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Abstract: A recently established general trace formula for one-dimensional Schrod-
inger operators is systematically studied in the context of short-range potentials,
potentials which approach different spatial asymptotes sufficiently fast, and appro-
priate impurity (defect) interactions in one-dimensional solids. We prove the abso-
lute summability of the trace formula and establish its connections with scattering
quantities, such as reflection coefficients, in each case.

1. Introduction

This paper is the third in a series on a general trace formula and its ramifications in
(inverse) spectral theory for one-dimensional Schrodinger operators started in [16]
and continued in [19]. The main theme in [16] concentrates around a general trace
formula for self-adjoint Schrodinger operators H in L*(R) of the type

d2

H=——+V, 1.1

dx? + (D
where we assume that the real-valued potential 7 is continuous and bounded from
below. In order to gain some information on V(y), we shall compare H with
the associated self-adjoint Dirichlet operator Hf obtained from H by imposing
an additional Dirichlet boundary condition lim, oy/(y &+ ¢) = 0 at the point y € R.
Since the resolvent difference [(H) —z)™' — (H —z)~'] is rank one (cf. (2.37)),
Krein’s spectral shift function &(4, y) [25, 33] for the pair (Hf,H ) exists for all
y € R and a.e. 4 € R (with respect to Lebesgue measure) and one obtains for all
YER,

Tl f(H) = f(H)] = [dif' (1)E(Ay) (12)
R

0<&ALy)<1 ae Z€R, (13)
XY =0 A< inf o(H) (1.4)
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for any f € C*(R) with (1 + A2)f%) € L?((0,00)),j = 1,2 and f(A) = (4 —2z)7},
z € C\[info(H ), o). (Here o( - ) denotes the spectrum.) A closer look at the rank-
one resolvent difference of HyD and H reveals the additional result that for each
y€R and ae. L€ R,

& y) = lim o~ Im{In[G(4 + ie, y, »)]} » (1.5)

where G(z,x,x") denotes the Green’s function of H (i.e., the integral kemel of
(H —z)™'). The main results proven in [16, 19] then revolve around the following
general trace formula.

Theorem 1.1. [16, 19] Let V be a measurable function on R satisfying

. n+1
(i) sup [ dx|V_(x)| < o0,
neEN n

n+1
(i) [ dx|Vi(x)] < oo forallneN,

n
where Vi(x) = [|[V(x)| £ V(x)]/2 and suppose E, < inf o(H). If x is a point of
Lebesgue continuity for V,then

V(x)=E,+ lilrgl ofodze—“[l —2(A,x)] . (1.6)
g E,

The proof of (1.6) combines (1.2) for f(A) =e *,e > 0 with path integral
arguments to control the trace of the heat kernel difference as ¢ | 0.
In the particularly simple case V(x)=0,G(Ax,x) = i/A/2,Im(A/?) = 0 for
_J12,A>0
A = 0, and hence ¢(4,x) = 0.4 <0
in Remark 2.5 in the context of reflectionless (N-soliton) potentials and in (4.18)—
(4.20) in connection with periodic potentials. In fact, historically, after the pio-
neering work by Gel’fand and Levitan [12] on regularized traces for Schrodinger
operators on a compact interval, the trace formula (4.19) for periodic (and certain
classes of almost periodic) potentials was one of the two previously systematically
studied trace formulae of the type (1.6) for Schrodinger operators on the whole real
line (see, e.g., [8, 11, 22, 30, 34] and more recently [5, 24, 27, 28]). The other
case studied in detail by Deift and Trubowitz [7] in 1979 was concerned with short-
range potentials 7 (x) decaying sufficently fast as |x| — oo under the assumption that

. Further explicit examples can be found

H = —% + V has no eigenvalues. They proved that

S+ (k,x)
J-(kx)

(where f1(k,x) are the Jost functions at energy E = k* and R(k) is a reflection
coefficient) which is an analog of (1.6). In the special case of positive C°°-potentials
of compact support, a trace formula of the type

V(x) = % Tdk k In|1+ R(k) (1.7)

V(x) = Tdi[l —28Ax)], x€R (1.8)
0

has recently been found by Venakides [35]. However, the equivalence of (1.7) and
(1.8) was not established in [35]. Moreover, £(4,x) was not identified as Krein’s
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spectral shift function for the pair (H?,H) and also the connection (1.5) between
£(4,x) and the Green’s function of H was not made.

The analog of the trace formula (1.6) and the associated formalism for second-
order finite-difference (Jacobi) operators, a summability result for operators H with
purely discrete spectrum along with a powerful new characterization of the abso-
lutely continuous spectrum o,.(H) of H as

oac(H) = {2 €R|0 < E(Jyx) < 1} (1.9)

for each fixed x € R and some of its applications to the almost Mathieu equation
or Harper’s model (here — °° denotes the essential closure) are presented in the
first paper [16] of our series.

The case of general self-adjoint boundary conditions of the type ¥/(x) + fy(x) =
0,8 € RU {oo} together with trace formulas for all higher-order KdV invariants
(expressed as differential polynomials in V') are studied in detail in the second
paper [19] of our series.

In the present third paper of our series, we shall give a systematic study of
short-range perturbations in which the regularization (Abelian limit) ¢ | 0 in (1.6)
can be removed and prove the absolute summability of the trace formula (1 6).
Specifically, we shall study the following three situations:

(i) Sufficiently short-range potentials with certain regularity properties (typically,
V € H*'(R), see (2.1)) in Sect. 2.

(ii) Potentials which tend to different asymptotes as x — Foo sufficiently fast in
Sect. 3.

(iii) Impurity (defect) scattering in connection with potentials of the type V =
Ve 4+ W, where V°(x+ a)= V°(x) for some a > 0 represents the periodic
background and the short-range perturbation W models impurities (defects) in
a one-dimensional crystal, are treated in Sect. 4.

In each of these three situations, we establish the connection between £(4,x) and
appropriate scattering quantities, such as reflection coefficients and Jost functions,
and prove the absolute summability of the trace formula (1.6),

Tdi)l - 28(A0)| < 00, RER, (1.10)
R

removing the Abelian limit ¢ | 0 in (1.6).

It should be pointed out at this occasion that the Abelian limit ¢ | 0 in (1.6)
cannot be removed in general if V(x) — co as x — co or x — —oo irrespec-
tive of the regularity properties of V(x). This is particularly plain in the case
where V(x) — 0o as x — +oo, since then for each x € R, |1 — 2¢(4,x)| =1 for
a.e. A€ R. But even if V(x) tends to a constant sufficiently fast as x — —oo
and V(x) — oo, explicit examples (such as, e.g., V(x) =€) in [26] show that
[1—2&(,x)] € L'((R,00);dA),R,x € IR. In these situations, the Abelian limit & | 0
in (1.6) represents a genuine summability method.

