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THE SPECTRAL DENSITY OF A DIFFERENCE OF SPECTRAL
PROJECTIONS

ALEXANDER PUSHNITSKI

ABSTRACT. Let Hy and H be a pair of self-adjoint operators satisfying some
standard assumptions of scattering theory. It is known from previous work that if
A belongs to the absolutely continuous spectrum of Hy and H, then the difference
of spectral projections

D(A) = L(—co,0)(H = A) = L(—o0,0)(Ho — A)

in general is not compact and has non-trivial absolutely continuous spectrum.
In this paper we consider the compact approximations D.(\) of D(X), given by
D-(N) = (H — A) —p=(Ho — N,

where 1. (x) = ¢¥(z/e) and (x) is a smooth real-valued function which tends
to F1/2 as * — *oo. We prove that the eigenvalues of D.(\) concentrate to
the absolutely continuous spectrum of D(\) as e — +0. We show that the
rate of concentration is proportional to |loge| and give an explicit formula for
the asymptotic density of these eigenvalues. It turns out that this density is
independent of . The proof relies on the analysis of Hankel operators.

1. INTRODUCTION

1.1. Background. Let Hy and H be self-adjoint operators in a Hilbert space such
that the difference H — Hy is compact. Then it is not difficult to show that for any
continuous function ¢ : R — R which tends to zero at infinity, the difference

w(H) — @(Ho) (1.1)
is also compact. However, if ¢ has discontinuities on the essential spectrum of
Hy and H, then the difference (1.1) may acquire non-trivial absolutely continuous
(a.c.) spectrum. The first example of this kind was constructed by M. G. Krein in
[11]. He was interested in the difference of spectral projections

D(A) = Li—oc0)(H = A) = L(—o0,0)(Ho — A); (1.2)

here 1(_u ) is the characteristic function of the interval (—oo,0). Krein exhibited
an explicit pair of bounded operators Hy, H with rank(H — Hy) = 1; for X in the
a.c. spectrum of Hy, he computed the difference (1.2) and showed that it is not
in the Hilbert-Schmidt class, which sufficed for his purposes. Later in [10], using
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2 ALEXANDER PUSHNITSKI

methods of the theory of Hankel operators, it was shown that the operator D(\)
in Krein’s example is not even compact and has non-trivial a.c. spectrum.

In [16, 18, 19] this phenomenon was studied in a general setting. Let us briefly
recall the results of this work. Suppose that the pair Hy, H satisfies some stan-
dard assumptions of smooth scattering theory. It was shown that for A in the a.c.
spectrum of Hy and H, the spectral structure of D(\) can be described in terms of
the scattering matrix S(\) for the pair (Hy, H). The scattering matrix is a unitary
operator in an auxiliary Hilbert space N, which is a fiber space in the spectral
representation of Hy. The space A/ may be finite or infinite dimensional; we denote
N =dimN < co. Let {e*M}N | be the eigenvalues of S(\) and let us denote

() = e — 1] = [5in(6,(1)/2)

for A in the a.c. spectrum of Hy. In [16, 18] it was proven that the a.c. spectrum
of D(X) can be characterised as the union of the intervals

N

7o D) = (), an(V], (1.3)

n=1
where each interval contributes multiplicity one to the a.c. spectrum. It was also
proven that the singular continuous spectrum of D()\) is absent and some par-
tial information about the eigenvalues of D()) was obtained. Finally, in [19], the
spectrum of ¢(H) — ¢(Hy) was studied for functions ¢ with several jump discon-
tinuities.

1.2. Informal description of the main result. In this paper, we study the reg-
ularizations of the difference D(\) obtained by replacing the characteristic function
I (~s,0) in the definition (1.2) by a smooth function 1. which approaches L(—ec,0)
as € — +0. More precisely, let ¥ € C*°(R) be a real valued function such that

¢(w)—>{1/2 as T — —00, (1.4)

—1/2  asx — 0.

For £ > 0, we denote ¥.(x) = ¢(x/e) and consider the difference
Do(A) = u(H — \) — t(Hy — N). (15)
Clearly, we have
Ve(x) = Licoopy(z) — 3, €= +0, z#0
and therefore, if A is not an eigenvalue of Hy or H, then
D.(\) — D(\) strongly as ¢ — +0.

Fix A in the a.c. spectrum of Hy. By the results of [16, 18], the a.c. spectrum
of D(\) is described by the union of the bands (1.3). On the other hand, under
our assumptions, the operator D.()\) is compact (see Lemma 2.1) and so it has
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pure point spectrum. One expects that the eigenvalues of D.(\) concentrate to the
spectral bands (1.3) as ¢ — +0. We show that this is indeed the case and give a
quantitative description of this concentration.

Let us briefly and somewhat informally describe our assumptions on the self-
adjoint operators Hy and H; precise statements will be given in Section 2. We
assume that Hy is lower semi-bounded and H = Hy + V, where V is Hy-form
compact. (Lower semi-boundedness is not essential for our construction but it
allows us to avoid some unimportant technical issues.) We assume that for some
b € R and for some k € N

(Ho+ b))% — (H+bl)™" €8,

where S, is a Schatten class with an exponent p < oo. Finally, and most impor-
tantly, we make (in the terminology of [23]) a strong smoothness assumption. Let
us fix an open interval 6 C R; in what follows, the parameter A will be taken inside
this interval. Roughly speaking, the strong smoothness assumption means that

(i) Hp has a purely a.c. spectrum of a constant multiplicity N < oo on ¢;
(ii) the operator 15(Hy)V 15(Hy) can be represented as an integral operator with
a sufficiently regular kernel in the spectral representation of Hj.

Our main result is as follows: Let g € C(R) be a function that vanishes identi-
cally in a neighbourhood of zero. Then for every € > 0, the operator g(D.())) has
a finite rank and so its trace is well defined; we prove that for any A\ € § one has
the asymptotic relation

1
Trg(D.0) = logel [ glwm(wdy +oflogel), e —+0. (L9
—1
where the density function g, is given by
N
1 1(—a, (0,00 (1) (Y)
my) = = : , yE(=L1) (L.7)
m? ; V1= y?/az ()

1.3. Discussion. Universality: Observe that uy is independent of the choice of 1,
as long as ¢ satisfies (1.4). Further, the density u, is the sum of the functions each
of which is supported on a single band [—a,()), a,(\)]. Each of these functions is
a scaled version of the explicit function

1 Tan(y)
™ ylv1—y?

This can be interpreted as a certain universality phenomenon in this spectral
problem.

We also note that by shifts and scaling, it is easy to obtain analogous results in
the case when the function ¢ € C*°(R) satisfies

Y(r) - AL as x — £oo, (1.8)

ye(—1,1).



4 ALEXANDER PUSHNITSKI

for any given values Ay # A_.

Symmetry of py: Observe that uy is even, pux(—y) = pa(y). In particular, (1.6)

yields
Trg(D.(N\)) = o(|loge|), €— +0, g odd. (1.9)
We shall give some explanation of this in Section 3.2.

Logarithmic rate: Let us present a heuristic argument that provides some in-
tuition into the appearance of the logarithmic term [loge| in (1.6). We use the
formalism of the double operator integrals, see e.g. [4] and references therein. Fix
A € 0; we have

ot =) =ty =) = [ [PEEAEE = ge ) g

where £(x,y) is the operator valued measure on R x R given by
E(A, AO) = ]IA(H)VHAO(H()), A, Ay C R

Roughly speaking, our strong smoothness assumption on V' ensures that the mea-
sure £ is sufficiently regular on dg x dg, where dg C 9 is an open set which contains
A. “Sufficiently regular” in this context means that d€(z,y) = £'(z, y)dxdy, where
the norm ||€'(z,y)||, in an appropriate Schatten class S, is bounded uniformly in
(.fL’,y) S (50 X (50.

