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Fast Rotating Non-homogeneous Fluids in Thin Domains and the Ekman Pumping
Effect

Marco Bravin and Francesco Fanelli

Communicated by D. Bresch

Abstract. In this paper, we perform the fast rotation limit ¢ — 07 of the density-dependent incompressible Navier—Stokes—
Coriolis system in a thin strip Q¢ := R? x | —£¢, € [, where e € ] 0,1 ] is the size of the Rossby number and £ > 0 for any
e > 0. By letting £ — 07 for ¢ — 07 and considering Navier-slip boundary conditions at the boundary of Q., we give
a rigorous justification of the phenomenon of the Ekman pumping in the context of non-homogeneous fluids. With respect
to previous studies (performed for flows of contant density and for compressible fluids), our approach has the advantage
of circumventing the complicated analysis of boundary layers. To the best of our knowledge, this is the first study dealing
with the asymptotic analysis of fast rotating incompressible fluids with variable density in a 3-D setting. In this respect, we
remark that the case ¢ > £ > 0 for all £ > 0 remains largely open at present.

Mathematics Subject Classification. 35B25, 35B40, 76U05, 35Q86.
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1. Introduction

This paper is devoted to the study of the dynamics of non-homogeneous viscous incompressible fluids
whose motion is primarily influenced by the action of a strong Coriolis force. The main application we
have in mind is the description of the motion of currents in the ocean (see [8,26]), but other physical
phenomena actually display similar features.

To begin with, let us present the equations we are going to consider and describe precisely the problem
we want to tackle.

1.1. Formulation of the Problem

We assume that the viscous incompressible non-homogeneous fluid occupies the space domain
Q= R*x ] — 4, 4.], (1)

where ¢ €]0,1] and the sequence (&) is a decreasing sequence of strictly positive real numbers,

f. > 0 for all € > 0, such that

€€1]0,1]

AN for e—0t. (2)

Here we speak about sequences, but this is not unfair if one keeps in mind the choice ¢, = 1/n for
n € N\{0}, which we will always tacitly assume in this work.
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Then, for any ¢ €10, 1], the motion of the fluid is described by the following system of PDEs,
Orpe + div (peuc) =0
5‘t(pE us) + div (psus ®u5) — Au. + EV’/TE + éeg X pete = 0 (3)
div (us) =0,
which we set in the time-space cylinder
Ry x Q..

In the previous system, the unknowns are the scalar functions p. > 0 and 7. and the vector field
ue € R3, representing respectively the density of the fluid, its pressure and its velocity field. They are
functions of the time and space variables (¢t,z) € Ry x Q..

The first and second equations appearing in (3) represent, respectively, the physical principles of
conservation of mass and of linear momentum. The fluid is assumed to be incompressible, a condition
which is translated by the last equation in (3); correspondingly, the gradient term V. appearing in the
momentum equation can be interpreted as a Lagrangian multiplier enforcing at any time the divergence-
free constraint over u.. Finally, the term ez X p. u. encodes the effects of the Coriolis force on the dynamics
of the fluid; here, e3 denotes the unit vector directed along the vertical direction and the symbol x denotes
the usual external product of vector fields in R3.

In system (3), for any € €]0, 1] we consider initial conditions

(,057 Pe ue)\t:O = (pén, mzn),

for suitable functions p™ > 0 and m" € R3 which will be better specified below.

In order to close the system, we need suitable boundary conditions. In the present work, we decide
to work with Navier-slip boundary conditions (sometimes also called Robin boundary conditions). Before
introducing them, let us fix a sequence of real numbers

(aE)EE]O,l] C R+.

More precise assumptions on that sequence will be given in the statement of our results. Next, we observe
that

0. = R* x { £ (.},

in particular its exterior normal n. is always equal to n = +e3 (depending whether we are on the upper
boundary or lower boundary of the slab €2.) and does not depend on e. Then, on 9f). we impose

(ue . n)‘aﬂs =0 and ((D’LLE)TL X n)lags = — O (us X n)|895’ (4)

where Du := (Du + Vu) /2 denotes the symmetric part of the Jacobian matrix Du of the velocity field,
Vu = (Du)! being its transpose matrix.

Our main goal here is to study the fast-rotation limit for the above system (3). This means that, taken

a sequence (ps, “5)5 €10,1] of solutions! to (3), we aim at describing their asymptotic dynamics in the limit

for ¢ — 0T: more precisely, we are interested in proving their convergence to some limit point (p, u), and
in identifying the evolution equations this couple satisfies.

Before presenting our main results (for which we refer to Sect. 1.4 below), let us give an overview
of previous works related to our problem, which also serves to explain the main motivations for our
investigation. The study of singular perturbations in fluid mechanics being an old topic, with a broad
literature devoted to it in various contexts, we will limit ourselves to mention only the works which
are directly related to ours, as well as others which are less directly related, but are still functional to
understand the contents of this paper.

LAs a matter of fact, typically the pressure gradient Vze can be recovered from p. and u. by solving an elliptic equation.

) Birkhauser
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1.2. Related Studies: Incompressible vs Compressible Flows
The first fact one can remark is that, if pi® = 1, then p. = 1 for all later times, and then system (3)
reduces to the classical incompressible Navier—Stokes system with Coriolis force. In that context, the
effects of a fast rotation on the asymptotic behaviour of solutions and on their lifespan have been largely
investigated. We refer e.g. to the book [6] for a compendium of the results available in that situation.

The case of non-homogeneous fluids, i.e. fluids for which the density is non-constant, have been consid-
ered afterwards, but essentially in the framework of compressible flows, namely when the divergence-free
condition on u. is dropped in (3). Many works have been performed about the asymptotic behaviour
of solutions in the physically relevant case of combined fast rotation (low Rossby number) limit and
incompressible (low Mach number) limit, even in presence of external forces, like gravity and centrifugal
force. More recently, the case of the full Navier—Stokes—Fourier system was considered, where heat trans-
fer processes are taken into account. Interestingly, the compressible flows framework is well-suited for a
multi-scale analysis, where the Rossby and Mach numbers (and possibly the Froude number, measuring
stratification effects) are assumed to be small, but with different orders of magnitude (i.e. different powers
of the small parameter € > 0). We refer to e.g. [11] and [9] for an overview of the available results, further
references and recent developments on the subject.

Observe that, for density-dependent fluids, the Coriolis term es X p. u. is skew-symmetric with respect
to the L? scalar product, but it is no more skew-symmetric with respect the H® scalar product when
s > 0, unless some smallness condition is imposed on the densities. Because of this, in order to study the
fast rotation limit for density-dependent fluids, it is natural to work in the setting of finite energy weak
solutions: this is the case of [11], [9] and essentially all the works mentioned therein. The present paper
will do no exception to this.

Correspondingly, in order to treat the singular perturbation problem, one needs to consider initial
densities which are close to stationary solutions of the equations, namely pi" = p + 7", where the
reference density p solves the corresponding system with u. = 0 and the sequence of density variations
ri" is bounded in suitable norms. Thus, in the compressible setting, the precise form of p is completely
identified (still, not in a unique way, in general) by the pressure term (which is now given; we will come
back to this in a while) and the presence of external forces. For instance, in absence of gravitational and
centrifugal forces, one has p = 1.

Finally, there is another point which deserves special attention in all this: as already mentioned, in the
compressible case the pressure term V7. is no more an unknown of the problem. For barotropic flows, for
instance, the pressure m. = w(p.) is a known function of the density; in the heat-conducting case, instead
7w also depends on the temperature function. Then, even though the analysis of the pressure term is
technically involved (especially when working with weak solutions), two great advantages appear. First of
all, the structure of the problem allows one to prove the same density decomposition as above also at any
later time: one has p. = p + 7., where each r. represents, roughly speaking, the evolution of the initial
density perturbations 7" by the flow? of the solution. In addition, the pressure gradient immediately
gives an information on the target density variation r := lim,_ ¢+ r. and, in some special cases (namely,
when the Rossby and the Mach numbers are assumed to be of the same order of magnitude, see e.g. [3]
and [14]), it allows to derive a fundamental relation linking r and the target velocity field.

1.3. Previous Results for Incompressible Density-Dependent Fluids
In the incompressible case with variable density, as considered in (3), we notice that the coupling between

the mass equation and the momentum equation becomes weaker, inasmuch as the pressure term V. is
only a Lagrangian multiplier associated to the divergence-free condition over u..

2Here we allow ourselves to improperly speak about the flow associated to the solution although the problem is not known
to be well-posed in the context of weak solutions, just to give the reader a simple picture to retain.

T Birkhauser
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This fact entails several consequences, which make the study for incompressible density-dependent
fluids much more involved than in the compressible instance. First of all, even in absence of external
forces, one may consider several reference density states p: certainly the case p = 1 is one choice (this
corresponds to what we will call quasi-homogeneous case), but one may consider also the case when p is
truly variable (what we will call fully non-homogeneous case). Moreover, the pressure gradient does not
give any direct information on the density functions, not even at the limit. The consequence of this is that,
for three-dimensional flows, in the fully non-homogeneous case one misses fundamental properties when
performing the fast rotation limit, which prevent one from deriving what is called the Taylor—Proudman
theorem in geophysics®.

This is the main reason why the study of the fast rotation limit of non-homogeneous incompress-
ible fluid equations had not received attentions for a long time. To the best of our knowledge, the first
work treating this problem is [12], where the authors were able to perform the asymptotic study both
in the quasi-homogeneous and in the fully non-homogeneous cases, but only in two space dimensions
(the corresponding system is simply the projection of the full 3-D system (3) onto the horizontal plane).
Of course, in that instance the derivation of the Taylor-Proudman theorem was no more an issue (and
this is the fundamental simplification that the 2-D geometry entails), although several complications
still appeared, at least for non-constant reference densities p. For instance, here it is no more clear that
having p* = p + 7" implies that the same decomposition holds true for any later time, because p is
no more transported by the flow and, differently from the compressible case, one cannot rely anymore
on the pressure term to guarantee that property. The key point of the analysis was to use a funda-
mental boundedness-compactness property hidden in the wave system, i.e. the system which describes
propagation of fast oscillating waves (the so-called Rossby waves) associated to the singular part of the
equations. That property allowed one to prove that the claimed decomposition is in fact true, although
in a very weak sense. This implied a series of consequences which, in turn, allowed to pass to the limit.
Owing to the mild information at one’s disposal, however, the limit dynamics which was identified was
underdetermined, as only one equation was available for a combination of two target quantities, namely
the vorticity of the limit flow and the limit r of the density perturbations.

To conclude this part, we mention that the study of [12] has recently been generalised to the case of
the MHD system with Coriolis force in [7]. Let us also quote work [23], devoted to the inviscid case (the
study therein was performed only in the quasi-homogeneous regime, though, because one was obliged to
deal with regular solutions).

1.4. Overview of the Main Results

In the present paper, we consider the fast rotation limit for density-dependent incompressible Navier—
Stokes system (3) in the infinite slab Q. defined in (1). The main goal of our study is twofold.

On the one hand, we aim at giving a better understanding of the general three-dimensional setting.
Because of the difficulties mentioned in the previous subsection, it is natural to consider the problem in
a framework which allows to recover the properties set forth by the Taylor-Proudman theorem in the
limit. This is why we impose the narrowness condition (2) on the size £. of each slab Q.. Notice that the
general case ¢, > ¢ > 0 remains largely open at present.

On the other hand, by imposing the Navier-slip boundary conditions (4) at the boundary 9€)., we aim
at giving a new derivation of the Fkman pumping effect in geophysics. As a direct consequence of the
Taylor-Proudman theorem, it is well-known that, in a small region close to the boundary of the domain
(region called “Ekman layer”), the flow must be slowed down for passing from an essentially horizontal
configuration to being at rest at the boundary. Because of this, a global circulation phenomenon, called
Ekman suction, is created, which involves small portions of the fluid in the boundary layer and other

3This theorem says that the flow which undergoes the action of a strong Coriolis force looks like two-dimensional (the
motion essentially taking place on a plane orthogonal to the rotation axis) and is spolied of any vertical structure. We refer
to e.g. [8], [6] and [26] for more insights both from the physical and mathematical viewpoints.

) Birkhauser
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ones in the interior of the domain. Even though it concerns a small amount of the fluid, the Ekman
suction phenomenon has an important effect in the energy balance, as it is responsible for dissipation of
kinetic energy in the boundary layer by damping the inner motion. This effect is precisely what is called
Ekman pumping. At the mathematical level, the Ekman pumping effect is encoded by the appearing of a
damping term in the limit momentum equation, and is usually derived by a complicated analysis of the
Ekman boundary layer. We refer for instance to [18], [21] and [6] for the case of homogenous fluids, to [3]
and [2] for the analysis for compressible flows. Notice that, in that analysis, one has to make a smallness
assumption on the size of the vertical diffusion. One is thus led to introduce an anisotropy in the Lamé
operator (viscous stress tensor), which is a source of troubles in the compressible case: namely, existence
of finite energy weak solutions in that case still remains largely open at present (see for instance [4]), and
one has to postulate their existence and uniform energy bounds on the small parameter € > 0, without
having a theory guranteeing that.

As already mentioned, we give here a new derivation of the Ekman pumping phenomenon for non-
homogeneous fluids, by avoiding the complicated analysis of Ekman layers. We decide to do that for the
incompressible system (3), although a similar analysis would apply also to its compressible counterpart.
Notice that fast rotating compressible flows in thin domains have already been considered in the literature,
see e.g. [10], but, to the best of our knowledge, only in the case of complete slip boundary conditions. We
also point out that, in our investigation, the horizontal part R? of the domain €. could be replaced by
the two-dimensional torus T? with essentially no changes in the analysis (which actually would become
slightly simpler).

Thus, we will work on system (3), supplemented with Navier-slip boundary conditions (4). We will
perform our asymptotic study € — 0% in the context of global in time finite energy weak solutions and
for general ill-prepared initial data. We will consider both settings: the quasi-homogeneous one (where
the reference density state p is constant, say 1) and the fully non-homogeneous one (in which p is truly
variable).

In passing, we observe that, the Navier-slip boundary conditions being not so common in the math-
ematical literature, in the present paper we also establish the existence of global in time finite energy
weak solutions (solutions a la Leray) for our model.

