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Abstract: We study a class of generalized porous media type flux limited diffu-
sion equations and we prove the existence and uniqueness of entropy solutions. We
compute the Rankine-Hugoniot condition on the jump set for solutions which are of
locally bounded variation in space and time. We give also a geometric characteriza-
tion of the entropy conditions on the jump set for a restricted class of this type of
equations.
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1. Introduction

We are interested in the quasi-linear parabolic equation

(1.1) % = diva(u, D®(u)) in Qr = (0,T) x RY
u(0,z) = uo(x) in z € RV,

where 0 < up € LY(RY), a(z,£) = Vef(z,€) and f: R x RV — R*
is a continuous function, convex in £, with linear growth as ||£|| — oo
such that a(z,£) € C(R x RY). We assume that ®: [0,00) — [0, 00) is
a strictly increasing function such that ®(0) = 0 with some regularity
that will be made precise later on.

When the flux is bounded, this general class of equations is known
under the name of flux limited or tempered diffusion equations. One of
the first models was proposed by J. R. Wilson in the theory of radiation
hydrodynamics [44] and corresponds to the flux a(u, Du) = 1/%.
In this way, one can enforce the physical restriction that the flux cannot
exceed the energy density times the speed of light ¢, that is, the flux
cannot violate causality. Another example contained in the general class
of models (1.1) is given by the so-called relativistic heat equation [47]



156 V. CASELLES
(see also [25])
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(where v > 0 is a constant representing the kinematic viscosity and ¢ > 0
is the maximum speed of propagation), one of the relevant examples of
the theory. In this case, ®(u) = u and the Lagrangian is f(z,£) =
Slaly/22 + SR,

Rosenau [47] derived (1.2) starting from the observation that the
speed of sound is the highest admissible free velocity in a medium. This
property is lost in the classical transport theory that predicts the non-
physical divergence of the flux with the gradient, as it happens also
with the classical theory of heat conduction (based in Fourier’s law) and
with the linear diffusion theory (based in Fick’s law). To overcome this
problem Rosenau [47] proposed to change the classical flux

(1.3) F=—-vVu, v>0,

(1.2) up = vdiv

associated with the heat equation (or the Fokker-Plank equation)
(1.4) uy = vAu,

by a flux that saturates as the gradient becomes unbounded. To do
that, he associated v and the flux F through the velocity v defined by
the relation F = uv. Together with (1.3) this gives
Vu

1.5 = —v—.

(1.5) v v

According to (1.5), if |%| 1 00, so will do v. However, the inertia effects
impose a macroscopic upper bound on the allowed free speed, namely,
the acoustic speed or light speed c. With this aim, Rosenau proposed to
modify (1.5) by taking

Vu -V
V— =

u /1_%2

The postulate (1.6) forces v to stay in the subsonic regime (in the case
¢ is the acoustic speed). The sonic limit is approached only if |%| 1 oo.
Solving (1.6) for v, we obtain

(1.6)

—vVu

(1.7) F=uv=—ou-—u-—
e
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Using this new flux (1.7) in the conservation energy equation, we ob-
tain (1.2).

The same argument can be applied if, as in Rosenau’s proposal, we
modify Darcy’s law and define v by

(1.8) vWu'" = ————, m>0.

In that case the flux is

—uVu™
V1+ & Vur|?

and we obtain the flux limited porous media equation [47]

F=uv=

uVu™

/14 %;\VumP

Many other models of nonlinear degenerate parabolic equations with
flux saturation as the gradient becomes unbounded have been proposed
by Rosenau and his coworkers [33], [46], [47]. In [33] the authors ex-
hibited some models for which initial conditions of compact support,
even if smooth, develop a discontinuity in finite time and displayed ex-
periments to show the evolution of the support of its solutions. The
same phenomenon of breaking of solutions and apparition of disconti-
nuities was proved by Bertsch and Dal Passo in [17], [38] for equations
of type uy = (p(u)b(uy))z, where p: R — RT is smooth and strictly
positive, and b: R — R is a smooth odd function such that b’ > 0 and
lims_,00 b(8) = boo, which model heat and mass transfer in turbulent
fluids [17]. Also in a one-dimensional case and for the Neumann prob-
lem, more general flux functions were considered by Blanc in [19], [20].
For such problem, after observing that there are no, in general, classical
solutions, the author associated an m-accretive operator to the expres-
sion —(a(u, uy)), with Neumann boundary conditions and proved the
existence and uniqueness of a semigroup solution. However, the accre-
tive operator generating the semigroup was not characterized in distri-
butional terms. An example of the equations considered in [19], [20],
[47] is the so called plasma equation (see [41])

ou U “uy
1.10 — = —
(1.10) ot (1+u|ux

(1.9) uy = vdiv

5/2

)I in (0,7) x (0,1),
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where the initial condition ug is assumed to be positive. In this case
u represents the teI}lperature of electrons and the form of the conduc-
5/2

Up to now, all efforts have been devoted to study the problem (1.1)
when ®(r) = r (let us point out that these techniques cover the case of
sufficiently smooth ®). Let us briefly review them. Using the Crandall-
Liggett’s iterative scheme [35] and the notion of entropy solutions, a gen-
eral existence and uniqueness theory for (1.1) when ®(r) = r has been de-
veloped in [5], [6] when the initial condition 0 < ug € LY(RY)NL>(RY)
and later extended to initial conditions ug € BV (RY) for (1.2) in [29)].
The case of the Neumann problem in a bounded domain was previously
considered in [3], [4] when the initial condition uy > 0 was bounded
and bounded away from 0 or the Lagrangian was coercive. Then equa-
tion (1.2) has been the object of special attention. Besides Rosenau’s
derivation [47], it was also formally derived by Brenier by means of
Monge-Kantorovich’s mass transport theory in [25], where he named
it as the relativistic heat equation. Equation (1.2) has been studied in
detail in [8], where the existence of discontinuity fronts propagating at
the speed c¢ has been shown. Recently, following the strategy suggested
by Brenier [25], McCann and Puel [43] have constructed solutions of
the Neumann problem associated with equation (1.2) for bounded ini-
tial data assuming that they are also bounded from below. For that,
they considered (1.2) as the gradient flow of the Boltzmann entropy for
the Wasserstein metric corresponding to the cost function

2(1—1-LEE) i)z <
(1.11) k(z) = c( c) iflz <e

+o0 if |z| > c.

tivity a(u, u;) = has the effect of limiting heat flux.

Our main purpose here is to prove existence and uniqueness results
for (1.1) to cover the case where ug € L*(RN) N L=®(RY), ug > 0, thus,
extending the results in [5], [6]. We consider here that ®: [0,00) —
[0,00) is a strictly increasing function such that ®(0) = 0, &, &1 €
W12 ([a,b]) for any 0 < a < b.

Our strategy is also based on the use of Crandall-Liggett’s iteration
scheme [35]. For that, we first consider the elliptic problem

(1.12) u —diva(u, D®(u)) =v in RV,

we define a notion of entropy solution for it, and we prove existence and
uniqueness results when the right hand side 0 < v € L*(RY) N L>®(RY).
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We observe that the results for (1.12) can be proved using the condition
(1.13) la(z,&)| < C2™ VzeRY, m>1,

(see Subsection 3.1 for the precise set of assumptions on a). The no-
tion of entropy solution permits to prove a uniqueness result based on
Kruzkov’s technique of doubling variables [42] (see [28] for an exten-
sion to the second order case) suitably adapted to work with func-
tions whose truncatures are of bounded variation [5], [6]. This last
condition is necessary since, in general we are only able to prove that
min(max(u,a),b) —a € BV(RY), 0 < a < b. To use Kruzkov’s tech-
nique we need to use test functions of the form S(®(u))T(®(u)) where
S(r) is a truncature function of the form min(max(r,a),b) — a, a > 0,
used to guarantee that S(®(u))T(®(u)) € BV(RY), and T(r) is a trun-
cature that will approximate the sign§ (r—k), r,k € R. Let us point out
that we consider here a more general class of test functions. This has a
double purpose: on one hand it permits to clarify the notion of entropy
sub and supersolutions, and its connection with the notion of entropy
solutions; on the other, it has been useful in the paper [30] in order to
interpret the meaning of entropy conditions in the discontinuity fronts
of the solutions. The same interpretation holds in our present case.

Let us mention here that there is an extensive literature on renormal-
ized or entropy solutions for elliptic and parabolic problems [11], [12],
[13], [17], [21], [22], [23], [27], [28], [37], [38], [24], [45], to mention a
few of them. The only ones in this list dealing with flux limited diffusion
equations, in one space variable, are [17], [38].

The existence and uniqueness result for (1.12) permits us to asso-
ciate an accretive operator B in L'(R") whose domain is contained in
(LYRN)N LOO(RN))Jr and whose closure B is accretive in L!(R™)* and
generates a non-linear contraction semigroup 7'(¢) in that space [16],
[35]:

u(t) :=T(t)up = lim (I—|— tB) up, up € L*(RN)T.
n—oo n
Then we observe that if ug € L*(RN) N L®[RY), ug > 0, and the
condition (1.13) holds, then u(¢) is an entropy solution of (1.1) (a notion
that will be defined in Section 5). We also prove that entropy solutions
in (LY(RY) N L>°(RY))* are unique. As a technical tool to prove these
results we need some lower semi-continuity results for energy functionals
whose density is a function g(z, u, Du) convex in Du with a linear growth
rate as |Du| — oo which were proved in [36] and [39]. Since the proofs
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of these results follow closely the techniques given in [6], [29] we shall
not give them in detail in the parabolic case.

Finally, assuming that the entropy solution w of (1.1) is in
BViee((0,T) x RN), we compute in Section 6, Proposition 6.5, the Rank-
ine-Hugoniot condition on the jump set of u. The Rankine-Hugoniot
condition gives the speed of the moving discontinuity fronts of u. Then,
as in [30], we give a characterization of the entropy conditions on the
jump set of u as a set of inequalities which have a more geometric inter-
pretation. We are able to find entropy solutions u € BVje.((0,T) x RY)
if we restrict the model (1.1) and consider the equation

(1.14) uy = kdiv ( Aw)Ve(u) )
14 8|V (u)|? ’

where 8 > 0, and A(u), ®(u) satisfy some additional regularity proper-

ties. In this case, f(z,£) = %A(z)\/l + B)€J2. A particular case is given
by the choice of A(u) = u", ®(u) = ™, r>1, m >0, and any u > 0.
Together with the Rankine-Hugoniot condition, this permits a full spec-
ification of the velocity v of the moving discontinuity fronts of the solu-
tion u of (1.14):

A(w™) — A(u™)

v =
ut —u~

)

where ut and u~ are the upper and lower limits at both sides of the
jump set of u (see Section 2 for a precise definition).

Let us explain the plan of the paper. In Section 2 we recall some ba-
sic facts about functions of bounded variation, denoted by BV, Green’s
formula, and lower semi-continuity results for energy functionals defined
in BV. In Section 3 we define the notion of entropy solution (Sub-
section 3.3) for the elliptic problem (1.12) and prove an existence and
uniqueness result for it when the right hand side v of (1.12) is a nonneg-
ative function in L'(RY) N L>(RY) (Subsection 3.4). For that, we first
discuss in Subsection 3.1 the set of assumptions on f(z,£) and a(z,¢),
and define in Subsection 3.2 a functional calculus adapted to the use of
test functions of the form S(®(u))T(P(u)), where S, T are suitable non-
linear Lipschitz functions. In Section 4 we define an accretive operator
associated to — div a(u, Du) whose closure generates a contraction semi-
group in L*(RY)*. In Section 5 we define the notion of entropy solutions
for the evolution problem (1.1) and we state the existence and uniqueness
of entropy solutions for any initial datum ug € (LY(RY) N L (RY))*.
In the parabolic case, the proofs will not be given in detail and can be
reconstructed using the methods in [6], [29] together with the necessary
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adaptations that are used in Subsection 3.4 for the stationary case. Fi-
nally, in Section 6 we apply our previous results to the class of equations
(1.14) under suitable assumptions on A, ®. In particular, in Subsec-
tion 6.2 we compute the Rankine-Hugoniot condition on the jump set of
u for solutions u which are in BVi,((0,T) x RY). Sufficient conditions
that imply that u € BVi,.((0,T) x RY) are given in Subsection 6.1. In
Subsection 6.2 we give also a characterization of the entropy conditions
on the jump set of u as a set of inequalities which have a more geometric
interpretation.

2. Preliminaries

2.1. Functions of bounded variation. Let us start with some nota-
tion. We denote by £V and HV~! the N-dimensional Lebesgue mea-
sure and the (N — 1)-dimensional Hausdorff measure in R, respectively.
Given an open set Q in RY we shall denote by D(f2) the space of in-
finitely differentiable functions with compact support in 2. We denote
by C.(£2), resp. C*(Q2) (k € NU{oc}), the set of continuous, resp. k-times
continuously differentiable, functions with compact support in 2.

Due to the linear growth condition on the Lagrangian, the natural
energy space to study (1.1) is the space of functions of bounded variation.
We briefly recall some facts about functions of bounded variation (for
further information about them we refer to [1]).

Let Q be an open subset of RY. A function u € L'(2) whose gradi-
ent Du in the sense of distributions is a (vector valued) Radon measure
with finite total variation in €2 is called a function of bounded varia-
tion. The class of such functions will be denoted by BV (£2). The total
variation of Du in Q) turns out to be

(2.1) Sup{/ udivodz : 0 € CC(RY), |o(z)| <1V € Q},
Q

(where for a vector v = (vq,...,vx) € RY we set |v|? = vazl v?) and
will be denoted by [Du|(f), or by [,|Du|. The map u — [Du|() is
Li .(Q)-lower semicontinuous. BV (€2) is a Banach space when endowed
with the norm [ul := [, |uldz + [Du|(Q). If @ = RY, we consider
BV(RY) endowed with norm ||ul| gy @&~y = |Du|(RY). We recall that

BV(Q) Cc LP(Q) for any 1 <p < %, the embedding being compact if
) is bounded with Lipschitz boundary and p < %
A measurable set E C () is said to be of finite perimeter in £ if

(2.1) is finite when u is substituted with the characteristic function x g
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of E. The perimeter of E in  is defined as P(E,Q) := |[Dxg|(). If
Q =RY, we denote P(E) := P(E,R").

