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Abstract

In this chapter, we survey recent results on the numerical solutions of the
Hammerstein equations. Hammerstein equations arise naturally in connec-
tion with the Laplace equation with a certain class of nonlinear boundary
conditions. The Hammerstein equations with smooth as well as weakly sin-
gular kernels will be treated.

1 Introduction

In this chapter, we make a report on some of the recently obtained numerical
methods for finding an approximate solution of the Hammerstein equation,

£(t) — / Kt $)b(s, 2(s)) ds = f(1),  t€[0,1], (1)

where k,f and 1 are known functions and x is the solution to be deter-
mined. In the past two decades, there has been considerable interest in
the numerical analysis of solutions of integral equations. A comprehen-
sive survey of numerical methods for the solution of the Fredholm integral
equation of the second kind was made by Atkinson [1] in 1976. The sur-
vey encompasses most of the standard numerical techniques available to
the practitioners and it is a prerequisite for the current article. Since the
publication of Atkinson’s survey, numerous new research articles have ap-
peared. In particular, many interesting numerical techniques that deal with
the weakly singular Fredholm integral equations have been established, e.g.



[2],[3], . Also a substantial number of results obtained for the Fredholm
equations were generalized to nonlinear Hammerstein equations. The one-
dimensional Hammerstein equation arises naturally in connection with the
Laplace equations with nonlinear boundary conditions that are proposed in
R?. The purpose of this survey article is to update readers, mathemati-
cians and engineers alike, on these new advances that have occurred in the
area of Hammerstein equations. The majority of the materials presented
in this article are taken primarily from the recent collaborative work done
by Yuesheng Xu and the present authors. We point out that Vainikko
[4] recently wrote a monograph on the numerical methods for multidimen-
sional weakly singular Fredholm integral equations of the second kind. The
methods described in Vainikko’s monograph are primarily based upon an
approximation using irregular grids which correspond to the materials pre-
sented in Section 6 of the present work. We feel that many of the results
in [5] can be extended to multidimensional weakly singular Hammerstein
equations. We also feel that most of the methods described in this arti-
cle in relation to one dimensional equations can be extended to hold for
multidimensional Hammerstein equations.

This article consists of two parts. The first part, which is comprised of
Sections 2, 3 and 4, is concerned with Hammerstein equations with kernels
that are smooth. We begin this part in Section 2 by discussing the degen-
erate kernel method. The degenerate kernel method is a classical technique
for approximating the solutions of Fredholm equations. This well known
method was generalized to Hammerstein equations in [5]. In Section 3,
the collocation and Galerkin methods for Hammerstein equations will be
presented. The topic of the superconvergence of the iterates of the numer-
ical solutions of these methods is taken up in Section 4. The second part
is devoted to the numerical analysis of the weakly singular Hammerstein
equations. When dealing with the weakly singular equations, one must be
concerned with the nature of the regularity of the solution, since, without
this knowledge, no numerical method would be successful. To achieve an op-
timal convergence rate of numerical solutions, it is imperative that we have
a proper understanding of the kind of singularity that a solution possesses.
We discuss this issue in Section 5. When solving numerically the weakly
singular equations, one is required to evaluate a large number of weakly sin-
gular integrals. In the event of weakly singular kernel of convolution type,
the technique of product-integration appears to have been a popular choice
to approximate such integrals. The work of Piessens and Branders [6] and
those of Sloan [7] and of Sloan and Smith [8] should be mentioned in this
context. The critical recursion formulae in their product-integration meth-
ods, however, do not hold when integrands are altered slightly. Kaneko and
Xu [9], on the other hand, established the Gauss-type numerical quadra-
tures that can be applied to a wider variety of weakly singular integrals.
A review of these quadrature schemes is given in Section 6. Also in this
section, the collocation method for the weakly singular Hammerstein equa-



tion is discussed, extending the results of Section 3. The method of the
singularity preserving Galerkin method is discussed in Section 7. Part 1

2 The degenerate kernel method

In this section, we are concerned with the problem of finding an approximate
solution of Eqn. (1) by the degenerate kernel method. The existence of a
unique solution is guaranteed by an application of the Banach contraction
principle under the following assumptions:

1. ke C([0,1] x [0,1])
2. ¢ € C([0,1] x (=00, 00)) and

{ 1 |w<s,:c<s>>|2ds}1/2 < Alell,

where © € Lo[0,1] and A is a constant independent of x,

3. 1 satisfies the Lipschitz condition | (t,z1) — (¢, 22)| < Blz1 — x|
where 21,29 € (—00,00) and B is a constant independent of 7 and
X2,

4. k is bounded by |k(¢,s)| < C with BC < 1

As described in [5], the degenerate kernel method presented in this section
can be applied to Hammerstein equations with multiple solutions. Hence,
the conditions above, which guarantee the global uniqueness of a solution,
can be relaxed for an application of the method. Suppose that k, is an
approximation of the kernel k in Eqn. (1) that has the following form,

n

kn(tv S) = Z Bi (t)O’L(S)v (2)

=1

where {B;}_; is a linearly independent set of functions in C[0,1] and
{C;}_, is a set of functions from C[0, 1]. We assume that

1/2

{/01 /01 |kn(t,s) — K(t, s)|2dtds} — 0  asn— oc. (3)

In the degenerate kernel method, an approximate solution z,, is obtained
by solving the following equation,

Zp(t) — /0 kn(t, $)¢(s,zn(s)) ds = f(t), t €10,1]. 4)



Replacing k,, by the expression of the right hand side in Eqn. (2), we obtain

ra0) = Bi(0) [ Coilsan(e)ds =10, reb (9)

Let L
ci:/o Ci () (s, xn(s))ds.

Then from Eqn. (5),

za(t) = f(1) + ) eiBilt), (6)
i=1

where ¢;’s are constants that can be determined by solving the following set
of nonlinear equations.

cj:/oCj(t)w(t,f(t)+ZC¢Bi(t))dt, forj=1,2,...,n. (7)
=1

The accuracy of approximation of the degenerate kernel method depends
upon the degree of approximation that k, makes for k in Eqn. (3). The
following theorem from [5] summarizes this point.

