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ABSTRACT. The primary goal of this paper is to develop robust methods to handle
two ubiquitous features appearing in the modeling of geophysical flows: (i) the
anisotropy of the viscous stress tensor, (ii) stratification effects. We focus on the
barotropic Navier-Stokes equations with Coriolis and gravitational forces. Two
results are the main contributions of the paper. Firstly, we establish a local
well-posedness result for finite-energy solutions, via a maximal regularity approach.
This method allows us to circumvent the use of the effective viscous flux, which
plays a key role in the weak solutions theories of Lions-Feireisl and Hoff, but seems
to be restricted to isotropic viscous stress tensors. Moreover, our approach is
sturdy enough to take into account non constant reference density states; this is
crucial when dealing with stratification effects. Secondly, we study the structure
of the solutions to the previous model in the regime when the Rossby, Mach and
Froude numbers are of the same order of magnitude. We prove an error estimate
on the relative entropy between actual solutions and their approximation by a
large-scale quasi-geostrophic flow supplemented with Ekman boundary layers. Our
analysis holds for a large class of barotropic pressure laws.

1. INTRODUCTION

This paper is devoted to the study of a class of barotropic Navier-Stokes systems.
Our focus is on developing robust methods to handle two ubiquitous effects appearing
in the modeling of geophysical fluids: (i) the strong anisotropy of the viscous stress
tensor, (ii) stratification effects. As for the first aspect, we consider systems with
anisotropic viscosity tensors

(1.1) A= pAp +e03 = (07 +03) + 03,

where the parameters p and € are dimensionless numbers such that ¢ < p. Concerning
the second point, we consider highly rotating fluids with a strong Coriolis force %63 X pU
and a strong gravitational potential E%pVG = —E%peg, where u = u(z,t) € R? denotes
the velocity field of the fluid, p = p(z,t) € R represents the density of the fluid
and ez = (0,0,1)7 is the unit vertical vector. We handle barotropic fluids, so the
pressure of the fluid is assumed to be a function of the density only, i.e. P = P(p);
see (1.10) for precise assumptions on the pressure law. We consider the simplest
possible geometrical set-ups and scalings enabling to study non trivial phenomena,
such as boundary layers and vertical stratification.

Our goal in this paper is twofold. The first part of the paper is concerned with
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the existence and uniqueness of strong solutions for the barotropic Navier-Stokes
equations with potential force VG:

(1.2) Op+V-(pu) =0,
’ di(pu) + V- (pu®@u) + VP(p) = Ay cu+ AV(V -u) + pVG.

The term VG is responsible for stratification effects, thus the equilibrium density
p of the previous system becomes non-constant. As a consequence, there are two
main difficulties to handle in the well-posedness study for system (1.2): on the one
hand, the strong anisotropy of the viscous tensor, see (1.1); on the other hand, the
fact that p introduces variable coefficients in the equations (see more details below).
Our main result in this direction is Theorem 1 on page 8. We set system (1.2) in the
simple space-time domain R3 x (0,T), with T' > 0; domains with boundaries, such
as (R? x (0,1)) x (0,T), may be handled by the same method, at the price of more
technical difficulties. Here we work with fixed values of the parameters (u, A, €), and
do not keep track of how the estimates depend on them: the existence of solutions to
(1.2) is a challenge in itself. Our well-posedness result still holds if one incorporates a
Coriolis force pes x u in the left hand side of (1.2).

The second part of the paper is devoted to the asymptotic analysis of the barotropic
Navier-Stokes equations in presence of fast rotation and gravitational stratification.
We consider the following system:

(1.3) vp
O(pu) + V- (pu®u) + e x u+ Q(p) =Aucu+AV(V-u)+ %VG.
€ € €
set on the strip (R? x (0,1)) x (0,7, with the no-slip boundary conditions
(1.4) u=0 at x3=0,1.

Here G is the gravitational potential, i.e. G(x3) = —x3. We describe the structure of
weak solutions in the limit € — 0 for well-prepared data, analyze the Ekman boundary
layers and their effect on the limit quasi-geostrophic flow, and prove quantitative
bounds based on relative entropy estimates. Our main result in this direction is
Theorem 2 on page 34. Our results hold for a large class of monotone pressure laws.
Here our focus is on the asymptotic behavior for a family of weak solutions, under
the assumption that such global-in-time weak solutions exist.

The two parts are connected. Indeed, the quantitative stability estimates obtained
in the second part lay the ground for a large-time well-posedness result for system
(1.3) in the limit when ¢ — 0. Inspired by previous results for incompressible flows
[28, 11, 44, 45], we believe that strong solutions may be constructed for large data
close to the two-dimensional limit quasi-geostrophic flow, by using a variation of the
well-posedness result of the first part. Though, dealing with the compressible system
(1.3) requires much more work, which is left for a subsequent paper.

1.1. Modelling of geophysical flows. We consider mid-latitudes and high-latitudes
motions of fast rotating compressible fluids, typically the Earth’s atmosphere or oceans.
System (1.3) is a particular case of the general non-dimensional system
Op+V-(pu) =0,
1

1
Gy vy .u
Res Re

1
(1.5) (pu) +V - (pu@u) — @Ahu -

1 1 1
+ R 63 % (pu) + @Vp(p) = @pVG’.
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As usual, the Reynolds number measures the ratio of inertial forces to viscous forces.
System (1.5) modeling large-scales geophysical flows has, in particular, a horizontal
Reynolds number Rep, = Z—hL and a vertical Reynolds number Res = Uu—f that may be
of different orders of magnitude; see below the comments about the anisotropy in the
viscous stress tensor. Here U represents the typical speed of the flow, L the typical
length, vy, is the horizontal viscosity and v3 the vertical one. The Mach number is
defined as Ma = %, where the constant c is the propagation speed of acoustic waves.
For strong jet streams near the tropopause U = 50m - s~2, which corresponds to
Ma = 0.15, see [35]. The Rossby number, defined as Ro = ﬁ, measures the effect
of the Earth’s rotation; here Q = 7.3 - 107°s~! is the module of the Earth’s angular
velocity. In the case of the Gulf Stream, the length L = 100km and U = 1m - s~!
are smaller than the typical oceanic scales, the Rossby number is about Ro = 0.07.

Notice that here we consider the f-plane approximation of the Coriolis force.

Stratification. The gravitational force deriving from the geopotential G = —gz3 tends
to lower regions of fluid with higher density and raise regions of fluid with lower
density. In the equilibrium configuration, the density profile decreases with respect
to the vertical direction. The Froude number is then defined as Fr = %, where

g =9.81m - 52 is the acceleration of gravity. It measures the ratio of inertial forces
of a fluid element to its weight. The centrifugal force also derives from a potential.
It is often neglected in models for the atmosphere [15, 24], but in certain regimes it
can have a dramatic effect. The mathematical analysis of the centrifugal force poses
different challenges that we do not dwell upon in the present work.

Anisotropy. In general the horizontal and vertical viscosities are not equal, in particular
when dealing with large-scale motions of geophysical flows. For instance, in the ocean
the horizontal turbulent viscosity v, ranges from 103 to 10% ¢m? - s~!, while the
vertical viscosity v3 is much smaller and ranges from 1 to 103 em?s~!. A justification
of this fact can be seen in: (i) the anisotropy between the horizontal and the vertical
scales of the flows, and (ii) the stabilizing effect of the Coriolis force, which makes
the large-scale motion be almost two-dimensional (see also Section 3). Hence, a
frequent (and crude) modeling assumption is to suppose that the diffusion in the
vertical direction is much weaker than the horizontal viscosity, which is enhanced by
turbulent phenomena. For further insights about the physics of anisotropic diffusion,
we refer to [49], in particular to equation (2.122), to Chapter 4 of [43], to [9] and [13].

Scaling. In (1.3), the dimensionless number ¢ denotes the Rossby number, which
measures the strength of the rotation. We consider the scaling where the Rossby, the
Mach and the Froude numbers are of the same order of magnitude, i.e. Ro = Ma =
Fr = . This is the richest scaling, since the effects due to the rotation are in balance
with the compressible and gravitational effects. Notice however that other scalings
are considered in the physical literature [36], for application to meteorology, as well
as in the mathematical literature, see e.g. [19], [24].

Ekman layers. Ekman boundary layers are regions near horizontal boundaries with
no-slip boundary condition where viscous effects balance the Coriolis force. The
thickness of these boundary layers (see Part I of [14]) is

1
oy L
w=(5)"
which does not depend on the velocity. Remark that the faster the rotation, the
smaller is the layer affected by viscosity. See also Chapter 8 of [15].
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Pressure laws. We consider barotropic flows, for which the pressure is a function of
the density only. A typical example is that of Boyle’s laws P(p) = ap?, with a > 0
and v > 1. For the precise definition of the pressure law, we refer to (1.10).

1.2. Mathematical challenges related to anisotropy and stratification. We
outline here some aspects of the study of compressible viscous fluids. We focus on two
points in particular: (i) well-posedness and the difficulties related to the anisotropy
in the viscosity, (ii) asymptotic analysis in the presence of stratification.

Well-posedness. For fluids modelled by the incompressible Navier-Stokes equations,
the fact that the viscous stress tensor is isotropic or anisotropic does not affect the
well-posedness theory. One can prove the existence of weak (Leray-Hopf), mild or
strong solutions regardless of the structure of the viscous stress tensor.

For compressible fluids modelled by the compressible Navier-Stokes system though,
anisotropy represents a major hurdle. Interestingly, the obstacle has similar roots for
several well-posedness theories of weak solutions.

In the isotropic case, p = ¢ in (1.2), one has a pointwise relation between the
pressure and the divergence of u. Indeed, applying the divergence to the momentum
equation and using the algebraic relation V- (VV - u) = AV - u = V - Au, one gets

(1.6) A((p+ ANV -u—P(p)+ P(1)) =V - (pdyu + pu - Vu).
This suggests to define the following quantity
F:=(u+ANV-u—P(p)+ P(1),
which is dubbed the effective viscous fluz. According to (1.6), one obtains the relation

(1.7) AF=V- (p@tu + pu - Vu).

The property (1.7) is key to the existence of global finite-energy weak solutions in
the Lions [37] and Feireisl [23, 42] theory on the one hand, and to the existence of
global weak solutions with bounded density in the Hoff theory [34] (see also [16]).

In the anisotropic case pu # ¢, the above analysis breaks down, and the relation
between V - u and P(p) becomes nonlocal. Indeed, (1.7) becomes

(Ape + XAV -u— AP =V - (pdu + pu - Vu),
so that the definition of a modified effective flux should read
Funi = AN ALc + AA)V -u— P(p) + P(1).

The nonlocal operator A™1(A,, . + AA) changes the picture dramatically. In view
of the existence of Hoff-type solutions with bounded density [34, 16], one of the
major flaws of Fy,; is the lack of boundedness of A‘l(Amg + AA) on L°. Similarly,
for the existence of global finite-energy weak solutions, the nonlocality is a major
obstacle to getting the compactness of a sequence of approximate solutions; see
[9, 10]. In the breakthrough work of Bresch and Jabin [10], a totally new compactness
criterion was proved that enables to prove the existence of global weak solutions to
the compressible system (1.2) in the anisotropic case. There remains a restriction that
lu—el < A— % which is compatible with the modeling of large-scale geophysical flows.

A more important limitation of the result in [10] is on the pressure law: v > 2 + @,

where 7 is defined in (1.10). On that subject Bresch and Burtea proved recently
in [7] the global existence of weak solutions for the quasi-stationary compressible
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Stokes equations and to the stationary compressible Navier-Stokes system [8] with an
anisotropic viscous tensor. Their approach is based on the control of defect measures.

The anisotropy prompts us to consider the framework of strong solutions, in
particular those with minimal regularity assumptions as in [16]. In that perspective,
a further challenge for the well-posedness theory is the presence of non constant
reference density states, due to the gravitational term. Indeed, the fact that the
densities are perturbations of a constant state plays a major role in the analysis of
[16]. This question seems to remain broadly unexplored in general. In our work, we
are able to incorporate non constant reference density states in the approach of [16].

Asymptotic analysis. We review here some of the literature concerned with the quan-
titative analysis of viscous barotropic fluids in high rotation (for an overview of this
topic for incompressible fluids, we refer to [14]). For systems of the type (1.3), results
on the combined low Mach and low Rossby limits were obtained in several directions:
well-prepared data (data close to the kernel of the penalization operator, see (3.57) for
what it means in our context), ill-prepared data, slip or no-slip boundary data, with
or without stratification (centrifugal force or gravitational force), different scalings
regimes. We do not attempt to be exhaustive here, but select some works which are
relevant to our study here.

In the well-prepared case, paper [9] studies the limit for the same scaling as in
(1.3), with no-slip boundary conditions and G = 0. They study the Ekman layers
and prove stability estimates in the limit ¢ — 0 in the case of pressure laws with
~v = 2. As far as we know, this seems to be the only work concerned with the study
of Ekman layers for compressible fluids. Extending it to more general pressure laws,
and taking into account gravitational stratification effect is an obvious motivation for
our present work. The analysis with a gravitational potential was considered in [22],
for fluids slipping on the boundary, using the relative entropy method.

In the ill-prepared case, the fact that the initial data is away from the kernel of the
penalization operator is responsible for the propagation of high frequency acoustic-
Poincaré waves. Different scaling regimes of Ma and Ro were analyzed in the works
[20, 19, 24]. All these works are concerned with fluids satisfying the slip boundary
condition, hence no boundary layers are needed in the asymptotic expansions. Let us
point out that the work [19] manages to handle the centrifugal force.

1.3. Novelty of our results. We comment here on the main theorems of the paper.

Well-posedness of system (1.2): Theorem 1 on page 8. We prove the short-time exis-
tence of finite-energy solutions to system (1.2). We introduce a simple and sturdy
method based on a priori bounds obtained via maximal regularity estimates, following
the approach of [16, 47]. However, our techniques are robust enough to deal with
both effects mentioned above: (i) the anisotropy in the viscous stress tensor, (ii)
the presence of a non-constant reference density state. Thus, our result represents
a generalization of [16, 47] in both directions. However, as already explained in
Subsection 1.2, the anisotropy makes it impossible to use Hoff’s effective viscous flux
as in [16], so we need to look for higher regularity estimates for the density, in order
to get compactness for passing to the limit in the pressure term. For this reason,
we need to require some regularity on the initial data: roughly, the initial density
pin is sufficiently well-localised around the reference profile p, namely p;, — p € H?,
while the initial velocity wu;, is taken in H 3/2+, So, the solutions that we construct
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are strong solutions with finite energy; roughly, they are halfway between the Hoff so-
lutions [34, 16] with bounded density and the strong solutions of Matsumura-Nishida
[40] (which require p;, — 1 € H3).

We emphasize that the initial density p;, can be taken close to an arbitrary ref-
erence density profile p = p(x3) € W**(R). Thus, setting G = G(x3) = H'(p(z3)),
with H defined in (1.11) below, we infer that p is a static state of system (1.2),
namely p satisfies the logistic equation

(1.8) VP(p) =pVG.

