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Résumé

Cette these concerne 1'étude d’équations aux dérivées partielles & la charniére de
la physique de la mécanique des milieux continus et de la géométrie différentielle.
Le point de départ étant le modéle d’électromagnétisme non-linéaire introduit par
Max Born et Leopold Infeld en 1934 comme substitut aux traditionnelles équa-
tions linéaires de Maxwell. Ces équations sont remarquables par leurs liens avec
la géométrie différentielle (surfaces extrémales dans l'espace de Minkowski) et ont
connu un regain d’intérét dans les années 90 en physique des hautes énergies (cordes
et D-branes).

La thése se compose de quatre chapitres.

La théorie des systémes paraboliques dégénérés d’EDP non-linéaires est fort peu
développée, faute de pouvoir appliquer les principes de comparaison habituels
(principe du maximum), malgré leur omniprésence dans de nombreuses applica-
tions (physique, mécanique, imagerie numérique, géométrie...). Dans le premier
chapitre, on montre comment de tels systémes peuvent étre parfois dérivés, asymp-
totiquement, & partir de systémes non-dissipatifs (typiquement des systémes hyper-
boliques non-linéaires), par simple changement de variable en temps non-linéaire
dégénéré a l'origine (o sont fixées les données initiales). L’avantage de ce point
de vue est de pouvoir transférer certaines techniques hyperboliques vers les équa-
tions paraboliques, ce qui semble & premiére vue surprenant, puisque les équations
paraboliques ont la réputation d’étre plus facile a traiter (ce qui n’est pas vrai,
en réalité, dans le cas de systémes dégénérés). Le chapitre traite, comme proto-
type, du curve-shortening flow, qui est le plus simple des mouvements par courbure
moyenne en co-dimension supérieure a un. Il est montré comment ce modéle peut
étre dérivé de la théorie des surfaces de dimension deux d’aire extrémale dans I'espace
de Minkowski (correspondant aux cordes relativistes classiques) qui peut se ramener
a un systéme hyperbolique. On obtient, presque automatiquement, I’équivalent
parabolique des principes d’entropie relative et d’unicité fort-faible qu’il est, en fait,
bien plus simple d’établir et de comprendre dans le cadre hyperbolique.

Dans le second chapitre, la méme méthode s’applique au systéme de Born-Infeld
proprement dit, ce qui permet d’obtenir, & la limite, un modéle (non répertorié a
notre connaissance) de Magnétohydrodynamique (MHD), ot on retrouve a la fois
une diffusivité non-linéaire dans I’équation d’induction magnétique et une loi de
Darcy pour le champ de vitesse. Il est remarquable quun systéme d’apparence
aussi lointaine des principes de base de la physique puisse étre si directement déduit
d’un modéle de physique aussi fondamental et géométrique que celui de Born-Infeld.



Dans le troisiéeme chapitre, un lien est établi entre des systémes paraboliques et
le concept de flot gradient de formes différentielles pour des métriques de transport.
Dans le cas des formes volumes, ce concept a eu un succes extraordinaire dans le
cadre de la théorie du transport optimal, en particulier aprés le travail fondateur de
Felix Otto et de ses collaborateurs. Ce concept n’en est vraiment qu’a ses débuts:
dans ce chapitre, on étudie une variante du curve-shortening flow étudié dans le
premier chapitre, qui présente I'avantage d’étre intégrable (en un certain sens) et de
conduire a des résultats plus précis.

Enfin, dans le quatriéme chapitre, on retourne au domaine des EDP hyperboliques
en considérant, dans le cas particulier des graphes, les surfaces extrémales de I’espace
de Minkowski, de dimension et co-dimension quelconques. On parvient & montrer
que les équations peuvent se reformuler sous forme d’un systéme élargi symétrique du
premier ordre (ce qui assure automatiquement le caractére bien posé des équations)
d’une structure remarquablement simple (trés similaire a I’équation de Burgers) avec
non linéarités quadratiques, dont le calcul n’a rien d’évident.
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Introduction

Optimal transport theory, for which we refer to the books by Villani, Ambrosio-
Gigli-Savaré and Santambrogio [52, 53| 2, [47]|, has become in the last decades an
important interdisciplinary field linking together partial differential equations, prob-
ability theory, functional analysis, geometric measure theory, differential geometry,
continuum mechanics, inverse problems, image processing, economics, etc. The ori-
gin of the theory is very old and goes back to 1781 Monge’s “mémoire sur les déblais
et les remblais”. This civil engineering problem amounts to finding the optimal way
of moving parcels of earth from a given location to a prescribed destination, the cost
to be minimized being the transportation distance in the euclidean space. Monge
observed that the optimal transport map should be parallel to the gradient of a
potential. He found interesting geometric properties for this potential, related to
the theory of envelopes.

Much later, in 1942, Kantorovich related the Monge problem to linear program-
ming and probability theory. He introduced a probabilistic generalization of the
concept of optimal transport map and introduced the so-called Monge-Kantorovich
problem, for which one can provide a general solution for various cost functions in
a general setting. A very detailed account of that theory can be found in the books
by Rachev and Riischendorf [44].

In the late 80s, a fruitful connection was established between optimal transporta-
tion and partial differential equations, through the concept of polar factorization of
maps by Y. Brenier in connection with the Monge-Ampére and Euler equations,
shortly followed by the corresponding regularity results by L. Caffarelli. Then fol-
lowed the introduction by R. McCann of the key concept of displacement convexity
(in order to establish the Brunn-Minkowski inequality). This was the starting point
for unexpected connections between optimal transport and differential geometry, for
which we refer again to Villani’s books [52), 53], including the famous contributions
of Otto-Villani, Sturm, Lott-Villani, Ambrosio-Gigli-Savaré. Next, the concept of
gradient flow in the framework of optimal transportation, for which we refer to
the book by Ambrosio, Gigli and Savaré [2], gave new and deep insights on many
parabolic PDEs, after the seminal work of F. Otto on the porous medium equation
[32, 41]. Finally, optimal transport techniques have been widely used for numerous
concrete applications in natural and computer sciences in the passed 20 years, as
well described in the recent book by F. Santambrogio [47].

Various generalizations of the concept of optimal transport can be considered.
One of the most interesting possible generalizations is the optimal transportation
of closed differential forms, classical optimal transport theory corresponding to the
special case of volume forms. In particular, closed differential forms of co-degree one
are of special interest. They can be identified to divergence-free vector fields. They
can also be seen as 1-currents, where the word current could be understood either in



its traditional sense of fluid mechanics and electrodynamics or in its more modern
mathematical sense of geometric measure theory. As noticed by Y. Brenier [10], in
the case of the 3-dimensional Euclidean space, such a theory is already implicitly
present in the somewhat richer nonlinear theory of Electromagnetism introduced by
Max Born and Leopold Infeld in 1934 [7]. This is why the Born-Infeld theory, that
we will describe in the next subsection, will be a central theme of our investigations.

0.1 The Born-Infeld electromagnetism

The Born-Infeld (BI) equations were originally introduced by Max Born and Leopold
Infeld in 1934 [7] as a nonlinear correction to the linear Maxwell equations allowing
finite electrostatic fields for point charges. In high energy Physics, D-branes can
be modelled according to a generalization of the BI model [42] 30]. In differential
geometry, the Bl equations are closely related to the study of extremal surfaces in
the Minkowski space.

In general, the Born-Infeld theory involves a n+ 1 dimensional Lorentzian space-
time manifold of metric g;;dz'dz? and vector potentials A = A;dz" that are critical
points of the fully covariant action

/ v/ —det(g + dA) .

In the 4-dimensional Minkowski space of special relativity, by using classical
electromagnetic notations, the Bl equations form a 6 x 6 system of conservation
laws in the sense of [20], with 2 differential constraints,

D+ B x (D x B)
V1+ B2+ D? +|D x B|?

atBJer( ):o, V.-B=0, (0.1.1)

—B+ D x (D x B)
V1+ B2+ D? +|D x B|?

@D%—Vx( >:0, V-D=0. (0.1.2)
where we use the conventional notations for the inner product - and the cross-product
x in R3, the gradient operator V, the curl operator Vx and the electromagnetic
field (B, D). By Noether’s theorem, this system admits 4 extra conservation laws
for the energy density A and Poynting vector P, namely,

PRP-B®B-D®D 1
©r=pes-peD) o (1} oy

P=Dx B, h=+/1+D*+ B2+ |D x BJ%. (0.1.4)

Oh+V-P =0, 8tP+V~(

where

As advocated by Y. Brenier in [I0], by viewing h, P as independent variables, the
BI system can be augmented as a 10 x 10 system of hyperbolic conservation laws
with an extra conservation law involving a strictly convex entropy, namely

h~'(1+4 B*+ D* + P?).

This augmented BI system belongs to the nice class of systems of conservation laws
with convex entropy, which, under secondary suitable additional conditions, enjoy
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important properties such as well-posedness of the initial value problem, at least for
short times, and “weak-strong” uniqueness principles [20]. It reads:

D+BxP
8B+ V x (%) —0, V-B=0, (0.1.5)
_B+DxP
8,D + V x (%) —0, V-D=0. (0.1.6)
PoP-B®B—-D®D 1

In a suitable “high-field” limit [10], this augmented Born-Infeld system degenerates

as
BxP

h

8tB+V><< >:o, VB =0, (0.1.8)

- (0.1.9)

which can be interpreted as a system of “optimal transportation” of a divergence-free
vector field, namely B, together with a volume form h, by an optimal velocity field,
namely v = P/h, coupled to B and h, with an (infinitesimal) transportation cost
given by hv?. Thus, it is tempting to think about a theory of optimal-transport
gradient flow for 1-currents based on this degenerate version of the (augmented)
Born-Infeld equations, in the spirit of the seminal work of F. Otto and his collabo-
rators [32, [41]. As a preliminary step, it turned out to be more fruitful to go back to
the full (augmented) Born-Infeld system, which is of hyperbolic nature, and derive
from it a parabolized version, which could be interpreted as a paradigm for such
a future theory. This is the main purpose of the second chapter of this thesis. In
order to get the parabolized version of the augmented Born-Infeld equations, we
introduce, in the first chapter of the thesis, a very simple and quite general device
to go from the hyperbolic setting to the parabolic one, through a simple quadratic
change of time, as explained in the next subsection.

PoP-B®B
Oh+V-P=0, atp+v-( ® @ ):o,

0.2 From conservative to dissipative systems by
quadratic change of time

Some interesting examples of dissipative systems can be derived from conservative
ones by a simple quadratic change of time. Let us first consider the very simple
model of conservative forces in classical mechanics. Under the quadratic change of
time t — 0 = t?/2, the ordinary dynamical system

EX
X ouix 2.1
X V) 0:2.1)
becomes
d dXdo.  d dxX. dX doEX dX  PEX
V(X)) = Lxdry daxy dA o d0dAdA o di A
VelX) =) = %) = as Vaae —as T e

with two asymptotic regimes as 6 becomes either very small or very large:

the gradient flow

dX
== —Vp(X), (0.2.2)
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and the inertial motion o
X
— = 0. 0.2.3
77 (0.2.3)
In the second example, we retrieve the Darcy’s law and the porous medium
equation from the Euler equation of isentropic gases, and, in particular the heat

equation from the Euler equation of isothermal gases. These equations read
O+ V- (pv) =0, O(pv)+ V- (pv®@v)=—-Vp, (0.2.4)

where (p,p,v) € RIT1T3 are the density, pressure and velocity fields of the fluid, p
being a given function of p (such as p = p, in the “isothermal” case). This leads,
after the quadratic change of time t — 6 = t?/2, to

Ogp+V - (pv) =0, pv+20[0(pv) +V - (pv @ v)] = =Vp(p).
In the regime # >> 1, we get the asymptotic model of “pressureless” gas dynamics
Op+V - (pv) =0, (pv)+ V- (pr®v) =0, (0.2.5)
while, as 6 << 1, we recover the Darcy law and the porous medium equation

pv =—=Vp(p), dep = LD(p(p)), (0.2.6)

and, in the isothermal case p = p, the heat equation
(%p = Ap. (027)

Our third example is at the interface of Geometry and High Energy Physics. We
start with the conservative evolution of classical strings according to the Nambu-
Goto action, from which we get, by quadratic change of time, the dissipative geomet-
ric model of curve-shortening in R¢, which is the simplest example of mean-curvature
flow with co-dimension higher than 1:

1 0s X
X = O, | — , 0.2.8
= e () 028
where s — X (6, s) describes a time-dependent curve in R? and | - | denotes the

Euclidean norm. In Chapter 1, the following system of PDEs are obtained

BRP—-P®B
P

B® B
P_V~( ‘i’ > p=|B (0.2.10)

which turns out to be nothing but the “Eulerian version” (in R?) of the curve-
shortening model ((1.1.1)). Typically, in the case of a single loop X subject to the
curve-shortening flow, B would just be the singular vector-valued measure

8QB+V-( ):o, V-B=0, (0.2.9)

(0,2) - B(#,x) = §(z — X(0,5))0,X(0,5)ds € R%,

R/Z

for which the system of PDE makes sense since all nonlinearities are homogeneous of
degree one. The first chapter of this thesis will be mainly devoted to this geometric
example.

12



Finally, let us consider the case of the 10 x 10 augmented BI system, which was
our original motivation. We obtain, after the quadratic change of the time variable
t — 0 = t2/2, the following asymptotic system as 6 << 1:

9B +V x (h'Bx P)+V x (h'V x (h'B)) =0, (0.2.11)

Oh+V-P=0, P=V-(h"'BB)+V(h). (0.2.12)

This system can be interpreted as an unusual, fully dissipative version of standard
Magnetohydrodynamics, including a generalized version of the Darcy law, with a
fluid of density h, momentum P and pressure p = —h~! (of Chaplygin type), in-
teracting with a magnetic field B. It belongs to the class of non-linear degenerate
parabolic PDEs. This can be seen as a dissipative model of Magnetohydrodynamics
(MHD) where a fluid of density h and momentum P interacts with a magnetic field
B, with several interesting (and intriguing) features:

(i) the first equation, which can be interpreted in MHD terms as the “induc-
tion equation” for B, involves a second-order diffusion term typical of MHD:
V x (h™1V x (h7'B)) (with, however, an unusual dependence on h);

(ii) the third equation describes the motion of the fluid of density h and momentum
P driven by the magnetic field B and can be interpreted as a (generalized) Darcy
law (and not as the usual momentum equation of MHD), just if the fluid was moving
in a porous medium (which seems highly unusual in MHD!);

(iii) there are many coefficients which depend on A in a very peculiar way; in partic-
ular the Darcy law involves the so-called Chaplygin pressure p = —h~! (with sound
speed +/dp/dh = h™'), which is sometimes used for the modeling of granular flows
and also in cosmology, but not (to the best of our knowledge) in standard MHD.
A comprehensive study of this model is the main purpose of the second chapter of
this thesis.

0.3 Relative entropy and the concept of dissipative
solutions

In chapters 1 and 2 of the thesis, the analysis of various parabolic systems, obtained
after a quadratic change of time, will be based on suitable concepts of generalized
(“dissipative”) solutions related to the relative entropy method, quite well known in
the theory of hyperbolic systems of conservation laws [20, 36, [37], kinetic theory
[46], parabolic equations [33], and continuum mechanics [23], 28], just to quote few
examples. It is also related to the work of P.-L. Lions for the Euler equation of
incompressible fluids [39] (see also [12]), L. Ambrosio, N. Gigli, G. Savaré¢ [2] for the
heat equation and to the recent study by Y. Brenier in [I1] of Moffatt’s model of
magnetic relaxation.

The dissipative solutions enjoy the so called “weak-strong” uniqueness, which
means that any dissipative solutions must coincide with a strong solution emanat-
ing from the same initial data as long as the latter exists. In other words, the strong
solutions must be unique within the class of weak solutions. For given initial condi-
tions, the set of dissipative solutions is convex and compact (usually with respect to
the weak-* topology of mesures). Global existence of such solutions can be proved
by using the Faedo-Galerkin method [2§].

13



0.4 Optimal transport for closed (d — 1)— forms

Let us finally go back to the concept of optimal transport of closed differential forms
of co-degree 1. The theory of optimal transport for differential forms is not yet fully
developed but there has been some recent progress, especially for symplectic forms
and contact forms [19, [45]. However, to the best of our knowledge, little is known
about gradient flows in that context. In the third chapter of this thesis, we present
an explicit example of a gradient flow for closed (d — 1)—forms in the Euclidean
space R, As already mentioned, such forms can be identified to divergence-free
vector fields. For instance, as d = 3, any 2—form [ can be written as

B = B'da® A da® + B*da® A da' + B3da' A da?.
and
dp = (8131 +0,B? + 8333)dx1 ANdz? Adx® =V - B dxt A da? A da?,

So 3 is a closed form is the same as saying that the vector field B = (B!, B?, B?)
is divergence-free. These formulae easily extend to arbitrary dimensions d. For
simplicity, we will only discuss about Z?—periodic forms so that we will use the flat
torus T? = (R/Z)" instead of the entire space R,

The concept of transport involves time-dependent closed (d — 1)—forms (; and
vector fields v(t,x). Let ¢; be the group of diffeomorphisms generated by v(t, x)
such that

d
Eﬁbt =uvo¢y, ¢ =1Id
B is transported by v in the way that, at each time ¢, 3; is the pushforward of 3, by

O
Bi = (¢1)«Po, or (@) Br = fo.

Therefore, § should satisfy
d
Eﬁt + Ly, 8 =0,
or for the divergence-free vector field B,
OB+V-(Bov—-—v®B)=0.

The above equation is usually called induction equation in magnetohydrodynamics.

A first example of gradient flow is provided by the Eulerian version of the curve-
shortening flow , studied in the first chapter of the thesis. As explained
in the third chapter, this model turns out just to be the gradient flow of the following
convex functional

F18) = [ 1Bl

for the (infinitesimal) transportation cost,

Jolls =/ [ 10F1B.
Td

where v denotes the velocity field that transports B. A second example, still set on
the flat torus T¢ = (R/Z)“, reads

BP-P®B
p

atB+v-( ):o, VB =0, (0.4.1)
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(0.4.2)

B® B
Op+V-P=0, P:V-( © )

p

where B is a time dependent divergence-free vector field (i.e. a closed (d—1)—form),
p is a time-dependent companion volume-form, and P stands for pv, where v is the
time-dependent velocity field transporting both p and B as differential forms. As
will be shown, this system turns out to be the gradient flow of functional
|BI*
€T p

according to the transportation metric

vl = \//Td v?p, (0.4.4)

which is just the most usual transport metric for volume-forms |2} [41], 47, 53].

This system is formally integrable and can be viewed as the Eulerian version of
the heat equation for curves in the Euclidean space. More precisely, if (B, p, P) is
of form

(B P)(ta) = [

acA

(/R/Z Iz —X(t,5,a))(0:X,1,0:X)(t, s, a)ds) du(a) (0.4.5)

where (A, du) is an abstract probability space of labels a, and, for y—a.e. label a,
and every time ¢, s € R/Z — X (t,s,a) € T is a loop subject to the heat equation

0 X(t,s,a) = 02X (t,s,a), (0.4.6)

then (B, p, P) is expected to be a solution of (3.1.1]3.1.2)), at long as there is no self-
or mutual intersection of the different loops. This “integrability” property makes
the analysis of this second gradient flow, as done in the third chapter of this thesis,
substantially easier than the one needed in the two first chapters.

0.5 Hyperbolicity of the extremal surfaces in
Minkowski spaces

In the last chapter of the thesis, we leave the issue of gradient flows for differential
forms, and move back to issues closely related to the Born-Infeld theory as revisited
by high energy physicists in the 90s in the framework of strings and branes. In
the (1 + n + m)—dimensional Minkowski space R (™) let X (¢,z) be a time-like
(1 4+ n)—dimensional surface (called n—brane in String Theory [42]), namely,

(t,I) EQCRxR"— X(t,x) = (Xo(t7x>’ o 7Xn+m(t7x)) e RI—%—(n—&-m)7

where (2 is a bounded open set. This surface is called an extremal surface if X is
a critical point, with respect to compactly supported perturbations in the open set
Q, of the following area functional (which corresponds to the Nambu-Goto action in
the case n = 1)

- // —det(GW) s GMV = nMNﬁuXM&,XN y
Q
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where M, N =0,1,....n+m, pv=0,1,...,n, and n = (=1,1,...,1) denotes
the Minkowski metric, while G is the induced metric on the (1 + n)—surface by 7.
Here 0y = 0; and we use the convention that the sum is taken for repeated indices.

By variational principles, the Euler-Lagrange equations gives the well-known
equations of extremal surfaces,

9, (x/—GG"”ayXM> —0, M=01,.. n+m, (0.5.1)

where G* is the inverse of G, and G = det(G ). Now, let us consider a special
case where the extremal surfaces are graphs of the form (this is usually called the
static gauge in High Energy Physics):

X'=t X'=2' i=1,...,n, X""*=X""t2), a=1,...,m. (0.5.2)
By using the notation that

VazatX"+a, Fai:aan+a, Oé:].,...,m, ’L:]_,,TZ

Vdet(L, + FTF)(I,, + FFT) 1V,
- 1=VT(l, + FFT)"V

we can find that (0.5.1)) is equivalent to solving the following system for a matrix
valued function F' = (F,;)mxn and a vector valued function D = (Dgy)a=12,...m,

Do+ Fiy: P DDt (F).
atFai+ai (M):Q 8tDa+ai< a z+€( )az)zo’

D,

h h

0;Fu = 0;F;, Py=F,uDy, h=+/D>*+P2+&(F), 1<i,j<n, 1<a<m,

where

(F)=det (I+F'F), &(F)a= %% =&(F)I + FTF);;' Fy;.

Similar to the Born-Infeld equations, there are other conservation laws for the energy
density h and vector P as defined in above, namely,

. P. F ]+FTFj1
dh LV -P=0 atm@j(zapj_g( I >U>0

h h B

Viewing h and P as independent variables, the new system have a polyconvex en-
tropy (which means that the entropy can be written as a convex function of the

minors of F'). Here, for 1 < k <r, and any ordered sequences 1 < a; < ap < ... <
ar <mand 1l <i; <iyg<...<ip<mnlet A={ay,ag,...,ar}, I ={i1,ia,... 0},
the minor of F' with respect to the rows aq,as,...,a, and columns iy, 1s, ..., is
defined as

Now, by viewing these minors [F] 4 ; as new independent variables, we can further
enlarge this system. As it will be shown in Chapter 4, the augmented system is
hyperbolic with a convex entropy, linearly degenerate and preserves these algebraic
constraints that we abandoned in the process of augmenting the system. We can
finally have the following theorem.
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Theorem 0.5.1. In the case of a graph as (0.5.2)), the equations of extremal surfaces
(0.5.1) can be translated into a first order symmetric hyperbolic system of PDEs,
which admits the very simple form

AW + 3" A, (W)a, W =0, W:(t,z) e R*™ = W(ta) e R ("), (0.5.3)

J=1

where each A;(W) is just a (n+m+ (™)) x (n+m+ (™)) symmetric matriz
depending linearly on W . Accordingly, this system is automatically well-posed, locally
in time, in the Sobolev space W*?% as soon as s > n/2 + 1.

The structure of is reminiscent of the celebrated prototype of all nonlinear
hyperbolic PDEs, the so-called inviscid Burgers equation d;u + ud,u = 0, where u
and x are both just valued in R, with the simplest possible nonlinearity. Of course, to
get such a simple structure, the relation to be found between X (valued in R**"m)

and W (valued in R n)) must be quite involved. Actually, it will be shown
more precisely that the case of extremal surfaces corresponds to a special subset
of solutions of (4.1.3)) for which W lives in a very special algebraic sub-manifold of

m—+n

n ) which is preserved by the dynamics of (4.1.3)).

To estabhsh Theorem [4.1.1] the strategy of proof follows the concept of system
of conservation laws with “polyconvex” entropy in the sense of Dafermos [20]. The
first step is to lift the original system of conservation laws to a (much) larger one
which enjoys a convex entropy rather than a polyconvex one. This strategy has been
successfully applied in many situations, such as nonlinear Elastodynamis [23], 43],
nonlinear Electromagnetism [10] [16], [49], just to quote few examples. In our case,
the calculations will crucially start with the classical Cauchy-Binet formula.

At the end of the Chapter 4, as an additional interesting example to the idea
of the quadratic change of time recently introduced in [I4], we make a connection
between the equations of extremal surfaces in Minkowski spaces and the
equations of mean-curvature flows in the Euclidean space, in any dimension and
co-dimension.

Rn—l—m—i—(

0.6 Perspectives of the future research

In the joint work with my advisor, Prof. Yann Brenier, we retrieved the curve-
shortening flow from the motion of relativistic string by performing the quadratic
change of time [I4]. The dissipative solutions are discussed in that case. As a
natural continuation of the work, a general result regarding to the mean-curvature
flow with any co-dimensions can be expected. In fact, by doing the quadratic change
of time, we can get the mean-curvature flow equations from the equations of extremal
surfaces in Minkowski spaces (or D-Branes). At this moment, it is not clear to me if
the concept of dissipative solutions can be applied similarly to the mean-curvature
flow or not. This could be a subject to study for the future.

It could also be an interesting subject to study the relative entropy or dissipative
solutions in terms of other hyperbolic or parabolic systems such as the augmented
system of the extremal surfaces in Minkowski space [24] in connection with nonlinear
Elasticity and Magnetohydrodynamics [25]. We also plan to extend the gradient flow
approach to a more general setting of optimal transportation of differential forms,

17



beyond the well-established case of volume forms and the case of closed co-dimension
1 forms we already started to investigate in [15].
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Chapter 1

From conservative to dissipative
systems through quadratic change of
time

1.1 Introduction

There are many examples of dissipative systems that can be derived from conserva-
tive ones. A classical example is the heat equation (or more generally the so-called
“porous medium” equation) that can be derived from the Euler equations of isen-
tropic gases. The derivation can be done in many different ways, for example by
adding a very strong friction term or by homogenization techniques or by properly
rescaling the time variable by a small parameter (through the so-called “parabolic
scaling”). In the thesis, we will focus on a very straightforward idea (that does not
seem to be popular, to the best of our knowledge): just perform the quadratic change
of time t — 6 = /2. In Section , we provide several examples, starting with the
very simple example of conservative forces in classical mechanics (with the Galileo
model of falling bodies as a borderline case). Next, we briefly retrieve from the Euler
equation of isentropic gases the Darcy law and the porous medium equation, and,
in particular the heat equation from the Euler equation of isothermal gases. Our
third example, at the interface of Geometry and High Energy Physics, starts with
the conservative evolution of classical strings according to the Nambu-Goto action,
from which we get, by quadratic change of time, the dissipative geometric model of
curve-shortening in R?, which is the simplest example of mean-curvature flow with
co-dimension higher than 1:

1 0, X
X = 0y(=), 1.1.1
A=t D
where s — X(0,5s) describes a time-dependent curve in R? and | - | denotes the

Euclidean norm.

