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Abstract

We consider solutions of weakly unstable PDE on an unbounded
spatial domain. It has been shown earlier by the first author [J.
Nonlinear Sci. Vol. 3 ] that the set of modulated solutions (called
”Ginzburg-Landau manifold”) is attracting. We seek to understand
"how big” is the domain of attraction. Starting with general initial
conditions of order £” for the Fourier-transformed version of the given
PDE we find that on the time-scale El,, ;< 2 (that is long in the
terms of the original "physical” time t, but shorter than the natural
time for the Ginzburg-Landau) the corresponding solutions evolve to
the scaling of the clustered modes-distribution peaked at the integer
multiples of the critical wave number, with the amplitudes sensitively
dependent on v such that for v arbitrary close to zero after the time
L+ 5 < 2 solutions get on the Ginzburg-Landau manifold.

en

Introduction

In many physical situations (such as the Taylor-Couette problem of flow be-

tween concentric rotating cylinders, the Bénard experiment on a layer of fluid
heated from below and the Poiseuille flow between parallel walls driven by

a pressure gradient) [2], [17], [18] one observes that by changing a control

parameter R (Reynolds-number, Taylor’s-number, Rayleigh’s-number) a ba-
sic state looses stability (R > R.) and get some periodic structure. The
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famous Ginzburg-Landau (or amplitude, envelope) equation describes the
evolution of patterns in these kind of situations through instabilities and bi-
furcations [6]. The equation is obtained as a result of formal approximating
procedure. In mathematical sense the equation is a "universal” approximate
equation for large classes of non-linear PDE’s of evolution type (see for ex-
ample [5]). The equation looks as follows:

5 (a4 5] A [)Ar —~ e (1.1)

with A({,7) : R x Ry — C, « is real and 3, v are (in general) complex.
All coefficients can be computed explicitly in any particular problem under
consideration.

It will be of importance for our considerations to note that the space-like
variable ¢ and the time-like variable 7 are slow variables (as compared to the
"physical” variables of the original problem). In particular

T=c¢t, £ =cx (1.2)

where ¢ is a small parameter (R — R., = ac?) and ¢ is the original time
variable.
We study solutions W(x, 1) of the class of nonlinear evolution PDE’s given

by

ov
— = LU + N(U), (1.3)
ot
with @ € (—o0,00), t > 0. L is a real linear differential operator in «,
with constant coefficients containing some control parameter R. N(V) are

quadratic nonlinear terms. They are of the structure
N(V) = 27 P(¥?) (1.4)

where P is again a linear differential operator in =, with constant coefficients.
This choice of the nonlinear terms avoid some non-essential complications.
A generalization of N(W) is given in our section 7.

Next we introduce the symbols u(k; R), p(k; R) of the operators L and
N, through the formulas

L. e e — g7tk (ks R) P e = gtk p(k; R). (1.5)



In order to make the analysis transparent we consider the case that g and p
are real. However, we emphasize that this is not a restriction for the results.
Extension to the complex case is an easy exercise.

L is assumed to be of higher order than P, so that p(k; R)/u(k; R) tends
to zero for | k |— oo . L and P are further arbitrary. A neutral stability
curve p(k, R) = 0 is sketched in fig. 1. But only the local behavior near the
critical wave length & = k. is important, where the neutral stability curve is
assumed to be parabola-like.

Outside the neutral stability curve liner problem shows stability and in-
stability - inside. We will consider the slightly supercritical situation.

R>R; R—R.=ac&? (1.6)

with ¢ a small parameter. For simplicity of notation we suppress further
the explicit dependence of p and p on K. The basic requirement is that for
R = R.+ « &? the function u(k) has the graph as given in fig. 2.
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(a) Neutral stability curve. (b) For values of R O(g?) above the criti-

cal value R, ,an O(¢)-band of wave num-
bers becomes unstable.

The effect of nonlinearity is analogous to bifurcation, where a single iso-
lated mode becomes unstable. However in our case a continuous band of
modes become unstable. In [7], [6], [5], [12] it is shown that this kind of



effects can be described by the amplitude equation (1.1). Equation (1.1) is
a result of a formal substitution of

U= U 4+ Ay 4+ 224, 4 2 A3e%%" 4 ce + ... (1.7)

in to the original problem. Where A; is the function of the slow variables:
A;(sx,%) and W is a basic solution of the problem (we can take U® = 0) !.

