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Geometric inequalities in real Banach spaces with
applications

C. E. CHIDUME

ABSTRACT. In this paper, new geometric inequalities are established in real Banach spaces. As an applica-
tion, a new iterative algorithm is proposed for approximating a solution of a split equality fixed point problem
(SEFPP) for a quasi-¢-nonexpansive semigroup. It is proved that the sequence generated by the algorithm con-
verges strongly to a solution of the SEFPP in p-uniformly convex and uniformly smooth real Banach spaces,
p > 1. Furthermore, the theorem proved is applied to approximate a solution of a variational inequality prob-
lem. All the theorems proved are applicable, in particular, in Ly, [, and the Sobolev spaces, wyr (), for p such
that 2 < p < 0.

1. INTRODUCTION

In nonlinear operator theory, the study of iterative algorithms for approximating so-
lutions of nonlinear equations in real Banach spaces has become an area of intensive re-
search efforts and a flourishing research area for several authors. However, most of the
algorithms proposed and studied are largely confined to real Hilbert spaces. This is un-
derstandable because, as is well known, among all infinite dimensional Banach spaces,
Hilbert spaces have the nicest geometric properties, most of which characterize inner
product spaces and make problems posed in real Hilbert spaces more manageable than
those posed in more general Banach spaces. However, as has rightly been observed by
M. Hazewinkel, Series Editor, Kluwe Publishers, ”... many, and probably most, mathematical
objects and models do not live naturally in Hilbert spaces”. It is obvious that to extend results
established in Hilbert spaces to more general Banach spaces, analogues of geometric iden-
tities that characterize inner product spaces have to be developed in more general Banach
spaces. Early results in this direction can be found in Bynum [4], Chidume [11], [12], [13],
Reich [21],. Most of these analogues now in use have been developed between the mid
1980s and early 1990s (see e.g., Alber [1], Xu [22], Xu and Roach[23], and the references
contained in them).

Let E be a strictly convex and smooth real Banach space. For p > 1, define J, : E — 2F~
by

Jp(x) = {u" € B* : (") = |Ja[lu”]l, u*]] = [P~}

Jp is called the generalized duality map on E. If p = 2, J; is called the normalized duality map
and is denoted by J. In a real Hilbert space H, J is the identity map on H. It is easy to see
from the definition that

Jp(x) = ||z|P~*Jz, and (x,J,x) = ||z, Yz € E.
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110 C. E. Chidume

It is well-known that if E is smooth, then J is single-valued and if E is strictly convex, .J
is one-to-one, and J is surjective if E is reflexive. Furthermore, if E is uniformly smooth,
then J is uniformly continuous on bounded sets.

Definition 1.1. Let £ be a real normed space with dimension £ > 2. The modulus of
convexity of E is the function g : (0,2] — [0, 1] defined by

o(0 = {1- ull =l = 15 = fu = o]}

Let p > 1be areal number and 6z : (0, 2] — [0, 1] be the modulus of convexity of E. Then,
a normed space E is said to be p-uniformly convex if there exists a constant ¢ > 0 such that
Op(€e) > ceP.

u—+v

It is well known that L,, I, and the Sobolev spaces W (€2), for 1 < p < oo, are all p-
uniformly convex and that the following estimates hold:

%62 +o(e?) > %62, 1<p<2

1-[1- )] > %(;)ppzz

01, () =6r,(€) = 5W§1(Q)(€) =

D=

(see, e.g., [19], see also [10], page 44).

In developing analogues of Hilbert space identities in more general Banach spaces, the
generalized duality map, J» = J, which has become a most important tool in nonlinear
operator theory, plays a central role. Most of the geometric inequalities which have been
used involve the normalized duality map. Also, from the estimates above, we see that L,,
l, and the Sobolev spaces W*(€2), for 1 < p < 2, are all 2-uniformly convex. Consequently,
several of the extensions of Hilbert space results to more general Banach spaces have been
extensions to 2-uniformly convex spaces. These spaces do not include, for example, the im-
portant spaces L,, [, and the Sobolev spaces W;"(2), for 2 < p < oo.

It is our purpose in Section 3 to establish new geometric inequalities in real Banach spaces
which will be useful tools for extending results in Hilbert spaces to, in particular, L,, [,
and the Sobolev spaces, W, (€2), for p such that 2 < p < oo. In Section 4, as an application,
a new iterative algorithm is proposed for approximating a solution of a split equality fixed
point problem (SEFPP) for quasi-¢-nonexpansive semigroups. Using some of the new geo-
metric inequalities, it is proved that the sequence generated by the algorithm converges
strongly to a solution of the SEFPP in p-uniformly convex and uniformly smooth real Ba-
nach spaces, p > 1. Furthermore, in Section 5, the theorem proved in Section 4 is applied
to approximate a solution of a variational inequality problem. All the theorems proved in
this paper are applicable, in particular, in L,, [, and the Sobolev spaces W;"(2), for p such
that2 < p < 0.

2. SOME KNOWN GEOMETRIC INEQUALITIES IN REAL BANACH SPACES
For p-uniformly convex smooth normed spaces, the following lemma is well known.

