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PERTURBATIVE CAUCHY THEORY
FOR A FLUX-INCOMPRESSIBLE MAXWELL-STEFAN SYSTEM
IN A NON-EQUIMOLAR REGIME

ANDREA BONDESAN AND MARC BRIANT

ABSTRACT. We establish a quantitative Cauchy theory in Sobolev spaces for the
Maxwell-Stefan equations with an incompressibility condition on the total flux.
More precisely, we prove existence, uniqueness in a weak sense and exponential
trend to equilibrium of solutions in a perturbative regime around any macroscopic
equilibrium state of the mixture, not necessarily constant. In particular, an or-
thogonal viewpoint that we found specific to the incompressible setting, combined
with the use of a suitable anisotropic norm, allows us to get rid of the usual closure
assumption of equimolar diffusion.

Keywords: Fluid mixtures, incompressible Maxwell-Stefan, perturbative Cauchy
theory.
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1. INTRODUCTION

We consider a chemically non-reacting ideal gaseous mixture composed of N > 2
different species, having atomic masses (m;)1<;<ny and evolving in the 3-dimensional
torus T®. We assume isothermal and isobaric conditions, in order to avoid any
convective effect and to focus our attention on a purely diffusive setting. For any
1 < i < N, the balance of mass links the number of particles ¢; = ¢;(¢, ) of the i-th
species to its flux F; = F;(t,x) via the continuity equation

(1.1) Owc; +V,-F; =0 onR, x T3

Let ¢ = ). ¢; denote the total number of particles in the mixture and set n; =
¢;/c, the mole fraction of the i-th species. The Maxwell-Stefan equations then give

The authors would like to thank Laurent Boudin and Bérénice Grec for fruitful discussions on
the theory of gaseous and fluid mixtures.
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relations between the fluxes and the mole fractions and read, for any 1 < i < N,

N

(1.2) —cVyn; = Z w on R, x T3,
]

=1

where D;; = Dj; > 0 are the effective diffusion coefficients between species ¢ and j.

Independently introduced in the 19th century by Maxwell [20] for dilute gases and
Stefan [22] for fluids, equations (1.2) describe the cross-diffusive interactions inside
a mixture and therefore lie in the class of the so-called cross-diffusion models [2 1, 19,

, 10, 15]. In particular, the system (1.2) gives a generalization [!7] of Fick’s law of
mono-species diffusion [12], making it of core importance for applications in physics
and medicine, where it can be used for example to model the propagation of polluting
particles in the air or to characterize the gas exchanges in the lower generations of
the human lung [23, 7, 2]. Besides, the Maxwell-Stefan equations also raise a great
theoretical interest, as their mathematical analysis appears to be very challenging.
The difficulties come from the fact that summing over i the relations (1.2), we obtain
a linear dependence on the mole fractions’ gradients which imposes to introduce a
further condition in order to close the system and provide a satisfactory Cauchy
theory to (1.1)—(1.2). To our knowledge, the existing mathematical results that deal
with the problem of existence and uniqueness of solutions to the sole system (1.1)—
(1.2) are all tied up to the assumption that the mixture is subject to a transient

equimolar diffusion [17], namely the total diffusive flux satisfies
N
(1.3) Y Filt,x)=0, t>0, €T
i=1
In [13] Giovangigli proved existence, uniqueness and trend to equilibrium for pertur-

bative solutions in Sobolev spaces on R?, when the initial datum is sufficiently close
to a constant stationary state of the mixture. Working in a bounded domain €2,
Bothe exploited classical results from the theory of quasi-linear parabolic equations
in order to show [!] local-in-time existence and uniqueness for solutions in L?(2),
starting from a general initial datum. Boudin et al. investigated in [] the particular
case of a 3-species mixture, when two effective diffusion coefficients are equal: the
authors were able to establish global existence and uniqueness in L>°(£2), as well as a
long-time convergence of solutions towards the corresponding constant equilibrium
state. By passing to entropy variables, Jiingel and Stelzer were then able to obtain
[16] global-in-time existence of weak solutions in H'()) as well as an exponential
decay to the homogeneous steady state of the mixture, for arbitrary diffusion co-
efficients and for general initial data. These techniques have been later on applied
for extending the same kind of results to situations where convective effects are
considered [¢] (the Maxwell-Stefan system is here coupled with the incompressible
Navier-Stokes equations, which prescribe the evolution of the incompressible molar
average mixture velocity) or chemical reactions are taken into account [9].

The present article aims at studying the problem of existence and uniqueness of
perturbative solutions to an incompressible variant of the Maxwell-Stefan system
(1.1)—(1.2)—(1.3), which is written for any 1 < ¢ < N on R, x T? in terms of the
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bulk velocities (u;)1<i<n as

(14) atci + v:c . (Czuz) = 07
1. —Vae =Y cicj—o—

(1.6) V- (Z Cz'uz') =0,

i=1
where the closure relation (1.3) is replaced by the incompressibility-like condition
(1.6). Note in particular that the model (1.1)—(1.2) can be easily recovered a priori
from (1.4)—(1.5)—(1.6) by defining F; = c;u; for any 1 < i < N and by supposing
that Y, ¢*(x) = const. on T?. Indeed, thanks to this hypothesis, the total number
number of particles ¢ remains constant over time on T3, since both d,c = 0 and
V.c = 0 are obtained from (1.4)-(1.5)—(1.6). The quantities A;; are then linked to
the effective diffusion coefficients through the relations D;; = A;;/c.

The above Maxwell-Stefan-type system is of peculiar significance, as recent works
[0, 11, 3] managed to formally derive it starting from the kinetic equations. Pro-
viding a Cauchy theory for (1.4)—(1.5)—(1.6) thus becomes crucial if one wants to
deal with its rigorous hydrodynamical derivation and, by this, show the physical
coherence between the mesoscopic and the macroscopic descriptions. Moreover, we
underline that the condition (1.6), naturally appearing in these formal asymptotics
from the kinetic level, constitutes a generalization of the closure assumption (1.3),
so that our work allows to treat the Maxwell-Stefan equations in a non-equimolar
regime. In particular, we stress the fact that this kind of incompressibility condi-
tion distinguishes from the one considered in [%], since we here concentrate on a
purely diffusive setting where the convection effects are neglected (thus assuming
the absence of viscous flow).

As usually done in the literature [13, |, 1], we begin by introducing the matrix

N
— (9% _ G% ) 5
(17) A(C) - (Al] <Z Am) 52 > )
k=1 1<i,j<N

X<

which depends on (¢;)1<i<n. In this way, the system of equations (1.4)—(1.5) can be
initially rewritten in a more convenient vectorial form as

oc+V,-(cu)=0,

V.c = A(c)u,

where bold letters will denote N-vectors referring to the species of the mixture, so
that in this case ¢ = (¢q,...,cy) and u = (uq,...,uy), and the product cu has to
be understood componentwise. A natural idea for tackling our problem would then
be to invert the gradient relation in order to express u in terms of ¢ and obtain an
evolution equation for the sole unknown c, by replacing u = A(c)~!'V,c into the
continuity equation. Unfortunately, it is possible to prove [13, |, 10] that the ma-
trix A is only positive semi-definite, with KerA = Span(1). Therefore, any existing
Cauchy theory for the Maxwell-Stefan equations is based on the possibility of explic-

itly computing the pseudoinverse of A, which is defined on the space (Span(l))L
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This can be achieved for example [I, 16, &, 9] using the Perron-Frobenius theory
for quasi-positive matrices. However, a major drawback of this strategy is that the
computations giving the explicit form of A~! are extremely intricate and do not offer
a neat understanding of the action of A on the velocities u. As already pointed out,
since one cannot see the part of u that evolves in ker A, a closure assumption of type
(1.3) is needed in order to compensate this lack of information.

