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Abstract

In the present paper, we study the fast rotation limit for the density-dependent incompressible Euler
equations in two space dimensions with the presence of the Coriolis force. In the case when the initial
densities are small perturbation of a constant profile, we show the convergence of solutions towards the
solutions of a quasi-homogeneous incompressible Euler system. The proof relies on a combination of
uniform estimates in high regularity norms with a compensated compactness argument for passing to the
limit. This technique allows us to treat the case of ill-prepared initial data.
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1 Introduction

In this paper, we are interested in describing the evolution of the density and the velocity field of a fluid
in a rotational framework. The density o = o(t, x) is a scalar function belonging to Ry and u = u(¢, x)
represents the velocity field of the fluid on R2. The choice of the R? plane is motivated by the fact that
the 2-D setting is relevant for fluids in a fast rotation regime, like currents in the oceans under the Earth’s
rotational effects. Indeed, the motion of a 3-D highly rotating fluid is, in a first approximation, planar:
this property is the so-called Taylor-Proudamn theorem (see Chapter 7 of [I3], Chapter 2 of [38] and
Chapter 2 of [42] for details in this respect). Then, the mathematical model we are going to consider,
describes the dynamics of flows on large scales which occurs in nature (i.e. the so-called geophysical
flows). In our model we keep three characteristics which are relevant from the physical side: the fluid is
supposed to be non-homogeneous (we deal with variations of the density), incompressible (the volumes
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are preserved along the motion) and inviscid (the viscosity effects are neglected). Therefore, the system
describing the 2-D evolution of the fluid, reads

0o+ div (ou) =0
(1.1) I (ou) +div (ou ® u) + gzout + VP =0
divu =0

in the domain Q = R2.

The pressure term VP, where P = P(t,z) € R, represents the Lagrangian multiplier associated to
the divergence-free constraint on the velocity field. In addition, the rotational effects (due to the rotation
of the Earth) are translated in the system (I by the presence of the Coriolis force % out, where
ut := (—ug,u;) is the rotation of angle 7/2 of the velocity field u = (u1, uz). This simple form for the
Coriolis term is a physically well-justified approximation of that force at mid-latitudes: we consider the
motion far from the poles and far from the equator (see again Chapter 7 of [I3], Chapter 1 of [38] and
Chapter 2 of [42] for useful insight). Finally, the adimensional number fRo in () is the so-called Rossby
number. It represents the inverse of the rotation speed: choosing the Rossby number small will mean
considering fast rotational effects in the dynamics. Specifically, we introduce the following scaling: given
e €10, 1] we take

(1.2) Ro =e.

The main scope of our analysis will be to study the asymptotic behaviour of the system (I]) when & — 0.
We refer to [9] for an overview of the broad literature in the context of homogeneous rotating fluids (see
[1] and [2] for the pioneering studies).

Similar problems to the one presented in ([LT]) have been studied by several authors, who in different
ways inspected the well-posedness issues and the asymptotic analysis of models for geophysical flows.
For example, in the context of compressible fluids, we refer to [7], [29], [32] for the first works on 2-D
viscous shallow water models (see also [I7], [19], [20] for the inviscid case), to [22], [23], [26], [27] for the
barotropic Navier-Stokes system and to [37] for weakly compressible and inviscid fluids (see also [25] for
other singular limits in thermodynamics of viscous fluids). In the compressible case, the fact that the
pressure is a given function of the density implies a double advantage in the analysis: on the one hand,
one can recover good uniform bounds for the oscillations (from the reference state) of the density; on
the other hand, at the limit, one disposes of a stream-function relation between the densities and the
velocities.

On the contrary, although the incompressibility condition is physically well-justified for the geophysical
fluids, only few studies tackle this case. We refer to [2I], in which Fanelli and Gallagher have studied
the fast rotation limit for viscous incompressible fluids with variable density. In the case when the initial
density is a small perturbation of a constant state (the so-called slightly non-homogeneous case), they
proved convergence to the quasi-homogeneous type system. Instead, for general non-homogeneous fluids
(the so-called fully non-homogeneous case), they have showed that the limit dynamics is described in
terms of the vorticity and the density oscillation function, since they lack enough regularity to prove
convergence on the momentum equation itself (see more details below).

We have also to mention [I1], where the authors rigorously prove the convergence of the ideal mag-
netohydrodynamics (MHD) equations towards a quasi-homogeneous type system (see also [10] in this
respect). Their method relies on a relative entropy inequality for the primitive system that allows to treat
also the inviscid limit but requires well-prepared initial data.

In the present paper, we tackle the asymptotic analysis (for ¢ — 0) in the case of density-dependent
Euler system in the slightly non-homogeneous context, i.e. when the initial density is a small perturbation
of order € of a constant profile (say o = 1). These small perturbations around a constant reference state
are physically justified by the so-called Boussinesq approzimation (see e.g. Chapter 3 of [13] or Chapter 1



of [36] in this respect). As a matter of fact, since the constant state g = 1 is transported by a divergence-
free vector field, the density can be written as 9. = 1 + eR. at any time (provided this is true at ¢ = 0),
where one can state good uniform bounds on R.. We also point out that in the momentum equation of
(CI), with the scaling introduced in (I2)), the Coriolis term can be rewritten as

1 1
(1.3) “o.ut = —ul + Roul.
5 €

We notice that, thanks to the incompressibility condition, the former term on the right-hand side of (L3)
is actually a gradient: it can be “absorbed” into the pressure term, which must scale as 1/e. In fact,
the only force that can compensate the effect of fast rotation in system (ILI)) is, at geophysical scale, the
pressure term: i.e. we can write VP, = (1/¢) VIL..

Let us point out that the fully non-homogeneous case (where the initial density is a perturbation
of an arbitrary state) is out of our study. This case is more involved and new technical troubles arise
in the well-posedness analysis and in the asymptotic inspection. Indeed, as already highlighted in [21]
for the Navier-Stokes-Coriolis system, the limit dynamics is described by an underdetermined system
which mixes the vorticity and the density fluctuations. In order to depict the full limit dynamics (where
the limit density variations and the limit velocities are decoupled), one had to assume stronger a priori
bounds than the ones which could be obtained by classical energy estimates. Nonetheless, the higher
regularity involved is not propagated uniformly in € in general, due to the presence of the Coriolis term.
In particular, the structure of the Coriolis term is more complicated than the one in (3] above, since
one has g. = ¢+ 0. (with o.’s the fluctuations), if at the initial time we assume g = @+ Ry, where
0 represents the arbitrary reference state. At this point, if one plugs the previous decomposition of g. in
(C3), a term of the form (1/¢)pu’ appears: this term is a source of troubles in order to propagate the
H? estimates.

Equivalently, if one ties to divide the momentum equation in (1)) by the density o., then the previous
issue is only translated on the analysis of the pressure term, which becomes 1/(eg.) VII..

In light of all the foregoing discussion, let us now point out the main difficulties arising in our work.

First of all, our model is an inviscid and hyperbolic type system for which we can expect no smoothing
effects and no gain of regularity. For that reason, it is natural to look at equations in (I.I)) in a regular
framework like the H® spaces with s > 2. The Sobolev spaces H*(R?), for s > 2, are in fact embedded
in the space W1 of globally Lipschitz functions: this is a minimal requirement to preserve the initial
regularity (see e.g. Chapter 3 of [4] and also [I5], [16] for a broad discussion on this topic). As a
matter of fact, all the Besov spaces B;,T(Rd) which are embedded in W1>°(R9), a fact that occurs for
(s,p,7) € R x [1,+00]? such that

(1.4) S>1+é or s:1+é and r=1,

b b
are good candidates for the well-posedness analysis. However, the choice of working in H* = B3, is
dictated by the presence of the Coriolis force: we will deeply exploit the antisymmetry of this singular
term.

Moreover, the fluid is assumed to be incompressible, so that the pressure term is just a Lagrangian
multiplier and does not give any information on the density, unlike in the compressible case. In addition,
due to the non-homogeneity, the analysis of the gradient of the pressure term is much more involved since
we have to deal with an elliptic equation with non-constant coefficients, namely

1
(1.5) —div(AVP) =divF where divF :=div <u~Vu+%uJ‘) and A:=1/p.

The main difficulty is to get appropriate uniform bounds (with respect to the rotation parameter) for the
pressure term in the regular framework we will consider (we refer to [I5] and [I6] for more details).



Once we have analysed the pressure term, we will show the local well-posedness for system (1)) in the
H? setting (see Theorem [Z1] below). It is worth to notice that, in Theorem 1] below, all the estimates
are uniform with respect to the rotation parameter and, in addition, we have that the time of existence
is independent of €.

With the local well-posedness result at the hand, we perform the fast rotation limit for general
ill-prepared initial data. We will show the convergence of system (LI towards what we call quasi-
homogeneous incompressible Euler system

OtR + div (Ru) =0
(1.6) Ou+div (u®@u) + Rut + VI =0
divu = 0,

where R represents the limit of fluctuations R. (see Theorem for details). We also point out that
in the momentum equation of (L) a non-linear term of lower order (i.e. Rul) appears: it is a sort of
remainder in the convergence for the Coriolis term, recasted as in (L3).

Passing to the limit in the momentum equation of (LI) is no more evident, although we are in the
H? framework: the Coriolis term is responsible for strong in time oscillations of solutions (the so-called
Poincaré waves) which may prevent the convergence of the convective term towards the one of (LG).
To overcome this issue, we employ an approach based on a compensated compactness argument (see
e.g. [21] and reference therein, in the case of viscous fluids). This technique was firstly applied to the
barotropic Navier-Stokes equations by Lions and Masmoudi in [35] and later developed in the fast rotation,
incompressible and homogeneous case by Gallagher and Saint-Raymond in [31]. The strategy consists in
making use of the algebraic structure hidden behind the system (recasted as a wave system) to reveal
strong convergence properties for special quantities: in our case, 7. := curl (g.u.) (see Section [L.2 below).
We refer also to [I1], for a different approach based on relative entropy inequalities for the primitive
equations to prove the convergence towards the limit system.

Now, once the limit system is rigorously depicted, one could address its well-posedness issue: it is
worth noticing that system (L) is not globally well-posed even in two dimensions. However, roughly
speaking, for Ry small enough, the system (6] is “close” to the 2-D homogeneous and incompressible
Euler system, for which it is well-known the global well-posedness. Thus, it is natural to wonder if there
exists an “asymptotically global” well-posedness result in the spirit of [16] and [12]: for small initial
fluctuations Ry, the quasi-homogeneous system (L6l behaves like the standard Euler equations and the
lifespan of its solutions tends to infinity. In particular, as already shown in [I2] for the quasi-homogeneous
ideal MHD system (see also references therein) the lifespan goes as

1
(1.7) T5 ~ loglog 5

where ¢ > 0 is the size of the initial fluctuations (see Theorem 2.4 below).

