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STABILITY AND ULTIMATE BOUNDEDNESS OF SOLUTIONS OF
CERTAIN THIRD ORDER NONLINEAR RECTANGULAR MATRIX
DIFFERENTIAL EQUATIONS

A. L. OLUTIMO! AND M. O. OMEIKE?

ABSTRACT. We present in this paper the qualitative study of solutions of certain
third order nonlinear matrix differential equations where the unknown function X
is matrix-valued. The properties of solutions were investigated using Lyapunov’s
direct method by employing the use of suitable Lyapunov functionals obtained from
the differential equations describing the system satisfying certain requirements for
establishing the stability and boundedness of solutions of the system considered. An
example is given to demonstrate the significance of the results obtained as well as
analysis through geometric graphs describing the dynamics of the system’s solutions.
The results obtained are novel and will significantly enhance and extend the results
of those mentioned in the literature.

1. INTRODUCTION

We investigate the stability and boundedness of solutions of matrix differential
equations

(1.1) X +AX +U(X)+ H(X) = P(t, X, X, X),

where X : R — M is the unknown function, A € N is a symmetric matrix with
constant values, W, H : M — M and P: ]RXMXMXM—>M M is an n x m and
N an n x n matrices, R the real line —oco < t < +o0.

The study of characteristics of solutions to differential equations is majorly about
deducting essential qualities of solutions of the differential equations without actually
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solving them. For many years, the characteristics of solutions to nonlinear differential
equations of the third order have been studied by many mathematicians and have
gotten several interesting results for some various and special cases of n = m =1 and
m = 1 in equation (1.1) (see [1-5,7-15,17,18,20, 21, 23-26,28-32], respectively.

In the relevant literature, we observe that works in the area of matrix differential
equation are not as active as they were in scalar and vector differential equations.
Hence, results for the nonlinear differential equation in which the unknown function
X is matrix-valued (so that X : R — R™*") are relatively scarce (see [19,22] and
[27]). For example, in 1976, Tejumola [27] discussed the asymptotic stability, ultimate
boundedness and presence of periodic solutions of second order matrix differential
equation here X + AX + H(X) = P(t, X, X), where A is an n x n symmetric matrix
with constant values. X, H(X) and P(t, X, X) being continuous n x n matrices in the
real domain. He introduced some standard matrix notations which were widely used.
That is, the continuous n x n matrix function H(X) with n? x n? generalized Jacobian
matrix denoted by JH(X) and the constant n x n matrix A. He also proved two
lemmas which are vital to the proof of the stated theorems. The obtained results are
a generalization of an earlier result of [10]. If X € R”, the special case for which n = m
and ¥(X) = B(X) in (1.1) for the equation X +AX + BX + H(X) = P(t, X, X, X),
where A, B are n X n symmetric matrices with constant values, with X, H(X) and
P(t, X, X) being continuous n X n matrices in the real domain has been studied by
Omeike [19] for the ultimate boundedness of solutions of a certain third order nonlinear
matrix differential equations. In the same vein, Omeike and Afuwape [22] proved the
ultimate boundedness results of the same equation under some specified conditions
on the nonlinear terms. The result obtained here is a rectangular matrix analogue
of the results obtained in [19,22] and an extension of the matrix result achieved in
[27]. This means that if n = m in (1.1), the result obtained in this study reduces to
the results obtained in [19] and [22] which are square matrix equations and which
themselves are matrix analogues of the vector equations in [3] and [12].

