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Abstract
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endpoints At. There is a long history of work on the question of whether the spectral flow along this path
is given by the index of the operator DA=(d/dt)+A acting in L2(R;H), where A denotes the multiplication
operator (Af)(t)=A(t)f(t) for fEdom(A). Most results are about the case where the operators A(-) have
compact resolvent. In this article, we review what is known when these operators have some essential
spectrum and describe some new results.
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ABSTRACT. Take a one-parameter family of self-adjoint Fredholm operators
{A(t)}+er on a Hilbert space H, joining endpoints A4. There is a long history
of work on the question of whether the spectral flow along this path is given
by the index of the operator D 4, = (d/dt) + A acting in L?(R;H), where A
denotes the multiplication operator (Af)(t) = A(t)f(t) for f € dom(A). Most
results are about the case where the operators A(-) have compact resolvent. In
this article we review what is known when these operators have some essential
spectrum and describe some new results.

Using the operators Hy = D% D 4, H2 = D 4D%, an abstract trace
formula for Fredholm operators with essential spectrum was proved in [23],
extending a result of Pushnitski [35], although, still under strong hypotheses
on A(-):

_ _ 1
trp2p) (H2 =217 = (Hi—2I)7") = o, 2 (9:(A4) — g2(4-)),

where g (z) = (2% — 2)"/2, # € R, z € C\[0,00). Associated to the pairs
(H2,H1) and (A4, A_) are Krein spectral shift functions &(-; Ho, H1) and
&(-; Ay, A_) respectively. From the trace formula it was shown that there is
a second, Pushnitski-type, formula:
\1/2

5(>\§H27H1)=l/ w for a.e. A > 0.

m ) a2 (A—v2)/2
This can be employed to establish the desired equality,
Fredholm index = £(0; Ay, A_) = spectral flow
This equality was generalized to non-Fredholm operators in [14] in the form
Witten index = [(r(0; Ay, A_) +£0(0; AL, A_)]/2,

replacing the Fredholm index on the LHS by the Witten index of D4 and
£(0; A+, A_) on the RHS by an appropriate arithmetic mean (assuming 0 is
a right and left Lebesgue point for £(-; A4, A_) denoted by £r(0; Ay, A_)
and £1,(0; A4, A_), respectively). But this applies only under the restrictive
assumption that the endpoint A is a relatively trace class perturbation of
A_ (ruling out general differential operators).

In addition to reviewing this previous work we describe in this article some
extensions using a (1 + 1)-dimensional setup, where A4 are non-Fredholm
differential operators. By a careful analysis we prove, for a class of examples,
that the preceding trace formula still holds in this more general situation.
Then we prove that the Pushnitski-type formula for spectral shift functions
also holds and this then gives the equality of spectral shift functions in the
form

ENHo,Hy) =¢&(v; Ay, A) for a.e. A > 0 and a.e. v € R,

for the (141)-dimensional model operator at hand. This shows that neither the
relatively trace class perturbation assumption nor the Fredholm assumption
are required if one works with spectral shift functions. The results support the
view that the spectral shift function should be a replacement for the spectral
flow in certain non-Fredholm situations and also point the way to the study of
higher-dimensional cases. We discuss the connection with summability ques-
tions in Fredholm modules in an appendix.



TRACE FORMULAS FOR A CLASS OF NON-FREDHOLM OPERATORS: A REVIEW

w

CONTENTS

Introduction and Review
The Model Operator.
The Witten Index.
The Principle Trace Formula.
The Generalized Pushnitski Formula.
Notation.
Preliminaries
The Setup.
The Approximation Technique.
The Right-Hand Side of the Trace Formula (23]
The Trace Result.
The Approximation Argument.
The Left-Hand Side of the Trace Formula (I229)
Proof of the Trace Formula (I229) and its Implications for Relations Between Spectral Shift
Functions
6. Computation of the Spectral Shift Function for the Pair (A_, A})
7. The Witten Index
Appendix A. Connections to the Theory of Fredholm Modules
Appendix B.  Some Useful Technicalities
Appendix C. The Gaiotto-Moore—Witten Model: A Counterexample
References

oUW

N =

O W W WININ e
N

EEEEEREE EEEHHHommoom=

1. INTRODUCTION AND REVIEW

The issue of the relationship between the spectral flow and the Fredholm index
was first raised in the work of Atiyah—Patodi-Singer [3] and settled in the most
definitive fashion for certain self-adjoint differential operators with compact resol-
vent in a paper of Robbin—Salamon, [37]. For differential operators on noncompact
manifolds it is typically the case that they possess some essential spectrum. An ex-
tension of the result of [37] to this situation and its relationship to scattering theory
was initiated in [23] following [35]. However, the key assumption in [23] is that one
considers the spectral flow between self-adjoint operators that differ by a relatively
trace class perturbation. This latter assumption is violated in general for differ-
ential operators (although, not necessarily for certain classes of pseudo-differential
operators). Indeed, as the bulk of the available literature focuses on systems with
purely discrete spectra, there is relatively little work available in the way of index
formulas for operators with essential spectrum except for [7], [§] and previous work
by the present authors. Motivation for this study stems, for example, from the
fact that the spectral flow is a useful tool in condensed matter theory where the
operators that arise do have some essential spectrum [41].

In the first two sections of this article we review previous work and also initiate
our main objective of explaining extensions of previous efforts (in particular, [23])
so as to apply to differential operators in higher dimensions. We will focus on
examples of the non-Fredholm case motivated by recent progress in [10]-[I4].

Remark 1.1. The critical fact in connection with partial differential operators is
the relative Schatten—von Neumann class constraint. To describe this, suppose for
example that we have the flat space Dirac-type operator A_ acting in L?(R")®C™
and a smooth, m x m matrix-valued bounded function F : R™ — M™>*™(L>(R")N
C*®(R™)), m € N. Then F acts as a bounded m x m matrix-valued multiplication
operator on L?(R") ® C™. Under suitable decay conditions at infinity for F, the
product F(1 4+ A2)~%/2 is trace class for s > n and no smaller value of s (see [39,
Remark 4.3]). o
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Thus, in differential operator terms, [14, 23] considered the zero-dimensional
case because, if we write in the notation of the remark, A, = A_ + F, then
F(1+A2)"Y2 = (A, — A_)(1+ A?)~Y/2 which is trace class only if n = 0. In this
article, following the ideas in [T1], we consider the situation when (A; — A_)(1 +
A2%)~1/2 is Hilbert-Schmidt and show how this allows some general one-dimensional
examples. We note that our results point the way to an attack on the problem of
partial differential operators in higher dimensions.

1.1. The Model Operator. To make the discussion precise we start by intro-
ducing the model operators that form the basis of study in later sections. In this
instance A_, acting in the Hilbert space L*(R) ® C™, m € N, is the self-adjoint
“chiral Dirac operator”

A= —idi ® I,, dom(A_)=W"?R)xC™. (1.1)
X

For a matrix potential ® € M™*"™ (L>°(R)) with essentially bounded entries we
will also use the abbreviation ® for the associated bounded operator acting by
multiplication on L?(R) @ C™.

Under certain assumptions on a bounded real-valued function # on R and a self-
adjoint m x m matrix-valued function ® on R we consider the family of operators

At)=A_ +0@1)®, dom(A(t)) = WH(R)®C™, t € R, (1.2)

and the associated operator A on the Hilbert space L?(R; dt; L?(R; dz))®@C™, which
we will identify with L?(R?; dtdz) @ C™ (in short, with L?(R?) ® C™), defined by

(Af)(t) = A(t)f(t) for ae. t € R,
f€dom(A)={ge L*(R*) @ C™|g(t) e W'*(R) @ C™ for a.e. t € R, (1.3)

t— A(t)g(t) is (weakly) measurable, / |\A(t)g(t)||%2(R)®Cm dt < oo}.
i

Our hypothesis ensures the existence of the asymptote
Ay =A_ 4+ @, dom(Ay)=W"*R)xC™, (1.4)

as a norm resolvent limit of A(t) as t — oo. (Similarly, A(¢) converges in the norm
resolvent sense to A_ as t — —o0.) We will show later that the operators Ay and
A_ are unitarily equivalent and thus both have, as continuous spectrum, the whole
real line. In particular, A+ are not Fredholm.

Next, we introduce the densely defined, closed operator D 4 acting in L?(R?) @
C™ by setting

d
D, = = @ m + A, dom(D,)=W"*R?*) e C™, (1.5)

with I, the identity operator in C™. We also define self-adjoint operators H; and
H, acting in L*(R?*) @ C™, by H; = D3D,, H; = D ,D. Clearly Ay are
one-dimensional differential operators and H;, H, are two-dimensional, hence our
terminology: this situation describes the (1 + 1)-dimensional case.

It should be noted that the family of bounded operators { B(t) = 6(¢)®}+cr on
L?(R) ® C™ do not satisfy the assumptions in [35].

Next, we review previous work starting with [35].

The Pushnitski Assumptions. Let H be a complex, separable Hilbert space.
(1) Assume A_ € B(H) is self-adjoint in H.



TRACE FORMULAS FOR A CLASS OF NON-FREDHOLM OPERATORS: A REVIEW 5

(79) Suppose there exists a family of bounded self-adjoint operators {B(t)}ier (the
allowed perturbations of A_) in H with B(-) weakly locally absolutely continuous on
R, implying the existence of a family of bounded self-adjoint operators {B'(t)}+er
i H such that for a.e. t € R,

d

219 By = (9, B'O)h)n, g.heH. (1.6)
(7i1) Assume that B'(t) € Bi(H), t € R (cf. our choice of notation for trace ideals
described in Subsection[LH]), and

| B' ()| 5, (3¢ dt < 00 (1.7)
. (H)

Using these assumptions the trace formula and the Pushnitski-type formula
stated in the abstract are proved. These results motivated the paper [23] which
sought to prove analogous results under weaker (i.e., relative trace class) condi-
tions. For comparison we state the key assumption of [23] on these perturbations
that replaces item (iii) of the Pushnitski assumptions.

The GLMST assumptions. (iii') Assume the relatively trace class perturba-
tion assumption

[B'(1)(AZ + 1)) 72| 5, ) < 00 and /]R |B'(1)(AZ + L) ™25, 5yt < 0.
(1.8)

We emphasize that the operators {B(t) = 0(t)®}ier, though deceptively sim-
ple, satisfy neither (ii7) nor (ii") (see Remarks [[I] and 27). This motivated the
paper [I1] which seeks to provide an abstract framework for generalizations of the
Pushnitski results.

However [11] alone is not enough to establish a trace formula of the kind stated in
our abstract for the model operator (ILH)). Nor can we use [14], where non-Fredholm
operators were studied, as it needs assumption (i7i’) as well and so cannot be applied
to our present context.

Remark [[LT] shows that one has, for the examples we study in this paper, a rel-
atively Hilbert—Schmidt perturbation condition. This Hilbert—Schmidt constraint
also appears in [I1I] in an abstract setting where it is used to obtain a Pushnitski-
type formula.

While this progression, going from the (0 + 1)-dimensional case in [23] to the
(1 4+ 1)-dimensional case both here and in [II] may appear incremental at first
sight, approximation methods in [T1] and [I2] to make progress on the general case
of model operators in higher dimensions are in preparation. Hence our interest in
giving here an accessible exposition via a class of models of this new approach.

In the following we will explain further the relevance of previous papers to the
current investigation as well as discuss in more detail the model operator that forms
the main focus of this article.

1.2. The Witten Index. In this subsection we briefly review the notion of a
(resolvent regularized) Witten index following [11] and [14].
We start by recalling the hypotheses used in [11].

Hypothesis 1.2. Suppose H is a complex, separable Hilbert space with A_ self-
adjoint on dom(A_) C H.
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(1) Suppose we have a family of bounded operators A(t) = A_ + B(t), t € R,
satisfying {B(t)}ier C B(H), which is continuously differentiable in norm on R
and such that

IB' ()l € L (R; dt). (1.9)
(i1) Suppose that |By|"/?(A_ — zI)~' € Bo(H) for some (and hence for all) zo €
p(A_). (Here By = n-lim;_, o B(t), and we again refer to our choice of notation
for trace ideals described in Subsection [[Hl.)
(i) Assume that sup,ep || B'(t)|B) < oo.
(iv) Acting in the space L*(R;H) we have the operators D, = 4 + A, Hy =
Dy Dy , Dy = % + A, and B, the operator of multiplication by the family
{B(t)}ter. Suppose that A_B is bounded with respect to Hy with bound strictly
less than one, that is, there exists 0 < a <1 and b € (0,00) such that

|A-Bf|r2mn) < allHofl|r2®a) + bl fllre®a). [ € dom(Ho).  (1.10)
(v) Suppose that
|B' ()|V2(|A_| + 1)~ € By(H), teR,
[1B" V2 A-+ D7 | g, 50y € L*(Rs ).

