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1. Introduction

In 1941, Titchmarsh [64] (see also [20, pp. 1564-1566] for the result) proved
that if
V € L'((0,00);dx), V real-valued,

and
Hg = —@—i-v, (1.1)
dom(Hy) = {f € L*((0,00);dx)| f, f' € AC([0, R]) for all R > 0;
sin(0) f/(0) + cos() £(0) = 0; (—f" + V) € L*((0, 00); dz)},
for some 6 € [0, 7), then
oac(Hyp) = [0, 00).

(Actually, he explicitly computed the spectral function in terms of the inverse
square of the modulus of the Jost function for positive energies.) It was later
realized that the a.c. invariance, that is,

UaC(HO) = Uac(HO,G) (12)

with

d2
Hop=——
0,60 diUQ,

dom(Hog) = {f € L*((0,00);dx) | f, f' € AC([0, R]) for all R > 0;
sin(0) f'(0) + cos(8) f(0) = 0; f" € L*((0,00); dx)},

(1.3)

is a special case of an invariance of the absolutely continuous spectrum, o,.(-) for
the passage from A to B if (A— B) € 73, the trace class. In the present context of
the pair (Hy, Ho ) one has [(Hp+E) ™' —(Hg g+ E)~!] € I for E > 0 sufficiently
large. The abstract trace class result is associated with Birman [10, 11], Kato
[31, 32], and Rosenblum [54].

Our original and continuing motivation is to find a suitable operator theoretic
result connected with the remarkable discovery of Deift-Killip [18] that for the
above (1.1)/(1.3) case, one has (1.2) if one only assumes V € L2((0,0);dz).
Note that V' € L2((0,00); dx) implies that

(Hy+ E)™' — (Hop + E)'] € I,

the Hilbert—Schmidt class. However, there is no totally general invariance result
for a.c. spectrum under nontrace class perturbations: It is a result of Weyl [68]
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and von Neumann [66] that given any selfadjoint A, there is a B with pure point
spectrum and (A— B) € Zy. Kuroda [43] extends this to Z,, p € (1, 00), the trace
ideals. Thus, we seek general operator criteria on when (A — B) € Z, but (1.2)
still holds.

We hope such a criterion will be found in the spectral shift function of
Koplienko [36] (henceforth KoSSF'), an object which we believe has not received
the attention it deserves. Omne of our goals in the present paper is to make
propaganda for this object.

Two references for trace ideals we quote extensively are Gohberg—Krein [27]
and Simon [61]. We follow the notation of [61]. Throughout this paper all Hilbert
spaces are assumed to be complex and separable.

The KoSSF, n(A; A, B), is defined when A and B are bounded selfadjoint
operators satisfying (A — B) € Ty, and is given by

>, (1.4)
a=0

where the right-hand side is sometimes (certainly if (A — B) € Z;) the simpler-
looking

[ #7000 4,B) i3 = Te(1(4) = £(B) = 5L 1(B +a(4 - B)
R

Tr(f(A) — f(B) — (A— B)f'(B)). (1.5)
n has two critical properties: n € L'(R) and > 0. We mainly consider bounded
A, B here, but see the remarks in Section 9.

Formula (1.4) requires some assumptions on f. In Koplienko’s original paper
[36] the case f(x) = (¥ — 2)~! was considered and then (1.4) was extended
to the class of rational functions with poles off the real axis. Later, Peller [52]
extended the class of functions f and found sharp sufficient conditions on f which
guarantee that (1.4) holds. These conditions were stated in terms of Besov spaces.
Essentially, Peller’s construction requires that (1.4) holds for some sufficiently
wide class of functions, so that this class is dense in a certain Besov space, and
then provides an extension onto the whole of this Besov space.

We will use this aspect of Peller’s work and will not worry about the classes
of f in this paper. For the most part we will work with f € C*°(R) and Peller’s
construction provides an extension to a wider function class.

The model for the KoSSF is, of course, the spectral shift function of Krein
(henceforth KrSSF'), denoted by £(\; A, B), and defined for A, B with (A—B) € 7;
by

/ O A, B)F/(A) d\ = Te(f(A) — £(B)). (1.6)
R

In the appendix, we recall a quick way to define £, its main properties and, most
importantly, present an argument that shows how it can be used to derive the
invariance of a.c. spectrum without recourse to scattering theory.
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As we will see in Section 2, it is easy to construct analogs of n for any Z,,
n € N, but they are only tempered distributions. What makes 7 different is
its positivity, which also implies it lies in L!(R) (by taking f suitably). This
positivity should be thought of as a general convexity result — something hidden
in Koplienko’s paper [36].

One of our goals here is to emphasize this convexity. Another is to present
a “baby“ finite-dimensional version of the double Stieltjes operator integral of
Birman—Solomyak [12, 13, 15], essentially due to Lowner [46], whose contribution
here seems to have been overlooked.

In Section 2, we define n when (A — B) is trace class, and in Section 3, we
discuss the convexity result that is equivalent to positivity of n. In Section 4, we
prove a lovely bound of Birman—Solomyak [13, 15]:

1£(A) = f(B)llz> < [ llocllA = Bllzs- (1.7)

Here and in the remainder of this paper || - |z, denotes the norm in the trace
ideals Z,, p € [1,00). In Section 5, we use (1.7) plus positivity of n to complete
the construction of 7.

We want to emphasize an important distinction between the KrSSF and the
KoSSF. The former satisfies a chain rule

£(7A7C):£(7A7B)+£(7Bac)¢ (18)

while 7 instead satisfies a corrected chain rule

77(7*’470) :U(aA,B)JFU(anC) +577(7AvBaC)v (19)
where 07 satisfies

/g’(/\)577(/\;x47 B)dX\ = Tr((A - B)(g(B) — g(C))). (1.10)

R

(Here g corresponds to f’ when comparing with (1.4)—(1.6).) It is in estimating
(1.10) that (1.7) will be critical.

We view Sections 2-5 as a repackaging in a prettier ribbon of Koplienko’s
construction in [36]. Section 6 explores what n’s can occur. In Sections 7 and
8, we discuss the connection to deto(:) and present a new result: an example of
(A— B) € Ip where dets((A — 2)(B — 2z)™!) does not have nontangential limits to
the real axis a.e. This is in contradistinction to the KrSSF, where (A — B) € 7;
implies det((A — 2)(B — 2)7!) has a nontangential limit 2 — \ for a.e. A € R.
The latter is a consequence of the formula

log(det((A — 2)(B — 2)7 1)) = /()\ —2)7 %N AB)dN, zeC\R, (1.11)
R
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since the right-hand side of (1.11) represents a difference of two Herglotz func-
tions.

Sections 9 and 10 discuss extensions of 1 to the case of unbounded operators
with a trace class condition on the resolvents and to unitary operators. Here a key
is that 7 is not determined until one makes a choice of interpolation. Section 11
discusses some conjectures.

In a future joint work, we will explore what one can learn about the KoSSF
from Szegd’s theorem [60], the work of Killip-Simon [34] and of Christ-Kiselev
[17]. This will involve the study of n for suitable Schrédinger operators and Jacobi
and CMV matrices for perturbations in LP, respectively, /7, p € [1,2).

We are indebted to E. Lieb, K.A. Makarov, V.V. Peller, and M.B. Ruskai for
useful discussions. F. Gesztesy and A. Pushnitski wish to thank Gary Lorden
and Tom Tombrello for the hospitality of Caltech where some of this work was
done. F. Gesztesy gratefully acknowledges a research leave for the academic
year 2005/06 granted by the Research Council and the Office of Research of the
University of Missouri—-Columbia. A. Pushnitski gratefully acknowledges financial
support by the Leverhulme Trust.

It is a great pleasure to dedicate this paper to the birthdays of two giants of
spectral theory: Vladimir A. Marchenko and Leonid A. Pastur.

2. The KoSSF 7(-;A, B) in the Trace Class Case

We begin with what can be said of Z,, perturbations, n € N, and then turn to
what is special for n = 1,2. We note that our approach has common elements to
the one used by Dostanié [19].

Proposition 2.1. Let A, B be bounded selfadjoint operators with
A=B+X. (2.1)

For a,t € R, define
fula) = (B

Then fi(a) is C* in o and

k
% =k / fo (@)X fo,(a) ... fs, ()X frosi—csp () dsy .. dsg. (2.2)
0<s; <t
Z?:l 55 <t

If X €T, forp>k, k €N, then d* f;/da* € L, and

’ d"f;

do || 1
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In particular, if n € N and X € Z,,, then

g(A,B) = (ez‘tA _ ¢itB _nill(d)kft(a)
’ E!'\ da

k=1

ao) €1, (2.4)

tTL
lge(A, Bllz, < 5 I X, - (2.5)

Proof. Fork =1, (2.2) comes from taking limits in DuHamel’s formula
1
e —el = /e’gC(C — D)et=AP 43,
0

The general k case then follows by induction.
(2.2) implies (2.3) by Holder’s inequality for operators (see [61, p. 21]). (2.4)
is then Taylor’s theorem with remainder and (2.5) follows from (2.3). [ |

Theorem 2.2. Let A, B be bounded selfadjoint operators such that X = (A—
B) € I, for some n € N. Let f be of compact support with f, its Fourier
transform, satisfying

~

/(1 + kD)™ F (k)| dk < oo. (2.6)

=

Then,

a:0> €1, (2.7)

and there is a distribution T with

o 5(4) - 1(5) - Ezj,j,(ja)kfw +ax)

>: R/ TOVFM (V) dr (2.8)

a=0

Moreover, the distribution T is such that T e L>(R; dt).