However, the smallness condition rests only on the quantity ||pin, — p|| L, and not
on higher-order derivatives. Finally, we point out that the assumption p = p(z3)
is made only for modelling purposes (we have in mind the case when G is the
gravitational potential), but our method works also in the more general situation
p = p(x), x € R3. So, our theorem opens the way to achieving the well-posedness
of systems with stratification effects, such as (1.3), in the strip R? x (0, 1) with the
physical gravitational potential G = —x3.

Asymptotic analysis of system (1.3): Theorem 2 on page 34. We build an asymptotic

expansion for the solutions of the compressible system (1.3) when £ — 0 and prove
quantitative estimates on the errors. We consider well-prepared initial data, i.e. close
to the kernel of the penalization operator. The scaling Ro = Ma = Fr = ¢ which is
considered in (1.3) is the richest scaling, in the sense that the Coriolis force, the
pressure and the gravitational force balance each other. In addition, we analyze the
effect of boundary layers on the limiting two-dimensional quasi-geostrophic equation.
This limit equation, see (3.36) below, represents the large-scale dynamics of the bulk
flow. It is a two-dimensional incompressible Navier-Stokes equation written in terms
of the stream function @, where u = V+@Q is the limit velocity. Frictional effects
dissipate energy in the Ekman boundary layer flow, so a damping term appears in
(3.36). Such effects were already pointed out for incompressible [39, 13, 14, 29] or
compressible [9] fluids in high rotation.

As far as we know, that paper [9] is the only work dealing with the asymptotic
analysis of compressible fluids in high rotation in the presence of Ekman layers. Our
result extends the state of the art in two main directions: (i) we take into account
stratification effects due to gravitation, hence we handle non constant reference
density states; (ii) we consider general pressure laws P(p) ~ p7, with v > 3/2 (see
(1.10) below). Concerning (i), let us stress that our work seems the first one able to
tackle the combined effect of the gravitational force and boundary layers. As for (ii),
work [9] handles the case v = 2. Incidentally, the threshold 3/2 for the number ~ is
the same as the one for the Lions-Feireisl theory of weak solutions theory.

Our approach is based on relative entropy estimates for system (1.3), see [30, 21, 26,
22]. The progress achieved in this paper is made possible thanks to the introduction
of a simple tool, which seems to be new in this context: we rely on anisotropic
Sobolev embeddings, see Lemma 3.11 below. This enables to compensate for the lack
of coercivity for d3uy,, due to the strong anisotropy in the Lamé operator (1.9). Doing
so, we are able to extend the range of values for the parameter -y, and also to improve
the quantitative error bounds.

1.4. Outline of the paper. The paper consists of two parts. The first one, treated in
Subsection 2, is devoted to the proof of the well-posedness result for system (1.2). The
main result is Theorem 1 on page 8. The proof relies on maximal regularity estimates
for a parabolic equation related to an anisotropic and variable coefficients Lamé
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operator; see Proposition 2.2. The second part, which is the matter of Subsection 3,
is concerned with the proof of the quantitative estimates for (1.3) in the limit ¢ — 0.
We first build an expansion based on a formal multi-scale analysis. Second, we derive
a relative entropy inequality. Finally, we carry out the quantitative estimates, using
in particular the anisotropic Sobolev embeddings of Lemma 3.11.

1.5. Main notations and definitions. Since our interest is in real fluid flows, the
whole paper is written in space dimension d = 3. Notice though that some results,
in particular those of Subsection 2 such as the maximal regularity statement, can
easily be extended to higher-dimensional systems. The domain 2 denotes an open
set, usually Q = R3 or R? x (0, 1) in this paper.

When appropriate, we use Einstein’s convention on repeated indices for summation.

Given a two-dimensional vector v = (vq,v2), we define v+ := (—vq,v1). Given a
vector field v € R?, we will often use the notations V-v and V xv to denote respectively
dive and curlv. For a vector € R3, we often use the notation z = (x5, 23) € R?
to denote the horizontal component z;, € R? and the vertical component z3 € R.
According to this decomposition, we define the horizontal differential operators Vy,
Ayp, and V- as usually; we also set Vﬁ := (—02,01). These operators act just on the
xp, variables. Notice that the third component of the vector V x v is 01v9 — Ovy:
this quantity will be denoted by Vﬁ - V.

We introduced A, . as in (1.1). Similarly, we define the modified gradient operator
Ve == (\/ﬁﬁl, V102, \@83). The anisotropic Lamé operator L is defined by

(1.9) Lu = —A,.u — AVV -u.

Throughout this paper, given a Banach space X and a sequence (a®). of elements
of X, the notation (a®). C X is to be understood as the fact that the sequence (a®).
is uniformly bounded in X. We will often denote, for any p € [1, 0] and any Banach
space X, LE.(X) := LP((0,T); X(2)). When T = +o0, we will simply write LP(X).

For the definition and basic properties of Besov spaces, we refer to Chapter 2 of
[5], or to Subsections 2.2 and 2.3 of [16].

Pressure law. We consider barotropic flows, for which the pressure P is supposed to
be a smooth function of the density only. We assume (see e.g. [26], [20], [21], [24])
that P € C([0,00)) NC?((0,00)) enjoys

P'(p)
_ / .
(1.10) P(0)=0, P'(p)>0 Vp>0, plggo -1

=a>0,

for some v > 1. Given P, we define the internal energy function H by the formula

(1.11) H(p) = p/lp PZ(ZZ) dz for all pe€ (0,00).

Notice that the relation p H”(p) = P’(p) holds for all p > 0.

2. A WELL-POSEDNESS RESULT IN THE PRESENCE OF A STRONGLY ANISOTROPIC
VISCOUS STRESS TENSOR AND STRATIFICATION

In this section we show a well-posedness result for the barotropic Navier-Stokes
system (1.2). As explained in Subection 1.2, there are two main difficulties. The
first one is to handle the anisotropy of the viscous stress tensor. It prevents one
from using classical compactness techniques to prove the existence of weak solutions
having finite energy (see e.g. [37, 42, 25] and the comments in [9, 10]). It is also a
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major obstacle to the use of the effective flux (1.6) as in [34, 16]. The second one is
the non-constant reference density state p, due to the potential force VG.

Our approach is reminiscent from the works [16, 47]. Tt is based on maximal regu-
larity estimates for the velocity field. This approach enables us to fully exploit the
parabolic gain of regularity due to the momentum equation, and to use it in the mass
equation in order to transport higher-order Sobolev norms of the density function.
Moreover, it allows us to consider non constant density reference states, which is
crucial in view of studying stratification effects, see system (1.3) and Section 3.

It is not clear whether or not the whole method of the paper [16] works in presence
of an anisotropic Lamé operator, since it deeply uses Hoff’s effective flux (1.6) and
algebraic cancellations appearing in its equation, see (1.7). Thus, compared to [16],
we will work with solutions in the energy space, so with less integrability, but which
are more regular. We are also able to deal with parabolic operators with variable
coefficients when applying the maximal regularity results.

Our main result in this direction is the following statement. Our aim is to give
a streamlined method for well-posedness, appropriate for proving the existence and
uniqueness of finite-energy solutions in the presence of: (i) an anisotropic viscous
stress tensor given by (1.1), (ii) non constant reference density states. A small
compromise consists on the one hand on the fact that we do not strive for optimality
in the assumptions of the theorem, and on the other hand on the fact that we work
in the space domain = R3. Notice however that the case of more general domains
can be treated with some technical adaptations.

Theorem 1. Let v > 1. Let p € W3®(R). Assume that p is uniformly bounded
from below, i.e. p > k > 0. We define the potential by G = H'(p), where H is defined
by (1.11). Then for any n > 0 which verifies

(2.1) n < min(1/(8Ch), k/8),

where Cy is the constant given by Proposition 2.2, the property below holds.
Consider system (1.2), supplemented with the initial datum (p, u)‘tzo = (pm, uin).

3/2

54/3 and such that

For any (pm, um), with pim —p € H? and u;y € B

||pl7l - ﬁHLOO < n,
there exist a time T (7, p, €, A, [pllws.o, K, |tinll g3/2 , |pin — Pllg2) > 0 and a unique
2,4/3

solution (p,u) to (1.2) on [0,T*] x Q, such that:

(1) =7 € Cro(H?), with llp — Pl (1) < 47

(2) w € LF(L?) N L. (L), with in addition Vu € L. (L*) N L2, (L>®), V?u €
L4, (L2), V3u € L2 (L?) and dyu € L2 (HY);
(3) (p, u) satisfies the classical energy inequality (see estimate (3.42) below).

Remark 2.1. Notice that we have some freedom on the regularity of the initial datum.
3/2

2,4/3
condition can be somehow weakened.

Notice also that H® < 33(42/3 for any s > 3/2.

In this sense, we take B regularity for ug for simplicity of presentation, but this

The rest of this section is devoted to the proof of Theorem 1. The proof is based
only on elementary methods, namely energy estimates and maximal regularity. We
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will limit ourselves to showing a priori estimates for smooth solutions to system (1.2).
The proof of existence by an approximation scheme is rather standard, see e.g. [16]
and references therein.

2.1. Maximal regularity for an anisotropic Lamé operator. Here we prove
the following maximal regularity result for a parabolic equation with an anisotropic
Lamé operator and vertical stratification due to the coefficient p. Pay attention to
the fact that, in the definition of ng}rz below, the indices for space and time are in
reverse order, in order to stick to the classical definition (see e.g. [46]).

Proposition 2.2. Let p € WH(R). Assume that p is uniformly bounded from
below, i.e. p >k > 0. Let ((pj,rj)) satisfy 1 < pa,ro < 400, 1o < 1o < 400,

§=0,1,2
ro < 11 < 400, Py = P2, P1 = P2, together with the relations
2 3 2 3 2 3 2 3
—+ = =1+=+— and —+ = =2+ =+ —.
T2 p2 1 p1 T2 P2 To Po
Let hj, be in sté,m with sy :=2—2/ry, and let f be in L2 (Ry; LP2(RY)).

Then, there exists a constant Cy = Co(p, €, X, 70, D0, 71, P1, 72, D2, |[Pllw1.00, £) > 0 such
that, for all T >0 and all h € LI2(W1P2), with h solution to the Lamé system

P(as)ouh + Lh = f
h|t:0 = hin

where L is defined by (1.9), one has the properties h € LTO([O,T];LPO) and Vh €
L ([0, TY; Lpl), together with the estimate

HhHLoTo(B;;w) + ||h”LTTO(LPo) + ||Vh”L;1(Lm) + H(ath, VQh)‘

(2.2)

(2.3) L7 (LP2)
< Co (bl gz, + Ifllzz2 ooy + 1Al Lz aray + 19072 1oy ) -

To prove this result, we follow the idea of [16]. We apply the Leray projector P to
the system (2.2) and rely on the maximal regularity for a divergence-form parabolic
equation. Because of the stratification, additional commutators involving P and the
reference density p have to be analyzed. We do not strive for making the dependence
of Cp explicit in €, u, A, ||p||y1.00 and k, because our aim is to obtain a well-posedness
theorem for a fixed set of parameters, see Theorem 1.

Remark 2.3. Notice that the two last terms in the right hand side of estimate (2.3)
cannot be get rid of. Their appearance is due to the commutator terms involving the
Leray projector. It is not possible to swallow them in the left hand side of (2.3). In
spite of this, estimate (2.3) can be used as such to prove the well-posedness result
stated in Theorem 1. Indeed, the terms ||Al| 72 (Lv2) and IVh]] L72(zr2y ave of lower
order and can be handled by interpolating with the finite energy. Such an analysis
will also be done for the source term f, which contains in particular the nonlinear
term pu - Vu, see below in Section 2.4.

Proof of Proposition 2.2. We proceed in several steps.

Step 1: reduction to the heat equation. We first rewrite system (2.2) in divergence
form: we have

(2.4) Oih — V. - (p(ig)vu,gh) — AV <p(;)v : h) - F,
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where, for simplicity of notation, we have defined
1 P (x3) P (x3)

2.5 F = — f+s 503h + A=
29 o’ T w2 ey

As in [16], we apply the Leray projector P on the equation. The difference with [16]
is that we now have commutator terms appearing. Recall that

(2.6) P=1d - Q, Q:= -Vv(-A)lv.,

where the formulas have to be interpreted in the sense of Fourier multipliers. Applying
P to (2.4), we get

(V . h)eg.

1
2.7 OPh -V, . | =—=V,:Ph| =PF + C,
=0 = Ve (VP
where the commutator term C is defined by
1
2.8 Ci= -V, ||=—,P|V,ch].
=9 (=)

Here above, the symbol [A, B] := AB — BA denotes the commutator between two
operators A and B.
We now compute the equation for Qh = h — Ph. Notice that, using (2.6), we have

VV-h = VV-Qh = AQh

Therefore, rewriting (2.4) in the form

o 1 gv.h= ),
Oih — V.0 (p(%)vu, h) Aﬁ(xg)vv h = p(xg)f+ (3)? 503h

and taking the difference of this equation with (2.7), we immediately find

HQh — Vyrcsr (@VWMQQ
Y :@< ! f)—IP’(p,( %) ouh 4 AL )(V-h)eg) c+ 22 500,
p(x3) p(x3)? p(x3)? p(r3)?

Both equations (2.7) and (2.9) are heat-type equations with a variable coefficient.
The next step will show that all the quantities appearing in their right-hand sides
are of lower order in h.

Step 2: computation of the commutators. Our goal is now to compute the commu-
tator term C, defined by (2.8). Owing to (2.6) and switching the position of the
constant factors, we have

5[5ty ]50) =5 (s ).

Recall the definition of Q in (2.6). We start by applying the divergence operator to
the various quantities: after observing that V -V = Ay, we find
1 1 . o (1
%, Q Vu2752h = —%V(—A) Auﬁh + V(—A) V- %Vu2752h .

2 2
H7E

Therefore, we find

o~ (-l
1

. <p<i3)v(_A)_1A“’Eh> v (V(—A)‘lv . (p(m) W,Ezh))
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P (x3) 1 1 < 1 )
5(x3)2 3 ( ) e 5(x3) e p(z3) u?,e?
which in the end leads us to
_ P(zs) A1
(2.10) c=25 (ag( A) AM,Eh—ksﬁgh).

Since the operator (—A)*lA,m is a singular integral operator, whose symbol is
homogeneous of degree 0, the previous computations show that C is indeed a lower
order term, as claimed.