The definition of the Witten index used in the next result is taken from [I1] and is
reviewed in the present article in Section[fl The following result also uses the Krein
spectral shift function for the pairs (A4, A_) and (Hz, H), and we previously
reviewed the relevant background on this in our conference proceedings article [I3].
For more detailed information we refer the reader to [6], [43, Ch. 8], [44l, Sect. 0.9],
here we just mention the following facts on the spectral shift function &(-; A, Ap)
corresponding to a pair of self-adjoint operators (A4, Ap) in some separable, complex
Hilbert space K, under the assumption that for some (and hence for all) zy €

p(A) N p(Ao),

(1.11)

[(A— 20Ix) ™" = (Ao — 2z0Ix) '] € Bi(K). (1.12)
Introduces the modified perturbation determinant,

5A/Ao (Z; ZQ) = det;c((A - ZIK)(A — 2_0[)<)_1(A0 — Z_QI]C)(AO - ZIK)_l),

(1.13)
z € p(A) N p(Ag), Im(z0) > 0,
and notes that (cf. [43] p.270])
5A/A0 (2:20) = 5A/A0 (% ZO)/IN)A/AO(ZMZO)a 5A/A0 (Z0; 20) = 1, (1.14)
and
_ _ d.,  ~
tric[(A—z2Ic) ™ — (Ao — 2Ix) '] = —EIH(DA/AD(Z;ZQ)), (1.15)

z € p(A) N p(Ap), Im(zg) > 0.
In addition,
5A/AU(Z;ZO) _ 5,4/,40(2’;21)
5A/A0 (%3 20) - 5A/AO(E; 21)
Then, defining
(N A, Ag; 20) = (2m) 7! 151%1 [Im(ln(f)A/Ao()\ + ig; 20)))

. z€p(A)Np(Ao), Im(zo) > 0, Im(z1) > 0. (1.16)

B (1.17)
- Im(ln(DA/AO()\ — ig; zo)))] for a.e. A € R,
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one obtains for z € p(A) N p(Ap), Im(z9) > 0, Im(z1) > 0,

E(-5 A, Ags 20) € LM (R; (N> +1)71dN), (1.18)
n(Daya, (7 20)) = / E(N A, Aos 20)dA[(A = 2)7H = (A ==) 1], (1.19)
€N A, Ag; 20) = €\ A, Ag; 21) + 120, 21) for some n(z0,21) € Z,  (1.20)
tric [(A — 20) ™! = (Ao — 2Ix) / 3G A AO’ZO)d’\, (1.21)
[f(A) = f(Ao)] € Bi(K), [ €5 (R), (1.22)
el 1(4) = 1(40) = [ €N A Awz0)dA F). f € CFR) (1.23)

(the final two assertions can be greatly improved). In this context &(-; A, Ag; 2 )
is defined up to an integer. The latter can be fixed giving rise to &(-; A, Ap) a
discussed in Section

Theorem 1.3. Assume Hypothesis and assume that 0 is a right and a left
Lebesgue point of (- ; Ay, A_) (denoted by Er(0; Ay, A_) and £,(0; Ay, A_), re-

spectively ). In addition, consider
H,=D,D,, H,;=D,D}. (1.24)

Then 0 is a right Lebesgue point of (- ; Ha, H1) (denoted by {r(0; Hay Hy)) and
W, (D ) exists and equals

Wi(D4) = &r(0; Ho, Hy) = [Er(0; Ay, A) + €0(0; Ay, A)]/2 (1.25)
In particular, if 0 € p(Ay) N p(A-), then D 4 is Fredholm and
index(Dy) =W, (D4) =£(0; Ay, A_). (1.26)

1.3. The Principle Trace Formula. We summarize the main result of Sections
and @l The principle trace formula was obtained in [23] and [35]. There is a
generalization in [I6] that applies to all space dimensions, that is, it handles Dirac-
type operators in dimensions n € N under certain technical assumptions. However,
in this article we will not follow [16] due to the complexity of the argument given
there and the fact that still further effort is needed to establish the results described
here. In fact, for the case of the examples under discussion, a direct proof is
somewhat more instructive.

Theorem 1.4. Assume Hypothesis21], let z € C\[0,00) and g.(z) = x(2®—2)"1/2,
x € R. Then the following assertions hold:

[9:(A4) — g:(A-)] € Bi(L*(R) © C™), (1.27)
(Hy—2I)"'— (Hy—2I)7'] € B (L*(R*) @ C™), (1.28)
trp2r2yoem ((H2 — ZI)71 —(H; - ZI)il)

= -t mecn (:(44) — (A1), (1.29)

The inclusion (L27) is an interesting result on its own; we feel that this rather
strong result (L27) is somewhat surprising.
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1.4. The Generalized Pushnitski Formula. We summarize the main result of
Section[fl For an exposition of the theory of Krein’s spectral shift function we refer
to [6], [43, Ch. 8], [44] Sect. 0.9]. For those aspects relevant to this article we refer
to the review paper [13].

Given the pairs (Ho, H1) and (A4, A_), the corresponding Krein spectral shift
functions (to be introduced in detail in Section[]) are denoted by &(-; Hy, H1) and
&(-; Ay, A), respectively. These functions are only determined a.e. in general.
They give formulas for both sides of (L29). The main application of the trace
formula (L29) that we make in this paper is to prove the following result:

Theorem 1.5. Assume Hypothesis 21l Then for a.e. A > 0 and a.e. v € R,
1
ENHo Hy ) =€ Ap,AL) = Py / trem (@(z)) dx. (1.30)
R

Relation (30) will follow directly from the Pushnitski-type formula (cf. [35]
Theorem 1.1)),

21/2 )
(A, A dv for a.e. A > 0. (1.31)

1
6()\7 H27 Hl) B s /_)\1/2 ()\ - V2)1/2
Moreover, employing some classical harmonic analysis, we are able to compute the
actual pointwise value of the spectral shift function for the pair A, , A_.
To complete this circle of ideas we still need to understand in more detail how
the spectral flow enters the picture. Our view at this time is that the results of this
paper support the idea that in the non-Fredholm setting the spectral shift function

may provide information analogous to the spectral flow [2].

Remark 1.6. We note that the inclusion, obtained in ([L27), has an interesting
connection with the theory of Hankel operators. One of the fundamental results
of Peller [30] describes the class of functions 9 on R for which the commutator
[sgn(D), ] is in the Schatten—von Neumann class B,(L*(R)). Here, D in L*(R)
denotes the operator D = —id/dx, dom(D) = W12(R). Our result (discussed in
Appendix [A]) shows that if one takes instead of the function sgn(-) the “smooth”
sign function g_1(-), then the class of functions ¢ on R, for which the commutator
[9-1(D), 4] is trace class, becomes much larger. o

Remark 1.7. We have also studied this class of examples from the viewpoint of scat-
tering theory in [10] (see also [I1]) to give an alternative approach to equation (I30)
and the explicit computation of the spectral shift function for the pair (A4, A_).
However, the methods of these two papers are completely different. Most impor-
tantly [10] does not have the trace formula ([[29), it relies on an approximation
result employing pseudo-differential operators, instead. o

1.5. Notation. We briefly summarize some of the notation used throughout this
paper. Let H be a separable complex Hilbert space, (-,-)y the scalar product in
H (linear in the second argument), and I3 the identity operator in H. If T is a
linear operator mapping (a subspace of) a Hilbert space into another, then dom(7T")
and ker(7T) denote the domain and kernel (i.e., null space) of T'. The closure of a
closable operator S is denoted by S. The convergence of bounded operators in the
strong operator topology (i.e., pointwise limits) will be denoted by s-lim, similarly,
norm limits of bounded operators are denoted by n-lim.
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The Banach spaces of bounded and compact linear operators on a separable
complex Hilbert space H are denoted by B(H) and Be(H), respectively; the cor-
responding ¢P-based Schatten—von Neumann ideals are denoted by B,(#), with
associated norm abbreviated by || - ||, (), p > 1. Moreover, try(A) denotes the
trace of a trace class operator A € By (H).

Linear operators in the Hilbert space L?(R;dt;H), in short, L?*(R;H), will be
denoted by calligraphic boldface symbols of the type T, to distinguish them from op-
erators T in H. In particular, operators denoted by T in the Hilbert space L?(R;H)
typically represent operators associated with a family of operators {T(t) }ter in H,
defined by

(Tf)(t)=T()f(t) for a.e. t € R,
f €dom(T) = {g € L>(R;H) | g(t) € dom(T(t)) for a.e. t € R; (1.32)

t— T(t)g(t) is (weakly) measurable; / T ()g(t)|3, dt < oo}.
R

In the special case, where {T'(t)} is a family of bounded operators on H with
supyeg |T(t)|l 3y < oo, the associated operator T' is a bounded operator on
L*(R; M) with [|T|| 52 @) = subrer | T(1) || 5(30)-

Capital letters ®, ¥, etc. stand for m x m matrix-valued functions, while f,
are typically real or complex-valued functions. By LP(R) we denote the classi-
cal LP-space of complex-valued measurable p-integrable functions on R, employing
Lebesgue measure if no measure is indicated, with associated norm denoted by |||/,
p > 1, and by WFP(R), 1 < p < oo, k € N, the Sobolev space consisting of all
real-valued measurable functions f on R such that || f||x,p := Z?:o [ £@], < oc. By
S(R) we denote the test function space of all Schwartz functions on R and by S’(R)
its dual consisting of tempered distributions (i.e., continuous, linear functionals on
S(R)). The bounded continuous functions on R are denoted by Cy(R). The symbol
AC)oc(R) represents locally absolutely continuous functions on R.

To simplify notation, we will frequently omit Lebesgue measure whenever possi-
ble and simply use L?(R) instead of L?(R; dx), and L?(R?) instead of L?(R?; dtdx),
etc. If no confusion can arise, the identity operator in L?(R) and L?(R) @ C™ is
simply denoted by I, the identity operator in L?(R? ) and L?(R?) @ C™ by I, and
finally, I,,, represents the identity operator in C™.

For a space X, M"*™ (X)), denotes the space of all m x m matrices with entries
in X. Moreover, the (maximally defined) operator of multiplication by the function
¢ in L?(R), respectively, by the m x m matrix ® € M™*™(R) in L*(R) ® C™, is
simply denoted by ¢, respectively, ® (instead of the more elaborate notation My,
respectively, Mg ).

Finally, we employ the abbreviations

g:(z) = x(z? — 2)7Y2, 2 € C\[0,00), g(x)=g_1(z), z€R. (1.33)

2. PRELIMINARIES

We start this section with the main hypothesis used in the statements of The-
orems [[.4] and We then provide a complete introduction to the operators
A_ Ay, Hy, and Hy and describe their simplest properties (noting that we have
deliberately kept our notation consistent with the usage in previous papers to ease
comparisons).
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Hypothesis 2.1. (i) Introduce a self-adjoint matriz-valued function ® satisfying

® e M™ ™ (WHHR) N Cy(R)), ® € M™ ™ (L™(R;dz)). (2.1)
(i1) Let 0 € L°°(R;dt), 0 < 0, satisfy 0’ € L>=(R;dt) N L} (R;dt) and
Jim 6(t) =0, lm 6(t) = 1. (2.2)

2.1. The Setup. The operator
A.=D®I,, dom(A_)=W"?R)eC™, (2.3)
is self-adjoint in L?(R;dx) @ C™, where

D= —i%, dom(D) = WH2(R). (2.4)

The families of bounded self-adjoint operators { B(t) }:er and self-adjoint operators
{A(t)}1er acting in L?(R) @ C™ are defined by

B(t) =0(t)®, dom(B(t)) = L*(R;dz) @ C™,

2.5
A(t) = A_ + B(t), dom(A(t)) =W"3(R)®C™, t € R. (25)
In particular,
B'(t) =0 (t)®, dom(B(t)) = L*(R;dr)®C™, tcR. (2.6)
From Hypothesis Z.1] one concludes that there exist limits
tn;liroxl B(t) = tn;liroxl 0(t)® =0, and tr:l}rro% B(t) = tn;l}rro% 0(t)® = . (2.7)

Therefore, setting Ay = A_ + ®, with dom(4,) = WH2(R) @ C™, and using the
standard resolvent identity one obtains
I(A@t) = 21)7! = (A= = 2D) Y| s(r2@)ecm)
= [(A(t) = 2D) 70 P(A- — 2I) " sre@ecn) < ClOO]®[lo,
and similarly
[(A(t) — )" = (A4 — 2I) Y| pre®yscm) (2.9)
= (A@t) = 2D) 7M1 = 0(1) (A4 — 2I) " H|srzmecm) < C[L—0)][®]-
That is, the limits n-limy 400 (A(t) — 2I)7! = (A4 — 2I) " exist.
Subsequently, we will exploit the unitary equivalence of the operators A_ and

Ay = A_ + ®. The following lemma establishes this fact (it corresponds to the
well-known possibility of “gauging away” magnetic fields in one dimension).

Lemma 2.2. Assume Hypothesis2I(i) and let o € R. Then there exists a unitary
m x m-matriz-valued function U(-,xo) on R such that

\I/(',.Io)*A+\IJ(',I0) =A_. (210)
Proof. We consider the first-order system of differential equations
0,9 (z,0) = —i®(2)¥ (2, 20), V(xo,20) = I, (2.11)

and take a fundamental m x m matrix of solutions, ¥(-, -) of @II). Standard
ODE theory (taking into account that ®(x) is self-adjoint for all x € R), see, for
instance, [25] Sect. IV.1], then yields the properties,

U(x,x) =Ly, z€R, (2.12)
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U(z,2") =V(z,2 )P =V(2' 2), z,2 €R, (2.13)
U(x, 2 )0 (2,2") = V(x,2"), z,2/,2" €R, (2.14)
In(detem (¥ (z,2'))) = —i/ trem (®(2")) da”, x, 2" €R. (2.15)

Properties [212)—(214) of ¥(-, -) can also be proved by a (norm-convergent)
iteration (i.e., a Dyson expansion, cf. [36] Theorem X.69]) of
U(z,2') = I, —i/ Oz (2", 2")dz", z,a’ €R. (2.16)
In particular, because of the L'-assumption made on ® in Hypothesis 2.1] iterating
[ZI0) also permits one to take the limits of ¥(z,2’) as z and/or 2’ tend to too,
that is,

(o0, 2"), ¥(z,—00), ¥(co,—0), etc., x, 2" € R, (2.17)
all exist.
Employing (2.I1)), one verifies that A is unitarily equivalent to A_,
V(- w0) PALU(- 20) = A (2.18)
since

([=i(d/dx) I + @)U (-, z0) f) ()
= —i[V'(z,20) f(2) + U(x,20) f'(2)] + ®(2) f (2)
= —i¥(z,z0)f (x), [f€CFR)xC™. (2.19)
O

Remark 2.3. (i) Given N € N U {oo}, equality (ZII)) yields inductively upon N
that W(-,z9) € M™*™(CN(R)) whenever ® € M™*™(CN=1(R)). (For the first
induction step, N = 1, see, e.g., [25] Lemma IV.1.1].)

(i) In the scalar case m = 1, the function ¢ (x,z¢) = exp ( — i ffo d(y)dy), = € R,
yields the unitary equivalence in (2I0I). o

Corollary 2.4. Assume Hypothesis Z11(i). Since the operators A_ and Ay are
self-adjoint, Lemma 2.2 and the functional calculus imply that

B(AL) = D, 20 (A )U(-, z)" (2.20)
for any locally bounded Borel function h: R — C.

Note, that for any ® € M™*™ (L>®(R) N AC)oc(R)) with &' € M™*™ (L>(R)),
the equality
[A_, ®] = —id’ (2.21)
holds.