The result for the time of existence of solutions to (LG pushes our attention to the study of the lifespan
of solutions to the primitive system (LIJ). For the 3-D homogeneous Euler system with the Coriolis force,
Dutrifoy in [I8] has proved that the lifespan of solutions tends to infinity in the fast rotation regime
(see also [30], [8] and [40], where the authors inspected the lifespan of solutions in the context of viscous
homogeneous fluids). For system (L)) it is not clear to us how to find similar stabilization effects (due to
the Coriolis term), in order to improve the lifespan of the solutions: for instance to show that 7" — 400
when ¢ — 0. Nevertheless, independently of the rotational effects, we are able to state an “asymptotically
global” well-posedness result in the regime of small oscillations, in the sense of (IL7): namely, when the
size of the initial fluctuation Ry, is small enough, of size 6 > 0, the lifespan T of the corresponding
solution to system (L)) can be bounded from below by T > T*(0), with T*(6) — +o00 when 6 — 0 (see
also [I6] for a density-depend fluid in the absence of the Coriolis force). As an immediate corollary of the



previous lower bound, if we consider the initial densities of the form gg . =1+ €1+QRQ,8 with a > 0, then
we get T2 ~ loglog(1/e). We refer to Theorem [Z1] below for the precise statement.

At this point, let us sketch the main steps to show (7)) for the primitive system (LIJ).

The key point in the proof of (L) is to study the lifespan of solutions in critical Besov spaces. In those
spaces, we can take advantage of the fact that, when s = 0, the Bgm norm of solutions can be bounded
linearly with respect to the Lipschitz norm of the velocity, rather than exponentially (see the works [43] by
Vishik and [34] by Hmidi and Keraani). Since the triplet (s, p, ) has to satisfy (I4), the lowest regularity
Besov space we can reach is Béo,l' Then if u belongs to Béom the vorticity w := —douy + O1us has the
desired regularity to apply the quoted improved estimates by Hmidi-Keraani and Vishik (see Theorem
[AT3 in the Appendix). Analysing the vorticity formulation of the system, we discover that the curl
operator cancels the singular effects produced by the Coriolis force (in this respect, see equation (6.2))
below). That cancellation is not apparent, since the skew-symmetric property of the Coriolis term is out
of use in the critical framework considered.

Finally, we need a continuation criterion (in the spirit of Baele-Kato-Majda criterion, see [5]) which
guarantees that we can “measure” the lifespan of solutions indistinctly in the space of lowest regularity
index, namely s = r = 1 and p = 4+o00. That criterion is valid under the assumptions that

T
/ [Vu(t)| o dt <+oo  with T < +oo.
0

We refer to Subsection [6.1] below for more detailed consequences of the previous continuation criterion.

Let us now give a more precise overview of the contents of the paper. In the next section, we collect our
assumptions and we state our main results. In Section Bl we investigate the well-posedness issues in the
Sobolev spaces H*® for any s > 2. In Section @ we study the singular perturbation problem, establishing
constraints that the limit points have to satisfy and proving the convergence to the quasi-homogeneous
Euler system thanks to a compensated compactness technique. In Section Bl we review, for the limit system
(L4), the results presented in [11] and [12], and we explicitly derive the lifespan of solutions to equations
(T8 (see relation 2I0)).

In the last section, we deal with the lifespan analysis for system ([I) and we point out some conse-
quences of the continuation criterion we have established (see in particular Subsection [G.).

Some notation and conventions. The symbol C°(R?) denotes the space of co-times continu-
ously differentiable functions on R?, having compact support in R%. The space D’(R?) is the space of
distributions on R2. We use also the notation C? ([0, T]; X), with X a Banach space, to refer to the space
of continuous in time functions with values in X endowed with its weak topology. Given p € [1,400],
by LP(R?) we mean the classical space of Lebesgue measurable functions g, where |g|P is integrable over
the set R? (with the usual modifications for the case p = 4+oc0). We use also the notation L%.(L7) to
indicate the space LP ([0, T]; L(R?)) with 7' > 0. Given k > 0, we denote by H*(R?) the Sobolev space
of functions which belongs to L?(R?) together with all their derivatives up to order k. Moreover, the
notation B;T(RQ) stands for the Besov spaces in R? that are interpolation spaces between the Sobolev
ones (we refer to Paragraph [AJ]in the Appendix for a more detailed discussion).

For the sake of simplicity, we will omit from the notation the set R?, that we will explicitly point out
if needed.

In the whole paper, the symbols ¢ and C' will denote generic multiplicative constants, which may change
from line to line, and which do not depend on the small parameter €. Sometimes, we will explicitly point
out the quantities that these constants depend on, by putting them inside brackets. We agree to write
f ~ g whenever we have cg < f < Cg.

Let (f€)0<a<1 be a family of functions in a normed space X. If this family is bounded in X, we use

the notation (fg)s C X.
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2 Setting of the problem and main results

In this section, we formulate our working hypotheses (Subsection ZI]) and we state our main results

(Subsection [22).

2.1 Formulation of the problem

In this subsection, we present the rescaled density-dependent Euler equations with the Coriolis force,
which we are going to consider in our study, and we formulate the main working hypotheses.

To begin with, let us introduce the “primitive system”, that is the rescaled incompressible Euler system
(L), supplemented with the scaling ([2]), where ¢ €]0, 1] is a small parameter. Thus, the system consists
of continuity equation (conservation of mass), the momentum equation and the divergence-free condition:
respectively

0s0¢ + div (qus) =0
(2.1) O (0-ue) + div (0eu: ® u.) + Lo.ut + 1VIL =0
divu, =0.

The unknowns are the fluid mass density o. = o.(t,z) > 0 and its velocity field u. = u.(t,z) € R? with
te Ry, z€R2

In (21), the pressure term has to scale like 1/e, since it is the only force that allows to compensate
the effect of fast rotation, at the geophysical scale.

From now on, in order to make condition (4] holds, we fix

s> 2.

We assume that the initial density is a small perturbation of a constant profile. Namely, we consider
initial densities of the following form:

(22) 00,e = 1+ ERO,E

where we suppose Ry . to be a bounded measurable function satisfying the controls

(2-3) sup HR0,8||Loc(R2) <C,
€€]0,1]

(2.4) sup HVRO,EHHsfl(W) <C
€€]0,1]

and the initial mass density is bounded and bounded away from zero, i.e. for all € € ]0, 1]:
(2.5) 0<o<ooe(z) <o, z€R?

where g,0 > 0 are positive constants.



As for the initial velocity fields, due to framework needed for the well-posedness issues, we require the
following uniform bound

(2.6) sup HUO,aHHs(R2) <C.
e€]0,1]

Thanks to the previous uniform estimates, we can assume (up to passing to subsequences) that there exist
Ro € WH(R?), with VRy € H*~1(R?), and ug € H*(R?) such that

Ry:=lim Ry in L*>(R?)
e—0
(2.7) VRy:=lim VRy,. in H*1(R?)
e—0
— i : s 2
ug -*;E}%uo,s in H*(R®),

where we agree that the previous limits are taken in the corresponding weak-* topology.

2.2 Main results

—
»n

We can now state our main results. We recall the notation ( f,;)E C X to denote that the family ( fg)s i
uniformly (in &) bounded in X.

The following theorem establishes the local well-posedness of system (2.I)) in the Sobolev spaces B3 ,
H? (see Section B]) and gives a lower bound for the lifespan of solutions (see Section [@]).

Theorem 2.1. For any € €]0, 1], let initial densities oo be as in Z2) and satisfy the controls (23) to
235). Let ug . be divergence-free vector fields such that wg . € H*(R?) for s > 2.

Then, for any € > 0, there exists a time T > Osuch that the system (2I)) has a unique solution
(0c, ue, VII.) where

e o. belongs to the space C°([0,T7] x R?) with V. € C°([0,T7]; H*~1(R?));
e u. belongs to the space C°([0,T*]; H*(R?));
o VII. belongs to the space C°([0,T]; H*(R?)).

Moreover, the lifespan T of the solution to the two-dimensional density-dependent incompressible Euler
equations with the Coriolis force is bounded from below by

¢ Cl|uo.ellms ) )
2.8 7 log (1o ’ +1)+1),
28 fuocll ( © (max{Asw), e A (0) o cll-}
where A:(0) := ||VRo.c||gs—1 + || VR | ;‘;11, for some suitable A\ > 1.

In particular, there exists a time T* > 0 such that
infT>T*>0.
e>0

Looking at (2.8]), we stress the fact that the only fast rotational effects are not enough to state a global
well-posedness result for system (2.10): this is coherent with the previous results, as the one in [16].

Now, once we have stated the local in time well-posedness for system (Z.I)) in the Sobolev spaces H*, in
Section M we address the singular perturbation problem describing, in a rigorous way, the limit dynamics
depicted by the quasi-homogeneous incompressible Euler system (2.9]) below.

Theorem 2.2. Let s > 2. For any fized value of € € 10, 1], let initial data (0o, Wo,=) verify the hypotheses
fized in Paragraph[2), and let (o-,u:) be a corresponding solution to system (Z1I). Let (Ro,wo) be defined

as in (277).



Then, one has the following convergence properties:

0 — 1 in  L>([0,T*]); L™(R?)),

R. = QTfl “R in L®(0,T7); L®(R?)),
VR. > VR in  L>([0,T*]; H*'(R?)),

U = u in L>([0,T*]; H*(R?)) .

In addition, (R, u) is a solution to the quasi-homogeneous incompressible Euler system in Ry x R?:

O, R + div (Ru) = 0
(2.9) Ou+div (u®@u) + Rut +VII =0
divu =0

where VII is a suitable pressure term belonging to L"O([O, T*; HS(RQ)).

Remark 2.3. Due to the fact that the system (Z3)) is well-posed in the previous functional setting (see
Theorem[2.7) below), we get the convergence of the whole sequence of weak solutions to the solutions of the
target equations on the large time interval where the weak solutions to the primitive equations exist.

At the limit, we have found that the dynamics is prescribed by the quasi-homogeneous incompressible
Euler system (29)), for which we state the local well-posedness in H* (see Section[H). It is worth to remark
that the global well-posedness issue for this system is still an open problem.

Theorem 2.4. Take s > 2. Let (Ro,uo) be initial data such that Ry € L*(R?) and wy € H*(R?), with
VRy € H"1(R?) and divug = 0.

Then, there exists a time T* > 0 such that, on [0,T*] x R?, problem [23) has a unique solution
(R, w, VII) with the following properties:

e ReC([0,T%] x R?) and VR € C°([0,T*]; H*~1(R?));
e u belongs to C°([0,T*]; H*(R?));
e the pressure term VII is in C°([0,T]; H*(R?)).

In addition, the lifespan T* > 0 of the solution (R,w, VII) to the 2-D quasi-homogeneous Euler system
@3) enjoys the following lower bound:

% [[woll#re
(2.10) T > ——log (1og (C +1)|+1),
[[wol| - [ Roll e + IV Rol| g+

where C' > 0 is a “universal” constant, independent of the initial datum.

The proof of the previous “asymptotically global” well-posedness result is presented in Subsection 5.3

3 Well-posedness for the original problem

This section is devoted to the well-posedness issue in the H® spaces stated in Theorem[2.Il We recall that,
due to the Littlewood-Paley theory, we have the equivalence between H* and Bj 5 spaces (see Appendix
for details).

We also underline that in this section we keep € € 10, 1] fixed. We will take care of explicitly pointing
out the dependence to the Rossby number in all the computations in order to get controls that are



uniform with respect to the e-parameter. The choice in keeping explicit the dependence on the rotational
parameter is motivated by the fact that we will perform the fast rotation limit (see Section [ below).
First of all, since o is a small perturbation of a constant profile, we set

1
(3.1) e :=— —1=¢ca., with a.:=—R./o-.
Q¢

The choice of looking at a. is dictated by the fact that we will extensively exploit the elliptic equation
(L.3).

