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Let E be a reflexive smooth and strictly convex real Banach space and E* its dual. Let
F: F— E* and K: E* — E be bounded hemi-continuous mappings such that D(F) = FE and
R(F) = D(K) = E*. Suppose that the Hammerstein equation v + K Fu = 0 has a solution
in . We present in this paper a method containing an auxiliary mapping, defined on an
appropriate Banach space in terms of F' and K and which is maximal monotone. The solutions
of the Hammerstein equation are derived from the zeros of this map. Our method provides
an implicit algorithm and explicit one that converge strongly to a solution of the equation
u+ KFu = 0. No invertibility assumption is imposed on K and the operator F' need not
be defined on a compact subset of E. Our theorems improve and unify most of the results
that have been proved in this direction for this important class of nonlinear mappings. Finally,
illustration of the proposed method is given in LP spaces.
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1. Introduction

Let E be a normed linear space with dual E*. Consider the functional equations
of the form:

u+ KFu =0, (1)

where F': E — E* and K: E* — FE are maps such that D(K) = R(F) = E*.
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This class of equations includes nonlinear integral equations of Hammerstein type:

ulz) + / v, 9) (s uly))dy = 0, 2)

Q

where dy is a o-finite measure on the measure space §2; the real kernel « is defined
on ) x ) f is a real-valued function defined on {2 x R. The mappings K and F
are given by

Kuv(z) = //@(:L’,y)v(y)dy, ae.x€Q, Fuly)= f(y,u(y)) ae.ye Q.  (3)

There exist various motivations for studying equations of type (1). For illustra-
tion, let us mention one of them.

The study of Hammerstein equations is related to nonsmooth calculus of variations
(see e.g., the monograph [35]). Suppose that we are interested in minimizing the
energy functional

1) = [ (u(e)  fls.ute)) s )
L )

where h denotes the kinetic energy of the system, and f is a potential energy
generating a superposition operator. Assume further that the functional J is not
differentiable in the usual sense, but admits a generalized gradient or subgradient
in the sense, for instance, of Clarke’s generalized gradient, Aubin’s contingent
cone, loffe’s fan, ete. (see e.g. [9, 10]). Consequently, the problem of minimizing
the energy functional J leads to the study of boundary value problems for the
Euler Lagrange inclusion:

Lu € ONyu, (5)

where, L is a linear operator on an appropriate function space and Nyu(t) =
f(t,u(t)), and where ONy is one of the generalized gradients or subgradients
mentioned above. The problem (5) in turn is in various function spaces equivalent
to the Hammerstein inclusion of type (1).

The studies of integral equations are motivated by a wide application in engi-
neering, mechanics, physics, economics, optimization, vehicular traffic, biology,
queuing theory and so on (see, e.g., Grimmer and Liu [42], Keller and Olmstead
[46], and Olmstead and Handelsman [52]). The theory of integral equations is
rapidly developing with the help of tools in functional analysis, topology and fixed
point theory. Integral equations of the Hammerstein type have been studied by
many authors and have been one of the most important domains of applications
of the ideas and methods of nonlinear functional analysis and in particular of
the theory of nonlinear operators of monotone type. We refer to the works of
Browder [17], Brézis and Browder[15], Amann [7], Ahmed [2], O’'Regan [53] and
the references therein. Various applied problems arising in mathematical physics,
mechanics and control theory lead to multivalued analogues of the Hammerstein
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integral equations, the so-called ‘Hammerstein integral inclusions’. In this direc-
tion, we have the works of Lyapin [48], Coffman [36], Glashoff and Sperkels [41],
Appell et al. [8] and O'Regan [54].

Let H be a real Hilbert space with inner product (-,-)y and norm || - ||g. An
operator A: H — H with domain D(A) is called monotone if for every z,y €
D(A), the following inequality holds:

(x —y, Az — Ayyy > 0, (6)

and it is called strongly monotone if there exists k € (0, 1) such that every z,y €
D(A),

(x —y, Az — Ay)g > kl|z — yl|%- (7)

Such operators have been studied extensively (see, e.g., Bruck Jr [20], Chidume
[22], Martinet [49], Reich [57], Rockafellar [59]) because of their role in convex
analysis, in certain partial differential equations, in nonlinear analysis and in
optimization theory.

The extension of the monotonicity definition to operators from a Banach space
into its dual has been the starting point for the development of nonlinear func-
tional analysis. Monotone maps constitute the most manageable class because of
the very simple structure of the monotonicity condition. They appear in a rather
wide variety of contexts since they can be found in many functional equations.
Many of them appear also in the calculus of variations as subdifferential of convex
functions (see, e.g., Pascali and Sburian [55], p. 101, Rockafellar [59]).

The first extension involves a mapping A from E to E*. Here and in the sequel,
(-,-) stands for the duality pairing between (a possible normed linear space) F
and its dual E*. A mapping A: E — E* with domain D(A) is called monotone
if for each z,y € D(A), the following inequality holds:

(x —y, Az — Ay) > 0. (8)

A is called strongly monotone if there exists k € (0,1) such that for each x,y €
D(A),

(x =y, Av — Ay) > kllz — y|*. (9)

The second extension of the notion of monotonicity involves a mapping A from E
into itself. Let E be a real normed space, E* its dual space. The map J : £ — 25
defined by:

Jo={z" € " (z,2") = |lz|.|="], ll="]| = [l= }

is called the normalized duality map on E. A mapping A: F — E with domain
D(A) is called accretive if for all x,y € D(A), the following inequality is satisfied:

[z =yl < [lz —y + s(Az — Ay)| Vs> 0. (10)
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As a consequence of a result of Kato [45] it follows that A is accretive if and only
if for each x,y € D(A), there exists j(x —y) € J(z — y) such that

(Az — Ay, j(z —y)) = 0. (11)

Finally, A is called strongly accretive if there exists k € (0, 1) such that for each
z,y € D(A), there exists j(z —y) € J(x — y) such that

(Az — Ay, j(z —y)) = kl|lz - y]|*. (12)

In a Hilbert space, the normalized duality map is the identity map. Hence, in
Hilbert spaces, monotonicity and accretivity coincide.

