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Introduction

We consider the Cauchy problem for the scalar conservation law in one-space di-
mension:

u(0,-) =up(-) inR, e

where the flux function f : R — R is given and supposed to be smooth and u :
R, x R, — R is the unknown spatial density of the conserved quantity.

A classical result [ ] is that if the flux f is uniformly convex, say f” > ¢ > 0,
then for every ¢ > 0 the entropy solution w(t) of (1) with uy € L*(R) has locally
bounded variation and it holds the one-sided Lipschitz estimate

1
D,u(t) < 'i—t (2)

{ut + f(u), =0 in Rt xR,

This is the most striking example where the nonlinearity in a PDE yields a regularizing
effect on the solution. On the contrary a linear flux f(u) = Au does not generate
additional regularity, indeed the solution to (1) is given by u(t,z) = ug(z — At).
However some of the qualitative properties of the solution « which hold true in the
convex case make sense and can be investigated also in more generality: two important
examples are the rectifiability of the entropy dissipation measure and the BV regularity
of f' ou, or the corresponding regularity of u.
In this thesis we focus exactly on these two questions.
It is natural to split this research in two parts as follows:

(1) study the qualitative structure of L*°-entropy solutions to (1) with general
smooth fluxes;

(2) quantify the regularity of the entropy solution u to (1) in terms of an appro-
priate measure of the nonlinearity of the flux f.

The unifying framework of these two directions is the Lagrangian representation, which
is essentially an extension of the method of characteristics to a non smooth setting.
At the end of this thesis we also introduce a first version of Lagrangian repre-
sentation for entropy solutions to scalar conservation laws in several space dimension,
studying its compactness and regularity properties. As an application we describe the
structure of continuous entropy solutions.
We now present in more details our contribution to the problems above.

Structure of L°°-entropy solutions

We focus our attention on entropy solutions: by definition for every smooth convex
entropy 1 : R — R, it holds in distributions

n(u) + q(u)z <0, (3)

where ¢'(u) = f'(u)n'(u) is the entropy flux. In particular the Lh.s. of (3) is a negative
locally bounded measure u, with the additional property that u(B) = 0 for all Borel
sets B such that H'(B) = 0: this last property is a consequence of being the divergence
of an L°° vector field.
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For BV solutions, Volpert’s formula together with the definition of the entropy flux
q gives that

n(w)e + q(u)e =17/ (u) (D" u + f'(u) D" u)

2 {— (1) [n(u(t,x+>>—n<u<t,x—>>}+[q<u<t,x+>>—q<u<t,x—))}}gxtmhemphm

1€EN

- Z{— 34(8) [nu(t, a+))=n(u(t, 2=)) |+ | g u(t. 2+)) =g(ult, x—))]}gxt)%heraphw

i€EN
where

(1) D"y = (D§™u, DS™y) is the continuous part of the measure Du,
(2) u(t,z+) is the right/left limit of u(t) at the point z,
(3) the curves ~; are such that

1

VI+RHOP

In short we will say that the entropy dissipation is concentrated, meaning that the
measure 4 is concentrated on a countably 1-rectifiable set J. A simple superposition
argument implies that J can be chosen to be independent on 7.

For general L°°-entropy solutions, if the flux is uniformly convex, by the Oleinik
estimate (2), the solution has locally bounded variation for all positive times, therefore
the above computation applies.

More general fluxes are considered in | |: here it is assumed that f' owu
has locally bounded variation and that the flux f has finitely many inflection points
with polynomial degeneracy. The authors prove that for every smooth entropy 7, the
entropy dissipation measure pu is concentrated on the singular set of f’ ou. The BV,
regularity of f’ o u has been proved in the case of one and two inflection points with
polynomial degeneracy in | ]. We will come back on this point in the second part
of this introduction.

It is worth to mention that the concentration of the measure u is interesting also
in the non entropic setting: the understanding of the structure of weak solutions to (1)
such that p is a Radon measure is important in models arising from different areas of
physics (see [ ] and the references therein for more details on these topics).

A short way to state the main result of this part is the following:

Dy = 3 (uttot)-utio)) (k) ) 00 M cumis 60 =

. (2
(2

THEOREM 1. If w is a bounded entropy solution of the scalar conservation law (1),
then the entropy dissipation is concentrated.

No assumption on the flux function f have been made, i.e. it can have Cantor-like
sets where f” = 0. However such a statement is a corollary of a detailed description of
the structure of bounded entropy solutions.

The first important result is that to every entropy solutions it is possible to associate
a family of Lipschitz curves t — 7(t) covering all RT x R with associated a set of values
w, and a time function T = T(,w) such that w is an entropy admissible boundary
value on Graph(yL[ 1(y,w))- The set K C Lip(RT,R) x R made of the couples (v, w)
together with the function T(v,w) is called complete family of boundaries: the precise
definition is Definition 2.3, which contains also additional monotonicity, connectedness
and regularity properties of the set of boundaries. In other words, the following diagram
is commutative:
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Solve PDE u; + f(u), =0fort <T

“0 u(t)
Solve the PDE
ur+ f(u), =0 Restrict u(t) to
in {z s (1)} {z S ~()}

with boundary data w
u (1)

The existence of a complete family of boundaries follows from quite easy compact-
ness arguments, due to the stability of admissible boundaries under the convergence
of the boundary value and the boundary set | |. The only technicality here is to
prove that for a dense sets of initial data we can actually construct such a family of
boundaries conditions: this is done by hand for wavefront tracking solutions, and then
passed to the limit. It is interesting that the requirement to be admissible on both
sides forces the curve 7(t) to be a characteristic in the BV setting, where a suitable
pointwise definition of speed is available by the Rankine-Hugoniot condition. More-
over, up to a H'-negligible set of points (and assuming for simplicity that f has not
flat parts), the admissible boundary values of v at time ¢ are equal to the segment with
extremal u(t,y(t)+), as the standard entropy conditions requires. In the general case,
the admissible boundary values contain the previous segment, but it may have as well
parts which are in the flat part of f to which u(t,~(t)+) belongs (see Lemma 2.11).

There are some important properties of the set X and the function T which play a
role in describing the structure of the solution u(¢). One almost obvious requirement
is that

Graph v C K := {(t,x,w) 3y, w) € K,y(t) =z, T(y,w) > t}, (4)

i.e. there exists at least one admissible boundary for each point and the value (¢, x)
is one of these admissible boundary values (up to redefining u in a £2-negligible set).
Consider moreover a region €2 bounded by two admissible curves 1, 2, such that

n(E) =) and Ve ET] (1) <(1). (5)
Then the function w inside €2 solves a boundary problem where the only data are the
two boundary values wy, wy associated to 71, v2 respectively (we need to assume that
T(vi,w;) > T, i = 1,2, but this is not restrictive due to (4) above). It is a simple
generalization of the construction of the Riemann solver to give explicitly the unique
monotone solution in  (Lemma 1.32). In particular uLq is a BV function.
A second important property is that the curves v can be taken totally ordered:

ds € R (v(s) <+/(s)) = VteR"(y(t) <+'(t)).

In particular they generate a monotone flow X(¢,y), with y € R not necessarily the
initial position due possible future rarefactions: denote the curve ¢t — X(¢,y) by ~,.
This monotonicity allows us to define a maximal and minimal characteristic 72:$ passing
through a point given (¢, x), and then to show that if vy is an admissible boundary and
v5(t) # vy (t) for all y > g, then it is a segment in [t1,?2] (Lemma 3.1). A symmetric
result holds in the case y < .

As a corollary, it is possible to split the half plane RT x R into 4 parts, depending on
the behavior of the sequences v — 'yti’x:

(1) aset A; such that for all (¢,x) € 4;

— + .
pyt,a: < Pyt,:c?

(2) an open set B made of regions bounded by two admissible curves satisfying
(5): inside each component u € BV
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FiGURE 1. The structure of characteristics of an entropy solution wu.

(3) a set of segments C', made of all admissible boundaries 75 such that in [0, ¢]

vt € (0,8, Vy # 7 (75(t) # (1)

(4) a residual set Ay, where either the condition (3) above holds only on one side
or it is the boundary of two BV regions.

Set A= A; U A,.
The main result about this decomposition is the following (see Figure 1 and Section
3.1):

THEOREM 2. The exists a disjoint partition Rt x R = AU B U C such that

(1) A is countably 1-rectifiable,
(2) B open and uLp is locally BV,
(3) C is made of disjoint segments starting from 0.

It is possible to compute the right and left limits for a given point up to the
linearly degenerate components of the flux f: these are the connected components of
the compact set {f” = 0}. It follows that the characteristic speed has a BV structure:
it is continuous outside A and it has L'-right/left limits across every Lipschitz curve
v(t) up to a Ll-negligible set of ¢+ (Remark 3.8). In particular we conclude that the
admissible boundaries are characteristics.

The jump set J is the set A together with the countably many segments in C' which
can dissipate, even if no characteristic is entering on both sides.

At this point one can prove Theorem 1. The only case requiring a careful analysis
is the set of segments C. By partitioning the segments according to their length, and
using the elementary fact that the slope of non intersecting segments of length 2¢ is
Lipschitz w.r.t. the distance of their middle points, the conjecture on the concentration
of entropy dissipation is equivalent to require that the projection of the measure p on
the middle points has no continuous part. The Dirac deltas correspond to segment of
C which belongs to J.

The basic idea is to use the two balances

ug + f(u)e =0,  n(uw) +qu)e = p
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FIGURE 2. A model set of segments parameterized by their middle point
and a cylinder.

on the cylinders made by segments in C' (see Figure 2). Using the regularity of the
slopes A(y) of the segments, which makes the bottom and top base equivalent, one
concludes that the fluxes

Qu) = q(u(y)) — Ayn(u(y)),  Flu) = fuly)) — Ay)uly), (6)

are BV and Lipschitz, respectively (Lemma 3.10). We note that u(y) can be any value
on the linearly degenerate component I containing u, because the quantities in the
r.h.s. of (6) are constant in I.

From the balance of F' one recovers also that u(t,v,(t)) is constant for £L1-a.e. y, and
then that the following holds (Lemma 3.14): denoting with d, the limit of incremental
ratio only using segments in C,

4y F(y) = —dyA(y)uly), (7)

which is the correct version of the smooth chain rule (f(u) — f'(u)u), = —(f'(v))zu.
A geometric lemma (Lemma 3.11), based on the assumption that if n(u)/u < C, then

the curve
fw) = fl(w)w >
w +—
( q(w) = f'(w)n(w)
is rectifiable with tangent of bounded slope, implies that if D, F'(y) has no Cantor part,
then DyQ(y) has no Cantor part too. The chain rule (7) above gives also that

4, Q(y) = —dyA(y)n(u(y)),

which shows that the dissipation p has no absolutely continuous part too (Lemma 3.15).
To conclude the analysis, we have to study also the set of endpoints of segments
which do not belongs to A: these are starting points of shocks. The analysis on cylinders
allows to include some of these points: more precisely, the points which lie in the interior
of a family of cylinders shrinking to the closed segment v, ([0, 71 (y)]), where T1(y) is the
last time before 7, enters in A. Hence one can repeat the analysis above and conclude
that no dissipation occurs in these points.
The remaining points lie on a countably 1-rectifiable set, because T1(y) < T1(y)+|y — |
for either y < § or y > g close to 7: hence a standard criterion for rectifiability applies.
One can thus use a blow up techniques, and show that the limiting solution has parallel
characteristics (otherwise a shock appears) and then no dissipation is possible.
This concludes the proof of Theorem 1.
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A second application of the existence of a full set of admissible boundaries is the
fact that the time traces for measure valued entropy solutions are taken in a strong

sense. Let
V= /l/mdtd:z

be a Young measure on RT x R such that
supp Vt,x C [Mu M}?
and for all convex entropies 1 and corresponding entropy flux ¢ it holds

<1/t,$>77>t + <1/t,ZB>Q> < 07

where for all continuous functions g : R — R we have used the notation

(V2. 9) ::/g(v)ym(dv).

Now let ’/0+, . be the trace of v, as t \, 0. We prove the following result:

THEOREM 3. If 0 is any bounded distance metrizing the weak topology on proba-
bility measures, it holds

71i\r(% RD(VW7 I/S:x)dx =0.

In particular if v, = Ou(t,z) is a Dirac solution, we recover the fact that ¢ — u(t) is

continuous in L' also at ¢t = 0, so that Theorem 3 is an extension to mv solutions of a
result proved in | ] in the case of f smooth.

The final result of this part is that a Lagrangian representation of the solution
exists:

THEOREM 4. There exist a monotone flow X of characteristics and two functions
u(y), T(y) such that,
u(t, X(t,y)) =u(y), t<T(y),
for Ll-a.e. x.

The difference with respect to a complete family of boundaries is that we remove
the ambiguity of the linearly degenerate parts on segments.

Regularity estimates for L°°-entropy solutions

In this second part we investigate the regularizing effect that the nonlinearity of the
flux f has on the entropy solution u to (1). We already discussed the extremal cases
of f uniformly convex, where the initial datum wy € L*°(R) is immediately regularized
to a function of bounded variation and the case of f linear, where the initial datum is
simply translated as time goes on. We will first deal with the case in which the flux
function f has no flat parts, then we consider the more particular case of fluxes with
isolated inflection points with polynomial degeneracy.

In order to fix the terminology, we say that f is weakly genuinely nonlinear if
{w: f"(w) # 0} is dense. Under this assumption on the flux, it is proved in | ]
that an equibounded family of entropy solutions to (1) is precompact in L{. .(R). Always
relying on some nondegeneracy condition of the flux, regularity estimates in terms of
fractional Sobolev spaces can be obtained also in several space dimensions, by means

of the kinetic formulation and averaging lemmas (see | , ]). The kinetic
formulation is also one of the basic tools in | |, where the authors prove
that solutions to scalar conservation laws in several space dimensions enjoy some fine
properties of BV functions (see also | ). In| | the regularity of the entropy

solution u in the case of a strictly convex flux f is expressed in terms of BV® spaces: the
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authors provide a convex function @ : [0, +00) — [0, +00) depending on the nonlinearity
of f such that for every ¢t > 0 and [a, b] C R, the solution wu(t) satisfies

n—1
O-TVypu(t) == sup Z D (|u(t, zit1) — ul(t, z;)]) < +oo.
neN, a<x1 <...<xp<b i—1
In order to state our first result in this direction, we need to introduce a convenient
way to quantify the nonlinearity of the flux f: for any A > 0 let
o(h) = min dist(fL|a,a + h], A(a,a + h)),
a€[—luolloo,|uolloc =]
where A(a, a+h) denotes the set of affine functions defined on [a, a+h] and the distance
is computed with respect to the L> norm. Moreover let ® be the convex envelope of

0 and set for every ¢ > 0
x

U (z)=2o (5) °.
Then we prove the following result.

THEOREM 5. Let f be weakly genuinely nonlinear and u be the entropy solution
of (1) with up € L*°(R) with compact support. Let moreover € > 0 and ¥, be defined
above. Then there exists a constant C' > 0 depending on L' (conv(suppup)), €, ||¢ollco
and || f’||oc such that for every ¢ > 0, it holds

u(t) € BVY:(R) and U.-TV(u(t)) < C (1 + 1) .

As already mentioned, the proof relies on the properties of the Lagrangian represen-
tation of the solution. The main novelty of this part is the following “length estimate”:
let £ > 0 and x1 < 2 be such that u(¢,z1) = u(t,z2) = w and consider the cha-
racteristics X(+,y1) and X(+,y2) with value w such that X(¢,y1) = z1 and X(¢,y2) = z2.
Let

W, = inf w(t) and wpr = sup u(t).
(z1,22) (z1,22)

If we denote by s = max{za — x1,X(0,y2) — X(0,y1)} and

(W, wyy) = dist (fL[wm, war], A(wm, war)) ,

then it holds

> D(wm,wM)t. ®)

[[uolo

Roughly speaking it means that an oscillation between two values at time ¢ must occupy
a space at time 0 or at time ¢ of length bounded by below in terms of the nonlinearity
of the flux f between the extremal values. In particular, by finite speed of propagation,
if ug has compact support, then the estimate above provides an a priori bound on the
number of oscillations of a given height. The proof of Theorem 5 is obtained by giving
a uniform estimate on an approximating sequence of piecewise monotone solutions.
After introducing an appropriate decomposition of piecewise monotone functions, we
are in position to apply the previous estimate and this leads to the proof of Theorem 5.
However we notice that the regularity obtained in Theorem 5 is not sharp for example
in the case of Burgers’ equation, i.e. if f(u) = u?, and in general for any flux of the
form f(u) = u¥, with k > 2. This case requires a more specific analysis.

Now we restrict again the class of flux functions that we are going to consider: we
say that the flux f has polynomial degeneracy if {f"(w) = 0} is finite and for each
w € {f"(w) = 0} there exists p > 2 such that f®+Y(w) # 0. More precisely, for
every w € {f"(w) = 0} let p,, be the minimal p > 2 such that f®+Y(w) # 0 and let
P = maxy, Py. We say that p is the degeneracy of f.
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As conjectured in | ], it is proved in | | that if the flux f as above
has degeneracy p € N, then for every €, > 0 the entropy solution u(t) € Wfl‘zgg’l(R),
with s = %. The result is proved actually in several space dimensions. However in
this setting, it seems convenient to describe the regularity of u in terms of fractional
BV spaces, i.e. BV® spaces with ®(u) = u® for some o > 1. In | |, under the
additional convexity assumption on the flux f, the authors prove that for every ¢ > 0
the entropy solution u(t) € BV;S (R). In particular this implies that u(t) € W) _“"(R)
and that for every x, the function u(t) admits both left and right limits. The strategy
to prove this result is essentially to exploit the BV regularity of f’ o w(t) for ¢ > 0 and
then to deduce the corresponding regularity for the solution w itself.

Paying some attention in “inverting” f’, we follow here the same strategy here to

deal with the nonconvex case. Therefore we first show the following result:

THEOREM 6. Let f be a flux of polynomial degeneracy and let u be the entropy
solution of (1) with up € L*°(R) with compact support. Then there exists a constant
C > 0 depending on £!(conv(suppug)), ||uo|s and f such that for every ¢ > 0, it holds

1
TV oum) <0 (14 7). )
As we have already mentioned, a proof of this result for fluxes with one or two
inflection points is provided in [ ]. We have to notice that, as it is shown here by

an example at the end of Chapter 3, the assumption of polynomial degeneracy cannot
be removed. Moreover, in the proof for the case of fluxes with one inflection point with
polynomial degeneracy, the author makes implicitly some simplifying assumptions that
do not hold in general. However the general argument is valid and we implement it
here.

Before giving some comments about the proof of Theorem 9, we also mention that
the case of fluxes with a single inflection point is also studied in | ] for homogeneous
fluxes f(u) = |u|* tu, by a scaling argument and in | ] for fluxes with polynomial
degeneracy at the inflection point, by an accurate description of the extremal backward
characteristics. In both these works, the author gets the BV regularity for positive time
of the following nonlinear function of the entropy solution:

Fou(t) = fou(t) —ut)(f ou(t)).
This leads to a fractional regularity of the solution of one order less accurate then the
sharp one: more precisely, if p is the degeneracy of the flux f, it is possible to deduce
from the previous results that the entropy solution u(t) € BV*(R) with s = zﬁ’

The argument of the proof of Theorem 6 is the following: as we did for Theorem
5, we give a uniform estimate on an approximating sequence of piecewise monotone
entropy solutions. By means of the length estimate (8), we can uniformly bound from
above the number of regions that we need to divide a bounded domain in (¢, +00) x R
for some ¢ > 0, in such a way that in each region the oscillation of the entropy solution
u is smaller than a fixed quantity € > 0. This reduces the analysis to the local behavior
of the solution which takes values around an inflection point of polynomial degeneracy,
or where the flux is strictly convex (or concave). In the last case the analysis is simpler
and well-known, in the first case we rely on the structure proved in | | to apply
the argument of | ]. We observe that also in these cases the interpretation of
characteristics as admissible boundaries plays a role.

It remains open the problem of the optimal regularity of f’ou with f smooth, out of
the polynomial degeneracy assumption: the examples that we will present suggest that
the right space could be f' ou € L'(RT,BV®(R)) with ® such that in a neighborhood
of 0 it holds ®(—z log x) = x. One difficulty is that for a fixed time ¢, there is in general
no uniform estimates of ®-TV(f’ o u(t)).
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After Theorem 6, we are in position to extend the result of | | to the non-
convex case: more precisely we prove the following result.

THEOREM 7. Let f be a flux of degeneracy p and let u be the entropy solution
of (1) with up € L>®(R) with compact support. Then there exists a constant C' > 0
depending on £!(conv(suppug)), ||uo/|eo and f such that for every ¢t > 0, it holds

u(t) € BVY/P(R)  and (Tvl/Pu(t))p <C <1 + 1) .

If we additionally assume the flux to be strictly convex, then this result follows
immediately by Theorem 6, by inverting f’. Also in the general case of fluxes with
polynomial degeneracy, we can conclude in an elementary way for continuous solutions:
in that case it suffices to invert f’ locally on each convexity and concavity region. The
analysis is a little more subtle because of the discontinuities of u. Given any h > 0 the
number of jumps of height bigger than h in a bounded region is bounded uniformly by
means of the length estimate (8). Moreover it is possible estimate the contribution to
the fractional total variation of small entropy admissible jumps by the total variation
of f' owu(t) on these jumps and this will allow to conclude the proof.

REMARK. In order to slightly simplify the argument, the proofs of Theorems 5, 6
and 7 are provided for non negative solutions with bounded support. By finite speed
of propagation, this is not a restrictive assumption.

A remarkable fact is that the BV regularity of f’ o u(t) can be improved to SBV
regularity except an at most countable set @@ C (0, +00) of singular times. This regu-

larity has been proved for the entropy solution « in | ] in the case of a uniformly
convex flux f, and extended to genuinely nonlinear hyperbolic systems in | ]. The
proof in [ ] is based on the Lax-Oleinik formula for entropy solutions to (1) with

uniformly convex flux f. This formula gives in particular the structure of characteris-
tics in this setting: once you have it, the fundamental observation is that the slope of
nonintersecting segments in a given time interval parametrized by the position of their
middle points is a Lipschitz function. Recall that this observation was also relevant in
the proof of the concentration of the entropy dissipation measure.

This part ends with the following theorem:

THEOREM 8. Let u be the entropy solution of (1) with f smooth and denote by
B:={t € (0,+00): f'ou(t) € BVioc(R)},
S :={t e (0, ): flou(t) € SBVie(R)}.
Then B\ S is at most countable.

+o00
+o00

Observe that no additional regularity on the flux is needed to prove this result.
Indeed the argument is essentially the same as in | ], relying on the structure
of characteristics given by Theorem 2, instead of relying on the Lax-Oleinik formula.
More in details, consider the partition Rt x R = AU BUC as in Theorem 2. We will
prove that B is the countable union of open sets where the velocity f’ o u is locally
Lipschitz. It is in general not true that summing the total variation of f’ o u(t) for
a given time t > 0, we get a finite quantity, i.e. in general B # R*. However, when
' ou(t) € BVipe(R), the Cantor part of its derivative is concentrated on the section
A UC of AU C at time ¢, and therefore on CY%, since A; is at most countable.

Being C the union of segments starting from 0, we are now in the same position as
in [ ], and we can similarly prove that if ¢ € B\ S, a positive measure of segments
that reach time ¢ cannot be prolonged for ¢ > t. In particular, this can happen for a
set of times at most countable.
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This result depends only on the structure of the entropy solution u claimed in the
previous section, we think however that it is natural to state it here taking into account
Theorem 6, which provides a sufficient condition to have B = RT and it allows to prove
the SBV regularity of f’ o u with respect to the space-time variable (¢, x).

Lagrangian representation for multidimensional scalar conservation laws

In this part we present a suitable notion of Lagrangian representation for the non-
negative entropy solutions to the multidimensional scalar equation,

Opu + divy f(u) =0, f: R — R? smooth. (10)

The key step is always to find an a priori compactness estimate and an approximating
scheme exploiting this compactness: in this situation, the transport collapse method
introduced by Brenier | ].

This approximation method is based on the interpretation of the evolution of the
solution as the action of two operators:

Transport map: a translation of each level set of u by the transport map
hyp u(t) == {(z,h) : h < u(t,x)} — Tr(s,hyp u(t)) := {(z,h) : h < u(t,x — f(h)s)};

Collapse operator: the monotone mapping of each x section of a generic set
E C R? x [0, +00) into an interval with the same measure,

(B,z,h) — C(E,z,h) := (z, H'(({z} x [0,h]) N E)) .
The image is clearly an hypograph of a function.

The transport collapse method is then the standard operator splitting approximation
applied to the two operators Tr, C: the solution u(t) to (10) is the limit of approximate
solutions u,, defined for ¢t € 27"R by

Graph u, ([274)27) = (C(Tr(27™, ), [ulloo)) hyp uo, (11)

where [-] is the integer part of a real number. The composition C(Tr(27", "), ||ul/co)
means that given a set, one first translates the level set according to the characteristic
speed for a time 27", and then find the total length on the vertical line at each pont
z € R%. Observe indeed that the projection operator C assign the new position of each
point in a set £ C R*1 and does not just yield a function. A more detailed description
is given in Section 5.2.3.

The natural compactness appears when interpreting the transport collapse method
as a map acting on the whole hypograph of a function, i.e. assigning to every initial
point (x,h) € hyp ug a trajectory (y'(t),7%(t)) € R4*L. Indeed, by inspection of (11),
the curve ¢ — ~!(t) is uniformly Lipschitz, with Lipschitz constant bounded by ||f||so,
while the second trajectory ¢ — 2(t) is decreasing in time.

The set of trajectories described above are clearly compact in Li ([0, +00), R41), so
that one can apply standard compactness results to prove that there exists a bounded
measure w such that

(1) it is concentrated on the solutions to the “characteristic ODE”
=10, 4 <0,
(2) its push-forward py(L£! x w) is the measure L2 hyp u, where
p(t, 7% = (6,71 (1), 7 (1))
We can think the measure w as a continuous version of the transport collapse operator

splitting method, and following the nomenclature used in the one dimensional case, we
call the measure w a Lagrangian representation of the entropy solution wu(t).
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As a first application of this construction, we consider the case of continuous so-
lutions (see | | for the case of bounded distributional solutions in the one space
dimension).

THEOREM 9. Let u be a continuous bounded entropy solution in [0,7) x R? to (10).
Then for every (t,2) € [0,T) x R?, it holds

u(t, ) = up(x — ' (u(t, z))t).

Moreover for every n : R — R, q : R — R? Lipschitz such that ' = 7'f’ a.e. with
respect to £, it holds

n(u); + divy q(u) =0

in the sense of distributions.

This is a corollary of the fact that the Lagrangian representation in this case is
unique because it satisfies 42 = 0. In particular its graph is a bundle of characteristic
curves as in the one dimensional case.

Structure of the thesis

In this section we indicate how the material presented in the introduction is orga-
nized in the main part of this thesis. The work is divided in five chapters.

In Chapter 1, we collect some preliminary results: this chapter is itself divided into
two sections, the first one regarding general mathematical results and the second one
about conservation laws.

In Section 1.1, we first recall the notion of convergence of sets in the sense of
Kuratowski, which will be used in Chapter 2 in order to obtain compactness for the
complete families of boundaries. Then we introduce a decomposition in undulations of
piecewise monotone functions which is original, at least to the author knowledge, and
will be used to implement the length estimate (8) in Chapter 4. Next we recall the
notion of BV®(R) space, which generalizes the notion of function of bounded variation
and it will be used to describe the regularity of the entropy solution w in Chapter 4.
Finally we collect some technical and elementary results about smooth functions.

In Section 1.2, we introduce the concept of entropy solution and we mention the
fundamental well-posedness result by Kruzkov. Then we recall the wave-front tracking
algorithm because it can be interpreted as a preliminary version of the Lagrangian
representation and it is in particular, the starting point to prove the existence of a
Lagrangian representation in Chapter 2. It seems natural to study the problem in
the setting of measure valued entropy solutions RT x R 3 (¢t,z) — Vp gy With vy, a
probability in R: this avoids additional computations when computing traces, due to
the weak compactness of Young measure (Theorem 1.22). After recalling the definition
of measure valued solution, we show indeed the existence of traces along every Lipschitz
curve «y (Proposition 1.25), and we define the right and left admissible boundaries,
Definition 1.28. The key argument for proving the existence of a complete family
of boundaries is the stability of admissible boundaries w.r.t. the convergence of the
parameters: the boundary curve, the boundary value, the solution 14, and the flux
function f (Proposition 1.29). The last preliminary is the analysis of the Riemann
problem with two boundaries: more precisely, it is the unique entropy solution in the
region delimited by two Lipschitz curves starting from the same point at ¢t = 0. The
main result is a complete description of the solution, with a construction similar to the
standard Riemann problem, Proposition 1.34: the main properties are the uniqueness
in the family of measure valued solutions and the strict monotonicity of the solution
and of the characteristic speed in an inner region.
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In Chapter 2 we introduce the notion of Lagrangian representation, which is the main
tool of this work.

In Section 2.1 we overview the formulations already present in the literature: the
first version, called wave representation, has been introduced in | | for the wave
front tracking approximate solutions. After introducing this notion, we sketch its con-
struction. Then we discuss various settings in which appropriate versions of this notion
can be obtained for the exact entropy solutions by passing to the limit. In particular,
we discuss the case of entropy solutions with bounded variation, we deduce some more
properties in the particular case of piecewise monotone entropy solutions and finally
we consider bounded entropy solution to (1) with continuous initial datum wy.

This discussion also illustrates the difficulty of passing to the limit these formula-
tions for general L*° entropy solutions and motivates the introduction of the concept
of complete family of boundaries. This is the content of Section 2.2: the construction is
essentially the same as in the previous formulations, the main novelty here is the inter-
pretation of the values u(y) along the characteristic X(¢,y) as an admissible boundary
value. This requires to repeat the convergence analysis, starting from the front-tracking
solutions, Lemma 2.7, and showing the stability of the set of boundaries when the flux
and the solution converge weakly, Proposition 2.6. The precise definition of complete
families of boundaries is given in Definition 2.3: it may seems quite strange that the
only relation with the PDE is given by the values of the speed of the Lipschitz curves
in the continuity points of the solution, but the requirement of the total ordering of the
boundary curves is a strong requirement too.

Chapter 3 is the core of the analysis of the structure of L> entropy solutions to (1).
Having shown the existence of a complete family of boundaries, we next consider its
regularity in Section 3.1. The result is that there are boundary traces in the strong
sense, up to the flat parts of f. We can split the results into two parts: existence of
left /right traces in 1-d for all ¢ fixed, and existence of left /right traces in 2-d for L!-a.e.
t € R™ on a given curve. A common property is that we can take traces in the strong
sense, once we quotient the real line w.r.t. the linearly degenerate components of f: in
particular the traces are in CY if f is weakly genuinely nonlinear.
As we noticed in the introduction, the key observation is the decomposition of R™ x R
into the 3 sets A, B, C, page 34, and define from these sets the set of jumps J. Lemma
3.1 shows that C' is the union of disjoint segments starting from 0 and Lemma 3.2
gives that J is rectifiable and uL B € BVo.(B): this completes the proof of Theorem 2.
Outside this set, the blow up converges uniformly to a linearly degenerate component.
At this point the regularity results are completely similar to the BV case, by just
replacing the CY-convergence with the uniform convergence to a linearly degenerate
component: the existence of strong traces for every fixed time ¢ (actually above the
minimal/maximal characteristics, Lemma 3.4), the existence of strong traces outside
a small cone around « (Proposition 3.5). We note here that this is the best we can
expect, due to the example 5.1.1 in [ | where a Cantor like shock is shown.

In Section 3.2 we prove Theorem 1. After selecting a family of segments ~,([0,77)
in C' which exist for a uniform time 7" > 0, and using the parameterization given by
the intersection of v, N {t = T'/2}, first we prove that the fluxes

Q) := q(u(y)) — f'(wy)n(u(y),  Fly) = flu(y) — f'(u(y))uy),

are well defined, being independent on the choice of u(y) in the linearly degenerate
component I(y): here f'(u(y)) = A(y) = 4y by the properties of the complete family
of boundaries. Moreover they are BV and Lipschitz continuous w.r.t. ¥, respectively
(Lemma 3.10).

A geometric lemma (Lemma 3.11) implies that for entropies such that n < O(1)u, the
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only discontinuities of Q(y) are jumps, and from the choice of jump set J this possibility
is ruled out. One thus deduce that for solutions there is no dissipation in the inner
part of the segments composing C, and for measure valued solutions the disintegration
is a.c., Corollary 3.12. In particular one obtains the chain rule formulas for F' and @,
Lemma 3.14 and formula (3.13). It is also possible to represent the dissipation measure
for a measure valued solution along each segment in C as the derivative of the BV
function t — [ n(w)dvy 4, ¢ (w) (Lemma 3.15).

The analysis of the endpoints of the segments in C' is split into two parts: either the
endpoints are contained in the interior of a shrinking family of cylinders with sides in C,
or they belong to a rectifiable set. In both cases one first prove that the disintegration
has still an a.c. image measure (Lemma 3.17), and then in the case of entropy solution
one deduce that no dissipation occurs (Theorem 3.18). When u is a Dirac solution, as
a corollary we get Theorem 1 (Remark 3.19).

In Section 3.3 we prove that, in a suitable sense, the initial datum is taken strongly
also for measure valued solutions. The key point is that the blow up around a constant
state of a measure valued entropy solution is a constant Young measure, Lemma 3.20.
At this point the argument is quite standard: find a suitable covering (Lemma 3.21),
show that the limit occurs in average sense (Lemma 3.22), strengthen the result to have
pointwise time continuity (Proposition 3.24). This concludes the proof of Theorem 3.
The last section shows that it is possible to construct a Lagrangian representation of a
measure valued entropy solution with a complete family of boundaries, hence removing
the ambiguity of the value w on the linearly degenerate components, Proposition 3.27.
In particular, Theorem 4 follows. Moreover, once the structure is better understood,
we refine the Lagrangian representation for piecewise monotone solutions introduced
in Chapter 2.

The chapter ends with Section 3.5, where three examples are proposed: the first one
proves that there is a set of positive measure which is not a starting point of segments,
implying that the Lagrangian representation does not allow the reconstruction of the
initial data by just tracing back the value function u(t,z),t > 0. The second example
shows that the characteristic speed is not BV, even if the results contained in this
chapter show that it still enjoys a BV structure similar to the 1-dimensional case i.e.
CP-continuity of the left and right traces. The last example is a refinement of the
second one, where the same conclusion is obtained with a flux function with only an
inflection point; we decided to include both the second and the third examples since
the former is easier and it already contains all the main ideas and the latter is relevant
in the following chapter.

Chapter 4 covers the second part of the project outlined at the beginning of the in-
troduction: quantify the nonlinearity of the flux f and deduce the regularity of the
entropy solution u to (1).

In Section 4.1, we prove the length estimate (8) for piecewise monotone entropy
solutions. This estimate is only based on the existence of a Lagrangian representation
for piecewise monotone entropy solutions. A key role in the proof is played by the
properties of the sign function S proven in Proposition 3.27.