From the regularity of £ it follows that the singular behaviour of the opera-
tor (1.10) as ¢ — 40 is determined entirely by the behaviour of the function

%;W near + = y = A (and not by the measure £). To see why |loge¢]
appears in the asymptotics (1.6), let us compute the Hilbert-Schmidt norm of the

operator in (1.10):
Tr(DeS( )) - ‘|¢€(H /\ 1/15( )‘>||2

/ / Ye(z — @/ﬁe(y N[
do /6o

as ¢ = +0. Assuming that ||€'(z,y)||2 is bounded uniformly in (z,y) € dy X g, we
end up with estimating the integral

// (=X —ly—N|
o J oo

r—y
An elementary calculation (using our assumption (1.4) on the asymptotic be-
haviour of ) shows that this integral has the asymptotics 2|loge|+0(1) as ¢ — +0.

Comparison with other estimates: Under somewhat more restrictive assumptions
on ¢ (see (3.1)), the asymptotics (1.6) is valid for g(¢) = t™, where m is a suffi-
ciently large integer (this follows from the first step of the proof in Section 10).
Taking m even, directly from (1.6) we obtain an estimate in the Schatten class S,,:

[(H = A) = ¢e(Ho = M) = Tr(De(A)™ = O([loge|), e —+0.  (1.11)

1€ (, y)13 dzdy + O(1)

dxdy.
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On the other hand, one can find estimates of the type
lo(H) — @(Ho)llm < Clloll [ H — Hollm (1.12)

in the literature; here ||¢||. is the norm of ¢ in an appropriate function class. There
are several variations of (1.12): with a different Schatten norm on the right-hand
side (r.h.s.), with a different power of |H — Hyl| in the r.h.s., etc; see e.g. [1, 15]
and references therein. Substituting ¢(z) = ¢.(x — A) into any of the estimates of
the type (1.12), one does not recover the logarithmic behaviour (1.11). In fact, the
best one can get in this way is O(e~®) with a > 0. This is not surprising, because
estimates of the type (1.12) are valid for all pairs of operators Hy, H, whereas we
use the crucial strong smoothness assumption. This aspect is further illustrated in
the following example.

Ezample: To show what can happen with Tr g(D.()\)) without any structural
assumptions on Hy and H, let us consider the following example. Let Hy = 0
and let H € S, be a compact self-adjoint operator with the eigenvalues {\,}>2 .
Assume 1(0) = 0; then

Trg(D(0)) = Trg(¢(H/e)) Zg (An/e)).

Suppose that ¢(t) = —1/2 for t > 1 and g > 0, g(—1/2) = 1. Then the r.h.s. can
be estimated below as

Zg Anf€)) = #{n: A\, > ¢}

Thus, by choosing the sequence {\,}°°, appropriately, we can make the r.h.s.
behave as e7 with any a < p.

Applications: In Section 11 we give some examples of applications of the main
result to the Schrodinger operator.

Connection with the trace formula: Suppose that H— Hy is a trace class operator.
In [11], Krein proved that there exists a real-valued function & € L'(R) (called the
spectral shift function) such that the following trace formula holds true:

Te(p(H) — (Hy)) = / " ()¢ (@) da

for all smooth functions ¢ of a certain class. Taking formally p(x) = Ls0)(x — )
and observing that in this case ¢/(x) = —d§(z — A), we obtain the “naive trace
formula”

Tr D) = —£(N). (1.13)

Since D(A) in general fails to belong to trace class, the naive formula (1.13) does
not make sense as it is. However, it remains a source of inspiration in this area
and several regularisations have been considered in the literature (see e.g. [13, 8]).
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One regularisation is to take p(x) = 9.(x — \); since —¢.(z — X) converges to the
delta function §(z — \), we obtain

0.0 = [ ela)ulle — Ao - —€(N), (1.14)

if X\ is a Lebesgue point of £&. The main result of this paper is a step towards a
better understanding of (1.14).

A conjecture: Taking formally g(¢) = ¢ in (1.6) (or in (1.9)) and comparing with
(1.14) suggests that in the trace class case, one can hope to replace the error term
o(|loge|) in (1.6) (or in (1.9)) by const +o(1), where the constant is related to the
spectral shift function.

Related work: Much of our construction uses the ideas of [19]. However, the
nature of the results is quite different: [19] describes the a.c. spectrum of D()\),
whereas here we deal exclusively with the point spectrum.

In [17], the spectrum of D.()\) was considered for functions ¢ (z) that tend to
zero as |xz| — oo. In this case, no spectral concentration for D.(\) occurs. Instead,
the eigenvalues of D.()\) converge to some “limiting spectrum”, which is described
as the spectrum of a certain compact model operator. This model operator depends
on the scattering matrix S(\) and also depends on the choice of 1. Thus, in this
case the universality phenomenon discussed above does not hold. To comment
on this, we note that the case ¥(z) — 0 as |x| — oo can be considered as a
“degenerate case” Ay = A_ = 0 of the function of the type (1.8). Thus, roughly
speaking, the problem discussed in [17] corresponds to the (conjectural) next term
in the asymptotics (1.6).

In [9] the products of spectral projections

TL.(A) = L(—ao—o) (Ho — NI (eoe) (H — A)1(_og o) (Ho — \)

are considered under some assumptions similar to the ones of this paper. These
products are compact, while the limiting product

H()\) = IL(—oo,O) (HO — /\)ﬂ(o,oo)(H — /\)ﬂ(—oo,o)(Ho — /\)
in general has a non-trivial a.c. spectrum. Similarly to (1.3), this spectrum can be

described as the union of bands

N

UaC(HO‘)) - U[Ovan()‘>2]§ (1'15)

n=1

this fact was established in [16, 18]. In [9] it is proved that the eigenvalues of
ITI.(\) accumulate to the spectral bands (1.15) in a manner similar to (1.6). The
technique of [9] is quite different from the one of this paper, although it also relies
on the analysis of Hankel operators.
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1.4. Key ideas of the proof. We study the operator D.()) in the spectral rep-
resentation of Hy. For the simplicity of notation, let us take A = 0 in (1.6) (the
general case reduces to this one by a shift). Let xo € C§°(R) be a real valued
function equal to 1 in a neighbourhood of zero. Roughly speaking, after a number
of reductions we show that the spectrum of D.(0) is accurately approximated by
the spectrum of the compact self-adjoint operator

PapxoPs @ (S(0) — I) + PrpxoP- @ (S0 — 1) in LX(R)@N.  (L16)

Here Py are the orthogonal projections onto the Hardy classes HZ(R) C L*(R)
(see Section 1.5), NV is the Hilbert space where the scattering matrix S(0) acts, and
¥ (resp. x,) is the operator of multiplication by the function 1. (x) (resp. xo(z)) in
L*(R,dx). The operators with the structure (1.16) are called symmetrised Hankel
operators (SHO) in [19]; they were introduced in connection with the study of the
spectrum of ¢(H) — ¢(Hy) with piecewise continuous .

Formula (1.16) already depends on S(0) in an explicit way. In order to deal with
the part of the operator (1.16) acting on L?*(R), we show, roughly speaking, that
the relevant spectral asymptotics is independent of the choice of the function ¢,
as long as 1(x) approaches F1/2 as © — +o0o. This allows us to replace 1 by the
explicit function

—1 tan™' ().

In this case, we are able to determine the spectral asymptotics by reducing the
problem to the analysis of a simple explicit Hankel operator. See Sections 3.7, 3.8
for the details of the last step.

1.5. Notation. We denote by S,, p > 1, the standard Schatten class and by |||,
the norm in this class. We will frequently use the Holder inequality for Schatten
classes:

IXY ] < IXpIY Nl =5+ (1.17)

r

B denotes the class of all bounded operators, S, is the class of all compact oper-
ators and ||| is the operator norm. For a set § C R, 15 denotes the characteristic
function of 0. If X is a Banach space, we denote by LP(R, X), C(R, X) etc. the
classes of X-valued functions on R.

