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UPPER BOUNDS FOR VECTOR EQUILIBRIUM PROBLEMS
ASSOCIATED WITH p-ORDER CONE ON
HADAMARD MANIFOLDS

VO MINH TAM AND JEIN-SHAN CHEN*

ABSTRACT. In this paper, we study a new class of vector equilibrium problems
associated with partial order provided by p-order cone on Hadamard manifolds.
We first propose a new concept of IC];—conveXity of a vector-valued function in the
setting of Hadamard manifolds and derive some regularized gap functions of the
concerning problem. Then, several upper bounds for vector equilibrium problems
associated with p-order cone are established via regularized gap functions. At
last, we present some examples to illustrate our main results in the paper.

1. MOTIVATION AND INTRODUCTION

The target problem is a class of vector equilibrium problems with partial order
provided by p-order cone, particularly in the setting of Hadamard manifolds. For
notational convenience, this problem is denoted by VEP(D, G, IC]; ), which is to find
u € D such that

(1.1) G(u,v) € Ky

for all v € D, where D is a nonempty subset of the Hadamard manifold H (see
Section 2 for details), G: DxD — R is a vector-valued function satisfying G(u, u) =
Opk for all uw € D, and IC’; is the p-order cone given by

1
P

k
(1.2) Ky = w=(wy,..,wp) " €RF[wy > Y |wyl? (p>1).
j=2

If we write w = (wy, @)’ € RxRF!, the p-order cone K’; is equivalently expressed as

Kk = {w = (w1, )T € R x RF | w; > Hwnp} (p>1).
The p-order cone was introduced by Xue and Ye [32] and Miao et al. [24], which is
an extension of the second-oder cone, corresponding to p = 2 in (1.2). The p-order
cone ICI; is closed convex on R¥. In addition, it has been used in complementarity
problems and variational inequalities under the form of constraint sets, see [23,24,
34] and references therein. When H = R™, the VEP(D, G,IC’;) becomes a vector
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equilibrium problem in the admissible space R™ with partial order provided by p-
order cone. To the best of our knowledge, this special type of problems has not
been considered.

It is well known that the vector equilibrium problems include some famous prob-
lems as special cases, like vector variational inequalities, vector complementarity
problems and vector optimization problems, etc. Various equilibrium problems have
significant applications in the areas of network analysis, transportation, mechanics,
economics, finance and operations research, see [7,10,17] and references therein.

On the other hand, numerous important concepts and techniques of nonlinear
analysis used in optimization have been extended from Euclidean spaces to Rie-
mannian manifolds, see [31]. From the perspective of Riemannian geometry, such
extension offers certain advantages, especially some originally nonconvex and non-
smooth problems can be regarded as convex and smooth ones under some settings,
see [8,26]. In 2012, Colao et al. [6] introduced a class of “scalar” equilibrium
problems in the setting of Hadamard manifolds, where the solution existence was
investigated with certain coercivity condition. Batista et al. [4] further generalized
it to the “vector” equilibrium problem on Hadamard manifolds and studied a suffi-
cient condition for its the existence of solution. Thereafter, various kinds of vector
equilibrium problems have been proposed and investigated, see [13,14,20,21].