Coming back to the asymptotic study, we show that the only relevant regime to consider is the one
in which

Ellr(r)lJr A A€ [0, 400l
Indeed, in the case A = +00, the limit dynamics is trivial (the limit velocity field w is just 0 in that case).
When A = 0, in the limit ¢ — 0% we recover the same limiting systems identified in the purely two-
dimensional case (see [12] and [7]), whereas if A > 0 an additional term appears, corresponding exactly
to the Ekman pumping phenomenon.

The core of the proof essentially consists of two main steps. In the fist one, we prove precise quantitative
estimates, which allow us to deduce on the one hand that the motion is progressively spoiled of its vertical
component when ¢ — 07, on the other hand that the solution (ps, us) tends to be independent of the
vertical variable. This is exactly the Taylor-Proudman theorem in our context. The consequence of all this
is that only vertical averages of the solutions matter to understand the limit dynamics. With this idea
in mind, thanks to the quantitative estimates mentioned above, we can somehow linearise the non-linear
terms, in the sense that, for understanding the limit of the vertical average of a product (for instance,
this is the case of the convective term), we can work on the product of the vertical averages. Then, and
this is the second main step of the proof, we can adapt the main ingredients of the analysis of the planar
case [12] to prove the convergence of the vertical averages towards the target system.

We conclude this part by mentioning that, as it was already the case in [12] and [7], the limit dynamics
is well-identified only in the quasi-homogeneous regime, while it remains underdetermined in the fully
non-homogeneous case. On the other hand, we will somehow simplify the arguments of those works. For
instance, the proof of the convergence in the quasi-homogeneous case does not rely on the analysis of the

T Birkhauser
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system of Rossby waves, in particular we need not to apply a regularisation procedure of the solutions;
instead, we will rather prove that the vertical average of the horizontal component of the velocity fields
locally strongly converges to the target velocity profile by a direct analysis of the momentum equation.

Structure of the paper. To conclude, we present a short outlook of the remaining part of the paper.

In the next section, we fix the value of the parameter € €]0, 1] and we prove the existence of a finite
energy weak solution to system (3)—(4), which is defined globally in time. The arguments follow the main
lines of the ones used for classical no-slip or complete slip boundary conditions, but, in absence of a
precise reference, we decided to give most of the details.

In Sect.3, we present the main results concerning the fast rotation asymptotics ¢ — 0T of system
(3)-(4). The proof of the results is carried out in Sects. 4 and 5. In the former section, we collect uniform
estimates for the family of weak solutions (pg, UE)E and basic consequences of those bounds. We will also
be able to prove the statements concerning the degenerate case A = +oo and the quasi-homogeneous
limit p = 1. The latter section, instead, is devoted to the proof of the convergence in the most general
situation of the fully non-homogeneous regime, which is also the hardest case to handle.

2. Existence of Finite Energy Weak Solutions

In order to perform our programme about the asymptotic behaviour of system (3), we first need a result
guaranteeing us the existence, for any value of the parameter ¢ €10, 1], of finite energy weak solutions, in
the same spirit of Leray’s solutions to the classical (i.e. with p = 1) incompressible Navier—Stokes system.

Of course, some results about existence of Leray-type weak solutions for system (3) are available in
the literature, but, to the best of our knowledge, mainly in the case where no-slip boundary conditions
are imposed (namely, the condition u = 0 is assumed on the boundary of the domain). This has been
done e.g. in [19] under the assumption that the initial density satisfy p® > p, > 0, a condition which
was relaxed afterwards in [24] to p™ > 0. The theory was later extended in [20] to allow the viscosity
coefficient to depend on the density.

On the contrary, the existence of Leray-type weak solutions to (3) in the case of Navier-slip boundary
conditions (4), as considered in this work, seems not having received too much attention in the past.
Proving such an existence result is the goal of the present section.

Here, we are going to work at any € €]0, 1] fixed. Since its precise value, as well as the values of the
other parameters ¢. and a., does not play any role, without loss of generality we set

e =1, b, =1, a. =a =0 (5)
in system (3)—(4). Throughout all this section, we will implicitly work with that choice of the parameters;
correspondingly, we will work in the domain

Q= R*x]-1,1][.
To begin with, let us introduce some important functional spaces. We define
L2(O;R?) - {u € L*(R%) | div(u) =0 and (u-n)pg = 0 },
Hg (4 R?) .= L2(;R%) N H'(Q;R?).

We remark that (see Chapter IIT of [16] and Chapter 1 of [25] for details) LZ(Q;R3) coincides with the
closure of C’gfﬁ,(Q), the space of smooth compactly supported functions on ) having null divergence, with
respect to the L? norm. Moreover for a subset A C €, we denote by 1 4 the characteristic function of A,
more precisely the function 14 : 2 — {0, 1} which takes value 1 for z € A and 0 otherwise.

Next, we introduce the definition of Leray-type weak solutions to system (3)—(4)—(5).

Definition 2.1. Let p € L*>°(f2) be a function such that p™ > 0 and
1
30>0 such that ——lingsy € LY(Q). (6)
p

) Birkhauser
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Let m™ € L*(Q;R®) be a vector field such that m™ = 0 on the set {z € Q| p™(x) = 0} and |mi”|2/pi” €
LY(Q).
Then, given T > 0, we say that a couple (p,u) is a finite energy weak solution of system (3)—(4)—(5) on

[0, T %9, related to the initial datum (p, pu) =0 = (pi” mm) if the following conditions are satisfied:

(i) p e L>=([0,T[ %), with p > 0 almost everywhere in [0, 77 x;

(i) w e L>([0,T[; LZ(;R?)) N L*([0,T[; Hj , (2 R?));

(iii) p solves the first equation of (3) in a distributional and renormalised sense: for any 8 € C}(R) and

any ¢ € C (R+ X Q , one has

// 8t50+u Vga) dxdtf/ﬁ ™) (0, -) da;
]R+><Q

(iv) u solves the second equation of (3) in the distributional sense: for any 1 € C° (R x Q;R?) such
that div (¢)) =0 and ¢ - n = 0 on 9, one has

// (fpuw')tqlzfpu®u:V1/)+63><pu~1/))dxdt
R+><Q

—l—// Vu: Vi dedt + 2a// w1 doy dt = /mm-wdx, (7)
Ry xQ Ry x0Q Q

where, for two matrices A and B of size k x k, we have denoted by A : B := tr(A : Bt) their
Forbenius product;
(v) the following energy inequality holds true: for amost any ¢ € [0, T[, one has

in|2
/ p(t, ) Ju(t, )2 da:—l—// dxd7+2a// lu|? daj, dT\/|mm‘ dz.
[0t><Q [0,t]x 09 Q P

The solution is said global in time if the previous conditions hold for any T" > 0.

Let us remark that the meaning of satisfying the initial condition of the momentum equation is non
trivial, but well understood by now; see for instance the comments preceding Lemma 2.1 of [20] and
Theorem 2.2 of the same book.

The main result of the present section reads as follows.

Theorem 2.2. Let p'™ € L*°() be a function such that p™ > 0 and satisfying condition (6). Let m™ €
L*(Q;R?) be a vector field such that m™ = 0 on the set {z € Q ’ p(z) =0} and ’mi”f/pi” € LY(Q).

Then, there exists a global in time finite energy weak solution (p,u) of system (3)—(4)—(5) related to
the initial condition (pi",um), in the sense of Definition 2.1.

The proof follows the ones in [24] and [20] for no-slip conditions, with some adjustments. For sake of
completeness, here we will briefly give most of the details of the main changes which have to be performed.
First of all, we are going to prove Theorem 2.2 for a smooth bounded domain Q C R?, and then extend
the result to the unbounded case Q = R?x] — 1,1[ which is of interested for us, by the technique of
invading domains.

Thus, for the time being let us work on some smooth bounded domain @ C R3. We are going to prove
the following result, which is the adaptation of Theorem 2.2 to the domain Q.

Proposition 2.3. Let Q be a bounded smooth domain of R®. Let pi™ € L>(Q) be a function such that
™ > 0 and satisfying condition (6). Let m™ € L*(Q;R3) be a vector field such that m™ =0 on the set
{zeQ]p™(x)=0} and |mi"‘2/pi" e LY(Q).

Then, there exists a global in time finite energy weak solution (p,u) of system (3)—(5) on Ry x @,

supplemented with the boundary conditions (4) at 0Q and related to the initial datum (pi",ui”).

For proving Proposition 2.3, we need a further preliminary reduction. More precisely, we start by
considering the problem of existence of weak solutions for well-behaved data, in the sense specified in the
assumptions of the next lemma.

T Birkhauser
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Lemma 2.4. Let the couple (pi", mi”) be as in Proposition 2.3. Assume moreover that
p" e CHQ), with — p™ = p. >0,

for a suitable positive constant p, € R, and that
mn . . in in
= — verifies div (u ) =0 and (u n)
pln
Then, there exists a global in time finite energy weak solution (p,u) of the system (3)-(4)-(5) over
R, x Q, related to the initial condition (p™™, pi™u'™).

in

0.

10Q —

Proof. For proving the previous result, we use a Galerkin method. So, let us choose a countable set
W= {wi}ieN c{weC=(@Q)|div(w) =0, (w~n)|aQ =0} of smooth functions (see Theorem 10.13 of
[15]), such that W is an orthonormal basis of LZ(Q), orthogonal in Hg ,(Q).

For N € N, denote Wy := span{w ... wy }. Following the method of [24] (see the proof of Theorem

9 therein), for any N € N, we can construct approximate solutions (pN ,ulY ), with

pN € C*(0,Tn]; C1(Q)) and uN(t,z) = ZglN(t) wi(z) € C'([0,Tn]; Wy).

The approximate solutions (pN JulN ) satisfy the transport equation

oipN + div (pMuV) =0, Pﬁ:o = pin

in the sense of D’([O7 Tn] x Q), and the momentum equation projected onto Wy, still in the weak sense:
for any v € Wy, one has

/ (pNatuN—i—pNuN-VuN—l—eg xpNuN) -vdx + / Vul¥ Vo dz + Qa/ uN -vds = 0,

Q Q oQ

together with the initial condition uﬁ[:o = Pyu™, where ds is the surface measure on dQ and Py is the
orthogonal projection from L2 (Q) onto Wiy.

Next, as vV is smooth with respect to the space variable, we can perform energy estimates and derive
an energy inequality similar to the one stated in item (v) of Definition 2.1 for the couple (pN JulY ) This
allows us to extend the solution globally in time, i.e. one has Ty = +oo.

In addition, by using also a priori estimates for smooth solutions of transport equations, we obtain
that the sequence (pN)N is bounded in L*° (R+ X Q) and that (uN)N is bounded in L* (R+; L2 (Q)) N
Ll200 (R+; H&yU(Q)). Those properties allow us to identify a couple (p, u) of limit points in the respective
functional spaces, to which (pN JulY ) converges (up to the extraction of a suitable subsequence) in the
weak-* topologies of the respective spaces: for any T' > 0, we have

o pN = pin L>([0,T); L>(Q)),

o v — win L?([0,T); Hj ,(Q)).

At this point, we can employ Theorem 2.4 of [20] to pass to the limit N — 400 in the equations for
(pN, uN) and deduce that (p, u) is the sought solution. O

Next, let us explain how to approximate a general initial datum (pm,mi”) by well-behaved ones,
with, in addition, good enough convergence properties which allow us to pass to the limit in the weak
formulation of the equations.

Lemma 2.5. Let the couple of initial data (pm,mm) be as in Proposition 2.3.

Then, there exists a sequence (pé",mf;”,uf;")bo of approzimate data such that:

(a) for any & > 0, one has p§* € C*(Q) and § < pi* < Hp“ﬂ’Lm +0;
b) when & — 0T, one has the weak-+ convergence pi* = pi™ in L>°(Q) and strong convergence pi* —
5 5
P in LY (Q), for any 1 < p < 400;
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(c) for any § >0, one has mi" € C(Q;R?), and one has the strong convergence properties
m(s . m

in the limit 6 — 07;
(d) for any 6 >0, one has uf* € C*(Q;R3), with div (u") =0 and

Yo e I2(Q), /p5 uln sodx—/m o

(e) there exists a constant C' > 0 such that, for any § > 0, one has

12
) ) min
/pf;" \uf;"|2 dz < C/ | m| dx.

Q Q P

Proof. We start by considering the density function: for its approximation, it is enough to define pi* =
05 % p™™ 4 &, where (95) 550 is symmetric positive convolution kernel of mass 1 and the symbol * denotes
the convolution with respect to the space variable. Then, it is plain to see that the claimed properties of
(pf;”) 50 are satisfied.

in L*(Q) and mi — m™  in LP(Q) V1< p<2,

Let us now construct an approximation of m®. Since, by assumption, we have m®/y/pi* € L?*(Q),
there exists (see e.g. Corollary 4.23 of [5]) a sequence (w5)5>0 C C2°(Q) such that w; converges strongly

to m™/\/p"™ in L*(Q). Then, define m{* := \/pi* ws. Notice that, for any § > 0, m¥" is smooth and

compactly supported in ). Moreover, using the convergence properties of (wg) and (pf;" the

>0 )6>07

convergence properties claimed for (mg") 50 are easily seen to hold true.

At this point, using the fact that pi > § and Lemma 2.1 of [20], for any § > 0 fixed, there exists a
couple (uj",gs) € C®(Q;R?) x C*°(Q) such that mi"™ = pi"ui™ + Vg5, together with the properties
div (uf;") =0 and (uf;" . n)|8Q =0.

The lemma is thus proved. (I

We can now prove Proposition 2.3 in its full generality.

Proof of Proposition 2.3. Given the initial datum (pi”,mi”), let us take the approximate sequence
(pf;"7 mf;", “fsn)bo provided by Lemma 2.5.

By using Lemma 2.4, for any 6 > 0 we can solve system (3) in Ry x @, with boundary conditions (4)
on 0Q (recall the choice (5) of the parameters), thus producing a global in time weak solution (p(;7 u(;).
Notice that, owing to the properties claimed in items (d)—(e) of Lemma 2.5, the couple (ps, us) is also a
weak solution for the initial data (pi, mi").

In order to complete the proof, we need to show suitable compactness properties for (pg,ua). This
follows from the energy inequality, combined with a uniform bound of the time derivatives of ps and
ug, which can be obtained (in a classical way) by using the equations. Passing to the limit is then a
consequence of Theorem 2.4 of [20]. O

With Proposition 2.3 at hand, we can now prove Theorem 2.2, namely show the existence of global in
time finite energy weak solutions to our system (3)—(4)—(5) in the infinite slab .