Recently a lot of work was done to prove the validity of the approxima-
tion. For certain specific problems of fluid dynamics a theory was devel-
oped by Collet and Eckman [3], loose, Mielke and Demay [11], loose and
Mielke [10] and Schneider [13], [15], [14]. Another approach was introduced
by van Harten [9] and followed by Bollerman [1]. Instead of working with the
original PDE as given in (1.3) it will be more convenient to study its Fourier
transformed version:

00— (k) (k) (1.9

where (k,1) is the Fourier transform of W(x,t) and "x” denotes the con-
volution ¢ x ¢ 1= [ (K1) (k — k',t) dE'. The initial value problem

for (1.3) is thus transformed into

t

Dk t) = e [0 + plk) [ e g dr (L.9)

where 1°(k) is the Fourier-transform of the initial conditions W(z,0). The
equation (1.9) will be the main object of our analysis.
Let us introduce a scaling of the Fourier-components

= 8x(e) b, b= O(1) (1.10)

with 65 (e) sketched in figure 1 and called by [9] a " clustered mode-distribution”:
the Fourier-components are of the order £"~!l in (L., norm) in intervals

| k—n k. |= O(e) and tail off very rapidly to very small orders of magnitude
outside these intervals. This clustered mode-distribution was first introduced
in [4]. The distribution is invariant under convolution.

'Let us note that all A; for j # &1 are slaved to the critical modes (in other words,
they can be expressed in terms of A1, through algebraic convolution equations).
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Figure 1: The wave spectrum of a solution has a special structure ”clus-
tered mode-distribution” peaked at the integer multiples of the critical wave
number with the width of the peaks of order ¢

To make Ginzburg-Landau formalism rigorous we have to have two prop-
erties satisfied: attractivity and approximation property, which can be es-
sentially described as follows.

Approximation property (based on the results of [9]): Let the Fourier-
transformed version of the GL-equation (1.1) has an unique solution for
7 < 19. for some 19 > 0 And let Yy, be scaled according to the "clustered
mode-distribution” (i.e. given by Fourier-transform of (1.7)). Then there
exist a solution ¢ of (1.8) with the same initial conditions Ygrli=o = =0
and a constant C independent of ¢ such that sup,c ||t — tharl| < Ce?.

This property was formulated in different forms for particular problems
with respect to the norms of the suitable Banach spaces in [3], [13], [15], [14].
To make this property well grounded one needs an

Attractivity property (based on the [8]) Consider in (1.9) initial data
UO(k) scaled as follows

WO(k) = ou(2) k), 00 (k) = O(1) (1.11)

8(c) = max[f(k, k.), <] (1.12)

where f(k, k.) is of order unity for |k — k.| = O(e) and becomes rapidly small
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outside this interval. Then on time scales given by

T -
0<1t< oy €(0,2).7=0() (1.13)

the corresponding solutions 1 (k,t) settle to the scaling of the clustered mode-
distribution of fig. 3.

For Kuramoto-Shivashinsky equation analogical result was proved in [16].
We note that the time-scales given in (1.13) are long in terms of the original
“physical” time ¢, but are short as compared to the GL time-scale (1.2).
Hence, the attractivity property states that from initial conditions scaled
by (1.11), (1.12) the solutions of the Fourier - transformed (1.9) collapse to
the clustered mode distribution before they start to evolve on the Ginzburg-
Landau time scale.

Combining these two results one gets the proper justification of using the
Ginzburg-Landau formalism.

The main purpose of this paper is to study the largeness of the domain of
attraction. Starting with general initial conditions (we work with functions
which Fourier transform is in Ly N L., ) of order ¢” for (1.9) we proceed as
follows. i
1st step: We rescale on ” our equation and show that after the time 6% ;
m < v uncritical modes decay to order O(e”) ? and in k. a peak of order one
with width % appears. i
2nd step: We extend the time-scale till 6% ;2 < 2v and get the formation
of the peaks in 0 and 2k. as a result of the modes interaction.

Then we show that for any ¥ < 1 after finite number of steps one can reach
the required extension of the time-scale till El,, ;n < 2. After this we are
ready to get our

Main result : For any v, v < 1 "Ginzburg-Landau manifold” [8] (i.e.
set of functions of the form (1.7)) is an attractor for the solutions with initial
conditions of order .

The method we use is very natural. In essence we follow a line of reasoning
of [8], including the "boot-straps strategy” introduced there. But to get the

2Symbols O(1), o(1) will be used in Le,—norm if another norm was not specified.



result we have to go through some rather technical but essentially interesting
complications.

Remarks and comments. Due to the fact that in the proof we don’t
restrict ourself by the limitation on the sigh of the real part of Landau con-
stant (Re[3]) it is not possible to handle a wider class of initial conditions
(for example spatial periodical initial conditions: e”e*<® 4 g¥e?*<¥ 4 ¢ c.).
In this paper the initial conditions don’t have the order-one peak near k.
as it was done in [8]. It is possible to show for example that if one starts
with initial conditions of order ¢ which have order one peak with width also

T

g” then it is not possible to extend the time more than % ; n < 2v and

corresponding distribution after this time will be peaked with the "right”
amplitudes but with width 1//%.