Step 3: estimates via maximal regularity. We apply maximal regularity estimates of
[33] for the divergence-form parabolic operator

(2.11) () = Ve (07 Vue( )
to equation (2.7). We obtain

(PR, V2PR) |2 1y < € (IPRinll sz, + IPF + Cllr2gm)) -

Using the continuity of P and (—A)™'A,, . on LP? (since 1 < py < +00) and keeping
in mind definition (2.5) of F' and (2.10), it is easy to bound

IPE 4+ Cllrz (1) < C (HfHLTTQ(LPQ) + HVhHLTT?(Lpz)> ‘
So, in the end we find
(2.12) | (0:Ph, V*Ph)|

LTT2(Lp2) < Gy (”PhinHB;ng + HfHL;?(LPQ) + HVhHLTTZ(LPQ)) :

Next, thanks to the gaussian bounds on the fundamental solution of the parabolic
equation (2.11), see [41] and [1], arguing as in Lemma 2.4 of [16] we infer that

(213)  [PRllzogzm) < Co (IPRinllgsz, + 112 may + VAl 2 geny ) -

Thus, in order to complete the proof, it remains us to bound the L7} (LP') norm of
VPh. This is the goal of the next step.

Step 4: a functional inequality. We claim that, for any w € W,?z;,lr2 (RS x (0, T)), one
has the estimate

(2.14) ||V7»UHLTT1 (LP1) < C <”v2w”LTT?LP2(R3><(O,T)) + ||8tw||L’“T2Lp2(R3x(o,T))> .

In fact, estimate (2.14) is a functional inequality, which does not use the parabolic
equation. We are going to deduce it from the corresponding inequality in a bounded
domain, see in particular [48, Proposition 2.1].

In order to prove (2.14), we take ¢ € C2°(B(0,1)) such that ¢ = 1 on B(0, 3). For
k € N, we consider wy := ¢(-/k)w. Notice that wy is supported in B(0, k). Then, we
consider the rescaled function w,i‘ for A > k, according to the parabolic scaling:

wy = wp(A, A7) = (g )w(A, A%,
Notice that w,;\ is supported in B(0,1). By the mixed norm parabolic Sobolev
embedding in the bounded domain B(0,1), we have
A A
IVwicll Lo oy 0,1y < 0,702)) < Cllwkllwz, so,1)x0.1/52)
where C' is a constant independent of T'. Then, by rescaling, we obtain

A
NEE | Vwy HL”"Tl LP1(B(0,k)x(0,T))
AP1 Tl
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1 A
< O ==z lwrll 2o Bomyx 0y + 25z IVWkll L2222 0.1y x (0.7
AP2 2 py T2

2 5 )\2
+——=IIV wkHL;?LM(B(O,k)X(O,T)) + 3+2\8twk”L’”T2Lpz(3(o,k)x(o,:r’))>a
AP2 T2 ApP2 ' T2

and letting A — oo we deduce

(2.15) vakHLTTlLPl (R3x(0,T))
< C<’v2wk”L;2LP2(]R3><(O,T)) + HatwkHL;?Lw (R3><(0,T))>‘

From estimate (2.15) and the fact that w € Wp,, we get that Vuwy, is a Cauchy
sequence in L7} (LP'). Hence we can pass to the limit in (2.15): thus, we obtain
(2.14), as claimed.

Step 5: end of the proof. Owing to the fact that 1 < ps < 400 and to (2.12), we have

that Ph belongs to Wgé}m (R? x (0,T)). Therefore, we can apply inequality (2.14) to
w = Ph. We find

(216)  [IVPRIz gy < Co (IPRinllgsz, + 11l z2arey + IFPll 2 1oay )

for a possibly new constant Cy > 0. In addition, since Qh solves equation (2.9),
which is analogous to (2.7), estimates similar to (2.12), (2.13) and (2.16) hold true
for Qh and its derivatives. Then, writing h = Ph + Qh completes the proof of the
proposition. O

2.2. Basic energy estimates. Let us take a smooth solution (p,u) to system (1.2),

such that p — p and u decay sufficiently fast at space infinity. We want to find a

priori estimates in suitable norms. For this, we are going to work with the variables
r(t) = p(t)—p and u.

In the same way, we set 7;,, = pin — p. Recall that

(2.17) [Tinllpoe <m0

We start by performing classical energy estimates, which provides us with a bound
for the low frequencies of the velocity field. Namely, by multiplying the momentum
equation in (1.2) by v and integrating by parts, we get, in a standard way, the control

(2.18) H\/EUHLoo(Lz) + ||VU”L2(L2) < Cenergy -

See Section 3.2 for similar bounds. Of course, the constant Ceyergy depends also on
the (fixed) values of the coefficients (u,e, A). From this control and

/ Plul® = / pluf? / rluf?,
Q Q Q

we infer that, for any T > 0,

(2.19) ull oo (z2) < K (Cenergy + 17l Zge (o) HUHL%’(LQ)) ;

where we recall that x is a lower bound for p. Hence, if T' > 0 is such that
K

(2.20) [rllLse =y < 4n < 5

where 7 > 0 is the size of the initial datum in the L® norm, recall (2.17), we deduce

(2:21) HUHL%O(LQ) < 2Cenergyk " -



ANISOTROPY AND STRATIFICATION IN COMPRESSIBLE FLUIDS 13

The next goal is to exhibit a control on the density variation function r. We will
work in higher Sobolev norms, namely in H?. However, we are going to bound its
L*>° norm independently (i.e. without using Sobolev embeddings), in order to get, in
view of (2.20), a smallness condition only on ||7;y|| e, and not on the higher order
norm of r;,.

2.3. Estimates for the density function. In this subsection, we find transport
estimates for the density variation function r. First of all, from the mass equation in
(1.2) we find that r fulfills

(2.22) or +u-Vr +rV-u= —ugp —pV-u.

A basic LP estimate for this equation gives, for any t > 0,
1 t
lr@)llze < lrinlle + <1 - p) /O ()2 IV - u(7) [ Lo dT

T / 12 e (lus (e + IV - w(r) o) dr
0

On the one hand, in the case p = 2, we get

1 T
I7llLge 2y < lrinllpe + 2/ 1722 IV - ull oo dr
(2.23) 0

+ /OT 17"l zo (llus(T)ll 2 + IV - w(T) || 2) dT
for any time 7" > 0. In turn, Gronwall’s lemma gives the bound
(224) |Irllzeer2) < o IV-u(r)][ oo dr
T
< (Irinll + [ 170 (lua(Olle + 19 - () dr).
On the other hand, by letting p — +00, from Gronwall’s lemma again we deduce
(2.25) |Irllzge(re) < I IV -u(m)llpoe dr

T
< (Irinll + [ 19 (las()ll + 19 - u(r) =) dr ).

We now define the time T > 0 as
t
(2.26) T := sup {t >0 ‘/ 12/ || Loe || w3 (7) || oo dT
0

t
[ @ 1Pl 19 - ulo) = dr < min {n1og2} |
0
where 7 > 0 is as in (2.17). From the previous bound we gather then
(2.27) 17llLge oy < 2|ITinllpee +21 < 4.

We now differentiate equation (2.22) with respect to z;, for any j € {1,2,3}. We
get that d;r verifies the following equation:

(2.28) 001 + w-VOjr + 0;rV-u = —0u-Vr —rV-oju
— 8jU3ﬁ/ — U3ajﬁ/ — 0;pV -u—pV - 0ju.
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The same L? energy estimate for the continuity equation as above yields
1 t
105 ()l 2 < 1O5rinll 2 + 2/0 1057l 12 IV - ul[ oo dT

t
+ [ (Il 19 - 0l + 19752 105l e + 10,7 =

+ 17l Lo 19jusl L2 + 11035 o= IV - ll 2 + 1Bl L= |V - 8juHL2)dTa
for any ¢t > 0. Hence, for all t > 0, one has
(2.29)  [[Vr(@®)llL2 < VPl L2
t
+ C/O (el [V 20| o + 19712 1V ull g + [Bllwzes [l g2) dr
We do not apply Gronwall’s lemma directly on this inequality. It is better to bound
first the second-order derivatives of r. For this, let us differentiate equation (2.28)
with respect to zy, for any k € {1,2,3}. We deduce the following equation for the
quantity 7, = 8%7“:
Orji +u-Vrj +rjp,V-u=— <6j2ku -Vr 4+ 0ju - VOpr + Or - VOju —rV - 6,3ju)
— O, <8jU3ﬁ, + u;gajﬁ, + ajﬁv ‘u+pV - 8Ju) .
Performing another energy estimate, we infer, for any ¢ > 0, the inequality
1 t
I3l e < Wingillyz + 5 [ lrsellze 19 -l dr
t

+ [ (19l 192+ [l 927

Ul (9% o + ol el ) dr

where we have defined 7, ji = g2krm After using the interpolation inequality
1/4 3/4
(2.30) I¢llee < 1ol 2" lellys
together with the Sobolev embedding H'(R?) < LS(R?3), we obtain
1/4 3/4 1/4 3/4
197l [V2ullze < IVt (1920 (1972 92l

< (19l + 190,2) (19l + [9%)
In view of this inequality, the previous bound on rj;, yields, on the time interval [0, T,
V27| e 2y < 1927 2
s 40 [ (e 9%l + Il lullo
b (9l + 9% 2) (190l + [l (950 2) )
Let us now introduce the notation

R(@) = Il pgeqmzy + 17l g (roey -
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Summing up (2.24), (2.27), (2.29) and (2.31) we deduce the following bound:
T
232 R < C (Il + [ (Plsee +R) (1l + o) )

To end this part, we observe that, for almost all t € [0, 7] and = € R3, |r(x,t)| < 4n.
So, by assumptions (1.10) on the pressure, there exists a constant C' > 0, depending
on the function P and ||[p|| =, such that, for any parameter s € [0, 1], on [0,7] x R3
one has

(2.33) |P(p+rs)| + |P'(p+rs)| + |P"(p+rs)| + |[P"(p+rs)| < C.

2.4. Maximal regularity estimates for the velocity field. It remains to find a
bound on u. For this, we mimic an approach used in [16], based on the maximal
regularity estimates of Subsection 2.1. To begin with, we recast the equation for u as

(2.34) pou + Lu = —rdwu — f,
where the anisotropic Lamé operator £ is defined by (1.9), and where we have set
(2.35) f=(@+r)u-Vu+ VP(p) — pVG.

In the computations below, when convenient, we will resort to the notation p+r = p,
and use the bounds (2.18) and (2.27) for \/pu and ,/p respectively.

In view of (2.32) above, we are interested in H? bounds for u: for this, we will
apply Proposition 2.2 to both 4 and Vu. To this end, we fix the following values of
the parameters:

(2'36) (p27 TQ) = (27 4/3) ) (p07 TO) = (—I-OO, 2) ) (pl) Tl) = (27 4) :

With these choices, all the hypotheses in Proposition 2.2 are satisfied. Indeed, thanks
to the energy estimates (2.18) and (2.21) and maximal regularity (2.12), one can easily
verify that, a priori, both u and Vu belong to the space W22,?41/3' We choose pg = +00
in order to have, thanks to (3.53) above, a control on u in any L, p € [2,+0o0]. Notice
also that we have some freedom for the values of ro and p;, which then determine rg
and 1. Here, we take the simple choice rg = 4/3 and p; = 2. This implies so = 1/2.

For ¢t > 0, let us introduce the quantity
Uut) = HUHL;’O(LQ)ﬂLf(LOO) + HVUHLg(LQ)ng(Loo)
2 3
+ v “HL;*(L?) + v “HL;VS(]}) + ”atuHLf/S(Hl) :
On [0,T], where T' > 0 is the time defined in (2.26), we have

. < | - .
(237) UT) < Co uinl gz + [Vuinll gz

2
+ Hratu + fHL;/?’(Hl) + HU’HL‘;/?’(LQ) + ||V’U’HL3/3(L2) + ||v U’HL‘;/:)’(LQ)) I
where f is defined in (2.35). Notice that
[[ttin | Bzt [ Vtin | B2, S [[ttin | B2 B, S [[win | B2,

where the last inequality holds in view of the fact that B, = B;J N LP for any
s > 0, see also Chapter 2 of [5].
Next, we bound the term containing the time derivative. Notice that, for any
Jj €41,2,3}, we have
0;(r o) = r0dju + 0jr dyu.
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Therefore, we have

I Oeull pays g2y + Nl OVl pags o) < 4m 10ul] s
Ly ) Lyl (

(L2 H1)

so this term can be absorbed in the left-hand side of (2.37), if n > 0 is fixed so that
condition (2.1) is fulfilled. As for the remaining term 0;r d;u, we notice first of all
that from (2.27), the lower bound for p, the momentum equation in (1.2) and (2.18),
we can bound

10cull L2 12y < Clipdrullpz 12y < C |Lu+ pu-Vu+ VP = pVG| 12 g2 -

(L2)

At this point, we obviously have

[ull s g2y < T | ul g (o) < CTVAUT).
In addition, one has
(238) [lpu- Vull g 2y < CTYD=0D | ul ooy [Vl ey < CUCT).
Let us now turn to the pressure and potential force terms. In view of (1.8), we have
(2.39) VP(p)—pVG = V(P(p)—P(p)) — (p—p)VG = V(P'(p+sr)r) —rVG,
for some s €]0,1[. On the one hand, since G = H'(p), G is bounded; so, for a
constant C' > 0 depending on ||p||;y1,.- and on the function P, we have

1PVGll2 2y < C T2 7l g r2) -
On the other hand, by writing
(2.40) V(P'(p+ sr)r) = P'(p+ sr)Vr+ P"(p+ sr)r¥Vp+ sP"(p + sr)rVr
and making use of (2.33) and (2.27), direct computations show that
HV(P’(ﬁ + s7)r)

Iz 22y < CT Il ey -

Here, the constant C' > 0 depends on the constant appearing in (2.33), on 7 and
|Pllw1,0c. Assuming without loss of generality that 7' < 1, we have thus proved that

(2.41) 10l 3 12y < C (R(T) + U(T)).

With this control at hand, let us return to the bound of 9;r d;u in L4T/ 3(L2), for
J € {1,2,3}. By resorting again to the interpolation inequality (2.30), in view of the
Sobolev embedding H' < L5 and of Young’s inequality we get

1/4 3/4 1/4 3/4
1957 Buul s gy < IV oy 192Uy O oy WOV

1/
< OR@) (T oyl 1) Hatvuu%‘ﬁs i
< CTYVSR(T) (R(T) + U(T))"* (u(T))**

< CTY'S (R(T) + U(T))*.

Inserting all the previous bounds in (2.37), under condition (2.1) we deduce that

) 1/16 2
a1 <C(luinll gz + T RT) +UD)* + 1l 0 gy + 1l 51
' , 1/16 2
SC(HUmHB;{;/S + TV (14 R(T) +U(T))* + |nyL4T/3(H1)).
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Our next goal is to bound f in the L4T/3(H1) norm. First of all, let us focus on the
L;{/ 3(L2) norm. Repeating the computations which led to (2.41), we easily find that

1173y < C (TR + TVAUT)) < CTV(R(T) + U(T)),
Ly ™(L2)
where again, without loss of generality, we have assumed that T' < 1. Next, for
j €{1,2,3}, from the definition (2.35) of f, we get
(2.43) O;f = 9jpu-Vu + pdju-Vu + pu-Voju+ 9;(VP(p) — pVG).

