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Persistency of 2D perturbations of one-dimensional solutions for a
Cahn-Hilliard flow model under high shear

Franck Boyer?, Pierre Fabri€?,

Abstract - We consider a diphasic system in a high shear regime when separation of phases occurs. One can observe that the
two phases organize themselves into numerous bands, parallel to the flow direction. Mathematically, these are solutions of a certain
system of equations depending only upon the transversal variable (1D solutions). We study the stability of these 1D solutions with
respect to 2D pertubations. The mathematical model used in our analysis is a coupling between a Cahn-Hilliard equation and the
Navier-Stokes equations in two dimensions. We show that a small 2D perturbation of a given 1D solution persists for significant
times. We give the precise size of such a perturbation and its time of persistence. Moreover, we obtain an asymptotic expansion of
the solution in the considered cases. Note that, for a mathematical model to be realistic one has to take into account the fact that in
experiments the high shear regime is obtained in elongated domains (a very thin Couette cell for example). Therefore, we perform
the mathematical analysis of this problem in a stretched domain.

Key Words - Cahn-Hilliard equation, Navier-Stokes equation, Diphasic flows, Shear flow, Spinodal Decomposition

AMS Subject Classification - 35B40, 76D05, 76D45, 76 T99

1 Introduction

e Cahn-Hilliard models for diphasic flows:

This paper is concerned with a qualitative study of the behavior of a diphasic system in a high shear regime. Among
the numerous existing models for the study of incompressible mixture flows, a new approach was presented in [8]
following, by example, the previous works by Cahn and Hilliard [9], Doi [14] and Onuki [21]. Its physical relevance
has been shown through various numerical simulations in [8]. Several theoretical results were obtained in [6, 7]. This
model takes into account a diffuse interface between the two phases, that is to say that the interface is supposed to have
a small but non-zero thickness. We refer to [2], for a review concerning this kind of approaches and to [17] for a study
of a similar model.

In the interfacial zone, the various quantities describing the mixture are supposed to vary very quickly but continu-
ously. This is achieved by introducing a free energy of the mixture which not only depends upon the composition of the
blend but also on its gradient (Van der Waals, Cahn and Hilliard [9]). In a dimensionless form, this free energy reads

a2
F@) = [ FIVeE+F@),

where ¢ characterizes the composition of the mixture (the volumic part of one of the constituent), « is the dimensionless
interfacial thickness, and F' represents the Cahn-Hilliard potential with double-well shape as shown in Figure 1.1.

The Cahn-Hilliard theory is quite classical in the study of phase transitions. The stationary theory leads to numerous
problems of minimization of the Cahn-Hilliard free energy under a given mass [, ¢ = M constraint (see for example
[3], [10], [24]). The non-stationary Cahn-Hilliard theory leads to a parabolic fourth order equation which may eventually
degenerate (see [6], [7], [15], [13]). In fact this equation can be generalized to different situations in material sciences:
viscous Cahn-Hilliard equation [20], deformable medium theory (Cahn-Hilliard-Gurtin models) [18], [19].

Using the Cahn-Hilliard theory to describe the conservation laws (of mass and momentum) in each phase of a binary
flow, a mathematical model for a diphasic flow has been derived in [8]. The two phases are supposed to have the same
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Figure 1.1: Cahn-Hilliard potential F

densities and the system of equations consists of a coupling between an incompressible Navier-Stokes equation for the
velocity field V' and a Cahn-Hilliard equation for the order parameter . These equations are in a general form

0p+ V.V@ — 2 div (B(¢) Vi) =0, (1.1)
i=—02Ap + F'(p), (1.2)

OV + V.YV = Z div (n(@)D(V)) + VB = KV, (1.3)
div (V) = 0, (1.4)

where Pe is the Peclet number, Re the Reynolds number and X a capillarity coefficient. Finally B(¢) and n(p) are
respectively the mobility and the viscosity. As usual, D(V') denotes the rate of deformation tensor (VV + VV't)/2.

e Shear flows:

In this paper, we are particularly interested in the behavior of such a system in a high shear flow. Let us consider, for
instance, the two following physical situations: a Couette flow in a rheometer and a plane shear flow in a plate-plate cell
(Figure 1.2). These two systems are used to investigate the rheological properties of a mixture. In each case, the system
is composed of two parts. One is static (the stator) and one is in rotation with constant angular velocity (the rotor).

d

— .

R
\/
Figure 1.2: Couette flow in a rheometer and Shear flow in a plate-plate cell

In the two cases, the width of the cell d is the characteristic size of the domain. Hence, in dimensionless variables we
take d = 1. The constant R is the radius of the cell in the rheometer case, or the distance between the center and the
observation point in the plate-plate case. In both cases, R is large compared to d so that in dimensionless variables we
write R = % with € small. The time scale is chosen so that the angular velocity of the system is w = 1. The linear
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velocity on the rotor is then given in dimensionless variables by

1
V=wR=-,
€

and the shear rate by

a <u

i =
The high shear regime corresponds to the case £ small.

The interaction between thermodynamics (formation and evolution of patterns in a binary mixture) and hydrodynam-
ics (high shear flow) has numerous consequences from a physical point of view. One of them, observed in the physical
experiments [4, 5, 12, 16] but also in numerical simulations [8], is the following. In a mixture (under its critical point)
submitted to a shear flow, for instance in a system just like the ones presented in figure 1.2, two phenomena may occur:
the progressive separation of the two phases (spinodal decomposition) and the organization of the created patterns into
parallel layers to the flow direction.

It has been shown, experimentally and numerically [16, 8], that as the shear rate is increased, the qualitative evolution
of the system may radically change. In particular, at high shear, the critical point seems to be changed, i.e. at a given
temperature, the shear flow stabilizes a mixture which is unstable at rest.

e Mathematical analysis:

(proportional to the volumic part of one phase in the mixture) Our goal is to prove that the system (1.1)-(1.4) is able
to describe some of these properties. We are particularly interested in the stability properties of the one-dimensional
solutions of the problem, more precisely of the solutions depending only upon the variable z transversal to the flow
direction. These solutions correspond exactly to the parallel layers mentioned above.

In section 2 we discuss the stability of these solutions with respect to 2D perturbations. We describe the behavior of
the solution, when ¢ is small enough, for a 2D initial data which is a small perturbation of an 1D initial data. We show
that a perturbation of order ¢ persists on significant time intervals and we validate an asymptotic expansion in ¢ of the
solution. In fact, we establish three different results depending on the particular nature of the 1D solution considered. A
constant but non-metastable solution is found to be more stable than a general 1D solution. Of course, a constant and
metastable solution is found to be much more stable than the other ones.

From now on, we deal with the general equations (1.1)-(1.4) previously introduced, in the particular case of the high
shear regime (see Figure 1.2) and we make the following assumptions:

- The Cahn-Hilliard potential is a polynom, of the form

Fp) =2 -2, (L5)

This assumption is classical in the Cahn-Hilliard theory (see for example [11, 18, 22]). When the temperature of
the system is not too far from the critical point, such a polynomial free energy is a good approximation of a more
relevant logarithmic potential.

- The inertial terms are neglected in the Navier-Stokes equation. This assumption corresponds to the case of a
laminar regime.

- The mobility and the viscosity are independent of the order parameter ¢ and are set to 1.

Moreover, without loss of generality, we take the parameters Pe, Re and K equal to 1.

In the remaining of this paper, we model the two physical situations discibed in Figure 1.2 by considering an
anisotropic 2D domain given by

ng]oé[x]og[,
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which stands for a 2D representation of the two systems in which the gap between the two cylinders (or the two plates)
is small compared to the mean radius of the cell. This allows us to neglect the effects of the curvature of the domain. We
denote by z the coordinate in the flow direction, and by z the coordinate orthogonal to the flow direction.

We will see further that the key-point of this analysis is to cope with the strong anisotropy of the thin domain Q.
that we consider. To achieve this, we will introduce a change of variables to perform the analysis in an e- independent
domain and we will use anisotropic Sobolev inequalities to take into account the anisotropy in the Sobolev inequalities.
(see [23]).

The unknowns of the problem in the physical domain €2, are denoted respectively by @., fic and V.. We assume that
Pe, fte and V are periodic in the z-direction and satisfy the following boundary conditions:

0 _ Ofte _ - _
2w - Bw =0,on{z=0}uU{z =1},

- ~ 1
V. =0,forz=0,and V, = gez,forzzl.

The above boundary conditions on V. lead to a unique stationary solution of the Stokes equation in Q. given by ze,;.
. . . . . €
We are interested in the perturbations of such stationary states of the velocity , so we set

Ve = Eez+UE>
€

e, being the unitary vector in the z-direction, and U, being small compared to % After this change of function, the
system (1.1)-(1.4) in the domain €2, becomes:

6t¢75 + zaw</~7s + ﬁE‘V(ﬁE - Aﬁs =0 in Qs, (1-6)
fie = —a?A@. + F' (@) in Q., (1.7)

0U: — AU. + Vp. = —*Ap. V. in O, (1.8)
div (U.) =0, (1.9)

with periodicity and homogeneous boundary conditions on ., ji. and U..

Remark: In order to simplify the computations in the sequel of the article, we write the capillary forces term
under the form —a?A@. V@, instead of ji. V.. The two forms are equivalent because the term F’(3.)V@. may be
considered as a part of the pressure gradient for this incompressible problem.

We denote the components of the velocity field by

This article is structured in the following way:

- In afirst part, we begin with the description of the 1D solutions of the problem (which are the main object of this
work). Then, after having introduced some notations, we state the results contained in this article.

- The second part is concerned with some preliminary results that we systematically use in the remaining of the
paper.

- Finally, the last three parts deal with the fundamental energy estimates that we need, and with the proofs of the
announced results.
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2 Statement of the results

¢ 1D solutions of the system:

As mentioned above, this work deals with the 1D solutions of problem (1.6)-(1.9), that is to say with the solutions
which only depend on the variable z (transversal to the flow direction). Let (@0 (¢, 2), Uo(t, 2)) be such a solution, with

.= (3 )
Then, condition (1.9) on U, and the fact that 8, o = 0 imply that
0.9 = 0.
Hence, since Uy = 0 on the boundaries {z = 0} U {z = 1}, it follows that
7o = 0.

The field Uy is directed along the z-direction and 8,5, = 0, so that the transport term disappears in (1.6), which
becomes

Bypo — B2 = 0, (2.1)
fio = =32 @0 + F'(@0)- (2.2)

Moreover, equation (1.8) reads in these conditions

Ortio — Atig + Ozp0 = 0,
8:P0 = —a*(9230)(0:%0).

The pressure and velocity fields given by

~ a? ~ 2
Po = —7|3z900| ) (2.3)
and
Oyiig — Adig = 0,
are clearly the unique solution of this problem and then, T, has the following form:
o ﬂO
a-(%). 2o

Then, the one-dimensional solutions of system (1.6)-(1.9) are obtained through two uncoupled equations: a classical
1D Cahn-Hilliard equation for ¢, and a heat equation for ag. Let us note that these solutions do not depend on ¢, that is
to say on the shear rate the system is submitted to.