Now, using the divergence-free condition, we can rewrite the system (ZI)) in the following way (see
also Lemma 3 in [16]):

Oiae +u. -Vas. =0
(3.2) Oyue +ue - Vu, + %uj + (14 sas)éVHE =0
divu:, =0

with the initial condition (ac,u.)p—o = (ao,c, Uo,c)-

We start by presenting the proof of existence of solutions at the claimed regularity. For that scope,
we follow a standard procedure: first, we construct a sequence of smooth approximate solutions. Next,
we deduce uniform bounds (with respect to the approximation parameter and also to €) for those regular
solutions. Finally, by use of those uniform bounds and an energy method, together with an interpolation
argument, we are able to take the limit in the approximation parameter and gather the existence of a
solution to the original problem.

We end this Section B, proving uniqueness of solutions in the claimed functional setting, by using a
relative entropy method.

3.1 Construction of smooth approximate solutions

For any n € N, let us define
(a’g,ea ug,e) = (SnaO,a; SnuO,a) )

where S, is the low frequency cut-off operator introduced in (AJ]) in the Appendix. We stress also the
fact that ap. € CP, since ag . and Vag . are in L.

Then, for any n € N, we have the density functions ag . € L. Moreover, one has that Vag . and ug .
belong to H> := (g H? which is embedded (for a suitable topology on H°°) in the space C°° of O
functions which are globally bounded together with all their derivatives.

In addition, by standard properties of mollifiers, one has the following strong convergences

ag. — age in C)
(3.3) Vag,. — Vag. in H*'

: S
uy, — uge in H”.

This having been established, we are going to define a sequence of approximate solutions to system
(Bﬂ) by induction. F1rst of all, we set (a uw?, VII?) = (ag .,ug.,0). Then, for all ¢ € R, we have that
Val,u? € H? and af € L*> with divu? = 0. Next, assume that the couple (a?, u") is given such that,
for all o €R,

a? € C'(Ry; L) Val,ul € C°(Ry; HY) and divul =0.

n+1

First of all, we define aZ™" as the unique solution to the linear transport equation

(3.4) a4 - Va T =0 with (a?“)‘t 0= ag'gl .



Since, by inductive hypothesis and embeddings, u7 is divergence-free, smooth and uniformly bounded
with all its derivatives, we can deduce that a”*! € L°°(R4; L>). Moreover, from

Oy Oyal ™ +ul -V dialt! = 9l - Valt! with  (9;alt) g = diagtt fori=1,2

and thanks to the Theorem [A.12] we can propagate all the H° norms of the initial datum. We deduce
that a?*! € CO°(R4; L>) and Va2t € CO°(Ry; HY) for any o € R. Next, we consider the approximate
linear iteration

Opult 4yl Vul Tt + %uj’”“ +(1+ Eagﬂ)%VHQ“ =0
(3.5) divurt! =0

(u?H)u:o = Urol;rl .

At this point, one can solve the previous linear problem finding a unique solution u?*! € C°(R; H?) for
any o € R and the pressure term VII?T! can be uniquely determined (we refer to [14] for details in this
respect).

3.2 Uniform estimates for the approximate solutions

We now have to show (by induction) uniform bounds for the sequence (a?,u”, VII?),cn we have con-
structed above.

We start by finding uniform estimates for a?*!. Thanks to equation (3.4) and the divergence-free
condition on w7, we can propagate the L> norm for any ¢ > 0:

(3.6) laz )|z < llagE [z < Cllag el -
At this point we want to estimate Va?*! in H5~1. We have for i = 1,2:
Op Ot +ul -V 0;at T = —9jul - Vat .
Taking the non-homogeneous dyadic blocks A;, we obtain
6tAj Giagﬂ + ’U,g : VAJ &'agﬂ = [’U,g -V, A]] (’)iagﬂ - Aj (&ug : Va?“) .

Multiplying by A; 8;a”*1, we have
t
1850002 0l < 185 05 o+ © [ (Jfut 9,002 + 18, (@i - ¥az ) 12) dr.

We apply now the second commutator estimate stated in Lemma [A.10lto the former term in the integral
on the right-hand side, getting

216~ |[[u - v, Aj] 9l Y| o < Cej(t) (VU2 oo |00 | g1 + [Vl o1 0302+ | 1<)

where (¢;(t));>_1 is a sequence in the unit ball of ¢2.
Instead, the latter term can be bounded in the following way:

26V A; (Gl - Val ™) 2 < C i) VUl |l e[| Vaz | go-s

Then, due to the embedding H? (R?) < L>(R?) for o > 1,

t
267V A; Var T (#)lle < 2707V Vag | e +/0 Cej(r) (Il lla=VaZ |1 ) dr.

10



At this point, after summing on indices j > —1, thanks to the Minkowski inequality (for which we refer
to Proposition 1.3 of [4]) combined with a Gronwall type argument, we finally obtain

(3.7) sup ||[Val ™ (t)] ge1 < ||Va8 Yl preo1 exp (/ Cllul(t)] s dt) )

0<t<T

Now, we have to estimate the velocity field u”*! and for that purpose we start with the L? estimate.
We take the momentum equation in the original form:

(38) QZ+1 (a ?-i-l +’LL vun-‘rl) 4+ Qn-i-l 1,n+1 4+ VHn-‘rl 0’
£
where we construct "™t := 1/(1 + ea?™!) starting from a1, Notice that 2! satisfies the transport
e g
equation

8tg"+1 +ul Vg"+1 =0.

n+1

At this point, we test equation (3.8) against w We integrate by parts on R?, deriving the following

estimate:

[etaurt P [ ortur vizp o,
R2 R2

which implies (making use of the transport equation for o?*1)

Wetowno| <|VaTa:

From the previous bound, due to the assumption (I?EI), we can deduce the preservation of the L? norm
for the velocity field u"+1

n+1

Huf <C Hug < Clluoellze -

Iz lze

Taking now the operator A; in the momentum equation in (3.3]), we obtain
1 1
A ult 4l VAU = [ul - VA u T - —Ajum T - A (14 ealth) =vII2t
€ €

n+1

and multiplying again by A;ul™", we have cancellations so that

t
(39 [Ajur O] 2 < [[Agup ] . + /0(||[u?~V,AjJUZ“IILz+HAJ-(a?“VH?“)HLz) dr.

As done before, we employ here the commutator estimates of Lemma [A.10]in order to have

2% |[[u? - V. Ajlul | o < Coy (IIVulll oo llul e+ [IVRZ ™ e [l )

< Coj (lullmlluz*lm-) -

For the latter term on the right-hand side of 39), we take advantage of the Bony decomposition (see
Paragraph [A2]) and apply Proposition [A7l We may infer that

a2 IV < O (la2 oo + [ VaZ ™ [ ge-a) VI 17-

To finish with, we have to find a uniform bound for the pressure term. For that, we apply the div operator
in [B3). Thus, we aim at solving the elliptic problem

(3.10) —div ((1+eal™) VIIZH) = ediv (u? - Vult') — curlul ™.

11



Thanks to the assumption (23] and Lemma 2 of [I5], we can obtain

s VI e < C (e lu? - P e + [l )
< O (e llulllpellu™ s + ul ™| z2) -
Now, we apply the spectral cut-off operator A; to (B.I0). We get

—div (A:A;VIZT) = div ([Aj, A VIIZTY) + div A FL

for all j > 0 and where we have defined A. := (1+¢ea?™') and F. := eu? - Va ™' + u>"1. Hence
multiplying both sides by A;II?*! and integrating over R?, we have

— [ AJIZTiv (AA VI de = [ A2 Ndiv ([A;, A VITZH) dx—i—/ AT div A FL da.
R2 R2 R2

Since for j > 0 we have ||A;VII?T||12 ~ 27||A;TI2 |2 (according to Lemma [AT]) and using Holder’s
inequality for the right-hand side, we obtain for all 5 > 0:

2| A VIZFH [T < CIAGVI e (|Idiv [A, Ae] VI 22 + [[div AP z) -

To deal with the former term on the right-hand side, we take advantage of the following commutator
estimate (see Lemma in the Appendix):

[div [Aj, A VIT? Y| 2 < Ce; 2776 Y| VAL oo | VIV s

for a suitable sequence (c;); belonging to the unit sphere of 2.
After multiplying by 275~ we get

275 A;VIIZ T |12 < © (cj IV A o | VI | pes + 27671 || div AjFE||L2) :

Taking the ¢? norm of both sides and summing up the low frequency blocks related to A_; VII?T! we
may have

IV | < C (IV Al e (VT | ot + [[div Pl roms + A VIIZF | 2)
We observe that ||A_;VIIZH|| 2 < C||VIZ2H |2 and
VI ey < O VI 47 VIR 720
Therefore,
VI e < © (VAo VI IV 2+ iy F s + IVIZFY 2
Then applying Young’s inequality we finally infer that
(3.12) VI e < C (14 VAl o) VI | 2+ [[div Fe s

It remains to analyse the term div F. where F. := eu” - Vu*! + ul"*1. Due to the divergence-free
conditions, we can write

div (u? - Va1 = Va! : Vuit!
and as H*~! is an algebra, the term div (u” - Vu2™!) is in H*7!, with

(3.13) Idiv (g - VuZ ™) gees < Cllu|lasluz™ |- -

12



Putting BI1) and BI3)) into BI2)), we find that
IVIE e < C (L e Vazt re-s)” (el ll el e + lus" " 22)
(3.14) +C (ellullas 1wl e + lluz " ae)

<O (Lt e Vart )" (ellu e + 1) [luz |- ,

which implies the L (H?) estimate for the pressure term:
S
(3.15) IVIE g me < C (14 Va2 pgmes ) (el lugerme +1) ™ ogeme

Combining all the previous estimates together with a Gronwall type inequality, we finally obtain an
estimate for the velocity field:

T
(3.16) sup [ul™ ()]s < [lug i me exp (/ An() dt)
0<t<T 0

where
An(t) = C (JlaZt ' ()l Lo + 1VaZT @)l ga=1) (1 + e Val T (@)l e-1)” (ellul (t) | zs + 1) + Cllul (8)]|a- -

We point out that the above constants C' do not depend on n nor on €.
The scope in what follows is to obtain uniform estimates by induction. Thanks to the assumptions
stated in Paragraph 2.l we can suppose that the initial data satisfy

C C C
707 IVaoel -1 < 71 and  |uoc|m < =2,

llaoellLe < 2

for some Cp, C1,Cy > 0. Due to the relation ([B.6) we immediately infer that, for all n > 0,
||a?+1||LtooLoc S C||a0,8||L°° S CCO for all ¢ S R+.
At this point, the aim is to show (by induction) that the following uniform bounds hold for all n > 0:

IVaZ™ | Ls, o1 < O
(3.17) [z g e < Co
IVIZ Y| Lee, e < C,

provided that T is sufficiently small.
The previous estimates in [BI7) obviously hold for n = 0. At this point, we will prove them for n+ 1,
supposing that the controls in ([B.I7) are true for n. From B.7)), 3I6) and (B.I5) we obtain

C
||Va?+1 ||L%0Hs—1 < 71 exp (CTCQ)

C S
||U?+1||L;°Hs < 72 exp (CT(CO +Cy) (1+eCh)’ (eCy + 1)02)
VI oo e < C(eCo + 1) (14 2C1)° [ult | Lo e -

So we can choose T* such that exp (maX{CO +C1, 1} CT (14 C1)° (1 + Co) Cg) < 2. Notice that T*

does not depend on €.
Thus, by induction, BIT) holds for the step n + 1, and therefore it is true for any n € N.

