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Abstract We study the scattering problem for the Schrodinger equation on the half-
line with the Robin boundary condition at the origin. We derive an expression for
the trace of the difference of the perturbed and unperturbed resolvent in terms of a
Wronskian. This leads to a representation for the perturbation determinant and to trace
identities of Buslaev—Faddeev type.

1 Introduction

Let H be the self-adjoint operator on L, [0, co) defined by

2

d
H=Hy+V(x), Hy=—

ok u'(0) = yu(0), (1.1)

where y € R. The potential V is real-valued and goes to zero at infinity (in some aver-
aged sense). Then H has a continuous spectrum on the positive semiaxis and discrete
negative spectrum, consisting of eigenvalues {A ;}. If V decays fast enough, then there
are only finitely many negative eigenvalues.
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398 S. Demirel, M. Usman

The Hamiltonian H describes a one-dimensional particle restricted to the positive
semiaxis. The parameter y describes the strength of the interaction of the particle with
the boundary. Negative y correspond to an attractive interaction and positive y to a
repulsive one.

In this paper we derive trace formulas for the negative eigenvalues of H. Formulas of
this type first appeared in 1953 in the paper of Gel’fand and Levitan [10], where some
identities for the eigenvalues of a regular Sturm-Liouville operator were obtained.
Later, also Dikii studied similar formulas, see [9]. The next important contribution
in this direction was made by Buslaev and Faddeev [6] in 1960. They studied the
singular Sturm-Liouville operator on the half-line with Dirichlet boundary condition
at the origin. Under some assumptions on the short range potential (i.e. integrable on
(0, oo0) with finite first moment), they proved a series of trace identities. The second
one in this series states that

N 2 T 1T !
/;Mj'_;b/ n(k)—ﬁo/vmdx kdk = 1V(0), (12)

where 77(k) is the so-called limit phase and has a scattering theoretical nature. A more
precise definition will be given later. This result was extended in 1997 by Rybkin to
long-range potentials (nonintegrable on (0, 00)), [2,20]. Analog formulas for charged
particles were obtained already in 1972 by Yafaev [21].

Trace formulas for the whole line Schrédinger operator as well as their general-
izations to the multi-dimensional case have already been studied extensively (see,
e.g., the surveys [3,4,14,15]). Numerous papers are devoted to the subject of inverse
spectral problems for Schrodinger operators, where trace identities turn out to be a cen-
tral object, see e.g. [1,8, 13] and references therein. The first application of sum rules
goes back to Levinson [17] in 1949 when he studied the uniqueness of the potential in
the Schrodinger equation for a given limit phase. In the context of inverse scattering,
the connection between conservation laws for nonlinear evolution equations and trace
formulas was studied in [4,19,23] and in [11] for more general settings. Other trace
formulas in connection with periodic potentials and certain classes of almost periodic
potentials have been important in solving the associated inverse spectral problem, see
[12] and references therein. Finally, we mention that various trace identities are used
also in the area of statistical mechanics and plasma physics, see [4].

An important consequence are the well-known Lieb-Thirring inequalities, which
in dimension one follow from the third Faddeev—Zakharov trace formula, see [23] and
[18]. This formula was extended in [16] by Laptev and Weidl to systems of Schroding-
er operators, which leads to sharp Lieb—Thirring inequalities in all dimensions. These
inequalities provide an upper bound for the moments of the negative eigenvalues of the
corresponding Schrodinger operator and can be extended also to magnetic Schrodinger
operators and Pauli operators. See also [5] for spectral estimates in the case of the half-
line Schrodinger operator. Consequences for the absolutely continuous spectrum of
one-dimensional Schrodinger operators were obtained by Deift and Killip in [7].

Our goal is to prove the analog of the Buslaev—Faddeev trace formulas for the half-
line Schrodinger operator with Robin boundary conditions (1.1). Thereby, we follow

@ Springer



Trace formulas for Schrodinger operators on the half-line 399

Yafaev’s book “Mathematical Scattering Theory, Analytic Theory” [22], which con-
tains complete proofs in the case of Dirichlet boundary conditions. We aim to point
out the differences arising from the Robin boundary conditions and to give an inter-
pretation for them.

The outline of this paper is as follows. We consider the differential equation

—u +V@u=zu, z=172, (1.3)

where { € C and x > 0. We are concerned with two particular solutions of this
equation, the regular solution ¢ and the Jost solution 6. The first one is characterized
by the conditions

9(0,0) =1, ¢,(0,0) =7y, (1.4)

and the latter one by the asymptotics 6 (x, £) ~ ¢!¢* as x — oo.

In Sect. 2 we prove existence and uniqueness of the regular solution. The corre-
sponding properties of the Jost solution are well-known. Further, we introduce a quan-
tity w(¢), which we call the Jost function. We emphasize that this function depends
on y and does not coincide with what is called the Jost function in the Dirichlet case.
More precisely, w(¢) is defined as the Wronskian of the regular solution and the Jost
solution of (1.3). It turns out that

w() = y0(0,¢) =00, 9).

Section 3 contains our first main result. Denoting the resolvents of the unperturbed
and perturbed operators by Ro(z) = (Ho — 7)1 and R(z) = (H — 271, respectively,
we derive an expression for Tr(R(z) — Ro(z)) in terms of the Jost function.

Theorem 1.1 Assume that [ |V (x)|dx < oco. Then

U /4 .
Tr(Ro(z) — R(2)) = % (% + y _’ i{) ., c=zY2Im¢>0. (1.5)

From this relation we get a representation for the perturbation determinant in terms of
w(¢).

Section 4 deals with the asymptotic expansion of the perturbation determinant,
which we shall use to derive trace identities in Sect. 5. For complex numbers s, we
define the function

(=¥ ify <0,

M;(y) = [0 ify > 0.

Under some regularity and decay assumptions on the potential V we prove infinitely
many trace identities. The analogue to (1.2) will be given by
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al 2 T 17 1
;Mﬂ—Ml(y)—;/ n(k)—ﬁ/V(x)dx kdk=—2V(0). (L6)
- 0 0

where 71(k) is now the corresponding limit phase for the Robin boundary problem.
We recall that if y > 0, then Hy has purely absolutely continuous spectrum [0, 00).
If y < 0, then Hy has the simple negative eigenvalue —y? and purely absolutely
continuous spectrum on [0, co). Hence the first two terms on the left-hand side of
(1.6), Zjv: 1 1Aj] = M1(y), correspond to the shift of the discrete spectrum between
H and Hj. Similarly, the last term on the left-hand side corresponds to the shift of the
absolutely continuous spectrum. The trace formula (1.6) and its higher order analogs
proved below relate this shift of the spectrum to the potential V.