Let by, b2 be Hilbert spaces, and let €2 be a function on R with values in the set of
bounded operators acting from b to ho. Assume that Q € L*(R, B). We associate
with © the bounded operator (which will be denoted by the corresponding boldface
symbol)

Q: LR, b1) = L*(R, b2)
acting as “the multiplication by €2”:

Qf)(2) =Qx)f(2), z€R, feL*R bh). (1.18)
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We will work with the standard Hardy classes H2(R) C L?(R) defined as the

classes of functions f € L*(R) that admit an analytic continuation into the half-
plane C4 = {z € C: £Im 2z > 0} and satisfy the estimate

sup/ |f(z £ iy)|Pdr < oo.

y>0 J -0

We denote by Py : L*(R) — H2(R) the Hardy projections. Recall that the explicit
formula for Py is

(PaP)@) = Fm timm [ L)

— —dx’ .e. R. 1.19
277 e—+0 ,Oom—x’j:iex’ e re (1.19)

1.6. The structure of the paper. In Section 2 we state our assumptions and
present the main result of the paper (Theorem 2.4). In Section 3 we describe
the plan of the proof, define all the main objects appearing in our construction
and state the main steps of the proof as lemmas. These lemmas are proven in
Sections 4-9. The proof is concluded in Section 10. Applications are discussed in
Section 11.

2. MAIN RESULT

2.1. Assumptions. Let Hy be a self-adjoint lower semi-bounded operator in a
Hilbert space H. Let the perturbation V' be of the form

V=G"VWGE inH.

Here GG is an operator from H to an auxiliary Hilbert space K and V, = Vj is a
bounded operator in K (of course, the simplest case is K = H, G = |V|"/? and
Vo = sign(V')). We assume that the operator G satisfies

G(Hy+bI)"Y? €S, b> —info(Hy). (2.1)
Condition (2.1) ensures that V' is Hy-form compact, and so the perturbed operator
H=Hy+V inH.
may be defined as a form sum. From (2.1) it is easy to derive

Lemma 2.1. Let (2.1) hold true and let ¢p € C*(R) satisfy (1.4). Then for any
A € R and for any € > 0, the operator D.(\) is compact.

The proof is given in Section 4.
Next, we assume that for some p < oo, some b > —min{inf o(Hy),info(H)}
and some k € N, one has

(H+bI)™ — (Hy+bI)* €8, (2.2)

Further, we describe the strong smoothness assumption. Let 6 C R be an open
interval and let ¢ be the closure of §. Assume that the spectrum of Hy on d is purely
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a.c. with a constant multiplicity N < co. More explicitly, we assume that for some
auxiliary Hilbert space N' with dim N = N, there exists a unitary operator

F :Ran15(Hy) — L*(6,N)
such that F diagonalises Hy:
(FHof)N) = Af(N), Aed, [f=FF,

for any f € Ran 15(Hp). Further, for A € §, let Z(\) : K — N be the operator
formally defined by the relation

Z(MNu = (FG*u)(A), A€o, uek. (2.3)
We assume that Z(\) € Sy, and that the estimates
1ZM)ll2p < C0 1200 = Z(XN) 2 S CIA =X, AN €9 (2.4)

are satisfied with some exponent v € (0,1). In other words, Z € C7(6,Ss,). For-
mula (2.3) implies that G acts upon any f € Ran 15(Hy) according to the formula

Gf = /62()\)*]7()\)00\, f=FfeL*N). (2.5)

This is slightly stronger than what is called strong smoothness in [23, Section 4.4];
strong smoothness refers to the case when the norm in (2.4) is the operator norm.
It is natural to call the above assumption the Sy,-valued strong smoothness. In
applications, this assumption is easy to verify, see Section 11.

Let us summarize our assumptions:

Assumption 2.2. (1) Hy is lower semi-bounded and H = Hy + V', where V =
G*VoG satisfies (2.1).

(2) For some b > —min{info(Hy),info(H)}, p < oo and k € N, we have the
inclusion (2.2).

(3) Hoy has a purely a.c. spectrum with multiplicity N on the interval 0.

(4) G satisfies the Sqp-valued strong smoothness assumption (2.3), (2.4) on §.

Remark. The assumption that Hy and H are lower semi-bounded is not essential
for our construction. We choose to impose this assumption here simply because it
allows us to avoid several irrelevant technical issues and to make the exposition
more transparent. In [19], related analysis of D()) is carried out without the lower
semi-boundedness assumption.

2.2. Scattering theory. For Im z # 0, we set
R(z)=(H —2)7', Ro(z)=(Hy—2)"", T(2)=GRy(2)G". (2.6)
Since G is not assumed bounded, the precise definition of 7'(z) is

71/2H0 + b_[

T(Z) = G(H() + b[) HO — Z]

(G(Hy + bI)~1/%)*,
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By the assumption (2.1), it follows that T'(z) is compact. We need the following
well-known results, see e.g. [23, Section 4].

Proposition 2.3. Let Assumption 2.2 hold. Then the operator-valued function
T(z) defined by (2.6) is Holder continuous (with the exponent ) in the operator
norm for Rez € §, Imz > 0; in particular, the limits T(\ + i0) ezist in S and
are Holder continuous in A € §. Let §, C § be the set of X such that the equation
f+TA+i0)Vof =0 (2.7)

has a non-trivial solution f € K, and let 69 = § \ 0.. Then 0, is closed in § and
has the Lebesgue measure zero. The inverse operator (I + T (N +10)Vp)™1, X € &,
exists, is bounded and is a Holder continuous function of A € dq. Finally, the local
wave operators

Wi = Wy(H, Hy; 8) = s-lim ee 0ot (Hy)

t—+o0

exist and are complete, i.e. Ran Wy = Ran 15,(H ).

The local scattering operator
S=WiWw_
is unitary on Ran 1s,(Hy) and commutes with Hy. Thus, we have a representation
(FSF*u)(A) = S(ANu(N), ae. A€y, uc L*(6,N)

where the operator S(\) in N is called the scattering matrix for the pair H,
H. The scattering matrix is unitary in A. The difference S(A\) — I is a compact
operator (in fact, it belongs to S, see (3.10)). Thus, the spectrum of S(\) consists
of eigenvalues on the unit circle accumulating possibly only to the point 1. As in
Section 1, we denote the eigenvalues of S(A) by {eM}N_ "N < oo, and use the
notation a,(\) = 3|e®™ —1|.

2.3. Main result.

Theorem 2.4. Let Assumption 2.2 hold true, and let X € &y (the set &y is defined
in Proposition 2.3). Let ¢ € C*°(R) satisfy (1.4) and let D.(\) be defined by (1.5).
Let g = 1,,, where w C R is an open interval such that 0 ¢ @. Then the asymptotic
relations

TR Sy ) B P
_ / o). (2.9)

hold true, where py is given by (1.7). The relations (2.8), (2.9) also hold true for
any g € C(R) that vanishes in a neighbourhood of the origin.

Of course, (2.9) follows from (2.8) by a change of variable y = a,,/ cosh x.
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3. THE OUTLINE OF THE PROOF

Here we present the key steps of the proof of Theorem 2.4 and introduce all
relevant objects. Details are filled in in Sections 4-10.

3.1. The strategy. In what follows for the simplicity of notation we set the pa-
rameter A € §y in Theorem 2.4 to be equal to zero and denote D, := D.(0). We
will initially assume that v € C*°(R) satisfies a stronger assumption than (1.4),

viz.
12 forz < —R
vle) = {—1/2 forz > R (3:1)

with some R > 0. Reduction of the general case to this one is done at the very
end of the proof in Section 10 by using a simple variational argument.
Our strategy is to transform D, through the sequence of steps

D.=:DY — D® — D& — p®  p& _ pB) (3.2)

until we arrive at a “sufficiently simple” operator D). At each step (apart from
Dél) — Dég), which is a unitary equivalence) we are able to control the error term
as follows:

|IDW — DI, =0(1), &— +0, (3.3)
where ¢ is a sufficiently large exponent. The precise restrictions on ¢ will vary with
i, but the choice ¢ > 2p, ¢ > 1/~ will work for all ¢; here ~ is the Hélder exponent
in the S,, valued strong smoothness assumption (2.4).

