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Abstract

We prove that the support of solutions of a limited flux diffusion equation
known as a relativistic heat equation evolves at constant speed, identified
as light’s speed c. For that we construct entropy sub- and super-solutions
which are fronts evolving at speed ¢ and prove the corresponding comparison
principle between entropy solutions and sub- and super-solutions, respec-
tively. This enables us to prove the existence of discontinuity fronts moving
at light’s speed.

1. Introduction

To limit the speed of propagation of different types of waves which are
solutions of nonlinear degenerate parabolic equations some mechanisms of
saturation of the flux as the gradient becomes unbounded have been pro-
posed by different authors [22,15,23].

The speed of light ¢ is the highest admissible velocity for transport
of radiation in transparent media, and, to ensure it, J.R. Wilson (in an
unpublished work, see [22]) proposed to use a flux limiter. The flux limiter
merely enforces the physical restriction that the flux cannot exceed energy
density times the speed of light, that is, the flux cannot violate causality.
The basic idea is to modify the diffusion-theory formula for the flux in a
way that gives the standard result in the high opacity limit, while simulating
free streaming (at light speed) in transparent regions. As an example, one
of the expressions suggested for the flux of the energy density wu is

Du

F=—vu—"0
Z/ouer*1|Du|

(1)

(where v is a constant representing a kinematic viscosity and ¢ the speed

of light) which yields in the limit ¥ — oo the flux F = —cu%. Observe
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also that when ¢ — oo, the flux tends to F' = —vDu, and the corresponding
diffusion equation becomes the heat equation, which has an infinite speed
of propagation.

The diffusion equation corresponding to (1) is

w = vdiv (“D“) (2)

u + 2| Dul

and is one among the various flux limited diffusion equations used in the
theory of radiation hydrodynamics [22]. Indeed, the same effects can be
guaranteed for a similar equation [13]

|u|Du

VJu? 4+ §|Du|2

Y. Brenier ([13]) was able to derive (3) from Monge-Kantorovich’s mass
transport theory and described it as a relativistic heat equation. Both equa-
tions, (2) and (3), interpolate ([13]) between the usual heat equation (when
¢ — o0) and the diffusion equation in transparent media (when v — o)
with constant speed of propagation ¢

. Du
uy = cdiv (um> . (4)

Many other models of nonlinear degenerate parabolic equations with flux
saturation as the gradient becomes unbounded have been proposed by Rose-
nau and his coworkers [15,23]. In [15] the authors exhibited some models
for which initial conditions of compact support, even if smooth, develop a
discontinuity in finite time and displayed experiments to show the evolu-
tion of the support of its solutions. The same phenomenon of breaking of
solutions and apparition of discontinuities was proved in [12,17] for equa-
tions of type us = (¢(u)b(uz))s, where ¢ : IR — IRT is smooth and strictly
positive, and b : IR — IR is a smooth odd function such that b’ > 0 and
limg_, o b(s) = beo, which model heat and mass transfer in turbulent fluids
[12].

Our main purpose in this paper is to study the evolution of the sup-
port of solutions of (3) which we take as a model of flux limited diffusion
equation. Let us first mention that the well-posedness of (3) for initial con-
ditions in (L'(IRN) N L>®(IRN))* was proved in [7]. Indeed, existence and
uniqueness of entropy solutions of the Cauchy problem for a general class
of equations including (3) and (2) were proved in [7]. These results will be
reviewed in Section 3. We shall prove in this paper that the support of en-
tropy solutions of (3) evolves at finite speed c. For that we construct sub-
and super-solutions of (3) which move at speed ¢ and prove comparison
principles between solutions and sub- and super-solutions, respectively. The
sub-solutions permit also to prove that discontinuity fronts evolve at speed

3)

uy = vdiv
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c and live for ever. This has an interesting consequence since it proves that
u is not smooth and we can only expect that u; is a Radon measure. We
do not know if this is true in general, though there are radial solutions for
which it is true [8]. This explains in an indirect way the complexity of some
of the requirements of the notion of entropy solution. The study of equation
(4) and the convergence of solutions of (3) to solutions of (4) will not be
considered here and will be the object of a subsequent work.

Let us explain the plan of the paper. In Section 2 we recall some basic
facts about functions of bounded variation, denoted by BV, functionals
defined on BV, and Green’s formula. In Section 3 we review the notion
of entropy solution for a class of degenerate parabolic equations including
(3) and the existence and uniqueness results proved in [7]. We shall also
explain the main ingredients of the notion of entropy solution. In Section
4 we introduce the concepts of entropy sub and super-solutions and we
prove comparison principles between solutions and sub- and super-solutions,
respectively. Finally, in Section 5 we construct sub- and super-solutions of
(3) which permit us to prove that the support of solutions evolves at light’s
speed ¢, and the existence of discontinuity fronts moving at speed c.

2. Preliminaries

2.1. Functions of bounded variations and some generalization

Let us start with some notation. We denote by £V and HN~! the N-
dimensional Lebesgue measure and the (N — 1)-dimensional Hausdorff mea-
sure in IRY, respectively. Given an open set §2 in IRY we denote by D(2)
the space of infinitely differentiable functions with compact support in 2.
The space of continuous functions with compact support in RN will be

denoted by C.(IRY).

Due to the linear growth condition on the Lagrangian, the natural energy
space to study the problems we are interested in is the space of functions
of bounded variation. Recall that if {2 is an open subset of IRY, a function
u € LY(£2) whose gradient Du in the sense of distributions is a vector
valued Radon measure with finite total variation in {2 is called a function of
bounded variation. The class of such functions will be denoted by BV (£2).
For u € BV({2), the vector measure Du decomposes into its absolutely
continuous and singular parts Du = D% + D*u. Then D% = Vu LV,
where Vu is the Radon-Nikodym derivative of the measure Du with respect
to the Lebesgue measure £V . We also split D%u in two parts: the jump part
DJy and the Cantor part D¢u. It is well known (see for instance [1]) that

Diu= (uy —u_ ), HN " L J,,

where J,, denotes the set of approximate jump points of u, and v,(z) =

%(m), % being the Radon-Nikodym derivative of Du with respect to



4 Fuensanta Andreu et al.

its total variation |Du|. For further information concerning functions of
bounded variation we refer to [1], [20] or [25].

We need to consider the following truncature functions. For a < b, let
Top(r) := max(min(b, ), a). As usual, we denote T}, = T . We also con-
sider truncature functions of the form Té,b(r) = Tup(r) —1 (I € R). We
denote

T ={Tup : 0<a<b}

TH:={T,, : 0<a<b, l€R, T,,>0},

and

T :={T,, : 0<a<b, l€R, T., <0}

Given any function v and a,b € IR we shall use the notation [u > a] =
{r e RN :u(x) >a},[a<u<b ={re RN :a<u(x)<b}, and similarly
for the sets [u > a], [u < a], [u < a], etc. We denote ut := max{u, 0}, and
u~ := min{w, 0}.

We need to consider the function space
TBVT(RY) :={ue L'(R")" : T(v) € BV(R"), VT €T},

and to give a sense to the Radon-Nikodym derivative (with respect to the
Lebesgue measure) Vu of Du for a function u € TBV+(IRY). Using chain’s
rule for BV-functions (see for instance [1]), with a similar proof to the one
given in Lemma 2.1 of [11], we obtain the following result.

