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Abstract

Recently discovered is a natural decomposition of the Lifshitz-Krein spec-
tral shift function (SSF) a la Lebesgue into the sum of absolutely continuous
and singular SSF’s. The latter part represents the flow of singular spectrum
and takes integer values even within the essential spectrum. The singular
SSF may be alternatively characterised as the either of the so-called total
resonance index or singular p-invariant. The first of these measures the total
number of poles of the sandwiched resolvent, considered as a function of
the coupling parameter, which split from the unit interval as the spectral
parameter is perturbed off of the real axis, counting the poles that move into
the upper half-plane with a positive sign and those that move to the lower
half-plane with a negative sign. The second measures the sum of winding
numbers of the eigenvalues of the scattering matrix as it is continuously
deformed to the identity in two different ways: by shrinking the coupling
parameter to 0 and by sending the imaginary part of the spectral parameter
to co. This document is in part a review of these facts, which were first
established by N. Azamov under the assumption of a trace class perturb-
ation, and also generalises their proofs to the case of relatively trace class
perturbations, thereby making them applicable for instance to Schrédinger
operators with bounded potentials undergoing integrable perturbations.
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CHAPTER 1

Introduction

The major themes of this document belong to the broad subject of
perturbation theory for self-adjoint operators on a Hilbert space H, in which
the general scheme is to relate the spectral properties of two self-adjoint
operators Hy and Hyi. The operator H;p is considered to be the result of
a slight perturbation of the ‘initial’ operator Hy and the theory makes
requirements on the ‘size’ of the perturbation V := H; — Hy. Two important
examples of this type of condition which appear regularly herein are for V' to
be ‘relatively compact,’” and further ‘relatively trace class,” with respect to Hy.
Exactly what is meant here will be clarified later; still the latter is a significant
restriction of the former. Also important for the purposes of this introduction
is the even more stringent condition that the perturbation V belongs to the
trace class £1(H) of compact operators with summable s-numbers.

The key theorems presented here are generalisations of recently discovered
results from the case of trace class perturbations to the case of relatively trace
class perturbations. This widening of the allowable size of a perturbation
passes a threshold in the applicability of the theory to physics. In the
context of quantum mechanics the operators Hy and H; are Schrodinger
operators. For example, on the Hilbert space Lo(R3), consider the initial
Hamiltonain Hy = —A + Vj, where A is the Laplacian and Vj is an operator
of multiplication by a bounded function Vg € Loo(R?) (denoted by the same
symbol). Then a perturbation of multiplication by some other function V'
can never be trace class or even compact, but it is relatively trace class if it
is integrable V € Ly (R3).

The closed subset o(H) of the real line R forming the spectrum of an
arbitrary self-adjoint operator H can be deconstructed in a few different
ways. One is to separate the discrete spectrum oy4(H ), consisting of isolated
eigenvalues of finite multiplicity, from its closed complement the essential
spectrum oss(H ). There is also the measure-theoretic (non-disjoint) decom-
position into absolutely continuous o,.(H) and singular o4(H) spectra, the
latter admitting further decomposition into pure-point o,,(H) and singular
continuous os.(H) parts. This describes the finer structure of the essential
spectrum, since the simpler discrete spectrum is entirely pure-point. The
discrete spectrum is rarely stable under small perturbations; the eigenvalues
can shift around and trace out continuous, possibly overlapping paths (see
e.g. [Kat84, Chapter II]). (Although the perturbation of isolated eigenvalues
is essentially a finite dimensional problem described by linear algebra, it is
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2 1. INTRODUCTION

hardly a trivial problem on which the last words have been said.) On the
other hand, it is a classical result of perturbation theory due to H. Weyl
(Theorem that the essential spectrum as a whole is left unchanged
by relatively compact perturbations. Another finer classical result due to
T. Kato and M. Rosenblum (Theorem assures a similar stability of the
absolutely continuous spectrum under trace class perturbations. This result
has since been generalised with the help of M. Sh. Birman and M. G. Krein
to the relatively trace class case and much weaker conditions of trace class
type. Nevertheless it depends crucially on a condition ‘of trace class type’
in the sense that it fails for a perturbation of arbitrarily small norm taken
from any larger Schatten class of compact operators (see e.g. [Yaf92, Part 2
of §6.2] and references therein). These two stability theorems are global in
the sense that there is still likely to be turbulent movement within these
masses of spectra.

Under a condition of trace class type an important object of perturbation
theory can be defined, namely the spectral shift function (SSF), which is
denoted by the symbol £ and is uniquely associated to a pair of self-adjoint
operators Hy and Hy. The SSF &(Hy, Hy) (by convention the order of the
operators is reversed to match the trace formula below) is a locally
integrable real-valued function of the spectral parameter A € R and its
value £(A) = &(A; Hy, Hy) indicates the shift which is undergone at the
point A as the spectrum of Hy is perturbed to that of Hy. In this sense the
SSF extends the intuitive idea of the flow of discrete spectrum through the
point \. Indeed if X is outside of the essential spectrum, then £(\) is the net
number of eigenvalues which cross A in the positive direction. (The flow of
isolated eigenvalues, usually called ‘spectral flow,” has many guises and has
been studied extensively from a geometric perspective. For information about
the connection between the SSF and some common definitions of spectral
flow see e.g. |[Azal7].) Although the SSF is naturally integer-valued outside
of the essential spectrum, it may otherwise take any real value. (In fact
any real-valued integrable function is the SSF of some pair of self-adjoint
operators with trace class difference, see e.g. [BY93, §3.6].)

The SSF first appeared in the work of I. M. Lifshitz (|Lif52]), where it is
formally defined by the heuristic

(1.1) §(A;s Hy, Ho) = Tr (Eo(A) — E1(N)),

where F;, j = 0,1, denotes the spectral measure of H;. This makes sense in
the special case that the Hilbert space H has finite dimension, but requires
some regularisation before it makes sense in much more generality. Lifshitz
also noticed that the SSF should satisfy the trace formula

(1.2) Tr (p(Hy) — p(Ho)) = /R o/ (NE(N: Hy, Ho) d,

which for test functions ¢ € C2°(R) determines the generalised derivative of
the SSF.
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For a trace class perturbation V' € £1(H), the SSF was famously made
rigorous in [Kre53] by M. G. Krein. He showed that in this case there is a
unique integrable function £ which satisfies for all functions ¢ from
a large class including the test functions CS°(R). A necessary condition
and a sufficient condition on ¢, which ensure the validity of the trace for-
mula for all trace class perturbations, were later obtained by V. V. Peller
in [Pel85]. What’s more, Peller’s recent work [Pell6| provides a condition
both necessary and sufficient, clarifying this class as the operator Lipschitz
functions. We won’t in any case pay much attention to the extent of the class
of functions ¢ for which holds; it should at least include test functions
and as a rule of thumb it shrinks as the size of the perturbation grows.

As an aside, when V' € £1(#) the formula can be seen as an instance
of for the step function ¢ for which ¢(z) = —1 or ¢(x) = 0 accordingly
if x < XA or z > A and whose generalised derivative is the delta function Jy
at A. Although this step function does not belong to the class of functions for
which holds, it can be approximated by such functions and a rigorous
interpretation of can thus be attained ([BP98]).

Using a limiting argument, Krein built up the SSF for a trace class
perturbation from the simpler case of finite rank perturbations, beginning
with the rank-one case. In essence his method (reviewed in Section was
to investigate the SSF through its Cauchy-Stieltjes transform

(1.3) E(Rz):/Rg()\)zd)\, 2 €C\R,

where R,()\) := (A — 2)7! is the resolvent function. He found an alternative
definition of this function (via its exponential, the so-called perturbation
determinant) and was able to show that it satisfies certain conditions (The-
orem which ensure it to be the Cauchy-Stieltjes transform of a unique
function £. Although this method is effective in the case of trace class
perturbations, it begins to break down under ‘larger’ perturbations in which
case the SSF is no longer integrable and the integral might be divergent.
Despite this, Krein later established the existence of the SSF for relatively
trace class perturbations too (|[Kre62]), which he achieved by transformation
from the case of unitary pairs of operators with trace class differences. In this
context the SSF is integrable with the weight (1+A?)~! and only determined
up to an additive constant (which can usually be adequately specified by a
normalisation condition). Note that the trace formula can in general
only specify a locally integrable function & up to an additive constant.
Krein’s paper [Kre53| brought a lot of attention to the SSF and before
long it found a surprising connection to scattering theory. If perturbation
theory is divided in accordance with the structure of the spectrum of a
self-adjoint operator, then to a reasonable approximation scattering theory is
the subdivision concerned with the perturbation of the absolutely continuous
part. It is from another point of view the mathematical framework for
quantum physical scattering phenomena and is concerned with the behaviour
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at large times ¢ of solutions u(t) = e~*H1 f of the time-dependent Schrédinger
equation

z%u(t} = Hyu(t), u(0)=fecH.

With a trace class type restriction on the size of the perturbation, solu-
tions for f from the absolutely continuous subspace H(® (H;) asymptotic-
ally approach solutions to the Schrodinger equation for the initial or ‘free’
operator Hp, which are explicitly known in many applications. That is,
u(t) = e~ f — e~ Ho £, for some free states fi € H(@(Hp) as t — +oo.
Of course in an experimental setting, information about the initial f_ and
final f free states is available while very little is known about the scattering
state f. One of the key objects in scattering theory is the scattering mat-
rix S(A; Hi, Hy), which is a unitary operator relating the initial and final
free eigenstates with energy A.

In [BK62], assuming V' € £;(H), M. Sh. Birman and M. G. Krein prove
the following elegant formula which expresses the SSF as the scattering phase
shift. For almost every A € R,

(1.4) det S(\; Hy, Hy) = e~ 2mi€(th Ho)

where the scattering matrix belongs to 1 + £1(#H) and the determinant
calculates the product of its eigenvalues. This deep result is now known to
hold under much broader assumptions of trace class type (see e.g. [Yaf92,
Chapter 8]). Note that the scattering matrix is related only to the absolutely
continuous spectrum, while the SSF also detects singular spectrum. Quoting
the survey paper [BP98|, “this is reflected in the fact that the SSF can be
determined from only up to a singular term which takes integer values
almost everywhere.” The nature of this missing singular term is a focus of
this document.

Serving to further illuminate the connection between the SSF and the
scattering matrix is a new proof of the Birman-Krein formula ((1.4) due to
my supervisor N. A. Azamov (|Azalla]). Its generalisation to relatively trace
class perturbations will be presented in Chapter |8} The proof turns on a
representation of the scattering matrix as a type of exponential and while
its method is fairly simple, its justification takes some work (undertaken
in Chapter [7)). Before discussing these matters further let’s return to the
history of the SSF.

Another celebrated development in the theory of the SSF appeared
in [BS75]. There, M. Sh. Birman and M. Z. Solomyak prove that if V' € £;(H)
then the SSF is the density of an absolutely continuous measure, the spectral
shift measure (for which we use the same symbol ), given by the formula

1
(15) (s Hy, Hy) = /0 T (Vo(H,)) dr, ¢ € CufR),

where H, = Hy + rV. (Here and in what follows we are identifying locally
finite Borel measures with continuous linear functionals on C.(R), as discussed
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in Section. This is achieved using their theory of double operator integrals
(see e.g. |BS03] where the original Russian references can also be found),
which allows a proof of a version of the trace formula:

Te(p(H) — p(Ho)) = /R () dE(N),

where £ is the measure defined by . By comparison with Krein’s for-
mula they conclude that d§(\) = £(A)dA, i.e. the measure £ is absolutely
continuous and can be identified with the SSF.

Of the formulas involving the SSF mentioned so far, we give logical
precedence to the Birman-Solomyak formula . Although & appears in
isolation, this formula does not yet define the SSF, since the measure ¢
is not a priori absolutely continuous. Nevertheless, Krein’s result can be
considered as a proof of the absolute continuity and we adopt this point of
view. In this regard we mention the recent work [MNP18| which proves the
absolute continuity by means of double operator integrals.

An indication of the fundamental nature of the Birman-Solomyak for-
mula is that it represents the spectral shift measure as an integral of the
generalised 1-form

(1.6) Vi @u(V)(p) :=Tr(Ve(H)), ¢ C(R),

on some real affine space A of self-adjoint operators. This 1-form & is
called the infinitesimal spectral shift measure. In the paper [ASO8| (set in an
abstract semifinite von-Neumann algebra), ® is shown using double operator
integral techniques to be exact on the corresponding affine space A as long
as Vo(H) € L1(H) for test functions ¢. Then the independence of the
spectral shift measure £ = | H, ® from the path H, is used (via the so-
called invariance principle) to reduce its absolute continuity to the case of
a trace class perturbation. This method defines the SSF uniquely (unlike
the trace formula; there is no uncertain additive constant here) and quite
comprehensively and it is adapted in Chapter

Although the spectral shift measure £ is absolutely continuous, the same
cannot be said of the infinitesimal spectral shift measure ®. It turns out that
its Lebesgue decomposition ® = & 4+ &%) results in a natural decomposition
of the SSF, which was studied in [Azalla] under the assumption of a trace
class perturbation and appears here in the relatively trace class case.

The absolutely continuous ®* and singular ®() parts are given by the
formula

o (V)(p) = Tr (Ve(H)PO(H)), ¢ € Co(R),

where (-) stands for (a) or (s) and P()(H) denotes the orthogonal projection
onto the absolutely continuous or singular subspace H() (H) of the self-adjoint
operator H. The absolutely continuous component ®(® can only be nonzero
in the presence of absolutely continuous spectrum, where in general (@)
and ®©) individually fail to be exact (see Section . Still, their integrals
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along a piecewise analytic path H, in the affine space A, chosen for now to
be a straight line H, = Hy + rV, give rise to absolutely continuous measures

1
a0 Ot = [T (VeI PO dr e ClR),

whose sum is the spectral shift measure & = £(@ + ¢). Since both meas-
ures are absolutely continuous, they can be identified with their density
functions; €@ is the absolutely continuous SSF and £®) is the singular SSF.
As proved in |Azalla] for trace class perturbations and in Chapter |8 for
relatively trace class perturbations, it is the absolutely continuous SSF which
is responsible for the Birman-Krein formula.

N. Azamov noticed that the combination of and , which looks
something like

1
(1.8) det S(\; H1, Hp) = exp (27ri/0 Tr(Vér(Hy)) dr> ,

suggests an exponential form of the scattering matrix. This is made clear
by comparing (I.8) with the formula det(e?) = exp Tr(A), or rather with
the formula below, in which A is replaced by a noncommutative
integral [ A(r)dr. Proving such an ‘ordered exponential representation’
of the scattering matrix reduces to showing that it satisfies a differential
equation of the form

(19) SL8(r) = AS(r),

where A(r) takes values in the trace class. In this case r should be the
path variable, or coupling parameter, of H. = Hqg + rV. That is, we need
to consider the scattering matrix S(\; H,, Hp) as a function of r for fixed A,
which seems to be a new idea; the scattering matrix is only defined for almost
every spectral value A and the null set of exceptional values is often not
specified, let alone tracked as r varies, no doubt because there is usually little
reason to consider more than a fixed pair of operators Hy and H;. This poses
a problem, since a continuous collection of these null sets might accumulate
significantly. Apart from this problem, it happens that an equation can
be quite easily obtained by formally differentiating the well-known stationary
formula for the scattering matrix ( below). In order to properly discuss
the resulting equation and its implications for the SSF, we digress into
stationary scattering theory and related topics.

Instead of large time limits, the ‘stationary’ approach to scattering
theory involves limits with respect to the off-axis spectral parameter A + iy
as y — 0T. The absolutely continuous part u(® of a real-valued measure u
on R is expressible in terms of such limits, or boundary values, of its Cauchy-
Stieltjes transform

- [
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In particular, as y — 0T,

1 1 ]
) w ) =+ [ e
for a.e. A € R (Theorem [2.4). To some extent, the same analysis can be
applied to the spectral measure of a self-adjoint operator H. The resolvent
Ri+iy(H) itself cannot be expected to converge as y — 01 when X is
within the spectrum o(H), but suppose that for some closed operator F, the
sandwiched resolvent

(1.11) T.(H) := FR.(H)F*

is bounded for z = A+iy, y > 0, and let A(H, F) denote the set of points A € R
at which the limit Ty, ;0(H) exists as a bounded operator. It is important
that the boundary values of the imaginary part Im 7T, (H) often exist in a
stronger topology than those of T,(H). The fact that for an appropriate
choice of F the set A(H,F) has full measure is known as the (abstract)
Limiting Absorption Principle (LAP).

The LAP, in its connection with the investigation of the absolutely
continuous part of a self-adjoint operator, is the key to stationary scattering
theory and plays a significant role in this document. (Worth mentioning in
this regard is Corollary which derives from the LAP a diagonalisation
of the absolutely continuous part of the self-adjoint operator H. This result
and its importance for the approach we will take to stationary scattering
theory is discussed in the introduction to Chapter [7, which can be read in
conjunction with this digression for a more detailed account.) Given that the
resolvents of two self-adjoint operators Hy and Hy = Hy + V are formally
related by the identity

(1.12) R.(Ho) — R.(H1) = R.(Ho)VR,(Hy),

we might hope that the operator F' is related to the perturbation V. In fact
it is a common technique in perturbation theory to suppose that V' can be
factorised as V' = F*JF for some bounded self-adjoint operator J. We will
assume in addition that either the closed operator F' is bounded or the
initial operator Hy is bounded below. Then if F' is relatively compact with
respect to |Ho|'/2, one of the famous Kato-Rellich or KLMN Theorems on
the stability of self-adjointness (numbered and below) can be used
to interpret the perturbed operator Hy = Hy + V.

For our purposes the premise that F' is relatively compact with respect
to |Hp|'/? (in the usual sense reviewed in Section defines the ‘relative
compactness’ of the perturbation V = F*JF with respect to Hy. An affine
space of self-adjoint operators, over the real vector space of such relatively
compact perturbations, can be defined by

A={Hy+V : V=F*JF, J=J* ||J|| < oo}

(see Section and will be called a rigged affine space. It happens that
for any H € A and z € C\ R the sandwiched resolvent 73 (H) is compact.

dp(x) — p (N
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A perturbation V = F*JF will be considered ‘relatively trace class’ with
respect to Hy, if, in addition to being relatively compact, it happens that
the imaginary part Im T, (Hj) belongs to the trace class (which holds for
any z € C\ R as long as it holds for one). The same is then true for
any H € A. Under this assumption the rigged affine space A will be called
resolvent comparable. This terminology comes from the fact that the difference
of resolvents R,(H;) — R,(Hy) belongs to £1(H) for any Hy, H; € A and
such a pair of operators is called resolvent comparable following [Yaf92].

A resolvent comparable rigged affine space A is the basic context for
the main results presented in this document. The setting is conducive to
the (trace class) techniques of stationary scattering theory, which will be
discussed in more detail in Chapter [7] For now we state two important
results, both of which can be found in the paper [BE67] (also see [Yaf92,
Section 6.1 and Theorem 5.7.1]). First, for any self-adjoint operator H from
such an affine space A, the LAP holds in the sense that the set A(H, F') has
full measure. Moreover, by omitting a null set it can be assumed that for
any A € A(H, F) the limit Im T);0(H) exists in the trace class. Second,
for any pair of self-adjoint operators Hy and Hy = Hy + V from A, where
V = F*JF, and for a.e. A € R, the scattering matrix S(\; Hy, Hp) has the
‘stationary’ representation

(1.13)  S(\; Hy, Ho) = 1 —2miZ(X\; Ho)(1 + JTxyi0(Ho)) ' JZ*(\; Hp),
where the operator Z(\; Hy) is such that

) 1
(1.14) Z7(A; Ho)Z(A; Ho) = — Im Thio(Ho)-

A standard proof of the stationary formula leaves significant
uncertainty in the set of exceptional points A for which it fails. Assuming
the scattering matrix is defined by , the uncertainty is mainly the
fault of the operator Z(A; Hy), which also depends on F' and is usually
denoted Zp(A, F') but the change of notation indicates our change of focus;
for a fixed F' we wish to consider its dependence on Hy. The problem is
in the definition of this operator (see Chapter [7)); it is defined for every A
from some set of full measure, but nothing much is certain about this set
apart from its existence. The point is that it’s difficult to say which values
of X satisfy the stationary formula and their dependence on Hy is completely
obscured.

In the case of trace class perturbations, this uncertainty was overcome in
[Azalla] by a new constructive approach. N. Azamov later generalised and
simplified this approach, which appears with some minor tweaks in Chapter [7]
(an overview is provided in the beginning of the chapter, but also see the
introduction to [Azal6]). It turns out that we can simply define

(1.15) Z(\, Hy) := /7~ Im Ty 40(Ho),

for any A from the full set A(Hy, F'), and the stationary formula can be
shown to hold for any A from the intersection A(Hog, F)) N A(Hy, F). Then
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the question of its dependence on the operators Hy, H; € A can be reduced
to a consideration of the sandwiched resolvent and found to be quite
simple thanks to the resolvent identity .

In fact in the framework of the affine space A, with H, = Hy + rV
and V = F*JF, there is a sandwiched version of which implies

(1.16) T.(H,) = T.(Ho)(1 + rJT,(Hy)) .

Then as a result of the analytic Fredholm alternative (Theorem [2.17), the
inverted factor on the right hand side must depend meromorphically on
the coupling parameter r. In this way the sandwiched resolvent T (H,)
can be considered as a meromorphic function of r. Its poles, which will be
called resonance points corresponding to z and are usually denoted r,, occur
when —r; ! is an eigenvalue of the compact operator JT,(Hp). Moreover,
by considering the limit z = A + 40, it can be inferred from that if A
belongs to A(Hy, F'), then it also belongs to A(H,, F') for all real numbers r
except the discrete set of real resonance points r) corresponding to A. These
facts appear in more detail in Chapter @] The phenomenon of real resonance
points is intimately connected with the singular SSF and will be revisited in
that context at the end of this introduction. Given the stationary formula,
the scattering matrix S(\; H,, Hy) can also be considered as a meromorphic
function of r, which looks like it might have poles at real resonance points.
However, since it is unitary and thus bounded for any non-resonant real r,
it must admit analytic continuation to all of R.

Returning to the exponential representation of the scattering matrix, the
plan for obtaining a differential equation is to use the stationary formula
to differentiate S(r) := S(\; H,, Hy) with respect to r, where H, = Hy + 1V,
V = F*JF, and r € R. Formally, the derivative of at the initial
operator Hy can be easily calculated to be

S'(0) = —2miZ(\; Ho)J Z*(\; Hp),

and this calculation can be conveniently combined with a well-known multi-
plicative identity for the scattering matrix (specifically (7.37))) to obtain the

desired differential equation ([1.9), in which the £;-valued function A(r) is
unitarily equivalent (pointwise, via a wave matrix w4 (\; Hy., Hyp)) to

(1.17) A(r) == =2miZ(\; H,)JZ*(\; H,).

Therefore, specifying the initial condition S(0) = 1, the scattering matrix
must coincide with the unique ordered exponential solution to the resulting
initial value problem (see Section .

From this result, suppose we attempt to recover the Birman-Krein for-
mula . Applying the determinant to the unique ordered exponential S(r)
which satisfies (1.9) with the initial condition S(0) = 1 returns the formula
(see Propositio

det S(r) = exp /OT Tr(A(s)) ds.
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In this case with A(r) unitarily equivalent to A(r) given by (I.17)), after
using the cyclic property of the trace and the equality (1.14)), we find that

1
(1.18) det S(\; H1, Hp) = exp (—22'/ Tr(J Im Th1i0(Hy)) dr> .
0

Interestingly, it is not the SSF which appears in the exponent on the right
hand side, but instead the absolutely continuous SSF.

Indeed, by expressing the absolutely continuous part ®(® of the infinites-
imal spectral shift measure in terms of the boundary values of its Poisson
integral according to (1.10) (Theorem , it is shown in Section that
the absolutely continuous SSF £(®) defined by can be represented as

1 1
(1.19) €@\ Hy, Hy) = / Tr(J Im Th4i0(H,)) dr-.
™ Jo

From ((1.18]) and (1.19) we conclude that the Birman-Krein formula ([1.4))
holds if the SSF is replaced by the absolutely continuous SSF:

(1.20) det S(\; Hy, Hy) = e~ 27 (st Ho),

It turns out that it is also possible to express the so-called off-axis scattering
matrix S(\ + iy; Hy, Hpy) as an ordered exponential, from which the Birman-
Krein formula itself can be recovered in the limit y — 0% (see Chapter E .
Comparing the original Birman-Krein formula with its variant @ ,
it follows that the singular SSF £(*) must be an integer-valued function.

Assume for simplicity that the perturbation V' belongs to the trace class,
in which case the singular SSF is integrable. Then since its values () ())
can be obtained by differentiating the measure (1.7)) (see e.g. [Rud87), The-
orem 7.11]), for almost every A it must be that

1
(1.21) €S\ Hy, Hy) = d‘i/ Tr (VE® (V) dr € Z.
0

It is a remarkable fact that this complicated formula should result in an
integer, even when A is within the essential spectrum. At a point A outside
of the essential spectrum, the absolutely continuous SSF £(®)()) is zero and
the singular SSF £()(\) = £(\) is understood to be the integer number of
discrete eigenvalues which flow through the point A. The singular SSF is
naturally interpreted as measuring this flow of singular spectrum within the
essential spectrum as well.

Through the application of this result to a pair of Schrodinger operators
of the form Hy = —A+Vp, where V) € Loo(R"), and Hy = Hy+V, where V €
L1 (R"), we believe we are observing a novel property of Schrodinger operators
in physical dimensions v = 1,2, or 3. If it is assumed that the initial
operator Hy has no absolutely continuous spectrum in an interval I, then
the integrality of the singular SSF £()()\) in I follows easily from two
powerful results: the stability of the absolutely continuous spectrum (Kato-
Rosenblum Theorem) and the Birman-Krein formula . Indeed if the
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absolutely continuous spectrum is absent, then its stability implies that the
singular SSF is equal to the SSF itself, while the Birman-Krein formula
implies that the SSF is integer-valued since in this case the scattering matrix
reduces to the identity. For example this situation can occur for Schrédinger
operators Hy = —A+V}, with random bounded potentials Vj (a phenomenon
known as Anderson localisation, see e.g. [Pas80; Kir08; AW15|, and references
therein) and integrable perturbations V. However, if Hy does have absolutely
continuous spectrum, then the integrality of the singular SSF does not that
easily follow from any known results.

There is more to say about the singular SSF than just the fact that it
takes integer values. Like the SSF itself, it is multifaceted. In particular, there
are at least two other spectral invariants which can be associated to a path of
operators H, in the affine space A, whose definitions are quite independent
and yet both of which coincide with the singular SSF. These are namely the
singular p-invariant [Azalla) and the total resonance index [Azal6|, which
are discussed in turn below.

Additional light was shed on the connection between the SSF and the
scattering matrix by A.B. Pushnitski in [Pus01], where her presents yet
another representation of the SSF. Because the (off-axis) scattering matrix
S(X + dy; Hi, Hp), y > 0, is unitary and differs from the identity by a
compact operator, its spectrum lies on the unit circle T with essential
spectrum concentrated at 1. Moreover, by sending the imaginary part of
the spectral parameter y from 0 to oo, the scattering matrix is continuously
deformed to the identity and therefore all of its eigenvalues converge to 1.
In [Pus01], Pushnitski proves that the SSF is equal to the average flow of
these eigenvalues: for a.e. A,

2m
(1.22) 5(/\, Hl,H()) = —21/ /L(g,)\;Hl,Ho) d@,
T Jo

where the so-called p-invariant u(6, \; Hy, Hp) is defined as the spectral flow
of the path

t— SN+ iy(t); Hy, Hy), y(t) = (1—t)t"1,

that is, the net number of eigenvalues which cross a point ¢’ € T, § € (0,2m),
in the anticlockwise direction as the path is traversed. In Section this
fact is derived from the ordered exponential representation of the off-axis
scattering matrix mentioned above (thereby avoiding the transition to a
modified scattering matrix with identical spectrum).

Another natural way to connect the scattering matrix with the identity,
which is considered in [Azalla)], is to send H; to Hy along the path H, =
Hy + rV in the affine space A. It turns out that the absolutely continuous
SSF is for a.e. A given by the average

1 27
(1.23) €1 (X H, Ho) = —o— /0 1 (0, \; Hy, Ho) do,



12 1. INTRODUCTION

where u(“)(ﬁ, A\; Hy, Hy), the absolutely continuous p-invariant, denotes the
spectral flow of the path r — S(\; H., Hy). This fact is derived from the
ordered exponential representation of the scattering matrix itself and also

appears in Section
The singular p-invariant is by definition the difference

p (N Hy, Ho) v= p(0, s Hy, Ho) — 1) (0, \; Hy, Hy),

which is the spectral flow of a loop based at 1 and hence does not depend on
the angle 6. It follows from the equalities (1.22)) and ([1.23]) that the singular
SSF and the singular p-invariant are negatives of one another:

€9 (X, Hy, Ho) = —pu® (\; Hy, Hy),  for ae. XA € R.

In other words, the singular SSF can be realised as the (necessarily finite)
sum of winding numbers of the eigenvalues of the scattering matrix S(y,r) :=
S(A+1iy; Hy, Hp) as it is deformed along the path which results as (y,r) goes
from (0,0) to (0,1) to (oo, 1). Note that unlike the singular SSF itself, the
singular p-invariant is clearly an integer-valued function.

The spectral flow is well-known to be homotopically invariant and this
property can be used to obtain some insight into the behaviour of the
singular SSF £()(\; H,., Hy) as a function of the coupling parameter 7. The
notion of a resonant value of the coupling parameter was briefly mentioned
above; a resonance point r, is a pole of the meromorphic function r —
(1 +rJT,(Hp))~* and corresponds to an eigenvalue —r; ! of the compact
operator J1,(Hp). It can be deduced from the stationary formula that
S(y,r) is continuous on compact subsets of [0, 00] x C which do not contain
pairs (y,7,) where r, is a resonance point corresponding to z = X + iy.
Since it happens that r, cannot be real if y > 0, it follows that for any
interval [0, 7] which does not contain real resonance points, there exists a
homotopy between the paths formed as (0,0) — (0,7) and (0,7) — (oo, r).
Thus in this case by the homotopy invariance of spectral flow, the p-invariant
and absolutely continuous j-invariant coincide and hence £€)(\; H,., Hg) = 0.
Although the singular SSF is path-dependent, it is additive along a given
path H, in the sense that

EON Hyy Hy) = €9 (N Hyy Hy) + €SN Hy, Hy), 7 >5>t,

and we therefore conclude that the singular SSF is a locally constant function
of the coupling parameter whose points of discontinuity are resonance points.
By analysing the definition of a resonance point, it can be determined
that each integer jump of the singular SSF should only depend on the
triple (A, Hy,, V') consisting of a point A which belongs to the set A(H, F') for
some H € A; a self-adjoint operator H,, € A such that A ¢ A(H,,, F); and
a perturbation V' such that A € A(H,, F') for some H, on the line determined
by H,, and V. In [Azal6] it is shown that this integer, called the resonance
indezx and denoted by ind,es(A, Hy,, V'), can be quite easily calculated.
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Suppose the spectral parameter A is perturbed to A+ iy for small . Then
the real resonance point ) must move of off the real axis. In general it may
have a multiplicity greater than one in which case it may split into finitely
many resonance points rﬁ\ Sty j=1,2..., N, none of which can remain on
the real axis. If N is the number of resonance points counting multiplicities
which move into the upper complex half-plane C, and likewise N_ is the
number which move into the lower half-plane C_, then the resonance index
is their difference

indyes(A, Hy,, V) = Ny — N_.
This definition is reviewed in more detail in Chapter ] and in Chapter [6] it is
confirmed to be the integer jump of the singular SSF. Further information
about the resonance index can be found in the detailed study [Azal6] (also
see [AzalT7]).

The singular SSF f(s)()\; Hy, Hy) is in other words equal to the finite sum
of resonance indices at those resonance points 7 from the interval [0, 1]. This
total resonance index is a surprisingly tangible characterisation of the singu-
lar SSF. It generalises a simple representation of the SSF valid outside of the
essential spectrum, which is closely related to the so-called Birman-Schwinger
principle (see e.g. [Sim05|, Proposition 7.9; Sim79, Theorem 8.1]). Specifically,
if the perturbation V is assumed to have a definite sign — suppose V > 0,
F =VY2 and H. = Hy £V, then for any \ outside of the spectra of Hy
and H, the SSF is given by (see e.g. [BP98])

f(A, HiaHO) = ZlZ’I’L(l,:FFR)\(Ho)F),

where n(1,7T) denotes the total number of eigenvalues of a self-adjoint oper-
ator T" which are greater than 1. It is shown in [Pusll] that this principle
can be extended into the essential spectrum under the assumption that
there is an interval within which A\ — Ty1;0(Hp) is continuous. The total
resonance index is another extension in the same spirit, which makes use
of the regularity of the sandwiched resolvent as a function of the coupling
parameter and requires only for the limit Th;;0(Hp) to exist at a single
point .

To summarise, we present what can be considered as the main theorem to
be found within the following pages. (The case that the rigging operator F' is
bounded can be found in the paper [AD1§|, which is in essence a condensed
version of this document.)

THEOREM 1.1. Let Hy and Hy = Hy+ V be self-adjoint operators and
suppose that the perturbation admits a decomposition V- = F*JF for some
closed operator F' for which the products F(|Ho| 4+ 1)~'/2 and F(|Ho| +1)~"
respectively belong to the compact and Hilbert-Schmidt classes. Suppose in
addition that either F' is bounded or Hy is bounded below. Let H, = Hyo+1rV,
r € [0,1]. Then the formula

1
€9 i Hi Ho) = [ T (p(HIVES) dr, g € CulR)
0
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where PT(S) denotes the projection onto the singular subspace of H,., defines
an absolutely continuous real measure whose density function, namely the
singular SSF £€®)(\; Hy, Hy), is integer-valued for a.e. A € R.
Moreover, for a.e. A the singular SSF' coincides with the total resonance
index
5(8)(90; Hy, HO) = Z indres()\; H’r,\ ) V),
rA€[0,1]

which is by definition the integer Nf’l} — NE)’”, where Nj[g’l] 1s the total
number of poles of the sandwiched resolvent

T/\+iy(Hr) = FR)\Jriy(Hr)F*:

considered as a function of the coupling parameter r, which converge to the
unit interval [0, 1] from the half-plane Cy asy — 0.
It also coincides with (the negative of ) the singular p-invariant

€9 (p; Hy, Ho) = —p®) (\; Hy, Hy), V¥ ae. AER,

which is by definition (the negative of) the sum of winding numbers of
the eigenvalues of the (off-axis) scattering matriz S(A + iy; H,, Hy) as it is

continuously deformed along the loop

1 2222 9N Hy, Hy) — =2 1.
y=0 y=0— y=00

PROOF. The premise is expanded on in Chapter |3| (also see Section ,
while the conclusion can be broken into the following three main parts.
The singular spectral shift measure is absolutely continuous, by Corollary[5.32]
The singular SSF coincides with the total resonance index, by Theorem
The singular SSF coincides with the singular p-invariant, by Theorem [8.11
O



CHAPTER 2

Preliminaries

Some relevant preliminary material is collected here, with selected proofs.
Most of what appears here can be found in standard books from the appro-
priate literature. A reference to a proof should be found wherever one is
omitted.

2.1. Measures

Let X be a locally compact Hausdorff space. A positive measure u
defined on the Borel o-algebra generated by the topology of X will be called
locally finite if u(K) < oo for any compact K C X. For our purposes X will
usually be a Euclidean space, most often X = R, so it is safe to assume there
is a countable base for the topology of X. In this context a locally finite
Borel measure is automatically regular in the sense that it is approximable
from within by compact sets and from without by open sets (see e.g. [Rud87,
Theorem 2.18]). Such measures are also known as Radon measures and the
Riesz representation theorem characterises them as linear functionals on the
space C¢(X) of compactly supported continuous functions X — C (|[Rud87,
Theorem 2.14; BC10, Theorem 7.3.4]).

THEOREM 2.1. Let X be a second countable locally compact Hausdorff
space. To any linear functional u on C.(X) which is positive in the sense
that f >0 = u(f) > 0, there corresponds a locally finite positive Borel
measure (which we denote by the same symbol) u, such that

u(f) = /IR fdu  Vf € Cu(X).

We equip the compactly supported continuous functions C.(X) with the
standard inductive-limit topology, which is the finest locally convex topology
making the inclusions of the sup-normed spaces (C.(K),|| - |loc) <> Cc(X)
continuous for any compact K C X. This topology is finer than the one
induced by the supremum norm and with it C.(X) is a complete locally
convex Hausdorff space. As a subspace C.(K) retains the topology given by
the supremum norm. The convergence of a sequence of functions ¢, — ¢
in C.(X) is characterised by its uniform convergence plus the existence of a
compact K containing the support of each ¢,. Proofs of these facts can be
found in [Hor66, 2,§12] (also see [RS72, Section V.4]).

The theorem below appears as Theorem 7.3.8 in [BC10).

15
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THEOREM 2.2. With X as in Theorem|2.1], any positive linear functional
on C.(X) is continuous and any continuous linear functional p € (Ce(X))’
can be decomposed into a linear combination p = p1 — po + iu3 — ijg of
positive linear functionals pj, j =1,...,4.

Any element of the dual space (C.(X))" will be referred to as a (complex
valued, possibly unbounded) measure. Although locally finite, these measures
may not be defined on unbounded sets. An example of such an unbounded
measure on R is dy = sinz dx.