The fourth paper [17] in our series is devoted to various multidimensional trace
formulas in terms of heat kernel asymptotics. A brief announcement of our results
appeared in [18], expository accounts of this circle of ideas can be found in [14,
33]. Papers exploring several new solutions of inverse spectral problems are in
preparation.
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2. Short-Range Potentials

In this section we illustrate the trace formula (1.6) in the particular case of short-
range potentials satisfying

V e H*'(R), V real-valued . 2.1)

Here H™P(RR), m, p € N denotes the usual Sobolev space whose elements have
up to m distributional derivatives in L?(IR). The regularity condition on V in (2.1)
is essential in connection with our main result in Theorem 2.3, the removal of
a regularization procedure (Abelian limit) in our trace formula (1.6) (cf. (2.39)—
(2.41)).

The associated self-adjoint Schrodinger operator H in L*(IR) is then defined by

2
H= 4 +V, DH)=H**(R), (22)
dx?
and the spectrum o(H) of H is of the type
o(H) = 04(H)U[0,00), 0ess(H) = [0,00). (2.3)

Here oe(H) is the essential spectrum of H and the discrete spectrum o4(H) of H
is a bounded subset of (—o0,0) which may be empty, finite, or countably infinite.
We denote the latter by

oa(H) = {ej}jcs, € < ejy1, 2.4)
where
0
J=1¢{0,1,2,...,N} 2.5)
No =NuU {0}
is an appropriate index set. For later purposes we will also need the notation
0
Jr =9 {1,2,..,.NN+1}, eyy; =0 (2.6)
N

depending on whether J is empty, finite, or infinite. We also remark that each
eigenvalue of H is simple, H has no eigenvalues embedded into (0,00), and the
spectrum of H in (0,00) is purely absolutely continuous and of uniform multiplicity
two under hypothesis (2.1). It should perhaps be noted that the weak falloff con-
dition of V(x) as |x| — oo in (2.1) admits situations where zero is a (necessarily
simple) eigenvalue of H though these cases can easily be excluded by adding the
assumption ¥ € L'(IR; (1 + |x|)dx) in (2.1). For details in connection with these
spectral properties of H, see, for example, [4, 6, 7, 13], and the references therein.
In addition to A we also need to introduce the closely associated self-adjoint
Dirichlet operator H in L*(R) defined by
D d* D 12 22
Hy =——5+V.DH,) = {g€e HA(R)NH>(R\{y}) | g(y) =0}, yeR.
2.7)
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The spectrum of Hf is then given by
Dy __ D Dy _
o(H,') = 04(H; ) U[0,00), 0dess(H)) =[0,00), (2.8)
where
Dy _
O-d(Hy ) - {ﬂj(J’)}jEJ+ n (6070) 5

e < w(y)Ze, e-1 =w(y)=Se, jeJ\{1}.

(In the special case where J;. = {1,2,...,N + 1} is finite and uy+1(y) = ey+1 =0,
our notation in (2.9) indicates that uy,;(y) =0 is not a discrete Dirichlet eigen-
value though it may be a (non-isolated) eigenvalue of Hf due to, our weak falloff

conditions on ¥ as |x| — 00.) In particular,

(2.9)

D
Hy 2z H. (2.10)
Since the resolvent of HyD is a rank-one perturbation of that of H (see (2.37)) and
H) =H®? ®H?,, 2.11)

where Hf,y denote the corresponding half-line Dirichlet operators in L*((y, £00)),
the spectrum of HyD in (0,00) is purely absolutely continuous and of uniform multi-
plicity two. The discrete spectrum o;(H f ) however, in contrast to that of H, is not
necessarily simple. More precisely, u;(y) is a simple eigenvalue of Hf if and only
if ej_1 < pj(y) < e,. In this case, pu;(y) is a (simple) eigenvalue of either Hﬂy
or Hﬂ ,» but not of both. Whenever 1;(y) € {e;-1,€;} (possibly excluding the case
un+1(y) = 0 as explained after (2.9)), the multiplicity of u,(y) is two and p;(y)

is a (simple) eigenvalue of both H?  and HY .

As a final preparatlon for the main results of this section, we briefly recall a
few basw formulas in connection with scattering theory for the pair (H, H,), where
H,=—+ 2,D(H ) = H*?(R). Details can be found, for example, in [2-4, 7, 13,
28], Ch. 6, [29], Sect. 3.5, and the references therein. The Jost solutions f1(z,x)

of H are defined by

falax) = = - f e RSl COVETCE ) DA

z€ (E\{O},Im(zl/z) >0,xeR,

such that
Hf +(z,x) = zf +(z,x), z € C\{0} (2.13)

in the distributional sense. The unitary scattering matrix S(4), 4 > 0 in €? as-
sociated with the pair (H,H,) then explicitly reads in terms of transmission and
reflection coefficients from left and right incidence

soy= (TP FON 2.14
()—(R’(i) T(/l)>’ - @19
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where
T = 55 f_z("l’l;,/; = {1 - EJT n{"de(x)eif“”x f:F(,l,x)]_l ., (2.15)
Ri()=— Ziﬁﬁﬁgi - 27; fl'}/)z gde(x)e"i”zx fi(hx), (2.16)
R()=— ZE; :S;m = 27; ﬁ/)z H{ dxV(x)e= " (%), (2.17)
where

fa0x) = lim fo(2+ ix), 4> 0 (2.18)

and W(f,9)(x) = f(x)g’(x) — f'(x)g(x) denotes the Wronskian of f and g¢. In
addition, we recall that

TA)f+(Ax)=R" (W) f+(Lx)+ fx(Ax), 4A>0 (2.19)

and that the Green’s function of H (the integral kernel of (H —z)™!) is given by

G(z,x,x') = %%}(_Z’(—j))), x' < xze C\{0},Imz"?) = 0. (2.20)

Specializing to x = x’, G(z,x,x) is well known to be Herglotz function in z € C; =
{z € C|Im(z) > 0} for all x € R, that is, G(z,x,x) is analytic in €, and

Im[G(z,x,x)] > 0, G(z,x,x)=G(z,x,x), z€ Ci,x€eR. (2.21)

As a consequence (see, e.g., [1] or, for a different approach, [16, 33]) G(z,x,x)
admits the exponential representation.