In this work we propose another approach which takes inspiration from the micro-
macro decomposition techniques commonly used in the kinetic theory of gases. More
precisely, by defining the orthogonal projection w4 onto Span(1), associated to the
non-injective operator A, we split u = m4(u)+ U into a part projected onto Span(1)
and an orthogonal part U which is projected onto (KerA)L. Thanks to the incom-
pressibility condition we are in particular able to get rid of the closure assumption
(1.3) and construct a new system of equations, equivalent to (1.4)—(1.6) for full
velocities u, in which the Maxwell-Stefan matrix only acts on U. In such a way,
we are able to deal with the pseudoinverse of A (which is always well-defined on
(ker A)1), without the need of computing its explicit structure. Moreover, our al-
ternative strategy provides an original point of view in which we exhibit a clear
separation between m4(u) and U, allowing to show explicitly the actual action of A
on the sole vector U. We shall then prove that the orthogonal reformulation of the
system (1.4)—(1.5)—(1.6) in terms of the couple (c, U) is fully closed and exhibits a
quasilinear parabolic structure. With the use of a suitable Sobolev anisotropic norm
we shall subsequently establish a negative feedback coming from the Maxwell-Stefan
operator (1.7). This fact will allow to derive the a priori energy estimates leading
to global-in-time existence and uniqueness (in a perturbative sense) for the couple
(c,U) with orthogonal velocities and, eventually, the same result will hold for the
couple (c,u) with full velocities, solution of the original system (1.4)-(1.5)—(1.6).
Note in particular that even if we do not recover a strong uniqueness property, we
shall still get the general, though not optimal, description of all the possible per-
turbative solutions (c,u) which are close enough to some macroscopic equilibrium
state (not necessarily constant, as opposed to [13]).

In the next section we present all the notations and we state our main theorem.
Section 3 is then dedicated to the investigation of the fundamental properties (spec-
tral gap and some Sobolev estimates) of the Maxwell-Stefan matrix A(c). At last,
in Section 4 we shall prove our main result.

2. MAIN RESULT

2.1. Notations and conventions. Let us first introduce the main notations that
we use throughout the paper. Vectors and vector-valued operators in RY will be
denoted by a bold symbol, whereas their components will be denoted by the same
indexed symbol. For instance, w represents the vector or vector-valued operator
(wq,...,wy). In particular, we shall use the symbol 1 to name the specific vector
(1,...,1). Henceforth, the multiplication of N-vectors has to be understood in a
component by component way, so that for any w, W € RY and any ¢ € Q we have

wW = (w;Wi)i<i<n, w! = (w])1<icn-
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Moreover, we introduce the Euclidean scalar product in RY weighted by a vector
w € (R%)Y, which is defined as

N
<C, d>w = Z Cidiwi7
=1

and induces the norm ||c||2, = (c,c),. When w = 1, the index 1 will be dropped in
both the notations for the scalar product and the norm.

The convention we choose for the functional spaces is to index the space by the
name of the concerned variable. For p in [1,4+00] we have

LY = LP(0,+00),  LE=1LP(T%), LI,=L"(R"xT").
To any positive measurable function w : T3 — (Ri)N in the variable x, we asso-
ciate the weighted Hilbert space L*(T?, w), which is defined by the scalar product

and norm
N

N
<C, d>L%(w) = Z<Ci7 dl)LE(wz) = Z/ czdlwfdm,
i=1 7T

i=1

N N
el = - eilizuy = 3 [ chuida.
i=1 i=1 JT?

Finally, in the same way we can introduce the corresponding weighted Sobolev
spaces. Consider a multi-index o € N® of length |a| = 37, _, a;. For any s € N and
any vector-valued function ¢ € H*(T?, w), we define the norm

N
« 2
HCHH;(W) = Z Z ||azciHL%(wi)

=1 |a|<s

1/2

2.2. Main theorem. We build up a Cauchy theory for the incompressible Maxwell-
Stefan system (1.4)—(1.5)—(1.6) perturbed around any macroscopic equilibrium state

of the form (€, d), where € € (Ri)N is a positive constant N-vector and U =
(W, ...,u) is such that the velocity vector u : R, x T? — R3 is common to all
the species and satisfies V, - © = 0. We thus look at solutions of type (c,u) =
(€+ec,u+ eu), with € € (0, 1] being the small parameter of the perturbation. The
following theorem gathers the main properties that we are able to prove.

Theorem 2.1. Let s > 3 be an integer, u : Ry x T* — R? be in L (Ry; H*(T?))
with V, - =0, and consider € > 0. There exist dys, Cus, Clyg, Aus > 0 such that
for all e € (0,1] and for any initial datum (¢™,0'™™) € H*(T?) x H*~*(T?) satisfying,
for almost any x € T? and for any 1 <i < N,
N
(i) Mass compatibility: ZE;“(x) =0 and / ¢ (z)dz =0,
i=1 s

(ii) Mass positivity: ¢; +ec,”(z) > 0,

(iii) Moment compatibility: V.. = Z L 7 (ﬂm — ﬁin),
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’(‘:/in

Smallness assumptions: | ‘H Soms  and |l ey < Ous,

there exists a unique weak solution

(c,u) = (C+ec,u+en)

in L (Ry; H¥(T?)) x L*°(Ry; H*(T?)) to the incompressible Mazwell-Stefan sys-
tem (1.4)<(1.5)~(1.6), such that initially (¢,0)|,_, = (¢™,u™) a.e. on T?.

Moreover, ¢ is positive and the following equimolar diffusion-like relation holds
a.e. on Ry x T3:

(2.1)

(c,U) = Zci(t, ) (t,z) = 0.

Finally, for almost any time t > 0

e—tAMS HEIHH

HEHH&3 (=3) < Hy(3)

Ein

0]l 1 < Cugge 1S |

‘Hg (E*%) ’

t
| s i)
0

2edr < Clis 6" e

The constants dpyg, Aus, Cus and Cl g are constructive and only depend on s, the
number of species N, the diffusion coefficients (A;j)1<ij<n and the constant vector €.
In particular, they are independent of the parameter €.

Remark 2.2. Let us make a few comments about the above theorem.

(1)

(3)

Our result establishes a Cauchy theory and trend to equilibrium around the
macroscopic state (€,W), which extends the previous works where either a
closure assumption was made or the equilibrium considered was (€,0). In
particular, we give here a complete description of all possible studies (at
order €) around an equilibrium state that has a constant mass vector €.