13



3.3 Convergence

To prove the convergence, we estimate the difference between two iterations. First of all, let us define

~-n ._ ,n _ N
a, = Q. a01€

that satisfies the transport equation

dual +ul~'-Val = —ul' - Vaf,
Eg\tzo =0.

Hence, since the right-hand side is definitely uniformly bounded (with respect to n) in L (R4 ; L?), from

classical results for transport equations we get that (a?)nen is uniformly bounded in CO([O T); L?). Now,

we want to prove that the sequence (a”,u”, VII? )neN is a Cauchy sequence in C°([0,T]; L?). So, let us

define, for (n,l) € N2, the following quantities,

art:=alt —al
sart =art — @ = dal' — dagl,  where dayl:=ajt' —afl.
(5u"’l = u"H —ul
1 l
STt =112 — 117,
that solve the following system
(3.18)
Bpoa! + w1 Voan! = —sul =M Va? — w1t Voag !
poul! +ul =l Voull = —ful b Vel — 1(6ulh)t — (14 eal ™) IVOIZ! — §aVIIZ
divdu! =0

(0amt, sul!) g = (0, dug) .

€

We perform an energy estimate for the first equation in [B.I8]), getting
t
62 Olle < € [ (192l 6wz s + a2 1ol Va5 ) dr
0
Moreover, from the momentum equation multiplied by du™!, integrating by parts over R?, we obtain

1
/ SO [oul ! = — / (Ful ™" val) - sult + / (a2t VoTIZY) - Sul + / (2! VIIZ) - dul!,
R2 R2 R2 R2

which implies

[duz! (1)) < Clldug; ||Lz+c/ IVuz ]l g [ uz =) 1 + o
~n,l n,l n
+C / (a2 (o)l + ldag iz ) VT2 (D)l g2z dr

where we have also employed the fact that §a™! = da™! + 6ag7’é
Finally, for the pressure term we take the div operator in the momentum equation of system (B3],
obtaining

1 1
—div ((1 + Ea?H)EV(SH?’l) = div (—(5u?’l B VTN P U VA T E(&u?’l)L + 6a?’lVH?) ,
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so that we have

VAT 2 < Ce (|0uz ™|l Va2 | + 302" VIIZ]| 12)
+ Cel[du|| ] Vo + O () 12
< Ce (Joup ™| | Va2l poe + 0G| 12| VIIZ oo -+ 192 o< VT 12 )
+ Cel|u ||l Va1 o + Cllouz |

At this point, applying Gronwall lemma and using the bounds established in ParagraphB.2] we thus argue
that for t € [0,7%]:

(3.19)

16324 ®) 12 + 19u2 ()2 < Cr- (V603 + 603l e + 0w 2

t
0 [ (103 @)e + 6wz M 0)]12)
0

where the constant Cr+ depends on 7™ and on the initial data.
After setting

Fy' = sup (||v5ag;;||Lw + [[6ag 2| Lo + ||5ug;;||L2) and  G"(t) := upsup (62" L2 + [[6ul| L2) ,
20 >0 [0,t

by induction we may conclude that, for all ¢ € [0, T*],

n—1 n
n (CT* T*)k n— (CT* T*)
G"(t) < Cr+ Y 5 k4 TGo(t).
k=0
Now, bearing (3.3) in mind, we have
lim F§ =0.
n—-+o0o

Hence, we may infer that

(3.20) lim sup sup ([[6a2!(t)]z2 + [|6ul'(t)||r2) = 0.
n=F00 >0 te[0,T%)

Property ([3.20) implies that both (@?),en and (u”),en are Cauchy sequences in C°([0, 7*]; L?): there-
fore, such sequences converge to some functions a. and u. in the same space. Taking advantage of previous
computations in ([3.I9), we have also that (VII?),cn converge to a function VIL. in C°([0,T*]; L?).

Now, we define a. := ag. + a.. Hence, a. — ap. is in C°([0,T*]; L?). Moreover, as (Va?),en is
uniformly bounded in L*°([0,7*]; H*~!) and Sobolev spaces have the Fatou property, we deduce that
Va. belongs to the same space. Moreover, since (a?),en is uniformly bounded in L% ([0,7*] x R?), we
also have that a. € L>([0, 7] x R?). Analogously, as (u?),en and (VII?), ey are uniformly bounded in
Le>°([0,T*]; H®), we deduce that u. and VII. belong to L ([0, T*]; H®).

Due to an interpolation argument, we see that the above sequences converge strongly in every inter-
mediate C°([0,T*]; H?) for all o < s. This is enough to pass to the limit in the equations satisfied by
(a?,u?, VII?),en. Hence, (ac,u., VIL.) satisfies the original problem (B2)).

This having been established, we look at the time continuity of a.. We exploit the transport equation:

Oia. = —u. - Va

noticing that the term on the right-hand side belongs to L. (L°°). Thus, we can deduce that dia. €
L. (L*°). Moreover, by embeddings, we already know that Va. € L. (L*°). The previous two relations
imply that a. € W%;OO (L*°) N L. (W), That give us the desired regularity property a. € C°([0,7*] x
R?). In addition, looking at the momentum equation in (3.2)) and employing Theorem [A12 one obtains
the claimed time regularity property for u.. At this point, the time regularity for the pressure term VII,
is recovered from the elliptic problem (BI0).
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3.4 Uniqueness

We conclude this section showing the uniqueness of solutions in our framework.

We start by stating a uniqueness result, that is a consequence of a standard stability result based on
energy methods. Since the proof is similar to the convergence argument of the previous paragraph, we
will omit it (see e.g. [I5] for details). We recall that, in what follows, the parameter ¢ > 0 is fixed.

Theorem 3.1. Let (ggl), ugl), vné”) and (922), ug), Vﬂg)) solutions to the Euler system ([Z1)) associ-

ated to the initial data (gglg,uglg) and (ngg, uffg) Assume that, for some T > 0, one has the following

properties:
(i) the densities ggl) and gg) are bounded and bounded away from zero;
(i) the quantities §p. := gf’ - le) and du. = ul? — u belong to the space C*([0,T]; L*(R?));
(iii) Vul?, Vol and VIIY) belong to LY([0, T); L=(R?)).
Then, for all t € [0,T], we have the stability inequality:

20 el + | VEP 0 50| < (oomelus + | Va2 suo.
L2

for a universal constant C' > 0, where we have defined

) (CAW)
L‘Z

' M )
an= [ |2 VI vul e | ar.
0

+ [ —
Vel 1oyl

It is worth to notice that, adapting the relative entropy arguments presented in Subsection 4.3 of
[11], we can replace (in the statement above) the Ch(L?) requirement for do. and du. with the C%(L?)
regularity. However, one needs to pay an additional L? assumption on the densities. In this way, we will
have a weak-strong uniqueness type result and we will prove it in the next theorem.

Concerning weak-strong results for density-dependent fluids, we refer to [33], where Germain exhibited
a weak-strong uniqueness property within a class of (weak) solutions to the compressible Navier-Stokes
system satisfying a relative entropy inequality with respect to a (hypothetical) strong solution of the
same problem (see also the work [28] by Feireisl, Novotny and Sun). Moreover, in [24], the authors
established the weak-strong uniqueness property in the class of finite energy weak solutions, extending
thus the classical results of Prodi [39] and Serrin [41] to the class of compressible fluid flows.

Before presenting the proof of the weak-strong uniqueness result, we state the definition of a finite
energy weak solution to system (2.1), such that g — 1 € L?(R?). We also recall that our densities have
the form o. = 1+ eR..

Definition 3.2. Let T > 0 and ¢ € ]0,1] be fixed. Let (go,e,u0,) be an initial datum fulfilling the
assumptions in Paragraph 21l We say that (0., uc) is a finite energy weak solution to system (21 in
[0, T] x R2, related to the previous initial datum, if:

e 0. € L>®([0,T] x R?) and o. — 1 € C°([0, T]; L*(R?));
o u. € L=([0,T]; L*(R?)) N C3,([0, T]; L*(R?));

e the mass equation is satisfied in the weak sense:

T
/ / (QE O + 0cuc - Vgp) dzdt + / 00,9(0,-)da = / 0:(T)(T, ) dz,
o Jr2 R2 R?

for all p € C=°([0,T] x R%; R);
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e the divergence-free condition divu. = 0 is satisfied in D’(]0, T'[ xR?);

e the momentum equation is satisfied in the weak sense:

T 1
/ / (Qaua : at"/’ + [Qaua & ua] : V'¢ - _Qeuj : "/)) dzdt + / 00,eUQ,e * ¢(0) dz
0 R2 g R2
- / o:(T)u(T)u(T) d,

for any 1 € C°([0,T] x R?;R?) such that divp = 0;

e for almost every t € [0,T], the two following energy balances hold true:
/ 0 (t)|ue())? dz < / 00.c|up-|*dz  and / (0. —1)*dz < / (00 —1)*dx.
R2 R2 R2 R2

Theorem 3.3. Let ¢ €]0,1] be fized. Let (le), ugl)) and (gf’, ug)) finite energy weak solutions to the
Euler system (210 as in Definition [Z2 with initial data (Qélg,uélg) and (géﬁ,ué@) Assume that, for
some T > 0, one has the following properties:
(i) vul" and VRY belong to L'([0,T]; L (R%));
(ii) VI s in L1([0, T); L°(R2) N L*(R2)).
Then, for all t € [0,T], we have the stability inequality [B.2T]).
Proof. We start by defining, for ¢ = 1, 2:

(@)

_ e -1 e — 1

and R(()f)s = 00’87,

RS) : E

and we notice that, owing to the continuity equation in ([27]) and the divergence-free condition div ugi) =0,
one has

(3:22) ORY + div (ROul) =0 with R (0) = R

)

For simplicity of notation, we fix € = 1 throughout this proof and let us assume for a while the couple
(RW, uM) of smooth functions such that R u®) € C®(R; x R?) and divu? = 0, with the support
of RM and u™) included in [0, 7] x R2. First of all, we use u(!) as a test function in the weak formulation
of the momentum equation, finding that

(3.23)

T
/ o (T (T) - u™(T) da = / g(()Q)u(()Q) . uél) dz + / / 0Pu® . g,uV) dzdt
R2 R2 0 R2
T T
+/ / (0@ u® ©u®) : vu® dzdt +/ / 6@ u® . (W)L dad |
0 R2 0 R2

where we have also noted that () . u® = —u? . (uM)L,
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Next, testing the mass equation against [u(1)|?/2, we obtain

1 1
5/ 9(2)|u(1)|2 dor = 5/ (2)|u61)|2 d:c+/ / DM . g,u™ dzdt
R2 R2
/ / 0Pu? . w2 dzdt
1
= 5/ 962)|“51)|2 de +/ / g(z)u(l) . 8tu(1) dedt
R2 0o JRr2

1 /7
+ —/ / (ePu® @ u®) : vu dzdt.
2 0 R2
Recall also that the energy inequality reads

1 1
_/ oD@ dg < _/ o da.
2 R2 2 R2

Now, we take care of the density oscillations R(). We test the transport equation [(3:22) for R(?) against
RM | getting

