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BIFURCATIONS IN KURAMOTO-SYVASHINSKY
EQUATION*

Anatoli Kulikov, Dmitri Kulikov

Kuramoto—Sivashinsky equation with periodic boundary-value conditions
is considered. The stability of the homogeneous equilibrium is investigated
as well as the local bifurcation of the spatially nonhomogeneous t-periodic
solutions. It is shown that the two-dimensional invariant manifolds are com-
posed of these solutions. These manifolds can be stable or unstable, but all
solutions belonging to these manifolds are always unstable.

The bifurcation problem can be reduced to investigate certain system of
ordinary differential equations (normal form). This normal form was con-
structed by a modified Krylov—Bogolubov algorithm. These normal forms
can be used to explain a ripple topography induced by ion bombardment.

1. Introduction

Consider the equation

hy = —vg + vhy + vihge + vahyy + 01hee + 02heyy — Dihegre—
—Dahyyyy — D3haayy + 1102 + 2h2 + E1hahay + E2hhyy,

where h = h(t,z,y) defines the shape of the ion bombardment. It is known as

the Bradley—Harper (BH) equation [1] or the generalized Kuramoto—Sivashinsky

equation [2]. The coefficients of this equation depend on parameters of the phe-
nomenon. A detailed discussion of physical aspects can be found in [1-4] (see also

(1.1)
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the references in these articles). The positive value v is known as the erosion
coefficient. D1, Do, D3 are also positive. They depend on the surface diffusion of
the material. At last, v,v1,19,01,09,71,72,&1,& € R, but 1 # 0. If the defor-
mations h(t,z,y) are independent of y (the deformations are “cylindrical”), then
equation (1.1) may be rewritten in the following form

(12) ht =—vy+ th + Vlh:c:c + Ulh:c:c:c - Dlh:c:c:c:c + 'Ylh?y; + §1hzh:c:c

This equation (1.2) (also (1.1)) has the solution h(t,x) = —vgt + v3, where
v3 € R. For example, we can set v3 = 0, since its value depends on the chosen
system of coordinates.

Define h(t,x) = u(t,z) — vot. Then the corresponding equation is

(13) Ut = YUz + VUgy + O1Ugge — Diugger + ’71“3 + glu:pum-

It is convenient and reasonable to change the variable as x = hyx1, t1 = hot, h1, hy >
0. In new variables, the equation (1.3) is rewritten as

2
(14) ut1 — a1u$1 - bumlam - Um1m1:p1:p1 + a2um1mlx1 + Cluxl + 262u$1u$1m17
where
a hs a o iy b v h c1 =7 he c Suh h2D 1
1= 7 2 =017~ = V175 1= "1795 2 = 573 121 — 1.
hy hy h e oh3 At

Below the indices “1” of the new variables x1,t; are omitted for simplicity.
In this paper, we shall consider the resulting equation (1.4)

(15) V¢ = Q1Vg — bv.l’.l’ — Uzzzx + (X + CI(UQ)Q: + 02(1}2)31331:7 UV = Ug.

The equation (1.5) is called the Kuramoto—Sivashinsky equation [2,3]. Note that
the function v(¢,x) has a basic physical sense (see, for example, [1,3]). As usual,
we consider the equation (1.5) with periodic boundary-value condition

(1.6) v(t,x 4 2m) = v(t, x).
It means that the equation (1.4) is supplemented by boundary-value conditions
(1.7) ug(t, =+ 2m) = ug(t, x).

Boundary-value problem (1.5), (1.6) has solutions v(t,z) = hg, where hy is a real
constant. As usual, these solutions are called homogeneous equilibriums. The
nonhomogeneous topography leads to z-dependent solutions of the boundary-
value problem (1.5), (1.6). Let

(1.8) v(0,2) = f(z) € Hy,

where Hj is the Sobolev space of 2r-periodic function of 2 with square integrable
distributional partial derivatives up to the fourth order on the closed interval
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[~7, 7] (¥ € [-m,7]). The condition f(z) € Hj ensures the local solvability of
problems (1.5), (1.6), (1.8) (see [5-6]).

