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Abstract

This paper is concerned with the analysis of a mathematical model arising in
plasma physics, more specifically in fusion research. It directly follows [18], where
the three-dimensional analysis of a Vlasov-Poisson equation with finite Larmor radius
scaling was led, corresponding to the case of ions with massless electrons whose density
follows a linearized Maxwell-Boltzmann law. We now consider the case of electrons
in a background of fixed ions, which was only sketched in [18]. Unfortunately, there
is evidence that the formal limit is false in general. Nevertheless, we formally derive
from the Vlasov-Poisson equation a fluid system for particular monokinetic data. We
prove the local in time existence of analytic solutions and rigorously study the limit
(when the inverse of the intensity of the magnetic field and the Debye length vanish)
to a new anisotropic fluid system. This is achieved thanks to Cauchy-Kovalevskaya
type techniques, as introduced by Caflisch [7] and Grenier [14]. We finally show that
this approach fails in Sobolev regularity, due to multi-fluid instabilities.

Keywords: Gyrokinetic limit - Finite Larmor Radius Approximation - Anisotropic
quasineutral limit - Anisotropic hydrodynamic systems - Analytic regularity - Cauchy-
Kovalevskaya theorem - Ill-posedness in Sobolev spaces.

1 Introduction

1.1 Presentation of the problem

The main goal of this paper is to derive some fluid model in order to understand the
behaviour of a quasineutral gas of electrons in a neutralizing background of fixed ions
and submitted to a strong external magnetic field. For simplicity, we consider that the
magnetic field has fixed direction and intensity. The density of the electrons is governed
by the classical Vlasov-Poisson equation. We first introduce some notations:

Notations. Let (e, ea, e”) be a fized orthonormal basis of R3.

e The subscript L stands for the orthogonal projection on the plane (e1,es2), while the
subscript || stands for the projection on e .

e For any vector X = (X1, X2, X)), we define XL as the vector (X3, —X1,0) = X Ney.

o We define the differential operators Ay = 92 and Ay, =02 +02,.
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Then the magnetic field we consider can be taken as:
B = E@H,

where B > 0 is a constant. In order to describe the turbulent behaviour of the plasma
(we refer to the appendix for physical explanations), we study the following scaled Vlasov-
Poisson system (for ¢ > 0,z € T3 := R3/Z?,v € R? and ¢ is a small positive constant):

v/\eH

8tf6 -+ va‘Vgcf6 + UHwaE —+ (EE —+ )-V/UfE =0

EE - (_v$l ‘/67 _vaH‘/E)
—€2Ax”v; — Ay Ve = [ fedv — [ fedvdz

fe,t:O = fe,O > 0; ffe,()dvdx = 1.

The non-negative quantity fe(¢,z,v) is interpreted as the distribution function of the elec-
trons: this means that f(t,z,v)dzdv is the probability of finding particles at time ¢ with
position = and velocity v; Vi(t,x) and E.(t,x) are respectively the electric potential and

force. Finally, vhey corresponds to the Lorentz force and is due to the magnetic field B.

This Correspce)nds to the so-called finite Larmor radius scaling for the Vlasov-Poisson
equation, which was introduced by Frénod and Sonnendriicker in the mathematical litera-
ture [10]. The 2D version of the system (obtained when one restricts to the perpendicular
dynamics) and the limit € — 0 were studied in [10] and more recently in [3, 11, 9]. We also
refer to the recent work 20| of Hauray and Nouri, dealing with the wellposedness theory

with a diffusive version of a related 2D system.

(1.1)

A version of the full 3D system describing ions with massless electrons was studied by
the author in [18]. In this former work, we considered that the density of electrons follows
a linearized Maxwell-Boltzmann law. This means that we studied the following Poisson
equation for the electric potential:

Ve — €0y Ve — Dy, Ve = /fgdv — /fedvda:. (1.2)

In this case it was shown after some filtering that the number density f. weakly converges
as € — 0 to some solution f to another kinetic system exhibiting the so-called E x B drift in
the orthogonal plane, but with trivial dynamics in the parallel direction. This last feature
seemed somehow disappointing.

We observed in [18] that in the case where the Poisson equation reads (which precisely
corresponds to the case of (1.1)):

—€Dy Ve = Ay, Ve = /fedv - /fgdvdx, (1.3)
we could expect to make a pressure appear in the limit process ¢ — 0, due to some

incompressibility constraint. Indeed, passing formally to the limit ¢ — 0 (and assuming
that fe converges to f and V converges to V' in some sense), we obtain:

—Ale:/fdv—/fdvdx,

and integrating this equation with respect to x|, we finally get the incompressibility con-

straint:
/fdvdxl:/fdvdzx.



Unfortunately, we were not able to rigorously derive a kinetic limit or even a fluid
limit from (1.1). This is not only due to technical mathematical difficulties. This is
related to the existence of instabilities for the Vlasov-Poisson equation, such as the double-
humped instabilities (see Guo and Strauss [16]) and their counterpart in the multi-fluid
Euler equations, such as the two-stream instabilities (see Cordier, Grenier and Guo [8]).
Such instabilities actually take over in the limit ¢ — 0 and the formal limit is false in
general, unless f.o does not depend on parallel variables, which corresponds to the 2D
problem studied by Frénod and Sonnendriicker [10].

Actually, we can observe that if on the contrary the initial data f.o depends only on
parallel variables, we obtain the one-dimensional quasineutral system (the first equation is
simply the one-dimensional Vlasov equation, note that there is no more magnetic field):

atfe + 'UHaz“ fe - axu‘/eavufe =0
—€0? V. = ffgdv—ffedvdxu (1.4)
fe,t=0 = fe,O > 0, f fgodvdl’” =1.

The formal limit is easily obtained, by taking € = 0:

O f + 00 f = O VOy f =0
[ fdv = [ fdvdax (1.5)
fi=o=fo >0, [ fodvdz = 1.

In [15], an explicit example of Grenier shows that the formal limit is false in general,
because of the double-humped instability:

Theorem 1.1 (Grenier, [15]). We define an initial data fo by:

fole,v) = 1 for —1<v<-1/2and1/2<v<1
0 elsewhere.
For any N and s in N, and for any € < 1, there exist for i =1,2,3,4, v{(z) € H*(T) with
[of(z) + 1 ms < €, [os(x) + 1/2]ms < €V, v§(a) — 1/2]|as < €V, [oi(z) — Lms < €Y,
such that the solution f(t,x,v) associated to the initial data defined by:
feolz,v) = 1 for vi(x) <v <v§(x) and v§(x) < v < wvi(x)

0 elsewhere,

does not converge to fy in the following sense:

liminfsup/ |fe(t, z,v) — fo(v)|vPidvdz > 0 (1.6)
e—0 t<T

for any T > 0 and also for T = €*, with a < 1/2.

In order to overcome the effects of these instabilities for the usual quasineutral limit,
there are two possibilities:

e One consists in restricting to particular initial profiles chosen in order to be stable
(this would imply in particular some monotony conditions on the data, such as the
Penrose condition [25]).

e The other one consists in considering data with analytic regularity, in which case the
instabilities (which turn out to be essentially of “Sobolev” nature) do not have any
effect.



Here the situation is worst: by opposition to the usual quasineutral limit (see [6], [15]),
restricting to stable profiles is not sufficient. This is due to the anisotropy of the problem
and the dynamics in the perpendicular variables.

In this paper, we illustrate this phenomenon by studying the following fluid system,
formally derived from the kinetic system (1.1) by considering some physically relevant
monokinetic data (we refer to the appendix for the detailed formal derivation).

Oipe + VL AEpe) + 0)(v) epe) =

6151}”75 + VJ_.(EEJ‘UH7€) + U\|7€8H(UII»6) = —66”¢€(t, x) — 8”‘/;(15, acH)

Eej_ == l¢e (1.7)
*€2aﬁ¢e — A pe = Pe — fpede

—edfVe = [ ped — 1,

where:

o pe(t,zy,z)): R* x T3 — R} can be interpreted as a charge density,
° v”,e(t, T, :(:”) : Rt x T3 = R can be interpreted as a “parallel” current density.

® ¢c(t, ) and V,(t,7) are electric potentials.

Although we have considerered monokinetic data, (1.7) is intrinsically a “multi-fluid”
system, because of the dependence on x ;. Hence, we still have to face the two-stream
instabilities ([8]): because of these, the limit is false in Sobolev regularity and we thus
decide to study the associated Cauchy problem for analytic data.

We then prove the limit to a new fluid system which is strictly speaking compressible
but also somehow “incompressible in average”. This rather unusual feature is due to the
anisotropy of the model. The fluid system is the following (obtained formally by taking
e=0):

Oip + YV 1.(Ep) + 9y (vyp) = 0

Oy + V1 (ELo)) + )9y (v)) = —9p(t, 2))
E+=ViAT (p— [pdz,)

[ pdz, =1.

