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ON A QUADRATIC FUNCTIONAL FOR SCALAR CONSERVATION LAWS
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STEFANO BIANCHINI AND STEFANO MODENA

ABSTRACT. We prove a quadratic interaction estimate for approximate solutions to scalar conservation
laws obtained by the wavefront tracking approximation or the Glimm scheme. This quadratic estimate
has been used in the literature to prove the convergence rate of the Glimm scheme.

The proof is based on the introduction of a quadratic functional Q(t), decreasing at every interaction,
and such that its total variation in time is bounded.

Differently from other interaction potentials present in the literature, the form of this functional is
the natural extension of the original Glimm functional, and coincides with it in the genuinely nonlinear
case.
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1. INTRODUCTION

Consider the Cauchy problem for a scalar conservation law in one space variable

(1.1)

u(0, x) = a(x)
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where i € BV (R), f : R — R smooth (by smooth we mean at least of class C?(R,R)). It is well known
[13] that there exists a unique entropic solution u(t, ) satisfying

(1.2)

lu(t, Ype < ||@|lne-, Tot. Var.(u(t, -)) < Tot.Var.(a).
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2 STEFANO BIANCHINI AND STEFANO MODENA

In particular we can assume w.l.o.g. that for each v € R, 0 < f'(u) < 1 and f” uniformly bounded.

The solution to (1.1) can be constructed in several ways, for example nonlinear semigroup theory [3],
finite difference schemes [14], and in particular wavefront tracking [9] and Glimm scheme [10]. In the
scalar case, in fact, the above functionals (1.2) are Lyapunov functionals, i.e. functionals decreasing
in time, (or potential, as they are usually called in the literature) for all the schemes listed, yielding
compactness of the approximated solution (even in the multidimensional case).

In [5] it is shown that there exists an additional Lyapunov functional Q®B[u] to the ones of (1.2). In
the case of wavefront tracking solution (see the references above or the beginning of Section 3 for a short
presentation), outside the interaction-cancellation times {t;},, this functional takes the simple form

(1.3) QPP(t) = Q%Plu(t, )] = Y lo(w) — o(w)|w]w'],

wFw’

where w, w’ are wavefronts of the approximate solution u(t,-) traveling with speed o(w), o(w’) respec-
tively. To avoid confusion/misunderstanding, we will call wavefronts the shocks/rarefactions/contact
discontinuities of the (approximate) solution, while the word wave will be reserved to subpartitions of
wavefronts. The precise definition is given at the beginning of Section 1.1. Here and in the future, we
call the collision between two wavefronts w, w’ an interaction if the wavefronts which collide have the
same sign, namely w - w’ > 0, otherwise we call it a cancellation (see Definition 3.11). In [5] a general
form of QPP valid at all ¢ is given.

This functional is of fundamental importance when studying the existence of solutions to systems of
conservation laws in one space variable, where the total variation of the (approximate) solution is not
decreasing in time. In particular, when two wavefronts w, w’ interact in the point (¢, Z), it is possible to
show that QBB decreases of at least

QPP (i-) — QPP (t+) < |o(w) — o(w')[Jw]|w'],

where the speeds are computed at t—.
Since it is well known that

(1.4) lo(w) — o(w")| < ||f"|| L= Tot.Var.(u(t,-)),
the following estimate holds
(1.5) Q"B (u(t,")) < | f"llL=Tot.Var.(u(t, ).

It is customary to say that QPP is a cubic functional, referring precisely to the exponent of (1.5). It
follows in particular that the total amount of interaction is cubic,

S Jo(w) — o(w!)fwlle’| < [|f"] 4= Tot. Var.(2)"
interactions

(See [4] for the general definition.)

In order to prove a convergence rate estimate for the Glimm schemes, in [2], [11] it is shown that if .
is the approximate solution constructed by the Glimm scheme and u is the entropic solution to a systems
of conservation laws in one space dimension, then

lut, ) = ue(t, )l < o(1)Ve[logel,

under the assumption that the following estimate holds:

(L6) > |Z}aiuf;2'/|w|w/ < O(||f" |~ ) Tot. Var. (a)”.

interactions

(Here and in the following O(]|f”||L=) is a constant which can depend on the L norm of f”, but not
on the initial datum 4.)
The above estimates is written in the case that only two wavefronts at a time interact for simplicity, the
general form is presented in the statements of Theorem 1 (for the Glimm scheme) and Theorem 2 (for
the wavefront tracking algorithm).

The key idea to prove estimate (1.6) is to introduce a suitable functional @ = Q(t), depending on the
time, which decreases in time and is of quadratic order with respect to the total variation of the solution,
and then to use this functional to get estimate (1.6).
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In the case of genuinely nonlinear or linearly degenerate systems, because of the particular structure
of solutions to the Riemann problem, the interaction functional Q% introduced by Glimm [10] gives the
estimate

Y. lwllw!| < O(|f"||z)Tot. Var.(a)?,
interactions
and by the Lipschitz regularity of o(w) (inequality (1.4)) it is immediate to deduce (1.6). However the
functional @QBP introduced above cannot produce a quadratic estimate, being cubic as observed earlier.
Since 2006 many attempts have been made in order to get a proof of estimate (1.6) (in addition to [2],

[11], see also [12]). However, the proofs presented in [11], [12]) have some problems, as it is shown by the
counterexamples in [3].
On the other hand, we discover an incorrect estimate in the proof of [2], precisely in Lemma 2, pag.

614, formulas (4.84), (4.85). An explicit counterexample is presented in Appendix A, here we just notice
that the 2 cited formulas try to estimate terms which are linear in the total variation (e.g. the difference
in speed across interactions) with the decrease of the cubic functional QBB defined in (1.3).

1.1. Main result. The main result of this paper is a new and correct proof of the estimate (1.6) for
approximate solutions constructed by wavefront tracking or by the Glimm scheme, in the case of scalar
conservation laws. Our aim is to simplify as much as possible the technicalities in order to single out the
ideas behind our approach. In a forthcoming paper we will study the general vector case.

In order to state precisely the two main theorems of this paper (one referring to the Glimm scheme,
the other one to the wavefront tracking), we need to introduce what we call an enumeration of waves in
the same spirit as the partition of waves considered in [2], see also [1]. Roughly speaking, we assign an
index s to each piece of wave, and construct two functions x(t, s), o (¢, s) which give the position and the
speed of the wave s at time ¢, respectively.

More precisely, let u. be the Glimm approximate solution, with grid points (t,, ;) = (ne, me): for def-
initeness we assume u. to be right continuous in space. Consider the interval W = (0, Tot.Var.(u. (0, -))],
which will be called the set of waves. In Section 4.1 we construct for the Glimm scheme a function
x : [0,400) xW — (—00,+x]

(1.7)
(t,s) — x(t, s)
with the following properties:
(1) the set {t:x(¢,s) < +oo} is of the form [0,T(s)) with T'(s) € (0,400): define W(t) as the set
W(t) :={seW |x(,s) < +oo};
(2) the function t — x(¢, s) is increasing, 1-Lipschitz and linear in each interval (t,,,tn+1) = (n,n+1)e
if t,, € [0,7(s));
(3) if t,, € [0,T(s)), then x(t,, s) = x, = me for some m € Z, i.e. it takes values in the grid points
at each time step;
(4) for s < s’ such that x(t, s),x(¢,s’) < +oo it holds
x(t,s) < x(t,5);
(5) there exists a time-independent function S(s) € {—1,1}, the sign of the wave s, such that

(1'8) D;cua(tna ) = X(tna ')ti (8(5)£1'—W(t”))
for all t,, € [0,T(s)).
The last formula means that for all test functions ¢ € C(R,R) it holds

- [ wttn o) Doerds = [ ot s)S(s)is.
R W(tn)
The fact that x(t,s) = 400 means that the wave has been removed from the solution u. by a cancellation
occurring at time T'(s).
Formula (1.8) and a fairly easy argument, based on the monotonicity properties of the Riemann solver
and used in the proof of Lemma 3.5, yield that to each wave s it is associated a unique value (s)
(independent of ¢) by the formula

u(s) = u(—o0) +/ S(s)ds.

W()N[0,s]
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We finally define the speed function o : [0,400) x W — [0,1] U {400} as follows: if ¢ € [t,, tnt1), then
+0o0 if x(tn,s) = +o0,
— 4 convy , g1 f)(a(s)) if S(s) = +1
(1.9) 0'(2‘:7 S) = du [us(tn7X(tn75)_)7us(tn7x(tn75))] )
i CORClu (1 (09 2 (b x(10,5) )] ) (a(s)) it S(s) = —1.
In other words, to the wave s € W(t) and for ¢ € [t,,, tnt1) = [n,n + 1)e we assign the speed given by the

Riemann solver in (t, m) = (tn, %(tn, s)) to the wavefront containing the value u(s).
We can now state our theorem for Glimm approximate solutions.

Theorem 1. The following estimate holds:
—+oo
(1.10) > / o(ne,5) — o((n— 1)e, 5)| ds < (3 + 2108(2) | /||~ Tot.Var.(a)°.
na)

In the case of wavefront tracking, since the waves s have size ke, with ¢ the discretization parameter
and k € Z, it is possible to choose W C N, and in Section 3.1 it is shown that the function x defined
in (1.7) satisfies slightly different properties: Property (3) is meaningless, and Property (5) holds for all

te[0,7(s)).
The speed o is now defined as
d
o(t,s) = ax(t, s)
outside the interaction/cancellation points, and it is extended to [0, +00) by right-continuity. Notice that
outside interaction-cancellation times, the strength of the wavefront w at (¢, x) is given by
lw| =et{s:x(t,s) =a},
i.e. the strength of the wavefront w is the sum of the strength of all waves s which are mapped by x into

x.
The main estimate for the wavefront tracking solution is contained in the following result.

Theorem 2. The following holds: if {t;}; are the interaction-cancellation times, then
(1.11) Yo > loltys) —alty-1,9)lls| < (3+2log(2))| /|| L= Tot. Var.(w)?,
J seW(t;)
where |s| := ¢ is the strength of the wave s.
As it is shown in the proof of Theorem 3.23, formula (3.13), the estimate (1.11) yields immediately
(1.6) for wavefront tracking solution. The corresponding computation for Glimm scheme is given in the

proof of Theorem 4.29, formula (4.14).
We observe here that for the interaction of two wavefronts w, w’, the quantity

_ lo(w) — o(w’)|w||w’|
(1.12) h= TR

has a nice geometric interpretation (see Figure 1), in the same spirit as the area interpretation of the
cubic functional QBB [see bianchini-bressan curve shortening]. In fact, if w, w’ correspond to the jumps
[ul, uM], [uM, u®] with ul < u™ < u® then it is fairly easy to see that (1.12) is equal to the height of
the triangle (u”, f(u%)), (u™, f(u™)), (uf?, f(u®)), more precisely

~ M) — (™ —uf) f(uf) + (= u) f(u")

uk _ L
For the Glimm scheme, each interaction involves the several wavefronts (not just two), and it corre-
sponds to replacing two adjacent Riemann problems, namely [ul, 4] and [u™ %], with the Riemann
problem [u” u®]: the corresponding quantity is then given by

h=f(u™) = convi,e ,r) f(u™),

assuming again u? < u™ < uf for definiteness (see Figure 2). In this way, one can rewrite (1.6) also for
the Glimm scheme.
Our choice to present two separate theorems is motivated by the following facts.

o(w) — o(w’)||wllw’|
|w] + [w'|

h:|
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FIGURE 1. Geometric interpretation of h in the wavefront tracking.

FI1GURE 2. Geometric interpretation of h in the Glimm scheme

First of all, due to the number of papers present in the literature concerning this estimate, we believe
necessary to give a correct proof in the most simple case, i.e. wavefront tracking for scalar conservation
laws.

Since however the estimate has been used mainly to prove the convergence rate of the Glimm scheme,
we felt necessary to offer also a direct proof for this approximation scheme. It turns out that even if
the fundamental ideas are the same, the two proofs are sufficiently different in some points to justify a
separate analysis. In our opinion, in fact, it is not trivial to deduce one from the other.

1.2. Sketch of the proof. As observed in [3], one of the main problems in obtaining an estimate of the
form (1.10), (1.11) is that the study of wave interactions cannot be local in time, but one has to take
into accoun the whole sequence of interactions-cancellations for every couple of waves. This is a striking
difference with the Glimm interaction potential QG where the past history of the solution is irrelevant.

Previous attempts tried to adapt Glimm’s idea of finding a quadratic potential (Q which is decreasing
in time and at every interaction has a jump of the amount (1.12). Apart technical variations, the idea is
to transform the function QBB of (1.3) into

— o(w')[|w||w'|
|w] + |w'|

Q(t) = Qlu(t,)] == Y |o(w)

wFw’
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For monotone initial data u, this functional is sufficient; however in [3] F. Ancona and A. Marson show
that @ defined above may be not bounded, so that in [2] they consider the functional

AM [}y . o(w) — o(w')||w||w
(1.13) @) = w;, |w| + Tot.Var.(u(t, -), (X (t), Ty (1)) + 0’|’

'

where x,,(t) is the position of the wave w at time ¢. Notice that at the time of interaction of the wavefronts
w, w" one has Tot.Var.(u(t, -), (2 (t), 2, (t))) = 0 (there are no wavefronts between the two interacting),
so that for the couple of waves w, w’ one has
lo(w) — o (w)[|w]|w'] _ lo(w) = o(w)jw[|w'|
|w| + Tot. Var.(u(t, ), (€w (), 2w () + 0| |w] + |w’|

If the flux function f has no finite inflection points, the waves s € W can join in wavefronts (because
of an interaction) and split again (because of a cancellation) an arbitrary large number of times. This
implies that the functional QM (as well as the other quadratic functionals introduced in the literature)
does not decay in time, but can increase due to cancellations. Hence, instead of proving directly that
the quadratic functional QM (#) controls the interactions, in [2] the authors consider a term G(t) which
bounds the oscillations of QM (t) for the waves not involved in an interaction, and prove that

S T M) + 6 - (@) + 6).

interactions in (t1,t2]

Since Q™M is quadratic by construction because of the Lipschitz regularity of the speed o(w) (inequality
(1.4)) and G <0, G(400) = 0, they reduce the quadratic interaction estimate to the following estimate:

(1.14) Tot.Var.T(G) < O(||f"|| L )Tot.Var.(w)>.

Our approach is slightly different: we construct a quadratic functional £ such that its total variation
in time is bounded by O(||f”| L=)Tot.Var.(a)?, and at any interaction decays at least of the quantity
(1.12) (or more precisely of the quantities in the Lh.s. of (1.10) or (1.11) concerning that interaction).
The functional can increase due to cancellations, but in this case we show that its positive variation
is controlled by the total variation of the solution times the amount of cancellation. Being the total
variation a Lyapunov functional, it follows that

positive total variation of Q(t) < O(||f” ||z )Tot.Var.()?,

so that, being Q(0) < O(||f” || )Tot.Var.(@)?, the functional ¢ — Q(t) has total variation of the order
of Tot.Var.(#)2. In particular,

left hand side of (1.10) or (1.11) at interactions < negative variation of Q < O(|f”|| ) Tot.Var.(@)?.

The estimates (1.10), (1.11) concerning cancellations is much easier (and already done in the literature,
see [2]), and we present it in Propositions 3.12, 4.13, depending on the approximation scheme considered.
In the case of cancellations, in fact, there is a first order functional decreasing, namely the total variation.
For simplicity we present the sketch of the proof in the wavefront tracking case.
We define again a functional Q(¢) of a form similar to (1.13),

Q)= D alt,s,s)slls'],
s,8'€EW(t)
s<s’

but with 4 main differences.
(1) First of all its definition involves the waves s, not the wavefronts w.
(2) If the waves s, s’ have not yet interacted, then the weight q(¢,s,s’) is a large constant. In our
case, it suffices || f”'|| <.
If the waves have already interacted, then the weight q has the form
B |Ac(t,s,s)]
~ |et#{s” such that s < s” < s'}|’
(3) In the above formula (1.15), the quantity Ac(t, s, s’) is the difference in speed given to the waves
s, s’ by an artificial Riemann problem, which roughly speaking collects all the previous common
history of the waves s, s’. This makes Q(¢) not local in time and space.

(1.15) q(t,s,s’) :
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(4) The denominator of (1.15) is not the total variation of u between two wavefronts w, w’ (containing
s, s’ respectively) as it is the case in (1.13), but only the total variation between the two waves
s, s’. Observe that

lefi{s” such that s < s” < s’} < |w| + Tot.Var.(u(t, ), (2w (t), 2w (t))) + 0’|

By the Lipschitz regularity of the speed given to the waves by solving a Riemann problem, it is fairly
easy (and proved in Section 3.4) that

Q(t) < ||| = Tot.Var.(uft, -)*

We observe first that the functional Q restricted to the couple of waves which have never interacted is
exactly (apart from the constant || f”|| L) the original Glimm functional

QEH(t) = Q¥ lu(t, )] = Y fwllw].

wFw’

Since the couple of waves which have never interacted is decreasing, this part of the functional is decreas-
ing, and as observed before it is sufficient to control the quadratic estimates for couple of waves which
have never interacted.

The choice of the denominator in (1.15) yields that our functional £ is not affected by the issue of large
oscillations, as observed in [3], even if its form is similar to @*™: indeed, in our case, the denominator
we choose does not depend on the shock component which the waves belong to, and thus cancellations
do not affect it.