1 A
G(z,x,x) = exp [c —I-I{[T_—Z - l—m] é(l,x)dl}, zeCixeR, (222)

where
ceR, 0=¢Ax)=1 forae leR. (2.23)

Fatou’s lemma then implies that

E(Ax) = lilm " Im{In[G(A + ie,x,x)]} (2.24)

exists for all x € R and a.e. A € IR. The normalization
E(Ax)=0, A<E,=inf o(H) (2.25)
is then consistent with (2.23), (2.10) and the fact that

G(A+i0,x,x) >0, A<E,. (2.26)
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As pointed out in Theorem 1.1 of the introduction, the general trace formula for
V € C(IR),V bounded from below, proven in [16] then reads

V(x)=E, + lifl(;l [die 1 —2¢(4,x)], x€R. (2.27)
& E,

Before we discuss how to remove the Abelian limit in (2.27) in the present short-
range case, it should be pointed out that &(4,x) is Krein’s spectral shift function
[25] for the pair (HP,H). In particular, for 1 € 6,.(H)° (A° denotes the interior of
a subset 4 C IR), &(4,x) is essentially the scattering phase shift for the pair (H2, H)
since one verifies that

_ G(A+1i0,x,x)

= = 2mHe) ) H) 228
G(/{ + iO,x,x) e ) e O'ac( ) ’ ( )

det [S(4,HP,H)]

where S(A, HP, H) denotes the unitary scattering matrix in €? for the pair (H?, H).
We start our analysis with the following lemma.

Lemma 2.1. Suppose V € H*'(R) is real-valued. Then for all x € R,

EAx)=0, 2 <E,—inf o(H), (2.29)
_ 1 —1 7 a f:t(z"x)z

In particular, £(A,x) is continuous for A > 0. Moreover,

1 —2¢0,x) £ [ROG), 2> 0, (2.31)

and
[1—2&4Lx)] = o(A7%%) (2.32)

uniformly with respect to x € R. In addition,
0, if A <eporif pi(x) <i<e
{(Ax) = {

if ui(x) € (ej—1,e;), (2.33)
1, ife_; <A

sy J0, ife_; <4 <ejand pi(x)=e
¢(4x) = { 1, ifei_; <A <ejand pi(x)=ej_; (2.34)
whenever o4(H)=+0.
Proof. Equation (2.30) follows from (2.24) and
] T(A
GO+ 0,5,0) = 3 £ (%)
(2.35)

f1(x) }
[f=(Gox)?
which in turn is implied by (2.15), (2.18)—(2.20). Continuity of £(4,x) for A > 0

follows from the fact that G(4 + i0,x,x) is continuous and zero-free for A € (0, 00).
Inequality (2.31) follows from (2.30) and an elementary geometrical argument.

= (i/22')| f 2 (x)|? {1 +R'(2)
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(In fact, |arg(1 + Re™)| < arcsin(|R|) < n/2 for |R| < 1,¢ € R and sin(x) = 2x/n
for 0 < x < 7/2 imply |arg(l + Re'?)| < n|R|/2.) Relation (2.32) is then implied
by (2.31) and

ROQ) = o173, (2.36)

which is a consequence of (2.15)—(2.17) and two integrations by parts applying
the Riemann-Lebesgue lemma. Relation (2.33) directly follows from (2.24) and the
fact that G(z,x,x) is real-valued for z < 0 with zeros precisely at the Dirichlet
eigenvalues y;(x) of HP since

HP —2)"' = (H - 2)7' = G(z,x,x) " (G(z,x, .), )G(z,. ,x),
z € C\{o(H?)Ua(H)} . (2.37)

Here ( -, - ) denotes the scalar product in L2(IR). Relation (2.34) then follows
from (2.33) by a continuity argument. [

Remark 2.2. (i) Inequality (2.31) holds for any real-valued potential satisfying
V € L'(R), and hence

[1—2& - ,x)] € L'((0,00);d2) if R'D e L'((0,00);d1) . (2.38)

In particular, R € L'((0,00);d1) together with (2.31) are all that’s needed to
remove the Abelian limit in (2.27) (see Theorem 2.3). We also note that (2.36)
(and hence (2.32)) holds if ¥’ is merely piecewise absolutely continuous admitting
finitely-many jump discontinuities (i.e., there exists a finite partition of R, —oo =
Xg < x; < -0 <xy < xpe1 = oo such that V' is (locally) absolutely continuous
on each interval (xp,xni1), 0 < m < M).

(ii) Obviously, (2.33) and (2.34), in contrast to (2.30) , are generally valid in
spectral gaps of A and by no means linked to the short-range nature of V' subject
to (2.1). In particular, (2.33) is a general property of Krein’s spectral function as
long as e; and p;(x) are simple eigenvalues of H and HP, respectively.

Given Lemma 2.1, we can now remove the Abelian limit ¢ | 0 in the trace
formula (2.27) for V(x) and state the principal result of this section. (We recall
our notational conventions in (2.4)—(2.6), (2.8), (2.9), and the paragraph following

2.9).)

Theorem 2.3. Suppose V € H>'(R) is real-valued and denote E, = inf o(H). Then
[1 —2&.,x)] € LY((E,,0);dA),x € R and

V()= E, + [di[l - 260,x)] (239)
Eo
= 2e,+ ¥ lej= w@I} + [dl1 - 260)] (240)
JEJ+ 0
=2{eo + > [e; — ()]}
JEJ+

Jfﬂ:(lsx)2
|f+(x)]

If 94(H) =10, the discrete spectrum part 2{...} in (2.40) and (2.41) is to be
deleted.

— (2/71)7041/1 Im{ln{l + Rg(ll) }},x eR. (2.41)
0 v
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Proof. The trace formula (2.39) follows from (2.27), (2.31), and (2.32) applying
the Lebesgue dominated convergence theorem. Equalities (2.40) and (2.41) are then
obvious from (2.39), (2.30), (2.33), and (2.34). O

Remark 2.4. Formula (2.41), in the special case o4(H) = 0, is due to Deift and
Trubowitz [7]. Formula (2.39), on the other hand, again in the special case 0 ,(H) =
@ (more precisely for 0 < ¥ € Cg°(R)), appeared in a paper by Venakides [35].
However, the connection (2.24) between &(4,x) and the Green’s function G(z,x,x)
of H, and hence the connection between (2.39) and the earlier result (2.41) in [7],
was not establised in [35]. Moreover, £(A,x) was not identified as Krein’s spectral
shift function for the pair (H2,H) in [35].

Remark 2.5. Tt seems worthwhile to point out the particularly simple step function-
like structure of &(4,x) in connection with reflectionless potentials characterized by
R'D(1)= 0,4 > 0. In this case &(1,x) is given by (2.33), (2.34) for A < 0 and by

E(Ax) = %, A>0 (242)

on the (interior of the) absolutely continuous spectrum of H. This applies, in par-
ticular, to all N-soliton potentials (including ¥ = 0) and to a class of oo-soliton
potentials (having infinitely-many negative eigenvalues accumulating at zero) intro-
duced in [20, 21].