The “mass compatibility” and the “moment compatibility” assumptions are
not closure hypotheses, they actually exactly come from the system of equa-
tions (1.4)~(1.5) applied at time t = 0. We impose these conditions at the
beginning, so that our initial datum is compatible with the Maxwell-Stefan
system.

We emphasize again that we do not prove strong uniqueness for the solutions.
Indeed, we can construct infinitely many solutions to the Maxwell-Stefan sys-
tem, by considering different constant masses € and incompressible momenta
u. However, these are all the possible solutions in a perturbative setting, and
the uniqueness property has to be understood in this perturbative sense: as
soon as a macroscopic equilibrium (¢, W) is fived, we recover strong unique-
ness around this specific state.

The solution we construct has actually more reqularity with respect to t, pro-
vided that s > 4 and u € C°(Ry; H*(T?)). Indeed, we point out that, in this
case, the couple (c,u) also belongs to C°(Ry; H*1(T?)) x C°(Ry; H(T?)),
allowing in particular to properly define the initial value problem.
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(5) The constants 05, Ays and Cyg are not explicitly computed, but their values
can be determined respectively from formulae (4.22), (4.24) and (4.25).

3. PROPERTIES OF THE MAXWELL-STEFAN MATRIX

We prove some properties of the Maxwell-Stefan matrix A, as well as some estimates
on its derivatives. We conclude with properties and estimates on the pseudo-inverse
of A on its image.

Proposition 3.1. For any ¢ > 0 the matriz A(c) is nonpositive, in the sense that
there exist two positive constants Ay and js such that, for any X € RY,

[A@)X] < pale, 1)* [ X]],

2
(X, A(c)X) < =Aa (12113\7 ci> [HXH? — (X, 1)2] < 0.

Proof of Proposition 3.1. Let us consider two N-vectors, ¢ > 0 and X. The bound-
edness of A(c) can be showed in the supremum norm, since all norms are equivalent
in RV It is straightforward that, for any 1 <1i < N,

= cic 21@%\7 “
X - X g s
‘2 JAVE (X = Xi) min A (Z c]> 121]21}1(\/ X5l
]:

1<i,j<N

which raises the first inequality, since max ¢; < ZN

j=1 ¢; and we can thus choose

S
A =2/ min A,
" / 1<i,j<N Ch

We then compute

N N coc N N e

i=1 j=1 i=1 j=1

Note in particular that, since ¢; > 0 and A;; > 0 for any 1 <4, j < N, the relation
A(c)X = 0 implies X; = X; for all 7 and j, and so ker A = Span (1). If we now set

Aa =2/ max_ A;;, we can deduce the bound
1<i,j<N

and conclude the proof. O

As we shall need controls in Sobolev spaces, we then give below some estimates
on the z-derivatives of the Maxwell-Stefan matrix.
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Proposition 3.2. Consider a multi-index o € N3 and let ¢, U € HI®(T3), with
c > 0. Then, for any X € RY,

(0 [A()U], X) < (A(c) (85U),X) +2N2a (e, 1) [XI| D (105 c] 952U

altasz=o
lag[>1

NP XY o] el loz Ul

ajtaztaz=«a
lag]seg|>1

where 14 1s defined in Proposition 3.1.

Proof of Proposition 3.2. Let X be in RY. We can explicitly compute

(@2 [A(QUL.X) = > ( ) X,

= XX ) —8?1?1??2% (022U — °U)

1<, <N a1taztaz=a K

= (A(c)9;U, X)

0% ¢;0%%¢;
x Yxr V) a3 a3
D IP D DR e A R
1<ij<N  aitastaz=a Y
laq|sleg|>1

+ Y x Y C"LJCJ (0%9U; — 0 U;)

1<i,j<N astaz=«a
[ag]21

. Z Z Cja & aa3U aagU)

1<i,j<N a1tas=«a
[ag |21

We then use Cauchy-Schwarz inequality and the fact that A = min,; A;; > 0,
together with 0 < ¢; < Zj\le ¢; and |¢;| < ||c]|, to finally get

(07 [A(e)U], X) < (A(c)d;U, X) +% (Z ) Y ozl ozl x|

a1 tas=«
lag |21

2N?
+ > losel ozl flogeUll| 11X,
altaztaz=«a
lag],ag|>1

which is the expected result. O

We conclude the present section with a control on the pseudoinverse of A(c),
which is defined on (Span(l))L.
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Proposition 3.3. For any ¢ € (R’jr)N and any U € (Span(l))L, the following
estimates hold:
1

Aq | min ¢
1<i<N

2
M (EE}V )
Ale)'U,U) € ———— ulf*,
(A(c) ) EACRIL U]
where Ay and pu4 are defined in Proposition 3.1.

1)U <

2 HUH>

Proof of Proposition 3.3. The proof is a direct application of Proposition 3.1. In-
deed, Cauchy-Schwarz inequality yields, for any X € (Span(l))L,

2
n ) X2

- X1 4@ < -3 (i
so that

1
X} < 7 [[A(e)X]],

Aa [ min ¢
1<i<N

which proves the first estimate by simply taking X = A(c)~'U.

The spectral gap property comes from the boundedness of A(c), given by Propo-
sition 3.1 for X = A(c)'U, which translates into a coercivity estimate

2

IO < (ale.1)?) |4 (),

that we plug into the spectral gap inequality satisfied by A(c). U

4. PERTURBATIVE CAUCHY THEORY FOR THE MAXWELL-STEFAN SYSTEM

We recall the vectorial form of Maxwell-Stefan system (1.4)—(1.6):

(4.1) oic+V,-(cu) =0,
(4.2) V.c = A(c)u,
(4.3) V.- {c,u) =0.
where

N
C;C; C;CL
Al)= (2D .
( ) (AU (k::l Am) J) 1<i,j<N

The Cauchy theory we build offers an explicit description of all the solutions (c, u)
which are perturbed around a global macroscopic equilibrium state. We point out
in particular that, because of the incompressibility condition (4.3), any macroscopic
stationary state has the form (¢;,%);<;<n, where each ¢; is a positive constant and
the velocity u : R, x T?® — R3, common to all the species, satisfies V,, - u(t, z) = 0
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for any ¢+ > 0 and 2 € T3. For a sake of clarity, throughout the present section any
perturbative vector-valued function w = (wy,...,wy) shall be written under the
specific form w = W + ew, where the component W with the overbar symbol always
refers to some (macroscopic) stationary state of the mixture and the component w
overlined by a tilde refers to the fluctuation around the corresponding equilibrium
state. Moreover, note that for simplicity the specific quantity u will always denote an
N-vector where all the components are given by a common incompressible velocity .

The present section is divided into two parts. In the first one, we show how
to derive the new orthogonal system equivalent to (4.1)—(4.2)-(4.3), and state the
counterpart of Theorem 2.1 in terms of this new reformulation for the unknowns c
and U, the orthogonal part of u. In the second part we prove all the required prop-
erties (existence and uniqueness, positivity and exponential decay to equilibrium)
for the couple (c, U), properties that will be also satisfied by the original unknowns
(c,u).

