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Abstract

In this paper, we prove some common fixed point theorems in the framework
of partial metric spaces by using auxiliary function and give some conse-
quences of the main result. Also we give some examples in support of the
result. The presented results in this paper extend and generalize several re-
sults from the existing literature.

1 Introduction and Preliminaries

Metric fixed point theory has been the centre of extensive research for several re-
searchers. Fixed point theory has become an important tool for solving many non-
linear problems related to science and engineering because of its applications. The
Banach contraction mappings principle is the opening and vital result in the direc-
tion of fixed point theory. In this theory, contraction is one of the main tools to
prove the existence and uniqueness of a fixed point. Banach contraction principle
which gives an answer to the existence and uniqueness of a solution of an operator
equation 7x = x (where T is a self mapping defined on a nonempty set X), is the
most widely used fixed point theorem in all of analysis. In a metric space setting it
can be briefly stated as follows.

Keywords and phrases: Auxiliary function, common fixed point, partial metric space.
2020 AMS Subject Classification:47H10, 54H25.
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Theorem 1.1. ([7]) Let (X, d) be a complete metric space and S: X — X be a
map satisfying

d(S(p),S(q)) < md(p,q), forallp,q € X, (1.1

where 0 < m < 1 is a constant. Then

(1) S has a unique fixed point z in X;

(2) The Picard iteration {yy },2, defined by
Yntl1 =SyYn, n=0,1,2, ... (1.2)
converges to z, for any yg € X.

Remark 1.1. (i) A self-map satisfying (1) and (2) is said to be a Picard operator
(see, [28, 29]).

(ii) Inequality (1.1) also implies the continuity of S.

In literature, there are many generalizations of Banach contraction principle in met-
ric and generalized metric spaces. These generalizations are made either by using
different contractive conditions or by imposing some additional condition on the
ambient spaces. On the other hand, a number of generalizations of metric spaces
have been done and one of such generalization is partial metric space introduced
in 1992 by Matthews [22, 23]. It is widely recognized that partial metric spaces
play an important role in constructing models in the theory of computation. In par-
tial metric spaces the distance of a point in the self may not be zero. Introducing
partial metric space, Matthews proved the partial metric version of Banach fixed
point theorem ([7]). Then, many authors gave some generalizations of the result
of Matthews and proved some fixed point theorems in this space (see, i.e., [1], [2],
[31, [16], [17], [18], [19], [25], [27], [30], [36]-[39], [40] and many others).

Recently, many authors proved fixed point and common fixed point results via
contractive type conditions in various ambient spaces (see, e.g., [4, 5, 8, 9, 10, 11,
14, 15, 19, 20, 26, 31, 32, 33, 34, 35] and many others).

The purpose of this work is to prove some common fixed point theorems for
contractive type condition involving auxiliary function in the setting of partial met-
ric spaces.

Now, we recall some basic concepts on partial metric spaces defined as follows.
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Definition 1.1. (/23]) Let X be a nonempty set and p: X x X — RT be a self
mapping of X such that for all u,v,w € X the followings are satisfied:

(P1) u=v < p(u,u) = p(u,v) = p(v,v),

(P2) plu,u) < plu,v),

(P3) p(u,v) = p(v, u),

(P4) p(u,v) < p(u,w) + p(w,v) — p(w, w).

Then p is called partial metric on X and the pair (X, p) is called partial metric
space (in short PMS).

Remark 1.2. It is clear that if p(u,v) = 0, then w = v. But, on the contrary
p(u, w) need not be zero.

Example 1.1. ([6]) Let X = R and p: X x X — RT be given by p(u,v) =
max{u, v} for all u,v € RY. Then (R™,p) is a partial metric space.

Example 1.2. (/6]) Let I denote the set of all intervals |a, b] for any real numbers
a<b Letp: I x I — [0,00) be a function such that

p([a, b, [c, d]> — max{b,d} — min{a, c}.

Then (I,p) is a partial metric space.

Example 1.3. ([12]) Let X = Rand p: X x X — R" be given by p(u,v) =
ema{uvt forall u,v € R. Then (X, p) is a partial metric space.

Various applications of this space has been extensively investigated by many
authors (see, Kiinzi [21] and Valero [40] for details).

Remark 1.3. ([17]) Let (X, p) be a partial metric space.

(1) The function dy,: X x X — R* defined as d(u,v) = 2p(u,v) — p(u, u) —
p(v,v) is a metric on X and (X, dp) is a metric space.

(2) The function ds: X x X — RT defined as ds(u,v) = max{p(u,v) —
p(u,u),p(u,v) — p(v,v)} is a metric on X and (X, ds) is a metric space.

Note also that each partial metric p on X" generates a Ty topology 7, on X,
whose base is a family of open p-balls { B, (u,€) : u € X, e > 0} where,

By(u,e) ={ve X :p(u,v) < p(u,u) + ¢},
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for all w € X and € > 0. Similarly, closed p-ball is defined as
Bylu,e] = {v € X : p(u,v) < p(u,u) + €},

forallu € X and e > 0.
On a partial metric space the notions of convergence, the Cauchy sequence,
completeness and continuity are defined as follows [22].

Definition 1.2. (/22]) Let (X, p) be a partial metric space. Then

(1) a sequence {ry} in (X, p) is said to be convergent to a point r € X if and
only if p(r,r) = limy, 00 p(Tn, )5

(2) a sequence {ry,} is called a Cauchy sequence if limy, o0 P(T'm, Tr) exists
and finite;

(3) (X, p) is said to be complete if every Cauchy sequence {r,,} in X converges

to a point v € X with respect to T,. Furthermore,

i P(rms7n) = 1 p(ra, v) = p(r,7).

(4) A mapping f: X — X is said to be continuous at ro € X if for every
€ > 0, there exists § > 0 such that f(Bp(ro, 5)) C B, (f(ro),z—:).

Definition 1.3. ([24]) Let (X, p) be a partial metric space. Then
(1) a sequence {ry,} in (X, p) is called 0-Cauchy if limy, y,—y00 P(7m, ) = 0;

(2) (X,p) is said to be 0-complete if every 0-Cauchy sequence {r,} in X
converges to a point r € X, such that p(r,r) = 0.

Lemma 1.1. ([22, 23]) Let (X, p) be a partial metric space. Then

(1) a sequence {ry} in (X, p) is a Cauchy sequence if and only if it is a Cauchy
sequence in the metric space (X, dp),
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(2) (X, p) is complete if and only if the metric space (X, d,) is complete,

(3) a subset E of a partial metric space (X, p) is closed if a sequence {ry,} in
E such that {r,} converges to some r € X, thenr € E.

Lemma 1.2. ([2]) Assume that r,, — r as n — oo in a partial metric space (X, p)
such that p(r,r) = 0. Then lim,,_, o0 p(ry, u) = p(r,u) for every u € X.

Lemma 1.3. (see [19]) Let (X, p) be a partial metric space.
(i) If p(u,v) = 0, then u = v;
(ii) If w # v, then p(u,v) > 0.

2 Main Results

In this section, we shall prove some unique common fixed point theorems in the
framework of partial metric spaces by using auxiliary function.

We shall denote W the set of functions ¢: [0,00) — [0,00) satisfying the
following conditions:

(W) v is continuous; (Vo) ¢(t) < ¢ forall ¢ > 0.

Obviously, if ¢ € U, then ¢)(0) = 0 and ¢(¢t) < ¢ forall t > 0.

Theorem 2.1. Let R and Ro be two self-maps on a complete partial metric space
(X, p) satisfying the condition:

p(RlyaR2z) S (03] Azl)(y7 Z) + a2 AIQ)(y7 Z)? (21)

forally,z € X, where

1 —i—p(z,Rzz))’ 22)

A(y,2) = w(p(.% Riy) = +p(y, )

and

A (9. 2) = max {u(ply. ), ¥lply, Ruy). (5 ol Ray) + p(y. R2)]).

p(y, R1y)[1 + p(z, Raz)]
dj( 11 + p(y, 2) : >}’ (2.3)
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forally € U, where a1, € [0,1) with ay + aa < 1. Then Ry and Ro have a
unique common fixed point in X.

Proof. For each ug € X. Let ugpr1 = Riug, and ugpy2 = Rouon41 for n =
0,1,2,..., we prove that {u,} is a Cauchy sequence in (X, p). It follows from
(2.1) for y = w9, and z = ugy,—1 that

P(U2n41, U2n) = P(Riuzn, Roton—1)

< ayg A (ugn, ugn—1) + as A5 (ugn, usn—1), (2.4)

where

AR (ugp, uon—1) =9 (p(uzn, Riuzp) ! —ETQZ&;:,SE:_QT)_ 1))
) 1+ p(ugn—1, U2n)>
1 + p(uzgn, u2n—1)
1+ p(ugn—1, uzn)
1+ p(ugn—1, uzn)

= (p(uzn, Uop+1

) oy P3)

(P(U2n+1, U2n)
(p(w2ns1,wan)), 2.5)

and

Ag(u2n7 u2n—1) = max {1/}(17(“271’ u?n—l))7 T,Z)(p(’LLQn, R1u2n))a
¢<%[P(U2n—1, Riuzn) + p(ugn, R2u2n71)])7
P(Ugn, Riugn)[1 + p(u2n—1, Rotan—1)]
¢< 1+ p(u2n, u2n—1) )}

= max {w(p(wn, u2-1)), Y(P(U2n, U2n41)),
(2.6)
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0 (5ol 1, uans1) + plusn, uan)]).

2.7)
P(t2n, u2nt1)[1 + p(ugn—1, uzn)
d)( 1+ p(ugn, u2n—1) >}
max {(p(uzn-1, uzn)), Pz i1, uzn)),
1
?/)(2[23 U2n—1, U2n) + P(U2n+1, U2n)] )
w(P(Uznﬂl, 127;) u12+11? Zzn 1, U2n) >} (by (P3)and (P4))
(2.8)
= max {y(p(uzn-1,u2n)), (pluzns1, w20),
1
(0 (5 [p(u2n—1,u2n) + p(u2n+t1, Uzn)]) } (2.9)

The following cases arise.

Case (l) If Ag(UQn, UQn_l) = I/J(p(UQn_H, UQn)), then from (2.4), (2.5), (29)
and using the property of v that

(U2 i1, u2n) < 1 (P(U2n+1, u2n)) + a2 <P(u2n+1, U2n)>
= (a1 + a2)¢<p(u2n+1, U2n))

< (o1 + az2)p(uzny1,uzn)

< p(ugnt1, u2n), (since, (ag + ag) < 1) (2.10)

a contradiction.

Case (ii) If AL(u2pn, u2n—1) = ¥(p(ugn—1,u2,)), then from (2.4), (2.5), (2.9)
and using the property of ¢ that

p(u2nt1,u2n) < gt (p(U2n+1, uzn)) + a2 (p(u2n71, u2n))

< a1 p(ugn+1, u2n) + 2 p(uon—_1, u2n),
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or
(1 — o)p(uzn+1, u2n) < o p(Uuzn—1,u2n),
or
as
p(Uzn+1, Uz2n) < (1 — al>p(uQn—1, Unp). 2.11)

Case (iii) If AB(un, uzn-1) = % (3[p(uzn—1, uzn) + Pluzns1, u20)] ), then
from (2.4), (2.5), (2.9) and using the property of ¢ that
1
p(u2n+1,uzn) < a1 ¥ (p(u2n+1, u2n)> +az ¢ (5 [p(u2n—1,u2n) + P(u2n+1, Uzn)])

a2
< aq p(ugnt1, uzn) + ?[P(mnfl, Ugn) + p(U2n+1, U2n)],s

or

2p(u2n+1, U2n) < 200 p(U2nt1, Uzn) + a2 P(Ugn—1,U2p) + 2 P(U2n+1, U2n)

= (2a1 + a2) p(u2n+1,u2n) + a2 p(Uu2n—1, Uap),

or
(2 =201 — a2)p(ugnt1, Uzn) < a2 p(Uzn—1,U2n),
or
a2
p(u2n+17u2n) < (m)p(uzn—hu%)- (2.12)
Put § = max {lf—fxl, 2_2;‘%} < 1, since () + ag) < 1. Then from (2.12), we
obtain

p(u2nt1, u2n) < 0p(uon—1,uzn), (2.13)
which implies

p(un—i-laun) < ep(umun—l)- (2.14)
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Let D,, = p(un+1,uyn) and Dy,—1 = p(up,un—1). Then from (2.14), it can be
concluded that

D, <0Dy 1 <6°D, 9 <--- <" Dy. (2.15)
Therefore, since 0 < 0 < 1, taking the limit as n — oo, we have

lim p(upt1,un) = 0. (2.16)

n—oo
Now, we shall show that {u,,} is a Cauchy sequence in (X, p).

Thus for any n, m € N with m > n, then we have

P(Un, Um) < p(Un, Unt1) + P(Unt1, Ung2) + - + P(Untm—1, Um)
= P(Unt1; Unt1) — P(Un+2, Unt2) — -+ = P(Untm—1, Untm—1)
< 0"p(ug, ur) + 0" p(ug, ur) + -+ 0" p(ug, un)
= 0" [p(ug, u1) + Op(ug, u1) + - - + 0™ p(ug, u)]

=0"[L4+60+ -+ 60" |Dy

1— Hm—l
<o"(———)Do.
< - 0
Taking the limit as n, m — oo in the above inequality, we get p(un, ) — 0,
since 0 < 6 < 1, hence {u,} is a Cauchy sequence in (X, p). Hence, by Lemma
1.1, this sequence will also Cauchy in (X, d,,). In addition, since (X, p) is com-
plete, (X,d)) is also complete. Thus there exists v € X such that u,, — v as

n — o0o. Moreover, by Lemma 1.1,

p(v,v) = lim p(v,u,) = lm p(up,um) =0, 2.17)

n—00 n,m—oo
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implies

lim dy(v, uy) = 0. (2.18)

n—oo

Now, we shall show that v is a common fixed point of R and R». Notice that due
to (2.17), we have p(v,v) = 0. By (2.1) with y = ug,, and z = v and using (2.17),
we have

P(U2n41, Rov) = p(Riugn, Rav)
<o All)(u2na U) + a2 AIQ)(UQna U)? (219)

where

1+ p(v, Rav)
) - 1+ p(v, Rov)
AL (ugp,v) = ¢<p(“2"’ Riuan) 7 + p(ugn, v) )

1 —i—p(v,Rgv))‘

1 + p(ugn,v) (220

=1 (p(uzn, U2n+1)
Passing to limit as n — oo and using the properties of ¢ and (2.17), we obtain
AR (ugp, v) — 0, (2.21)
and

AB(u2n, v) = max { (p(uizn, ), $(p(uizn, Rivizn)),
0 (5p(z, Rian) + plua, Rav)]),
p(u2n, Riugn)[1 + p(v, Rav)]
¢< ll—l—p(uQn,v) >}

= max {w(p(uQn, v)), Y (p(uzn, u2n+t1)),
0 (200, u2012) + plus, Rv)]).
¢ (p(u2m uinjlp)([i;:’];()vv RQU)] ) } (2.22)

Passing to limit as » — oo and using the properties of 1 and (2.17) in equation
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(2.22), we obtain

AB(ugn,v) = max {0, 0, w(p(v,zRgv)) , 0}

_ ¢<p(“’§2v)> _ ;sz)

Now from equations (2.19), (2.21) and (2.23), we obtain

p(ugnt1, Rov) < a1.0 + az p(v, Rov)
= a9 p(v, RQU).

Passing to limit as n — oo, we obtain

p(U,RQU) < a2p(U7RQU)
< p(v, Rav), since ag < 1,

< p(v, Rav).

(2.23)

(2.24)

(2.25)

which is a contradiction. Hence p(v, Rov) = 0, that is, v = Rav. This shows that

v is a fixed point of Ro. By similar fashion, we can show that v = Ryv. Thus v is

a common fixed point of R; and Ro.