Next, the Riemann problem used to compute the quantity Ac(t, s, s’) is made of all waves s” which
have interacted with both waves s and s’. We now show how it evolves with time.

interaction: If at ¢; an interaction occurs, and s, s’ are not involved in the interaction, the set of
waves which have interacted with both is not changing (since they are separated, at most one
of them is involved in the interaction!), which means that Ac(t;—,s,s’) = Ao(t;+,s,5'). If s,
s’ are involved in the interaction, then the couple disappears from the sum, because when two
wavefronts with the same sign interact a single wavefront comes out.

cancellation: If a cancellation occurs at ¢;, then one can check that again if both s, s’ are not
involved in the wavefront collision then Ao is constant. Otherwise the change in Ao corresponds
to the change in speed obtained by removing some waves in a Riemann problem, and adding all
these variations one obtains that the oscillation of £ can be estimated explicitly as in the case
of a single cancellation (i.e. the total variation of the solution times the amount of cancellation).

The cancellation case, corresponding to the positive total variation in time of £, is thus controlled by
O(| "= Tot. Var.(2)?,
and since Q(0) < O(||f”| = )Tot.Var.(4)? and Q > 0 it follows that
(1.16) Tot. Var.(Q(t)) < O(||f"|| L) Tot.Var.(@)?.
When an interaction between w, w’ occurs, the discussion above shows that we can split the waves

involved in the interaction into 4 sets:

(1) aset £1 of waves in w which have never interacted with the waves in w';
(2) a set Lo of waves in w which have interacted with a set Ry of waves in w';
(3) a set Ry of waves in w’ which have never interacted with the waves in w.

The speed assigned by the artificial Riemann problems for all couples of waves s € w, s’ € w’ yields that
the decrease of Q at the interaction time is (larger than the one) given by the wave pattern depicted in
Figure 3. By an explicit computation one can check that

(1.16)
left hand side of (1.11) at interaction < negative variation of Q < O(||f”| = )Tot.Var.(@)?,

thus obtaining the desired estimate (1.11).
The proof for the Glimm scheme follows the same philosophy, but, as we said, due to the different
structure of the approximating scheme it presents different technical aspects.
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t interaction .
positive wavefronts

negative wavefronts

FIGURE 3. Pattern of waves involved in the interaction at time ¢;.

1.3. Structure of the paper. The paper is organized as follows.

Section 2 provides some useful results on convex envelopes. Part of these results are already present
in the literature, others can be deduced with little effort. We decided to collect them for reader’s
convenience. Two particular estimates play a key role in the main body of the paper: the regularity of
the speed function (Theorem 2.5 and Proposition 2.6) and the behavior of the speed assigned to a wave
by the solution to Riemann problem [ul, uf!] when the left state u” or the right state u* are varied
(Propositions 2.7, 2.9, 2.10 and 2.12).

The next two sections contain the main results of the paper. As we said, for technical reasons the
proofs differ depending on the approximation scheme considered, but, in order to simplify the exposition,
we tried to keep a similar structure of both sections.

Section 3 is devoted to the proof of Theorem 2.

After recalling how a wavefront approximated solution u. is constructed, we begin with the construction
of the wave map x in Section 3.1. As we said, due to the fixed size ¢ of the waves, the set of waves W will
be a finite subset of N, and we replace the properties of x given at the beginning of this introduction with
the (easier to work with) definition of enumeration of waves, Definition 3.1. This is the triple (W, x, i),
where x is the position of the waves s and 4 is its right state. The equivalence of the two definitions is
straightforward. In Section 3.1.2 we show that it is possible to construct a function x(¢, s) such that at
any time (W, x(t), &) is an enumeration of waves, with @ independent on ¢.

Once we have an enumeration of waves, we can start the proof of Theorem 2 (Section 3.2). First we study
the estimate (1.11) when a single cancellation occurs. This estimate is standard, since the cancellation
is controlled by the decay of a first order functional, namely Tot.Var.(u(t,-)). The precise estimate is
reported in Proposition 3.12, where the dependence w.r.t. Tot.Var.(u(¢,-)) and ||f”||r= is singled out.
Corollary 3.13 completes the estimate (1.11) for the case of cancellation points.

The rest of Section 3 is the construction and analysis of the functional 9 described above, in order to
prove Proposition 3.14. This proposition proves (1.11) for the case of interaction points, completing the
proof of Theorem 2.

As we said, one of the main features of the enumeration of waves is that we can speak of couple of waves
which have already interacted. In Section 3.3 we prove some important properties of these couples of
waves. Lemma 3.16 shows that they must have the same sign, and, because in the scalar case no new
waves are created, all the waves between s and s’ have interacted with s and s’, Lemma 3.17. In this
section it is also defined the interval of waves Z(t, s, s’), which is the set of waves p € W which have
interacted with both s and s’. Propositions 3.20 and 3.21 prove that, even if the solution to the Riemann
problem generated by the waves Z(t, s, s’) assigns artificial speeds to s, s, the property of being separated
or not in the real solution can be deduced from the solution to the Riemann problem Z(¢, s, s’). From this
fact we can infer a lot of interesting properties of the Riemann problem Z(¢,s,s’): the most important
one is that we can know the values u where f(u) = convg(z(,s,s)) f ().
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In Section 3.4 we write down the functional £ and conclude the proof of Theorem 2. We study separately
the behavior of £ at interactions and cancellations. Theorem 3.23 proves that the functional  decreases
at least of the quantity (1.11) at a single interaction point, while Theorem 3.24 shows that the increase
of 9 at each cancellation point is controlled by the total variation of the solution times the cancellation.
These two facts conclude the proof of Proposition 3.14, as shown in Section 1.2.

Section 4 is devoted to the proof of Theorem 1.
As we said, the ideas of the proof are similar, but from the technical point of view there are substantial
differences, making this case slightly more complicated. In this introduction we will underline these
variations, so that the reader can easily pass from one proof to the other, also because we tried to keep
the structure of the two main sections similar.
As we already said, the first main difference is in the definition of enumeration of waves, Definition 4.1.
In fact, for the Glimm scheme the set of waves W is a subset of an interval in the real line (namely
(0, Tot.Var.(@)]), and moreover the map ¢ — x(t,s) has to pass trough the grid points. This forces us
to define the speed o(t, s) of a wave s at time ¢ not by just taking the time-derivative of x(¢, s), but by
considering the real speed given to s by the Riemann problem at each grid point as in (1.9). This analysis
is done in Section 4.1.2.
Another difference is that the Glimm scheme, due to the choice of the sampling points, “interacts” with
the solution (i.e. it may alter the curve ¢t — x(¢,s)) even when no real interaction-cancellation occurs.
This is why we need to study an additional case, namely when no interaction/cancellation of waves occurs
at a given grid point, and this is done in Proposition 4.12: the statement is that trivially nothing is going
on in these points, but we felt the need of a proof.
Proposition 4.13, namely the case of cancellation points, is analog to the wavefront tracking case. Also
the structure and properties of the functional 9 we are going to construct in the Glimm scheme case are
similar to the wavefront approximation analysis, the main difference being that several interactions and
cancellations occur at each time step. We thus require that the set of pairs of waves present in the solution
at time step ne (i.e. not moved to x = 400), namely W(ne) x W(ne), can be split into two parts: one part
concerns the interactions, and decreases of the right amount, the other one concerns cancellations and
increases of a quantity controlled by the total variation of the solution times the amount of cancellation.
The remain part of the section is the proof of these two estimates, from which one deduces Theorem 1
along the same line outlined in Section 1.2.
First, we define the notion of waves which have already interacted, Definition 4.16, and waves which
are separated (or divided), Definition 4.17. Notice that even if they occupy the same grid position for
some time step, they are considered divided in the real solution if the Riemann problem at that grid
point assigns different speeds to them. The statement that the artificial Riemann problems we consider
separate waves as in the real solution is completely similar to the wavefront case, Proposition 4.19, but
the proof is quite longer.
In the last section, Section 4.4 we define the functional 9, and due to the continuity of the set of waves
W we show a regularity property of the weight (¢, s, s’) so that no measurability issues arise. The proof
of the two estimates (interactions and cancellations) is somehow longer than in the wavefront tracking
case but it is based on the same ideas, and this concludes the section.

In Appendix A we present a counterexample to formula (4.84) in Lemma 2, pag. 614, of [2], which
justifies the need of the analysis in the one-dimensional case.

1.4. Notations. For usefulness of the reader, we collect here some notations used in the subsequent
sections.
e ¢'(u—) (resp. ¢'(u+)) is the left (resp. right) derivative of g at point u;
o If (ay) is a sequence of real numbers, we write ax 7 a (resp. ag \ a) if (ag) is increasing (resp.
decreasing) and limg_, 4 oo ar = a;
e Given E C R", we will denote equivalently by £™(FE) or by |E| the n-dimensional Lebesgue
measure of F.
o If g:[a,b] = R, h:[bc — R are two functions which coincide in b, we define the function
gUh :[a,c] = R as
g(x) if x € [a,bl,
gUh(z) = { h((x)) ifx e {b, c}]
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e Sometime we will write R, instead of R (resp. [0,+00); instead of [0,+00)) to emphasize the
symbol of the variables (resp. = or t) we refer to.

e For any f : R — R and for any € > 0, the piecewise affine interpolation of f with grid size € is
the piecewise affine function f. : R — R which coincides with f in the points of the form me,
m € Z.

e By O(1) we mean a quantity which does not depend on the data of the problem, neither on f
nor on the initial datum «(0,-) = .

e For any a € R, [a]T denotes its positive part.

2. CONVEX ENVELOPES

In this section we define the convex envelope of a continuous function f : R — R in an interval [a, ]
and we prove some related results. The first section provides some well-known results about convex
envelopes, while in the second section we prove some propositions which will be frequently used in the
paper.

The aim of this section is to collect the statements we will need in the main part of the paper. In
particular, the most important results are Theorem 2.5 and Proposition 2.6, concerning the regularity of
convex envelopes, and Proposition 2.7, Proposition 2.9, Corollary 2.11, Proposition 2.12 and Proposition
2.15, referring to the behavior of convex envelopes when the interval [a,b] is varied: these estimates will
play a major role for the study of the Riemann problems.

2.1. Definitions and elementary results.

Definition 2.1. Let f : R — R be continuous and [a,b] C R. We define the convexr envelope of f in the
interval [a, b] as

convi, ) f(u) := sup {g(u) ’ g :la,b] = R is convex and g < f}

A similar definition holds for the concave envelope of f in the interval [a,b] denoted by concp, p) f. All
the results we present here for the convex envelope of a continuous function f hold, with the necessary
changes, for its concave envelope.

Lemma 2.2. In the same setting of Definition 2.1, convig ) f is a convex function and convigp) f(u) <
f(u) for each u € [a,b].

The proof is straightforward.
Adopting the language of Hyperbolic Conservation Laws, we give the next definition.

Definition 2.3. Let f be a continuous function on R, let [a,b] € R and consider conv,y f. A shock
interval of convy, ) f is an open interval I C [a,b] such that for each u € I, conv, ) f(u) < f(u).
A mazimal shock interval is a shock interval which is maximal with respect to set inclusion.

Notice that, if u € [a,b] is a point such that conv,y f(u) < f(u), then, by continuity of f and
convy, p f, it is possible to find a maximal shock interval I containing u.
It is fairly easy to prove the following result.

Proposition 2.4. Let f : R — R be continuous; let [a,b] C R. Let I be a shock interval for convigy f.
Then convigy f is affine on I.

The following theorem provides a description of the regularity of the convex envelope of a given function

f-
Theorem 2.5. Let f be a C>-function. Then:

(1) the convex envelope convigp) f of f in the interval [a,b] is differentiable on [a,b];
(2) for each u € (a,b), if f(u) = conviyy f(u), then

d d
%f(u) = Tu convyg, p) f(u);

(3) % convi,y f is Lipschtitz-continuous with Lipschitz constant less or equal than || f"[| oo (a,p) -
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By ‘differentiable on [a,b]’ we mean that it is differentiable on (a,bd) in the classical sense and that
in a (resp. b) the right (resp. the left) derivative exists. While the proof is elementary, we give it for
completeness.

Proof. (1) and (2). Let h := conv,; f. Since h is convex, then it admits left and right derivatives at
each point @ € (a,b). Moreover in a (resp. b) it admits right (resp. left) derivative.

For each @ € (a,b), it holds
(2.1) h'(u—) < B (u+).
In order to prove that h is differentiable at @ it is sufficent to prove that equality holds in (2.1).

If h(u) < f(@), then, by Proposition 2.4, @ lies in a shock interval and so clearly h is differentiable at
u and the derivative is locally constant.

Hence we assume that 4 € (a,b) is a point such that h(@) = f(@). We claim that f/(@) < h'(a—) and
K (a+) < f/'(@). By (2.1), this is sufficient to prove that h is differentiable at @ and that h'(a) = f'(@).
Assume by contradiction that f/(@) > h'(2—). Then, by definition of left derivative, and by the fact that
h(w) = f(w), there exist n > 0,6 > 0, such that for each u € (a — 9, ),

f@@) + f'(w)(w = u) < h(u) +n(u - a).

By Taylor expansion, for each u € (4 — 4, 1),
2.2) flu) = f@@) + f'(@)(u - u) + o(u — u)

' < h(u) +n(u —a) + o(u — a),

where o(u — @) is any quantity which goes to zero faster than u — @. There exists ¢’ such that for each
u € (u—9d,a)

n(u—a)+o(u—1u) <0
and so by (2.2), f(u) < h(u), a contradiction, since h(u) = convi,p f(u) < f(u) for each u. In a similar
way one can prove that h'(2+) < f'(@) and thus

fl(u) < W(u—) < W(ut) < f'(a).
(3). Let u,v € [a,b], u < v. Since h is convex and differentiable, h'(u) < h/(v). We want to estimate
B (v)—h'(u), so let us assume that A'(v) > h'(u). Then there exist u1,v; € [a,b] such that u < uy < vy <w
and b/ (u) = f'(uy), h'(v) = h'(v1). Indeed, if h(u) = f(u), then you can choose u; := w; if h(u) < f(u),
you choose u := sup I, where I is the maximal shock interval which u belongs to (recall that we already
know that h is differentiable). In a similar way you choose v; and it holds u; < v;. Hence

W) =1 w) _ () = f(w)

v—1Uu V1 — Up

< 1f"Nzosta.n)
and so h' is Lipschitz continuous with Lipschitz constant less or equal than || f”[| o (a,p)- O
A similar result holds for the piecewise affine interpolation of a smooth function f.

Proposition 2.6. Let ¢ > 0 be fixed. Assume a,b € Ze. Let f be a smooth function and let f. be its
piecewise affine interpolation with grid size €. Then the derivative d% convy, p) fe of its convex envelope is
a piecewise constant increasing function defined on [a,b] \ Ze, which enjoys the following Lipschtitz-like
property: for any m < m' in Z such that me,m’e € (a,b]

(CZL convi, f€> (((m' —1)e,m’e)) — (;Z convig ) fs) (((m = 1)e, me))

<N poe () (m'e — (m = 1)e).

Proof. Arguing as in Point (3) of Theorem 2.5, assume that the Lh.s. of (2.3) is strictly positive. Let

(2.3)

my€ = sup I, where I is the maximal shock interval which ((m —1)e, m€> belongs to (if such an interval

I does not exist, set m; := m). By definition of convex envelope

- ((m1 = 1)e) = conviy £ ((m1 = 1))
and by definition of maximal shock interval

fe(mye) = convigy) fe(mae).
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Hence

(di conv(, fg> (((m — 1)z, me)) > (iﬂ) (((my = 1)g,mq€))

~ fe(mag) = fo((my — 1)e)
(2.4) B €

(by definition of f.) = fmag) — f((m1 —1)e)

for some & € ((m1 — 1)e, mqe).
Similarly you can find & such that (m —1)e < & < & < m’e and

(2.5) (di convi,p fo | (((m' = L)e,m’e)) < f'(&).
Hence

(i comvian £ ) (' = Devm') = (- convian £ ) (m — . me))
(by (2.4) and (2.5)) < f(€)) = £'(€)
< NNz apy (€ =€)
< ooy e = (m = 1)
concluding the proof. O

2.2. Further estimates. We are now able to state some useful results about convex envelopes, which
we will frequently use in the following sections.

Proposition 2.7. Let f: R — R be continuous and let a < @ < b. If convi ) f(u) = f(u), then
convi, py f = convi, g f U convigy f-
Proof. We have to prove that
conviq b flia.a) = conviga) f
and
COHV[GJJ] f|[ﬁ7b] = COIlV[;hb] f
Let h := convig ) f|[a,a). By contradiction, assume h # convi, g f. Then there exists a function g defined
on [a, @, convex, such that h < g < f on [a, 7] and such that h(a) < g(@) for some @ € (a,u). Then

a direct verification yields that g U convig ) f|[a,p) is a convex function, and it is less or equal then f on
[a,b]. Hence, by definition of convex envelope,

g(@) = (g Uconviyp fliap) (@) < convigy f(@) = h(a) < g(u),

a contradiction. In a similar way one can prove that convi, y f[a,, = convig sy f- O

Corollary 2.8. Let f : R — R be continuous and let a < u < b. Assume that u belongs to a maximal
shock interval (uy,us) with respect to convigp) f. Then convig g1 flia,u] = cOnViab] flia,u]-

Proof. It is an easy consequence of Proposition 2.7, just observing that by maximality of (uq,us),

convigp) f(ur) = f(uy). O
Proposition 2.9. Let f : R — R be continuous; let a < u < b. Then
(1) (d CONV[4, 4] f) (u+ con [a b] f) (u+) for each u € [a,@);

—) for each u € (a,u];
u+) for each u € [u,b);
-) (4, b].
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Proof. We prove only the first point, the other ones being similar. Let u € [a, @).