4.1. An orthogonal incompressible Maxwell-Stefan system. Here we present
the equivalent orthogonal reformulation of (4.1)—(4.2)—(4.3), which allows to transfer
the study of existence and uniqueness for solutions (c,u) to the development of a
Cauchy theory for the new unknowns (c, U), where we denote with U = u — w4 (u)
the part of u that is projected onto (ker A)t, m4 being the orthogonal projection
onto ker A = Span(1).

Before stating our result, we introduce a useful notation that allows to preserve
the vectorial structure of the Maxwell-Stefan system. We suppose that, for some
V € R? and some N-vector w € (R*)Y whose components lie in R?, the standard
notation of the scalar product in R3 is extended to any multiplication of type V - w
in the following sense

V W = (V . wi)KKN.

Proposition 4.1. Let s € N*, Cy > 0, and consider two functions ¢™ € H*(T?)
and u'™ € H*7Y(T?) verifying, for almost any x € T3,

N
c™(z) >0 and Zc;n(x) = (.
i=1

Then, (c,u) € L= (Ry; H*(T?)) x L*=(Ry; H*Y(T?)) is a solution to the incom-
pressible Mazwell-Stefan system (4.1)—(4.2)—(4.3), associated to the initial datum
(™, u™), if and only if there exist two functions U : Ry x T® — RN and 7w :
Ry x T3 — R3 in L= (Ry; H*Y(T?)) such that, for almost any (t,z) € Ry x T?,

(4.4) U(t,z) € (ker A" and V,-u(t,z) =0,

(4.5) Ult,z) + 1t ) Ci()(c, U1 = u(t, 7).

I~

(4.6) O+ Va (C (U - 1)) +u-Vee=0,
V.c = A(c)U.
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Remark 4.2. The above result is not difficult to prove but we underline again that
it is of great importance, since it turns the incompressible Maxwell-Stefan system
(4.1)—(4.2)~(4.3) with full velocity vectors u into a sytem only depending on their
orthogonal component U € (ker A)L, while the projection onto ker A raises a simple
transport term in the continuity equation (4.1). Notice in particular that we differ-
entiate between Cy = (c™,1) in (4.5) and (c,1) in (4.6). As we shall see, in both
equations it will turn out that these two quantities are equal, but keeping the notation
(c, 1) offers a fully closed system.

Moreover, note that Proposition 4.1 actually shows that all perturbative solutions
of the Mazwell-Stefan system (1.4)—(1.5)~(1.6) are of the form described by Theorem
2.1, that is €+ ec and a+ eu. Note however that Theorem 2.1 is not optimal, since
we require U to be more reqular than the perturbation 1.

Proof of Proposition 4.1. Let m4 be the orthogonal projection operator onto ker A
and consider a solution (c,u) of the Maxwell-Stefan system (4.1)—(4.2)—(4.3). The
first implication directly follows from the decomposition

(u, 1)

o L,

u=m4(u)+ (u—rmu(u)) =
where we recall that ||-|| defines the Euclidean norm induced by the scalar product
(-,-) in RY, weighted by the vector 1.
First of all, observe that summing over the continuity equations (4.1) and using
the incompressibility condition (4.3), it follows that d;(c,1) = 0. Moreover, if we
sum the gradient relations (4.2), we also get

Vs (Z} Ci) = Z ZCJ (uj —u;) = 0.

1< j<N Y

Therefore, the quantity (c, 1) is independent of ¢ and z, allowing to initially deduce
that
N

N
(4.7) Y alta)=> c(x)=Cy ae onRy x T
=1

i=1

Now, defining U = 7% (u) and W = |1” , we easily recover (4.4)—(4.5). The trans-

port equation (4.2) can then be rewritten in terms of U and W as
(4.8) oc+V, - (cU)+cV, - W+W-V,c=0.

In a similar way, the incompressibility condition (4.3) in these new unknowns reads

N
0 = Zv (ci (Ui + W) =D Vo (aill) (Zcz> W4 (V, chl
=1

=1

= V$-(c,U>+C’0Vx-W,

where we have used (4.7). We thus infer the existence of a divergence-free func-
tion u : Ry x T? — R? such that, for almost any (¢,z) € T3 x R3,

{ V.- u(t,z) =0,
W(t,x) = —g-(c, U)(t, x) +u(t, z).
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Plugging the above relation into (4.8) and replacing Cj by its value (c, 1), we recover
the first equation of (4.6). Finally, the decomposition (4.1) also yields the second
relation of (4.6), since m4(u) € ker A and thus

A(c)u = A(c)U,
proving that (¢, U, @) is a solution of the orthogonal reformulation (4.4)—(4.5)—(4.6).

Consider now a triple (c, U, u) satisfying conditions (4.4)—(4.5)—(4.6). The reverse
implication then follows by defining

(4.9) u=U+ (—Ci()(c,U>+ﬂ) 1.

Indeed, summing over 1 < i < N the gradient relations of (4.6), we get

N
Vx (Z Ci) = 07
=1

which is used when one also sums over 1 < i < N the transport equations of (4.6),
to deduce

0=20 Nc' +V Nc'U ~V,- cU@ -y Nc-
(£ )= (0] a5

=1 =1

since (c,1) = Efil ¢; by definition. Thus, the quantity (c,1) is independent of
(t,z), allowing to infer that

N
ci(t,z) = <cin, 1> =y, ae. on R, x T3

i=1
This recovery of (4.7) not only implies the incompressibility condition (4.3) but also,
with the divergence free property of w, that

V. (cu) = V,- (c (U—%l)) +u-V,c

= Voo (e(u-E5) ) su v

Therefore, the first equation of (4.6) rewrites
oc+V,-(cu)=0,
and, thanks again to the fact that ker A = Span(1), one finally sees that
V.c = A(c)U = A(c)u.

This ensures that (c,u), with u defined by (4.9), solves the Maxwell-Stefan system
(4.1)—(4.2)—(4.3), thus concluding the proof.
[

By means of this orthogonal reformulation, we can now prove our main result.
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4.2. Proof of Theorem 2.1. This last part is devoted to showing the validity of
Theorem 2.1. We shall divide the proof into several steps which help in enlightening
the basic ideas behind our strategy. We first restate our result about solutions (c, u)
in terms of the orthogonal reformulation (4.4)-(4.5)-(4.6), about solutions (c, U, u).
Thanks to preliminary lemmata describing the main properties of the matrix A and
of its pseudoinverse obtained in Section 3, we then derive uniform (in €) a priori
energy estimates for the solution (c,U), which provide the exponential relaxation
towards the global equilibrium (¢, @). Starting from this we are thus able to recover
the positivity of ¢, and to prove global existence and uniqueness for solutions to (4.6)
having the specific perturbative forms ¢ = ¢ + ec and U = eU. The combination
of these results will eventually allow to deduce global existence, uniqueness and
exponential decay for the couple (c,u), using the reconstruction condition (4.5).

Step 1 — Reformulation in terms of orthogonal velocities. Let us begin with
a simple lemma needed in order to understand the shape of the velocities U and ,
when they are associated to a constant state C.