(3.24)

T T
(3.25) | RO(T)RMV(T)dx = / R RS da+ / / R®9,RW dzdt+ / R®u®.VRW dzdt.
R2 R2 0 R2 0 R2

Recalling Definition B.2] we have the following energy balance:

[ EOmpas [ (R
R2 R2

At this point, testing 9;1 + div (1u(?)) = 0 against |R™"|?/2, we may infer that

(3.26) % g |IRW? de = %/R IRV % dz + /T / RMa,RM dadt + /T / RMy? . vRW dzdt .
0 JR o JR
Now, for notational convenience, let us define
6R:=R® —RM and du:=u? —u.
Putting all the previous relations together, we obtain

(3.27)
%/R (9(2)(T)|5u(T)|2+|5R( )| )d;c< 1/ (<2>|5u0|2+|5R0 dzf/ /R @@ . (D)L dadt

- / / 9(2)5u 0w +5R - 8tR(1)) dadt
0o Jr2
T
— / / (Q(Q)’U,(Q) @ du: Vul + §Ru® . VR(l)) dzdt .
RZ

Next, we remark that we can write
0Pu® @ su: Vul) = p@u@ . vy . sy

and that we have u(® - (u)+ = §u - (uV)* by orthogonality.
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Therefore, relation (B217) can be recasted as

1

1
5 [ (@P@lsuP + pROP) o < 5 [ (o 5uof? + 5RoP) da
R2 R2

T
_ / / 9(2)(3tu(1)+u(2).Vu(1)+(u(1))l)-5u dadt
0 R2

T
— / / (GtR(l)—i—u(Q) -VR<1>) . 0R dzdt .
0 R2

At this point, we add and subtract the quantities +oPu® - V) . fu + Q(Q)ﬁVH(l) - du and +u® .
VRW . §R, yielding
1

1
3 [ (e @u@)? + SRR do< 5 [ (o Suof? + 5RoP) da
R2 R2

T
1
(3.28) —/ / (g<2>6u-vu<1>+5R—VH<1>)-5u dzdt
0 JR? Q(l)

T
f/ / du- RY . §Rdzdt,
0 R2

where we have used the fact that u(?) is solution to the Euler system and [, VII®) - du da = 0.
Therefore, setting (1) := ||\/o@ (T)0u(T)||3: + |6R(T)||3 2, from relation (B28) we can deduce that

1

o L
0@ o(1)

/2@

An application of Grénwall lemma yields the desired stability inequality (B21]).

In order to get the result, having the regularity stated in the theorem, we argue by density.

Thanks to the regularity (stated in Definition B2]) of weak solutions to the Euler equations (Z1]) and
assumption (¢) of the theorem, all the terms appearing in relations (3:23) and 324)) are well-defined, if
in addition we have dyu(!) € L1 (L?). However, this condition on the time derivative of the velocity field
u?) comes free from the momentum equation

vod| 4 VRW
Lao

T
E(T) < £(0) +/ <||Vu<”||mo -
0

) E(t)dt.

Lo

(3.29) dut = — (u(l) Vu 4+ (uW)+ 4 LVH(l)) .

oM

Since ut) € L (L?) with VuM) € LL(L>®) and o) € L (L), condition (ii) implies that the right-hand
side of (329) is in LL(L?). Recalling the regularity in Definition B2 of u(), one gets u() € W' (L?)
and hence u(!) € C%.(L?).

Analogously in order to justify computations in ([B:25) and (B:26), besides the previous regularity
conditions, one needs the additional assumption 9, R(!) € LA(L?). Once again, one can take advantage
of the continuity equation ([B.22]) to obtain the required regularity for 9 RM. Finally, condition (i%) is
necessary to make sense of relation ([F.28).

This concludes the proof of the theorem.
O

4 Asymptotic analysis
The main goal of this section is to show the convergence when ¢ — 0: we achieve it employing a compen-

sated compactness technique. We point out that, in the sequel, the time 7" > 0 is fixed by the existence
theory developed in Section
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We will show that (IIl) converges towards a limit system, represented by the quasi-homogeneous
incompressible Euler equations:

OR+u-VR=0
(4.1) ou+u-Vu+ Rut +VII=0
divu =0.

The previous system consists of a transport equation for the quantity R (that can be interpreted as the
deviation with respect to the constant density profile) and an Euler type equation for the limit velocity
field u.

Nowadays, the strategy to tackle this family of problems (called singular perturbation problems) is
somehow standard. First of all, one has to show existence of (g, u., VII.) for any value £ > 0 fixed and
to find uniform (with respect to ) bounds for the sequence (o., u, VIL.).. This analysis was performed
in the previous Section Bl Next, thanks to the uniform bounds, one can extract weak limit points, for
which one has to find some constraints: the singular terms have to vanish at the limit. This is done in
Subsection .11

Finally, after performing the compensated compactness arguments, one can describe the limit dynamics
(see Paragraph 2] below).

The choice of using this technique derives by the fact that the oscillations in time of the solutions
are out of control (see Subsection [£.2]). To overcome this issue, rather than employing the standard H*
estimates, we take advantage of the weak formulation of the problem. We test the equations against
divergence-free test functions: this will lead to useful cancellations. In particular, we avoid to study the
pressure term. At the end, we close the argument by noticing that the weak limit solutions are actually
regular solutions.

4.1 Preliminaries and constraint at the limit

We start this subsection by recalling the uniform bounds developed in Section The fluctuations R,
satisfy the controls

sup || R0 g2y < C
€€]0,1]

sup ||VRe|| a1 ey < C,
e€]0,1]

where R, := (0. — 1) /e as above.
As for the velocity fields, we have obtained the following uniform bound:

sup ||Us||Hs(1R2) <C.
c€]0,1]

Thanks to the previous uniform estimates, we can assume (up to passing to subsequences) that there exist
R € Wh(R?), with VR € H*~}(R?), and u € H*(R?) such that

R:=lim R. in L>(R?)
e—0

(4.2) VR :=lim VR, in H* }(R?)
e—0

w:=limu. in H*(R?),
e—0

where we agree that the previous limits are taken in the corresponding weak-* topology.
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Remark 4.1. It is evident that o — 1 = O(e) in L (L) and therefore that p.u. weakly-* converge to
u e.g. in the space L (L?).

Next, we notice that the solutions stated in Theorem [Z1] are strong solutions. In particular, they
satisfy in a weak sense the mass equation and the momentum equation, respectively:

T
(4.3) —/ / (0:01p + 0cue - Vi) dwdt:/ 00,:¢(0,-) dx
0 R2 R2

for any ¢ € C°([0, T xR?; R);

T 1
(4'4) / / <Q€us : 3t¢ — O¢ [us & us] 1 Vet + g qué_ : ";b> dzdt = / 00,eU0,¢ * ’IP(Oa ) dx
0 JR2 R2

for any test function ¥ € C°([0, T'[ xR?; R?) such that div = 0;

Moreover, the divergence-free condition on u. is satisfied in D’(]0, T[xR?).

Before going on, in the following lemma, we characterize the limit for the quantity R.u.. We recall
that R, satisfies

(4.5) OiR. = —div (Reu),  (Re)jmo = Ro...

Lemma 4.2. Let (R.). be uniformly bounded in L (L (R?)) with (VR.). C L¥(H*"1(R?)), and let
the velocity fields (u.)e be uniformly bounded in L°°(H*(R?)). Moreover, for any ¢ € ]0,1], assume that
the couple (R.,u:) solves the transport equation [EH). Let (R,u) be the limit point identified in (E2)).
Then, up to an extraction:

(i) Re = R in C7.(Cp(R?));

loc

(i) the product R.u. converges to Ru in the distributional sense.

Proof. We look at the transport equation (L) for R.. We employ Proposition on the term in the
right-hand side, obtaining

[Revellmrs < C (| Rellpellucl me + [IV Rl ot [[ue] ) -

By embeddings, this implies that the sequence (9; R ). is uniformly bounded e.g. in L (L*°) and so (R;)
is bounded in W, (L) uniformly in e. On the other hand, we know that (V R, ). is bounded in L$®(L>).
Then, by Ascoli-Arzela theorem, we gather that the family (R.). is compact in e.g. C%(CP ) and hence
we deduce the strong convergence property, up to passing to a suitable subsequence (not relabeled here),

R. - R in C°0,T];C.).

Finally, since (u.): is weakly-* convergent e.g. in L5(L?) to u, we get R.u. X Ru in the space

At this point, as anticipated in the introduction of this section, we have to highlight the constraint
that the limit points have to satisfy. We have to point out that this condition does not fully characterize
the limit dynamics (see Subsection below).

The only singular term present in the equations is the Coriolis force. Then, we test the momentum
equation in (4] against etp with 1 € C°([0, T[ xR?;R?) such that divey = 0. Keeping in mind the
assumptions on the initial data and due to the fact that (o.uc). is uniformly bounded in e.g. L5°(L?)
and so is (ou: ® uc). in LF(LY), it follows that all the terms in equation (@4, apart from the Coriolis
operator, go to 0 in the limit for ¢ — 0.
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Therefore, we infer that, for any ¥ € C2°([0, T[ xR?; R?) such that div = 0,

T T
lim/ / gguj.wdzdt:/ / ut - pdrdt=0.
=0 Jo  JRr2 0 Jr2

This property tells us that u = V, for some suitable function 7.
However, this relation does not add more information on the limit dynamics, since we already know
that the divergence-free condition div u. = 0 is satisfied for all £ > 0.

4.2 'Wave system and convergence

The goal of the present subsection is to describe oscillations of solutions to show convergence to the limit
system. The Coriolis term is responsible for fast oscillations in time of solutions, which may prevent
the convergence. To overcome this issue we implement a strategy based on compensated compactness
arguments. Namely, we perform algebraic manipulations on the wave system (see (£I0) below), in order
to derive compactness properties for the quantity 7. := curl (9-u.). This will be enough to pass to the
limit in the momentum equation (and, in particular, in the convective term).
Let us define
Vei=ocu.,

that is uniformly bounded in L3 (H?®), due to Proposition [A.7]in the Appendix.
Now, using the fact that o. = 1 4+ R, we recast the continuity equation in the following way:

(4.6) eOR, +divV,.=0.

In light of the uniform bounds and convergence properties stated in Lemma [£.2] we can easily pass to the
limit in the previous formulation (or rather in ([@3]) finding

(4.7 OtR + div (Ru) = 0.
At this point, we decompose
gsuj‘ = uj‘ +¢ Rgué‘
and from the momentum equation one can deduce
(4.8) e0 V. + VI +ul =cf.
where we have defined
(4.9) fe = —div (0cue ® u.) — Rout

In this way, we can rewrite system (2) in the wave form

(10) {sath +divV.=0

e V.+ VI, +utl =¢f..

Applying again Proposition [A.7, one can show that the terms p.u. ® u. and RgueL are uniformly
bounded in L (H*®). Thus, it follows that (f.). C L (H*™1).