After the estimates (3.3) have been established, the proof proceeds as follows.
The main task is to prove the asymptotics (2.8) for g(¢t) = t™ for all integers
m > q. (The general case is easily obtained from here by a standard application of
the Weierstrass approximation theorem.) Denote by A,, be the r.h.s. of (2.8) for
g(t) =tm™

1D g [T o
e =l ) / (cosh z) "™ da.

n=1 -0

Let P% be the statement
PO . loge| ™t Tr(DNY™ = A,,, &— +0, Vm>q. (3.4)

Our aim is to prove P, But we start from the other end of the chain (3.2): the
operator DY is sufficiently simple so we are able to establish P(®), see Section 3.8
below. After that, using an operator theoretic argument (see Section 10), we prove
that P® together with the estimate (3.3) gives P¢~Y. Thus, moving backwards
along the chain (3.2), we arrive at the required statement P(©).

One exception is the step Dél) — DEQ); here the operators Dgl) and Df) are
unitarily equivalent. Thus, we have Tr(Dél))m = Tr(DﬁQ))m and so the statements
P and P® are equivalent.



12 ALEXANDER PUSHNITSKI

The operators Dg) with ¢+ = 3,4,5 are constructed as operator valued sym-
metrised Hankel operators. In the next subsection we introduce and briefly discuss
this concept. In the rest of this section, we describe each of the operators Dé’) in
the chain (3.2).

3.2. Symmetrised Hankel operators. Let h be a Hilbert space (the case
dimbh < oo is not excluded). We will denote by P, the orthogonal projection in
L?*(R,h) onto the vector-valued Hardy class H2 (R, ). Of course, this projection
is given by the same formula (1.19) as in the scalar-valued case. For Q € L>*(R, b)
we call

P—QP+ : Hi(]R7 b) - H%(R, h)
the Hankel operator (HO) with the symbol €2, and we call
SHO(Q) = P_QP, + P,Q*P_: [*(R,h) — L*(R,}) (3.5)

the symmetrized Hankel operator (SHO) with the symbol . Of course, the notion
of HO is standard, while the notion of SHO is not; to the best of the author’s
knowledge, SHOs were introduced in [18] as models for the operators of the type
D()).

By definition, SHOs are self-adjoint. It is well known (see e.g. [14, Section 2.4])
that if the symbol Q € C(R,Sy) and [|Q2(A)|| — 0 as |A| — oo, then the corre-
sponding HO (and therefore also the SHO) is compact. In this paper, we will only
deal with symbols of this class.

In order to comment on the nature of the spectrum of SHOs, we recall without
proof a simple operator theoretic statement.

Lemma 3.1. Let H, Ho be Hilbert spaces and let X : Hy — Hs be a compact
operator. Then the non-zero eigenvalues of the “block-matriz”

X* .
()0( O> m Hi D Ho

are given by {£s,(X)}, where {s,(X)} are the non-zero singular values of X.
The operator SHO(2) can be written as

0 (P_QP,)*

SHO(Q) = ((PQP+) .

) in L*(R,h) = H3(R,h) & H2(R, b).
Thus, Lemma 3.1 reduces the analysis of the spectrum of SHO({2) to computing
the singular values of the HO P_QP,. We will use this idea below.

Lemma 3.1 also shows that the spectrum of SHO(S2) is symmetric with respect
to the reflection around zero. In particular, if Tr g(SHO(S?)) exists for some odd
function g, then it equals zero. This gives some insight into the symmetry of the
density function py.
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3.3. Spectral localization: D — D). Let x, € CP(R) be a real valued
function such that supp xo C dp and such that yo(A) = 1 for A in a neighbourhood
of A =0. We set

DM = xo(Ho)(xo(H)*b=(H) — xo(Ho)*=(Ho))x0(Ho).

Thus, we regularize DY in two ways: (i) we introduce the “spectral cutoff” by

replacing DY with XO(HO)Déo)XO(HO) and (ii) we replace 1. in the definition of
pY by ¥.x2. (We write x2 rather than y, here for a trivial reason: it will be
convenient later to split this term into a product of two cutoff functions.) Item
(i) above is purely technical; item (ii) highlights the fact that the only important
aspect of 1. is that this function “approaches a jump” at zero, and the behaviour
of 1. outside a neighbourhood of zero is irrelevant. We will prove

Lemma 3.2. Let Assumption 2.2(1), (2) hold true, and assume (3.1). Then
1D = D, = O(1), & = +0.

Note that we do not need the strong smoothness assumption here. The proof of
the Lemma will be given in Section 4; it involves only some simple C'*° functional
calculus for Hy and H.

3.4. Application of the resolvent identity: DY — D). First we need some
notation. Let

Y(2) =Vo(I+T(2)Vo)™ ", Imz>0 (3.6)
(recall that T'(z) is defined in (2.6)). Let xo be as in the previous subsection. Using
the notation Z(\) (see (2.3)), we set

Zo(2) = {Z(A)XO(A), A € b, Yo() = {Y()\ +i0)x0(A), A € &,
0, A€ RN b, 0, A€ERN 6.

Thus, Z, and Y} are operator valued functions on R and by Assumption 2.2(4)
and by Proposition 2.3 they are Holder continuous:

Zy e C"(R,Sy,), Y,eC'(R,B). (3.7)
We will use the corresponding “multiplication operators”

Zo: I*(R,K) = L*(R,N) and Y,:L*(R,K)— L*(R,K),
defined as in (1.18). Consider the operator
D® .= FDOF* in  L*y,N) C L*(R,N).

It will be convenient to consider this operator as an operator acting on L?(R, N),
extending it by zero to L*(R \ dp, V). Using the resolvent identity for Hy and H,
we will prove

Lemma 3.3. Let Assumption 2.2 hold true. Then
D® = 4xIm (ZoP-Yo_xoP+Z3)  in L*(R,N). (3.8)
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In (3.8), the projections P, and P_ and the multiplication operators %, and X,
act in L*(R, K).

3.5. Swapping Z, and P;: D§2) — Dég). Our next step is to swap Zy with P_
and Py with Z} in the representation (3.8). Set

DB = 4xIm (P_v.xZoYoZiP,) in L*(R,N). (3.9)
In (3.9), Py act in L*(R, ). We will prove
Lemma 3.4. Let Assumption 2.2 hold true and let the exponent q satisfy q > 2p,

q>1/v. Then
1D — DPly = 0(1), &~ +0.

The proof will be achieved by a straightforward application of the results of [14,
Section 6.9], where Schatten norm estimates for commutators of Py with operator-
valued functions are given.

Comparing (3.9) with the definition (3.5) of SHO, we find that the operator DY
is in fact a SHO in L*(R, N):

DB =SHOQY), QB = —2mit).x0ZoYo Z;.
This already shows (see the discussion after Lemma 3.1) that Tr(DS’))m = 0 for

all odd m, whenever the trace exists.

It is important that we can rewrite the symbol O in terms of the scattering
matrix S(A) for the pair Hy, H. Recall the stationary representation for S(\) (see
e.g. [23, Section 5.5]):

SA) =1=2miZNY(A+1i0)Z(N)*, X E dy. (3.10)

We denote

So(A) =1 —2miZoy(N)Yo(N) Zo(N)*, A eR.
Thus, Sp(A) = S(N) in a neighbourhood of A = 0 and by (3.7),

So—1e€C'(R,S,).

With this notation, we can rewrite the symbol QS’) as

QPN = LM xoN)(So(\) = 1), AER.
3.6. Replacing Sy(\) by S(0): DY — DW. At this step, we replace the symbol

QS” with
QW) = b (N vo(N)(S(0) — 1), A eR.

Set DY = SHO(Q@); we prove

Lemma 3.5. Let Assumption 2.2 hold true, and assume (3.1). Let the exponent
q satisfy ¢ > 2p, ¢ > 1/~. Then

1D = DY, = 0(1), &~ +0.
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The proof is based on the Holder continuity of So(\) and again uses the estimates
from [14, Section 6.9].

It is important that Q£4)()\) is a scalar multiple of a single operator S(0) — I in
N Identifying L?(R, N') with L*(R) ® N/, we can write the SHO with the symbol

Q£4) as
SHO(QWY) = (P-2p.xoP+) © 5(S(0) = I) + (P-20.xo P+)" @ 5(S(0)" — I).
Using Lemma 3.1, we see that for even m
N
Tr(SHO(QW))™ = 2 Tr|P_QW P, ™ = 2 Tr| P20 x, Py ™ Y a,(0)™  (3.11)
n=1

(recall that a,(0) are the eigenvalues of 3|S(0) — I]). Thus, the problem reduces
to analysing the scalar SHO with the symbol 2. x.