For a brief note on generalised functions, we put X = R. This information
can be found in most standard texts, e.g. [Rud91]. The space of smooth
functions R — C with compact support, i.e. test functions, is denoted CZ°(R).
This complete locally convex space has the inductive-limit topology coming
from the subspaces C2°(K) for compact K C R, which themselves have the
Fréchet topology induced by the norms

lellvse =max {[o (@) :m< N}, N=1.2....
zeK

Convergence of a sequence of functions ¢, — ¢ in C2°(R) is characterised by
the existence of a compact set K such that the convergence ¢, — ¢ holds
in C¢°(K). Distributions are by definition continuous linear functionals on
C>®(R). The space of test functions C2°(R) is continuously and densely
embedded in the space C.(R) of compactly supported continuous functions.
Therefore their dual spaces are also continuously and densely embedded
(C.(R)) — (CS°(R))" and measures can be seen as those distributions which
continuously extend to C.(R). Positive distributions and positive measures
are in fact the same things, yet the derivative of the delta function is an
example of a non-positive distribution which is not a measure.

Lebesgue measure is the unique translation invariant measure on R"™
which assigns 1 to the unit cube. We denote the Lebesgue measure of a
Borel set X C R by |X|. Null sets and full sets always refer to Lebesgue
measure, as do absolute continuity, singularity, and the abbreviation a.e.
A support of a measure u is any Borel set whose complement has zero u-
measure. A support X is called minimal if for any other support X’ the
difference X \ X’ is a null set.

2.2. Cauchy-Stieltjes and Poisson transforms

Suppose that u is a positive measure (not necessarily finite) on R, which
satisfies the condition

(2.1) /R(l + 2%)Vdu(z) < oo.

Then for z = A + iy, y > 0, the Poisson integral (or Poisson transform) of p
is defined by the formula

(2.2) Pulz) = ! /R (x—% dp(z),

™
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which is the convolution p * Py(A) of the measure p with the Poisson kernel
P,(\) = y(r(A\* 4+ y?))~!. Since the Poisson kernel converges in the sense of
distributions to the delta function as y — 01, the Poisson integral p * P,
converges in the sense of distributions to p :

p(e) = lim px Py(e) = lim [ o(N)PL(X+iy) dA, p € CZ(R).
y—0+ y—0t JRr

In the case that the measure is finite and absolutely continuous, this

convergence holds in L;(R) as well (see e.g. [Rud87, Theorem 9.10; BC10,
Theorem B.3.5]).

THEOREM 2.3. The Poisson kernel is an approximate identity in Li(R).
In other words, the Poisson integral f x P, of any f € L1(R) converges to f
in L1(R) asy — 0.

On the other hand, taking the pointwise limit of the Poisson integral as
y — 07 recovers the absolutely continuous part of the measure, according to
the following theorem.

THEOREM 2.4. Let i be a positive measure on R such that (1 + z2)~! €
Li(p) and let = p' + 19 be its Lebesque decomposition, where du(® =
fd\. Then the density (Radon-Nikodym derivative) f of its absolutely con-
tinuous part is equal a.e. to the limit of its Poisson integral:

f(A) = lim P,(A+1iy), foraeXeR.
y—0t
In other words,
1) = [6O) lim PuA+ig)d o€ C(R)
R y—07+

In particular, the Poisson integral of u has a finite limit at a.e. A € R.
Moreover, the set of points where the limit fails to exist is a minimal support
of the singular part p(®).

ProOF. This theorem can be seen to follow from two facts. Firstly, the
density f is equal a.e. to the symmetric derivative

A=A Fe)
(Dp)(A) = lim —=————

)

and the sets
{A:0< (Dp)(A) <o} and  {A:(Dp)(A) = oo}

are minimal supports of the absolutely continuous p(® and singular p(®)
parts respectively (a summary of this material can be found in [Sch12,
Appendix BJ). Secondly, the limit lim,_,o+ P, (A + iy) exists and is finite if
and only if the same is true of the symmetric derivative (Dpu)(\), in which
case these numbers are equal (see e.g. [Don63|)

(Dp)(A) = Jim, Pu(A +1iy).
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Also, if (Du)(A) = oo, then lim,_,o+ Py (A + iy) = oo, although the converse
does not hold in general ([Don63]). O

Theorem can be refined. Let C4 denote the open complex half-planes
Ci={z=XtiyeC: A eR,ye (0,00)}.

Holomorphic functions C; — C are variously known by the names Herglotz,
Nevanlinna, Pick, and R—functions. For no special reason we choose the
second one. Although it is relevant we only scratch the surface of the rich
theory of these functions. For proofs of following results and much more,
see e.g. [DKO05, Section 1.4; Don74, Chapters II and IV; Sim1ba, Chapter 5].
Further information can also be found in the comprehensive paper |[GT00|
with many more references therein. Finally, alternative summaries of those
results we need can be found e.g. in [Sch12, Appendix F; Yaf92, §1.2].

The Poisson transform v = P, given by is a positive harmonic
function on C4 and it turns out that any such function v can be uniquely
represented as v(z) = ay + P, (z) for some a > 0 and some positive meas-
ure p satisfying . These are exactly the imaginary parts of Nevanlinna
functions and there is the corresponding (and equivalent) representation
theorem:

THEOREM 2.5. Any Nevanlinna function f can be uniquely written as

(2.3) £(2) :az—l—b—i-/R (xiz +1fo2) (),

for some numbers a > 0, b € R, and some positive measure p on R satisfying

the condition ([2.1)).

The Cauchy-Stieltjes transform of a measure p on R is by definition

€)= [ = duto)

r—z

Suppose p is finite and positive. Then it is easy to see that its Cauchy-
Stieltjes transform f = C, is a Nevanlinna function whose imaginary part is
(m times) the Poisson integral of p

%mg@:m@.

The following properties of an arbitrary Nevanlinna function will only be
needed in this special case f = C, (in which case a proof of the next theorem
can be found e.g. in [Rud87, Theorem 11.32]).

THEOREM 2.6. Suppose f is a Nevanlinna function. Then:

(i) the boundary values f(A +10) :=lim,_,o+ f(\+iy) exist for a.e. A € R;
(ii) of the boundary values are equal to zero on a set of positive Lebesgue
measure, then f is identically zero.

The following theorem complements Theorem [2.4, (See [Sch12, The-
orem F.6] for a proof just for Cauchy-Stieltjes transforms.)
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THEOREM 2.7. Suppose f is a Nevanlinna function with the representa-
tion (2.3)). Then its boundary values are related to the measure p as follows.
The absolutely continuous part f?) is given by

dp @ (\) = %Im FON+i0) dX,

whereas the singular part p(® is supported by the set
{AeR:Im f(A+i0) = co}.
A point mass is given by p{A\} = lim,_,o+ yIm f(\ + iy).

The Cauchy-Stieltjes transforms of finite positive measures are charac-
terised among Nevanlinna functions by the following criterion.

THEOREM 2.8. A Nevanlinna function f is the Cauchy-Stieltjes transform
of a finite positive Borel measure on R if and only if

(2.4) sup{|yf(iy)| 1 y > 1} < oo.

It is apparent from Theorem 2.7 that a sufficient condition for the absolute
continuity of the measure p is for the imaginary part Im f to be bounded
in C4. Combining this with the previous theorem:

THEOREM 2.9. Let f be a Nevanlinna function satisfying (2.4)) and
suppose in addition that its imaginary part Im f(z) is bounded for z € C;..
Then the function Im f(X 4 40) is integrable and

R

T A—2z

2.3. Decomposition of spectrum

The material in this section can be found in books on operator theory
such as [Sch12; [RS72; Kat84].

By a Hilbert space we will mean a complex separable Hilbert space with
scalar product (-,-) linear in the second argument. The symbols H and K
will be reserved for Hilbert spaces throughout. As a rule the vectors of ‘H
will be denoted by Roman letters (f, g, etc.) while Greek letters (¢, 1, etc.)
are reserved for the vectors of . This is in contrast to the use of these
letters to denote functions, in which case we use both Roman and Greek
letters with the choice usually meaning little or nothing.

Unless otherwise specified, an operator is a densely defined linear operator
acting between Hilbert spaces. The domain and range of an operator F': H —
K are denoted respectively by dom F' and ran F'. Since F' is assumed to be
densely defined, its adjoint F*: K — H is well-defined. The adjoint F*,
which is automatically closed, has a dense domain dom F* if and only if F' is
closable. In this case the closure of F satisfies F' = F** and (F)* = F*.

The letter H is reserved for a self-adjoint operator H* = H, while the
letter E is reserved for an (orthogonal projection valued) spectral measure.
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A version of the spectral theorem (e.g. [Sch12, Theorem 5.7; RS72, The-
orem VIIL.6]): To any self-adjoint operator H, there uniquely corresponds a
spectral measure E such that

H= /R)\dE()\).

Suppose H is a self-adjoint operator on a Hilbert space H. Let E be
its spectral measure and let us,(-) = (f,E(-)g), f,g € H. The abso-
lutely continuous subspace H(® of H with respect to H consists of those
vectors f for which iy := py ¢ is absolutely continuous. The singular sub-
space H® is defined similarly. The Hilbert space H decomposes into the
direct sum H® @& H() of subspaces invariant under H. The absolutely
continuous H(® and singular H®) parts of the operator H are its restrictions
to H@ and H() respectively. The absolutely continuous spectrum of H,
denoted oq.(H), is the spectrum of H(®. The singular spectrum o (H) is
that of H®). The projections P(® and P®) onto H® and H®) respectively
can be expressed as P\® = E(Z,) and P®) = E(Z,) for some (non-unique)
Borel sets Z, and Zs. Such a Borel set Z, is called a support of o4.(H) and
likewise for Z, and the singular spectrum. If Z, is minimal, in the sense that
|Z,\ Z.,| = 0 for any other such Z/, it is called a core of the absolutely continu-
ous spectrum. Likewise a minimal Z; is a core of o4(H). E® = P9 E and
E®) = POE are respectively called the absolutely continuous and singular
parts of the spectral measure F.

The resolvent of H is the Cauchy-Stieltjes transform of its spectral
measure: For any z from the resolvent set p(H) = C\ o(H) and any
f,9€eH,

(. Re(tg) = [ 3Tt B W),

The imaginary part of the resolvent is the Poisson integral
(f, 7 Im R.(H)g) = 1/ Y _a(f,E\)g)
’ T Jr (A —1x)2 + 2 ’ ’
where z = x + iy. Theorem [2.4] gives
COROLLARY 2.10. For any f,g € H the set of points A where there exists
a finite limit
lm (f, 7~ Im R4y (H)g)

y—0+
s a full set and a support of pgca;

of ”5”21‘ For any bounded Borel function ¢, we have

, whose complement is a minimal support

(R PO = < [ o) lim (1 Ry, ()g) A

y—0t
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2.4. Direct integrals of Hilbert spaces

Direct integrals were introduced by J. von Neumann in his work on (what
are now called) von Neumann algebras. On this topic we follow [BS87, §7.1],
referring there for all of the proofs (but the same material can be found in
books on von Neumann algebras, e.g. [Tak79, Section IV.8]).

A direct integral, for which we will use the notation

[S5)
(2.5) 3 = /A by dp(V),

is roughly speaking a Hilbert space of vector-valued functions (sections)
A > XA~ f(N\) € by which take values in a ‘field’ of Hilbert spaces {hx}rea
and are square-integrable with respect to a measure p on A. If A is discrete
and p is counting measure, then this notion reduces to that of a direct sum.

For our purposes it is really only necessary to consider the following case
of a direct integral. Let A be a Borel subset of R and let i be Lebesgue
measure. For a.e. A € A, suppose that b, is a closed subspace of a Hilbert
space K. Let Py, be the orthogonal projection onto h) and suppose the
field of fibre Hilbert spaces {h}xca is measurable in the sense that A — Py
is weakly measurable. In this case, the direct integral is the closed
subspace of Ly(A, K), which consists of those square-integrable functions f
such that f(A) € by for a.e. A € A.

In general a direct integral is allowed to have unrelated fibre Hilbert
spaces hy over an arbitrary measure space (A, ), but we might as well
assume u to be a locally finite Borel measure on A C R. The definition pro-
ceeds with a collection of Hilbert spaces {h)}aca exhibiting a y-measurable
dimension function, or multiplicity function,

(2.6) N()) := dim by,

A base of measurability is a countable set {fx}ren of hr-valued functions
(sections) whose values span the fibres:

spany{ fr(A) bkeny = bx  for p-a.e. A € A,

and whose pairwise scalar products A — (fj(A), fe(A))y, , J,k € N, are pi-
measurable. In the above example with Lebesgue measure and hy C K, a
base of measurability is obtained by setting fx(\) = P\¢g, where {1 }ren
is an orthonormal basis of K. Then an arbitrary bhy-valued function f
is defined to be measurable with respect to the base {f;} if the function
A= (f(A), fk(A))y, is p-measurable for each k. The resulting collection of
measurable functions can always be generated by a base of measurability
{fx} which is orthonormal in the sense that { fx(\)}x is an orthonormal basis
of by for p-a.e. X (see [BS87, Lemma 7.1.1]). A field of fibre Hilbert spaces
is called p-measurable once it is equipped with a base of measurability.
Suppose that {hx(7)}ren, j = 0,1, are two p-measurable fields of fibre
Hilbert spaces over A, with bases of measurability {f{}ren, and that a
function A — T'(\) takes values in the bounded operators B(hx(0),hx(1))



22 2. PRELIMINARIES

for p-a.e. A\. Such a function is called measurable provided that the scalar

functions
A (FeO), T FEN)
are measurable for k£ € N.
Given a p-measurable field of fibre Hilbert spaces {hr}rea, a direct
integral is defined to be the set of measurable hy-valued functions f
(up to equality p-a.e.) which satisfy

112 = /A LFOVIE, du() < oo

and the scalar product on H is defined by

(f, 9)oc = /A gy, du(N).

Proof that this defines a Hilbert space can be found in [BS87, §7.1 Sub-§§1-4].
The following theorem is numbered 7.1.4 in [BS87].

THEOREM 2.11. Suppose {hr(j) : A € A}, j =0,1, are two p-measurable
fields of fibre Hilbert spaces whose multiplicity functions coincide for p-
a.e. X € A. Ifw is a measurable unitary-valued function w(X): hr(0) — ha(1),
then the operator

() (&)
W= / dp(N) - /A 2 (0) dp(A) — /A (1) dpu(N)

defined by W: f(A) = w(X)f(N), is a unitary operator.

Let H = @ be a direct integral. Of utmost importance are operators
on H of multiplication by a Borel function ¢, denoted

Myf =of, feH

In particular, for any indicator function ya of a Borel set A C A, the
multiplication operator E(A) := M,, is an orthogonal projection onto
the subspace consisting of those hy-valued functions which are zero for p-
a.e. A ¢ A. This defines the spectral measure E of 3. The operator M, for
any Borel function ¢ can then be written as My, = [, ¢(X) dE(X).

It happens that under the premise of Theorem the operators M,(j),
7 =0, 1, of multiplication by ¢ in the corresponding direct integrals satisfy
the equality M, (1)W = WM,(0) ([BS87, Theorem 7.2.2]). This gives a
reason why the particular choice of a base of measurability is not so important
and goes toward explaining its absence from the notation.

THEOREM 2.12. Let (2.5)) be a direct integral. A measurable function \ —
T(X\) which takes values in the bounded operators B(hy) and satisfies

(2.7) p=sup [T(N) [y, < oo,
AEA

defines a bounded operator T on H by
(2.8) (THA) :=TNFA), [feXH
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The operator T has norm given by and commutes with the spectral
measure E of H.

Conversely, any bounded operator T on H which commutes with E can
be represented by for some bounded operators T'(\) € B(hy) defined for
u-a.e. A € A.

Moreover, such a decomposable operator T is self-adjoint, normal, unitary,
or a projection, if and only if the same is true of T'(\) for p-a.e. \.

The above theorem is a combination of Theorems 7.2.3 and 7.2.5 in
[BS87]. For such a decomposable operator T" as it describes, we will use the
notation

52
T = / TN ().
A

This section is concluded with a version of the spectral theorem ([BS87,

Theorem 7.5.1]).

THEOREM 2.13. Any self-adjoint operator H on a Hilbert space H can be
diagonalised in a direct integral (2.5)), in the sense that there exists a unitary
operator F: H — H such that

(FHL)A) = AT,

for any f € dom H and p-a.e. A € A. Moreover, Fp(H) = MyF for any
Borel function ¢, in particular F transforms the spectral measure of H into
that of JH.

We note that the direct integral which appears in this version
of the spectral theorem is determined uniquely only in the sense that the
multiplicity function and the spectral type of the measure y are uniquely
determined. In fact, the spectral type and multiplicity are unitary invariants
of the self-adjoint operator H which together uniquely determine it up to
unitary equivalence ([BS87, Theorem 7.5.2]).

2.5. The Helffer-Sjostrand formula

Let ¢ be a bounded Borel function on the spectrum of a self-adjoint
operator H. In this section we will consider a useful representation of the
bounded operator ¢(H). Suppose that each function ¢ from some class of
functions on the spectrum of H has an integral representation

(2.9) o) = /S K\, 8) dvg(s),

where (S5, v,) is a measure space depending on ¢ and the kernel K is a
measurable function on R x S. Suppose in addition that for whatever reason
it is known what is meant by the expression K (H,s) for s € S. Then it is
natural to consider the formula

(2.10) gp(H):/SK(H,s) dv,(s).
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One example of is the Cauchy integral formula for holomorphic (analytic)
functions, which has the resolvent kernel K (\, s) = Rs(\). Provided that the
contour of integration S is within the resolvent set of H, the formula
makes sense and is of course the Riesz-Dunford holomorphic functional
calculus. Another example is given by the Fourier transform, where the
unitary group K(H,s) = €**H appears. Or assuming H is semibounded,
another example is given by the Laplace transform, where K(H,s) = e sH
As an aside, if the class of functions ¢ is large enough (for example if it
includes all polynomials, or all test functions), then it is possible to recover
the full functional calculus for H by a limiting procedure. For our purposes
the resolvent kernel is a practical choice and it happens to be available for a
much wider class than the holomorphic functions.

The Helffer-Sjostrand formula is an instance of with the resolvent
kernel, which is based on the Cauchy-Green (or Cauchy-Pompeiu) formula.
It was initially constructed by E. M. Dyn’kin [Dyn75] and is based on the
notion of almost analytic extension introduced by L. Hormander. For a test
function ¢ € C°(R) and a self-adjoint operator H, the Helffer-Sjostrand
formula is:

(2.11) o(H) = = [ 0p(=)R.(H) dedy,
™ JR2

where 2 = z + iy, d = 5(9, +i0,), and @ is an almost analytic extension
of . Although it will not be needed, we note that can be shown to
hold for any smooth function ¢ which vanishes at infinity sufficiently quickly,
such as Schwartz functions (see e.g. [Yajl4; [DG97), Section C.2]). One of the
main advantages of the Helffer-Sjostrand formula, quoting [DS99], “is that
it allows us to pass easily from resolvent estimates to estimates of other
functions of H.” This section is devoted to its proof.

THEOREM 2.14. Let ¢ € C}(C), by which we mean ¢ : C — C such that
o(x,y) == p(z +iy) € CH(R?). Put z =z +1iy and d = (95 +1i0,)/2. Then

(2.12) p(¢) == [ 9p(2)(¢ — 2)7" dudy.
™ JR2
This theorem can be concisely restated: The function f(z) = (72)~!is a
fundamental solution for the operator 9. In other words, as a generalised
function Of is equal to the Dirac measure §.

ProoF. This can be seen from the Cauchy-Pompeiu formula:

-1 _ 1 = _
213) Q) =5 [ @2t [ Bpe)(C - 2) dody

Tt JoD T JD
(which holds for example if ¢ € C1(C) and D is a disk with ¢ in its interior),
by taking D large enough to contain the support of ¢. The Cauchy-Pompeiu
formula itself can be derived form Green’s theorem as follows. For the
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complex plane, Green’s theorem says

/BD w(z)dz = 2i /D Op(2) dzdy.

Then applying Green’s theorem to the function ¢(2)(¢ — 2)~! within the
region D = {z € D : ]( — z| > €}, and noting that the resolvent function is
analytic (i.e. (¢ — 2)~! = 0) in D, we get

2
/ 0(2)(¢ —2)Vdz + z/ o(C+ee®)dd =2 [ Op(2)(¢ — 2)" L dzdy.
oD 0

Dc
Since the resolvent function is integrable in C and ¢ is continuous at (,

sending ¢ — 0 gives .

We now give another proof, simple and direct, and lifted from Rudin’s
book [Rud87]. Put o(r,0) := ¢(+re?), forr > 0and 0 € R. If 2 = ( +re®,
the chain rule gives

10

Jp(z) = = > (a + (99) o(r,0).

The right hand side of (2.12)) is therefore equal to the limit as e — 0 of

1 oo 2 i
(2.14) - 27T/e /0 <8T + T@g) o(r,0) dodr.

The integral of 9y ¢(r,0) is zero, since ¢(r,#) is 2m-periodic in 6. So (2.14))

becomes
27 27
/ 6r<p7“9d9dr—/ (e,0)d

As e — 0, p(e, 9) — ¢(¢) uniformly. This gives (2.12). O

Let p € CPTH(R) for 1 < p < 0o. We will say a function ¢ € C2(C) is an
almost analytic extension of v if:

- it is almost analytic near the real axis, by which we will mean

(2.15) 06(2) = O(lyl")
as |y| — 0, and
- it extends ¢, i.e. P|r = ¢
Examples of almost analytic extensions of a test function ¢ can be constructed
using the formula

o0

Pz) =) n,w(”)( ) (iy)"x(any),

n=0

where x € C°(R) is equal to 1 in a neighbourhood of 0, and a,, — o
sufficiently quickly. Another construction is

~ _M eizt ~
o) = 2 /R Xt (t) dt,
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where y is as above, ¥ € C°(R) is equal to 1 in a neighbourhood of the
support of ¢, and ¢ is the Fourier transform of ¢. These examples are given
in [DS99| Chapter 8] where more information can be found. They rapidly
become analytic in the sense that |03(z)| = O(|y|?) as |y| — 0 for all n € N.

LEMMA 2.15. For any ¢ € CPTH(R), 1 < p < oo, there exists an almost
analytic extension Q.

ProoOF. Put
(2.16) 3(2) =x() >

where y is a test function equal to 1 in a neighbourhood of 0. Clearly, the
function @ is of class C}(C) and it extends ¢. Further,

/

5~(Z) o X(y)l(z )p (p+1 Ep l k (k )
k=0
which implies that [9p(z)] < const.|y[P for small |y. O

THEOREM 2.16. Let H be a self-adjoint operator on a Hilbert space H
and let ¢ € C%(R), then (2.11) holds for any almost analytic extension (.

PRrOOF. This proof is taken from |[DS99, Chapter 8]. Note that the
integrand on the right hand side of is compactly supported and is
continuous in the open set y # 0. The condition combined with the
estimate |R,(H)|| < |y|~! implies that it is also bounded:

105 (2) R (H)|| < [94(2)]ly| " < const. as |y| — 0.

Denoting the right hand side of (2.11)) by @, for any two vectors f,g € H
we get

(7.Qa) =~ [ 06(:) . Re(i)g) dady
=~ [ 05 [ =2 dtr B W)g) dady,
where F is the spectral measure of H. Fubini’s theorem gives
(1:Qa) = [ = [ 9610~ dedydts, EN)g).
R 7T JR2
Combining this with gives
(7,Qa) = [ o) dlf. EWg) = (Fo(H))

and this implies (2.11)).
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We now give another proof. Using the almost analyticity of ¢, the family
of complex-valued functions z — 9@(z)(A — z)~1, for A € R, can be shown to
be uniformly integrable. By this we mean that for any € > 0 and any A € R,

/&p “Ldzdy| < €

whenever |E| is small enough. This follows from the fact that we can find an
integrable function which dominates the entire family. Such a dominating
function exists because these functions share a compact support and are
uniformly bounded:

06(2)(A = 2) 71 < [94(2)[ly| ™ < const. as |y — 0,
thanks to (2.15)). We can therefore conclude that the convergence

1 / Ip(2) (AN — 2) " Ldxdy — p(\) as e =0
ly[>e

is uniform in A\. Then we can conclude (2.11)) using the functional calculus and
the absolute continuity of the (operator-valued) integral as a set function. [

With some straightforward changes the same reasoning proves the equality

1 _
(2.17) G(H) =~ [ 8p(:)RA(H) dedy,
RQ
provided ¢ belongs to the class CS(R). This ensures, by Lemma
and (2.15)), that the mapping z + 9@3(z)R2(H) is bounded. The number

version of (2.17)) follows easily from ([2.12)):
\) —

n—A A — )
T B e T
N gl—%\ T JRr2 05(2) A— U dedy
—lim = [ Bp(=)(A— 2) (- )" dudy
p—=A T JR2
1 _
= —— [ 9p(2)(\ — 2) "2 dzdy.
™ JRr2

Other details are omitted.

2.6. Schatten ideals of compact operators

A standard reference for this section is I. C. Gohberg and M. G. Krein’s
famous book [GK69|. We recall that any compact operator T: H — K can
be written in its Schmidt representation as

T= ZSn fna' Pns

where { f,} and {¢, } are orthonormal sets in H and K respectively and s, (T),
the so-called s-numbers, are the eigenvalues of |T'| written in decreasing order.
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For compact operators we will need the analytic Fredholm alternative
(see e.g. [RST2, Theorem VI.14]):

THEOREM 2.17. Let G be an open connected subset of C and let T: G —
Loo(K) be a holomorphic family of compact operators on K. Then —1 €
o(T(z)) either for all z € G, or for only those z from the discrete set

R:={z€G:3p#0 (1+T(2))p =0}.

Further, in the latter case, the operator valued function z +— (1 +T(2))™! is
meromorphic in G with finite rank residues and the set of its poles is R.

We also state Weyl’s classical theorem on the stability of essential spec-
trum (see e.g. [RS78, Theorem XIII.14; Sch12, Theorem 8.12]):

THEOREM 2.18. Let Hy and Hy be self-adjoint operators such that the
difference of their resolvents R,(Hy) — R,(H1) is compact for some (and
hence all) z € p(Ho) N p(H1). Then oess(Ho) = Oess(H1).

Within the Banach space of bounded operators B(H, K) are the Schatten
ideals £,(H,K), 1 < p < oo, of compact operators T' such that

0 1/1’
1Tl := (Z szm) < oo,
n=1

When p = oo this coincides with the norm of B(H,K) and we drop the
subscript. Each £, is a Banach space with the above norm, which for
any T € L, satisfies |T||, > ||T|, |[T*]l, = ||T|lp, and for any bounded
operators A, B,

(2.18) AT B, < ATl B]-
This implies that the multiplication
(2.19) BxL,xB>(AT,B)— ATB € L,

is continuous. In fact (2.19) is still continuous with the so*-topology on B,
which follows from

LEMMA 2.19. Let 1 < p < co. Suppose A € L, and T, — 0 in the
so*-topology as n — oo. Then ||T,A|, — 0 and ||AT,||, — 0.

PROOF. Here we follow [Yaf92, Lemma 6.1.3]. For any € > 0 there exists
a finite-rank operator A, such that ||A — A.||, < e. Since ||T,|| < C for some
C > 0, it follows that

ATl < & C + [[ATnllp-

Hence, it suffices to consider finite-rank or even rank-one operators. For
A= <fa > 12

ATy = T3 A%y = Ko, T ) < el T £l = 0,
by hypothesis. Similarly, ||7,A|, — 0. O
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Of the Schatten ideals, apart from compact operators L., we are mainly
concerned with trace class operators £1 and Hilbert-Schmidt operators Ls.

If A and B are Hilbert-Schmidt operators, then the product AB is trace
class and

IAB]l1 < [|Allz|[Bll2-

This is (a special case of) Holder’s inequality.

The square root of a positive trace class operator is Hilbert-Schmidt.
Further, if (A,) is a sequence of positive trace class operators and A,, — A
in £, then VA, — VA in Ly, which follows from the Birman-Koplienko-
Solomyak inequality ([BKS75|):

(2.20) VA= VB[, < [VIA- B,

for nonnegative trace class operators A and B.
The following material can be found e.g. in |[GK69; BS87; [Sim05].
The trace of an operator 1" from £;(K) = £1(/KC, K) is defined by

(2.21) T(T) = 3 (pns Tion)
n=1

where (¢;,) is an orthonormal basis in K. Lidskii’s theorem asserts that the
trace Tr(T') is equal to the sum of the eigenvalues of T' counting multiplicities.
The trace is a continuous linear functional on £1(K) which satisfies the
equality Tr(AB) = Tr(BA) whenever both AB and BA are trace class.
The proof of this cyclic property is well known at least for bounded A and B,
in which case it follows from Lidskii’s Theorem and the fact that AB and BA
have common non-zero eigenvalues with coinciding algebraic multiplicities:

(2.22) oap U{0} = opa U{0}, including algebraic multiplicities.

If an operator T' on K is trace class, then the infinite-dimensional de-
terminant, or Fredholm determinant, of 1 + 7" can be defined as the limit of
finite-dimensional determinants

(2.23) det(l + T) = lim det(dij + <g0¢,Tg0j))?j:1,

n—00 k
where {¢y }ren is any orthonormal basis of K. (On this topic, see e.g. [Sch12]
Section 9.4; [Sim05, Chapter 3; GK69, Chapter IV; BS87, Chapter IV, §1].)

As a consequence of Lidskii’s Theorem, the determinant is also given by
the product of eigenvalues

(2.24) det(1+7) = H 1+ )

where \; are the eigenvalues of T counting multiplicities. The determin-
ant det(1 + T") varies continuously, and also analytically, with T" € £;(K).
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Moreover, it has the following basic properties for A, B € £
| det(1+ A)| < el
det e? = T (A)
(2.25) det(1 + A)* = det(1 + A),
(2.26) det(1+ A)(1 4+ B) = det(1 4+ A)det(1 + B),
det(1 4+ AB) = det(1 + BA).
Further, if 0 < A < B then
(2.27) Tr(A) < det(l+ A),
(2.28) 1 <det(l+ A) <det(1+ B).

2.7. Ordered exponential

Here for convenience is a reproduction of the appendix to [Azalla] on
ordered (or chronological) exponentials. Let 1 < p < 0o, a < b and consider
the initial value problem

(2.29) %X(r) =A(r)X(r), X(a)=1,

where A: [a,b] — L,(K) is a continuous path of p-Schatten class operators
on a Hilbert space H and the derivative is taken in £,(K).
The (left) ordered exponential is by definition (cf. [DGI7])

(2.30) Texp (/ A(s ds) =

1+Z/a dn/ drs .. /k ldmA(Tl)A(T2)~--A(7”k),

k=1

where r > 11 > ... > 1, > a. The series converges in £, (K), since || A||p.o0 :=
SUPrg[a,b] HA(r)HP < o0 and so0

'
d?‘l

! et (r—a’ &
d?’g e / dT‘k A(T’l)A(TQ) e A(T’k) § X HAHp,oo
a P *

PROPOSITION 2.20. The initial value problem (2.29)) has the unique
continuous solution

(2.31) X (r) = Texp < / " A(s) ds> .

PROOF. Substitution shows that (2.31]) is a solution. Supposing Y (r) is
another solution, integrating (2.29)) gives

Y(r)=1+ /T A(r)Y (r1) dry.

Iterating this, it can be seen that Y (r) = X(r). O
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LEMMA 2.21. For ry < ry < r, the ordered exponential (2.30)) satisfies
the identity

(2.32)  Texp ( / 1 Als) ds> — Texp ( / 2 Als) ds) Texp ( / :2 Als) ds> .

PROOF. A similar argument as in Proposition [2.20] shows that

X(r) = Texp </ A(s) ds> X,
is the unique continuous solution of the initial value problem
d
(2.33) JX(T) =A(r)X(r), X(a)=X,€1l+L,(K).

Then the proof is completed by checking the fact that both sides of (2.32))
are solutions to (2.33)) with a = r; and X,, = Texp (f:f A(s) ds). O

The above lemma allows Proposition to be generalised to any piece-
wise continuous path A. Combined with the multiplicative property of the
determinant ([2.26)), this generalisation can also be made for Proposition m
below.

PROPOSITION 2.22. Ifp = 1 then the Fredholm determinant of the ordered
exponential is given by the formula

(2.34) det Texp ( / " A(s) ds) = exp ( / " Th(A(s) ds) .

PrROOF. We show that both sides of (2.34)) are solutions to the initial
value problem
2'(r) = Tr(A(r) z(r), =x(a)=1.
This is clearly true of the right hand side. Let x(r) be the left hand side. Then
from ([2.32)) and the product property of the determinant (2.26[), we have

2'(r) = lim % (det Texp ( / " A(s) ds) _ 1) (r)

h—0t+
= Tr(A(r)) x(r),

where the last equality follows from a lengthy but straightforward calculation;
in brief, the definition of the determinant and an interchange of limits
allows the calculation of the derivative to be reduced to the finite-dimensional
case, where the definition of the ordered exponential and the continuity
of A(s) imply that the result is the finite-dimensional trace. O

2.8. Relative compactness of operators and forms

Let V and H be operators on a Hilbert space H. Suppose H is closed and
has nonempty resolvent set p(H). The operator V' is relatively bounded with
respect to H, or H-bounded, if dom H C dom V and the following equivalent
conditions hold:
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- There exist a,b > 0 so that
(2.35) VI <alHf| +ollf]

for all f € dom H.

- The operator VR,(H) is bounded for some (hence any) complex
number z € p(H).

- The operator V: dom H — H is bounded.

In the last condition we are considering dom H as a Hilbert space with the
graph scalar product (f,g)y := (Hf,Hg) + (f,g). These equivalences are
not difficult to check, noting that the graph norm || f||z := (| Hf||?>+ | f||*)*/?
is equivalent to the norm f +— ||H f|| + || f|| and the operators R,(H): H —
dom H and (H — z): dom H — H are bounded.

The infimum of constants a > 0 for which there exists b > 0 such
that holds is called the H-bound of V. Relative compactness is nat-
urally defined by replacing ‘bounded’ by ‘compact’ in either of the last two
conditions, which remain equivalent. In the case that V' is H-compact, its
H-bound is equal to 0 (see e.g. [Sch12, Proposition 8.14]).

LEMMA 2.23. Suppose H is closed and V is closable. Then the inclusion
dom H C domV already implies that V is H-bounded.

Proof of this lemma can be found e.g. in [Kat84, Remark IV-1.5;|Sch12,
Lemma 8.4].

Occasionally, we identify a bounded operator A € B(H,K) with its
continuous (sesquilinear) form

(2.36) (f,9) = Alf,g] = (f, Ag)

for f € K and g € H. In the case that K = H, the notation A[f] := A[f, f]
is used.

Below is the representation theorem for semibounded forms (see e.g.
[Sch12, Theorem 10.7; |RS75; [Kat84]). In the context of this theorem we will
use the same symbol to denote both a form and its corresponding operator,
distinguishing the form by the use of square brackets (as in [Sch12]).

THEOREM 2.24. There is a one-to-one correspondence between lower-
bounded self-adjoint operators and lower-bounded closed forms on a Hilbert
space H. Given a self-adjoint operator H on H which is bounded below by m,
the corresponding closed form has the domain dom[H] := dom(H — m)'/2,
on which it is given by

@37)  HIf.g):= ((H=m)"2f.(H=m)"%g) + m(f.q).

Given a lower-bounded closed form H|- -] on H, the corresponding self-adjoint
operator H has a domain consisting of those vectors g € dom[H] for which
there exists a vector h such that H[f,g| = (f,h) for all f € dom[H], on
which it acts by Hg = h.
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Suppose now that H is a lower-bounded self-adjoint operator on H.
A symmetric form V is relatively form-bounded with respect to H if its
domain includes the form domain of H, i.e. dom[H] C dom[V], and the
following equivalent conditions hold:

- There exist a,b > 0, such that
(2.38) VIS < alHLA|+ 0l 12,

for all f € dom[H].
- The operator (H —m)~ Y2V (H —m)~'/2 is bounded for some (hence
any) real number m such that H > m.
- The form V admits a decomposition V = F*JF, where J € B(K)
and F: H — K is (H —m)"?-bounded.
The second and third conditions should be clarified. What is meant by the
second condition (cf. [Sim15b} p. 662-663]) is that the form

(2.39) (f,9) = VI(H —m)"2f,(H —m)~"/?g]
corresponds to a bounded operator, denoted
(2.40) (H —m)~ Y2V (H —m)~/2.

What is meant by the decomposition V' = F*JF' in the third condition is
that

(2.41) VIf, gl =(Ff,JFg),

for f € dom[H]. Note that the operator associated to the form V may have
a small domain, which however includes any vector f € dom[H] such that
JEf € dom F*, on which it acts as the operator F*JF'.

The infimum of constants a > 0 for which there exists b > 0 such
that holds is called the H-form-bound of V. The relative form-
compactness of V with respect to H is defined by replacing ‘bounded’ by
‘compact’ in either of the last two conditions, which remain equivalent.

PROPOSITION 2.25. The defining conditions of relative form-boundedness
and form-compactness are equivalent. If V is H-form-compact, then its
H-form-bound is zero.

Since this information about relative form-boundedness is more difficult
to find in the literature than its operator counterpart, here is a proof:

PROOF. Suppose that there are a,b > 0 so that (2.38) holds. Since
dom[H] = ran(H —m)~'/2, we can use ([2.37)) to obtain for f = (H—m)~/?g,

[VI(H —m)~"g]| < alH[f)] + b] £
< allgl* + (jm| + b)||(H —m)~"2g]”
< const. |||,
which implies that the form is bounded.
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The corresponding bounded operator B := we write as the product
of bounded operators B = X*JX and if B is compact, this can be done in
such a way that X is compact. Then put F := X(H —m)'/?, to obtain a
decomposition for which F'is (H —m)Y?-bounded (compact).

Conversely, suppose that V = F*JF where F is relatively bounded
(compact) with respect to (H —m)'/2. Then the operator

(F(H —m)~ Y2 JF(H —m)™'/2,
which corresponds to the form ([2.39)), must be bounded (compact).
Again supposing V = F*JF with C := HF(H - m)_l/zH < 00, for any
f=(H —m)~'2g € dom[H] we have

VIR = [(F(H = m)~"2g, JP(H — m)~'/2g)|
< | 71IC?]lg]l?
2

= 712 (| (= m) 2| + m 1 = m £1?)

