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ABOUT SOME ASYMPTOTIC PROPERTIES OF SOLUTION
OF STOCHASTIC DELAY DIFFERENTIAL EQUATION
WITH A LOGARITHMIC NONLINEARITY *

L. SHAIKHET

Abstract. A nonlinear stochastic differential equation with delay and logarithmic
nonlinearity is considered. Some properties of asymptotic behavior of the solution of
this equation are discussed. In particular, the asymptotic behavior of the solution in the
neighborhood of the zero and positive equilibria is described.
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Introduction. Logarithmic nonlinearity is used in a lot of applied math-
ematical models. For example, the dynamics of the interaction between the
immune system (eector T cells) and chronic myelogenous leukaemia cancer
cells in the body can be described by the following system of two ordinary
nonlinear delay dierential equations [1]

H(t) = Buar(t) 0 25— ()y(e) — wrse(t — b)),
y(t) = 52;1(:_)—3;??) — Yz (t)y(t) + ina74y(t,)gs_t—;(;§lt)) — pyy(t),

(1)

where all parameters are positive numbers, delays h(t) and 7(t) are non-
negative non-increasing functions. The logarithmic term of this system has
a particular interest since it vanishes both for z(t) = 0 and for z(t) = K.

A similar situation occurs also in medical models of angiogenesis |2, 3],
in physics, in particular, in quantum theory [4, 5, 6] and other. But any
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results about asymptotic behavior of solution of stochastic delay differential
equation with a such type of nonlinearity are not found.

To show a feature of asymptotic behavior of the solution of an equation
with a logarithmic nonlinearity consider for the beginning the deterministic
differential equation without delay

z(t) + ax(t) + ya(t) In(z(t)) =0, x(0) > 0.

Using the solution of this equation

z(t) = exp ((ln z(0) + %) e — %) :

we can conclude that via limoxlnx = 0 it has two equilibria: the zero and
r—>+

the positive exp (—;) and the following statements holds.

PROPOSITION 1. If v > 0 then tli>nolo z(t) = exp <—%> for arbitrary a and
z(0) > 0. If~v < 0 then for arbitrary a: tlgélo z(t) =01ifx(0) € <0, exp (—%))
and tlggo x(t) = oo if z(0) > exp (—%)

Consider now the following delay differential equation with a logarithmic
nonlinearity

2) x(t) + ax(t) + bx(t — h) + 7:70( YIn(z(t)) =
t>0, xz(s)=d¢d(s) >0, € [—h,0].

The equation (1.1) has both the positive and the zero equilibria

b
(3) x*:exp(—a+ >, xy = 0.
g

Below behavior of the positive solution of the equation (2) is investigated
under stochastic perturbations of the type of white noise, that are directly
proportional to the deviation of the solution x(¢) from the positive equilib-
rium z* or from the zero equilibrium, i.e., of the Ito stochastic differential
equations [7]

(4)  &(t) + ax(t) + bx(t — h) + va(t) In(x(t)) + o(x(t) — 2")w(t) =0

(5) #(t) + az(t) + ba(t — h) + ya(t) In(z(t) + ox(t)w(t) = 0,
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where z(s) = ¢(s) > 0, s € [—h,0], o is a constant and w(t) is the standard
Wiener process [7, 8.

Note that the positive equilibrium x* is the solution of the equation (4)
and the zero equilibrium is the solution of the equation (5).

Below some generalisations of Proposition 1 for the equations (4) and
(5) are obtained.
REMARK 1. In the case v = 0 the necessary and sufficient condition for
asymptotic mean square stability of the zero solution of the equation (5) is
known and has the form [8]

a+b>0, G > 102,
1tbg~" sin(gh) B
(6) L) s ], g = V- @,
G= lzsthv b=a>0,
14+bg~* sinh(gh
M) s b, g =V B,

REMARK 2. In the case v = 0 besides (6) the equation (5) has also a simple
delay-independent sufficient stability condition: if

1
(7) a > |bl + 50°

then the zero solution of the equation (5) is asymptotically mean square stable
[8].

1. Stability analysis.

1.1. The equation (4).
THEOREM 1. If

1 2
50 for b <0,
(8) T {Qb + 302 for  b>0,

then the positive equilibrium x* of the equation (4) is stable in probability.
Proof. Substituting x(t) = y(t) + «* into the equation (4) and using via (3)
the representation

In(y(t) + 2%) = In(2”) + In(1 + y(t)/2") = —(a + b)/v + In(1 + y(t)/2"),
we obtain

y(t) = —aly(t) + %) = b(y(t — h) + 27)
—(y(@) +27)(=(a+0) +vIn(1 +y(t)/2")) — oy(t)u(t)
by(t) = by(t = h) —~a*(1+y(t)/2") In(1 +y(1) /2") = oy(t)w(?)
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or

(9) 9(t) =by(t) +by(t—h)+yx*(1+y(t)/2") In(1+y(t)/2") +oy(t)w(t) = 0.

