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ON ASYMPTOTIC BEHAVIOR AT INFINITY
AND THE FINITE SECTION METHOD FOR
INTEGRAL EQUATIONS ON THE HALF-LINE

SIMON N. CHANDLER-WILDE

ABSTRACT. We consider integral equations on the half-
line of the form xz(s) — fooo k(s,t)x(t)dt = y(s) and the
finite section approximation xz to x obtained by replacing
the infinite limit of integration by the finite limit 8. We
establish conditions under which, if the finite section method
is stable for the original integral equation (i.e., g exists and
is uniformly bounded in the space of bounded continuous
functions for all sufficiently large (), then it is stable also
for a perturbed equation in which the kernel k is replaced by
k—+ h. The class of perturbations allowed includes all compact
and some noncompact perturbations of the integral operator.
Using this result we study the stability and convergence of
the finite section method in the space of continuous functions
x for which (1 + s)Pz(s) is bounded. With the additional
assumption that |k(s,t)| < |k(s — t)|, where k € L1(R) and
k(s) = O(s?) as s — 400, for some ¢ > 1, we show that the
finite-section method is stable in the weighted space for 0 <
p < g, provided it is stable on the space of bounded continuous
functions. With these results we establish error bounds in
weighted spaces for © — x3 and precise information on the
asymptotic behavior at infinity of . We consider in particular
the case when the integral operator is a perturbation of a
Wiener-Hopf operator and illustrate this case with a Wiener-
Hopf integral equation arising in acoustics.

1. Introduction. We consider integral equations of the form
o0
(1.1) x(s) —/ k(s,t)x(t)dt = y(s), s€ R :=][0,00),
0

where z,y € X, the space of bounded continuous functions on R*. We
abbreviate (1.1) by
r—Kr=y

where K is the integral operator defined by

(1.2) Ku(s) = /OOO ks, () dt, s €RY.
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38 S.N. CHANDLER-WILDE

A major concern of the paper is to examine the convergence of x5 to
x as 3 — oo, where 23 € X is a finite-section approximation, defined
by

B
(1.3) 25(s) —/O k(s Oag(t) dt = y(s), s € RT.

We abbreviate (1.3) in operator form as
xp — Kprg =y,

where Kpg is defined by
B
(1.4) Kyu(s) = / K(s,)(t) dt, s € R,
0

Continuing the studies of [7, 4, 17, 21, 11] we shall be concerned to
establish conditions for the existence and uniform boundedness, for all
sufficiently large 3, of (I — K3)~! as an operator on X (or on certain
subspaces of X). Provided this stability property of the approximate
operators can be established, Atkinson [7] and Anselone and Sloan
[4] have shown that, under quite general conditions on the kernel k,
the convergence of 23 to = uniformly on finite intervals of R™ can be
proven, and useful error bounds have been obtained in [17, 21, 20].

Conditions for the existence and uniform boundedness of (I — Kg)~!
on X have been obtained by Anselone and Sloan [4] for the special case
when K = K+ H, where K is a Wiener-Hopf integral operator, defined
by

(1.5) Kip(s) = /000 k(s —t)(t)dt, seRT,

with k € L1(R), and H is an integral operator of the form (1.2) which
maps X onto X! := {z € X : lim,_ . x(s)exists} and is compact.
The results in [11] can be used to establish the uniform boundedness
of (I — Kg)~! in the case k(s,t) = k(s — t)z(t) with & € L1(R) and
2 € Loo(RT).

Sections 2 and 3 of this paper consider the effect of perturbations
on the stability of the finite section method. Given that (I — Kg)™!
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is uniformly bounded for sufficiently large (3, conditions on a sequence
{Hps} are established such that (I — Kg — Hg)~! is also uniformly
bounded. In particular, defining H and Hg by (1.2) and (1.4) with k
replaced by h, these results apply provided h satisfies mild regularity
conditions (Assumptions A and B below, which ensure that H is a
bounded operator on X) and provided ||H — Hg|| — 0 as 8 — oo. This
latter condition is satisfied if H is compact and is also satisfied by a
class of noncompact integral operators.

In Section 4 we utilize this perturbation result to study the solvability
of (1.1) and (1.3) in the subspace X, :== {z € X : ||z||’ := sup,cr+ |(1+
s)Px(s)| < co}. We make an additional assumption, A’, on the kernel
k: that |k(s,t)] < |k(s —¢)|, s,t € RY, for some k € Li;(R), and
k(s) = O(s™7), s — 400, for some ¢ > 1. We show that if I — K is
invertible on X, then I — K is invertible on X, for 0 < p < ¢q. Further,
if I — K is invertible on X and (I — Kz)~! exists and is uniformly
bounded on X for all sufficiently large 3, then I — K is invertible and
(I — Kp)~! exists and is uniformly bounded for all sufficiently large /3
on X, for 0 < p < g. Thus, the stability of the finite section method
on X implies its stability on X, for 0 <p <gq.

These results extend and sharpen the previous work of Prossdorf and
Silbermann [20, 21] and of Chandler-Wilde [10], the work of Prossdorf
and Silbermann considering specifically the case when K is a compact
perturbation of a Wiener-Hopf operator.

The solvability of (1.1) in the subspaces X := {z € X,
limg 400 (1 + 5)Px(s) exists} and X0 := {2 € X, : lim,ioo(1 +
s)Px(s) = 0} is examined in Section 5. Amongst the results obtained
we show that if I — K is invertible on X and k satisfies A’ and B, then
I— K is invertible on XS for0 < p < gand on le) if also limg—, 100 K1(s)
exists.

To illustrate all the previous results, in Section 6 we study the
important special case K = K + H, with K the Wiener-Hopf operator
(1.5) and H a perturbation of K of the class studied in Section 2 (this
class including all compact and certain noncompact integral operators).
Our first result, on the existence and uniform boundedness of (I—Kg) ™
on X, is a generalization of that in Anselone and Sloan [4]. We then
show the existence and uniform boundedness of (I — Kg)~! on the
weighted spaces X, 0 < p < g, if k satisfies the additional assumption
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A’. Our final result considers the pure Wiener-Hopf case K = K and
shows that if k(s) = as™? + o(s™7), s — +oo, for some constants a
and ¢ > 1, and I — K is invertible on X, then I — K is invertible on
le) for 0 < p < ¢; in particular, if y € Xé then the solution of (1.1),
= (I — K)™ly, satisfies

(s)+as? [;°x(t)dt
1— [T k(t)dt

(1.6) x(s) = Y o(s71), s— +oo.

It is an interesting feature of the results in Sections 5 and 6 that such
precise information on the asymptotic behavior of the solution of (1.1)
at infinity can be obtained from general, largely functional analytic
arguments.

In Section 7, illustrating the results of Section 6, we consider a spe-
cific Wiener-Hopf equation arising from a boundary integral equation
reformulation of a mixed impedance boundary value problem for the
Helmholtz equation in a half-plane. This problem has previously been
studied as a model of outdoor sound propagation [14, 12, 15, 16]. In
this case K = K with x(s) ~ ae’®s™%/2, s — 400, for some constant
a. We prove stability and derive error estimates for the finite section
method in the space X,, 0 < p < 3/2, and derive the leading order
asymptotic behavior of the solution at infinity.

2. Operator equations on the half-line. Let {zg} = {x3: 3 €
Rt} be an ordered family of functions in X with the natural ordering
induced by R*. The following definitions made for {zg} carry over
directly to {zs : 3 € R’} for any unbounded subset R’ C R™.

We say that {zs} converges strictly, and write z5 > x if {zs} is
bounded and z(s) — x(s) uniformly on every finite interval. This
is convergence in the strict topology on X of Buck [8]. We shall also
be concerned with ordinary norm convergence in X (|| - || denoting the
supremum norm), and write g — x if ||[xg —z|| — 0, i.e., zg(s) — x(s)
uniformly on R™.