Now, we shall show the uniqueness of common fixed point. Assume that v’ is

another common fixed point of R and Rs such that R1v' = v/ = Rov’ with

v # 2. Using (2.1) for y = v, 2 = v/ and using the properties of 1) and (2.17), we

have
p(v,v") = p(Riv, Rav')
< ag AP (v,v") + ag AL (v, "),
where
AP(v,0) = ¢(p(U,R1U)W>
= w(p(vyv)%) =0,

and

(2.26)

(2.27)
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AB(v,v") = max {w(p(v,v’)) »(p(v, R1v)) (5[]) v/, R1v) +p(v,R2v’)]>,

¢(p(v,R1v)[1 p(v )R v’)])}

14 p(v, 0/

:max{@b(p(v,v/)), (p(v,v)), (
w(p(v v 1+p v’ 7)

1 / /
S[p(vv) +p(v,0)]).
)

[p
1+ p(v, ") )
= max {¢(p(v, v")), 0, ¢ (p(v,v") ,O} = Y(p(v,v)). (2.28)

From equations (2.26), (2.27), (2.28) and using the property of 1/, we obtain

p(v,v") < a1.0 + a2 P(p(v,v) = a2 ¥(p(v,v))
< agp(v,v") < p(v,v"), since ag < 1,

which is a contradiction. Hence, p(v,v’) = 0, that is, v = v’. Thus the common
fixed point of R and R, is unique. This completes the proof. O

Theorem 2.2. Let F, and F5 be two continuous self-maps on a complete partial
metric space (X, p) satisfying the condition:

p(F'y, F3'z) < Li Hi(y, z) + Ly H5(y, 2), (2.29)

forally, z € X, where m and n are some positive integers,

1 +p(z,]-'§‘z))

Hi(y,z) = ¢(p(y,f1’”y) T p(s.2)

(2.30)

and
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Hy(y, 2) = max {$(p(y, 2)),
Voly, F1)), (Gl Fw) + ply, F32))).
y (p(y, 1'y)[1 +p(z, F5'2)] ) }

2.31
1+ p(y, 2) (231

forally € Y, and Ly, Ly € [0,1) with Ly + Ly < 1. Then F; and F2 have a

unique common fixed point in X.

Proof. Since F|"* and F3' satisfy the conditions of the Theorem 2.1. So 7" and
J3' have a unique common fixed point. Let w be the common fixed point. Then
we have
Fl'w = w = Fi(Fj'w) = Fiw
= F'(Fw) = Frw.

If Fiw = wo, then F{"wy = wp. So Frw is a fixed point of F7*. Similarly,
F3(Fow) = Faw, that is, Fow is a fixed point of F3'.
Now, using equations (2.29) and (2.17) and using the properties of v, we have

p(w,]-'lw) :p(]:{nwv}_im(flw))
< L1 ’H?(w, flw) + L2 ’Hg(w, ]:110), (2.32)

where

1 +p(.7-'1w,.7-"§(.7:1w)))
1 —|—p(w,]—"1w)
" 1 —i—p(}'lw,}'lw))
1 + p(w, flw)
= 4(0) =0, (233)

H (w, Freo) = o (plw, Fi"w)
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and

H(w, Fre) = max {$ (p(w, Frw)), v(p(w, 7' (Frw)),

o (lp(Fre, F'w) + plo, F(Frw))]).

p(w, Fi'w)[1 + p(Frw, F5 (Fiw))]
¢< 1 1+p(w.71:1w)2 : )}

p(w, Frw)), ¥ (p(w, Frw)),

= Imax

Y(
1/1(1[ (Frw,w) + p(w, Fiw)]

1 +p(w .7-"1w
= max { Y (plw, Frw)), v (p(w, Fiw)), v (p(w, Fiw), 0}
= ¥(p(w, Frw)). (2.34)

)
)
w,w)|1 (Frw, Frw)]
w(p( )1+ p(Frw, Fa )}
)

From equations (2.32)-(2.34) and using the property of v, we obtain

p(w, Firw) < L1.0 + Ly (p(w, Frw)) = Lo ¥(p(w, Frw))
< Lo p(w, Frw) < p(w, Fiw), since Ly < 1,

which is a contradiction. Hence, we deduce that p(w, Fiw) = 0, that is, w = Frw
for all w € X. Similarly, we can show that w = Fw. This shows that w is a
common fixed point of F; and F>. For the uniqueness of w, let w’ # w be another
common fixed point of F; and F». Then clearly w’ is also a common fixed point
of F{" and F3 which implies w = w'. Thus F; and F» have a unique common
fixed point in X'. This completes the proof. 0

If we take R; = Ro = S in Theorem 2.1, then we have the following result as
corollary.

Corollary 2.1. Let S be a self-map on a complete partial metric space (X, p)
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satisfying the condition:

p(Sy,Sz) < B1 Q(y, 2) + P2 (v, 2), (2.35)
forally, z € X, where

1 +p(z,Sz)>

(v 2) = ¥ (ply: Su) 710

and

N

Q4 (y.2) = max {(p(y, 2)), Y (ply, Sy), ¥ (5 lp(z Sy) + (. S2)]),

(A SplLe o)

forallip € U, where (31, B2 € [0,1) with 51 + B2 < 1. Then S has a unique fixed
point in X.

If we take 71 = F» = G in Theorem 2.2, then we have the following result as
corollary.

Corollary 2.2. Let G be a self-map on a complete partial metric space (X,p)
satisfying the inequality for some positive integer n:

p(G"y,G"2) < s1 M (y, 2) + 52 M5 (y, 2), (2.36)
forally, z € X, where

1+ p(z, g”z)>

Mily ) = ¥ (plu 6" 0TS

and

ME(y,2) = max {g(ply, 2)), 6 0(3.G"9)), ¥ (51p(=.G"9) + p(3,67)]).

(AT DL

forally € ¥, and s1,s2 € [0,1) with s1 + so < 1. Then G has a unique fixed
point in X.
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Proof. LetU = G, then from (2.36), we have
pUy,Uz) < 51 M{(y, 2) + 5o M5(y, 2),

for all y, z € X, where

1 —i—p(z,L{z))

Mi(y,2) = 6 (o) TS

and

MB(y,2) = max {p(ply, 2), (o0, ), (o= U) + p(y12)]).

(Mt

So by Corollary 2.1, U, that is, G" has a unique fixed point ug. But G"(Guy) =
G(G™ug) = Gug. So Guy is also a fixed point of G. Hence Gug = uy, i.e., ug is a
fixed point of G. Since the fixed point of G is also a fixed point of G, so the fixed
point of G is unique. This completes the proof. O

Corollary 2.3. Let S be a self-map on a complete partial metric space (X, p).

Suppose that there exists a nondecreasing function i € WV satisfying the condition:

w552 < o525

+ B2 ( max {p(y, z),

p(4, Sy), ~[p(z. Sy) + p(y, 52)],

2
p(y, Sy)[1 + p(z,S2)] })
1+p(y, 2) ’

(2.37)

forall y,z € X, where B1, 52 € [0,1) with B1 + B2 < 1. Then S has a unique
fixed point in X.

Proof. It follows from Corollary 2.1 by taking that if ¢/ € W is a nondecreasing
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function, we have

Q(y,z) = ( max {p(y, 2),p(y,Sy), %[p(zv Sy) + p(y, Sz)],

p(y, Sy)[1 + p(z, S2)] }>
1+p(y, 2) '

O

Remark 2.1. It is clear that the conclusions of the Corollary 2.3 remain valid if in
condition (2.37), the second term of the right-hand side is replaced by one of the
following terms:

500y ) 526 (5Ip(2,59) + p(y,52)]);

B max {6(p(y, ), (p(y, Sv) }:

or 2 max {(p(y, 2)), 0o, S)), v (5p( 89) + p(y.52)] ) }.

Corollary 2.4. Let S be a self-map on a complete partial metric space (X, p).
Suppose that there exist five positive constants a;j, j = 1,2,3,4,5 with Z?zl aj <
1 satisfying the inequality:

1+p(2,8%)
1+p(y, 2)

1
+ a3 p(y, Sy) + a4 §[p(z, Sy) + p(y, Sz)]

p(y, Sy)[1 + p(z, Sz)]
1+ p(y,2)

p(Sy,S2) < a1 (p(y, Sy) ) +azp(y.2)

+ as , (2.38)
forally,z € X. Then S has a unique fixed point in X.
Proof. Tt follows from Corollary 2.1 with ¢(t) = (a1 + a2 + az + a4 + as)t. O

As a special case, we obtain partial metric space versions of Banach ([7]) and
Chatterjae ([13]) fixed point results from Corollary 2.4.
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Corollary 2.5. Let S be a self-map on a complete partial metric space (X, p).
Suppose that there exists 1 € [0, 1) such that one of the following conditions hold:

p(Sy,Sz) < uply, 2),

p(Sy,8z) < 5 [p(z,8y) + ply, S2)],

=

forally,z € X. Then S has a unique fixed point in X.

Proof. 1t follows from Corollary 2.4 by taking (1) a = g and a; = a3 = a4 =
a5:0and(2)a4:uanda1:agza3:a5:()_ OJ

If we take 81 =0, B3 = 1 and

max {w(p(y, 2)), v (p(y, Sy)), ¥ (% [p(2,Sy) + p(y, SZ)]> ,

p(y, Sy)[1 + p(z, S2)]
w( T+ (. 2) )} = ¥(p(y, 2)),

in Corollary 2.1, then we obtain the following result.

Corollary 2.6. Let S be a self-map on a complete partial metric space (X,p)
satisfying the condition:

p(Sy,Sz) < h(p(y, 2)),

forally,z € X and ) € V. Then S has a unique fixed point in X.

If we take ¢ (t) = kt, where 0 < k < 1 is a constant in Corollary 2.6, then we
obtain the following result.

Corollary 2.7. (see [23]) Let S be a self-map on a complete partial metric space
(X, p) satisfying the condition:

p(Sy,Sz) < kp(y,2),

forally,z € X and k € [0,1) is a constant. Then S has a unique fixed point in X.
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Remark 2.2. Corollary 2.7 generalizes Banach contraction mapping principle
([7]) from complete metric space to the setting of complete partial metric space.

Now, we give some examples in support of the result.

Example 2.1. Let X = {1,2,3,4} and p: X x X — R be defined by

|y—z|+max{y,z}, lf y#za
p(y,z): Y, lfyzz#la
0, fy=z=1,

forally,z € X. Then (X, p) is a complete partial metric space.
Define the mapping S: X — X by

S1)=1,82) =1, S(3) =2, S4) = 2.

Now, we have

PS(1),8(2) = p(1,1) =0 < $3 = Tp(1,2)
p(S(1), S(3) = p(1,2) =3 < 5.5 = 5p(1,3),
p(S(1), S(4) = p(1,2) =3 < 5.7 = 2p(1,),
P(S(2),5(8) =p(1,2) =3 < 4= 2p(2,3)
P(S(2),5(4) = p(1,2) =3 < 2.6 = Zp(2,4),
P(S(3),5(4) =p(2,2) =2 < 2.5 = 2p(3,4).

Thus, S satisfies all the conditions of Corollary 2.7 with k = % < 1. Now by
applying Corollary 2.7, S has a unique fixed point. Indeed 1 is the required unique
fixed point in this case.

sec

Example 2.2. Let X = [0,00) and p: X x X — R be defined by p(y,z) =
max{y, z} forall y,z € X. Then (X,p) is a complete partial metric space. Con-
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sider the mappings S : X — X defined by

0, f0<y<l,
8@)={ o
Iy’ ify=>1,

and v : [0,00) — [0, 00) is defined by 1(t) = 3.
We have the following cases:

Case (i) Ify, z € [0, 1) and assume that y > z, then we have

Oy 2) = b (S T 222

(y(l + z)> _ 3y(l+ z)
(I+y) 41+y)’

and

Oy, =) = max {6 (p(y, 2)), w(p(w 5v), 6 (3 (= Sv) + (3, 62)]),

2
()
= ma {0 v (50 0 (L) ) < v = 2.

Hence from above inequalities, we see that

p(S(y),S(2)) =0 < B1 Q(y, 2) + B2 Q5 (y, 2).

Thus the inequality holds.

Case (ii) If z € [0,1), y > 1 and assume that y > z, then we have

2 2

PS(),8() =max {0} = 7
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and
» B 1+ p(z,82)
Q(y,2) = 7#(29(9739)%)
oyl 2N 3y(l+2)
_¢( (1+y) ) C4(l+y)
and

QY (y,2) = max {9 (ply, 2)). 9ol Sy)), 6 (3 1p(= Sy) + ply, 52)]).

2
(v, SYI1L+ p(z,52)
(e )
2
= s {0000 (3 [ 12 +4]) 0 (B2 } v - 2.

Using contractive condition (2.35), we have

2 z
1Z—y <h (34?J((lljy))) 2 (%)

Ifwe take y = 1 and z = 0, then the above inequality reduces to

< () (P
or
4 < 361 + 602.

The above inequality is satisfied for (i) 1 = % and o = % (i) 1 = % and
By = 2 with By + B2 < 1.
Case (iii) If y > z > 1 and assume that y > z, then we have

2 2 2

P8O, S() =max{ =1

and
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Oy 2) = b (ol Su) T2 220

_ (y(l—i-z)) _ 3y(1+ =)
(1+y) A(1+y)

and

Q4w 2) = max {(p(y, 2), (bl Sy)), (3 [p(2, ) + 9y 52)]),

)

= max {1#(9),7/1(3/)’%[)(%[2 + y])’w<y(11_:_;))} = vl = %Ty

Using contractive condition (2.35), we have

2 z
1giy <h (34y((11—|——i_y))> 02 (%)

Ifwe take y = z = 1, then the above inequality reduces to

L35 36
27 4 4
or
2 < 3B + 3pe.
The above inequality is satisfied for (i) 1 = % and B = 3, (id) B = % and

By = % and (iii) 1 = i and By = % with 81 + B2 < 1. Thus, in all the above
cases S satisfies all the conditions of Corollary 2.1. Hence, S has a unique fixed
point in X, indeed, y = 0 is the required point.

Conclusion

In this paper, we establish some unique common fixed point theorems in the frame-
work of complete partial metric spaces involving auxiliary function and give some
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consequences of the established results as corollaries. We also give some examples
in support of the results. The results of findings in this paper extend and generalize
several results from the existing literature regarding partial metric spaces.
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Abstract

Let Z be a noncommutative prime ring with involution of the sec-
ond kind and H(Z) and S(Z) be the set of symmetric and skew sym-
metric elements of #Z. The aim of the present paper is to show that
every strong commutativity preserving endomorphism on H (%) and
S(Z) is strong commutativity preserving on Z.

1. Introduction

Let Z be a ring with centre Z(Z#). The symbol [z,y| = xy — yz denotes the
commutator of x,y € Z. A mapping ¢ : Z — X preserves commutativity
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if [¢(z), #(y)] = 0 whenever [z,y] = 0 for all z,y € #Z. The commutativi-
ty preserving maps has been studied intensively in matrix theory, operator
theory and ring theory (see [5,11]). Following [4], let S be a subset of Z, a
map ¢ : Z — X is said to be strong commutativity preserving (SCP) on S if
[p(x), p(y)] = [z, y] for all x,y € S. In the course of time several techniques
have been developed to investigate the behaviour of strong commutativity
preserving maps using restrictions on polynomials invoking derivations, gen-
eralized derivations etcetera.

In [3], Bell and Daif investigated the commutativity in rings admitting a
derivation which is strong commutativity preserving on a nonzero right ide-
al. More precisely, they proved that if a semiprime ring % admits a deriva-
tion d satisfying [d(z),d(y)] = [z, y] for all 2,y in a right ideal I of %, then
I C Z(#). In particular, #Z is commutative if I = #. Later, Deng and
Ashraf [8] proved that if there exists a derivation d of a semiprime ring
Z# and a map f : I — % defined on a nonzero ideal I of % such that
[f(x),d(y)] = [z,y] for all z,y € I, then #Z contains a nonzero central ideal.
Thus, # is commutative in the special case when I = %. Further Al and
Huang [2] showed that if % is a 2-torsion free semi prime ring and d is a
derivation of Z satistfying [d(z),d(y)] + [x,y] = 0 for all z,y in a nonzero
ideal I of #Z, then # contains a nonzero central ideal. Many other results
in this direction can be found in [1,5-7,9] and references therein.

