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Abstract

In this paper, we consider a confined physical scenario to prove the global
existence of smooth solutions with bounded density and finite energy for the in-
viscid incompressible porous media (IPM) equation. The result is proved using
the stability of stratified solutions, combined with an additional structure of our
initial perturbation, which allows us to get rid of the boundary terms in the energy
estimates.
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1. Introduction

In this paper we study the global in time existence of smooth solutions with
bounded density and finite energy of the (2D) Incompressible Porous Media equa-
tion in a strip domain 2. That is, we consider the following active scalar equation:

d0+u-Vo =0,

with a velocity field u satisfying the momentum equation given by Darcy’s law:

%u — —Vp—20,0), (1)
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where (x,1) € Q@ x RT, u = (uy1, up) is the incompressible velocity (that is,
V -u = 0), p is the pressure, u is the dynamic viscosity, « is the permeability of
the isotropic medium, g is the acceleration due to gravity and o corresponds to the
density transported without diffusion by the fluid.

Due to the direction of gravity, the horizontal and the vertical coordinates play
different roles. Here we assume spatial periodicity in the horizontal space variable,
says o(x + 2mk,y,t) = o(x,y,t) and similarly p(x + 2wk, y,t) = p(x,y,1).
Finally, as these equations are studied on a bounded domain, we assume that our
physical domain is impermeable, which is exactly satisfied if u satisfies the no-slip
boundary condition

u-n=0 ond, 2

where n denotes the exterior normal vector.

In this work we will focus on the case in which the evolution problem is posed
on a porous strip with width 2/. That is, the domain is the two-dimensional flat strip
Q:=Tx[-[,I]with0 <[ < oc0.

This problem is known as the confined IPM equation. Without loss of generality
we will assume from now on that © = k = g = [ = 1. To summarize, we have the
following system of equations in 2:

do+u-Vop=0
V-u=0

with the boundary conditionu-n = 0 on 02 = {y = =£1}. In our case, this implies
that uz|po = 0. In our physical system where there is gravity and stratification
(u = 0and p = o(y) is a stationary solution), vertical movement may be penalized
while horizontal movement is not. This opens up the possibility of treating the
corresponding initial value problem from a perturbative point of view. As in [13],
this paper studies the solutions of (3) in the perturbative regime near the stratified
state ® (y) := —y for a specific type of perturbation:

o(x,y,N =0 +p,y,1) (x,1)€Q2xR". “

The main result is that small perturbations p in a suitable Sobolev space X*(2),
which we define below in (5), converge to a shear and nearby stationary flow in the
sense that o(x, y,1) = O(y) + p(x, y,t) = O(y) + poo(y) and u(x, y, t) — O as
t — o0o. The main mechanism of decay can be seen from the linearized equation

8;,0(.x, Y, t) = _9/()’) ’42(35, Yy, t)a
which, after solving the velocity u = (u1, u») in terms of p yields
B,y 1) = O/ (plx .0 + (—Aa) T Bp(x,,1))

Setting ®(y) := —y, the previous equation clearly shows the frequency dependent
exponential decay over time of p, except the zero mode in x. The goal of the present



Global Existence for the Confined IPM Equation 439

paper is to show how to control the nonlinearity so that it does not destroy the decay
provided by the linearized equation.

To do this, controlling the boundary terms is the new additional difficulty. This
can be done by working with perturbations in the appropriate Sobolev space X*(£2).
Using standard techniques, we will prove the local in time existence of solutions
for the perturbated problem in the space X*(£2). For the sake of completeness we
include the proof, where the cornerstone will be the properties of an orthonormal
basis adapted to X*(€2). The reason for working with initial perturbations with
that additional structure will be seen in the apriori energy estimates. There, all
the boundary terms that appear in the computations vanish thanks to periodicity
periodicity in the horizontal variable and by the additional structure of our initial
perturbations, which is preserved in time by the local existence result, as long as
the solution exists.

Namely, we will prove the following result:

Theorem. The stratified state ® of the confined IPM equation is asymptotically
stable in X* () for k = 10. In other words, there exists &y > 0 such that if we solve
(3) with initial data 0(0) = © + p(0) and p(0) € X*“(2) with ||p||xx©)(0) < €o
then, the solution exists globally in time and satisfies the following:

5
(M) Ml g3 @) Seo(1+1)73;
2 llellg3 @) @) S e (L+1)7%;
(3) llo — Bllue@ () = 2¢,
where ¢ := 0 + 0 such that o L ¢ and g is given by the projection operator onto
the subspace of functions with zero average in the horizontal variable.

w

Remark. If we perturb the stratified state by a function of y only then there should
be no decay. For this reason, the orthogonal decomposition o = o + ¢ will be
considered.

Remark. The strategy used in our paper can be applied to a more general class of
monotone shear flows. The proof works for small perturbations in some sense of
our steady state with ® < 0. However, a highly non-trivial problem is to extend
this to the case of possibly degenerate shear flows where ® = 0 at some value.

A more precise statement of our result is presented as Theorem (5.1), where
we also illustrate its proof through a bootstrap argument. Despite the apparent
simplicity, understanding the stability of this flow is far from being trivial.

1.1. Motivation

The study of partial differential equations arising in fluid mechanics has been
an active field in the past century, but many important and physically relevant ques-
tions remain wide open from the point of view of mathematical analysis. Among
the problems that attracted recently renewed interest, active scalar equations that
arise in fluid dynamics present a challenging set of problems in PDE. Maybe the
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best example is the Surface Quasi-Geostrophic equation (SQG), introduced in the
mathematical literature in [5]. The inviscid SQG equation in R? takes the form

30 +u-Vo=0
u=R1o,

where R = (R], R») denote the 2D Riesz transforms. This problem has been widely
investigated due to its mathematical analogies with the three dimensional Euler
equation, but little is known. Local well-posedness and regularity criteria in various
functional settings have been established, see [4] as a survey. The global regularity
problem for the Cauchy problem with a general smooth initial data remains open.
Besides radially symmetric solutions, which are all stationary, the first examples of
non-trivial global smooth solutions we are aware of were recently provided in [4].
An alternative construction of smooth families of global special solutions can be
found in [16], where the authors focus on travelling-wave solutions to the inviscid
SQG. On the other hand, whether finite time blow up can happen for smooth initial
data remains completely open.

It is important to note that, for both IPM and SQG, the operator relating the
velocity and the active scalar is a singular integral operator of zero order. Even
more, in the whole space, the velocity (1) can be rewritten in a more convenient
way as u = R R;o. Despite the fact that there are great similarities between the
inviscid versions of SQG and IPM equations, there are also important differences.
This work appears to be the first to find a scenario to prove the global existence
of smooth solutions with bounded density and finite energy for the inviscid [IPM
equation.

1.1.1. The Question of Long-Time Behavior A fundamental challenge in math-
ematical physics is to understand the dynamics of physical systems as they evolve
over long times. This is particularly true when it comes to the study of the long-time
behavior of such systems without dissipation. Depending upon the specific physical
situation that a given fluid equation models, we find vastly different mathematical
objects arising. In recent years, researchers have discovered numerous interesting
phenomena such as the existence of solutions whose long-time behavior is deter-
mined entirely by

e some linear or dispersive effect, for example in water waves [15,17,24];

e some linear mixing effect, for the Couette flow in Navier—Stokes and Euler
equations [1,2];

e some hypocoercive dissipative mechanisms, for kinetic theory [11,12].

The idea of taking a non-linear equation where global well-posedness is un-
known and to prove it for a perturbation “close” to a stationary solution of the equa-
tion is natural. For small enough initial data, one might conjecture that solutions to
the nonlinear problem behave asymptotically like solutions of the corresponding
linear problem.

As in [13], where the author gives in R2 the first construction of a non-trivial
global smooth solution for the inviscid IPM equation, the main idea is that strati-
fication can be a stabilizing force. One can imagine that a fluid with density that
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is proportional to depth is in some sense “stable”. The mechanism behind the sta-
bility is that the linearized IPM equation around the stratified state exhibit certain
damping properties. This convergence back to equilibrium, despite the lack of dis-
sipative mechanisms, is known as inviscid damping and is a close relative of Landau
damping in plasma physics. It was proved that Landau damping provides a similar
stability for Vlasov—Poisson in Mouhot and Villani’s breakthrough work [21].