Proof of Theorem 2.2. We apply the technique of invading domains. Namely, we write

—+oo

= U Qna

n=1
where, for each n € N\{0}, the domain @,, C € is smooth and bounded, and one has Q,, C Q1. Of
course, such a sequence of domains exists: we can take, for instance, cylinders B,,11x | — 1, 1] of radius
n, where we understand that the corners are smoothed out (here, the symbol B, stands for the ball of
center 0 and radius 7 > 0 in R?).
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Next, for any n > 1, we localise the initial datum (pi",mi") in @, to produce an initial datum
(pir, mi"). For instance, we can fix a cut-off function x € C2°(R?), k radially decreasing, such that r = 1
in a ball of radius 1/4 and s = 0 outside the ball of radius 1/2. Then, for any n € N\{0} and any z;, € R?,
we set kp(zn) = k(zn/n). Therefore, for any x € Q, after writing « = (a3, x3), we can define

o (x) == kn(xn) p" (z) and mit(x) = K, (20p) m™ (z).
It is easy to see that the new couple (pi, mi"
yields the existence of a finite energy weak solution (pn, un), which is defined globally in time. Passing to
the limit for n — 400 in the weak formulation of the equations is not difficult, and is based once again
on a Ascoli-Arzela or Aubin-Lions type argument, which follows after having obtained uniform bounds
on the time derivatives of the solution. We skip the details here and refer to Step 3 in Section 2.4 of [20].
Theorem 2.2 is finally proved. O

) satisfies the assumptions of Proposition 2.3, which thus

To conclude this part, let us make an observation on the sign of the parameter «, appearing in the
boundary conditions (4).

Remark 2.6. In this work we have decided to choose the slip coefficient a@ > 0 due to physical reasons.
However, we remark that the same analysis can be performed in the case a < 0, at least in the case when
one imposes the additional assumption pi* > p. > 0.

As a matter of fact, in this case the negative term

a// |u|? dapdr
[0,t] x0Q

appearing in the energy inequality can be easily controlled. Indeed, the space integral can be estimated by
Il 2 || Vul| 2, thus yielding a uniform bound of the energy in any finite time interval [0, T] (by Gronwall,
the energy may actually grow exponentially in time). The previous arguments then apply, thus yielding
existence of solutions also in the case ae < 0 by following the same strategy.

3. The Fast Rotation Limit: Main Results

In this section, we present the results on the fast rotation limit for system (3)—(4). At the mathematical
level, this corresponds to study the limit of a sequence of solutions (ps, us)g c]o,1) 38 € converges to zero,
under some reasonable assumptions on the initial data.

Notice that system (3)—(4) is characterised by two parameters that depend on e. The first one is £,
which describes the thickness of the domain; recall that ¢, \, 0% for ¢ — 0%. The other parameter is
the slip coefficient a. > 0; in dependence of its order of magnitude relative to ¢, we will obtain different
asymptotics, as presented in Theorems 3.1 and 3.2.

So far, we have not assumed anything on the size of the initial densities; in particular, the previous
statements work for initial densities which are small perturbations around (loosely speaking) generic
reference states. In Theorem 3.3, instead, we present a result on the quasi-homogeneous case, namely on
the case when the initial densities are assumed to be small perturbations of a constant state.

Important notations. Before moving on and presenting our main assumptions and results, let us in-
troduce some useful notations, which we will adopt throughout the rest of the paper.

First of all, for a vector v € R®, with v = (v1,v2,v3), we denote by v, = (v1,v2) its horizontal
component; we will often write v = (vp,v3), implying that v, € R% In the same spirit, for a function
f Qe — R we define

Vif = (01, 02f) and Apf =07 f+05f,

respectively the gradient and Laplace operator with respect to the horizontal derivatives only. Analo-
gously, for a vector field v : . — R3, we define

divy (v) := d1v1 + Dave and curly (v) := O1vg — davy.

) Birkhauser
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Finally, for a function f : Q2. — R as above, we define its vertical average as

_ 1 [t
Vap € R27 f(xh) = Y / f(xh,acg) dxs.
e J—t,

In our arguments, the norms of averaged quantities will play a special role. However, they have not
to be confused with the average of the norms, which are in general larger (by the Jensen inequality) and
naturally arise when averaging the energy inequality appearing in Definition 2.1. Thus, for a function
f = f{t,zp, x3), in what follows we will distinguish between the notations

7]
which represent respectively the norm of the average and the average of the norm. In the latter case, we
will write f(-,-,z3) for the function inside the norm, in order to stress the fact that the norm is taken
with respect to (t,z5) € [0,T] x R?, thus giving a z3-dependent quantity, which is averaged afterwards.

To conclude, we will often have to work with bounded sequences, in order to derive weak convergence

properties. Therefore, we will adopt the following convenient notation: given a normed space X and a
sequence (fs)g C X, we will write (fs)g € X if the sequence is also bounded in X.

L7 (LP(R2)) and 1fC, "x3)HLgF(Lp(R2)),

3.1. Assumptions on the Initial Data

We now fix our assumptions on the initial data (pé", mé"), for any e €]0, 1] fixed.

The initial densities. Regarding the density, we assume that
Pt =Pyt + et with g = pg(an). (8)
In other words, the target initial density profile pi* does not depend on the vertical variables. This is a
quite reasonable assumption, as in this kind of problems one usually assumes the initial density states to

be small perturbations around an “equilibrium”* of the target problem.

We assume that pi* satisfies the following assumptions:

pet € Ci(R?) := C*R*) n W= (R?), with 0 < pf" < p¥, 9)

for a suitable positive constant p* € R. We notice that the previous conditions are fulfilled also in the
case when p" is a constant state, say pi* = 1: this is a very special case, simpler to handle, which will
be the matter of Theorem 3.3. The case when pi® is not constant, instead, is a bit more involved: for
handling it, according to [12] (see also [7]), we will need an additional assumption on pi*; however, this
being of technical nature, we prefer to state it at the end of this subsection.

For the existence theory of weak solutions (recall Definition 2.1 and Theorem 2.2 above), of course we
also need to assume that

Ve €]0,1], 0 < p™ < 2p". (10)
In particular, this requires a sign condition on the density perturbations r‘" and implies that
sup (= | i) < C-
€€]0,1] N

We also need to assume that
1
Ve 6]0, 1], 340. >0 such that — ]l{pm<5 € Ll(QE). (11)
per e
Again, this condition is required for the existence theory, recall (6) above. We point out that other

conditions would be possible, see Chapter 2 of [20], but we limit ourselves to consider the previous one,
for simplicity of exposition.

4The notion of “equilibrium” is much more pertinent in the context of weakly compressible fluids, see e.g. [15], [14], [13].
Here, we simply mean that it is natural to assume that the limit density profile is compatible with the target problem, i.e.
in this case that it does not depend on the vertical variable.
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We still have to specify some uniform hypotheses on the perturbation functions 7i"’s. Recall that we
agree to write (fa)g € X for a sequence (fg)s in a normed space X which is bouned in X. Then, we
assume that

() € L*®(R*) N H *(R%). (12)
€€]0,1]

Thus, there exists a function r§* € L°°(R?*) N H%(R?) such that, up to a suitable extraction of a
subsequence (which we omit here), we have the weak-* convergence

g i LXR)NH R,

Before moving on, we observe that the H~2 condition in (12) is formulated only for simplicity, but it
could actually be dispensed of. We refer to Remark 5.2 for more comments about this.

The initial momenta. Regarding the initial momenta (mé")s7 first of all we assume that all the con-
ditions allowing to prove existence of weak solutions (in the sense of Definition 2.1) are satisfied. So, we

assume that

Ve €]o,1], mi" e L*(Q.),
mi" = on the set {;1: €| pz)= O} ,
min|* fpin € LM(9). (13)

Next, we require that

in c L%(R?). 14
(ms )66]0,1] < ( ) ( )

So, there exists a vector fields m{* € L?(R?), so in particular m&®* = m{*(x},), such that, up to a suitable
extraction (omitted here), in the limit e — 0" one has

min — mi" weakly in  L*(R?).

Uniform bounds for the initial energy. We now need to require that the initial data (pé", mé”)E have
initial energies which are uniformly bounded: such an assumption is fundamental in order to derive,
from the energy inequality (see point (v) of Definition 2.1), uniform bounds for the corresponding family
of weak solutions. Due to the geometry of our problem, it is easy to realise that the only reasonable
conditions to impose must involve vertical averages.

In light of the previous discussion, we assume that there exists a constant C' > 0 such that

sup (|| (/) )

€€]0,1]

’ )gc (15)

L2(R2)

In order to derive uniform bounds for the velocity fields u., avoiding the degeneracy of the densities
close to vacuum, we also need to complement condition (11) with the following hypothesis: we assume
that

I
36 >0 such that ( — T pin<s) ) e L'(R?). (16)
Pe £€10,1]

A non-degeneracy condition. The last assumption rests on the target density profile pi* and is of technical
nature: we require that, if pi* is not constant, then the following condition,

VK ccR? compact, lim £ ({x € K’ |Vhp6" < 5}) =0, (17)

§—0t

must hold true, where we have denoted by £(A) the Lebesgue measure of a set A C R2.
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Roughly speaking, condition (17) means that the reference state pi" is really far from being constant,
at least whenever we look at it in any compact set K of R%2. We also remark that requiring (17) is
equivalent to assume that

VK cCR?*  compact, L ({x eEK ’ Voo = 0}) = 0.

However, (17) really reflects what we will need in our computations, so it is a handier relation for us. We
point out that an analogous requirement was already needed in the 2-D case, see [12] and [7], and was
inspired by a similar condition appearing in [17] (in the context of fast rotating homogenous fluids with
Coriolis force depending on the latitude).

3.2. Statement of the Main Results

In this subsection, we present our main results. The basic observation is that there exist two qualitatively
different regimes, depending on the relative values of the two parameters a. (the strength of the slip
condition at the boundary of the domain €2.) and /. (the thickness of the domain €2.). On the one hand,
when \. := a./f. — X > 0, some non-trivial dynamics is expected in the limit ¢ — 0T, which is
of course purely two dimensional and horizontal. On the other hand, when A\, — o0, the boundary
conditions imply that there is no dynamics in the limit, because, in that instance, the target velocity
profile is forced to be simply 0.

We also remark that, according to the purely 2-D investigations (see again [12] and [7]), in the case
when p{"* is really non-constant (in the sense of assumption (17) above), the target system is, in general,
underdetermined. On the contrary, when pi* is taken constant, say pi* = 1, the limit dynamics becomes
immediately clear and one obtains a fully determined system, which is globally well-posed (see [12] again).
For this reason, we will devote to the case pi® = 1 a separate statement, see Theorem 3.3 below.

This having been pointed out, let us state our main results. We start with the case when p{ is truly
variable and by considering the non-degenerate regime in which A, := «a./¢. > 0 converges to some finite
limit A > 0 when ¢ — 07.

Theorem 3.1. Let (Es)ee]o,l] and (as)ae]&l] be two sequences of positive real numbers such that condition
(2) holds true. Assume also that
IA>0 such that Ae i= % — A when € — 0T,

in)EG 0,1
(pé”)e, assume that conditions (8), (10), (1]1),] (12) are in force, for a non-constant reference density
profile pi* verifying (9) and (17); as for (mé”)s, assume that conditions (13) and (14) hold true. Assume
also that the uniform boundedness properties (15) and (16) are satisfied. For any € €]0, 1], let (pg,ug) be
a global in time finite energy weak solution to system (3)—(4) on Ry x Q., where Q. is defined in (1).
Then, there exist a function o € L™ (R+; H_2(R2)) and a two-dimensional vector field u € L120c (R+;

H'(R?)), with divy,(u) = diva(pi*u) = 0, such that, up to the extraction of a suitable subsequence, we
have, for any fized time T > 0, the following convergence properties:

(a) pz — pi in L>=([0,T] x R?) and pz — pi* in C°([0,T); LE,(K)) for any compact K C R? and

for any 1 < p < 4005

(b) e, — win L2([0,T); H'(R?));

(¢) ue3 — 0 (strong convergence) in L?([0,T]; L*(R?));

(d) 5= — o in L>([0,T]; H~2(R?)).

Take a sequence of initial data (pf:",m satisfying the hypotheses fixed in Sect. 3.1. Namely, for
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In addition, if we set w := curly(u) and n = curly, (pé"u), then there exists a distribution T’ € D’ (R+ XR2)
such that the following equation,

8t(17 —a) + 2w — Ahw + curlh(p%)" VhF) =0
n— O’)lt:O = curl, (mi") — ri".

is satisfied in the weak sense, where r{" = ri*(zy) and m{* = m{*(xy) have been defined in Sect. 3.1.

In the previous statement, given a Banach space X and its dual space X*, the notation C° ([O, T]; X;f,)
denotes the space of functions f : [0,7] — X* which are continuous with respect to the weak topology
of X*: more precisely, one has that, for any ¢ € X, the map t — (f(¢), ¥) xxx is continuous over [0, T].

The case where \. := a./l. diverges, instead, is not really relevant for the investigation of the
asymptotic behaviour of the system. This is explained by the next statement: in that case the velocity
fields wu.’s converge to zero, so no dynamics can be seen in the limit.

Theorem 3.2. Let the assumptions of Theorem 3.1 be in force, but suppose this time that
Ae 1= % — 400 in the limit e—0T.
£
Then, for any T > 0 fized, the convergence properties of the densities stated in item (a) of Theorem
3.1 still holds true; in addition, one has the strong convergence uz — 0 in the space L*([0,T]; L*(R?)).

As already remarked at the beginning of this subsection, the result of Theorem 3.1 is not completely
satisfactory, inasmuch as the limit dynamics is not identified in a clear way. As a matter of fact, the limit
system is underdetermined, because only one equation is derived for the two quantities n (or, equivalently,
w) and o which encode the asymptotic dynamics. We also notice the presence of the “Lagrangian multi-
plier” pi* V,,I' associated to the divergence-free constraint divy, (pé” u) = 0; however, the distribution I'
is not better identified either.