In Section [4.1.1] we will finally discuss the system of PDEs
B®P—-P®B
p

B®B
P=V-( = ) p=1B],
p
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which turns out to be nothing but the “Eulerian version” (in RY) of the curve-
shortening model (1.1.1)). Typically, in the case of a single loop X subject to the
curve-shortening flow, B would just be the singular vector-valued measure

(0,z) = B(#,x) = / §(z — X(0,5))0,X(0,5)ds € R?,
R/Z

for which the system of PDE makes sense since all nonlinearities are homogeneous

of degree one. (See Appendix 1.B for more details.) These equations admit a “non-

conservative” version,

Oob+ (v- Vb= (b-V)v+b? v=(b-V)b, (1.1.2)

for the reduced variables b = B/|B| and v = P/|B|. For the conservative system,
we define a concept of “dissipative solutions” related to the work of P.-L. Lions for
the Euler equation of incompressible fluids [39] (see also [12]) or to the work of L.
Ambrosio, N. Gigli, G. Savaré 2] for the heat equation and, overall, quite similar to
the one recently introduced by the first author in [I1]. We also refer to the works of
A. Tzavaras and collaborators [23], E. Feireisl and collaborators [28] for the concept
of “dissipative solutions”. The main point of this chapter is to show how to get
the formulation right. We start from the Eulerian version of the string equation,
for which we can use the “relative entropy” method, quite classical in the theory of
hyperbolic systems of conservation laws to get “weak-strong” uniqueness results (see
[20]), and, then, we apply the quadratic change of time to get a good concept of
dissipative solutions for the curve-shortening flow, namely:

Definition 1.1.1. Let us fix T > 0 and denote T* = (R/Z)*. We say that (B, P)
with

B e C([0,T],C(T, RY,.), P € C(0,T] x T4 R
is a dissipative solution of the curve-shortening flow with initial data By € C(T9, R4
if and only if:

i) B(0) =By, V-B=0in sense of distributions;

i) B and P are bounded, respectively in the spaces C'/2([0,T],(C*(T%))!.) and
C([0,T] x T, R, by constants depending only on T and L, |Bo|.

iii) For all A > 0, 0 € [0,T], for all smooth trial functions (b*,v*, A) valued in
RY, with || Allse < X and b** = 1, for all v > c*—i—’\;—i-)\Hv*Hoo, where ¢* is a constant
depending explicitly on (b*,v*), we have:

o o [ [ (oo - AR,

B (L#b*@)} (a>dag/n<0). (1.1.3)

where
n=|B|—B-b", (1.1.4)
Ly = —0pb* — (v* - V)b* + (b* - V)u* +b*0** — b*(b* - V)(b* - v*), (1.1.5)
Ly = —v* + (b* - V)b". (1.1.6)
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Here C(T?, R%)! . is metrizable space, and we can equipe a metric that is consis-
tent with the weak-* topology. The “weak compactness” of such solutions (i.e. any
sequence of dissipative solutions has accumulations points, in a suitable weak sense,

and each of them is still a dissipative solution) directly follows from

Theorem 1.1.2. For fixed initial condition By, the set of dissipative solutions, if
not empty, is convex and compact for the weak-* topology of measures.

Notice that it is more challenging to prove that the set of dissipative solutions is
not empty. The standard strategy is as follows:
i) construct smooth approximate solutions (B¢, P¢) with smooth approximate initial
data Bg;
ii) show that, the approximate solutions are relatively compact for the weak-* topol-
ogy of measures, and, for any trial functions (b*,v*, A), satisfy inequalities
with some small error terms;
iii) let € go to zero, and prove that the limit (B, P) is a dissipative solution.

To keep the thesis simple, we leave this (important) step for a future work [25],
in the more general framework of the Born-Infeld theory [7], [10]. Finally, we estab-
lish a “weak-strong” uniqueness principle in the following sense:

Theorem 1.1.3. Let (b,v) € C*([0,T] x T4 R x RY), be a smooth solution of the
non-conservative form of the curve-shortening flow with b> = 1. Then any
dissipative solution satisfies B = |B|b and P = |B|v, as soon as B(0) = |B(0)|b(0).

Notice that this is not a full uniqueness result; only the homogeneous variables
b= B/|B| and v = P/|B| get unique and a lot of room is left for the evolution of | B|
itself. Thus the concept of dissipative solutions seems to suffer from the same type
of ambiguity as the more general concept of Brakke solutions for mean-curvature
flows [§].
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1.2 Examples of quadratic change of time

1.2.1 Quadratic change of time of a simple dynamical system

Under the quadratic change of time ¢t — 6 = t?/2, the ordinary dynamical system

2X
i v 5
o Vip(X)
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becomes

2 2
volx) = L@Xd8y _d X, dX  dOEX X X

Y = () = T -
aawa) " aw) = aw wae T w T a
with two asymptotic regimes as 6 becomes either very small or very large:

the “gradient flow”

dx
V(X
70 Vp(X),

and the inertial motion
d?X
d6?

Notice, in the first case, that only the initial position can be chosen freely, since

= 0.

dX dXdf  dX

dt — dodt  d
necessarily vanishes at ¢ = (. Consistently, the conservation of energy in the original
time variable reads

d(1’dX‘2
dt 2

and becomes, with the new time variable 6 = ¢2/2

p(X)) =0

L)+l = 2,

leading to the dissipation of energy
d 2
o) =121,
in the asymptotic gradient flow regime. Furthermore, we may compare the respective

solutions X (t) and Z(#) of the dynamical system and the gradient flow, with initial
conditions

dX
dt

just by monitoring the “modulated energy” (or “relative entropy”)

X(t=0)=Xo=Z2(0=0), “(t=0)=0,

Sle =t P+ o(X) — 9(Z) = Ve(Z) - (X - Z), (1.2.1)

provided ¢ is strongly convex with bounded third derivatives. We get, after elemen-
tary calculations,

X () — Z(#*/2))* + |%( t) — t%(tQ/Z)\Q < Ct°, Vtelo,T], (1.2.2)

where C' is a constant that depends only on 7', Z and potential . (Notice that
the smallest expected error is O(%) as shown by the example d = 1, ¢(z) = |z|?/2,
for which X (t) = X(0)cos(t), while Z(0) = X(0)exp(—6).) More details on the
concept of “modulated energy” and the proof of can be found in Appendix
1.A at the end of this chapter.
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Remark: the Galileo experiment

The quadratic change of time ¢t — 6 = t?/2 remarkably fits with the famous experi-
ment by Galileo, which was the starting point of modern classical mechanics: a rigid
ball descends a rigid ramp of constant slope, with zero initial velocity and constant
acceleration GG, reaching position

Gt?
A=t
at time t. So, X is just a linear function of the rescaled time 0, X = z¢y + G and

we not only get

dX d*X

i 9

i =
but also simultaneously

dX X 0

a9 7 der

i.e. both gradient flow and inertial motion, with respect to the rescaled time 6.

1.2.2 From the Euler equations to the heat equation and the
Darcy law

Let us now move to a PDE example and explain how the Darcy law and the “porous
medium” equation (and, in particular, the standard heat equation) can be recovered
by quadratic change of time from the Euler equations of isentropic compressible
fluids. These equations read

Op+V-(pv) =0, O(pv)+ V- (pv®@v)=—-Vp, (1.2.3)

where (p, p,v) € R are the density, pressure and velocity fields of the fluid, p
being a given function of p (such as p = p, in the “isothermal” case). We set

Eo0=1/2, p(tx) = p0.a),  v(t.x) = v(8,2) 0

= (1.2.4)

(Notice the different scaling for v, enforcing v(t, z)dt — v(0,x)df.) This leads, after
short calculations, to

Ogp+ V- (pv) =0, pv+20[0s(pv) + V- (pv @ v)] = =Vp(p).
In the regime 0 >> 1, we get the asymptotic model of “pressureless” gas dynamics
Opp +V - (pv) =0, Og(pv) +V - (pr®@v) =0,
while, as 8 << 1, we recover the Darcy law and the porous medium equation

pv = —=Vp(p), Opp = A(p(p)),

and, in the isothermal case p = p, the heat equation
(%p = Ap.
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1.2.3 From string motion to curve-shortening

Let us now move to a model at the interface of geometry and high energy physics.
We consider a surface

(t,s) € Q CR* — (t, X(t,s)) € R x RY,

parameterized by a sufficiently smooth (at least Lipschitz continuous) function X
over a bounded open space-time cylinder 2. According to classical string theory
(see [42], for instance), this surface is a relativistic string if and only if X is a critical
point, with respect to all smooth perturbations, compactly supported in €2, of the
“Nambu-Goto Action” defined by

/ VO, X2(1 - 0,X2) + (9,X - 0,X)? dtds
Q

which is nothing but the area of the surface, in the space R x R¢, with respect to
the Minkowski metric (—1,+1,---,41). It is customary to regularize this setting by
viewing

(t,s) € Q C R* — (t,5,X(t,5)) € R* x RY,

as a graph in the enlarged space R? x R? and considering its area in the enlarged
Minkowski space R? x R?, with (rescaled) Minkowski metric (—1,4+€2,+1,- -+, +1):

/ V(@ T 0.X2)(1— 0,X2) + (0,X - 0,X)? dtds.
Q

|Of course, we recover the previous setting just as the special (and degenerate) case
¢ = 0.] The variational principle implies that X is a solution to the following first
order partial differential system (of hyperbolic type as € > 0):

O (FO,X — GO, X) — 8,(GIX + HO,X) = 0, (1.2.5)
where 24 0, X2 0, X - 0, X 1—0X?
€ + s A U LT W
b= s “= s = s

S =/(2+0,X2)(1 - 0,X2) + (0, X - 0,X)2.
After performing the quadratic change of time 6 = t?/2, as we did in the previous
subsections, while keeping only the zeroth order terms with respect to 6, we easily
obtain, as an asymptotic equation, the following nonlinear equation of parabolic
type:

(2 + 0, X — 8,X ® 0,X)0pX = /e + 0, X2 0y(—mer ). (1.2.6)

\/ 8X2

(Notice that (e + 9,X*)I — 9,X ® 9,X is an invertible symmetric matrix with
eigenvalues larger or equal to €2.) In the limit case ¢ = 0 , we get

0 X

2 J—
(0, X21 — 8,X © 9,X)0p X |8X|8(’aX|)

(1.2.7)

which becomes an ambiguous evolution equation, since it leaves 0y X - 9; X undeter-
mined. [As a matter of fact, this geometric equation is not modified by any smooth
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time-independent change of parameterization of the curve s — o(s).]
However, we may solve instead the simpler equation

1 0sX

X = .
%X = mx1%a.x)

(1.2.8)

Indeed, this is a consistent way of solving ([1.2.7]) since

asX GSX aSX . aSX

aGX'asX: |85X| as(|asX|> 285( 2|aSX|2 ):

Finally, by doing so, we have just recovered the familiar model of “curve-shortening”
in the Euclidean space R? (see [21], for instance).

1.2.4 The Eulerian form of the curve-shortening flow

The string equation (|1.2.5)) admits a useful “Eulerian” version

B P—-P®B
OB +V- ( = ; © ) 0, (1.2.9)
V-B=0, p=vB+ P2 (1.2.10)
atp+v-(P®P):v.(B®B> (1.2.11)
p p

(which reads, in coordinates,
OB+ 0;(p"(B'P! — BIP")) =0, 0;B"=0,
p=+BiBi+ PP, 8P +08;(p (PP —B'B))=0).
[As a matter of fact, defining

B(t,x) = /R/Z Oz — X(t,5))0:X(t,s)ds,

(which automatically satisfies V - B = 0), and assuming X to be smooth, not self-
intersecting, with 0, X never vanishing, we get, after elementary calculations (similar
to the ones done for the curve-shortening flow in Appendix 1.B, below), that B solves
equations ((1.2.911.2.10}f1.2.11)) together with

2 —_—
P(t,z) = 5z — X(t, 5)) (0sX°T — 0, X ® 0,X) 0, X (t, s) ;
R/Z \/aSXZ(l_atX2)+(atX'asX)2

Importantly enough, this system admits an extra conservation law:
P-B)B
op+V-P=V_. <%), p=VB?+ P2, (1.2.12)
p
which describes the local conservation of energy. [This is easy to check. Indeed,
using coordinates, we find

B:0,B' + Po,P° B, (B'Pi—BPi\ P _ (BB —Pipi
Op = =2y ——————— )+ 2o [ ———
p p p p p
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and notice that the second and fourth terms of the right-hand side combine as:

- (P2+ B2\ P21pB?_ .
_pig, ( i ) g pi— P
2p p

(since p* = B% + P?), while the first and third terms give:

P'BIB;
5 ()
p

(using V - B = 0), which leads to the “entropy conservation law” (|1.2.12)).]

Let us now perform the quadratic change of time:

2
taezt—, B — B, P—>ﬁP,
2 dt

which leads, as 6§ << 1, to the asymptotic system

agB+V'<B®P;P®B)_O, (1.2.13)
V-B=0, p=|B| (1.2.14)
P=V. (B®B>. (1.2.15)

P

Notice that this implies B - P = 0, since, in coordinates,

B'Bj Bi B! B?
p p p 2p?

(using V-B = 0 and |B| = p). We also get the extra equation, derived from ([1.2.12)),

P2
890+7+V'P:0, p:|B|. (1.2.16)

[Indeed, v/B? + 20P2 = | B| + %£* + O(62), which leads to

18]

2

P
OgV B% 4+ 20P? = 04| B| + —

5 +000).

We also used B- P = (.| Notice that this equation is no longer in conservation form,
due to the emergence of the dissipation term P?/p after the quadratic change of
time t — 6. Equations also provide a priori bounds for any smooth
solutions B and P on the flat torus T? (that we have already taken into account in

Definition [3.1.1)):

/Td|B(9)’§/Td\B(O)\, Vo € 10,7, /OT Td%g/@‘g(o)’,
T Td\P\g\//OT/ |B|\// Td|B\<\/_/ 1B(0)




and, for 0 < 60y < 0; < T, and any smooth vector field ¢ = ¢(x),

(Lmor-mmya) = ([ [ow-oaezr)
<t - [ ([ 17)

(where Lip(¢) denotes the Lipschitz constant of ¢),

< Lip()*(61 — o) /(:1 (/Td |];2| T4 |B|)
< Lip(p)(61 — o) (/ |B(O>’)2’

which shows that B is bounded in C*/2([0, T], (C*(T%)),.) by a constant depending
only on [, |B(0)| and T'.

Equations (|1.2.13|]1.2.14}]1.2.15) can also be written in non-conservative form in
terms of

b=—, v=—, p=|B|
P P

We already have b*> = 1 and b- v = 0. Using coordinates, we first get from (1.2.15))

B'BJ

' =P =0; ( ) = 0;(pb't’) = pb’ 9;b'
(since 9;(pb’) = 9;B7 = 0). Next, (1.2.13)) becomes
p(0pb" + 01 0;b" — b Oju") = —b'(pp + 0j(pv?)) = b’ pv®
(thanks to (1.2.16])). So we have obtained
b+ (v-V)b=(b-V)v+b? v=(b-V)b, (1.2.17)

(which is consistent with b* = 1 and b-v = 0 as can be easily checked). Notice that
(1.2.16]) can be written according to the non-conservative variables as

Oop +V - (pv) = —pv?, (1.2.18)

which is a linear equation in p.

1.3 Analysis of the Eulerian curve-shortening flow

1.3.1 Relative entropy for the Eulerian equations for strings

We start from the “Eulerian” version ([1.2.9)1.2.10}{1.2.11)) of the string equation
(1.2.5). This system belongs to the class of systems of conservation laws

OV +V-F(V)=0,
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where F is a given function and V' is a vector-valued function (for us V' = (B, P)).
If such a system admits an extra conservation law

HEV)Y+V-G(V) =

for a pair of functions &£,G, with & strictly convex, then the system is automat-
ically “hyperbolic” (i.e. well posed, at least for short time), under minor addi-
tional conditions [20], and £ is often called an “entropy” for the system (although it
should be called “energy” for a large class of applications). The system for strings
(L.2.9[1.2.10]1.2.11)) admits such an extra conservation law, namely (1.2.12), with
V = (B,P) = £(V) = vVB? + P? as entropy function. [Notice, however, that the
entropy p is not strictly convex.|

Hyperbolic systems of conservation laws with convex entropy enjoy a “weak-
strong uniqueness” principle [20], based on the concept of “relative entropy” (also
called “modulated energy” or “Bregman divergence”, depending of the frameworks):

n(V,Ve) =&V) = &EWV7) = VEWVT) - (V - V7),

which is just the discrepancy between £ at point V' and its linear approximation
about a given point V*. (Observe that, as £ is a convex function with Hessian
bounded away from zero and infinity, the relative entropy behaves as [V — V*|?.)
Notice that the relative entropy is as convex as the entropy as a function of V' (V*
being kept fixed) since it differs just by an affine term.

In the case of system ([1.2.91.2.10}{1.2.11)), the relative entropy density is defined, for
(B,P) € R? x R% and (0, v") € R? x R%, by

|B — pb*|* + | P — pv*|° 1+ b*? 4 v*?
2 I

—B-b"—P-v, p=+vB2+ P2

’r]:

which is convex in (B, P). (Notice that, at this stage, we do not assume b**+v** = 1,
which would be natural to define the relative entropy but would lead to contradic-
tions after performing the quadratic change of time as will be done in the next
subsection.)

Let us now consider a smooth, Z?— periodic in space, solution (B, P)(t,z) of equa-
tions ((1.2.9}f1.2.10}1.2.11]) and monitor the evolution, on a fixed time interval [0, 77,
of the integral of 1 over (R/Z)?, for some smooth trial functions:

(t,z) € [0,T] x (R/Z)" — (b*(t,z) € RY, v*(t, x) € RY).

After tedious and elementary calculations, we find

- 2_1pl< — ) (B; — ) @05 + 010

_ 2—p(P pv; ) (Py — pvi) (9] + 9pv7)

/ %( — pb}) (P — pv3) (007 — O;b3)
+/77 L /B L2+/P_Lg_/(P;Of)B,V(b*%;U*z)

(1.3.1)
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where

&

1+ b2 4+ *2’

=D (b +0v*?) = 26" -V(b*-v*), D= (0, +v*-V),
Ly = —Dib* + (b* - V)v* + V(b* - v*) + b*Ly

L3 = —l):'l})'< + (b* . V)b* + U*Ll

L, =

1.3.2 Relative entropy and quadratic change of time

After the quadratic change of time,

2

t
t—>0:§, p—p, B—B, b=V P—=0@t)P, v — 00

we get 0'(t)2 =20, 0"(t)=1

/

3
Il

— pb;)(Bj — pb})(0;v] + 9;vj)

[\D

— o) (007 + By)

— pb7)(Pj — pv;)(9;b; — 9,b])
. *2 *2
1 /B L2+/P-L3—/(P f)B_V(b —1—22611 )
P

L= (1+02 4 200%) " ¢,
C* = Dg(b™ +200*%) — 20" - V(b* -v*), D= (9p +v* - V),
Ly =—Dyb* 4+ (" - V)" + V(b" - v*) + b"L,
Ly = —v* — 20Djv* + (b* - V)b* + 200°L,.

3 ‘cl»—*clccab

+

\\\

where

Now, in order to address the Eulerian curve-shortening system, we want to drop the
terms of order O(f) and limit ourself to the case when b**> = 1. However, we have
to be very careful about all terms involving 0y. This happens first in the definition
of (*, because of the term

Dy(b** + 20v*%) = Dy(b*?) + 20*% + O(6).
So, in the limit # = 0, with b** = 1, we find
¢* = 20" = 20" - V(b - v7)

and therefore,
Ly =02 =0 - V(O -v").

Similarly, we have to take care of

d
a0 |
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where
1467 4 2007

p—B-b"—=20P-v*

2
and P2
p=VB?+20P? = |B|+¢9‘B| + O(6%)
We get

2

P
89,0 = 89|B‘ + =

] +O(0),

*2

dgn = v**p + Ou( p) — Og(B-b*) —2P-v" + O(0)

This leads, as b*? =1, to

p=|B|+0(6). n=|Bl—B-b+0(),

2

P
8977 = v*2p+89|B| + —

T~ 0B ) = 2P+ 0(0)

(P — [BJv*)? o, (P =pv)?
T+O(9):@g(p—3-b)+T

Finally, after dropping the terms of order O(#) and limiting ourself to the case when
b*? = 1, we have found

= 9(|B| — B-b*) + +0(0).

L =v? = b -V v,
Ly =—=Dyb* 4+ (" - V' + V(b" - v*) + "L,
= —D;b* + (b* - V)o* + V(b - v*) + b* (v = b* - V(b* - v*)),
Dy =(0p+v"-V), Ly=—v"+(b"- V)b,
and, for all smooth trial field b* such that b** = 1,

@/U—I—/T —/2_p1(BZ_pbi)(BJ pb;) (907 + 9ivj)
— b)Y (Py — pu) (O3 — Ob) (13.2)

/UL1+/B L2+/P Lg,

(B—|BIb")* _ (B—pb*)
2|B| - 2p

where

p=IBl, n=p—-B-0"=|B[-B-0" =

Using the Cauchy-Schwarz inequality, we can find a constant ¢* depending only on
b* and v* such that

P — * |2
+/|2—pv|§c"/ndx+/B-L2+/P-L3.
p

This implies, for any constant r > ¢*,

d |P_pv>k|2 *
— — - — < . .
(r+d9)/?7+/ 2 + (r c)/ndx_/B L2+/P Ls
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r

and, after multiplying this inequality by e~ and integrating in time o € [0, 6],

eTe/n(9)+/09 e’ ((r - c*)/n—l—/w — R) (0)do < /77(0), (1.3.3)

where
R:/BLQ+/PL3,

Ly = —Dib* + (b" - V)o* + b*0*2 — b*(b* - V)(b* - v*), Ly= —v* + (b* - V)b".

We can write

|P_pv*‘2 AQ
L P—ov") - A— p—
5 sgp( pv*) P 2
A
:supP-A—(77+B-b*)(v*-A+7>
A

(since n = p — B - b*) and substitute for inequality (1.3.3) the family of inequalities

o faos [ [ poamng s (v - AAERD,

~B- <L2 +b*w)1 (0)do < /77(0). (1.3.4)

Observe that these inequalities are convex in (B, P) as long as r is chosen so that

A (A+ 20*
rzc*—l—sup%.
0,z

However, this creates a problem, since r must depend on A. This is why we
input a cut-off parameter A > 0 and assume that the trial functions A are chosen
with |A(6, z)] < A\. By doing this, the advantage is that we maintain the convexity
of inequality as long as r is chosen big enough only as a function of b*,v* and A,

namely:
2

A
r>c+ 5 T A[0™]] so-
The price to pay is that we cannot fully recover
[P — pv*f?
2p
by taking the supremum over all A such that |A| < A, but only the A—approximation
Ky(p, P — pv*), where

A? 7|2 71 — \p)2
KA(P,Z):supZ.A_p_:‘ | _(| ‘ p)+20.

AJ<A 2 2p 2p

Observe that, by doing so, we keep a good control of the distance between P and
pv*, since (as can be easily checked)

(P — po)” MP_’)”*‘). (1.3.5)

KA(mP—pv*)Zmin( 0 T 2
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So, the supremum of inequalities ([1.3.4)) over all trial functions A such that |A| < A,
is equivalent to

e /77(0) + /09 e”’(/ Kyx(p,P—pv*) + (r —c")n — R)(0)do < /77(0). (1.3.6)

Now let us consider (B, P) not only as functions but also as vector-valued Borel
measures, for which is still well-defined. The A—approximation Ky(p, P—pv*)
can be interpreted as a function of measures [22] and is equivalent to
in the sense that,

6 [% AQ
/ e‘“’/Kx(p,P —pv") = sup / e‘“’/(P —pv*) - A= p—-.
0 AccO 0 2

| Alloo <A

Notice that, due to the convexity of Ky, we have

[ [w0.p=pryorin = [ ([ ot 1= moi)) do

(1.3.7)

With these calculations, we have recovered the concept of dissipative solutions

as given in Definition 3.1.1} Then, the proof of our main results becomes straight-
forward.

Proof of Theorem [3.1.2]

We just have to show that, for fixed initial conditions By, the set of dissipative
solutions, as defined by Definition [3.1.1] if not empty, is convex and compact for
the weak-* topology of measures. The convexity of the set of solutions is almost
free. It follows directly from the convexity of inequalities . Let’s focus on the
compactness. Our goal is to prove that, if {(B,,, P,)}nen is a sequence of dissipative
solutions with initial data By, then up to a subsequence, it converges in the weak-*
topology of measures to a dissipative solution (B, P) with the same initial data. This
follows from the inequalities and suitable bounds that we assume for B,, and
P,. To see this, let’s first show that, supy [ |B,(f)| is uniformly bounded. (Indeed,
let’s take b* = (1,0,...,0), v* = A = 0 in . Then we have [|B,(0)| —
BL(#) < C [|Bo|, V0 € [0,T]. Since B, is bounded in CY/2([0,T], (C*(T%)),.),
there exists a constant C” such that for any n,0, | [ BL(0) — [ B}| < C’. Thus
we get a uniform upper bound of [ |B,(6)|.) Therefore, for any 6 € [0,T], the
set {B,(0) }nen is relatively compact for the weak-* topology of C'(T? R?)’. Next,
we look at the map [0,7] — C(T4 R?)! ., ¢ — B(t). This map is equicontinuous
because of the assumption on B,. Then, by Arzela-Ascoli’s theorem, there exists
B € C([0,T],C(T4,R?) .), such that, up to a subsequence, B,(0) —* B(f), V0 €
0, 7). Now, since [[ |P,| is bounded, there exists P € C([0,T] x T¢ R?)’, such that
P, —* P. Then because inequalities are stable under weak-* convergence,
we can prove that the limit (B, P) satisfies all the requirements in Definition [3.1.1]
therefore, it is also a dissipative solution with initial data By.

Proof of Theorem [3.1.3

Let (b,v) be a smooth solution of the non-conservative form of the curve-shortening

flow (1.1.2) with »* = 1, which directly implies b - v = 0. We have to show
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that any dissipative solution satisfies B = |B|b and P = |B|v, as soon as
B(0) = |B(0)|b(0). The proof is quite straightforward: we already have n(0) = 0
since B(0) = |B(0)|b(0). Next, we set b* = b, v* = v, A =0 and fix A > 0 in defini-
tion ([1.1.3). Since we have and b-v =0, we get Loy = Ly = 0. Since n > 0,
the inequality directly implies n = 0, V8 € [0,7], and, therefore B = |B|b.
Now, let’s go back to the inequality which is already simplified since n = 0.
By taking the supremum over all A such that [|A||. < A, we get

T
/ e”/K,\(p,P— IBlv) < 0.
0

Using (1.3.7) we deduce

/OTKA (/p<a),/\P— \Byv}(a)) do =0,

and, therefore, P = |B|v (because of (1.3.5))), which completes the proof.