P roof. Thisis immediate from the estimates in Prop. 2.1 and

F(A) = (272 [ F) e at.
/

For, by (2.5), we have

|LHS of (2.7)]z, < C / ")l =C / F (8)] dt. (2.9)
R R

68 Journal of Mathematical Physics, Analysis, Geometry, 2009, vol. 4, No. 1



On the Koplienko Spectral Shift Function. I. Basics

Thus, (2.8) defines a distribution 7" with

IT(f)] < c/|f(t)|dt,
R

so T is a function in L*(R; dt). [

Notice that, as we have seen,

t
— i/eiﬂBXei(tﬁ)B d/B
a=0
0

4 _it(B+aX)
do

so that formally,

Tr<ja f(B+aX)

- X7(B)) =0
a=0
and formally, (1.5) can replace the right-hand side of (1.4). This can be proven
if the commutator [B, X| = [B, A] is trace class.

Dostani¢ [19, Th. 2.9] essentially proves that T is the derivative of an
L?(R; d\)-function.

A key point for us is that in the case n = 2, the distribution 7" is given by
an L'(R;d\)-function. We start this construction here by considering the trace
class case.

Lemma 2.3. Let B be a selfadjoint operator and let X = (A — B) € 1.
Then there is a (complex) measure dup x on R such that for any bounded Borel
function, f,

T(XS(B) = [ £ dunx (V) (2.10)

R

FEquation (2.10) defines dup x uniquely.
P roof. Equation (2.10) yields uniqueness of the measure dup x since it

defines the integral for all continuous functions f. Regarding existence of dup x,
the spectral theorem asserts the existence of measures dup., ., such that

(o, F(BY) = / SO o () (2.11)
R

and
kBl < llell 9] (2.12)
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The canonical decomposition for X (see [61, Sect. 1.2]) says (with NV finite or
infinite)

N
X = ZM (X) (@5 )55 (2.13)
j=1

where {1); }J ; and {<pj ", are orthonormal sets, ;; > 0, and

Zu] = Xz, (2.14)

Define
dupx = Z 145 (X) dpB;p; 05 (2.15)
which converges by (2.12) and (2.14). [

Theorem 2.4. Let A, B be bounded operators and X = (A — B) € I;. Let
E(N\; A, B) be the KrSSF. Let dup x be given by (2.10). Define

A
N\ A, B) = up x((—o0, \)) — / EN;A,B)dN, XNeR. (2.16)

Then n(-; A, B) has compact support and for any f € C*(R), we have

Tr(f(A)—f( )~ L g+ ax)

" (Nn(X\; A, B) dA. (2.17)
YA

Remarks. 1. Since
[ dusx = /SAAB
R

we can replace (—oo, A) in both places in (2.16) by [\, 00). This shows that 7 in
(2.16) has compact support.

2. (2.17) determines 7 uniquely up to an affine term. The condition that n
has compact support (as the n of (2.16) does) determines 1 uniquely.

Proof. We first claim that %f(B + aX)‘a:O is trace class and that

Tr(ja f(B+aX)

_0> = Tv(X f'(B)). (2.18)
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This is immediate for f nice enough (e.g., f such that (2.6) holds for n = 1) since
Tr(e"PB X e 0(1=0)B) — Ty(X e'B). (2.19)

Thus, by (2.10),

Tr(cli £(B —|—aX)> _ / PO du.x (V)
R
_ / (N 1.x((—00, V).
R

Similarly, by (1.6),

Te(f(A) - f(B)) = / F'(NE: A, B) dA

R

:_/f”()\) //\f(A’;A,B)d/\’ dX.

R
|
The next critical step will be to prove positivity of 7.
3. Convexity of Tr(f(A))
Positivity of 7 is essentially equivalent to the following result:
Theorem 3.1. Let f be a convexr function on R. Then the mapping
A Tr(f(A)) (3.1)

s a convex function on the m x m selfadjoint matrices for every m € N.

Remarks 1. More generally, if f is convex on (a,b), (3.1) is convex
on matrices A with spectrum in (a,b). In fact, it is easy to see that any convex
function f on (a,b) is a monotone limit on (a,b) of convex functions on R. So
this more general result is a consequence of Th. 3.1.

2. We will discuss the infinite-dimensional situation below.
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Two special cases of this are widely known and used:

(a) A Tr(e?) is convex.

(b) A— Tr(Alog(A)) is convex on A > 0.

Both of these are rather special. In the first case, one has the stronger A +—
log(Tr(e?)) is convex and the usual proof of it is via Hélder’s inequality (cf.,
e.g., [28, pp. 19-20] or [59, p. 57]) which proves the strong convexity of the
log(+), but does not prove Th. 3.1. In the second case, by Kraus’ theorem [37, §]
A — Alog(A) is operator convex. (We also note that A", r € R, is operator
convex for A > 0 if and only if r € [—1,0] U [1,2] (cf. [9, p. 147]).) We have
found Th. 3.1 stated in Alicki-Fannes [3, Sect. 9.1] and an equivalent statement
in Ruelle [55, Sect. 2.5] (who attributes it to Klein [35] although Klein only has
the special case f(z) = zlog(z) and his proof is specific to that case; Ruelle’s is
not). We have also found it in Lieb—Pedersen [45] whose proof is closer to the
one we label “Third Proof* below. The result is also mentioned in von Neumann
[67], although the proof he gives earlier for a special f does not seem to establish
the general case.

In any event, even though this result is not hard and is known to some ex-
perts, we provide several proofs because it is not widely known and is central to
the theory of KoSSF. We provide several proofs because they illustrate different
aspects of the theorem.

First Proof This uses eigenvalue perturbation theory. By a limiting
argument, it suffices to prove it for functions f € C°°(R). By approximating
derivatives of f by polynomials, we see that matrix elements, and so the trace
of f(A), are C*°-functions of A. By a limiting argument, we need only to show
A — Tr(A + AX) has a nonnegative second derivative at A = 0 in case A has
distinct eigenvalues.

So by changing basis, we suppose A is diagonal with the eigenvalues a; <
as < -+ < am. Let e;(A\) be the eigenvalue of A+ AX near a; for |A| sufficiently
small. As is well known [33, Sect. I1.2], [53, Sect. XIL.1],

dzej _ = ’Xlz,j‘
A D (3.2)
k#j
Clearly,
d !/ /
(e 0] = FeNE ),
2
5 FE () = PO + e (),
SO 9
STGan)| =+, (33
A=0
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where

since f” > 0 and, by (3.2),

m
= | Xk,

7,k=1
k£

[Flo )]

i~ Ok B

since for x < y,
f'y) = f'(2)
y—x

y
1
= /f”(u) du > 0. [
y—x

Second Proof Thisone uses a variational principle. We consider first
the case

fra)=a4 = {x w0 (3.4)
0, z<0.
We claim first that
Te(f* (A)) = max{Te(AB)| | B < 1, B > 0}, (35)
where |- || is the matrix norm on C™ with the Euclidean norm. For in an

orthonormal basis where A is a diagonal matrix,
m m
Tr(AB) = ajb; <> (a;)+ = Tr(f1(A))
j=1 j=1

if 0 < bj; < 1. On the other hand, if B is the diagonal matrix with

1, a; > 0,
bii =19,
y Ay < 07

then B >0, ||B|| <1, and Tr(AB) = Tr(f*(A)). This proves (3.5).

Convexity is immediate for fT given by (3.4) once we have (3.5), since maxima
of linear functionals are convex. Obviously, since (z — \)4 is just a translate of
x4, we get convexity for any function of

o0

[N dny

Ao
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for any Borel measure p on (Ag, 00). But every convex function f with f =0 for
x < Xg has this form.