We conclude this section with a few remarks on the low-energy behavior of
&(4,x) as A | 0. Assuming, in addition to (2.1), that V satisfies

Ve L'Y(R; (1 +x*)dx), (2.43)
we need to consider the following case distinctions:

Case I. W(f-(0), f+(0))*0 and f_(0,x)f+(0,x)=0.

(The first requirement can be expressed as f]R dxV(x)f+(0,x)%0 and is equiva-
lent to the fact that H has no threshold resonance; see, e.g. [2, 3]. The second
requirement says limy _,, pty11(x’)+0). Then

R'D() = —1+ 0%y, (2.44)

(1) — —2iA12 o .
( )FIOHf{dx’V(x’)f:F(o,x/)[ +00G7)], (2.45)

. _ = f+0,x)f-(0,x) 12
GO+ 10.5.0) = T e ok 00, (2.46)
R

and hence

E(A,x) = nlarg[G(J + i0, x,x)] = O(1"?) in case I, (2.47)

since f4(0,x) are real-valued.

Case IL W(f_(0), £+(0)) =0 and f_(0,x)f+(0,x)=0.
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(The first requirement can be written as flR dxV(x)f+(0,x) = 0 and is equivalent
to the fact that H has a threshold resonance, see, e.g., [2, 3].) Then [2, 3]

r

2cic3

R'(A) = F7——=—= 4+ 00", (2.48)
410 (01|2 -+ IC2|2
T(2) = —'“'2 — |CZI§ +0("y, (2.49)
210 ey |7 + |ea]
with |c;|# |c2| and hence R"P(0)# — 1. Thus
G(A + i0,x,x) To(i/%]/z){ F+0,0[1+R'(0)]+ 0(1), (2.50)
and hence
E(A,x) = nlarg[G(A + i0,x,x)] “To% + O0(4"?) in case II. (2.51)

We emphasize that /' = 0 and more generally, all N-soliton potentials ¥y mentioned
in Remark 2.5 have a zero-energy resonance and hence belong to case II.

The case where f_(0,x)f+(0,x) = 0 can be dealt with analogously, but requires
higher-order computations.

3. Cascades

As the title of this section suggests, we shall now indicate how to extend the results
of Sect. 2 to potentials with non-trivial spatial asymptotics. More precisely, we shall
assume that V' satisfies

V,V' € ACioe(R), V real-valued, V', V" € L'(R),
9 o0 3.1)
J dx|V(x)| + [dx|V(x) — V| < oo for some V; > 0

—00 0
throughout the major part of this section. (By reflection, x — —x, it suffices to
consider ¥V, > 0.)

Since most of the details will be similar to those in the previous section, we shall
mostly refer to Sect. 2 for notations and basic facts and dwell only on situations
markedly different in the present context of (3.1).

Introducing H, HyD,J,J+, etc. as in Sect. 2, the absolutely continuous spectrum
of H and H f now equals [0,00) with uniform spectral multiplicity one on (0, V)
and two on (V,00). While H has no embedded eigenvalues in (0, 00), Hf may
have (countably infinitely-many) eigenvalues in [0, 7] as briefly discussed in
Remark 3.4.

Concerning the stationary scattering theory for H, one has to replace the Jost
solutions (2.12) by

Falen) = s T adk sinlka (e — V) - Val (o).

ki(z)=(z = V) k_(z) =z, V_ = 0,Im[k+(z)] = 0,z € C\{0,7,},x € R
(3.2)
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to obtain
Hf1(z,x) =zf +(z,x), z€ C\{0,V,} (3.3)

in the distributional sense. The unitary scattering matrix S(4),4 > 0 in C, resp. 2,
now reads as follows:

RATEGYRD)
W~ [+(2)

(note that S(4) is unimodular in this case since f;(4,x) is real-valued for 0 < 4 <
V.) and

S(A)=R'(1) = 0< i<V, (3.4)

S(h) = (1@((%1)) RT((/:))> iV, (3.5)
where
, 2i[ky (A)k—(2)]'7
- , 36
T =G s (3.6)
W(f-(4), f+(A))
"y =- , 7
RO =%t fo) G7)

R VEOYRN
Here fi(4,x)= lilnou f+(A+ie,x) and the Green’s function G(z,x,x) of H now
satisfies

S+(Ahx) [ (4x)
W(f (), [-(A))

G+ i0,x,x) =

’ 2
— i 2k /{ A, 2 l:l Rl }. f:l:(l’x) ,
[/ 2k (DN f (40| [T+ R ( )——|fi(/1,x)|2
/1>{(’)’+, xeR. (3.9)

The above expression for G(4 + i0,x,x) involving R"(4) (as opposed to that involv-
ing R'(1)) appears to be singular at A = V., since k. (1)~! = (4 — V)~ V2 (whereas
k() t=v] 172 ). However, this apparent contradiction is easily resolved by ob-
serving that R"(4) l—_l_/ —1+ o(1) (see also (3.33) for more details).

2LV

Remark 3.1. Scattering theory for potentials with different spatial asymptotics has
been studied in detail, for example, in [4, 6, 13], and we have freely used these
results in (3.2)—(3.9). That S(4) for 0 < 4 < V, is unimodular in (3.4) illustrates
the fact that total reflection occurs from left incidence in this energy regime as
explored in detail in [6] (see also [13]).

Since relations (2.20)—(2.27) are independent of the short-range nature of V,
they apply in the present case. In particular, the definition of &(4,x) in (2.24) and
the trace formula (2.27) remain valid. Similarly, Lemma 2.1 extends to potentials
subject to the hypothesis (3.1) with only one minor change.
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Lemma 3.2. Suppose V satisfies the conditions (3.1). Then (2.29), (2.31)-(2.34)
are valid in the present case. Equation (2.30) turns into

Hx) =+ + n—llm{ln[l +R;(A)M] } A A 3a0)
2 [f+ (G 0
and &(A,x) is continuous in . > V.
Proof. Except for the analog of (2.32), which follows again from
12’“)(/1):0o o(A73%y, (3.11)

everything else is proven as in Lemma 2.1. The actual proof of (3.11), however,
is now more cumbersome since no simple formulas such as the right-hand sides in
(2.15)—~2.17) appear to be available in the present case. Hence, we briefly sketch
a different (though straightforward) approach to (3.11) (following Lemma 2.3 in
[13]). From the outset it is readily verified that

T(A) = 1+007"%), (3.12)
£—00
RDQ) = o™, (3.13)
£—00
In order to improve on (3.13), using the additional smoothness conditions on V,

we explicitly compute the Wronskian of f_(4,x) and f.(4,x) (for simplicity, at
x =0).