From now on, we are interested in the behavior of system (1.6)-(1.9) for 2D initial data which are close enough to
1D data, in high shear conditions, that is to say for small .

e Linearized equation:
For e > 0 given, let ¢; (which depends on e in an implicit way) be the solution of the Cahn-Hilliard equation
(1.6)-(1.7) with U, = Uy, linearized around the 1D reference solution ¢. = @q. This linearized equation reads
I P - -
(9,%,01 + gachl + ’LLo(t,z)az(pl — A/Ll =0, (2.5)
fn = —a®Ady + F"(Go(t, 2)) @1 (2.6)
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We will see later that this linear equation define a unique function ¢,. This function is expected to be a good
description of the evolution of the principal part of the perturbation along the time. The following results will precise
this statement.

e Domain invariant norm:

Since we want to understand the influence of the shear rate % on the 1D solutions of the problem, we have to state
the results using a norm on L2((2.) for which functions independent of z have norms independent of &.

Definition 2.1 (Domain invariant norm)
For any function f. € L?(Q.), let us define the following norm:

|fel2.e = VElFellzz .-

In particular, the 1D solutions o and @ have, with this choice, a norm in L2(€.) which is independent of . This
fact makes the following results physically meaningful.

We can now state the results obtained in this paper, in each of the three cases under study.

e General case:

If we do not make any particular assumption on g and Uy (in particular they may depend on time), then we prove
the persistency of small perturbations of size e of this solution along times of order O(1). The main difficulties arise
from the nonlinear terms: the Cahn-Hilliard term F’ (i), but also the capillary forces term in the Navier-Stokes equation,
which are the main cause of the increase of small perturbations of one-dimensional solutions. The precise result is the
following.

Theorem 2.1
Let ¢o be a 1D solution of the Cahn-Hilliard equation (2.1)-(2.2), for a given initial data p3. We consider a family of
2D initial data of the form

955(0) = 908 + 595(1):
Ue(0) = ug(2)es + W2,

for system (1.6)-(1.9) in the domain .. We suppose that m(@9) = 0 and that there exists a constant K, (depending
only on 3) such that

802, +£2|V@a,e < Ko, 2.7)

W0, < Koe. (2.8)

Then, forany T > 0, there exists eo(T') > 0 and My(T) > 0 such that, for any e < e¢, the unique solution (¢, U)
of problem (1.6)-(1.9) in Q. satisfies

sup <|¢7s — @o — ePrlae + |U: — ﬁ0|2,5) < My(T)e,
¢€[0,T)

sup (IV(sbs o s¢1)|2,5> < My(T)et.
t€[0,T]

Remark 2.1
The functions ¢9 and $, depend of course on e implicitly because they are defined on Q.. This dependence will never
appear explicitly in the remaining of the paper, in order to simplify the notations.
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e Non-metastable homogeneous initial mixture o = w, with F"(w) < 0:
In this context, the asymptotic behavior of the solution when & goes to zero can be precised, as we can justify the
validity in times of order O(1) of the asymptotic expansion

Pe = Po +ep1 + o(e).

Hence, the evolution of the small initial perturbation is well described at order € by the solution 7 of the linearized
equation.

We will see in the proof of the following result, that the main difference, compared to the previous case, lies in
the fact that there is no important capillary forces in this case on O(1) times. Indeed, a homogeneous solution of the
Cahn-Hilliard equation does not present interfaces, and therefore, there is no capillary forces. This fact subsists when we
apply a small perturbation on the solution, until an interface is created. Hence, the validity of the asymptotic expansion
is only controlled by the destabilization of the non-metastable state o = w for the 1D Cahn-Hilliard equation.

Theorem 2.2
Let us consider a constant solution o = 9 = w of the 1D Cahn-Hilliard equation (2.1)-(2.2), with F"(w) < 0 (e.9. w
is not metastable). Then, let us consider a family of initial data of the form

@:(0) = ) +e@) = w + £,

[75(0) = “g(z)ex + WEO’

for system (1.6)-(1.9) in the domain 2. We suppose that m(39) = 0 and that there exists a constant K, depending only
on ¢ = w such that

13%]0.c +2|V@|ae < Ko, 2.9)

WO, < Koet. (2.10)
1> y

Then, for any T' > 0, there exists eo(T) > 0 and My(T') > 0 such that, for any e < &g, the solution (p.,U.) of
(1.6)-(1.9) in Q. satisfies

sup (|g55 — Po —epilae + |U. — (70|2,€) < MO(T)E%;
te[0,T]

sup (195 - @0 = e ) < Mo(D)et.
te[0,7]

e Metastable homogeneous initial mixture ¢ = w, with F*/(w) > O:

If we make the assumption that the 1D solution under study is an homogeneous mixture which lies in the metastability
domain of the Cahn-Hilliard potential £, then we prove the persistency of perturbations of size ¢ all along the time, and
that the asymptotic expansion

Pe = Po +ep1 + o(e),

is justified uniformly in time.

The intuitive explanation for this result is that, when o = w is a metastable state for the Cahn-Hilliard equation, it is
a stable mixture for the 1D Cahn-Hilliard equation, so that a small perturbation of this state does not create an interface
and so there is no significant capillary forces in the system at any time, which would have destabilized the velocity field
and thus the mixture composition.

Theorem 2.3
Let us consider a constant solution po = ¢ = w of the 1D Cahn-Hilliard equation (2.1)-(2.2), with F"(w) > 0, that is
to say that w is a metastable state of the potential F'. Then, we consider a family of initial data

@:(0) = ) + e} = w + e,
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U-(0) = ug(2)es + W2,

for equations (1.6)-(1.9) in .. We suppose that m(3?) = 0 and that there exists a constant K depending only on
9 = w such that
~ 1 ~
|80]2,c +22|V@L|a,e < Ko, (2.11)

[W0la,e < Koei. (2.12)
There exists e > 0 and My > 0 such that, for any e < &g, the solution (3., U.) of (1.6)-(1.9) in Q. satisfies

5
sup (l‘Ps_ 0_5<P1|25+|U U0|25> < Mje+,
teR+

sup <|V( Po — £P1)]2, s) < M, £,
teR+

From now on, we are concerned with the proofs of these results. The idea is to find out the equations satisfied by the
remainders of the asymptotic expansion. Then, we perform some accurate energy estimates on these remainders which
allow us to conclude in the two first cases. For the proof of the third theorem, it is necessary to make some of these
estimates more precise, that is the reason why it is given in a separate section at the end of this paper.

3 Preliminaries

3.1 One-dimensional solutions of the system

In the sequel, we consider a given solution (¢, z) — @o(t, z) in Rx]0, 1] of the 1D Cahn-Hilliard equation (2.1)-(2.2)
that we recall here for convenience:
Bepo — B2 fio = 0,
fio = =820 + F'(Go),
with initial data
@0(0) = @5 € H'(]0,1]),

and boundary conditions
0,90 = 33950 =0, forz=0andz=1.

Existence and uniqueness of such a solution is classical [1, 22], and we have the following properties

vt >0, m(@o(t)) = m(y)),

vt > 0, (0.5 [2(1) / F(@o(t, 2))dz < Co, (3.1)
VT >0, / 0%Gol3dt < Co(1+T), (32)

0
stup |¢0(t,2)| S CO: (33)

for a constant Cyy depending only on (3. Let us remark that the boundary condition 835, = 0 makes a sense only if the
solution is more regular.
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We associate to this particular solution the pressure field gy given by (2.3) as well as the solution of the one-
dimensional heat equation
Byilg — 0%t = 0, (3.4)

with initial data
iio(0) = ug € L*(10,1),

and homogeneous Dirichlet boundary conditions
’17.0(2 = 0) = ﬁo(z = ].) =0.

Once again, existence and uniqueness for this Cauchy problem are classical and we only recall the following esti-
mates:
ol .o R+, r2(0,17) + IlToll L2+, 51 qo,1p) < Clugla- (3.5)
Hence, by Sobolev embedding H* c L* in 1D, it follows

|0l 2@+, L= 0,11 < Clugla- (3.6)

3.2 Changeof variables

In order to take into account the fact that the domain €2, is very stretched in the z-direction, we naturally use a change
of variables which let us perform the estimates in a domain which is independent of ¢.
Namely, for any (z, z) € Q¢ =]0, 1[x]0, 1], we introduce

- x - x
(,OE(t,.'L’,Z) :Qos(tagaz)a us(taxaz) :us(tagaz)a

as(ta_az) €T
— g — 5
Ua(tamaz) = 1 T 3 pa(tamaz) _pa(tagaz)'

gf)s(ta ga Z)

The coefficient % in the definition of the second coordinate of U, is natural to ensure that the divergence-free condition
in Qg for the velocity field U, always reads
Oy _
(%) -0

Remark 3.1
As we have seen that the one-dimensional solutions (@, Us) of the system satisfy ©, = 0, it is easily seen that they are
invariant through the previous change of variables. 3

Consequently, from now on, these solutions will be indifferently denoted by (3o, Us) or (pa, Up).

A straightforward calculation shows that, in the new variables, system (1.6)-(1.9) reads

Ospe + 20,0 + €UV, — 5265;% — é[.fus =0, (3.7
pe = —a’e’0rp. — ’02¢: + F'(pe), (3.8)
€0 Pe —OL26(E26§Q05 + 83905)8:6905
U, — 202U, — 0°U. + ( % . ) = ( —_(12(6263%% 000000 ) , (3.9)
div (U.) =0, ) (3.10)

associated with the periodicity conditions in the z-variable and with the boundary conditions

az%?s:af(ps =0on {Z:O}U{z: 1}7
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U.=00on{z=0}u{z =1}

Indeed, as 9,p. = 0 for regular enough solutions, the Neumann conditions for u. on the boundaries {z = 0} and
{z = 1} can be expressed in the following way:

0 = 0,(—a?e?0%p. — a?8%¢.) + F"(p:)0, 0. = —a’83 ..

3.3 Anisotropic Sobolev inequalities

The initial domain Q. depends on . We saw that it is important to rewrite the equations and the computations in a fixed
domain €. Indeed, the various constants which may appear in the energy estimates will not depend on . Nevertheless,
if we only use classical Sobolev inequalities, we miss the fact that the physical domain is indeed anisotropic, which can
prevent us from obtaining interesting results.

That is the reason why, in the following, we need to use anisotropic Sobolev inequalities (see [23]) that we recall in
this section.

e Notation: In the sequel, |.|, represents the classical L? () norm.

Lemma 3.1 (Anisotropic Sobolev inequalities)
e Foranyp, 2 < p < +oo, there exists a constant C,, > 0 such that for any function f in H'(Qo), we have

Flo < Colf13 (12 + 182 F12) 2 (112 + 18- £12) 3 (3.11)

e Foranyp,2 < p < oo, there exists a constant C,, > 0 such that for any function f in H?(Qo), we have
3t+3 2 11 9 11
[flp < Cplfly " (Ifl2 + 102 fla + 107 f12)* 22 (I fl2 + 10212 + 107 Fl2) 20 (3.12)
Remark 3.2
In the remaining of this work, inequality (3.12) is always applied to functions f satisfying periodicity conditions and
homogeneous (Dirichlet or Neumann) conditions on the boundaries {z = 0} and {z = 1} of Qq. Then, by integrating
by parts, we can show that for such functions

0 fl2 < IFI3102£13 < 5(1fl2 + 107 f12),

10:fl2 < |fI3102F13 < 5(IFl2 + 102 fl2),

so that (3.12) can be used in the following form:

N = N =

1Flp < Col 1277 (1f1 + 102 F12) F= % (112 + 192 £12) . (3.13)

3.4 Two-dimensional solution of the linearized equation

We are now concerned with the resolution of the 2D linearized equation (2.5)-(2.6). In the domain g, this equation
reads

Orp1 + 20,01 + eug(t,2)0p01 — 2021 — 821 = 0, (3.14)
= —ae?02p1 — a20%p1 + F'' (0o(t, 2)) 1, (3.15)
where ¢y and g, are obtained from fy, and ji; through the change of variables introduced in section 3.2.

