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HETEROCLINIC SOLUTIONS FOR A SECOND-ORDER
DIFFERENCE EQUATION RELATED TO
FISHER-KOLMOGOROV’S EQUATION"

Diko M. Souroujon

We study the existence of heteroclinic solutions of semilinear second-order difference
equations related to the Fisher-Kolmogorov’s equation Ay (t — 1) + kAy (t — 1) +
f(y(t)) =0 for k € (1,2). Analogous equation is considered in [5] and this paper
continues the considerations there. The proves of the present results are based on
monotonicity and continuity arguments.

1. Introduction. In the present paper we study the existence of heteroclinic solu-
tions of the second-order difference equation
(1) Aly(t—1)+kAy(t— 1)+ f(y(t) =0,t€Z for ke(1,2)
under suitable assumptions, given in Section 1. This paper extends the consideration
for the case k € (0, 1).The proof of the presented results are based on monotonicity and
continuity arguments. Equation (1) is related to Fisher-Kolmogorov’s equation u; =
Ugz + ¢ (u), which was introduced in the papers of Fisher [7] and Kolmogorov [8] and it
is originally motivated by models in population dynamic. Looking for traveling waves
u(z,t) = U (x — Ct), with speed C, one obtain the second-order ODE

(2) U"+CU +g(U) =0.

We note that a similar equation

(3) APy (t—1)+cAy(t)+ f(y(t) =0t €Z

is considered in [5]. It is easy to see, that (3) is equivalent to Equation (1) with k = - _T_ I

In [5] is considered the case, when ¢ > 0, i.e. k € (0,1). In the present paper is
considered the case k € (1,2) under some additional conditions for the function f (.),
given in Section 1. Here we derive our main results using simple monotonicity and
continuity arguments. As it is described in [1], Equations (1) and (3) appear after a
discretization and rescaling of Eq. (2). Fast and heteroclinic solutions of Eq. (2) are
studied in the paper of Arias [2]. Several methods of considerations of various classes of
difference equations can be found for example in [3, 4, 6, 9] etc.
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2. Basic assumptions and the behavior of solutions for ¢ > 0. We consider
the equation (1), where Ay (t) =y (t+ 1) —y (t), A2y (t) =y (t +2) =2y (t + 1) +y (1),
Z is the set of integers and the constant number & € (1,2). For the function f(.) we
suppose that the following conditions are fulfilled:

C1. For any two numbers = € [0,1] and y € [0,1] and = # y,
(4) If (@) = f Wl <@2=k)|z—yl;
C2. f:]0,1] - R4, where f(0) = f(1) =0 and f(y) > 0 for y € (0,1) ;

C3. f(x) < (k—1)(1—2) and f is strictly monotonous decreasing function in a
small left neighbourhood of 1.

Obviously, we can define the function f (y) for y € R, as f(y) = 0 for y ¢ [0,1]. So
the function f(.) such defined, satisfies Lipshich condition for any two numbers x € R
and y € R. In particular thus defined function f (y) is continuous Yy € R.

Lemma 1. Let [ be an arbitrary positive integer and z is an arbitrary real number,
such that z € (0,1). Then, there exists a real number zo € [z,1) such that there exists
a solution y (t) of (1), satisfying the conditions: y(to) = zo, y(to +1) = z, (to is an
arbitrary integer), {y (t)} is a monotonous decreasing function fort > to, i.e. y(t+1) <
y(t) fort >to, t €Z, y(t) >0 fort >tg, t € Z and limy (t) =0 for t — +oo.

We give only a sketch of the proof. We choose the solution {y (¢)} of (1) such that
(5) y(to)=1-e1, y(to+1)=1-e1 ey,
where €1 > 0 and g2 > 0 are sufficiently small numbers. We define the function ;1 (£2) so
that the number £; (e2) is the smallest positive root of f (1 —e; (e2) —e2) = (kK — 1) ea.
We can prove that the function e (¢2) is continuous function for 5 € (0,53] We can
construct the solution {y (¢)} of (1) such that it satisfies (5) with €1 = &1 (e2) for suitable

€9, {y (t)} is strictly monotonous decreasing function for ¢ > tg, t € Z , limy (¢) = 0 for
t — 400 and {y (t)} satisfies the other conditions of Lemma 1.

3. Heteroclinic solutions of (1). If y (¢) is a solution of (1), then

() YO~y (1) =~ e+ 1)~y (1) — o f (1)
and y(t—1) = ij(tH kily(t—l—l)—l—ﬁf(y(t)), ke (1,2). Tf 2 (¢) is another
solution of (1), then we obtain:
Y1) -2(-1) = (2= B0 —=20) ~ (F (s(1) ~ ] 1)
(7) b (g (1) — 2 (4 1),

From C1 the sign of (2 —k) (y(t) — 2z (¢)) — (f (y (¢)) — f (2 (¢))) coincides with the sign
of y(t) — z(t) for k € (1,2) and we conclude that: If y(¢t+1) —2z(t+1) > 0 (< 0)
and y (t) — z(t) < 0 (> 0), where at least one of these inequalities is strong, then
y(t—1)—z(t—1) >0 (< 0). In particular, if {y (¢)} is a solution of (1), then {y (¢t + 1)}
is also a solution of (1) and for z (¢) = y (¢t + 1), we can do the previous conclusion. If we
have one of these situations, it follows that the sign of y (¢t) — z (¢) (or y (¢t) —y (t + 1))
changes (oscillate) when t — —oo, i.e. for t = tg, tg — 1, tp — 2, .... And in each of these
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cases from (7) it follows that

Q (1) =2 (=D > ey (1)~ 2 (1)
) (= 1)~y (O] > sy (4 1)~y (4 2)].