For u € BV (), the gradient Du is a Radon measure that decomposes
into its absolutely continuous and singular parts Du = D% + D*u.
Then D% = Vu LY where Vu is the Radon-Nikodym derivative of the
measure Du_wi}th respect to the Lebesgue measure £V. Let us denote
by D*u = D?®u|D*®u| the polar decomposition of D%u, where |D%u| is
the total variation measure of D*u. We also split D*u in two parts: the
jump part Diu and the Cantor part Du.

We say that u is approzimately continuous at the point z € € if there
exists 4(z) € R such that

. 1 N
i B ) /| ) = i)y =0,

the value @(x) is called the approzimate limit of u at x. We denote
by S, the set of all z € € such that u is not approximately continuous
at z. We say that x € Q is an approzimate jump point of wu if there exist
ut(z) # v (x) € R and v, (z) € SN¥~! such that

1

lim / u(y) —ut(2)|dy =0
pl0 LN(BS (x, vu(z))) Bi(x,uu(x»l ) w

pl0 LN (By (2, vu(x))) /B; (@ () [uly) = ()l dy =10,

By (z,vu(2)) = {y € By(z) : (y — x,vu(x)) > 0}
and
B, (z,vu (7)) = {y € By(x) : (y — x,vu(z)) < 0}.

We denote by J, the set of approximate jump points of u. J, is a Borel
subset of S, and HN~1(S, \ J,) = 0. We have

Diuy = D*ul_J, and D = D*ul_(Q)\ S,).
It is well known (see for instance [1]) that
Diu= (ut —u ), HN L J,.

Moreover, if z € J,, then v,(x) = @—Z‘(x), uDj—uul being the Radon-
Nikodym derivative of Du with respect to its total variation |Dul.
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2.2. Lower semicontinuity of functionals defined on BV. Let Q
be an open subset of RY. Given a Borel function g: QxRxRN — [0, oc],
we consider the energy functional

G(w) ::/Qg(x,w(x),Vw(x))dx

defined in the Sobolev space W11(€2). In order to get an integral repre-
sentation of the relaxed energy associated with G, i.e.,

G(w) = inf {liminf Glwn) : wy € WHL(Q), wy — w € Ll(Q)},

wn} n—oo

Dal Maso introduced in [36] the following functional for w € BV (Q):

Ry(w) = /Q oz, w(z), V() de

o,

Jw

w (x)
(/ » go(x,s,yw(x))ds> dHN(z),

where the recession function ¢° of g is defined as
(2.3) °(z,2,6) = lim tg m7z,§ .
t—0+ t

It is clear that the function ¢°(x, 2, €) is positively homogeneous of degree
one in &, i.e.

°(z, 2, s6) = sg°(x,2,€) for all z,& and s > 0.

In case that €2 is a bounded set, and under standard continuity and
coercivity assumptions, Dal Maso proved in [36] that G(w) = R4 (w) for
all w € BV (). More recently, De Cicco, Fusco, and Verde in [39], have
obtained a very general result about the L'-lower semi-continuity of R,
in BV:

Theorem 2.1. Let Q be an open subset of RN and g: 2 x Rx RN — [0, oo
a locally bounded Carathéodory function such that, for every (z,£) €
R x RY, the function g(-,z,&) is of class C'. Let us assume that

(i) g(z,z2,-) is convex in RN for every (x,z) € Q x R,

(i) g(x,-,&) is continuous in R for every (z,€) € Q x RV,
Then, the functional Rg(u) is lower semi-continuous respect to the
LY(Q)-convergence.
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Let f: R x RN — [0,00[ a continuous function, such that there ex-
ists fO and |f9(z,&)| < C||¢]| for any 2z € R, ¢ € RY, and some C > 0.
Given a function w € BV (RY), we define the Radon measure f(w, Dw)
in RY as

(24) <f(wa Dw)’ ¢> = R¢f(w)’ OfS CC(RN)'

Let us observe that if f0(z, &) = p(2)¥°(€), with ¢ Lipschitz continu-
ous and 1" a convex function homogeneous of degree 1, by applying the
chain rule for BV-functions (see [1]), we have

(2.5) Roglw /¢ fw.vuydoe [ oo (oo ) 1D (w).

where J,( fo ©(s) ds. Then, under these conditions, we have
(26) flw. Dyt = 0? (g ) 10Tyt

2.3. Coupling between a vector field and the gradient of a func-
tion. We shall need several results from [10] in order to give a sense to
the integrals of bounded vector fields with divergence in L? integrated
with respect to the gradient of a BV function. Assume that Q = RV
or  is an open bounded set of RY with Lipschitz continuous boundary.
We denote by v**(x) the outer unit normal to dQ at 2 € 9.

Let p > 1. Let us denote

(2.7) X,(Q) = {z € L>(Q,R") : div(z) € LP(Q)}.

Ifze X,() and w € LP'(Q), where %4— 1% = 1, we define the functional
(z- Dw): C*(2) — R by the formula

(2.8) ((z-Dw), ) := —/ wgodiv(z)d;l:—/ wz-Vodz, e CX(N).
Q Q

Ifz € X,(Q) and w € BV(Q)NLY (Q), then (z- Dw) is a Radon measure

in Q [10], and

(2.9) /Q(Z-Dw) z/QZ-deac, Ywe WhHH(Q)n L®(Q).

Moreover, (z - Dw) is absolutely continuous with respect to |Dw| [10].

In the case where the distribution (z - Dw) is a Radon measure we
denote by (z - Dw)*¢, (z - Dw)?® its absolutely continuous and singular
parts with respect to £V.
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The weak trace on 9 of the normal component of z € X,() is
defined in [10]. More precisely, it is proved that there exists a linear
operator v: X,(Q2) — L>°(01) such that

(@)oo < l12]loo
v(z)(x) = z(z) - v(z) forall z € ifze CH(Q,RY).
We shall denote v(z)(z) by [z - v*](z). Moreover, the following Green’s

formula, relating the function [z - ¥*}] and the measure (z - Dw) for z €
X,(9) and w € BV(Q) N L¥' (), holds (see [10])

(2.10) / wdiv(z) dz + / (z- Dw) = / - v wdHN L
Q Q o0
If O = RY, Green’s formula is

(2.11) / wdiv(z) dz + / (z-Dw) = 0.
RN RN
The same results hold if we assume that z € L°°(2, RY) and div(z) is
a Radon measure in 2, and w € BV(Q2) N L>(2) [10], [30], [32].

2.4. Some function spaces of measurable functions. Let us recall
some results of [15] that we need. Let M(RY) the set of the Lebesgue
measurable mappings from R into R. Recall that L*(RY) + L>°(R")
with the norm

Hu||1+oo :=inf {||u1||1+||UQ||oo TU=U T U, , Ul ELI(RN), U9 ELOO(RN)}
is a Banach space. If we denote

Lo(RY) := {u € M(RY): /R

then we have

(Jul — k)T < o0 Vk>0},

N

LO(RN) = LI(RN) OLOO(]RN)H H1+oo.

The dual space of Lo(RY) is isometrically isomorphic to L'(R™) N
L>®(RY), when in L'(RY) N L>®(RY) is given the norm ||uljinee =
max{l|ull1, ulleo }-

Given u,u € M(RY), we shall write

u < u if and only if Jjlu)de < / j(u)dx
RN RN

for all

j€Jy:={j: R—[0,400], convex, ls.c, j(0)=0}.
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Let
Poi={pe C=(R): 0 </ <1, supp(p') compact, 0 & supp(p)}
In the next proposition we recall some of the results given in [15].

Proposition 2.2. Let u € Lo(RY). Then,
(i) Ifv e LYRY) + L>=(RY),
uLu+VA>0 <— pu)v >0V pe Py.
RN
In particular,

/ up(u) S/ wu)VpePy = u<kv.
RN RN

(ii) The set {u € M(RYN) : 4 < u} is a weakly sequentially compact
subset of Lo(RY).

(iii) Ifue M(RY) and w € LP(RY), 1 < p < o, then
u<u = ueclPRY) and |ul, < |al,.
Moreover, if 1 < p < 00, u, s a sequence satisfying u, < u €

LP(RY) for alln € N, and u,, — u weakly in Lo(RY), then u, — u
strongly in LP(RY).

3. The elliptic problem

The purpose of this section is to prove an existence and uniqueness
result for the elliptic problem

(3.1) u —diva(u, D®(u)) =v in RV,

where v € (LY(RY) N L®(RY))T under some assumptions on a and ®
that we describe below.

3.1. Assumptions on ® and the Lagrangian f. We assume that
®: [0,00) — [0,00) is a continuous strictly increasing function such that
®(0) =0 and &, 71 € W>([a,b]) for any 0 < a < b.

Here we assume that the Lagrangian f: [0,00) x RY — R* satisfies
the following assumptions, which we shall refer collectively as (H):

(Hy) £ is continuous on [0, 00) x RY and is a convex differentiable function
of & such that V¢ f(z, &) € C([0,00) xRY). Further we require f to satisfy
the linear growth condition

(3.2) f(2,8) < Mo(2)([I€]l + 1),
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for any (z,€) € [0,00) x RY and the coercivity condition

(3.3) f(2,6) > Co(2) €]l — Do(2),

for any (2,€) € (0,00) x RY and some positive and continuous func-
tions Cy, My € C([0,00)), Do(z) € C(0,00), such that Cy(z) > 0 for
any z # 0. Moreover, we assume that f° exists. Assume that

(3.4) Co(2) > colz|™  for some ¢g > 0, m > 1, z € [0,00).

We consider the function a(z,§) = Vef(z,§) associated to the La-
grangian f. By the convexity of f

(35) a(z,8)-(n—&) < f(z,n) — f(2,€) Vze[0,00), Vn,&€RY,

and the following monotonicity condition is satisfied
(3.6) (a(z,n) —a(z,£)) - (n— &) 2 0.

(H2) We assume that there is a constant M > 0 such that
(3.7) a(z,&) = 2™b(z,£) with |b(z,€)] < MV (2,&) € [0,00) x RY.
Since m > 1 condition (Hg) will be used to prove that the flux is inte-
grable when the initial condition is in (L*(RY) N L*°(RN))*.

We consider the function h: [0,00) x RY — R defined by

h(Z7£) = 3(275) ' g

From (3.5), (3.2) and (3.7), it follows that
(3-8) Co(2)[I€]l = Di(z) < (=€) < Mlz[™[|€]|

for any (z,¢) € [0,00) x RY, where D;(z) = Do(z) + f(2,0). The upper

inequality holds for z = 0 and any &.

(H3) We assume that g—;(z,é) € C([0,00) x RY) for any i = 1,..., N.
An example where this assumption is not necessary was given in [5],

[6] for the case where f(z,£) = p(2)¥(§) for suitable functions ¢ and 1.

(Hy) We assume that h(z,&) > 0, h(z,§) = h(z,—&) for all (z,§) €
[0,00) x RY and h° exists.

Observe that if we assume that a(z,0) = 0, then (3.6) implies that
h(z,&) > 0 for any z € [0,00) and any & € RV,

Observe that we have

col=™[I€]l < h°(2,€) < M|2|™[l¢]| for any (=,€) € [0,00) x RY.
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(Hs) f2(2,€) = h°(2,¢), for all (z,€) € [0,00) x RY.
(He) a(z,&) -n < hP(z,n) for all ,n € RV and all z € [0, c0).

)
)
(H;) We assume that h%(z,€) can be written in the form h°(z,&) =
©(2)Y°(&) where ¢ is a Lipschitz continuous function such that co|z|™ <
©(2) < C|z|™, for some C' > 0 and for any z € [0, 00), and 9 is a convex
function homogeneous of degree 1.

(Hg) There is a constant C' > 0 such that
(3.9) la(z,¢) — a(2,¢))| < C|"

Observe that, by the monotonicity condition (3.6) and using (3.9), it
follows that

(3.10) (a(z,8) —a(2,8) - (€= &) > =C|z™ — 2™ ||s = |
for any (z,€), (2,€) € [0,00) x RV,

S

N>

Remark 3.1. There are physical models for plasma fusion by inertial
confinement in which the temperature evolution of the electrons satisfies

an equation of type (1.1), where ®(z) = z, a(z,{) = 1i/z|§|

responds to f(z,&) = 2%/2|¢] — 212 In(1 + z|¢]) [41], (see also [19] for a
mathematical study in the one-dimensional case). In this case m = 3 3 and
hO(z,€) = 23/2|¢|. As observed in [5], [6], the assumptions (H;)—(Hg)

hold.
22 + L |¢|2 satisfies the as-

Zigandm: 1. If we
take ®(z) = z, this particular case is related to the so-called relativis-
tic heat equation (1.2) [47], [25], ¢ being a bound of the propagation
speed and v being a constant representing a kinematic viscosity. Taking
®(z) = 2™, z > 0, we get the PDE (1.9). Another example is given
by the Lagrangian f(z,&) := cz (\§| = log (1 + £ |§|)) which appears
in the theory of radiation hydrodynamlcs [44]. In this case D(z) = z,
a(z,€) = V%éfl and m = 1.

which cor-

Remark 3.2. The function f(z,§) =
sumptions (H;)—(Hg), with a(z,£) =

N t\“

Remark 3.3. The case of the flux-limited porous media equation (1.9) can
also be covered by taking ®(z) = z. More generally, consider the function

_ r72p\/m_ r—2p that _ aBz’e
f(z,8) = az + B22P[€]?2 — a2 %P, so that a(z, &) T
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If r > p+ 1, then (H;)—(Hz) hold, in particular (3.2), (3.3) and (3.4).
We notice that » > p 4+ 1 is needed for the right inequality in (3.2),
for (3.4) and for (3.7). Clearly, (Hs)—(H7) hold. Also (Hs) holds since
|%| < rz""P~1427 which is bounded when r > p+1. The porous media

. o w"vVu™ _ 1 _ 2
type equation u; = div (W), corresponds to a = -, 3 = m?,

r=rk+m—1,p=m—1. Then r > p—+ 1 is equivalent to x > 1 When
compared to the approach in [5], [6], we point out that by examining
the proof the term Dy(z) in the inequality in (3.3) is only used in the
context of the inequality (3.8) and we only need that D;(z) is bounded
when z € [a,b], 0 < a < b, and that f(z,0) is bounded for bounded z.
But this is implied by (H;y). Thus, the exponents are only restricted by
the condition r > p 4+ 1. That is, we only need x > 1 and m > 0.