1.1.2. Previous Results for IPM with Smooth Initial Data In [10], the local
existence and uniqueness in Holder space C® with 0 < § < 1 was shown by the
particle-trajectory method for the whole space case. By a similar approach, the
local well-posedness in Besov and Triebel-Lizorkin spaces was proved in [25,26].

For the Lagrangian formulation, in [8], the authors show that as long as the
solution of this equation is in a class of regularity that assures Holder continuous
gradients of the velocity, the corresponding Lagrangian paths are real analytic
functions of time.

In the class of weaker solutions, the results of [9,23] establish the non-uniqueness
of L, weak solutions to the inviscid IPM equation starting from the zero solu-
tion. Recently, in [18], the authors were able to construct global weak solutions to
the inviscid IPM equation which are of class Cﬁ . with § < 1/9 starting from a
smooth initial data. All these works are based on a variant of the method of convex
integration.

In the direction of classical solutions, the only result known is due to EL-
GINDI [13] shows that solutions which are “close” to certain stable stratified solu-
tions exists globally in time, but since he works in the whole space, such solutions
have unbounded density. He considers perturbations in two settings which are fun-
damentally different:

e On the whole space R?: In this case the stationary solution does not belong to
L?(R?). However, the author can perturb the stationary solution by a sufficiently
small H* function, and to prove that the perturbation decay to equilibrium as
t — +4o00.

e On the two dimensional torus T?: Similarly, the stationary solution is not pe-
riodic but the author may perturb it by a periodic function and once more the
perturbation will remain periodic. The result here is quite different for the main
reason that g itself does not decay. Even so, smooth perturbations of the stationary
solution are stable for all time in Sobolev spaces.

‘We now motivate our attack setting. We start with the observation that gravity term
in Darcy’s law (1) convert IPM in an anisotropic problem, which implies different
properties in different directions. In our case, the vertical direction pointing in the
direction of gravity will play a key role. By this anisotropic property, it seems
natural that T x [— 1, 1] might be an adequate scenario to set our equations.

In order to solve our problem in the bounded domain €2, in certain Sobolev
spaces, we have to overcome the following new difficulties:

(i) To be able to handle the boundary terms that appear in the computations;
(i) The lack of higher order boundary conditions at the boundaries, due to the fact
that we work in Sobolev spaces.
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Indeed, both difficulties (i) and (ii) can be bypassed if our initial perturbation has a
special structure. We introduce the following spaces to characterize our initial data:

xk(Q) = {f € HN(Q):0! flag =0 forn=0,2.4, ...,k*} 6
YH(Q) = {f € HNQ):0! flag =0 forn=1,3,5, k] )
where we define the auxiliary values of k* and k, as follows:

k—1 k even

e k—2 k even
o k—2 k odd.

and ky =
k—1 k odd
Lastly, we remember that the Trace operator 7: H L @) - L2(3Q) defined by
T[f]:= flaq is bounded for all f € H 1 (£2). Consequently, both spaces are well
defined.

1.2. The Equations

In this section, we describe the equation that a perturbation of the stratified
solution (4) must satisfy. In order to prove our goal, we plug into the system (3) the
following ansatz:

Q()C,y,t) :_y+p(xvyvt)1

y
px,y. 1) = (x, y,1) — 1y +/ A ndy’,
0

where, for a general function f: Q x RT — R, we define

1 [7 - ~
fO0) == f& Ly, ndx” and flx,y. 1) = flx,y,0) — f(,0).

Then, for the perturbation p, we obtain the system

dhp+tu-Vp=u
u=—VII - (0, p) (7
V-u=0

alongside the boundary condition u-n = 0 on 9€2. Note that in €2, our perturbation
p does not have to decay in time. Indeed, if we perturb the stationary solution by a
function of y only there is no decay. More specifically, p = p(y) andu = 0 is a
stationary solution of (7). To overcome this difficulty, the orthogonal decomposition
o = p + p will be considered.

The system (7) can be rewritten in terms of o and p as follows:

p+u-Vp+0ypur =us
op+u-Vp =0 (8)
u=—VII—(0,p)
V.-u=0.
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Notice that p is always a function of y only and p has zero average in the horizontal
variable. It is expected that o will decay on time and p will just remain bounded.
The systems (7) and (8) are the same, but depending on what we need, we will
work with one or the other.

1.3. Notation & Organization

We shall denote by (f, g) the L?(2) inner product of f and g. As usual, we
use bold for vectors valued functions. Letu = (u1, u») and v = (v, vp), we define
(u, v) = (uy, v1) + (u2, v2). Also, we remember that the natural norm in Sobolev
spaces is defined by

2 2 2 2 k £112
U ey = W2y + W Mk qyr 1 gk gy i= 1197 2 g

For convenience, in some places in this paper, we may use L2, H* and H* to
stand for L2(2), H*(Q) and H*(Q), respectively. Moreover, to avoid clutter in
computations, function arguments (time and space) will be omitted whenever they
are obvious from context. Finally, we use the notation f < g when there exists a
constant C > 0 independent of the parameters of interest such that f < Cg.

Organization of the Paper In Section 2, we introduce the functional spaces X* ()
and Y* () where we will work. The key point of working with initial perturbations
with the structure given by these spaces is showed in Section 3. Section 4 contains
the proof of the local existence in time for initial data in X*($2) for the confined
problem, together with a blow-up criterion. The core of the article is the proof of
the main theorem in Section 5. We commence by the a priori energy estimates
given in Section 5.1. This is followed by an explanation of the decay given by the
linear semigroup of our system in Section 5.2. Finally, in Section 5.3 we exploit a
bootstrapping argument to prove our theorem.

2. Mathematical Setting and Preliminaries

In this section, we will see the importance of working with initial perturbations
belonging to X*(£2). We also consider an adapted orthonormal basis for working
with these perturbations, together with their eigenfunction expansion.

2.1. Motivation of the Spaces Xk(Q) and Yk(Q).

By the no-slip condition u3(f)|se = 0, the solution p(r) of (7) satisfies the
following transport equation on the boundary:

dpMlaq +ur()dxp )z = 0. €))

As our objective is to obtain global stability and decay to equilibrium of sufficiently
small perturbations, it seems natural to consider p (0)|3q = 0. Then, by the transport
character of (9) the initial condition is preserved in time p(¢)[3o = 0 as long
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as the solution exists. In addition, taking derivatives in Darcy’s law, using the
incompressibility condition, and restricting to the boundary we have

dyur(lag =0 and Buz(1)|ag = 0, (10)

given that p(f)|se = u2(t)|sge = 0. Relations (10) give rise to the following
equation for the derivative in time of 8y2 p(t) at the boundary:

3,9 0(0ag = —u1 ()3 (35 0)(Dag — dyua ()} p (1) ag-

Thus, we find that 83,0(0) laq = 0 implies that 9, 83 p(t)|ae = 0, and consequently
the condition on the boundary is preserved in time.

Iterating this procedure we can check that the conditions 8;’,0(0) lag = 0, for
n = 2,4, ...arepreserved in time. This is the reason that we can look for solutions
o () in the space X k() if the initial data belongs to it. Moreover u () will belong
to Y*(£2) and u,(¢) will belong to X*(Q).

2.2. Biot—Savart Law and Stream Formulation

In the whole space R? we have a simple expression for VIT in terms of :
VII = V(-A)"d,p,
so we can write the velocity in terms of p as
u=—VI1—(0,5) =R"Rip,

where Rt = (=R, R1), R; being the Riesz’s transform.