Lemma 2.1. (Xu, [22]) Let E be a p-uniformly convex and smooth normed real space. Then, there
exist constants dy, > 0 and ¢, > 0 such that for every x,y € E, there exists J,(x) such that the
following inequalities hold:

(@) [z +yll” = [|=[|” + ply, Jp(x)) + dplly]]",
(0) [[Az + (1 = Nyl[” < Alz[|” + (1 = M[yl]” = e, Wp (M| = yII”,
forall X € [0,1] and W,(X) := AP(1 — X\) + X\(1 — A\)P, and,
(c) (x —y, Jp(z) — Jp(y)) = caflz —yl|".
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Alber [1] introduced the concept of generalized projection.

Definition 2.2. Let E be a smooth, strictly convex and reflexive Banach space and let C be a
nonempty closed and convex subset of E. The mapping Ilc : E — C defined by «* = Ilcx € C
such that

P(x*, x) = inf YP(y,x)
yel
is called the generalized projection of E onto C.

Lemma 2.2. (Alber, [1]) Let C be a nonempty closed and convex subset of a smooth and strictly
convex Banach space E. Then,

P(z,dey) + ey, y) <d(z,y), Ve €C, y € E.
The following important and well known lemma will be used in the sequel.

Lemma 2.3. (Kamimura and Takahashi, [18]) Let E be a uniformly convex and uniformly smooth

real Banach space and {x,,}, {yn} be sequences in E such that either {x,,} or {y,} is bounded. If
li_>m Y(Tpn, yn) = 0, then, li_>m [|zrn — ynl| = 0.

n—oo n—oo

3. NEW GEOMETRIC INEQUALITIES IN p-UNIFORMLY CONVEX AND SMOOTH SPACES

Let E be a reflexive, strictly convex and smooth real Banach space with dual space E*.
For p > 2, we define the following new functionals: ¢, : E x E — RT by

(3.1) Yp(z,y) s = |=l]” = plz, Jpy) + (p = Dlyll[", Yo,y € E.
Define V,, : £ x E* — Rby

(3.2) Vp(z,z2*): = ||lz||F —plz,z") + (p— 1)||z*||71, Vz € E, z* € E*.

Observe that,

(3.3) wp(m,Jp_lu*) = Vy(z,u"),Vx € E, u* € E*.

Remarks.

e 1), is the Bregman distance for the strictly convex functional f(z) = ||z||?, p > 1.
Hence,
Yp(z,y) 20, Va,y € E.

e Clearly, ¢,(z,2) =0, Vz € E.

e If p = 2, we shall denote ¥y (x,y) simply as ¢(z,y), and Va(z,z*) as V(z,z*) so
that

U(@,y) = llzl* = 2(z,5(y)) + |yl*, Y,y € E.
V(z,z*) = ||lz||* — 2{(z,z*) + ||=*||?, Yz € E, 2* € E*.
These equations were first defined by Alber, [1].

We now prove the following new lemmas that yield new geometric inequalities which are of
independent interest. Some of them will be used in the sequel. We first state the following
mathematical analysis inequalities which will be used in the proofs of the lemmas.

Proposition 3.1. (a) Fora, b € R, p > 2, the following inequality holds.
p
p—

¥
ar-1 4

1aﬁb§ (a—!—b)ﬁ.

(b) Leta, b € RT, p > 2. Then,
1

(3.4) (aMbP)F < i g b
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Proof. (a).Define f, : Rt — Rby

fal@) = (a4 2)7T — P 1aﬁx—ap%l, VrecRt.

Then, f,(0) =0, and
"(2) = — 2 T T
fo@) = I (@t )7 —ars] >0
since x > 0. So, f, is increasing which implies that f,(z) > f,(0). Take z = b and the
result follows.

(b) Define f, : Rt — Rby

fo(z) := P R (a”—i—xp)pj.

Clearly, f,(0) = 0. Furthermore,

p(p—=2)
p—1

—2
since (a? +2P)71 > =z and a > 0.

This implies that f, is increasing. Since f,(0) = 0, it follows that for all z > 0, f,(z) >
fa(0) (= 0). This completes the proof by taking = = b. O

Remark 3.1. Proposition 3.1 (a) and (b) are used below in the proofs of Lemma 3.5 and
Lemma 3.6, respectively.

Proposition 3.2. Fora, b € R* p > 2, the fdollowing inequality holds.
p

arT + 1aﬁb§(a+b)fﬁ.

p
Proof. Define f, : Rt — Rby
fa(@) = (a+a)7 T —

Then, f,(0) =0, and

1
P laﬁx—avpj, Vo eRT.

f;(m) = Ll (a—&—m)ﬁ —aﬁ} > 0,

since > o. So, f, is increasing which implies that f,(z) > f,(0). Take = b and the
vresult follows. U

Proposition 3.3. Let a, b € RY, p > 2. Then,
1

(ap—i—bp)ﬁ <arT 4 b,

Proof. Define f, : RT — Rby

1

fule) = a1 407t — (4 a?)