We observe that this system can be interpreted as an infinite system of Euler-type
equations, coupled together through the “parameter” x| by the constraint:

/pdl'l__l.

e This system is anisotropic in z; and x| and it somehow combines two features of the
incompressible Euler equations. The 2D part of the dynamics of the equation for p
is nothing but the vorticity formulation of 2D incompressible Euler. Nevertheless,
physically speaking, p should be interpreted here as a density rather than a vorticity.
The dynamics in the parallel direction is similar to the dynamics of incompressible
Euler written in velocity. We finally observe that the pressure p only depends on the
parallel variable || and not on z .

(1.8)

It has some interesting features:

e This does not strictly speaking describe an incompressible fluid, since (EJ‘,UH) is
not divergence free. Somehow, the fluid is hence compressible. But the constraint
J pdx i =1 can be interpreted as a constraint of “incompressibility in average” which



allows one to recover the pressure law from the other unknowns. Indeed, we easily
get, by integrating with respect to x; the equation satisfied by p:

8;3” /pv|dxj_ =0. (1.9)
So by plugging this constraint in the equation satisfied by pvj, that is:
B:(pvy) + VL (ESpyoy) + ) (pvf) = =9yt z))p,

we get the (one-dimensional) elliptic equation allowing to recover _833\\ p:

—8ﬁp(t,$”) = 82/pvﬁdajj_,
from which we get:

—aHp(t,ZE”) = OH /pvﬁdiL"L. (1.10)

e From the point of view of plasma physics, E1.V | corresponds to the so-called electric
drift. By analogy with the so-called drift-kinetic equations [28], we can call this
system a drift-fluid equation. To the best of our knowledge, this is the very first time
such a model is exhibited in the literature.

From now on, when there is no risk of confusion, we will sometimes write v and v,
instead of v and v .

1.2 Organization of the paper

The outline of this paper is as follows. In Section 2, we will state the main results of this
paper that are: the existence of analytic solutions to (1.7) locally in time but uniformly in
€ (Theorem 2.1), the strong convergence to (1.8) with a complete description of the plasma
oscillations (Theorem 2.2) and the existence and uniqueness of local analytic solutions to
(1.8), in Proposition 2.1.

Section 3 is devoted to the proof of Theorem 2.1. First we recall some elementary
features of the analytic spaces we consider (section 3.1), then we implement an approxima-
tion scheme for our Cauchy-Kovalesvkaya type existence theorem. The results are based
on a decomposition of the electric field allowing for a good understanding of the so-called
plasma waves (section 3.2).

In section 4, we prove Theorem 2.2, by using the uniform in € estimates we have obtained
in the previous theorem. The proof relies on another decomposition of the electric field, in
order to exhibit the effects of the plasma waves as € goes to 0.

Then, in section 5, we discuss the sharpness of our results:

e In sections 5.1 and 5.2, we discuss the analyticity assumption and explain why we
can not lower down the regularity to Sobolev. In section 5.3, we explain why it is not
possible to obtain global in time results. We obtain these results by considering some
well-chosen initial data and using results of Brenier on multi-fluid Euler systems [5].

e Because of the two-stream instabilities, studying the limit with the relative entropy
method is bound to fail. Nevertheless we found it interesting to try to apply the
method and see at which point things get nasty: this is the object of section 5.4,
where we study a kinetic toy model which retains the main unstable feature of system
(1.7).

The two last sections are respectively a short conclusion and an appendix where we

explain the scaling and the formal derivation of system (1.7).



2 Statement of the results

In order to prove both the existence of strong solutions to systems (1.7) and (1.8) and
also prove the results of convergence, we follow the construction of Grenier [14], with some
modifications adapted to our problem.

In [14], Grenier studies the quasineutral limit of the family of coupled Euler-Poisson
systems:

dipg + div(pgug) =0

Owg +v5.V(vg) = E€

rot B¢ =0

edivE = [, pou(dO) —1,

(2.1)

with (M, ©, 1) a probability space.

Following the proof of the Cauchy-Kovalevskaya theorem given by Caflisch 7], Grenier
proved the local existence of analytic functions (with respect to x) uniformly with respect
to € and then, after filtering the fast oscillations due to the force field, showed the strong
convergence to the system:

dpe + div(peve) =0
Owe +v5.V(ve) = F
rot E =0

[ pon(d®) = 1.

We notice that the class of systems studied by Grenier is close to system (1.7), if we
take z = x|, © = x, and (M, ) = (T?,dx ), the main difference being that we have to
deal with a dynamics in @ =z .

Hence, we introduce the same spaces of analytic functions as in [14], but this time
depending also on © =z .

(2.2)

Definition. Let 6 > 1. We define By the space of real functions ¢ on T3 such that

6l = S 1Fo(k)|o% < +oc, (2.3)

keZ3

where F¢(k) is the k-th Fourier coefficient of ¢ defined by:
Folk)= [ o(x)e ™7 dy.
T3

The first theorem proves the existence of local analytic solutions of (1.7) with a life
span uniform in e.

Theorem 2.1. Let 6o > 1. Let pe(0) and ve(0) be two bounded families of Bs, such that
[ pe(0)dz =1 and:

\ [0z 1| <ove (2.4)
)

where C' > 0 is some given universal constant. Then there exists n > 0 such that for every

01 €]1,00[, for any € > 0, there exists a unique strong solution (pe,ve) to (1.7) bounded

uniformly in C([0,1(d0 — 61)[, Bs,) with initial conditions (pe(0),vc(0)). Moreover, /€0 Ve

is uniformly bounded in C([0,n(dp — 01)[, Bs,)-

Remark 2.1. o The condition (2.4) implies that /0| Vc(0) is bounded uniformly in
Bs, (this is the correct scale in view of the energy conservation,).



e Note that for allt > 0, [ pedz = 1. Hence the Poisson equation —e8ﬁVE = [ pedz; —1
can always be solved.

e As explained in the introduction, due to the two-streams instabilities, we have to
restrict to data with analytic reqularity: the Sobolev version of these results is false
in general (see [8] and the discussion of Section 5).

We can then prove the convergence result:

Theorem 2.2. Let (pe,ve) be solutions to the system (1.7) for 0 < t < T satisfying for
some s > 7/2 the following uniform estimates:

(H) : sup (llpcas

t<T\,e 1,7 + HUEHHS

ZJ_,(E”

+ H\ﬁam‘erHHS

ZH) < too. (2.5)
Then, up to a subsequence, we get the following convergences
Pe = P,
1 , .
Ve — = (Bye™Ve — E_e7 Ve 5y,
i
strongly respectively in C([0, T, Hzﬁl,wu) and C([0, T, H;;_;H) for all 8 < s, and

— €Dy, Ve — (Eqe/Ve+ E_em Ve - 0,

strongly in C([0, T, Hj;l) for all ' < s —1, and where (p,v) is solution to the asymptotic
system (1.8) on [0, T] with initial conditions:

e—0

o(0) =l (0:0) - [ prvce, )

and Ey(t,7)), E_(t,)) are gradient correctors which satisfy the transport equations:

atEi + </ p/deL> ax” Ei = 0’

with initial data:

E.(0) = lim | (—ﬁaxve(m +i [ pevedmm)) , (2.6)

e—0

B-(0) =ty 3 (~vE0n,1i0) i [ pevde. ). (2.7

Remark 2.2. o [t is clear that solutions built in Theorem 2.1 satisfy (H).

e [f instead of (H) we make the stronger assumption, for 6 > 1
(1) sup (ol + lolls, + [Veds Vil ) < +oc. (28)
S1,€

(which is still satisfied by the solutions built in Theorem 2.1), then we get the same
strong convergences in C([0,T], Bs) for all §' < 4.

Using Lemma 3.1 (i), (iv), the proof under assumption (H') is the same as under
assumption (H).



o The “well-prepared” case corresponds to the case when:

lim [ pevedzy (0) = 0.
e—0
Then there is no corrector.

With the same method used for Theorem 2.1, we can also prove a theorem of existence
and uniqueness of analytic solutions to system (1.8).

Proposition 2.1. Let 69 > 1. For initial data p(0),v(0) € By, satisfying

p(0) >0, (2.9)

/p(())da;l =1 (2.10)
and

8“ /,O(O)U(O)de_ = O, (2.11)

there exists m > 0 depending on &g and on the initial conditions only such that there is a
unique strong solution (p,v|,p) to the system (1.8) with p,v € C([0,1(do — 1), Bs,) for all
1 <1 < dg.

Remark 2.3. The uniqueness proved in Proposition 2.1 allows to say that the convergences
of Theorem 2.2 hold without having to consider subsequences, provided that the whole se-
quences of initial data converge to some functions in Bs, satisfying the assumptions of
Proposition 2.1.