Following Anselone and Lee [3] we call x € X a strict cluster point
of {5} if z5 = x with 8 € R’ for some R’ C R, and say that
{z3} is s-compact if {zg : B € R’} has a strict cluster point for any
R’ Cc R*. The following equivalence follows by a diagonal argument
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from the Arzela-Ascoli theorem (see [4]):

{z3} bounded, equicontinuous <= {zg} s-compact.

Let K,K3 € B(X) for 3 € R*, where B(X) denotes the space of
bounded linear operators on X. Following [3] call K s-continuous if

xgizéKxgin.
Call K sn-continuous if
r5 > v = Krg — Ku,
and s-compact if
zg} bounded = {Kx3} s-compact.
{zs} 8 p
Call {Kg} asymptotically compact if
zg} bounded — {Kgxg} precompact,
B BLpB
and asymptotically s-compact if
z3} bounded = {Kgxg} s-compact.
B BB p

Also, write Kg — K if Kg converges strongly to K, i.e., Kgz — Kz
for all x € X, in which case also

rg — v = Kgrg — Kux.
Similarly, write Kz 5 K if
xgizéKﬁxgiK:r

and K5 2% K if
15 > v = Kgrg — K.

Clearly

(2.1) Ks K= Ks > K, Ksg— K.
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If either K3 = K or K3 — K, then {K3} is bounded by the Banach-
Steinhaus theorem. We have also

Lemma 2.1. {Kj} asymptotically compact, Kz = K = Kz 3 K.

Proof. Since Kg 2K,
(2.2) x5 > x = Kgrg > Ka.

We will prove that also Kgxs — Kz by showing that every subsequence
has a subsequence converging to Kz.

Let R € R". Since {Kg} is asymptotically compact
(2.3) Kgrg —vy, BeR,

for some y € X and R” C R’. Comparing (2.2) and (2.3), y = K.
[}

Setting K3 = K, 8 € R*, in Lemma 2.1, we see that

K compact, s-continuous = K sn-continuous.

The following condition on operator families { K3} will be necessary:
(2.4)  For BeR", I - Ky injective = (I — K3)~* € B(X).

Clearly (2.4) is satisfied if each I — K3 is a Fredholm operator of index
zero, in particular if Kz is compact.

Our first theorem is an abstraction of Theorems 6.3 and 6.5 in [4]
and is proved in the same way. (Also cf. Theorem 1.6 in [2].)

Theorem 2.2. Suppose that I — K is injective, that {Kg} is
asymptotically s-compact, that Kg > K, and that (I — Kg)~' € B(X)
and is uniformly bounded for all sufficiently large 3. Then (I —K)~' €
B(X) and (I — Kg)™* > (I - K)~%.

Our next result shows that the uniform boundedness of (I — Kz)~!
is stable to a class of perturbations of {Kpg}.
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Theorem 2.3. Suppose that {Kg} satisfies the conditions of The-
orem 2.2, that H,Hz € B(X) for € R*, that I — K — H is injec-
tive, that {Kz + Hg} satisfies (2.4), and that {Hg} is asymptotically
s-compact and Hg *% H. Then (I — Kg — Hg)™' € B(X) and is uni-
formly bounded for all sufficiently large 3.

Proof. Suppose that the theorem is false. Then there exists {5 : x €
R'} with [|zg|| = 1, B € R’ such that

(2.5) rg — Kgxg — Hgap — 0, [ eR.
Since {Kg + Hga} is asymptotically s-compact,
Kgrg + Hgxg Sz, pBeR/,
for some x € X and R” C R’. From (2.5), 5 = = with 8 € R”. Since
Ks > K and Hs 2% H,
(2.6) Kgrg > Kz,  Hgag — Hx, BeR

Thus * = Kz + Hz and, since I — K — H is injective, x = 0. Thus,
Hz =0 and, combining (2.5) and (2.6),

;v,g—Kgxg—>O, ﬂERH.

But this is a contradiction since (I — Kz)~' € B(X) is uniformly
bounded for sufficiently large 5 and ||zs|| = 1. O

Combining Theorems 2.2 and 2.3 we have

Corollary 2.4. Suppose that the conditions of Theorem 2.3 are
S

satisfied. Then (I — K — H)™' € B(X) and (I — Kg — Hg)™! =
(I—K - H)".

An interesting special case of the above results is obtained by setting
Kz=K=0for g€ R".

Corollary 2.5. Suppose that H Hg € B(X) for 3 € RY, that
I — H is injective, that {Hg} satisfies (2.4) and is asymptotically s-
compact, and that Hg % H. Then (I — Hg)™' € B(X) and is
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uniformly bounded for all sufficiently large 3, (I — H)™' € B(X), and
(I-Hg) ' S —-H)', (I-Hg) ' = (I—H)"

Proof. Except for (I — Hg)™! — (I — H)™', the result follows
immediately from Theorems 2.2 and 2.3. To see (I — Hg)™! —
(I — H)™!, suppose that ys — y and define x5 = (I — Hg) lys,

= (I — H)"'y. Then (I — Hg)zg — (I — H)z. But (I — Hg)™' >

x
(I-H)' =235 and Hy 2% H = Hgrg — Hpz. Thus, 25 — .
O

3. Integral equations on the half-line. We apply the results of
the previous section to the case in which K € B(X) is an integral
operator, defined by (1.2). Let ks(t) = k(s,t). We suppose that
ks € L1(R") for all s € R and impose at least the following conditions
on the kernel k:

A sup,er+ [y k(s )] dt < oo.
B. [571k(s' 1) — k(s,t)|dt — 0 as s’ — s, for all s € RT.

Throughout the remainder of the paper, for an integral operator K of
the form (1.2), with kernel k, let K3, 8 € R", denote the finite section
version of K, defined by (1.4).

It is easy to see that if k satisfies A and B, then K, Kz € B(X),
B € RT, with

o
3.) 15l < 11 = sup [ (s, 1) .
seRt JO
Further
32)  {Ke:|ell <10 {Ks: B R [la] <1}

is bounded and equicontinuous.

It follows from (3.2) that K is s-compact and {Kg} is asymptotically
s-compact. Anselone and Sloan [4] also show that

(3.3) A, B = K s-continuous, Kz > K.
A and B are not sufficient to ensure that K is compact. But K is

certainly compact if k£ satisfies A and B and the following additional
hypothesis [4]:
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C. [57 k(s,t)|dt — 0 as s — oc.

Alternatively, Anselone and Sloan [5] show that K is compact if k is
uniformly continuous and satisfies

D. sup,cr+ f;o |k(s,t)|dt — 0 as B — oo.

From (3.2) and (3.3) we see that Theorem 2.2 applies to K and Kg
if k satisfies A and B, and this is Theorem 6.5 in Anselone and Sloan
[4]. To apply Theorem 2.3 we need a criterion for K5 2% K.

Lemma 3.1. Suppose that k satisfies A and B (so that K,Kg €
B(X), B € R"). Then the following are equivalent:

(i)
(i) [|Kp — K[| = 0;
(iil) k satisfies D.

. . sn
K is sn-continuous and Kg — K;

Proof. (ii) < (iii). This is immediate since

185 = Kl| = sup [~ [b(s. ).
seRT Jp

(ii) = (i). Suppose that ||Ks — K|| — 0 and that 3 > 2. Then, for
alla € RT,

1K2— Kpapl| < (K - Kp)asl| +||(K - Ko) (@ —2p)]|+ | Kale - zp)]l.

Now, given £ > 0 the second term is < £/2 provided « is chosen large
enough, and, for any fixed value of «, the remaining terms tend to zero
as 3 — oo. Thus Kz — Kgrg — 0 and we have shown that K5 =% K.
Similarly we show that K is sn-continuous.