Clearly, f,(0) = 0. Furthermore,

’ (p—1)
@) = Lolemt - ———= >0
p—1 (aP + xP)r=1
p= (»-2)
since (a? + zP)»-1 > 2% anda > 0.
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This implies that f, is increasing. Since f,(0) = 0, it follows that for all z > 0, f,(z) >
fa(0) (= 0). This completes theb proof by setting « = b. O

Lemma 3.4. Let E be a p-uniformly convex and uniformly smooth real Banach space. For p > 2,

wen have:
—(p—2)
Iy b = (et e T e

Proof. First, using the definition f J,, we compute as follows:

| = |y ] = ||, b | P2 (), b |
= |y PR || = 1 (P
= |l = |7

Now, again using the definition of .J,, we obtain:

ut o= () = (| (PR (g )
= J W o= ||t (T )
= J = HJp_lu*H(p_Z)(ngu*)
1 o« i {2=2) 1 x
= J Wt = |lut|| e (Jplu)
sothat, Jylu® = [ju*]| 5T

O

Corollary 3.1. Let E be a p-uniformly convex and uniformly smooth real Banach space. For
p > 2, wen have:

175l = 17
Proof. This follows from Lemma 3.4 g
Lemma 3.5. Let E be a reflexive, strictly convex and smooth real Banach space. Then, for p > 2,
(3.5) Vp(u, u*) —|—p<Jp_1u* —u,v*) < Vp(u,u* +v%), Vue E, u*,v*" € E*.
Proof. We compute as follows:

Vo, u*) + p{J, M =, 0%) = [[ul]? = plu,u™) + (p = Dl|u* |77 +p(J;  w”,0%) = plu,v%)

* * || =B p ) = *
<l =l 0 (p=1) (1754 Es 17107

* * * * P
< lull? = plu,u” +v*) + (p — 1)|Ju* + v*||7=T
=V, (u,u™ 4+ v"),

establishing the lemma. O

Lemma 3.6. Let E be a reflexive, strictly convex and smooth real Banach space. Then, for p > 1,

(3.6) Up (2, 7 (A pu+ (1= A)Jpv)) < Mp(z,u) + (1 = Ny(z,0), Va,u,v € E.
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Proof. Using definition of ¢, and Lemma 2.1(b), we compute as follows:
Yp(, Iy A pu+ (1= A)Jpv)) = Vp<a:, Apu+ (1 — )\)Jpv)
= |lz[[? = pla, AMpu + (1 = A) Jpv)

+(p — DI[Apu+ (1 - A)Jpvﬂﬁ
[|2]|P = pA(z, Jpu) — p(1 = N){z, Jpv)

IN

1

+(p = 1) (Al + (1 = N1 pol?) 7

IN

Al|[? = pAl@, Jyu) + (p — D] Jpul|[ 771
+(1 = Mf2l|” = p(1 = A){z, Jpv)

+(p = D)1= V)| Jpol[77

= A[Ilwll” —ple, Jpu) + (p = 1)||J,,u||%}

(1= V) ll2l? = pla, o) + (0 = V1ol 77|
= AVp(z, Jpu) + (1 = ANV, (2, Jpv)
= Mp(z, J,  Jpu) + (1= A (a, J;  Tpv)
= Mp(x,u) + (1= A)hp(z, v),
establishing the lemma. O

Lemma 3.7. Let E be a p-uniformly convex and smooth real Banach space, and let {w,, } and {v, }
be two sequences of E. Then, p,(uy, v,) — 0 implies ||u, — vy, || = 0, as n — oo.

Proof. Using Lemma 2.1(b), we proceed as follows: replacing y by (z — y) and z by y in
the following inequality:

[z +yll” =[] + ply, Jp(x)) + dy[y]]",
we obtain: Vz,y € F,
dpllz = yl|” < [lz[[” =yl = plx =y, Jpy)
= (lelI” = plw, Jpy) + (o = DIlyII")
= 1/}17(11772*/)
This inequality now yields that d,, ||« — y||? < ¥,(z, y), from which the lemma follows. O

Lemma 3.8. Let E be a p-uniformly convex and smooth real Banach space with dual space E*.
Forp > 1,let J, : E — E* be the generalized duality map. Then,
3.7) 17, — I, | §5p||u—v||z7lj, Yu,ve B,

1

-1
where Kp = (i) ,for some constant co > 0.

Proof. We first recall that since E is reflexive, J,, is surjective. For E, the following inequal-
ity holds (Lemma 2.1 (¢)):

(38) <$—y, Jpx_pr> > 02||x_y||]?7 V%y S Ea
for some constant c; > 0. This implies that

3.9) | Jpx — Jpyll > ealle—y|P", Va,y € E.
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This inequality implies that .Jj, is injective. Hence, J, ' : E* — E exists. Foru, v € E*,

let J'u = z, J,;'v = y. Substituting in inequality (3.9), we obtain inequality (3.7),
establishing the Lemma. O

Remark 3.2. Lemmas 3.5 and 3.6 were established for p = 2 by Alber [1]. Since for p > 1,
p-uniformly convex spaces are reflexive and strictly convex, we can use, in this paper,
Y(z,y) and V(z, z*) instead of 1, (x,y) and V,(z, x*), respectively, whenever it is conve-
nient to do so.

Lemma 3.9. Let C be a nonempty closed and convex subset of a p-uniformly convex and smooth
real Banach space, E. Let x € E be arbitrary and let Pc(z) = x*, where Pc : E — C denotes the
metric projection of E onto C. Then, for arbitrary u € C, the following inequality holds:

(3.10) (u—2z*, Jp(x —2z")) <O0.