In our setting 2 = T x [—1, 1], to obtain an analogous expression we proceed
as follows: due to the incompressibility of the flow, by taking the divergence of
Darcy’s law we find that

ATl = —3,5. (11)
Moreover, the no-slip condition (2) gives us the boundary condition
9yIse = —plae =0, 12)

which vanishes as p € X¥(Q). Then, putting together (11) and (12) (notice that we
look for a periodic in the x-variable IT), we recover the velocity field, in terms of
0, by the expression u = —VII — (0, p).

Another way to reach this expression is by following these steps: as V -u = 0,
we can write the velocity as the gradient perpendicular of a stream function , that
is,

u=viy, 13)

with V1 = (—0y, dx). Then, applying the curl operator on (1), we get the Poisson
equation for i:

Ay = —0;p.
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Taking into account (13) and the no-slip condition (2) we obtain the boundary
condition

8x’ﬂ|3£2 =0.

Thus, we need to impose ¥|{y=+1} = c+ where ¢ could be, in principle, different
from c_. However, the periodicity in the x-variable of IT forces us to take c; = c_,
and since we are only interested in the derivatives of ¢ we will take c; = 0.

To sum up, in order to close the system of equations, we first solve either

{Anz—ay/s in  Q,

oyIT=0 on 0%,
or
A'(ﬁ = — x;5 in Q,
{ Y =0 on 0%, (14)

and after that write
u=-VII—(©0,5) or u=Vty.

In the rest of the paper we will use the stream formulation to recover the velocity
field. In the next section, we present an orthonormal basis of X k (€2) in order to solve
(14), which allows us to write the velocity in terms of the “Fourier coefficients” of p.

2.3. An Orthonormal Basis for X* ()

Our goal is to solve (14). In order to do this, we define

exp(ipx) withx € T forpeZ

1
ap(x) = ﬁ

and

z dd
by(y) = {Cos(qyz) 7 ° withy € [-1,1] forg e N,

sin(qy53) ¢ even

where {a,},ez and {b,}4en are orthonormal basis for L2(T) and L*([—1, 1),
respectively. Indeed, {b, }, <N consists of eigenfunctions of the operator § = (1 —8y2)
with domain Z(S) = {f € H?[—1,1]: f(£1) = 0}. Consequently, the product
of wp 4(x,y) = ap(x) by(y) with (p, g) € Z x N is an orthonormal basis for the
product space L3(T x [— 1, 1]) = LAX(Q).

Now, we define an auxiliary orthonormal basis for L2([—1, 1]) given by

in (gyZ dd
cg(y) == Sm(‘”i) EE withy € [-1,1] forq e NU {0},
cos(gy%) g even

consisting of eigenfunctions of the operator § = 1 — 83 with domain Z(S) = {f €
H?[—1,1]: (dy f)(£1) = 0}. In the same way as before, the product @ 4 (x, y) :=
ap(x) cq(y) with (p, g) € Z x (NU {0}) is again an orthonormal basis for LY(Q).
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Remark. Let us describe the analogue of the Fourier expansion in terms of our
eigenfunctions expansion. This is, for f € L%(Q), we have the LQ(Q)—convergence
given by

F) =" Fulflp.q) wpq(x,y) where
peZ qgeN
Fol f1(p, @) :=/Qf(x/,y’) wpq(x', y)dx'dy’ (15)

or

feN=" " Fulfl(p.q)wpy(x,y) where

peZ qeNU{0}
FalfIp.)i= [ £6'3) @ Gy drdy’ (16)
Q
The main result of this partis to see that {w 4} (p,q)ezxN 1s an orthonormal basis
not only for L?(§2) but for X (2), and that {7, 4 }(p.q)ezx (NU0}) 18 basis of Y ().
The sequence {a,} ez is the standard Fourier basis in H k (T). Then, we will focus
only on the convergence properties of span{b1, by, b3, ...} and span{cy, c1, c2, . . .}.

Aswe will see below, the relation between derivatives of {b, }4en and {c4 }genuio)
plays a key role in the convergence properties. An easy computation gives us

(Oybg)(y) = (=1)?q5cq(y) for g €N a7

and

—(=D9q%bs(y) gq€N,

(3qu)(y) = 0 g=0.

(18)

Then, as a consequence of (17) and (18), for ¢ € N we have
@2b)() =~ (a5) bg(y)  and  (@2c)() = — (45) cg(y).  (19)

Hence, for each f € Lz([—l, 11), as {by}4en and {c,}qenuio) are orthonormal
bases for L2([—l, 1]), we have

M— 00

Puf X% and onf Y2 i L2(=1,1D),  (20)

where the partial sums are given by

M M
Puf) =) (fibn) bu(y) and  Quf() =Y (ficn) cu(y). 21)
m=1 m=0

Remark. Here, the notation (-, -) refers to the inner product in L2([—1,1]).
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We are now ready to present the main lemmas of this section. Let us recall first
definitions (5) and (6), which give us

Xk([—l, 1) = if € Hk([—l, 1): (a;ff)(jzl) =0 forn=0,2,4, ...,k*}
and

YE([=1,1]) = {f e H*([—1,1): @) f)(=1) =0 forn = 1,3,4,...,/@,].

Lemma 2.1. {b,},en is an orthonormal base of XK([—1, 1]).

Proof. Since the orthogonality is trivial, we will give the details of the completeness
of the basis. For a function f € X*([—1, 1]) we know that fe H¥([—1, 1]). Then,
by (20), we have that

M—00

Pnd)f —= 3 f in L*([—1,1)) for n=0,2,4,... eitherkork — I.
By (21) we get
M
Py f = Y (35 £.bw) bu(y), 22)

m=1

where, by integration by parts and (19), we have

+1 +1
(o2.7.00) = [ IOy = [ 600k
e
= (1" (¢%) / 1 FOb, () dy'
= (=" (¢%)" (f. bw) . (23)

We must note that, thanks to b, (4=1) = 0 and the boundary conditions, the bound-
ary terms in the integration by parts vanish. Therefore, putting (23) into (22) and
applying (19) again, we arrive at Py 9y f = 07 Py f and we obtain

M—o0

NPyf——03f in L*([-1,1]) for n=0,2,4,... eitherkork — 1.

Moreover, by (20), we have

M—o00

omd ' f ot F in LA(-1,1D)  for n=0,2,4,... k",

where, by (21), we get

M
0wy f =3 (0 frew) en ). 4)

m=0
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We notice that (8’;+lf, co> = 0 due to the fact that (8)’,‘f)(:i:l) = 0 by hypothesis.
In addition, by integration by parts and (18), for m = 1 we obtain

+1 +
(031 £, cm) = f 8;"“f<y/>cq<y’>dy/=‘f_1 0y f () @Byeg) (V) dy

+1
— 07 (03) [ a0k
= (=17 (¢3) (0.1 bu) 25)

Here, the boundary term vanishes because by hypothesis we have that (8;’ HED) =
0. Hence, putting (25) into (24) and applying (17) again we arrive at Q y 8;’4‘1 f=
dyPmdy f = 8;‘“ Py f . Therefore,

Nt Py M=o a"+‘f in L>([—1,1]) for n=0,2,4,..., k"

Lemma 2.2. {c,},enuio) is an orthonormal base of YE(=1, 1D.

