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GLOBAL EXISTENCE OF QUASI-STRATIFIED SOLUTIONS
FOR THE CONFINED IPM EQUATION

ANGEL CASTRO, DIEGO CORDOBA AND DANIEL LEAR

ABSTRACT. In this paper, we consider a confined physical scenario to prove global existence of smooth solu-
tions with bounded density and finite energy for the inviscid 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 equation in a strip domain . That is, we consider the
following active scalar equation:

do+u-Vo=0
with a velocity field u satisfying the momentum equation given by Darcy’s law:

Fu=—vp—g(0,0), (1)
where (x,t) € Q x RT, u = (uy,us) is the incompressible velocity (i.e., V-u = 0), p is the pressure, y is the
dynamic viscosity, k 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(xz + 27k, y,t) = o(z,y,t) and similarly
p(x + 27k, y,t) = p(z,y,t). 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 on 092, (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  := T x [—{,]] with 0 < I < oc.
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This problem is known as the confined IPM equation. Without loss of generality we will assume from
now on that y =k = ¢g =1 = 1. To summarize, we have the following system of equations in :

dio+u-Vo =0
u =-Vp—(0,0) (3)
V-u =0

with the boundary condition u-n = 0 on 9Q = {y = +1}. In our case, this implies that uslgq = 0. In
our physical system where there is gravity and stratification (u = 0 and g = p(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 O(y) := —y for a specific type
of perturbations:

oz,y,t) =O(y) +p(z.y.t)  (x,1) € AxRT. (4)

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: o(x,y,t) = O(y)+ p(x,y,t) = O(y) + poo(Y)
and u(zx,y,t) — 0 as t = co. The main mechanism of decay can be seen from the linearized equation:

8tp('r7 Y, t) = _6/(y) UQ(Ia Y, t)

which, after solving the velocity u = (u1,us2) in terms of p yields

Bip(x,y,t) = ©'(y) (p(x,y,1) + (=Aa) ' I2p(w,y, 1)) -

Setting ©(y) := —y, the previous equation clearly shows the frequency dependent exponential decay over
time of p, except the zero mode in . The goal of the present paper is to show how to control the nonlinearity,
so that it would 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 local
in time existence of solutions for the perturbated problem in the space X*(Q). For sake of completeness we
include the proof, where the cornerstone will be the properties of an orthonormal basis adapted to X*(Q).
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 periodi-
city 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 g > 0 such that if we solve (3) with initial data 0(0) = ©+p(0) and p(0) € X" ()
with ||pl| g~ (0)(0) < €o then, the solution exists globally in time and satisfies:

(1) [lullzs@)(t) Seo(1+1)77,
(2) [lollas@)(t) Seo(1+ )1,
(3) 116 = Ollz=(0)(t) < 2e.
where o := 0+ 0 such that o L ¢ and o is given by the projection operator onto the subspace of functions
with zero average in the horizontal variable.

-

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 ¢ = ¢ + ¢ 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 been trivial.
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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 questions 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 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:

0:0+u-Vo=0
u=R%0

where R = (Rj, Rz) denote the 2D Riesz transforms. This problem has been widely investigated due
to their mathematical analogies with the 3D Euler equation, but little is known. Local well-posedness
and regularity criteria in various functional settings have been established, see [1] 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 [41]. 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, 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 Rjp. 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 an scenario to prove 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 mathematical 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 determined entirely by:

e some linear or dispersive effect, for example in water waves [15], [17] and [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] and [12].

The idea of taking a non-linear equation where global well-posedness is unknown and to prove it for a
perturbation “close” to a stationary solution of the equation is so 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 R? the first construction of a non-trivial global smooth solution
for the inviscid IPM equation, the main idea is that stratification can be a stabilizing force. One can
imagine that a fluid with density that is proportional to depth is in some sense “stable”. The mechanism
behind the stability is that the linearized IPM equation around the stratified state exhibit certain damping
properties. This convergence back to equilibrium, despite the lack of dissipative 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] and [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] and [23] establish the non-uniqueness of Ly, weak
solutions to the inviscid IPM equation starting from the zero solution. Recently, in [18] the authors were able
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to construct global weak solutions to the inviscid IPM equation which are of class Cﬁ . with 0 < 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 Elgindi [13] shows that solutions
which are “close” to certain stable stratified solutions 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
fundamentally 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 — +oc.

e On the two dimensional torus T?: Similarly, the stationary solution is not periodic 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 p 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 €, in certain Sobolev space, we have to overcome
the following new difficulties:
i) To be able to handle the boundary terms that appear in the computations.
ii) The lack of higher order boundary conditions at the boundaries, due to the fact that we work in
Sobolev spaces.
Indeed, both difficulties i) and ii) can be bypass if our initial perturbation has a special structure. We
introduce the following spaces to characterize our initial data:

XHQ) :={f € H*(Q): 0} floaa=0 forn=0,2,4,...,k}, (5)
YE(Q) = {fGHk(Q):agﬂaQ:O forn=1,3,5,...,k} (6)
where, we defined the auxiliary values of k* and k, as follows:
e k—2 k even and K, = k—1 k even
k—1 k odd k—2 k odd.

Lastly, we remember that the Trace operator T : H*(Q2) — L2(0Q) defined by T[f] := f|aq is bounded for
all f € H'(Q). 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:

o(z,y,t) = —y + p(z,y,t),
Yy
pla,y,t) =1(z,y,t) — 3y° +/ Py t)dy'
0

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

f(yvt) = % - f(:v',y,t)dw' and f(xvyvt) = f(x,y,t) - f(yvt)'

Then, for the perturbation p, we obtain the system

dp+u-Vp =us
u =-VII- (Ovﬁ) (7)
V-u =0

besides the boundary condition u-n = 0 on 9. 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) and u = 0 is a stationary solution of (7). To overcome this difficulty, the orthogonal
decomposition p = p + p will be considered.
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The system (7) can be rewritten in terms of p and p as follows:

8tﬁ+uVﬁ+8y[)uQ = U2
u =-—VII-(0,p)
V-u =0

Notice that p is always a function of y only and p has zero average in the horizontal variable. It is expected
that p 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?(Q) inner product of f and g. As usual, we
use bold for vectors valued functions. Let u = (u1,u2) and v = (v, v2), we define (u, v) = (u1, v1)+ (uz, v2).
Also, we remember that the natural norm in Sobolev spaces is defined by:

17 By = 1oy + 1y 11y = 195 Al

For convenience, in some place of this paper, we may use L2, H* and H* to stand for L2(Q), 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*(2) and Y*(2) where we
will work. The key point of working with initial perturbations with the structure given by these spaces it
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 PRELIMINARES

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

2.1. Motivation of the spaces X*(Q2) and Y*(Q). By the no-slip condition us(t)|aq = 0, the solution
p(t) of (7) satisfies the following transport equation on the boundary:

Orp(t)]aa + u1(t)0zp(t)|aq = 0. 9)

As our objective is to obtain global stability and decay to equilibrium of sufficiently small perturbations,
it seems natural to consider p(0)|apn = 0. Then, by the transport character of (9) the initial condition is
preserved in time p(t)|sq = 0 as long as the solution exists. In addition, taking derivatives in Darcy’s law,
using the incompressibility condition, and restricting to the boundary we have

Oyu1(t)]oo =0 and 8§u2(t)|ag =0, (10)

given that p(t)|sq = ua(t)|an = 0. Relations (10) give rise to the following equation for the derivative in
time of 93p(t) at the boundary:

3t3§p(t)|asz = —Ul(t)ax(asp)(t”asz - 3yu2(t)8ip(t)|asz-

Thus, we find that 9;p(0)]sq = 0 implies that 9,02p(t)[ao = 0, and consequently the condition on the
boundary is preserved in time.