(i) = (ii). Suppose that K is sn-continuous and Kz 2% K but
[|[Ks — K|| # 0. Then there exists a bounded sequence {zg} C X
such that (Kg — K)zs /4 0. But define {yg} C X such that {yg} is

bounded and
Oa S S 6 - 15

yﬁ(S): {.Z‘B(S), 326

Then (K3 — K)ys = (Kg — K)zg /4 0 but also ys > 0 so that
(Kg — K)yg — 0, a contradiction. O
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To illustrate the above result, note that assumptions A, B, and D are
all satisfied if k(s,t) = a(s,t)l(t) with [ € L1(R") and a(s,t) bounded
and continuous. Less obviously we have the following result:

Lemma 3.2. If the integral operator K is a compact operator on X,
then k satisfies A, B and D.

Proof. Let B denote the unit ball in X. If K is compact, then KB
must be bounded and also equicontinuous at every point s € [0, 00):
these requirements necessitate A and B (for more details see [22]).

To show further that k satisfies D note that, from (3.3), Lemma
2.1 and Lemma 3.1, we need only show that {Kg} is asymptotically
compact. But, if K is compact and k satisfies A and B then [18,
page 306] K : Loo(RT) — X and this mapping is compact. Thus
Uger+ K 3B C {Kx : x € Loo(RT), [|z|| < 1} is precompact in X; i.e.,
{K3} is collectively compact and so is asymptotically compact. ]

To see that A, B, and D, while necessary, are not sufficient to ensure
the compactness of K, consider the following example (cf. [5, Example

6)).

Example 3.1. Let k(s,t) = a(s,t)l(t) where a(s,t) = e,
1, 0<t<1,

Kﬂ:{o,t>L

Then k satisfies A, B and D, but K is not compact. For, defining {z3}
by z5(t) = e~ it follows that Kz(s) — 0 as s — oo with 3 fixed
but Kzg(8) =1 for 8 € R*, so that {zs} is bounded but {Kzz} has

no convergent subsequence.

The above example also illustrates that Kz is not necessarily com-
pact, even if k satisfies A and B. However, if k satisfies A and B, the
integral operator Kg on C[0, 3], defined by

. B
Rai(s) = /0 k(s 00 dt, 0<s<p,

is certainly compact and so (I — Kz)~' € B(C[0,0))) if I — Kg is
injective. But observe that the integral equation (1.3) reduces to one
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on [0, 5] so that I — Kg and I — I?g are equivalent to the extent that
they are injective and surjective together. Thus

(3.4) k satisfies A, B = {K} satisfies (2.4).

In the following results H is the half-line integral operator with kernel
h(s,t), defined by (1.2) with K and k replaced by H and h. The first
theorem is an immediate consequence of the observations made above
(in particular (3.2), (3.3), and (3.4)), Lemma 3.1, Theorem 2.3, and
Corollary 2.4.

Theorem 3.3. Suppose that k and h satisfy A and B and that h
satisfies in addition D. Suppose that I — K — H 1is injective and that
I—Kg is injective and (I —Kg) ™! uniformly bounded for all sufficiently
large 3. Then (I—K —H) ' € B(X), (I-Kz—Hg)™' € B(X) and is
uniformly bounded for all sufficiently large 3, and (I — Kg— Hg)™* 5
(I-K-H)'

The above result can certainly be applied if

K| = sup/ (s, )] dt < 1
seR*T JO

for then, by (3.1), ||Ks|| < ||K||<1and (I — Kz)~' € B(X), e RT
with
1

I—Kg) Y < ——.

This observation gives us

Corollary 3.4. Suppose that k satisfies A and B with ||K|| < 1, h
satisfies A, B and D, and I — K — H is injective. Then (I—K—H)™! €
B(X), (I — Kz — Hg)™' € B(X) and is uniformly bounded for all
sufficiently large 3, and (I — Kz — Hg)™* 5 (I — K — H)™%.

Applying Corollary 2.5 and Lemma 3.1 we obtain a slightly stronger
conclusion in the case K = Kg = 0.
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Corollary 3.5. Suppose that h satisfies A, B and D and that I — H
is injective. Then (I — H)™' € B(X), (I — Hg)™! € B(X) and is
uniformly bounded for all sufficiently large 3, (I — Hg)™* > (I — H)™?
and ||(T = Hg)~' = (I = H)~'[| — 0.

We can state this as a result about the solvability of equations (1.1)
and (1.3).

Theorem 3.6. Suppose that k satisfies A, B and D (which, by
Lemma 3.2, is certainly the case if K is compact), and that the ho-
mogeneous version of equation (1.1) has only the trivial solution. Then
equation (1.1) has a solution, x, for every y € X, and (1.3) a solution,
xg, for all sufficiently large 3. Moreover, xzg — x (i.e., zg(s) — x(s)
uniformly on R™).

We remark that the uniform convergence proved in Theorem 3.6 is
at first sight slightly surprising given that the result applies to cases
when z,y and Kz all fail to be uniformly continuous.

4. The finite section method in weighted spaces. We use
the results of the previous section to investigate the solvability of the
half-line integral equation and its finite section approximation in the
subspace X, of X, where X, := {z € X : ||z]|P := [lwpz|| < oo},
p >0, and wy(s) = (14 |s|)?. Clearly, x € X,, if = is continuous and
x(s) = O(s7P), s — oo.

Note first that equation (1.1) is equivalent to the integral equation

(4.1) x(p)(s) — K(p)x(p)(s) - y(p)(s), seRT,

where z(?) .= Wy, y® = wpy, and K® is the half-line integral
operator of the form (1.2) with kernel

(4.2) P (s,8) = kP (1) 1= (wp(s)/wp(t))k(s, 1)
From this equivalence it is easy to see that

(4.3) K" ¢ B(z) < K € B(X,),
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(4.4)
I-K® injective on X <= I-K injective on X, <= I—K injective on X,

(4.5) (I-KP)"'e B(X) < (I-K)' € B(X,).

Further, if K?) € B(X) and K € B(X,), then ||[K®)|| = ||K|| and, if
(I-K®)™' e B(X) and (I — K)~' € B(X,), then ||(I — K®)~!|| =
(I = K)~].

Thus, for R’ C R,

(4.6) {(I-KP)™: 8 e R’} bounded in B(X)
<= {(I - Kg)~': 3 € R’} bounded in B(X,).

Consider first the case k(s,t) = x(s—t) with & € L1(R). A reasonably
frequent practical case is that in which

|k(s)[ ~as™?, s — 400,

for some constants @ > 0 and p > 1 (see the example in Section 7). It
is easy to see that a necessary condition for K € B(X,) in this case is
that p > ¢. This motivates the introduction of the following hypothesis
which implies Assumption A:

A’ k(s t)] < |k(s —t)], for all s,t € RT, where k € L;(R) and
k(s) = O(s™7) as s — +oo, for some ¢ > 1.

It is easy to see that, if k satisfies A and B, then k(P) satisfies B for
p > 0. Further, if k satisfies A’ then, for some M,C > 0,

(4.7 |k(s,t)] < |k(s—=t)| < M(1+s—-t)"9 s—t>C.

The next theorem (cf. [10, Theorem 4]) shows that A’ and B are
sufficient conditions to ensure that K € B(X,) for 0 < p < ¢. In this
theorem and throughout the rest of the section, we let, for o, 5 > 0,
o+ 3>1,

(4.8)

fap(s)i= [0 s =) Par= [

dt >0
wabwg(s—1) "=
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and note that

(4.9) Fop = sgg fap(s) < o0

and that, if o, 3 > 0,
(4.10) fap(s) =0, s — +o0;

see [10, Lemma 3].