There are strict connections between monotone operators and minimax theory
(see, e.g., the monograph by S. Simons [60].

Several existence and uniqueness results have been established for equations of
Hammerstein type (see, e.g., Klein-Thompson [10], Coffman [36], Appell et al.
[8] and O’Regan [54]). In general, these equations are nonlinear and there is no
known method to find closed form solutions for them. Consequently, methods of
approximating solutions of such equations are of interest.

In the special case in which the operator F' is angle bounded (defined below) and
weakly compact, Brézis and Browder [14, 13] proved the strong convergence of
a suitably defined Galerkin approzimation to a solution of (1). Before we state
their results, we need the following definitions.

Let H be a real Hilbert space. A monlinear operator A: H — H is said to be
angle-bounded with angle 5 > 0, if

(Az— Az, 2z —y) < B(Az — Ay, x —y) (13)

for any triple of elements z,y,z € H. For y = z, inequality (13) implies the
monotonicity of A.

A monotone linear operator A: H — H is said to be angle-bounded with angle
a >0, if ) )
[(Az,y) — (Ay,z)| < 2a(Az,z)>(Ay,y)> (14)

for all z,y € H. It is known (see, e.g., Pascali and Sburlan, [55], Ch. IV, p. 189)
that for linear operators, the two definitions of angle boundedness are equivalent.

We now state the theorem of Brézis and Browder referred to above.

Theorem BB (Brézis and Browder, [13]). Let H be a separable real Hilbert
space and C be a closed subspace of H. Let K: H — C' be a bounded continuous
monotone operator and F: C — H be an angle-bounded and weakly compact
mapping. For a given f € C, consider the Hammerstein equation

(I+KF)yu=f (15)
and its n-th Galerkin approximation given by

(I + K, F,)u, = P*f, (16)
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where K,, = PKP, : H — C,, and F,, = P,FP}: C,, — H, where the symbols
have their usual meanings (see, [55]). Then, for each n € N, the Galerkin
approzimation (16) admits a unique solution u, in C,, and {u,} converges strongly
in H to the unique solution v € C' of the equation (15).

It is obvious that if an iterative algorithm can be developed for the approximation
of solutions of equations of Hammerstein type (1), this will certainly be preferred.

We first note that for the iterative approximation of zeros of accretive type op-
erators, the monotonicity/accretivity of operators is crucial. The Mann type
iteration scheme (see, e.g., Mann [56]) has successfully been employed (see, e.g.,
the recent monographs of Berinde [12] and Chidume [22] for results obtained
within the past 40 years, or so). One drawback of the Mann iterative scheme,
however, is that in general, it only yields weak convergence (see, e.g., Matouskova
and Reich [50]). All attempts to use the Mann type iteration scheme directly to
approximate solutions of equations of Hammerstein type (1) did not yield satis-
factory results (see Chidume and Osilike [30]). The recurrence formulas used in
early attempts involved K ~! which is also required to be strongly monotone, and
this, apart from limiting the class of mappings to which such iterative schemes
are applicable, is also not convenient in application. Part of the difficulty is the
fact that the composition of two monotone operators need not be monotone.

The first satisfactory results on iterative methods for approximating solutions of
Hammerstein equations, as far as we know, were obtained by Chidume and Zegeye
[34, 33, 32] under the setting of a real Hilbert space H.

The method of proof used by Chidume and Zegeye provided the clue to the
establishment of the following coupled explicit algorithm for computing a solution
of the equation uv + KFu = 0 in the original space X. With initial vectors
ug, vg € X, sequences {u,} and {v,} in X are defined iteratively as follows:

Up4+1 = Up — an(Fun - Un)7n Z 07 (*)

Unt1 = Up — ap(Kv, + uy),n > 0. (%)

where {a,} is a sequence in (0, 1) satisfying appropriate conditions. The recursion
formulas (%) and (%) have been used successfully to approximate solutions of
Hammerstein equations involving nonlinear accretive-type operators. Following
this, Chidume and Djitte studied this explicit coupled iterative algorithms and
proved several strong convergence theorems (see, Chidume and Djitte [27], [28]).
For recent results using these recursion formulas or their modifications, the reader
may consult any of the following references Chidume and Djitte [24, 25, 26], Djitte
and Sene [38, 39], Chidume and Ofeodu [29], Chidume and Shehu [31] and also
Chapter 13 of [22].

For Hammerstein equations involving monotone mappings from E to E*, very
little has been achieved. Interestingly enough, almost all the existence theorems
proved for Hammerstein equations involve monotone mappings (see, e.g., Brézis
and Browder [14, 15, 13], Browder [16], Browder et al. [18], and Browder and
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Gupta [19]). We note that it has been remarked that in dealing with the Ne-
mistkyi operator, which is intimately connected with the Hammertsein integral
equation, its properties are distinguished, in applications, according to two im-
portant cases: L,(2) spaces, 1 < p < oo, and Ly(€2), (see Pascali and Sburlan
[55], Chapter IV, pp. 165, 172). Thus, developing iterative methods for approxi-
mating solutions of nonlinear Hammerstein integral equations in these cases is of
paramount importance.

Motivated by approximating solutions of integral equations of Hammerstein type,
in [51], Ofoedu and Onyi proposed an iterative scheme and they obtained strong
convergence results in the setting of Hilbert spaces. In fact, they proved the
following theorem.

Theorem OO (Ofoedu and Onyi, [51]). Let H be a real Hilbert space and

F,K: H — H Lipschitz monotone mappings. Let the sequence {(un,vy)}n>1 in
H x H be generated iteratively by (uy,v1) € H x H,

{ Up+1 = (]- - Jn)un + Un(un - Fun + Un) - Unfnanun7 (17)

Up+1 = (1 - Un)vn + Un(/Un - K/Un - un) - O_ngnanvna

where {0y, }n>1, {&€ntn>1 and {ay,}n>1 are decreasing sequences in (0,1) such that

On

(i) lim & =0, (i) lim a, =0, (i) lim P
(iv) lim Gnodl 7 % 0, and (v) lim bnot —n 0

n—00 anfna% n—o0 Unf%a%

Then the sequence {(tn,vn)}n>1 is bounded. Moreover, if the Hammerstein equa-
tion u + KFu = 0 has some solutions in H, then {u,},>1 converges strongly to
a solution u* of u+ KFu = 0.