Finally, in Theorem 5.5 we prove a trace formula of order zero. Namely, the so-called
Levinson formula for the Schrodinger operator H with Robin boundary condition.

2 The regular solution and the Jost solution

In this section, we prove existence and uniqueness of the regular solution and recall
some elementary results on the Jost solution. The y-dependent Jost function is studied.
2.1 The associated Volterra equation and auxiliary estimates

Existence and uniqueness of the regular solution of (1.3) can be proved by using Vol-

terra integral equations. For different boundary conditions, equation (1.3) is associated
with different Volterra integral equations.

Lemma 2.1 Let V € LY”C)([O, o0)) and consider equation (1.3) on functions ¢ €

C1([0, 00)), such that ¢’ is absolutely continuous. Then (1.3) with boundary conditions
(1.4) is equivalent to the Volterra equation

X

1
@(x, ) = cos(gx) + %Sin(Cx) + E/Sin(é“(x —IVey. Hdy, (2.1)
0

considered on locally bounded functions ¢.

Proof Suppose that equation (1.3) holds for ¢. Then the equality

/ ¢lsinC =)V (»e(y. 0 dy= / ¢ sin@ (=) (070, )20, 0)) d.
0 0

is true. We integrate the right-hand side twice by parts. Taking into account boundary
conditions (1.4), we see that the right-hand side equals ¢ (x, {) —cos({x) — % sin(¢x).
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Thus equation (2.1) follows. Conversely, assume that equation (2.1) holds. Then ¢ €
CJ..(10, 00)) and

X

¢/ (x.¢) = —C sin(¢x) + y cos(¢x) + / cos(C(x — Ve(y. O dy.  (22)
0

Therefore ¢’ is absolutely continuous and

¢"(x, 0)=—¢%cos(¢x)—y¢ Sin(Kx)—i/Sin@(x — IV, )dy. (2.3)
0

Comparing (2.3) with (2.1), we obtain equation (1.3). Inserting x = 0 in (2.1) and
(2.2) for ¢(x, ¢) and ¢’ (x, ¢), we see that boundary conditions (1.4) are fulfilled. O

In the following Lemma it is proved that the regular solution ¢ (x, ¢) of (1.3) with
boundary conditions (1.4) exists uniquely. For the case of Dirichlet boundary condi-
tion, this result was represented e.g. by Yafaev [22].

Lemma 2.2 LetV € LYOC)([O, 00)). Then for all ¢ € C, equation (1.3) has a unique
solution ¢(x, ¢) satisfying (1.4). For any fixedx > 0, ¢(x, ) = ¢(x, —¢) is an entire
function of the variable z = 2. Moreover, for y # 0 we have the estimate

o(x. £) — cos(¢x) — g sin(¢.x)

< Gy prelmels (exp(cfo VI + |y|y>dy)_ 1)' o

[y

If y = 0, then the estimate
X
lp(x, £) — cos(¢x)| < éel™W [exp cx/ Vldy | —1 (2.5)
0

holds.

Proof We construct a solution of integral equation (2.1), which by Lemma 2.1 is
equivalent to the solution of (1.3). Set ¢o(x, {) = cos(¢x) + % sin(Z x),

Pnr1(x,8) Z/;ﬁl sin(¢(x = )Ven(y, 5)dy, n=0. (2.6)
0

Inductively one shows that all ¢, (x, ¢) are entire functions of ¢2. First, we consider
the case when y # 0. Using the estimates
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< clx — yle!™m&IG= anqd

sin(¢ (x — y)) '
¢

< éeMmex (1 4 |y|x), 2.7)

cos(¢x) + % sin(Zx)

we obtain
X
o1Gx, 0] Scexe'lmf‘X/|v<y)|<1+|y|y>dy.

Successively, we have or alln > 1,

n

<i [Im Z|x 1% 1 d 2.8
lgn(x, )| = n'|y|n_1xe [Vnld +lylyydy | . (2.8)

which follows by an induction argument. Indeed, it follows from (2.6), (2.7) and (2.8)
that

n

lons1(x, O] < n— “m“’c/(x—y)yW(yn /|V(r)|(1+|y|t)dr dy.

Hyl"

(2.9)

As|y| > 0,wehave y < Iyl_1 (14 y1y). Thus, the right-hand side in equation (2.9)
is bounded by

n

X y
e
—n||y|ne\lmllx/(1+|)/|y)(x—y)|V(y)| /|V(t)|(1+|)/|l)dt dy,
0

which is the same as

X n+1

e (x —

[Im¢lx [ 2 ) (1 t)dt dy.
—n!|y|"e p 1d /IV()I( +[yIt) Yy
0

Finally, the last term is bounded from above by

n+1

Cn—H

- |Im§|x 1
(n+1)¥|y|ne /|V(y)|( + |yly)dy
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Thus, the limit

N
P(x,0) = JLI%OZO‘”"("’ 9) (2.10)

exists uniformly for bounded ¢, x and |y| > 0. Putting together definitions (2.6) and
(2.10), we see that

N
D oulx, £) = cos(¢x) + ? sin(fx) — gn+1(x, ¢)
n=0

X N
+/§_1 sin(¢(x = y)V(y) (Z @n (Y, C)) dy.
0

n=0

From this equation, we obtain in the limit N — oo equation (2.1). To prove estimate
(2.4), we consider

N
‘w(x, £) = cos(ex) = sin(en)| = | lim 3 gn(x. c)’ SNCARY
n=1

Because of (2.8), the right-hand side in (2.11) is bounded from above by

5|y|xellmcxzi(cfo V()IA+ Iyly)dy)

<l vl

= |y |xelmel (exp(cfo |V(y)||(1|+ Iyly)dy) - 1).
Y

If y = 0, then we use the same estimates (2.7) and get successively,

n

X
cex
onx, )] = ol /|V(y)|dy
0

From this estimate it follows that

_ <0 7 '
lp(x, ) = cos(gx)] = celMET Y — cx/|V(y)|dy
n=1 " 0

X
= ¢el™¢ | exp cx/|V(y)|dy -1},
0
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which proves estimate (2.5). The uniqueness of a bounded solution of equation (2.1)
can be proved by contradiction. Suppose that ¢ and ¢, are two different solutions
of equation (2.1). Then ¢; — ¢, satisfies the corresponding homogeneous equation
and is bounded for an arbitrary n, by the right-hand side of (2.8) and hence is zero.
Therefore ¢ = ¢3. O