= | JIC* (H[f] = m| fII?)

< |\ JIC* (1H[F| + ImllI£1%) -

Finally we show that if V' is H-form-compact, then its H-form-bound

is zero. Assume the contrary, that is, there exists some a > 0 for which

there is no b such that (2.38)) holds. Then we can find a sequence of vectors
fn € dom[H] such that

VIfall > alHIfa]l + 2l ful* = all(H = m)"2 ful > + (n = alml])|| fal?

for any n € N. Scaling each f,, by |V[fn]|~!, we can assume that |V[f,]| = 1.
Then || f,||? < 1/(n — a|m|) and ||[(H — m)'/2f,||?> < 1/a for any n. Thus f,
converges to 0 and the sequence (H — m)l/ 2, is bounded, which must there-
fore have a weakly convergent subsequence. Passing to such a subsequence,
let g be the weak limit of g, := (H — m)'/2f,. Then for any h € dom[H],
we have

(gush) = (Fus (H = m)!/?h) = (g, ) = (0, (H —m) 1),

hence g = 0. Therefore f, is a weak null sequence in the Hilbert space
(dom[H], (-, VH) ) == (dom(H — m)Y/2 (-, ) (H—m)1/2 ). Yet by assumption
V = F*JF where J is bounded and F': dom[H] — H is compact. Thus F’
maps f, to a null sequence F'f,, and we arrive at the contradiction

1= |V[fall = (Ffn, JE fn) — 0. O

PROPOSITION 2.26. Suppose H is a lower-bounded self-adjoint oper-
ator and V' is a positive self-adjoint operator. Then V is H-form-bounded
(compact) if and only if VY/? is |H|'/?-bounded (compact). Further in the
‘bounded’ case, the inclusion dom[H| C dom[V| (which is implicit in both
statements) is also equivalent.
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PROOF. Since both V/2 and |H|'/? are closed operators, the inclusion
of domains dom[H] C dom[V] already implies that V'/2 is |H|'/? bounded
by Lemma If V1/2 is |H|"/?-bounded (compact), then it easily follows
that V is H-form-bounded (compact). As for the converse in the ‘compact’
case, its premise implies that the form corresponds to a compact
operator. Using , this form corresponds to the operator

(V1/2(H o m)—1/2)*V1/2(H o m)—1/2’

whose compactness implies that of V/2(H —m)~1/2 itself and the result
follows. g

We note that the correspondence between forms and operators given
by Theorem extends to sectorial forms (see e.g. [Kat84, Theorem VI-
2.1]). Moreover, both notions of relative boundedness can be applied to
sectorial operators H, V, and Kato ([Kat84, VI-§1.7]) writes: “In general
it is not clear whether there is any relationship between these two kinds of
relative boundedness. If we restrict ourselves to considering only symmetric
operators however, form-relative boundedness is weaker than operator-relative
boundedness.”

LEMMA 2.27. Let H and V' be closed operators. Then the relative bounded-
ness (compactness) of V. with respect to H implies the same of |V|/? with
respect to |H|'/2.

For a proof of this lemma see e.g. [Yajl4, Lemma 5.40; RS75, The-
orem X.18; Kat84, Theorem VI-1.38].

The following two theorems concern the stability of self-adjointness under
relatively bounded perturbations. The first is known as the Kato-Rellich
Theorem, see e.g. [RS78, Theorem X.12; Sch12, Theorem 8.5].

THEOREM 2.28. Let H be a self-adjoint operator and let V' be a symmetric
operator which is H-bounded with H-bound less than 1. Then the operator
sum H +V is self-adjoint with the same domain as H.

T. Kato famously applied Theorem to atomic Hamiltonians. For
example the energy of the hydrogen atom is described (in atomic units)
by H = —A — 2/r, where —A is the Laplacian on Ly(R3, dz) and r = |z|.
Indeed, the Kato-Rellich theorem can be applied to prove the self-adjointness
of the Schrédinger operator H = —A + V on Ly(RY) for any potential V' of
the form V(z) = const. |z|7%, where 0 < a < min{r/2,2}. The condition
a < v/2 for low-dimensional Schrédinger operators can be removed by
instead applying the so-called KLMN theorem below. For a proof see e.g.
[RS78, Theorem X.17; Sch12, Theorem 10.21].

THEOREM 2.29. Let H be a lower-bounded self-adjoint operator and
let V' be a symmetric form which is H-form-bounded with H -form-bound
less than 1. Then the form sum of H and V' corresponds to a lower-bounded
self-adjoint operator, denoted H + V, with the same form domain as H.






CHAPTER 3

The rigging operator and the LAP

By a rigging operator we mean a closed operator F': H — K between
Hilbert spaces, which has trivial kernel and cokernel. In other words, F'
is injective and K = ran F'. We call H the main Hilbert space and K the
auziliary Hilbert space.

As an aside, the partial isometry U : H — K in the polar decomposition
F = U|F]| is unitary since ker(U) = ker(F') = {0} and ranU =ran F' = K,
so we may naturally identify H and K. It is for this reason technically
unnecessary to allow for F' to be other than a positive self-adjoint operator.
However, we find the above definition to be convenient.

A rigging operator is closely related to the notion of rigged Hilbert space,
which usually refers to a triple of embedded spaces:

(3.1) Hi CHCH_.

In short, given a Banach space H. which is continuously and densely embed-
ded via j: Hy — H, the space H_ is introduced as the space of antilinear
functionals on H4. The adjoint map j* : H — H_, defined for f € H and
g € Hy by

(3.2) (9:5°F) =g, ) = (9 Py

is then also a continuous embedding.

A rigging operator F': H — K gives rise to analogous spaces H_, which
instantiate the triple in the case that F'is bounded. We will now discuss
this connection, but it will not be logically required elsewhere.

The dense linear subspace ran F'* of H can be given the scalar product

(0, F* ), = (o, )

which makes F* isometric. If I is bounded, then H := (ran F™*, (-,-)_) is
a Hilbert space and its inclusion Hy C H is continuous. Otherwise, let H
denote the completion of the inner-product space (ran F*,(-,-), ). On the
other hand, the dense linear subspace dom F' of H can be given the scalar
product

<f7g>7:<Ff7Fg>lC7

which makes F' isometric. Let H_ be the completion of (dom F' (-, -) ) which
is generally not already complete even when F' is bounded. If F' is bounded,
then H is continuously included in H_. The spaces H+ can be succinctly

37
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defined as the completions of the dense linear subspace ran F* Ndom F' of H
in the inner products

(f9)e = (IFIT LT, -

The operator F* can be considered as a unitary operator identifying /C
and Hy while F' can be considered as a unitary operator identifying H_
and K.

When F' is bounded the spaces Hi constitute a particular case of the
continuous inclusions . It has already been noted that H is continuously
embedded in H and we will now check that the anti-dual space ’HJXr is in
fact H_ (cf. [BS91, Proposition S1.2.6]). Since H is dense in H, it follows
that H (identified with H*) is dense in H’. Therefore it suffices to see that

the norms || - |- and || - HHJXr agree on vectors f in H :
[fllae = sup [(f, gyl = sup [(f, Foiyl= sup [(Ff @)l = [If]--
llgll+=1 lellc=1 lellc=1

If a rigged Hilbert space arises from a rigging operator F), then statements
involving the spaces H4 can as a rule be translated to instead involve F' and
its adjoint F™*. The latter language is systematically used from now on.

3.1. The sandwiched resolvent

Suppose H is a self-adjoint operator on ‘H and F': H — K is a rigging
operator. For any z from the resolvent set p(H) of H, the sandwiched
resolvent is the operator

T.(H):= FR,(H)F* = F(H — z)"'F*.

The rigging operator doesn’t appear in the notation because it is considered
to be fixed. The operators H and F' will be chosen so that the sandwiched
resolvent is a bounded operator on the auxiliary Hilbert space IC, or more
precisely that it is bounded on a dense domain of definition and hence extends
continuously to a bounded operator on K. In such a situation, let it be this
bounded extension which is denoted by the symbol T.(H). We will later
assume further that 7, (H) is compact.

THEOREM 3.1. Let F': H — K be a rigging operator and let H be a self-
adjoint operator on H. If F is |H|"/?-bounded (compact) then the sandwiched
resolvent T,(H) is bounded (compact) for any z € p(H). The converse holds
under either of the following additional conditions.

F' is bounded.
- H is semibounded and dom H C dom F'.

Also equivalent in the first case is for F to be H-bounded (compact). Also
equivalent in the second case is for the positive self-adjoint operator F*F to
be H-form-bounded (compact).

We work towards a proof of this theorem with the next few lemmas.
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LEMMA 3.2. Let a self-adjoint operator H and a Tigging operator F be
such that dom H C dom F'. Suppose that for some nonreal z the sandwiched
resolvent T, (H) is bounded (compact). Then F is H-bounded (compact) and
in addition T,,(H) is bounded (compact) for any w € p(H).

PRrOOF. Here we follow [Azalla, Lemma 2.5.1]. The inclusion dom H C
dom F' implies that the product FR,(H)F™ is densely defined on the domain
of F* and it is assumed that this product extends continuously to the bounded
(compact) operator T,(H). The inclusion of domains also implies that F'
is H-bounded by Lemma Note that (T,(H))* = (FR.(H)F*)* D
FR;(H)F*, from which it follows that (1,(H))* = T5(H). Supposing that
T.(H) is compact, then so is its adjoint, hence so is the difference

T.(H) - T:(H) = F(R.(H) — Rz(H))F"
=2iIm 2 FR,(H)R:(H)F*
= 2iIm 2 FR.(H)(FR.(H))*.

Strictly speaking, the intermediate equalities hold on dom F™*, but the final
equality can be taken literally, as an equality of bounded operators. From
this we see that the product of FR,(H) and its adjoint is compact, which
implies that FR,(H) itself is compact. Indeed, if A*A = |A|? is compact,
then so is | A|, hence so is A. So F' is H-compact.

For the last part let w € p(H). From the equality

(Z - w)FRz(H)(FRw(H))* = Tz(H) - Tw(H)a

(which holds a priori on dom F*) we see that in either case the sandwiched
resolvent T, (H) is bounded, and if T, (H) is compact, then so is T,,(H). O

LEMMA 3.3. If F is a closed operator and B is a bounded operator, then
FB is closed. Moreover, (B*F*)* = FB. If in addition FB is densely
defined, then its adjoint (F'B)* is the closure of B*F*.

PROOF. We prove these standard facts for completeness. Suppose
that f,, n=1,2,...,is a sequence from the domain of F'B which converges
to f and also that F'Bf, converges to g. Then since B is continuous, Bf, is
a sequence from the domain of F' which converges to Bf. By the closedness
of F, Bf belongs to dom F, hence f € dom FB, and F'Bf, converges to
g = FBf. Therefore F'B is closed.

To see that (B*F*)* = F'B we first consider their domains. From the
definition of the adjoint and the boundedness of B, the domain of (B*F*)*
is the set of those vectors f for which there exists a vector g satisfying the
equality

(f,B"F"h) = (Bf,F"h) = (g,h)

for all vectors h from dom B*F* = dom F™*. This is in other words the set of
those f for which Bf belongs to the domain of (F*)*. And since F** = F
by the closedness of F) this set coincides with the domain of F'B. That these
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operators coincide on their common domain follows from the equality
(B*F*)*f,hy = (f, B"F*h) = (Bf,F*h) = (FBf,h),

which holds for all h from the dense domain of F™.

What remains to be proved follows from the equality (B*F*)* = F'B
and the fact that if the adjoint of the operator B*F™* is densely defined, then
its closure coincides with its double adjoint. ([

LEMMA 3.4. Let H be a self-adjoint operator and F a (densely defined)
closed operator on a Hilbert space H. Let vy be a bounded Borel function which
is nonzero a.e. with respect to the spectral measure of H. Suppose that F1(H)
1s densely defined. Then the following statements are equivalent, in which
(J1,72) stands for one of the pairs of ideals of B(H) : either J; = Jo = B(H),
91 == 32 = ﬁoo(H), or jl = ,Cl(H) and 32 == ﬁg(’H)

(i) The operator Fip(H) belongs to Jo.

(ii) The operator Fp(H) belongs to I for some function ¢ of the same
order as 1 in the sense that both v/ and ¢/ are bounded Borel
functions on o(H).

(iii) The operator F(H) belongs to Jo for any Borel function ¢ which
for some C >0 and a.e. x € o(H) satisfies |¢(x)| < Cly(z)].

(iv) For any Borel function ¢ which for some C > 0 and H-a.e. x €
o(H) satisfies |p(z)| < Cl(z)[?, the operator Fp(H)F* can be
continuously extended to an operator which belongs to J;.

(v) For some function ¢ of the same order as 1) (in the above sense),
the operator F|o|*(H)F* can be continuously extended to a positive
operator which belongs to J;.

(vi) The operator F|y|>(H)F* can be continuously extended to a positive
operator which belongs to J;.

If the equivalent conditions of Lemma [3.4] hold, and if ¢ is as in condi-
tion (iv), then the bounded closure of the sandwiched operator Fo(H)F* is
equal to

(3-3) Fo(H)F* = Fy1(H) (F2(H))"

for any two Borel functions 1, j = 1,2, such that ¢(z) = ¢ (z)2(z) and
| (x)| < Cjl(x)| for some C; > 0 and any z. Indeed, the operator on the
right hand side of extends Fo(H)F* by Lemma and hence
holds by the uniqueness of continuous extension. Following from this is the
intuitively obvious equality

(3.4) (Fo(H)F*)" = Fp(H)F*.

Also note that if ¢; and @9 are as in condition (iv), then so is their sum and
by the uniqueness of continuous extension we have

(3.5) F(p1 + @) (H)F* = Foo1(H)F* + Foo(H)F*.
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PRrROOF. Clearly (iii) implies both (i) and (ii).

(i) implies (iii): For any Borel function ¢ which is dominated by C|i],
the function /v is bounded and hence (¢/¢)(H) is a bounded operator.
Then since F'y(H) belongs to Ja, so does Fp(H) = Fy(H)(p/v)(H).

(ii) implies (iii): This can be seen from the above argument by replacing v
by the function ¢ appearing in (ii).

(iii) implies (iv): Let ¢ be dominated by C||?. Then (/%) is domin-
ated by Cli| and both F(p/v)(H) and F1)(H) belong to J2 by (ii). Thus
F(o/v)(H)(F¢(H))* belongs to J;. Note that ¢(H)F* C (Fy(H))* and
the operator Fo(H)F* = F(p/v)(H)y(H)F* is defined on the dense do-
main of F*, where it is equal to F(p/v)(H)(F¥(H))*. (iv) follows by the
uniqueness of continuous extension.

Clearly (iv) implies both (v) and (vi).

(vi) implies (i): Since the operator Fi(H) is densely defined and closed,
it follows that the operator Fy(H)(Fy(H))* is self-adjoint (see e.g. [Kat84,
Theorem V-3.24]). By Lemma [3.3| Fy(H) = (¢(H)F*)* and we have

(FIP(H)F*) S ((H)F*)* (Fp(H))" = Fy(H)(Fy(H))".

It follows that F'|+|?(H)F* continuously extends to F(H)(F(H))*, which
must therefore belong to J;. From this it follows that Fy(H) € Jo. Indeed,
if AA* = |A*|? € J1, then |A*| belongs to J, hence so do A* and A.

(v) implies (ii): This can be seen from the above argument by replacing v
by the function ¢ appearing in (ii). O

Proor oF THEOREM [3.1l Consider the following statement: A self-
adjoint operator H and a rigging operator F' are such that the equivalent
conditions of Lemma hold with o (z) = (|z|Y/?+ 1) and J; = Jp = B
(or L). Condition (i) is clearly equivalent to the condition that F' is
|H|'/2-bounded (compact). While condition (iv) implies that the sandwiched
resolvent T, (H) is bounded (or compact).

If H is bounded below then the boundedness (compactness) of the
sandwiched resolvent implies condition (v), since in this case the resolvent
function x + (x + m)~! is positive on o(H) for large enough m. By
Proposition [2.26| also equivalent is for the operator F*F to be H-form-
bounded (compact).

In the case that the rigging operator F' is bounded, the boundedness
(compactness) of the sandwiched resolvent is equivalent to the H-bounded-
ness (compactness) of F. One direction of this equivalence is obvious, while
the other follows from Lemma [3.2] U

Suppose H is a self-adjoint operator on ‘H and F': H — K is a rigging
operator such that dom|H|'/? C dom F. Then F is |H|'/?>-bounded by
Lemma 2.23] and it follows from Theorem [3.7] that the sandwiched resolvent
T.(H) is bounded for any z € p(H). A sandwiched version of the so-called
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first resolvent identity (see (3.17])) holds:

(3.6) T.(H) = Tw(H) = (z — w)FR.(H)(FRy(H))"
and in particular,
(3.7) ImT,(H)=ImzFR,(H)(FR,(H))".

These equalities follow from , , and . Also note that since
ImR,(z) =Imz R,(x)Rz(x) for any z, the operator Im7,(H) is the closure
of FIm R,(H)F*.

The inclusion Im7T,(H) € £,1(K) for z € C\ R will be important later.
We note that it is equivalent to the inclusion FR,(H) € L2(H,K) and holds
for any nonreal z as long as it holds for one.

LEMMA 3.5. Suppose H, F, J1, Jo, and v are as in Lemma and its
equivalent conditions hold. Let C > 0. If o, n=1,2,..., is a sequence of
Borel functions which are dominated by C|t)|? and converge pointwise to o,
then the following convergence holds in J;.

Foo(H)F* — Fo(H)F* as n — oo.

PROOF. Since ¢ is the pointwise limit of Borel functions which are
dominated by C|¢|?, it is also a Borel function with the same dominating
function. By assumption Fi(H) belongs to Jo. Also, for any y dominated
by Cl|2, F(x/v)(H) belongs to Jo since x/v is dominated by C|¢|, and
the closure of Fx(H)F*, equal to F(x/v)(H)(Fy(H))* by (3.3)), belongs
to J1. The proof will be completed if we can ensure that the number

1E Ocn /) (H) (FY(H ) la,

where X, := ¢ — ¢, is arbitrarily small for large enough n. Note that y,,/1)?
is a sequence of uniformly bounded Borel functions converging pointwise
to 0. It follows from the functional calculus that (x,/¢?)(H) converges to 0

in the so*-topology. By Lemma B0} F(x,/t)(H) = (Pu(H))(xn/0?)(H)
converges to 0 in Jo. Therefore, the result follows from the estimate

1E O /) (H) (FY(H)) |3, < 1F (o /9) (H) g, [ F (H) 13, - O

COROLLARY 3.6. Let H be a self-adjoint operator on H and let F': H — IC
be a rigging operator which is |H|1/2—bounded. Then the sandwiched resolvent
T.(H) is norm-continuous as a function of z € p(H). In fact it is analytic.
Moreover, it is continuous at z = oo where it converges to 0.

In addition we note that if the imaginary part ImT,(H) belongs to the
trace class for some (hence any) nonreal z, then it is continuous there and
converges to 0 in the trace class norm as z — oo. Further, for z € C, its
square root \/ImT,(H) is continuous in the Hilbert-Schmidt class where it
converges to 0 as z — 0.

PROOF. The norm-continuity of the sandwiched resolvent z — T, (H) and
its convergence to 0 as z — oo follows easily from Lemma[3.5] So too does the
continuity and convergence to 0 as z — oo of z +— ImT,(H) in the £;-norm,
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if InT,(H) € £1(K). Therefore the same can be said of z — /ImT,(H) in
the Lo-norm as a result of the Birman-Koplienko-Solomyak inequality .

The analyticity of T,(H) can be seen as follows. Let ¢(z) = (Jz| +1)~1/2.
For any ¢1, p2 € K, consider the function

= (p1, To(H)p2) = (F(H )) 1, (R /) (H)(FY(H)) p2)
/ PR

r—z
where p is a finite measure. This function is analytic on C \ R and therefore
so is z — T,(H) by the equivalence of weak and strong analyticity (see e.g.
[Yos80, Theorem V.3.1]). O

3.2. The abstract limiting absorption principle (LAP)

Let H be a self-adjoint operator on a Hilbert space H with spectral
measure I/ and suppose F': H — K is a rigging operator such that dom F' D
dom |H|'/2. Then by Theorem [3.1] the sandwiched resolvent T} (H) is bound-
ed. One of the main reasons for introducing a rigging operator is that the
sandwiched resolvent 7, (H) may have bounded limits as z approaches points
of the absolutely continuous spectrum of H. Indeed for the right choice
of rigging operator these limits exist for a.e. A € R. This is known as the
(abstract) Limiting Absorption Principle (LAP).

The LAP is intimately connected to stationary scattering theory and
is usually considered within the context of perturbation theory, where the
operator F' is related to the perturbation: Let Hy and Hy = Hy 4+ V be two
self-adjoint operators and suppose that the perturbation V is decomposed
as F*JF for bounded J. Then the LAP can be used to conclude that
for the right choice of F' there exists a full set of values A for which the
sandwiched resolvents Th.,(Ho) and T4y (H1) both have limits as y — 0.
Proofs of the LAP can be divided into two methods: ‘smooth’ and ‘trace
class.” The smooth method involves relatively strong conditions on the
initial operator Hy, which allows a freer choice of the perturbation V, or
the rigging operator F'. In contrast the trace class method involves stronger
assumptions on the rigging F, allowing a virtually arbitrary choice of Hy.
These methods in their wider context of scattering theory are discussed
further in Section [l The trace class method is the main focus here and
because of its importance we provide a proof (see Theorem , which is
lifted from [Yaf92]. A simple case of the LAP which is closer to the spirit of
the smooth method is considered at the beginning of Section

We will use the notation

T)\:I:iO(H) = lim T)\:I:zy(H)
y—0+
Unless otherwise specified these are to be considered as norm limits. Elements
of the set

AH,F) :={X€R | Trii(H) exists in B(K)}
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will be called regular points of H. If A € A(H, F') we say that H is regular
at \, whereas if A ¢ A(H, F') then H is said to be resonant at \.

Note that if Thtio(H) exists, then so does Th+0(H) by continuity of the
adjoint operation, and hence

Im T)\:ti(] (H) = lim Im T)\:tiy(H)-
y—0t

Being the set of points of convergence of a family of continuous functions,
A(H, F) is a Borel set. It obviously contains p(H) NR. As shown below, it
cannot contain any points of the singular spectrum of H, so any additional
regular points belong to the absolutely continuous spectrum.

THEOREM 3.7. Let H be a self-adjoint operator on H with spectral
measure E/ and let F': H — K be a rigging operator with dom F' O dom |H|1/2.
Then the operator E(A(H, F)) is an orthogonal projection onto a linear
subspace of the absolutely continuous subspace H ¥ (H).

PrOOF. Assume the contrary. Then there exists a null subset X of
A(H, F) such that E(X) # 0. Since the range of F** is dense in H, it follows
that there exists a vector F*v such that

(3.8) (F*0, B(X)F* i)y, # 0.

On the other hand, by definition of the set A(H, F), for all A € X C A(H, F)
there exists the finite limit

1

— i ,FImRy,;,(H)F*

o Jim, (4, FIm Ry (H)F" )
By Theorem the set of points A where the above limit exists is a full set
whose complement is a support of the singular part of the measure gy (A) =
(F*, Ex F*1)),, , hence (F*1), E(X)F*1),, = 0. This contradicts (3.8) and
completes the proof. O

K

COROLLARY 3.8. If A(H, F) is a full set, then it supports the absolutely
continuous spectral measure of H. Moreover, its complement R\ A(H, F) is
a minimal support of the singular spectral measure, i.e. a core of o4(H).

In the presence of a rigging operator, if the LAP holds in the sense that
A(H, F) is a full set, then the complement R\ A(H, F') can be considered
as the core of o4(H) since it is unambiguously determined by the rigging
operator F. Its elements might simply be called singular points of H and
are at least interpreted in that way. This leads into the topics of [Azal6)
surrounding the resonance index, which are discussed further in Section [4]

We will also be concerned with the existence of the limit Im T\ ;o(H)
in the stronger topology of the trace class. As well as regular points
A(H, F), we identify a subset of trace-regular points of H, denoted A(H, F'; L1).
By definition, a point A belongs to A(H, F'; £1) if A € A(H, F) and for some
bounded neighbourhood A C R of A the convergence

(3.9) FE(A)Im Ry iy (H)(FE(A))* — Im T i0(H) as y — 0T
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holds in the trace class norm.

Reviewed in detail below are two classical theorems on the abstract LAP,
numbered and which are due to M. Sh. Birman and S. B. Entina
[BE67] (they note that a similar result appears in |[Bra62]). For the proofs
we will follow [Yaf92], where the corresponding theorems are numbered 6.1.5
and 6.1.9, including some supporting lemmas.

LEMMA 3.9. Any operator A € L,, can be represented in the form A =TB
(or A= BT) where B € L, and T € L.

On the other hand, if B is a bounded operator such that for some p < oo
and for any T € L the product TB (or BT') belongs to Ly, then B necessarily
belongs to L,,.

PRrROOF. This is a combination of Lemmas 6.1.1-2 from |[Yaf92]. Through
the Schmidt representation of compact operators the first statement of
this lemma can be translated to sequences of s-numbers, where it becomes
equivalent to the fact that for any positive sequence (ay) in ¢, there is always a
more slowly convergent positive sequence (by,) in ¢, such that t,, = a, /b, — 0
as n — 0o.

For the second statement we first note that B must be compact, for
which it suffices to see that |B| is compact. If this were not the case then
with E denoting the spectral measure of |B|, we could find A > 0 such that
the range H)y of E(\,00) is infinite-dimensional. But then since |B| has
a bounded inverse on H ) the premise implies the contradiction that every
compact operator T' on H ) belongs to the class £,. Now again translating
the statement to one about s-numbers, it becomes equivalent to the fact that
if for any ¢, — 0 the sequence (b,t,) belongs to £, then so must (b,). O

LEMMA 3.10. Let 1 < p < oo. IfT,, € Ly, |[Th]lp < C < o0, and T),
converges weakly to T' as n — oo, then T' € L, and AT, B converges to AT B
in Ly, for any compact operators A and B.

It is not necessary to assume the existence of the weak limit T as a
bounded operator in the following sense. Given the uniform boundedness of
the norms ||7,|| < C and the convergence as n — oo for any vectors f and g
of the scalar product (f,T,g), say to the number T'[f, g, it follows that

IT(f. g1l < CllfIllgll-

Therefore (f,g) — T[f,g] defines a bounded linear form and hence corres-
ponds to a bounded operator T, for which T,, — T weakly.

PrOOF. Here we follow [Yaf92, Lemma 6.1.4] (although we don’t find
it necessary to appeal to the uniform boundedness principle). For A € L,

consider the operators I',, which act from L, to £, and are defined by
I',,B = AT, B. From the estimate

(3.10) ICnBllp = AT Bllp < [AllllTallp | B < [[AlC]I B,
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it follows that the norms ||T',|| are uniformly bounded. We will now show that
the sequence I'y,, n = 1,2,..., is strongly convergent, which is sufficiently
established on the set of finite rank operators F. Indeed, then the required
strong convergence can be obtained by a simple €/3 argument using the
density of F in L, and the uniform boundedness of the norms ||I',||. To prove
the strong convergence for B € F, by linearity we can assume B has rank one,
say B = (f,-) g, in which case I, B = (f,-) AT,g. Then since T,,g converges
weakly to T'g and A is compact, it follows that AT,g — ATg. Therefore

ITnB — ATB||, < [|f[[[|ATng — ATg| — 0.

So I',, converges strongly on F to the operator I': Lo, — £, defined by
I'B = ATB. This operator I is a priori defined on the dense domain F,
but since the strong limit of I';, is necessarily bounded, as can be inferred
from , it must be that I' is bounded on all of L, and I',, converges
strongly to I'. Therefore AT B € L, and the inclusion T' € £, follows from
the second part of Lemma Since the convergence of AT, B to AT B in L),
for any A, B € L is equivalent to the strong convergence for any A € L,
of I, = I as n — 00, the proof is complete. O

THEOREM 3.11. If H is a self-adjoint operator on a Hilbert space H
and F: H — K is Hilbert-Schmidt, then for a.e. A € R the operator valued
function F'Im Ry, (H)F* has a limit in the trace class norm asy — 07.

Proor. With the intention to use Lemma [3.10] we consider AF in place
of F where A is compact and F' is Hilbert-Schmidt. This can be done without
loss of generality by the first part of Lemma [3.9] By Theorem for any
¥, € K, the limit
(3.11) lim (F*v,Im Ryt (H)F* )

y—0t

exists for a.e. \. Let D, dense in H, be the linear span of some basis.
By excluding a countable family of null sets, we can find a common full set A
of values X\ for which the limit (3.11)) exists for any 1, € D. Applying
Theorem to the measure Tr(FEF™*), where E is the spectral measure
of H, the limit of

1
(3.12) Tr(FIm Ryi4y(H)F*) = — / Im Ry4iy(x) d Tr(FE(x)F*),

T JR
as y — 0T, also exists for a.e. . Hence the trace class norm of the positive
operator F'Im Ry ;,(H)F*, equal to (3.12), is bounded with respect to y for
a.e. A. Deleting from A the null set of values for which this fails, we obtain
a full set of values A for which [|[FIm Ry ;,(H)F™|; is bounded and the
limit (3.11]) exists for any 1, ¢ € D. Hence for each such A, the limit (3.11]) ex-

ists for any 1, ¢ € ‘H. Then Lemma implies that AF Im Ry, (H)(AF)*
converges in the trace class as y — 0. U

LEMMA 3.12. If f(z) is holomorphic in the upper half-plane and | f(z)| > 1
forImz > 0, then f(z) has limit values f(\+1i0) at a.e. A € R.



3.2. THE ABSTRACT LIMITING ABSORPTION PRINCIPLE (LAP) 47

ProOOF. This is [Yaf92, Lemma 6.1.8] and we reproduce the proof for
convenience. We transfer attention to the function g(z) = 1/f(z). It is
holomorphic and bounded in C, hence its limits g(A + i0) exist at a.e. A
by Theorem (1) Moreover, since it cannot be zero identically by The-
orem (ii), these limits must be nonzero on a full set. On this full set the
limits f(A 4 ¢0) also exist. O

THEOREM 3.13. If H is a self-adjoint operator on a Hilbert space H
and F' is a Hilbert-Schmidt operator from H to another Hilbert space IC, then
for a.e. X € R the operator valued function F Ry, (H)F* has a limit in the
Hilbert-Schmidt norm as y — 0.

It is shown in |[Nab89] that for an arbitrary self-adjoint operator H this
result cannot be improved, in the sense that if F' € Lo, with € > 0, but
F ¢ Lo, then for some H the LAP fails.

PROOF. As in the proof of Theorem [3.11] we without loss of generality
replace F' by AF where A is compact and F is Hilbert-Schmidt so that
by Lemma [3.10] it suffices to establish weak convergence and a bound on
the norm. Denoting FR,(H)F™* by T, and using the property of the
determinant, we have

(3.13) | T, 1|3 = Tr(T:T,) < det(1 + T:T),
Then from ([2.26)), (2.25)), and (2.28) by means of the condition i1z —iT, > 0

(here we are assuming Im z = y > 0), we obtain

(3.14) 1 <det(1 + T:T,) < det(1 +iTs)(1 —4T%) = |det(1 — iT,)|>.
Combining (3.13) and (3.14),

(3.15) T < |det(1 —4T%)].

The function f(z) = det(1 — iT%) is holomorphic in the upper half-plane and

|f(2)] > 1 by (3.14). Thus the limits f(A+10) exist for a.e. A by Lemma
On this set of full measure, call it A, by (3.15) we have

(3.16) [Trtiyll < C(N)

for any y > 0. Applying the same reasoning as in the proof of Theorem [3.11
we find a full set of values A for which the limit (¢, Th10p) exists for any
¥, € D, where D is countable and dense. Then taking the intersection

with A, we find a full set for which (3.16]) holds and the weak limit 7)o
exists. [l

COROLLARY 3.14. Let H be a self-adjoint operator and let E be its

spectral measure. If F: H — K is a rigging operator such that FE(A) is
Hilbert-Schmidt for any bounded interval A, then the LAP holds for H.

PRrROOF. This is a corollary of Theorem [3.13] which makes the same
conclusion — that A(H, F) is a full set in R, in the case that F' is itself
Hilbert-Schmidt. Let A,y € R with y > 0. For a bounded interval A, the
sandwiched resolvent T, (H) can be split into the sum of two parts using



48 3. THE RIGGING OPERATOR AND THE LAP

the equality F(A) + E(R\ A) = 1. Put ¢(x) := (|z| + 1)~'/2. Then the
sandwiched resolvent can be written as

Tryiy(H) = F(Rxyiy /) (H)(Fy(H))"
= F(Bxyiy/¥)(H)E(A)(F)(H))
+ F(Batiy/¢)(H)ER\ A)(Fp(H))*

The first term can be rearranged to read
(FE(A))Ratiy(H)(FE(A)),

which converges as y — 07 for a.e. A by Theorem The second term is
the closure of the operator

FRyyiy(E(R\ A)H)E(R\ A)F*,

which converges by Lemma for all A in the interior of A since \ €
p(E(R\ A)H). Therefore A\ A(H, F) is a null set for any bounded interval A
and hence A(H, F) is a full set. O

COROLLARY 3.15. Let H be self-adjoint and let E be its spectral measure.
If F is a rigging operator such that FE(A) is Hilbert-Schmidt for any
bounded interval A, then the set of trace-regular points A(H,F;Ly) is a
full set. Moreover, if F is such that for nonreal z the operator FR,(H)
belongs to the Hilbert-Schmidt class, then for any point X\ from A(H, F; Lq)
the limit Im T\ ;0(H) exists in the trace class.

PRrROOF. Let A € R, y > 0, and let A be a bounded interval. Similarly to
the proof of Corollary using equality (3.6) we write

Im Ty (H) = yF R 1iy(H)E(A)(FR1iy(H))"
+ yF Rytiy(H)E(R\ A)(FR)iy(H))™

The first term can be written as (FE(A))Im Ry, (H)(FE(A))* and con-
verges in the trace class norm as y — 0T for a.e. A by Theorem The
second term is the closure of the operator

FIm Ry (E(R\ A)E(R\ A)F*.

For any A from the interior of A, it can be concluded from Lemma that
this term converges to 0 in the usual norm as y — 0% and moreover that the
same convergence holds in the trace class norm if FR,(H) is Hilbert-Schmidt.
Hence in the latter case ImThy;(H) — ImTh;(H) in the trace class.
Otherwise, it follows that holds in the usual norm and therefore, since
(FE(A))Im Ry iy (H)(FE(A))* also converges in the trace class norm, the
limits must agree so that holds in the trace class norm. It follows that
the set of points A\ where the limit exists is a full set in (arbitrary) A
and thus in R. Hence so is A(H, F; £1) by Corollary O
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3.3. Rigged affine spaces of self-adjoint operators

The first and second resolvent identities:
(3.17) R.(H) — Ry(H) = (2 —w)R.(H)Ry(H) = (2 — w)Ry(H)R.(H)
(3.18) R.(Hy)— R.(H1) = R.(H1)VR,(Hy) = R,(Hy)VR,(H;)

will be used many times in the coming pages. The first one, which is a special
case of the second (and has already been used a few times), holds for a closed
operator H and any z and w from its resolvent set p(H). In the second one,
z € p(H1) N p(Hp) and the operator H; is the sum of operators Hy and V.
It holds for example if Hy and V satisfy the premise of the Kato-Rellich
Theorem and H; is the operator sum Hy + V. The proof is a simple
algebraic manipulation.

Alternatively, suppose Hy and V satisfy the premise of the KLMN
Theorem [2.29 and H; is the form sum Hp + V. In this case, the second
resolvent identity can be written as

(3.19) (f, (R=(Ho) — R-(Hy1))g) = V[Rz(Ho) f, R=(H1)g]
= VI[Rz(H1)f, R:(Ho)g]
for any vectors f and g. This can be established as follows. Note that
dom[V] contains the form domains of Hy and H; and hence also contains
their operator domains.
VI[R:(Ho)f, R-(H1)g] = (Hi — z — Ho + 2)[Rz(Ho)f, R.(H1)g]
= (Rz(Ho)f, (H1 — 2)R.(H1)g)
— ((Ho — 2)R=z(Ho) f, R.(H1)g)
= <f7 (RZ(HO) - Rz(Hl))g> :

Given any rigging operator F': H — K, we consider the space of perturb-
ations

(3.20) Ao = Ao(F) := F*Byy(K)F

with the norm

[E*JF || p == [|]],
making it isomorphic to the real Banach space of bounded self-adjoint
operators on K. If F' is bounded, then Ag consists of bounded self-adjoint
operators V = F*JF. But if F' isn’t bounded, we interpret a perturbation
V =F*JF € Aj as the form

(3.21) VIf,gl =(Ff,JFg) f,g€ domF.

Now suppose that H is a lower-bounded self-adjoint operator on H,
such that F is |H|'/?-compact. It follows that each perturbation V € Ay is
H-form-compact. Therefore, by the KLMN Theorem each form sum H + V
is a lower-bounded self-adjoint operator with the same form domain as H.
Thus applying Proposition and Theorem we conclude that the
sandwiched resolvent T,(H + V') is bounded for any z € p(H + V).
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For Hy = H and Hy = H + V, where V = F*JF, the second resolvent
identity (3.19)) holds and can be written as

(3'22) Rz(Hl) - RZ(HO) = (FRZ(HO))*JFRZ(Hl)'

It is natural to denote the right hand side by R.(Ho)V R.(H1). In this regard
also see ([3.27)).
From (|3.22)) we also obtain a sandwiched version:

(3.23) T.(Ho) — T.(Hy) = To(Ho)JT.(Hy) = T, (Hy)JT,(Hp),

which is justified first on the domain of F* and then extended to the whole
auxiliary Hilbert space.