Theorem 2.1 Let k, € C([0,1] x [0,1]) satisfy Eqn. (2). Then equation
(4) has a unique solution x,, € Ls|0, 1] for all sufficiently large n. Moreover,

Allza|l2

S 2=

[ = znll2 <

Examples: (A) Consider

1
x(t) 7/0 tsz?(s)ds = Zt, te0,1].

This equation possesses multiple solutions. They are x1(t) =t and xo(t) =
3t. The kernel is already degenerate. Thus we take By (t) = t and C;(s) = s.
The solutions to ¢ — 3 + % = 0 are used in z,(t) = 3¢ + ct to obtain the
exact solutions.

(B) Consider

1 2 et=1 -1
z(t) — / e e (ds =\t — ————| te€0,1].
0 t—1
The kernel can be approximated by several different methods. For instance,

2.2 n o n
t
et8~1+ts+2—5,+~~+ >

n!



corresponding to the Taylor approximation, or

e~ DY eI Bi1)C4(s)

i=0 j=0

where B; and Cj; linear splines with respective knots 0 < ¢; <ty < --- <
tp, <land 0 <51 <89 <:-- <5, <1. We obtain the following results for
each of the two approximation schemes described above. The errors are com-
puted in ||-||2 norm. Table 1.

Errors
Taylor spline
7.218e-2 | 6.203e-2
9.847e-3 | 1.553e-2
2.013e-3 | 3.768e-3

=l w3

3 The projection methods

In this section, the collocation and Galerkin methods for Hammerstein equa-
tions will be described as two special cases of the projection method. First,
we discuss the Galerkin method.

3.1 The Galerkin Method

Let n be a positive integer and {X,,} be a sequence of finite dimensional
subspaces of C[0,1] such that for any z € C[0,1] there exists a sequence
{zn}, ©, € X, for which

|z — Z|lcc — 0 as n — oo. (8)

Let PY: L5[0,1] — X,, be an orthogonal projection for each n. We assume
that the projection PS¢ when restricted to C[0, 1] is uniformly bounded, i.e.

P :=sup ||PE\C[0,1]||<><> < Q. 9)
n

Then from Equs. (8) and (9), it follows that for each = € C[0, 1],
P2 — 2||oo — 0, as n — oo. (10)
If we put )
(E@)0) = [k is.a(s)ds
then Eqn. (1) takes the following operator form

x— KUz = f. (11)



As indicated in the previous section, Eqn. (11) may admit multiple
solutions. Hence it is assumed for the remainder of this paper that we are
treating a solution zy of Eqn. (11) that is isolated.

Let {¢n; }?:1 be a set of linearly independent functions that spans X,,.
The Galerkin method is to find

n
Ty = E bnj(pnj
Jj=1

that satisfies
z, — PEKVz, = PSf. (12)

Similarly one is required to find b,;’s that satisfy the system of nonlinear
equations described by

n 1 n
Zj:l bnj < @nj; Pni > — < fo k(a 5)1/)(8,Zj:1 bnj@nj(s))dsasoni >

=< f, oni >, 1<i<n,
(13)
where < .,. > denotes the standard inner product in Ls.
Now we let
Tr=f+ KUz (14)
and
7%z, = PYf + PS KV, (15)

so that Eqns. (11) and (12) can be written respectively as x = Tx and
x, = TCx,. A proof of the following theorem can be made by directly
applying Theorem 2 of Vainikko [10]. The paper of Atkinson and Potra [11]
is also useful in this context.

Theorem 3.1 Let zy € C[0,1] be an isolated solution of Eqn. (11). As-
sume that 1 is not an eigenvalue of the linear operator (KW) (xg), where
(KUY (xg) denotes the Fréchet derivative of KU at xg. Then the Galerkin
approximation Eqn. (12) has a unique solution x,, € B(xq,d) for some d > 0
and for sufficiently large n. Moreover, there exists a constant 0 < q < 1,
independent of n, such that

Qp Qp
< n - [e’e] S 9 16
1+q*”x Zo| - (16)
where o = ||(I — TS (20)) " (TC (20) — T'(20))||so. Finally,
Ey(x0) < [|zn — zollee < CER(20), (17)

where C'is a constant independent of n and Ey(wo) = infuesr [[20 — ul|oo-



We denote by W,;"[0,1], 1 < p < oo, the Sobolev space of functions

g whose m-th generalized derivative ¢("™ belongs to L,[0,1]. The space
W0, 1] is equipped with the norm

m
lglwm =" 19™ 1.
k=0

We now specify the finite dimensional subspace X,,. For any positive integer
n, let
IL,: 0=t <ti1 < .. <th 1 <t, =1 (18)

be a partition of [0,1]. Let r and v be nonnegative integers satisfying
0 <wv < r. Let SY(II,,) denote the space of splines of order r, continuity v,
with knots at II,,, that is

Sy (IL,) = {z € C¥[0,1] : x|, +,.,] € Pr_1, foreachi=0,1,...,n — 1}

where P,_; denotes the space of polynomials of degree < r —1. We assume
that the sequence of partitions II,, of [0, 1] satisfies the condition that there
exists a constant C' > 0, independent of n, with the property:

maxi<i<n(t; — ti—1)
ming<j<p(t; —ti—1)

< C, for all n. (19)

It is known from de Boor [12] and Douglas, Dupont and Wahlbin [13]
that condition (19) implies that the Galerkin projections P, are uniformly
bounded. In addition, it is also well known from Demko [14] and De Vore
[15] that if 0<v <r,1<p<oo,m>0and z € W, then for each n > 1,
there exists u,, € S¥(IL,,) such that

2 = unllp < CR*[z]lwy, (20)

where g = min{m, r} and h = maxj<;<n(t; —t;—1). Using Theorem 3.1 and
the inequalities (17) and (20), we obtain the following theorem.