In Section 4.2, we prove Theorem 5. The regularity obtained in that statement
depends only on the length estimate of the previous section. The proof is obtained
providing a uniform regularity estimate for an approximating sequence of piecewise
monotone entropy solutions. In order to apply the length estimate (8), we need to
consider intervals where the solution takes the same value at their endpoints. This is
where the decomposition in undulations of (nonnegative) piecewise monotone functions
introduced in Chapter 1 is useful. The main argument is contained in Lemma 4.5, where
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a weak ¢! estimate is proven for the terms defining the ®-variation of the entropy
solution u at a positive time ¢t. Then it is standard to deduce Theorem 5.

Section 4.3 is devoted to the proof of Theorem 6; first we recall the structure of
characteristics in the case of a convex flux (Lemma 4.8), then we consider the case
of a flux with one inflection point: Lemma 4.13 summarizes the results obtained in
[ | about the structure of extremal backward characteristics for solutions with
bounded variation. Omnce the structure of characteristics is established, we estimate
the total variation of f’ o u(t) for piecewise monotone solutions to initial boundary
value problems with constant boundary data. Proposition 4.14 deals with the case of
a convex flux and and Proposition 4.15 with the case of a flux with an inflection point
of polynomial degeneracy. In both proofs it is useful to recall the interpretation of
characteristics as admissible boundaries and a fundamental step in Proposition 4.15
is the argument of | ]. The general case can be reduced to the cases studied in
Proposition 4.14 and Proposition 4.15, by means of the length estimate 8 (Lemma 4.16)
and this leads to the proof of Theorem 6.

In Section 4.4, we deduce Theorem 7 from the previous result: the argument con-
sider separately the big and the small jumps of the entropy solution u(t). The con-
tribution of the big jumps is controlled by the length estimate and small jumps are
considered in Lemma 4.20.

Theorem 8 is proved in Section 4.5 combining the structure obtained in Chapter 3
with the argument of | ].

Finally in Section 4.6 some examples are provided: the first example is related to
the possibility of repeating the analysis in | |, without relying on Theorem 6.
In order to be more precise we fix the notation in the kinetic representation:

atX{u>w} + f/(w)axx{u>w} = Owit,

where 1 is a negative measure. In | ] it is proved that, under the assumptions of
Theorem 6, the distribution 0,1 can be represented as a finite measure. We exhibit
an example with a general flux f such that 0, is not a finite measure.

The second example answers to a question raised in | ]: we exhibit a function
u € L*®((0,1)) such that

n—1

@-TVEB U= sup Z ® ((u(t, ziy1) — ult,z;))") < 400
’ neN, 0<z1 <..<zn <17

and u does not belong to BV®((0,1)).

Finally we provide here, for the sake of completeness, an example that shows that
Theorem 7 is sharp. This result is already known, see e.g. | | for a similar con-
struction and | |, where it is shown in particular the sharpness of Theorem 7 in
the setting of fractional Sobolev spaces.

In Chapter 5 we present a first result in the multidimensional case. Since the main part
of the thesis deals with conservation laws in one space dimension, we decided to set
the notation and discuss some preliminary results for the multidimensional case in the
first section of this chapter. In particular in Section 5.1 we prove a suitable version of
Ascoli-Arzela theorem (Lemma 5.1) and a property of sets of finite perimeter (Lemma
5.2).

In Section 5.2 the notion of Lagrangian representation is presented in this setting
and in Lemma 5.6 the entropy dissipation is expressed in terms of it. The construction
of a Lagrangian representation for entropy solutions is obtained passing to the limit
appropriate representations for approximate solutions given by the transport collapse
method introduced in [ ]. The main compactness estimate, proven in Lemma
5.12 for approximate solutions with initial datum ug € BV(R%), and the stability of the
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notion of Lagrangian representation (Proposition 5.8) give a Lagrangian representation
for a limit function u € L'((0,T),BV(RY)). By Proposition 5.5, we have that u is
the entropy solution and this provides an alternative proof of the convergence of the
transport collapse method and the existence of a Lagrangian representation for BV
solutions. The stability proven in Proposition 5.8 implies that this can be extended to
L*° solutions (Theorem 5.14).

The case of continuous entropy solutions is studied in Section 5.3: we first prove
in two steps (Lemma 5.15 and Proposition 5.16) that the Lagrangian representation is
unique and concentrated on straight lines, then we deduce Theorem 9.






CHAPTER 1

Preliminary results

ABSTRACT. In this chapter we collect some preliminary and technical results that
will be used in the main body of this thesis. More in details, Section 1.1 deals with
several independent topics: first we recall the Kuratowski convergence of sets in a
metric space, then we introduce a decomposition of piecewise monotone functions in
“undulations”. Next we recall the notion of BV®(R) space and we give estimates of
the generalized variation of piecewise monotone functions in terms of their undula-
tions. Finally we mention some elementary properties on smooth functions for future
references.

In Section 1.2 we review some result about scalar conservation laws: the general
theory is only mentioned, with some emphasis on the more relevant point for the fol-
lowing chapters. After recalling the fundamental theorem by Kruzkov, we introduce
the wave-front tracking algorithm and the notion of measure valued entropy solution.
Then we consider the problem in bounded domains: the related notion of admissible
boundary is presented and some relevant estimates are recalled. An extension of the
Riemann problem in bounded domains is studied in details and finally the notion of
blow-up is introduced.

1.1. Mathematical preliminaries

1.1.1. Convergence of sets. We recall the notion of Kuratowski convergence.
Let (X,d) be a metric space and (K,,)nen be a sequence of subsets of X.

DEFINITION 1.1. We define the upper limit and the lower limit of the sequence K,
respectively by the formulas

limsup K, = {CL‘ € X :liminfd(z, K,) = O},
n—+400

n——+00
liminf K,, = {ZC € X :limsupd(z, K,,) = O}.
n—+oo n—+o0

We say that K, converges to K C X in the sense of Kuratowski if
K = limsup K,, = liminf K,,.

n—+00 n—+00

Equivalently lim sup K, is the set of cluster points of the of sequences z,, € K, and
n—+0o0o

liminf K, is the set of limits of sequences z,, € K.
n—-+o0o

A very general compactness result holds: see | ].

THEOREM 1.2 (Zarankiewicz). Suppose that X is a separable metric space. Then
for every sequence Ky, of subsets of X there exists a convergent subsequence in the sense
of Kuratowski.

We remark that without any compactness assumption the Kuratowski limit may
be empty.

1.1.2. Piecewise monotone functions.

DEFINITION 1.3. A function v : R — R is said to be piecewise monotone if there
exist y1 < ... <y in R such that for every ¢ = 1,...,k — 1 the function u is monotone
in the interval (y;,v;+1) and in the intervals (—oo,y1) and (yx, +00).

1
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We denote by X the set of piecewise monotone functions u such that the following
assumptions are satisfied:

(1) w is bounded;
(2) u has compact support;
(3) u=0;
(4) for every x € R,
u(x) = limsup u(y);

Yy—x
in particular u is upper semicontinuous.

We denote by sc™u the lower semicontinuous envelope of w. It is well-known that
the left and right limits of a piecewise monotone function exist at every point and in
particular it has at most countably many discontinuity points. Under the boundedness
assumption the limits are finite and we denote them by

u(z+) = yl_i)rg u(y), u(z—) := lim u(y).

Yy—xr—

In the following proposition, we introduce a decomposition of the functions in X in
terms of more elementary piecewise monotone functions.

PROPOSITION 1.4. Let u € X. Then there exist N = N(u) € N and {ul}fil cX
non identically zero such that

(1) it holds

N
u= Zui; (1.1)
i=1

(2) for everyi=1,...N there exists T; such that u; is increasing in (—oo, ;] and
decreasing in [T;, +00);
(3) for everyi,j=1,...,N with i > j, one of the following holds:

supp u; C supp u; or Int(supp u;) N Int(supp u;) = 0.

If the first condition holds, then u; is constant on the interior of the support
of ui and u(z;) < u(x;).

PRrooOF. First we introduce an operator G : X — X. Given v € X, if maxu = 0 we
set G(u) = u. If instead maxu > 0 let

T = min{z : u(x) = maxu}.

The existence of Z is guaranteed by definition of X. Let v; : (—00,Z] — R be the
increasing envelope of u(—o0, Z|:

v; = sup{v’ : (=00, Z] — R such that v’ is increasing and v’ < uL(—o0, 7]}
Similarly let v, : (Z,+00) — R be the decreasing envelope of uL (&, +00):

v, = sup{v’ : (%, +00) — R such that v’ is decreasing and v' < uL(Z, +00)}.
Then let

Gu) = {vl in (—o0, 7],

vy in (T, +00).

It is straightforward to check that G(u) € X.
Moreover u — G(u) € X and this allows to iterate this procedure: we set u; = G(u)

and by induction for n > 1
n—1
u, =G (u—2u2> )
i=1
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We show now that there are only finitely many n € Z* such that wu, is not identically
Z€ro.

If u =0 we set k(u) = 0 and for every u € X non identically zero, we set k(u) = k
where k is the minimum value of k € ZT such that there exists z1 < ... < z}, for which
u is monotone on (—oo,x1), (zk, +00) and (z;, zi+1) for every i =1,..., k — 1.

It is easy to check that if € [x;, z;41) for some i € {2,...,k —1}, then v —G(u) is
monotone on (x;_1,x;+1) and similarly if Z € [x1, z2), then u is monotone in (—oo, z2)
and if T € [zg,+00), then u is monotone in (zx_1,+00). Moreover, since G(u) is
constant on each connected component of {z : u(x) # G(u) = x}, the function u— G (u)
is monotone on (—oo, x1), (x), +00) and (z;, z;11) for every i = 1,...,k — 1. Therefore

E(u—G(u)) < k(u) —1

and this proves that u, = 0 for every n > k(u).
~ Now we check that conditions (1), (2) and (3) in the statement are satisfied. Let
N(u) € N be such that Uy 7 0 and ug ) = 0. Then, since Gu) =0=u=0, by

N(u)
0= g =6 1= 3.

=1

it follows that (1.1) holds and this proves Condition (1). Condition (2) is clearly
satisfied by construction. Consider 4,5 € {1,...,N(u)} with j < 4 such that there

exists € Int(supp u;) NInt(supp u;). Then if we denote by I the connected component
of

{x/ : Zul(w’) < u(m’)}
=1

containing x, it holds
suppu; C I C supp u;

and u; is constant on I.
It remains only to check that u(Z;) < u(Z;): since for every I =1,...,5 — 1, u; is
constant on suppu; and Z; € supp u;, it holds

j—1 j—1

w(Z;) = <Z ul(xj)> + max (u — Zul>
- o

= <Z ul(izz)> -+ max (u — Z ul>
=1 =1

This concludes the proof of Condition (3) and therefore the proof of the proposition. [
DEFINITION 1.5. Let u € X and {uz}fz1 be as in Proposition 1.4. We say that wu;

is an undulation of v and that h; := maxu; is its height. Moreover we say that u; is a
descendant of u; if suppu; C supp u;.

1.1.3. BV? spaces. In this section we recall the definition of BV® spaces on the
real line (see | | for more details) and we see how the ®-total variation of piecewise
monotone functions can be estimated in terms of their undulations. Moreover we recall
some basic properties of functions of bounded variations.
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/ u(z)

supp us

FiGURE 1.1. A representation of the decomposition: the figure above
represents the operator G and in the figure below the heights of the
undulations are represented.

DEFINITION 1.6. Let @ : [0, +00) — [0,400) be a convex function with ®(0) = 0
and ® > 0 in (0,400). Let I C R be a nonempty interval and for k£ € N denote by

Pk(I):{(xl,xg,...,xk)elk:xl<x2<...<xk} and P(I) = UPk(I).
keN

The ®-total variation of w on I is
k—1
O-TV(u) = sup Y B(|u(zit1) —u(z;)))-
P(I) =1
If the supremum is finite we say that u € BV*(I).

If @ is the identity the ®-total variation coincides with the classical total variation.
It will be of particular interest also the case ®(z) = 2P with p > 1. In this case if
1
O-TVu(Il) < oo we write that u € BVr(I).
Let us recall an elementary lemma about convex functions due to Karamata.

PROPOSITION 1.7. Let ¢ : [0,+00) — R be increasing and convex and let a, by, €
[0,+00) for k=1,...,n. Assume that for everyk =1,...,n—1

ap+1 < ag, b1 < by
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and for everyk=1,...,n

||M»

k
2
Then -

> dlar) =Y blby).
k=1 k=1

ProoF. For i =1,...k denote by

o(a;) — o(by) :
Api={ @b Tarb
max{0~ ¢(a;+)} if a; = b;,

where 0~ ¢ denotes the subdifferential of ¢. Therefore
Agi(ai —b;) = ¢(a;) — d(bi).
Since ¢ is convex and increasing, for every ¢ € 1,...,k — 1
0 < Agip1 < Agy.
We prove by (finite) induction that for every k =1,....n

k
Z¢ (a:) ) > Mgy Y (ai —by).
=1
For k =1 it holds by hypothes&s, and if the claim holds for &, then
k+1 k k+1
Z ¢(a;) ) > Adg Y (@i = bi) + Adppr(aryr — brgr) > Adgir Y (a; —
i=1 i=1
If k = n, we have
> dlai) = d(bi) > Adn > (ai—bi) >0
i=1 i=1
which is the claim. 0

Now we prove that it is possible to control the ®-total variation of a function
u € X in terms of its undulations. To simplify the exposition we assume the following
additional properties about wu:
(1) w is continuous;
(2) suppu = [a,b] for some a,b € R and local minima and maxima of u assume
different values.

The proof in general follows by a simple approximation argument.

LEMMA 1.8. Let u € X and let (h; )N( ) be the heights of its undulations. Then

N (u) N(u)
TV(w)=2> h; and  O-TV(u) <2 Z
=1

PROOF. Given two functions v1,vs : R — R of bounded variation and v = v + v9
it holds
TV(v) < TV(v1) 4+ TV(v9).
If we also require that vy is constant on the support of vo then equality holds.
By Property (3) in Proposition 1.4 and the additional continuity assumption on
u, if u; is a descendant of u;, then u; is constant on suppu; and obviously the same
holds if the supports of u; and u; have disjoint interiors. In particular for every k =
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1,... N(u) — 1 the function Zle u; is constant on the support of ug,q, therefore we
can prove by induction that

N(u) N(u) N(u)
TVW) =TV (Y w | => TV(w)=2>_ h.
i=1 i=1 i=1
Now we consider the case of the ®-total variation. Let ¢ > 0 and (x1,...,2%) € P
be such that
k—1
O-TV(u) —e < > B(|u(wi) — ulw:)]).

i=1

Denote by (w;)j=1,... k—1 the non increasing rearrangement of (|u(x;1)—u(x;)|)j=1,. k-1
and by (%), N(u the non increasing rearrangement of (hj) 1. . N(u)- Then let

(2j)jen be the sequence defined by

R £ if 1 <j < N(u),
T 0 i 5> N(w),

and consider it restricted to j = 1,...,k—1. The conclusion follows by Proposition 1.7
with a; = z; and b; = w;: we only have to check that for every j = 1,...,k—1 it holds

ZZ]' EZw] (12)

Jj=1 Jj=1
Consider (z1,...,T9;) € Par a maximum point in Py of the quantity
Zu T2;) — w(T2i-1).
=1
Then, if we denote by z; the maximum point of the undulation u; for j =1,... ,N(u),

it clearly holds that for every i = 1,...,k there exists j(i) such that zo; = Z;3.
Moreover, by the maximality of the partition, it is fairly easy to prove that if ; = ;)
for some i and u; is a descendant of another undulation u;/, then there exists i’ such
that 7' = j(i’). Set

k

=Y uj
=1

Since u; > 0, it holds @ < u. Moreover, if Z; is a maximum point of u; and j is such
that u; is not a descendant of uj;, then u;(Z;) = 0. Therefore it holds

N (u)
u(i'](l)) = Zul j(’L)) forevery i =1,... k.

=1

It follows that
k
u(x2;) — u(w2i-1) Z W(xe;) — U(woi—1) < Z h;,
i=1 =1 jel

which is exactly (1.2) and this concludes the proof. O

REMARK 1.9. Looking at the proof, we have that the positive and the negative
parts

TVE (u) := supZ(ID u(zipr)—u(z;))t) and TV (u):= s1(1pZ<I> (i1)—u(zi))”)
P(I) =
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are separately bounded by lei(f ) ®(h;). The converse is not true, even up to a constant.
The ®-total variation of a piecewise monotone function depends not only the height
of its undulations, but also how they are placed. In general the positive and the
negative ®-variations are not comparable with ) ®(h;), and it may be that they are
not comparable with each other. In Chapter 4 we provide an example where the
increasing ®-variation is finite and the decreasing ®-variation is not. The question
has been raised in [ |, where it has been observed that a counterexample like this
precludes the possibility to obtain BV® regularity by an Oleinik type estimate in the
case of convex fluxes.

In the following lemma we collect some easy properties of functions of bounded
variation that will be useful later.

LEMMA 1.10. Let g : R — R be a piecewise monotone left-continuous function with
bounded variation and suppose it does not have positive jumps, i.e. for every x € R

glz+) < g(z—).

Then, for every a <b anda =21 < ... < x, = b it holds

n—1
TV 9= TVE . 9 and TV (9)=2|v]e < TV (g) < TV (9)+2goc-

(@4,mi41)
=1

Finally we state an easy lemma for future reference.

LEMMA 1.11. Let a,b € R with a < b and let g : (a,b) — R be increasing and
bounded. Denote by

h:= max g(z+) — g(xz—).
z€(a,b)

Then for every € > h there exists 6 > 0 such that
[zg — 21| <6 - l9(22) — g(21)] <e.

1.1.4. Weakly genuinely nonlinear fluxes and fluxes with polynomial de-
generacy. The regularity of the entropy solution to (1) depends on the nonlinearity
of the flux f; we introduce here some terminology.

DEFINITION 1.12. We say that f : R — R is weakly genwinely nonlinear if the set
{w : f"(w) # 0} C R is dense.

We will also consider the case of a flux f € C°°(R) such that the set {w : f”(w) = 0}
is finite; let w1 < ... < wg denote its elements.

DEFINITION 1.13. We say that f has degeneracy p € N, at the point w; if p > 2
and

FDws)=0 for j=2,...,p and F (ws) # 0.

If there exists such a p € N, we say that f has polynomial degeneracy at ws. If the set
{w : f(w) = 0} is finite and f has polynomial degeneracy at each of its points, we
say that f has polynomial degeneracy. Finally we say that f has degeneracy p if f has
polynomial degeneracy and p is the maximum of the degeneracies of f at the points of

{w: f"(w) = 0}.

In Section 4.3 it will be important to understand the behavior of f around its
inflection points. The following lemma and its corollary will be useful to describe the
small oscillations of the solution around an inflection point of the flux.
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LEMMA 1.14. Let f : R — R be smooth and let w be such that for every w € R\{w},
I (w)(w — w) < 0. (1.3)

Then there exists 6 > 0 such that for every w € (w — r,w + r) \ {w}, there exists a
unique conjugate point w* € R\ {w} such that

) L) = J)

w — w*
Assume moreover that w is of polynomial degeneracy, then there exist d,¢ > 0 such that
for every w,w' € (w— 6, w+ ) \ {w} with w # w' it holds
W~ (w) = J'(w")
-1 0 d
wow SO e e Pw)

See Figure 1.2.

(1.4)

€ (0,1—¢). (1.5)

PROOF. Suppose w < w, being the opposite case analogous, and let g, : R — R be
defined by

gu(t) = () + f/(t)(w — t) = f(w).
Observe that (1.4) is equivalent to

w* #w and guw(w*) = 0. (1.6)
Since g,,(t) = f"(t)(w —t), by (1.3), it holds
g, <0 in (w,w) and gy >0 in (—o0,w) U (10, +00).

Moreover g,,(w) = 0; by strict monotonicity this proves that there exists at most one
w* as in (1.6) and it exists if and only if limy— 4o gw(t) > 0. Notice that

+oo
lim gy, (t) Zgw(wH/ o (t)dt

t—+o0 _

o (17)
> gu@+ [ 10 - o

w

Let A := fgoo |f"(t)(t — w)dt > 0. Since the function w — g, (w) is continuous and
gw(w) = 0, there exists 6 > 0 such that w € (w — 0, w) = gw(w) > —A and therefore,
by (1.7), for which w* exists.

Now let us consider the case of f with polynomial degeneracy p € N at w. Since
the statement is elementary, we only sketch the computations. Notice that since f”
changes sign at w, p is even. It is sufficient to prove that

.
lim —— % = p, (1.8)

w—w W — W

with p € (—1,0) and
I *\ ! *
lim 7f(w2) f(wi) - .
wiwe=o f(wa) — f(w1)
By assumption we have

flw) = f(@) + f'(@)(w — @) + a(w — @)+,

with a # 0.
By (1.4), it holds

alp+ 1) (w* —w)P (w* —w) ~ a [(w* —@)PT — (w—w)PT].

w*—w
w—w

(p+ 1) (p—1) = P — 1.

Dividing by (w — w)P*! and setting p :=

, we get
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f(w)

w w o wr \ w

FIGURE 1.2. In this picture are represented the graph of a flux f with
an inflection point in w and a point w with its conjugate w*.

Setting G(p) = ppP™ — (p + 1)pP + 1, the above formula is equivalent to G(p) ~ 0.
It is easy to show that the polynomial G has a double root in p = 1 and one root

*

p € (—1,0). Since =2 < 0, the only possibility is that (1.8) holds. Moreover

fwy) = f'(wi) | alp+1)(pw2)” — a(p+1)(pw1)” >
fllw2) = f'(wi) — alp+Dwh —ap + wf
and this concludes the proof. ]

Applying the previous lemma around each inflection point of the flux we can easily
obtain the following corollary for general fluxes with polynomial degeneracy.

COROLLARY 1.15. Let f : R — R be smooth and of polynomial degeneracy and let
wy < ... < wg be the points where f"” vanishes. Then there exists § > 0 such that

(1)

0< g, min (w5 —ws1);
(2) for every s = 1,...,8 and w € (ws — 0, ws + §) there exists a unique w* €
(ws — 0, ws + &) such that
. w) — f(w*
PO (O (9}
w—w
(3) there exists € > 0 such that for every s = 1,...,S and every w,w' € (ws —
§,ws 4+ 0) \ {ws} with w # w' it holds
w* — w; f(w*) — f'(w™)
_— -1 0 d 0,1—¢).
wow, IR0 T Ty € )

1.2. Preliminaries about conservation laws

1.2.1. Entropy solutions and wave-front tracking algorithm. We consider
the Cauchy problem for a scalar conservation law in one-space dimension:

{ut + f(we =0 in (0,400) x R,
u(0,-) = uo(-).

The flux function f is given and supposed to be locally Lipschitz and u : R x R, — R
is the unknown spatial density of the conserved quantity. Actually we consider smooth

(1.9)
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fluxes with a unique exception in the wave-front tracking algorithm, where the flux is
piecewise affine.

It is well-known that the problem is well-posed in the classical setting only locally in
time, therefore we consider solutions in the sense of distributions: let uyg € L*°(R); we
say that u € L®(R* x R) is a weak solution to (1.9), if for every ¢ € C2°([0, +00) x R),
it holds

//]R+ . (upr + f(w)ps)dzdt + /RUO(CU)SO(O,JU) dr = 0.

Weak solutions exist for every initial datum ug € L>°(R) but uniqueness fails in this
setting, therefore we impose additional constraints to select a unique weak solution to
(1.9).

DEFINITION 1.16. We say that (7, q) is an entropy-entropy flur pair if n : R — R
is convex and ¢ : R — R satisfies ¢/(u) = n/(u) f'(u) for L'-a.e. v € R. In particular we
will use the following notation: for every k € R let

m(w)i=@w—k)", ()= (u—k)" (1.10)
and the relative fluxes

@ (W) = X[ o0y (W) (f(w) = f(B),  ap (w) = X(—oopy(w) (f () = f(u)), (1.11)

where xg denotes the characteristic function of the set E:

() 1 ifuek,
u) =
XE 0 ifugE.

We are now in position to define the notion of entropy solution.

DEFINITION 1.17. A function v € L>®(R* x R) is an entropy solution to (1.9), if
for every entropy-entropy flux pair (7, ¢) and every nonnegative ¢ € C°([0,+00) x R),
it holds

/ (n(w)gr + q(ue) o) dadt + / n(uo(2))$(0, 2)da > 0.
R+ xR R

The celebrated work of Kruzkov | | establishes well-posedness in the class of
bounded entropy solutions, also in several space dimension: we summarize the result
in the one space variable case in the following theorem.

THEOREM 1.18. Let f : R — R be locally Lipschitz continuous. Then there exists a
continuous semigroup S : [0,00) x L' — L' with the following properties.
(i) So(u) =u, Ss(Siu)= Sstit.
(i) |Siw — Spoll < [lu — o)1
(iii) For eachug € L*NL>, the trajectory t — Syug yields the unique, bounded, entropy
solution of the corresponding Cauchy problem (1.9).
() If up(x) < wo(x) for all x € R, then S¢(uo)(z) < Si(vo)(x) for every x € R, ¢ > 0.

REMARK 1.19. Actually the hyperbolic nature of the equation allows to localize
Property (ii): if u € [-M, M] is a bounded entropy solution and L := max(_y s [ '],
then for every a < b € R and ¢t > 0, it holds

b b+Lt
/ |Siu — Syv|dx g/ |u — v|dx.
a a—Lt

The argument to prove the theorem above is the following: thanks to the abundance
of entropies it is possible to prove the L!-contraction property (ii). With such a priori
estimate, one can obtain entropy solutions by constructing approximate solutions in
several ways: we refer to | | for a discussion on several possible methods. Here
we focus on the wave-front tracking algorithm introduced in | ], and we follow
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[ |. We finally mention that Point (iv) and several other properties of the so-
lution w can be obtained by passing to the limit the corresponding properties for the
approximate solutions.

1.2.1.1. Riemann problem. The building block for the construction of approximate
solutions by the wave-front tracking algorithm is the so called Riemann problem: it is
by definition the Cauchy problem (1.9), with initial data of the form

_Jum ifz <0,
uo() = ut ifz >0,

with u=,u™ € R.
Assume u~ < ut and let
[CQDK](f)(U) = sup {g(u)\g < fonu,ut], gis convex}.

be the convexr envelope of f on the interval [u~,u™]. Let

d
Mu) = - Loy, fu).
The function A is non-decreasing from [u~,u™] into [A(u™), A(u™)]. So we can consider
its pseudoinverse u : [A(u™), A(u™)] = [u~,uT]. The function u = u(\) is an increasing
function, in particular it has at most countably many discontinuity points.
Consider now the function u defined by
u”ifx/t < AMu7),
u()) if z/t = X for some X\ € [A(u™), A(u™)]

u(t,z) = . o : (1.12)
which is not a discontinuity point of u = u(\),

wtifz/t > Aut).

It is possible to check that the function u is the entropy solution of the Riemann
problem. We also mention that the case 4t < u~ can be treated in a similar way,
replacing the convex envelope with the concave envelope.
1.2.1.2. Wave-front tracking algorithm. We recall now how to construct piecewise
constant approximations by the method of wave-front tracking. Fixed v € N, let f* be
the piecewise affine interpolation of f defined by
u—27")

) =g ) +

for u € [2774,27%(j + 1)], with j integer.
Then we consider the approximate problem

{Ut + fy(u):t: = 0,

U(O, ) = Uo,

27V(j+1) —u

s f(27))

(1.13)

where ug : R — 27%Z has bounded variation and is compactly supported.

We prove that (1.13) has a piecewise constant entropy solution u. By (1.12) this is
true for the Riemann problem. Indeed, if f, is the convex (concave) envelope of f¥, f.
is piecewise affine. Hence A\ = % f+ and u = A~! are piecewise constant.

Now we consider the general case. Denote by 1 < ... < zy the jump points of ug.
Until the first time ¢; when two discontinuity lines meet, solution is obtained piecing
together solutions of the Riemann problems at z;. At time ¢; we have to solve the new
Riemann problems generated by the solution with initial data taking values in 27%Z
again. This solution can be prolonged until a time 5 when two or more discontinuity
lines collide. We claim that this procedure defines a solution for all positive time since
there are only finitely many collisions. We distinguish two cases.
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fl/ (U)A t A

Uo u3

Y
Y

U UL U U3 T

FicURE 1.3. An interaction: there is only one discontinuity exiting
from (¢, %), no matter how many are entering.

+ A
us Uy

Uuo U2

Uy

Y
Y

FIGURE 1.4. A cancellation: the number of discontinuity may increase,
but the total variation decreases of at least 2 -27%.

Case 1. All jumps colliding at a time ¢ have the same sign: in this case we will
say that an interaction occurs. In this case it is easy to see that solution of corre-
sponding Riemann problem has only a discontinuity line, in particular total number of
discontinuity lines decreases of at least 1. See Figure 1.3.

Case 2. At least two of the jumps colliding have opposite sign: in this case we will
say that a cancellation occurs. In this case total variation decreases of a multiple of
2-27%. See Figure 1.4.

Observe that the total variation never increases, so Case 2 can occur only finitely
many times. The number of discontinuity lines can increase only when Case 2 happens,
therefore Case 1 can occur finitely many times too.

1.2.2. Measure valued solutions on bounded domains. The notion of en-
tropy solution in bounded domains will play a central role through all the main part of
this thesis. Since the natural setting in Chapter 3 is the one of measure valued (briefly
mv) entropy solutions, we present the initial boundary value problem in this setting.
For more details we refer to [ ].

Denote by P(R) the set of probability measures on R.
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DEFINITION 1.20. A Young measure on R* x R is a measurable map v : RT x R —
P(R), in the sense that for all continuous functions g on R

v.g) : (t,x) = / gdvra

is £2-measurable. A measurable function u : Rt x R — R induces the Young measure
Vtox = 5u(t,a:)'

DEerFINITION 1.21. Let v", v be Young measures. We say that v — v in the sense
of Young measures if for every g € C.(R), the sequence (", g) converges to (v, g) with
respect to the weak™ topology in L®(R* x R).

This notion is motivated by the following compactness result: see | .

THEOREM 1.22 (Young). Let v™ be a sequence of uniformly bounded Young mea-
sures, i.e. there exists M > 0 such that for every n € N and for every (t,z) € RT xR it
holds supp 4!, C [—M, M]. Then there exists a subsequence v and a Young measure
v such that v™ converges to v in the sense of Young measures.

The notion of mv entropy solution to
ut + f(u)g =0 (1.14)
has been introduced in | ]

DEFINITION 1.23. A bounded Young measure v is a mv entropy solution of (1.14)
if for all entropy-entropy flux pairs (7, q) it holds

=0, ) + 0x(v,q) <0 (1.15)

in the sense of distributions on (0,+00) x R. We will say that v is a Dirac entropy
solution of (1.14) if vy » = 6, ) Where u is an entropy solution of (1.14).

REMARK 1.24. In Definition 1.23 we require that v is bounded so that (1.15) makes
sense for every entropy-entropy flux pair (n, q).

We observe that (1.15) implies that the vector field ((v,n), (v,q)) is a divergence
measure field, in particular it has normal traces in the sense of Anzellotti | ]. The
argument in the next proposition is essentially taken from [ | (see also [ 1)-

PROPOSITION 1.25. Let v be a mv entropy solution of (1.14) in RT x R and let
v :[0,+00) — R be a Lipschitz curve. Denote by Q~ the set

Q" ={(t,z) eR" xR:z <~(t)}.

Then there erists a Young measure v~ : RT — P(R) such that for every Lipschitz ¢
with compact support and every entropy-entropy flux pair (n,q) it holds

+oo
[ v | atvm +ealvadadt = [ (30070 + 07.0) et @)

The same result (with a minus sign on the r.h.s.) holds on Q% := {(t,z) € RT x R :
x> ()} and defines the right traces v*.

PROOF. Given ¢ € C2°(R™) consider the function

A5(6) = [ Wt =30n -+ (01

It is defined for £'-a.e. ¢ > 0 by Fubini theorem. We show that it has bounded
variation: in particular it coincides L'-a.e. with his right-continuous representative
Ay. Test the equation (1.15) with

p(t,x) = o()P(y(t) — 2)



14 1. PRELIMINARY RESULTS

for some ¢, 1) € C°(R™).
/ edp = —/ [(Vt,x,m (¢ W) (y(t) — ) + 7(B)p ()Y (v(t) — )
Q- O
— Wy VD) ((t) — 3:)] dadt
Sl R VR T O
(R+)2

! /(R+)2 (Vi (t)—es M (81 () dtde

< /R+ Vi (1) 77>¢/(t)dt> b(e)de.

In particular this implies that Ay has bounded variation and

|DAg| < CTV($)L' + ||| sops| 1l supp ¢,

where p: (t,z) — v(t) — .

Let D C CL(RT) be a countable set dense in CO(RT). Repeating the argument in
D we obtain that there exists a negligible set £ C R such that for every ¢ € D and
for every e € RT \ F,

= — [ Ay (e)de + /

R+ R+

[ o0+ (00t = Ao(o)

Consider a sequence (gx)reny C RT\ E. By Theorem 1.22 there exist a subsequence
e, and a Young measure v~ : RT — P(R) such that for every entropy-entropy flux

pair (1), q)

<Vt7’Y(t)—€kl 3 —V(t)n + q> - <V;7 —V(t)n + q> ?,U* - LOO
In particular for every ¢ € D, and using the boundedness of v by density for every
¢ € CARY),

lim Ay(e) = /R i =+ gt

e—0

To prove the integration by parts formula consider a test function of this form:
(tv JE) = Sp(tv $)¢a(7(t) - .T),
where ¢ is Lipschitz with compact support in RT x R and

bals) = { if s € (0,¢),

1 ifs>e.

Letting € — 0 in the divergence formula in the weak form and using ¢(¢,v(t) —¢) —
o(t,y(t)), we get the claim. O

REMARK 1.26. The fact that (v, , —5(t)n+¢q) is uniquely determined £!-a.e. for all
entropy-entropy flux pairs (7, ¢) implies that v~ is uniquely determined up to regions
where f/ = 4: more precisely let

O ={u: f'(u) #4(t)}
and v', % two measures such that for all entropy-entropy flux pairs (1, q)
Wh =3t +q) = (V*, =5 (t)n + q).
Then v! = 12 on the o-algebra generated by {(u, +00) : u € O}.
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It suffices to prove that v!(u',u?) = v?(u',u?) for u!,u? € O. To see this we test
with an entropy 7, such that
n

(1) = m (X(ul,ul—&-%)(u) - X(u27u2+%)(u)>
For n sufficiently large this defines an entropy and we can choose the entropy flux g,
such that letting n — +o0,
1 1
Flwn) =3 X T P ) =5 () N
f'(wr) B
Flwn) =3 X P ) — 5 () N

M —

~
~
g
N
~—

Gn —

therefore
=Y + Gn = X(w! w?)-

REMARK 1.27. The same argument works for space-like curves. In particular a mv
entropy solution v has a representative such that for every ¢ > 0 both the following
limits exist in the sense of Young measures:

+

= lim v 4, Vi = lim v,
—t~

Vi
’ t—tt

s

and they are equal for all ¢ except at most countably many. We will denote in particular
by VO+,$ = lim; g+ v, the trace at t = 0. Notice that if we set vy, = V&x the entropy
condition (1.15) holds in the sense of distributions on [0, 4+00) x R i.e. for every non
negative ¢ € C°([0,+00) x R)

/ (et(vea, ) + ulVia, q))dzdt + / ©(0, ) (vo,z,m)dz > 0.
R+ xR R

The notion of trace allows us to define in which sense a boundary condition is
satisfied: see | | where this notion has been introduced in the setting of bounded
variation and | | for a treatment of the L case.