Remark 2.5. The operators A_ and the family B(t) do not satisfy [23, Hypoth-
esis 2.1]. Indeed, Hypothesis 2.1 in [23], in particular, requires that the family
B(t) is relative trace class, that is, B'(t)(|A_| + I)~! € B1(L*(R)). In our setting,
B'®)([A-|+ )™t = 0'(t)®(|A—| + I)~! and by [39, Theorem 4.1, Remark 4(a)]
a necessary condition for the operator ®(|A_| + I)~! to be trace class is that the
function ¢ — (|t| + 1)1 is integrable, which is obviously not the case. o
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Next, we introduce the operator (d/dt) ® I, on L*(R?) @ C™ defined on its
domain W'2(R; L?(R)) ® C™ in the obvious way and we make the identifications

L?(R;dt; L*(R;dz)) ® C™ = L*(R?*; dtdz) ® C™ = L*(R*) @ C™. (2.22)
In addition, we define the operator
D, = % @In+A_, dom(Dy )=W"3R*)aC™, (2.23)
where A_ is the operator acting in L?(R?) @ C™ given by
(A_f)(t) = A_f(1), (2.24)

fedom(A_) ={ge L*(R*)®@C™ | g(t) e W"*(R) @ C™ for ae. t €,
t— A_g(t) is (weakly) measurable, / ||A,g(t)||2L2(R)®Cm dt < oo}.
R

By [23] Lemma 4.2] the operator D 4 is closed and densely defined with adjoint

Dy = —% @ILn+A_, dom(Da-)=dom(Da )=W"R*) @C™. (2.25)

Introduce the operator A in L?(R?) @ C™ associated with the family {A(#)}er by
equation (3], Introducing also the bounded operator B on L?(R?)®C™ by setting

(Bf)(t) = BO)F() =0(t)(@f)(1), feL*R)eC™, (2.26)
one obtains A = A_ + B. Finally we come to the definition of the model operator
D , acting in L?(R?) ® C™.

d

d
Dy=—®l,+A=—@l,+A_+B=D,4 +B,
AT dt dt A (2.27)

dom(D 4) = dom(D, ) =W"*R?*) @ C™.

Since D 4 is a closed densely defined operator and B is a bounded operator on
L?*(R?)®C™, it follows that D 4 is also closed and densely defined in L?(R?)®C™

with adjoint given by
d d
DZ:DTL—I—B*:—E@Im—i-A_—i-B:—%@Im—i—A, (2.28)
dom(D?%) = dom(D ,) = W"*(R?) @ C™.
The second order operator Hy in L*(R?) ® C™ is now constructed by
e
dt?  dx?
dom(Hy) = W*%(R?) ® C™,

Hy=Dy D,y = R Ly = —A® Ly,

(2.29)

and the bounded operator B’ on L?(R?)®C™ associated with the family { B’(¢) }+cr
defined in (2.6]) is,

(B'f)(t) = B'(0)f(t) =0'(O)(@f)(t), feL*R*)@C™. (2.30)

An application of [36, Theorem VIII.33] shows that the operator H| is self-adjoint
with dom(H) C dom(A_).
Now we come to the operators H; and Hj acting in L?(R?) @ C™. Set

H,=D4D,, H,=D,D}. (2.31)



TRACE FORMULAS FOR A CLASS OF NON-FREDHOLM OPERATORS: A REVIEW 13

By ([227) and (228)) one can write
H;=H,+BA_ +A B+B’+(-1)B,
dom(H,) = dom(H,) = W'3(R*) @ C™, j=1,2.

Hence one concludes that dom(H ) = dom(H32) = dom(H) and that the opera-
tors Hj, j = 1,2, are well-defined since B leaves the domain of A_ invariant. In
addition, one can write

BA_+A_B=[A_ B|+2BA_=—[A_ B]+2A_B, (2.33)

(2.32)

and
([A—, B]f)(t) = (A—_Bf)(t) = (BA_[)(t) = A_0(t)2f(t) — 6(t)PA_f(t)
=0()[A_,®|f(t) =i '0)D f(t), feW>(R?)@C™. (2.34)

Employing the fact that ® € M™*™ (L>°(R)), § € L>(R), one obtains that the
commutator [A_, B] has a bounded closure. For subsequent purposes we denote

C:=[A_ B, (2.35)
and write
H;=H,+2BA_+C+ B+ (-1)’B’

4 2.36
—Hy+2A_ B-C+ B>+ (-1YB', j=1,2. (2.36)

Lemma 2.6. Assume Hypothesis 21 and let z € C\[0,00). Then the operators
A_, Hy, and Hj, j = 1,2, defined above satisfy the following properties:

(i) A_(Ho — 2I)~Y? € B(L*(R?) @ C™).

(ii) (Hy— 2I)(H; — zI)~' € B(L*(R?) ® C™), j = 1,2.

Proof. (i) Via the two-dimensional Fourier transform the operator A_ (Ho—z)~!/?
is isometric to the multiplication operator on L?(R?) @ C™ given by the function
(5,p) + pI(s*I + p*I — 2I)~'/? and this is clearly bounded.

(ii) By ([232) the operators H, j = 1,2 and H have the same domain. Therefore,
the operator (Ho—zI)(H ;—zI)™!, j = 1,2, is everywhere defined and closed as the
product of a bounded and a closed operator. Hence, by the closed graph theorem,
the operator (Ho — 2I)(H; — zI)™', j = 1,2, is bounded. O

2.2. The Approximation Technique. The principal method exploited in [23] to
pass from the Pushnitski assumptions to the weaker ones involving relatively trace
class perturbations was an approximation scheme. Here we illustrate a modified
version of this scheme that enables us (albeit with considerable effort) to handle
relatively Hilbert—Schmidt perturbations.

The idea is that we approximate the operators A_ and A, and hence, Hq, H,
in such a fashion that, for the approximants, the relatively trace class perturbation
property of [23] is restored. To this end let P, = E4_((—n,n)) be the spectral
projection of A_ corresponding to the interval (—n,n). We set

Bo(t) = P.B(t)Py, An(t) = A_ + Bo(t), teR. (2.37)

Therefore,
A=A, Ay,=A_ +P,®P,, nel (2.38)
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Remark 2.7. By the estimate (&.2) below, the operator A_ and the family of
bounded operators B, (t) = P,B(t)P,, t € R, n € N, satisfy |23 Hypothesis 2.1]
(and even [35, Hypothesis (1.3)]). o

For the projection P,, defined by
(Pof)(t)=Pof(t), feL*R*)®@C™ teR, neN, (2.39)

one infers that P,, = Ea_((—n,n)) is the spectral projection of A_ corresponding
to the interval (—n,n); moreover, P,, commutes with H,, n € N. In addition, for
the operators H j ,,, j = 1,2, defined in terms of the family {A,,(¢)}+cr, one obtains
decompositions similar to (236,

H;,=H,+2B,A_+C,+ B2+ (-1)B), (2.40)
=Hy+2A B, -C,+B2+(-1YB),, neN, j=1,2, '
with

B,=P,BP, B, 6 =P,BP, C,=P,CP, ncN. (2.41)
Remark 2.8. Since dom(H ) C dom(A_), it follows from ([Z36]) and 240) that the
operators H; and H; ,, j = 1,2, have the common core dom(H ;) = dom(H) =
W22(R)®@C™, j =1,2. o

3. THE R1GHT-HAND SIDE OF THE TRACE FormuLa (L29)

In the first part of this section we prove the inclusion
[9:(A4) — g:(A_)] € By (LA(R)), = <0. (3.1)
Later, in Theorem [5.3] we extend this result to the first inclusion in Theorem [I.4],
that is,
l9:(A4) — g:(A-)] € Bi(L*(R)), =z € C\[0,00). (32)
This result is the main advance that we make in the proof of the trace formula over
the approach in [I6]. In the second part of this section we prove that the difference
[9:(A4) — g:(A_)], 2 < 0, can be approximated in By (L*(R) ® C™)-norm by the
operators [g,(Ay ) — g:(A_)] as n — oo.

3.1. The Trace Result. For brevity, we introduce the notations Ry x(z), R— A(2)
for appropriate resolvents of the operators A_ and A, respectively, that is,

Ria(z) = (Ay +i0—2)"2D) 7", Roa(z) = (A +i(A—2)"21)"!, A>0. (3.3)
Lemma 3.1. Let z < 0, then,

540 = 40 = el [TARAR G - Res@lar). G
0
Proof. We recall the fact that for any self-adjoint operator T" in H,
(T2 = 2Iy) /% = 71 / AV2(T? = (2= NIy) ' dN, 2 <0, (3.5)
0

with a norm convergent Bochner integral (see, e.g., [26, p. 282] for a more general
result). Thus,

() =g:(4) = 1 [T N[44 (42 ) A (42 ) i
(3.6)
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Taking into account the equality
Ap (A2 = (2= NIy) "= A (A% = (2 = NIx) " =Re(Rya(z) = R_a(2)), (3.7)
one concludes the proof. 0

Remark 3.2. One observes that Lemma [3.1] holds for arbitrary self-adjoint opera-
tors. o

In what follows, we denote for brevity Ux(z) = (A4 — A_)R_ \(z) = PR_ x(2),
frequently suppressing the z-dependence of Uy and A  in the following. The next
result yields the first claim in Theorem [[L4l In our present setting we do not resort
to the double operator integration technique as in [23], but instead apply more
elementary means.

Proposition 3.3. Suppose that ® € M™ ™ (W1 (R) N Cy(R)) and z < 0. For
the operators A_ = D ® I,,,, AL = A_ + ® one obtains

9:(Ay) — g=(A_) = (A% — 21)73/2 (3.8)

+ wlRe</°° [ANY2RL A (2)Un(2)? = AR\ (2), ®IR_ A (2)] d>\>,
0

and each term on the right-hand side of B8) lies in Bi(L*(R)). In addition,
lg=(A4) = g:(A) By (L2 ®)Cm) < [|P[|11- (3.9)
Proof. Using the resolvent identity twice one can write
Riy—R_\=Ri\®PR_,=—-R_,\®+ R \®R_,\®PR_ = —R_ U\ + Ry \U}
=—®R?> , — [R_\,®|R_ \ + Ry \U}. (3.10)

Next, we separately treat the three preceding terms.
First, we show that

/ ATYV2R,\URdN € By (L*(R) @ C™). (3.11)
0

Employing the noncommutative Holder inequality (see, e.g., [39, Ch. 2]),

—1/2 2 —1/2 2
H/ ATV2RL\UR dX S/ ATY HR'*‘v)‘UXHBl(L%R)@Cm)d)\
0 By (L2®)@Cm)  Jo

S/O ATY2R Al @ecm) UM, 12 @)ecm) dA- (3.12)
Thus, applying [39, Theorem 4.1] and Remark [B.3]
|[@(A= +i(A—2)"/2T)

1
1UAIBa(22@) g cm) 5522 @)@Cm)

@5 (D + (1 +N)'21) ™

IN
Q
s
X

1
a2 ry)

IN

C H]lé}cx||‘1’j,k||2||h1||2
= C|®[2)h1llz £ Cl|@[|1]|®]|oc |1 ]l2: (3.13)

where hi(t) = (t +i(A — 2)"/2)~! and C' > 0 represents a constant that may well
differ from line to line. Since |||z = C(X — 2)~/%, one infers that

1A B2 @@em) < C @]l ]oc(A = 2)" 1% (3.14)
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In addition, (see (33))) one has

B+ Mls2meen) < sup(|t +i(A - D)= (=272 (3.15)
€
hence, combining this estimate with (312) and (B8I4]), one obtains

H / AY2R, \UEdA
0

< C)0] ] / A2\~ 2)~ A,

B1(L*(R)®C™)
(3.16)
Since the integral on the right-hand side converges, the claim (IT]) follows.
Next, we show that
/ AY2[R_,, ®|R_ dX € B (L*(R) ® C™). (3.17)
0
Using the formula [C~1, B] = —C~![C, B]C~! and equality (Z2I]) one gets
[R_,® = —R_\[A_,®|R_, = iR_\®'R_ . (3.18)

Hence, one infers

H/ AY2R_ )\, ®IR_ d\
0 B1(L2(R)®@C™)

S/0 )‘_1/2HR_)‘(I)IR%,)\HBl(L2(R)®Cm)d)\
< [ AR Ay NP sy B 319

Since by hypothesis, ® € M™*™ (L*(R)), Corollary [B:2 implies that the matrix
|12 = {@]k}k . belongs to M™*™ (L*(R)). Thus, using once more [39,
=

k=

Theorem 4.1], one concludes that

/2 ~ 127" g7 ‘
HR—J\'(I) | ‘|82(L2(R)®Cm) <C 1;?2%(7” H(D + z(l + )‘) I) o J.k Ba(L2(R))
Y 1/2
< € e [Tl il < 192 okl 320)

Arguing similarly, one obtains that

H|(I)I|1/2R2—,>\HBz(L2(R)®C’") < C|||‘I)/|l/2H2”h2”2= (3.21)

where hy(t) = (t +i(\ — 2)/2)72. It is easy to check that ||hy|s = C(\ — 2)~3/4.
Appealing to the estimate |||®’|'/2 H; < C'||®'||; (see Corollary[B.2), (B17) is proved
by estimating the RHS of ([B19) as follows

H/ AYV2R_,, B|R_ »dX
0

< C||<I>’||1/ AT\ = 2)7hdA
Bi(L2(R)&C™) 0
< o0, (3.22)

Finally, we prove that

Re(/ ATY20R? |\ d)) € By (LA(R) ®<cm>. (3.23)
0
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First we note,

Re(/ ATV20R? | d>\> :<I>/ ATY2Re(R% L) dA
0 0

2

- (3.24)
= <1>/ AT2(AZ + (2 = M) (A2 — (2 = NI) " a),

and also

[T e (42— =) P = = (42— e
0

. (3.25)

so one obtains Re( [;* )\_1/2<I>A%7)\ d\) = —n®(AZ — ZI)_3/2. Furthermore, [39]
Theorem 4.5] and Lemma [B.4] imply

—3/2 _
(A% — H61 (re®ecm) = ¢ H}%XH(I)JE’C(DQ —2I) 3/2H81(L2(R))
= ¢ PRt 15 ller 2y [ () = 2)_3/2}’21@2(11%))
< Cl|9]1,1, (3.26)
and hence ([3.23).

