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Abstract

In the present paper, we show an improved lower bound for the lifespan of the solutions to the ideal MHD equations
in the case of space dimension d = 2. In particular, for small initial magnetic fields by of size (say) ¢ > 0, the
lifespan T > 0 of the corresponding solution goes to +oco in the limit € — 0.

Such a result does not follow from standard quasi-linear hyperbolic theory. For proving it, three are the crucial
ingredients: first of all, to work in endpoint Besov spaces B, .., under the condition s > 1 and r € [1,+o0] or
s = r = 1; moreover, to use the Elsésser formulation of the ideal MHD, recasted in its vorticity formulation; finally,
to take advantage of the special structure of the non-linear terms.

We also rigorously establish the equivalence between the original formulation of the ideal MHD and its Elsésser
formulation for a large class of weak solutions. The construction of explicit counterexamples shows the sharpness
of our assumptions. Related non-uniqueness issues are discussed as well.

2010 Mathematics Subject Classification: 35Q35 (primary); 76W05, 76B03, 35L60 (secondary).

Keywords: ideal MHD; Elsisser variables; vorticity; critical regularity; improved lifespan in 2-D.

Contents
1 Introduction 2
1.1 On the ideal magnetohydrodynamics . . . . . . . . . . .. ... L L L 3
1.1.1 Previousresults. . . . . . . . . . e e 3
1.1.2  Motivations . . . . . . . . . e e e e e e e e 4
1.2 The quasi-homogeneous counterpart . . . . . . . . .. .. L L 5
1.3 Contents of the paper and outline of the main results . . . . . . . ... ... ... ... ... .. 6
2 Statement of the main results 9
3 Tools 11
3.1 Non-homogeneous Littlewood-Paley theory and Besov spaces . . . . .. ... ... ... ...... 11
3.2 Non-homogeneous paradifferential calculus . . . . . . .. ... ... o000 13
3.3 Transport equations and commutator estimates . . . . . . . ... .. Lo 14
3.4 An integrability lemma . . . . . .. oL 15
4 Reformulation using Elsisser variables 17
4.1 Weak solutions . . . . . . . . L 17
4.2 Equivalence of the Elsésser formulation . . . . . . ... ... ... o 0 19
4.3 Counterexamples to the equivalence, and uniqueness issues . . . . . . . . . . . . . ... .. ... 23
4.3.1 About the integrability assumptions . . . . . . . ... Lo L L o 23
4.3.2 Counterexamples to the equivalence . . . . . . .. . .. ... L 24



4.3.3 Lack of uniqueness in a purely L™ framework . . . . . . . . ... ... ... .. 25

4.3.4 Final remarks on the Leray projector . . . . . . . . . ... ... L o oL 25

5 Well-posedness of the quasi-homogeneous ideal MHD system 26
5.1 Uniqueness by an energy method . . . . . . . . . .. . L L 26
5.2 Existence of solutions . . . . . . . . . .. e e 28
5.2.1 A priori estimates . . . . . . ... 28

5.2.2 Proof of existence . . . . . ... 32

5.3 The continuation criterion in Elsésser variables . . . . . . . . ... ... .. ... ... ... 37

6 Improved lifespan in the two-dimensional case 39
6.1 The structure of the bilinear term . . . . . . . . .. ..o L 39
6.2 Proof of Theorem 2.6 . . . . . . . . . . . 39
References 43

1 Introduction

In this paper, we are concerned with the well-posedness issue for the following system of PDEs,
which we set in R x RY, with d > 2 (the case of the flat torus T? may be covered with minor
modifications):

O:R + div (Ru) =0
atu+div(u®u—b®b)+R€u+V(H—i—;\6\2) =0
b+ diviu®@b—-—b®u) =0

div(u) = div (b)) = 0.

The previous system shares evident similarities with the ideal MHD system, which we will recall
in a while and which can be recovered from (1) by setting R = 0. Here and in what follows,
“ideal” always means non-viscous and non-resistive.

Equations (1) have been rigorously derived in [13] in the case of space dimension d = 2.
In certain physical regimes, they give an accurate description of the dynamics of slightly non-
homogeneous ideal magnetofluids, whose motion is subject to large forces depending linearly on
the density variations and on the velocity field. See Subsection 1.2 for more details.

The vector fields u = u(t,z) € R? and b = b(t,x) € R? stand for, respectively, the velocity
field of the fluid and the self-generated magnetic field acting on the flow. The scalar function
IT = II(¢,z) € R is the usual hydrodynamic fluid pressure, while R = R(t,x) € R represents the
density oscillation function around a constant reference state. With this interpretation in mind,
we will, throughout this text, refer to (1) as the quasi-homogeneous ideal MHD system.

Similarly to a density, the function R is simply advected by the flow. On the other hand,
R representing departures from the constant equilibrium, it is not relevant to impose any sign
condition on it. The coupling with the MHD part of the system takes place in the momentum
equation, through the term R€u. Here, the tensor € € M (R) is a d x d real-valued matrix, which
is assumed to have constant coefficients.

Finally, we define the MHD pressure 7 by

1
(2) 7= I+ b

The MHD pressure is the sum of the hydrodynamic pressure I and the magnetic pressure |b|?/2,
which is itself the (opposite of the) trace of the magnetic stress tensor oy, 1= b®b — 3 [b|?Id. The
MHD pressure function 7 acts as a Lagrange multiplier related to the incompressibility constraint
div(u) = 0.



1.1 On the ideal magnetohydrodynamics

When R = 0, one recovers from (1) the classical (homogeneous) ideal MHD system

deu+ diviu @ u—b@b) + V (H+;|b|2> =0
(3) b+ diviu@b—b@u) =0
div(u) = div (b) =0.

This system has been broadly studied in the past thirty years. If reviewing the whole literature
on the subject goes beyond the scopes of the present paper, let us however give some insights on
the structure of the equations and well-known results.

1.1.1 Previous results

From the mathematical viewpoint, equations (3) are a quasi-linear symmetric hyperbolic system
of first order. In particular, solutions to that system (formally) conserve the total energy, defined
as the sum of the kinetic and magnetic energies: for smooth enough solutions, one has

d
(1) (el + J0l3:) = 0.

Notice that this identity does not hold true anymore if we replace the L? norms with the L? norms
of the solutions, with p # 2. Owing to the symmetric hyperbolic structure of the equations, one
is naturally led to consider their well-posedness in energy spaces, and more precisely in Sobolev
spaces H®, with s > sg := 14d/2. This was done in [25] in bounded domains of R?, supplementing
system (3) by suitable boundary conditions.

On the other hand, a more careful inspection of equations (3) reveals that this system is
basically a coupling of transport equations. As a matter of fact, introducing the so-called FElsdsser
variables (sometimes called “characteristic variables” and denoted by z%), defined by the relations

a:=u+b and B :=u—-0b,
system (3) can be recasted in the following form:

ha+ (8-V)a+Vr =0
(5) p+ (a-V)B+Vma =0
div(a) = div(8) =0,

for two possibly different “pressure functions” 7 and me. Both scalar functions 7; and 7o can be
seen as Lagrange mutlipliers enforcing the two independent divergence-free conditions div(«) =
div(5) = 0. Notice that the homologous condition div(b) = 0 for the original magnetic field b
is naturally satisfied by solutions of (3), provided it is satisfied at the initial time; therefore, no
Lagrange multiplier is needed in the equation for b (equivalently, system (3) is not overdetermined).

The Elsésser formulation (5), well-known to physicists, was already at the basis of the approach
of [25], and since then has been largely exploited in mathematical works. For instance, the
transport structure underlying equations (5) also makes it possible to propagate LP norms of the
solution, whenever both u and b are Lipschitz continuous. Starting from this observation, Secchi
in [26] extended the result of [25] to the class of Sobolev spaces W*P? under the condition k >
ko(p) := 14 d/p and for p €1, +oo[. In [7] Elsésser variables were used to investigate questions
related to energy and magnetic helicity conservation (in connection with Taylor’s conjecture; see
also [4] for recent developments and further references) and blow-up criteria for solutions to (3).
The same approach, based on the reformulation (5), was also used (somehow in an implicit way)



in [24] to study well-posedness of the ideal MHD system in critical Besov spaces B, + ¢/p (R9), for
any p € [1,4+o00], and in [11] for analogous results in the framework of Triebel- leorkln spaces.
We refer to [8] and [21] for further results and additional references on the classical ideal MHD
equations. We also refer to [5] for more physical insights about MHD-type systems, their (formal)
derivation from the Vlasov equations and their regimes of validity.

1.1.2 Motivations

Before going ahead and considering the quasi-homogeneous counterpart (1) of the ideal MHD
equations, let us make two important remarks.

The first observation concerns the equivalence between the Elsésser formulation (5) and the
original formulation (3) of the ideal MHD. Passing from (3) to (5) is based only on algebraic
manipulations of the equations, and yields in addition Vre = Vm; = Var, where 7 is the MHD
pressure defined in (2). On the contrary, proving that a solution of (5), no matter how regular,
also solves (3) is not completely clear, since one has to make sure that no “pressure term” appears
in the magnetic field equation, or, in other words, that Vm; = V.

On the other hand, as the equivalence problem seems to lie with the pressure terms, one could
try to get rid of any gradient term in the equations, either the original system or the Elsésser
one, by applying the Leray projector P onto the space of divergence-free vector fields. One is thus
led to another formulation of the ideal MHD system. This time, the equivalence between the two
projected systems is clear by purely algebraic arguments. On the other hand, the equivalence of
each of these systems with the corresponding non-projected one is not totally obvious. As one
may guess, in order to establish the equivalence, one has to face a problem which is actually quite
similar to the one described above.

In this paper, we will explore those issues in great detail, see Section 4 below. In particular,
we will exhibit sufficient conditions for the equivalences to hold, for a fairly large class of weak
solutions to the ideal MHD system. We will give an overview of our results in this direction in
Subsection 1.3; for the time being, we only reveal that the previous study has some impact as
well on the question of (lack of) uniqueness of solutions to systems (3) and (5).

The second remark we want to make here is that all the previously mentioned well-posedness
results for the ideal MHD system are only local in time. As a matter of fact, the global well-
posedness issue for equations (3) still remains an outstanding open problem in the mathematical
theory of fluid mechanics, even in the two dimensional framework. Interestingly enough, global in
time results are missing even in presence of partial dissipation in the system, and more precisely
when the equations are viscous but non-resistive (see e.g. papers [18], [10] and [19] about this
problem). It is worth mentioning that, in the reverse case of inviscid but resistive equations, the
global existence of solutions has been established in [23].

Coming back to the ideal situation (3), the results do not improve even when the space
dimension is d = 2. This case plays a special role, because it is well-known that the incompressible
Euler equations, obtained from (3) by setting b = 0, are globally well-posed in the planar case.
If one looks for explicit lower bounds for the existence time of solutions, quasi-linear hyperbolic
theory gives that the lifespan T > 0 of a solution (u,b) can be bounded from below by

T > #7
(o bo) | 7.
where C' > 0 is a “universal” constant and s > sy = 1 4+ d/2. In fact, a similar bound was
exhibited in [24], with the Sobolev norm H® replaced by the critical Besov norm B, +d/ P Notice

however that, in view of the previous estimate, 7" may remain bounded even in the reglme of small
magnetic fields, specifically when ||bg||gs ~ € (with € > 0 small), although system (3) formally
converges to the Euler equations in that regime. Therefore, the previous lower bound on T is not
very satisfactory in dimension d = 2.



The study of both issues, namely the equivalence between the various formulations of the
ideal MHD system and the lifespan of the solutions in two space dimensions, represents the main
motivation behind this work. For the sake of generality, we will investigate those questions in the
context of the quasi-homogeneous system (1), but the results will apply straight away also to the
classical ideal system (3).

1.2 The quasi-homogeneous counterpart

In the case of space dimension d = 2, the quasi-homogeneous equations (1) have been rigorously
derived in [13] from an incompressible, viscous and resistive MHD system with variable density
and Coriolis force, in the regime of low Rossby number (i.e. fast rotation) and vanishing viscosity
and resistivity coefficients, for small density perturbations around a constant state.

Let us briefly (and informally) explain how this works. If we denote by p the true density
of the fluid, and if the Rossby number is (say) of order € > 0, the Coriolis force, acting in the
momentum equation, can be written in the form

1 1
C(p,u) := g,ouL = gp(—u2,u1).

If the density is supposed to be a small variation of the constant state (say) 1, we can write
p =14 ¢cR. On the one hand, the fluid being incompressible, R is simply advected by the flow,
yielding the first equation in system (1). On the other hand, the Coriolis force splits into the sum
of two terms:

1
C(p,u) = guL + Rut.

Due to incompressibility again, the first term on the right-hand side is a perfect gradient, so it
can be absorbed in the pressure term. On the other hand, the second term is of order 1, so it
persists in the limit for € going to 0. This gives rise to the coupling term R €u in the momentum
equation, with € of the form

0 —1

© (0 7).
Taking the limit in all the other terms in the momentum and magnetic field equations is easy,
using the ansatz p = 1+ ¢R, since the only singular terms in the equations are the Coriolis force
and the pressure gradient, which however disappears from the weak formulation of the system,
owing to the divergence-free condition on the test functions. Finally, the vanishing viscosity and
resistivity limits lead to the ideal system (1).

We refer to [13] for details on the derivation of the quasi-homogeneous ideal MHD system
(see also [12] for the derivation of the dissipative counterpart). To conclude, we point out that

here, for the sake of generality, we do not restrict our attention to the tensor € given by (6), and
consider rather a general form for it.

To the best of our knowledge, system (1) is new in the literature. In paper [13] mentioned
above, we have studied its well-posedness in Besov spaces B;,T(Rd) which are embedded in the
space of globally Lipschitz functions W% (R%), in the case of finite values of the integrability
index p €]1,400[. Recall that the continuous embedding Bj,. < W holds true whenever

d d
(7) s>1+—- and rel,+o0], or s=1+- and r=1.

p p
The choice of the functional class is quite natural, after remarking that the structure of the
equations is pretty similar to the classical case (3), with the only difference of an additional
transport equation for the scalar function R and an additional lower order coupling term R €u



in the momentum equation. Therefore, it is natural to consider well-posedness of system (1) in
functional classes which guarantee the velocity field to be Lipschitz.

In [13], we have exploited in a fundamental way the Elsésser formulation of (1), which is
absolutely analogous to (5), with the addition of the transport equation for R (of course, recasted
in terms of o and f3, see system (21) below). In order to get rid of the two “pressure” functions
w1 and w9, we applied the Leray projector P onto the space of divergence-free vector fields and,
after a commutator process, we recasted the system as a coupling of three transport equations
by divergence-free vector fields. At that point, the standard Littlewood-Paley machinery applied
with no essential difficulty, allowing to recover local in time well-posedness in spaces B, ., for any
1 < p < 400 and under condition (7). We also established a lower bound for the lifespan of the
solutions in that functional framework (analogous to the one given by hyperbolic theory).