If convy, ) f(@) = f(u), then by Proposition 2.7, convi, 3 f|[4,a) = convi, g f and then we have done.

Otherwise, if convy, ;) f(u) < f(u), denote by (u1,u2) the maximal shock interval of convi, s f, such
that @ € (u1,u2). Hence, by Corollary 2.8, convig p flia,ui] = cOnViga flia,u,]- Thus if w € [a,u1), we
have completed.

For v = uq, if

(% CONVig g f) (ur1+) < (% CONVIq,p] f) (u1+),

since convi, g f(u1) = convig ) f(u1), then convy, ) f < convigy f on (uy,u1 + 0) for some ¢ sufficiently
small, but this is a contradiction, by definition of convex envelope.
Finally, if u € (u1,a), then

d
(% COHV[a ) f) (U+) (
> (
d
= (% CONV (4 3] f) (u).
We have used that convy, ) f is affine on [uy,us], by Proposition 2.4. O

CONV[, g f) (u1+)

4.
du
d

o OV [a ) f) (u1+)

Proposition 2.10. Let f : R — R be continuous; let a < u < b. Then
(1) for each uy,ug € [a,a), uy < ug,

(% CONvV(q 7] f) (ug+) — (% convi, g f) (u1+)

> (% CONV (4 p] f) (ug+) — (% CONV[q,p] f) (u1+);

(2) for each ui,us € (a,a], uy < us,
d d
(% CONV (4 5] f) (ug—) — (@ CONV[4, ] f) (up—)
d d
> (@ CONV(q ] f) (uz—) — (@ CONV[y p] f) (u1—);
(3) for each ui,us € [@,b), ur < ug,
d d
(@ convig j] f) (ug+) — <@ conv(g f) (u1+)
>

—— convigp f ) (ua+) — < convigp [ ) (u1+);
( ) (du

(4) for each uy,us € (4,b], uy < ug,

d d
(@ CONV |y p] f) (ug—) — (@ CONV |7, p] f) (up—)
d d
> (@ CONV (g 4] f) (ug—) — (@ CONV [y 5] f) (ug—).
Proof. Easy consequence of previous proposition. O

Corollary 2.11. Let f : R — R be continuous and let a < @ < b. Let uy,us € [a,a], uy < ug. If uy,us
belong to the same shock interval of convi, q) f, then they belong to the same shock interval of convi,p) f.

Proposition 2.12. Let f: R — R be smooth; let uy < us < ug < ug < ug be real numbers. Assume that

(]) ConV[u17u4] f(u2) = f(u2)"
(2) CONV 5 us5] f(u3) = f(u?))
Then conviy, ) f(u2) = f(us2).

Let us first prove the following lemma.

Lemma 2.13. In the same setting of Proposition 2.12, let g : [u1,us] — R, h : [uz,us] = R be convex
functions. If g =h on [u,us], then g U h|[y, ., is convex.
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Proof. Immediate consequence of the fact that ‘being convex’ is a local property. O
Let us now prove the proposition.

Proof of Proposition 2.12. Since convyy, ., f(u2) = f(u2), by Corollary 2.8, conviy, . f(u2) = f(us2);
hence

g 1= CONVy, ] [ = CONVyy ] [ U CONV [y uy) f-
Moreover, by Proposition 2.7,

h = conviy, s f = conviy, ., f U conviy, . f-

Hence, by previous lemma, ¢ := gUh|[y, ;] is convex; moreover, by definition, ¢ < f and, for this reason,
¢ < convyy, 4 f- Hence

f(UQ) = Conv[ul,ug] f(u2) = g(UQ) = QO(UQ) < Conv[ul,us] f(u2) < f(u2)
and so the thesis follows. O

Proposition 2.14. Let f be a continuous function on R. Let a < b and let ay, < by, k € N, two sequences
such that ap, “\, a,by, /'b. Assume that for each k € N there is uy, € [ay, bg] such that

conViqg, b, f(ur) = f(ur).

If up, — u, then

convigp) f(u) = f(u).

Proof. By simplicity, assume ay = a for each k, the general case being entirely similar. By contradiction,
assume convi,  f(#) < f(@). There is a maximal shock interval (a,b) containing @ and w.l.o.g. we can
assume a = a. B
If b < b, for k sufficiently large, up < b < by < b. Hence
~ ~. (Cor. 2.8) ~
f(b) = convg ) f(b) =" convigp, f(b),

and thus ® : ® :
rop. 2.7 rop. 2.7
Flug) = convigp, flur) =~ = convy, i f(uk) =T convig ) fluk).

Passing to the limit, we get a contradiction.

On the other hand, if b = b, one can find a spherical neighborhood Ny of (@, f(@)) in R? and a
spherical neighborhood Ny of (b, f(b)) in R? with the following property: for any (u,v1) € Ny and for
any (ug,v2) € No, if r = r(u) is the line joining (a, f(a)) and (ug, v2), then v; > r(u1). Now observe that
by continuity of f, for k sufficiently large, (uk, f(ug)) € N1 and (bg, f(br)) € Na. Hence, denoting by r
the line joining (a, f(a)) and (b, f (b)), we get

convigp,) f(ur) = flur) > re(ur),
a contradiction, since convi, p,] is a convex function whose graph contains points (a, f(a)), (bx, f(bx)). O

Proposition 2.15. Let f be a smooth function, let a < u < b. Then

d d
(e convon £) @) = (o convo £) @ < 1 oy 0= )

Moreover, if f. is the piecewise affine interpolation of f with grid size €, it holds
d _ d _ _
(du CONVI, g fe) (u—) — <du CONVI4, ) fs> (@=) < f" Lo (a,py (b — @)

Proof. Let us first prove the inequality for f smooth. Set g := convy,y f, h := convi, g f. Let (c,d) C
[a,b] be the maximal shock interval of g which @ belongs to (if it does not exist, the proof is trivial,
because of Theorem 2.5). Let r = r(u) be the line passing through (a, f(@)) with slope h/(@) and let ¢
be the first coordinate of the intersection point between r(u) and ¢ in the interval [a, @].
It holds ~ _
h/(’l]—) — T(UB — 7:(6)
au—c

sy 9(d) —g(@)
g'(u) = Ta—c

)

and
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Moreover define

_ g(d) —r(w)
P
Clearly
g'(a)(d—¢) = h'(a—)(a—¢) + \d - a),
and thus W(a—)(a — &) + Md — a)
g'(a) = Tz
Hence
(2.6) (@) — ¢'(@) = %(d —a).

Now observe that there must be & € [¢, 4] such that h/'(a—) = f/(£). Indeed, if there exists a strictly
increasing sequence (u,) converging to @ such that f(u,) = h(u,) = conv, g f(un), then by Theorem
2.5, Point 2, f'(u,) = h'(u,) for each n; passing to the limit one obtains f'(@) = h'(a—). Otherwise,
if such a sequence does not exist, then one can easily find ¢* > ¢ such that (¢*,u) is a maximal shock
interval. This means that

W) = MO M) T2 gy,
for some ¢ € (¢,a).
Moreover, since
| gld) —r(@) _ fd) ~ (@)
- d-u  d-u
there must be 7 € (@, d) such that A = f/(n).
Hence, from (2.6), we obtain
W (a—) — A
W) —g' () = PO A g
_SO=Frm, .
= Tz (d—a)

< "M oo (ap) (d — @)
< NN (apy (b — @).

Concerning the piecewise affine case, substituting f with f. one obtains the same inequality (2.6).
Now observe that as in the smooth case one can find n € (@,d) such that A = f’(n). Moreover it is also
easy to see that there must be ¢ € [¢, @] such that A'(7) = f'(£). Using this, one concludes the proof as
in the smooth case. O

3. WAVEFRONT TRACKING APPROXIMATION

In this section we prove the main interaction estimate (1.11) for an approximate solution of the Cauchy
problem (1.1) obtained by the wavefront tracking algorithm, thus giving a proof of Theorem 2. First we
briefly recall how such an approximate solution is constructed, mainly with the aim to set the notations
used later on.

For any € > 0 let f. be the piecewise affine interpolation of f with grid size €; let @, an approximation
of the initial datum @ (in the sense that 4. — @ in L'-norm, as ¢ — 0) of the Cauchy problem (1.1), such
that 4. has compact support, it takes values in the discrete set Ze, and

(3.1) Tot.Var.(@.) < Tot.Var.(a).

Let & < - -+ < €k be the points where @, has a jump. At each &, consider the left and the right limits
Ue(€p—), U (Ep+) € Ze. Solving the corresponding Riemann problems with flux function f., we thus
obtain a local solution u, = uc(t) = u.(t, x), defined for ¢ sufficiently small. From each & some wavefronts
supported on discontinuity lines of w,, referred also as shocks (positive or negative, according to the sign
of the jump) or contact discontinuities, emerge. When two (or more) discontinuity lines supporting
wavefronts meet (we will refer to this situation as an interaction-cancellation), we can again solve the
new Riemann problem generated by the interaction-cancellation, according to the above procedure, with
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flux f., since the values of u.(t,-) always remain within the set Ze. The solution is then prolonged up to
a time t9 > t; where other wavefronts meet, and so on.

Omne can prove [6], [9] that the total number of interaction-cancellation points is finite, and hence the
solution can be prolonged for all ¢ > 0, thus defining an approximate solution u. = u.(t, z), piecewise
constant, with values in the set Ze.

Let {(t;,2;)}, 7 € {1,2,...,J}, be the point in the ¢, z-plane where an interaction-cancellation between
two (or more) wavefronts occurs in the approximate solution u.. Let us suppose that ¢; < ¢;11 and for
every j exactly two discontinuities meet in (¢;,2;). This is a standard assumption, achieved by slightly
perturbing the wavefront speed. We also set £y := 0.

3.1. Definition of waves for wavefront tracking. In this section we define the notion of wave, the
notion of position of a wave and the notion of speed of a wave. By definition of wavefront solution,
for each time ¢ > 0, u.(¢,-) is a piecewise constant function, which takes values in the set Ze. Hence
Tot.Var.(u(0,-)) is an integer multiple of .

3.1.1. Enumeration of waves. In this section we define the notion of enumeration of waves related to a
function v : R, — R of the single variable z: in the following sections, u will be the piecewise constant,
g-approximate solution of the Cauchy problem (1.1) for fixed time ¢, considered as a function of x.

Definition 3.1. Let v : R — R, u € BV (R), be a piecewise constant, right continuous function, which
takes values in the set Ze. An enumeration of waves for the function u is a 3-tuple (W, x, @), where

WCN is the set of waves,
x: W — (—00,+00] s the position function,
W — Ze is the right state function,

with the following properties:
(1) the function x takes values only in the set of discontinuity points of w;
(2) the restriction of the function x to the set of waves where it takes finite values is increasing;
(3) for given xg € R, consider x~!(xg) = {s € W | x(s) = xo}; then it holds:
(a) if u(zo—) < u(wo), then @fy—1(4y) : x ' (z0) = (u(xo—), u(z0)] N Ze is strictly increasing and
bijective;
(b) if u(zo—) > u(xo), then afy-1(4y) : x*(20) = [u(wo), u(wo—)) N Ze is strictly decreasing and
bijective;
(c) if u(wo—) = u(wp), then x~(xq) = 0.
Given an enumeration of waves as in Definition 3.1, we define the sign of a wave s € VW with finite
position (i.e. such that x(s) < 4+00) as follows:

(3.2) S(s) := sign [u(x(s)) —u(x(s)-)].
We immediately present an example of enumeration of wave which will be fundamental in the sequel.

Example 3.2. Fix £ > 0 and let 4. € BV (R) be the approximate initial datum of the Cauchy problem
(1.1), with compact support and taking values in Ze. The total variation of @. is an integer multiple of
€. Let
U:R — [0, Tot.Var.(a.)], =+ U(z) := Tot.Var.(t.; (—oo, x]),
be the total variation function. Then define:
1
W = {1, 2,..., fTot.Var.(ﬂs)}
€
and
x0: W — (=00, +0], s+ xg(s):=inf {x € (=00, 400] | es < U(ac)}
Moreover, recalling (3.2), we define
G:W =R, s a(s) = t(x0(s)—) + S(s) {53 — U(Xo(s)—):|.
It is fairly easy to verify that xq, @ are well defined and that they provide an enumeration of waves, in

the sense of Definition 3.1.

Let us now give another definition.
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Definition 3.3. Consider a function w as in Definition 3.1 and let (W, x, 1) be an enumeration of waves
for u. The speed function o : W — [0,1] U {+occ} is defined as follows:

+0oo if x(s) = 400,
(3.3) o(s) =4 (dn CONViu(x(s)-),utx(s))] fs) ((a(s) — e i(s))) if S(s) = +1,
b concpuguge))ute(s) 1 fo ) ((i(s), ils) +€)) i S(s) = 1.

Roughly speaking, o(s) is the speed given to the wave s by the Riemann problem located at x(s).

Remark 3.4. Notice that for each zg € R, o restricted to x~!(zg) is increasing by the monotonicity
properties of derivatives the convex/concave envelopes (or by the study of the Riemann solver).

3.1.2. Position and speed of the waves. Consider the Cauchy problem (1.1) and fix ¢ > 0; let u. be
piecewise constant wavefront solution. For the initial datum w. (0, ), consider the enumeration of waves
(W, %0, %) provided in Example 3.2; let S be the sign function defined in (3.2) for this enumeration of
waves.

Now our aim is to define two functions

x:[0,4+00); x W — R, U {+o0}, o:]0,400)y x W — [0,1] U {400},

called the position at time t € [0,+00) of the wave s € W and the speed at time t € [0, +00) of the wave
s € W. As one can imagine, we want to describe the path followed by a single wave s € W as time goes
on and the speed assigned to it by the Riemann problems it meets along the way. Even if there is a slight
abuse of notation (in this section x depends also on time), we believe that the context will avoid any
misunderstanding.

The function x is defined by induction, partitioning the time interval [0, 400) in the following way

[O, +OO) = {0} U (O,t1] Uu---u (tj,t]'_H} J---u (tJ_l,tJ] U (tJ,—i-OO).

First of all, for ¢ = 0 we set x(0, s) := xo(s), where xq(-) is the position function in the enumeration
of waves of Example 3.2. Clearly (W, x(0, ), %) is an enumeration of waves for the function u.(0,-) as a
function of z (4 being the right state function, as in the example above).

Assume to have defined x(t,-) for every t < t; and let us define it for ¢t € (t;,¢;41] (or t € (ts,400)).
The speed o(t, s) for t € [0,¢,] is computed accordingly to (3.3).

For t < tj4q (or ty <t < 400) set
x(t,s) :=x(t;,s) + o(t;,s)(t —t;).
For t =t;41 set
x(tjt1,8) := x(t,8) + o(t;, 5) (i1 — 1)
if x(t;,s) + o(tj,s)(tj+1 —t;) is not the point of interaction/cancellation x;1; otherwise for the waves s
such that x(t;,s) + o(tj,s)(tj41 —t;) = xj41 and
Sty a501-) < S(s)i(s) — & < S(s)ils) < S(s)ueltys1,251)
(i.e. the ones surviving the possible cancellation in (¢;41,2;41)) define
x(tj11,8) = x(tj, 8) + 0 (ts, 8) (41 — ) = Tjpa.
where S(s) is defined in (3.2), using the enumeration of waves for the initial datum. To the waves s
canceled by a possible cancellation in (t;41,2;4+1) we assign x(t;41,s) := 400.

The following lemma proves that the above procedure produces an enumeration of waves.

Lemma 3.5. For anyt € (tj,tj41] (resp. t € (t;,+00)), the 3-tuple (W, x(t,-),0) is an enumeration of
waves for the piecewise constant function us(f, ).

Proof. We prove separately that the Properties (1-3) of Definition 3.1 are satisfied.

Proof of Property (1). By definition of wavefront solution, x(%,-) takes values only in the set of disconti-
nuity points of (%, ).

Proof of Property (2). Let s < s’ be two waves and assume that x(¢, s),x(f, s’) < +0c0. By contradiction,
suppose that x(t,s) > x(,s"). Since by the inductive assumption at time ¢;, the 3-tuple W, x(¢;,), @)
is an enumeration of waves for the function wu.(t;,-), it holds x(¢;, s) < x(t;,s"). Two cases arise:
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o If x(t;,5) = x(t;,s'), then it must hold o(t;,s) > o(t;,s"), but this is impossible, due to Remark
3.4.

o If x(t;,s) < x(t;,s'), then lines ¢t — x(t;,s) + o(t;,s)(t —t;) and t — x(t;,5") + o(t;,s")(t — t;)
must intersect at some time 7 € (¢;,¢), but this is impossible, by definition of wavefront solution
and times (¢;);.