The investigations in Olutimo [16] are related to [27] and provided the extensions
of some of the results of [27] to (1.1), where X is a rectangular matrix (i.e., X :
R — R™™) and A, B are n X n symmetric matrices with constant values. X, H(X),
and P(t, X, X, X ) being continuous n X m matrices in the real domain. The present
investigation is based on [16] where X : R — R™™ n % m and BX = ¥(X) in (1.1).
Based on our review of the literature, no research derived from [16] was discovered.
Moreover, the results for which the unknown function X is not a square matrix
were left open in [27]. Tejumola in [27] remarked: “Our present investigation is of
explanatory nature, efforts are being made to expand its scope to cover the situation for
which the unknown function X is not necessarily a square matrixz. Our results in this
direction will be announced elsewhere.” To our knowledge, results in this path do not
exist. In this case, we shall give augmentation of some results of [16] to certain third
order matrix differential equations (1.1). In addition, matrix differential equations
contribute appreciably to the study and plan of complex dynamic systems across
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various fields, giving valuable insights into the dynamic behaviour of interconnected
elements. Systems of this type occur in response and stability of electrical and coupled
circuits (see [6] and [27]). In particular, the intuitive idea of qualitative properties
of solutions of rectangular matrix differential equations is of practical importance
in analyzing the layout of control systems, models of cross interactions between
competing species, and spread of diseases in a community with different traits as well
in image compression and processing of tasks. Also, the results obtained in this work
will be comparable in generality to the results obtained in [3,12,16,22,26,27] and some
results existing in the literature. A numerical instance is provided to demonstrate
the importance and relevance of the results achieved as well as provide a graphical
analysis to corroborate our discoveries regarding the behaviour of solutions of the
rectangular matrix equation (1.1).

2. REPRESENTATION AND DEFINITION

We shall use the following standard matrix representation in this study. For X & M,
XTandz;,i=1,2,...,n,7=1,2,...,m, represent the transpose and the elements of
X, respectively with (x;;)(yjx), k = 1,2, ...,n, the matrix product XY7 of X|Y € M.
Xi = (Ti1, iz, - . ., i) With X7 = col(z1;, Tia, . . ., ;) signify the ith row and jth
column of X, respectively, and X = (X1, X5, ..., X,,)T being nm column vector having
n rows of X. Now let us represent JH(X) the nm x nm generalized the matrix
representing the partial derivatives is the matrix linked to the Jacobian determinant
W at X when using the function H : M — M. Also, J¥(X) the nm x nm
generalized matrix representing the partial derivatives is the matrix linked to the

Jacobian determinant % at X when using the function ¥ : M — M.

For matrix A € N with constant values, we assign an nm X nm matrix A having
nm diagonal m x m matrices (a;;1,,) (I, is the unit m x m matrix) and so that (a;;1,,)
belongs to the ith-n row and jth-n column of A. A is al x [ matrix where [ = mn.
In the particular instance in which A is a 2 x 2 matrix, X is a 2 x 3 matrix, A is the

6 x 6 matrix
arls  ai2l3
agils axnly |-
For any given X,Y € M, (X,Y) = trace XY7. | X = Y|? = (X — Y, X —Y) defines

a norm on M. | X|| = |X|um, where | - |, refers to the standard Euclidean norm in
R™ and X € R™ is defined as mentioned earlier.

3. PRELIMINARY RESULTS

We shall use the following results to prove our theorems.
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Lemma 3.1. Assume that matrices A and JH(X) are symmetric and commute with
respect to X € M and H(0) = 0. Then,

1 —
(3.1) (H(X), AX) = / XTAJH(o X)X do.

0

Proof. Since H(0) = 0 and each h;; € €(M), i,j=1,2,...,n, we have the following:
1 4 1 m o
(32)  hy(X) = /0 —hij(€)dor = /0  DUAC R

= 00k

But, by definition

(H(X),AX) = trace { (Z awscm> T} ;

so that, in the light of Equation (3.2),

<H(X AX / Z Z (9 Tl xklZalk:p;ﬁda

1,7=1k,l=1

The representation (3.1) follows from the definitions of A and JH(X) and the fact

that A is symmetric. 0
Lemma 3.2. Consider JH(X) being symmetric for any X € M with H(0) = 0.
Then,
d 1 . —
(3.3) %/ (H(0X), X)do = (H(X),X), for all X € M.
0

Proof. We know that

(3.4) i/ol<H(aX),X>da:/OI(H(JX),X>da+/01<th(aX),X> do.

Observe from equation (3.2) that:

d R Ohyj
—H(oX) = (0 ami?