DEFINITION 1.28. A couple (v, w) with v : [0, +00) — R Lipschitz and w € R is
said to be an admissible right boundary if for L' a.e. t > 0,

—Ant )+ g, vT) >0 Yk > w,
—(n v )+ (qp . v ) >0 VE<w,

where v~ is a left trace of v on 7. Similarly we say that (v,w) is a admissible left
boundary if for L a.e. t > 0,

v+ gh Ty <00 VE > w,
A, v + (g, vT) <0 Yk <w.

(1.16)

(1.17)

We simply say that (v,w) is an admissible boundary if it is admissible left and right
boundary.

We will also refer to (n,q) as boundary entropy-entropy flur pair with value w if
n = ?7,;|r for some k£ > w or n = 7, for some k < w and ¢ is the corresponding flux
defined by (1.11).

The following stability result will be useful to prove the existence of admissible
boundaries for L> entropy solutions.

PROPOSITION 1.29 (Stability). Let v™ be muv entropy solutions of (1.14) with fluzx
f" and (4™, w™) admissible boundaries for v™. Suppose that
o ™ are equi-Lipschitz and f™ — f uniformly;
e " — v in the sense of Young measures;
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o W' — w;
e " are equi-Lipschitz and v — v uniformly.
Then (v, w) is an admissible boundary for v.
PrOOF. We show that the property of being an admissible right boundary is stable.
Let k <w, n=mn, ¢" =q, " the relative flux and
/J’n = <Vn7 77>t + <Vn7 qn>z

the dissipation. For n sufficiently large we have w™ > k therefore, by hypothesis, for
every nonnegative test function ¢ € C°(RT x R),

/ edp™ +/ (Vi m) + €2 (Vs 7)) dadt > 0. (1.18)
Q@)= (@)~

We want to pass to the limit the inequality above: since ¥™ — v in the sense of Young
measures and ¢" — ¢ uniformly, by Young theorem

W n) = (v,n) w"—L® and W q") = (v,q) w*— L*>.

Moreover x(qn)- — Xq- strongly in L', therefore

/( . (et m) + 2 (Vi ")) dodt — /ﬂ_ pe(vtasn) + Pa(Vie, q)drdt.  (1.19)

Let 1. € C°(27) taking values in [0, 1] such that ¥ (¢, z) = 1 for every (¢, x) such that
dist((t,x), (27)¢) > e. Then, since u" are nonpositive,

limsup/ edp™ < lim / ¢¢ad/~0n:/ PYedp.
n—+o0 J(Qn)- n=+oo Jo- Q-

Letting ¢ — 0 we get
limsup/ wdp” S/ wdjt. (1.20)
n—+oo J(Qn)— -
By (1.19) and (1.20) we get that (1.18) holds in the limit, and this is equivalent to
(1.16) by Proposition 1.25.
For 77,': the analysis is completely analogue. O

DiPerna | | showed that the doubling variable technique by Kruzkov | ]
applies also in the context of mv solutions: given v, v, mv entropy solutions of (1.14)
in an open set, it holds

o1 X va, |w — w'|) + 0z (v1 X o, sign(w — w')(f(w) — f(w'))) <0

in the sense of distributions. This in particular implies the uniqueness of entropy
solutions in the class of mv entropy solutions for the initial value problem with ug € L*°.
Szepessy | ] extended the result to bounded domains.

PRrROPOSITION 1.30. Let T > 0 and consider a domain
0= {(t,@ € (0,T) xR : v (¢) <:n<'yg(t)} (1.21)

where 1,72 : [0,T] = R are Lipschitz and v1 < v2. Let v and V' be two solutions of
(1.14) which satisfy the same boundary conditions wy on 1 and wy on yo: i.e. (y1,w1)
is an admissible left boundary for both v and v' and (y2,w2) is an admissible right
boundary for both v and V' as in Definition 1.28. Then

Y2(t)
F(t)= / (Vg X l/éw, |lu —v|)dx
7(t)

has non positive derivative in the sense of distributions in (0,T").
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In | | Proposition 1.30 is proven in the case that the curves v; and v are
constant: being the procedure the same in the case of moving boundaries we do not
provide a proof.

It will also be useful the following estimate for solutions of bounded variation: in
[ | the estimate is proved for wave-front tracking approximate solutions in the
context of systems. Since the analysis can be repeated in this setting, we omit the
proof.

PROPOSITION 1.31. Let Q be as in (1.21) and let u € BV(R2) be a bounded entropy
solution of (1.14) with intial datum ug € BV(y1(0),72(0)) and boundary data w; €
BV(0,T") on Graph(y1) and u, € BV(0,T) on Graph(vyz2). Then

TV (u(T)) < TV(uo)+TV(ur) +TV(ur) +[ur(0+) —uo(7:(0)+) | +[ur(04) —uo (7 (0) =),
where the total variations are computed on the domains of the corresponding functions.

Finally, we consider the particular case where 71, v2 are L-Lipschitz, v1(0) = v2(0),
71 < 72 in (0, 7] and the boundary data are the constant a on y; and the constant b on
v2. We assume a < b, being the opposite case analogue. The solution can be expressed
quite explicitly with a construction which generalizes the one for the classical Riemann
problem.

LEMMA 1.32. Let Q be defined by (1.21). For every (t,z) € Q consider the length
minimization problem

t
min / V1I+(t)%dt, where Apz = {7 € Lip([0,7]) : 1 <7 < y2,7(f) = a‘f}
0

vEA: 5
(1.22)
For every (t, %) € Q the minimizing curve v5* in (1.22) exists and is unique.
Moreover the following properties hold:
(1) for every (t,%) € Q, the function v is L-Lipschitz;
(2) for every t € (0,T) and for every t € (0,t), the map T — ~>*(t) is non
decreasing; )
(3) for every (t,7) € Q the function 4% is constant on each connected component

of
{t€(0,8) : () <7*(t) <%(t)};

(4) the map v : (t,Z) — F4%(t—) is locally Lipschitz and has bounded variation
in Q. Moreover, for every t € (0,T), the function T — v(t,Z) is strictly
mcreasing;

(5) for every t € (0,T) of differentiability for v1 and 72,

lim  v(t,z) < A1(¢) and lim  v(t,Z) > A2(F).
T ()F Toy2(t)”
PrOOF. We just sketch the proof.
Existence, uniqueness and Lipschitz regularity are standard.
Point (2) follows from uniqueness and Point (3) is trivial. Observe that uniqueness
implies that for every (¢,z) € Q and ¢ € (0, 1)

’}/E’il_[o, t] _ ’Yt”yt_@(t).

In particular each level sets of v is the union of segments with slope v and endpoints
in 0f). Therefore v is locally Lipschitz. The strict monotonicity with respect to z is a
consequence of minimality and then it follows that v has bounded variation. Point (5)
is a consequence of minimality too. ]
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FI1GURE 1.5. Riemann problem with boundaries: in the first figure there
are the minimal curves, in the second the characteristics for the flux f
as in the third picture.

Denote by convigy f : [a,b] — R the convex envelope of f in [a,b] and let [\~, A*]
the image of its derivative. The function (convy, /) is non decreasing, we denote its
pseudo-inverse by g : (A7, AT] — [a, b]. For every (¢,Z) € €, define

a ifv(t,z) < A7,
u(t,z) =< g(v(t,z)) ifo(t,z) € (A7, A1), (1.23)
b it o(f,z) > M.

Observe that g is strictly increasing (because (convi,y f) is continuous) and v(f) is
strictly increasing by the previous lemma, therefore gow(t) is defined up to a countable

set for Ll-a.e. t.

REMARK 1.33. By the strict monotonicity of v and the proof of Lemma 1.32, each
level set of v is the union of at most countably many segments with velocity v and
endpoints in 0€). Therefore, by the strict monotonicity of g, the same holds for the
level sets {u = ¢} with ¢ € (a,b).

In the next proposition we show that w is the unique solution of the boundary
problem and we list some of its properties that will be useful in the following sections.

PROPOSITION 1.34. The function u defined by (1.23) is the unique solution of the
boundary value problem in Q2 in the class of mv entropy solutions.
Moreover, there exist two L— Lipschitz curves v,y such that

(1) for every t € [0,T], y(t) <77 (t) <77 () < 2(t);
(2) u(t,z) = a for every (t,z) in
Q" ={(t,x) eQ:mt) <z <y ()}
and u(t,z) = b for every (t,z) in
Qt ={(t,2) eQ:7vT(t) <z <7%)};
(3) if n(t) < () < 3(t) then 4= (t) = A~ and similarly if 1(t) < 7 (8) < ()
then 4+ (t) = \*;
(4) w and f' ow are strictly increasing in
Qmi={(t,z) e Q7 (t) <z <~y (1)}
Moreover f' o is locally Lipschitz in Q™;
(5) for L'-a.e. t € (0,T) such that v~ (t) = v1(t), it holds 4~ (t) > A\~ similarly for
Ll-a.e. t € (0,T) such that v (t) = y2(t), it holds 4+ (t) < A*.
PROOF. Uniqueness is a corollary of Proposition 1.30, therefore we need to verify

that u is an entropy solution in €, (y1,a) is an admissible left boundary for u and
(72,b) is an admissible right boundary for u. In the interior the analysis is the same



1.2. PRELIMINARIES ABOUT CONSERVATION LAWS 19

as for the classical Riemann problem. Let us verify that (y1,a) is an admissible left
boundary for u, namely conditions (1.17). Observe that the second condition is trivial,
being u € [a, b]. Denote by u™(t) € R the trace of u in (¢,v1(t)) for ¢t € (0,T) and let ¢
be a differentiability point of 7;. By Point (5) in Lemma 1.32 and the definition of w,
it follows that one of the following holds:

H=a  or  fB) <)
In the first case it is clear that (1.16) is satisfied, otherwise observe that u and in
particular u* takes values only in the set {u : f(u) = convi,y f(u)} C {u: f'(u) =
(convigy f)'(u)}. Therefore for every k € [a,u™(f)], it holds

10 2 7/t 0) = (come s ) 6" (0) 2 (cone )

In particular (1.16) is satisfied.
In order to prove the second part of the statement, consider

v (t) = inf {{z € (n(),72()) : u(t,z) > a},72(t) },

Y (t) = sup {{a € (M (D), 72(0)) : ult,@) < b}, ()}
These curves are Lipschitz because they are straight lines in the open set {v; < 4% <
~v2} with bounded slope by (1.23).

Requirements (1) and (2) are satisfied by definition of v~ and 4*. Points (3), (4) and
(5) follow from the respective points in Lemma 1.32. O

A widely used technique is to consider blow-ups; this is motivated by the fact that
(1.14) is invariant under the rescaling (¢, x) — (At, \z).

DEFINITION 1.35. Let v be a mv entropy solution on Rt x R. Given (¢,z) €
[0,+00) x R and € > 0 consider

g __ 4,0
Vt,ac - Vt—l—at,a’c—i—ax

defined for ¢ + et > 0. For all entropies 7 the dissipation u° of v° is given by
r
MS(B) = g,u((t, x) + €B),

for a Borel set B C R? such that (£,Z) +eB C Rt x R, where u denotes the dissipation
of v. Every limit in the sense of Young measures of v° as ¢ — 0 is called blow-up of v
at (t,).

It is standard to check that every blow-up of a mv entropy solution is a mv entropy

solution. An advantage of considering blow-ups is that often they have some simpler
structure; a case of particular interest is the following: let @ : R?> — R be such that

u- i< M
u(t = ’ 1.24
ut, o) {u+ if x > At, ( )

for some constants u~,u™, A € R.
If @ is a distributional solution of (1.14), then the following relation, called Rankine-
Hugoniot condition, holds:

Au™ —u”) = f(uh) = flu). (1.25)
Moreover, if 1 is the dissipation measure relative to the entropy-entropy flux pair (7, q),
it holds
p= (=A@ —n@)) +q) — qu))H'{z = A}, (1.26)
so that in particular, the entropy admissibility condition reduces to

= An(u") = n(u”)) +q(u’) —q(u”) <0, (1.27)
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+ + - uT us +
/u1 Usy Uy Us Uy Ug u

FIGURE 1.6. The shocks 1 between u; and uf and the shock 3 between
uz and uj (in red) do not satisfy the chord admissibility condition; on
the contrary shock 2 between u, and ug (in blue) is admissible.

for every entropy-entropy flux pair (7, q).

Actually, if u is a distributional solution of (1.14), it is sufficient to verify that
(1.27) holds with n = n;" for every k € R, where 7" is defined in (1.10). This condition
is also called chord admissibility condition since, together with (1.25), it says that the
chord between the two values u~ and u™ on the graph of f lies below the graph of f if
u~ < u' and above in the opposite case, see Figure 1.6.

We assume now some additional structure on the entropy solution u to (1.9): sup-
pose that there exists a set J C R™ x R such that

1) there exists countably many Lipschitz curves v, : R — R for n € N such that
g t

[o¢]
J € | Graph(y);
n=1
(2) w is continuous on (RT x R) \ J;
(3) for H'-a.e. (t,z) € J, there exists A\,u~,ut € R such that every blow-up of u
at (t,x) is given by (1.24).
The previous analysis, and in particular (1.26) implies the following result.

PROPOSITION 1.36. Under the assumptions above there exists N C R™ such that
LY(N) =0 and for everyt € T\ N at each jump of the entropy solution u(t) the chord
condition is satisfied: more precisely if u(t,z—) = u~ and u(t,z+) = ut then

—f(uﬂ — Z(_u) (k—u~) Vke (u ,u");

ut —
F) = F)

ut —u

u” <ut = f(k) > f(u™) +

u” >ut = f(k) < flu™) + —ut) Vke (utu).
REMARK 1.37. We will prove that the regularity required in the Proposition above

holds in particular for every L°°-entropy solutions if the flux f is weakly genuinely non-

linear. Moreover in | | it is proved that it holds for f smooth and ug continuous.



CHAPTER 2

Lagrangian representation and complete family of
boundaries

ABSTRACT. In this chapter we introduce the concepts of Lagrangian representation
and of complete family of boundaries. In Section 2.1 we browse through various
formulations of Lagrangian representations recently introduced in [ s s

|; in particular we point out the main steps to pass from one to the other,
starting from the by now well-established wave-front tracking scheme. In Section 2.2
we introduce the notion of complete family of boundaries | ], we show its exis-
tence for bounded entropy solutions by means of wave-front tracking approximations
and we prove some of its properties.

The general underlying idea behind the notion of Lagrangian representation is the
method of characteristics: by a formal computation we can reduce the equation (1.14)
in quasilinear form:

u + f'(u)uy = 0. (2.1)
Let v : [0,7] — R be such that

F(t) = f(ult, (1))
Then

d

el (1)) = we(t, () + f(ult, v(0))ua(t,(2)) = 0,

i.e. wu is constant along the characteristic curves of f’ o u. So we introduce a flow
X: RS x R, — R, where X(t,y) denotes the position of the characteristic starting from
y at time ¢t. We say that (X, ug) represents the solution in the sense that

u(t, ) = uo(X(t) " (2)). (2.2)

In general, the computations above are not allowed for entropy solutions; the goal
is to prove the existence of a flow X such that (2.2) (or an equivalent version) holds.
The strategy we adopt here, to prove the existence of such a flow, is to give an explicit
construction for a sequence of approximating solutions and pass it to the limit. In order
to proceed in that way, it is convenient to change formulation.

Differentiating formally (2.1) with respect to x and setting v = u, we get

v + (f/(u)v)x =0,

i.e. v solves the continuity equation driven by the vector field f’(u). Therefore we can
write the solution v as

v(t) L' = X(t)y(voLh), where vg = (ug)z,

and X(t);(voL') denotes the push-forward of the measure vg£! by the map X.
Representing in this way the derivative of u, instead of the solution itself, has the
advantage of being closer to wave-front tracking algorithm.

21
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2.1. Previous notions of Lagrangian representation

In this section we briefly discuss some formulations of Lagrangian representation
that have been recently introduced. The goal is to review the steps starting from
the by now well-known wave-front tracking algorithm to the versions of Lagrangian
representation that will be useful in the following chapters, see also the proceedings
[BM] and | ]. Since we consider here results contained in previous works, the
argument are only sketched.

2.1.1. Wave representation for wave-front tracking approximations. The
first step towards the construction of a Lagrangian representation from the wave-front
tracking algorithm is the introduction of a wave representation, see | ]: the main
novelty with respect to the wave-front tracking is that you consider waves for their
whole time of existence, instead of restarting the procedure at each interaction time.

Denote by u” the wave-front tracking approximate solution of (1.9).

DEFINITION 2.1. A wave representation of u” is a triple of functions
X”:RT x (0, TV{ug}] D B = R, the position of the wave s,
u”’: (0, TV{ug}] = R, the value of the wave s,
a” : RT x (0, TV{ug}] — {-1,0,1},
the signed existence interval of the wave s,

satisfying the following conditions:

(1) the function a” is of the form

a”(t,s) = S”(s)x[0,1v(s))(t) (2.3)
for some functions
S : (0, TV{ug}] — {-1,1}, the sign of the wave s,
T : (0, TV{ug}] = RT U {+oc0}, the time of existence of the wave s;

(2) the set EV is given by
EY ={(t,s) : t <T"(s)};

(3) s+ X”(t,s) is increasing for all ¢, ¢ — X¥(t, s) is Lipschitz for all s, and
(a) Dyu”(t) =X(t,-)s(a”(t, )L (0, TV{ug}]), ie. forall t >0, ¢ € C*(R)

TV{ug}
—/u”(t,a:)Dgccp(x) dac:/ o(X¥(t,s))a"(t,s) ds, (2.4)
R 0

(b) [Dzu”(t)] = X (¢, )¢ (la” (¢, )| L' (0, TV{ug});
(4) the value u” satisfies for all ¢ < T¥(s)
0(s) = Dyu (£)(—o0, X(1, 5)) + / a’(t, ) ds’

{s'<s:X¥ (t,8")=X(t,s)}
C WXL s)—) + / a¥(t, ) ds'.
{s'<s:X¥ (¢,8")=X"(t,9)}
In particular s — u”(s) is a 1-Lipschitz function satisfying
d
£ul’(s) = 8"(s).

Now we sketch the construction of the wave-representation for a wave-front tracking
approximate solution u”: we parametrize with s € (0, TVug], the points (z,w) : w €
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3.277]
ug
2.27v | il
v | ] i
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........................................................................... .
0 2 TV(ug)

FIGURE 2.1. The parametrization of the waves in the wave-front track-
ing approximate solution u”.

(sc™uf(x),sctuf(x)), then we set X”(0,s) = x and u”(s) = w, (see Figure 2.1). The
sign function

d
s = £u”(s)

is equal to 1 if ug(X(t, s)—) < uf(X(t, s)+) and equal to -1 if uf (X(¢, s)+) < uf(X(t,s)—).
The position X(t, s) of the wave s at time ¢ > 0 is the position of the unique discontinuity
that starts from X¥(0, s) and such that u”(s) € (u”(t,X(t, s)—), u” (¢, X(t, s)+)] if S”(s) =
1 and u”(s) € (u”(t,X(t,s)+),u”(t,X(t,s)—)] if S¥(s) = —1. If at a certain time ¢, a
cancellation occurs and there are no shocks starting from X(¢, s) such that one of the two
condition above holds, then we set T”(s) = t and, defining a” by (2.3), this completes
the construction. It is fairly easy to check that conditions (1),(3),(4) of the definition
of wave representation are satisfied by (X”,8",a") constructed above.

REMARK 2.2. In order to avoid ambiguities, we want to consider only binary col-
lisions in wave-front tracking approximate solutions. This can be done by slightly
modifying the speed of the shocks.

2.1.2. Wave representation to Lagrangian representation. We observe that
it is possible to extend X" of Definition 2.1 to R x (0, TV (u{)] maintaining the Lipschitz
and monotonicity regularity with respect to ¢t and s respectively and in such a way that
if two waves s; and sy are canceled at the same collision, let us say at time ¢, then
for every ¢ > ¢, it holds X(¢,s1) = X(¢, s2). In particular, since the amount of positive
waves and negative waves that are canceled at the same point compensate each other,
we can replace a”(t,-) with 8¥(+) in (2.4):

Dyu”(t) = X¥(t, )¢ (V" () L' (0, TV{u§}]). (2.5)

2.1.2.1. BV setting. The formulation in (2.5) is suitable to pass to the limit for
solutions with bounded variation. Indeed for any uy € BV(R) with compact support,
it is possible to choose ¥ — S in L'(0, TV (ug)) and the sequence (X”), is compact in
L' by its regularity assumptions. Therefore, since S* and X¥ are uniformly bounded in
L, for every ¢ € C°(R) and every t > 0, it holds

TV (ub) TV (uo)
| s e tes — [ s(s)exts)ds,
0 0
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where S and X denote the limits of (S¥), and (X¥), respectively. Since by Kruzhkov
stability estimate u"(t) — u(t) in L*(R), we have that (2.5) passes to the limit, i.e.

Du(t) = X(t, )¢ (S() L (0, TV {up}]).

Imposing that u solves the equation 1.14, it is possible to deduce the characteristic
equation: for every s € (0, TV(up)], it holds

0X(t,s) = A(t,X(t, s)),
for £!-a.e. t > 0, where

f'(u(t, x)) if u(t) is continuous at x,
At x) = ¢ flult,z4)) — f(u(t,z—))
u(t,z4) — u(t,x—)

For a different approach which also takes care of the time existence function we refer
to [ |

2.1.2.2. Piecewise monotone solutions. Coming back to wave-front tracking approx-
imations, we consider now the case of piecewise monotone solutions.

In order to obtain a formulation of the form (2.2), we want to cover the whole
domain RT x R with characteristics. For each continuity point (t,z) € Rt x R of u”,
we consider the segment passing through (¢, z) with constant speed f’(u”(¢,x)). They
are extended in the past and in the future until they do not meet a discontinuity;
then they follow the closest existing wave that travels on that discontinuity. In such
a way we can parametrize the characteristic with another flow (which we still denote
by XV : ]R;F x R, — R) such that X" is Lipschitz with respect to ¢ and increasing and
continuous with respect to y. We can also extend the time of existence and the sign
functions in such a way that for every ¢ > 0,

X“(t,{y : T"(y) 2 t}) =R, (2.6)

and for every t such that at time ¢ no cancellations occur,
) =1 = (W) et Xy or wly) = ult, X (ty)-)),

) =1 = (W) SultX(Ly)-) or w(y) = ulb, X (Ly)+)).

After the change of parametrization the representation formula (2.5) takes the following
form:

if u(t) has a jump at z.

(2.7)

Dyu” (t) = X(t, )y (Dyu” (-) L1 (0, TV{ug}]). (2.8)

We also observe that the number of connected components of {y : TV(y) > t} is
bounded by the number N of points z; < ... < xnx such that uj is monotone in
(—o0, 1), (N, +00) and (p,xp41) for n = 1,..., N — 1. Therefore if ug is piece-
wise monotone with compact support it is possible to choose g and triples (X¥, T, 8")
as above such that for every TV — T and S — S pointwise (except at most finitely
many points), and X — X uniformly such that (X, T,S) satisfies (2.6), (2.7), and (2.8).
Moreover, by (2.6) and (2.8), it follows that for every ¢ > 0 there exists Q(t) at most
countable and @(t) = u(t) L1-a.e. such that for every z € R\ Q(t),

X)) ={y} and  a(t,z) =uX() " (2)).

2.1.2.3. Solutions with continuous initial datum. We recall that the final goal is to
provide a Lagrangian representation for general L°°-entropy solutions; here we sketch
how to deal with the case of entropy solutions of (1.9) with continuous initial datum
ug. The failure of this argument for general ug € L°° motivates the analysis in the
following section.
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Suppose at the moment that ug € BV(R) and let u be the entropy solution of (1.9).
By (2.8), we have that for every ¢ € C°(R), it holds

- [ utt o)D)z = [ Djulweaie, )y
R R

integrating by parts in the r.h.s. we get

/ u(t, ) Dap()da = / u(y)dDy (i o X(1)) (1), (2.9)
R

R
In particular we do not need any derivative of u, but we need that u is defined almost
everywhere with respect to the measure Dy (¢ o X(t)). More precisely if the representa-
tion formula (2.9) holds with (X",u") and we want to pass it to the limit, relying only
on the natural weak-star compactness of (Dy (¢ o X"(t)))nen as measures, we need the
uniform convergence of u”.

The passage to the limit is indeed possible if ug € C°(R) and also if 1 has countably
many jump points, since, as in the BV case, the solution can be represented with
u € CO(R). See | ] for more details.

In general we can expect only the L' convergence of u” — u, so we would need a
uniform integrability estimate on the measures D, (¢ o X"(t)), but it seems difficult to
prove.

2.2. Complete family of boundaries

In this section we introduce the notion of complete family of boundaries (see
[ ]): comparing to the Lagrangian representation, this notion is more stable and
it allows to deal with the case of general bounded entropy solutions. In Section 3.4 we
will see that it is actually possible to recover the original Lagrangian representation
from the structure of the solution.

In order to include wavefront tracking approximate solutions, in the following def-
inition we will consider fluxes f which are C' outside finitely many points and such
that the left and right limits of f’ exist everywhere. Here and in what follows we use
the notation: Ja(B) to say Ja such that B holds.

DEFINITION 2.3. Let v be a mv entropy solution of (1.9). A complete family of
boundaries is a couple (K, T), where

(a) K is a closed subset of Lip(]0, +00),R) x R with respect to the product topology of
the topology of locally uniform convergence on Lip([0, +00),R) and the euclidean
topology on R,

(b) T : K — R is an upper semicontinuous function,

and the following properties hold:
(1) monotonicity: V(y1,w1), (y2, w2) € K,
3ty () < y2(t) — Vi >0, y1(t) < ya(t).
In particular there exists a total order on K, = {v : Jw, (y,w) € K}:
71 <72 — VE 20, 71(t) < 72(t);

(2) entropy admissibility: every (v,w) € K is an admissible boundary for the mv
solution v for t < T'(w,7).

Moreover, setting
K= {(t,x,w) : 3(y,w) € K such that v(t) =z, T(y,w) > t}

and its sections
K(t,z) ={w: (t,z,w) € K},
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it holds
(3) completeness:
supp (£2 ® Vt,x) C K;
(4) connectedness: for all t > 0 and 1 < 72, the set

{6®,w): (w) € <5 St < Tw,m) |

is connected;
(5) consistency with the PDE: for every r > 0

Via(r) == {3(t) ) €Biz(r)} < |J (DTfw)uD fw),  (2.10)

weUg z(r)
where D* f(w) denotes the super/subdifferential of f at w and
Usa(r) = {w:3t,7 ((1.w) € K, (£,4(8)) € Bra(r) and t < T(w, 7)) }.
For a C! flux f, Condition ( ) reduces to

{ﬁy(t) : (tv G Btz } {f Tw e Ug@(’r’)}.

REMARK 2.4. The completeness property and the fact that K is closed imply that
for every (t,z) € RT x R the section K (t,z) # 0.

REMARK 2.5. The monotonicity and the covering properties imply that the curves
in K, can be parametrized by R: more precisely there exists a monotone invertible map
p: R — K. We will denote p(y) by .

Following the general strategy outlined in the previous section, we prove first the
existence of a complete family of boundaries for a sequence of approximate solutions
(again by wave-front tracking), then we show that this structure passes to the limit.
The following proposition contains the stability result that we need in order to do this
last step.

PROPOSITION 2.6. Let v™ be muv entropy solutions of (1.9) and let (K™, T™) be a
complete family of boundaries for v™. Assume that
(1) f™ — f uniformly and Graph(D% f™) U Graph(D~ f") — Graph(f’) in the
sense of Kuratowsksi,
(2) v™ — v in the sense of Young measures,
(8) K™ — K in the sense of Kuratowsks,

and set

T(y,w)= inf limsup sup 7T"(v,w')= —T-liminf(=T"(y,w)).
(fy ) Uel(v,w) n*ﬂrocI)) (’Y/,w/I))EU (fy ) n_)+oo( (fy ))

Then (IC,T) is a complete family of boundaries for v.

PRrROOF. We have to verify conditions (1) to (5) in Definition 2.3: Condition (2)
follows from Proposition 1.29 and conditions (1), (3) and (4) follow from the very
definition of Kuratowski convergence, convergence in the sense of Young measures and
the definition of 7. About Condition (5), each v € K, is the uniform limit of 4" € K7,
in particolar ¥ — 4 weakly. Therefore, for every r > 0,

Viz(r) C K-limsup conv Vi% (r). (2.11)

n—o0

By the Kuratowski convergence of the complete families of boundaries,

K-lim sup Ug}f(r) C Uz z(r),
n—oo
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hence, by Assumption (1),
U {fw)}>K-lmsup [J (DFf*(w)uD” f*(w)). (2.12)

wel; 4(r) " weuy, (r)
Since UweUgi i ( DT f*(w) U D~ f*(w)) is convex by the connectedness property, the
claim follows from (2.11) and (2.12). O
In the following lemma we construct a complete family of boundaries for wave-front

tracking approximate solutions: as before, we assume that only binary interactions
among shocks occur.

LEMMA 2.7. Let v : RT x R — 27%Z be a wave-front tracking approzimate solution
of (1.9). Then there exists a complete family of boundaries for u such that

(1) every v € K, is piecewise affine and for all except finitely many positive times
it holds

Y(t) = At (1)),
where

f(u(t, r)) if w is continuous at (t,x),
Alt,z) = § flut,24)) = f(ult,2-))
u(t,x+) — u(t,xz—)

(2) for all (t,z) € RT x R except the cancellation points

K(t,z) = conv(u~,u"),

(2.13)

if u has a jump at (t,x);

where u~ and u denote the left limit and right limit respectively. At every
cancellation point

K(t,z) = conv(u ,uT)UI,
where I is the set of values of u that is canceled in (t,x).

PROOF. We just prove the existence because the properties (1) and (2) follow easily
from the construction. Step 1. We first construct the candidate admissible boundaries
on the set J of discontinuity points of u. Consider a shock starting at ¢ = 0 from Z
with left and right limits «~ and u™ respectively. For every w € conv(u™,u*)\ 27*Z
consider the unique Lipschitz continuous curve =, : I,, = R such that for all ¢ € I,
w € conv(u(t, vy (t)—), u(t, 1 (t)+)), where I,, = [0, ] if the value w is canceled at time
t and I, = [0, +00) if the value w is not canceled. Denote the set of pairs (74, w) by
K! and set T (Yw, w) = sup I,. The following monotonicity property holds: let wy < ws
and t € I, N I, such that vy, (t) = Yw,(t) = x. Then u(t,z—) < u(t,z+) implies
Ywy < Yy 0 Ly, N1y, and similarly u(t, z—) > u(t, z+) implies vy, > Yy 0 Ly, N Ly, -
The proof is by direct inspection of binary interactions of shocks.

Step 2. Next we construct segments in RT™ x R\ J. For every (¢,Z) € RT xR\ J
consider the straight line 752 : R — R where v52(f) = z, 457 (¢) = f/(u(f,7)). In
order to have monotonicity we consider "% restricted to the connected component
(t1(t,%),t2(t, 7)) of {t e RT : (t,4%%(t) € RT x R\ J} which contains #. Denote the set
of pairs (7%%,u(f,z)) by K2 and set T'(v"*, u(t, 7)) = to(f, 7).

In order to construct a complete family of boundaries we begin to extend the curves
in K! and K2 to the whole RT. B

Step 3. First, for every (£,7) € RT™ x R\ J we prolong v® to [0, t2(¢,Z)). Denote by
v~ and v the left and the right boundary of the connected component of RT x R\ J
which contains (¢,z). If ¢1(¢,Z) > 0 at least one of the following holds:

Y (t(ED) =T MED)F) v T (0(ET) = (D)), (2.14)
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If the first condition holds we set 4%% = 5 in [0,¢1(¢, )] where 7 : [0,t1(f, )] — R is
the unique curve such that there exists (7, w) € K* for which
o =7 in [0,04(5,2)], |w—u(f,7)] < 27,
T(yw,w) > t1(£,3), v =~ in (t1(£,2), t1(£,7) + €)

for some € > 0. If the first condition in (2.14) does not hold, the analogue extension
can be done for 4 = 4t in a right neighborhood of t;(¢,Z). This extension maintains
the monotonicity. Denote by K3 this extension of K2.

For the extension in the future the only constraint is the monotonicity: denote by
K = K*UK3 and let (y,w) € K and ¢t > T(y,w). Then we consider the following
extension:

~v(t) = sup {fy'(t) :T(,w') >t and 3’ < T(v,w) such that 7/ (¢') < v(t')}.

(v w)ek

It is fairly easy to check that with this extension the monotonicity is preserved.

Finally let IC be the closure of the family constructed above with respect to the
product of local uniform convergence topology and the standard topology on R and let
T the minimal upper semicontinuous extension of 7.

To conclude, we have to verify the properties in Definition 2.3. Only the entropy
admissibility is not straightforward but it is a consequence of the fact that for every
(v,w) € K and t < T'(y,w) it holds w € conv(u(t,vy(t)—), u(t,v(t)+)). O

The construction of a complete family of boundaries for approximations by wave-
front tracking and the stability proven in Proposition 2.6 imply the following result.

THEOREM 2.8. For every entropy solution of (1.9) with initial data ug € L, there
exists a complete family of boundaries.

Since the linearly degenerate components of the flux play a significant role in what
follows we introduce the following notation.

DEFINITION 2.9. We denote by L the set of maximal closed intervals on which f” is
constant. For every w € R we denote by I, the unique element of £ which contains w.
Moreover if I € Ly, we write f'(I) to indicate f'(w) for some w € I. Finally, when Ly
is considered as a topological space it is endowed with the quotient topology obtained
from the euclidean topology on R by the relation that identifies elements belonging to
the same I € Ly.

By the completeness property of the complete family of boundaries we have that
supp (CQ ® Vt,z) C K; the next lemma is a first result about the opposite inclusion.
We will see that it holds up to linearly degenerate components of the flux.

LEMMA 2.10. Let v be a muv entropy solution on R? such that there exists I =
[a,b] € L¢ for which L*-a.e. (t,z) € R?, supp vy C I and let (y,w) an admissible
boundary for v. Then w € I.