The existence and uniqueness of a global weak solution for this problem is proven without difficulties for a given
initial data ¢ in H'(Qo) (see [6] for instance). Let us now give some useful estimates on this solution.

In the remaining of this paper, C, stands for a constant that only depends on ¢ and uq (that is to say on 3 and 1),
and C' a universal constant. These constants may eventually change from line to line.

10
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Lemma 3.2 (Regularity results and bounds for 1)
e The 1D solution (g, ug) Of the problem being fixed, the unique solution of (3.14)~(3.15) satisfies, forany T > 0,

VO<t<T, |p1(t)]3 < |¢}?e”T, (3.16)
VO<t<T, [8pp1(t)]5 < 0207377, (3.17)
1
VO<t<T, |8:01(t)3 < Co (I@«p‘fl% + glcp?@) e, (3.18)
T -
/ <E4I83901|§ +2(0,0. 015 + |6§so1|§)dt < Colpf[5e”, (3.19)
0
T - - -
[ (ct020u1 + 1020.018 + 020201 )t < ol e, 320)
0
T 1 -
| (ct020.B + 20,0201 + 021 )t < o (0 + 28R ) 7. 32

e Moreover, if we suppose that ¢ is a constant which is a metastable state of the Cahn-Hilliard potential, that is to
say if po(t,z) = w forany (t, z) with F"'(w) > 0, then the estimates on ¢, read

VE >0, [0z01(t)]5 < |0:4%3,

Co
¥t >0, 00105 < 10:0105 + — LR,

T
[ (0ol + 10l + 02n 2+ 2210000113 + 10211 ) t < Colot
0
T
[ (102001 + 10201 + 020 + 21020011 + 1050201 )t < Col0
0

T
1
[ (210:0:013 + 10261 + 41020.011 + 20,0201 3 + 10213 )t < Co 10:68 + 2162
0
Proof :
e Step 1:

We take the inner product of (3.14) by (—1)*92*¢, (for k = 0 or 1). Thanks to the periodicity in the z-direction,
we obtain, after integrations by parts,

1d

2dt |08 113+ 0|05 201 |3 + 2072|051 0.1 5+ 0®|05 0201 5 < |F" (90) |0 |0F 01 12(7105 2 1|2 + |05 0201 2),

because g and ug are independent of z. This implies, by Gronwall’s lemma
VO<t<T, |08p13 < |05 377,
with Co = &5 SUp(z,.) |F" (po(t, 2))|? (which is finite as (g belongs to L= (Rt x €)). Furthermore, one has
T
/0 <E4I3§+2<p1|§ +e%0; 1 D15 + |8£83<,01|§)dt < Coldz¢il3eT.
e Step 2.

11
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If we take the inner product of (3.14) by —92¢1, we have after integrations by parts

1d

5 10013 + 021020, [} + 202710, 0213 + 0?1031

< +e

/ 10,0, 01dx / uop10,0% 01 dx
Qo Qo

+ [F"(00) |00l 020112 (€%|8382 01 |2 + 10201 |2)

+ [F" (00)0:p0loo |1 12(e21020- 012 + 82601 2),
so that, if we use the coercive terms to absorb some of the right-hand side member terms, we find
?|

|62901|2 +a?e!|020. 0113 + o?€?|0,02 13 + 0|03 1 3

2 dt
Co
< ?(|<P1|§ +£%10,0:113) + Cluol% l1]3 + Col0-15-

Integrating this inequality on [0, ¢], and thanks to (3.5) and the previous estimates on ¢, , we obtain

t
vt e [0, 7], |3z¢1(t)|§+az/ (*]030: 0115 + €202 0213 + |01 [3)dt
0

Co [ [T T
< 18:0013 + ?0 (/0 |<p1|§dt+62/0 |6z8z901|§dt>

T t
+C [ 10uolenlar+Co [ 10l
0
t
< 100015 + _|<P1|2 T 1 Clef[5lugl5e”™ + CO/ 0.1 [3dt.
0
Applying one more time the Gronwall’s lemma, one has
Ve 071, el < (0.0 + LT ) et
< Co (10:68 + Z1ot) €7,
and
T
| (c1020.018 + 20,0201 + 026112 )t < Co (J0.tl3 + Ligte™ ) e
0
1
<o (10t + g|S0(1J|%> .
o Step 3:
In the particular case of a reference solution o which is a metastable constant solution the term " (o)1, which
appears in the definition of u;, becomes a coercive term. As a consequence, the energy estimates in this case are uniform

in time. More precisely, we have
vt >0, |05¢1l3(t) < 105415,

t
vt >0, / <52\3§+1901|§ + 08 1|3 + 4|05t 201 |3 + 2|0 0,01 3 + |02 <P1|2) dt < Co|0ke)3.
0

12
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Moreover, the estimates on the derivative of 1 with respect to z can be written in the following form:

1d
5 37 |0- 2113 + F"(@)e?10:0:01[5 + F"'(w)|0Z1[3 + a?e*|030:01 |3 + 0?€%10,07 1 |5 + 02|01 3

< +e

/ aw ®1 az ®1 dz
Qo

/ Up10,02¢1dx
Qo

After absorbing some terms by the coercive terms of the left-hand side, we find

1d . . . 5
3 771041 5+ F"(w)e?8:0: 0113 + F" (w)[02¢1 5 + ”*|020:1 5 + 20218, 021 |3 + o? (031 [3
1 . .
< g(ezlazcmlé +10:0113) + Cluo |13,
so that, integrating by parts and using (3.5) and the previous bounds on the derivatives with respect to z, one has

Co
V>0, [0:01(8)[3 < 10:01[% + — It 3.

Finally, we obtain

t
C
vt >0, / (s2|azaz<p1|%+Iaisollé+s4|6§6z¢1|§+62|6m6§¢1|%+@«ml%)dtﬁ 00813 + 1215
0

[ |
4  Energy estimates
We seek ¢, uie, p- and U. solutions of problem (3.7)-(3.10), with the following form:
Pe = o +ep1 +ER., (4.1)
Me = o +ep1 + €M, (4.2)
Pe =po + I, (4.3)
U. =Up+ W, (4.4)

where ;1 and gy are given by the linearized equation associated to the initial data 9. Then, we obtain some bounds on
the remainders R. and W, by introducing the above expansions (4.1)-(4.4) in equations (3.7)-(3.10).

4.1 Equationson theremainders

e Equation for R,
The equation for ¢, (3.7) reads

Ot(po +ep1 + eR) + 20, (o + ep1 + eR:) +eUo.V{(po + ep1 + eR:) + eW..V(po + ep1 + eR:)
—e202(o + epr + M) — 8% (po + g1 + eM.) = 0.

Using equation (2.1) satisfied by g, the one satisfied by ¢; (3.14), the fact that 9, = 0 and that Uy is of the form
(2.4), the equation satisfied by R, reads

OtR: + 20, R + eugdz R + W..Vpo + W V1 +eW..VR,

2P M, — 92M. = 0. 45)

13
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Moreover, the choice of the initial condition for . in the three theorems (section 2), implies that the initial data for
R, is zero
RE (0) = 07

and it is easily seen that R. fulfills the same boundary conditions as ., that is to say periodicity in the z-direction and
Neumann boundary conditions in the z direction

0.R. =0 on{z=0}U{z=1}.
Finally, let us remark that as m(R.(0)) = 0, the average of R. vanishes all along the time.

e Equation for M,
The equation satisfied by p. (3.8) reads

(po +epy +eM.) = —a’e?

02(po + ep1 +eR.) — a?0%(pg + ep1 + eR:) + F'(po + 1 + €¢),
which can be written, thanks to equations (2.2) and (3.15)

F'(po +ep1 +eR.) — F' (o) — eF" (o)1
&

M, = —a®¢*02R. — o*0°R. +

By Taylor’s formula, we have

1

F'(go +ep1 +eR:) = F'(po) + eF" (¢o)(p1 + R:) + € / (1—8)F" (g0 +es(p1 + Re)) (1 + R:)*ds,
0

so that, using (1.5), the equation for M. is finally:
M. = —a?e®92R. — a®0?R. + eF"(po)R- + €1 + R.)* (300 + (1 + R.)). (4.6)
Moreover, thanks to the boundary conditions on p., the remainder M. is periodic in the z-direction and satisfies
9:M. =0, on{z=0}and {z =1},
which is equivalent, thanks to the Neumann condition on R, to
BR. =0
for R. smooth enough.

e Equation for W,
First of all, it is clear that because of (3.10) and of the form of Uy (2.4), one has

div (W.) = 8, W. + 8,W. = 0. (4.7)

Then, let us write the equation satisfied by U, and p. in the following way:

202 2 €0z(po + P.) '\ _
875([]0 +Ws) — € azc(UO +W5) _az(UO +W5) + ( %62(170 _|_PE) ) -

e2(—a®e?02(po + ep1 + eR.) — a?02(po + ep1 + €R:)) 0 (91 + Re)
1(—a?e?02(po + &1 + eR:) — a202(po + 1 +€R:))0(po +ep1 +€R.) )’

so that using (3.4) and (2.3), there remains
0y P
W, — e20°W. — O°W. + ( iazps ) =
e?(—a?e®d2(p1 + Re) — a®02(o + ep1 + €R:))x (1 + R:) (4.8)

1(—a?e202(p1 + Re)0:(po + €1 + €Re)
—a?ed?(p1 + Re)0:(po +ep1 +eR.) — a?ed2po(p1 + R.))

14
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Furthermore, we deduce from the choice of the initial data on U, in the statement of the theorems (section 2) that we
have
WE (0) = cha
where W0 (z, 2) = W0(z/e, 2).
The boundary conditions for W, are the same than those on U, that is to say periodicity in z and homogeneous
Dirichlet condition on the physical boundary {z = 0} U {z = 1}.
From now on, the two coordinates of the vector field W, are denoted by

'[17 U‘E
4.2 L?estimateon R,

We obtain this estimate multiplying by R, the equation (4.5), in which we replace M. by its values given by (4.6), and
integrating on Qg

1d

§£|RE|§ +e2 / 92 (—a’e?02R. — a?02R. + F"(po)R: + e(p1 + R:)*(3po + e(¢1 + R.))) Redx
Qo

- / 9% (—a’e?02R. — o?02R. + F"(¢o)R: + e(p1 + R:)*(3po + e(¢1 + R.))) Redx
Qo

+ W, VypoR.dzx + ¢ W.. V1 R.dx
QO Q0

=0.

