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A general system of three autonomous ordinary differential equations with three discrete time delays is considered. With respect
to the delays, we investigate the local stability of equilibria by analyzing the corresponding characteristic equation. Using the
Hopf bifurcation theorem, we predict the occurrence of a limit cycle bifurcation for the time delay parameters. Thus, some new

mathematical results are obtained. Finally, the above mentioned criteria are applied to a system modelling miRNA regulation.

1. Introduction

The future status of many systems arising from engineering,
physics, mechanics, biochemistry, or systems in biology
is determined not only by their current behavior but is
also by their history. Such phenomena are called delay or
genetic effects. Time lags in continuous systems can produce
complex dynamics and instabilities. In the recent years, many
mathematical models that have appeared in the literature
involve either a single discrete delay to investigate the role of
phosphorylation, negative or positive feedback regulation of
transcription factors [1-4], and gene expression multistability
[5]. Several papers [6-13] among others consider systems
with two or three discrete delays. When there is more than
one delay in the equations, the local theory for stability is not
fully complete.

A dynamical system which is not finite dimensional is
called an infinite dimensional dynamical system. A class of
infinite dimensional system can be determined by functional
differential equations of the retarded type. To introduce such
equations, we let C, denote the set C[[-r, 0], R"] with the
norm defined by |||l = max{|¢(t) : —r <t < 0|} where | - |
denotes a norm (e.g., the Euclidean norm). Given a function
x(-) defined on —r < t < 0, let x, be the function determined
by x,(s) = x(t + s) for -r < s < 0. A retarded functional
differential equation (with delay r) is an equation of the form

x(t)=F(tx,), €]

where F € C[Q,R"] and Q is an open set in (R x C,). The
notations of the dynamical system are determined by varying
(ty»x; = W) over some appropriate subset of Q). As far as
0
we know, the first statement similar to the Hopf theorem
(concerning the bifurcation of periodic solutions from a
singular point of an ordinary differential equation) [14] for
retarded functional differential equations was given in [15].
In this paper, we consider stability and bifurcation behav-
ior of a three-dimensional system of autonomous ordinary
differential delay equations of the form

)= flx@®),xt-0),y®),yt-8,z@1),z(t-1)),
Y () =gx®),xt-0,yt),yt-8,z(),z(t-1)),

2O =h(x®),xt-0,y®),yt-8,z(),z(t-n)),
(2)

where (' = d/dt); f,g.h: RxRxRxRxRxR — R,
are such that solutions to initial value problems exist and are
continuable.

2. Derivation of the Characteristic Equation

We assume that f, g, and h have continuous first partial
derivatives with respect to their arguments and that there
exists unique x > 0, y > 0, and z > 0, such that



We utilize the following notation: f;,i = 1,..., 6 that
represents the partial derivative of f with respect to its ith

respect to E is
w®\' (fi Sy S5\ [u®
v®) | =9 95 95 v (t)
p(t) hy hy hs p(t)

fo fa Je u(t-1q)
+<gz 9a 96><U(t—f)>-
hy, hy hg p(t-n)

We seek a solution of (3) of the form u(t) = ¢, €X', v(t) = ¢, €'
and p(t) = €X', For nontrivial solutions, this leads to the
following characteristic equation in y:

X3 + alXZ tax+a;+ xR (‘14)(2 +ay+ a13)
_ 2 — 2
+ 0 (“5)( +a8)(+a14) + oM (%X +a9)(+a15)
+ X (arox + ay6) + N (anx +ai;)

+ 07 (g x +ag) + a0 X —
where

a = -(fi+9g;+hs),

a, = f1(gs +hs) = fr91 = fsh + gshs — gshs,
J1(gshs = gshs) + f5(91hs = gshy)

+ f5 (g3l — g1h3) »
a,= — fo, as = =gy
a, = f,(gs +hs) = f39, = fsha

as = g4 (fi +hs) = fag1 - gshas

ag = hg (f1 + g3) = fehy = gehs»

ayy = frhg — fehy,

as

as = —hg,

a = f294 = fa9»

ay, = gahg — gehu

a3 = f,(gshs — gshs) + f3 (9:hs — gshy)
+ f5 (95h, — 9213) »

ay = f1(gshs — gshs) + fi (91hs — gshy)
+ f5 (9ahy — g1h4) »

a5 = f1(gshs — gshe) + f3 (91hs — gsh:)
+ f5 (g5h1 — 91h3) »
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aig = f5(gshs — gshs) + f1 (9:hs — gsh,)
+ f5 (9shy — 92h4) »

a7 = f,(gshs — gshe) + f3 (9216 — gshs)
+ fs (951, — 9213) »

aig = f1 (g6hs — 9shs) + f4 (g1he — g6hy)
+ fo (91 — 91h4) »

A = f5(gshs — gshe) + f1 (9216 — gshs)

+ fs (942 — g2h) -
(5)

Remark 1. We note that y = 0 is a root of (4) if and only if
a3 =013 = Ay = Aj5 = G1g =17 = A3 = A9 = 0.