Proof. This results follows from the same ideas as to the proof of the above Lemma
2.1). O

Because of Lemmas 2.1 and 2.2 one has the following expressions for both the
Xk(Q) and Yk(Q) norm:

Corollary 2.3. Let f € XX(Q) and g € Y¥(Q). For 51,55 € N U {0} such that
s1+ 52 Sk, we have

182102 F 120 = 22 2 1pPM1a5 P2 1Ful 1P )

p€eZ qgeN

10y 0328l1700y = D, D 1PPM1aE P 1 Fulf1p. @),

peZ qeNU{0}
where Fol f1(p, q) and F4 [ f1(p, q) are given by (15) and (16), respectively.
Introducing a threshold number m € N, we define the projections P, and Q,,

of L%(2) onto the linear span of eigenfunctions generated by {wp 4}(p.q)ezxN and
{@p.q}(p.q)ezxNU0) Tespectively, such that {|p|, ¢} = m. That is, we have that

Pulf106.9) = Y > Ful fl(p. @) wpg(x.y) and
IpISmq=m
peZ qeN

Qulflee,y) =Y > Fulflp. @) wpq(x, ). (26)

IpIlSm  q=m
peZ qeNU{0)

These projections have the following properties:
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Lemma 2.4. For f € L*(Q), we have that P,,[ f1and Q,,[ f ] are C*° () functions
such that:
e For f € H'(Q),
WPulfl =Puldx f1. 0xQulf] = Qumlox f], ame[f] = Qm[ayf] and
ay@m[f] = IEDm[ayf]-
As a consequence, for f € H*(S2), we have
NPulf1=Puld; f1  and  3;Qulf1=Quld; f1;
e The projectors are self-adjoint in L*(Q):
Pulf1,8) = (f.PulgD) and (Qulf]. g) = (f. Qulg) Vf. g€ L*(Q):
o For f € XK(Q) and g € YH(Q),
Il ki) < k), Bulf1— f in XH(Q)
1Qulelll oy < gy, Qulf1— f in Y.

Proof. The proof is based in the arguments of the proof of Lemma 2.1. O

3. Poisson’s Problem in a Bounded Strip

With all this in mind, it is time to solve Poisson’s system with a homogeneous
Dirichlet condition (14).

Lemma 3.1. Let p € X*(Q). The solution of Poisson’s problem

Ay = —0yp in Q
v =0 on 0

satisfies that W € Xk (Q) with NV e () < 101l r(q) and its Fourier expan-
sion is given by

vy =Y 3 (%) FolDlp D wpgx.y). @D
p*+(q

2
peZ qeN 7)
Proof. We consider the sequence of problems

Ay = —P,[8,p] in  Q,
ylml =0 on 0%Q.

Taking n-derivatives with n = 0, . . ., k, testing again """l integrating by parts
and applying Young’s inequality yields ||| i) S ClPulplllgrg) =

oIl gk (q), since p € X*(2) (the constant C does not depend on m). In addi-
tion, it is easy to check that B;fl/f[’”] |so = O for any even number 7 (this is because
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of the definition of [P, and the boundary condition I/f[m] lag = 0). These two facts
allow us to pass to the limit in m to find ¢ € X*T1(Q), solving (14).
As p € XK(Q) and ¢ € X*T1(Q) we can expand

P ) =YY Fuldl(p.q)wpqlx,y)  and

peZ qeN

V) =YY Ful¥l(p.q) @pq(x. ).

p€eZ qgeN

then

—0:p(x, ) ==Y Y (ip) Fulpl(p, @) 0p g (x, y),

peZ qeN

Ay ) ==Y 3 (P24 (a3)7) Fulv )b @) wp (. 3).

PEZ qgeN
Consequently, the following relation between the coefficients must be verified:
ip

Flylp,q) =
p*+(a%)

5 Folol(p, q). (28)

Corollary 3.2. The velocity u = (u1, uz) = V> from (14) satisfies

ur € YHQ), uz € XX(Q) and ||ull gy S 11511k q)-

4. Local Solvability of Solutions in X*(Q)

To obtain a local existence result for general smooth initial data in a general
bounded domain for an active scalar is far from being trivial. The presence of
boundaries makes the well-posedness issues become more delicate (see for example
[6,7], in the case of SQQG).

Here, we only focus on our setting 2. Apart from working with the spaces
X*(Q2) and as a consequence, being careful with the special boundary conditions
they impose, the proof in this section is a standard application of Galerkin approx-
imations. For the sake of completeness we write the details below.

We return to the equations for the perturbation of the confined IPM in Q:

hp+u-Vp=u
u=Vty (29)
V.-u=0,

where ¥ solves (14) together with the no-slip condition u - n = 0 on 92 and initial
data p(0) € X k(€). Hence, we will prove the following result:
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Theorem 4.1. Let k € Nwithk 2 3 and an initial data p(0) € XX*(Q). Then, there
exists a time T > 0 and a constant C, both depending only on ||p|| g3 (q)(0) and a
unique solution p € C (0, T; Xk(Q)) of the equations (29) such that

sup |1l gr ) @) = CllIpll grg) (0).
0<t<T

Moreover, for allt € [0, T), the following estimate holds:

t
1ol gk D=1l r(e) (0) exp [C/(; (11Vollzee(@) ($)+ I Vul L) (s)) ds] :
(30)

The general method of the proof is similar to that for proving the existence of
solutions to the Navier—Stokes and Euler equations which can be found in [20].
The strategy of this section has two parts. First we find an approximate equation
and approximate solutions that have two properties: (1) the approximate solutions
exists for all time, (2) the solutions satisfy an analogous energy estimate. The second
part is the passage to a limit in the approximation scheme to obtain a solution to
the original equations.
Before embarking on the proof, we will need some basic properties of the Sobolev
spaces in bounded domains. In the next lemma, D C R? is a bounded domain with
smooth boundary 9 D.

Lemma 4.2. For s € N, the following estimates hold:
o lf f,g € H'(D)NC(D), then

I1f gllasoy S (N sy gy + 1 f ooy lglas ) ;B
o If f € H*(D)NCY(D) and g € H*~1(D) NC(D), then for |a| < s we have that

[10%(fg) — f3%gllL2py S I fIlwroopy gl s—1(py + I1f 1115y l1glILo(D)-
(32)

Moreover, the following Sobolev embeddings hold:
e WP (D) € LY(D) continuously if s <n/p and p = q = np/(n — sp);
e W5P(D) C CK(D) continuously is s > k +n/p.

Proof. See [14, p. 280] and references therein. O

Proof of Theorem 4.1. We firstly construct approximate equations by using a
smoothing procedure called the Galerkin method. The m™-Galerkin approxima-
tion of (29) is the following system:

dpl™ + Py, [ul™ . vplml] = u[zm]
ulnl = vty lml (33)
P =0 = Pulp](0),
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where

ylml =0 on 0%,

and with p(0) € X¥(Q). Since the initial data in (33) belongs to P,,L%($2) and
because of the structure of the equations, we look for solutions of the form

Py =" > w4 y).

IpISmg=m
peZ qeN

Then, by Lemma (3.1), we get

GRS Z( ) i (Dwp g (x, ).
P+ (¢%)°

[pISmg=<m
peZ qeN

In this way, (33) is reduced to a finite dimensional ODE system for the coeffi-

cients cg,m; (t) for {| p|, ¢} < m, and we can apply Picard’s theorem to find a solution

on a time of existence depending on m. Next, we will use energy estimates to prove
that there is a time of existence 7', uniform in m, for every solution p!”1(z) of (33)
and a limit p(7) which will solve (29). To do this, we recall that

o =[] and ) = () = (@ [l] B ]

Taking derivatives 9°, with |s| < k on the first equation of (33) and then taking the
L?(2) inner product with 3° o, we obtain

(818Sp 89 [m] ) — (3Su[2m], axp[m]>
- (8SIP’m [u[’"] . Vp[m]] , 85,0[’"]) =I1-1I.

For the first term, since ¥ solves Poisson’s problem (34), integrations by parts
gives us

1= (00, 97pl) = (9°y ), 0t Ay ™) = a2, g (35)

thanks to the fact that 3;’ Y50 = 0 for any even number 7. For the second one,
we need to distinguish between an even or odd number of y-derivatives. In any
case, the properties of P,,,, Q,, given by Lemma (2.4) and the commutator estimate
(32) with f = ul"! and g = V" give us the inequality

115180 120y (190" 1 @11 7t gy

HI g IV 2 () ) (36)
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Summing over |s| < k and putting together (35) and (36) we obtain

3010 1B gy S 110 sty (110 e 10 N e
10 e V0 1@ )
and as ul™ = VL where ¢ solves (34) by Lemma (3.1) we get the bound
[lul™]| |k (@) < ||plm] | i+ (- Therefore, we finally obtain that

L0102k gy S 0P 1 gy (IIVO™ (@) + 190 110 )

S A" 1k 110" 3 @) 37

where the last inequality is true provided that k = 3 due to the Sobolev embedding
L®(Q) <> H(Q). Hence, forall m and 0 £ 1 < T < (c|lpllpg3y(©) " we
have that

IPmlp 3@ llellg3@)(0)
—ct[|Pulplllg3@)0) = 1T —ctllpllpsg)©0)

o™ 3 () = 5 (38)

and, in particular, that

||:0||H3($2)(0)
—cTpllp3 ) ©0)

sup [1p1"]1113(2)(1) <
0<t<T

Applying (38) in the last term of (37), we obtain for all m and 0 < ¢ < T by
Gronwall’s lemma that

0
o113 () (0) ds]

t
" |k () = 1Pw [0 1] i (0) exp c/
HA) " HA) o L—cslpllg3g)0)

0
111 13¢5 (0) ds]

t
< 1ol (g (0) exp cf
e o 1—csllpllg3)0)

and, in particular, that

sup (1" ey (1) £ C 11l i (0). (39)
0St<T

where C is a constant depending only on [|p|| g3 (q)(0).