However, the uniform bounds in Section [ are not enough for proving convergence in the weak formu-
lation of the momentum equation. Indeed, on the one hand, those controls allow to pass to the limit in
the 0; term and in the initial datum; on the other hand, the non-linear term and the Coriolis force are
out of control. We postpone the convergence analysis of the Coriolis force in the next Paragraph .3 and
now we focus on the the convective term div (g.u. ® u.) in [@4). We proceed as follows: first of all, we
reduce our study to the constant density case (see Lemma below). Next, we apply the compensated
compactness argument.
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Lemma 4.3. Let T > 0. For any test function ¥ € C°([0, T[xR?;R?), we get

T T
/ / 0. @ u. : Vp dxdt f/ / u: Q@ ue : Vb dedt
0 R2 0 R2

Proof. Let ¢ € C°(]0, T[xR?* R?) with Suppy C [0,T] x K for some compact K C R?. Therefore, we
can write

T T T
/ / 0-U: Q@ u. : Vp dxdt:/ / u: @ ue. : Vo dxdtJrs/ / R.u. ® u. : Vp dzdt .
0o JK 0 JK 0 JK

As a consequence of the uniform bounds e.g. (u.). C LF¥(H?®) and (R.). C L (L), the second integral
in the right-hand side is of order e. O

(4.11) lim sup

e—0

=0.

Thanks to Lemma 3] we are reduced to study the convergence (with respect to ) of the integral

T T
—/ / u8®u5:v¢dxdt:/ / div (ue @ ue) - ¢ dadt.
0 R2 0 R2

Owing to the divergence-free condition we can write:
. 1
(4.12) div (u: @ ue) = ue - Vu, = §V|u6|2 + we uj ,

where we have denoted w, := curl u..
Notice that the former term, since it is a perfect gradient, vanishes identically when tested against
such that divep = 0. As for the latter term we take advantage of equation (&8]). Taking the curl we get

(4.13) e = curl fe,

where we have set v, := curl V. with V. := g.u.. We recall also that f. defined in (@3] is uniformly
bounded in the space L (H*™!). Then, relation I3)) implies that the family (9;7y:)c is uniformly
bounded in L3 (H*~2). As a result, we get (y.). C W, (H*2). On the other hand, the sequence (V).
is also uniformly bounded in L3°(H*~2). At this point, the Ascoli-Arzela theorem gives compactness of

(Ve)e in e.g. C%(HISO;Q). Then, it converges (up to extracting a subsequence) to a tempered distribution

v in the same space. Thus, it follows that
e — v in D'(Ry x R?).

But since we already know the convergence V. := o.u. — u in e.g. L5 (L?), it follows that 7. :=
curl Vo — w = curlw in D', hence v = curlu = w.
Finally, writing o. = 1 4+ eR., we obtain

e := curl (e ue) = we + ecurl (Rou.)

where the family (curl (R.u.))e is uniformly bounded in L3 (H*~!). From this relation and the previous
analysis, we deduce the strong convergence (up to an extraction) for £ — 0:
We — W in LF(HE?).

In the end, we have proved the following convergence result for the convective term div (u. ® u;).

Lemma 4.4. Let T > 0. Up to passing to a suitable subsequence, one has the following convergence for
e —0:

T T
(4.14) / / u. @ u, : Vip dxdt—)/ / wut - dzdt,
0 R2 0 R2
for any test function ¥ € C°([0, T[xR?* R?) such that divap = 0.
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4.3 The limit system

With the convergence established in Paragraph 2] we can pass to the limit in the momentum equation.
To begin with, we take a test-function ) such that

(4.15) PYp=V'tp with e CX(0,T[xR%R).

For such a 1), all the gradient terms vanish identically. First of all, we recall the momentum equation
in its weak formulation:

T 1
(4'16) / / (_Qaue : at¢ - Qe[ua & Ue] Vet + g Qa"-’/gL : ¢) dxdt = / 00,eU0¢ * "/’(Oa ) dx .
0 JR2 R2

Making use of the uniform bounds, we can pass to the limit in the 0; term and thanks to our assumptions

. . 2
and embeddings we have gg . uo — ug in e.g. L .

For the convective term p.u. ® u., taking advantage of the analysis presented in Subsection and
performing equalities ({I2) backwards, we find that

T T
/ / qug®ugzv¢dxdt—>/ / u®u: Vi dedt
0 R2 0 R2

for € — 0 and for all smooth divergence-free test functions .
Let us consider now the Coriolis term. We can write:

T 1 T T 1
/ / —quj-wdxdt:/ / Reuj-d;dxdt—i—/ / —ul ap dadt.
o Jr2€ 0o Jr2 o Jr2¢€

Since u,. is divergence-free, the latter term vanishes when tested against such v defined in (@I5). On the
other hand, again thanks to Lemma [£.2] one can get

T T
/ / Rout - dxdt—>/ / Ru™t -4 dadt.
0 R2 0 R2

In the end, letting e — 0 in ([@I6]), we gather

T
// (7u~8t¢fu®u:vz¢+RuJ‘-1,b)dxdt:/ ug - (0, ) dz
0 JR2 R2

for any test function v defined as in (£I5).
From this relation, we immediately obtain that

dru + div (u @ u) + Rut + VII =0

for a suitable pressure term VII. This term appears as a result of the weak formulation of the problem. It
can be viewed as a Lagrangian multiplier associated to the to the divergence-free constraint on u. Finally,
the quantity R satisfies the transport equation found in (7).

We conclude this paragraph, devoting our attention to the analysis of the regularity of VII. We apply
the div operator to the momentum equation in (&J]), deducing that II satisfies

(4.17) —All =divG where G :=wu-Vu+ Rut.
On the one hand, Lemma 2 of [I5] gives

IVIT| 2 < CllGl L2 < C (|ful 2| Vel oo + | Rll ool 2) -
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This implies that VII € Lg(L?).
On the other hand, owing to the divergence-free condition on u, we have

AT g2 < C ([l Zre + IRl polullme + VR o1 [l o)

where we have also used Proposition

In the end, we deduce that AIl € L (H*~!). Thus, we conclude that VII € L (H?®).

At this point, employing classical results on solutions to transport equations in Sobolev spaces, we
may infer the claimed C° time regularity of w and R. Moreover, thanks to the fact that R and u are both
continuous in time, from the elliptic equation (@IT), we get that also VII € C2(H?).

5 Well-posedness for the quasi-homogeneous system

In this section, for the reader’s convenience, we review the well-posedness theory of the quasi-homogeneous
Euler system (2]), in particular, the “asymptotically global” well-posedness result presented in [12]. In
the first paragraph, we recall the local well-posedness theorem for system (29) in the H® framework.
Actually, equations (2.9) are locally well-posedness in all By . Besov spaces, under the condition (L.4]). We
refer to [I1] where the authors apply the standard Littlewood-Paley machinery to the quasi-homogeneous
ideal MHD system to recover local in time well-posedness in spaces By, for any 1 < p < +oo. The
case p = +oo was reached in [I2] with a different approach based on the vorticity formulation of the
momentum equation.

In Subsection B3] we explicitly derive the lower bound for the lifespan of solutions to system (2.9)).
The reason in detailing the derivation of (59) for T* is due to the fact that it is much simpler than the
one presented in [12], where (due to the presence of the magnetic field) the lifespan behaves like the fifth
iterated logarithm of the norms of the initial oscillation Ry and the initial magnetic field. In addition,
that lower bound (see (.9) below) improves the standard lower bound coming from the hyperbolic theory,
where the lifespan is bounded from below by the inverse of the norm of the initial data.

5.1 Local well-posedness in H® spaces

In this subsection, we state the well-posedness result for system ([2.9) in the H® functional framework
with s > 2, in which we have analysed the well-posedness issue for system (2.1]).

Theorem 5.1. Take s > 2. Let (Ro,uo) be initial data such that Ry € L>, with VRy € H*™1, and the
divergence-free vector filed ug € H®.

Then, there exists a time T* > 0 such that, on [0,T*] x R2, problem [23) has a unique solution
(R, u, VII) with:

e Re CY([0,T%] x R?) and VR € CY..(H*"'(R?));
e u and VII belong to CY.. (H*(R?)).
In addition, if T* < T < 400 and we assume that

T
| Iu®)] e < oo,
0

then the triplet (R,u,VII) can be continued beyond T into a solution of system (Z9) with the same
regularity.
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5.2 Well-posedness in Besov spaces

The main goal of this subsection is to review the lifespan estimate presented in [I2] (for the MHD system)
in order to get ([2.10). To show that, one has to work in critical Besov spaces where one can take advantage
of the improved estimates for linear transport equations a la Hmidi-Keraani-Vishik. In order to ensure
that the condition (L4) is satisfied, the lowest regularity space we can reach is Bc1>o,1' In addition, since
u € B, ;, we have that the BY, ; norm of the curlu can be bounded linearly with respect to [[Vaul| 11 (1),
instead of exponentially as in classical By , estimates (see Theorem [A-13]in the Appendix).

Finally, we construct a “bridge” between H® and Béql Besov spaces establishing a continuation
criterion, in the spirit of the one by Beale-Kato-Majda in [5].

We start by recalling the local well-posedness result for system (@) in B3, , and, in particular, in
the end-point space Béo,l. We highlight that the physically relevant L? condition on u, in the following
theorem, is necessary to control the low frequency part of the solution, so as to reconstruct the velocity
from its curl (see Lemma 4] below).

Theorem 5.2. Let (s,r) € R x [1,+00] such that s > 1 or s =r = 1. Let (Ro,uo) be an initial datum
such that Ry € BS, .(R?) and the divergence-free vector field ug € L*(R*) N BE, .(R?). Then, there exists
a time T* > 0 such that system (@I has a unique solution (R,w) with the following regularity properties,
if r < 4oo0:

o ReC([0,T7]; B, . (R*) N CH([0, T*); B 1 (R?));
e u and VII belong to C°([0,T*]; Bgom(RQ)) NCH[0,T%]; L?(R?) N Bg;%(RQ)).
In the case when r = +o00, we need to replace C°([0,T*]; BS, .(R?)) by the space CJ,([0,T*]; BS, . (R?)).

S

oo Where
.

Next, one can state the following continuation criterion for solutions of system (&I]) in B
the couple (s, r) satisfies the Lipschitz condition (4] (see [12] for details of the proof).

Proposition 5.3. Let (Ro,uo) € B, . x (L* N BE, ,.) with divug = 0. Given a time T > 0, let (R, w) be

a solution of @I) on [0,T[ that belongs to Ly°(BS, ) x L*(L* N BS, ,.) for any t € [0, T[. If we assume
that

T
(5.1) / (IVu|| Lo dt < 400,
0

then (R,u) can be continued beyond T into a solution of ([EI) with the same regularity.
Moreover, the lifespan of a solution (R, u) to system (29) does not depend on (s,r) and, in particular,
the lifespan of solutions in Theorem [2.4] is the same as the lifespan in BéOJ X (L2 N Béo,l)‘

5.3 The asymptotically global well-posedness result

In this paragraph we focus on finding an asymptotic behaviour (in the regime of small oscillations for the
densities) for the lifespan of solutions to system (4I]). Namely, for small fluctuations Ry of size § > 0, the
lifespan of solutions to this system tends to infinity when § — 0. To show that, we have to take advantage
of the linear estimate in Theorem [A 13| for the transport equations in Besov spaces with zero regularity
index. For that reason, it is important to work with the vorticity formulation of (£1]), since w € BSOJ.
Thanks to the continuation criterion presented in Proposition [5.3] it is enough to find the bound of the
lifespan in the lowest regularity space B}m 1-

To begin with, we recall a general relation between a function and its curl that will be useful in the
sequel. We refer to [12] for details of the proof.