Recently, Chidume and Bello [23] constructed a new iterative algorithm for ap-
proximating solutions of Hammerstein equations in L,-spaces, and where the
operators K and F' are assumed to be bounded and strongly monotone. They
obtained the following theorem.

Theorem CB (Chidume and Bello [23]). Let E = L,, 1 < p < 2 with dual E*
and F : E — E*, K : E* — FE be strongly monotone and bounded mappings
with D(K) = R(F') = E*. For given uwy € E and vy € E*, let {u,} and {v,} be
generated iteratively by:

{ Upr1 = J H(Jup — AN(Fup, —vy)), n>1, (18)

Un+1 = J(‘]ilvn - /\(kvn + un))a n>1,

where J is the normalized duality mapping from E into E* and {a,} C (0,1)
satisfies the following conditions:

oo oo o0 q_
(1) Z a, =oo; (i) Z a2 <oo and (iii) Zaﬂ’l < 00,
n=1 n=0 n=0
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where q is the conjugate of p. Suppose that the equation w4+ KFu = 0 has a
unique solution u*. Then, there exists vy > 0 such that if o, < vy for alln > 1,
the sequence {u,} converges strongly to u*, the sequence {v,} converges strongly
to v*, with v* = Fu*.

Using the same scheme, still in [23], they also proved a similar result in L, for
2 <p<oo.

Remark 1.1. In Theorem OO, the authors assumed that the operators K and
F' are Lipschitz and monotone and the results are proved in real Hilbert spaces.
Note that the class of bounded, hemi-continuous monotone maps is a superclass
of that of Lipschitz monotone mappings.

Remark 1.2. Theorem CB is proved in L,-spaces, 1 < p < oo and the operators
K and F' are assume to be bounded strongly monotone.

Motivated by the discussion above, it is our purpose in this paper to construct a
new iterative algorithm and prove strong convergence theorems for approximation
solutions of equations of Hammerstein type, © + K Fu = 0. The operators F' and
K, defined in 2-uniformly convex and g-uniformly smooth (¢ > 1) or s-uniformly
convex (s > 1) and 2-uniformly smooth real Banach spaces are assumed to be
bounded, hemi-continuous and monotone. These class of Banach spaces contain
all Hilbert spaces, all L, and all Sobolev spaces W"™? for 1 < p < oo. Further,
the class of maps used in the present work is more general than that used in
Theorem OO. So, the results obtained here extend and unify those obtained by
Chidume and Bello [23], Ofoedu and Onyi [51] and most of the results that have
been proved in this direction for this important class of nonlinear mappings.

2. Preliminaries

A normed linear space F is said to be strictly convez if for all x,y € E such that

T+y
2

the function 0g: (0,2] — [0, 1] defined by

|lz|| = |ly]| = 1 and = # y, we have < 1. The modulus of convezity of E is

. 1
o(e) = inf {1 =Sl +yl ¢ Jall =yl =1, ==yl = f. (19

E is uniformly convex if and only if dg(¢) > 0 for every € € (0,2]. For a real
number p > 1, F is said to be p-uniformly convex if there exists a constant ¢ > 0
such that dg(€) > ce? for all € € (0, 2].

Let E be a real normed space and let S := {z € E : ||z|| = 1}. F is said to be
smooth if the limit

t —
eyl — ] 20

t—0+ t

exists for each x,y € S. E is said to be Fréchet differentiable if it is smooth and
the limit in (20) is attained uniformly for y € Sg. Finally F is uniformly smooth
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if it is smooth and the limit in (20) is attained uniformly for each =,y € Sg. If
E is a normed linear space of dimension > 2, then, the modulus of smoothness of
E | pg, is defined by

THY|+|lr—y
pe(r) = sup LIy o 1y =} 70

A normed linear space F is called uniformly smooth if

lim pe(7)
7—0 T

=0.

If there exists a constant ¢ > 0 and a real number ¢ > 1 such that pg(7) < 79,
then E is said to be g-uniformly smooth. Typical examples of such spaces are
the Ly, £, and W) spaces for 1 < p < oo where, L, (or [,,) or W is

{ 2 — uniformly smooth and p — uniformly convex if 2 <p < oo;

2 — uniformly convex and p — uniformly smooth if 1 <p < 2.

Let J, denote the generalized duality mapping from E to 2" defined by

Jo(z) = {f € E": (z, f) = ||z and || f|| = ||=[|""}

Jo is called the normalized duality mapping and is denoted simply by J.

It is well known that E is smooth if and only if J is single valued. Moreover, if
E is a reflexive, smooth and strictly convex real Banach space, then J is single
valued, one-to-one, surjective and its inverse J ! is the duality mapping from E*
into E.

Let E be a normed linear space. A monotone mapping A: E — 2F°, with domain
D(A) is said to be mazimal if its graph G(A) = {(z,y) € EXE*:x € D(A), y €
Az} is not properly contained in the graph of any other monotone mapping. It
is known that if A is maximal monotone, then the zero of A, A71(0) :={z € F :
0 € Az}, is closed and convex.

Remark 2.1. It is noted that the maximality of A is equivalent to: if (z,u) €
E x E* is such that (u — Ay,z —y) > 0 for every y € D(A), then x € D(A) and
u = Ax.

Let E be a reflexive, smooth and strictly convex real Banach space, and let
A: E — E* be a monotone operator. Then A is maximal if and only if R(J +
rA) = E* for all » > 0 (see, e.g., Barbu [11]). If A: £ — E* is a maximal
monotone operator, then for each » > 0 and € F, there exists a unique element
z, € D(A) satisfying J(z) € J(x,) + rAz,. We define the resolvent of A by
JAr = z,.. In other words,

JA=(J+rA)7J, Vr>0. (21)
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Definition 2.2. Let E be a normed linear space with dual space E*. A map
T: FE — E* with domain D(T) is said to be hemi-continuous if it is continuous
along each line segment in E with respect to the weak topology. i.e., for all
u,v € E and positive real sequence {t,},>1 such that ¢, — 0 and u+t,v € D(T)
for all n > 1, then the sequence {T'(u + t,v)},>1 converges to Tw in E in the
w*-topology.