Proof. Since E is p-uniformly convex and smooth, there exists a constant d,, > 0 such that
the following inequality holds, (Lemma 2.1(a)):

(3.11) llz +yll” = [l2|l” +py, Jp(2)) + dpllyl]”, V 2,y € E.
From this inequality, it follows that
(3.12) |z +yl[" < [l2][” +ply, Jp(z +y)) = dpllyl[”, Y@,y € E.

By the convexity of C, we have that 2, := z* — A(z* —u) € C, A € (0,1). Hence, using
inequality (3.12),

lz —2*[]" < lz = aa[]P = [|(z = 2%) + A" —w)]|]”
< =2t |lP+pAa” —u Jp(z — 2" + A" —w))) = dpA a7 —ull?,
so that

p(* —u, Jp(x — 2% + ANz* —u))) > dNP Y |z* — ul|P.
Letting A — 0", we obtain
(u—a", Jp(z —2")) <0,

establishing the lemma. O

3.1. Analytical representations of generalized duality maps in L,, [,,, and W7, spaces,
1 < p < oo. Using the following analytic representations of the normalized duality map,
J,in Ly, l,,and W2 1 < p < oo (see e.g., Lindenstrauss and Tzafriri [19])

m?
Jz = ye€lyy={z1P"22, |2P %20, ...}, 2 = {21, 20, ...},

J 1z YyEl,, y= {|zl\q*2zl, |22\q*222, oty z2={21,29,...},

Tz = |27 712(s)P2(s) € Ly(G), s € G,
Jt2 = |2(s)|9722(s) € Ly(G), s € G, and
Jz = Y (=DIDY(D2(s)|""*D2(s)) € W1, (G),m > 0,s € G,

la|<m
and the relation:
Tp(x) = ||2| PP T (), J, et = (]| PP T e,

we obtain the analytic representations of the generalized duality map, J,, in these spaces.

Let C' be a nonempty closed and convex subset of a real Banach space E, with dual space,
£

For any map T : C — E, we shall denote the set of fixed points of T' by F'(T') := {z € C":
Tz =z}
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Now,
1. Let E, E> and E3 be real normed spaces;
2. LetT: Ey — Eyand S : E; — E» be nonlinear maps with F(T) # 0, F(S) # (;
3. Let A: By — E3, B: E; — E3be bounded linear maps.

The split equality fixed point problem (SEFPP) is to

find z € F(T), y € F(S) suchthat Az = By.

We shall denote the set of solutions of SEF PP by F := {(z,y) € F(T)xF(S) : Az = By}.

The SEF PP studied by Moudafi [20], in the setting of real Hilbert spaces has recently
attracted the attention and interest of numerous researchers due to its various applica-
tions, for example, in game theory, in intensity-modulated radiation therapy preparation,
in decomposition methods for partial differential equations, in fully discretized models of
inverse problems which arise from phase retrievals and in medical image reconstruction
(see, e.g., Censor and Segal [8], Attouch et al. [3], Byrne [5, 6], and the references therein).

The SEF PP is a generalization of the split common fixed point problem (SCF PP), which is
applicable in several important real-life problems (see, e.g. Censor and Segal [8] and the
references therein).

In 2014, Zhao [27] proposed and studied the following algorithm for approximating a
solution of SEF PP in real Hilbert spaces:

zo € Hi, yo € Ho,
(313) Up = Tp — 'VnU*(an - Vyn)a Tptl = Qpln + (1 - an)Tun)a
Un = Yn — 'VnV*(an - Vyn)7 Ynt1 = Bnyn + (1 — Bn)Svn>7 n >0,

where T, S are quasi-nonexpansive maps with F(T') # 0, F(S) # 0, and U, V are bounded
linear maps from H, and H» to Hs, respectively, and Hs is an arbitrary Hilbert space, {a, }
and {f,} are sequences in [0, 1], and {v,} is a sequence of positive numbers satisfying
appropriate conditions. Assuming (I —T') and (I — S) are demi-closed at zero, he proved
that the sequence generated by algorithm (3.13) converges weakly to a solution of SEF PP.

Chidume ef al. [15] in 2015 studied the convergence of the sequence generated by follow-
ing algorithm in real Hilbert spaces:

x1 € Hy, y1 € Ho,
(3.14) Tnt+1 = (1 - Oé)(l‘n - ’YU*(an - Vyn) + O{T(l‘n - ’VU*(an - Vyn))a
Ynt1 = (1 =) (yn =YV (Uzp, = Vyn)) + aS(yn — 7V (Uzn — Vyn)), n > 1,

where T', S are demi-contractive maps, and U, V are bounded linear maps from H; and
Hj; to Hs3, respectively, and Hj is an arbitrary Hilbert space, o, 7 are positive constants
satisfying appropriate conditions. Assuming I — T and I — S are both demi-closed at zero
and semi-compact, they proved that the sequence generated by algorithm (3.14) converges
strongly to a solution of SEF PP.

Recently, other iterative algorithms for approximating a solution of the SEF PP in Hilbert
spaces have been proposed and studied by several authors (see, e.g. Zhao et al. [26], Giang
et al. [17], Chang et al. [9], Zhao and He [25], and the references therein).