Theorem 3.2 Let x¢ be an isolated solution of Eqn. (11) and let x,, be
the solution of Eqn. (12) in a neighborhood of xy. Assume that 1 is not an
eigenvalue of (KWV) (zo). If zg € W, (0<1<7), then

[0 = @nllee = O(R*),
where p=min{l,r}. Ifzg € W} (0<1<r,1<p<oc), then
[0 = Znlloo = O(RY),

where v = min{l — 1,r}.



We remark that the Galerkin method for Urysohn equations was ob-
tained by Atkinson and Potra [11]. Hence, Theorem 3.2 may be derived by
specializing their result to Hammerstein equations.

3.2 The Collocation Method Let IT,, denote the partition of [0, 1] defined

in Eqn. (18). For each positive integer 7, define a sequence of points {&;}_,
such that 0 < &, < & <--- <& < 1. Also

tijEti+£j(ti+1—ti), ’6‘20,1,.‘.,77/—1; j:(),].,...T', (21)
so that

i <tio <ty <o <tip <tiga, 1=0,1,...,n— 1.

In the collocation method, the approximate solution is constructed in S¥ (I1,,)
by the following strategy. For each ¢ = 0,1,...,n — 1, let l;; denote the La-
grange fundamental polynomial for the knots {t;; }}':0 defined by

s —ty
til

lij(s) = ) t; < s <t

t,, —
1=1,1#5

We seek the approximate solution z,, € S¥ in the form z,,(t) = Z;ZO ai;li;(t),
fort; <t <t;y1,7i=0,1,...,n—1 by solving the following set of nonlinear
equations for a;;,

n—1 tpt1 r
wi = [ M0l S (s = St (22)
p=0"tp k=0

for i = 0,1,...,.n —1 and 5 = 0,1,...,7. The interpolation projector
PC:C[0,1] — S¥ is defined by

P o(t) = Z ot )lin(t), (23)
k=0

for ¢ € C[0,1] and for t; < ¢ < t;41,7=0,1,...,n— 1. Using the notations
introduced above, Eqn. (22) can be described symbolically as

z, — P°KVz, = PCf. (24)

Under the assumption that h = maxo<i<p—1(tiy1 — ;) — 0 as n — oo, we
have
||P,?c,0—<p||oO — 0, as n — 00. (25)

The following theorem which proves the existence of the collocation solution
is analogous to Theorem 3.1. We list it here for purpose of completeness.
Define T¢z,, = PY KWz, + PCf.



Theorem 3.3 Let zg € C[0,1] be an isolated solution of Eqn. (11). As-
sume that 1 is not an eigenvalue of the linear operator (KV)'(xq), where
(KU) (xg) denotes the Fréchet derivative of KV at xg. Then the collo-
cation approximation Eqn. (24) has a unique solution x,, € B(xg,0) for
some & > 0 and for sufficiently large n. Moreover, there exists a constant
0 < q < 1, independent of n, such that

(a7 Qpy
< |zy — x0l|loo < , 3.19
2 < = ol < 12 (319)

where o = ||(I — T (20)) 1 (TC (20) — T'(20))||so. Finally,
En(x0) < [[#n — 2olloo < CEn(z0), (3.20)
where C is a constant independent of n and Ey, (o) = infyecsv () [ 20— oo-

To obtain the convergence and the rate of convergence of the collocation
approximation, we argue from Eqn. (26) as follows;
Proof:

||xn - xOHoo < 1a7n

I(I=TE" (20))~ (T (w0) =T (0)) ||
1—q

< H(I*Tnc/(ro))’lHo;H(Tf(fro)*T(:ro))Hoc
= —q

= C||Py K®(w0) — K¥(x0) + P f — fll
= C||IPy (z0) — olloo,

where C' is a constant independent of n. From this and Eqn. (25) along
with (20), if zg € W2, then

lzo — Znlleo = O(RT). (3.21)

4 Superconvergence of the iterates

In this section, we review some results concerning the superconvergence of
the iterated Galerkin and the iterated collocation methods for Hammerstein
equations. The results presented here are taken from the recent papers of
Kaneko and Xu [16], and Kaneko, Noren and Padilla [17]. The superconver-
gence phenomena of the iterates for the Fredholm equations was originally



studied by Sloan [18] and it was extended by him and by his collaborators
[19-26]. Some of their results are generalized in this section to hold for the
Hammerstein equation. The discussion on the iterated Galerkin method
is given below. A discussion that is pertinent to the iterated collocation
method for Hammerstein equations is quite similar. Therefore only the
points that distinguish the iterated collocation method from that of the
Galerkin method will be given here.

Throughout this section, in addition to the four assumptions that are
described at the beginning of Section 2, we also assume the following two
additional conditions; 5. the partial derivative 1)(>1) of ¢ with respect to

the second variable exists and is Lipschitz continuous, i.e., there exists a
constant Cy > 0 such that

\1/1(0’1)(t,x1) — w(o’l)(t,x2)| < Colzy — xo|, for all 1, o € (—00, 00);

6. for z € C[0,1], ¥(.,z(.)), v OV (,z(.)) € C[0,1].
We assume that z,, is the unique solution of Eqn. (12) in the sphere
B(xg,d) for some § > 0. Define

zh =+ KUx,. (29)
Applying PS¢ to the both sides of (29), we obtain
P2l = PCf 4+ PYKVz,. (30)
From Eqns. (30) and (12), we see that
Pl =z, (31)
Hence the function ! satisfies the following new Hammerstein equation
zl = f+ KUPCal. (32)

By letting S¢ = f + KVPY, we may rewrite Eqn. (32) as 2], = S¢x. The
following two lemmas are instrumental to Theorem 4.3 below which proves
the superconvergence of the iterated Galerkin method.

Lemma 4.1 Let g € C[0,1] be an isolated solution of Eqn. (11). Assume
that 1 is not an eigenvalue of (K'V) (x¢). Then for sufficiently large n, the
operators I —(SS) (zq) are invertible and there exists a constant L > 0 such
that

(I = (SS) (z0)) Yoo < L, for sufficiently large n.