Lemma 1. For every u € TBVT(IRYN) there ezists a unique measurable
function v : RN — RN such that

VTap(u) = Xjacucy LN —ae, VT, €T, (5)

Thanks to this result we define Vu for a function u € TBV T (IRY) as the
unique function v which satisfies (5). This notation will be used throughout
in the sequel.

We denote by P the set of Lipschitz continuous functions p : [0, +o0[— IR
satisfying p’(s) = 0 for s large enough. We write P* :={p e P : p > 0}.
We have the following result ([7]).

Lemma 2. If u € TBVT(IRY), then p(u) € BV(IRYN) for every p € P
such that there exists a > 0 with p(r) = 0 for all 0 < r < a. Moreover,
Vp(u) = p'(u)Vu LN -a.e.
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2.2. Functionals defined on BV

Let £2 be an open subset of RN. Let g : 2 x IR x RY — [0,00[ be a
Borel function such that

C@)lgll = D(x) < gz, 2,§) < M'(z) + Mg (6)

for any (x,2,&) € 2 x IR x RN, |2| < R, where M is a positive constant
and C, D, M’ > 0 are bounded Borel functions which may depend on R.
Assume that C, D, M’ € L'(02).

Following Dal Maso [16] we consider the following functional for u €
BV (£2) N L (42):

R, (u) ::/Qg(x,u(x),Vu(x))dx—i-/QgO <x,a(x),|gz|(x)) \Deu|

(L i) v

where the recession function ¢° of g is defined by

(7)

0 - §
= lim ¢ = 8
9°(z,2,6) = lim g(%z,t) (8)
and is convex and homogeneous of degree 1 in &, and 4 is the approximated
limit of u (see [1]).

In case that {2 is a bounded set, and under standard continuity and
coercivity assumptions, Dal Maso proved in [16] that Ry(u) is L'-lower
semi-continuous for u € BV (§2). Recently, De Cicco, Fusco, and Verde [18],
have obtained a very general result about the L!-lower semi-continuity of
R,y in BV(IRN).

Assume that g : IR x RN — [0, 0c[ is a Borel function such that

Clel =D <g(z6) < MA+El)  Y(z¢)eRY, 2| <R, (9)

for some constants C, D, M > 0 which may depend on R. Given a function
u € BV(IRN)N L>®(IRY), we define the Radon measure g(u, Du) in RN by

(g(u, Du), @) := Ryg(u) ¢ € C(IRN)T. (10)

If ¢ € C(RY), we write ¢ = ¢+ — ¢~ with ¢7 = max(¢,0), ¢~ =
—min(¢,0), and we define (g(u, Du), ) := Ryt 4(u) — Ry 4(u).

Let us observe that if g°(z,&) = ¢(2)¢°(€), where ¢ is Lipschitz contin-
uous and ¢° is an homogeneous function of degree 1, by applying the chain
rule for BV-functions (see [1]), we have

Ras() = [ ot v+ [ st (34 0wl

RN
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WPere, for any function ¢, J,(r) denotes the primitive of g, i.e., Jy(r) =
Jo a(s)ds. In this case we have

Du

ﬂ%&W=W<meW%Wﬂ (12)

2.8. A generalized Green’s formula

We shall need several results from [9] (see also [21]) in order to give
a meaning to integrals of bounded vector fields with divergence in L' in-
tegrated with respect to the gradient of a BV function. Following [9], we
denote

X1(RY) = {z € L®(R",R") : div(z) € L'(R")}. (13)

If z € Xi(RY) and w € BV(IRY) N L®(IRY) we define the functional
(z, Dw) : D(IRN) — IR by the formula

(2. D0).) =~ [

w pdiv(z) dz — / wz - Vodz. (14)
RN

RN

Then (z, Dw) is a Radon measure in IRY, and
/ (z, Dw) = / z - Vwdr, YweW Y RY)NL®(RY). (15)
RN RN

Moreover, (z, Dw) is absolutely continuous with respect to |Dw|.

We have the following Green’s formula for z € X1 (IRY) and w € BV (IRV)N
L(RY) ([9]):

/R w div(z) dr + / (2, Dw) = 0. (16)

RN

3. The notion of solution, existence and uniqueness results: a
review

In this section, following [7], we recall the concept of entropy solution
and the existence and uniqueness result for the Cauchy problem

u =diva(u, Du) in Qr = (0,T) x RN
(17)
u(0,x) = up(x) in zeRN.

Even if the main purpose of the paper is the study of equation (3), the
general notation is convenient when writing the proof of the comparison
result proved in Section 4. Moreover, the general statement of it will be
useful for later reference.
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3.1. Basic assumptions

Assume that the Lagrangian f : IR x RY — IRT satisfies the following
assumptions, which we shall refer collectively as (H):

(Hy) f is continuous on IR x IRY and is a convex differentiable function of
¢ such that Ve f(z,€) € C(IR x IRY). Further we require f to satisfy the
linear growth condition

Co(2)[I€]l = Do(2) < f(2,§) < Mo(2)([I€]l + 1) (18)

for any (z,&) € IR x IRY, and some positive and continuous functions Cy,
Do, My, such that Cy(z) > 0 for any z # 0. Let f° denote the recession
function of f.

We consider the function a(z,§) = V¢f(z,£) associated to the La-
grangian f. By the convexity of f, we have

a(zvf) : (77_5) < f(Zﬂ?) _f(zvg)a (19)
and the following monotonicity condition is satisfied
(a(z,n) —a(z,£)) - (n—¢) = 0. (20)

Moreover, it is easy to see that for each R > 0, there is a constant M =
M(R) > 0, such that

la(z, )| <M V(2 €eRxRY, 2| <R (21)
We also assume that a(z,0) =0 for all z € IR, and a(z,£) = zb(z, ) with
b(2,6)l <My V¥ (2,6) € Rx RY, |2| <R. (22)
We consider the function h : IR x IRV — IR defined by
h(z,€) == a(z,¢) - €
By (20), we have
h(z,6) >0 Veé€RY, z€ R (23)
Moreover we assume that
h(z,€) < M(z)|[€]| (24)

for some positive continuous function M(z) and for any (2,€) € R x IRY.
On the other hand, from (19) and (18), it follows that

Co(2)[I€ll = D1(2) < h(z,€) (25)

for any (2,¢) € IR x RN where D1(2) = Do(z) + f(z,0). We assume that
there exist constants A, B > 0 and «, 3 > 1, such that

|D1(2)| < Alz|* + B|z|? for any z € RV. (26)
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As we noticed in [7], this condition was used in only to prove some estimates
during the proof of existence, and a more general condition could be used.

(Hy) We assume that g—g(z,ﬁ) € C(IR x RN) for any i =1,..., N.
(H3) h(z,&) = h(z,—¢), for all z € IR and ¢ € RN and h° exists.

Observe that we have

Co(2) €]l < h°(2,€) < Mg|| for any (2,€) € R x RN, |z| < R.

(Hy) fO(z,€) = h%(z,¢), for all £ € RN and all z € IR.
(Hs) a(z,&) -n < h%(z,n) for all ,n € RN, and all z € R.