It is well known that the stability of the equilibrium state E
depends on the sign of the real parts of the roots of (4).If y =
m +in (m,n € R) satisfies (4), then m and » are real solutions;

that is, we rewrite (4) in terms of its real and imaginary parts
as

m’ — 3mn® + a, (m2 - nz) +a,m+ a,
+om [a4 (mz - nz) cosn{ + 2a,mn sin nf
+a, (mcosn{ + nsinnl) + a,5 cos n(]
+om [as (m2 - nz) cos & + 2asmn sin n
+ag (m cos n& + nsinné) + a,, cos nE]
+emM [a6 (m2 - nz) cos ni + 2agmn sin ny
+ay (m cosnn + nsinny) + a5 cos m1]
+ o7 [a;o (mcosn({ +&) +nsinn(( +&))
+agcosn (¢ +&)]
+ 7" [ (mcosn(C +7n) +nsinn({ +7))
+a,; cosn ({ +1)]
+ 78 [a (mcosn (E +n) +nsinn (€ +7))
+aygcosn(&+7)]
+ a0 " cosn (C+E+1) =0,
3mPn—n’ + 2a,mn + a,n
+em [2a4mn cosnl — a, (m2 - nz) sinn{

+a, (ncosn{ —msinnl) — a,5 sin n(]
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+ o [Zasmn cosné —as (m2 - nz) sin n§
+ag (ncos né — msinné) — a,, sin nE]
+emM [2a6mn cos i — ag (m2 - nz) sin
+a, (ncosny — msinnn) — a;5 sin nn]
+ 7 (g, (ncosn (C + &) — msinn ({ + )
—agsinn ({ +&)]
+ 7" (g (ncosn(C +n) —msinn({ +7))
—ay, sinn (¢ +17)]
+ 7 (g, (ncos (€ + 1) —msinn (€ + 7))
—agsinn (& +17)]

—a " sinn (L +E+147) = 0.
(6)

In the absence of delays (( = & = # = 0), E is locally
asymptotically stable if

p=a, ta,+as+ag>0,
gq=a,+a;, +ag+ag+a+a,;+a,>0,
r=az+a;t+ayta;stagtaytagtadg >0, @
R=pg—-r>0.

Because of the presence of three different discrete delays
in (2), the analysis of the sign of the real parts of the
eigenvalues is very complicated, and a direct approach cannot
be considered. Thus, in our analysis we will use a method
consisting of determining the stability of the steady state
when firstly two delays are equal to zero, and when secondly
one delay is equal to zero. Previously, this approach is used
for system with two delays [9, 12, 13, 16-18].

3. The Case { =& = 0 and >0
Setting { = & = 0 in (4), the system (6) becomes
m> = 3mn’ + K; (m2 - nz) + Kym + K;
+em™M [T1 (m cos nn + nsinnr)
+ cos n;1(T2 +ag (m2 - nz)) +2agmn sin nﬂ] =0,
3mPn—n’ + 2K,mn + Kyn

+em [T1 (ncosnn — msinnm)

—sinny (T2 + ag (m2 - nz))] =0,
(8)

where

K, =a, +a,+as, K, =a, +a, + ag + ay,

K; =a;+ay;+ay, +ag Ky=a,+a,+as+ag (9)

T, =ay+ay; +ap, T, = aj5 +ay; + ajg + .

To find the first bifurcation point, we look for purely
imaginary roots y = +in, n € R of (4) (when { = & = 0); that
is, we set m = 0. Then, the above two equations are reduced
to

—Kln2 + K5 = —nT, sinny — (T2 - a6n2) cos ni,

(10)
-+ Kyn = —nT, cosnn + (T2 - aénz) sinny
or another one
(n2 - Kz) T, + (T2 - aﬁnz) (K1n2 - K3)
cosnn = > ,
n?T? + (T, — agn®)
(1)
) (Kli’lz—K3)1’lT1 —n(Tz—aﬁnz) (nZ—KZ)
sinny = .

w?T? + (T, - 616142)2

We note here that it is not possible for (1T} )* and (T, - (16712)2
to be both zero and n = 0 can be a solution of (11) if
K; = T,. If the first bifurcation point is (), 7y), then the
other bifurcation points (1, 7,) satisfy m,1, = myyp, + 2vrm,
v=12,...,00.