Lemma 4.2 Let o € C[0,1] be an isolated solution of Eqn. (11) and x,,
be the unique solution of Eqn. (12) in the sphere B(xg,01). Assume that 1
is not an eigenvalue of (KW)'(xq). Then for sufficiently large n, !, defined
by the iterated scheme Eqn. (29) is the unique solution of Egn. (32) in



the sphere B(x,d), for some § > 0. Moreover, there exists a constant
0 < g < 1, independent of n, such that

Bn
1+¢

BTL

< ||$7Il — Zp|oe < ﬁ’

where B, = [|(I = (S7)'(20)) 'S5 (20) = T(x0)]lloc- Finally,
7, = @olloe < CEp (o).
First, we apply the mean-value theorem to (s, y) to conclude
b(s,y) = ¥(s,90) + O (5,90 + 0(y — 90)) (v — v0), (33)

where 6 := (s, yo,y) with 0 < # < 1. The boundedness of § is essential for
the proof of the next theorem, although it may depend on s, yg,y. Let

g(ta $,Y0,Y, 9) = k(t7 S)¢(O,1) (Sa Yo + 9(1,/ - yO))a

(Gu)t) = [ alt.s. PEro(s). P, (9. 0)2(5)ds.
and (Gzx)(t) = fol gi(s)z(s)ds, where g¢(s) = k(t, s)y %1 (s, 20(s)).

Theorem 4.3 Let xy € C[0,1] be an isolated solution of Eqn. (11) and x,,
be the unique solution of Eqn. (12) in the sphere B(xg,d) for some § > 0.
Let xl be defined by the iterated scheme Eqn. (29). Assume that 1 is not
an eigenvalue of (KW) (xz¢). Then, for all 1 < p < oo,
lwo = @pllee < C{llzo — Pfxoll3
+supg<y< infuex, [kt )9OV 20() — ullgllzo — P zoll,},

where 1/p+1/q=1 and C is a constant independent of n.

Proof: From Eqns. (11) and (32) we have

xo—xn = K(Uzg— \IJPfxf,)
= K(Uxg— VPS2) + K(VPS2o — WPS2!)
= K(Vxg— VP%20)(GnPE (xg — x1))(t). (34)

By using assumption (5) and the fact 0 < 6 < 1, we have, for all
x € C[0,1],

1(Gna) = (Go) oo < suPp<rcr fy [K(E, 8)lds]a]|oc x

(125 z0 = @ollso + 1P ool — ol 0)-



Consequently, by Eqn. (10) and Lemma 4.2,
[Gn = Glloo < M(”Pr?xO — 2o|loo + Pllzy, = xoloc) — 0 as n — oo

for some constant M > 0. Hence G,, — G in the norm of C[0, 1] as n — oo.
Moreover, for each = € C0, 1],

supg<i<1 |(GPEx)(t) — (Gx)(t)] = supgess | fy 9:(5)[Pa(s) — x(s)]ds]

< MM || Pz — 2|00,

where

M, = sup \1/1(0’1)(t, zo(t))| < +o0.
0<t<1

It follows that GPS — G pointwise in C[0,1] as n — co. Again since P¢
is uniformly bounded, we have for each x € C0, 1],

”anr?x = G|l < [|Gn — G”OOHPEHOOHCCHOO + ”Gpr?m — G| o

Thus, G, PS¢ — G pointwise in C[0,1] as n — oco. By Assumptions 5 and
6, we see that there exists a constant C' > 0 such that for all n

[V (s, Pl o(s) +0(Pa,(s) — Pizo(s)))]

< CQHPSZCO — xO”oo =+ QCQP”:EfL — 130”00 + M; <C.

It can be shown that {G,, P&} is collectively compact. Since G = (KW¥)'(z¢)
is compact and (I — G)~! exists, it follows from the theory of collectively
compact operators [1] that (I — G, P%)~! exists and is uniformly bounded
for sufficiently large n. By Eqn. (34), we have the following estimate

sup |(zo — )1 < C sup |K(Way — WFCxo)(t).  (35)
0<t<1 0<t<1

Next, we estimate the function d(t) = |K(¥xo — WP%2)(t)|. Using
Eqn. (33) with y = P%xq and yo = 70, we obtain, for 0 < § < 1,

d(t) = .

/0 o(t, 5, 20(5), PS0(s), 0)(xo(s) — PEo(s))ds

Note that fol u(s)[xo(s) — PSwxo(s)]ds = 0, for all u € X,,. Thus, for all
u € Xy,

d(t)

/O [9(t. 5, 20(5), PO20(s), 0) — u(s)) (xo(s) — FCuxo(s))ds

IN

1
[ latt.s.20(5), PEa0(5).6) — (sl — Pl
0
1

+

/ [9¢(5) — u(8)] (o (s) — PExo(s))ds

0




Now, by assumption (5), we have

Ji 1g(t, 5,20, PSo(s),0) — gu(s)|ds < C18 [ |k(t, s)|ds|lzo — PS o]
S ClMHxO - PnG(E()”OO

Moreover, for 1/p+1/g =1,

/0 [9e(5) — u(s)]zo(s) — PCezo(s)]ds| < llgi — ullgllro — Poll,.

Therefore,
d(t) < Cy Mz — PSaol, + gu — ullyllzo — PEoly, for all u € X,

This proves the theorem. O
The next theorem is concerned with the case X,, = S¥(II,,) where II,
satisfies Eqn. (19).

Theorem 4.4 Let o € W) (0 < I < r) be an isolated solution of Eqn.
(11), x,, be the unique solution of Eqn. (12) in B(x,0), for some § >
0. Let x be defined by the iterated scheme Eqn. (29). Assume that 1
is not an eigenvalue of (KU) (xg). Assume also that for all t € [0,1],
ke (0D (L ao(.) € W0 <m <r). Then

0 = hloe = O v ),

where p = min{l,r} and v = min{m, r}.