(Hg) We assume that h0(z, £) can be written in the form h%(z, &) = p(2)°(€)
with ¢ a Lipschitz continuous function such that ¢(z) > 0 for any z # 0,
and 1° being a convex function homogeneous of degree 1.

(H7) For any R > 0, there is a constant C' > 0 such that
(a(z,6) —a(2,) - (€ = &) < Clz — 2| l€ = €| (27)

for any z,% € R, &,€ € RN, with |z],12] < R.

Observe that, by the monotonicity condition (20) and using (27), it
follows that

(a(z,€) —a(2,8) - (- &) > —Clz— 2| ¢ = €| (28)

for any (z,€),(2,€) € R x RN, |z|,|2| < R.

Let us observe that under assumptions (Hy) and (Hg), applying (12), we
have
Du

f(u, Du)® = h(u, Du)® = ¢° (W) |D*J, (u)]. (29)

Remark 1. The function f(z,€) = %\z| 22+ ’;—§|§|2 satisfies the assump-
tions (Hi)-(H7), with a(z,¢) = v——L&___ This particular case corre-

VRl

sponds to the relativistic heat equation (3). The Lagrangian
cz v
f(2,6) = ez (Ieh = Z1og (1+ Zl¢l) )
v cz

is associated with the flux limited diffusion equation (2) and satisfies also
the assumptions (Hy)-(Hr).
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3.2. A functional calculus

Let g : IR x RN — [0,00[ be a Borel function satisfying (9). Observe
that both functions f, h satisfy (9).

Let T € Tt U7 . Then there is some T, € 7, and a constant ¢ € IR
such that T = T, — c. For each u € TBVH(IRN) N L>®(RYN) and ¢ €
C.(IRN), ¢ > 0, we define

R(¢g, T)(u) = Reg(Tap(w)) +/ ¢(z) (9(u(2),0) — g(a,0)) dz

[u<a]

(30)
+ / 6(z) (9(u(x),0) — g(b,0)) de.
=0

If 6 € CL(RN), we define R(6g, T)(u) = R(6* g, T)(w) — R(6~g,T)(u).
Observe that, with this notation, we have R(¢g, T)(u) = R(dg, Top)(u).
Moreover, if u € WH(IRY), we get

R(¢g,T)(u) = - o(x)g(u(x), VT (u(x))) d. (31)
We recall that, if g(z, &) is continuous in (z, ), convex in £ for any z € IR,
and ¢ € C1(IRN) has compact support, then we have that R(¢g, T) is lower
semi-continuous in TBV T (IRY) with respect to L!(IRY)-convergence [18].
We shall not need this here, but this property is used to prove the existence
part of Theorem 1.

For u € TBVT(RN)NL>®(IRN)and T € 7+UT ~, we define the Radon
measure g(u, DT(u)) in RN by

(9(u, DT (u)), $) := R(¢g. T)(u) Vo € Co(RY). (32)

Let w € TBVH(RN)NL®(RN), S € Pt and T € Tt UT~. We
denote by hg(u, DT (u)), the Radon measure defined by (32) with g(z,&) :=
S(2)h(z,€). If =S € Pt and T € TTUT ~, by definition we set hg(u, DT (u))
= —h(,s) (u7 DT(U))

If h(z,0) =0forall z € R, and S, T € Tt UT~ with T =T, — ¢, we
have

hs(u, DT (u)) = hs(Typ(u), DT (w)) = hs(Tyup(u), DTy p(u)). (33)

Moreover, if h%(z,&) = ¢(2)y°(€), with ¢ being Lipschitz continuous and
¥? an homogeneous function of degree 1, then, by (12), we have

(hs(u, DT (u))" = (hs(u, DTap(u)))”

(34)
— 0 (%) |D*Jsp(Tan(w)| if SeTT,
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and
(hs(u, DT (w)))" = (hs(u, DTyp(u)))*
(35)
= (%) |D*J(—syp(Tap(u))| if SeT.

By the representation formulas in Subsection 2.2, the absolutely contin-
uous part of hg(u, DT(u)) is S(u)h(u, VT'(u)). Similar identities are true
when S = 1.

3.8. The notion of entropy solution. Existence and uniqueness

The notion of entropy solution is certainly complex and requires some
explanation. Those explanations will be given in Remark 3. If the reader
wants to have a first heuristic explanation he can go directly to it, but it
will be helpful to have the notation introduced here.

To make precise our notion of solution we need to recall several defini-
tions given in [2] (see also [3]). We define the space

Z(RY) == {(2,€) € L*(IR",R") x BV(R")* : div(z) =¢ in D'(IRV)}.

We need to consider the space BV (IRY),, defined as BV (IRN)NL?(IRYN)
endowed with the norm

lwllpy(mryy, = lwllL2myy + | Dw|(IRM).
It is easy to see that L2(IR™) C BV (IRM)5 and
[wll v m~y; < llwllpzmy Vwe L*(RY). (36)

It is well known (see [24]) that the dual space (L'(0,T; BV(BN)Q))*
is isometric to the space of all weakly* measurable functions f : [0,7] —
BV (IRN)3, such that v(f) € L*([0,T]), where v(f) denotes the supremum
of the set {|{w, f)| : [lw|py(r~), <1} in the vector lattice of measurable
real functions. Moreover, the duality pair is

T
w, f) = / (w(t), f() dt,

for w € L*(0,T; BV(IRN),) and f € (L*(0,T; BV (RN),))".

By LL(0,T; BV(IRY)) we denote the space of weakly measurable func-
tions w : [0,T] — BV (IRY) (ie., t € [0,T] — (w(t),¢) is measurable for
every ¢ € BV(IRN)*) such that fOT |lw(t)||dt < oo. Observe that, since
BV (IRY) has a separable predual (see [1]), it follows easily that the map
t € [0,T] — [lw(t)|| is measurable. By Lj,.,(0,T; BV(IRY)) we denote the
space of weakly measurable functions w : [0,7] — BV (IR™) such that the
map t € [0,T] — |Jw(t)| is in L},.(]0, T7).

Let us recall the following definitions given in [2].
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Definition 1. Let ¥ € L'(0,T; BV (IRY)). We say ¥ admits a weak deriva-
tive in the space L} (0,T; BV(]RN)) N LOO(QT) if there is a function © €

LL(0,7; BV(IRN)) N L>=(Qr) such that (¢ / O(s)ds, the integral
being taken as a Pettis integral ([19]).

Definition 2. Let £ € (Ll(O T; BV(IRN),) )* We say that & is the time
derivative in the space (L'(0,T; BV(IRN) ))* of a function u € L((0,T) x

RY) if
T T
/O (), w(t))dt = — /0 /IR )6t a)dode

for all test functions ¥ € L*(0,7T; BV (IR")) with compact support in time,
which admit a weak derivative © € Ll (0,T; BV (IRY)) N L= (Q7).

Note that if w € L'(0,T; BV (IRY)) N L>®(Q7) and z € L=(Qr, RY) is
such that there exists £ € (L*(0, T BV(]RN)))* with div(z) = £ in D'(Qr),
we can define, associated to the pair (z, &), the distribution (z, Dw) in Qr
by

T
(2. Dw).0) = = [ 60 w(b)oto) a
(37)

T
_ / / a(t, 2)w(t, )V (t, ) dudt.
0 RN
for all ¢ € D(Q7).