Therefore, the family p” is uniformly bounded, with respect to m, in L>(0, T’;
H*()). One consequence of the Banach—Alaoglu theorem (see [22]) is that a
bounded sequence ||p!"™|| HE(Q) < K has a subsequence that converges weakly

to some limit in H*(£2), which is the dual of a separable Banach space. This is
o™ty =~ p(t) in H*(Q) for0 <t < T.
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Moreover, the family 8”0[’”] is uniformly bounded in L*° (O, T; Hk_z(Q)). By
(33) we have that

sup 110" |2y () = sup ([l =By [wl" - 9ol ||| yicag 1)
0<t<T 0<t<T

< sup [yl e gy (@)
0<t<T

+ sup (1B [u 9o ][] a0,
0<t<T

We need to show that u™! . V"l ¢ X*~1(Q) in order to apply Lemma (2.4) for
k = 3 and to get

P [0 V0 [ a0 = 1+ 0 o 1)
< [0t 190 202
|2 ) 1190 g2y | 1)

S ™ ey O 110" g (0.

where in the last inequalities we used (31) and the Sobolev embedding L*°(2) —
H2(Q).

Checking thatul™!.v pl"l e X*~1(Q) reduces, we see that 97 (ul™! . v pl™l) |50
= 0 for any even natural number n. We start with the observation that

a1 = @ [l B [00™7] + By [ @ [001).
and the fact that, due to (17) and (18),

03 (b c)(¥) = (33b4)(¥) cqg (¥) + 2(Bybg) (¥) (3ycq) () + by (¥) (35¢) ()
= (=1)(q7)*by(y) cq(y).

Iterating this procedure and using that b, (£1) = 0, we prove the boundary condi-
tions for the derivatives of even order of the non-linear term.

Asbefore, by Lemma (3.1) we obtain the bound ||ul™l| [k ) (@) S| [plm]] |k (@)
(1), and putting all together we obtain

sup 110" |2y ) S sup_ 110" 1zt gy (0 [14 110" 1y 0]
0<t<T 0<t<T

< Cllollgkey O [T+ Clloll g0y ©)]

thanks to (39). Hence, the family of time derivatives o; ,o[’"] () is uniformly bounded
in L> (0, T; H*"2(Q)).

Therefore, as we have seen above, the family of time derivatives 9, p!"(¢) is
uniformly bounded in L*° (0, T; H k=2(Q)). Then, by the Banach-Alaoglu theo-
rem, 9, p"1(¢) has a subsequence that converges weakly to some limit in H*~2(2)
for0<r<T.
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Moreover, by virtue of Aubin—Lions’s compactness lemma (see forinstance [19])
applied with the triple H*(Q) cc H*1(Q) ¢ H*"%(Q) we obtain that the con-
vergence p!™ — p is strong in C(0, T’; H*1(Q)). As ul™ = vLylm where
¥ solves (34) and the convergence p!”! — p is strong in C(0, T’; H1(Q)),
we obtain the strong convergence ul” — wuin C(0, T; Y*"1(Q) x X*1(Q)).
Using these facts, we may pass to the limit in the non-linear part of (33) to see that
P, [ul™ . Vplml] > w.Vpin C0, T; H*2(Q)) as follows:

1Py [ul™) - Vo™ ] —u - Vpl| giez g
= [|Puul! - Vol £ ul™ . vl £ ul™ . Vo —u- Vol g,
< [ = DI - Vo] s g + 0™ V"™ = 0)]] o g

+ || @™ =) - VPHkaz(Q) -0 as m— oo.

In the limit, we use the fact that lim,,— oo [|Pm [ f1— fllas@) = 0for f € X*(Q),
together with the convergences of u”! — w and p"! — p and (31), for k > 3.

Now, from (33), we have that 9, p!"! = ugm] =Py, [ul™ - Vo] — u,—u-Vp
inC(0, T; H*"2(2)). Since p"! — pin C(0, T; H*~1()), the distribution limit
of 0; p[m] must be 9; p for the Closed Graph theorem [3]. Thus it follows that p(¢)
is the unique classical solution of (29) which lies in C(0, T; H*~1()). Then, to
show that p € C(0, T} Hk(SZ)), we follow [20, p. 110].

Firstly, we recall that p € L*°(0, T} HK(Q)) c L%(0, T; H*(2)) and we start
proving that p(z) is continuous on [0, T) in the weak topology of H¥(£2). To prove
that p € Cyw (0, T; H*(R2)), we define the dual pairing of (H*)*(2) and H*(R2) as
[, -]: (H*(Q2))* x H* () — Rgivenby [, f]:= @[ f]. Hence, because p" — p
in C(0, T; H*~1(Q)), it follows that [¢, p"1(t)] — [¢, p(¢)] uniformly on [0, T')
for any ¢ € (HF=1())*.

Using the fact that (H*1(Q))*isdensein (H*(Q))* by means of an e-argument
together with (39), we have [, ,o[m]] — [¢, p] uniformly on [0, T') for any ¢ €
(H*(2))*. This fact implies that p € Cy (0, T; HX(Q)).

By virtue of the fact that p € Cw (0, T; H k(Q)), it suffices to show that the
norm || p|| g () (7) is a continuous function of time to get that p € C(0, T; H*(Q)).

Recall the relation for the uniform H*(2) norm for the approximations

111k () (0)
Crllpllgr(g)(0)

Crlloll3 ) O

+
L= Ctllpllgkg)0)

L P O = l1pll ¢ () (0)

forall 05¢<T.

For fixed time ¢ € [0, T) we have ||pl| (g (1) < minf, o |[0"]] (g (1)
Using this in the above expression, we obtain

C o3 ) O

T=Crllpllgrg©"

ol gk () = [loll gy (0) +
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Ononehand, fromthe factthat p € Cw (0, T; Hk(Q)),wehavethat||p||Hk(Q) 0) <
liminf, o+ [|p]]gk(q) (). On the other hand, the above expression gives us that
limsup, _, o+ || o1l g () () = [1o11 g () (0). Then, in particular, lim;_, o+ [[0]] gk (@)
(1) = llpll g () (0). This gives us strong right continuity at 7 = 0.

It remains to prove continuity of the || - || HA(Q) (t) norm of the solution at
times other than the initial time. Consider a time t* € (0, T) and the solution
p(t*) € H*(S2). At this fixed time, we define p*(0) := p(1*), so we can take p*(0)
asinitial data and construct a solution as above by solving regularized equation (33).
Following the argument we used above to show that ||p|| gk g () is continuous at
t = 0, we also conclude that it is continuous as t = t*. Because t* € (0, T) is
arbitrary, we have just showed that |[p|| g« (g, (7) is a continuous function on [0, T').
As a consequence, we have proved that p € C(0, T; H k).

Since forevery m € N we have pl" = P,,[pl"™]] € X¥(Q), that is 8;,’,0[’"] la =
0 for any even number n and this property is closed, we obtain that the limiting
function also has the desired property, which concludes that the solution p lies in
C (0, T; Xk(Q).