3 Proof of Theorem 2.1

3.1 Functional analysis on Bs; spaces

First we define the time dependent analytic spaces we will work with.
Let 5 be an arbitrary constant in ]0,1[ (take for instance 5 = 1/2 to fix ideas) and
n > 0 a parameter to be chosen later.

Definition. Let g > 1. We define the space Bgo = {u € C°([0,7(60 — D), Bsy—t/n)}
endowed with the norm

B8
sy = sup <\U(t)|5+ <5o—5—j;) |Vu<t>\s>),

1 <6 <6
OStSn((50—5>

where the norm |uls was defined in (2.3):

uls = > [Fu(k)|s,

kez3

We now gather from [14] a few elementary properties of these spaces, that we recall for
the reader’s convenience.



Lemma 3.1. For all 6 > 1:

(i) The spaces Bs and Bg are Banach algebra. More precisely, if ¢1,¢2 € Bs, and
Y1,9P2 € Bg then:
|p102]s < |B1l5|P2ls

[1¢2lls < [[¥nllsllvalls.
(it) If 8" < & then Bs C By, the embedding being continuous and compact.
(iii) For all s € R, Bs C H?, the embedding being continuous and compact.
(iv) For all1 < ¢ <4, if ¢ € By,

(v) If uis in By and if &' +t/n < do then

2 _ /_E et
|0, 2,05 < 2|ullsy0 | do — 0 ; :

For further properties of these spaces we refer to the recent work of Mouhot and Villani
[24], in which similar analytic spaces (and more sophisticated versions) are considered. The
fact that considering analytic functions is useful both for the quasineutral limit (as studied
here) and for the study of Landau damping (as done in [24]) is not a pure coincidence.
Indeed, it turns out that because of scaling properties, these two questions are related (we
refer for instance to the introduction of [19]).

Proof of Lemma 3.1. For the reader’s convenience, we briefly sketch the proof (more details
can be found in [14]). Point (i) can be readily checked from the Fourier series caracteriza-
tion. We give an elementary proof for (i7) which is not given in [14] . The embedding is
obvious. We consider for N € N the map iy defined by:

in(9) = ) Fok)e™ ",

|k|<N
We then compute:
. 5/ N 5/ N
(=)ol = 3 Folat < () 3 oot < (5) ol
|k|>N |k|>N

So the embedding Bs C By is compact as the limit of finite rank operators. Point (i)
can be proved similarly. Point (iv) relies on the elementary estimate:

ookl < %ym_

(Softslft/
2

For (v), consider § = §' + T and apply (iv). O

We will also need the following elementary observation:

o

Remark 3.1. Let ¢ € Bs. Then:

< |@ls-
5



Proof. We simply compute:

o

= Y F@®IH < ST F@)6 = |g)s.

0 k=(0,k)eEN2xN kEN3
O
3.2 Description of plasma oscillations
To simplify notations, we set E | = —0; Ve(t,z)) (which has nothing to do with EL). In

this paragraph, we want to understand the oscillatory behaviour of E, ;. We will see that
the dynamics in z; does not interfer too much with the equations on E |, so that we get
almost the same description of oscillations as in Grenier’s paper [14].

First we differentiate twice with respect to time the Poisson equation satisfied by V:

68752895“1567“ = 8f/ped;1:l. (3.1)
Integrating with respect to £, the equation satisfied by p., we obtain:

at/pede = —/Vl.(EeLpe)dfm_ —Oxu /pevedxl. (3.2)

=0

Then we integrate with respect to x; the equation satisfied by peve, that is:

Ie(peve) + vl-(EelPeve) + ax“ (UEPE) = _Pe(eaﬂcud’e(ta ) + 8;,;HVE(75, z|))

and we get:

_8t/p6v€d:ﬂ = 8’% /pgufde —E. /pede + /,og(eagcgbe)al:z,l7 (3.3)
so that, combining (3.2) and (3.3):
8,52/p6de = 8£H /pevfdmL — (91,” (B /pgdxl) + (91;” /pg(eﬁxl Ge)dx ] . (3.4)

Recall that by the Poisson equation:
/pede =1+ QEH E€7||.

Thus it comes by (3.1) and (3.4):

e@f&xn EQ” + 6,;” EQ” = 6:%,” /pgvgdxj_ — 6835” [Ee,Haac” EQ”] + 8” /pe(eam“ (Zse)dlj_. (3.5)

Equation (3.5) is the wave equation allowing to describe the essential oscillations. At
least formally, this equation indicates that there are time oscillations with frequency ﬁ
and magnitude ﬁ created by the right-hand side of the equation which acts like a source.
We observe here that the source is expected to be of order O(1): indeed, by assumption
on the data at ¢t = 0, we can check that this quantity is bounded in a Bj space.

In particular if we want to prove strong convergence results we will have to introduce
non-trivial correctors in order to get rid of these oscillations. We notice also that (3.5) is

10



very similar to the wave equation obtained in [14] (the only difference is a new term in the
source), so that most of the calculations and estimates on E, || we will need are done in
[14].

We have just observed that FE, | roughly behaves like ﬁeiit/ V€. Hence if we consider
the average in time:

t
Gez/ E (s, z))ds, (3.6)
0

we expect that G, is bounded uniformly with respect to € in some functional space. We
have the representation lemma which will be very useful to obtain a priori estimates:

Lemma 3.2. The following identity holds:

S

FiGe(t ky) = /Ot (Z;” [1 — cos (tk)] Fijge(s, kn)) ds + F| G, (3.7)

denoting by JF| the Fourier transform with respect to the parallel variable only and k) the
Fourier variable and where:

ge = 8§H /pevzdxj_ — 681” [EaHaIn Ee,”} + &EH /pe(eﬁz” oe)dx |, (3.8)

G? = \/eE, (0, ) sin (\2) — e, B, (0, 2)) (Cos (\2) = 1) . (3.9)

Proof of Lemma 3.2. We use Duhamel’s formula for the “wave” equation (3.5) to get the
following identity:

1 (/1 t—s
FiEc(t, k :/ <,sin(>]~'g€s,k >ds+fE£, 3.10
1B = ) 7z ) Figes k) [ (3.10)
with ge defined in (3.8) and

— E.(0,x) cos(%) + Ve E,) (0, 2) sin(—=). (3.11)

Then we can integrate this formula to recover (3.7). t

EO

67”

%m

We now introduce the translated current (which corresponds to some filtering of the
time oscillations created by the electric field):

we = ve — G, (3.12)
so that the transport equations of system (1.7) now read:

{ atpe + VJ_(EGJ_/)E) + a”((we + Ge)pe) =0

Owe + V L(EX(we + Ge)) 4 (we + Ge)9) (we + Ge)) = —€d)e(t, x))). (3.13)

3.3 Approximation scheme

To construct a solution, we use the usual approximation scheme for Cauchy-Kovalevskaya
type of results ([7]). The principle is to define p2, w2, G, V", ¢ by recursion:

Initialization First of all, for 0 < t < 1(dp — 1), GY(¢) is given by formula (3.9); then
for 0 <t <mn(dy — 1), we can define:

11



,o?(t) = pe(0),
we () = ve(0) — GL(8),

02 o0 A0 = g~ [ gl

EL,O — —VLQSO
and —0y, VO(t) = 9,GO(¢t).

Recursion For 0 < t < n(dy — 1), we define p"*1 w?*! by the transport equations:

Dept 1 + V(B o) + 9y (wl + GP)p) = 0

3.14
D! + V(B (w0 + GY) + (wf + GMAy (ur + G)) = —edyoi(tzy), )

—

with the initial conditions: p?T!(0) = p(0) and w?* = v.(0) — G2.

€
Then we can define ¢! as the solution to the Poisson equation:

2092 n+l n+l _ n+l n—+1
—€ 8x‘|¢e _AZ‘LgZ)e = Pe _/pe de_'

1n+1 _ 1 n+1
E =-V—¢.",

Furthermore, we can define G"1(¢) by a variant of formula (3.7):

b t—s
F Gt k —/ <_[1—cos ]]—"g?s,k >ds—|—]—"G8, 3.15
|G k) = | i (72| Fge (s: ) [ (3.15)
with g' = 8:%“ [P (w? + G?)?dx, — €0y, [EZIIC{)JUHEZH] + Oy [ P2 (€0 @7 )d .
Finally we define:
_eaxu‘/en-‘rl — 8th+1(t).