Recall that a ring Z is called *-ring or ring with involution if there is an
additive map * : Z — Z satisfying (zy)* = y*z* and (2*)* = z for all
x,y € #. Let H(Z) = {x € Z|z* = z} and S(Z) = {x € Z|z* = z}
denote the set of symmetric and skew symmetric elements of %Z. The invo-
lution is said to be of the first kind if Z(#) C H(Z), otherwise it is said to
be of the second kind. In the later case, S(Z)NZ(Z) # (0) (e.g. involution
in the case of ring of quaternions).

One can observe that every strong commutativity preserving endomor-
phism on & is strong commutativity preserving on the subsets H(#) and
S(Z) of Z but the converse is not true in general (see Example 3.1). Now
if we take the statement that an endomorphism 6 is strong commutativity
preserving on the subsets H(Z) and S(Z) of %, does it follow that 0 is
strong commutativity preserving on #. The answer is obviously affirmative
in case Z is commutative or 0 is the identity map. However some restric-
tions must certainly be imposed here for the answer is negative in case of
noncommutative rings, if 6 is not the identity map. Thus we will assume
that Z is a 2-torsion free noncommutative prime ring with involution of the
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second kind and 6 # I, the identity map in order that the said question
makes sense.

2. Preliminary Results

In the present section, we present following facts which are very crucial for
developing the proofs of our main results.

Fact 2.1. If the involution is of the second kind, then S(Z) N Z(XZ) # (0).
which indeed implies that H(Z) N Z(X) # (0).

Fact 2.2. Let Z be a 2-torsion free prime ring with involution of the second
kind. Then every x € Z can uniquely be represented as 2x = h + k, where

heH(Z) and k € S(Z).

Fact 2.3. Let Z be a 2-torsion free prime ring with involution of the second
kind such that

(1) If [h, h'] = 0 for all h,h' € H(ZR), then # is commutative.

(2) If [k, k'] =0 for all k, k' € S(#), then Z is commutative.

Proof. (1) Suppose that [h, h'] = 0. Replacing h by kko, with k € S(Z#) and
ko € S(#) N Z(#)/{0}, we obtain [k, h']ko = 0 for all b’ € H(Z#) and k €
S(Z), which because of primeness yields that [k, h'] = 0 for all b’ € H(Z)
and k € S(#). Invoking Fact 2.2, we obtain 2[z, h'] = [22,h'] = [h+k,h'] =
[h, K] + [k,h'] = 0. Hence [x,h'] =0 for all z € Z and h' € H(Z). Again
replacing h' by k'ko, where k' € S(Z), ko € S(#) N Z(#)/{0}, we find that
[,k'] =0 for all z € R and k' € S(#). Again making use of Fact 2.2, we
finally arrive at [z,y] = 0 for all z,y € #Z. Hence Z is commutative.

(2) Assume that [k, k'] = 0. Replacing k by hko, where h € H(Z#) and ko €
S(Z)N Z(#)/{0}, we obtain [h, k'|ko = 0 for all h € H(Z) and k' € S(%),
which because of primeness yields that [h, k'] = 0 for all h € H(Z) and
k' e S(#). Invoking Fact 2.2, we obtain 2[z, k'] = [2z,k'] = [h + k. k'] =
[h,k'] + [k, k'] = 0. Hence [z,k'] = 0 for all z € Z and k' € S(Z). Again
replacing k' by h'ko, where h' € H(Z) and ko € S(#) N Z(#)/{0}, we find
that [z,h] = 0 for all z € R and h' € H(%). Again making use of Fact 2.2,
we finally arrive at [z,y] = 0 for all z,y € Z. Hence # is commutative. [J
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Fact 2.4. Let Z be a 2-torsion free noncommutative prime ring with invo-
lution of the second kind.

(1) If alh, K'1b =0 for all h,h' € H(ZR), a,b € R, then a =0 or b= 0.
(2)If alk, k)b =0 for all k,k" € S(#), a,b € X, thena=0 orb=0.

Proof. (1) Suppose that a[h,h']b = 0 for all h,h' € H(Z#). Arguing on
similar lines as in the proof of Fact 2.3, we obtain a[x, y]b = 0 for all z,y € Z.
Substituting yb for y, we get ay[x,b]b = 0 so that a = 0 or b € Z(#). In
the later case, our hypothesis leads to a =0 or b = 0.

(2) Suppose that alk,k']b =0 for all k, k' € S(%). Again arguing on similar
lines as in the proof of Fact 2.3, we obtain a[z,y]b = 0 for all z,y € Z.
Hence a = 0 or b = 0 as shown above. O

Fact 2.5. Let # be a 2-torsion free prime ring. If [[a,y],a] = 0 for all
yER, then a € Z(X).

Proof. Let a € Z is such that [a,[a,y]] = 0 for all y € #. First ap-
plying 2[a,ylla,z] = [a,[a,yzx]] — yla, [a, z]] — [a,[a,y]]x, we conclude that
[a,ylla,x] = 0 for all y,z € Z. Replacing = by xy in this identity and
using [a, xy] = [a, 2]y + z[a, y], we get [a,y|Z|a,y] = 0 for all y € #Z. Thus
[a,y] = 0 by the primeness of Z. O

3. When 6 is SCP on the subsets H(#) and S(Z) of #

We begin this section with the following examples which show that a
strong commutativity preserving endomorphism on the subsets H(#) and
S(Z) need not be strong commutativity preserving on %.

Example 3.1. Let Z = @ Z ) ‘ a,b,c,d € Q} Of course, # with
c

matriz addition and matriz multiplication is a prime ring. Define x : % —

Z such that | © b (2 . Let S(Z) be the set of skew sym-
c c

metric elements of Z. If 0 : Z — % is an inner automorphism of %
3 (1)> Clearly (K) = K

’

for all K € S(#). Thus one can easily see that [A(K),0(K )] = [K,K']

defined by (X) = PXP~', where P = (
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for all K,K' € S(#Z). But [0(X),0(Y)] # [X,Y] for all X,Y € #. For
1 1 2
1

1
instance if X = 5 1 and Y = , It is easy to verify that

[0(X),6(Y)] # [X,Y].

Further if we define the involution * : # — % such that ( “ Z ) =
c

—C a

( d b > Then clearly 6(H) = H for all H € H(Z), symmetric el-

ements of Z. Hence [0(H),0(H)) = [H,H'| for all H H € H(Z). But
again [0(X),0(Y)] # [X,Y] for all X,Y € Z.

Regarding the converse part, we prove the following result.
Theorem 3.1. Let Z be a 2-torsion free noncommutative prime ring with

involution of the second kind. If 0 is a nontrivial endomorphism of %, then
the following assertions are equivalent;

(1) [0(R),0(h)] = [h, K] for all h,h € H(Z);

(2) [0(k),0(k)] = [k, k'] for all k, k' € S(%);

(3) 10(x), 0(y)] = [, ] for all 2,y € 2.

Proof. 1t is obvious that (3) implies both (1) and (2). Hence we need to
prove that (1) = (3) and (2) = (3).
(1) = (3) Suppose that

[0(h), 0(h)] = [h,h'] =0 (3.1)

for all h,h" € H(Z). Replacing h by hhg, where hg € H(Z) N Z(R), we

obtain

[0(h), 0(h))0(ho) — [y 1 ]ho = 0 (3-2)

for all h, b’ € H(Z). Right multiplying (3.1) by 6(ho), we have

[0(h), 0(h))6(ho) — [, h10(ho) = 0. (33)
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On comparing equations (3.2) and (3.3) one can easily see that

[h, h)(0(ho) — ho) =0 (3.4)

for all h,h' € H(Z). Since O(ho) € Z(A(Z)), the above equation implies
that

[h, h'10(2)(0(ho) — ho) = 0 (3.5)
In particular
[, B][0(w), 0(0)](0(ho) — ho) = 0 (3.6)
for all h,h',u,v € H(Z). Thus our hypothesis forces that
[h, h'1[u, v](8(ho) — ho) = 0 (3.7)

for all h, h',u,v € H(Z). Applying Fact 2.4, we get either [h, h/] =0 for all
h,h' € H(Z) or 6(ho) = h for all hg € H(Z)NZ(X). Now [h, h'] = 0 forces
Z to be commutative in view of Fact 2.3, which leads us to contradiction.
So O(hg) = hg for all hg € H(Z) N Z(X); hence 0(kE) = k& for all ky €
S(Z) N Z(#), therefore (0(ko) + ko)(6(ko) — ko) = 0. This implies that
(0(ko) + ko)O(Z)(0(ko) — ko) = 0 for all kg € S(Z) N Z(#) . In particular
(0(ko)+ko)[0(u),0(v)](0(ko)—ko) = 0 for all u,v € H(Z#). Making use of our
hypothesis, we obtain (6(ko) + ko)[u, v](0(ko) — ko) = 0 for all u,v € H(Z).
Thus invoking Fact 2.4, it follows that either (ko) = ko or O(ko) = —ko.
Using Brauer’s trick, we conclude that 8(ko) = ko for all ky € S(Z) N Z (%)
or O(ko) = —ko for all kg € S(Z) N Z(%).

Suppose 0(ko) = —ko for all kg € S(Z) N Z(Z#). Replacing h by kkg, where
ke S(#) and kg € S(%Z) N Z(#)/{0} in (3.1), we obtain ([0(k),0(h")] +
[k, h'])ko = 0. Thus primeness of Z forces that

[0(k),0(h)] + [k,h]=0 (3.8)

for all B € H(Z) and k € S(#). Now since for x € #Z , x +2* € H(Z) and
x —x* € S(#), one can easily derive from equation (3.8) that

[0(x),0(x")] + [x,z"] =0 (3.9)
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for all z € #Z. Linearizing equation (3.9), one can find that

[0(x), 0(y")] + [0(y), 0(z")] + [z, y™] + [y, 27] = 0 (3.10)

for all z,y € Z. Substituting yko for y in (3.10), where ky € S(Z) N
Z(#)/{0}, we have ([0(z),0(y")] — [0(y),0(z")] — [x,y*] + [y, z*])ko = 0

which leads us to

[0(x),0(y™)] = 0(y), 0(«")] = [2,57] + [y,27] = 0 (3.11)

forall z,y € Z. Combining equation (3.10) with (3.11), we get [0(x), 0(y*)] =

= [y, z]* for all z,y € #. Replac-
ing y by yx, we obtain [y, z]*0(x) = a*[y,z*] for all x,y € #Z. Taking
x = [r,s], where r,s € %, one can verify that [s,7][y, [r,s]] = [y, [r, s]][r, 5]
for all r, s,y € #Z. Thus obtaining [[r, s],y]o[r,s] =0 for all r, s,y € #Z. This
further implies that [[r, s]?,y] = 0 for all 7,5,y € #Z and thus [r,s]> € Z(%)
for all r, s € Z. On linearizing one can see that

\_/

[z*, y], which further implies that 0z, y]

[r,s][r,t] + [r, t][r, s] € Z(#) (3.12)

for all r,s,t € #Z. If d,(x) = [r, z], then d, is an inner derivation and d,(s) o
d,(t) € Z(#). Thus in view of [ [10], Corollary 3.6], either Z is commutative
or d. = 0, which again implies commutativity of &%, a contradiction.
Therefore we have 0(kg) = ko for all kg € S(Z) N Z(#). Substituting kko,
where ko € S(#) N Z(Z) for h in equation (3.1), we get [0(k), 0(h')]0(ko) —
[k, h']ko = 0. This gives ([(k),0(h")] — [k, h'])ko = 0. Using the primeness
of #, we obtain

[0(k),0(h)] — [k, h] =0 (3.13)

for all k' € H(Z) and k € S(#). Invoking Fact 2.2 and using equations
(3.1) and (3.13), we find that

2(0(x),0(h)] — [z, h]) = [0(22),0(h")] — [22, 1] (3.14)
[0(h+ k), 0(h)] — [h+ k, K]
= [0(h),0(h")] + [0(K),0(h")] — [, k'] — [k, ]
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Using 2-torsion freeness of R, we have
6(2), 6(")] = [2.h'] = 0 (3.15)

for all € #Z and h' € H(Z#). Again replacing h' by k'ko, where k' € S(Z)
and ko € S(Z) N Z(#)/{0}, we get

[0(z),0(k )] — [z, k] =0 (3.16)

for all z € Z and k' € S(#). Thus invoking Fact 2.2 and using (3.15) and
(3.16), one can easily derive that [0(x),0(y)] = [z,y] for all x,y € Z, as
desired.

(2) = (3) Assume that

[0(k),0(k)] — [k, k] =0 (3.17)

for all k, k' € S(#). Replacing k by khg, where hy € H(Z) N Z(Z) and
proceeding on similar lines as in the first case, one can easily find that
[k, k'](B(ho) — ho) = 0 for all k, k' € S(#) and hg € H(Z) N Z(#). Since
0(ho) € Z(6(Z)), the above equation implies that [k, k']0(Z)(8(ho) — ho) =
0. In particular [k, k'][0(x),8(v)](6(ho) — ho) = 0 for all k, k', u,v € S(Z).
Thus our hypothesis forces that

[k, k) [u1, 0] (B(ho) — ho) = 0 (3.18)

for all k, k', u,v € S(#). Applying Fact 2.4, we get either [k, k'] = 0 for
all k,k' € S(Z) or 8(hy) = hy for all hg € H(Z) N Z(%). Now [k, k] =0
implies & is commutative in view of Fact 2.3, a contradiction.

So O(hg) = ho for all hg € H(Z) N Z(#). This gives 0(kZ) = k2 for all
ko € S(Z) N Z(#), therefore (0(ko) + ko)(0(ko) — ko) = 0. This implies
that (0(ko) + ko)0(Z)(0(ko) — ko) = 0 for all kg € S(Z) N Z(#) . In
particular (6(ko)+ko)[0(u),0(v)](0(ko)—ko) = 0 for all u,v € S(#). Making
use of our hypothesis, we obtain (0(ko) + ko)[u,v](6(ko) — ko) = 0 for all
u,v € S(#). Thus invoking Fact 2.4 again, it follows that either (ko) = ko
or O(kg) = —ko. Using Brauer’s trick, we conclude that 6(kg) = ko for all
ko € S(Z) N Z(Z) or O(koy) = —ko for all kg € S(Z) N Z(Z).
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If (ko) = —ko for all kg € S(Z) N Z(#). Replacing k by hkg, where
h e H(Z) and ko € S(Z) N Z(#)/{0} in (3.17), we obtain

[0(h),0(k)] + [h, k'] =0 (3.19)

for all h € H(Z) and k' € S(#). For x € # , x + z* € H(Z) and
x —x* € S(Z#), therefore one can easily derive from equation (3.19) that

[0(x),0(x")] + [x,z"] =0 (3.20)

for all x € # which is same as equation (3.9), thus on similar lines one can
get Z is commutative, a contradiction.

Therefore, we have 0(kg) = ko for all kg € S(Z) N Z(X). Replacing k by
hko, where h € H(Z#) and ko € S(Z) N Z(Z) in equation (3.17), we obtain

[0(h),0(k)] — [h, k] =0 (3.21)

for all h € H(#) and k' € S(Z). Invoking Fact 2.2 and making use of the
equations (3.17) and (3.21), we find that

6(2), 0(K)] = [, K] =0 (3.22)
for all € Z and k' € S(Z#). Again replacing k' by h'ko, where b € H(Z)
and ko € S(Z) N Z(#)/{0} and arguing as above, one can find that

[0(x),6(h)] = [z,h] =0 (3.23)
for all z € Z and h' € H(Z). Thus in view of Fact 2.2 and equations (3.22)
and (3.23), one can obtain [0(z),0(y)] = [z,y| for all x,y € Z. Thus the
proof is complete. O

In view of the the above result and Theorem 1 [6] ,we have the following
corollary:

Corollary 3.1. Let Z be a 2-torsion free noncommutative prime ring with
involution of the second kind. Let S be the set of symmetric elements of Z.
Suppose 0 : S — Z is a nontrivial endomorphism such that [0(x),0(y)] =
[z,y] for all z,y € S, then 0(x) = Az + pu(x) where A\ € €, \?> =1 and p is
an additive map of # into € .
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4. When 6 is SSCP on the subsets H(#) and S(Z) of #Z

In [2], Ali and Huang established that if % is a 2-torsion free semiprime
ring and d is a derivation of Z such that [d(x),d(y)] + [z,y] = 0 for all z,y
in a nonzero ideal I of %, then # contains a nonzero central ideal. To be
more general in the class of such mappings. We call a mapping f: #Z — %
strong skew-commutativity preserving (SSCP) if [f(z), f(y)] = —[z,y] for
all x,y € #Z. Here again one can observe that every SSCP endomorphism
6 on # is SSCP on the subsets H(Z) and S(Z#) of %Z. But the converse is

not true in general.