7 x’kl>, where ¢ = 0X,

k=1
from which it follows, by the definition of the inner product, that

<th(aX),X> s ("f Ohij ) s (Z O )x]

ij=1 \ki=1 axkl ij=1 \k,i=1 Oy

since JH(X) is symmetric. Therefore, by interchanging the order of summation and
replacing k, [ by ¢ and 7, respectively, we have that:

(3.5) <$H(UX),X> =0 ’i” (nf 8h"j<5)xkl) i = <oddH(aX),X>.

ij=1 \k,i=1 O o
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Since
d & 0h(€)
hi' = J Tk, b 32,
p i(€) k§1 T y (3.2)

integrating (3.5) by parts, we have
1 1

/ oL H(oX)do = H(X) — / H(0X)do.

0o do 0
The integral (3.5) equals

. 1 .
(H(X), X) = [ (H(oX)do, X).
0

and substituting into (3.4), the result (3.3) is obtained. O

Remark 3.1. Lemmas 1 and 2 respectively of [27] is now included in Lemma 3.1 and
Lemma 3.2 if n = m.

Lemma 3.3. Set U(0) = 0 and presume that JU(Y) is symmetric for any Y € M.
Then,

1
(B(Y),Y) = / (YT[JU(rY))Y }dr.
0
Proof. The proof proceeds by making use of the result
1
- / JU(7Y)dr,
0

for Y € M, which is obtained by integrating the equality

d
U(rY) = JU(rY)Y.
that is,
1 n,m a¢z
wz] / ¢’Lj / 2 ykldU pP =70y,
do 0 g=1 0
with respect to o, taking into account that W(0) = 0 and each v;; € €' (M), i =
1,2,....,n,5=1,2,....,m. [l
We express (1.1) as
X =Y,
Y = Z,
(3.6) Z=—AZ —U(Y)—-H(X)+ P(t,X,Y, Z),

where an n X m matrix X is the unknown function, A is an n x n symmetric matrix
with constant values, W(Y), H(X) and P are continuous n x m matrices in the real
domain.
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4. STABILITY OF SOLUTIONS

Here, we investigate the stability of solutions of equation (1.1), where P = 0 in
equation (3.6).

The following result will establish the stability of solutions of (1.1).
Theorem 4.1. Let us assume H satisfies a condition for the existence and uniqueness
of solutions of (3.6) with H(0) =0 and for any X,Y € M.

(i) The matrices A, JU(Y'), and JH(X) exhibit symmetry and are positively definite.
A, JU(Y), and JH(X) commute pairwise and are associative.

(ii) The eigenvalues \;(A) of A, Ni(JY(Y)) of JU(Y) and N\;(JH(X)) of JH(X),
1=1,2,...,nm, satisfy:

0 <3, < N(A) < A,

with dq, 0y, On, DNg, Dy, Ay, being finite constants.
Then, every solution of equation (3.6) satisfies

X2 =0, [YOI2 =0 and |Z®)|? =0, as t— +oo.

Proof. For the proof of Theorem 4.1, we use the following function V = V(XY Z)
as specified by

(4.1) oV = 2V, + 2V},
where
1 1
2V, :2/0 (H(EX), X)deE + QQ/O (U(rY),Y)dr + o(Z. Z)
T 20(Y, H(X)) +2(Y, Z) + (AV,Y)
and
2V}, =26, /01<H(gX), X)de +2 /01<\I/(7'Y), Y)dr + (AY, AY) + (Z, Z)
+ 176205 (X, X) 4 206704, (X,Y) + 206,04(X, Z) + 20,(Y, Z)
LY, H(X)) — ndudu (YY),

where
1 8y
(42) 67(1 < Q < Kh
and
(1 6, 21+ 84)0p — 2(1 + 0) Ap —62(Dg — 34)?
4.3 < e a
4y < T e

(1 + 9)511 - (1 + 5a)}
25,151/,5;1(&@ —0,)2)
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It is clear from (4.1), that V'(0,0,0) = 0.
V., can be re-written as