Thus, combining equality ([B.I0) with Lemma [31] and the estimates obtained in

BIg), (M) and [B320) imply [B.8). In addition, the same estimates yield
l9:(A+) = g:(A) Iy (L2Ryecm) < ClIR1l|@lloc + [[®l1,1]- (3.27)
Next, for fixed n € N,

l92(A+) = g:(A-)B, (22 ®)0Cm)

= H Z (9:(A- + nH(k + 1)®) —g.(A- + nH(k + 1)2)) ||31(L2(R)®Cm)

n—1
<3 o= (A 407k 1)D) = g (A + 07 kD) ||, amppeny (3:28)
k=1

Applying Lemma one obtains for fixed £ € N the existence of a sequence of
unitary matrices W ,,) such that A_ + %(b = ‘I’(k,n)Af‘I’fk,n)- (We use the notation
U (,n) to avoid any confusion with the matrix elements Wy, ¢, k,£ =1,...,m, of ¥.)
Hence we have
—1 * —1
A_+n (k + 1)‘13 = ‘Ij(k,n)Af\I/(]@n) +n"d (3 29)
— 1% * :
= W (o) (A= + 07 G ) @Y () ) -
And thus,
lg=(A- +n" " (k+1)®) — g.(A_ +n"k®)| 5, (L2®)2Cm) (3:30)
=g:(A-) — g-(A- + nil‘lj?k,n)@q}(k,nﬂHBl(LQ(R)@Cm)-
Combining this with [3.28) and using that every ¥(; ,,) is a unitary matrix yields

||9z(A+)— (A*)HBl(IP(R)@Cm)

< Z ng gz A +n \Ij(k n)(I)\Ij kn))HBl(LQ(R)®(Cm)
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n—1
< C T @ e oo 0T T @V gy 1
k=0
+ I G P ey ll1.0
<n COfn"'®lsolln ™ @|l1 + ([0~ ®]|1.1]. (3.31)

Hence,

l92(A+) = g=(A-)B, (22 ®)0Cm)
<C nlgIgON[l\n_lq’l\oo||n_1‘1’||1 + In " @|1,1]

< Jim nln @@y +n 7 @] = ClOe (332
O

3.2. The Approximation Argument. In this subsection we explain the key
idea of our approach. We turn to the operators A, , = A_ + P,®P,, P, =
Ea ((—n,n)), n € N, but first, we represent the difference g,(A4 ) — g.(A_) in
close analogy to our expression for g,(Ay) — g.(A_) obtained in Proposition 3.3

Proposition 3.4. Suppose that ® € M™ ™ (W' (R) N Cy(R)) and z < 0. Let
Ay =A_+ P, ®P,, n €N, be as in 23]), and

R = (Apm +i(r—2)Y21) 7"

A= , U™ = P,U\P,, neN. (3.33)

Then we have that (At ) — g.(A_) is the following sum of trace class operators:

QZ(AJr,n) —9g.(A-) = an)(AQ— - Z>73/2Pn

o 3.34
+7T_1Re</0 (RUA(US)? = PalR- x, ®|R_ A Py)A"Y/? d)\>. (3.34)

Proof. One computes,
R\ — R_\ = —R"\(P,®P,)R_ »

= —R_\Py®P,R_\+ R\ P,®P,R_\P,®P,R_

= —PyR_\®R_\P, + R{"\P,®R_\P,®R_,\P,

= —Pu[R_ 5, ®|R_ Py — Py®R2 \ P, + R\ P,®R_\P,®R_\P,. (3.35)
Arguing as in the proof of Proposition B.3 yields the claimed assertions. O

The following theorem is the main result of this section; it yields a trace norm
approximation of the operator [g,(A+) — g.(A-)], z € C\[0, 00).

Theorem 3.5. Suppose that ® € M™*™ (WH(R) N Cy(R)) and z < 0. Then,
limy, 00 ||[gZ(A+7n) - gZ(A—)] - [gZ(A+) - gz(A_)]HB1(L2(R)®Cm) =0.

Proof. For simplicity, we assume z < 0 throughout this proof. By Proposition [3.3]

and Proposition [B.4] it suffices to show that we have trace norm convergence:
—-3/2 —3/2

2 2
Pa®(A2 —z1) Py — @(A2 —2D) 7,

Pn/ AY2R_\,®|R_ \d\P, — AY2R_\, ®R_ 5 d), (3.36)
0

n—oo 0
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/ AR AN — [ ATV2R,\URdA.
0

n—roo 0

By (B22) and (328) the operators ®(A2 — 2)~%2 and [;° A"Y2[R_ \, ®]R_ »dA
are trace class. As P, — I in the strong operator topology, Lemma [B.5] implies
n—oo

convergence of the first two terms in ([B.30). For the third term one obtains

H/ “12R0 (U)? d)\—/ A"YV2R, \UZdA
0

Bl(LQ(R)®Cm) (337)

S/ 1/2HR (n) U(")) R+)\U>\ d)\
0

iy 22 @sem)

We start by showing that A, ,, vd A, in the strong resolvent sense. Since A_
is closed and densely defined, the operators A, ,, and A} have the common core
dom(A_). For all f € dom(A_),neN

Ay nf = AL fllemyeem = [[PhA—f + Po®P,f — A_f — @f|lL2m)zcm
SNPA_f = A_fllremyecn + [[Pa®(1 — Po) fllL2®yecm
1A = Po)® f[| 2®)ecm (3.38)

The first and the last term converges to zero, since s-lim,_, ., P, = I, while the
second term converges to zero since

IPa®(1 = Po)fll2mocn < Bl (1 = P)fllamecs — 0. (339)

Thus, [36, Theorem VIII.25] (see also [42, Theorem 9.16]) implies that Ay , con-
verges to A4 in the strong resolvent sense.

Next, we claim that lim,_ o ||(U/\"))2 — = 0. We first note that

2
A HBl(m(R)@Cm)

|UR = PaUsPAUAP| 5, 128y 09

< H(l - Pn)U§||Bl(L2(]R)®(CM) + ”U)\HBQ(Lz(]R)@(Cm)
X UA(L = Pp) 4+ (1 = Po)UsPullg,(2@)ecm)- (3.40)

Since Uy € Ba(L?(R)) (see (3.14)), Lemma [B5 implies that
Uz - PnUAPnUAPn||Bl(L2(R)®Cm — 0. (3.41)

) n—oo

Combining strong resolvent convergence of A, ,, to A+ as n — 0o, and trace norm

convergence of (U{™)? to U2 as n — oo, Lemma [B3] implies that the integrands
on the right-hand side of (BBZ) converge to zero. In addition, one infers that

|RCA(U)? — Ry \U2 IR

||31(L2(R)®<Cm AHB(L2(]R)®(Cm ||U/\||32 (L2 (R)®C™)
+ 1R AllBz@ecm) U3, L2 @)@cm)- (3.42)

For the norms of resolvents one estimates (we recall that z < 0),
IR s ooy I1R+AlBE2@cm < (A= 2)712, (3.43)

and
IUAMIZ, (22 @y@em) < A —2)7"2, (3.44)
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and thus one obtains that A\~1/2 HREF")/\(USZ))2 — Ry \U?} ||61(L2(R)®Cm) is dominated

by the integrable function A~'/2(\ — z)~!. Thus, the dominated convergence the-
orem implies that

[
0

HBl(LQ(]R)@aCm) dX e 0. (3.45)

O

4. THE LEFT-HAND SIDE OF THE TRACE FOrRMULA ([Z29)

Our main objective in this section is to provide the second inclusion of Theorem
L4 (see (I28)) and prove the trace norm convergence on the left-hand side of the
trace formula (29). First, we state a lemma which collects some properties of the
operators H ;,,, n € N, and H;, j =1,2.

Lemma 4.1. Assume Hypothesis 21 and let z € C\[0,00). Then the following
assertions hold:
(t) The operators H ;,, converge to H;, j = 1,2, in the strong resolvent sense,

slim(H;, —zI)"'=(H; —2I)"", j=1,2. (4.1)

n—00
(ii) The operators (Hy, — 21)"Y(Ho — 21) and (Hy—2zI)(H1,—21)", n €N,
are uniformly bounded with respect to n € N. In addition,

s-lim(Ho — 2 1)(Hjj,, — ) =(Hy—-zI)(H; —2I)"", j=1,2, (4.2

slim(H;,—zI)"'(Hy—zI)=(H; —zI)""(Hy—21I), j=12. (4.3

n—oo

Proof. Since the proof for the operators Hs ,, H» is a verbatim repetition of the
proof for Hy ,,, H;, we exclusively focus on the latter.

(i) By Remark [Z8 the operators Hq and H; ,, have the common core dom(H) =
dom(Hy). Since H, and H; are self-adjoint operators with a common core, by
[36, Theorem VIIL.25] (see also [42] Theorem 9.16]) it is sufficient to show that

Hl,nf n:>>o Hlf, f S dOIIl(H()) (44)

Equalities (236 and (240) imply convergence of every term separately. First,
rewriting

B-B =B -P,BP,=(I1-P,)B +P,B(I-P,), (4.5)
the convergence
s-lim B, = B’ (4.6)
n—oo
follows since the operator B, defined by ([Z30), is a bounded operator, and P,, —
n—oo
I in the strong operator topology. Arguing similarly, one infers that
s-lim B, = B, slimC, =C. (4.7)
n—oo n—oo
Next, one notes that
B*-B?-=B?>-P,BP,BP, 48)
=(I-P,B*+P,B(B(I-P,) +(I-P,BP,), '
implying,
s-lim B2 = B*. (4.9)

n—roo
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Thus, appealing to ([236) and (ZA40), it remains to show that s-lim, oo B, A_f =
BA_f for all f € dom(Hj). The fact,

BA_ -B,A_=BA_-P,BA_P,

4.1
=(I-P, BA_+P,B(I-P,)A_, (4.10)
implies the required convergence. Consequently,
s-LimHLnf:Hlf, f € dom(Hy), (4.11)

completes the proof of item (i).

(79) Fix z € C\[0,00). First we prove the uniform boundedness with respect to
n € N of the operators (Hq, —2I)"1(Ho—21I) and (Hog — 2I)(H1, —21)7},
n € N. Since the operator (Hy,, — 2z I)"'(Ho— 2 I) is closable, one concludes (see,
e.g., [36, Theorem VIIL.1]) that

(Hy, —zI)"(Ho—2I)=[(Ho - zI)(H1, -zI)7']". (4.12)

Thus, it suffices to show that (Ho— 2z I)(H1,, — 2z I)~! is uniformly bounded with
respect to n € N.
Using the standard resolvent identity one obtains

(Hy,—2I)"'~(Ho—2I)" ' = —~(Hy,—21) " Y(Hy,,—Ho)(Ho—21)"", (4.13)
and hence employing ([240) one arrives at

(Ho—2I)(Hyy —2I) ' =1— [(Hyiy— Ho)(Hyy, —21)7']

=I1-[2B,A_+C,+B,-B,|(Hi,—2I)"", neN

(4.14)

The sequence of bounded operators (Hy, —zI)~!, n € N, is uniformly bounded,
in addition, since the operators B, B’, C' are bounded, it follows from (ZZI) that

the sequences B,,, B/, and C,,, n € N, are also uniformly bounded with respect

to n € N. Thus, by ([@I4) it is sufficient to prove the uniform boundedness of the
sequence A_(H;,, —2I)~!, n € N, which we focus on next.
Again, appealing to the standard resolvent identity one obtains for each n € N;

A (Hy, —zI""
=A_ (Hy—zI)"' —A_(Hy—zI)""[(Hy, — Ho)(Hy,, —21)7"]
=A (Hy—zI™!
—~A_(Ho—=2I)'[2A_B, - C,+B. - B, |(H,, —zI)"'.  (4.15)
Arguing as above, it is sufficient to show that the operators A_(Ho — zI)~! and

A_(Hy—zI)"'A_ are bounded. The first operator is bounded by Lemma [2.6]()
while the second operator is bounded since

A (Ho+1)TA_=[A_(Ho+I)""?|[A_(H, +I)7'/?]", (4.16)

and by Lemma[Z0(i) the operator A_(Hy+ I)~'/2 is bounded. Thus, the sequence
operators (Ho — 2z I)(H; , — zI)™!, is uniformly bounded in n € N.
Next, gathering all terms from ([@I4) and [@I3]) one arrives at

(Ho—zI)(Hy, —2zI)"'=I-[2B,A_+C,+B. -B,|(H1,—2I)"
=I-[C,+B.-B,|(Hi,,—zI)"'-2B,A_(Hy—zI)""
+2B,A_(Ho—2I)"'[2A_B, - C,+ B, — B, |(Hy, —2I)""
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=I1-[Cn+B.-B,|(Hi,—zI)"" —2B,[A_(Hy— 21)""]
+2B,[A_(Ho—2I)'][-C,+B. - B,|(Hy,, —2I)""
+4B,[A_(Ho—zI)"'A_|B,(H,, —2I)"", neN. (4.17)

Similarly, one rewrites the right-hand side of ([£2) as
(Ho—2I)(H,-zI)"'=I-[C+B*-B'|(H,—2I)""
—2B[A_(Ho—z1)""]
+2B[A_(Ho—zI)'|[-C+B*-B'|(H,—zI)""
+4B[A_(Ho—zI)"'A_|B(H,—zI)"", neN. (4.18)

Thus, the strong resolvent convergence in (£.2), (4.6), (£1), and (@3] implies strong
convergence in ([A2). Finally, to prove (@3], we first note that by the strong
resolvent convergence in (1),

(Hyn—2I)"'(Ho—2I)f — (Hi—zI)"'(Ho—2I)f, [ € dom(Hy). (4.19)

Since, in addition, the operators (H1, — zI)~1(Ho — 2z I) are uniformly bounded
with respect to n € N, and dom(H) is dense in L?(R?)®C™, one infers the strong
operator convergence ([L3). O

Next, we prove the second inclusion of our main result, Theorem .4
Proposition 4.2. Assume Hypothesis 21 and let z € C\[0,00). Then,
[(Hy—2I)"' — (Hy — 2I)7'] € Bi (L*(R*) @ C™). (4.20)
In addition, [(H1yy, —2I)7" — (Hy, — 2I)7' € Bi(L*(R?) @ C™), neN.
Proof. The standard resolvent identity and ([Z.30]) imply
(Hy —2I)"' — (Hy — 2I)™' =2(H, — 2I)"'0O(Hy — 2I)7*
=2(H, —2I)"Y(Hy — 2I)(Ho — 2I)"'0'®(Hy — 2I)~!
x (Ho— 2I)(Hy — 217" (4.21)
By Lemma [£.11(47),
(H, —zI)"Y(Hy —2I) = [(Ho - zI)(H, —zI)"']" € B(L*(R*) ® C™),

(Ho—zI)(Hy—zI)"" € B(L*(R*) ® C™), (4.22)
and hence it suffices to show that
(Ho — 2I)""9'®(Hy — 2I)"" € By (L*(R*) @ C™). (4.23)

Since ® € M™*™ (LY(R)), Corollary [B.2] implies that |®|'/2 € M™*™ (L%(R)).
In addition, ¢’ € L*(R), and hence, [¢|'/2|®[!/2 € M™*™ (L?(R?)). Thus, [39,
Theorem 4.1] implies

(Ho— =D 7Yo'|V2|8Y2, 10'1Y2®| Y2 (H — 2I) 7t € Bo(L*(R?) @ C™),  (4.24)
and hence (Ho—2I)7'0'®(Ho—2zI)"' € Bi(L*(R?)®@C™). The inclusion [(H},, —
zI)7' — (Hy, — 2I)71] € Bi(L*(R?) ® C™), n € N, is proved similarly. O

The following result shows that [(H1 — zI)~' — (Hy — 2I)~!] can be approxi-
mated in trace norm by [(H1, — 2I)™" — (Ha, — 2I)7'] as n — <.
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Proposition 4.3. Assume Hypothesis [Z1] and let z € C\R. Then
. _ -1 _ —1
nhﬁngo H[(Hgn 21I) (Hip—21)7"

4.25
_ [(H2 _ ZI)_l _ (Hl _ ZI)_l] ( )

Hsl(w(n@)@cw) =0.