PROOF. Assume by contradiction that there exists an admissible boundary (v, w)
with w ¢ I and let o = f'(I). First we prove that ¥ = 0. Without loss of generality
take w < a. By the admissibility condition (1.16) for every w < k < a,

0< (™, f(A) = f(k) =7(A = k))
= WL fA) = f(k) —o(A=k) + (0 =)A= k)
= fla) = f(k) —a(a=k) + (0 =) (v, A) — k)

because f(w) — ow is constant on I. Since f(a) — f(k) — f'(a)(a — k) = o(la — k)
as k — a, 0 = f'(a) and (v~,)\) > a we get ¢ > 4. The same argument on the
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admissibility condition from the right of v implies that ¢ < 4 therefore ¢ = 4. In
particular the condition above reduces to 0 < f(a) — f(k) —o(a—k) forall w <k < a
and the one on the right to 0 > f(a) — f(k) — o(a — k) for all w < k < a. This means
that w and a belongs to the same linearly degenerate component of the flux and this
contradicts the maximality of [a, b]. O

In the next lemma we state some additional properties of the complete family of
boundaries when the solution has bounded total variation. These results are based on
a blow-up argument.

LEMMA 2.11. Let v be a mv solution of (1.14) with a complete family of boundaries
(K,T) and let @ C RT x R be such that for every (t,z) € Q,
Vtae = 5u(t,:1:)7

where u € BV(2). Then for every v € K+ and for L'-a.e. t > 0 such that (t,v(t)) € Q,
it holds

Y(t) = Alt,~(1)) (2.15)
where \ is defined in (2.13). Moreover for H'-a.e. (t,x) € €,
conv(u—,ut) C K(t,x) C conv (I,—,I,+), (2.16)
where u~ and u" denote the left and right limits if (t,x) is a jump point of u and
u~ =u' =a if u has a Lebesgue point with value a in (t,x).

The intervals I,,- and I,+ are defined in Definition 2.9.

PROOF. For Hl-a.e. (£,z) € Q there are two possibilities for the L'-blow-up of u
in (¢,7):
(1) the limit is contained in I for some I € Ly;
(2) the limit is a jump with = and u* which do not belong to the same I € L.
In the first case (2.15) follows from Lemma 2.10 and (2.10). Moreover the first inclusion
in (2.16) follows from the connectedness property in Definition 2.3 and the second
inclusion follows from Lemma 2.10, being the blow-up a mv entropy solution.

ut x> At

be the L'-blow-up. By Lemma 2.10, the speed of admissible boundaries in {(¢,7) : z <
At} is f'(u~) and similarly the speed of admissible boundaries in {(¢t,z) : = > At} is
f"(u™). Moreover, since v is a mv entropy solution, then

fllu™) = A= f'(uh)

and if « is differentiable at ¢, its blow-up is a straight line. So the unique velocity that
~ can have, without violating the monotonicity property, is A(¢,y(%)).

As in the previous case, the first inclusion in (2.16) follows from connectedness.
About the second inclusion, let us consider an admissible boundary (v, w) for @. If
~(t) # At the result follows from Lemma 2.10. Finally consider the case v(t) = At and
suppose without loss of generality that w < v~ < ut and let k¥ € (w,u”). By the
admissibility conditions (1.16) and (1.17),

F@®) = Mut —k) < f(k) < f(u™) = Mu™ — k) = f(u’) = Mu® — &),
therefore w € I,- and A = f'(u™). O

Now we consider the particular case of the Riemann problem with two boundaries.
With the same notation as in Proposition 1.34, the previous result implies that the
complete family of boundaries is uniquely determined in Q.
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COROLLARY 2.12. Let v be a mv entropy solution of (1.14) with a complete family
of boundaries (IC,T) and let (y1,a), (72,b) € K such that for some 0 < t; < ta:

(1) n(tr) =2(t1);
(2) y1(t) < v2(t) for every t € (t1,t2);
(3) T(fyl,a) > tQ,T(’)/Q,b) > to.
Let (v, w) € K be such that there exists t > 0: (t,v(t)) € Q™ and T'(y,w) > t.
Then w € (a,b) and ~y coincides in [t1,t] with the unique Lipschitz curve 4 : [t1,t] —
R such that
(a) for allt € [t1,1], m(t) < () < 72(h);
(b) it holds

Graph(7) N Q™" = {(t,x) eN:v(t,x) = (Conv f)l (w)} ,

[a,0]
where v is defined in Lemma 1.52.
Moreover for every (t,x) € Q™, it holds

K(t,z) = conv(u,u"),
where u~,u" denote the left and right limits of v at time t in x.

PROOF. Let (v,w) € K be as in the statement. By Point (4) of Proposition 1.34,
it follows that for every (¢,2) € Q™ it holds
)

conv(u~,u") = conv(l,-, I+),

otherwise f’ou would not be strictly increasing, therefore the last part of the statement
is a consequence of (2.16) and it implies that w € (a,b).

Since v is strictly increasing with respect to  in Q™, the curve 4 that satisfies (a)
and (b) in the statement is unique. Indeed suppose by contradiction that () # ()
for some ¢ € (t1,1), then u solves the boundary Riemann problem with boundary data
equal to w on 7 and 4. In particular u(t,z) = w for every (¢,z) in the open region
delimited by « and 4 and this contradicts the strict monotonity of w in 2. O

REMARK 2.13. A complete family of boundaries for a Riemann problem with two
boundaries is not uniquely determined in Q= and QT if I, and I, are non trivial.
However we will see that 2~ = Q% = () in the setting of the corollary above.



CHAPTER 3

Structure of L*>-entropy solutions to scalar conservation
laws in one space dimension

ABSTRACT. In this chapter we present the results about the structure of the entropy
solution of (1) obtained in [ ]. In Section 3.1 we study the structure of charac-
teristics: they are segments outside a countably 1-rectifiable set and the left and right
traces of the solution exist in a C°-sense up to the degeneracy due to the intervals
where f” = 0. In Section 3.2 we prove that the entropy dissipation of an entropy
solution u is a measure concentrated on countably many Lipschitz curves. In Section
3.3 we show that the initial data is taken in a suitably strong sense. In Section 3.4
we refine the notion of Lagrangian representation introduced in the previous chapter
taking advantage of the structure proved here, and finally in Section 3.5, we give
some examples which show that these results are sharp.

3.1. Structure of

In this section we see that a complete family of boundaries for a mv entropy solution
enjoys additional properties than the ones required in the definition. More precisely
we prove that R x R is covered by characteristics which are straight lines outside a
1-rectifiable set of jumps, similarly to the case of solutions with bounded variations.

First we introduce some notation: given v € K, a differentiability point ¢ of v and
r,0 >0, let

B (r) = {(t,0) € Boago (1) 2 > A(B) + 4Bt — D) + 8t — 71},

By (r) = {(tv’ﬂ) € By (r) s x <(t) +9(@)(t — 1) — 6|t — ﬂ}.
Accordingly we define

Ugz(r) = {w €R: It eRT, (y,w) € K such that T'(y,w) > t, (t,y(t)) € Bg@(r)},

UE(r) = {w €R:3t € RT,(y,w) € K such that T(vy,w) > t, (t,7(t)) € Bg;(r)}.

For every (t,z) € RT x R, let us introduce the maximal characteristic 'y;’rx as the

maximum in K, of the curves v such that y(¢) = z. The maximum exists being K
closed. Similarly let 7, be the minimal characteristic, and denote by

U (r) i= {w e R: 3t € R, (7,w) € K(T(3,w) > £, (£,7(8)) € Bra(r) and 7> 7% ) },

Up (1) = {w ER: IR (y,w) € lC(T(’y,w) >, (t,7(t)) € Beg(r) and v < '715_1;)}

See Figure 3.1. Notice that this notion of maximal and minimal characteristics is
different from the one introduced in [ ].

LEMMA 3.1. Consider 7 € K and [t1,t2] C RY. Suppose that Vv € K,
t e [t,ta] :y(t) > F(t) =Vt e [tr,ta] 1 y(t) > F(1).
Then there exists an interval I € Zs such that for every sequence (", u") € K satisfying

(1) V"t ta)> Tl o]
(2) ™ — 7 uniformly in [t1,tsa],

31
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FiGURE 3.1. Maximal and minimal curves and cone.

(3) iminf (5", w") =t > 1,
it holds
lim dist(w",I)=0. (3.1)

n—-+o0o

In particular 7 is a segment in [t1, ta] with velocity f'(I).

PROOF. Claim 1. Let (7", w™) be a sequence as in the statement and let w be a
cluster point of the sequence w™. Let 1 be an entropy of this type:

ni(u)=(u—k)" withk>w or n (u)=(u—k)” withk <w

and denote the relative flux by gq.

Then the flux from the right side of i across 7 in [t1,] is zero: i.e. for almost every
t € [t1,1],

A m) + (v, q) = 0.

Proof of Claim 1. Roughly speaking the proof is the following: consider the amount
of entropy between 4 and 4™ at time t1. The flux across both boundaries is non negative,
in particular the flux across 4 from the right is less than the total amount of entropy
at time t; between 4 and ™. Since «" is arbitrarily close to 4 the flux must be 0.

Consider 7 as in the statement of the claim and compute the balance in the region
delimited by 7 and 4" for t € [t1,#]: using that n; + ¢, <0,

S0 (1) P .
[ o= [ e [ (=3 @ a0, <30+ gt <o,
Y Y

(t) (tl) t1
(3.2)
where v1 denotes the right trace of v on 4 and v,, denotes the left trace on ™. Since
w™ — w, n is an admissible boundary entropy also for (4", w™) for n sufficiently large,

so that the flux across 4" is non-negative: for Ll-a.e. t € (t1,1),
s =" (N + ) = 0.
Moreover for L'-a.e. t € (t1,1),
(" =3t +q) <0
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because w is an admissible boundary on 4. To prove the other inequality take the limit
as n — oo in (3.2): since

V" (E) 7 (t1)
lim (Vi g mydz = lim (Vi) 2, mydx =0,

n—oo ;/({) n—oo —(tl)
it holds
i i )
0< lim [ (v, —3"(t)n+ q)dt < / (v, =3 (t)n + q)dt

n—0oo J t

and this concludes the proof of Claim 1.
Claim 2. Let w be a cluster point of the sequence w"™. Then the Young measures

A Vi x if z < ﬁ(t), and 1/2 _ Ow if r < :Y(t)7
te (S@ if > ’_)/(t), b Vtx if x > :Y(t)7

are mv entropy solutions of (1.14) in (t1,f) x R.

Proof of Claim 2. We need to verify that v' and v? are mv entropy solutions on
7. More precisely we have to verify that for all convex entropy-entropy flux (7, q), for
Llae. t € (t1,1)

V@) = (T A+ @) = (T A0+ q) = Quh() (3.3)

and similarly for v/2.

By the previous step we know that for every boundary entropy-entropy flux pair
(n,q) with value @, Q1% = Q;F , = 0, where Q;f (t) = (", =3(t)n + q) is the flux for
the real solution. We Clalm that this implies that Q,‘]ﬁ g = Q}%‘; for every entropy-entropy
flux pair (7, q). This is sufficient to conclude since (3.3) holds for v.

Observe that

Q,—; +n2,q1£g2 — Qm,th Qﬁz q2
and that the family of finite sums with sign of boundary entropies is dense in the
family of Lipschitz entropies with n(w) = 0. Using the fact that if ™ and ¢" converges
uniformly to n and ¢ respectively then Q??L o Q+ almost everywhere, by density
an = 1+ = 0 for every entropy-entropy flux pair with n(w) = ¢(w) = 0 and the
claim for V easﬂy follows.

Consider the entropy T — w and the flux f — f(w). By the previous step it follows
that Q1 = 0, therefore Q> = 0 by conservation. By definition Q?>~ = 0 therefore 2 is
a distributional solution. Moreover it does not dissipate any of the boundary entropies
on « and it is fairly easy to prove that a solution that does not dissipate any boundary
entropy does not dissipate any entropy. In particular v? is a mv entropy solution.

Proof of Lemma 5.1. In order to prove (3.1) suppose there exists a sequence as in
the statement such that w” has two cluster points a # b and Eﬂlﬂéﬁ T, w") =t > t;.

We need to prove that a and b belong to the same linearly degenerate component of
the flux. Let

f:mln{hmlnfT'y w"),ta}.
Applying Claim 2 twice we get that
£ _ £ _
ul(t,z) = @ ne < Y(t)’ and  ui(t,z) = b o < ?(t)’
b if x> (1), a ifz> (),

are both entropy solutions of (1.14) in [t1,¢] x R. This implies that a and b belong
to the same linearly degenerate component of f and that 7 is a segment with velocity

f'(a).
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t
(tQ):UQ)

tlv .’L'l)
t5, 25)

FIGURE 3.2. Example of points of the partition: (¢1,21) € Ay, (t2,x2) €
B, (tg,xg) S A’QI, (t4,x4) c A’2 and (t5,ZL‘5) e C.

By the completeness property in Definition 2.3, there exists a sequence as in the
statement with the additional assumption that

lim inf T'(y", w™) > ta.
lim inf T'(y", w") = by
Then repeating the argument above in [t1,7] we get that every limit of 4™ belongs to
I,, in particular 7 is a segment with constant velocity f’(a) for t € [t1, t2]. O

We introduce the following partition of the half-plane.
(1) The set A; is given by points belonging to at least two curves in K:

Ay =1{(t,z) eRY xR: Iy #+ € Ky(v(t) ='(t) = x)}
For every (¢,z) € Rt x R\ Ay, let 4 = 75 be the unique curve in K, such that

(t) = Z.
(2) The open set B is given by

B={(#2): 3 <, 11 <5<y (3 (D) = 2a(D) and 7, (D) < & < 7, (D) |-

(3) The set C is given by the points (f,7) € RT x R such that

Vit <t, Yy>7 () >(t) and VE<t Yy<g (y(t) <gt)). (3.4)
By Lemma 3.1 the set C is obtained as the union of segments starting from 0.

(4) Let A be the complement: Ay = RT x R\ (4; UBUCQC).

Setting A = A1 U Ay we have Rt x R=AUBUC.

We will need a further distinction: let Ay = A% U Af, where A5 is the set of points
(t,x) for which only one condition in (3.4) holds and A7 is the set of points (¢,z) such
that

—

(1) there exists a unique curve v € K, such that y(t) = «;

(2) there exist t~ < t and 7y~ such that v~ (t7) =~(¢t7) and v~ (¢) < v(t);

(3) there exist t* < t and 4 such that 4 (t7) = y(t*) and y¥(t) > »(t);

(4) there are no y~,3" € K, and ¢ < ¢ such that 3 (f) = ¥7(¢) and 3~ (¢) <

v(t) <7 ().
See Figure 3.2 for an illustration of the above decomposition.
The candidate jump set J is the set of points (¢,z) € R* x R such that one of the
following possibilities happens:

(1) (t,z) € A;
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(2) (t,x) € B and the solution is not continuous in (¢, z);
(3) (t,x) € C such that the left and right limits obtained by Lemma 3.1 belong
to different linearly degenerate components I~,I* € L of the flux f.

LEMMA 3.2. There exists a countable subset N C K., such that
J C U Graph(7y).
YEN
Moreover u B € BV (B).

PROOF. The set A; is covered by countably many curves thanks to monotonicity:

A C U Graph(7yy).
yeQ

Let (¢,Z) € A) such that only the first condition in (3.4) holds: then there exist
a left neighborhood Uy of § in R and a neighborhood U; of ¢ such that for every
(t,y) € Us x Uy, the first condition in (3.4) is not satisfied. Since Rt x R is separable,
it has at most countably many disjoint open subsets and this proves the claim for Aj.
For every (t,z) € A}, there exists a neighborhood in R* x R such that the points on
are the only points not belonging to B and this concludes the proof of the statement
for As, again by separability.

By definition B is open and for every (t,2) € B there exists a neighborhood B; , C
B such that u_Bj , is the the restriction of the solution of a Riemann problem with
two boundaries. In particular v € BV.(B). The structure of the complete family
of boundaries for solution of Riemann problems with two boundaries is described in
Corollary 2.12 and it implies the result for J N B.

Write
c=Jcn

where C,, is the subset of C' such that (3.4) holds with ¢ > 27": clearly
671 C CnUA,QUAl.

Since every point in C,, has both limits left and right /=~ and I respectively from
Lemma 3.1, they can be different at most on countably many segments of ', because
for every m € N the points such that dist(I~, 1) > 1/m is discrete. O

The following proposition states a sort of continuity outside J.
PROPOSITION 3.3. For every (t,z) € Rt x R\ J there exists I € £ such that
Ve >0 3r >0 (Upe(r) C I+ (—¢,¢)).

PROOF. If (t,z) € B\ J the claim follows from Lemma 2.11. If (¢,2) € C'\ J, the
claim follows from the definition of J. 0

Similarly, the next lemma corresponds to an extension of left /right continuity at a
fixed time ¢.

LEMMA 3.4. For every (t,z) € RT X R there exist [T, 1~ € Zf such that
Ve >03r >0 (Uf;(r) C I + (—¢,¢)).

PRrROOF. One of the following cases occurs:
(1) for all v > 'ygj and ¢t < ¢, it holds ~(t) > vgj(t);
(2) there exists vy > ’y;j and t < t such that ~(t) = ’yifi(t).
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Case (1): the claim immediately follows from Lemma 3.1.
Case (2): in this case ’y;}c is the left boundary of a Riemann problem with two bound-
aries. Consider a monotone decreasing sequence ~y, — ’y% and values w,, such that
lim inf T' (v, wy) > t.
n—oo

By Corollary 2.12, the sequence w,, is monotone and this implies the claim. O
Finally a result similar to the L' blow-up of BV functions.

PROPOSITION 3.5. For every v € K, for Ll-a.e. t > 0, there exist I, 1~ € L
such that

V6§ >0Ve>03r>0 (Ufi(r) C IF + (—¢,¢)).
Recall that Ugf(r) is defined if 4(¢) exists.

Proor. Fixed 4 € Ky, we distinguish two cases as in the proof of the previous
lemma: let R* = T;,, U Ty, where
(a) t € Tp, if there exists v > ’ytf;y({) and ¢t < ¢ such that y(t) = 'thry(f) (t);

T . + T . +
(b) t € Ty if for all v > Vinqp and t <, it holds y(t) > Vs (t).

Case (a). Since for every t € T, there exists lil%+ u(t, z) as in case (2) above, by

T—y(t

a standard application of Egorov theorem, for £'-a.e. ¢ € T}, there exists the trace u™
in the following sense:

o1 i

lg%ﬂ/gt _ (T)/R\w—u (t)|dvt o (w)dzdt = 0,
where B(EW(E))(T) = By (r)N{(t,z) sz >5(t)}. In particu.lar the blow-up at (£, (%))
is constant ™ (#) on the right side of the straight line {x = ¥(t)t}.
Assume by contradiction that the statement of the proposition is false in ¢t € T), as

above. Then there exist d,& > 0 and a subsequence of rescaled solutions with an
admissible boundary in

{(t,x) st < %,x =3(t)t + 1}

with value in R\ (1,+ ) +(—¢,¢)). Therefore the blow-up has an admissible boundary in
{z > A(t)t} with value not belonging to the linearly degenerate component I+ € Ly.
This contradicts Lemma 2.10.

Case (b). By Lemma 3.1, for every ¢ € Ty, the maximal characteristic 'y%@ is a
segment in [0, ¢] belonging to CUA/, and there exists IT(¢) € L such that the admissible
boundary values from the right of ’y;_y(z) converge to I (). We fix an arbitrary € > 0
and we prove the statement for ¢ € Ts(e) := Ty N (2¢, +00).

For every t € Ts(e), denote by y(t) := fytf%(g) () and let v, = 'yg’;({). In the proof of
Lemma 3.2, we observed that there exists an at most countable set N = {y"},en C
y(Ts(e)) such that for every y € y(Ts()) \ N, v, € C and I~ = I'"". It is easy to prove
that the function y(¢) is monotone, in particular it is continuous except an at most
countable subset of T;(¢). Therefore we can write

“+oo

Ty(e) = EU | TIe),

n=0

where

(1) LY(E) =0;
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(2) t € TY(e) if and only if t € Ty(e), t is a differentiability point of 7, t is a
continuity point of y and y(t) ¢ N;
(3) for every n > 0, t € Ti*(e) if and only if ¢ € Ts(¢), t is a differentiability point
of 7, t is a continuity point of y and y(t) = y™.
We prove the statement for points of Lebesgue density one of 7' for every n > 0.
If n > 0 it immediately follows from Lemma 3.4, being the Lebesgue points of T} times
where 7 is tangent to yyn.
It remains to consider the case n = 0. Let R be the region

R = U {(t,x) €0, xR 1z > 7{}({)(75)}'
teTs(e)
By definition of T?(¢) it follows that for every sequence R 3 (t,,z,) — (£,7(f)) with
t € T2(g) and every 7, € Ky such that v, (t,) = z,, it holds v, — 7%(5). In particular,
since the limits of admissible boundaries are admissible boundaries, it suffices to verify
that for every t € T9(e) of density one

V6 >0Ve >03r >0 (B (r) C R).

By finite speed of propagation, it follows from the fact that £ has density one in T2(e).
O

The next result in this section describes the structure of the solution v that follows
from the corresponding structure of the complete family of boundaries.

COROLLARY 3.6. Let v be a mv entropy solution of (1.14) with a complete family
of boundaries. Then there exists a representative of v such that

(1) (v, f') is continuous in Rt x R\ J;
(2) for H'-a.e. (t,x) € J, there exists \",A\T € R and v € Ky such that y(t) = x
and for every § > 0

}1_% H<V7 f/> - Ai”[po(Bf:/) =0, 71}_1)% H<V7 fl> - /\+||Loo(Bf;) = 0;
(3) for every (t,z) € R x R there exist left and right limits

A7 = lim <Vf:mf/>a AT = lim <fovf/>'
=T z—zt

If f is weakly genuinely nonlinear then v = 0, is a Dirac solution and the same requ-
larity can be deduced for u.

The proof is just the observation that f’ is constant on I € Ly plus the fact that
weak genuine nonlinearity implies that each I € Ly is a singleton.

REMARK 3.7. Let v be a mv solution for which there exists a complete family of
boundaries. Then for almost every (t,z) € RT x R,

supp v, C I
for some I € 2.

Suppose additionally that f is weakly genuinely nonlinear and u™ — v as Young
measures where u” are entropy solutions of (1.14). Then Remark 3.7 implies that
Vtz = Oy(t,q) for an L entropy solution u of (1.14) and u™ — u strongly in L'(R* xR).

REMARK 3.8. Consider a curve v € K. In Chapter 1 a notion of left and right
trace has been defined for v on v . The results in this section allow to compute the
speed of v and the dissipation y on  for every entropy 7.
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By Proposition 3.5 it follows that for £!'-almost every ¢ > 0 there exist I (¢) and
I~(t) in L such that supp ;™ C I*(t). If IT(t) # I~(t) then the Rankine-Hugoniot
condition implies that

’Y(t) — <Vt+7f> — <Vt_7f>
(", I) — (v, 1)
Observe that the denominator is non zero since I~ (¢) and It (¢) are disjoint. Moreover
for every entropy-entropy flux pair (7, q) the dissipation along ~ is given by

peGraph() = (w4, = 0 0) =50 () 7)) PSR )

If It(t) = I~ (t) then, by Point (5) in Definition 2.3, it holds §(¢) = f/(I"(t))
moreover since ¢ — 47 is constant on I7(t), by (3.5), it follows p(Graph(vy)) = 0.

REMARK 3.9. If the boundaries of the Riemann problem with two boundaries belong
to a complete family of boundaries, we can refine Proposition 1.34: in particular using
the same notation we can prove that 0™ = 2. Roughly speaking this means that no
constant region can appear.

By properties (3) and (5) in Proposition 1.34 it suffices to prove that £'-a.e. in
(0,7), it holds 43 > A\~ and 49 < AT,

Denote by T~ C (0,7") the set of points where 4;(t) < A~. In particular for every
t € T, %1(t) < f'(a). By Points (2) and (5), for L'~a.e. t € T~, the right trace
ut(t) = a. Therefore for every entropy-entropy flux pair (1, q) the dissipation on 7 for
teT™ is
1
—1(t a) — (v, a) — (v, _—

We will obtain £!(T~) = 0 by checking that —41 (t)(n(a) — (v, ,n)) +q(a) — {v; ,q) <0
for every entropy-entropy flux pair (7, q).

Indeed we already know by Corollary 3.6 that for £'-a.e. t € T, there exists I; € £ ¥
such that suppy, C I;. First we observe that a € I, for £'-a.e. t € T~. Indeed if
a < w for every w € I, check the entropy inequality for n, with k € (a,inf I}):

0> —H)(ng (a) — (v, )) + g, (@) — (v 5 q;)
= —H(t)(k —a) + f(k) = f(a)
= (f'(a) = 31(t))(k — a) + o(|k — al).

Since 41 (t) < f’(a), the inequality above cannot be satisfied for & in a right neigh-
borhood of a. Similarly the case a > w for w € I; is excluded. Then the conclusion
easily follows: by Property (5) in Definition 2.3, we have that 4!(t) = f’(a) for £L!-a.e.
t € T~, therefore £1(T~) = 0.

H'_Graph(yi.T7).

3.2. Concentration

In this section we study the structure of the dissipation measure p = (v, n);+ (v, q) z,
where (1,q) is an entropy-entropy flux pair and v is a mv entropy solution with a
complete family of boundaries.

Consider the decomposition of R™ x R introduced in Section 3.1: the dissipation
on J can be computed by means of the traces given in Proposition 1.25: see Remark
3.8. Moreover u(B \ J) = 0 by Volpert chain rule for functions of bounded variation.
Here we analyze p.(C'\ J).

Let € > 0, T > 2¢ and consider the set Sp = {x € R: (T,z) € C'\ J}. By Lemma
3.1, for all x € Sy the unique curve v € K, such that v(7") = = has constant velocity
f'(I) in [0, T] where I is the unique element of L¢ such that K(T',xz) C I. Denote this
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set of curves by K,(T") and parametrize it by the position y = 7,(¢) of the curves at
time €. Moreover set

vri={yeR:qy € K, (T)}
and let I(y) be the corresponding element of L.
LEMMA 3.10. There exists U € L>®(R) such that for every y € Yr, U(y) € K(e,y)
and

(1) for every entropy-entropy fluz pair (n,q) the function
Q) = qU ) — f'Um)MU(y)

has locally bounded variation;
(2) in the particular case with (n,q) = (I, f) the function

F(y) = f(U(y)) - ['(Uy)U(y)
has no Cantor part.

PROOF. Since the segments do not cross in (0,7'), by monotonicity, for every
Y1,Y2 € Yr,

F2) ~ FU)] < Iy~ .

Then consider the domain
Cyl,y2(T) = {(t7x) e (07T)”7y1(t) <r< ’ny(t)}.

Proposition 1.25 allows the application of the divergence theorem on Cy, 4, (1) so we
get

Yua (T) Yy (0)
[ e = [ e + (@) - Q@) = 1(Can (), (30
Ty1 (T) Yy1 (0)
where Q(y) = q(I(y)) — f'(I(y))n(I(y)) is well-defined, being constant on each I € Ly.
Since {7y }yey, are segments in [0,7] which do not cross in (0,7") thanks to the
monotonicity property, for every y; < y2 in Yp

T T T
0< Vy2 (T) — Y (T) <= and Vy2 (O) — Y (0) < T < (3'7)
€ —e €
Therefore from (3.6), it follows that there exists a constant C' depending on f, 7, |||~
such that

C 1
1Q(y2) — Q)| < ;(yz —y1) + T|M|(Cy1,yz(T))-
It follows that for every L > 0

n—1
20L 1
swp 3 1Qist) Qi) < T+ Flul (0.7) x (~L = CT, L+ CT))
< +o0

and that F Y7 is Lipschitz for every section U of K(g,-). Then it is easy to show that
U can be extended maintaining the required properties e.g. taking U(y) € I(y) where

I(y) = lim I(y)).
) Y \dnf{YrNly,+00)} ®)

The limit exists by Lemma 3.4. U

The following geometric lemma has a quite standard proof. We give it for com-
pleteness.
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LEMMA 3.11. Let a : [-M,M] — R? be a smooth curve and assume that there
exists a constant C > 0 such that

|62 < Clat. (3.8)

Let I C R be an interval and v = (v,92) = a o ¢ for some Borel ¢ : I — [—M, M];
suppose that vy has bounded variation and v' € SBV(I). Then v* € SBV(I) and there
exists ¢ : I — R such that for L'-a.e. y € I

Dyy(y) = c(y) Dwa(p(y))-
~1 2

PROOF. Let 7 = (,5%) : [0, TV(y)] — R? be the unique curve 1-Lipschitz curve
such that there exists a monotone increasing function ¢ : I — [0, TV(y)] satisfying
j o =r. For L'-a.e. s € () there exists a unique y € I such that

Y(y) =s, |[Dwa(e(y))]#0 and Ds’?@):m’

because 1 is monotone, (1 (1)) C Grapha and H!'(a({D,a = 0})) = 0. Since |&?| <
C|a&t, this implies that

(3.9)

’DS'~72|'—¢(I) < C|DS’71|'—¢(I)-
Therefore |D§72| < C|Dy~", in particular 42 € SBV(I). Moreover it follows from (3.9)
that there exists ¢ : I — R such that for £l-a.e. y € T

Dyry(y) = c(y) Dwa(p(y)). O

In our context, let (1, q) be an entropy-entropy flux pair, a : [-M, M] — R? defined

by
() - Pww
a(w) = ( a(w) = f(w)n(w) ) !

and ¢ = U introduced in Lemma 3.10. The hypothesis on y! are satisfied by Lemma

3.10, moreover )
ot = ( iy )

therefore (3.8) is satisfied for every (n,q) with n(0) = 0. This is not a restrictive
condition since in general it is sufficient to consider n — 7(0).

Denote by

c(T) = U Graph(v,.(0,7))
yeYT

and let P : C(T) — R be the map which assigns to each (t,2) € C(T) the parameter
y € Yp such that v, (t) = .

The following corollary is a first result toward the concentration of entropy dissi-
pation for mv entropy solutions with a complete family of boundaries. The analysis of
the endpoints of segments in C(7T) will be done in Lemma 3.17.

COROLLARY 3.12. For every entropy-entropy flux pair (n,q) with dissipation mea-
sure pu the Cantor part of Pﬁ(u\_a(T)) vanishes.

PROOF. By (3.6) and (3.7) it follows that there exists a constant C' such that
T
1Pk o)| < TIDyQ| + C;L‘l

and Lemma 3.11 implies that @ belongs to S BV, therefore Pﬁ(,w_é(T)) has no Cantor
part. ]
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Denote by
Lr = {y € Yr : Jw € I for some nontrivial I € L such that (v, w) € /C}.

Observe that, being the isolated points of a subset of R at most countably many, we
can find a set f/T such that Lp \ I~/T is at most countable and for every y € I~/T there
exist a sequence y, — y, an interval I € Ly and w,, € I such that (v, ,u,) € K.
In particular for £'-a.e. y € Ly
dyyy =0, (3.10)

where d,, denotes the limit of incremental ratios with values in Y7.

In the following lemma we prove that the average (v,I) is a constant @(y) on 7, in
(0,T) for every y € Y.

LEMMA 3.13. For L'-a.e. y € Y7 there exists u(y) € K(e,y) such that for L'-a.e.
t e (0,7,
<Vt,’yy(t)7 I) = u(y).

PROOF. By the previous analysis, we already know that for £'-a.e. y € Y7 there
exists I(y) such that for £l-a.e. t € (0,7),

<Vt,'yy(t)7 I> € I(y)
In particular the claim is trivial if y € Y7\ Ly, where I(y) is a singleton. Now consider
y € L7 such that 9,9, = 0 and 0 < t; < to < T such that vy := Vi1 (t1) and
Va 1= Vi, (t2) ar€ Lebesgue points of v, and 1, respectively. Consider a sequence
Yn — y as above: the conservation in Cy, ,(t1,t2) gives

1 Yy (t2) Yy (t1)
0= Vty,z, I)dx — Uty .z, Ddx — F(y) — F(y,
( / (Vip.o ) / ey Dl + (£ — 1) (F(y) — Fly >>>

Y= Yn Yn (t2) Yn (tl)
1 Yy (t2) Yy (t1)

= / (Vg2 I)dx — / (vt 2, Dydx
Y= Un Yy (t2) Yyn (t1)

because F' is constant on I(y). Since v,(t) =y + (t — €)%y, and 9,3, = 0 by (3.10),
’Yy(tQ) — fYyn (t2) = lim 'Yy(tl) — 7y7z (tl)

(3.11)

lim =1,
therefore taking the limit as n — oo in (3.11), we get (v1,I) = (1o, I). O

At this point we can obtain the chain rule corresponding to (f(u) — f/'(uw)u), =
—(f'(u))yu.
LEMMA 3.14. For L'-a.e. y € Yp it holds
dyF'(y) = —u(y)dyiy-

PRrROOF. If y € Ly the claim follows from (3.10). If y € Y7 \ Ly consider again the
conservation (3.11). In this case only the first equality holds but, by Lemma 3.13, we
can compute

. 1 ’Yy(t2) ’Yy(tl) .
lim / (Vi Ty — / (i o Dz | = aly)(ta — 01)dy 3y
n—oo y - yn Vyn (tz) ’Yyn (tl)

and this completes the proof. ]

for Ll-a.e.

We introduce the set Dr of points y € Yp for which v, ) = 6
t € (0, 7). In particular we have that Yy \ Ly C Drp.

a(y)
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LEMMA 3.15. For every ¢ € C.(RT x R),

/~ pdp = / / (t, 7y (8)) d(Oe (Ve )5 1)) dy
e Yr
- / / (13 (£)) Ay (e 0271) )y
Yr\Dr J0

In particular if v is a Dirac entropy solution then MLé(T) =0.

(3.12)

PROOF. It suffices to prove that for £%-a.e. 0 < t; <ty < T,
Py (C(T) N ((t1, t2] X R)) = (Vg 1 (02) — Vir iy (1) 1) £ ().
By Corollary 3.12 and the definition of C(T'), we have that
Py (C(T) N ((t1,t2) x R)) < L1,
so we have to check that for £'-a.e. y € Y7, the Radon-Nykodim derivative is

<l/t27'Yy(t2) - thy’Yy(tl)”r/>' ~

As before we distinguish the cases y € Ly and y € Y7 \ Ly. Consider y € Ly which
is a Lebesgue point for vy, . (4;) and v4, . 1,)- Then, similarly to Lemma 3.13, for every
entropy-entropy flux pair (7, q),

1
y—y M(Cth (T) N ((t17t2) x R)) =
1 Yy (t2) Yy (t1)
= / <Vt27x777>dx - / <Vt1,xa 77>d‘75 + (tz - tl)(Q(y) - Q(yn))
Y—UYn Yyn (t2) Yyn (t1)
1 Yy (t2) Yy (t1)
= / <Vt27$777>dx_ / <Vt1,x777>dw )
Y—UYn Yyn (t2) Yyn (t1)

because @ is constant on I(y) and taking the limit as n — oo

. 1
lim “(Cyhyz (T) N ((t1,t2) x R)) = <Vt2,7y(t2) - th,'yy(t1)v77> .