W(f (A, f+(A))0) = iky — k) — ofodx cos(kyx)[V (x) = Vi 1f +(4x)
0

— f dxcos(k_x)V(x)f-(A,x) — (tkp k) fo dx sin(k_x)V (x) f - (4,x)

- (ik—/k+);fodx sin(k,x)[V(x) = Vi]f+(4,x)

+ k! f dx sin(k_x)V(x)f_(/l,x)?dx’ cos(k XV (') = Vilf+(Ax")
—00 0

— k! f dx cos(k_x)V (x) f_(/l,x)jodx' sin(e X )V (') = Vilf+(x'), 4 > V.
—o0 0

(3.14)

Next, one observes
il (A) — k(D] = (=227, + 0(7?), (3.15)
(ks (D/kz (D] = iF ({/20)V; + 007, (3.16)

ke (D)7 = ATV2 0073y, (3.17)
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and
g+ (4x)] + gL (LX) + [g4L(A4X) £ C, x=0,A =2V, +1, (3.18)
>
where ‘
g(Ax) = T (4). (3.19)
(The estimate (3.18) immediately follows from (3.2).) Employing (3.15)—(3.19),

one arrives at

WD f+(0) = (™) (3:20)

after two integrations by parts in (3.14) (and a few tears) using the Riemann—
Lebesgue lemma and

+oo
g+(%,0) = 1F(1/2i2'7) [ dxe™* [V (x) = Vil f£(Ax) + 007",
' ’ (3.21)
gu(%0) = 07", (3.22)

Combining (3.6)—(3.8), (3.12), and (3.20) then proves (3.11). O

The asymptotic behavior (3.11) slightly improves Lemma 1.4 (iv) in [4] since
we arrive at the conclusion o(4~3?) instead of O(A~%?) and their extra hypothe-
sis ffoo dx(1 + x|V (@) + [5° dx(1 + |x])|V(x) — V4| < oo is not needed in our
proof.

Remark 2.2 and the paragraph following it clearly apply in the present context.

Lemma 3.2 enables one to again remove the Abelian limit in the trace formula
(1.6) for V(x). (We recall our notational conventions in (2.4)—(2.6), (2.8), (2.9),
and the paragraph following (2.9).)

Theorem 3.3. Suppose V,V' € AC\oo(R),V is real-valued, V' V" € L'(R),
f_ooo dx|V(x)| + [5°dx|V(x) — Vi| < oo for some V, > 0. Let E, =inf o(H).
Then [1 —2&(.,x)] € LY((E,,0);dA),x € R and

Vix)=F, + Td/l[l —2&(4,x)] (3.23)
E,
=2{ep + ZJ [e, — w,(x)]} + ?odl[l —2&(2,x)] (3.24)
JEJ+ 0
=2{eo+ Y [e; — w;(x)1}
J€J4
[ 2
—(2/n) [dAIm{ In|1 Rl‘f'—()“’x)—”, R . 3.25
( /n)of m{ n[ + (A)|f_(2,x)|2 x € (3.25)

If 6,(H) =0, the discrete spectrum part 2{...} in (3.24) and (325) is to be
deleted.

Given Lemma 3.2, the proof of Theorem 3.3 is identical to that of Theorem 2.3.

Remark 3.4. While £(4,x) is continuous in A > V,,&(4,x) may have (countably
infinitely-many) jump discontinuities of size one in [0, V. ]. These discontinuities
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occur at those special energies y,(x) € [0, V] which are eigenvalues of the Dirichlet
operator H_ﬂ . (the restriction of H” to (x,00)). The Green’s function G(z,x,x) of
H is of the type
G(z,x,x) = [m; (z) = mf (2)]"", (3.26)
where m¥(z) are the Weyl m-functions associated with H2 . in L*((x,+00))
(HP =HP & H? ) with m_(z) being continuous near y;(x) while m;(z) has
a first-order pole with a negative residue at p;(x). Thus
Glxx) | = elz = p (] + 0z~ w@P) w) €©.V,)  (327)

for some ¢ > 0 and hence £(A,x) has the jump discontinuity

lim &) £ 0) = { | (3.28)
at pi(x) € (0,74). A comparison of formulas (3.10) for {(4,x),A > V_ and (3.7)
for R/(J) then shows that

S-@x? (3.29)
|f = (i), ) '

since f(p;(x),x) =0. Clearly ¢(4,x) is continuous in A > 0 away from these
special energies p;(x) € (0, V4]

Next, we shall briefly consider the behavior of £(A,x) as A | 0 and as A | V
(since H changes spectral multiplicity at V) similarly to the discussion at the end
of Sect. 2. We shall assume

L+ R ((x))

ff) dx(1+xH)|V(x)| + de(l +x)|V(x) = V4| < 00 (3.30)
—00 0

in addition to (3.1) and consider the following case distinctions depending on
whether or not H has a threshold resonance at A = 0.

Case I. W(f-(0), f+(0))+0 and f_(0,x)f+(0,x)=+0.
Then, since f(0,x) are real-valued, one infers

RI(%) = —140(A?), (3.31)

. _ S+0,x)f-(0,x) 1/2
G(A+ zO,x,x))IO (/0% /_(0)) + O(A7%), (3.32)

and hence
E(A,x) = nlarg[G(A + i0,x,x)] o O(A"?) in case I. (3.33)

Case I1I. W(f-(0), f+(0)) =0 and f_(0,x)/+(0,x)=0.
In this case one infers (see, e.g., Proposition 2.4 in [4] or Lemma 2.5 in [13]) that

WS-, f4(2) = 27 + 0(2), v € R\{0}, (3.34)

Gz +i0,x,x) = (i) f+0.0f-O01+ 0. (335)
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Thus we get
1
E(yx) =1 arg[G(A + i0,x,x)] =3 O(4"?) in case II. (3.36)

Discussion of the case A | V, remains. Since f,(V;,x) is real-valued and
W(f_(A), fr(A)#0 for 1 > 0 (see, e.g., Lemma 1.2 in [4] or Lemma 2.1 in
[13]), one infers that

R’(/I)M=V+ —140((A =V, (3.37)

G4 o) = STV (Fin)

O((A — V)2 3.38
i W, 1y O 639

and hence

_ 1 loy S (VX)) 2
hx) = 5+ Im{ln [1+R(V+)lf_(V+,x)I2H+O((x V)2, (339)

This serves as an illustration that £(4,x) is insensitive to the fact that H changes
its spectral multiplicity at V.