Proof. An application of (2.30]), (240) and the resolvent equation for the difference
of resolvents in ([{L27]) yields

(Hop —2I)' = (Hip— 217 = [(Hy —2I)"' — (Hy —21)7"]
=—2(Hs, — zI)le;l(HLn —zD)7 '+ 2(Hy— 2I)"'B'(H, — 21I)7!
=—2[(Hyp—2I)"Y(Hy—zI)|{P,(Ho—zI)"'B'(Hy— 2I)"'P,}

x [(Ho—zI)(Hypn—21)7"] (4.26)
+2[(Hy —2I)""(Ho— zI)|{(Ho — 2I)"'B'(Hy — 2z I)""}
x [(Ho—2I)(H,—zI)""], z€C\[0,00).

Since s-limy, 0 P = I, inclusion (23] and Lemma [B5 imply that the sequence
P, Hy—z2I)"'B'(Hy— 2I)"'P,, converges to (Hy —2I)"'B'(Ho — zI)"! in
B (LQ(R2) ® (Cm)—norm as n — oo. Another application of Lemma [B.5l proves
(#Z3) since by Lemma [AT](i7),

s-lim [(Hy—2I)(Hyy— 21" = [(Ho— 2I)(H, — zI)7 ], (4.27)

%—E(r)r.} (Hap —2I)"Y(Ho—21)] = [(Hy — 2I)"Y(Hy — 21)], (4.28)

z € C\[0,00), (4.29)

completing the proof. (I

5. PROOF OF THE TRACE FOrMuULA (L29) AND ITS IMPLICATIONS FOR
RELATIONS BETWEEN SPECTRAL SHIFT FUNCTIONS

It follows from the results in Sections Bl and @ that both inclusion ([27) and
([28) of Theorem [ hold. In addition, one can approximate the left and right-
hand sides of the principle trace formula ([L29) in their respective trace norms. In
this section, we finally prove the equality ([29) for the operators A_, A, and H;,
j = 1,2, thereby extending the result of [23] Theorem 2.2] to the family of operators
{A(t) }ter given by (23), which do not satisfy [23, Hypothesis 2.1]

We start by stating the principal trace formula for the operators A4 ,, and H 5,
j=1,2,n €N, defined by [2Z38)) and (Z40).

Proposition 5.1. Assume Hypothesis 21 and let z € C\[0,00). For the operators
An(t), Axn on H and the operators Hy ,,, Hs, on L*(R?) @ C™, obtained by
replacing A(t) by A,(t) in @30, n € N, one obtains,

trL2(R2)®Cm ((Hgm — ZI)_l — (Hl,n — ZI)_l)
(5.1)

1
=9 trr2(ry@Cm (Qz(AJr,n) - gz(A*))a neN.

Proof. By [35 Proposition 1.3] it suffices to show that

/]R By, ()|, (L2R)cm) dt < 0. (5.2)
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It follows from (237)) that in our case it is sufficient to prove that

/]R ||Pn9/(t)q)Pn||Bl(L2(R)®(Cm) dt < oo. (53)
Appealing to [39) Theorem 4.5] yields
1228 (£)® Palls, (22 myecm) < 16" Pal® 2 3y (2 @y gcm) || @]M2 Pall 3,2 m)@m)
< Cle'(t)l; (5.4)
completing the proof since § € L!(R) by Hypothesis 211 O
By Proposition B3, [g(A4) — g(A-)] € Bi(L*(R) ® C™), and so by [44] Sec-
tion 8.11] we define the spectral shift function for the pair A_, A; by setting

§; Ay, A) = E(9(v); 9(As), 9(A-)), (5.5)

where £(-;9(A+),9(A_)) is the spectral shift function for the pair g(A1),g(A_)
uniquely defined by the requirement &(-;g(Ay),g(A-)) € LY(R) (cf., [44, Sec-
tions 9.1, 9.2]). It follows from definition (B3] that the function £(-; A4, A_) is lo-
cally integrable on R. The Krein Lifshitz trace formula in its simplest form implies

that trp2mygem (9(Ay) — g(A f[ 1 8(sig (Ay),g(A_))ds. Hence, changing
variables in the integral and using (IBE) results in
trrem)gem (9(A+) — /f (v; Ay, A)g (v) dv. (5.6)

For convenience of the reader we now recall the Besov space B._;(R). There are
several equivalent definitions of this space (see, e.g., [29]). Using the difference op-
erator A; defined by (Ath)(s) = h(s+1t)—h(t), h € C(R), a convenient definition
for our purposes reads as follows,

AZh

sup|h'( )| +/ SUDPgeRr ||(2t )(S)” dt < OO}, (57)

teR R It]

Here the notation Cy;(R) stands for bounded uniformly continuous functions on R.
For every h: R — R such that ho g=! € BL;(R) (in particular, if ho g=t €

C?[-1,1]) it follows from [32 Theorem 4] (see also [44, Lemma 8.11.1]) that
[h(Ay) — h(AL)] € B (L*(R) ® C™), and

b2 mymen (R(As) — B(A_)) = trpamyeen (o g~ (a(A1)) — ho g~ (g(A))
/ €5 9(A4), g(A)) d(h o g~ (5))

Bla® = {1 € Cul®)

ine) / (v Ay, A (v) dv. (5.8)
R

We note that the last integral above is finite. Indeed, the definition formula (&3]
tells us that £(-; A, A_) is integrable with the weight ©~2; on the other hand, since
the derivative (h o g~!)’ is bounded, it also implies that the derivative h’ decays as
3 at +00. That is, the last integral in (5.8)) is convergent.
The following proposition presents a proof of the fact that the spectral shift
function for the pair (A, A_) is constant.

Proposition 5.2. Let ® € M™ ™ (WHH(R)NCy(R)), Ao = D@ Iy, Ay =
A_4+®. Then &(v; Ay, A_) =C for ae. v ER.
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Proof. Let h be such that h' is a Schwartz function. Then ho gt € C?[-1,1], and
hence by (B.8), [h(A4) — h(A_)] € Bi(L*(R) ® C™). We claim that
trrzmygen (A(A4) —h(A-)) = tremygcm (M(Ay +a) —h(A-+a)), a€R. (5.9)
As D = —id/dx on dom(D) = WH2(R) is the generator of translations in L?(R),
introducing ¥o(x) = e *“* ® I,,,, o € R, yields A_ + a = Uy A_T, and hence,
hAZ + ) = Uoh(A)T5,  h(AL + a) = U h(AL)TE. (5.10)
Consequently,
trrzwyeen (h(A+ +a) — h(A- + @) = trrz@ecn (Vo[h(A+) — h(A-)]¥g)
= trpamecn (H(AL) — (A1), (5.11)
by the unitary invariance of try2m)gcem (+), proves (53). Since by (5.8) the equality

trisocn (A4 + )~ (A +a)) = [ B0+ s As, Ao
(5.12)
_ /Rh/(y)g(y —ay Ay Al)dy

holds, one obtains [, h'(v)[§(v —a; Ay, A_) — &(v; A, A_)]dv = 0. Since h' is an
arbitrary Schwartz function, it follows by the Lemma of Du Bois-Reymond that
Ewv—a; Ay, A) —E(W; Ay, AZ) = 0 for ae. v € R. Since o € R was arbitrary,
&(-; Ay, AL) is constant a.e. on R. O

Next, we present the main result of this paper. It is an analog of [23] Theorem 2.2]
and [35, Proposition 1.3] for the examples studied here. We remark again that the
hypotheses in these theorems in the cited two papers do not apply to our examples,
nevertheless, we obtain the same conclusion.

Theorem 5.3. Assume Hypothesis 211 and let z € C\[0,00). Then [g.(Ay) —
g:(A_)] € B1(L*(R) ® C™) and the following trace formula holds,

_ _ 1
trpz@gen (Hy =207 = (H1 = 2,1)71) = o~ trrz@ppcn (9: (A1) — g:(4-)).

(5.13)
Proof. Using the result of PropositionB.3land following the proof of [23] Lemma 7.3],
one can prove that [g.(Ay) — g.(A_)] € Bi(L*(R) ® C™) for all z € C\[0, 00) and
that the function 2 — 5= tr(g-(A4) — g-(A_)) is analytic on C\[0, co). Writing (see,

e.g., [42, Exercise 7.8])

(Hy—2I)"' —(Hy—2zI)"") = (Hy — 20 I)(Hy — 2 I)""

X ((HQ — Z()I)il — (H1 — ZoI)il)(Hl — ZI)il(Hl — Z()I)il,
one obtains that the function on z + tr ((Hy — 2I)™' — (Hy — zI)7') is also

analytic on C\[0, 00). By analytic continuation it is sufficient to prove the principle
trace formula (I.29) for z < 0. For z < 0, Proposition [5.1] implies

tI’Lz(Rz)®Cm ((Hgm — ZI)_l — (Hl,n - ZI)_I)

(5.14)

(5.15)

1
= o Mre®aecn (9:(A+n) —g:(A-)), neN.

An application of Theorem then implies that the right-hand side converges to
= trewyeen (9:(A+) — g:(A_)), whereas by Proposition B3| the left-hand side
converges to trrzpz)gem (H2 — 2 1)~ = (Hy — 2I)7"), implying (513). O
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Proposition 2] implies that the spectral shift function £(-; Ho, H1) for the pair
(H2, Hy) is well-defined and satisfies

§(-sHy Hy) € L'(R; (A + 1)1 d)). (5.16)
Since H; > 0, j = 1,2, one uniquely introduces &(-; Hy, Hy) by requiring that
E(NHo Hy) =0, A<O. (5.17)

Having established the principle trace formula ([29), we now prove that the
spectral shift functions &(-; Ay, A_) and &(-; Ho, H1) coincide.

Theorem 5.4. Assume Hypothesis 2l  Then, for (Lebesgue) a.e. X > 0 and
a.e. v € R,

§(\Ho Hy) =€(r; A, A) + C, (5.18)
with C' the constant in Proposition 5.2l
Proof. Following the arguments in [23] Sections 7, 8] one can obtain the Pushnitski-

type formula
A\1/2

! V"A‘ 7A— dl/
T ) oz (A=Y
A (5.19)
¢ dv
N _/_>\1/2 N — )iz C for a.e. A >0,

employing the a.e. constancy of {(v; Ay, A_) established in Proposition 52 in the
second line of (BI9]). To obtain some degree of completeness we sketch the principal
steps in the derivation of the first equality in (m): One starts with

vy Ay,
tra (9:(A4) — /5 yztz 3/2 , z€C\[0,00).  (5.20)
The trace identity (&I3]) then ylelds
§AH2,H1dA §VA,
/[O | E\ Ha, Hy) d) et o B p 3/2 ., z€C\[0,00), (5.21)
and hence,

/0@)6<A;H27H1)(%(A_Z)_l)d)\:Ag(U;A+’A_)(%(V2_ )" 1/2)dy
| z € C\[0,00). (5.22)

Integrating (522) with respect to z from a fixed point zp € (—00,0) to z € C\R
along a straight line connecting zy and z then results in

1 1
/Ooo)f()\ H27H1)<—/\_ - )\_Z0>d)\

/§ (v; A, AD)[(VP = 2)” 1/2—(1/2—20)_1/2] dv, =z € C\[0,00).

(5.23)

Applying the Stieltjes inversion formula (cf., e.g., [I], [42 Theorem B.3]) to
(B23) then yields

1
€\ Hy, Hy) = lim = EN Ho, Hy)Im((N = \) —ie) ') dN
el0 T [0,00)
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=lim — /5 vi Ay, A)Im((v? — X —ig)” 1/2)d

el0 T

_ l/k% §(; Ay, A )dv
N ™ Al/2 (/\—V2)1/2

AL/2

N /\)\1/2 —1/2 1/2

= C fora.e. A > 0. (5.24)
O

6. COMPUTATION OF THE SPECTRAL SHIFT FUNCTION FOR THE PAIR (A_, A})

By Proposition (2] the spectral shift function &(-; A4, A_) is constant a.e. on
R. The principal goal in this section is to compute this constant. By Theorem [5.4]
this also yields the value of {(-; Ho, H1) a.e. on (0, 00).

In order to calculate the precise value of the constant £(-; Ay, A_) we consider
the auxiliary function arctan(-). Since arctan(-)og~! € C?([—1,1]), it follows from
the arguments preceding (.8 that

[arctan(A4) — arctan(A_)] € By (L*(R) ® C™), (6.1)
and that for a.e. v € R,
§(v; Ay,
trr2rygem (arctan(Ay) — arctan(A / 2 :_ 1 =mé(v; Ay, AL).
(6.2)

Thus, our task is computing the value of the right-hand side in (62)).