2.2 The Jost solution and the Jost function

The so-called Jost solution, which was first studied by Jost, is important in scattering
theory. This solution of equation (1.3) is characterized by the asymptotics 6 (x, {) ~
e as x — oo. Itis proved, e.g., in [22], that under the assumption

o0

/IV(x)Idx < 00, (2.12)

0
equation (1.3) has for all ¢ # 0, Im¢ > 0, a unique solution 6(x, ¢) satisfying as
x — oo the conditions

0(x,¢) =S (1 +0(1), 0'(x,¢) =ice™ (1 +o0(1)). (2.13)

For any fixed x > 0, the function 6(x, ¢) is analytic in ¢ in the upper half-plane
Im ¢ > 0 and continuous in ¢ up to the real axis with a possible exception of the point
¢ = 0. Moreover, it satisfies the estimates

o
16(x, ¢) — €'*F| < e ImEx eXp(I@I_l/IV(y)Idy) -1
X
and consequently, for [{| > ¢ > 0,
o0
6(x. 2) — i) < C|;|—‘e—1m“/|wy>|dy, (2.14)
X

where C depends on ¢ and the value of the integral (2.12) only. We will need an analog
of estimate (2.14) for the derivative of the Jost solution.

Lemma 2.3 Assume condition (2.12) and ¢ # 0, Im ¢ > 0. Then for the derivative
of the solution 0 (x, ¢) with asymptotics (2.13), the following estimate holds

16"(x, &) —ige'™*| < em ™ ¢] f exp ICI_I/IV(y)Idy —1]. @215
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Moreover, for |¢| > k > 0, we have
o
16" (x. ¢) —ige’| < Ke_Im“/IV(y)Idy, (2.16)
X

where K depends only on k and the value of the integral (2.12).

The proof of this Lemma follows closely the arguments of [22]. For the sake of
completeness, we provide the necessary modifications in the appendix.

Next, we study some properties of the y-dependent Jost function. Below we suppose
that condition (2.12) is satisfied and that Im ¢ > 0.

Definition 2.4 We denote by

'LU(;) = ¢/(x’§)9(xv§) _Ql(x»f)(p(x’f) (217)

the Wronskian of the regular solution and the Jost solution of the Schrédinger equation
(1.3). The Wronskian w(¢) is called Jost function.

Setting x = 0 in (2.17), we see that

w() = y0(0,¢) =00, ¢). (2.18)

This is the definition of w(¢) that was used in the introduction. The Jost function w(¢)
is analytic in ¢ in the upper halfplane Im ¢ > 0 and is continuous in ¢ up to the real
axis, with a possible exception of the point { = 0. Moreover, it follows from (2.14)
and (2.16) that

w() = —ic +0(1), [¢]— oo, Im¢ >0. (2.19)

Remark 2.5 Usually, in the literature the Wronskian wp of the Jost solution and the
regular solution satisfying a Dirichlet boundary condition is called Jost function.
In our case of Robin boundary condition (1.4), the Wronskian differs from the usual
one and depends on y. We emphasize, that for every y € R, the function w(¢) grows
linearly in ¢ as |{| — oo, whereas in the Dirichlet case we have for the corresponding
Jost function wp (¢) = 1 + O(l¢|™Y), |¢] = oo.

Our next goal is to give an integral representation for w(¢).

Lemma 2.6 ForIm<¢ > 0, ¢ # 0, the following representation for the Jost function
holds

o]

w() =y —i¢ +/ei{yV(y)<p(y, $)dy. (2.20)
0
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The proof of this Lemma relies on the following formula. For Im ¢ > 0,
Jim e (o' (. 0) —ige(x, £)) = w(Q). (2.21)

To show this, one can introduce, as in [22], for all ¢ with Im¢ > 0 a solution of
equation (1.3), which is linearly independent of 6 (x, ¢). Set

T(x,8) = —2i§9(x,§)/9(y7€)*2dy, X > Xo,

X0

where xg = x0(¢) is chosen such that 6(x, ¢) # O for all x > xo. Then 7(x, ¢)
satisfies equation (1.3) and according to (2.13),

T(x,8) = e (14 o(1), T'(x,¢)=—ite (1 +o(1)),

as x — oo. Since W{0(¢), t(¢)} = 2i¢, we find that

1
ox,¢) = % ((y7(0,0) = 7'(0,0)0(x, ¢) — (¥6(0,¢) — 0'(0, £))T(x,0)).
(2.22)

Equation (2.21) now follows from (2.22). Given (2.21), we can prove Lemma 2.6.

Proof of Lemma 2.6 The differential equation (1.3) implies that

X X X

/ IV Me(y. ) dy = / ¢y O dy + / ¢o(y. ) dy.
0 0 0

We integrate the first integral in the right-hand side twice by parts and get

X

/einy(y)<p(y7 Oy dy =€ (¢'(x, ) —ite(x, ) —y +it.
0

Passing to the limit x — oo in the above equation and using (2.21), we arrive at (2.20)
for Im ¢ > 0. By continuity, (2.20) can be extended to the real axis. O

As the Jost solution of equation (1.3) is unique, it follows that

0(x,0) =6(x,—0), 0'(x,¢) =0'(x,—¢) andhence w(¢)=w(-¢). (223)
For real numbers k£ > 0 both Jost solutions 6 (x, k) and 6 (x, —k) of the equation

—u" +V(@u =ku, k>0, (2.24)
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are correctly defined and their Wronskian W{0(-, k), (-, —k)} equals 2ik. Thus, they
are linearly independent. In particular, we get from (2.23),

0(x, —k) = 6(x, k) andhence w(—k) = w(k). (2.25)

It is useful to express the regular solution in terms of the Jost solutions as follows,
1
9, k) = O, w(=k) = 0(x, —)w(k)). (2.26)
i

Indeed, it is easy to verify that the right-hand side of (2.26) satisfies equation (2.24)
and conditions (1.4).
Now, we introduce the limit amplitude and phase shift for real values of k.