Adding ax +b to this, we get the result for any convex function f
with  f”(x) = 0 for x < \g. Taking \¢g — —o0, we get the result for general
convex functions f. [

Third Proof (M.B.Ruskai, private communication). If f is any convex
function, C' a selfadjoint m X m matrix with

Cej = )\j@j, (3.6)
and v € C'™ a unit vector, then
(0, f(C)0) =D | (v, ep)PF ()
j=1
> (M) (37)
j=1
:f(<U,C’U>), (3 8)

where (3.7) employs Jensen’s inequality.
Now suppose

C=0A+(1-0)B, 0el0,1]

Then,
Tr(£(C)) =Y f({e;,Cey))
j=1
=Y f(B(ej, Aej) + (1= 0)(e;, Bey))
j=1
<D [0f({ej, Aej)) + (1= 0)f((ej, Bej))] (3.9)
j=1
<0 ey, f(A)es) +(1=0) > (ej, f(B)ej) (3.10)
j=1 j=1
=0Tr(f(A)) + (1 —0)Te(f(B)), (3.11)
proving convexity. In the above, (3.9) is direct convexity of f and (3.10) is (3.8)
for v=-¢; and C = A or B. ]

Corollary 2. If f € CY(R) is conver and B and X are m x m selfadjoint
matrices, m € N, then

Tr<f(B +X) = f(B) ~ + [(B+aX)

a_0> > 0. (3.12)

74 Journal of Mathematical Physics, Analysis, Geometry, 2009, vol. 4, No. 1
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Remarks. 1. It is not hard to see that (3.12) is equivalent to Th. 3.1.

2. It is in this form that the result appears in Ruelle [55, Sect. 2.5], and for
the case f(z) = xlog(z), x > 0, in Klein [35].

Proof. Ifge CYR) isa convex function,

gz +y) —g(x) — g (x)y = 0, (3.13)
since convexity says that g lies above the tangent line at any point. (3.12) is
(3.13) for g(a) = Tr(f(B+aX)), z=0,y=1. ]

Corollary 3. For finite-dimensional matrices A and B, the KoSSF,
n(-; A, B), satisfies n(A\; A, B) > 0 for a.e. A € R.

Proof Leth:R — [0,00) be a measurable function bounded and
supported on an interval (a,b) with o(A) Uo(B) C (a,b) (so, by (2.16), n is
supported on (a,b)). Let f be the unique convex function with f = 0 near —oco
and f” = h. By (3.12) and (2.17),

0< / h(\n(X; A, B) dX. (3.14)
R

Since h is arbitrary, n > 0 a.e. ]

Theorem 3.4. For any finite selfadjoint matrices A, B (of the same size),

[ s A Blix =44~ B, (3.19
R

Remarks. 1. It is remarkable that we always have equality in (3.15).
The analog for the KrSSF is

/ €A, B)|dA < | A — Bz, (3.16)
R

where equality, in general, holds if A — B is either positive or negative.
2. (3.15) emphasizes again the lack of a chain rule for n; 1 is nonlinear in
(A— B).

Proof Take f(z) = 3% such that f’(z) =1 and

F(B+X)~ f(B) ~ - f(B+aX)
& a=0
=3[(B+X)’-B*-XB-BX] =1X"

Since n > 0, [p f"(MN)n(X; A, B)dh = [3In(A; A, B)| dX and (3.15) holds. [
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In Section 5 we take limits from the finite-dimensional situation, but one can
easily extend Th. 3.1 in two ways and from there directly prove n > 0 and (3.15)
in case (A — B) € Z;. Without proof, we state the extensions (the results are
simple limiting arguments from finite dimensions):

Theorem 3.5. If f is conver on R and f(0) = 0, then f(A) is trace class
for any selfadjoint trace class operator A, and for such A’s, the mapping A +—
Tr(f(A)) is convex.

In this context we note that convex functions are Lipschitz continuous. (For
this and additional regularity results of convex functions, see, e.g., [9, pp. 145—
146].)

Theorem 3.6. For any convex function f € C*°(R), any bounded selfadjoint
operator B, and any selfadjoint operator X € 11,

[f(B+X)-f(B)le
and the mapping X — Tr(f(B + X) — f(B)) is convex.
Convexity of maps of the type s — Tr(f(B + X(s)) — f(B)), s € (s1, s2), for

convex f and certain classes of X (-) € Z; was also studied in [24].

4. Lowner’s Formula and the Finite-Dimensional
Birman—Solomyak Bound

The final element needed to construct the KoSSF is the following lovely
theorem of Birman—Solomyak [13] (see also [15]):

Theorem 4.1. Let A, B be bounded selfadjoint operators with (A— B) Hilbert—
Schmidt. Let f be a function defined on an interval [a,b] D o(A)Uo(B). Suppose
f s uniformly Lipschitz, that is,

z,y€|a,b] ‘1’ y‘
T#Y
Then [f(A) — f(B)] is also Hilbert-Schmidt and
1F(A) = F(B)llz, < [IfllLllA = Bllz, (4.2)

The proof in [13] depends on the deep machinery of double Stieltjes operator
integrals. Our two points in this section are:
(1) The inequality for finite matrices is quite elementary and, by limits, ex-
tends to (4.2).
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(2) The key to our proof, a kind of “Double Stieltjes Operator Integral for
Dummies,” goes back to Lowner [46] in 1934 whose contributions to this
theme seem not to have been appreciated in the literature on double
Stieltjes operator integrals.

Given two finite m x m selfadjoint matrices A, B with respective eigenvectors

{p;}7e, and {¢;}7L, and eigenvalues {z;}7.; and {y;}/.; such that

Apj = 05, Bij = y;1;, (4.3)

we introduce the (modified) Lowner matrix of a function f by

I k)= f(we)
{lek_xee7 Yk #va

Liy = 1<kt <m. (4.4)

07 Yk = Ty,

(Lowner [46] originally supposed yi # x¢ for all 1 < k,¢ < m.) Clearly, if f is
Lipschitz,

sup [ Lyl < [|fllz- (4.5)
1<k,6<m
Lowner noted that since
fA)p; = f(zj)es,  f(B)Y; = fy;)y, (4.6)
we have Lowner’s formula:
Wk, [£(B) = f(A)lpe) = Lie(tbr, (B — A)py), (4.7)

and this holds even if y; = z, (since then both matrix elements vanish). This is
the “baby” version of the double Stieltjes operator integral formula

- = [ / T o) 5 - aaw)
o(A)o

due to Birman and Solomyak [13, 15]. Here the integration is with respect to the
spectral measures of A and B.
Lowner’s formula immediately implies:

Proposition 4.2. (4.2) holds for finite selfadjoint matrices.

P roof Hilbert—-Schmidt norms can be computed in any basis, even two
different ones, that is,

ICIIZ, = Z ICpell* = Z |(tr, Coo)

k=1
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Thus,
1£(A) = f(B)IIZ, = 5_:1 [k, (F(B) = f(A))pe)
= 5_:1 Lo\ (n, (B — A)pe) by (4.7)
< |I£1I3 %m_: Wk, (B = A)pe)? by (4.5)
= HfH%!k’A_i B|z,-

Proof of Theorem4.l. Let{(};2, be an orthonormal basis for

‘H and Py the orthogonal projections onto the hnear span of {¢; W j=1- For any A
and B and Lipschitz f, by Prop. 4.2,

|f(PnBPN) — f(PNAPN)|z, < |fllLl|Pv(B — A)Pn ||z, (4.8)
< NflzlB = Allz, (4.9)

if B — A is Hilbert—Schmidt, since

|Pn(B — A)Py2, = ZHPNB ACJH?<ZHB A)G 12 (4.10)

j=1 j=1
<|B - Al (4.11)
Thus, for any k € N,
k
Z f(PyBPy) = f(PNAPN)IGI? < IFI21B — AllZ,- (4.12)

As PyBPy fe B strongly, one infers by continuity of the functional cal-
culus that f (PNBPN) f (B) strongly. Since the sum in (4.12) is finite, one

concludes that

k
Z (ANGIZ < IFIZIB = AlZ,-

Taking k — oo, we see that [f(B) — f(A)] € Zo and that (4.2) holds. ]
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5. General Construction of the KoSSF 7(-; A, B)

The general construction and proof of properties of n depends first on an
approximation of trace class operators by finite rank ones and then on an appro-
ximation of Hilbert—Schmidt operators by trace class operators. In this section,
we mostly follow the approach of [36, Lem. 3.3].

Theorem 5.1. Let B, B, n € N, be uniformly bounded selfadjoint operators
such that B, — B strongly. Let X,,, X, n € N, be a sequence of selfadjoint
n—oo

trace class operators such that | X — X,|lz, — 0. Then for any continuous
n—oo

function, g, of compact support, we conclude that

/g()\)n()\; Bt Xo, B dh — [ g0 B4+ X, B)dA.  (5.1)
R R

In particular, n(-; A, B) > 0 a.e. on R if (A— B) € I; and, in that case, (3.15)
holds.

Proof. By Th. A.7 and

R/g()\) (Z (N5 A, B) dX) dA :_Z (N5 A, B) <jg(/\) d)\> dN

we get convergence of the second term in (2.16). By (2.10),
dup, x, — dupx
n—oo
weakly by the strong continuity of the functional calculus since

’Tr(an(Bn)) - TI‘(Xf(B))‘
< [T(X[f(Ba) = S|+ | locll X = Xallr, — 0,

as f is continuous.