Lemma 4.3. Let s € N* and let © be a positive constant N-vector. For any func-
tions U, in L™ (R+; Hsfl(T:g)) such that U € (Span(l))l and V-1 =0, a triple
(¢, U,q) is solution to the system of equations (4.4)—(4.5)—(4.6) if and only if
U(t,z) =0 a.e on Ry x T
Proof of Lemma 4.5. The proof is very simple. Because € is constant, the gradient
equation of (4.6) reads A(€)U = 0. But U belongs to (ker A)*, which means that
the pseudoinverse A~! remains well-defined. Consequently, for almost any (¢,z) €
R, x T3, U(t,x) = 0.
The reverse implication is direct. 0
We are now interested in building a Cauchy theory for the orthogonal form of the

Maxwell-Stefan system, around the stationary solutions given by Proposition 4.3.
More precisely, we want to prove existence and uniqueness for perturbative solutions

to (4.4)—(4.5)—(4.6) of the form
c(t,r) =c¢+ec,
{ U=:U.
In terms of these particular solutions, the system (4.4)—(4.5)—(4.6) translates into

(4.10) OHC+CV, - Vi+u-V,C+eV, - (EVy) =0,

(4.11) V.e = AT +¢0)U,

with the notation Vi = U - —<<Z’E>>

then writes in the following way.

1. The orthogonal reformulation of Theorem 2.1

Theorem 4.4. Let s > 3 be an integer, w: Ry x T3> — R? be in L™ (R ; H*(T?))
with V, -uw =0 and consider a constant N-vector € > 0. There exist o5, Cs, Ay > 0

such that for all e € (0,1] and for any (Ein,ﬁin) € H*(T3) x H*"Y(T3) satisfying,
for almost any x € T® and for any 1 <i < N,
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N
(i) Mass compatibility: ZE;“(x) =0 and / ¢ (z)dx =0,
i=1 T

(ii) Mass positivity: ¢; +ec,”(x) > 0,

(iii) Moment compatibility: U™(z)= A (c+ 5Ei“(a:))_1 V.c™(z),

(iv) Smallness assumptions: |[[¢"|,.<d, and ]| oo s < s

H
there exists a unique weak solution (E, fJ) € L>=(Ry; H¥(T?)) x L= (Ry; H1(T?))

to the system of equations (4.10)—(4.11), having (Em,ﬁin) as initial datum. In
particular, for almost any (t,x) € Ry x T3, the vector c(t,x) = € + ec(t,z) is
positive and U(t,x) belongs to (ker A)*.

Moreover, the following estimates hold for almost any t > 0

HEHH?U(E*%) < e Hy (e 2)’
[0],.. < G @ e p)
i\ - ||t 2 s l~in 12
/Oe s ‘U(T)‘Hgd’]' < C’SHC ||H;(E,%)

The constants ds, A\s and Cy are constructive and are given respectively by (4.22),
(4.24) and (4.25).

Remark 4.5. We underline that the reconstruction condition (4.5) does not involve
the vector c, but only the velocity vector. This means in particular that the solution
c provided by the above theorem coincides exactly with the one given by Theorem 2.1.
However, there is a real difference when one reformulates Theorem 2.1 in terms of
the orthogonal velocities. Indeed, it is important to notice that the velocity vectors
u and U ard not the same, since (4.5) tells us that actually 0 = Vg, from which
we only deduce the relation (c,u) =0, and no more the orthogonality (u,1) = 0,

satisfied instead by the vector U.

Step 2 — A priori energy estimates and positivity. The two a priori re-
sults (exponential decay and positivity of c¢) that we now derive are of crucial im-
portance, as they will allow us to exhibit existence and uniqueness for the couple
(¢, U) in the next section.

Before we start, we present a simple result which establishes two relevant proper-
ties satisfied by the solution of (4.10)—(4.11). We show in particular that ¢ has zero
mean on the torus, a feature that will let us exploit Poincaré inequality in the proof
of the a priori estimates.

Lemma 4.6. Letc, Cy > 0 be such that (c,1) = Cy, and consider a triple (¢, Uin, )
satisfying the hypotheses of Theorem 4.4. If (c,U) is a weak solution of (4.10)-
(4.11) with initial datum (€™, U™), then, for almost any (t,x) € Ry x T and for
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any 1 <1< N,

N

(4.12) Z’c}(t,x) =0 and / ¢i(t,x)dx = 0.

i=1

In particular, the conservation of the total mass (c,1) = Cy holds almost everywhere
on R x T3.

Proof of Lemma 4.6. We have already showed how to recover the preservation of the
total mass inside the proof of Proposition 4.1.

The second property follows directly from the fact that ¢ is a constant N-vector
and w is divergence-free. Indeed, using these two assumptions the mass equation
(4.10) can be written under a divergent form as

¢+ V- (cVy+cu) = 0.

Integrating over the torus we thus obtain

d ~
— | c(t,z)de =0 forae. t >0,
dt Jops
which gives the expected result since ¢™ has zero mean on the torus. 0

The result providing the a priori energy estimates is then the following.

Proposition 4.7. Let s > 3 be an integer. There exist 0, As, Cs, C. > 0 such that,

under the assumptions of Theorem 4.4, if (E,INJ,E) is a solution of the perturbed
orthogonal system (4.10)—(4.11) satisfying the initial controls

|

then, for almost any t > 0,

~in

C

Hs <05 and ||ﬂ|lL§°H§‘ < s,

L =
' 225 (t—7) |17 2 1 ||=in]|2
/Oe s ‘U(T)HH;dT < Cle HH;(E_%).

The constants 05, As, Cs and C’ are explicit and only depend on s, the number
of species N, the diffusion coefficients (A;j)1<ij<n and the constant vector €. In
particular, they are independent of the parameter .

Proof of Proposition 4.7. We fix a multi-index o € N® such that o] < s. Recall
that we have defined
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We successively apply the a-derivative to the transport equation (4.10), take the
1.~ . .

scalar product with the vector (_—foci) , and integrate over T®. This yields,
Ci

1<i<N

after integrating by parts,

1d

a2 . ™ QaNJ _ e 0% (ca))-—1
5 dr ||8Ic||L§(67%) —[TS(Vz@xc,@xVU)dx%—/ (V,05¢, 02 (cu))s-1dx

(4.13) B

+€/ <ang[0v, 83? (EV6)>E—1d£L‘.
T3

We estimate these three terms separately. We first notice that summing over ¢ the
gradient equations (4.11) we obtain

N
sz@(t,x) =0 ae on R, xT?

i=1

which means that V,c belongs to (Span(l))L. Applying the a-derivative to both
sides of this relation then gives

N
vaﬁga(t,z) =0 ae on Ry xT?

i=1
from which we deduce that also
(4.14) V,0°¢ € (Span(1))" ae. on R, x T?.

Thanks to the orthogonality (4.14) of the higher derivatives and using the gradient
relation (4.11), the first term on the right-hand side of (4.13) becomes

_ - Lo - _
/ (V,00E, 0V s ) — / (0°V,&, 00T da — —0° (¢, T) / (V,0°%, 1)de
T3 T3 C() T3

= /T 3 (0°1A(c)U), 09U dz.