2 A priori estimates

Our starting point is the equation (1.9) rewritten for the function ®(k,?) =
e7Vp(k,t), i.e.

t I
O(k, 1) = M [cbo(k) s pl) [0 0 dr (2.1)
0

®(k,0) = °(k) = O(1)

We assume that ®(k,1) is from L..(—o0,00) and decays sufficiently fast for
| k |— oo so that

0]l = [ [@(k1) | db < o (2.2)

If this is the case then the following estimate holds:
[ @+ @ |< Sup [ (k1) | - [ @], (2.3)

Next we introduce the norms

X(®) = Sup [0, . V(@)= Sup {Sup | O(k,0) [}  (24)

0<t<T 0<t<T &

where T'is a parameter to be chosen later on. From (2.1) it follows that, for

te|0,T],
| & < "B @0 | 4 ¥ F(k,t) X(®) V(D) (2.5)

7



with

Flk,t) = Zig | (e — 1] (2.6)

We intend to derive inequalities for X (®), Y(®) and eventually prove that
these norms remain bounded for ¢ | 0 on time-interval of order 7'/e™ which
are large (for ¢ | 0) but are short as compared to the intrinsic time-scale
of the Ginzburg-Landau equation given by 7 = ¢/¢%. For that purpose one
needs estimates of the function F'(k,?) in the supremum- and the L;-norm
(with respect to k). Using the results of Appendix 2 one finds from (2.5) the
following set of inequalities:

V(®) < e*)TSup | % | + oy (e, T) X(®) V(D) (2.7)
X(@) < M0, + ou(e, T) X(@) V(@) (2.8)
with
o1(e,T) =¢"(po T + O(*T?)) (2.9)
oa(e,T) = ”(po T + O(1) + O(*T?)) (2.10)

where pg 1s a constant.

Remarks: In order to establish the [i-estimate (2.10) a technical condi-
tion on the decay of | p(k) | /p(k) as | k |— oo is used.

We now turn to the analysis of the set of inequalities (2.7), (2.8), with
o1, 03 given by (2.9), (2.10). Clearly, if one considers time-scales defined by

T
T = i ne(0,v) (2.11)
with T arbitrary numbers, then
o1(e,T) = o(1), oy(e, T) = o(1). (2.12)



We introduce the abbreviations
Ay = etFIT Sup | 90| Ay i= BT @Y1, (2.13)
and rewrite (2.7) as follows
[1 -0y X(®)] Y(P) < Ap. (2.14)

With the aid of this inequality Y(®) can be eliminated from (2.8) and one
finds

f(X) = 0'1X2—[1—|—0'1AQ—0'2A1] X—|—A2 ZO (215)

where we have further abbreviated X(®) := X.

Let X1, X3 denote the two zeros of f(X), given explicitly by

1
Xio = Sy (1+U1A2—02A1):F\/(1+U1A2—02A1)2—401A1
01

(2.16)

On the time-scales (2.11), using (2.12), X7 » simplifies to the following result

X1 =As+0(1), X, = Uil(l + o(1)) (2.17)
The graph of f(x) is sketched in fig. 4. Condition (2.15) implies that either
X < Xy or X > X,. At initial time 7' = 0 one has X = Ay = O(1) and
hence X < Xj. The norm X(®) depends continuously on 7" and therefore
cannot jump to the branch X > X,. Hence, for all T restricted by (2.11) we
have X < Xj. Using (2.14) one gets a similar result for the norm Y (®). We
remove now the abbreviations and write out in full the results:

Lemma 2.1 On time intervals 0 <t < Ei,,, n € (0,v), the following a priori

estimates hold.

X(@) = Supl|lls, < 991, exp (plh) T} o) (219

Y (®) = Sup{Sup(®)} < Sup | @ | exp (k)= + o(1)
ook k c (2.19)



We finally note that p(k.) = O(e?) so that the exponential functions can
be replaced by 1 + o(1).
Now from (2.5), (2.6) and Lemma 2.1 we have

k
@< 0 60 o L [0 a] sup |0 |00l + o)
a (2.20)

The estimate is valid on time-scales given by (2.11).

X1 X2 X

Figure 2: For all T restricted by (2.11) we have X < Xj.

3 Analysis and new estimates of the convo-
lution integral.

From now on we assume that we have progressed in time till ¢; = T/e”l, m =
v; and we consider the initial value problem for (2.1) with initial conditions
O(k,0) = ®(k,11) We introduce the new initial scaling

Ok, 1) = o (e)p(k. 1) &) = 6" (3.1)

5M(e) = Max[f,, (k. ke),e"], fork >0 (3.2)
577

folk, ko) := (o) + o (3.3)
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The function f,(k, ko) mimics a distribution of orders of magnitude which is
of order unity for |k — ko| = O(¢"/?), and becomes rapidly smaller outside
such intervals. In fact

folk ko) = O@E"2P) | for |k — ko| = O(?), p < /2 (3.4)

Which corresponds to the distribution given by (2.22) We are given now that
at the initial time ¢t = 0, ¢(k,0) = O(1) for each value of k € (—o0, 00).
After the scaling (3.1) we get

050 = [ b () (k — Kk (3.5)

where, for the simplicity of notations the dependence of ¢ on ¢ has temporally
been suppressed.