We rewrite this estimate in a more convenient way:

1d
§%|RE|§ + a254|63R5|§ + 2a262|8$8ZR5|§ + a2|62R5|§ =
—e2 [ 0,(F"(0)R.)0yRedx — | 8.(F"(po)R.)D.R.dx
Qo Qo
el /Q (1 + B)2(3g0 + £(gr + R.))O2 Rede 4.9)
0

+ 5/ (1 + Re)*(3po + e(p1 + R.))9?R.dx
Qo

—/ V0, poR.dx — ¢ W..Vpi1 R.dzx.
Qo Q0

4.3 L? estimateon W,

We have to use the fact that W, is a divergence free vector field in order to get rid of the pressure term P. (on which we
do not have useful estimates). That is the reason why we multiply equation (4.8) in L? by

Ue
e .
Ve
€0, P Ue
1 o2 dx
/Qo gaz P Ve

15
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The estimate reads

d
(] + o) +2

aa/ 2000, <p1+R) m—a/ 2000, (01 + Re)vedz

Ug 2 U |2 2 2 2
_= ) —+ 6z? +e€ |6azvs|2 + |6ZU5|2 =

u
Op—
€

—a?e? 02(p1 + Re)0x (1 + R.) (?) dz — o?e*

33 (¢p1 + R:)0: (1 + R:) (“—) dr  (4.10)
Qo €

Qo

- a252 a; (‘Pl + Rs)az(povfdm - aZ 63 (‘Pl + RE)aZSDOUEdw
Qo Q0

—a’e 6§(<p1 + R.)0.(p1 + R.)v.dx — o’e® 62(4,01 + R:)0.(p1 + R )vedx
Qo QO

It is clear that this estimate is useless if we do not have additional estimates on R. in H'. As the problem has a
strong anisotropy, we bound separately 9, R. and 0, R..

4.4 L? estimateon 0, R,

This estimate is obtained by multiplying equation (4.5) by —92R. and integrating by parts. As we have already seen
when we established estimates on 1, the contribution of the transport term (z + eug)d,, is zero. Hence, one obtains

5 dt|6 R[5+ a’¢*|0}R. |3 + a®e?|030. R. |3 + 0*|8,07 R |5 =

-2 [ O2(F"(po)R.)0?R.dx — | 0?(F"(po)R:)O2R.dx
Qo Q0
+e [ W.V(p1+R.)2R.dx + / v:0,p002 R.dx (4.11)
Qo Qo

- 53/ 0z ((p1 + R:)*(3p0 + (1 + R.))) O2R.dx
Qo
- 5/ 9. ((¢1 + R2)*(3p0 + £(p1 + Re))) 8,02 R.dx.
Qo

45 L2 estimateon 8, R,

If we multiply equation (4.5) by —82 R. and integrate by parts, contrary to the previous case, the terms coming from the
transport operator have a non-zero contribution. More precisely, the estimate that we obtain reads

2 dt|8 2R3+ 0’e!|0;0: Rel; + a’¢?( 0,07 Rels + 0? |07 Re3 =

R.0,0,R.dx — ¢ 0,uoR. 0,0, R.dx

Qo Q0
—&* | 03(F"(po)R:)02Redx — | 82(F"(po)R:)02R.dz
Qo Qo
(4.12)
+e W..V(R: + <p1)6§R5d$ + / v:—@cho@fREda:
Qo Qo

e / 9. (91 + Re)* (3o + (o1 + R.))) 8,02 Rodz
Qo

e / 8. (91 + R)*(3¢0 + (1 + R.))) 9 R.dx.
Qo

16
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The idea is to control the first term in the right-hand side of this inequality by the coercive terms appearing in the L2
estimate on R. (4.9). To achieve this, we have to multiply the previous estimate by e and then estimate (4.11) by £® to
conserve the anisotropy factor of the problem and then to obtain the square of the L2 norm of the gradient of R. in the
initial variables.

Let us remark that if one writes the first term of the right member of (4.12) in the following way:

0z R0, R.dx,
Qo

then, trying to control it only using the coercive terms in (4.11) and (4.12), it would have been necessary to multiply this
estimate by €2 and (4.11) by ¢*. These two high powers of ¢ would prevent us from obtaining a final estimate which is
uniformin e.

4.6 Final estimate
We introduce the energy which is considered in the sequel:

Ug |2

1 1 1 1 1
y(t) = §|R5|§ +5|o ), T §|v5|§ + §s3|6zR5|§ + §6|6ZRE|§. (4.13)

Another way to introduce this energy in the initial variables is
2
+e|VR.]3.. (4.14)

2,

€

ys(t) = |R5|§,E +

The coercive terms associated with this energy y. are collected in
2:(t) = a®e*|02R. |3 + 20°?|0,0. R. |2 + o®|0*R.|3
+a?¢"|O2 R, |3 + a?e®(020, R. |3 + a?€®|0,02R. |3 + o®¢|0 R. |3
U\ |2 ue |2 2 2 2
Oz [— )| +10:(—)| +¢€°0zvel5 + |0-vel5-
€/l €/l

Therefore, the final estimate is obtained by summing (4.9), (4.10), e x(4.12) and 3 x (4.11),

+ &2

d
_ys+zs:11+---+16

dt
+J1+ ...+ Js
+Ki+..+ Kg
+ Ly + ... + Lg,

where I, ..., I stand for the six integrals in the second member of (4.9), J1, ..., Jg for the eight integrals in estimate
(4.9), Ky, ..., K¢ for the six integrals of (4.11) multiplied by &2 and finally L, ..., Lg stand for the eight terms of the
right-hand side of (4.12) multiplied by e.
We just have now to evaluate those twenty-eight integrals in terms of y. and z..
First of all, let us remark that, the average of R. being zero, the properties of regularity of the Laplace operator with
Neumann boundary conditions give
|Re|> < C(I0Rc|> + |0?Rc|). (4.15)

Moreover, the Poincaré inequality for the functions whose average vanishes in Q¢ leads to

|R-|> < C(|0zRc|2 + |0 Re|2)- (4.16)
e Step 1 - Termsissued from the L2 estimate on R,

17
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We integrate by parts the first two terms to obtain

2
. (0% .
1] < &% F" (o) oo | Re 2|07 e |2 < 58" |07 Re 5 + CLF" (o) [5o | Be |3

1
< o5 + CIF" (po) s,

and

2
64
|Bo| < [F"(po0)loo| Be 2107 Re > < 25107 Rel; + CLF" (o) 5| Bel3

1
S %25 + C|F”(900) goye

Using the anisotropic Sobolev inequality (3.13) with p = 4, we obtain

1 3.2 2152 1 2 1
€%|Re|s < C|Re|3 (67| Rel2 + 7|03 Re|2) 5 (| Rel2 + |07 Re|2)
3 1 1 3 1 1
< Cy2 (Y2 +22)% < Cyf (y2 + 28),

and using the anisotropic Sobolev inequality (3.13) with p = 6, we have

1 2 1 1
e3|Rels < C|R:|3 (6°|Relz + %107 Re2) (| Relo + |07 Re |5)®
1 1 1
< Oy (y2 +22)5
101 1
< Cy2 (ye +22).
Hence, thanks to the two previous estimates, one has
13| < €%|oloo|1[3102 Rz |2 + €% | 0| oo | Re 1|07 Re |2 + €* |1 5107 Re |2 + | Re[§|05 Re 2
1 1
< elpoloolpr[3(e*107 Relo) + &7 [poloo (€% | Be|4)* (7|07 e |2)
+ @1 (€102 Re2) + £(e¥ | Relo)* (€°10; Re )

S RAPRFEIIN VIF SNNE N S SN
< €lpoloolpr|ize + Ce?|polooye (¥ + 228 )28 +€°|prl522 + Ceyc(ye + 22)22

1
<zt Ce?|o 5111 + Ce*lor|§ + Celpol2y2 + Ce®(1+ |polae)y2 + Ceyeze.

The following term can be treated in the same way, replacing formally €262 R, by 62R.,

1 A
| < 252 + Ce®lpol2 |1 s + Cetlpr§ + Celpol2yZ + Ce*(1 + | ol )y + Ceyeze.

The fifth term is bounded easily by

|I5| < |3z900|oolvs|2|Rs|2 < |6Z‘PO|OOZU5-

Using the inequalities
|82R5|2 S |RE|2E|63RE|2§’

1 1
|6st|2 S |Rs|22 |6§R5|22,

|6wast|2 < |6§R5|2§|3§R5|2§,
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obtained by integration by parts, and the anisotropic Sobolev inequality (3.11) with p = 4, one has the following
estimate:

|0 Re|s < Cl0sRe|3 (100 Re2 + |02 Re]2) % (|05 Rela + |00 Rel2)
< C|R:|§102Re|3 (|Rel2 + |02R<|2)3 (|R:|3 |02 Re |3 + |02R.|3 |02 R.|3 )7
1 3 1 1
< C|R:|3|02Rc|5 (| Rz + |02 Re|2) * (|Re|2 + |02 Re2) %,
which implies, using inequality (4.15), the estimate
€3]0, Re s < C|Rc|} (£%102R:2) 5 (62| Rel2 + €2|02 Re|5)3 (|Re]2 + |02 R o)
< C’ys% o6 (ys%‘" + 23 ) (4.24)
< Cyé%zé% + Cysézs%
In a very similar way, it can be shown that
4|0, Rels < Cyl® 23 + Oyl 2t | (4.25)

Using the Sobolev inequality (3.11) with p = 4, we obtain

Y| <ot (<[] +efoe] ) (|, + o))
£ la g l2 g l2 € l2 g l2 g l2 (4,26)
11
< Cydzd,
and
1 1 1 1
e%|ve|s < Clve|3 (elvelz + €|0zve]2) 7 (Jve|2 + [O5ve2) %
11 (4.27)
< Cyiz.

Let us remark that we used here the fact that «. and v, vanish on the boundaries {z = +1}, and so that we can use
the Poincaré inéquality (in the z direction)

|u5|2 S C|8zu5|2: and |v6|2 S C|6ZUE|2-

Then, thanks to (4.24)-(4.27), the last term is bounded by

6| < &|¢1l2

Ue
3

. |6zRa|4 + E|901 |2|'Ua|4|azR5|4

< €%|901|2 <E%

E‘ ) (E%laa:Rsh) + 5%|901|2(E%|1)g|4)(6%|8zR5|4)
€ l4 (4.28)

1 9 3 5
< Ce?lpr|a(yd®22° +y2 2F)

1 8 16 E §
< %25 + Ce7 o1y ye + Ces 1|5 ye.

e Step 2 - Termsissued from the L2 estimate on W,
The first two terms are easily controlled in the following way:

Ue

1] < a%el02pololOuipr]2 |

) + Ck26|az(po|oo|3zRE|2

Ue
3

1

1 1 Uu
< 0?1020 00|0xp1 |2y2 + 0?1020 |00 | Re|3 (€705 Rc]2)? | —

(4.29)

1 4 1
< %Za + C|6§900|goya + 05|6§900|oo|8a:901|2y627
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and

| Ja| < @?02¢0]00|0zp1]2|ve]2 + 0%]02 00| 000z Re |2 |ve |2
1 1 1
< 0‘2|63‘P0|00|82‘101|2y3 + 0‘2|83900|0<>|R5|22 |3§R5|22 [ve 2 (4.30)
1 1 4
< =52 + Cl10200l00|0z011082 + C102 0| ve-

We need now a new estimate of |0, R. |4 which requires a higher power of €, but which gives a control with a lower

power of z.. This is absolutely necessary in view of the control of these terms by the coercive terms (that is to say by
z:). More precisely, thanks to the Sobolev inequality (3.11), it follows that

318, Re|s < Cc? |0, R |2 (|05 Relo + [02Re|2) ¥ (|0 Rz |2 + (0,0, R.|2) ¥

[

4
< CEH 0 R 2 0n Rl + 1102 R ) (I 102 R) Y + 2R (Pl02 R )
11 1L

< Cyl (y? +Zs) (ys +Zs)4

<Cyl (yé% + zsl_ﬁ)zsl_ﬁ < Oyls 220 + Oyl 2.
Hence, the third term is estimated using (4.26) and the previous inequality, by

5| < 0?eF|02012[u01la (<*

%] ) +atetiotola(et 0 Relo) (< |
+ 0% |02R.|2|0001 4 (s%

=
)+a s4|82R 2(e#10. Rela) (=
< Ce¥ (0201 15]0p o1 |yl 22 + Ce4|02%01 2 (9% 2

Ue

Uge )
€ la
11
15 4 ys 22 )ys‘1 22 431)
13 71 11 1 3 '
+CEZ|6;ECP]_|4:U54254 +CE%( 16 76 +yézé)yézé

1 1
< g+ Ce? o211 0npn | uF + Ce 10201 1§ ye + Ce? |02 3y
+ Ce"|0x¢p1 |1Ye + C’E%y? + Caiyfz_g.