3.4 A priori estimates

Let n > 0. The goal is now to prove some a priori estimates for GPL, p+1 and w?*! (in
terms of G, pI' and w?). We are also able to get similar estimates on EX" and €0y, oL,
thanks to the Poisson equation satisfied by ¢?*!. Ultimately the goal is to prove that if
the parameter 7 is chosen small enough, then all these sequences are Cauchy sequences in

n
B

3.4.1 Estimate on Gt and /eE";"

67||

The first aim in this paragraph is to estimate ||G2!(|s,, using (3.15). We have:

IN

G5

+ G5

[ 7 (- oS mar ) s

t 3 1 "
2/ JT_.H ! 7]:”96 <3a kH) ds + ‘GS‘(S?
0 ik 5

)

IN
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1
ﬁf“g? =F <8:Jc /Pe(w? + G?)2d:m_> —ef ( € ||8x\\Ee H) + 7 (/ p?(e@xgb?)de) .

Thanks to Remark 3.1 and Lemma 3.1 , (i), we first estimate:

S\ — 3 n n
\ [ oo+ G| < o ot + G2, <06 = )l + G2
1
S, _ n n n
S((SO -0 — 5) ﬁHpe ”50Hw€ +G€||§0
(3.16)
Similarly, we prove:
E¢)0n B¢ Sg x”(\fEE”)‘
1
< Z(fs— 5 — 2B
_2(50 0 H VEE?)) ) H50 (3.17)
1 s
_85_2\8
5(50 0 77) [VeE! H”(Sm

[ s (prtcou,0) o

Thus, we finally obtain:

S\=8) n n
< (0o —0— 5) B”pe H&)Hea&?”(be H50'
§
GEH s < 2/0 (60 — 6 — %) I lpell llwe + GL1IF, + IVEEL 13, + 1o oo lleds, 62 llag)ds + 1G5

In what follows, C(dp, 3) is a constant depending only on Jy and § that may change
from one line to another. As before, one can show (this time we use lemma 3.1, (v)) that:

0y ¥ 5 < C (80, 8) fi (o — 8 = 2) B ([l oz + GRIZ, + IVEED 1,
110 5ol 82 1 ) s + 102, G-

Hence using the elementary estimates

t dS 2 1-8
<
/0 Go—0-27 = "T-g% =

t ds 2n t
Lo —6— =),
e LR

we get:

IGZ 5, < 1C (50, 8) <(Hw?H6o +11GElleo) 1% llso + Ve 13, + HP?H%|!63a:“¢?Héo)+HG8||éo-

(3.18)
Finally, we compare two solutions (w?*1, pnt1 G7+1) and (w?*2, p+2, GnF2) (observe that
these have the same initial data).

t
‘G?+2 _ G?—H‘(g < /
0

A (Z;” 1= Cos(t\_/s)] [Fige™ (s, k) — Fgl (s, ’fn)])

e

ds,
6
(3.19)
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We decompose the products appearing in g”*! — ¢” in the following way:
P WITh? = pl(we)? = (P — p) (T 4 (= wd) (wit + wi)pl

and we proceed likewise for the other terms. Then we obtain the following estimate with
the same method as before:

IGE = GE2ls,

IN

1C(6, B) (it —wl sy + |G+ = G2 lsy)
Xl sy + 2 sy + G2 sy + G2 s U2 o + 125,
o2 = o2l (o 12, + e 3, + IGEHE, + G2 I3,)
02+ = o2l (1D 82 N + e, &2 )
ey 62+ — ey 82 lsp o2 sy + o)

VB — VB s (VB sy + IVEED ). (3.20)

+ o+ 4+

Likewise we get the same kind of estimates for ||/ E"HH s, since from (3.10) we have
the formula:

AW = [ (G0 b ) ds + FVEEY), (G)

3.4.2 Estimate on EX""! and e@x“ ot

We now use the scaled Poisson equation satisfied by ¢"*! to get some similar a priori
estimates. For the reader’s convenience, we first recall this equation:

—€20F T — AL = prt - /P?Hdiﬂ-

The principle here is to look at the symbols of the operators involved in the Poisson
equation. Accordingly, we compute in Fourier variables:

Kot + [k PR = F (p?“ / pzl*lde) : (3.22)
Thus it comes:

Flprtt — [ pitlda )

F n+l _
¢E 2k2+‘kj_‘2

Since [(ptt — [ prttdz )dz, =0, we have for all k € Z:

F (P?H /P?HdM) (0,k)) =0.

Thus we get, for all ky, k| € Z:

n—l—l f pn—HdJZJ_
ko |?

[Fett| <
In particular we easily get, using the relation EZ"™ = —vLgntl:

14



n+1 n+1d
L

Hence:
IES™ 50 < 20102 |50 (3.23)

Likewise, using the elementary inequality ab < %(a2 +b%) and |k | > 1:

elky[|1F(pe — [ pedz 1)
€2k2+ ’kL|2

|F (€D 67| < S / )|,

and consequently:
e, @ sy < 1l lso- (3.24)

Finally, if we compare two solutions at step n+ 1 and n + 2:
IES"2 — B s, + (€0, 602 — €0y 62 lso < 2010272 = I lsy.- (3.25)

3.4.3 Estimate on p?’*! and w!*!

We now use the conservation laws satisfied by p?*! and w?*! to get the appropriate

estimates. We first recall that the density p?*! satisfies the equation:
Dup ™+ VLB g + 0y (w? + GE)olt) = 0.

Writing p?t!l = fg Orp™lds + pe(0), we get:

t
s < [0 sds + o)
0
With the same kind of computations as before and using estimate (3.23) we get:

S, _ S\ —
VLB )]s < (80— 0~ 5) YNES™sollp¥ s < 2(80 — 6 — 5) Pllotl3,

n n S\— n n n
10 ((we + GE)pells < (0 =0 =) llwe + GO)llsoll o,

As a consequence we obtain:

t
n S\— n n n n
o s < [pe(0)]5 + 0(50,5)/0 (bo—0="2) Pl o (o2 s + lwellag + 1G2l50)ds

Similarly we estimate |9,, p"*!|s by differentiating with respect to x; the equation sat-
isfied by p2!. Finally we get:

12" lso < 1C (B0, Bl o s (102 150 + i llsy + 11Gllse) + 1V 0e(0) l5o- (3.26)

If we compare solutions at steps n + 1 and n + 2, we get likewise:

oz = o sy < nCo0, B ((11p2 g + o2 ) (ol = sy + G2 = Glls)
A sy + o2 lso + 12 sy + N sy + G2y + 1G25,)
% (1o = pllo) ) (3.27)

15



In the same fashion, we recall that w"*! satisfies the following transport equation:

Qi + VL (BE™M(wl! + G)) + (Wl + G219y (wl + G)) = —ed ¢ (t, ),

and we can once again estimate the 5o norm of w?*!:
lwe ™ sy < nC(G0, B) ((lwellso + 1G5 10 a6 + (lwellsy + G llse)* + 10y dr l150)
(3.28)
and if we compare two solutions at steps n + 1 and n + 2:

™2 = weHls, < nC(éo,ﬁ)((Hp?“Hao + 0 llso) (lwf ™ = wllsy + 1GET = G lls,)

+ (lwf s + lwllsy + 1GE s, + 11GE 115,

X (g™t —wllsg + 1GEH = GEllsg + 18 = plllso)

ledpert! — o is, ). (3.29)

3.5 Finding a fixed point

We are now in position to use our estimates to prove the existence and uniqueness of a
fixed point.
First let C; defined by:

C1 = sup {l1pc(0)lsy: l1we (0) 5o G (0I5 [IVeE(0) 16, 1}
n=

Let Cy = C; + 1. It is possible to choose n small enough with respect to Cy to
propagate the following estimates by recursion (we refer to [14] for more details; more
explicitly n = W is for instance convenient). At Step n (n > 1), the property

P)C3
reads:

(i)
Hp?H(so < Oy,
[wels, < Co,
HG?H&) < Oy,
”\/EEZHH(SO < Ca.

(ii)
2 — o5, < S2,
Jwl — w5, < 52
G2 — G5, < S2,

IVeBr, — VeE! s, < $2-

One first checks that (i) is satisfied for n = 0. In particular for the last condition,
we use (2.4). As in [14], checking that (i7) is satisfied for n = 1 in fact needs a special
treatment which is very similar to the general case, so we will not detail it.

To propagate these estimates for n > 1, we use the crucial estimates (3.20),(3.27),(3.29).
Let us briefly explain the passage from Step (n+1) to Step (n+2) by examining the case of
Property (ii) for G (the other cases are treated similarly). Using (3.20) and the Properties
(7) and (7i) at step n + 1 we have:

C
|G = GE2la, < 1C (G0, B) 577 30C,
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and with our choice of 7, we notice that 770(50,&)2%%30022 < 2%%, which proves the
property (i7) for G at step (n + 2).

This proves that the sequences p, w(,G7, \/EEOEGL ’n,e&c” ¢l are Cauchy sequences
(with respect to n) in Bgo, and consequently converge strongly in Bgo, the estimates being
uniform in e. It is clear that the limit satisfies System (1.7). The requirement 6; < §p and
the explicit life span in Theorem 2.1 come directly from the definition of the Bgo spaces.