In the case when pi* is constant, say pi® = 1, however, much more precise information on the limit
dynamics can be derived. Of course, this is not surprising: indeed, in the instance p. = 1 + er., the
(singular) Coriolis operator can be decomposed into

1 1
geg,xpguE = gegxuE + e3 X s Ug,

which is a merely O(1) perturbation of the classical homogeneous case (which is treatable in a 3-D
geometry, see e.g. [6], [17]).

The result for pi® = 1 reads as follows. Notice that we limit ourselves to state the result in the case
Ae — A < 400, because, when A = +o00, then the limit dynamics becomes trivial (namely one has

u=0).

Theorem 3.3. Let (65)66]0,11 and (as)se]&l] be two sequences of positive real numbers such that condition
(2) holds true and such that
dJA>0 such that Ae 1= % — A when e — 0t.
€

;n)ee]o,l
(piﬂpé"u?‘), with div (ué") = 0, and such that they satisfy the following hypotheses: for (pé")e, sup-
pose that (8), (10), (11), (12) are in force, where we assume that pi* = 1 and, correspondingly, we
dismiss condition (17); as for (mé”)g, assume that conditions (13) and (14) hold true. Finally, assume
that the uniform boundedness properties (15) and (16) are satisfied. Assume also that there exists a positive

constant C > 0 such that

Take a sequence of initial data (pé",m | such that, for any € €]0,1], one has (pé",mi") =

€

Ve >0, Irin (-, 23) | Fo@ey < € and ||, < C.

For any £ €10,1], let (pe,u.) be a global in time finite energy weak solution to system (3)~(4) on Ry x Q.,
where Q. is defined in (1), related to the initial datum (pi™, mi").

g
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Then, for any e €]0,1], one can write
pe =1 + ere, with re € Cp (Ry; L2(2)) N L (R x €2),
where the notation C stands for the intersection C° N L> and r. solves
Oyre + div (1"6 ue) =0, with (7"5)|t:0 = ri,

in the sense of D' (R4 x Q.). In addition, there exist ro € Cp (Ry; L2(R?)) N L (R4 x R?) and a two-
dimensional vector field w € L*(Ry; L*(R?)), with Dpu € L*(Ry; L2(R?)) and divy(u) = 0, such that,
up to the extraction of a suitable subsequence (not relabelled here), we have the following convergence
properties, for any time T > 0 fized:

o Tz — 1o in L®([0,T] x R?) and 7z — rq in C°([0,T; LE,(K)) for any compact K C R? and for
any 1 < p < +oo;
e U, — u in the space L*([0,T]; H*(R?));
e Uz3 — 0 in L?([0,T; L*(R?)).
Finally, the couple (To,u) satisfies (in the weak sense) the system

Oyro + divy, (ro u) =0
6tu—|—divh(u®u) — Apu 4+ VoIl + rout + 2 u =0 (18)
divp(u) = 0

over Ry x R?, with respect to the initial condition (ro,u) = (r6”7u6") and for a suitable pressure

t=0
function TI.

For the sake of clarity, we recall that the weak formulation of system (18) consists in taking smooth
compactly supported test functions in the equation for ry and, in the equation for u, smooth compactly
supported 2-D vector fields which are, in addition, divergence-free.

The next sections are devoted to the proof of the previous statements. In Sect. 4 we will derive uniform
bounds for the sequence of weak solutions we consider. As Theorems 3.2 and 3.3 are direct consequences
of those uniform bounds, their proofs will be carried out in the next section. The proof of Theorem 3.1,
instead, is much more involved, and it will be the matter of Sect. 5.

4. Uniform Bounds and Consequences

This section is devoted to some preliminaries, which are necessary for proving our asymptotic results.
First of all, from the finite energy condition on each weak solution (p.,u.) and the assumptions on the
initial data, we derive uniform bounds in suitable norms for the whole family (pg, us)s. This is the matter
of Sect. 4.1. Thanks to those uniform bounds, we can extract weak limit points: in Sect. 4.2 we state
some static constraints those limit points have to satisfy. Finally, in Sect 4.3, we complete the proof of
Theorems 3.2 and 3.3, as they are fairly direct consequences of the uniform bounds.

4.1. Consequences of the Finite Energy Condition

Directly from the definition of weak solution, recall Definition 2.1, together with the assumptions imposed
on the initial data in Sect. 3.1, we can deduce the following a priori estimates for the family of weak

solutions (pE , ug) o

Lemma 4.1. Let (,02”, min be a sequence of initial data satisfying the hypotheses fixed in Sect. 3.1,

] )se]o,l] ‘
where p§* may be either constant, say pi* = 1, or non-constant. For any € €10, 1], let (pg, ug) be a global
in time finite energy weak solution to system (3)—(4) on Ry x Q., in the sense of Definition 2.1.
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Then the following uniform estimates hold true: there exists a constant C' > 0 such that, for any
e €]0,1] and almost any time t > 0, one has

=) e 2y < pe(ts s 23) e mey < (8 Co23)|| e,y < Cs
[V < N )0 20 ey < [mis V) ] ) < €
IDRTE 72 2 geyy < 1D 23) 72122y < || (min//p2) (23 ;(Rz) < C,
Og: <||us( 7'»—55)”%3@2(11@2)) + ||Ua('7'7€a)||ig(L2(R2))> < |[(min/\/pim) (-, x3) 2LZ(R2) <

In addition, we have that
(@W)ecjon) € Live(Ri; H'(R?)).

Proof. To begin with, we consider the finite energy inequality satisfied by the family of weak solutions,
see item (v) of Definition 2.1: we have

. < > dapd Du.|” daj, drd
2€/ /Rgp ) |ue(t T, x3+2€/ / ]R2|u| xp, d7 das
zn2
+ %/ / ‘u5’2dxhd7 < / / | dxp, dws .
le Jo Jrexq—t 0} R2 Pé"

Owing to our assumptions on the initial data, see in particular (15), the right-hand side of the previous
inequality is uniformly bounded for € €]0,1]. Hence, we deduce that there exists a constant C' > 0 such
that

2 2
tsel]}iip ||(\/ps us)(ta'7x3)||L2(R2) + ||Du8(""x3)||L§(L2(]R2))
+
+ 0 ey, L)1 + O ey, )1 <c (19)
EE e\’ € L%(LQ(R2)) EE e\l 3 L%(L2(R2)) X .

Of course, the norm of the average is controlled (for instance, by the Jensen inequality) by the average
of the norm, so the second and third inequalities are proved. Observe that the Navier-slip boundary
conditions imply that dsu. 3 = 0, but we cannot infer the vanishing of the mean of the vertical derivatives
of the horizontal components.

Let us now switch to consider the density functions. We notice that p. is transported by the divergence-
free velocity field u,, so, for any p € [1,+00], its L? norm is (formally) preserved for all times. By taking
p = 400 and averaging with respect to the vertical variable, for almost all ¢ > 0 we immediately get

Ve €]0,1], o= (t )||L°°(R2) < (t )||L°°(Q )y = HPe ||Lm Q) S < 2p%,

where we have also used (10). By the same token, employing (16), we see that

< C. (20)

= sup H((l/f)s) 1{p5<5})(t)‘ ey S

s [ ((1/62) Bz ) 0] o) = 50

teR L

To conclude, we have to derive the claimed uniform boundedness of the sequence (tTE)E For this, we
are going to adapt the arguments of [20]; estimate (20) will play a key role.
We start by writing
Ue = u; + ug, with ul = ue Ly >6y, u? = ue Iy, <5y

g
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Owing to (19), we easily see that (uj)e is uniformly bounded in L> (R4 ; L*(IR?)). As for the other term,
for almost any time ¢ > 0 (which we omit from the notation) we can bound

- _
‘Ue T . <5}\//75’u5‘dxhdm3
Lo/
< —1 "y E d
20, <\/p? {psga})( r3) L2(R?) [ (v/P< ue)( $3)||L2(R2) 3

Observing that
1/2

)

L1(R2)

[(Grrwen) oo, =] G rmen) 6o
.,x, = —_— .< '7:1/"
N2ty Al P p. pesO JA S

an application of the Cauchy-Schwarz inequality with respect to the integral in the x3-variable finally

yields
1 le 1 1/2 ‘. 1/2
2
< —1 Rt e Ug )"y LG
LH®2) 2¢ </—€5 ’(,05 {p5<6}> ¢s) LI(R2)> </—€5 H(\/FU )( xd)HLz(Rz))

( H( {p5<5}> (-, x3) e )1/2 ( H(\/piau‘g)("x?’)Hiz(Rg) )1/2

In view of (20) and (19) again, from the previous inequality we infer that, for almost any ¢ > 0, one
has (u2(t)). € Ll(RZ). This fact, together with the uniform bound on the gradients (Dhus)E S
L?(Ry; L*(R?)), finally implies that (w)_ is uniformly bounded in L7, (R ; H'(R?)) (see Appendix
B of [20] for the precise argument).

The lemma is thus completely proved. O

2
€

Ju

Let us now derive some consequences of the uniform bounds stated in Lemma 4.1. First of all, we see
that there exist a density function po = po(t,zn) € L™ (R4 x R?) and a vector field u = u(t,z),) €

L% (Ry; HY(R?)), with u = (u1,u2) two-dimensional, such that, up to an extraction (as usual, omitted

here), one has
p: = po in L®(Ry x R?) and Up — u in LY (Ry; HY(R?)) (21)

in the Imit ¢ — 0". By taking the average of the divergence-free condition div (u.) = 0, which holds in
the sense of distributions, one also discovers that

divp(u) = 0. (22)

As for the vertical components (ug,g)g, for any ¢ €]0, 1], almost any ¢ > 0 and almost any = = (xp,z3) €
). we can compute

ue 3(t, xh, 3) = ue3(t, xn, x3) — ue3(t, Th, — / Osue 3(t, xp, 2) dz
where we have used the boundary conditions (4). From the previous relatlon we deduce that

2 12
|‘us,3(ta'ax3)||L2(R2) < 465 HaSUE,SHLz(Rz) )

which finally implies, owing to the bounds stated in Lemma 4.1, that

2 2 2
Hus,3||L2 (L2(R2)) < ||U('a'a$3)||L2T(L2(R2)) < CfsHDUe('a‘a%)”L%(Lz(RZ)) — 0 (23)

when ¢ — 0%, for any 7' > 0 fixed.
Moreover, after taking the vertical average of the mass equation, we get

0. + divy(pzucn) = 0,
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which holds true in the distributional sense on R, x R?. At this point, it is worth mentioning that, as
each p. is transported by the divergence-free vector field u. and the initial datum p’" satisfies (10), we
get

Ve >0, 0 < p: < 2p%. (24)

Thus, from the equation above, we deduce that the sequence (@E)E is uniformly bounded in the space

L>([0,T); H~*(R?)), where the time T > 0 can be taken arbitrarily large. Using classical arguments (see
e.g. Appendix C of [20] for details), we then find the strong convergence property

7 — po in C°([0,T); LE(K)), (25)

for any fixed time T > 0, any compact set K CC R? and any finite p € [1, 4+o0].

We conclude this part by noticing that, in the case a./¢: — A with A €]0, +o00[, then the a priori
estimates imply the weak convergence of the boundary values of the velocities (us)g.
Lemma 4.2. Assume that o /le — X, for some 0 < X\ < +o00. Then there exist two two-dimensional vector
fields u* = u*(t,xp,), belonging to L? (Ry; L2(R?)), such that, for any T > 0 fized, one has

loc

(-, =) — v~ and  uc(-,-,l) — ut mn LQ([O,T] X RQ).

Proof. Tf 0 < A < 400, for £ > 0 small enough one has a./f. > A/2. Then, fixed any T > 0, inequality
(19) implies

2 2 2C
HU,E(‘,'7_£E)HL2([O7T]XR2) + ||u5(',"ea)HLQ([O,T]XRQ) < T
Up to extracting a suitable subsequence, we then derive the desired convergence. (I

4.2. Constraints on the Limit Points

In this subsection we will use the convergences (21) and (25) to obtain some constrains on the limit points
po and u identified above. We start by recalling the right scaling for the Poincaré and Sobolev inequalities
in thin domains.

Lemma 4.3. There exists a positive constant C > 0 such that, for u. € H'(Q.), one has the following
inequalities:

1 le Lo
/ |ue — TE\Q drpdxs < Cl. / |Du,|? dzp, das
265 7@5 R2 ,gi 2

R
1 [t 1/6 Lt 1/2
—/ luc|® da, das <C | — / / <|u5|2 + |Du5|2> dzp, das .
2&3 —0. R2 265 —0. R2

Proof. Tt is enough to use the change of variables U(z,y,z) := u(x,y,f.z) and recall that, in the set
R?x ] —1,1[, the classical Poincaré and Sobolev inequalities read as follows:

1 1
/ / U -T)” daydz < 0/ / 10.U? day, dz
-1 JR2 -1 JR?
1 1/6 1
(/ / U|6dxhdz> SC(/ / (U|2+|DU|2)dxhdz>
—1JR2 -1 JR2

Performing the change of variables backwards yields the claimed inequalities. O

1/2

From the previous Lemma 4.3, we derive the following direct but fundamental consequence.
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Corollary 4.4. There exists an absolute constant C' > 0 such that the following property holds true. Take
T > 0 and a couple of real numbers (s,p) € [2,+00)%. For any couple of functions f. € Ls([O,T]; LP(QE))
and ue € L*([0,T); H'(Q)), one has

[SIE

(17 )’

1 Feue = Joc]]
L

2
. < o
;ﬁ@ﬁ%(w)) st L (”Duf(’ ’x?’)HLzT(LQ(RQD)

if p < 400, and if p= 400 one has instead

N

| fous — feze]| < CLe ||f]

S s ([,o° D KRR :
L3 12 Lreany (1D 25) 3 name)

In particular, when s = p € [2,4+00], one gets

) < Cfe (”f(ta'7533)||I£g(Lp(R2)))p (HDUe('a'7533)||L2’T(L2(R2))) )

[N

erua - feui(sHL;% (L%(R?‘)

with the same modification as before in the case p = +o0.

Proof. We use the definition of average to write
faus - ETE = feue - fauie

Therefore, an application of the Holder inequality yields

1
2

1
17 = ol gy gy < (Ve eey)” (Tt a) = 00, e

Lp+2

in the case p < 400, whereas for p = +00 one simply has the bound

1

— — 2 B

Hf&ua - fs u5HL2(]R2) < Hf”LOO(QE) (||u(t,~,x3) - u<tv')”L2(R2))

At this point, we conclude by taking the L% norm in time and by an application of the Poincaré
inequality in thin domains, see Lemma 4.3 above. (]

We are now able to deduce some information on the limit points py and w identified in Sect. 4.1.