Example 4.1. Let Z be the ring of real quaternions. If we define * : R —»
R by (a+Bi+~vj+dk)" = a—Pi+vj+k. Let S(Z) be the set of skew sym-
metric elements of Z. Clearly one can see that all skew symmetric elements
commute with one another. Therefore if 0 is any non trivial endomorphism
of Z, the condition [0(k),0(k)] = —[k, k'] for all k,k" € S(Z) holds. How-
ever [0(z),0(y)] # —[x,y] for all z,y € Z, because Z is non commutative.

However if x is the usual conjugation (a+Pi+yj+0k)* = a—Bi—vyj—dk,
all symmetric elements are central and hence the property [0(h),0(R)] =
—[h, K] for all symmetric elements h, h" holds. However [0(z),0(y)] # —[z, y]
for all x,y € Z,

Again one can observe that if Z is commutative, then the converse is also
i

true. Moreover, if § = I, the identity map, then in our case [#(h),0(h)] =
—[h, h/] implies that [h, h/] =0 for all h,h' € H(Z#). That is, Z is commuta-
tive in view of Lemma 2.3. Hence we will again assume % is a 2-torsion free
noncommutative prime ring with involution of the second kind and 6 # I,
the identity map.

Theorem 4.1. Let # be a 2-torsion free noncommutative prime ring with
involution of the second kind. If 0 is a nontrivial endomorphism of £, then
the following assertions are equivalent;

(1) [6(R),0(h")) = —[h, K] for all h,h' € H(R);

(2) [0(k),0(k)] = —[k, k'] for all k, k' € S(%);

(3) [6(x),0(y)] = —[x,y] for all z,y € Z.

Proof. Clearly (3) implies both (1) and (2). Hence we need to prove that
(1) = (3) and (2) = (3).
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(1) = (3) Suppose that
[0(h),0(h)] + [h,h'] =0 (4.1)

for all h,h" € H(Z). Replacing h by hhg, where hg € H(Z) N Z(#) and
reasoning as in the case of Theorem 3.1, we obtain 6(hg) = hg for all hg €
H(Z)NZ(X). This further implies that 6(kg) = ko for all kg € S(Z)NZ(Z)
or O(kg) = —ko for all kg € S(Z) N Z(X). Suppose that (ko) = —ko
for all kg € S(Z) N Z(#). Replacing h by kkg, where k € S(#) and
ko€ S(Z)N Z(#)/{0} in (4.1), we obtain

[0(k),0(h)] - [k,h] =0 (4.2)

for all b’ € H(Z) and k € S(Z). Now for x € Z, = + x* € H(Z) and
x —x* € S(Z), therefore equation (4.2) leads us to

[0(x),0(z")] = [,2] =0 (4.3)
for all z € #Z. Linearizing (4.3), we find that

[0(x), 0(y")] + [0(y), 0(2")] = [, y"] = [y, 27] = 0 (4.4)

for all z,y € Z. Substituting yko for y in (4.4), where kg € S(Z)NZ(#)/{0}
and using 0(ko) = —ko, we have ([0(z),0(y")] — [0(y),0(«)] + [z, y"] —
[y, *])ko = 0 for all z,y € # which proves that

[0(x),0(y")] = 0(y), 0(«")] + [2,57] = [y,27] = 0 (4.5)

for all z,y € #Z. Comparing equations (4.4) and (4.5), it follows that
[0(x),0(y)] — [y*,«*] = 0. Hence O[x,y] = [z,y]* for all z,y € Z. Re-
placing y by yz in the last expression and using it, one can find that
[z, y]"0(x) = z*[z,y]* for all x,y € #. Taking x = [r,s], r,s € %,
we get [r, s|[[r,s],y] = [[r,s],y][r,s] for all r;s,y € Z. This implies that
[[[r,s],y],[r,s]] = 0 for all r;s,y € Z. Applying Fact 2.5, we get [r,s] €
Z () for all v, s € Z, therefore # is commutative, a contradiction.

So O(ko) = ko for all kg € S(#) N Z(#). Following the similar steps as in
the proof Theorem 3.1, One finally obtains

[0(),0(y)] = [z, 9] (4.6)
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for all x,y € %, as desired.
(2) = (3) Suppose that

[0(k), 0k + [k, k] =0 (4.7)

for all k, k' € S(#). Taking k = khg, where hg € H(%)N Z (%) and arguing
as in Theorem 3.1, one obtains 0(hg) = hg for all hg € H(Z) N Z(ZX), since
Z is noncommutative.

Again following the proof of Theorem 3.1, one can easily show that 6(kq) =
ko for all kg € S(Z) N Z(Z) or O(ky) = —ko for all ky € S(Z) N Z(X).
Assume that 0(kg) = —ko for all kg € S(#Z) N Z(Z). Replacing k by hko,
where h € H(Z) and kg € S(Z) N Z(#)/{0} in (4.7), we obtain

[0(h),0(k)] — [h, k] =0 (4.8)

for all h € H(Z) and k' € S(Z). Again taking h =z + 2 and k' =z — 2,
where z € #Z, we get

[0(x),0(x")] — [x,z"] =0 (4.9)

for all z € #. which is same as equation (4.3). Thus arguing on similar
lines, one obtain Z is commutative, a contradiction. Now assume 60(ky) = ko
for all kg € S(Z)N Z(#). Thus following the same steps as in Theorem 3.1,
one can easily derive that

[0(z),0(y)] = —[z,y] (4.10)

for all x,y € Z, thereby completing the proof of the theorem.
O

We end our paper by providing an example which shows that the said
question does not hold in case 6 is simply an additive map. Hence we
conclude that for the said question to hold, # needs to be of some special
type such as endomorphism in our case.

a b

Example 4.2. Let #Z = {(
c d

)‘a,b,c,dé@}. Define x : R — R

such that

“ 2 Clearly * is of the second kind. Let
c

ol Ky
Qo
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H(ZR) be the set of symmetric elements of Z. If 0 : Z# — X is an additive

map of Z defined by 0( “ Z ) = ( “ 2 ) Then one can see that
c c

O(H) = H for all H € H(Z) and hence the condition [0(H),0(H )] =
[H,H'] holds for all H,H € H(Z). However [0(X),0(Y)] # [X,Y] for all
XY exn.
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Abstract

This study is about the poloids that are obtained by the formation of a new
algebraic structure obtained by adding the condition (G4) obtained from the
solution of the equation X A = B and B|A to the definition of monoid. The
(G4) property is based on the factorial property of a noncommutative matrix.
The (G4) property is based on the factorial property of a noncommutative ma-
trix. Divisibility in matrices contributes to the existence of common factors
of a matrix. This necessitates the distinguishing feature in data in theoretical
and applied computer sciences. For example, it paves the way for detecting
the truth of lying in the syntax of the person who is lying.

1 Introduction

Here is a brief history of the monoid. The name “monoid” was first used in math-
ematics by Arthur Cayley for a surface of order n which has a multiple point of
order n — 1.

In the context of semigroups the name is due to Bourbaki.

It is also worth commenting on the related term monoid, meaning an associative

magma with identity. This term is a little more recent than semigroup, and seems to
originate with Bourbaki. Before this, Birkhoff (1934) was using the term groupoid

Keywords and phrases: Monoid, Poloid, Matrices, Matrix Theory, Division of Matrices.
2020 AMS Subject Classification: 20M32, 11C20, 15A23, 16R40, 65F15
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for an associative magma with identity. More precisely Bourbaki (1942, p. 7):
A set endowed with the structure determined by an associative law every where
defined takes the name of monoid. Perhaps this was motivated by Eilenberg & Mac
Lanes upcoming A monoid is a category with one object? (They started categories
around 1942.) [2, 3].

The monoid, which briefly forms the algebraic structures of mathematics de-

fined by a binary operation, is the basis for the study of monoids, automata theory
(Krohn-Rhodes theory) and formal language theory (star height problem) in theo-
retical computer science.
The definition of poloid, defined by this binary operation, which includes a monoid,
was discovered during work on factoring a matrix. It is defined by us, considering
that it will make a wider contribution to theoretical computer science and formal
language theory. The (G4) condition added to a monoid definition preserves the
algebraic structure being applied in computer science, and also offers new unob-
servable paths and alternative options.

Let us start with the row co-divisor definition that I gave in the study in 2022.

Here F is a field and M, (F) = {[a],| aij € F,n € ZT} is the set of regular
matrices. The transpose of A € M,,(F) is denoted by A”'.

Let A and B be two regular square matrices of order n. The determinant of the
new matrix obtained by writing the i*” row of the matrix A on the j* row of
the matrix B is called the co-divisor by row of the matrix A by the row on the
matrix B. It denoted by AB. Their number is n2. The matrix co-divisor by row is

v
i i

[9].

3 2

Example 1.1. Let A = A

and B = be regular matrices. Matrix of

(AB) .

co-divisors by row of matrix A on matrix B is
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2 1

4B = 2 5

11 4 7 1 3 21 4 7

(28),] -5 3

Likewise, the matrix of rows co-dividing matrix B over matrix A is a matrix
(24) |
1 ij
2 1
2 5

R e e I BT i
12 22

1 3 4 7
2 1 2 5

(), )= 5]

For the two matrices satisfying the above conditions, the matrix division is also

given by % = ﬁ [(g‘,;)ﬂ] and at the same time, the solution of the equation

BA =
11

:&BA:’ = —5.

’ = —5. BA = ‘
12 21

ol 7
22

4 7

AX =Bis X = £[4,7,6,5,8].
Volodymyr P. Shchedryk gave the following proved theorem in [12]. It is been
determined that this theorem has to do with column division. The proof is given in
my study called “ Different Approaches on the Matrix Division and Generalization
of Cramers Rule” in 2017 [5].
Lemma 1.1. Let A, B € M, (F). If B|A, then it is A|B.
Proof. Forall A, B € M,(F), If B|A then,

B|A< 3T € M, (F): A= BT

A:BT@A({I’,‘) =B < A|B.
O

Theorem 1.1. Let R be a commutative elementary divisor domain. If BX = A is
a solvable matrix equation over R, where A, B, X € M, (F') then a left g.c.d. and
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a left l.c.m. of solutions of this equation are also solutions of BX = A [10].

()
Bj) i

|B]

The solution of the equation BX = Ais X = [z;;] = [ in terms of column

co-divisors and X = % according to the division operation [5,8,9].

Lemma 1.2. Let A € M, (F).Then,

L\ _ Lo
A AT

Proof. Let a regular matrix A = [a;;], be given.

I I
A—@.AT =1, AAT.A—’; =1,

I 7 —1 _I\T L\"
SN == (%)
L (I\"
AT\ A)
The following lemma is given which simply explains the relationship between the

row co-divisors matrix and the transpose. O
Lemma 1.3. Let A, B € M,,(F). Then,

().} = ()

Proof. For all A,B € M, (F) then BA = fgij. Because, the row co-divisors
ij

1
|A]

of matrix B on matrix A are the same as the column co-divisors of matrix B on

(z)) = [(75)
(5),| =7 ()] = (%) -

matrix A7

|A]
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Proposition 1.1. Ler A, B € M, (F) . Then, the solution of the linear matrix

equation XA = B
T
X:<B>.
AT

Proof. The solution of the equation AX = Bis X = £, forall A, B € M,(F).
Then
XA=B& (XAT =BT« ATXT = B7

T
1 1
X' =—|(B"A" )ij| = X = — [(B"A"
|AT| [( i >Z]} |Ar| g/
BT\"
- (%) -

Due to the properties as given is [8], the following Proposition regarding the solu-
tion of this equation is obtained.

O

Proposition 1.2. Let A, B € M, (F). If the factors of matrix A is BA; and the
factors of matrix B is ABj then

(i) The rational matrix A is equal to matrix A;.
B q

(ii) The rational matrix % is equal to matrix éﬁ“l.

Proof. (i) The matrix A is written in terms of B as A = BA;.

A BA

— A,
B B !

(ii) The matrix B is written in terms of A as B = ADB;.

A_ 4 _ L
B AB;, B;’

O

Theorem 1.2. Let A, B, X € M,(F) and X unknowns matrix. Then, in the
solution of the equation AX = B, there are regular matrices A = By Az, B =
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By Bs, such as By, A3 and Bs, and the rational matrix % is the solution of the
equation AX = B. This solution is equal to the rational matrix %

Proof. Since the solution of Az = B is the rational matrix %, where any factor of
matrix B is matrix By
B = BQB?):

Likewise, matrix A in terms of this By matrix multiplier.
It can be written as

A= ByA3
Therefore B B
3
X=—=—
A As
O
2 2 1 Lo
Example 1.2. Let A = . and B = 47 be two matrices in Ms(F'), the

3 2
solution of the equation AX = Bis X = % If Bo = 2] is selected
_ 19
B =By 103 203
33
—_—
B3
Likewise,
_4 _3
A=D, 53
3 4
—_—
As
Then we obtain,
B  ByBj Bs Bsj 2 16
A ByAj Az As 0 -5

2 Matrix Poloids

Let’s start this section with the following definition.
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Definition 2.1. A group is a set G equipped with a binary operation - : GXxG — G
that associates an element a.b € G to every pair of elements a,b € G, and having
the following properties: is associative, has an identity element e € G, and every
element in G is invertible (w.r.t. ). More explicitly, this means that the following
equations hold for all a, b, c € G:

(G1) a.(b.c) = (a.b).c. (associativity);

(G2) a.e = e.a = a (identity);

(G3) For every a € G, there is some a~' € G such that a.a™' = a t.a = e

(inverse)[11].

A set M together with an operation : -M x M — M and an element e satisfying
only Conditions (G1) and (G2) is called a monoid [1].

Noticed that if the conditions for G1 and G2 are met on the multiplication oper-
ation in matrices. So let’s briefly examine whether it is a monoid or not. The set
of M,,(F)-square matrices satisfies the conditions (Gl) and (G2), However, the
following example has A = BA1, and A = A1C whereas B # C.

Example 2.1. We have matrix A =

2
4] written as follows:

4
L o—1] |5 2| _ |1 2 4
2 1[[2 0 34 ’
~——
B Aq
And it is also,
4
[?1)2 911 12]:12:14‘
ool -8 - 3 4
——— ————
Aq C

Here, neither B = C nor A1 = I,, nor A; = A.

To further explore this expression, the following new definition is given.

Definition 2.2. A group is a set G equipped with a binary operation * : GXG = G
that associates an element a.b € G to every pair of elements a,b € G, and having
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the following properties: is associative, has an identity element e € G, and every
element in G is invertible (w.r.t. x ). More explicitly, this means that the following
equations hold for all a,b,c,d,e € G:

(GI) ax* (bx*c) = (axb)x*c. (associativity)
(G2) a*e = exa. (identity);

(G3) Forevery a € G, there is some aleGsuchthataxa l=al%a=ec

(inverse)

(G4) For every a € G, there some d, f € G such thatbx f = f xd = a with
b # d. (escort).

A set M together with an operation x : G X G — G and an element e satisfying
only Conditions (G1), (G2), (G3) and (G4) is called a poloid. It is denoted by
(G, %).

Example 2.2. For example, the set M, (R) of square matrices is poloid under
multiplication. But, the set of real numbers R is not poloid by multiplication. Let
us take the real number 2.

Here although

The condition (G4) is not satisfied. Therefore, every poloid is also a monoid. The
converse of the statement is not always true.

The set M,,(F) is poloid when the multiplication operation in the matrices is con-
sidered.

Lemma 2.1. Let M,,(F) be a poloid. For all Ay € M, (F) then,

(i) There are A,C € M, (F) regular matrices such that A; =

Qe

(ii) There are A,C € M,,(F) regular matrices such that A; =
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Proof. The proofs of (i) and (ii) are easily obtained from Lemma 2. O

Theorem 2.1. Let M,,(F') be a poloid. Then, there are matrices A,C € M,(F)

such that A, (AC) ] - (g%) forall Ay € My (F).