Definition 2.7 Set
[w(k)|

[y + k2

The functions a(k) and 1 (k) are called the limit amplitude and the limit phase, respec-
tively.

wk) = ak)e"®(y —ik), ak) = (2.27)

These functions determine the asymptotics of the regular solution of the Schroding-
er equation as x — oo. Indeed, comparing (2.13) and (2.26), we find

1 . 4
o) = 5o (elkxw(—k) — e*l"xw(k)) +o(l), x— oo.
Furthermore,

w(—k) = wk) = ak)e " (y + ik).

Thus,
1 . .

0. k) = al) 5 (v + il @10 =y — e B 1D)) Lo(1), x = oo
l

This asymptotic behavior should be compared with the exact expression for the solu-
tion @o(x, ¢) of the equation —¢” = ¢2¢ satisfying the conditions (1.4), namely,

go(x. &) = Qi) Ny +i0)e'* — (v —ig)e™ ).
Finally, we note that
w(k) #0 forallk > 0. (2.28)

Indeed, if there was a number k such that w(k) = 0, then it would follow from relations
(2.25) and (2.26) that ¢(x, k) = 0 for all x.
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3 A trace formula and the perturbation determinant

We consider the Hamiltonian

2

H=—-——
dx?

+VE), V=V, 3.1

with boundary condition (1.4) in the space L(R4). More precisely, H is defined
through the quadratic form

/ (10 OR + VOR) dx +ju(©)?
0

with form domain H'(Ry). By Hy = _% we denote the free Hamiltonian with
the same boundary condition (1.4) but with V = 0. The resolvents of H and Hy are
denoted by R(z) and Ry(z), respectively.

In this section, we derive an expression for Tr (R(z) — Rp(z)) in terms of the Jost
function. From this relation we get a representation for the perturbation determinant.

It is a well-known fact that R(z) can be constructed in terms of solutions ¢(x, ¢)
and 6(x, ¢) of equation (1.3) and their Wronskian (2.17). Suppose that (2.12) holds.
Then for all z such that Im z # 0 and w(¢) # 0, the resolvent is the integral operator
with kernel

R(x.y:2)=w ' (e, 00y, 0), x <y, ¢ =22 3.2)
and R(x, y; z) = R(y, x; z). Moreover, the estimate
IR(x, y: )| < clw(@)]7'¢] " exp(—Im ¢ |x — y])

holds. We note that in the particular case V = 0, the unperturbed resolvent Ry(z) has
the integral kernel

o (Y HiDET — (y —il)e 5Nty
Ro(x,y; 2)=Ro(y, x;2)= 2ie(y—i0) , x=<y. (33

The self-adjoint operator H has discrete negative spectrum, which consists of nega-
tive eigenvalues A ; = (i )2, Kk >0, which possibly accumulate at zero. Itis important
to note that the zeros of the function w(¢) and the eigenvalues of H are related as
follows.

Lemma 3.1 Complex zeros of the function w(¢) are simple and lie on the imagi-

nary axis. Moreover, w(¢) = 0 if and only if » = 2 is a negative eigenvalue of the
operator H.
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Proof First, assume that w(¢) = 0 for Im¢ > 0. Then the Jost function 0(x, ¢)
fulfills boundary conditions (1.4) and is in the space L, (R4 ) because of (2.13) and
the positive imaginary part of ¢. Thus 0 (x, ¢) is an eigenfunction of the operator H
corresponding to the eigenvalue A = ¢2. Since H is self-adjoint, it follows that 4 < 0.
Conversely, assume that A is an eigenvalue of H. Then its resolvent R(z) has a pole
in . Therefore, it follows from (3.2) that w(¢) = 0. As the resolvent of a self-adjoint
operator has only simple poles, the zeros of w(¢) are simple. O

Remark 3.2 Tt follows from the properties of the regular solution and Jost solution,
that the resolvent kernel (3.2) is an analytic function in the upper half-plane Im ¢ > 0,
except for simple poles at eigenvalues of H. In view of (2.28), the resolvent kernel is
a continuous function of z up to the cut along [0, co) with the possible exception of
the point z = 0.

Proposition 3.3 Assume condition (2.12), then

Tr(Ro(z) — R(2)) = % (% + ; _l i;) ., =272 Im¢>0. (34

Proof Since R — Ry is a trace class operator and kernels of the operators R and Ry
are continuous functions, we have

Tr(R(z) — Ro(2)) = xlingo/(R(y, ¥;2) — Ro(y, y; 2)) dy. (3.5
0

Using (3.3), we first compute

f L (Y e _y+ic)
ZC/Ro(y,y,z)dy—i(y_ig)( 2z ¢ (y —io)x sic ) (3.6)
0

The following equation is true for any two arbitrary solutions of equation (1.3)

200(x, 0)0(x, £) = (¢ (x, 0)0(x, 0) — o(x, 00 (x, ). (3.7

Applying (3.7) to the regular solution ¢(x, ¢) and the Jost solution 6 (x, ¢), we get

2:w(¢>/R<y,y; 2 dy =2;/¢><y, 0y, ) dy
0 0

=[0' (. 0. ) — (. 00 (. O], (3.8)
Note that the contribution of the right-hand side in (3.8) for y = 0 is

¢'(0,)0(0,¢) — 9(0,0)6'(0,¢) = y0(0,¢) —6'(0,¢) = w().  (3.9)
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Consider now the case of potentials of compact support. Then, for all £ € C, we have
0(x, ¢) = e'** for sufficiently large x. Further, in this case we can generalize (2.26)
to complex ¢, namely

p(x,8) = E(G(x Hw(=¢) = 0(x, =Hw(?)) . (3.10)

For large x we have,
O(x, ) =€, 0'(x,0) =ice™, O(x,0) =ixe™, 6 (x,¢)=( —x0)e™.