The case p = +00 was not treated in [13]. There are at least two reasons for that. The first
one is that the Leray projector PP is not well-defined in L*°-type spaces; therefore, treating the
endpoint case p = 400 requires a different approach. The second reason is pretty much linked
with what we have mentiond in Paragraph 1.1.2: in a purely L*°-based framework, it is not clear
to us that the original formulation (1) and the Elsésser formulation (5) are equivalent. In the
same way, without assuming any integrability for the solutions, the equivalence between each of
those formulations and the corresponding system obtained after application of the operator P also
seems questionable.

We will give more details on how to overcome both issues in the next subsection.

1.3 Contents of the paper and outline of the main results

In this subsection, we give an overview of the contents of the paper, and we formulate some rough
statements, giving the flavour of our main results. We refer to Section 2 below for the rigorous
formulation of our results.

The primary concern of this paper is to better understand the global in time existence issue for
solutions of the ideal MHD (3), or its quasi-homogeneous counterpart (1), in the two-dimensional
case. In this direction, we are able to give only a partial answer, contained in the next statement;
we refer to Theorem 2.6 below for a more general formulation.

Theorem 1.1. Let d = 2. Let (Ro,uo,bo) be a set of initial data in the Hélder space C*7, for
some y €10, 1[, with div (ug) = div (bg) = 0 and such that ug and by are integrable on R?. Assume
also that the C*7 norms of both Ry and by are of size ¢ > 0. Let (R,u,b) be the corresponding
solution to system (1), and denote by T =T, > 0 its lifespan.

Then, there exists a constant C' > 0, depending also on the norms of the initial datum, such
that one has the following lower bound for T.:

1
T. > Clog’ -.
€
In the previous inequality, log® stands for the fifth iterated logarithm. If Ry = 0, so that R = 0,
then the log® function can be replaced by log®.

In any case, one has the property T. — 400 for e — 0F.

The previous statement can be seen as an “asymptotically global” well-posedness result: for
small non-homogeneities Ry and magnetic fields by, system (1) behaves like the 2-D incompressible
Euler, which is globally well-posed, and the lifespan of its solutions tends to become infinite. In
particular, taking Ry = 0 (so that R = 0 for all times), we also get the corresponding result for
solutions to the classical ideal MHD system (3).

As we are going to see, Theorem 1.1 does not rely on a perturbative argument around special
equilibria, like e.g. [3] and [16] for Euler flows and porus media respectively; yet, one has to
remark that, contrarily to Theorem 1.1, those results are global.



The basic idea behind Theorem 1.1, already used in [15] for the non-homogeneous incompress-
ible Euler equations and in [17] for a zero-Mach number limit system, consists in taking advantage
of improved estimates for linear transport equations in Besov spaces of regularity index s = 0.
Those estimates (recalled in Theorem 3.10 below) were first discovered by Vishik [27] and, with
a different proof, by Hmidi and Keraani [22]. They state that, when s = 0, the BS}T norm of the
solution can be bounded linearly with respect to the Lipschitz norm of the velocity field, instead
of exponentially (as in classical By, estimates).

Now, keep in mind that we want to work in a framework which ensures the velocity field to
be Lipschitz. Therefore, to get closer to a Bgﬂ, setting, the best we can do is to take p = 400, in

which case the constraint (7) becomes
(8) s>1 and 7re€[l,+o0], or s=r=1.

Observe that taking p = +oo somewhat destroys the quasi-linear symmetric hyperbolic structure
of the equations. Therefore, in order to recover well-posedness in B, . spaces, we need to work
with the Elsésser formulation of system (1). However, as revealed in Paragraph 1.1.2 and recalled
at the end of Subsection 1.2 above, the equivalence between the two systems (1) and (5) becomes
unclear in a framework based on L*°-type conditions. In fact, it is not always possible to apply
the Leray projector PP to the equations. Let us make an intermezzo and comment on these issues
for a while.

In Section 4 below, we will explore in great detail the previous questions, in the case of any
space dimension d > 2. In particular, in Theorem 4.3 we will exhibit sufficient conditions for the
equivalence between (1) and (5) to hold for a fairly large class of weak solutions to the two systems
(see Definitions 4.1 and 4.2 below). Our result requires some global integrability on the magnetic
field (namely, on the quantity o — /3), and on the non-linear terms, while no special assumptions
on u are needed at this level. In particular, by the construction of an explicit counterexample, we
will prove the failure of the equivalence of the two formulations, in a framework based exclusively
on L*>-type conditions on the solutions, without any additional integrability assumption.

Similarly, in Theorem 4.6 we will show sufficient conditions able to guarantee the equivalence
between each of the previous systems with the corresponding system, obtained after application
of the Leary projector P. Those conditions consist again in requiring global integrability of all the
quantities appearing in the equations; this time, assumptions have to be made on both v and b
(or, equivalently, on « and /3). Moreover, we will shape a new counterexample from the previous
one, which entails that the equivalence does not hold, in general, in a purely L*> framework.

From those considerations, we will also deduce some conclusions about the lack of uniqueness
of solutions to systems (1) and (5) in a setting based merely on L>-type conditions. In particular,
we will see that uniqueness for the projected systems does not yield (for L solutions, no matter
how regular they are) uniqueness for the corresponding original systems (namely, the systems
where the pressure gradients appear). Notice that all we have said until now is not specific of the
quasi-homogeneous system (1): it applies also to the classical ideal MHD system (3) and (for what
concerns the use of the Leray projector P and consequences) the incompressible Euler equations.

This having been pointed out, let us come back to the question of the time of existence of
solutions, and resume with a sketch of the proof to Theorem 1.1 above.

In order to bypass the previous difficulties, we impose some integrability conditions on the
initial velocity field ug and the initial magnetic field bg: specifically, we require uy and by to
belong to L?(R%). Notice that such integrability is not needed for R, which thus enjoys only L*-
based regularity properties. We also point out that the finite energy condition is on the one hand
physically relevant, since consistent with the derivation of system (1) given in [13], and on the
other hand natural in our context. Indeed, similarly to (4), we can find a simple energy estimate
also for equations (1): for regular solutions, a basic energy method yields

1d

1a 2 2 ‘ _
53 Rd(|u| +|b|)dx+/Rqu udr = 0.

7



Now, using Holder’s inequality and the fact that the L° norms of R are preserved by pure
transport by a divergence-free vector field, namely || R(t)||z = || Rol|o, We easily find

9) (2 + 160 22 < (luollzz + boll2) e le=t.

Note that, if the matrix € is skew-symmetric, or equivalently if €y -y = 0 for all y € R?, then the
integral involving R€u - u vanishes. This is the case in particular if d = 2 and € is given by (6).
In that case, one recovers the classical energy conservation (4), namely, after integration in time,

(10) [u®)llz2 + 6@l L2 = lluollz> + llbollz2 -

Of course, the first step in the proof of Theorem 1.1 is an existence and uniqueness result
in the previous functional framework, together with a continuation criterion which guarantees us
that we can measure the lifespan of a solution in the space of lowest regularity index, i.e. for
s =1 = 1. Those facts are provided by the next statement (see Theorems 2.1 and 2.4 below for
the rigorous formulations).

Theorem 1.2. Let d > 2. Let (s,r) € R x [1,400] satisfy condition (8). Then the quasi-
homogeneous ideal MHD system (1) is well-posed, locally in time, in the space

X8 = {(R,u, b) € (B;W(Rd))g ‘ div(u) = div(d) =0  and  u,b € L*RY) } .

In addition, let (R,u,b) be a solution of system (1) on [0,T[xR%, for some T > 0, with
(R(t),u(t),b(t)) € X& for allt € [0,T[. If T < 400 and

/OT<HVu(t)HLOO 900 ) < oo,

then (R,u,b) can be continued beyond T into a solution of (1) with the same regularity.

Once global integrability of solutions is guaranteed, one may think that the method of [13],
based on the application of the Leray projector P to the equations, would work and lead to the
desired result. Actually, there is still one fundamental reason for avoiding the use of P and looking
for a different approach: since the couple (s,r) satisfies (8), the lowest regularity space we can
reach is BY, |, whose regularity is still too high to apply the estimates of [27] and [22] (which, we
recall, require to work in BS,T spaces).

At this point, the key remark is that, if © and b belong to Béo’l, then both the vorticity
w = 01u?—0yu! and the electric current j := 0;1b%>—0yb! have the sought regularity, namely they
belong to Bgo,l' Hence, the right way to proceed is to look for ngl estimates for w and j, or better
for their respective counterparts in Elséisser variables, which we will denote X := 010% — 0! and
Y := 0182 — o8'. On the one hand, notice that the L? condition on v and b, or equivalently on
« and S, also plays a role at this level, controlling the low frequency part of the solution so as to
reconstruct « and S from their curl, X and Y. On the other hand, we remark that working at the
Bgo,l regularity level is a source of technical difficulties, since that space is not an algebra. The
consequence is that the analysis of the non-linear terms becomes much more involved; however,
one succeeds in saving the game by using in a crucial way the special structure of the non-linear
terms.

Before concluding, one last remark is necessary. The argument depicted above would lead to
an estimate for the lifespan in terms of o and 3, and not of v and b. In that case, it would be
impossible to get the asymptotically global result of Theorem 1.1 in terms of small values of Ry
and bg; instead, our argument would yield a similar result, in any space dimension, in terms of
small vaues of Ry and [ (see also Remark 6.1 below in this respect). The last key remark coming
into play here involves, once again, the special structure of the non-linear terms appearing in the



equations for X and Y: the basic observation is that it is possible to bound those non-linear terms
linearly with respect to the density variation R and the magnetic field b.

This fact is absolutely fundamental to get Theorem 1.1. However, invoking the magnetic field
b leads us to leave the Elsésser formulation for a while, and lose its symmetric structure. The
consequence is that the bounds for b involve a loss of derivatives, namely one is obliged to use a
higher order norm of the velocity field . This implies that we need to impose a higher regularity
assumption on the initial datum (see Theorem 2.6 for the precise statement): this requirement is
possibly technical, but absolutely unavoidable for our argument to work.

In order to handle the loss of derivatives in the previous estimate, we start by bounding u in
terms of o and (: this allows us to recover the symmetric framework provided by the Elsésser
formulation (5). Finally, and this is the end of our argument, the fundamental observation is that
the higher order norm of the solution stays bounded as soon as the lower regularity norm stays
bounded. Roughly speaking, this is the same idea which stands at the basis of the continuation
criterion of Theorem 1.2: it plays a key role also here, and allows us to get the desired lower
bound for the lifespan T

Structure of the paper

Before concluding this introduction, we give an overview of the paper.

In the next section, we give the rigorous statements of our main results: well-posedness of the
quasi-homogeneous ideal MHD system (1) in the BS, , framework, a continuation criterion and
the improved lower bound for the lifespan of the solutions in the case of two space dimensions.

In Section 3 we recall some basic material, mainly from Littlewood-Paley theory and Fourier
analysis, which is heavily used throughout this work. In particular, we recall classical transport
estimates in Besov spaces, together with the improvement of [27] and [22] in the case of Besov
spaces having regularity index s = 0.

In Section 4, we investigate the equivalence between the original formulation of the ideal
MHD system, the Elsésser formulation, and the (original or Elsésser) formulation obtained after
applying the Leray projector onto the space of divergence-free vector fields. The equivalence of all
those formulations is proved under some global integrability assumptions for (u, b), or equivalently
for (a, ), and the non-linear terms. We also construct simple counterexamples, which show
that the equivalences fails in a purely L™ setting (without global integrability assumptions).
Considerations about lack of uniqueness of solutions will be made as well.

Section 5 contains the proof to the local well-posedness result and to the continuation criterion.
The proof of the improved lifespan of solutions in 2-D is the topic of Section 6, which concludes
the paper.
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2 Statement of the main results

In this section, we give the rigorous statements of our main results, concerning the well-posedness
of problem (1). First of all, we have a local in time existence and uniqueness statement for
initial data in the Besov space B, ., under the Lipschitz condition (8) on the indices. As already
mentioned, we ask also for finite energy initial velocity and magnetic fields.



Theorem 2.1. Let (s,r) € R x [1,+00] such that either s > 1, or s =1 = 1. Let (Ro,uo,bo)
be a set of initial data such that Ry € Bgo’r(]Rd) and up, by € L?(R%RY) N B&,T(Rd;Rd), with
div (UO) = div (bo) = 0.

Then, there exists a time T > 0 such that, on [0,T] x R, problem (1) has a unique solution
(R, u,b) with the following properties: if r < +o0,

o Re CO[0,T: By »(RY)) n C'([0,T]; B} (RY))

e both w and b belong to C°([0,T); BS, .(R%;RY)) n C([0, T); L* (R4 RY) N Big (R RY)).
In the case r = 400, one only gets weak continuity in time, and the space C’O([O, TY; Bgo,r) has to
be replaced by the space CB)([O,T]; Bgopo).

In addition, the hydrodynamic pressure I1 enjoys the property VII € CO([O,T];LQ(Rd;Rd) N
ng(Rd; R%)), with the usual modification when r = +oc0.

Finally, there exists a constant C' > 0, depending only on the dimension d and on the reqularity
parameters (s,r), such that

C || Rol| o~
By, T | (w0, bo) |

(11) T >

1
> ———— argsinh
[ Rol| o

I20]

Bs, ,NL?
Before going on, let us make some remarks about the previous statement.

Remark 2.2. The argsinh function is present in the previous lower bound (11) for the lifespan
T only because the energy inequality (9) is exponential with respect to time.

In the case where R = 0, or if the matrix € is skew-symmetric, then we have the better energy
inequality (10). This yields the lower bound

C

T
Bs,., + || (. bo))|

9

>
|120]

B3, ,NL?

which is the classical lower bound one expects to get for quasi-linear hyperbolic problems. Note
that, for small values of || Rol|ze (|| Rol| 5. + | (uo, o) | )71, the lower bound (11) is near

to the previous inequality.

B3, .NL2

Remark 2.3. Uniqueness in Theorem 2.1 is a consequence of a stability estimate for the Elsésser

variables, see Theorem 5.1 below. However, a slight modification of the argument of the proof

would in fact yield a weak-strong uniqueness result: so long as the solution of Theorem 2.1 exists,

this solution is the unique solution to problem (1) in the energy space L>([0, T]; L?’NL> x L? x L?).
See also Remark 5.3 below for more comments about this.

Next, we establish a continuation criterion in the previous functional framework, in the spirit
of the classical Beale-Kato-Majda continuation criterion [2]| for solutions to the incompressible
Euler equations.

Theorem 2.4. Let T* > 0 and let (R,u,b) be a solution to (1) on [0, T*[ xR?, enjoying the
properties described in Theorem 2.1 for oll T < T*. Assume that

[ (190l + 700, < .

Then, if T* < +o0, the triplet (R,u,b) can be continued beyond T* into a solution of (1) with
the same reqularity.

From the previous statement, we immediately deduce the following result.