Now we consider the case y € Y7\ L7: by Lemma 3.11 and 3.14 for £L'-a.e. y € Y7,
dyQ(y) = —n(u(y))dyy- (3.13)
Since L\ Ly is at most countable, it is sufficient to consider y € Yr\ Lt of L' density
one so that vy, (1,) = Ou(y) = Vi, (1) 2r€ Lebesgue points of v and assume that (3.13)
holds.
For every sequence y, — y in Y and for every ¢ € (0,7) it holds

therefore the balance in Cy, 4, (T') N ((t1,t2) x R) gives
1(Cyr o (T) NV (1, 82) X R)) = (t2 —t1)n(a(y))dyFy + (t2—t1)d, Q(y) = 0. O

REMARK 3.16. Consider the function Py(y) = 7,(0) defined on Y7. Observe that
Py is monotone and for Ll-a.e. y € Lr, it holds Pj(y) = 1. In particular
Poy L' Ly = L' Py(Lr).

Therefore we can write the formula (3.12) in the following form:

/y pdyp = / / t 'Y d (8t<yt,'yz(t)7"7>) de,
Po(LT) OT)

=1+ (t —e)dyy,

lim
n—o0 y — yn
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where 7" denote the curve in K for which v*(0) = z: we already observed that it is
well-defined on a set whose complement is at most countable.

In the last part of this section we study the endpoints of the segments in C.
For every v € K, let

Ti(y) = inf {t : 3y € K, such that v # v,7/(t) = 'y(t)}.

Therefore, denoting by +* € K, the curve starting from x as in Remark 3.16, write

s=0\J=[J {tr"®):te 0TV [J {EA"®) ¢ € (0,T1(v)},

zeX1 z€Xo

where x € Xy if the infimum in the definition of T1(y”) is an actual minimum, and
x € X1 when it is not a minimum. Let X = X; U X3, and denote by

E:={(Ii(y"),7"(Ti(""))) : = € X1}

the set of endpoints of segments in C'\ J and let S = S\ E.
Iterating the argument above on a countable dense set of ¢ in RT, we obtain that

[ pdji = / / (1,7 (1)) A@u{te ey ).
S X (Ole(’yz))

It remains to analyze the dissipation on E. In [ | it is provided an example
for which £}(X1) > 0.

As in the previous argument, fix € > 0 and consider E. = {(t,x) € E : t > 2¢}.
Denote by P : E. — R the map that at each (¢, z) € E. assigns the unique y = v, (¢) € R
such that +,(t) = x and by Y, the image P(E.). Moreover we denote by D, C Y the
set of points ¥ of density 1 for £ Y. such that Vey = Oq(y) 1s a Lebesgue point of v..
We also introduce the function

¢ : E, — Graph(T1. X,) =: G, O(t,x) = (¢, P(t,x)).

We observe that @ is invertible and, since the segments -y, for y € Y. do not cross, it is
fairly easy to check that ®~! is L-Lipschitz.

We say that (¢,y) € G can be approximated from the right if there exists a sequence
(tn,yn) € G converging to (t,y) such that y, > y and ¢, > t + y, — y. Similarly we
say that (t,y) can be approximated from the left if there exists a sequence (¢,,y,) € G
converging to (¢,z) such that y, < y and t,, > t +y — y,. We denote by F' the set of
points of G which can be approximated from both sides. A standard argument proves
that R := G\ F is countably l-rectifiable and being ®~! Lipschitz, ®~!(R) is also
countably 1-rectifiable. See for example | , Chapter 2].

LEMMA 3.17. The image measure m := Pi(uLE.) is absolutely continuous with
respect to LY. Moreover

mLD. = 0.

PROOF. We consider separately pu.®!(F) and p.®~!(R): in the first case we take
advantage of the fact that these points can be approximated from both sides to repeat
the argument of the previous section including end-points, in the second case, being
®~1(R) rectifiable, we can use a blow-up technique.

Non-rectifiable part F'. Denote by m, the projection with respect to the y
variable and assume by contradiction that there exists A C my(F') such that m(A) > 0
and £!(A) = 0. Without loss of generality we can take A compact and T1LA continuous.

We first prove that

Ve AVe > 03y <g<yt iyt —y | <2e
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~
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~

G = Graph(T1.X,)

WA WY
g

Y.CR

FiGURE 3.3. The set of endpoints in the two coordinate systems.

and
Cyy+ (T1(g) + ) D Graph(TiL (AN (y~,y™)). (3.14)
Define the function
o) = A Tiw) sy e [F+LgInA} 1<,
max{Tl(y) cy €y, g+ ﬂA} 1>0.

The function w is upper semicontinuous, so that
g€ @ .9") == ([0, Ti(7) +e))

+ - ng ng S €,
€ (9,7 +elNTyH(Ti(@) + &, +00))  otherwise.

Define

The last set is nonempty by the assumption on F'. For y~ the definition is analogue
and this gives (3.14).
Being a fine cover, for every J > 0 there exists y; , yj for i =1,...,n such that

) Y Sy -y <6,
=1
Z 1D,Q|(y;,y") < 6 by Corollary 3.12,

U Cp i ( (T%) D Graph(T;LA), where T* = min(T} (7= ), Ta(7,+))-

Computmg the balance in each cylinder we get

1,00 () o )
[ amde = [ e+ TR0 - Q)
7, (0) 7, () ’

Yi

(€, (T9)

IN

IN

Cly —vi) +1DyQI(y;" — w7 )-
Summing in ¢ we get m(A) < (C' + 1) and, by arbitrariness of 6 > 0, this proves that
mumy(F) < L1

Moreover the same covering argument allows to repeat computations in Lemma 3.15

and this yields that the Radon-Nikodym derivative of m with respect to £! vanishes in
D..
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Rectifiable part R. The dissipation measure on ®~1(R) has the form . ® (R) =
gH'L®L(R) for some g € L®°(®~1(R), H!), being the divergence of an L vector field.
We consider a blow-up v of v at the points z € ®~!(R) such that z is a Lebesgue
point of g and the blow-up of ® !(R) at z is a straight line R*®. Since z ¢ J, there
exists I(z) € Ly such that suppv™> C I(z).

We consider two cases:

(1) the tangent to ®~!(R) at z has the same direction of (1, f'(1(2)));

(2) the tangent to ®~1(R) at z is (!, a?), not parallel to (1, f/(1(2))).
By Remark 3.8 it follows immediately that in the first case the dissipation 4> of ¥*° on
R is zero. In particular g(z) = 0 for H!-a.e. point in @ (R) such that the tangent
has direction (1, f’(I(2))). Denote the image of this set through ® by Rj. Then it
follows that

momy, (R)) = 0.

In the second case an easy computation shows that

9P (y)) 1
=D = [ py) - I ) P )]
in particular it is absolutely continuous.

To prove that m.D. = 0 we show that g(P~!(y)) = 0 for £!-almost every y € D..
Consider a blow-up v™ of v at a point z € ®71(R\ R)) as above with the additional
requirement that P(z) € D.. By the dissipation formula (3.12) and the definition of
D., it follows that v*° is a mv entropy solution on the plane with v*° = 5 for some
constant % on the half-plane o?(2)t — a!(z)z < 0, where the sign of a has been chosen
so that

2(2) > f(I(2))al(2). (3.15)
The dissipation on R = {t, f'(I(2))t}icr is given by
a?(2)((vF,m) —n(@) — o' (2) (", q) — q(a)), (3.16)

where vt is the trace on R® of v* from the half-plane o!(z)t + a?(2)z > 0. Since
suppvt C I(z), imposing that the dissipation (3.16) is nonpositive for every entropy-
entropy flux pair (7, ¢), by the condition (3.18) it follows that v+ = §;. In particular
the dissipation on R*> is 0 and this concludes the proof. O

For every nontrivial I € L¢ and t > 0 let L(t,I) be the set of points x € R for
which (¢,z) is a Lebesgue point for v, suppv;, C I and v, is not a Dirac delta. By
the previous analysis it follows that for every nontrivial I € Ly, there exists

L(0,1) := lim L(t,I) in L'

Denote by L(0) the union of L(0,I) for I € L nontrivial and let D(0) =R\ L(0).
In the following statement we summarize the results on concentration of entropy
dissipation obtained in this section.

THEOREM 3.18. Let v be a muv entropy solution with a complete family of bound-
aries. Then for every entropy-entropy flur pair (n,q) the dissipation measure p =
(v,m)¢ + (v, @)z can be decomposed as pv = pgig + fjump where

(1) pjump is concentrated on J,
(2) the image Poypgig < L' and Pogpai (D(0)) = 0.

REMARK 3.19. If v is a Dirac entropy solution then D(0) = R therefore Theorem
1 immediately follows from this result.
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3.3. Initial data

We show that a mv entropy solution endowed with a compete family of boundaries
assumes the initial datum in a strong sense. The fact that the solution has a complete
family of boundaries is used in the following lemma.

LEMMA 3.20. Let v be a constant Young measure on R and let v be a mv entropy
solution with a complete family of boundaries on RT x R such that for all entropy-
entropy flux pairs (n,q) and ¢ € C°([0,400) x R)

/ (v, mypr + (v, q)pr) dadt + / (7,m¢(0,z)dz = 0.
R+ xR R

Then suppv C I for some I € Ly and vy, = U for L?-a.e. (t,x) € RT x R.

PROOF. Since there is no dissipation, for every (v, w) € K, for every t € (0,7(y,w))
we have u € I~ = It, where I are given by Proposition 3.5. In particular v has
constant speed f/(u) in (0,T(y,w)) and (v, f’) is continuous in RT x R.

We claim that every v € K has constant speed in (0,400). Fix a positive time T
and for each = € R let (v,,w;) € K be such that v,(T) = z and T(y;,w;) > T. The
velocity 4, is continuous in z thanks to (2.10), therefore for every ¢t € (0,7') we have

U ’Vaﬁ(t) =R.

zeR

By arbitrariness of T' we have the claim.

By the dissipation formula (3.12) we know that v is constant on each straight line
and therefore the initial condition implies that 14, = ¥ for £L%-a.e. (t,r) € RT x R. In
particular the curves v € K, are parallel. O

LEMMA 3.21. Let v be a mv entropy solution with a complete family of boundaries.
For L'-a.e. © € R the blow-up of v about (0, x) is the constant Young measure v, where
u(}fx = 1 is the Lebesque value of the trace v .

PROOF. We first observe that for £L'-a.e. x € R the blow-up at (0,2) is a mv
entropy solution with a complete family of boundaries which does not dissipate any
entropy: in fact with a standard application of Vitali covering theorem it is possible to
prove that for £L'-a.e. x € R

o #Boa(&) 0 {2 > 0})

e—0 g

—0 (3.17)

and this implies the claim.

Consider a point z € R such that (5.31) holds and = is a Lebesgue point of the
trace 1/8'_ with value . With the notation introduced in Definition 1.35, for every
entropy-entropy flux pair (7, ¢) and every test function ¢ € C2°([0, +o0) x R),

[ @ e 0 ) dodt+ [ G5 ae0ado= [ gy,
Rt xR R Rt xR
Passing to the limit as ¢ — 0 we get
/ (0, mer + (V0 @) pa) dfﬁdt+/<17,n>s0(0,x)dw =0.
R+ xR R
By Lemma 3.20 this concludes the proof. O

Let ? be a bounded distance on P([—M, M]) which induces the weak topology, for
example the Wasserstein distance Ws.
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LEMMA 3.22. The initial datum is assumed in the following sense: for every L > 0

TI“IE%)T/ / Vtx,yoxda:dt—o
Jr

where vy, is the trace at t =0 of v.

PRrROOF. By Lemma 3.21 and Egorov theorem, for every ¢ > 0 there exists A. C
[~L, L] and 7 > 0 such that £L}([~L, L]\ A.) < ¢ and for all z € A, r € (0,7),

1 T+
/ -+ + /
27“2/ /$ ) (Vears vy, F)dadt < e and 2"”/z—r (Vg s Vg, )da’ <e.

It is easy to see that for every r € (0,7) it is possible to choose x; < ... < zxy in A
such that every x € [—L, L] belongs to at most two of the intervals (z; — r,x; + r) and

L ([—L, L \izul(x@- —r @ + 7“)) <e.

Therefore

1 r L 1 r
/ / O(Vm,uarx)dxdt / / D(Vtz,yom)dx—i—/ D(l/m,l/aLx)d:): dt
”Jo J-L ' ™ Jo [-L,L)\A- ’

z+'r'
SZ/ / Vtx,VOI)"‘a(VOx,VOx)]dl‘dt
+MLY[-L, L)\ A.)
< 8Le + Mze,
where M is the supremum of d in P([—M, M])?, and this concludes the proof. O

REMARK 3.23. The lemma above implies that there exists a sequence ¢, — 0 such

that for every L > 0
L

lim (vt 2y vy, )dx = 0.
n—oo [_p )

In particular we can deduce from Proposition 3.3 that for £L'-a.e. x € R there exists
I € L such that

supp Vaf . C1
and, if v is a Dirac entropy solution, then

Y0 = Oug ()

for some ug € L™ and v represents the unique entropy solution of (1.9) with initial
datum wuyg.

Now we are ready to prove Theorem 3.

PROPOSITION 3.24. Let v a mv solution with a complete family of boundaries. Then

for every L > 0
L
li ) dr =0
i | 20, V) do =0,

where vy, = v\, is continuous from the right.

s T

PROOF. We use the same notation introduced at the end of the previous section.
We prove separately the convergence in L = L(0) N [-L, L] and D = D(0) N [-L, L].
For every nontrivial I € Ly, for L1-a.e. € L(0,I) there exists the limit

+
vy =limv
0,0 = MR Viay (D
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because by entropy dissipation the function ¢ — vy ;4 (1) is BVy for Ll-ae. z € L(0,1)
when tested with C? functions. Since translations are continuous in L' it follows that
li 0 o )dr = 0.

tE)I(l) i (Vt,way()@') €L
Hence it remains to prove the convergence on D(0). It is sufficient to prove the claim
with 0 equal to the Wasserstein distance. For every x € D(0), let VJ: 2 = Oug(x) and
consider a sequence t,, — 0. We already know that 14, — g in the sense of Young
measures by Proposition 1.25: in particular this implies

lim [ ((w—wup(x))? 1,0 )de = lim (/D<w2,ytn,x>dx+/]jug(:c)dm

n—oo D n—oo

_Q/DUO(x)<antn,x>d$)
=0

and this concludes the proof. O
We conclude with the case of Dirac solutions.

COROLLARY 3.25. Suppose that u is an entropy solution of (1.14) in the open set
R* xR and suppose that the initial datum is attained weakly* in L>°: for every sequence
t, — 0t

u(ty) = uy w" — L.
Then the initial datum is attained in a strong sense: for every sequence t, — 07

u(ty) = up s— Llloc.

Proor. By Remark 3.23 it is sufficient to show that v has a complete family of
boundaries. In order to prove it, we construct a sequence of entropy solutions that
converges to the Dirac solution J, in the sense of Young measures.

Assume for simplicity u compactly supported. Observe that since [u(t)||z2) is
non increasing with respect to ¢t and u : Rt — L!(R) is weakly continuous, u can have
at most countably many discontinuity points with respect the strong topology s — L.
Consider the entropy solutions u, with initial datum wu(t,) for a sequence t, — 0 of
strong continuity points of u. Then by Kruzkov theorem, u,(t) = u(t + t,) and in
particular this implies that u : (0, +00) — L!(R) is strongly continuous and it has a
complete family of boundaries. Therefore by Proposition 3.24, d,, — J,, in the sense
of Young measures and this concludes the proof. ([l

3.4. Lagrangian representation revisited

In this section we introduce a notion of Lagrangian representation for L°°-entropy
solutions, completing the discussion in Section 2.1, and we provide some additional
properties in the case of piecewise monotone solutions.

3.4.1. Lagrangian representation. Here we deduce the existence of a suitable
notion of Lagrangian representation for a mv entropy solution with a complete family
of boundaries, and in particular we obtain Theorem 4.

PROPOSITION 3.26. Let v be a mv entropy solution with a complete family of bound-
aries. Then there exists a couple of functions (X,u) such that
(1) X : [0,+00) x R — R is continuous, t — X(t,y) is Lipschitz for every y and

y — X(t,y) is non-decreasing for every t;
(2) ue L*(R);
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(3) there exists a representative of v such that for every (t,x) € RT x R\ J
(U2, 1) =1, whereu= u(X(t)fl(az));

(4) the flow X satisfies the characteristic equation: for every y € R for L'-a.e.
t > 0 it holds
F1U) L =1,
DiX(t,y) = q W' f) = (v . f) . -
: : LM #17,
-y TP
where Iti € Ly contains the support of the trace vt at the point (t,X(t,y))
from the left and the right of X(-,y) (see Remark 3.8).

PROOF. Since K, is a closed monotone family of Lipschitz curves that covers the
whole R x R, there exists a function X as in the statement such that for every v € IC,
there exists a unique y € R for which ~,(t) = X(¢,y) in (0, +00). So we only need to
check that (v ., ), 1) is constant for ¢ such that (,7,(t)) € R* x R\ J. Denote this
set of times by T,.

Since (7vy, (V4,4, (1), 1)) is an admissible boundary in (0,¢) for every t € T, we have
that there exists I, € £ such that <1/t77y(t), I) € I, for every t € T;. This in particular
implies the claim for all y such that I, = {u} for some u € R, therefore it suffices to
consider the set where v takes values in a linearly degenerate component of the flux.
In this case Lemma 3.13 implies that the claim is true in (0,71(7,)) and from Remark
3.9 it follows that (¢,7,(t)) € J for every t > Ti (). O

3.4.2. Lagrangian representation for piecewise monotone solutions. In
this Section we refine the presentation given in Section 2.1, after the analysis done in
this chapter. The main improvement is that if the initial datum is continuous we can
parametrize the Lagrangian representation with X(0) = I, and therefore u = uy and
this follows from Remark 3.9.

PROPOSITION 3.27. Let ug € X (defined in Section 1.1.2) be continuous and let u
be the entropy solution of (1). Then there exists a Lagrangian representation (X,u) of
u as above and such that

X(0) =1, and u = ug.
Moreover there exists a set Q' C (0,400) at most countable and a function T : R —
[0,4+00) (which we call existence time function) such that
(1) for every t € [0, +00),

{(z,w) s w € [scTult, ), ult, 2)]}  {(X(£,9), uo(y)) : T(y) =t}

(2) for every t € [0,+00) \ Q" and for every (z,w) € R? such that u(t) is contin-
wous at x and u(t,x) = w, or w € (sc”u(t,z),u(t,x)), there exists a unique
y(t,z,w) € R such that

T(y(t,z,w)) > t, X(t,y(t,z,w)) =z, and up(y(t,z,w)) =w.

Moreover, if u(t,z—) < u(t,x+) the function w — y(t,x,w) is increasing in
(u(t,z—),u(t,z+)) and if u(t,z+) < u(t,xz—) the function w — y(t,x,w) is
decreasing in (u(t,z+),u(t,z—));

(3) for every y € R the pair (X(-,y),uo(y)) is an admissible boundary of u in
[0, T(y)]-

Moreover there exists a piecewise constant sign function S : R — {—1,0, 1} such that
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(4) for every t € [0,7(5)] \ @',
sSw) =1 = (uoly) S ult.X(ty)+) or uoly) > ult,X(ty)-)),

(w0(y) < ult.X(t.y)=) or woly) = u(t.X(t,y)+)):
(5) if yi,y2 € {y : T(y) > T} with y1 < y2 and there exists t € [0,T) such

that X(t,y1) = X(t,y2), then u is strictly monotone in (X(T,y1),X(T,y2)) and
fowu(T) is strictly increasing in (X(T,y1),X(T,y2)).

(3.18)
S(y) =-1 =

PRrROOF. We only sketch this proof since all the properties we need habe already
been presented. From the analysis in Section 2.1 and the argument in Proposition 3.27,
the only things that we need to prove is that we can choose the parametrization such
that X(0) = I (and therefore u = wug) and the uniqueness property in Point (2). Both
follow from Remark 3.9: more in details first we consider that parametrization with the
appropriate change of variables, then we have to redefine T so that Point (2) holds and
the other properties are preserved. In this proof we write T to refer to the existence
function given in Section 2.1 and to T for the one we introduce now and such that
satisfies the properties above. The set @’ is the set of times ¢ such that a nontrivial
interval of waves are canceled at time t, therefore it is at most countable. By Remark
3.9, there exist no y; < y2 and 0 < t; < tg, such that ug(y1) = uo(y2), X(t1,y1) =
X(t1,v2), X(t2,y1) < X(t2,y2) and T(y1), T(y2) > to, therefore at every cancellation point
(t,z), it suffices to choose a unique y for each value w € (sc™u(t,x),u(t,z)) for which
T(y) > t such that the monotonicity property in Point (2) is satisfied. O

3.5. Examples

We present three examples in this section: the first is about the possibility of
reconstructing the initial datum tracing back the value of the solution on characteristics,
and the other two examples show that in general f’ ou ¢ BVio.(R'T x R).

3.5.1. Example 1. Consider an entropy solution u of (1.9). Observe that at time
0 there is a set Jo C R at most countable such that every point of Jy is the starting
point of two different curves. For every = € R\ Jy denote by y, = X(0)~!(z). In Section
3.1 we saw that every (¢t,z) € RT x R either belongs to a segment starting from 0 or the
rectifiable set J or a domain of a Riemann problem with two boundaries. Nevertheless
it is in general not true that for £!-a.e. x € R there exists ¢, > 0 such that 9,X(t,y,)
is constant in (0,¢,;). In particular it is not true that for £!-a.e. z € R the value ug()
is transported along a characteristic for a positive time.

The example is the entropy solution u of Burgers’ equation

u?
we (),

where the initial datum is the characteristic function of a Cantor set C of positive
measure, and for every ¢ > 0 the level set {u(t) = 1} has Lebesgue measure 0.
It is well-known that the function

Ult,z) = / ult, 2)dz

—00

is the viscosity solution of the Hamilton-Jacobi equation

Uz \?
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In particular U can be obtained by Lax formula:

z— ul2
U@#@"%&E{L“Qy)+ 2;” }. (3.19)

We provide an example of C such that for £1-a.e. y € C there are no (t,r) € R x R
such that y is the minimizer in (3.19).

Claim. Let y be a point of density one for C. If there exists (t,7) € RT x R such
that y is a minimizer in (3.19), then for every 6 > 0,

1 [yto L
Proof of the claim. Let 8 € R, by minimality
|z =yl |z —y — 0
M Il < = J 71
U0,y + I U0y + ) +

therefore

oy =P P @-yp ¢
2t 2t t 2t

Since (4.48) holds for every 6 positive and negative and U(0) has derivative equal to 1

at y we get

U(O7y) - U(()?y + H) <

(3.21)

=1, r=1y+t.
We get (3.20) from (4.48) observing that

y+0
/ oo (2)dz = U(0,y) — U(0,y + 6) + 0.
Y

The last step is the construction of a Cantor set C' of positive measure such that for
every y € C

y+0
lim sup 2/ Xce(z)dz = 4o00.
90 0% ),

On the interval Cy = [0,2] consider the standard Cantor construction where Cp,

is obtained from C},_; removing the middle interval of size 37" in each connected
component of C,_1. Then
C=()Cn

neN
has Lebesgue measure equal to 1. Fix §y € C, for every n € N let vy, be the minimal
y > g such that y is the left endpoint of a connected component of C),. Since the length
of every connected component of C), is bounded by 271, by direct checking

1 Yn 3*”
R —— C d > .
(g — y)Z/y Xce(2)dz = (21 4 3-n)2 — +00

3.5.2. Example 2. Here we present an example of an L entropy solution u of
(1.9) such that f’ ou has no bounded variation locally in RT x R.

The building block. Consider a function g € C*°([—1, 1]) such that
) 9(-1)=0, 9¢(0)=3 g(1)=1
) g is convex in [—1,0] and concave in [0, 1];
) 9'(0) =
) all derlvatlves vanishes at the points —1 and 1;
)

(1

(2
(3
(4
(5) g — 5 is odd.
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(W)
a |
| L—a 2L U
L+a 2L + 2a
FIGURE 3.4. Flux f7,.
a
FIGURE 3.5. So-
lution to
up = 2Lx[0,q
with flux f;fL
t
f (U)W /Nl _______ . No | ||| N3
u
FiGure 3.6. Flux f.

FIGURE 3.7. Solution
with TV(f' o u) = +o0.

Let a, L > 0 and n € N be parameters such that 3a < L and consider the smooth flow
[ as in Figure 3.4:

ifu<L—a,
a”g(%) ifL—a<u<L+a,
forp(u)=<a" if L+a<u<2L,
atg (EFa=1) if 2L < u < 2L + 2a,
0 if u > 2L + 2a.
The initial datum is
up = 2LX0,4)

where d > 0 will be fixed below. For ¢ small the solution is obtained solving separately
the two Riemann problems (see Figure 3.5): the problem in 0 has a first shock [0, L — a]
of velocity 0, then a rarefaction from L — a to L — b for some b € (0,a) and a second
shock [L — b,2L]. Let
f2L) — f(L - b)

L+b
be equal to the velocity of the second shock in 0. Since b € (0,a) we have

a”  a”
de | ——,—|.
(L+a’L)

d:
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The solution of the second Riemann problem has the same structure. It follows that
there is a cancellation in (1,d) from which it starts the shock number 5 of Figure 3.5.
Let ¢1 be the time for which the shock 5 collides with the shock 4. Since the shock 4
has constant velocity equal to d and the shock 5 has velocity v(t) € (‘12;1, a1y, we

have
2a

L—2a
For every ¢ € (t1,2) the maximal velocity vmax(t) at time t is the velocity of charac-
teristics which enters in shock 6 at time ¢: in particular vgax(t)(t — 1) > d > &

t1 <1+

L+a-
Moreover observe that the solution u(t) has support contained in [0,3d] C [0, 34~ for
every t € [0,2]. The estimate on the total variation is

2 % 2 a” a” L —2a
D, f'(u(t dxdt > dt = 1 )
/1 /0 Do f (ult, z))|de _/HLQ%G L+a)t—-1)" L+a Og( 2 )

The point is that for ¢ < L in an interval of length of the order % the total
variation is of the order of “T" log (%)
The general case. Consider the flux (Figure 3.6)

f Z anLn*

Observe that if 4L, 1 < L, the supports of fa 1, are disjoint and f € C°(R). The
initial datum is obtained by placing side by side N; initial data of the form 2L; g 4,),
Nj initial data of the form 2Lgx|g 4,) and so on, see Figure 3.7.

The condition

L,

1

anti < T L Lp—1 (3.22)
n

guarantees that for every n the solution with initial datum 2L;x|o 4, with flux f is

the same as the solution with the same initial datum and flux f;‘n L,- In order to have
infinite total variation in an interval of finite length, it suffices to provide three sequences
(an)nen, (Ln)nen and (Np)nen such that (3.22) holds, 3a, < Ly, 4L,41 < Ly,

s ay, > an Ly, —2a,
Np,— d N, 1 = .
7; "I, < +o0 an ; "I +an og( % ) +o00

n

For example consider a,, =4~ ", L,, =3-47" and N,

3.5.3. Example 3. Here we provide an example similar to the one before: the
difference in this case is that the flux f has only one inflection point.
3.5.3.1. Building block. For every n € N let g, : [-1,1] — R be odd and such that

0 ifzxe(—1,—ap-1),

en ifx € (—ap—1,—2ay),
gn(‘r) = .

b, ifz e (—2an,—ay),

0 ifz € (—ap,0),
with

a1<§, an Zn:esn<1, Zn:bn<1
and let f :[~1,1] — R the unique continuous function for which for £!-almost every
€ [_17 1]

"(x) = gn(2), (3.23)
n=1
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f(w)

2ay, Gnp—1

FIGURE 3.8. The flux f in the interval [—ap—1, an—1].
t

7 OSSOSO
1+ At + A2

VAt Lo
1 |

4//5 x =3dy, + f'(an-1)t

dp, 3d, T

FIGURE 3.9. The solution u for ¢ € (0,2).

with f(0) =0 and f’(—1) = 0. We consider the solution u™ with initial datum

—a, ifx <0,
uy(z) =< a, ifxe(0,d,),
—a, ifzx>d,,

where d,, > 0 will be chosen.
The parameters €, a,, b, will be chosen in particular in such a way that

an < (—2a,)" < —|an—1|" < 2ap, (3.24)

where (—2a,)* denotes the conjugate point of —2a,, defined in Lemma 1.14. We assume
it at the moment and we describe the entropy solution (see Figure 3.8 and 3.9): for small
t > 0 the solution is obtained solving the two Riemann problems at x = 0 and x = d,,.
Being f odd, it suffices to discuss the Riemann problem at z = 0. The solution has a
strict rarefaction between the curves 1 and 2 with values —a,,—; and —2a,, respectively,
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then another rarefaction between the values —2a,, and a;_; and finally a left-contact
discontinuity 3 that travels with speed f/(a}_;). We set

dn = f'(a5, 1) = f'(an-1) (3.25)
so that the left-contact discontinuity starting from z = 0 interact with the rarefaction
starting from x = d, at time ¢ = 1. Then the left-contact discontinuity cancels the
rarefaction and increases its speed. In particular it interacts with the characteristic
with value as,, at time ¢t + At}L with

At}l < f'(2an) — JN(OLn—l)7
f'(ag 1) — 1'(2an)
indeed f'(2a,) — f'(an—1) is the distance of the two curves at time ¢t = 1 and f'(a)_;) —
f'(2a,) is smaller than the difference of their speeds. After time 1+ At! the left contact
discontinuity moves with speed bigger than f’(2a). Moreover by convexity of the curve
3, the distance between the curves 3 and 6 at time 1 + At} is less than d,,. Therefore,
recalling (3.25), curve 3 interacts with curve 6 at time 1+ Atl + At2 with

a2 < L850 = fan)

f((2an)*) = f'(a5,_y)

Finally observe that the speed of curve 6 decreases after the collision with curve 3, in
particular u(t,z) = —a,—_; for every

(t,z) € {(t,x) € (0,2) x R: 2z < f'(an—1)t or f'(an—1)t +3d, < x)}. (3.28)

Now we estimate TV f/ou™(t) for t € (1+ At + At2 2): given t as before, consider
the characteristic X(-,y;) entering in curve 6 from the left at time ¢. By monotonicity
of the flow, the distance at time 1 between the characteristic and curve 6 is at least
d,,. Moreover, since the speed of curve 6 for every t € (0,2) is bigger than f’(a,—1)
and since the characteristic is convex, the speed vmax(t) of the characteristic at time ¢
is such that

(3.26)

. (3.27)

d
t—1

Umax(t) = f'(an-1) >
Therefore, if we denote by
Ay ={t,2) e 1+ AL + A2 ) xR : f'(an_1)t <z < f'(an_1)t + 3d,},
it holds
SN2 [ s an)
This additional logarithm allows to conclude the example after choosing in an appro-
priate way the parameters a,,, €y, by,.

3.5.3.2. General example. In order to build the general counterexample, we consider
an initial datum of the following form:

2
(Umax(t) - f,(anfl)) dt > dy log <

oo Np

U0 = —X(=3||f"]lo,0) T Z Z (anfl)([:c’;,a:?—i-dn] - an71X(x?+dn,m?+3dn)) )

n=1i=1
where z}' is defined inductively by
x} =0,
i =x; +3d, forn>1i=1,...,N,—1,
it =2 +3d, forn > 1.
For every n >1and ¢ =1,..., N, — 1, denote by
Si={(t,z) € (0,2) x R: 2l + f'(an—1)t <z < 2] + f'(an—1)t + 3d,}.



836 STRUCTURE OF L*°-ENTROPY SOLUTIONS TO SCALAR CONSERVATION LAWS IN ONE SPACE DIMENSION

By (3.28), for every (t,x) € S7",
u(t,z) = u"(t,x — x),
where u" is the solution described in the previous step. Therefore
> 1
1D(f o w)|((1,2) xR) > ) Nydy log (w) .

n=1

In order to have ug with bounded support, we need

> Nudy < 400 (3.29)

n=1

and finally, choosing ¢, b, < a]! we have that f®(0) = 0 for every p > 2. Therefore
we conclude by proving that there exists €,, an, b, > 0 such that

Enybn < ar, an, < 2a,|" < |ap—1|" < 2an,
oo o 1
> Nudy < +00, > Npdylog <w> = 400,
n=1 n=1

where we recall that d,, is defined by (3.25). In particular we need to estimate from
above Atl and At2. By (3.26), (3.27) and (3.23),

bn(2an - |an—1|*) + En(an—l - 2an)
bn(lan—1]* — [(2an)*[)

en(an—1 — 2ay,)
b (2an, — |an—1*)

Atl < and  A#2 <

(3.30)
We estimate now |(2a,)*| and |a,—1|*. Imposing |(2a,)*| = (1 + an)a, for some a,, €
(0,1) we get by definition of |(2ay,)*|,

(14 a)a)((B+ a)ay) = fF(1+ a)ay) + f(2a,). (3.31)
Let hy, := f(an) — f'(an)an; by elementary computations

€

hy, = Z A, where A; := 5(%2,1 —4a?) + ~a?b;.

i=n+1
Using this notation, (3.31) is equivalent to
(oz,% + 6ay, — l)aibn + 2h,, = 0.
If we denote by « the positive root of & +6a — 1 = 0, i.e. a = /10 — 3, we have that

hy,
an =a+r < > , (3.32)

a2by,

and r!(s) — 0 as s — 0. Similarly we impose |a,_1|* = (2 — 8,)a, and we get

2 el — 9 n 2
% — (2 + Rn)ﬁn + 1:| aibn = 2hn - En(a12a)v
where R,, = aZ—;l Therefore
_ag 3 an 9 (En+ hy
b= <an_1> +r ( o ) , (3.33)

with 72(s) — 0 as s — 0 and 73 (s) = O(s?) as s — 0.
Let us take now b,, = a] for every n > 1. Therefore if

an-—1

an < =3

and ep41 < €n,
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Anfl
2

then A,, < , so that hy, < 2A,,41. Therefore (3.32) reduces to

Enit an+3
an = a + 7p <azi2> +72 agj; (3.34)
n

n

and (3.33) reduces to

a 3(_ @ 4 € 5 (anii
n n ~ n ~ n
= . 3.35
b an—1 r <an—1> T (aﬁ“) T ap™? (3.35)
Fix ¢’ € (0,/2). We choose the parameters a,, and &,. By definition ag = 1; let

a1 € (0,1/3) such that |73(a1)| < €’a1/3. The existence is granted by the fact that
r3(s) = O(s?) as s — 0. Moreover let £1 € (0,1/2) be such that

/ /
-1 ( €1 9 4 [ €1 gal
"ml=) <= and =] < —.
o) <5 ) <5

4 =5

Inductively, since for every n > 1 the remainders 7., 72, 7+ 7> are infinitesimal at 0 and

73(s) = O(s?) as s — 0, it is possible to choose a,, and &, (for every n first choose a,

then e,) such that for every n > 1,

(1)

[e.e] oo
Z€n<1, Za2<1, en < ay),
n=1 n=1

/ n+3
7l En+1 < & 72 Apy1
a2 Sz [

n

3 ( Qn ; Qn 4( &n ; Qn 5 ani? ; On
P < ;T N < ;
' (an—l)’ " 34, n< ﬁ”)‘ “Bapy |\ ant? " B4,
(4)
an
log < ) > n; (3.36)
an+41
(5)
an+2
log <"> > n; (3.37)
En

Conditions (1), (2) and (3) implies in particular that all the assumptions we made in
the previous parts (in particular (3.24)) are satisfied. Condition (4) and (5) will be
useful in a moment.