We first bound the convective terms in (2.43). By (2.27), interpolation between
Lebesgue spaces and (2.30), we have

||pu'V8juHL4T/3(L2) < CcTBM=(1/2) HUHL4 (L4 ”V2“HL4 (L4

1/2 1/2 1/4 3/4
CT full 2 gy Il 5 oy 1920l oy (950l ey

| /\

<crv/ (u(T))2 .
Arguing in a similar way, we obtain

lp s Vull s 2 < CTOO=0 Tuly

(L?)

2
< T (IVull g [Vl }hge) ) < €TV @D)?.

Finally, writing p = p + r, we split the term 9;pu - Vu = 0jpu - Vu + 0jru - Vu. We
estimate on the one hand, similarly to (2.38),

< CTiU(T),

Hajﬁu ’ VUHL;{/S(LQ)

and on the other hand

10;7 u - Vu| 432y S C TG/H-1/H=6/12) VPl e oy IVullza zo) HuHLlTZ/S(Lu)
3/4
< TV |V o 1222 e

1/6 5/6

HV2UHL4(L2 ||u|| 2 (L2) || ||L2(L°°)

CTY 2 R(T) (U(T))?.

We now turn to the last term in (2.43). Thanks to (2.39) and (2.40), we have
9;(VP(p) — pVG) = P" (9;p + s0;r)Vr + P'9;Vr + P" (0;p + s0;r)rVp

+ P" 9;rVp+ P" r9;Vp+ sP" (9;p+ s0;7)rVr

+ sP" 9;rVr + sP" ro;Vr — 0;rVG — r9;VG

IN

where all the functions P’, P” and P" are computed at the point p + sr. Making
repeated use of (2.33), (2.27) and (2.30),

10;(VP(p) — pVG) < CT¥* (R(T) + (R(T))*) |

s 2
where C'= C(P, ||p|lws.~) > 0.

Putting all those bounds together, assuming again 1" < 1, we deduce that
1/12 3
IV £l a3y < CTY2 (1 + R(T) + UT))”,
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which in turn implies that

(2.44) < CTY? (1 4+ R(T) + U(T))” .

||f||L§«/3(H1)
In the end, inserting (2.44) into (2.42), we find
(2.45) UT) < c(uumuBs/z + Y16 (1 4+ R(T) + U(T))3>.
2,4/3

On the other hand, the integral term in (2.32) can be bounded by

(Pl + RED) (T2 15l gy + Tl ) + T [Vl s 1 )
which implies that
(2.46) R(T) < C (||rm|yH2 + TV (1 + R(T) + u(T))2> .
Define now, for all t > 0, the quantity

N(t) == R(t) + U(t).

Summing up estimates (2.45) and (2.46), we infer that

3
NT) < € (ol + Il + 7V (14 M)
2,4/3

From this inequality, it is a standard matter to deduce the existence of a time
T*(7, ps &, M [Pllwsios s 5 winll gsr2 s Irinll2) > 0, with T < min{1,T'}, such that
2,4/3

N(T*) < 20 (lluinll g+ lrinlz ) -
2,4/3
The a priori estimates are hence proved in the interval [0, 77].

2.5. Uniqueness. The uniqueness of solutions, claimed in Theorem 1, is a conse-
quence of the following statement.

Proposition 2.4. Lety > 1. Let p € W3 (R). Assume that p is uniformly bounded
from below, i.e. p > k > 0. We define the potential by G = H'(p), where H is
defined by (1.11). Let (pm,um) be such that py, —p € H? and ugy, € Bg’f/?’, with
lpin — Pllpee < 1, for somen > 0 satisfying (2.1). Assume that (pl,ul) and (p27u2)
are two solutions to system (1.2), related to the same initial datum (pm,uin) and
belonging to the space

X = {(p,u) € L¥(L™) x L¥(L?) ‘ Properties (1)-(2) of Theorem 1 hold true},
for some T > 0.

Then p* = p? and u' = u? almost everywhere in [0,T] x 2.

We show first a simple lemma.

Lemma 2.5. Let (pm, uin) be as in Proposition 2.4 above, and let (p,u) a solution
to system (1.2), related to the initial datum (pm, um) and belonging to the space X,
for some T > 0.

Then p € C([O,T] X Q) and u € C([O,T];Hl(Q)). In addition, the following
estimate holds true, for a “universal” constant C' > 0:

2 2
ol sy < € (Lumlgs + lovudigaey Tz ) -
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Proof of Lemma 2.5. By definition of the space X7, we know that r := p—p belongs
to Cr(H?), which, by Sobolev embeddings, is continuously embedded in C7(C N L*°).
Thus p = p+ r is continuous with respect both x and t.

Next, let us consider u. We have shown in (2.41) above that dyu € L4 (L?) and
that v € L4(H?). From those properties, one easily derives (see e.g. Section 5.9
of [18]) that u € Cr(H?'). The quantitative estimate is a simple consequence of the

bound given in [18] (see Theorem 3 page 305 therein), combined with the embedding

B3/2

2.4/3 H'. The lemma is hence proved. 0

We can now prove uniqueness.

Proof of Proposition 2.4. For j = 1,2, let us define 1/ := p/ — 5. We also set

or ::rl—r2:p1—p2 and ou = u' — u?.
Let us deal with dr first. Its equation reads as follows:
oo + u'-Vor + orvV-ut = — (pV - du + dusp’ + du-Vr® + r*V-ou) .

An L? estimate for this equation (see the beginning of Section 2.3 above) yields, for
all ¢ € [0, 7], the bound

1 t
o @zs < N6rialle + 5 [ Worlze 19 -l dr
t
[ (Il 19 Sl + N6l (9725 ) ar

t
[ (17l ol + 119 - 5ul2)

We also look for an L? bound on Vér. To this end, we differentiate the equation for
or with respect to the space variables and we perform an energy estimate. We get

1 t
IVord)llp: < [VornllLe + 2/0 IVor| e ||V - ut]| o dr

t
(2.47) +/0 (19| o 196702 + [ 99 - | 1070 e + 19 - 6l 2 |12 e
4 190Ul [ 9720+ Bl 19202 o+ 7lwace [l )

Using the embedding H'(R3) — L*(R?) (see (2.30) above), and summing up the
previous estimate with (2.47), we finally get

t
(248)  [6r(Dlg < 67l + C /O ol (V0| o + 1920 0 ) dr

t
0 [ (0%l +197210) (198l + 1900 .
- lul g V22 o + I7lwacslldulle ) dr

Observe that, by definition of the space Xr, we have Vul € L4(L*). In addition,
from the control (2.30) applied to HV2u1H ;4 and Young’s inequality, we infer that

V2ul € L4T/3(L4). By the same token we get Vr? € L¥(L*), while we already know
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that 72 € L (L) N L (H?). Hence, estimate (2.48) above tells us that the quantity

0(t) == sup [[0r(7)||lm
T€[0,t]

verifies the following bound, for a suitable exponent o > 0:

(2.49) o(t) < C (ta 6(t) + /0 (ow|l g2 + || 0u|| f00) d7-> ,

for all ¢ € [0,min{T,1}]. Notice that here we used the fact that 67, = 0.
We now turn to velocity estimates. Taking the difference of the equations for u'
and u? yields the following equation for du:

(2.50)  p'Odu + plut - Véu + Léu
= —drow® — V(P(p') — P(p?)) + 0rVG — (p'u' — p*u®) - Vu®.
We observe that
(plu1 — p*u?) - Vu? = ptou- Vu? + oru? - Vu?
V(P(p") = P(p?)) = P'(p')Vér + P"(Q)6rV(p+r?),

for some ¢ = ((z,t) in between the values of p!(z,t) and p?(z,t). A basic energy
estimate for the equation then gives, for any ¢ € [0, 7], the bound

1d 2
Vool + f a2 [ 196

2 dt
< Waullzz (16l [0 + [0 Noulze 900
+ lorllpa [[0?]] o [[V?]| oo + C VOl g2 + C o]z + C |67 4 HVT2HL4> ’

where we have also used the L3°(L*°) boundedness of p! and p? in order to control
the terms involving derivatives of the pressure function. Let us forget about the
viscosity terms for a while. A simple argument allows one to deduce the following
control, for any ¢ € [0,T):

t
[0l e grey < C /0 (180l 2 [V
+ 00r) (1 02 1o+ (|2 o [V e + 197211 1) )

where we have used the fact that du;, = 0. At this point, we observe that u? and
Vu? both belong to L2.(L>). Moreover, by (2.30) and the fact that u? € L°(L?)
and Vu? € L1(L?), one gathers that u® € L;6/3(L4). Finally, 9,u® € Lé/g(Hl). In
the end, similarly to what is done in (2.49), we deduce the existence of a positive
exponent, that we keep calling o without loss of generality, such that

(2.51) 00l e 2y < O (008) + 60l g 1)

for all t € [0, min{T, 1}].
As a last step, we rewrite equation (2.50) in the following form:

(2.52) pOu + Lou = — (r' 9du + 5rou® + 5f)
where we have defined
§f == ptul - Véu + plou-Vu? + oru®- Vu?
+ P'(p") Vér + P"({)orV(p+1r?) — 6rVG.
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Applying Proposition 2.2 to equation (2.52), with the choice (2.36) of the parameters,
and using the smallness condition (2.1), we get, for any ¢ € [0, T], the inequality

”(SUHL?(LOO) + ||V5UHL;1(L2) + H(at(su, v26U)HL?/3(L2)

2
(2‘53) < C’(HéumHB;’/f/S + H(Sratu HL?/S + H(SfHL;;/S(LQ

(L?) )

18l s gy + 1900l ) -

(L?)

Recall that d;u? € L2.(L?) by virtue of (2.41) and 9;Vu?® € L§/3(L2) by definition
of Xp. Hence, using Sobolev embedding and interpolation (2.30), we deduce that
o’ € L%F6/ 11(L4). Therefore, we can bound

H5T8tu2HL;1/3 < ¢3/4-11/16 ||(5T‘HL?O(L4) }|8tu2}|L16/11(L4

1/4
L3.(L2)

(12) )
AL

< 107 o gy O] gy < CH00().

Next, we are going to bound ¢ f in Lf/ 3 (L?). This was already done for the energy
estimate (2.51) above, but here we have to take special care of the integrability in
time. For the pressure terms and the potential force term we have

HP”(C) orV(p+ r? HL4/3(L2)

< e (||57“||L§O(L2) VDl Lge (o) + 107l Lo () HVTQHL;S(M)) < Ot
HP'(pl)VMHL;m(LQ) < O ||Vor| oo g2y < CH10(2)

167V Gl ass ) < Ct3/40(t) .

L?)
Thus, ut remains us to bound the convective terms. First of all, recall that we showed

above that Hu2||L4 HVU belongs to Lm/11 Therefore,

I

[|oru? - VUZHLf“ < ¢(3/4)-(11/16) 167|[ oo 2y |u? - Vu2||L1Te/11 < CtY1%9(1) .

(L?) (L)

In addition, we have

| /\

(O |0 e oy N0laeay 1V 5

" - V2| a5 2.(L)

(L?)

< CtY* [|6ul| oo 12y -

Finally, for the last term we use the following Gagliardo-Nirenberg type inequality
(see e.g. Lemma II1.3.3 of [27]): [lull e < HquL/4 |V2u H3/4 This, combined with

Young’s inequality, implies u? € L1(L*) (recall the definition of the space Xr).
Using this bound, we can estimate

R I Y T T I JOO 2 B
< CV||Vul a2y -

Putting all the previous estimates into (2.53), we have shown that there exists a
positive exponent a > 0 for which, for all ¢ € [0, min{1,T}], one has

(2.54) ”5UHL§(L<>O) + ||V5U”L;1(L2) + H(@téu,v25u)||L4/3 2)

< Ot (Q(t) + [[0ull oo 2y + HV5U|’L§(L2))-
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Let us now introduce the quantity

D(t) := [[0ull o2y + [I0ullp2poey + [[VOul| a2y + H(@téu,VQ&u)HL?/a(LQ) '

Summing up inequalities (2.49), (2.51) and (2.54), we finally deduce that, for all
te [O,min{l,T}], we have

6(t) + D(t) < Ct*(0(t) + D(t)),

for a suitable exponent o > 0. Therefore, if ¢ is now small enough, we can absorbe
the right hand side into the left-hand side, deducing that both 6(¢) and D(t) have
to be 0. In particular, we deduce that p! = p? and u' = u? almost everywhere on

[0,¢] x Q. In this way, we also infer that

IVoull p2(peey + | (V36u, 9, Véu) =0,

HL;‘/ *(r2)
from which we deduce that
R P—r
where we have used also (2.41) and the estimate in Lemma 2.5.
To complete the argument, let us define the set

= {te0,T]] |[p"(r) = (D) + [[u' (1) =u* (D) = 0, Y7 E[0,H]}.

Of course, I # (), since 0 € I. In addition, the previous argument, combined with
Lemma 2.5, shows that I is open. On the other hand, by continuity in time of the
norms appearing in the definition of the space Xp (see again Lemma 2.5 above), we
infer that I is also closed. Then, by connectedness, we must have I = [0,7T]. This
completes the proof of the proposition. O

3. QUANTITATIVE ASYMPTOTIC ANALYSIS WITH STRATIFICATION EFFECTS AND
ANISOTROPIC DIFFUSION

The goal of this section is to analyze the structure of the solutions to the highly
rotating compressible system (1.3) with vertical stratification. The main result of this
part is contained in Theorem 2, see Subsection 3.3: there we derive an asymptotic
expansion and quantify the error in terms of the parameter €. This stability result
relies on relative entropy estimates.

3.1. Formal asymptotic expansion. In this section we perform formal compu-
tations in order to have a grasp on the structure of the solutions to sytem (1.3).
Because of the no-slip boundary conditions (1.4), boundary layers appear in the limit
£ — 0 both in the vicinity of the top boundary R? x {1} and of the bottom boundary
R? x {0}.

We will specify later on the precise hypotheses on the initial conditions
Pli=0 = Pin and Ujt=) = Uin

at time t = 0. For the purpose of the formal analysis, let us say in a loose way that
we impose the following far field conditions, for |z| — oo:

pin(x) — p(x3) and Uin(x) — 0,
where p is a strictly positive function satisfying the logistic equation
(3.1) VP(p) = pVG.

In addition, the initial densities are assumed to be far away from vacuum. Moreover,
we focus on well-prepared initial data, in the sense specified in Subsection 3.3 below.
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3.1.1. Construction of the ansatz. We start with expanding the solution (uf, p®) to
(1.3) as

u&‘ g uO(x].“Is’ ) + UO b(xh, I3 t) + uglt(xf“ 1;x37t)

e (unCon s, 1)+ (on, 2 1) + oy, 152, 0)) + O(2)

3.2) 05 = polen, w3,t) + pdy(wn, 2, 1) + pfy(wn, 222, 1)
+e (pl(xh)x?nt) +P17b($h, e 2, t) +p1 t(xh, 2, ))

3,t)> +O(e%).