One can notice that if n is a solution of (10) (or (11)),
then so is —n. Hence, in the following we only investigate for
positive solutions # of (10), or (11) respectively. By squaring
the two equations into system (10) and then adding them, it
follows that

n® + (Kf -2K, - aé) n*
(12)
+ (K3 = 2K, Ky = T} + 2a5Ty ) n* + K5 =T = 0.

As E is locally asymptotically stable at 57 = 0, it satisfies the
Routh-Hurwitz conditions for stability for a cubic polynomial
(19, 20]. Equation (12) is a cubic in #* and the left-hand side is
positive for very large values of n* and also at n = 0. Suppose
that conditions of Lemma 1(I) in [19] are satisfied; that is, (12)
has at least one positive real simple root. Moreover, to apply
the Hopf bifurcation theorem, according to [19], the following
theorem in this situation applies.

Theorem 2. Suppose that ny, is the least positive simple root
of (12). Then, in(y,) = iny, is a simple root of (4) (at { =
& = 0) and m(n) + in(n) is differentiable with respect to 1 in
a neighbourhood of n = 1,

To establish an Andronov-Hopf bifurcation at = 1,
we need to show that the following transversality condition
dm/dnlﬂznb # 0 is satisfied.

Hence, if we denote

H(xn) =x + K> + Koy + Ky + €71 (ast +T1X+T2)
(13)



4

then
dy _ 0H/on
dqn ~ OH/oy

= xe M (%XZ +Tx + Tz) (14)

X (3)(2 + 2K x + K, —713(“5)(2 + T x +T2)
+0 X (2a5x + T)) )71.

Evaluating the real part of this equation at # = 7, and
setting y = in, yield

d d
d_m = Re <d_X>
M ly=n, 7 Vy=n,
=, [3m;, +2(K} - 2K, - a )
+ K2 = 2KK; + 20T, - T2 x (I + 1),
(15)
where L = -3nm, + K, + 1,(-K\n; + K3) + T} cosmyn, +

2agmysinmyy, and I = 2Kim, + ny(-m + Kym,) +
2agmy, cos nyty, — T sin my 1y,

Let 6 = 1713, then (12) reduces to

gO) =0+ (Kf —2K2—a§)92

(16)
+ (K3 - 2K,K; + 2a,T, - T} ) 0 + K; — T;.
Then for g'(@), we have
i dg
g0)|_ =
'"7% do |-y,
=302+ 2(Ki- 2K, —al)o+ k2 7
- 2K,K; +2aT, - T;.
If 1, is the least positive simple root of (12), then
dg
- > 0. 18
dﬂ 6=n; (18)
Hence,
21 2
d n,g (n
‘:l—m :Re<d—x) :l’f—(‘z’)w. 19)
[ — n L*+1

="y

According to the Hopf bifurcation theorem [21], we define
the following theorem.

Theorem 3. If ny, is the least positive root of (12), then an
Andronov-Hopf bifurcation occurs as n passes through 1,

Corollary 4. When 1 < n,, then the steady state E of system
(2) is locally asymptotically stable.
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4. The Case { = 0;&, >0

We return to the study of (4) which with &, 7 > 0 has the form

¥+ Ky x* + Koy + Kg + €70 (a5X2 +Tyx + T4)
(20)
+ 07X (%Xz +Tsx + T6) +€ X% (apx+T,) =0,

where Ky, = a,+a,,Ks = a,+a,, Kg = as+a3, T = ag+ay,
Ty =ay+aTs =ag+ay, Ts = a5+ ay;, T; = agg + ay,
and 7 = [1, = &7, = 1,7, = E+7]" denotes a point in the
time delay space; thatis, 7 € Q ¢ Ri. Q is the time delay
space and R> denotes the set of nonnegative real numbers. In
order to assess the stability of (2) with respect to any delay 7,
one should know where all y roots of (20) lie on the complex
plane. Equation (20) has infinitely many roots on the complex
plane due to the transcendental term ¢7**. This makes the
analytical stability assessment intractable.