If, in Eqn. (29), z, denotes the collocation solution, then the corre-
sponding x! satisfies
!l = f+ KUPa!, (36)

n

The following theorem for the superconvergence of the iterated collocation
method is proved in [17].

Theorem 4.5 Let g € C[0,1] be an isolated solution of equation Eqn.
(11) and x, be the unique solution of Eqn. (24) in the sphere B(xg,01).
Let xl be defined by the iterated scheme Eqn. (29). Assume that 1 is not
an eigenvalue of (KW)'(xg). Assume that zg € Wi (0 < | < 2r) and
gt € W™ (0 <m <) with ||g¢|lwm bounded independently of t. Then

2o — 2 ||lee = O(RY), where v = min{l,r +m}.

Proof: The first part of the proof for this theorem given in [17] follows the
same way as that of Theorem 4.3 up to equation Eqn. (35). Thereafter, we



invoke to the following four known inequalities. Let v, € SP(II,) be such
that

Y Mo = ) Dllwpcry < ek llzollws,  0<5 <1, (37)
i=1
(C N1 < j >
e [0 a1 < clleollwg, 520 (38)

Also for each t € [0, 1], there exists ¢, ; € SY,(II,,) such that

n

STge = ent)Pllwinry < A" Ky, 0<j<m,  (39)
i=1
max o lwa < Ky § 20, (40)

where K, = supg<;<1 [|k¢|lwm < oo. Now for ¢ € [0,1] we have

K(Vao — VP,x0)(t) = (9t — Pnts To — Puo) + (0nes (I — Pn)(0 — )
+(90n,t7 (I - Pn)'(/}n)

(41)

Using Eqns. (37)-(40) along with the arguments from [19] (p.362) we can

show that each of the three terms is bounded by ch” uniformly in ¢. This
completes the proof. O

Examples supporting the results given in Theorems 4.3 and 4.5 can be

found in [16],[17].

PART II - Weakly Singular Hammerstein Equations

5 Regularities of the solutions

In this section we are concerned with the regularity properties of the solution
to Eqn. (1) when the kernel k(t,s) is weakly singular. In particular we
assume that

k(s,t) = ga(ls — t))m(s,1), (5.1)

where m € C([0, 1] x [0,1]). (further hypotheses on m appear later), and

mls =t ={ Py hEg st 52

We further assume that
¥ € C([0,1] x (=00, 00)) (5.3)
[W(t,y1) —P(t,y2)| < Alyr — yal. (5.4)

There is a large literature, e.g. [41][42], on existence of solution of Ham-
merstein equations. The following theorem is typical of such results.



Theorem 5.1 Let f € C[0,1] and assume

1

A- sup / |ga(s — t)m(s,t)|dt < 1.
0<a<1.Jo

Then the Hammerstein equation with weakly singular kernel has a unique

solution in C|0, 1].

Define for 0 < o < 1 and nonnegative integer m the set C(™)[0,1] of
all functions € C™[0, 1] such that there exists constants A > 0 and B > 1
with
|s —t|* 0<a<l,

|5—t|10g(|si|) ,a=1.

()~ (o) < 4-{

Then z is called a-Ho6lder continuous. A nonstandard way of defining Hélder
continuity for o = 1 should be noted here.
The proof of Theorem 5.3 below uses the following lemma in [14].

Lemma 5.2 Let m € C'([0,1] x [0,1]). Then

(i) If z € C[0,1], Kz € C%)0, 1];

(ii) if v € COM, 0 < p < T—a < 1, [ma(s) —ma(t)] < [s—t|]*T,s,t €
[0,1] where my = fol dal|s — t))m(s, t)dt, then Kx € CO+tm[0 1];

(iii) if x € COM0,1],0 < 1—a < pu < 1, lim,_, a(s) Mals)=me®) .

S—T

[0,1], exists for all s € [0,1], and continuous in s, then Kz € C[0,1] and
1
o Ka(s) = [y FAgalls — thm(s, )} (t) — x(s)ldt + x(s) frma(s)-

The next theorem generalizes the result in [26].

Theorem 5.3 Let n be a nonnegative integer, m € C™T1([0,1] x [0,1]),
f e 00,1 nC™0,1) and fi(s) = s*(1 — s)'fD(s),i = 1,...,n be a-
Hélder continuous on [0,1]. Forn = 0,1, we assume that 1» € C%1([0,1] x
(—00,00)) and forn > 2, we assume that 1» € C"=1([0,1] x (—o0,0)). If x
is any solution of (1.4), then it belongs to C™(0,1)NC [0, 1]. Moreover,
zi(s) = s'(1 — )" (s) belongs to C0°)[0,1] fori=1,2,...n.

The proof requires the following lemma.

Lemma 5.4 (i) (s — t)%gaﬂs —t) = { gff —1)ga(ls —t]), 3<:014;< 1,
(i1) &= Jo 9alls = y)dy = ga(s) = ga(ls — t));
(iii)
Zoma(s) = m(s0)gu(5) = mis Dgn(1 =)+ [ 2 Dgu (s~ da

L om(s,t)



Now we are ready to present a proof of Theorem 5.3.
Proof: For n = 0, because of Lemma 5.2 (i), the result is true. For n =1,
multiplication by h(t) = t(1 — t) gives

h()x(t) — h(t) KV (z)(t) = h(t)f(t),  0<t<L (5.5)

By assumption hf € C(»®[0,1]. Note that h(t)y(x)(t) = KhWU(z)(t) +
fol o (|s —t])m(t, s)v(s,z(s))(t — s)(1 —t — s)ds. If we define this last term
as KW(z)(t), then (5.5) becomes

h(t)a(t) — Kh¥(z)(t) = h(t) f(t) + KO(2)(t), 0<t<1l.  (5.6)

The multiplication by (¢ —s) in the kernel KU makes K U(z) smoother than
K¥(z). For more information on this point see [24]. Hence hf + IA(\I/(m) €
C0, 1]. Tt follows from Lemma 5.2 that Kh¥(z) € C(%)[0,1] and by (5.6)
that hae € C(©®), In the remainder of the section, M denotes a constant
whose value may change each time it appears. Now for t1,t5 € [0, 1],

[(t) (81, 2(t1) — h(t2) (b2, x(t2))|

<R[t 2(t1)) — ¢ (t2, 2(b2))] + [R(E)[ Y (B, 2(t2)) — P(t2, 2(t2))]
() = h(t2)[[¢(t2, (t2))]

< Mh(t1)(2(tr) — 2(t2))] + Mh(t2)|[tr — t2
+p(be, 2(t2))[[t1 — ta

< M|h(t1)2(tr) = h(ta)z(t2)] + Ml (ta)||h(t2) — h(t1)]

+Mlt1 — taf.