We conclude this section with a brief discussion of the case where
V(x) — oo, that is, we now assume
X— 00

0
Ve CR), [dx|V(x)| <oco, lim V(x)=o0. (3.40)
_s0 xX—00
H is then defined as the form sum of Hy = —5722 and V in L?>(RR). Then f_(z,x)

can be defined as in (3.2) (or (2.13)) and, since V(x) — oo as x — oo, the Weyl
m-function associated with HY, (the restriction of H to (0,00) with a Dirichlet
boundary condition at x = 0) is meromorphic. Hence, there exists an entire function
f+(z,x) satisfying

fi(z,) € L*((0,00)), z€C (3.41)
and (3.3). fi(z,x) can be chosen to be real-valued for 4 € R (see, e.g., [26] for
further details). H now has simple spectrum which is purely absolutely continuous
on (0,00). The reflection coefficient from left incidence is then defined as in (3.4),
that is,
W (D), f+(A))

R'(}) =
N AN A

A>0, (3.42)
and hence
R'(M) =1, 4i>0 (3.43)

proves total reflection from left incidence at all positive energies 4 > 0. The Green’s
function G(z,x,x) of H now satisfies

f+(/17x)f—()“’x)
W(f+(2), /-(4))

= (i/22")| f- (A x)[* |1 + R'(L)

G(A+i0,x,x) =

" (Ax)
&%;IZ , 1>0, (3.44)
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and one infers

| f-(Ax)?
EAx)==+mn 1Im{ln[l-%l?lll—— , A>0 345
=3 MTRVE) G4)
as in (3.10). However, due to the total reflection at all positive energies 4 > 0,
Ri(A)=e"™ £ 0 (3.46)

for some real-valued function » and hence

1-28Ax) A 0. (3.47)
£—00

In fact, in the explicit example V(x) = ¢* discussed, for instance in [26], where
R'(A) = —exp{2i arg[T'(1 + 2iA"/2)]}, 2 > 0 (here T'(.) denotes the gamma function),
one can verify that [1 — 2&(.,x)] ¢ L'((0,00);dA),x € R. As a consequence, the
Abelian limit in the trace formula (1.6) for V(x), in general, cannot be removed
in the case (3.36) and hence (1.6) represents a genuine summability method in
this situation. As mentioned briefly in the introduction, this becomes even more
transparent in the case where V(x)x_)—i>oooo since then for all x € R and a.e.

AER, |1 —26(,x)| = 1.

4. Hill Operators with Impurities

In our final section, we shall consider short-range perturbations # of Hill operators
2 . . .y
H = —5’—2 + V°, and hence extend the results of Sect. 2 to scattering off impurities

(defects) in one-dimensional solids.

Again, most of the results in this section are valid under minimal smoothness
assumptions of V° and W. However, since our main result in Theorem 4.3 requires
a certain regularity of ¥° and W, we shall avoid technicalities and suppose these
regularity assumptions throughout this section.

We start by briefly reviewing the necessary Floquet theory associated with the
periodic background potential V° satisfying

Ve e HY([0,a]), V° real-valued, V°(x+a)=V°(x), x€R (4.1)

for some a > 0. The corresponding Hill operator H° in L?(IR) is then defined by
d2
H=—-——+V°, DH’)=H"”R). (4.2)
dx
The spectrum of H? is purely absolutely continuous of the type
o(H*) = | J B3 1) By 1L ES < EY <E < B <E{ <E§ <. (43)
neN

with uniform multiplicity two on o(H?)°. (We recall that 4° denotes the interior of
A C R.) An entire fundamental system of distributional solutions of

H%(z,x) = zY(z,x) (4.4)
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with respect to z is then provided by s°(z,x) and ¢°(z,x) defined as

X
s°(z,x) =z~ Psin(z"2x) + [dx'z™Psin[z'A(x — X" )V (x")s°(z,x')
0

¢°(z,x) = cos(z"x) + [dx'z7"Psin[z'2(x — XV ) (z,x), z€CT, (4.5)
0

W(s°(z),c’(z))=—-1, zeC. (4.6)

The discriminant 4(z) and Floquet parameter (Bloch momentum) 6(z) are then
defined by

A(z) = [°(z,a) + s”(z,a)]/2 , (4.7)

0@ — A()F AP - 1. (4.8)

Thus
cos[f(z)a] = A(z), sin[0(z)a]l =i\/4(z)* -1, (4.9)

and the branch of /. is chosen such that VA(A)* —1 > 0 for 2 < E§ and hence
—i0(A) > 0,4 < Ej, O0(A) e R <= A€ a(H),
—if(1) € (0,00) < 1 € R\o(H?). (4.10)
The Floquet solutions of H® are defined by

fi(z,x) = c%(z,x) + 5°(z,x) [A(z) F VAP ~-1- c"(z,a)] /5°(z,a)

=" pi(zx), pa(zxta)= pe(zx). (4.11)

They satisfy
f%(@z.) € L*((R,+)), RER, zc C\o(H°), (4.12)
f2(Ax) = f9(hx), A€a(H’), (4.13)
f%(4,x) are real-valued for A € R\o(H°)’, (4.14)
W(f2(2), f5(2) = =2/ A@z) = 1/s°(z.a) , (4.15)

+£2isin[0(2)al/s°(A,a), ) € o(H®)°
W(f%(2), [%(2) = {
0,4 € R\c(H°) . (4.16)

For details in connection with (4.3)-(4.16), see, for example, [9, 10, 28], Sect. 7.4,
[29], Sect. 3.4, [36, 37], and the references therein.

If H%P denotes the associated Dirichlet operator in L?>(IR) defined analogously
to (2.7) with spectrum

o(HPP) = {5(0)}nen U o(H®), 0es(HPP) = a(H°),
B Sp(y)<Ej;, neN, (4.17)
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the trace formula (1.6) applied to V°(x) yields (see [16, 19])

VO(x) = ES + Iilr(r)l [dae™ 1 — 2¢°(4,x)) (4.18)
& EO
= Eg + > [E3,_ + E3, — 2u3(x)] - (4.19)

n=1

Here né°(4,x) denotes the argument of the Green’s function G°(z,x,x) of H° (see
(2.24)) and one explicitly obtains

1’Egn—l < ’1 < :ug(x)
E(Ax) =< Op(x) < 4 < E3,
3By <A <E5, ;. (4.20)

Moreover, the assumption ¥° € H'?([0,a]) implies the finiteness of the total gap
length (see, e.g., [23] or Theorem 1.5.2 in [29])

&)
S |ES, — ES,_y| < o0, (421)
=1

n

and this has been used to infer (4.19) from (4.18) and (4.20).
Next we briefly turn to the impurity potential # assuming

W e H*'(R), W real-valued, W € L'(R;(1+ |x|)dx). (422)
The total Hamiltonian A in L>(R) is then defined by