Theorem 4.1. If k satisfies A’ and B and 0 < p < ¢, then k¥
satisfies A and B and K € B(X,), KP) € B(X).

Proof. In view of the above remarks and (4.3), it only remains to
show that k() satisfies A.

Note that wy(s)/wy(t) <1 for t > s > 0, while, for all s,¢t € R,

(4.11) qﬂxg/wp@)=:{1+i;]fry?gzp{1+»<fi%?)p}.

Thus, if k satisfies A’ then, for 0 < p < g and s > 0,

/OOO K@ (s, )] dt < zp/os {1 + (llti')p},{(s — 1) dt

+AWM@—Udt

<o / NP (L + |5 — )77 dt + 27| ]
0

and, using (4.7),

s C
/TM@WW1+b—ﬂYWﬁ§CW/ (1)) dt
0 0

o0
+M/(Hﬂ%m+w4wwt
C

<CPll6lli + MEy—p p.
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Thus k(P satisfies A. u]

Theorem 4.2 shows the much stronger result that K — K ®) is compact
for 0 < p < ¢ (cf. [10, Theorem 6]).

Theorem 4.2. If k satisfies A’ and B and 0 < p < q, then k — k»)
satisfies A, B, and C so that K — K®) is compact.

Proof. We have that k — k®) satisfies A and B from Theorem 4.1. It
only remains to show that k — k() satisfies C.

From Assumption A’, for all s,t € RT,

(4.12) Ik(s,t) — k@) (s,8)] < |r(s — 1) ‘1 - Zﬁ; .

For all sufficiently large s > 1, from (4.7) and (4.11),

1/2

/ Ik(s,£) — k) (s, )| dt
0

1/2
878 2P +1 2P
< M/ { + + }dt
0 L+ s —the | (L+]s— e P(1+ 0P

(2P +1)M
<—
q—1

(1+ 51/2)17(1 +2°M fpg-p(s) =0

as s — oo by (4.10). Let

(4.13) cp(s) == sup
ls—t|<st/2

Then, for s > 1, from (4.12),

1/2

s+s

| ket = K9 s 0] de < y(s)all — 0
s—sl/2

as s — oo. Finally, from (4.12) and since w,(t) > wy(s), t > s,

/Oo |k(s,t)—l<;(”)(s,t)\dt§/oo Ik(—t)|dt — 0

4s1/2 sl/2
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as s — oo. Thus k — k(P satisfies C. |

From the above theorem, the representation
I-K® =] -K+4+K—-K®,
(4.4), and the Fredholm alternative, it follows that (I — K)™! €

B(X) = (I - K(p))_l € B(X), 0 < p < q. We have shown the
following result:

Theorem 4.3. If k satisfies A’ and B, 0 <p <gq, and (I - K)™!' €
B(X), then (I - KP)™' € B(X) and (I — K)~' € B(X,).

We now investigate further the case p = q. We note first that the
proof of Theorem 4.2 shows that

(4.14) / |k(s,t) — kD (s,8)|dt — 0, s— o0.
s—slt/2
Define
(4 15) ];, (t):]%(s t) — (wq(s—t)/wq(t))k(s,t)7 52t207
' * o, t>s5>0,

and the half-line integral operator K, with kernel k, by (1.2) with
K,k replaced by K, k. Recalling that k satisfies (4.7) we see that, for
B,s > 0, writing Sg s := [3,00) N[s — C, 5],

/[:O|k(8,t)|dt§/sﬁé%|R(S_t)|dt+M/ )q
< (15) e [

so that k satisfies A and D. It is easy to see that k also satisfies B given
that k£ does.

We now show that K — K (@ + K is compact so that, by Lemma 3.2,
k — k(9 also satisfies A, B and D.
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Lemma 4.4. Ifk satz’sﬁes_A’ and B, then k — k9 + & satisfies A, B
and C, so that K — K9 + K is compact.

Proof. It follows from the above remarks and Theorem 4.1 that
k — k9 + k satisfies A and B. From (4.14) and since k satisfies D,
to establish C we need only show that

s—st/?
I (s) :_/O |k(s,t)|dt — 0, s— o0,
1/2

I(s) == / k(D (s,t) — k(s,t)]dt — 0, s— o0.
0

From (4.7), for all sufficiently large s,

s—s'/2 M
Li(s) < M/ (1+s—t)"%dt < —1(1 +s1/2)ma g
0 q-—

as s — 00. Also,

[ s

for all sufficiently large s, by (4.7). Now, where ¢,(s) is defined by
(4.13),

1/2 1/2

/ wy(s) 1‘ dt < cq(s)/ dt o
0 we(s —t) wq(t) 0 (1+1)e
as § — oo. Further, from (4.11), for s,t € R,
q q
‘ wq(s) _1‘ 1 < (2741) N 2
wq(s —t) wq(t) wq(t) wq(s — 1)
so that
_gl/2 _J1/2
S5—S dt S—S dt
/ U)q(s) _1‘ < 2(2q+1)/ =0
gl/2 wq(s — t) wq(t) sl/2 (]. —+ t)q
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as s — o0o. Thus, I5(s) — 0, s — oo. O

The following example shows that K is not necessarily compact, even
if K is compact, It thus follows, from the previous lemma, that K — K (9)
is not necessarily compact.

Example 4.1. For some ¢ > 1, 7 > 0, u € R, define

_exp(i(s? — ust + %)) "
k(s,t) = At js— it s,teR™.

Then

k(s,t) =
0, t>s2>0,

- {exp(i(s2 —ust +t2))(1+1)7""% s>t>0,
k satisfies A’ and B, and k satisfies A, B and D. K is compact only
if w = 0 (cf. Example 3.1). If r > 0, then k satisfies C' so that K is
compact. If r = 0 and u = 2, then k is a convolution kernel and K a
Wiener-Hopf operator.

Although K — K9 is not necessarily compact, k — k(9 satisfies A, B
and D, as does k — k® for 0 < p < ¢, by Theorem 4.3 and Lemma 3.2.
Thus, Theorem 3.3 is applicable, and we obtain the following result
which extends Theorem 4.3 to give a criterion for the invertibility of
I — K on B(X,) in the case p = ¢, and at the same time considers the
finite section method for solution of (1.1) in the weighted space X,.

Theorem 4.5. Suppose that k satisfies A’ and B, that (I — K)™! €
B(X), that (I—Kg)~' € B(X) and is uniformly bounded (in B(X)) for
all sufficiently large 3, and that 0 < p < q. Then (I - K®)~1 € B(X),
(I - K[(f]))_l € B(X) and is uniformly bounded for all sufficiently
large B > Bo, (I — K)™' € B(X,), (I — Kg)~' € B(X,) and is
uniformly bounded (in B(X,)) for all sufficiently large 8 > [, and
(I— K™ 2 (1 - K0)-L,

We consider the implications of this result for the convergence of x3
(defined by (1.3)) to x (defined by (1.1)). Clearly, if the conditions of
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the theorem are satisfied and y € X, then z, zg € X, for all sufficiently
large 8. From the identity

v —ap = (I - Kp) (K~ Kp)a,
it is easy to see that, for 8 > o,
|z —2p|[" < Mp||(K — Kp)z||”,
where M, is a bound for {(I — Kg)™': 8> o} C B(X,). Thus

[l — @p][? < My||K®[| sup [y (s)z(s)|-
s>p
Combining this inequality with the previous result, we have

Corollary 4.6. Suppose that the conditions of the previous theorem
are satisfied and 0 < p’ < p < q. Then equation (1.1) has a solution,
z € Xp, for every y € Xp, and (1.3) a solution, zg € X,, for
all sufficiently large 8. Moreover, xg(s) — z(s) uniformly on finite
intervals of R™ (uniformly on R™ if p > 0) and

sup |(1+ )7 (2(s) — w5(s))| < Cp 7 7.
seR™T

We will consider the application of Theorem 4.5 to a particular class
of integral operators in Section 6. We point out at this stage that it
certainly applies (cf. Corollary 3.4) if

(4.16) K| = sup/ (s, 1) dt < 1.
seRt+ JO

Corollary 4.7. Suppose that k satisfies A’ and B and that (4.16) is
satisfied. Then all the conclusions of Theorem 4.5 apply. In particular,
for0<p<gq, (I-K)'eB(X,) and (I — Kg)~! € B(X,) and is
uniformly bounded for all sufficiently large 3.