The analysis of ® * ® is a bit technical, but the ideas are very simple:
on small intervals of the k'-axis é;, and/or 6;_p are of order unity. One
separates out these intervals (taking them of order e("=")/2 so that the decay
of épép_is to order €” is incorporated). The contribution of each of these
small intervals can be bounded by [sup, |¢|]? multiplied by an explicitly given
integral. On the remainder of the k’-axis g - Op_p = €2 and the integral of
lo(K")| - |(k —E")| can be bounded by the product of sup,, |¢| and ||¢||z,. We
shall demonstrate in this way the following result:

Lemma 3.1 For k >0,

@+ B[ < 2"/ MaX[fn(k,0),fn(k,2kc),€”](sgp le))? + el L, sup 0|

where ¢ is a constant independent of ¢.

For simplicity we drop index 1 from 7; in the lemma. For the proof of the
lemma 3.1 see Appendix A.1.

Introducing the result of Lemma 3.1 in (2.1) and performing the integra-
tion with respect to ¢’ produces the basic inequality

B < 004 (k) (X ()
+ e % Max(f,, (. 0), f, (k. 2k). )Y (2)} V()

with F(k,t) defined in (2.6). We intend to derive inequalities for X (i)
and Y(¢) and eventually prove that these norms remain bounded on time-
intervals ¢ < T'/e". The analysis will necessarily be somewhat technical, but

11



in essence is again very simple. The results are collected in Lemma 3.2, at
the end of this section.

From (3.6) it follows in a straightforward way that

V() € e CITY (%) 4 e {2V (F1) X () + €7 V()Y (9)}Y ()

(3.6)
X(p) < eFITX(0°) + e {e* X (F1) X () + e%X<F2>Y<so>}Y<so>( 7)
3.
with
= F(k,t)MaX(fn (1k o (3.8)
Py = (k1) MaxUn (k. 0), o (k, 26, &) (39)

Max(fy, (k, k), €”)

So the task is to bounded the Sup- and the L;-norms of the explicitly given
functions F; and F,. The analysis is elementary, but somewhat delicate. It
is given in the Appendix A.2. The results are as follows:

Y(Fy) = Cy(e™T), Y(Fy) =ecCye™T), o=max{n —uv v}
(3.10)

mv oA

T Cy(e™T)
(3.11)

X(Fy) = 5—772+"23—_”Cvl(€772T)7 X(Fy) = et

here Cy, (s, ¢y and Cy are approximately constant when T = o(1); these
expressions remain bounded when T = O(1) but is numerically small.
Overestimating all these constants by some constant Cy we obtain the fol-
lowing system of inequalities for ¢ =7y — v

Y < Ay + Coe? [ X + 7YY (3.12)

X < Ay 4 Coe P35 [V X 4 7YY (3.13)

12



where we have used abbreviations (2.13) for A; and A,. From (3.13) we
deduce

- A2—|-€%(10y_4772+3771)005/2

X < p
1— 65(41/—772)003/

(3.14)

For e small this is permissible if 7, < 4r. From (3.12) X can now be elimi-
nated, and (regrouping the terms) we find the inequality:

G¥) 20 (3.15)
g(Y) = COY2(€§(4U_772) _I_ 521/—7724_77?1)
(=142 Ay — T TRIC ALY + A,

The function G(Y') has two zeros Y7 2, the smaller one is given by
5
Yie=A1+0EP), p>0, 9 < 5V (3.16)

Y12 are both real and positive. A plot of G(Y) is the same as on fig. 2.1. So
we have got Y7 > A;. In order to interpret these results we look closer at the
definition of A; and Aj in (2.13), and impose the following limitation on 7":

T - )
T = et T=01), n= Mln[§l/, 2] (3.17)
On these time scales:
Ay =Sup [¢°[[L+o(1)], Ay = |l¢°|lz, - [1 + o(1)] (3.18)

Now we can use the same argument as in the proof of the Lemma 2.1 and to
get the following result.

Lemma 3.2 We consider scaled Fourier-components ®(k,t) = 6;(¢)p(k, 1)
with &}(g) = Max|f,, (k, k.),e"], m = v, with T limited by

T 5
—, I'=0(1), g = Miﬂ[?@ 2]
Then the norms X (), Y(e) are uniformly bounded, independent of c.

13



4 The appearance of clustered modes-distribution

With the a priori estimate of Lemma 3.2 our basic inequality (3.6) contains
a wealth of information on the Fourier-components ®(k,t). We repeat this
result here for the convenience of further analysis:

|| < e @0 4 e £ (ko) {22 X ()
+ees Max|fy, (k,0), fo, (k. 2ke),e1Y (2)}Y ()

where we have used the estimate A.2.5 for the function F(k,t) appearing
in (3.6).
We know that X(¢) and Y () are bounded on the time-scales given by

T -
0<t<T, T=—, y= Min(gy,z), 7= 0(1). (4.1)

gn2

So we immediately deduce from (4.1):

Lemma 4.1 For all k such that |k—k.| > d,d = O(1) the influence of initial
conditions becomes exponentially small on time-scales (4.2)

Next, again from (4.1), we find

Lemma 4.2 On time-scales (4.1) the Fourier-components ®(k,t) reach the
magnitudes

¢ =57 (), o = 0(1)
with 8(e) = Max { f,, (k, ko), €2 o (k,0), e 5+ f (k, 2k.), 245},

We see that the clustered mode-distribution begins to appear. It is sketched
in fig. 4.1

Remarks. The restriction for 5 can be easily observed from the contribution
of second term in (4.1) near k.. Which demands from (2v — % — ;) to be
positive, i.e. 9y < 2v + 4 < %1/. From the restrictions on the growth the

first linear term in (4.1) follows that n < 2.