2
H= —57 +V, DH)=H*R), V(x)="V(x)+W(). (4.23)

The spectrum o(H) of H is now of the type
o(H)=0,(H)Ud(H’), 0cs(H)=0(H’), (4.24)

where the point spectrum g ,(H ) (the set of eigenvalues) of H may be denoted by

o
op(H) = opn >

n=0

050 = {eo0}jes, C(—00,E]), 0pn={enj}tjcs C(Ep—1,E3,),  enj < enjti,

(4.25)
with
_J0
J”"{{0,1,2,...,Nn}’ n € No, (4.26)
an appropriate index set. Similarly to Sect. 2, we shall also need the notation
Jor = 0 Jop = 0 ne N
+ {1,2,...,No, Ng + 1} > ™+ {0,1,2,...,Np, N, + 1} ’
(4.27)

0 0 0
eoNg+1 = Eg,  en—1 =Ej, 1, enn1 = Eyy s
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depending on whether J, is empty or finite. Each eigenvalue of H is simple,
o,(H)No(H°) =0, and the spectrum of H in ¢(H°)’ is purely absolutely con-
tinuous and of uniform multiplicity two under hypotheses (4.1) and (4.22).

Remark 4.1. We have chosen to add the hypothesis W € L'(IR;(1 + |x|)dx) from
the outset in (4.22) since it guarantees finiteness of the discrete spectrum o, , of
H in any of its essential spectral gaps (—oo,E(),(ES,_,,E5,) as proven in [31].
Moreover, it can be shown that A has at most two eigenvalues in (£5,_;,E3,) for
n sufficiently large (i.e., N, < 2 for n large enough), and if fIR dxW(x) # 0 precisely
one eigenvalue in (E,_,,E3,) for n sufficiently large (i.e., N, = 1 if fR dxW(x) #
0 for n large enough), see [9, 15, 32, 36, 37]. The following material can be
developed without the assumption W € L'(IR;(1 + |x|)dx) but only at the expense
of introducing a considerably more involved bulk of notations since elements of
0, may then accumulate at (E5,_, and/or E3,).

Next we briefly introduce the associated Dirichlet operator Hf in L2(IR) defined
as in (2.7). Its spectrum is then given by

o(HY) = 0,(H)Uo(H’), 0esx(HY) = 0(H"), (4.28)
where
ap(H) = oh.(), (4.29)
n=0
Tpo(¥) = {10 (M} sesnt N (€00, Ef) »
eop < poi(y) <eor, eoj—1 =< poi(y)<eo; Jj€Eo+\{1}, (4.30)

O-g,n(y) = {:un,j'(y)}je-]n!_;. m (Egn—lﬂEgn) > ne N > (431)
ei’l,j—l Sﬂn,j(y)sen,j’ jEJn,+a nEN

(Our notation in (4.30), (4.31) indicates that the limiting cases w,o(y) = ep—1 =
ES,_1,n €N,y n,+1(¥) = ey n,+1 = ES,,n € N are not Dirichlet eigenvalues since
H has no L*((y,+00)) eigenfunctions at Ej,n € No.) The spectrum of H in
a(H?)’ is purely absolutely continuous and of uniform multiplicity two. Similarly to
Sect. 2, p, j(y) is a simple eigenvalue of H)L,) ifand only if e, ;1 < pn,(¥) < en),
whereas if u, j(y) € {en,j—1,€n;}, then w, j(y) has multiplicity two (excluding the
cases w, ;(y) = E9,_,,E3,). For details in the context of (4.24)—(4.31) see, for ex-
ample, [9, 10, 15, 31, 32, 36, 37], and the references therein.

Impurity (defect) scattering associated with the pair (H, H°) can then be sum-
marized as follows (see, e.g., [9, 10, 13], and the references therein). The Jost
solutions f1(z,x) of H are defined by

+oo
fi(z,x) = f9(z,x) — [dx'g°(z,x, x" YW (x') fi(z,x), z € C\{E}}ren, »(4.32)

9’ (zx,x") = [f1@0)f2(2x") = LX) L@ (fL(2), [4(2)), (433)

such that
Hf+(z,x) =zf+(z,x), z € C\{E,}ren, (4.34)
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in the distributional sense. The unitary scattering matrix S(4),4 € ¢(H°)° in C?
associated with the pair (H, H°) then reads as follows:

S(2) = ( 15((3)) ’;éj;) , A€ o(HY, (4.35)
_ 2isin[0(1)al/s’(L,a) s°(4,a)
0= S Ty = U srmsa e A5G
(4.36)
1y W -(A), f+(A) _ T(4)s°(4,a)
R(A) = WO fo(h) - 2isin[0(Aa] fd W (x) fL(Ax) f+(Ax),  (437)
Rr(/{) - _ W(f*(/l)’f-\‘-(}')) T(A’)SO(A a) fd W(x)fo (A x)f (/{ x) (438)

W~ () f+(2) 20 sin[0(Z)alg
where f1(4,x) = liﬂr)l f+(A+i0,x). The Green’s function of H satisfies
&

AL
GO+ 0-32) = 3 O ()
_ is"(l,a) 2 1 fi(x,x)z 0\0
= Snticia e [+ R 2], A€oy x e R

(4.39)

Since V' = V°+ W is continuous and bounded from below, relations (2.20)—
(2.27), in particular, the definition (2.24) of £(4,x) and the trace formula (2.27),
are valid.

In attempting to generalize Lemma 2.1, however, one is faced with the following
problem. Although

s°(Aa) = A7"%sin(A%a) — (22)cos(22a) [dxVo(x) + O(A7?),  (4.40)
A—00 0

02 = A4 0q), (4.41)
£— 00
and hence

T(A) — 1, R(A) — 0 pointwise for 1 € a(H°)°, (4.42)
£—00 £— 00

that is, away from the essential spectral band edges {EJ}.en, of H, the factors

sin[#(A)a] in the denominators of (4.36)—(4.38) prevent the convergence in (4.42)

at the band edges. In fact, as we will briefly explore at the end of this section,

one generally has R"(E?) = —1, and hence a result such as Rl(’)(l); = o(173?)
L —00

in (2.36) is usually false in the present impurity scattering situation. Neverthe-
less, by separately considering sufficiently small compact intervals o, C o(H°) with
E° € 0o, and the remaining spectral band [Eg(n_l),Egn_l]\{az,,_1 Uoa}, a device
studied in detail by Firsova [9,10], we will be able to prove a suitable analog of
Lemma 2.1.
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Lemma 4.2 Suppose V = V° + W, where V° € H'?([0,a]) is real-valued, V°(x +
a) = V°(x) for some a > 0, W € H*'(R) is real-valued, and W € L'(R;(1 +
|x)dx). Then for all x € R,

&Ax)=0, A<E,=inf o(H), (4.43)
1 S(Ax) 0
{hx)=5+m 1Im{ln [1 +R (l)lfi(/l "H} , AEo(H°),  (4.44)
and &(A,x) is continuous for A € o(H®)°. Moreover,
1=2e04,x)| < IRPQ), A€o . (4.45)

In addition, there exist compact intervals ¢, C o(H°),E} € do,,n € Ny with
EneNo |oa] < oo(| + | denoting Lebesgue measure) such that

[1 —2&(4x)] = o(A7>?) for 2 € a(H)\ | o (4.46)

n€Ng
uniformly with respect to x € R. In addition,
R'D e LY a(H®);dA) . (4.47)
Finally, we note that

0,4 < €0, tn j(x) < A < ey
¢(A,x) = { if pin,j(x) € (enj—1,€n;), (4.48)
Lenj—1 < A< pinj(x)

_ ann,_]—l <A< €n,j if .un,j(x) = €n,j—1
&hx) = { Lenj—1 < A < eyjif pyi(x)=e,; (4.49)

whenever @, ,(H) # 0.