Since weak limits of positive measures are positive, the positivity follows from
positivity in the finite-dimensional case taking B, = P,BP, and X,, = P,XP,
for finite-dimensional P,, converging strongly to I, the identity operator.

Once we have positivity, we obtain (3.15) directly by following the proof of
Th. 3.4. ]

Theorem 5.2. Let A, B, C be bounded selfadjoint operators such that
(A-C)€eZy and (B—C) €1y. Then

/|77(>‘;A30) =0\ B,O)|d\ < |A = Blz,[5 |A = Blz, + |B = Cllz].  (5.2)
R
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Proof. We begin with (1.9) which follows from the fact that (2.17) holds
when (A—B) € Z;. Here (1.10) holds for nice functions g, say, g € C*°(R). Thus,

LHS of (5.2) < /|n(/\;A, B)]dA+/\677()\;A,B,C)\d)\. (5.3)
R R

By (3.15),

First term on RHS of (5.3) < L |A — Blz, ||A — Bllz. (5.4)

1
2
As for én, by (1.10),
\ JRLSEY dA] < A= Blz, |9(B) - 9(C)z,
R

< llg'llwllA = Bllz, | B = Cllz,

by Th. 4.1. Since én € L*(R) and the bounded C*°(R)-functions are || - ||-dense
in the bounded continuous functions, and for h € L*(R),

Il = sup | [ fa)nto) o)
feC(R)
”f”oo:l R
we conclude
[6nllr < A = Bllz, [|B = Cllzs- (5.5)
Relations (5.3)—(5.5) imply (5.2). [

Here is the main theorem on the existence of the KoSSF:

Theorem 5.3. Let A, B be two bounded selfadjoint operators with (B — A)
€ Iy. Then there ervists a unique L'(R;d\)-function n(-; A, B) supported on
(— max([|Al], | B||), max([|Al, | B])) such that for any g € C*(R),

(9040 = 9(8) = - o(B + a4 - B)

a_0> S A (5.6)

and

e (3(4) - (B) - 4 9(B -+ a4~ B)

0) _ / A, BYdN. (5.7)
4= R

Moreover,

n(-;A,B) >0 a.e. onR, (5.8)
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/ (A A B)|dA = L [[A - BIZ, (5.9)
R

and for any bounded selfadjoint operators A, B, C with (A—C') € Iy and (B—C)
€ IQ}

/!n(A; A,C) —n(X B,C)dX < ||[A=Bllz,[5 |A = Blz, + |B - Clz]. (5.10)
R

R em ar k. For asharp condition on the class of functions n for which
Koplienko’s trace formula holds, we refer to Peller [52].

Proof Let X = A— B and pick X, € 713, n € N, such that
| Xn — X|lz, — 0. By (5.10), which we have proven for
n—oo

we see that n(-; B+ X,,, B) is Cauchy in L*(R;d\) and so converges a.e. to what
we will define as n(-; A, B). (5.7) holds by taking limits; n > 0 as a limit of
positive functions 7. (5.9) and (5.10) hold by taking limits. [

R em ar k. Here is an alternative method of proving the estimate (5.2),
by passing Th. 5.1: In the same way as in Cor. 3.3, one can deduce positivity of
n(-; A, B) for (A— B) € Z; from Th. 3.6. The only place where Th. 5.1 is used in
the proof of Th. 5.2 is in the estimate (5.4). This estimate (see Th. 3.4) follows
directly from the positivity of n and the trace formula (2.15).

6. What Functions n Are Possible?

We introduce the classes of functions

n(Z2) = {n(-; A, B) | A, B bounded and selfadjoint, (A — B) € Iy},
n(Z1) = {n(-; A, B) | A, B bounded and selfadjoint, (A — B) € Z; }.

In this section we would like to raise the question of the description of the classes
n(Z2) and n(Zy).

Since, for now, we are considering A, B bounded, 1 has a compact support.

First we discuss the class 17(Z2). By Th. 5.3, all functions of this class are
nonnegative and Lebesgue integrable. It would be interesting to see if the class
n(Z2) contains all nonnegative Lebesgue integrable functions.

As a step towards answering this question, we give the following elementary
result:

Theorem 6.1. The class 7(Zy) contains all nonnegative Riemann integrable
functions of compact support.
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Remark A contemporary account of the theory of Riemann integrable
functions can be found, for instance, in Stein-Shakarchi [63].

Proof. First we consider a simple example. Let a € R and € > 0; consider
the operators in C? given by the diagonal 2 x 2 matrices B = diag(a — €,a + ¢)
and A = diag(a+,a — ). Then the KoSSF for this pair is given by (cf. (2.16))
N(A) = 26X (a—c,at¢)(A). We note that

/n()\) d\ = 4e* = 1Tr((A - B)?),
R
in agreement with (5.9).
Next, suppose that 0 < n € L'(R;d)\) is represented by the L!(R;d\)-
convergent series

n(A) = Y alxr, V), (6.1)
n=1

where I, C R are (not necessarily disjoint) finite intervals and |I,,| is the length
of I,. Denote by a,, the midpoint of I,, and let ¢, = %|In| We introduce

B = @, (diag(ay — en,an +en) and A = @o2 diag(ay + €n, an — €n)

in the Hilbert space @ ;C2 Note that the L!(R;d\)-convergence of
the series (6.1) is equivalent to the condition > oo ;€2 < oo and so A — B =
@2 diag(2en, —2¢ey) is a Hilbert—Schmidt operator. It is clear that the KoSSF
for the pair A, B coincides with 7.

Thus, it suffices to prove that any Riemann integrable function 0 < n €
LY(R;d\) can be represented as an L!(R; d)\)-convergent series (6.1).

Let 0 < nn € L'(R;d)\) be Riemann integrable. According to the definition
of the Riemann integral, there exists a finite set of disjoint open squares @,
n € {1,..., M}, which fit under the graph of n and

M
) area(Qn) > ;/n(A) d.
n=1

R

In other words, there exists a finite set of (not necessarily disjoint) open intervals
I, c R, ne{l,...,N}, such that

N
ZUn\XIn()\) < 77()‘)7 A€ Rv
n=1

/ (St )or= Sl [
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Thus, we can represent 7 as
N,
n(\) =Y _alxr, (A) +m (),
n=1

m =0, [mar<y [ayax

R R

and the sum is taken over a finite set of indices n € {1,..., N;}. Iterating this
procedure, we see that for any m € N we can represent 7 as

Nm
1) =3 nlxz, () + nm (M),
n=1
)20, [aaydr<z /R n(\) 2,

R

where €, > 0, a,, € R, and the sum is taken over a finite set of indices n. Taking
m — o0, it follows that 1 can be represented as an L'(R;d))-convergent series
(6.1). [

Regarding the class 7(Z;), we note only that every function of this class is of
bounded variation. This follows from (2.16), since both terms on the right-hand
side of (2.16) are of bounded variation. We also note that it follows from the
proof of Th. 6.1 that the class n(Z;) contains all functions of the type

nA) = ulxr, (), Y |In| < oo
n=1 n=1

7. Modified Determinants and the KoSSF

In this section, as a preliminary to the next, we want to use our viewpoint to
prove a formula for modified perturbation determinants in terms of the KoSSF
originally derived by Koplienko [36]. We recall that one of Krein’s motivating
formulas for the KrSSF is (see (A.32)):

det((A—2)(B —2)"!) = exp </()\ —2)7teN) d)\>, z € C\R. (7.1)
R

Here det(+) is the Fredholm determinant defined on I +7; (since A—B =X € 7;
implies (A — 2)(B —2)"' = I = X(B — 2)~' € 1) (see [27, 61]).
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We recall that for C' € 7;, one can define deta(-) by
dety(I + C) = det(I + C)e~ () (7.2)

and that C' +— deto(I + C) extends uniquely and continuously to Z,, the Hilbert—
Schmidt operators, although the right-hand side of (7.2) no longer makes sense
(see [27, Ch. IV], [61, Ch. 9]). Our goal in this section is to prove the following
formula first derived by Koplienko [36]:

Theorem 7.1. Let B and X be bounded selfadjoint operators and X € .
Let A= B+ X. Then for any 2 € C\R, (A —2)(B—2)"t €I +1y and

deto((A—2)(B —2)71) = exp<— / W d)\>. (7.3)
R

Proof. It suffices to prove (7.3) for X € 7; since both sides are continuous
in Zs norm and Z7 is dense in Zo. Continuity of the left-hand side follows from
Th. 9.2(c) of [61] and of the right-hand side by Th. 5.2 above.