14



52(e)

Figure 3: The appearance of the clustered mode distribution.

5 The ”Bootstraps strategy”

It is clear now how repeating the same procedure in the third step we start
with the scaling

¢ =87 ()p@(t, k), o0, k) = O(1) (5.1)

60(e) = Max {fi (k, ko), €74, (k,0), €37, (k 26, 52v+%}( )
5.2

(i.e. ®|i=o for the new problem is ®|,_ 7 , 7, = Min[3v,2]) and get analogous
2

result

Lemma 5.1 On time-scales

T .
0<i<T, T=— n=Min["I" 10,9 7—0()

gns

the Fourier-components ®(k,t) reach the magnitudes

n1+m2

87(e) = Max [f2(k, ko), e 2 f,(k,0), T4 f, (k2k.), €72+ f, (k. 3k.),

3+ n1;n2]

e

15



By this procedure in every step one gets extension of the time-scale and
improves the results on clustered modes. By induction one can show that
starting on the N-th step with initial conditions

Pl = q)|t:nlN - 51(CN)(5)¢(N)7 o) = O(1)
we end up with the following

Lemma 5.2 On time-scales

. [77N—1 + N

0<t<T, T= , Mve1 = Min —|—21/,2],T:(’)(1)

gNN+1

the Fourier-components ®(k,t) reach the magnitudes
& = 5" (), (V) = (1)

5](€N-|—1)(€) — MaX [fN (k7 kc)7 {.:WTN‘H’an(k? 0)7 €WTN+Uf77N(k7 2kc)7

NN41

252 zo”N (=1 fN (k,lkc),aS% j\;3277N—i+NV]

NN —142

See fig. 6.
Note that thg(zcz;afg? that v is arbitrary close to zero is the most interesting
k

N-2

Figure 4: The results of the lemma 5.2.

for our purposes. So for nyi1 = Min[% + 2v,2] we choose the first
component. And now we want to show that for any v arbitrary close to zero

16



there exist Ny such that nx, equals 2. In this way we would reach the right
time-scale 7' < Eln, n < 2.
Let us find the explicit formula for ny which satisfies to the following

recurrent problem

+ nn-
N+l = 2v + N IN-L 277N !
m=v

14
772:21/‘|‘§

It is easy exercise to show that

4y Qv 1
N = ?N + j((——)N —1)

And it is obvious now that for any small 0 < v we can choose N; > f—y

such that Min[™F22=1 4 25 2] = 2 and further we will be on the time-scale

t<§,,77§2.

6 The main result.

Let us overview what was done. We have begun with the initial conditions of
order unity for the scaled equation (2.1) and by Lemma (2.1) we have shown
that the uncritical modes decay and the first peak forms. But we have got
it on unsatisfactory short time-scale t < 6%, n < v. To extend the time and
to get the rest of the peaks we started with the rougher scaling exploiting
the results of our first step. And recycling the analysis N; times as we have
shown in the previous section we can get a time-extension till ¢ < 522 Let
us now formulate our main statement and then we will show how it can be
obtained from the point where we have stopped.

Theorem 6.1 Let the initial conditions for the Fourier-components ®(k,t)
in equation (2.1) are of unity i.e.

®(k,0) = (k) = O(1)

Consider the time-instant



Then: )
(I)(kvt) = 55(5)95(k7t)7 © O(l)

N
6 (2) = Max{}_ [ fo(k,nko)]Y, ™)
n=0
where N is an arbitrarily large integer.

Comments. We note that ¢(k,t) = ¢"®(k,t). So we have got the mode-
distribution scaled on ¢”. However for v close to zero we are arbitrary close

to the GL manifold, introduced in [8], [9].

Full proof of the theorem follows by induction starting with initial conditions
5,];1@(16,&. We don’t have restrictions on the time any more and automati-
cally can get on every step the boundedness of the corresponding X and Y
norms. We leave out the explicit technical details which from now on should
be obvious.

7 More general quadratic nonlinearities and
weighted norms

We shall consider now more general problems of the structure

S = P () () (r.)

where L is as before, while py, py are linear differential operators in the space-
like variable x, with symbols pi(k), pa(k). Of course, one can also have finite
sums of non-linearities of this structure, i.e.

S (i) (W) (7.2

For simplicity of presentation we develop the reasoning for m = 1.