2V, —2@/ Y)dr + 20(Y, H(X)) + (Y, AY) + 2 /01<H(§X), X)de
+gz+glyz+91Y> o YY),
For each term of the above expression, it is clear that
20 /01<\I/(TY), Y)dr + 20(Y, H(X)).
By Lemma 3.3,
2 | LY, Y dr = 2 / 1 | IV (Y)Y, Y)drdn,
and
2Y, H(X)) = 4/01 /01 Y, H(X))dnrdr.
So, that

29/ Y)dr + 20(Y, H(X))

IQQ/O /0 IV (rmY)Y,Y) + (Y, H(X))} drdm.

It should be noted that matrix J¥ is as assumed in condition (i) of Theorem 4.1.
Hence, J W2 and JU 2 do exist which are non-singular and symmetric for all Y € M.
So, we have

(4.4)
o(JUY,Y)dr + oY, H(X Z ol JU2Y 4+ JU 2 H(XH)2 — o{ XT[JU ' JH? X},
=1

where JU stands for JU(m7Y) and JH for JH(X). Thus,

2V, :2/01(}[ £X

1 1
_ 2 / 71 / (XTI (Y ) TH(m X)) TH (17 X) X Yo
0 0
+0o(Z4+ 07, Z+ 0 Y)+(AY,Y) — o}, Y)

1 1 m 1 . 1 .
(4.5) +2/ n/ o> [ JTEY 4+ JUEH (X 2dry.
0 0 =1
From (4.5), the expression
1 1 1
2 / (H(rX), X)dr — 20 / n / (XT[I0 (7Y ) IH (X)) TH(r7.X) X Yo
0 0 0

1 1 R
—9 / . / (XT[ = oIV (rmY)TH (1 X TH(r X)X Ydrim
0 0
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>(1— 06, Ap)on| X2,

Also, we give the estimate for this expression in equation (4.5)

AZ+ 0 'Y, Z+07'Y)=> 12"+ 0 'YV[2.
=1

Also,
(AV,Y) = o (YY) = (A= o DY, Y) = {Y"(A - o' DY} > (6 — 0 Y[,
Combining all the estimates of V,, we obtain

(46) 2> (1— 08, D)X + (00 — 0 Y, + D012 4 oY

1=1
> (1= 005 Ap)on| XN* + (60 = o DIIYI?+ 1 Z + 07 Y.
Similarly, we re-arrange 2V} to get
2V =Y | Z° 4 6.Y" 4+ ndady X'|2 + (AY, AY)
=1
1
+2 [ (U(rY),Y)dr — 6,(Y.Y) + 1da0,, (1 — nd,) (X, X)
0
1
20, [ (H(rX), X)dr — 6, (H(X), H(X))
0
+ 64(0a =06y ) (YY) + 64 (Y + 0, H(X),Y + 6, H(X)).

For this function it is easy to see term by term that
(AY,AY) — (YY) = (A"~ DY, Y) = YI(A" — 2D)Y = (62 — 2|V 2,
= (0; = )IIY[* > 0.

By Lemma 3.3, we obtain for the following expression
2/017/01([J\I/(7Y) — 5,0V, Y)drdo =2 /01 /01 HYT[3U(rY) — 6,1)Y Ydrdo
=y T(6,1 - 6,1)Y.
> (8 = 0p)|Y |

=(dy — dy) 1Y
>0.

