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Polynomial complex Ginzburg-Landau equations in almost
periodic spaces

Agustin Besteiro

Abstract. We consider complex Ginzburg-Landau equations with a polynomial non-
linearity in the real line. We use splitting-methods to prove well-posedness for a
subset of almost periodic spaces. Specifically, we prove that if the initial condition
has multiples of an irrational phase, then the solution of the equation maintains those
same phases.

1 Introduction

We consider the 1-dimensional autonomous system

u(0) = wo, (1)

{&gu = (o + 1) 0zt + yu + (a +ib) B(u),
where u(z,t) is a complex valued function with € R, t > 0, « > 0, 5 > 0, v > 0,
a>0,b>0and B a continuous map. The linear term represented by (a + i/3)0,, char-
acterizes the Complex Ginzburg-Landau equations. For § = 0 (1) reduces to a nonlinear
heat equation and for & = 0 to a nonlinear Schrodinger equation. A large amount of
work has been done to prove well-posedness of (1) with different nonlinearities (see, for
instance, [1], [16], [17]). In our case, we study well-posedness of problem (1) with polyno-
mial nonlinearities. These nonlinearities are considered in Fisher-Kolmogorov equations
and Fitzhugh-Nagumo equations [2], [14], [19]. Almost periodic spaces were introduced by
Bohr [9] and further developed by Stepanoff [20], Weyl [21] and Besicovitch [4], [3]. These
spaces are well-studied for the Complex Ginzburg-Landau equations with different nonlin-
earities [18], [15]. We consider ug with specific irrational phases, and we prove that the
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time evolution by (1) maintains the same phases. We use splitting-methods for evolution
equations developed for numerical purposes [12], [10]. These methods were used to prove
well-posedness of Complex Ginzburg-Landau equations and Reaction-diffusion equations
in other spaces [7], [8], [6], [5].

The paper is organized as follows: In Section 2 we set notations and preliminary re-
sults. In Section 3 we analyze the nonlinear problem. Finally, in Section 4 using splitting
methods, we combine results from Sections 2 and 3 to obtain that the solution of (1) is in
a subset of an almost periodic space.

2 Notations and Preliminaries.

We introduce some definitions and preliminary results.

Definition 2.1. We define C,,(R) as the set of uniformly continuous and bounded functions
on R equipped with the norm,

[ullo, = sup [u(z)].
zeR

Definition 2.2. We define the set of almost periodic functions [9] as,
P(R)={ue€ C,(R): u= Zajei“f : \; € R}
j=1

equipped with the uniform continuous norm.

Definition 2.3. We define the following subset of almost periodic functions,
AR) ={u€ CuR): u=> a;e" ) a;] <00 : X €R} (2)
j=1 j=1
equipped with the norm:

lullay = layl. (3)
j=1

Theorem 2.4. A,(R) is a Banach space.

Proof. Let {u, }nen a Cauchy sequence such that u, € Ay(R) C P(R). Then {u, },en is a
bounded sequence, that is, [Ju,|,, = >°72, |a}| < K for all n € N. Additionally, {u,}nen
is a convergent sequence in P(R), i.e. w, — u with u € P(R) and [ull,, = >°72, |a].
Therefore, we have that Z;VZI la;| = lim, 0o Zjvzl la%| < K, which implies that

N [e's)
A}g{lwz ja;| =Y la;| < K.
7j=1 j=1
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On the other hand, we can define an inner product for u,v € P(R):

17
(u(z),v(x)) = lim T/o u(z)v(z)de.

T—o0

In particular, we have a normalized orthogonal system in the following sense (see [9]):

T
(eM*, e72) = lim l/ ghizg-iar _ )0 for Ar # Ao
T—o0 0 1, for Ay = Ao

For u € P(R), u= 3", a;e™", we have,
(u(@), e™™%) = a;.
If u, € Ax(R) is a Cauchy sequence, then
af = (un(x),e”?) 27 (u(x), e = ay.

As (2) and (3) are met then u € A,(R). O

Remark 2.5. As (*(N) is a Banach Algebra then, if u € A\(R) and v € A\(R) we have
that,

[wolla, < Nullay 0], -
The following definitions and proofs can be extended to z € R? (See [13]).