Definition 3. Let £ € (L'(0,7; BV(IRY),))" and z € L=(Qr, RY). We

)2
say that & = div(z) in (L*(0,T; BV BN )* if (z, Dw) is a Radon measure
in Q7 such that

T
| @puwy+ [ .o
T 0
for all w € L1(0,T; BV(IRYN)) N L>®(Qr).
Our concept of solution for problem (17) is the following one.

Definition 4. A measurable function u : (0,7) x RY — IR is an en-
tropy solution of (17) in Qr = (0,7) x RN if uw € C([0,T]; L*(IRY)),
Top(u(-)) € Llocw(O,T;BV(BN)) for all 0 < a < b, and there exists
e (Ll(O,T;BV(jRN)g))* such that

(i) (a(u(t),Vu(t)),£(t) € Z(RYN) ae.int € [0,T],
(i) ¢ is the time derivative of u in (L*(0,T; BV(BN)Q))* in the sense of
Definition 2,
(i) & = diva(u(t), Vu(t)) in the sense of Definition 3, and
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(iv) the following inequality is satisfied

/ ohs(u, DT (u)) dt + / ohr(u, DS(u))dt
0 RN 0 RN
< /O - Jrs(u(t))¢'(t) dedt

/ /JRN u(t)) - Vo T(u(t))S(u(t)) dzdt

for truncatures S, T' € 7+ and any nonnegative smooth function ¢ of
compact support, in particular of the form ¢(t,x) = é1(t)p(z), ¢1 €
D((0,T)), p € D(RY).

In [7] we give the following existence and uniqueness result.

Theorem 1. Assume we are under assumptions (H). Then, for any initial
datum 0 < ug € L (IRN) N LY (IRYN) there exists a unique entropy solution
w of (17) in Qr = (0,T) x RN for every T > 0 such that u(0) = uy.
Moreover, if u(t), u(t) are the entropy solutions corresponding to initial
data ug, U € (L=(RN) N Ll(BN))+, respectively, then

Il (u

(t
Remark 2. If u(t) is the entropy solution corresponding to the initial datum
ug € (L>(RN)Nn Ll(ZRN)) , then ([7])

) =) [l < [[(wo —To)*[ls  forall ¢=>0. (38)

/lRNj(u(t)) dz < /ZRNj(uo)dx (39)

for any convex function j : IR — [0,00). This implies that u(t) € LP(IRY)
for any p € [1,00) if ug € (L>(RY) ﬂLl(ll%N))+. Moreover, since en-
tropy solutions coincide with semigroup solutions — obtained using Crandall-
Liggett’s discretization scheme — for which the conservation of the mass is
immediate to prove by integrating the resolvent equations ([7]), we have

/RN u(t,:c)dx:/lRN wo () da.

In order to prove that the Boltzmann entropy is a decreasing function
of time, i.e.,
d
dt
we need to observe that (39) also holds for any convex function j : [0,00) —
IR continuous at r = 0. Let us sketch the proof of it. Indeed, the entropy
solution u(t) is obtained (see [7]) as limit as K — oo of u’ (t) := u®xjo ¢, +
Zf LU X (b 40 sa] Where u® = ug, t, = nAt, At = T/K, and u"*! are the
solutions of

u(t)(log u(t) — 1) dx <0, (40)

— Atdiva(u"tt, Du" ) = ™. (41)
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Let us first assume j is such that j” € P and p(r) := j'(r) is constant for
r € [0,a] for some a > 0. Now we multiply (41) by p(u™™!) and integrate
by parts to obtain

[t =ty de = —at [ @t D), Dpu )

—At / (a(u™t, DU, DJp s (u™h)).
RN

Now we consider T'(r) = T, ,(r) with 0 < a < b, and b > ||ugl|eo, S(r) =
p'(r) = j”(r) € P*. By the definition of entropy solution of (41) (see [6]
we have

(a(u™*, Du™™), DJrig(u™ ™)) > hg(u™, DT (u™11)) > 0.

Hence, we obtain

/ (u™ —u™)p(u™t) dr <0. (42)
RN
Since j(r) is convex, we deduce that j(u"™1) —j(u") < (v —u™)p(u™t!)
a.e., hence, from (42) we have
|G ) ds <o, (43)
RN

The case of a general convex function j follows by approximation. Letting
K — oo we obtain that (39) holds for any convex function j : [0,00) — IR
continuous at r = 0.

Remark 3. To explain the notion of entropy solution, let us collect several
observations:

a) As it is well known, equations of type (17) where a(u, Du) has a ex-
plicit dependence of u generate a contraction semigroup in L' and have
estimates like (39). The contractivity in L! guarantees uniqueness and is
usually proved using Kruzkov’s doubling variables technique. This has been
the approach followed in [14] and in many other papers. One can formally get
the estimate (39) multiplying (17) by test functions T'(u), where T = Téyb,
and integrating by parts since a(u, Du) - DT (u) > 0. This estimate implies
that u(t) € LP(IR™) for any p € [1,00) if ug € (L=(RY) N Ll(BN))+. Fi-
nally, the linear growth of f(u, Du) in | Du| permits to obtain a BV estimate
on u. To fix ideas, let us concentrate on the relativistic heat equation (3).
In this case, h satisfies (25) with Cy(z) = ¢|z|, D1(z) = %2‘2|2 and formal
computations which involve integration by parts give

d

2
4 Twll|Dul <% [ juPd.
dt RN 12 RN

j(u(t))derc/

RN
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In particular we obtain that fot S~ [Dmax(a, u)| < oo for any ¢t > 0, and
any a > 0. These are all natural estimates for (3) and, more generally, for
(17).

b) The notion of entropy solution is partly justified by the results of this
paper. As we shall prove in Theorem 4 there are solutions which are dis-
continuous on a front which moves at the speed of light. In that case u; is
not a function and the best regularity we can expect is that u; is a Radon
measure. Indeed, it can be proved that this is indeed the case for certain
radially symmetric initial conditions ([8]), but we do not know if this is true
in general.