The upper bound, so-called error bound, is known as an upper error estimate of
the distance from an arbitrary feasible point to the solutions set of a certain prob-
lem. From the viewpoint of theoretical analysis, upper bounds have been significant
to studying the convergence of iterative algorithms for solving variational inequali-
ties, complementarity problems and equilibrium problems. In 2003, Mastroeni [22]
developed upper bounds for “scalar” equilibrium problems where the used main tool
lies on various gap functions, originally introduced by Auslender [3]. An advantage
of using gap functions is that we can reformulate the variational inequalities and
equilibrium problems into equivalent optimization problems. Due to the feature
of non-differentiability of Auslender gap functions in general, Fukushima [9], and
Yamashita and Fukushima [33] introduced the notion of regularized gap functions
for variational inequalities. They also obtained upper bounds controlled by gap
functions in forms of the Fukushima regularization and the Moreau-Yosida regular-
ization. In light of that, a large number of works discussed regularized gap functions
and upper bounds for variational inequalities, hemivariational-variational inequali-
ties, and equilibrium problems, see [1,5,11,12,18,28-30]. In particular, Khan and
Chen [18] studied regularized gap functions and upper bounds for a class of “vec-
tor” equilibrium problems with partial order provided by the usual positive cone in
finite dimensional spaces. Very recently, Anh et al. [1] and Hung et al. [12] extended
the results [18] to generalized mixed vector equilibrium problems with partial order
given by a infinite dimensional cone. Hung et al. [15] also characterized illustrat-
ing upper bounds using regularized gap functions for vector equilibrium problems,
whose final space is partially ordered by a “polyhedral cone” generated by some
matrix. In the setting of Hadamard manifolds, only limited results on this inter-
esting topic for variational inequalities and equilibrium problems of “vector” types.
Jayswal et al. [16] established a gap function for a non-smooth vector variational
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inequality on Hadamard manifolds. Recently, Hung et al. [14] developed regular-
ized gap functions and upper bounds for vector equilibrium problems and vector
variational inequalities on Hadamard manifolds. The partial order of the vector
problems considered in [14, 16] is induced from the usual “positive cone”.

Motivated by the aforementioned works, this paper focuses on a class of vector
equilibrium problems VEP(D, G, IC’; ), which may be viewed as a follow-up of [14,15].
The novelty of setting to VEP(D, G,ICI;) is that the space is with a partial order
induced from “p-order cone” and the admissible space is the Hadamard manifolds.
As below, we highlight the contributions of the paper:

e In contrast to the literature, we study several gap regularized functions of
the Fukushima and Moreau-Yosida types to the problem VEP(D,G,/C’;).
Our main tool in using of the gap regularized functions is based on a new
concept of K;f—convexity of a vector-valued function on Hadamard manifolds.

e The novelty of this paper is to derive upper bounds for problem
VEP(D, G, IC}’;) controlled by these regularized gap functions and depend
on the data of the component functions of the vector-valued cost function.

The paper is structured as follows. Section 2 provides several definitions, no-
tations and properties of manifolds. In Section 3, we introduce a new concept of
IC];—convexity of a vector-valued function on Hadamard manifolds. Then, we derive
some regularized gap functions and upper bounds for VEP(D, G, IC’;) under suit-
able conditions. Furthermore, some examples for illustrating our main results are
provided. Finally, we give some conclusions of this paper in Section 4.

2. PRELIMINARIES AND NOTATIONS

In this section, we review some basic definitions, concepts, and properties of
manifolds that will be used in subsequent contents. They can be found in any
standard book on Riemannian geometry [27,31].

Let H be an m-dimensional differentiable manifold. The tangent space of H at
z is denoted by T.H and the tangent bundle of H is denoted by TH = |,y T-H.
An inner product (-,-)g, on T.#H is called a Riemannian metric on T,H. A tensor
field (-, -)w is said to be a Riemannian metric on # if for every z € H, the tensor
(-,-)®r. is a Riemannian metric on 7,7, where the subscript z can be omitted if no
confusion occurs.

A Riemannian manifold, denoted by (H, (-,-)r), is a differentiable manifold H
endowed with a Riemannian metric (-,-)g. Given a piecewise smooth curve ¢ :
[a,b] — H joining z to w, that is, 6(a) = z and 4(b) = w, the length of § is defined
by Ig(d) := fab 16’(s)|lds. For any z,w € H, the Riemannian distance dg(z,w),
which induces the original topology on H, is defined by minimizing this length over
the set of all such curves joining z to w.

The Levi-Civita connection V associated with the Riemannian metric and § be
a smooth curve in H. A vector field Z is said to be parallel along ¢ if Vs Z = 0,
where 0 denotes the zero tangent vector. If ¢ itself is parallel along d, we say
that J is a geodesic. A geodesic joining z to w in H is said to be minimal if its
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length equals dr(z,w). A Riemannian manifold is complete if its geodesics d(s) are
defined for all s € R. It follows from Hopf-Rinow Theorem that if H is complete,
then any point in H can be joined by a minimal geodesic. Furthermore, (H,dR)
is a complete metric space, and hence bounded closed subsets in H are compact.
A Hadamard manifold is a complete simply connected Riemannian manifold of
nonpositive sectional curvature.