When X € 7;, we can use (7.2). Let

A
01N = s (—o0,N), g2(N) = / E(N: A, B)ax. (7.4)

By an integration by parts argument (using g) = &),

/f()\)sz = / (AQQ(AZ))Q d). (7.5)
R R

By an integration by parts in a Stieltjes integral and by (2.10),

Tr(X(B—2)"Y) =

— dunx() (7.6)

%\ %\

Thus, by (7.1) and (7.2),
deto(14+ X(B —2)7 1) = exp<— /(gl()\) — (M)A —2)72 d>\>,
R

which, given (2.16) is (7.3). [
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8. On Boundary Values of Modified Perturbation Determinants
dety((A —2)(B —2)71)

By (7.1), if (A — B) € I3, det((A — 2)(B — 2)71) has a limit as z — A + 0
for a.e. A € R since [p(v — z)"'¢(v)dv is a difference of Herglotz functions.
In this section, we will consider nontangential boundary values to the real axis
of modified perturbation determinants

deto((A—2)(B—2)"1), zeCq,

where X = (A — B) € Zy. Unlike the trace class, we will see nontangential
boundary values may not exist a.e. on R.

For notational simplicity in the remainder of this section, we now abbreviate
KoSSF simply by 7, that is, n =n(-; A, B).

In contrast to the usual (trace class) SSF theory, we have the following
nonexistence result for boundary values of modified perturbation determinants:

Theorem 8.1. There exists a pair of selfadjoint operators A, B (in a complez,
separable Hilbert space) such that X = (A— B) € Iy, o(B) is an interval, and for
a.e. X € o(B), the nontangential limit lim,_.) ,ec, deto(I + X (B — 21)™") does
not ewist.

Proof By Th. 6.1 and 7.1, the proof reduces to the following statement:
There exists a Riemann integrable 0 < n € L'(R;d\) with support being an
interval such that for a.e. A € supp (7), the nontangential limit

. n(A) dA

limy / oo (8.1)
2€Ct R

does not exist.

First we note that the existence of the limit in (8.1) at the point A depends
only on the behavior of n(t) when t varies in a small neighborhood of A. Thus,
it suffices to construct 0 < n € LY(R;d\) such that the limits (8.1) do not exist
for a.e. A € (—1,1); by shifting and scaling such a function 7, one obtains the
required statement for a.e. A € o(B).

Let us first obtain the required example of 7 defined on the unit circle 0D, and
then transplant it onto the real line. By a well-known construction employing
either lacunary series or Rademacher functions (see [21], [22, App. A], [71, I, p. 6]),
there exists a power series f(z) = Y o0 ¢p2", |2| <1, such that Y 7 |ep| < 00
and for a.e. z € 9D, the limit lim¢_,, f'(¢) does not exist as { approaches z from
inside of the unit disc along any nontangential trajectory. By construction, Im(f)
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is continuous on 0D and

1 [ Im(f(¢)) / 1 [ Im(f(¢))

f(Z)—W/(g_Z)dC, f(z)_ﬁ/WdC7 |2 < 1.
oD oD

Let a > —min¢egp Im(f(¢)) and set v(¢) = Im(f(¢)) + a if Jarg(| < 7/2 and

v(¢) = 0 otherwise. Then v > 0 and v is piecewise continuous (with the possible

discontinuities only for arg(¢) = +m/2); in particular, v is Riemann integrable.

Again by a localization argument, for a.e. 6 € (—7/2,7/2), the limit

, Im(f(¢)
zl—lig'g (C — Z)z d6
oD

does not exist as z approaches e’ from inside of the unit disc along any nontan-
gential trajectory.
It remains to transplant v from the unit circle onto the real line. Let ¢t = i%,

w = z%;j, and n(t) = v(¢(t)). Then 0 < n € L*(R;d\), supp (n) C (—1,1), n is

Riemann integrable, and

1
Im(f(¢) . (w+1)? n(A) dA
64 (¢ —2)? d6 = 2i _/1()\—11))2'

Thus, the limit (8.1) does not exist for a.e. A € (—1,1). [

9. KoSSF for Unbounded Operators

In this section we briefly discuss the question of existence of KoSSF under

the assumption
(A-=2)"t'—(B-2)"1 e (9.1)

instead of (A — B) € Z. This question was studied in [49] and [52] (see also [36]
for related issues).

First recall the invariance principle for the KrSSF. Assume that A, B are
bounded selfadjoint operators and (A — B) € Z;. Let ¢ = ¢ € C®(R), ¢’ # 0
on R. Then we have

£\ A, B) = sign (¢') £(e(N); o(A), p(B)) + const for a.e. X € R. (9.2)

This is a consequence of Krein’s trace formula (1.6). With an appropriate choice
of normalization of KrSSF, the constant in the right-hand side of (9.2) vanishes.
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When both (A — B) € Z; and [p(A) — ¢(B)] € 71, formula (9.2) is an easily
verifiable identity. But when [p(A) — p(B)] € Z1 yet (A — B) ¢ Z;, this formula
can be regarded as a definition of {(-; A, B).

In contrast to this, no explicit formula relating n(¢(-);¢(A), p(B))
to n(-;A,B) is known. The reason is simple: The definition of 7 involves not
only a trace formula but a choice of interpolation A(#) between B and A. For
bounded selfadjoint operators, the choice A(f) = (1 — 0)B + 0A, 6 € [0,1], is
natural. But when one only has (9.1), what choice does one make? It is natural
to define A(6) by

(A@) —2) ' =1 -0)(B—-2)""+60A-2)"" 6elo,1]. (9.3)

For this to be selfadjoint, we need z € R, which means we should have some real
point in the intersection of the resolvent sets for A and B. Even if there were
such a z, it is not unique and the interpolation will not be unique. Moreover,
the convexity that led to n > 0 may be lost. The net result is that the situation,
both after the work of others and our work, is less than totally satisfactory.

Let us discuss a certain surrogate of (9.2) for the KoSSF. The formulas below
are a slight variation on the theme of the construction of [49].

First assume that A and B are bounded operators and X = (A — B) € Zs.
Let 0 C R be an interval which contains the spectra of A and B and ¢ € C*(4),
¢ #0. Denote a = ¢(A), b = ¢(B), = a — b. By the Birman—-Solomyak bound
(1.7), we have x € Zy and so both n(-; A, B) and n(-;a,b) are well defined. Let
us display the corresponding trace formulas:

T £(4) = F(8) - o F(B -+ aX)

) _ / W AB AN, (94)
a=0 »
d

v (g<a> —g6) ~ g(b+ az)

)= [amand @ 03
a=0

R
Now suppose f = g o ¢. In contrast to the corresponding calculation for the
KrSSF, the left-hand sides of (9.4) and (9.5) are, in general, distinct. However, we
can make the right-hand sides look similar if we introduce the following modified
KoSSF:

A /
TNAB) = (et s - | n(«p(t);a,b)< )dt. (9.6)

Ao

1
©'(t)

The choice of Ay above is arbitrary; it affects only the constant term in the
definition of 7.
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By a simple calculation involving integration by parts, we get

/ (i 0, b)g" (1) dp = / AN A B) "N dy, f=gopeCR[R).  (9.7)
R R

Combining (9.5) and (9.7), we get the modified trace formula

e £(4) = (B) = g f o™ b+ aa)

): / FOA,B)F (A dA (9.8)
R

a=0

for all f € C§°(R). Precisely as for the KrSSF, one can treat (9.6) and (9.8) as
the definition of a modified KoSSF 7(-; A, B).

We consider an example of this construction which might be useful in ap-
plications. Suppose that A and B are lower semibounded selfadjoint operators
such that for some (and thus for all) z € C\(c(A) U o(B)) the inclusion (9.1)
holds. Choose E € R such that info(A+ E) > 0 and info(B + E) > 0. Take
o(N) = ﬁ andlet a = (A+E)"L, b= (B+E)"}, 2 =a—b. For A\ > —F,
define

(XA, B) = —n((A+ E) Y a,b)(A + E)?
A
+2/n((t+E)_1;a,b)(t+E)dt.
-E

(9.9)

Note that n(-;a,b) is integrable and n(\; a, b) vanishes for large A and therefore
the integral in (9.9) converges. Moreover, this definition ensures that 77(\; A, B) =
0 for XA < inf(c(A) Uo(B)). Thus, it is natural to define

N\ A,B)=0 for A< —FE. (9.10)

The above calculations prove the following result:
Theorem 9.1. Let A, B, a, b, x be as above. Then there exists a function
n(-; A, B) such that
/ﬁ(/\; A, B)Y A+ E) )\ < o0 (9.11)
R
and n(A; A, B) =0 for A < inf(c(A)Uo(B)) and for all f € C§°(R) the following

trace formula holds:

d

T 5(4) = (B) = (0 +a0) ! - )

): / A A, B)f7(A) dA. (9.12)

R

a=0
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We note that condition (9.11) does not fix the linear term in the definition of
7 but (9.10) does.