The fourth term is bounded in a similar way, replacing formally 82¢; by £262¢, and 82R. by 202R

1 4 4 1 36 16 9
4] < 257+ Ce 10513 0upr L ye + O™ (0501l e + Cc¥ 10701 3y

o cx s (4.32)
+ Ce"|0zp1|3y: + Cesy® + Cety?z..

As far as the fifth and sixth terms are concerned, we have

|T5] < a?e”|0.400]00 0261 |2|Ve |2 + €| 00| 00| O3 Re |2 |ve 2

2 2 o 3 2 3 3

< a”e®]0:90]00 0501|242 + |0 00|c0ye 22 (4.33)
1 1

S %zs + CE2|62800|00|8§(;01|2Z/52 + Clazwolgoysa

and

| J6] < 0?10:00| 00|02 @1 12| Ve |2 + |02 00|00 |07 Re |2 |ve 2
1 1 1
< 0?|0:90]00|0201 242 + 07 |0200| 00y 22

1
< —z

(4.34)
1
) + Cl0:¢0|00 |02 01 |2y2 + C|0:0|20 e
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Finally, the last two terms are estimated exactly as the third and the fourth ones. We first have to prove a new estimate
on |9, Re|4, thanks to (3.11)

1
4

€2|0,R.|4 < Ce?|0.R.|2(|0.R: |2 + |020-Re|2) (|0:Re|2 + |0°Rel2

~—

N o=

< C(EH0.R.|2)? (R 102RI3 + (210212 H02 R[5 ) * (Rel2 + 02R. o)}

- (4.35)

1 3 3
< Cyd 22% (yd® + 24°)

Blm

< Cyfﬁzjﬁ + C’yézs .
Therefore, with (4.27) and the above, we find

|J7] < a?e|02p1 2|01 |a]ve |4 + @®e|02p1]2]02 Re|4|ve 4
+ 0425|83R5|2|6z§01|4|vs|4 + 0426|63R5|2|BZR5|4|1)5|4

3192 12 i, i 1192 5,15 o 4,4, 4,14
< Cet|0;p1[310:p1]ayéd 28 + Ce®|07p1]2(y°22° + yd 28 )yd ¢
3 1 3 11 7 1 11 1 1 (4_36)
+ Cet|0,p1layd 22 + Cet22 (y2°22° +y2 22 )yd 22
1 2 |5 53 4 00 18 Liga 12
< gp%e T Cel@zeil310: 1|7 yd + Ce™ |0 013"y + Ce? |0z 01l
3 4 4 4 13
+ Ce®|0, 11y + Cesy® + Ceiyl 2,
and, replacing 82 R. by £202R. and 82, by 2824, one has

1 4 41 16
| Js| < 552 + Ce |0113 0011 + Ce™|0001137 e + Ce |05 n 3 wan

3 4 . 13
+ Ce |62901|4y6 + Ce3yl + Cetyl ze.
We just have seen that the bounds obtained on these last terms absolutely require to have in the energy y. considered
here the terms 3|0, R. |2 and |0, R.|» issued from the H' estimates on R..
e Step 3 - Termsissued from the estimate on £3|8, R, |
The first two terms do not present any particular difficulty:
|K1] < °[F" (90)loo| 07 Rel < €| F" (100)] oo, (4.38)

and
|K| < €®F" (90)|oc |03 Re 2|02 Re2 + €°|0.F" (00)|00|0: Re|2|02 Re |2 + %02 F" (¢0) |oo | Re |2|102 Re |2

1

1 1 1
< CElF" (9o)looz + Ce}10. F" (00)|ootid 22 + £l02F" (p0) ooyl 22 (4.39)

1
< =% + Ce|F"(90)|ooze + Ce|0.F" (p0) |2 y- + Ce*|02F" (vo) |2y -

The third one does not require additional work, as such a term has previously been treated (with a small power of €) in
(4.32) and (4.37). Hence, we have here

|Ks|=e*|| W.V@i02R.|+¢e*| [ W..VR.OR.
L o (4.40)
11 1
< gy + Ce Tyt + Celylz + Ce™Bupniye + CeT0: 01 e
The fourth term can be controlled by
3 2 3.3 .1 2 2
|Ka| < €°102p0]00|ve 2|05 Re|2 < €|0:00|00ys 28 < w0t Ce®(0.¢0|50Ye- (4.41)
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In order to estimate the next two terms, we have to find a bound on | R.|s with the anisotropic Sobolev inequality (3.13)
for p = 8 and to use the coercive terms issued from the estimates on £3|8, R- |3 and on £|9. R |3. We obtain

3

)16 (|R: |2 + |02 R.|2) 1o

5l

9 9 3
€16 |Rc|g < Ce16 |Re|5 (|Re|2 + |8§Rs|2

5 1 1 1
5 (640|Rs|2 + (Eg|6mRs|2)2(6;|6gRs|2)2>

< C|R.|
(4.42)

=
ch“"

x (e%mah+<e%|azR€|2)%(e%|aSRe|2>%)
3

5 1 1 1 8

< Cyd¢ (yé +yd z;‘)

1 13 3
< Cyl +CyP .

We can now estimate the fifth term of 3 x (4.11) as follows:

|K5| < Ce®l00loolp1]4|0z01 4|05 Re|2 + Ce®|po]oo| Re 4|02 14|03 Re |2
+ CEG|900|oo|<P1|4|3st|4|32R5|2 + 056|(P0|00|R6|4|6wR6|4|63R5|2

+ 057|<P1|§|6Z‘P1|4|63R5|2 + CE7|‘P1|§|6:0RE|4|6§R5|2
+ CE7|RE|§|8sz1|4|83R5|2 + Ce7|RE|§|6$RE|4|63RE|2

< Ce¥|oloolp1]4|0p01|1(e3 02 Re|2) + Ce¥|po)oo (6% |Re1)|82 1 [4 (6|2 R. |2)
+ Celpoloolpr]a(e2 |8, Re 1) (63102 Rela) + Ce? o) oo (6| Rela) (€2 |8, Re|4) (6302 Re o)

+ Ce? |1 210,01|4(6 |02 Rela) + Ce?|g1|2(e2 |, Re 1) (63|02 Re|2)
+ Ce’s (15 | Re[8)2|0201[4(£3 |82 Re|z) + Ces (75 |Re|s)? (€2 |0, Re|4) (3|03 R ),

which gives, using (4.19) and (4.42), the following bound:

5 1 9 1 3 11
|Ks| < Ce2|00|oo|@1]4]0r01]422 + Ce®|00|oo|0pp1]a(yZ + y& 25)22
71 1 1 1 3 1 3 1 71 1 1 1
+ Celpoloolpr|a(ye® 24° +yd 28 )22 + Ce4|poloo(yé + ys 28 ) (yd® 2° + yd 28 )22
1 1 1
d28)z8

1 1 1

z 2 3 2 2 15 15
+ Ce?|p1l3|0zp1]428 + Ce®|prl3(ye®2° +y
3 2 1 7 1 13 3 2 71 11 1
32) 22 + Ces (yﬁ +y& zs”) (Y2 22° +yd 22)22

" b, B
+ Ce’s |8E(p1|4 Ye + Ye~ 2e
(4.43)

8

9 p 8 8
®lol2 01151020115 + Ce2 o 2105113y + Ce®lwol&|Oatp1 5 ye
R

1
< %zs + Ce
16 15 16 12 16 15
+ CeT ol o1y ye + Ce*lold,l@1liye + Ce™ |pol Ly + Ce®lpol

32 32
+ Ce"|p1 [0z 1|5 + Ce T |plg ye + Ce®longye
16 13 23
+Ce% |6za,01|iyf +Ce% |Ozp1] 8 ye® + Ce%y” + Celtyl”
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The sixth term is very similar to the previous one, except that 9,0 does not vanish in general, so that we have

|Ks| < Ce*|8200]00l91[31820% Re |2 + Ce*|0:00|oo| Re|310: 02 Re |2
+ CE4|‘P0|00|901|4|az‘P1|4|6w63R6|2 + CE4|300|00|R6|4|6Z‘»01|4|az8§Rs|2
+ 054|‘P0|00|901|4|6zR6|4|6za§R6|2 + CE4|‘P0|00|Rs|4|ast|4|6z6£Rs|2
+ Ce®|1[310:01410-02 Re |5 + Ce®|¢p1[310. Re |410.0; R. |
+ Ce®|R.|310.114]0.03 Re|> + Ce’| R [5|0. R:|4|0.9; R >

< Ce? 0.0l 00113 (310,02 Re|2) + Cel: 0] o0 (67 | Rela)? (310,02 Re 2)
+ 022 |ip0loolp1 |410:01]4(£310:0 Rel2) + Ce ¥ poloo (e | Rela) |0 01 |4 (£% (0. 03 Rel)
+ Ce"|goloolip1]4 (€2 |0: Re1) (€3 |0:02 R 2) + C# [0g oo (% | Re|1) (€2 |02 Re 1) (€ |0: 02 Re |2)
+ Ce?[1[310:01]4 (% (0.3 Re |2) + 2|01 [3(£3|0: Rel4) (7 10.03 Relo)
+Ce s (%8| Re|5)?0:0114(e3|0:02R.|2) + Ce¥ (75| Re|s)?(e%[0: Rela) (|0 02R- ),

and then, using (4.19) and (4.42), one obtains
3 5 1 1 3 011
|Ks| < Ce2[0:¢0|00lip1|328 + CelOz¢p0|00 (Y2 + y 25)22
3 1 5 1 3 11
+ Ce2|poloo|@1]a]B:01]422 + Cet|poloo| D01 |1 (W2 + yd 28 )22
1 1 1 1 3 1 3 1 7 1 1 1 1
+ Celo|oolp1|a(yd® 225 +yd 22)22 + Ce¥|wo|oo(yZ + yS 28 ) (Y25 22° + y2 22)22
5 1 . 71 111
+ Ce2 |1 []0:011428 + Ce?|pn[5(yd® 225 + yl 22)2E

3 11 1

1 1 13 3\2 1 7 1 13 2 7 1 11 1
+ Ces (0010 (Y2 +y2222%) 22 +Ces (y2 +y2223% ) (y2922° +ydzd)z2
2
(4.44)
1 . 8 8
< %zs + CE3|aZ‘PO|go|‘P1|i + C€2|6z<p0 goys + Ce3|0.00|% Y.
5 10 8 8
+ Ce% a2 lo11310-0117 + Ce3 |02 |0-01[7y: + Ce™ || |020112 ye
B, R 4y, 4 4 2, F 8 6 |8 o5
+ Ce oot [p1]4" Ye + C*|po|oo @1 [2ye + Ce T |polcbye" + Ce®|polooye
5 |4 2 32 32 8 |8
+ Ce®|p1ls]0: 15 + Ce ™ [prlg" ye + Ce®|p1]5ye
u 2,2 22 ¥ ¥ 2, F 1417
+ Ce4|0,01]3yZ + Ce™ |01\ ¥y + Ce’ys +e*y.".
This concludes the study of the terms issued from the estimate on 3|0, R |3.

e Step 4 - Termsissued from the estimate on €|, R |2

We recall that, when we estimate the derivatives of R, with respect to z, the transport term does not contribute to the
energy estimate.