For the uniqueness part, one can simply notice that the estimates we have shown allow
us to prove that the application § defined by:

F(pe, we) = Jo(=VL(BLpe) = 0y((we + Ge)pe))ds
T\ VLB we + GO) = (we + Gy (we + Ge)) — edydelt, x)))ds

is a contraction on the closed subset B of Bs, x Bg,, defined by:
B = {pvw € Béo; HpH50 <C, ||’LUH50 < C}v

with C' large enough, provided that 7 is chosen small enough. The uniqueness of the
analytic solution then follows.
3.6 Proof of Proposition 2.1

We can lead the same analysis as for the proof of Theorem 2.1, but even simpler since here
we do not have to deal anymore with the fast oscillations in time. The only slightly different
point is to estimate the norm of f(f —0|pds = fg 9 [ pv*dz ds, which is straightforward:

t
H/ 8||pds
0 5o

Then as before, we can use a contraction argument to prove the proposition.

< nCllplls, 10113,

4 Proof of Theorem 2.2

Step 1: Another average in time for F

We have observed previously that the wave equation (3.5) describing the time oscillations
of E ) was the same as the one appearing in Grenier’s work, except for a slight change
in the source. Therefore the following decomposition taken from [14, Proposition 3.1.1]
identically holds, since the proof only relies on the fact that the source g, (defined in (3.8))
is bounded in L{°H3~!, which is still the case here, under the assumptions of Theorem
(2.2).

Lemma 4.1. Under assumption (H), there exist Ee(l), E6(2) and We such that E, || = E§1) +

Eg(z) and a positive constant C independent of € such as:
(i) MEE‘”HMH;F) <C.
(ii) oW, = g HW HLDO HE) < C and W, — 0 in L%
(iti) We(0) = —€e0,E, = [ pc(0)ve(0)da .

(2)
(iv) || Ee HLOO ey < C.

“
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Roughly speaking, this lemma allows to decompose E | into a oscillating part with
magnitude ﬁ that we will have to filter out and a bounded part that will give rise to the
pressure term.

Step 2: Uniform bound on Ej and &E” Oe

Under hypothesis (H), using the Poisson equation satisfied by ¢, one can check that Eel
and 0y ¢c are bounded in L§® (H*~1!) uniformly with respect to € (we do not need any gain
of elliptic regularity). Indeed, since:

/ <pe - / pedu> dz, =0,

we can use the trivial bound on the symbol

1
<1, fork, £0
‘ki|2+€2|kH|2 - L?é
to get
HﬁbeHHgLYIH < Hp_//)dwj_
HiJ_,z”

Hence the result holds.

Step 3: Passage to the limit

Let we = ve — We. According to assumption (H) and Lemma 4.1, w, is uniformly bounded
in L°([0,T], H*~1). On the other hand, we have :

Oswe + V1 (B we) + wedy we = — €y be + EP) — weD We — Wiy we — WDy We. (4.1)

(Notice that V| .(EXW,) = W. V. .(EX) =0.)

Thus, using the uniform bounds of assumption (H) and the fact the H~2 is an algebra,
we can easily see that dw, is bounded in L$([0,T], H*=2). Thanks to the Aubin-Lions
lemma (see for instance [26]), we converges strongly (up to a subsequence) to some function
w in C([0,T], H¥ 1) for all &' < s.

According to Step 2, 6895“ ¢ — 0 in the distributional sense.

Since w, strongly converges in C([0, 1], H Slfl), it also converges strongly in L2([0, T, L?)
and by Lemma 4.1, (ii), W, weakly converges to 0 in L%([0,7],L?). Thus, the following
convergence also holds in the sense of distributions:

—weﬁx” W, — ng)x“ we — 0,

and —VVE&,;HVV6 + EE(2) weakly converges (up to a subsequence) to some function F since
this term is uniformly bounded in L°°([0, T, HS2).

z
Furthermore, we observe that:

/ (_Weaﬂcn We+ E6(2)> da) = / (_;8’CW3 + E€(2)> dz) =0,

using Lemma 4.1, (v). This implies that de:UH = 0, and thus there exists p such that
F=-9,p.
I
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Since E is uniformly bounded in L{°([0, 7], H*~1), it also weakly converges, up to a
subsequence, to some function E-.

We now use the strong limit of w, in C([0,T], H¥ ') in order to pass to the limit in
the sense of distributions in the convection terms. As a consequence, we obtain, passing
to the limit in the sense of distributions:

Oyw + VJ_.(ELU]) + w@x”w = —855”]9. (4.2)
We recall now that the equation satisfied by pe is:
Oype + VJ_-(E:_PE) + all(wepe) = _all(Wepe)-

Proceeding similarly, we infer that p. converges strongly, up to a subsequence, to p in
C([0,T), H*) for all s’ < s, that satisfies the equation:

Op + VL.(EL,O) + 8”(10/)) =0.

One can likewise take limits in the Poisson equations. We finally obtain (1.8).

Step 4: Equations for the correctors

The final step relies on the following lemma proved in Grenier’s paper [14, Proposition
3.3.4] (the main point is to notice that the application ¢ eilt/ﬁw is an isometry on
L*>(H?) for any s).

Lemma 4.2. There exist two correctors Ey(t,x)) and E_(t,x)) in C([0,T], H*™') such
that, for all s’ < s:

o |[VeED —et/Vep, - e VE_leqomy -1y = 0,
° HWe _ % (eit/\/EE+ _ e*it/xﬁE_) HC([O,T],HS'“) — 0.
In particular we can deduce that:

e MV SeED — By

(and similarly e“/\/gﬁEg(l) —E_).

Then, the idea is to use Lemmas 4.1 and 4.2 and the wave equation (3.5) in order to
obtain the equations satisfied by EL. Let us show how one can obtain the equation for
E_ (the method being similar for E,). Let us denote F, = \ﬁeit/\/gEQ”. One can then
observe that:

6(9,52E67|| + EQ” = e H/VE (ﬁc‘)fFE . 2i8tFe) .

Furthermore, by Lemmas 4.1 and 4.2, F, weakly converges (in the distributional sense) to
E_. Using (3.5), we obtain an equation satisfied by F:

ﬁaf&cu F. — 2iat(9x” F. = eit/ﬁagu /pe(We + We)Zd.fJ_
(4.3)
+eit/‘/g01n /Pe(€3x¢e)dfﬂ - eit/\/geaxu [Be |0z Ee -
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We first show that \/Ef),?aque’H weakly converges to 0 in the distributional sense. For
this purpose let ¥(t, 7)) a smooth test function compactly supported in R x R. We have
by integration by parts:

/ Ved; 0y FVdtdr) = — / VO F.0,0y, Vdtda)

= / VeF.0; 0, Vdtdz,

and we can conclude that the contribution of this three term vanishes as e vanishes since
F, is uniformly bounded in C([0, 77, H;l‘lfl) by Lemma 4.1. Likewise, we show that —2i0; F,
converges in the distributional sense to —2i0; F_.

By Step 3, we recall that p. converges strongly (up to a subsequence) in C([0,T], H*)

(with s’ < s). Let us show that €0y, de also converges strongly (up to a subsequence) in

C([0,T], H*). To that purpose, we rely once again on the Poisson equation satisfied by ¢,
that we recall below:

_628%‘ e — AL de = pe — /pede_-

By the same symbolic analysis as before, one can easily check, using assumption (H),
that €0y @ is uniformly bounded in Ly°(Hz). Deriving the Poisson equation with respect
to time, we obtain:

—CO2 Oude — ALOhb. = Dupe - / Dipedz, .

Using this time the uniform estimates on 0:;p., we deduce that e@tﬁmu ¢e is uniformly
bounded in L°(H3:™?).

Therefore, using the Aubin-Lions lemma, we have proved our claim.

We deduce that 0y | pe (€03 ¢e)dx 1 converge strongly (up to a subsequence) in C([0, 77, H j;‘_l),
so we can see that:

eit/\/gﬁzﬂ /pe(eaxgbe)dmL -0

in the sense of distributions.
In order to take the limit in the other terms, we have to be a little more precise. By
Lemmas 4.1 and 4.2, we can write:

VB, = e"VeE, + e IVE_ 1,

We = % <€it/\/EE+ — e*"t/\ﬁE_) + Se,

where 7. and s converge strongly to 0 in C([0,7], H, Slfl). Consequently we deduce that

il
et/ ﬁeaa;“ [EE,H&U“ E, ] converges to 0 in the sense of distributions. Indeed, we have:

. 1 . . .
it/\/€ _ it/\/€en2 2 2it/\/€ 2 —2it/\/€ 72
e /‘/eﬁr” [0z Ee ] =3¢ /‘[813“ (re +e /\[EJr + e 2VER?