Remark 3.4. More generally, we consider the function

F(2,6) = £ VTHXEPIER - 485, where € C((0,00)), x€C(0,00).

We have a(z,§) = % To be more precise, let us consider the

equation u; = div (M). In this case, 1 = 2#®’ and xy = ®’. The

I Ve(w)?
right hand side of the inequality (3.2) holds with My(z) = 28 = 2"
We also have Cy(z) = 18 = z". Thus, we need that k > 1. Then

the conditions required in (H;)—(Hz) hold. Conditions (Hs)—(Hy) also
hold. Since we have ’%! <Y+ %, to prove (Hg) we need to ensure that

%| is bounded. For that we need to assume that x > 1, and 2"®’ and

z* g,/ are bounded for bounded z. This is satisfied in the case of porous

media, but not in general. Thus, to cover the PDE (1.14) the present
formulation is more general than the formulation in [5], [6].

3.2. A functional calculus.

3.2.1. Preparation of the functional calculus. We need to con-
sider the following truncature functions. For a < b, let T u(r) :=
max(min(b,7),a). As usual, we denote T}, = T_j . We also consider
the truncature functions of the form Tal’b(r) =Top(r)—1 (I € R). We
denote

To={Tap:0<a<b}, T :={T,,:0<a<b leR,T,, >0}
We denote by P the set

P = {p: [0, +00[= R :p € W">([0,00)), p'(s) = 0 for s large enough}
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and
Pt:={peP:p>0}.

Given any function w and a,b € R we shall use the notation {w >
ay ={r e RN :w(z) >a}, {a<w<b} ={z e RN :a < w(x) <b},
and similarly for the sets {w > a}, {w < a}, {w < a}, etc. We denote by
wt := max{w, 0}, and by w™ := min{w, 0}. We consider the functions,
sign, and signa' , defined in R by

1 ifr>0

1 ifr>0
signg(r) ;=<0 ifr=0 signd(r):= {0 $r <0

-1 ifr <0,
We need to consider the following function space
TBVH(RY) == {w e L' RY)" : T2, (w) € BV(RY), VT, € To },

and to give a sense to the gradient Vu of a function w in the above
function space. Notice that the above function spaces are closely related
to the space GBV (RY) of generalized functions of bounded variation
introduced by E. De Giorgi and L. Ambrosio ([40], see also [1]). Using
the chain rule for BV-functions (see for instance [1]), with a similar proof
to the one given in Lemma 2.1 of [13], we obtain the following result.

Lemma 3.5. For every w € TBV, " (RY) there exists a unique measur-
able function v: RN — RYN such that

(3.11) VTap(w) = VX {a<w<b} LN -ae., ¥ Top € Tr.

Thanks to this result we define Vw for a function w € TBV,F(RY) as
the unique function v which satisfies (3.11). This notation will be used
throughout in the sequel.

Similar to the Lemma 3.4 in [5] we have the following result.

Lemma 3.6. Ifw € TBVF(RY), then p(w) € BV(RY) for everyp € P
such that there exists a > 0 with p(r) = 0 for all 0 < r < a. Moreover,
we have Vp(w) = p'(w)Vw LN-a.e..

By a direct application of Lemma 3.6, we have:



FLuX LIMITED GENERALIZED POROUS MEDIA DIFFUSION EQUATIONS 171

Lemma 3.7. Let S,T € P. Then ST, Jr:s,Jrs: € P, where for any
function g, J4(r) denotes the primitive of q, i.e., Jo(r) = for q(s)ds. If
one of the functions S, T is such that it vanishes in [0, a] for some a > 0,
then this holds also for ST, Jris, Jrs:. Therefore, if w € TBV,T(RN)
and there exists a > 0 with p(r) =0 for all0 < r <a forp=5 or T,
then ST(w), Jrrs(w), Jrs (w) € BV(RYN). Moreover, we have

(3.12) D(S(w)T(w)) = DJprs(w) + DJrg (w).

Hence, if z € X;(RY), we have
(3.13) (z- D(S(w)T(w))) = (z- DIpg(w)) + (z- DJrs (w)),

where the equality is understood in D’(R¥), and as identity of Radon
measures in RV,

Let g: RV xRxRY — [0, 0o be a function satisfying the assumptions
of Theorem 2.1, and T' =T, ; € 7, where 0 < a < b. Let us consider the
functional

Rig.T)w) = [ gla,o@) VT(w(e) ds, we WHRY).

Assume that

X{w<a} (9(z,w(x),0) — g(z,a,0)),
X{wa} (g(x,u(x),O) - g(x’b7 O)) S Ll(RN)

for any w € LY(RY)*. For w € TBV,F(RY), if we define
R(gaTa,b)(w) = Rg(Ta,b(w))
+ z,w(x),0) —g(z,a,0)) dx
) [ (o w@).0) gtz 0.0)

+ /{ L 0.0 —g(r.b.0) de

by Theorem 2.1 we have that R(g,T,;) is lower semi-continuous in
TBV*(RY) with respect to the L'(R™)-convergence. Moreover, if w €
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WELHRN), we have the consistency with R(g, T)(w):
Rg. 1Y) = [ sl (o). T (w)(e) do
~ [ gww), V(o) da
{a<w<b}
t ] gww@0des [ g0
{w<a} {w>b}

= / g(z,w(z), Vw(z)) dx
{a<w<b}

+]  gwa0dt [ glabode
{w<a} {w>b}

T, w(x ,O - x,a,O dx
+/{w<a} (9(z,w(z),0) = g( )

s W ,O - ,b,() d
+/{w>b} (9(z, w(z),0) — g(z,b,0)) dz

— Ry(Tap(w)) + /{ (e w@).0) gtz 0.0) de

+ / (9 w(z),0) — g(z,b,0)) di = R(g, T)(w).
{w>b}]

Since it will be sufficient for our purposes let us assume that g does
not depend on z. If w € TBV,*(RY) and T € 7,., we define the Radon
measure g(w, DT(w)) in RY by

(3.15) (9(w, DT (w)), ¢) := R(eg,T)(w),
for all ¢ € C.(RY). Using (3.14), (3.15), and (2.4) we observe that
(9(w, DT (w)), ¢) = (9(T(w), DT (w)), $)

+ /{wﬁa} ¢ (g(m, w(x)’ 0) - g((E, @ 0)) dz

i /{w>b} ¢ (g(z,w(x),0) — g(x,b,0)) dx.

3.2.2. Motivation of the functional calculus. Let us give the mo-
tivation for the functional calculus. For that, let us consider the prob-
lem (3.1) where v € (LY(RN) N L>°(RY))*. By the results in [5], [6]
one can expect that v € (L'(RN) N L*RN))* and a(u, V®(u)) €
L (RN, RY) (also in LY (RN, RY) since we assume that |a(u, V®(u))| <
Mu™, m > 1). Moreover we have that T ,(®(u)) € BV (RY) for any
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0 < a < b. To prove uniqueness using the Kruzkov’s method [42],
[28] we need to use a test function T, (®(u)) with 0 < a < b so that
T3, (®(u)) € BV (RY), and a test function S(®(u)) > 0 to approximate
the sign™ function. Let us call these test functions 7'(®(u)) and S(®(u)),
respectively. For simplicity, let us write

w = ®(u).

Multiplying (3.1) by S(w)T(w) and integrating by parts we get

(3.16) /RNu—i— RNS(w)a(u,Vw)DT(w)—i—/R T(w)a(u,Vw)DS(w):/ v.

RN
We have to give a sense to the integrals containing a(u, Vw). Let us
analyze one of them, for instance the first

N

(3.17) S(w)a(u, Vw) DT (w).

RN
Assume first that T(z) = z, Z € R. In order to use the measures in-
troduced in Subsection 2.2, we define h(z,£) = a(z,€) - &, a®(z,¢) =
a(®_1(2)7§) and h@(iv 5) = h(¢_1(2)7£) = a(®_1(2)7§) £ = a‘b(i,g)-g'
Then we define

h(u, Dw) := h®(w, Dw).
Notice that we identify z = u, Z = w, £ = Vw. Then we interpret (3.17)
as

/ h?(w, Dw),
RN

where h%(2,€) = S(2)h®(z,€). If T(w) = Tup(w) — a with 0 < a < b,
then we observe that
a(u, Vw) - VT (w) = a(u, VT (w)) - VT (w) = a®(w, VT (w)) - VT (w)
=a® (T, (w), VT (w)) - VT (w),
and we interpret (3.17) as

/ h% (w, DT (w)).
RN

These test functions are sufficient to prove uniqueness of entropy solu-
tions. But, as in [30], for several reasons we need to consider a slightly
more general class of test functions. The first reason is to define the no-
tions of entropy sub- and supersolutions and its connection with the no-
tion of entropy solution. The second comes from the work [30] where we
exploited them in order to clarify the meaning of the entropy conditions
on the jump sets. In order to study the full power of this functional cal-
culus let us consider test functions of the form T'(z) = T(T, (2)) where
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T is differentiable in a neighborhood of [a,b]. In that case we formally
write

S(w)a(u, Vw)DT(w) = S(w)T" (Tap(w))a(u, Vi) DT, p(w

: b(w)
(w)T" (w )

Ya(u, VT, 4 (w)) DTy p(w
(w)T" (w)a

(w, VTo(w)) DTy p(w).

1l
N W

Then we define
h§.r(2,6) = S(2)T'(2)h* (,€)
and we interpret (3.17) as
| 18w, DToy(w)).
This is the type of functional calculus that we need. This coincides with

the functional calculus used in [30] applied to the function w = ®(u)

and writing a®, h?® instead of a and h.

3.2.3. A functional calculus. Let us define the functional calculus.
It represents an extension of the functional calculus in [5], [6], [29]. Let
S € C([0,00)) and p € PN C([0,00)). We denote

f2(2.6) = f(271(2),6), h?(z,€) = h(®7(2),9),
fop(7,6) = SEIW (2)[*(2,€), h3,(2,€) = S(2)p' (2)h? ().
If Sp’ > 0, then the function fg’:p(i, €) satisfies the assumptions of The-
orem 2.1.
Assume that p(z) = p(To5(2)), 0 < a < b. We assume that ®(u) €
TBVF(RY) and
X{u<ayS(®(u(2))) (f(u(z),0) — f(a,0)),
X{uzyS(P(u(x))) (f(u(x),0) — f(b,0)) € L'(RM).
Since h(z,0) = 0, this assumption holds for h.
For simplicity, we use again the notation w = ®(u). We denote by
fg):p(wv DTa,b(w))7 hg:p(w7 DTa,b(w))7
or simply by
fSo<I>:pod>(u7 DTa,b(w))7 hSo@:pofb(uy DTa,b(w))y

the Radon measures defined by (3.15) with ¢(z,&) = fg{?:p(é,f), and
9(z,8) = hg:p(é, &) applied to w, respectively.
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The above definitions can be extended to any p € P such that p(z) =
P(Tu,p(Z)) and p is differentiable in a neighborhood of [a,b] (frequently
we shall forget the distinction between p and p) if we write

[52(2,6) =S () (2.€), hS,(2,€) = S(E)F (2)h"(2,€).
In particular, if we take T'(2) = T, 5(2) + ¢, 0 < a < b, ¢ € R, then we
may write T'(zZ) = p(T,5(2)) where p € P is given by p(z) = z + ¢ for
any z € R. In that case, let
[5(2.6)=8(2)f"28), h5(z8)=8()h%z,€) VZ€[0,00), ¥EERT,
and define
f$(w, DT (w)) := f&(w, DT, 4(w)) and
hE(w, DT (w)) := h&(w, DT, p(w)).
Notice that, when S € T+, ®(z) = z, fs(u, DT(u)) and hg(u, DT (u))
coincide with the definitions in [5], [6].
Since h(z,0) = 0 for all z € R, if S € C([0,0)), T € T, with
T=T4p+c, ceR, we have
h§(w, DT (w)) = hg (Typ(w), DT (w)) = h§(Tup(w), DTyp(w)).

Let S € C([0,00)) and p € P such that p(r) = p(T,(r)) and p is
differentiable in a neighborhood of [a,b]. Let ¢ = +1 if Sp’ > 0 and
e = —1if Sp’ < 0. Taking this and (2.6) into account, and considering
only the cases Sp’ > 0 or Sp’ <0, we have

(f&p(w, DT p(w)))" = (f&,(Tap(w), DTup(w)))"

_ 0 DTa’b(’U}) s > w
=<0" (ipresty ) 12" o (st

since f®(2,¢) = ¢®(2)y°(¢). Similarly, we have
(hgzp(w7 DTa,b(w)))S = (hgzp(Ta,b(wL DTa,b(w)Ds

- 0 DT,Lb(w) s R w
=<t" i) 19" o Tes)

Note that both singular parts are identical. By the representation formu-
las in Subsection 2.2, the absolutely continuous part of kg, ,(w, DT, (w))
is S(w)p'(w)h(u, VT, p(w)). Similar identities are true when S = 1.

Remark 3.8. The functional calculus based on f®(T(w), DT (w)) with
w = ®(u), T = Ty, is the same as the functional calculus based on

F(T(u), ® (T(u))DT(u)), where T = To-1(a),0-1(b), assuming &, =1
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Lispchitz and ®' continuous in [a,b] for any 0 < a < b. Avoiding techni-
cal details, this can be seen if we consider the functional calculus as the
limit of integrals [x f®(wn, Dwy) and [on f(un, ®’(un)Duy,) where the
functions w, — T(w) and u, — T(u) in L (RN), up, w, € WHLHRN),
noticing that the change of variables w, = ®(u,) permits to identify
both integrals.