On the other hand, when we deal with the derivatives with respect to z, the transport term has a contribution that we
have to bound. Hence, the first two integrals are controlled by using the coercive terms issued from the L2 estimate on
R, in the following way:

|L1| S 5|RE|2|8zazRE|2 S |Rs|2(5|azazRE|2)

11 1 (4.45)
<yezd < %Za + Cye,

23



Asymptotic Analysis, sous presse (2002)

and, integrating by parts, it follows that

1 1
|La| < €2 |uo|oo(e |8y Re|2)|02 Relz < €2 uo]ooy? 22

1
< G + Celug|% -

(4.46)

All the other terms in this estimate can be treated similarly to what precedes. Therefore, we just recall the results we

obtain without entering into the details of the computations.

The next fourth terms are obtained by replacing formally 282 R, by 62 R, respectively in (4.38), (4.39), (4.40) and

(4.41). The final results are the same, that is to say

|Ls| < el F"(¢o0)]oo2e,
1
|La] < g52e +ElF" (o) |02 + Cel0; F" (o) 20ye + CE®|02F" (00) 2 Ye»

1
|Ls| < zs L e yg + Ce4y5 2 +Ce 1|6ws01|4ys + 067|6z<p1|4y5,

and finally

1
|L6| < zs +Ce® |az(p0|ooye

As far as the seventh term is concerned, the bound is identical to (4.43):

Lol < Lo+ OBl 101218501 2 + Cet o2 18001 Pye + Ce¥lol bl |3
|L7] g% T e lolsel®1]110zp1]1 + Ce2[po|o|0zp111ye + Ce” ol |01 ye

16 16 16 12 16 15
+ Ce 7 |polch [@1]4 Ye + C*|poltol@1]ye + Ce 7 [@olbye” + Ce®lpolSoyl

32 32
+ Ce"ln[sl00pr[F + Ce™ [rly yE + C€8|901|3ys
+Ce % 0,12y + CeS |6ch1|4 yg + C¢? yE + Cetyl™.

And finally, the last term gives the same bound as (4.44), namely

1 3 4 2 2 8 5
|Lg| < =z + Ce |6z‘P0| |01z + Ce|0. 0|59 + Ce?|02¢00|Sye

50
5 10 8 8
+ C&°|pol2 11510017 + Ce2 0|2 10:01 3y + Ce |00|210: 013 ye
L 18 1. 4) 14 4 12 1815 6| . 18 5
+ Ce™ |poldb [01l4 ye + Ce*|wolsol01l4ye + Ce T |polooye” + Ce®|po oy
32 32
+ Ce®|p1[810: 017 + Ce ™ |p1lg” ye + Ce®lp1[5ye
u 2 2 22 18 13 9 2 14,17
+ Ce1|0,01l5yz + Ces |0,01|° ¥ + Cey”™ +e%y,

e Step 5 - Final estimate
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We gather the previous inequalities all together and we obtain:

d 1
Eys + Ezs S

Ceyeze + Ce*|ol2 @1]s + Ce*|pa|§
L, Is 4 +C|F" (o) goys + 100 coye + Ce§|<;01|2176ys + CE%|<P1|2%ZIE
+Celol2,y2 + Ce®(1 + |pola,)yl
+Ce§y§zs +C19 900|ooys + C10p0 2y + Ce T (102015 + %0201 ]2) Ty
+Ce2 (070112 + 2|07 0112)"ye + Ce® (e 0niprli + |0201 1) ) .
+C10 900|oo(€|3z901|2+|5z901| Yy +C’|3z900|o<>(E o 901|2+| P12 )yg_ + Cedy®
| +0(E 1020115 0o 011 + 81020115 10a01 [ + €120l 1820115 + €% 1020115 100115 )y
+Ce|F" (po)|ooze + Ce®[0z 0% |14
+0e%| 02, 113 (e2|02p1 15 + 1020113) + C®| o1 [3(€%10z¢p1 3 + 0.¢113)
+C(el0-F" (o) |2, + €102 F" (o) % +62|3z900|2 +63|5z<Po|oo)ys
3 +062 Isool2 (10012 + 10:00113)ye + Ce7 |<po|oo |<p1|4 ye + Ce*lpolsolpi]1ye
+Ce ¥ (00| L (e10upr |1 + 0201 |4 )3y5 + Ce’? |901|s Ye + C€8|901|sya
+Ce ¥ (%1003 + 0:p1 1)z +C® (wirle + 0:011) %
+Ce7 |<p0|ooy5 + Ce8|po |3yl + Ce?y.” + Celtyl”

Jla ey JS <

K, .. Kq
and Lgs, ..., Lg

\

Liand Lo { +C’y5 + CEonlgoyE.

The term in F"' (o) comes from the Cahn-Hilliard operator and is characteristic of the fact that we do not necessarily
choose a reference solution o which is a constant and metastable state of the potential £. Moreover, the terms which
contain some derivatives of (o with respect to z shows that it is the non-uniformity of the solution ¢, considered here
which acts as a source term in the equation on the remainders R., W, through the capillary force terms.

For convenience, this energy estimate can be written in the following form:

d 1 11 1 1
U+ 5% < Ce|F" (9o)|ooze + Cleye +e1y2 )z + g (t) + g2(8)yd + g3(t)y2 (453)

3 1

+ a2+ +ud Ay e+ +ulT) + s (e
where
91(t) = Ce®|po 2|1l + Ce®|0p0 2 1|1 + Ce | §
+ C® o2 1 13(e218201 13 + 18:0117) + C®[1 |30 01§ + 10201 13),

1182, |3 3 18102 3 3 2 13 3 Wiga 3 3
92(t) = Ce310;¢113 |0apr1|f + Ce™ |0p113 |Oupr|§ + CelO;11310:01|3 + Ce™3 (0741131020113
93(t) = C102¢0 |0 (elDz ]2 + |8201]2) + Cl02 0000 (21050112 + (8201 2),

4 12 16
94(t) = Celpol% + Ce2|golt, + Ced + O |polos + Ce®lipolS,
+Ce (210,01 [2 +|0:01[2) + CeF (e|0ppr |4 + |0:01]4) %,
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16 8
95(t) = CIF"(p0) % + 10:00l00 + Ce¥|p1ly + Cel g3
4 . B
+ C|0%p0|% + C|Bsp0|% + Cett (10201 |5 + €2]82¢1|2) 18
+Ce2 (|0%01]s + 621021 |2)* + Ce® (e |Ouipn |§ + 0:014)
. 8
+ C (B F" (o) % + €202 F" (po) 2 + €% [0:90] %)
16 16
+ Ced o2 (21000112 + 18:0112) + Ce 7 |polsh a7 + Cetlpolslpnld
8 32
+ Ce¥ | o|% (e|0p 1|4 + |0:01]0)F + CeT |p1lg + Cc|on |8
+ C + Celug|%.
5 Proofs of theorems 2.1 and 2.2

In this section, we deal with the proofs of theorems 2.1 and 2.2, which concern respectively the general case (¢¢
is any 1D solution of the Cahn-Hilliard equation) and the non-metastable homogeneous case (y¢ is a constant non-
metastable solution).

First of all, it is necessary to establish some bounds on the functions g; in L}

1.(RT), using the estimates on g, 1
and ug obtained at the beginning of the paper.

e Step 1 - Bound for g4
Using the anisotropic Sobolev inequality (3.13) and estimates (3.3), (3.16) and (3.19), we have

T T
1 1
: / ol L [4dt < Co / (o1 B(E11 |2 + 210201 1) (101 |2 + B [2) bt
0 0
< Cold|3e°°T,

which implies, in view of (3.2),

T T 3 1 1 1
: / 0= 002 | [Adt < / 10:00/3 183013 101 320l + 2102 01]) (101 ]2 + [Baor |2) Flt
0 0
< Co(1+T)[Y]4e%T.

In the same way, with the Sobolev inequality (3.13), we have
T T
# [Clalbat <C [ oo+ ioEl) ol + 020 )it

T

< |0 [te20oT / (1112 + 210201 12) (o1 2 + 0201 o)t
0

< gt

Using the two inequalities (3.11) and (3.13), one has

3 . 1 1
2(e%p1l2 +€2103¢1]2) T (J@1l2 + 021 ]2)

T T
& [ lalloiioe <o [ o
0 0

1
x |p113 (€2102¢1]2) % (2[@1]2 + €%|02¢1]2) %

M=

1 1 1 1
x (|¢1|§(62|35901I2)2 n |3§<p1|§(62|5§<,01|2)2> dat

< Colpi e,
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and furthermore

T
/ 9o [2 01 210201 2dt < Col 40T

Finally, always using anisotropic Sobolev inequalities, it follows that

T T
s / ou[48son [t < / o1
0 0

3 3 3
3 (%1l +€°105¢1]2) T (lo1l2 + 10201 2) 7

X (£2|05p112)2 (€2 |01 |2 + €3 (02¢112) 4 (63 Onipr ]2 + €2 |0,0201]2) 1 dt

< |<P1 |2(52 |6ac<,01|2)2 SCOT
and thus

T
1
& [ lonltionn i <1143 1028l + 160120,
0

e Step 2 - Bound for g2
All the terms in g- are similar and can be bounded, for instance, in the following way:

2 T 2 |5 3 T 2 5,2 2, 9 2192 1
£ 1020113 [Bapr|dt < [ 1020113 (€2 |00p1]2) ¥ (€2]0ipr ]2 + €2102¢1]2) ¥ (6|01 |2 + |0, D201 |2) B dit
0 0

3 2 4
< |pil3(e2 |00 |2) €307,
which implies

T
/ 92t < COE%|90(1]|2 20,482 +e2 |6z801|2 +etla) )secor.
0

e Step 3 - Bound for g3
Using estimates (3.1) and (3.2) on ¢, and the embedding of H! in L® in 1D, it follows that

T 1 1 T
/ g3(t)dt < C/ 18300l2lp1|2 (210201 ]2)F + |21 |2)dt + C/ 18200|2(e|021 2 + |02p12)dt
0 0 0
< Col@®|2v/1 + TeCeT
< Colgf]2eT.

e Step 4 - Bound for g4

The five first terms are easily controlled in L (0, T') by CoeT.
Inequality (3.11) and lemma 3.2, leads to

1 .
/ 10p112dt < 112 (6210201 12)2 (2|00 012 + €2|020112) 2 (€]Baipr |2 + €[00 0z 01]2) 2
< C|901|2 COT
and

1

T
et [ 10.0i it < CleAfecT.
In the same way, one has

T 16 T .
e¥ / 0an|F dt < © / (€31020112) % (21000112 + €210201 1) (E1apn o + £[0aDoipn o)
0 0

3 8
< C(e10,9012) 3 [0]5 o,
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and
s [T 16 1 0 01 \& 0/ _CoT
€5 [021] dt < C(e2]0.p7l2 + [p7l2) 5 |p1]5 €07 .
0

e Step 5 - Bound for g5

Most of the terms can be bounded in the very same way as the previous one. The only terms which need an additional
treatment are the following.