5. Invertibility in subspaces of X,. We extend the results of
the previous section on the invertibility of the operator I — K on X
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or X, to results on the invertibility of I — K on certain subspaces of
X, specifically X! := {z € X, : limy_, o0 wp(s)x(s) exists} and X7 :=
{z € X : lim,_ o wy(s)z(s) = 0}. For p >0, X)) and X! are closed
subspaces of the Banach space X,. We will abbreviate X{ and X{ as
X% and X!, respectively, and, for x € X!, let z(c0) := lim,_, o ().

Note first of all that, where X denotes X° and Xp denotes Xg, or
X denotes X! and X, denotes X}, (4.3)~(4.5) hold with X, and X
replaced by X, and X. That is, where K € B(X) and K® is defined
by KW = w,K(¢/wy), ¢ € X,

(5.1) K® ¢ B(X) < K € B(X,),

I-K® injective on X <= I-K injective on X, <I—K injective on X,

(5.3) (I-KP)leB(X)e (I-K)'eB(X,).

We also have the following straightforward results:

Lemma 5.1. If K,H € B(X,), H: X, — X,, (I -
and (I — K — H)™' € B(X,), then (I — K — H)~! € B(X,)).

Proof. 1f y € X, and x := (I — K — H)" 'y, then Hz +y € X, and
r=(—K) ' (Hz+y) e X, O

Lemma 5.2. If K,(I - K)™' € B(X,) and K,(I - K)~! € B(X}),
then K, (I — K)™' € B(XL) if and only if K(1/w,) € X}..

Proof. In view of (5.1) and (5.3) and, since K (1/w,) € X}, if and only
if K1 e X! it is sufficient to consider the case p = 0 when wp = 1.

The necessity of the condition K1 € X' is obvious. To see the
sufficiency, suppose that K, (I - K)~!' € B(X), K,(I-K)™! € B(XY),
and K1 € X'. Since X! C X, to show that K, (I — K)~! € B(X') we
need only show that K, (I — K)~!: X! — X!,

Forz € X!, z—2(0c0)1 € X s0 that Kz = K(z—z(c0)1)+z(c0)K1 €
X! Thus, K : X! — X" and

(5.4) Kzx(o0) = z(00) K1(0).
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Note that
(5.5) K1(c0) £ 1
for otherwise (I — K)1 € which contradicts (I — K)~! € B(X").
If y € X', then x :( K) 'y € X, y* =y — (y(o0)/(1 —
K1(oc0)))(I — K)1 € XY, z* :: (I —K)'y* € X° and =z =
z* + (y(o0)/(1 = K1(00)))1 € X' Thus (I — K)~: X! — X! and
- __ y()

For the remainder of this section let K, K(P) be the half-line integral
operators, with kernels k, k?) defined in Section 4.

The next result is a criterion for the invertibility of 7 — K on X° and
X!, Tt also relates, through (5.14), the rate of decay of (I — K)~'y to
that of y € XO.

Theorem 5.3. If k satisfies Assumptions A’ and B, then K € B(X)
and K € B(X); if also K1 € X', then K € B(X'). If k satisfies
A" and B and (I — K)~! € B(X), then (I — K)~! € B(X"); if also
K1e X!, then (I — K)~! € B(X!).

Proof. From Theorem 4.1, K € B(X). Also, if x € X°, then, since k
satisfies A’,

Ka(o) < [ Ins =) ka0

< Hz||/ k(s —1t) \dt—|—ts;u;/)2|x |//2/£(s—t)dt

< Hxll/ (O de-+ sup o0 sl

as s — 00. Thus K : X® — X% and K € B(X°). That K € B(X!) if
K1 € X! follows as in the proof of Lemma 5.2.
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Suppose that also (I — K)~! € B(X). We shall show that (I —K)~!:
X% — X% From this it follows that (I — K)~! € B(XY), and that
(I - K)7' € B(XY) if K1 € X! from Lemma 5.2. To show that
y€ X?= (I - K)~'y € X% we proceed by modifying the argument of
Theorems 4.2 and 4.3.

Suppose that y € X°. Choose ¢ in the range 0 < & < min{1/2, (¢ —
1)/2} and define v € C(R™") by

v(s) = min ((1 +s)° ﬁ)

"supgs [y(1)]

so that v(s) — oo as s — oo,

(5.7) ly(s)l < lyll/v(s),

and v is monotonic increasing. Define w € C(R™) N C*(0,00) by

v(0), s =0,
w(s) = g/s v(t)dt, s>0,
S Js/2
and note that
(5.8) 1<v(s/2) <w(s) <wv(s) < (1+35)°, seRT,

and, for s > 0,

w'(s) = (2v(s) — v(s/2) — w(s))/s = 0,
so that w is monotonic increasing. Note also that
(5.9) w'(s)/w(s) < 2u(s)/s = O(s*71)

as § — 0OQ.

Define X € X° by

X :={z e X":||lz;w| := sup |z(s)w(s)| < oo}
R+

se

Then, from (5.7) and (5.8), y € X. We will show that (I—K)~' € B(X)
so that x € X.
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Let K be the half-line integral operator with kernel l;:(s,t) =
(w(s)/w(t))k(s,t). Then (4.3)~(4.5) hold with K and X, replaced
by K and X. Clearly k satisfies B, and k satisfies A if k — k satisfies
C. Now

(5.10) /OOO (s, 1) — (s, )| dt < /OOO k(s — 1)| ’w((s) - 1' dt

w(t)

and

(5.11) /OO |n(s—t)|’@—1’dtg/:o k(—t)|dt — 0

s+sl/2 U}(t) 1/2

as s — oo. For all sufficiently large s, from (4.7),
(5.12)

1/2 1/2

o0

ng(s)/ (1+0)7dt

s1/2

= O(ss~(179/2)

as s — 00, by (5.8). Let

Cp(s) := -1

|s—t]<s1/2

s+s/2
t
s—sl/2 w(t)
and note that

s+s'/2 !
/ w'(t) dt < 25172 sup w'(s +1) _ 0(3571/2)
s—gl/2 'U)(t) MSSU? w(s + t)

w(s) w(s + s'/?)
w(t) 1‘ = w(s — s1/2)

as s— 00 by (5.9), so that C,(s)=0(s°"1/2) as s —o0. It follows that

s+st/2 w(s
(5.13) /7 » n(s—t)‘#t))—l‘ dt < Cp(s)||kll1 — 0

as § — 0OQ.



60 S.N. CHANDLER-WILDE

We have shown, in (5.10)—(5.13), that k — k satisfies C, and also k
satisfies A and B. Thus K € B(X) and K — K is compact. It follows
from the representation I — K = I — K + K — K (cf. Theorem 4.3)
that (I — K)~! € B(X) so that (I — K)~! € B(X) and z € X. Thus,

z € X% in fact, z € X implies rather more, that

(5.14) (5) = O(s%) + O sup fu(0)

as § — OQ. O

Note that (see Section 3)
(5.15) k satisfies A, B, C = K : X — X° and is compact.

(In fact, = can be replaced by <; see [4, 22].) Combining this
observation with the above results we obtain the following extension
of Theorem 4.1 to the subspaces X° and X!. The half-line integral
operator K is defined here as in Section 4 (see (4.15)).