Lemma 5.4. Assume f € (L?N B§O7T)(R2) to be divergence-free. Denote by curl f := —0af1 + 01 f2 its
curl in R?. Then, we have

(5.2) Ifll2nBs,, ~ [l + [learl fll g1 -
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Therefore, due to the relation (5:2)), we can define
(5:3) E(t) = llu®)llz> + lw®llpo, , ~ lu®)llr2np

where we have set w := curlu = —0suy + d1us, as above.

Since the L? norm of the velocity field is preserved, to control w in B, ;, it will be enough to find
estimates for curlw in BSOJ. Hence, we apply again the curl operator to the second equation in system
1) to get the following system

(5.4) OR+u-VR=0
' Ow +u - Vw = —div (Ru) .
where we have defined w := curlu = —dyu; + O1us.

Making use of Theorem [A.13] we obtain

t t
e, <€ (1Ol + [ v (Rl ar) (14 [ 19uliar)
' ' 0 ' 0
Now, we look at the bound for div (Ru), finding that

ldiv (Ru)llgg, , < € (IRI=llwlsy, , + lullo=IRls ) < CIRIs:, £6).

,1

Then, we deduce
t t
(5.5) Et)<C (5(0) +/ E(MIIR| B, dT) <1 +/ E(r) dT) .
0 ’ 0
At this point, Theorem [A. 12l implies that
t
1ROl < Rollss, e (€ [ () ar)

Plugging this bound into (55) gives

£lt) < c<1+/0t5(7) dT) <5(0)+ |Rolls | /Ote(T)exp (/075(5) ds) dT) .
We define

t T
(5.6) T" := sup {t >0: HROHB; 1/ E(1)exp (/ E(s) ds) dr < 5(0)} .
+Jo 0
Then, for all ¢ € [0, T*], we deduce
¢
Et)<C <1 +/ E(r) dT> £(0)

0

and thanks to the Gronwall’s lemma we infer

(5.7) E(t) < CE(0) CEO1

for a suitable constant C > 0.
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It remains to find a control on the integral of £(t). We have
t
/ E(r) dr < 98Ot
0

and, due to the previous bound (B.7)), we get

t T t
[ Roll g1, / E(T)exp (/ E(s) ds) dr < C|Ro||p1_, / £(0) e“CO7T exp (eCS(O)T - 1) dr
"t Jo 0 " Jo
< ClRolp, (exp (¢C5@F —1) —1) .

Finally, by definition ([B.6]) of T*, we can argue
£(0) < C|[Rollpr_, (exp (77" = 1) 1) ,

that give the following lower bound for the lifespan of solutions:

C £(0)
T > —log|log | Cr————+1]|+1].
£0) ( ( TRollze, ) )

From there, recalling the definition (53] for £(0), we have

C ol L2nm2
(5.9) T*> — “ og[log [0 2 g 1)
lwollz2nmr | [Rolls:_,

for a suitable constant C' > 0. This is the claimed lower bound stated in Theorem [2.4]

6 The lifespan of solutions to the primitive problem

The main goal of this section is to present an “asymptotically global” well-posedness result for system
B2), when the size of fluctuations of the densities goes to zero, in the spirit of Subsection 5.3 We start
by showing a continuation type criterion for system (B.2)) and discussing the related consequences (see
Subsection [6.1] below for details). We conclude this section presenting the asymptotic behaviour of the
lifespan of solutions to system ([B.2): the lifespan may be very large, if the size of non-homogeneities ag ¢
defined in (1)) is small (see relation ([@I4]) below). We point out that it is not clear at all that the global
existence still holds even in a fast rotation regime.

6.1 The continuation criterion and consequences

In this paragraph, we start by presenting a continuation type result in Sobolev spaces for system (3.2)),
in the spirit of the Beale-Kato-Majda continuation criterion [5]. We refer to the work [3] by Bae, Lee and
Shin, regarding the details of the proof.

Proposition 6.1. Take € € ]0,1] fized. Let (agc,uo,) € L™ x H® with Vao. € H*™1 and divug . = 0.
Given a time T > 0, let (ae, ue, VII,) be a solution of B2) on [0,T] that belongs to L (L) x L (H®) x
L (H®) and Va. € L (HS™Y) for any t € [0, T|. If we assume that

T
(6.1) / V|| dt < +oo,
0

then (ac,uc, VII.) can be continued beyond T into a solution of [B2) with the same regularity.
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At this point, if we are able to control the norm |luc||pe(z2np1 ). then we are able to bound

Ve £se (o). This will imply (6.1]) and, therefore, the solution will exist until the time 7.
Indeed, we have that

Vel e (noey < Cllucligenr ) -

As already pointed out in Lemma [54] to control the B;OJ of u. it is enough to have a L? estimate for
u. and a Bgo,l estimate for its curl. Those estimates are the topic of the next Subsection [6.2] provided
that the time 7" > 0 is defined as in (G.I3]) below. Therefore, ||[Vuc| pz(r=) < +00 and so

T
/ [Vue|| L= < +00,
0

for such 7" > 0.

Finally, we note that we have already shown the existence and uniqueness of solutions to system (B.2])
in the Sobolev spaces H® with s > 2 (see Section [3) and thanks to Proposition [AZ3] those spaces are
continuously embedded in the space Bl ;.

6.2 The asymptotic lifespan

In this paragraph we focus our attention on the lifespan of solutions to the primitive system ([B.2)). As
we will see in the sequel, the fast rotation effects are not enough to get an “asymptotically global” well-
posedness result. Similarly to the quasi-homogeneous case, we need smallness for the Béo,l norm of the
initial fluctuations ag . defined in (BI)).

First of all, we have to take advantage of the vorticity formulation of system ([.2]). To do so, we apply
the curl operator to the momentum equation, obtaining

(6.2) Owwe +u. - Vw. +Va. A VII. =0,

where w. := curlu. and Va. A VIl := 0ya. 0211, — dsa.0111..

We notice that vorticity formulation is the key point to bypass the issues coming from the Coriolis
force, which singular effects disappear in (G.2)).

Next, we make use of Theorem [A T3] (in the Appendix) and we deduce that

t t
(6.3) ||w€|Bgolsc(||wo,s|Bgol+ / |VaeAvns|BgoldT) <1+ / ||Vus|L°°dT>~
’ ’ 0 ’ 0

We start by bounding the ng1 norm of Va. A VII.. We observe that

O1ac 0211, — Ora. 0111 = Ta, 0. 0211 — Ta,0.0111c + To, 1. 0102 — To,11. 020,
(64) + 8172((15 — A,las, 821_15) - 827—\),(0,5 — A,las, 811_15)
=+ R(@lA,laE, 82H€) + ’R(agA,laE, 81H5) .

Applying Proposition [A.4] directly to the terms involving the paraproduct 7, we have
1To0. VTellpe, + 1 Ton. Vacl o, < C (V]| VT o, + [ Vaclpe IVTL]|z~ ) -

Next, we have to deal with the remainders R. We start by bounding the Bgm1 norm of 01 R(a. —
A_jae, OoI1.). One has:

[01R(ae — A_rac, BIL)| g, | < ClIR(ac — Ayac, Oolle)||p1_
< C (IVIL gy, _II(1d = Ay)acllpa , )

< C (VI = Vacl sy, )
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where we have employed the localization properties of the Littlewood-Paley decomposition. In a similar
way, one can argue for %2R (a. — A_jac, O411.).

It remains to bound R(91A_1a., 0211;). Analogously, one can treat the term R(92A_ja., 0111;) in
(64). We obtain that

IR@1A-1ac, DI o, < CIRO1A 10z, BIL) s, < C (IVILl|= 1A a5, ) -
Employing the spectral properties of operator A_1, one has that
[01A1acllpr | < ClJA_1Vae| L.

Then,
IROA 10z, 011 pg, < C (IVTL 1 [ Vacllpg ) -

Finally, we get
IVa: A VI gy, | < € (IVaclle= VT o, + [Vl po,  IVTL]l2 ) -

So plugging the previous estimate in ([G.3]), one gets

t t
po [ Vel 9, o) (14 [ IVudomar)

©05)  loeloe,, <€ (Jlnd

At this point, we define
(6.6) Bolt) = (Ol paem ,  and  Au() = [Vac(t) o -

In this way, we have

(6.7) E.(t)<C <E€(0)+/Ot AE(T)HVHEHBQO’IdT) <1+/0t E.(7) dT> .

Next, we recall that, for ¢ = 1, 2:
0 O;a: + ue -V 0;a. = —0;u, - Va,

and, due to the divergence-free condition on w., we can write

O - Vao = > 0ul 90, = > (9wl dja.) — 9wl dhac) )
J J
So, using Proposition [A.4] and the fact that

|10: R(uZ, 05a:) || go_, < ClIR(ul, ja.)] 1

00,1

< O Vaclp luelpe |-

we may finally get

e - Vacl po , < ClIVaclipo | Juellps |-

Thus,
t
IVae(®)lm . < [Vaoelm  exp (c / ||ua||3;1d7) .
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Therefore, recalling (G.6]), one has

(6.8) A(t) < A (0) exp (c /O "B dr) .

The next goal is to bound the pressure term in BY, ;. Actually, we shall bound its B 0,1 Dorm. Similarly
to the analysis performed in Subsection [3.2] for the H ® norm (see e.g. inequality (B:QI)) there exists some
exponent A > 1 such that

(6.9) [VIL|py , <O ((1+elVaclb ) IVIllze + ¢ lo div (e - Va) o, + lloc divad s, ) -
The L? estimate for the pressure term follows in a similar way to one performed in 3.I1)), i.e

(6.10) IVIL||z2 < Ce flue] p2 Ve o + [l | 22 -

Next, as showed above in the bound for ||0;u. - Vac||go_ , combining Bony’s decomposition with the
fact that div (ue - Vue) = Vu, : Vu,, we may infer:

ldiv (ue - Ve )| g, | < C llucls -

Now, from Proposition 3 of [16], we can estimate the Bc1>o,1 norm of the density in the following way:

loclls, <C (e+elVacls,,) -

Finally, plugging the L? estimate (6.I0) and all the above inequalities in (6.9), one may conclude that

IVIL]i s, < € (142 1Vaclbo ) (< luellzelVaclpo,, + el z2)

+C (1 +elVaclsy, ) (2 luel |+ lucls, )
CA+eAN)(eE2 4+ E.) 4+ C(1 +cA.)(e E? + E.)
CeE2+E)(1+ecA +eA)
Cle B2+ E.)(1+eAD).

(6.11)

We insert now in (6.7) the estimates found in (GI1]) and in (68)), deducing that

(6.12) E.(t) <C <E€(0)+BE(O) /Ot exp (c/OT E.(s) ds) (e E2(7) + E-()) dT> <1+/Ot E.(7) dT> ,

where we have set B.(0) := A.(0) + ¢ A (0) 1.
At this point, we define T} > 0 such that

(6.13) TF = sup{t>0: B.(0) /exp< / E.( ) (e E2(1) + E.(7)) drgEg(O)}.

So, from (G.I2)) and using Gronwall’s inequality, we obtain that
E.(t) < C E.(0)eC*F=()

for all ¢t € [0, T7].
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The previous estimate implies that, for all ¢ € [0, 7], one has
t
/ E.(7)dr < eCtF0 _ 1.
0

Analogously to inequality (5.8]) in Subsection 53] we can argue that

B.(0) /0 Cexp (c /O " B.(s) ds) E.(7) dr < CB.(0) (exp (70 1) ~1)

Then, it remains to control

eB-(0) /Ot exp <C /OT E.(s) ds> E2(t) dr.