We can now apply Proposition 3.2 with X = 8;‘6 and use the mass conservation
given in Lemma 4.6, in combination with the spectral gap of A(c) from Proposition
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3.1, to recover the initial bound

/T (Va07€,0;V)de < / (A(c)d°U, 0°U)dx

’]1‘3

+2N2,UACO/ ‘
T3

a;;ﬁ“ S ||8§‘10||‘8§36de
a1|+c‘v3:a
ap|>1

eV [ o0 3 el ozl [or D as
T3 ajtaztaz=«a
a,a9>1
2 12
<—/\A(min ci) ‘GE‘U‘
1<i<N L%
2 93
4 2eN2,Ch 6] / 3 Haglen‘ags»ﬁu do
H3 T3 o
Moo |
2 43
wenw O] [ | X o oo | ac|
x T

ajtagtaz=«a
[og ||| 21

where we have also used the Cauchy-Schwarz inequality and the fact that the L2
norm of a;;fj’ is controlled by the H norm of U.

Recalling our choice s > 3, in order to control the bi and tri-norm terms inside the
integrals we use the continuous embedding of Hi/? in L2°, which holds as soon as
s/2 > 3/2. We detail our procedure for the tri-norm term, the bi-norm term being
treated in the same way. Since oy + as + a3 = «, at most one of the |«a;| can be

strictly larger than |a| /2. Hence, at least two |«;| are lower or equal to || /2 < s/2.
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We therefore split the tri-norm term into three sums as
2

L1 X e

altagtaz=a
lag],eg|>1

angjH dz

~112 ~112
< X [learoar

altaztaz=a
laq]|ag|>1

lagllag|<5

a2 as |12
DN AR

ajtaztaz=«a
\a1|y|a2|2i
lag]sleg|<5

a1<)12 a2
Y [ e e

ajtagtaz=a

~ 112
a;;SUH dx

~ (12
8§3UH dz

~ 112
agSUH do

laglslag|>1

lagllag|<s
For any ag-derivative such that |ax| < s/2, we bound the corresponding factor by
its L;° norm and we then exploit the mentioned embedding of Hy? in L2 in order
to recover the correct Sobolev norm. In the sequel Cy,, will refer to any positive
constant that appears when using the Sobolev embeddings. The first sum produces

~12 ~112
> e

ajtagtaz=«a
qu\,\az\?é
ESREDIN )

~ |12
a;;SUH de

~112 ~12
<> el ol |

ajtagstaz=a
|061M042\>§
loglslaz|<s

8536‘

2
L3

<Con D O 102 e |

altaztaz=«a

8;;‘36‘

2

2
Lfl)
[oq|,|ag|>1
log [sleg|< 5

< 33Osob ||E||411LI;

~ |2
ol
Hy

and the two others are dealt with in the same way. Consequently, the tri-norm term
can be estimated as

2

as) [ X o]

altaztaz=«a
|aplslag|>1

6;‘}36” dz < 35°Cip [|€]| ¢

ﬁ\

2

Moreover, the previous Sobolev embedding also yields, for any 1 <¢ < N,

(4.16) ¢i(t,x) 2 ¢ —ellc] . 2 1132%61 —eCup |[€]l s ae. on Ry x T3,
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We thus infer the first upper bound
(4.17)

2
/TS(Vx(axc,é?xV[j)dx < —)\A<1r£1<1}vci —eChop |[C| H,) ‘

agﬁ‘

2
L3

22N (4C0 + 62 (8], ) €11,

~ 112
UH .
HZ

The second and third term on the right-hand side of (4.13) are handled more
easily. As we did for establishing (4.15), we apply the Leibniz derivation rule and
the Cauchy-Schwarz inequality, together with the Sobolev embedding that allows to
distribute the H; norm to each factor of the products. In this way we obtain the
estimates

C'sob

min ¢;
1<i<N

Csob

min ¢;
1<i<N

[ (90007 @) e < <2 V.05 7l il

IV205€] 1z [Ie]

/ <Vx8§E, 8;“ (EV6)>E—1dI <
T3

1 ~
e (144 el ) 9]

)
S
H3

mui = for any 1 <4 < N. In order to control the L2

norm of V,0%¢, we exploit the gradient relation (4.11). By similar computations
to the ones providing the estimate of Proposition 3.2, and thanks to the continuous
Sobolev embedding Hi/* < L, one infers

where we have used that El <

19,058l 2 < V.21, = [A)T]

H3

< Coon(8* + Cos) ||c|

2
Hz

o
H
< 205+ Cos) (G2 1]+ 2 ey, ) [0

(4.18) e (1 + 22 i,) Hﬁ‘

)
S
H

where we have also used that

/ (@ +e6)’dz < 2 (/ ¢idx + 52/ Ac'fdx) ,
T3 T3 T3

N
j=1
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Since £ < 1 and [[ul|, < < VN ||, we finally deduce the upper bounds

(4.19) / (V,0°8, 07 (€00))s 1 de < \/_C w (L1 H£>2 .,
B 1<Z<N
U c. o \3~
(4.20) /T (VL0582 (€V))erde < — s (1 H) ‘ ;

1<iKN

by accordingly increasing the value of the constant C.

To conclude, we gather (4.13) with the estimates (4.17), (4.19) and (4.20), and
we sum over all |a| < s. In this way, we obtain

1d
2dt

2
Uity <~ () |
s*VNC,

+—

min ¢;
1<i<N

18l Wl (1+ 10, O,

I<i<N min ¢;
1<i<N

3C
(2/\,405013 min cz—i—s)\AC'SQOb—i— S, 2

30~ [12
+35CSObN2MA(4CO+65)) [81; (1 + ells ) ||O
In order to close the estimate above, since € is constant we first easily check that

(e 2)

Moreover, recalling Lemma 4.6, we can apply the Poincaré inequality to ¢, which
has zero mean on the torus. Denoting Cts > 0 the Poincaré constant, we can thus
compute

< Cylle

el < max e le ()

(1.21) €l < O V@, < oo (1222,

where we have also used (4.18).

We denote by C; any positive constant that only depends on s, N, A4, pa, C,
Cson, Co and Crps. Thanks to the above estimates, we can consequently infer the

validity of the bound
4
s (1 e H;(c;)>

g e bu(mine) -
gt "Mrs(ed) S 7| L EEVE

30~ 2
= Culflly oy (14l ) ] o,
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’(‘:’in

Therefore, if |
chosen such that

’HS < 05 and ||ul| . < 95 for almost any ¢ > 0, where 6, > 0 is

2
min Ei)
1<i<N
2 )
we ensure that the H; (E*%) norm of ¢ keeps diminishing and satisfies

2
d Aa (1@2\/61)
42 S P < - SIS Hfj
428 IR :

AA(
(4.22) C8,((1+8)"+(1+8,)°) <

for a.e. t > 0.