From (9) it follows that if {y(¢)} is heteroclinic solution, then for any t € Z, t <
—N, N sufficiently large, it is not possible that y(t+1) —y(t+2) > 0 and y (¢) —
y(t+1) < 0, where at least one of these inequalities is strong and the converse case
(yt+1)—y(t+2)<0andy(t) —y(t+1) >0, where at least one of these inequalities

1> 1 for k € (1,2), it follows

is strong) is not possible, because from (9) since A

that lim |y (¢t 4+ 1) — y (¢)| = oo for ¢ = —oo and since the signs of y (¢t — 1) — y (¢) change
alternatively when ¢ — —oo, then , lim y (t) does not exists. Thus if {y (¢)} is heteroclinic
——00

solution of (1), then {y (¢)} has to be monotonous. But if y (¢t + 1) > y (¢) for some ¢ € Z,
then from (6) y (t —1)—y (¢) > 0,ie. y(t —1) > y(t) < y (¢t + 1) and hence the sequence
{y (t)} cannot be monotonous when V¢ € Z. By analogy, if y (t +1) =y (¢) € (0,1) for
some t € Z, then from (6) y (t —1) — y (¢) > 0 and we obtain

1

yt=2)—yt-1) = ——=I[C-KEE-1)-y®) - (fy{-1))=fy 1))
b ()~ y (4 D).
Since i l (y (t) —y (t+1)) =0, then from C1,

1

y(t—2)—y(t-1 1 R0 -y®) - (flyt-1) - Fly @) <0,

)=
ie. y(t—2) <y(t—1) > y(t) and hence again {y (t)} cannot be monotonous when
t € Z. Thus if {y (t)} is heteroclinic solution of (1) then

(10) y(t)>yt+1), tez
and lim y (¢) = 0. We prove now that
t—o0
(11) y(t) € (0,1), teZ.
Suppose the contrary, i.e. that y(tg) € (0,1), but y(tp —1) > 1. Then, putting
z(t) = 1, t € Z we obtain that y(tp —2) < 1, y(to0—3) > 1, ..., le. y(to) <

y (to — 1) > y (to — 2), which contradicts with (10). Thus we prove that (11) holds. If we
take limit in (6) for t — —oo, then we obtain that f (I_) = 0, where [_ = . lim y(¢) and
——00

from (11) I— € (0,1]. Since f (u) > 0 for u € (0, 1), we conclude that the only possibility
is - = 1. Thus any heteroclinic solution of (1) satisfies conditions (10) and (11) and
Jimy (t) =0, lim y(t) =1.

Lemma 2. For any y1 € (0,1), there exists at most one heteroclinic solution {y (t)}
of (1) with the property y (1) = y1.

Proof. Let {y(t)} and {z (¢)} are two heteroclinic solutions of (1) for which y (1) =
z (1) = y1. Iy (0) = 2 (0), then obviously y (t) = z (t) Vt € Z. Let us suppose for example
that y (0) > z (0). Since y (1) = z (1), then from (7) y (—1) < 2 (=1), y (=2) > 2 (=2), ...
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and |y (t—2)—z(t—2)] > ﬁ y(t) —z(t)| Yt € Z. Since k:ll > 1 for k € (1,2),

then it follows that , lim |y (t) — 2z (t)] = oo and then both y(¢) and z(¢) cannot be
——00
heteroclinic solutions of (1). Lemma 2 is proved. O

Our aim now is to prove the existence of heteroclinic solution {y (¢)} of (1) for which
y (1) = y;. Our main result is
Theorem 3. For any real number y1 € (0,1), there exists an unique heteroclinic
solution of (1) {y(t)}, satisfying the conditions: y (1) = y1, y(t) > y(t+1), Vt € Z,
y(t)€(0,1),teZ and lim y(t)=0 and lim y(t) = 1.
t—+o00 t——o0

Proof. Let {y ()} be a solution of (1) for which y (1) = y; € (0,1). Let y(0) =
yo. If we denote y(2) = ya, then from (6) yo —y1 = —(k—1)(y1 —vo) — f(y1) =
(k? 1) (yo - yl) (y1 < 0 iff
(12) Y1 <yo < y1+ ‘Z(;yll)

i.e. (12) holds if and only if y2 < y1 < yo. From (7) it is easy to obtain that

Ify(t—1)—2(t—1)>0(>0)and y(t) —z(t) >0 (> 0), then
(13) y(t+1)—2(+1)>0(>0).