We temporarily assume that m = 1. Given ¢ € WHH(R) N C,(R), our aim is to
represent the operator [arctan(A ) — arctan(A_)] as an integral operator on L?(R)
(cf. [G26])). The unitary equivalence in (ZI0) implies

arctan(A,) — arctan(A_) = 1 arctan(A_ )y — arctan A_

L — L (6.3)
= ¢F~ "arctan(-)Fy — F " arctan(-).F,
where F denotes the Fourier transform on L?(R),
(Fn)(s) = (2r)"1/2 s-lim e Ty (z)dx, n e L*(R). (6.4)

T—o0 [7T,T]

Fix n € L2(R) N LY(R), then
(F~tarctan(-)Fn)(z) = (2r) ! / n(zy) arctan(sg)e @1 =%) dsoday.  (6.5)
R2

We would like to identify the quantity on the right-hand side of (X)) with the
integral

(27r)71/2/ n(s1)(F arctan)(s; — s) dsy. (6.6)
R
However, this identification is not possible due to the fact that
1 1 w12 1
(F arctan)(s) = E}'(m)(s) = (5) 5t lsl, (6.7)
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that is, the function (F arctan)(s; — s) is discontinuous at the point s; — s = 0.
Thus, we have to replace ([6.0) by the principal value

el eln(s1)
S1— S

— lim ds;. (6.8)

21 =0 |s1—s|>e
The identification of the right-hand sides of ([6.3]) and (G.8]) will be done in Lemma
below.

The next lemma is crucial for our representation of the operator arctan(A;) —

arctan(A_) as an integral operator.

oIzl

Lemma 6.1. Define D as in (24) and write p.v.“—— for the principle value inte-
gral as a tempered distribution (see appendiz B). Then,

1 =z
(arctan D)(n) = —%p.v.e xn, neSMR). (6.9)
Proof. For every t > 0, consider the function Q; : R — R defined by

It is clear that Q; € L?(R), t > 0, and hence the Fourier transform of Q;, t > 0, is
also square-integrable. One can consider the function @Q; as a tempered distribution

lz|

[40, Section 3.3]. Next, we claim that lim¢jo Q; = p.v.<~— in the sense of tempered

x

distributions, that is, lims o Q+(n) = p.V.efm (n), n € S(R) (see also a similar,

x

but slightly different result in [I9, Proposition 3.1]). Indeed, one can write Q¢ =
L (L +-—2-)e1#l, and by the Sokhotski-Plemelj formulas (see, e.g., 22} p. 33-34])

2 \z4it " z—it
obtain for every n € S(R),

ltii%l i Z,t(flgc|77(:17) dx = —imn(0) + p.v. /R e‘g‘cﬂ dz, (6.11)
and "
ltifIOl = Z_te_lwln(:v) dx = +imn(0) + p.v. /]R G‘Tﬂ dx, (6.12)
that is,
lim Q(n) = lim/ ! _e~ 17l (z) dx +1im/ ! _e~ 1%l (x) da
t10 tl0 Jrp T + it tl0 Jp T — 1t
e (6.13)
= p.v. (m), neSMR).

Next, standard properties of the Fourier transform imply

7106 = F (e ™)) = oy (F (s ) 7))@

= —iﬁ ((e_” sgn(x)) * ﬁ) (). (6.14)

Lebesgue’s dominated convergence theorem implies

1

. R T —t|z
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1 1 2i
=—i——— [ sgn(z)———— dr = ———— arctan(s).
(27T)1/2/R ) T —ap (2m)1/2 (s)
In addition, since the Fourier transform is a continuous map of S’(R) onto itself

(see, e.g., [38, Theorem 7.15]), F(p. ) = F(limyo Q) = limy_yo F(Qy), 1
S’(R), or equivalently,

ool
f(p.v. - )(n) = m /]R ((e—t\w\ sgn(x)) * (14 22)~1) (s)n(s) ds, n € S(R).
(6.16)

Since

[(e™sgn()) * (1 +] - | A7 <A+ e tUlsgn(.) O, <7 (6.17)
(see, e.g., M0, Section 1.1, Theorem 1.3]), and n € S(R), one infers that the inte-
grand ((e~!*lsgn(z)) * (1 4+ 22)~1)(-)n(-) is dominated by the integrable function

mn(-). Hence, by (6IH), applying once again Lebesgue’s dominated convergence
theorem, one arrives at

eIl 2
f(p.v. - )(77) = “Enie /Rarctan(s)n(s) ds, (6.18)

that is, the distribution F (pv J) is, in fact, the function

Thus,

W arctan( )

1/2 “la|
F~larctan(-) = — (27;) p.v c (6.19)
i T
Finally, for an arbitrary n € S(R) by [38, Theorem 7.19] one obtains
(arctan(D)n)(s) = (F~'arctan(-)Fn)(s) = F ' (arctan-Fn)(s) (6.20)
_ 1 = Em 1 eIl
= @i (n+ F~"arctan)(s) = —5 (n*p.v. (s),
completing the proof. O

For the special case where the operator D is perturbed by a Schwartz function
¢ € S(R), we also state the following result:

Corollary 6.2. Let ¢ € S(R). Then the operator Ay = D + ¢, dom(A;) =
dom(D) = WH2(R), in L?(R) satisfies

— ||

e —
(arctan Ay )n = ——w p.v «(¥n), neSR). (6.21)
Proof. Since ¢ is a Schwartz test function, w( = exp(—1 fo ) is infinitely
differentiable and ¢ € S(R) for every n € S(R). Hence, one can erte
(arctan A, )n = ¢ arctan(D ) n = v arctan(D)(¢n), (6.22)
and Lemma [6.1] completes the proof. O

Proposition 6.3. Let ¢ € S(R) and introduce A_ =D, Ay = A_+¢, dom(Ay) =
WL2(R), in L?*(R). Then,

[arctan(A ) — arctan(A_)] € By (L*(R) ® C™), (6.23)
and

trr2r)gem (arctan(Ay) — arctan(A / o(x (6.24)
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Proof. The claim (@23) has been discussed already in the context of (GIl). To
prove ([@24)), let n € S(R). Combining Lemma [6.1] and Corollary [6.2] one infers,

((arctan(A4 ) — arctan(A_))n)(y)

— x| —lx|

= —%(1/} pov. S 5 (@) (y) — pv. T * (1)())
1 - el
- _zgﬁ}/lmbs (W)l — ) = 1)——n(y — z)dx
e_ly—lﬂ|
B _Z 151?8 /Iy m|>a Q/J(w))w(:v) y—x 77(90) dx
T2 /RW Tx()e‘”‘wn(:v) dz, (6.25)

where the last equality is due to continuity of MW@’W’EW@) for all
z € R (given y € R). ‘

Next, we will show that the preceding equality can be extended to arbitrary
n € L*(R) and thus

((arctan(A4) — arctan(A_))n) (y) = —% AWW@‘”‘IM@ dx

(6.26)
holds. Since S(R) is dense in L?*(R), for every n € L?(R) there exists a sequence
{nn}52; € S(R), such that ||, — n||]2 — 0. On one hand,

n—oo

[(arctan(A4 ) — arctan(A_))(n, — n)||2 = 0, (6.27)

since [arctan(A;) — arctan(A_)] € B(L*(R)). On the other hand, we claim that
the integral operator K in L?(R) with integral kernel

11— Q/J(y) - ¢($) —|z—y
%1/)(117)?6 ! !

is a bounded operator on L?(R). By [5, Equation (2.2)] this will follow from the
estimates

K(z,y)=— (6.28)

||K( ) ')||L°°(R;dz;L1(R;dy)) < 00, ||K( Ty ')||Loo(R~dy LY(R;dx)) < 0 (6.29)

(Bochner norms are used in this context). Since |K (z,y)| = % }_ﬂ’ P(x) |e—|yﬂC|7 it
is sufficient to estimate one of the two norms in ([G29). We estlmate the norm of
I ()l Lo Rida; 1 (Rsdy)) DEXE:

1 Yy) —@)| - )
K() ) oo (edae 1 (B = —su N P eyl g
(s iz doszr @iy = 5 eg(/R y-—ax ’
< gou ([ sup [HZ )
22eR \JR (m)er?| Y~ 2

A

1 —|ly—z
< s ([ erlay) < /) < . (6.30)

Hence indeed, K € B(L*(R)) and K7, — Knin L*(R). Thus, equality (6.26)
n—oo

holds for all n € L?(R). Moreover, since the integral kernel K (-, -) is continuous,
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invoking ([G23)) implies

trr2(m)gem (arctan(Ay) — arctan(A_)) = / K(x,x)dz
R

Vo, 1
——5; | v@P@ s =5 [ oo de.

_%R

(6.31)

completing the proof. O

Next, we proceed to the case of arbitrary m € N.
Proposition 6.4. Let ® € M™*™ (S(R)) and consider A = D ® I,, Ay =
A_+®, dom(AL) = WH2(R) ® C™, in L*(R) ® C™, m € N. Then,

trr2m)gem (arctan(Ay) — arctan(A_)) = %/tr@n(@(a@)) dx. (6.32)
R

Proof. Employing the unitary equivalence in (220)), one writes
U(-,zg)arctan(A_ )W (-, x0)"

= Z Pjr @Y i(-,x0)arctan(D) Z Py @V, (-, x0)
J.k=1 l,r=1

= Z P 1Py @V, (-, x0) arctan(D) W, ¢( -, o)
7,k 4, r=1

= Z P, @, (-, x0)arctan(D)V, ¢( -, zo), (6.33)

gl r=1
utilizing Pj x Per = Pj 0k, J k, 0,r=1,...,m (cf. (B2)). Thus,
U(,-,zo)arctan(A_)U(- z0) = Y Pre® Y Wy (-, m0)arctan(D) Wy ; (-, o).
k=1 j=1
(6.34)

Hence, the operator [¥(-,zq)arctan(A_)U(-,z9)* — arctan(A_)] is an operator-
valued block matrix with (k, k)-th entry given by

Z Uy, (-, x0) arctan(D) Uy, ;( -, x0) — arctan(D)
j=1

m (6.35)
= Z Wy, (-, x0)F tarctan(-) F Uy (-, x0) — F ' arctan(-)F.
j=1
Thus,
trr2(r)eem (arctan(A, ) — arctan(A_)) (6.36)

= ZtrLz(R) (Z Wy (-, 20)F tarctan(-) F Wy ; (-, m0) — F 1 arctan(-)}').
k=1 j=1

Fix k =1,...,m. Since ¥(-,zo) is infinitely differentiable (cf. Remark [231(7)), it
follows that U, (-, z0)n € S(R) for every n € S(R), j,k =1,...,m, and hence by



32  CAREY, F. GESZTESY, GROSSE, LEVITINA, POTAPOV, SUKOCHEV, AND ZANIN

Lemma [6.I] and Corollary 6.2

(Z Wy (-, x0)F arctan(-)F Wy (-, x0) — farctan(~)F_1)n(x)
(S 2D P e N
= lim Z - Uy (@, 20) Uk j (21, xo)n(z1)(x —21) "€ dxy
€l0 = 21 le—x1|>e
1
+ = (x — xl)lez“'n(:vl)dxl), n e S(R). (6.37)
24 |z—z1|>e

Since the matrix ¥ is unitary, Z 1 Wi (- 20)We (-, 20) = ke, and hence

(Z\Pk ;(+,xo)F arctan(- )]_—71\1/]”( -, x0) — }"arctan(-)}'1>n(:1:)
= lim iﬂ Uy, (2, 20) Wk, (21, 20) (1) (2 — 1) " te 1271l gy
o 21 |z—z1|>e BV 0 B g WL 0TI ! !

moq 7 s
+Zz_/ Uy j (@1, 20) g, j (z1,0) (@ — 1) e 1" 1I??(ﬂﬁl)dm)
lz—x1|>e

=S [ Heler) Mot T e . (659)

xr — X
Arguing as in the proof of equality ([6.26) one concludes

<Z Uy i (-, x0)Farctan(-)F Wy (-, x0) — }'arctan(-)}'1>n(:1:)
(6.39)

Uy iz, x0) — U (21, 20) rv T
== Z 2i / - T — 11 : Uy s (w1, wo)n(w)e 11 day

for arbltrary n € L*(R). Since the function ¥;x(-,z0) € C*°(R), it follows that
the integral kernel

1 Sy i(z,x — U i1, 20) =——— _|o_n
Kk(I,Il) = Z Z kJ( ng — xlkﬁj( ! O)q/kyj(ilfl,ilfo)e | ! (640)
j=1

is continuous and Kj(z,z) = & Doy U (@, 20) Wy j (2, 20). Hence,

trrz(w) (Z Wy, (-, @) Farctan(-)F W (-, xg) — farctan(-)f_l> (6.41)

1 _  gm1
/Kk T, 1) 2Z]Zl/R\II§€7j(:C,:UO)\I!k,j(x,xo)dw = §/R(I)k7k($)d$'

Finally, by (636]) one obtains

trr2m)gem (arctan(A, ) —arctan(A_)) = %Z/ Dy, (x)dr = %/tr(jm (P(x))d.
R R
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By Proposition [6.4] and equality (G.2)),
1
E(w;Ap ALY = Py / trem (®(x)) da for ae. v € R, (6.43)
T JR

as soon as & € M™*™ (S(R)). The following theorem extends this result to an
arbitrary ® € M™*™ (WH1(R) N Cy(R)).