.
]

Proof. The proof of the theorem 5 is easily obtained from Lemma 2, Lemma 3 and
(G4). O

Theorem 2.2. Let M, (F') be a poloid. Then, there are matrices B,C € M, (F)
such that satisfying the equation A = BAC, forall A € M, (F).

Proof. For all A € M, (F), there are S, R, Ay € M, (F) such that A = SA; =
A1 R from (G4)
C|S = S = CS1, where S € M, (F).

A=8A; =CS A,
A|S) = 51 = ASy, where Sy € M, (F)
A=8A; =CASA,, B := S3A;
A=S5A,=CAB.
C|A & Ay = CCy, where Ch € M, (F)
A=AR=CCiRANA|Cy & Cy = ACy, where Cy € M, (F)
A= A,R=CACyR, B' = CyR.
O

We want to prove that B = B’. Assume that B is not equal to B’. Then the fact
that the B matrix is different in the B’ matrix contradicts the (G4) condition.

Theorem 2.3. Let M, (F') be a poloid. Then, there are matrices K, L € M,(F)
such that satisfying the equations A = AKC = BLA, forall A € M, (F).

Proof. Itis clear if A is the unit matrix and the zero matrix. Since (G4) is provided

Al =AK = KC=1,= A,C=AKC = A,
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1

and because of Lemma 4, A; = LA = L = TA] [6].

()
i/

BL=1,= BA, =BLA=A.

Example 2.3. We have the matrix A =

FIFEREE

4] written as follows:

——
C
And it is also, A
1 =174 211 2
> 3l -
—_—— —
B A1
1 2 1 -1
Al_L[S 4 _{2 1}
1 101
S CRIRCY:
| i/ -3 3
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Conclusions and Discussions

It is obvious that the concept of “poloid”, which has just been defined as our knowl-
edge, will find many application areas. The existence of an algebraic structure that
manifests itself when any element is processed from the right and left is still an
open problem.
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Abstract

A prime ring A is called a x—ring if S(A/I) = A/I for every nonzero
ideal proper I of A, where (3 is the prime radical. Gardner in 1988 asked
whether the upper radical 2/ (#) of the essential closure *j, of the class of all
x—rings coincide with the prime radical 3. Until now, this problem remains
open. In this paper, we construct a graded *—ring that motivates a further
research to bring the Gardner problem into a graded version.

1 Introduction

In this paper, R (respectively, A) will denote a ring which has identity (respectively,
a ring which is not necessary to have identity). A nonzero ideal of J of a ring R

Keywords and phrases : Prime radical, *—rings, G —graded ring.
2010 AMS Subject Classification : 16N80, 16S90
*Corresponding Author
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is essential if 7 N J # 0 for every nonzero ideal I of R and it will be denoted by
I <oR.

A class v of rings is called a radical class in the sense of Amitsur and Kurosh
if 7y satisfies the following property [7]:

1. Aey= VA — B # 0, there exists an ideal C of B such that 0 # C € ~.

2. Ais arbitrary ring and VA — B # 0, there exists an ideal C' of B such that
0£Cery=AcH.

Example 1.1. The following examples are radical class of rings:

1. The class N = {A | Va € A, then there exists a positive integer n such that
a™ = 0} of all nil rings is a radical class.

2. The class J = {Ais a ring |(A, o) forms a group, where aob = a + b —
ab,¥ a,b € A} forms a radical class.

3. Let m be the class of all prime rings. The class U(m) = { A|A has no nonzero
homomorphic image is 7} is a radical class. It is famously named the prime
radical class and it is denoted by [.

For any radical class . The symbol y(A) represents the largest ideal of a ring
A which belongs to . A prime ring A is called a x—ring if 5(A/I) = A/I for
every nonzero ideal proper I of A, where  is the prime radical. The class of all
x—ring is denoted by * [2]. The definition of x—ring was introduced in [11] and
some further properties of *—rings and their implementation in radical theory can
be seenin [3, 4, 5, 6].

Example 1.2. Consider the following examples of x—rings.
1. Every field is a x—ring.

2. The set J = {j € Q|j has even numerator and odd denumerator} forms a
*—ring.

3. Let W be a simple idempotent ring of characteristic 0, but with no unity. The
ring W is also a x—ring.
4. Every simple ring with unity is a x—ring.

On the other hand, we have also the following conditions (S1 and S2) which
motivate the existence of the definition of semisimple class of rings
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1. (S1) If A € o, then for every nonzero B <1 A there exists a nonzero homo-
morphic image C' of B such that C' € o.

2. (S2) If A is aring of the universal class A and for every nonzero B <1 A there
exists a nonzero homomorphic image C of B such that C' € ¢, then A is in
o.

A class o of rings which satisfies the condition S1 is called a regular class of rings.
Furthermore, if the class o of rings satisfies S1 and S2, o is called a semisimple
class of rings [7].

The relationship between radical class and semisimple class is described in the
Proposition 1.1 below.

Proposition 1.1. [7] Let v be a radical class of rings. The class Sy = {Ais a
ring |y(A) = 0} is the semisimple class of .

Proof. Please see the Proof of Proposition 2.3.2 in [7]. O
Furthermore, for any regular class p of rings. We have the following property:

Theorem 1.1. [7] If o is a regular class of rings, then the class U(p) = { A|A has
no nonzero homomorphic image in o} is a radical class, U(p) N o = {0} and U(p)
is the largest radical having zero intersection with .

Proof. Please see the proof of Theorem 2.2.3 in [7]. ]

A class p of prime rings is called a special class of rings if p satisfies the
following properties [7]:

1. A€ p= 1€ pforeveryideal I of A.
2. for every essential ideal J of R such that I € p implies R € p.

Example 1.3. The class 7 of all prime rings is a special class. Moreover, the upper
radical U(m) is precisely the prime radical (3.

In 1988, Gardner in his paper [8] asked whether the prime radical 3 coincides
with the upper radical U (*y), where U (x;) will be explained more detail in the
Section 2. However, this question remains open in general. Hence, it is important
to investigate this problem at least on a specific condition. In this research, we give
an insight of the problem specifically on the restricted graded version for radical
class of rings.
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2 The structure of 'x’

We start this section revisiting the properties and the structure of .
Remark 2.1. [2] The class * is neither a radical class nor a semisimple class.
Consider the following counter examples.

Example 2.1. Let W be a simple idempotent ring of characteristic 0, but with no
unity. It is clear that the ring J in the Example 1.2 is a x—ring. The ring W is also
a x—ring. Define R = {(j,w)|j € J,w € W} with (j,w)+(k,z) = (j+k, w+z)
and (j,w)(k,z) = (jk, jx + kw+ wx) forall j,k € J and w,xz € W. Then, R is
a subdirectly irreducible ring with the heart H(R) = W such that R/H(R) = J
and any Noetherian homomorphic image of R (other then the identical one and
R/H(R) is nilpotent. Therefore R is not a x—ring in spite of the fact that both
R/H(R) = J and H(R) are a x—rings.

Remark 2.2. The existence of a simple idempotent ring of characteristic 0, but
with no unity can be seen in [10] and [14].

Example 2.2. Let M (R) be the ring of all infinite matrices which has infinite
row over a ring R. In the other words, every matrix in My (R) has countably
infinite number of rows but almost all entries in each row are equal to 0. If R is a
simple ring, then so Mo (R) and, clearly, the center of Moo (R) is {0}. Therefore,
Moo (R) does not contain the identity element. So, in particular, if R is any simple
ring with characteristic 0, then so is M (R).

Remark 2.3. [2] The class * is not essentially closed. Therefore, the class * is not
a special class.

Example 2.3. Example 2.1 shows that the ring R = {(j,w)|j € Jyw € W},
where J = {j € Q|j has even numerator and odd dinominator} and W is a simple
idempotent ring of characteristic 0 without unity, is a subdirectly irreducible. The
heart H(R) of Ris W' = W. So, we may deduce that the ideal W' is an essential
ideal of R and R is an essential extension of W'. In fact, W' = W is a x—ring.
However, the ring R is not a x—ring by Example 2.1. Therefore, the class * is not
a special class.

Let 0 be any class of rings which is not essentially closed. The class £(§) =
{A|3B € 6 such that B <0A} is the essential cover of J, where B <10 A expresses
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B is the essential ideal of A. The definition of an essential ideal is previously
described in the beginning Section 1. But, the class (J) is not generally closed
under essential extensions. This motivates the existence of essential closure of 4.

Definition 2.1. [9] Let §(©) = § and 50+ = £(6@)). The class 6 = |32, 0 is

the essential closure of d.
The essential closure of class of rings is always essentially closed.

Proposition 2.1. [9] Let § be any class of rings which is not essentially closed.
The essential closure 0y, = | J;= 9 () of § is essentially closed

Proposition 2.2. [2] Let * be the class of all x—rings. The class x;, = | J;2, (1) g
the essential closure of x and xj, is a special class of rings.

Definition 2.2. [7] The upper radical U(u) of a special class v of rings is called
a special radical.

In fact, we have both the prime radical 5 and the upper radical U/ (xy, ) are special
radical classes, where U () is the upper radical of the essential closure xj, of the
class of all x—rings. Hence, it is important to scrutinize the properties of U (xy;)
and the structure of *—ring especially for restricted graded version.

3 Graded *-rings

Since the question which asked whether 5 = U (%) is still open, we will be trying
to bring this open problem to the graded version. We start from the following
definition.

Let Z be the set of all integers. A ring R is called a Z—graded if there is a
family of subgroups { R,, },cz of R which satisfies

1. R=&,R,, and
2. RoRpy € Ryym,Vn,m € Z.
In general, we have the following definition.

Definition 3.1. [1] Let G be an additive group. A ring R is called a G—graded
ring if R = @©gecq Ry where the set {Ry|lg € G} is the additive subgroups of R
such that RyRy, C Ry, forall g, h € G.
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Example 3.1. For every ring A. The polynomial ring A(x) over A is a graded
ring by its degree.

Further implementation of graded rings in radical theory motivates the restrict-
ed graded radical class. In specific case, restricted graded Jacobson radical class
can be explored in [13].

Definition 3.2. A ring A is called a graded x—ring if A = ©4cq Ay, where the set
{Agy|g € G} is the additive subgroups of A such that AgRy, C Agp, forallg,h € G
and it is a x—ring or simply A is a graded ring which is a *—ring.

Remark 3.1. It is clear that every polynomial ring R(x) over a ring R can be
seen as a graded ring by its degree. Furthermore, if R is a semiprime ring, then
so is R(x). Now, a natural question asks whether the polynomial ring R(z) over
x—ring R is also a x—ring?.

The answer of the question described in the Remark 3.1 will be explained in
the following proposition.

Proposition 3.1. Let R be a x—ring with unity. The polynomial ring R(x) is not a
*—ring.

Proof. Let R be a ring with unity which is *—ring. Then it follows from the
definition of x—ring that R is a prime ring and 3(R/I) = R/I for every nonzero
ideal proper I of R. Now, suppose R(x) is the polynomial ring over R. It follows
from [12] that R(z)/(x) = R which implies that 3(R(z)/(x)) = 0 since, R is a
prime ring. Thus, R(x) is not a x—ring. O

So, we do not have any natural graded x—rings constructed by polynomial
rings.
In this part, we provide a graded x—ring.

Theorem 3.1. Let R be set of all real numbers. Then the ring Max2(R) of all 2 x 2
matrices over R is a graded x—ring.

Proof. Let R be set of all real numbers and let § be the class of all simple rings
with unity. Then R € §. It follows from Example 3.8.14 in [7] that J is a special
class of rings which implies ¢ consists of prime rings. Thus, the ring R is a prime
ring. It is clear that R is a x—ring since R is simple. Furthermore, it follows from
Example 11.2.15 in [12] that the ring M>x2(R) of all 2 x 2 matrices over R is a
simple ring with unity. Thus Msx2(R) € 0. Hence, Max2(R) is a x—ring. O
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In fact, the speciality of the class 7 of all prime rings implies that the essential
closure 7, of 7 is the class 7 itself since 7 is closed under essential extension. A
radical class + is said to have the Amitsur property if y(A(z)) = (y(A))(z) for
every ring A [5]. Furthermore, it follows from the Amitsur property of  that if A
is a prime ring, then the polynomial A(z) € S, where S0 is the semisimple class
of the prime radical 3. We continue to compare with property of the class * of all
x—rings.

Proposition 3.2. The class * of all x—rings is properly contained in the semisimple
class SU(xp) of U (xy).

Proof. 1t is clear that * is contained in *;. Now let R be any *—ring. This means
that R € «. It follows from Proposition 3.1 that the polynomial ring R(x) is not a
«x—ring. Thus, R(x) ¢ *. We will show that R(x) € SU (*).

Since R € *, R € x. It follows from Corollary 13 in [5] that R(x) € SU (*).
This implies * is properly contained in SU () which ends the proof. O

Now, we shall follow the construction of the graded radical in G—category
introduced by [1]. Let G be any arbitrary group and let A be a G—graded ring. The
graded prime radical of A is denoted by B;(A) and it is defined as the intersection
of all the G—graded prime ideals of A. Furthermore, the class of rings

Ba ={AJA isa G — graded and [;(A) = A}

is the graded prime radical class determined by the class of G—graded prime rings

[1].

Definition 3.3. [1] A nonempty class i of G—graded rings is called a G—graded
special class if satisfies the following conditions:

1. g consists of G—graded prime rings.
2. If A € ug, then every nonzero graded ideal I of A is in ug.

3. If Aiis any G—graded ring such that there exists a graded two-sided essential
ideal I of A and I € g implies A € p.

Let G be any group. Examples of G—graded special class of rings can be seen
in the Example 3.2 and the Example 3.3 below.

Example 3.2. Let G be any group. It is clear that the class 7 of all G—graded
prime rings is a G—graded special class of rings.
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It is clear that the class 7 of all G—graded prime rings is the largest G —graded
special class of rings. The Example 3.3 explains a specific example of G—graded
special class of rings which is properly contained in the class 7 of all G—graded
prime rings.

Example 3.3. Define (x;)c = {A|A is a G—graded ring such that A" € x},
where %y, is the essential closure of the class of all x—rings which is previously
described in the Proposition 2.2. Then class (xi)¢ is graded special.

Remark 3.2. In specific case, when G = Zy, the class (xy)z, is not an empty set
since May2(R) is contained in (x})z,. In general, we can follows the construc-
tion of graded special radical [1] which is the graded upper radical of graded
special class. Hence, for any group G. The graded radical U((xx)q) = {A|A is
G —graded and no nonzero graded homomorphic image of A in (%)}

We end this paper by arising the following question.

Question 1. For any group G, whether B¢ coincide with U((*)q)?, where B
is the G—graded prime radical and U((xx)c) = {A|A is a G—graded ring and
A has no nonzero homomorphic image in () (the class which is previously
described in the Example 3.3 and Remark 3.2.
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Abstract

We investigate the approximation of the functions by trigonometric poly-

nomials N)(f; ) of degree n in the weighted variable exponent Lebesgue

spaces.

1 Introduction, some auxiliary results and main results

Let T denote the interval [0, 27] and LP(T), 1 < p < oo, the Lebesgue space of
measurable functions on T.

Keywords and phrases: Trigonometric approximation, Muckenhoupt weight, modulus of con-

tinuity, Lipschitz class, variable exponent Lebesgue space.
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Let us denote by g the class of Lebesgue measurable functions p : T —
(1,00) such that 1 < p, := ess infp(x) < p* := esssupp(x) < oo. The
zeT zeT
p(x)
p(z)—1°
class Lp(')('ﬂ‘) of 27 periodic measurable functions f : T — R satisfying the
condition

conjugate exponent of p(x) is shown by p/(x) := For p € p, we define a

/yf(x)|p<x) dz < co.
T

This class LP() (T) is a Banach space with respect to the norm

p(z)
dr < 1}.

sy o= m (1> 05 [ |12
T

The spaces LP() (T) are called generalized Lebesgue spaces with variable ex-
ponent. It is know that for p(z) := p (1 < p < o0), the space L*)(T) coincides
with the Lebesgue space LP(T). If p* < oo then the spaces LP()(T) represen-
t a special case of the so-called Orlicz-Musielak spaces [32]. For the first time
Lebesgue spaces with variable exponent were introduced by Orlicz [34]. Note
that the generalized Lebesgue spaces with variable exponent are used in the the-
ory of elasticity, in mechanics, especially in fluid dynamics for the modelling of
electrorheological fluids, in the theory of diferential operators, and in variation-
al calculus [7], [8], [9], [36] and [38]. Detailed information about properties of
the Lebesque spaces with variable exponent can be found in [10], [26], [30], [31],
[37] and [39]. Note that, some of the fundamental problems of the approximation
theory in the generalized Lebesgue spaces with variable exponent of periodic and
non-periodic functions were studied and solved by Sharapudinov [39]-[44] .