10



Corollary 2.5. Let (s,r) € R x [1,400] such that either s > 1, or s =r = 1. The lifespan of a
solution (R,u,b) to system (1) does not depend on (s,r). In particular, the lifespan in the space
B3, - % (L20B§O7r) x (L*NBS, ) is the same as the lifespan in Béo,l x (L2 DB;OJ) X (LQHB;OJ).

oo,

So far, all our results were independent of the dimension. Now, we focus instead on the special
case of space dimension d = 2: exploiting the (formal) proximity of the quasi-homogeneous ideal
MHD system (1) with the incompressible Euler equations in the regime of small R and b, we can
prove that the solutions may have a very long lifespan, if the initial density variation Ry and
initial magnetic field by are small.

Theorem 2.6. Consider an initial datum (Ro,uo,bo) such that Ry € Bng(RQ) and ug, by €
L*(R%R?) N Bgo’l(Rz; R2), with div (ug) = div (bg) = 0.

Then, the lifespan T > 0 of the corresponding solution (R,u,b) of the 2-D quasi-homogeneous
ideal MHD problem (1), given by Theorem 2.1 above, enjoys the following lower bound:

(o, bo) HB;O,IHLQ
ol )

> C
1Rollsz,, + [I(u0sb0) || g2 p2

[log (1+C- )}05 H

where C > 0 is a “universal” constant, independent of the initial datum, and [log(l +C- )]On 1S
the n-th iterated logarithm function z — log(1l + Cz).

Remark 2.7. As will appear clear in the proof (see Section 6), if R = 0 we can replace the fifth
iterated logarithm by the better [log(l +C- )]OS function. If instead R # 0 but the matrix € is
skew-symmetric, i.e. under the assumption that (6) holds (up to a multiplicative constant), then
we can replace the fifth iterated logarithm by the [log(l +C- )]04 function.

In particular, by taking R = 0, we see that Theorem 2.6 holds as well for solutions to the
classical ideal MHD system (3). Then, solutions to that system also enjoy the improved lifespan
in space dimension d = 2, and the “asymptotically global” well-posedness result of Theorem 1.1
also holds true for (3).

3 Tools

In this section we recall some tools, mainly from Fourier analysis, which we are going to employ
in our study. Subsections 3.1 and 3.2 are devoted to recall some basic definitions and properties
of Littlewood-Paley theory, Besov spaces and paradifferential calculus. Those notions will find
application in Subsection 3.3, which focuses on the study of transport equations in Besov spaces.
Finally, in Subsection 3.4 we present in full detail a key integrability lemma.

3.1 Non-homogeneous Littlewood-Paley theory and Besov spaces

Here we recall the main ideas of Littlewood-Paley theory. We refer to Chapter 2 of [1] for details.
For simplicity of exposition, we deal with the R? case; however, everything can be adapted to the
torus T with minor modifications.

First of all, let us introduce the so-called “Littlewood-Paley decomposition”, based on a non-
homogeneous dyadic partition of unity with respect to the Fourier variable. We fix a smooth
radial function x supported in the ball B(0,2), equal to 1 in a neighborhood of B(0,1) and such
that 7 +— x(r e) is nonincreasing over R for all unitary vectors e € R%. Set ¢ (£) = x (&) — x (2£)
and ;(€) 1= p(277¢€) for all j > 0. The dyadic blocks (A});ez are defined by!

A;j =0 if j<-2,  A_j:=x(D) and Aj = (277D) if >0,

!Throughout we agree that f(D) stands for the pseudo-differential operator u — F~[£(&) @(€)].
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We also introduce the following low frequency cut-off operator:

(12) Siu = x(279D) = Z Ay for j>0.
k<j—1
Note that S; is a convolution operator. More precisely, if we denote F(f) = f the Fourier

transform of a function f and F~! the inverse Fourier transform, after defining
Ko = F'x and Ki(z) = F ' x(©277))(z) = 279 K,(2x),

we have, for all j € N and all tempered distributions v € &', that Sju = K * u. Thus the L' norm
of K; is independent of j > 0, hence S; maps continuously L? into itself, for any 1 < p < 4o0.

The following property holds true: for any u € &', one has the equality u = Zj Aju in
the sense of &’. Let us also mention the so-called Bernstein inequalities, which explain the way
derivatives act on spectrally localized functions.

Lemma 3.1. Let 0 < r < R. A constant C exists so that, for any nonnegative integer k, any
couple (p,q) in [1, 4002, with p < q, and any function u € LP, we have, for all A > 0,

1_1
Supp @ C B(0,\R) = |V*uL < O Aerd(=3) | v ;
Supp @ C {€ € R [rA <[] < RN} = C* 'MW ulle < [VFullre < CMFEN 1o

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

Definition 3.2. Let s € R and 1 < p,7 < +oco. The non-homogeneous Besov space By, =
By, (R9) is defined as the subset of tempered distributions u for which
lulls, = ||(27 1 8zuller),

> 1H£ < +00.

Besov spaces are interpolation spaces between Sobolev spaces. In fact, for any £ € N and p €
[1,400], we have the following chain of continuous embeddings:

B, s WhP < BY
where WP stands for the classical Sobolev space of LP functions with all the derivatives up to the
order k in LP. When 1 < p < 400, we can refine the previous result (this is the non-homogeneous
version of Theorems 2.40 and 2.41 in [1]): we have Bp min(p,2) Wk <y B§7max(p72). In particular,
for all s € R, we deduce the equivalence B3, = H®, with equivalence of norms.

As an immediate consequence of the first Bernstein inequality, one gets the following embed-
ding result.

Proposition 3.3. The space B;! . is continuously embedded in the space Bp? ., for all indices
satisfying p1 < po and

1 1 1 1
82<81—d<—> or 82:81—d<—> and 11 < ry.
P11 P2 b1 P2

In particular, we get the following chain of continuous embeddings: provided that (s,p,r) €
R x [1, +00]? satisfies the condition

(13) S>§ or s:gl and r=1,
p p

then we have ,
o_d
B, < Boofd < BY,; < L.

12



To conclude this part, let us discuss continuity properties of the Leary projector P on Besov
spaces, whose use was fundamental in the approach of [13]|. First of all, we recall that P is the
L?-orthogonal projection on the subspace of divergence-free functions. It is defined by the formula

(14) P = m(D) :=1d + V(-A) div,

where m = m(&) denotes the symbol of P. The previous formula has to be interpreted in the
sense of Fourier multipliers:

d
(15) Ve IRERY, ®0 =3 (1- %5 Ao
k=1
In general, if f € S’ is a tempered distribution, the projection Pf is well defined (as a tempered
distribution) as long as ‘the product m(f)f(f) is also well defined as a tempered distribution,
which is the case if e.g. f is in Li (R9).

We also recall that P is a singular integral operator. By Calderén-Zygmund theory, it is
therefore a continuous operator from LP into itself for any 1 < p < +o00. Thanks to this property,
it is easy to see that IP is also continuous from B, , into itself, for all (s,r) € R x [1, +00], as long
as 1 <p < +oo.

In the case where p = 1 or p = 400, however, the previous continuity property is no longer
true. Even worse, P is ill-defined as a Fourier multiplier on L*°. We refer to the last paragraph
of Subsection 4.3 for more comments about this issue. In this article, where we investigate well-
posedness in the B3, . framework (i.e. for p = +00), we will resort to the vorticity formulation of
the equations in order to avoid the use of P.

3.2 Non-homogeneous paradifferential calculus

Let us now introduce the paraproduct operator (after J.-M. Bony, see [6]). Once again, we refer to
Chapter 2 of [1] for full details. Constructing the paraproduct operator relies on the observation
that, formally, the product of two tempered distributions v and v may be decomposed into

uv = Tu(v) + To(u) + R(u,v),

where we have defined

= ZSj_luAjv and R(u,v) Z Z Ajuljmv.
J

VRV 1A
The above operator T is called “paraproduct” whereas R is called “remainder”. The paraproduct
and remainder operators have many nice continuity properties. The following ones will be of
constant use in this paper.

Proposition 3.4. For any (s,p,7) € R x [1,4+00]? and t > 0, the paraproduct operator T maps

continuously L x By, in By . and B o X By, in B;;t. Moreover, the following estimates hold:

ITa@lss, < Clullie Vol and  ITa(@)llgger < Cllulzs 190l gt

For any (s1,p1,71) and (s2,p2,72) in R x [1,+00]? such that s1 +so >0, 1/p :=1/p1 +1/py <
L and 1/r := 1/r1 + 1/rg < 1, the remainder operator R maps continuously Bp! . x B2 T2
mto Bs,l,f‘*’?. In the case s1 + so = 0, provided r = 1, the operator R is continuous from B!

0 P11
B;? ., with values in B,

The consequence of thls proposition is that the spaces BS, , are Banach algebras as long as
condition (13) holds with s > 0. Moreover, in that case, we have the so-called tame estimates.

Corollary 3.5. Let (s,7) € R x [1,400] be such that that s > 0. Then, we have

Vg€ BL,, 1f9llBs,,. S Wflleellglss,, + 1flBs,, lgllze-

Remark 3.6. The space B 1 1s not an algebra. If f,g € Boo 1, one can use Proposition 3.4 to
bound the paraproducts 7}( ) and T,4(f), but not the remainder R(f,9).
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3.3 Transport equations and commutator estimates

In this section, we focus on transport equations in non-homogeneous Besov spaces. We refer to
Chapter 3 of [1] for a complete presentation of the subject. We study the initial value problem

(16)

{(%f—i—v-Vf:g
fie=0 = Jfo -

We will always assume the velocity field v = v(t,x) to be a Lipschitz divergence-free function,
ie. div(v) = 0. It is therefore practical to formulate the following definition: the couple (s,r) €
R x [1,400] is said to satisfy the Lipschitz condition if condition (8) holds. This implies the
embedding BS, , < Whee,

The main well-posedness result concerning problem (16) in Besov spaces is contained in the
following statement, stated in the case p = +oco (the only relevant one for our analysis). We recall
here that, when X is Banach, the notation CS)([O,T]; X ) refers to the space of functions which
are continuous in time with values in X endowed with its weak topology.

Theorem 3.7. Let (s,7) € Rx[1,+00] satisfy the Lipschitz condition (8). Given some T > 0, let
g € Li(BS,,). Assume that v € L}.(B%, ) and that there exist real numbers ¢ > 1 and M > 0 for

00,r

which v € LL.(BM). Finally, let fo € B3, be an initial datum. Then, the transport equation

00,00
(16) has a unique solution f in:

o the space C°([0,T); B, ), if r < +00;
e the space <ﬂ8,<s CO([O,T];BC“;’;OO)) Ny ([0,T7; B;7oo), if 1 = +00.

Moreover, this unique solution satisfies the following estimate:

T T t
1z en <o (Cf 190l ) {1folae, + [ exo (~C [ 190l ) Nl ).

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

The proof of the previous statement is based on a classical procedure, which consists in finding
a transport equation the dyadic blocks A; f solve. Several commutator estimates are then needed.
The first one is contained in the next statement (see Lemma 2.100 and Remark 2.101 in [1]). Notice
that estimate (17) below is not contained in [1], but it easily follows by slight modifications to
the arguments of the proof (see in particular the control of the term R? at pages 113-114 of [1]).

Lemma 3.8. Assume that v € BS, . with (s,r) satisfying the Lipschitz condition (8). Denote by
[v-V,Aj]f = (v-V)Aj = Aj(v- V) the commutator between the transport operator v-V and the

frequency localisation operator Aj. Then we have

VfeBL,, 2% [|[o- V. A0 e S 5 (IV0llee I lms, , + V0l 9 ll2ee )
and also
(17) ¥ f € B, 20 [0V, 8] oo S & (900 1zt + 190 et 1 l12oe )

where the (cj) are (possibly distinct) sequences in the unit ball of (.

j=-1

The second commutator result deals with commutators between paraproduct operators and
Fourier multipliers.
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Lemma 3.9. Let & be a smooth function on R?, which is homogeneous of degree m away from a
netghborhood of 0. Then, for a vector field v such that Vv € L*°, one has:

VfeB,, | [7s, &(D)] f|

pimrt S Vol fllss,,, -

To conclude this part, let us present a refinement of Theorem 3.7 above, discovered by Vishik
[27] and, with a different proof, by Hmidi and Keraani [22]. It states that, if div(v) = 0 and the
Besov regularity index is s = 0, then the estimate in Theorem 3.7 can be replaced by an inequality
which is linear with respect to HVUHLlT(LOO)'

Theorem 3.10. Assume that Vv € L1L(L*°) and that v is divergence-free. Letr € [1,+00]. Then
there exists a constant C = C(d) such that, for any solution f to problem (16) in C°([0,T); BY,,),
with the usual modification of C° into CO if r = +00, we have

T
Iflzwe, < C{lhlby, + lalln,p (1+ [ 1900lar)

3.4 An integrability lemma

This section is devoted to the proof of Lemma 3.11 below, which plays a crucial role in es-
tablishing the equivalence between the original formulation and the Elsésser formulation of the
quasi-homogeneous ideal MHD system.

This is a standard property, which however is usually stated in a LllOC setting (this is enough
when dealing, for instance, with Navier-Stokes type systems), see e.g. Lemma 1.1 in Chapter I1I
of [20]. In default of a precise reference, we provide a full proof for reader’s convenience.

Lemma 3.11. Let T € S'(R%RY) be a tempered distribution which satisfy
(18) (T, p)prxp =0 Vo € D) such that div(p)=0.
Then there exists another tempered distribution S € S'(R%;R) such that T = VS.

Proof. To begin with, we notice that, from our assumption, it is easy to deduce (see e.g. the
remarks preceding Proposition 1.2 of [9]) that?

(19) curlT := DT — VT =0 in the sense of S'.

Unless otherwise mentionned, all brackets (-, -) should be understood in the sense of the 8’ x S
duality. We work in Fourier variables. R R R

We must show the existence of a tempered distribution S such that 7;(§) = i§;S(§). Thanks
to the condition curl (T') = 0, this is no problem for frequencies away from £ = 0. Thus, let us fix
a smooth x € C§°(R?) such that x(¢) = 1 in a neighborhood of the origin.

Now, let ¢ € S(R?; R?) be a Schwartz function, and decompose its Fourier transform into

3(€) = x() o(€) + (1 — x(6)) d(€).

For the high-frequency part (1 —x(& )) gg({ ), we can apply the classical Leray-Helmholtz de-
composition to write, in Fourier variables, the following identity:

£ (€)
€2

(1—x(€)8(¢) = (1 —x(€))

+ (&), with () = (1-x(€) <¢3<£> —55"“5)).

13§

2From now on, we agree that V f is the transpose matrix of the differential D f of f: in other words, [V f];; = 9 f;.
Of course, all derivatives here are to be understood in the weak sense.
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We remark that both terms in the right-hand side of the previous relation belong to S. Therefore,
after noticing that £ - ¥(£) = 0 and using hypothesis (18) on 7', we can compute

(T, (1—=x(D))¢) = <f<£>, E(1—x(9) 5'|§§£)> = <z’£ ((1 —x(9)) _ﬁﬂf% : $<£>>

= (1€5:9), 90)) = (v, ).