With (3.11) it follows

T T
52/ |5z<P1|3dtSC/ (1020113) (€10 0112 + €|02B:0112) (|01]2 + 10201 ]2)dt
0 0
< C(e0:0315 + Col#l13) |6 367,
and
r T
< [ 1ounliae < 10,018 It
Finally, thanks to the Sobolev inequality (3.13) with p = 8, one has
9 T 8 9 T 5 2 3 2 3
et [ et <t [ lnlBlenl + 0201 (il + 020l e
0 0 . .
T 5 3 1, 743 1) 2 1 1,1 .3 12
SC | lpila| lw1l2 + (e2|0zp1]2) 2 (62051 ]2) 2 l1l2 + (€2]02p1]2)2 (€2[05p12)2 | dt
0

E 3, 1 3
< Cole?[3(e210:0112) 2 (€7 |01 |2 + |¢0]2) 20T

e Step 6 - End of the proofs

We can now prove the first two theorems stated in section 2.
Proof (of theorem 2.1):
Assumption (2.7) on ¢ can be written in the new variables (defined on Q) in the following form:

1 3
o2 +7|0.90]2 +£2(0:07|2 < Ko.

Then, the previous bounds on g1, ..., g5 show that

T T T
/ grdt < eKjeT, / gadt < E%K{]eCOT, / gadt < K,eT,
0 0 0

T T
/0 gadt < eKpe®T, /0 gsdt < CoT + Ke®T

where K| is a constant depending only on ¢q and K.
As previously noted, we can see at this step of the proof that two kinds of terms prevent us from obtaining significant
results on large times (on R* for instance).

e On the one hand, the term g3, issued from the inhomogeneity in z of (g, appears as a source term in the equation
on W, coming from the capillary forces. In other words, the capillary forces created by the non-homogeneity of
o are the main reason for the increase of W, with the time. Theorem 2.2 is a confirmation of this fact.

e On the other hand, the fact that £/ () is not necessarily positive is also a source of increase for the perturbations
due to the instability of such a solution for the 1D Cahn-Hilliard equation. Theorem 2.3 shows that, if we indeed
assume that g is constant and metastable, then the persistency of the perturbation is justified for all time.
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Let us introduce
CoT

M.(T) = 2(ye(0) + CoeT)eCoT+0e
As R.(0) = 0 and W.(0) = W2, assumption (2.8) shows that

Ve >0, y.(0) < K§.
Hence, there exists Mo (T") depending only on g, ug, Ko and T' such that
Ve > 0,VT >0, M (T) < My(T).

For a fixed time T > 0, as M. (T') is uniformly bounded with respect to ¢, it is clear that there exists o(7") such that, for
any € < g9, we have

N

C(M.(T) + (M.(T))'®) < % and (eM.(T) + =% M.(T)

Let us suppose, furthermore, that ¢ is small enough to insure

) <

] =

AN

Ceol F" (o) oo <

Let [0, 7*] be the maximal time interval in [0, T'] such that, for any ¢ € [0, 1],
ye(t) < Mc(T).

On this interval, using Young’s inequality and the previous properties of M. (T') which let us absorb the terms in z.
which are present in the right-hand side of inequality (4.53), there remains

%ys < gi(t) + g2(t) + ga(t) + (%94(75) + g2(t) + g3(t) + gs(t)> ye(t).

Then, forany ¢t € [0,7*] C [0,T],

T t 1
ye(t) < y(0) +/ (g1 + 92 + g3)ds + / (gz + 93+ —=g4 + gs> y.ds,
0 0 \/g

so that, by Gronwall’s lemma, using the bounds in L(0, T') on the functions g;, it follows that

1
Yo (1) < (4(0) + Coe®T)eCo ™" <

= §ME(T)7

which implies, by a continuity argument, that 7* = T'. Therefore, we finally have

sup y.(t) < Mo(T),
te[0,T

forany e < go(T).
This gives the desired result using (4.14), that is to say the definition of the energy y. in the initial variables. ]

Proof (of theorem 2.2):

We suppose now that the 1D solution of the Cahn-Hilliard equation under study is constant ¢y = w independent of
t,z and z, that is to say that we consider the physical case of an homogeneous initial state of the system. We suppose
furthermore that this homogeneous mixture is not a metastable state of the Cahn-Hilliard potential, that is to say that
F"(w) <0.

29



Asymptotic Analysis, sous presse (2002)

In that case, some of the terms in the previous estimates vanish. Indeed, we have seen above that, when g is not
constant in the previous theorem, it introduces some source terms in the equations on the remainders of the asymptotic
expansion.

More precisely, the term g3 (¢) in estimate (4.53) vanishes, as well as some terms in g5 (¢). Then, with the assumptions
on ¢f given by (2.9), it follows that

T T
/ gidt < eCoe®°T, / godt < £3CoeT,
0 0

g3 = 07
T T
/ g4dt S EC(]GC()T, / g5dt S C()T + CoeCOT.
0 0

Of course, the term coming from the non-convexity of F' in the neighborhood of w is still present in g5(¢) and
always prevent us from obtaining a uniform result on large times. Nevertheless, as gs disappears in the estimates, we
can improve the result of theorem 2.1.

Consider this time .
1
M.(T) = 2(y.(0) + g2 CeeT)e@T+Coe™"

As R.(0) = 0 and W(0) satisfies (2.10), we have forany e > 0
y-(0) < e* K3,
which implies that there exists My (T') depending only on Ky, g, uo and T such that
Ve >0, VT >0, M.(T) < e2My(T).
Hence, if T' > 0 is given, there exists ¢ (7") such that, for any & < &¢, we have
C(M.(T) + (M.(T))'®) <1, and (eM.(T) + &% M.(T)?) <
and we can impose that £ be small enough so that

Ceol F" (o) oo <

ANy

Let [0, 7*] be the maximal interval in [0, T] on which we have
ye(t) < Mc(T).

Using Young’s inequality, it follows that
1
esyd < Cle? +y.),
and absorbing the terms in z. in estimate (4.53) finally gives

d

e 2010+ (50:0) + (000 + 020 + 550 ) )

Therefore, after integration in time, one has, forany ¢ € [0,7*] C [0,T],

T t
1 1 1
ye(t) < :(0) +/ <91 +e2 <—1 g2)> ds +/ <—1 92 +9g4+ g5> yeds,
0 g3 0 E3
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so that by Gronwall’s lemma it follows that

1
Ye(t) < (4-(0) + &2 CoeT)e%e™" < S M(T).
Finally, we conclude that 7* = T and that
sup e (t) < e* Mo(T),
t€[o,T]
forany e < &o(T).
This concludes the proof of the theorem. [ ]

6 Proof of theorem 2.3

This section is concerned with the proof of theorem 2.3.

We suppose once again that ¢, = w is a constant solution of the 1D Cahn-Hilliard equation but we make the
additional assumption that F''(w) > 0. As it is well known [1, 6, 7], those particular homogeneous states are stable
for the Cahn-Hilliard equation. These states are local minimizers of the Cahn-Hilliard energy under the constraint of
constant mass.

Let us recall that, in this particular case, the estimates on ¢ are different from the ones in the general case (lemma
3.2), they are in particular uniform in time. Moreover, in the main energy estimate that we consider in this paper,
the terms I, I», Ky, K>, L3 and L, become coercive, so that we do not have to bound these terms any more and,
furthermore, the functional z. is enforced in

ze(t) = a264|6§R5|§ + 2a252|3z32R5|§ + a2|8fRE|§
+ a?e"|03R. |3 + (020, R.|3 + a’e®|0,02R. |3 + o’¢|02 R, |3
Ue \ |2 Ue \ |2

Oy (—)‘ + 10, (—)‘ + 62|6wv5|§ + |6zv5|§
g 2 & 2

+ &2 F"(w)|0, R |3 + F" (w)|8.R.|3.

+ &2

Indeed, only the terms 7; and I bring new contributions to the coercive terms, namely £2|9, R |3 and |0, R |3.
We have now to take into account these new fundamental elements in the estimates of the twenty-eight terms I, ...,
Lg. In particular, thanks to Poincaré inequality (4.16), we have

62|R5|§ < C(E2|6ZRE|% +52|azR€|g) < Cgz, (6.1)

which allows us to improve the bounds on the norms in L*, L% and L8 of R, in function of y. and z., using the
anisotropic Sobolev inequalities (3.11) and (3.13) as follows:

€2 |Re|1 < O|R:|3 (€| Re|2 + €|0: Re|2) (¢| Re|2 + ] 9. Re|2) ¥

L1 (6.2)
< Cydzd,
e%|R.|s < O|R:|3 (?|Re|z + €%|0?Re|2) ® (¢|Re |2 + €] ?R:|2) ¢ 63
Scys%zs%,
3
9 1 1 1 1 1 16
e¥[R.|s < C|R.|3° (¢|R|2) (e?(emswmas + (e%szEw<e%|63Rs|z)§)
3
1 1 1 1, 1 .3 1) 1°
x ( (e|Re|2)2 |Re|3 + (6218.Re|2)% (€2 |03 R.12) (6.4)
o 1 1 1 3 1 1 3
< Cy@? 227 (yd 28 )16 (yd 22 ) 16
Scysgzsé-
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We can also improve the bound on the L*-norm of the derivatives of R. in the following way:

€3]0, Re|s < C(e|0yRe|2)? (62|00 Re 2 + €2|02R.|2) % (|00 Re |2 + £]0,0: Re2)

1 (6.5)
<0z,
and
€3]0y Re|1 < C(e2|0,Re|2)? (62|00 Re|2 + €202 Re|2) 7 (e|0, Re|2 + €]050,Re|2) t 66)
< Cysézs%. .
In the same way, one has
£4|0,R.|s < C22, (6.7)
and 1 101
€2]0, R[4 < Cyd 2. (6.8)

With the help of these new inequalities, we can improve the bounds on the various terms of the energy estimate.