+2E,E_ + 2¢"VE, 4 2¢7 \/EE_n)

Thus, as 7. converges strongly to 0 in C([0, T, H. j;lfl), there is no resonance effect and this

converges to 0 in the sense of distributions. Now we write:

agu /pE(we + We)2d1'L = ag“ /pewgdfo + ag“ (/ ,Oedfl?l) I/Vve2 + 25;%” /pe’UJGWEd;L‘L,

20



Since (‘ﬁﬂ [ pew?dz | strongly converges in C([0, T, H;;‘_l), the contribution of the first
term, that is e’/ \/Eagu f p6w2d$ 1, vanishes. For the second term, we first notice that
[ pedzx is strongly convergent in C([0, T, H_:Z/H ). Then, we can check as before that there is
no resonance effect and the contribution of e/ ﬁ@%” ([ pedz 1) WZ vanishes. For the last
term, pewe strongly converges to pv in C([0,T], H, ;Ll); using once again the decomposition
of W., we obtain that the limit in the distributional sense of e/ VeoH? [ pewWedz | is

z
21 (f pvdmL) % (&EHE,).
As a result, (91,” E, satisfy the transport equations:

8t(8zHEi) + (/ Pvd:m_) BxH (8zHE:|:) =0.

There remains to provide some initial data for these equations. This is achieved thanks
to the strong convergences in Lemma 4.2 that hold in particular for ¢ = 0. More precisely,
we have by Lemma 4.2:

.. . 1. .
Epj=0=3 121(1)[ZW6,|1‘,=0 +VeEV], E_jo= 3 ll_%[—lwe,\tzo +/eEW].

By Lemma 4.1, (iii), we have:

lim W, ;o = lim / peve dzy (0),
e—0 ’ e—0

and by (iv) we have
lim \/eE) = lim —/ed,, Ve (0).
e—0 e—0

This yields the initial conditions (2.6) and (2.7).
The proof of the theorem is now complete.

5 Discussion on the sharpness of the results

5.1 On the analytic regularity

Let us recall that the multi-fluid system (2.2) is ill-posed in Sobolev spaces (see [4]), because
of the two-stream instabilities (remind that this is due to the coupling between the different
phases of the fluid).

For system (1.8), we expect the situation to be similar. Due to the dependence on x|
and the constraint [ pdz; = 1, system (1.8) is by nature a coupled multi-fluid system.
Nevertheless, one could maybe imagine that the dynamics in the x, variable could yield
some mixing in x; and x| (in the spirit of hypoellipticity results) and thus could perhaps
bring stability. Here we explain why this is not the case.

The idea is to consider for (1.8) shear flows like initial data. This will allow to exactly
recover the multi-fluid equations (2.2). Writing z; = (x1,x2), we take:

Ey = (0,¢(x1,2)),0),
and consequently since by definition:

po = divy Ep + 1,
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we infer that pg = V| A Ef = —¢'(x1,2)) + 1. We also assume that vo(z1, 7)) does not
depend on xo.
Then we observe that:

V1.(Eypo) =0,
V.1.(Eywv) =0.

With such initial data, system (1.8) reduces to:

Oip + 8||(UHp) =0
Aoy + 019y (vy) = —=Op(t, z) (5.1)
[ pdxy =1,

and we observe that there is no more dynamics in the x; variable. This is nothing but
system (2.2) in dimension 1, with M = [0, 1] and p the Lebesgue measure.

Now, let us consider measure type of data in the x1 variable for p and v (this corresponds
to a “degenerate” version of the shear flows defined above). In particular if we choose:

1 1
v =50 <1pon(a)) + 50, <1poa(z)),
we get:
1 1
Po = 50, =1p01(2))) + 50, 1p02(2)), (52
1 1 '
vy = 5(511:%1)071(:6”) + 55331:%1}0,2(1’”)
and we obtain the following system for oo = 1, 2:
atpoz + a”(vapa) =0
Ova + va0)(va) = —0p(t, 7)) (5.3)

p1+p2=1

This particular system was given as an example by Brenier in [4] to illustrate ill-posedness
in Sobolev spaces of the multi-fluid equations. Indeed let us first denote ¢ = pjv1. Using
the constraint p; + p2 = 1, we easily obtain that

2 (1 1
i :
pr 1—m

We can then observe that the system:

Otp1 +0jg=0
{tﬂl 1q 5.4

2
O + 9 (L) = —p19yp(t, z))

is elliptic in space-time, and consequently it is ill-posed in Sobolev spaces.

Actually this example is not completely satisfying, since it is singular in 1. Nevertheless
we can consider the convolution of this initial data with a standard mollifier, which yields
the same qualitative behaviour.
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5.2 On the analytic regularity in the perpendicular variable

We observe that if the initial datum (p(0),v(0)) does not depend on z, then the fluid
system (1.8) reduces to:
Op+Vi.(Etp) =0
(%Uu + VJ_.(EJ_UH) =0
E+=ViAT (p— [pdz,)
f pdx 1 = 1.

Thus, p satisfies 2D incompressible Euler system, written in vorticity formulation. This
systems admits a unique global strong solution provided that p(0) € H*(T?) (with s > 1),
by a classical result of Kato [21] and even a unique global weak solution provided that
p(0) € L>=(T?), by a classical result of Yudovic [29)].

In the other hand, v satisfied a transport equation with the force field EL. If we
only assume for instance that vy is a positive Radon measure, then using the classical
log-Lipschitz estimate on E+ (we refer to [23, Chapter 8|), we get a unique global weak
solution v by the method of characteristics.

One could think that it should be possible to build solutions to the final fluid system
(1.8) with similar “weak” regularity in the z; variable (while keeping analyticity in the
) variable). Actually this is not possible in general: this is related to the fact that E-
depends also on x| in general and this entails that we also need analytic regularity in the
x| variable to get analytic regularity in the x| variable (see estimations such as (3.26)).

(5.5)

5.3 On the local in time existence

In [5], Brenier considers potential velocity fields, that are velocity fields of the form vg =
V. ®g, for the multi-fluid system:
0=1,...M M eN*
Oipe + div(peve) = 0

5.6
&ﬂj\? +ve.V(ve) = —=Vp (5.6)
>e-1r0 = 1.
In this case the equation on the velocities becomes:
1
@¢@+;v¢bﬂ+p:0 (5.7)

It is proved in [5] that any strong solution satisfying

inf t,z) >0
dnf polt,z)

can not be global in time unless the initial energy vanishes:

M
Z /P@,t:0|ue,t:0|2d$ =0. (5.8)
e=1

This striking result relies on a variational interpretation of these Euler equations. Using
the same particular initial data as in section 5.1, this indicates that for system (1.8) also,
there is no global strong solution, unless there is no dependence on z; or zj.

Indeed, we observe that if the initial datum (p(0),v(0)) does not depend on z, the
fluid system (1.8) does not make sense anymore (as for incompressible Euler in dimension
1). When the initial datum (p(0),v(0)) does not depend on x|, we have seen that we
recover 2D incompressible Euler and there is indeed global existence (of strong or weak
solutions).
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5.4 The relative entropy method applied to a toy model : failure of the
multi-current limit

5.4.1 The toy model

It seems very appealing to try to use the relative entropy method (which was introduced
by Brenier [4] for Vlasov type of systems) to study the limit ¢ — 0, as it would open the
way to the study of the limit for solutions to the initial system (1.1) with low regularity.
The only requirements would be that the initial data of (1.1) is closed in some sense (which
will be made precise later) to a Dirac mass in velocity, and that the two first moments
of the initial data are in a small neighborhood (say in L? topology) of the smooth initial
data for the limit system (1.8). Nevertheless it is not possible to overcome the two-stream
instabilities in this framework. We intend here to show why.
The toy model we consider in this paragraph is the following;:

Oufe + 0NV fl + BN, f¢ =0
Ee = _vx‘/e

—€eA; Ve = ffffdvd,u -1

ff,t:o = feg,oa ffffdvd:vdﬂ =L

(5.9)

with ¢t > 0, z € T3, v € R? and where  lies in [0, 1] equipped with a probability measure
w4 which is:

e cither a sum of Dirac masses with total mass 1, such as:

N-1

p=> %59:1'/1\/-

i=0
In this case, we model a plasma made of N phases (or N types of charged particles).
e or the Lebesgue measure, in which case we model a continuum of phases.

Actually, we could have considered more general probability measures but we restrict to
these cases for simplicity. This system can be seen as the kinetic counterpart of a simplified
version of (1.7), which focuses on the unstable feature of the system. Of course we could
have considered directly the fluid version, that is:

3tpf + Vx(PgUf) =
ol +ul Vol = E,
E.=-V,V

—eA Ve = [pldp—1

(5.10)

but the proofs are essentially the same and the study of system (5.9) has some interests of
its own.