In Section 2, we obtain that in the absence of delays, E is
locally asymptotically stable if the conditions (7) are valid. By
Remark 1, this implies that y = 0 is not root of (20). Further,
we introduce the following simple result (which was proved
by [18]) using Rouche’s theorem.

Lemma 5. Consider the exponential polynomial P(y, €™ X"™,
e €)= e p Oy e p O D + [y
PPN ek [p T ek p ok pU e,
where 7; > 0 (i = 1,2,...,m) and py) (i=01....,mj =
1,2,...,n) are constants. As (T,,T,,...,T,,) vary, the sum of
the order of the zeros of P(x, £ X", ..., €7X™) on the open right
half plane can change only if a zero appears there or crosses the
imaginary axis.

Obviously, in (n > 0) is a root of (20) if and only if n
satisfies

—n’i — Kyyn® + Kani + K,
+ (cosnt, —isinnt,) (—a5n2 + Tyni + T4)
(21)
. . 2 .
+ (cosnt, —isinnt,) (—aén + Tsni + T6)
+ (cosnt, —isinnty) (ani +T,) = 0.
Separating the real and imaginary parts into (21), we obtain
- K41n2 + K¢ + ajnsinnty + T, cosnt,
2 .
= (asn - T4) cosnt, — Tznsinnt,
+ (a6n2 - T6) cosnt, — Tsnsinnt,,
(22)
3 .
-n" + Ksn + ajncosnty — T, sinnt,

— 2 g
= (T4 - asn ) sinnt; — Tyn cos nt;

2\ .
+ (T6 —agn ) sinnt, — T5n cos nt,.
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We square and add (22), and after simplifying, we get that 7
and n must be among the real solutions of
n® + (Ki1 - aé —ag — 2K5) n*

+ [Kg + afz - T32 - T52 +2 (a5T4 +agTy - K4K6)] n

2, g2
+Kg + T,
2 .
=2 [(K41n - Ke) (T, cosnty + ansinnty)
2 .
+n (n - KS) (ancosnty — T, sinnty)

+ (a5n2 - T4) (a6n2 - T6) cosn (1, - 1,)
+Tsn (aSn2 - T4) sinn (1, - 1,)

+Tyn (T6 - a6n2) sinn (1, - 1,)

+T,Tsn* cosn (1, - 12)] .
(23)
We note that the right-hand side of (23) is always less than
2[|Kyn’ = KlIT, + aynl + [n* = Kgllaypn — Tyln + lasn® -

Tyllagh® — Tg| + |Tsllasn® — T, |n+ | T5||Ts — agn®|n + | T5 Ts|n*].
Hence if the inequality

2 2

6 4
w +(K41 —a;

- ag - 2K;) w

+ [K; + afz - T32 - T; +2(asTy + agTg - K41K6)] w?
+ Ké + T72

>2 [|T3T5| 0+ |K41co2 - K6| T, + a,w|

2 2 2
+|w —K5||a12w—T7|w+|a5w —T4||a6a) —T6|

+|T5] |¢15w2 - T4| w + T 'T6 - a6w2' w]
(24)

has no real solution on 0 < w < n,, then (23) cannot be
satisfied. Note that n, is the positive solution of first equation
in (6) (when m = 0 and { = 0), which we write as
(a, +ag)n’
=y (n)
2
= [a3 +ay; — (ag cosné + ag cosny) n
+ (ag sinné + ay sinnny + a, sinn
+ay; sinny + ap, sinn (& +1))n

+ a4 cos n€ + a5 cos ny + a;¢ cos né

+ay; cosnn + ayg cosn (& + 1) + a;g cosn (& +1) ]

<as+ag +|ag| + |ags| + |ae] + |ay|

+ la18| + |a19| + (|a8| + |a9| + |a10| + |6’11| + |alz|)”

 (as] + a) . e

(ay +ay + |as| + |(16|)n2 — (|ag| + |as| + |ao| + |ay| + |arz]) n

—(as +ay; +"‘+|“19|) =
(25)

Thus, for n,, we have

n, = (b+ VB + dac), (26)

2a

where a = a; + a, + |as| + |agl #0, b = |ag| + - -+ + |a;,| and
c=a;+ap;+layl+--+lapl Itis clear thatn < n,.
Rearranging terms, we write (24) as

(|K41w2 - K6| -1+ a12w|)2
+(w|a)2—K ' —|apw-T |)

+ (Jas| @ = |T4]) + (lag) ® ~ [To])’

+(T +T2)w > |a5w —T|+'a6w - 6'

+ (|a5w2 - T4| + |T5|w)2 + (|T3| w+ |T6 - a6w2|)2
+(|Ts| + |T5|)2w2 + afzw2 + Tf + T52 + T72.
(27)

Hence, the following theorem can be formulated.