¢) Admitting that we were able to prove that u; is a Radon measure, we
would obtain that diva(u, Du) is a Radon measure. In the formal compu-
tations in a) we required the use of test functions of the form T'(u) for some
Lipschitz function T. Observe that T'(u) is at most in BV (IRY), hence we
need that the Radon measure diva(u, Du) can be integrated against BV
functions. Those Radon measures can be characterized as being absolutely
continuous with respect to H¥ ! (see [25]). Again, we know that this is the
case for some radial initial conditions ([8]) but nothing seems to be known in
general. To be able to circumvent this difficulty we observe that, being the
divergence of a bounded measurable vector field, the expression div a(u, Du)
defines an element of BV (IRV)*, i.e, the dual of BV (IRY), and we can use
test functions in BV (IRY). To be more precise, the time dependence has to
be included and we have that diva(u, Du) € (L*(0,T; BV(BN)Q))* and we
can use test functions in L' (0, T; BV (IRY),). To integrate by parts we have
to extend Anzellotti’s integration by parts formula to the time dependent
case. This is what we did in [2] for the Dirichlet problem for the minimizing
total variation flow (see also [3]).

d) Since u; = diva(u, Du) € (L*(0,T; BV(]RN)Q))*, the formal computa-
tions of a) require that we are able to integrate by parts with respect to
time when the test functions are in L1(0,T; BV (IRN),).

e) Remarks a), c), and d) explain the requirements in the definition of
entropy solution, in particular, (i), (ii), (iii). Condition (iv) is a formulation
of Kruzkov’s entropy inequalities for elliptic PDEs of type (17) and permits
to adapt Kruzkov’s technique of doubling variables to prove uniqueness of
entropy solutions and the contractivity estimate (38) (see [6,7]).

f) As we mentioned in a) and e) we need a family of Kruzkov’s inequalities
to be able to prove uniqueness of entropy solutions. They are derived by
multiplying (17) by test functions T(u)S(u)¢ where T,S are truncature
functions in 7t and ¢ is a smooth test function of compact support in
IRN. These computations require the use of the functional calculus for BV
functions summarized in Section 3.1. To give some hint about it is convenient
to consider the elliptic equation

u — Adiva(u, Du) = f € (L*(IRN) N L (RN))*. (44)
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Following the approach in [6,7] we studied first (44) and proved existence
and uniqueness of entropy solutions for it. Since this is the resolvent equation
for the Cauchy problem (17), Crandall-Liggett’s iteration scheme permit-
ted to prove existence of entropy solutions for (17). To derive the entropy
inequalities for (44) we multiply it by T(u)S(u)¢ and integrate by parts in
IRYN . We have to give sense to expressions of the form

a(u, Du) - D(S(uw)T(u)) = S(u)a(u, Du) - DT (u) + T'(u)a(u, Du) - DS(u).
This is possible if we observe that
S(u)a(u, Du) - DT (u) = a(u, Du) - DJps(u)

(and the similar identity with S and T interchanged) and use Anzellotti’s re-
sults [9] to give sense to the pairings between gradients of BV functions and
bounded measurable vector fields with divergence in L (IR"). Finally, we
observe that formally we have a(u, Du) - DJrs(u) = hg(u, DT (u)). When
it comes to a rigorous proof, we have been able to prove only that a(u, Du)-
DJris(u) > hg(u, DT (u)), but this is sufficient to derive Kruzkov’s inequal-
ities and prove uniqueness of entropy solutions with Kruzkov’s technique [6,
7). The respective roles of S and T in the proof can be seen in those refer-
ences.

4. Sub and super-solutions. Comparison principles

Definition 5. Given 0 < ug € L>®(IRV) N L'(IRY), we say that a measur-
able function v : (0,7) x IRY — IR is an entropy super-solution (respec-
tively, entropy sub-solution) of the Cauchy problem (17) in Q7 = (0,T) X
RN if u € C([0,T); L*(IRN)), w(0) > ug (resp. u(0) < ug), Tup(u(-)) €
Liyers(0, T, BV(IRY)) for all 0 < a < b, a(u(-), Vu(-)) € L>(Qr), and the
followmg inequality is satisfied:

/ hs(u, DT (u))é + / e (u, DS (1)) (45)

S/QT Jrs(u)d’ — / /ZRN u(t)) - VoT'(u(t))S(u(t))dzdt,

(resp. with > sign instead of <) for any ¢ € D((0,7) x IRY), ¢ > 0, and
any T €7+,S5ecT.

Note that taking T'(r) = 1 and S(r) = —1, for all r € IR, from (45), we
get
ou : . p
5 > diva(u(-), Vu(-)) in D'(Qr). (46)
We can not use these truncation functions directly, instead we can use T' =
Ti2+1and S=T1 2 —1, and so obtain (46) by a limit process.

We have the followmg comparison principle between entropy super-
solutions and entropy solutions.
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Theorem 2. Assume that there is some constant C' > 0 such that the
function M(z) in (24) satisfies M(z) < Cz for z > 0 small enough. As-
sume that u is an entropy solution of (17) corresponding to initial da-
tum ug € (L=(RN)N Ll(BN))+, and @ is an entropy super-solution of
(17) corresponding to initial datum uy € (L°°(IRN) N Ll(]RN))+ such that
u(t) € BV(IRYN) for almost all 0 < t < T. Then

I(u(t) =a(t) " [l < [l(uo — o) [x  forall ¢>0. (47)
Proof. Let b > a > 2¢ > 0, T(r) := T, () — a. Let us denote

Re(r):==T.(r — )t =Ty pe(r) =1 if 1>0,
Sea(r) =T(r=1)" ==-T.(l—n")t =T_ci(r) =1 if I >e

Observe that T, R.; € TT, Sc; € T~. Let us denote

J;e,l(r) = /lr T(s)T.(s—1)"ds,

T = [ T -0 ds =~ [ TETA- 9 s

Since w is an entropy solution of (17) and @ is an entropy super-solution
of (17), if z(t) := a(u(t), Vu(t)), z(t) := a(u(t), Vu(t)), and l1,ls > €, we
have

[ r0 0, DR ) + i, 00, DT 0
T T
- / / T Ot [ [ att) Ino) T(o) Aoy ) < 0
0 RN 0 RN
(48)
//B ), DSc (@(t))) + hs, ., (@(t), DT (@(t))))
T T
[ ] ren@mes [ a0 vow T, @) < ?)
49
for all 5 € C=(Qr), with 1> 0, 1(1,) = 6{1)p(x), being ¢ € D((0,T)),

p € D(RV).

We choose two different pairs of variables (¢,x), (s,y), and consider u, z
as functions of (¢,z), and @, z as functions of (s,y). Let 0 < ¢ € D(]0,T),
pm be a classical sequence of mollifiers in IRY and p,, a sequence of mollifiers
in IR. We define

tonin (b2, 8,5) 7= (& — 9)fn(t — 8)9 (“ ) |

2
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For (s,y) fixed, if we take Iy = (s, y) in (48), we have

T
7/ / T et (W(E ) (i )¢ davdlt
0 RN
+/0 ~/RN 7777@71(}11T(’LL(157 x), Dst,i(s,y) (u(t,z))) + hRe,a(s,y) (u(t), DxT(U(t)))) dt

T
+ / / a(t,2) - Vot T(u(t,)) Reago(u(t,z)) dedt < 0.
0 RN

(50)
Similarly, for (¢,z) fixed, if we take lo = u(t,z) in (49), we have

T
7/ / J;,e,u(t,z) (ﬂ(s’y))(nm,n)s dde
0 RN
+A ,/RN nm,n(hT(ﬂ(S; y), DySe,u(t,rc) (H(s, y))) + hse,u(t,m) (ﬂ(s)’ DyT(ﬂ(s)))) ds

T
[ ) Tt TE6.) S (5. ) s < 0.
0
(51)
Observe that, since a > 2¢, if u(s,y) < e or u(t, z) < ¢, then the integrals
in (50) and (51)are zero.