In [49], a pair of selfadjoint operators A, B was considered under the as-
sumption (9.1) alone (without the lower semiboundedness assumption). Another
regularization of n(-; A, B) was suggested in this case. The construction of [49] is
more intricate than the above calculation and uses KoSSF for unitary operators.

In [36], the assumption

(A-B)A—il|"V? e,

was used. This assumption is intermediate between (A—B) € Z5 and (9.1). Under
this assumption, the trace formula (5.7) was proven with 0 < n € L'(R; (1 +
A)~7d)) for any v > 3.

Finally, in [49], the assumption

(A-B)(A—i)tel,

was used and formula (5.7) was proven with 7 € L*(R; (1 + A2)~2d)\).

Note that the difference between the last two results and Th. 9.1 is that in
Th. 9.1, a modified trace formula (9.12) is proven rather than the original formula
(5.7). Theorem 9.1 is nothing but a change of variables in the trace formula for
resolvents, whereas the abovementioned results of [36] and [49] require some work.

10. The Case of Unitary Operators

In this section, we want to briefly discuss a definition of n for a pair of uni-
taries. Once again, there is an issue of interpolation. If A and B are the unitaries,

A0) = (1—0)B+04, 0€l0,1], (10.1)

is not unitary, so we cannot define f(A(#)) for arbitrary C*°-functions on 0D =
{z € C||z| = 1}. Neidhardt [49] (see also [52]) discussed one way of interpolating
by writing A = e“, B = eP for suitable C' and D and interpolating, but there
is considerable ambiguity in how to choose C, D as well as whether to look at
ICHA=OD o (1=0)DfC otc. We also note that Rybkin [57] considered the case
of unitary operators differing by a Hilbert—Schmidt perturbation in the context
of Lax—Phillips scattering theory.

Here, with Szegé’s theorem as background [25], we want to discuss an alter-
native to Neidhardt’s approach.

Lemma 10.1. Let A, B be unitary with (A— B) € Zy. Then for any
n=0,1,2,...,

n n d n
<A —B" — - A(9)

> €1 (10.2)
6=0
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We have

n d n(n—1) 9
HA — B" — @A(e) ool < — |A — Bz, (10.3)
In fact,
LHS of (10.3) = o(n?). (10.4)

Proof Let X =A— B. Then, by telescoping,

ZA J(ex)B" 179, (10.5)
Thus, since ||[A(Q)|| < 1, |B| =1,
|A(0)" — B"||z, < nl0] | Xz, (10.6)
and, of course,
JA@)" - B"| < 2. (10.7)

Dividing (10.5) by 6 and taking 6 to zero yields

n—1

d

J n—1— ]

deA ZB XB

7=0
SO
n—1 ) ' ]
LHS of (10.2) = > (A’ — B/)X B"~'77. (10.8)

§=0

(10.3) is immediate since (10.8) and (10.6) implies

n—1

LHS of (10.3) < ||X||§<Zj>. (10.9)

=0
To get (10.4), we write X = XY 4+ X2 where HX ”Iz < ¢ and HX ||11 < 0.
Thus, (10.8) implies

LHS of (10.3) < || X ||z, +2n| XYz,

n(n—1)
2
using (10.7) instead of (10.6). Dividing by n?, taking n — oo, and then ¢ | 0,

show
limsupn~2 LHS of (10.3) = 0.

n—oo
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Theorem 10.2. Let A and B be unitary so (A — B) € Iy. Then there exists
a real distribution n(X; A, B) on 0D so that for any polynomial P(z), [P(A) —

P(B) — £ P(A(9))]],_, € > and
27
Tr(P(A) — P(B) - %P(A(H)) 60) = /P”(ew)n(ew;A,B) %. (10.10)
Moreover, the moments of n satisfy
27
/em%(e“’) % e o(1). (10.11)
0

Remarks 1. As usual, we use fozﬂf(eie)n(eie)% as shorthand for the
distribution n acting on the function f.

2. As we will discuss, 7 is determined by (10.10) up to three real constants
in an affine term.

3. For a sharp condition on the class of functions for which Neidhardt’s version
of Koplienko’s trace formula for unitary operators holds, we refer to Peller [52].

Proof. Letc, né€Z, be defined by

0, n=0,1,
en =9 [n(n = 1)) Te(A" — B — L A(O)",_,), n>2, (10.12)
c_p, n < —1.

By Lemma 10.1, ¢, = o(1) as n — oo, so there is a distribution n = n(-; A, B)
satisfying

2m
_ i(n—2)0 0y “Y > 9 10.1
cn= [ (e I 0z (10.13)
0

By (10.12), we have (10.10) for P(z) = 2" for n > 2 and both sides are zero
for P(z) = 2™, m = 0,1. Thus, (10.10) holds for all polynomials. ]

For any ¢y € R, ¢; € C, we can add ¢y + cre? + e to n without changing
the right-hand side of (10.10). We wonder if 7 is always in L!(0D) with > 0
for some choice of ¢y and ¢;. The condition ¢, — 0 is, of course, consistent with
n € L1(OD).
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11. Open Problems and Conjectures

While we have found some new aspects of n here and summarized much of the
prior literature, there are many open issues. The most important one concerns
properties of 17 and the invariance of the a.c. spectrum:

Conjecture 11.1. Suppose A, B are selfadjoint with (A — B) € Iy and that
on some interval (a,b) C o(A) No(B), we have n(-;A,B) and n(-; B, A) are
of bounded variation with distributional derivatives in LP((a,b);d\) on (a,b) for
some p > 1. Then oac(A) N (a,b) = 04c(B) N (a,b).

In the Appendix, we prove the invariance for Z;-perturbations using boundary
values of det((A — 2)(B — z)~!). When 7 has the properties in the conjecture,
dety((A—2)(B—2)"1) has boundary values and we hope those can be used to get
the invariance of a.c. spectrum. While we made the conjecture assuming control
of n(-; A, B) and n(-; B, A), we wonder if only one suffices. Similarly, we wonder
if LP, p > 1, can be replaced by the weaker condition that the derivative is a sum
of an L'-piece and the Hilbert transform of an L!-piece.

Open Question 11.2. Is the n we constructed in Sect. 10 for the unitary
case an L' (OD) function?

Open Question 11.3. Is the class n(Z3) introduced in Sect. 6 all of L*(R; d))
(of compact support), or only the Riemann integrable functions, or something in
between ?

Open Question 11.4. Is the class n(Z1) all functions of bounded variation
or a subset, and if so, what subset?

Appendix: On the KrSSF &(-; A, B)

Both for comparison and because the Krein spectral shift (KrSSF) is needed
in our construction of the KoSSF, we present the basics of the KrSSF here. Most
of the results in this Appendix are known (see, e.g., [7, Sect. 19.1.4], [14], [16],
[38—40], [62], [65], [69, Ch. 8], [70] and the references therein) so this Appendix
is largely pedagogical, but our argument proving the invariance of a.c. spectrum
under trace class perturbations at the end of this Appendix is new. Moreover, we
fill in the details of an approach sketched in [61, Ch. 11] exploiting the method
Gesztesy—Simon [26] used to construct the rank-one KrSSF. Most approaches
define £ via perturbation determinants.

We will need the following strengthening of Th. 2.2:

Theorem A.1. Let f be a function of compact support whose Fourier trans-
form f satisfies (2.6) for n =1 (in particular, f can be C?>T¢(R)). Then,
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(a) For any bounded selfadjoint operators A, B with (A — B) € I, (f(A) —
f(B)) € I;. Moreover,

1F(A) = fB)llz, < [kFIllA = Blz, (A1)

where

1kFl < / B (k)] dk. (A.2)
R

(b) Let B, B, n € N, be uniformly bounded selfadjoint operators such that
B, — B strongly. Let X,,, X, n € N, be a sequence of selfadjoint trace
n—oo

class operators such that | X — X, ||z, — 0. Then,
n—00
T(f(Ba+ Xa) = [(B) — T(f(B+X)— [(B).  (A3)
Proof. (a)isimmediate from Prop. 2.1 which implies

f(A) = f(B)

1
= (2m)~1/2 ikf(k:)[ ¢PFA(A — B)e' ' ORB qp| d;
[+

R

(A.4)

This also implies (b) via the dominated convergence theorem, continuity of the

functional calculus (so C), — C strongly implies eCn _ e strongly), and
n—

the fact that if X;, — X in Il and Cp, — C strongly (Wlth Ch, C' uniformly

n—oo

bounded), then Tr(C,X,) — Tr(CX). Th1s latter fact comes from

Tr(Cp X = CX)| < [Tr(Cn(Xn = X) = (C = Cp) X))
< HCnH HXn - Xl”I1 + |TI“((C - Cn)X)|

and if X =3 tm(X)(@m, - )¥m, then

ITe((Co = O)X) < Y i (X){@ms (Cor = Chom)| — 0

meN

by the dominated convergence theorem. [

Part (a) in Th. A.1, in a slightly more general form, is stated and proved in
[40, p. 141].
Now let B be a bounded selfadjoint operator and ¢ a unit vector. For a € R,
define
Aa =B+ Oé((,@, : )90 (A5)
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and for z € C\R,