Moreover, the expression gives
16262, (1 = 102)(X, X) = X" (00407 (1 — nda) X > 16263, (1 — nda)| X7,
Also, we get the estimate for this

0a(0a —16y) (YY) = Y6,(80 — 00y)Y. > 6480 — n0y)|Y |2,
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Furthermore, this expression yields
1
20, [ (H(rX), X)dr — 6, (H(X), H(X))
0

1 1 ~

9 / n / (XT[6,1 — 6, TH(r, X)|TH(7 X)X }dry 75
0 0

> (00 — 6, D) 0n| X2,

and
0p(Y + 8, H(X),Y + 6, H(X)) = 6y > V46, H(X)]2,
i=1

Combining the estimates of V},, we have:
(4.7) 2V, 20040y, (1 = 00a)| X170 + (80 — 65 An)0| X2,

+0a(0a = 00y [Y[5 + 0y DY+ 0, H(X)[

i=1
) NZ+ 8 Y+ nda0y X2
i=1
Thus, combining estimates (4.6)—(4.7) in Equation (4.1), we obtain
2V >(1 — 00, Ln)0n| X |2, + 10202 (1 — 00, )| X |2, + (00 — 05" D) 00| X[,
+ (00 = 0 DY + 0a(8a = 08p) Y [, + D120+ 07 Y2

=1

(4.8) + o Y Y O H(XDE +D 12"+ 6" + 10ady X'[2.
=1

i=1
That is,
2V > 0n(1 = 00, D) [ X N1 + 10267 (1 = nda) [ X (12 + 00 (60 — 65" L) | X[
+ (00 = oY IP + 0a (0 = o) Y [P + 1 Z + o~ 'Y?
+04|Y 4+ 0, H(X)|? + (| Z + 6.Y 4 066y X ||,
where
(6 — D0, ) >0 and Ay 050, — ARdyt) >0, by (4.2).

Thus, it is very clear from the terms in equation (4.8) there is a constant D; > 0
very small so that:

(4.9) V= Di(IX*+ YT + 11211,

for every X,Y, Z € M. The above estimates are valid since

SoIX =Y1Kl = X[, = X[, for any X € M.
i=1 i=1
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Consider (X (t),Y (t), Z(t)) as arbitrary solutions of the system in (3.6). We now
differentiate the function V' (t) = (X(¢),Y(t), Z(t)) defined in (4.1) with respect to t
along the system (3.6) and using Lemma 3.2, yields

V(t)=— ;n(sa@, /0 1 XTIH(rX)Xdr — {YT[(1 4 6,)TT(Y)
— (14 0)JH(X) — o265, 1Y}

_ ;{ZT[(l +0)A — (146,12}

1
4

- inda@, { /0 1 XTIH(T X)X + 4(JU (1Y) — 6,I) X, Y)} dr

1 —~ ~
16,6, { /O XTIH(r X)X + 4{(A — 5,D)X, Z)} dr

1 _ N _ s
— S {20+ A - (140,12} +2(A - 5.DAY. 2)}.
Following the same reasoning in (4.4), it can be observed that
XTIH(r X)X + 4((A - 6,1)X, Z)
—S|JHI X+ 2JH 2 (A — 6,172 — {Z7[2(A — 6,.1)JJH 2]2Z}.
=1
Also,
XTTH(T X)X 4+ 4((JU(Y) — 6,1 X, Y)
=S JHIX + 2JH 2 (JU(Y) — 6,D)Y2 — {YT[2(30(Y) — 6,D)JH ]2V},
i=1
where JH = JH(X) and
Z"[(1+ o)A — (1 +6,)1Z + 2({(A — 6,1)AY, Z)

~ ~

:i 11+ A — (1+8,)T2 2+ [(1+ 0)A — (1+ 6T (A — 5,DAY[

Y71+ o)A — (1+ 0T (A - 5,1)2A°Y}.
Thus,
V(t) < — ;néaéw /0 XTIH(X)Xdr — {YT[(1 + 6,)T0(Y)
— (1+ @) JH(X) — 66,1y}
A2+ A — (14 6)T)2)
+ inéaéw /O 1 {(Z7[2(A - 6,1)JH 2]*Z}dr

1 =~ 1
+ inéa&/} / Y230 (Y) — §,1)JH 2]?Ydr
0
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+ ;{YT[(l L o)A~ (1+8)T (A - 5,I)?A’Y).
Note that,
/O 2T - 5D IH 22 Y dr — 4 /0 ZTHN(A - 0,04 2)dr
and
/ YTy — 5,0 IH Y dr — 4 | YTIH O (JU(Y) — 6,0V dr
It follows that