3.7. Replacing 2¢.x, by a model symbol : D — D). It turns out that the
leading term of the asymptotics of the trace in the r.h.s. of (3.11) is independent of
the details of the behaviour of the function 1)(\), as long as it converges sufficiently
fast to the limits F1/2 as A — =+oo. Thus, we are going to replace the symbol
21-x0 by an explicit model symbol. Let

() = —2tan ' (V). ) =C(Me), AR (3.12)

T
We set
DY = SHO(QY), QP'(A) = (¢(N) —<(V)

and prove

(S(0)—1), AeR

1
2

Lemma 3.6. Let Assumption 2.2 hold true, and assume (3.1). Let ¢ be given by
(3.12). Then for ¢ = max{2,p} one has

1D = Py = 0(1), &~ +0.

The proof is based on an elementary Hibert-Schmidt estimate for scalar HOs.

3.8. Computing Tr(D§5))m. Just as in (3.11), for even m we have
N
Te(DP)™ = 2Te|P-(C. = )Py [™ Y an(0)™ (3.13)
n=1
It turns out that the operator |P_({. — {)P.| can be explicitly identified and
the asymptotics of its traces can be computed. Let J be the involution in L*(R)
given by (Jf)(z) = f(—x). Evidently, J maps H2 (R) into H2(R) and vice versa.
Consider the operator

K.=—iP.((.—¢)JP. in H’(R)
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for 0 < ¢ < 1. Since ¢ is odd, we have ({, —(¢)J = —J(¢. —¢) and so K. is
self-adjoint. We prove

Lemma 3.7. Fore € (0,1), we have K. = |P_({. — ¢)Py|. This operator belongs
to the trace class and for all integers m > 1

1 o0
Tr K" = |log €|ﬁ/ (coshz)™dx 4+ O(1) e — 0. (3.14)
™ — 0o

In the proof of this lemma, we use a calculation from [9]. Of course, (3.13) and
(3.14) give the statement P®), see (3.4).

4. SPECTRAL LOCALIZATION

Here we prove Lemmas 3.2 and 2.1. We start with a proposition which is essen-
tially well known:

Lemma 4.1. (i) Let Assumption 2.2(1) hold true and let p € C(R) be such that
o(z) — const as x — +00. Then

p(H) — ¢(Ho) € Sex.

In particular, under the assumption (1.4) on v, the operator D.(\) is compact
for any A € R and ¢ > 0.

(ii) Let Assumption 2.2(1), (2) hold true and let o € C*°(R) be such that p(x) =
const for all sufficiently large x > 0. Then

@(H) — p(Hp) € Sp.

In particular, under the assumption (3.1) on 1, the operator D.(\) belongs
to S, for any A € R and € > 0.

(Item (i) proves Lemma 2.1.)

Proof. (i) We first note that the values p(x) for # < min{inf o(H),inf o(Hy)} do
not matter, and we may modify the definition of ¢ for such x as we wish. Thus,
we can represent ¢ as ¢(z) = const +pg(z), where go(x) — 0 as |z| — oco. So it
suffices to prove the statement of the Lemma for the case ¢ € C(R) with ¢(x) — 0
as |z| — oo. Next, let b > —min{inf o(Hy),inf o(H)}. By the resolvent identity
(see (5.1)), we have
R(—b) — Ry(—b) € S.
It follows that
P(R(=0)) — ¢(Lo(=D)) € Seq
for all polynomials ¢. By the Weierstrass approximation theorem, the same is true
for all continuous functions $. Now choosing ¢ such that ¢(1/(x +0)) = ¢(x), we
obtain
p(H) — ¢(Ho) = o(R(=b)) — ¢(Ro(—b)) € S,
as required.



SPECTRAL DENSITY OF DIFFERENCE OF SPECTRAL PROJECTIONS 17

(ii) Similarly to part (i), by subtracting a constant from ¢ we reduce the situation
to the case p € C§°(R). From the inclusion (2.2) it is not difficult to deduce that
P((H+bI)7*) = 2((Hy+bI)*) €8, VgeCP(R). (4.1)

The implication (2.2) = (4.1) can be obtained by any of a number of standard
methods. For example, it follows from [3, Theorem 10]; alternatively, one can use
the functional calculus based on the almost analytic continuation of @, see e.g. [6,
Section 8]. Now choosing @ such that @(1/(z + b)*) = ¢(z), we obtain

p(H) — o(Ho) = ¢((H +bI)™") = 3((Hy +bI)7*) € S,,
as required. ([l

Proof of Lemma 3.2. Let xo = 1 — Xo. First consider the product

XOO(HO)DE = XOO(H0>(17DE(H> - %—(Ho))
= (XOO(HO) - XW(H))¢8(H) + (XW(H)¢E(H) - XOO(HO)@Z%(HO))- (4'2)

For the first term in the r.h.s. here we get
[[(Xoo (Ho) = Xoo(H)) e (H )| < [[Xoo(Ho) = Xoo (H)[[pll1h] oe < 00 (4.3)

by Lemma 4.1(ii). Consider the second term in the r.h.s. of (4.2). Denote 9y(z) =
—3 sign(x). By our assumption (3.1) on v, we have

XooWe = XooWo  for all sufficiently small € > 0, (4.4)
and therefore for such e the second term in the r.h.s. of (4.2) becomes
Xoo(H)Uo(H) — Xoo(Ho)vo(Ho),
which is in S, by Lemma 4.1(ii). Together with (4.3), this yields
[1De = Xo(Ho) Dellp = [[Xoo(Ho) Dell, = O(1) (4.5)
as € — +0. Similarly,

Ix0(Ho) De = xo(Ho)D=xo(Ho)llp = [[x0(Ho) DeXoo(Ho)lp
< IIxollz || Dexoo (Ho) [, = O(1)  (4.6)

as € — +0. Finally, denote Yo = 1 — x2; we have, using (4.4),

Xo(Ho)D-xo(Ho) — DY = x0(Ho) (oo (H)ve (H) — Xoo(Ho)v: (Ho)) xo(Ho)
= Xo(Ho) (Xoo (H )0 (H) — Xoo(Ho)o(Ho))Xx0(Ho) (4.7)

for all sufficiently small e. By Lemma 4.1(ii), the expression in brackets in the
r.hs. of (4.7) is in S,, and so we obtain

Ix0(Ho) Dexo(Ho) — D, = O(1)

as ¢ — +0. Combining this with (4.5) and (4.6), we obtain the claim of the
lemma. O
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5. APPLICATION OF THE RESOLVENT IDENTITY

Proof of Lemma 3.3. In fact, this calculation has appeared before in [17]. Tt is
based on the iterated resolvent identity written in the form

R(z) — Ry(2) = —(GRy(2))"Y (2)GRy(2), Imz>0. (5.1)

Let us recall the derivation of (5.1) (see e.g. [23, Section 1.9]). In order to avoid
inessential technical explanations related to the operator G*, let us assume here
that G is bounded. Iterating the usual resolvent identity, we get

R(z) — Ro(z) = —R(2)V Ro(2) = —Ro(2)V Ro(2) + Ro(2)VR(2)VRo(2) (5.2)
= —Ro(2)G*Vo(I — GR(2)G*"Vp)GRy(z). (5.3)
We also have the identity
(I = GR(z)G"Vo)(I + GRo(2)G" Vo) = 1,
which can be verified by expanding and using (5.2). Writing (I + GRy(2)G*Vp) ™!
instead of (I — GR(2)G*V}) in (5.3) and recalling the definition (3.6) of Y'(z), we
obtain (5.1).

Let ¢ € C5°(dy) (we will eventually take ¢ = 1.x2). By a version of Stone’s
formula, for any u € H we have

oo

(p(H)u,u) = l lim Im (R(x +i€)u, u)p(x)dz. (5.4)

7T e—+0 oo

Subtracting the analogous formula for (¢(Hp)u,u) from (5.4) and using (5.1), we
obtain

((p(H) — ¢(Ho))u, u)

— Lhimmm [ (V@4 i0GRo( + i€, GRy(x — ie)u)p(x)dz.