The superscript bl stands for “boundary layer”, while the subscripts b and ¢ stand
for “bottom” and “top” respectively. For simplicity of the presentation, in the next
computations we are going to consider only the boundary layer near the bottom,
since the terms related to the top boundary layer are dealt with in the exact same
way. Therefore, from now on we omit the subscript b for the boundary layer terms.
However, when needed, we will explicitly write ¢ or b subscripts to avoid confusion.
Below we denote by ( = %2 the fast vertical variable in the boundary layer. The
boundary layer profiles are supposed to decay to 0 at exponential rate when ¢ — oo,
since their effect is almost negligible in the interior of the domain: we will use this
fact repeatedly in the following computations.

We remark that, at this level, (3.2) is just a formal ansatz. As is usual, we will
first formally derive the equations for the profiles: this is the purpose of the present
section. After that, we will prove quantitative estimates for the difference between
the solution and the profiles we have constructed, using the relative entropy method:
this will be done in Section 3.

+ 52 (pQ(xhv 3, ) + p2 b(xhv B t) + pgl,t(xhv L

Identification of the profiles. In order to identify the profiles, we plug the ansatz (3.2)
into (1.3) and identify the terms of the same order of magnitude in €. We immediately
notice that the highest order term is a term of order e =3, which appears in the third
component of the momentum equation:

P'(po+p3) Ocpg = 0.

We assume that pg + pgl stays bounded away from zero. This hypothesis is fully
justified here below. In view of the hypothesis (1.10) on the pressure and the fact
that pg bl has to vanish for ¢ — oo, we immediately deduce that pbl = 0. Thanks to
that property, and ignoring the terms of order O(g?), which have been neglected in
(3.2) in the expansion of the velocity fields, we find the following cascade of equations:
from the conservation of mass equation, we get

(mass-e~1) poagugfg =0
(mass—&?o) O¢po + Vi, - (PO(UO,h + ugl’h)> + 83(,00U0 3) + J3p0 uglg

+ p10cudl s + 0c(piudls) + 0cpt wos + podeut’s =0,

and from the momentum equation we get

0 0
-e72 VP(po) + = + poVG
e 0 (it )~ (ot )+

(mom-e~1)  po(uos + ufs) - cuf) + es x poluo + uf) )+
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( Vi(P'(po)(p1 + A1) )
33(P'(po)p1) + 93(P"(po)) i + P"(po) o Ocpt + P'(po) el

ubl Vhacugl?,
=2 " )+ ’ + (p1 + PHVG.
¢ ( 0 3<Vh . ugfh + agulf{:,, !

We will examine the equation at order O(e?) coming from the momentum equation

later. Let us first infer some properties for the profiles.

The terms in the interior. Recall that the boundary layer profiles are expected to go
to zero when ¢ — co. Therefore, it follows from (mom-¢~2) that

(3.3) VP(po) =po VG,

which yields, by using (1.10), the properties

(3.4) H'(pg) = G + c(t) and Vipo=0.

Hence pg is independent of xj, namely py = po(xs,t), and satisfies the ODE
(3.5) P'(po)d3po = —po.

Since P’ € C' ((0,00)) and non-zero, we can use Cauchy-Lipschitz theorem to get
that po(t) € C ((0,1)), and hence bounded. Moreover, from (mom-¢~!) we infer

€L /
u P (po)Vrp1
po| M)+ \ ,) = p1 VG.
0 93(P'(po)p1)
This equation is called geostrophic balance; it implies the Taylor-Proudman theorem
(see Section 1). In particular, its third component reads

93(P'(po)p1) = —p1-

Using the previous relation together with (3.3), we get
P/
(3.6) 03 <(p0)p1> =0,
Po

hence the quantity

(3.7) Q= Plp(po)pl verifies Q = Q(t,zn),
0

i.e. (Q is independent of the vertical variable. From the horizontal component, instead,
we get (recall that Vipp = 0)

(3.8) uop = Vi (P/E(‘;O) pl) = ViQ.

In particular, we deduce that wug , = ug p(xp,t), which justifies the introduction of
boundary layer terms in order to enforce the no-slip boundary conditions on x5 = 0, 1.
In addition, applying the horizontal divergence we obtain

P/
Vi - ugp = Vh'Vﬁ< ’Sopo) P1> =0,

so that ugj is a 2-D horizontal divergence-free vector field.
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We now exploit (mass-e"): considering it in the interior of the domain (i.e.,
neglecting the boundary terms) and using the inequalities just proved, after an
integration in the vertical variable we infer that

1 1
(3.9) / Opo dxs = —/ 03 (pouo,3) drs = 0.
0 0
By taking the time derivative of (3.4) and using (1.10) we have
6tc
0= T o)

We integrate in the vertical variable and, from (3.9), we get d;c = 0, hence 0ypy = 0.
This implies that pg has to be independent also of time, and hence it is equal to a
positive function p(z3), solution of (3.3), or equivalently (3.1). Thanks to this fact,
we have now that 93(poup3) = 0. Using the no-slip boundary condition and the
positivity of pg = p, we find ug 3 = 0.

From now on p denotes pg. Let us now consider the equations outside the boundary
layers, at order O(¢) in the mass equation,

(mass-¢') Ohpr + V- (pur) + Vi (pruon) =0,
and at order O(¢) in the momentum equation,

(mom-€?) pOowug + V- (pug @ ug) + ez X (pruog + puy)

P”(ﬁ) 2 / (— _
+V 5 P1T P'(p)p2 )| = pApuo + AV(V -ug) + p2 VG.

Recall that ug = (uon(t,zp),0). Taking the curl of the horizontal component in
(mom-c), we obtain an equation for the horizontal vorticity wg = Vﬁ SUQ B

pOwo + puop - Viwo + Vi - (pruon) + Vi - (purn) — nApwo = 0.
Notice that, by (3.8), we get
wo = wolt,zn) = ARQ,

where @ is defined in (3.7); from the previous relation it follows that

(3.10) POALQ + BVEQ - ViALQ + Vi - (Pury) — pAIQ =0,
where we have used the cancellation

1
(3.11) Vi (mVip) = SV Vi (pi) =0

in order to get rid of the term V- (p1 ug ). In order to compute the term Vp, - (puq p)
in (3.10), we use equation (mass-e!') and the cancellation (3.11) again: we find

(3.12) V- (purn) = —0p1 — Vi - (pruon) — 03(pu1z) = —0p1 — 03(pu3) -

After integrating in x3 both (3.10) and (3.12) and summing up the resulting expres-
sions, we eventually obtain

0 () Q= () Q) + () VEQ - V1 dnQ — nA}Q
= ﬁ(l) u1,3<$h7 1a t) - ﬁ(O) u1,3(xh7 07 t) )

where (f) = fol f(z3) dxs denotes the vertical mean of f.

(3.13)

Boundary layer terms. We now consider the boundary layer terms. These terms are
crucial to compute the right hand side of (3.13): indeed

(3.14) ué’-f&b(a:h,O,t) = —u;3(zp,0,1) and u?-f&t(xh,O,t) = —u;3(zp, 1,1)
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for j = 0,1, in order to enforce the no-slip boundary condition on the bottom and
top boundaries.
First of all, (mass-e~!) yields “0 3= uglg(azh, t), and hence

(3.15) ufls = 0.
Using (3.15), we obtain from (mom-£~2) that
P5) e = 2 02ully = 0.

Hence, thanks to (1.10), p4 = p%(zp,t) is constant in the boundary layer and goes
to zero when ( — oo, therefore pbl = 0. Taking into account this last equality and
reading the horizontal component of (mom-~!), one has

(3.16) p(ugy)t = 0Zugy,
Notice that, in (3.16), xj is a parameter. We use Taylor formula at first order
1
plzs) = p(0) + xg/ O3p(sxs)ds
0

to write (3.16) as

10 Ol + (o [ 0w ds) )t =0l
Let us now consider the equation

(3.18) p(0) (ugly)* 3?U'6lh :

supplemented with the boundary condition

(3.19) ugfh(a;h,O, t) = —uop(zp,t)

at ¢ =0, in view of (1.4) and (3.14). We remark that the system of ODEs (3.18)-
(3.19) is the same (here in general 5(0) # 1) as in the incompressible case, see e.g.
Chapter 7 of [14] and references therein. Its solutions are exponentially decaying and
have a spiral structure. Indeed, we have the following formula:

ug{h7b($ha ga t) =

eV [uo,l(xh,t) cos <<\/p(2»0) ) + o2 (@ £)sin (4 pgmﬂ
YO [—um(fvm ) sin (C p(O > + up 2(zh, t) cos <§ P(O )]

Let us move further. The vertical component in (mom-e~!) is

(3.20) 0= (agvh cully + agu’;lg) + P'(5) 9ol

Equation (mass-e"), together with the fact the p is strictly positive, yields

(3.21) Vi - u0h+a<u13 =0.

bl —

Hence P'(p )84/) = 0 and, similarly to the argument used for p%', we get pb
The previous equality (3.21) determines u 1.3 up to a constant in ¢, which we take SO

that ul{l3 converges to zero when ( — oo:

C p(O — —
ul{{&b(xh,c,t) = — 7(0) (cos (C p(20)> + sin (( '()(20)>> Vﬁ - ug,p(xh, ).
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Similar computations can be done for the top boundary layers. Indeed, denoting
1= . . .

by n = =" the fast vertical variable in the upper boundary layer, we use Taylor

formula at first order

1
(3.22) plas) = p(1) — (1= 2) | 04p(1 — s(1 — a))ds
0
to define ugl n.t as the solution to the equation
(3.23) p(1) (Ugl,h,zt)L = 53“8{}1,75 ;
supplemented with the boundary condition
(324) ugl,h,t ('Iha 0, t) = —Uo,h ("Eha t)
at n = 0, recall (3.14). We have

ugl,h,t (xfh m, t) =

7< p— D
e*ﬂ\/@ [uo,1(ﬂih,t) cos <n ‘)(21)) + ug,2(p, t) sin <77 p(zl))]
2(1) p P
e 2y |:_u0,1(xh7t) sin <17 ’)(21)> + uo,2(xn, t) cos (77 ,0(21)>}

and, from (3.21) with J; replaced by —0,,

(1)

dly (e t) = S 20 4 gin (/70 vt - ‘
1.3.4(Th, M, ) = ) cos | m\/ == | +sin | ny/ 5 W uop(xp,t).

Hence, using (3.14), one can now compute the right hand side of equation (3.13):
(3.25)
ﬁ(l) ’U,173(l'h, 17 t) - ﬁ(O) ’U;L3<I’h, 07 t) = _ﬁ(l)u?l’&t(mhv 07 t) + ﬁ(O)Ulﬁ&b(Q}h’ 07 t)

VIO ) VRO .

V2

This is the so-called Ekman pumping term, which represents the secondary (global)
circulation created by the boundary layer. It appears as a damping term for the
quasi-geostrophic dynamics, described by equation (3.13).

Final choices for correctors. It remains to choose the functions po, u; and ull’l 5. These
terms are auxiliary terms which do not appear in the final result. 7

We choose the interior terms in order to make the terms of order O(e) in the mass
equation and the terms of order O(e?) in the momentum equation vanish identically.
Notice that (mom—ao) determines u 5, in terms of ug, p1 and p2, and hence, through
relation (3.8), in terms of p; and py only. Specifically,

1
(3.26)  wuyp = p < - MAhu(J):h + ﬁ@tud‘,h

_ N 1 P"(p) 5
+ puo,n - Vaugy — uonp1 + Vi | P(p)p2 + 5 P1) |-

Next, the vertical component of (mom-¢°) reads

(3.27) s (P’(p) p2 + P”Q(p) p?) = —p2
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where we have used that ug3 = 0. Since, by (1.10), P'(p) > 0, p2 can be defined as
the solution of the ODE
% (P +1 - 05 (P"(D) i)

P@) 2P(p)
up to an arbitrary constant c(xp,t), that we take equal to zero for simplicity. We
remark that this choice does not affect the choice of the other quantities since ps
appears only in (mom-£") or higher order equations. Moreover, since p; and Vp;
are bounded in time and space (Q, defined in (3.7), satisfies the quasi-geostrophic
equation (3.13), which admits regular solutions, see Lemma 3.3 later), p2 and Vs
are also bounded in time and space.
Next, equation (mass-e!) determines u; 3 up to a constant in z3, which we take equal
to —u?l,g(a:h, 0,t) in order to enforce the no-slip boundary condition for the vertical
component at order O(e). Therefore, thanks to (3.12) we get

(3.28) J3 p2 +

x3
(3.29)  p(x3) urz(zh, v3,t) = — p(0) ul{l,?)(xhaout)_/ (Oep1 + PV -urp) dz.
0

Differently from the case without the gravitational potential, this term does not have
an affine structure as in the incompressible case (see again Chapter 7 of [14]), since
uy,, does not depend only on xj.

In order to enforce the no-slip boundary condition at order O(e) also for the horizontal
component, we impose

(3.30) Wby (x,0,8) = —ugp(wn,0,t)

at ¢ = 0. It remains to choose the boundary layer term ulfl 5. The specifications for
the boundary layer term u?l ,, are that it is exponentially decaying to 0 for ¢ — oo
and satisfies (3.30) at the boundary ¢ = 0. Hence, we define u’{l 5y in the following
way: for all ¢ € [0,00) and zj, € R?,

_c4/20)
Ul{{h,b(fﬂh,fyt) = —uy p(7p,0,t)e VT

Analogously, ull’l ht 18 defined for all n € [0,00) and x;, € R? by

_pa /P2
ul{l’hi(ajh,n,t) = —uy p(zp, 1, t)e TV 2

Remark 3.1. Contrary to the interior terms, it is not possible to make the terms of
order O(g) in the mass equation and the terms of order O(g") in the momentum

equation vanish identically. Indeed that would come down to imposing
PV - Ul{l,h = —Vup Ug{h - 835“?{3

(3.31)
AV~ uflp) = — Oukly = c(Vn - ufly)

which is overdetermined. This fact is due to the lack of higher-order correctors, since
we truncate the expansion at order one in €.

Notice that, due to exponential decay to zero in the interior of the domain, the
boundary layer terms are small. Moreover, we can exploit their decay by relying on
Hardy’s inequality (see the computations in Section 3). The final stability estimate,
though, will be worse than in the absence of boundary layer phenomena (as e.g.
for complete slip boundary conditions). Improving this estimate would require to
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consider higher-order correctors in the ansatz (3.2).
Notice also that, using (3.14), we have at the bottom z3 =0

uO,h(‘TfH t) + ul())l,h,b(xhﬂ 0, t) + ugl,h t(wfw B t) uglh t($h, i?t)

(332) bl bl bl
uy(zp, 0, t) + ul,b(xha 0,t) + ul,t(xfu B t) = Uy t(xh, 57t) )

and at the top x3 =1

uU,h(l'ha t) + uglh b(whv %7 ) + uglht(xhv 0 t) = uglh b(xhv g’t)

(3.33)
ul(xhz 1’t) + ul b(xha ) ) + ul t(xha 0 t) - U1 b(xhy 57t)

It means that we have a (exponentially small, but still non-zero) trace of the top
boundary layer on the bottom boundary and vice-versa. Hence, we will add corrector
terms in the ansatz (3.34) below, in order to keep homogeneous boundary conditions.
This is a technical point, but needed to apply Hardy’s inequality later.