. 1
V(t) < — 27 8,0, / XTIH(rX)Xdr
0

- /0 1 (YT +6,)30(Y) — (1 + ) TH(X)
— 002041 — o, S TH (JU(Y) — 6,1)2
— 27 (1 + 9A — (1+ 6T (A — 5,1)°A"]Y Jdr
—o 2T+ )R — (1+8,)T - 208,6,JH (A — 5,0)? 2} dr.
Using the hypothesis (ii) of Theorem 4.1 and following the same reasoning in [24,
Lemma 1] and [26, Lemma 2], to get
V(1) < —27'ndudyonl X7,
— [(146a)8, — (14 0) Db =020y — nBabyby (D — 6)?
=27 (L )00 = (1+8)) 7 (B0 = 0002 [V
=271 (14 )80 — (14 6a) — 200006, (Da — 0a)°| 1212,
If we choose 7, such that it satisfies (4.3), then we obtain
(4.10) V(t) < =6|X[2, = 6lY[5, — 8| 2],
where
51 =2"10846,0n,
8y =(1+04)0y — (14 0) D —nd38y — 10adydy, (Dy — 6y)?
=271 (14 000 — (14 6a)) ™ (L — 00)202]
05 =271 [(1 4 0)00 — (1 + 02) — nBabyfy (Da — 0,)7]

The above estimates are valid since

SOIXT =30 IXl = X, = X, for any X € M.

i=1 i=1
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Thus, V(t) < 0. Now, using 4V (X,Y, Z) =0 with (3.6), it is evident that X =Y =
Z = 0. Thus, the conditions stated in Theorem 4.1 are met.
Therefore, the trivial solution of (3.6) exhibits asymptotic stability. U

4.1. Numerical Example. Let us consider (1.1):
(4.11) X +AX +U(X)+ H(X)=0, XeM,

M being the set of all matrices with dimensions n x m over the real numbers.
We consider the equivalent system of equation (4.11) in equation (3.6). Let us take
for n =2 and m = 3 with

A:<4 0) w<y>:(4yl+ﬁ1§ 2+ 10 5@/3*%%3)

0 2 6ys + ?i?yf% 4ys + ﬁﬁg Sye + %
and
H(X) = ( 0.1tan(1)ac21 +0.01z, _10.1952 0.01tan' 25 + 0.1z > |
224 tan™ x5 + 0.1x5 0.11zg
Thus,

X:<l’1 T2 $3>’ Y:<y1 Yo y:s)? Z:<21 22 23>‘
Ty Ty e Yo Ys Ys 24 Z5 X6

By the notation,

400000
040000
— 004000
A= 000200}/
000020
00000 2
0.1 1 0.01 0 0 0 0 0
1+a:1
0 0.1 0 0 0 0
0 0 99 4101 0 0 0
JH(X) = 5] +
0 0 0 0.2 0 0
0 0 0 0 7z +01 0
5
0 0 0 0 0 0.11

and
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where
2
e o 0o
0.2y32 0.1
0 R e e 0 000
0.02 )
JU(Y,) = 0 0 b=z iz 00 0 |,
0 0 0 000
0 0 0 000
0 0 0 000
with
000 0 0 0
000 0 0 0
000 0 0 0
_ 0.2y3 0.1
JU(Y)=10 0 0 6~ e T i 20 0
2y 1
000 0 4= oy e 0
00 0 0 0 5 — 00028 o0.001

(1+y2)2 1+y2

Clearly, A, JU(Y) are symmetric. A, JU(Y) and JH(X) are associative and
commute pairwise.
A simple calculation (with the earlier notations), it is clear that:

6. =2<MNA)<4=21A, i=1,234756.
Thus,
Sy =4 < NIV(Y)) <6.1=~Ay i=12314,56
and
5 =01< NIH(X)) <11=A, i=1,234,56
and since, by (4.2),

1_,.2
2 S¢S

we choose o = g so that
n < min {0.5,1,0.0009, 0.002} ,

with the fulfillment of the conditions of Theorem 4.1, the solutions of (3.6) exhibit
asymptotic stability.