Proof of Property (3). For t < tji1 or t = tj41 and for discontinuity points « # x;41, the third
property of an enumeration of waves is straightforward. So let us check the third property only for time
t = tj41 and for the discontinuity point x;4;. Fix any time t e (tj,tj+1); according to assumption
on binary intersections, you can find two points &,&; € R such that for any s such that x(¢;,s) +
o(tj,s)(tjt1 —t;) = xj41, either x(£,8) = & or x(£,s) = & and moreover u(,&1—) = uc(tjs1, Tjp1—),

Ue(t, &) = ue(tjr, Tj41), ue(f,&1) = ue(f, &2-).
We now just consider two main cases: the other ones can be treated similarly. Recall that at time
t < tjq1, the 3-tuple (W, x(t,-), @) is an enumeration of waves for the piecewise constant function w.(t, ).

If ue (,&1-) < ue(t &) = ue(f,62—) < ue(f,&2), then
’a|x*1(f,§1) : X_1<£? 51) - (’U’E(ﬂ 61_)7’“8({7 gl)] N Ze
and
’a|x*1(t~,§2) : X_1<£? 52) - (ua(ﬂ 52_)7’“6({7 62)] N Ze

are strictly increasing and bijective; observing that in this case x 1 (¢j41,2j11) = x 1 (£,&1) Ux (2, &),
one gets the thesis.
If u€<t7€1_) < UE(t7§2) < Us(t,é-l) = uE(t7§2_)7 then

ﬁ|x_1(f,£1) : Xﬁl(fa 61) - (us({a 517)7 UE({, fl)] N Ze
is strictly increasing and bijective; observing that in this case
X_l(tj+1amj+1) = {S € X_l(ﬂ 51) | ’&(S) € (UE(Evgl_)7uE(£7 62)]}7
one gets the thesis. O

Remark 3.6. For fixed wave s, functions x(-, s), (-, s) are right-continuous. Moreover o (-, s) is piecewise
constant.

Finally we introduce the following notation. Given a time ¢ € [0, 4+00) and a position z € (—o0, +00],
we set

W(t):={seW|x(ts) < +oo}, W(t,x) :={seW|x(ts) =z}
We will call W(t) the set of the real waves, while we will say that a wave s is removed at time ¢ if
x(t,8) = 4o0. It it natural to define the interval of existence of s € W(0) by
T(s) := sup {t € [0,400) | x(t,8) < +oo}.

3.1.3. Interval of waves. In this section we define the interval of waves and we prove an important result
about it. The necessity of introducing this notion is due to the fact that we avoid relabeling the waves s.

Definition 3.7. Let ¢ be a fixed time and Z C W(t). We say that Z is an interval of waves at time ¢ if
for any given s1, s9 € Z, with s1 < s, and for any p € W(¥)

s1<p<sg=pel.

We say that an interval of waves Z is homogeneous if for each s,s' € Z, S(s) = S(s'). If waves in Z are
positive (resp. negative), we say that Z is a positive (resp. negative) interval of waves.

Proposition 3.8. Let T C W(t) be a positive (resp. negative) interval of waves. Then the restricion of
@ to T is strictly increasing (resp. decreasing) and | J 7 (u(s) —e,u(s)] (resp. U ez[U(s), u(s) +¢€)) is an
interval in R.



ON A QUADRATIC FUNCTIONAL FOR SCALAR CONSERVATION LAWS 19

Proof. Assume Z is positive, the other case being similar. First we prove that 4 restricted to Z is
increasing. Let 5,5’ € Z, with s < s'. Let & = x(¢,5) < & < -+ < £k = x(f, s") be the discontinuity
points of u. (%, ) between x(f, s) and x(, s’). By definition of ‘interval of waves’ and by the fact that each
wave in Z is positive, for any k =0,1,..., K, W(t, &) contains only positive waves. Thus, by Definition
3.1 of enumeration of waves, and by the fact that for each k = 0,..., K — 1, u.(t, &) = ue (¢, Egr1—), the
restriction
K
(3.4) as | W) = (o), e (65 N Ze

k=0

is strictly increasing and bijective, and so (s) < 4(s’); hence 4|z is strictly increasing.

In order to prove that (J, 7 ((s) —€,4(s)] is a interval in R, it is sufficient to prove the following:
for any s < ¢’ in Z and for any m € Z such that i(s) < me < 4(s'), there is p € Z, s < p < s’ such
that @(p) = me. This follows immediately from the fact that the map in (3.4) is bijective and strictly
increasing. 0

Definition 3.9. Let I C R be an interval in R, such that inf I,supl € Ze. Let s be any positive
(resp. negative) wave such that (4(s) —e,a(s)) C I (resp. (u(s),u(s) +¢) C I). The quantity o(1,s) :=
£ convy fe ((ﬂ(s) —e, ﬂ(s))) (resp. o(I,s) := - concy f. ((a(s),ﬂ(s) —1—5))) is called the (artificial) speed
given to the wave s by the Riemann problem I.

Moreover we will say that the Riemann problem I divides s, s' if (i(s) —e,a(s)), (a(s') —e,a(s")) (resp.
(a(s),u(s)+e), (u(s"),u(s")+¢) ) do not belong to the same shock component of convy f. (resp. concy fe).

Remark 3.10. Let Z be any positive (resp. negative) interval of waves at fixed time ¢. By Proposition
3.8, the set I :=J 7 (0(s) —¢&,a(s)] (vesp. I = J,cz[t(s),a(s) +¢€)) is an interval in R. Hence, we will
also write o(Z, s) instead of o(I, s) and call it the speed given to the waves s by the Riemann problem
Z. Moreover, we will also say that the Riemann problem Z divides s, s’ if the Riemann problem I does.

3.2. The main theorem in the wavefront tracking approximation. Now we state the main result
for the wavefront tracking approximation, namely Theorem 2. For easiness of the reader we repeat the
statement below.

As in the previous section, let u. = u.(t, ) be an e-wavefront solution of the Cauchy problem (1.1);
consider the enumeration of waves and the related position function x = x(¢,s) and speed function
o = o(t,s) constructed in previous section. Fix a wave s € W(0) and consider the function t — o(t, s).
By construction it is finite valued until the time 7'(s), after which its value becomes +00; moreover it is
piecewise constant, right continuous, with jumps possibly located at times t =1¢;,5 € 1,...,J.

The results we are going to prove is

Theorem 2. The following holds:
J
Yo Y loltys) = alti—1,9)lls| < (3+210g(2)) || £l L= Tot. Var.(u(0, ),
J=1seW(t;)
where |s| := ¢ is the strength of the wave s.
We recall the following definition.

Definition 3.11. For each j =1,...,J, we will say that (¢;,z;) is an interaction point if the wavefronts
which collide in (¢, z;) have the same sign. An interaction point will be called positive (resp. negative) if
all the waves located in it are positive (resp. negative). Moreover we will say that (¢;,z;) is a cancellation
point if the wavefronts which collide in (¢;,z;) have opposite sign.

The first step in order to prove Theorem 2 is to reduce the quantity we want to estimate, namely

Yo D loltys) —oltj-,s)llsl,

J=1seW(t;)
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to a two separate estimates, according to (¢;,x;) being an interaction or a cancellation:

Z Yoo —olti-nsllsl= Y D lolty,s) —oltj—1,s)llsl

J=1seW(t;) (tj,x;) sEW(L;)
interaction

+ o D loltys) —oltjr.9)llsl.

(tj,x;) sEW(t;)
cancellation

The estimate on the cancellation points is fairly easy. First of all define for each cancellation point
(tj,x;) the amount of cancellation as follows:

(3.5) C(tj,x;) = Tot.Var.(uc(tj_1,-)) — Tot.Var.(uc (5, -)).
Proposition 3.12. Let (tj,xz;) be a cancellation point. Then
Y ot s) = o(tj—1,9)lls| < ||f"[|zeTot.Var.(u(0,-))C(t;, z;)-
sEW(t;)

Proof. Let up,up; be respectively the left and the right state of the left wavefront involved in the collision

at point (t;,z;) and let uar, ur be respectively the left and the right state of the right wavefront involved

in the collision at point (¢, x;), so that uz, = li/m uc(tj, ) and up = u.(t;, z;). Without loss of generality,
x ZTj

assume uy, < ur < Upf-
Then we have

(3.6)

Y loty,s) = altj—1,9)lls]

seW(t;)

- Kiconv[mm] f5>((a(s)_g,a(s)))_(diconvm,w] fg>((ﬁ(s)—€,ﬁ(s))>]|s|

sEW(t;)
(Prop. 2.10)

d
< Z [(du CONV v, up] fe) ( CONMVIug ;un] f5> (UR_)] 5l

seEW(t;)

d d
e (G B

sEW(t;)
d
|:(d COHV[UL’UR] f&-)

Now observe that, by Proposition 2.15,

(2
d

IN

CONV [y, up] f€> (ur )} Tot.Var.(u (0, -)).

2

d d
or (oo Je)un) = (s convias g S ) () < 1 i G = )
< 7 leClty, ).

Hence, from (3.6) and (3.7), we obtain
Y loty.s) = altj—1,9)lls| < Il Tot.Var.(ue (0,))C(t;, z;5)-
sEW(t;)

Together with (3.1), this concludes the proof. O
Corollary 3.13. It holds
> Y oty s) = oltj—1,)lls| < || = Tot. Var.(u(0,))*.

j such that seEW(t;)
(tj,2;) is a
cancellation point
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Proof. From (3.1), (3.5) and Proposition 3.12 we obtain

Yoo D lolts) —oltj-1,s)llsl

(tj,xj) SEW(tj)

cancellation

J
< || f""|| L Tot.Var.( Z [Tot Var.(ue(tj—1,-)) — Tot.Var.(u.(t;, ))}
=1

< || f”"|| L Tot.Var.(u(0, -)) | Tot.Var.(uc (0, -)) — Tot.Var.(u. (¢, ))}
< [1f"]| L Tot. Var.(u(0, )",

Nr—|kv

thus concluding the proof of the corollary. d

From now on, our aim is to prove that

Yo Y loltys) —o(ti—r,s)llsl < OQ)|If" ||z Tot.Var.(u(0, ).

(tj,j) sEW(t;)
interaction

As outlined in Section 1.2, the idea is the following: we define a positive valued functional Q = Q(¢),
t > 0, such that 9 is piecewise constant in time, right continuous, with jumps possibly located at times
t;,5=1,...,J and such that

(3.8) 9(0) < || || L Tot.Var.(u(0, ))2.

Such a functional will have two properties:

(1) for each j such that (¢;,z;) is an interaction point, 9 is decreasing at time ¢; and its decrease
bounds the quantity we want to estimate at time ¢; as follows:

(3.9) > lo(ts) = olt-1,9)llsl < 2|Q(t;-1) — ()]

seEW(t;)

this is proved in Theorem 3.23;
(2) for each j such that (¢;,z;) is a cancellation point, Q can increase at most by

(3.10) () — Q(tj-1) < log(2) ]|~ Tot.Var.(u(0, -)) [C(t;, ;) ;

this is proved in Theorem 3.24.

Using the two estimates above, we obtain the following proposition, which completes the proof of Theorem
2.

Proposition 3.14. It holds

S0 D Joltis) — oltis)ls] < 201 +1og(2)) 1”1 Tot. Var.(u(0, )2

(tj,j) sEW(t;)
interaction
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Proof. By direct computation,

Yo D loltye) —oltj-19)lls]

(tj,z;) sEW(t;)

(by (3.9)) <2 > [Qtj1) — Q(t;)]

(tj sLj )
interaction

<20 Y [Qt) -+ D [At1) - Q)]

(tj,@5) (tj,2;)
interaction cancellation

- Y [ati) - Q(tj)]]

(tj,@5)
cancellation

Q1) — Q)]+ Y [D(tj)—ﬂ(tjl)}]

1 (t_‘i »Lj )
cancellation

[Q(tj_l) — D(t])] +10g(2) E ||f”LooTot.Var.(u(O,-))C(tj,xj)]
1 (tjrzj)
cancellation

(by (3.5), (3.8)) < 2[Q(0) + log(2)||" | = Tot. Var. (u(0,-))?]

< 2(1 +log(2))||f” || e Tot. Var.(u(0, -))?.

|
-M“

LJ

M&

(by (3.10)) <2

<.
Il

In the remaining part of this section we prove estimates (3.9) and (3.10).

3.3. Analysis of waves collisions for wavefront tracking. In this section we define the notion of
pairs of waves which have never interacted before a fixed time t and pairs of waves which have already
interacted and, for any pair of waves which have already interacted, we associate an artificial speed
difference, which is some sense summarize their past common history.

Definition 3.15. Let ¢ be a fixed time and let s,s' € W(t). We say that s, s’ interact at time t if
x(t,s) = x(t, s').

We also say that they have already interacted at time t if there is t < ¢ such that s, s’ interact at time
t. Moreover we say that they have not yet interacted at time t if for any ¢t < ¢, they do not interact at
time t.

Lemma 3.16. Assume that the waves s, s’ interact at time t. Then they have the same sign.

Proof. Easy consequence of definition of enumeration of waves and the fact that S(s) is independent of
t. O

Lemma 3.17. Let t be a fized time, 5,8 € W(t), s < s'. Assume that s,s" have already interacted at
timet. If p,p’ € W(t) and s < p < p' <&, then p,p’ have already interacted at time t.

Proof. Let t be the time such that s, s’ interact at time ¢. Clearly s,s’,p,p’ € W(t) 2 W({). Since for ¢
fixed, x is increasing on W(t), it holds x(¢, s) = x(¢,p) = x(¢,p’) = x(¢, ). O
Let § € W(t). By Lemmas 3.16 and 3.17, the set

I(t,s):= {s e W(t) ‘ s has already interacted with 5 at time f}

is an homogeneous interval of waves. Moreover set

L(t,s) :=minZ({,5), R(¢35):=maxZ(t,3).
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Let s,s" be two waves. Assume that s < s’ and that they have already interacted at a fixed time t.
Consider now the set
I(t,s,s") =1I(t s)NZI(ts").
This is clearly an interval of waves. Observe that minZ(¢,s,s’) = L(f,s’) and maxZ(t,s,s’) = R(t, s).
A fairly easy argument based on Lemma 3.17 implies that Z(¢, s, s’) is made of the waves p which have
interacted with both s and s'.

Definition 3.18. Let s,s" € W(t) be two waves which have already interacted at time . We say that
5,8 are divided in the real solution at time t if

(x(t,5),0(t,5)) # (x(t,8),0(2, ")),
i.e. if at time ¢ they have either different position, or the same position but different speed.
If they are not divided in the real solution, we say that they are joined in the real solution.

Remark 3.19. It t # t; for each j, then two waves are divided in the real solution if and only if they have
different position. The requirement to have different speed is needed at collision times, more precisely at
cancellations.

Proposition 3.20. Let t be a fized time. Let s,s’" € W(t). If s,s' are not divided in the real solution at
time t, then the Riemann problem Z(t,s,s') does not divide them.

For the definition of the Riemann problem Z(t, s, s") see Definition 3.9 and Remark 3.10.

Proof. Let & = x(t,s) = x(t,s'). Clearly W(t,z) C Z(f,s,s’). Observe that W(¢,Z) is an interval of
waves and that by definition the real speed of the waves o(t,s) = o(t,s’) is the speed given s, s’ by the
Riemann problem W(%, ). The conclusion is then a consequence of Corollary 2.11. O

The remaining part of this section is devoted to prove the following proposition, which is in some sense
the converse of the previous one and is a key tool in order estimate the increase and the decrease of the
functional Q.

Proposition 3.21. Let t be a fized time. Let s,s" be two waves which have already interacted at time
t. Assume that s,s’ are divided in the real solution. Let p,p’ € Z(t,s,s"). If p,p’ are divided in the real
solution at time t, then the Riemann problem Z(t,s,s’) divides them.

Proof. Fix two waves s < s’. It is sufficient to prove the proposition only for times ¢;,j =0,...,J. We
proceed by induction on j. For j = 0 the proof is obvious. Let us assume the lemma is true for j — 1
and let us prove it for j. Suppose s,s’ to be divided in the real solution at time ¢;. We can also assume
w.l.o.g. that s, s’ are both positive.

When (t;,2;) is an interaction the analysis is quite simple, while the cancellation case requires more
effort.

(tj,x;) interaction. Let us distinguish two cases.

If Z(t;,s,s") # Z(tj—1,s,s"), then waves s,s’ must be involved in the interaction, ie. x(t;,s) =
x(t;,s") = x;. Since (tj,z;) is an interaction point, o(t;,s) = o(t;,s’), and so s,s” are not divided at
time ¢;, hence the statement of the proposition can not apply to s, s’.

If Z(t;,s,8') = Z(tj_1,s,5"), take p,p’ € I(t;,s,s’), such that p,p’ are divided in the real solution.
Since an interaction does not divide waves which were joined before the interaction, p,p’ were already
divided at time ¢;_; and so by inductive assumption we have done.

(tj,z;) cancellation. Assume that s, s’ are divided in the real solution after the cancellation at time ¢;.
Moreover, w.l.o.g., assume that in (¢;,x;) two wavefronts collide, the one coming from the left is positive,
the one coming from the right is negative; assume also that waves in W(t;,z;) are positive, and that
x(tj,s) < x(t;,s") < x; (the proof in the case z; < x(t;,s) < x(t;, s’) is similar, but easier).