Assume that H is a Hadamard manifold. The exponential map exp,: T, H — H
at z € H is defined by exp,(v) = d,(1, 2) for each v € T,’H, where 6(-) = 6,(-, 2) is
the geodesic starting at z with velocity v, that is, 6(0) = z and 6’(0) = v. It is easy
to see that exp,(sv) = d,(z) for each real number s. Moreover, the exponential map
exp, : T,H — H is a diffeomorphism for all z € H. For z € H, exp; ! : H — T, H is
the inverse of the exponential map. For any z,w € H, we have

(2.1) [exp;t(w)llr = dr(z,w).
For any two distinct points z,w € H, there exists a unique normalized geodesic §

joining z to w such that d(s) = exp,(sexp; ! w) for all s € [0,1]. In particular, the
exponential map and its inverse are continuous on a Hadamard manifold.

Unless otherwise stated, H is a Hadamard manifold in the rest of the section.

Definition 2.1. (see [31]) A set D C H is said to be geodesic convex if for any
two distinct points z and w in D, the geodesic joining z to w is contained in D,
that is, if 6 : [0,1] — H is a geodesic such that z = §(0) and w = (1), then
§(A\) = exp,(Aexp; L w) € D for all X € [0, 1].

Lemma 2.2. (see [2], p.3) For z,w € H, r € (0,1) and a point u, =
exp,(rexp; w) on the geodesic § : [0,1] — H joining z to w, we have exp;
7“e><;pz_l w.

o(r) =
Hur) =
Definition 2.3. (see [31]) A real-valued function p: H — R is said to be geodesic
convez if, for any z,w € H and X € [0, 1], there holds

p (exp, (Aexp; ' w)) < (1= A)p(2) + Ap(w).

Lemma 2.4. (see [19]) Let zg € H and {z,} be a sequence in H such that z, — zo.
Then, the following assertions hold.
(i) For any w € H, exp; ! w — expyl w and expy' z, — expy’ 2z0;
(i) If {un} is a sequence such that u, € T, H and u, — ug, then ug € Ty, H;
(iii) Given sequences {u,} and {t,} satisfying un,t, € T, H, if u, — ug and
tn — to, then (un,tn)r — (ug,to)R-

3. MAIN RESULTS

In this section, we introduce the notion of the K’Ij—convexity of a vector-valued
function on Hadamard manifolds associated with p-order cone and the exact defini-
tion of gap functions for VEP (D, G, IC’;). Then regularized gap functions and upper
bounds for VEP (D, G, IC’;) will be considered under some suitable assumptions on
the data of the problem. Furthermore, some examples are given for illustrating our
main results.
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Throughout the paper, unless other specified, let the function G: D x D — RF
be defined by

G(u,v) = (G1(u,v), ..., Gp(u,v)) " € RF,
where Gj: D x D — R for all j € {1,...,k} and u,v € D. Denote the solution set
of the problem VEP(D,G, IC’;) by S(D, G, IC’;). Since the existence of solutions for
vector equilibrium problems on Hadamard manifolds with partial order provided

by closed convex cones have been well investigated, see [4,13] and the references
therein, we always assume that S(D, G, IC’;) is a nonempty set.

Definition 3.1. For each j € {1,...,k}, let F;: H — R be a function. A function
F = (Fy,..,F;)" defined by F(z) = (Fi(2),..., Fx(2))T € R* is said to be K}-
convez if, for all z,v € H and A € [0, 1],

(3.1) (1= XN)F(z) + AF(v) — F (exp, (Aexp; ' v)) € Kb

Remark 3.2. We point out couple things regarding this new concept.
(i): Let ¢ > 1 satisfying ]10 + (1] = 1. By applying Holder’s inequality, the
condition (3.1) leads to
(1= N)Fi(2) + AFi(v) — Fy (exp, (Aexp; ' v))

1
p

k
> Z |(1 = N)Fj(2) + AFj(v) — Fj (exp, (A exp; ' v)) ‘p
j=2

k
>(k—1)"1 S [(1= N Fj(2) + AFj(v) — F (exp, (Aexp;10))],
=2

that is,
k
(k— 1)7% ZF]- (expz ()\exp;1 v)) -5 (expz (/\exp;1 v))
j=2
k
(3:2) >(k=1)"1 > [(1=NFj(2) + AF;(v)] = [(1 = ) Fi(2) + AF1(v)]