The ansatz. To put it in a nutshell, we have obtained the following ansatz for the
structure of the solutions to (1.3)-(1.4):

Popp(@h 3, t) = plas) + € pi(xn, 3,t) + 2pa(p, x3,t)
Ugpp (Thy 3, C, 1, 1) =
(3.34) ( VirQ(n,t) + g gy (2h, G 8) + tgp, (hs, 1) = ugl,h,l/s(xh, 73,1) )
0
L ( ur p(xn, 3, t) +ubly y(2n, ¢ 1) +ully (zn,0,t) — “Iil,h,l/a(xha 3, 1) )

Ul’g(xh, 3, t) + ulil,&b(xh: Ca t) + ulil,?),t(xhv m, t) - ’U‘Iil’&l/t—(wh’ 3, t)

with @ defined in (3.7) and

ugl,hyl/s(xh’ 3,t) = w3 ugpp(wn, 2,1) + (1= x3) ugy,(wn, 1,1)

bl bl

(3.35) y .
uLl/a(xh, x3,t) = w3 Uy b(azh, E,t) + (1 —xz3) ul’t(azh, Evt) )

In addition, it follows from (3.13) that
(3.36)

0 ({#5) @~ (p) 24Q) — (7) ViQ - Vit + uab@ — YINTO A g 0.

This is the quasi-geostrophic equation. Similar limit equations without damping term
have been shown in e.g. [17], [20] and [22], where the boundary layers do not appear
due to the complete slip condition. Notice that in [22] the parabolic term disappears,
since the authors consider also the inviscid limit. We state here the well-posedness
and the regularity results for the quasi-geostrophic equation (3.36), whose detailed
proofs are given in [6].

Proposition 3.2. Let Q;, € H'(R?). Then, there exists a unique global weak solution
Q to the quasi-geostrophic equation (3.36) with initial datum Qyy,, such that

QcC(Ry; HY(R?)NL>®(Ry; HY(R?))  and V,Q € L*(Ry; HY(R?)).

Lemma 3.3. Let n > 1 be an integer and Q;, € H"(R?). Then, there exists a
constant Cp—1 > 0 such that any weak solution to (3.36) with initial datum Qi
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satisfies the following inequality for all t > 0:

n—1

n—1 t ] )
IV +1¥i" Q) + X [ 195 QIR + V52l
(3.37) 7 o

<O 12 (I3 Qunlo + IV Qul32)

where Co = Cy =1 and Cp—1 = Cn71(||Qm||an1) form—12>2.

The boundary layer profiles ugl’ hb and ug{ ht are solutions of the systems (3.18) -
(3.19) and (3.23) - (3.24) respectively. We refer to the previous computations for the
precise definitions of the higher-order terms.

We conclude this part by remarking that, according to the previous computations,
we have that ( solves the followmg system:

(3.38)

Oupipp + V - (P ppticyy) = R + 2R

Pa app» app)

1 1 1
pzppatuzzop + pgppuipp ) Vuzpp + g€3 X pzzvpufmp + E—QVP(prp) = ngPPVG

1—1’3

1 1
3 _ _
/ O3p (sx3)dses X ugl,h’b - / O3p (1 —s(1 —x3))dses X ugfh’t
0

+ AV(V -

+ A, + S¥ 4 eS¢

app app )

in the slab © with no-slip boundary conditions (1.4). The remainder terms R° and
S¢ are of the form

R = R*(xp, 23, %, 155 1) and S° = S°(ap, w3, 25, 12 ¢)

while the boundary layer terms are

l—z3

— bl bl
1) =pVh (Ul +uip,)
+v .(ubl +ubl )+a—( bl + bl )
hP1 0,h,b 0,h,t 3P Uy 3p T U3¢

bl :
R (J?h, I3, %a

S (@n, w3, 2, 158 1) =p Oy (g, + ugy) + Puon - Vi(ugy +ugy)
i bl — (bl bl bl bl
+ P (ugp +uge) - Viuo + p(ugy +uge) - Vi(ugy, +ugy)
+ 5 (urs +ulyy + s ,) On(ugy, + ugy) — pAn(ugy +ugy)

0
G DR PR

MV - (ul'y p +uiy )
+ eg x (pr (ully +ubly) + p(ully + ).

The remainders e2R® and €S° contain also the terms of order O(e~'/¢) coming

from the correctors ug{ hise and ulil’l Je» defined in (3.35). Notice that S® appears
at order O(1), but has fast, exponential, decay inside Q: more precisely, we have
158 » < Cev for all p € [1,00].

The choice of the regularity of the initial datum @);,, guarantees enough regularity for
the approximate solution (pg,,, ug,,) in order to derive the stability estimates later
in Subsection 3.3. This is stated in the following lemma, which is a straightforward
consequence of Lemma 3.3 above.
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Lemma 3.4. The approzimated density pg,,, and velocity field ug,, can be written as

ﬁ

prp(xhvx?ﬂt) ($3) +Q(t xh)

N
upr(xha x3, Cv m, t) = Z fl(t7 xh)gl(xi'»)hl(C)wl(n) 5

i=1
for some N > 1, with p,1,g9; € C1([0,1]) and h;,w; € C*®°(Ry). In addition, for
Qin € H?(R?), we have

Q € L®(R,; H>(R?)), fi € L®(Ry; H"(R?)) with k; > 1.
3.1.2. Large-scale quasi-geostrophic equation. We recover here the equation for ug

from (3.36). For this we need the following standard lemma, which gives the Helmholtz
decomposition for two-dimensional vector fields.

Lemma 3.5. Let p € (1,00). Let a and b be two scalar fields in LP(IR?).
Then there exists a unique vector field F', belonging to the homogeneous Sobolev space
WP(R2;R?), which solves the system

Vﬁ -F=a
(3.39)

Vi-F =b.
Moreover, the following formula holds:

F = —Vﬁ(—Ah)ila - Vh(—Ah)ilb.

The previous result being classical, we do not give the proof here: we rather refer
o [12] (see Sections 1.2 and 1.3) and [23] (see Section 10.6) for details. We just give
some explanations about the uniqueness, which will be needed below. By linearity,
let us suppose that F' solves (3.39) with a = b = 0. In particular V x F' = 0, hence
(see Corollary 1.2.1 of [12]) F = Vh, for some h € LP. But from V- F = 0, we
deduce that —Ah = 0, which admits the only solution A = 0 in LP

Now, let 7 € H'(R?) be the (unique, up to additive constants) solution to
(3.40) — Ay = <ﬁ> Vi, - (u()’h . tho,h) = <ﬁ> th()’h : th()’h .
We then define F(-,t) € L?(R?;R?) for almost every ¢ > 0 by the formula
F = (p) 0o + (p) vo,n - Vo — ulpugp + 7‘5(0)\% ‘ﬁ(l)uo,h + V.

Notice that, thanks to equations (3.40) and (3.36) and the divergence-free condition
Vi, - ugp = 0, we have

Vﬁ-F:<P,L(ﬁ)>8tQ and V- -F =0.
Therefore, the uniqueness part of Lemma 3.5 implies that
F = Vi)™ (phs) 0Q = (#h7) (A o,

where we have also used (3.8). Eventually, we find that v solves the system
o () — () (A7) woun

(341) + (p) Uy p - thO,h - ,UAhuO,h +

VOO

Vh 'U()’h =0
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in R2. The second term appearing in the time derivative is a consequence of the
combination of the effects due to density stratification and fast rotation. Notice that
both (3.13) and (3.41) are averaged (in x3) versions of (mom-¢°).

3.2. Weak solutions and uniform a priori bounds. We recall here some basics
about finite energy weak solutions to system (1.3). We refer e.g. to [37], [42] and [23]
for details.

Definition 3.6. Let 5 > 0 be the solution to the logistic equation (3.1), and let
(Pin; win) verify

1 1
/Q <2pin‘uin‘2 + €2E(pin7p)> dr < o0

A couple (p,u) is a finite-energy weak solution to system (1.3) on [0, 7] x €2, related
to the initial datum (p;y, uin ), if the following conditions are satisfied:

e p>0,with p—p € L*((0,T); (L* 4 L7)()), with v > 1 appearing in (1.10),
and u € L2((0, T); H (%, R3));

e the mass equation is satisfied in the weak sense: namely, for any test-function
¢ €C3°([0,T) x Q), one has

T
[ [(etre + pu-o)dedt = [ puniol0) s
0 JQ Q

e P(p) € Li,.((0,T) x Q), and the momentum equation is verified in the weak

loc

sense: for any ¢ € CSO([O,T) X Q;R3), one has
T 1, 1
/O/Q(—pu-atw—pu@u:vwge < (pu) ¥ — 5 P(p) Vv

1
+ Ve Ve + AV u V1) — gQPVG-w) da dt = /pmum-wm;
Q

e the following energy inequality holds true for almost every ¢ € (0,7):
1 1 _
a2 [ (G0l + 5EG0.7))

t
+/ / (1| Vhul?® + £|0sul® + AV - ul?) dz dr
0o Jo

1 1

where we have defined the relative energy functional
(3.43) E(p,p) = H(p) — H(p) — H'(p) (0~ 7).

The solution is said to be global if the previous conditions hold true for all T" > 0.

Consider now a family of global in time finite-energy weak solutions (p°, u®), to
system (1.3). Recall that the existence of such a family is only assumed here, but
open in general, because of anisotropy of the viscous stress tensor. We collect here
some uniform bounds verified by that family. We refer e.g. to [23], [20] and [19]
for details. These bounds will be important in the next subsection, when proving
stability estimates.
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By assumption, for any € € (0, 1] the energy inequality
1 _
) [(FOn0r+ 5B 0.0)

t 9 -
w [ v eloncP v ) < [ (P + 58 69)

holds for almost every ¢ > 0. According to inequality (4.15) of [26], we have the
following control, which holds for any positive scalar functions p(x,t) and r(x,t),
with 0 < r_ < r(x,t) < r4, for some real numbers r_,ry: there exist constants
¢1, c2 > 0 such that, for almost all (z,t) € Q x R, one has

c1 (Ip(z,t) = (2, 8)* Ljpmri <y + o(2,8) = (@, O] Lpri(n>13)
(345) < E(p(z,t),r(,t))

< ez (|p(a,t) = r(z, )P Lgperioy<ay + 1@ t) = (@, )] 1 pericny>1}) -

where the notation {|p — 7|(-,¢) < 1} stands for the set of € Q such that |p(z,t) —
r(z,t)] < 1 (and analogously for the > symbol) and 14 denotes the characteristic
function of a set A C ). Notice that the same inequalities hold if we replace 1 by
any constant M > 0, up to change the value of the constants ¢; and co.

Now, following Chapters 4 and 5 of [23], let us introduce the essential set and the
residual set as follows: for almost every ¢ > 0, we set

(3.46) Qess(t) := {:I: e ‘ |p(xz,t) — p(x3)] < U} and  Qes(t) := Q\ Qess(t)
for some o (to be fixed later) such that

0<o < inf p.
"<

Accordingly, given any function h, we define its essential part and residual part as
[hless == h1lq.., and [Alres == hla,. = h — [hess-
Keep in mind that such a decomposition depends on p°.

After this preparation, let us establish uniform bounds for (p*,u®),. First of all,
in view of the assumptions we will fix on the initial data (pf,,u;,). in the next
subsection, we can assume that the right hand side of (3.44) is uniformly bounded
for € € (0,1]. Then, using (3.45), we deduce the existence of a constant C' > 0 such

that, for all 7" > 0 fixed and all 0 < & < 1, one has

(3.47) H\/p»EUEHLoTO(m) <C

1 _
(348) g ||[p6 - p]essHL%o(L% <C
(3.49) sp £ (es®)) + N6 all ) < O

t€[0,T]

where L£(A) denotes the Lebesgue measure of a set A C Q2. We refer to Section 2 of
[20] and Section 4 of [24] for details.

Next, let us consider the viscosity terms: recalling that g > 0 and A > 0, from (3.44)
we immediately get

(3.50) IVl gz g2y + IV - wllp2 2y < €
(3.51) Ve [10sufllpz 12y < C,
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for some universal constant C' > 0 independent of € and of the fixed time 7" > 0. In
addition, owing to the identity

Osus = V-u® — V- uj,,
we also deduce that

(3.52) ”83u§||L%(L2) S C

Finally, arguing exactly as in Section 2 of [20], we deduce that there exists a
constant C' > 0 such that, for all € > 0 and all T" > 0, one has

(3.53) HUEHL%(B) < C.

3.3. Stability estimates. This section is devoted to estimating the error between
weak solutions to (1.3) and their smooth approximation built in Subsection 3.1. We
consider well-prepared initial data. Specifically, the initial density (p5, ). and velocity
fields (us, ). satisfy the following requirements:

e for all ¢ € (0, 1], one has

(3.54) Pin = P+ €750, with  (rf,)e € (L*NL®)(Q);

wm
e we have (u,). C L?(Q);
e there exists Qi € H(R?) such that, after defining
D

(3.55) Tin = %

Qin and Uin = (—02Qin, 01Qin,0) ,

we have the strong convergence properties
(3.56) 5, — T and  uf, — uip in L*(9Q).

Remark 3.7. Condition (3.55) implies in particular that

(Ui P(p)Virin \
(3.57) p< ; ) + ( (P ) — i VG,

From the uniform bounds in Section 3.2, it is classical to derive that, up to
extraction of a suitable subsequence, weak solutions (p®,u®), converge to a limit state
(p, @) which belongs to the kernel of the singular perturbation operator. We refer
to e.g. [20], [19], [24] for details. The goal of the present subsection is to make this
convergence quantitative, to show the general structure of the solutions and to take
into account the correctors due to Ekman’s boundary layers. We aim at proving the
following result. Recall that the relative entropy E is defined in (3.43).

Theorem 2. For v > 3/2, suppose that there exists a finite-energy weak solution
(p°,uf)e to (1.3) with well-prepared initial data (p5,,us, ). € L™ x L? wverifying
hypotheses (3.54), (3.55) and (3.56). Let (pg,,, Ugyy)e be defined as in (3.34), and
define 0u® = u® — ug,,. Then, there exist functions C1(t), C2(t) € LY([0,T)) for all

T > 0, and constants C > 0 and o € (0, 1) such that, for all e € (0,¢¢), the following
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estimate holds, for almost every t > 0:

[ s Pds+ % [ B0,y (0 do
+ // (1| VRous > + e|036us|® + NV - 0uf|?) dz
0/Q

t 1 t
< Ce?lo Crls)ds (/ o5, |0us, |2dx + 2 E(pins Pin.app)de + 5/ Cs(T) dr) .
Q Q 0

Remark 3.8. The lower bound for the exponent vy comes from the control of the
source term in the relative entropy inequality (3.64): in particular, in (3.83) we need
v > 3/2 to apply Holder’s inequality and get the estimate (3.84).