(5.7)
Since ha € C(O0,1], we get hp(z) € COM[0,1]. If a > 1, let p =
@ Then 0 < 1—a < p < 1 and hp(z) € COM0,1]. If0 < a <
5, then Lemma 5.4 (ii) yields hw(x)me.ﬁ € C[0,1], and then Lemma
5.2 (ii) implies Kh¥(z) € C©20,1]. By (5.6), hx € C(©2[0,1]. The
argument may be repeated to ensure the existence of p with 0 <1 —a <
@ < 1 such that h¥(x) € COM[0,1]. By Lemma 5.2 (iii), it follows that
Kh¥(x) € C[0,1]. By apphcatlon of (5.6), we get hx € C'[0,1]. Finally,
x € C1(0,1) N C[0,1]. To complete the proof, integrate by parts in (1.1) to
obtain

oYP(s,x(s oYP(s,x(s)) dz(s
(0)+ i Gallt = shm(t, ) [220520D | Qvtested asta) g,

+f0 a(lt — SI )2l (s, x(s))ds = f(t) + Gall = t)m(t, 1)1/1(1796E1)))
5.8



where G ( fo 9o (] y|)dy. Now the differentiation of equation
(5.8) ylelds

" 1 s, x(s x(s
T [ el abmie I E S a—ry 69)

where F'(t) consists of 8 terms and it is easy to see, term by term, that

o . d
h(t)F(t) € C©[0,1]. Multiplying (5.9) by h and letting 2, = h(t) flgt)7
m(t,s) = m(t,s)w and

dz(s)
ds

1
FiZ(t) = hO)F (1) + / Gallt = s)ma(t,8)(t — 5)(1 — £ — )
0
we find that x; satisfies the linear equation
1
1 (1) —/ gallt — shma(t,$)za(s)ds = Fi (1),  0<t<1.  (5.10)
0

It is easy to see that Fy € C(©)[0,1]. By Lemma 5.2 (i), z; € C®)[0, 1].
Let 1 (t) = h(t )dwl(t) A similar analysis to the one above show that z; €
C0:2[0 1] and z; € cl(o 1). Noting that &1 (¢) = h2(t) 228 4 (1-2¢) 92

at
we deduce that h2(t ) ) e ¢(0:)[0,1]. Moreover dw;t(t) = h(t) d”;tét) +(1-
2t) dr(t) . Hence Ccllt;”f S C(O, 1). This procedure can be repeated to prove that

x € C’”(O 1). This completes the proof. O

In the remainder of this section, we consider the Hammerstein equation
with logarithmic singularity because of its important applicability to a class
of boundary value problems and its application to the singularity preserving
Galerkin scheme that will be discussed in Section 7. We consider

1
x(t) — /0 log |t — s|m(t, s)¥(s, z(s))ds = f(¢), 0<t<1 (5.11)

(see (1.1) also). With

1
KUz(t) = / log |t — s|m(t, s)¥ (s, y(s))ds. (5.12)
0
Then equation (5.11) can be written in operator form as
x— KUz = f. (5.13)

We let W = W,, be the linear space spanned by the functions tilog’ t, (1-
t)¢log’ ( t);i,5 =1,2,...,n—1. Throughout the remainder of this section,
we assume the following conditions:

m € C*([0,1] x [0,1]),n > 1, m € C*([0,1] x [0,1]),n = 0. (5.14)



Y € C*" (R x R)
fewaowy. (5.15)
We define )
Ky(t) = / log [t — s|m(t, s)y(s)ds. (5.16)
Also let uq (t) = tP log? ¢, and ’Zg(t) = (1 —¢t)Plog?(1 —t), where p,q > 1 are
integers. First we quote the following result (lemma 4.4(2)) from [5].
Lemma 5.5 Let f € W3 and assume m € C"+1([0,1] x [0,1]). Then,

n—1

(Kf)(t) = [c;t? logt + d;(1 — )7 log(1 — t)] + v (t),
j=1

n—1 gq+1 n—1

(Kuyp)( Z ch (logt)’ Z d;(1 —t)7log(1 — t) + v, (1),
Jj=p+1i=1 Jj=q+1

and

n—1 gq+1 n—1

(Kusg)( Z Zc” (1 —t)7(log(1 —t))* Z djt’ logt + v, (t).
Jj=p+li=1 Jj=q+1

We also need the following lemmas from [20].

Lemma 5.6 Ifu(t) =t?log?t,us(t) = (1—t)" log”(1—t), where p,q,r,u >
1 are integers, then ujug € W @& W3'.

Lemma 5.7 A product of an W3 function with a function in W is in W3' &
w.

Lemma 5.8 The operator KV maps W & W3 into W & WQ"H.
The next theorem characterizes the solution of (5.10).