<.
||
[\

for all z,v € # and X € [0, 1].
(ii): If F; = 0 for all j € {2,...,k}, then we can take F' = F} and it follows
from (3.2) that

F (exp, (A exp; ! v)) < (1= NF(z) + AF(v),

for all z,v € H and A € [0,1]. Thus, the K’;—convexity of F reduces the
geodesic convexity in Definition 2.3.
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Proposition 3.3. Suppose that the function F := (Fy,...,F})" is given in Defi-
nition 3.1. If Iy is a geodesic convex function and Fj is a linear affine function
(i.e., F; and —F}; are geodesic convex) for all j € {2,...,k}, then the function F is
K’;-convex.

Proof. Let z,v € H and A € [0,1]. For each j € {2,...,k}, since the function Fj is
linear affine, we have

(1= N)Fj(2) + AF;(v) — F} (exp, (Aexp; 'v)) = 0.
Moreover, F} is a geodesic convex function, i.e., we obtain
(1 = A)Fi(z) + AFi(v) — Fy (exp, (/\exp;1 v)) > 0.
Therefore, the following inequality
(1= N)Fi(2) + AFi(v) — Fy (exp, (Aexp; ' v))

1
P
Z‘ (1 = A)Fj(z) + AFj(v) — Fj (exp, ()\expz_lv))’p
holds for all p > 1. This implies that
(1= NF(2) + AF(v) — F (exp, (Aexp; ' v)) € /Cl;j
that is, F'is IC’;—conveX. O

The following example illustrates the K’;—convexity of a vector-valued function on
Hadamard manifolds.

Example 3.4. The set H = Ry = {u € R| u > 0} endowed with the Riemannian
metric (-,-)g defined by (z,v)r = g(u)zv for all z,v € T, H (where g(u) = u%) is
a Riemannian manifold, ¢: R — H, ¢(u) = e" is an isometry, and the sectional
curvature of H is 0. Moreover, the tangent plane at v € H is T,,H= R. For any
u,w € H the Riemannian distance is dg: H x H — R,

dr(u,w) = [¢7 () = 67 (w)| = |In ()]

Thus, H is a Hadamard manifold (see e.g., [25]). The geodesic curve §: R — H
starting form w (§(0) = u) will have the equation d(s) = uelw)®, with w = §'(0) €
T, H as the tangent unit vector of § in the starting point. Then, the exponential
map exp, and the inverse exponential map exp, ! are defined by

exp, (sw) = uelw)* and exp;lw = uln (%) .
Let the functions F1: H — R and Fj: H — R (j € {2,...,k}) be defined by
Fi(u) =3W%u+1; Fj(u) = glnu—i— 3, YueH.
Then, for any u,w € H, X € [0,1], we obtain

Fy (exp, (Aexp, ' w)) = 31n%( ut ) + 1
=3[(1 - N Inu+Anw?*+1
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<(1-AN)Bm*u+1)+A(3In*w+1)

(3.3) =1 =NFi(u) + A\Fi(w).
and
Fj (exp, (Aexp,tw)) = gln(ulf)‘w)‘) +3
) )
=(1-)) <21nu+3> +A <2lnw—|—3>
(3.4) = (1 =N Fj(u) + AFj(w).

From (3.3) and (3.4), we get that the function F} is geodesic convex and the function
F; is linear affine for all j € {2,...,k}. However, it is easy to see that the function
F; is non-convex in the usual sense for all j € {2,..., k}.

Let us consider the function F := (F, ..., F) " defined by F(u) = (Fy(u), ..., Fi(u)) "
for all u € H. Using Proposition 3.3, we conclude that the function F' is K’;—convex.

We introduce the exact definition of gap functions for VEP(D, G, ICI;) as below.

Definition 3.5. A real function m: D — R is said to be a gap function for
VEP(D, G, IC’;) if the following properties hold:

(a): m(u) >0, for all u € D;

(b): for any u* € D, m(u*) = 0 if and only if ™ is a solution of VEP(D, G, IC];).