In 2018, Zhaoli et al., [24] studied the split feasibility problem and fixed point problem
in a 2-uniformly convex and 2-uniformly smooth real Banach space. They considered the
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following algorithm:
(3.15)
z € By, O = Ey,
€n = Jfl(JElxn - IYA*JQ(PQ - [)Awﬂ)a Yn = Jfl[(l - Bn)Jlen + ﬁnt]lsen]a
Cr1={v € Cp 1 (v, yn) < Y(v,20); Y(v, 20t) < P(v,70)},
Tn+1 = ch+1l‘1, n Z la
where S is a closed quasi-i)-nonexpansive map, Py is the metric projection of F> onto
Q, llc, ., is the generalized projection of E; onto Cpy1, {8,} C [6,1), § > 0 and v is
a positive constant satisfying 0 < v < 1/||A4||?k?, k > 0 is best smoothness constant

of the underlying space. They proved strong convergence of the sequence generated by
algorithm (3.15).

Remark 3.3. A real Banach space that is 2-uniformly convex and 2-uniformly smooth is
necessarily a real Hilbert space. Consequently, the results of Zhaoli et al., [24] are still in
real Hilbert spaces.

In 2019, Chidume et al. [14] studied the following Krasnoselkii-type algorithm for the SEFPP
for quasi-¢-nonexpansive semigroups:

1 € By, y1 € Eo, Cy = Ey, Q1 = Ey, e, € Jg,(Ax,, — By,)
= J (JElxn ’YA*en)a Znt = JEII(ﬁJElen + (1 - ﬁ)JElT(t)un)V
Un = JE2 (JEyn + 7B en), wpi = JE;(BJEzyn + (1= B)JE,S(t)vn),
(3.16) Crp1={velCy: sggw(v,zn,t) < P(v,an) + (2, yn), V 2 € &},
t

Qui1={2€Qn: ig]g"/’(szn,t) < (v, ) +U(2,90), Vo €T},

Tpt+1 = HCW-H 1, Yn+1 = HQn+1y1’ n>1,

where E; and E» are 2-uniformly convex and uniformly smooth real Banach spaces, E3 is a real
Banach space, 7 := {T'(t) : t > 0} and S := {S(t) : t > 0} are closed quasi W-nonexpansive
semigroups, A and B are bounded linear maps, T := 0 F( t); 6 := 0 F( t), B €

(0,1) and +y is some positive constants satisfying approprlate mild CODdlthIlS

They proved that the sequence generated by algorithm (3.16) converges strongly to some
point in the solution set of SEFPP. Furthermore, they applied this result to approximate a
solution of a split equality variational inequality problem in a 2-uniformly convex and uniformly
smooth real Banach space.

Remark 3.4. While 2-uniformly convex and uniformly smooth real Banach spaces are
more general than real Hilbert spaces, (they include L,, [,,, W;"(€2) spaces, for 1 < p <
2); they exclude some very important real Banach spaces. In particular, they exclude
Ly, 1, W;(8) spaces, for 2 < p < co.

4. APPLICATION TO SPLIT EQUALITY FIXED POINT PROBLEM FOR
QUASI-¢-NONEXPANSIVE SEMIGROUPS

As an application of our main results in Section 3, it is our purpose in this section to
introduce a new iterative algorithm for approximating a solution of the SEF PP in p-
uniformly convex and uniformly smooth real Banach spaces for quasi-¢-nonexpansive semi-
groups. These spaces include, in particular, L, [,, and the Sobolev spaces, W;"(Q2), for p
such that 2 < p < oc.

We begin with the following definitions.
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Definition 4.3. Let C be a nonempty closed and convex subset of a real Banach space
and 7" : C'— C be a map.

(1) T is said to be quasi-ip-nonexpansive if F(T) # 0, (p,Tz) < ¢(p,z), Vp € F(T), x €
C.

(2) T is demi-closed at zero if for any sequence {z, } C C'withz,, — z* and ||z,, — T'z,|| — 0,
then, z* = Tz*.

Definition 4.4. A one-parameter family 7 := {T'(¢) : ¢ > 0} of maps from C into itself is
called a strongly continuous semigroup of Lipschitzian maps on E if it satisfies the following
conditions:
(1) T(0)x =z, forall x € E;
(1) T(s+t) =T(s)T(t), for all s,t > 0;
(149) for each = € F, the map t — T'(¢)x is continuous;

(iv) for each ¢t > 0, there exists a bounded measurable function T'(¢) : C' — C such that

1Tz =Tyl < L()l|z = yl|, forall z,yeC.

(v) A strongly continuous semigroup of Lipschitzian maps T is called strongly continuous
nonexpansive if L(t) = 1, for each ¢ > 0.

(vi) A one parameter family 7 is called quasi-i)-nonexpansive semigroup, if conditions
(i) - (#4i) hold; and ¥ := tQOF(T(t)) #0and Y(p, T(t)x) < (p,x), Vpe T, z € C.

In Theorem 4.1 below, the setting is as follows:

1. E, and E; are p-uniformly convex and uniformly smooth real Banach spaces, E3
is an arbitrary smooth real Banach space;

2.T:FE — Eyand S : E; — E5 are quasi-¢-nonexpansive mappings;

3. A: Ey — Eszand B : E; — E3 are bounded linear mappings with adjoints A*, B*,
respectively;

4 oy Ipay
are the generalized duality maps on Ef, E3, E5, respectively, and a € (0,1).