Fo(2) = (¢, (Aa —2)"10), (A.6)
Go(2) =1+ aFy(2). (A.7)

The resolvent formula implies (see [61, Sect. 11.2])

I ON
Fo(2) = 1+ aFo(s)’ z € C\R, (A.8)
and that
(Aa - Z)_l - (B — Z)_l
= @ )~ - (A.9)
——f:@ﬁgﬂB—@l%dw—dl% 2 € C\R,
implying
Tr((B — 2)71 — (Aa — 2)71) = a (907 (B _ Z) 290)
= 10g(Ga(z)), z€C\R.

dz

Theorem A.2. Let B be a bounded selfadjoint operator and A, given by (A.5)
for a € R and ¢ with ||¢|| = 1. Then for a.e. A € R,

1 .
‘Sa()‘) ; 151&)1 arg(Ga()‘ + 25)) (A'll)
exists and satisfies
(i)
0< +6(-) <1 if 0< +a. (A.12)

((11; &a(A) =0 if A <min(o(Ay) Uo(B)) or A > max(c(Ay) Uo(B)).

JEE (A1)
(iv) For any z € C\R,
= exp — )7 (N dX ). (A.14)
([0 ewa)
(v)
det((Ag — 2)(B — 2)71) = Ga(2). (A.15)
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(vi) For any z € C\R,

Tr(B—2)"'—(4q —2)7Y) = /(A — 2) 724 (N\) dA. (A.16)
R

(vil) For any f satisfying the hypotheses of Th. A.1,

Te(f(Aa) — F(B)) = / FOV)ea(A) dA. (A17)
R

Remarks. 1. This theorem and its proof are essentially the same as the
starting point of Krein’s construction in [38] (see also [40, pp. 134-136] or [16,
Sect. 3]).

2. In (A.11), arg(Gu(2)) is defined uniquely for Im(z) > 0 by demanding
continuity in z and

;ller;lo arg(Gq(iy)) = 0. (A.18)

For Im(z) < 0 one has G, (Z) = G4(2).

3. By (A.9), (Ay — 2)(B — 2)7! is of the form I+ rank one, and so lies in
I+ 7. The det(-) in (A.15) is the Fredholm determinant (see [61, Ch. 3]). This
is the same as the finite-dimensional determinant det(C) for I + D with D finite
rank and C = (I + D) | K where K is any finite-dimensional space containing
ran(D) and (ker(D))t.

4. The exponential Herglotz representation basic to this proof goes back to
Aronszajn and Donoghue [5].

5. Comparing (A.17) and (1.6), one concludes

Ca(+) =&(+5 A, B).
Proof. By the spectral theorem, there is a probability measure dpuq, ()

such that ()

[t
F, = | ——=. A.19
()= [ = (A19
R
In particular,

Im(Fo(z)) > 0 if Im(z) > 0, (A.20)

soon C; = {z € C|Im(z) > 0},
+Im(Gq(z)) >0 if £a>0. (A.21)
Since G, (iy) — 1, as y | oo, we can define

log(Ga(2)) = Ha(2)
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on C4 uniquely if we require H, (iy) T—) 0. By (A.21),
yToo

0 < +Im(Ha(-)) < . (A.22)

By the general theory of Herglotz functions (see, e.g., [4, 5]), the limit in
(A.11) exists and (A.12) holds by (A.22). (A.22) also implies that the limiting
measure w — lim. o & 2Im(Hq (A +i€)) dX in the Herglotz representation theorem
is purely absolutely continuous, hence (A.14) holds.

(A.16) then follows from (A.14) and (A.10).

Since
Fo(z) = —27'+0(z7?), (A.23)
(A.17) implies
Galz) = 1—az 14072, (A.24)
and thus (A.14) implies
/ (V) dA = a, (A.25)
R

which, given (A.12), implies (A.13). This proves everything except the parts (ii),
(v), and (vii).
To prove (A.15), we note that with P, = (¢, - )¢, we have

(Ag —2)(B—2)"' =T+aP,(B—2)"",
which, since P, is rank one, implies

det((Aq — 2)(B —2)"1) =1+ Tr(aP,(B — 2))
=1+ aFo(z)
= Gu(2).

Let us prove (ii) for @ > 0. The proof of a < 0 is similar. Let a = min(c(B)),
b =max(o(B)). Then, by (A.19),

Fé(x)—/m>0
R

on (—oo,a) U (b,00) and Fj T 0. Thus, F > 0 on (—o00,a) and F' < 0 on
(b,00). Let f = limg, F'(x) which may be —oo. If 14+ af < 0, there is a unique ¢
with 1+aFp(c) = 0, and then G, is positive on (¢, 00). By (A.8), F,(2) is analytic
away from (a,b) U {c}. Thus, 0(As) € (a,b) U{c} and ¢ = max(c(An),c(B)),
so (ii) says that £,(A) = 0 on (—o0,b) and (c,00). Since Gq(x) > 0 there and
0 < arg(Gqo(z +1i€)) < 7, we see that ,(z) = 0 on these intervals.
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Finally, we turn to (vii). Since B™ — A can be written as a telescoping series,
it is trace class and

1B" — ARz, < nlsup(| Aol IBI)]" B — Allz,. (A.26)

Thus, both sides of (A.16) are analytic about z = oo, so identifying Taylor
coefficients,

Tr(B" — A7) = / nATT L (M) d. (A.27)

R

Summing Taylor series for e**, using (A.26) and (A.27) proves (e*? —e*4a) € T;
and

Tr(e?f — e*4e) = 2 / e (M) dA. (A.28)

R

This leads to (A.17) by using (A.4). [ |

In extending this, the following uniqueness result will be useful:

Proposition A.3. Suppose A and B are bounded selfadjoint operators and
(A— B) € I;. Suppose &; € L'(R;d\) for j =1,2, and for all f € C°(R),

Te(f(A) - f(B)) = / FONE () dA. (A.29)
R

Then & = &. Moreover, if (a,b) C R\o(A)Ua(B), &(-) is an integer on (a,b),
and if a = —oo0 or b= oo, it is zero on (a,b), and so & has a compact support.

Proof By (A.29), the distribution £ — & has vanishing distributional
derivative, so is constant. Since it lies in L!(R;d)), it must be zero.

If f € C§°((a,b)), f(A) = f(B) =0, so &} has zero derivative on (a,b) and so
is constant. If @ = —oc or b = oo, the constant must be zero since &; € L*(R; d\).
Now pick f which is supported on (¢, (a+b)/2) for some ¢ < d < min(c(A)Uo(B))
with f =1 on (d, (3a+0b)/4). Thus, the right-hand side of (A.29) is the negative
of the constant value of ; on (a,b), while the left-hand side is the trace of a trace
class difference of projections which is always an integer (see [6, 23]). [

Theorem A.4. For any pair of bounded selfadjoint operators A, B with (A —
B) of finite rank, there exists a function, £(-; A, B) such that the following holds:
(i) (A.17) holds for any f satisfying the hypotheses of Th. A.1.
(i)
|€(-; A, B)| <rank(A — B). (A.30)
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(iii)
/\S(A;A, B)[d\ < [|[A = Bllz,. (A.31)

(iv) For z € C\R, one has
det((A — 2)(B — 2)~1) = exp </()\ _ )l d)\>. (A.32)
R
(v) §()\) 0 for A <min(c(A)Uc(B)) or A > max(c(A) Uo(B)).
(vi) If (A — B) and (B — C) are both finite rank,

£(3A,C)=¢&(:AB)+£(+;B,C). (A.33)

Proof If (A— B) has rank n, we can find Ag = A, A;,..., A, = B so
(Aj+1 — Aj) has rank one, and

> NlAj = Ajllz, = |B - Alz,. (A.34)
=0

We define
Zf P Aj, Aji), (A.35)

where £(-;Aj, Aj+1) is constructed via Th. A.2. (A.17) holds by telescoping and
the rank-one case. (A.30) and (A.31) follow from (A.12), (A.13), and (A.34).
(A.32) follows from

(A= 2)(B —2)7" = [(Ao — 2)(A1 — 2) [(A1 = 2)(A2 — 2) 7]

using
det((l + Xl)(l + XQ)) = det(l + Xl) det(l + X2)

for X1, X0 €1;.
Item (v) is proven in Prop. A.3. Item (vi) follows from the uniqueness in
Prop. A.3. [

Th. A4 is essentially the same as Th. 3 in [38] (see also [40] and [16]).

