITIONAL PROPERTIES OF THE
FUNCTION p

Here we prove formula (1.11) and explain the relation of the function
w(; A, H, Hy) to the eigenvalue counting functions of the operators Hy H.
These results have not been used above and are given only in order to
clarify the links between the function p and the standard objects of the
spectral theory of perturbations.

9.1. The function g and the spectrum of the scattering matrix

Let the operators Hy, G, J be as described in §2.2; assume (2.5) and let
H = H(Hy,G,J). Fix an interval A in the absolutely continuous spectrum
of Hy. Below we recall a criterion for existence of the scattering matrix
S(\; H, Hy) for a.e. A € A, which can be found, e.g., in [26, §5.8]. For
technical reasons, we suppose that Ker G = {0}; this will simplify the
statement below.

ProOPOSITION 9.1. Suppose that for a.e. A € A, the limit

Im T\ + i
n-lim T(A + )

exists and 0 € p(J = +T(A\+i0)). Then the local wave operators Wy (H, Ho; A)
exist and are complete. For a.e. X € A, the scattering matriz S(A\; H, Hp)
is given by

SO\ H,Hy) =1 —2miZ(M\G)(JH +T(\+140))"1Z*(\; G), (9.1)
where the operator Z(\; G) satisfies the relation
7Z* (A G)Z(X; G) = B(A+i0).
In this situation, clearly, S(A\; H, Hy) — I € S&,. Note that under the

hypothesis of Proposition 9.1, the Assumptions 4.2 and 4.3 hold for p = oo
and a.e. A € A.
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Further, by (4.24) and Theorem 4.1, one has

7700(8()\, H, H())) = ’I]oo(S()\-FZO,H(),G, J)) = IIIEO’I]OO(M()\—FZZ/, H, H())).

y—

Thus, we see that under the hypothesis of Proposition 9.1, for a.e. A € A
the relation (1.11) holds true.

9.2. The function p on the discrete spectrum

1. Let Hy, H be self-adjoint operators in H, satisfying Assumption 4.2
(with p = 00). If A € R\ (0(Hp) U o(H)), then, obviously, Assumption
4.3 is fulfilled and M (X\; H,Hy) = I. Therefore, u(0; A\, H, Hy) equals to
an integer constant. Below we discuss the relation of this constant to the
eigenvalue counting functions of Hy and H. First we need notation, similar

0 (3.5), but for self-adjoint operators. For A, A2 € R and H = H* we put

rankEH([)\l,)\g)), Aoy > Aq,
N(A1, A2 H) =< 0, A2 = Aq,
—rankEH([)\g,)\l)), A1 > g,

Recall that Assumption 4.2 implies that gess(H) = 0ess(Hp).

THEOREM 9.1. Let [A1, A2]Noess(Ho) = 0 and {A1, A2} C p(H)Np(Hp).
Then, for all 0 € (0,2m),

/-1’(97 A27H7 HO) - /’1’(97)‘1)Ha HO) = N()‘17 )‘27H) - N(AlvAQ;HO)' (92)

2. Let
H:[0,1]3a— H(a)

be a family of self-adjoint operators in H, which satisfies the following
assumptions:

(H(a) —2I)™' = (H(0) — 2I) 7' € G(H), VzeCy, acl0,1],
(9.3)
the map [0,1] > a — (H(a) — 2I)~* € B(H) is continuous for all z € C,,
(9.4)
i S v |(H(a) = (A+iy) )" — (H(0) — (A +iy)])~'|| =0, VAeR.
(9.5)

By (9.3), the essential spectra of all the operators H(«) coincide. Suppose
that A C R\ 0ess(H (). Below we explain that for A € A the function
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w(0; A, H(1), H(0)) can be considered as the spectral flow of the family H
through the point A.

In order to define the spectral flow of the family H, let us repeat (without
proofs) the basic steps of the construction of §3. First let us fix a function
space X where the function st(A\ H), A € A, will belong to. Let X be the
set of left continuous bounded non-decreasing functions f : A — Z. There
is a lot of freedom in choosing the topology in X; let us consider X with
the topology, say, induced by the embedding X C L;(A) (we could instead
take L,(A) with any p < 00). Consider the equivalence relation

frge=Inel:Veel, [flz)=g(x)+n.

Let X be the quotient space X /~, and let 7 : X — X be the corresponding
projection. In the natural way one defines a topology in X and checks that
m: X — X is a covering.

Further, note that for every a € [0, 1] and Ao € ANp(H («)), the function
N(Xo,-; H(t)) belongs to X. Define the mapping v : [0,1] — X by

Ya) =7(N(ho, 1 H())), Ao € AN p(H(a)).

This definition does not depend on the choice of A\y. Since all the eigenval-
ues of H(a) depend continuously on «, it follows that 7 is continuous. Let
v be a lift of v to X. Then we put

st(NH) =50 1) —5(\0), A €A, (9.6)
As in §3.5(3), it is easy to see that

sf(\; H) = (the number of eigenvalues of H(«) that cross A leftwards)

— (the number of eigenvalues of H(«a) that cross A rightwards)
(9.7)

as « grows from 0 to 1, whenever the r.h.s. is well defined.