Integrating (50) in (s,y), (51) in (¢,z), adding both inequalities and
taking into account that Vg1, » + Vynm,n = 0, we have

et (D) e+ Ty (T3, 2) ).
QrxQr
+ / Db (u(t,2), Da Reao (s 7))
QT XQr
+/ nm,nhT(ﬁ(say)aDySG,u(t,l‘)(ﬂ(Say)))
QrxQr
+ / Mnhie, ., ((t), DT (u(t)))
QrxQr
[ ahs o, (106), D, T@()
QT XQr
- / 2(5,9) - Vo D@5, 1)) Se.ae (@5, )
QrxQr

_/ Z(t7 J?) : vynm,nT(u(t7 x))Re,ﬂ(s,y) (u(t’ ‘r)) <0.
QrXQr
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Then, since

/ Mmnlr, <., (Wt), DT (u(t))) = 0,
QrXQr

- / (J;e,ﬁ(s,y)(u(tv x))(nm,n)t + J£€7u(t7w) (U<57 y))(nm,n)s)
QrXQTr

—/ z(t, ) - VynmnT(u(t, 2)) Re 5(s,y) (u(t, x))
QT XQT

<- / Dnhis, o (@(5), DyT(T(s)))-

T

Let Iy, I> be, respectively, the first term and the sum of the rest of
terms at the left hand side of the above inequality. Arguing as in the proof
of uniqueness in [6] (see also [7]) we prove that

1
Iz 2 |60l

where o(€) denotes an expression converging to 0 as ¢ — 0+. Thus, by (52),
it follows that

1

_ + 3 B
€ /QTXQT (JT,E,H(S,y)(U) (nm,n)t + JT,e,u(t,z)(u)(nm,n)s)

<1610 = ¢ [ b, () DTG (53)

< lollwol@ + [ mah(a(s), DT (a(s)).

QrXQr

Therefore, letting € — 0 in (53) we obtain
- / (JT7sign+,ﬂ(s7y) (u) (nm,n)t + JT,sign_,u(t,LL’) (ﬂ) (nm,n)s)
QT xQr
(54)
<[ tah(al). DT (@)
QT XQTr
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where

I signt(r) = / T(S)Sign(jf(s —lds leR,r>0.
l

Now, letting m — oo we obtain

- / (JT,sign+,H(s,z) (u(tv x))(Xﬂ)t + ']T,sign*,u(t,m) (H(S, x))(Xn)S)
(0,7)x(0,T)x RN
</ Xah(@(s), Dy T ((s)),
(0,T)x (0, T)x RN
(55)
where
- t+ s
Xn:pn(t_ )(b( 9 )
Letting a — 0™ in (55) we obtain
_/ JTOYb,signJr,ﬂ(s,r)(u(t)m))(Xn)t
(0, T)x(0,T)x RN
-/ Ty psign-attsn) (@(5,2)) (xn)s (56)
(0,T)x (0,T)x RN
<[ Xah(@(s), Dy Too(T(s)).
(0,T)x(0,T)x RN

Now, using (24), our assumption on M(z) and the coarea formula we have

b
[ b, D Tos(a(s)) < € [ P N)ax
RN 0

where P(X) denotes the perimeter of X for any rectifiable subset X C IRN.
Since P([u > )]) is integrable as a function of A\, we deduce

lim f/ Xnh(@(s), DyTos(u(s))) = 0.
(0,T)x (0, T)x RN

Hence, dividing (56) by b and letting b — 0%, we obtain

(u(t,z) —u(s,z))* ((Xn)t + (Xn)S) <0. (57)

- /(O,T) x(0,7)x RN

Since

o+ (e = e = 9 (5,

we may write (57) as

U ~ / t+s
- /(O,T)X(O,T)XRN (u(t,z) = (s, x))" pult — 5)¢ < > > <0. (58)
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Now, letting n — oo, we obtain
f/ (u(t,z) —u(t,z))" ¢'(t)dtdz < 0. (59)
(0,T)x RN

Since this is true for all 0 < ¢ € D(]0,T[), we have

%/}RN (u(t,z) —u(t,z))" dz <O0.

Hence
/ (u(t,z) —a(t,z))" dx < / (uo(z) — To(x))" dx for all ¢ > 0.
RN RN
O

Working as in the proof of Theorem 2, we can prove the following com-
parison principle between sub-solutions and entropy solutions of the Cauchy
problem (17).

Theorem 3. Assume that there is some C > 0 such that the function M (z)

in (24) satisfies M(z) < Cz for z > 0 small enough. Assume that u is an en-
tropy solution of (17) corresponding to initial datum ug € (L>(IRN) N Ll(ZRN))Jr,
and w is an entropy sub-solution of (17) corresponding to initial datum

uy € (L=(RN)n Ll(IRN))+ such that w(t) € BV(IRN) for almost all
0<t<T. Then

I@(0) —u®) < (@ — o)ty forall £>0.  (60)

5. The evolution of the support of the solutions of the relativistic
heat equation

To study the evolution of the support of entropy solutions of the rela-
tivistic heat equation, we need to compute some explicit entropy super and
sub-solutions.

5.1. Some entropy super-solutions of the relativistic heat equation

Proposition 1. Let C C RN a compact set, 0 < o < 3. For s > 0, let
C(s) :={z € RN : d(z,0) < s}. Then u(t,z) = BXc(et) () s an entropy
super-solution of the Cauchy problem for the relativistic heat equation (3)
with ug = aXc as initial datum.

Proof. Since

% =cfHNTIL_aC(ct) in D'(Qr)

and a(u(-), Vu(-)) = 0, we have
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u > diva(u(-), Vu(-)) in D'(Qr).

ot
Let ¢(r) = cr. Let us prove that if T € 7+, S € 7—, then
(hs(u(t), DT (u(t))))’ = Jspr (B)HN L 0C(ct) (61)
and
(hr(u(t), DS(u(t)))) = Jres (BHN 1L 0C(1). (62)
For that, let T =T, + d, where 0 < a < b and d € IR. By (35), we have
(hs(u(t), DT (u())))’ = —=|D? J—g)p(Tap(u(t)))]. (63)

Now, applying chain’s rule in BV, we have
DjJ(fs)Lp(Ta,b(u(t))) =
J=s)p(Tap(u(t))+) — J—s)p(Tap(ult)-) ; "
Tos(ul)s — Top(ult)- 2 et
(J(S)w(Ta,b(U(ﬁ))H - J(S)Lp(Tmb(u(t))))
Tap(u(t))+ — Tap(u(t))-
(B =T

w(t)y —u(t)—
_ JesyeTap(ut))+) = J-s)p(Tap(ul®))-) o5
- alt); — () D7 (ute))
Jes)yer(u(t)+) — J-syer (ut)-) .
= 'u,(t)+ — u(t), D (u(t)) =D J(_S)WT/(u(t)).