T e—=+0 oo

Now let us apply this to u = xo(Ho)f, where f € Ran1s,(Hpy). By the strong
smoothness assumption (2.5), we have

GRo(2)xo(Ho)f = MXO(t)dtzéwdt, F=Ff.

5 t—2 t—=z

Combining these formulas, we obtain
((p(H) — ¢(Ho))xo(Ho)f, xo(Ho) f)
—dr lim Im [ do [ dt [ ds(M.(x,t,s)f(t), f(s)),
r lim m/R x/R t/R S(M. (2,1, 8)F(1), F(5))

e——+0

where
1
xr—1+ 1€

M(z,1,5) = Zo(s) e — ¥ (z +ie)p(x) <_L)

2T S — x — 1€ 271

Zo(t)".
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Now let us use this identity with ¢y, instead of . Recalling the formulas (1.19)
for Py, we obtain

Xo(Ho)(p(H)xo(H) — ¢(Ho)xo(Ho))xo(Ho) = 4mIm (Zo P_Y op P Zy).

Finally, we substitute ¢ = 1.y to obtain the required identity. ([l

6. SWAPPING Z; AND P,

We start by giving the following corollary of the general results of [14, Section
6.9]:

Lemma 6.1. Let by, by be Hilbert spaces and let €2 be a function on R with values
in the set of compact operators acting from by to by Let ¢ > 1 and v > 1/q;
assume that Q € C7(R,S,) and supp C (—r,r). Then the operators

PQP; : L*(R, by) — L*(R, by)
belong to S, with the norm bound
IPAQP.Il, < Cla, 7, Dl| e, (6.1

In the product PQ Py, the projection Py on the right acts in L*(R, b;) and the
projection Pr on the left acts in L*(R, hs). Notation S, in the statement of the
lemma is used in two different senses: in C7(R,S,) this is the Schatten class of
operators acting from h; to hs and in the line above (6.1) it is the Schatten class
of operators acting from L?(R,b;) to L?(R, bs).

Proof. The relevant results in [14] are stated for functions on the unit circle T
rather than on the real line. In order to make the connection, consider the unitary
operator U; : L*(T,h;) — L*(R,bh;), j = 1,2, corresponding to the standard
conformal map from the unit circle to the real line:

1 1 T —1
U =t (551) weR ferdThy),

Then
U PLU; = p,
where py are the orthogonal projections in L?(T,h;) onto the Hardy classes
H3(T,b;), and
UZ*QUl =w,
where w is the operator of multiplication by the function w on T obtained from €2
by the change of variable:

. 1+ et ,
w(e’e):Q(' re ) e e T. (6.2)

Zl — et
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Corollary 9.4 from [14] states that prwps € S, if and only if w belongs to the

operator-valued Besov class B;éq(']l‘, S,)- This class for ¢ > 1 is defined as the class
of all S;-valued functions w on T such that the norm given by

T HW ¢9+7) w( zG)H
IIql/q /_W/ o 1P d0dr (6.3)

is finite. (In fact, the norm (6.3) vanishes on constant functions, so the precise
definition of this Besov class 1nvolves taking a quotient over constants.) One also
has the corresponding norm bound

Iprwp=lly < Collol s
By our assumption and by (6.2), we have w € C7(T, S,):

sup e (e’ ) —w(e®)llg < Cle™ = 1.

Thus, the Besov norm in (6.3) is finite if ¢y > 1, and we obtain (6.1). O]
Proof of Lemma 3.4. We have
D® — D® = 4xIm ((ZoP- — P_-Zo)Y b .Xo P+ Z3)
+4rlm (P-ZoY o Xo(P+Zo — Zo Py ). (6.4)
Consider the first term in the r.h.s.; we have
ZoP_— P Zy= P,ZyP_ — P_ZyP,. (6.5)

Since Zy € C"(R,S,,) C C7(R,S,) and Z, has a compact support, we can apply
Lemma 6.1 to conclude that the operator (6.5) belongs to S,. Thus, we have

SupH(ZOP — P ZO)YOQPEXOP“FZ*H(] < HZOP — P ZOHQ supHYol/)EXOPJrZ*H < Q.

e>0

Similar reasoning applies to the second term in the r.h.s. of (6.4). O

7. REPLACING Sy(A\) BY S(0)
Proof of Lemma 3.5. We need to prove the estimate
[1P-(So = S(0)¥xo P llg = O(1), &= +0.
By Lemma 6.1, it suffices to prove that
1(So — S(0)Yexollcrrs,) = O(1), € — +0.

In fact, we will prove a uniform estimate in C?(R,S,) C C7(R,S,). The proof of
this estimate is an elementary argument which involves only the Holder continuity
of Sy and the definition of ¥. Denote S(A) = (Sp(A) — S(0))xo(A). Let A1, A € R
with [A;| < |A2]. We need to prove the estimate

1S (Az/e) =SB /)llp < Cla = A (7.1)



SPECTRAL DENSITY OF DIFFERENCE OF SPECTRAL PROJECTIONS 21

with C' independent of . We have

Sa)v(Aa/e) — S(A)P(M/e)
= (S() = SO))¥(Na/e) + SO (@ (No/e) — (A1 fe)). (7.2)

For the first term in the r.h.s., by the Holder continuity of S we immediately obtain
the required uniform bound:

165 (A2) = S/ lp < 15(Ae) = SO 18]l < ClAa = Al

For the second term in the r.h.s. of (7.2), we have

IS (/) = (M /)l < ISl (Aa/2) — (A /e)]
< O [Y(Aa/e) — (M1 /e)].

In order to estimate the expression in the r.h.s., let us consider three cases:

Case 1: Ay > 0 and Ay > 0. Recall that we have also assumed |A\;| < |Ayf, so in
this case we have 0 < A; < Ag. Since (X)) = —1/2 for A > R, the case \; > eR is
trivial (the difference 1(A2/e) — (A1 /€) vanishes). So let us assume that \; < R.
Then, by the Hélder continuity of ¢ (our function v is C'*° smooth),

M (Ae/e) —P(Ai/e)| < Ce"RY| Ay /e — A /e[ < CRY|Ap — Ay

Case 2: \y < 0 and Ay < 0. This case can be treated exactly as Case 1.
Case 3: A\{ha < 0. We have

(A"l (A2/e) = (A /)] < 20|l oo [M]” < 20| zoe | A2 = A

Thus, we have proven the uniform bound (7.1). O

8. REPLACING 2v¢.Xx¢ BY A MODEL SYMBOL
First let us prove an elementary estimate for scalar-valued symbols:
Lemma 8.1. Let ¢ satisfy (3.1) and let ¢ be given by (3.12). Then

| P-(2¢p.xo — (. —€))P|l2 = O(1), & — 40.

Proof. Denote, as in Section 4, xoo = 1 — xo and (X)) = —3 sign(A). We have
(using (4.4))

Q%XO - (CE - C) = (2% - Cs) + (C - 2w5X00) = (2% - Ce) + (C - Q%Xoo) (81)

for all sufficiently small . First consider the second term in the r.h.s. of (8.1).
Denote ¢ = ¢ — 21)9x0; we have

P790P+:P,(¢P+—P+(p), (82)
and therefore it suffices to prove the inclusion

oP. — P,p € S,. (8.3)
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We have

p € C*[R), ¢(z)=0(1/z), ¢'(z)=0(1/2"), |z]—oc0o.  (84)
The integral kernel of ¢ P, — P, ¢ is
2m T —y

It is an elementary calculation to check that conditions (8.4) imply that the kernel
(8.5) belongs to L*(R?, dzdy). Thus, we obtain the inclusion (8.3).