In order to prove the previous result, we resort to the technique of the relative
entropy/relative energy inequality, see e.g. [30], [26], [21], [24] and [22]. The relative
entropy estimate of those works is directly applicable in our framework, but it is not
immediately clear how to take advantage of the small remainders in (3.38). Instead,
we directly derive the entropy inequality on the system for (6p°, 0u®) and take into
account from the beginning that (pf,,, ug,,) is almost a solution to (1.3). On the
contrary, the relative entropy inequality of e.g. [24] holds for a much wider class of
smooth functions.

3.3.1. The relative entropy inequality. We set

g ._ £ (3 g .__ 15 15
0p° = p° — Pupp and Ous 1= u” — Ugy, -

From systems (1.3) and (3.38), it is easy to find an equation for Jp° and du®: after
setting 6P° := P(p°) — P(p,,), We get
(3.58)  0i0p° + V- (ugy,0p°) = =V - (p°6u”) — eRY — ?R°
1 1
(3.59) Eatdua + pfuf - Vou® + *63 X p~ou’ + QV(SPE — Ay ou® — AVV - duf

) 6:0 VG — 5P atuap]o (pzppufzpp - paua) ' vupr
1

1
L3 —
— 763 X 0p~u app N 5/ 05p(sx3)dses x ugl,hl,
0

1—3?3

1
+ / 03p(1 — s(1 — x3))dse3 x Ugl,h,t'
0

From the point of view of energy estimates, the main term to work on is the
difference of the pressure terms. Testing it against du® yields

(3.60) /Q VP - §ufde = /Q VP(p%) - udx — /Q VP (papp) + tgppd

+ /Q V - ug,, 6P dx — / VP(pgpp) - dudr .

By standard computations, using the mass equation in (1.3), we get

/QVP(pE) cutdr = /QV(H’(/)E)) “utdr = / H(p
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Similarly, from the first equation in (3.38) we gather

d
VP(pl,) - ug dm:/Hpi dac—e/H'p‘; R 4 eR®)dx .
P Gi) ite = G [ HU e [ BG4 eR)
In identity (3.60), we now add and substract the term % J H'(p5pp)0p°de, in order

to make the relative entropy F (ps(t),pgpp(t)) appear. Then, from (3.60) and the
previous computations we infer

d
VP - dudr = /E 0%, 05 d:L"—I—/ V- u 5P5d$—/ VP(p,,)  dudx
/| G | EG ) [ g, [ VPG
—|—i H'(p5,,) 0p°dx +¢ | H'(p5 )(Rbl+5R5>dx
dt Q papp p Q papp :
Using again the mass equations in (1.3) and (3.38), we get
d £ £ £ £ £ (3
dt/QH’(papp)ép dx = /QatH’(papp) op da:—i—/QH’(papp)Btdp dx
= [0l ) 507+ [ TH i) (50 gy
—e [ H'(p:,,) (R +eR®) dz.
| 1) (B4 <)
This relation yields

d
. 1 P€ . 3 —— E £ £ _ P £ . 3 I
(3.61) /QV(S ou® dx i /s (0%, Popp) da /QV (Papp) - Ou"dx + 1,

where we have defined
I:= /QV gy, 0 PEdx + /Q OcH' (pgpp)0p°d + /Q VH'(p5,) - (p°u® — poppicy,)de.

Let us work on this term for a while. We use the following Taylor expansion,

(362) P (psvpfzpp) = P(pe) - P(prp) - Pl(pipp) 5/)6
1
= 560 [ (1= 5 P (st + 5807) s,

and the fact that H”(z) = P'(z)/z according to (1.11), to obtain the next series of
equalities:

I = /Qv'uippP/(pipp)épsdx+/QV-uflppP (pe,pipp) dx
b | GOy 7+ [ () Vi (070 = gty
= [V iy P ) 55— [ H g iV gy B0
b | Giy) Oy + 5 - (Gigpii)) b
b | i) Vg 00 e+ [ 50, P (5 ) o
— /Q H"(05,,)V Py - 00 pda + /Q H"(0%,,)00° (Rbl+aR5) dx

+ /Q V- ugy, P (0, popp) da.
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The last two terms in the above identity are small (in a sense to be made precise
later). So, let us focus on the first term in the right hand side: we have

/QH"(prp)Vprp -outptdr — /Q VP(popp) - dudr = /QHH(pZPP)V’OfWP <oudptd .

Inserting this expression into the last equality for I, from (3.61) we finally find

/ VP - dutdy = % / E (0% Papp) dv + / H(0app) V Plapp - 5u° 0p°dee
(3.63) ¢ @ @

+e€ /Q lL-’”(Ppr)fspE (Rbl + ERE) do + /Q Vi P (957 pftpp) dz.

At this point, we can perform energy estimates directly on equations (3.58)-(3.59).
Using (3.63) above, we obtain

d 1 1
4 [ (5710w + 5B (7 i) ) do

—i—u/ |Vh5u€|2dx+€/ ]f)géus]zd:v—i—)\/ IV - 6uf |2da
Q Q Q

1 1
< 52/95[)8 VG- oufdx — EQ/QH”(/)ZPP)VPZW - ouf dptdx

1 bl 1
€ /Q H" (papp)9p° <R * 5R€) de = /Q V- gy P (0, Papy) d2
(3.64) 1

- /Q e3 X 0p Ugy, - ousdr — /Q(Spaatufbpp - dutdr
+ / (Papplapp — P7U7) - Vg, - oudr — / St Suf dx — 5/ S¢ - dutdx
Q Q Q

1 1
- / xg/ O3p (sx3) ds (u8{h7b)J‘-5qu dx
g€Ja 0
1 11

1
+ - / (1- :Ug)/ 05p (1 —s(1 —x3))ds (ugl’h’t)L duf dx = Z I;.
Q 0

€ ,
J=1

Remark 3.9. In order to rigorously justify the relative entropy inequality (3.64), where
the equality holds if the solutions are regular enough, one may either proceed as in
[21], or use a regularization argument (see for instance [26] and [30]).

Our next goal is to bound each term appearing in the sum Zjll:l I; in the right hand
side of (3.64). Before doing that, let us remark that, since p1, p2 € L (2 x R4), up
to restrict our attention to all ¢ < ep, with 9 depending on ||p1[/zee and [|p2| e,

we can assume that —% < ep; + e2pg < ¢ with o > 0 as in (3.46). Consequently, we
can suppose that

0< pgpp S prp(x7t) S p:pp for all g > O’

with p.,, = infg1)p — o and pf,, = sup(p,1) p + 0. Then, in view of (3.45), we have
the following control:

(3.65) E (0%, plpp) (x:8) = ¢ (160° (2, )1* Lyjspeiiy<1y + 1602, )" Lypspeicn>1y) -

Resorting to the definitions (3.46), from (3.65) we derive the following lower bound.
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Lemma 3.10. There ezist o > 0 small enough (depending on (inf) p) and a positive
0,1

constant ¢ > 0, independent of € €10,¢¢], such that, for almost all (z,t) € Q x Ry,
the following bound holds:

(3.66) B (p°(@,1), byl 1) = ¢ (10572 (@) + To,y(@)) -

Proof. We divide the proof of the inequality into two steps. First we show that
E (pe(xv t)v pgpp(xv t)) > c ‘5:06(:17’ t)|2 1{|6p5(x,t)\<1}
implies the lower bound
(3.67) E (0 (0,1), plgp(@,1)) = c [30712, (2, 1).
For this, we just need to show that Qess(t) C {| |0p°(x,t)| < 1}. Let & € Qess(t), then

3 3
_50- < —0o— Epl(xat) - 62/)2(1'775) < 5p6(xat) < _5,01(%75) - 52p2($at) +o< 507

where we have used that —% < epi(z,t) + e2pa(x,t) < 5. By choosing o such that
o < min <2/3, (inf) ,0), we deduce that |0p°(z,t)| < 1. Thus, (3.67) is proved.
0,1

Afterwards, we prove that for, z € Qes(t), one has
(3.68) E (p*(x,1), papp(, 1)) =,
where c¢ is a positive constant independent of ¢, ¢t and z. By the definition of Qyes(t),
either p°(z,t) < p(w3) — o or p°(z,t) > p(w3) + 0. Hence, since E(-, pg,,(z,1)) is
strictly decreasing before pg,,(7,t) and strictly increasing after pf,,(7,t), we get

E (p°(2,1), ppp(a,1)) = E (p(23) — 0, ppp(, 1))
if (2, 1) < plzs) — 0, and

E (ps(x’ t)a pipp(xv t)) > E (ﬁ(l‘i’)) +o, prpp(xu t))

if p*(x,t) > p(x3) + 0. Now, by Taylor’s formula, up to taking a smaller ¢ (which
amounts to choosing a smaller (), we have

B (plas) = 0. gyl 1) > T Lomn(2:0)

" 2
_ H (gl 1)o
- 16
_ H' (pGpp(@, 1))
E (p(xfﬂ) +o, pipp(x7 t)) > %(U —Ep1 (1"7 t) - 52P2($7 t))2
 H G ,1))0”
- 16
Then, using the uniform boundedness in time and space of pf,,, and hypothesis (1.10),
we get (3.68). The lemma is proved. O

(—o —epi(z,t) — pa(z,1))?

Notice that [|0p°|]. is uniformly bounded. Next, we claim that there exists a
constant C' > 0 such that, for all T' > 0 fixed, one has

(369> H[(spa]resHL%o(LP) S CEQ/p vp € [177] .
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Indeed, by Hélder’s inequality, the L control on pg,, and (3.49), we deduce

L1667l < [ e+ [ (i)

1/y ,
</ (o) 19) (£(0es))" + CL(hes) < C&2,
Q
which yields (3.69) for p = 1. As for the L7 norm, we write

(3.70) Ques(t) = {0 < p°(a,8) < plas) — o} U {p™(a,1) > plas) + 0} -

For the first set, we just apply (3.49) again, since p® is bounded therein. For
the second set, we use the fact that, for a > 0 and b > 0, with b < b*, one has
la —b]" < (a+b)7 < Csp+ (a7 +1). The case 1 < p < v follows from interpolation.

IN

3.3.2. Anisotropic Sobolev embedding. We introduce an anisotropic version of the
standard Sobolev embedding H' < LS. This estimate enables us to handle the
anisotropy of the viscosity in the stability estimates below, see in particular the
treatment of I7.

Lemma 3.11 (anisotropic Sobolev embedding). Let Q = R? x (0,1). There
exists a universal constant C > 0 such that, for all k > 0 and all u € H} (), one has

_1
(3.71) lull ooy < € (A I Vntl 2oy + #l9sul 2o ) -

Proof of Lemma 3.11. Let k > 0 and u € Hg (). We first extend u by zero on R?\ Q
and still denote the extended function by u. Now u € H(R3). We then consider the
rescaled function

Yn

(Y, Y3) = u (1, 'iy3> , (yn,ys) €R®.
K2

By Sobolev’s inequality [27, estimate (II.3.7)] for the whole space, there exists a

universal constant C' € (0, 00) such that

sl Lo @3y < ClVugl| 2 (rs)-

Estimate (3.71) then follows by a change of variables and the fact that u is zero
outside the strip R? x (0, 1),

Jwellzo®sy = llullzsqy),
1
[Vugllp2msy = £ 2| Vaullp2 ) + £l 0sull 2 (q)-

This concludes the proof. O

3.3.3. Conclusion of the stability estimates. Below we estimate every source term
I; appearing in (3.64), for 0 < € < &g (g is given by Lemma 3.10). For the terms
I, I, I3, I5 and I we need to treat separately the cases v > 2 and 3/2 < v < 2, since
we use different estimates, whereas the terms Iy, Ig, Ig, 19 and I1; can be controlled
in the same way for any v > 3/2. The term I7 is more intricate; it is written as a
sum of five terms: for some of them, we need to distinguish again the case v > 2 and
3/2<~y<2

The easiest terms to handle are I3, Iy, Ig and Ig. The terms I; and Io are combined
with the Coriolis term I5; For the remaining part of I5, we rely on Hardy’s inequality,
which is also useful to deal with I7, Ig, I1g and I;;. The basic idea, borrowed from
[9], is that, whenever there is a boundary layer term G* (%), we gain one additional
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e by using the decay of G in ¢. The price to pay is a 03 derivative on éu°, which
however can be swallowed by the third term in the left hand side of (3.64).

For every term, we decompose ug,, according to (3.34). The terms which require
more care are those of order O(1), which involve in general ugj and ug{ 5, except for
I7 where the product ug,, - Vug,, also involves u; 3 and ul{{3 at order O(1). For the
terms which are not of order O(1) the analysis can be always reduced to the case
I3, 14, I, Iy, and the same estimates are used.

For every term involving a boundary layer, one has to equally consider the top and
bottom boundary layers; again, for simplicity, we focus on the boundary layer at the
bottom only. In the computations below, U and U” generically denote remainder
terms in the expansion for u¢ _ or its derivatives. The definition of these remainder

app
terms may change from the estimate of one I; to another I;.

First, we deal with the terms for which estimates hold for any ~.

Term I,. We start by considering I, when restricted to the essential set. Using (3.62),
the assumptions on the pressure function and the fact that [|0p°|].., is uniformly
bounded, we can estimate

1
52\/Qv 'upr [P(psaprp)]ess

ess

1
< ? Hv’ufzppHLoo H[(sps]ess”%z

1
Cs? /QE(pEaprp) )
where we have used also that V -ug,, = ¢ (V “u1 + V- ul{{h).

Let us consider the integral over the residual set. By (3.62) again, we have [Plies =
[P(p°) — P(pflpp)]res — P'(0Gpp)[00°]res- The second term can be easily controlled, in

IA

view of the uniform boundedness of pg,,, and the L' estimate in (3.69). For the first
term, we use decomposition (3.70): when p° is bounded, the same argument as above
applies. On the set {p°* > p + o}, instead, we use hypothesis (1.10), the uniform
boundedness of p7,, and the controls in (3.49) to get

1 C
= |19 il [PGF) = Py Lz < C [ 1P = Pl Lz

C £
< = (I hesllZy + £ (es)) < Cee.

Putting everything together, we finally infer that

1
(3.72) Ll < Ce+ Cesy /QE(pE,prp) 7

where the last term will be handled by Gronwall’s lemma.