Recall that for any Lipschitz nondecreasing function g, we have
Dg(u(t)) = —(9(8) — g(0))v“OHNL_aC(ct).
Using the previous computations we obtain
D7 J_8)o(Tap(u(t)) = Jser (ByHN "1L_0C (ct). (64)
Combining (63) and (64) we obtain (61). The proof of (62) is similar.
Thus, using (61) and (62), we get
hs(u(t), DT (u(t))) + b (u(t), DS(u(t)))
= Jirsyo(BYHN L 0C (ct) = (TSp(B) — eJrs(B)) HN 1L 0C(ct).
Hence, for any 0 < ¢ € D((0,T) x IRN),
d(t)hs(u(t), DT (u(t))) dt + [ ¢(t)hr(u(t), DS(u(t))) dt
Qr Qr
(65)

T
- / (TSp(B) — cJrs(B) / o dHN 1 dt.
0 o]

C(ct)
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On the other hand, since Jrs(u(t)) = Jrs(8)Xc(ct), we have

9 Jrsut) = eIrs(BHY L C(et).
Therefore,
| st @de=- [ o) g rs(utt)ds
Qr Qr

(66)
T
- / Trs(B) / B(t) dHY 1 d.
0 aC (ct)

Finally, observe that (T'S¢)(8) < 0 and a(u(t), V(u(t))) = 0 as Vu(t) = 0.
Thus, using (65) and (66), we obtain

; P(t)hs(u(t), DT (u(t))) dt + o G()hr (u(t), DS(u(t))) dt

T
< / ) Jrs(u(t))d (t)dwdt— /0 /JR a(u(t), Va(t)- Vo) T (u(t) S(u(t))dadt.

Therefore, if a < 3, then u(0) > up and w is a super-solution of (3). O

5.2. Some entropy sub-solutions of the relativistic heat equation

Proposition 2. Given Ry, a9 > 0 and 9 > 0, there are values (31,02 > 0
large enough such that

e~ Brt—pat? (aoﬁ R(t)? — |z|? +70) if |z| < R(t)

u(t,x) =
0 it |z| > R(t),

where R(t) = Ry + ct, is an entropy sub-solution of (3).

Proof. Observe that v(t,z) is an entropy solution of (3) if and only if
u(t,z) = v(%t, Zx) is an entropy solution of

. |u| Du
up =div | —m—= | - 67
: ( TR (67

Thus, without loss of generality we may assume that v = ¢ = 1. In this
case,

K ] el
B B A Y|
0= o mr M e

and

h(z,€) = [zl I€ll = ¢ (2)°(),
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with
p(2) =|z| and 9°(€) = [i€]-
We denote a(t) = age=P1t=02t" (1) = yge=Prt=P2t* and

x(tx) = a(t)VR()? — [z + (D).

Since
a(t)x

Dult) == rap P

Xew LN +yt)HN L 00 (),

with C(t) = Br)(0), we have

. at)x -
V() = -t —xe (o)

Let z be the vector field

z(t, z) = a(u(t, z), Vu(t, z))

a(t)zla(t) R(t)? — |z]? +~(2)]

= - XC(t) ()

\/(R(t)2 = [z)[a(t)VR(E)? = 2> + 7 ()]* + a(t)? [
zla(t)V/ R(1)? — |x]* +7(1)]

=— Xo (@) = n(t, 2)Xc ) (),

\/(R(t)2 — 2V R()? = =2 +7]2 + =]

where ¥ = %’? = 2% and

Z

gy — Tl VERT P 0]
VB2 = 22RO = 2 + )2 + fof?

To prove that u is a entropy sub-solution of (67), we have to prove that
the following inequality is satisfied:

hs(u, DT (u))é + / o (u, DS()) b (68)
Qr T

> /Q st - | atte)- Vortue)siu)ds.

for any ¢ € D((0,T) x RN), ¢ >0,and any T € T+, S € T~.
We divide the proof of (68) in several steps.

Step 1. Working as in the proof of Proposition 1, we get
(hs(u(t), DT (u(t))))’ = Jser (v(t))HN 1L DC(t) (69)
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and

(b (u(t), DS(u(t))))! = Jres (v()HN L 0C(t). (70)
Thus, by (69) and (70), we get

(hs(u(t), DT (u(t))))’ + (hr(u(t), DS(u(t))))’

(71)
= (TS(y(t)) — Jrs(v(t) HN "1 L_9C(t).
Using (71) and
(hs(u, DT'(u)))* + (hr(u, DS(u)))*
=n(t,z) - V(T(x(t,2))S(x(t, 7)) X
it follows that
A dhs(u(t), DT (u(t))) dt + A ohr(u(t), DS(u(t)))dt
T
— [ @Sete) - Irstr(e) [ oan™ (72)
0 aC(t)

T
* / /C@ n(t,2) - V(T(x(t,2)) SOt )6 (1) dedt.
Let us compute

/Q z(t,x) - Vo(t) T(u(t))S(u(t)) dedt
T
_— / div (2()T(u(t))S (u(t)) (1) ddt
o Jow
T
Z U U vC® N1
+f (/m[ (DT (u(t))S(u(t)), v°O) 6(2) dH )dt
—— [ divtatt. o) Tt 0)S(xc(t.2))0(0) o
o Jow

- / / n(t,z) - (Tt ) S (x(t, 2))(2) dadt
o Jew
T

- / ( / AT (4(£)S (1)) (1) dHNl) d.
0 ac(t)

On the other hand, since Jrs(u(t)) = Jrs(x(t))Xc (), we have

%JTs(u(t)) = %JTs(X(t))XC(t)ﬁN + JTs(’y(t))HN_l | C(t).
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Hence

Trs(u®)ocdrdt = — [ (1) 2 grs(u(t))
Qr Qr

- ' i ' N-1
= —/O o ¢(t)&JTS(X(t)) dxdt — /0 Jrs(y(t)) /ac(t) o(t) dH dt

_ / o) xe(t, 2)T(x(t, 2))S (x (1, 2)) dardt
o Jow)

—A hgﬁ@ﬂécw¢@dHN4dt

Therefore,

T
/QT Jrs(u)ps — /0 /RN z(t,z) - VoT (u(t))S (u(t))dxdt
T
- _/ S(t)xe(t, @) T(x (¢, 2))S(x (¢, x)) dwdt
0 JC(t)
T
_/ JTS(’Y(t))/ o(t) dHN 1 dt
0 ac(t)
T
’ /o /C(t) div(n(t,»)) T(x(t,2))S (x(t, 2))$(t) dzdt

+/0 /C(t) n(t,x) - V(T (x(t,2))S(x(t, )))x(t) dedt

T .
+/0 (/80(t) YT (v(t))S(~(t)) p(t) dH ) dt.

Then, by (72), to prove (68), it will be sufficient to prove that

T
/ D) xe(t, )T (x(t,2))S(x(t, ) dadt
o Jow)
T

(73)
> / div(n(t,z)) T(x(t,))S(x(t, z))P(t) ddt.
o Jow
Step 2. We have
x:(t, x) < div(n(t,z)) ae. zeC(t), t€(0,T). (74)

Since T € T and S € T, (74) implies (73).
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Working in radial coordinates, r = |z|, and after some tedious compu-
tations, we obtain that (74) holds if and only if for almost all 0 < r < R(¢),
te(0,7),

o (D)(R(1)* = r?) + R(t)a(t) + 7' (t)(R(t)* = r*)'/? <

Q(ON[ + (R =) PRE? =) | a(t)r?
B D, 7) TDan ()
a0 + (R = r*) ) (R() = )2
+ IORSE B(t,r),
where
D(t.1) = /[ + (R()? = 12) /22(R(E)? = 1) +12
and

B(t,r) =
(1 [+ (o2 =22 = (aee? =217 [+ (e = r27] )

For notation simplicity we shall write A = R(¢)?—r2. Introducing a(t) =
ape P2’ (1) = ypeP1t=P2t* in (75) and dividing by a(t), we deduce
that (74) holds if and only if for almost all 0 < r < R(t), t € (0,T),

—(B1 +2B2t) A+ R(t) — 7(61 + 2051)A'/? <
N [:Y—FAl/z} A1/2 N r2 N r2 [:y_,'_Al/Q] Al/2 (76)
D(t,r) D(t,r) D(t,r)3
We shall prove that there exist values of A > 0 and 31, 82 > 0 such that

B(t,r).