Proposition 4.5. Let (ps, us) a sequence of finite energy weak solutions to system (3)—(4), each one

celo @ 5
associated with the initial datum (pé", mé”) that satisfies the hypotheses fized in Theorem 3.1. Let py and
u be the two limit points identified in (21) above.

Then, up to the extraction of a subsequence, the following convergence properties hold true: for any
T >0, one has

o D- — po in L>([0,T] x R?) and p; — po in C°([0,T]; LE,(K)) for any compact K C R? and any

finite value of p € [1, +00[;

e Uz, — uin L3([0,T); H'(R?));

e U3 — 0 strongly in L*([0,T]; L*(R?));

o Dotz — pou in L ([0,T]; L*(R?)).
Moreover py and u satisfy the following properties:

divy(u) = divp(pou) = 0 and Vt=0, po(t) = pit, (26)

where pi" is the reference density state introduced in (9).

Proof. The first three convergence properties are quite direct consequences of the energy inequality and
have already been proved, see (21), (25) and (23).

Regarding the fourth convergence property, from the energy inequality we immediately deduce that,
up to an extraction, pztiz,, — k in L ([0, T]; L*(R?)), for some two-dimensional vector field k belonging
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to that space. So, it remains to show that k = pou. For this, applying Corollary 4.4 with f. = p. and
s = p = +o0, we deduce that
1

I ———\ 2
[Peten — Pe Uepllrz 22y < Cllpellig (=(a.)) e (||DUsH%zT(L2(R2))) < Cle,
where we have also used inequality (24) and the bounds of Lemma 4.1. Hence, it is enough to show that
PeUeh — Pou in D' (Ry x R?).

Recall that, for any ball B C R? of center 0 and radius R > 0, the inclusion H}(Bgr) — L?*(Bg) is
compact, in particular L?(Bg) — H~!(Bg) is also compact. Thus, arguing similarly as done to get (25),
we infer the strong convergence of p; towards pg in the space L7, (H’l(BR)), for any 1 < ¢ < 400 and
R > 0. On the other hand, for all test functions ¢ = @(t, z),) belonging to C° (R x R?) and such that
Supp ¢ C [0,T[xBg/s, for some T > 0 and R > 0, one has that (T ¢). € L3 (Hg(Bg)) and it weakly
converges in that space to u¢. Combining these facts together, we finally deduce that p: Tz, — pou
in D' (R4 x R?), which in turn implies that pzwz, — pou in L ([0, T]; L2(R?)), as claimed.

We now move to the proof of (26). Notice that the property divy(u) = 0 has already been proved,
keep in mind relation (22) above. Next, we recall that, for any € > 0, the couple (pg, ug) satisfies equation
(3) in a weak sense: for any test function ¢ = ¢). € C° (]R+ x Q. Rg) such that div (¢)) =0and ¥ -n =0
on 0f)., we have

1
// (—Psue‘aﬂl)—/)sus@)usivl/f-#*63><Psus‘7/1)d$dt
R+XQE g

+// Vue : Vip dedt + 2045// u8~wdxhdt:/ mi™ - 4(0,-) da. (27)
Ry X2, R4 x 09, Qe

Now, given a scalar function ¢ € C° (R+ X RQ), set 1 = (Vﬁ(p, O) and use et in (27): we get

1
i// e X pette - dz dt = %// <p5u€-atw+pgug®us V) — V. : vw) de dt
S R+><QE € R+XQE
g

—agi// Ug - ¥ dxp, dt + mi™ - 4(0,-) do.
£€ R4 x 09, 2€s Qe

Notice that, in view of the uniform bounds of Sect. 4.1, the right-hand side of the previous relation
converges to 0 when € — 0. On the other hand, using the special structure of the test function v =
(Vﬁ(p, O), we gather that

1 -
— // e3 X peue - dedt = // peuéh . V,J;godxh dt
2£E Ry X R+ xR2

= // Peliz h - Vipday dt. (28)
Rt xR2
Taking the limit ¢ — 0% and employing the previous convergence properties, in the end we find
// Lo Up - Vh(p dl’h dt = 0. (29)
Rt xR2

By arbitrariness of the function ¢, we have thus proved the first condition appearing in (26).
To show that also the second condition holds true, we start by recalling that p. solves the first equation
in (3) in the weak sense: for any ¢ = ¢. € C2°(Ry x Q. ), we have

—// p (Opp + ue - Vi) dadt = / P (0, -) da.
R+><QE

Qe
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Choosing now ¢ = @(t,zp) € C® (R+ X Rz) and using again the previous convergence properties to pass
to the limit for ¢ — 07, from the previous relation we deduce

_// (PO Op + pou- V;m) dxp dt = / oo (0, -) day,.
R4 xR2 R2

At this point, we use the previous property (29) to complete the proof. O

With Lemma 4.2 and Proposition 4.5 at hand, we can already complete the asymptotic study in the
situations considered in Theorems 3.2 and 3.3. This is the matter of the next subsection.

4.3. Asymptotics in Some Special Cases

Here we take advantage of the analysis of the previous section to prove the convergence in some special
situations, namely when the quotient ag/¢. diverges to +oc on the one hand, and on the other hand
when the initial reference density p® is constant (say equal to 1).

Those cases are the one treated in Theorems 3.2 and 3.3, respectively; correspondingly, the proofs of
those statements will be carried out in Paragraphs 4.3.1 and 4.3.2 below.

4.3.1. Proof of Theorem 3.2. We start by proving Theorem 3.2. This can be done with the only help of
the uniform estimates of Sect. 4.1.

Proof of Theorem 3.2. The claimed convergences for the density functions follow from Proposition 4.5.
So, it remains only to show the convergence to zero of the vertical average of the velocity fields. We start
by noticing that

uie(ta xh) = 'U/ia(t> wh) - uE(t7 Th, _KE) + ua(t7 Th, _KE)

1 Es z
= — / / Osuc(t, xp, ) dCdz + uc(t, xp, —L:) . (30)
265 /N

Observe that, by the Minkowski inequality (see e.g. Proposition 1.3 of [1]), we can estimate

1 ls z 1 ZS z
o | ewttanoacad) <o [ oo olad) s
eJ—l. J—L, L2(R?) € J—L. —Le L2(R2)
1ot
<26 o0 [ om0l dc
20 J_, f
: L?(R2)
Therefore, applying Jensen’s inequality to this last integral, from (30) we deduce
_ 2 1/2
@) L2gey < 24e (||83u6(t7'7x3)“L2(]R2)) + et s =€)l 2 rey -
After taking the L2-norm in time over the interval [0, T], the energy inequality (19) implies
— 2 1/2 l
el 2oy S e (105l Ty oy )+ N )l oy S e+ o
which converges to zero, because both ¢, and ¢./«. converge to zero by hypothesis. O

4.3.2. Proof of Theorem 3.3. We now turn our attention to the proof of Theorem 3.3, devoted to the
quasi-homogeneous case, i.e. the case when the reference density profile py* equals a constant, say 1 for
simplicity.

Proof of Theorem 3.5. An advantage of assuming that pi® = 1 is that the quantity

L (p.— 1)

re = —
€
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is also transported by the velocity field u., Emely re satisfies dyr. + div (r.ue.) = 0, related to the initial
datum ri" = 71 (pi" —1). By assumption, (ri" )E € L?*(R?)NL>(R?). Following the proof of Proposition
4.5, we thus obtain the following convergence properties, for any 7" > 0 fixed:

o 7z — 1o in L=([0,T] x R%) n L*>([0,T); L*(R?)) and 7z — 7o in C°([0,T; L%, (K)) for any

compact K C R? and for any 1 < p < +o0;

e T-Uzj, — rou in the space L?([0,T] x R?),
for a suitable function 7y belonging to L* (R x R?) N CP (Ry; L2 (R?)). It goes without saying that the
convergence properties for u.’s stated in Lemma 4.2 and Proposition 4.5 still hold true.

It remains to show that the couple (7"07u) solves system (18) in a weak sense. To begin with, recall
that each r. satisfies the equation

T T
/ i (0, ) do + / / reOpp dadt + / / rete - Vo dedt =0
Q. 0 Q. 0 S2e

for any ¢ = ¢. € C([0,T[xQ;), for arbitrary T > 0. Notice that ¢ = ¢/(2(.), for some ¢ €
Cgo([O,T[ XR2), is an admissible test function for the above weak fomulation; using it in the previous
equality, in particular we easily deduce

- T T
/ rin (0, -) day, + / / 7= 0¢¢ dxp, dt + / / Telep - Vi dzy dt = 0. (31)
R2 0 R2 0 R2

Therefore, using the convergence properties of listed at the beginning of the proof and the ones of Lemma
4.2 and Proposition 4.5, one deduces, in the limit for ¢ — 0T, the equality

T T
/ 5" ¢(0,-) dap, + / / ro0r¢ dxp, dt + / / rou - Vp¢ dzy, dt = 0.
R2 0 JR?2 0 JR2

This is exactly the weak formulation associated to the first equation in (18).

We will now pass to the limit in the momentum equation appearing in (3). To do that, we rewrite its
weak formulation (27) in an convenient way. Recall that, in (27), one has ¢ = 1. € C° (R4 x Qo R3),
with div (¢) = 0 and (¢-n)
equation as follows:

9. = 0. Using now the equality p. = 14er., we can rewrite the momentum

1
// (u5~8t1/) — Us @us : V) + —e3 Xu: -1 + e3 xrsusoz/)> dax dt
[0,T]x Q. €

—|—// Vueszdzdt+2ae// Uue - daxy, dt
[0,T]x Qe [0,T]x 8.

:/ Wt (0,) do + e (R, (32)

2e

where the time T > 0 is such that Suppv C [0,T] x Q. and the brackets (,-) denote the duality product
of D' x C2°. The term R, is a small remainder, which will be treated later on and whose explicit expression
reads

(Re,0) = // (7"5 Ue * B + TeUe @ Ug : Vd)) dzdt + / 7‘2" ué" -1(0, ) de.
[0,T)x Q.

€

As done in Sect. 4.2, see relation (27) and below, we are going to use special test functions in (32).
More precisely, fix a smooth ¢ € Cé’o([O,T[ XRz), for some T' > 0, and define ¢ = (V,J;go,O)/(%E).
Remark that these special test functions make the singular part of the Coriolis term vanishing. Indeed,
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using that es X ue = (ué:h7 O) and v does not depend on the vertical variable, we have

1 1 R
f// egxug-%dxdtzf// uih~Vﬁ<pdxhdt
€ JJo,T1x0. e € JJjo,m1xr?

1
= *// Ue,p, - Vi dop dt,
€ JJ[0,T|xR?

div (us) =0 = divy, (uzp) = 0,

which of course vanishes, because

where we averaged the divergence-free condition with respect ot the vertical variable and we used that
the vertical component u. 3 of the velocity field is zero on 9€).. We have thus proved that

1 1 —
7// egxug-idxdt:f// ut, - Virp dop dt = 0. (33)
€ JJjo,T)1xQ. 2(c € JJo,T)xR2 E’

Therefore, with this choice of the test function ¢, Eq. (32) becomes

// . (-@-@dJ — Ug,p DU, 2 Vipty +7”euih'7/fh> dzp, dt
(0,T] xR

o

+ // th: Vptn dop dt + = // Ue p * Yy, day dt
[0,T] xR2 L J Jo, %00,

= / u?}l (0, ) dzp, + & <R5, 21§> . (34)
R2 €

With the convergences stated in the beginning of the proof, we can pass to the limit in any term appearing
in (34), except the following three terms:

//[ _— Ue,p, @ Uep © Vpthy dap, dt (35)
0,7 xR2
% // us,h . wh d{,Ch dt (36)
L ) Jjo, %00,

E<RE, 21§> (37)

We will show how to pass to the limit in the above terms separately.
Let start with (36). Recall that, by assumption, . := a./l: — A > 0. If A > 0, Lemma 4.2 ensures

that
ae // Ue,p + Yp dop dt — )\// (ut 4+ u”) -y dap dt. (38)
L ) Jjo, %00, [0,T] X R2

If A =0, instead, the Holder inequality and Lemma 4.1 impliy
de // Ue,p - Y dop dt
Lo J Jjo, %00,
< CVA NP2 o, rxr2y — 0.
Next, we show that (37) is a remainder, in the sense that it converges to zero when ¢ — 0*. More

precisely, we are going to prove the following estimate:

<Re, ;ﬁ>‘ Se (HathLz([&T]xR?) + 1900, )2 (r2) + HV¢HL°°([0,T]><]R2)> . (39)

« «
<o/ luell L2 o, m1x00.) 1PNz (0, 71xR2)
0.\ L.

£

To prove (39), we recall that 1) does not depend on the third variable to write

R., i = // (m “Oyhn + Te Ug,h @ Ue,h viﬂ/}h) dz dt + / rénuénh “p dzp.
20. [0,T] xR2 R? ’
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First of all, it is easy to see that

2 T
||r€u8“L2([07T]xR2) < e UEJL||%2([07T]XR2) < ”TEH%OO([O,T]><QE)||U8H%2([07T]XQE) <O, (40)
owing to the fact that ||7e|| Lo (o, 77x0.) = [[12"||L=(0.) < C and to the bounds of Lemma 4.1. Similarly,
we have
Mg, IN i in|2
T < Il 02 gy < €. (a1)

Regarding the last term appearing in the definition of R., we can write

Te Ug,h & Ueg h = Te Ueg,h & Ue b + 7 Ue b ® (us,h - ue,h)

from which we deduce that

IlTE Ug,p & uth”Ll([O,T]xRQ) < HTE Ug,h & u55h||L1([O,T]XR2) + ||7e Ue,n @ (us,h - ue,h)‘

LA([0,T]xR2)

N ‘L2([0,T]><]R2) HUE,h||L2([0,T]xR2)

3 1/2 5 1/2
+ Le (”7"6 u5>hl|L2([O,T]><R2)) (HDUE||L2([O,T]><R2)) ’

thanks to the application of the Holder inequality and Corollary 4.4. Using (40) and Lemma 4.1 finally
yields the bound

||7'5 u57h®u5,h|\L1([0’T]XR2) < C. (42)

independent of e. Putting (40), (41) and (42) together, in turn we deduce (39), as claimed.
It remains us to study the convergence of the integral in (35). As before, we write

Ue b & Ue,h = Ueh ® Ue h + Ue, b & (ue,h — Ue h)-

Corollary 4.4 (where we take s = p = 2) and the bounds of Lemma 4.1 imply that

in the limit ¢ — 0F. Therefore, we infer that passing to the limit in (37) is equivalent to passing to the

limit in
// Ug h @ Uep - Vhwh dx;, dt.
[0,T]xR2

. 1/2 1/2
S L. (||Ue,h||L2([o,T]xR2)) (”DUEHiQ([O,T]XR"‘)) — 0

Ue b ® (Us,h - TEh)‘ L1([0,T]xR2)

We now claim that
// Ueph @ Uep - Vo daep dt — / u@u: Vpy doy dt. (43)
[0,T]xR? [0, T]xR2

We postpone the proof of the previous convergence to the end of the argument, see Lemma 4.6 below.
For the time being, let us assume that (43) holds true and let us resume the proof of Theorem 3.3.