Taking into account, that since Im ¢ > 0, the terms containing e2*¢ tend to zero as
x — oo and using (3.10), we get for sufficiently large x

¢ (X, 00(x, ) —p(x, 0" (x,0) = (ix + 20) " Hw@) +o(1).  (3.11)

Combining (3.9) and (3.11), we arrive at

Cixy L D@
2§/R(y v;z2)dy =ix + 2( w @) + o(1). (3.12)

Finally, we conclude from (3.6) and (3.12) that

lim /(Ro(y Vo) = Ry yi ) dy = —— (w(§)+ i )+ o(1).
A ic

This proves (3.4) for compactly supported potentials V. By density arguments (see
[22, Prop. 4.5.3]) based on the fact, that /TV](Ho + 1)~ !/2 is a Hilbert-Schmidt oper-
ator under condition (2.12), the result can be extended to all potentials V satisfying
this condition. O

We conclude this section by relating the Jost function to the perturbation deter-
minant. Since /[V[(Hy + 1)~'/2 is a Hilbert-Schmidt operator, the operator

V'V Ry(2)+/V] is a trace class operator (here ~/V := (sgn V)+/[V]) and therefore
the (modified) perturbation determinant

D(z) := det(1 + vVRo(2)V/IV]), z € p(Ho)

is well-defined. Here p (Hy) denotes the resolvent set of the operator Hy. Furthermore,
it can easily be verified that the perturbation determinant is related to the trace of the
resolvent difference by

D'(z)
D(z)

=Tr(Ro(z) — R(2)), z € p(Ho) N p(H).
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Thus, it follows from (3.4) that

D'z 1d Ld (2 (W(@)/
ey = 3pag 0~y =0 = g (5) - (%)

Therefore, we conclude that D(z) = Cw(/z)/(y —i+/z). Because of the asymptotics

(2.19), it follows that

_ w(/2)
D@ =

This is the sought after relation.

4 Low and high-energy asymptotics

Here we derive an asymptotic expansion of the perturbation determinant D(¢) as

[¢] — oo.

4.1 High-energy asymptotics

In this subsection, we assume that V € C*°(R) and that

VOl =Cia+077, pe(,2], jeN.

“.1)

The asymptotic expansion of the Jost solution 6 (x, ¢) for |{| — oo can be found, e.g.,
in [22]. Thereby, it is more convenient to consider the function b(x, ¢) defined by

b(x,¢) = e *0(x, 7).
Note that equation (1.3) for 6 (x, ¢) is equivalent to the equation
= b"(x,¢) = 2i¢h' (x, ) + V(0)b(x, §) = 0.
It follows from (4.2) that asymptotics (2.13) and the asymptotics
b(x,2) =14o0(l), b'(x,¢)=o0(l), x— oo,

are equivalent to each other. For an arbitrary N, the equality

N
b(x,8) = D ba(¥)Q2i0) " +ry(x, )

n=0

4.2)

(4.3)

(4.4)

4.5)
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holds with the remainder satisfying the estimates
187y (v, £)/9x7| < Cy j1E17N 1A 4 x = NVHDO=DZT e N,

forall x > Oand Im¢ > 0, |Z] > ¢ > 0. Here bg(x) = 1 and b, (x) are real C*°
functions defined by the recurrent relation

e ¢]

Bus1 (x) = =B, (x) — / V(b () dy.

X

Further the following estimates hold,
b (x) = 0(x "Dy je Ny, x— oo.

Now, we can prove the asymptotic expansion of the perturbation determinant for
[¢] = oo.

Lemma 4.1 Suppose V € C*°(R,) and (4.1). Then the perturbation determinant
admits the expansion in the asymptotic series

o0
D) = > d,i5)™", (4.6)
n=0
as |¢| = oo, Im¢ > 0. The coefficients d,, are given by
n—1
do=1, dy:=b,(0)+2 Z b 0)2y)" ™ > 1. .7
m=1
We emphasize that expansion (4.6) is understood in the sense of an asymptotic series.

Proof 1t follows from (4.5) that

b’(x,§)+(i§—y)b(x,§): 1
i{—y if—y

D b )@+ D b)) (4.8)

n=0 n=0

Applying the geometric series to the first sum in the right-hand side of (4.8) for
|| > y, we conclude

’ o o0 n—1
b, O*ff_y”)b(x’ 0 :bo(x)+2(bn(x)+2 > b;n(x)(zw"’”‘) @ie)™.

n=1 m=0

(4.9)
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On the other hand, it is easy to see that

b (x, &) + (8 = y)b(x,§) = ¥ (0 (x,0) — yO(x,0)) (4.10)

Thus, setting x = 0 and combining (4.9) with (4.10), we arrive at (4.6). m]

Note that because of (2.19), we have for || — oo, Im¢ >0,

by ="% _14oq. @.11)
—:

Thus, we can fix the branch of the function In D by the condition In D(¢) — 0 as
|¢] — oo. The following Corollary is an immediate consequence of Lemma 4.1.

Corollary 4.2 Suppose V. € C*(Ry) and (4.1). Then for |{| — oo, Im¢ > 0, we
have

InD(¢) = Zzn(zi;)‘”,
n=1

where the coefficients £, are given by

n—1
0 =dy, €, :=d, —n"! Zjd,,_jﬁj, n>2. (4.12)
j=1
The first coefficients ¢,, work out to be
o0 o
0 = —/V(x)dx, b =V(0), &=4yV(0) - V’(O)+/V2<x>dx,
0 0

ts = V") —2V3(0) — 4y V'(0) + 8y2V(O).
From (2.27) it follows for k € R that

w(k,)k> = Ina(k) + in(k).

InD(k) =1n (

Separating in Corollary 4.2 the function In D (k) into its real and imaginary part, we
finally conclude, that for k — oo,

Inak) = Z(—l)"zzn(zk)—Z”, (4.13)

n=1

n(k) = D (=" 12072
n=0
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4.2 Low-energy asymptotics

In this section we assume that
o
/(1 + x)|V(x)|dx < oo. (4.14)
0

We denote the regular solution for { = 0 by ¢(x). This is the solution of the integral
equation (2.1),

px)=1+xy +/(x —V»e(y)dy. (4.15)
0

This solution exists under condition (2.12). As shown in [22], the stronger condition
(4.14) guarantees the existence of a Jost solution 6 (x, ¢) at{ = 0. For any fixed x > 0,
the Jost solution 6 (x, ¢) is continuous as { — 0, Im ¢ > 0. Moreover,

o]

0(x, ¢) — €/*F| < e7mEx [ exp C/y|V(y>|dy -1/,

X

where C does not depend on ¢ and x. The function 8 (x) := 6(x, 0) = 6(x, 0) satisfies
the equation

'+ V@ u=0 (4.16)

and, as x — 00,

oo oo

0(x)=1+0 /yIV(y)Idy =1+o(l), 0'(x)=0 /IV(y)Idy =o(x7").

4.17)

Indeed, asymptotics (4.17) follow from the integral equation (.18) for { = 0, namely,

0(r) = 1+ /(y _ VMO dy.