Definition 2.6. We denote U(t) as the one parameter semigroup that solves the underlying
linear equation

Ou = (a + i) Opztt + yu. (4)
The operator can be represented by the convolution in x
U(t) = (drt(a + iB)) 2= /BB 4oy — Gy(z) * ug
and the kernel G; satisfies:
Gu()] = (dt(a® + B2)(dmt(a® + G2)12) el e +o) ot
Clearly, Gy(z) € L*(R).

Proposition 2.7. For each t > 0, define U(t)ug = Gy * ug. The one-parameter family of
operators {U(t) >0 1a a strongly continuous semigroup in Cy,(R).
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Proof. The semigroup property, U(t)U(t')u = U(t 4+ t')u is proven similarly to the heat
kernel. We show that, U(t)u converges to u for all u € Cy(R) when t — 0. Indeed, we
have,

(U () () — ulw)| < / G(y)u(z — y) — u(x)|dy
- / Gl ule — ) — u()|dy + / Gl |u — y) — u(z)|dy.
ly|<d

ly|>d

The first integral of the right side of the equality can be estimated as follows:

/| Gt =) o)y < / Culy) ma fu(x — ) — ()l dy

ly]
= max |u(x — y) — u(x)|.
ly[<d

This can be small enough because, |y| < § and u is uniformly continuous. For the second
term we proceed in the following way,

/ Gl — y) — u(z)|dy < 2l / Gi(y)dy.
ly|>6

ly|>6

Since (—z?/[4t(a*+3?)]) — oo when t — 0 and G, € L'(R), the right side of the previous
equality tends to 0. The next property proves that U is well defined, that is U(t)u € Cy(R).

[(U(t)u)(21) — (U(t)u)(w2)| < /RGt(y)IU(m —y) — u(r2 — y)|dy
< E/RGt(y)dy =g,

In the last inequality we used that u is uniformly continuous. O]

Lemma 2.8. If uy € Ax(R) then U(t)uy € Ax(R) fort >0
Proof. As uy € A(R) then we have

U(t)ug = Gy * ug = / (drt(ov + iB)) /2y (amiB)/BUP BN Hrty (0 — )y
R

where

oz —y) =Y _a;e (5)
j=1
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then we have,

U(t)ug = / (4rt(c + i) "/ 2TV (aiB) /(e +6%)) 47t Z a;eN@=Y) gy
R

Jj=1

= / (4t(a + @'5))—1/2 Z aje(fyz(afiﬁ)/[4t(a2+f32)})+’7t+ij/\(xfy)dy
R 4
7j=1

= (4rt(a +1iB)) 1/2/Za B(y)e T gy,
with
B(y) = o~y (a=if)/[4t(a®+52)])+7t
Using dominated convergence theorem and that

< Z |a;B(y)| = [B(y)] Z |a;| < K|B(y)]

) M @—y)

we have,
U(t)ug = (Amt(o+iB)) /2 / a; B(y)e" =V dy.
j=1 /R

Finally, we know that

2 a C
/ @—GIQ—Wchm _ et/ (4a)+ ﬁ
R Va

with Re(a) > 0. In our case we have

a=(a—iB)/[4t(a®+ BH)]) = 1/(4t(a +iB)), b=ijA and c=izj\+ 7t

Then we have,

otV (atif)+izjrtyt ﬁ

U (t)uo =(4mt(a +iB)) " Z 4 V(1/(4t(a +iB))

00
) . ..
_ E aje—t(j)\) (a+iB)+izj A+t

[o¢]
_ AT
—E Aje %,
Jj=1

95
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where A; = aje*t(j)‘)z(o‘”m*'yt, so we have (2). On the other hand we have,

Z|A|_Z|aet(]>\) a+zﬁ+vt|_Z|a] a+7t|<oo

Then we have (3) and U(t)ug € A\(R) O

Next, we consider integral solutions of the problem (1).
We say that v € C([0,T], Cy(R)) is a mild solution of (1) if and only if u verifies

U@ZU@W+AUU—wmmwmc (6)

If F'is a locally Lipschitz map, for any zo € C,(R) there exists a unique solution of the

equation
Oz = B(z),
{2(0) = 2z, (7)

defined in the interval [0, T*(z)). Moreover, there exists a function T : [0, 00) — [0, 00),
which is non-increasing and such that 77*(zy) > T'(|z]). The solution of (7) is solution of
the integral equation

z®:%+ABMﬂWC (8)

Also, one of the following alternatives holds:
- T*(z) = o0;
- T*(29) < 00 and |z(t)] — oo when ¢ T T%(zp).