We now propose a remark to convert the problem VEP(D, G, ICI;) into a scalar
equilibrium problem.

Remark 3.6. Suppose that the function G: D x D — RF is defined by G =
(G4, ...,Gi)T where Gj: D xD — R for all j € {1,....,k}. Then, thanks to the
definition of the p-order cone IC’; in (1.2), we can verify that (1.1) is equivalent to

1
P

k
Gl(”? U) - Z |G] (u7 U>|p > 0.
Jj=2

For each fixed constant £ > 0, let us consider the following function ®¢ : D — R
defined by

35)  ew) =sup | [ SIG @ | = Gilu) - gedk(uo)|

for all w € D.
We are ready to assert that ®¢ is a gap function of VEP(D, G, IC’;).
Theorem 3.7. Suppose that D is a closed and geodesic convex set and G is IC’;-

convex in the second component. Then the function ®¢ defined by (3.5) for any
&> 0 is a gap function of VEP(D,G,IC’;).
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Proof. For any fixed parameter § > 0, we shall prove that ®, satisfies the conditions
of Definition 3.5.

(a) Let u € D be arbitrary. Since G;j(u,u) = 0 for all j € {1,...,k} and u € D, it
follows from the definition of ®¢ that

P

k
Bew) = | S 1Gw)l | = Galuw)  gedk () = 0.
j=2

(b) Suppose u* € D such that ®¢(u*) = 0, namely,

3=

L
sup —d%(u*,v)| =0.
veD 25 R( )

G 0P | = Gi(u®,v) =

.
[\v}

This implies

D=

k
1
Do 1Gs )" | = G ) < pedi(u0),
j=2

for all v € D. For any u € D and X € (0, 1), we set
V) 1= €XP, (/\ equ}1 u) .
As D is geodesic convex, vy € D, and hence
k %
Z |G (u*, €XP,, ()\ equ}1 u)) Pl -Gy (u*, eXPy,+ ()\ equ}1 u))
=2

i 2 * —1
< 2£d (u , €XD, ()\ eXPy, u))

1 _ _
= 2% Hexpu*1 [exp,« (A exp, i u)] H;

1 , A2 .
(3.6) =2 H)\expu*1 UH; = Z—Ed%(u ).

Applying the Holder’s inequality, the K’;—convexity of v — G(u*,v) and (3.2) with
the condition G(u*,u*) =0 for all j € {1,...,k}, we have

1
k P

Z |G (u*, €XP, ()\ exp;*1 u)) Pl -Gy (u*, eXP,+ ()\ exp;*1 u))
j=2

Gj (u*, exp,. (A exp, - v)) — G1 (u*, exp,- (A exp,i u))

WE

1
q

> (k—1)

T.
[\

|
Q=
Mk

> (k1) [(1— NG, u*) + MG (u*, w)] — [(1— NGy (u*,u*) + AGy (u”,u)]

<.
||
[\



UPPER BOUNDS FOR VEP(D, G,IC];) ON HADAMARD MANIFOLDS 2601

k
= %ZG] Gl(u u) )

Jj=2

1 1
where ¢ > 1 satisfies — + — = 1. Combining relations (3.6) and (3.7), it gives
p q

k
(k—1) X ZG] (u*,u) — Gi(u*,u) < i d% (u*,u),
Jj=2 5
for all w € D. In the inequality above, letting A\ — 07 yields

k
k—1)"a Z Gj(u*,u) — Gr(u*,u)

k p
MG W WP | = Giu, )
j=2
for all v € D, that is,
G(u*,u) € KE,vu e D.
Thus, u* is a solution of VEP(D, G, IC’;).

Conversely, suppose that u* is a solution of VEP(D, G,IC}’;), that is, v* € D and
G(u*,v) € ICI;,VU € D. Then, for every v € D, we have

3=

k
Y IG W o) | = Gr(ut,v) 0.

Therefore, for any £ > 0, we obtain

3=

k
Pe(u”) = sup 216Gl | = Gi(wv) — 25
€ =

Since ®¢(u) > 0 for all uw € D, one has ®¢(u*) = 0. Then, the proof is complete. [

Lemma 3.8. Assume that all hypotheses of Theorem 8.7 hold and, further, that
the set D is compact, G; is continuous for all j € {1,--- ,k}. Then, for each § > 0,
the gap function ®¢ is continuous on D.