One can also show that the Jost function w(¢) is continuous as ¢ — 0, Im¢ > 0,
and from (2.20) we get for ¢ =0

e¢]

w0) =y +/ V(ye(y)dy. (4.18)
0
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If (4.14) holds, then the integral in (4.18) is convergent, in view of the estimate
lp(x,0) — 1] < ¢yx,

following from (2.4). Moreover, we have w(0) = w(0).
After these preliminaries we claim that the operator H has no zero eigenvalue.
Indeed, the function defined by

T(x) = 9<x)/0(y>—2 dy, x> xo,
X0

is a solution of equation (4.16) and is linearly independent of 6 (x). Again, xq is an
arbitrary point such that 6 (x) # 0 for x > x¢. Further,

t(x) =x+okx), T'(x)=1+4+0() asx — ocoand W{0, t} = —1.

Thus, the equation (4.16) does not have solutions, tending to zero at infinity, as claimed.
While the operator does not have a zero eigenvalue, it may have a so-called zero
resonance.

Definition 4.3 Under assumption (4.14), one says that the operator H has a resonance
at¢ =0if w(0) = 0.

Since the Jost function is the Wronskian of the Jost and the regular solution, the
resonance condition means that ¢ is a multiple of 6 and therefore that equation (4.16)
has a bounded solution satisfying boundary condition (1.4).

Now, we want to analyze the behavior of the Jost function w(¢) as { — 0. More
precisely, we want to show, that if w(0) = 0, then it vanishes not faster than linearly.
In order to prove this, we need the following technical Lemma.

Lemma 4.4 Assume (4.14) and let w(0) = 0. Then
lp(x, 0) — ()] < Clg|xe™*, Im¢ > 0. (4.19)

Proof We set Q(x,¢) = ¢(x,¢) — ¢(x) and

X

(5, €) = cos(cx) + L sin) — 1 =y = / (x = VM) dy
0

+ / ¢~ lsin(@(x — YV dy. (4.20)
0
It follows from (2.1) and (4.15) that

Q(x,8) =Qo(x, 8) -|-/€_1 sin(¢(x — y)V(»Q(y, &) dy.
0
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We first prove that
1Q0(x, §)I < Clg|xe™E . (4.21)

Note that the condition w(0) =0 is equivalent to the condition fooo Vye(y)dy=—y.
Therefore, we can rewrite (4.20) as

Qo(x, ) = cos(¢x) — 1 — (£~ sin(¢x) — x)/ Ve dy

X

+ / K(x.y, OV dy, 4.22)
0

where

K.y, £) == sin(gx) +y +¢ 7 sin(C (x = y)).
The third and fourth term in the right-hand side of (4.22) are bounded from above
by C|¢|xe™¢*. This follows in the same way as shown in [22], which only uses that

@(x) is bounded. It remains to give an estimate for the first and second term in (4.22),
which we write as

cos(¢x) — 1 = —2sin(¢x/2).
Using the estimates
|sin(¢x/2)| < ce!™¢W/2 and |sin(¢x/2)| < cl¢|xel ™I/,
we get
[

|cos(¢x) — 1| < c|¢|xe

Thus, we conclude (4.21). This inequality implies (4.19) by Gronwall’s Lemma exactly
as in [22, Lemma 4.3.6]. O

Proposition 4.5 Under the assumption (4.14) and w(0) = 0 we have the following
asymptotics for the Jost function,

w() = —iwp¢ +0(), ¢—0, (4.23)

where wo =1 — [ yV(»)e(y)dy # 0.

Proof Since w(0) = 0, we have fooo V(y)¢(y)dy = —y and therefore it follows
from representation(2.20) that
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w(¢) = / (eizxqﬁ(X, g) — (p(x)) V(x)dx — il
0

= —iwyl +/ (ei“ —-1- i{x) e(x)V(x)dx
0
+/ei§x (p(x,¢) —px)) V(x)dx. (4.24)
0

It can be shown as follows that both integrals in the right-hand side of (4.24) are 0(¢)
as ¢ — 0. Since the function ¢’* — 1 — iz x is bounded by C|¢|x and is 0(|¢|?) for
all fixed x, it follows that the first integral in the right-hand side is 0(¢) as ¢(x) is a
bounded function. The second integral in the right-hand side of (4.24) is also o(¢).
Indeed it follows from Lemma 4.4 that the function e'¢* (p(x,¢) — @(x)) is bounded
by C|¢|x and further it is O (|¢ |2) for all fixed x as the function ¢ is analytic in ¢ 2,
Thus the asymptotics (4.23) holds.
In order to prove that wg # 0, we use equation (4.15) to write

o0 oo o0

o) =x [y + / VeG)dy | +wo —x / Vo) dy + / W) dy
0 X X
= wo + o(1)

as x — o0. On the other hand, ¢ is proportional to 8, which satisfies (4.17). This
shows that wq # 0, as claimed. O

5 Trace identities

We now put the material from the previous sections together to prove our main result,
namely, a family of trace formulas for the operator H. These identities provide a rela-
tion between the shift of the spectra between H and Hy and quantities involving the
potential V. The spectral shift consists of two parts, one coming from the discrete
spectrum (expressed in terms of the eigenvalues of H and Hp) and the other one
coming from the continuous spectrum (expressed in terms of the quantities n and a).

In this section we assume that fooo(l + x)|V(x)|dx < oo which guarantees that
H has only a finite number N of negative eigenvalues A1, ..., Ay. We recall that Hy
has a single negative eigenvalue —y 2 if y < 0 and no negative eigenvalues if y > 0.
We also recall that M;(y) was defined at the end of the introduction.

While we are mainly interested in trace formulas of integer and half-integer order,
we prove a version of these formulas for every complex s with Re s > 0. We proceed
by analytic continuation, where the starting point is the following proposition.
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Proposition 5.1 Suppose that (4.14) holds and define for s € C,0 < Res < 1/2, the
functions

o0 o0

F@y=/ﬁmmm”4ﬂ,cuy=/n®HPWk (5.1
0 0
Then
T N T
— Z [Aj1° — —M,(y) = sin(mws) F(s) — cos(ws)G(s). 5.2)
2s = 2s

Proof Let I'g . be the contour (with counterclockwise direction) which consists of
the halfcircles C;g ={|¢| = R,Im¢ > 0} and C; = {|¢| = &, Im¢ > 0} and the
intervals (e, R) and (—R, —¢), see Fig. 1.

The argument of ¢ € C is fixed by the condition 0 < arg¢ < m. We consider the
integral

4 (w)
/ dd{(l(v}(/_w;)l{) {23 de
TRre y—i

The set of the singularities of the integrand is the set of zeros of the function w(¢)/(y —
ic).