Theorem 6. Let a; + a5 + |ayl + -+ |ag| # 0 and (27) hold.
Then there is no change in stability of E.

Remark 7. In the special case that & = #, the characteristic
equation (20) becomes

XS + K41)(2 + Ky + Kg + €747 (T56X2 + T35 + T46)
(28)
+ 0K (a,x +T,) = 0,

where Tsg = a5 + ag, Tss = T3 + Tsand Ty = T, + Tg.
Therefore, this case is a private one of Theorem 6.

Corollary 8. If conditions of Theorem 6 are not valid and Tsif
is defined as in Theorem 3, then according to Lemma 5 for any

T, € [0,1,), there exists a T3f(T2) >0 (lef(Tz) > 0 resp.)
such that the steady state E of system (2) is unstable when T, €

[0, T;f(‘[z)) (r; € [0, "'1 (Tz)) resp.), and an Andronov-Hopf
bifurcation takes place.



5. The General Case (,,17 > 0

Similar to Section 4, we set that y = in (n > 0) is a root of (4)
if and only if # satisfies

3. 2 .
- —an + ayni+a,
. . 2 .
+ (cosnt, —isinnt,) (—a4n + ani + a13)
. . 2 .
+ (cosnt, —isinnt,) (—asn + aghi + aM)
P 2 .
+ (cosnt; —isinnty) (—a6n + aghi + “15)
+ (cosnt, —isinnt,) (agni + a,g)
+ (cosntg — isinnts) (ay,ni + a,)
+ (cos ntg — isinnty) (ay,ni + agg)

+ayy (cosnt, —isinnt,) =0,

(29)
wherer = [1, = (1, =865 =n1,=0+&17, = +7,
7, = £+ 1,7, = { + &+ )" denotes a point in the time dela
space; that is, 7 € Q ¢ R]. Q) is the time delay space and R’,

denotes the set of nonnegative real numbers.
Separating the real and imaginary parts into (29), we have

2 -
—-an" +ay;—-A, -B -C, =-D, -E, - F, —agcosnt,,

-’ +an+ A, + B, +C, =D, +E, +F, +aysinnt,

(30)
where
_ 2 .
A, = (gyn” —ay3)cosnt; — a;nsinnt,
_ 2 .
1 = lasn” —ay, ) cosnt, — agnsinnt,,
_ 2 .
C, = (agn” — a5 ) cosnty — agn sinnty,
D, = a,ynsinnt, + a;4 cos nty,
E, = ansinnts + a,; COSnts,
F, = a;,nsinntg + a4 cosntg,
) (31)
A, = (a4n - a13) sinnt, + a;ncosnty,

2 .
= (asn - a14) sin nt, + agn cos nt,,

N
|

C, = (a6n2 - ‘115) sin nty + agrn cos nts,
D, = ayncosnt, — a, sinnty,
E, = a; ncosnt; — a,; sinnrs,
F, = a;;ncosntg — ag sinntg.
Adding up the squares of both equations into (30), we have
n® + Sln4 + Szn2 + S5
=2 {(a4n2 - a13)

2 3 .
X [(a3 —an )cos nry — (—n + azn) sin nrl]
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+amn|(ay - ayn’)sinnty + (-1’ + ayn) cosnr, |
+ayg (ansinnt, + agg cosnt)
+(asn’ — ay,)
X [(a3 - ayn’) cosnt, — (—n3 + azn) sin mz]
+ay (ay;nsinnt, + a,, cosnt,)
+agn[(a; — ayn’) sinn, + (—n° + ayn) cos nr, |
+ ayg (aygn sinnty + a;q cos nty)
+ (agn” - ay5)
x [(a5 - ayn’) cosnry = (—1° + ayn) sinnr, |
+agn[(ay — ayn’) sinnty + (-1 + ayn) cos nr, |
+ (a5n2 - a14) [a7n sinn (1, - 1,)
- (a4n2 - a13) cosn (1, — TZ)]
+ay; [ajgcosn (1, — 1,) —apnsinn (1, - 1,)]
+aynlapncosn(t, - 1,) + agsinn(r; - 1,)]
+ (agn® - ‘115) [a7n sinn (1, - 13)
- (a4n2 - a13) cosn (1, — TS)]
+aygn [apncosn (1, — 13) + ayg sinn (1, — 13)]
+ayg [agcosn (1) — 13) —apnsinn (1, - 13)]
- agn [a7n cosn (1, — 73)
+ (a4n2 - a13) sinn (1, — 1'3)]
+ (a6n2 - ’115) [asn sinn (1, - 13)
- (asnz - a14) cosn (1, - 13)]
+ayon [a ncosn (1, — 13) + a, sinn (1, - 15)]
— ay [aynsinn (1, — 13) — a;, cosn (1, — 13)]
— agn [agn cosn (1, — 13)
+ (a5n2 - a14) sinn (1, - 13)]}
+4a,, {sinn (7, + 1,) [agncosn (1, + 7, + 73)
—asinn(t + 1, +13)]
+sinn(r, +13) [ayncosn (1, + 1, + 13)
—ay,sinn(t +1,+13)]
+sinn(t, + 13) [ancosn (1, + 1, + 13)