Finally, applying Gronwall’s lemma on the above estimate (37) and the previous
convergence results, for all € [0, T) we deduce that

1o ™ ] iy ()

t
< 110" 10 (0) exp [C [ (190 i@y 6) + 1190016 ds}
0

t
= 1ol ar (e (0) exp [C/O (I1Vollzee@) (s) + [ Vul| L) (s)) dS] ;
and by lower semicontinuity we obtain (30). O

Theorem 4.3. If p(t) is a solution of (29) in the class C (0, T, Xk(Q)) with p(0) €
XK(Q), and if T = T* is the first time such that p(t) is not contained in this class,
then

*
/ (I1Vullze @) (s) + Vol L) () ds = oo.
0

Proof. This result follows from estimate (30). O

5. Global Regularity for Small Initial Data

This section is devoted to proving the main result of this paper:

Theorem 5.1. Let ©(y) := —y. There exists &g > 0 and a parameter y € N with
y > 4 such that if we solve (3) with initial data 0(0) = O+ p(0) and p(0) € X“ ()
with ||p||ax @) (0) < & < g9 where k 2 5 + y, then the solution exists globally in
time and satisfies the following:

&

(1+1)

(M llell gz @) @) = 1ol @) (1) S

ESN
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) 116 — Ollax @) (@) = l1pllax @) (1) = 2,

where 0 := 0 + 0 such that o L 0 and o is given by the projection operator onto
the subspace of functions with zero average in the horizontal variable.

In the next three sections we give the proof of this result.

5.1. Energy Methods for the Confined IPM Equation
From what we have seen, we know that for p(0) € X k() there exits T > 0

such that p(¢) € X* () is a solution of (7) for all ¢ € [0, T'). Moreover, if T* is
the first time such that p(¢) is not contained in this class, then

-
f (IIVull L) () + IVl Lo(@)(s)) ds = oo,
0

5.1.1. A Priori Energy Estimate In what follows, we assume that p(r) € X*(£2)
is a solution of (7) for any 7 = 0. Then, the following estimate holds for k = 6:

301013k 0) (0 S Nouallzoe @) @) 110113 g,
— (1= 1loll gt () (D) ull 7 gy -

In this section we will perform the basic energy estimate for
op+u-Vp=uj. 40)

L*(2)-estimate: We begin with the L?(€2) bound. We multiply (40) by p and
integrate over 2. Then,

301072 = | pdpdxdy = | puzdxdy — | p (u-V)pdxdy.
) Q Q Q

By the incompressibility of the velocity and the boundary conditions, we have that
the second term vanishes, so by (13) we get

%atnpniz(m=f9puzdxdy=/9paxwdxdy.

Finally, applying integration by parts and using that ¢ solves (14) we achieve

Bl = [ v wasdy == [ (V07 sy + [ aviaviady.

As Y¥lpq = 0, it is clear that the boundary term vanishes, and consequently we
have that

30110112y = = IV¥1172q)- @1
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H*($2)-estimate We next take 9% to (40), we multiply it by 8% p, and integrate over
2. Then,

%8;||,0||§-{k(9) =/Qakp 8,05 p dxdy =/98k,0 o urdxdy
—/Qakp 3k - V)p dxdy
=1+ b.
First of all, we study /7. By (13), (14) and integration by parts, we get
I = /Q 3 p ok o, pdxdy = — fg 9Kdep 05 ydxdy = /Q Ay 9% ydxdy
_ _/Q (va’%p)z dxdy + fg 3y [aya"lp akw] dxdy.

As ¥ € X*1(Q) due to Lemma (3.1), the boundary term vanishes and we have
proved that

I =~ IV¥ 1 g 42)

Secondly, we study I>. The most singular term vanishes by the incompressibility
and the boundary conditions

L = —/ ka o (u - V)p dxdy
Q

= —/ 8",0 (Bu . V8k_1,0) dxdy
Q

k=1 _ ‘
-y ()[ 9 p (8’+1u~V8k_l_1p) dxdy.

; l Q

i=1

Now we want to distinguish between two kinds of terms, first for the case where
i = 0, and then the case where 1 < i < k — 1. The term for i = 0 is bounded
directly as

_/ 9o (9u- vo'!p) drdy < [[0ullL= @) 191 g,
Q

but working a little bit harder, we achieve
—/ ka (E)u . V8k71p> dxdy
Q
_ _/ a*p (8u1 9,9 o + dus aya"—lp) dxdy
Q

< [ 9 (o1 0.1 p) dxdy + [Bualliv o 61 g
Q

where, for the first integral, we consider two cases:
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° By the incompressibility of the flow it is clear that

/ Bk,o (Bxul 8x8k_1p> dxdy = —/ 8kp <8yu2 axak—lp) dxdy
Q Q

louall o) 110113 g

A

e |Juj = dyu; |In this case, by (13), we have that

K)\I

a*p (ayul 8X8k_1p> dxdy =/Qa’<p (axuz 8x8k_1,0) dxdy

+ / *p (Z)Xp 8x8k_1p) dxdy
Q
< N1duallzoece) o1y Hllo1 ke 1V e

To sum up, we have proved that

_/Qakp (0 V8 1p) dxdy < l19uall1= (@) 1] e g
1ol ey VY- 43)

Indeed, this is the only term that cannot be absorbed by the linear part. This term is
the reason why we need to have a integrable time decay of ||0u3 || (g), and main
goal of the next section (5.2) is to obtain a time decay rate for it.

On the other hand, fori = 1, ..., k — 1, we separate the other term as follows:

/ ak,o <8i+lu . Vakﬂ;]p) dxdy = / akp 3t 8x8k7i71pdxdy
Q Q

+ f 3 patluy 8,05~ pdxdy
Q
=NhG) + k() i=1,.... k-1

In view of (13) and (14), we have that J; (i) can be rewritten as
Ji(i) = f o pa o,y o 1 Ay dxdy,
Q

and we clearly have

k=3

k—1
> @) Z 10512 [Z||a’+layw||m||a"—l—1Aw||Lz
i=1

i=1

k—1
+ ) ||a'+layw||Lz||ak—'—1Ax/f||Loo}

i=k—2
S ollgke V¥ —for k=4, (44)



460 ANGEL CASTRO, DIEGO CORDOBA & DANIEL LEAR
For J,(i), by (13) we obtain that

L) = / 3 pa oy 8,081 pdxdy,
Q

and fori = 1, ...,k — 1 we need to distinguish two situations:
e We have at least one derivative in x. This is 9 = 9¥~19,. Then, by (14) we can
write J» (i) as follows:

L) = —/ FTAY 98,y 9,057 p dxdy,
Q

and as before, we clearly have

k=3

k—1
> hG) S 1A [Z||al'“axl/f||mo||ayak—"—1p||L2
i=1

i=1

k—1
+ Y ||a"+laxw||Lz||ayak—"—1p||m]

i=k—2
S ol IV IGrg, —for k=4 (45)

e All derivatives are in y. This is 9% = 8’; . In this case, we have that

h() = / oy 0y vy 0y pdady,
Q
and by integration by parts we achieve
L) = / 0y acp dy T p ity dxdy + / o, 95 p 9Ly dxdy
Q Q