Corollary A.5. If A, A’ are both finite rank perturbations of B with all three
operators selfadjoint, we have

/ €6 AL B) — €A B)dA < | A~ Az, (A.36)

98 Journal of Mathematical Physics, Analysis, Geometry, 2009, vol. 4, No. 1



On the Koplienko Spectral Shift Function. I. Basics

Proof. By (A.33),
Thus, (A.36) follows from (A.31). |

This yields the principal result on existence and properties of the KrSSF (see
[38] or [40]).

Theorem A.6. Let A, B be bounded selfadjoint operators with (A— B) € ;.
Then,
(i) There erxists a unique function &(-; A, B) € LY(R;d\) such that (A.17)
holds for any f satisfying the hypotheses of Th. A.1.

[lesamlar<a- Bla,. (A.37
R

(iii) (A.32) holds.

(iv) £&(N) =0 4f A <min(c(A)Uo(B)) or A > max(c(A)Uo(B)).

(v) If (A— B) and (B — C) are both trace class, (A.33) holds.

(vi) If (A — B) and (A’ — B) are trace class, (A.36) holds.

Proof  Find 4, so (A, —B) — (A—B) in Z; and (A, — B) is

n—oo

finite rank. By (A.36), £(-; Ay, B) is Cauchy in L'(R) so converges to an L!(R)
function by (A.36). Thus, items (i), (ii), (iii), (v), and (vi) hold by taking limits
(using || - ||z,-continuity of the mapping C' — det(I + C). Uniqueness and (iv)
follow from Prop. A.3. [

We refer to [50] (see also [51]) for a description of a class of functions f for
which this theorem holds.

We note that there are interesting extensions of the trace formula (A.17) to
classes of operators A, B different from selfadjoint or unitary operators. While we
cannot possibly list all such extensions here, we refer, for instance, to Adamjan
and Neidhardt [1], Adamjan and Pavlov [2], Jonas [29, 30], Krein [41], Langer
[44], Neidhardt [47, 48], Rybkin [56], Sakhnovich [58], and the literature cited
therein.

Theorem A.7. Let By, B, n € N, be uniformly bounded selfadjoint operators
such that B, — B strongly. Let X,,, X, n € N, be a sequence of selfadjoint
n—oo
trace class operators such that || X — Xy|lz; — 0. Then for any continuous
n—oo

function, g,

/ 9EN By + X B dA — [ g()g(h B+ X, B) . (A.38)
R R
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Proof. By Th A.l, we have (A.38) for g € C3°(R). Note that the
|| - |lco-norm closure of C§° includes the continuous functions of compact support.
Thus, by an approximation argument using uniform L!(R;d\)-bounds on &, we
get (A.38) for continuous functions of compact support. Since £(\;A,B) = 0
for A € [—max(||A4|], || B]|), max(||Al, ||B]|)], the result for continuous functions of
compact support extends to any continuous function. [ ]

We want to note the following. Define
&(7h) ={¢(-; A, B) | A, B bounded and selfadjoint, (A — B) € Z; }.
Proposition A.8. £(77) is the set of LY(R; d)\)-elements of compact support.

Proof Since A, B are bounded and selfadjoint, any £(-; A, B) € £(Z7)
necessarily lies in L' (R; d)\) and has compact support (cf. Th. A.6 (i) and (iv)).

Next, let g € L'(R;d)\) satisfy 0 < g(A) < 1 and supp(g) C (a,b) for some
—00 < a < b < 0o. Define

G(2) —exp<1 /b QA(A_)‘?) Tm(z) > 0. (A.39)

™
a

Then G satisfies the following items (i)—(iii):
(i) Im(G(z)) > 0 (for Im(z) > 0) since

b b
0 <Im /g()\)d)\ <Im / da <m
A—7z A—1z
on account of 0 < g < 1.

(ii)) Im(G(A+1i0)) =0if A <a or A > b.
(iii) G(z) — 1 as Im(z) — oo since g € L'(R;d\). Tt follows that there is
a > 0 and a probability measure dy on [a, b] with

L

b
G(z)=1+a / A“_Oz). (A.40)

1), @ is the function 1 in L?((a, b); du)
and A = B + oy, - )p. Then, by (A.5), (A.6), (A.7), and (A.14), (N A, B) =
7= tg()) for a.e. X € (a,b), and o = 7~ f;g()\) dX. Thus, we have the theorem
if 0 < g <1 or (by interchanging A and B) if 0 > g > —1. Since any L'(R;d\)-
function is a sum of such g’s converging in L'(R;d\) (simple functions are dense
in L'(R;d)\)), we obtain the general result. [ ]

Let B be multiplication by A on L?((a,b);d
(
1
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We note that a similar result for the finite rank case can be found in [42].

Finally, we prove invariance of the absolutely continuous spectrum under
trace class perturbations using the KrSSF and perturbation determinants, that
is, without directly relying on elements from scattering theory.

We start with the following observations:

Lemma A.9. Let A, B be bounded selfadjoint operators with X = (A — B)
of rank one. Then,
Tac(A) = 0ac(B)

and

¢E(NA,B) e {-1,0,1}
for a.e. X € R\ouc(B).

Proof ¢WNAB) e {-1,0,1} follows from (A.5)—(A.7), (A.11), and
(A.12). 04c(A) = 04c(B) follows in the usual manner by computing the normal
boundary values to the real axis of the imaginary part of F, in terms of that of
Fp using (A.8). |

Lemma A.10. Let A, B be bounded selfadjoint operators with X = (A — B)
€ I1. Then for a.e. X € R\oac(B) one has

hfg det(I + X(B—X—ie) ") €R.
3

Proof. By (A.32), it suffices to prove that
€(-;A,B) € Z a.e. on R\ouc(B). (A.41)
Introducing

00 N
X = an(¢na )¢na Xo = 07 XN = an(ﬁi)nv )¢na N ¢ Na

n=1 n=1

the rank-by-rank construction of £(-; A, B) alluded to in the proof of Th. A.6
yields the L!(R;d\)-convergent series

§(A,B)=> &(-iB+ Xn, B+ X,1). (A.42)
n=1

By Lemma A.9, each term in the above series is integer-valued a.e. on R\o,(B)
and hence so is the left-hand side of (A.42), which yields (A.41). [
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Lemma A.11. Let A, B be bounded selfadjoint operators in the Hilbert space
H with X = (A—B) €Iy and ¢ € H, ||¢|| = 1. Denote P, = (¢, - ). Then,

e — —Z -1
1= (o (B=2)) = tget(I()i ;ﬁ)fi)—l)) !

Proof Onecomputes

Taking determinants in (A.44) then yields

det(I — (X + P,)(A—2)71)

det(I — X (A —2)71) =det(I — Py(B—2)")

=1—(p,(B—2)""9).

Theorem A.12. Let A, B be bounded selfadjoint operators in the Hilbert space
H with (A — B) € Zy. Then,

Oac(A) = 0ac(B).

Proof. Bysymmetry between A and B, it suffices to prove gac(B) C 0ac(A).
Suppose to the contrary that there exists a set £ C 0ac(B) such that |€] > 0 and
ENoac(A) = 0. Choose an element ¢ € H such that lim.joIm((¢,(B — X —
ie)™1)p) > 0 for a.e. A € £. Thus, for a.e. A € £, the imaginary part of the limit
z — X+ 140 of the left-hand side of (A.43) is nonzero. On the other hand, by
Lemma A.10, the right-hand side of (A.43) is real for a.e. A € £, a contradiction.

]

Remark Employing det(l — A) = deto(I — A)e™A) for A € Z;, and
using an approximation of Hilbert—Schmidt operators by trace class operators in
the norm || - ||z,, one rewrites (A.43) in the case where X = (A — B) € Iy as

e — — )1 .
(o1 - SR
zeCy. (A.45)

Since in the proof of Th. A.12 one assumes & C 0,.(B), |€] > 0, and €N
0ac(A) = 0, one concludes that

(¢, (A — X —1i0)"1p) is real-valued for a.e. A € £.
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Moreover, if the boundary values of deta(I — X(A — A —40)~!) exist for a.e.
A € 04c(B), by (A.45), so do those of deto(I — (X + P,)(A — A —i0)~1). Hence,
if one can assert real-valuedness of

deta(I — (X 4 P,)(A— A —i0)"Y)
dety(I — X(A — X —i0)~1)

for a.e. A € 0ac(B), (A.46)

using input from some other sources, one can follow the proof of Th. A.12 step
by step to obtain invariance of the a.c. spectrum.

In the special case of Schrodinger (and similarly for Jacobi) operators with
real-valued potentials V' € LP([0,00)), p € [1,2], the existence of the boundary
values of deta(I — X (A — X —i0)~!) is indeed known due to Christ-Kiselev [17]
(for p € [1,2) using some heavy machinery) and Killip-Simon [34] (for p = 2).
We will return to this circle of ideas in [25].
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