—agsinn (1, + 1, + 13)]}
(32)
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where
T, +1,=2(1,+1,) + 15,
T5+ T =T + T, + 273,
s+ 1, =7, +2(1,+13),
Te+T, =17 +2(1,+13),
Ty = T5 =T, — T3 Ty =T =T~ T3 (33)
T5 =T =T1 — T
2, 2, 2, 2
S, =a; +a, +a; +a; —2a,,
2, 2, 2, 2 2 2 2
S, =a) +a, +ag +ay —ay, —a;; —ap
_ 2, 2 2 2 2 2 2 2
Sy = a3 +ay; +ay, +ajs — djg — dy; — dig — Ay
Clearly, the right-hand side of (32) is always less than
3 2
2 {|n —an —an+ a3|
2 2 2
X ||lagn” — aps| + |asn”™ —ayy| + |agn” — ajs
+ay [|apn + agg| + |ayn + ay| + |aygn + aj6l]
3 2
+n|—n —an +a2n+a3|(a7 +ag +ag)
+n(ay +ay;) |a12n + 5’18| ~ (a5 +ay7) |a12n - a18|
2 2 2
+ |—a4n +an+ a13' Hasn - a14| + |a6n - ‘115']
2 2
—n(ag +ag) lan” + an — ays| — agn lasn” + agn — ay,
2 2
+ |a6n - a15| |—a5n +agn + a14|
+an |‘111” + ‘117| — a6 |a11n - ‘117”’

+4ay [|agn — ag| + |ayn - ay| + apn — agl].
(34)

Hence, if the inequality
A+ 5+ 8,07 + S;
> 2{|N° - a2’ - g, + ay
x [|a® = ays| + |asA? = ayy| + |as)’ - ays
+ay [|apA + agg| + |ag A + ag| + |apd + ag]
+(a, + ag + ag) '—/\3 —a M +ad+ a3' A
+ (ayy + ayy) lappA + aig| A = (ayg + ay7) |ap A — agg)

+ |—a4/\2 +a;A + a13| [|a5)\2 - a14| + 'aﬁ)tz - ‘115']

7
— (ag + ay) 'a4/\2 +a,\— a13' A
— agh |a5)L2 + agh — a14|
+ |a6)t2 - a15| '—as)tz +agh + a14|
+apA |a11/\ + “17| — a6 |“11/\ - “17”
+4day [|agA — ay| + |ay A = ayy| + | A - ag]]
(35)

has no real solution on 0 < A < n,, then (32) cannot be
satisfied. Similar to Section 4, we note that n, is the positive
solution of first equation in (6) (when m = 0), which is
written as

a1n2 =Y (n)

= [a3 — (a, cosn{ + as cos né + ag cos nn) n*

+ (a, sinn{+ ag sinn + ag sinnny + a,, sinn ({ + &)
+ay, sinn ({+n) +ay sinn (& +1))n+ a5 cosnd
+ ay cosn€ + a5 cosnn + a;q cosn ({ + &)
+ay; cosn ({+1) +ajgcosn(E+1n)
+agcosn({+&+n)]

< a; + |ags| + |ayy| + [ags| + |as| + |ars| + [asg]
+ Jars| + (las] + |ag| + |as| + [aro| + |an| + |aiz|)
— (|ag] + |as| + |ag]) 7, i.e.,

(a, + |ay| + |as| + |ag|) n*
= (lay| + las| + |ag| + |aso| + |ans | + |ara[)