What is left is to pass to the limit for ¢ — 0% in system (34). Recall that ¢ = (Vﬁ%O), for some
smooth compactly supported function ¢ depending only on the time and horizontal variables. From the
convergences presented at the beginning of the proof and the ones shown in (43), (38) and (39), we deduce
that, for ¢ — 07, equation (34) converges to

//[ ] 2<fu.3t¢h —u®u:Vpy + rout by + VhUSVhZDh)dxhdt
0,T]xR

+ /\// (u+ + ’U,i) ~pp dxp dt = / u'm (0, ) day, .
[0,7] xR2 R2

Hence, to conclude the proof it remains only to show that u™ = «~ = u. For this, we write

U—u" = U—TUep + Uep — Uep(s—Ce) + uepn(cy,—le) —u™. (44)

) Birkhauser



JMFM Fast Rotating Non-homogeneous Fluids in Thin Domains... Page 25 of 41 83

The convergence (21) and Lemma 4.2 ensure that
u—1ugp — 0 and Ue p(oy ey —le) —u~ — 0 in L?([0,T7; L*(R?)).
For the second term appearing in the right-hand side of (44), instead, we argue as in (30) and get

E_Ua('a'a_ e 26 / / adug y 'y 2 dZ d1'3,

which implies (see the computation in the proof of Theorem 3.2) the bound

||ﬂe - ug(-, ) _Ea)”iQ([O,T]xR?) S g? ||83“6||2L2([0,T]><R2) :

The uniform estimates of Lemma 4.1 then guarantee the convergence to 0 of the previous term, i.e. the
strong convergence of U, — u.(-, -, —f:) — 0 in L?([0,T] x R?).

In the end, we have shown that the right-hand side of (44) weakly converges to zero in L?([0, T] x R?).
This implies that u = u~. The equality u = u™ follows similarly. This concludes the proof of Theorem
3.3, provided we show the convergence property (43). O

We now show the proof of (43): this is the matter of the next lemma.
Lemma 4.6. Under the assumptions of Theorem 3.3, we have
Ush — U strongly in  Li,. (R4 x R?). (45)
In particular, the convergence (43) holds true: for any scalar function ¢ € Cg° (R+ X RQ), after setting
= (Vﬁg@,()), one has
// Ush Uz @ Vaty dopdt — / u®u: Vpty dop, dt
[0,T] xR2 [0,T]xR2

in the limit € — 0%, where the time T > 0 is such that Supp ¢ C [0,T] x R2.

Proof. To prove (45), we apply the same strategy used to prove the L? _ strong convergence of the Galerkin
approximate sequence in the existence proof. In the following, we only sketch the argument, and refer to
the proof of Theorem 2.5 (part 2) in [20].

Let start by introducing the Leray projector in two dimensions, P : L?(R?; R?) — L2 (R?;R?), which
can be define as a Fourier multiplier by the formula

F(Pw) (€) = F(w)(€) —

725 F(w)(§)
€]
for any two-dimensional vector field w in the Schwartz space S(R?), where F denotes the Fourier trans-

form.
Next, we notice that (45) is a consequence of the following fact:

VR >0, it holds // \79(;)5u57h)|2 dzp, dt — / |u|? day, dt, (46)
0,T]xBr [0.7]x Br

where Bg is the ball in R? of center 0 and radius R > 0 and the convergence is taken for ¢ — 0%,
To see that (46) implies (45), recall that divy, (uz,) = 0, so Uz, = P(ue). Hence, by writing uzj, =
P(uzn) = P((p: — €re)ucp ), one can bound

E— N2
// ‘ue,h|2 dxp, dt < // |P(p5u€7h)| dxj, dt
[0.T]xBr [0,T]x Bg

+ 2 / / P (peics) - P(rzucy)| day dt
[0,7]x Br

+ g2 / /[0 - |P(Feuer))? day dt. (47)
2 LXBR
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As P is a bounded operator over L?, from Proposition 4.5 and (40) we infer that

||P(psu5,h)HLQ([O’T]X]R2) g ||p5u57hHL2([O,T]><R2) g C
||P(Tsu57h)HLZ([O,T]X]RQ) g ||T€u€,h||L2([O,T]XR2) < C

Then, convergence (46) and (47) immediately imply that

VYR >0, // |m|2 dzp, dt — // lul* day, dt for e—0".
[0,T]xBr [0,T]xBr

The claimed property (45) is then a consequence of the previous fact and the weak convergence uz;, — u
in L2([0, 7] x R?).

So, let us prove (46). The starting point is again the weak fomulation of the momentum equation
in (3), see relation (27) above. As in the previous proof, take ¢ = (Vﬁnp,O)/(%E), for some smooth
¢ € C([0,T[ xR?), with T > 0. Using the fact that such ) does not depends on the vertical variable
and taking advantage of the cancellation (33), we infer

// 2(_m.aﬂph_m:vhwh‘i‘@'d)h)dxhdt
[0,T]xR

+// Ve : Vatby dop dt + %// Ue - dxp dt = / mi (0, ) day, .
[0,T] xR2 L. [0,T]x 892 RrR2

Notice that in the above equation only divergence-free functions are allowed. We deduce that (8,579 (,oE U, h))
€

is uniformly bounded in L? ([07 T);H* (R2))7 for some s > 0 large enough. Moreover P is a bounded opera-

tor in L?, from which we gather in particular that (73 (pguah)) is uniformly bounded in L> ([0, T]; L*(R?)).

€
These two uniform boundedness properties together imply that, up to the extraction of a suitable subse-

quence, one has
P(pgu&h) — U strongly in C’O([O,T];L?U(RQ)). (48)

Fix now R > 0 and denote by x g the characteristic function of the ball Bg, i.e. the function such that
xr(z) = 1if |2| < R and 0 elsewhere. Let 7,,(-) = n(-/n) n=? a convolution kernel, with n € C2°(B,),
0 < n < 1, n radially symmetric and of integral 1. Then (48) implies that, for any fixed R > 0 and
n € N\0, one has {xgrP(pztc )} *nn — {xru} * 1, in C°([0,T); L*(R?)) when e — 0T, where the
symbol x denotes the convolution with respect to the space variable. This allows us to deduce

// XRP(peus,h) (P(psus,h) *nn) drpdt — / XRU (U*ﬂn) dzy dt (49>
[0,T] X R2 [0,T]xR2

when € — 07, for any fixed R and n.

We now claim that the property (46) follows from the above convergence (49). The proof of this
implication will conclude the proof of Lemma 4.6.

To see that (49) implies (46), we notice that

// XRP(psus,h) 'P(peue,h) dry, dt = // P(XRP(psus,h>) “ Pele p, dap dt. (50)
[0,T]xR? [0,T) xR?
Next, we write the decompositon

Pele h = Al + As + AS + {paue,h}*nna (51)

where we have defined
Ay = Pelle,h, — Pe Ue,h Ay = PelUe,h — {Eus,h} *Nn, Agi= {Eus,h} * Nn — {Peus,h} * M -
In addition, let us denote

Ay = u—uxny,.
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Using (50), (51) and the fact that the Leray projector P commutes with the convolution by 7, we get
the equality

[ (P - ) an
[0,T]x Br

= // ,P(XR'P(pgugyh)) . (Al + As + A3 + A4) day, dt
[0,T]xR2

+ //[o,T}x]R? (XRP(PeUs,h) (?(Peug,h) *%) — XRU (U*Tln)> day, dt .

Owing to (49), the last term of the above inequality converge to zero when ¢ — 07, for any fixed n and
R > 0. Therefore, it remains us to show that

lim limsup limsup
R—+o0 notoo o0+

=0. (52

//[ | P(XrP(PTER) ) - (A + Ao + Ay + Ay) da
0, T|xR

We start by showing that the terms involving A; and Ag converge to zero as € approaches zero. For this,
recall that the family (77 (psugﬁh)) is uniformly bounded in L>°([0,T]; L?(R?)) and that P is a bounded
1>

operator over L2. Hence, we deduce that also (’P (XRP(psus,h)>) is uniformly bounded in the same
€
space. This implies that

], PP ) ) s
[0,T]xR2

S ||,05Us,h

|L2T(L2(R2)) Petic h — Pe e n ‘L:A‘F(L2(R2)) < L,

where we have used Corollary 4.4 and the bounds of Lemma 4.1 in the last inequality. So, those terms
satisfy the convergence property stated in (52).
Next, we consider the term associated to A4: we have

// P(XRP(psue,h)) (u—ux*n,) daydt
[0,T]xR2

which obviously converges to zero when n — +oc.

We are thus left with the term involving As. In [20] (see the proof of Part 2 of Theorem 2.5 therein,
in particular Step 1 of that proof), this is the most difficult term; however, here we have a simplification
at our disposal, namely the fact that p. is very close to 1. Thus, following the idea of [20], we are going
to show that

S ||Psu6,h||L%(L2(R2)) llu— u*nnHLZT(m(RZ)) )

sup < 4(n),

€€10,1]

//[O,T]X]R2 PO{RP(W)) ) (E Uep — {Pe Ui} * 77n) day, dt

for a positive function &(n) verifying d(n) — 0T when n — +o0. Recall that the sequence
(7) (XRP (paue,h))) is uniformly bounded in L* ([0, T]; L?(R?)). Now, using the decomposition p. =
€

1 + er., the bounds of Lemma 4.1 and the ones for (ﬁ)s (recall the beginning of the proof of Theorem
3.3), we see that it is enough to show that

nﬂrfoc 521]10?1] ||m - (m*nn)HHT(m(Rm = 0. (53)

The previous property is quite standard to get. Using Taylor formula, we can write

Uep(t,wn) — (T *mn) (txn) = //[ ] 2Dhm(t7l’h +ozp) - 20 (2n) dzpdo
0,1] xR
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from which we deduce that

1
|}u57h(t) — (uen *nn)(t)||L2(R2) < - //[0 . | Dntzn(t,- +ozn)|l 2 n |20 n(zn) dzndo
A%

1
< ﬁ ||Dhm(t>||L2(R2) H' ! |77HL1(R2)7

where we have also used the fact that the norm of the integral is less than or equal to the integral of
the norm in the first inequality, and the translation invariance of the Lebesgue measure in the second
inequality. At this point, an integration in time and the use of the uniform bounds of Lemma 4.1 yield
the sought property (53).

In the end, we have concluded the proof of the lemma. O

5. Proof of Theorem 3.1

In the present section, we complete the proof of Theorem 3.1, devoted to the general case where the
reference density profile pi® is non-constant. We will borrow most of the arguments from [12], devoted to
the two-dimensional framework. Here, the supplementary difficulty is to handle the 3-D geometry of the
thin domain Q..

5.1. Manipulation of the System

In this subsection we rewrite system (3) in a more convenient way for passing to the limit for ¢ — 0%.
To begin with, we introduce the new quantity

1

Og 1= - (ps - pan)

Of course, the family (05)5 is not uniformly bounded in any sense, but the key (and somehow surprising)
observation is that the family ((TE)E of their vertical averages is uniformly bounded, even though in spaces
of very negative regularity.

To see that this holds true, we seek an equation for .. The starting point is the weak formulation of
the mass equation, which reads

B //JR Q ((pg - Pén) Orp + pete - Vgo) dzdt = /Q (pé" - pf)”) »(0,-) dz,
+3be

€

for any smooth test function ¢ = ¢, € C° (R+ X KTE) Arguing similarly as we have done to get (31),
we find, for any ¢ € C2° (R+ X R2), the relation

- // (507@(,0 + Petich - th/)) dedt = / coin o(0,-) d. (54)
R4 R2 R2

Equality (54) represents an equation for o.: more precisely, it corresponds to the weak formulation of the
equation

9oz + divy(puzn) = 0. (55)

Next, we work on the weak formulation of the momentum equation, recall relation (27) above. In (27),
we now use the special test function 1 = (Vitg,0)/(2(.), where ¢ € C2° (R4 x R?). We notice that

/ min - (0,) de = / V(0. ) do (56)
Qe R2

// pe e - Optp dedt = // Dz Uz py - 8tVﬁcp dxp, dt. (57)
R+ XQE R+><R2
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Similarly, we have
// (fp€u5®u5:V1/1+Vu5:V1/)> dx dt
]R+ X QE

- // ) (—m S ViV + Vilc s th,hp) dzy, dt . (58)
Ry xR

The most interesting terms are the ones associated with the boundary and the Coriolis force. For the
term corresponding to the lower bottom, we have

20 // Ue(+y -, —le) - dap dt = ae // e (-, —Le) - Vibg day, dt. (59)

]R+ xR2 éa R+ xR2
The same computation holds if we replace u.(+,-, —f.) with wu.(-,-, £.), which corresponds to the upper
boundary. As for the Coriolis term, we argue as in (28) to get, with the help of (54), the following equality:

1 1
7// egxpsug-wdxdt:f// Pe Uz p, - Vi day, dt
€ JJr,xa. € JJRr, xR2

= / oin - (0,-)dxp — // -0 dxy dt . (60)
R? R, xR2

We can plug relations (56), (57), (58), (59) and (60) into (27), where we recall that we have taken
¥ = (Vie,0)/(20) as a test function. After few integration by parts, we deduce

// . <— (e — 2) Oup — petle, @ Ue : ViVip + @Ah<ﬂ> dayp, dt
R+ xR

S [t v en)edmat = [ (T -5F) el0.)do, (61
le R, xR2 R2

which holds for any test function ¢ € C° (]R+ X ]RQ) and where we have denoted

7)2” = curly, (mé”h) , Ne := curly, (ps Us,h),
we = curly (us,h) , wf := curly (us_’h(', - :I:&)) . (62)
The integral equality (61) corresponds to the weak formulation of the following equation:
Ot (e — 02) + curlydivy, (psug,h =) ugﬁh) + % (w;r + wQ) — Apwz = 0, (63)
€

related to the initial datum (7: —o2),_, = nin — gin,

We see that equation (63) does not involve any fast time oscillation. It is then a convenient formulation
to study the asymptotics of the original system (3) for ¢ — 0T. Thus, in the sequel we will study the
limit & — 0T for (63), or equivalently for (61).