In this paper, we analyse the stability of all equilibriums v = hy of problem
(1.5), (1.6), (1.8) and we consider their local bifurcations under the change of
their stability. The stability is treated in the sense of the norm of the phase
space of solution (the space of the initial conditions). Here,

A= 1 g = 1 lze + 0 e + 17 e + 1 lze + 1YL,

2. Stability of equilibrium
Let function v(t, ) be a solution of problem (1.5), (1.6), (1.8), where f(x) € Hj.
In this case, the functions f(z),v(t,z) admit the representation in the form of

the Fourier series
o

fx)=fo+g(x), gl@) = Y gnexp(inz),
n=—00,n#0
v(t, z)=wo(t) + w(t, ), w(t,z) = Z wp () exp(inx),
n=—o00,n#0
fomom [ S@dr=Mo(),  gn=5- [ gl@)espling)as,
wo(t):% /w(t,x)dw = Mp(w), wy(t)= % / w(t, z) exp(inz)dz,

where n = +1,42,...

Therefore, My(g) = 0, My(w) = 0. The right part of equation (1.5) has the
trivial average. Consequently, wg(t) = 0 or wy(t) = a, where « is a real constant.
It implies that we can rewrite the equation (1.5) in the following form

(2.1) ’lb() =0 (’u}()(t) = a),
(2.2) wy = Aw + c1[(a + w)*]e + c[(a + w)H e,
(2.3) w(t,z + 27) = w(t,z), My(w) =0,

where the linear differential operator (LDO)
Ay = _y(IV) _ by// + aly’ + a2y///

is defined at smooth 2m-periodic function y(z). Moreover, we can rewrite the
problem (2.2), (2.3) in a convenient form for the investigation

(2.4) w; = Al@)w + c1(w?)y + c2(W?) e,
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(2.5) w(t,z +27) = w(t,z), My(w) =0,
where b(a) = b — 220, a(a) = a1 + 2c1a,
Al)w = Waaze — bWz + a(a)wy + a2Weza,

Let v(t,z) = a + w(t,x) be a solution of problem (2.1), (2.2), (2.3). Then
w(t,r) = w(t, z,a) is the solution of auxiliaries problem (2.4), (2.5) for selected
a € R. For the investigation of its stability, we must analyse the stability of the
trivial solution (w = 0) of the problem (2.4), (2.5). To analyse the stability of
this solution in the first approximation, we consider the linearised boundary-value
problem

(2.6) wy = Alo)w,
(2.7) w(t,z +27) = w(t,z), M(w) = 0.

Lemma 1. This operator A(«) has the eigenvalues
A= An,a) =bla)n? —n* +i(a(a)n — aan?),

corresponding to the eigenfunctions e, (x) = exp(inx),n € Z \ {0}.

The proof is by direct calculation and it based on the fact that the orthogonal
system of functions e, (z)(n # 0) is complete in Lo(—m,m), My(g) = 0.

Clearly, if ReA(n,«) < 0 for all n in question, then all solutions of problem
(2.6), (2.7) are exponentially stable. In particular, for all solutions of this problem
the inequality [[wl|zs < M exp(—71)||gl/gz is hold.

Here, g(z) = w(0,z), M = M(v) >0, —y = mgx(Re)\(n, a)) (i.ery > 0).

Lemma 2. Let HgHHg < 0 and w(t,x) is a solution of problem (2.4), (2.5)
with the condition w(0,z) = g(x). These solutions admit the following estimation

[wllzzs < Myexp(=mt)|lgl -

In particular, the solution w = 0 is exponentially (asymptotically) stable. Here,
My =M+ 61,71 =7—01,61 = 51(5),§i11(1) 61(6) = 0.
—

The proof of this lemma is the corollary from the Lemma 1 (see [7-9]).

Assume that there exists ng such that ReA(ng,ap) > 0. In this case, the
equilibrium w(t,z) = 0 is unstable for the problems (2.6),(2.7) and (2.4),(2.5).
The critical cases are singled out the following conditions:

i) For all n € Z\ {0}, ReA(n,ap) < 0.

ii) There exist n = ng € Z \ {0}, such that Re\(ng, ag) = 0.
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It should be stressed that in our case, ReA(n,a) = —n* + b(a)n?. Therefore,

the stability condition becomes
bla) <1 (b—2ca <1).

Consequently, we have a critical case if b(«) = 1 (b—2cocr = 1). In this critical
case, LDO A(a) has two eigenvalues A\1; = A(£l,0) = +iw,w = a(a) — ag,
corresponding to the eigenfunctions exp(=+ix).