—(as + |ags| + -+ +]ay|) = 0.
(36)

Thus, for n,, we have

n =L (B + VB2 + 4AC), (37)

24
where A = a; + |ay| + |as| + |ag| #0, B = |a,| + -+ - + |a;,| and
C=a;+la;l+---+lapl Itis clear thatn < n,.
Rearranging terms, we write (35) as

(V- ar? - ad + ay| - |a,® - a|)°
+(]X = a2 - ad + 4y~ [ash? - ay)’
+ (apA = JapA + ag|)?
+ (]2 = A2 —ad + 4y~ [agA? — ays)’

+ (|—/\3 —a M +a)+ a3' —Alay +ag + 019|)2

+(a;; + |5‘12/\ - a18|)2



+ (|agh? - ays| ~ [-asA + agh + a,y)’
+ (aph + |ash® + agh - ay,|)”
FA(L+ [a 2 + ayas)) + (g — [ah - ayg])’
+(Jad? + @A + apy| - [asA? - )’
+ (|ah? + @A+ ays| - [agh? — ays)’
+ (@A — JapA + arg))?
+ (|ah? + aoh - ags| + A Jag + as])°
+ MJay +aja,) - A2)°
+ M|ayas + agas| + 1) + (ayo) - |ap A+ ay,|)°
+ (a6 + an A — ay|)’ + (2ag — |aiph - arg)’
+ (2a0 — |an A —ay|)” + (as + a,2?)’
+ (ag+ asA?) + (ag - asn?)”
+@V 52N —a ) -ar+a)
(@A = ay) +2(ah? - ays)’
(AN -al+ar+a)
+ May +ag +ap)” + (~asA> + agh + a,)’
+ (as)? +ah —ay,)’
FA[(@t + aa,) + (e, +a;)
X+ (a0 + aga,) + V]
+2(-a +ad+ay) +(a) +ad-a;)

2 2
+2(aph - ai6)” +2(ap A - ay;)

2 2
+ (a9 + |a12/\ + alsl) + (a9 + |a11/\ + a17|)
+ (ay

aye + |a10/\ + 6116|)2 +(2ay0 + |a12/\ - 6118|)2

2 2 2\ 14 2 2\ 42
+ (a9 +ap, + als) A%+ (ag + 3a12)/\
2 2 2 2 2 2 2 2
+a; +ag +ag +aj, +aj; +2ay; + 3ag + 2a5,.
(38)

Therefore, the following theorem can be formulated.

Theorem 9. Let a; + |a ;| +1a,|+- - +1ael #0 and (38) hold.
Then there is no change in stability of E.
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Remark 10. In the special case that { = & = #, the characteris-
tic equation (4) becomes

X rax +ayx+as
+ 7N [(a4 +as+ag) X

+(a; +ag +ag) x +a; +a14+a15]
+ M [(a1p + ayy +ap) x + ais + ay; + arg]

+a,l X = 0.
(39)

Hence, this case is a private one of Theorem 9.

Corollary 11. If conditions of Theorem 9 are not valid and
T3bif is defined as in Theorem 3, then according to Lemma 5 for
any 73 € [0,1,), there exists a Tfif(‘r3) > 0 (Tsif (r3) > 0;
(@) > 0 () > 0 () > 0Tl (r) > 0
resp.) such that the steady state E of system (2) is unstable
when 1, € (0,77 (1,))(1, € [0, 727 (1)) 7, € [0, 757 (1));
1, € [0, 227 (1,)); 74 € 10,227 (1)), € [0, 727 (1)) resp.), and
an Andronov-Hopf bifurcation take place.

6. Application: Numerical Analysis

In this section, we apply the material and results of the pre-
vious sections to a nonlinear mathematical model with three
discrete time delays, which investigate the dynamics of the
gene expression regulated by the miRNA. For a general dis-
cussion of the model, we refer the reader to [22, 23]. Hence,
we consider the following system:

dn _ ky
dt  ky+kyy) (t-1

) M~k ys

dy,

ar =ksy, (t - (40)

7)) = V1)

d
f =1=key; (t = 13) = k41 y3:
where the protein, y,, controls its own synthesis through the
repression of mRNA, ¥1> ¥3 is the concentration of miRNA,
7, is the time delay for translation, 7, is the time delay for
transcription, 73 is the average time delay for degradation of
miRNA, n, is often referred as a Hill coefficient or a coop-
erativity coeficient, k; (i = 1,...,6), and y; and y, are the
kinetic rate constants. According to [2, 24], we consider one
representative value for Hill coefficient, n; = 2. Model (40) is
a modified version of a model considered in [22]; that is, in
the present paper our model contains three time delays.