For this term, we may infer that

t T t
565(0)/ exp (C’/ E.(s) ds) E3(7) dr < CEBE(O)/ E2(0)etP=(0) exp (eCtEE(O) - 1) dr
0 0 0
< CeB.(0)E-(0) (exp (eCtEE(O) - 1) - 1) .
In the end, by definition (G.I3) of T, we deduce

.. C CE.(0)
(6.14) 152 By 8 (k’g (max{fsg(o» BB 1) * 1) |

for a suitable constant C' > 0. This concludes the proof of Theorem 211

A Appendix - A few tools from Fourier analysis

This appendix is devoted to present some tools from Fourier analysis, which we have exploited in our
analysis. We recall some definitions and properties of Littlewood-Paley theory, Besov spaces and parad-
ifferential calculus. Moreover, using those notions, we will focus on the study of transport equations in
Besov spaces.

A.1 Littlewood-Paley theory and Besov spaces

In this paragraph, we recall the main results concerning the Littlewood-Paley theory. We refer e.g. to
Chapter 2 of [4] for details. For simplicity of exposition, let us deal with the R¢ case, with d > 1; however,
the whole construction can be adapted also to the d-dimensional torus T?, and to the “hybrid” case
R% x T2,

First of all, let us introduce the Littlewood-Paley decomposition. For this we fix a smooth radial
function y such that Supp x C B(0,2), x = 1 in a neighborhood of B(0,1) and the map r — x(re) is
non-increasing over R4 for all unitary vectors e € R%. Set ¢ (&) = x (£) — x (2€) and ¢;(€) = p(277¢) for
all j > 0. The dyadic blocks (A;);ez are defined byl

Aj =0 if j< -2 A_y := x(D) and A; = p(27'D) if j>0.

'"We agree that f(D) stands for the pseudo-differential operator u +— F~[f(&) T()].
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For any j > 0 fixed, we also introduce the low frequency cut-off operator

(A1) Sj = x(27D) = Y A

k<j—1
Note that S; is a convolution operator. More precisely, after defining
Ko = F 'y and K;(x) == F ' x(279)](z) = 279Ky (27x),

for all j € N and all tempered distributions u € §’, we have that S;u = K; x u. Thus the L! norm of
K; is independent of j > 0, hence S; maps continuously L? into itself, for any 1 < p < 4-o0.

The following classical property holds true: for any v € 8’, then one has the equality u = j Aju in
the sense of §’. Let us also recall the so-called Bernstein inequalities.

Lemma A.1. Let 0 < r < R. A constant C exists so that, for any non-negative integer k, any couple
(p,q) in [1,+00)?, with p < q, and any function u € LP, we have, for all A > 0,

1

Supp @ C B(0,AR) = ||VFu|Le < CFHINHG=3) ||y 10 ;
Supp @ C {€€R? : Mr < €] < AR} = C*INlullre < |[VFullne < CHFENulLe .

By use of Littlewood-Paley decomposition, we can define the class of Besov spaces.

- is defined as

Definition A.2. Let s € R and 1 < p,r < +o0o0. The non-homogeneous Besov space B,
the subset of tempered distributions w for which

lull g , = H(Qas 1A, u||Lp) - 1He < +o00.

Besov spaces are interpolation spaces between Sobolev spaces. In fact, for any k € N and p € [1, +00]
we have the chain of continuous embeddings B 1= Wk s B;foo, which, when 1 < p < 400, can be
refined to

k k
By min(p,2) =+ W P Bp max(p,2) *

In particular, for all s € R we deduce that B3 , = H*®, with equivalence of norms:
1/2

(A.2) Il ~ | D0 277147

Jj=-1
As an immediate consequence of the first Bernstein inequality, one gets the following embedding result,
which generalises the Sobolev embeddings.

Proposition A.3. The space B,! ,. is continuously embedded in the space B;? ., for all indices satisfying

p1 < po and either sy < s1 — (1/p1 — 1/p2), or 89 = §1 — d(l/p1 — 1/p2) and r1 < rg.
In particular, we get the following chain of continuous embeddings:
By, — Bcsx;g/p < By, <= L™,
whenever the triplet (s,p,r) € R x [1, +0c]? satisfies

d d
(A.3) 5> — or s=— and r=1.
p p
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A.2 Paradifferential calculus

Let us now introduce the Bony decomposition (see [6]). Once again, we refer to Chapter 2 of [4] for
details. Formally, the product of two tempered distributions u© and v can be decomposed into

uv = Tov + Tou + R(u,v),

where the paraproduct T and the remainder R are defined as follows:

Tuv = ZSj,lu Aju and R(u,v):= Z Z Ajulgv.
J J k=3l
The paraproduct and remainder operators have nice continuity properties. The following ones will be of

constant use in the paper.

Proposition A.4. For any (s,p,r) € R x [1,+00]? and t > 0, the paraproduct operator T maps contin-

uously L> x By . into By, and B;Ofoo X B, . into B;;t. Moreover, we have the following estimates

[Tuol B

p,"

< Cllulle [Vl g and [Tuvllgg-e < Cllull e[ V0l g1

For any (s1,p1,m1) and (s2,p2,72) in R x [1,+00]? such that s; + s2 > 0, 1/p := 1/p1 +1/ps < 1 and

1/r:=1/ri 4+ 1/ry <1, the remainder operator R maps continuously Byt . x By2 . into BplF*2. In the

case when s1 + s2 =0 and 1/r1 + 1/ry = 1, the operator R is continuous from Byl . x B2 to Bg,oo-

As a consequence of the Proposition[A.4] the spaces B; ,. are Banach algebras provided condition (A.3])
holds for s > 0. Moreover, in that case, we have the so-called tame estimates.

Corollary A.5. Let (s,p,7) € R x [1,+00])2. Then, for every f,g € L> N BS

s One has

1£9lss, <€ (Iflle=llglzy, + 1F18s Ngle~) -

Remark A.6. The space Bgo,l is not an algebra. If f,g € B applying Proposition [A4), one can

00,17

bound the paraproducts Trg and Tyf but not the remainder R(f,g).

To end this paragraph, we present a fine estimate for products in which one of the two functions is
only bounded but its gradient belongs to the Besov space B;;l.

Proposition A.7. Let (s,p,r) € ]0,+00[ x [1,+00]? satisfies condition (A3). Assume that g € L>°NB;,
and f is a bounded function such that Vf € Bg;l. Then, the product fg belongs to L> N B, , and one
has the following estimate:

1£gllm, < € (171~ lglls;, + 1V A1 ;- lglle~) -
Proof. Taking advantage of Bony decomposition, one can write
f9="Trg+Tyf +R(},9)
and employing Proposition [A.4] we get

1759115, < Cllfll=lgls;,
175 fllss, < Cliglle=lIVfllgs-
IR(f, 9)lBs, < Clflise, Nglss., < Cllflle=lglss, -

This completes the proof of the proposition. O
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A.3 Commutator estimates

In this paragraph, we recall the main commutator estimates widely employed throughout the paper (we
refer to Chapter 2 of [4] for full details).

Definition A.8. We say that the triplet (s,p,r) € R x [1,+00]? satisfies the Lipschitz condition if

(A4) s>1+d/p and r€]|l,+o] or s=1+d/p and r=1.

The proof of the following Lemma can be found in [15] by Danchin.

Lemma A.9. Let (s,p,r) satisfy condition (A4) and o be in]—1, s —1]. Assume that w € By . and A
is a bounded function on R? such that VA € B;;l. Then, there exists a constant C = C(s,p,r,0,d) such

that for all i € {1,...,d}, we have:
10:[A, AjJw|pr < Ccy 2_j“|\VA||B;;1||wHBg’T forallj > —1,

with [|(c;j)j>—1ller = 1.

The next statement concerns a standard commutator estimate between the transport operator and
the frequency localisation operator.

Lemma A.10. Assume that v € Bj . with (s,p,r) satisfying the Lipschitz condition (A4)). Denote by

[v-V,Ajlf = (v-V)A;f —Aj(v- V)f the commutator between the transport operator v -V and the
frequency localisation operator Aj;. Then, for every f € By

,T7

| @~ v, 20710), |, < € (190~ 15155, + 1Vl e 19512 )

s—1

and also, for every f € By %,

| (e 9.8000) | <0 (190lm s + 190 U1

Jller

for some constant C = C(d, s,p) > 0.
Finally, the next result deals with commutators between paraproduct operators and Fourier multipliers.

Lemma A.11. Let k be a smooth function on RY, which is homogeneous of degree m away from a
neighborhood of 0. Take (s,p,r) € R x [1,+00]|? and v a vector field such that Vv € L*. Then, for every
f € B, ., one has

[T, 5(D)]f || ggmtr < Cd, 8) [Vl o= || fI B,

A.4 Transport equations

In this paragraph, we deal with the transport equations in non-homogeneous Besov spaces. We refer to
Chapter 3 of [4] for additional details. We study, in Ry x R9, the initial value problem

(A.5) Of+v-Vfi=g
fit=0 = fo -

We always assume the velocity field v = v(¢,x) to be a Lipschitz divergence-free function. In the case
when the Lipschitz condition (A4) is satisfied, we have the embedding B, < wihee,

We state now the main well-posedness result concerning problem (A.5) in Besov spaces. We point out
also that the notation C?([0,T]; X), with X a Banach space, refers to the space of functions which are
continuous in time with values in X endowed with its weak topology.
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Theorem A.12. Let (s,p,r) € R x [1,+00]? satisfies the Lipschitz condition (Ad). Given T > 0, take
g € LlT(B;T). Assume that v € LlT(B;,T) and that there exist two real numbers ¢ > 1 and o > 0 such
that v € LqT(B;O‘fOO). Finally, let fo € B, , be the initial datum. Then, the transport equation (A3) has
a unique solution f in:

o the space C° ([O, TY; B;,T) if r < 4005

e the space <ﬂ c® ([O,T];B;:OO)> neo ([O,T];B;m) if 7 = +oo.

s'<s
Moreover, the unique solution satisfies the following estimate:

T T t
1 llesecm;,) < exp (c | 190l df> <||fo||B;,r+ / exp(—c | 19l dr) lg(®)l15;, dt>,
0 ’ 0 0 ’

for some constant C = C(d, s,p,r) > 0.

To conclude this paragraph, let us show a refinement of Theorem [A12] proved by Vishik in [43] and
in a different way by Hmidi and Keraani (see [34]). It states that, if dive = 0 and the Besov regularity
index is s = 0, the estimate in Theorem [A T2l can be replaced by an inequality which is linear with respect
to [Voll Ly (z)-

Theorem A.13. Given T > 0, assume that v is a divergence-free vector field such that Vv € L (L>)
and let g € Ly(BY, ). Take r € [1,400] and fo € Ly(BY, ). Then, there exists a constant C = C(d)
such that, for any solution f to problem (AX) in C°([0,T]; BY, ) (or with the usual modification of C°
into CO if r = +00), we have

T
(A.6) [l ) <C (||fo||Bgo,r + HgHL;(Bgo,T)) (1 +/O [Vo(7)]| Lo dT) :
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