5 %:= tQOF(T(t)) ;and 6 = tQOF(S(t)).

kp is the constant appearing in Lemma 3.8.
7. F=%x 6.

o

The Algorithm.

T € By, y1 € By, C1 = By, Q1 = Ea, en = Jyi3)(Av, — Byn);

Uy = J;d)(qu)fEn —vA%en), Znt = J;(})(aJp(l)xn + (1 = a)JpyT'(t)un);
(S p_(é)(Jp@)yn +yB*en), Wy = sz(é)(ajp(g)yn + (1 = a)Jpe)S(t)vn);
(4.17) Chy1={velCy: iglg ¢p(v> Zn,t) < wp(%xn) + %(%yn), Vze 6};

Qn+1 = {5 €EQn: iill(:)) %(S,wn,t) < "/}p(zwxn) + %(S,iyn% Vze S}?

Tpt+1 = HCn_H 1, Ynt+1 = HQn+1y1a n > 1.

Theorem 4.1. Let T := {T'(t) : t > 0} : Ey — Eyand S := {S(t) : t > 0} : Ey — Ey
be closed quasz-w nonexpansive semigroups such that T # () and & # 0. L t {(xn,yn)} bea
sequence in By x Ey generated iteratively by algorithm (4.17). Assume F := {(z,y) € T x & :

Jp s, are the generalized duality maps on B, Ez, Es, respectively, J, 1, J, 0. J, &
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}(:0—1)

Aa::By};é(Z),ﬁe(0,1)and7issuchthat0<7<{ 1

P P . Then,
wp (1A PFT 4] B|[ P71

{(@n, yn)} converges strongly to some point (z*,y*) € F.

Proof. The proof is divided into four steps.

Step 1. We prove that the sequences {x,,} and {y,,} are well-defined. First, we prove that
Cp and @, are closed and convex. Clearly, C; = E; and )1 = E; are closed and convex.
Assume that C), and @,, are closed and convex for some n > 1. Then, from the definition
of C,, 1, we have that:

Cn-{—l = {U €Cy: Sl>lp 77Z1p ('Ua Zn,t) < de(Uazn) + w[)(za yn), Vze 6}
t>0
= tQO{U cCp: "/Jp(va Zn,t) < wp(%xn) + ¢p(27yn)a Vze 6}

= tgo{v eC, :p(U, Jp(l)xn_Jp(l)Zn,t> < ||Jp(1)xn||p—‘|Jp(1)Zn)t

|p + '(/}p(27 yn)7 v ZGG}-
Thus, C,+1 is closed and convex. Similarly, Q)+ is closed and convex. Hence, C,, and

Q. are closed and convex. Therefore, {z,} and {y,} are well defined.

Next, we prove that ¥ C C), x @, YV n > 1. Clearly, F C (7 x Q1. Assume that
F C Cy, X Qp, forsomen > 1. Let (p*, ¢*) € F. Using Lemma 3.6, we obtain:

o0 ) = Yp(0", Ty (@dpyzn + (1= @) Jy)T(t)un))
(418) < a"/’p(p*7 xn) + (1 - a)wp(p*vun)-
Now,
wp(p*v un) = wp(p*a Jp_&) (Jp(l)xn - ’YA*€")> = V(p*7 Jp(l)xn - VA*en)
(4.19) = |Ip*IIP = p(p*, Jpyza) + Py (0", A%en) + (b — 1)[|Jp1)zn — YA en||7T.

Replacing x by « — y in the inequality ||z + y||” > ||z||? + p(y, Jpx) + dp||y||’, we obtain
that
|z = yl[” < [zl = ply, Jp(z — y))-
Using this inequality in (4.19), we obtain:
Up(P un) < PP = PP, Jpyn) + Py (P", A%en)

1

* p—1
+ (0= eall” = pr(n, A%en)]
< lp*|IP = p(p*, Jpyzn) + pY{AD", €n)
+ (0= D[ Ip2all 7T = plp — Dyv{Aun, e,

V(0" Jya) + 0 [ (A" €0} = (p = 1) (At )]
= (", ma) + (A" ) = (p = 1) (Aun, )]

Hence, it follows from inequality (4.18) that:

420)0p(p", 2nt) < Up(p™, wn) + (1 — )p(Ap™, en) —v(1 — a)p(p — 1){Aun, en).
Similarly, using wy,, y», and B, we get that:

@A2D)Yp(q" wnt) < (@, yn) —7(1 — a)p(Bq", en) + (1 — a)p(p — 1)(Buvy, en).
From inequalities (4.20) and (4.21) and using the fact that Ap* = Bq¢*, we get that:

(4.22) ¢p(p*7 zn,t)"‘d}p(q*: wn,t) < %(p*, xn)+¢p(q*7 yn) _'7(1_O‘)p(p_1><Aun_an7 en>'
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Now, e, = Jy3)(Ax, — Byy). Set 0 := y(1 — a)p(p — 1). So, by Lemma 3.8, we have that:

—0(Au, — Bup, ep)
= —o||Az, — Byn|]? — o{Au, — Buy,,e,) + 0(Ax, — By, e,)
= —ol|[Az, — Byn||" + 0(A(zn — un),en) + 0(B(vy — Yn), €n)