Iterating this procedure we can check that the conditions 9y p(0)|aq = 0, for n = 2,4, ... are preserved in
time. This is the reason why we can look for solutions p(t) in the space X*(Q), if the initial data belongs to
it. Moreover u; () will belong to Y*(£2) and us(t) will belong to X*(€).
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2.2. Biot-Savart law and stream formulation. In the whole space R? we have a simple expression for
VII in terms of p:
VII = V(-A)"'9,p
so, we can write the velocity in terms of p as
u=-VII-(0,p5) =R*R;p

where Rt = (= Ry, Ry), being R; the Riesz’s transform.
In our setting = T x [—1,1], to obtain an analogous expression we proceed as follow. Due to the
incompressibility of the flow, by taking the divergence of Darcy’s law we find that

AlIl = —=9yp. (11)
Moreover, the no-slip conditon (2) give us the following boundary condition:
I Iloa = —ploa = 0, (12)

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

Other way to reach this expression follows the next steps: as V -u = 0, we can write the velocity as the
gradient perpendicular of a stream function v, i.e.,

u=V-y (13)
with V+ = (=8,,9,). Then, applying the curl operator on (1), we get the Poisson equation for 1:
AY = —0pp.
Taking in account (13) and the no-slip condition (2) we obtain the boundary condition:
Iz = 0.

Thus, we need to impose 9|{,—+1} = ¢+ where c; could be, in principle, different from c¢_. However, the
periodicity in the x-variable of II forces 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

All = —-0,p in Q,
oyl =0 on 09,
or
A‘/’ = - zﬁ in Qa
{ b =0 on 09, (14)

and after that write
u=—VII—-(0,p) or u=Viy.
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*(€2) in order to solve (14), which allows to write the velocity
in terms of the “Fourier coefficients” of p.

2.3. An orthonormal basis for X*(2). Our goal is to solve (14). In order to do this, we define:
1
ap(z) := ———= exp(ipr) withz €T forpeZ
V2T

and
z dd
by(y) = C.OS (qyﬁ) ¢ ° with y € [-1,1] forgeN

sin (qy%) q even
where {a,}pez and {b,}4en are orthonormal basis for L?(T) and L?([—1,1]) respectively. Indeed, {b,}4en
consists of eigenfunctions of the operator S = (1 — 97) with domain 2(S) = {f € H*[-1,1] : f(£1) = 0}.
Consequently, the product of them wy, ¢(x,y) 1= ap(z) be(y) with (p,q) € Z x N is an orthonormal basis for
the product space L?(T x [—1,1]) = L?(Q).
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Now, we define an auxiliary orthonormal basis for L?([—1,1]) given by

i z dd

cqy) == sin (g i) ¢ ° with y € [-1,1] for ¢ € NU {0},
cos (qy3) q even

consisting of eigenfunctions of the operator S = 1-82 with domain 2(5) = {f € H*[-1,1] : (9, f)(£1) = 0}.

In the same way as before, the product @, o(z,y) = a,(x) ¢u(y) with (p,q) € Z x (NU{0}) is again an or-
thonormal basis for L?((2).

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 L?(Q2)-conergence given by:

=D Y Fulflp,a)wpalz,y) where Fu[f](p,q) ::/f(x’,y’)wp,q(x’,y’)dx’dy’ (15)
pEZ qeN Q
or
=> > Fs q) @pq(x,y) where Fo[f](p,q) ::/Qf(x’,y’)wp,q(x’,y’)dw’dy’- (16)

PEZ qeNU{0}

The main result of this part is to see that {wp ¢} qezxn is an orthonormal basis not only for L*(£2)
but for X*(Q), and that {@p,q}(p.qezxmuior) is basis of Y#(Q). The sequence {ap}pez is the standard
Fourier basis in H*(T). Then, we will focus only on the convergence properties of span{bi,bs,bs,...} and
span{co,c1,c, ...}

As we will see below, the relation between derivatives of {b,}sen and {cq}qenutoy Plays a key role in the
convergence properties. An easy computation gives us:

(0ybg)(y) = (=1)9q5cy(y)  for geN (17)
and

—(=1)7g5b,(y) g €N,

0 q=0. (18)

(Dycq)(y) = {
Then, as a consequence of (17) and (18), for ¢ € N we have:
(O30 w) = = (5) bely)  and  (e))(v) =~ (a5)" cylw). (19)
Hence, for each f € L*([—1,1]), as {by}qen and {cq}qenugo} are orthonormal bases for L*([—1,1]) we have:
Puf 2% and  Quf X2 F i L2([-1,1)) (20)
where the partial sums are given by:

M
Py f(y Z and  Quf(y) =Y (ficm) cm(y (21)
m=0

m=1

Remark: Here, the notation (-, -) refers to the inner product in L?([-1,1]).

We are now ready to present the main lemmas of this section. Let us recall first definitions (5) and (6),
which give us:

XH(-1,1) ={f € H*([-1,1]) : (90 f)(£1) =0 for n=0,2,4,...,k*}

and
YVE([-1,1]) = {f € H*([-1,1]) : (95 f)(£1) =0 forn=1,3,4,...,k}.

Lemma 2.1. {b,}.en is an orthonormal base of X*([—1,1]).
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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 f € H*([—1,1]). Then, by (20) we have that:

n M—o0 n . 2 .
Pnoy [ —— 0, f in L°([-1,1)) for n=0,2,4,..., either kor k—1.
By (21) we get:

M
Pydy f = (0} f,bm) b(y) (22)
m=1
where, by integration by parts and (19), we have:

+1 +1
(05 f bm) = 1 Oy f(y )om(y') dy' = 1 F)0yby(y") dy'

+1
= (1) (q3)" / @) i

= (=1)" (¢3)" (f,bm) - (23)
We must note that, thanks to b,(£1) = 0 and the boundary conditions, the boundary terms in the integration
by parts vanish. Therefore, putting (23) in (22) and applaying again (19) we arrive to Py 0; f = 0;) Pu f
and we obtain:
M —o0

OyPuf—0yf in L*[-1,1]) for n=0,2,4,... either kor k — 1.
Moreover, by (20) we have:

Quantly X2 gty in LA([-1,1])  for n=0,2,4,....k*
where by (21), we get:
M
Quoyt f =" (3t frem) em(v)- (24)
m=0

We notice that <8;+1f, co) = 0 due to the fact that (9y f)(£1) = 0 by hypothesis. In addition, by integration
by parts and (18) for m > 1 we obtain:
+1

+1
@ foom) = [ W) =~ [ 0@ dy

+1
= (-1)7(¢5) ) 0y (4 )bg(y") dy'

= (=17 (a%) {9y f,bm) - (25)
Here, the boundary term vanishes because by hypothesis we have that (9; f)(+1) = 0. Hence, putting (25)
in (24) and applaying again (17) we arrive to Qu9y ! f = 9, Py 8 f = )T Py f. Therefore:

APy f 2% gty in L2([-1,1)  for n=0,2,4,... k"
O
Lemma 2.2. {c,}senuqo} s an orthonormal base of Y*([—1,1]).
Proof. This results follows from the same ideas than 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 X*(Q) and Y*(Q) norms.