Recall that we are assuming F' to be |Hg|'/?-compact. Since the sand-
wiched resolvent T,(Hy) is compact by Theorem , the equality
implies that T,(H;) is also compact. Hence by Theorem , F is re-
latively compact with respect to ]H1|1/ 2. Further, any other perturba-
tion from Aj is relatively form-compact with respect to Hy. Note that
(H 4+ V1) 4+ Vo = H + (Vi + Va), since both of these operators correspond to
the form H + V4 + V5. We put

(3.24) A= A(H,F):=H+ Ao,

which comprises a real affine space of self-adjoint operators over Ag. Although
the operator H has been used in the construction of this affine space, it is
not a distinguished element; A can be reconstructed in the same way from
any other element.

Such an affine space of self-adjoint operators , which we will call a
rigged affine space, will form the basic setting herein. In its definition, we
have assumed the semiboundedness of the self-adjoint operator H, which is
reasonable given that Schrodinger operators are as a rule semibounded and
it is a primary aim to accommodate this application. However, restricting
to semibounded operators is not necessary in the case that the rigging
operator F is itself bounded. In this simpler situation each perturbation V'
is H-compact by Theorem and we may use the Kato-Rellich Theorem
instead of the KLMN Theorem. As a result the operators of the affine
space not only share a form domain, but also an operator domain.

To reiterate and summarise:

DEFINITION. Suppose F': H — K is a rigging operator. Define a real
Banach space of symmetric forms by

Ao =A{V[f, gl =(Ff,JFg) f,gcdomF :J e Bs(K)}

and equip this space with the norm ||V||r = ||J||. For convenience an
element of Ay is written as V = F*JF. Suppose further that H is a lower-
bounded self-adjoint operator on H, such that F' is |H|"/?-compact. Then
each form in Ay is relatively form-compact with respect to H and we define
a rigged affine space of self-adjoint operators by . In the case that the
rigging operator F' is bounded, the operator H need not be assumed to be
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semibounded and the form sum in (3.24) can be replaced by an operator
sum. As usual we often leave the rigging operator implicit in our notation.

Some basic properties of a rigged affine space A:

- Any V € Ay is relatively form-compact with respect to any H € A.

- All operators H € A share a common form domain dom[A]. In the case
that F' is bounded we can say further that each V € Ay is relatively
compact with respect to any H € A and all operators H € A share a
common operator domain dom A.

- The sandwiched resolvent T (H) is compact for any H € A.

- For any two operators Hy and H; from A(F') there is a perturbation
V = F*JF € Ag such that Hy = Hy + V. For these two operators, we

have the second resolvent identity (3.18]), which is interpreted as (3.22), as
well as its sandwiched version (3.23)).

Continuing the last item above, from (3.23]) and the density of the range
of the operator F*, we obtain the equalities

(3.25) FR.(Hy) — FR.(Hy) = T.(Ho)JFR.(Hy) = T.(H,)JFR.(Hy).

The difference of resolvents of any two operators from A(F) is compact
by . Thus it follows from Weyl’s Theorem that all operators in A
share a common essential spectrum, which we will denote by o¢ss.

In the case of a rigged affine space A(F') which consists of semibounded
self-adjoint operators, it will be assumed that the shared form domain
D = dom[A] is mapped to a dense set in the auxiliary Hilbert space K by
the rigging operator F, i.e.

(3.26) FD =K.

This is already true in the case that F' is bounded, since with ¥(z) =
(]| +1)~'/2 we have D = rant(H) and ran(Fy(H))*+ = ker(¢»(H)F*) = {0}.
In general, it is not restrictive to assume ; if it were not true we could
simply redefine K by .

In defining a rigged affine space we have included only symmetric per-
turbations, but this is not necessary. If A(F) is a rigged affine space of
self-adjoint operators, then any perturbation F*JF, where J is bounded but
not necessarily self-adjoint, is relatively form-compact with respect to any
H e A and

A+ F*B(K)F
defines a larger complex affine space of sectorial operators. However, we are
primarily interested in the real subspace A of self-adjoint operators.
Let A be a rigged affine space and let Hy, H1 € Aand V € Agy. Suppose @

and 1 are Borel functions satisfying |¢(z)|, [¢(z)| < const.(|z|+1)~/2. Then
we will use the notation

(3.27) ©(Ho)Vip(Hn)
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to refer to the compact operator corresponding to the form

(fs9) = Vip(Ho)f, ¥ (H1)g)-

Note that this operator doesn’t depend on the rigging operator, in the sense
that if A(F1) and A(F3) are two rigged affine spaces such that Hy, H; €
A(F1)NA(Fy) and V € Ag(F1)NAg(Fz), then the result is the same. However,
if I is the rigging operator and V' = F*JF' then it can be practical to write

p(Ho)V(Hy) = (F@(Ho))" JFp(Hy).
The following proposition shows a typical instance in which a rigged

affine space can arise — by perturbing a self-adjoint operator in a relatively
compact direction.

PROPOSITION 3.16. Suppose we are a given an initial self-adjoint oper-
ator Hy and relatively compact self-adjoint perturbation V. If either V is
bounded or Hy is bounded below, then there exists a rigged affine space A,
with Hy € A and V € Aq.

PROOF. An essential requirement is to find a closed injective operator F’
and a bounded operator J so that V = F*JF (understood in the sense
of (3.21)). One possibility is F' = \/m and J =sgnV. In order to ensure
that F' is injective, let Fy be a positive injective operator on the kernel of V'
which we chose to be Hilbert-Schmidt. Set ' = /]V|[+ Fp and let K = ran F.
The real Banach space Ag(F') contains V' by construction. In fact it contains
any operator 1(V'), where 1 is a real-valued Borel function which is zero
at zero and satisfies |¢(z)| < C|z|, for some C' > 0 and a.e. = with respect
to the spectral measure of V, e.g. the positive and negative parts Vi of V.
Lemma @ implies that F is |Hy|'/?-compact and the rigged affine space
A = Hy + Ao(F) satisfies the requisite conditions. O




CHAPTER 4

The resonance index

The resonance index appeared in print in the paper [Azal6|, where it
is studied in detail. It is a tangible realisation of the idea of (infinitesimal)
spectral flow, which unlike other definitions also makes sense within the
essential spectrum. Outside of the essential spectrum, spectral flow has been
variously studied in terms of concepts such as the intersection number and
the total Fredholm index. An axiomatic description is given by J. Robbin
and D. Salamon in [RS95]. Proof that the total resonance index satisfies
these axioms, as well as direct proofs of its coincidence with the intersection
number and total Fredholm index, can be found in the detailed study of
resonance index outside of the essential spectrum [Azal7].

In this chapter the resonance index will be considered on a rigged affine
space A(F'). While its spirit is the same, this is not exactly the setting
which appears in [Azal6]. One difference is that in [Azal6| the perturbations
V = F*JF are chosen so that

JF dom[A] C dom F*,

which implies that they can be considered as operators, relatively bounded
with respect any self-adjoint operator in A. The situation is complicated
by the fact that in [Azal6] it is not assumed that the operators from A are
semibounded and instead the perturbations are assumed to be relatively
compact. However, there is no difference whatsoever in the case that the
rigging operator F' is bounded. We claim that all of the important results
translate virtually unchanged and for the most part this is immediately
clear, mainly because the roles of the resolvent R,(H) and the perturbation
V = F*JF are overshadowed by those of the sandwiched resolvent T, (H)
and the bounded operator J. Some things less clear are confirmed to hold at

the end of Section [4.2

4.1. Resonance points

Suppose that A(F) is a rigged affine space of self-adjoint operators, which
will be fixed throughout this chapter. This section addresses questions about
the dependence of the regularity condition A € A(H, F') on the operator
H € A. Along the way some equalities are established which play a significant
role here as well as in later chapters.

The following convenient notation also appears in [Yaf92, p.115]. For any
self-adjoint operator H € A, attach one copy of A(H, F') to each complex

53
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half-plane forming the sets

(4.1) Iy (H,F):=CLUA(H,F)
and then define
(4.2) II(H,F):=114(H, F)UIl_(H, F).

Elements of Iy (H, F') in the disjoint union II(H, F') can be distinguished by
their imaginary parts. That is, z € II(H, F') can be written as A £ iy, where
A =Rez and y = |Im 2|, so that A +i0 distinguishes between the two copies
of A(H, F') when ) is a regular point of H. The set II(H, F'; L) is similarly
defined: just replace A(H, F') by A(H, F; L) in the definition of II(H, F').

One reason for introducing the set II(H, F) is to index the operators
T.(H) and there will be little need to distinguish A 440 from A\ — 0 if the
limits Thyi0(H) and Th_;jo(H) are equal. In this regard, since z — T,(H)
is continuous on the resolvent set p(H ), we can identify A + 0 and A —i0
if A€ A(H,F)Np(H) = A(H,F) \ 0css. What is important is that for a
regular point A € o¢ss the operators Th4;o(H) may differ.

For any H € A, the sandwiched resolvent T,(H) is compact for any
nonreal z and for A € A(H, F) the operators Th+,0(H) are compact as the
norm limits of compact operators. In other words, T, (H) is compact for any
z € lI(H, F).

For any two operators Hy and H; = Hy + V, V = F*JF, from the affine
space A, the sandwiched version of the second resolvent identity holds
for any z from the intersection II(H;, F')NII(Hp, F). Indeed since it holds for
any nonreal z = X & 4y, if A belongs to the intersection A(H1, F') N A(Hy, F')
then taking the limit as y — 0 shows that it holds for z = A £ 40 as well.

LEMMA 4.1. Consider a straight line H., = Hy+rV, V = F*JF, r € R,
in the affine space A(F). For any z € II(Ho, F)NII(H,, F), the spectra of the

compact operators JT,(Hy) and T.(Hy)J cannot contain the number —r—1.

Note that if z is nonreal, then the inclusion z € II(Hy, F') N II(H,, F)
is automatic, so that this lemma implies that the operators JT,(Hp) and
T.(Hp)J do not have nonzero real eigenvalues.

PrOOF. We can immediately dispense with the case » = 0. Since the
compact operators 1 (Hy)J and JT,(Hy) share the same nonzero eigenvalues
by , it suffices to consider one. Assume contrary to the claim, that —r—!
is an eigenvalue of JT,(Hy). Letting ¢ # 0 be a corresponding eigenvector,
we have

(1+ rJT,(Ho))d = 0.
But since z € II(Hy, F) NII(H,, F), the sandwiched second resolvent identity
T.(Hy) =T,(H,)(1+rJT.(Hyp))
holds and implies the contradiction

0%# —r Y = JT,(Ho) = JT.(H,)(1 + rJT.(Hp)) = 0. 0
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COROLLARY 4.2. Let V = F*JF be a perturbation from the real Banach
space Ag(F) and suppose that

(4.3) JF dom[A] C dom F™.

Then as an operator V.= F*JF is H-bounded for any self-adjoint operator
H € A and for any nonreal z, the operators JT,(H), T,(H)J, VR,(H), and
the closure of R,(H)V, all share the same nonzero eigenvalues (counting
multiplicities) none of which can be real.

PROOF. The inclusion (4.3]) implies that V' is H-bounded by Lemmam
From Lemma and (2.22) we know that T.(H)J and JT,(H) share the

same nonzero eigenvalues and none are real. With o(z) = (|| +1)~/2 and
0. (x) = (|z| + 1)Y?(z — 2)~ 1, from (3.3) we have
T.(H)J = Fo.(H)(Fe(H))"J.
By (2.22)), this operator therefore has the same nonzero eigenvalues as the
operators
(Fe(H))" JFe.(H) = o(H)Ve.(H),
Vo.(H)p(H) =VR.(H).
Lemma 3.3 implies that R.(H)V = (VRz(H))*. The nonzero eigenvalues of

this operator are the conjugates of those for V Rz(H), which are shared with
T:(H)J and hence are the conjugates of those for JT,(H). O

We can now establish some important equalities. Let Hy and H; =
Hyp + V be any two operators from A(F), where V = F*JF. Suppose
z € II(Hoy, F) NII(H;, F). Following from Lemma and the sandwiched
second resolvent identity , we get

(4.4) T.(H,) = (1 + T.(Ho)J) Y. (Hy) = T.(Ho)(1 + JT.(Hp)) L.

From the first of these equalities and the density of the range of F*, we also
obtain the equality

(4.5) FR.(Hy) = (14 T.(Ho)J)""FR.(Hy)
and by taking its adjoint
(4.6) (FR,(Hy))* = (FR,(Ho))*(1 4 JTs(Hop)) "

One more equality worth noting (cf. [KK71, p. 144; [RS79, (99); |Azal6l
(2.7.11)]):

(4.7) ImT,(H;) = (1+ Ts(Ho)J) ' Im T, (Ho)(1 + JT.(Hp)) L.

This is implied for z = A£iy, y > 0, by , , and . Then the case
z=\=+1i0, A € A(Hy, F) N A(Hqy, F), follows by taking the limit y — 0F.
By the continuity of the inverse and Lemma the factor (1+7,(Hg)J)™*
is norm-continuous as a function of J. Therefore it follows from the above
equalities that the operators T,(H) and FR.(H) vary norm-continuously
with H € A. Moreover, these operator valued functions are continuous in
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the norm the Schatten ideal £, if it is assumed that their value at some Hy
belongs to £,. This is one reason that these equalities will be important
later.

PROPOSITION 4.3. Let Hy and Hy = Hy+V, V = F*JF, be two operators
from the affine space A(F). Suppose Hy is reqular at A\. Then Hy is resonant
at X if and only if the compact operator Txyio(Hp)J has —1 as an eigenvalue.

This proposition holds if the operator To(H)J is replaced by any one
of the operators JTh+0(H) or Th—_io(H)J, as is evident from its proof.

PROOF. By the Fredholm alternative, —1 is an eigenvalue of T0(Ho)J
if and only if the operator 1 4+ Tx40(Hp)J is not invertible. Put z = A + iy
with y > 0 and consider the equality . By letting y — 0, it can be
inferred that if (1 + Ty0(Hp)J) ™! exists then so does Ty yio(H1). And by
Lemma existence of the operator T;;0(H1) implies invertibility of the
operator 1 + Ty yi0(Ho)J. O

The union of the sets A(H, F') over a collection of operators { H, },e7 C A
will be denoted A({H,}, F'). Its elements will be called essentially reqular
points of the collection. Elements of A(A, F') are just called essentially
regular. Similarly, we define

A{H,}, F; £1) := | A(H,, F; £1)

rel

and call the elements essentially trace-regular points of {H, }.

Let X be essentially regular. The set of operators from the rigged affine
space A which are resonant at A is called the resonance set at . It is
denoted by R(\;.A). In particular we will consider one-dimensional sections
of the resonance set. If H,., r € R, is a path in A, then its intersection
with the resonance set can be identified with those values of the coupling
parameter r at which the intersection occurs. This set of values r € R such
that H, € R(\;.A) is denoted R(\;{H,}) and is called the resonance set of
the path.

Suppose that a path H, in A(F') depends on r analytically. By the
definition of the norm on Ay(F'), this means that for any s € R, H, =
Hs+V,_g, where V,_s = F*J._ F and r — J,_s is an analytic path in B(K).
We consider the path J._g to be analytically extended to a neighbourhood of
the real axis. In this way H, can be considered as an analytic function with
values in the larger affine space A+ F*B(K)F. Let s € R and z € II(Hy, F).
Then the function r — T,(H,)J,—s (defined on a neighbourhood of R) is
an analytic compact operator valued function. It follows from the analytic
Fredholm alternative (Theorem , that the operator valued function

(4.8) r (14T (Hg)Jps) ™

is meromorphic and its pole-set is the discrete set of points r for which —1 is
an eigenvalue of the compact operator T,(Hg)J,_s. These poles are called
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resonance points of the path H, corresponding to z. A resonance point at z
is usually denoted by r,. Note that 7, = rz. Points which are resonant at z
are called anti-resonance points at z.

The definition of resonance points doesn’t depend on the choice of
regular point s. Indeed, if s; and so are two regular points at z, i.e. z €

II(Hs,, F) N1I(Hs,, F'), then the equality (4.4]) applies and
1+ TZ(H81)J1”*81 =1+ (1 + TZ(HSZ)JSI*SQ)_ITZ(HSQ)JT*SI
=1+ TZ(HSQ)JSrSQ + TZ(HSQ)JT*SI
=1+ TZ(HSQ)JT,SQ.

And of course this notion of resonance points agrees with the previous one,
in the sense that if A € A(Hs, F'), then by Proposition the discrete set of
real resonance points corresponding to A\ coincides with the resonance set
R(X\;{H,}) defined above.

In the present context equality reads

T.(Hy) = (1 “'TZ(HS)JrfS)_lTZ(HS)

and due to the meromorphicity of the factor , the left hand side can
be considered as a meromorphic compact operator valued function of the
coupling parameter r. With z = A + iy, y > 0, resonance points r, of the
path H, are thus poles of r — T,(H,) and the resonance set R(\;{H,}) is
the intersection of the pole set of r — Th1,0(H,) with the real line.

THEOREM 4.4. Let H, be an analytic path in A(F) and suppose X\ is
essentially reqular. Then either the resonance set R(\;{H,}) is the whole
real line, or it is discrete in which case it consists of the real poles of the
function v — Thyi0(Hy).

4.2. Resonance index

Suppose a triple (A, Hy,, V) is chosen as follows: the real number A is
an essentially regular point; the operator H,, € A is resonant at A; and the
direction V' = F*JF € Ay is regularising, in the sense that X is an essentially
regular point of the straight line H, = H,, + (r — r\)V. Or in other words
suppose that A is an essentially regular point of a straight line H, in the
direction V and r) is a resonance point of this path.

Let s € R be any regular point of the path H,, i.e. s ¢ R(\;{H,}), and
put z = A+t iy, y > 0. Then from the previous section r, is a resonance
point if and only if one of the following equivalent conditions holds:

- r, is a pole of the compact operator valued function
ris To(Hy) = (1+ (r — 8)To(Hs)J) ™ T, (Hsy),

which is meromorphic in C.
- the compact operator T,(Hy).J has an eigenvalue at

(4.9) 0.(s) = (s —7r,)"L.



58 4. THE RESONANCE INDEX

Consider shifting the point A slightly to A + iy for small positive (or
negative) y. Note that the compact operator T, (Hs)J is continuous
as a function of y > 0 and depends analytically on y > 0. By a well
known result on the perturbation of isolated eigenvalues (see e.g. [Kat84])
the eigenvalue o) (s) of Thii0(Hs)J may in general split into finitely many
eigenvalues a}\+iy(s), . ,Uf\VHy(s) of Thtiy(Hs)J. These N eigenvalues are
stable for small y and are collectively known as the o) (s)-group. Via the
correspondence , we may alternatively consider the ry-group of resonance
points rf\Hy, j=1,..., N, which split from r) (see Figure H below). Note

that for each j, the resonance point rf\ +iy and the eigenvalue ai iy lie in the
same complex half-plane. By Lemma none of the resonance points of
the ry-group are real. The number of resonance points counting multiplicities
which lie in the upper complex half-plane C,. is denoted N;. The number
lying in the lower half-plane C_ is denoted N_. The difference Ny — N_ is
the resonance index

indyes(X; Hy,, V) := Ny — N_.

Note that the resonance index doesn’t depend on the rigging operator, in
the sense that if A is an essentially regular point of the path H, with respect
to two different rigging operators, the resulting real resonance points and
corresponding resonance indices are equal. This is because both notions are
characterised in terms of the eigenvalues for y > 0 which converge to
the real axis when y — 0% and by these eigenvalues are common to
the following compact operators, the second of which doesn’t depend on F

(see (3.27)).
T)\Jriy(HS)J - FSO)\Jriy(Hs)(F“P(HS))*Jﬂ
SO(HS)VSOAHy(HS) = (FSD(HS))*JF<P>\+iy(Hs)7
where p(z) = (|z| + 1)"/2 and ¢.(z) = (Jz| + )V3(z — 2)~ L.

Again suppose A is an essentially regular point of a straight line H, in
the direction V = F*JF. Let z = A+ iy, y > 0, and let r, be a resonance
point corresponding to z. By P,(r,) we denote the Riesz idempotent

! ?{ (0 — Tu(H,)J) " do,
Clo-(s))

2mi

(4.10) P,(ry) =

where C(0(s)) is a small positively oriented circle enclosing the eigenvalue
0.(s) = (r, — s)~!. Then P.(r.) is a finite-rank (not necessarily orthogonal)
projection onto the generalised eigenspace of the compact operator T, (Hs)J
at the isolated eigenvalue o, (s). The rank of P,(r,) is called the multiplicity
of the resonance point 7., usually denoted by V.

The projection P,(r,) is also the residue of the meromorphic function
r — T,(H,)J at the pole r,. Hence it does not depend on the choice of
regular point s in (4.10)).
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PROPOSITION 4.5. The finite-rank projection P.(r,) defined by (4.10))
satisfies the equality

1

(4.11) P,(r,) = 37

7{ T.(H,)J dr,
C(r2)

where C(r;) is a small circle enclosing the resonance point .

This appears as Proposition 3.2.3 in [Azal6]. The proof is reproduced
here for convenience.

PrROOF. Put A,(r) = T,(H,)J. Let s be a non-resonant complex number
outside the circle C(r). Using the sandwiched second resolvent identity (4.4)),

7{ A (r) dr:j{ (14 (r — $)A(s))" AL (s) dr
C(rz) C(rz)

— j([ ! (1= (14 (r—s)A.(s)"") dr
C(r2)

r—s

—§ -9
C(rz)

sS—rT

where in the last line we have used Cauchy’s theorem and the analyticity
of (r — s)~! within C(r.). Let C(0.(s)) be the image of the contour C(r,)
under the mapping r — o(r) = (s —r)~1. Then C(0.(s)) winds once around
0.(s) = (s —r,)~! and by making the change of variables r <> o(r), we

obtain
f{ A(r)dr = f o1 — 0~ A.(s)) o2 do
CGr) C(o-(5)

—f (0 — Au(s) "L do
C(o-(5)
=27miP,(r,). O

For small positive or negative y, we define
T _ J
P)\-H'y('r)\) = Z PA+iy(TA+iy)v
Ti-&-iye C4
. . j
where the sum is taken over those resonance points ry iy of the ry-group

which belong to the upper complex half-plane C... Similarly, the idempotent
P)% iy (r>\‘) is defined as the sum of idempotents Py (1} +4y) for resonance

points rf\ iy of the ry-group in the lower half-plane C_.
Since the trace of P,(r,) is equal to the multiplicity of r,, for small
positive y the resonance index at r) is given by

(4.12) indyes(\; H,y,, V) = Tr (P/Iﬂy(r,\)) Ty (P;iy(m)) .

If C(ry) is a small circle enclosing the resonance point ry, then for small
o . . . j
positive y, it also encloses all resonance and anti-resonance points 77 iy
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of the ry-group. Let C(r)) denote the positively oriented upper closed
semicircle formed by cutting C(ry) at the real axis (see Figure [4.1)). Then

from (4.11]), we get

1
Jq{c ( )EImTAHy(Hr)Jd” = Pl (1) = PL, ().
+(r2

Combining this with (4.12)) proves the proposition below, which is Proposi-
tion 5.3.2 in [Azal6].

T e 0-’“‘_ Ci(ry)
o]

C_

FIGURE 4.1. This picture shows a region of the complex
plane in the vicinity of two real resonance points ry and 7“1\.
The dotted trails show the splitting of these resonance points
into the ry- and r}-groups. Solid dots stand for resonance
points corresponding to z = A + iy, y > 0, whereas circles
stand for anti-resonance points of z (i.e. resonance points
of z). The positively oriented semicircle Cy (ry) encloses all
resonance and anti-resonance points of the ry-group in the
upper half-plane. The distance between 7y and 7} is likely
much larger than the diameter of Cy (r)). The multiplicity
of 7\ is 3, the multiplicity of r is 1, and their resonance
indices are respectively 1 and —1.

PROPOSITION 4.6. Let A be an essentially reqular point of a straight
line Hy in a rigged affine space A(F') in the direction V.= F*JF. Suppose Ty
belongs to the resonance set R(A\;{H,}). Let C(ry) be a small positively
oriented circle enclosing vy and no other resonance points and let C4(ry) be
the positively oriented closed semicircle forming the boundary of the region
of C4 enclosed by C(ry) (as in Figure . Then for any small enough
positive number y,

1
(4.13) indyes(A\; Hy,, V) = Tr </ —Im Ty (Hy)J dr) )
C

r(ra) T

The characterisation of the resonance index given in Proposition is
all that will be required in order to connect it to the singular SSF. The
information in the remainder of this section has more relevance to the
considerations of the paper [Azal6| than it does to the rest of this document.
It is included here because it supports the interpretation of the resonance
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index as the infinitesimal flow of singular spectrum and because the given
proofs have required some adjustment to the setting of a rigged affine space.

As above, suppose A is an essentially regular point of the straight line H,
in the direction V. Let r, be a resonance point corresponding to z = X £ iy
for y > 0. The range of the projection P,(r,) is denoted by Y,(r,) and its
elements are known as resonance vectors. Moreover, the vector spaces of
resonance vectors of order < k are defined by

(4.14) YH(r,) == ker(1 + (r, — s)T.(Hs)J)k.
The increasing sequence of vector spaces
{0} = T2(r2) C Ti(r2) C T2(r2) C

stabilises and the union is Y,(r;). It can be shown (|Azal6, Proposition
3.1.2]) that the vector spaces (4.14]) do not depend on the choice of regular
point s. The integer

(4.15) d=min{k € N: TE(r) = T.(r.)}

is called the order of the resonance point 7,. Also, m = dim Y1(r.) is called
the geometric multiplicity of r,.
The operator A,(r,) is defined by the formula

i. / (r —r,)T.(H,)J dr,

AZ(TZ) - 21

where C(r,) is a circle enclosing r, and no other resonance points. This
operator satisfies

A, (r,) =A,(r,)Py(ry) = Py(ry)A.(r2).

Moreover, while P,(r,) is the residue of the meromorphic function r
A,(r) :=T.(H,)J at the pole r,, the powers of A,(r,) constitute the rest
of the principal part of the Laurent series of A,(r) at r, (|Azal6, Proposi-
tion 3.3.1]), that is, in a neighbourhood of r,

A,(r) = A, (r)+ (’I“*T‘Z)_IPZ(T‘Z)+(’I“*TZ)_2AZ(TZ)+...+(7’7’I"Z)_dAd_1(Tz),
(r

where A, ) is the holomorphic part and the positive integer d happens to be
the order of r, defined by (4.15)). Further ([Azal6, Theorem 3.4.3]), A.(r.)
is nilpotent with A%(r.) = 0 and it lowers the order of a resonance vector in
the sense that

Az<rz)T]§(rz) = T];_l(rz)7

forany k=1,...,d.

PROPOSITION 4.7. Let z be nonreal and let v, be a resonance point
corresponding to z. Then Y .(r,) C F'D, where D = dom|A].

PRrOOF. This is clear if F' is bounded, so suppose otherwise. Since a
resonance vector u € Y,(r,) is a solution of the resonance equation

(4.16) (1+ (rs — 8)T(Hy)J)u = 0,
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for regular s, it belongs to the range of the operator T,(H).J. Since z is
nonreal and thus belongs to the resolvent set of Hy,

T.(Hs)J = Fop(Hs)(Fepz(Hs))"J,
where ¥(z) = (Jz| +1)""2 and ¥, (z) = (Jz| + 1)/?(z — 2)~L. Since D =
ran¢(Hy), we see that Y,(r,) C FD. O

LEMMA 4.8. Suppose F: H — K is an unbounded rigging operator and
A(F) is a rigged affine space. Let Hs be semibounded operator from A and
let z be an element of its resolvent set p(H). Suppose H is bounded below
by m € R and put

bo(x) = (x—m)' Ple—2)7", W)= (@—m) ',
f=v:(Hs)fo,  x=v(Hs)xo,

for some fo, x0 € H. Then there is the equality

(HS - Z)[fa X] = <f07X0> .

Note that f and x in this lemma belong to the form domain D = dom[.A]
and the set of all such vectors exhausts D.

(4.17)

Proor. Using the representation theorem for semibounded operators

(Theorem [2.24),
(H, = 2)[f:x] = ((He =m)V2f, (H, = m)) + (m = 2) (F£.0)

Then since (z—m)"/?y,(z) = 14+ (z—m)(z—2)"" and ¥ (z)y.(z) = (x—2) ",
by the definitions of f and x, we get

(Hs = 2)[f, x] = (fo, 1+ (2 = m)R.(Hs)) x0) + (m — 2) {fo, R-(Hs)X0)
= (fo, x0) -
O

PROPOSITION 4.9. Let z be nonreal and let r, be a resonance point
corresponding to z. If Fx®) is a resonance vectors of order k, then for

any f € D = dom[A],

(Hrz - Z) [f?X(l)] =0,
(HTz - Z) [f7 X(Q)] = _V[f7 X(l)]a

(Hy, = 2)[f xM] = =V [£.x*V],
where the vectors x\9) satisfy Fx*=9) = Ag(rz)FX(k).
ProoF. This is a consequence of the equality
(L4 (rz — 5)A(5)) Pa(rz) = —Az(s)Ax(rz),
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which can be proved as in [Azal6, Proposition 3.4.6]. It implies that for any
j=1,... .k,
(4.18) (1+ (rs — 8)As(8)) FxW) = A, (s)FxU .
To complete the proof, if F' is bounded then the proof of [Azal6, Corol-
lary 3.4.7] applies. In the case F' is unbounded and A(F') consists of semi-
bounded operators, the same argument can be adjusted as follows.

Let s be a regular point and put A,(s) := T,(H)J. Supposing m < Hj,
since x\¥) € D we may use the notation ([£.17) and write x() = w(HS)X(()J)

for some X(()j) € H. Then using the fact that Fi(Hs) has trivial kernel,
we obtain

\ + (2 = ) (Fs(H)) TFXD) = —(Fs(H,)) TFXIY,
where 1), is as in (4.17)). For any other f = ¢3:(H;)fo € D, making use of

Lemma [4.8]
(Hy. = 2)[f xXV] = (Hs = 2) [, XD] + (r. = )V [f.xV]
= (fox§" ) + (= = 5) {fo, (Fu(HL)) " TFXD))
= = (fo, (P (H,))"TFXI)
= -V [f,xU]. O

THEOREM 4.10. Let A be an essentially reqular point of a straight line H,
in the direction V.= F*JF within a rigged affine space A(F'). Put z = Atiy,
y > 0. If z is an eigenvalue of the operator H,, = H, + (r, — r)V, then
the complex number r, is a resonant point of the path H, corresponding
to z. If z is outside of 0ess, then the converse holds. Moreover, the rigging
operator F is an injection of the eigenspace of H,, at z into Y1(r,) and a
linear isomorphism if z ¢ Oess.

This theorem is a combination of Theorems 4.1.1 and 4.3.2 in [Azal6].

PROOF. In the case that F' is bounded, the proofs in [Azal6| apply. If on
the other hand F' is not bounded and A consists of semibounded operators,
we can modify the arguments as follows.

Suppose z is an eigenvalue of H,._ and let x be a corresponding eigenvector.
Let s € R be any regular point of the path. It follows that z can not be an
eigenvalue of Hg;. We first consider the case that z is outside of 0.z and
hence belongs to the resolvent set p(H,). For any f € D = dom|A] there
holds the equality

(419) (HS _Z)[f7X] = (S—T‘Z)V[f, X]a

which is obtained by adding (s — r,)V to the eigenvalue equation for H,_.
Supposing Hg > m, there exist fo,xo € H so that we may again use the
notation (4.17) and by the lemma

(Hs = 2)[f, x] = (fo, x0) -
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Combining this with (4.19) and factorising the perturbation V' gives
<f07X0> = (S - TZ) <Ff7 JFX>
= (s —r2) (fo. (F.(Hs))" JFx),
which holds for any fy € H and hence implies the equality of vectors
(4.20) Xo = (s —72)(Fv,(Hs)) JF.
Therefore,
Fx = Fy(Hs)xo

= (s —r2) P (Hy) (Fp. (Hy))* T Fx

= (s—ry)T,(Hs)JF,
showing that F'y is a first order resonance vector.

For the case that z = X is within o.ss, we will write A instead of z and
allow z to refer to A & iy for small positive y. Then we consider the modified

version of
(Hs = 2)[f,x] +iy (f,x) = (s = m)VIf, x]-

By applying the above argument we obtain the equality
Fx+iyFR,(Hs)x = (s —r\)T.(Hs)JFx.

Since the right hand side converges as y — 07, so does the left hand side.
It remains to show that the limit g := lim,_,+ iyF'R,(Hs)x is zero. Since A
is not an eigenvalue of Hg, the operator yR,(Hs) converges weakly to zero.
Hence (¢, g) = 0 for any ¢ € dom F™*, from which it follows that g = 0.

Now suppose r, is a resonance point of H, corresponding to z = A + iy,
y >0, with A € 0egs. Let u € T,(r,). From Proposition it must be that
u € FD, say u = Fx. With s € R again denoting a regular point and for
any f € dom[A], we may again write (4.17). Since Fi)(Hy) has trivial kernel,
from the resonance equation (4.16) we obtain (4.20). Then combining this

with Lemma [4.8]
(Hs = 2)[f, x] = (fo, x0)
= (Jo, (rz — s)(F.(Hs))" JFx)
= (r= = s)VIf.x].

Thus H,,[f,x] = z(f,x) for any f € dom[H, | from which it follows that
X € dom H,, and H,,x = zx as required. U




CHAPTER 5

The spectral shift function (SSF)

The majority of this chapter consists in an exposition of the SSF for
relatively trace class perturbations. This material is well-known. Indeed
M. G. Krein himself, having established the existence of the SSF assuming
a trace class difference V' := H; — Hp in [Kreb3|, later extended this to
resolvent comparable pairs by transformation from the case of unitary pairs
with trace class difference in [Kre62]. However, the point of view taken
here seems to be new. As discussed in the introduction, the approach is as
follows. The primitive object is considered to be the infinitesimal spectral
shift measure which takes the form

2u(V)(p) =Te(Ve(H)), ¢ € Ce(R).

To define this object on a rigged affine space of self-adjoint operators A, it is
necessary to impose a condition of trace class type, which is the subject of
Section [5.2]

We will consider only ‘relatively trace class’ perturbations. More precisely
we assume that a rigged affine space A(F) has a relatively Hilbert-Schmidt
rigging operator F, in the sense that FR,(H) € L2(H,K), for z € C\ R
and H € A. This implies that any pair of self adjoint operators Hy, Hy € A
satisfies the condition

(5.1) RZ(Hl)—RZ(Ho) E,Cl(/H), z E(C\]R.

Adopting terminology which appears in [Yaf92], a pair Hy, H; of self-adjoint
operators satisfying will be called resolvent comparable.

Assuming it is well defined, the infinitesimal spectral shift measure ®
can be viewed as a generalised 1-form on the affine space A. Moreover,
by using double operator integral techniques it can be proved to be exact.
Therefore its integral along any path H, in A depends only on the pair of
endpoints Hy, Hi. This defines the spectral shift measure in keeping with
the Birman-Solomyak formula:

1
€(g: Hy, Ho) = /O Dy, (I1,)(g) dr, o € Cu(R).

By reduction to the case of a trace class perturbation, the spectral shift
measure can be shown to be absolutely continuous. Hence it can be identified
with a locally integrable function, namely the SSF.

This material takes us to Section In Section the decomposition
of the SSF into absolutely continuous and singular parts is discussed. Finally

65
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in Section a counterexample taken from [Azalla] is reviewed, which
shows the path-dependence of the singular SSF.

5.1. SSF for trace class perturbations

This section consists of a review of Krein’s famous theorem on the
existence of the SSF for trace class perturbations. Other expositions can be
found e.g. in [Sch12, Chapter 9; BY93, §3; Yaf92, Chapter 8].

THEOREM 5.1. Let Hy and Hi be self-adjoint operators on a Hilbert
space H with a trace class difference V := Hy — Hy. Then there is a unique
integrable function & € L1(R) which satisfies the trace formula

(5.2) Te(p(H) — o(Ho)) = /R S (VER)

for all test functions p € C°(R).

As an aside, the premise of Theorem is equivalent to the assumption
that Hp and H; belong to a rigged affine space A(F') with a Hilbert-Schmidt
rigging operator F'.

ProOF. It suffices to show that (5.2)) holds when ¢ is the resolvent
function ¢ = R,, z € C\ R. This can be seen using the Helffer-Sjostrand
formula, which for any test function ¢ implies the equality

5:3) o) () = = [ 95() (RuAth) - R.(H) dody

T
where z =z + iy, 0 = %390 + %ay, and ¢ is an almost analytic extension of ¢
(see Section . Since ||R,(H1) — R.(Ho)|l1 < |y|=2||V]|1, which follows
from the second resolvent identity and the estimate |R,(H)|| < |y|~!, and
since holds with p = 2, the integrand on the right hand side of
is a bounded and compactly supported L;-valued function. It follows that

the left hand side belongs to the trace class and

1 =~
T (p(H) — o(Ho) =~ | 0p(2) Te (R.(H) ~ Ru(Ho)) dedy.
R
Then after substituting the trace formula for R, an application of Fubini’s

theorem shows that the right hand side is equal to

- 270 <‘/RR§(A)§(A) dA) dzdy

_ /R <_71r RCOLCY da:dy) £(\) dA

and the trace formula for the test function ¢ now follows from (2.17)).
Suppose first that the perturbation V has rank one, in which case it
must be that V = a (v, -) v for some o € R and ||v|| = 1. For convenience
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suppose « > 0. (The case v < 0 can be reduced to an exchange of the roles
of Hy and H;.) Then put

(5.4) A(2) = Mg 1o (2) == 1+ a (v, Re(Ho)o)
This is a Nevanlinna function — it is holomorphic in the upper half-plane C
where its imaginary part Im A(z) = o (v, Im R,(Hp)v) is positive.