Theorem 5.4. If k satisfies A’ and B, then
(i) For0<p<gq, K€ B(XY) and K) € B(X°); if also K1 € X',
then K € B(X!) and K € B(X!).

(ii)
KeB(X!)+= K9 e B(X")+=K:X — X"and K1 € X'
KeB(X))«= K9 eB(X%)+=K: X - X°

(iii) If K1 € X! and either: (A) 0 < p < ¢q; or (B) p = q and

K : X — X0 then
(a) forallz € X', KWz e X! and
(5.16) KP z(00) = z(00) K1(c0);

equivalently

(b) forallz e X, Kz € X} and

(5.17) Kx(s) = z(s)K1(c0) + 0(s7P), s— 0.
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Proof. We have already, from Theorem 4.1, that K®) ¢ B(X),
0 < p < ¢, and, from Theorem 5.3, that K € B(X°) and K € B(X') if
K1 € X! Tt follows from the representation K?) = K 4 (K®) — K),
Theorem 4.2, and (5.15), that K® € B(X?) for 0 < p < ¢, and that
K® ¢ B(xY) if K1 € X

By Lemma 4.4 and (5.15) we have that
(5.18) K9 _-K-K:X — X"

Thus, and from Theorem 5.3, it follows that K : X — X implies
that K@ : X9 — XO and that if K : X — X! and K1 € X! then
K@ xt — X!,

Conversely, suppose that K@ : X — X where X denotes X° or X'.
To see that it follows that K : X — X, note that we have shown before
Lemma 4.4 that k satisfies A, B and D. Suppose that z € X and, for
B> 1, define z53 € X° so that ||zg|| < ||z|| and

zg(s) = {x(s)’ s<pB-1,

0, s> 0.

Then z5 > 2, Kzge X°C X for all 3, since K € B(X°) by Theorem
5.3, thus and by (5.18), Kzg = (K + K — K D)3 — Kag+ K @ag € X
for all 8. Now, by Lemma 3.1, x3 S = Kzp — Kux. Tt follows
that Kz € X since X is a closed subspace of X. Thus K (@ : XX
implies that K : X — X and hence, by (5.18), also that K : X - X.
In particular, K(9 € B(X') implies that K1 € X'.

From (5.4), if the conditions of (iii) are satisfied so that, by (i) and
(ii), K® € B(X), B(X?), B(X"), then K® z(c0) = z(c0)K®1(c0),
for z € X'. Further, from the representation K») = (K?) — K) + K
and Theorem 4.2 if p < ¢, (5.18) if p = ¢, K" 1(c0) = K1(00).

The remaining results of the theorem follow from (5.1). O

We can also extend the results of Theorems 4.3 and 4.5 in part to the
subspaces X and X
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Theorem 5.5. If k satisfies A’ and B and (I — K)™! € B(X), then
(i) For0<p<gq, (I-K)™'eB(X)) and (I - K®)~! € B(X");
if also K1 € X', then (I — K)™' € B(X}) and (I - K®)~! € B(X").
(i) If (I — K)™' € B(X,), then:
(a) I-K)'eBXl)and (I-KD)'eBX")ifK:X —
X' and K1 € X!
(b) I-K)™'eB(X?) and (I -K9W)™' € B(X%) if K : X —
X0,
(iii) If K1 € X' and either:

(A) 0<p<gor
(B) p=gq, I - K)"'e€ B(X,) and K : X — X°; then

(a) forallye X', (I - K®)~ly e X! and

1 T — K1 — ﬂ
(5.19) (1= K0) y(o0) = 1520
equivalently

(b) forallye XL, (I - K) 'y € X}, and

(5200 (I— ) 'y(s) = — 2

N5 -p
1—K1(oo)+0(8 ), §— oo.

Proof. That (I — K)~"' € B(X})) if 0 < p < ¢ follows from the same
argument as Theorem 4.3, on noting, from (5.15), that K — K is
compact as an operator on X° as well as on X. That (I-K)~! € B(X})
if K1 € X! then follows from Theorems 4.3 and Lemma 5.2.

If (I -K)™' e B(X), B(X,) and K : X — X, then (I — K(9)~1 ¢
B(X) and, from (5.18), it follows that K9 — K : X — X°. Now,
by Theorem 5.3, (I — K)~! € B(XY). It follows that (I — K@)~ =
(I -K— (K9 - K))' € B(X°) from Lemma 5.1.
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By a similar argument we establish that (I — K(@)~! € B(X') in
part (ii)(a), noting that if also K1 € X! then, from Theorem 5.3,
K,(I - K)~!' € B(X"). The remaining results of (i) and (ii) follow
from (5.3).

The conditions of part (iii) ensure that (I — K)~' € B(X,,), B(X}),
B(X]) and also, from (5.16), that K®1(c0) = K1(c0). Equation
(5.19) then follows from (5.6). O

The above result is of interest in that it shows, in part (iii), that if
K1 e X! and y(s) ~as™P, s — 0o (a # 0), and either: (A) 0<p<g;
or (B) p=¢q, (I - K)™' € B(X,) and K : X — X0; then, to leading
order, the asymptotic behavior of (I — K)~'y at infinity depends only
on that of y. This leading order asymptotic behavior is given explicitly
by (5.20). Ifp=g¢q, (I - K)"' € B(X,), K: X — X!, but KX ¢ X°,
then it is easy to see that (5.20) is replaced by

I(S) — y(S) + quf(wqx)(oo)

(5.21) T Ki(od)

+o(s79), s— +oo,

where o := (I — K)~'y. In this case the leading order behavior of = at
infinity is no longer determined by that of y, but depends on the global
values of y on the half-line.

We illustrate the results of this section by a theorem which will find
application in Section 6. We introduce the following stronger version
of Assumption A’.

A" k(s,t)| < |k(s —t)|, for all s,t € R", where x € L1(R) and
k(s) = o(s~?) as s — +oo, for some g > 1.

Lemma 5.6. Suppose that k satisfies A" and B. Then, for0 < p < g,
k — kP satisfies A, B and C.

Proof. From Theorems 4.1 and 4.2, k — k(P) satisfies A and B for
0 <p<gand C for 0 < p < q. To see that C is satisfied also for
p = ¢, note (4.14) and that k satisfies a stronger version of (4.7) with
M replaced by M r(s—t), for some r € X° (and, further, we may choose
r to be monotonic decreasing with r(0) = 1). Making this replacement
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in the proof of Theorem 4.2 we see that,

s—s'/?
/ |k(s,t) — kD (s,t)| dt
0

29+ 1)M
< (q%l)(l + 81/2)1_q + 2qMT(81/2)fq,0(8) —0

as s — oo by (4.9) and since r € X°. o

Theorem 5.7. Suppose that, for some a € C (the set of complex
numbers), k(s,t) == a(l + |s — t|)~7 + k*(s,t), where k* satisfies A"
and B. Define k by (4.15), and let K* denote the half-line integral
operator with kernel k*. Then K and K —KW®) 0 < p < q, are compact
operators. Moreover, if K*1 € X', then K € B(le,), 0<p<ygq If
also (I — K)~' € B(X), then (I - K)~' € B(X}), 0 <p < q and, for

€ XL, the asymptotic behavior of x(s) := (I — K) 'y(s) as s — oo is
given by (5.20) for 0 < p < q and, for p=gq, by

y(s) +as™ [ x(t) dt
1— Kl1(c0)

(5.22) z(s) =

+o(s7%), s— +o0.

Proof. To show that K and K — K® are compact operators we
consider first the two particular cases a = 0 and k* = 0.

In the first case (a = 0) it follows from Lemma 5.6, (5.15), and Lemma
4.4 that K, K — K® : X — X° and are compact.