Next, consider the first term in the r.h.s. of (8.1). Denote ¢ = 2y — (; by (8.2)
it suffices to prove that the norm |@.Py — Pi.||2 is uniformly bounded. Again,
¢ satisfies (8.4) and we have

A

which is finite and mdependent of €. 0
Proof of Lemma 3.6. Since
DW — D® = SHO(QW — ),

13 13

?J

dxdy,

m/€ y/’dd_

x_

and

QE:4) - QS)) = (2w5X0 - (C& - C))%(S(O) - I)v
we obtain (for q = max{p, 2})

1D = D), < 2| P-(Q — Q)P4
< 2| P-(2%x — (€. = O) P llall5(S(0) = Dl
< 2||P-(2¢x0 — (S — ) P ll2l15(5(0) = D,
which is uniformly bounded by Lemma 8.1. U
9. COMPUTING T1"(D§5))m

Proof of Lemma 3.7. Step 1: let us prove that |P_({,—()P;| = K. foralle € (0,1)
and that K. is trace class. We denote by ® the standard unitary Fourier transform

in L?(R),
(DSt f Ye " dg,
\/_
We have ®(H?(R)) = LQ(R+). Denote
K. = ®K.9* in L*(R,).
The operator IA(E is an integral operator with the kernel k.(t + s), t,s € Ry, where
)

() =5 [ (Gle) = e, t>0
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Recalling the explicit formula (3.12) for ¢ and integrating by parts, we obtain
U -1 -1 —ixt
ke(t) = —2/ (tan™ " (z/e) — tan™" (x))e “"dx
™ —0o0

= 1275 (tan Yz/e) — tan~!(z))(Le ") dx

1 ) —et _ -t
— ety = u.
7T2t 1+x2/€2 1+ 2?

Observe that the operator with this kernel may be represented as

=1L1)L =21 L) (L)L), (9.1)

where L is the Laplace transform in L*(R.),

(Cf)(x) = / e f(o)r,

and 1) is the operator of multiplication by the characteristic function of (e, 1)

in L?(R,). From (9.1) it follows that K. > 0 and therefore K. > 0. In particular,
this means that |K.| = /KK, = K.. Since

P_((. = C)Py = JP.J((. — )Py = —JPy((. — ()T Py = —iJ K.,
it follows that
|P-(¢. = Q) Py| = [—iJKo| = /(i Ko (=i K.) = |K.| = K.

Finally, by inspection, 1(. ;)£ is a Hilbert-Schmidt operator and therefore K. is
trace class. R

Step 2: We need to study the asymptotics of the traces Tr K" = Tr K" and to
prove that formula (3.14) holds true for all natural m. This has been done in [9];
let us briefly recall the key steps of this argument. By (9.1) and by the cyclicity of
trace, we obtain

Tr [/(\';n = Tr(]l(g’l)(%ﬁg)]l(&l))m.
Next, we may apply the the result of [12]:

1
Tr g(Ley (L) en) = Tr D9 (L) L] < Sllg" e l[FL7% Ten]llz (9-2)

for any g € C? with g(0) = 0; this result only uses the fact that 1) is an
orthogonal projection and %ﬁg is a bounded operator with the spectrum on the
interval [0, 1]. We use (9.2) this with g(t) = ™. A direct calculation shows that
the r.h.s. in (9.2) is bounded as ¢ — +0.

Next, observe that £2? is the Carleman operator, i.e. the integral operator in
L*(R,) with the integral kernel 1/(s + t), s,t € R. Using the diagonalisation of
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the Carleman operator, one can compute the power (££2)™, which yields [9]

1 o0
Tr(Le (2L 1)) = |loge|ﬁ/ (coshz)™dz + O(1), € — +0
™ —0o0
for all m € N. This gives the required result. O

10. PUTTING IT ALL TOGETHER: PROOF OF THEOREM 2.4

Fix an even integer ¢ such that ¢ > 2p, ¢ > 1/~.
Step 1: assume (3.1) and let g(t) =t™, m € N, m > q.
We follow the strategy outlined in Section 3.1. By Lemmas 3.2, 3.4, 3.5 and 3.6,
we have
|DY — DIV, =0(1), &— +0 (10.1)
for : = 1,3,4,5. Recall that our aim is to prove the implication
P® 4 (10.1) = PtV
for i = 1,3,4,5, where PO is the statement
P loge| ' Te(DNY™ — A,,, €— +0, ¥m >q.
It suffices to prove that P and (10.1) imply
Tr(DY™ — Tr(DEV)™ = o([loge]), & — +0.

We use the following simple operator theoretic estimates:
(a) If X € S,, ¢ > 1, then for all m > ¢

X5 = X" Wl < XA X = (XX (10.2)
(b) If X, Y € S,,, then
Te X™ = Te Y™ < m||X =Yl max{ | X770 Y] (10.3)

To prove (10.3), observe that by cyclicity of the trace one has
TrX™ — TrY™ = Te(X — V)(X™ 0+ X2 4 ... 4 Xym=2 4 ym),

and so (10.3) follows by the application of the Holder and the triangle inequality
for Schatten classes.

We will take X = Déi), Y = Déi_l). By construction, we have a uniform bound
of the operator norms:

DY = 0(1), &—+0 (10.4)
for all i = 1,2, 3,4, 5. Next, P%) with m = ¢ gives (using that ¢ is an even integer)
IDPNE = Te(DI)? = O(Jlogel), & — +0.

From here by (10.2) we obtain HDS)H% = O(|logel) for all m > ¢ and so
IDO||,, = O(Jloge|V™), e — 40, VYm >q. (10.5)
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By (10.1), (10.2) and (10.4) we get
1D = DEV|7 < | DY — DEV|m=1|| DY — DEV[T = O(1), & — +0. (10.6)
Combining (10.5) with (10.6), we get
IDE Dl < 1Dl + IDEY = DOy = O(Jloge[''™), & = +0. (10.7)
Substituting (10.5), (10.6) and (10.7) into (10.3), we get
ITR(DO)™ — Te(DED)™| < O(Jlogel ™ D/™) = offlogel), & — +0,

as required.
Step 2: Let g be a polynomial with g(t) = O(t?) ast — 0. Write g(t) = >, gmt™;
by the previous step, we obtain

El_l)IJrrl lloge|™' Trg(D ng m = Z ngan /_ (coshx) "dx.

m even

By the change of variable y = a/ cosh z,

am/ (coshz)™"dzx = Qam/ (coshz) "dx
- 0

(e o]

¢ y" ¢ y"
= 2/ —dy = / dy
0 yy/1-y?/a? —a lylV/1—y?/a?
for even m, and so we obtain

1
lim [loge| ™ Trg(D.) = / 9(y)po(y)dy,

e—+0 1

where 11 is the weight defined by (1.7) with A = 0.

Step 3: assume (3.1) and let g = 1, where w C R is an open interval such
that 0 ¢ w. Let A = 2||¢||p~; then ||D.|| < A. Let g+ be polynomials with
g+(t) = O(t?), t — 0, and

o) < Tu() < ge(t), /<A
Then

Trg_(D.) <Trl,(D.) <Trg,(D.).
By the previous step, it follows that

1
lim sup|loge| ' Tr 1,(D.) < lim [loge| ™" Trg,(D.) = / g+ (t)po(t)dt,
e—+0 e—=+0 -1

lim infllog £| " Tr L/(D.) > lim [loge|~ Trg_(D.) = / g (Ouo(t)dr.

e—+0 e—+0 1
Taking infimum over all possible polynomials g, supremum over all possible poly-
nomials g and using the Weierstrass’ approximation theorem, we obtain the re-
quired asymptotic relation (2.8) for g = 1,,.
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Step 4: the general case.

Let g = 1,, where w is as above, and now we suppose that 1 satisfies (1.4)
instead of the stronger condition (3.1). It suffices to consider the cases w = (a, 00)
and w = (—o0o0, —a) with a > 0. We consider the first case; the second one can be
treated in the same way. Given any d € (0,a), let us represent ¢ = @ + (1)
where 1(©) satisfies the stronger condition (3.1), and |||z~ < d/2. Then

D. = (YO (H) = ¢ (Ho)) — (¢ (H) — ¢ (Hy)),
where |]¢§1)(H) - ¢§1)(H0)\| < d, and therefore
WO(H) = O (Ho) = d - T < D. < O (H) = (Ho) +d - I.
By the min-max, we have
Tt Larao0) (01 (H) =01 (Ho)) < T Lgo0)(De) < Tr Lamao0) (W (H) =0 (Ho)).