Consider a perturbed case for the problem (2.4), (2.5) and let

a(s) = a(a)(l + 528)71)(5) =1+ 618761762 € R70 <e 1l
Define the LDO by the equality
Ale)y = =y —ble)y” + ale)y + azy”,
where y = y(x) is a smooth 27-periodic function. Finally, Agy = A(0)y. The
LDO A(e) has two eigenvalues
At1(e) =7(e) iw(e), 7(e) = fre,w(e) = a(a)(1 + Pae), 7(0) =0, w(0) = w.
The other eigenvalues satisfy the inequality Re\,(¢) < —y < 0,n #0,n # £1.

3. Nonlinear boundary-value problem

In this section, we consider the boundary-value problem (2.4), (2.5) for the per-
turbed case, i.e.

(3.1) wy = Ale)w + c1(w?)y + 2 (W) g,

(3.2) w(t,x +21) = w(t,x).

It has the two-dimensional invariant manifold (the center manifold) Va(e) (see, for
example, [8-10]). Moreover, this manifold V5(e) possesses the following properties:

i) If some solutions of problem (3.1), (3.2) do not belong to Va(g), then these
solutions approach it exponentially with time.

ii) If the solutions belong to V(e) then the behaviour of these solutions are
determined by the solutions of the system of two ordinary differential equations
which are called the normal form [10-11].

Consider the set of solutions belonging to Va(e). Recall [12] (see also the
references in [12]) that these solutions are sought in the form of the sum

(3.3) w(t,z,e) = 61/211)0(15, s,x) +ewi(t,s,z) + 63/211)2(15, s, 1) + 0(63/2),

where s = et, all functions are ¢-periodic of period 27 /w and satisfy the boundary-
value condition (3.2). We put

(3.4) wo(t, s, z) = z(s) exp(iwt + ix) + Z(s) exp(—iwt — ix)
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and suppose that the functions wq, wo have the trivial averages, i.e.

21w
w
M()(wj) = O,Mil(wj) = W / /wj(t,s,:c)x
0 -m

x exp(tiwt £ ix)dxdt = 0,7 = 1,2.

Here, z(s) in (3.4) is a complex-valued function which will be defined later.

To determine wi, wy, we substitute sum (3.3) in to (3.1) and (3.2) and suc-
cessively equate coefficients at respective powers of ¢, i.e. we use a version of
Krylov-Bogolubov algorithm for the formation of the normal form [11]. As a
result, we obtain two nonhomogeneous boundary-value problems for wy, ws.

For w; we obtain the following problem

(3.5) wiy — Agwr = e1(w)z + c2(wh) ez,

(3.6) wi (t, s, + 2m) = wi(t, s, ).
Finally, for wsy this problem has the following form

Wop — Aowg =2c (wgwl)x + 202(11]0’11}1);5;5—

(3.7) —[2" exp(iwt + iz) + 2’ exp(—iwt — iz)],

(3.8) wa(t, s,z + 2m) = wa(t, s, ).

Remark. Let a continuous function F'(¢,x) satisfies the periodic condition
in question and F(t,z) is 2 /w-periodic of ¢, belongs to HY(p = 0,1,2,...) for
fixed t. Then the nonhomogeneous boundary-value problem

vy — Agv = F(t,x),v(t,x + 27) = v(t, x)

has a periodic solution of ¢ which the period is equal to 27/w if the following
equalities Mo(F) = My1(F) = 0 are valid. Here, in this remark

2m/w
Mo(F) = (2:)2 / /F(t,q:)dxdt,
OQW;wWTr
My, (F) = (2:)2 / /F(t,x)exp(:l:iwt:l:ix)dxdt.
0 —m

The equalities My(v) = My1(v) = 0 single out one such a solution. The
above conditions (My(F') = My1(F) = 0) are known as the solvability conditions
for the boundary-value problem in question [13].
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Consider the boundary-value problem (3.5), (3.6). It can be shown that the
solvability conditions are always hold and the solution of this problem has the
following form

wa(t, s, x) = nexp(2iwt + 2ix) + 7 exp(—2iwt — 2ix),
where 1 = (ic1 — 2¢2)/(3(2+ia2)). Applying the solvability condition to problem
(3.7), (3.8) gives that
(3.9) 7 = (g +ige)z — (I +ily) 2"z,
where
I 6c1coan — 4(2¢3 — c2) I — 12¢c1c9 + 2a2(2¢% — ¢2)
b 34+a3) 7T 3(4 + a3)

We have obtained the ordinary differential equation (3.9). It is the principal

part of the normal form in the study of the Andronov-Hopf bifurcation [8]. In

fluid dynamic, this equation is known as the Landau equation (see, for example,
[14]). Evidently, the following assertion is just (see, for example, [7]).

yq1 = 517(]2 = G(Q)BQ.