~ ol Azn = Bynll” + o [I1Allllen = Tt (pry2n — 7A€l

IN

+1IBILlyn = Tohy (o + 7B en)lleal
1 * _1_ * L
(423) < —ollAz, — Byl + 077k [[|AIL|A%en |77 + [|BI[ B¢ 7T | flenl |
But,
« 1 _p_
AN A*en] |77 llenl| < || A][7T || Azy, — Bya P,

and,

" 1 _p_
BB enl[ 7 [[enl] < [[A[[77T [[Azn — Byn|[".
Substituting these inequalities in inequality (4.23), we obtain:

~0(Auy — Buy, en) < — 0| Az, — Byal P + oy 71 by [||All 75 +1|BI|77 ] || Az, — Byal”
Substituting this inequality in inequality (4.22), we obtain:

Po("5 Znt) + Up(q", Wi t)
(29 (0", m) + Gp(a",ym) — o [1 = 77Tk (A7 + ||BII7T) ] | Az, — Byl

< wp(p*vxn) + %(q*,yn),
establishing that 7 C C,, x Qp, Vn > 1.

Step 2. We prove that the sequences {z,, } and {y, } are convergent.

From the definition of {x,,} and Lemma 2.2, we have that ¥(x,,, x1) < ¥ (p*,x1)—1 (p*, ZTn) <
Y(p*, 1), ¥V (p*,q*) € F C C, x Qp. This implies that {¢(z,,z1)} is bounded. Hence,
{zn} is bounded. Since 2,1 = Ilg,,, 21 € Chy1 C C, and z,, = g, z1, we have
that ¥ (z,, 1) < ¥(Tn+1,21) and this implies that {¢(x,, z1)} is nondecreasing. Hence,
lim ¢ (x,, z1) exists. Furthermore, for m > n, we have that:

Y(@m, zn) = Ve, 21,1l0,21) < (e, z1,21) — ¥, 21, 21)
= Y(xm,x1) — Y(Tn,21) = 0 (asn — 00).

It follows from Lemma 2.3 that ||z, — z,,|| — 0 as m,n — oo. Hence {z,} is Cauchy.

Thus, there exists +* € E; such that lim z, = z*. Following a similar argument, there
n—oo

exists y* € Fs such that lim y,, = y*.
n—oo

Step 3. We prove that (z*,y*) € F and Az* = By*.
Form > n, (T, Ym) € Cm X Q. Wehave that supty, (2, 2n.t) < Up(Tms Tn) +VpYm, Yn) —
>0

0asm,n — og, supwp(ymywn,t) < wp(xmv$n) + wp(ymayn) — 0 as m,n — oo. Hence,
t>0

for each ¢t > 0, and by Lemma 3.7, we have that ||z, — z,¢|| =& 0 as m,n — oo and
[|Ym — wn || — 0 as m,n — oo. Therefore, for each ¢ > 0, z,; — z* as n — oo and
Wyt — Y* asn — oo.
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Setn=:0 [1 — T k, <| |A|7T + ||B]| ﬁ)] . Then, it follows, from inequality (4.24) that:

nlggoHAxn - Byan < 5nhﬁnolc (sz]p(p*a xn) - ¢p(p*a Zn,t) + Zfip(q*, yn) - %(q*a wn,t)>
1
(4.25) = n(wp(p*,x*) — (™, 2") + Pp(d”, y") —sz(q*,y*)) = 0.

Hence, we have: Az* = Bx*.

Step 4. Finally, we show that (z*,y*) € ¥ x &. From Lemma 3.8, we have that:
1

un = 21l < iy (1)@ = Ty 1|+ YAl Az = Byal"™) ™ =0 as 0 oc,

which implies that lim u,, = z*. Furthermore,
n— oo

||Jp(1)2n,t — Jp(l)l‘*H = HaJp(l)xn + (1 — (X)Jp(l)T(t)un — Jp(l)x*H
> (=) Jp)T(t)un — Jpayx™ || — | Jpyx™ — Jp)yznll-

This implies that for each ¢ > 0, li_>m [Ty T (t)ur, — Jpz*|| = 0. Since Jp*&) is norm-to-
n oo

norm uniformly continuous on bounded sets, it follows that for each ¢t > 0, T'(t)u,, — «*

asn — oo. Since, T := {T'(¢) : t > 0} is closed and li_>m u, = x*, we have that for each

t >0, T(t)z* = «*, which implies that 2* € F(T'(t)), for each t > 0. Hence, 2* € T :=

tQOF (T'(t)). Following the same argument, we also have that y* € & := tQOF (S(t)). These

results now imply that (z*,y*) € F. The proof is complete. - O

Remark 4.5. Theorem 4.1 is applicable in L,,, I, and the Sobolev spaces since these spaces
are p-uniformly convex and uniformly smooth for p € (2, co). As far as we know, there
is no theorem in the literature for iteratively approximating a solution of the problem dis-
cussed in Theorem 4.1 in these real Banach spaces.