1.4 Appendix 1.A: Modulated energy and dissipa-
tive solutions for ordinary dynamical equations

In this appendix, we explain, in the very elementary case of our dynamical system,
the concepts of “modulated energy” (also called “relative entropy”) and “dissipative
formulation”, which will later be used and extended to the dissipative setting.
Here, we crucially assume that the potential ¢ is convex and, in order to keep the
presentation simple, we assume that the spectrum of the symmetric matrix D?p(x)
is uniformly contained in some fixed interval [r,r~!] for some constant r € (0,1/2).
We further assume that the third derivatives of ¢ are bounded. The total energy of
a curve t — X (t) is defined by

%|X’(t)|2 +@(X(t)) (where X'(t) = Cil_)t( )

and is a constant as X is a solution to the dynamical system
X"(t) = =Vp(X(1)).

Given a smooth curve t — Y (¢), we define the “modulated energy” (or “relative
entropy”) of X at time ¢ with respect to Y by expanding the energy about Y at X:

nlt, X, Y] = %IX'(t) —Y'(O)] + o(X (1) — o(Y(t)) = V(Y (1)) - (X () = Y (1)).

Because of the assumption we made on ¢, n is a perfect substitute for the squared
distance between (X, X') and (Y, Y”):

< 2n[t7XaY] < -1
r r
TIX=-YP4+ X -Y)2 T
We get
d
X Y] = (X =Y - (X7 = YT) 4 V(X)) - X' = V() - Y
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VoY) (X' =Y) =Y D?p(Y) - (X =Y)
= (X'=Y") - (X"+Vp(X)=Y"=Vp(Y)+Y"-(Vo(X) = Vo (Y) = D*p(Y)- (X =Y)).
We first observe that
V(X) = Vip(Y) = D2p(Y) - (X = V)| < CIX — Y2 < Colt, X, Y]

where, from now on, C' is a generic constant that depends only on ¢ or Y. So,

St X, Y]~ (X = Y') - (X 4 Vpl(X) = Y7 = V(Y)) < Calt, X, V]

and then, after integration in time for ¢t € [0,7], T > 0 being an arbitrarily chosen
fixed time,

nIT, X,Y] - / LX) — V(1) - (wx () — ()Tt < g0, X, VIECT, (14.)

where

wz(t) = Z"(t) + Ve(Z(1))

Let us exploit inequality (|1.4.1)) in several different ways.
First, we see that for a curve X it is equivalent to be solution of the dynamical
system, i.e. wx = 0 or to satisfy

T
nlT, X,Y] +/ (X'(t) = Y'(t)) - wy ()eT= 9%t < 5[0, X, Y], VT >0, (1.4.2)
0

for any smooth curve Y, where C' is a constant depending only on Y (up to time
T) and ¢. Indeed, by taking as Y the unique solution of the dynamical system with
initial conditions Y (0) = X(0), Y’(0) = X'(0) provided by the Cauchy-Lipschitz
theorem on ODEs, we get both wy = 0 and 1[0, X, Y] = 0. Thus inequality
just says [T, X,Y] = 0 for all T > 0, which means X = Y and, therefore, X is
indeed a solution to the dynamical system. Thus, we can take (1.4.2)) as an alter-
native notion of solution, that we call “dissipative solution”. This inequality has the
advantage to be convex in X, as the initial conditions X (0), X'(0) are fixed, and
therefore preserved under weak convergence of (X, X').

Next, we use ([1.4.2)) to compare a solution X of the dynamical system with zero
initial velocity, i.e. X'(0) = 0, to the solution Z of the gradient flow equation

Z'(0) + Ve(Z(9)) = 0,
with initial condition Z(0) = X (0). Indeed, let us set Y (t) = Z(6), 6 = t*/2. Then
Y'(t) = tZ'(0), Y'(0) = 0, Y(0) = Z(0) = X(0), Y'(t) = Z'(0) + t2Z"(0), which
implies [0, X, Y] = 0 and wy (t) = t*Z"(6). So, (1.4.2) gives
T
[T, X, Y] + / (X'(t) = Y'(8) - 22" (¢*/2)e! "Vt <0,
0
which implies (by Cauchy-Schwarz inequality and by definition of 7)

T
WTXY)<C [ ol X Y]+ e
0
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where C'is a generic constant depending only on 7', ¢ and Z. By Gronwall’s lemma,
we conclude that n[t, X, Y] < Ct® which implies, by definition of 7,

dz

X(0)— 22 /2P + 1% (1)~ 1

t2/2)]? < Ct*, vt € [0,T),

as already claimed, at the beginning of this subsection. (See ([1.2.2)).) (Notice that
the smallest expected error is O(t°%) as shown by the example d = 1, p(z) = |z|?/2,
for which X (¢) = X (0) cos(t), while Z(0) = X (0) exp(—6).)

1.5 Appendix 1.B: Direct recovery of the Eulerian
curve-shortening flow

For the sake of completeness, let us check that system (1.2.13}[1.2.14|{1.2.15)) indeed
describes the curve-shortening flow in R?, for a continuum of non intersecting curves.
Let us do the calculation in the case of a single smooth time-dependent loop, s €
R/Z — X (0, s), that we assume to be non self-intersecting at every fixed time 6, and
such that 9;X never vanishes. We introduce (as a distribution, or, if one prefers, as
a “l—current”)

B(0,x) = e Iz — X(0,5))0:X(0,s)ds,

which automatically satisfies V - B = 0. Since X is smooth, not self-intersecting,
and 0, X never vanishes, by assumption, we may find a smooth vector field v(6, x)
such that

0y X(0,s) =v(0,X(0,s))

that we can interpret as the “Eulerian velocity field” attached to the loop evolution.
We also introduce the nonnegative field

p(0,x) = e d(x — X(0,5))]0sX(0,s)|ds

which can also be interpreted as |B(6,z)| since X is supposed to be non self-
intersecting. We get (using indices i, j,k € {1, - d} with implicit summation
on repeated indices)

0 B(0, ) = / —(0,0)(x — X (6, 5))0,X7 (8, )0, X (6, 5)

R/Z
+6(z — X (0,5))0%X"(0, s)]ds
(in distributional sense)
= —/ (0;0)(x — X (0, 8))[0s X7 (0,5)0, X" (0, s) — 0 X"(0,5)0, X7 (0, 5)]ds
R/Z
(after integration by part in s € R/Z of the second term)

= —0, §(z — X(0,5))[0sX7(0,5)0,X(0,8) — 0 X" (0,5)0: X7 (0, s)]ds.
R/Z
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So

0yB(0,2) = —-V- x—X(0,2))(0sX(0,s)R0p X (0, 5)—0p X (0, s)20sX (6, s))ds.
R/Z

Then we can write

Oy B(0,x)+V- I(x—X)(0:X (0, s)@v(0, X(0,s))—v(0, X(0,s)®0:X(0,s))ds =0
R/Z

which means, exactly, that by the definition of B,
B+V-(Bov—v®B)=0. (1.5.1)

Since X is assumed to be non-intersecting, by definition of v, we may write

(\B[U)(@,x):/ Sz — X(0,5))]0:X(0,5s)|v(0, X(0,s))ds

R/Z

So far, we have not used equation (|1.2.8)), namely

1 0s X
0p X = Oy (—),
= ax ey
Let us do it now:
i i 05 X"
(pv')(0,2) = (|B]v")(,2) = | d(z — X(6,5))0s( )ds
R/Z |asX|
0,X70, X"
= 9:0)(x — X(0,5)) ———ds
[ ome=x0n% s
(after integrating by part in s € R/Z)
0,X70, X"
=0, §x — X(0,5)=———ds
; M( (6,5)) EBY
that we can interpret as
B® B B®B
pv =V - =V .
| B| p
Finally we can write (1.5.1]) as
B®P—-P®B B® B
B+ V. (22 ; ©By oy, v.B=0, P=V. f . p=|B|,

where P stands for pv and (B, p, P) solves equations (1.2.13|]1.2.1411.2.15|). So far,
our claim has been justified only in the case of a single loop. We next argue that,
due to its homogeneity of degree 1, equations ((1.2.13}|1.2.14)1.2.15)), in spite of their
nonlinearity, enjoy a nice superposition principle, in the sense that we may still
get a solution by superposing several smooth curves subject to curve-shortening as
long as they do not intersect and we may even build smooth solutions by using a
continuum of such curves. This concludes the proof of our claim that equations
(1.2.13}]1.2.14}|1.2.15)), are the “Eulerian formulation” of the curve-shortening flow.
Notice that similar calculations can also be performed to justify the Eulerian version

(1.2.911.2.10}§1.2.11)) of the string equation (|1.2.5)).
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Chapter 2

Magnetohydrodynamic regime of the
Born-Infeld electromagnetism

2.1 Introduction

There are many examples of dissipative systems that can be derived from conser-
vative ones. The derivation can be done in many different ways, for example by
adding a very strong friction term or by homogenization techniques or by properly
rescaling the time variable by a small parameter (through the so-called “parabolic
scaling”). In the recent work of the author and Y. Brenier [14], we suggested a
very straightforward idea: just perform the quadratic change of time t — 6 = t2/2.
Several examples were studied in that paper. One example was the porous medium
equation, which can be retrieved from the Euler equation of isentropic gases. An-
other relevant example, at the interface of Geometry and High Energy Physics, is
the dissipative geometric model of curve-shortening flow in R? (which is the simplest
example of mean-curvature flow with co-dimension higher than 1) that we obtained
from the conservative evolution of classical strings according to the Nambu-Goto
action. This chapter is a follow-up of [I4], where the Born-Infeld model of Electro-
magnetism is taken as an example, and as a result, we get a dissipative model of
Magnetohydrodynamics (MHD) where we have non-linear diffusions in the magnetic
induction equation and the Darcy’s law for the velocity field.

The Born-Infeld (BI) equations were originally introduced by Max Born and
Leopold Infeld in 1934 [7] as a nonlinear correction to the linear Maxwell equations
allowing finite electrostatic fields for point charges. In high energy Physics, D-branes
can be modelled according to a generalization of the BI model [42, [30]. In differential
geometry, the BI equations are closely related to the study of extremal surfaces in
the Minkowski space. In the 4-dimensional Minkowski space of special relativity,
the BI equations form a 6 x 6 system of conservation laws in the sense of [20], with
2 differential constraints,

Bx (D xB)+D
h

8,5B+v><(

):0, 9D+ x (Dx(DxB)—B):Q

h

h=+14+D2+B2+(DxB)?2, V-B=V-D=0,

where we use the conventional notations for the inner product - and the cross-product
x in R3, the gradient operator V, the curl operator Vx and the electromagnetic
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field (B, D). By Noether’s theorem, this system admits 4 extra conservation laws
for the energy density A and Poynting vector P, namely,

PR P—-B®B-D®D 1

h h

where

P=DxB, h=+/1+D2?+B?2+|D x B2

As advocated in [10], by viewing h, P as independent variables, the BI system can
be “augmented” as a 10 x 10 system of hyperbolic conservation laws with an extra
conservation law involving a “strictly convex” entropy, namely

h'(1+ B? + D* + P?).

This augmented BI system belongs to the nice class of systems of conservation laws
“with convex entropy”, which, under secondary suitable additional conditions, enjoy
important properties such as well-posedness of the initial value problem, at least for
short times, and “weak-strong” uniqueness principles [20].

For the 10 x 10 augmented BI system, we obtain, after the quadratic change of
the time variable ¢t — 6 = t?/2, the following asymptotic system as << 1:

B+Vx (h'BxP)+Vx (h'Vx(h'B)=0,

Oh+V-P=0, P=V-(h"'B®B)+V(h")

This system can be interpreted as an unusual, fully dissipative version of standard
Magnetohydrodynamics, including a generalized version of the Darcy law, with a
fluid of density h, momentum P and pressure p = —h~! (of Chaplygin type), in-
teracting with a magnetic field B. It belongs to the class of non-linear degenerate
parabolic PDEs.

In the rest part of the chapter, we proceed to the analysis of this asymptotic
model (that we call “Darcy MHD”) obtained after rescaling the 10 x 10 augmented
BI model: (i) in Section , we define a concept of “dissipative solutions” in a
sense inspired by the work of P.-L. Lions for the Euler equation of incompressible
fluids [39], the work of L. Ambrosio, N. Gigli, G. Savaré¢ [2] for the heat equation
(working in a very general class of metric measured spaces) and quite similar to the
one recently introduced by Y. Brenier in [I1]; (ii) in Section we demonstrate
some properties of the dissipative solutions. we establish a “weak-strong” uniqueness
principle, in the sense that, for a fixed smooth initial condition, a smooth classical
solutions is necessarily unique in the class of dissipative solutions admitting the
same initial condition; we prove the “weak compactness” of such solutions (i.e. any
sequence of dissipative solutions has accumulations points, in a suitable weak sense,
and each of them is still a dissipative solution); (iii) in Section [2.4] we estimate the
error between dissipative solutions of the asymptotic system and smooth solutions
of the 10 augmented Born-Infeld system; (iv) we finally prove the global existence
solution of dissipative solution for any initial condition, without any smoothness
assumption. This last point, which is a non-surprising consequence of the weak
compactness, nevertheless requires a lengthy and technical proof which is presented

in Section 2.6l and Section R.71
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2.2 Direct derivation of the diffusion equations

2.2.1 Presentation of the Born-Infeld model

For a m 4+ 1 dimensional spacetime, the Born-Infeld equations can be obtained by
varying the Lagrangian of the following density

S R C)

where n = diag(—1,1,...,1) is the Minkowski metric tensor, ¥, = 9,4, — 0, A, is
the electromagnetic field tensor with A a vector potential. The parameter A € (0, 00)
is called the absolute field constant which can be comprehended as the upper limit
of the field strength [7]. In the 4 dimensional spacetime, by using the classical
electromagnetic field symbols B, D, the BI equations can be written as

ND + B x (D x B)
VAL + A2B2 + X2D? + |D x BJ?

atBJer( ):0, V-B=0, (221)

—~A?B+ D x (D x B)
VAL +A2B2 + A2D? + |D x BJ?

(9,5D—|—V><< )—O, V-D=0. (2.2.2)

Now, let us introduce some background of the BI model. The BI model was
originally introduced by Max Born and Leopold Infeld in 1934 [7] as a nonlinear
correction to the linear Maxwell model. Born had already postulated [5] a universal
bound A for any electrostatic field, even generated by a point charge (which is
obviously not the case of the Maxwell theory for which the corresponding field is
unbounded and not even locally square integrable in space), just as the speed of
light is a universal bound for any velocity in special relativity. As A — oo the linear
Maxwell theory is easily recovered as an approximation of the BI model. Max Born
proposed a precise value for A (based on the mass of the electron) and showed no
substantial difference with the Maxwell model until subatomic scales are reached. In
this way, the BI model was thought as an alternative to the Maxwell theory to tackle
the delicate issue of establishing a consistent quantization of Electromagnetism with
A playing the role of a cut-off parameter. As a matter of fact, the BI model rapidly
became obsolete for such a purpose, after the arising of Quantum Electrodynamics
(QED), where renormalization techniques were able to cure the problems posed by
the unboundedness of the Maxwell field generated by point charges. [Interestingly
enough, M. Kiessling has recently revisited QED from a Born-Infeld perspective
[34, B35].] Later on, there has been a renewed interest for the BI model in high
energy Physics, starting in the 1960s for the modelling of hadrons, with a strong
revival in the 1990s, in String Theory. In particular the new concept of D-brane was
modelled according to a generalization of the BI model [42], 30].
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Another important feature of the BI model is its deep link with differential
geometry, already studied in a memoir of the Institut Henri Poincare by Max Born
in 1938 [6]. Indeed, the BI equations are closely related to the concept of extremal
surfaces in the Minkowski space. As a matter of fact [I0, 16|, as A — 0, the BI
model provides a faithful description of a continuum of classical strings, which are
nothing but extremal surfaces moving in the Minkowski space.

From a PDE viewpoint, the BI equations belong to the family of nonlinear sys-
tems of hyperbolic conservation laws [20], for which the existence and uniqueness
of local in time smooth solutions can be proven by standard devices. A rather im-
pressive result was recently established by J. Speck [50] who was able to show the
global existence of smooth localized solutions for the original BI system, provided
the initial conditions are of small enough amplitude. His proof relies on the null-form
method developed by Klainerman and collaborators (in particular for the Einstein
equation) combined with dispersive (Strichartz) estimates. This followed an earlier
work of Lindblad on the model of extremal surfaces in the Minkowski space which
can be seen as a “scalar” version of the BI system [3§].

2.2.2 The 10 x 10 augmented BI system

In 2004, Y. Brenier showed that the structure of the BI system can be widely
“simplified” by using the extra conservation laws of energy and momentum provided
by the Noether invariance theorem, where the momentum (called Poynting vector)
is P = D x B while the energy density is h = /1 + B2+ D? + P2 [10]. They
read (after A has been normalized to be 1, which is possible by a suitable change of
physical units)

PRP-B®B-D®D 1

; E) . (2.23)

At this point, there are two main possibilities. The first one amounts to add the
conservation of momentum (i.e. 3 additional conservation laws) to the 6 x 6 original
BI equations, written in a suitable way, where P is considered as independent from
B and D (namely not given by the algebraic relation P = D x B) while h is
still h = v/1+ B2+ D? + P2, This strategy leads to the 9 x 9 system and the
conservation of energy then reads

D-P\D+(B-P\B—P+DxB
at\/1+B2+D2+P2+V-P+V.(( )D + ( ) +D x >:0

14+ B2+ D? + P?

where the energy is now a strictly convex function of B, D and P. It can be shown
[10] that the algebraic constraint P = D x B is preserved during the evolution of any
smooth solution of this system, which implies that, at least for smooth solutions,
the 9 x 9 augmented system is perfectly suitable for the analysis of the BI equations.
This idea has been successfully extended to a very large class of nonlinear systems
in Electromagnetism by D. Serre [?]. An even more radical strategy was followed
and emphasized in [I0], where h itself is considered as a new unknown variable,
independent from B, D and P, while adding the conservation of both energy and
momentum (i.e. 4 conservation laws) to the original 6 x 6 BI system, written in
a suitable way. This leads to the following 10 x 10 system of conservation law for
B, D, P, h:

BxP+D

Oh+V.-P =0, 8tB+V><< -

):0, V-B=V-D=0, (2.24)
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DxP—DB PRP-B®B-D®D—1I
atD—l—VX(xT):O,@tP—l—V-( © ®h © 3)

Once again, the algebraic constraints, namely

P=DxB, h=+1+ B2+ D2+ P2

are preserved during the evolution of smooth solutions. The 10 x 10 extension has
a very nice structure, enjoying invariance under Galilean transforms

(t,z,B,D,P,h) — (t,x +Vt,B,D,P —Vh,h)

(where V' € R3 is any fixed constant velocity). This is quite surprising, since the
BI model is definitely Lorentzian and not Galilean, but not contradictory since such
Galilean transforms are not compatible with the algebraic constraints:

P=DxB, h=+V1+B2+ D2+ P?
In [16] it is further observed that, written in non conservation forms, for variables
(7,b,d,v) = (1/h, B/h,D/h, P/h) € R',
the 10 x 10 system reduces to
Ob+ (- Vb= (b-Vv—1Vxd, 0d+(v-V)d=(d-V)v+7V xb, (2.2.6)
T+ (w-V)r=7V-0v, Qv+ (v-Vo=(b-V)b+(d-V)d+71V7, (2.2.7)

which is just a symmetric quadratic system of first order PDEs, automatically well-
posed (for short times) in Sobolev spaces, such as W*? for any s > 5/2, without
any restriction on the values of (b,d,v,7) in R (including negative values of 7!).
Once again, the algebraic constraints, which can be now nicely written as

BP+d>+vP+712=1, t7u=dxb

are preserved during the evolution. Notice that two interesting reductions of this
system can be performed. First, it is consistent to set simultaneously 7 = 0 and
d = 0 in the equations, which leads to

Ob+ (v-V)b=(b-V)v, dw+ (v-V)v=(b-V)b,
while the algebraic constraints become
b +0v*=1, b-v=0.

This system can be used to describe the evolution of a continuum of classical strings
(i.e. extremal 2—surfaces in the 4—dimensional Minkowski space) [16]. A second
reduction can be obtained by setting 7 = 0, b = d = 0 which leads to the inviscid
Burgers equation

v+ (v-V)p=0

This equation, as well known, always leads to finite time singularity for all smooth
localized initial conditions v, except for the trivial one: v = 0 (which, by the way,
shows that Speck’s result cannot be extended to the 10 x 10 BI system, without
restrictions on the initial conditions).
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2.2.3 Quadratic time rescaling of the augmented BI system

Let us perform the following rescaling of the 10 x 10 augmented BI system ([2.2.4)-

(12.2.5)):
de _df
t—=0=1t*/2, h,B,P,D—h,B P—,D—
dt’  dt
Observe that the symmetry between B and D is broken in this rescaling since D
is rescaled in the same way as P but not as B. We obtain, after very simple

calculations, the following rescaled equations,

%h+Vf%ﬂ,%B+Vx( .

peafan v (220)] —vx (2)

BxP+D)_O

h h

FEELRER) | —v (2R w v

In the regime 6 >> 1, we get a self-consistent system for (D, P, h) (without B!)

P +20 {%P—l—V-(

DxP
h

Oph+V -P =0, (%D—Q—VX( =0,

PRP-D®D
c%P—l—V-( = = )zO,

h

which, written in non-conservative variables (d,v) = (D/h, P/h), reduces to
v+ (w-Vv=(d-V)d, 0d+ (v-V)d=(d-V)v,

that we already saw in the previous subsection as a possible reduction of the (10 x 10)
extended BI system (which describes the motion of a continuum of strings). The
regime of higher interest for us is the dissipative one obtained as 6§ << 1. Neglecting
the higher order terms as § << 1, we first get

D=V x (h"'B)
which allows us to eliminate D and get for (B, P, h) the self-consistent system
HB+V x (W'BxP)+V x (h7'Vx (h'B)) =0,

Hh+V-P=0, P=V-(h'BB)+V(h).

This can be seen as a dissipative model of Magnetohydrodynamics (MHD) where a
fluid of density A and momentum P interacts with a magnetic field B, with several
interesting (and intriguing) features:

(i) the first equation, which can be interpreted in MHD terms as the “induc-
tion equation” for B, involves a second-order diffusion term typical of MHD:
V x (h~'V x (h7'B)) (with, however, an unusual dependence on h); (ii) the third
equation describes the motion of the fluid of density h and momentum P driven by
the magnetic field B and can be interpreted as a (generalized) Darcy law (and not
as the usual momentum equation of MHD), just if the fluid was moving in a porous
medium (which seems highly unusual in MHD!); (iii) there are many coefficients
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which depend on h in a very peculiar way; in particular the Darcy law involves the
so-called Chaplygin pressure p = —h~! (with sound speed \/dp/dh = h™'), which
is sometimes used for the modeling of granular flows and also in cosmology, but not
(to the best of our knowledge) in standard MHD.

To conclude this subsection, let us emphasize the remarkable structure of the
(10 x 10) extended Born-Infeld system, after quadratic time-rescaling t — 0 = ¢2/2,
which interpolates between the description of a continuum of strings (as 6 >> 1),
in the style of high energy physics (however without any quantum feature) and a
much more “down to earth” (but highly conjectural) dissipative model of MHD in a
porous medium (as 6 << 1)!

2.3 Dissipative solution of the diffusion equations

From now on, we focus on the analysis of the following system of diffusion equations
(we call Darcy MHD, or DMHD),

Oh+V - (hv) =0, (2.3.1)

OB +V x (Bxv+d) =0, (2.3.2)
DzhszX(%), P:hv:V.<B§§B)+V(h1), (2.3.3)
VB =0 (2.3.4)

Written in the non-conservative variables (7,b,d,v) = (1/h, B/h,D/h, P/h), the

equation reads
oT+v-Vr=7V-v, Ob+ (v-V)b=(b-V)v—71V xd, (2.3.5)

d=7Vxb v=(b-V)b+7VT (2.3.6)
For simplicity, we consider the periodic solutions on [0, T]x T3, T > 0, T = R/Z.

2.3.1 Relative entropy and the idea of dissipative solution

For the moment, ignoring the existence and regularity issues, we assume that there
exists a sufficiently smooth solution (h > 0, B, D, P) of the Darcy MHD ([2.3.1)-
(2.3.4]).
First, as introduced in the previous section, the augmented BI equations (2.2.4))-
(2.2.5) have a strictly convex entropy, namely,
1+ B*+D*+ P?
2h '

By performing the quadratic change of time ¢t — 6 = /2, in the regime 0 << 1,
the entropy is reduced to

1+ B?
2h
It is natural to consider the above energy for the reduced parabolic system i.e.,
Darcy MHD. As an easy exercise, we can show that the energy we suggested above
is decreasing as time goes on. In fact, we have the following equality,

d B?+1 D*+ pP?
dt Joers  2h wers R

0 (2.3.7)
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(This is easy to check, since

d B2+1_/B-atB_/B2+1
dt 2h h ,
B B +1
=— [ Vx E)-(va—i—d)—/V( + -P
5
h

2h?

RN EE

which, by ([2.3.3)), gives the dissipative term.)
Now, for any smooth test functions (b*, h*) € R3 x R, the relative entropy is

defined by

1 *\ 2 x—1\2
%[(B—hb) + (1= hh*1)?]

Before going on, let’s look at the following lemma which gives us a nice formula for
the relative entropy:

Lemma 2.3.1. For any functions P, B, D,v*,b*, d* € C'([0,T] x T?,R?), and pos-
itive functions 0 < h,h* € C'([0,T] x T3, R), suppose (h, B, D, P) is a solution of
the Darcy MHD (2.3.1))-(2.3.4), then the following equality always holds

d lah WTQ(w )W .
a v W Q)W W Lw") =0 9.3.8
& /xeTs ST T (w) (2.3.8)

where
U=(1—hh""\B—hb"), W= (ﬁ,D—hd*,P—M*), w* = (L0, d*, v¥),

Q(w*) is a symmetric matriz that has the following expression

-2V -v* (Vxd)T —(Vxb)T 0
\ Vxd  —Vv*— Vot 0 Vb — Vbt

Qw*) = b 0 o1, 0 . (2.3.9)

0 Vot — Vb 0 215

L(w*) = (Ly(w*), Lg(w*),Lp(w*), Lp(w*)) has the following expression

Ly(w*) = 8,(h*™") =K'V -0 + 0" - V(R*7Y), (2.3.10)
Lg(w*) = 0" + (v* - V)b* — (b* - V)o* + h* 7'V x d, (2.3.11)
Lp(w*) = d* — h* 7'V x b*, (2.3.12)
Lp(w*) =v* — (b*- V)b* — h* 'V (h*71). (2.3.13)

Moreover, we have L(w*) = 0 if (h*, h*b*, h*d*, h*v*) is also a solution to the Darcy

MHD @57)-Z3).

With the above lemma and the nice formula of the relative entropy, we can
apply the Gronwall’s lemma to estimate the growth of the relative entropy. This
is the start point of introducing the concept of dissipative solution to study such
degenerate parabolic system.
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Now, first, we see that the matrix valued function Q(w*) in (2.3.8) is a symmetric
and its right down 6 x 6 block is always positive definite. Now let us use I,,.,, to
represent the n xn diagonal matrix whose first m terms are 1 while the rest terms are
0, let 1; be the d x d identity matrix. Then it is easy to verify that for any ¢ € (0, 2),
there is a constant ro = ro(w*, d,T), such that for all r > ry and (¢, z) € [0,T] x T3,
we have

Q(w*) +rligs > (2 —0)Ip > 0.