So (12) is necessary and sufficient condition for y (¢) > y (¢ +1),t =0,1,.... Thus

we obtained that {y (t)} is monotonously decreasing solution of (1) for ¢ > 0 if and only
if (12) holds. Further for any fixed real number y, satisfying (12), we can obtain the
solution {y (¢)} of (1) for ¢ € Z. Our aim is to prove that there exists yo satisfying (12)
such that the obtained solution y (¢) = y (¢, y1, yo) of (1) satisfies the conditions (10) and
(11). Let now for Vn € N with {y, (¢)} denote the solution of (1), satisfying Lemma 1,
ie. yp (1) =y and yp, (t) > yn t+ 1) Ve > —n, t € Z, i.e. Yy, (t) = y (¢,y1,yn (0)) and
obviously y,, (0) satisfies (12). Then the obtained sequence {y, (0)} —, is bounded and
one can choose a convergent subsequence {y,, (0)};—, for which ny — co when k — oo

and klim Yn, (0) = 7y € {yl,m + M}, see (12). That means the solutions of (1)
—00

k-1

{y (t, Y1, yn, (0))},2, have the properties y (1, y1,yn, (0)) = y1, ¥ (0, y1,Yn, (0)) = yn, (0)
and
(14) Yy (ta ylaynk (0)) > Yy (t + ]-a Y1, ynk (0)) Vt Z 7le,t S Z
We prove that y (t) = y (¢, y1,7,) is the sought heteroclinic solution. We assume at first
that there exists so € N such that y(—s¢) > y(—so + 1), but y(—s0) > y(—so — 1),
ie. Yy (750a ylayo) >y (750 + ]-a ylayo) and Yy (7507y17y0) > Yy (750 - 17y1ay0)' Since
so € N is a fixed number, then y (—so,y1,%0), ¥ (=s0 + 1,41,%0), ¥ (—so — 1,41, 40) are
continuous functions with respect to yo. Hence for sufficiently large numbers nj € N,

y(*507y17ynk (0)) > y(750+ 17y1’ynk (0))

(15) Yy (=50,51,9n, (0)) >y (=50 = 1,51, 9, (0))-
But (15) contradicts (14) for sufficiently large numbers k, such that ny >> so. Hence

i(yll) } and

(13) show that the solution of (1) y (t) = vy (¢,v1,7,) thus defined is a monotonously
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nonincreasing sequence, i.e.
(16) y(t)>y(t+1), teZ
We assume now that for some tg € Z, y(to) = y(to +1). Then from (6) we obtain

y(to—1) —y(to) = ﬁf(y (to)) > 0 and from (7) and C1, y(to —2) —y(to — 1) =
12— R (o — 1)~y (t0)) — (F (5 (o — 1)) — f (5 (10)))] < 0, (because the last
expression can be equal to 0 iff y (tg —2) =y (to— 1) =y (to) =y (to+ 1), ie. y(¢) =0
or y (t) = 1, t € Z, which is impossible). Thus we obtain that y(to —2) < y(to — 1) >
y (to), which contradicts (16). Thus (16) be in force, must all inequalities in (16) to be
strong, i.e. for the our solution y () = y (¢,y1,7,), (10) holds, i.e. y(t) > y(t+ 1),
YVt € Z. Also if y; € (0,1), then yo > y1 > 0 and it follows that y (¢) > 0, t € Z. But
we proved that if {y (¢)} satisfies (10), then (11) also holds. Thus we proved that the
solution y (t) = y (¢,y1,Yy) of (1) satisfies (10) and (11) and as we shown above,

(17) tl}g_nooy (t)=0 and t_l}r_nooy (t)=1
i.e. y(t) is the sought heteroclinic solution. O

Corollary 4. For any real number yo € (0,1) and arbitrary ty € Z, there exists an
unique heteroclinic solution of (1) {y (t)} satisfying the conditions: y (to) = yo, y (t) >
y(t+1),teZ, y(t) e (0,1), Vt € Z and tliin y(t)=0 andtlim y(t) = 1.

— oo ——0o0
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XETEPOKJIMHNYHUN PEINIEHNA HA EJJHO VMMPEPEHYHO
YPABHEHUE OT BTOPU PEJl CBbP3AHO C YPABHEHUETO
HA ®UINTEP-KOJIMOI'OPOB

dnko Mouc Cypykou

B npezyraranara cTaTs ce TpeTUPa HPOBIIEeMa 33 ChILECTBYBAHE HA XETEPOKIMHIY-
HU pellleHus 3a JudepeHIHo ypaBHeHne OT BTOPU PeJl, CBbP3aHO C yDABHEHHETO Ha
®umep-Komvoropos A%y (t—1) +kAy(t—1)+ f(y(t)) = 03a k € (1,2). Ananoruuno
yDaBHEHMe ce pasmyexka B [5] ¥ Tasu craTusi € NPOAbJIKEeHNE HA DA3IVIeXKJaHUATa B
[5] xaro mokazarescrTBaTa HA IPEACTABCHUTE PE3YITaTH Ca 6a3MpaH Ha ChOOpParKeHUsI
38 MOHOTOHHOCT ¥ HEIPEK'bCHATOCT.
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