Calculating the integral by residues, we see that for k; = |A; |1/2

/ 3 ( {> SIS de = 2mi ZRGS@-_”(J#;
(#9) (#4)

£(2%)
| Rese——iy =550, ify <0
—2mi (25) (5.3)
0, ify >0
Fig. 1 Contour of integration
Cry
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Since by Lemma 3.1, zeros i« ; of w(¢) are simple, the residues work out to be eSS

Hence,

d (w(;))
d
LAY 025 gr = i o ZKZS —2mi T My (y). (5.4)

w({)
Tre —iC j=l

Next, we show that the integral over the semicircle C, tends to zero as r — 00 or
r — 0. Integrating by parts, we see that

d (we)
/—” (y_’g);hd; = —2s/ln( () );2S—1d;

(w(g)) y —ig
cf  \rTit it

+In (—w(_f)) (=% —1n (—w(r? ) r2s
Yy +ir y —ir

Note that we can choose In(w(¢)/(y —i¢)) as acontinuous function on C;F. If r — o0,
then this integral tends to zero for Re s < 1/2 because of (4.11). If » — 0, then the
integral also tends to zero. Indeed, this follows from the fact that either w(0) # O or
w(¢) satisfies (4.23) with wg # 0. Therefore passing to the limits R — oo and ¢ — 0
in equality (5.4), we obtain that

T (%) al (—p)®. ify <0

! 2s _ . ims 2s . ims | T )
/ w(k) — kS dk =2mie E ki —2mie {O, ify > 0. (5.5)
—o0 y zk Jj=1

Integrating in the left-hand side by parts and taking into account relations (2.25) and
(2.27), we obtain

o] d w(k) o] r
y—ik
/ Vl k2sdk:—2s/ln(w())k2s ' dk
w(k) y —ik
—00 V lk —00
o
= —2s /(lna(k)—i—in(k))kzs_ldk
—0oQ0

o]

—2s / (na(k) + in(k)k>~" dk
0

+2s€%7s / (Ina(k) — in(k)k> " dk

= 25(¥™ — 1)F(s) — 2is(e®™ + DG(s).

Comparing this equation with (5.5), we arrive at (5.2). O
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In order to prove trace identities for arbitrary powers s € C, we need the analytic
continuation of the functions F (s) and G(s) to the entire half-plane Re s > 0.

Lemma 5.2 Let estimates (4.1) and (4.14) be satisfied. Then the functions F and G
are meromorphic in the half-plane Re s > 0. The function F is analytic everywhere
except for simple poles at integer points s = n, n € N, with residues

Ress—, F(s) = (=1)"1272""1gy, . neN.

IfRes < 1, then representation (5.1) for F(s) remains true. [fn < Res < n+1, then

F(s):/ lna(k)—Z(_l)jgzj(Zk)—Zj 21 gk
0 j=1

The function G is analytic everywhere except for simple poles at half-integer points
s =n+1/2, n € Ny, with residues

Ress—n11/2G(s) = (=1)"27*"2lgq1. n €Ny,

Ifn>1andn —1/2 <Res <n+1/2, then

o0 n—1
G(s):/ n(k)—Z(—l)f“@j“(zk)*zf*‘ k> dk. (5.6)
0 Jj=0

Proof We can write the function F', given in Lemma 5.2 as follows

1 00 n
F(s) =/1na(k)k2f—1dk+/ 1na(k)—2(—1)fezj(2k)—2f k21 ak
0 1 j=1
1 n
—/Z(—l)jﬁzj(Zk)‘ij2S_ldk. (5.7)
o J=1

The first integral in the right-hand side of equation (5.7) is an analytic function of s
in the entire half-plane Re s > 0. The second integral is in view of (4.13) an analytic
function of s in the strip 0 < Res < n + 1. For Res > n, we have

1

n n
/ D (Dl Q)R dk =Y (=127 s — )T
0 j=1 j=1

Thus, the function F is an analytic function in the stripn < Res < n + 1.
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Similarly, we split the integral in the right-hand side of (5.6). Note that we now
have for n > landRes > n — 1/2,

1 n—1 n—1
/ (=1 1 @) dk = (= 1) 127 s —j—1/2) 7
o J=0 j=0

Therefore, it follows with analog arguments as for F that the function G, given in
(5.6), is an analytic function of s in the stripn — 1/2 < Res <n + 1/2. O

Theorem 5.3 Let estimates (4.1) and (4.14) be satisfied. Then

N | 00 .
Z ijll/z —Mip(y) — ;/lna(k) dk = Zgl (5.8)
— /
andforn >1, n € N,
N n e n—1 . .
A" = M) + (—1)”;/ (k) = > (=1 g0 207!
/=] 0 Jj=0
k2 gk = — g, 59)
02n "4 .
N 00 )
2n+1 i .
D = My jp () + (=D = / na(k)— > (—=1)7 €2 (2k) 7
= 0 i=1
2n+1
k2 dk = EyTE Cont1. (5.10)

The coefficients £, are given as in (4.12).

Proof Using the analytic continuation, given in Lemma 5.2, formula (5.2) can be
extended to all s in the half-plane Re s > 0. In particular, setting s = n, n € N, we
obtain

N
Z A" = T-My(y) = (<1)" (7 Resyy F(s) = G).

Taking into account Lemma 5.2, we conclude formula (5.9). Similarly, we have for
s =n+ 1/2, where n € Ny, the following identity

N
T 2 T _
ST ]ZI A = M2 () = (=) (F(n+1/2)+7 Resynt12G(s)) .

Again, in view of Lemma 5.2, we conclude formulas (5.8) and (5.10). O
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We compute the first four trace formulas.

Corollary 5.4 Let estimates (4.1) and (4.14) be satisfied. Then

oo

N o0
12 1 __1
1Y = Mipp) = — [ natydk = =7 [ Vs,
f 0

0

| ,-|3/2—M3/2<y>+§/( a) + 2O g2 i
1 0

(2k)?

Jj=1 0

N 2 oo( Jie V(x)dx) 1
St = e - = [ (o - kdk =~ V(0),
o b4 4

N

> )

136 (/ V2(x)dx — V'(0) +4yV(0))

0
N
D1 = Ma(y)
j=1
4T V@ V@t O -V Y,
+— / (n(k) 0 a0 k=~ b,
where

t4 = V"(0) + 8y2V(0) — 4y V'(0) — 2V?(0).