One can observe that the energy associated to (5.9) is the following non-increasing
(formally conserved) functional:

1 1
E.(t) = 2//ff]v|2dvda:du+26/!VxVE|2d:L‘. (5.11)

We assume that there exists a constant K > 0 independent of €, such as £(0) < K. We
also assume that f§ € LgoLglw N Lg° Ly7,, uniformly in €. Then we can consider global weak

solutions (f?,V;) to (5.9), in the sense of Arsenev [1].That these solutions exist follows from
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a slight adaptation of the original proof in [1], which dealt with the usual Vlasov-Poison
equation. These solutions satisfy that uniformly in €, £ € L%L}w NL7pLy,- In addition,
for any € and any ¢ > 0:

E(t) < K. (5.12)

Let (p?,u?) be the local strong solution, defined on [0, 7], to the system:

Oip? + V. (pPul) =0
ol +uf Voul = v,V (5.13)
Jp%dp = 1.

with inital data (p§, u§) (which we actually have to take with analytic regularity in general).
Observe here that the “incompressibility in average” constraint reads:

Vx./peued,u =0. (5.14)

The case where ug genuinely depends on 6 corresponds to the setting for two-stream
instabilities [8]. In this case, as expected, we will not be able to conclude. On the contrary,
when ug does not depend on 6, this precisely corresponds to the case where two-stream
instabilities are avoided, and in that particular case, the relative entropy method will yield
convergence: this is the result of Proposition 5.1.

5.4.2 The relative entropy method

Following the approach of Brenier [4] for the quasineutral limit of the Vlasov-Poisson
equation with a single phase, we consider the relative entropy (built as a modulation of
the energy &):

1 1
He(t) = 2//]“5\1} —u?(t, z)[Pdvdzdp + 26/ |V, Ve — V. V|*dz. (5.15)

We assume that the system is well prepared in the sense that H.(0) — 0 when ¢ — 0.
The goal is to find some stability inequality in order to show that we also have H,(t) — 0
for t € [0, 7.

We have, since the energy is non-increasing:

1 1
%He(t) < //&gff <2|u9|2 — v.u9> dvdzdp + //ff@t <2lu9|2 - U.u9> dvdxzdu

1
+26/3t|VxV|2d$—G/vag.atvx‘/daz—6/8thV€.Vdex.
(5.16)

We clearly have ¢ [ 0|V, V|*dz = O(e). Moreover, we get, by Cauchy-Schwarz inequal-
ity:

€

[ Va0V da] < VANET Vil 21OV e
which is of order O(y/€) by the conservation of energy.
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For the last term of (5.16), we compute with successive integrations by parts:

—e/@thVE.Vdex :e/atAxVeVdﬁU

— / o ( / ffdvdu) Vdz
/ V. ( / fov dvdu> Vdx
— / < / f%dvdu> V. Vdz.

In this computation we have used the Poisson equation as well as the local conservation of
mass (obtained by integrating the Vlasov equation in (5.9) against v):

6t/ffdv+vz. (/wﬁw) =0.
In the other hand we can compute:
//&feg <;|u9|2 - v.ue) dvdzdp + //ff@t <;|u0|2 - v.u9> dvdzdp
— //(vvsz + E.V,f%) <;|u0|2 - U.’LL9> dvdzdp + //ff(ue —v).0p’ dvdadp
— //ffv.((ue —v).Vu?)dvdzdy — /ffEe.uedvdxd,u, + / / Pl —v).00 dvdedp
= / / Pl —v). (W = v).Vub)dvdedp + / / Pl =)0 + ub V) dvdzdp

—/ffEe.uedvdxdu.

(5.17)

(5.18)

All the trouble comes from the last term:
/ffEe.uedvdwd,u.

When no assumption is made on u?, it can be of order O(1/+/€). This wild term can be
interpreted as the appearance of the two—stream instabilities. Therefore we have to make an
additional assumption in order to avoid this instability. This is done by assuming that u’
initially does not depend on @ (which yields that u? does not depend on 6 by uniqueness),
in which case we can write:

uw =u
and consequently, we have
—/ffEe.udvdxdu:/(eAzVE— 1) E..udz. (5.19)
We first compute:
—/e/Angvxve.udx = —e/Vgc : (Vi‘/;@vmv'e)udx—i—e/;Vx\vxvepudx

1
= /D (VoVe®@ V, V)dx—e/2|VxV€|2divzudx,
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with D(u) = % (8xiu]~ + &Cjui)ij.
In addition, the incompressibility constraint (5.14) becomes V,.u = 0, and thus:

/Ee.uda; = /ngx.udm = 0.

Gathering all pieces together, we obtain:

H(1) §H6(0)+Re(t)+0/0 Vol He (5)ds

t t
+/ //ff(u —v)(Oru + u.Vyu)dpdvdrds — / //ffv.Vde,udvdxds,
0 0

where C' > 0 is a universal constant, R.(t) — 0 as € goes to 0. Furthermore, we remark

that:
/(/ ffdvd,u,) w.V,Vdv :/u.VzV—e/Am‘/;u.V$V (5.21)

The first term is equal to 0 according to the incompressibility constraint, while the second
is of order O(y/€), by the energy inequality. We finally get the stability inequality:

(5.20)

t
Mo (1) < H.(0) + RBe(t) + 0/0 Vgl He (5)ds
(5.22)

t
+ / / / £ (u— ) (Opu + w.Vyu + V,V)dudvdrds,
0

where C' > 0 is a universal constant, R.(t) — 0 as € goes to 0 and the last term is 0 by
definition of (u, V).

As as result, by Gronwall’s inequality, we infer that H(¢) — 0, uniformly locally in
time. To conclude, by a classical interpolation argument using the fact that f.|v|? is
uniformly in LfoLglwﬁ and that f. is uniformly in L{°L} , ,, we infer that p¢ := [ f%dv and

t,x, v
JO = J fPvdv are uniformly bounded in L°(L} ). Thus, up to a subsequence, there exist
p? and JY (at least in L§(L} ) such that p? weakly converges in the sense of measures to

o7 (resp. Jf to J?). Passing to the limit in the local conservation of charge, which reads:
dip? +V,.J0 =0,

we obtain:
0’ + V. J? = 0.

The goal is now to prove that J? = plu.
By a simple use of Cauchy-Schwarz inequality, we have:

0, _ 1012
//‘psupe‘]e‘d$dug//ff|v—u|2dvd:ndu. (5.23)

Using a classical convexity argument due to Brenier [6], one can prove that the func-

_ 712
tional (p,J) — [ Mdmdu is lower semi-continuous with respect to the weak conver-
gence of measures. We finally obtain by passing to the limit that:

J = peu.
By uniqueness of the solution to the limit system, provided that the whole sequence
(pzo) weakly converges to pg, we obtain the convergences without having to extract sub-

sequences.
Finally we have proved the result:
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Proposition 5.1. Let (f?,V.) be a global weak solution in the sense of Arsenev to (5.9).
Assume that for some functions (pf,uo) in (L(;x x H?), with s > 5/2, (we emphasize on
the fact that uy does not depend on 0, in order to avoid two-stream instabilities) satisfying

[ pfdp =1,
{ vl (5.24)
and such that we initially have:
1 0 2 1 2
3 fei—olv — uo(x)|*dvdrdp + 5¢€ |V Ve =0 — VaVio|“dz — 0 (5.25)

and fffdv — pg in the weak L' sense.
Let (u, V') is the (unique) local strong solution (defined on [0,T]) to the incompressible
FEuler system:

ou+u.Veu= -V, V
{ Vo= 0, (5.26)
with initial data u(t = 0) = ug. Then for all t € [0, T,
1 0 2 1 2
3 v —u(t, z)|*dvdzdu + 3¢ |ViVe =V, VI“de — 0, (5.27)
where (u, V') is the local strong solution to the incompressible Euler system:
ou+uVyu=-V,V
i 529

Moreover, p? = J fPdv converges in the weak L' sense to p? the unique solution to:
Ap? +uv,p? =0, (5.29)

with p?(t = 0) = pg and J? = i fvdv converges in the weak L' sense to plu.

6 Conclusion

In this work, we have provided a first analysis of the mathematical properties of the three-
dimensional finite Larmor radius approximation (FLR), for electrons in a fixed background
of ions. We have shown that the limit is illposed in the sense that we have to restrict to
data with both particular profiles and analytic regularity. In particular, we have pointed
out that the analytic assumption is not only a mere technical assumption, but is necessary
if one choses to consider strong solutions. In addition, the results are only local-in-time.

On the other hand, we proved in [18] that the FLR approximation for ions with massless
electrons is by opposition very stable, in the sense that we can deal with initial data with
no prescribed profile and weak (that is in a Lebesgue space) regularity.

This rigorously justifies why physicists rather consider the equations on ions rather
than those on electrons, especially for numerical experiments (we refer for instance to
Grandgirard et al. [13]).