Theorem 6.5. Assume that ® € M™*™ (WHH(R) N Cy(R)), m € N. Then,
E(w; Ay AL = 2i / trem (®(x)) da for a.e. v € R. (6.44)
T JR

Proof. Since ® € M™*™ (W"!(R)), one concludes the existence of a sequence
{®,}22, € M™*™ (S(R)) such that || @, —P1 1 — 0. By Lemma[Z2] A_+®,, =

U (-, 20)A_U, (-, 20)*, and
A_+DP=A_+,+(®—-D,)
=0, (- ,xo)(A_ F U, (20) (P — D), (- ,xo))\lfn( < x0)",
that is, A_ 4 ® is unitarily equivalent to A_ 4+, (-, 20)*(®—P,,)¥,,( -, z0). Hence,
applying Proposition [3.3]
ltrr2myeem (9(A- + @) — g(A)) — trr2meen (9(A- + Pn) — g(AL))|
< Ng(A- + @) — g(A— + @) |I5, (L2R)2Cm)
lg(A— + W (-,20)" (P — Pn)Wn(-,20)) — 9(A-)l|5y (L2(R)0Cm)
Cll (-, 20)" (P — Pn)Wn(-, zo)|
C||®—Pyll11 = 0, (6.46)

(6.45)

IAIA

that is,
trre@ecn (9(A- +®) —g(A-)) = i trpegygen (9(A- +®n) —g(A-)). (6.47)
Since ®,, € M™*™ (S(R)), n € N, equalities (0.6) and (6.43]) imply that
trpamsen (9(A- +®) — (A1) = lm &(-: A, A_)(g(+0) - g(~0)

lim l/}Rtrcm(q)n(gc)) dx, (6.48)

n—oo T

Moreover, the convergence ||®,, — ®||;; — 0 implies that ||®,, — ®|; — 0, and
n—o00 n—r00
thus, [, trem (®p(z))de — [ trem (®(x)) dz, that is,
n—r00

trs@ocn (9(A-+®) —g(A) = / tree (0(x)) dz. (6.49)

Using once more equality (5.6]), one concludes
(A, A) = % /R trem (B(2)) dz for ae. v € R, (6.50)
finishing the proof. O

Combining Theorems and [5.4] one arrives at the following fact.
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Corollary 6.6. Assume that ® € M™ ™ (W1H(R) N Cy(R)), m € N. Then,

&N Ho Hy) = 5 /Rtr@m(q)(:zr)) dx for a.e. X > 0. (6.51)

27
In addition Theorem and equality (58] implies the following result.
Corollary 6.7. Assume that ® € M™ ™ (WHH(R) N Cy(R)), m € N. Then,

trpe@een (9:(A1) — g:(A)) = %/Rtr(cm(@(x))dx, 2 eC\[0,00).  (6.52)

Remark 6.8. By unitary equivalence (see Lemma[22]) and unitary invariance of the
trace trz2(m)gem (), one concludes

trp2qmymen (T 20), g(A_)]) = ~ / tren (B(x)) da. (6.53)

™

So, if the matrix ® € M™*™ (W1(R) N Cy(R)) is such that [; trem ((2)) da # 0,
[U(-,20),9(A_)] represents an explicit example of a commutator with nonzero
trace. o

7. THE WITTEN INDEX

In this section we briefly discuss the Witten index for the model operator D 4,
introduced in (227) following the detailed treatment in [I4].
Firstly we recall the definition of the resolvent regularized Witten index (see [7])

Definition 7.1. Let T be a closed, linear, densely defined operator in H and suppose
that for some (and hence for all) z € C\[0, c0),

(T*T — 2I) ™' — (TT* — 2Iy) "] € Bi(H). (7.1)
Then introducing the resolvent regularization
AT ) = (=N try (THT = M) ™' = (TT* — M) '), A <0, (7.2)
the resolvent reqularized Witten index W,.(T) of T is defined by
(1) =lHm A, (T, \), )
Wr(T) = lim A (T, A) (7.3)

whenever this limit exists.

Here, in obvious notation, the subscript “r” indicates the use of the resolvent
regularization (for a semigroup or heat kernel regularization we refer to [14]). Before
proceeding to compute the Witten index for the model operator D 4, we recall
the known consistency between the Fredholm and Witten index whenever T' is
Fredholm:

Theorem 7.2. ([7], [24].) Suppose that T is a Fredholm operator in H. If (1)
holds, then the resolvent reqularized Witten index W,.(T') exists, equals the Fredholm
index, index(T), of T, and

W (T) =index(T) = £(04; TT*, T*T). (7.4)
Remark 7.3. Following the proof of [I4, Theorem 2.6] one can show that the op-
erator D 4 is Fredholm if and only if the operators A4 are boundedly invertible.

Therefore, the fact that o(A_) = o0(A+) = R implies that the operator D 4 is not
Fredholm. Furthermore, oess(D 4) = C (cf. [14, Corollary 2.8]). o
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Although D, is not a Fredholm operator in L?(R?), we can determine the
resolvent regularized Witten index of D 4 (generalizing [10]) as follows:

Theorem 7.4. Assume Hypothesis 2l Then W,.(D 4) exists and equals
1
Wo(Dg) = €04 Ho, Hy) = €0 A1, A) = o / trem (®(@))dz (7.5)
R

Proof. The equality £(04; Ho, Hy) = £(0; A4, A_) follows immediately from Theo-
rem 1.4l By Theorem 6.5 we know that £(-; A4, A_) is constant and for a.e. v € R,

1
EW; Ay, AL) = — / trem (®(x)) da. (7.6)
2T R
Thus, combining the trace formula ([229) and (5.8]) one obtains the equality

ztrpeenygen (He —2I)7' — (Hy — 2 I)fl)

5 v; A+7
= 5 trL2(R)®(Cm (gZ(AJr) gz =3 V2 . Z 3/2

— (0 A4, AL). (7.7)
Hence, by definition of the regularized Witten index one infers that

WMDA)ZQ%zupmaMW(@ﬁ—wai—(Hl—zD*H

™

— €041 A) = 5 [ tren (@(o) do. (7.8)

finishing the proof. O

APPENDIX A. CONNECTIONS TO THE THEORY OF FREDHOLM MODULES

In this appendix we use the terminology of [I5]. For the function 1 on R the
study of the commutator [sgn(D), ] acting in the Hilbert space L?(R), where

D = —id/dx, dom(D)=W"*(R), (A1)

is relevant to the discussion of Fredholm modules in [I8]. The function g(t) =
t(1 + t?)71/2 is a “smoothed” sign function and it is shown in [I5, Section 2.7]
that the operators sgn(D) and g(D) define Fredholm modules for the spectral triple
(C§°(R), L3(R), D), which lie in the same Kasparov class. However, our results show
that the trace class properties of the commutator [sgn(D), ] differ dramatically
from the trace class properties of the commutator [g(D), ], that is, the following
result holds:

Proposition A.1. Let f € WHY(R) N Cy(R) and assume that

(/ fz dx—/ ) dx) ¢ 2n7. (A.2)

Then for the function () = exp(—1i fo , the commutator of ¥ and g(D) is
trace class, [, g(D)] € By (LQ( ), while that 0f1/) and sgn(D) is not, [, sgn(D)] ¢
Bi(L*(R)).

Our proof is based on Peller’s theorem [30] (see also [18, Theorem IV.3.4]). The
required results in [30] and [I8, Theorem IV.3.4] are stated for the circle, and so a
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preparatory lemma, connecting the commutators [sgn(D), 9] and [sgn(Dy), oy,
is required. Here Dy in L?(T) is defined by

Dy = —id/dz, dom(Dg) = {g € L*(T)|g € AC([0,2n]); g(01) = g(27_)},
(A.3)
and 7 denotes the Cayley transform v(z) = (x —i)(z +i)"!, =z €R.

Lemma A.2. The commutator [¢,sgn(D)] belongs to a symmetric ideal € (not
necessarily proper) in B(L?*(R)) if and only if [ o y~1,sgn(Dy)] belongs to the
symmetric ideal £ in B(L*(T)). In particular, the operator [1,sgn(D)] is bounded
in L2(R) if and only if [ o vt sgn(Dg)] is bounded in L*(T).

Proof. Following [27, p. 252], one considers the operator U : L?(T) — L?(R) defined
by setting (U f)(x) = 7~ Y/2(x + i)' f(y(z)), 2 € R. This operator is an isometry
from L2(T) onto L?(R). It follows from the “Lemma about the image of H?”in [27,
p. 253] and the Paley-Wiener Theorem in [27, p. 254] that the isometry U maps
the Hardy space H?(T) onto the set Hf, where Hj = F~*(x[0,00)L*(R)). For the
operator Dy in L?*(T) one notes the equality sgn(Dy) = 2Ppyz2(r) — 1 [I8, p. 317].
In addition, sgn(D) = 2Pz — 1 (see [I7, Lemma 3.1]), where Ppz(t) and Py are
orthogonal projections on H?(T) and HE respectively. Thus, one obtains

Usgn(Do) = U(2Pp2(r) — 1) = (2Pyz — 1)U = sgn(D)U. (A4)
It follows directly from the definition of U that
(Uo oy ™)f)(z) = (UWoy ' ()f)(@)

_ - (A.5)
=7 P e i) @) [(v(@) = ¢(Uf)(), | €L (R),
and hence, U~ 'U = 1) o v~ 1. Consequently,
[¢,sgn(D)] = UU " sgn(D)UU ! — sgn(D)YUU ~pUU !
&9 —1 ~1 ~1 -1 (A.6)
= UU U, sgn(Do)|U™" = U™ [ oy~ ", sgn(Do)|U.
Since U is an isometry from L?(R) onto L?(R), the claim follows. O

We note that 1 oy~t € BMO(T), or, equivalently, 1» € BMO(R) (see, e.g., [21]
Ch. 6, Corollary 1.3]) is a sufficient and necessary condition for [¢poy~1 sgn(Dy)] €

B(L*(T)) and [, sgn(D)] € B(L*(R)) (see, e.g., [31], [34, Theorem 1.1.10]).
Before proceeding to the proof of Proposition [A 1] we recall the definition of the
Besov space B (T) (see e.g. [33]),

h(r
B{(T) = {h e L( / ) = h®)]ly |1 |2 (Ml dm(T) < oo}, (A7)
-7
where m denotes the (normalized) Lebesgue measure on T.

Proof of Proposition [A1l By Proposition B3l [g(A4) — g(A-)] € B1(L*(R)). Uni-
tary equivalence of the operator D 4+ ¢ and D (see Remark [Z3](i7)) implies that

9(A+) = g(A-) = [, g(D)]#, and hence [y, g(D)] € Bi(L*(R)).
On the other hand, by Peller’s theorem, [30], [¢) o v, sgn(Do)] € By (L*(T)) if
and only if 1 o y~! € B{(T). However, since

vroe) =exp (=i [T owyas) 2o (=i [ ole)ds) —u(-c0) (a9
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and since the Cayley transform maps +oo to the same point 1 € T, the function
1oy~ 1is discontinuous at the point 1 € T. Since functions in the Besov class Bi(T)
are necessarily continuous, one concludes that [¢) oy~ sgn(Dg)] ¢ By (L*(T)). O

APPENDIX B. SOME USEFUL TECHNICALITIES

The following lemma states a well-known fact, for which we have not been able to
find a convenient reference. The symbol B, ((a, b), M™*™ (R)) denotes the Bochner
LP-space of all M™*™ (C)-valued functions on (a,b) C R, that is,

By((a,b), M™*™(C)) (B.1)

[ @ ey o < 0.
(a:b)

In the following we denote by P;, j,k = 1,...,m, the projection onto the j, k-th
element in a (block) matrix, such that

= {F: (a,b) = M™*™(C) measurable

Pj,kpf,’r :6/€,€P‘,7‘7 j7k7£7r: 17"'7m' (B2)

Lemma B.1. Let m € N, p € [1,00) U {00}, (a,b) C R, and suppose that F is an
m X m matriz-valued function with complez-valued entries. Then,

F € By((a,b), M™*™ (C)) if and only if F € M™*™ (LP(a,b)). (B.3)
In this case, the corresponding norms are equivalent.

Proof. We note that F' is a Bochner measurable M™*™ (C)-valued function if and
only if each entry Fj , j,k = 1,..., m, of the matrix F' is a measurable function on
(a,b). Indeed, since by the definition each Bochner measurable function F' can be
approximated (in M™*"™ (C)-norm) by step functions, the inequality |Fjx(z)| <
| F () || pgm=m ) for a.e. x € (a, b), shows that Bochner measurability of F' : (a,b) —
M™*™ ((a,b)) implies measurability of each function Fj(-), j,k =1,...,m. On
the other hand, by the fact F' = Z?}k,f,rzl Py ¢Fy i Pj ., with P; . the projections
introduced in (B.2)), one concludes Bochner measurability of F' from measurability
ofall Fj, j,k=1,....m
Next, let FF € M™*™ (LP(a,b)). Then

| @ de < [ @Iy de < . (B.4)
(a:b)

(a;b)

that is, F; , € LP(a,b) for all j,k =1,...,m. Conversely,

1/p

= (/ Z Pk)gFg)j(JJ)PJ
(a,0)

Jiklir=1
m

> (/ . IFe,j(:v)l”dw)l/p < 0. (B.5)

k=1 N7 (:b)

P 1/p
» dx)
Mmxm(C)

IN
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The next result guarantees that F € M™*™ (L*(R)) is equivalent to PaARENS
Mm™*m (L2(R)). Here, as usual, we write |F| = (F*F)!/2 for matrices and bounded
operators. The following result immediately follows from Lemma[B.2] and standard
properties of Bochner LP-spaces.

Corollary B.2. Let m € N, p € [1,00) U {0}, (a,b) CR. F e M™ ™ (LP(R)) if
and only if |F|'/2 € M™™ (L?P(R)). In addition, |F*/?|2 < C || F||.

Both Lemma [B.1] and Corollary [B.2] extend to arbitrary measure spaces.
Remark B.3. We recall that any bounded operator A on L?(R) ® C™ can be rep-

resented as a matrix {4; }7%_,, where the entries A; ) are bounded operators on
L?(R). In particular, for arbitrary p > 1,

> PuiAyP, < > Aeslls, 2@y
Gk, 0 r=1 By (L2(R)QC™) g j=1

< C gjmaXmHAM”Bp(LZ(R))' (B.G)

Al L2 ®)@cm)

<

For various trace class estimates we need a simple sufficient condition for a
function on R to be contained in the space /7(L*(R)), 1 < p < 2, introduced in [4].
We recall that the space £P(L?(R)), 1 < p < 2, consists of all functions such that

1/p
1 llr oy = (Z |f><[n1,n]|§> < . (B.7)

ne
Lemma B.4. If f € WLP(R) N Cy(R), 1 < p < o0, then f € (P(L*(R)) and
Ifllerz2®y) < Clfllp- (B.8)

Proof. Since f is continuous, for every n € Z, there exists z,, € [n,n+ 1], such that

= ([ |f<x>|pdx)l/p. (B.9)

For every x € [n,n + 1], one has
(@) = \f@:n) + / F(s)ds| < |f ()] + / /()] ds

< </nn+1|f(s)|pds) 1/ij/:Hlf’(S)lds
<([wers) 1/p+ ([ wors) "

n+1 n+1 1/
<o [igepass [Tirers) " @)

n

x

Thus,
I £llerzo@y < Ifllere@y =Y sup |f(@)]P

ne’ z€[n,n+1)

cox([Mrwras [Tirere)” e

nez n
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< Cf Nl + 11 Mn)- H

We will also recall the following lemma, which, together with pertinent hints to
the literature, can be found in [23].