So, stability of the solution x* of the equation (4) is equivalent to stability

of the zero solution of the equation (9).
o(z)

T

Using the representation In(1+ ) = x + o(x), where lim,_,g
obtain that the linear part of the equation (9) has the form

=0, we

(10) S(t) + (7 — b)2(t) + ba(t — h) + oz(t)i(t) = 0

and is a particular case of the equation (5) with v = 0.

Via Remark 2 if the condition (8) holds then the zero solution of the
equation (10) is asymptotically mean square stable. Taking into account
that the order of a nonlinearity of the equation (9) is higher than one we can
conclude that the condition (8) at the same time is a sufficient condition for
stability in probability of the zero solution of the equation (9) and therefore
of the solution z* of the equation (4) [8]. The proof is completed. O

REMARK 3. Via Remark 1 we have also the delay-dependent condition for
asymptotic mean square stability of the zero solution of the equation (10)
and therefore the condition for stability in probability of the solution x* of
the equation (4) in the form

—1 1.2
G >p:§(7,

1+bg ! sin(gh) B
Ty 2> 7> 0, ¢=/7( =),

(11) G = S v =2b>0,

14-bg— 1! sinh(gh
7:b(qcosh(qh)((il))’ > b+ |b|7 q = '7('7 - 2b)

EXAMPLE 1. Let be a = —0.5, b=0.2, v =045, h =1, 0 = 0.25. By these
values of the parameters we have p = 0.03125, z* = 1.9477. So, the condi-
tion (8) holds (v > 2b+ p = 0.43125) and therefore the equilibrium x* stable
in probability. Note that the condition (11) holds too: G™' = 0.3766 > p.
In Fig.1 300 trajectories (green) of the equation (4) solution with the initial
function ¢(s) = xocos(s), s € [—h,0], for different values of xy converge to
the equilibrium x*. But if the initial function is placed far enough from the
equilibrium x* (zo = 0.5) then the solution does not converge to the equi-
librium that is quite normal for stability in probability and some trajectories
(red) can go to zero.

1.2. The equation (5). Below E, P and L denote respectively the
expectation, a probability and the generator of the equation (5), p = %02.
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w( )

F1a. 1. 304 trajectories of the equation (4): a = —-0.5,b=0.2,y=0.45, h=1, c = 0.25,
r* = 1.9477

LEMMA 1. If z(s) > 0 for s <0 then z(t) > 0 fort > 0.

Proof. Via (5) and Ito’s formula we have

x(t — h)
()

dIn(z(t)) = — <a +b + yIn(x(t)) + p) dt — odw(t)

and after integration [7]

x(t) = exp{ <ln 2(0) + m) et _ atp

v v
—b fg I;S(;)h)e_V(t_s)ds - afot e_“/(t_s)dw(s)} > 0.
The proof is completed. O

THEOREM 2. For arbitrary a and x(s) > 0, s < 0, the solution of the equation
(5) satisfies the conditions:
(i) If ¥ > 0 and b > 0 then limsup Eln(z(t)) < —%2,

t—00 v
(ii) If v <0, b >0 and x(0) < exp <—%) then 1tlirn Eln(z(t)) = —cc.
—00

(i11) If v < 0, b <0 and x(0) > exp (—%) then tlim Eln(x(t)) = oo.
—00
Proof. For the function In(z(t)) via (5), b > 0, x(t) > 0 we have

x(t —h)

Lin(z(t)) = —a—10 0

—vIn(z(t)) —p < —a—p —yIn(z(t)).
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From this via Dynkin’s formula [7]

%Eln(x(t)) =ELIn(z(t)) < —a—p — yEIn(x(t)).
Thus, Eln(z(t)) < y(t), where y(t) is defined by the differential equation

y(t) = —a — p — yy(t) with the initial value y(0) = In(x(0)) and the solution

(12) y(t) = <ln(x(0)) + 2 jp ) et ¢ jp .

Via v > 0 from (12) follows (i). If v < 0, b > 0 and x(0) < exp (—?) then
(12) implies (ii). In the case b < 0 we obtain Eln(z(t)) > y(t). So, if v <0
and x(0) > exp (—%) then (12) implies (iii). The proof is completed. O

REMARK 4. In the case b = p = 0 Theorem 4 coincides with Proposition 1.1.
REMARK 5. Via Jensen’s inequality Eln(z(t)) < In(Ex(t)). So, from (i)
a+p

generally speaking does not follow that lim sup Ex(t) < exp(—T).

t—o0
THEOREM 3. Let be v < 0, b > 0, a > p. If for some ty > 0 the solution
x(t) of the equation (5) satisfies the condition P{x(t) < 1} =1, t > to, then
limy o Ex?(t) = 0.