It follows from Theorem 9.1 that sf(\; H) and p(6; A, H(1), H(0)) differ
by a function (of A\), which is identically equal to an integer number. The
following theorem shows that this number equals zero.

THEOREM 9.2. The mapping
[0,1] > a > u(8;-, H(a), H(0)) € L1(A) (9.8)
18 continuous.

Thus, the mapping (9.8) is a lift of v and therefore,
w(@; X\, H(1),H(0)) =sf(\H), XeA. (9.9)
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As a typical example, consider the family H(«) = H(Hy,+/aG, J), where
the operators Hy, G, J satisfy (2.5). It is easy to see that in this case the
assumptions (9.3)—(9.5) hold. Moreover, the eigenvalues of H(«) in the
gaps depend analytically on «, and therefore the r.h.s. of (9.7) is well
defined (see, e.g., [23]).

9.3. Proofs of Theorems 9.1, 9.2

Proof of Theorem 9.1: 1. Let us first prove that if [A1, A2] C p(Hp) N
p(H), then

M(e;)\l,H7H0) :,u(ﬁ; )\Q,H,HO). (910)

For j =1,2, let y; : [0,1] — X be the mapping

7;(0)
5 (t)

0,
nOO(M(/\j +i(l71&)t71;]—]7];j0))7 te (Oa 1]

We need to check that 7; and -9 are homotopic. Define the mapping
T':[0,1] X [A1, A2] = Xoo by

F(O, )\) =0, A€ [)\1, )\2];
Dt A) = oo (MO + i(1 — 61 H, Hy)), (5 2) € (0,1] x [\, Ao,

Similarly to the proof of Theorem 7.2, one easily checks that I is a homo-
topy between v and ~s.
2. Tt remains to check that for all A € R\ o.ss(Hp), one has

w(@; A+ 0, H, Hy) — pu(0; A — 0, H, Hy) = rank Ey ({\}) — rank EHO({)\}))
(9.11

Without the loss of generality assume that A = 0. Choose € > 0 small
enough so that there is no spectrum of H and Hy in [—&,0) U (0,¢]. We are
going to prove that

u0;, 1, Ho) — u(6; —, H, Ho) = rank By ({0}) — rank g, ({0}).
In order to do this, consider the path 3; : [0, 7] — X,
B1(t) = noo (M (ce™*; H, Ho)).
Clearly, 31(0) = 81 (w) = 0. Further, consider the paths 4 : [0,1] — X,

7+ (0)
Y+ ()

)

0
Noo (M (e + i(1 — t)t~Y H, Hy)), t e (0,1].
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It is easy to see that the catenation 4 - (1 is homotopic to v_. Therefore,
it is sufficient to prove that

31(0; ) — B1(6;0) = rank Eg, ({0}) — rank Eg ({0}), (9.12)

where 51 is a lift of 3.
3. In order to prove (9.12), we are going to check that £, is homotopic
to the following path 8s : [0, 7] — Xoo:

Ba(t) = oo (B (R\{0}) + ¢~ E ({0})) (B, (R\ {0}) +¢** Er, ({0}))).-
It is clear that for a lift 35 of B2, one has
Ba(05m) — B2(0; ) = rank Epr, ({0}) — rank Ef ({0}),
which implies (9.12).
4. The homotopy T : [0,7] x [0,1] — Xoo between 8y and f; is given by

F(t7 5) = noo(U(t’ S)),
Uttes) = (B2 b f0)) + e Buton)

Hy — see™I it
< (e B R\ (0D + B (0))) N

Proof of Theorem 9.2: 1. First let us prove the following statement.
Fix A € p(Hp) and consider u(6; A\, H(«), H(0)) as the function of «. Let
0 = [aq, ag] be an interval such that A € p(H(«)) for all & € §. Then

For j = 1,2 let U; be the mapping (4.8) (with p = oo) for the pair
H(0), H(wj), and let v = ext(ne o U). We need to prove that v; and
v2 are homotopic. Using (9.3)—(9.5), one easily checks that the mapping
I:[0,1] x § —» X, given by

r0,«a) =0,
D(t,0) = nee(M(A+ (1 = )t~ H(a), H(0))),
is a homotopy between v; and ~,.
2. Fix ag € [0, 1]; let the neighbourhood w C [0,1] of a be small enough

so that there exists \g € A, Ay € p(H(«)) for all & € w. As we have seen
above, one has

w(0; Ao, H(a), H(0)) = u(0; Mo, H(awg), H(0)), «€w.
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Therefore, by Theorem 9.1,

(05 A, H(e), H(0)) — p(6; A, H(ao), H(0))
= (u(0; A, H(a), H(0)) — p(6; Ao, H(a), H(0)))
— (u(6; X, H(c), H(0)) = u(6; Ao, H(ao), H(0)))
= N(Xo, A\ H(a)) — N(Xo, A; H(w))-

Since there are only finitely many eigenvalues of H («) in A and they depend
continuously on ¢, we conclude that

lim [IN(Xo, s H(a)) = N(Xo, s H(aw))l| ,, (a) =0

a—aq

This implies (9.8). 1
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