Lemma B.5. Let p € [1,00) and assume that R, R,,, T, T, € B(H), n € N, satisfy
s-limy, o0 Ry = R and s-lim,, oo T}, = T and that S, S, € By(H), n € N, satisfy
limy, o0 [|Sn = S5, (1) = 0. Then limy, o0 [| R Sh Ty — RST™||5,(3) = 0.

Finally we note the following (known) fact. The principle value of e;‘z‘ (in the

sense of distributions), abbreviated by p.v. 611‘, is a tempered distribution, and
hence the convolution on right-hand side of the equality in Lemma is well-
defined. The result follows from using the fact that arctan(-) is bounded, so we

may regard it as a tempered distribution (see, e.g., [40, Section 1.3]). We consider

the principle value of e;m introduced by the equality
it ikl
e : e "In(x)
V. = lim — = dx, € S(R). B.12
p-v.——(n) = lim e @ n € S(R) (B.12)

This is a tempered distribution since for arbitrary n € S(R),

ikl ikl ikl
p.v.e (n) = lim e (@) dx + / e (@) dx
x el Jecla|<1 x |z|>1 x
ikl —n(0 ikl
= lim e () = n(0) dx 4+ n(0) lim C  dx
el0 Jeclz|<1 €z el Jeciz|<1 T
ikl
+/ @) g (B.13)
|z[>1 xz
and since the next to last integral equals zero,
ikl
e
pu- )] < C 1L+l (B.14)

z|

Thus, by [40, Section 1.3, Theorem 3.11], p.v.e;‘ is a tempered distribution.

APPENDIX C. THE GAIOTTO—MOORE-WITTEN MODEL: A COUNTEREXAMPLE

We briefly review a Dirac-type operator that arose recently in [20] in connection
with Ginzburg-Landau models. We will consider the very simplest instance of
the general theory developed in [20] and show that it represents a model that
violates even the most basic of our trace class hypotheses and hence we dubbed it
a “counterexample”.

First, consider a family of model operators of the form

E(t)zi%m—i—V(t,-)(? 8>+W,-)(8 (1)) teR, (C.1)

acting in L?*(R) ® C2. (Here o3 = (§ Y ) denotes a standard Pauli matrix.) Pro-
vided the complex-valued function V' on R? is chosen so that the asymptotes /L:
exist in norm resolvent sense as t — +oo then the theory in [I1] applies. Examples
of operators of this form appear in studies of Andreev reflection in superconduc-
tivity [41]. While this class is quite interesting in its own right we will not further
pursue the study of this general family {g(t)} 1> but rather focus on a far simpler
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situation that illustrates why strong assumptions of the kind described earlier in
this paper are needed.

Returning to [20], we show by using an explicit particular case of the general
situation from [20] that the hypotheses of [T1] cannot hold for the examples consid-
ered there. The simplest form of the Ginzburg—Landau equation in one dimension
is,

4" =P — ¢, (C.2)
where £ is a constant and we seek real-valued solutions on R. A summary with
references to further literature is in [9]. The solutions are given by elliptic functions,
specifically,

Y(z) = [2K*1 + k%) 7] s ((z — 20) (€L + K22 k), zER, (C.3)

where xg € R, k € [0, 1], are integration constants with & being the elliptic modulus
of the Jacobi elliptic function sn(-; - ), see 28, Ch. 22].

In [20] only solutions with well defined asymptotic values at oo are considered.
As sn is periodic, it does not have well-defined asymptotics at +00, except in the
limiting case k = 1, when the solution (C3) degenerates into (cf. [28] p. 555]),

Y(x) = tanh ((z — xo)/(21/2§)), x eR. (C.4)

We will only consider this special case in the following discussion and for simplicity
employ the normalization zo = 0 and & = 271/2,

In [20] the solutions to the Ginzburg-Landau equation are used to define an
associated Dirac-type operator. Following [20] for this very simple situation, intro-
duce a polynomial W in one variable (termed the ‘super-potential’). One also has
a ‘boosted soliton’ ¢, constructed as a function on R? from a function % on R that
is a solution of the Ginzburg-Landau equation, by defining ¢ on R? by

p(t,z) = Y(zcos(9) + tsin()), (t,x) € R? (C.5)

where 6 € (0,7)\{m/2} is a parameter (called the ‘boost variable’ in [20]). (We
chose 6 # /2 to avoid the case that ¢(t,x) becomes z-independent.) Next we
form the composition W" o ¢ = W' (¢).

The existence of well-defined pointwise limits ¢4 for the solution (C4)) at spatial
infinity and the definition of ¢ in (CH) imply that as ¢ — +oo, pointwise limits
¢+, exist and that these are independent of the variable x. In turn these fix
Wy =W(pq).

In [20] the notation ( is used for the additional parameter which is the product
of ¢ with the phase of W, — W_ and the authors study a special case of the
operator (CI)) by introducing the family of Dirac-type operators

AW = o+ 27w o, ) (1) + 27w 1 (g g

dom(A(t)) = WH(R) @ C?, t€R,

is self-adjoint in L?(R) @ C2.

We emphasize that we specialise here to the ¢-constructed from the solution v
in (C4) in order to illustrate the general case.

If one treats t € R as a flow parameter (for the spectral flow for example) then
for fixed (z,0) € R x [(0,7)\{7/2}], one infers the pointwise limits

tiirinoo o(t,r) = tiirinoo P(x cos(f) + tsin(0)) = £1. (C.7)

1/2

> T (C.6)
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These limits are not uniform in (z,0) € R x [(0,7)\{n/2}] (e.g., choose = =
— tanh(0)t).

The next step is, following [I1], to introduce the model operator D 4 = (d/dt)+ A
acting in L?(R; L?(R) ® C?): If one chooses the function W to be a cubic (say,
W (z) = 2%/3) then for this example the parameter ¢ = ¢’ and the operator A(t),
t € R, in L*(R) ® C? becomes (for v as in (CA)),

i
A(t) = i%ag +(t, +) (eow 60 ) , dom(A(t)) =W*(R)®@C?, t € R. (C.8)
The asymptotic operators Ay in L?(R) ® C? are then given by
As=itose (0 ) dom(As) = WI2(R) & C2 (C.9)
dx 3 6719 0 ) . .

They are unitarily equivalent as A_ = o3A,03. Employing the identity,
(A@t) —zI)™ ' = (Ap — 2I)7! (C.10)
i0
= (A®) - 2D olt, ) F 1] (0 o ) (As— 2D, teR z€C\R,

and the elementary estimate ||(S — zI)_lHB(H) < |Im(2)|7t, 2 € C\R, for any
self-adjoint operator S in H, proves strong resolvent convergence of A(t) to AL as

t — +oo. (However, since SUD (1) eR? |p(t,x) — 1| = 1, one does not obtain norm
resolvent convergence in this example as t — +00.)
Since,
2 d 2 2,2 2
Ai:<—@+l>lg, dom (A7) = W**(R) ® C?, (C.11)

one concludes that
A7t e B(L*(R) ® C?), (C.12)
and hence A4 are Fredholm in L?(R) ® C2. Moreover, the fact,
(As = 2D) = (A_ —2D)" = —2(A, —2)"! (ef’w 680) (A=
z € C\R,
and differentiating this identity with respect to z implies that
[(Ay —2D)" = (A= —2I) "] ¢ B (L*(R)® C?), reN, ze C\R. (C.14)
Noticing that
2 0 it

At)? = (—%-H)Ig—i—[(b(t, P—1]L+ig(t, ) (_ Lo g ) , teR, (C.15)

(&

and using the fact that the functions in the zeroth-order terms of A(t)? vanish
rapidly at spatial infinity, one concludes that

(— dd—; + I) T {[d)(t, D2 1)L+ iu(t, -) <_60w e:f) ] -
€ B (L*R)®C?), teR, e (0,m)\{r/2},

is compact. Hence, ( — j—:z + I)_llz is a parametrix for A(t)%, t € R. It follows
that both A(¢)? and hence A(t), t € R, are Fredholm, and hence, the spectral flow
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along the path {A(t)}icr is well-defined. (We emphasize that ¢ € (0,7)\{7/2}
throughout this appendix.)
Relation ([CIH) and the asymptotic behavior (C7T) of ¢(¢,x) as |z| — oo also
proves that
Oess (A(t)?) = [1,00), tER, (C.17)
and hence
Oess(A(t)) = (=00, —1]U[1,0), t€R. (C.18)
Next we prove that A(¢) has a one dimensional kernel for any real ¢t € R. Indeed,
AW =0, (t, ) = (Wnlt, ), walt, )T €WHAR)©C tER,  (C19)
is equivalent to

i1 o (t, ) + € tanh(z cos 6 + t sin 6)s(t, ) = 0,

. i _ (C.20)
—ithg 4 (t, ) + e tanh(z cos @ + tsin 0)yn (¢, z) = 0.
This yields
h 6) + tsin(9))] =1/ <) 9 e (0,7/2),
R [ A D o S G
_ Jiem Py (t,x), 0 €(0,m/2), 2
Po(t,x) = {—ie_wwl (t.2), 6e(n/2m). (t,z) € R*. (C.22)

Since A(t), t € R is in the limit point case at = 400, there can be no second,
linearly independent L?(R) @ C2-solution of A(t)y) = 0, and hence 0 is a simple
eigenvalue of A(t) for all ¢ € R. In particular, the kernel of A(t) is given by

ker(A(t)) = hn-span{ﬂf(ta ) = (1/}1@5 ' )a 1/}2@5 ' ))T}v te Rv (023)
with v, given by (C19), (C20).

Since by (CI8]), A(t) has the essential spectral gap (—1,1) and an isolated
eigenvalue 0 for all ¢ € R, the spectral flow for the family {A(t)}ier is actually
zZero.

One observes that the existence of an eigenvalue zero of A(t) for all ¢t € R, yet
the fact that ker(A+) = {0} by (CI2), underscores that A(t) cannot converge to
A4 in norm resolvent case as t — Fo0.

It is straightforward to check that

H;=H,+2BA_+[A_,B]+ B>+ (-1)B/,

C.24
dom(H ;) = W?*(R*) @ C?, j = 1,2, (C:24)
is self-adjoint in L?(R?) @ C?, where
0? 0? 2,22 2
H0=—<@+@+I>IQ, dom(H,) = W= (R)@C , (0.25)
0 ei@
B =fot.)+11 (% ). ter, (C.26)
i
BP = lolt. ) +1PR, O =at.) (% ). ter (C.27)

) it
Al =iont ) (G 7o) 2ot (% ) 4 (€29)

e
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Thus,

1B () llsr2@ecz) = I6:(t; )]l Lo ®de)
= es5.5Up,cg | sin(f)[cosh(z cos(f) + tsin(6))] |
=sin(d), 6€ (0,7/2)U (7/2,7), (C.29)
is independent of ¢ € R, and hence hypothesis ([IL.9)) is clearly violated. In addition,
since By is the operator of multiplication by a constant matrix, Hypothesis [[.2](i%)
cannot hold as well.
However, strictly speaking, in order to test the applicability of [I4, Theorem 2.6]

(or [23} Corollary 8.4]) to decide the Fredholm property of D 4, we should compare
with the relative trace class hypotheses employed in [14] and [23] which reads,

-1 (.
|B'(-) (A= + 1) HBI(LZ(R)W) € L'(R; dt). (C.30)
From the outset it is clear from [39, Remark (a) on p. 39] that
Bt)(|A-|+ )7 ¢ Bi(L*(R) ® C?), teR, (C.31)

since (|- |+ 1)~! ¢ LY(R), rendering condition (C30) a moot point. (Here we
ignored the 2 x 2 matrix structure in B’(-)(|A_| + I)~! as the latter represents
a unitary matrix in C2.) Actually, (C:30) does not work in the Hilbert—Schmidt
context either as an application of the Fourier transform and Plancherel’s identity
yield

1f(X)g(=iV) | sz2@ny = 7)) "2 fll L2@ny |9l 2nys  frg € LAR™), (C.32)

where f(X) denotes the operator of multiplication by f(-) in L?(R"™). Thus, one
obtains

1B OUA + D7, s = @06t sy [+ 1+ D72
= !sin(0)]? /R dz [cosh(x cos(8) + tsin(6))]~*

4 [sin(9)]?
31 | cos(0)]’
is again independent of t € R. Thus, we cannot decide at this point in time whether
or not D, is a Fredholm operator. (If D 4 were Fredholm, a simple application of
the homotopy invariance of the Fredholm index would prove that its index equals
zero. Indeeed, upon replacing B(-) by sB(-) with s € (0, 1], observing that the
index is clearly zero for 0 < s sufficiently small, would prove this claim.)
Next, one notes that

(Hy—2I)"' — (Hy — 2I)"' = (Hy — 2I)"'2B'(H, — 2I)"*, z€ C\R, (C.34)

with B’ the operator of multiplication operator on L?(R?) ® C? by a 2 x 2 ma-
trix whose off-diagonal entries are essentially equal to the function ¢:(¢, -) (cf.
(C21). However, since the latter is a function of (¢,x) only via the combination
x cos(f) + tsin(f), where 0 € (0,7)\{m/2}, this means that the resolvent difference
(C34) cannot be trace class. In fact, choosing |z| > 0 sufficiently large, applying a
Neumann series of (H; —zI)~1, j = 1,2, in terms of (Ho—2I)~!, and investigating
the integral kernel of (Ho — 2I)"'2B'(Hy — zI)™!, readily proves that the latter
is not even compact. Once more differentiation with respect to z then implies

[(Hy —2I)" = (Hy1— 2I)7"] ¢ Boo(L*(R*) ®C?), reN, zeC\R. (C.35)

0 e (0,7/2)U(n/2,m), (C.33)
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So the Witten index of Section [7is not defined, and neither are the spectral shift
functions for the pairs (A4, A_) and (Hg, H;). This demonstrates the existence
of an elementary example which is not amenable to the techniques discussed in the
bulk of this paper. Of course, this is not really surprising as no single technique
based on scattering theoretic concepts can be expected to handle all Fredholm, let
alone, non-Fredholm, situations.
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