The complication introduced by the more general form 7.1 comes from
the fact that taking the Fourier-transform does not lead to the simple and
elegant equation (2.1). Instead one gets

¢ S
Bk, 1) = B [(I)O b [ ar (7.3)
0
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with

340 = /_Oo G |k — k') D(K) ®(k — k') d’ (7.4)
G(K k= k') = pi(K') pa(k — k') + pa2(K') pr(k — &) (7.5)

To avoid this complication Van Harten [9] advocates a reformulation in terms
of a vector function of which the components are derivatives of ¥ with respect
to o up to a suitably chosen order.

We shall show that, at least for the purpose of our analysis, one can use
a simpler approach, in terms of weighted norms (to be defined shortly).

Let us first give some details on the behaviour of pi(k), p2(k) for | k |— oc.
These functions are polynomials, so we have

| (k) [< e | k|
k

<
| palk) |< |k | OTF>0prp2>0 (7.6)

We introduce a weight-function g(k) by
gk) =1+ k", p=pi+p (7.7)
In the Appendix A.3 we demonstrate that

Lemma 7.1 The function

k) = [ CEEE R 75

with G and ¢ specified through 7.5, 7.6, 7.7 is uniformly bounded for k €

(—o0, ).

The proof is an (amusing) exercise in elementary analysis but is not altogether
trivial, so it could not be left as an exercise for the reader.

We now assume that ®(k,?) is a continuous function of & which decays
sufficiently fast for | £ |— oo so that

Slklp {g(k) | ®(k,1) |} exists (7.9)
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This condition is not unnatural and corresponds grosso modo to the assump-
tion that ¥ and its derivatives up to a certain order have Fourier-transforms
which decay for | k |— oo.

With this preparation we can follow the line of section 2. The first step
is

F58 1<t { Swloter o0} o
Next introducing
(@)= sup {swlsih 00k 1} w11)
one gets
@ 090 4 1Ok, 0) Y5 @) 712
FO>k,t) = |p:((:))| (e 1] (7.13)

In order to derive an inequality for Y,(®) one must analyse
Sup {Sup [g(k) Fo(k,t)] }
0<t<T | &

However, the function g(k) F°(k,t) is of the same structure as F(k,t) of
section 2 so one can just use the results of Appendix 1. Hence:

V() < T Sup [ 0[] + oy, T) (@) (T.14)
From here an a priori estimate for the weighted supremum norm follows

immediately, and the previous results can readily be reproduced.

7.1 Cubic Nonlinearity

Let us show how to deal with some difficulties concerning a cubic nonlinearity:
N(W) = P(¥?). In the first step of the proof the same rescaling can be done.
Working with the inequality

| & < P @0 | 4 % F(k,t) X*(®) V(D) (7.15)
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instead of (2.5) one gets that after the time ¢, = 7'/e" with 5, = 2v one can
use the scaling (3.1) with 5,(:)(5) = Max][f,, (k, k.),e*]. Now in order to get

the result analogical to the statement of lemma 3.1 one has to estimate

PxPxP = /OO 5k kP k k /OO 5k’ k”5k”g«9(k _ k”) (k//) dk//dk/
(7.16)

Using analogical reasoning to the quadratic case one gets

(@] < e Q0] + e F(k, 1) {7 X2(p) + T X ()Y ()
+ ce™ Max[fy, (k, ko), fon (b, 3k2), 22V 2(0)} Y ()

Skipping the details of the proof of the section 3, we end up with the state-
ment of lemma 3.2 valid till T = L, T = (’)(1), ne = Min[my + 2v, 2]
After N steps one can extend this result till ny; = Min[py + 20,2] =
Min[2v(N + 1), 2] which is much faster than in the quadratic case. Finally
one will get the distribution given in figure 5 on the time-scale given by

0<t< L one(02),T=0(1).

A Appendix

A.1 Proof of the lemma 3.1.

Let us introduce the following sub-intervals of the k’-axis:

I = (KK = £k, 4+ O/} (A.1.1)

Je = {Kk — K = k. + O(c"/} (A.1.2)

In each of these intervals one of the order functions 6y, 6x_ss is of order unity.
However, we observe (and one can easily Verify this) that:
When k 7E O=/%) and k # F2k. + O(=/2) then I+ and Ji cannot
pairwise coincide and one of the factors in dpdp_p is always O(e”).

We commence our analysis with this restriction on the values of k. The
first step is the estimate

10+ | < 5”/ Sl o(k)] - ok — K|k + (A.L3)
I

++J-
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Figure 5: The cluster mode-distribution in the case of cubic nonlinearity.

e [ e wle ()] (k= KR+
Ji+

e [ o)) - (k= K)ldi

Note that in the last integral we have “filled in” the small subintervals re-
moved in the first four integrals, which is consistent with over-estimating
|® « ®|. Next we use, in an obvious way.

@@l <[ bwdk + [ dewdk]sup ol + o
et sup el [ feldi
Each of the remaining integrals in A.1.4 is equal to the integral:
[
ke—ce 2 (K — k)2 4 e” (A.1.5)
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This last result is easily obtained by explicit integration.