~

Let us now deal with the low-frequency part x(£) ¢(£). The obvious problem is that the term
& T\(f) |€]72 may not be defined as a distribution near & = 0. To circumvent this obstacle, we
“flatten” the test function around zero by subtracting a Taylor polynomial: let us introduce, for
some integer N > 0 which we will fix later on, the £-function

Ral(©) = x(©) (o) — 3 Sra)

The sum ranges on all multi-indices o € N such that |a] = a; + ...+ ag < N. Then, for N
large enough, ®[¢](&) := & [£|72NR[¢](€) is of class CP, where p is the order of T on the compact
set Supp (), so that the bracket (T, ®) is well-defined. R

Let us focus for a while on the action of 7 on the polynomial part of ¢: we have

(20) <f<£>, NG iaa$<o>> - < S (T e x(©) ) o). <?s<£>>

al
lo| <N lo| <N

= < Z Vo 8a50(§)7 $(£)> y

la|<N

where &g is the Dirac mass centred at the origin. As a linear combination of dy and its derivatives
is the Fourier transform of a polynomial, we can fix ) € R[z| such that the brackets (20) are
equal to (@, ¢). Hence, we have shown that

(T, x(D)¢) = (T, Re]) + (@, ¢).

Performing the same computations with the distribution curl (7)) = 0 and a matrix-valued
Schwartz function O, we see that we have

(curl (T), ©) = (F(curl(T))(€), R[O](E)) + (curl(Q), ©) = (curl(Q), O),

whence we deduce that curl (Q) = 0 in §’. This means that there exists a polynomial Sy € Rx]
such that Q) = V.S,.

Let us look now at the bracket (T, R[¢]). By virtue of hypothesis (18) on T', arguing exactly
as for the high-frequency part, we get

5 _ 7 cERRION _ [, e T
<T<£>,%[¢]<§>>—<T<£>,f i > <§ 2 ,%[¢]<5>>.

Therefore, by setting

(S, ) = <‘ﬁ§|§”(§) %[w](€)> = (=iT(©), 2[)(©)) Vo € SRER),
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we define a bounded linear functional on the space S(R?), so that S3 is a tempered distribution.
In addition, by the previous computations we gather

(VSs, ¢) = (T(), Re)(&)) -

for all ¢ € S(R%RY).
In the end, we have shown that, for any ¢ € S(R% R%), the following series of equalities holds:

(T, ¢) = (T, (1-x(D))¢) + (T, x(D)¢) = (VS1, ) + (V(S2+S5), 9) -

This implies that T' = V(S1 + Sy + Sg), and the lemma is proved. O

4 Reformulation using Elsasser variables
Let us introduce the so-called Elsdsser variables (o, 3), defined by the transformation
a=u+b and B8 =u—b

In the new set of unknowns (R, «, ), the quasi-homogeneous ideal MHD system (1) can be
recasted in the following form:

OiR + div (;R(a 4 5)) o
(21) B+ (8- V)ar+ L RE(a+ B) + Yy = 0

8tﬁ+(a-V)B+%R€(a+,8)+V7rg =0

div(a) = div(s) =0,

where w1 and my are (possibly distinct) scalar “pressure” functions. In fact, as we will see in a
while, in our framework we must have Vmy = V.

The main goal of this section is to establish equivalence of the two formulations (1) and (21)
for a large class of data and solutions. Namely, we will do this in the framework of weak solutions,
as defined in Subsection 4.1 below.

4.1 Weak solutions

In this subsection, we define the notions of weak solutions of both the original ideal MHD system
(1) and the new system (21), which are of relevance for us.

Specifically, we require that all terms appearing in the equations, apart from the pressure
terms, possess some (at least local) integrability on [0, 7 xR?, where T' > 0. The fact of consider-
ing semi open time intervals [0, T allows us to include the case of solutions which may potentially
blow up for t — T~

We start by defining weak solutions of the original quasi-homogeneous ideal MHD system (1).

Definition 4.1. Let T > 0. Consider a set of initial data (Ro, uo, bo) € L, (R?) x LL (R4 R9) x
L (R%GRY), with div (ug) = div(bg) = 0 in the sense of D'([0,T[ xR?). We say that a triplet
(R, u,b) of tempered distributions on [0, 7[ xR? is a weak solution to system (1), related to the
initial datum (R, ug, bo), if the following conditions are satisfied:

(i) (R,u,b) belongs to L, ([0, T[xR?) x L]

loc loc

([0, T[xR%RY) x L

loc

([0, T[ xR% RY);

(i) the non-linear terms u®wu — b®b and u®b — b®u belong to LL ([0, T[ xR%; M4(R)) and
Ru belongs to L}OC([O,T[ de;Rd);
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(iii) the equations are satisfied in the weak sense: for all ¢ € D([0,T[ xR?), we have

(22) /ot/Rd {R3t¢+Ru-V¢} d:r:dtJr/Rd Roo(0)dz = 0;

for all ¢ € D([O,T[ de;Rd) such that divy = 0, we have

(23) /OT/Rd{u-&ﬂ/JqL(u@ub@b) :Vi/}RCU-¢}dxdt+/Rdu0-1/1(0)da:=0;

for all ¢ € D([O,T[ de;Rd), we have

(24) /OT/Rd{b-atg“+(u®b—b®u) :vg}dxdtJr/Rdbo-g(o)dx:o;

(iv) the divergence-free condition holds in the sense of distributions:
div(u) = 0 in D'(]0, T[ xRY).

Note that, because the momentum equation is only tested with divergence-free functions, we
cannot deduce from (23) any form of continuity of the solutions with respect to time, even in the
D’ topology. This means that the initial datum is to be understood only in the weak sense.

As we will see below, time continuity follows from extra integrability assumptions on the weak
solutions (R, u,b). However, in their absence, it is fairly easy to construct weak bounded solutions
which are discontinuous with respect to time (see Subsection 4.3 for more details).

Similarly to Definition 4.1, we can define weak solutions of the symmetrised system (21).

Definition 4.2. Let T > 0. Consider a set of initial data (R, o, Bo) € LL (RY) x LL (R% R?) x
Ll (R4 RY), with div (ag) = div(8y) = 0 in the sense of D'([0,T[ xR?). We say that a triplet
(R, a, B) of tempered distributions on [0, 7 xR? is a weak solution to system (21), related to the
initial datum (Ro, ag, fp), if the following conditions are satisfied:

(i) (R,a,p) belongs to LL ([0, T[ xR?) x L}

loc loc

([0, T[ xR% RY) x L]

loc

([0, T[ xR%; RY);

ii) the tensor product a® 3 belongs to LL ([0, T[ xR%; M4(R)) and the vector R (a+3) belongs
loc
to L. ([0, T[ xR%; RY);

loc

(iii) the equation for R is satisfied in the weak sense, i.e. equation (22) where we replace u by

(ar+ $)/2, holds for all ¢ € D([0, T xR?);

(iv) both evolution equations for o and  are satisfied in the weak sense: for any test function
¢ € D([0, T[ xR% RY) such that div(y)) = 0, we have

/()T/Rd{a.aﬂﬁ-i-(ﬁ@a) 3V¢_;R(’:(O‘+ﬁ)‘¢}d$dt+/Rda0'¢(0)dx:O7

and likewise for the equation on f;
(v) the divergence-free conditions for o and /3 hold in the sense of distributions:
div(a) = div(8) = 0 in D'(]0, T[ xRY).
To conclude this part, let us notice that Definitions 4.1 and 4.2 are consistent with systems

(1) and (21), even though they do not state the existence of “pressure” fields m, m; and my. In
fact, this is a consequence of Lemma 3.11.

18



4.2 Equivalence of the Elsisser formulation

In this section, we are concerned with the way the definitions stated above interact. We are going
to prove that both systems (1) and (21) are equivalent for a large class of weak solutions, provided
they satisfy some global integrability properties.

Theorem 4.3. Let T > 0.

(i) Consider a set of initial data (R, ug, bo) enjoying the properties stated in Definition 4.1, and

let (R,u,b) be a weak solution (in the sense of Definition 4.1) to (1) related to that initial
datum and to some hydrodyamic pressure function II.
Then, after defining (g, Bo) = (up+bo, up—bo) and (o, 8) = (u+b,u—0), the triplet (R, o, 8)
is a weak solution (in the sense of Definition 4.2) to system (21), with the initial datum
(Ro, o, fo) and for suitable “pressure” functions m and me such that Vr = Vmp = Ve,
where  is the MHD pressure defined in (2).

(ii) Conversely, consider (Ry,o,Bo) as in Definition 4.2 above, and let (R, «,3)be a corre-
sponding weak solution to system (21), for suitable “pressures” mw; and my. Assume that
there exist 1 < p,q < 400 such that ag — By € LP, a — 3 € L%OC([O,T[;LP(Rd;Rd)) and
of B e LE ([0, T[; LYRY)) for all 1 < j, k < d.

Then, one has Vmy = V. Moreover, after defining (ug,by) = (O‘OT%, O‘OT%) and (u,b) =
(O‘Tw, O‘T_’B), the triplet (R,u,b) is a weak solution (in the sense of Definition 4.1) to system
(1) related to the initial datum (R, uo,by), for a suitable hydrodynamic pressure function II

such that VII = V(7 — [b]?/2).
Before proving the previous theorem, some remarks are in order.

Remark 4.4. Here, we comment about the integrability hypotheses of the previous statement.

We will discuss their sharpness in Subsection 4.3 below.

(a) The integrability assumption o & € Ll ([0,T[; L9(RY)) for all 1 < j,k < d has been
formulated for simplicity of presentation. As it will appear clear from our proof, the result
still holds true if one replaces it by the following weaker condition: for all 1 < j,k < d, there
exists Lebesgue exponents g;i € [1, +0o[ such that o/ 8% € L} ([0, T[; L%*(R?)).

loc

(b) The space integrability on o — 3 comes for free if one works with initial data possessing some
global integrability conditions. As long as o and 8 remain Lipschitz continuous, those inte-
grability properties are “automatically” propagated in time, thanks to the transport structure
underlying system (21).

(¢) Owing to the (formal) energy conservation law (9) for the quasi-homogeneous ideal MHD
system (which is also shared by the Elsésser counterpart), it is natural to work with p = 2.
This will be also the case in the present paper.

Remark 4.5. The equivalence between systems (1) and (21), stated in Theorem 4.3, covers two
interesting cases: firstly weak solutions in the energy space (R,u,b) € L3F(L> x L? x L?), in
which case we may take p = 2 and ¢ = 1, and secondly solutions which lie in the Besov spaces
LF(Bj,), provided that 1 < p < +o0o and that Bj, < W™ (ie. under condition (7) above),
this situation falling into the scope of the previous statement with p = q.

As we will see later on, to cover the case of the Lebesgue exponent p = +oo, we will work
with solutions that are both in the Besov space L3¥(B5, ) and in the energy space.

We can now prove the previous theorem.
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Proof of Theorem 4.3. First of all, assume that (R,u,b) is a weak solution of (1), according to
Definition 4.1. We check that (R, a, §) satisfies Definition 4.2.
Writing the tensor product differences that appear in (1) as functions of a and 3, we get

(25) UQU—bRb=(u+b)®u—-b+bRu—-uRb=a® - (LRb— bR u)
=u-b)@u+bd)-butuxb=FRa+ (u®b—bRu).

Taking the sum and the difference of the weak forms (23) and (24) of the momentum and the
magnetic field equations in Definition 4.1, we immediately see that (R, «, ) satisfies Definition
4.2, with the appropriate initial datum. The local integrability of o ® /3 follows from (25).

Conversely, suppose that (R, a, ) is a weak solution of system (21), as in Definition 4.2. As
we wish to manipulate the “pressure” terms in (21), we use Lemma 3.11. Thus, we may fix two
tempered distributions w1, 7w € 8’([0, T| de) such that

26) Oe+ (B-V)a+ %Rﬁ(a +8)+Vm =0
B+ (a-V)B+ %Rc’:(a+ﬂ)+v7@ =0.

Taking the sum and the difference of these two relations, we recover the equations for the quantities
uw=(a+pB)/2and b= (a—f3)/2:

27) 8tu+div(u®ufb®b)+R€u+%V(7T1+7r2)=O
27
8tb+div(u®b—b®u) :%V(m—m).

Notice that the integrability of the non-linear terms appearing in (27) immediately follows from
taking the sum and the difference of the two equations in (25). Thus, in order to prove that
(R, u,b) is a weak solution of the original system (1) in the sense of Definition 4.1, we must show
that Vmy = Vma. From this property it will also follow that we can take V7 = V7 in the first
equation of (27), and then define the hydrodynamic pressure II according to (2).

To prove that Vm; = Vo, we start by remarking that mg — 1 is in fact a harmonic function:
taking the divergence of the magnetic field equation, we get the Laplace equation

—A(Wl — 7T2) = QZﬁiGj(uibj — biu]') =0.
1,J

Since both 71 and 7 are tempered distributions, this means that the distributions Q(t) :=
m1(t) — m2(t) must be harmonic polynomials Q(¢) € R[z]. However, taking the difference of the
equations in (26) yields

VQ = —div(B®a — a®B) — da—p),

S0, in view of the integrability assumptions on o — 8 and a ® 3, we retrieve integrability also for
Q = m — mo: we discover that, for all ¢ € [0,T[, one has

vQ € WH([0,8); L) + L' ([0,8); W) — WbH([0,8; LP + W 19) .

Now, the heart of the argument consists in proving that the only polynomial lying in the space
LP + W~14 is zero: functions belonging to this space are (in some loose sense) small at infinity,
since both Lebesgue exponents are finite, that is to say p, ¢ < +o0.

We implement this argument. To avoid dealing with functions of low time regularity, we
take a mollification kernel (K€)€>O, with each K_(t) = %Kl (é) having compact support. Before
convoluting K, with the momentum equation, we need to extend the solution (R, u,b) to a function
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defined on all times ¢t € R. As we wish to capture the behavior of VQ on the whole semi-closed
interval [0, 7, that is including the initial time ¢ = 0, we must be careful on how we make this
extention. _

By noting f(t) the extension to ¢ € R of a function f(t) (of nonnegative times ¢t > 0) defined
by f(t) = 0 whenever ¢ < 0, we see from the weak form (24) of the magnetic field equation that
(17, b) solves a new equation

(28) Oeb + div (ﬁ®5—5® ﬂ) +VQ = 8o(t) ® bo(),

where the initial datum condition is incorporated in the left-hand side of the equation. The tensor
product dp(t) @ bo(x) of these two distributions of the time and space variables is defined by

voeD(RxRERY),  (80(t) @ bo(@), 6(t,2)) gy = / bo(x) - $(0, z) da.
We may now convolute (28) by K.. We find

(Ko +0) + Ko+ div (W@b—b@1) + V(K. % Q) = (K &) (t) ® bo(x)
= K.(t)bo(x),

so that we have B
V(K * Q) € C°(R; LP + W 19).