Remark 4.1. For the case m = 1 (that is in R™), Theorem 4.1 reduces to Corollary 1
in [10] and [27], with obvious modifications.

Remark 4.2. If specialized to case n = m =1 (that is in R) and h(z) = cx, equation
(1.1) reduces to the scalar differential equation with constant coefficients:

T +ai + bz + cx = 0.
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5. BOUNDEDNESS OF SOLUTIONS

Here, we investigate the boundedness of solutions of (1.1), where P # 0 in the
equivalent system (3.6).
The following is our boundedness result for (1.1).

Theorem 5.1. Assuming all the conditions of Theorem 4.1 are met and P satisfies:
(5.1) 1P(t, X, Y, Z)|| <61(t) + () (IX|1° + 1Y ] + [12]%)2
1
+oo(I X[+ Y1 +11Z11)2,

for all t > 0, uniformly in (X,Y,Z), where v, 0 < v < 1, and dy > 0 are constants
and the continuous functions 01(t), Oa(t).

There are constants No, /1, such that if 6y < Ao, then every solution X (t) of (1.1)
ultimately satisfies

IXOI* < &0, (IXOIP < 0, (IXO < A,
for all sufficiently large t.

To prove Theorem 5.1 we use the matrix scalar function defined in (4.1).
The result below readily follows from (4.1).

Lemma 5.1. Assuming the satisfaction of all conditions of Theorem 4.1, there exist
constants Dy and Do such that:

(52)  DulIXIP+IIYIP+[1Z2]1°) < VX, Y, Z) < Do([|XI1* + Y] + (| Z]),
for any given XY, Z € M.

Proof. It should be noted that V,, 4+ V}, is now the expression in (4.8).
The left side of (5.2) in Lemma 5.1 is established in (4.9) if we can find D; > 0
very small so that:

V> Di(IXIP+IYIP+112)%), for XY, Z € M.

Also the right side of (5.2) of Lemma 5.1 follows by the same reasoning in [3, 10, 24]
and [26] if we choose

Dy = max{2 Ay +6, Ap 406207, + 10564 + 1040y,
200+ 0 Dy +14 0 Dy +07 + Dy + 1026 + Dp + 1020y, 2 + 0+ nda0y }-

The above estimates are valid since
m m
X =YXl = X5, = [IX]?, forany X € M.
i=1 i=1

The proof of Lemma 5.1 is now concluded. 0J

We also require the following lemma.
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Lemma 5.2. Assuming the satisfaction of all the conditions in Theorem 4.1, con-
sider solutions X (t),Y (t), Z(t) be solutions of (3.6) with V(t) = V(X (t),Y(t), Z(t)).
Constants No, D3 and Dy exist such that if 6y in (5.1) satisfies o < Ao, then

(53) V(1) < =DsQ”+ Da(t1(1)Q + 6()Q"™),  Q = (IX|” + [V + |1 Z])?.

Proof. Given V (t) ), for P =0 in (4.10), now for P # 0 in (1.1), along any solutions
of (3.6) we have

V(1) < = 61|X[%, — 8lY]5, — 8l 2],
+ (n020, X + (14 6)Y + (1+0)Z, P(t, XY, Z)).
That is,
V(t) < = 0l X[7,, — 6|Y 7, — 031215,
+ {n0zu | X1+ (L+ 01V + (1 + oI ZI}HIP(E, X, Y, 2)].
If P(t,X,Y, Z) satisfies (5.1), we get
V(1) < = 0l X7 = 6l Y|* - 65| 2|
+ 020y | X[+ (L4 8) Y + (1 + )| ZID [ (62 (1) +
+0,() (1XI2 + IVIP + 12)7)E + 8 (1K1 + 1Y)+ 121) 7).
Thus,
V() < = il X2 = S| YI? = 83| Z]1° + 82Q01(t) + 6405(£) Q" + 6160Q°,

where 0, = max{nd2d,, (1+4,),(1+ 0)}.
Let /Ay be now fixed as

1
AO = 554_1 min{51, 52, 53} > 0.
Then, for g < Ay, we shall have from the above inequality for V that

V(t) < —05Q% + 6.{61(1)Q + 62(£)Q Y,

where d5 = 0gg. Thus, we obtain (5.3) with D3 = ¢5 and Dy = d4. The estimates
above are valid since

DX =Y1Kl = X[, = IX7,
=1 =1

for any X € M.