R(t) — 205t A — 2962tV A < D(’fr) + XA and (77)
BA - paVA < _N(%;(fl))ﬂ rz(&;@{@ﬂjg A ()

in 0 < r < R(t). Then (76) follows by adding the inequalities in (77) and
(78).

To prove (77) we shall prove that there exist values of \g, 2 > 0 and
0< Ag < % such that for any A > A\g we have

2

R(t) < D(’; 5 e [0 S UIRE - Ao RO (19)
R(t) < MA+20tA Vr e B8 R(t) — A). (80)

Choosing
N> b (81)
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we have that AA > 3AR(t)? > R(t) for any A > A\g and any 0 < r < @.
Hence, (79) holds for any 0 < r < Rg)

=~. To prove (79) for r near R(t) observe
that, after multiplying both sides by D(t,r), we may write it as
1 2\ /2 1 5 N\ 1/2
R(t)r <1+r2 [%L\/Z} A) <72+ Mr <1+T2 [%L\/Z} A)
inequality

(82)
2
Since (¥ + \/X) < 292 + 2A the inequality (82) will be implied by the

9 1/2 A2 1/2
R(t)r(l—l—rz[ny—i—A]A) §r2+)\Ar< ) :

1+ = (83)
r

Let us write A = R(t) —r, X = Wﬂ#. Using that 1+ ¥ — X2

VI+X <1+ %

inequality

X2 <
4 —
we observe that (83) will be in turn implied by the

o R(t) AZ(2R(t) — A)?
t)— A 227 A2 —A )y —————
RO(R() - 4) +3° g 7 ARR() - 8) + Bt = e
(R(t) — A)? + AA(2R(t) — A)(R(t) — A)
2R(t) — AP 1 (2R(t) — A)®
)\A3(7 ) Wa | R S
ENRE - 2) 0T (RE) - A
To simplify the above inequality we observe that the terms of order A
cancel and, after dividing by R(t)A, we can find Ay > 0 such that for any
A < Ag we may write it as

<

1423,
C'A<2)\
R(t) + <

(84)
for some constant C’ > 0 which depends on Ry. If we take
1+ 272 ,
Ao > c'A 85
" oR, + 0 (85)
then (84) holds for any A > Ag. We have proved that (79) holds.
To prove (80) we choose A\g > 0 such that
Xo(2RoAg — AF) > Ro (86)
and (B > 0 such that

205(2RoAg — AZ) > 1. (87)
Our choice (86) implies that A(R(t)? — r?) > Ry. Our choice (87) implies

that 2032t(R(t)? —r?) > t. Both things together imply that (80) holds when
@ <r < R(t) — Ag. This concludes the proof of (77).
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Let us prove (78). After division by v/A we may write it as

NH + VA) HIJ’?(M\/Z)B

BVA+ By = =5e-s D)

(t, 7). (88)

Now, we separate those terms which contain vA of those which do not
contain it. By doing this, we observe that (88) is implied by the following
two inequalities

2~

VA > NVA g VA B(t,7) + ———VA(F + VA)

D(t,r) D(t,r)3 D(t,r)3
(89)
r2y
A+29VA
By > + R(t” (% -1 (90)
'S D " D
After division by v/A, (89) becomes
By > N r B(t,r) + ] [3” +2\/Z} (91)
—_ - r)+ ——— .
L= Dit,r) D(t, 3" T D3 17T
Since
—B(t,r) 4+ 37> + 29V A > 452 + 53V A + 274,
then (91) holds if
s Ny [4&2 +55VA + 2%/2} (92)
~ D(t,r) D(t,r)? '
After observing that
R(2t)2 £ 2 < R(2t)2
D(t,r) > \(R(t)2 —r2)2 4+ r2 > (93)
% if r2> R(Qt)2 ,

it is easy to see that the right hand sides of (92) and (90), respectively, are
bounded independent of ¢ and r, and consequently a proper choice of [;
permits to satisfy (92) and (90). This proves (88). This conclude the proof
of (74). O
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5.3. The evolution of the support

Theorem 4. Let C be an open bounded set in IRYN. Let ug € (L*(IRN) N
L=®(IRN))* with support equal to C. Let u(t) be the entropy solution of
the Cauchy problem for the relativistic heat equation (3) with ug as initial
datum. Then

supp(u(t)) € C(ct) for all t > 0. (94)
Moreover, if we assume that

(*) for any closed set F C C, there is a constant ap > 0 such that ug > ap
m F,
then
supp(u(t)) = C(ct)  for all t > 0.

Proof. Let g := |[uo||ccXc. By Proposition 1, u(t, x) := [[uollocXc(et) () 18
an entropy super-solution of (3) with @y as initial datum. Then, by Theorem
2, we have that u(t) <u(t) for all ¢ > 0, and consequently

supp(u(t)) C supp(u(t)) C C(ct) for all t > 0.

To prove the second assertion, assume that (%) holds. As in Proposition 2

we may assume that v =c=1. Let y € C and let R, := @ and ay >0

such that ug(z) > ug(z) for all z € RYN, where

ay,/R§—|x—y|2 if |z —y| <R,

0 if |z —y| >Ry,

U,y () ==

Then, by the comparison principle with sub-solutions (Theorem 3), we have
that there exist positive constants 31, (o such that

u(t, ) > uy(t, x),

where

aye Pt=Bt S(RTOT —Jx—y?  if |o—y| < Ry +t
uy(t,x) ==
0 if |z —yl>R,+t.

Hence C C supp(u(t)). Let z € C(t)\ C. Then d(z,0C) < t and there exists
y € OC such that d(y, z) < t. Let y,, € C be such that y,, — y. Observe that
R, < d(yn,y) — 0. By our previous argument, we know that u(¢,-) > 0 in
Bgr,  +t(yn). Since we may approximate 2 by points in U,Br, 1¢(yn), we
deduce that x € supp(u(t)). This proves that C(t) C supp(u(t)). O

Finally, the following result can be derived from Proposition 2 and the
comparison principle with sub-solutions.
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Proposition 3. Let ug € (L'(IRN) N L®(IRN))T and let u be the entropy
solution of the Cauchy problem for the equation (3) with ug as initial datum.
Assume that ug(y) > a > 0 for any y € Br(z), R > 0. Then u(t,y) > a(t)
for any y € Bric(z) and any t > 0, for some function a(t) > 0. In
particular, if ug is continuous at x € RN and ug(z) > 0, then u(t,z) > 0
for anyt > 0.

This result implies the propagation of discontinuity fronts for any ¢ > 0.
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