Theorem 5.9 Suppose the conditions (5.4)-(5.6) hold and x is an isolated
solution of (5.1). Then there are constants a;; and b;j, fori,j =1,2,...,n—
1, and there is a function v, in W3 such that
n—1n—1
2(t) =D Y lait'log’ t + bij(1 - 1) log’ (1 — £)] + v (t). (5.17)
i=1 j=1
Proof: For n = 0, this follows from Lemma 5.8 with n = 0. Assume that
the result holds for n = k, that is, if f € W§ @ W, then (5 13) holds with
n = k. Say x = wy, + vi, where v, € WE w;, = Z Z [aijti log’ t +
bij(1—t) log’ (1 —t)].
Now consider the case n = k + 1 and suppose f € VVzk+1 @ W, here of
course W = Wy;.
Since © = wy + v we write v = KUz + f = KU (wg + vx) + f. From
Lemma 5.3, KW (wy +vy) € W @ WETL. The proof is complete. O



6 Gauss-Type Quadarture Schemes

In this section, the Gauss-type quadrature schemes recently developed by
Kaneko and Xu [17] are reviewed. The utility of the quadrature schemes
becomes apparent in light of the analysis of the previous section concerning
the weakly singular Hammerstein equations. Let S be a subset of [0, 1]
containing a finite number of points. Define a function wg by

wg(z) = inf{|z —t]:t € S}. (6.1)

For @ > —1 and a nonnegative integer k, we say that f belongs to T'ype(a, k, S)
if
fP(@) < Clog(@) @™, z¢S, feCr(0,1]\S9), (6.2)

For a > 0, this class of functions was introduced by Rice [43]. For example,
f(z) = 2 and f(x) = sin(2®) for @« > —1 belong to Type(a, k,{0}) for
each nonnegative integer k; f(x) = log « belongs to Type(0, k, {0}) whereas
f(z) = xlogx belongs to Type(l,k,{0}) for each nonnegative integer k.
Now we consider the following integral and the Gauss-type quadrature
schemes to approximate it;

1(f) = / pla) () dz, (6.3)

where f € Type(a, 2k, S) with @ > —1 and p is some weight function.

In particular, for our first case, we take f € Type(a, 2k, {0}) N C[0,1]
with & > 0 and p € L1[0,1]. We let ¢ = % and for a positive integer n, let
T be a partition of [0, 1] given by

to =0
tj = (]/n)qv j:172a"'7n' (64)
On each [t;, ti41], 1 <i<n-—1,let

be the k zeros of the orthogonal polynomial of degree k with respect to
the weight function p transformed into [t;,¢;11]. The function f is now
approximated by the following piecewise polynomial S with knots defined
by (6.4); Sk(z) is the linear interpolant of f at tg and ¢; for x € [to, 1]
and Si(x) is the Lagrange interpolant of degree k — 1 to f at {uy) le for
x € [ti,tiy1] and for i = 1,2,...,n—1. I(f) is then approximated by I(S}).

Theorem 6.1 Let f € Type(a, 2k, {0})NCI0, 1] with & > 0 and p € L1[0,1]
with p > 0 almost everywhere in [0,1]. Then

[L(f) = 1(Sk)| = O(n~2"*1).



Proof: Define Ey ;(f) = ftt;“ p(x)[f(x) — Sk(x)]dx for i =0,1,...,n— 1.
First,

Bro(Hl = Jyy (x)lf() Sk()| dw

<ft Y \dx+f )9k (0 ) (z)ldx
< Cft “dz+ 1Sk(0 |ft (x)
<Cta+|f G \fto

<Ot = On—%

where C' denotes a generic constant that is independent of n. For i =
1,2,...,n— 1, since f € Type(a,2k,{0}), f € C%[t;,t;1+1]. Using the well-
known error formula for the Gaussian quadrature, there exists n; € [t;, ;1]
such that

[f @9 (na)

/t @)@ — (@ —uP)dz|. (6.6)

i

Assuming without loss of generality that o < 2k, we obtain from (6.6)

|Eri(f)] < Clmil@ 2 (ti — t3)2F < Ct9 2t — 1)
= C(i%)* 2 [(i 4+ 1)7 — 1R 13"
< CqZk:[(Z + 1)2k(q—1)iq(a—2k)]t%k
< Cq2k22k(q—1)t%
= COn~%.

The second to the last inequality is obtained by noting (i + 1)7 — 7 <
q(i + 1)971, whereas the last inequality is obtained by noting ¢(a — 2k) =
2k (q — 2k) = 2k(1 — ¢) and

. (g—1)
(i + 1)2k(a—Djala=2k) - (Z + 1) < 92k(a-1),
; <
Thus

)| < On=2kL,

(f) =

This completes the proof.O

As the second special case, we consider f € Type(«,2k,{0}) with a >
—1 and p € L [0,1]. For this case, we construct a piecewise polynomial Sy,
of degree k — 1 that approximates f by the following rule; Si(z) = 0 for
x € [to,tl) and Sk (z) is the Lagrange interpolant of degree k — 1 to f at
{u(l ) for x € [ti,tiy1), i = 1,2,...,n — 2 and for z € [t,—1,t,] when
1= n — 1 The following theorem can be proved in a similar way to the
previous theorem.



Theorem 6.2 Let f € Type(a,2k,{0}) with « > —1 and p € Ls[0,1] be
positive almost everywhere in [0,1]. Then

[L(f) = 1(Sk)| = O(n™2").

We note that the case for p(z) = 1 on [0, 1] is discussed in detail in [16] under
the title of Gauss-Legendre-Type quadrature. It is also demonstrated in [16]
that the quadrature is useful in approximating the integrals that must be
evaluated in application of a numerical scheme to solve the weakly singular
Fredholm equations of the second kind. An application of this quadrature to
the weakly singular Hammerstein equation is now discussed. The collocation
method for the weakly singular Hammerstein equation is mentioned here.
We refer the reader to [17] for a discussion of the Galerkin method for the
weakly singular equation.