Corollary 2.3. Let f € X¥(Q) and g € Y¥(Q). For s1,s2 € NU{0} such that s1 + s2 < k, we have:
19503 Fllzae) = D Dbl la5 1 [ Fulf1 (s )

pEZ qeN
1030 glie@) = 3 D Il 1a3* IFalf )
PEZ qeNU{0}
where F,[f](p,q) and Fz[f](p,q) are given by (15) and (16) respectively.
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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.q}(p,q)czxn and {w@p }(p.q)ezxnufoy respectively, such that {[p|, ¢} < m.
This is, we have that:

P, Z Z Ful q) wpq(z,y) and Qm Z Z Folfl(pq) wpq(z, y).

[pl<m g<m Ip|<m  ¢<m
peZ q€EN peZ qeNU{0}
(26)
These projections have the following properties:
Lemma 2.4. For f € L*(Q), we have that Pp,[f] and Qu[f] are C*°(Q) functions such that:
e For f € HY(Q) we have that:
0P [f] = P[0z f],  0:Qulf] = Qul0zf],  OyPm[f]l = Qm[0yf] and 0,Qu[f] = Pw[0y f].
As a consequence, for f € H%()), we have:
e The projectors are self-adjoint in L?(2):
(Prlfl,9) = (f,Pwlg]) and (Qn[f],9) = (f,Qmlg]) Vf,g € L*(Q).
e For f € X*(Q) and g € Y*(Q):
B [ mr ) < 1 Fllar),  Bmlfl = f in XF(Q)
1Qulglllme@) < 9llar@)s  Qulf] = F in YHQ).
Proof. The proof is based in the arguments of the proof of Lemma 2.1. g

3. POISSON’S PROBLEM IN A BOUNDED STRIP

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

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

Ay = —0,p mn Q
v =0 on o)
satisfies that 1 € X*T1(Q) with ||| g ) S |10l ) and its Fourier expansion is given by
=> > ( ) Folp)(p, @) wp.qa(,y)- (27)
PEZ qeN )
Proof. We consider the sequence of problems
AU)[m] =Py [aacp] in Q,
pm =0 on o0.

Taking n-derivatives with n = 0,...,k, testing again 0"l integrating by parts and applying Young’s
inequality yields ||| gis1(q) < C|[Pm o]l mx @) < [10]le (), since p € X¥(Q) (the constant C does not
depend on m). In addition, it is easy to check that ngw[m] lo = 0, for any even number n (this is because of

the definition of P, and the boundary condition ™ |ao = 0). These two facts allow us to pass to the limit
in m to find ¢ € X*+1(Q) solving (14).

Aspe Xk(Q) and ¢ € X’”‘l(Q) we can expand

ZZ]: q) wWp,qg(2,y) and ZZ}— q) wp,q(T,Y)

PEZ qeN pEZ qeN
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then:
—0upl(z,y) == > (ip) Fulpl(p, @) wp.q (2, ),
pEZ qeN
Av(w,y) == D3 (7 + (a3)°) Fultl.a) wpa(e,y).
pEZ qeN

Consequently, the following relation between the coefficients must be verified:

_ ip _
Fll(p,q) = R Fulpl(ps ). (28)

Corollary 3.2. The velocity u = (u1,us) = V1 from (14) satisfies:
up € YH(Q),u2 € X¥(Q)  and |[ul|gr) S 110l 0)-

4. LOCAL SOLVABILITY OF SOLUTIONS IN X*(Q)

To obtain a local existence result for a 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] and [7], in the case of SQG).

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

We return to the equations for the perturbation of the confined IPM in €:
3,5/) +u- Vp = Uz
u =Viy (29)
V-u =0
where 1) solves (14) together with the no-slip condition u-n = 0 on dQ and initial data p(0) € X*(Q).
Hence, we will prove the following result:

Theorem 4.1. Let k € N with k > 3 and an initial data p(0) € X*(Q). Then, there exists a time T > 0
and a constant C, both depending only on ||p||gz(0)(0) and a unique solution p € C (0,T; X*(Q)) of the
equations (29) such that:

sup ||pl|gr () (t) < Cllpllgx ) (0).
0<t<T

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

t
ol ) (8) < lpll 25 () (0) exp [C/O (IVpll Lo (@) (5) + VUl o () () ds| - (30)

The general method of the proof is similar to that for proving 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 solu-
tions 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 dD.

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

||fg||H5(D) s (||f||HS(D) ||g||LOO(D) + ||f||L°°(D) ||g||H5(D)) (31)
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o If f € H¥(D)NCYD) and g € H*"Y(D)NC(D), then for |a| < s we have that:

10%(fg) = FO“gllr2(py S [1fllwree (o) llgllm==1(p) + | fll 1= (D) 19| Lo (D) (32)
Moreover, the following Sobolev embeddings hold:
e W*P(D) C LYUD) continuously if s <n/p and p < q < np/(n — sp).
e W*P(D) C C*(D) consinuously 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
Galerkin method. The m*-Galerkin approximation of (29) is the following system:

Byplm) + By, [ulm . plml] = ul™
ulml = vigyplm] (33)

plml li=o = Pum[p](0)

Aplml = —9, plml] in QO

P =0 on  90.

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:

Z Zc[] (t)wp.q(x,y).

[p|<m g<m
p€Z q€N

where
(34)

Then, by Lemma (3.1) we get:

M (1) Z Z ( ) )cgﬁz}(t)wp,q(x,y).