Hence the function f(z) := log A(z) (the principal branch) is also a
Nevanlinna function with Im f(z) = arg A(z) € (0,n]. Moreover, |yf(iy)]

is bounded for large y > 0. To check this, we use the approximation
log(14+ w) ~ w for small w to calculate

Jm —iyf(iy) = lim —iy(A@y) — 1)
. —idy +y°
= lim a/R W d<’l), EO()\)’U)

(5.5) —a /R dlv, Bo(\)v) = o,

where the dominated convergence theorem was used in the last line.
It can therefore be concluded from Theorem [2.9|that f(z) is the Cauchy-
Stieltjes transform

A
(5.6) £(2) = log A(z) = / £ gy
R A—z
of the function £ € Lq(R) given by
(5.7) £\ =7 lim arg A(\ +4y) € [0,1].
y—0
Combining (5.6 and (5.5) shows that this function satisfies

O —iy &) oy

(5.8) o= ylingo —iyf(iy) = ylin;o =iy d\ = A E(AN)dA,

where dominated convergence was again used to calculate the limit.
To show that the function £ defined by (5.7)) satisfies the trace formula,
we differentiate the formula ([5.6)) for nonreal z :

(5.9) (A(2)) Lo <’U,R§(H0)’U> = — /R ()\592)2 dA.

Since V = a (v, ) v, the second resolvent identity takes the form

(5.10) R.(Ho) — R.(H1) = o (Rs(Ho)v, ") R.(Hy ).

It follows that R.(Hi)v = (A(z)) 'R.(Hp)v, which upon insertion back
into results in the equality

(5.11) R.(Hy) — R.(H,) = (A(2)) o (Rz(Hp)v, ) R.(Hp)v.

The trace of this rank one operator is given by the left hand side of ([5.9).
Thus we have established the trace formula ([5.2)) in the case ¢ = R, for a
rank-one perturbation.
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For a pair Hy, Hi, of self-adjoint operators with trace class difference
V = Hy — Hy, the perturbation determinant is defined for z € p(Hp) by

A(2) = Ag, 1y (2) = det(1 + VR.(Ho)) = det((Hy — 2) R.(Hp)),

which clearly generalises . Some of its relevant properties are collected
below, whose proofs can be found e.g. in [Sch12| Section 9.6;|Yaf92, Part 1
of §8.1].

Let Hy, Hy and Hoy be self-adjoint operators such that their pairwise dif-
ferences are trace class. The perturbation determinant A(z) is a holomorphic
function, which for any nonreal z satisfies the equalities

(5'12) AH2/Ho(z) - AHQ/HI(Z)AHl/HO(Z)7
(5.13) (A /b (2)) " Al gy (2) = Te(R:(Ho) — R(Hn)).

Let Hy be self-adjoint. For an arbitrary self-adjoint and trace class
perturbation V, there is an orthonormal basis {v;} and summable sequence
{ar} C R so that V is the £;-limit of the following finite rank operators

Vi = Z v (Vk, ) vk
k=1

Moreover, we have ||V = >3, |ag| and Tr(V) = > "7, ag. Let H, =
Hy+V, and let &, be the SSF for the pair H,_1, H,, which differ by the rank
one perturbation a;, (vp, ) v,. Then it can be shown using ([5.8) that the
series Y, &, converges in L;(R). Let { denote its limit, which therefore
satisfies the equalities

/ €N dA = [V, / £V dA = Te(V).
R R

Moreover, the multiplicative property (5.12)) and the identity (5.6]) imply

[ A
AI'In/];IO H AHn/Hn 1 = eXp ( R ZkAl_&-Z() d)\> ’

which in the limit n — oo generalises (5

§(A
log A gy 4v/, (2) /

Finally, differentiating this equality using establishes the trace formula
in the case ¢ = R,.

Finally to prove the uniqueness, it suffices to check that the trace for-
mula defines a locally integrable function £ up to an additive constant,
since only one such function can be integrable. We claim that the left hand
side of defines a generalised function, which according to the right
hand side is equal to the (negative of the) generalised derivative of £. So
the difference of two locally integrable functions &1 and & which satisfy

J— Z '
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has generalised derivative zero and is therefore constant (see e.g. [GS64,
Section 2.6)).
To check that the formula

(5.14) €' () = Tr(p(Ho) — ¢(H1))
defines a generalised function, suppose that ¢,, n =1,2,..., is a sequence of

test functions supported in a common compact set such that \|<p£Lm) loc — 0
as n — oo for m =0,1,.... It follows from the Helffer-Sjostrand that

€ln) = + | 06.(2) Te(R.(Ho) = Ru(1h)) dody

and it can be seen from that the almost analytic extensions can
be chosen so that the integrand converges uniformly to zero as n — oo.
Dominated convergence then implies that |£'(¢,)| — 0. It follows that &
(which is obviously linear) is continuous on C2°(R) and hence a generalised
function. O

5.2. A trace condition

Following M. Sh. Birman and M. Z. Solomyak, the SSF corresponding to
a pair of self-adjoint operators Hy and H; = Hy + V can be viewed as the
density of the measure

A~ /1 Tr(VE,.(A))dr,
0

where I, is the spectral measure of H, = Hy+rV. To give this proper sense
in the setting of a rigged affine space A(F’) we require a condition of trace class
type. If H, € A, with V = F*JF € Ay, then for any bounded Borel set A,
the expression Tr(V E,.(A)) can be interpreted as Tr((FE,(A))*JFE,(A))
provided the inclusion

(5.15) FE(A) € La(H,K)

holds. A trace condition should at least imply (5.15)), which already implies
the LAP by Corollary We will make a significantly stronger assumption

than ([5.15):

DEFINITION 5.2. Let A(F) be a rigged affine space. We will say that A
is resolvent comparable if

(5.16) FR.(H) € L3(H,K)
for any H € A and any nonreal z.

For a rigged affine space to be resolvent comparable, it is enough for the
inclusion to hold for some Hy € A and some nonreal z. That it then
holds for any other nonreal w follows from the boundedness of the function
R,,/R. and hence of the operator (Hy — z)R,,(Hp). It holds for any other
H; € A due to the equality .
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This resolvent comparable assumption is well-known to hold for low-
dimensional Schrodinger operators. Proof can be derived from results which
address the following kind of questions. Let H be a Schrodinger operator
and let f and g be two functions. When is the operator

(5.17) g(x)f(H)
Hilbert-Schmidt? These kind of questions are discussed in B. Simon’s
book [Sim05] in the case of the free Hamiltonian H = —A. For many

other Schrodinger operators H = —A + V| Schatten ideal properties of the
operator can be reduced to the case of the free Hamiltonian with
the aid of the second resolvent identity; this is a well known method which
is also used in the proof of the LAP for Schrodinger operators with short
range potentials, see e.g. [Agm75|. For more general Schrodinger operators
of the form H = —A + V, Schatten ideal properties of the product are
surveyed in [Sim82] (see in particular [Sim82, Theorem B.9.1]).

For now, we use the method involving the second resolvent identity,
beginning with the basic result:

PROPOSITION 5.3. If f,g € La(RY), then the operator g(x)f(—iV) is
Hilbert-Schmidt.

Proor. This is a simple case of the more general result |[Sim05, The-
orem 4.1]. With A and v referring respectively to the Fourier transform and
its inverse, the operator g(z)f(—iV) is interpreted La(R¥) 3 ¢(z) = g(f¢) .
Since this is an integral operator

AV 1 5
(0(78))@) = ooz [ 9@ = wolwa,

whose kernel K (z,y) = (2m)~"/?g(x) f(z — y) satisfies the inequality || K||s <
(2m)7%/2||gll2|| fll2, it is therefore Hilbert-Schmidt (see e.g. [Sim05, The-
orem 2.11; [RS72, Theorem VI.23]). O

Applying Proposition to the function f(z) = (22 — 2)~!, a function
which is square-integrable only when v < 3 (the same restriction on the
dimension appears in [Sim82, Theorem B.9.1]), gives

COROLLARY 5.4. If g € Lo(R"), where v = 1,2, or 3, then the operator
g(z)R,(—A) is Hilbert-Schmidt.

COROLLARY 5.5. Let Hy = —A+Vy be a Schrédinger operator on La(RY),
v=1,2, or 3, where Vj € Loo(R"), and let V € L1(R"). Then there exists a
resolvent comparable rigged affine space A such that Hy € A and V € Ayp.

PROOF. Since V' € L1(RY), we have F := /|V| € Ly(R"). From Corol-
lary it follows that the operator FR,(—A) is Hilbert-Schmidt. Then
using the second resolvent identity (3.18]), the operator

FR.(Hy) = FR,(—A)(1 — VoR.(Hy))
is also Hilbert-Schmidt. Now Proposition [3.16] completes the proof. O
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The remainder of this section collects some properties of resolvent com-
parable rigged affine space which will be useful later. Firstly, for an analytic
path in such an affine space the property of regular points expressed in
Theorem [£.4] holds for trace-regular points as well:

THEOREM 5.6. Let A(F') be a resolvent comparable rigged affine space
and let H, be an analytic path in A(F). Suppose X is an essentially reqular
point of the path H,. Then X\ belongs to A(H,, F'; L1) if and only if r does
not belong to the discrete resonance set R(A\;{H,}).

Proor. By Theorem the inclusion A\ € A(H,,F;Ly) C A(H,, F)
means that r ¢ R(\; {H,}). It remains to show that if A\ belongs to A(H,, F)
then it also belongs to A(H,, F;L1). Given that A € A(Hy, F'; Ly), this
follows from the equality . O

PROPOSITION 5.7. Let A be a rigged affine space and let H be an arbitrary
fixed operator from A. Put p =1 if A is resolvent comparable and p = oo
otherwise. Then for z € C\ R, the function

A5V = R.(H+V)—R,(H) e Ly(H)
s continuously Fréchet differentiable with derivative at Vi given by
(5'18) V= _RZ(H + %)VRZ(H + VO)

PROOF. Suppose F' is the rigging operator. Let Hy = H + Vj and
Hy = Hy+V, where V = F*JF. By the second resolvent identity (3.22)) and

equality ,
R.(H,) — R.(Hy) = —(FRz(Hy))*JFR.(H,)
= —(FR:(Ho))*J(1 + T.(Ho)J) ' FR,(Hy).

Therefore when ||.J|| is small, so that (1+ T (Ho)J) ™! = S50 o(=T%(Ho)J)*,
we have

IR-(H1) = R.(Ho) + (FRz(Ho))"JFR.(Ho)|l1 = O(||J||*)-

The continuity of the derivative (5.18) as a function of Hy follows from the
Lo-continuity of F'R,(Hy), which itself follows from ({4.5]). O

COROLLARY 5.8. The convergence Hy, — H of a sequence {Hp}nen of
operators in a rigged affine space A implies its norm-resolvent convergence,
i.e. |R:(Hy)— R:(H)|| — 0. Moreover, for any continuous function f which
vanishes at infinity, we have f(Hy) — f(H) in B(H).

PROOF. The norm-resolvent convergence follows directly from Propos-
ition and implies the convergence f(H,) — f(H). For proof we refer
to |RS72, Theorem VIII.20(a)]. We will later prove a stronger result, The-
orem for test functions f using the Helffer-Sjostrand formula. O
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PROPOSITION 5.9. Let A(F) be a rigged affine space and let H be an
arbitrary fixed operator from A. Put q = 2 if A is resolvent comparable and
q = oo otherwise. Then for z € C\ R, the function

Ay>5V = FR,(H+V)—FR,(H) € L,(H,K)
is continuously Fréchet differentiable with derivative at Vi given by
(5.19) Vi —FR.(H+V)VR.(H + Vp).

The proof is very similar to that of Proposition [5.7]and has been omitted.

5.3. Double operator integrals

For the basic theory of the SSF in resolvent comparable rigged affine
spaces we will need double operator integrals (DOI’s). The notion of a
multiple operator integral (MOI) was introduced by Y.L. Daletskii and
S.G. Krein (|DK56]) and further developed by M. Sh. Birman and M. Z. So-
lomyak (see e.g. [BS03]) and many others (e.g. [Pav71; |Ste77]). MOTI’s take
the form

(5.20) T (v, LV,
/ /on,..., ) dE5, (M)VidEm, (A1) . .. VadEr, (An),

where f: R"*! — C is a Borel function, Hy, Hy,..., H, are self-adjoint
operators with spectral measures Ey, F1,..., E,, and V1,...,V,, are some
perturbations. Such objects are ubiquitous, appearing for example in the
Taylor expansions of operator valued functions such as V' +— el H+V)

MOT’s were naturally defined by those mathematicians already mentioned
via operator valued measures. However we will take a convenient alternative
approach which appears in [ACDS09; [Pel06]. In this approach an MOI is
defined as the integral of an operator valued function with respect to a scalar
valued measure. This is achieved through an integral representation of the
multi-variate function f: R"*! — C in which the integrand separates its
variables. This integral representation of f is otherwise quite arbitrary and
the resulting MOI is shown not to depend on the choice. In the context
of a resolvent comparable affine space we can get away with just one such
representation (see below), but further generalisation no doubt requires
a different choice. We will follow the definition of MOT’s given in [ACDS09],
adapting it slightly for rigged affine spaces. Strictly speaking we only need
DOI’s, but we might as well include higher order operator integrals when it
doesn’t involve much additional work.

The following notation is used throughout this section. As usual A
denotes a rigged affine space. If it is resolvent comparable, then p = 1
and ¢ = 2. Otherwise p =g = o0
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DEFINITION 5.10. For n € N, suppose a complex valued function f
of n + 1 real variables has a representation of the form

(5.21) FQoy .oy An) = /Sao(/\o, 8) ... an(Ap, s)du(s),

called a Birman-Solomyak (BS) representation. For our purposes we can
assume S to be a subset of a Euclidean space, v to be a finite measure, and

the functions o, j = 0,...,n to be measurable functions on R x .S, which
for v-a.e. s € S satisfy the estimate
(5.22) |aj (2, 5)] < C(lz] +1)71,

for some C' > 0 and a.e. x € R.
Then for Hy,...H, € Aand V1,...,V, € Ay, an (n + 1)-tuple operator
integral is defined by the formula

(5.23) T/t (v, V)
= / ao(Ho, s)Viar(Hy, s)Va ... Vo, (Hy, s) du(s).
s

The requirement does not appear in [ACDS09], since there the
perturbations V;, j = 1,...,n, are bounded operators. It is included here
so that we may interpret the integrand of as a compact operator
valued function using the notation (3.27) (a product of such operators).
The integral can then be understood as a Bochner integral (see e.g.
[HP57, Section 3.7; Yos80, Section V.5]):

LEMMA 5.11. In the context of Definition [5.10, the function
(5.24) S > s+ ag(Ho,s)Viar(Hy,s)Va ... Vyon(Hy,s) € L,(H)

is Bochner-integrable (where p =1 or p = oo accordingly if A is resolvent
comparable or not).

PROOF. Let 8 be a bounded measurable function on R x S. Then it
follows that for H € A the function S 3 s — ((H,-) € B(H) is bounded
and weakly measurable. Let F' be the rigging operator and let V,, = F*J, F.
Since the functions «; satisfy , the integrand can be written as
the product

(525) B@(Ho, S)(FIbQ(Ho))*JlF’(/}(Hl)ﬂl(Hl, S)(Fi/}(Hl))*JQ e
oo (FY(Hp1))* Jn F* (Hp) Bn(Hn, 8)

where ¥(z) := (|z| + 1)7%2 and Bj(z,s) = (|z| + 1)a;(z,s). Since each
function 3;(Hj, -) is bounded and weakly measurable, so is the function ([5.24]).
Since the weakly measurable function takes values in the separable
space L,(H), it follows from the Dunford-Pettis theorem on the equivalence
of weak and strong measurability (see e.g. [HP57, Theorem 3.5.5]) that it is
Bochner measurable. Since (S,v) is assumed to be a finite measure space,
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the boundedness of this function implies its integrability (using Bochner’s
criterion for integrability e.g. [HP57, Theorem 3.7.4]). O

LEMMA 5.12. The MOI TJ{{O""’H”(Vl,...,Vn) does not depend on the
BS representation ((5.21)) of the function f.

PRrROOF. Here we follow [ACDS09, Lemma 4.3]. First suppose that
V; = F*J;F, j =1,...,n where J; are the rank-one operators J; = (¢;,-) ¥;
for some some vectors ¢; and 1; from the domain of the operator F™*. In this
case Vj is the rank-one operator V; = (F*pj, ) F* ;.

Note that V; does not belong to Ay unless J; is self-adjoint, but this is
not important here; the expression makes sense when V; = F*J; F are
the forms defined by any bounded operators J; € B(K).

Also let Vy = (v,-) w be an arbitrary rank-one operator on the main
Hilbert space H. Then

Eo=Tr <V0/Sa0(H0, Wi . Vian(Ha, 5) du(s))
=Tr </S Voao(Hg, $)V1 ... Vi (Hp, 8) du(s)>
= /STr (Voao(Ho, s)Vi ... Vo (Hy, s)) dv(s)

_/S’I‘r(ao(HO,s)Vl...Vnan(Hn,S)VO)dV(S)'

For rank-one operators 0¢ ¢ := ((,-)§, we have the properties: Tr(0¢¢) =
(C,&), Abce = O¢ a¢ for any bounded operator A, and ¢ ¢, ... 00, ¢, =
(C1,&2) -+ - (Ca=1,&n) b¢, ¢, - Hence the above expression becomes

/S (F*p1,a1(H1,s)F o) ... (F*pp, an(Hp, s)w) (v, ag(Hy, ) F* 1) dv(s).

If ,ujc’ g = ([, Ejg) , where Ej is the spectral measure of Hj, the same expres-
sion can be written as

/S(/Ral(klvs)du}wm,p*w(h)) (/Rao()\o,s)dugpwl(/\o)) dv(s).

All of the measures appearing here have finite variation and Fubini’s theorem
implies

E = . </S ap(Ao, 8) - an(An, 8) du(s)> d'ug,F*wl()‘O) . d,u}@*%’w()\n)

_ /R T A ey () - g, )

If A and B are bounded operators, then A = B if and only if Tr(VA) =
Tr(V B) for all rank-one operators V. Using this fact, the above argument
shows that the multiple operator integral (5.23|) does not depend on the
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BS representation ([5.21)) in the case that the operators J; are the rank-one
operators J; = (@, ) ¥;.

For the general case we consider the bounded self-adjoint operators J;
as the strong-limits of the finite rank operators

l

Jis =Y ek ) Yiks

k=1

where {pf }ren is an orthonormal basis consisting of vectors from the dense
domain of the operator F* and {T/Jj,k,l}leN is a sequence of vectors from
dom F™* which converges to Jjpi. By linearity, it follows that the defini-
tion does not depend on the representation in the case that J;
are the finite-rank operators J;; for any [ € N. Then the general case follows
by a continuity argument. Specifically, since for any g € H,

OZO(HO, S)Vl,l s Vn,lan(Hna S)g — OZO(H(), S)‘/i Ce Vnan(Hna S)g

as | — oo, an application of the dominated convergence theorem for the
Bochner integral shows that the expression T;{O""’H” (V1,...,V,)g doesn’t
depend on the BS representation for any g € H, completing the proof. [

The focus will herein be on double operator integrals. A simple example
of a DOI is a product such as

T (V) = o(Ho)Vip(Hy),

where f(Xog, A1) = ¢©(Ao)1 (A1), plus we require that ¢ and 1) have the same
dominating function as . A familiar particular case is the operator
R.(Hy)V R.(Hy). Supposing Hy = Hy + V, the following important equality
generalises the second resolvent identity.

(5.26) THHO (V) = o(Hy) — o(Hy).

Here, the function of two variables ¢! is the first divided difference of ¢
defined by

1 _ (o) —e(M)

which if ¢ is smooth is naturally interpreted on the diagonal as the derivative
o\, \) := ¢/(\). Higher divided differences are defined recursively by

o (N, A1) — e (A, )

)\0 - )\n .
Other than the resolvent ¢ = R,, the equality (5.26) holds for many func-
tions ¢ which fall off at infinity, for example test functions (see Proposi-

tion |5.14]). An excellent tool for proving this is the Helffer-Sjostrand formula,
since it expresses ¢(H) in terms of R,(H).

o™M(Xg, ..., ) =
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Considering first the scalar version of the Helffer-Sjostrand formula,
for any ¢ € C2(R) we obtain from it a BS representation of the first divided
difference:

(5.27) 00 M) =~ [ 3p(2)00 — 27 — ) dady,

R2
where ¢ is an almost analytic extension of ¢ and z = x 4 ¢y. That this is
a BS representation of the form is confirmed by taking the measure
space (S,v) to be the compact set S = supp@ C C with the absolutely
continuous measure dv(z) = —m 19y (z) dedy and defining the functions
aj()\j,z) = ()\j - 2)71, 7 =0,1.

Although we will not technically require n-tuple operator integrals for
n > 3, it seems natural to consider them in the next few propositions, which
also allows a slight shortening of the proofs of Theorem and Lemma [5.20)

PROPOSITION 5.13. For any ¢ € C*2(R), its n-th divided difference has
the BS-representation
—1)" _ B B
100, 0) = S8 [ G52) 00 = 271 = 2) 7 dady,
R

s

where @ is an almost analytic extension of ¢ and z = x + iy.

PRrROOF. The case when n = 1 is of course . The BS-representations
of higher divided differences are easily established by induction. Note that
requiring the function ¢ to belong to C?*2(R) ensures (by and
Lemmal2.15)) that an almost analytic extension ¢ satisfies |05(z)| = O(|y|**1)
as y — 0, which counteracts the growth of n + 1 resolvents. ([

Suppose ¢ is as in Proposition [5.13] Then for any n + 1 self-adjoint
operators Hy, ..., H, from the affine space A and any n perturbations
Vi,...,V, from Ay, we can write the (n + 1)-tuple operator integral

(528) TjS]w.7Hn (‘/17 s 7Vn)

= O [ B5() R (HOVAR () .. VR (H,) dedy.

7T R2

For a positive function ¢ with square root ¢ = /@ € C2(R), the following
alteration of ([5.27)) will be also prove useful later on.

M (X0, A1) = ¥ (o, M) (¥ (A0) + ¥ (A1)
(5.29) - /R B0() (0 — 27 @0) + 9O (A — =) dady.

Note that the finite sum of BS representations can again be written as a
BS representation in which the integral is taken over a disjoint union of meas-

ure spaces. For example can be written in the form , by taking
(S,v) to be the disjoint union S = (supp ¢, k), k = 0, 1, with in this case the
same measure on each copy of supp ¢, namely dv(z, k) = —7r_151/~1(z) dzxdy,
and defining the functions a;(\j, 2z, k) = (Aj — 2) "L (wh(A;))%*.
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PROPOSITION 5.14. For any ¢ € C2(R) and for any two self-adjoint
operators Hy and Hy = Hy + V' from the affine space A, there holds the
equality . More generally, for any ¢ € CP2(R), any n + 1 self-adjoint
operators Hy, Hy,...H, € A, and any n + 1 perturbations V1,...,V, and V
from Ay, there is the equality

(530) Tgs],...,Hk+V,...,Hn(%7 o Vn) . Tgo],...,Hk,...,Hn (‘/1’ o ,Vn)
= THo TVt (VY Vi, V).

n+1]

PrOOF. The equality 1} which can be considered as (5.30)) in the
case that n = 0 by writing l% := go and THO := @(Hy), follows easily from
the Helffer- SJostrand formula , the second resolvent identity, and the

BS representation (5

() = pl(Ho) = % [ 96(:)(R() = Re(y) dedy
_ ! / 83(2)R.(H)V R, (Ho) dady
™ JR2
= T )
)

The general case is established in much the same way. Supposing F' is
the rigging operator and using ([5.28)), the difference on the left hand side
of (5.30) can be rewritten as

_1)n
) =S8 [ dperam i +v) - 1m0 B dedy,
in which A and B are the bounded operators defined by
A = (FR:(Ho))" 1hT:(Hy) ... T:(Hg—1)Jr,
B = Jy1T.(Hgs1) - .. JoFR.(Hy),
where V; = F*J;F, j =1,...,n. With V = F*JF, we now apply the second
resolvent identity in the form

T.(Hy +V) = To(Hy) = —T.(Hy, + V) JT.(Hy)

(unless k = n or k = 0, in which case we instead use (3.25) or its adjoint
respectively), to obtain

(-1

(E) = ago( VAT, (Hy, + V)JT,(Hy) B dady

T
1 TL
7)r / @(z)R(Ho)Vi ...
ViR (Hy +V)VR,(Hy)Vig1 ... Vo R.(Hy) dxdy,

which according to (5.28) is equal to the right hand side of (5.30)). O
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LEMMA 5.15. Let H be an operator from the affine space A and let
w € C\R. Then for any z € K \ R, where K is a compact subset of C,
there exist positive constants which do not depend on H so that the following
estimates hold, in which y = Im z.

(5.31) IFR-(H)lq < const. |y| = || F Ru(H)llq,
(5.32) IT=(H)|| < || Tw(H)|| + const. [y| = | F Rw (H)|*.
ProoF. Using the first resolvent identity we have
FR,(H)=FRy,(H)(1+ (z —w)R.(H)).
Then the estimate |R,(H)| < |y|~! gives
|FRL(H) |y < 1L+ (= = w) Ro(ED)|F R (o)l

|2 = w|

< (1 s ) |F Ru(Ho),-

Since z belongs to the compact set K, there is a constant C; > 0 such that
|z — w| < Cy. There is also a constant Cy > 0 large enough so that |y| +

Cy < Cy. Then 1+C1/|y| < C2/|y| and we obtain (5.31]). The estimate (5.32))
now easily follows from (5.31]) and the equality O

PROPOSITION 5.16. For any p € C"T2(R), any n+1 self-adjoint operators
Hy,Hy,...H, € A, and any n perturbations V1,...,V, € Ag, there is the
estimate

Ho,....,H
HTW[S] "V, Vi)
p

< const. || F Ry (Ho)lq||[F'Ruw (Hn) g Vil 7 - - [[Val 7
n—1

x [ (const. | T (Hy)|| + |F Ru(H)|?) |
k=1
where w is a fixed nonreal number and the unspecified constants depend only
on w and .

PrOOF. It follows from (5.28) that

|l )| <
n—1

= | e ) m(HHVkHFHT<Hk>u)uvHFHFR< )l dody.
k=1

Then the proof is completed by applying Lemma and using the fact
that d¢(z) is compactly supported and satisfies |03 (z)| = O(|y|"*1). O

THEOREM 5.17. For any ¢ € C4(R) and for any self-adjoint operator Hy
from the affine space A, the function

Aoy >V = o(Hy+ V) — o(Hy) € Lp(H)
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18 continuously Fréchet differentiable. Its derivative at V is the double
Hy,Hy

operator integral T ol in which Hy :== Hy + V.

PROOF. For convenience we will calculate the derivative (and show it to
be continuous) at 0, which is not restrictive if we allow a conflict of notation
between the theorem’s statement and proof. Using Proposition we
obtain the equalities

@(H1) — p(Ho) = Iﬁ]’HO (V)

Ho, H, Hy, H, Ho, H,
=T (V) + T (V) =T 070 (V)

=T (V) + T (v, V),

It is required to show that when the norm of V is small, the p-norm of the
last triple operator integral is negligible in comparison. Suppose V = F*JF
in which case ||V | = ||J||. Proposition[5.16 with n = 3 implies the following
estimate in which w € C\ R is fixed and the constant doesn’t depend on V.

|l ot )| < const. IT1ENF Ru(Eg
< const. |12 3 11"
k=0

where the last inequality has an adjusted constant and holds if ||.J|| is small
enough; in obtaining it we have used equality and expressed the inverse
(14 JT,(Hp))~! as a geometric series. Therefore, for small |V | = ||.J| we
conclude that

o) — (o) — T )| = o(viR).

The continuity of the derivative employs a similar kind of argument.
With Hy and V as above, and for any other W € Ay, we get

H,H Ho,H,
HTQIWU—%&OMﬂL

H ,H Hy,H, Hy,H Ho,H,
< [t - xtmn], [ on o)

<[t i)

< const. |[W||rf([|V|F),

where the unspecified constant doesn’t depend on V or W and the function
f on R is such that f(||V||r) = O(|V||r) as ||V|r — 0. Considering Th[’f]’HO
as an operator from Ay to £,(#) this implies that

Hi,H Ho,H,
|z = T | = o(vile) as VIl -0,

completing the proof. O
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LEMMA 5.18. Let (S,v) be a measure space and let a: S — B(H) be a
Bochner integrable, bounded operator valued function. Suppose F: H — I is
a closed operator such that Fa(s) € B(H,K) for a.e. s € S and the bounded
operator valued function Fa: S — B(H,K) is also Bochner integrable. Then

(5.33) F/ a(s)dv(s) = / Fa(s)dv(s),
S S
as an equality of bounded operators.

Proor. If a bounded operator valued function such as « is Bochner
integrable, then sois af : s +— a(s) f for any f € H as is easily checked. Hence
for any f € H, the vector valued functions af: S — H and Faf: S — K
are Bochner integrable. Since F': H — K is closed, we can apply [HP57,
Theorem 3.7.12] to obtain

(5.34) F/Sa(s)fdy(s):/SFa(s)fdu(s).

In particular, for any f € H the vector fS a(s)f dv(s) belongs to the domain
of F. Tt follows that the range of the bounded operator [qa(s)dv(s) is

contained in dom F'. The operator on the left hand side of (5.33)) is thus a
closed operator defined on all of H, hence a bounded operator by the closed
graph theorem. Therefore the equality (5.33) holds, since these operators

act in the same way by ((5.34)). O

Lemma [5.18] allows the interchange the rigging operator and the integral
of an MOI. Indeed, if a = is the integrand of an MOI , then Fa
is also integrable by the argument of Lemma Note that in the case that
the affine space A is resolvent comparable, F'« is integrable in Lo whereas o
is integrable in £1. In fact it is not necessary to use Lemma to justify
this particular kind of interchange as shown by the next more specific lemma.

LEMMA 5.19. The range of the MOI T;IO"“’H"(Vl, ..., Vi) belongs to the
domain of the rigging operator F' and

Tt (V. V)
= / Foay(Hy, s)Viar(Hy, s)Va ... Vian (Hp, s) dv(s),
S

where the integral on the right is taken in the topology of Lq(H,K).

PROOF. Let the integrand of the MOI be denoted oo = ([5.24)). Its rep-
resentation a(s) = can be written as a(s) = ¥(Hp)pB(s), where
¥(x) = (Jz| + 1)7/2 and the function S is integrable in £, by the argument
of Lemma [B.11l Therefore

/ o(s) di(s) = (Hy) / B(s) du(s).
S S
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Since ran ¢ (Hy) belongs to the domain of F' it follows that so does the range
of the MOI. Then since F¢(Hy) is bounded,

P [ ats)dvts) = Pui) [ A(s)dvs) = | PocHA(s) dvs).
which completes the proof. ([

As a particular example which will be used later, let Hy and H; be self-
adjoint operators from a rigged affine space A(F), let V = F*JF € Ay(F),
and let ¢ € C2(R). Then we have

1

Ho,H =~
(5.35) FTSO[%’ (V) = " s 09(2)T,(Ho)JFR,(H) dzdy.
Since it will also be used later, we consider the adjoint of (5.35):
Ho,H * 1 5= .
(5.36) (FT‘p[f]’ 1(v>) =~ [, 0BG (F Re(H)) I T (Ho) dady,

The right hand side needs some justification. As can be seen from (2.16]),
we can choose almost analytic extensions @, ¢, of ¢ and its conjugate ¢ so

that ¢(z) = @(z). In this way we have

55() = 5 (0.5) () + 5 (9,9) (2)
. () - 30, (70)
= 0¢(z).

Therefore, (5.36]) can be obtained from ([5.35)) by interchanging the adjoint
and integral and making the change of variables z < Z.

LEMMA 5.20. Let Hy be any self-adjoint operator from the rigged affine
space A(F). For any ¢ € CA(R), the function

A(] SV~ F(p(H() + V) — F(p(Ho) S ﬁq(H,K)

is continuously Fréchet differentiable and with Hy := Ho + V its derivative

at 'V is equal to Flel]’Hl.

ProOOF. The proof follows similar lines to that of Theorem [5.17] and

some details are omitted. From Lemma [5.19| and Proposition it follows
that

(8) = |Po(H) — Po(Hy) ~ FTI™(v)||

Hy H Ho, H,
= | Tty — Pl O(V)Hq
H., Ho, H,
- HFT@;] ’ O(V’V)H
q

1 [ =
< /R2 02N T=(H) VI FIT=(Ho) [V ]| 7| F R (Ho) ll dady.

s
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Using Lemma [5.15] in an obvious modification of Proposition then shows
that (E) < const. ||V|%.

The continuity of the derivative is proved by making the appropriate
changes to the corresponding argument in the proof Theorem [5.1 U

5.4. Spectral averaging and the SSF

This section closely mimics the paper [ASO8|. The infinitesimal spectral
shift measure is defined and proved to be exact, and then the SSF is defined
and proved to be absolutely continuous. The proofs of Theorem [5.23] and
Proposition[5.24] have undergone some adjustment due to the different setting,
but those of Corollaries [5.25] and and Proposition are virtually
unchanged. Throughout the remainder of this chapter, A(F') will denote a
resolvent comparable rigged affine space.

For any H € A, V € Ay, and Borel functions ¢, ¢ satisfying the estimate
lo(z)], |#(x)| < const.(|z| + 1)~1, the inclusion

(5.37) e(H)V(H) € L1(H)
holds by the resolvent comparability of A.

PROPOSITION 5.21. For any test functions ¢ and ¢ and any self-adjoint

operator H from the affine space A, the map
(V1, V2, V3) = o(H + V1)Vau(H 4 V3) € L1(H)
is continuously Fréchet differentiable.

ProOOF. By Lemma both (Fo(H 4 Vi))* and Fly(H + V3) are
smooth in the Hilbert-Schmidt norm. And obviously Ay > Vo = F*JoF —
Jo € B(K) is smooth. Therefore,

e(H +V1)Voy(H + V3) = (Fe(H + V1)) Jo Fyp(H + V)
is smooth in the trace class norm. O

Consider the trace of the operator (5.37) in the case that ¢ is a test
function and ¢ is equal to 1 on the support of ¢. By the cyclic property of the
trace, it is equal to Tr(Vp(H)) if V is trace class (i.e. the rigging operator F’
is Hilbert Schmidt). Whether or not V' is trace class, it is unaffected by the
values of ¥ outside of the support of ¢ and offers a natural interpretation of

the expression Tr(V(H)) in the setting of a resolvent comparable rigged
affine space. Supposing V' = F*JF, it is also equal to

Tr(p(H)VY(H)) = Tr (Fe(H)))" JFy(H)) = Tr (JEY(H)(Fe(H)))") .-
Note that the operator appearing alongside J on the far right is the closure
of the operator F(¢-¢)(H)F* = Fo(H)F*

The infinitesimal spectral shift measure is defined by the formula (which
is another way to write the trace discussed above)

(5.38) 2u(V)(p) :=Tr(E(suppp)Vp(H)), ¢ € Ce(R),
for H € H with spectral measure E, and V € Aj.
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The notation ®5(V)(y) is intended to suggest a generalised 1-form on
the affine space A. Indeed, for any test function ¢, ®(y) is a 1-form on A,
while for any point H € A and direction V € Ay, @ (V) is a generalised
function, in particular a real measure. No deep theory of such objects is
required.

The fact that ®(p) is indeed a 1-form on the affine space A for any
¢ € C(R) is not difficult to check. Its linearity is obvious and its smoothness
(C! is enough here) follows from Proposition m

Before proving the exactness of the infinitesimal spectral shift measure as
a 1-form, let’s consider its most basic properties as a measure, beginning with
the fact that ® (V) for fixed H and V' is indeed a measure. If () C C:(R)
is a sequence of functions supported in a compact interval K such that
lonlloc = 0, i.e. ¢, — 0 in the inductive limit topology of C.(R), then

(5.39) |5 (V) (en)| < 1 (H)V1g(H); lenllc =0,

where 1 € C.(R) is equal to 1 on K. This implies that (V) is a continuous
linear functional on C.(R), hence a (possibly unbounded) measure. It is real
valued, since for real valued ¢ = ¢ — @_, it is the difference of the traces of
self-adjoint operators

Tr(1,(H)Ve(H)) = Tr (Vo (H)Vei (H)) = Tr (Vo-(H)V/o-(H)).

From this we also see that ® (V) is positive if V is.
To prove the exactness of the infinitesimal spectral shift measure, we will
use the following

LEMMA 5.22. Let V and W be directions in Ay and put H, = Ho +1rW.
Then for any test function o, there holds the equality

(5.40) Ly (W)(0)| =Ly (V)(0).

ds 5=0 dr
PROOF. Suppose that F' is the rigging operator, V = F*JF, and W =
F*KF. Let 1, be a test function equal to 1 on supp ¢. Then the left hand
side of ([5.40|) can be written as

(E) := % Tr ((Fly(Hy +1sV))* KFp(Hy +1sV))

s=0

It follows from Lemma that the operator valued function of s within
the trace is £;-differentiable. We get,

(E) ="Tr <CZ(F1¢(HT +rsV))*

_OKFsD(Hr))

S

+Tr ((Flw(Hr»*K %FSO(HT +rsV) so>

=:(I)+ (1I).
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Consider the first term (I) on the right. Using Lemma and the
equality (5.36)), it is equal to

0 =1 ((PTi ™)) KPpt))

= Tr <<—7’ 01,(2)(FR=(H,))* JT,(H,) d:cdy) KFgo(Hr)> .
™ JR2
By bringing the bounded operator K Fp(H,) within the integral, the integ-
rand becomes L;-valued and moreover the trace and integral can then be
interchanged. The result is
r 37 *
(1) =—— [ Oly(z)Tr ((FRz(H,))*JT.(H,)KFp(H,)) dxdy
R
r 31 — *
= _; ) alsﬁ(z) Tr ((FQO(HT)) ‘]TZ(HT)KFRZ(HT)) dxdy,
R
where the second line follows from the cyclic property of the trace and the
equality Fo(H,)(FRz(H,))" = FR.(H,)(Fp(H,))*. Now again interchan-
ging the trace and integral and unwinding through the previous steps,

™ JR2

T ((Fcp(Hr))*J (iFlw(Hr)» ‘

()=t (Fet)y s (<1 [ o1 T KPR 1) dody ) )

Similarly, it can be shown that

(i) =t (( oot ) TP ).

r

so by combining these expressions for (I) and (II), we see that

(E)=rTr (CZ(F@(HT))*JFL@(HH)
_ Tdii Te(1,(H,)Vo(H,)),

which is the right hand side of ([5.40)). O
THEOREM 5.23. The 1-form ®(p) is exact for any test function .