Next we consider the values of k such that & = O(c"=")/2). Then Iy
and Jy coincide pairwise and (skipping a few steps entirely parallel to the
preceding analysis) one gets

deaj<a [ Y
« | < . ) sup |
A A 0 A R N W
e Sl;pM lellz,-

The remaining explicit integral we denote

kc-l—csn2;y en g

I :/ - dk’'
hemes T (K — k)2 e (k= K 4 ko) + e (A.L.7)

where ¢ is some (order-one) constant. We introduce the transformation

1 .
and obtain
—%k—l—csri?i 1 K 7
%:/ o QU dk
—gh-es 7 (k+ Fk)24en (k—1k)?+ e (A.1.9)

For each k = (’)(5”2;”) we can choose ¢ such that the upper integration limit is
positive. For reasons which shall become clear shortly, we apply a somewhat
more conservative condition

—k4ceT > 0. (A.1.10)

Next the integral A.1.9 is reformulated so that the integration variable runs
over non-negative values only:

—é—k{—cs% %k{—csr]?;y en g 2
%:v +/ 1 TR
0 0 (k4 3k)? e (k= 3k 7 (A 111
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We can now introduce the obvious estimates

A~

1< el [/—;—k—l—csg—l_/%k—l—csr]?;y] en
"= T A : (i1

The final step is the transformation of variable
TN £

which produces

gl _§+ n—v c’I—V df
] < 7‘/ 51_ 2 /51_ 2
e b T T e

By explicit integration one gets

Hence

dk

FP4em (A112)

(A.1.13)

(A.1.14)

(A.1.15)

(A.1.16)

We consider finally & = 2k. 4+ (’)(5”2;”). Again there are intervals of the
k'-axis on which both 6y and é;_j are of order unity. Proceeding as above

one now gets

n—v
kedce 2 e en

ke T (K — k)2t en (k—k —k)? + e

|+ | <2

e suple] - [l

The integral

n—v
kc-l—CE 2 577 577
]1 :/
k

— dk
c—csn_ (k/ — kc)2 —|— en (k — k/ — kc)2 —|— en

24

dk

[sup |ol)*

" (AL

/

(A.1.18)



after the transformation

k=2k. 4k k=0(E"7) (A.1.19)
will look as follows
kc—l—csn2;y n n
h=[ e dk’
hemee' 2 (K —ke)? &7 (k — k' + k)2 + & (A.1.20)

which is identical with Iy , with k replaced by k. Further difference is that &
can take negative values, but with condition A.1.10 replaced by

—|k| 4+ e >0 (A.1.21)

one can just repeat the analysis and gets

g n v
]1 S m@EC(l + 0(55)) (A122)
2

finally
L <e? fk,2k) - (14 O(e7)) (A.1.23)

Which complete the proof of the lemma 3.1.

A.2 Coefficients in the inequalities for norms

Our first object is the study of F(k,t) given by

F(k,t) = |Zig| [ _ 1) (A.2.1)

Note that p(k) is a polynomial in k and has a positive maximum of the order
e? at k = k.. In the vicinity of k = k. p(k) is monotonic for both k > k. and
k < k.. In fact, for |k — k.| small we have

plhk) = o — pa(k — ko)* +0[(k — k)’ po, p1a > 0
(A.2.2)

By straightforward power series expansion one finds
[F (k0] = ()11 + (k)] (A.23)
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The error term is of the order ¢” when |k — k.| = O(e) but becomes larger
outside that region. On the other hand, for (k — k.)? > Z—;Je? the function

1(k) is negative, so that one than has

|F@¢ﬂglﬁ2& (A.2.4)

The order of magnitude of F'(k,t), over the whole domain of k, can be de-
scribed by

w@¢ﬂ§§0wwh@¢g (A.2.5)

where C'(£"t) is bounded and of order unity when 7t is less or equal order
unity.

Next we consider
F(k,t)

Fills ) = e o (A.2.6)

Because of the denominator the situation is more complicated. As before we

find

n

ﬂnm—kJ:ogfﬂ,|ﬂ@¢ﬂ§§; (A.2.7)

mmk—@pd%ﬂ%péngy,lﬂ%ﬁﬂ< :

— 51/—|—2p

(A.2.8)

In the above (and in the sequel) the symbol ¢ denotes constants which (in a
sharp estimate) are of course not all the same. Our conclusion is that in the
supremum norm

Y(F) < égﬁggwr) (A.2.9)

01(577T) = poa’fnT + Co (AQlO)

In order to deduce useful estimates in the L;-norm we must be even more
careful. We must assume that |p(k)/pu(k)| decays to zero for |k| — oo suffi-
ciently fast so that the integral over the whole k-axis (excluding neighbour-
hood where p(k) = 0), exists. This condition is automatically satisfied in the
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differential operators in the basic equation (1.3) have leading terms of even
order (in that case |p/u| ~ k=2 for |k| — oo) Now to the estimates. The
difficulty lies in the fact that the intervals in A.2.7 and A.2.8 contribute to
the same order of magnitude, yet we must exploit the fact that the largest
contributions come from a |k — k.| = O(¢"7") subinterval.