Term Ig. The control of Ig is direct, as no p® or §p° enter into play. We get

(3.73) Io] < e 5% 0w < Cealt),

where the function Ka(t) = [[u®(t)|| 12+ ||ug,, ()] 2 belongs to L*([0,T)) for all T' > 0.
Terms Ig, 119, and I1;. We deal with Ig using Hardy’s inequality. This gives

|z () 2

bl 2 12 2 g2
Cse Hgs HL 4 de [050u|2 < C5e? + e [|0s0ul|2s

(3.74) |Is| =

IN
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for some small § > 0, to be chosen later. The same holds for I1y and I11: since O3p is
uniformly bounded, we have

ouy
(3.75) |Iio| =€ /{262 (/ J3p(s x3 ds) ( )L x3h

2
<cee el

a2 /) >
316 il =] [ S ([ o - s - as) (- 12

x3

+ e ||030u5 |32 < Cse? + O || 0305 ||

2
< Coe || ublns |, + 0= 198005132 < Cse? + b Do

2 bl 2
Ohb

In the estimates above, we have used the fact that the terms HC St HQLQ ,
2
and H772 uglhtHLz are O(e?).

We consider now the terms whose bounds must be treated differently if v > 2 or
3/2<y <2

Term 3. First of all, observe that HRbl(azg/s)HiQ = O(e). Thus, we can estimate

1 1
g /S;H”(prp) [6,05]688 (Rbl—l-ERa) < Cg HRbl—l-ERa .

2 ”[(Spa]essHLQ

C
< Ce + ? /QE(pE’prp) ’

where we have used also (3.66). As for the residual part, in view of (3.69), we can
argue in exactly the same way if v > 2. If 3/2 < v < 2, instead, we put the L*° norm
on the remainder terms and use the L' bound of (3.69) to get

1
: /Q H"(p5yy) 9o (BY +2B7)| < Cz.
In any case, in the end we arrive at the bound
C £ £
(377) ‘13’ < Ce+ ? QE(p 7papp) :

Term Ig. Once again, we use the decomposition of §p° into essential and residual
parts. For the term involving the essential part, thanks to Young’s inequality and to
the controls (3.53) and (3.66), one has

15671 B 07| < Sl Ol 160
1
< CEKi(t) + 5 B (05 pin) »
where the function K1 = [[u||3, + [[ug,,[|72 belongs to L' ([0, 7)) for all T > 0.

Next, let us consider the term involving the residual part: when ~ > 2, we can argue
exactly as above, in view of (3.69). If instead 3/2 <~ < 2, we start by writing

0p%] es Orig, 5ua:/ res ObUG 5u5—/ : ot - ous .
/Q[P] 't Uapp Q[ ] tUapp Q[ppp]res t%app
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For the second term, we use the uniform boundedness of pg,, and estimate (3.49) to
gather, for some function Ky € L? ([0, T)) for all T > 0, the inequality

/Q [prp] res Oty - Ou”

For the term involving [p°], .., we use decomposition (3.70) for the residual set. The
integral over the first set can be treated exactly as just done for p7,, (because p° is
uniformly bounded therein). Concerning the integral over the second set, we have

1/2
¢ oo ([ 5 1)
C |[VeF 6uf|[5, + C &2,

since the last integral in the first line can be bounded by the integral over the residual
set, for which we can use (3.49).

Let us introduce the following notation: we set do—(y) = 1if3/2 <~y < 2,5-(7) = 0
otherwise. In the end, from the previous computations we get

BT ol < Cc KD + () Falt) + 6-(2))
2 0(5 [ B 6 0) IV )

Terms 17, I and I5. Terms I7, I and I5 have to be combined together, enabling to
see a cancellation at the highest order in €. Such a cancellation is already a key point
n [24]. After setting U = u,,, — (upp + ug{h,()), we can write

< C |0 12 (L(Ses))? < CeKa(t).

IN

IN

pp

1 1
I + I + I :52/ dp° VG - ou® — 62/H"(pzpp)ac,p(5u§6p‘E
Q Q

! / H"(p5,) V1 - 6u® 5p° — / 0p° P;Ep) (Viep)" - duj,
—/(5p Vg — /(5p 63xU(:ch,xg,”?,laxS,t)-(Sus.
Notice that H” (p) = # and (Vi-p1)t = —Vp,p1. Moreover, from (3.1) we get
pVG=P'(p)Vp.
Therefore, we find
Bt bt Iy =— 5 [ (06, — 0'G) spouson = - [ 17 p)oummini

1
=2 | W) = 1) Vor S0t = [ 5 alla) -6

/5anh Tp, T3, 2 z—: , 3,t> (5u‘,§ =+ L+ J3+ s+ J5.
Using a Taylor expansion for h(z) = H”(z) with integral remainder, we can write

1
P /Q (H(7) p1 057 + h(5) Dspr) 6 6p°

1
= [ ([ =9+ sepas) onpos o
Q 0
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1
— [ ( [a-omps Sem)d8> 0u 6,377
Q 0

where we have used (3.6) in the last equality. Since p1, p and d3p are Lg5, in view of
(1.10) the control of J; + J2 becomes similar to the one exhibited for Ig. In the same
way, after noticing that Vjp1 and e~ (H"(pf,,,) — H"(p)) are uniformly bounded in
time and space, the control of J3 is obtained. Then, J; + Jo and J3 verify estimate
(3.78). The same can be said about J;5, because also U, belongs to LgF,.

Therefore, it remains to deal with Jy, for which we rely on Hardy’s inequality. More
precisely, let us start, as usual, by dealing with the essential part: we have

1 x ous
/Q[(Spa]ess (ugl,h)J_ ’ 5“2 - ‘/Q [5p8]ess ?3 (ugl,h)J_ L —h

15 3
< N8 sz |[Cublatons O NOa5 e
t,x,C
C 2
< S [ B i)+ 2 el N0t
€ Q Lt,z,(

Notice that, for £ small enough, the second term can be swallowed by the third term
in the left hand side of (3.64). As for the control of the residual part, suppose that
~ > 2 for a while: in this case, we can argue in the exact same way and obtain, in
view of (3.69), that

1
! /ﬂ (67, (ulh)® - G

e

IN

H [(Sps]res”LQ

bl
Cutly| . 10w0uz | 12
t,x,C

IN

C 2 2
) / E (,OE,Ppr) + 052 HCUS{};H 0o ”8361[;:1”[/2 :
9 [9) Lt,x,C

The case 3/2 < v < 2 is slightly more involved. The control over {0 < p* <p— o}
does not present any special difficulty, since we have uniform bounds for p. (and
obviously for pgpp) on that set: then, we can argue as for controlling the essential

part. Hence, let us focus on {p° > 5+ o}. First of all, using that va + b < v/a + Vb,
we notice that

1

/ [5p5]res (ul())l,h)J— ' 5“2
€Ja

1
< 8/ V 5P€ 1{p525+0} ’ugl,h‘ \/PT;- ’(5“2’
1
+ 2,5/ V 5PE I{PEZﬁ-‘rJ} ‘ugl,h‘ V pgpp ’(SU?L’ .

For the first term in the right hand side of (3.79), we proceed in the following way:

/Q VO Vs [ula] Vo 1905)

< N8P Tuesll 2 ([l 1V 00 2 (L)

where 1/(2v) +1/2+41/qg = 1. Using (3.65) and (3.66), we deduce that

1
8/Q\/ 5/)5 1{p€2p+g} ‘Ug{h‘ \/p? |5U2|

(3.79)

>1/(27)+1/q H

_ 1
< M2 (gE(pe,prp) I VA

1 1/2 .
S CLIGL) I E VA
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After applying Young’s inequality, this term can be controlled by Gronwall’s lemma
in the final estimate. For the last term in (3.79), we argue in the following way:

/ V0P lipe>pto} U h‘ v Papp [0UR] = 22/ vV op° 1{PE>P+0} uO h’ v/ Papp
3 r3
5/ (ﬁl{p€>p+0} ?ug{h’ V/ Papp 0

Oh’
< ¢ [10s0us 2 ||Culla]|, .

(o5l 1T eall 2 (£(ue))® + (gl e (£(Qes))

where ¢ is defined as above. Notice that, in view of (3.49), we have [|[p®] .|/, =
O (2/7) and L£(Qres) = O (£2). Therefore, we finally find

1
Z / VO Lpespio) ‘“glh
In the end, we deduce the following control:
C
bt Bl < 5 [ B i) + O (IS

+ Ce(e K0 () + 8y (1) Ka(t) + 62~ (7)) + (O + 8y ()¢ ) | 936w, |72

where the last term in the right hand side can be absorbed into the left hand side of
the relative entropy inequality (3.64).

Finally, let us deal with I5.

5uh

)

—ouj,

h
3’ + pippl{ﬂEZﬁJrU}

XA

&
p app

(3.80)

Term I7. We start by considering the following decomposition:
1
/ 5p app app Sous — g /g; pgéugaCugl,h(%) ’ 5“2
— / peougOcull (£2) - duf — / pouy, - Vi (uopn + ugfh) - ouj, — 5/ peous - U - du®
Q Q Q
=Js+ J7 + Js + Jg + Jio,

where eU = ¢ (Vul + (Voh)ull’l) is the remainder term in the expansion for Vu;,
The first term Jg can be handled as done with Is. Indeed, one has

app*

U * VUgpy = (’ILQ,h +u8{h) - Vi (uon —i—ug{h) + <u173 —|—ul{{3) agugfh(%) + h.o.t.,

where h.o.t. represents higher order terms in . Then ug,, - Vug,, is uniformly
bounded in Lg5,. Therefore, Jg verifies an inequality similar to (3.78) above.

The terms Jg, Jg and Jig can be simply bounded as follows:

EAEe) s W e e
|Jo] < C th (uon + uly) H V¥ ouf HLQ’
|J10| < C€HUHL°° “\/»5“ HL2 :

We remark that these estimates holds for v > 3/2.
We now focus on the remaining term J7, which is the most difficult one to deal with.
The difficulties come from the need to gain smallness in ¢ (by using Hardy’s inequality
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as above), from the low integrability of the residual part and from the fact that this
term is quadratic in du®. We first decompose

(381) pE = [5p€]ess + [5p€]res + prp'

The essential part is easy to bound: owing to the boundedness of p on that set and
to an application of Hardy’s inequality, we get

1 (5U€ 5U€

1 50° 6gabl§.5g<CH26bl‘ 3 h

e /Q[ Pless 0u3 Ocuop(F) - 0up| < Ce ||¢7 dcug 2 | I PP R
< Ce ||030us|| 2 ||030uf|| )2
< O ||0s0us |20 + C V2 ||0s0us)2s -

The control of the part involving pf,,, is similar, so let us turn to the residual part.
Two different estimates are computed if « is larger or smaller than the critical
exponent 2. For v > 2, we write, for a € (0, 1) to be chosen later on,

g\
gug = (g~ P8 g
3

and then apply Sobolev’s and Hardy’s inequalities: this yields

5 e\
(382)  [(0u§)'°| o < CIIVous|L* and H(“g)
3

|, SOl

We use the same technique for duj, with 3 €

—

0,1). Then, choosing «, # such that

)

N | =

a+p=
we have, for all § > 0 to be chosen later,

1
2| 150 05 0l () -

_o (0ug)® 29+ . _4(6us)B
[ 6 0yt B g (2 - a2
3

_ — 1—
721 (69 ses 12 IV 805 12 1958u5 1122 V805 12 1950 172 116+ gugy | o

— €a+ﬂfl

5

IN

1 1/2

< Cel? ( /Q E(pf,pzpp>) IV6u5 121V 505 [ 12

% k) / B0, 5y) + 06 [Vndus |22 + e D502,
Q

where K1(t) = ||[Vu(t)[|2, + ||Vu2pp’3(t)||%2 belongs to L ([0,T)) for all T > 0. In

the second inequality we have used the lower bound
E(p™(,t), ppp(, 1)) > ¢ [8p° (1) 2,

which comes from (3.65) when > 2.

For 3/2 <~ < 2, we use the same argument as in the case v > 2 for 6u§. The control
of duj, instead, is done via the anisotropic Sobolev embedding given of Lemma 3.11.
Hence, for a € [0, 1] such that 2 — % = «, Holder’s inequality gives, using (3.82) for
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§ug and (3.71) for 8uf, with & = e=HHDs
3 . h 7

1
[ 16971 805 0l (2) -6,
€ lJq
a—1 e eVl—« (5u§)a x% bl [x3 €
=€ [60%]es (Ou5) % —5— —20cug 5 (%) - duj,
< Ce¥ N 160 e 2 IV 0S| 15 (| 0560 | 32

3.83 a
(389) x(nzuvhauhum+muasauhum)uc Ol

< C1 VUS| e (5% I V0ui 2 + k90 2 )

/\

min _2 _
< BN G612, 4+ O, e (k71| Vadus || 2e + 2] 03005 |122)
min(4.)) 5-2)- e 2 14 e 2
< IV8u5][22 + C s, N2 ™) [V30u5 |22 + C s, e+ [|038u5, |2

Hence we can swallow the whole right hand side on condition that v > 6/5 (which is
the case, since v > 3/2) and ¢ is sufficiently small.
To put it in a nutshell, we obtain the following bound on J7:

g : :
T < ZHAO [ B () + (G2 + et + 80 (O e [0a603 s

5_3
+ (02 + 8- (VO NET27 ) 1Vn005 2

+ (8- ()M + O3 ) | Vous -

Therefore, we finally get the following estimate for I7:

C+ CsKq(
17| SC€<€K1(t)+527(7)K2(t)+527(7)6>+ > 1 /E 0% Papp)

+ (8- (1)C + Cy + Oae) ||VpFdus |3
(3.84) + (0e + Ce? + 85 (7)Clp, Ae™) || 95505 |2
+ (8 + 8- (1T, N7 ) V802

+ (8- (v >m +Cet) [ Vouss

Remark 3.12. The anisotropic Sobolev embedding in Lemma 3.11 can be used to
provide better estimates only for v small. For instance, in (3.79), using Lemma 3.11
we get a remainder term of order €%, with 0 < a < 1 for 3/2 <y < 2 and o > 1 only
for v < 12/11, while by using the smallness of the Lebesgue measure of Q¢ we get a
remainder term of order ¢ for 3/2 <y < 2.

In the end, summing up our estimates, we get from (3.64) the following differential
inequality: there exist functions Cj(t), Co(t) € L'([0,T)), and constants C3 > 0 and
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g0 € (0,1), such that, for all € € (0,e¢), all t € (0,7") and all § > 0, one has

d (1
dt( / clout| d:U—I—/E p°, papp)dx>

—|—,u/ ]Vh5u€|2dx+5/ \835u€|2d:c+)\/ |V - 6u|*dx
Q Q Q

1
(385) < o) </ P |6uf |2 da + 2/ E(0°, papp) da?) + e Ca(t)
i (mln(u A) +C€(% 2) ) ||Vh5ue||L2 + C3 (58+51+) ”835UEHL2

+ (% + Cﬁ) 1056u3]|7-

Let us stress that C1(t), Ca(t), Cs and g9 do not depend on €. The quantities these
constants depend on have been written explicitly in the computations above; in
particular, C;(t) and Cs(t) contains the functions K (t) and Ka(t).

Choosing § small enough and using the identity d3éus = V - du® — V, - duj, the last
three terms in (3.85) can be swallowed in the left hand side. The estimate in Theorem
2 follows from Gronwall’s lemma.
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