A function w : T — [0, 00] is called a weight function if w is a measurable
and almost everywhere (a.e.) positive.

Let w be a 27 periodic weight function. We denote by L% (T) the weighted
Lebesgue space of 27 periodic measurable functions f : T — C such that

fw% € LP(T). For f € LY(T) we set

1
1z = | o

LP(T)

ij") (T) stands for the class of Lebesgue measurable functions f : T — C
such that wf € LPO(T). Lf,(')(']l‘) is called the weighted Lebesgue space with
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variable exponent. The space Lﬁ(‘) (T) is a Banach space with respect to the norm
1050y 3= Il ooy -

Its known [25] that the set of trigonometric polynomials is dense in Lﬁ(')(T), if
[w(z)]P®) is integrable on T.

Let B be the class of all intervals in T. For B € B we set
1 [ 1 .
ppq/d@a
| B A p()

For given p € g the class of weights w satisfying the condition

p(z)

< 00

pr(w)
L' ()/p()(B)

B 1
= o P (@

Ape) Bes| B[P L1(B)

will be denoted by Ap(.) [1].

We say that the variable exponent p(z) satisfies local log-Hélder continuity
condition, if there is a positive constant c¢; such that

C1

IOg(‘xim)?

| p(z) — p(y) |< (1.1)

forall z,y € T.

A function p € g is said to belong to the class '°%, if the condition (1.1) is
satisfied.

We denote by E,,(f) 20 (1) the best approximation of f € Lf,(') (T) by trigono-

metric polynomials of degree not exceeding n, i.e.,
Euf) o omy = {0 £ =T ]y, T € T},

where II,, denotes the class of trigonometric polynomials of degree at most n.

Let us suppose that p € p, w0 € A(m
Po

)/ , for some py € (1,ps). For
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fe Lg(')(']l‘) we set

h
(vnf) (2) ::21]1/f(x—|—t)dt, O<h<m xzeT.
“h

If pe s, w e A<m>/ with some pg € (1,p,) and f € LfJ(')("JI‘), then

Po
the shift operator v, is a bounded linear operator on LfJ(') (T) [27]:

Letp € pandw™P0 € A(p«))’ with some py € (1, p«) . The function

0

Qpyw (0, f) = 03126 L = Wn P o) gy » 6 >0

is called the moduli of continuity of f € LX) (T).
It can easily be shown that 2, , (-, f) is a continuous, nonnegative and non-
decreasing function satisfying the conditions

%gl(l) Qp()w (6, ) =0, Qpyw (0, f 4+ 9) < Qpyw (6, F) + Qpyw (6,9), 6 >0

for f,g € Lﬁ(')('ﬂ‘). Note that detailed information about properties of moduli
of continuity €2,y (-, f) can be found in the paper [1]. Also, moduli of this
type was considered by E. A. Hadjieva [16] in Lebesgue space with Muckenhoupt
Ap, 1 < p < oo weight.

Let 0 < o < 1. The set of functions f € 7 (T) such that

Qp(.),w(f’ 5) = 0(50‘), d>0
is called the Lipschitz class Lip(a,p (+) ,w).

Let

- g (ar () coskz + by (f) sin kz) (12)

be the Fourier series of the function f € L(T), where ay(f) are by,(f) the Fourier
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coefficients of the function f. The n-th partial sum of series (1.2) is defined, as

Sp(f;x) = %—FZ(ak(f)coskx—i-bk (f)sinkz),
k=1

= Qr(f;x).

=0

o

Let {p,}, be a sequence of positive real numbers. The sequence {p,}; is
called almost monotone decreasing (increasing), denoted by {p,}o~ € AMDS
({pn}y” € AMIS), if there exist a constant ¢, depending only on the sequence
{pn}y such that for all n > m the following inequality holds:

Pn < s (Pm < pn) -
In proof of the main result we will use the notations
Abn = B = Bnt1, Amp(n,m) := B(n,m) — B(n,m +1).
As in [33] we suppose that I is an infinite subset of N and consider [F as the

range of strictly increasing sequence of positive integers, say F = {\(n)}{" . Fol-
lowing [4], [35] the Ceséaro submethod C' is defined as

>
~

n)

1

(C)\.f)n = T Ly, N = 1,2, ceey
A(n) &

e
Il

where {x} is a sequence of a real or complex numbers. Therefore, the C\—
method yields a subsequence of the Cesaro method C1, and hence it is regular for
any A. C), is obtained by deleting a set of rows from Cesdro matrix. We suppose
that {p, };” is a sequence of positive real numbers. We define the mean of the
series (1.2), as

1 n
N?i\(fa r) = P/\( : Z p)\(n)—msm(f§ )
") m=0

where P, := z&zopm #0 (n>0), p-1 = P_; = 0. Note that in the case
pn=1,n >0, N(f;x) is equal to the mean
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A(n)

S f;2).

m=0

on(fiw) =

1
A(n) +1

In the present paper we study the approximation of the functions by trigono-
metric polynomials N ( f; z) in weighted Lebesgue spaces with variable exponen-
t. The results obtained in this work are generalization of the results [33] to the
weighted Lebesgue spaces with variable exponent. Similar problems about ap-
proximations of the functions by trigonometric polynomials in the different spaces
have been investigated by several authors (see, for example, [2-6], [11-15], [17-24],
[28], [29], [33] and [45-47]).

Note that, in the proof of the main results we use the method as in the proof of
[33]. Our main result is the following:

Theorem 1.1.
L. Let p€ p, w™ €A, withsome py € (1,ps),if f € Lip(a,p(.),w), 0 <

p
a < 1 and if one of the fol?owing conditions
i) A{pn}q € AMDS

(i) {pn} € AMIS,

and

(A() + 1)pag) = O(Pa)) (1.3)
holds, then

|£ -2

=0 ((A(n))™%).

2T

2. Let pE€ p, w P A &)/ with some po € (1,p.),if f € Lip(1,p(.),w) and
Po

if one of the following conditions

A(n)—1
Qi) Y k|Ap| = O(Pyw))
k=1

Aln)—1

@) > |Apk| = O(Py)/A(n)), and (1.3) holds,
k=0
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then the estimate

7= o =0 m)

2(T)
holds.

In the proof of the main result we need the following Lemmas:
Lemma 1.1. (see [19]). Let p € p, w0 € A(&)/ with some pg € (1,p.).

PO

Then for f € Lip(a,p(.),w), 0 < a <1 andn =1, 2,3.... the estimate
15 = 52Dl 30 gy = O™)

holds.
Lemma 1.2. (see [19]). Let p € p, w™P° € A<M
Po

Thenfor f € Lip(1,p(.),w) andn =1, 2,3, ... the estimate

)/ with some po € (1,ps).

10(5) = (Dl 0y = On ™)
holds.

Lemma 1.3. (see [33]). If {pn}q~ € AMDS or{p,};,” € AMIS and (1.3) holds,
then

A(n)
Z m_ap)\(n)—m =0 (()‘(n))_a P/\(n))
m=1

for0 < o < 1.

2 Proofs of the main results
Proof of Theorem 1.1. We prove the cases (i) and (ii) together. It is clear that

A(n)
N2~ @) = = S b (om0~ f)) @D

Then using Lemma 1.1 and Lemma 1.3 and (2.1) and condition (1.3) we have
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)—m ||f - Sm(f)HLg(')(T)

LEO(T)

A(n)

—m Hf (f)HLf,()(T)

+Hf_ ( )HLE(')(T)
A(n)

= 0(@(%))‘“)-
Case (iv): We suppose that o = 1. Using Abel’s transformation, we find that
An)

S Prwym {sm(fi2) = F(@)} Qu(F ).

m=o

N)(f;2) = Prn

n

Thus we have

ZPM)—PM) m) {sm(f;2) = f(2)} @m(f; 7).

m=

sp(f;2)—Np(f; )

P)\(n

Use of Abel’s transformation leads to

san(fix) = Ny (f;2) =

“H(Pan) = Pain)—m))

A(n)
XZka(fJC)—I—()\()leQk fix (22)
k=1 k=1

Taking account of (2.2) we have
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A(n)
) =MD oy < |B Z A () ~ Pam)-m))
Z kQr(f)
k=1 ()
1 A(n)
+— kQr(f;x 2.3)
eyl POLACE I
LE(T)
It is clear that
1 n
su(f,2) = onlfiw) = —— kzl kQw(f;) 24)
Then from Lemma 1.2 and (2.4) we have
= 0+ 1) 5u(F) = on(Dll oy = O 25)
L2 (m)
Thus use of (2.3) and (2.5) gives us
A(n)
S7>’\L(f) - 7>L\(f) Lp(')(T) = Z ‘Am P)\(n) P/\(n)—m))’
@ m=1
(( ( ). (2.6)

By [33] the following relations hold :

Ap(m ™ (Pyn) — Pay—m) = %Am(P)\(n) — Py\(n)—m)
Pxn) = Px(n)-m—-1
m(m + 1)
P)\(n)—m—l - P)\(n)—m
m
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+P)\(n) - P)\(n)—m—l

m(m + 1)
P\ = Pxm-m-1 Pam)-m
N m(m + 1) m
1
= om0y e~ Paw-m-]
1
- 1 2.
m(m+ 1) (m+ )p)\(n)—ma (2.7)
A Pyn) — P/\(n)fm) _ 1
" m m(m + 1)
A(n)
| Y pe—(m+Dprgy-m| - 28)
k=X(n)—m

Next we will prove by the induction the inequality

A(n)
> k= (M A Dprm)—m
k=X(n)—m
< Z k| PA(m) k1 — PA(m)—k| - (2.9)
k=1

Let m = 1. Then we obtain

A(n)

Z Pk — 2PA(n)—1| = |PA(m) — Pam)—1] -
k=A(n)—1

That is, the relation (2.9) holds, for m = 1. Now we suppose that the relation
(2.9) holds for m = j. We prove the inequality for m = j + 1 (< A(n)). The
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inequality

A(n)

2.

k=A(n)—j
A(n)

k=A(n)—(j+1)

Pk — (J + 2)PA(n)—(j+1)

A(n)
= > k= G+ Dpagm—g+1)

= > = G+ Dpag—s + G+ Dpagy—s — (G + DPam)—G+1)

B=A(m)—
Aln

IN

k=A(n)—j

)
Pe — (G 4+ Dpagy—1| + |G+ Doamy—; — (G + Dpam)—+1) |

J
< Zk‘ DAY —k1 — Pa@)—k| + (G 1) |[PA@m)—j — PA(m)—(+1)]

k=1
j+1

= Z k| DA(r)—k+1 — PA(m)—k| -

k=1

holds. That is, (2.9) is true for m = j + 1. Thus the relation (2.9) is proved for any
1 <m < A(n). Consideration of (2.8) and (2.9) gives us

IN

IN

A(n)
Pyy — Prin)—m,

Am< Aln) ~ TAm) )’
m=1 m
A(n) m

1

- k: .
mZ::l m(m +1) ; [PAM) 1 = Pa) ]
A(n) o

1

k ‘p)\(n)—k-&-l _p)\(n)—k‘ Z m
k=1 m=k
Aln)—1

|Apg| . (2.10)

>
Il
o
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Taking into account the condition of the Theorem 1.1 the relation, we have

Aln)—1

D |Apk| = O(Pyy/A(n)) (2.11)
k=0

holds. Then taking the relations (2.10), (2.11) and (2.6) into account we get

lﬁzO«MmrU- (2.12)

() = N

Thus from (2.12) and Lemma 1.1 for &« = 1 we have

£ -5

, = O(Om) ™).

Case (iii): First of all we prove the estimate
A(n)

San(Pepem) o) e

According to condition in the case (iii) of Theorem 1.1 the following relations
holds:

~

Aln)—

Z:MMM (m)- (2.14)

Consideration of (2.8) and (2 9) gives us

_PpP
ZA ( A(n)—m >
m
A(n)

1
Z W Z k }AkPA(n)—k‘

m=1
" 1
= W Z k }Akp/\(n ‘
1
+ D 1) ; k| Akpagny—k|

= 51+ Sa. (2.15)

IN
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Let r denote the integral part of (A(n)/2). Using Abel’s transformation and
(2.14), we find that

1

S1 = — k ‘Akp)\(n ‘
m=1 (m + 1 ;
< |Akpagy—k| < ) 1Ap;| =0 (A(n)) : (2.16)
k=1 j=r—2

For S5, we can write the following:

A(n)
1
So = _Z Wzk‘A}?A(n) k‘
m=r+1 k=1
A(n) r
1
- STk Apy
m_z+1m<m+1>§ e
A(n)
* 2 e e
= 521 + So9o. 2.17)

If using again the condition (2.14) we get

A(n) 1 A(n)—1 P)\( |
S. < - Ap.| =0 222 7
n oS D Gy 2 A <A >

m=r Jj=r—2
A(n) 1 m
< 5 A
Spr < ;(erl);;‘ PA(r)—k]
1
— 0 W) [[Apo| + 2 |Apy| + ... + (r 4+ 1) |Apr41]]
P\in
_ 0( A )>' (2.18)
A(n)

By (2.15)-(2.18) this implies that (2.13). Using (2.6), (2.13) and Lemma 1.1
we reach

Hf - Ng\(f)HLfJ(‘)(T)
1 = 2 + 2 = N o)
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S Hf - 87)%<f)HLE<'>(T) + Hsi\L(f) - Nri\(f)HLg()(T)
< O((A(n)™).

The proof of Theorem 1.1 is completed.
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Abstract

The first case of COVID-19 was confirmed in Nigeria on February 27
2020. The government of Nigeria took drastic steps in the form of enforce-
ment of lockdown and social distancing order which necessitated closure of
schools, worship centres, markets, offices, leisure spots and businesses to
curtail the spread of the virus which have resulted in low confirmed cases
and mortality with a case fatality ratio of 2% as at September 3 2020. While
experts had predicted doom for Africa in the wake of COVID-19 pandemic,
the ability of the Nigerian government to contain the pandemic in the first six
months of emergence remained the biggest surprise. Therefore, a mathemat-
ical model was designed to analyse effectiveness of government mitigation
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measures in minimising the spread and mortality of COVID-19 in Nigeri-
a. The positivity and boundedness of solutions were validated for the model.
The analytical parameter, effective reproductive ratio, that governed the virus
transmissibility in terms of the model parameters was derived and the stabil-
ity analysed locally and globally around disease-free and disease-endemic
equilibria. The disease-free equilibrium of the model is locally and glob-
ally asymptotically stable if the effective reproduction number is less than
one. Otherwise, it is the endemic equilibrium, that is, asymptotically stable,
locally and globally whenever the effective reproduction number is greater
than one. Simulation was conducted to justify the theoretical results. Results
from the simulation showed that low rates of transmission and mortality from
COVID-19 in Nigeria were attributed to the effectiveness of mitigation mea-
sures. The results also indicate that implementation of non-pharmaceutical
interventions can put Nigeria and other African countries in a good position
for combatting subsequent emergence of any form of infectious diseases.

1 Introduction

The ongoing ravaging COVID-19 is a contagious disease instigated by SARS-CoV-
2. The first case of the disease was reported in December 2019 in Wuhan, China,
and has, within a few weeks, spread across the globe, leading to COVID-19 pan-
demic [1]. The coronavirus disease 2019 has been regarded as the largest global
health crisis in human history as a result of the magnitude of confirmed cases, ac-
companied with the degree of fatalities across the continents [2]. Reliable data had
it that by April 2020, COVID-19 pandemic had led to over 3 million confirmed
cases and 230 000 deaths and the disease has spread to over 210 nations globally
[3]. As of 1st October, 2020, 10:31 GMT, the figure has skyrocketed to 34, 192,
734 reported cases with 867 347 fatalities [4].