Ip|<m g<m
p€EZ qEN

In this way, (33) is reduced to a finite dimensional ODE system for the coefficients cp7q ( ) for {|pl, ¢} <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[m] (t) of
(33) and a limit p(t) which will solve (29). To do it, we recall that:

o]t i () - (o] 2 4]

Taking derivatives 9%, with |s| < k on the first equation of (33) and then taking the L?(£2) inner product
with 9%pl™), we obtain:

(007, 97rT) = (o0l i) — (978, [l ] orgtl) = 1 — 11
For the first term, since "™ solves the Poisson’s problem (34), integrations by parts give us:
= (07 0upt™, &% pl) = (9741, 6* At ) = —[|9*ul™ |32 g (35)

thanks to 8;}1/)[“1”39 = 0, for any even number n. 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 = Vpl™ give us the inequality:

11 < 110°p™| p2(q) (||Vu[m]||Loo(9)||P[m]||Hk(Q) + ||u[m]||Hk(9)||VP[m]||Lw(Q)) : (36)
Summing over |s| < k and putting together (35) and (36) we obtain:
%@HP[W]H%%(Q) N ||P[m]||Hk(sz) (||Vu[m]||Loo(Q)||P[m]||H'<(Q) + ||U-[m]||Hk(sz)||VP[m]||Lw(Q))

and as ul™ = V™ where 1™ solves (34) by Lemma (3.1) we get the bound ||u[m]||Hk(Q) < ||ptm! I % (02) -
Therefore, we finally obtain that:

%ath[m]H%{k(Q) S ||P[m]||%{k(sz) (”vu[m]HLOO(Q) + ||Vp[m]||Loo(Q)> S ||P[m]||§{k(sz)||P[m]||H3(ﬂ) (37)
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where the last inequality is true provided that k& > 3 due to the Sobolev embedding L>(Q) — H?*(Q).
Hence, for all m and 0 < ¢t < T < (c||p||2( (O))f1 we have that:

||]Pm[P]||H3(Q)(0) < ||P||H3(Q)(0)
L —ct||Pulp]l|z30)(0) = 1 —ctl|pllms@)(0)

1P |13 ) () < (38)

and, in particular
||p||H3(Q)(O)
L—cT[pllms(0)(0)
Applying (38) in the last term of (37), we obtain for all m and 0 <t < T by Gronwall’s lemma that:

t 0)
[m] £) < [P o™ 0) ex [c/ ol o ds}

sup ||p[m]||H3(Q) (t) <
0<t<T

||p||H3(Q) (0) ds]
l—cs ||p||H3(Q)(O)

t
< 1ol e (0) exp { /
0

and, in particular

sup ||P[m]||Hk(sz)(f) < Clpllar(0)(0) (39)
0<t<T

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

Therefore, the family pl” is uniformly bounded, with respect to m, in L™ (O, T:H k(Q)) One consequence
of the Banach-Alaoglu theorem (see [22]) is that a bounded sequence ||pI™||yx(q) < K has a subsequence

that converges weakly to some limit in H¥(Q), which is the dual of a separable Banach space. This is
plM(t) — p(t) in H*(Q) for 0 <t < T.

Moreover, the family 9;pl™ is uniformly bounded in L> (0,7; H*=2(12)). By (33) we have that:

sup 90" |aps-2(o (1) = sup_[[uf™ = P [0l Vol || 1120 (1)
0<t<T 0<t<T

< sup [l ez (6) + sup [P [al™) - Vo] || i o (8).
0<t<T 0<t<T
We need to show that ul™ - Vpl™ ¢ X*-1(Q) to apply Lemma (2.4), for k > 3, and to get:
[Py [l 9 p ][]0 (8) <l - 20|y (1)
S ||u[m]||H’C*2(Q) ||Vp[m]||L°°(Q) + ||u[m]||L°°(Q) ||VP[m]||H’€*2(Q)} (t)

S 1™ gy (0 112 11k o) (1)

where in the last inequalities we have used (31) and the Sobolev embedding L>(Q) < H?().
Checking that ul™ - Vpl™ € X*=1(Q) reduces to see that oy (u[m] . Vp[m]) |a = 0 for any even natural
number n. We start, with the following observation:

ul . vlm =, [u[lm]] P, {& p[m]] 4P, [u[;ﬂ Q,, [ay p{mq
and the fact, due to (17) and (18), that:
6;3 (bgcq)(y) = (5§bq)(y) cq(y) +2(9ybe)(y) (Oycq)(y) + by (y) (ascq)(y)
= (=1)(g7)*bq(y) cq(y)-
Iterating this procedure and using that b,(+1) = 0 we prove the boundary conditions for the derivatives of
even order of the non-linear term.

As before, by Lemma (3.1) we obtain the bound ||u[m]||Hk(Q) t) < ||p[m]||Hk(gl) (t) and putting all together
we obtain:

sup_ 100" L2y (®) S sup_ [l e (1) |1+ 16 Lz o ()]
0<t<T 0<t<T

< Cllpllare ) (0) [1+ Cllpllan () (0)]
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thanks to (39). Hence, the family of time derivatives 0,p[™l(t) is uniformly bounded in L> (0,T; H*~%(2)).

Therefore, as we have seen above, the family of time derivatives 9;pl™ (t) is uniformly bounded in
L (O, T;H ’“_Q(Q)). Then, by Banach-Alaoglu theorem, 9, pl™ (t) has a subsequence that converges weakly
to some limit in H*=2(Q) for 0 <t < T.

Moreover, by virtue of Aubin-Lions’s compactness lemma (see for instance [19]) applied with the triple
H*(Q) cc H*'(Q) ¢ H*2(Q) we obtain that the convergence pl™ — p is strong in C(0,T; H*~1(Q)).
As ul™ = vyl where ¢l solves (34) and the convergence pl™ — p is strong in C(0,T; H*1(Q)), we
obtain the strong convergence ul™ — u in C(0,7;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™ . Vpl™] — u-Vp in C(0,T; H*~2(Q)) as follows:

||Pm[u[m] . Vp[m]] —u-Vpl|gr-2iq) = ||Pm[u[m] . vp[m]] +ul™ . vplm £ulm™ . vy —u. Vol re-2(a)
< H(]P)m - ]I)[u[m] ’ Vp[m]]HHk72(Q) + Hu[m] ’ v(p[m] - p)Hkaz(Q)

+H(u[m]—u)~VpHHk,2(Q)—>O as  m — oo.

In the limit, we use the fact that lim,, oo [|Pm[f] — fllgs@) = 0 for f € X*(Q2), together with the conver-

gences of ul™ — u and pl™ — p and (31), for k£ > 3.

Now, from (33), we have that 9,p™ = ul™ —P,, [ul™ - wpm] — uy —u-Vp in C(0,T; H*=2(Q)). Since
pl™ — pin C(0,T; H*=(Q)), the distribution limit of 9;p!™ must be d;p for the Closed Graph theorem [3].
So, in particular, it follows that p(t) is the unique classical solution of (29) which lies in C(0,T; H*~1(Q)).
Then, to show that p € C(0,T; H*()) we follow [20, p. 110].

Firstly, we recall that p € L>(0,T; H*(Q2)) C L?(0,T; H*(2)) and we start proving that p(t) is continuous
on [0,7) in the weak topology of H¥(2). To prove that p € Cy (0, T; H*(Q2)), we define the dual pairing of
(H*)*(Q) and H*(Q) as [-,] : (H*(Q))* x H*(2) — R given by [, f] := ¢[f]. Hence, because p[™ — p in
C(0,T; H*=1()), it follows that [, p™ ()] — [¢, p(t)] uniformly on [0, T) for any ¢ € (H*~1(Q))*.