)
We will denote by N(t,.) : Cy(R) — Cy(R) the flow generated by the ordinary equation,
i.e.: forany z € R, N(¢, up)(z) is the solution of the problem (7) with initial data zy = ug(x).
Therefore, if u(t) = N(t, uo)

t
u(x,t) = ug(x) +/ B(u(z,t"))dt'.
0
We recall well-known local existence results for evolution equations.

Theorem 2.9. There exists a function T* : C\,(R) — R such that for uy € C,(R), ezists
a unique u € C([0,T*(up)), Cu(R)) mild solution of (1) with u(0) = ug. Moreover, one of
the following alternatives holds:

o T (up) = o0;
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o T*(ug) < 0o and limyr-(yy) [u(t)| = oo.
Proof. See Theorem 4.3.4 in [11]. O

Proposition 2.10. Under conditions of the theorem above, we have the following state-
ments:

1. T* : CW(R) — Ry is lower semi-continuous;

2. If up, — up in Cy(R) and 0 < T < T*(ug), then u, — u in the Banach space
C([0,T], Cu(R)).

Proof. See Proposition 4.3.7 in [11]. H

3 Nonlinear equation

In order to apply the Lie-Trotter method, we prove that if the initial state ug € Ay (R)
the solution of the nonlinear ordinary equation z(t) € A\(R). We consider the equation
with a cubic nonlinearity and then we extend the result to a nth-degree nonlinearity.

We study first, the solution for the nonlinear equation (7) with a cubic nonlinearity,
that is

{atz = —(a+1b)z?, ()

2(0) = 2.

Lemma 3.1. If up(x) = 2o € A\(R) then the solution of the equation (9), z(t) € Ax(R)
fort € (0,7%(2)).

Proof. We prove that F': Ay\(R) — A,(R) and that F'is a locally Lipschitz map in A,(R).
Let u € Ax(R) and k = —(a + ib) then we have,

j=1 k=1 I=1
0o 00 00 00
iTmA ixmA
=k g A Cpy—j—1 Q1€ = E A,e
7j=1 m=1 [=1 m=1

with m = j+k+1 and A, = (a,,)". Also we have that >°°0 | |A,,| = 3°°_ |a;ara| < .
On the other hand, if u,v € A,(R) we can see that,

IF(w) = F()ll4, = [Ju* =+°|| ,,
1
5 110 = )y o), + (1 + 02y, N =)L,

We use that, [[u+vll4, @ < lulla, @ + [1Vla,@ = 2520 laj] + D252, lax| < oo, a similar
procedure proves that [Ju® +v*||, < oo and |[u* — v*||, < oo. Then,

IA

1
[F(u) = F(o)]l4, < 5C[lu—vll4, - -
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We generalize the ODE with an n-th degree nonlinearity for n > 2.

(10)

{@z = —(a+1b)2",
2(0) = zo.

Lemma 3.2. If up(z) = z9 € Ax(R) then the solution of the equation (10), z(t) € Ax(R)
fort e (0,7%(z)).

Proof. The proof is similar to the previous proof, using that,

oo o0 oo
U — “ e ajla/jQ.'.a/jne 1=1J7

Jj1=1jo2=1 Jn=1

and
a"—=b"=(a—b)(a" " +a" b+ a" b+ + P a0 O

4 Splitting method

This section is based on the splitting method developed in [12]. We apply the Lie-
Trotter method to the linear and nonlinear problem. The temporal variable must be
broken down into regular intervals and the evolution of the linear and nonlinear problems
are considered alternately. This is described by two sequences {V}, ;. } for the linear equation
and {W},} for the nonlinear equation. Using Theorem 3.9 from [12], this approximate
solution converges to the solution of problem (1), when the time intervals h = t/n — 0.