The symptoms and signs of COVID-19 develop within 2 to 14 days [5]. When
the disease is fully incubated, the infected individuals may exhibit fever, fatigue,
cough and breathing disorder that is similar to those infections instigated by SARS-
CoV and MERS-CoV [6, 7]. However, many COVID-19 acute cases and fatalities
come from the elderly people (from the age of 65 upward) and individuals with se-
vere health challenges (such as people with kidney disease, hypertension, diabetes,
obesity and other health issues that deteriorate the immune system) [3].

The global scourge of COVID-19 pandemic has elicited the attention of schol-
ars in different disciplines, prompting several proposals to examine and envisage
the development of the pandemic [8, 9]. Ndairov et al. [10] propose a model for the
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transmissibility of COVID-19 in the presence of super-spreaders. They performed
the stability and sensitivity analyses of the model and discovered that daily reduc-
tion in the number of confirmed cases of COVID-19 is a function of the number of
hospitalisations. Yang and Wang [11] proposed a model to study the transmission
pathways of COVID-19 in terms of human-to-human and environment-to-human
spread. Their analysis confirms the tendency of COVID-19 to remain endemic
even with prevention and intervention measures. A model for the dynamics of
COVID-19 with parameter estimations, sensitivity analysis and data fitting was in-
vestigated in [12] while a model for COVID-19 infection that describes the impact
of slow diagnosis on the dynamics of COVID-19 is also studied in [13]. In [14],
the researchers employ a statistical study of coronavirus disease to calculate time-
regulated risk for fatality from the COVID-19 in Wuhan. Their results indicate
that movement restrictions and adequate social distancing procedures are capable
of reducing the spread of the disease. Furthermore, a data-oriented model that in-
cludes behavioural impacts of humans and governmental efforts on the dynamics
of COVID-19 in Wuhan was proposed in [15]. A good number of mathematics and
non-mathematics studies have also been conducted on COVID-19

[16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 41].

Generally, the experts’ prediction that COVID-19 would overrun precarious
health systems in many African countries and eliminate millions has not come true
as the continent has the second lowest COVID-19 fatality ratio globally as of 31st
August 2020 [27]. Particularly, the situation report for the pandemic in Nigeri-
a is better than most African countries especially South Africa with the biggest
economy in the continent.

Table 1. Reported Cases and Death of COVID-19 for some African Countries

Countries Population Total COVID-19 Cases Total Recovered Total Deaths
Mali 20, 250,000 2,087 - 126
Cameroon 26, 550, 000, 19, 604 - 415
Kenya 53, 770, 000 34,705 - 585
Ivory Coast 26, 380, 000 18,208 - 119
Nigeria 2006, 984, 347 54,463 42,439 1,027
South Africa 59,436, 725 630, 595 553,456 14,389
Egypt 102, 300, 000 99, 425 - 5,479
Morocco 36, 910, 000 66, 855 - 1,253
Algeria 43, 850, 000 45,469 - 1,529
Ghana 31, 070, 000 32,969 - 168

Retrieved 2020-09-03 from https://en.wikipedia.org/wiki/COVID-19_pandemic.in_each country

After the first case of the pandemic was reported, the government of Nigeria en-
forced lockdown and social distancing which necessitated closure of schools, wor-
ship centres, markets, offices, leisure spots and businesses to check the spread of
the virus. COVID-19 phenomenon has caught the attentions of many researchers
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both mathematicians and non-mathematicians and several studies have been con-
ducted to monitor and report the situation in Nigeria [28, 29, 30, 31]. Also, the
effects of government interventions, policy stringency, policy on demand or ap-
plication of personal protective equipment (PPEs) have been considered by some
researchers [32, 33, 34, 35]. However, the analysis of how mitigation measures
succeeded in averting massive infections and mortality from COVID-19 in Nige-
ria through the use of mathematical modelling is new in the literature. Although
COVID-19 is gradually dying off at present, and some countries have started re-
laxing mitigation measures, while other countries have completely relaxed all mea-
sures, this study gives an account of how Nigerian government managed the pan-
demic in the first six months of emergence and would provide important informa-
tion about mitigation strategies to adequately equip the country and other African
countries towards future outbreak of infectious diseases.

2 Model Formulation and Basic Properties

The model is made up of two components as in [11] - the human population and
the environment. The human population is divided into five compartments: the
susceptible S, the exposed FE, the infected I, the isolated () and the removed indi-
viduals R. Individuals in the infected and the exposed classes are both infectious
though infected individuals are more infectious because of the relatively low level
of virus in the exposed individuals’ systems. Susceptible individuals can contract
the virus from the infectious individuals E and I and from the already contami-
nated environment V' at rates 1, o and a3 respectively. However, infectivity is
reduced at a constant rate m by various measures that have been put on ground
by the government (e.g. lockdown, social distancing, handwashing, use of face
masks, environmental sanitation, etc.). Also, some individuals are detected at the
exposed stage at rate (1 — o) through measures such as contact tracing and put in
isolation () while the rest who are not detected become infectious at rate o. In-
dividuals in isolation are receiving treatment and are not allowed to interact with
the general public. Therefore, they do not spread COVID-19 to the individuals in
the susceptible category. Besides, the exposed and infectious individuals increase
the viral loads in the environment at rates 8, and (3o respectively. However, the
rate of increase in the virus concentration in the environment V' by the exposed
and infectious individuals is reduced at a constant rate n, the awareness created by
the government regarding environmental health. The effects of parameter n on the
compartments S, () and R are not considered because it is assumed that the com-
partments do not increase the viral load in the environment. It is only the exposed
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and infectious individuals that can pass the virus to the environment. Individuals in
the infected and isolation classes are treated and recovered at different rates p; and
po respectively while death due to COVID-19 occurs for infectious and isolated
individuals at rates k; and ko respectively. Death unrelated to COVID-19 occurs
for every individual in the population at the same rate p while virus removal unre-
lated to human interference occurs at rate 7. The flow of transmission across the
compartments is displayed in Figure 1.
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Figure 1: The flow chart of the model

Following the aforementioned assumptions, a model that describes the dynam-
ics and effort to mitigate COVID-19 in Nigeria is introduced thus
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d

d—f =b—ma1SE — masSI — mazSV — uS,
dE

e ma1SE + magSI + masSV — (¢ + n)E,
dI

o = $0E = (ki +p1+ )l

d

= o1 0)B ~ (ka+ p2+ W),

dR

= = p I+ PQ— uR

I pil + PQ — R,

dV

ﬁ = 'I’LﬁlE + nﬁg[ — TV,

with non-negative initial conditions

S(O) = SmE(O) = Eml(o) = Io,Q(O) = QmR(O) = R, V(O) = V%.

2.1)
(2.2)
(2.3)
(2.4)
(2.5)

(2.6)

Where k1 > ko, [2 > (1, as3 < a1 < az and p; < po with parameters

nomenclatures stated in Table 2.

Table 2. Description of parameters for the model

Parameters Nomenclatures Units
b human recruitment rate day™ 1
m reduction factor in disease transmission potential -
[e%} effective contact rate between S and E/ day ™!
g effective contact rate between S and I day ™ 1
a3 effective contact rate between S and V' day ™ 1
N natural death rate in all human compartments day™ 1
[} transition rate from the exposed stage day™ 1
o probability of transition from the exposed class into the infected class
k1 death rate due to infection in I class day™ 1
ko death rate due to infection in Q class day™ 1
p1 recovery rate in I class day~*
P2 recovery rate in Q class day— 1
B1 exposed individuals’ rate of contribution to the growth of pathogen day ™ 1
B2 infected individuals’ rate of contribution to the growth of pathogen day ™ 1
n reduction factor in the human contribution to the growth of pathogen
T removal rate of pathogen ml day™ 1

Basic features of the model

For the system to be valid socially, environmentally, mathematically and epidemi-
ologically, it is necessary to establish that its variables are positive for all £ > 0
and besides, the region {2, where the solutions for the model exist, is bounded. The

following statements are therefore declared.
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Theorem 2.1. Since S, > 0, E, > 0,1, > 0, Qo > 0, Ro > 0 and V, >
0.Then the coordinate (S,E,I,Q,R,V), which represents the solutions of the model,
is positive.

Proof. Suppose t; =sup{t >0:S>0,FE >0, >0, >0,R>0,V>0¢
[0,t]}. Then t; > 0 and it is obvious from (2.1), if the positive term is neglected
that

ds
— >-TS
dt — ’
where
I'=ma1 EF + masl + masV + p.
Hence,

as
s
/dt_ /rs,

S(t1) = S(0)eap [ /Otl )\(r)dr] S0V >0

which implies that

from (2.1). Hence, S(0) > O since e” > 0 V real values of p. Following the same
procedure, it can be established that:

E>01>0Q>0,R>0V>0.

Lemma 2.1. The region
b b

is not only positively invariant but attracts all nonnegative solutions of the system.

Proof. Adding system (2.1)-(2.5) for human population,

AN
=V (SHEFT Q4 Ry kil — kaQ =
AN
N N
a =T
AN

< dt
b—uN =7
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b— uN(t) > cre ™.

Ast =0, N(t) = N(0)

then,
Cc1 = b— /LN(O)
Hence,
b— uN(t) > (1 — uN(0)e ™, =
Ny <P - (b - “N(O)) e Ht,
Y Y
Ast — oo,
b
0< N(t) < —. 2.7)
I

Hence, the feasible solution set for human population enter the region

A= {(S,E,I,Q,R) ERLN(®) < Z}

Also, the population of the pathogen at time ¢ in the system (2.6) is given by

% —(E+DA—1V, 2.8)

with A = min(nf1,n82).
A is the net contribution of infectious individuals (both exposed and infected) to
the growth of pathogen in the environment. Notice that both E and I are subset of

b

human population which has been proved to be less than or equal to — in inequality
1

(2.7).

Therefore, £ + I < E
7
Hence, from (2.8),
dV b
— < ——-7V,=
dt W
b .
V(t) S a (1 — o€ t)
As t — oo then,
bA
Vi(t) < —



ANALYSIS OF TRANSMISSION DYNAMICS AND MITTIGATION - -- 89

Therefore, the feasible solutions for the dynamics of coronavirus population in the
model exists in the region
bA
U= {VE?RjL;V(t) < }
TH
Hence, the region (2 that contains {A U ¥} attracts every solution in %Y. O]

3 Model Analysis

The dynamical behaviour of the model can be studied since the solutions are posi-
tive and bounded.

3.1 Equilibria

Two equilibria will be discussed - disease-free and endemic equilibria. Disease-
free will be discussed first then followed by the reproduction number before dis-
cussing endemic equilibrium. Before February 27 2020, Nigeria was free from
COVID-19. The COVID-19-free equilibrium then could be expressed mathemati-
cally as

50 = (Soa an IO7 Qoa Rov Vo)a

= <b,0,0,0,0,0>.
0

The agents of infection are in the compartments F, I and V. Therefore, F' and V,
the new infection and the transition matrices, are derived following Driessche and
Watmough [36] as

ma1S° masS° masS°

F= 0 0 0 , (3.1
0 0 0
o+ 0 0
V=1 —-¢c ki+pi+p O (3.2)
—nf —nf2 T
Following Driessche and Watmough [36],
~ mayS° dpomaoS° [(k1 4+ p1 + p)nB1 + ponBa]masS°®
0+ n) (@ u)(k ot p) (¢ + 1) (k1 + p1 + 1) ’
=Ra+Rp + Re.

3.3)
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R measures disease transmissibility with mitigation measures on ground. It is
called effective reproduction number and the first two terms in it quantify disease
spread from human-to-human while the third term measures disease transmission
into the human population from the environment. If all the mitigation measures are
not on ground, the effective reproduction number reduces to the basic reproduction
number R given as

Ry — a1 S° P S° (k1 +p1 + p)B1 + ¢B2]asS®
(+mp) (¢4 ) (k1 +p1+p) (o4 pu)(ky +p1+p)
=Ry +Ry+Rs.
3.4

After February 27 2020 when coronavirus cases have been confirmed, the endemic
equilibrium of the disease could be given as £ with coordinates (S, E, I,Q, R, V).
To obtain the value of each coordinate, the system of equations (2.1)-(2.6) is solved
and

1
S = ;[b — (¢ +u)E], (3.5)
oo
I=(—F—F— | F 3.6
</<31 +p1+ M) ’ .0
=== 7 3.7
< </€2 +p2+p) G7)
R p1l JLPQQ’ (3.8)
v _ [(k1 4+ p1+ p)npb + ¢0n52}E' (3.9)
(k1 +p1+ 1)
Combining (3.6), (3.9) and (2.2) =
magpoSE  mazS[(ki + p1 + p)npbi + ponfa|E

SE — E=0.
e o ) (k1 +p1 + 1) (¢+4) 510,

In (3.10), £ = 0 corresponds to the disease-free equilibrium before the outbreak
of COVID-19.
Also, from (3.10),

(¢ + 1)
manpo mas[(k1 + p1 + p)nbr + gonfPa]
(k1 +p1+p) 7(k1 +p1 +p)

(3.11)
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o

S
Multiply the numerator and denominator of (3.11) by ——— then

(¢ + 1)
SO
5= Ry (3.12)
B
e [W Ro} : (3.13)
_ ¢o _ wS°
"= G ik +pi ) [W Ro}’ (3.14)
_ (1 —o) [ B MSO}
NIRRT (3.15)
R:l [ p1go {W_N5°}+ pad(1 — o) {W_MSO
p(@+p)(ki+p1+p) Ro (6 + p) (k2 + p2 + 1) Ro
(3.16)
_ [(k1+ p1 + p)npi + ponBa] { B ,uSO}
"= (¢ + p) (k1 +p1+ 1) TR [ (3.17)

3.2 Stability of Equilibria

The local and global stability of the model around disease-free equilibrium can be
investigated using linearisation approach and Lyapunov functional, respectively.

Theorem 3.1. The DFE & of the system (2.1)-(2.6) is locally asymptotically stable
if Re < 1 otherwise it is unstable if R, > 1.

Proof. If the system (2.1)-(2.6) is linearised around disease-free equilibrium &,
the variational matrix is obtained as

— —maq S° —maS° 0 0 —maszS
0 ma1S° — (¢ + p) magS° 0 0 magS°
_| o0 po —(k1 +p1 +n) 0 0 0
JE =10 $(1-0) 0 ~(k2+p2 ) O 0 @19
0 0 P1 P2 —H 0
0 np1 npaz 0 0 —r

R will be less than one and the disease-free equilibrium will be locally asymp-
totically stable if it can be established that all the eigenvalues of (3.18) are nonpos-
itive.

Evaluating |.J(&y) — AI| = 0, four of the solutions are obtained as
)\1 = )\2 = —u,)\g = —7 and )\4 = —(kQ —i—pz +u).
The remaining two solutions can be obtained from the equation

M4+ aid+az =0, (3.19)

f
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where
a1 =ki+p1+¢+2u—maS°
and,
az = (k1 +p1+ p) {(¢ + p) — ma1S°} — masgaS°.