PROOF. For any H € A and test function ¢, we let 6% denote the
integral of ®(y) along the line from some fixed Hy to H, with the aim to
show df%5, (V) = ®u(V)(yp). That is, let H, = Hy + rW where H; = H and
put

1
o7 — / By, (W) dr.
0
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The derivative of this O-form is by definition

a5 = 05|
1
= lim [ (@ s (W 4 8V)(0) = 0, (7))
1
= lim i <<1>HT+T5V(V)(¢) + %((I)HTJH'SV(W)(SO) - q’HT(W)(w)))dT-

By the smoothness of H — ®g(V)(¢) (Proposition |5.21)) and Lemma

upon interchanging the limit and integral we get

1 1
d
a0 (v) = [ en V)@ dr+ [ S ()| dr
0 0 S s=0
1 1 d
— [(en )@ dr+ [l (Ve dr

0 0 r

Integrating the last term by parts gives the result. O

The spectral shift measure £(p) = (¢; H1, Ho) is defined, in keeping with
the Birman-Solomyak formula, as the integral of ®(¢) along a piecewise C'*
path H, from Hy to H; in A. That is,

G ) = [ ()

= /01 Tr <Er(supp @)Hrso(Hr)) dr,

where here and below, E, denotes the spectral measure of H, and HT denotes
its derivative. Theorem [5.23|implies that this definition does not depend on
the piecewise C'! path H,.

Some basic properties of the spectral shift measure: First it is clearly
additive in the sense that {(Hq, Hy) = £(Ha, H1) + £(H1, Hp). To check
that &(p) is a (possibly unbounded) measure, the same argument as for
the infinitesimal spectral shift measure applies, except this time we use the
fact that the convergence @ is locally uniform on the affine space A,
which follows from Proposition [5.21} Also by the same reasoning as for the
infinitesimal spectral shift measure, it is a real measure, which is positive if
H1:H0+Vw1thV20

The spectral shift function (SSF) is defined to be the locally integrable
density of the spectral shift measure. It is shown below (Proposition
that the spectral shift measure is absolutely continuous and hence can be
identified with the SSF.

We need the following version of the chain rule (cf. [BS75} [Sim98]).

PROPOSITION 5.24. Let H, be a C' path in A and let ¢ be a test function.
Then, for the path r — @(H,), the chain rule holds under the trace in the
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following sense. For any bounded Borel function f,

(5.42) T (d“”;f’“)ﬂﬂr)) = T (B (supp o) Hrd!(H,) () )

PRrROOF. By choosing a positive test function ¢; which dominates ¢ and
is such that /@y is smooth, ¢ = 1 — (¢1 — ¢) is the difference of positive
test functions with smooth square roots. It follows that we may assume
without loss of generality that ¢ > 0 such that ) := ,/p € C°(R). In this
case by making use of the BS representation , Theorem implies

d Hr Ty T g
SOc(ir ! - Tgl]H (Hr)
= L [ G0 R.H) () ELR(H,) dedy
RQ

7r
1 . )
- ; aw(z)Rz<Hr)Hrw(Hr)Rz(Hr) dl‘dy.
RQ
Therefore after substituting this into the left hand side of ([5.42]) and then
interchanging the integral and trace, we obtain

(E) i= Tr (ds";f”f(ﬂr)) _ ! [ 90 Te(..) ey,

™

where the trace in the integrand on the right is equal to
Tr(...)=Tr (RZ(Hr)w(HT)HTRZ(HT)f(Hr))
+ T (Ra(Hy) Hy ()R- (H, ) f(H,))
= 2T (Y(H,) B R2(H,) f(H,))

Supposing F is the rigging operator and H, = F*J,.F, it follows that

(B) = -2 ROk ((Po(H,))" 1 FR2(H,) f(H,) ) dady

_ 2; ((W(H»)*JT (—}T [ 00(2)F R () dxdy> f(Hr)> .

Consider the integral now isolated in brackets. Lemma and the equal-
ity (2.17) imply that it is equal to the operator Fv’'(H,). Therefore

(B) = 2Tx ((Fo(H,) ", Fo/ (H,) f(H,))
= 2Tx (Y(H,) B! (H,) f(H,))

By cycling under the trace and using the fact that 2¢'¢ = ¢, this can be
written as the right hand side of ([5.42]). O

Proposition has two important corollaries below, namely the trace
formula and the invariance principle.
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COROLLARY 5.25. The spectral shift measure satisfies the trace formula

(5.43) Te(p(H1) — p(Ho)) = &(¢'; Hi, Ho),
for any Hy, Hy € A and test function ¢.

PROOF. Integrating (5.42) with f = 1 results in the equality

! d(o(H,) — o(H,
0 dT
and ([5.43)) follows by interchanging the trace and derivative, which is justified
by Theorem [5.1 ([

Combining with Krein’s classical result (Theorem [5.1)) implies
that in the case of trace class perturbations, the spectral shift measure is
absolutely continuous and its density coincides with the SSF as defined by
the trace formula.

COROLLARY 5.26. Let Hy, Hy € A, let ¢ be a real-valued test function,
and let & and &, be the spectral shift measures of the pairs Hyi, Hy and
©(H1), p(Hy) respectively. Then for any bounded Borel function f,

(5.44) Eo(f)=E(fow ).
PROOF. Integrating (5.42)) with f = f o ¢ gives

1
dp(H,
[ 1 (P (a1 ) ar = el o0 ),
0 r
The left hand side is equal to &, (f) by the path independence of the spectral
shift measure (Theorem [5.23)). O

PROPOSITION 5.27. On a resolvent comparable rigged affine space, the
spectral shift measure defined by (5.41)) is absolutely continuous.

PRroOF. This neat proof essentially consists in the reduction to the case
of a trace class perturbation using the invariance principle .

Let u be the singular part of the spectral shift measure. We will show
that p is translation invariant. It therefore must be a multiple of Lebesgue
measure, leaving p = 0 as the only possibility.

Fix 0 < € << 1 and let E be a Borel subset of [, 1 —¢] with zero Lebesgue
measure. To demonstrate translation invariance it is enough to show that
w(E) = p(a + E) for any real a. For any a,b € R with b — a > 2, consider a
test function ¢, ; whose graph looks like a smoothed isosceles trapezium with
height 1 which is stretched over the interval [a, b] and has slopes of the sides
equal to £1. More precisely g is subject to the constraints: ¢q(A) = A—a
onfa+e,a+1—¢], pap(A) =b—Aon [b—14¢,b—¢], and except as already
specified ¢, does not take values in [e,1 — ¢]. Let 14 denote the indicator
of a Borel set A. By construction, 1z o gy - <p;7b = l4yr — 1p_p. Then by

Corollary [5.26]
$ouy(B) =&(a+ E) —&(b— E) = pla+ E) — p(b - E).
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The left hand side is zero, since &, , is absolutely continuous by Krein’s
result for trace class perturbations. Hence choosing b such that b > 2 and
b—a > 2, we conclude that u(E) = u(b— F) = pla + E). O

5.5. The absolutely continuous and singular SSF’s

This section concerns the Lebesgue decomposition of the infinitesimal
spectral shift measure ® and its implications for the SSF. Recall that we are
assuming A to be a resolvent comparable rigged affine space. For H € A
and V € Ap, the absolutely continuous and singular parts are respectively
given by replacing (-) with (a) and (s) in the formula

(5.45) 2 (V)(0) = Tr (Y supp ) Vio(H)) ;¢ € CulR),

where E() denotes the absolutely continuous or singular spectral measure of
the self-adjoint operator H.

Confirming these formulas is easy given the properties of E().
A null support Zs of o5(H) is a support of (%) since for any bounded Borel
set A which does not intersect Z, we have

o (V)(A) = Tr (E(S)(A)VE(A)> = 0.

Therefore ®*) is singular. On the other hand ®(® is absolutely continuous,
since if Z is any bounded null set then

o\ (V)(A) = Tr (E(“)(Z)VE(Z)> = 0.

The absolutely continuous and singular parts of the infinitesimal spectral
shift measure are again 1-forms on A, but they may no longer be smooth.
Moreover, they may no longer be exact. A counterexample to the exactness
of the singular part is given in |Azallal §8.3] and will be reviewed in the next
section. However, their integrals along any piecewise C'! path in the affine
space A define absolutely continuous measures, which result in a natural
decomposition of the SSF. To show this is the aim of the present section.

PRrROPOSITION 5.28. The Poisson kernel is integrable with respect to both
the infinitesimal spectral shift measure and the spectral shift measure itself.
Their Poisson integrals are respectively given by

(5.46) ©u(V)(2) = £ Te(Ro(H)V Ro(H)),

G e =Y I (R, Ra(H,)) dr,

T
where y = Im z and H, is any piecewise C* path in A from Hy to H;.

The Poisson integral of the spectral shift measure will be called the
smoothed SSF.
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PROOF. Since V +— @y (V) is linear, we can assume without loss of
generality that V is positive so that @y (V') is a positive measure. Let 1,
denote the indicator function for the interval [—n,n]. Then the monotone
convergence theorem implies that, whether or not the limit is finite,

Oy (V)(ImR.) = lim @(V)(L, - Im R.)
= ynh—{go Tr (1n(H)Rz(H)VR2(H)1n(H)) )

where in the second line we have used the definition (5.38) and the equality
Im R, = yR.Rz. Lemma [2.19 implies the £;-convergence

(5'48) 1n(H)Rz(H)VR2(H)1n(H) — RZ(H)VRE(H)

and it follows that Im R, is integrable and (5.46]) is the Poisson integral of ®.
We use a similar argument to establish the fact that is the Poisson
integral of the spectral shift measure &.

¢(ImR,; Hy, Hy) = li_>m €1, -ImR,; Hy, Hy)

1
—y lim [ Tr <1n(HT)Rz(HT)HTR5(HT)1n(HT)>
n—oo 0
and in this case the result follows by an application of the dominated
convergence theorem, which is justified by Proposition [5.21 U

COROLLARY 5.29. For any self-adjoint operator H € A and perturbation
V € Ay, the density of the absolutely continuous part of the infinitesimal
spectral shift measure is for a.e. A € R equal to

(5.49) D (VYN) = & lim yTr(Rs(H)V R.(H)).

T y—0t

Moreover, if Hy and Hy are two self-adjoint operators from A, then the
SSF &(\; Hy, Hy) belongs to L1 (R, (1+ A2)"1d)\) and for a.e. X € R satisfies

(5.50) §(A\ Hi, Ho) = lim (A +dy; Hy, Ho).
y—0+
PRroor. This is a direct consequence of Theorem O

Consider the function (5.49). Suppose F' is the rigging operator, V =
F*JF, and put z = A + 4y. Then there exists the limit

lim ~@y(V)(ImR,) = lim L Te(R.(H)V Rs(H))

y—0+ T y—0+ T

— lim L Te(J Tm T2 ()

y—0t+t
1
= - Tr(JIm Ty yi0(H)),

at every point A from the set of trace-regular points A(H, F'; £1), which is
a full set by Corollary Hence the density of the infinitesimal spectral
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shift measure is for a.e. A equal to
a 1
(5.51) oW1y = — Tx(J Im T yi0(H)).

LEMMA 5.30. Let H,, r € R, be a piecewise analytic path in the resolvent
comparable affine space A(F). Then the set of points (A, r) in the plane for
which X is a trace-reqular point of H,,

T({H},F):={(\r)eR*: X € A(H,,F; L)},

has full measure in R%. Moreover a.e. cross section of I' in either the r or A
direction has full measure in R. In addition, the function defined on I' by

(5'52) ()‘7 T) = Tr (Jr ImT)\-i-iO(Hr)) )

where H, = F*J}F, 1s locally integrable.

PrOOF. We note that the set I' is measurable as the set of convergence
points as y — 07 of the two families of continuous functions Th.y,(H,)
and Im T\, (H,) of the variables (A,r). Further, the function is
measurable as a limit of measurable functions.

Clearly at any r € R the A-cross section of I' is the full set A(H,, F; Lq)
of trace-regular points of H,. On the other hand since the path H, is
piecewise analytic, at any point A from the full set (); A({H,, }, F; £1), where
the intersection is taken over the pieces H,, of the path H,, the r-cross
section of I" is equal to the complement of the discrete set of resonance points
U; R(A; {H;,}). The Lebesgue measure of the complement R2\ T can be
calculated using Fubini’s theorem and must be zero since its cross sections
are null sets.

We will now check that is integrable over a bounded rectangle, for
which it suffices to show that as a function of A on a bounded interval A its
Lq-norm is locally bounded with respect to r.

3!
T JA

T (J, I Ty (Hy) ) dx < - / ]| T (T T s0 (L)) dA
T™JA

= ||| @) (FrF)(a)
< ||| IF1a(H)3

where in the second to last line we have used (5.51)) and in the last line 14
denotes a test function equal to 1 on A. Since the last expression is a locally
bounded function of r, the proof is complete. O

Let H, be a piecewise analytic path in A. It follows from Lemma [5.30
that for any ¢ € C.(R), the absolutely continuous part ®®(y) of the
infinitesimal spectral shift measure is integrable along H,. Therefore, the
same is true of the singular part. The absolutely continuous and singular
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spectral shift measures along H, are respectively defined, as these (path-
dependent) integrals, by replacing () with (a) and (s) in the formula

1
6.5 €t = [ T (BO upp o) iplH,)) dr. g € Co(R),

These are again real measures which are shown below to be absolutely
continuous. Hence they correspond to locally integrable functions, which are
known respectively as the absolutely continuous and singular SSF'’s.

Note that although the absolutely continuous and singular spectral shift
measures in general depend on a curve {H,} (see the next section), they are
path-additive in the sense that if 41 U 72 is the concatenation of two paths
~v1 and 72 then

£ (@371 Ue) = €9 (psm1) + €O (5 72).

THEOREM 5.31. Let H, be a piecewise analytic path in A and put z =
A+ iy. The absolutely continuous spectral shift measure along H, defined
by 18 an absolutely continuous measure whose density, the absolutely
continuous SSF, is for a.e. A € R equal to

1
(5.54) 0 (O {H,}) = > /O ylg(])aerTr(R (H,)H,R,(H )) dr.

PROOF. It can be assumed without loss of generality that the path H,
is analytic. Suppose F' is the rigging operator. Then for any A from the

full set A({H,}, F;L1), the integrand on the right hand side of (5.54) is
equal for a.e. 7 to the value of the function (5.52). We will show that £(® is
absolutely continuous with density equal a.e. to the function

(5.55) €N {H,)) = - / T (J I Ty () dr,

which is defined on A({H,}, F; Ly).
For any ¢ € C.(R), Lemma justifies the following use of Fubini’s
theorem

/Rgo(A)/Ol Tr (J Tm Tyi0(H )) dr d\

// Tr JImTHZo( ))dAdr

The inner integral on the left hand side is equal to £(®(X; {H,}) whereas

by (5.51) the inner integral on the right hand side is equal to @%2 (H,) ().
Therefore, the same equality can be rewritten as

/R PONED (X {H,}) d\ = €9 (5 {H,})

and the result follows. O
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COROLLARY 5.32. Let H, be a piecewise analytic path in A. The singular
spectral shift measure along H, defined by is an absolutely continuous
measure whose density, the singular SSF, is for a.e. X € R equal to the
difference of the SSF and the absolutely continuous SSF

9NN {H,}) = &\ Hy, Ho) — €9 (N {H, ).

5.6. Path-dependence of the singular SSF

This section is a review of [Azallay §8.3] and is devoted to a proof of the
theorem below, which is achieved by presenting a counterexample.

THEOREM 5.33. The singular part of the infinitesimal spectral shift
measure is not exact. That is, the singular SSF €9 (X\;{H,}) in general
depends on the path H, connecting Hy and Hi in a resolvent comparable
rigged affine space. Therefore the absolutely continuous SSF €@ (\; {H,}) is
also path-dependent.

This also provides an opportunity to review a version of the LAP for the
one-dimensional free Hamiltonian.

THEOREM 5.34. Let H = —A be the Laplacian on Lo(R). Let F be the
operator of multiplication by the function (z) = (1 + 22)~Y2. Then the
LAP holds in the sense that A(H, F') contains every nonzero real number.

A few notes: The operator F' is a bounded self-adjoint rigging operator
on La(R). It is also relatively Hilbert-Schmidt with respect to H = —A,
i.e. FR,(H) is Hilbert-Schmidt, by Corollary Thus the LAP in the form
of Corollary is applicable here. However, the conclusion of this theorem
is more specific. In its proof we will use the following well-known lemma
(cf. [RST5, Example 1 in Section IX.7]).

LEMMA 5.35. For nonreal z, let /2 be chosen with Tm+/z > 0. Then the
resolvent of the Laplacian R,(—A) is an integral operator with the kernel

— ' ivaEle—y
(5.56) K(x,y) = 75 Vale—yl,

ProOF. We will use properties of the Fourier transform (see e.g. [Rud91,
Chapter 7]). For f € Ly(R), its Fourier transform is denoted by f and its
inverse Fourier transform by f. Through the Fourier transform the operator
R.(—A) acts as multiplication by the function g(¢) := (¢2 — 2)~!. For any
f € La(R), we obtain

R.(=2)f(2) = (9f ) (2)
= (% )(x)
1

= E Rg(l’ —y)f(y) dy.
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It remains to see that the inverse Fourier transform g is given by

L iy = b givalal
(5.57) (@) = 5o

To calculate the integral

1 ir 1 i€
27T/R€ gg(f)dfz%/ﬂﬁgz_zdf

(except if x = 0 in which case it can be directly calculated by partial fractions
to be i(24/z) ! as required), it is convenient to approximate by a contour
integral over a large closed rectangle. We distinguish two cases: x > 0
and z < 0. If z > 0, then let Cr denote the positively-oriented rectangle
with vertices (=R, 0), (R,0), (R,VR), and (—R,+/R). Tt is not difficult to
check that the integrals along the top and vertical sides of C'r can be made
arbitrarily small for large R. Therefore,

L i(2) = lim 1/ e de.

- - lim — -
\/27‘(’9 R—o0 27 Cr 52—2

The residue theorem can now be applied. Since

eza:§ B eimf < 1 B 1 >
F—z WE\E-VE E+vE
and the singularity £ = 1/z is within Cg, we get (5.57)).

If x < 0, then let Cg instead denote the negatively oriented rectangle
with vertices (—R,0), (R,0), (R, —VR), and (—R, —vR). Then a similar
argument, where now C'g has winding number —1 around the singularity
¢ = —+/z, completes the proof. O

PRrROOF OF THEOREM [5.34l Here we will follow [Kur78, Example 4.1.4].
For nonreal z, by Lemma the sandwiched resolvent 7, (H) = FR,(H)F
is an integral operator with kernel

i - i/ z|T— -
K(z;x,y):ﬁ(l—l—xQ) V2eVETTIl (1 4 y?) 712,

Then since )
K (22, y)| < ——=(L+2%) 72 (147712
2/ 7]

and the right hand side as a function of (x, ) belongs to Lo(R?), it follows by
dominated convergence that K (\ + i€; x,y), for A # 0, converges in La(R?)
as € — 07 to the function

o
2v/A
This implies (see e.g. [RS72, Theorem VI.23]) that the corresponding integral
operators converge (in the Hilbert-Schmidt class). That is, the limit T440(H)
exists for any nonzero real . O

K\ +i0;z,y) = (1 +x2)_1/26i\/x|$—y|(1 _|_y2)—1/2.
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To prove Theorem [5.33]it clearly suffices to present a pair of operators Hy
and H; which can be connected by two different piecewise analytic paths ~;
and s in a resolvent comparable rigged affine space, so that

DA m) # €D (N 2).

To construct this counterexample to exactness we will consider operators
acting on the Hilbert space H = Lo(R) @ C. A bounded operator V € B(H)
can be written in block matrix form as

(5.58) V:<<VO f),

g7'> «

where V} is a bounded operator on Ly(R), f,g € La(R), and o € C. Here, f
and (g, -) are being considered in the obvious way as operators acting C —
Ls(R) and La(R) — C respectively. In this sense, (f,) is the adjoint of f.
We will actually choose Vj to be rank one.

As a rigging we choose the rank-two operator F' = (v,-) @ 1, where
v(z) = e=®/2. Then Ay(F) is isomorphic to the self-adjoint matrices on
K = C? and a four dimensional resolvent comparable rigged affine space is

defined by

(5.59) A(F)=—-Ad0+ Ag(F).

For r, s € R, we will focus in particular on those operators of the form
(A +r{v,)v rv

(5.60) H, s = < r (v, ") s )

LEMMA 5.36. If r # 0, then the operator H, s defined by (5.60) is abso-
lutely continuous.

PROOF. We first check that there is no pure point spectrum. Suppose

f B _f//+7.<v7f>v+rf01) . f
(5.61) Hr,s <f0> - < 7"<’U,f> + SfO ) =2 <f0> ‘

Then —f" = Af —r((v, f) + fo)v so that f” € Ly(R). By taking the Fourier
transform of this equality and using the fact that v = v, we get

7O = rlw. N+ g oy

Since the function v(£)/(¢2 — ) does not belong to La(R), it follows that
(v, f) + fo = 0. Then from we see that fo = 0 and (v, f) = 0. The
last equality implies f = 0.

Now we will show that the set R\ A(H, s, F'), which is a core of singular
spectrum by Corollary [3.8] can only contain 0 and hence there can be no
singular continuous spectrum either. Let H, = —A + 7 (v,-)v, r € R, which
acts on Ly(R) and should not be confused with the operator H, , on H.
The following two lengthy but straightforward calculations are omitted.
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For nonreal z, it can be shown using the second resolvent identity (as
in ((5.11))) that
R.(H,) = R.(Hp) — (1 + 7 (v, R.(Ho)v)) ‘7 (Rz(Ho)v,-) R.(Hp)v.
Further, it can be checked that the resolvent of H, ; is given by
Ru(H, ) = R.(H,) +7r*C(R:(H,)v,-) R,(H,)v —rCR,(H,)v
e —rC (Rz(Hy)v, -) c ’
where C' = (s — z — % (v, R.(H,)v) )_1. Since F' = (v,-) & 1, we obtain the
following sandwiched versions of these formulas
T.(H,) = (v, R.(H,)v) = T.(Ho) — (1 +rT.(Ho)) ™ 'r(T.(Ho))?,
T.(H,) + r?C(T,(H,))* —-rCT.(H,)
—rCT,(H,) C '
For z = X\ + iy, the limits as y — 0T of T,(Hj) exist for any nonzero
A € R as a result of Theorem and the fact that v € La(R, (1 + 2?)dx).
Assuming that T y;0(Hp) has a nonzero imaginary part, it follows that the
limit T y;0(H,) must also exist and have nonzero imaginary part, which in

turn implies the existence of the limit Thy;o(H, ). The assumption can be
confirmed using the equality

T.(Hys) :=FR,(H,s)F* = (

. d
Im T yi0(Ho) = y1_1>%1+ (v, Im Ry (Ho)v) = I (v, Eo(M)v),

which holds as long as the right hand side exists (as follows e.g. from the
proof of Theorem , as it indeed does and is nonzero:

A
S0 B = g [ OR dE = IR o .

PROOF OF THEOREM [5.33l We present two paths with common end-
points in the affine space , for which the corresponding singular SSF’s
are not equal. Using the notation , let 1 be the path connecting Ho o
and Hy; via the straight line Hp, = —A @ r, » € R. Then the singular
SSF £()(\;51) can be seen to be the characteristic function of the inter-
val [0,1]. Indeed, since the singular spectral measure of Hy, is given by
Eor(A)=0& xa(r) and V := Ho1 — Hpp = 0@ 1, we have

N d ! d [*
§9(m) = -5 /0 Tr(V Eor (V) dr = -5 /0 X(=o0,] (1) dr = Xpo.1(V)-

On the other hand let 72 be a path which detours through H, , with
nonzero r. For example,

Hy,p, 0<r<1/2,
'}’2: r =
Hy 9p9r—1, 1/2<7r <1,

Then by Lemma the singular spectral measure of v2(r) is zero for any
r € (0,1) and hence the singular SSF along ~2 must be zero. O






CHAPTER 6

The singular SSF and the resonance index

This chapter closely follows the preprint [Azallb|. It consists of two
sections. Its main aim is to prove the equality of the singular SSF with the
total resonance index and this is achieved using an elegant argument in the
first section. Having done so allows the construction of a nontrivial example
of singular spectral shift which is reviewed in the second section.

6.1. Singular SSF as total resonance index

Throughout this section A again denotes a resolvent comparable rigged
affine affine space. We further restrict our attention to a straight line H, in
A(F) in the direction V = F*JF. For straight paths we modify previous
notation which indicates dependence on a piecewise analytic path by instead
writing a pair of endpoints Hy, Hy, e.g. £®)(\;{H,}) < £5)(\; Hy, Hp).

For a fixed essentially regular point A of the path H,, let ry € R(\;{H,})
be a fixed real resonance point. Let [a, ] be an interval containing r) and
no other resonance points. In a neighbourhood of this interval, and for
z = A+1y, y > 0, we consider the meromorphic function

(6.1) r s %Im T.(H,)J = %M(TZ(H,«)J _T(H) ).

Its poles, namely the poles of T,(H,) and the poles of Tz(H,), are the
resonance and anti-resonance points corresponding to z. As y = 0 is shifted
to small positive values, the resonance point ry as a pole of Th;0(H,) splits
into a finite number of nonreal resonance points which constitute the ry-
group. On the other hand as a pole of T\_;o(H, ), the same splitting occurs
for the anti-resonance points reflected about the real axis (see Figure [6.1]).

Let 0 < y << 1 and let L be a contour in C from a to b which circumvents
all resonance and anti-resonance points of the ry-group in C,, as shown in
Figure[6.1] The resonance and anti-resonance points shown in Figure [6.1] rep-
resent all nearby poles of the function . Since A is resolvent comparable
and assuming A is chosen from the full set A({H,}, F'; £1), the function
takes values in the trace class. Denoting its trace by

F(r) = %Tr (I T2(H,)J) ,

suppose the integral of F,(r) over [a,b] is decomposed into the sum of its
integrals over L and C4(r)). Note that its integral over [a, b] is the smoothed

SSF &(\ + iy; Hy, Hy) given by (5.47)). Moreover, Proposition implies
97
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“ ° T’\ Ci(ra) b

FIGURE 6.1. The coupling parameter plane in the region
of [a,b] for small y, showing the splitting of the resonance
point 7y and two contours. Resonance points are solid dots
and anti-resonance points are circles. The contour C4(r))
is the positively-oriented closed upper semicircle of a circle
enclosing the ry-group. The contour L goes from a to b
circumventing resonance and anti-resonance points along the
upper rim of Ci(ry). Note that Cy(r)) may be tiny in
comparison to the interval [a, b].

that for small enough y its integral over C(r)) is equal to the resonance
index. Therefore we obtain the equality

(6'2) 5(/\ + iy; Hba Ha) = /L F)\+iy(T) dr + indres(A; Hma V)

The smoothed SSF converges for a.e. A to the SSF £(\; Hy, H,) asy — 0T
(see (5.50)). So it remains to show that the first term on the right hand
side of converges to the absolutely continuous SSF &(®)(\; Hy, H,). Due
to the absence of poles on the contour L, the function Fyiy,(r) converges
uniformly on L to F)y(r) as y — 0F. Thus

(6.3) Hm [ Fhpiy(r) dT:/FAHo(T) dr.
L

y—=0t+ J,

We will now use the fact, whose proof is relegated to the lemma below, that
the function F)y;o(r) admits analytic continuation to the real axis. This
means that it has no poles within a neighbourhood of C4 (ry). Therefore,
by Cauchy’s theorem the contour L of the integral on the right hand side
of can be replaced by the interval [a, b]. By Theorem the result
for a.e. \ is €@ (\; Hy, H,).

For a.e. A from the full set A({H,}, F’; £1) and any interval [a, b] contain-
ing a single resonance point ry, we have shown that

§(>\7 Hy, Ha) = g(a)(A; Hy, Ha) + indres(A; Hrw V)

Using additivity along the line H, proves that for a.e. A belonging to the
intersection A(Hy, F'; £1) N A(Hy, F; Lq),

EO\ Hy, Ho) = €9\ Hi, Ho)+ ) indyes (A Hyy, V),
rA€[0,1]
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where the sum, namely the total resonance indez, is taken over the finite
number of resonance points r) from the interval [0, 1].

THEOREM 6.1. Let Hy and Hy = Hy + V be two self-adjoint operators

from a resolvent comparable rigged affine space A and let H, = Hy +rV be
the straight path from Hy to Hy. For a.e. A from the full set A(Hp, F; £1) N
A(Hy, F; L1), the singular SSF coincides with the total resonance index:

f(s)(A§{HT}): Z indyes (A; Hy,y , V),
T;G[O,l]

where the sum s taken over the finite number of resonance points ry from
the interval [0,1].

The missing lemma which completes the proof:

LEMMA 6.2. Let H, be an analytic path in A. Then the meromorphic
function

s Tr (Im TA+i0(HT)J,,)
admits analytic continuation to the real axis, i.e. to real resonance points.

Proor. This lemma will be proved later using tools from stationary
scattering theory (see the note below Theorem , but a modified version
of the proof is sketched below. Let H, = Hy + F*J.F and suppose \ €
A(Hy, F; £1). We will use properties of the operator (a modified scattering
matrix)

M(r) == (1 + To—io(Ho) Jr) (1 + Trtio(Ho) J;) "
= 1= 2iTm T pi0(Ho)Jr(1 + Trpi0(Ho)Jr) .

In particular, when r is real and non-resonant this operator is unitary.
This can be shown algebraically by applying its adjoint and using the equal-
ity . It follows that except on the discrete resonance set M (r) is bounded
and hence admits analytic continuation to the real axis. Its derivative at any
non-resonant r can be calculated:

M'(r) = =2i(1 + Tx—i0(Ho)J;) Im T yio(Hy) Jr (1 + Tapi0(Ho) J) ™.
It follows that the function
T %Tr(M'(r)M*(r))
=Tr ((1 + T —io(Ho)Jy) Tm Ty i0(H, ) Jy (1 + T/\in(HO)Jr)_l)
=Tr (ImTA-l-iO(HT)jr)

admits analytic continuation to R. O



100 6. THE SINGULAR SSF AND THE RESONANCE INDEX

6.2. An example of singular SSF

In this section we will review a nontrivial example of the singular SSF
from the preprint [Azallb], which is allowed by its characterisation as the
total resonance index. But let’s begin with a trivial example. Let H be the
Hilbert space of complex numbers C and let Hy and V' be the self-adjoint
operators of multiplication by 0 and 1 respectively. A rigging operator is
unnecessary in the sense that F' = 1 satisfies the requirements. Moreover,
the singular SSF £(8)(\; Hy, Hy) can be calculated directly. For r € R, put
H, = Hy +rV = r. Its spectrum is {r} and its purely singular spectral
measure F,.(A) = xa(r) tests for the inclusion of r. Thus the (singular)
spectral shift measure is given by

1 1
§<8>(A;H1,HO):/O Tr(VET(A))dr:/O xa(r)dr =|ANJ0,1]],

hence the singular SSF is equal to

1
€6V (\; Hy, Hy) = ddA/O Te(VE,(\) dr = %
From the perspective of resonance index, the same calculation proceeds as
follows. The operator VR, (Hg) = —z~! has the single eigenvalue o, = —2~!.
So there is a single resonance function r, = z. Obviously to every A € R there
corresponds a real resonance point, which moves into the upper half-plane
as z = A is perturbed to z = A 4+ iy, y > 0. Hence the resonance index at A
is equal to 1 and again we find that

5(5) ()‘7 Hlv HO) = Z indres()\7 HT’/\’ V) = X[O’l}(A)
7")\6[0=1]

(_007 )‘] N [0’ 1” - X[O,l}(/\)-

This example of a simple moving eigenvalue can be artificially embedded
into the essential spectrum of an operator on an infinite-dimensional Hilbert
space as follows. Suppose H is an absolutely continuous self-adjoint operator
on a Hilbert space H and let Hy and V' be the operators acting on the Hilbert
space H @ C given in block matrix form by

H 0 00
HO_(O 0)’ V‘<0 1>'

A rigging operator F'@®1 is obtained from one on H. Then for any A\ € A(H, F)
it is not difficult to see that again £()(\; Hy, Hy) = X[0,1](A). In this case it
may happen that there is also absolutely continuous spectrum within the
interval [0, 1], but by construction it lies in a separate layer of the spectrum
and doesn’t really interact with the singular spectrum.

Two operators Hy and H on a Hilbert space H will be called irreducible
if the only nonempty closed subspace & C H which is invariant under both
operators is the whole space H, that is, if Hol = H1U = U implies U = H.
The next example is nontrivial in the sense that the pair of self-adjoint
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operators Hy and Hy are irreducible and yet the restriction of the singular
SSF £0)(\; Hy, Hp) to the essential spectrum is nonzero.

Let K be a Cantor subset of [—1,1] which is symmetric with respect
to 0 and has Lebesgue measure equal to 1. We can construct such a K by
first removing an open interval of length 1/3 from the middle of [—1,1],
then removing an open interval of length 1/9 from the middle of each of the
two remaining intervals, removing 1/27 from the remaining intervals, and
continuing ad infinitum. The Cantor set left over is K, while the removed
open set will be denoted U. Both K and U have Lebesgue measure 1.

Consider the operator of multiplication by X on the space Lo (U, d\), which
is obviously an absolutely continuous self-adjoint operator and its spectrum
is [—-1,1]. This will be the initial operator Hy. For the perturbation V'
we choose the self-adjoint rank one operator (1,-) 1, where 1 denotes the
constant function A — 1.

PROPOSITION 6.3. The operators Hy and V are irreducible.

PRrOOF. Let U be a closed subspace which is invariant under both H)
and V and suppose f € U is not zero. Since by the Stone-Weierstrass
Theorem the set of polynomials is dense in Lo(U,dM), it must be that for
some n = 0,1,2,... the scalar product (f, ") is nonzero. Then

0# (f,A\") =(f,Hgl) = (Hg f,1)
and since H}'f € U for each n, this shows that &/ must not be orthogonal
to 1. Therefore it must contain 1, since it is invariant under V. Then by its

invariance under Hy, it must also contain all polynomials. Hence the only
possibility is that U = H. O

THEOREM 6.4. With Hy and V as above, put H, = Hy + V. For all
large enough r > 0 the singular SSF 5(5)(HT,H0) is monzero on the essential
spectrum as an element of L1(R).

Note that in this example the essential spectrum o¢ss = [—1, 1] coincides
with the absolutely continuous spectrum, which is also stable by the Kato-
Rosenblum Theorem (numbered below).

ProoOF. By the equality of singular SSF and total resonance index, it
suffices to consider the resonance index. Since V' has rank one, so does the
operator

Ry (Ho)V = (1,) (A —2)7},
hence there can be only one resonance point r, = —0;1. The eigenvalue o,
is given by

1
o.=(1,(A— 2)71) = /1()\ —2) Ldu(N),

where the spectral measure p is the restriction of Lebesgue measure to U.
Denoting this Cauchy-Stieltjes transform by C,(z), we have r, = —1/C,,(z).
We are interested in those points A € [—1,1] to which there corresponds a
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(finite) real resonance point ry and therefore those A for which C,,(\ 4 i0) is
real and nonzero. It follows from Theorem [2.7] that for a.e. A € K,

ImC(A +1i0) = mxy(A) = 0.
Thus for a.e. A € K,

) ! T — A
(6.4) Cu(A+10) = yli\%l'*‘ TS ey du(x).
Moreover, by part (ii) of Theorem [2.6{C, (A + 40) cannot be zero on a subset
of K of positive Lebesgue measure. Therefore, for a.e. A € K there is a real
resonance point ry. Since V is positive and rank one, at any such A the
resonance index indyes(A; Hy,, V') must be equal to 1. Further, since U was
chosen to be symmetric about 0, it is easy to check that the limit is
an odd function of A. Thus there are positive resonance points r) for a set
of points A € K of Lebesgue measure |K|/2 = 1/2. It follows that for large
enough r the singular SSF 5(5)()\; H,, Hy) is equal to 1 on a set of positive
measure. ([l



CHAPTER 7

Constructive stationary scattering theory

Forming an important part of perturbation theory, scattering theory
is concerned with the perturbation of the absolutely continuous spectrum
of self-adjoint operators on a Hilert space H. It is also the mathematical
framework for quantum mechanical scattering and is of course a vast subject
most of which is beyond the scope of this document. The main sources used
here are the two comprehensive volumes [Yaf92; [Yafl10] by D.R. Yafaev.

The basic idea of scattering theory is to investigate the asymptotic
behaviour of solutions

u(t) _ e—itHlf

to the time-dependent Schrodinger equation

zgtu(t) = Hyu(t), u(0)=feH,

for a self-adjoint operator Hy, in terms of the solutions for another (presum-
ably simpler) self-adjoint operator Hp which is close to H; in an appropriate
sense. (For example they might be assumed to be resolvent comparable.)

In physical terms Hy and H; are the Hamiltonians respectively describing
an initial and a perturbed system. A motivating example is the Laplace oper-
ator Hy = —A on Lo(R") considered as the momentum operator describing a
free particle, which is perturbed to H; = —A + V by a localised potential V'
whose influence on the particle (to reasonable approximation) occurs within
a finite duration of time. In this case the initial, or free, operator Hy is
well-known in the sense that solutions of its Schrodinger equation are known
explicitly. Moreover, it is expected that the solutions for the perturbed
operator H; asymptotically approach those for Hy.