Finally, we prove a trace formula of order zero for the operator H with boundary
conditions (1.4). Such formulas are called in the literature the Levinson formula and
relate the number of negative eigenvalues of H to the phase shift 7.

We define n(0) = lim; 04 n(¢). Obviously this limit exists if w(0) # 0. In the
case w(0) = 0 the existence follows from asymptotics (4.23).

Theorem 5.5 Suppose (4.14) and let N be the number of negative eigenvalues of the
operator H with boundary condition (1.4). Then, the following formulas hold.
For w(0) # 0,

TN ify >0,
n(o0) —n(0) = {x(N -1 ify =0, (5.11)
n(N—-1) ify <O.
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For w(0) =0,

T (N + %) ify >0,
n(e0) —n(0) = 17N ify =0, (5.12)
n(N—1%) ify <O.

Proof We apply the argument principle to the function D(¢) and the contour I'g .
given in Fig. 1. We choose R and ¢ such that all of the N negative eigenvalues of H
lie inside the contour I'g .. Remember that if y < 0, then Hp has a simple negative
eigenvalue —y 2. Thus, it follows with Lemma 3.1 that

(5.13)

d (w@) . .
dc (y—ig) de — 2wiN if y >0,
(M) 27i(N —1) ify <0.

FR,e y—ig
Note that the branch of the function In D(¢) was fixed by the condition In D(¢) — 0

as [¢| — oo. Thus, we have In D(¢) = In|D(¢)| + iarg D(¢). As for k € R,
arg D (k) = n(k) and n(—k) = —n(k), it follows from equation (5.13) that

27 N if y >0,
2(n(R)—n(e))+var,+arg D(¢)+var-+arg D(¢) = -
(n(R)—n(e)) crarg D(&) crarg D(Z) {2n(N—1) ity <0.
(5.14)
Note that limp_, varg-arg D() = 0 because of (4.11). To compute limg_,¢
var+arg D(¢), we rewrite
var+arg D() = var+arg w(¢) — VarC;arg(y —iZ). (5.15)
Considering (4.23), we get
. 0 if w(0) # 0,
1 = 5.16
[ varcarg w(¢) [_n if w(0) = 0. (5.16)

The second term in the right-hand side of (5.15) depends on the sign of y and turns
out to be in the limit,

0 if y >0,
lir%vmc+arg(y —if)=1-—n ify =0, (5.17)
e— €

0 if y <0.

Combining (5.16) and (5.17) with equation (5.14), formulas (5.11) and (5.12) follow
immediately. O
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Appendix A: Proof of Lemma 2.3
For the sake of completeness, we prove here Lemma 2.3. In order to do so, we have
to recall the construction of the Jost solution from [22, Lemma 4.1.4].

Instead of constructing 6(x, ¢), it is more convenient to construct the function

b(x, ¢), defined in (4.2) with asymptotics (4.4). The differential equation (4.3) is
equivalent to the integral equation

b(x,¢) =1+ ig)™! / @O — DV (Wb(y, ¢) dy (.18)

considered on the class of bounded functions b(x, ¢). Its solution b(x, ¢) can be con-
structed by the method of successive approximations. Set by(x, ¢) = 1 and

bu1 (3, 0) = (2ig) " / (@ E0™) _ 1)V (1)ba(y. £) dy. (19)

Under assumption (2.12), it follows successively that

o) n
|ba(x, ) < 27" ()" /IV(y)I dy | . (:20)
X
This follows inductively as follows. Using the estimate
207 — 11 <2, x <y, Im¢ >0,

we get from (.19) the estimate

byt (x, )] < |;|—"—1(n!>—1/|V(y>| /|V(r)|dr dy
X y
00 ) n+l1
—n—1 —1 -1 d
— e ) 4 1) /— /|V(r>|dt dy.
dy
X y

Thus, |by41(x, £)|is bounded from above by [£| ™"~ (n+ 1)) ™! ([ 1V (»)] dy)n+l,
which proves (.20). For any fixed x > 0, every function b, (x, ¢) is analytic in ¢ in the
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upper half-plane Im ¢ > 0 and is continuous in ¢ up to the real axis, with exception
of the point ¢ = 0. It follows from (.20) that the limit

N
b(x,¢) = ngnoob(N)(x, o), where b (x,¢) = an(x, o), (21)
n=0

exists for all x > 0 uniformly with respect to ¢ for [¢] > ¢ > 0. Therefore the
function b(x, ¢) has the same analytic properties in the variable ¢ as the functions
b, (x, £). Moreover, estimates (.20) show that b(x, ¢) is a bounded function of x.
Putting together definitions (.19) and (.21), we see that

bM(x,0) =1 —byi1(x,0) + ig)™! / @0 — v ()b™M(y, ¢) dy.

Passing here to the limit N — oo, we arrive at equation (.18). The uniqueness of a
bounded solution b(x, ¢) of equation (.18) follows from estimate (.20) for a solution
of the corresponding homogeneous equation. This estimate implies that b(x, ¢) = 0.

Proof of Lemma 2.3 By (.21), we have

N
0(x,¢) =€ lim > bu(x.0), (22)

n=0

where b, (x, ¢) is given as in (.19). As the limit in (.22) exists for all x > 0 uniformly
with respect to ¢ for |[¢| > ¢ > 0, it follows that

0'(x, ) =ice't* hm Zb,,(x 7) +e'tr hm Zb’ (x,0).

n 0

Obviously, we have b{)(x, ¢) = 0 and from (.19), we derive

e¢]

b (x.0) = — / ALY ()b (v, ¢) d.

X

Thus,
' N
0'(x, §) — ige'™| = e Mg | lim Z es c)+—b’(x c)'
=1
—Im;x N P
_ ngnoo;/ (HE0= 1) Vb1 (. ) dy|.

X

(23)
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Using the estimate
#6070 411 <2, x <y, Im¢=0,

we see that the term in (.23) does not exceed

N o0
—Im¢x g
e gim 32 [vol.o.ola. (24)

Because of (.20), expression (.24) is less or equal

n

N o0 o0
e tim 3l [ vor | [ v a.
n=0 X Yy

which is equivalent to

o0
e M| | exp Ifl_l/lV(y)ldy -1
X

This proves (2.15). If [¢| = k > 0 and condition (2.12) is satisfied, then estimate
(2.16) follows from (2.15). O
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