The fixed points of the system, E = (7,,7,,7,), repre-
sented by (40) can be analytically estimated and are defined
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FIGURE 1: (a) Stable regime of system (40) for 7, = 7, = 7; = 0 and (b) unstable regime (sustained oscillations) for 7, = 1, 7, = 13, 7, = 60.

by the following set of algebraic equations, including the rate ~ where & = k, + k33 and ¢ = 27, x,(t — 1;) + x3(t — ;). If we
constants of the model: take only linear term from (43) and after substitution of (42)
into differential equation (40), we have,

4 ks (kyd+keyy) s k,

+ = 7 + = dx _ _
& kyy1y, & ks & d_tl =%~ G ¥ Xy — s — ¢l folxg = kyx, %3,
ks _ kKK
+ ——— |k, (ky + k —kik -—— =0, dx v
ksk4y1y, Lka (ks n) kiki] 72 k3k4Y1Y22 d_tz = ks ' x; — pyx,,
— Y _ ksl
V=7V V3= —F—. dx —
boksT? > ksks + v:kay, d_t3 = —csx; — (kg™ + ¢3) x5 — kyx, x5,
(41) (44)
According to Descarte’s rule [19, 25], the first equation in where
(41) has only one real positive root, which ensures that the
system has only one physiologically feasible fixed point. _ 2k k; 7,
Let us consider a small perturbation around the fixed ¢ =y +kgyss G = 5
point E of the system (40) defined as (45)
_ k. k
G =kyys G = (1323> s = kyJ3

It is seen that notations in Section 2 here are

In the case when n; = 2, the function k, /(k, + k3y§(t -1))
can be written as a MacLaurin series fh=f=fe=91=94=95=9s=hy,=hy =h, =0,

fi=-a, fa=-c, fs =6,

ky
k, + ks)’% (t-7) 92 = ks g3 ="V
_ k, _ k, ) h ==, hs=-¢ hg= ke )
S+ksp &((ks/09) +1)
ky

O ks + ( ks e _ ( ky )3 3. In the next few figures we illustrate numerically the validity
é 57 5)? 5)°? ’ of the criteria proved Section 5, that is, when the three time
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delays are different from zero. For our simulations according

to [22], the numerical values of the model parameters are
ky=03[min"'],  ky=k;=1[min"'],

k,=0.3 [min_l] , ks =0.5 [min_l] ,

ke € [0.05,0.3],

(47)
y =0.1 [minfl] , y, =0.2 [minfl] R
7, € [1,8], T, € [12,35],
73 € [10,300], [=0.1.

In order to compare the predictions with numerical results,
the governing equations of the model (40) were solved
numerically using MATLAB [26]. In Figure 1(a), the stable
solutions for the concentration of mRNA (y,), the concen-
tration of protein (y,), and the concentration of miRNA (y;)
are shown for absence of time delay (ie, 7, = 7, = 73 =
0). It is evident that after several physiological acceptance
fluctuations, the solution of system (2) approaches a constant
value (stable equilibrium state). In other words, the system
possesses a stable equilibrium state which corresponds to
a normal miRNA regulation process. This conclusion is in
accordance with the criteria written in (7). In Figure 1(b), the
unstable solutions of system (40) are shown. It is seen that for
larger values of 75, than bifurcation one, after Andronov-Hopf
bifurcation the stable limit cycle (self oscillations) occurs and
sustained oscillations take place. In other words, in this case
the conditions of Theorem 9 are not satisfied and the steady
state of system (40) is unstable.

7. Conclusions

In this paper we have considered a system of three equations
with three discrete time delays. Under the assumption that
an equilibrium exists, we have estimated the length of delays
for which local asymptotic stability will be preserved. We
have also derived criteria for which no change in stability will
occur.

If system (2) starts with a stable equilibrium, which for
some delay(s) becomes unstable, it will likely destabilize by
means of an Andronov-Hopf bifurcation leading to small
amplitude periodic solutions. Our investigation of such a
behavior is devoted to the use of the bifurcation analysis.
Particularly, a Hopf bifurcation theorem was employed. The
basic view that the time delays {, £, and # are a key factor in
the dynamical behavior of system (2) has been confirmed by
analytical and numerical calculations.
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