2
H3

Moreover, since the Poincaré inequality (4.21) tells us that the norm of U controls
the one of ¢, we recover the estimate
3
A in ¢;
! (@g}v Cl)

2
Aa | min G
1<i<N

d - 2 ~112 =12
_ — < = .
at ¥l 1) < ~aez ca v ame 190 < ~acg caip v o 10 e )
Setting
3
b (i)
(4.24) by —=

T 4021+ 02)2

Gronwall’s lemma finally tells us that for a.e. t > 0

el (o) < € I8y (o1 -
and we also recover
(4.25)
|6, = 1461 V& s < CollVallr < Culelly < CalEl oy

by simply adjusting the value of Cy. The constant Cy = Cy(Co, Aa, pia, $,ds,€) > 0
is obtained by inverting A(c) and repeating the previous computations, via the
continuous Sobolev embedding already mentioned. In particular, note that for our
choice of d5 one sees from (4.16) that ¢ does not vanish anywhere and there is
therefore no singularity in A(c)™!.

is a direct application of Gronwall’s

12
The last estimate on the integral of HU

Hy
lemma from (4.23). This concludes the proof. O

Before going into details in the proofs of existence and uniqueness, we present here
another result which establishes that the positivity of ¢ is obtained a priori. This
will help the reader in clarifying the last statement we gave in the previous proof,
about the invertibility of A(c). Moreover, note that ensuring the positivity of ¢ a
priori is crucial, since it will leave us free on the choice of the iterative scheme to be
used in the next section, when constructing the solution of the system (4.10)—(4.11).

Lemma 4.8. Consider an initial datum (Ein,ﬁi“) satisfying the assumptions of
Theorem 4.4. If (C,U) is a solution of (4.10)~(4.11) with initial datum (c™,U™),
then, for almost any (t,x) € R, x T? the vector € + C(t, ) is positive.
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Proof of Lemma 4.8. The proof is rather simple. Since we start from a positive
initial datum ¢ + ec'™, by inverting the gradient relation (4.11) as

~ 1
U= EA(C)_IVIC,

and plugging this identity into (4.10), we recover an elliptic equation for ¢ = €+ ec.
Standard elliptic weak minimum principles then apply to c, ensuring its nonnegativ-
ity at least until a maximal finite time which we call Ty. But the previous a priori
estimate obtained on ¢ tells us that in fact the positivity of c is satisfied as long as

Js is also chosen in (4.16) to be strictly smaller than 1mil}V ¢;. This guarantees that
<i<

Ty = +oo and thus c(¢, ) is positive a.e. on R, x T3. O

Step 3 — Existence and uniqueness of the couple (c, I~J) We now have all the
tools needed in order to construct our Cauchy theory for the couple (¢, U). We shall
first present the existence result and then prove the uniqueness of the constructed
solution.

Proposition 4.9. Let s > 3 be an integer and consider a triple (C™, INJH‘,H) satisfy-
ing the assumptions of Theorem 4.4. There ezists 05 > 0 such that, for all e € (0, 1],
there exists a global weak solution (€,U) € L®(Ry; H*(T?)) x L™ (Ry; H*~H(T?))
of the system (4.10)~(4.11), with initial datum (€™, U™).

Proof of Proposition 4.9. The proof is standard and is based on an iterative scheme,
where we first construct a solution on a well-chosen time interval [0, 7p], and we
then show that this interval can be extended to [0, +00). Note however that one
has to be careful with the estimates, since the conservation of the exact exponential
decay rate is crucial. The underlying mechanism lies on the fact that our problem
is actually quasilinear parabolic for small initial data. Indeed, noticing that

U = A(c)'V,¢,

we solely have to solve

O E+eV, - (A(c)_lva _Le Aig _11>VIE> 1) 1T V,E
Y ev, - <6 (A(c)_lvxﬁ _le AEE?SV@ 1)) —0.

From Proposition 3.3 we see that the higher order term is of order 2, symmetric and
negative for ¢ > 0, which makes this equation quasilinear parabolic.

We initially set

CTS min C;
1<i<N

= 31CCu(1 + 402)5,"

where d5, Cs and Crs respectively come from (4.22), (4.25) and (4.21).
Suppose that an N-vector function ¢ e L>® (0, Ty, H S(T?’)) is given, satisfying

(4.26) cO=g¢gh T,

N
(c3) < 26,e7M, Z’c}‘")(t,x) =0 ae on (0,Tp) x T

Hs(c 2
i=1

(4.27)  |[e™]
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For s > 3, the Sobolev embedding H; — LJ° makes applicable standard parabolic
methods on the torus (see for instance [! |, Section 7.1]) which raise the existence of
a solution ¢+ € L2(0, To; H(T?)) to the following linear equation

(4.28) 9™ 4+ 7.V, c™

) A(cM)-1vy ~(n+1)>
N RO) (M-l =(n+1) (c™, A(c™) zC .
+ V., (c (A(c )" V.C 1) 1 =0,

with initial datum ¢™. Note that summing (4.28) over 1 < i < N yields

N N
ZE@(HH)(@ r) = ZEZ-(”H)(O,JJ) =0 a.e. on (0,Ty) x T,
i=1 i=1

which shows, thanks to Proposition 3.3, that (Span(l))L is stable for (4.28), imply-
ing that A(c™)~1V,c*) is well-defined at almost every time t € (0, Tp).

The same computations carried out to derive the a prior: estimates in Proposition
4.7 give (see in particular (4.19) for the term containing )

4
dt

2

3 (e2)

P 2X4 262\ | ~(n+1)

et

2
H3

+ Cy(1+4£°82) || Vet

where we used that HE(”) HHS < 26,. Note that Cy(1+¢26?) ||u]

term comes from the absence of V, - (€™+Y1) in (4.28), whereas the multiplicative
constant in front of it originates from the definition of A;. We now use Young’s
inequality to get

Hs inside the negative

d - 2
n+1
B s (1)
2\ Ui
_ - 2N 2 62\ (| I
< (CTs 11;1113\[ cz> 3 + Cs(l + 4e 53) HU| Hs Crs min ¢
min ¢; SN

1<i<N

v

2
H3

2

C2(1+4°02)” [ally, |
+ - C(n)} Hs Y
7’] x

for any 1 > 0. Therefore, if we choose

_ 252\ (| -
n = Cs(1+4e767) [l 15 Crs min g,
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thanks to Poincaré inequality (4.21) and to the assumption ||@|| . < 05, we obtain

CoCy(1 + 462)5,
2 L Go (1+407)

_1
Hi\c 2

([

2

d a2 ~n, 2
E HC( +1)} H;(E_l) < —2) HC( +1)’ Coe min . H;(E_%)
1<i<N

Eventually, we apply Gronwall’s lemma using the exponential decay of HE“”! 2 (E_%)
given by the iterative assumption (4.27), and we successively get, for almost every
time t € (O,To),

2

~(n ~in |12 COCS(1+46§)5S —2As
[ ety < - My ) + 40— et e
1<i<N
2
< 1_’_40005(14'.459@710 oDt
Crs min ¢;
1<i<N

2 2\t
< 4oge ,

thanks to the definition of Tj given in (4.26). This proves that ¢™*! belongs to
L>(0,Ty; H*(T?)) and satisfies the iterative assumptions (4.27).