Set min W(t;, z;) := r1, max W(tj, z;) := ro. If R(t;,s) < ri, then s, s’ were already divided before
the collision (i.e. at time t;_1), L(tj,s") = L(tj_1,s") and R(t;,s) = R(tj_1,s) and so by inductive
assumption we conclude. Hence assume R(t;,s) € [r1,r2]. If L(t;,s") = ri, then Z(t;,s,s") C W(t;,z;)
and so by Corollary 2.11, we can again conclude; hence let us assume L(¢;,s") < ry.

Finally observe that we can assume [L(t;,s"), 2] N W(t;) = [L(t;,s’), 2], i.e. no wave in [L(t;,s'), ro]
has been canceled up to time ¢; (the general case can be treated in a similar way). See Figure 4.
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t Ty
T2
t
T1,T

L(tj,sl) 1 [ 15 3]

x
F1GURE 4. Graphical description of our notations.
Let us observe that
L(tj, S/) = L(tjfl, Sl), R(fj, S) S R(t]‘,h 8).
Now set
s if 5,5’ were already divided at time ¢;_1,
| L(t;,8') otherwise.

We need now the following three claims.
Claim 1. Wawves 8, s" are divided in the real solution at time t;_1.

Proof of Claim 1. If s,s" are divided in the real solution at time ¢;_1, then by definition § = s and then
we have done. If s,s’ are not divided, this means that x(¢;,s) = x(¢;,s’) = z;, while by one of our
assumption § = L(t;,s") < 1 = minW(¢;,x;); hence §, s’ have different position at time ¢;. O

Claim 2. Waves r1 — 1 and r1 are divided by the Riemann problem Z(t;_1, 3, s').

Proof of Claim 2. By Claim 1, 3, s" are divided in the real solution at time ¢;_;. Moreover, by definition
of 1, also 71 — 1 and r; are divided in the real solution at time ¢;; since r1 = min W(t;, x;), 11 —1 and r;
are divided also at time ¢;_;. Hence by inductive assumption, the Riemann problem Z(t;_1, 3, s') divides
ry — 1 and ryg. O

Claim 3. Waves r1 — 1 and ry are divided by the Riemann problem Z(t;,s,s’).

Proof of Claim 3. Assume first that s, s’ are divided in the real solution at time ¢;_;. In this case, by
Claim 2, ry — 1 and 7 are divided by the Riemann problem Z(t;_1, s, s’); hence by Corollary 2.11 they
are divided also by the Riemann problem Z(¢;, s, s’) since Z(t;,s,s") C Z(tj_1,s,5").

Now assume s, s’ are joined in the real solution at time ¢;_;. In this case x(t;, s) = x(¢;,s’) = ;. By
Claim 2, the Riemann problem Z(t;_1,35,s’) divides r; — 1 and 7. Moreover, since s,s” are divided in
the real solution at time ¢;, the Riemann problem W(t;,x;) = [ri, 2] divides them. Hence, observing
that minZ(t;_1,35,s") = L(tj_1,s") = L(t;,s"), by Proposition 2.12, the Riemann problem [L(t;,s"), 7]
divides ry — 1 and 7. One concludes the proof just observing that ro = R(t;, s) and then [L(t;,s"),72] =
Z(t;,s,s'). O

Now we are able to conclude the proof of our proposition. Take p,p’ € Z(t;,s,s’) and assume that
p < p’ are divided in the real solution at time ¢;.
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(1) If p € [L(tj,s"),r1 — 1] and p’ € [r1, R(}, s)], then by Claim 3 p,p’ are divided by the Riemann
problem Z(t;,s,s").

(2) If p,p" € [L(t;,s"),r1 — 1], then they were already divided at time t;_; Hence, by inductive
assumption and Claim 1, the Riemann problem Z(¢;_1, 5, s") divides p,p’. Thus by Claim 2 and
Proposition 2.7 also the Riemann problem [L(¢;, s’), 7 — 1] divides p, p’ and then by Claim 3 and
Proposition 2.7, the Riemann problem Z(t;, s, s’) divides them.

(3) Finally assume that p,p’ € [r1, R(tj,s)]. Since p,p’ are divided in the real solution at time
t;, one has that the Riemann problem [ri,rs] divides them, and also the Riemann problem
[r1, R(t;,s)] C [r1, re] divides them. Hence, by Claim 3 and Proposition 2.7, the Riemann problem
Z(t;,s,s') divides p,p’.

This concludes the proof of Proposition 3.21. O

3.4. The functional £ for wavefront tracking approximation. We can finally define the functional
9 and prove that it satisfies inequalities (3.9) and (3.10).

3.4.1. Definition of Q. First of all for any pair of wave (s,s’), s < s, define the weight q(t,s,s’) of the
pair of waves s, s' at time t in the following way:
lo(Z(t,s,s"),s)—a(Z(t,s,s),s)
(3.11) a(t,s,s’) = la(s") — (a(s) — S(s)e)|
£ Lo otherwise.

s, s'already interacted at time ¢,

Recall that o(Z(t,s,s’),s) (resp. o(Z(t,s,s),s’) ) is the speed given to the wave s (resp. s’) by the
Riemann problem Z(¢, s, s’).
As an easy consequence of Proposition 2.6, we obtain that q takes values in [0, || f”|| L]

Remark 3.22. If s, s’ are joined in the real solution, then by Proposition 3.20 q(t, s,s’) = 0.
Finally set

Q)= Y alts,s)slls].
s,8'€W(t)
s<s’

(Recall that |s| = |s'| = € is the strength of the waves s, s’ respectively.)

It is immediate to see that £ is positive, piecewise constant, right continuous, with jumps possibly
located at times ¢;,7 = 1,...,J, and Q(0) < || f"||zeTot.Var.(u.(0,-))? < || f”|| L= Tot.Var.(u(0,-))?. In
the next two sections we prove that it also satisfies inequality (3.9) and (3.10). This completes the proof
of Proposition 3.14.

3.4.2. Decreasing part of Q. This section is devoted to prove inequality (3.9).

Theorem 3.23. For any interaction point (t;,x;), it holds

> oty s) = olti—1,9)lls] < 2[Q(t-1) — Q)]

seEW(t;)
By direct inspection of the proof one can verify that the constant 2 is sharp.

Proof. Assume w.l.o.g. that all the waves in W(t;, x;) are positive. We partition W(t;, z;) through the
equivalence relation

s~ ifand only if x(tj_1,s) =x(tj—1,5).
By our assumption W(t;, ;) is decomposed into two disjoint intervals of waves W(t;,z;) = LU R such
that for each s € £ and s’ € R, it holds s < s'.

Step 1. First of all observe that by formula (3.11) and by Proposition 3.20, if s < ¢, (s,s') €
W(t;) x W(t;), but (s,s') ¢ L x R, then q(t;j_1,s,5") = q(t;,s,s’). Indeed, if at least one between s, s’
does not belong to LU R, then Z(t;,s,s") = Z(t;,s,s’); on the other side, if s,s" € £ (or s,s' € R), then
s, s" are joined both before and after the interaction and for this reason, by Remark 3.22, q(t;_1,s,s’) =
q(tj,s,s") = 0. Now observe that , if (s,s") € £ x R, then, by Remark 3.22, q(t;,s,s’) = 0. Hence it is
sufficient to prove that

Yo loltye) —oltmn)lsl<2 D altj-i,s8)slls].

sEW(t;) (s,8")ELXR
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FIGURE 5. Families of waves which interact at point (¢;, ;).

Step 2. For any positive interval of waves Z, define the strength of the interval T as

|Z| :=ecard(Z) = Z |s],

sel

and the mean speed of waves in I as

J(a(maxT))—f(a(minT)—e) ¢ 7 4 )
m(Z) = |

t(maxZ)—(a(minZ)—e¢)
2| oo if 7 = 0.

Now observe that

m(L)IL] + o (R)IR]
(3.12) om(LUR) =0, (W(t),z;)) = N )
Hence

(3.13)

> oty s) —oltimns)llsl = D lolts,s) = alt—s,s)llsl + D lo(t;,s) = oltj-1.5)]ls]
sEW(t;) seL SER
= (X bsl)lom(£UR) = (L) + (X Is])lom(LUR) = an(R)|
seLl sER

= lom(LUR) = on(L)|IL] + |om(LUR) = 0m(R)|IR]

o) —on(R)

K |
by (3.12)) = LR
(by (3.12)) e IR

Step 3. Set £ :=max L, r := minR and define (see Fig. 5)
Ly := {S eL | s < L(tj,l,r)}, Ry := {S ER ‘ s < R(tjfl,g)},

E%:{36£|32L@Fh0}, R%z{séR\s>R@rh@}
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Thus

lom (L) — om(R)|IL]IR]
<lom(L1) = om(R)L1][R] + [om (L2) = om(R)[[L2| R
<lom(Lr) = om(R)LR] + |om(L2) = om(Ra)[[ L2l Rl + [om(L2) — om(Ra)|[L2][Ral-

Dividing by |L]| + |R| we get

|‘7m(£) —Om (R)

)R]

(3.14)
L] + R
lom(L1) — om(R)| lom (L) = om(R1)| lom(Ls) — o (R2)|

LR Lo|IR Lo|IR

= L]+ [R| £alIR] + L]+ [R| [£allRa] + L]+ R] [£2]IRo |
n(L2) — om(R1)|

N e |1 [RY 4 1T (£ Lo|IR M e | Lol IR

<N f" [l |L1]IR] + ZI IR |Lo|[Ral 4 1 f" || e | £2|| Rl

where the last inequality is a consequence of Lagrange’s Theorem.

Step 4. Let us now concentrate our attention on the second term of the last summation. Observe that
waves £, r are divided in the real solution at time ¢;_1; hence, by Proposition 3.21, they are divided by
the Riemann problem Z(t;_1,¢,7) = L2 URq. Hence it is not difficult to see (it is the cubic estimate
when the speeds are monotone) that we can write

(315)  lom(C) —omROILAR = > (0(Z(ti-1,67),8) = 0(Z(t-1,4,7),5) ) sl
(s,8")EL2XR1

Let us now observe that by definition of Lo, R, for any s € L5 and s’ € Ry, if s,s’ have already
interacted at time ¢;_q, then Z(¢;_1,s,s") € Z(t;—1,%, 7). Together with Proposition 2.9 and with the
fact that £, r are divided by the Riemann problem Z(¢;_1,¢,r), this yields

o(Z(tj—1,0,7),s) —o(Z(tj=1,4,r),s) <o(Z(tj-1,s,5),s") —o(Z(tj-1,s,5),s),

and thus
o(Z(tj—1,4,7),8") —o(Z(tj—1,¢,7),5) < o(Z(tj-1,s,5),8") —o(Z(tj-1,s,5),5)
L] +|R] B IL] +|R]
(3.16) < o(Z(tj—1,s,8),8") —o(Z(tj-1,s,5),5)
B a(s’) — (a(s) —¢)

= q(tj—la S, S/).
Instead, if s, s’ have not yet interacted at time ¢;_1, using Lagrange’s Theorem, we get

o(Z(tj—1,4,7),8") —o(Z(tj—1,4,7),5)
IL] + R

(3.17) <N Nze=altj-1,s,5").

Thus, by (3.15), (3.16), (3.17),

|Um(£2) — am(Rl)
L]+ R

lealRi < 3ty )lslls')
(S,S,)EL‘QXRI

Step 5. Let us now observe that if s € £; and s’ € R, then by definition of L1, s,s’ have not yet
interacted at time ¢;_; and so q(tj_1,s,s") = || f”||Le. The same holds if s € £, and s’ € R,. Hence,
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recalling (3.13) and (3.14), we get

0m(£2) _UM(R1)|
> oty s) —o(tj—1,s)lls| < 2 ||f//||L°°|£1HR|+‘ R |L2l|Ra| + [[f" || oo | L2]|R2|
o TR
< 2[ S alti—ns slls|+ > altjo1,s,8)|s|s|
(s,8")EL1XR (s,8")ELIXR1
+ > altjo1, s 8)s|ls]
(8,8")ELIXRo
<2 ) altj1s8)lslls],
(s,8")ELXR
which is what we wanted to obtain. O

3.4.3. Increasing part of Q. This section is devoted to prove inequality (3.10), more precisely we will
prove the following theorem.

Theorem 3.24. If (t;,x;) is a cancellation point, then
Q(t;) — Q(tj-1) <log(2)]|f"||z=Tot.Var.(u(0,-)[C(t;, z;)],
where C(t;, ;) is the amount of cancellation at point (t;,x;), defined in (3.5).
Proof. To simplify the notations, w.l.o.g. assume the following wave structure (see also the proof of

Proposition 3.21 and Figure 4):

e in (t;,x;) two wavefronts collide, the one coming from the left is positive and contains all and
only the waves in [r1, 3] € W(t;_1), the one coming from the right is negative;

e in (¢, ;) all and only the waves in [r1,rs] C W(t;) survive;

e ri —1=max{s € W(t;) | s <ri}.

It holds
Q) — Q) = Y, altyss)slls'|— > altj-1,s8)|s|l]
s,8' EW(t5) s,8'€EW(tj—1)
s<s' s<s’
< Y [altys,s) —alti-,s,8)]lslls'|
s,8' EW(t;)
s<s’
< Z [q(tj7575/) 7q(tj—175ﬂ5,)}+ |5||5/‘
s,s"eW(t;)
s<s’

The proof will follow by the next three lemmas.

Lemma 3.25. If s < s’ are waves such that [q(tj,s,s’) — q(tj—1,s,8)]" > 0, then s’ € [r1,rs] and
CES [L(tjfl,TQ =+ 1),7“2].

Proof of Lemma 3.25. First let us prove s’ € [r1,r3]. By contradiction, assume s’ ¢ [ri,r3]. Since
[q(tj,s,s") —q(tj—1,s,8)]T > 0, then q(¢,s,s’) > 0; hence, by Remark 3.22, s,s" are divided in the
real solution at time ¢;. Since s’ ¢ [ry,73], s,s" are divided in the real solution also at time t;_;.
Moreover, by [q(t;,s,s) — q(tj—1,s,s')]" > 0 and because (¢;,z;) is a cancellation point, it must hold
Z(t;,s,s") g Z(tj—1,s,s’). Assume now s,s’ < ri, the case s,s’ > rg being similar. By Proposition 3.21
the Riemann problems Z(¢;_1,s,s’) and Z(t;,s,s’) divide waves 71 — 1 and r1. Moreover observe that

3r Sy
Z(tj—1,s,8)N {7" <r - 1} =ZI(tj,s,8)N {r <r - 1}. Hence, by Proposition 2.7,

o(Z(tj-1,8,8),8) = o(Z(tj-1,s,8)N{r<r —1},s)
= o(Z(tj,s,s)N {r <r— 1}73)
= o(Z(tj,s,5),5).
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In a similar way, o(Z(t;_1,s,s"),s") = o(Z(t;,s,s’),s'); thus q(tj_1,s,s") = q(t;,s,s), contradicting the
assumption.

Let us now prove the second part of the statement, namely s € [L(t;_1,72+1),72]. Since s’ < 7y, then
s < rg. Assume by contradiction s < L(tj—1,72 + 1). In this case R(tj_1,s) < ro, hence R(t;_1,s) =
R(tj,s); thus Z(tj_1,s,s’) = Z(t;,s,s') and so q(t;j_1,s,s") = q(t;,s,s’), a contradiction with the initial
assumption. O

Consider the following values:

a:= @(L(tjfl,’l“g + 1)) — £, b, = ’ll(’l‘l) — &, by = ﬂ(Tz), bs := ﬂ(?“g).
Define two functions g, h : (—o0, b3] — R, piecewise affine, with discontinuity points of the derivative in
the set Ze and such that
o1 ,b5] = cONV[p, ba] [ hib, by) = conviy, b, f, g="h on (—o0,bi].

Clearly g, h with the above properties exist.
Lemma 3.26. For any s’ € [r1,r2] and s € [L(tj—1,m2 + 1),72], s < &, it holds
(3.18)

[a(tj,5,5') = a(t;j—1,5,5)] "
\ [ ((a(s") = () = W ((als) = = a(s)) | = |9/ (@ls") = &,als") = o' ((ils) = &, (s)))] \
: () — (a(s) = 9) |

In other words, we are saying that the maximal variation of q(¢, s, s’) is controlled by the maximal

variation of speed (the numerator of the r.h.s. of (3.18)) divided by the total variation between the two
waves s, s'.

Proof of Lemma 3.20. Fix s, s’ as in the hypothesis and set for shortness
Tj-1:=1I(tj-1,s,5), 0j-1(s) :=0(Zj-1,5), oj-1(s') :
I, :=1I(tj,s,5), o;(s) == 0o(Z;,s), o;(s) =

By multiplication for |a(s’) — (4(s) —€)], (3.18) becomes
[(03) = 05(9)) = (041() — 731(9)] " < (h’((a<s’> () =1 ((als) <, a(s»))
- (g'((a(s’) () - o' ((als) - 5,@(3)))) ‘

We consider two cases depending on the position of the wave s.