3.3. The definition of entropy solution of (3.1). In order to intro-
duce the concept of entropy solution for problem (3.1), let us discuss on
the set of tests functions required for the entropy inequalities. We follow
the presentation in [29].

The entropy inequalities may be classified into two groups: the en-
tropy inequalities for subsolutions and for supersolutions. While the test
functions for subsolutions should guarantee that u — diva(u, V®(u)) <
v for the elliptic problem or u; — diva(u, V®(u)) < 0 for the para-
bolic one, the test functions for supersolutions should imply that u —
diva(u, V®(u)) > v, u; — diva(u, V®(u)) > 0, respectively. On the
other hand, due to the form in which they appear in (3.19) in Defi-
nition 3.10 or Definition 5.1, we need to use the lower semicontinuity
result of Theorem 2.1 in order to prove them. This requires that we
assume that the product ST is a non-decreasing function and that both
terms S'T, ST’ > 0.

Then the test functions for entropy subsolutions should satisfy:

Sub(i): $>0,8 >0and T > 0,7’ > 0.
Sub(ii): $ <0, 8 <0and T <0,T" < 0.

The test functions for entropy supersolutions should satisfy:

Super(i): $<0,5 >0and T > 0,7 <0.
Super(ii): S >0,5 <0and T <0,7" > 0.

Notice that the transformation (S,7) — (—S,—T) maps the case
Sub(ii) into Sub(i) and Super(ii) into Super(i). Thus, it will be sufficient
that the entropy inequalities for subsolution (resp. supersolution) are
satisfied in the case Sub(i) (resp. Super(i)).

Remark 3.9. By changing the inequalities < into > in (3.19) in Defi-
nition 3.10 or Definition 5.1, the entropy conditions could also be writ-
ten assuming that ST is a non-increasing function and that both terms
S'T, ST’ < 0. This amounts to change S — —S in the condition above.

Let us give a notation for the class of test functions required to define
entropy subsolutions. If w := ®(u) € TBV,F(RY), we define TSUB
the class of functions S,T € P satisfying Sub(i) and p(z) = p(T4.5(Z2))
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for some 0 < a < b where p is differentiable in a neighborhood of [a, b]
and p represents either S or 1. The class of test functions for superso-
lutions can be defined in a similar way. We denote it by TSUPER.

Although the proof of uniqueness and the development of the theory
requires only the use of test functions S, T € 7+ and this was the family
used in [5], [6], the analysis of the entropy conditions is facilitated if we
use test functions with the signs considered in TSUB.

Definition 3.10. Given v € LY(RY) N L>®°RY), v > 0, we say that
u > 0 is an entropy solution of (3.1) if u € TBV,F(RV) N L>°(RY) and
a(u, V@(u)) is a vector field in X;(RY,RY) satisfying

(3.18) u—diva(u, V®(u))) =v in D'(RY),

(3.19)  hg.r(®(u), DTup(®(w))) < (alu, VE(u)), DJrrs(®(u)))
as measures V (S,T) € TSUB.

Inequality (3.19) holds in the sense of distributions. Since h&.,(®(u),
DT, ,(®(u))) is a Radon measure, then(a(u, V®(u)), DJr/ g(®(w))) is
also a Radon measure and (3.19) holds in the sense of measures. We no-
tice that the analysis of the Radon measure (a(u, V®(u)), DJ g(®(u)))
is easy when v € (LY (RNM)N L (RN))T since a(u, V®(u)) € X1(RY). In
particular, its absolutely continuous part is a(u, V®(u)) - VJrg(®(u))
since (a(u, V®(u)), DJrs(®(u)))® is absolutely continuous with respect
to DJrg(®(u))® [10].

Remark 3.11. The notion of entropy subsolution of (3.1) can be defined
by replacing the identity in (3.18) by the inequality <. To define the
notion of entropy supersolution of (3.1) we have to replace the identity
in (3.18) by the inequality > and use test functions (S,T) € TSUPER
in (3.19).

3.4. An existence and uniqueness result for the elliptic prob-
lem. The main result of this section is the following existence and
uniqueness result.

Theorem 3.12. Assume that assumptions (H) hold. Then, for any
0 <wve LYRYN)N L®(RYN) there exists a unique entropy solution u €
LYRY) N L2(RY) such that w € TBVH(RYN) of the problem
(3.20) u —diva(u, D®(u)) =v in RN,
Moreover, given v, € (LY(RY) N L®RN))*, if u, w are entropy solu-
tions of the problems

u—diva(u, D®(u)) =v in RY
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and
7 —diva(a, D®(@) =7 in RY,

respectively, then

(3.21) /RN(u—ﬂ)Jr < /]RN(U —v)*t.

The proof follows the steps of the analogous proof in [5] (see also [29]).
We give it in detail so that we can skip the proof of the parabolic case,
that is also based on the analogous results in [6], [29] with similar adap-
tations.

3.4.1. The proof of existence of entropy solutions for the elliptic
problem. We divide the proof in different steps.

Step 1. Approximation and basic estimates. Let 0 < v € L®(RY) N
LY(RYM). As a consequence of the results about pseudomonotone op-

erators given in [26] we know that for any n € N there exists u, €
WL2(RN) N L (RY), u, > 0, such that

(3.22) Uy — diva(u,, VO (uy,)) — lAun =v in D'(RM).
n

Let p € Py. Multiplying (3.22) by p(u,) and integrating by parts, we
obtain

(3.23) /RN Upp(Uy) < /RN vp(uy,).

Then, by Proposition 2.2, it follows that u, < v for all n € N, and
consequently, we have

(3.24) | un [p<[[v]p, forallneN, forallpell, o]

Since we assume that v € L>®(R™), then u, € L®(RY). Moreover,
u, > 0, and by Proposition 2.2 we have that

(3.25) {u,:neN} is a weakly sequentially compact subset of Lo(RY).

Let 0 < a<b. Multiply (3.22) by 15, s(®(uy,))—a. Since a(u,,V®(u,))+
1Yu,, € LA(RY), and div (a(un, VO(u,)) + 1 Vu,) € LY (RY), after in-
tegration by parts we obtain

/ i (T (B () — @) + / a(ttn, VD))V T (D (1))
RN

RN

o TP

n

:/ ’Un(Ta,b((I)(uﬂ)) - a’)’
RN
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where U'(2) = /®(2), a = U(®"(a)), b =
U € Whe°([a,b]) for all 0 < a < b. Since, by (3.8)
a(un,Vq)(un))Vﬂ,b((I)(un))ZC@(UHNVT b(@(un))|—D1(un) ab(¢(un))7

(

using (Hy) and (Hz) we have that Dq(u,)T}, ,(®(uy)) is integrable and
we obtain

U(®~1(b)). Notice that
, we have

(3.26) mf C’O / VT b(P(un))| dx

zE a,

<0-0) [ o+ [ Dilwn)Tiy(@(0) Ve,

and

(3.27) E /RN VT, 5 (W () d < (b a) /RN v VneN,

n

By (3.25) and (3.24), by extracting a subsequence if is necessary, we
may assume that wu, converges weakly in Lo(RY) and in L2(RY) to
some nonnegative function u as n — +o0o. Moreover, by (3.24), we have
that 0 < u € LY(RY) N L>®(RY). On the other hand, by extracting a
subsequence, we may assume that Tp 5(®(uy,)) is a Cauchy sequence in
Li (RYN) for all a,b € Q, 0 < a < b. Let us prove that ®(uy,) is locally
a Cauchy sequence in measure. For that we adapt the strategy in [13].
Let 6 >0, a,b€Q,0<a<b, with§ > 2a and b > sup,, ||un||co- Let
Br be the ball of radius R > 0 in RY centered at the origin. Then

{12(un) = ®(um)[ >3} N Br € ({®(un) < a,|®(un) — ®(um)| > 6}NBr)
U ({@(um) < a,|®(un) = ®(um)| > 6} N Br)
U ({ITa,p(®(un)) = Tap(@(um))| > &} N Br)
C{|Tap(®(un)) — Tap(®(um))| > 6 — a} N Br)
U ({|Tap(®(un)) = Top(®(um))| > 6} N Br)
C{ITap(®(un)) = Top(®(um))| > 6 —a} N Bg.
Since Ty, (P (uy)) is a Cauchy sequence in L (RY), then the measure
of the set {|T4,5(®(un)) — Top(P(um))| > d —a} N Br converges to zero.
We deduce that ®(u,,) is locally a Cauchy sequence in measure. In par-
ticular, by extracting a subsequence if necessary, we may assume that
D (up) converges a.e. to some function U € LL _(RY). By our assump-
tions on ®, @1 is continuous in [0, co) and we deduce that u,, converges
a.e. to ®~1(U). Clearly, u = ®~1(U). Then, by Proposition 2.2(iii)
(or Vitali’s Convergence Theorem), we get that u, — u in L'(RY),
in L"(RY) for all r < oo, and Ty 4(®(uy)) — Top(®(u)) in L (RY) for
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all 0 < a < b. Using the above estimate on the gradients we obtain that

®(u) € TBVH(RY). Letting n — oo in (3.23) we obtain that u < v.

Since ®~1 € W1°°([a,b]) for all 0 < a < b, then u € TBV,(RY).
Observe that by (3.7) we may assume that

(3.28)  a(un, V®(u,)) =2z asn — oo, weakly in L'(RY ,RY),
and weakly* in L>°(RY,RY).

Since, by assumption (Hy) we have that a(u, VO (un)) =ul"b(u, VP (uy))
with |[b(upn, V@ (uy))] < M, and ||unllec < |[¥]loo, Un — u a.e. and
in L"(RY) for any r € [1,00) as n — 0o, we may assume that

b(tn, VO(u,)) — 2z, asn — oo, weakly® in L= (RN RY),
and
(3.29) z=1u"z,.

Given ¢ € D(RY), multiplying (3.22) by ¢ and integrating by parts
we obtain

1
du, d:c—i—/ a(upn, VO(uy)) Vo dr+— / Vi, Vo= oy, dx.
RN RN n Jrn RN

Since

1 1
7/ wn.w:f/ Uy - NG 5 0,
n RN n RN

letting n — 400, we obtain
/ up dz —|—/ z -Vodr = / vo dx,
RN RN RN
that is,

(3.30) u —div(z) = v, in D'(RV)

and

(3.31) diva(un, Vo(u,)) + lAun — div(z) in L"(RY)Vr € [1,00).
n

Note that by (3.29) we have z € L"(RY)N V r € [1,00] and, by (3.30),
div(z) € L"(RN) V r € [1, 00].

Finally, letting n — oo in (3.26) we have
(3.32) 1nf Co / VT, (P(u))] de< (l%a)/ v+ [ Di(u)T, ,(®(u)).

z€[a,b] RN RN

Thus (again) v € TBVH(RY).
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Step 2. Identification of z(x).
Lemma 3.13. We have
(3.33) z(z) = a(u(z), VO(u(z))) a.e. xRV,

Proof: We use Minty-Browder’s technique. Recall that Vu,, € L2(RV)N
although the bounds are not uniform in n. Let 0 < a < b, let 0 < ¢ €
CHRYN) and g € C?(RN) N WHe(RYN). Let us use the notation

1
a, (up, VO(u,)) = alup, VO(u,)) + ﬁVun.
For simplicity, let us write w,, = ®(uy), w = ®(u). By (3.6), we have

. [a(un, Vwy) — a(un, Vg)) - V(wn — 9)]Tz;,b(wn) dr 2 0.

We use the notation Tc’hb to refer to x(q,») and T;,b to refer to x4,y
Now, since

pa(un, Vwy,) - V(w, — g) é,b(wn) dx
RN

= pa(un, V) - V(Top(wy) — g) dz

RN
+ da(uy,, V) - Vg(1 — ;b(wn)) dz
RN
= dan (Un, Vwy,) - V(Lo p(wy) — g) dz
RN
1
- — OV, - V(Lop(wy) — g)dz
n RN

+ pa(un, Vwy) - Vg(1 =T, ,(wy)) dx
]RN

< / div(a (ttn, Vo)) $(To (1) — g) da
RN
— /]RN (Top(wn) — g)a(uy, Vw,) - Vo dz,

1
+ */ oVu, - Vgdx + / da(un, Vwy,) - Vg1 =T (wy,)) dz,
n JrN RN ’

and

1 1
— / oVu, - Vgdr = f/ U div(¢Vg) dz — 0,
RN n Jrn

n
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we get

lim [ alun, V) - V(w, - )T, (w,) do

n— oo RN

< - /}RN div(z)p(Top(w) — g) do — /RN (Top(w) — g)z- Vodz
+ MVl /RN ou™ (1 =T, (w)) da
6(z - D(Tap(w)—9))+ M| Vgllus / (1T, (w) do.

RN
On the other hand, let us denote by

Ja?(a:,r):—/ora?(s,Vg(x)) ds, and Jﬁ(z,r): /Tai] P(5,Vg(x)) ds,

dx

i,j7 €{1,...,N}, and observe that

8ijjaf (x, Ta,b(wn(l‘))) = a?(wn(x)7 vg(m))W(l‘)

+ Jaa? ($7Ta,b<wn(x)))'

EER]

Now, since the right hand side of the above equality is bounded in L' (R
and

(0. T (102) = T 2, T a)

6xj a:;b s La,b\Wn 8.Tj a?’ sLa,b
weakly as measures, and Joae (2, Top(wn(2))) — Jour (2, Top(w(2)))
a.e., we have

lim qba(“’nv VQ) ' v(wn - g) To/z,b(wn) dz

n—r oo RN

— lim ¢Z[ (x Tab(wn< )))—Jaa? (SU,Ta,b(wn(x)))]

n—o00 oo

— lim [ ¢a(un, Vg)-VgT, ,(w,)de

n—oo RN

> [ o Z[ (5. T ) = st 0 Tua(w()

BED

- |, ¢a V) VgT,y(w)dr.
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Hence we obtain

¢(Z'D(Ta,b(w)*9))+M||V9Hoo/ pu™ (1 =T, (w)) dz
RN RN

(334 T[98V Vg Ty p(w)

i=1 o,

i

‘/Rwd’ (i {ai Jaz*(f“Ta»b<w<w>>>—Jaag><x,Ta,z)(w(x)))Dzo,

for all 0 < ¢ € CL(RYM). Thus the measure

Noroa
(2-D(Tup(w)—g) = [axigf (2, T (w(2)) =T ooz <x,Ta,b<w<x>>>}

i=1 o,

+a(u, Vg) - Vg T,y (w) L + M|[Vgllow™ (1= T4, (w)) £V > 0.