It turns out that in many situations, including the above example if
the potential V' decays sufficiently quickly at infinity (and is not otherwise
pathological, e.g. if V' € L1(R")), that for any vector f from the absolutely
continuous subspace H(®) (H), there exist fi € #(%)(Hy) so that

- —itH, —itHy _
e - o <o
Or equivalently,

tl}rinoo eltH1e—ltH0 fi — f

The operators defined by the so-limits (assuming they exist)
(7.1) W (Hy, Hp) := s-lim e eHo pla) (),

t—+o0
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where P(® is the projection onto the absolutely continuous subspace, are
called the (strong) wave operators. As long as they exist the wave operators
Wy (Hy, Hy) are isometric on H(®(Hy), due to the continuity of the norm
with respect to the so-topology. Further, they automatically exhibit the
intertwining property (see e.g. [Yaf92, Theorem 2.1.4]):

(7.2) (H1)Wx(Hy, Ho) = Wx(Hy, Ho)w(Ho)

for any bounded Borel function ¢. It follows that the range of W belongs to
H@(Hy). If ran W (Hy, Ho) = H(@ (Hy), then the wave operators establish
a unitary equivalence of the absolutely continuous parts of Hy and H;. In this
case they are said to be complete.

It is a central problem of scattering theory to determine the existence
and completeness of the wave operators. In essence there are two distinct
approaches to this problem known as the smooth method and the trace class
method. Quoting [Yafl0, p. 8], “the smooth method makes essential use of
an explicit spectral analysis of the unperturbed operator.” This generally
entails quite stringent assumptions on the form of the initial operator, for ex-
ample requiring it to have purely absolutely continuous spectrum of constant
multiplicity (in an interval). Whereas the trace class method avoids this
kind of assumption by instead making use of the fact that, again quoting
[Yaf10, p. 9], “in a weak sense an arbitrary Hilbert-Schmidt operator is
smooth with respect to an arbitrary self-adjoint operator.” This is meant
in the sense of Theorems and and for example, the requirement
that the pair of operators Hy and H; belong to a resolvent comparable
affine space constitutes a typical assumption enabling the trace class method.
A unifying theory for the smooth and trace class methods remains elusive
([Yat92; Yaf98]). However as noted in [Yaf92], they are to a certain extent
united within the framework of stationary scattering theory.

The stationary approach to scattering theory replaces the time para-
meter ¢t with the spectral parameter z = A 4 ¢y by transitioning from unitary
groups e~ to resolvents Ry +iy(H). Then instead of limits as ¢ approaches
infinity, there appear limits as y approaches zero. The LAP (see Section
is the key to the stationary approach. In Section [7.4]it is shown that if H
and H; are two self-adjoint operators from a rigged affine space A(F') and
the sets A(Hop, F') and A(Hq, F') have full measure, then the wave operators
exist and are complete. This is a well-known result, but the proof given
here has novel elements. In particular, it can be considered to take a further
step toward uniting the smooth and trace class methods in the sense that it
provides the trace class method with an explicit spectral representation and
‘evaluation operator’ €y, which is discussed further below.

If the wave operators are complete, then the scattering operator is defined
as the product

S(Hy, Ho) = W (Hy, Ho))W_(Hy, Hy).
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It is a partial isometry and unitary on the absolutely continuous subspace
H(a) (Hp). The intertwining property of the wave operators ((7.2) implies that

(7.3) ¢(Ho)S(H1, Ho) = S(H1, Ho)p(Ho)

for any bounded Borel function ¢. From this it follows by Theorems [2.12
and that the scattering operator S(Hj, Hy) acts as multiplication by
a measurable operator-valued function S(\; Hi, Hy) in any direct integral
spectral representation of Hy.

Since the scattering operator is zero on the singular subspace of Hy,
we might as well restrict it to the absolutely continuous subspace and choose
a direct integral representation of the absolutely continuous part of Hy, which
has the spectral type of Lebesgue measure. In this case by Theorem
there is a unitary operator

53]
(7.4) F(Ho): H'Y(Hp) — H(Hp) := / b (Ho) d.
6(Ho)
which diagonalises the absolutely continuous part of Hy in a direct integral.
Here, 6(Hp) is any core of the absolutely continuous spectrum o,.(Ho)
and the fibre Hilbert spaces h)(Hp) are determined up to their dimension.
Assuming that F(Hp) is extended as zero to the singular subspace () (Hj),
it follows from Theorem and that the scattering operator can be
decomposed as
®
(7.5) F(Hy)S(Hy, Ho)F*(Hp) :/ S(A\; Hy, Hp) dA.
6(Ho)
The a.e. defined unitary operator S(\; Hi, Hy) on the fibre Hilbert space
ha(Hp) is the scattering matriz.

One of the most important formulas within stationary scattering theory
is the stationary formula for the scattering matrix. For our purposes its main
import is in proving the ordered exponential representation of the scattering
matrix discussed in Chapter[l| which is the key to its connection with the SSF.
Supposing the operators Hy and H; belong to a rigged affine space A(F),
with the perturbation V := H; — Hj factorised as V = F*JF, and assuming
the LAP holds in the sense that the sets A(Hy, F') and A(Hy, F') have full

measure, the stationary formula reads

S(\; Hy, Ho) = 1 —2miZ(X\; Ho)(1 4+ JTxyi0(Ho)) " JZ*(\; Hp),
for a.e. A € R. The operator Z(\; Hy) is, at least intuitively, given by
Z(X\; Hy) = Fx(Ho)F*, where

(7.6) Fa(Ho): H > f— (F(Ho)f)(A) € ba(Ho)

is the ‘evaluation operator’ in the direct integral . This is not a rigorous
definition since the full set of values A for which the right hand side of is
defined depends on f (and a choice of representative within the equivalence
class of a.e. equal functions F(Hp)f). Various precise definitions of this
operator are discussed below.
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A proof of given the LAP can be found for example in [Yaf92,
Theorem 5.7.1] (cf. the more specific formulation of [Yafl10, Theorem 0.8.12]).
However, since for fixed A we are interested in its dependence on the normally
fixed pair of operators Hy and H1, a standard proof of the stationary formula
is not sufficient for our purposes. The main aim of this chapter is to rectify
the situation.

We begin with an overview of the problem and its solution (also see
the introduction of [Azal6]). In order to consider for fixed value of
the spectral parameter \ as a function of the operators Hy, H1 € A, it is
necessary to ensure that the set of exceptional points A can be contained;
although the union of a countable family of such null sets remains a null set,
the same can of course not be said of a continuous family of them. Apart
from its existence, the full set of values of A for which holds is usually
not of particular concern and as a result it is left in a very uncertain state.
Three questions can be singled out: for which A is the left hand side of
defined, for which A is the right hand side defined, and when are they equal?

For a start, it won’t do to define either side as an equivalence class
of a.e. equal operator-valued functions on the direct integral — we need
specific representatives in order to ask about their value at a point A. Close
to the heart of the problem is for the direct integral decomposition
itself to be chosen arbitrarily — a core of absolutely continuous spectrum and
the corresponding fibre Hilbert spaces need to be specified in such a way
that their dependence on Hy € A(F') becomes manageable. It turns out that
the presence of the rigging operator F' allows these specifications to be made
naturally.

Let’s consider in some detail the question of exactly which values of A the
right hand side of @ can be defined. In this regard the inverted factor on
the right hand side of @ has already been considered in Section By
definition, the limit Th,0(Hp) exists for any A from the set A(Hy, F'), which
in this context has full measure by Corollary [3.14] and is therefore a core
of the absolutely continuous spectrum o,.(Hp) by Corollary Then by
Proposition the factor (1+JTvi0(Hp)) ! exists as long as A also belongs
to A(Hj, F). In other words, this factor exists as long neither the initial Hy
nor the perturbed operator H; is resonant at .

So it remains to decide for which values of A\ the operator Z(\; Hy) is
defined. Unfortunately, this is not facilitated by its usual definition, which
we now briefly review following [Yaf92, Part 1 of Section 5.4]. Beginning with
an arbitrary spectral representation , Z(A; Hp) is built up from arbitrary
representatives of a countable collection of functions in the image of F(Hy)F*
as follows. Suppose {p;};jen is a basis of the auxiliary Hilbert space K.
Then by excluding a countable union of null sets, we can for a.e. A define

(7.7) Z(A; Ho)p = (F(Ho)F*)(N),

for vectors ¢ which are linear combinations of the basis vectors ¢;. Then
Z(\; Hy) can be continuously extended to other vectors once it is shown to
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be bounded using the fact that

(7.8)  ((F(Ho)F"@)(A), (F(Ho)F™0) (M), (#15) = %
for a.e. A, which follows from Corollary 2.10] and the LAP. The point is that
it is difficult to say for which values of A\ the operator Z(\; Hy) is defined,
let alone anything about their dependence on Hjy.

We now contrast the situation within the smooth approach to scattering
theory, where the definition of the operator Z(\; Hy) can be made much
more explicit. Suppose that the initial operator Hy has purely absolutely
continuous spectrum of constant multiplicity k& in an interval I. In this
case, with Ey denoting the spectral measure of Hy, the operator HoEy(I)
can be diagonalised in a direct integral of the particularly simple form
H(HoEo(I)) = La(I;h), where b is a fixed Hilbert space of dimension k. Then
F:H — K is called strongly Hy-smooth on I if F; := FEy(I) is bounded and
the operator F(Hy)F; maps the auxiliary Hilbert space K continuously into
the linear subspace of Holder continuous functions C*(I;h), a € (0, 1], i.e.

13 (Ho) F7 ©)(M)ly < const. |||k,
1(F(Ho)Frp)(A) = (F(Ho) Fr ) ()lly < const [A — p|* [l

for any A\, € I and ¢ € K (see e.g. [Yafl0, Definition 0.5.6]). Under this
assumption, the operator Z(\; Hp) can be unproblematically defined for any
A € I and any ¢ € K by the formula , since in this case the functions
on the right hand side can be canonically evaluated at . In this setting the
stationary formula (|1.13)) is known to hold for any A from the intersection
A(Ho, F)NA(Hy, F) (see e.g. [Yafl0, Theorem 0.7.1]).

Finally, we briefly describe how the problems above are overcome in the
constructive approach to stationary scattering theory due to N. Azamov.
It begins by defining an explicit spectral decomposition as follows (the
details can be found in Section|7.2)). Given the LAP there is an obvious choice
of a core of the absolutely continuous spectrum, namely A(Hp, F'), and the
rest of the definition can be motivated by the formula ; for A\ € A(Ho, F),
the evaluation operator is defined on the range of F* by the formula

Ex(Ho) = /7 Im T 440(Ho ) (F*) 7!,

in which case the operator Z(\; Hp) is simply /71 Tm T\ 10(Ho). The clos-
ure of its range is by definition the fibre Hilbert space hy(Hp). Then (using
Corollary [2.10|) it can be shown that the operator

(0, Im T yi0(Ho)®) s »

2 S5
E(Hp) = / Ex(Hop)d\: ran F* — H(Hy) = / ha(Ho) dX
A(Ho,F) A(Ho,F)
continuously extends to a unitary operator from H® (Hy) to 3(Hy), which
diagonalises Hy (Theorem . Importantly, the dependence of this rep-
resentation on the operator Hy is accessible. This approach is constructive
in the sense that the wave matrices wy(\; Hy, Hp) and scattering matrix
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S(\; Hy, Hp) are able to be explicitly defined for every value of the spectral
parameter A from a predefined full set A := A(Hop, F') NA(Hy, F). Their well-
known properties including the stationary formula (Theorem can then
be established for every A € A without exception. To complete the pic-
ture the wave operators and scattering operator can be built up from their
fibres, for example considering the scattering operator to be defined by
the formula , and verified to coincide with their usual time-dependent
definitions.

Throughout this chapter we will make reference to a rigged affine space of
self-adjoint operators A(F'), but unlike other chapters the compactness of the
sandwiched resolvent doesn’t play a role here and it can be assumed instead
that what is meant by A(F') is an affine space of self-adjoint operators
over some linear subspace of Ay(F) = F*Bs,(K)F such that the rigging
operator F is |H|'/?-bounded for any H € A(F).

7.1. Existence of the wave operators and the stationary approach

In this section some standard results are collected, mostly from [Yaf92].

Since in applications the initial operator Hy is much simpler than the
perturbed operator Hi, establishing the existence of the wave operator
Wi (Hy, Hp) can be much easier than the same problem for Wi (Hy, Hy).
However in the trace class regime the initial assumptions are symmetric
in Hy and Hq, so that the following proposition reduces the question of the
completeness of the wave operators to that of their existence.

PROPOSITION 7.1. Suppose that the wave operator Wy (Hy, Hy) exists.
Then it is complete if and only if the wave operator Wy (Hy, Hy) exists.

For a proof, see e.g. [RS79, Proposition 3 of Section XI.3].
A step towards solving the existence problem for the (strong) wave
operators ([7.1]) is to show the existence of the weak wave operators defined by

(7.9) w-We (Hy, Ho) := w-lim P (H et eitHo pla) (o).

Note that if the strong wave operators W exist, then so do the weak wave
operators w-W4x and w-Wy = W,

THEOREM 7.2. The existence of the strong wave operators s-Wy(Hq, Hyp)
is equivalent to the existence of the weak wave operators w-Wy (Hy, Hy) and
the equality

(7.10) w-W(Hy, Ho)w-Wx (Hy, Hy) = P9 (Hy).

This theorem is numbered 2.2.1 in [Yaf92]. The proof is reproduced here
for convenience.

PROOF. Since the existence of the strong wave operators clearly implies
the existence of the weak wave operators, it suffices to assume the existence
of the weak wave operators and show that the existence of the strong wave
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operators is equivalent to the equality (7.10]). So we assume that the weak
wave operators w-Wy := w-Wy(Hy, Hy) exist. Consider the equality

. . 2
ethlefthQP(a) (HO)f . w‘W:I:f ‘

= || P\ (Hp) f||* — 2Re <€itH1€_itH°P(a)(Ho)f, w'Wif> + [Jw-We .

Since w-Wy = P (H;)w-Wy, the second term on the right hand side tends
to —2||w-Wx f||?>. Therefore the convergence to zero of the left hand side is
equivalent to the equality ||P((Hp)f||? = |Jw-Wxf||?. For this to hold for
any f is equivalent to @ . O

The next two results are Lemma 5.3.1 and Theorem 5.3.2 in [Yaf92].
Their statements have been specialised to our needs, but the proofs are
almost unchanged.

LEMMA 7.3. Let H be a self-adjoint operator belonging to a rigged affine
space A(F) and suppose that the LAP holds in the sense that A(H, F) is a
full set. Then

/ HF«C,’_“HQH2 dt < oo,
R
for all g from some dense linear subspace D in H(“)(H) consisting of vectors

of compact support.

PROOF. Let E denote the spectral measure of H and let P(® denote the
projection onto the absolutely continuous subspace H®. Set

Xon ={ANEAH,F) : [N <n, |77 ImThji0(H)|| < N}

and let D be the set of linear combinations of all elements of the form
E(X, n)F*y for all possible n, N, and ¢ € dom F*. The sets X, v do
not support any singular spectrum (by Theorem , that is E(X, n) =
E(X, n)P@, and from the LAP it follows that

lim |[(—n,n)\ X, n|=0.

N—o0
Therefore for any g € ran F*, the element P(*)g can be approximated by
elements E(X, n)g € D. Since the range of F* is dense in H, the linear
subspace D of H(® is dense in H(®). (Note that while P(® ran F* is dense
in H(® | it is not necessarily true that #(% Nran F* is dense in H(@).)

Let g = E(X, n)F*y) € D. Choose an orthonormal basis {¢;};en of

the auxiliary Hilbert space X from dom F™* and consider the scalar products

(rewritten using Corollary [2.10)
(. Fe ™ g) = (Frpj, e M E(Xpn) F*9)

_ / e (i, 7 Im Ty yio(H)¥) d.
Xn,N
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Note that this is v/27 times the Fourier transform f;(t) of the function

£i(N) = Xan (V) (g, 7 Im Tsio(H )W)
which is compactly supported and bounded. Therefore by Parseval’s equality,

/‘<<pj,Fe_itHg>‘2 dt:27r/ yfj(t)\thz%/ £, dA
R R R

= 27T/X ‘<(pj,7'('71 II’HT)\_H()(H)I/J>‘2 dA.

n,N

Now summing over j we obtain
/ |Feithg|* dt = 277/ 7= T T a0 (B || .
R Xn,N

Thus, by the construction of the set X, y, the integral converges (and does
not exceed 47 N2n|1)|)). O

THEOREM 7.4. Let Hy and Hy = Hy + V be a self-adjoint operators
from a rigged affine space of self-adjoint operators A(F). If A(Hop, F') and
A(Hy, F) are full sets, then the weak wave operators w-Wy(Hy, Hy) exist.

PRrROOF. Note first that for any f,g € H,
d , . . . . .
% <e—ZtH1 f7 e—ZtHog> — <_7:Hle—ltH1 f7 e—’LtHog> 4 <e—ltH1 f7 _Z‘Hoe—ltHog>
=V [ef’itHl f; e*itHog]
= —i <Fe_itH1f, JFe_itH°g> ,
where the decomposition V' = F*JF was used in the last line. Therefore,

<f’ eit2H1e—it2Hog> _ <f’ eitlHle—itlHog>

=i / (Fe ™M f JFe "og) dt.

t1
Using the Schwartz inequality, this implies that

‘ <f, eitnge—itgHgg> _ <f, eitlHle—it1Hog> ’

t2 . B
<17 / | FemitHs f || Fe~#Hog) dy
t1

to ) 1/2 to )
< |71 ( / ||Fe-“H1fu2dt) < / ||Fe—“H°g|2dt)
t1 t1

By Lemma [7.3] the right hand side above tends to zero when ¢y, to — £o0, for
a dense set of vectors f in H(®)(H;) and a dense set of vectors g in H(®) (Hy).
Thus for f and g from these dense sets, there exist the limits

lim <f, P (Hy)etH g=itHo pla) (Ho)g> .

t—+o0

1/2

Hence the weak wave operators w-Wy (H7, Hy) exist. O
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Later it will be shown using techniques of stationary scattering theory that
the premise of Theoremalso implies the equality . Then T heorem
implies the existence of the strong wave operators.

The transition to the stationary scheme of scattering theory is achieved
via the relation (see e.g. [Yaf92, (1.4.4)])

(7.11) R.(H) = +i / eFHH=2) gt
0

where z = A £ iy, y > 0. Or perhaps more to the point, the transition is
made through the lemma below.

LEMMA 7.5. Let Hy and Hy be self-adjoint operators with Péa) and Pl(a)
being the projections onto their absolutely continuous subspaces. For any
vectors fo and f1 and any y > 0,

(7.12) 2y /O et <eﬂF“H1Pf“)f1,e¢itH0P(§“)fo> dt
-1 /]R (Roiy (H) P fo, By (Ho) PS® fo ) dX.

Proor. This is [Yaf92, Lemma 2.7.1] and we only sketch the proof.
We apply the vector-valued Parseval equalities

[ @y = [ GO Ao
where f;(\) = (2m)7Y2 [ e f; () dt, j = 0,1, to the functions
£i(t) = 0(t) e viFitH; pj@ fi,
where 6 denotes the Heaviside step function. Then it remains to use the
equality ([7.11]). O

The limits of (7.12) as y — 0T, if they exist, define the weak abelian
wave operators, which we will denote by Wy (Hy, Hp). That is, the weak
abelian wave operators are defined by

o0

W (Hy, Hp) = w-lim 2y / e 2Whw-Wy (Hy, Ho) dt.
y—0t 0

If the weak wave operators w-W. (Hy, Hp) exist then so do the weak abelian

wave operators (which coincide), as a consequence of the following abelian

limit result.

LEMMA 7.6. If f is a bounded function on R and f(00) := limy_o f(¢)
exists, then

f(o0) = lim 2y /OO eV f(t)dt.

y—0t 0
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PROOF. Let y > 0. Note that the integral of the function wy(t) = ye ¥
over the positive real axis is equal to 1. Also, for N > 0 its integral over
[0, N] converges to 0 as y — 0, while its integral over [N, 00) converges to 1.
Then the result follows from the estimate

[T a- )

N o0
< [ etlso - oo+ [ w150 - o)) dr
since both terms on the right converge to 0 as y — 0. ([

The lemma below is [Yaf92, Lemma 5.2.1], whose proof is also reproduced
for convenience.

LEMMA 7.7. Let Hy, Hy, be self-adjoint operators with spectral meas-
ures Fy and Ey respectively. For any vectors fo and fi, and for any Borel
sets Ag, A1 C R, with intersection A := A1 N Ag,

(7.13) l_ii%l+ % (Ratiy(H1)E1(A1) f1, Ratiy(Ho) Eo(Ao) fo) = 0,
Y
for a.e. A € R\ A. Moreover, if the limit
(7.14) tim_ 2 (Raeiy (H) f1, Raceiy(Ho) fo)
y—0t+ T
exists for a.e. A € R, then there also exists for a.e. A € R the limit

(7.15)  lim g<R,\iiy(H1)E1(A1)f1>R)\iiy(HO)EO(AO)f0>

y—0t+ T

= AN lim L (Rysiy (Hy) 1, Rasiy (Ho) fo) -

y—0t+ T

Proor. We begin with the inequality

(7.16) %<R)\iiy(H1)flaR/\iiy(HO)f0> i

Yy Yy
< ;”R)\iiy(Hl>f1H2;HR)\iiy(HO)fon'

Consider for example

%HR)\:I:M/(HO)fOHz = % (fo,Im Ry, (Ho) fo) ,
which is the Poisson integral of the measure (fo, Fofo) and hence has a limit
as y — 0T for a.e. A. Moreover, the set of its finite and nonzero limits is
a minimal support of the absolutely continuous part of the measure (The-
orem [2.7)). Putting fy equal to Ey(Ap) fo, we see that since the measure is
supported within Ag, the limit of its Poisson integral must be zero a.e. outside
of Ao. Therefore, with fg = E()(Ao)fo and f1 = E1 (Al)fh the I‘ight hand
side and hence the left hand side of inequality is zero for a.e. A € R\ A.

This proves ([7.13]).
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Using , it suffices to verify relation on the set A. For this,
denoting the limit by ax(f1, fo; \), we note that
a+(E1(R\ A1) f1, Eo(Ao) fo; A) = ax(f1, Eo(R\ Ag)fo; A) =0
for a.e. A from the set A by . Thus for a.e. A € A,
at(f1, fo; A) = ax(E1(A1) f1, Eo(Ao) fo; )
+ar(E1(R\ A1) f1, Eo(Ao) fo; A)
+ ax(f1, Eo(R\ Ao) fo; A)
= ax(E1(A1) f1, Eo(Ao) fo; A),
which establishes . ([

THEOREM 7.8. Assuming the weak abelian wave operators exist, the fol-
lowing equality holds for any vectors fy and fi.

1 .

(7.17) (f1, W+(H1, Ho) fo) = TF/Rylg(l)gZ/<iniy(H1)f1,Rxﬂy(Ho)fo>CD\-
PROOF. By Lemma [7.5 we have

(1, W (Hy, Ho) fo) = lim, = /R (Rowig ()P f1, Ry (Ho) PS" fo ) .

Following [Yaf92, Lemma 5.2.2], we will show that the limit and integral
on the right hand side can be interchanged. Then Lemma implies that
the projections onto the absolutely continuous subspaces can be removed

resulting in the right hand side of ([7.17)).
For brevity we put

gj(/\ + z'y) = R)\iiy(Hj)Pj(a)fj, ] = 0, 1.
Let Y be any Borel subset of R. The Schwartz inequality implies

18) L [ [l i) nr i) i

Yy . .
<Y / Lg% i)l llgo(r £ i) dA
T™Jy

y 12 0y 1/2
( / ||gl<uz'y>||2dx) ( / ||90(>\iiy)||2d>\> .
T Jy ™ Jy

By the Vitali convergence theorem, the interchange of limit and integral
will be justified if we show that the integral on the left hand side of
tends to zero uniformly with respect to y € (0,1) when |Y| — 0 and when
Y = (—o0, —N)U(N,00) and N — oco. Observe that this property is satisfied
if y > € for any fixed positive e. Therefore it suffices to show that two the
integrands on the right hand side of have limits in L;(R) as y — 0.
But for j = 0,1, the function

Y , L/ a
Llgs 0t iyl = = (P f5,Im Ray (H) P f;)

IN
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is the Poisson integral of the finite measure (f;, EJ(-a) fj) and since this meas-

ure is absolutely continuous, its Poisson integral converges in L;(R) by
Theorem 2.3 O

7.2. The evaluation operator

In this section we define the explicit spectral decomposition of the ab-
solutely continuous part of H which was discussed at the beginning of the
chapter. Throughout this section, H is a self-adjoint operator and F' is a rig-
ging operator which is relatively bounded with respect to the operator |H \1/ 2,

PROPOSITION 7.9. Let H be a self-adjoint operator from a rigged affine
space A(F). Then for any nonreal z, the operator FR,(H) has trivial kernel
and cokernel.

PROOF. The operator FR,(H) has trivial kernel, since this is true of
both F and R,(H). If F is bounded then (FR,(H))* = R;(H)F* also has
trivial kernel. In the case that F' is unbounded, we check that the range of
FR.(H) is dense in K = F dom[H] (see the discussion surrounding ([3.26))).
Let ¥(z) = (Jz| + 1)7'/2 so that rant(H) = dom[H] and ranv?(H) =
domH = ranR.(H). To any ¢ € K there is an arbitrarily close vector
Fy(H)f belonging to the dense set F'dom[H]. Then there exists a vector
Y(H)g € dom[H]| arbitrarily close to f by the density of dom[H] in H. Hence

lp = Fo*(H)gll < |l + Fo(H)fIl + | Fo(H) f — Fy*(H)gl|
<l + FYH)fI| + [1FYHE)[f = (H)gll

can be made arbitrarily small. ([l

For y > 0, the range of the operator /ImT);,(H) is dense in the
auxiliary Hilbert space K. Indeed, with z = X + iy, this can be seen from
the equality

(7.19) VImT.(H) = \/yFR.(H)(FR.(H))* = \/y|(FR.(H))*|,

since the range of the operator |(F'R,(H))*| coincides with that of FR,(H)
and (ran FR,(H))* = ker(FR,(H))* = {0}. However, for A € A(H, F) the
range of /Im Th1,0(H) may no longer be dense and we define

bA(H) = ba(H, F) = ran /Im Ty i0(H).

LEMMA 7.10. The field of fibre Hilbert spaces
(7.20) {0A(H) : X € A(H, F)}

is measurable, in the sense that the orthogonal projections onto by are weakly
measurable.
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PROOF. Let Py be the projection onto hy. For any ¢, € K, we check
that the function

(7.21) A(H, F) 3 X (o, Pxv) = (Pxp, PAY)

is measurable as the limit of measurable functions. Since any vector in the
range of P, by definition belongs to the closure of the range of the operator

VIm Tyi40(H), there exist sequences 7y, Xn, 7 = 1,2,..., from K such that
Im T\ 1i0(H) nn — Paxp, and /ImTx150(H) xn — Prt.

Further, for any fixed n € N, we can find convergent sequences 71, — 7,
and Xy r — Xn in K, whose terms belong to the dense set dom F™*. For any
n, k € N, the function

>\'—>< Im Ty yi0(H ) 0 ImT)\+i0(H)Xn,k>

= lim (F*npp, Im Ry iy (H) F™* X )
y—0+
is measurable as the limit of measurable functions. Hence for any n € N the

limit as k — oo is a measurable function. Finally, taking the limit as n — oo
shows that the function (|7.21]) is measurable. O

It follows from Lemma (see Section that the field ((7.20)) defines

a direct integral of Hilbert spaces
®

(7.22) H(H) = H(H, F) == /A PR

which can be viewed as the closed subspace of La(A, K) consisting of those
functions f such that f(\) € h(H) for a.e. A € A(H, F).
For any A € A(H, F), let the evaluation operator Ex(H) = Ex(H, F) be
defined on the range of F* by the formula
1 o —
(7.23) Ex(H) = 7 Im T i0(H) (F*) .

LEMMA 7.11. The family of operators {Ex(H) : A € A(H, F)} defines a
bounded operator E(H) = E(H,F): H — H(H), which is given for any f €
ran F* by (E(H)f)(A) := Ex(H)f and has norm < 1. Moreover, the equality

(7.24) IECH, F) fll5(ry = IE(AH, ) fll
holds for any f € H.

Proor. For any f from ran F*, the function A — E,(H)f obviously
takes values in h)(H) and we will show that it is square integrable and hence
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belongs to H(H). Indeed,

IECH, F) flI3car) =/ ((ECH)F)N), (E(H)F)(N))g, dA

A(H,F)

1 .

— / lim (f,Tm Ry1iy(H)f), dA
A(H,F)

™ y—0t
= |E(A(H, F))f13

The first equality is the definition of the norm on H(H) and since f € ran F*,
the second equality is a consequence of the definition . The third,
in which E denotes the spectral measure of H, holds due to properties of the
Poisson integral (see Corollary and Theorem : the measure (f, Ef)
is purely absolutely continuous on the set A(H, F'), since its Poisson integral
71 (f,Im R4y (H) f) has finite limits there, and its density is a.e. equal to
the limit of its Poisson integral. It follows that E(H, F'): ran F™* — H(H) is
a bounded operator whose norm is < 1. Therefore by the density of the range
of F* in H, this operator extends to a bounded operator E(H): H — H(H)
with norm < 1. The equality extends by continuity from f € ran F'*
to any f € H. In fact this implies all equalities in the above chain remain
valid for any f € H. O

THEOREM 7.12. Let H be a self-adjoint operator on a Hilbert space H
and let E be its spectral measure. Suppose F is a rigging operator which is
relatively bounded with respect to |H|'/?. The operator &(H): H — H(H)
defined above is a partial isometry with initial space E(A(H, F))H and final
space H(H). Moreover, E(H) diagonalises the operator E(A(H, F))H in the
sense that for all f € dom H

(7.25) (E(HHF)(N) = NEH)F)(N) ¥ a.e. A€ A(H, F)

and if h is a bounded Borel function whose minimal support is a subset of
A(H, F), then for all f € H

(7.26) (EHR(H)F)N) = hNEHEH)F)(N) Y ace. A € A(H, F).

ProOOF. The equality implies that £(H) is a partial isometry with
initial space E(A(H, F))H.

We will now show, for any Borel subset A C A(H, F), that if E(A)f =0
then (E(H)f)(X) =0 for a.e. A € A. Let f,, be a sequence from the dense
range of F* converging to f. Then

(/H@GUﬁM%—&GﬂthA:/WK&HXf—hDMN%M
A A

s/' IEE)(S = )N dA
A(H,F)

= [eH)(f — fa)l®
<|f = full®> = 0.
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Moreover, since f,, € ran F*, for any n we have

1
J el ax = [ i (f I B ) ah = B

Therefore, if E(A)f = 0, then in the limit the above equality becomes

/n N|2dx =0,

which implies that (E(H)f)(A) =0 for a.e. A € A.
Let A be a Borel subset of A(H, F) and let f € H. From above it follows
that (E(H)E(A)f)(A) =0 for a.e. A ¢ A and also that for a.e. A € A,

(EH)EA)f)(A) = (E(H)[)(A) — (E(H)ER\ A)f)(A) = (E(H) [)(A).
Therefore,
(E(H)E(A)F)A) = AN (EH)[)(A), Vae A€ A(H,F),

where A(X) denotes the indicator of A. This equality implies that
holds for step functions h(A), hence by continuity it holds for all bounded
Borel functions h. And with h,(\) — X continuity implies (7.25).

It remains to show that H(H) is the final space, for which it is enough
to show that the range of E(H) is dense in H(H). Let g(\) be an element
of H(H) which is orthogonal to the range of E(H ). The equality implies
that if the range of &(H) contains a function f()\), then it also contains all
functions of the form h(\)f(\), where h is a scalar-valued bounded Borel
function. Hence for any f € #H, g(\) must be orthogonal to h(X)(E(H)f)(N)
for any bounded Borel h. It follows that g(A) L (E(H)f)(A) in hr(H) for
a.e. A € A(H, F). Considering f from the range of F™*, it must be that g(\)
is orthogonal to the range of \/ImT)y;0(H) and hence to the whole fibre
Hilbert space hy(H). Therefore g(\) =0 for a.e. A € A(H, F). O

COROLLARY 7.13. Let H be a self-adjoint operator and let F be a |H|'/?-
bounded rigging operator such that A(H, F) is a full set. Then the operator
E(H,F): H— H(H,F) diagonalises the absolutely continuous part of H.

The strength of this corollary, which gives an explicit diagonalisation of
the absolutely continuous part of an arbitrary self-adjoint operator, is due to
its strong premise: the LAP.

7.3. The wave and scattering matrices

Throughout this section and for the remainder of this chapter A(F")
denotes a fixed rigged affine space (however see the remark on p. [108]).
For any H € A(F) and any nonreal z, consider the polar decomposition:

(FR:(H))" = U.(H, F)|(FRz(H))"|.

Since (FRz(H))* has trivial kernel and cokernel by Proposition the op-
erator U,(H, F): K — H is unitary. For any two self-adjoint operators H
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and Hy from A(F') and for any nonreal z, the operator w(z; Hy, Hy) on the
auxiliary Hilbert space K defined by

(7.27) w(z; Hy, Hy) = U (Hy, F)U.(Hy, F)

will be called an off-axis wave matriz. Some immediate properties are
collected in the proposition below.

ProproOsSITION 7.14. The off-azis wave matrices are unitary, satisfy the
multiplicative property w(z; Ha, Hy) = w(z; Ha, Hy)w(z; H1, Hy), as well as
the equalities w(z; Hy, Hy) = 1 and w*(z; H1, Hy) = w(z; Ho, H1).

LEMMA 7.15. Suppose Hy and Hy = Hy +V, where V. = F*JF, are two
operators from the affine space A(F). Then with z = X iy, y > 0, and
2T = XN+ 1y, the off-axis wave matrices satisfy the equalities

(7.28) /I Tos (Hy)w(z; Hy, Ho)/Im Tor (Ho) = yF Re(H) (FR=(Ho))",
(729) vV Im Tz+ (Hl)w(z; Hl, Ho) = (1 - Tg(Hl)J)\/ Im Tz"" (Ho),
(

7.30) w(z; Hy, Ho)\/Im T+ (Ho) = /Im T+ (Hy)(1 + JT.(Hy)).

PRrROOF. These equalities follow easily from the resolvent identities. For
example, from the equality (7.19) and the definition (7.27) of the off-axis

wave matrix, we obtain
w(z; Hi, Hy)\/Im T+ (Ho) = \/y U, (H1)(FRz(Hp))*.
Now using the second resolvent identity and then again ,
w(z; Hi, Hy)\/ImT,+(Ho) = \/yU; (H1)(FRz(H1))* (1 + JT.(Hy))
— /I T () (1 + JT.(Hy)).

Equalities ([7.28]) and (|7.29)) are obtained similarly. ]

Now we consider what happens as the off-axis spectral parameter z =
A £ iy approaches the real axis. For this purpose we reintroduce the set of
regular points II(H, F'), defined by — in short it consists of all z = A+ iy
for y > 0, where it is assumed that A € A(H, F) if y = 0. As in Lemma
for any z = A iy € I[I(H, F), let 27 = X + iy denote its projection onto the
upper half-plane 11} (H, F).

PrOPOSITION 7.16. Let p =1 and g = 2, or p = q = 00, accordingly
if the rigged affine space A(F) is resolvent comparable or not. Then for
any z € Il(H, F'; L,,), the operator \/ImT,+(H) belongs to L,(K). Moreover,
if X\ € A(H, F; L) then in the norm of L4(KC),

VIm Ty iy (H) = /ImTro(H) as y—0+.

ProoF. Since ImT,+(H) belongs to L,(K), its square root belongs
to L4(KC). The convergence in L,(K) of ImTy1;y(H) — ImT)y0(H) as
y — 07 follows from Corollary Therefore its square root converges in
L4(K) as a result of the Birman-Koplienko-Solomyak inequality . O



7.3. THE WAVE AND SCATTERING MATRICES 119

If A belongs to the 1ntersect10n A(Hy, F) N A(H;, F) then each of the

operators ([7.28 , , and ([7.30) 1 30)) exists as a bounded operator in the limit
asy — 0T, This is clear for ((7.29) and (7.30] D given Proposition while

either one of these equalitles 1mphes the existence of the limit of -,
which is equal to

1
lim FRA:Fzy(Hl)(FRmy(Ho)) =(1- TAquo(HI)J); Im Ty y40(Ho)

y—0t+ T
1
= —ImDhyio(H1)(1 + JTazio(Ho))-

(In [Azallal Definition 5.1.4], also cf. [Yaf92, (2.7.4)], this operator is referred
to by the notation ay(\; Hy, Hp).)
For convenience, for any z € II(H, F') we put

E.(H) :=/m 1 Im T+ (H)(F*)™!

Then Proposition implies that for any z = A\ £ iy with A € A(H, F)
and any f € ran F*, &,(H)f converges to Ex(H)f as y — 0. Suppose 2z
is nonreal, in which case we note that the range of €,(H) is dense in the
auxiliary Hilbert space IC. This fact and the equality imply that the
off-axis wave matrices are determined by the numbers

<EZ(H1)f7w(Z; HlvHU)SZ(HO)g> = % <RZ(H1)f7 RZ(H0)9>7 fvg € ran F*.