For the convenience of writing, let us denote,

Qr(w") = Q(w") + rlipa. (2.3.14)
Then, (2.3.8) can be written as,
d O, (W)W | [
T - L(w*) = 0. 2.3.1
(dt 7‘) 5 —I—/ 5] +/W (w*) =0 (2.3.15)

We integrate it from 0 to ¢, then we have

|ﬁ<t)‘2 ! r(t—s WTQT(w*>W Ty * rt ‘[7(0>‘2
Rt —i—/oe( ) /—2h + W -L(w")|ds=e 2h(0)

(2.3.16)
Notice that the above equality have a nice structure since the left hand side is in fact
a convex functional of (h, B, D, P). It is even possible to extend the meaning of the
equality to Borel measures (cf. [22]). In our case, it is quite simple and direct. For
any Borel measure p € C(T? R)’ and vector-valued Borel measure U € C(T3, R*Y,
we define

1
A(p,U) = sup {/ ap+A-U, a+ §\A|2 < 0} € [0, +o0], (2.3.17)
T3

where the supremum is taken over all (a, A) € C(T% R x R*). As an easy exercise,
we can check that
1 2
- ul®p, p>0,U<p, U=up, uc L?
A(p,U) = 2/Ts"p = P g b

~+o00, otherwise

(2.3.18)

So we can see that A(p,U) is somehow a generalization of the functional [ % to
Borel measures. Similarly, we can define a functional in terms of the space time

integral of
/ ¢ wrQw
s JT3 2p

More precisely, for any Borel measure p € C([0,T] x T3 R)’, vector-valued Borel
measure W € C([0,7] x T? R¥)’", and matrix valued function Q@ € C([0,T] x
T3, R1*19) which is always positive definite, we define

~ t 1
A(p,w,@;s,w:sup{//ap+A-W, a+§|¢Q1A|2so}e[o,+oo],
s JT3
(2.3.19)
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where the supremum is taken over all (a, A) € C([s,t] x T%; RxRY), 0 <s <t < T.
Similarly, we have

1/ )
~ — > |/‘/ ‘/[/ f— 2
Ap, W, Q; s,t) = 2/3 /Ts‘@w’ proonlsdl, p 20, W<, we, w e Ly
(0. 9]

~+00, otherwise
(2.3.20)
By using the above defined functional, (2.3.16)) can be written as

e AR(E), U(1)) + Alh, W, e7Q, (w*); 0,t) + R(t) = A(h(0),U(0)).  (2.3.21)

R(t) = /Ot /T )

Now, instead of having an equality, we would like to look for all measure valued
solutions such that their relative entropies A(h,U) are less than the initial data in
(2.3.16]). This is the idea of introducing the concept of dissipative solution.

where

2.3.2 Definition of the dissipative solutions

With the help of (2.3.16)) and the introducing of A(h,U). Now we can give a defi-
nition of the dissipative solution of (DMHD). Our definition reads,

Definition 2.3.2. We say that (h, B, D, P) with h € C([0,T],C(T3 R)..), B €
C([0,7],C(T3,R3)..), D,P € C([0,T] x T3 R3), is a dissipative solution of
(DMHD) (2.3.1)-(2.3.4) with initial data hy € C(T3* R)', By € C(T* R3) i and

only if

(1) h(0) = hg, B(0) = By, A(ho,Uy) < 00, where Uy = (L, By), L is the Lebesgue
measure on T3.

(i) (h, B) is bounded in C%2([0,T],C(T® R*)..) by some constant that depends
only on T and (ho, Bp).

(iii) (2.3.1) and (2.3.4)) is satisfied in the sense of distributions. More precisely, for
allu € CY([0,T] x T3, R) and t € [0,T], we have

/Ot . Ouh+Vu-P= /1r3 u(t)h(t) — /JT?’ u(0)h(0) (2.3.22)

Vu(t) - B(t) =0 (2.3.23)

T3

(iv) For allt € [0,T] and all v*,b*,d* € C'([0,T] x T*,R?), 0 < h* € C'([0,T] x
T3, R) and all real number r > 1y, the following inequality always holds

e A(E), U()) + Alh, W, e " Qu(w*); 0,t) + R(t) < A(h(0),U(0))  (2.3.24)

where

U=(L~0""hB-w), W= (U,D-hd',P-h)
w* = (h*_l,b*,d*,v*),
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Q- (w*) is a symmetric matriz defined by Q,(w*) = Q(w*) + rl1p.4, where Q(w*) is
defined in (2.3.9). 1o is a constant chosen such that Q,,(w*) > I for all (t,z) €
0, 7] x T2. R(t) is a functional that depends linearly on W with the expression

R(t) :/Ot /Ts e W - L(w*). (2.3.25)

where L(w*) is defined in (2.3.10)-(2.3.13)).

Note that in the above definition, C(T? R)! . is the dual space of C(T? R)

equipped with the weak-* topology. It is a metrizable space, we can define a metric
that is consistent with the weak-* topology, for example, we can take

: |l =0 )]
d = 2 2.3.26
(P, p) ; 1+‘<,0_,0/7fn>‘ ( )

where { f,, } >0 is a smooth dense subset of the separable space C(T?,R), (-, ) denote
the duality pairing of C'(T?, R) with its dual space.

2.4 Properties of the dissipative solutions

In this section, we will study some properties of the dissipative solutions that we
define in the previous part. We will show that the dissipative solutions satisfy
the weak-strong uniqueness, the set of solutions are convex and compact in the
weak-* topology, and under what situation, the dissipative solutions become strong
solutions.

2.4.1 Consistency with smooth solutions

In this part, let’s look at a very interesting question about the dissipative solution. It
has been shown that, in Lemma [2.3.1] any strong solution (k, B, D, P) to (DMHD)
satisfies the energy dissipative inequality , so it is naturally a dissipative solu-
tion. On the contrary, it is generally not true that a dissipative solution is a strong
solution. However, if we know that the dissipative solution has some regularity (for
example C'! solutions), then the reverse statement is true. We summarize our result
in the following proposition:

Proposition 2.4.1. Suppose (h,B,D,P) € CY([0,T] x T3 R) is a dissipative
solution to (DMHD) (2.3.1))-(2.3.4) in the sense of Definition then is must be

a strong solution.

Proof. The proof follows almost the same computation as in Lemma [2.3.1] First,
the equation ([2.3.1)) and (2.3.4]) is naturally satisfied by the definition of dissipative

solution. Our goal is to show that (h, B, D, P) also satisfy (2.3.2)),(2.3.3) in the
strong sense. To prove this, we denote

6= 0,B+V x (W), b=D—V x (%)

e (252) ()
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We only need to prove that ¢ = 1 = ¢ = 0. In fact, for any test function v*, b*, d* €
CLH[0,T] x T3, R3),h* > 0 € CY([0,T] x T3 R), we follow the same computation
as in Lemma (this is shown in the Appendix 2.A), then we can the following
equality,

T e e L )

Now, let’s set b* =b— ¢, d* =d — ¢, v* = v — ¢, then we have

d \17\ WTQ )W 2, 2, 2

dat ) 2h /WL /(¢+¢+<P)
For r big enough, we have

oo QW | OO

Sl I —rs 2 =n\m I L(w) | ds —

on(T) © /0 ‘ o TWeLhds= P

T
:/ /e—rs(¢2_‘_w2+gp2)
0
By the definition of dissipative solution, we have

/OT/6T5(¢2+¢2+902) <0

This implies that ¢ = ¢ = ¢ = 0, which completes the proof.

2.4.2 Weak-strong uniqueness and stability result

The weak-strong uniqueness is essentially an important property for a suitable con-
cept of “weak” solution of a given evolution system. By the weak-strong uniqueness,
we mean that any weak solution must coincide with a strong solution emanating
from the same initial data as long as the latter exists. In other words, the strong so-
lutions must be unique within the class of weak solutions. This kind of problem has
been widely studied in various kinds of equations (Navier-Stokes, Euler, etc.), even
for measure valued solutions [12]. In our (DMHD), we will show that the dissipative
solution also enjoy this kind of property. First, let’s us show a stability estimate.

Proposition 2.4.2. Suppose that (h* > 0,B*, D* P*) is a classical (at least
C') solution of (DMHD) (2.3.1)-(2.3.4) with initial value (h*, B*)i—o = (h{, By).
(h, B, D, P) is a dissipative solution with initial value (h, B)|i=o = (ho, Bo). Let us
denote .

U= (L—hh*"",B—hb*"), W= (U,D—hd",P—hv)

where b* = B*/h*, d* = D*/h*, v* = P*/h*. Then, for anyt € [0,T], there exist a
constant C' that depends only on the choice of (h*, B*, D*, P*), the value of A(hg, Up)
and T, such that the following estimates hold

1T @)y < CeAlho, To), W3- < CeT A(ho, U). (24.1)
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Here ||+ |l7v, || ||7v+ respectively represent the total variation of measures on T* and
[0, T] x T3. Furthermore, we have that

() = h* (D) |7y, 1B(t) = B*(8)][7y < Ce“Alho, U), (2.4.2)
D — D*||2y., ||P = P*||2. < Ce“TA(ho, Uy). (2.4.3)

Proof. The proof is very simple. We just need to take (h*,b*,d*, v*) defined in the
proposition as our test functions and apply it to the energy dissipative inequality
(3.1.8). Because (h*, B*, D*, P*) is a strong solution, so we have L(w*) = 0, where
w* = (k71 b*,d*,v*). Let ro > 0 be a constant such that Q,,(w*) > I, for all
(t,) € [0,T] x T3. Then for r > ry and ¢ € [0, T], gives

e A(h(t), U(t) + Alh, W, e Q,(w"); 0, 1) < A(ho, Uo).

So we have N N
A(R(t),U(t)) < e”A(ho, Uo),

and, since e "*Q,(w*) > e "I}, we have
e TA(h, W, 1,0;0,T) < A(h, W, e "*Q,(w*);0,T) < A(ho, Up).

Now, since h satisfies (2.3.1)) in the sense of distributions, we have

/Tgh(t):/who.

Then, by the expression of A, A in (2.3.18]),(2.3.20]), and Cauchy-Schwarz inequality,
we have

Tl <200, 00) [

’]1‘3

h(t) < 2" A(hg, Up) / ho

T3

o~ o~ —~— T ~

Wy < 2R(h, W, L0;0,T) / / h < 2T A(ho, D) / o
0 T3 T3

Now, we would like to estimate the value of || ho||rv, given the value of Ay = A(hg, Up)
and hg. Since

2
N L *
2 / ho = 1Tl 2 1€ — hoh Py = 1031122 (/ . w)

[ 5= ol < gl 20 [ o

T3 T3

Then we have that
[ v [ ms=nol+ [ h < Ugleq/280 [ ot [ 1
T3 T3 T3 T3 T3

1
<5 [ o+ I+ [ b
T3 T3
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So we have the estimate

[ o< (Wt [ 1)
T3 T3

Combining the above results, we can find a constant C' which depends only
on (h*, B*, D*, P*), A(ho,Up) and T, such that the estimate (2.4.1)) is satisfied.
(2.4.2)),(2.4.3]) are also easy to prove, since we have
I1B(®) = B*@)llrv< |1B(t) = AU ({)llzv + [|1B°(t) = h(O)Y () [rv
< IB(t) = k()" O)llzv + 1B ()]l [| £ = RO (O) ]|,

< A+ (1B ls) 1T @) lrv
Similarly, we have

ID = D*llzv-< D = hdry- + |[D[los | £ = B .
< (L4 1D o)W v+,

11(t) = B* @) llrv < 1B llT@)llzv, 1P = P lrve < (14 1P o) [W ]l

Then by (2.4.1)), we can quickly get our desired result.
O

The above proposition gives us an estimate of the distance of two different dis-
sipative solution as time evolves. As a direct consequence, we immediately get the
weak-strong uniqueness for the dissipative solutions.

Proposition 2.4.3. Suppose that (h > 0, B, D, P) is a classical (at least C') so-

lution to (DMHD) (2.3.1)-(2.3.4) with initial value (h, B)|;=o = (ho, Bo), then it is
the unique dissipative solution to (DMHD) with the same initial value.

Proof. The proof is very simple. Suppose there is another dissipative solution
(W', B', D', P"). Since Uy = 0, the estimates (2.4.2)),(2.4.3) in the previous proposi-
tion just give us the uniqueness.

O

2.4.3 Weak compactness

From the previous parts, we know that, if we have a smooth dissipative solution,
then it should be a strong solution, and, therefore, it should be the unique dissipative
solution with the same initial data. However, in general, dissipative solutions are not
usually that regular. A natural question is that, what happens to the dissipative
solutions that are not smooth? Are they unique? If not, what can we conclude
for the set of dissipative solutions? In this part, we will show that the dissipative
solutions satisfy the “weak compactness” property (i.e. any sequence of dissipative
solutions has accumulations points, in a suitable weak sense, and each of them is
still a dissipative solution). We summarize our result in the following theorem:

Theorem 2.4.4. For any initial data By € C(T? R3?), hy € C(T3 R)', satisfying
that V - By = 0 in the sense of distributions and A(hg, Uy) < oo, let A be the set

of all dissipative solutions (h, B, D, P) to (DMHD) ({2.3.1))-(2.3.4)) with initial data
(ho, Bo). Then A is a non-empty convex compact set in the space C([0,T], C(T? R x

R3Y..) x C([0,T] x T3, R3 x R3)" ..
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Proof. The non-emptiness of A refers just to the existence of the dissipative solu-
tions. The proof is a little lengthy, we leave the existence proof in Section [2.6) and
Section 2.7 Here, let’s prove the convexity and compactness. The convexity of A is
quite easy. As we can see in Definition [3.1.1} ([2.3.22)),(2.3.23) are linear equations.
So it is always satisfied under any convex combination of dissipative solutions. Since
the functional A, A are convex, so is also satisfied. So we know that the set
A is convex. Now let’s show the compactness. Since h* =1, B* = D* = P* =0 is
a trivial solution, then for any family of dissipative solutions (h,, B, D,, P,) with
initial data (hg, By), by Proposition , there exist a constant C' that depends
only on (hg, By) and T, such that

[ (t) = Ulzv, [[Ba()llzv, ([ Dnllrve, [|Pollrv- < C.

Since (hy, B,) are uniformly bounded in C%2 ([0, T, C(T?,R*)...), then up to a sub-
sequence, (hy,, B,) converge to some function (h, B) in C([0,T], C(T?,R*),.). Also,
since (D, P,) are uniformly bounded in C([0,T] x T3, R3 x R3)’, then up to a subse-
quence, (D, P,) converge weakly-* to some (D, P) in C([0,T] x T3, R? x R3)". Now
we only need to prove that (h, B, D, P) is a dissipative solution. This is easy since
(2.3.22)),(2.3.23)) and are weakly stable.

]

2.5 Comparison with smooth solutions of the ABI
equations

As it has been shown in Section[2.2] we can get our (DMHD) out of the augmented BI
equations , through the quadratic change of the time variable § — ¢ /2.
Now a natural question is that, since the (DMHD) can be seen as an approximation
of the ABI equations, how about the solutions of these two systems of equations?
Are they close to each other when the initial data are the same? With our concept
of the dissipative solution, it is possible to give an answer.

In [16], it is shown that ABT equations can be rewritten as a symmetric hyperbolic
system of conservation laws. So smooth solutions exist at least in a short period
of time for smooth initial data, see [20]. Now, for any smooth function hy > 0,
By, V - By = 0, there exist a time interval [0, t], such that there exists a smooth
solution (', B', D', P') to the augmented BI system with initial value (hg, By, 0, 0).
We will compare the smooth solution (', B, D', P’) with the dissipative solution
(h, B, D, P) to the Darcy MHD on [0,7], T > ¢3/2, with the same initial value
(ho, By). Our estimates are in the following proposition.

Proposition 2.5.1. Suppose (h',B’,D',P’) is a smooth solution to the aug-
mented BI equations ([2.2.4)),([2.2.5) on [0,t] with smooth initial data (ho, By, 0,0).
(h, B, D, P) is a dissipative solution to (DMHD) (2.3.1)-([2.3.4) on [0,T), T > %/2,
with the same initial data (ho, By). Then there exists a constant C' that depends only
on (', B', D', P") and ty, such that for anyt € [0,to], we have

1B (8) = h(t*/2)lrv, ||B'(t) = B(t*/2)|lrv < CFF (2.5.1)
|D'(s) — sD(s%/2)|([0,%] x T?), |P'(s) — sP(s*/2)[([0,t] x T?) < Ct*  (25.2)
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Here |- | represents the variation of the vector-valued measures. sD(s?/2), sP(s*/2)
denote the vector-valued Borel measures on [0, to] x T® defined in the way such that,
for all o € C([0,ty] x T3, R3), we have

/Oto /TS ©(s) - sD(s*/2) = /Otg/Z /1r3 (p(\/%) - D(s)

/oto /Tg*p(s)'SP(SQ/Q) = /Otg/2 /Tgsf)(\/%).P(s)

Proof. First, since (h', B’, D', P’) is a smooth solution to the augmented BI equa-
tions, then the non-conservative variables

(r',b,d' V)= (/0 ,B' /W, D' /W, P'/})
should satisfy the following equations
o+ (W -V =0 - VW -7V xd, od+ -V)d=(d -VW+7VxV,
o'+ (V- V)T =7V, o+ (W -V =0 - VW + (d-V)d + 7'V,
Now let’s take our test function h*, b*, d*, v* defined as following

h(0,2) = ' (V20,x) b (0, x) =b(V20,xz)

d (0, x) = M\/QQ_QQ’Q:) v*(0, ) = M\/QQ_ZQZ) (2.5.3)

We should notice that d*, v* is well defined and continuous with value 9,d’(0), 0,v'(0)
at time @ = 0. Moreover, it is easy to verify that 92d'(0) = 9?v'(0) = 0, so we know
that 2, b%, d*,v* are C" functions with 9yd*(0) = $07d'(0), dpv*(0) = 38;v'(0). Now,
let’s do the change of time 6 = t?/2, means

(t,x) = kT8, x), V(t,x) =b"(0,x), d(t,x) =td*(0,z), v'(t,x) = tv* (6, z)
Then our test function should satisfy the following equations,
D N+ @ - V)W =TV
Dpb* + (v* - V)b* = (b* - Vo' — h* 7'V x d*
d* — BV X b* = —20[0pd" + (v* - V)d* — (d* - V)v*],
vt — (b V)0 =TIV (TN = —20[0pv" + (v Vot — (dF - V)d'],

So we have that
Ly(w*) = Lg(w*) =0, Lp(w*) = —20¢;, Lp(w*)=—20v;,
where 13, 17 are continuous functions with the following expressions
P = Opd" + (v* - V)d* — (d* - V)v7,

Yy = 0pv* + (v - V)v* — (d* - V)d".
Now, for the dissipative solution (h, B, D, P) to (DMHD), we denote as usual,

U= (L—hh"" ,B—hb*), W= (U,D—hd*,P—hv")
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Since the initial value are the same, we have U (0) = 0. Now we follow the definition
of dissipative solution, there exists a constant r > 0 such that Q,(w*) > I, for all

(0,z) € [0,t3/2] x T3. By (3.1.8)), we have, for 6 € [0,t3/2],
e N(R(0),TU(0)) + A(h, W, e " Q,(w*); 0,6) + R(6) < 0. (2.5.4)

where
R(O) = —29/0043 [+ (D = ht) +uz- (P — )],

By Cauchy-Schwarz inequality, we have

06y < 20006).00) [ 1(6) =280:6).06) [ ho

T3
(\Wmo, 6] x 11‘3))2 < 20 A (h, W, e "0 Q, (w*); 0, ) /T ho
Now let M = ||¢3|l . + ||¥;]l., then we have
|R(0)] < 20[W|([0,6] x T*)M

Therefore, implies,

OTO) By + ([7]([0.0] x T)) < O W[(0.0] x T (25.5)
where C' is a constant that depends only on M, hg, r and ¢;. Then we have that

[W]([0.6) x T%) < CF°, ||[U(O) |7 < C°6°.
Since
1h(#?/2) = ' (@) |lrv = [1h(8) = B* )|z < W |l £ — BR " |lrv
< W lucllT@)llry < 27211 | OF
1B(#*/2) = B'(t)llrv < [ B(O) — h(O)6"(0)lIzv + [b"(0)(h(0) — h*(9)) v
< U+ TO) v < 2721+ |57 |l)OF°

so we get . Now, for sD(s%/2), we have

|D'(s) — sD(s°/2)|([0,t] x T*) = |h*(8)d*(9) — D(8)]([0, 8] x T?)

< (14 [|h*d* o) [W[([0,6] x T?) < 272(1 + [|h*d*|| o) Ct!

similarly,
|P'(s) — sP(s*/2)[ ([0, 8] x T%) < 27%(1 + ||h*v" || ) Ct*

so we get ([2.5.2]).
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2.6 Faedo-Galerkin approximation

In the following two sections, we will mainly focus on the existence theory of the dis-
sipative solutions. In this section, we consider an approximate system of (DMHD).
We want to get a dissipative solution of (DMHD) by the approaching of solutions
of the approximate system. In fact, we don’t really need to solve the approximate
system, we only need to find a sequence of approximate solutions on some finite di-
mensional spaces, which is quite similar to the Faedo-Galerkin method of E. Feireisl
[29, 27, 28]. We consider the following approximate equations

Oh+V - (hv) = 0, (2.6.1)
OB+V x(Bxv+d =0 V-B=0 (2.6.2)
%&m&+v-mw®v—v®®Hﬂ—Aﬂﬂ+hd:Vx@ (2.6.3)

o B) LV (hY), (26.4)

Here, 0 < ¢ < 1, we choose [ sufficiently big (I > 8). The idea of using these
equations as approximate system comes from the way we get the Darcy MHD from
augmented BI. The time derivatives of d,v here can ensure that the approximate
solutions are continuous with respect to time. We introduce the high order deriva-
tives here to get some regularities that will be useful in showing the existence. Very
similar to the case of augmented BI, we have the following formula (the proof is
quite straightforward, we leave it to interested readers)

d 1+ B2 h(v?+ d?
—/ 5 A d) +/ h(v2+d2)+5/ Vio|* + |Vid|* = 0 (2.6.5)
dt T3 2h 2 T3 T3

a[8t(hv)+v-(hv®v)—(hd-V)dJr(—A)lv] tho =V (

2.6.1 Classical solution for fixed (d,v)
Now let us consider the solution of (2.6.1)) and (2.6.2)) when d,v are given smooth

functions.

Lemma 2.6.1. Suppose hg, By are smooth functions with V- By =0, hg > 0. Then
for any integer k > 1 and given d,v € C([0,T], C¥*1(T3,R?)), there exists a unique

solution h € C([0,T), C*(T?,R?)), B € C([0, T], C*(T?,R3)) to (2.6.1) and (2.6.2)
with nitial data hg, By.

Proof. We use the method of characteristics to show the existence of classical solu-
tions. For (2.6.1)), the solution can be written explicitly as

t
h(t,x) = hg (@(O,t, x)) exp {—/ V- U(S, (s, t, x))ds} (2.6.6)
0
where ®(t, s, ) € C([0,T] x [0,T] x T?) is the unique solution of

{@(I)(t,s,az) =o(t, ®(t,s,2)) 0<t<T (2.6.7)

O(s,s,2) =1 0<s<T, z€T?

Because v € C([0,T], C*1(T3,R3)), the existence and uniqueness of such solu-
tion is obtained directly by Cauchy-Lipschitz Theorem. Moreover, we can proof that
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the solution ®(¢,s,z) € C*([0,T], C([0, T], C*(T3,R?))).(Take space derivatives on
both side of the equation, the new equation is composed of lower derivatives and is
linear for the highest older derivatives. By induction, the Cauchy-Lipschitz Theo-
rem gives a solution and by uniqueness, we can show the solution of is that
suf‘ﬁciently differentiable )

For , we also have an explicit expression of the solution

B(t,z) = G(t,®(0,1,x)) exp {— /Ot V (s, ®(s,t, :U))ds} (2.6.8)

where G(t,z) € C'([0,T] x T?) is the unique solution of

OG(t,z) = Vo(t,®(t,0,z)) - G(¢,z) 0<t<T
—(V x d)(t, ®(¢,0,)) exp {fot V- u(s, ®(s,0, x))ds}
G(0,z) = By(x) reT?
(2.6.9)

By the same reason, G(t,z) € C([0,T],C*(T3,R?)). It is not hard verify that
(h, B) defined in (2.6.6)),(2.6.8) is indeed a solution. At last, let us look into the
uniqueness of solutions. Because the equations are linear with respect to h and
B, it is easy to show the uniqueness by the L? estimates of the difference of two
solutions. We can also see it from the following lemma. O]

Now for any fixed z = (d,v) € C([0,T], C*1(T3,R®)), let us denote hz, h),
B|z, By| the unique solution of (2.6.1)),(2.6.2)) with initial value hg, By at time ¢ = 0.
Then we have the following lemma.