Proof. Since the function G is continuous for each j € {1, ..., k}, we know that the
function P: D x D — R defined by

P

k
S G | = Ga(u) — =k (u,v)
j=2

2€
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is continuous on D x D. Moreover, D is a compact set, so the function ®¢ defined
by

O¢(u) = sup P(u,v)
veED

is continuous on D. This completes the proof. O

Next, we introduce the following gap function in the form of the Moreau-Yosida
regularization of the function ®:

(38) R c(u) = inf [@e(2) + (dr(u, 2)]
for all u € D. Accordingly, we can rewrite Re, ¢ defined by (3.8) as follows:

k P
1
R = inf > 1G; Pl -G — —d3 d3
P ¢ (1) ot i‘elg j_2| (20| 1(2,0) 2 7 (2,0)| + (dRr(u, 2))

Theorem 3.9. Suppose that all assumptions of Lemma 3.8 hold. Then, the function
Ro, ¢ defined by (3.8) for any &,¢ > 0 is a gap function for VEP(D,G,IC’;).

Proof. (a) For any &,¢ > 0 fixed, since ®¢(u) > 0 for all u € D, it is easy to verify
that Re, ¢(u) > 0 for all u € D.

b) Assume that u* € S(D,G,KF). Thanks to the proof of part(a) and Theorem
P
3.7, we have ®¢(u*) = 0 and

0 < Rag(u”) = inf {B(2) + Ch(2,07)} < Be(u) + C(u”,u”) = .
Thus, we obtain R, ¢(u*) = 0.
Conversely, if u* € D and Rg, ¢(u*) = 0, namely,
inf (@¢(2) + (a2, %)} =
which implies that for each n, there exists a sequence {z,} C D such that
0 < Be(20) + (s (2 u”) < %

Thus, ®¢(2,) — 0 and dr(z,,u*) — 0, as n — +o0, that is, ®¢(z,) — 0 and
Zp — u*, as n — +o00. Using the continuity of ®, in Lemma 3.8, we achieve

Q¢ (u*) = ngrfm Pe(zn) = 0.
Then, applying Theorem 3.7 gives u* € S(D, G, ICI;). This completes the proof. [

Remark 3.10. We point out some comments regarding Theorem 3.7 and Theo-
rem 3.9.
(i): The gap functions ®¢ and Rg, ¢ transform VEP(D, G, KE) into minimiza-
tion problems. Accordingly, one can apply optimization methods to solve
the problem VEP(D, G, IC’;).
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(ii): As mentioned in the introduction, there is no result concerning gap func-
tions in forms of the regularization for the problem VEP(D, G, IC’;). Thus,
Theorem 3.7 and Theorem 3.9 are new in considering regularized gap func-
tions to vector equilibrium problems on Hadamard manifolds, whose final
space is partially ordered by p-order cone.

In order to establish upper bounds for VEP(D, G,lC';), it needs the following
hypotheses.
Assumption (A}):
(i): For the function G1: D x D — R, for any (u,v) € D x D, there exists
1 > 0 such that
G1(u,v) + Gy(v,u) + p1d% (u,v) < 0.
(ii): For each j € {2,...,k}, the function G;: D x D — R is such that for any
(u,v) € D x D, there exists p; > 0 such that

G, v) + G (v, 1) — s (u, ) > 0,
Proposition 3.11. Under the assumptions (.A’é), the solution set of the problem
VEP(D, G, IC’;) is singleton.

Proof. Suppose that u1,us € D are two solutions of VEP(D, G, IC’;). Then, for each
j =1{1,2}, we have

3 =

1(ug,v Z |G (ui,v)|P >0, YveD.