It is obvious that the two solutions in (3.19) are nonpositive if a; > 0 and ag >
0. Hence, Ry < 1 and the disease-free equilibrium, &y of the model is locally
asymptotically stable if the condition a; > 0 and ay > 0 are satisfied. 0

Having established the necessary and sufficient conditions for the disease-
free equilibrium of the model to be locally asymptotically stable, attempt would
be made to study the global asymptotic stability behaviour of the model around
disease-free equilibrium. Following the popular Lyapunov functional approach as
in [28, 29, 37], Lyapunov function W is constructed thus

W (t) = AL E + AsI + A3V, (3.20)
with the time derivative T/ (¢) given as
W (t) = A1E(t) + Agl(t) + A3V (t). (3.21)

Theorem 3.2. The DFE &; of the model is globally asymptotically stable if the
time derivative of the Lyapunov functional W (t) < 0 € Q

Proof. Putting E(t), I(t) and V() in (2.2), (2.3) and (2.6) into (3.21)

W(t) = Ai1lma1 SE + maa ST + magSV — (¢ + p) E]
+ Az[¢poE — (k1 + p1 + p)1] (3.22)
+ As[nBiE 4+ npol —7V] =

W(t) = [AimarS — Ai1(¢ + ) + Asppo + Asnfi|E
+ [AimanS — Ag(k1 + p1 + p) + Asnfa]l (3.23)
+ [AimaszS + 7] V.
AtDFEwhen R, < 1,5=5°and F=1=Q=R=V =0butif R, =1,
the equality W (t) = 0 =
[Aimaon S — Ai(¢ + p) + Asdo + Asnf]E
+ [A1magS — As(ky + p1 + p) + Asnfa]l (3.24)
+ [AimazS + 7]V = 0.
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It is reasonable in (3.24) for
[AlmalS — A1(¢ + M) + Aspo + Agnﬁl]E <0 (3.25)

In view of (3.10) and given that the analysis is around the DFE then (3.25) implies
that

magpoS° magS°((k1 + p1 + p)nfr + donpBs]

s° _
mens (k1 +p1+p) 7(k1 +p1 + p) (¢+n)

E <0, (3.26)

maoS° magpoS°

G Grm T BTt o
magS°[(k1 + p1 + p)npi + ponfs]

~1|E<o, 327
T(p+ p) (k1 + p1+ 1) - (-27)
= (¢ + p)[Re —1]E < 0. (3.28)

Hence, W (t) = 0 if E = 0. Conversely, W (¢) < 0 provided R, < 1. This implies
that as

b
t — o0, (S(t), E(t), I(t),Q(t), R(t),V(t)) — (,0,0,0,0,0 . Therefore, the
W
largest invariant set in {S(t), E(t), I(t), Q(t), R(t),V(t) € Q: W(t) = 0} is the
singleton {&} . Hence, by LaSalle’s invariance principle [38], the DFE & is glob-
ally asymptotically stable in Q if R, < 1. O

To assess the effectiveness of the government mitigation measures in the light
of the disease-endemic equilibrium, the stability analysis is extended to the endem-
ic equilibrium so that government mitigation measures are adequately evaluated
under a disease- pandemic scenario.

Theorem 3.3. The disease-endemic equilibrium exists and is locally asymptotical-
ly stable if the effective reproductive ratio R, > 1.

Proof. Linearising the system (2.1)-(2.6) around disease-pandemic equilibrium
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then
—b1  —ma S* —maoaS* 0 0 —maszS*
b3 bo manS™ 0 0 0
J(P*) — 0 (bO- _(kl + 11 +/’L) 0 0 0 ,
0 ¢(1-o) 0 —(k2 +p1+p) 0 0
0 0 p1 D2 —p 0
0 nB nBs 0 0 -7
(3.29)

where by = m(a1 E* 4+ aol* + azV* + p), by = may1 S* — (u+ ¢) and by =
m(o E* + agl*+ agV'™*.
Three eigenvalues of (3.29) are Ay = —7,Ay = —pand A3 = —(ka + p1 +
). Using row reduced operation, the remaining eigenvalues can be obtained from
submatrix U

—by —mayS* —manS*
S*
JU)=| 0 22 _pmass 22 agst | (3.30)
as as
0 ¢o —(k1 +p1+ p)
The matrix in (3.30) has one of the eigenvalues being Ay = —b; while the remain-

ing eigenvalues can be obtained from the characteristic equation

ko2 + ki\ + ko = 0, (3.31)
where
ko =1,
b1b
ki =ma1 S* — ;)732 — (k1 +p1+p),
b1b b S*
kg = (k?l +p1 + ,U,) [;}32 - quS*:| - QZ)O' |:1’I’I”Lb(:2 - mOzgS* .

It is straightforward to conclude that the two eigenvalues in (3.31) are negative
if k1 > 0 and k2 > 0 so that the effective reproductive ratio R. is more than
unity. Therefore, the disease-pandemic equilibrium is locally asymptotically stable
if k1 > 0and ky > 0. ]

Theorem 3.4. The disease-pandemic equilibrium is globally asymptotically stable
if the effective reproductive ratio R. > 1 such that the derivative of the Lyapunov

function J is negative, i.e., u < 0.
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Proof. To establish the existence of R, > 1 under global stability for disease-
endemic equilibrium, the derivative of the Lyapunov function J must be negative.

* E*
J(S*, E*, I*,Q*, R*,V*) = (S—S* —S*lni) + (E—E* —E*lnE>
+<I—I*—S*lnI[> (Q Q" an%)

R* V*
+<R R RnR>+<V \%4 an>
So that,

a7 S*\ dS dE
dt_<1_5) dt+<1_E>d+<1 )

(3.32)
Q" dQ
()R (-v)w
(3.32) can be written as W
o M+ N, (3.33)
where
S* E*
=b (1 — S> +m(oSE + alS + a3SV) <1 — E>
coot (1-2) o0 -op (1-2)
R* V*
+ (pi + p2Q) <1 - R) + (nB1E + nPal) (1 - V>
and,
S E
N = (ma1 E + maol + mazV + p) <1 — S*> S*+ (n+ o) <1— E*> E*

+ (k1 +p1+ p) (1—1{<>I*+(7€2+p2+u) (1—3*)Q*

R v
l—-— |R"+7(1—— ) V"
(o) e (1-5)

It is observed that M > 0 while N < 0 because S* < S, E* < E, " < I,Q* <
Q,R* < Rand V* < V. Therefore, there exists disease-pnademic equilibri-
um and by LaSalle’s invariance principle [38], the disease-endemic equilibrium is

d
globally asymptotically stable if M < N so that d—{ < 0. O
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3.3 Local Sensitivity Analysis

The local sensitivity of the key system parameters to COVID-19 spread is comput-
ed in (3.34)-(3.37) by using the sensitivity index formula [39, 40].

S - mag N pomas [(k1 + p1 + p)npr + ponBalmas
" @+ ) (d+ (ks + 1+ ) pr (¢ + ) (k1 +p1 4 p)
b
X7 (3.34)
b «
Sy = —2 4 3.35
! M(¢ + /~L) . Re ( )
pomb s

Say = —, 3.36
W@+ ki +p1i+p) | Re (3.36)

Sy = (k1 + p1 + p)nB1 + donBa]mb s (3.37)

pr (¢ + ) (k4 p1+ 1) Re

4 Simulation and Discussion

To quantify the analytical results, numerical simulation is carried out using pa-
rameters values whose sources are from [28] as well as assumption. Graphical
profiles are then displayed to visualise the transmission dynamics and mitigation
success of COVID-19 within the first six months of the emergence of the pandem-
ic in Nigeria. To obtain the numerical values for the theoretical results in section
3.0, fix m = 0.5,p; = 0.13978,p2 = 0.23978,b = 0.349, 1 = 0.03, a2 =
0.08,a3 = 0.01,¢ = 0.2,0 = 0.01,u = 1/54.5,k; = 0.015,k2 = 0.01,n =
0.3,7 = 10,8, = 0.00011, B2 = 0.075,5(0) = 100000, E(0) = 8000, I(0) =
1500, Q(0) = 6000, R(0) = 4262,V (0) = 60. Then the effective reproduction
number R in (3.3) is evaluated as R, = 1.35 from which

Re=131,Ry =0.04 and R, = 0.00.

Ra, Ry and R, measure the risk of infection from each transmission pathway.
Of all the transmission routes, the largest risk (R,) is from the exposed to the
susceptible individuals. This is because the exposed individuals are asymptomat-
ic but can spread the virus to the susceptible individuals usually in unintentional
modes. However, the transmission from other routes (R,) and (R;) are insignif-
icant. While the insignificant transmission of the virus from the infected individ-
uals might be attributed to the conspicuousness of disease symptoms in the in-
fected individuals which would make other people to keep away from them, the
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insignificant contribution from the environment to the general infection risk might
be attributed to the presence of parameter n, the reduction factor in the net con-
tribution of infectious individuals (both F and ) to the growth of pathogen in the
environment. The sensitivity indices for the transmission parameters o, as and
a3 in (3.35)-(3.37) are 0.97, 0.03 and 0.00 respectively. The sensitivity indices
for a1, ag and ag correlate with the results for R, Ry and R, and a confirmation
that transmission from the exposed to the susceptible individuals poses the greatest
threat.

In the same manner, the numerical value of the basic reproduction number
(Ro) in (3.4) is also evaluated and Ry = 10.67 from which

Ry =2.61,R, =8.05 and R, = 0.01.

Unlike in effective reproduction number R, where the transmission from the in-
fected individuals Ry is insignificant, the contribution of the infected individuals
is enormous in the absence of control with R, = 8.05. The infection risk from
the exposed to the susceptible individuals is also higher with R, = 2.61 than in
the effective reproduction number where R, = 1.31. Generally, the reproduction
number of COVID-19, based on scholars’ estimation, is in the region 2.0-3.0 which
makes it higher than the reproduction numbers of SARS and MERS coronavirus-
es [21]. The numerical values of the effective reproduction number R, and the
basic reproduction number R in the present analysis for Nigeria, 1.35 and 10.67
respectively, indicate that Nigerian government took the prevention and control of
COVID-19 with all seriousness at the start of the pandemic. The timely enforce-
ment of lockdown and social distancing order records an outstanding success in
averting massive infection and mortality with R, = 1.35 below the region estimat-
ed by the scholars (2.0-3.0).

The experts’ projection that Africa will experience the worst impacts of COVID-
19 pandemic given the fragile health system in many African countries would have
come to pass in Nigeria [29, 31]. The reproduction number Ry = 10.67 would
have been experienced in Nigeria if the mitigation measures were not taken seri-
ously. COVID-19 first case was confirmed in Nigeria on February 27, 2020. The
government instituted lockdown on March 30, 2020 and the lockdown did not re-
lax until July 1, 2020 when the government approved partial ease of lockdown by
allowing partial reopening of schools for students in terminal classes and remov-
ing of ban on inter-state travels. The schools did not open fully until September
21, 2020 while the international flights did not resume until September 5, 2020.
Besides, the government through its agency, Nigeria Centre for Disease Control
(NCDC), embarks on massive sensitisation of the public on the signs, symptoms,
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dangers and preventions of COVID-19 through various media especially text mes-
sages from time to time. Individuals who are infected with the virus are supported
and well catered for promptly. They are fed and treated free of charge.

As regards the necessary and sufficient conditions for the disease-free equi-
librium of the model to be locally asymptotically stable that are established in
subsection 3.2, the initial values of a; and a9 are computed with the usual param-
eters values to ascertain whether the model is locally asymptotically stable around
disease-free equilibrium or not. The value of m, the reduction factor in disease
transmission potential is then varied to examine the stability behaviour of the mod-
el around the disease-free equilibrium, the results of which are stated in Table 3.

Table 3. Stability behaviour of the model

S/No k1 P1 7 ) m aq b g o al ag DFE
1 0.015 0.13978 1/54.5 0.2 0.5 0.03 0.349 0.08 0.01 +0.11 —0.01 Unstable
2 0.015 0.13978 1/54.5 0.2 0.6 0.03 0.349 0.08 0.01 +0.05 —0.02 Unstable
3 0.015 0.13978 1/54.5 0.2 0.7 0.03 0.349 0.08 0.01 —0.01 —0.03 Stable
4 0.015 0.13978 1/54.5 0.2 0.8 0.03 0.349 0.08 0.01 —0.07 —0.04 Stable
5 0.015 0.13978 1/54.5 0.2 0.9 0.03 0.349 0.08 0.01 —0.12 —0.05 Stable

In Table 3, it is observed that the disease-free equilibrium of the model is stable
when the reduction factor m in the disease transmission potential is greater than
0.6. The stability of the disease-free equilibrium implies that COVID-19 would not
have spread in Nigeria from the initial infection if adequate measures had been put
on ground before February 27 2020 when the first case was reported. Experts ar-
gued that Nigeria ought to have closed her borders and stopped international flights
before February 27 2020. If the steps had been taken, the Italian businessman who
brought the virus to Nigeria would have been prevented and Nigeria would have
maintained a stable region in Table 3 for as long as possible. However, since the
disease was able to spread from the initial infection, the disease-endemic equilib-
rium of the model is stable and the stability in endemic equilibrium is observable
in the region where the reduction factor m in the disease transmission potential is
less than 0.7 In Table 3. The disease-endemic equilibrium becomes stable when
the disease-free equilibrium is unstable. It is therefore evident that government
mitigation strategies (closure of schools, worship centres, markets, offices, leisure
spots, businesses as well as awareness campaigns) play crucial roles in shaping
the dynamics of COVID-19 in Nigeria during the first six months of emergence.
Although the disease spread, the government of Nigeria was able to avert massive
infections and mortality from the pandemic through effective mitigation measures.
With the same stated parameters values and initial conditions for the state variables,
plots are generated for the model in Figure 2 and Figure 3 to visualise the effect of
the parameters on the dynamics of the disease.
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Figure 2: Result of simulation with mitigation measures on ground. R, = 1.35,
I(t)=1,038
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Figure 3: Result of simulation in the absence of mitigation measures.
R. =10.67,1(t) =1, 815

Comparing the initial value of I (i.e., 1(0) = 1500) with the numerical results
of I(t) in Figure 2 and Figure 3, it is evident that things would have gone out of
hand if the mitigation measures had not been taken seriously in Nigeria. In Figure
2, the population of infected individuals falls continuously but it rises before it
begins to fall in Figure 3. The escalation of the figure of individuals who are
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infected with COVID-19 would have spelt doom for Nigeria given the precarious
health system but the Nigerian government is able to be on top of the situation with
effective mitigation measures that minimise disease transmission and spread to the
barest minimum. Key model parameters (transmission parameters o, ag and ag)
are varied to perform further numerical simulations to visualise the effect of partial
and total mitigation measures on disease spread parameters o, s and az and the
population of infectious individuals /(¢) in Figure 4 and Figure 5
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Figure 4: Result of simulation for partial measures.
a1 = 0.003, a2 = 0.008, ag = 0.001



ANALYSIS OF TRANSMISSION DYNAMICS AND MITTIGATION - --101

60000
50000
40000+

(EQ.RI)(f)

300004

200004

10000 /
t{ montiis)

| E(f) == Q1) R(f) = R(1)]

Figure 5: Result of simulation for total measures.
a1 = 0.0003, ag = 0.0008, a3 = 0.0001

Whether partial or total, Figure 4 and Figure 5 indicate that government mitiga-
tion measures against COVID-19 limit the spread of the disease and the population
of individuals who become infectious. The mitigation measures in the form of
lockdown and social distancing enforced by the Nigerian government are compre-
hensive and able to avert massive infections and mortality from COVID-19.

5 Conclusion

The outbreak of COVID-19 brought a fear that the African continent is on the verge
of ruin due to widespread poverty and fragile health systems. Nigerians are partic-
ularly worried about the fate of the country should the outbreak escalate given the
population and the vulnerability index of infectious disease for the county which
are in excess of 200 million and 0.27 respectively [31]. However, the pandemic
has been effectively managed and the impacts of the outbreak have been largely
minimised in Nigeria as of September 3 2020. A mathematical model has been
formulated to analyse how massive infections and mortality from COVID-19 have
been averted in Nigeria through mitigation measures. The validity of the model is
confirmed by establishing positivity and boundedness of its solutions. A thorough
analysis is then conducted qualitatively and quantitatively. The qualitative analysis
is performed by obtaining the equilibria of the model and deriving the reproduction
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numbers both effective reproduction number R, and the basic reproduction num-
ber Ro. The model stability is also examined and it is shown that the disease- free
and the disease-endemic equilibria of the model are locally and globally asymp-
totically stable whenever R, < 1 and R, > 1 respectively. The quantitative
analysis is finally conducted to justify the theoretical results. Both the theoretical
and numerical results indicate that low infections and mortality from COVID-19
during the first six months of COVID-19 emergence in Nigeria are attributed to the
effectiveness of government mitigation measures. The effective implementation
of non-pharmaceutical interventions can therefore put Nigeria and other African
countries in a good position for combatting subsequent emergence of any form of
infectious diseases.
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