Proof. Via (5) for V(z) = 22 we have
(13) LV (z(t)) = 2(—a+ |y|In(z(t)) + p)2®(t) — 2bx(t)x(t — h).

From (13) and the lemma conditions it follows that LV (z(t)) < —2(a —
p)z?(t). So, via Dynkin’s formula £Ez%(t) < —2(a — p)Ea?(t), t > t,, and
Ez?(t) < Ea?(tg)e 2@P)(t=%) — 0 if t — co. The proof is completed. 0

THEOREM 4. Let be v < 0, tg > 0, Ty = exp((a +b —p)/|7]), ze =
exp(e/7]), € a small enough positive number. Then the solution of the equa-
tion (5) satisfies the following conditions:
(i) If b > 0 and P{x(t) < zpox '} =1, t > tg, then lim;_,o, Ex?( .
(1) If b < 0 and P{x(t) < xpprt} =1, t > to, then lim;_,,, Ex?(t) = 0.
(i) If b < 0 and P{x(t) > zmoxe} = 1, t > to, then lim;_, o Ex?(t) = co.

Proof. (i) For the function V(z) = z? via (5), (13) we have
LV (x(t)) < 2(=a+|yl(a—p—e)/Iy| +p)a*(t) = —2e2*(t).

Via Dynkin’s formula [7] we obtain £Ez%(t) < —2eEa?(t), t > to, and
therefore E2?(t) < Ea?(tg)e 2(%) — 0 if ¢ — oo,
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(i) For the function Vi(z) = 22 via (5), (13) we obtain

LVi(x(t)) < 2(—a+ |[y[(a +b—p—e)/|y| + p)x*(t) + [b](2*(t) + 2*(t — h))
= (b —2e)z2(t) + |b|z*(t — h).

Using the additional functional Va(z;) = [b] [, #%(s)ds with LVa(x;)
|b|(22(t) — 2%(t — h)), for the functional V' = V; + V, we obtain LV (x;)
—2ex?(t) and therefore [8] Ex*(t) — 0 if t — oco.

(iii) For the function V(z) = z? via (5), (13) we have

IA

LV(2(t)) = 2(=a+ |yl(a = p+e)/In| +p)a’(t) = 2e2*(t).

Therefore, Ex?(t) > Ex?(ty)e*%) — oo if t — co. The proof is completed.
D

EXAMPLE 2. Let be a = —0.95, b = 0.1, v = 0.95, h = 2, ¢ = 0.5. By
these values of the parameters we have p = 0.125, —(a + p)/y = 0.8684. In
Fig.2 1000 trajectories (green) In(z(t)) of the equation (5) solution are shown
with the initial function ¢(s) = 2.2, s € [—h,0], Eln(z(t)) (red), In(Ex(t))
(yellow) and y(t) (blue) given in (12). The conditions of Theorem 4 (i)
hold, so, Eln(x(t)) < y(t). In accordance with Remark 5 one can see that
Eln(z(t)) < In(Ez(t)). Besides in Fig.2 one can see that In(Ex(t)) < y(t)
too. It was not proved here but maybe it possible to be proved too.

ExaAMPLE 3. Let be a = 0.05, b = 0.02, v = —0.7, h = 0.4, 0 = 0.25. By
these values of the parameters we have p = 0.03125, x* = 1.105, exp(—(a +
p)/v) = 1123, x0 = 1.027. In Fig.3 1000 trajectories (green) of the equa-
tion (5) solution are shown with the initial function ¢(s) = 0.619cos(s),
s € [=h,0]. The conditions of Theorem 2 (ii), Theorem 3 and Theorem 4 (i)
hold, all trajectories converge to zero and \/Ex?(t) (red) converges to zero
too.

EXAMPLE 4. Let be a = 1.5, b = 0.2, v = —1, h = 0.3, ¢ = 0.25. By
these values of the parameters we have p = 0.03125, x* = 5.4739, exp(—(a +
p)/y) = 4.6240, z,,0 = 4.3438. In Fig.4 500 trajectories of the equation (5)
solution are shown with x(s) = xocos(s), s € [—h,0], zg = 0.75z,,0 = 3.2579.
The conditions of Theorem 2 (ii), Theorem 3 and Theorem 4 (i) hold and

therefore \/Ex?(t) (red) converges to zero.