Proof. Equations (4.43), (4.48) and (4.49) reflect the general behavior of £(4,x) in
spectral gaps of H since G(z,x,x) > 0 for z < inf o(H) and G(z,x,x) is real-valued
for z in any (non-empty) spectral gap of H. Equation (4.44) follows from (2.24) and
(4.39) (we note that s°(4,a) is real-valued for A € R and 6(1) € R for A € a(H?)
by (4.10)). Since G(4 + i0,x,x) is continuous and zero-free for A € a(H?)?, &(4,x)
is continuous in A € g(H?). Inequality (4.45) is then clear from (4.44). For the
explicit construction of the compact intervals o, with ES € day, zneNo |o.] < o0
such that

ROy = o(7'?) for heo(H\ | on, (4.50)

Ao n€Ny

we refer to [9,10]. Here we only mention that (4.50) is implied by the asymptotic
relation (4.41) and, assuming A € a(H)\ UneNoan, by

2i sin[0(A)a]
s°(A,a) 2

T() = 1+(1/2ill/2)L[de(x)—i—O(MI"l/g)], (4.52)

W), [5(A) = = 20+ 03271, (451

RI(2) = (1/2iA1?) L{dx W (x)eTH00x 4 o418 )] (4.53)
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as proven in [9] (see also [10]). In particular, in order to arrive at (4.52), (4.53)
one combines (4.41), (4.51), (4.36)~(4.38), and

p(x) = 1+0(A™"%), reat )\ | o, (4.54)
e neENy
If2(Ax)] £ C(1+Ix]), 1€ a(H), (4.55)
|f2(hx) = [G(bx)| £ CA+ DA +1A)'2, L€ o). (4.56)

Here py(4,x) has been introduced in (4.11), and (4.55) and (4.56) follow from
(4.32), (4.33) (see [9, 10]). Analogous relations for the first and second x-
derivatives of p1(4,x) and f4(4,x) then yield

ROG) = o(h7?), Lead)\ | o (4.57)

nENo

after two integrations by parts in (4.37), (4.38). Together with (4.45) this proves
(4.46). Using |[R"P(A)| £ 1,4 € a(H®) (as a consequence of the unitarity of the
scattering matrix (4.35)), one then infers (4.47) from

[ AR < [ di+ [ (A <00, O (4.58)

o(H) nENg On o(HO)\ nEUNO on

As in the previous sections, Lemma 4.2 will enable us to remove the Abelian
limit in the trace formula (2.27) for V(x) and state the principal result of this
section. (We recall our notational conventions in (4.3), (4.17), (4.25)—(4.31).)

Theorem 4.3. Suppose V = V° + W, where V° € H'Y([0,a]) is real-valued,
Vo(x +a)=V°(x) for some a > 0,W € H*'(R) is real-valued, and W €
LY(R;(1+ |x|)dx). Let E,=info(H). Then [l —2&(.,x)] € L'((E,, 00);d1),
x € R and

V(x) = V() + W(x) = Ey + [dA[l — 2603 x)] (4.59)
E,
= {2e00 +2 > [eo; — Mo, j(x)] — Eg}
J€Jo+
+ B 42 S [en) — )] — ES} + [dA[1 - 26(Ax)]  (4.60)
=1 €Tt o(HO)

= {2e00 +2 ) [eo; — po,;(x)] — Eg}

J€Jo+

o
+ Z{Egn—l +2 > [en,; — tn,j(x)] — E3,}
n=1 €Ty

7o Se(Ax)?
—(2/7'[)0(50)6{}. Im{ln l:l +Rl(l)m:|}, X € ]R (461)
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Similarly,

W(x)=2{eoo+ > [eo; — po,;(x)] — Eg}

J€Jo+
2@ + X [eny — g0 — B3} + fdAl —26(A0)]  (462)
n=1 J€Tas o(Ho)
=2{eoo+ Y leo; — o,j(x)] — E§}
J€Jo+
LIS+ S [eny — iy 0] — ES}
n=1 JE€JIn+

7 fi(/l,)()z
- (2/7:)0([{0)61/1 Im {ln [1 +R’(i)m] } , x€R. (4.63)

If 0,,(H) =10, the corresponding expression {...} in (4.60), (4.61) is to be re-
placed by {E3, | —2uno(x)+ ES,} if n € N and deleted if n = 0. Similarly, if
opn(H) =0, the corresponding expression 2{...} in (4.62), (4.63) is to be re-
placed by 2{p2(x) — uno(x)} if n € N and deleted if n = 0.

Proof. The trace formula (4.53) follows from (1.6), (4.45)—(4.47), and the Lebesgue
dominated convergence theorem. Equalities (4.54) and (4.55) are then clear from
(4.59), (4.44), (4.48), and (4.49). Equations (4.62) and (4.63) are obtained
by combining (4.60), (4.61) and (4.19) observing the finite total gap length
421). O

We note that the analog of Remark 2.2 clearly holds in the present context.
Moreover, the threshold behavior of &(4,x) in (2.43)—(2.51) near 4 = 0 extends to
the essential spectral band edges {EJ}.en, of H in the current impurity scattering
situation. In particular, assuming

W e LY(R; (1 + x*)dx) (4.64)

in addition to (4.22), one again distinguishes two cases depending on whether or
not H has a threshold resonance at E.

Case 1. W(f-(E}), f+(E;))+0 and f_(E},x)f+(E;,x)+0.

Then
RO = 1 (4.65)
and
{hx) =, O(]A —E°|V*) in case 1. (4.66)
/lEo'(H’}’)

Case I W(f~(ES), f+(ES)) = 0 and f_(E2,x)f+(ESx)%0.
Then one can show that

{ax) =, % + O(JA — E°|'?) in case 1I. (4.67)

AEO(HO)
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