5.2. Convergence of the Linear Terms in (63)

In this subsection, we treat the convergence of the linear terms appearing in (63). First of all, we need
some uniform bounds for the families (m)E and (FE)E.

Proposition 5.1. Under the assumptions of Theorem 3.1, and with the notation introduced above, we have
that

(). € L®(Ry; H'(R?) and (7). © Lis(Ry; H2(R?)).
In particular, up to a suitable extraction, for any T > 0 fized one has
e — curly (p* u) in L>([0,T]; H ' (R?)) and 5. — o in L>([0,T); H *(R?)),
for a suitable o € LS. (Ry; H2(R?)).

loc
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Proof. By definition, 7; = curly (pguﬁ)7 where (pctuzp). € L™ (R+;L2(R2)) owing to Lemma 4.1.
This implies that (7z). € L* (R+;H _1(R2)) and that there exists 7 in that space such that, up to
subsequence, we have 7j; — 7 in L>°(R,; H~'(R?)). It remains to identify 1 with curly, (piu); but this
is an easy consequence of the properties stated in Proposition 4.5.

We now switch to consider the functions . In view of the previous properties and the assumptions

€

on the initial data, recall in particular (12), to conclude it is enough to show that (6t (oz 7%)> S
€

L. (R+; H‘Q(RQ)) .

In order to prove that property, we bound all the terms appearing in equation (63). First of all, the
energy estimates of Lemma 4.1 imply that (wz) € L?*(Ry; L?(R?)) and that (wF), € L?(Ry; HH(R?)).
Next, consider the term p-ue j, ® e p: by Jensen inequality and (24), we can bound

||P5Us,h @ Ue,h ‘22(]1@) < H (psua,h ® ua,h)('7 -7$3)Hi2(R2) <4 (P*>2 H (ue ® ua)('v ."T3)Hi2(R2)'

We now focus on the term u. ® u.. Recall that the interpolation inequality between LP spaces extend to
thin domain in the following way:

1/2
||f€('7x3)||%4(]]§2) < ||fe('>$3)H%2(R2) ”fs(%l'S)H%e(Ra)

With the help of the previous bound, from the Sobolev inequality of Lemma 4.3 and the Young inequality,
we deduce that

1/2

) 1 3 3 2
H(uf®u5)(""‘r3)HL2(R2) 5 HUE('a'axS)HL“(R?‘) 5 (||U5(',',-T3)||L2(R2) + ||Du8(""x3)”L2(R2))
This, together with the bounds of Lemma 4.1, finally implies that, for any 7" > 0, one has

”psus,h ® ue,hHL%‘(L'z(R;)) < C,
which yields the claimed uniform bound of <8t (Te — ﬁ€)> in L} (Ry; H2(R?)). O

Remark 5.2. Thanks to the chain of embeddings H~!(R?) — H 2?(R?) — Wj"’o(R2) for k > 3,
we see that we could dismiss the H~2 boundedness in assumption (12) on (ri”)s and prove that

((TE)E € kw3 Lis. (R+; W‘km(Rz)). This would be still enough in order to extract a weakly convergent
subsequence and a limit point ¢ belonging to that space. The rest of the proof also would work simi-
larly, with minor modifications (see in particular the statement of Proposition 5.5 and the interpolation
argument in the proof of Proposition 5.6).

With the convergence proved in the previous proposition, in Proposition 4.5 and in Lemma 4.2, we
can pass to the limit in all the linear terms of equation (61). It remains only to show how to pass to the
limit in the nonlinear term, namely in the integral

// Pelieh @ Uep : VhVﬁga day, dt. (64)
R+ xR2

5.3. Convergence of the Convective Term

Here we explain how passing to the limit for ¢ — 0% in the convective term (64). To begin with, we show
that it is actually enough to pass to the limit in the integral

// pén Ue,h @ Ug,p thﬁsﬂ dxp, dt.

]R+ xR2

Proposition 5.3. Under the assumptions of Theorem 3.1, we have the following convergence properties,
in the limit e — 0T :

o for any T > 0 fized, we have ||peue n @ Ue p, — Pz Uzl @ us’h”Ll([O,T]xR?) — 0;
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® DolUsh @Usp — pin Ue p, @ Ue, — 0 in the sense of D'(R+ X Rz).

Proof. We start by writing

Pelle @ Ue — P Ue @ Ug = Pelle @ Us — Pelle @ Ue + PelUs @ Uz — Pe Us O Ue

= Pelle ® (Us 77&) + (us 7“75) & pelec -
Then, an application of Corollary 4.4 with for s = p = 2 yields the estimate

[Pette @ ue — PeUe ® Uel| 11 (0 7y xR2)

5 1/2
S Lel[Duc(s 5 w3) |72 (122

5 1/2 5 1/2
X (H(psus)('a'7503)HL%(L2(R2)) + H(peuis)('a'ax3)||L%(L2(R)) ) .

Using the uniform estimates of Lemma 4.1 and (24), which imply in particular

||(Psfe)(‘7'»I3)||2L2T(L2(R2)) <4 (p)? H@“QL%(W(RQD <6

we deduce that the right-hand side of the previous inequality converges to 0 when ¢ — 07.

For the second point, let us recall that for any compact K C R? with boundary smooth enough and
any time 7" > 0, the density (ﬁ)e is uniformly bounded in L>° ([0, T LP(K)) and (8tE)E is bounded in
L? ([O, TY; HO_S(K)) for s > 0 large enough. Hence, the Aubin-Lions theorem ensures that, up to a suitable
extraction (which we omit here), (,o?)6 converges strongly to p§ in the space C°([0,T]; H(K)), for any
~ > 0. This fact, together with the uniform boundedness of (1TE®1TE)E in the space (- Lt ([O, T} Hl_‘s)
ensures that the difference p; Uz @ Uz — pi* Uz @ Uz converges to 0 when ¢ — 07 in the sense of D’ (R+R2).

O

What it remains is to explain how to pass to the limit in the term
// 6 Uk @ Uz gy : Vi Vo do, dt = — // divy (o Uen, ® Uz ) - Vipdap dt.  (65)
Ry xR2 R4 xR2
To do this, we follow the analogous argument used for the 2-D setting, see Paragraph 5.2.2 of [12]. The

proof is based on a regularization argument which is technical so we will use it only on the term on which
it is essential.
5.3.1. Preliminary Reductions. In order to treat the convergence of the integral in (65), we start by
computing

divy (p" Tep @ Uer) = py' Uen - Valen + (Vapl' - Uen) Ten

1 . 9 ) J— )
_ — T o
=5 PE" Vi ‘us,hl + Pf)n We,h Uz + (Vh[)g) : ua,h) Ue,h

2
1, , —
= §p6" Vi \u57h|2 + curly, (pé" u&h) uj’h + 0., (66)
where we have used the notation introduced in (62) and we have defined
O, = — (vﬁpén 'us,h) Ué:h + (Vhpé)n 'us,h) Ue b -

‘We have the next result.

Lemma 5.4. There exist two distributions I'y and 'y in D’ (R+ X ]R2) such that the following convergence
properties hold true: for any ¢ € C*° (R+ X ]RQ), in the limit ¢ — 0T one has

L — i
//R 3 P Vi Tl Vive dendt — (o' Vil Virg) (67)
+><
/ / 0. - Vig dundt — (poVula, Vi) (68)
R R2
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Proof. The convergence (67) is a simple consequence of the uniform boundedness of (u7),_ in L (R ; L?(R?)).
So, let us focus on (68).
In order to treat the term ©., we need to introduce a cut-off which separates R? into one part where
‘Vpé”’ is small and another where |Vp6"’ is large. To do that, take a smooth non increasing function
b: [0, +00[— [0,1] such that b =1 in [0,1] and b = 0 in [2,+oo[. For any M > 0 and any s € R, we
denote bys(s) := b(Ms).
Then, as by (‘Vh,om|) =0 for |Vhp ‘ > 2/M, for any T > 0 fixed, directly from the definition of ©
we have that
; 1
HbM(WhPB"D O. 2T(L2(R2)) < e

S [Joar (9t ]) Vi

(69)

LL(L1(R2)) L ([0,T] xR2)

When |Vhp ’ > 0, instead, the set {Vhpo ,Vh o8 } forms an orthogonal basis of R2. In particular,
any vector v € R? can be rewritten as
v in ) vJ_ in
Shall (o v T
Vol Vo
Using this idea for @ ; and ué—h, simple computations and special cancellations (we refer to Step 3 in
[12] and Sect. 4.4 in [7] for details) show that

(1 —bar (|Vapt]) ) O

Using this equality, we can bound

(70)

1 — by (|Vhp6"’) ((

i 2 . 2 .
: v in + Vl i ) \V/ in
|Vh06"|2 hPo E,h) ( h Po a,h) hPo

(1= (IVieir]) )

Lip (L' (R2))

2
||Ue,h||L2T(L2(R2)) < O,

Lo ([0,T] xR?)

where the multiplicative constant C' > 0 is independent of ¢ €]0,1] and M > 0. By a diagonal argument,

there exists a subsequence in € (not relabelled here) and a sequence M = M., diverging to +oo, such

that

1= b, (V)
’Vhpf)"’
in the weak-x topology of the space M ([0,7] x RQ) of finite Randon mesures on [0, 7] x R2.
Therefore, using also the equality V,pi" - Virp = divy (p V,J;go), we deduce that

T
// (1~ bar (|Vnoi]) ) ©: - Vi dap
R2
/ / 1-— bM |vhp0 D ((Vhpf)n . U/E,h) (VLpzn u57h) ) leh (p vh (p) d.fL'h dt
R2 ’v pzn‘

— (poVil'2,9),

where the time 7' > 0 is such that Supp ¢ C [0, 7] x R2. The claimed limit (68) then follows from (69)
and the above convergence. O

((Vhpén '@)2 + (Vﬁpf)" 'ue,h)z) STy

We are thus left with the most difficult term, namely

// curl, (" =) E Vipday, dt. (71)
R, R2 ’

To deal with this term, we first need to apply a regularisation procedure: this is the scope of the next
paragraph.
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5.3.2. High Frequencies Cut-off. In this section we introduce a high frequency cut-off, that allows us to
regularise functions in the space variables. For this, fix x € C2°(B3), where we recall that Br denotes
the ball of center 0 and radius R > 0 in R?, with ¥ = 1 in an open neighborhood of B;, x radially
symmetric and such that, for any e € S* (with S being the unit sphere of R?), the map r — x(re) is a
non increasing function for r € R...

For any tempered distribution f € S§'(R?) and for any M € N, we define

Sulf] = F 7 (x @M ¢) FN(E©).

where F and F~! are the Fourier transform in R? and its inverse operator, respectively. Many properties
of the above cut-off operator Sp; can be found in Chapter 2 of [1] (see also the Appendices of [12] and

[7])-
Correspondingly to Sy, we introduce also the following notation: for any function f. over Ry x Q,
we denote

Tonr = Su| T2

From now on, functions indexed with M are smooth in the space variable. Moreover, the following
properties hold true.

Proposition 5.5. For any fized time T > 0, we have:

Vs> 2, sup [0z — el poe (s (r2y) — 0 as M — +oo
=€]0,1] .

Vs>1, S1]1p]||mM—m||L%o(H,S(R2)) — 0 as M — +o00.
€€]0,1

Moreover, the couple (02,7 py) Salisfies the wave system
€at0'75M + dth (KM) =0
eOmepy + divy (Vens) = € fenrs

where we have defined V. := p.ucp (so that Vopy = Swr[petzn)) and where the family (EM)E.M
satisfies the following bounds: for any s >0, any T > 0 and any M € N, there exists a positive constant
C =C(s,T,M), only depending on the quantities in the brackets, such that

€€

Sl]l()pl] ||EM||L%(H‘(R)) < O(SaTa M)

Proof. The proof of the first part of the proposition is an immediate consequence of the uniform bounds
stated in Proposition 5.1.
On the other hand, the fact that (oz,7,7z,,) satisfies the wave system is a consequence of relations

(55) and (63), after noticing that Sy; commutes with derivatives and after defining f.,, := Sy {E} , with

_ ) o _ _
foi=— (curlhdlvh (Petie p @ Uep) + 76 (wj + W )) + Apw;.
13

The last estimate stated in the proposition is a consequence of Lemma 4.1 and the boundedness
properties of operator Sy, in Lebesgue and Sobolev spaces. O

Next, we need the following result.
Proposition 5.6. The two-dimensional vector field V., = Sy [Pz Uzn) can be rewritten as

Vit = o8 Ty + Henr + €7 Gt + Lo G, (72)
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for some suitable 6 €]0,1[ and smooth functions He ar, Ceom and Ge ar. In addition, for any T > 0, any
k € N and any M € N, one has

Sl]lopl] ( HGE,MHL%(Hk(]W)) + ||Cs,MHL2T(Wk,oo(Rz)) ) < C(k,T,M),
ee |0,

521]10131] IHe arll 12 (11 (m2y) < CT PG [[yyaee) 27

for suitable positive constants depending only on the quantities appearing in the brackets.

Proof. Starting from the definition of V, for any 6 €0, 1] we can write
Vorr = Su[petien) = Sm [petcn] + Su {,Og (ue,n —m)}
= Su [Pf}n m] + e Sur {pggepﬁ)” Ueh:| + Su [ps (us,h —m)} ;
whence the decomposition (72) follows after defining
H. o= Su [p6 Uen] — P Su [Uzn)

in
CE,M = SM |:p559p0 us,h:| and GE,M = 65_1 SM |:p5 (us,h _m)} .