Assume for a while the condition ¢ < p: then, thanks to Proposition 3.3, we get the chain of

embeddings
W — B 1« g ld0/aml/e) = gk

Therefore, we have the inclusion LP + W14 — B, ’O“o In the case p < ¢, instead, we get a similar
inclusion, in the space B, C’fo, for anew &’ > 0. Now, assume that ¢ < p (the case p < q is perfectly
symmetric) and work with B k during the rest of the proof. Now, recall from Subsection 3.1 the
low frequency Littlewood- Paley block A_; = x(D). In view of the embedding above, we have,
for all times t €] — T, T7,

A_1V(K.*Q)(t) € LP.

On the other hand, since the Fourier transform of a polynomial is merely a linear combination of
the Dirac mass dg and its derivatives, the space of polynomials stays untouched by A_;, which
is a Fourier multiplier by a smooth function x equal to unit value on a neighborhood of £ = 0.
Therefore, we conclude that

Vte]-T,TJ, V(K:*Q)(t) = AiV(K. xQ)(t) € Rlz] N LP = {0},
We have shown that, for all € > 0, we have
B(Ke D) + K. * div (ﬁ®3—5® a) — K. bp.
We may take the limit € — 0T in the equation, in the sense of distributions, to obtain, in the end
b + div (a®'5—'5® a) = §o(t) @ bo (),

in the space D'(R x R%), which is equivalent to saying that (R,u,b) is indeed a weak solution of
(1), in the sense of Definition 4.1. This completes the proof of the theorem. O

Next, we can prove that, under similar global integrability assumption for the Elsésser variables
(a, B), equations (21) can be projected onto the space of divergence-free vector fields, finding a
new equivalent formulation of the system. For this, we are going to make use of the Leray projector
P, whose definition and basic properties have been recalled at the end of Subsection 3.1.

More precisely, we are going to show the following result.
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Theorem 4.6. Consider a weak solution (R,«, ) to system (21) in the sense of Definition
4.2, related to the initial datum (R, o, Bo), with both ag and By being divergence-free. Assume
that there exists a triplet of indices (p1,p2,p3) € [1,+oo[? such that the following conditions are
verified: oo, By € LP*, o, B € Li ([0, T[; LP* (R4 RY)), R(a+ B) € L ([0, T[; LP* (R R?)) and

of B e L ([0, T[; LP3(R?)) for all1 < j,k < d.

loc
Then, the Elsdsser variables (R, c, 8) solve the following system, in the weak sense:

OR + % div (R(a + 8)) =0
(29) Do+ Pdiv(B® a) + %IP’(RQ(a +5)) =0

OB +Pdiv(a ® B) + %IF’(RC(a +8))=0.

Notice that the functions P(R€(a+ 3)) and Pdiv(8® a) are well-defined, since R€(a+ ) €
LL ([0,T[; LP?) and B ® o € L ([0,T[; LP?), with pa,ps < 400. So, each term in (29) is well-
defined. Also note that, as we will see later on, Theorem 4.6 is no longer true if o and g are
merely bounded.

Let us now present the proof of the previous theorem. The argument is similar to the one

used for proving Theorem 4.3 above.

Proof of Theorem 4.6. From the proof of Theorem 4.3, we already know that, under our assump-
tions, the couple (a, B) solves equations (26) with Vr; = Vmy = Vm, for a suitable tempered
distribution 7 which is uniquely determined up to an additive constant.

At this point, we proceed more or less as before: taking the divergence of the equations and
solving the elliptic equation thus produced, we obtain

1
(30) Vr=V(=A)" D005 (iy) + 5 div (Re¢(a+8)) | +VQ,
2%
where the functions Q(¢) € R[z]| are harmonic polynomials. Incidentally, note that the inverted
Laplacian, defined as a Fourier multiplier, poses no problem in (30) above, as the operator

V(—A)~ldiv has a bounded symbol and as both functions o ® 8 and R€(a + 3) belong to
some L" space, with < +o00o. Inserting (30) in the equations, we see that

-VQ =+ (I + V(-A)~! div) (div(ﬂ ® ) + %Reﬁ(a + 6))

so the polynomial function V@ must belong to the space Wt_l’l(Lpl) + Ly(W—LPs 4 P2 for
all t < T. Assuming, without loss of generality, that po,p3 < p1, using embeddings as above
we infer that VQ € I/Vl_l’l([O,T[;B_k ), for some finite £ > 0. Arguing exactly as before, by

oc p1,00
incorporating the initial value condition do(t) ® ag(x) in the equation, noting VQ(¢) the extention
by 0 of VQ(t) to t € R and convoluting by K., we see that

Vte]|-T,T[, A V(E-+Q)(t) € Rlz]n L,

which implies that V(K. * Q) = 0 in the space D'(R x R%). Taking the limit ¢ — 0%, we infer
that

o+ (I+V(=2) " div) (div (Fea) + %é@ (@+5) ) =d0(t) @ ao ()

in the space D'(R x R?), and likewise for 3. These relations give us exactly (29). O
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Remark 4.7. By introducing commutators of operators, we see that (29) is in fact a system of
transport equations:

O+ 3 div (R(a+ §) = 0
O+ (B - V)a + %P(R@(a +8)) =[8-V, Pla
28+ (0~ V)P + SB(RE(0 +6)) = [a- ¥, B3

In the above system, the transport operators are to be understood in the weak sense: thanks to
the divergence-free conditions, we can write

(B-V)a=div(f ® a) and [B-V,Pla=(I-P)div(®a).

Formulation (29) of the quasi-homogeneous ideal MHD system, or better the last formulation
of Remark 4.7, has been broadly exploited in [13], for studying well-posedness in critical Besov
spaces By, — W1 when 1 < p < 4+00. Here, for dealing with the case p = +o0o, we will not
apply the Leray projector, and work instead with the vorticity formulation of the equations.

4.3 Counterexamples to the equivalence, and uniqueness issues

Now, we make a few concluding remarks concerning the equivalence of formulations (1), (21) and
(29) of the quasi-homogeneous ideal MHD system. This reveals to be a rather delicate issue, as
one may guess looking at the statements of Theorems 4.3 and 4.6.

4.3.1 About the integrability assumptions

We start by observing the following fact: proving that (29) is equivalent to its counterpart in the
usual physical variables (R, u,b), i.e.

OtR + div(Ru) =0
(31) 6tu+IP>(div (u®u—b®b)+R€u> =0
Ob+div(ueb—bou) =0,

is easy, as it simply relies on algebraic manipulations (notice that the magnetic field equation
remains unchanged by the action of the Leray projector PP).

However, it is not obvious that weak solutions of the quasi-homogeneous ideal MHD equations
(1) necessarily solve (31), even if they are regular, just as it is unclear that all weak solutions of
(21) are also solutions of (29).

The chief reason for this is that we cannot apply the Leray projector to (1) or (21) without
first ascertaining whether all terms are well defined. For instance, if we apply the Leray projector
to the momentum equation in (1), one must first check that the images P (V) and P (0;u) have
any sense. As a matter of fact, it is shown in [24] (see equations (2.50) to (2.53) therein) that if u
and b are regular and L*°, then Pdiv(u ® u — b® b) can always be defined. On the contrary, this
does not apply to the two functions dyu and Vx. In the LP framework (with 1 < p < +00), it
is, in fact, an a posteriori consequence of Theorems 4.3 and 4.6 that both functions Vz and 0yu
have enough integrability (i.e. no polynomial part) for the Leray projector to be applied to the
momentum equation.

We have proven the equivalence of the three systems (1), (21) and (29) for weak solutions
that are small enough (in some sense) at infinity. More precisely, the equivalence is proven under
some global integrability assumptions, which, roughly speaking, act as a boundary condition for
systems (1) and (21): the fluid is assumed to be at rest at infinity. Such a boundary condition
is instead implicit in both systems (29) and (31), because the inverted Laplace operator (—A)~!
has its range in the space of functions which have no harmonic part.
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4.3.2 Counterexamples to the equivalence

Here, we discuss the the sharpness of the assumptions of Theorems 4.3 and 4.6. We will construct
two counterexamples, which prove the failure of the equivalence between (1) and (31) the first one,
between (1) and (21) the second one, in absence of any integrability condition on the solutions.

Failure of the equivalence between systems (1) and (31)

For our first counterexample, we work in space dimension d = 2. Define the uniform flow by
(32) u(t,z) = (f(t),0), with R=0b=0,

where f € C*°(R) is a non-constant function of time. Observe that div (u ® u) = 0. Then, u thus
defined solves the Euler equations (1) with the associated pressure given by

m(t,x) = —f'(t)a1 + C,
for some constant C' € R. By contrast, u does not solve system (31), because
(33) du+Pdiviu@u) = (f(t),0) # 0.

Thus, regular bounded functions do not solve equivalently (1) and (31), so these systems are not
equivalent in a purely L*° framework. We refer to Paragraph 4.3.4 below for some additional
details on this issue.

Note that this solution we give is not simply an artefact of the galilean invariance of the
equations, as the uniform flow (32) is not always at rest in a given inertial reference frame. On
the other hand, system (31) naturally preserves certain boundary properties: if the fluid is initially
at rest at infinity in some inertial reference frame, then (31) implies that it will always be so in
the same reference frame.

As a final comment, we remark that f(¢) need not be smooth for the uniform flow (32) to
solve the ideal MHD problem (1). By taking f(t) = 1, +oo((t), for some to > 0, we see that (1)
possesses bounded weak solutions that are not continuous with respect to the time variable, even
in the D’ topology.

Failure of the equivalence between systems (1) and (21)

In the same spirit as (32), we define a solution of the Elsésser system (21) by setting, in two
dimensions of space d = 2,

alt,z) = (f(t),0) = —B(t, z), with R=0.
This solution is associated to the following “pressure” functions:
m(t,x) = —f(t)xy +C and mo(t,x) = —m(t, x).

However, when trying to recover the usual “physical” variables, we see that u = (o + )/2 = 0,
whereas b = (o — 8)/2 = (f(t),0) does not solve the magnetic field equation in (1), since

Ob+ (u-V)b—(b-V)u=(f'(t),0) #0.

This simple example shows that, for the same reasons invoked above, systems (1) and (21)
are not, per se, equivalent. Some kind of boundary condition is needed alongside. Notice that,
according to the assumptions of Theorem 4.3, the velocity field u constructed in this example is
smooth and integrable, whereas no integrability property is available for b, which is only bounded.
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4.3.3 Lack of uniqueness in a purely L*° framework

The two counterexamples constructed above highlight in fact a lack of uniqueness of solutions to
systems (1) and (21) respectively, in a purely L*° framework.

As a matter of fact, we know from [24] that (for R = 0) system (31) is well-posed in Béql.
Solving with the initial datum @ = u(0) = (f(0),0), by = 0 and Ry = 0, where u is the uniform
flow defined in (32), we find a unique (constant) solution (ﬂ,g, 0) to system (31) in L%O(Béo’l),
which then also solves (1), for a suitable pressure VII. On the other hand, the triplet (u, b, R) we
have exhibited in our first example is another solution to the original problem (1), belonging to
the same functional class and related to the same initial datum?.

Observe that the issue is not regularity. Propagating higher order norms? and repeating the
argument above, we can conclude that the quasi-homogeneous ideal MHD system (1) is ill-posed
in C3° == (en G, with C3* := C™ N W™, Focusing on the case when R = 0, we infer as
well that the classical ideal MHD equations are ill-posed in the C3° setting.

Even more simply, we may well choose our solution (32) so that f(¢) is compactly supported
away from ¢ = 0, producing in this way another solution (apart from the zero one) starting with
zero initial datum. Of course, the same argument applies also to our second counterexample.
Hence we can conclude that the Elsésser system (21) does not behave better than the original
MHD problem (1) regarding well-posedness, inasmuch as it exhibits the same lack of uniqueness
in a purely L*® framework.

4.3.4 Final remarks on the Leray projector

We conclude this part with a few additional remarks on the Leray projector P.

At first sight, it might seem rather suprising that applying P to the momentum equation in
the usual MHD system (1) does not yield equations (31), especially considering that, for any
divergence-free function w = w(x), we may formally write

Pw = w+ [V(=A)"' div(w) = w,

so that the image Pw is (at least formally) well defined.

The fact is that several definitions of the Leray projector coexist (as a Fourier multiplier,
or as a composition of operators as in the previous relation). Their equivalence must not be
taken for granted, as it depends on the considered functional framework. In particular, the Leray
projector is an unbounded operator on spaces of bounded functions (such as L*°, C;® or Béo’l,
for instance), on which it is not densely defined. Therefore, its domain ®(PP) may depend on the
precise definition of P we rely on.

To illustrate this point, let us make an example. Consider e.g. a constant function w(z) =
w € RY Then Pw has no meaning if we define P as a Fourier multiplier (recall relation (15)
above), because w(§) = W dp(&), while the symbol of P is not well-defined at £ = 0. On the other
hand, if we define the projector as a composition of operators by formula (14), with (—A)~!
being understood as (say) a convolution operator, and we perform computations precisely in that
order (in fact, div and (—A)~! do not commute anymore, in this case, because their domains
and ranges are not compatible), then divw = 0, so Pw makes sense, and we have Pw = w.

A similar ambiguity of definition occurs also when trying to compute P(V#), with 6 being a
harmonic function. For instance, take the uniform flow (32), which solves the Euler equations.
Then, if we apply definition (14) of P, performing operations in that precise order, we may

3In other words, the uniqueness result of [24] for system (31) in the B, ; functional framework does not imply
uniqueness for the original MHD system (1) in that class, without any additional condition.
“Technically, this is not done in [24], but it follows from the same analysis.
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formally compute the images P(d;u) and P(V). In particular, since Vrr = (— f'(t),0), we have
div Vo = 0, which implies

(34) P(Vr) = Vi = —(f'(¢),0) #0.

Note that this is exactly the missing term for obtaining the equality in (33). More precisely, by
taking (34) into account, we see that

P(@tu +div(u ® u)) + P(Vn) =0,

thus the uniform flow (32), solution of the Euler equation (1), solves also the projected counterpart.
In particular, equations (31) are not always the Leray projection of the ideal MHD problem (1):
they are missing the P(V7) term, which may be, as seen above, non-zero.

5 Well-posedness of the quasi-homogeneous ideal MHD system

This section is devoted to the proof of Theorems 2.1 and 2.4. In the first subsection, we prove
uniqueness of solutions in the considered functional framework. In Subsection 5.2 we prove exis-
tence of solutions, and exhibit a first lower bound (valid in any space dimension) for the lifespan
of the solutions. Finally, in Subsection 5.3 we show the proof of the continuation criterion.

5.1 Uniqueness by an energy method

In this section, we focus on the uniqueness of solutions. As we have explained in Subsection 4.3,
a sufficient condition for the quasi-homogeneous ideal MHD system (1) to be well-posed consists
in requiring the solutions to have some integrability property at infinity, whereas there is no hope
of uniqueness for solutions that are solely bounded. In our framework, this is guaranteed by the
finite-energy condition on the initial data.