- /Q ooy o,y dxdy

— fﬂ R [a;‘—laxp 85~ p a§,+11p] dxdy + fQ 3y [a’;p gitly af—"p] dxdy.
By the periodicity in the horizontal variable, it is clear that the only boundary
term that needs to be studied carefully is the first one, which vanishes because

p € XK(Q) and ¥ € X1(Q).
Therefore, we get

0 /af*laxpa§*i+1pa;+1¢dxdy+/ Ao p 8y pdl Ty dady
Q Q

— fQ O p " oxp 0y dxdy

—/Qa;‘*‘m/f s~y a;*‘wdxdy—fgafilm/f 0y~ p a2y dxdy

+ /Q O p 8y Ay 9ty dxdy,
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where in the last equality we used (14). Repeatedly applying Holder’s inequality

we obtain that

k—1 k—2
> ) 1105 Ayl [Z 105~ pll g2 1105 ]| oo
i=1 i=1
112 ol 108112
k-3

+1105 Ayl [Z||af;‘ip||Lz 15 2 1|

i=1

k—1
+ 2 ||a§—’p||m||a;+2w|m}
i=k—2
k—2

+ 15 ol 2 [Z 105~ AW (12 1195 | oo +18y AV Lo ||a§fw||Lz]

i=1

Then, by the Sobolev embedding, we clearly have

k—1
Y h) S ol V¥l g —for k=6 (46)
i=1
Putting together (43), (44), (45) and (46) we have proved that
L S lduallz@) o1k ) + 1ol bk IV g, for k=6 (47)
To sum up, we have obtained the next energy estimate.
Theorem 5.2. Let p(t) € XK(Q) be a solution of (7) for any t = 0. Then, the
following estimate holds for k 2 6:
331101 gy () = C l18uallzoe () () 11p11 s g )
= (1= Cllpll@ ®) [l ) ©- (48)

Proof. First of all, we remember that u = VJ-w and

330101172y = =11V 1172
3010115 gy = — IV e g + 120

so summing and applying (47), we have achieved our target. O

As we want to prove a global existence in time result for small data, this
is ||pll gk (q) () < 1. Then, the second term in the energy estimate (48) is a
“good” one, because it has the right sign. In consequence, we fix our attention
in the first term. If we have a “good” time decay of the L°°(£2)-norm of dus,
then we will be able to prove that ||p|| g (q)(7) remains small for all time by a

boostraping argument.
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5.2. Linear & Non-linear Estimates

Our goal for the rest of the paper is to obtain time decay estimates for
[[0uz||Loo ()
(). As we will see in the next Section 5.3, to close the energy estimate and
finish the proof is enough to get an integrable rate.

We approach the question of global well-posedness for small initial data
from a perturbative point of view, that is, we see (8) as a non-linear perturbation
of the linear problem. The linearized system of (8) around the trivial solution
(p,u) = (0, 0) reads

00 = u

90 =0
u=-—VII - (0, p)

V.u=0

together with the no-slip condition u - n = 0 on 92 and initial data p(0) €
Xk (€2) such that p(0) = 5(0) + 5(0).

It is not difficult to prove that p will decay in time and p will just remain
bounded at linear order. Consequently, the linearized problem has a very large
set of stationary (undamped) modes.

Now, we return to our non-linear problem:

atﬁ+ll;\?//3+ay/3u2:u2

9p+u-Vp =0
u=—VIl— (0, )

V-u=0,

together with the no-slip condition u - n = 0 on 9<2. Since p is decaying, the
term u - Vp should be small and controllable. The term 9, o u>, however, acts
like a second linear operator since p is not decaying. It is conceivable that this
extra quasi-linear operator could compete with the damping coming from the
linear term. This makes the problem of long-time behavior more difficult.

Asin[13] we solve this by, more or less, doing a second linearization around
the undamped modes and showing that the stationary modes can be controlled.
Then we wish to prove decay estimates for p in the following system:

05 = (1 — dy) u2

81,520
u=—VII— (0, 5)
V.-u=0,

assuming that the initial data p(0) = p(0) + p(0) is sufficiently small. By
showing this, we find the decay mechanism is “stable” with respect to the sort
of perturbations which this second linear operator introduces, and we are able
to keep the decay mechanism and close a decay estimate for p and show that
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0, while not decaying, converges as t — 0.

We notice that the second equation 9;p(¢f) = 0 reduces to a condition at
time t = 0, that is p(y, 1) = p(y,0). As a consequence p will just remain
bounded and our goal is to solve the following system in €2:

0p = (1—dyp) 2
u=—VII — (0, p) (49)
V.-u=0,

alongside the no-slip condition u - n = 0 on d<2. Using the stream formulation
(13), we can rewrite (49) in a more adequate way as

5 = (1—3,5) 0y
{mt:o — 50, (50)

where 1 is the solution of the Poisson problem (14) and p(0) € X*().

5.2.1. Quasi-Linear Decay In this subsection we prove L2() decay esti-
mates for the quasi-linear equation

p=>1=G(y, 1))y, (51

where 1 is the solution of (14) given by (27) and G (y, t), which plays the role
of dyp(y, 1), is sufficiently small.

Remark. We cannot extract an exact formula for the solution by taking the analog
of the Fourier transform given by the eigenfunction expansion, because the G (y, t)
term mixes the effects of all the Fourier coefficients.

Lemma 5.3. There exists ¢ > 0 small enough such that if ||G|| g2 17)(?) <e¢
for all time, then the solution of equation (51) satisfies that

015117200, S =V 172 (),
where  is the solution of (14).
Proof. Upon multiplying (51) by p and integrating we see that

L0161 =f9(1—G(y>) 09/ dxdy.

After integrating by parts and using the stream function v, which is a solution of
Poisson’s problem (14), we arrive at

L0171 e =/Q<1 — G(y) ¥ AP dxdy

=—f9<1—c<y>> |W|2dxdy+/QG’<y)way1/fdxdy.
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Now, applying the Sobolev embedding L*°([—1, 1]) — H'([-1,1]) and the
Poincaré inequality, we get

3915117200y ) = = [1 = C UG g2 1.1 O] IV 117 O

Then, as ||G|| g2(—1,17)(#) is small enough for all time, we get that [|p[|;2(q) () is
bounded by its initial data. O

As in [13], due to the fact that the Laplacian has a discrete spectrum on €2,
we can actually deduce that p decays in L>(2) so long as its higher derivatives
are controlled.

Lemma 5.4. Let « € Nand N : Rt — RY. The solution of (14) satisfies the
following lower bound:

151 e () (- (52)

1 1
V¥l 2 5511l — e

Proof. The solution of (14) is given by

b= DX (s

pEZ geN

) )7'" [o)(p, q) wp.q(x, y).

Moreover, as ||V1ﬁ||iz(9)(t) = —(y, AY) = (¥, 9, p), it is clear that

2
IV 11720, = ZZ( - ) |Ful)p. ).
P2+ ( 7)

peZ geN

Now, on one hand, we introduce the auxiliary function N:R* — R™ to obtain
that

Ivyli3, (151122 ®)

1
(52)( ) 2 N(1)

1 1 _ 2
+ > ( —N(t)> FARIR]

2
(P.@)€Z2oxN p2+(q%)
1 _ _
el L D S | Fulpl(p, @)
p%(q%)zzN(t)

(53)
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On the other hand, by Corollary (2.3), we have that

Y Rl

p2+(q%)22N(t)

1 .
N ()« 2. (1’2 + (61%)2> | Foll(p. @)

p2+<q%)2§N(t)

A

1 _
< Wnpnia(mm (54)

Combining the estimates (53) and (54) we arrive at (52). This gives that

=112
ol e ) (0,

-2 < 1 =112 —1
FlPll720) @) S — =Pl ) @) + N(t)!+e

N(t)

and assuming that N: Rt — R7 satisfies that N'(f)N(¢) = 1, we obtain
181172y @) S e NOTNO 15112, o (0)

1 o= (N()—=N())

L TNG ||,5||%1Dt(sz)(5)d5- (55)

For simplicity, we take N (¢) := 2+/1 + ¢ in (55), which gives us

1511720, < €Y H151172g, (0)

1 p=2(/TH—/T+s) 5
+ A —H-_Ot ds ||IO||L°°([O,I],H°‘(Q))'
(145)2

Now, we use the following calculus lemma:

Lemma 5.5. Let o € N, we have that

1 p=2(VT+—T+s) 1
/ 1 ds 5 o
0 +a Q@
(1492 (1+41)2

Proof. The proof of this lemma is simple and basically follows after we split the
integral into two pieces: one from O to #/2 and the other from #/2 to ¢. The integral
from O to ¢/2 decays exponentially. The second integral decays like (1 + t)_l%
multiplied by the following factor:

2(/14+1—4/1 2
/t 672(\/ 1+1—+/1+s5) ds = / ( ! o )
t/2 0

e’ (x/l_—l-t—%) dr SV1+1.