Then using chain’s rule for BV functions ([1, Theorem 3.96]) applied
to Ja, (u1,uz) with uy(z) = z, ua(x) = Ty p(w(z)), z € RY, we deduce
that the absolutely continuous part of

N
Z |:(917,'Ja’? (@, Tap(w(®))) = J a2 (%Ta,b(w(x)))]

i=1 9z

is a(u, Vg) - VT, ,(w) LY and we obtain

z-V(Tup(w)—g) —a(u,Vg) - VIgp(w) + a(u, Vg) - VgT;yb(w)
+ M| Vglloo u™ (1 = T, y(w)) = 0.
In particular, for € {a < w < b} we have
(z—a(u,Vg))-V(w—g) >0 ae..

Since we may take a countable set of functions g € C?(RY)NW1>(RY)
dense in C*(RY) we have that the above inequality holds for all = €
QN {a <w < b}, where Q C RY is such that LY (RY \ Q) = 0, and all
g € CHRY). Now, fixed x € 2N {a < w < b} and given V € RY, there
is g € C1(RY) such that Vg(z) = V. Then

(z(z) —a(u(z),V)) - (Vw(z) = V) >0, V VeR"Y.

By an application of Minty-Browder’s method in R”, these inequalities
imply that

z(z) = a(u(z), Vw(z)) a.e. on {a < w < b}.

Since this holds for any 0 < a < b, we obtain (3.33) a.e. on the points = of
RY such that {w(z) # 0} = {u(z) # 0}. Now, by our assumptions on a
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and (3.29) we deduce that z(z) = a(u(x), Vw(z)) = 0 a.e. on {u = 0}.
We have proved (3.33). O

From (3.33) and (3.30), it follows that
(3.35) u —diva(u, V®(u)) = v, in D'(RY).

Step 3. To finish the existence part of the proof we only need to prove
that

Lemma 3.14. Let (S,T) € TSUB U TSUPER, T(2) = T(T.p(%)),
0<a<b. Then

(3.36)  hg.r(®(u), DT,p((w))) < (alu, VE(u)), DJrrs(P(u)))

)

as measures.

When writing T(2) = T(T, 5(2)) we assume that T is differentiable in
a neighborhood of [a, b].

Since h&.(u, DT, ,(®(u))) is a Radon measure, it suffices to prove
that the inequality (3.36) holds in D'(R”Y). Thus, we use test functions
0<¢e C2RN).

To prove (3.36) we require some intermediate inequalities summarized
in the following lemmas.

Lemma 3.15. Let (S,T) € TSUBUTSUPER. We have the inequality

(3.37) limsup /]RN a(un, VO(uy)) - V(Jrs(®(un)))o(x) de

< [ olalu, Vo(w), DUrs (@)
Q

for any 0 < ¢ € C?(RYN).
Lemma 3.16. Let (S,T) € TSUBUTSUPER. Let T(Z) = T(Tawb(f)),
We have
(3.38) f&r(®(u), DT, p(P(u)))

<(a(u, V& (u)), D(Js((u))))+S(®(w) T (®(w)) f (u,0) LY.
Lemma 3.17. Assume that v € (L*(RN) N L®(RN))*. Let (S,T) €

TSUBUTSUPER. Then a(u, V®(u)) - V(Jrs(P(w))) is the absolutely
continuous part of (a(u, V®(u)), D(Jr:5(®(u)))) with respect to LV.

Lemma 3.17 is just a consequence of the fact that a(u, V®(u)) €
X1 (RYN). Tts absolutely continuous part is a(u, V®(u)) - VJzrg(®(u))
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since (a(u, V®(u)), DJrs(®(u)))® is absolutely continuous with respect
to DJT/S((I)(’LL))S [10].
Before proving Lemmas 3.15 and 3.16, let us give the proof of (3.36).

Proof of Lemma 3.14: Using (3.38), we have

(a(u, VO(u)), D(J1s(®(u))))
= (a(u, V&(w)), D(Jrs(®(u))))* + (au, VO(u)), D(Jr:s(®(u))))®

> a(u, VO(u)) - V(J7s(®(w) + (fr(®(u), DTup(2(w))))®
= a(u, V&(u)) - V(Jrs(®(w))) + (A5 (®(u), DT, p(2(w))))*
= h§p(®(u), DT p(®(u)),
and (3.36) holds. O

Proof of Lemma 3.15: Let us consider first the case (S,T) € TSUB, that
is, S, T€P,5>0,5>0and T >0,T" >0, and p(z) = p(Tas(2)) for
some 0 < a < b, where p is differentiable in a neighborhood of [a, b] and

p represents either S or T.
Let 0 < ¢ € C2(RY). Observe that

(3.39) Jris(z) = /Oz T'(r)S(r)dr < ||| /Oz T'(r)dr =S| T(2).

Then, multiplying (3.22) by Jr/s(®(u,))¢ and integrating by parts, we
obtain

pa(un, VO(uy,)) - V(Jrs(®(uy))) dx

RN

22 [ oV V(s (D)) da
n RN

:/ (0 — ) T s (® () da
RN

_ /RN v (D)) a(tn, VO (un)) - Vb da

_ %/RN v (®(un)) Vit - Vb .

Since

1
— Jrr5(®(un))Vuy, - Vo da
n Jrn
1
= JIowrsow(Un) - Addr — 0 as n — oo,
]RN
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letting n — oo and taking into account (3.39) we get
fimsup [ Gai, V() - V(Jrs(@(u,) de
n RN
< / (v —u)Jrs(P(u))pdx
RN
- /R s (@(u))alu, V() - V6 dr

= . diva(u, Ve®(u))Jrg(P(u))d dx
_ /R Jrrs(@(w)alu, VO(u) - Vo
=/, (a(u, VO(u)), D(Js(P(w)))).

To consider the case where (S,T) € TSUPER it suffices to observe
that

0<Jprg(z) = /OZ T'(r)S(r) dr < 1Sl /OZ =T'(r) dr
= —|ISlscT'(2) = [|S]lee|T'(2)]

(3.40)

and proceed as in the case where (S,7T) € TSUB. O

Proof of Lemma 3.16: Let us consider the case (S,T) € TSUB, that is,
S,TeP,$>0,8>0and T >0, T >0, and T(2) = T(T,4(2)) for
some 0 < a < b, where T is differentiable in a neighborhood of [a, b].

As usual, we write w = ®(u) and wy, = ®(u,). Using that T'(wy,) =
T(Typ(wy)) we have

a(tn, V) - VT (wy) = a(ty, Vw,) - anT’(Ta7b(wn))T‘;7b(w,L)
atn, Vwy) - VTa,b(wn)T/(Ta,b(wn))Té,b(wn)

a(tp, Vwy) - VT p(wn)T (wy,).

Using the convexity of f®(2,€) in ¢ we have
fq>(wna VTa,b(wn)) <a

and using

® (W, VT p(w))) - Vo (wn) + £ (w,,0)

a‘b(w'ru vTa,b(wn))) ' v71(1,b('LU71) = a(un; an) . VTa,b(wn)7
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(true since T, , = 0 or 1 a.e.) and the fact that ST’ > 0, we have

/RNQSS(wn)T’(wn)f‘b(wm VTap(wy))dz

< S (w,) T (wy)a(tn, Vwy,) - VT, p(w,) dx
RN

+ S (wn)T" (wy) & (wn, 0) dz:

RN

= pa(un, Vwy,) - V(Jprs(wy,)) de
RN

+ ¢S (wp)T" (wy) f& (wy, 0) da.

RN

(Notice that T’(wn)VTa p(wy) = VT (wy).)
Then, since R(¢ST' f®, T, ) is lower semi-continuous respect to the
L!-convergence and (3.37), letting n — oo we obtain

(fo7(w, DTy (w)), ¢) = R(SST' f*, Tup)(w)
< lim mfR(géST'f‘I’ wp) (wn) dx
= liminf DS (w, )T (wy) & (W, VT p(w,)) d

n RN

< lim inf pa(un, Vwy) - V(Jrrg(wy)) d

n RN

+ BS(wn)T' (wn) £ (wn, 0) dz:
RN

< limsup (;Sa(un, Vwy,) - V(Jrs(wy,)) de
+ [ 05T @)t w.0)da
< | o(alu, Vw), D(Jrs(w)))

RN

+ [ ¢S(w)T'(w)f(u,0)dz,
RN
and (3.38) holds since f<I> (w, DT, p(w)) = f& 1 (w, DT, p(w)).
The proof in the case Where (S,T) € TSUPER is identical to the
case where (S,T) € TSUB. O
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3.4.2. The proof of uniqueness of entropy solutions for the el-
liptic problem.

Step 1. Preparation. Given v,v € L*(RN) N L®(RY), v > 0, v > 0,
let u,w € LY(RY) N L>®(RY), u,u > 0, be two entropy solutions of the
problems

(3.41) u—diva(u, D®(u)) =v in RY,
and
(3.42) 7 —diva(, D®(@) =7 in RY,

respectively. Recall that a(u, D®(u)), a(u, D®(u)) € L*(RY)NL>(RYN).

To simplify, let us write w(y) = ®(u(y)), w(z) = ®(u(z)). Let p, be
a classical sequence of mollifiers in RY, b > a > 2¢ > 0. Let us write

fn(aj:y) = pn(x - y) and T = T;,b'
We need to consider truncature functions of the form
Sei(r):=T(r = )" =Tiype(r) — 1€ Pt
and
SLr)=Te(r—1)" +e=T_c (r) +e—1€PT,
where [ > 0. Observe that
Stiry=-T.(1—7)" +e.

If we denote z(y) = a(u(y), Vw(y)) and z(z) = a(u(z), Vw(zx)), we
have
u—div(z) =v and T—div(z)=7 in D'RY).
Then, multiplying the first equation by T'(w(y))S: w(w) (w(y))én (2, y),
the second by T(E(x))Sg(y)(E(x))fn(x, y) and integrating by parts, we
obtain

[ T ) Tl = () 6l dy
(3.43) B
4 [ T@W)Se (0W)a(0) - Voo ) dy
RN

= [ OT@W)T(w0() ~ 7)€ ) dy
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and

- [ a7 @) (Tl ~ (@) 2) (o) da
+ [ @)@ DT @S @))
(3.44) Ry
+ [ @S @(0))a0) - Vot ,y) da
RN
== [ )T @@) (7. (wl) ~ ()"~ ) (o) da

Notice that, by Lemma 3.14, the couplings (z - Dy (T (w)S; w(z)(w(y))))

and (Z - Dw(T(U)S;”(y)(E))) are Radon measures.
Integrating (3.43) in = and (3.44) in y, and adding both identities we
obtain

(3.45)
)) = a(x)T(@(x))) T (w(y) — w(x) &2, y) do dy

ve [ (@) )@@ ) dedy

* /]RN ( RN &n (2, ) (2 - Dy(T (W) S: w5(a) (w))) dx

+ / T(w(y))Se (@) (WY)2(Y) - Vyén(w,y) dy do
RN xRN

+ [ (] ewne parm@sz o @)) a

/ T(@ ()52 (W(2) () - Vot ) d dy
RN xRN

Es
2
el
4

/ / 1))~ 0(@)T(@(2)) T () ~ (@) n (2, y) dee dy.

Let I, Is be, respectively, the first term and the rest of the terms at
the left hand side of the above identity, and let I3 be the right hand side
term. From now on, since u, z are always functions of y, and u, z are
always functions of x, to make our expressions shorter, we shall omit the
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arguments except on sub- and superindices and in some additional cases
where we find useful to remind them.

Step 2. The estimate on I5. Let us prove that

1
(3.46) ~h 2 [all0le) / / div(2) ()6, da dy,

where o(e) — 0 as ¢ = 0. Since © — v = divz and V,&,(z,y) +
Vién(z,y) = 0, we have

12=€/RN /RN div(z) T(w)&n dxdy+/RN ( - ﬁn(z~Dy(T(w)SE@(x)(w)))) dz
[\ @S @)z Vot dzay+ [ ( [ @ Dar@se® (m)))) dy

o TSy @)z Vit dy o
RN xRN

ZE/RN/ div(z) T'(w)én d:]cdy+/ (/ gn(z-Dy(T(w)sm(z)(w)))) d

+[ €D, (T@)Te(@—w)" )dxdy+/ (/ (7 Do (T(w) “J“”(w)))) dy

RNxRN

+/ €z Do (T(w)Te (w — B)H)) dy da
RN xRN

_E/RN/ div(z) T'( w)fnd:pder/ ( &n(z - DyJrrs_ g ))('w))) x
(o@Dt w@) vt [ ([ @Dy @)

—/ T (W) (/ €nZ - Dy Te(w— w)+) dx-‘r/ (/ (Z- Dy J Sg(y),(w))) dy
+f 1) ([ a D w o) )y

=121+ I22,

where I ; denotes the sum of the first three terms and I 5 denotes the
sum from the fourth to the seventh terms.
Let us consider the second and third terms in I5 ;. Since

hge,ﬁ(rp) (w’ D'UT(w)) S (Z ' DyJT’SE,W(m) (w))

and
hfb

gww (@, DwT(m)) < (Z D JTrSw(y) (E))

as measures in RY, we have

/ ( fn(Z . DyJT’SE,w@))(w)))) dx > 0
RN RN
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and
/ ( fn(z D, JT/Sw(y)( ))) dy > 0.
RN \JRV
Hence,
(3.47) Inq > 5/ / div(z)T (w)&,, dz dy.
RN JRN

Let us write the term
Iy = Iz 2(ac) + I3 2(s)

where I o(ac) contains the absolutely continuous parts of I, while
I5 5(s) contains its singular parts. Now,

I 2(ac) :/]RN - &T(w)z- VT (w — w)* dy da
_/ &ET(w)z -V, To(w —w) ' dy de
RN JRN
_/ ET (@) Z -V, T.(w—w)" dedy
RN JRN
W)Z-+Vydls(W—w + T
[ [ erws V. nw-w) drdy
:/]RN Ran(ZT(w)—ZT(E))(VyTE(w—@)++VxTE(w_E)+) dz dy
:/]RN Ran(z — )T (w)(V,Te(w — @) + V, Te(w —w) ") da dy

+f ] G T 0) =T @)%, T —0) 4+, T =) da dy
—.T1 (IQ’Q(G/C)) + TQ(IQQ(CLC)).