First of all, the terms I; and I, as we have already seen, become coercive and so we do not have to estimate them
any more. The term I3, after integration by parts, can be controlled with (6.2) and (6.3) by

|I3| < 53|‘P0|00|901|4|6w901|4|8wR5|2 + 53|900|00|R6|3|6§R5|2 + 54|901|g|8§Rs|2 + 54|R5|2|6§R6|2
< 2|00 |1 410001 |4(]05 Re |2) + [@0] oo (€2 | Re|1)? (€282 R 2)

+ i 212 Re:) + £} (e} Relo)* (€202 R]o) ©9)
< 5o e lpolelin B0 + lpoloond 2 + et rl§ + by
And identically for 14, it follows that
14| < 5—1025 + 200l 012100113 + [olaotd 22 + % on 1§ + Py . (6.10)
The term I vanishes because 9, o = 0 and, thanks to (4.26)-(4.27), (6.5) and (6.7), we show that
|Is| < Ce? |1z (6.11)

Furthermore, the terms .Jy, Jo, J5 and Jg vanish because of the uniformity of q. The bound on J; becomes in those
conditions, with (6.6),

" Uu,
|J3| < E%|a§@1|2|aw(p1|4 (5% ?E 4) +€%|63§01|2(6%|6wR5|4) (E% ?E 4)
7o 1% 1102R.|5(c? 12
+€4|8ZR5|2|(9w<p1|4 <E4 z 4)+E4|8ZR5|2(52|6wRE|4) (64 € 4) (6_12)

1

792 1.3 102 3 3 z 1.3 13
< Cet|07¢1|2|0z01]ayd 28 + Cet|05p1|2y8 28 + Ce|0pp1|ayd 28 + Cetys 22

D=

1 7 4 4 1 1 11
< =57+ C8 1020113 Beprl§ 02 + 2210201 5ye + €7 |0npnldve + €%y 2.

In a similar way Jy, Jy and Jg are bounded as follows:

1 15 4 4 1 9 11

[Jal < 257 + Ce #10;013 0201 1§02 + 21070130 +€7|Oiprlaye + 792 2, (6.13)
L 20 131001 03 + £310%01 Rue + £318.01 [y + 3

|J7] < 50Z6+C5|3z¢1|2 102015 y& +€2|0; 0113y +€7°[0201[4ye +£7Y2 2, (6.14)
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1 4 4 1 1

|Jsl < 552 + O ¥ 1020115 1001 + 210001 e +€°10s0n iy + ey 2. (6.15)

The terms K;, K5, L3 and L4 are now coercive and we do not need to estimate them. The term K3 is bounded as
for J4 and Jg and the terms K4 and Lg vanish because 9,0 = 0.

The estimate on K5 can be simplified and becomes
|Ks| < €23 [90]ooip1 |40 p1 42 |03 Rel) + Ce2|i00] oo (€2 | Re|4)|Ba o1 4% 05 Rel)

+ Celpooo|ior|4(e%10: Re[1) (€2 [03R-1|2) + Ce?[poloo(e? | Re|a)(e? 0, Rela) (|02 Re )

+ Ce? |1 3100114 (6% |03 Rel) + Ce® (0113 (€2 |0 Re|4) (67103 Re.»)

+ O’ (e8| Rels)2|00p1 [1(£7 |02 Re|2) + Ce (€5 |Re|s)2(e2 |0, Re|4) (e % 02 Re 1)

5 1 1 3
< Ce2 o001 |4]0z01]122 + C®|0|0o|Orpr |ayd 22

13 11 6.16
+ Ce| 00| oo|01|49Z 22 + Clpo|oot 2yl 2 (6.16)

2 3 2 12, % 3
+ Cez |§01|8|8z§01|4zs +Ce |801|Sys Re
3 3
+ Cei |0z 01 |ayd 28 + C’s%yszs

1 . . 1
< 5% + C2%lpo ol [:10:01 11 + C=lpolicl 01 [iye + Cetlpoliclprliy- + Clolooe?yl 2

3
+ Ce" 113100117 + Ce¥lo1 [§ye + Ce®|0,01 1592 + Ceryez..

We proceed in the same way for Kj, to get

1 11
6] < g% + 0% lgole 0. + Ot lnlLlonenlive + Octpolklenltye + Clnlooctdze

3
+ Ce®l1[5|0:¢1[5 + Cc®l1[5ye + Ce®|0: 1[5y + Ceyeze,
and we have already seen that L, and Lg satisfy exactly the same estimates than K5 and K, and Ly the same than K3.
It remains to study the two terms L; and L,. As far as the first one is concerned, we have to proceed in a really
different way than what precedes, using fundamentally the new coercive terms in the energy estimate. More precisely,

one has
|L1] < (g|0z Re|2) (|0 Re|2) < Cze.

Then, let us remark that we can choose this constant C' to be as small as we want (C' < 1/50 for instance) by
multiplying the original estimate (4.9) on | R.| by a constant 3 large enough depending only on |F"(yg)| = |F" (w)].
Indeed, the term L; comes from the estimate on |8, R.|3, and the previous bound uses only the coercive terms coming
from the estimate on | R.|3.

All the estimates that we made previously do not change (the constants are just changed). Then, after this modifica-
tion of the functional y. and z, the estimate on L, reads

1
1] < £52. (6.18)

Finally, in a similar way, the second term is bounded by
|L2| S 5|U0|m(5|6zR5|2)|6§R5|2 S C'<€|u0|oozs- (619)
To sum up the results, let us write the final estimate as follows:
d 1 1 1 1 11 14 3
719 T 3% < (polooy + %y + 2|2 + eTy2 + Clpolwoey2 + Cety.)z (6.20)
1
+91(t) + 92(8)y2 + 9a()y2 + g5 (t)ye,
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with
91(t) = %ol 1 [1(210x 111 + 1820111) + Ce*|pr1lg + Ce®lpr[5(e?0pr % + 1820113),

118204 |3 3 21923 3 2, |3 3 4152, 13 3
92(t) = Ce?|0;¢113 |0apr|f + Ce™ |05113 |0upr|§ + CelOZ11310:015 + Ce3 (071131020113
g4(t) = nglazwlli + C€5|(9ch1|i,

g5(t) = Ce? (2|82p1]2 + [02p112)? + Ce3(]Dopr |1 + 10:0114)* + Cellgo o lpr]} + CeBlonlE.

Thanks to the uniform bounds in time on ¢1 (lemma 3.2), we can obtain some uniform estimates on the functions g;
in LY(RY).
Let us remark that, as ¢, has zero average, we have the following Poincaré inequality:

lp1]2 < C(|0zp1]2 + 0:2¢0112),
which allows us to obtain, with the results of the second part of lemma 3.2, the bound
too
| lerbar < cigti,
0
that we will use systematically in what follows.

e Estimates on g1
Thanks to the anisotropic Sobolev inequalities (3.11) and (3.13), one has

+o0 oo
13 3 1 1
[ eolelorioneiiae < Co [ ol ol + 21020 ) elprla + eloel)
302192 1,2 2192 1 1
X @13 (€°]0p1|2) 2 (€7|0np1]2 + €7(0rp1]2) 2 (|02 p1 |2 + €|020: p1]2) 2dt
02 oo 2 2192 1 2 1
< Colyila (%[p1l2 +€%[0501]2) 4 (elen]2 + €[5 p1]2) 4
0

32192 1,2 2192 1 1
X [p1]3 (€705 p1l2) 2 (€°|0xprl2 + €7[0501]2) 2 (€|Orpr |2 + €|0:0:p1(2) 2 dt
S COlcp(l)|37
and also

g (1 2 2 2 04
e [ lpolelerBlowon Bt < Colidl.
0

Similarly, one can show that

+o0 +o0
& / or[8dt < Co / oLz + 102 01]2) Elr |2 + el02p1|2)dt < ColgLE.
0 0

Finally, with the same kind of control that we have obtained in the study of the general case (section 5), it follows
immediately that

400
15 3
e / (o1 [20a01 20t < Col 012100 00]2)?,
0
and

+oc
T 1
[ o ld0sp it < ColoRIs(e 10080 + 168l
0

e Estimates on g,
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These are exactly the same as in the general case (except for the uniformity in time of course). We have

—+oo
| ot < Coeb bt 0aiptle + b 10:tla + 14 1) 3.
0

e Estimates on g4
Using the Sobolev inequality (3.11) with p = 4, we have

+o0 +oo
8 / s [Adt < / (1001 12) €101 |2 + €210%01 |2) (ElBor |2 + £10aDz01]2)dt < Co(e]0a0312) 2
0 0
and
+oo
? / 1Bsn[4dt < Colel0o 2 + [0 2)2L2.
0

e Estimates on g5

The first term is controlled immediately thanks to lemma 3.2 and the second one has just been treated in the study of
ga. The third one is bounded by

+00 +oo
& / (ol lon 4 < Co / LB (elrls + eldan]2) Ll + £lduprla)de < Coll3,
0 0

and the last one by

+oo “+oo
3 3
o[ e < [ lnlbllo + 1020112 (nla + 02011 T
0 0
3
Foo g 1 o 1 1 3 1, 7.3 1?2
<C lp1]3 (elpil2) 2 | €%p1l5 (elpr]2)? + (€2 |0xp1]2)2 (62|05 p1(2) 2
0
3

1 1 1 1, 1,43 1) 2
X | |p1l3 (elprl2) + (e2|0:12)2 (€207 p1]2)2 ) dt
3 1
< ColR 51315 + (£21024712)° + (£210:247]2)?).-

We have now collected all the inequalities we need to establish the proof of theorem 2.3.
Proof (of theorem 2.3):

As for the previous theorems, we remark that assumption (2.11) can written in the new variables under the form
1 3
ol +€2(0:¢4]2 + €2 |02 < Ko,

uniformly in . Then, the results obtained on the g; previously read

+o0 3 +o0 .
/ gldtSEzK(l), / gzdtSEgKé,
0 0

—+oo 400 .
| wdesers, [ gdesein,
0 0

where K is a constant depending only on K.
Let us now use the same kind of argument as in the previous proofs. We introduce

M. = 2(y(0) + E%K(') + 6%K6)€53K6+5%K(’)+K(’)‘

Assumption (2.12) and the fact that R.(0) = 0 show that
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which proves the existence of a constant M, depending only on g, ug and Kq such that, for any e > 0, we have
M. < &3 M.
Then, there exists o > 0 such that, for any € < &q, we have
M. <1,

and

AN

(oloo MZ + 3 M, + 5[]y + ¥ M2 + Clpo|ose? MZ + CeiM,) <
Let T* €]0, +oo] be the maximal time for which we have, for any ¢ € [0, T*],
Y= (t) < M..
Thanks to the previous properties of M. for e < g and Young’s inequality
E%ys% <ef +y.,
the energy estimate can now be written on [0, 7*] as follows:

G <00+t (00 + (Z00 + 00 + 00 -

After integration in time, thanks to the bounds on the g; previously obtained, one has for any ¢t < T*

T . (M tr1
ye(t) < y:(0) + / grds + € / (—192> ds + / (—192 +94+ 95) yeds
0 0 £3 0 \£€3

t
1
<y.(0)+eiK) +e K} + / (6—%92 + 91+ g5> yeds
0
so that with Gronwall’s lemma, we obtain
1 1 l ! ].
Ye(t) < (9= (0) + €1 K} + 3 K)efote"Kote T Ko < 5 M.

This proves that the maximal interval [0, 7*] on which y.(t) < M, is RT, that is to say 7* = +oc. Hence, we have just
proved that

sup y. (t) < £2 Mo,
teR+

which is exactly the claimed result if we come back to the original variables.
[ |
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