5. APPLICATION TO SPLIT EQUALITY VARIATIONAL INEQUALITY PROBLEM IN BANACH
SPACES

In this section, we suppose that C' and ) are nonempty closed and convex subsets of E;
and FEj, respectively, E3 is an arbitrary smooth real Banach space. A variational inequality
problem (VIP) in a real Banach space is the problem of finding a point v* € C such that
for some j(v — u*) € J(v — u*),

(5.26) (Au*,j(v —u*)) >0, Vv e C,

where A : C — E; is a map. We denote the set of solutions of VIP by VI(A,C).

A map A : C — FEj is called accretive if for each u,v € C, there exists j(u — v) € J(u —v)
such that

(5.27) (Au — Av, j(u —v)) > 0.

Let A; : C — Ej and A, : Q — E5 be two accretive maps, where C and () are nonempty
closed and convex subsets of E; and Es, respectively.

The split equality variational inequality problem is a problem of finding u* € C, v* € @) such
that

(Aru* ji(u—u")) >0, Vu e C, and (Av",ja(v—v™)) >0, Vv € Q, Au™ = Bv*,



122 C. E. Chidume

where A: C — Ez and B : () — Es5 are bounded linear maps. We shall denote the set of
solutions of split equality variational inequality problem by:

G :={(u",v") e VI(A;,C) x VI(A1,Q) : Au* = Bv*}.
Forr > 0,u € Ey and v € E», define maps 7T}, : £y — C and S, : E5 — Q as follows:

T(u)i={= € C < flo,) + 1 ly— = ja(z —w)) 20, Vy € C},
and .
S,(0) = {2 € Q  g(aw) + H{w = 2, ol — 1)) 20, Vw e Q)

The split equality variational inequality problem with respect to .A; and A, is equivalent
to the following split equality fixed point problem:

find u* € F(T,), v* € F(S,) suchthat Au* = Bv*,
where A and B are bounded linear maps. (see e.g., [14] for details).

Now, the setting for our next theorem is as follows:

1. C and @ are nonempty closed and convex subsets of p-uniformly convex and
uniformly smooth real Banach spaces E; and Es, respectively; Es is an arbitrary
smooth real Banach space.

2. A;: E; — E;, i = 1,2 are continuous accretive maps;

3. A: E; = Esand B : E; — Ej3 are bounded linear maps with adjoints, A* and B*,
respectively.

4. T, and S, are as defined above.

We now have the following theorem.

Theorem 5.2. Let {(x,,,yn)} be a sequence in Ey x Ey generated iteratively by algorithm (4.17).

Assume G = {(z,y) € VI(A;,C) x VI(A2,Q) : Ax = By} # 0, a € (0,1) and ~ is
1
1
ol | Al 7T +]| B | 7+1

e
such that, 0 < v < [ } , then, {(z,,,yn)} converges strongly to some point

(", y") €G.
Proof. Set T, = T'(t) and S, = S(t). Then, T, and S, are quasi-y-nonexpansive semi-
groups. Hence, the conclusion follows directly from the proof of Theorem 4.1. O

Remark 5.6. In the proofs of our theorems in this paper, the condition on  involves the
norms, ||A|| and ||B|| of A and B, respectively. This is not a drawback on implement-
ing the algorithm because one does not have to know the values of these norms to use the
algorithms. For computational purposes, these norms can be replaced with two constants
associated with the maps A and B, which are easy to compute, as follows. To assert that
A is a bounded linear map, one has to show that

[|Az|| < Killz||, Vx € E,

for some constant K; > 0. This constant K; > 0 which is an upper bound for || 4| is
generally easy to obtain (since it is not unique) for any bounded linear map. In fact, one
has to almost necessarily know it before one can assert that A is a bounded linear map.
Similarly, to assert that B is a bounded linear map, one has to show that

||Bz|| < Ks|z||, Vz € E,

and some constant K»L > 0. Again, this constant K > 0 is an upper bound for || B|| and
is generally easy to obtain for any bounded linear map. From the proof of Theorem 4.1, it
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is clear that, for computational purposes, the norms || A|| and || B|| of A and B, respectively,
can be replaced with K; and K>, respectively, so that the condition

1 pl
0<y< { —5— —5 ] ,
rp (IAII7=T + || B]|7=T)
can be replaced with the condition
1 Pt
0<y< [ — —5 } ,
"%(Kff1 + szfl)
where K; > 0 and K, > 0 are easily determined.

Conclusion. In this paper, new important geometric inequalities are established. These in-
equalities are of independent interest in the sense that they can be used in several prob-
lems in nonlinear operator theory. As an application, an iterative algorithm for approxi-
mating a solution of split equality fixed point problems for a quasi-¢-nonexpansive semi-
group was proposed and studied. A strong convergence theorem of the sequence generated
by the algorithm (4.17) was established without imposing any compactness-type condi-
tion on either the space or the operators. Furthermore, the theorem proved was applied to
approximate a solution of a split equality variational inequality problem in a p-uniformly
convex and uniformly smooth real Banach space, p > 2.

The results of this paper complement related recent important results in the literature
that had been proved only in the setting of 2-uniformly convex and uniformly smooth real
Banach spaces (which, in particular, do not include the important L,, l,, and the Sobolev
spaces W;"(Q2), for 2 < p < 00). On the other hand, the theorems proved in this paper are
applicable in Ly, [, and the Sobolev spaces, W," (2, for p such that 2 < p < co..
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