Lemma 2.6.2. Suppose z = (d,v) € C([0,T],C* (T3 R%)), k > 1, ho, By are
smooth functions, V - By =0, hg > 0. Then we have
(i) For allt € [0,T], x € T?,

0 < e~ do IVv@llseds jpf po < h(t,z) < eo V0@ lloeds gy b (2.6.10)
z€T3 z€T3

(ii) Suppose Sup lo(@)]|crrr, sup ||d(t)]|crr < Myyq, then
te[0,T

te[0,T
sup ||h[z, ho) ||Hk(1r3) < Cp(T, ||hol| g, Mi+1) (2.6.11)
t€[0,T]
tSEépT] | Blz, BO]HHk(TS) < Cw(T, || Bol| gty Miyt1) (2.6.12)
€ ’

(iii) For any k > 0, any z,Z belonging to the set

Gy = {z € C0,T],CHT* RY)| sup [[v(t)lcs, sup [|d()]lcs < )
te[0,T] te[0,T]

we have
sup ||h[z, ho] — hlZ, ho) HHl sy < < (T, ||hol|l g2, k) sup |2(t t)||c2 (2.6.13)
te[0,T) te[0,T
sup || Blz, Bo] — B[z, Bol|| 1 13 < < T, || Bol| 25 k) sup | 2(t t)”c2 (2.6.14)

t€[0,T]
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Proof. (i) This is a direct conclusion from the explicit expression of h in (2.6.6)).
(ii) Let’s prove (2.6.12)). The case for (2.6.11)) is simpler. For any a € N3, |a| < k

we have

@t(ao‘Bi) + @-vjﬁaBi + vjﬁj(aaBi) — @-viaaBj + Eijkaa(ajdk)
+ Z Caﬁ [aa_B(GjUj)aﬁBi + 80‘_51)]05(@-&) — 00‘_5(8]-01-)8/83]-] =0

B<a

Here ¢, g are constants depending on the choice of a, 3, € is the Levi-Civita symbol.
From the above equality, we have that

at/ \ﬁaBi]2 + / 8j’Uj|aQBZ'|2 — 28jvi8aBiﬁo‘Bj + 2€ijk8a<8jdk>aa3ii|
+2an5/ (0°9(0,0)0° B, + 0 Pu,0 (9, B.) — 07~ (909" B,|9° B, = 0
B<a

Now, we sum up all the index |a| < k, i, then there exist a constant c¢(k), such that
OulI Bl < c(k) My (| Bl + 1) (2.6.15)

Therefore, by Gronwall’s lemma, we can get the conclusion.
(iii) We only prove the estimate for B. Let w = B[z, By] — B[z, By|, then we
have that
&:wz- + 8jvjwi + vj@jwi - @-viwj + eijk(‘)j(dk - dk)
+ 8j(vj — {JJ)BZ + (Uj — "ZJ])@]Bz — 8]-(1)1- — f)l)BJ =0

So we have

/|wz|2 /8 vj|wi]? — /8 VW, +2€Uk/8 (dy — dk Yw;

/8 (’Uj — Vs )Blwz + 2/( )6 BZ(JJZ — 2/@(1}1 — 170330)1 =0

Ollwlis < cllz = Zller + lvller + Dlwlzs + cllz = Zler (|1 BlFn + 1)

Now we use the same strategy as in (ii) to compute the estimate for Dw, without
entering the details, we finally can get

Ollwlin < cllv =l + l[vlle2 + Dllwlln + cllz = Zlle=(IBll72 +1)  (2:6.16)

By Gronwall’s lemma and(2.6.12)), this implies the inequality (2.6.14]).
O

2.6.2 The Faedo-Galerkin approximate scheme
Now let us consider the approximate equation (2 and (12.6.4). We will not try to

find a solution. Instead, we will find an approxnnate solutlon that satisfy the weak
formulation of (2.6.3) and (2.6.4) on a finite dimensional space Xy, very like the
Galerkin method. For the torus T3, we can choose Xy = [span{e;, &}, ]* equipped
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with the 2-norm (dim Xy = 6NV), where ¢; = \/§sin(27rl;i T, € = \/§cos(27rlgi - 1)
and {k;}3°, is a permutation of Z3 , where

Zi = {(Tbl,ng,n?,) € Z3| ny > 0}\({(0,n2,n3) € Z3| ng < O} U {(0,0,ng) S ZS| ng < O})

We can see that {e;, é;}22, is not only the normalized orthogonal basis of L?(T?),
but also the orthogonal basis of H*(T?), k € N. Now we set X = J°7, X,,, then X
is dense in C*(T3,R3), k € N. Because Xy has finite dimensions (dim Xy = 6N),
then there exist a constant ¢ = ¢(N, k), such that

[ollxn = llvllzz, fvller < e(N,E)|vllxy, Yo e Xy

Now for every strictly positive function p € L'(T?), p > p > 0, we introduce a
family of operators

Mnlpl : Xy — Xy, <MN[p]v,u>:/ pv-u, Yu,v € Xy
T3

Then we have the following lemma:

Lemma 2.6.3. The family of operator My/|-] satisfies the following properties
(i) For any function p € L'(T?), Mylp] € L(Xn, X5).
(if) For any strictly positive function p € L*(T®), p > p > 0, Mylp] is invertible,
My P € L(XF, X), and
M [l e xn < o7 (2.6.17)
(iii) For any p1, ps € L'(T?), p1,p2 > p >0
MR 1] = My o]l ey xen) < eV p)llor = 2l (2.6.18)

Proof. (i) For any u,v € Xy, we have
[(Malplo )] < o~ e [ 1ol < e lollslollullxy (269
(i) For any vy, vy € Xy, v1 # v, let u = v; — vg, then we have
(Mulplor = M [plvg,u) = /p|v1 —vgf* >0

So My|p] : Xn — X5 is injective. Because Xy has finite dimension, so My/[p] :
Xy +— X3 is bijective, thus invertible. For any y € Xy, set v = My'[p]x, then

Il el = (6 0) = [ olof = gl = ol

= [IMy elxllxy < p7 X
(iii) Because of the identity

XN

M) = My pa] = Mo (M [pa] = Mi[p1]) My [p2]
Use the inequality in (2.6.17)) and (2.6.19)), we can get the result. n
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With the above properties, by standard fixed point argument, we can get the
following theorem:

Theorem 2.6.4. For any initial data 0 < hg € C°°(T?), divergence-free vector
field By € C>®(T3,R3), Py, Dy € L*(T* R3) and any T > 0, there exists a so-
lution (hy, By, dy,v,) with h, € CY([0,T],C¥(T3)), B, € CY[0,T], C*(T3 R?)),
zn = (dy,vn) € C([0,T],X,, x X,,) to the equation (2.6.1)-(2.6.3) in the following

sense.

(1) (2.6.1) and (2.6.2) are satisfied in the classical sense, that is h, = h|z,, ho|, B, =
B [Zn, BQ] .

(ii) (2.6.3) and (2.6.4) are satisfied in the weak sense on Xy, more specifically, for
any t € [0,T] and any ¥ € Xy,

/hn(t)dn(t)-wdx—/Do-wdx: /Ot/Sa(hn,Bn,dn,vn)-@bdmds (2.6.20)

o (£ (t) - 0dz — | Py - pda = Ne(h, By, dy, vy) - hdad 2.6.21
[ttty vtz = [ Ryvae = [ [ A 0 didads (2621)
where

S.(h,B,d,v) ==V [h({d®v—v®d)]— (—A)'d+e'[V x b— hd]

N.(h,B,d,v) = (hd-V)d—V-(hv@v)— (=) vte! {v : (B f B) +V (A - hv]

Proof. Step 1: Local Existence

Let us define a map J,,[-] : L*(T? R?) — X, such that

CAUROE T
J,, can be seen as the orthogonal projection of L?(T3 R?) onto X*. We have

[Tl f1llx < (1 f 1]z
Let us consider the operator K,,[-] : C([0,T], X,, x X,,) — C([0,T7], X,, X X,,), which
maps z = (d,v) — K,[z] = (K,[2]?, K,[z]") such that

K, [2)%(t) = M YR[z, hol ()] (Jn Do + /0 S.(hlz, ho), Blz, Bl d, U)(S)ds_>

Kl () = M iz, hol (1) (Jn Py + [ Atblzohol Ble. By v)(s)ds—)

To prove the theorem, it suffices to show that K, has a fixed point on C([0, T, X,, X
X,). First, we should prove that K, is well defined. It is obvious that K,[z](t) €
X X Xy, Vt € [0,T]. We only need to prove the continuity. In fact, we can prove
that K, [z](t) is Lipschitz continuous in time on the set

F.,= {(d, v) € C([O,a],anXn)H]v(t)|]Xn, ld(t)||x, <k, Vt € [O,a]}, 0<o<T.
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In fact, for any s,t € [0, o],
HK = Kule]"(s)| .,
H hlz, hol ( )] — M;l[h[z,ho](s)D (Jn [Pg + /S./\/'6 h,B,d, U)(?”)d’f’:|>

Az, ho) (1) ( [/ N:(h|z, hol, Bz, Bo|,d,v)(r)dr D

Xn

Xn

Now, we let

Clo = max { (inf ho) ™", sup ho, kol s+, || Boll s, | Poll 22, || Doll 2 } (2.6.22)

By (2.6.10),([2-6.11)),(2-6.12),([2.6.17),(2-6.18), we have

| K (2] (2) — Kn[z]“(s)Hxng c(T,n,e, K, Cy) [// |0:hz, ho)(r)|drdz + |t — s|
< T,n,e, K, Coy)|t — s]s

By the same reason,

| K [2]7(t) — Kau[2)%(s) < c(Tyn,e, k,Co)|t — s

Iy,

Therefore, we have that
Kul]: Feo = WH2([0,0], X, x X,,) €C C([0, 0], X x Xy,).
Moreover, we have

[Kal2]" ()], < MG hol Tu[Polllx, + (T n, e, 5, Co)t

I,

[ Kal2)" ()], < MG ho] Ja[ Dol | x, + (T, e, 5, Co)t

I,

Now if we choose k = kg big enough and ¢ = oy small enough, for example

< 0
0,
0= QC(T, n, e, ko, Co)

ko > 2(inf ho) ™' (|| Pollr2 + | Dollz2). (2.6.23)

Then we have that K[| 1 Fiy.00 < Fapoo- By Arzela-Ascoli theorem, K, [Fy,.,] is
a relatively compact subset of Fy, ,,. Now if we can prove that K, is a continuous
map, then by Schauder’s Fixed Point Theorem, there exist a fixed point z of K,
on F 4., such that z = K,[z]. Now, let’s show that the map K, is continuous on
Fioop- For z,Z2 € F, 5, Vt € [0, 00|, we have,

[ Knl2] () = Kal2]°(1)]] . .
< [ - sz ol (4. [+ [ s.amead )|
“UR[Z, hol ()] (Jn Uot (/\/E(h,B,d,v)(T) ~ N(h, B.d, WT))dTD ‘X
< (T, n,e, ko, Co)|| Pz, hol(t) = hlZ, hol(t)|| .4 n
+ c(T,n,e, KO,C’O)HN;(h[Z, hol, Blz, Bol, d,v) — N.(h[Z, ho, B[Z, Bo), d, b) 12

t,x
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By (2.6.13) and (2.6.14)), we can finally have that
sup HKn[z]“(t) — Kn[é]”(t)HXn

te[0,T

< c(T,n,é,fio,Co)<HU )+||d_JHC(

[0,(70],Xn))

By similar argument, we can show that K, is continuous on Fy,,,. Then by
Schauder’s Fixed Point Theorem, there is a “solution” on [0, o).

B @“C([o,ao],xn

Step 2: Global Existence

From the above argument, we know that at small time interval [0, o¢] there exist
a solution z € F,, 4, s.t. z = K,[z]. Now we want to apply the fixed point argument
repeatedly to obtain the existence on the whole time interval [0, T']. Now we suppose
that on [0, Ty], To < T, we have a fixed point z = K,[z], we use ho = h[z, ho](Tp),
By = Blz, Bo|(Ty), Dy = ﬁgd(TO), Py = iLov(To) as our new initial data, and use the
local existence result above to extend the existence interval. This argument can be
applied as long as we can prove that there is still a fixed point in F},, ,, with our new
initial data (BO, By, Do, }50) while the constants kg, o9 chosen in previous part do not
change. (They only depend on the initial data hg, By, Dy, Py, e, T and n). Now, we
only need to prove that the constant Cy for the new initial data defined in ([2.6.22)
has a uniform bound.

Suppose (h,, By, d,, v,) is the solution on [0, Ty]. Because d,,, v, € C([0,Tp], X,,)
is Lipschitz continuous, so it is differentiable almost everywhere. We take the deriva-

tive on both sides of (2.6.20) and (2.6.21]), then we have that, for any ¢, € X,
any g € C'(T?%), ¢ € CY(T%, R%),

/@hn(t)g - /hn(t)vn(t) Vg =0

/&Bn(t)-¢—/(Bn®vn—vn®8n):V¢+/dn-(Vx¢):O

/at(hn(t)dn(t)) -w—/hn(dn®vn — v, ®@dy) : w+/vldn : Vi
+el/[—bn-(V><z/;)+hndn~w} =0

/at(hn(t)vn(t)) 2 /hnvn Qv VSO - / [(hndn : v)dn} " P
+ /Vlvn : Vip + 5—1/ (0,1 (B, @ B, + 13) : Vo + hyv, - ] =0
Now, let’s choose ¢ = b,(t) = By, (t)/h,(t), ¥ = ed,(t), ¢ = ev,(t) and g =

—2(|hn ()| 72+ [ba ()| +€|vn(t)]? +€|d, (¢)[?), then add the these equations together,
we have the following equality

%/ h’é(t) (17n ()72 + ba(®)2 + elon(®)? + lda®)?)

+ [ IOenF + 14 OF) += [ [T0@F + Va0 =0 (2620
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We denote A, (1) :/h"T(t)(mn(tw + \bn(t)|2+5\vn(t)|2+a|dn(t)|2>, then from

the above equality, we have

1 1
sup Ant), kvl Ihkdaly . clV'vallZy , 2IV'dulE; < Anf0) (2:6.25)

te€[0,To]

By Cauchy-Schwartz inequality, we can easily get that
||dn”L2(L1)7 ||UnHL2(L1) < \/EAn(O), ||Vlvn||L2(L1) < 6_1An(0)

So we get that ||v,[|L2wi1) < c(e, An(0)). With [ > 4, by Sobolev embedding, we
have that ||v,||L2w1.) < c(g,An(0)). So by the result in Lemma W(l), we have
that, there exist a constant ¢y = co(g, T, A, (0)) > 0 s.t. for all t € [0,Ty], x € T3,

0<co<hut,r) <cyt

So by ([2.6.25)), we have

sup ||vall72, sup [ldnll72, sup [[Pallz2, sup [ Dall7: < 2(eco) ™ An(0)
t€[0,T] te[0,To] te[0,To] t€[0,To]

Then by Lemma [2.6.2] (ii), we have that

sup ||hllgs, sup |[Bllas < e(T,n, e, An(0), [lhollms, [| Bol [ +)

t€[0,Tp] t€[0,Tp]

So we know that Cy have a uniform bound that depends only on initial data. So
we can see from the choice of kg, o in that by slightly modify the choice of
Ko, 09, the fixed point method can be repeatedly applied on the same space Fj
so we get the global existence on [0, 7.

0,00

]

2.7 Existence of the dissipative solution

2.7.1 Smooth approximation of initial data

We suppose that our initial data hy is a nonnegative Borel measure in C(T3 R),
By € C(T3,R3), satisfying V - By = 0 in the sense of distributions. Moreover, we
suppose 0 < A(hg,Uy) < oo, where Uy = (E,Bo). Now we will find a family of
smooth functions to approach our initial data.
z 2
Let us define a positive Schwartz function p(z) = 5 1) 5 e e 0 (R3,R). We
T) 2

have that fR3 p(z)dxr = 1. For any 0 < ¢ < 1, we define a function p. on T* by

)= e 0= X () 21

kez3 kez3

We can easily check that p.(z) is also a smooth positive function on T2, and we have
Jps pe(z)dz = 1. Now, for 0 < e < 1, we define

W =tosp. = [ oo =)o) B5=Bosp. (272)
T
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Because 0 < A(hg,Uy) < oo, then hy > 0, hg # 0. So we have that h§ > 0 for
any 0 < & < 1. Besides, it’s easily to verify that B§, h§ are smooth functions on T3
and converge to By, hy in the weak-x topology of C(T?). Moreover, for any smooth
function ¢ on T2, we have

[ o9 s5=— [ Totw)- ([ o -z ao o
= [ v ([ st - nar) as) ~ o N

T3 T3

So we know that
V.- B;=0. (2.7.4)

Besides, we can get the following result.

Proposition 2.7.1. For all 0 < € < 1, we have that

|B§|* + 1

A, Uf) = [ 22
0

< A(ho, Uo) (2.7.5)
Moreover, we have that
A(h(a), Ug) — A(ho, Uo) as € — 0.

Proof. We know that

A(hg, Us)
:aec(Ts,RS)iIanrB,Rél) /a(x) (/ pe(x — y)dho(y)> dx + /A(x) (/ pe(x — y)dUO(y)) dx

at+414]2<0
s [ (ot =pte)attor s [ ([ aeinte o) st

at3]A|2<0

By Cauchy-Schwarz inequality, we can easily know that

‘/ 2)pe(x — y)dz _(/|A )% e — )dm) (/pe(m—y)d:v)

a(z)pe(x — y)dz
So we get that

A(hgﬁ Ug) S sup <h07 a> + <U07 A> = A(h'(b UO)
aeC(T3,R),AcC(T3 R4)
at+i1412<0

Now because for each fixed continuous function a, A, <h6, a> — <h0, a>, <U§, A> —
<U0, B> as € — 0, then we have that

lim iglfA(hf], Us) > A(ho, Up)
E—>

Combining the above two results, we can get the convergence A(hg, U5) — A(hg, Up)
as e — 0.
[
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2.7.2 Existence of converging sequence

Now let {5k}k L be a sequence such that 0 < g, < 1, hm er = 0. By Theorem |2.6.4}

for every n € N* there exists a solution (hSk, Be dek va’f) on [0,7] that satisfies

n »-’n

(|2.6.1|),(|2.6.2|),(|2.6.20D,(]2.6.21D with € = ¢, and the initial data (hg*, Bg*, 0, 0). For

simplicity, we denote

Bk = herbk, DSk = hERdSr, Pk = hEkoS

n -"n? 'n,nJ

£k Bfk .
w0 = [T (o) " e radu), ape= [P f!L+

Lemma 2.7.2. Suppose (hik, Bk, dik, vik) is the solution in Theorem with

initial data (hg", Bg*,0,0). Then there exist a constant Cy that depends only on
ho, By, such that for all n and ey,

195 oy e

< Cy (2.7.6)

HLOO(LI HL2 Ly { HL2 (LL)

Ver||Vids HL2 ,\/_Hvl EkHLQ < Cy (2.7.7)
Proof. By Lemma , we know that hik is always positive. Since hSF solves ,

we have /hak /hé’“ _ / (/psk y)dho(y)) dz = /ho

By ([2.6.25)) and ( -, we know that

1+B€k 2 € € 5
o [ Q'hsk B [ [ or + o)
te[0,7)

Loen (12 1 1ol e (1) 12 14 [Bg*?
+ ek [V @) + [V'dr ()] < —op = A(ho,Up) (2.7.8)
0 0

By Cauchy-Schwartz inequality,

()< (J 5208) () oo f
[ (i) < [ [rzokzof [0 < smom [

We can get the conclusion easily from the above estimates.

Iz sy |

O

From the above lemma, we know that (hZk, BS+ Dtk PSk) are bounded in some
suitable spaces, so we can extract a converging subsequence.

Lemma 2.7.3. There cxists a subsequence {n;}_ C N*, h € C([0,T],C(T? R),.),
B e C([0,T],C(T3,R?).,.), P,D € C([0,T] x T? ]R3) , such that

h — h in C([0,T], C(T* R)..), Bn — B in C([0,T],C(T* R3).)
het s hoin C([0, T) x T3, R)
B S B, P S P DY S D oin O([0,T) x T3, R3Y
Moreover, we have that (h, B) is bounded in C%2([0,T], C(T3,RY)...) by some con-
stant that depends only on T and (hg, By).
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Proof. For any smooth function f € C°°(T3 R), we have
[ i) = b3x(s.0) f(o)a
T3

Pt (o,z) - Vf(x)dadx
T3 1 (2.7.9)

(/ = |Z€i(2f;|2d dx) (/ [ vi |h5’“ax)dada:)

< ”VfHoo( (ho, Uo){ho, 1>) |t — s|2
Besides, for any smooth function ¢ € C(T? R?)

/Tg (Bi¥(t,x) — B (s, 2)) - ¢lx)dw
_’/St/EB(BZ’“Xv,ik+d;k).<vx¢)

1 1
CrpaR DR\ ([ BTy
<2 - n ” —
< V3|V x 4l (// s ) (// i) )
1
< 201V x 6l A, U]t — 5]

From (2.7.6), we can easily know that, for all €, n and t ,the total variation
of (hék, Bi¥) is bounded. By Banach-Alaoglu theorem, the closed ball Bgr(0) in
C(T3,R*) is compact with respect to the weak-x* topology From (2.7.9),(2.7.10), we
know that {(hr, Be»)}° | is uniformly bounded in C%2 ([0, 77, C’(T?’ R4)w ) by some
constant that depends only on T and (hg, Bp). So by Arzela-Ascoli’s theorem, we can
extract a subsequence {(hy", By'")}, that converge to some measures denoted by
(h, B) in C(]0,T],C(T3, R4)w*), and (h, B) is bounded in C%2([0, 7], C(T* R*)..)
by the same constant. Besides, from , we know that the total variations of
Per . D is uniformly bounded in C([0, T]x T3, R3)’, so we can extract a sub sequence
that weakly converge to P, D € C([0,T] x T3, R?)". So we get the conclusion.

(2.7.10)

]

2.7.3 The limit is a dissipative solution

By Lemma we can extract a subsequence (hy, Bpt, Dy, Pp') that con-
verge strongly to a function (h, B) in C([0,T],C(T3 R*)!.) and weakly-* to D, P
in C([0,T] x T3, R3)". But it is not clear if these functions are dissipative solutions
or not. In the following part, we will prove that (h, B, D, P) satisfies all the require-
ments in Definition [3.1.1] thus it is indeed a dissipative solution of (DMHD) with
the initial data (hg, By).

Firstly, we know that (b, Bni*)|i—

o (h, B)|i=0 = (ho, Bo).

Secondly, for any u € C'([0,T] x T3, R) and ¢t € [0,7], the limit h, P satisfy
(2.3.22). To prove this, for any 6 > 0, let’s find a smooth non increasing function
on [0,7] denoted by Oy, such that O4(s ) =1, s €[0,t], @5( ) =0, se[t+4,T],
0<0O5(s) <1, se[t,t+]. Because (hnj,Pnl ) satisfies (2.3.1]), then we have

T

= (hg'", By") converge weakly-x to (hg, Bo),

i Os(s )[8 u(s, ) (s, 2) + Vu(s, x) - Py (s,x)] dzds
t+5
:—/t /@g(s) (s, 2)h (s, 2)dods — /u(O,x)hf{?(O,az)dx
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Because Vs, hn.(s) M, h(s), P Y, P as i — oo and the total variation of
R, Pari is uniformly bounded, so by the weak-* convergence and Lebesgue’s dom-
inated convergence theorem, let ¢« — oo, we have

/O ' / O (hdu + P Vu) = - /t " / O (s)u(s)h(s) — / w(0)h(0)

Now because h € C([0,T],C(T?,R).,.), so (h(s),u(s)) is a continuous function on
s, then we let 6 — 0, we have

t+6
_/t O} (s)(h(s), u(s))ds —€ u(t)h(t)

Because ©5 — 1y for every s € [0,7], by Lebesgue’s dominated convergence
theorem, pass the limit 6 — 0 on the left hand side, we finally get m
Moreover, because V - By (t) = 0. So for any ¢ € CYT3 R), we have

(Bn'i(t) v¢> = 0. By taking the limit, we get (B(t),V¢) = 0. So is
also satisfied.

At last, we will prove that (h, B, D, P) satisfies . We first suppose that for
fixed N, 0 < h* € CY([0, T] x T3, R), b* € C1([0,T] x T3, R3), v*, d* € C*([0,T], Xn)
and 7 is a big number such that @, (w*) is positive definite for all ¢,z. Here @ is

defined in (2.3.9). Now, let us denote
U= (L,B), U= (L, Bn?) € C([0,T],C(T* R")
W = (U,D,P), W; = (U, Dy, P.'*) € L*([0,T], C(T* R"))
U=U-Vh=(L—-hh*""B—hb*), U;=U;, — Vhy
W =W — Fhds = (ﬁ,D-hd*,P-W) W, =W, — PR
V= (b)), F= (R0, d"0)

En; \ 2
1 £ € hnm Eng En En; €n;
Ei(t) :/W{(Bnﬁz—h i ) +(1 - = > e, (D5 = B3 + (P —hn;v*)ﬂ}
Now, because (hn'*, Ba)*, vni?, dn,') is a some kind of “solution” to (2.6.1))-(2.6.3), we
have that for any ¢, ¢ € X,,,, any g € C1(T?), ¢ € C1(T3,R3),

/ O (£)g — / B (S (1) - Vg = 0

/at .¢_/(B;i?i®v;i — var ® By ):V¢+/di?"-(v><¢)=0

/ Or (P (t)un (1)) - = / o vt @ vt Vip — / (e dz - ) d] -

+/vlvr€£l VZQD—F&T 1/ 5"1 5n1 ® B +IS> . V(P‘i‘hi:lvm . (P] =0

/ Oy (T (t) i (1) / P (A @ vt — vt @ dit) Vb
+/w;zi:w+en3/[—bi’:z (V % 0) + iy 4] = 0
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For n; > N, we can shoose ¢ = b, —b*, 1) = &, (denz d*) = €p, (vf{: — v*), and

)]

With the specific chosen test function, we can get that (after a long progress of
computation, we skip the tedious part here)

o+ /WTQ W /WL e Bilt)

dt 2h
__ / (IV'dzie

= [PEEDE PO (9w ¢ / S (v - i)

i

*|2 ni*2 *|2 *|2
+/(V(_|v|;ld\) )»m R Y (=t

/ [Vion) : Viv* + Vid : Vid*] — -V (dy )

L e L (S v

Ens
— |dn’

+5m(

+ ’Vlvfgi

2) <0 (27.11)

Then, for any r such that @Q,(w*) > 0 for all ¢, z, we have

d WEQ, (w)W;
— — <
(dt r) Ei(t) + — e /W L(w*) — en,Rir(t) <0

Rop = By [ B0 = a4 07 =)

So we have

t T
eTtEZ(t)—I—/ e s [/W Q2;l€nz W /W L _5n2Rz,r(8)
0 nl

Because E;(t) > A(hy(t),U;), then we have that

e At (), Us(1)) + A(hai, Wi, €77 Q, (w"); 0, 1)
+/t e ( W; - L(w*) — Eni§i7r(s)) ds < E;(0) (2.7.12)
0

Notice that hy" % ho in C(T3,R), and

En En an En En 2+ d*2
B(0) = ARG U5) + (R, SVOIR) = (U5 v (@) + e g, LT

By Proposition [2.7.1, we know that the right hand side of ([2.7.12) £;(0) = A(ho, Up)
as €,, — 0. By Lemma 2.7.2) we know that /&, Viog' | /5n Vld * are uniformly

bounded in L7, thus \/g,,vn.", \/En.dn; are uniformly bounded in LQ(VV1 ). More-
over P, ,Df{ﬁ ,hm'' are uniformly bounded in L?(LL), so we have that

t
/ IR, (s)ds| <
0
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Here C only depends on v*, b*, d*, hg, By. So it goes to 0 as €,, — 0. By the weak-*
convergent of Py, Dy € C” and similar method as we did for (2.3.22)), we have

[ [ foowe

Besides, we have that,

lim inf A(hy (t), Us(t)) > A(h(t), U(t))

1—00

lim 1an(hm ,I/Vz,e "Qr(w);0,t) > K(h,W,e‘TSQT(w*);O,t)

1—00

Combining the above results, we take the lower limit on both side of , then
we can just get the inequality (8.1.8)) for all fixed N, 0 < h* € C'([0, T] xT? R), b* €
CH[0,T] x T3, R3), v*,d* € C1([0,T], Xx). Now for any v*,d* € C*([0,T] x T3, R?)
and r such that @, (w*) is positive definite, because v*, d* is continuous, then there
exist 7’ < r such that @, (w*) is still positive definite. Because |J;—, C*([0,T], X,,)
is dense in C*(]0, T] x T?,R?), So we can find a sequence {v}}, {d}} € C'([0,T], X,,)
that converge to v*, d* in C*([0,T] x T?,R3) and Q,.(w}) is always positive definite,
where w’ = (h*~* b* d’,v¥). Now let us denote

7T'L7’T'L

W, =W + E,h, F,=(0,0,d" —di,v* — )

By Lebesgue’s dominated convergence theorem, we have that

[[feir [ forwue

A(h, W, e Q,(w?); 0, ) = A(h, W, e Q. (w?); 0, 1)
t . . t
+/ e"“S<W,QnFn>+/ e "*(h —|\/QnF|> (2.7.13)
0 0

Now we would like to take the limit n — oo. The following lemma will be useful:

Besides, we have

Lemma 2.7.4. Suppose Q,,Q € C([0,T] x T3,Rd2) are positive definite, ||Q, —
Qlloc = 0 as n — oo, then liminf A(p, W, @Q,;0,t) > A(p, W, Q;0,1t).
n—o0

Proof. The proof is quite straightforward. For any a € C([0,T] x T3, R), A €
C([0,T] x T3, R?) such that a + 3|/Q'AJ> <0, we have

/Ot/(ap—i-A-W):/Ot/(5p+A~W)+/Ot/(a—5)p

~ 1 1
i=a+o|VQAP - 5IVQ, AP

Since @ + 1]4/Q;TA|* <0, we have

/ot/<ap+A.W> ST\(p,W,Qn;O,t)+%IlpHTvH|\/Q_nlAl2—WﬁAlem
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Take the lower limit on both sides, we have, for any (a, A) s.t. a + 3|/Q 'A|* <0,

t ~
/ / <ap +A- W) < liminf A(p, W, Q,;0,1)
0 n—oo
So we have K(p, W,Q;0,t) <lim infx(p, W, Q.;0,t). ]
n—oo

Now, by taking the lower limit as n — oo in (2.7.13)), we can get that (3.1.8) is
valid for C! functions. So we have completely proved the existence of a dissipative

solution. We summarize our result in the following theorem.