Due to the type of its singularities at the end points of the solution of
the weakly singular Hammerstein equation that were described in Theorem
5.3, one can not expect the collocation method (or the Galerkin method)
to produce a numerical solution with optimal convergence rate unless this
special regularity property of the solution is taken into account. What The-
orem 5.3 reveals in the terminology of the newly defined class of functions
Type(a, k,S) is that if x is the solution of equation (1.1) with the kernel
k defined by (5.1) and if the forcing function f € Type(S,k,{0,1}), then
x € Type(y,k,{0,1}), where v = min{c, 5}. Hence, to approximate x, we
use a theorem of Rice from [43]. Namely, when S¥(II,,) is used as an ap-
proximating space, the optimal convergence rate of the collocation solution
can be recovered by selecting the partition points by

where g = % is called the index of singularity. Between ¢; and ¢;41 for each 7,
the collocation points t;; are selected according to (3.14). For convenience,
we recall here the collocation equation (3.15).

tp+1
Z/ (tij, s Zapklpk ))ds = f(tij),

For p =4, 7 = 0,1,...,r, we need to compute the integrals that contain
in their integrands the functions that belong to Type(w, k, {tp, tp+1}). The
quadrature schemes described in this section now become useful for evalu-
ating these integrals. We note that the examples given in [17], [18] and [19]
were obtained by making use of the quadratures described in this section.



7 Singularity Preserving Galerkin Method

In this section, we discuss the method of singularity preserving Galerkin
method for equation (1.1) with logarithmic kernel. As in Section 3, define
the partition of [0, 1] as

I, : 0=t <t1 < ... <t,, = 1.
Here we assume no condition on the partition points except that with

h= ti—ti_
12%;)5”( i —tic1),

we assume h — 0 as m — o0o. For convenience of notation, in this section,
we denote the space S¥ of splines of order r with continuity v by S;*”. Let
d denote the dimension of S} and suppose that {B;}¢; is the B-splines
basis for S;"". We let

ViV =W S (7.1)

where W is defined in Section 5. We denote the orthogonal projection of
L5[0,1] onto V;" by PE. The singularity preserving Galerkin method for
approximating the solution of equation (1.1) requires the solution y, € V,"”
to satisfy the following equation:

yn — PY KWy, = PCf. (7.2)

More specifically, we need to find y; in the form

n—1 n—1 d
yn(s) = Z aijsi log’ s + Z Bii (1 — s)'log? (1 — s) + Z’yiBi(s) (7.3)
i=1

i,7=1 i,j=1

where {e;, ﬂw}?;:ll and {v,}&, are found by solving the following system
of nonlinear equations:



S (s ’log s,sPlog?s) + 30" llﬁzj((l—s)ﬂog (1—5),5"log"s)
+Zz 1%(Bz>3p10g 5) — (K\I’(Z P 1a”s “log’ s
+Zzg‘:11 Bi;(1 — )" log’ (1 —8)+Zz:1 viBi), sP log? s)
= (f,sPlog?s)  p,g=1,2,...,n—1

Yl 0s(s' log” 8, (1= s log? (1 = 5)) + 32050, Biy(1 — ) log? (1 = o),
(1 —s)?log? (1 — )+ Y %(Bu (1—s)"log(1 — s))
(K\Il(zl; 1 ;8" log? s + Z” 161](1 — s)'log’ (1 — s)
+ Y00 viBi), (1= s)Plog(1 — 5))
= (f,(1—s)Plog?(1 —s)) pg=1,2,...,n—1

DI icvw(s log 5, B,) + 377 11, 0i((1 — 5)" log? (1 — 5), By)
+Zz 171(BuB ) (K\I’(ZZLJ 11 alJS log 8
+le 1 z](l_S)ZIOg (1_8)+Zz 17 By), B)

where (-, ) denotes the usual inner product defined on L3[0,1]. Now let P,
be the orthogonal projection of L2[0, 1] onto S;"”. Then we have

Prv—wv for all v € Ly[0, 1]. (7.4)

It is well known (e.g. [11]) that if g € W3, n > 0, then for each h > 0, there
exists ¢, € S, such that

lg = dnll2 < CR™™7 | gy, (7.5)

where C' > 0 is a constant independent of h. By virtue of the fact that P,u
is the best Ly approximation of u from S;", we see immediately that

| Pou— ullz < |Ju— ¢pllz < CR™™ "™ u|lyp, for allue W, (7.6)
The following lemma from [5] is useful in the sequel.
Lemma 7.1 Let X be a Banach space. Suppose that Uy and Us are two
subspaces of X with Uy C Uy. Assume that Py : X — Uy and Py : X — Uy

are linear operators. If Py is a projection, then

lz — Poz||x < (1+ ||P2]|x)|lx — Piz||x for allx € X.

For convenience, we introduce operators T and T), by letting

Ty=f+ KUy (7.7)



and
Thyn = P’ f + Py KWy, (7.8)

so that equations (1.1) and (7.2) can be written respectively as y = Ty and
yn = Thyn. The following theorem guarantees the existence of a solution of
the singularity preserving Galerkin method (7.2) and describes the accuracy
of its approximation.

Theorem 7.2 Let y € L3[0,1] be an isolated solution of equation (1.1).
Assume that 1 is not an eigenvalue of the linear operator (KW)'(y), where
(KW)'(y) denotes the Fréchet derivative of KW at y. Then the singularity
preserving Galerkin approzimation equation (7.2) has a unique solution yp,
such that ||y — yrll2 < 0 for some & > 0 and for all 0 < h < hgy for some
ho > 0. Moreover, there exists a constant 0 < g < 1, independent of h, such
that an an

2yl < 1
where o, = |[(I = T (y)) " (Th(y) — T(y))||2. Finally, if y = w + v with
weW and v e W3, then

(7.9)

ly — ynlla < CR™™ |y, 0 < h < ho, (7.10)

where C' > 0 is a constant independent of h.

Proof: The existence of a unique solution y; of equation (7.2) in the
disk of radius 0 about y and the inequalities in (7.7) can be proved using
Theorem 2 of Vainikko [40]. To get (7.10), first we note from Lemma 7.1,
for v € Ly[0,1],

1PF0 = vl < (1 + B [l2)|Pav = ]l (7.11)

Now, from (7.9),

(73

ly —ynll2 < o

= 151U =)~ (Tuly) = T(w))ll2 (7.12)
< C|PEKVy — KUy + PCf— f|2
= CPFy -yl

where C is independent of h. Using the uniform boundedness of {P},
(7.11) and (7.12), we obtain

Iy — ynll2 < CR™™™ o] yyp.

O
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