By induction, we thus construct a sequence (E(”))neN defined a.e. on (0,Tp) x T3,

belonging to (Span(l))l, and bounded by 26, in L™ (O,TO;HS(']T?’)). Moreover,
the iterative equation (4.28) gives an explicit formula for 9,c"*V) in terms of ¢,
¢ and u. Again, the continuous Sobolev embedding H? «— L for s > 3/2
and Proposition 3.3 raise the existence of a polynomial P in two variables, with

coefficients only depending on s, €, ||u|| ., A4 and pa, such that

Hat’é(nJrl) |

i < P (|

He ) HE(MDHHS) < P(264,205)  for a.e. t > 0.

This shows that (GtE("))neN is bounded in L*> (0, To; L2(T3)), uniformly with respect
ton € N.

Therefore, choosing 0 < s’ < s — 2, by Sobolev embeddings, there exists an
N-vector function ¢* € L (0, To; H S(T3)) such that, up to a subsequence,

(1) (E(”))neN converges, weakly-* in L>°(0,T,) and weakly in H?, to ¢,

(2) (@) ., (V.e™) _ and (V,V,e)
and strongly in H?

(3> (ate(N))nEN
Integrating our scheme (4.28) against test functions, we can then pass to the limit
as n goes to 400 (the nonlinear terms being bounded and dealt with thanks to the
strong convergences in H?'), and we see that ¢ is a weak solution to
(e, A(c™)"1V,&e%))

{c>,1)

reve (o (e v - AT

ey converge weakly-* in L°°(0, 7p)

converges weakly-* in L>°(0, Tj) and weakly in L2.

0 +EV, - <A(c°o>—1vweoo . 1) T Ve
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Denoting U® = A(c™®)"'V,¢, this proves that (¢, U>) is a weak solution to
the system (4.10)—(4.11), belonging to L (0, Tp; H*(T?)) x L*°(0, To; H*~*(T?)). In
particular, looking at equations (4.10)—(4.11), by means of the continuous embedding
of H3* in L= one easily checks that (8,¢>,9,U) belongs to L (0, To; LA(T?)) x
L>(0,Ty; L*(T?)) as soon as s > 4. Applying the Aubin-Lions-Simon theorem (see
for example [0, Theorem I1.5.16]), we thus also ensure that (€, U>) belongs to
CO([0, To); H~1(T?)) x C°([0,Tp); H**(T?)) for any s > 4.

Therefore, using the continuity of ¢*, we can finally conclude thanks to the a
priori estimates established in Proposition 4.7, which state that ||c>(7p)|| 5. < 0s.
Indeed, we can restart our scheme at Ty from this initial condition and we can
obtain a solution on the time interval [Tp, 27,]. Again, using the continuity of ¢
with respect to t € [T, 27p] and Proposition 4.7, the corresponding sequence will

be bounded by d, at 27,, and by induction we can construct a weak solution of
(4.10)—(4.11) on [0, 400). O

In the next result we conclude by recovering the uniqueness of the solution to the
orthogonal system (4.10) —(4.11). We remind the reader that this property has to be
understood in a perturbative sense, since we are only able to prove the uniqueness
of the fluctuations (¢, U) around the macroscopic equilibrium state (¢, 0).

Proposition 4.10. Let s > 3 be an integer, and consider a couple (¢™ fji“) satis-
fymg the assumptions of Theorem /.4. There exists 65 > 0 such that, if (c, U) and
(d, W) are two solutions of (4.10)—~(4.11) having the same initial datum (€™, U™),
then€©=d and U =W.

Proof of Proposition 4.10. Substractlng the two sets of [ equations satisfied by (c U)

and (d, W) and denoting h = ¢ —d and R = U — W, we initially establish the
relations

(429)  Oh+TV, - Vi+7-Vh+eV, - (V) +e9, - (dV5) =0,

(4.30) V.h = A(c)R + [A(c) — A(d)] W,

with an obvious meaning for the shorthand V.

We shall give similar computations to the ones derived for the a priori estimates,
except that we here restrict our investigation to the sole L? setting, since it will
prove itself to be sufficient in order to deduce uniqueness. However, we still need
the solutions to be in H} for some s > 3, in order to again take advantage of the

Sobolev embedding Hi/ 2y L2°. We compute the scalar product between ¢ 'h and
the equation (4.29), and we integrate over the torus. As in the proof of Proposition
4.7, we use the gradient equation (4.30) and its orthogonal properties to recover

/TJA(C)R R)dz + /T ([ A(e) = A()] W, R)-sda

sl

+/ <V$H,H(ﬁ+gvﬁ)>cldx+g/ (V,h,dV3)e1da.
T3 T3

We use the spectral gap of A(c) for the first term on the right-hand side, while
the remaining terms are dealt with thanks to the a priori estimates derived in
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Proposition 4.7 and the usual Sobolev embedding, in the following way:

e, 2)] < ¢l

s <O [t 2)] <6, \’&(t,@‘ <0 ae on Ry x T

This initially gives

(4.31)
A 2 Z / Ez ‘Cicj_ ] NZ’ dx
sy < R 0
2dt L2 (c 2) 2 L2 min ¢ min_Ay;
1SN 1<,V
N 2
+{55+g55 (1 5)“ + €0,
L3
Then, the algebraic manipulation
1 1 s
iy — dids| = | (e = ) (e + )+ 5 e+ ) (e — )| < 2 (1l + [y
and the Cauchy—Schwarz inequality yield the control
(4.32) Cj — dz < 2e5? E) 5

1<i,j<N

From the gradient relation (4.30) and from the Poincaré inequality (4.21), we also
deduce the existence of a constant C, > 0 such that

(4.33) ] — 02| (€. — 6?)

We now use (4.32), (4.33) and the fact that O < e < 1 inside (4.31) to finally infer
the upper bound

< (-2
L2 (c 2) 2
where K(d5) > 0 is a polynomial in d; whose coefficients only depend on ¢ and on

the number of species N. By choosing d5 small enough so that both Proposition 4.7
holds and the inequality —24 46,/ (5,) < 0 is satisfied, we conclude that [, (c3)

K0 )’

sl

decreases over time. Therefore, since initially hin = 0, we deduce that h =0 at any
time ¢t > 0. _

This implies that ¢ = d, from which we also deduce that the gradient relation
(4.30) becomes

A(c)R =0.

We thus infer that R = 0, since R € (ker A)*. Consequently, U = V and the
uniqueness is established. |

Step 5 — Conclusion. We are finally able to end our study of the incompress-
ible Maxwell-Stefan system (4.1)—(4.2)—(4.3). Theorem 4.4 is a direct gathering of
Proposition 4.7, Lemmata 4.6 and 4.8, and Propositions 4.9-4.10.

Our main Theorem 2.1 then directly follows from Theorem 4.4 with the unique
orthogonal writing (4.5) established in Proposition 4.1. In fact, as soon as the unique

solution (€ + ¢, W+ £U) of the orthogonal system (4.10)-(4.11) is established, the
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corresponding unique perturbative solution of the Maxwell-Stefan system (4.1)—(4.2)
with incompressibility condition (4.3) is given by (€ + ¢, W + eu), where

~ =~ 1, =
u:U—EO(c,Uﬂ

satisfies (c,u) = 0. In particular, the exponential decay of u directly follows from
the exponential decays of ¢ and U.

1]
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