Theorem 2.7.5. Suppose that By € C(T3 ,R3), hy € C(T3 R)', satisfying that
V - By = 0 in the sense of distributions and A(hg, Uy) < oo, where Uy = (L, By).
Then there exists a dissipative solution (h, B, D, P) of (DMHD) with initial value
(h, B)|t=o = (ho, Bo).

2.8 Appendix 2.A: Proof of Lemma [2.3.1

Let us consider a more general case where (h, B, D, P) only satisfies the continuity
equation (2.3.1)) and the divergence-free constraint (2.3.4)). We denote

D+BxP
6= 0B+ V x (¥>

h

B B® B 1
oo (2). oo (7)o (l)

Note that ¢, 1), ¢ vanish when (h, B, D, P) is exactly a solution to the Darcy MHD
(2.3.1)-(2.3.4). We also use the non-conservative variables, namely,

1 B D P
—b:—7 = — v = —

h’ h h’ h

and, for the convenience of writing, let’s denote

T =

U= (1,B), u'=(h""0), W= (1,B,D,P), w=(h*""b"d"v).

To prove the lemma, let’s start with computing the time derivative of the energy

2 2
S(t) = M:/ 1+ B
T3

T3 2h 2h
Quite similar to , we have
1
st= [b-0,8— / S+ )ouh
b-[0p—Vx (Bxv+d)]|+

:/ /Bxv+d).(va)—/[TvT+V(b2/2)} P (281)

:/b / be)—/v (V-(b® B)+Vr)
/ D+ P

(T2 + bV - P

I
\\



Now, let’s look at the relative entropy. Since U=U— hu*, we have

oF _ e’ .

/hu atu—/atUU_/Uatu
/@B b* — /U@u

/ -[¢—VX(BXU+d)]—/[7-atu*

Therefore, we have

\U\ ) oh
dt oh S“”/Q“

/V
0[5

*

(2.8.2)
Now let’s use a small trick to write O as,
0:/[d*-(D—Vxb—w)—i—v*~(P—V-(b@B)—VT—ap)]
o;vf V. v* (de*)-B
= [ (D-d&*+P-v"—d*-¢—0v"- - B; B, -
/( +Pv wv¢)+/;h +— ;

Then by m m, we have,
o) 8?}2 007 — 0 D+ P2 v v
dt 2h 2/ Bibj = =5 /
(va*) (de*)- . . Vur?
+/[ ok ]+/[D'd+P'<“+ =)

R | N

:_/W /U 8u+/[D d"+P- (v +V‘12L|2>}
o o-v) v @-a)re 0-v)]

(2.8.3)
Now since W = W + hw*, we can rewrite the quadratic like term as
/WTQ( W / (W + hw*) " Q(w*) (W + hw*)
2h 2h
WT * T * *
_ / <—Q2<h W @y + QD Q(Qw Jw h)

A direct computation gives that

Q(w")w* = L(w*)—(dwu", 0, O)+<V (& x b =BT, =V (b7 0", d

«T * * *
W Q(w )w* v .
5 =5 Viu

Therefore, since B is divergence free, we have

2 _ b v(b* . U*) + h*—lv . (d* x b* — h*_lU*) +d*2 +U*2

2

T T _ _ *|2
/WQ /[WQ W-L(w*)—U-@tu*+D-d*+P-<U*+M

69

)



So, finally, we have

= / “;’J i WTQ;;”*)W+ / W L") = / [0 (b= - (d=a") - (0—0")|
(2.8.4)

Especially, when (h, B, D, P) is a solution of the Darcy MHD ([2.3.1))-(2.3.4)), i.e.,
Y = ¢ = ¢ = 0, we obtain ({2.3.8)). Moreover, if (h*, h*b*, h*d*, h*v*) is also a solu-
tion of (2.3.1)-(2.3.4)), it is quite easy to verify that Ly (w*), Lg(w*), Lp(w*), Lp(w*)

respectively correspond to the equation for the non-conservative variables (7, b, d, v),
thus vanish.
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Chapter 3

An integrable example of gradient
flows based on optimal transport of
differential forms

3.1 Introduction

Optimal transport theory has been a powerful tool for the analysis of parabolic equa-
tions viewed as gradient flows of volume forms according to suitable transportation
metrics [2, B2, 41, 53, 47]. The theory of optimal transport for differential forms
is not yet fully developed but there has been some recent progress, especially for
symplectic forms and contact forms [19, 45]. However, to the best of our knowledge,
little is known about gradient flows in that context. In this chapter we just present
an example of gradient flows for closed (d — 1)—forms in the Euclidean space R
Such forms can be identified to divergence-free vector fields. Our example, set on
the flat torus T¢ = (R/Z)%, reads

atB+v.(B®P_P®B>:o, V.-B=0, (3.1.1)
p
B® B
dp+V - P =0, P:V-( f ) (3.1.2)

[or, in coordinates:

B'PI — P'BJ

O,B" + 0; ( p

) =0, 0;B’ =0,

: , B'B’
8tp+8jPJ:0, Pl—aj( )],
p
where B is a time dependent divergence-free vector field (i.e. a closed (d—1)—form),
p is a time-dependent companion volume-form, and P stands for pv, where v is the
time-dependent velocity field transporting both p and B as differential forms. As
will be shown, this system turns out to be the gradient flow of functional

_ 1B

3.1.3
o (3.3

Fip.Bl= [ Flpla). B)). F(p.5)
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according to the transportation metric

lello =/ [ v (3.1.4)
Td

which is just the most usual transport metric for volume-forms [2, [41), 47, [53]. Notice
that F, which is homogeneous of degree one, is a lower semi-continuous functional

valued in [0, 4o00] of p and B viewed as Borel measures, respectively valued in R
and R? (cf. [22]), namely

1
Flp,B] = sup{/ 0p+0©-B, 0+ §\®|2 < O} € [0, +o0],
Td
where the supremum is taken over all (9,0) € C(T% R x R9).

From the PDE viewpoint, system (3.1.1)3.1.2)) is of degenerate parabolic type and

can also be written, in non-conservative form,
b+ (w-V)b=(b-V)v, v=(b-V)b, (3.1.5)

or, equivalently,
Ob=b®b: Db (3.1.6)

[In coordinates:
Q'+ 00" = Vo', vt = VO or b = BV,

where b, v are the reduced variables B/p, P/p, as will be shown. This system is
formally integrable and can be viewed as the Eulerian version of the heat equation
for curves in the Euclidean space. More precisely, if (B, p, P) is of form

(B.pP)(ta) = [

. (/R/Z 6(z — X(t,5,a))(0:X,1,0.X)(t, s,a)ds) du(a) (3.1.7)

where (A, du) is an abstract probability space of labels a, and, for y—a.e. label a,
and every time ¢, s € R/Z — X (t,s,a) € T? is a loop subject to the heat equation

0 X(t,s,a) = 02X (t,s,a),

then (B, p, P) is expected to be a solution of (3.1.1] , at long as there is no self-
or mutual intersection of the different loops. The goal of this chapter is to provide a
robust notion of generalized solutions which includes fields (B, p, P) of form (3.1.7))

as global solutions of system (3.1.1)3.1.2)), that we call, from now on, the Eulerian
heat equation.

Our definition reads:

Definition 3.1.1. Let us fiz T > 0. We say that (B, p, P) with
(B,p) € C(0,T), C(T% R x RY,.), P e C(0,T] x T RIY,

is a dissipative solution of the Eulerian heat equation with initial data
(B, po > 0) € C(T4 R x R if and only if
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(i) (B(0),p(0)) =(Bo,po), V-B =0, Op+V-P =0, in sense of distribu-
tions;
(ii) For any t € [0,T), and any b*,v* € C1([0,T] x T R?),

E(t)e ™ + /0 e [(r—ro)E(t’)+ | %OU(t/)—R(t’)

holds true for all t € [0,T) and r > 1o, where

dt' < E(0). (3.1.8)

~ B — pb*|?
U=(B—-pb",P—p*), E= 1B = ot
Td 2p

Y

R:/pL1+BL2+PL3,
Td

*2

b
L1:'U*2+Dt< —(b*V)(b*U*), Dt:(at+v*-v>,

2
Ly = —Db* + (b* - V)v*, Ly= —v* + (b*- V)b,

*

and ro 18 a constant depending on b*,v*, chosen so that

=V = VT f gl VB - VBT
@0 = ( Vot — Vb 21, )
is positive definite.

This concept of solutions turns out to be convex in (B, p, P) which is crucial to
include fields (B, p, P) of form as global dissipative solutions. It is based on
the relative entropy method, quite well known in the theory of hyperbolic systems
of conservation laws [20, B0, B7], kinetic theory [46], parabolic equations [33], and
continuum mechanics [23], 28], just to quote few examples. It is closely related to
Lions’ concept of dissipative solutions for the Euler equations of incompressible fluids
[39] and related models [9, 12}, [54) 11]. Tt is also related to the way the heat equation

is solved for general metric measure spaces in [2]. With such a robust concept, we
can see which way fields (B, p, P) of form (3.1.7)) are, indeed, solutions:

Theorem 3.1.2. Let

(Bo, po) (z) = /

acA

(/R/z 6(z — Xo(s,a)) (9sXo(s,a),1) ds) du(a), = €T,

where (A, dp) is an abstract probability space of labels a, and the loops s € R/Z —
Xo(s,a) € T are chosen so that

/ | foR/Z d(x — X(0,s,a))0:X(0, s, a)dsdu(a)|*
z€Td foR/Z d(x — X(0,s,a))dsdu(a)

= / 10,X(0, s,a)|*dsdu(a) < +oo.
AXR/Z

(3.1.9)

Then there is a global dissipative solution (B, p, P) to the Eulerian heat equation

, explicitly given by
(B, p, P)(t,z) = / < dx — X(t,s,a))(0:X,1,0:X)(t, s, a)ds) du(a),
acA R/Z

where, for u—a.e. a, X(-,-,a) is solution to the heat equation

0, X(t,s,a) = 0% X (t,s,a).
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Notice that condition (3.1.9) essentially means that, at time ¢ = 0, in the defini-
tion of (By, po), the loops s — X (0, s,a) have been chosen without self- or mutual
intersections. At this stage, we don’t know how this result can be extended to all
Borel measures By, p respectively valued in R? and R, such that

BQ
V- By =0, /| o < 400.
T P0

This is a delicate question of geometric measure theory, closely related to the topics
discussed in [, [5T].

We also get the following “weak-strong” uniqueness result:

Theorem 3.1.3. Suppose (b,v) € CH([0,T] x T, R? x RY) is a solution of the
degenerate parabolic system . Let py > 0 given in C(T% R)" chosen so that
V - (pobo) = 0 and set By = bopy. Then there is a unique dissipative solution

(B,p, P) = (pb, p, pv) to the Eulerian heat equation in the sense of
definition with initial condition (By, po), where p is the unique solution of the

continuity equation Oyp + V - (pv) = 0.

Miscellaneous remarks

Remark 1

By reducing a complicated degenerate parabolic system to the one-dimensional heat
equation for loops, we follow, in a somewhat opposite direction, the path of Evans,
Gangbo, Savin [26] who treated a degenerate parabolic system in R? with polyconvex
entropy as an integrable system, by reducing it, in its Eulerian version, to the scalar
equation in R

Remark 2

In a companion paper [14], the authors study the more delicate system

BoP-P®B BB
6tB+V-( © ; @ ):o, V-B=0, P:V-< i’ ) »— B,

where the algebraic constraint p = | B| substitutes for the continuity equation. Then,
the analysis gets substantially more difficult. However, there is still some underlying
integrability where the geometric heat equation for curves (or curve-shortening flow,
which corresponds to co-dimension d — 1 mean curvature motion) substitutes for the
linear heat equation.
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3.2 Gradient flows for closed (d—1)-forms and trans-
portation metrics

Optimal transport theory is largely about giving a Riemannian structure to the
space of volume forms pdz! A--- Adz? in R? and many gradient flows can be derived
accordingly, following the seminal work of Otto and collaborators [32, 4], 47, [53].
Here we want to extend this theory to the case of closed d — 1 differential forms in
R?, or, in other words, divergence-free vector fields. For instance, as d = 3,

B = B'da? A da® + B%da® A dxt + B3dat' A da?,
0=dB = (0,B' + 0,B? + 0sB)da' A da® AN da® =V - B da* A da? A da?,

and these formulae easily extend to arbitrary dimensions d. For simplicity, we will
only discuss about Z4—periodic forms so that we will use the flat torus T¢ = (R/Z)*
instead of the entire space R,

3.2.1 Elementary closed (d — 1)—forms and superposition of
loops

An elementary example of closed (d — 1)—forms is given by
B(z) = / §(x — X(s))X'(s)ds, x & T (3.2.1)
R/Z

where X is a loop, i.e. a Lipschitz map s € R/Z — X(s) € T¢ and B should be

understood (with an abuse of notation) just as the vector-valued distribution defined
by
< BB >= B(X(s)) - X'(s)ds,
R/Z
for all trial function 3 € C*(T4;RY). In particular, V - B = 0 immediately follows
since

< 0;B', ¢ >= — < B, 0;p >= — Vo(X(s)) X'(s)ds
R/Z

=~ [ s =o

for all trial function ¢ € C°°(T4 R). A much larger class of divergence-free vector
fields B can be obtained by superposing loops:

B(z) = / y ( . 5(z — X(s,a))@sX(s,a)ds) dy(a) (3.2.2)

where (A, du) is an abstract probability space of labels a, and, for p—a.e. label a,
s € R/Z — X(s,a) € T? is a loop. It is an important issue of geometric measure
theory to see how large is this class [I, 51]. [A typical “folklore” result being that
every divergence-free vector field B, with bounded mass

/ (Bl=swp{< B3>, §eCNTERY, sl <1} < +oo,
T

75



can be approximated by a superposition of N loops (X,,a € {1,---, N}) in the
sense

< B fi>= lim —Z / )- Xi(s)ds, VB € C*(T%RY,
R Z

Ad\B!—lelgo—Z/ X2 (5)ds ]

3.2.2 Transportation of closed (d — 1)—forms

As for volume forms, the concept of transport involves time-dependent forms B(t, x)
and velocity fields v(¢, z) € RY. To get the transport equation right, we can refer to
the case of a moving loop (¢,s) — X (t,s) € T? subject to

0. X (t,s) =v(t, X(t,s)).

Given a smooth trial function 3 € C°°(T% R?), we get for the form attached to X

B(t,x) = /R/Z 3z — X (t,$))0sX(t, s)ds,

d ; d i
E < B ( )7 Bz E oz Bz(X(t, 5))85)( (t7 S)dS

= /R/Z(ajﬁi)(X(t, $))0, X (t,5)0, X" (t, s)ds + Bi(X(t, 3))3,525Xi(t, s)ds

R/Z

— A/Z(ajﬁi>(X(t,8)>3th(t, )0 X" (t, s)ds—/ (0;8:) (X (£, $))0,X7(t, )0, X (t, s)ds

R/Z
— [ @B () (8 X (1 )DX(0,5) — 070, 9)0( X 1.5)) ds
R/Z
=< B — B, 0,8, >= — < 0;(B"v — B'v'), 3; >
So, for the transport of B by v, we have found equation
B+V-(Bv—-—v®B)=0,

which is linear in B and stays valid, as a matter of fact, for all closed (d — 1)-
differential forms (see [I§] for example). In the case d = 3, this equation is usually
called induction equation in the framework of (ideal) Magnetohydrodynamics, B
being interpreted as a magnetic field and v as the velocity field of a conductive fluid.
We will retain the name of induction equation for any dimension d. For the sequel of
our discussion, it is convenient to attach to each time-dependent form B generated
by some loop X, a companion volume form defined as

p(t,x) = / §(x — X(t,8))ds >0, xe&T
R/Z
or, equivalently, by duality,

pt,-), ¢ >= S(X(t,s))ds, Vo€ C5°(T4R).

R/Z
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[Notice that, in contrast with B, the definition of p is affected by a change of
parameterization of the loop X with respect to s.| The transportation equation for
p is nothing but

O+ V- (pv) =0,

just as in regular optimal transportation theory. This equation is usually called
continuity equation in Fluid Mechanics and we will also retain this name for any
dimension d.

Transportation cost

Mimicking the case of volume forms, which corresponds to regular optimal trans-
portation, we define a transportation cost by introducing, for each fixed form B, a
Hilbert norm, possibly depending on B, for all suitable transporting velocity field
r € T — v(x) € RY In the case when we attach a volume form p to B, the Hilbert
norm may depend on both B and p and we denote it by

v = |5,

For volume forms, the most popular choice of norm is v — 4/ [14 [v[?p and we will

concentrate on this choice in thesis . Then, the resulting norm depends only on p
and is simply denoted by || - |,.

Steepest descent

Let us give a functional F[p, B] and monitor its steepest descent according to the
Hilbert norm v — ||v||p,, on the space of velocity fields v transporting B and p. We
will concentrate soon on the special case when

FoBl= [ E = \/ | @i,

which turns out to be, in some sense, the simplest choice, as will be seen later on.
Nevertheless, let us start our calculations in the larger framework when

Fip.Bl= | Flola). Ba)

for some function F : R, x R? — R, supposed to be smooth away from p = 0,
such as F(p,B) = ’29—;, for instance. Thanks to the continuity and the induction
equations, we get (assuming B, p and v to be smooth with p > 0, using coordinates
and denoting by F, and Fj the partial derivatives of F' with respect to p and B)

d :
%I[ﬂ, B] = / (Fpatp + FBiatBZ)
Td

- —/ [F,0i(pv") + Fpi0;(Bv' — B/v')]
Td

(using the induction and continuity equations)

B /11‘d [paz(Fp) — (6](F31) — 8i(FBj))Bj:| Ui = —/ v G

Td
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where

So, we have obtained

d 1 2 1 * 2
GFBl== [ v 62 =3l s — 161"

where || - [|*, p is the dual norm defined by

1 * 2 1 2
§|Ig|!p,B = sup ng'w_éHpr,B

To get the steepest descent according to norm || - ||, 5 it is enough to saturate this
inequality so that

NGl + Sl = [ G-

or, in other words, to define v as the derivative with respect to G of half the dual

norm squared:
1 * 2
v=Da (56115

The Eulerian version of the heat equation

From now on, we will concentrate on the special case (3.1.3}}3.1.4), namely

Fip.Bl = [ Flo@.B@), Fo.8) =0 Jella= /[

According to the previous calculations, we first find

Gi = —pdi(F,) + (0;(Fp:) — 0,(Fgi)) B’

J i , . , 2%
()5 (5)r-a(B)r=a(57)
P P P P P

(using 9; B’ = 0). Next, we get

1 . 2 G?

_||G||p,B = a5

2 2p

and its derivative with respect to G is just G/p. Finally, we have obtained the
steepest descent of F with respect to the transportation metric v — ||v||,, precisely
when

. 1. B'BI
v = _aj ( )7
pop
which, combined with the induction and the continuity equations, leads to the sys-

tem (BLIBL2), namely
BRP—-P®B
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B®B
Op+V-P =0, P:V( @ ),

p
where P stands for pv (i.e. the momentum, in terms of Fluid Mechanics). When
the solution (B, p) is smooth with p > 0 (which is definitely not the case when B is
generated by a single loop), this system can be written in “non conservative” form,
in terms of the rescaled field b = B/p. Indeed, from (3.1.1)), we get (in coordinates)

0="0"(0p+ 0;(pv?)) + p (D" + 7 0;b" — VO ) — v'0;(pl)
= p (8" + 70,0 — Y 9;0")
and A o
vt = o,
which leads to the non-conservative version (3.1.5)) of (3.1.1{3.1.2)), namely

b+ (v-V)b=(b-V)v, v=(b-V)b,

in which p plays no role. This equation can also be written as the (very) degenerate
parabolic system (|3.1.6]), namely

db=b®0b: D2b.
[Indeed, we get from , in coordinates,
b = —vI0;b" + b 90" = —b O 0;b" + b7 0;(bFOkb")
= b OV O;b" + VU O + V0,6 0" = VRO b ]
In a completely different direction, we can interpret just as a hidden

version of the one-dimensional heat equation! Indeed, let us assume that a time
dependent loop (t,s) — X (t, s) solves the linear heat equation

0, X(t,s) = 02X (t,s). (3.2.3)

and never self-intersects during some time interval [0, 7], so that we may find two
smooth time-dependent vector field v and b such that

0 X (t,s) =v(t,X(t,s)), 0:X(t,s)=>bt,X(ts)).

Using the chain-rule, we first recover v = (b - V)b directly from and then
we observe that 0;b + (v - V)b = (b- V)v is just the compatibility condition for b
and v to be partial derivatives of X. Surprisingly enough, we directly recover the
non — conservative version of (3.1.1[3.1.2). We may recover the conservative form
by reversing the computation we did to get the non-conservative form,
after adding the field p as solution of the continuity equation 0;p + V - (pv) = 0,
with initial condition

p(0,2) = /R/Z(S(:E — X(0,s))ds.

Indeed, this equation is linear in p and admits, since v is supposed to be smooth, a
unique distributional solution which must be

p(t,x) = /R/Z Sz — X(t,s))ds

since ;X (t,s) = v(t,X(t,s)). To conclude this subsection, let us rename system

(3.1.143.1.2)) as the Eulerian heat equation.
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Remark

At this stage, it seems strange to solve a complicated set of non-linear PDEs such as
while we may, instead, solve the trivial one-dimensional heat equation!
However, the derivation of we just performed is crucially based on the
assumptions we made that X is smooth (which is not a problem since X solves
the heat equation) and non self-intersecting which, except in some very special
situations, is not true globally in time. So we can view as a way of
extending the evolution beyond the first self-intersection time. As a matter of fact,
a similar situation is very well known for a collection of particles, labelled by some
parameter a, and solving the trivial equation

0L X (t,a) = 0.
Assuming the existence of a smooth velocity field v such that
O X (t,a) = v(t, X(t, a)),

we immediately obtain d;v+ (v-V)v = 0 which is nothing but the multi-dimensional
version of the so-called inviscid Burgers equation, or, in other words, the non-
conservative version of the pressure-less Euler equations

PP
p

As well known, in this model, particles of different labels may cross as time goes
on (especially in the case when parameter a is continuously distributed). This
is why system is far from being well understood, except in some special
case, typically as d = 1, where we may use the order of the real line to get a
satisfactory formulation (such as in [I3]). Let us finally mention, as already done in
the introduction, the work by Evans, Gangbo and Savin [26] where the authors are
able to solve a complicated degenerate parabolic system with “polyconvex entropy”
in R? by noticing that its Eulerian version is nothing but the regular scalar heat
equation R

3.3 Dissipative solutions to the Eulerian heat equa-
tion

Let us consider a loop X solution to the one-dimensional heat equation (3.2.3) and
introduce the relative entropy

[ X (s X))
E(t) = /R ; d d
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where b* € C>([0,T] x T4 RY) is a fixed trial function. We find, after elementary
but lengthy computations, (see Appendix 3.A for more details)

@ _ —/ |0, X — v*(t, X)|*ds

43 [ OX B X0)OXT (6 X)) + 01, X)ds
R/Z

—_

, . (3.3.1)
—/ (8, X" — b (t, X)) (X7 — 0™ (t, X)) (9;b; — 0;b3)(¢, X )dss
R/Z

+ [ (L, X) + 0.X - Lo(t, X) + 8,X - La(t, X))ds,
R/Z

where
*2

2)—@%vmﬁmyzxz@+wwm

L1:U*2+Dt<

Ly =—=Db" + (0" - V)v*, Lz3=—0v"4 (b"-V)b".
In order to get more compact notations, we introduce
W (t,s) = (0.X(t,8) — b*(t, X(t,5)), B X (L, 8) — v*(t, X (t,5))),

Y A v A VAR VA v/
Q") = ( VR v/ 21, )

Then (3.3.1)) can be written as

d5+/ WTQ(b*, v )W
R/Z

dt 5 (t,s)ds — R(t) =0, (3.3.2)

R(t) = /M (Li(t, X(t,5)) + 0, X (t, 5) - Lo(t, X (t, 5)) + 0. X (¢, 5) - La(t, X (¢, 5)))ds

We use I,,.,, to represent the n x n diagonal matrix whose first m terms are 1
while the rest terms are 0, let I; be the d x d identity matrix. Then we can choose
ro > 0 big enough, in terms of the trial functions b*, v*, such that

Qro = Q0" V") + rologa > Iog > 0.

In addition, we observe that

1 ~— ~ 1
5(WT[M W)(t, s) = 5\05)((15, s) — b (t, X (1,9))[",

which is exactly the relative entropy density. Thus, for any constant r > rq, we
obtain by integrating in time (3.3.2)) after multiplication by e~"*:

Et)e™ + /Ot e {(r () —|—/ 1

| 37T QuINI(.s)ds = R | e = €00

(3.3.3)
Let us now consider a collection of loops, labelled by a € A, where (A, du) is an
abstract probability space, and subject to the heat equation

0, X(t,s,a) = 0% X (t,s,a).
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We set, for each a € A,

W(t, s,a) = (83X(t, s,a) —b*(t, X (t,s,a)),0.X(t,s,a) — v*(t,X(t,s,a))),

R(t,a) = /M (Li(t, X) + 0,X - Lo(t, X) + 0,:.X - L3(t, X)) (¢, s, a)ds,

X (X 2
5@7&):/ 0, X (t,s,a) —b*(t, X(t,s,0a))| ds,
R/Z 2

so that (3.3.3]) reads

E(t,a)e™™ — £(0,a) (3.3.4)

+/O e " |:(T_TO)5(t’a)+/R/ZQ(W Qr W )(t,s,a)ds—R(t,a)] dt' = 0.