With this choice, by (3.30) we have that

En En
At < <
" artip, aﬁ“(l — 6/)’
and
AR < Bral™t + e, < On-1 €n
n — n+l — n+1’
an (1 —ap — Br) can, cay

where ¢ > 0 is a constant such that 1 — «,, — 8, > ¢. Such a constant exists by (3.34),
(3.35) and the choice of the parameters. Therefore by (3.36) and (3.37), there exists

¢ > 0 such that
1 -
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=3.fl oo di 3dy

FIGURE 3.10. The solution u for ¢ € (0,2).

Choosing finally

1
%=z
we have that - o
N,d, ~ — < +00
and by (3.38),
iNndn log <1) > i 1 = +o00.
— Ath + A2 )~ —mn

This concludes the analysis of this example.



CHAPTER 4

Regularity estimates for scalar conservation laws in one
space dimension

ABSTRACT. In this chapter we present the regularity estimates of the entropy solution
u to (1) obtained in [ ]. In Section 4.1 we bound the oscillation of w in the region
delimited by two characteristics with the same value, in terms of the nonlinearity of
the flux f and the distance between the two characteristics. In Section 4.2 we deduce
an a priori estimate of ®-TV(u(t)), where ® depends on the nonlinearity of f. In
Section 4.3 we prove that, under polynomial degeneracy of the flux f, the velocity
f'ou(t) € BVioe(R) and in Section 4.4 we deduce the optimal regularity of u in terms
of fractional BV spaces. In Section 4.5, we prove that under polynomial degeneracy
assumption, the BV, regularity of f’ o u can be improved to SBV .. regularity and
finally in Section 4.6 we provide some examples regarding the previous estimates and
some related problems.

4.1. Length estimate

In this section we only assume that the flux f is smooth. We quantify the non-
linearity of f between two values w; < ws by considering twice the C° distance of
frwi, wa] from the set of affine functions on [wq, wa):

0(w1, w2) := min max w) — f(w) = Mw —w')). 4.1
(wiows) = min e (F(w) = f() = Mo = ) (1)

In the statement and in the proof of the following theorem, we will refer to the
objects introduced in Proposition 3.27: X is the flow of the Lagrangian representation
of the entropy solution u to (1) with up € X and continuous, T denotes the existence
time function and S denotes the sign function. We recall that the set X has been
introduced in Section 1.1.2.

THEOREM 4.1. Let T > 0 and u,X,T be as above. Let y; < y, such that
uo(y) = uo(yr) =w, T(y) =T, T(y) =T,

and let
s = max{y, — y,, X(T, y,) — X(T,y1)}.
Then 251 uo|
s|lu
D(wmawM) > %7
where

[wm,wM] = {UJ cdy € [ylayr} (UO(y) = waT(y) > T)} :

REMARK 4.2. The set [wy,, wys] contains the closure of the convex hull of the image
u(t, (X(T,y;),X(T,y,))) and the inclusion may be strict.

PROOF. Observe that by Proposition 1.36, we can assume that 7" > 0 is such that
each discontinuity of u(7") satisfies the chord admissibility condition. The general case
follows considering the same y; and y, for a sequence of time 7,, — T~ for which the
chord admissibility condition is satisfied.

Fix € > 0 and let
\— X(T,y1) — X(0,y)
T .

59
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By Proposition 3.27 it immediately follows that for every ¢ > 0 the solution u(t) is
piecewise monotone. In particular we can choose wi,ws € [wy,, wys] different from w
such that
(wm, war) — € < flwz) — fwr) — A(wz — w1)

and such that wy, wy are not local maximum or minimum values of u(7"). We consider
the case wy < wa, being the opposite case analogous. Since ug(y;) = uo(y,) there exists
Y1 € [yi, yr] such that up(y1) = wi, S(y1) = 1 and T(y;) > T and similarly y2 € [y;, yr]
such that ug(y2) = we, S(y2) = —1 and T(y2) > T.

The proof in the two cases y; < y2 and y2 < y; differs only in some sign, therefore
we only consider the case y; < y2. Let w € R be such that w is not a value of local
minimum or local maximum for uy. Let ¢ € [0,7] and compute

m(ta w) = ‘Cl({x : U(t, l’) > w} N [X(t7 y1)7 X(t, yZ)])
By Proposition 3.27, there exist 41 < ... < ysx such that
k

{z:sc”u(t,z) >w} = U(X(t,§2i—1)7x(t7?§2i))-

i=1
Let us consider
I* =yl NSTHL), T = [y, ya) NS (=),
and let

tw)= D OX(ty).
yEIiﬂugl(w)

For every w the function m(¢, w) is Lipschitz with respect to ¢ because the characteristics
are Lipschitz and for Ll-a.e. t € (0,7T)

atm(ta w) = )‘_(tv w) —AF (tv w) - atx(t> yl)X[O,wl)(w) + atx(ta yQ)X[O,wz)(w)a

where xg denotes the characteristic function of the set F.
Fix w € [0, ||ug||co] which is not an extremal value; integrating with respect to ¢ we
get

T
m(T,w) —m(0,w) = /0 Oym(t, w)dt
T

= /0 ()‘7 (ta ’Uj) - >‘+ (t’ w))dt - AXlX[O,wl)(w) + AX?X[O,MQ)(w)a
where for i = 1,2
AX; = X(T, yi) — X(0, yi)-
Integrating with respect to w € [0, |Jug||oo], We get

lluolloo l[uolloo
/0 (m(T,w) —m(0,w))dw = / / — AT (t,w))dtdw (4.2)

+ AXowg — AXjwy.
Now consider a fixed time ¢ € [0, 7]. We claim that

lluoll oo
- /O (A (tw) — N (tw))dw > Flws) — flwn). (4.3)

This follows by the fact that S(y1) = 1 and S(y2) = —1. See Figure 4.1 and Figure 4.2
to get a graphic intuition of the proof. The solution u at time ¢ is piecewise monotone so
denote by =1 < ... < xj the local minimum and maximum points of u(¢) in the interval
(X(t,y1),X(t,y2)). For every i = 1,...,k set a; = u(t,x;) and let ag = u(t, X(¢t,y1)+),
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/ Wy, W w1 w2 WM w

FIGURE 4.1. The flow f and the secant denoting the shock at the point
X(t,y2). The difference zo — z1 is equal to the Lh.s. in (4.3); since
S(y2) = —1 the secant passes above the graph of f, and similarly if there
is a shock in X(¢,y1) it passes below. Therefore f(wq) — f(w1) < 20 — 23
and this is (4.3).

ak+1 = u(t,X(t,y2)—). Since S(y1) = 1, by (3.18), it holds a; > w; and similarly
ap+1 < wy. Therefore

_ / o () — A (1)
0

a7,+1

= (ao — wl)atx t y1 + Z/ (ak+1 — wg)ﬁtx(t,yg)

7

= (ap —w1)0X(t,y1) — flao) + flakt1) — (a1 — w2)OX(t, y2).

By the chord admissibility condition condition and the characteristic equation,

(a0 —w1)OX(t,y1) — flao) > —f(w1) and  f(akt1) — (art1 — w2)0X(t, y2) > f(w2),

therefore we get (4.3).
Integrating this relation with respect to ¢ we get

T prlluolloo
- /0 /0 O\ (b w) = N (bw))dwdt > T(f(ws) — flwn)).  (44)

Comparing (4.2) and (4.4):
T (wm, war) — ) < T(f(w2) = f(w1)) = TA(wz — w1)

B /OT /0||u0”oo()\(ta w) — AT (t,w))dwdt — TA(wgy — wy)

IN

ol
_ /0 (m(T, w) — m(0, w))dw + (AXs — AXy )uwr

+ (AX2 — )\T) (’wg — wl)
< sl|luglloo + swi + s(we — w1)
< 28||ug ]| co-

Letting ¢ — 0 we conclude the proof. O
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u(t, x)

T3 T4 T X(t,yr)

x(tayQ)

FIGURE 4.2. The graph of the solution wu(t) corresponding to the ar-
gument in Figure 4.1 with the notation used in the proof of Theorem
4.1.

4.2. BV? regularity of the solution

In this section we obtain the regularity of the entropy solution in terms of BV®
spaces by means of Theorem 4.1. The definition of & depends on the nonlinearity of
f. In particular we assume in this section that f is weakly genuinely nonlinear (see
Definition 1.12).

We also define ? : Rt — [0, +00) by

o(h) = inf d(a,a+ h), (4.5)
a€Rt
where 0(a, a+h) is defined in (4.1). This quantity quantifies the nonlinearity of the flux
f. Since we consider bounded nonnegative solutions, the inf in (4.5) can be computed
only on [0, ||u||cc — h]; in that case it is a minimum and d(h) > 0 for every h > 0 if and
only if fL[0, ||uo||lec] is weakly genuinely nonlinear.
Given a sequence (hy)nen with by, > 0 for every n € N and h > 0, let

N(h) == #{n: hy > h}.

LEMMA 4.3. Let ® : [0,4+00) — [0,+00) be a convexr function with ®(0) = 0 and
® > 0 in (0,+00) such that for every h >0

1
N(h) < ——. 4.
) < 50 (46)
Then, if we denote by h := max,, hy, for every e > 0,
_ 2¢ x
;) < h® = — ) z°. .
Z U (h;) <h 51 where V. (z) =2 (2) x (4.7)

REMARK 4.4. In the case with £ = 0 you only get a weak ¢ estimate of the sequence
U_(h;). Observe also that, by (4.6), h < ®~1(1).

PROOF. Since . is increasing, for every n € N,

N (2’11) be (h) > 3 (i),

i€ln
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where I,, denotes the set of indexes i for which h; € (27""'h,27"h). Finally
n—13 n Ve (27 h 3 1\" e 2
Ei:% <ZN2 R)-(27"h) Z PEREYS ff%:(%_) =h—

This concludes the proof of the lemma. [l

We want to apply the lemma above to the height of the undulations of the entropy
solution u. The existence of such a function ® is proved in the following lemma as a
corollary of Theorem 4.1 in the case of weakly genuinely nonlinear fluxes.

LEMMA 4.5. Let u be the entropy solution of (1) with ug € X and let t > 0. Then
the number N(u(t),h) of undulations of u(t) of height strictly bigger than h > 0 is
bounded by

1 !
N(u(t),h) < 4HUOHOO<£ (Convt;sglhp)puo)) + Hf HOOt)

Proor. The idea of the proof is the following: the measure of the support of
an undulation of height bigger than h is bounded from below by Theorem 4.1. The
inequality we want to prove states that the number of such undulations is bounded by
the measure of the support of u divided by the space occupied by each of them. Actually
the supports of the undulations are not disjoint in general and the proof consists in
finding pairwise disjoint subsets of them with the appropriate measure.

Denote for brevity by N = N(u(t),h) and up to rearrangements we can assume
that for ¢+ = 1,..., N the undulations u; are the ones with height strictly bigger than
h, let moreover

Z; = minarg max u; = min{x : u;(r) = maxu;}

and let

a; =sup{z < z; : u(z) <u(t,z;) —h}, b =inf{e >z u(z) <u(t,z;) — h}.
It may happen a; = Z; or b; = Z;, but it holds a; < b;. Moreover, since h; > h, it holds

(@i, b)) C supp u;. (4.8)

We claim that the intervals ([a;, b;])YY; are pairwise disjoint. Consider two undu-
lations u; # w; with 4,5 = 1,... N. If suppw; N suppu; has empty interior, then by
(4.8),

(ai, bi) N (a5, b5) = 0.

Suppose instead that u; is a descendant of u; and assume without loss of generality

that ; < ;. Then by point (3) in Proposition 1.4, u(t,z;) > u(t, ), therefore

scu(t,bj) <wu(t,z;) —h <wu(t,z;) —h

and since b; < Z;, by definition of a;, it holds b; < a;. This proves that the intervals
((as,b;))X, are pairwise disjoint. Finally we check that there exist no i # j such that
a; = b;. In fact notice that by definition of a; the function u(t) cannot have a decreasing
jump at a; and similarly it cannot have an increasing jump at b;. In particular if a; = b;,
it must be a point of continuity of u(¢) and therefore u(t, a;) = u(t, z;) —h = u(t, z;) —h.
In particular by definition of a; and b; it holds u(t, x) > u(t, z;) —h for every x € (Z;, Z;)
and this is in contradiction with the fact that both the undulations u; and u; have height
strictly bigger than h.
By Proposition 3.27, for every i = 1,..., N there exists y;7 € R such that

X(t,y; ) =ai, woly;)=u"(t,7;)) —h and T(y; ) >t
Similarly there exists y;r € R such that
X(t,y) =bi, wolyf) =u®(t,7;) —h and T(y7) >t
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For every i =,..., N apply Theorem 4.1 with y; =y, and y, = y:r . Letting

Si = ma'X{y;r - yZ_,X(t, yj_) - X(ta yz_)}a

it holds
to(h)

S; > .
"7 2fuolloo

(4.9)

Since the intervals ([a;, b;])i=1,.. n are pairwise disjoint, the same holds for the
intervals ((y; ,y;"))iz1,..~ and for ((X(t,y; ), X(t,y;")))i=1,..~ by monotonicity of the
flow X.

Moreover, by finite speed of propagation,

L (conv(suppu(t))) < L (conv(suppug)) + 2|/ ||l sot, (4.10)
therefore, from (4.9), (4.10) and the fact that we have disjoint intervals, it follows that

to(h
N(u(t),h) o(h) <Y s < 2(L' (conv(suppug)) + [|f [lot),
uolle = 2
and this concludes the proof. ]

The main result of this section is the following:

THEOREM 4.6. Let ug € L°(R) be nonnegative and with compact support, and let
u be the entropy solution of (1). Let ® be the convex envelope of 0, i.e. denote by

G ={¢:[0,400) = [0,400] convex : ©(0) =0 and p(h) <o(h)}
and let ® = sup,cg p. Then there exists a constant C' > 0 depending only on |[uol|oo,
L (conv(suppug)), and ||f'||ec such that for every t > 0 and every € > 0 it holds
1 2¢
where Y. is defined in (4.7).

PROOF. Let ug € L*°(R) be nonnegative and with compact support. Since X is
dense in the space of nonnegative L*° functions with compact support with respect to
the L!-topology, there exists a sequence (uf)nen in X such that u) — ug strongly in
L'(R). Moreover we can also assume that for every n € N

(1) uf is continuous;
(2) it holds

conv(supp ug) C conv(supp u);
(3) lluglloe < lluolloc-

By Lemma 4.5 and the choice of the approximation, there exists a constant C’ > 0
such that for every n € N and for every h > 0

1\ 1
N(u" <C(1+4-)— 4.11
wm < (141) 5o (111)
therefore
N (u(t))
VTV () <2 ) T (hy)
=1

1 28
< Clulle (1+7)

2¢ —1’

where the first inequality holds by Lemma 1.8 and the second one holds by (4.11) and
Lemma 4.3. Finally, setting C' = C’||ug]|co, the result follows by lower semicontinuity
of the W_-total variation with respect to L' convergence. ]
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REMARK 4.7. We give some comment on the previous result:

(1) the regularity of u depends crucially on the nonlinearity of f. Such dependence
is encoded here in the condition ®(h) <d(h).

(2) the upper bound for TVY: blows up as t — 0, as we expect for L™ entropy
solutions;

(3) in the case of f of polynomial degeneracy p € N (see Definition 1.13), it is not
hard to prove that there exists ¢ > 0 such that for every h > 0

o(h) > ch?tL.
Therefore, by Theorem 4.6, we get that for every ¢ > 0,
u(t) € BV#1#: (R).

Relying on the BV regularity of f’ou(t) (Section 4.3), we will prove in Section
4.4 that in this case the regularity of u(¢) can be improved to

u(t) € BV (R).

However in Section 4.6, we prove that in general, even if f is weakly genuinely
nonlinear, f’ou(t) ¢ BViec(R).

4.3. BV regularity of f'ou

In this section we prove that if the flux f has finitely many inflection points of
polynomial degeneracy (see Definition 1.13), then for every T > 0 the velocity f’ou(T)
has bounded variation. In particular in this section we always assume that f has
degeneracy p € N.

We are going to prove a uniform estimate of TV(f’ou(T)) for the entropy solutions

u of (1) with ug € X (defined in Section 1.1) and with ||ug|/cc and £ (conv(supp ug))
uniformly bounded.
The strategy is the following: we will consider separately small and big undulations of
the solution u. The number of big undulations is bounded a priori by Theorem 4.1.
The contribution of small undulations is more delicate: if u takes values in an interval
where f is convex, the structure of characteristics is well-known and it implies a one-
sided Lipschitz estimate on f’ o w. If instead u oscillates around an inflection point of
f we adapt the argument of | ]

We start by recalling the structure of characteristics in the convex case. We omit
the proof of the following lemma that can be found in | ]: it can be proved either
by means of Lax-Oleinik formula or with the method of generalized characteristics by
Dafermos.

Let 0 < ¢ < T and let 7;,7, : [(,T] — R be Lipschitz curves with v, < ~, and
consider the domain

Q:={(t,z) € (t,T) x R:y(t) <z < ()} (4.12)

LEMMA 4.8. Let u be a piecewise monotone solution of (1.14). Suppose that u €
takes values in [u~,u™| and that fL[u~,u™] is strictly convexr. Then for every x €
((T), 7 (T)) there exists y and to € [t,T) such that for every t € [to, T

X(tg) = — (T—0f (u(@)  and  X(to,7) € O

The characteristic structure of solutions with bounded variation when the flux has
only one inflection point is studied in | ]. We introduce some terminology and
recall his result, then we translate his result in our language.
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DEFINITION 4.9. A generalized characteristic of (1.14) associated with the admis-
sible BV solution w is a Lipschitz trajectory x : [a,b] — R, 0 < a < b < oo such that
for Ll-a.e. t € [a,b]

X(t) € [f'(ult, x(t)+)), £ (ult, x(t)=))].

DEFINITION 4.10. A generalized characteristic x : [a,b] — R of (1.14), associated
with the admissible BV solution w, is called a left contact or a right contact if

X(t) = f(ult,x(t)=))  or  X(t) = f'(ult, x(t)+))

for L1-a.e. t € [a, b] respectively.

The existence of generalized characteristics is granted by Filippov theory. In general

uniqueness fails, in the following two theorems, whose proof can be found in [ ], it
is described the structure of maximal and minimal backward characteristics respectively
(see also | |, Section 11.12).

As the author did in | |, we assume in Theorems 4.11 and 4.12 that:

(1) it holds f(0) = //(0) = f(0) =0
(2) it holds uf”(u) < 0 for every u # 0;
(3) the function f” is nonincreasing in a neighborhood of 0.

THEOREM 4.11. Let £ denote the mazimal backward characteristic through any point
(t,z) € (0,400) x R. When u(t,z—) # 0 or u(t,z+) # 0, then there is a finite mesh
0=uap <a; <...<any1 =t such that £ is a convexr polygonal line with vertices at
the point (an,&(an)), n=20,...,N + 1. Furthermore,

u(t,E(t)—) = u(t,&(t)+) = wlant1, §(ans1)+), an <t <apt1,n=0,...,N,
u(an, &(an)—) = u(ant1,&(ant1)+), n=1,...,N,
£(0)) = u(ar,{(ar)+), if u(ar,€(a1)+) >0,
é(o)) < u(a17 ( 1)+)7 ifu(alvé(al)—’_) < 07
) = fllans1, u(E(ans1)+)), @n <t <dans1,n=0,...,N,
f(ulan, §(an)+)) — f(ulan, §(an) ))
w(an, §(an)+) — u(an, §(an)—)

N

uo(
(

0

S

f'(w(an, &(an)—) =

n=1,...,N.
(4.13)

When u(t,z—) = u(t,z+) = 0, then there is a € [0,t] such that {(t) = Z, t € [a,t], and
u(t, &(t)—) = u(t,&(t)+) = 0, t € (a,t] (also at t = a if a > 0). Moreover, if a > 0,
there is an increasing sequence 0 = ag < a1 < ... with a, — a and &(a,) L T asn — oo,
such that (4.13) all hold forn =1,2,.... In particular,

u(t, &) L0,  f'(u(t,£(t)) 10, astta

THEOREM 4.12. Let ( denote the minimal backward characteristic through any point
(t,z) € (0,400) x R. Then u(t,((t)—) is a continuous function on (0,t], which is
nondecreasing when u(t,z—) < 0, nonincreasing when u(t,z—) > 0 and constant equal
to 0 when u(t,z—) = 0. Fort € (0,1),

¢(t) = f'(t,¢(t)-)

s0, in particular, ¢ is a convex C* curve. Furthermore, the interval (0,t) is decomposed
into the union of two disjoint subset O and C with the following properties: O is the
(at most) countable union of pairwise disjoint open intervals, O = \J, (o, Bn), such
that

u(t, (1) =) = u(t, C(t)+) = ul(an, ((an)) = u(Bn, ((Bn))
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(t,z)

X

FIGURE 4.3. The structure of the characteristic curves: the minimal
and maximal backward characteristic ( and £ are blue and a shock and
two left contact discontinuities are red.

for all t € (ap,Bn) so the restriction of ¢ on (aun, Bn) is a straight line with slope
I (u(ay, ((an)—)). For any point t € C, u(t,((t)— ) u(t,((t)+) and

/ oy Sl CE)+)) — f(u(E,C)-))

Pt c0=) = "2 o) — e e

Now we restrict our attention to the case of piecewise monotone initial data and
we formulate Theorem 4.11 in terms of the Lagrangian representation.

LEMMA 4.13. Let u be the entropy solution of (1) with ug € X, and let 2 be as in
(4.12). Suppose that uLS) takes values in [u™,u"] with w € (u™,u™),

frw)(w—w) <0 in [u”,u"]\ {@}
and that f" is nonincreasing in a neighborhood of w. Then for every T € (v(T),~-(T))
the mazimal backward generalized characteristic £ from (T,Z) enjoys the following
properties: there exists N = N(Z) e N, t <tg<t; <...<ty=T andys > ... > yn
such that

(1) for everyn =1,...,N, for every t € [t,_1,tn]
() = X(t,yn) = X(tn—1) + (t — tn1) [ (uo(yn)),

i particular £ is piecewise affine;

(2) for every t € (to,T], &(t) € (ni(t), 7 (1)) and (to,&z(to)) € OQ;
(3) for everyn=1,...,N

wo(yn) = u(t,X(t,yn)—) for every t € (tp—1,tn],
uo(yn) = u(t,X(t,yn)+) for everyt € [tn1,tn) \ {to}:
(4) for everym =2,...,N
wolon) = o(ya1)", (114)
where uy(yn—1)* is defined by Lemma 1.1/;
(5) for every 1,2 € (v(T), v (T)) with T1 < Ty it holds
o, (1) <&zo(t) Vi€ (to(Z1) Vto(T2), T1.
Moreover if u(T,z2—) = u(T,z+) = w, then the conditions above hold with N = 1: in
particular £z (to, T') has constant velocity.

ProOF. We first observe that for every n = 1,..., N there exists y, such that
ga’cl—(tnfla tn) = X('a yn)'—(tnfla tn)' Lett € (tnfla tn) and Yn be such that X(t, yn) = ga’c(t)
and T(y,) > t. Then up(y,) = u(t,&z(t)) and, since X(-,yy,) satisfies the characteristic
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equation and u is continuous, it holds &z (t,—1,tn) = X(+, yn)L(tn—1,tn). By monotonic-
ity of the flow X, the maximality of £z and the fact that for every n =2,..., N,

uD(yn) = u(tn—l) X(tna yn)+) 7£ U(tn—la X(tny yn)_) = u(yn—l)
we have y,, > y,—1. Observe that, by (4.14), the value ug(y,—1) is uniquely determined
by uo(y,) and in particular

(uo(Yn—1) — W) (uo(yn) — w) < 0. (4.15)
Since the initial datum is piecewise monotone and n — y,, is strictly decreasing, (4.15)
implies that IV is bounded by the number of monotone regions of the initial datum. In
particular if u(T,z—) = u(T,z+) = 0, the existence of a sequence as in Theorem 4.11
is excluded. It remains to prove the monotonicity in (5): Let ¢t € (to(Z1) V to(Z2), T
the maximal time such that &z, (¢) = &z,(t). By monotonicity of the flow and since
the maximal characteristics have piecewise constant speed, the point (¢,&z (t)) must
belong to a left-discontinuity curve. Since the left-discontinuity curve has C'! regularity
it holds 0z, (t+) = 0:s,(t) and this implies that ¢ = 7. But this is in contradiction
with the hypothesis Z1 < Zo and this concludes the proof. ]

In the following two propositions we deduce by the structure of the characteristics,
an estimate the total variation of f'ou(T') in the two cases of a convex flux or of a flux
with an inflection point of polynomial degeneracy.

PROPOSITION 4.14. Let u be the entropy solution of (1) with ug € X ; let t,T,~;, Vr
and  be defined as in (4.12). Assume that there exists a,b € [0, ||uo|loo] such that u 2
solves the initial-boundary value problem

ur+ f(u)y =0 inQ,
u(t,m(t) =a T
u(t,v-(t)) =b forte (t,T).
Denote by
I == conv ({a, b} Uu(t, (m(1), % (1))))
and assume moreover that fLl is strictly conver. Then
(T) = n(T)

T—t ’

PRroOOF. Let X be a Lagrangian representation of v and consider the following de-
composition:

TV (@) ey f 0 w(T) < 6] lool 0]l 0 +2

(VZ(T)v ’YT(T)) = Al U Am U Ar,
where
Al = {.’E S (’YZ(T)7’YT(T)) : EItO € [Ev T),Hﬂ € R(X(to,ﬂ) = 'yl(tO)aX(T7 g) = I‘)},
A, = {x S ('YZ(T)7’YT(T)) 1t € [t_a T)73g € R(X(t():g) = FYT(tO)aX<T7 g) = CL‘)},
<7l(T)77r(T)) \ (Al U AT)'

By monotonicity and continuity of the flow X with respect to y, there exist z;, z, €
[v(T), v (T)] such that

Ap= (1), 2] and Ap = [2,7(T)).

Observe that it may be z, < x;; in that case 4,, = 0.
Assume A; is nonempty and let § € R and ¢y € [t,T) be such that

X(T7 g) =T and X(th g) = Vl(tO)

S
3
I

Moreover let

y~ =max{y: X(T,y) = (1)} and w” = lim (T, x)
=y (T)+
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and similarly
yt i=min{y : X(T,y) = 2/} and wt = lim u(T,z).
T,
Denote by
O ={(t,z) e &, T) xR:X(t,y") <z <X(t,y")}.

By definition of y~, y* and the monotonicity of X with respect to y there exists
to € [t,T) such that X(to,y~) = X(to,y") = X(to,y;). Since the limit of admissible
boundaries is an admissible boundary in the sense of Proposition 1.29, (X(-,y~),w™)

and (X(-,y"),w") are admissible boundaries of u for ¢ € [0,T). Therefore the restriction
w(T)(y(T), z;) is the entropy solution at time 7" of the boundary value problem

ur + f(u)y =0 in (,
u(t,X(t,y~) =w~ fort e (to,T),
u(t,X(t,yT) =wt forte (ty,T).

By Proposition 1.31, this implies that u(T")_(v(T'), x;) is monotone, therefore

TV (3, (7)) (f 0 (T) < (1" oo |0 - (4.16)
Similarly we can prove that
TV 0, o) (F 0 (D)) < (" oo 10| (4.17)

therefore it remains to estimate the total variation on A,,. Assume that A,, # 0 i.e.
x; < x,. This case is well-known, we take advantage of the fact that by Lemma 4.8, the
characteristics starting from x € A,, are segments in [¢,T], and we deduce a one-sided
Lipschitz estimate. Denote by
g =max{y: X(T,y) = x;} and gt = max{y : X(T,y) = z,}.
By Lemma 4.8, for every x € A, there exists y(z) € (§~,y") such that for every
t € [t,T], it holds
X(t,y(x)) = = — f'(u(T, 2))(T — t).
By monotonicity of the flow, for every z; < 1 < 22 < x, it holds
w1 — f(u(T, 2))(T — 1) = X(t,y(21)) < X(Ey(22)) = 22 — f/(w(T, 22))(T — 1),

which gives the one-sided Lipschitz estimate

J(Ty22)) < F(u(Ty ) + 55
This implies that the positive total variation
Ty — X
TV oy (0 u(T)) <

Hence, by Lemma 1.10, the whole total variation can be estimate by

Tp — X
TV (2 00) (' 0u(T)) < 2TV, (Frou(T))+2] " [lsclluollo < 2 2] ]| oo |10 |-

(z1,2r T —1
(4.18)
Adding (4.16), (4.17), (4.18) and taking into account the possible jumps of f’ ou(T) at
the points x; and x, we get

A(T) — (T
TV (3 (1) (1)) (' 0 u(T)) < 6] f"[| 00|00 + 2w

that is the claimed estimate. O

The case of a flux with an inflection point is more elaborate and it is based on the
structure of maximal characteristics.



76. REGULARITY ESTIMATES FOR SCALAR CONSERVATION LAWS IN ONE SPACE DIMENSION

PROPOSITION 4.15. Let u be the entropy solution of (1) with ug € X ; let t,T,~;, Vr
and  be defined as in (4.12). Assume that there exists a,b € [0, ||ug|loo] such that u 2
solves the initial-boundary value problem

u+ f(u)y =0 inQ,
u(t,(t)) =a  forte(0,T),
u(t,v-(t)) =b forte (0,T).
Denote by
I := conv ({a,b} Uu(t, (vi(2),7(1)))).

Assume moreover that there exists a unique inflection point w € I of f and that w
has degeneracy p € N. Let &', > 0 be given by Lemma 1.1/ and assume finally that
IC(w—¥¢,w+4d).

Then there exists a constant C > 0 depending on €', ||f'loccs |/ |loos [%0lc0s
L (conv(suppug)) such that

TV(')/;(T),'}/T(T))(]H ou(T)) < C (1 + Tl_) (4.19)
PROOF. The structure of the proof of this proposition is similar to the one of
Proposition 4.14. By Proposition 1.36, we can assume that the chord admissibility
condition is satisfied at time T'. Here we reach the final estimate studying the behavior
of maximal backward characteristics. Let (X,T) be a Lagrangian representation of u
and for every x € (v(T),v-(T)) let £ be the maximal backward characteristic from
(T, 7). Consider moreover the corresponding y1(), ... yn() and to(z), ..., tn() given
by Lemma 4.13. Consider the decomposition

(VZ(T% 'YT(T)) =AUA,UA,;,

where
A=Az € (n(T),w(T)) : &(to(Z)) = n(to(2))},
Ap = Az € ((T),w(T)) : &(to(T)) = 7 (to(Z))}
A = (n(T), 7 (T)) \ (AU 4y)

Let £ € A; and set

Q=A{(t,z) € (to(T), T) xR:y(t) <z <&(t)}.
Then u(T) (v(T), z) is the entropy solution at time 7" of the boundary value problem
ur + f(u)y =0 in €,
u(t,v(t)) =a for t € (to, T),
u(t,&z(t)) = ut(t) forte (to,T),

where ut(t) = wu(t,&z(t)), and this definition makes sense since by Lemma 4.13, for
every t ¢ {t;}I'_, the solution u is continuous at (¢,&z(t)). By Proposition 1.31, it holds

TV (1,5 (w(T)) < TV 1y (u™) + [T (to+) — al (4.20)
and by Lemma 4.13, we have that

N(z) N(z)
TV (4,1)(u Z\onn —uoyn1\<22\uoyn

Since for every n = 2,... ,N(:E), it holds wo(yn(Z)) = uo(yn_l(x)) , by Lemma 1.14
and (4.14), it holds

[uo(yn(T)) — @] < |uo(y1(2)) — @|(1 — )
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So we finally have that

N(z
TV i 05%) < Auan(a) 1 31—yt < 2l g
n=1
By (4.20) and (4.21), we get
V1)) < ol (14 5).
and since the estimate is independent of Z € IntA;, it holds
TVinea, (u(T)) < [Juoll (1 + j) :
Therefore it immediately follows
TViaa (70 (D) < bl (14 5). (1.22)
and the same argument proves that
Vi, (o) < 17" elolle (145 ) (4.23)

It remains to prove the estimate in A,,. Again we take advantage of the fact that
the generalized characteristics &z for & € IntA,, are defined on the whole time interval
[t,T]. The estimate is obtained by partitioning (z;,2z,) = IntA,, in regions where
the maximal characteristics of each region cross the same set of minimal backward
characteristic, bounding TV (f’ o u) on each of these regions and adding them.

Let

y~ :=max{y : X(T,y) =inf A, } and yT:=min{y : X(T,y) = sup A, }.
Since ug is piecewise monotone, there exist L € Nand y~ = 4o < ... <, = y T such
that

(1) for every I =1,...,L,
ge{y:T(y) >t} and  uo(y) = w.
(2) the function ug alternates the sign on ((y;, yl+1))lL:_11, i.e. the function
L—1
Z(—l)luol—{y € (U hi1) : T(y) = t}
=1
has constant sign; without loss of generality we assume that it is nonnegative.
(3) for every | = 1,...,L — 2, there exist ¢ € {y € (4;,914+1) : T(y/) > t} and
y" € {y € W1, Uit2) : T(y) > 1} such that ue(y)uo(y”) < 0.
For every = € (x;,z,) and for every n = 1,..., N(x), let [(x,n) be the unique value in
{1,..., L} such that

Un(T) € [Yi@n)» Vi(zn)+1) and let l(z) :={l(x,n) :n=1,...,N(x)}.
For every 1 € P({1,...,L —1}), let
A(l) := {z € IntA,, : 1(z) =1}.
Clearly it holds
U A0 = (),

leP(1,...,L)
now we check that for every 1 € P({1,...,L}) the set A(l) is an interval.
In order to do this let us introduce a partial ordering on P({1,...,L —1}): we say
that 11 j 12 if
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(1) minl; < minly;
(2) maxl; < maxly;
(3) for every j € [minly, max1;]

jE€ly = je€l.

It is standard to check that < is a partial ordering, so in order to prove that A(l) are
intervals, it suffices to prove that for every x1,z9 € (27, 2,) it holds

r1 < X2 - 1(1‘1) = 1(1'2).

The conditions (1) and (2) of the definition of < immediately follow from the monotonic-
ity of x + &, (Point (5) of Lemma 4.13). Finally by Proposition 3.27, it follows that
if X(t',91,) = X(t',71,) for some t' € (¢,T), then for every t € [¢/,T] it holds X(¢,4;,) =
X(t,41,) and, by Point (5) in Lemma 4.13, this implies that if j € [minly, max ;] is such
that j ¢ 1; then j ¢ lp. This proves Condition (3) in the definition of <.