Uniqueness in our functional framework is a straightforward consequence of the following
stability result, whose proof is based on an energy method.

Theorem 5.1. Let (Ry,u1,b1) and (Ra,us,bs) be two solutions® to the quasi-homogeneous ideal
MHD system (1). Assume that, for some T > 0, one has the following properties:

(i) the three quantities 6R := R — Ra, du := uj —ug and db := by — by all belong to the space
CH ([0, T L2(R));

(it) uy € L*([0, T); WL>(R%)) and VRy, Vb € L ([0, T]; L (R?));
(iii) Ry € L*([0,T]; L=(RY)).
Then, for allt € [0,T], we have the stability inequality
|(6R, 6u,b)(t)|| ;. < C||(6R, du,8b)(0)|| ., e“4),
for a universal constant C' > 0, where we have defined
t
A@) = [l + 1900 + [Rar) = + [TF ()] e

Remark 5.2. In the case where the matrix € is skew-symmetric, we may dispense with the norm

|| R2||ze= in the definition of A, as well as in assumption (%) of the statement.
If € =0, then we may also replace [|u1||yy1.00 by ||Vl Lee.

5To fix ideas, say weak solutions in the sense of Definition 4.1.
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Remark 5.3. Employing similar arguments as the ones used in [13] (see the proof to Theorem
4.3 therein), it would be enough to assume C%(L?) regularity for R, Sa and §8. In that case,
the previous theorem would become a full-fledged weak-strong uniqueness result.

For the sake of simplicity, we do not pursue that issue here, and we assume that 0 R, da and
3 belong to CL(L?).

Proof. The claimed bound is simply based on energy estimates for the difference of the two so-
lutions. System (1) is symmetric, so one could implement that strategy directly on the (R, u,b)-
formulation of the equations. However, in order to avoid unpleasant derivatives on those differ-
ences (which we do not know to be smooth enough), it is better to work in Elsésser variables.

Therefore, with obvious notations, let us introduce the Elsésser variables (Rp, a1, 1) and
(R2, a2, B2), which solve system (21). This is possible thanks to item (i) in Theorem 4.3; notice
that this step is based only on algebraic manipulations of the equations, and requires no special
integrability conditions. Set

da = a1 — Q2 and 08 = p1 — Bo.

We take the difference of the two systems solved by (R1,aq, 1) and (Rz, ag, 32) to obtain

(at((SR) + 1(042 + B2) - VOR = —%((505 + (56) - VR

2

(35) O(da) + (B2 - V)da + (68 - V) + %Rg@(éa + 55) + %(5}%@:(041 + ﬁ1) +Viém =0

9(68) + (a2 - V)38 + (6o~ V)31 + %Rg@(da +683) + %(51%6(041 + B1) + Vomy =0
div(dar) = div(éB) = 0

where we have denoted d7 and dmo the difference of the two pressure terms appearing in system
(21) and related to the triplets (R1, a1, 81) and (Ra, ag, B2).
We start by testing the first equation against d R: we gather

1d

1
3 i |9RIE = 5 [+ 69)- VR 5R s < |V Ru|u= |G, 50, 69)] ..

Next, testing the second equation on da, owing to the divergence-free conditions on da and
03, we obtain

1
— [|6]|F2 = — /(55 -V)aq - dacdz — 2/R2(’l(50¢ +03) - davdx — /5R(’:(a1 + B1) - dadx.

Bounding the three integrals on the right-hand side of the previous equality is fairly easy: after
using the Cauchy-Schwarz and Young inequalities, we get
1d
2 dt
for a universal constant C' > 0 depending only on the coefficients of €.
Performing, mutatis mutandi, the same computations with the second equation, we find an
analogous inequality:
1d
2 dt

Putting all the three inequalities together, we finally deduce

180z < € (IVaulle + |1 Rallz= + llas + Bull=) || (GR, 5, 887

188172 < € (VB + | Rell = + llas + Bl ) || (6R, 6ev, 68)|[ 7

3 dt“ (6R, 60, 5B)|7. < C{HUIHI/WOO + Vil + [|Rallzoe + HVRIHLOO} I6R. 60, 68)]

An application of Gronwall’s lemma, ends the proof. O
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From the previous result, it is possible to deduce uniqueness of solutions in the considered
functional framework.

Proof of uniqueness in Theorem 2.1. Let us consider an initial datum (R, ug, bo) satisfying the
assumptions of Theorem 2.1. Let (Ry,u1,b1) and (Rg,uz2,b2) be two solutions to system (1)
related to that initial datum, and fulfilling the conditions stated in the same theorem.

It is not hard to see that all the assumptions made in Theorem 5.1 are matched by those
solutions. The only point which deserves some explanation is Condition (i): let us give some
details. We focus only on the regularity of the quantity d R, the proof being similar for du and db.

First of all, we notice that, under our hypotheses, the equivalence of systems (1) and (21) is
fully justified by Theorem 4.3. So, we can pass to Elsésser variables and recover again that the
quantities (0R,dc, ), defined as in the previous proof, satisfy system (35).

Let us focus on the first equation of (35): §R takes the value dR;—y = 0 at initial time
and is transported by a divergence-free vector field, under the action of the “external force”
f = —(da+0pB) - VR1/2. By the regularity properties stated in Theorem 2.1 and embeddings,
we know that

u,b e C°([0,T]; L?) and Ry € C°([0,T); Whe).

From this, we infer f € CO([O,T];Lz). Therefore, by transport we get 0R € C’O([O,T];LQ). By
the same token, we also see that 9;0R belongs to the same space, so finally 6R € C! ([0, TY; L2),
as claimed.

The needed regularities of du and &b follow from a similar argument, using again the equa-
tions in (35) and the Leray projector. In the end, we can apply Theorem 5.1 to deduce that
H((SR, 5u,(5b)HL%O(L2) = 0. By both time and space continuity, we infer that (Rl,ul,bl)(t, x) =

(R, u2,b2)(t, ) for all (t,x) € [0,T] x R%. This means exactly the sought uniqueness. O

5.2 Existence of solutions

In this subsection, we show existence of solutions. For this, we implement a nowadays classical
scheme. First of all, in Paragraph 5.2.1 we will show a priori estimates for smooth solutions in
the relevant norms. From those estimates, we will also deduce a first lower bound (valid in any
space dimension) on the lifespan of the solutions. After that, in Paragraph 5.2.2 we will give the
explicit construction of smooth solutions to approximate problems, and show their convergence
to a “true” solution of the original equations.

Remark 5.4. As a consequence of Theorem 4.3, the two systems (1) and (21) are equivalent
in the functional framework considered in Theorem 2.1. Hence, throughout we will use the two
formulations equivalently, depending on which one is more convenient for our scopes.

5.2.1 A priori estimates

In order to avoid the use of the Leray projector P (broadly employed in the analysis of [13]), the
basic idea for deriving a priori estimates in spaces BS, , is to resort to the vorticity formulation
of the Elsésser system (21).

For want of better notations, we call X and Y the vorticity matrices, defined according to
(19): more precisely,

[curl (Oé)] i = Xij = 8]'042' — 81'04]' and [curl (6)] i = Yi; = 6]61 — (91[3] .

In dimension d = 2, the curl can be identified with the scalar function X = d1as — dsa7, and,
when d = 3, with the vector field X = V x a. However, we work in any dimension d > 2 of space.
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Applying the curl to the second and third equations of system (21), we get

8tR+%(a+6)-VR:O
(36) OX + (8- V)X = £(V0,V5) ~ Jeurl (RE(a + 5))
XY + (- V)Y = L(VB,Va) — %curl (R€(a+B)),

where £ denotes the bilinear matrix-valued operator defined by

d
(37) £V, VB)],. = (08 Oxci — 0Bk Orarj)

k=1

or, in other words, £(Va,Vj3) = (VB Va) - VB Va.
The main result of this part is stated in the next result, which contains basic a priori bounds
for smooth solutions to system (21).

Proposition 5.5. Let (s,r) be such that the Lipschitz condition (8) is satisfied. Let (R, «, ) be
regular solutions to the symmetrised system (21), related to regular initial data (R, co, Bo), with
ag and By being divergence-free.

Then, there exist a constant C' > 0, which depends on the dimension d and (s,r), as well as
a time T™ > 0, which depends on the above and H(RO, a0, 5o) Bs such that

IR 5y + [l(a). 5®)| e ([

for all t € [0,T*]. Moreover, we have the inequality

Bs,, T H(O‘Ovﬁo)‘

Bs, .NL?

C || Rol| L=
s T “(0‘0750”

0,7

|17]

B3, .NL2

The rest of this paragraph is devoted to the proof of Proposition 5.5. Let us begin with a
simple lemma, which allows to bound the forcing terms appearing in equations (36).

Lemma 5.6. Let (R, 3) be a triplet of functions in BS, ., with R being scalar and the vector
fields o and B being divergence-free. Then we have the followmg inequalities:

chrl (R Cla+ ,8))‘
|£(Va, VB)|

gt S Rlr=lla+ By, + lla+Blle< Rl
gt S IValli=[Bllss,, + VBl llallss,, -

Proof of Lemma 5.6. The first estimate is a simple consequence of the tame estimates for the
Banach algebra B, ,, see Corollary 3.5 above. Likewise, the second estimate also follows from
the tame estimates if s > 1. The main difficulty is proving this last inequality for the endpoint
case s = r = 1, namely for Va and V3 lying in BY ;, which is not an algebra (keep in mind
Remark 3.6).

To overcome the problem of working with a 0 regularity index, we use the fact that o and

00,1

are divergence-free to rewrite things in the following way:

M=

(38) (£(Va, V)], = S (0e(0i0i84) — Ok(e;0i8))

k=1

Now, making use of the Bony decomposition of a product, we get

L(Va, V) = L1 (Va,VP) + Lr(Va,Vp),
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where we have defined

[ET(VOé,Vﬁ)],-j 1= (%kai(ajﬁk) + 76,8, (Oki) — Toa;(0iBk) — 7?%—&(@%))

bl
S]] U
—

(LR (Va, VB)],, = 3 (R(@kai, :61) — R(0ks, 0if))

k

ij -’

Il
—

On the one hand, thanks to Proposition 3.4, we can easily estimate the paraproducts: with a
little abuse of notation, we may write

HTVO‘(VB)HBQOJ + HTVB(VO‘)HB&J S IVallp= VBIlge, , + VB~ [[Valp, | -

On the other hand, using equation (38), we can write the remainder terms in the following form:

[Lr(Va, V)|, = 3 (0R(as, 038) — hR(az, :8))

d
=1

Now, each of the summands can be bounded thanks to Proposition 3.4. For instance, the first
one is bounded by

HakR(ajvaiﬁk)HBgo,l < HR(O‘jvazﬂk)HBéo’l S IVellsg, MB8lsL , S IVali=l8ls ,

where the last inequality is due to the embedding L™ — Bgopo. The other summand can be
dealt with in a symmetric way. Putting all this together, we finally get the sought bound for
L(Va, V) in the space Bgo,l' The lemma is thus proved. O

With the estimates of Lemma 5.6 at hand, we can tackle the proof of the proposition.

Proof of Proposition 5.5. We start by bounding the LP norms of the solutions. First of all, since
R is merely transported by a divergence-free vector field, we get

(39) V>0, IRz~ = [Rollz= < | Rollzs, -

On the other hand, a simple energy estimate for the equations for a and  in (21) yields, for some
constant ¢ > 0 depending only on the coefficients of €, the inequality

(40) (@), 81|12 < ||(a0, Bo) || et IFolle=

where we also used (39) above and Gronwall’s lemma.
Next, assume the function f € BS, . N L? to be divergence-free, and denote by curl (f) its
“vorticity matrix”, defined according to (19):

curl (f) := Df — Vf, so that [curl (f)]ij = 0;fi — 0if;.

Then, using the divergence-free condition on f, we have the Biot-Savart law

d

Vjell,d, fi = (=87 difewl ()] ;-

=1

From the previous equality, by separating low and high frequencies, we deduce

d
1 flBs,., ~ Z Aq(=A)7! Z 9; [curl (f)]lj
J=1 i

oo
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5] oo

1,50y 29 HA,,(—A)_l Z 0 [curl (£)]

Lr(v>0)

On the one hand, if v > 0, we know that A, [curl (f)]lj is spectrally supported in an annulus, on

which the symbol of the order —1 Fourier multiplier (—A)~1; is smooth. Hence, by using the
Bernstein inequalities of Lemma 3.1, we get

-1 Z 0; curl

On the other hand, using the fact that the symbol of (—A)~!Vcurl is homogeneous of degree
0 and bounded on the unit sphere || = 1, thus L* in a neighborhood of the origin, Bernstein
inequalities and Plancherel’s theorem yield

-1 Z 0; [curl (f)]
Therefore, in the end, we deduce

(41) 1fllBs,, < Ifllzz + [earl ()]l

281/

~

< o=l | Aycurl (f)

e -

oo

S A (=) Vewl ()| 2 < I1Fllze -
Lo

s—1 .
oco,T

In view of (40), this bound tells us that, for bounding (a, 8) in BS, ,, we can focus on estimates
for the B5} norms of X and Y, which solve system (36).
6)

Let Aj be a dyadic block. Applying it to system (36), we find

O(AjR) + %(a +B)- VAR = %[(a +8)-V,Aj|R
0(D;X) + (B V)AX = [B-V,A[]X + A;L(Va, VB) — %Ajcurl (Re(a + B))
(DY) + (a-V)A)Y = [a-V,A;]Y + A L(VB, Va) — %Ajcurl (R€(a+p)).

Lemma 5.6 gives estimates in B3_ L for all right-hand side terms, except the commutators:

(42) ||£(Va, VB)|

Bt T [|curl (R€(a+ B))|

g1 S llallss,, 18Iy, + llo+Bllss,, [|1Bl By,

For the commutator terms, we use instead Lemma 3.8. Note that, because we seek B, . estimates
on (R, a, B), the vorticities X and Y will only be bounded in B2} r» which does not contain the
space W of Lipschitz functions if s < 2, or s = 2 and r # 1. In those cases, we must use the
second inequality of Lemma 3.8. In both situations, however, we get the bound

(13) 2D ([8- VAo | [0V AV [ ) + 27 [[( o B) - V. A B
SCj(t)<||a||B~;o,T 1BlBe.,, + llot Bl ”R”B‘&J”)’

for a suitable sequence (cj (t))j>_1 belonging to the unit sphere of ¢". Using all this to write an
L> estimate for A;(R, X,Y), we get
(44) 2C7D[A;(X (), Y (1))

+ 27 A5R() | S 2TV A (X0, Y)|| oo + 271 A R 12

[P

t
- cj<7>{uarg&,um|Bgo,T i Ha+ﬁHBgO,THRHBgO,T}dr

[P

At this point, for all ¢ > 0, we set

E(t) = [|R®)5s, + [[(a®),80)] . + [[(X®).Y®))]

s—1 .
Boo,r
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Using the energy estimate (40) and the previous inequality (44), we get, thanks to (41) and the
Minkowski inequality (see Proposition 1.3 in [1]), the bound

B() £ BO) exp (et [Roli) + [ B(r)ar

To end the proof, we define the time 7™ > 0 by
t
T = sup {T > 0‘ / E(r)?dr < E(0)ectIFolre } :
0

Then we deduce E(t) < CE(0)ectlfollz for all times t € [0,7*] and for some positive constant
C = C(d, s,r). Therefore, for such times, the following inequality holds true:

CE0)* ( sut|iry|
E(r e~ctiifolinee 1)
/ - QCHROHLOO( >

By using the definition of T™, we see that

C Rol| 1o
T > ;argsmh (02 H EO(‘LL) ) ,

for some suitable positive constants C; and Cs. This ends the proof of the proposition. O

5.2.2 Proof of existence

In the previous paragraph, we have shown a priori bounds, in the relevant norms, for smooth
solutions to system (1). Here, we present the proof of the existence of solutions at the claimed
level of regularity.