Case 1. Assume first s € [L(tj_1,72+ 1), 1 — 1]. In this case s, s" are divided in the real solution both
at time ¢;_; and at time ¢;. Hence, by Proposition 3.21 the Riemann problems Z;_;, Z; divide the waves
r1 — 1 and ;. Thus, by Proposition 2.7, and by the fact that Z;_; N {r <r— 1} =7;N {r <r — 1},

oj—1(s) =0(Zj—1 N {r <r - 1},5) =o(Z; N {T <ry - 1},5) =0;(s),

whence
(3.19) 0j-1(5) = a3() = 0 = ' ((als) = e, (s)) ) — ¢/ ((s) = ,0()))
(recall that g = h on (—o0, b1]). Now distinguish two subcases:

(1) If maxZ;_1 < ra, then Z; 1 N [ry,72] = Z; N [r1,72], and so, arguing as above, o;_1(s") = o;(s').
(2) If maxZ;_1 > ro, then maxZ; = ro and so

o5(s') B 0@ N el ) = ol el ) = W () e i),
while

s\ (Prop. 2.7) ’ (Prop. 2.9) ’ 1 gt P
oj1(s) B o(@ N el s) = ol ) = o/ () — i),
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where the inequality is an easy consequence of Proposition 2.9.

In both case (1) and (2),
0)(s") = oy-1 () < W ((a(s) = 2 als)) — o ((als) = 2, 0(s)) ).

Together with (3.19), this yields the thesis.

Case 2. Assume now s € [ry,r3]. In this case

mian—l < 1, maXIj_l =73,

minZ; <7y, maxZ; = r.

Since s,s’ are divided at time t; in the real solution, we can argue as in the previous case and use
Proposition 3.21 to obtain

(3.20) 05(s') = a3(s) = W' ((a(s) = 2, (s")) ) = ' (((s) — =, (s)) )
Observe that since s, s’ are joined before the collision in the real solution,
g (s == () = o ((als) = . (s)) ) = 0.
Moreover by Proposition 3.20, g;_1(s") — 0;—1(s) = 0, which, together with (3.20), yields the thesis. O

Lemma 3.27. Define p := h —g. Then

w%m@q—aa@w)—wqmg—E@@»”Mbq
> -
se[/L(Eej_l,a«Q+1),/T2] |a(s") — (a(s) —¢€)

< log(2)Tot.Var.(us(0,-)) [h/ (ba—) — g'(ba—)|-

Proof. First of all, let us observe that, since ¢’ is increasing and s < s’ with positive sign S, we can forget
about the absolute value and get

SE[L(tj—1,m2+1),r2]
s'€[r1,r2], s<s’

< >
sE[L(tj—1,r2+1),r2]

s'€[L(tj—1,r2+1),r2]
s<s’

SE[L(tj—1,m2+1),r2]
s'€[L(tj_1,r2+1),m2]
s<s’



ON A QUADRATIC FUNCTIONAL FOR SCALAR CONSERVATION LAWS 31

Since ¢’ ((4(s) — €,4(s))) = ¢'(u) for each u € ((s) — €,4(s)), and similarly for s, we can continue the
chain of inequality in the following way:

() —ea) - (@ -2ioD)| o e
Z a(s’) — (a(s) —e) /a(s)_s du /ﬁ(s/)—e a

s€[L(tj—1,r2+1),r2]
s'€[L(tj—1,r241),r2]

s<s’
a(s) a(s’) , ,
_ du'd
Z ﬁ(S ﬁ/ _5 /s) a/u —€ (U)) o
s€[L(tj—1,r24+1),72]
s’€[L(t_7_1,T2+1)»7"2]
(s) /
/ / —¢'(u )du 'du
a(s)—e Ja(s")— u'—u
s"€[L(t;— 177’2+1 ;2]
s<s’

s<s’
ba ba (1 /
u') — ¢ (u
o Ju u —u
Since ¢ = h — g is piecewise affine, we can write

bQ bQ _ b2 b2
/ / du du = / / [ ¢’ (me+) — go'(ms—)] du'du
v —u T

u<me<u’

= Y Wmen o) [ v

meZ me
a<me<bsg

IN

SE[L(t] 1 ,7“2+1)77“2]

IN

An elementary computation shows that

(3.21) max / / " A dudu = log(2) (b2 — a).

£€a,bs)

Hence

> ¢ (met) — ¢ (me— / / — udu’du < log(2)(b—a) Y [¢/(me+) — ¢ (me—)]
meZ meEZ
a<me<bsz a<ma<b2

log(2)Tot.Var.( ) [ (b2 ¢ (a+)]
log(2)Tot. Var. ( ( ))w'(bz )

< log(2)Tot.Var.( NI (ba=) = g (b2—)].
This concludes the proof of Lemma 3.27. 0

<
(since ¢’(a+) > 0 by Proposition 2.9) <

Conclusion of proof of Theorem 3.24. Observe that, by Proposition 2.15,
(3.22) W (ba=) = g'(ba=) < [f"llzoe (b3 — b2) < [If"[|L~ C(t;, 25).

Putting together Lemma 3.26, Lemma 3.27, inequality (3.22) and inequality (3.1) one easily concludes
the proof of the theorem. O

4. ANALYSIS OF THE GLIMM SCHEME

In this section we prove the main interaction estimate (1.10) for an approximate solution of the
Cauchy problem (1.1) obtained by Glimm scheme. The line of the proof is very similar to the proof
for the wavefront tracking case, even if a relevant number of technicalities arises. For this reason the
structure of this section is equal to the structure of Section 3: throughout the remaining part of this
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paper, we will emphasize the differences in definitions and proofs between the wavefront algorithm and
the Glimm scheme.

First let us briefly recall how Glimm scheme constructs an approximate solution. Fix ¢ > 0. To
construct an approximate solution us = u.(t, z) to the Cauchy problem (1.1), we start with a grid in the
(t, z) plane having step size At = Az = ¢, with nodes at the points

P, = (tn, Tm) = (ne, me), n,m € Z.

Moreover we shall need a sequence of real numbers 91, 92,73, . .., uniformly distributed over the interval
[0,1]. This means that, for every A € [0, 1], the percentage of points ¥,,1 < n < N, which fall inside
[0, A] should approach A as N — oo:

lim card{n | 1 <n < N,¥, € [0,A]}
N—o00 N
At time t = 0, the Glimm algorithm starts by taking an approximation . of the initial datum @, which
is constant on each interval of the form (z,,—1, ., ), and has jumps only at the nodal points x,, := me.
We shall take (remember that @ is right continuous)

= for each A € [0, 1].

(4.1) te(x) = () for all x € [Ty, Tmt1)-

Notice that, as in the wavefront tracking case, estimate (3.1) holds also in this case. For times ¢ > 0 suffi-
ciently small, the solution u. = u.(t,x) is then obtained by solving the Riemann problems corresponding
to the jumps of the initial approximation wu.(0,-) at the nodes x,,. Since 0 < f'(u) < 1 for any u € R,
the solutions to the Riemann problems do not overlap and thus u(t) can be prolonged on the whole time
interval [0,e). At time ¢; = ¢ a restarting procedure is adopted: the function u.(t;—, ) is approximate
by a new function wu.(¢1+,-) which is piecewise constant, having jumps exactly at the nodes z,, = me.
Our approximate solution u, can now be constructed on the further time interval [e, 2¢), again by piecing
together the solutions of the various Riemann problems determined by the jumps at the nodal points x,,.
At time ¢ = 2¢, this solution is again approximated by a piecewise constant function, etc...

A key aspect of the construction is the restarting procedure. At each time t, = ne, we need to
approximate u.(t,—, ) with a piecewise constant function wu.(t,+, ) having jumps precisely at the nodal
points x,,,. This is achieved by a random sampling technique. More precisely, we look at the number ¥,
in the uniformly distributed sequence. On each interval [Z,,—1, %), the old value of our solution at the
intermediate point ¢, 2., + (1 — ¥, )x,;m—1 becomes the new value over the whole interval:

e (tn+, ) := ue (tn—, (Onzm + (1 — ﬁn)xm,1)) for all x € [zpm—1, Tm)-

One can prove that, if the initial datum @ has bounded total variation, then an approximate solution
can be constructed by the above algorithm for all times ¢ > 0. Finally set, by simplicity,

Un,m = Ue(nE, ME).

4.1. Definition of waves for the Glimm scheme. Similarly to Section 3.1, we define the notion of
wave, the notion of position of a wave and the notion of speed of a wave.

4.1.1. Enumeration of waves. First of all, as we did for the wavefront tracking scheme in Section 3.1.1,
we define the notion of enumeration of waves related to a BV function u : R, — R of the single variable
x.

The biggest differences with the wavefront tracking case are that here we allow the set of waves W
to be a subset of R (while in the wavefront case it is a subset of N) and we allow the state function @
to take values in R (while in the wavefront case it takes values in Ze). This is due to the fact that in
an e-approximate solution constructed with the wavefront algorithm any wavefront has strength at least
equal to &, while in an approximate solution obtained by the Glimm scheme rarefactions (i.e. infinitesimal
wavefronts) are allowed.

Definition 4.1. Let u : R - R, u € BV(R), be a piecewise constant, right continuous function, with
jumps located at points of the form me, m € Z. An enumeration of waves for the function w is a 3-tuple
(W, x, 1), where

W CR, is the set of waves,

x: W — (—o0,+00], is the position function,

u: W — R, is the state function,
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with the following properties:
(1) the function x takes values only in the set Ze U {+o00};
(2) the restriction of the function x to the set of waves where it takes finite values is increasing;
(3) for given xyp € R, consider x *(zg) = {s € W | x(s) = wzo}; then x1(zp) is a finite union
(possibily empty) of intervals of the form (a, b]; moreover it holds:
(a) if u(zo—) < u(wo), then dly-1(z,) @ x *(z0) = (u(wo—),u(wo)] is strictly increasing and
bijective, with 4%(s) =1 for each s in the interior of x~!(zo);
(b) if u(wo—) > u(xo), then afy-1(my) = x H(wo) = [u(xo), u(zo—)) is strictly decreasing and
bijective, with 4%(s) = —1 for each s in the interior of x~*(zo);
(c) if u(xp—) = u(xg), then x~1(xq) = 0.
Given an enumeration of waves as in Definition 4.1, we define the sign of a wave s € W with finite
position (i.e. such that x(s) < 4+00) as follows:

(4.2) S(s) := sign [u(x(s)) — u(x(s)-)].
The analog of Example 3.2 is the next example.

Example 4.2. Fix ¢ > 0 and let 4. € BV (R) be the approximate initial datum of the Cauchy problem
(1.1) constructed in (4.1). Let
U : R — [0, Tot.Var.(@.)]

be the total variation function, defined as U(z) := Tot.Var.(i.; (—o0, z]). Then define:
W := (0, Tot.Var.(i.)]

and
X0 : W — (—00, +00], xo(s) = inf{x € (—o0,4o0] | s < U(m)}

Moreover, recalling (4.2), we define
QW R, a(s) = e (xo(s)—) + S(s) [5 - U(xo(s)f)}.
One can easily prove that 4 is continuous.
We also adapt Definition 3.3 in the following way.

Definition 4.3. Consider a function u as in Definition 4.1 and let (W, x,4) be an enumeration of waves
for u. The speed function o : W — [0,1] U {400} is defined as follows:

+00 if x(s) = o0,
o(s) == i OMVutx(s) ) utxio) f) (a(s)) i S(s) = +1,
- conclux(opatxtoy ) (#s)) i S(s) = —1.

4.1.2. Position and speed of the waves. Consider the Cauchy problem (1.1) and fix € > 0; let u. = u.(¢, )
be the e-Glimm solution, with sampling sequence {9,},. For the (piecewise constant) initial datum
1 (0, -), consider the enumeration of waves (W, xg, @) provided in Example 4.2; let S be the sign function
defined in (4.2) for this enumeration of waves.

Our aim is to define two functions

x:[0,+00); x W — R, U {400}, 0 :[0,+00); x W — [0,1] U {400},

called the position at time t € [0,+00) of the wave s € W and the speed at time t € [0, +00) of the wave
seW.

Let us begin with the definition of x. We first define x on the domain Ne x W and then we extend it
over all the domain [0, +00); x W. The definition of x(ne, s) is given by recursion on n, i.e. for each n € N
we define a function x(ne,-) : W — (—o0, +00] such that the 3-tuple (W, x(ne, -),4) is an enumeration of
waves for the piecewise constant function u.(ne,-).

For n = 0 we set x(0, s) := z¢(s), where xo(-) is the position function in the enumeration of waves of
Example 4.2. Clearly (W, x(0,-),4) is an enumeration of waves for the function . (0, -).

Assume now to have obtained x(ne, -) with the property stated above and define x((n + 1)e,-) in the
following way.
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W nefs)
W ne me)

mEeE
FIGURE 6. Graphical description of the definition of position of waves.

Let o(ne, -) be the speed function related to the piecewise constant function wu.(ne,-) and the enumer-
ation of waves (W, x(ne,-),4). Then set
W(ne,me) := {s € W | x(ne, s) = me},
WO (ne, me) := {s € W | x(ne,s) = me and o(ne, s) < 9pni1},
(

W (ne,me) == {s € W | x(ne, s) = me and o(ne,s) > U1}

Define

W((n+ 1)e,me) := {s e W (ne, (m — 1)e) UW O (ne, me) | S(s) = sign(Uns1.m — Unt1.m—1) and

S(8)unt1,m—1 < S(s)u(s) < S(s)unﬂ?m}.
where S(s) was defined in (4.2), with respect to the enumeration of waves for the initial datum, and set

me  if s € W((n + 1), me),
+o00 otherwise.

x((n+1e,s) := {

Observe that for each s € W, x((n + 1)e, s) is uniquely defined since, for m; # mag, sets W (ne, (m; —
1)e) UWO) (ne,mye), i = 1,2, are disjoint.

A fairly easy extension of Lemma 3.5 shows that the recursive procedure generates an enumeration of
waves at the times ne. The only differences in the proof are that now the map 4 takes continuous values
and that at each time ne you have to consider countably many disjoint Riemann problems, instead of a
single one.

We have just defined the position function x on the domain Ne x W. Let us now extend it over all the
domain [0, +00); x W, by setting, for ¢t € [ne, (n + 1)e),

+0o0 if x(ne, s) = +oo,
x(t, s) := { x(ne, s) if s € WO (ne, me),
x(ne,s) +t—ne if s € W (ne, me).
See Figure 6.
The speed o : [0,400): x W — [0,1] U {400} is defined setting for ¢ € [ne, (n + 1)e) and for s € W,
o(t,s) == o(ne, s). Asin Section 3.1.2, we set
W(t) :={s e W |x(t,s) < +oo}, W(t,z):={seW|x(t,s) =z}

and we will call W(t) the set of the real waves at time t, while we will say that a wave s is removed at
time t if x(¢,s) = 4+o00. Observe that the definition of W(t, z) agrees with the definition of W(ne, me)
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given before, for t = ne,x = me. Finally for any s € W(0) set
T(s) := sup {t € [0,400) | x(t, 8) < —l—oo}.

The curve t — x(t,s), for t € [0,7(s)), as a curve in the (¢, x)-plane, is piecewise linear with nodes in the
grid points.

4.1.3. Interval of waves. This section is analog of Section 3.1.3.

Definition 4.4. Let ¢ be a fixed time and Z C W(t). We say that Z is an interval of waves at time ¢ if
for any given s1, s3 € Z, with 81 < s3, and for any p € W(?)

s1<p<s = pel
We say that an interval of waves Z is homogeneous if for each s, € Z, S(s) = S(s'). If waves in T are

positive (resp. negative), we say that Z is a positive (resp. negative) interval of waves.

The following proposition is the continuous version of Proposition 3.8. Its proof is very similar and for
this reason we omit it.

Proposition 4.5. Let Z C W(¥) be an homogeneous interval of waves and assume that waves in I are
positive (resp. megative). Then the restricion of 4 to T is strictly increasing (resp. decreasing) and its
image is an interval (in R).

A priori an interval of waves could be a wild subset of R: we show that it enjoys a particularly nice
structure.

Proposition 4.6. Let T C W(ne) be an interval of waves. Then T is an (at most countable) union of
mutually disjoint intervals of real numbers.

Proof. Write
7= U ZNW(ne, me).
meZ
Clearly Z N W(ne, me) C W(ne, me). If equality holds, then, by Definition 4.1 of enumeration of waves,
ZNW(ne, me) is a finite union of intervals of real numbers. Otherwise, if Z N W(ne, me) G W(ne, me),
then define
a :=inf (ZNW(ne, me)), b:=sup (ZNW(ne, me)).
By definition of interval of waves,
(4.3) (ZNW(ne,me)) \ {a,b} = (a,b) N W(ne, me).
The r.h.s. of (4.3) is a finite union of mutually disjoint intervals of real numbers. O

Corollary 4.7. Any interval of waves is Lebesgue-measurable.
The next proposition is the area formula adapted to our setting.

Proposition 4.8. Let g : R — R be continuous, g > 0. Let T C W(ne,me) be a homogeneous interval

of waves and let I := 4(Z). Then
/g(ﬂ(s))dSZ/g(u)du.
z I

Observe that the function g o @ is Lebesgue-measurable on Z since it is composition of continuous
functions.
Definition 3.9 and Remark 3.10 in this context become respectively the following.

Definition 4.9. Let I C R be an interval in R. Let s be any positive (resp. negative) wave such
that 4(s) € I. The quantity o(I,s) := - convy f(i(s)) (resp. o(I,s) :== -L concy f(@(s))) is called the
(artificial) speed given to the wave s by the Riemann problem I.

Moreover, if s, s’ are two waves such that a(s), 4(s’) € I, we say that the Riemann problem I divides
s, 8" if 4(s),(s") do not belong to the same wavefront of convy f (resp. concy f).