Next, we introduce the averaged fields (B, p, P):

(B, p, P)(t, ) = / y ( /R /Zé(:v ~X(t,5,0))(8,X,1,8,X)(¢, s,a)ds) dy(a)

and, also,

U(t,z) = (B(t,z) — p(t,z)b*(t,z), P(t, z) — p(t, z)v*(t, z))

= /GEA (/M(S X(t,s,a)(0:X —b*(t, X), 0, X — v*(t,X))(t,s,a)ds) du(a),

B — pb"*

/pL1+B Lot Poly— / R(- a)du(a), E— g
Td Td P

We see that

2
[ By / / (—asx-b*u,X)+1|b*<t,x>|2) (t, 5, a)dsdp(a),
Td 2P acA JR/Z 2

:/ E(t,a)du(a) + | —(t) — —/ / |0, X (L, 5,a)|*dsdpu(a).
acA Td 2,0 acA JR/Z

By the Cauchy-Schwarz inequality

52 ) — / | Juca fR/Z 6(x — X(t,s,a))0:X(t,s,a)dsdu(a)|?
¢ P zeT faEA fR/Z (5(1’ - X(t, S5, a))dsd,u(a)

<[ [ xtsa)dsdu),
acAJR/Z

E(t) < /EAE(t,a)d,u(a).

so that

In a similar way,

[ESC0< [ [ @i sadsiua,
Td P acA JR/Z
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Thus, when integrating equality (3.3.4) in a € A with respect to u, we deduce the
following inequality

E(t)e ™ + /0 et [(r — o) E(t) + /T d %ﬂroU(y) — R(#| dt < E(0),

provided
BO) = [ £(0.0)dn(a)
acA

which means that the Cauchy-Schwarz inequality we used saturates at time ¢ = 0,

e / | e fuys 8@ = X(0,5,0))0,X(0, 5, a)dsdpu(a)?
z€Td faeA f]R/Z (5(1’ - X(Oa SacL))de:u(a)

= / 10,X(0, s,a)|*dsdu(a).
acA

This essentially means, as already explained in the Introduction, that, at time £ = 0,
in the definition of the initial fields (B, p)(t = 0,-), the loops s — X (0, s,a) have
been chosen without self- or mutual intersections. The resulting convex inequality
is precisely the one we have chosen in the Introduction to define dissipative solutions

for the Eulerian heat equation (3.1.1}f3.1.2)), through Definition (3.1.1}

3.3.1 Proof of Theorem [3.1.2|

The proof has just been provided, while obtaining the concept of dissipative solu-
tions!

3.3.2 Proof of Theorem [3.1.3]
The proof is straightforward. From [3.1.5, we have
Dib=(b-V)v, Di=(0+v-V), v=(b-V)b,

from which we easily deduce

?)2

2
Then, it is enough to set b* = b and v* = v in definition 3.1.1] to make L; = Ly =
Ly =0, R=0and F(0) = 0. So any dissipative solution (B, p, P) in the sense of
definition must satisfy B = pb and P = pv since r > rq and Q,, > 0, which
completes the proof.

v+ Dy(—=) = (b-V)(b-v).

3.4 Appendix 3.A: Direct recovery of equation
3.3.1

Let loop X (t,s) be a solution to the heat equation (3.2.3]). For any smooth vector
field b*, the relative entropy

£(1) = /R/Z [0:X (1, 5) = b (t, X (1, )

2
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can be written as

E(t) = /M (% —9,X b (1, X) + M) ds = E1(t) + E(t) + E(b).

For & (t) = [ |0:X]*/2, we have

—51 /ax Ops X = /853X X = /|8tX|2

(since 0, X = 05,X). For any smooth vector field v*, we have

- / 10, X|* = / —0: X —v*(t, X)|? + [v*(t, X)|* — 20,X - v*(t, X)

:/—|8tX—v*(t,X)|2+ W X = X - v* (5 X) — 0, X - 0" (£, X).

In coordinates, we have
- / D X0 (1 X) = / D, X007 (£, X)9, X7

_ %/ (0 X7 = b7 (t, X)) (9:X7 = b (1, X)) (D07 + 005)(L, X)

+ / B, X°b (t, X) (907 + 05) (L, X) — (007 0,07) (¢, X).
So we have,

d
SEi(t) = / —10,X — v*(t, X)|2 + LL(t, X) + 8,X - Ly(t, X) + 0,X - L(t, X)

+% / (ain . b*i(t,X)) (aSXj — b*j(t,X))(ajU: + 8l-v;)(t,X),

where
L) = [v*)? = b 0,v;, (L) = (0;0F + 07 )b*] (Ly)i = —v.
Now let’s look at &(t) = — [ 9sX - b*(t, X ). In coordinates, we have,
%6’2( t) = /—&StXi Uit X) — 0. X (9ub)(t, X) — 0, X0, X7 (0;b7) (¢, X)
= / —0, X0, X7(0;b; — 0:b5)(t, X)) — 9, X" (8,b;) (¢, X)
. / (0.7 — 073(8, X)) (0X7 — 071 (1, X)) (0,0 — Ob)(t, X)
+/L’1’(t,X) +0,X - Ly(t, X) + 0, X - Ly(t, X),
where

L = (9;bF — 3;b5)b*" v, (LY); = —9,bF — (9;bF — 9;b*)v™?, (L), = (8:bF — 9;b%)b*.
1 7% 7 2 7 7% J 3 A 7
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For the last term &(t) = [ |b*(¢, X)|*/2, we have,

%83() /(atb;‘(t,X)+ath8jb;<(t,X))b*i(t,X).

So, in summary, we have

- %/ (9" = b7 (£, X)) (0.X7 = b9 (¢, X)) (90 + 0i05) (1, X)

— / (8, X" = b (¢, X)) (X7 — v (t, X)) (9;b — O:b})(t, X)

/—|8tX — 0 (6, X))+ Li(t, X) + 0,X - Lo(t, X) + 9,X - L (¢, X),

where

b*2 b*2
L1:L/1—|—L’1/+3t< 5 ) :U*2_|_Dt( 5 ) _(b*v)(b*v*)7 Dt:(at+v*v)

Ly = L, + LY = =Dyb* + (b* - V)u* + V(b - v*)
Ly =L;+ L”+V( ) —v* 4 (b" - V)b".

Since
/asx. V(o /as (b°(t, X) - o (£, X)) =0,

we can remove the gradient term V(b* - v*) from L, and finally get (3.3.1)).
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Chapter 4

Hyperbolicity of the time-like
extremal surfaces in Minkowski
spaces

4.1 Introduction

In the (1 +n + m)—dimensional Minkowski space R'*("*™) we consider a time-like
(1 + n)—dimensional surface (which usually corresponds to a n—brane in String
Theory [42]), namely,

(t,r) €EQCR xR = X(t,2) = (X°(t, x),..., X" "™ (t,2)) € RMHm)

where () is a bounded open set. This surface is called an extremal surface if X is a
critical point, with respect to compactly supported perturbations in the open set €2,
of the following area functional (which is the Nambu-Goto action in the case n = 1)

// \/ _det MV MV = nMNa;LXMaVXN )

where M,N =0,1,...,n+m, pu,v=20,1,...,n, and n = (—1,1,...,1) denotes
the Minkowski metric, while G is the induced metric on the (1 + n)—surface by 7.
Here 0y = 0; and we use the convention that the sum is taken for repeated indices.

By variational principles, the Euler-Lagrange equations gives the well-known
equations of extremal surfaces,

9, (x/—GGWé?VXM> —0, M=0,1,...,n+m, (4.1.1)

where G" is the inverse of G, and G = det(G,). In this chapter, we limit ourself
to the case of extremal surfaces that are graphs of the form:

X'=t X'=2' i=1,....n, X""*=X""t2), a=1,...,m (4.1.2)
The main purpose of this chapter is to prove:

Theorem 4.1.1. In the case of a graph as , the equations of extremal surfaces
4.1.1) can be translated into a first order symmetric hyperbolic system of PDEs,
which admits the very simple form

oW + Z A;(W)0, W =0, W: (t,2) € RM™ 5 W(t,z) e R (4.1.3)

7=1
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where each A;(W) is just a (n+m+ (")) x (n+m+ (")) symmetric matriz

depending linearly on W . Accordingly, this system is automatically well-posed, locally
in time, in the Sobolev space W*? as soon as s > n/2 + 1.

The structure of is reminiscent of the celebrated prototype of all nonlinear
hyperbolic PDEs, the so-called inviscid Burgers equation d;u + ud,u = 0, where u
and x are both just valued in R, with the simplest possible nonlinearity. Of course, to
get such a simple structure, the relation to be found between X (valued in R!Tm+m)
and W (valued in R (" n)) must be quite involved. Actually, it will be shown

more precisely that the case of extremal surfaces corresponds to a special subset
of solutions of (4.1.3)) for which W lives in a very special algebraic sub-manifold of

R+ (7 n), which is preserved by the dynamics of .

To establish Theorem [.1.1] the strategy of proof follows the concept of system
of conservation laws with “polyconvex” entropy in the sense of Dafermos [20]. The
first step is to lift the original system of conservation laws to a (much) larger one
which enjoys a convex entropy rather than a polyconvex one. This strategy has been
successfully applied in many situations, such as nonlinear Elastodynamis [23], 43,
nonlinear Electromagnetism [10] [16], [49], just to quote few examples. In our case,
the calculations will crucially start with the classical Cauchy-Binet formula.

Finally, at the end of the chapter, following the ideas recently introduced in [14],
we will make a connection between our result and the theory of mean-curvature
flows in the Euclidean space, in any dimension and co-dimension.

Acknowledgements

The author is very grateful to his thesis advisor, Yann Brenier, for introducing the
polyconvex system to him and pointing out the possibility of augmenting this system
as a hyperbolic system of conservation laws, in the spirit of [10].

4.2 Extremal surface equations for a graph
Let us first write equations (4.1.1)) in the case of a graph such as (4.1.2). We denote
Va = 8tX"+a, Fai = @X"Jra, o = 1, o,y = 1, o, .

Then the induced metric tensor G, can be written as

(G) = -1+[V]*  VIF
i FTV I,+F'F )

We can easily get that
G =det(Gy,) = —det(l, + FTF)(1 = [V + VTF(I,+ F'F)"'F'V).

So, in the case of graph, the extremal surface can be solved by varying the follow
Lagrangian of the vector V' and matrix F',

//L(V, F), L(V,F)=—v—G,
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under the constraints
(9tFm; = @Va, (9,;Faj = @Fai, o = 1, o,y Z,j = 1, s, N

The resulting system combines the above constraints and

Now let us denote

b _ OLWV.F) _ Vdet(L, + FTF)(I,, + FFT) V3
Ve \1-VI(I, + FFT)"V

and the energy density h by
h(D,F)=supD -V — L(V,F) = \/det(I, + FTF) + DT(I,, + FFT)D.
v

We have
Oh(D,F)  (Im+ FF")a3Dg

0D, h
Therefore, the extremal surface should solve the following system for a matrix valued
function F' = (Fui)mxn and a vector valued function D = (Dy)a=12...m;

Vo =

D, + F.;P;
OrFui + 0; (%) =0, (4.2.1)
DocPi + fI(F)oci
O: Dy, + 0, ; =0, (4.2.2)
@Fai = @Faj, 1 < ’l,j < n, 1 <a< m, (423)
where
P,=F,D,, h=+/D24+P2+&F), 1<i,j<n, 1<a<m, (4.2.4)
1OE(F
EF)=det (I, + F'F), &(F)ai= 5685; ‘) =¢(F) U+ F'F);'Fyy.  (4.25)

In fact, the above equations can be obtained directly from . Interested readers
can refer to Appendix 4.A for the details. Moreover, we can find that there are other
conservation laws for the energy density h and vector P as defined in the above
equations, namely, (see Appendix 4.B for the proof)

Oh+V-P =0, (4.2.6)
P F)(I,+ F'F);'
O P; + 0; (R;fj _ ) ; )i ) =0. (4.2.7)

Now, let’s take h and P as independent variables, then we can find that the system
(4.2.1)),(4.2.2),(4.2.3)),(4.2.6),(4.2.7) admits an additional conservation law for

_ D*+ PP+ ¢(F)
- 2h '

S

o (4.2.8)

g(F)(In + FTF)z_Jl(PJ B FajDa>]
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4.3 Lifting of the system

4.3.1 The minors of the matrix F

In previous part, S is generally not a convex function of (h, D, P, F'), but a poly-
convex function of F', which means that S can be written as convex functions of
the minors of F. Let’s denote r = min{m,n}. For 1 < k < r, and any ordered
sequences 1 < a3 < as < ... < a < mand 1l < i < iy < ... <1 <n, let
A ={ay,ag,...,ax}, I = {i1,is,...,0x}, then the minor of F with respect to the
TrOWS a1, (g, . ..,y and columns iy, 4o, ..., 4 is defined as

For the minors [F]4r, let us first introduce the generalized Cauchy-Binet formula
which is very convenient for us to compute the minors of the product of two matrices.

Lemma 4.3.1. (Cauchy-Binet formula) Suppose M is a m x | matriz, N is a
I x n matriz, I is a subset of {1,2,...,m} with k(< 1) elements and J is a subset
of {1,2,...,n} with k elements, then

[MN];y= Y [M] k[N (4.3.1)

KC{1,2,..,1}
|K|=k

Now let us look at &(F) = det (I, + FTF), we can show that it is a convex
function for the minors [F]4 ;. In fact, we have,

E(F) = det (I, FTF—1+Z Z [FTF);.

k=1 IC{12

I|:k
(by the Cauchy-Binet formula)
=1+ [T A[F)ar
k=1 |1],|Al=k
So we have
EF)=1+ [F)% 1 (4.3.2)
k=1 |A]|I|=k

The above equality shows us that £(F') is a polyconvex function of F'. By introducing
all the minors of F' as independent variables, the energy S becomes a strictly convex
function of h, D, P, [F|4,;. Now we will see that the system can be augmented as a
system of conservation laws of h, D, P, [F]a .

4.3.2 Conservation laws for the minors [F] AT

First, we will see that [F] 4 satisfy similar equations as . For simplicity, we

S
denote [Flar=1if A=1=40.

90



Proposition 4.3.2. Suppose F' satisfy (4.2.3)), then for any 2 < k <r+1, A =
{I1<ay<a<...<ap1<m}, [ ={1<i <is<...<ix <n}, we have

i ( AT\ }> = 0. (4.3.3)

g=1

Proof. This can be showed quite directly, for the left hand side, we have

Left = Z Z l+p+q ]A\{ap},f\{il,zq}a Fapu

I<q
1<p<k 1

+Z Y O TPFL o finia} O P

1<£ii 1

l
= Z (—1) +p+q[F]A\{ap}J\{n,z’q}(@'qFam—@zFapip)

1<l<q<k
1<p<k-1

=0.
[l

With the above proposition, we can get the conservation laws for [F]4 ;. For
A={l<ap<a<..<g<mhl={1<ig<iz<...<ix <n}h 1<k<r
we have

k
O ([Flar) = Z (=1)PY ) 4\ fap 11\ (i} Or Fayi,
P,q= 1
D, + F,,; P;
= Z D F]av{ap )00} i (%) (4.3.4)
pq 1
= — Z P‘f‘qa F}A\{O‘P}»I\{iq} (D + Fapjp )
p,q=1 h

4.3.3 The augmented system

Now let us consider the energy density h, the vector field P and the minors [F]4 s as
independent variables. The original system — can be augmented to the
following system of conservation laws. More precisely, for h > 0, D = (Dy)a=12,...m:
P = (P)ic12..ms May with A C {1,2,....m}, I C{1,2,....n}, 1 < |A] = || <
r = min{m, n}, the system are composed of the following equations

Oh+V-P=0, (4.3.5)

DaPi i Ma M « )
8tDa+ai( - )+ > (—1)0A<°‘>+01<z)ai( A 2\{ }’I\{}) =0, (4.3.6)

a:zzll,;zel
0P, + Z 1010 +0n ) (), <MA,<I\{j};LU{i}MAJ)
J€Iﬂ¢1\{J}

PP 1+ M?

+8j( hj) —ai< 22,1 “) =0, (4.3.7)

91



M poait i P;
0, M + Z 1)0n @ ()0 na( ANH UG a)

1EI,J§EI\{2}

M 2D
(+0rlg, ( ZAMMB T — (438
G (e . (438
aEA ze]
3 (~1)01 0, (MA/M}) =0, 2<|[|=|A|+1<r+1. (4.3.9)

iel
Here O4(a) is the integer number such that « is the O4(a)th smallest element
in A{J{a}. All the sum are taken in the convention that A C {1,...,m}, I C
{1,....n}, 1 <a<m,1<1ij<n.

Note that there are many different ways to enlarge the original system since the
equations can be written in many different ways in terms of minors. Although our
above augmented system looks quite complicated, in the following part, we will show
that by extending the system in this way is quite useful. Now, let’s first show that
the augmented system can be reduced to the original system under the algebraic
constraints we abandoned we enlarge the system.

Proposition 4.3.3. We can recover the original system (4.2.1)-(4.2.3) from the
augmented system (4.3.5))-(4.3.9)under the algebraic constrains

P =F.Dy, h=+/D*+P2+&(F), Majs=[Flar.

Proof. 1t suffices to show the following three equalities,

E(F)ai= Y (=1)OOTOF] 4 f[Fla\(ay.ngis (4.3.10)
aGi‘,{iEI
E(F) I+ FTF); 1+Z )0

- Z (=) ODHONGOF] g gy uea [Flag, (43.11)

AT
JEIigI\{j}

k ) (5 . .
§ (_1)p+q[F]A\{ I\ }F o <_1)O<I\{1q}>U{J}(])—"_q[F]A,(I\{iq})U{j} j §é I \ {Zq} '
A j €1\ {ig}

p=1
(4.3.12)
(4.3.12)) is obvious because of the Laplace expansion. Now, since

€)= yp (1 SRY) = LlFlarge (1)

= Y (=)OAOOIEL S [Fla gy 0y

AT
acA,iel

o (4.3.10) is true. Let’s look at (4.3.11)). First, we have

E(F)oi; — E(F)(In+ FTF) ;' = &(F)Foi(ly + FFT) jFp;
= (- 1)“+5F (L + FFT (a3 18y Faj-

92



Because

["f + FF (e g5
= Y (DO EOTONBNEET ) yrapye,ar sy
k=0 |A’|=k
" a,B¢A!
= Z Z 1)OAIFOAEEBIRET] 4\ (1)
k= aﬂEA
min{m,r+1}
= Z > (—1)OATOAETABE oy 1 [Flavgayar,

|Al= k\I’\ k—1

then we have

E(F)8; — E(F) (I + FTF)!

min{m,r+1}

= Z Yo (DO oy, [Flavgsy o Fai g

|Al= k|1’| k—1

= Z > (0O IIEY g [Flar g

k=1 |A|=k,|I'|=k—1

i,5¢1’
= Z (_1>OI(J)+OI\“}(1)[F]A,(I\{j})u{i}[F]A,I
Jerign )

Now we can show that the augmented system have a convex entropy.

Proposition 4.3.4. The system (4.3.5))-(4.3.9)) satisfies an additional conservation
law for

1+D2+P2+2A71M3\,I

S(h,D,P,Myp) = 57

More precisely, we have

SP O4(a)+0;(3) DQMA\{a}J\{i}MA,I
S +V - <T) + > (-9 0;

AAI,'L h’2
acAiel
PM , M Pi(1+ M2 )
)+0n 153 () TAMNGHUG ALY - o (2 AL\ _
T Z N aﬂ ( h2 ) aj ( B2 _> = 0.

]EI,W’J\{J}
(4.3.13)

We leave the proof in Appendix 4.C.

Remark 4.3.5. There are many possible ways to augment the original system be-
cause of the different ways to write a function of minors. To find the write way

to express the equation (4.2.2) and (4.2.7)) such that it has a convex entropy S is
somehow a little technical.
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4.4 Properties of the augmented system

4.4.1 Propagation speeds and characteristic fields

Let’s look at the special case n = 1, where our extremal surface is just a relativistic
string. In this case, the augmented system coincides with the system of h, P, D, F,
where the P is a scalar function and F' = (F,)a=1.. m becomes a vector. More
precisely, the equations in the case n = 1 are,

77777

3th —|— @CP - O, atFm- -+ (393 ( h

P?—1 D,P + F,
8tP—|—az (T) - O, (9tDa +8$ (OCT_I—O{) - 0

Let us denote U = (h, P, D,, F,,) then, the system can be written as

D, + F,P
+—) =0,

AU + AU = 0,

where

0 h 0 0
1| =2 9p 0 0

_pder 1" pr,

We can find that, the propagation speeds are

P+1 P—-1
W2 N 4

with each of them having multiplicity m + 1. The characteristic field for A, is
composed of

v} = (h,P+1,D,F), v, =(0,0,e;,¢;), i=1,...,m.
Here e; is the base of R™. The characteristic field for A_ is composed of

' = (h,P—1,D,F), v' =(0,0,¢;,—¢;), i=1,...,m.
We can easily check that

oA (U)
ou

oA_(U) L (U)=0, i=0,1,...,m.

' (U) =0, i L

So the augmented system is linearly degenerate in the sense of the theory of hyper-
bolic conservation laws [20].

4.4.2 Non-conservative form

Now let’s look at the non-conservative form of the augmented system (4.3.5))-(4.3.9)).

We denote
1 J— D P My
h’ - h7 v = h’ mA,I - h .

For simplicity, we denote m4 = 7 if A = I = (). We have the following proposition.

T =
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Proposition 4.4.1. Suppose (h, D, P, M4 ) is a smooth solution of ({4.3.5))-(4.3.9),
then (1,d,v,ma 1) is the solution of the following symmetric hyperbolic system,

(9,57 + UjajT - Taj?]j = O, (441)

8tda + Uiaida + Z ﬂ{a€A7i€1}(—1)0‘4(a)+OI(i>mA\{a}J\{i}aimAJ = O, (442)
Al

0w+ > Leragngp (=D Dy 1 Gy Uy d5man
Alj

- ZmA,IaimA,I + vjﬁjvi — Taﬂ' = 0, (443)
AT

Omar +viomar+ Y L jenginy (=) ODYOmy 1o iy 00
2%
— ma,9;v; + Z H{aeA,z‘eI}(—1)OA(a)+01(i)mA\{a}J\{i}aida =0. (4.4.4)
We can prove the above proposition by just using (4.3.9). It is easy to verify

. . . mtn
that this system is symmetric. If we set W = (7,dn, v;,mays) € R+ ), then
the equations can be written as

W + > A;(W)o; W =0,

J

where A;(W) is a symmetric matrix, and more surprisingly, it is a linear function
of W. This is exactly the form announced in the introduction. Notice that
this system does not require any restriction on the range of W! In particular the
variable 7 may admit positive, negative or null values. This is a very remarkable
situation, if we compare with more classical nonlinear hyperbolic systems, such as
the Euler equations of gas dynamics (where typically 7 should admit only positive
values).

Now let us prove that the two system are equivalent when initial data satisfies
(4.3.9)

Proposition 4.4.2. Suppose the initial data for (4.4.1)-(4.4.4) satisfies (4.3.9)), i.e.,

3 (~1)2109, (flmA,,I\{i}) —0, 2<|I|=|A]+1<r+1,

icl
then the corresponding smooth solutions satisfy (4.3.5))-(4.3.9)).

Proof. We only need to proof that the smooth solutions always satisfy (4.3.9)) pro-
vided that initial data satisfies it. For 2 < |[I| = |A'| +1 < r + 1, let us denote

oA = Z(—l)Ol(Z)az (T_lmA/J\{i}) = 0,

iel
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then by (TLT),EZT), we have

0o ar 1= Z(—l)of(i)ai <T_13th/,1\{i} - 7__2mA/,I\{i}at7—>
iel
= Qo+ Y. (1)@ Cg o n iy Oida

a,t

a€cAliel
Oy (7)+01 i
= D ()OO 0e iy g O
i€l ¢}

Then we have the following estimate,

0> [t < T IVl (3 [ o).
AT AT

Since the initial data o4/ ;(0) = 0, then by Gronwall’s lemma, we have o4 ;1 = 0.
With these equalities, it is easy to prove the statement just by doing the reverse

computation as in the previous proposition.
O

Now let us look at the connection with the original system. It is obvious that
the non-conservative form of the augmented system is symmetric, thus, the initial
value problem is at least locally well-posed. But for the original system, this kind
of property is not obvious. However, we can show that, the augmented system is
equivalent to the original system if the initial value satisfy the following constraints

P =F,Da, h=+/D>+P2+&(F), Maj=[Flar, (4.4.5)
or, in the non-conservative form,
T = Maida, 1=d2+0} +7°+m%;, mas=7[Flas. (4.4.6)
Now let us denote

1
A= 5(7'2 +0i+di+mi - 1), w =TV — Maida,

(07

4= (=104 (3 Mai = LiagayTmayiats
el

Whr = Y (=D ) mas — Lgnmma g

acA

It is obvious that (7, v;, da, ma ) satisfy the above constraints (4.4.6)) if and only if
A, Wi, O I,zﬁf& ; vanish for all possible choice of A, I, a,i. Furthermore, we can show
that the algebraic constraints (4.4.6|) are preserved by the non-conservative system

(4.4.1)-(4.4.4). First, we have the following lemma.

Lemma 4.4.3. If (1,v;,da, ma ) solves the non-conservative system (4.4.1])-(4.4.4),
then X\, w, 90%,1;1/12,1 as defined above satisfy the following equalities,

O = widjv; = widiv; = 00w+ TON+ Y Lyjen (=17 FOND DG mg 1y 1y,

Alj
(4.4.7)
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: (i mMA, 1\ {i}Wi
OA =~ 0\ + 70w+ Y Lagery (=1 OO Dy 130, <¢>

-
Al'|22,i,5

/(a 7 (10%’, da
. n{igu—n%>+Of<>mA,,I\{i}ai( g ) (1.48)
Al7‘1|227a77/

s = 290%,183'%_”3'83'%0%,1—2 ]l{jELkgz]\{j}}(_1)01\{j}(k)+01(j)QD%,(I\{J-}) Uk 9V
gk
+ Z I]_{BEAJE[}(_1)OA(C¥)+OA(5)-‘1-0,4\{[3}(a)—i—O[(j)gpi\{ﬁ}’l\{j}ajdﬁ7 (449>
57j

Oy = 20 10505 — v O — (=) OTOBYE B
k
+ Z (_1)OA(ﬁ)+01(j)+01(i)+01\{j}
BeA,jeI

— > Ugerwgnn (=) OFOFONGEFONGH UG Oyl 4y o due. (4.4.10)
7.k

D) 0ids

The proof of this lemma requires very lengthy and tedious computation. Inter-
esting readers can refer to Appendix 4.D for the details of the proof. By the above
lemma, we can show that the algebraic constraints are preserved. We summarise
our result in the following proposition.