This implies

Gi(ug,v) — ZG (uj,v) >0, Yo €D

for i = {1,2}. Takingv =wug ifi =1 and v = uq if ¢ = 2 for the inequalities above,
we sum up the resulting inequalities to achieve

(39) Gl(ul,UQ) + Gl(UQ,ul q

M;

j(u,u2) + Gj(ug,u1)] >0
]:2

By the assumptions (A%), it follow from (3.9) that
— |+ ( Z 14 % (u1,u2) 20,
which says

w1+ (k— % (u1,u2) <O0.
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Since p1 + (k — 1)_% <Z§:2 ,uj) > 0, the above inequality implies dg (u1,u2) = 0,

and so u; = uz. Therefore, VEP(D, G, IC’;) has a unique solution u € D provided
that the solution set of VEP (D, G, IC’;) is nonempty, i.e., S(D, G, IC’;) is a singleton
set. O

The following results provide upper bounds for VEP(D,G,]CI;) using the gap
functions ®¢ and Ro, ¢.

Theorem 3.12. Let u* be a solution of VEP(D, G, IC’;). Suppose that all hypotheses
of Theorem 3.7 are satisfied and the conditions (A7) hold. Then, for each u € D

and & satisfying
-1

1 1-p
B p+(k—1)7 Zﬂj <,

we have

RS
—_
Nl

(310)  dr(u,u?) < [pm+(k—1)F e (u)]

Jj=2 %
Proof. Let u* € S(D, G, ICZ). For each u € D, by the definition of ®¢ and applying
Holder’s inequality, we obtain

1

k
L
Pe(u) = sup ;!Gj(uyv)p ~ G, 0) = 5edr(w,0)

k
> | S IGwa)l | = Galuu) = gkl
j=2
1—p k ].
(3.11) >(k—-1)7 Y Gju,u*) - Gy(u,u”) - id%(u,u*).
j=2

Using the condition (Af)(i) yields

(3.12) —Gy(u,u*) > Gy(u*,u) + prd% (u, u*).

Then, it follows from the condition (A};)(ii) that for each j € {2, ..., k}, there holds
G, ) = —Gy(u” ) + iy (u,u),

which implies

Ky d%(u’ U*)

—~
@
—_
W
SN—
v
|
—
o
|
—_
~
s[]
S
(]~
Q
<.
—~
S
*
S
SN—
+
—~
o
|
—_
SN—
S|
<
-
[\
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Since u* € S(D, G, IC];), one has

3 =

0 <Gi(u*,u) Z\G ()

k
(3.14) <Gy (u*, u) D73 G(u

j=2

.

Combining (3.12)-(3.14) leads to

—p k
o+ (k—1)7 (Zuj) - 22] 2% ("),
2

(3.15) D (u) >

This implies that

k
dr(u,u*) < |1+ (k Zm | @)z

and the inequality (3.10) is valid.

2605

0

Theorem 3.13. Let u* be a solution of VEP(D, G, IC];). Suppose that the assump-

tions of Theorem 3.9 and Theorem 5.12 hold. Then, for each u € D, we have

(3.16)

d’R(U,U*) < |:; mln{/,tl —|' (ZM]) }

Proof. Let u* € S(D,G,KE). In view of (3.15), we obtain

RCI’;?,C( = 1nf {q),;: —i—CdR(u Z)}

D=

—p k
> Zlgg { |:/‘1 +(k—-1)7 (Z; Mj) - 22-] d%(Z’U*) + <d$2(u’ Z)}

1—
> min ¢ p1 + (k — 1)Tp

[R%&( )]

1| [dr(zu") + dr(u, 2))°

2

k
>min{ g+ (k—1) 7 (Zuj) - 215,4* inf {dR (2, u") + di (u,2)}

k
>;m1n{ﬂl+(k1)pp Z/"’J) 2]-£7<}d%(uuu>k)
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This further leads to

N

k
N 1 . 1-p 1 1
dr(u,u’) < | 5min g+ (k= 1) 7 ]Z;uj ~5e°¢ [Rac(u)]?.
Then, the proof is complete. O

Next, we present an example to illustrate our main results on regularized gap
functions and upper bounds for VEP(D, G, IC];).

Example 3.14. Let (H, (-, -)r) be the Hadamard manifold considered in Example
3.4.