We conclude the proof of Theorem 5.1 by using inequalities (5.2) and (5.3) and by
adapting the reasoning presented in [16], we can easily conclude this part of the proof,
therefore, we skip it. Hence, Theorem 5.1 then follows as pointed out earlier. O
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5.1. Numerical Example. We consider the non-homogeneous form of (4.11) in
Example 4.1 as

X +AX +U(X)+ H(X)=Pt,X,X,X), XeM.

Suppose we choose

1 1 1
2 2 2 2 2 2 2 2 2 2 2 2
P(t, X, Y, Z) — ( 1+t +x1+y +z 1+t +a:1+y +z 1+t +w1+y +z ) .
T+Ht24224y2 422 1H24224y2 422 142402 Hy2 422

We have that

PRV, 2) = o (D1 + W + 3122 )

<6 (IX[ + 1[5+ 120) < 6 (1XIP + 1Y I° +112)°) < 6

Remark 5.1. If n = m (that is R™") and ¥(X) = B(X) in (1.1), Theorem 5.1 reduces
to Theorem 1 in [22]. That is, a direct generalization of [22] and [19].

Remark 5.2. For the case m = 1 (that is in R") in equation (1.1), this result is a
matrix analogue of a result of [3,12] and [26] with obvious modifications.

6. CONCLUSION

This study gives an insight into the qualitative behaviour of solutions of third
order rectangular matrix differential equations. The use of Lyapunov’s direct method
provides an effective approach to analyze and establish sufficient conditions on stability
and ultimate boundedness of solutions of rectangular matrix differential equations as
well as provides a valuable tool for the wider study of dynamical systems whose state
variables are valued in rectangular array. Numerical simulations and analysis were
given in system (4.11) which satisfies all the conditions of Theorem 4.1, Theorem 5.1
and inequalities (4.2) and (4.3). These new results significantly improve those present
in existing literature as well as contribute to the qualitative aspects of the theory
of matrix differential equations thus providing for the development of more general
formulations.
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FIGURE 1. The plot of triple (z1(t), y1(t), 2z1(t)) where x1(¢) (in pink),
y1(t) (in blue) and z;(t) (black) respectively of system (4.11) meeting
the conditions of Theorem 4.1

out[«]=

FIGURE 2. The plot of triple (za(t), y2(t), 22(t)) where z5(¢) (in pink),
y2(t) (in blue) and z(t) (black) respectively of system (4.11) meeting
the conditions of Theorem 4.1 and Theorem 5.1

Out[«]=

FIGURE 4. The plot of triple (z4(t), ya(t), z4(t)) where z4(t) (in pink),
y4(t) (in blue) and z4(t) (black) respectively of system (4.11) meeting
the conditions of Theorem 4.1
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out[«]=

FIGURE 3. The plot of triple (z3(t), y3(t), z3(t)) where x3(¢) (in pink),
y3(t) (in blue) and z3(t) (black) respectively of system (4.11) meeting
the conditions of Theorem 4.1

Oout[« ]=

FIGURE 5. The plot of triple (z5(t), ys(t), 25(t)) where z5(t) (in pink),
y5(t) (in blue) and 25(t) (black) respectively of system (4.11) meeting
the conditions of Theorem 4.1
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FIGURE 6. The plot of triple (x4(t), ys(t), 26(t)) where x¢(t) (in pink),
ye(t) (in blue) and z4(t) (black) respectively of system (4.11) meeting
the conditions of Theorem 4.1
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