Remark 4.10. In the previous definition, if I = 4(Z), where Z is any interval of waves at fixed time ¢,
we will also write ¢(Z, s) instead of o(I,s) and call it the speed given to the waves s by the Riemann
problem Z. Moreover, we will also say that the Riemann problem Z divides s, s’ if the Riemann problem
I does.
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4.2. The main theorem in the Glimm scheme approximation. Now we state the main interaction
estimate for Glimm scheme. Fix a wave s € W(0) and consider the function ¢ — (¢, s). By construction
it is finite valued until the time T'(s), after which its value becomes +o0o; moreover it is piecewise constant,
right continuous, with jumps located at times t = ne,n € N.

Theorem 1. The following estimate holds:

+oo
Z/ o(ne,s) —o((n—1)e,s)|ds < (3 + 2log(2 NIIF"| L Tot. Var.(u(0, -))2.

n=1

Corollary 4.7, Definition 4.3 and Proposition 4.8 gives that the integral is meaningful.
To prove Theorem 1 let us write

(4.4) Z/ o(ne,s) —o n—1€8|dS—ZZ/

n=1meZ

o(ne,s) —o((n—1)e,s)|ds.

ns mE

We spit the grid points in interaction points, cancellation points and no-collision points. We thus adapt
Definition 3.11 as follows.

Definition 4.11. Let (ne,me) be a grid point, n > 1,m € Z.

We say that (ne, me) is an interaction point it W ((n—1)e, (m — 1)e)) and WO ((n — 1)e, me) are both
nonempty and have the same sign.

We say that (ne,me) is a cancellation point it W) ((n—1)e, (m —1)e)) and WO ((n — 1)e, me) are both
nonempty and have different sign.

We say that (ne, me) is a no-collision point if at least one among W™ ((n—1)e, (m—1)e)) and W ((n—
1)e, me) is empty.

Accordingly, we split (4.4) into three terms:

ZZ/ |o(ne,s) —o((n—1)e,s)|ds

n= lmez ’ﬂE ms

( S+ Y o+ X >/W lo(ne, s) — o((n — 1)e, 5)| ds.

(ne,me) (ne,me) (ne,me) (ne,me)
interaction  cancellation  no-collision

The three terms are estimated in the next three propositions.

Proposition 4.12. Let (ne, me) be a no-collision point. Then
/ lo(ne,s) — o((n— 1)e,s)| ds = 0.
W(ne,me)

Proof. Assume first W ((n — 1)e, (m — 1)¢) empty (the case W ((n — 1)e,me) = () is similar). See
Figure 7. In this case

Un,m—1 = Un—1,m—1-

Moreover, due to the restarting procedure of the Glimm scheme,

d
(4~5) f(un,m) = Ju CONV ety 1 1 yUn—1,m] f(un,m)-

Hence, according to Definition 4.3, and by Proposition 2.7, for each s € W(ne, me) = WO ((n —1)e, me),

o(ne,s) = o coniu, ) F(0(5))

(by Proposition 2.7 and (4.5)) = % CONV [,y oy un1.m] J(U(8))
=o((n—1es),

concluding the proof. O
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i
uu,m—l 71,171
Up—1,m—1
“ Up—1,m
(n—1)e
(m—1)e me

FIGURE 7. No-collision case when W ((n — 1)e, (m — 1)) = 0.

For each grid point (ne, me), the amount of cancellation is defined by:
C(n57m€) = |un7m—1 - un—l,m—1| + |un—17m—1 - un,m| - |un,m—1 - un,m|

- ‘W(l)((n — 1)z, (m — De) UWO((n = 1), me)| — [Wi(ne, me)|.

It is easy to see that for fixed n > 1,
> C(ne, me) = Tot.Var.(uc((n — 1)e, ) — Tot.Var. (uc(ne, ).
mEZ

Proposition 4.13. Let (ne,me) be a cancellation point. Then
/ lo(ne,s) —o((n—1)e,s)|ds < || f"|| L~ Tot. Var.(u(0, -))C(ne, me).
W(ne,me)

The proof is completely similar to Proposition 3.12.
Using previous proposition one gets the same estimate as in Corollary 3.13.

Corollary 4.14. It holds

—oln~— s)| ds "l e Tot. Var. (u(0, -))2.
Z) /W(m,me) |o(ne,s) —o((n = 1)z, )| ds < || f"]| o Tot.Var. (u(0, -))

(ne,me
cancellation

The last estimate to prove is

> /W(/ e |o(ne, s) — o((n — 1)e, 5)| ds < O(1)|| f|| L~ Tot.Var. (u(0, -))2.

(ne,me)
interaction

As in the wavefront case, in the subsequent sections we will define a functional £ : Ne — [0, +00) of
the form

Q =Q(ne) = // q(ne, s, s") dsds’,
D(ne)

5<5'}

where

(4.6) D(ne) = {(s, §') € Wi(ne) x W(ne)

is the domain of integration of the functional Q at time ne and
q: Ne x D(ne) — [O, ||f”||Loo}

is a measurable function on D(ne) for each n € N, called the weight of the pair of waves (s,s’) at time
ne. Such a functional will have two properties: for each time ne
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(a) there is a measurable subset D! (ne) C D(ne) such that

/ |o(ne,s) —o((n— 1), s)|ds
W(ne,me)

< 2[// q((n —1)e, s, s") dsds’ — // q(ne, s, s") dsds’} ,
DI (ne) DI (ne)

Theorem 4.29 and Corollary 4.31;
(b) on the complement D(ne) \ D! (ne),

// q(ne, s, s") dsds’ — // q((n —1)e, s, s") dsds’
(48) D(ne)\DI(ne) D(ne)\DI(ne)
<10g(2)||f"|| = Tot.Var.(u(0, -)) [Tot.Var.(uE((n —1)g, ) — Tot.Var.(ucs(ne, -)) |,

mEZ such that
(ne,me) is
(47) interaction point

Theorem 4.33 and Corollary 4.36.

These two properties are the analogs of (3.9) and (3.10). As in Section 3.2, (4.7) and (4.8) implies the
following proposition, which is the analog of Proposition 3.14.

Proposition 4.15. It holds

Z /w o(ne,s) —o((n—1)e,s)|ds < 2(1 +1log(2)) || f”|| L Tot. Var.(u(0, )2

(ne,me) (ne, ms)

interaction

Proof. For fixed time ne,

Z /W( : |0(n€, s)—a((n—1)e, 5)| ds

mEZ
such that(ne,me) is
interaction point

(using (4.7)) < 2{ / / q((n— 1)e, 5, ') dsds’ — / / q(ne,s,s')dsds’]

DI (ne) DI (ne)
= 2{ // q((n —1)e, s, s") dsds’ — // q(ne, s, s") dsds’
DI (ne) DI (ne)
// ((n—1)e,s,s")dsds’ — // ((n—1)e,s,s)dsds’
D(ne)\DI(ne) D(ne)\DI(ne)
// (ne, s, s") dsds’ — // q(ne, s, s’) dsds’]
N\DI!(ne) NDI(ne)
_2{// ((n—1)g,s,s) dsds—// ne, s, s’ dsds}
D(ne) D(ne)
[ // q(ne, s, s") dsds’ — // n—lsss)dsds'}
'D(na)\'DI (ne) D(ne)\DI(ne)

< 2[Q((n — 1)e) — Q(ne)]

[ // q(ne, s, s') dsds’ — // (n—1)e,s,s )dsds’}

D(ne)\DI(ne) D(ne)\DI(ne)
(using (4.8)) <2[Q((n — 1)e) — Q(ne)]
+ 21og(2) ]| £ || L Tot.Var.(u(0, -)) [Tot.Var.(uE((n —1)e)) — Tot. Var.(ue (ne))] .



ON A QUADRATIC FUNCTIONAL FOR SCALAR CONSERVATION LAWS 39

Hence, exactly as in proof of Proposition 3.14,

N
o(ne,s) —o((n—1)e,s)|ds
S X [l ol 1es)

MmeZ s.t.
(ne,me) is
interaction point

N

<2y [Q((n “1)e) - Q(ng)}

n=1

N
+210g(2) |1 £|| L= Tot. Var.(u(0, -)) [Tot.var.(us((n —1)e)) — Tot.Var.(uE(ns))}

n=1

2 [Q(O) - Q(Ns)] + 210g(2) || £”]| L= Tot.Var.(u(0, -)) [Tot.var.(us(o, ) — Tot.Var.(uE(Ns))}
< 2[92(0) + log(2) | £ Tot. Var.(u(0, -))*

(1+Tog(2)) | " [l Tot.Var. (u(0, ))?,

where the last inequality is justified by the fact that

90) = [ a0.5.5)dads' < 115 [PO)] < 1 Tot Var (100,

Passing to the limit as N — 400, one completes the proof. O

NN

<

4.3. Waves collisions in the Glimm scheme case. This section introduces the notion of pairs of
waves which have already interacted/not yet interacted. Even if the definitions and the propositions
are completely similar to the ones in Section 3.3, some technicalities arise, for example in the proof of
Proposition 4.20, which is substantially longer than the proof of the analogous Proposition 3.21. The
following definition is the same as Definition 3.15.

Definition 4.16. Let ¢ be a fixed time and let s,s' € W(t). We say that s,s’ interact at time t if
x(t,s) = x(t, s').

We also say that they have already interacted at time t if there is ¢ < ¢ such that s, s’ interact at time
t. Moreover we say that they have not yet interacted at time t if for any ¢t < ¢, they do not interact at
time ¢.
Lemma 3.16 and Lemma 3.17 hold also in this case, namely:

(1) if s,s" interact at time ¢, then they have the same sign (Lemma 3.16);
(2) let T be a fixed time, s,s" € W(t), s < s'; assume that s, s’ have already interacted at time &; if
p,p’ € [s,s'] NW(), then p,p’ have already interacted at time ¢ (Lemma 3.17).

As in Section 3.3, for any fixed time ¢ > 0 and for any 5§ € W(¢), define
Z(t,5):= {s e W(t) ‘ s has already interacted with § at time f};

by Lemmas 3.16 and 3.17, this is an homogeneous interval of waves.

If s < s’ have already interacted at a fixed time £, set as before

I(t,s,s") :=1I(t s)NZL(ts").
This is clearly an interval of waves and so by Proposition 4.5 the image of
:Z(t,s,s") =R

is an interval in R.

The following definition is the same as Definition 3.18.

Definition 4.17. Let s,s" € W(t) be two waves which have already interacted at time . We say that
5,8 are divided in the real solution at time t if

(x(t,5),0(t,5)) # (x(t,5),0(2, ")),
i.e. if at time ¢ they have either different position, or the same position, but different speed.
If they are not divided in the real solution, we say that they are joined in the real solution.
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T((n+ 1, 5,38

(n+1)e

W ne, mas)

Wine, (mo + 1)2)

Mot e = (ma + 1)¢

FIGURE 8. Case m; = mg + 1.

Remark 4.18. As noted in Remark 3.19, in the wavefront tracking algorithm two waves can have same
position but different speed only in cancellation points; on the contrary, in the Glimm scheme two waves
can have same position but different speed at every time step.

The analog of Proposition 3.20 is the following proposition. We omit the proof.

Proposition 4.19. Lett = ne,n € N be a fized time. Let s,s' € W(ne). If s, are not divided in the
real solution at time ne, then the Riemann problem Z(ne, s, s’) does not divide them.

Also Proposition 3.21 holds in this framework, but the proof is slightly different and more technical.

Proposition 4.20. Lett = ne,n € N be a fized time. Let s,s" be two waves which have already interacted
at time t. Assume that s,s’ are divided in the real solution, and let p,p' € Z(t,s,s"). If p,p’ are divided
in the real solution at time t, then the Riemann problem Z(t,s,s’) divides them.

Proof. The proof is by induction on the time step n. For n = 0, the statement is obvious. Let us assume
the proposition is true for ¢ = ne and let us prove it for t = (n + 1)e. Let s, € W((n + 1)) be two
waves which have already interacted at time (n + 1)e and assume s, s’ to be divided in the real solution
at time (n + 1)e. We can also assume w.l.o.g. that s, s’ are both positive.

Let us define

. : ,
(4.9) mi€ ;= min { t/%gﬁl)e x(t,p) ‘ p € I(ne,s,s )},
(4.10) Mot = max{ lim  x(¢,p) ’ p € I(ne, s, 5’)} — €.
t,(n+1)e

It is easy to see that my, ms exist and my; < mo + 1. Assume first m; = mo + 1, which means that the
min and the max above coincide. See Figure 8.
In this case
I(ne, s, s') €W (ne, mae) UWO (ne, (mg + 1)e).

This implies Z((n + 1)e, s,8") = W(ne, (ma + 1)e) and so the thesis is easily proved, because the artificial
Riemann problem coincides with the real one.

We can thus assume my < mo + 1, i.e. my < my. See Figure 9. Under this assumption, we first write
down some useful claims.

Claim 4. It holds
I(ne,s,s") €W (ne, (my — 1)e) U [ U W(ne, me) UWO (ne, (my + 1)e)|.
mi<m<msgy
Proof of Claim j. Let p € Z(ne,s,s’). By (4.9) and (4.10), limy »(;,41) x(, p) = me, for some m; < m <
mg + 1. Hence, p € W) (ne, (my — 1)e) U Unny <m<my W(ne, me) U WO (ne, (mg + 1)e). O
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{ Jim Ex[t,p] ‘ p € Z(ne, s, 3;)}

i A

L2

Un+1m—1 /;;;.—L.mj Ty lsm\ Un+1,ma+1

FIGURE 9. Case m; < mg + 1.

Claim 5. Fach wave in U W(ne, me) has positive sign.

mi<m<mgy

Proof of Claim 5. Use Definition 4.1 of enumeration of waves and Lemma 3.16. 0

Claim 6. Let p,p’ € Z((n+ 1)e,s,8) NZ(ne,s,s"). Assume p,p’ are divided at time t = (n + 1)e, but
not divided at time t = ne. Then

a) either p,p’ € WO (ne, mie) and waves in W (ne, (my — 1)e) are negative;

b) orp,p’ € WD (ne, mae) and waves in WO (ne, (mg + 1)e) are negative.

Proof of Claim 6. Since p,p’ are not divided at time ¢ = ne, there is m € {m; — 1,...,ms + 1} such
that p,p’ € W@ (ne, me), for some o € {0,1}. Assume o = 0, the other case is completely similar.
If W (ne, (m — 1)e) = 0 or SOWWM (ne, (m — 1)e)) = +1, this means that ((n + 1)e,me) is either a
no-collision point or an interaction point. By Proposition 2.10, since p, p’ are not divided at time ne, they
cannot be divided at time (n+1)e. Hence W (ne, (m—1)¢)) # 0 and SOV (ne, (in—1)e)) = —1. Thus
by Claim 5, m—1 ¢ [mq,mg], i.e. M & [m1+1,ma+1]; on the other hand, by Claim 4, m € [my, ma +1].
Hence m = m; and the thesis is proved. O

Now for j =n,n + 1, set
L(j) :=inf 4(Z(je, s, s')), R(j) := supa(Z(je,s,s")).
Claim 7. The following holds:

(1) If R(n+1) > R(n), then s,s" € W (ne,mae) UWO) (ne, (ma + 1)) and R(n+1) = Unt1.my+1;
(2) If L(n +1) < L(n), then s,s' € W (ne, (my — 1)e) UWO (ne, mye) and L(n+1) = tpy1m, 1

Proof of Claim 7. Tmmediate from definition of Z((n + 1), s, s'). O

The following lemma provides some bounds on L(j), R(j).

Lemma 4.21. The following hold:

a) L(TL) S Un+1,m, S Un+1,m4 S R(’ﬂ),

b) mill{un+1,m17un+1,m1—1} < L(” =+ 1) < Un+1,mq s
¢) Unt1,my < R(n+1) < max{Uni1,mys Un+1,ma+1}-

Proof of Lemma /.21. We prove each point separately.
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Proof of Point a). Define
A= {p € Z(ne,s,s’)

lim x(t,p)=m 5},
t,(n+1)e ( p) !

Bi={peZness)| Jim x(tp)=(ms+1)c)

Clearly A, B # () and A, B C Z(ne, s, s'). Using the definition of m1, mo, A, B and the fact that Z(ne, s, s’)
is an interval of waves, it is not difficult to see that

inf 4(A) = inf a(Z(ne, s, s")), inf @(B) = Unt1,my»
SUD i(A) = T 1, supi(B) = sup a(Z(ne, s, ).
Hence, L(n) = inf 4(A) < sup 4(A4) = tunt1,my < Unt1,m, = inf 4(B) < supu(B) = R(n).

Proof of Point b). If either ((n + 1)e,mye) is a no-collision point, or it is an interaction point,
but L(n + 1) = L(n), then clearly upt1,m,—1 < L(n) = L(n + 1) < Upi1m, and then the thesis
holds; if ((n + 1)e,my€) is an interaction point and L(n + 1) < L(n), then it must hold L(n + 1) =
Unt1,my—1 < L(n) < Upn+1m,, and hence the thesis holds; if ((n + 1)e,mye) is a cancellation point, then
either Uy 41m,—1 < Unt1,my a0d 80 Upt1my—1 < LN+ 1) < Upg1mys OF Untlmy—1 = Unt1,m, and so
Un+1,m; = L(n + 1), concluding the proof.