Claim 1. There exist V € N and x; = T1 < ... < Ty = =z, such that for every
v=1,...,V —1 there exists 1(v) € P({1,...,L — 1}) such that

(Zy, Tyt1) C A(1(v)). (4.24)
Moreover if v =1,...,V — 1 is such that #1(v) > 2, then
(1) for every x1,x2 € (Zy, Ty41) it holds

#1(v) z

T—1t
D [tale2) = ta(ar) < —5—. (4.25)
n=1

(2) the velocity f’ owu(T) is strictly increasing in (T, Tyt1);
Proof of Claim 1. Let

{Z1,...,2g} :={inf A1) : 1€ P({1,...,L —1}) and A(1) # 0} U {z}, z,}

with 71 < ...,Zq. Since (A(1))ep({1,...,L—1) is a family of pairwise disjoint intervals,

the sequence (fi’q)?:l satisfies (4.24).
Therefore, in order to prove (1), it is sufficient to prove that for every ¢ =1,...,Q — 1
there exists V' € N and Z, = 2} < ... < 2}, = T441 such that condition (2) holds for
every v =1...V'—1. Let g € {1,...,Q — 1} and let 1 € P({1,...,L — 1}) be such
that

(Zg,Zq11) € A(D).
Since for every x € IntA(l) and for every n = 1,...,#1(v) the function z — t,(z) is
increasing, the set

Fi= {m tIn =1, #1(v) (tz(xﬂ ~h(@o) 2 Tz;:t>}

is finite. For every n =1,...,#1(v) let §(n) be given by Lemma 1.11 with

T—-1t
g=1t,:IntA(l) - R and = =7

and fix

n
Then, by Lemma 1.11, any sequence (x ,)1‘]/,/:1 with 2] = Z4, ' = Z¢41 and such that
for every o' =1,...,V/ -1
O<x;/+1—$,/ul <9
satisfies condition (1) of Claim 1. The Point (2) follows by the Point (5) in Proposition
3.27 and this concludes the proof of Claim 1.
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Claim 2. Let (Z,,Z,;1) as in Claim 1. There exist § > 0 and a constant C' as in
the statement of Proposition 4.15 such that the positive total variation

C
+ '
TV (oo 0T < Gy v,

where A, denotes the area of the region
Qy:={(t,x) € (t,T) : &, (t) <z <&z, (1)}

Proof of Claim 2. If #1(v) = 1 we are in the same position as in Proposition 4.14: in
particular f’ o u(T) is one-sided Lipschitz and

TV, J(f ou(T)) < Totl — Do A (4.26)

< v
(-’Ev,fv+l - T _ t_ - 2(T _ -L_-)Q :

Now we consider the case #1(v) > 2 so that, by Claim 1, for every x1 < 2 in (Zy, Ty41)
it holds

TV (4y20) (f (D)) = TV, (f 0 u(T)) = f/(u(T, 22)) — f'(w(T, z1)).

For every n = 2,...,#1(v), consider the time ¢/, € R for which the straight-line ex-
tensions of the segments X(+, yn (1)) [tn—1(z1), tn(x1)] and X(+, yp(z2) ) [tn—1(x2), tn(z2)]
intersect. Since they are tangent to the same convex curve at the time t,_1(z1) and
tn—1(x2) respectively it holds

t/n € (tnfl(ﬂfl),tnfl(l?)). (427)
See Figure 4.4. Moreover for every n = 2,...,#1(v), set
Tn 1= (tn(z1) — )" and let T = t1(x1) — L.

Let Ay be the area of the triangle bounded by the following three lines:

{(t,2) r 2 =21 — f'(uo(yp() (z1)))(T - 1)},
{(t,2) 2 = 72 — £ (o g1y (22))) (T — D)},
{(t,x) :t="T}.
If n=2,...,#1(v) — 1 is such that 7,, > 0 let A,, be the area of the triangle bounded
by the following three lines:
{(t,2) : 2 = X(ta(21), yn(21)) — f'(uo(yn(21))) (tn(z1) — )},
{(t,2) : 2 = X(ta(22), yn(22)) — f'(uo(yn(@2))) (tn(z2) — 1)},
{(t,z) : t =tn(z1)}.
Ifn=2,...,#1(v) — 1 is such that 7, = 0 let A, = 0 and finally let A; be the area of
the trapezoid delimited by the lines
{(t,2) : z =X(t1(21), y1(21)) = f(uo(y1(21)))(tr(21) — 1)},
{(t,2) : x = X(t1(22), y1(22)) = f'(uo(y1(22)))(t1(22) — 1)},
{(t,z) : t = t1(x1)},
t,x)

{<7 :t:t_}'

For every n = 2,...,#1(v) the area of the triangle is given by

Ay, =

o ‘Sﬂw

(f'(uo(yn(22))) = f'(uo(yn(x1)))), (4.28)
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FIGURE 4.4. The notation of the construction to estimate TV (f o
u(T)) in Ay, for fluxes with an inflection point of polynomial degeneracy.

and for n =1

(4.29)

7_2 _
Ar = o (f oy (@2))) = f (wo(y1(@1))) + 71 (R(Ey1 (w2)) = X(E g (1))
7_2
> o (F (ol (22)) = f'(uo (91 (21)))-
We now prove that
NIt

#1(v) #1(v
Tn > Y (talz1) — 1))

n=1 n=1

#1(v)

AV

(tn(z1) — tn1(z2))

#1(v)—1
=T -1+ Z (tn(z1) — tn(z2))
n=1

T—1t

2 )
where the last inequality follows by (4.25).

>
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Since for every n = 2,...,#1(v) and s = 1,2, ug(yn(xs)) = uo(yn—1(xs))*, by (4.28)
and iterating (1.5), we have that for every n =1,...,#I(v) it holds

7_7% 1 #1(v)
Bz Bl @) - Fllipoe)) (125 ) - (@30
Let us for brevity denote by
1
A= 1.
1-¢ ~
Since the (A, )#1( “) are the area of pairwise disjoint regions contained in {2, 4,, it holds
#1(v)

Z Ap < Agy o

Therefore adding for n =1,..., #l(v) the inequality (4.30) we obtain

#1(v) 7_2 -1
P unlpie) (22) = Cunlpae (20) < Aupsy( 3 ZNAO)

2
n=1
Hence the proof of Claim 2 reduces to proving that there exists a constant C' > 0 as in
the statement of Proposition 4.15 such that
-1

#1(v) o

Z Tn y\#1(v)—n <C
2 —_ )

n=1

or equivalently that there exists ¢ > 0 such that
#1(v) o

3 Tn \#l(0)—n > (.
2
n=1
This follows by (4.29) and X > 1. In fact let a,b € R#1(") be the vectors of components
(v)—n (v)—n
ay =t AT and b, =A T

Then, by the Cauchy-Schwarz inequality,

#w) \ 2 [#w) #1(v)

Z Tn < Z 2)\#1 Z )\#1 v)—n
n=1 n=1

so that by (4.29),
#1(v) — 2 0o -1
T—t
2\ #1(v)—n
> v (15 (5v)

and this concludes the proof of Claim 2. Since the chord condition holds at time T, the
function f’ o u(T') does not have jumps of positive sign, therefore applying Point(1) of

Lemma 1.10 withn=V and z; = Z; fori=1,...,V, we get
C
+
TVAm (f, o U(T)) < (T — E)QAU (431)
Finally by (4.22), (4.23) and (4.31), it follows (4.19) and this concludes the proof of
Proposition 4.15. g

The next lemma will be used to reduce the estimate of the total variation of f'ou(T)
to the estimate on the regions where the oscillation of the solution is small. The
smallness parameter § > 0 will be chosen later.
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30
u(t)
20
(z1,w1)
) 1w, . (25, 3)

FIGURE 4.5. A representation of the construction of (ym,)m: for m =
Loy By Ym = Y(Tm, W)

LEMMA 4.16. Let u be the entropy solution of (1) with ug € X and let t,8 > 0 with
t generic. Then there exists M € N depending only on d, f, ||ug ||, £ (conv(supp ug)), £
and there exist y1,...,Ynr(uy) With M(ug) < M such that for every m = 1,...M — 1
there exists k = k(m) € N for which for every t > t, it holds

u(t, (X(t, ym), X(t, ym+1))) C [(k = 2)6, (k + 2)d] (4.32)
and

u(t, (—oo,X(t,y1))) C [0, 26], u(t, (X(t, ym), +00)) C [0, 26]. (4.33)

PrROOF. Let X be a Lagrangian representation of v and let T be a time existence
function as in Proposition 3.27. Consider the map y = y(t, xz, w) defined in Proposition
3.27 and for every w € R let

Ay ={y €R:T(y) >t and up(y) = w}.
Let y1 := min A5 and for m € N with [ > 2 we define recursively

ym = min ((Auo(ym,1)+5 U Auo(ymfl)—5) m [yma +OO)>
if the set on the right hand side is nonempty, otherwise we set y,, = +oo (see Figure
4.5).

By definition it is obvious that the sequence (Y )men is increasing. For every
ug € X denote by M (ug) the number of indexes m such that y,, is finite; by construction
we have the estimate

M (ug)d < TV (u(t)) < TV(ug).

Since ||u(t)]lco < |luolloo the number N(u(t),d) of undulations of u(f) of height

bigger than ¢ is bounded by below by

M
N(u(®), 5) > Mwo)d. (4.34)
2[|uol|oo
Moreover, by Lemma 4.5,
4 o 1 / ~
N () ) < Mol (£ conv(suppug)) + ' ]) .

t0(0)
By (4.34) and (4.35), we have that M (ug) is uniformly bounded by a constant M as

in the statement. Now it remains to prove (4.32) and (4.33) and they follow by the
definition of Lagrangian representation and the construction of (¥ )men. ]

We now have all the ingredients to prove the main result of this section.
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THEOREM 4.17. Let f be a flux with polynomial degeneracy and let u be the entropy
solution of (1) with ug € L>®(R) nonnegative and with compact support. Then there
exists a constant C > 0 depending on f, ||uolloc and L' (conv(suppug)) such that for
every T'> 0

TV(f ou(T)) < C (1 + ;) : (4.36)

PROOF. Observe that it is enough to prove the statement for ug € X: indeed for
every ug as in the statement there exists a sequence (u()nen contained in X such that
uP — up in LY(R) and [|ufl ||, £ (conv(supp ul})) are uniformly bounded by ||ug || and
L1 (conv(suppup)) respectively.

Then notice also that, since ¢ — u(t) is continuous with respect to the L! topology
and the total variation is lower semicontinuous with respect to the same topology, it
is sufficient to prove (4.36) for a dense set of 7' > 0. In particular we assume that the
chord admissibility condition is satisfied at time 7.

Since every inflection point ws of f has polynomial degeneracy, if f” changes sign
at wsg, then there exists d; > 0 such that f” is monotone in (ws — ds, ws + d5). Consider
8',e’ > 0 given by Corollary 1.15 and apply Lemma 4.16 with

5/
< (/\ min 5S>.
2 s=1,..,5-1
Taking into account the possible jumps of f’ o u(T) at the points X(T,y,,) for m =
1,..., M(ugp) we have that
M (ug)—1
TV(f oulT) < Y TVixyx@yms) (S 0 w(D) + M| floclluolloo,  (4.37)
m=1
where M and y1,...,Ynr(,) are given by Lemma 4.16. By the choice of 4, it holds in

particular that for every m = 1,... M (ug) — 1, there exists at most one inflection point
wg of f such that
ws € u(t, (X(t, Ym), X(¢, Ym+1)))- (4.38)

We can therefore distinguish the following cases:

(1) there exists no s such that (4.38) holds;

(2) there exists s = 1,...,.5 such that (4.38) holds and f’ does not change sign at

Ws;
(3) t}fere exists s = 1,...,5 such that (4.38) holds and f’ changes sign at ws.

Now we check that in Case (1) and in Case (2) we can apply Proposition 4.14 (or its
obvious version in the concave case). Let

y =max{y: X(T,y) = X(T,ym)} and w” = lim  u(T,z).
=X (Tyym )T

By the stability of the notion of admissible boundary (Proposition 1.29), we have that
(X(-,y~),w™) is an admissible boundary of u. Similarly, if we let

yt i=min{y : X(T,y) = X(T, Yym+1)} and  w' = lim u(T, z),
I—)X(T7ym+1)7

we have that (X(-,y"),w™) is an admissible boundary of u. Therefore we can apply
Proposition 4.14 and we get that

X(T7 ym+1) — X(T7 ym)
T—t '
The same argument shows that in Case (3) we can apply Proposition 4.15 and it
implies that there exists a constant C' > 0 depending on f, ||ug||co, £ (conv(supp ug))

TV (T ) X(Tgms1)) (F 0 W(T)) < 5" [loolt0]loo + 2

(4.39)
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such that

TV (7 ) XL ) ([ 0 0(T)) < C <1 + Tl—t> : (4.40)
By finite speed of propagation
M(uo)—1
X(T, yms1) = X(T,ym)) = X(T, Yrr(ug)) — X(T 91)
m=1
< LY (conv(supp u(T)))
< LY(conv(suppug)) + 2|/ lec T

Therefore choosing ¢ = T//2 and combining (4.39), (4.40) and (4.37), we get that
there exists a constant C' depending on f, ||uo||co, £ (conv(supp ug)) such that

1
TVf ou(T) < C (1 + T> ;
and this concludes the proof. O

We conclude this section with the following remark.

REMARK 4.18. Proposition 4.15 requires the polynomial degeneracy assumption of
f at the inflection point; on the contrary Proposition 4.14 does not. Moreover the
structure of characteristics described in Lemma 4.8 holds for every strictly convex flux
f- In particular Theorem 4.17 holds under the following assumptions on the flux: there
exists w; < ... < wg such that fL(ws,ws41) is strictly convex or strictly concave for
every s = 1,...,5—1 and that f has polynomial degeneracy at w, forevery s =1,...,5.

4.4. Fractional BV regularity of the solution

In this section we want to deduce a BV'/? regularity result of the solution u from
the BV regularity of f’ ou obtained in Section 4.3, where p is the degeneracy of f.

We briefly describe the argument. If the flux is strictly convex, then the polynomial
degeneracy of f implies an Holder type estimate for (f/)~!:

(b—ap~t < C|f'(b) - f'(a)l (4.41)

for some C' > 0 and this is sufficient to conclude. Of course (4.41) does not hold for
general fluxes f of polynomial degeneracy, but it holds for every a < b for which f has
no inflection points in (a, b), (Lemma 4.19). This is sufficient to conclude the proof for
continuous solutions.

It remains to consider jumps. As before we distinguish among big and small jumps:
big jumps are treated as in Section 4.3 by means of Theorem 4.1 and small jumps
around the inflection point between two different values w, w’ with f/(w) ~ f/'(w’) are
excluded by the entropy admissibility condition (Lemma 4.20 and Figure 4.6).

LEMMA 4.19. Let g : [0, M] — R be a smooth function and p > 2 be an integer such
that

g #0 in (0, M], g0)=0forj=1,....p0—1 and ¢ (0)#0.
Then for every l > p there exists a constant C > 0 such that for every 0 <a <b< M,
(b—a)’ < Clg(b) - g(a)l.

PRrROOF. The result easily follows for [ = p and hence for every [ > p by Taylor
expansion in a right neighborhood [0, ) of zero and by the fact that

in |¢'| > 0. O
[rg}ﬁll\g\
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f(w)

FIGURE 4.6. If f/(w1) = f'(wy) with w; < @ < wy the shocks between
w1 and wy are not admissible.

LEMMA 4.20. Let u be an entropy solution of (1) with ug € L™ and f of degeneracy
p € N and let t > 0 be generic. Then there exist two constants c,d’ > 0, depending on
f and ||uo||oo, such that for every xq,xo with

ws — & < u(t,r1) < ws < u(t, ) < ws +
for some s=1,...,8, it holds
TVI(:u,m)(f/ © u(ﬂ) > c\u(t_, ‘732) - u(t_v x1)|p’

where I(x1,x2) = (x1,x2) U (z2,21) denotes the open interval with endpoints x1 and
9.

PROOF. We assume for simplicity that ws = 0 and f’(0) = 0. Moreover it is not
restrictive to assume that x1 < z2. Let J, ¢ be given by Corollary 1.15. Then
w*
lw| < o = [w’]

€ (0,1—¢).

vl
Therefore there exists ¢ > 0 such that if |w| < §, then

If (w) — f'(w*)| > ¢lwP and in particular If (w)] > é|wlP.
We distinguish three cases:

(1) there exists T € (x1, z2) such that u(t,z) = 0;
(2) there exists T € (x1, x2) such that u(t, z) ¢ (—20,24).
(3) there exists T € (x1, z2) such that

—20 < u(t,z+) < 0 < u(t,z—) < 26;
Case (1): it holds
TV, o) (f 0 w(®) = |/ (w(t, 1)) = f/(u(, 2))| + | £ (u(t, ) = f'(ult, 22))

= [ (u(t, z1))] + | f'(u(t, x2)))]|
> &(|u(t, x1)|P + ult, z2)[P)
> 27 P|u(t, z1) — u(t, x2)|P.
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Case (2): similarly to the case above, it holds

TV ) (f 0 u(®) = [ (ut, 21)) — f'(u(t, 7))|
> clu(t,x1) — u(t, z)|P
> coP
> 27P|u(t, x1) — u(t, z2) [P
Case (3): suppose additionally that max{|u(t, z1)|, |u(t, z2)|} < 2|u(t,z+)|. Then
TV (a0 (f 0 u(®) = |f (u(t, 24)) — f'(u(t, 2-))|
> [f(u(t, 24)) — f'(ult, 2+)")]
> clu(t, z+)?
> 2 P max{|u(t, x1)|, |u(t, z2)|}*

Y

A Plu(t, 1) — u(t, z2)|P.

If instead for definitness |u(t, x1)| = max{|u(t, z1)], |u(t, x2)|} > 2|u(t, T+)|, then
TV (' 0 (D) > |/ (ult, 7)) — f(u(E, 1))

clu(t, z+) — u(t, z1)|P

27 Plu(t, xq) [P

A Plu(t, x1) — u(t, x2)|P.

v I\/ I\/

Setting ¢ = ¢47P, the lemma is proved. O
The main result of this section is stated in the following theorem.

THEOREM 4.21. Let u be the entropy solution of (1) with ug € L*°(R) nonnegative
and with compact support and let p the degeneracy of the flux f. Then for everyt >0
the solution

u(t) € BVY/P(R),

and there exists a constant C > 0 depending on f, ||ug|lc and L' (conv(suppug)) such

that for everyt > 0
(Tvl/pu(t))p <C <1 + 1) )

PROOF. By lower semicontinuity of the TVP, it suffices to prove the estimate for a
dense set of ¢ > 0; in particular we can assume that the chord admissibility condition
is satisfied at time ¢. Let § > 0 be given so that the conclusion of Lemma 4.20 holds.
By Theorem 4.1 there exists a constant N = N(L!(conv(suppug)),d, ||uol|sc, f) such
that for every x1 < ... < x,

#{i: |u(t,zi1) —u(t,z)| >0} < N <1 + 1) .

So
m—1
> lult,wir) — ult,z)P < N(2Jluolloo)” + D Jult, mit1) — ult, z) P,
=1 Is

where I5 = {i : |u(t, ziz1) —u(t,x;)| < 6} If 7 # 0 in Z(u(t, zit1), u(t, z;)), by Lemma
4.19 with g = f’, we get

lu(t, wir1) = ult,z) [P < CLf (ult, zigr)) — f(ult, z:))].
Similarly if ws € Z(u(t, j4+1), u(t, z;)) for some s = 1,...,S, by Lemma 4.20,
Tv[ml,mg] (f/ o u(t)) 2 c]u(t, x2) - u(ta $1)|p'
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Finally
m—1 ~ 1 ~
> lultsain) — u(ta)p < 8 (14 1) @llull? + CTV( 0 ulo)
i=1
where C' = max{C, 1/c}. The conclusion follows by Theorem 4.17. O

4.5. SBV regularity of f'ou

In this section we prove that, under the only smoothness assumption on the flux f,
the BV regularity of f/ o u can be improved to SBV regularity. The proof is based on
the decomposition

Rt xR=AUBUC,
obtained in Section 3.1 and the argument in | .
For every t > 0 we denote by A, By, C; the time sections

Ay i={x: (t,x) € A}, B :={z: (t,z) € B}, Cy:={x:(t,x) € C}.

PROPOSITION 4.22. Let the flux f be smooth and let u be f the entropy solution u
to (1) with ug € L*>. Denote by

B:= {t € (0,+00) : /' ou(t) € BVioe(R)},
S:={t € (0,+00) : f o u(t) € SBViec(R)}.
Then B\ S is at most countable.

PROOF. By finite speed of propagation, it is not restrictive to assume that supp ug C
[a, b] for some a,b € R. Moreover we consider a representative 4 of u as in Corollary
3.6. For every t > 0, we set

F(t) = £ ({X(0,y) € [a,b] : X(t,y) € C}).

Observe that F' is decreasing. We are going to prove that if ¢ € B\ S, then F(t+) <
F(t—) and this easily implies the claim. Assume that ¢ € B\ S; denote by v := f"ou(t)
and by p the Cantor part of Dv. By the structure of the solution in B, and the fact that
A; is at most countable, we have that the measure u is concentrated on C;. Moreover,
as already observed in the proof of Proposition 4.14, for every z1 < a9 in C} it holds
the one-sided Lipschitz estimate
T2 — X1
t

Therefore p is a negative measure. Fix € € (0, %), since p is negative and it is singular
to L' 4+ |Dv — pl, by Besicovitch differentation theorem, there exists £ C R such that

(1) p is concentrated on E;

(2) LY(E) = 0;

(3) for every x € E there exists two sequences z}(zr) — = and 22(x) — z with

2} (z) < z, 22(z) > x and such that for every i > 1,
v(z; (2)) = v(z) = (1 =€) Dv|([z} (x), z]),

v(@) —v(z (@) = (1= e)|Dvl([z, 2 ().

7

v(xg) —v(ry) <

(4.42)

Observe that since p has no atoms, up to removing a countable set from F, we can
assume that the sequences zil and zl-2 are contained in Cj.

The next step is to give a lower bound on £1(X(0,y)) : X(¢,y) € E}, see Figure 4.7a.
Denote by

Y ={y:X(t,y) € E} and vi=X(t ) (C'X(0,R\Y));
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since p is concentrated on FE, it holds p_Lv. Therefore, by Besicovitch covering theorem,

there exist x1,...,2y € F and a,, := zil(xn), b, = zjg(xn) for some 4,5 > 1 such that

([an, bn])D_; is a pairwise disjoint family of intervals and

N N
iz (U [ambn]> > (@ =e)pl, v (U [an,bn]> < tef|p])- (4.43)

n=1 n=1
Since a,, b, € C; for every n =1,..., N, it holds
Y(t,bn) — y(t, an) = by — an +t(v(an) — v(by)) > t(v(an) — v(by)).
Moreover, by (4.42), we have t(v(ay) — v(by)) > (1 — ¢)|p|([an, bn]). Set

U :=X(t)™* <U [an,bn]> :

n=1

By (4.43), summing on n =1,..., N, we get
LYU) 211 =) Y el ([an ba)) = 81 —)?[lpll  and  LYU\X(0,Y)) < te|u].
Therefore we have

LYX(0,Y)) > (1 — 3¢) Ju]. (4.44)
Then we conclude by the following geometrical observation: let Y € R be such that

£Yx(0,Y)) >0, and  LYX(t,Y))=0.

Let 7 >t and consider the set Y (7) of points y € Y such that X(-,y) has constant speed
in [0, 7]; then £1(X(0,Y(7))) = 0.

This follows from the monotonicity of the map X, see Figure 4.7b. Indeed for any
y1 < y2 in Y(7), since X(0,y1) < X(0,y2), we have

(X(0,92) = X(0,y1))(T — ) = (X(7,y2) — X(7, y1))(T — 1) — (OiX(t, y2) — OX(t, 1)) (T — )T
< (X(7,y2) — X(7,11))T — (O X(t, y2) — O X(t,11)) (T — )T
= (X(tv y2) - X(ta yl))T,

i.e. the map

X(t,y) — X(0,y)
is 7/(7—t) Lipschitz on Y (). In particular, since £ (X(t, Y (7))) = 0, then £ (X(0,Y (7)) =
0.

Applying this observation to our case with Y = Y and an arbitrary 7 > ¢, we get
that

L'{y €Y :X(1,y) € Cr}) = 0.
Since T > t is arbitrary, by (4.44), we have that
B(t) — F(t+) = t(1 = 3¢)||p] > 0,
and this concludes the proof. ]

COROLLARY 4.23. Let u be the entropy solution of (1) with ug € L and f of
polynomial degeneracy (or more in general as in Remark 4.18). Then

f ou € SBVie(RT x R).

PROOF. By Theorem 4.17 and Proposition 4.22; it immediately follows that there
exists an at most countable set @ C RT such that for every t € R\ Q,

I ou(t) € SBViee(R).
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t
t

.

t

x
(A) dp = by — an, — tDv((ap,by)), (B) Since I, > 0, it
therefore d, =~ t|u|((an,by)) and holds Iy < %
L(X(0,Y)) = |ul(E).
FIGURE 4.7. SBV regularity of f' ou
By slicing theory (see | ]), the Cantor part of (f’ o u), vanishes. Moreover,

denoting by u; the dissipation measure of the entropy nlj (w) = (w—k)*, we have that
the velocity f’ o u satisfies the following equation:

f'(w)i + q(u)e = i, (4.45)

where

q(w) = and = /R (f(3)(w),u$) dw.

By Volpert chain rule for functions of bounded variation gou(t) € SBVj..(R) for every
t € RT\ Q; in particular the Cantor part of the measure g(u), vanishes. Moreover,
by Theorem 3.18, [i is absolutely continuous with respect to H'L.J, with J countably
1-rectifiable. In particular it has no Cantor part, therefore by (4.45), it follows that the
measure D;(f’ o u) has no Cantor part, and this concludes the proof. O

4.6. Examples

In this section we present three examples: the first is about regularity in the kinetic
formulation, the second concerns BV® spaces and the third shows the sharpness of
Theorem 4.21.

4.6.1. O, is not a measure. We start by briefly recalling the kinetic formulation
of (1.14) (see [ ): uw € L®(RT x R) is an entropy solution of (1.14) if and only
if

6tX{u>w} + f,(w)axX{u>w} = aw/‘v
where 1 € M(R x Rt x R) is the nonnegative Radon measure obtained as

p=L @t
with p the dissipation of the entropy n; (w) = (w — k) ™.
In | ] it is proved that Theorem 4.17 implies that there exists a constant
C > 0 such that
1071l a1 < C.
Then this has been used to get a refined averaging lemma and finally to deduce the
rectifiability of the entropy dissipation measure.
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f(u)n

=
sy

F1GURE 4.8. The flux f for the basic step of the construction.

o Lja F(w)
| | La/a
ANl e
Ntk
KN a w
3L, 3L,

F1GURE 4.9. The flux f for the general example.

The following example shows that there exists a degenerate flux f such that even
the first derivative 0,1 can not be represented as a Radon measure.

4.6.1.1. Building block. Consider a flux as in Figure 4.8.

Now we consider the initial datum

up = 3Lx [0, A]-

The solution has a shock starting from 0 moving with velocity 0 between the values 0
and 3L that does not interact with anything for ¢ € [0, AL/h|. In particular we choose

h
A= T so that suppu(t) C [0,24] and wu(t,0-) =0, wu(t,04+)=3L

for every t € [0,1]. We compute |0,,p| along the shock at = = 0: by standard compu-
tations,

p ({0} x [0,1]) = (F(3L) = f(R)H' ({0} x [0,1]) = = f(k)H' ({0} x [0,1]),
therefore

2L
ul({0} x [0.10) = [ 17w = 27

4.6.1.2. General example. The flux is obtained repeating the construction above
with smaller and smaller parameters and the initial datum is obtained placing side by
side N, multiples of characteristic functions at step n. See Figure 4.9 and Figure 4.10.
At step n we set h, = a] so that the flux f is C°°. In order to have an L°° initial

datum we need
Z L, < .
n

In order to have the initial datum with bounded support it suffices to have

an
ZNnL—: < 00
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3L1 + 3L

h h,
NlL—i 2N2f2

FIGURE 4.10. The initial datum wug for the general example.

and finally the distribution 9,4 is not a Radon measure if

Z Nnaﬁfan = 00.

A possible choice is
](n?)
qn -
4.6.2. Positive and negative fractional total variation. In this section we
provide an example that proves the following Proposition.

L,=27", an =87", Ny =

PROPOSITION 4.24. For every p > 1 there exists a function u : [0,1] — [0, 1] such
that

k—1
1/p, \P._ Y NP —
(TViPu) -—Pfggﬁp;[(“(xm u(@i)) ]’ =1

and

k—1
P
(TVl_/pU) = sup > [(w(wit1) — ula)) ]’ = +oo.
P(0,1]) ;7
REMARK 4.25. As we already mentioned the conclusion of the proposition above
cannot hold for p = 1. In fact the trivial relation holds:

TViu=TV_u+u(l) — u(0). (4.46)

This proves that a bounded function with finite positive total variation is a function of
bounded variation. In particular if a bounded function v : R — R is one-sided Lipschitz,
then it has locally finite total variation. By the Oleinik estimate, this argument applies
to entropy solutions to (1) with f uniformly convex. In the more general case of strictly
convex fluxes with polynomial degeneracy, it holds a one-sided Holder estimate. As

observed in [ ], an analogous of (4.46) for TV'/? would allow to apply the same
argument to get fractional BV regularity. The example shows that this cannot be done,
however as in [ | for the convex case and here in Section 4.3, it is enough to rely on

the BV regularity of f’ o .
Let n > 0 and C,, be the n-th step in the construction of the Cantor set:

Cn:{m:xzzgf withxi6{O,Q}Vizl,...,nandmie{O,l,Q}Vk>n}.
i=1
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-1
Let up = [0, 1] and fix a = 2% —1 < 1. Define by induction u, for n > 1:

v — {unl in [0,1] \ Cp—1

Un, in C,,_1

where v, is defined on each connected component [a, b] of C),—1 as the piecewise affine
interpolation between the points

b—a 1+«

(a,up—1(a)), <a+3,un1(a)+ 5

(tna () — un1<a>>>

<a + ;(b —a),up—1(a) + ! ; L (unr (b) — Un—l(a))> s (b up—1(D)).

See Figure 4.11 for the first two steps of the construction.
Observe that « has been chosen in such a way that

TVYPuy = TV Pug = 1.

Let n > 1 and let [a, b] be a connected component of C),. A straightforward computation

leads to
i — i 2 floo = tim (22 +2) Zy (2242
n n—1|loo — Un 3 3 n—1 3 3
l1+a 1
= (152 - 3) r®) — vaa(a)

~ (lt+a 1\ (14a\""
- 2 3 2

Since a < 1 this implies that the sequence u,, converges uniformly to a continuous
function wu.

We estimate from below the negative 1/p-variation of u by considering (Z1, .. ., Zon+1)
€ P where {Z1,...,ZTgn+1} = OCp:
on+1_q ontl_q n 14+ a)\’?
S litrien)w(a) P = 3 [ontoien) o) P = -2 (0] <
1= 1= =

In particular the negative 1/p-variation of u is not finite.
Now we prove that the positive s-variation is equal to 1. It is sufficient to prove
TV Pu, <1
for every n by lower semicontinuity of TVi/ P with respect to pointwise convergence.
Since u,, is piecewise monotone and ¢(u) = |u|P is convex it is easy to show that
there exits (z1,...,2a;) € P such that

2k—1 k
TVi/pun = Z [(un(zis1) — un(z:)) TP = Z[“n(@z) — un(22i-1)]" (4.47)
i=1 1=1

and for every i = 1,...,2k
Ti = fo’(i)a
where o : [1,2k] NN — [1,2""] N N is strictly increasing. By (4.47), it immediately
follows that (1) = 1, 0(2k) = 2"*! and o maps even indexes into even indexes and
odd indexes into odd indexes.
We are going to prove that given (z1,...,x9;) € P such that (4.47) holds with

k > 1 there exists (y1,...,%2k_2) € P which realizes the TVi/pun t00. (Y1, -+, Y2k—2)
is obtained eliminating two consecutive points in (x1, ..., Zak).
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We need also the following property that follows by the optimality of the partition:
given (z1,...,x9;) € P such that (4.47) holds, for every j =1,...,k—1
o2))=21 = o(2j+1)=20+1.
Let j € [1,k — 1] NN such that

Un(T95) — un(Tgj41) = jE[E.l.i.Ikl—l] Un (T25) — tn(22j41)- (4.48)
Claim. If (z1,...,z9;) € P is optimal, then (z1,...,22k) \ (295, Toj41) is still optimal.

First we observe that iterating this argument k& — 1 times we get that (4.47) holds
for (0,1) € P so that
TViu, <1
and this reduces the proof of Proposition 4.24 to the proof of the claim.
The claim is a consequence of the convexity of ¢(u) = |u|P, which is exploited in
the following lemma.

LEMMA 4.26. Let w < z and

1+« 11—«
5 (z—w), vo=w+

u <w, U2 >z, VI =w-+

Then
(Ul — Ul)p + (UQ — Ug)p S (U2 — ul)p.

PROOF. By elementary computations,

V1 —UL u2—v2
(v1 —up)P + (ug — vo)? = / ptPLdt +/ ptP~1dt
0 0

v —w v1—ul
= / ptPldt + / ptP~Ldt
0 v —w

Z2—V9 U2 —v2
+ / ptP~dt + / ptPLdt.
0 z

—va

Since (v —w)P + (z — v2)? = (z — w)P,

V1 —Uul U2 —v2
(v —u)P + (ug —v2)? = (2 —w)P + / ptP~Lat +/ ptP~Ldt
v z

1—w —v2
U —U1
< (z—w)P +/ ptP~Lat
zZ—w
= (UQ - ul)pa
where the inequality holds since ptP~! is increasing with respect to t. ]

We want to apply the previous lemma with

Uy = U($2371)a U2 = U(xzﬂz), U1 = U(fzj)v V2 = U($2§+1)
and
w = u(ry; — (Toji1 — Toj))s 2 = u(Tojy1 + (Toj41 — To3))-
The two equalities
14+«

v =w+ (z—w) and vy =w+ _a(sz)

hold by construction. Therefore it remains to check that uq; < w and us > z. Since
they are similar we prove only the first inequality: by the minimality in (4.48) it follows
that z9;_1 < @95 — (9511 — T9;) and therefore by optimality in (4.47) it follows that

up = U(@j—l) < U(xzj - (332j+1 - fUzj)) = w.
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FIGURE 4.11. The first two steps of the construction of the function u
in Proposition 4.24.

Hence we can apply the lemma and this implies the claim, therefore the proof of
Proposition 4.24 is complete.

4.6.3. Theorem 4.21 is sharp. We show here for completeness, the already
known sharpness of Theorem 4.21.

Let p € N and consider the flux f(u) = uP*! of degeneracy p. We provide a bounded
initial datum ug with compact support such that for every ¢ € [1, p) the entropy solution
u at time 1 does not belong to BVY/4(R).