For this, we follow a standard procedure: first of all, we construct a sequence of smooth
solutions to approximate problems. Next, from the estimates of Paragraph 5.2.1 we deduce
uniform bounds for that sequence of approximate solutions. Finally, by use of those uniform
bounds and an energy argument, we are able to show strong convergence properties for suitable
quantities, which in turn allow us to take the limit in the approximation parameter and gather
the existence of a solution to the original problem.

Throughout this paragraph, we will exploit the equivalence of equations (1) with the Elsésser
formulation (21), as established by Theorem 4.3. Also, for simplicity we are going to assume
r < +o00: the case r = +00 can be handled with minor modifications.

Construction of smooth approximate solutions. For any n € N, let us define

(RSL, 0587 /88) = (SnR07 nQQ , nﬂ@)

where S, is the low frequency cut-off operator introduced in (12). By the finite energy assumption
ag, Bo € L?, one has, for any n € N, ag, By € H* :=(\,cg H?, which is obviously embedded (for
a suitable topology on H°) in the space Cp° of C'*° functions which are globally bounded together
with all their derivatives. Analogously, for the density functions we have Ry € (,cp B, — C;°.
In addition, we have
. . 2

(45) Ry T Ry in B3, and (af . B3) T (a0, Bo) in L°NBI,.

This having been done, we are going to define a sequence of approximate solutions to system
(21) by induction. First of all, we set (RO, av, BO) = (Rg, ag, 68). Obviously, for all o € R,
we have that RO € CO(RJ” B? ) and o, 3° € C’O(R+;H"), with div (a®) = div (8%) = 0.

oo,
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Next, assume that the triplet (R”, a”, ﬁ") is given, with, for all ¢ € R, the properties
R" € C°(Ry; B, ,), a, " € CO(Ry; HY) and div (a™) = div (") = 0.
First of all, we define R"*! as the unique solution to the linear transport equation

1 .
(46) OR™ + 5 (" + 5" VR =0, with  Ri*S = Ry*.
Since, by inductive hypothesis and embeddings, the transport field o™ 4+ 8" is divergence-free,
smooth and uniformly bounded with all its derivatives, we can apply Theorem 3.7 to propagate
all the BZ , norms of the initial datum. We deduce that Rl e 0 (R+; Bgoyr), for any o € R.
Next, we solve the two (linear) transport equations with divergence-free constraints

1
oo™t (B V)t vt = — §R"+1 ¢(a™ + B™)
1
(47) Oy /Bn-i-l (Ozn . v)ﬁn—i—l V7T£L+1 _ 5 Rl g (a” 5”)

div (o) = div (B") =0,
with initial data aﬁié = ap™ and B‘T:ré = Byt to define the vector fields o' and g7+
Notice that the right-hand side of the previous equations belongs to LllOC (R+; H° ) for any o € R,
thanks to the inductive assumption and the previous regularity property for R**1. It is not hard
to solve the previous linear probem by energy methods; see also Propositions 3.2 and 3.4 of [14] in
this respect. We thus find unique solutions o' and "', belonging to the space C° (R+; H ")
for all o € R.

We omit here the analysis of the pressure gradients Va7 and V3™ (which are present to
restore the divergence-free conditions on a”*! and 37*!), since they are not needed in the rest
of the present proof. However, this analysis can be performed following the argument we will use
in the last paragraph of this section, in order to establish the regularity of the (limit) pressure
functions Vm; and V.

Uniform bounds for the approximate solutions. We now have to show uniform bounds
for the sequence (R", a”, B”)n ey We have constructed above. We argue by induction, and prove
that there exists a time 7" > 0 such that the following property holds true: for all ¢t € [0,7] and
all n € N, one has

(48) |[R*(t)l[~ < CllRollL~  and [(@™(®), 8"(1)]l 2 < C ll(ao, Bo)ll gz eIFollet,

49) |R @+ (@05 g, < € FKoeC T,

where ¢ := sup, ;. |€;x[, where the constant C' > 0 does not depend on the data or the solutions,
and therefore not on n, and where we have set

Ko = |

Bs, T H(a()vﬁo)HL%Bgo,r'

It is obvious that the initial triplet (RO, a?, BO) satisfies the previous requirements. Assume
now that, for some n € N, the triplet (R”,a”, ﬁ") verifies the same conditions on some time
interval [0,7]. We want to prove that, in the same time interval, (R"+1, antl, ﬁ”‘H) also enjoys
the same properties.

First of all, we consider the propagation of L? and L* norms. By equation (46) and the
divergence-free condition on o™ and 5", we immediately deduce that, for any ¢t > 0, one has

1R (0|, = HRSHHLW < C||[Rollpe < CllRollBs,,
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so that the first property of (48) is also verified by R"™!. Next, a simple energy estimate for
equations (47) yields, for any ¢ > 0, the inequality

1" @), 8" )2 = ll(es 55 - +/0 |BT (e + 8", dr

A

IN

¢
C [[(c0. o) 2 + clIRE |z / (@ 8" dr-
Using the induction hypothesis, we also get the second inequality in (48) at step n+ 1, that is for
(an—i-l’ /Bn—i-l) )

In order to get bounds for the Besov norms, we resort to the vorticity formulation of (47):

applying the curl operator to that system leads us to

1
8tXn+1 + (ﬁn . v)XnJrl — ﬁ(VOLnJrl, vﬁn) _ 50111“1 (Rn+1€(an + l@n))
(50) :
QY + (o™ - V)Y = £(VE T, Van) — icurl (RMHg(a™ + "))

Proceeding exactly as in the proof of Proposition 5.5, but for the equations (46) and (50), we find
an estimate analogous to (44): for any ¢ > 0 one has

(61)  2ETVA; (X, Y || + 27 AR )|
S 2OV (XY [ e+ 270 |8 R

(", 8")]

=
t

+ [ el g
0

where, as usual, the sequence (cj(t))j belongs to the unit sphere of £".
At this point, for all ¢ > 0 we set

EnJrl(t) — HRn+l(t)‘

Bs,. dr,

s
Boo,r

Bs,, T H(O‘nﬂ(t)?ﬂwrl(t))HL%B&W‘
Recall that, in view of (41), one has

(52) 1fllz2nms, ~ Ifllze + lewrd ()] ger
Thus, taking the ¢" norm in (51) and using the energy inequality (48) at level n + 1, we obtain

n+1 n+1 eCHROHLoot ! n+l( o (r n(, _
o < o (540) + [ @ 0., )

An application of Gronwall’s lemma and the fact that E"T1(0) < Kj finally gives

(53) E”'H(t) < C Ky exp <C’/0 H(O&n(T),Bn(T))’

Before going on, we remark that, from Theorem 3.7, we could have obtained a more precise
inequality for the Besov norm of the density R"*!, i.e.
Bs, ., dT> .

o, o ([ a5

However, this inequality does not really simplify the inductive argument. Therefore, let us resume
from estimate (53): from the inductive assumption (49), we get

[ @28l
0

Observe that, for 0 < z < 1, one has e* —1 < x + 22 < 2z. So, if T > 0 is chosen so small that
cKoT < 1, from the previous bound and (53) we finally deduce

Bs.., dr + CHROHLW t> .

HRn—i-l(t)’

< O |[Rg™|

s
Boo,r

g cKot _
- dr < c (e 1) .

En+1(t) < CK, exp <f (CCKOt _ 1) + C”ROHL‘” t> < CK, 6(2C+C)Kot’

completing in this way the proof of (49) at the level n + 1.
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Convergence. It remains us to show convergence of the sequence (R",a”,ﬁ”)n towards a
solution (R, «, B) of the original problem (21): this is our next goal.

To begin with, we introduce the quantity p" := R"— Ry, which satisfies the transport equation
1

1
@pn + 7(0671—1 + Bn—l).vpn — _ =

5 5 (a" ' + p" 1) - VR, Plio = 0.

Thus, it is easy to check that the sequence (p")n is uniformly bounded (with respect to n) in the
space CO([O, TY; Lz).

By an energy method, similar to the one used for proving uniqueness, we are going to show
that (p”)n, (a”)n and (B")n are Cauchy sequences in the previous space C° ([0, TY; L2). For this,
we introduce the following notation: for any couple (n,p) € N2, we define the quantities

§pP = p"tP — pn sa™P = o"tP — " and §B™P = ptP g,

Of course, divéa™P = divéB™ = 0 for any (n,p) € N2. In addition, after setting 57r?’p =
n+p

us mi for j =1,2 and 6R™P = R"™P — R™ simple computations yield the system of equations
( 1
0y 0p™P + 5(Oénﬂofl + grtr=1y . v §pnp
1 1
= —5(504”’1’? + 03" 1P) . VR" — 5(0/”””’1 + gl VSR™P(0)
Oba™P + (BT~ V)5a™P + Vomy P
(54)

= —§Bn"1P . Van — %R”ﬂoc:(aa"*lvp +opmLe) — %5}%@(&*1 + 67
B 3B™P + (amFP1 L V)§BMP 4 VTP

1 1
_ _5an—1,p . vﬁn _ §Rn+p€(6an—1,p + 5/6n—1,p) _ §6Rn,p¢(an—1 + ﬁn—l) ,

supplemented with initial data ((5p"’p, (504”’1”,55”’7”)“:0 = (O, da™P(0), (w”’p(())).
An energy estimate for the first equation in (54) gives

160" P ()|l 12 < /Ot (H(MM)H_LP‘

VR e+ (o270 4 g7 R (0)]) ) dr
Similarly, from the second and third equations in (54), we get
[ 8)"" @) 2 < [[(50,68)" (O]
w0 [ (Joma9r]

[z + ISR O)l] ) [[ (", "] o g ) A7

12 H(vo‘nvvﬁn’Rnﬂ))HLw

+ (Jop

where we have also used the fact that JR™P = dp"P — dR™P(0).
By using (48), (49) and Lipschitz embeddings, we know that

sup (([[V(R" 0", 8") ()| e + B2 @] )
t€[0,T

T
+/() <Han+p—1”8n+p—1HL2 + H(O‘n_lvﬁn_l)HLszw>dt < or,

for a constant C7 depending on T, but uniform with respect to n and p. Therefore, from the
previous inequalities and Gronwall’s lemma, we deduce
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S[(I]JI])H(5P7 sa, 68)™"|| ., < Cr (IMR"””(O)HLw + |[(6a,68)""(0)]| .
it
t
+ d .
[ )

F"(t) = Sli}gS[(l)lI])H dp, b, 03 anLQ and Dy := sup (HéR"’p( N + || (6c,68)™"(0)
P ¢

(9p,50,08)" 17

After setting
I72) -

the previous estimate implies that, for all ¢ € [0, T], one has

t
(55) Fr(t) < Cp DU + Cr / Frel(r) dr.
0

A simple induction argument yields, for all ¢ € [0, T, the bound

k! n!

n—1
F'(t) < Cry (wmk DH) Crl ).
k=0

This having been established, we notice that, owing to (45), we have that

dim_sup (I5R0) + [ (50.35)"0)] ) = 0.

Hence, using dominated convergence, we can take the limit for n — 400 in (55) and conclude,
thanks to Gronwall’s lemma, that

lim sup sup H((Sp,éa 55) =0.

n—+00 ;>0 t€[0,T] HL2

This property implies that (p”)n, (a”)n and (ﬁ”)n are Cauchy sequences in C’O([O, T; LQ), thus
they converge respectively to some p, o and 8 in that space. Define R := p — Ry.

Observe that, owing to the embedding L? < Bood2/2,
the sequences (a”)n and (B")n also strongly converge in any intermediate space L%O(Bgoyr), with
o < s, and in particular in L®([0,7] x R?). On the other hand, we have that R" = p" — Rl
strongly converges to R in LOO(LIQOC) Thus, it is easy to pass to the limit in the weak formulation
of equations (46) and (47), finding that the triplet (R, a, ) is a weak solution to the original
problem (21), for suitable pressure gradients Vr; and Vmy. Space regularity for (R, a, 5) in BS, ,
follows by uniform bounds and Fatou’s property in Besov spaces. By the analysis preformed in

the proof of Theorem 4.3, we also know that Vi, = V.

to uniform bounds and to interpolation,

Regularity of the pressure terms, and final checks. Let us now devote some attention to
the study of the regularity of Vr;. First of all, similar computations as the ones leading to (41)
give the bound

(56) ||V7r1”LzﬂBéo,r S IVl + ||A771HB§;$ :

Now, applying the div operator to the first equation in (21), we deduce that m satisfies the
elliptic equation

1
(57) —Am = divF, where F:= (5 -V)a+ 3 Re(a+p).
On the one hand, an application of the Lax-Milgram theorem implies that

IVl S I1Flzz S 1Bl IVedlzee + [|Rl|ze [+ Bll 2
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so that Vmy € L (L?). On the other hand, we observe that, owing to the divergence-free condition
on « and 3, one has div ((ﬂ . V)oz) = Vg :Va = Zj,k @ﬂk Oxo . Therefore,

1A g1 S IVB: Val g + [[div (RE(a+ B))|| g

S
S BlBs., lediss,, + [ Rlss,, lla+ Bliss, , -

Notice that, when s = 1, the estimate [|[V3: Val[gs-1 < [BlBs,, el By, still holds true. For
proving this, one has to argue as in the proof of Lemma 5.6, and use the divergence-free condition
on « (or ) in order to bound the remainders appearing in the Bony decomposition of the previous
product V3 : Va. In the end, we deduce that Am; belongs to L (B3 }). Thus, from (56) and
those two pieces of information, we conclude that Vry € L (L* N BS, ).

This having been established, we can use classical results on solutions to transport equations
in Besov spaces (recall Theorem 3.7 above) to infer the claimed time continuity of R, o and 8 with
values in B, ., and of @ and 8 with values in L?. Combining these properties with equation (57),
we discover that also Vary belongs to C.(L* N B, ). Since b = (a — 3)/2 belongs to the same
space as well, from that property and Theorem 4.3 it is easy to recover that VII € C’%(L2 NB3, )
Finally, the claimed regularity properties for the time derivatives 0; R, dyu and 9;b follow from an
inspection of the equations in (1).