28



7 Appendix : Formal derivation of the drift-fluid problem

Scaling of the Vlasov equation

Let us recall that our purpose is to describe the behaviour of a gas of electrons in a neu-
tralizing background of ions at thermodynamic equilibrium, submitted to a large magnetic
field. For simplicity, we consider a magnetic field with a fixed direction e (also denoted
by e.) and a fixed large magnitude B.

Because of the strong magnetic field, the dynamics of particles in the parallel direction
e is completely different to their dynamics in the orthogonal plane. We therefore consider
anisotropic characteristic spatial lengths in order to consider dimensionless quantities:

7=t al
~ - v
t=—, v= ,
T Vth

ftzy oy v) = ff(EEL,5,0) V(toy,x)=VV(E,8) E(tay,z)=EE{ILi)).
This yields:

Opfe + Y701 Vi fo+ 2070 Vi fo + (ZEZ B+ Lri ney) Vife =0

mun
B = (Vo Ve,V V) (7.1)
_%Ahf/ EOHVAQCHV —efo}, (J fudi—1)
f Ji=0 = foe, fL? LHvthffo,edvd:n: 1.

In order to keep normalization it is first natural to set fL2 L”vf’h =1

We set now Q = : this is the cyclotron frequency (also referred to as the gyrofre-

quency). We also con51der the so-called electron Larmor radius (or electron gyroradius) rr,
defined by:

Uth Mutp
rp = — = ——=— 7.2
LT T B (7.2)
This quantity can be physically understood as the typical radius of the helix around axis
e described by the particles, due to the intense magnetic field.

We also introduce the so-called Debye length:
60‘7

= —7—,
efuy,

which is interpreted as the typical length above which the plasma can be interpreted as
being neutral.
The Vlasov equation now reads:

E .
8f€+ 797"01_ VszE QTUH Vfoe <_QTE6+QT1~)/\€”) Nisfe=0.
L || thh

The strong magnetic field ordering consists in:

Qr =

:6’

1 E
€ thh
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with € > 0 is a small parameter.

The spatial scaling we perform is the so-called finite Larmor radius scaling (see Frénod
and Sonnendrucker [10] for a reference in the mathematical literature): basically the idea is
to consider the typical perpendicular spatial length L | with the same order as the so-called
electron Larmor radius. This allows to describe the turbulent behaviour of the plasma at
fine scales, see [22]. On the contrary, the parallel observation length Ly is taken much
larger:

L L
— =1 —=e 7.3
L Ly (7:3)
This is typically an anisotropic situation.
This particular scaling allows, at least in a formal sense, to observe more precise effects
in the orthogonal plane than with the isotropic scaling (studied for instance in [12]):
L rL
— =€ —=c¢
In particular we wish to observe the so-called electric drift £+ (also referred to as the
E x B drift) whose effect is of great concern in tokamak physics (see [17] for instance).
The quasineutral ordering we adopt is the following:

Ao _ o (7.4)

After straightforward calculations (we refer to [10] for details), we get the following
Vlasov-Poisson system in dimensionless form, for ¢ > 0,7 = (z,, 7)) € T2 x T,v =
(vi,v)) € R? x R:

Oefe + %foe + U”foe + (B + ”’\%).vae =0
EE = (_%V{EL‘/E7 _v(E” ‘/E)

—ely Ve — 1A, Ve = [ fedv — [ fedvda

fe,t:O = fe,O-

which ylelds, after setting Ve = %Ve (by a slight abuse of notation, we still denote V.
instead of V),

(7.5)

atfe + Avxfe +U||~vzfe + (Ee + v/\%)-vvfe =0

€

Ee = (_vml‘/’ev _EVZ‘H‘/E)

7.6
—eQAQE”V6 — Ay Ve = [ fedv — [ fedvdx (7.6)
fet=0 = fep-
Remark 7.1. It seems physically relevant to consider scalings such as:
Ap/Ly ~ €%, (7.7)

with a > 1. However with such a scaling, the systems seem too degenerate with respect to
€ and we have not been able to handle this situation. The scaling we study is nevertheless
relevant for some extreme magnetic regimes in tokamaks .

Hydrodynamic equations

In order to isolate this quasineutral problem, thanks to the linearity of the Poisson equation,
we split the electric field into two parts:
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E. = E'€1 + EEQ,
El = (-V, V1 GVxHVQ),
ZAﬂﬁuv = Ay Vi = [ fedv — [ fedvda, (7.8)
—0O, V2
eAxH V2 ffedvd:m_ - ffedvda:

In order to make the fast oscillations in time due to the singularly penalized operator
%.Vm disappear, we perform the same change of variables as in [11], to get the so-called
gyro-coordinates:

z, =12 +vhv,=v. (7.9)

We easily compute the equation satisfied by the new distribution function ge(t, x4, vy, v)) =

fe(t,z,v).
Orge + v 0z ge + E€ ||(t> Tg — Ugl)&,uge + Ef(t, xg,H)a’U” e
+E! | (t,zg —vy) (Vo9 — Vi, g6) + %vj.vygge =0.
Notice here that in the process, the so-called electric drift E+ appears since:
—E;L(t,a:g — v;‘).Vi‘gge =B (tx, — v;‘).Vzgge.

The equation satisfied by the charge density pe = [ gedv states:

Otpe + Oz /v”gedv + Vi /Eel (t,xg — l)gealfu =0, (7.10)
One can observe that since E€1 | is a gradient:

dlvng L(txg — vgl) =0.

Thus, integrating the equation satisfied by g. against (vg,vH), we deduce that the one

satisfied by the current density J. = [ gevdv (: (??ZT;@))) is the following;:
€

O Je —i-@g;” /v” < >gedv—i-VL /EEL (t, x4 —ng) <Zﬁ> gedv
_ Eelj_(t7$g _Ugl) 0
_/< : 0 ggdv—i-/ Eelu(t,xg—vj‘) gedv

0 Jt
+ + =, 7.11
<E€2(t, :Eg,)pﬁ) € ( )

We now assume that we deal with special monokinetic data of the form:

Ge (t7 x, ’U) = pé(tv x)(S’UHZ’U”YE(t,Z‘)é'Ug:O' (712)

This assumption is nothing but the classical “cold plasma” approximation together with
the assumption that the transverse particle velocities are isotropically distributed (which
is physically relevant, see [27]) : in other words, the average motion of particles in the
perpendicular plane is only due to the advection by the electric drift E-t.

31



For the sake of readability, we denote by now V, = V, and Vx“ =V Note in

particular that with these monokinetic data, we have in particular Jj = 0. Then we get
formally the hydrodynamic model:

Oipe + V1.(ELpe) + 0y (v) epe) =0

Ou(pev)e) + VL (ELpevye) + ) (pevi ) = —€d)de(t, ) pe — O Velt, ) pe

EGJ_ — _vl¢€ (713)
*628ﬁ¢6 — A pe = pe — fpede

—e@ﬁ‘/; = [ pedz, —1

One can use the first equation to simplify the second one (the systems are equivalent
provided that we work with regular solutions and that p > 0):

Orpe + VL(ELpe) + ) (v)epe) = 0

8,51}”75 + Vl.(EGJ‘U”’E) + U||7€a|| (U||76) = —Ea”gbe (t,z) — (9”‘/6(75, l'”)

Elf = -V'o. (7.14)
_628ﬁ¢6 — Al ¢e = pe — f pedx

—eaﬁVe = fped:nj_ — 1.

Remarks 7.1. 1. Notice here that we do not deal with the usual charge density and
current density, since these ones are taken within the gyro-coordinates.

2. We mention that we could have considered the more general case:

gelt.2.0) = [ 20018,y (8016, (7.15)
where (M, 0O,v) is a probability space which allows to model more realistic plasmas
than “cold plasmas” and covers many interesting physical data, like multi-sheet elec-
trons or water-bags data (we refer for instance to [2] and references therein). We will
not do so for the sake of readability but we could deal with it with exactly the same
analytic framework: the analogues of Theorems 2.1 and 2.2 identically hold. We get
in the end the system:

0ip® + V 1(E*p®) + 9 (vPp®) = 0

5']51)? + VJ_.(EJ‘U?) + U?({?H(Uﬁ) = —8||p(t, xH)
Et = VLAll (f pOdv — fpedaudl/)
[pP(t,z)dz dv = 1.

(7.16)

As before, the equations are coupled through x| and here also through the new pa-
rameter ©.

3. Actually, the choice:
Qe(t, Zz, 'U) = Pe (t, x)(sv:m(t,x) (717)

leads to an ill-posed system. Indeed, we have to solve in this case equations of the
form UEJ‘ =, (t,x— vel) where ve | 15 the unknown. We can not say if this relation

1s invertible, even locally.
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