PROPOSITION 7.17. Suppose that Hy and Hy are self-adjoint operators
from the affine space A(F'). Then for any A € A(Ho, F)NA(H1, F'), there exist
bounded operators

(7.31) w()\i iO; Hl,H()) = wi()\; Hl,HO): [])\(H(),F) — f))\(Hl,F),

namely the wave matrices, which have norm < 1 and are uniquely determined
by the numbers

(7.32) wy (A Hy, Ho)[EX(H1)f, Ex(Hp)g]
= lim *(inzy(Hﬂf,R,\izy(Ho) ), f,g€ranF".

y—>

PrOOF. This proof follows a standard method (cf. [Yaf92, §5.2]). The
formula defines a form on ran € (H) x ran € (Hp), which we will show
is bounded, with bound < 1, and hence defines a bounded operator
from the closure of ran €)(Hy) to the closure of ran £y (H;y). For y > 0 and
any f = F*p,g = F*) € ran F'*,

y y * *
;\ (Ratiy(H1) f, Ratiy(Ho)g) | < ;HR/\iz‘y(Hl)F Pl Ry (Ho) F* ||

1
= — (@I Ty (H1)@) /2 (4, Im Ty (o))
[€xtiy (H1) fII[€xtiy (Ho ) |
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Then since A € A(Hy, F) N A(Hy, F), by taking the limit y — 07 we obtain
| (ExCH1) [, wa (As Hi, Ho)Ex(Ho)g) | < |Ex(H) fIII[EX(Ho)gl-

Therefore by continuous linear extension, (7.32)) determines a bounded form
on hx(Hi) x hx(Hy), which corresponds to the bounded operator ([7.31]) with
the same bound. g

The next lemma establishes the equalities of Lemma in the case
that z = A +10.

LEMMA 7.18. For A € A(Ho, F) N A(H1, F), the wave matrices satisfy
the equalities

VIm Ty 0(H1)w=(N; Hy, Ho) ImT)\JriO(HO)
= lim FRA:Fzy(Hl)(FRA:Fzy(HO)) ;

y—0t T

(7.33)

(734) Im T)\HO(Hl)wi()\' Hl, Ho) = (1 — T)\:Fi()(Hl)J) ImT/\+i0(H0)
(7.35) wx(X\; Hy, Hy)v/Im Thpi0(Ho) = /Im Txio(H1)(1 4+ JTxsi0(Hp)),

which are interpreted as equalities of bounded operators acting K — K,
ha(Ho) — K, and K — hx(Hy), respectively.

ProoF. For any ¢,9 € dom F*, the definition (7.32) and the equal-
ity (7.28) imply
(E) == < Im Ty 1io(H1)ep, w (A; Hl,Ho)vaTA+io(Ho)¢>
— lim <\/ImTA+Zy(H1)gp, () + dy; Hl,HO)\/ImT,\ﬂy(HO)¢>.

y—0t

By applying each of { -, -, and and then moving the limit
back within the scalar product, we obtam

(E) = <<p, Jim, TyrFRmy(Hl)(FRm;;(Ho))*w>

= <907(1 To—io(H1)J)v/Tm Ty 1 0( Ho) \/ImT,\+zo(H0)¢>

= <\/Im Tovio(H1)e, v/ Tm Ty yi0(H1) (1 + JT)\+iO(H0))¢> :

By the density of dom F*, the first equality implies ([7.33)). Similarly, now
also using the density of the range of ran € (H) in h)(H), the second equality

implies (7.34)) and the third implies ([7.35]). O
As an aside, the equalities ([7.34]) can be identified with equations for

the stationary scattering states which appear in physics books, in particular
[Tay72 (10.8)]. (There are two sign disagreements with [Tay72|; one comes
from the traditional difference between physics and mathematics when it
comes to the choice of sign for the definition of the wave operators, while
the other comes from a difference in sign convention for the resolvent.)
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From (|7.34) and the second resolvent identity we can easily obtain a version
of the Lippman-Schwinger equation (|Tay72, (10.12)])

vV Im Ty (H1) w(A; Hy, Ho)
= /7 Im Ty i0(Ho) — Taio(Ho)J /7= Im T yio (H1) w (A; Hy, Ho).

For a given state ¢ this equation can be suggestively rewritten as

P B (V) = 0(A) = Taio(Ho) Jo™ (W),
where ()(\) = \/6x(H1) we (X; Hy, Ho)\/0x(Ho) ¢, ¢(A) = dx(Ho)p and
ON(H) = 7~ Tm Ty yi0(H).

THEOREM 7.19. Let Hg, Hi and Hy be self-adjoint operators from a
rigged affine space A(F'). Then the wave matrices satisfy the multiplicative

property
(7.36) w+(\; Ha, Ho) = w+(\; Ha, Hy)w+(X; Hy, Ho),
for any \ € ﬂj A(H;,F), j = 0,1,2. In addition, the wave matrices are

unitary and satisfy the equalities w(\; Hy, Hy) = 1 and wi(\; Hi, Hy) =
w (A; Ho, Hy).

Proor. To prove ((7.36) it is enough to show that for any f, g € ran F*
(Ex(Ha2) f,wi(X; Ha, Ho)Ex(Ho)g)
= (Ex(H2) f,we(X; Ha, Hy)w+(X; Hi, Ho)Ex(Ho)g) -

This can be inferred from the following equality of bounded operators on the
auxiliary Hilbert space K.

\/ImT)\+i0(H2)w:t()\;H27HO) ImT)\+i0(HO)
= lim VImT)y(H2)w(A +iy; Ha, Ho)VIm Ty (Ho)

y—07+
= lir(r)1+ vIim T)\+iy(H2)'LU()\ + z'y; HQ, Hl)’w()\ + iy; Hl, H()) v Im T)\+iy(H0)
y—

=\ Im T)\+Z‘0(H2)w:|:()\; HQ, Hl)wi(A; Hl, Ho)\/ ImT)\_H'()(Ho).

Here, the first equality follows from and its analogue in the case
y = 0, the second equality uses the multiplicative property of the off-axis
wave matrix, while the final equality follows from and and their
analogues (7.34) and (7.35)).

The multiplicative property can now be used to prove the remaining prop-
erties. Firstly, it follows easily from the definition of the wave matrices
that wy (\; Hp, Hy) = 1. Combining this with the multiplicative property,
we have

w4 (A Hi, Ho)w+(X\; Ho, Hi) = we (X Hi, Hy) =1,
w4 (A Ho, Hi)w+(X; Hi, Hy) = w(X; Ho, Hp) = 1.
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From these equalities and the fact that ||wi(A; Hy, Hp)|| < 1, it follows that
the wave matrices have norm 1 and are invertible with norm 1 inverses, from

which it can be inferred that they are unitary and hence satisfy the equalities
wi (A; Hy, Ho) = wa(A; Ho, Hy). O

For any two self-adjoint operators Hy and H; from A(F') and for any
z € II(Hy, F) NII(Hy, F) the (off-axis) scattering matriz is defined by

S(z; Hi, Hy) := w*(z; H1, Hy)w(z; Hy, Hyp),

The theorem below collects properties of the scattering matrix which follow
immediately from its definition and the properties of the wave matrices
established in Theorem [7.19]

THEOREM 7.20. Let Hj, j = 0,1,2, be self-adjoint operators from the
rigged affine space A and let z € (; I1(Hj, F') where j varies through {0,1}
or {0,1,2} as appropriate. Then the operator S(z; Hy, Hy) is unitary and
satisfies the multiplicative identities

S™(2; Hy, Ho) = S(z; Hi, Ho)
S(Z;Hg,Ho) = w*(z;Hl,HO)S(z;HQ,Hl)w(E; Hl,Ho),
(737) S(Z;HQ,H()) = w*(z;Hl,Ho)S(Z;HQ,Hl)w(Z;Hl,Ho)S(Z;Hl,Ho),

Considering the symmetry of the scattering matrix expressed in the
first equality above, there is little need to consider z in the lower half-plane
II_(Hp, F)NII_(H1, F) and we write S(\; H1, Hp) and S*(\; H1, Hp) instead
of S(A+10; Hy, Hp) and S(A —i0; Hy, Hy).

The equality (7.37)) (cf. [Yaf92, (7.1.5)4]) will be useful in the next
chapter.

THEOREM 7.21. Let Hy and Hi = Hy +V, V = F*JF, be two self-
adjoint operators from a rigged affine space A(F). For any z € 11+ (Hy, F') N
IIL(Hy, F), the (off-axis) scattering matriz satisfies the formula

(7.38)  S(z;Hy, Ho) = 1F 2i\/Im T>(Ho)J (1 — T(H1)J)\/Im T, (Hp).

Note that the off-axis scattering matrix is a unitary operator on the
auxiliary Hilbert space K, while the scattering matrix S(\; Hy, Hp) itself is a
unitary operator on the fibre Hilbert space hy(Hp). However as a consequence
of (7.38), if A belongs to the intersection A(Ho, F') N A(Hy, F), then the limit
S(A+1i0; Hy, Hp) of the off-axis scattering matrix is equal to S(\; Hy, Hp) @1
acting on K = bx(Ho) & h(Ho)™ .

Also note that using the second resolvent identity the factor 1 —T,(H;)J
can be written as

1 —T,(H\)J = (1 + T.(Ho)J) (1 + T:(Ho)J — (1 + T5(Ho)J)T.(Hy)J)
= (1 +T.(Ho)J)™ "
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(Here we are assuming T, (Hj) is compact so that the proof of Lemma
implies the existence of the inverted factor.) Similarly, we could instead
write J(1 — T,(Hy)J) = (1 — JT,(Hy))J = (1 4+ JT,(Hp)) "1 J.

With such an alteration so that only the operator Hy and not H; appears
on the right hand side, the equality is known as the stationary formula
for the scattering matrix.

PROOF. Let z = A+iy, y > 0, where we assume A € A(Hy, F)NA(Hy, F)
if y = 0. Using (7.29)) and ([7.30)), or (7.34]) and (7.35)), we obtain
VIm T, (Ho)S(z; Hy, Hy)r/Im T (Hy)
= (14 T2(Ho)J) I T (Hy)(1 + JT=(Ho))
=ImT;(Ho)(1 — JT.(H1))(1 + JT5(Ho)).
While it follows from the second resolvent identity that
(1 — JT.(H1))(1 + JT:(Ho))
=1-=JT.(H1) + J(1 - T:.(H1)J)T=(Ho)
=1—-J(1—-T,(H1)J)T.(Hy) + J(1 — T.(H1)J)T:(Hp)
=1-2iJ(1 —T.(H1)J)ImT,(Hy).
Therefore, for any f = F*p,g = F* € ran F'* we get
(€2(Ho) f,5(z; Hi, Ho)€-(Ho)g)
— (o, I T2 (Ho) [1 — 20 (1 — To(Hy)J) T T2 (Ho)] )
= (€2(Ho)f, (-..) €-(Ho)g) ,

where (...) stands for the right hand side of (7.38)). This implies (7.38) by
the density of the range of €,(Hj), which is dense in K in the case that y > 0

and dense in hy(Hp) in the case that y = 0. O

7.4. Connection to the time-dependent approach

In this section we show how the wave operators and the scattering operator
can be built up from the wave matrices and scattering matrix. Let Hy and H;
be two self-adjoint operators from the rigged affine space A(F). Then with
A= A(Hy, F) N A(Hy, F), the (partial) wave operators Wi (Hy, Hy; A) are
defined by

(7.39) E(HY) W (Hy, Hos N)E* (Hy) = /i wa (\; Hy, Ho) dA.

Let Ej, j = 0,1, denote the spectral measure of H;. Since E(H;) is an
isomorphism of the subspace Ej(A)H C H®(H;) and the direct integral
H(Hj) by Theorem the partial wave operators act
(7.40) Wi(Hl, HQ; A) : Eo(A)H — Fy (A)H,

but of course we can always extend them as zero on Ey(R \ A)H in order to
consider them acting on the main Hilbert space H.
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THEOREM 7.22. Let Hy, Hi, and Hy be self-adjoint operators from a
rigged affine space A(F) and let A :=(; A(H;, F), where j varies through
{0,1} or {0,1,2} as appropriate. Then the (partial) wave operators are
unitary and satisfy the equalities Wi (Ho, Ho; A) = 1, WI(Hy,Hop; A) =
Wi (Hy, Hy1; A), and the multiplicative property

Wi (Hy, Ho; A) = Wi (Ho, Hi; A)W4(Hy, Ho; A).

ProoF. This is a direct result of Theorem and the properties of
decomposable operators on direct integrals discussed in Section [2.4] (|

THEOREM 7.23. Let Hy, Hy, and A be as in Theorem [7.23. For any
bounded Borel function ¢ on R whose support is a subset of A, there holds
the intertwining property

@(H )Wy (Hy, Ho; A) = Wi (Hy, Ho; A)p(Ho).

Moreover, the wave operators establish a unitary equivalence of the self-
adjoint operators Ej(A)H;, j = 0,1, and if they are extended as 0 to the
whole Hilbert space H, then

H W4 (Hy, Ho; A) = Wi (Hy, Ho; A)Ho.

ProOOF. This result easily follows from the definition (7.39) and The-
orem For example, the first equality is established via

o(H1)Wx(Hy, Ho; A) = @(H1)E" (H1)E(H1 )W (Hy, Ho; A)E™ (Ho)E(Ho)

= (o) ([ s, ) an) 010

— &% (HY) </A69 wa (A Hy, Hy) d)\> & (Ho)o(Ho)

= Wy (Hy, Ho; A)p(Hop).
For the last part, we note that the domain of Ey(A)Hy, which is equal to

{fe%:/A|A|2||<8<Ho>f><A>H2dA<oo},

is mapped by Wy (H1, Hp) to the domain of Fj(A)H; and use the strong
convergence of E(A,)H — E(A)H for bounded subsets A,, — A. O

Now we will assume that the LAP holds in the sense that A is a full set,
in which case we write
W (Hy, Ho) :== Wi (Hi, Ho; A).
In this case the following version of the Kato-Rosenblum Theorem is an

immediate consequence of Theorem [7.23]

THEOREM 7.24. Let Hy and Hy be self-adjoint operators from a rigged
affine space A(F'). Suppose A(Hy, F') and A(Hy, F) are full sets. Then the

absolutely continuous parts of Hy and Hy are unitarily equivalent.
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Note that it follows from Theorem [7.24] and the LAP in the form of
Corollary that all operators from a resolvent comparable rigged affine
space share a common absolutely continuous spectrum.

The next theorem confirms that the wave operators as defined by
agree with their usual time-dependent definition .

THEOREM 7.25. Under the premise of Theorem[7.24), the wave operat-
ors ((7.40) satisfy the equality

— o_1; itH1 —itHg (a)
Wi (Hy, Hyp) stilrinooe e P'Y(Hy),

where P\ (Hy) projects onto the absolutely continuous subspace H' (Hy).

PROOF. The proof employs a standard method, which proceeds as follows.
We first check that the weak wave operators, which exist by Theorem
coincide with the constructive wave operators @D Let A := A(Hp, F) N
A(Hy, F). Tt follows from the definition (7.39) of the constructive wave
operators Wy (Hy, Hp) that for any f = F*p and g = F*¢ from the dense
range of F™*,

(f, W (Hy, Hy)g) = /A (Ex(HY) fows (N Hy, Ho)(Ho)g) dN

:/A lim Q<R)\:|:iy(H1)f7R)d:z‘y(H0)g> dA.

y—0+

So by Theorem the constructive wave operators coincide with the weak
abelian wave operators and hence the weak wave operators. Theorem
now implies the existence of the strong wave operators, since the constructive
wave operators satisfy the required multiplicative property by Theorem [7.22]
Moreover, the strong wave operators must coincide with the weak and hence
also the constructive wave operators. O

We conclude this section with a brief mention of the scattering operator
S(H1, Hop), which can be defined constructively by

&)
& (Ho)S(Hy, Ho)&*(Ho) — /A SO\ Hi, Ho) d),

where A = A(Hy, F)NA(Hy, F). The proof of the next theorem follows easily
from the results already established and has been omitted.

THEOREM 7.26. The scattering operator is unitary and satisfies the
equality
S(Hy,Hy) = Wi(Hy,Hy)W_(Hy, Hp),
as well as properties analogous to those of the scattering matriz given in
Theorem [7.20, Also, the scattering operator commutes with H.






CHAPTER 8

The SSF and the scattering matrix

The first aim of this chapter is to establish the ordered exponential
representation of the scattering matrix, which can be written as

(8.1) S(A;Hy, Ho) =

1
Texp <—27Tz'/ w+()\;HO,HT)S,\(HT)WE’;\(HT)w+()\;HT,HO) dr> ,
0

where H, = Hy + V,. is a piecewise analytic path connecting the self-adjoint
operators Hy and H;p in a rigged affine space A(F') and A\ belongs to the
intersection A(Hp, F') N A(Hy, F'). This representation is a little formal,
because the adjoint E3(H,): hx(H,) — H of the evaluation operator is not
well-defined and V, is strictly speaking not an operator on M, but it is
clarified by means of the decomposition V, = F*J, F via

. 1 .
EX(H )V, €3 (H) 1= —/Tm Tpig(H) Jr/Tm Thpio(Hy ).

By Proposition the ordered exponential (8.1)) is the unique solution
to the ordinary differential equation

d
(8:2) —S(X; H,, Ho) =
—2miwy (N Ho, Hy)EX(H,)V,.EX(Hy )wy (A; Hyy Ho)S(A; Hyy Ho),

with the initial condition S(X; Ho, Hy) = 1. Given the results of Chapter [7]
proving is quite straightforward as outlined in Chapter|l} The proof and
its implications for the SSF are the topic of the upcoming section. Finally,
in Section we will see how the singular SSF can be represented as the
singular p-invariant.

In this final chapter the trace condition introduced in Section [5.2] is
reinstated; throughout, A(F') will denote a resolvent comparable rigged
affine space. However we note that if it is merely assumed that A(F) is a
rigged affine space, then Theorems and can be confirmed to hold
when L£; is replaced with L, by making obvious modifications to their
proofs.

127
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8.1. Scattering matrix as an ordered exponential

The group of unitary operators differing from 1 by a trace class operator
will be denoted by

UNK) = {Uel+Li(K): U =U""}

and equipped with the complete metric (U, V) — ||[U — V||;.

Suppose H, = Hy+F*J,.F is an analytic path in the resolvent comparable
rigged affine space A(F'). Let z = XA+ iy, y > 0, where if y = 0 we assume
that A belongs to the full set A(Hy, F'; £1). For r € R such that z € I[I(H,, F),
consider the stationary formula

(8.3) S(z;H,, Hy) =1 — 2i\/Im T, (Hy)J,(1 + T.(Ho)J,) *\/Im T, (Hy),
which follows from Theorem and the second resolvent identity. By the
resolvent comparability of A, the operator /Im T, (Hy) belongs to the Hilbert-
Schmidt class £2(K) and hence S(z; Hy, Hp) belongs to U;(K), provided
that holds. If y > 0, then it holds for all r. On the other hand if y = 0,
then it holds as long as r is not a resonance point of the path H,.

The stationary formula allows us to consider the scattering matrix
as a function of the coupling parameter

(8.4) r— S(z; Hy, Hy) € Uy (K).

Since H, is analytic, the analytic Fredholm alternative implies that the
factor (1 + T,(Hp)J,)~! is meromorphic. Hence in a neighbourhood of the
real axis is a meromorphic function. If y > 0 then (8.4) is in fact
holomorphic in a neighbourhood of R, since (1 + 7;(Hp)J,)™" has no poles
there by Lemma If y = 0 then although the factor (1 + Th1i0(Ho)J,)™*
has poles at real resonance points from the discrete set R(\;{H,}), the
scattering matrix is unitary and hence bounded for all non-resonant real r.
Therefore (8.4]) must admit analytic continuation to each real resonance point
and thus the entire real axis.

PrRoPOSITION 8.1. Let H, be a piecewise analytic path in the resolvent
comparable rigged affine space A(F'), whose pieces have endpoints which
are non-resonant at A\ € A(Hy, F'; £L1). Then with z = X\ + iy, y > 0, the
scattering matriz S(z; Hy, Hy) is a piecewise analytic function of the coupling
parameter r, with corresponding pieces.

THEOREM 8.2. Let H, = Hy+F*J.F be a piecewise analytic path in A(F')
whose pieces have endpoints at rj, 7 =1,...,n. Let z = A +1iy, y > 0, where
in the case that y = 0 it is assumed that X\ € (\;_y A(Hy;, F; L1). Then at
any non-resonant real r,

d

— 2iw(z; Ho, H,)\/Im T, (H,) J,/Im T, (H, )w(z; H,, Hy)S(z; H,, Hy),

where the derivative is taken in the norm of L1(K).
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PROOF. We consider the case when y = 0; in case y > 0, the formula
holds for any real r and the calculation is identical. Note that if r is non-
resonant, then since the resonance set R(\; {H,}) is discrete, so is r + h for
small k. The derivative of the meromorphic function r + J,.(1+ T, (Hg).J,) ™!
appearing in the stationary formula can be calculated for any non-
resonant r to be

Jr(1+T,(Ho)J,) ™t — J.(1 + To(Ho)J,) " T (Ho)J,(1 + T, (Hp)J,) L,
yet since Jy = 0 its derivative at 0 is simply Jy. Hence it follows from the
stationary formula that

d
8.6 —
(86) dr
By the identity (|7.37)), the scattering matrix satisfies

S()\§ Hr+h7 HO) = w—i—()\; Hy, HT)S()\; HT‘+h7 Hr>w+()\§ H,, HO)S()\S H,, HO)

S(X\; Hy, Ho) = —2i/Tm Ty 1i0(Ho) Jor/Tm Ty 1i0(Ho).

r=0

for any non-resonant r and r + h. Thus

d
LS\ Hy, Hy) =
dr % 0)

d
w+()‘§ Hy, Hr)%s()‘a Hyyp, Hr)

and the proof is completed by substituting . O

(% Hy, Ho)S(X; Hy, Ho)

Using the notation of Theorem [8.2] consider the £i-valued function of
the coupling parameter

(8.7)  A(z;r) := w(z; Hy, H,)\/Tm T, (H,) J./Tm T, (H, )w(z; H,, Hp).

It follows from and the unitarity of the scattering matrix that this
function, although only defined for non-resonant values of r in the case that
y = 0, admits analytic continuation to real resonance points. Thus by taking
its trace and using the fact that w4 (\; Hy, Hy)w4(A\; Hp, Hy) = 1 we obtain
another proof of Lemma which was used to show the equality of the
singular SSF with the total resonance index.

Theorem along with Proposition [2.20| imply an ordered exponential
representation of the scattering matrix.

THEOREM 8.3. Let H, and z = X\ + iy be as in Theorem[8.3. For non-
resonant r,

S(z; Hy, Hy) = Texp <—2i/ A(z; s) ds> ,
0
where the Li-valued integrand is given by (§8.7)).

Because the derivative ({8.5)) is considered in the trace class norm, we also
obtain the following theorem from Proposition and the cyclic property
of the trace.
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THEOREM 8.4. Let H, and z = X + iy be as in Theorem[8.2. For non-
resonant v there is the formula

(8.8) det S(z; H,, Hy) = exp (—2¢ /0 Tr (Js Im T, (Hy)) ds> .

This theorem can be interpreted as a variant of the Birman-Krein formula.
The original formula can be recovered as follows. For y > 0, the formula (8.8)
can be rewritten as

(8.9) det S(z; Hy, Ho) = e~2mi€(ziH,Ho)

where &(z; Hy, Hp) is the smoothed SSF , whose limit as y — 07 is a.e.
equal to the SSF £(\; Hy, Hp). On the other hand, it follows from the station-
ary formula that for any A from the set A(Hy, F'; £1) N A(Hy, F'; L1), the off-
axis scattering matrix S(A+iy; Hy, Hp) converges in Uy (K) to S(\; Hy, Hy)®1
as y — 07. Therefore, taking the limit of as y — 07 proves

COROLLARY 8.5. For any two operators Hy and Hy from a resolvent
comparable rigged affine space A and for a.e. A\ € R, the SSF is and the
scattering matriz are related by the formula

(8.10) det S(\; Hy, Hy) = e~ 2m€(H1Ho),

In addition to the classical Birman-Krein formula (8.10f), Theorem [8.4]
explicitly gives the formula

1
det S(\; H1, Hy) = exp (—Zi/ Tr(J, Im Thyi0(H,)) dr) :
0

for any A € (\j_; A(H,;, F; £1). In view of Theorem we obtain

COROLLARY 8.6. For any piecewise analytic path H, in resolvent com-
parable rigged affine space A and a.e. A € R, the absolutely continuous SSF
and the scattering matrixz are related by the formula

(8.11) det S(\; Hy, Hy) = ¢~ 2miE W (N{H,Y)

Combining (8.10) and (8.11)) gives the equality

e 2mi € (N {H}) _

Thus we have again proved the integer-valuedness of the singular SSF, this
time along any piecewise analytic path H,.

COROLLARY 8.7. For any piecewise analytic path H, in a resolvent
comparable rigged affine space A and for a.e. A € R, the value of the singular
SSF ) (X\; {H,}) belongs to Z.
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8.2. Singular SSF as singular p-invariant

The ordered exponential representation of the scattering matrix allows
the equality of the singular SSF and the so called singular p-invariant to be
proved using (a simplified version of) the argument appearing in |[Azalla].
We conclude this document by sketching the proof, which relies on properties
of the spectral flow of unitary operators in U; (K).

Note that any unitary operator S € U (K) has its spectrum lying on the
unit circle T and by Weyl’s theorem (Theorem its essential spectrum
is the singleton {1}. The countable set of isolated eigenvalues of finite
multiplicity forming its discrete spectrum can thus only accumulate at 1.
Intuitively, if S varies continuously then its eigenvalues should trace out
continuous but possibly overlapping paths. This is supported by the theorem
below, which provides a convenient approach to the definition of spectral
flow.

THEOREM 8.8. Suppose S = S(r) is a continuous path of operators
in Uy (K). Then the eigenvalues of S can be continuously enumerated in the
sense that there exists a (non-unique) sequence of continuous functions z;,
Jj=1,2,..., such that for all r the multiset {z1(r), z2(r),...}* coincides with
the spectrum of S(r), counting multiplicities of all points except 1.

A multiset is in essence a set allowing repetitions or multiplicities of its
elements, in this case equivalent to an unordered sequence. The multiplicity
of the point 1 is assumed to be infinite. The spectra of operators in U (K)
can obviously be modelled by such multisets.

Theorem [8.8] can be divided into two parts, one of which can be seen
as an infinite-dimensional analogue of Theorem II-5.2 in [Kat84] on the
continuous enumeration of paths in the space Cg,, of unordered n-tuples
of complex numbers. For a detailed proof of this result see e.g. [ADT15]
(also |Azal0]). The proof is not as straightforward as its statement might
suggest, nevertheless the problem can be reduced to the finite-rank case
by focusing first on those eigenvalues outside of a neighbourhood of the
accumulation point. The argument applies to continuous paths in the space
8,(X, zg), which consists of countable multi-subsets of a metric space X, each
of which is assumed to contain the fixed point zg with infinite multiplicity
while all other multiplicities are finite. Moreover, each multiset S € 8,(X, x¢)
is required to be p-summable in the sense that

1/p

H{d xo, %j) ]eNH : Zd xo, zj)P < 00,

where d is the metric of X and {zj} is some enumeration of S. (In fact
the p-norm can be replaced by any symmetric norm, see e.g. [GK69] for a
definition.) The space 8,(X, z¢) is equipped with the metric given by

dy(S1, S2) me{d Zjr %] }jeNHp’
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where the infimum is taken of all enumerations {zjl} and {zj2} of the multis-
ets S1 and Ss.

The continuity of a path S = {21, 22, ...}* in 8,(X, z¢) implies the uniform
convergence

(8.12) H{d(xo,znﬂ-)}jeNH 50, as n— oo
p

Briefly, the continuity of S implies that of S,, = {zn41, Znt2,...}" which
in turn implies that of each function of the sequence (8.12). Hence this
decreasing sequence of continuous functions, which converges to 0 pointwise,
must converge uniformly by Dini’s Theorem. (Assuming the symmetric norm
is regular, as e.g. are the p-norms, then the converse also holds; see [ADT15]
for details.) Since || - [|ooc < || - ||, it follows from that all but finitely
many of the paths z; have their images contained in an arbitrarily small
neighbourhood of the fixed point xg.

In obvious analogy to the case when p = 1 we can define the space of
unitary operators Uy, (KC). The remaining part of Theorem [8.8|is the fact that
for any two operators S; and Sy from U, (K), there exist enumerations {zjl}

and {z?} of their eigenvalues, such that
H{]zjl — ZJZ’}jGNHp < const. ||S1 — Sal|p-

For a proof of this inequality see e.g. [BS88| (also |Azal0]). It follows that
as S varies continuously in the space of unitary operators U, (K), its spectrum
o(S) varies continuously in the multiset space 8, (T, 1).

Suppose that S is a continuous path in U,(C). The functions z; from a
continuous enumeration of S can be used to define the spectral flow. We will
only need to consider paths which begin at 1, so suppose S(0) = 1. It is
convenient to lift the functions z; on T to the functions 6; on R which are
chosen so that 0;(0) = 0. Let [z] denote the smallest integer greater or
equal to z € R. Then for § € (0,27) the spectral flow can be defined by the
formula

(813) uors) =3 [ 251

Jj=1

which counts the number of times the eigenvalues z;(r) of S(r) cross a given
point € € T as the path is traversed. This definition is correct in the sense
that the sum is finite, as implied by , and therefore it does not depend
on the continuous enumeration. Note also that if S(0) = S(1) = 1, then
w(0; S) does not depend on the angle 6.

As an aside, it is of course unnecessary to assume that S(0) =1 in order
to define the spectral flow. For the formula to be valid it must be
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assumed that 6;(0) € (§ — 2, 0], but an alternative description is

p [ #{k€Z:0;(0) <0+ 2kr < 0;(1)}
M(’S)_; —#{keZ:0;(1) <0+2kr <06;(0)})’
where # denotes cardinality. The spectral flow of a continuous path S
in U,(KC) has the following properties (for proof see e.g. [ADT15} Azal0]).
It is path additive: if S7L1S5 is the concatenation of two paths S7 and Ss, then
w(0; S1US2) = (05 .51)+ 1(0; S2). It is a homotopy invariant: if two paths S
and S are homotopic relative to their endpoints, then w(6;S1) = wu(6; S2).
(In fact it can be shown to define a group isomorphism, under appropriate
assumptions on X, from the fundamental group m(8,(X, zg), {zo}*) to the
first singular homology group H;(X).)

Our focus will now be on a continuous path S in the space U1 (K). In this
case the series ), [2; — 1], is uniformly convergent. Indeed, it is continuous
due to the continuity of {z1, z2,...}* in S1(T,1) and the inequality

D Iz =1 = lz(s) = 1| <> 1z(r) — 2(s)l,
=1 j=1 j=1

and therefore its sequence of partial sums converges uniformly by Dini’s The-
orem. Because only finitely many eigenpaths z; may leave a neighbourhood
of 1 and since || < |e? — 1| for small enough 6, it follows that the series
> j 0; is uniformly absolutely-convergent and hence continuous.

The average spectral flow £(S) of the path S will be denoted

1 27
§8)=—5— [ n(6;5)do.
T Jo
PROPOSITION 8.9. Let S be a path in Ui(K) with S(0) = 1 and let
zj = e with 0;(0) =0, j=1,2,..., be a continuous enumeration of the
eigenvalues of S. Then the average spectral flow of S can be written as
1 oo
(3.14) £(5) = == > 05(1).
7j=1
Let S, denote the restriction of the path S in U (K) to the interval [0, r].
Then it follows that the function r — £(.S,) is continuous.

PROOF. In this proof we follow [Azal0O, Lemma 5.10]. For any j, suppose
a; € [0,27) and k € Z are such that 6;(1) = a; + 2k, in which case 6;
makes k windings around T as the path is traversed. Then we find that

27 . —
(8.15) /0 {97(12;9} df = aj(k+ 1)+ (27 — ay)k = 0;(1),

since the integrand is equal to k + 1 if # < o;; and k otherwise. Note that
the series > j 6;(1) is absolutely convergent and further that the absolute
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value of (8.15) can be moved inside the integral. Therefore, an interchange
of sum and integral is justified and the result is

o

/027r /%Z[ WdH—ZG O

By the equality (2.24), the determinant of any S(r) € U; (K) with eigen-
values z;(r) = ei(r) j=1,2 ..., is given by

det S(r H i) — exp | i i 0;(r)
j=1

Therefore by combining this with equality (8.14), we arrive at another
representation of the average spectral flow.

LEMMA 8.10. Let S be a continuous path in Uy (K) with S(0) = 1 and
let Sy be its restriction to [0,r]. Then its average spectral flow is given by
the formula

(8.16) £(S,) = —ﬁ log det S(r),

where the branch of the logarithm is chosen so that the right hand side is
continuous.

Returning now to the scattering matrix, suppose Hy and H; are two
self-adjoint operators from the resolvent comparable rigged affine space A(F).
For any A from the full set A(Hy, F'; £1)NA(Hq, F; £1), the scattering matrix
S(A; Hy, Hy) can be naturally connected with the identity in two different
ways. One way is to send the imaginary part of the spectral parameter A
from 0 to +oo. Let S denote the path

S1:[0,1] 3t S\ +iy(t); Hi, Hy) € Uy(K), y(t) = (1 —t)t~ L.

Note that the stationary formula ([7.38) and Corollary imply that this
path is indeed continuous at ¢ = 0, where its value is the identity. Following
A.B. Pushnitski ([Pus01]), we define the p-invariant as the spectral flow

(0, \; Hi, Hy) == pu(6; S1).

Consider applying the formula to the path Sy. Let z = A\ + iy for
y > 0 and let p(6, z; Hy, Hp) denote the spectral flow of the path S; restricted
to the interval [0,7] with » = (y + 1)~!. In other words, u(6, z; Hy, Hp) is
the spectral flow of the off-axis scattermg matrix as the spectral parameter
changes from oo to z. Then from Theorem and Lemma [8.10] we obtain a
formula for the smoothed SSF:

1
§(z; Hy, Ho) = —TlogdetS(z;Hl,Ho)
i

1 2

= —— 0, z; Hy, Hy) d.
o 0 lu( , 2y A171, 0)
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Moreover, since the smoothed SSF converges a.e. to the SSF &(\; Hy, Hy)
by (5.50)), it follows that for a.e. A € R

1 2w
(8.17) f()\, Hl,H()) = _271'/ /J(@, )\; Hl,Ho) do.
0

Since the right hand side of the equality is defined for any A from
the full set A(Ho, F;£1) N A(H1, F; L), it can be considered as an explicit
representation of the SSF.

Another way to connect S(A\; Hi, Hp) with 1 is to send H; to Hy along a
piecewise analytic path H, in the affine space A(F'), whose endpoints are
not resonant at A. Let So = So({H,}) be the path

Sy:10,1] 3 r— S(\; Hy, Hy) € Uy (K),

which is continuous by Proposition As in [Azalla), we define the
absolutely continuous p-invariant as the spectral flow

p (0, X {H,}) = p(0; Sa).

The difference () (\; {H,}) := u(6; S1) — p(0; So), which does not depend
on #, is by definition the singular p-invariant.

By applying formula to the path Se and using Theorem
we arrive at the equality

1 27
(3.18) €9 {H)) = 5 /O W) (0, X; {H,}) db

which holds for any \ € ﬂ?zl A(H,;, F; L1), where the intersection is taken
over the endpoints H,; of the pieces of the path H,. This can be considered
as an explicit representation of the absolutely continuous SSF. Combining it
with also provides an explicit representation of the singular SSF.

THEOREM 8.11. Let H, be a piecewise analytic path of self-adjoint oper-
ators from a resolvent comparable rigged affine space A. Then for a.e. A € R
the singular SSF coincides with (the negative of ) the singular p-invariant

O A{H}) = —p (N {H,}).

PROOF. Suppose the SSF and the absolutely continuous SSF are expli-
citly represented by and for A from the full set ﬂj A(H,,, F'; Lq),
where H,, j =1,...,n, are the endpoints of the pieces of the path H,. Com-
bining these equalities, we find that

)\ {H,}) = —i / 2” (0, X Hy, Ho) — 1 (0, X; {Hr}>) df

=—/2” (O (H,)) do

=~ {H,}),

which completes the proof not only this last theorem, but also of Theorem [I.1]
O






Ce(R)

C(R)

Index of Notation

real Banach space of perturbations of the form V = F*JF
associated with A
rigged affine space of self-adjoint operators over Ay

space of compactly-supported continuous functions with in-
ductive limit topology

space of test functions

field of complex numbers

open upper half-plane

open lower half-plane

(with possible subindices) spectral measure of H

= ff EA(H) d)\ unitary operator H — H(H) which diagonal-
ises the absolutely continuous part of H

evaluation operator ran F* — hy(H)

rigging operator H — K

(with possible subindices) self-adjoint operator on H
path of self-adjoint operators

main Hilbert space

= /? ha(H) dX direct integral in which the absolutely con-
tinuous part of H acts as multiplication by A

fibre Hilbert space of H(H)

resonance index

bounded self-adjoint operator on K
auxiliary Hilbert space

space of p-integrable functions

p-th Schatten ideal of compact operators

coupling parameter of H, = Hy + rV (or a more general
path H,)

resonance point corresponding to z
= (H — z)~! resolvent of H

field of real numbers
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(off-axis) scattering matrix

= FR,(H)F* sandwiched resolvent

unitary operator in the polar decomposition of R,(H)F*
group of unitary operators from 1+ £

symmetric perturbation

(off-axis) wave matrix

imaginary part of the spectral parameter z

spectral parameter z = A £ 1y

real part of the spectral parameter z

set of regular points A

spectral flow on U

singular p-invariant

spectral shift function

spectral shift measure

smoothed spectral shift function

absolutely continuous spectral shift function
absolutely continuous spectral shift measure
singular spectral shift function

singular spectral shift measure

domain of the spectral parameter z; union of C \ R with two
copies of the set of regular points A
union of C; and A

union of C_ and A

resolvent set of H

spectrum of H

common essential spectrum of operators from A
infinitesimal spectral shift measure ®

absolutely continuous part of ®

singular part of ®
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