Consider first the entropy solution of (1) with f(u) = u”*! and ug = axio,r) for
some a, . > 0. The solution for small ¢ > 0 is given by a rarefaction starting from
x = 0 and a shock starting from x = L. The maximal speed of the rarefaction is
f'(a) = (p+ 1)aP and the the velocity A of the shock is given by Rankine-Hugoniot:

A\ = f(a)_f<0) — .
a—20
Therefore
L
t< — = maxu(t) =a and suppu(t) C [0, L + ta?]. (4.49)
pa

Consider now an initial datum of the form

oo
Uo = z :anx[xnamn+Ln]

n=1
Choose
L, = (p+1)a® > pal, x1 =0, xp=2ap_1+ Ly+adb.
Let ¢ > 1, by the choice above and (4.49), it holds

0,(p+2) iag] , (Tvéu(l))q — 2 i al.
n=1 n=1

supp up C
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Therefore in order to conclude the example it suffices to consider a nonnegative sequence
(an)nen € P\ ¢4 for every q < p. For example let






CHAPTER 5

A Lagrangian approach for scalar multidimensional
conservation laws

ABSTRACT. We introduce a notion of Lagrangian representation for scalar multidi-
mensional conservation laws and we study its compactness and stability properties.
In Section 5.1 the notation is fixed and some preliminary results are presented, in
Section 5.2 we construct the Lagrangian representation and we prove some of its
properties and finally in Section 5.3 an application to the case of continuous solution
is presented. The work of this chapter is taken from | ].

5.1. Preliminaries and notations

In the following, if f: X — [0,400) is a non-negative function defined on some set
X, we will denote its hypograph by

hyp f:={(z,h) € X x[0,4+00): 0 < h < f(z)}.
Conversely, if U C X x [0, +00) we will use the notation

hyp~'(U) = f (5.1)
to indicate that the set U is the hypograph of the function f. The power set of X will
be denoted by P(X).

If X is a measurable space, the space of finite measures over X will be written as
A (X) and as usual the total variation is defined for every measurable E C X as

k k
|u|(E) := sup { S BN EinE; =0 fori#j, | JEi = E}
i=1 =1
The norm of a measure p € #(X) will be written as |||z := |1|(X) and the space
of non-negative measures over X will be denoted by .Z " (X).

Often we will consider X to be the d-dimensional Euclidean space R? or a suitable
space of curves that will be denoted by T'. In the former case, £ will be the Lebesgue
measure and H?~! the (d — 1)-dimensional Hausdorff measure; in the latter, elements
of the space and measures will be generically denoted by greek letters, namely we will
use ~ for a generic curve and w for a measure on the space of curves. Recall also that
there are natural “projection” operators defined on the space of curves, namely the
evaluation map at time t > 0

er: I — ROT 5:2)
v = (1)
and
p: (0,400) x T — (0, 400) x R¥!
(t,7) = (t, (1))
Usually, the curves we will consider are not necessarily continuous, but they enjoy BV

regularity. Accordingly, we will use the symbols «(¢+) for the right/left limits at ¢; for
the derivative we will write

(5.3)

Dyy = Dy + D"y (5.4)

91
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where Dy is the continuous (or diffuse) part and DI"™P+ is the jump part.

Finally, we will use the standard language of measure theory. In particular, a.e. (if
not otherwise stated) refers to the Lebesgue measure. The Lebesgue spaces are denoted
in the usual way LP and the notation L’i will be used for the space of non-negative
functions with integrable p-power. The essential interior of a set  C R?, essInt(Q),
is the set of points 2 € R? for which there exists a Lebesgue negligible set N such that
x € Int (QU N), being Int the standard topological interior.

We now prove the technical lemmas that will be useful in the following.

LEMMA 5.1. Let I = [a,b] C R be a closed interval in R. Let (D), be an increasing
sequence of finite sets D1 C Dy C ... C I such that their union

D::UDn
n

is dense in I. Let moreover (fn)nen be a sequence of maps frn: I — X where (X,d) is
a complete metric space. Assume that:
(1) a€ Dy;
(2) there exists a compact set K C X such that for every n,m € N with n < m
and for every q € Dy, fm(q) € K;
(3) there exists a constant C > 0 such that for every n,m € N with n < m, for
every q € D, and for every x € I with q < x, it holds

d(fm(‘])a fm(m)) < C(.Z' - Q)'
Then there exist a subsequence (ng)r and a C-Lipschitz function f: I — X such

that
o, = f uniformly on I as k — +o0.

ProOF. By Condition (2) and the standard diagonal argument there exists a sub-
sequence fp, , that we will denote by fj, which converges pointwise in D. Therefore,
for every ¢ € D, the sequence (fx(q))ren is a Cauchy sequence in X. Since D,, is finite
for every n € N, the convergence is uniform on each D,,. In particular for every n € N,
there exists N, : [0,+00) — N such that for every € > 0, for every I,m > N,(¢) and
for every g € Dy, it holds d(fi(q), fm(q)) <e.

Now we prove that actually the sequence (fi)ren is a Cauchy sequence with respect
to the sup-norm. Fix ¢ > 0. Then by Condition (1), the monotonicity of the sequence
(Dp)nen and the density of D C I there exists 7 such that for every = € I there exists

q € Dy, such that 0 < x — ¢ < e. Then for every I,m > iV Nj(g), it holds
A(fi(@), (@) < A(i(@), (@) + AF(0): Fn(0)) + d(Fin @), Fon(2))
<Cx—q)+e+C(x—q)
< (2C + 1)e.

Therefore the sequence f converges uniformly to a function f. Now we check that f
is C-Lipschitz. For every x,y € I with x < y and for every ¢ € D with ¢ < z, it holds

d(f(z), f(y)) < d(f(x), (@) +d(f(a), f(y))
<Clz—q+y—q.
Letting ¢ — « from below we get that f is C-Lipschitz and this concludes the proof. [

We will also need the following standard result in the theory of sets of finite perime-
ter.

LEMMA 5.2. Let E C R% be a set of finite measure and of finite perimeter and let
v € R? with |v| = 1. Then for every t > 0 if Ey, := {x +tv: 2 € E} it holds

LYE A Ej,) < 2tPer(E).
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PrOOF. By Anzellotti-Giaquinta Theorem [ , Theorem 3.9] there exists a
sequence (uy,)ney C C®° NWHL(RY) such that u, — g in L'(R?) and Du™ — Dxg in
duality with continuous, bounded functions over R? and ||Du™|| — ||Dxg|. We want
to compute

E%EAen=2/“a—xm@nﬂxmdm
]Rd

Now we set
gn(t) = / u"(x — tv) dz, g(t) == / XEro () dz.
For ¢ € C2°((0, ) we have

—(Dign, ¢) = /+°°/c (x —tv) ()d:vdt:/c OJFOOVU"(Q:—tv)‘vgﬁ(t)dtdx.

This shows that

Dyg, = — Vu'(x — tv) - vdz.
EC
In particular,

| Degnl| < / |IVu™(z — tv) - v|dx < || Du"||.
EC
We thus have :
50 = 9.(0) < [ |Du" e = D).

By observing that g, — ¢ pointwise and using that ||[Du"| — ||Dxg|| = Per E, we
conclude the proof. O

5.2. Lagrangian representation

We consider scalar multidimensional conservation laws, i.e. first order partial dif-
ferential equations of the form
Opu + divy (f(u)) =0 in (0,400) x RY, (5.5)

where u: (0, 4+00) x R? — R is a scalar function and f: R — R? is a smooth map, called
the fluz function.

5.2.1. Definition and properties of the Lagrangian representation. Since
we only consider L° solutions, up to a translation in the flux f, we can assume u > 0.
We denote by

.= {fy = (v}, 9?): (0,400) = R? x [0, +00) : 4! is continuous and ~? is decreasing}

equipped with the product of the uniform convergence on compact sets topology and
of the L{ -topology.

loc

DEFINITION 5.3. A Lagrangian representation of a solution u to (5.5) is a measure
w € #*(T) such that:

(1) it holds
pi(LY x w) = LT hyp w, (5.6)
where we recall p is the projection map defined in (5.3);
(2) w is concentrated on the set of curves v = (y1,4?) € T such that

{Wt) =f'(y*(t)  Llac tel0,+00), (5.7)

72 < 0 in the sense of distributions.

The following lemma shows that the condition expressed in (5.6) is equivalent to
its pointwise version.
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LEMMA 5.4. Assume that t — u(t) is strongly continuous in L'. Then in Definition
5.3, Condition (1) can be replaced with the following:

(1°) for every t >0, it holds
LT hyp u(t), (5.8)

where we recall e; is the evaluation map defined in (5.2).

€tnw =

ProOF. Condition (1’) clearly implies (1). On the other hand, by Fubini, Condition
(1) gives that (5.8) for £L!-a.e. t. By exploiting the L!-continuity in time of u, we now
show that (5.8) holds indeed for every ¢t € [0,+00). To do this, we write y(t) =
(71 (t),v2(t)) and we fix ; we take as test function the following

gD(t, T, h) = ¢($7 h)%(’f),

where ¢: RT1 — R is arbitrary, ¥5: [0, +00) — R is a non negative smooth function,
with supp s C (¢,t+0) and [p. s = 1. Taking the limit as 6 — 0% of (5.6) tested
against ¢, we have

o(x, h) AL hyp u() = / H(y(T+)) dw,
Rd-+1 r

where v(+) denotes the right limit (which exists because ! is continuous and ~? is
decreasing). Similarly, on the left side, we get

o, )AL hyp u(D) = /F b)) duw

Rd+1

thus, in particular,

0= / S D). 22(-)) — 6(} (1), A2 )) do.
N

Let us fix a compact set K C R? and choose ¢ € C°(R¥*!) such that dp¢ > 1 in
K x (0, |ullso) and 9p¢ > 0 in R? x (0, ||u/|oo): being 42 decreasing, we have

0= /Fqﬁ('yl(f)wQ(t—)) — (' (@), 7 (t+)) dw
- /r\r (7 (7)) = 6(v' (0.7 (E4)) dew +/ (v2(F=) — 72(E+)) dw

'k
2/(1 2/(F
> [ ) -,
'k

where 'y C T is the set of curves such that y'(f) € K. This shows that for every
t € (0,+00), w-a.e. 7 is continuous in ¢: in particular, we have (e;),w = L hyp u(t)
for every t. O

We now present the following proposition, which says that Conditions (1), (2) in
Definition (5.3) imply that u is an entropy solution to (5.5).

PROPOSITION 5.5. Letw € A (I") be a non-negative measure on the space of curves
and assume there exists a non-negative, bounded function u: (0,400) x R — [0, 4-00)
such that Conditions (1), (2) of Definition 5.3 hold. Then w is an entropy solution to
(5.5).

PROOF. Let (1,q) be an entropy-entropy flux pair with 1 convex (w.l.o.g. 1n(0) =
0,q(0) = 0). Using the elementary identities

+oo
U(t, $) = /0 X[0,u(t,)] (h’> dh
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and
“+00

+o0
HQUG7$))—'j€ Xou(ea) (1 (h) dh, q(uawx>>—-jg Xty (W)l (h) dh

and recalling that ¢’ = 7/f’, we can write, for any non-negative test function ¢ €
Ce([0,+00) x RY),

—(n(u)i+divg(a(u

LI
L

LI
/RM

By Condition 1 we have p;(£! x w) = £32 hyp u, so that
—(n(u)e+dive(q(u)), )

= /Rd+2 ' (h) (¢e(t, @) + £'(h) - Vob(t, x)) d(LThyp u)

»®)

w(t, ) (t, z) + q(u(t, ) - Vao(t, z) dt da
Oo[ ” X(0,u(t,2)] (R (R) e (t, ) + ' (R) - Vag(t, x) dh | dt d
OO/Jroo X[0,u(t2)] ()1 (R) (¢4 (t, @) + £'(h) - Voo(t,2)) dh dt da
"(h) (et

t(t,2) + £'(h) - Vao(t,2)) d(L7 2 hyp u).

+oo
= [ ] e (e 0) + 0200 - Vet 1)) dt o
Moreover, let us define for a.e. t € (0,400) and for w-a.e. 7 the function
gy (t) =0 (F(1))- (5.9)

Recall that 7 is convex and that for w-a.e. v the function 72 is decreasing by Condition
(2); thus we have that g, is decreasing for w-a.e. 7. Hence it holds giy < 0 in the sense
of distributions. By Fubini Theorem, we finally have

—(n(u)i+dive(q(u)), ¢)
+o00
// 2(1)) (01(£.41 (1) + £ (52(1)) - Vu (8,71 (1)) ) dt do

://”> O) (964 1) +9° 1) Voo (621 0) a0
//%“ %ﬁ( Y1) d duo
//+°O t)dt dw > 0

where the last inequality comes from the distributional definition of derivative for the
function g, being ¢-(t) := ¢(¢,7'(¢)) an admisible, non-negative test function. Thus
we have established that, for any convex entropy 7, it holds in the sense of distributions

n(w)e + dive(q(u)) < 0. (5.11)
In particular, by taking n(s) = s and repeating the computation above, we get
up + div (f(u)) = 0. (5.12)

Having established the two conditions (5.11) and (5.12), we have that u is by definition
an entropy solution to (5.5), hence the proof is complete. ]
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This proof shows also how the dissipation measure can be decomposed along the
characteristic curves. Since this fact will be useful, we fix some notation and explicit
this decomposition.

Let 1 be a convex entropy and set

1= (L,7); ((77’ o 72)1572) o (MH At @, h) =y (8) = 2, h € (77 (1), 77 (¢-))-
Accordingly define
V= / p2 dw. (5.13)
r

LEMMA 5.6. It holds
(mt2)30" = p",
where the map T2 RY x [0,400) x [0, +00) 3 (t,x,h) = (t,x) € RL x [0, +00) is the
projection on the t,x variables.

PRrROOF. By definition we immediately get

(me0)5 (1) = (L,7")4(Drgy), (5.14)
where g, is defined in (5.9). Including (5.14) in (5.10) we get

(nwy+ divstat). o) = = [ [, - ) dt d

- / /[0 L pm e
OO><

- / b d((m1.0)0"),
[0,400) xR

where in the last inequality we used the definition of v (5.13) and the relation

/F(Wt,w)wﬁydw: (7t,2)t (/F uZdw>. O

We will use the notation 7 to indicate v7 with n(u) = u?/2.

PROPOSITION 5.7. The disstpation v in the essential interior of hyp u is zero.

PROOF. Let 1 : R? x [0, 4+00) — [0, 4+00) such that for every ¢ € (t1,ts), supp e C
ess Int(hyp u(t),R? x [0, 4+00)), then

t Y(x, h)d(es)yw
Rd+1

is constant. Take (¢, Z, h) in the essential interior of hyp u. Take ¢ (x, h) = 11 (x)2(h),
where

Pi(z) = o(|lz — ), Opiha < 0in [0, R) and Yo(h) =0 for h > h,

where o is smooth and nonnegative and ¢ > 0 in [0,7), where r < 1. For every
¢ € CL((t1,t2)), it holds

o= [ Rdﬂqﬁ(t)w( (e

//tm Dy(yp 0 7))dw

/ / iy POTHOEADA) + / Z¢ £) = (1)) o,
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by Volpert chain rule, where Dw is the continuous part of the derivative defined in
(5.4). For every ¢ > 0, and using the assumptions on 1

//tl’tz IeGOMDA _/ /: S(t)Varo(v(1)) - /(72 (1)) dtdw
! /r /(tht?) ()0 (7(£))d(Dyy?)dw,

by splitting horizontal and vertical components. We prove that the horizontal contri-
bution is zero.

//2¢(t)Vw(7(t)) £'(v2(t))dtdw = / /2¢ Voto(z, h) - £ (h)dtdL ' (hyp uft))
I'Jty Rd+1
+oo
_ 1 . d
_ /tl ¢(t)/0 £(h) /BT@) Vi (z, h)dLAdhdt

We conclude that

/[‘b utb ((0) D) /Z¢ 1) = 0(3(17))) duw

= ¢(t)Opy) dv.
Rd+2
By arbitrariness of ¢, 1 or by using 7 < 0 we get 7 = 0 in the interior of the hypograph.
0

5.2.2. Compactness and stability of Lagrangian representations. We now
turn to analyze stability properties that, in particular, will be useful in the construction
of Lagrangian representations. In the following proposition, we show how the compact-
ness of approximate solutions translates into tightness of the corresponding Lagrangian
measures and how conditions (1) and (2) pass to the limit.

Actually, we present the result in the more general framework in which the push
forward of the measure £ x w through the evaluation map p is merely the Lebesgue
measure £912 restricted to a set U, and not necessarily an hypograph. This allows more
freedom in the construction of approximate solutions (e.g. Brenier’s Transport-Collapse
scheme will fit in this setting).

PROPOSITION 5.8 (Compactness and stability). Let (w")peny C A+ (T') be a se-
quence of bounded measures such that Condition (2) in Definition 5.3 holds. Assume
that

pﬁ(ﬁl % wn) — £d+2l_Un

for some set U™ C R¥*2 and assume that there exists M > 0 such that U™ C (0, +00) X
R? x [0, M] for every n € N. Assume furthermore that

xvn — xu i LYRT?),

for some set U C R42. Then (w"),en is tight, every limit point w satisfies Condition
(2) in Definition 5.3 and it holds

Dy (El X w) = LU
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PROOF. Since w" satisfies Condition (2) in Definition 5.3, we have that
suppw™ C Lip((0,4+00),RY) x D

with local uniform bounds, hence (w"),, is locally tight. Using a diagonal argument,
we construct a measure w which is the limit of w™. We now show that

(L x w) = LI

where p is the evaluation map defined in (5.3). Indeed, let ¢ = @(t,x,h) be a test
function; we get

/RMM+1 o(t, z, h) dpy (L x w)(t,x,h) = /F/R+ ©(t,y(t)) dt dw
— [ #deta)

noJr
= hm// o(t,y(t)) dt dw"
noJr JRt
= lim o(t,z, h) dps (L' x w™)

nJR+ xR+

= lim o(t,z, h) d(LT2LU™)

n JRFxRA+!
_ / o,z h) d(L20),
R+ xRd+1

where we have used in the second line the continuous function
—+oo

(y) = ; P(t,~(t)) dt. O

We conclude this paragraph by pointing out the following corollary, whose proof
can be obtained particularizing Proposition 5.8 in the case where U™ are hypographs
of entropy solutions.

COROLLARY 5.9. Let (u")nen be a sequence of uniformly bounded entropy solutions
to (5.5) and assume it is given a sequence (W")nen of corresponding Lagrangian repre-
sentations. If u™ — u locally in L', then (w™)nen 48 tight and every limit point w is a
Lagrangian representation of u.

5.2.3. Existence of Lagrangian representations for initial data in L.
The compactness properties stated in Corollary 5.9 and standard approximation results
imply that, in order to prove the existence of Lagrangian representations for solutions
with initial data in L°°, it is enough to construct them for solutions with bounded
variation. In order to do this, we exploit a numerical scheme which was proposed by
Brenier in | ] and is called “transport-collapse”. We consider the initial value
problem

{atu +div, (f(u) =0 in (0,+00) x RY, (5.15)

U((), ) = 'LL()()
with ug € L®(R?%) N BVjec(RY) and we denote by u the entropy solution to (5.15). As

before, we assume that u > 0.
We define the following transport map

Tr: [0, +00) x R? x [0, +00) — R? x [0, +00)
(t,z,h) = (x +tf'(h), ),
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which moves a point in R? x [0, +00) with the characteristic speed. Observe that, in
general, if v = v(x) is a function of z then, for ¢ > 0, the image

Tr(t,hypv):= )  Tr(t,z,h) CRY x [0,+00)
(z,h)€hyp v

is not necessarily an hypograph.

Then we introduce the collapse operator: we first define the set

X = {(E,a:,h) e P(RE x [0, +00)) x RE x [0, +00) : (z,h) € E} ,
where we recall P denotes the power set and then
C: X = R x [0, +00)
(B,z,h) = (2, H'(({z} x [0,h]) N B)),

where H! is the (outer) 1-dimensional Hausdorff measure. The collapse operator moves
points vertically in the negative direction. Moreover the image of a set is always an
hypograph (possibly taking value +o0) and C(E, -, -) is the identity if and only if E is

an hypograph.
We now set

Y = {(v,m,h) € LT(RY) x R? x [0, +00) : (x,h) € hyp v}.
We define the transport-collapse map at time ¢ > 0 in the following way:
TC: Y — R4 % [0, 4+00)
(v, 2, h) — C(Tr(t,hyp v), Tr(t,z, h))
REMARK 5.10. The contruction above is only a Lagrangian rephrase of the Transport-
Collapse scheme proposed by Brenier in | ]. There, the author defines the Transport-

Collapse operator as the family of operators {T(#)}¢~0 on L'(R?) whose restriction to
the space of non-negative, integrable functions L}F(Rd) is

T(t): LY (RY) — LY (RY)
v (T())(x) = /R vz — t£(h), h) dh

where
1 if0<h<o(z),

] h):= o(z,h) =

gul@, b) = Xoyp o(@, h) {O else.

The link between the two formulations is the following:
hyp (T(t)v) = TC¢(v, hyp v).

On the other hand, the map TC; chooses the image of each point in the hypograph
and not only the image of the whole hypograph (see Figure 5.1) .

We are now in position to define an approximating sequence (TC}') of the Kruzkov
semigroup. We define first them inductively for ¢t € 27"N:

TC(T)L(’Ua x, h) = ({L‘, h),
Tc?k+1)-2*" (v,z,h) = TCyn (hyp _1(TCZ.2,,L(U, hyp v)), TC} 5—n (v, , h)),

where hyp~!(-) is defined in (5.1).
For the intermediate times ¢t = s + k- 27", with s € (0,27"), we set

TC} :=Tr(s) o (TCg-n).
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FI1GURE 5.1. Picture of the transport collapse scheme.

Taking now ug € L®(R?) N BV(RY), we define accordingly for every (z,h) € hyp ug
and for every t > 0,

’7&,h) (t) = TC? (u07 z, h)v

and we set
wh = / Oyn  dx dh. (5.16)
hvp (z,h)
yP uo

Since the Transport Collapse scheme is measure preserving, there exists U" C
[0, +00) x RY x [0, +0c) such that

(er)pw" = ﬁdl_Un(t), (5.17)
where
U™(t) := {(z,h) € RY x [0, +00) : (t,z,h) € U}.

5.2.3.1. Total variation along Transport-Collapse. A crucial property in | ] is
that the total variation decreases along the Transport-Collapse scheme. This is indeed
stated and proved in the following lemma and we present the proof for the sake of
completeness.

LEMMA 5.11. For every t > 0 and u € L (R?) it holds
TV(T(t)u) < TV(u).

PROOF. For every t > 0, for any test vector field ® € C}(R% R?), with ||®[|s < 1,
we have

+o0o
/Rd(T(t)u)(x) div ®(z) dx = /Rd/o ju(x — tf'(h), h) div ®(x) dh dx
+oo
—/ / ju(z, h) div ¥y (z) dh dx
R2 JO

‘
< /0 TV (ju(-, b)) db,

where we have set Wy (x) = ®(x + ¢tf'(h)) and the last inequality holds by definition
of total variation (together with the trivial fact that ||¥p| < 1). Finally, by coarea
formula, we have

/m TV (jul-, h))dh = TV(u).
0

Being ® arbitrary, the proof is complete. U
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U™ (t, h)—g—ngr(n)

FIGURE 5.2. The set in grey is U™ (£, h) N (U™ (£, h) _g-np(s)) .

5.2.3.2. Passage to the limit of Transport-Collapse. In this section we give an al-
ternative proof of the fact that the iterated Transport-Collapse scheme converges to
the Kruzkov semigroup, based on the Lagrangian representation. As a byproduct, we
obtain the existence of Lagrangian representations for BV initial data and, as already
noticed, this suffices for the general L™ case.

Let us also fix D,, = {2% : k € Nxo} so that for every ¢t € D, there exists

u"(f) € L®(R?) such that
U"(t) = hyp u"(#).
The key point to prove the compactness of the family (U™),cn is contained in the
following lemma.

LEMMA 5.12. Letn € N and t € Dy. Then for every t >t and for every n > n, it
holds

leos” — (s e = LU (@) AUM@) < 20f oot — HTV(wo).  (5.18)
PROOF. Let us now write t —t =k-27" + s for s € [0,27"). For j =0,...,k—1
set
I = [tjn, tjitv1,nl, where tim =14+ 727"
Observe that it holds
LAY U™) AU™ME)) = 2™ ({7 :7(F) € U™(D),7(t) ¢ U(D)})-
Being U (%) the hypograph of u"(¢), for every j =0,...,k —1 and v € suppw”,
Y(tjn—) € U™(t) = Y(tjn+) € U™(2). (5.19)
For any j =0,...,k — 1 we set
Gin = {7 € upDW" 1 At +) € UMD, ¥ (ti+10) & U"(D) .
Finally, if s = 0 we set G, = () and if s > 0,

G i= {7 € supp W : A(tent) € UMD 2(1) ¢ U (D) }.

By (5.19), it holds

k
{y: 1@ eU®),7vt) ¢ U" D} < | Gim-
J=0
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Let us fix j =0,...,k — 1. By (5.17) and definition of w",
W™ (Gjn) = LT ({(z,h) € UE) NU™(tjn) : (z+ £/ (R)27", k) ¢ U (D)})

B /““0”"Zd ({z € UMER) N Ut h) s 2+ ()2 ¢ U(E 1)) dh,
0 (5.20)

where we have set U(t,h) := {x : (t,z,h) € U} and used Fubini theorem. Now we
observe that

{9: e U™t h)NU(tjn, h):x+1(h)27" ¢ U (L, h)} C U™t h) N (U" (L, h) —g—npr(n))S,
where we recall that Ey := E + v (see Figure 5.2). Since
n(y n(y C 1 niy n(y
LU (ER) O (U (E h)amnpr)) = 5 LU (ER)AU"(E D)2
by applying Lemma 5.2, we have
LU UM ER AU ER) 3 wp) < 2 F 2™ Per(U™(E 1))

Taking into account (5.20), by coarea formula for functions of bounded variation

H“OHOO
W (Gi) < / |/ lloe2”" Per(U™ (7, h)) dh
0

= 27"l TV (u" (1))
< 27" lloc TV (uo),

where the last inequality follows by Lemma 5.11. Similarly we can prove that
w" (gk,n) < SHf,”OOTV(UO)ﬂ

therefore summing over 5 =0,...,k we get

k
LE U AUTD) <2 " (Gin)

=0
< 202"k + 9) 1 loe TV (u0)
2(t = DIl f Nl TV (uo). =

We now combine the estimate (5.18) together with Lemma 5.1 to deduce the exis-
tence of a Lagrangian representation for BV solutions.

PROPOSITION 5.13. The sequence (wW")nen constructed in (5.16) is tight and every
limit point w is a Lagrangian representation of the entropy solution to (5.15).

PROOF. As in the proof of Proposition 5.8, the tightness of the family follows from
Condition (2) in Definition 5.3 together with uniform bounds. Let w be any limit point.

We now want to apply Lemma 5.1: set I = [0,7] and let D, = {£ : k =
0,...,2"T}. Let then X := L'(R%1) and accordingly define

fo: I — LR
s Xsupp (et)ﬁw”(')

Condition (1) is trivially satisfied; let us verify Assumption (2). For any n € N,
for every t € D, and every m > mn we have (et)ﬁwm is concentrated on the hypo-
graph of some function " (¢). By Lemma 5.11 the functions (u™(t))m>n have uni-
formly bounded total variation, hence they are compact in L'(R?) and therefore the
hypographs are compact in L'(R*t1). To verify Condition (3), it is enough to apply
Lemma 5.12.
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Thus we obtain a Lipschitz function f: I — L'(R%1); since f(t) is the charac-
teristic function of an hypograph for every ¢t € D, by continuity, there exists u €
Lip([0, T]; BV(R%)) such that

f(t) = Xhyp u(t)
for every t € [0, 7).
Thanks to Proposition 5.8 we obtain that
(er)gw = L hyp u(t)

for every t > 0. Finally, a direct application of Proposition 5.5 shows that the function
w is the entropy solution to (5.15) and concludes the proof. t

The compactness and stability properties of Lagrangian representations stated in
Corollary 5.9, together with standard approximation results, yield immediately the
following

THEOREM 5.14. Let u be the entropy solution to the initial value problem (5.15)
with ug € L>°(RY). Then there exists a Lagrangian representation of u.

5.3. The case of continuous solutions

In this section we prove that if w is a continuous entropy solution of (5.5) then
for every entropy-entropy flux pair (n,q) with n € C*(R), the dissipation measure
vanishes, namely

= mn(u)¢ + div(q(u)) = 0.
Consider the jump part of ¥ defined by

v = /Fu‘idw, where = H'C{(t,x,h) v (t) = 2, h € (Y (t4),7°(t-))}.

As an intermediate step we prove that v/ = 0, which is equivalent, by definition, to the
fact that w is concentrated on continuous curves.

LEMMA 5.15. Let u: [0,T) x R? — R be a continuous solution of (5.5) and let w be
a Lagrangian representation of u. Then w is concentrated on continuous characteristic
curves.

PROOF. Since the solution u is continuous, for every (t,x,h) € [0,+o0c) x RY x
(0, +00) such that h < u(t,z), it holds (¢,z,h) € Int(hyp w). Hence for every v €
supp w,
2, = pd L Int(hyp u).
Therefore
v/ = vl Int(hyp u) =0,
by Proposition 5.7. This concludes the proof of this lemma. [l

In the following proposition we show that for the continuous solutions the hypo-
graph at time t is the translation of hyp ug along segments with characteristic speed.

PROPOSITION 5.16. Let u: [0,T) x R* — R be a continuous entropy solution of

(5.5). Then
o= / 5, . dwdh,
hyp uo

Yon(t) = (z + t£'(h), h), te0,7)

is a Lagrangian representation of u.

where
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PROOF. To begin we notice that there exists a set £ with £¥2(hyp u \ E) = 0
such that for every z = (t,, h) € E there exists a curve v,: [0,7] — R? x [0, +00) with
the following properties:

(1) 72(t) = (z, w);

(2) 7. is a continuous characteristic curve;
(3) ([ t]) C hyp u;
)

(4) 42 is constant on the connected components of ;! (Int(hyp u)).

In fact, (1) follows from the definition of Lagrangian representation and (2) follows
from Lemma 5.15. From the definition of Lagrangian representation w is concentrated
on curves that lie in hyp u for £'-a.e. t € [0,T]. By continuity of u, we thus get (3).
Finally (4) follows by Proposition 5.7.
Let ¢ > 0 and for every (z,h) € hyp u(t) we consider the function
O(x,h) " [O,ﬂ — ]Rd X [O, +OO)
t (z— (t—t)f'(h),h).

We first prove that for every (z,h) € hyp u(t) the segments

(zm) ([0,7]) C hyp w.

Fix € > 0 and let us construct by iteration a curve contained in the hypograph which
approximates the segment. By uniform continuity of u there exists § € (0, 1) such that
I(t,x) — (', 2| <5 = |u(t,z) —u(t, 2)| <e.

Let ¢’ < d¢ and fix (t1,21) € [0,+00) x R and h > 0 such that (t;,21,h) € hyp u. For

k > 1 we define by recursion the points Zj, ¢t and zj in the following way:
2, = (B, @, hi) € Bor((thy 2 h — €)) N E, (5.21)
with £, < t;, and
tir = inf{t € [0,%] : 7z, (t) < h + ¢}, Thi1 =73, (tes1+).

The procedure ends when t;11 = 0. The existence of points Z is ensured by the fact
that E has full measure. We now prove that the procedure ends in finitely many steps.
Since for every k > 0, 7§k is constant on each connected component of vz L(Int(hyp u))

and %?k (tr) < u(ty, 1) — €, by the uniform continuity of u

th — th1 > A,
110

oo

therefore the number of steps IV after which the procedure ends is bounded by

1/ lloot
5

N<1+ (5.22)

We now prove the following claim, which states that vz, approximates O(z,7) In

(tkt1, tr)-
Claim. There exists C' > 0 independent of ¢ such that for every ¢ € [0,7] there
exists k =1,..., N and s € (tg41,tx) for which

(5,72, (8)) = (£, 0z 1) (1)] < Ce. (5.23)

First we observe that for every k = 1,..., N and for every s € (t341,1%;) it holds

12, (s) — h| < 2e. (5.24)
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The estimate for the first components follows by (5.24) and (5.7): for every k =
1,....N,

L (trsn) = ot ()| = [ ) — ol 3 ) — / Lo -rmya
< i, (E) — 0(1 (tk)| + 2e(ty — ter1) ||| co-
Moreover, by (5.21),
V2, (E) = 0y (E)| < 1z, () = 3, () [+ 12, (t) — 005y (8| |0 (5 (B) — 0 3y (E))
< 20|’ + L, () — o1 5 )]

By (5.25) and (5.26), it follows that for every k =1,..., N — 1 it holds
V2 (ter1) =0 5y (Ber)] < 1, (8) = 05y ()| 26 (B =t )1 oo + 20 [l (5.27)

For every t € [0,¢] let k =1,...,N — 1 and s € (t,4,%;) be such that |s — | < &'.
Then, iterating (5.27) for k = k,..., N — 1 and by (5.22), we have
75, (8) = 02 (0)] < |5, (5) — 02 (s)] + |oz(s) — oz(1)]
< 2 oot = 5) + 2(N = B)E'| F'lloc + | lloc|t = s
< 2|1 looT + 26" 1€ lloo + 2el| £ 13T + 1| o’
< Ck,

(5.28)

where C' = 2| f" |l + 2[|f'||cc + 2| F |5 T + || f'lloo- The estimates (5.24) and (5.28)
prove (5.23).

Since hyp u is closed, letting € — 0 we obtain that for every (Z,h) € hyp u(f), the
segment

oz m)([0,%]) C hyp u.

o= / 5o, dxdh.
hyp u(?)

Since the translations are area-preserving, for every ¢t € [0,¢], there exists U(t) C
[0, +00) x R such that

Let

(e)so = LITILU(t)
and

LAY U() = /R ult, z)dx. (5.29)

Since we proved that for every ¢ € [0,¢] it holds U(t) C hyp u(t), (5.29) implies that
U(t) = hyp u(t). This proves that @ = w and it is a Lagrangian representation of u. [J

THEOREM 5.17. Let u be a continuous bounded entropy solution in [0,T) x R? to
(5.5). Then for every (t,z) € [0,T) x RY, it holds

u(t, ) = up(x — ' (u(t, z))t). (5.30)

Moreover for everyn : R — R, q : R — R¢ Lipschitz such that ' = n'f a.e. with
respect to L', it holds
n(u): + divy q(u) =0 (5.31)

in the sense of distributions.
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PROOF. The validity of (5.30) is an immediate consequence of Proposition (5.16).
Concerning the second claim, if 1 is a convex C? entropy, then (5.31) follows by Lemma
5.6 and Proposition 5.16, since p) = 0 for every v € suppw. If 7 is C?, then there
exist 11,2 of class C? and convex such that 1 = 1, — 1y and thus it is enough to apply
the previous result to both 7; and 72. Finally, in order to prove that (5.31) holds for
Lipschitz (1, q), we consider a sequence (1™),cn such that 7 — 1 uniformly on R and
(n™) — 1’ in L} (R) with the associated q" such that q"(0) = q(0). We have that

loc

q" — q in L _(RY) and hence, for every test function ¢ € C°([0,T) x RY),
T
~n(wy+ divsa(w.0) = [ [ omw +atw)- Voded

T
~ lm / ™ (w) + q"(u) - Vs dar dt = 0,
0 R4

n—-+o0o

and this completes the proof. O
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