Using the fact that (H*~1(Q))* is dense in (H*(Q))* by means of an e-argument together with (39), we
have [p, pl™] — [, p] uniformly on [0, T') for any ¢ € (H*(Q))*. This fact implies that p € Cy (0, T; H*(S2)).

By virtue of the fact that p € Cy (0, T; H¥(£2)), it suffices to show that the norm ||p||zx(q)(t) is a con-
tinuous function of time to get that p € C(0,T; H*(1)).

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

Ct”ﬂ“%{k(g)(o)
1-Ct ||p||Hk(Q)(O)

||P| |Hk(sz) (O)

forall 0<t<T.
1= Ct|lpllar(e(0

167 v ) (1) < 3= ol 21 e2) (0) +
For fixed time ¢ € [0,T") we have ||p[|gx(q)(t) < liminf,, || plm] ||+ () (t). Using it in the above expression,
we obtain:

Ctllpl |§1k(Q) (0)
1-Ct ||p||Hk(Q)(O).

On one hand, from the fact that p € Cy (0,T; H*(R)), we have that ||p|| gk (q) (0) < liminf,_ o+ |[p]| e (o) (t).
On the other hand, the above expression gives us that limsup, o+ |[pl|gx ) (t) < |[pllgk@)(0). Then, in
particular lim,_,o+ ||p||gx () () = [|pl| g+ ()(0). This gives us strong right continuity at ¢ = 0.

It remains to prove continuity of the || -|| k) () norm of the solution at times other than the initial time.
Consider a time t* € (0,7) and the solution p(t*) € H*(Q). At this fixed time, we define p*(0) := p(t*).
So we can take, p*(0) as initial data and construct solution as above by solving regularized equation (33).
Following the argument we used above to show that ||p|| g (q)(t) is continuous at ¢ = 0, we also conclude
that it is continuous as ¢t = ¢*. Because t* € (0,T) is arbitrary, we have just showed that ||p||zxq)(t) is a
continuous function on [0, 7). In consequence, we have proved that p € C(0,T; H*(Q2)).

Since for every m € N we have pl™ =P, [p[™] € X*(Q), i.e. 8;p[m]|@g = 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; X*(2)) .

ol mx @) (8) < llpllmx(0)(0) +
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Finally, applying the Gronwall’s lemma on the above estimate (37) and the previous convergence results,
for all t € [0,T") we deduce:

t
I k() < 6™ty ©) 50| € [ (196 eiay(6) + 1V () |

t
< ||P||Hk(sz)(0) eXp {C/ (||VP||L°°(Q)(S) + ||vu||L°°(Q)(S)) ds]
0

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, X*(2)) with p(0) € X*(2), and if T = T*
is the first time such that p(t) is not contained in this class, then

T*
| (19l () + Vol () s = o

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

5. GLOBAL RECGULARITY FOR SMALL INITIAL DATA
This section is devoted to prove the main result of this paper:

Theorem 5.1. Let O(y) := —y. There exists eg > 0 and a parameter v € N with v > 4 such that if we solve
(3) with initial data o(0) = © 4 p(0) and p(0) € X*(Q) with ||p||g=(a)(0) < & < o where kK > 5+ 7 then,
the solution exists globally in time and satisfies the following:

(1) 1lellms @) ®) = lpllms @ () < ( =

144)7
(2) [1e = Olla=) () = lIplla~(@)(t) < 2¢

where o := 0+ 0 such that o L ¢ 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*(Q) there exits T' > 0 such that p(t) € X*(Q) is a solution of (7) for all ¢ € [0,T). Moreover, if T*
is the first time such that p(t) is not contained in this class, then

T*
/O (1190 ey () + 11Vl L=y (5)) ds = o

5.1.1. A priori energy estimate. In what follows, we assume that p(t) € X*(€) is a solution of (7) for any
t > 0. Then, the following estimate holds for k > 6:

SOuIA e (8) S 110l e (8) 2t (8) — (1= Uk sy () 1 e gy )
In this section we will perform the basic energy estimate for
Op+u-Vp=us. (40)
L?(Q)-estimate: We begin with the L?(Q) bound. We multiply (40) by p and integrate over 2. Then,
350ulplZ20) = /Qpatpdxdy = /pr drdy — /Qp (u-V) pdady.

By the incompressibility of the velocity and the boundary conditions, we have that the second term vanish.
So, by (13) we get:

$oUloly = [ puadody = [ po,vdody.

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

10,1l = /Q At o) dady — — /Q (V4)? dedy + /Q 9,0, ] dedy.
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As ¥|aq = 0, it is clear that the boundary term vanish, and consequently, we have that:
3010l F20) = = [IV[72(q)- (41)
H*(Q)-estimate: We next take 0% to (40), we multiply it by 9¥p and integrate over Q. Then,
%athH%rk(Q) = /Qakpatakp dzdy = /Qakp OFugdady — /Qakp ok (u - V)pdxdy
=1 + L.
First of all, we study I;. By (13), (14) and integration by parts, we get:

I = | 0%p0*opdady = — / Ok, p 0" pdady = / AO*1p OFpdady
Q Q Q

_ /Q (VOFy)? dedy + /Q 9, [0,0% 9*¢] dudy.

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

Secondly, we study I». The most singular term vanish by the incompressibility and the boundary conditions:

I =— [ 9%pok(u-V)pdzdy
Q

k—1
= _/ akp (au, Vak—lp) dxdy — Z (]:) / akp (8i+1u. Vak—i—1p) dedy.
Q = Q

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

— [ 9% (o V0*p) dady < [oull o) ol
but working a little bit harder, we achieve:

— | (Ou- V@kilp) dedy = — | 0%p (Ouy 0,01 p + uy 8y8k*1p) dzdy
Q Q

< ) 0" p (9ur 0,0 " p) dwdy + [|Ousl| L () [1pIl7 o)

where, for the first integral, we consider two cases:

° By the incompressibility of the flow it is clear that:

/Qakp (Orur 0,0 p) ddy = —/Qakp (Oyu2 0,0" " p) dady < [[Qusl|L (@) llPlFm -

° In this case, by (13) we have that:
/ % p (0yu1 0,0% 1 p) dzdy = / % p (0pu20,0" 1 p) dudy + / %p (0,9 0,0" 1 p) dzdy
Q Q Q

< l0uallz=q) ol ) + ol 0) V] Ze-
To sum up, we have proved that:
-/, 0% p (u- V" 1p) drdy < ||Ousl| Lo |pl Tk + ol mE @) VOG- (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 ||Ouz||L(q). Precisely, the main goal of the next Section 5.2 is to
obtain a time decay rate for it.
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By the other hand, for i = 1,...,k — 1 we separate the other term as follows:
/ OFp (0" - VOFTT1p) dudy = / O p oty 8,08 pdady + / Ok p 0™ uy 0,0 p dady
’ :J?(i)+J2(i) i:l,...,k—l.Q
In view of (13) and (14), we have that J;(i) can be rewritten as:

Ji(i) = / ok p oo,y 0" Ay dady
Q

and we clearly have

k—1 k-3 k—1
> (i) < (10l [Z||3Z+15y¢||L°°||3k_z_1A¢||L2 + D 0 9y L2 ||0F T A e
i1 i1 i—h—2
< Ilpll (o) ||V¢||§1k(sz) for k> 4. (44)

For Js(i), by (13) we obtain that:

Jo(i) = [ 9%pd" o 0,0 pdrdy
Q
and for i =1,...,k — 1 we need to distinguish two situations:

We have at least one derivative in x. This is 0¥ = 9*~10,. Then, by (14) we can write J>(i) as follows:
Jo(i) = — / LAY 019,90 0,087 p dardy
Q

and as before, we clearly have

D o)) SO AL [ YN0 0l 10,07 plle + Y 1107 0ul[12110,0" T pl e

i=1 i=1 i=k—2
<ol IV llie) — for k>4 (45)

k—1 [kS k—1

All derivatives are in y. This is 9% = 85 . In this case, we have that:
Jo (1) = /Qafpagﬂamz/}a’;_ipdxdy
and by integration by parts we achieve:
Jo(i) = /Qa’;—lamp O~ p it e dady + /Q O 10y 08 p 0320 dwdy — /Q O p Oy 0,p O dady
— /Q Oy (051 0up O~ p O] dardy + /Q 0o (05Ot 1p 057 p] dady.

By the periodicity in the horizontal varible, it is clear that the only boundary term that needs to be study
carefully is the first one, which vanish bucause p € X*(Q) and v € X*+1(Q).
Therefore, we get:

Jo(i) = / O 0,p 0y p O dady + / O 0,p 0y p 0P dady — / O pOk=10,p 0L dudy
Q Q Q

=— ., 8571A1/)8§7”1p8;+11/1d17dy—/Q(?;jflAwagﬂpﬁzﬂddedy—k/Q(?;jpa;jfiAdjaéﬂwd:cdy
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where in the last equality we have used (14). Repeatedly applying Holder’s inequality we obtain that:

k—1 k—2
> o) < |0y A e [Z 10y~ pll 2 1105 9 | Loe + 110 ]| o |I8’;wllml
i=1

i=1

k—3 k—1
+ 110y A2 [lea’;_zpllmll%wwllm + > 10yl ||3;+2¢||L2]

i=1 i=k—2

k—2
+ 110y pll 22 [lea';i&/fllm 10y Wl zoe + 110y At Lo ||3§1/)||L2] -

=1

Then, by the Sobolev embedding, we clearly have:

k—1
S 5a(0) <l IVl 2y for k> 6. (46)
=1

Putting together (43), (44), (45) and (46) we have proved that:
I S 1|0usllze oy ol ) + ol @) V9 l[F ) for  k>6. (47)
To sum up, we have obtained the next energy estimate.

Theorem 5.2. Let p(t) € X*(Q) be a solution of (7) for any t > 0. Then, the following estimate holds
for k> 6:

30 1pl[7 () (8) < Cl|Quzl| Lo (@) () 1ol 7 ) () = (1 = C'llpllrr () (1)) [[ullZe (o) (8). (48)
Proof. First of all, we remember that u = V4 and:
3010l 220y = —IIVIl720)
Lol ) = ~IIVVl e g +
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 |[p[|gx(q)(t) << 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>°(Q)-norm of dug, then we will
be able to prove that ||p||z+q)(t) remains small for all time by a boostraping argument.

5.2. Linear & Non-Linear estimates. Our goal for the rest of the paper is to obtain time decay estimates
for [[Quz|[ () (t). 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 a small initial data from a perturbative point of
view, i.e., 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

Op = us

Op =0
u =-VII-(0,p)

Vu =0

together with the no-slip condition u-n = 0 on 9 and initial data p(0) € X*(Q) such that p(0) = p(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:

6tﬁ+u-Vﬁ+8yﬁu2 = U2
815[7+11Vﬁ :O
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together with the no-slip condition u-n = 0 on 9f2. Since p is decaying, the term u- Vp should be small
and controllable. The term 9,pug, 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.

As in [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:

op = (1 - 6yp~) U2

op =0
Vu =0

assuming that the initial data p(0) = p(0) + p(0) is sufficiently small. By showing that, 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 p, while not
decaying, converges as t — o0.

We notice that the second equation d¢p(t) = 0 reduces to a condition at time ¢t = 0, i.e. p(y,t) = p(y,0).
In consequence p will just remain bounded and our goal is to solve the following system in €2

op = (1 - ayﬁ) U2

u = —VII-(0,5) (49)
V-u =0
besides the no-slip condition u-n = 0 on 9. Using the stream formulation (13), we can rewrite (49) in a
more adequate way as:
Orp = (1 - 6yﬁ) Oy
_ N ‘ 50
{ pli=o = p(0) (50)

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

5.2.1. Quasi-Linear Decay. In this subsection we prove L?()) decay estimates for the quasi-linear equation:
Op = (1 -Gy, 1)) 0xt) (51)

where 9 is the solution of (14) given by (27) and G(y, t), which plays the role of 9,4(y, t), is sufficiently small.

Remark: We cannot extract an exact formula for the solution by taking the analog of 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 (—1,1))(t) < € for all time, then the solution
of equation (51) satisfies that:

Bl1plI72 (0 () S =11Vl |72 (t)
where 1) is the solution of (14).

Proof. Upon multiplying (51) by p and integrating we see:
S0l = | (1= Glw) dsvpdady,

After integrating by parts and use the stream function 1, which is solution of the Poisson’s problem (14),
we arrive at:

L0112 ) = / (1 - Gy)) VA dady

= [ (1= G V0P dady+ [ G't) w00 dudy,
Now, applying the Sobolev embedding L>°([—1,1]) < H'([-1,1]) and the Poincaré inequality we get:
%3t||ﬁ||%2(sz)(t) < —[1=CIGl|m2(=1,17)@)] ||V1/’||%2(Q)(t)-

Then, as ||G||g2((=1,17)(t) is small enough for all time, we get that ||p||z2(q)(t) is bounded by its initial data.
O
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As in [13], due to the fact that the Laplacian has discrete spectrum on  we can actually deduce that p
decays in L?(f2) so long as its higher derivatives are controlled.

Lemma 5.4. Let o € N and N : RT — RY. The solution of (14) satisfies the following lower bound:
1. 1 _
IVl[72 () (1) > WHPH%%Q)@ - WHPH%Q(Q) (t) (52)

Proof. The solution of (14) is given by:

=33 (0

PEZ qeN )

Moreover, as ||Vi)[|72q) (t) = —(¥, Ap) = (¥, 9zp), it is clear that:

2
V1320 (1) Ziip+q>|awmﬁ
2

pEZ qeN

) ]:w[ﬁ](pv Q) wp#](wvy)'

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

1 1 1 2
V¢ 22 t Z —||p 22 t + < 2 ) ]:UJ 0 9
I Iz (Q)( ) N(t)”pHL (Q)( ) (p)q)EZZ;éOXN 2+ (q%) N () ‘ [pl(p Q)|
o 11 LG ORI S il (5)
p2+(a%) 2N (1)

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

> RAeof g X (P 63)) 1REeal

p2+(a%) 2N (1) p?+(a%) 2N (1)
1 _
< e 1B o 0 (54)
Combining the preceding estimates (53) and (54) we arrive at (52). O

This gives that:
1 1
b ) )
Aplz2) (1) S N0 P[22 () (8) + N 1Pl e () ()

and assuming that N : Rt — R* satisfies that N’(¢)N(¢) > 1 we obtain:

olI7 ~(N(®)=N(0) | 512 Lem(N(O=-N()
||P||L2(Q) (t) Se ||P||L2(Q) (0) + . W ||p||H°‘(Q)(5) ds. (55)

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

t —2(y/TFi—v/1F9)
e e _
||P||L2 Q)() SRV ||P||%2(Q)(O)+ / — ita ds ||p||%°°([0,t],Hﬂ(Q))'
0 (1+4s) 2

Now, we use the following calculus lemma.