Notice that all integrals are well defined because of the truncatures.
Let us estimate T} (I3 2(ac)).

Bound on Ti(Iz2(ac)). First, observe that

VT (w —w(2)) " (y) = Xpw(a) w()+e) (0(Y) Vyw(y),
VITE<w( ) @)4_(.1‘) = ~X[w(y)—e,w(y)] (@(Z‘) V:vw(x)
(w(y)

)
= ~X[w(z),w(x)+e] (y )Vx@(m)
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By (3.10), we have

T (I2,2(ac)) :/ $n(z —2)T(w)(Vyw — Vo) X [w(z) w(2)+< (W) dv dy
RN JRN

> - C/N/ X{w>a}€nX[w (z),w(z)+e] ( )|uﬁz_ﬁﬁz| ”Vyw_vmmu dx dy~
R
Let us decompose the previous integral into:
T1.1(I2,2(ac))

/R o TN Xm0 04 )™ = T |V, do .

T1 2 IQ 2 CLC))
= [ ] Tz boxsm me sl ~ 7| V.0 de dy
RN JRN
Bound on Ty 1(Is2(ac)). Let us write 2™ = (&~1(®(2))™. Let ¥(z) =
(®~1(2))™. Then ¥ € WhH([a,b]) for all 0 < a < b. Observe that
) %

a < w < P([|ulleo), Se < &([[ul|oo). Then
™ =" = ¥ (w) - W(@)| = ¥'(s)|w — @]
for some intermediate value s in [min(w,w), max(w,w)]. Thus
ju™ =™ < Cla)lw — W],

where we explicitly write the dependence of the constant C(a) on a. We
have

T1,1<12,2<ac>>§60<a>/ / (W)X e on Xy (0 41 (W) [ V0] e dy
RNJRN

< 5C(a)/RJ\T(@+5)/RNX{wZa}an[ﬁ(ac),ﬁ(ac)-‘re] (w) ”Vyw” dx dy.

Observe that
/ Xtuwa) X[(e) (e)e] (W) y0l] dy
RN

w(z)+e
= X{mzafs}/ P({w > A}) dXdx < o(e)X{w>a—c}

w(x)
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with o(g) — 0 as &€ — 0 since T, oo (w) — a € BV(RY). Then
Ti1(T22(00) < 0@l | | X(wsama Tl +2)da
< @@l | | Xiw2aa)TED
< 20(2)C@) 6l | X(wsaayT.

since a > 2¢. Observe that since a —¢ > a — § = § we have

/ X{EZafas}m < / X{mz%}w
RN RN

which is finite since u € LY(RN)* N L2(RM)T and {w > ¢} = {u >
&~ (%)} is a set of finite measure.

Bound on T 5(I22(ac)). Recall that
T1 2 IQ 2 CLC))
/ / X{w>a}£nX[w(m w(a:)+5]( )‘urh - ﬂm' ||V$EH dz dy
RN JRN

Then
Tl 2([2 2 ac

<EC / / X{w>a}§nx [®(u(x))—e,P(u(z))] (E)HVIEH dx dy
RNJRN

SEC(“)/ X{wZa}T(w>/ EnX{m>a—e} X[®(u(z))—e,d(u(x)) (W) || Vo || dz dy.
RN RN
Observe that
X{w>a} /R | X{w2a—e} X[@(u(@)—e, 2 (u(@) (W) Vo] dy
@ (u(z))
< X{w>a} / P({w > A\})drdz < o(e)
P(u(z))—e
with o() — 0 as € — 0 since T, /2 oo (W) — 4 € BV(RY). Then

T (a(ac)) < 0@ 6l [ XusaTw) dy

< oE)C@[&all [ Xusae:
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Hence

T1(I2,2(ac)) > —eo(e)C(a)||énllo (/RN X{w>a}W + Q/RN X{w>%}w> :

Since u,u € L*(RY) N L>®(RY), the last two integrals are bounded.

Bound on T5(Iz2(ac)). Similarly, since T' has Lipschitz constant equal
to 1, we have

|T5(12,2(ac))]

=| [, [, 6aTw) - T@)(Ty0 - Voo oy ) ds

< ]\4/ / X{wZa—s}X{EZa—s}X{OSw—Egs}gnaﬁﬂw_E‘ Hvyw_vzw‘l dx dy
RNJRN
< ME/ / X{wZa—s}X{EZa—s}an{ng—Egs} U’ﬁ”Vyw - VIEH dz dy
RN JRN

SME/ / X{w>a—eX {w>a—e}énX {o<w—w<=y0" (| Vyw||+(| V0] dz dy.
RNJRN
As above we can bound
1
< [T2(I22(ac))| < ofe)-

Hence,

(3.48) %1272(%) > o(c).

Bound on I3 5(s). Finally, let us compute Iz 2(s).
Iz 5(s) = / ( &z Didrs, | (w )) dx
RN \JRN

[ ([ er@z pyrw-m*) @

([, &m D2t @) dy
+ ( &T(w)z - DiTe(w — w)+> dy
=:T1(I22(8)) + T2(I2,2(s)).
Bound on Ti(I22(s)). Note that, if u(z) > 0, we have

2 DyJrs, _ (w) > hi(w, D,T.(w —0(x))")" = h(ue, Dyuc)® >0,
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where u.(2,y) = Tw(2)w(x)+< (w(y)), and by (He) and (Hr), we have

Z(w) - DiTe(w — W(2))" < p(@(z))y (Diul)| Diuel.

Since the integrand of the first term is positive and the support
of T'(w) is contained in {w > a}, we have

T1(12,2(s)) Z/{w>a}( . &z Dydrs, . (w )) dx
-/ ( 6.T(@) 2 - D} Tu(uw ))dw
{w>a} RN
-/ ( gnT<w>w<u>w°<ﬂ>|D;us|) dx
{w>a} RN
-/ ( 5nT<ua>w¢<uE>w°<zﬂ>|D;us|) da
{w>a} RN
-/ < anT<w>so<u>w°<ﬂ>|D;ue|) i
{w>a} RN
1
* /{w>a} </J ) () — ()W)
(u5)+(y) _— .
T(5)®(s)ds | ¢°(D3u.)| Dl | dz
x(/(%)(y) ()™ (5 ) (Dyul)|D} |>

_ 0 Ug Ue
[ (L er@eme@ingu)
=: T171(IQ72($)) + T1,2(12,2(S))7

where T4 1(I2,2(s)) denotes the sum of the first and second terms of the
above expression, and T} 2(I2,2(s)) the sum of the third and fourth terms.

Bound on T 1(I22(s)). Since @1 € Wh([a,b]) for all 0 < a < b, we
have that T'(2)® (%) is Lipschitz on any interval [a, b] with a > 0. Using
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(H7) we have
|T1,1(12,2(5))|

—
</, ( R CAT0S —T(w)wﬂwnww;us)w;ue) da
<Clile ([ e =D g s ) Djl ) o

<odele [ ([ vmormwsatlvgl) ds
{@>a} \JRV

< CfllntIOO/ (/ x[w<m),w(z)+s](u)|D;wl) dz
{w>a} RN

< e0(e)||€nlloc[{w = a}l,

where we have reabsorbed in o(e) (it depends on a) the inner integral.
That is

(3.49) §|T1,1(1272(8))| < o(@)l[énlloc{w = a}|.

Bound on T 5(I2(s)). For convenience, let us write

1
(ue)t(y) — (ue)~(y)

Working in a similar way as before, we have

|T1,2(12,2(5))]

< / / I,
{w>a}JJ,

Ug

J:J(usay) =

ue) T(y) .
(/(( ) 1T (s)p*(s) —T(w(z) " (W(x)] ds) wO(DTUZNDiuA da

()t () .
< C(a)/ / JEn / |s —w(x)ds | " (Dyue)|Dyjue| dz
{wza} J Ju, (ue)™ (v)
(ue) () RN )
< C(a)€||§n||oo/ / J (/ ds> W (Du)| Diue| da
{w=a} JJu, (ue) ™ ()

< C(a)5||€n||°°/m2a} </J

< eo(@)llénlloc{w = a}],

|D£u5|> dx

€

where we have reabsorbed in o(e) the constant C(a) and the integral
/ Ju. | D ue|.
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We obtain that
(3.50) %Tl,z(fz,z(S)) 2 0(e)[|énlloo{w = a}].
Collecting all these facts, we obtain
ST (T2(5)) 2 o0) € oc > 0.
In a similar way we prove that
ST((5)) 2 0(6) 6 e {0 2 a},
Hence
“Da(s) 2 o) [enllo I 2 )] + [ 2 a}{).
Then, combining this inequality and (3.48), it follows that

éfz,z > o) [nlloo({w = a}| + {w > a}).

Hence, with the estimates of all terms of I, we obtain (3.46) (where
we have written o(e)||¢n]|oo ([{w > a}| + [{w > a}|) as o(g)).

Step 3. Passing to the limit and final steps. Therefore, dividing (3.45)
by €, and letting ¢ — 0 and n — oo in this order we obtain

/RN (w(@)T (w(z)) —u(2)T(W(x))) signg (w(z) — W(x)) dz
< / (v(2)T(w())) — 0(2)T (@(x))) signg (w(z) — w(x)) dz
RN
- / div(z) T(w(z)) dx.
RN

As above, let us skip the argument x in the expressions below. Since
signd (w(z) — W(x)) = signd (u — @), letting a — 0F, we obtain

/]RN (uTy p(w) — aThp(W)) signg (v — 1) d

S/RN(UTOJ,(w) — 0Th5(w)) signar(u—ﬂ) dx—/]RN div(z)To,»(w) dx.
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Dividing by b > 0, and letting b — 0% and using that 37p,(w) —
X{w>0} = X{u>0}, We obtain

351 [ (uxqusn) ~ Txqasop)signg (u — ) da
< /RN (VX {u>0) — TX{m>0y) signg (v — @) dzx
— /]RN div(z) X fa>0y dz.
We claim now that
(3.52) v=0a.e. on {u=0} and T=0a.. on{u=0}

Let 0 < ¢ € D(RY) be and a > 0, ¢ > 0. Multiplying v — u = — div(z)
in D'(RY) by T¢,, .(w)¢ and integrating by parts, we have

[ o0 wods
RN
— [ 0@ DT+ [ 2 V6T, (w)ds
RN RN
> / z - V¢Tg,a+e (’LU) dx.
RN
Dividing by ¢ and letting ¢ — 0%, we get
/ (7} - ’U’)X{w>a}¢d$ > / z- v(bX{w>a} dzx.
RN RN
Hence
[ o= oxwenode= [ @w-wode— [ - uxisa@ods
RN RN RN
< [ o-wsdi— [ 2 Voxuadi= [ 2:Voxuen do
RN RN RN B
Then, letting a — 07, since z = 0 in {u = 0} = {w = 0}, we have

[ e ——
RN RN
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for all 0 < ¢ € D(RY). Hence vx{y—o; = 0 a.e. in RY. Similarly,
UX{m=0} = 0 a.c. in RY and (3.52) holds.

On the other hand, by (3.52), we have

/ div(2) X (o) di = / (@ — ) viusoy do
RN RN

:/ (ﬂ—@)dx:/ div(z) dx = 0.
RN RN
Then, from (3.51), it follows that

/]RN (UX{u>0} - ﬂX{H>O}) Signar(u —u)dzx

< /RN (VX {u>0} — UX{m>0}) signg (u — ) dz.

Hence, using (3.52), we obtain

/RN(u—ﬂ)ﬂdeS /RN(U_f)Signa_(u_ﬂ)dIS/RN(U_E)+CZ$-

This concludes the proof of the theorem. O

4. Semigroup solution

In this section we shall associate an accretive operator in L'(RY) to
the formal differential expression — div a(u, V®(u)).
Definition 4.1. (u,v) € B if and only if 0 < v € LY (RY) N L=(RY),
®(u) € TBV,F(RY), 0 < v € LYRY) N L®(RY) and a(u, V®(u)) €
X1 (RYN) satisfies:

(4.1) v = —diva(u, V®(u)) in D'(RY)

(42) A5 (®(u), DTop(2(w))) < (alu, VO(u)), DJ7rs(®(u)))
as measures V (S,T) € TSUB.

Recall that we assume that @~ € W1°([a,b]) for all 0 < a < b.
Hence u € TBV,F(RY).

Proposition 4.2. Assume we are under assumptions (H). Let v €
(LY(RN) N L= (RN))*. Then
(i) u € (LYRY) N L®RN))* is an entropy solution of (3.1) if and
only if u= (I + B) Y, i.e., if (u,v —u) € B.
(i) u < v, i.e., [on j(u)de < [pn j(v)dx for any j € Jo.
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(ili) B is accretive in L'(RN), (L*(RN) N L=(RY))" C Range(I + B)
and D(B) is dense in L*(RV)*.

Statement (i) follows directly from the definitions. Statement (ii) can
be proved either directly using test functions pgp(u) = p(Top(u)) =
P(® (To(a),00) (P(u)))), p € Po, 0 < a < b, or obtained from The-
orem 3.12 using the uniqueness of entropy solutions. Statement (iii)
follows as in Proposition 5.3 in [5].