EXAMPLE 5. Putting in Exzample 4 b = —0.2 with the same values of all other
parameters we obtain x* = 3.6693, z,,, = 3.5564. In Fig.5 500 trajectories
of the equation (5) solution are shown with x(s) = wzgcos(s), s € [—h,0],
xg = 0.65z,, = 2.3117. The conditions of Theorem 3 and Theorem 4 (ii)
hold and therefore \/Ex?(t) (red) converges to zero.
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F1G. 2. 1000 trajectories (green) of In(x(t)) of the equation (5), Eln(z(t)) (red), In(Ex(t))
(yellow), y(t) (blue): a = —0.95,b=0.1, y=0.95, h=2, 0 =0.5, —(a +p)/y = 0.8684

w(t)

I e T e L e e e Y

1.00

F1G. 3. 1000 trajectories (green) of the equation (5) solution and \/Exz2(t) (red): a = 0.05,
b=0.02,v=—0.7, h=04, o0 =0.25, z* = 1.105

w( k)
6

F1a. 4. 500 trajectories (green) of the equation (5) solution and /Ex?(t) (red): a = 1.5,
b=02,v=—1, h=03, 0=025 2* = 54739, Tmo = 4.3438
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F1G. 5. 500 trajectories (green) of the equation (5) solution and \/Ex?(t) (red): a = 1.5,
b=—02,~v=—1,h=03, 0= 0.25, 2* = 3.6693, 2, = 3.5564

F1a. 6. 500 trajectories (green) of the equation (5) solution and \/Ex2(t) (red): a = 1.5,

b= 02 ~v=—1,h=03, 0 =025 " = 3.6693, 2o = 4.3438, z(0) = 5.6469

x(t)q\
ot

I
+
5|_
1

F1G. 7. 800 trajectories (green) of the equation (5) solution and Ex(t) (red): b = —0.25,
v =0.75, h =2, 0 =0.1; a = 095, * = 0.3932, 2(0) = 3.1459 (yellow); a = —0.95,
x* = 4.9530, x(0) = 3.4671 (green)
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EXAMPLE 6. For the values of the parameters from Example 5 we have x* =
3.6693, exp(—(a + p)/v) = 4.6240, z,,0 = 4.3438. In Fig.6 500 trajectories
of the equation (1.4) solution are shown with x(s) = xocos(s), s € [—h,0],
g = 1.3x,0 = 5.6469. The conditions (iii) of Theorems 2 and 4 hold and
therefore lim;_,o, Ex?(t) = oco. One can see that all 500 trajectories of the
equation (5) solution go to the infinity.

REMARK 6. Note that the equilibrium x* is not a solution of the equation (5).
So, the solution x(t) of the equation (5) cannot converge to x*. Substituting
z(t) = z(t)+x* into the equation (5) and rejecting nonlinear terms, similarly
to (10) we obtain 2(t) + (v — b)z(t) + bz(t — h) + o(2(t) + 2*)w(t) = 0,
and therefore the expectation e(t) = Ez(t) satisfies the equation é(t) + (v —
ble(t) + be(t — h) = 0. Via (2.1) we obtain the following statement: if
v > b+ |b] then limy , e(t) =0, i.e., the solution of the equation (5) in the
first approximation satisfies the condition limy_,. Ex(t) = x* (asymptotic
convergence of the mean). Via

|Ex(t) — «*| = |E(x(t) — 2")| < E|z(t) — z*| < VE|z(t) —2*]? = 0

asymptotic convergence of the mean follows from asymptotic convergence in
the mean and asymptotic convergence in the mean square but not vice verse.

EXAMPLE 7. Let be a = 0.95, b = —0.25, v = 0.75, 0 = 0.1, h = 2. In
Fig.7 300 trajectories (yellow) with x(0) = 3.1459 place around the equilib-
rium z* = 0.3932 and limy_,o, Ex(t) = «* (red). For a = —0.95 we obtain
that 300 tragectories (green) with x(0) = 3.4671 place around the equilibrium
z* = 4.9530 and limy;_,o, Ex(t) = 2* (red). So, in the both cases we obtain
asymptotic convergence of the mean.

Note that the expectations in examples above are calculated as arith-
metical mean of the trajectories, ie., Ef(z(t)) = 237" | f(x(t)), where
x;(t) are trajectories of the equation (5) solution and n is the number of the
considered trajectories.

2. Conclusions. In the paper differential equation with delay and
logarithmic nonlinearity is considered. Asymptotic behavior of the solution
of this equation is investigated in the neighborhood of the positive and zero
equilibria under stochastic perturbations that are directly proportional to
the deviation of the system state from the equilibrium. The conditions are
obtained by which the solution converges to one of the equilibria or to the
infinity. All obtained properties are illustrated by examples with numerical
simulation of the solution of the considered equation. It is expected that the
obtained first results in this direction can be applied to investigation of more
complicated systems with a logarithmic nonlinearity.
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