Applying the previous step of the proof and subsequently letting d — 0, we arrive
at the required result.

The case of a continuous g which vanishes near the origin follows by approxi-
mating ¢ from above and from below by step-functions.

11. SOME APPLICATIONS

In this section we give some examples of application of Theorem 2.4 to
Schrodinger operators.

11.1. Zero background potential. Let
Hy=-A, H=-A+V inH=L*RY, d>1,
where the real-valued potential V' satisfies
V()| <C1+z))7", p>1. (11.1)

Let K = H, and let G be the operator of multiplication by G(z) = (1 + |=|)~*/?
then Vo = Vy(2)(1 + |z|)?. The statement below is essentially well known.

Proposition 11.1. Assume (11.1). Then for any finite interval 6 = (A1, A2) with
0 <A <X <oo, for any p > max{d/p,(d—1)/(p— 1)} and for any k € N with
2pk > d, Assumption 2.2 holds true. Moreover, for all X € § the equation (2.7)
has no non-trivial solutions and so dg = 9.

Thus, in this case Theorem 2.4 holds true with any A > 0.

Proof. The inclusion (2.1) is well-known. Further, by the Kato—Seiler—Simon bound
[22, Theorem 4.1], we have for b > 0

(1+|z)"(~A+bl)* €8S, pp>d, 2kp>d

Repeating word for word the argument of [20, Theorem XII.12] for the class S,
instead of S;, we obtain the inclusion (2.2).
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Let us recall the formulas for the diagonalization Fy of Hy. The fiber space Ny
is N1 = C?if d =1 and Ny = L*(S%1) if d > 2. One defines the operator

Fo: LA(R%) — L2((0, 00); Ny)
by

(Fow)(\) = %xi(a(ﬁ),a(—ﬁ)), Ne(0,00), d=1, (11.2)

1
Fou)( A\, w) = —=A
where 4 is the standard (unitary) Fourier transform of u. It is easy to see that Fj

diagonalises Hy. From (11.2), (11.3) it is easy to obtain explicit formulas for the
operator Zy(A) : L2(R%) — Ny, defined by (2.3). We have for any A > 0

Ta(Vw), Ae(0,00), weST!, d>2  (11.3)

Zo(\)u = %xi(éﬂ(ﬁ),é&(—\/})), d=1 (11.4)

(Zo(W)u)(w) = %)\df@(ﬁw), wesl d>2

Thus, for d = 1 the operator Zy(A) has rank < 2 and it is straightforward to check
that Zo(\) is Holder continuous in A > 0. For d > 2, it is also easy to prove the
Hélder continuity of Zy(\) in Sy, norm, p > ; this can be done by interpolating
between the cases p =1 and p = co. See e.g. [24 Lemma 8.1.8] for the details.
Finally, the fact that equation (2.7) has only trivial solutions for A > 0, follows by
the argument involving Agmon’s “bootstrap” and Kato’s theorem on the absence
of positive eigenvalues of H; see e.g. [24, Section 1.9] for an exposition of this
argument. 0

11.2. Constant homogeneous magnetic field in three dimensions. Let us
fix B = const > 0 and define the operator

Hy = (—=iV — A(x))* = B in H = L*(R?), (11.5)

where
A(z) = (—%Bxg, %Bxl,O)

is the vector-potential corresponding to the constant homogeneous magnetic field
(0,0, B) in R3. The term —B in (11.5) is added only for the purposes of normal-
ization; with this normalization, the spectrum of H, coincides with the interval
[0, 00).

The operator Hy can be written as Hy = hg + (— 2) where hg is the two-
dimensional magnetic operator,

o 1 2 o 1 2 ey
ho—(—la—xl‘i‘ BZL’Q) +(—Za—x2—§Bl'1) — B 1nL(]R )
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The spectrum of hg consists of the Landau levels {0,2B,4B, ...}, which are the
eigenvalues of hg of infinite multiplicity. The Landau levels play the role of thresh-
olds in the spectrum of Hy. We set H = Hy + V', where the real-valued potential
V' satisfies

V()] < C(L+ || + [a]) 77+ (1 + [as]) 77, (11.6)
with
p>1 and 0<pL <p. (11.7)
Let G be the operator of multiplication by G(z) = G (21, x2)G5(x3), where

Giler,22) = (L[] + |22]) 772, Galay) = (14 |as]) 2

Proposition 11.2. Assume (11.6), (11.7) and let 6 C (0,00) be an open interval
which does not contain any of the Landau levels {2n B} ,. Then Assumption 2.2
is satisfied with k = 1 and with any integer exponent p > max{2,2/p, }. Let 6, C §
be the set of A\ € 0 where the equation (2.7) has a non-trivial solution. Then I,
coincides with the set of eigenvalues of H in 6.

We note that the set of the eigenvalues of H in § may be non-empty, see examples
in [2, Section 5]. In any case, we see that Theorem 2.4 holds true for any

A>0, A¢ ({2nB)2, Uo,(H)).

Proof. (1) The inclusion (2.1) follows from the diamagnetic inequality, see e.g. [2,
Section 2].

(2) By our assumptions on p, we have G € L?(R?). By the Kato-Seiler-Simon
bound [22, Theorem 4.1] it follows that

G(—A+bl)"" €Sy, b>0.
Since p is assumed to be an integer, by the diamagnetic inequality this implies (see
[2, Section 2]) that

G(Hy+bI)™' €8Sy, b>0.

An application of the resolvent identity (see (5.3)) and of the Holder inequality for
the Schatten classes (see (1.17)) shows that

(H+bI)™" — (Hy+bl)"' €S,

for b >0, b > —info(H), as required.
(3) As already mentioned, Hj has a purely a.c. spectrum [0, co) with multiplicity
N = oo.
(4) Let us recall the explicit diagonalisation of Hy. Let P, be the orthogonal
projection in L*(IR?) onto the eigenspace Ker(hg — 2nB) of hy. Then
ho =Y _2nBP,

n=0
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and so we get
p(Ho) =Y P, @@(— +2nB)  in L*(R®) = L*(R*) @ L*(R)
3
n=0

for any bounded function ¢. The operator —% in L*(R) is diagonalised by the
3

map Fo, see (11.2). This allows one to diagonalise Hy. In order to display the

corresponding formulas, let us assume for simplicity of notation that § C (0,2B);

this corresponds to only one scattering channel being open on 4. Then the diago-

nalisation operator F for H, associated with the interval § can be written as

F :Ranls(Hp) — L*(5,N), N =RanP,® C?

F:P()@fo.

Further, let Zo()\) : L*(R) — C? be the operator (11.4) with G = G3. Then the
corresponding operator Z(\) for Hy can be written as

Z\): LA(R?) = N, Z(\) = BGL ® Zy(N), MNEG.

By our assumptions on the exponent p, we have G, € L?(R?), and therefore
PyG, € S,, (this can be proven by interpolating between the cases p = 2 and
p = o0; see e.g. [7, Lemma 3.1]). In the proof of Proposition 11.1 we have already
seen that Zy(\) is a rank two operator which is Holder continuous in A > 0. From
here we obtain the strong S,,-smoothness assumption for Z(\).

Finally, the required statement about d, was proven in [2, Section 4]. U

11.3. Periodic operators. Let Hy = —A + W be the Schrodinger operator in
L*(RY), d > 1, with a periodic background potential W, and let H = Hy + V,
where V' satisfies the estimate (11.1) with p > 1. One can apply Theorem 2.4 to
this pair of operators. In the one-dimensional case d = 1 this is an easy exercise
by using the standard facts about the diagonalisation of Hy, see e.g. [21, Section
XII1.16]. In the multi-dimensional case, the verification of Assumption 2.2 meets
the following difficulty: the local structure of the energy band functions of the
operator Hy is not fully understood. As a consequence, the required facts about
the diagonalisation operator F are not available for all energies. This issue can be
overcome by making rather restrictive assumptions on the behaviour of the energy
band functions, see e.g. [5].
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