This completes the proof. O
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Then, applying the previous lemma we see that

=112
||,0| |L°°([(),t],H°‘(Q))

@ (56)
1402

1511720y () S

Now, we wish to prove a similar decay estimate for the higher derivatives.
The idea is then to show that ||p]|2 (@) (t) is bounded by its initial data; this

would then give (56) with L3() replaced by H k(@) and H*(Q) replaced by
Hk+o (Q).

Lemma 5.6. Let k € N U {0} and fix an auxiliary parameter a € N. There exists

¢ > 0 small enough such that if ||G|| gr+e+2 1 1) (?) < ¢ for all time and p(0) €
H*+(Q), then the solution of equation (51) satisfies

=112
||IO| |Hk+0‘(Q) (O)

IIFPNGES &
(1+1)2

Proof. Fixn € NU{0}suchthatn < k+a.First, we will prove that||,5||%1n(m (1) £

o] |%—1" @O Proceeding as before, after integrating by parts and using the stream
function r, we arrive at

L0411 gy = /Q 9" [(1 — G(y)Y18" Ay dxdy.

By Leibniz’s rule we have that
Lou1al g = /Qa — G()"Yd" Ay dxdy

+y (’Z)/Qaf(l — G(y)8" Y 9" Ay dxdy.
i=1

As before, applying the Sobolev embedding L*°([— 1, 1]) — H! ([—1, 1]) and the
Poincaré inequality, we get

301813y @) < = [1 = CNG gz 1,1y O] VY |3 () (0.

Then, as [|G|| gn+2(_ 1,17)(?) is small enough for all time, we get that || 0|| g (g) ()
is bounded by its initial data. Applying this in (56), we have proved our goal for
the case k = 0. Arguing as we did above when we proved the L?(Q) = H%(Q)
decay, we can extend the result for general k € N. O
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5.2.2. Non-linear Decay Next, we will show how this decay of the quasi-
linear solutions can be used to establish the stability of the stationary solution
(p,u) = (0, 0) for the general problem (8). When perturbing around the sta-
tionary solution, we get the following system:

(57)

05— (1 — o,z = —u-Vp
atﬁ = _U’Vﬁ,

where u = V- and v is the solution of (14).
Using Duhamel’s formula, with G(y, ) = 9,p(y, t) small enough in the
adequate norm, we write the solution of (57) as

t
ﬁ(t):ef(”o),é(O)—/ eZ) W V5] (s)ds  and
0
l ———
pt) = p(0) —/O u-Vpo(s)ds,

where e %) denotes the solution operator of the associated quasi-linear prob-
lem (50) from s to ¢. Therefore, we have

[101] gn+e (g (0) ! 1 [
@ +/ [0 V|| e gy (5) ds.
(I+1)4 0 (14+(@—s))4

o Hn @) ) S

5.3. The Bootstraping

We now demonstrate the bootstrap argument used to prove our goal. The
general approach here is a typical continuity argument that has been used suc-
cessfully in a plethora of other cases. Theorem (5.2) tells us that the following
estimate holds for k = 6:

30110113 ) ) = C 118uallzoe () () 1111 g )
— (1= Cllpll gty ®) ullF g - (58)

We need to prove

Lemma 5.7. If ||p|| g« (@) (0) < € and ||p|lm<@) () < 4¢ on the interval [0, T
with 0 < & < g9 small enough. Then ||p|| g« (@) (t) remains uniformly bounded by
2 & on the same interval [0, T].

We will prove Lemma (5.7) through a bootstrap argument, where the main
ingredient is the estimate (58). We will work with a bootstrap hypothesis to
assume that ||p|| g (@) (f) < 4e on the interval [0, T], where « is big enough
and 0 < ¢ < 1 such that

(1=Cllpllax@@®) =0 on [0,T].
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Then, by Gronwall’s inequality we have

t
Nollae @ @) = llpllu« ) (0) exp (C/O |I3M2IIL°O(Q)(S)dS> tel[0,T].

Our goal is to prove that [[duz|| () (¢) decays on time at an integrable rate.
As L®(Q) — HZ?(Q) by the Sobolev embedding, it is enough to prove this
for [|uz|| g3 (q) (7). This will allow us to close the energy estimate and finish the
proof.

5.3.1. Integral Decay of ||u2|| y3() Inorder to control [|uz|| 3 (g in time it
is enough to control |[4|| ;3 (). We have the following result:

Lemma 5.8. Assume that ||p|| <) (t) < 4¢e forallt € [0, T] where k 25+ 2y
with y > 4. Then

_ &
ollg3) () S ———  forall 1 €[0,T].
(141)4

Proof. By assumption, dy 0 (¢) is small in H*~1(Q) forall ¢ € [0, T]. This implies
that eZ"-$) has nice decay properties fors < randt € [0, T]in H3(Q)ifk > 6+y.
Hence, Duhamel’s formula gives us

ol g3 0 !
H3+7(Q) +/
0

u-Vollys3 s)ds,
(l+t)% 7 [ p||H +y(gz)()

121 53 ) (1) S S EEEE—
Pl@ 1+ (1 —s)7

and we have that

0Vl gasr < 10Vl S Nl gaer g 181l s @) S 1A s -

Hence,

161144 (g (5) ds.
2 HY7 (Q
(14t —s5)7 “
and, in conclusion, we need a control in time of ||p[| g4+ (-

However, due to the well-known Gagliardo—Nirenberg interpolation inequali-
ties

_ ||,5||H3+V Q (0) !
18113 () S & +/0

(1+0n%

i i 1/2 1/2 =
1D fllz2@ = CIDY Fll 5o 11£1l 5, + C 112y
we get
_ ~11/2 _1/2
| |p| |H4+V(Q) rS | |IO| |H3+2(]+V)(Q) | |IO| |H3(Q) (59)
Therefore, if we apply (59) in the previous inequalities, we get

1Al a3y @ ©O) (" 1Ipllac@(s) |
=) +/ T 115113y (5) s,
(1414 0 (14 —s5))%

where we have defined x € N so that k = max{5 + 2y, 6 + y}.

1A i3 ) () <
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By hypothesis, we have that ||p|| g« (@) (f) < 4¢ on the interval [0, T']. Then, we
obtain that

Ce ! Ce
o1 g3y (1) = +/ 1011 g3 () (s) ds.
e A+0fF Jo q+@—spif T®

In particular, there exist 0 < T*(C) < T such that for ¢ € [0, T*(C)] we have

_ Ce
1ol 3 (t) = 4(1—y'

+0)4
The following basic lemma is stated without proof (for a proof see [13, p. 584]):

Lemma 5.9. Let §, g > 0, then

/I ds Cs.q
o 1+ —95)5 (A +s)Ha = (1 + ¢yminis.T+q}"

If we restrict things to 0 < ¢ £ T*(C) and we apply the previous Lemma (5.9), we
have

C ! C 4C
15130 (1) < —8y+f R AL
(1+0)7 0 1+@—s)7 (1+s)4

Ce 4C g2
= Y + )
A+07 (A+0n)7

A

The last term in the expression above is quadraticin ; itis enoughto find0 < ¢ <« 1
small enough so that

Ce
7
(I4+1)+
for all € [0, T*(C)] and, by continuity, forallr € [0, T]. O

1Al 3y () =2

Thus, with y > 4 we have proved the integrable decay of u, and we are able to
close our energy estimate. We are now in the position to show how the bootstrap
can be closed. This is merely a matter of collecting the conditions established
above and showing that they can indeed be satisfied.

In conclusion, if || p|| g« (o) (t) < 4¢ forall ¢ € [0, T'], we have that

IN

t
lollae @) @) = Ilpllax ) (0) exp (C/o ||3M2||L°°(Q)(S)d5>

e
& exp (C/ —Sds) S eexp (Cre),
0

(1+5)7

A

and ||p|| g (@) (t) < 2eforallt € [0, T'] if we consider € small enough, which
allows us to prolong the solution and then repeat the argument for all time.
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