Let k=3, D={ueR|u= egrﬂ,r € [0,1]} € H, for each j € {1,2,3}, the
functions Gj: D x D — R be defined by

G1(u,v) = 2Inuln®v — In3u,

3 3
Ga(u,v) = §1n2u — §1nulnv,

Gs(u,v) = 2In*u — 2Inulnw,
for all u,v € D. Moreover, let G: D x D — R3 be defined by
G(u,v) = (G1(u,v), Go(u,v), G3(u,v)) ", for all u,v € D.
Consider the problem VEP(D, G, IC’;) with p = ¢ = 2, i.e., finding u € D such that
1
p

2
((gln2u — glnulnv> + (21n2u — 21nulnv)2> <lnuln®?v—1In®u, Vv € D,

which is equivalent to solving

)
5\/1n2 u(lnv —Inu)? <Inwu(lnv —Inwu)(Inu + Inv), Yo € D.

Following from a direct computation, it is easy to verify that S(D, G, IC’;) = {e}.
In addition, it is not hard to show that D is a nonempty, compact and geodesic
convex set, the function G is continuous and Gj(u,u) = 0 for all j € {1,2,3} and
so G(u,u) = Ops for all u € D. Furthermore, thanks to Example 3.4, we know
that the function v — Gj(u,v) is geodesic convex and the functions v — Ga(u,v)
and v — Gs(u,v) are linear affine for all w € D. Applying Proposition 3.3, G
is the K’;—convex function. Thus, all assumptions of Theorem 3.7 and Theorem
3.9 are satisfied, which says, for any &, ¢ > 0, ¢ and Re, ¢ are gap functions of
VEP(D, G, KE).
For any u,v € D, we have

G1(u,v) + Gi(v,u) = Inuln®v —In®u + Invin®u — In®v

= —(Inu+Inv)(lnv —Inwu)?

< —2d%(u,v);

Go(u,v) + Ga(v,u) = ~(Inv — Inu)? = ;d%(u,v);

N W
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Gs(u,v) + G3(v,u) = 2(Inv — Inu)? = 2d% (u, v).

Hence, the conditions (A,) are satisfied with p1 = pg = 2, up = 3. Therefore, for

any
-1

k
1 _1
£> 5 |mF k=17 > ~ 0.1117,
j=2

which implies the inequalities (3.10) and (3.16) hold. In particular, taking & = %,
by the definition of the function ®¢ in (3.5), we obtain

Pe(u) = sup [5 \/1112 u(lnv —Inu)? — Inu(ln?v — In?w) — (Inv — Inw)?|,
veD | 2

and with u* =e € S(D, G, IC’;), we have
2

VA+T7V2

dr(u,e) < D¢ (u).

for all u € D.

Remark 3.15. There are some comments regarding Theorem 3.12 and Theo-
rem 3.13.

(i): The upper bound results in Theorem 3.12 and Theorem 3.13 provide the
upper estimates of the Riemannian distance from an arbitrary point in the
admissible set D to the unique solution set of VEP(D, G, IC’;;) on Hadamard
manifolds. Computing the upper estimates in (3.10) and (3.16) is controlled
by the regularized gap functions ®¢ and Rg, ¢ and depends on the data in
the component functions Gy, --- ,Gj.

(ii): To the best of our knowledge, up to now, deriving upper bounds for
vector equilibrium problems on Hadamard manifolds, whose final space is
partially ordered by p-order cone using gap regularized functions has not
been studied. Therefore, our results in Theorem 3.12 and Theorem 3.13 are
new to the literature.

4. CONCLUSIONS

In this article, we have investigated a new class of vector equilibrium problems
associated with partial order provided by p-order cone in the setting of Hadamard
manifolds. In light of the concept of K’;-convexity of a vector-valued function on
Hadamard manifolds, we have proposed gap regularized functions of the Fukushima
and Moreau-Yosida types for tackling the problem VEP(D,G,IC’;) (Theorem 3.7
and Theorem 3.9). Especially, we have also developed several upper bounds for the
problem VEP(D, G, ICI; ) controlled by these regularized gap functions under suitable
assumptions (Theorem 3.12 and Theorem 3.13). The main results are new to the
literature even in the special case where H is a finite dimensional space.

Based on the obtained results, a future direction is studying the solution meth-
ods including numerical algorithms and convergence analyses to solve the problem
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VEP(D, G, IC’;) via the minimization problems using the regularized gap functions
P and Ro, ¢.
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