Lemma 3. If q1ly > 0, then the equation (3.9) has the family of periodic
solutions

z(s) = 1/(ll—lexp(als +¢1),01 = q2 — lgtl]—l,apl € R.
1 1

All solutions of this family are stable if Iy > 0 and unstable if I < 0. This
family of solutions gives us the limit cycle Ci(a).

Using the results of [7—11,13,15], we can proof the following assertion.

Theorem 1. There exist g > 0 such that the boundary-value problem (3.1),
(3.2) has the solutions corresponding to Ci(a) for all € € (0, )

wo(t,z,e) =, /?—11{51/2 [exp(i(w + e01)t +ix + ip1)+

+exp(—i(w + eo1)t —ix — ip1)] + Cll—la[n exp(2i(w + o )t+
1

+2ix + 2ip1) + exp(—2i(w + eo1)t — 2z — 2ip1)] + o(e).

The cycle Cp(a) of boundary-value problem (3.1), (3.2) inherits the stability
properties of cycle Ci() of equation (3.9). Therefore, the cycle Cy(a) exists if
liqr > 0. It is stable if [1 > 0 and unstable if [ < 0.

(3.10)

Remark. If ao = ¢o = 0, then we have the classic case for the Kuramoto—
Sivashinsky equation. Then I; = ¢2/6,ly = 0.
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Therefore, the problem (3.1), (3.2) (with « in question) have the stable peri-
odic solution if the trivial equilibrium (w = 0) has lost the stability.

Let « be fixed (o = ap). Suppose that in this case the theorem 1 remains
valid. Let now o = ag+ a1, where «; is a sufficiently small real constant. Hence,
we obtain the cycle Cy(a). This cycle Cp(e) lies in the neighbourhood of Cp ()
and the formula (3.10) remains a valid with ¢1(«), g2(«) instead of ¢1 (), g2(o).

4. Original boundary problem

We now return to the problem (1.5), (1.6). Let ¢ = |(b — 2c0c) — 1], 81 =
sign((ba — 2caar) — 1) and suppose that b, are chosen such that e < 1. The
results of the section 2,3 allows us to affirm that the following assertions are
valid.

Theorem 2. There exist eg > 0 such that for all ¢ € (0,g9) the boundary-
value problem (1.5), (1.6) has the two-dimensional invariant manifold Va(a) is
formed by the set of the solutions (3.10)

(4.1) v(t,x,e,a) = a+ wy(t,x,€),

where the function we(t,x,€) was indicated in Section 3 by the formula (3.10).

This manifold Va(«) exists if qily > 0, where the constants qi,l1 was deter-
mined in Section 3. Ifly > 0, we can affirm that our manifold V() is exponential
stable. This manifold is unstable if [ < 0.

Note that all solutions from the set (3.10) depend on two parameters o and
¢1 (see formula (3.10)) and the periodic solutions (4.1) have the different period
T(a) = 27 /w(a). It implies that T"(«) # 0.

The reader will easily prove that all solutions belonging to V2(«a) are unstable
in the sense of the definition of Lyapunov.

The proof follows from the assertion.

Lemma 4. Letw,w, € R,n=1,2,3,.... Consider the sequence of functions
Y (t) = coswpt — coswt,n =1,2,3,.... There exists a sequence {wy} such that
(@) Mo wn =w; (i) max |in(t)] = 2.
The proof of this lemma is trivial.
Finally, we have proved that boundary-value problem (1.5),(1.6) can have

certain exponentially stable manifold Va(a), but the solutions belonging to this
manifold are unstable.
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Corollary. The boundary-value problem (1.4), (1.7) has the manifolds V3(e)
(dim V3(e) = 3) containing the solutions
(4.2) u(t,z,e,a) = Bt + ax + uy(t,z,€) + 7,

where a,y € R, 8 = aa + asa?,
X
ua(t,x,e) = /wa(t,y,e)dy.
0

All solutions (4.2) are also unstable as the solutions (4.1) of boundary-value prob-

lem (1.5), (1.6).

Note that the periodic boundary-value problem for the equation (1.1) was
studied in [12], i.e. in this article, the equation (1.1) was considered with the
conditions h(t,x + 2m,y) = h(t,z,y + 27) = h(t, z,y).

In the paper [15], the equation (14) with a; = ag = 0 was considered. Such
equation was investigated with the boundary-value conditions

w:c:c’:c:(),:czl - wwzw‘xzo,le = 07 MRS [07 1]

The similar results was obtained.
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