We now need to estimate the previous terms in suitable norms. First of all, from standard commutator
estimates (see e.g. Lemma A.7 of [12]) and Lemma 4.1, we have that

sup (| Henllpz (rorey < 27 ||V HLOO(]R2

S 2(L2(R2)) -

The estimate for the gradient Vj H, ps is analogous, so let us switch directly to the control of (. .
To begin with, using® the embeddings L>°(R?) — B, . (R?) and (in dimension d = 2, for any s € R)
H*(R?) — B2, L (R?), an interpolation argument allows us to write

—_ mn —_— in 0
Pz — Po < (5= iny (1= Pe — Po
P _ro < |z = i) |1 = re— 7o
‘ N S o) e = 6o o oy | L (B=Pao (B2))
< o= —p HLoo Lo @2y 1022 (rr-2(ray) -

Notice that the right-hand side of the previous inequality is uniformly bounded, owing to the bounds of
Lemma 4.1. On the other hand, for v €]0,1[ one has

¥
T(H'(R?))”

1— R
||u5’h||L%(H~,(R2)) < ||Us,hHL%:(YL2(R2)) | )

which is again uniformly bounded by a constant C' = C(T) > 0, in view of Lemma 4.1. Then, using the

previous interpolation inequalities and product laws in Besov spaces (see e.g. Theorems 2.82 and 2.85 of

[1]) we get, for v — 360 > 0, the bound

pe — Py’
20

Pz — Py

Ue,p
g0

5 ‘

HuE,hH 2 2y C,
L3 (B () cpy T )

which in turn yields® the claimed estimate for the Ce, M term.

5Here, the notation By, = B;J.(]RQ) stands for the non-homogeneous Besov space of regularity index s € R integrability
index p € [1, +0c0] and summation index r € [1, +00] over R2. We refer to Chapter 2 of [1] for basic definitions and properties
of these spaces. Here we only recall that, for any s € R, H® = B3 , and that, for any k € N, one has B — Wk, Bk

00,00 "

6Here, we also use that, for any s € R, any p,r € [1,+oc] and any § > 0, one has the embedding B e B;ﬁlé.
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We conclude with the estimates on G. »;. Notice that

2 T L 2
- —Ten) d day, dt
‘ L3.(L2(R?)) /O/R /zsp e (uep — o) drs T,
1 /7 e ,
i / // |pe|” |uen — T p|” daxdt
e JO R2 —0.

2
Cle ”pE”LM([O,T]xQE) HVUE(""x3)||L2T(L2(]R2))7

——— 1
Pe (Ua,h - m) ’ o0

N

N

where, in the last step, we have used Lemma 4.3. From the above inequality and the a priori bounds of
Lemma 4.1, we deduce the claimed estimates for G as.
This completes the proof of the proposition. O

5.3.3. Convergence of the Term (71). After this preparation, we can now tackle the convergence of the
integral (71).

Proposition 5.7. There exists a distribution I's € D’ (RJr X RQ) such that, for any p € C° (R+ X RQ), n
the limit e — 07 one has the convergence

// curly, (p(i)” u57h) uéh - Vﬁgp dzp dt — <p(’:)"Vth7 Vﬁ@.
R4 xR2

To prove the above statement, we start by noticing that it is actually enough to pass to the limit for
the regularised solutions.

Lemma 5.8. For any ¢ € C° (R+ X R2), we have

lim lim sup ‘ //R o curly, (pén Us,h) uéh . Vﬁcpd:rh dt
+ X

M—oo . _ o+

- // curlh(pén uEth) u&hj\‘/l . Vﬁgp dxy, dt‘ =0.
R+XR2

Proof of Lemma 5.8. Let us write

in ——\ o L 1L in—— \ —L 1
curly, (pf)" us’h) uzy, Vi ¢ — curly (p@"ug,hM) Usqr - V@

1
in—\ (— 1L P A— S— 1L
= curly, (pé"uah) (Ue,h — u&hM) - Vi —curly, (pf)” (Us,h U‘EJL]\/[) )ufahM Ve

The result then follows from this equality and with the estimates

sup sup |[ue < C and ||u: —7ue < C2M | 7
MéNe€]0.1] I M||L2T(H1(R2)) [ M||L%‘F(L2(Rz)) [ ||L%‘F(H1(Rz))
which hold true owing to the bounds of Lemma 4.1 and the properties of the operator Sy,. O

We are now able to show Proposition 5.7.

Proof of Proposition 5.7. We will show that there exists a measure

L e () M([0,T] x R?),

T>0
which does not charge the set {V;,pj" = 0}, such that
lim // curly, (pf" Wz p) E Viedz,dt = (T, Lpé” Vip ). (73)
e—0" JJR, xR2 ’ Vhpf)”‘

Indeed, this property implies Proposition 5.7 by denoting I's := f/ [Vhpol.
From Lemma 5.8, we already know that we can work with the regularised velocity fields wgj,. For
notational convenience, from now on we denote with o(M) a function that depends on M, such that
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limps o0 o(M) = 0. At this point, fixed M € N, we will prove that there exisxts a smooth function fM
over R, x R? such that

lim
e—0t

= o(M).  (T4)

PR e— —_— 'S Vi i
// (curlh (po uath) ug,hﬁ . Vﬁgp — 'y p?n . V,fgp) dzy, dt
Ry xR2 Whpo |

For proving the previous property, we resort to the cut-off by, introduced in the proof of Lemma 5.4.
Then, we can decompose

Ber = cwrly (p0" Uz p ) Uenny = bar (|Varl']) Bens + (1 — b (|Vrph?|) ) Bent

Similarly to what done before for (69), the first term on the right-hand side is of order o(M) in L.
Indeed, for any 7' > 0 and any R > 0 fixed, we can estimate

106" .o oy 1Tenllg o oy 1@enellLg zogge)

x (£ ({zeBr| [Vair| < 2/M}>)1/4
= o(M), (75)

HbM (|Vhp%>n’) ﬂE’MHLlT(Ll(BR)) S

where we have also used the uniform estimates of Lemma 4.1 and assumption (17). Next, using again
decomposition (70) on the support of 1 — by (|Vapl|), we can write

(1= b (190i)) ) B
_ L=t ([Viart'|)
‘Vhpf)" ?

L= by (i)
|Vh,06" ?

(Beans - Vipi") Vapg® + (Ber - Virog) Vigpg" - (76)

Regarding the first term appearing on the right of the previous relation, we notice that, for any 7" > 0
fixed, one has

Vi

(Bert - Vinpg") < 108" o g2y Tendll7z ey < C5 (77)

L (L2(R2))

with C' > 0 independent of M € N and ¢ €]0,1], due to Lemma 4.1. Then, for any M > 0 fixed, up to
subsequence in ¢ €]0, 1], we have

1= bu (| Vet

Vol
as € converges to zero. Let us notice that estimate (77) is independent of M € N. Hence, by choosing
a diagonal subsequence, there exists a subsequence of ¢ €]0,1] (which we do not relabel) such that

convergence (78) holds for any M € N. In addition, using again that (77) is uniform in M € N, up to
extraction (in M) we have

(Ben - Vipi?) = T in M([0,T] x R?) (78)

VT>0, Ty —T in  M([0,T] x R?). (79)

Notice however that convergences (78) and (79) are not enough to prove our result. As a matter of fact,
in the integral

1—b \v4 in ) )
i w (V0r8'l) (5 ) Vgl - Vi o,
R4 xR2 ’Vhpf)"

the function

\V4 in
PO o is not continuous, (80)
[Vaoi?|
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so the weak-* convergence does not apply to pass to the limit. To tackle this difficulty, we now show that
the measures

1—ba (| Vi , ~

do not charge the set where the function (80) is not continuous, namely the points of the support of ¢
such that }Vhpfﬂ = 0. For proving this property, let ' > 0 and R > 0 such that Supp¢ C [0,7] x Bg,
and let j € N be a big parameter. Then, similarly to (75), one has

1—bum (|Vhp(i)n|)

|Vhpg” (B - Vh/’f)n) b; (‘Vh/’f)n )

Li-(LY(Br))

. 1/4
< [@emllpz ey 1Tenllpz os ey (5 ({30 € Br ‘ [Vrpg'| < 2/j}>) :

which converges to zero as j — 400, uniformly both in € and M. This implies that no concentration
occurs where |V,pf"| = 0. If this is expected, owing to the support of the function 1 — bas (|V5pf"|),
the important point is that the same property is inherited by the measures fM, due to the lower-
semicontinuity of the weak-* convergence. With this observation and the convergences (78) and (79) we
infer that, up to suitable extractions, we have

MEIEOO EliglJr /[[{Jr xR2 |Vhp6n|2 (BE,M . Vhpo ) Vhpo | Vh wdzh «

= ingn-vw . (81)
Vhpo}

To complete the proof, we have to handle the second term on the right-hand side of (76). We are going
to show that

1—bar (|Vapir . »
limsup// M (}‘ ”2’)0 ) (Bert - Vi ph") Vispl - Vi day dt = o(M). (82)
e—0+ R xR2 |Vhp6”|

Notice that, owing to the divergence-free condition on g ;;, we can write

curly, (pén u&hM) uE,hﬁ . Vﬁpé" = curly, (pf)” uath) divy, (pf)" u&hM) .
From decomposition (72) in Proposition 5.6, we then deduce that

lim sup lewrly (pg" @ pag) Temiy - Vic o' = Tear v (Venr) s g2y < €27
e—0

for any compact K C R?, where we recall that 7z, = curlh(Vah M). Now, using the wave system written
in Proposition 5.5, we gather

Tens divie(Vonyy) = Tear€0i0en = (Teas — Oenr) €0Tens + €0 [Ten|” /2.
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The second term in the right-hand side of the last equality is obviously small, once we integrate by parts
with respect to time. For the first term appearing therein, instead, we have

1—-90 \V4 in .
//R 2 |$ (|mh2p0 D (Terr — Oenr) €00 Vipit - Vit dary, dt
+X hrPo

1—bar (|Vapir ,
= —e// e () n )&e(mM—U?M)aiMVhps”dexhdt
Ry xR2 |Vhoi|

_ 5// - (|.Vh2po ) (Tenr = Tenr) Tens Vapy' - Vadip day, dt
Ry xR2 |

Vol
_ 5/ - (} thO D (nénM — UénM> oy Vipg' - Vie(0,-) day, .
R? Vrog'|

By using Proposition 5.5 again, we deduce that all the terms on the right of the previous equality converge
to 0 when € — 07 for any fixed M. Thus, we have finally proved (82).

In the end, convergence (73) is a consequence of Lemma 5.8 and relations (81) and (82). The proof of
the proposition is completed. 0

5.3.4. The Convective Term: conclusions. To resume, we have proved the following result about the
convergence of the convective term (64).

Corollary 5.9. There exists a distribution T' € D’ (R+ X Rg) such that, up to the extraction of a subse-
quence, for any test function p € C° (R+ X RQ), in the limit € — 07 one has

// Pelle,h @ Ug p thfﬂﬂ dzp dt — <06n VI, vf;<ﬂ>
R+ xR2

Proof. The proof is a consequence of the previous few sections. So let us resume the main steps.
Proposition 5.3 ensures that the convergence of (64) reduces to the one of (65). At this point, we

can use equality (66), Lemma 5.4 and Proposition 5.7. Then, to prove the result it is enough to set

FZ:—(F1+F2+F3). U

5.4. Passage to the Limit

In this section, we conclude the proof of Theorem 3.1 by showing how to pass to the limit in (61), namely
in the equation

// . (— (e — 32) Op — petic.pn @ Uepy : Vi Vi + LTEAMP) dzyp, dt
Ry xR

o SN —
— f // (w;r + w;) pdzy dt = / (77;" — Jgn) (0, ) day, ,
e R4 xR2 R2

where ¢ € C° (R+ X ]RQ) is a test function. Recall that, by assumption, a./f. — X\ > 0.
In the case A > 0, convergence (21), Lemma 4.2, Proposition 5.1 and Corollary 5.9 ensure that the
above equality converges, as € — 07, to

— // (curlh(pén u) —E) Oppday, dt — (pi VhF,V;JL'<,0> + // w Appdry, dt
]R+ xR2 R+XR2

- A // (wh + w7) pdz,dt = / (curlh(mg’) — ré") »(0,-)dxp,
R4 xR2 R2

where r{" and m{* have been introduced in Sect. 3.1 and where we have set w := curl,(u) and w* :=
curly, (ui). Then, Theorem 3.1 is proved if we are able to identify u, obtained as the weak limit of (m)
with u™ and u~ defined in Lemma 4.2.

E?
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To do that, notice that
u—u" = (u—Tzp) + (Uen —uen(,—Le)) + (uen(,, —Le) —u™). (83)
The convergence (21) and Lemma 4.2 together ensure that
u—Ttzp; — 0 and  ucp(,—l)—uT — 0 in  Lj, (Ry; L*(R?)).

As for the remaining term, we can argue as done in (30) to get

— 2 2
e = e (s L3 oy < C L 1105ue (e 75) 35 12gany) -

which of course converges to 0 when ¢ — 0, owing to the bounds of Lemma 4.1. We have thus shown
that the right-hand side of (83) converges weakly to zero in L?([0, 7] x R?), for any T > 0. This implies
that @ = ™. The equality © = u™ follows similarly.

To conclude, let us consider the case A = 0. The only convergence which changes with respect to the
case A > 0 is the one of the term

Qe // (w;r + w;) pdrpdt = — Qe // (ua(-,-,+€€) + ug(.’.’_ga)) -Vﬁgodxh dt.
le R xR2 L R, xR2

We have to show that the above integral converges to zero. However, this is a straightforward consequence
of the uniform estimates of Lemma 4.1, which allow us to bound

Qe // (us(.,.,+€5) + us(ey ey *gs)) 'V#Sﬁdxh dt
ZE R+XR2

a (67
< 7: HU5<~,~,+££) + UE('7'7_€€)||L%(L2(R2)) HVMPHL%(Lz(RQ)) < C 757

le
which converges to zero as, by assumption, a./f. — X =0 when ¢ — 0.
Theorem 3.1 is now completely proved.
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