The following is well known (see, e.g., [55]), but for the convenience of the reader,
we provide a simple proof.

Lemma 2.3. Let E be a reflexive real Banach space and A: E — E* be a hemi-
continuous monotone mapping such that D(A) = E. Then A is mazimal mono-
tone.

Proof. Let (z,u) € E' x E* such that for every (y,v) = (y, Ay) € E x E*, the
following inequality holds:

(u—v,x—y) >0, (22)

We show that u = Ax. For this, Since F is reflexive, it follows that the duality
mapping of E, J is surjective. So, let w € E such that u— Ax € Jw. This implies
that (w,u— Az) = ||u— Az||*>. Now, let a € (0,1) and define y, =  + aw. Then
w = —a ' (z — y,). Therefore, from (22) we have

(w,u — Ayy) = —of1<x — Yo, U — Aya) < 0.

Thus, as a — 0, we have y, — =z, and from the hemi-continuity of A, it follows
that u = Az. This, with Remark 2.1, shows that A is maximal monotone. [

In the sequel, we shall need the following results and definitions.

Lemma 2.4 ([5]). Let E be a uniformly smooth and stricly convex Banach space.
Then there exists L > 0 such that for any x,y € E such that |z|] < R with
llyl| < R the following inéquality holds

(Jo = Jy, x —y) > Lop-(cy ' | T2 — Jy])),

where ¢o = 2max{1, R}.

Lemma 2.5 ([5]). Let p > 2, ¢ > 1, and let E be a p-uniformly convex and
g-uniformly smooth real Banach space with dual E*. Then, the duality mapping
J: E — E* is Lipschitz on bounded sets; that is, for all R > 0, there exists a
positive constant m such that

[Jz — Jy|| < mullx -yl

forall x,y € E, with ||z|| < R and ||ly|| < R.
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Lemma 2.6. Let p > 2 and E be a 2-uniformly smooth and p-uniformly convex
real Banach space with dual E*. Let J: E — E* the duality mapping from E into
E*. Then J=' is Lipschitz on bounded sets; that is, for all R > 0, there exists a
positive constant m such that

[T~ 2 — Tyt || < malla® — |,
for all z*,y* € E*, with ||z*|| < R, ||ly*|| < R.

Proof. Since F is 2-uniformly smooth and p-uniformly convex, then E* is 2-
uniformly convex and g-uniformly smooth with ]lj + é = 1. Therefore, the proof

follows from Lemma 2.5 and the fact that J=! = J,, where J, is the duality
mapping of £*. [

We deduce the following useful result.

Lemma 2.7. For q > 1, let E be a 2-uniformly convex and q-uniformly smooth
real Banach space with dual E*. Then there exists a constant dy > 0 such that for
any x*,y* € E* such that ||z*|| < R and ||y*|| < R the following inéquality holds

(J7ha" = Ty et =) >l — )

Proof. Since E is 2-uniformly convex and ¢-uniformly smooth, then E* is 2-
uniformly smooth and p-uniformly convex with %—i—% = 1. Moreover F is reflexive.

Hence from the fact that J—! = J,, using successively Lemma 2.4, Lemma 2.6 and
the 2-uniform convexity of £ we have: For any z*,y* € E* such that ||z*|| < R
and ||y*|| < R, the following holds.

= Ty =) 2 Les( T = Ty )
Z L6272||J711’* - Jfly*HQ
> L(micy)?||z* —y'|%.
Let d; = L(mcy)™2, and we obtain
<J_1$*—J_ly*,l’*—y*> 2d1||l'*—y*||2 D

Lemma 2.8 ([63]). Let p > 1 be a real number and E be a Banach space. Then

the following assertions are equivalent.

(i)  E is p-uniformly convet.

(ii)  There exists a constant dy > 0 such that for allz,y € E and f, € J,(x), f, €
Jp(y), one has:

=y, fo = fy) = dall = yll".

Let E be a smooth real Banach space with dual space E*. We define the function
¢: Ex FE— R by

o(z,y) = ||z]|* = 2(z, Jy) + |yl =,y € E, (23)
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where J is the normalized duality mapping from E into E*, introduced by Alber
[3] and studied by Alber and Guerre-Delabriere [6], Kamimura and Takahashi[44],
Reich[58] and a host of other authors. This functional ¢ will play a central role
in what follows. If £ = H, a real Hilbert space, then equation (23) reduces to
d(x,y) = ||z — y||? for z,y € H. Tt is obvious from the definition of the function
¢ that

(2l = llyl)?* < d(z.y) < (2]l + llyl)* Yo,y € E. (24)
Let V: E x E* — R be the functional defined by:
V(z,z*) = ||z||* = 2(x,z*) + ||2*||* Vz € E,z* € E* (25)
Then, it is easy to see that
V(z,z*) = ¢(z,J 'a*) Vo€ FE, z*cE* (26)

Lemma 2.9 (Alber, [3]). Let X be a reflexive striclty convex and smooth real
Banach space with X* as its dual. Then,

Viw,a*) + 270" — a,y") < Vw2 +57) (27)
forallx € X and z*,y* € X*.

Lemma 2.10 (Kamimura and Takahashi, [4]). Let E be a smooth real Ba-
nach space. Then

Vz,y) =V(z,2) +V(z,y) +2(x — 2, Jz — Jy) VYux,y,z€E. (28)

From the definition of ¢ and inequality (24), we can observe that for all x,y € E,
o(y,r) > 0 and
This leads to the following

Lemma 2.11. Let E be a smooth real Banach space. Then, for all x,y € E, the
following holds

o(x,y) < 2(Jy — Jx, y — ).