Let X be a Banach space and we define o : R — R a periodic function of period 1 as:

=12 Jifk<t<k+1/2,
YW=V 0 Jifk—1/2<t<k,

for k € Z.

Given h > 0, we define the function oy, : R — R as ap(t) = a(t/h). Clearly 0 < oy < 2,
ay, is h-periodic and its mean value is 1.

We consider 7, : R> — R given by

t
Tn(t, 1) :/ a (") dt".
t/

We define Q = {(¢t,¢/) € R* : 0 < ¢ < ¢} and Uy, : Q — B(X) given by U,(t,t') =
U(ry(t,t)).
We consider the system,

{@uh + ap(t) Ot (z,1) = (2 — an(t)) F(up (2, 1)),
up(z,0) = upo(x),
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where u(z,t) € X, t >0and F: X — X is a continuous function.
Similarly, we define the integral equation:

up(t) = Up(t,0)upg + /Ot(2 — an(t)Un(t, t')F(up(t'))dt'. (11)

The following two theorems are a consequence of sections 2 and 3 of [12].
Theorem 4.1. Let wy, the solution of (11), if Wi = up(kh) y Vi g = wn(kh — h/2), then

Vh,k+1 == U(h)UhJc, (12&)
Wh,k+1 = N(kh + h, kh -+ h/2, Vh,k—i—l), (12b)

where N 1s the flux associated to 2F, that is:

{w = 2F (w(1)),

w(0) = wy.

Proof. For t; € (0,t) it verifies

t

uh(t) = Uh(t, tl)uho(h) -+ / (2 — Oéh<t/))Uh(t, t,)F(U}L(t/))dt/
t1
using that t; = kh y t = kh + h/2, we have
kh+h/2
Vh,k+1 = Uh(k’h + h/2, k’h)Wh,k + / (2 - Oéh<t/))Uh(/{7h + h/2, t')F(uh(t’))dt’,
kh

given that ay,(t) = 2 for t € [kh, kh+h/2), we have 7,(kh+h/2, kh) = h and therefore (12a).
Similarly, ap(t) = 0 for t € [kh + h/2,kh + h), then 7,(¢, kh 4+ h/2) = 0 and therefore

t

wn() = Vipos +2 / Flun(¥))dt,
kh-+h/2

evaluating in ¢t = kh + h, we obtain (12b). O

Theorem 4.2. Let u € C([0, 1), X) the solution of the integral problem (6)

ult) = U(t)up + /0 t Ut —t')F(u(t)))dt,

T € (0,7*) and € > 0. There exists h* > 0 such that if 0 < h < h*, then uy, the solution
of (11) with up(x,0) = ug(x), is defined in the interval [0,T] and verifies

lu(t) — un(®)||x < e for te[0,T].
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Proof. See Theorem 3.9 from [12]. O

We now apply Lemma 2.8 from Section 2 related to linear equation and Lemmas 3.1
and 3.2 from Section 3 related to the nonlinear equations. In order to obtain well-posedness
results for the solution u(t) of equation (1) in A)(R), we use Theorem 4.2 to join the linear
and nonlinear results. The following theorem is proved for the cubic case but the other
cases are similar.

Theorem 4.3. Let ug € A\(R), then the solution of (1) u(t) € A\(R) fort € (0,T*(up)).

Proof. For t € [0,T*(up)), let n € N, h = t/n and {Wjx}o<k<n, {Vai}1<k<n be the se-
quences given by W o = uo,

Vigs1 = U(R)Wh ., (13a)
Wh,k+1 = N(h, Vh’k+1)7 kJZO,...,TL— 1. (13b)

We claim that Wj, .11 € Ax(R) for £ =0,...,n. Clearly, the assertion is true for k = 0.
If Wy € A\(R), from Lemma 2.8, we have U(h)W,, € A\(R). Using Lemma 3.1, we can
see that

Wh’kJrl = N(h, Vth) € A)\(R)

By theorem 4.2 we have that W}, — u(t) when n — oo.
As A, (R) is a Banach space, we obtain the result. O
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