The proof of the existence is now completed.

5.3 The continuation criterion in Elsisser variables

In this section, we seek to prove the continuation criterion of Theorem 2.4 for the solutions of (1)
in BS, ., where the couple (s,) satisfies the Lipschitz condition (8). Thanks to the equivalence
stated in Theorem 4.3, it is enough to prove an analogous continuation criterion for the Elsdsser

variables (R, a, ) solving system (21).

Proposition 5.7. Let (Ro,ao,ﬁo) € (Bgoy,.):\‘, with div(ag) = div(Bo) = 0 and ag, By € L2.
Given a time T > 0, let (R, a, B) be a solution of (21) on [0,T], related to that initial datum and
belonging to the space L{°(BS,,) x L¥*(L* N BS, ) x L*(L* N B, ) for any 0 <t <T. Assume
moreover that

(58) /OT (HVaHLoo + HVﬂHLoo> dt < +oo.

Then (R, a, B) can be continued beyond T into a solution of (21) with the same regularity.

Proof. The previous statement is somewhat classical for quasi-linear hyperbolic problems. A
standard continuation argument, which is based on uniqueness of solutions (and which we omit
here for the sake of conciseness), allows us to reduce the proof to showing that, under assumption
(58), the solution (R, , 8) remains bounded in LF(BS, ) x LF(L* N BS, ) x L (L* N BE, ).
For obtaining this latter property, the main point is to exhibit more precise estimates for the
non-linear terms than the ones we used in (44). To begin with, we make full use of the inequalities

of Lemma 5.6 to get, instead of (42), the following bounds:

|1£(Va,Vp)|

g1t |curl (R€(a + B))|

Br
< (IVallz~ + IVBllz~ + lla+ Bl + 1Rz~ ) [|(RooB) e -
We do the same with the commutator terms, employing Lemma 3.8 above: having the precaution

of distinguishing among the cases s > 2, s < 2 and s = 2 and r # 1, like we have done for
obtaining (43), we can replace that inequality by
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2D ([8 VA X o + [0 V. 8] |[po ) + 27 [ [(@+ B) - V. A R
< ¢i(0) (IVallz= + V8l + VI ) || (Ra

B&or’
where we have also used the trivial fact that, by definition, || X[z < 2||Va| > and || X||gs-1 <

2||ef|ps,, (and the same relations hold for Y and j3). Here above, as usual, the sequence @ (t))j
belongs to the unit ball of /".
Thanks to the previous bounds, we get the following estimate: for all ¢ € [0, 7], one has

(59) IR®lgs, + [(XO.YEO) | ger S 1Rollpe . + [|(Xo, )]

t
+ /0 (IVallze + 198l + 1Rl + o+ Bllz=) || (B0, 8)

s—1
Boo,r

. dr.
o0,T

It remains to find estimates for ||a + ||z and || R|[y1.. Let us start by dealing with the first
term: separating low and high frequencies yields

loc+ Bz < 1A-1(a+ B)llee + D [1A5(a + B)| e
Jj=0
Using the first Bernstein inequality (see Lemma 3.1 above), we have ||A_1(a+8)||ze~ < ||a+08]| 12,

for which we can employ (40) to deduce that this quantity is bounded with respect to time. As
for the high frequency terms, we write, thanks to the second Bernstein inequality,

Yo lAj(a+ Bl Y2778V (a + B)|re S V(e + B)l|ze .
Jj=0 Jj=0
Therefore, we have

(60) lao+ Bllze S || (@0, Bo)[[ 2 e 1FI> + ||V (+ ) o= -

Concerning the second term, i.e. |R||y1,00, we notice that estimate (39) still holds true. On the
other hand, combining a simple differentiation of the equation for R and an L°° estimate for the
resulting transport equation, we are led to

o) VRO g1y < VR0l 0 (€ [ 900+ )] )
Thus, under assumption (58), we deduce that

sup [|R(1)[[yree S [1Rollye0
t€[0,T]

lat) + Bl 2z S [[(@0,60) |12 €T + V(@ + B)(B)]] e

where the second inequality holds true for every ¢ € [0,7. Inserting those bounds into (59) and
using the fact that

I(a®), )l + [ (X(®), Y ()]

which holds in view of (52), we finally find

P [CIONI0)] PP

IR0 gy, , + 1 (®). BO) || s S eCT< 1Rollgs. , + Il(20, 80) | p2nps. .

t
+ [ (19allm + 198l + 1 Rolwrce + | @0 80) | 2) (IR, + 11(0:8) e, df).
An application of Gronwall’s lemma, together with assumption (58), finally yields

sup (1RO, + 1(@050) | ,) < +o0,
tel0,T ’ oo,

)

and this bound, as already claimed at the beginning of the proof, implies the result. ]
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6 Improved lifespan in the two-dimensional case

In this section we prove Theorem 2.6, namely an improved lower bound on the lifespan of the
solutions in the two-dimensional case.

6.1 The structure of the bilinear term

In all that follows, we consider the case of space dimension d = 2. Thus, the curl of a function
f : R? — R? can be identified with the scalar function

curl (f) = 01 fo — Oaf1.

As a consequence, the bilinear term £(Va, V) introduced in (37) reads
(62) L(Va,V ) = 01a1 (0102 + 021) + 0232 (O1az + dacry) .

By noting ¥» the linear space of traceless 2 x 2 matrices, we may see L as a bilinear operator
L : Ty x Ty — R which is, by virtue of (62), and in the special case d = 2, skew-symmetric.
Now, by writing « and 3 as functions of u and b, and by noting that, by skew-symmetry, one has
L(Vf,Vf)=0 for any divergence-free vector field f, we get

(63) L(Va,VB) = L(V(u+b),V(u—b)) = —2L(Vu,Vb).

Remark 6.1. Owing to the bilinearity of £, a result similar to Theorem 2.6 holds true for solutions
to the Elsésser system (21) with respect to small values of 8, regardless the space dimension.
Moreover, as we have a better equation for 5 in (21) then we have for b in (1), we have no need
of initial data in the higher regularity space ngl. Specifically, assuming R = 0 for simplicity, we
have, in all dimensions,

e (00, 80) g

. C
m= [log(l e 1ol
oo,1

Z Moo A r,_oae

However, the regime of small 5 is not of great interest, since in that case the “true” MHD system
(1) degenerates. For this reason, we focus on the result of Theorem 2.6.

6.2 Proof of Theorem 2.6

We now present the proof of Theorem 2.6. As usual in our approach, we work in Elsésser variables,
thanks to the equivalence provided by Theorem 4.3 in our functional framework.

As was already the case in [15] and [17] in dealing with different systems, the main idea of
the proof is to take advantage of the linear estimates of Theorem 3.10 for the transport equations
in Besov spaces with 0 regularity index. For this, it is fundamental to work with the vorticity
formulation (36) of the equations, since X,Y € BY_ .

We divide the proof of Theorem 2.6 into three main steps.

Step 1: an estimate with loss of derivatives.

Although the data possess additional regularity, by virtue of Theorem 2.4, it is enough to bound
the lifespan in the lower regularity space Bc1>o,1' For this, we define

E) = [ (a(t).80) Iz + [(XOY @)l o, ~ (@) 5O 1205,

Let us focus for a while on bounding the Besov norm of the vorticities X and Y. Since they
solve system (36), Theorem 3.10 provides us with the estimate
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t
|0 @Oy, 5 (14 [ 170 T5) i ar)

X {H(XO’YO)HBgO,l +/0t <||£(Va,VB)|]Bgo,l + ||curl (RC(a-%—B))HBgOJ)dT} :

The key point of our proof is that, owing to (63) above, the integral terms in the second line are
in fact linear with respect to both R and Vb. By use of Lemma 5.6 and relation (63), we gather

Jewl (Re(a+ )|y < IRz lla+Bllps , + llo+ Bllo |Rlpa |
< IRlps , £)
< IVullze [bllgs, + 190l ulls

< bl , €.

1LV, V)|, = 2|£(Vu, Vb

)HBgo,l )HBQQ1

Thanks to those inequalities and the energy estimate (40), we deduce

0

64) 1) < <1+/0t5(7) dT> {5(0) ecllBolloot 4 /tg(T) (”b||B;o,1 —f—HRHB})O’l)dT}.

In order for this to be practical, we must finds bounds on b and R which depend only on the
initial data. First of all, Theorem 3.7 implies that

(65) IRl < IRalsy, o (C [ eyar)
Next, applying the dyadic block A; to the transport equation solved by b, see system (1), we get
(O +u-V)Ab=A;((b-V)u) + [u-V,Aj]b.
Using Corollary 3.5 and Lemma 3.8, we can estimate the right-hand side by
22 (6 99|+ 2 [ V. Ao S (O bl e,

where, as usual, the sequence (cj(t))j belongs to ¢!, with >_j>-1¢(t) = 1. This gives rise to the
differential inequality

t
Oy, S Il , + [ N, s 0,
oo, 0, 0 ’ ’

and an application of Gronwall’s lemma yields

t
(60 I, Il o0 (€ [ hutrlse 0r)

Inserting both estimates (65) and (66) into inequality (64) gives
(67) &t) < (1+ /0 5(7)d7>
% {5(0) ectllRollLoe H(RO’bO)HBio,l/O E(T) exp </OT H(c»z(s),ﬂ(s))HB(%Q1 ds) dT} .
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Step 2: bounding the higher order norms.

Inequality (67) presents an apparent one derivative loss. The key point, now, is to find a way to
write ngl bounds for (e, ) by using only the function £(¢).
For simplicity of notation, let us introduce the quantity

(D) = RO, + (@) 80| 2epa
and notice that, by virtue of (52), we have
(68) H(t) ~ 1ROz, + (@080 + [(XEOYO) 50,
The function #(¢) is the higher regularity quantity which we wish to estimate by £(¢). For

this, the starting point is inequality (59), which was used to prove the continuation criterion,
where we take s = 2 and r = 1. Inserting (60), (39) and (61) directly therein, we are led to

t
IR g2+ [|(X(®),Y(®)|[ 5 < H(0) + [Vallpe + (VB L + || Roll Lo
0,1 0,1 0
+ ||V Ro|| eC o IV(@B)(s)llLocds Hao + Bol| 2 eCT”ROHLOO) H(r)dr .

where we have used also (68) to control the initial data and the ngl norm of (R, a, ) appearing
inside the integral. From this inequality and (68) again, we deduce

t
H(t) < ectlifoll=gy(0) +/ H(r) {5(7) - <||Ro||31 o+ Hao+ﬁoHL2> eC o 5<S>d8}d7.
0 <
Notice that the first exponential factor multiplies only #(0), since it appears from the control of
the L? norm of (a, 3). For the exponential factor appearing inside the integral, instead, we have

used the following trick: t||Ro| e~ = fot |R(T)||pecdr < fotg(T)dT.
In the end, applying Gronwall’s lemma to the previous estimate gives the upper bound

t
(60) H(t) < eHIollz 34(0) exp{C/ [5(7)+ (||R0||31 n Ha0+ﬁouL2) eCfoTE(s)ds} dT} ‘
0 co,1

Step 3: end of the proof.

All that remains to do is to use inequalities (67) and (69) to find bounds on £(¢) on a good time
interval. With that idea in mind, define

= s {1 > 0| (R0, [ " e () exp ([ o) o = eyemon)

To simplify notations in the next computations, we introduce the functions

t
f(t) = MOt and F(t) := /0 f(r)ydr = cHl(O) (ec’H(O)t _ 1) ‘

Using the definition of 7%, from (67) and Gronwall’s lemma, it is straightforward to deduce, for
all times ¢ € [0, 7], the bounds

¢

(70) / E(r)dr < CEOF() _ ¢ and E(t) < CE(0) f(t) cCEOF(t)
0

We now employ these estimates in (69): for all ¢ € [0, T*], we infer

H(t) < C f(t)H(0) exp{C (eCﬂOW” - 1)
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t
+C (HROHB;O L+ o + 50HL2) / exp (QCS(O)F(T) — 1>d7}
’ 0
< C f(t) H(0) exp {C (ecnOFO 1)

t
+ C (IRoll,, + llao + foll ) / exp (CHOFE) 1)d7} _
’ 0

After noticing that f(t) > 1 and F(t) > 0, we can compute

t 1 t
CH(O)F(T) _ - CH(0)F(T) CH(O)F(T) _
/0 exp (e 1) dr CH() /0 CH(0) f(r)e exp (e 1>d7'

= gy (0 (<700 =1) - ).

Observing that £ < e* — 1 for z > 0 and that

HRUHB;OJ + ||ao + Bol| 2 -
#H(0) -

IN

CH(O)F

we finally find (take x = e () — 1 in the previous estimate for ) the inequality

H(t) < C f(t)H(0) exp {C (exp (eCW)F(f) - 1) - 1)} :
which holds true for all ¢ € [0,7%].
It remains to find a control on the integral of #(¢). For this, we can use the same trick

as above of introducing a total derivative in the inequalities. Indeed, after observing that both
cCHOE®) > 1 and exp (eCH(O)F(t) — 1) > 1, we can compute

/OtH(T) dr < C / f(r exp{ (eXp ( H(O)F(T) _ 1) — 1) } dr
< C”H(O)/ F(r) eCTHOF) oxpy (eCH(O)F(T) -1)
0

X exp {C (exp (eCH(O)F(T) — 1) — 1) } dr

c <exp {c (exp (@F0 1) — 1>} _ 1> |

Having established this estimate, we can now employ it, together with (70), in the inequality
which defines T™: using again the trick of making a total time derivative appear, we see that, for
all times t € [0, 7], one has

[t B, [ e e ([ HGs10s) ar

t
< C|[(Ro, Bo)|51_, /0 £(0) f (r)eCEOF ™

<o {C (e {0 (ow (070 1) 1)} 1) bar
O (Ro. B0, || OO

x exp{c <exp{c (exp (e#@F0) _1) — 1)} - 1> }dT
C11(Ro. o) [exp{c <exp{ (exp (ecHOF® 1) — 1)} - 1) } - 1} .

42

IN

IN



On the other hand, by definition of 7™ and continuity, at ¢ = T we must have

T r
T) ex s)ds | dr = T RollLoo .
o By, [ &) exn ([ tspis) ar = e) - &)

Thus, putting those last bounds together, we deduce that

CH(0)F(T*) > [log (1+C- )]04 £0)

- [0 Bo) e
Using the definition of F' finally gives the claimed lower bound on 7™, ending in this way the
proof of Theorem 2.6.

Remark 6.2. In the case when the matrix € is skew-symmetric, i.e. it satisfies (up to a constant
factor) relation (6), the energy is conserved, i.e. (10) holds true. Thus, the exponential factors in
front of the initial data £(0) and H(0) disappear from (67) and (69), as well as from the right-hand
side of the inequality defining T*. So, we can take f(t) =1 and F(t) = t. In the end, we get

CHO)T* > [log (1+cC- )}04 £(0)

[0 o)l |

which proves the claim stated in Remark 2.7 after Theorem 2.6.
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