From Proposition 4.2, if we denote by B the closure in L'(RY) of

the operator B, it follows that B is accretive in L'(RY), it satisfies the
——L'(RY
comparison principle, and verifies the range condition D(B5) & _

LYRM)* C Range(I + AB) for all A > 0. Therefore, according to the
Crandall-Liggett Theorem [16], [35], for any 0 < ug € L*(RY) there ex-
ists a unique mild solution u € C([0,T]; L' (R™)) of the abstract Cauchy
problem

(4.3) u'(t) + Bu(t) 30, u(0) = ug.
Moreover, u(t) = T'(t)ug for all ¢ > 0, where (T'(¢));>0 is the semigroup
in L'(RY)* generated by the Crandall-Liggett’s exponential formula,
ie.,
: to) "
T(t)up = lim <I + B> ug.-
n—00 n

Finally, the comparison principle also holds for T'(t), i.e., if ug, @y €
LY(RM)*, we have the estimate
(4.4) (T (t)uo — T (t)z0) " [l < [[(uo — To) *[|1-

Remark 4.3. Since, by Proposition 4.2(iii), (L*(RY)n L=(RN))" c
Range(I + B), using Proposition 4.2(ii) we have that

(4.5) T(tyuge (LNRN)NLRN))" V>0, ¥ upe (L{RY)NL=RY))"

5. Existence and uniqueness of solutions of the evolution
problem

In this section we give the concept of entropy solution for the Cauchy
problem (1.1) and we state the existence and uniqueness result for this
type of solution.

By L. (0,T; BV(RY)) we denote the space of weakly* measurable
functions w: [0,7] — BV(RY) (i.e., t € [0,T] — (w(t), #) is measurable
for every ¢ in the predual of BV (RY)) such that fOT llw®)||pv dt < oco.
Observe that, since BV (RY) has a separable predual (see [1]), it fol-
lows easily that the map ¢t € [0,7] — |w(t)||pv is measurable. By
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Liye (0, T; : BV(RY)) we denote the space of weakly* measurable func-
tions w: [0,T] — BV (RY) such that the map ¢t € [0,T] — |w(t)||sv is
in Lio.((0, 7).

Our concept of solution for problem (1.1) is the following.

Definition 5.1. Let ug € (L'(RY)NL>(RY))*. A measurable function
u: (0,7) x RN — R is an entropy solution of (1.1) in Q7 = (0,T) x RN
if w e C([0,T], L"(RY)T), Top(®(u(-)) — a € Ly, (0,T; BV(RY)) for

all0 <a < b< oo, and
(i) a(u(t), Ve(u(t))) € LY(RY) N L>®(RY) for ae. t € (0,7T),
(i) ue = diva(u(t), Vo(u(t))) in D' (Qr),

(iii) u(0) = up, and

(iv) the following inequality is satisfied

/ 2.7 (B(u), DToy(B(u))) dt
0 JRN

T
4 / 2. o(B(1s), DS.a(®(u))) dt
(5.1) 0 JRY

< / Tronsos(u(t))d (t) de dt

- [ atu@,voo) o T@uo)s @) i

for truncatures (S,T) € TSUB with T = To Top, S = S o Se.d,
and any smooth function ¢ of compact support, in particular of
the form (t,z) = ¢1(t)p(x), 61 € D((0,T)), p € DRY).

We observe that the functions that appear in (5.1) are measurable.
For a proof we refer to Proposition 6.1 in [9].

Remark 5.2. The notion of entropy subsolution of (1.1) can be defined by
replacing the identity in condition (ii) by < or just by omitting it, since
the inequality < in (ii) is implied by (iv). To define the notion of entropy
supersolution of (1.1) we need to use test functions (S,7) € TSUPER
in (iv).

We have the following existence and uniqueness result.
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Theorem 5.3. Assume we are under assumptions (H). Then, for any
initial datum 0 < ug € LY(RY) N L (RY) there exists a unique entropy
solution u of (1.1) in Q7 = (0, T)xRY for every T > 0 such that u(0) =
ug. Moreover, if u(t), u(t) are the entropy solutions corresponding to
matial data ug, ug € LI(RN)JF, respectively, then

(5:2) I(w(t) = @)l < (o —To) "l for all t > 0.

The proof of the theorem follows the steps of the analogous theorem
n [6], [29]. The existence follows by proving that the semigroup solution
constructed in Section 4 is an entropy solution. The uniqueness result
follows using Kruzkov’s doubling variables technique [42] for this type of
problems as used in [6], [29]. The adaptation of these techniques can be
done easily taking into account the proofs of the stationary case. Thus,
we shall omit the details. As a consequence of the uniqueness of entropy
solutions we have that semigroup and entropy solutions coincide.

Remark 5.4. If we assume that v € L. (0,7, BV(RY)) and is a entropy
subsolution and @ € L (0,7, BV(R™)) an entropy supersolution, then
l(u(t) —u())*]l1 < [[(uo — Uo)T|l1. This can be proved using the test
functions T'=1, S.;(2) = T-(2— 1) T, SL(2) =T (1)~ = -T.(I— 2)*,
€ >0,1>0. We are not able to prove this result when only T}, o (u) —
a,Ty.oo(@) —a € LL(0,T, BV(RY)) for any a > 0.

Remark 5.5. We observe that u(t) € BV(RY) for any ¢ > 0 if ug €
BV (RY). Indeed, let T,ug(z) = ug(x + k), h € RY. By (5.2) we have

lu(t) — mhu(t)|ly < |luo — Thuollr V¢ > 0.

Since up € BV (RY) we deduce that u(t) € BV(RY) for all t > 0 and
lu(®)ll5v < lluollpy. Clearly u € Ly, (0, T; BV (RY)).

6. Flux limited generalized porous media equations

(H)o,» We assume that ®: [0,00) — [0,00) is a continuous strictly
increasing function such that ®(0) = 0 and ®,®~! € W*°([a,b]) for
any 0 < a < b. Let A: [0,00) — [0,00) be a continuous function such
that A(0) = 0 and A(z) > 0 for all z > 0. We assume that A(z) = A(z™)
where A(z) > ¢z for some ¢g > 0 and all z > 0 and A € VVI}DCOO([QOO)
and m > 1.
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Let us consider the diffusion equation

(6.1) u = adiv < Aw) Vo) )
1+ B8[Vew)? )’

where 8 > 0. Let f(z,€) = %A(z)\/1+,8|§|2 be the Lagrangian as-
sociated to (6.1). Since f satisfies the assumptions of Subsection 3.1,
by Theorem 5.3 there is a unique entropy solution u(¢) of (6.1) for any
initial condition ug € (L'(RY) N L= (RY))*.

6.1. Time regularity of u. Our purpose in this section is to prove
that u;(t) is a Radon measure for any ¢ > 0, assuming certain conditions
on ug. For that we follow the same approach as in [30] (see also [7])
which is based on semigroup theory. We use the basic result that if the
initial condition ug is in the domain of B (see Section 4), then |lus(t)]|; <
||Buo||1 [35]. To use this result, we give in Lemma 6.1 a set of conditions
on ug that guarantee that it can be approximated by ug, € (L'(RY)N
L>(RY))* in the domain of B with ||Bug,|/; bounded. As a consequence
we derive that if u, (f) is the entropy solution of (6.1) with w,(0) = ugn,
then [June(t)||1 < ||Buon|l1 for any n > 1 and any ¢ > 0. Letting n — oo
we deduce that u:(¢) is a Radon measure for any ¢t > 0.

As a consequence we have that S(u) € BV ([7,T] x RY) for any 0 <
7 < T and any truncature S € 7,. If, in addition, ug € BV (RY), then
u € BV([r,T] x RY) for any 0 < 7 < T. We cannot expect a higher
regularity in general, due to the existence of moving discontinuity fronts
for this type of equations [8], although solutions may be smooth outside
the discontinuity fronts, but this is an open question.

We believe that the result that u € BV ([r, T]xRY) forany 0 < 7 < T
should be true for any uy € BV (RY), although we do not have a proof
of it in the general case. The conditions on ug given in Lemma 6.1 are
of technical nature, in order to use the previously described semigroup
approach.

As shown in [30] the fact that u € BV([r,T] x RY) for any 0 <
7 < T permits to identify the Rankine Hugoniot condition, to give a
more concrete characterization of the entropy conditions on the jump set
of u and to compute the speed of the moving discontinuity fronts (the
existence of such fronts and other regularity results will be the object of
a subsequent paper [31]). This will be the purpose of Subsection 6.2.

Let us finally mention that no classical regularity result seems to work
in the present case. In particular, local estimates of the gradient have to
take into account that a moving discontinuity front may arrive at a region
where the initial condition was regular, coming from a jump located
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somewhere else. This explains why we have decided to use semigroup
methods.

Let us first proceed with some formal computations. Let v = ®(uyp).
Then

V( A(ug)V®(ug) > — Aup) div< Vv >
14+ 8|V (up)|? V14 B|Vol?
+ VA ) - Y

V14 B|Vol?

. Vo
= A(U()) div (]W)

+ (Ao d Y (v)————n.
( /@) 1+ B|Vu|?
Clearly, the assumptions (H)g A imply that if ug € (L1 (RY)NL>(RV))*,
then A(ug) € L>=(RY).
To bound the second term we assume either

(H)$) ® € C%(0,00), Ao d~' € WL([0,00),
or
P 2,9 e WLE([0, ).

Notice that, if (H)EI})A holds, then (Ao ®~ 1) (v) € L=(RY).

Lemma 6.1. Assume that ®, A satisfy the assumptions (H)o a. Assume
also that either (H)yy or (H)$) hold. Let ug € L'(RN) N L®(RN),
ug(z) > 0. LetT;,i=0,...,£, be the boundaries of bounded open sets of
class CYY (so that the distance function is also CY! in a neighborhood
of it). Assume that

(i) dist(T;,T';) > 0 for any i # j.

(ii) up € W2HRN \ U¢_ Ty) and Vug € L= (RN \ UL_T).

(iil) wo is discontinuous in T; with ug |r, > ¢; + 6; > ¢; — & > ug |r,,
1=0,...,0.

(iv) ug s either O or is bounded away from zero in any connected com-
ponent of RN \ Uf_oT;.

(v) Let d(z) = d(z,Ul_T), di(x) = d(z,T;), i € {0,...,£}, x € RV,
For each i € {0,...,¢} such that ug |, # 0 there is some n > 0
such that (1 4+ n)|Vd - Vug| < |Vug| in a region {x € RN : 0 <
di(x) < p, (uo — ¢;)Vd - Vug < 0} for some p > 0.
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Then, there exist functions ug, € L*(R™V)NL>®(RN), ug, > 0, such that

ugn — ugp in LYRY), ug, € Dom(B) and ||Bug,||1 is bounded.

Conditions (i)—(v) say that ug is a piecewise W21 function with dis-
continuities located at a set of C''!' hypersurfaces I';. We also assume
that Vug is bounded outside U¢_I";. While the W21 condition seems
to be necessary to get the result of the lemma, this condition seems
too strong and is only motivated by technical reasons. The same can
be said for conditions (iii) and (v), whose only purpose is to be able to
smooth the graph of v = ®(ug) in such a way that the mean curvature of
the approximating graphs remains bounded in L!(RY). Thus, although
the lemma may be true under more general conditions the ones we give
illustrate the result and have a clear geometric interpretation.

Finally, let us say that one can rephrase assumption (v) by saying
that when the trace ug |p, is bounded away from zero, and we are on the
side corresponding to the upper (resp. lower) trace of ug, the direction of
the gradient of vy and the normal to I'; are not aligned near the points
where ug is increasing (resp. decreasing) towards T';.

The assumptions of the lemma permit to prove that u can be approx-
imated by functions ug, € L*(RY)N L*®(RY), ug, > 0, such that

Upy, 18 uniformly bounded in LOO(RN),
Ugn — ug in LEH(RY),
Uon € WQ’I(RN),

Vgy, is uniformly bounded in L'(RY).

(6.2)

If condition (H)g)/\ holds, then v,, = ®(ug,,) € L*(RY) N L2 (RY), v, >
0, and

v, is uniformly bounded in L*°(RY),
vp — v in LYRY),

v, € WEHRY),

Vv, is uniformly bounded in L'(RY).

In that case VA(ug,) = A’'(uon) Vo, is uniformly bounded in L'(R™).
Hence

(6.3)

Vu,
1+ 8|V, |?
is also is uniformly bounded in L'(RY).

If (H)((I)l)A holds, and the other assumptions of the lemma hold, then
v 1= ®(ug) satisfies also conditions (ii)-(iii)-(iv)-(v). Moreover, as in [30],

VA('LLOn) .
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they permit to prove that v can be approximated by functions v, €
LYRN) N L= (RY), v, > 0, such that (6.3) holds. The last condition
of (6.3) implies that

[Vv,|?

V14 B|Vo,[?
is uniformly bounded in L*(RY).
Finally, as in [30], using the assumptions of the lemma we prove that

Vv,
V14 8|Vo,|?

in each connected component RY \Uf:OI‘i. The functions ug, = ®~1(v,)
satisfy the lemma.

(6.4) div ( ) is uniformly bounded in L' (),

Proposition 6.2. Assume that ®, A satisfy the assumptions (H)g a.
Assume also that either (H)((I)l)A or (H)g)A hold. Let ug € (L*(RY) N
L>®[RN))*. Let u(t) be the entropy solution of (6.1) with u(0) = uo.
If ug satisfies the conditions of Lemma 6.1, then for any t > 0, u(t) is
a finite Radon measure in RN . Moreover |[u,(t)| m@ny < C for some
constant C > 0 depending on ug. In particular, T(u) € BV ([7,T] x RY)
for any 7 > 0 and any truncature T € T,. If ug € BV(RY), then
u € BV([0,T] x RY) for any T > 0.