Lemma 5.5. Let o € N, we have that:

<
1+« ~ o
2

/t o—2(VITE—VITs) 1
0 (14s) 2 (1+1¢)
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Proof. The proof of this lemma is simple and basically follows after we split the integral into two pieces:
one from 0 to t/2 and the other from t/2 to t. The integral from 0 to ¢/2 decays exponentially. The second

_ 1

integral decays like (1 4 t) = multiplied by the following factor:
/2(\/1_+t,/1+t/2)
e’ (

0

t
/ o~ 2(VTF—VIFS) g — VIiti- %) dr <VI+i
t/2

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

- ||ﬁ||%°°([0,t],H°‘(Q))
1711720 (1) S '
(14+1)

Now, we wish to prove a similar decay estimate for the higher derivatives. The idea is then to show that
1Pl %a () (t) is bounded by its initial data and then this would give (56) with L?(2) replaced by H*(Q) and
H*(Q) replaced by H*(Q).

(56)

@
2

Lemma 5.6. Let k € NU{0} and fiz an auziliary parameter a € N. There exists € > 0 small enough such
that if ||G|| gr+ava(—1,1)(t) < € for all time and p(0) € H*"*(Q), then the solution of equation (51) satisfies:

11y (0)
(1+1)2

Proof. Fixn € NU{0} such that n < k+a. First, we will prove that ||p[|%. g (t) < [|p][7. (o) (0). Proceeding
as before, after integrating by parts and using the stream function 1, we arrive at:

L01I12m ey = /Q " [(1 - G(y))] 9" Ad dudy.

By Leibniz’s rule we have that:

1611700y () <

0l = [ (1= Gl avasay+ 3 (7) [ o' - Gluporvor avdady
=1

Q
As before, applying the Sobolev embedding L>([—1,1]) — H'([~1,1]) and the Poincaré inequality we get:

$0:1pl[Frn ) (1) < = [1 = C |Gl 2 (=111 (D] [V Fm 0 (£)-

Then, as ||G|| gn+2((—1,1))(t) is small enough for all time, we get that ||| g~ (q)(t) 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 L2(Q) = H°(2) decay, we can extend the result for general k € N. O

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 stationary solution, we get the following system:

Orp— (1 —0yp = —-u-Vp
P (1—0yp)uz u-Vp (57)
Orp = —-u-Vp
where u = V14 and 1 is the solution of (14).
Using Duhamel’s formula, with G(y,t) = 9,0(y,t) small enough in the adequate norm, we write the

solution of (57) as:

) = 2 00p0) = [ OOV (s and (0= 5(0)— [ Tl ds

where e (%) denotes the solution operator of the associated quasi-linear problem (50) from s to t. Therefore,
we have:

_ [[21] zrm e () (0) / 1 —
n t < o o 'V n+ao d .
1Pl (0 () < ato: T Gra-9 [[u- Vol gn+a(a)(s) ds
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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 successfully in a plethora of other cases.
Theorem (5.2) tell us that the following estimate holds for k > 6:

30 1p117 ) () < Cl[Qull Lo o) (8) 1ol 77 0 (8) = (1 = Cllpll () (1) 1l g ) (B). (58)
We need to prove:

Lemma 5.7. If ||p|| g~ (0)(0) < & and ||p|| g~ () (t) < 4€ on the interval [0,T] with 0 < & < g9 small enough.
Then ||p|| = (o) (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 the following bootstrap hypothesis, to assume that ||p|| g+ (q)(t) < 4€ on the interval
[0,T], where & is big enought and 0 < ¢ << 1 such that:

(1= Cllollu=(@y()) 20 on [0,T).

Then, by Gronwall’s inequality we have:

t
1ol e~ ) (1) < plla= ) (0) exp (C/ [[Oual| Loo (c2) (5) dS) te[0,77.
0

Our goal is to prove that |[Qug||p(q)(t) decays on time at an integrable rate. As L*(2) < H?(2) by the
Sobolev embedding, it is enough to prove it for ||uz||gs(q)(t). This will allow us to close the energy estimate
and finish the proof.

5.3.1. Integral decay of ||uz||gsq). In order to control [[uz||gs(q) in time it is enough to control ||p[| g3 (q).
We have the following result.

Lemma 5.8. Assume that ||p||g~q)(t) < 4e for all t € [0,T] where k > 5+ 27y with v > 4. Then
€
0 ) S —— or all te]0,T].
ol ® S g 0.7)
Proof. By assumption 9,5(t) is small in H*~(Q) for all ¢ € [0, T]. This implies that e **) has nice decay
properties for s <t and t € [0,7] in H3(Q) if k > 6 + 7. Hence, Duhamel’s formula give us:

0 1 -
+/0 (1+(t—s)7 [[a- Vol s+ ()(s) ds

1P| s+~ ()
(1+1)d

||p||H3(Q ( )

and we have that:

[ Vol gser < lu-Vpllgses S l[ullgse @) 1ol g @) S 10l Fae -
e 1ol (0
PllEs+v(9) / 12
4 o (8) ds
ol (®) S A [ e o9

and, in conclusion, we need a control in time of [|p|[ s+~ (q).-

However, due to the well-known Gagliardo-Nirenberg interpolation inequalities:

1/2 1/2 5
1D7 |12y < C 11D Fl| atoy 11l oty + ClIfllz2co)
we get
1Pl a2 (0) S ||p||H3+2<1+w> @ 171150 (59)

Therefore, if we apply (59) in the previous inequalities, we get:
I[21] 773+~ (2 (0) n /t 112]] % () ()

(1+1)7 o (L+(t—s))3
where, we have defined k € N so that £ > max{5+ 27,6 + v}.

|10l 3 ) (1) < I12l] £3 () (5) ds

By hypothesis, we have that [|p||z+(q)(t) < 4¢ on the interval [0,7]. Then, we obtain that:

O et | S lalliecon(s) s
107 Jo r@—snd M@

||P||H3 Q)( ) <
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In particular, there exist 0 < T*(C) < T such that for ¢ € [0, 7*(C')] we have:
Ce

(L+t)7

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

1Pl gs (t) < 4

Lemma 5.9. Let §,q > 0, then:

/t ds - Cs,q
o (1+(t—29))0(1+s)tta = (1 + ¢t)min{d1+a}
If we restrict to 0 < ¢ < T*(C') and we apply the previous Lemma (5.9), we have:
Ce ¢ Ce 4Ce
p < ———— + . —ds
WPl () < -7 /0 (I+(t—s)i (1+s)7
. _Ce N 4Ce?
T(1+t)T 1+t
The last term in the expression above is quadratic in ¢, it is enough to find 0 < € << 1 small enough so that
Ce
(141)7

12l] 3 ) (t) <2

for all t € [0,T*(C)] and, by continuity, for all ¢ € [0, T.
O

So, with v > 4 we have proved the integrable decay of uo, then 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¢ for all t € [0,T] we have that

t
lollzre(en (&) < 1ol ey (0) exp <c / ||au2||Loo<Q><s>ds)

. -
< e exp C/ Lwds < eexp(C*e)
0o (L+s)3

and ||p|| g~ (t) < 2¢ for all t € [0,T] if we consider £ small enough, which allows us to prolong the solution
and then repeat the argument for all time.

Funding: The authors are supported by Spanish National Research Project MTM2014-59488-P and ICMAT
Severo Ochoa projects SEV-2011-0087 and SEV-2015-556. AC was partially supported by the ERC grant
307179-GFTIPFD, DC was partially supported by the ERC Advanced Grant 788250 and DL was supported
by La Caixa-Severo Ochoa grant.

Acknowledgements: The authors acknowledges helpful conversations with Tarek M. Elgindi. The authors
would like to thank the anonymous referee for their insightful comments and suggestions.

Conflict of Interest: The authors declare that they have no conflict of interest.

REFERENCES

[1] Jacob Bedrossian, Pierre Germain, and Nader Masmoudi. On the stability threshold for the 3D Couette flow in Sobolev
regularity. Ann. of Math. (2), 185(2):541-608, 2017.

[2] Jacob Bedrossian and Nader Masmoudi. Inviscid damping and the asymptotic stability of planar shear flows in the 2D
Euler equations. Publ. Math. Inst. Hautes Etudes Sci., 122:195-300, 2015.

(3] Haim Brezis. Functional analysis, Sobolev spaces and partial differential equations. Universitext. Springer, New York, 2011.

(4] Angel Castro, Diego Cérdoba, and Javier Gomez-Serrano. Global smooth solutions for the inviscid SQG equation. Memoirs
of the AMS, 2017.

(5] Peter Constantin, Andrew J. Majda, and Esteban Tabak. Formation of strong fronts in the 2-D quasigeostrophic thermal
active scalar. Nonlinearity, 7(6):1495-1533, 1994.



[6]
[7]
(8]
[9]
(10]
(11]
(12]
(13]
(14]
(15]
(16]
(17]

(18]
(19]

20]

(21]
[22]
23]
[24]
25]

[26]

GLOBAL EXISTENCE FOR THE CONFINED IPM EQUATION 23

Peter Constantin and Huy Quang Nguyen. Global weak solutions for sqg in bounded domains. Communications on Pure
and Applied Mathematics, 71(11):2323-2333.

Peter Constantin and Huy Quang Nguyen. Local and global strong solutions for SQG in bounded domains. Phys. D,
376/377:195-203, 2018.

Peter Constantin, Vlad Vicol, and Jiahong Wu. Analyticity of Lagrangian trajectories for well posed inviscid incompressible
fluid models. Adv. Math., 285:352-393, 2015.

Diego Cérdoba, Daniel Faraco, and Francisco Gancedo. Lack of uniqueness for weak solutions of the incompressible porous
media equation. Arch. Ration. Mech. Anal., 200(3):725-746, 2011.

Diego Cérdoba, Francisco Gancedo, and Rafael Orive. Analytical behavior of two-dimensional incompressible flow in porous
media. J. Math. Phys., 48(6):065206, 19, 2007.

Laurent Desvillettes and Cédric Villani. On the trend to global equilibrium in spatially inhomogeneous entropy-dissipating
systems: the linear Fokker-Planck equation. Comm. Pure Appl. Math., 54(1):1-42, 2001.

Laurent Desvillettes and Cédric Villani. On the trend to global equilibrium for spatially inhomogeneous kinetic systems:
the Boltzmann equation. Invent. Math., 159(2):245-316, 2005.

Tarek M. Elgindi. On the asymptotic stability of stationary solutions of the inviscid incompressible porous medium equation.
Arch. Ration. Mech. Anal., 225(2):573-599, 2017.

Andrew B. Ferrari. On the blow-up of solutions of the 3-D Euler equations in a bounded domain. Communications in
Mathematical Physics, 155(2):277-294, Jul 1993.

Pierre Germain, Nader Masmoudi, and Jalal M. I. Shatah. Global solutions for the gravity water waves equation in
dimension 3. Ann. of Math. (2), 175(2):691-754, 2012.

Philippe Gravejat and Didier Smets. Smooth travelling-wave solutions to the inviscid surface quasi-geostrophic equation.
International Mathematics Research Notices, page rnx177, 2017.

Alexandru D. Ionescu and Fabio Pusateri. Global solutions for the gravity water waves system in 2d. Invent. Math.,
199(3):653-804, 2015.

Philip Isett and Vlad Vicol. Holder continuous solutions of active scalar equations. Ann. PDE, 1(1):Art. 2, 77, 2015.
Jacques-Louis Lions. Quelques méthodes de résolution des probléemes aux limites non linéaires. Dunod; Gauthier-Villars,
Paris, 1969.

Andrew J. Majda and Andrea L. Bertozzi. Vorticity and incompressible flow, volume 27 of Cambridge Texts in Applied
Mathematics. Cambridge University Press, Cambridge, 2002.

Clément Mouhot and Cédric Villani. On Landau damping. Acta Math., 207(1):29-201, 2011.

Halsey L. Royden. Real analysis. Macmillan Publishing Company, New York, third edition, 1988.

Roman Shvydkoy. Convex integration for a class of active scalar equations. J. Amer. Math. Soc., 24(4):1159-1174, 2011.
Sijue Wu. Global wellposedness of the 3-D full water wave problem. Invent. Math., 184(1):125-220, 2011.

Liutang Xue. On the well-posedness of incompressible flow in porous media with supercritical diffusion. Appl. Anal.,
88(4):547-561, 2009.

Wenxin Yu and Yigang He. On the well-posedness of the incompressible porous media equation in Triebel-Lizorkin spaces.
Bound. Value Probl., pages 2014:95, 11, 2014.

INSTITUTO DE CIENCIAS MATEMATICAS (CSIC), C. NicoLAS CABRERA, 13-15, 28049 MADRID, SPAIN

E-mazil address: angel_castro@icmat.es, dcg@icmat.es, daniel.lear@icmat.es



	1. Introduction
	2. Mathematical setting and preliminares
	3. Poisson's problem in a bounded strip
	4. Local solvability of solutions in Xk()
	5. Global regularity for small initial data
	References