In the case k* =0, K — K(pL X — X0 and is compact by Theorem
4.2 for 0<p<uyg Further, K = K71 + K5 where K; and K5 have
kernels kq(s,t) := a(1+¢)"7 and

7 o= 0, s>t>0,
2(s,t) = a(l+¢)79, t>s>0.

It is easy to see that ky satisfies A, B and C, so that K, is compact.
Also, K; : X — X! and is compact since it has a one-dimensional
range. Thus, and by (5.15) and Lemma 4.4, K and K — K@ : X — X!
and are compact. Further,

—+o0

Kl(s):a/ooo(1+|s—t)_th—>a/ (14 [¢)) 9 de

—0o0
as § — 0Q.
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From these particular cases it follows that Kand K—K® 0<p<g,
are compact in the general case and that K : X — X! with

Kx(o00) = Ki2(00) = a/ooo z(t)(14+t)"%dt, xe€X.

Moreover, if K*1 € X!, then K1 € X! and, by Theorem 5.4 (i) and
(i), K € B(X}), 0 < p < ¢ Ifalso (I - K)~' € B(X) then, by
Theorem 4.3, (I — K)~!' € B(X,), 0 < p < ¢, and, since K — K@ is
compact, (I — K)~' € B(X,) by the same argument. The remaining
results then follow from Theorem 5.5 (i), (ii)(a) and (iii)(b), and from
(5.21). @

6. Wiener-Hopf and related operators. We apply the results
obtained so far to the case when the integral operator K, defined by
(1.2), is a perturbation of a Wiener-Hopf operator. Precisely, suppose
that

E.
(6.1) k(s,t) = k(s —t) + h(s,t), s,teRT,

where k € L1(R) and h satisfies A, B and D.

We write K = K 4+ H in this case, where K is the Wiener-Hopf
operator, defined by (1.5), and H is a half-line integral operator of
the form (1.2) with kernel h. Note that, from Example 3.1, the
pertrubation H is not necessarily compact, and that the kernel x(s—t),
with k € Li(R), satisfies A and B [4].

It is well known that the spectrum of the Wiener-Hopf operator
can be characterized in terms of the Fourier transform of x. Let

+o0o
dN) =1 — / K(s)e™*ds, N€R,

— 00

and, in the case ¢(A) # 0, A € R, define the integer, wind (¢), to be
the winding number

L farg g2,

™

wind (¢) :
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Then [19] (I — K)~! € B(X) if and only if

(6.2) o(A\)#0, AeR, wind(¢) =0.

Anselone and Sloan [4] have proved the uniform boundedness of
(I —Kg)~! in the case k(s,t) = k(s—t)+h(s,t)+1(t), with k € L;(R),
l € Li(R™), and h satisfying A, B and C, under conditions which imply
(6.2). K is a compact perturbation of K in this case. For the particular
case k(s,t) = k(s — t) they show the following result in [6]:

Theorem 6.1. Condition (6.2) is satisfied if and only if (I—Kg)™' €
B(X) and is uniformly bounded for all sufficiently large (5.

Combining Theorems 6.1 and 3.3 we have the following generalization
of the results of Anselone and Sloan [4]:

Theorem 6.2. Suppose that k satisfies condition E, that (6.2) is
satisfied, and that I — K is injective. Then (I — K)™! € B(X),
(I — Kg)~! € B(X) and is uniformly bounded for all sufficiently large
B, and (I — Kg)~' > (I - K)~ L.

We now study the uniform boundedness of (I —K3) ™! in the weighted
spaces, X, of Section 4, and define k(P) (by (4.2)) and K as before.
Combining Theorems 4.5 and 6.2, we have:

Theorem 6.3. Suppose that k satisfies A’ and E, that (6.2) is
satisfied, that 0 < p < q, and that the homogeneous version of equation
(1.1), x = K=, has only the trivial solution in X. Then (I — K®P)~1 ¢

B(X), (I—K[gp))*1 € B(X) and is uniformly bounded for all sufficiently
large B > By, (I-K)™' € B(X,), (I-Kg)~' € B(X,) and is uniformly
bounded (in B(Xp)) for > By and (I — Klép))—l S (I — KWyt

We remark that Theorem 6.3 remains true under the weaker condition
that = Kz has only the trivial solution in X,. To see this, note that
the argument leading up to and including Lemma 4.4 shows that if &
satisfies A’ and B and 0 < p < ¢, then k — k®) satisfies A, B and D.
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Thus, if k satisfies A’ and E and 0 < p < ¢, then k® also satisfies
E and can be written in the same form (6.1) as k, and with the same
Wiener-Hopf kernel k(s —t). Thus, Theorem 6.2 can be applied to k®)
to give Theorem 6.3 but under the weaker condition that I — K be
injective.

Combining Corollary 4.6 and Theorem 6.2, we have:

Corollary 6.4. Suppose that the conditions of Theorem 6.3 are
satisfied and 0 < p’ < p < q. Then, where x and x3 are the solutions of
equations (1.1) and (1.3), respectively, x3(s) — x(s) uniformly on finite
intervals of RY (uniformly on R if p > 0) and, for all sufficiently large
67

sup |(1+ )7 (x(s) — 24(s))] < Cp B 7P
seRT

It is interesting to compare the above to previous results obtained by
Silbermann [21] (or see [20]), who proves that, for ¢ > 0, (I — Kg)~! €
B(X,) and is uniformly bounded for all sufficiently large [, provided
that (I — K)~! € B(X,), k(s,t) = (s — t) + h(s, t),

(6.3) / T ) ()] dt < oo,

— 00

and

(6.4) hD (s,1) == (wy(s)/w,(t))h(s,t) satisfies A, B and C.

We note that the condition (6.3) on the convolution kernel x(s — t)
is, in most cases of practical application, a stronger requirement than
Assumption A’. In particular, A’ imposes no requirement on x(s) for
s < 0 (beyond that x € L1(R)) and, in the case which most frequently
arises, that |x(s)| ~ a|s|™P, s — oo, for some constants a and p > 1,
k(s —t) satisfies A if p > ¢ but (6.3) only if p > ¢ + 1. As previously
noted, A’ is a necessary and sufficient condition for K € B(X,) in this
case.

For more general kernels we point out that A’ is a natural condition
in many practical cases (e.g., [10, Section 3]). However, h(s,t) may
satisfy (6.4) but not Assumption A’ as the following example shows.
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Example 6.1. Choose a,b,c > 0 with a+c¢—1>b > 1 and define
h(s,t) = (1+]s—t) *(1+t)""¢(1+s)7" s,tcR".
Then
WD (s,8) = (L4 ]s — )7 (1+ )" 791 +5)77"
< (14 |s—t))le=a=a(1 4 1),

since {(1+1)/(1+s)}*t <1+ |s—t|. Thus

oo
/ h(q) (57 t) dt < faf\b7q|,c(8)u
0

defined by (4.8), and, from (4.9) and (4.10), h(?) satisfies A, B and C
for 0 <g<c+b+a—1. However,

h(2t,t) = (14+1)"797¢(1 +2t) 0 ~ 270707

as t — 00, so that h does not satisfy A’ for ¢ > a + c.

We can include in our results perturbations satisfying (6.4) by com-
bining Theorems 3.3 and 6.3 to obtain

Corollary 6.5. The conclusions of Theorem 6.3 apply if the con-
ditions of Theorem 6.3 hold but with “k satisfies A’ and E” replaced
by “k = ki + ko where ki satisfies A’ and E and kép)(s,t) =
(wp(s)/wp(t))ka(s, t) satisfies A, B and C.”

We now consider the application of the results of Section 5. Through-
out the rest of the section K, as before, is the half-line integral operator
with kernel k defined by (4.15).