Proof: Let uy(t) be the solution of (6.1) such that u,(0) = ug,. By
the nonlinear semigroup theory (see for instance [35] or [16]), we have
Unt € LY(RY) and [[un||1 < ||Buonll1. Since u,s — uy in the distribution
sense, then u () is a finite Radon measure in RY and [|u (t) | men) < C
for some constant C' > 0 depending on ug. The last assertion follows
from this and Remark 5.5. O

Remark 6.3. Consider the flux limited porous media equation

T m
(6.5) uy = adiv __wVum ,
V 1+ B|Vum|?
where m > 0, 7 > 1, o, 8 > 0. In this case, ®(u) = u™, A(u) = v" and
(H)g,a hold. If m > 2, then (H)§ ) holds. If > m, then (H){), holds.
Proposition 6.2 can be applied to these cases.

6.2. Analysis of the entropy conditions. Assume that

u € BVioe((0,T) x RY). Let us denote by .J, the jump set of u as a
function of (¢,z). For any ¢ > 0, we denote by J, the jump set of
u(t) € BVioe(RY). Let v := v, = (v4,v,) be the unit normal to the
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jump set of u so that Dgiu = [u]vHN|;,. We denote by v/=® the unit
normal to the jump set of u(t) so that Diu(t) = [u(t)jy=OHN1]; .
Using the notation of Section 2 [u](t,x) := u™(t,x) — u™ (t,z) denotes
the jump of w at (¢,z) € J, and [u(t)](z) := u(t)* (z) —u(t)” (z) denotes
the jump of u(t) at the point x € Jy ).

Let us recall the definition of the speed of the discontinuity set
of u [30].

Definition 6.4. Let u € BVi,((0,T) x RY) and let z € L*°([0,T] x

RN RY) be such that u; = divz in D’((0,T) x RY). We define the speed
_ () HN

= -a.ce. 1 .
o)) 10 ma-e.on Jy

of the discontinuity set of u as v(¢, x)

This definition has a sense since, when u € BVi,.((0,T) x RY), z €
L>([0, T] xRN ,RN), and u; = divz in D’((0,T) xRY), we have (see [30,
Lemma 6.4])

HN((t,2) € Jy : ve(t,z) = 0) = 0.

Proposition 6.5. Let u € BVioc((0,T) x RY) and let z € L>°([0,T] x
RN RYN) be such that u; = divz in D'((0,T) x RN). For L' almost any
t > 0 we have

(6.6) w®)](z)o(t,2) = [[z-vO] - HY ace in Ty,

where [[z - v/»®]],_ denotes the difference of traces from both sides
Of Ju(t)-

We call outer side the side of Jy ;) where v”«® is pointing to. Thus
the outer trace is u(t) = wu(t)™. Notice that with this notation, the
Rankine-Hugoniot condition is expressed in an invariant way.

Notice that we are working under the assumption that divz(t) is a
Radon measure in RY for almost any ¢ > 0. In the case a notion of weak
trace for the normal component of z has been given in Subsection 2.3
on the boundary of open sets with Lipschitz boundary. In the present
context, we need to use the following lemma which justifies the subse-
quent definition. For its proof and more details on this subject, we refer
to [30].

J

Lemma 6.6. Let D1, Dy C RY be two open sets with Lipschitz boundary
and let n € L (RN, RY) be such that divn is a Radon measure in RY.
If A C OD1NODy is a Borel set and vPr = vP2 a.e. on A, then [n-vP1] =
[n-vP2] HN=! a.e. on A.

Definition 6.7. Let B be a (N — 1)-rectifiable Borel set oriented by
the normal v? (thus, it may be covered by the boundaries of open sets
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with Lipschitz boundary). Let n € L= (RY,R") be such that divn is a
Radon measure in RY. We define [ - v7] as the trace [ - vP] for any
open set with Lipschitz boundary D such that B C 0D and v = vP.

We have just written % = v in order to fix one of the two choices

of the normal.

Our purpose is to express the notion of entropy solution of (6.1) as a
set of inequalities that permit to give a more geometric interpretation on
the jump set. Informally, one can say that jump discontinuities are fronts
with a vertical contact angle moving at the speed given by Rankine-
Hugoniot condition. This will be proved in Proposition 6.9.

If w € BV((0,T) x RY), or in BV(RY), and y is a Radon measure
absolutely continuous with respect to |Dw|, we denote by u®¢, u¢, u’/ the
absolutely continuous parts of u with respect to |D%w|, |Dw|, |DIw|,
respectively.

Proposition 6.8. Let u € C([0,T]; L*(RY)) N BVioe((0,T) x RY). As-
sume that uy = divz in D'((0,T) x RYN) where z = a(u, V®(u)). Then
u is an entropy solution of (1.1) if and only if for any (T,S) € TSUB
(for any (T,S) € TSUBUTSUPER) we have

(6.7)  hS.p(®(u), DT(2(u))" + h7.5(P(u), DS(P(u)))*
< (z(t,2) - D(T(®(u))S(P(u))))

and for L'-almost any t > 0 the inequality

(6.8) [STO™(@(u(t)]+— —[Jpgge (D(u(t)))]+-
< —v[Jrowson (u(t)))+—+|[2(t) - v O)T(@(u(t))S(P(u(t)))]+-

holds HN~1 a.e. on Ju(t)-

Let us assume that u € C([0,7]; L*(RY)) is an entropy solution
of (6.1) with u(0) = ug € (L*@RN) N L*RM))T. We assume that
u € BWVoc((0,T)xRYN). By Proposition 6.2 and Remark 5.5, this holds in
particular if ug € BV (RY) satisfies the assumptions of Proposition 6.2.
We assume this for simplicity, although the more general case where
Tup(u) —a € LL((0,T), BV(RY)) for any 0 < a < b can be treated
along the lines below and using the results in [1] for GBV functions.

Since u; = divz, by Proposition 6.2 we have that divz is a Radon
measure in [7,7] x RY for any 7 > 0 and div 2(¢) is a Radon measure
in RV for any ¢ > 0. Thus, the conditions of Propositions 6.5 and 6.8
hold.
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For the equation (6.1) ¢ = A and the conditions (6.8) can be written
as

(6.9) [STAN®(u(t)))]+— —[Jpgpe (®(u(t))]+-
< —v[Jrowson (u(t)] - +[[2(t) - v O T(@(u(t)))S(P(u(t)))]+-

holds HN -1 a.e. on Ju(t)- Notice also that Jygpe (P(2)) = Jrossean (2),
for any z > 0, hence

[Jrsae (P(u(t)]+- = [Jrodsowns (u(t))]+--

Proposition 6.9. Assume that ®, A satisfy the assumptions (H)g A.
Assume also that A is an increasing and convex function. Let u €
C([0,T); LY (RN)) be the entropy solution of (6.1) with u(0) = ug €
(LY(RN) N L®(RN))*. We assume that u € BVio.((0,T) x RY). Then
the entropy conditions (6.9) hold if and only if

(6.10) [z v/ @], = A(ut(t) and [z-v7*®]_ = A(u™ ().
Moreover the velocity of the discontinuity fronts is
_ AWt (@) — A (1)

ut(t) —u=(t)

If up € (L*RY) N L2 (RN))* N BV(RY), Lemma 6.1 gives sufficient
conditions implying that u € BVi,.((0,T) x RY) (see Proposition 6.2).

Under some additional assumptions we may derive from (6.10) a ver-
tical contact angle condition. For that we assume that for HV~! al-
most all x € Jy ) there is a ball B, centered at x such that either
(a) u(t)|p, > a > 0or (b) J,u) N B, is the graph of a Lipschitz function
with By \ Jy¢) = Bl U B2 where Bl, B2 are open and connected and
u(t) > a > 0 in B} while the trace of u(t) on Jyu N dB2 computed
from B2 is zero.

In both cases, by Lemma 5.6 in [30], we have

d
Vo(u) v | =1 on Juwy N Bz, 7).

VITANVeWP |,

If (a) holds we also have

Vo ]
(u) vl | =1 on Juwy N B(x,7).
V1t BIVe(u)? 1
Both conditions express in a weak way the vertical contact angle condi-
tion on the jump set of u.
For the proof, we adapt the proof of Proposition 8.1 in [30].

(6.11)
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Proof: Let w = ®(u(t)), A =A%, T=To®, S =50®d. With this, we
can write the entropy conditions as: for any (S,T) € TSUB|JTSUPER
and for £'-almost any ¢ > 0 the inequality

(6.12)  [STR((O)1— — pgp (w(®)]

< —v[pg(ut)]+— + [[2(t) - v O] T (w(t)S (w(t))]+-
holds HV 1 a.e. on Ju(t)- Notice that, since ® is continuous and strictly
increasing, Jy 1) = Ju(p)-

Recall that, by Proposition 6.5, the Rankine-Hugoniot conditions are

vlus— = [z v,
where the flux z = a(u, V®(u)) is given by (6.1).

Let € > 0, be such that w~ < w™ — e < w™ and let us choose
(S,T) € TSUB so that S(r)T(r) = (r — (w" —¢))*. Then a simple
computation shows that
STA(w(t))]+- = A(w(t)")e,

Ipsx (w(t)]4— = O(e?),

Jrs(u(t)]+— = O(e?),

() - O T (w()S(w(E)] 1 = efalt) - v

where O(g?) is an expression such that |O(g?)| < Ce? for some C > 0

and € > 0 small enough. Just comment that the second identity follows
from

[
[
[
[

[Jrsa (Wt)— = Jpgx (W (8) — Jpgx (w™ (1),
Jrgx (w™(t)) =0, and

() .,
Jrsw (wr(t)) = /+(t) (r— (wt(t) —e))A (r)dr

<e(Awt(t) — Aw™(t) —e)) < Ce”

for some C > 0, since A is Lipschitz in [a,b], 0 < a < b. For the third
identity, observe that

=e (@) (w* (1) — (@7) (w™(t) —¢)) = O(e?).
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Then the entropy condition is written as
(6.13) c(R(wt (1) — [z 70),) < O(e2).
Since [z - v/« ], < A(w™(t)), this represents a contradiction unless
[z v 0] = Aw (1) = A" (1))
In a similar way, we take T =1 and S(r) = —¢ if r < w™, S(r) =
—(w™ +e)ifrew,w +e¢|, S(r)=0if r > w™ +e. In this case,
(S,T) € TSUPER. Proceeding in the same way we have
[STA(w(t))]4+— = A(w™(t))e,
[Jrsw (w(t))]+— = ewgl(e),
[Jrs(u®))]4- = ewe-1(e),
[[z(t) - v/ O] T (w(t)S(w(t))4 - = elz- v7O]_,
where w(¢), wgp-1(¢) are modulus of continuity of A and &, respec-
tively. Thus the entropy condition is written as
(6.14) e(A(w™ (1) = [z v"0]_) < e(wxle) + wa-1(e)).
This represents a contradiction unless
[z 0] = Mw™ (1) = Alu™ (1)).

Using the Rankine-Hugoniot condition given in Proposition 6.5, the
speed of the front is

vl o vl Awt() = Aw (1)

ut —u~ ut —u~
We have proved (6.11).
Conversely, assume that (6.10) holds. Then

[[2(t) - v )T (w(t) S (w(t)]+ - = [STA(w(t))]+~

and we may write the entropy conditions (6.12) as

15 A O )] < U (0l

Let us prove that (6.15) hold for any (7,5) € TSUBU TSUPER.

Let us observe that if (T,.S) € TSUB, then p = T S is a non-negative
and non-decreasing function with p(0) = 0. Then it suffices to prove
that (6.15) holds for the functions p(r) = X(4,00)(r) since the closed
convex cone generated by those functions contains all non-negative non-
decreasing functions with p(0) = 0.

Assume that w™ > 0. If d < w™, then [Jp(u(t))]+— = [u(t)]4— and
[(Jpsx (w(t)]4— = [A(u(t))]4—. Then (6.15) holds. If w~ < d < w™,
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then [J,(u(t))]4+- = ut — ®71(d) and [Jygx (w(t)]4- = A(u*(t)) —
A(D 1( )). Then we may write (6.15) as
) o

At () — A" (1) _ Au'(t) - A(@'(d))
W) —u () ut(t) — d-1(d)

and this holds because the convexity of r € [0,00) — A(r). If d > w,
then [J,(u(t))]+— =0, [Jrgx (w(t))]1— = 0 and (6.15) holds.

If w~™ = 0 then we may consider d > 0 and prove as above that
(6.15) holds.

Let us observe that if (7,5) € TSUPER, then p = T S is a non-
positive and non-decreasing function. Then it suffices to prove that
(6.15) holds for the functions p(r) = ¢ + ¢/X(4,00)(7), ¢ < 0, 0 < ¢/ < e,
since the closed convex cone generated by those functions contains all
non-positive non-decreasing functions.

Assume that w= > 0. If d < w™, then [J,(u(t))]+— = (c+)[u(t)]4+-
and [J,g(w(t)]4— = (¢ + )[A(u(t))]+—. Then (6.15) holds. If
w- <d<wt, then[ "(ut(t) — @

(u(®)]+- = clu(t)]+— + ¢ ~1(d)) and

b (
[T (w)l+— = c[A(u(®))]+- + ¢/(A(u™ () — A(27'(d))). Then we

may write (6.15) as
Aut (1)) — A(u (1))
ut(t) —u=(t)

(clu(®)]+— + ¢ (uF(t) — 271(d)))
< c[A(u(t)]4- + (AT (1) — A(@7H(d))),
which, since ¢’ > 0, is implied by
Al (1) — A= (1) _ At (1) — A(2~(d))
ut(t) —u=(t) - ut(t) —®-1(d) ~’

which in turn holds because of the convexity of r € [0,00) = A(r). If d >
w, then [Jp(u(t))]4— = clu(t)l— and [Jpgg (u(t))]+— = c[A(u(t))] -
and (6.15) holds.

If w~™ = 0 then we may consider d > 0 and as above prove that
(6.15) holds. O

Remark 6.10. The previous results can be applied to the flux limited
porous media equation

(6.16) = adiv [ V)
V1+ B|Vum|?

wherem > 0,r > 1, a, 8 > 0. In this case, ®(u) = u™, A(u) = u”. Other
qualitative properties including the existence of moving discontinuity
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fronts will be the object of a subsequent paper [31]. We refer to [48] for
a thorough study of the classical porous media equation.
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