Lemma 2.12 (Kamimura and Takahashi, [4]). Let X be a smooth and uni-
formly convex real Banach space, and let {z,} and {y,} be two sequences of X. If
either {x,} or {yn} is bounded and ¢(x,,y,) — 0 as n — oo, then ||z, —y,| — 0
asn — o0o.

Similarly, if E is a reflexive smooth and strictly convex real Banach space, we
introduce the functional ¢,: E* x E* — R, defined by:

O (", y*) =l = 20Ty ) + Iy 2yt € B (29)
and the functional V,: E* x E — R defined from E* x E to R by:

Vi(z* ) = ||2*])® — 2(x,2*) + ||z||?>, x € E, 2% € E~. (30)
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It is easy to see that

Vi(z*,z) = ¢u(a*, Jx) Va e E, " e E". (31)

Consider wy = (z,2*) € E X E* and wy = (y,y*) € E x E*. Then

1
* * 2
lwy = wall = (llz =yl + lo* = y*I1?)

defines a norm on the product space E x E*, and the functional ¢: (E x E*) X
(E x E*) — R can be introduced by

1/1(11}1, wQ) = ¢<17, y) + ¢*($*, y*)

Lemma 2.13 (Xu [62]). Let {p,} be a sequence of non-negative real numbers
satisfying the following inequality

Prr1 < (1= ap)pn + @n0n + Vo, (32)

where {a, }, {on} and {v,} are real sequences satisfying:

(i) {an} C]O, 1], Zan =o0; (ii) limsupo, <0; (iii) 7, >0, Z% < 0.

n—oo

Then, the sequence (p,) converges to zero as n — oo.

3. Main Results

We start by a presentation of our iterative algorithm. Let E be a smooth, strictly
convex and reflexive real Banach space with dual space E*. For F': E — E* and
K: E* — F mappings, let the sequences {u,} and {v,} be generated iteratively
from (uy,v1) € E x E* by:

Upyr = J 1 (Jun — M(Fuy — vy) — MOy (Juy — Ju1)>, n>1,

(33)
Upi1 = J(Jflvn — an(Kv, + uy) — M\ (J 10, — J*1v1)>, n>1,

where J is the normalized duality mapping from E onto £* and {\,}, {0,} are
real sequences in (0, 1) satisfying, here and elsewhere, the following conditions:

n—oo

() lim 6, =0; (i) > Mbn=00, Ay =o0(6y);
n=1

anl
(),
On
(iii) limsup ~————* <0, A2 < oo.
n=1

n—oQ 4Xn6n

Remark 3.1. Real sequences that satisfy conditions (i)-(iii) are A, = (n +1)7¢
and@n:(n+1)_b,n21with0<b<a,%<a<1anda~|—b<1.



J. T. Mendy, M. Sene, N. Djitte / Algorithm for Hammerstein Equations ... 331

In fact, (i), (ii) and the second part of (iii) are easy to check. For the first part of
condition (iii), using the fact that (14 2)°* <1+ sz, forx > —1 and 0 < s < 1,
we have

o< BB [ty s

(n+ 1)t b n+1 1
n - n (n + 1)1-(atd)

< b- —0 as n— oo.

Remark 3.2. Note also that a duality mapping exists in each Banach space.
From [4], this mapping is known precisely in l,,, Lp, W™ P-spaces, 1 < p < oo and
is given by:

i) I Jr = ||x\|l2p_py€lq, r = (21, Lo, " Ty =),
y = (z1|z1|P72, wo|aa P2 |2 [P2, ),
i) L,: Ju = ||ul|? PlulP?u € L,, with 1/p+1/q=1,
P Ly q

(i) Wrrs Ju=lulf, 3 (<D (|Dup D) € W,
lasm| with 1/p+1/qg=1.

Next, we introduce the auxiliary map we referred and the normalized duality
mapping in the cartesian product space X := F x E* with the norm ||w|x =

(|ul|? + ||v]|2)2 for w = (u,v) € X, where | - ||, denotes the norm in E*. For
mappings F': E — E* and K: E* — E, observing from the reflexivity of E that
X* = FE* x E, we define

Jx X = X* by Jx(w) = (J(u),J—l(v)) Vw=(uv) € X, (34)

A X = X" by: Aw=(Fu—v,Kv+u) Yw=(u,v) € X. (35)

Remark 3.3. Note that the zeros of A give the solutions of the Hammerstein
equation v+ K Fu = 0. More precisely, for w = (u,v) € E' x E*, A(w) = 0 if and
only if u + KFu =0 and v = Fu.

The following results will be crucial in the sequel.

Lemma 3.4. Let E be a reflexive, smooth and strictly convex real Banach space.
Then Jx is the normalized duality mapping of X.

Proof. For arbitrary w = (uy,v1) € X and h = (vg, us) € X*, the duality pairing
(-,-)x is given by
<w7 h>X = <u1a U2> + <U2,U1>. (36)
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Now let w = (uy,v1) € X. Set h = Jx(w). Then, we have h = (J(uy), J ' (v1)),
and it follows that

(w, Jx(w))x = (w, h) = (w1, J(ur)) + (J "} (v1),v1)
=l Yo 2 = (a2 + o 12) ™ (a2 + o )12)

_ <||u1||2 + ||U1||z>§(||<](m)||2 + HJ(m)Hi)

= wlix|l - [A]lx- = [lwlk-

1
2

This proves that Jx is the normalized duality mapping of X. O

Lemma 3.5. Let E be a reflexive real Banach space and F: E — E* and
K: E* — E be hemi-continuous monotone mappings such that D(F) = E and
R(F) = D(K) = E*. Then A is mazimal monotone.

Proof. We show that A is hemi-continuous and monotone. The hemi-continuity
of A follows from the fact that /' and K are hemi-continuous. For the mono-
tonicity, let w; = (ug,v1), we = (ug,v;1) € X. Using the fact that K and F are
monotone, we have

(wy — wy, Awy — Awg) x =
= ((uy1 — ug, vy — va), (Fuy — Fug + vy — vy, Kvg — Kvg +uy — ug))x
= (uy — ug, Fu; — Fus +v9 — vq) + (Kv; — Kvg + uyp — ug, v1 — vg)
= (u; — ug, Fu; — Fug) + (Kv; — Kvg,v1 — v9) > 0.