We divide the integration interval as follows

00 ke —ceP ke+ceP 00
[ iRl = [ [T [ Rk
0 0 ke—ceP ke4ceP (A211)

The middle integral is bounded by Y (F}) times the interval length. So we
get

00 ke—ceP 00
/ \Fu(k t)|dk < Y (Fy)2e” + [/ n 1|14 (ke 1) dE.
0 0 heeet (A.2.12)

Using A.2.10 and A.2.12 it follows that

/Oo [Fi(k, t)|dk < QCél(enT)g_”‘W 4 e,
0

(A.2.13)
Optimal choice of p is obtained by putting
—77+p=—1/—2p—>p=77;y, (A.2.14)
so that the final result is:
X(Fy) =75 Cy(e"T) (A.2.15)
We now turn to the analysis of
Falhot) o= F(kt) Maxl\[{n(k,()),fn(k,%c),e”]
ax(fy(k, ke), €] (A.2.16)
When k > ¢z and |k — 2k.| > ce”7 , then
Fy(k,t) = e”cFy (k1) (A.2.17)
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On the other hand, for k = O(¢"Z ) or |k — 2k.| = O(¢"Z ) an easy estimate
shows that

|Fy(k, b)) < = (A.2.18)
61/
Therefore, using the results for £y, it follows that
1 -
Y(Fy) = —=Cy(e"T), 0 = max(v,n —v) (A.2.19)
60

Finally the Li-norm of F,. Near k¥ = 0 and k£ = 2k. the contribution to the
integral is of order e27", because integrals of f,(k,0), f,(k,2k.) are of order
7. The contribution of the neighbourhood of k = k. is as established in the
analysis of F}. Therefore:

X(Fy) = "5 0y (") (A.2.20)

A.3 Proof of Lemma 8.1

In what follows the symbol ¢ denotes constants (which of course are not all
the same). Furthermore, without loss of generality, we consider k£ > 0. We
study the integral

&0 |G(k/7k_k/) | /
mib) = [ s

G(K' k= k') = p1(K') pa(k — K') + pa(K') pr(k — K)
For sufficiently large values of the argument, say & > ko,

pr(k) < c kP pa(k) < c kP2 (A.3.1)

prtp2=p, p,p220 (A.3.2)

The function g(k) is defined by

g(k) =1+ k|7 (A.3.3)
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We first consider the case p = 1, which can be computed explicitly, and to
which the method for p > 2 does not apply.

With
pr=c1, p2 =2+ csk (A.3.4)
we get
GK b — k') = 2er¢5 + csk (A.3.5)

To get rid of the absolute-value signs the integral is decomposed and after
some trivial transformations one gets

= (2c1e2+ ¢ :
& 1eTe o THRIHETF) "o T M+ R 3
Explicit computation then produces

4(2¢1¢9 + csk) 1
wlk) = =5 O (1 - k) (A.3.7)

Hence we even find that
po(k) — 0as k — oo (A.3.8)

Next the case p > 2. Again it’s useful to decompose the integral, so we start
with

po(k) = 21, + I (A.3.9)

I = /OOO [m(k’) p2(k + k') + pa(K') pi(k + k')] dE

g(k/) g(k + k/) (A.3.10)

I, — /0’“ [m(k’) p2(k — k') + pa2(K)pa(k — k')] di

g(k’)g(k _k/) (A.3.11)
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We first consider [;. Take k > k¢ and decompose further

11:/0% Lo a4+ [ L]k (A.3.12)

ko

Because of A.2.3 we get
Fo pr(K)(k £ k)™ + pa(K') (K £ K)™

o=y L+ @+ (ko]0 (A3
s [ R+ R+ (R R
LK M 25 e (e

One easily sees that the first integral can be estimated by a constant (which
depends on kg, but ko is fixed). Taking this into account we overestimate the
second integral by writing

o (K + k)P (k+ kY + (K + k)P (k4 K + 2

I < +2/ aw
=T [+ ()]0 + (ke + &7)7] (A.3.14)
Hence
o dk’
I < 9 2/ e~ A3.1
1< c+2¢ o [1—|—(k’)p] ( 3 5)

The remaining integral exists, because p > 2.

We now turn to I,. For k' € [0,k], | G(K',k — k') | has a maximum, which
cannot be larger than ck?. Hence

k dk’
]<kp/ A.3.16
2= T P+ G P A0
Again we decompose:
k 1k k
[loqaw= [T yaes [ L]
0 0 2F (A.3.17)

This leads to the estimate

]2 SCkp {

2

Ly dk! 1 k dk’
T+ (kp /0 Ty 1t (k) /k 1+ (k—k(')f.i.lé%)
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Finally

ck? o dk
TGk oo T (k) (4.3.19)

which again is bounded. O
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