Recall that, if k satisfies E, then k(s,t) = k(s — t) + h(s,t) with
k € Li(R) and h satisfying A, B and D. If also k satisfies A’ then
|h(s,t)| < |K*(s—1t)], s,t € RT, for some k* € L1(R). Thus, and since
h satisfies D,

) s/2 00
/ |h(s,t)|dtg/ |f<a*(s—t)|dt+/ (s, )| dt — 0, s — oo,
0 0 s/2
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i.e., h satisfies C. Thus, if k satisfies A’ and E, K; € X' with
K1(o0) = [ k(t) dt.

We obtain the following theorem by a straightforward combination
of Theorems 5.4, 5.5 and 6.3.

Theorem 6.6. Suppose that k satisfies A’ and E, that (6.2) is
satisfied, and that the homogeneous version of equation (1.1), v = Kz,
has only the trivial solution in X. Then, where X denotes X° and X
denotes XO or X denotes X' and X denotes X s it follows that K(p)
(I—-K® >) e B(X) and K,(I — K)~' € B(X,), for 0 < p < ¢; and
also forp=qif K:X — X. Foryec le, the asymptotic behavior of

= (I — K)7 Yy at infinity is given by (5.20) for 0 < p < q and, if
K X — X, by (5.21) for p = q, with K1(cc) = fjoo k(t) dt.

Specializing further to the pure Wiener-Hopf case, we can make the
following application of Theorem 5.7:

Theorem 6.7. Suppose that k(s,t) = w(s —t), s,t € R, with
k € Li(R), and that k(s) = as™ %+ o(s79) as s — +oo, for some
constants a € C and ¢ > 1. Then K € B(X,), B(X}), for 0 <p < gq.
If also (6.2) is satisfied, then (I—K)™' € B(X,), B(X}), for0 <p <q.
For y € le, the asymptotic behavior of v := (I — K)~'y at infinity is
given by (5.20) for 0 < p < q and by (1.6) for p =q.

7. An application in acoustics. Consider the following boundary
value problem for the Helmholtz equation in the half-plane Ri =
{(s,t) : s,t € R,t > 0}:

(7.1)
Au+u=F, in R%,
0
a—Z—l—iau:O, on R=0R?,

u satisfies the Somerfeld radiation condition.
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In (7.1), the functions a@ € Lo (R) and F' are supposed given, with
F e Lg(Ri) compactly supported. The function « is defined by

(72) at) = {2 120

ag, §>0,

where aq,as € C with Reay, Reas > 0.

The above boundary value problem has been used, for example,
as a model of sound propagation from road traffic over flat ground,
the ground plane consisting of two half-planes, one of relative surface
admittance aq, the other of admittance as (see [14, 12, 16, 15]).

Introducing the Green’s function G, (r, r¢), which satisfies (7.1) with
F(r) =6(r —rg), and as) = a1, s € R, the boundary value problem
can be reformulated, via Green’s theorem, as a boundary integral
equation for x, the restriction of u to the half-line {(s,0) : s > 0}.
Identifying this half-line with R*, we can write the integral equation
as

(7.3) x(s) = y(s) + i(a1 — az) /000 Jo, (s —t)z(t)dt, s€RT.

In equation (7.3), go, and y are defined by

(74) Jo (t) = G(Xl ((tv O)a (Ov O))? teR,

(7.5) y(t) == /R Ga, ((£,0),1)F(r) dA(r), teR™.

2
+

For Rea > 0, r = (s,0) € 8R2+, and ro = (sp,tg) € R—?H the Green’s
function G,, is given explicitly by [12]

(7.6) Ga(r,ro):—%Hél)( (5 = 50)2 + 83 ) + Puls = 50, o),

where Hél) is the Hankel function of the first kind of order zero and
P, is defined by
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i [ exp(i(t(1-A2)2—s)))
= — ; N

27T/* (1=A)V2((1-X2)1/2 +a) dA, seR,teR",
with 0 < arg{(l _ )\2)1/2} < 7_‘_/2'

Equation (7.3), an equation of Wiener-Hopf type, is identical to
equation (1.1) if we define

(7.8) k(s,t) == k(s —t) = i(a1 —2)ga, (s—t), s,t€RT.

It is shown in [13] that P, € CW(R—i\{(O,O)}) N C(R—i) From |9,
equations (2.1.87), (2.1.91), and (2.1.92)], it follows that

1 1 it )
(7.9) Ga((570)’r0) = \/—Q_ﬂ-{g _ 2_2}61(3507\'/4)53/2 + 0(875/2),

as s — +o0o, uniformly in ro = (sg,t9) € D, where D is any bounded
subset of Rﬁ_. Using these properties and certain standard properties
of the Hankel function [1], it follows that y € X35, but y ¢ X, for
p > 3/2, in general. Further, s € L1(R),

1 - .
(7.10) K(s) ~ N (al a%a2)61(5+”/4)53/2, 5 — 00,

and, from [10], the Fourier transform of « is

Q1 — Q2

= e
so that p(A) :=1—&(\) = (V1= A2+ a2)/(V]1 = +aq) and (6.2) is

satisfied.

(7.11) A(N)

Let x be the finite section approximation to x, which satisfies

B
(7.12)  xzp(s) = y(s)—i—i(m—ag)/o Joy (s—t)zp(t)dt, seRT.

Applying Theorems 6.3 and 6.4 we have the following result.
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Theorem 7.1. FEquation (7.3) has precisely one bounded continuous
solution x, and this solution satisfies x(s) = O(s~3/?), s — +o0. For
all sufficiently large 3, (7.12) has precisely one bounded continuous
solution xg, and xg converges uniformly to x as B — oo and satisfies
z5(s) = O(s73/2) as s — +oo, uniformly in B. Further, for 0 < p <
3/2, the error x — xg can be bounded by

sup |(1+8)7(x(s) = 25(s))| < Cpp" /2.
seR*

We now apply Theorem 5.7 to obtain more precise information about
the asymptotic behavior of = at infinity. Define z,y € X by
#(s) = e “a(s), 7(s) == e "y(s), seRT.

Then (7.3) is equivalent to

(7.13) (t)dt, seRT,

IS
—~
»
N—
I
=
'
N~—
+
S—
3
R
@
|
N
2

where 4
R(s):=e "k(s), s€R.
From (7.5) and (7.9) it is easy to see that § € X§/2; in fact,
(7.14)
e—iTr/4 { 1 Zt_()

T Vo Y i is g—3/2 —5/2
y(S) 5 R2 OL% %0 }6 F(So, to) dsg dtge*’s +O(S )7

s — +00.

Further, from (7.10),

~ — ]. a1 — Qg .
7.15 7(s) ~as 32, s — 400, a:_—< >e”/4.
(T15)  &(s) N G

Now the Fourier transform of & is £(\) = #(A—1), A € R, so that (6.2)
is still satisfied by &. Thus Theorem 6.7 can be applied to obtain (on

noting (6.4) and that [ &(t) dt = #(0) = #(—1))
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Corollary 7.2. The asymptotic behavior at infinity of the solution
of equation (7.13) is given by

(7.16) 3(s) = “1(s)+ ta / 0 dt s 4 o(s=%?), s — +oo,
2 2 0
so that
(7.17)
z(s) = %y(S) + %a/ z(t)e T dte®sT3/% 4 o(s73/?), s — +oo.
2 2 0

We point out that the precise information on asymptotic behavior of
x(s) at infinity that this corollary provides is a distinct improvement
on what can be obtained using previous results for integral equations
on the half-line. Applying the results of Chandler-Wilde [10] we obtain
only that x(s) = O(s7P), s — oo, for all p < 3/2, and, from the results
of Préssdorf and Silbermann [20, 21], only that z(s) = O(s™P), s — oo,
for p < 1/2.
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