This implies that A is monotone. Therefore, since A is hemi-continuous, from
Lemma 2.3, it follows that A is maximal monotone. This completes the proof. []

3.1. Implicit scheme for equations of Hammerstein type
We start with the following useful result.

Lemma 3.6 (Takahashi [47]). Let E be a uniformly convex real Banach space
with Fréchet differentiable norm and let E* its dual. Let A: E* — 2F be a
mazximal monotone mapping with A=1(0) # 0. Then for u € E,

)\lim (I +XAJ) Yu exists and belongs to (AJ)~(0), (37)
—00

where J is the normalized duality mapping from E into E*. Moreover, if Ru :=
y* = limy oo (I +AAJ) tu, then R is a sunny generalized nonexpansive retraction

of E into (AJ)~1(0).

We now prove the following theorem.

Theorem 3.7. Let E be a uniformly convex and uniformly smooth real Banach
space with dual E*. Let F': E — E* and K: E* — E be hemi-continuous mono-
tone mappings such that R(F) = D(K) = E*. Assume that the Hammerstein
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equation u+ K Fu = 0 has a solution in E. For given x1 € E and y, € E*, there
exists a sequence {z,} = {(xn,yn)} in E X E* such that

O(Jxy, — Jr1)+ Fzp,—y, = 0, Vn>1, (38)
On(J Yy — T )+ Ky, — 2, = 0, Vn>1; (39)

and furthermore,
Tp =25 Y, =y withx*+ KFx* =0 and y* = Fz™, (40)

where J is the normalized duality mapping from E into E*.

Proof. From the fact that the Hammerstein equation v + K Fu = 0 has a so-
lution, it follows, using remark 3.3, that A='(0) # 0, where A is the auxiliary
mapping given by (35). Since F' and K are hemi-continuous and monotone, then
by Lemma 3.5, A is maximal monotone. Now, since E is uniformly convex and
uniformly smooth, then X = F x E* is also uniformly convex and uniformly
smooth. Consequently, the duality mapping Jx from X into X* is single val-
ued, onto and one to one and its inverse J)}l is the duality mapping of X*. Let
21 = (x1,11) € X. Then from Lemma 3.6, it follows that
lim J&z; := (I* + M\ Jg") " Jx 2 exists and belongs to (AJ5')~1(0),

A—00

where I* is the identity map of X*. Therefore, the sequence {z,} defined by
Zn = (Tp, Yn) = ng (JtAnz1> Vn>1, with t, =0."

satisfies (38), (39) and (40). O

3.2. Convergence in [,, L, and W™P-spaces, 1 <p <2

Theorem 3.8. For q > 1, let E be a 2- uniformly convex and q-uniformly
smooth real Banach space with dual E*. Let F: E — E* and K: E* — FE
be bounded, hemi-continuous and monotone mappings such that D(F) = E and
D(K) = R(F) = E*. Suppose that the Hammerstein equation v+ KFu = 0 has
a solution. Then, there exists g > 0 such that if A\, < Y0, Yn > 1, the sequence
{(tun,vn)} given by (33) converges strongly to (u*,v*), where u* is a solution of
the Hammerstein equation u+ K Fu =0 and v* = Fu*.

Proof. Let X = E x E* with the norm ||w||= (||u||>+|[v]|?)2, where w = (u,v) €
E x E*. Define the sequence {w,} in X by: w, = (u,,v,). We break the proof
into two steps.

Step 1: We first prove that {w,} is bounded. For this, let u* € E be a solution of
u+ KFu=0 and set v* = Fu* and w* = (u*,v*). We observe that u* = —Kv*.
There exits » > 0 such that

Jr > max{\/¢(w*,w1), 24| Jxw* — Jyw |, ||w*||}. (41)
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By induction we show that ¢ (w*, w,) < r for all n > 1. Indeed, by construction,
we have ¥ (w*,wy) < r. Suppose that ¥ (w*, w,) < r for some n > 1. Since F
and K are bounded, it follows that

My = sup { [|Fu = v+ 0(Ju— Jup) . (@, (10,0)) < 7,0 <0 <1} +1 < o0

and

M,y = sup{ | Ku+v4+0(J u—J o) - (w*, (u,0)) <70 <8< 1}~|—1 < 00.

From the Lipschitz properties of J (Lemma 2.5) and J~! (Lemma 2.6), there
exist positive contants m; and msy such that

| Ju — M Fu —v) = M(Ju — Juy)) — JH(Ju)|| < dmeM,; (42)
and
1J(J 0 = MEKv+u) — M o —J ) = J(J W) < dmyMy,  (43)
for all A\,0 € (0,1) and (u,v) € X such that ¢ (w*, (u,v)) < r. Set
M = M} + M3, m=max{m;,my} and m =m]+mj.
Define v, as follows

, r
Yo i= mln{l,W}. (44)

Now assume that A, < 706, for all n > 1. From the definition of u,, ¢ and V,
we have

S(ut Uunp1) = ¢<u*, J! (Jun —M(Ftty — 1) — ATty — Ju1)>>

= V(u*, Juy — A (Fuy, — vy) — Nbn (Juy, — Ju1)>.

Using Lemma 2.9 with y* = \,(Fu, — v,) + \bp(Ju, — Juy), the Schwarz
inequality, (42), the induction assumption and the definition of M;, we estimate

S, unsr) < V(' Juy) — 2<J—1 (Jun Py — v,)— (45)
— M (Ju, — Jul)) —u*, Ay (Fuy — vp) + M (Juy, — Ju1)>
< o(u*, uy) — 2A (uy, — u*, Fuy, — vy + 0, (Juy,, — Juy)) — 2)\n<J_1 (Jun—

— M(Fuy — vy) — M (Juy, — Ju1)> — J_I(Jun), Fu, — v, + 0, (Ju, — Ju1)>

< o(u*, uy) — 20 Uy — u*, Fup — vy + 0, (Ju, — Jug)) + 2m1M12)\i )
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Using the fact that v* = Fu*, we also have

(Up, — U, Fy, — vy + Op(Jup — Juy)) = (46)
= (U, —u*, Fu, — Fu™) + (u, —u*,v* — v, + 0, (Ju, — Juy))
= (u, —u*, Fu, — Fu*) + (u, — u*,v* —v,) + 0, (u, — u*, Ju, — Ju*)+
+ 0, (uy, — u*, Ju* — Juy).