Proposition 4.4.4. Supposed (T,v;,do, ma ) is a solution to the non-conservative

equations (4.4.1)-(4.4.4) and the initial data satisfies the constraints
TV = Mpidy, 1=d>+v}+72+ m?“, mar = T[F|ar,
where F,; = 77 my,, then the above constraints are always satisfied.

Proof. Let us denote

1
A= 5(7'2 + 0] +di+mi - 1), w =TV — Maida,

P4 =D (1) Wy iya; — LiagayTmaiaps,
el

Yy =Y (1) 4 1oy i — Lgnmma gy
acA

It is enough to show that X, w;, ¢4 ;9% ; always vanish. Since @9 0% ; satisfy

(4.4.9) and (4.4.10), which are linear symmetric system of PDEs when we see
(T,vi,da,may) as fixed functions. It is easy to know that 0 is the unique solu-

tion when initial data is 0. So we get ¢4 ; = ¥ ; = 0 for all possible choice of
A, I,a,i. Therefore, we know that ma; = 7[F|as, where F,; = 77 'm,;. So, by

(4.4.7) and (4.4.8), we know that A, w; solves the following linear system of PDEs
Dt)\ = TZijiji + fiwi (4411)

thi = 7'81)\ -+ CijWj (4412)
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where D, = 0, +v -V, Z;; = &(F)(L, + FTF);J-1 is a positive definite matrix,
fi = 0;Z;;, ci;j = 0;;V - v — O;vj. This system is of hyperbolic type and looks very
like the acoustic waves. Now, since Z;; is positive definite, we can find a positive
definite matrix @ such that Z = Q. Now we do the change of variable &; = Q;;w;,
then A, w; should solve the following linear symmetric system of PDEs

Dyw; = 17Q4i0;\ + ¢i5w; (4.4.14)

where

Ji= TijakQ;jl + ijlfj: Cij = (DyQur, + QuCZk)QEjl
By the standard method of analysis of PDEs, it is easy to know that this linear
symmetric system has a unique solution. Since A = w; = 0 at ¢t = 0, we have

A =w; =0. So we have w; = 0, which completes the proof.
O

4.5 Toward mean curvature motions in the KEu-
clidean space

We conclude this chapter by explaining how mean curvature motions in the Eu-

clidean space are related to our study of extremal surfaces in the Minkowski space.

This can be done very simply by the elementary quadratic change of time 6 = ?/2

in the extremal surface equations (4.1.1)). Let us work in the case where X°(¢, z) = t.

We do the change of coordinate § = ¢?/2, and in the new coordinate system, the
extremal surface is denoted by X (6, z). The chain rule tells us

0.X'=1, XM =00,XM, M=1,...,m+n.

Now for fixed @, the slice of X (0, z) = (X'(6,z),..., X™™(0,x)) is a n dimensional
manifold ¥ in R™*". Let us denote the induced metric on ¥ by ¢;; = (0;,X, 0;X),
i,j =1,...,n. Denote g = det g;;, g" the inverse of g;;. Then we can get that

Goo = =1+ 07|0pX|*, Goi = Gio = 0'(0sX,0,X) = 0'hy, Gyj = g,

—1+0%0,X|)* 0,

0'h; Gij
V=G = /g [1+0 (hih;g? — |8, X*) + O(6?)],
GY = —1420 (hih;g" — |9, X|*)+0(6°), G = G = 0'g"h;+0(0), G = g7+0(9).
Therefore, can be rewritten as

0=0, (x/—GG(’O) 4o <\/—GGi0>
=0’ [=00 (V9) + V3 (hihjg” — [0sX*) + 0; (Vg9 h;)] + O(0),
0 =0, (V=GCY9,XM) +0, (V-GG a,x") + 0, (V=GGig,x ™)

— 0, (0500 X™) + 0: (0 Vg 00X ) + 0; (/g 0,X7) + 0(0)

G = det ( ) = — [1 + 26 (hihjgij — |89X|2)} g,
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In the regime 0 < 1, we have the following equations

Oy (V3) + ValO X * = 0, (Vag"hs) + /ghihg". (45.1)
1 .
Dp XM = ﬁ@. (Vgg’0,;. XMy,  M=1,....m+n. (4.5.2)

(4.5.2) is exactly the equation for the n dimensional mean curvature flow in R™*",

and (4.5.1) is just a consequence of (4.5.2)).
Remark 4.5.1. It can be easily shown that (4.5.2)) is equivalent to the following

equation - -
8¢9XM = g”@inM — g”gklakXMalXN@jXN. (453)
Therefore,
hi = 0p XM 0, X = (90 XM — g* g0, XM 0, XN 0. Xn) 0: X s
= ¢* 0 XM0, X1 — 7% 9" g0 XN 053 X v
= 0.

As a consequence, we have

1 .
9 (/9)= ﬁgg”aiGXManM
= 81(\/§gzjagXM8]XM) — &gXMGZ (\/EQUGJXM)
= _\/§’a9X|27
which is exactly (4.5.1)) since h; =0, i=1,...,n.

Therefore, we may expect to perform for the mean-curvature flow the same type
of analysis we did for the extremal surfaces, which we intend to do in a future work.

4.6 Appendix 4.A: Direct recovery of the equations
for a graph

Let us denote
FC; — 81'Xp+a, Va — GtXero‘, fij — 52']‘ —|— FO,EFaj, Cag — 5a,B —|— Faing,

and let £ (%% be respectively the inverse of &, (us, & = det&;; = det (up, i,) =
1,....n,a,8=1,...,m. Since & F.] = Foi+ FFg,F.J = F'(34, we have £V F,; =
(*¥Fg;. By using the above notations, the induced metric G, has the following
expression,

—1+|V]? FoV, PP, N
(G) = ( qu‘/al ] > L G=—¢ (1 _ |V|2+§JFiF€VaV5> = (1 VL),

vy _ =1 1 _CaﬁVaFﬁ'
(@) =G 5(_@5‘/&% <—1+yV|2>£"f+<§“fsﬂ—éiffkl)F%F‘?Van)'

Now let’s start looking at the equation (4.1.1)). The equation for X% i = 1,...,n,
reads

o (e ) [VE[CI VR + e - e v
iz, ) NEEIAT

=0.

99



We denote

_ af
L S R Y W S —
\/1—CBVV/BV7 V1= (V3
then we have
—D* — Fapr
" = W= \E+DP+ PP
VE+ D2+ [P

Therefore, the equation can be rewritten as

P,P; — £&ii
,P; + 0, (JT&) 0. (4.6.1)
The equation for X% = ¢ reads,
BV [
—8,5 \/g + aj \/EC atl'Bj — 0’
V1= (P, V1= (Vo Vs
which can be rewritten by using our new notations as
Oth + 0;P; = 0. (4.6.2)

The equation for X?** o =1,...,m, reads,

_o [ VEVa - CESESVI) Ly VECTF Vi Vo — Fual ™ FVsE" FV5)
NIEEAY ’ V1= CPBV, Vs

+ 0 (ﬂ 1- caﬂVani”Fm> =0,

which can be rewritten as

D,P; R
0Dy + 0, ( J J;ff ) = 0. (4.6.3)
At last, since 0,F,; = 0;V,, 0;F,; = 0;F,;, we have
D, + F,; P’
8tFon' + 81 (%) = 0, @Faj = @-FM. (464)

(4.6.1))-(4.6.4) are just the equations that we propose.

4.7 Appendix 4.B: Conservation laws for h and P

First, let’s prove the equation (4.2.6). Quite directly, we have

1 9¢(F)
8th = ﬁ (QDQGtDa + QRatR —+ aTMatFai>
o DaatDa + Piat(Fon'Da) + gl(F)aiatFai

B h
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. . . / .
_ <Da+FazPZ) @Da—l- (Doapz_{_g(F)ocz) @Fm

h h
_ (Dot FuPy\ o (Dali+ &(F)ai\  (Dali+&(Flai\ 5 (Dot Foily
h ¢ h h () —h
— 5 (<Da + Fo;Py)(DaPi + §'<F>M>)
1 h2 .
Now, since

E(F)ai(Da + FojPy) = E(F)(I + FT'F);, Fop(Da + Fuj P))
= E(F)I + FTF); (P + ForFoj Py)
=&(F)I + FTF);[ (I + F"F) Py = £(F)é; P = £(F)P;

we have

Oh = —0; <<D2 i g(F))Pi) = —0;1;,

72
which is just the conservation law for h. Now, let’s look at the equation for P, =
F.;D,. We have

atpi = at(FaiDa> = DaatFai + FaiatDa-

For the first term, we have

D, + F,;P;
DaatFai = _Daai (M>

h

__p (Di + DaFaij> \ DadiDa + PiFuydi D

h h
g (PP PP DadiDat Pdk(FuyDa) + € (F)agdhFay _ PyDadiFuy + € (F)ayiFa
’ h h h
2 _ . / .
= -0, (h—g(F)) + Oih — <DQPJ ¢ (F)a]) 0; Fy;
h h

The second term reads

FociatDa = _Faiaj (Dan +h§ (F)aj)

_ _aj ((FaiDa>Pj + Fai§/<F)aj> + (Daljj + §/<F)aj) ajFai

h h
= -0, PPy 1 Fail (F)oy 4 (Patité (F)oy O;F.;.
h h
Thus, we have
atpi — —8]- (Psz + Faz‘f (g)aj — é(F>5zj> .

Now, since
(I + FTF)Z_kl((S]k + FajFak) = 6ij7
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then we have
Foil (Faj — §(F)0ij = E(F)((I + FTF) ! FajFar — 6i3) = —E(F)(I + FTF)}!
So the conservation laws for vector P can be written as

PP, &)U +FTF);~1> 0

4.8 Appendix 4.C: Proof of Proposition 4.3.4

To start with, we have that

Do0iDy + PO/ Py + Ma0,Ma; 14 D%+ P?+ M3,

0,8 = —«« ’ - ~0yh.
! h 2h2 !
Let’s look at the first term. We have
Da0iDa _ _&a. Dal\ Do (—1)0al@+0rG) g, MarMavioy 1y
h h Y h h e ! h
aCAer

(since [@3.9), we have Y7, (=1)94FOrDG My (03,11 = 0, )

2 2
_ Daap P, (D )_ Do Majay,n\ (3} S (~1)0a(@+0r0g, (MA,I).

2h? h — h
aef’l,"iel
The second term can be written in two parts,
PO, P
ht = Ll + L27

where

le_% Z (—1)0r@+Onm ), (MA,U\U};LU{@MA,I)’
AL
JEIigI\{j}

P, (PP P, (1+X. M,
==y (B2) + B (LB hr),

Now let’s first prove the following equality,

Or())+0 (7
OiMas =Y Lggnpy (=) DN D0 My 1y Uy

jel
In fact, since ﬂ-{je[,i%]\{j}} = ﬂ-{jel,i¢]} + ]].{je[ﬂ::j}, we have

Right = Tgigry » (=170 O0, My 1y + LendiMar.

jel

For i # j, we can check that
O1(j) + Onygy (1) = Or(4) + Orygy(J) + 1 (mod 2).
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So the right hand side

Right = —Tggn > (=1)PO 0o, My gy + LiendiMas
jel
O 2)+0O
= —lggn Y, (=)D My Uy + (L + 1gen) d:Mar.
Jerut)

Because of (4.3.9)), we finally get

D Ligngn (=)D, My (1 1y Uiy = 0 M-

Jjel
So we have
PM PMa g Ut , o (M
L= ot - A7(—2{J})U{} S (—1)oronpg, ( 21) .
AT A

JELIZIN{j}

For Ls, we have

2 P;(1 + M2 1+ M3 A
Ly=— PaP P, <P)+a(]( * ’“))— i A’Iaj(ﬂ).

2h? h? h h
Since
1+Mi,[ P] ]‘+MAI 1+Mi71 PMA[
S (7) = ———5 0P = P9 < e )+ e OiMar,
we have

N h

POL _ PMangy U O1)+0n (g (Mad
no >, (FHeronmy,

AL
JELIEIN{j}

1+ P2+ M3, 1+ P2+ M3, Pi(1+ M3 )
_ 2 2 + @j .
72
Therefore, we have

D,0,D,, + PO, P; + Ma 10, M4 1

ajpj - P]a] ( 212 B2

25 S
== 0l — P0; (E) + Ls,

h
where
P;(1+4 M? A . PM ; aM
Ly =0, (—J( % A’I)) — Z (_1)OI(J)+01\{j}(z)3j < A,(I\{;L}z) U{i} A71>
A,I,j
JEIigI\{j}
=Y (cjoaterontig, Do Ma\tay.rngnMar
Al ' h‘2
acA,icl

As a result, we have
28 S S SP;
8tS:— 0;P; — P;0, ( ) +L3——(9th——(9j <TJ> + L,
which completes the proof.

103



4.9 Appendix 4.D: Proof of Lemma 4.4.3

Equation for w;
First, let’s compute O;w;. By definition,
Oww; = 0yTv; + TOW; — OpyMpide — MaiOrdy, .

The first two terms are,

OyTv; + TOw; = v;(TOjv; — v;0;T) + T(Z ma r0ima — v;0;0; + ’7'8ﬂ'> + 2
AT

= (Tv;)0v; — v;0;(Tv;) + gai(7—2 + m,24,1) + X,

where

S =7 Lgerignup(—DOTOn0Dmy gy uadma.
A,lLj

Here we use the equation for m,;:
atmm- + vj(‘?jmm- + majaﬂ}j — mmajvj + Taida =0.
The last two terms are,

—8tmaida — mm@tda = da(’l)jajmai + majGin — maiajvj —+ Taida) + maivjajda + 22

= —(mm;da)ﬁjvj + vj(‘?j (mm-da) + %8z(di + U?) - (TUj - majda)aivj + 22,

where

Sy = ) Laeajen (=1 mam .0y 0ma.r.
Alo,j

Now, we have
T
Gtwi = (TUi — mmda)ajvj — Ujaj (7'1),‘ — maida) + 582‘(7'2 + ’U]2~ + di + m?q’[)

—(7'1)]‘ — majda)ﬁivj + 21 + EQ
= wiaﬂ)j — wj&-vj — vjé?jwi + 7'6,)\ —|— 21 —|— 22.

It is easy to check that

S14 5 =) Lyen (=)D O9my 10 1 gy
Al j

So w; should satisfy the following equation

8twi = wiajvj — Wjaﬂ)j — vjajwi + 7'81>\ + Z ﬂ{jej}(—l)ol(j)JrOI\{j}(i)aijszJ\{j}.
A,lj
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Equation for \

Now let’s compute d;A. We have,
0N = TOT +v;0,0; + doOrde, + ma 1Oyma g
= 7(70;v; — v;0;T) + vi(ma 0ima s — v;0jv; + TO;T) + X3
—dov;0ido + X4 +mar(ma vy —v;0imar) + s + Xg

/l}.
= —20,(7° + v} + d2 +m% ;) + 70;(Tvi) + ma 10 (ma,rv;)

2
4+ + X4+ X5 + X,
where
S5 == Y Lgeragnun (=070 Omy gy yayvidima,
A,lij
- Z Lineaiery(—1)24 @01 0m 4\ oy niydadimar,
Al
- Z Ve niery (—1)04@T0 0 m 4 con niyma10ida,
AL
So=— Y Lgerignun (=100 Wm o gy Ggymasdu;.
Alijg

It is easy to see that

Ss+ %6 =— D Lgerignpy (=DM Omy Gy Uy 05(ma )
A,lij

(since Lyjerign iy = Ljerigry + Lgjeri=j})

==Y Lenymardi(marv) = Y Ljeragny (=170 Omy iy a0 (ma i)
Al Ali,j

(Since ﬂ{ie[} =1- ﬂ{ié]})

= —mA’[ai(mAJUi) + Z ]l{ing:i}(—1)01(1)+OIU{1}( )mA (UL })\{]}a (mA [UZ)
A5

o Z Ligrjeny (— 1)OI OI+On g (i)mA,(I UG\ 95 (mav;).
Al

Now we can easily check that, for any ¢ ¢ [ and j € I,
O1(i) + Orygy(4) = 01(4) + Ongyy(i) + 1 (mod 2).

[We can prove this equality by discussing in the cases i < j and i > j.|
Because l{igg],j:i} + Il{ig[’j.g[} = ]l{igj’jeju{i}}, we have

Ys+Ye+ma 10i(ma v;) = Z ViigrjerUgy (=D OT0a Dm0 (moa i)
A,li,j
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(let I' = TU{3})

Al >2,i,5

. m )
(‘and, since ma n ;v = —M (w; + Maida)

(2 (5 mA,[/ Wi —f—mAJ/ i maida
=S e ()OO0, 6, ( (i) \Gi} > |

T
AJN'>24,5,0

Also, we have

Yyt s =— Z Liacaicry (= 1)@ Om 4 con iy 0i(moarde)
AL,

(let A = A\ {a})

= —70i(Maida) — Z Liagaricry (—1) 24O Dm0 1301 (mar gay1da)-

A T1>2,00

Since

1 « j @

Liaganymar Jfay,1da = ;<Z(_1>OA’( HOI(])mA’J\{j}mocj - ‘PA/,I> da,
jel
we have
0,4/(a)+01 (i) O 1a
Y4+ X5 = —70;{(Maida) + Z Lery(—1)74 mar (i} O;
A |I1>2,000
, : M A P\ Ml
— Y gen (1) Dy 10, ( A T\{G) Moy > '
T

A/7‘I|227a7i7j

We find that the last term is cancel when we add it up with X5 + ¥4, so we have

O\ = —vjﬁj)\ + TOw; + Z ﬂ{mjep}(—1)01'(i)+01/(j)mA’]/\{j}aj <
AT 2244,5,

ma r\{i}Wi )
T

« i Soa', do
+ > Luen(=1)o ”O’”mAaf\{i}az'( o )

A |I[>2,08

Equation for ¢f ;

Now let’s find the equation for % ;. We only consider the case [A| > 2. We have

0% =0 (Z(—1)0A(a’+of(i)mA,1\{i}mm — LagayTma U{a},f>

el

=D (=)D, (my p iy 9505 — v;0mangsy) + Sr + Sy

iel
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— Z @) +01(i )mAJ\{i} (vjajmm + maj&ivj — mm-ajvj + Taida)
i€l

—Tiagaymaya),1(19;0; —0;0;7) = Liag 4y (MaUgay, 10505 = V;05matay.r) + 2o + S0
= 2¢p% 18 Vj—; ]goAI Z OA HOI(’)mA I\{i} (majﬁ vj+T10;d )—1—27—1-28—1-29—1-210,
el

where

(_ 1)OA(a)+01(i)+01\{z‘}(j)+01\{i,j}(k)mA

=Y Ligjerrgning (I\{i}) Uik} MaiOj Uk,

Z’7j7k

= Wpeaizien (—1)0ATOIOTOABTONG Dy oy 1 5 5yMaiDids,
Byi,j

(_1)01\{j}(k)+01(j)

So=> Vagajerrgn i TMA{a},(1\{5}) Uk} 05V

Jk

Si0 =Y LagapeaUiapgery(—1)OA0H OO0 rm gy e 1.0y 05ds-
B?j

Now let’s look at 7. First, since

Lizjerrgniigyy = Lgeriengiyegnisyy + Ligeriengya=i
we have

OA(a)+01(i)+01\{z‘}(j)+01\{i,j}(k)mA

=3 geriengyrgnin(—1) (I\{i.7 ) Uik} Mai O Uk

irj,k
+ 3 Tgerkengpy (=10 Dm ymardjvr.
7.k
Here we use the fact that, for k # 7,

O1(k) + Oy (1) = O1(3) + On gy (k) + 1 (mod 2).
Further more, for different number i, 7, k, we have the following equality

O1(2) + Ongiy (4) + Ongigy (F) = Onggy (K) + 01(7) + Oy ury (1) (mod 2).
Then, we have

04 ()+0p 153 (K)+O01(1)+O0 1\ (1) Uik} ()

= - Z Lgjeriengyrgnip(—1) MA(1\{i,7}) Uik} Mai O Uk

4,5,k
+ Y (=10 ymakdioe— Y Tijerngn gy (=D Dmy pymado
jeLk i,k
(since Lijerienpreniiyy + Lierkgn\iti=kr = Lijerkgn\{jhic\(j}) Uk}

OA(a)+01\{j}(k)+01(j)+0(1\{j})U{k}(i)mA

- Z Lijermgniiyienih Utk (1) ((NGY UGN\ () Mai DV

i7j7k

+ Z )+01(j )mA [\{]}maka Vg -
jelLk
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Together with g, we have

Sr+ Xo — Y (1) Dy ymard;v
jelk

O ; 0O1(9) .«
== Tgerngnn(—1)On@ETOOG g O
7.k

Now let’s look at >;y. Since
LiagapeaUtatjery = Lagageajeny T Liaga g=a,jery;

and, for any a ¢ A, f € A,

Oav sy (@) + Oay(a}(B) = Oa(a) + 04(B) + 1 (mod 2),

then we have

£10= = Y Nagagensen(—1) 00000 @O0 Drm 4 ) ey, n 3055
B?j

+ D Lagay(=1) 4@ Dy (3,05
Jjel

Now because Liaga seajery = Liaga\(sy,seajery — L{a=gea,jer}, We have

L10= = Y Lagay(s) peajery (—1) 04PN OO Dy 1)ty 1 (53105l
ﬁhj

+ Z (Ljaeay + Lagay) (1) 04010 rm 4 1 (10;d,.
jel

Since for any ¢ # j € I,

O1(i) + Ongiy () = O1(j) + Ongjy (i) +1 (mod 2),

then we have
e + Yip — Z<_1)OA(a)+OI(j)TmA,I\{j}ajdoz

jel
= Lypeajen(—1)0HITOADFONG 01D p8, o Did.
B3
In summary, we have

0up%s 1 = 2% 100;—0;0;0% 1+ Y Lipenjery(—1)OAFOAOTON@ (DF01D s o 1\ 85ds
B3

= errgnpn (1)@ ETOOGG g O
7.k
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Equation for ¢, ;

Now we compute @Di‘ 7, and we only consider the case when |I| > 2. We have

Oy, = at(Z(_l)OA(aHOI(i)mA\{a},Imai - ﬂ{i¢I}TmA,IU{i}>

aEA

= Z OA (@) +0r@Dp (mA\{a},Iajvj - Ujaij\{a},I) + 211+ Yo
aEA

— Z DOm0 011 (V;0Ma; + MajOiV; — Mei0jv; + TO;dy)
acA
—Lggn T (marum v — vi0imaryg) + iz + S
—Lignyma,ryiy (19505 — v;0;7)
= 20 Ia'vj - Ujajd’ix ;2 + e+ Xz + Yy
= > (=1 oy 1 (MagOiv; + 7O,

acA

where

S == D Haeajersgnyn(—1) 24000 Wm0y 0y Uy Maidyvr,
a,j,k

Lo = = Y Tgagpeajen (=) A @O OO OFO W 4 oy 1y maiddg,
a7ﬁ’j

Sis = LiigrjerUtirkea Uiy (— OO0 EFC0@Wrm o in Utk 0v
7.k

(_1)0A(/3)+01 u{iy ()

S =Y Lpeaigrierugy Tma\(s},(1 Uih\{5195ds-

B?j
First, let us consider the most complicated part ¥;3. Since

Ligrjer Uit ket UG\ = Lagrjerke Gy UG + Liigrj=iker,

we have A
Sis =Y Lagn (1) O rmy 1y + s
k

where

Ss = 3 Ligrjerrgniy Ugipy (—1) O un e ®F00mOrm 1) gy Utey 50
7.k

Now fori ¢ I, je I, k¢ I\{j}, k+#1i, wecan prove that

Oy utiy (k) + 01y () = O1(3) + O1(5) + On gy (k) + Oy Utk (1) (mod 2).

(We can show this equality by discussing in the 4 cases: i < min{j, k}, i > max{j, k},
j<i<kandk<i<j.) SoX); can be written as

S
Shs = Y Lagrjerre iy Utin (= D Tma gy Uty Utk 050k,
7.k
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where S = O;(i) + O1(j) + On g3 (k) + Oy ugry (1). Now we claim that

Ligrjereg\h) UGty = Liig(\h Utkyger kg NGy — Lii=jjerkgry-

(In fact, we can prove the equality step by step:
Ygrjerng(nh Uty = Lggrgerrgnin — Lugrjeri=i

Vigrjerrgniiyy = Lagngyaerie\Gyy — Lii=jjerkgn\ ()}
Ligngyjerrgniiyy = Luag\uy) Utkyderign\Gyy + Lii=kjerrgn iy
Vimjjerngniiyy = Lizjjerrgry + Li=j=kjeny
Lpizk jerkgn\{ivy = L=k jerkery + Lii=j=k jen}
by adding up the above equalities we get the desired result.) Then 3, can be

written as

S
S = Y Lggangn Utk gersen h (=1 Tma i ) Uoen Ut 50k
7.k

= Lien(=1)OnO®HOUm Oy .
k
We can easily verify that fori € I, k ¢ I,

O[\{i}(k) + OIU{k}(i) = O[(k) + 01(2) +1 (mod 2).

So we have

k

S
+ 3 Lpengp Utederkgn i (=D mma g Ut U 95
j7k
Then we have

Y1+ Y3 — Z (—1)C4 OO 4\ 1oy 1Mk Osun
acAk

= =Y (=D EGE Dk =Y Ternenin (=D g U 8k
k 7.k
Now let’s look at ;4. Since
Ligea,igrjerUtivy = L{geasgrjery + 1{geaigr j—=i},

we have

Si =Y Luagn (=140 Oy 5 10ids + 2,
BeEA

where

Sy =Y Vgeaigrjen (=100 O rm g o1 (1 g1 05ds-
B’j
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We can check that for i ¢ I, j € I, we have
Or(1) + Ongy (i) + O1(j) + Orygpy(4) = 1 (mod 2).

So Y, can be written as

Sia=— Y Lgenigrjen(—1)OAOTOOTONGOFO O oy 1 i3 0ds-

/37j

Because
Ligea,igrjery = Ligeaigngiyjery — Ligeai=jjen,

then we have

S ==Y Lgeaigngyien (—1)CAOFOOFOnm OO rm 4 o a3 05ds

ﬁhj

+ Z I e[} OA (B)+01(@ )TmA\{g}Jaidﬁ.
BEA

Since for av # € A,

Oal@) + Oaa3 (B) = 0a(B) + Oaygsy(a) + 1 (mod 2),

we finally have

Ny o+ Sy = Z (_1)OA(5)+Ol(j)+01(i)+01\{j}(i)¢2\{ﬁ}71\{j}6jdﬂ
BeA,jeI

+ Z OA(B)JroI )TmA\{g}Jaid@.
BeA

In summary, we have

atwiu = 21%4,189'“3' - Ujajwix,l - Z(_l)OI(iHOI(k)?/JZ,I@Uk

k

+ Z (_1)0A(5)+01(j)+01()+OI\{J}
BeA,jeI

Vin sy 0ids

_ Z ﬂ{jel,kgl\{j}}(—1)Ol(i)+01( N0 iy (B)+FO0\ (1) Uk () ¢A G U{k}a Vg

j?k
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