Combining (45) and (46) with Lemma 2.11 and the fact that F' is monotone, we
obtain

P(u"stn1) < Q(u" un) + 20 (Un — u*, v, — V%) — (47)
— Ml d(u, up) — 20,0, (wy, — u*, Juy — Ju*) + 2mi MEN2.

Using the same arguments and method of computation, we have

O (V" 0p11) < 0k (V5 0,) — 20 (U, — u* v, — V) — (48)
— Mbn @ (V*, ) = 20,0, (T oy — TN v, — 0% 4 2ma MEN2.

Adding up (47) and (48), using the definition of Jx and the Schwarz inequality,
we have

(", wni1) < (1= Abn) o (w", wn)+ (49)
+ 2mA\ 0, |w, — w*|| - || Txwr — Jxw*|| 4+ 2mM>)\2.

From (24), the induction assumption and inequality (41), we have
r
|w, —w*|| <3vr and 2|w, —w*| - ||Jxw; — Jxw*|| < 7

Combining this with the fact that A\, < v¢6, for all n > 1, and using the definition
of o, (44), it follows that

wmﬁmwjgﬂ—M%W@ﬁmJ+M%£+M@£
A6,
< (1-— 5 )7

Therefore, ¥(w*, w,+1) < 7. So, by induction ¢ (w*, w,) < r for all n > 1. Hence,
from (24), w,, is bounded.

Step 2: Let z, = (zn,y,) € X be the sequence given by Theorem 3.7 with
21 = (u1,v1). We show that ¢ (w,, z,) — 0, as n — co.

Using the definitions of u,,, ¢ and V', we have

AT, Uns1) = O(ap, J (Jun — M(Fuy — vy) — M (Juy, — Jul))
= V(2n, Jun, — A (Fup — vy) — M\On(Jup, — Juy)).
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Using Lemma 2.9 with y* = A\, (Fu, — v,) + A0 (Ju, — Juy), we estimate

(T, Upr1) < O(Tp, up) — 2/\n<J_1<Jun — M (Fuy, — vy,)—
— A\ (Ju, — Jul)) — xp, Fu, — v, + 0, (Ju, — Ju1)>
= (T, Up) — 22 (Up, — Ty, Fiy, — v + O, (Juy, — Jug))—
— 2)\n<J_1 <Jun — M(Fuy — ) — Abp (Juy, — Ju1)>—

— J Y Juy), Fu, — v, + 0, (Juy, — Ju1)>.

Using the fact that F' is monotone and bounded, identity (38), the boundedness
of the sequences {u,} and {x,} and the Lipschitz property of J~! on bounded
subsets of E/, we obtain the following estimates

ATy Uns1) < O(Xh, Uy) — 200 (Uy, — Ty Fttyy — Fyy)—
— 20ty — T, Fxpy — vy + O (Juy — Jup)) + XN2my M?
< AT, un) — 20, (U, — Ty Yo — O (J 2y, — Juy) — v+
+ 0, (Ju, — Juy)) + 202my M?
(Ty Un) — 200t — Ty Y — Vg + O (S — J1)) + N2y M?

<¢
< (T, un) — 20 (U — Ty Y — V) — 22000 (uyy, — 2y, Juy, — Ja,)+
+ 202 my M2,
for m; and M positive real contants. This, with Lemma 2.11, yields:
ATy Ung1) < (1= Xp0,) (s ) — 20 (s — Ty Yo — V) + 2X2m M2 (50)
Using the same method of computation and the same arguments, we have
00 (s V) < (1= M) (i V) — 20 — U, Y — ) + 2A2ma M2, (51)
Therefore, adding up (50) and (51), we obtain
V(2Zny Wny1) < (1= M) (20, wy) + 2X2mM?. (52)
Using Lemma 2.10, we also have
(20, W) = P(zn; Zng1) + (21, Waat) + 2(zn41 — 20, Ixwnsr — Jxwa). (53)

Using (52), (53) and the fact that ¢(z,, z,4+1) > 0, we obtain

¢(Zn+17 wn+1) S (1 - /\nen)d)('zna wn) + 2<Zn — Zn41, JXwn—l—l - JXZn+1> + 2/\3LmM2
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Since {w,} and {z,} are bounded there exists a positive constant C' such that
¢(zn+17 wnJrl) S (1 - Anen)¢(zna wn) + CHZn - ZnJrlHX + QAimM2 (54)

Now using the identities (38) and (39) in Theorem 3.7, we have

0, —0,
Jxy — JTpiq + (Fxp—ypn— Frpi 4+ yYni1) = (—H> (Jxp, — Juy) (55)
9n+1 9n+1
and
Jﬁlyn - JﬁlynJrl + 0,1 (Kyn + Ty — Kyn+1 - anrl) = (56)
n+
6, — 0, _ _
_ ( +1>(J Ly — T 0y).
0n+1

Taking the duality pairing with x,, — x,.1 and y,, — y,41 respectively in (55) and
(56) and using the monotonicity of F' and K we obtain the following estimates:

<an - an-i-la Ln — xn+1> + 9_1 <yn+1 —Yn, Tpn — $n+1> < (57)
n+
0, — 0,
< <—+1) (Jn — Jo1, 20 — Tpy1)
9n+1
and
(T = WYnt1, Yn — Ynt1) + 0 (T = Tng1s Yn — Yng1) < (58)
n+

en - en _ _
< <9—H> (J 0 — T 1, Yo — Yng)-

n+1

Adding up (57) and (58), using the Schwartz inequality, Lemmas 2.5 and 2.6,
Lemmas 2.8 and 2.7 and the boundedness of {z,} and {y,} we get:

do|Tn — Tpia||? + dil|Yn — Ynoa|* <

< (%) (<an T, @ — Tpet) + (T — Ty — yn+1>)

n+1

0, — 0,
< () (mallen =l ow = zall + mally =l = i)
n+

en - gn
< 1 (Z5=2) (o = zaall + Iy = vl

n+1

0p — 0,
< 201 (=5 )z =z x
n+1

for some constant C'. So,

0,1 —0, 2
|20 = Zngallx < K<L) where K = Cc

9n+1 n min{dl, dg} ’ (59)
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Therefore, combining inequalities (54) and (59), we obtain

0, — 0,
V(i Wor1) < (1= M)t (2ms 1) + K(—e 1 “) +2X2mM2,
n+

Finally, we have

w(zn—s—ly wn—i—l) S (1 - /\n9n>w(zn7 wn) + /\neno-n + Tns (60)

with o, 1= K<Q—H> and v, = 2\2mM?. So, using Lemma 2.13, it follows
n+1
that ¢ (z,,w,) — 0, as n — oo. Therefore, from Lemma 2.12, we conclude that

||wn — 2zn|] = 0 as n — oco. Hence, the conclusion follows from Theorem 3.7. [

Corollary 3.9. Let E be a Banach space either I, or L, or W™P 1 < p < 2
with dual E*. Let F': E — E* and and K: E* — E be bounded, hemi-continuous
and monotone mappings such that D(F) = E and D(K) = R(F) = E*. Suppose
that the Hammerstein equation u + KFu = 0 has a solution. Then, there exists
Y > 0 such that if A, < Y0, Yn > 1, the sequence {(u,,v,)} given by (33)
converges strongly to (u*,v*), where u* is a solution of the Hammerstein equation
u+ KFu=0 and v* = Fu*.

Proof. Since [,, L, or W™P-spaces, 1 < p < 2 are 2-uniformly convex and p-
uniformly smooth Banach spaces, then the proof follows from Theorem 3.8. [

3.3. Convergence in [,, L, and W™P-spaces, 2 < p < 00

Following the method of proof of Theorem 3.8, inverting the properties of J and
J~1, and using the duality between E and E*, we receive the following result.

Theorem 3.10. For s > 1, let E be an s-uniformly conver and 2-uniformly
smooth real Banach space with dual E*. Let F: E — E* and and K: E* - FE
be bounded, hemi-continuous and monotone mappings such that D(F) = E and
D(K) = R(F) = E*. Suppose that the Hammerstein equation uw + KFu = 0
has a solution. Then, there exists v > 0 such that if A, < Y0, for all n > 1,
the sequence {(un,v,)} given by (33) converges strongly to (u*,v*), where u* is a
solution of the Hammerstein equation u+ KFu =0 and v* = Fu*.

Corollary 3.11. Let E be a Banach space, either l, or L, or W™P 2 < p < oo,
with dual E*. Let F': E — E* and and K: E* — E be bounded, hemi-continuous
and monotone mappings such that D(F') = E and D(K) = R(F) = E*. Suppose
that the Hammerstein equation u + K Fu = 0 has a solution. Then, there ezists
Yo > 0 such that if A, < Y0, for all n > 1, the sequence {(u,,v,)} given by (33)
converges strongly to (u*,v*), where u* is a solution of the Hammerstein equation
u+ KFu=0 and v* = Fu*.

Proof. Since [, L, or W™P-spaces, 2 < p < oo are p-uniformly convex and 2-
uniformly smooth Banach spaces, then the proof follows from Theorem 3.10. [
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4. Illustration of the proposed algorithm in L? spaces

Consider the following Hammerstein integral equation:
e+ [ K)o uty) dy = (61)
)

where ) is a domain of o-finite measure in RY and f : Q x RY — R is a function
satisfying the Caratheodory conditions:

(i)  f(-,r): 2 — R is measurable for all fixed r € R;
(ii) f(z,-): R — R is continuous for almost all = € €.
Let 1 < p,g < oo with %—k% = 1. To such a function f we associate the

superposition of the Nemytskii operator Fu(x) = f(z,u(z)), defined on classes of
functions u:  — R in LP(€2. Suppose that in addition to (i) and (ii), f satisfies
an inequality of the form:

(iii) |f (2, u(@))] < g(@)clulz)[",
where g € L9(Q2) and ¢ > 0. Then F is a well-defined bounded continuous

operator from LP({2) into its dual L4(€2). If moreover, for each fixed x € Q,
f(z,): R = R is nondecreasing (monotone), then F' is a monotone operator

from LP(Q) into its dual L(€).
If we introduce the linear integral operator K: L1(Q2) — L*(Q2) defined by :

Ko = / k(- y)o(y) dy,

then we can formally rewrite the Hammerstein integral equation (61) in operator
form as :

u+ KFu=0, (62)

where F': LP(Q) — L4(Q2) and F': L9(Q)) — LP(Q) are bounded continuous linear
maps. From [4], the duality mapping J and its inverse J~! are known precisely
in LP(Q) for 1 < p < oo and are given by :

Ju = ||u||i;p|u|p_2u, Vu e LP(Q);
J o = Hv|\zq|v|q_2v, Yo e LI(Q),

with 1/p +1/g = 1. In this setting the sequences {u,} and {v,} defined in (33)
are given iteratively from w; € LP(2) and v, € L4(2) by :

( an = a7, un P2 — A (Ftty — vp)—
A ([t |t P20 — a7, |a [P0,
g1 = llanl7, |an|"2an, n>1,
2—q -2 (63)
b = llonllE, “vn] 7200 — A (K vy + un)—
=B (|vnll7, Jon|7 200 — [[01]|7, 01 |2 201,
L nsr = bl 10nP 200, 0> 1,
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From Theorem 3.8 and Theorem 3.10 it follows that the sequences {u,} and {v,}
given by (63) converge strongly to some u € LP(£2) and v € L%((2), respectively,
where u is a solution of the Hammerstein integral equation (61).
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