Proof of Point c). Same proof as the previous point. O
Lemma 4.22. Let 5,5 € I(ne,s,s’) two waves which have already interacted at time t = ne, but are
divided at time ne. Take any ujm, with j € {n,n+1},m € Z, my <m < mq. If

inf 4(Z(ne, $,5")) < ujm < supa(Z(ne,s,3')),
then
CONVinf 4(Z(ne,3,5')) sup (I (ne,5,5'))] S = CONVinf a(Z(ne,5,5)) 15, m] J U CONVIw, . sup a(T(ne,5,5))] [
Proof of Lemma 4.22. We can assume that both open intervals
(inf @(Z(ne,5,5)),ujm) and  (wjm,supa(Z(ne,3,35)))

are non-empty (otherwise the proof is trivial). Take a sequence {py}r C Z(ne, §, §’) such that 4(px) < ujm
and u(py) / ujm and a sequence {p) }r C Z(ne,$§,3") such that a(p)) > wjm and @(p}) \y Ujm. Since
W(pr) < wjm < u(p)), then py,p) are divided at time ¢ = ne and then, since by inductive assumption
the statement of the proposition holds at time ne, there is ui € (4(px), @(p},)) such that

CONVinf 4(Z(ne,5,5")),sup 4(Z(ne,5,5"))] f(uk) = f(uk)

Passing to the limit as kK — +o00 and using Proposition 2.7, we get the thesis. 0

We now construct two waves 5, 5’ with the following two properties:
a) §,§ are divided at time ne,
b) L(n) := inf 4(Z(ne, 5,5)) < tni1m, < Uniim, <supi(Z(ne,s,5)) = R(n).
Notice that we do not require §, 3’ to exist at time (n + 1)e. The procedure is:
(1) if at least one of the states 4(s), 4(s") belongs t0 (Un+1.mys Un+1,ms), then set §:=s,§ :=s'. By
Claim 6, Property a) holds. By Lemma 4.21, also Property b) holds;
(2) similarly, if 4(s) € [L(n), Un+1,m,] and 4(s") € (Un+1,ms, R(N)], set §:= 5,8 = ¢';
(3) if a(s),u(s") € (Un+1,mq, R(n)], then set & := §’, and take as § any wave such that
t/%gﬁl)s x(t, 8) = mye.
By definition of mq, and the assumption that m; < mso, Property a) holds; moreover observe
that in this case L(n) = L(n), while @(s') < R(n) and thus also Property b) holds;
(4) if a(s),a(s") € [L(n), un+1,m,], then set §:= s, and take as § any wave such that
lim  x(t,8) = mae.
t,(n+1)e

As in the previous point, one can show that Properties a) and b) holds.
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Now, by a), b) and Lemma 4.22 one gets
(4.11) CONV(f () o)) | = CONVIF (n)tps1,m,] S COMV 1y 1,y ] f U COMV (111, 41y ()] f.
Lemma 4.23. It holds

(4.12) CONV(r,(n+1),R(n+1)] f = convy, fUconvy, fUconvy, f,

where
I = [L(n+ 1), unt1,m, ], Iy = [Unt1,my s Unt1,ms) I3 2= [Unt1,m,, R(n +1)].

Proof. We consider four cases.

1. If at least one among 4(s),@(s") belongs to (Un+1,m,s Un+1,ms), then by our definition § = s,§ = ¢'.
Moreover, by Claim 7, L(n+1) > L(n) = L(n), R(n+1) < R(n) = R(n); hence, by (4.11) and Corollary
2.11, we get the thesis.

2. I a(s) € [L(n), un+1,m,] and 4(s") € (Up41,m,, R(n)], argue as in previous case.

3. If a(s),a(s’) € (Un+1,me,R(n)], then by our definition §& := &', and § is any wave such that
limy_, (n41)e X(t,5) = mye. Observe that in this case the Riemann problem [t 11 m,,Unt1,m,+1] 1S DOt
solved by a single wavefront (since s, s” at time (n 4 1)e are divided). Thus, using this fact, (4.11) and
Proposition 2.12, we get

CONVIE (1) 41 g 1] f= CONY(F (1) w1y ] fUconvy, fU CONV {1 1 o g1 g 1] f

Since L(n) = L(n) < L(n+1) < tpi1.m, and ty1.my < R(M41) = tyi1mys1, using Corollary 2.11, we
get the thesis.

4. The case 4(s),4(s") € [L(n), Up+1,m,] is similar to previous point. O

Conclusion of the proof of Proposition 4.20. Take p,p’ € Z((n + 1), s,s’), divided at time (n + 1)e. We
have to prove that the Riemann problem [L(n + 1), R(n+ 1)] divides them. We can assume p,p’ € I; for
some j = 1,2, 3, where I; are the intervals defined in Lemma 4.23 (otherwise the proof is trivial).

If p,p’ € Iy = [Unt1,my,Unt1,m,], then by Claim 6 p,p’ are divided at time ne and so by inductive
assumption the Riemann problem [L(n), R(n)] divides them. By (4.11), the Riemann problem I, =
[Unt1,my Un+t1,m,] divides them and so by (4.12), also the Riemann problem [L(n + 1), R(n + 1)] divides
p,p’, which is what we wanted to prove.

Assume now p,p’ € Is = [Upt1,ms, B(n + 1)], the case p,p’ € I1 being similar. We know p,p’ are
divided at time (n + 1)e. This means that the Riemann problem [tn+1,my, Un+1,my+1] divides them. By
Lemma 4.21, R(n + 1) < Up41,m,+1 and so also the Riemann problem Is = [tp41,m,, R(n + 1)] divides
p,p’. Hence, by (4.12), the Riemann problem [L(n + 1), R(n + 1)] divides p, p’, which is what we wanted
to prove. O

4.4. The functional 9 for the Glimm scheme. In this last section we consider the same functional
£ defined in Section 3.4 for the wavefront tracking algorithm, adapted to the Glimm scheme and we
prove inequalities (4.7) and (4.8). Differently from the wavefront tracking, where £ is defined as a finite
sum of weights, here Q is defined as an integral and for this reason we have also to prove that it is well
defined.

4.4.1. Definition of Q. Recall from (4.6) the definition of the domain of integration:
D(ne) := {(s, s") € W(ne) x W(ne) ’ 5 < s’}.
Next define the weight of the pair of waves (s,s") at fized time ne as
lo(Z(ne,s,s'),s") — a(Z(ne,s,s),s)]

q(ne, s, s') == [a(s") —a(s)|
£ 2o otherwise.

s, s" already interacted at time ne,

As an easy consequence of Theorem 2.5, Point (3), we obtain that q takes values in [0, || f”||L]. Finally

set
Q(ne) = // q(ne, s, s") dsds’.
D(ne)
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First of all we have to prove that £ is well defined, i.e. q is integrable. Actually in the following
proposition we prove an additional regularity property on W(ne).

Proposition 4.24. [t is possible to write W(ne) as an (at most) countable union of mutually disjoint
interval of waves Ey,

Wi(ne) = U Ex
keN
such that for each k € N and for each s,p € Ey, Z(t,s) =Z(t,p).

Since derivation of convex envelopes is a Borel operation, it follows that q(ne,-,-) is Borel.
Proof. For each s € W(ne), define
E(ne,s) = {p € W(ne) ‘ Z(ne,s) = I(nap)}.

We claim that each E(ne, s) is an interval of waves and for fixed n € N, the cardinality of {E(ne,s) | s €
W(ne)} is at most countable. This is proved using the following lemmas.

Lemma 4.25. E(ne,s) is an interval of waves at time ne.

Proof of Lemma 4.25. Let p,p’ € E(ne,s) and let r such that p < r < p’. We have to prove that
r € E(ne,s). We have

I(ne,p) = Z(ne,s) = I(ne,p).
By contradiction, assume r ¢ E(ne, s), i.e. Z(ne, s) # I(ne,r). Hence, there is

r' e (I(ne,s) \I(ns,r)) U (I(ns,r) \ Z(ne, s))

Assume 1’ € Z(ne,s) \ Z(ne,r). Hence r’ € I(ne,p) = Z(ne,p’). Thus, whatever the position of r’ is,
since p < r < p/, v’ must have already interacted with r, a contradiction.

On the other hand, if v’ € Z(ne,r) \ Z(ne, s), whatever the position of r' is, ' must have already
interacted either with p or with p’. Thus r' € Z(ne,p) = Z(ne,p’) = Z(ne, s), a contradiction. O

Lemma 4.26. Let s € W(ne). There exist s1,s2 € R such that

(1) s € (s1,82];
(2) for each p € (s1, 2], Z(ne,s) = Z(ne,p).

Proof of Lemma 4.26. The proof is by induction on the time step n € N. For n = 0, assume s € W(0, me);
it is sufficient to choose (s1, $2] := W(0, me).

Now assume the lemma holds for n and prove it for n 4+ 1. Assume s € W ((n 4 1)e,me) at time
(n 4 1)e (the case s € W ((n + 1)e,me) is completely similar). Moreover assume (s;,s] to be the
interval at time ne with the Properties 1, 2 of the statement of the Lemma. For time (n + 1)e define

(51, 52 == (51, 59) " WO ((n + 1)g, me).

Clearly Property (1) holds. Moreover, if Property (2) does not hold, there must be a wave p € (81, §2]
and another wave r which has interacted neither with s nor with p at time ne, but interacts with only one
among p, s at time (n + 1)e. This is impossible, since at time (n 4 1)e, s,p have the same position. O

Lemma 4.27. For fized n € N, for each s,p € W(ne), either E(ne, s) = E(ne,p) or E(ne, s)NE(ne,p) =
0.

Proof of Lemma 4.27. Assume there is p’ € E(ne,s) N E(ne,p). By simmetry, it is sufficient to prove
that E(ne,s) C E(ne,p). Take p” € E(ne,s). Then Z(ne,p"”) = I(ne,s) = I(ne,p’) = I(ne,p). Hence
p" € E(ne,p). O

Lemma 4.28. For fized n € N, {F(s) | s € W(ne)} is at most countable.

Proof. By Lemma 4.26, the interior of E(ne, s) is not empty. The conclusion follows from separability of
R. O

Conclusion of the proof of Proposition /.2/. As an immediate consequence, we have that {E(ne, s)

s €

W(ne)} is a countable family of pairwise disjoint sets. O
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4.4.2. Proof of (4.7). Let us fix n > 0 and let us define D!((n + 1)e). For each m € Z such that
((n+ 1)e,me) is an interaction point, let us define

L((n+1)e, me) == {s e WO (ne, (m — 1)e) ‘ o(ne, s) # o((n+ 1, s)},

and
R((n+ 1)e, me) := {s e WO (ne, me) ‘ o(ne,s) #o((n+ 1e, s)}
Then define
(4.13) DI((n+1)e) := U L((n+ De,me) x R((n+ 1)e, me).

m s.t.
((n+1)e,me) is
interaction point

Theorem 4.29. For any interaction point ((n + 1)e,me) it holds

/ lo((n+1)e, s) — a(ne, s)| ds
W((n+1)e,me)

<2 {// q(ne, s, s') dsds’
L((n+1)e,me)xR((n+1)e,me)

‘// a((n+1)e, s,5") dsds'|.
L((n+1)e,me)xR((n+1)e,me)

Proof. For simplicity, let us set £ := L((n + 1), me), R := R((n + 1), me). We can assume L, R # ()
(otherwise the statement is trivial) and all the waves in £, R to be positive. Moreover define, as in proof
of Theorem 3.23,

Lo = {3 eL ’ there is s’ € R such that s’ € I(na,s)}, L1:=L\ Lo,

Ry = {s' ER ‘ there is s € £ such that s € I(na,s')}, Ra =R\ Ri.
Then set
ur, = inf 4(L), up = sup u(L) = inf 4(R), ug :=sup a(R),
and

w = lnfﬁ(ﬁg) if £2 7é (Z), o = sup ﬁ(Rl) if Rl 75 [Z),
b Uupr if £2 = (Z), 2 Uup if Rl = @

See Figure 10.
Moreover, given any positive interval of waves with nonempty interior, define the mean speed of waves

m L at time ne as
f(supa(Z)) — f(inf 4(Z))

if 7
Jm(I) = sup ’lAL(I) —inf ’lAL(I) 1 ;ﬁ @7
207"~ -
Observe that for each s € LUR, o((n + 1)e, s) is equal to some constant A, while
O'(TLE, 5) = %COHV[UL,HM] f(’ff(s)) lf seL,
du CONWV[ur up) f(0(5)) if s €R.

Let us prove now the following
Lemma 4.30. It holds convyy, .,) f(unrr) = f(unr).

Proof of Lemma 4.30. Assume uy < upr < us (otherwise trivial). Take any sequence (si)ren in Lo such
that 4(sg) < un, 4(sk)  uny and sup@(Z(ne,sg)) , us. In a similar way, take another sequence
(s}, )ken in Rq such that 4(sy) > un, @(s),) \y unp and inf @(Z(ne, s},)) Ny u1. For k sufficiently large,
sj. € Z(ne, sp) and so, by Proposition 4.20, si, s} are divided by the Riemann problem Z(ne, s, s},); this
means that there is some point uy such that

CONV (T (ne,sy,s,)) S (ur) = f(uk).

Finally, using Proposition 2.14, one completes the proof. O
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FIGURE 10. Families of waves which interact at point ((n + 1)e, me).

We now complete the proof of the theorem. The steps are the same as in proof of Theorem 3.23.

Step 1. By definition of £, R, for any (s,s’) € L X R, s, s’ are not divided in the real solution at time
(n + 1)e; then, by Proposition 4.19, they are not divided by Riemann problem Z((n + 1)e, s, s'); hence,
q((n+ 1)e,s,8") = 0.

Step 2 and 3. As in Theorem 3.23,

/ ’0((71 + 1)e, s) — o(ne, s)‘ ds
W((n+1)e,me)
= /£ ’a((n +1)e, s) — o(ne, s)‘ ds + /R ‘U((n + 1), s) — o(ne, s)‘ ds

= /E (O'(HE, s) —o((n+1)e, 5)) ds + /72 (0((71 + 1), s) — o(ne, s)) ds
. [f(um — flur) _ flur) - f(uM)] (unr — ug)(up — uny)

Uy — UL UR — UM UR — UL

(4.14) _ . Iam('i)| J—r";'(m' 1£|[R]
P |
< 2|1 l= L1 IR] + '“m(’fzil(?%ﬁm”' 3l [Ra | + 11| o< |2 IRl |
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Step 4. Let us now concentrate our attention on the second term of the last summation. As a
consequence of Lemma 4.30, we get

lo(L2) — o(R1)||L2]| R4

— Fluan))(uar = un) = (F(uar) = £ (1)) (2 = uas)|

d
(4.15) = / / { conviy, uy) f(u') — Z CONY [ ] f(u)} dudu’

= /1:2 /R1 [ CONV [y ,us] f( ( ’)) - diuconv[uhuz] f(a(s)):| dsds'|.

We observe that, by definition of uy,us, for any s € L5 and s’ € Ry, if s, s’ have already interacted at
time ne, then 4(Z(ne, s,s")) C [u1, ug]. Together with Lemma 4.30 and Proposition 2.9, this yields

i CONV 4y us) f(ﬂ(sl)) - i CONV [y us) f(ﬁ(s)) < U(I(n€a S, 5/)7 S/) - U(I(n57 S, S/)a 8);

du du
and hence
d‘i conviy, u,) f((s")) — % CONVIy, uy) f(1(5)) - o(Z(ne,s,s'),s') —o(Z(ne,s,s'),s)
L[ +[R] - L] + IR
(4.16) < o(Z(ne,s,s'),s') —o(Z(ne,s,s'),s)

)
B a(s') —a(s)
= q(ne, s,s).

Instead, if s, s’ have not yet interacted at time ne, using Lagrange’s Theorem, we get

d N d
du COnV[u17u2] f(u(s )) du Conv[ul,uz] f( ( )) "
(4.17) ZITIR] <\ f'Npe= q(ne,s,s’).

Thus, by (4.15), (4.16), (4.17),

lom (L2) — om(R1)|[L2]||RA| //
dsds’
R £2XR1 q(ne, s, s’) dsds’.

Step 5. Finally observe that if s € £1 and s’ € R, then by definition of L1, s, s’ have not yet interacted
at time ne. The same holds if s € £ and s’ € Ro. Hence, recalling (4.14), we get

/W((n-l—l)e,me)

< 2|1/ llpoe L2 lIR| +

a((n+1)e,s) — o(ne, s)’ ds

O (£2) = om(R1)|
_ I+ R

<2 // q(ne, s, s") dsds’ + // q(ne, s, s') dsds’ + // q(ns,s,s’)dsds’]
L L1XR LoXRq LoXRo
=2 // q(ne, s, s") dsds’
LXR
=2 // q(n€787sl) deSI - // q((n+1)€,5,8/) deS/:|,
L LXR LXR

where the last equality is a direct consequence of Point 1. O

ol Ra] + f”||mc2||7ez|],

As a corollary, we immediately obtain inequality (4.7).
Corollary 4.31. It holds
/ lo((n + 1)e, s) — o(ne, s)| ds
meZ s.t. W((n+1)e,me)

((n+1)e,me)
interaction

<2 // q(ne, s, s") dsds’ — // q((n+1)e, s, s’) dsds’
DI((n+1)e) DI ((n+1)e)
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Proof. Immediate consequence of Theorem 4.29, definition of D!((n+1)e) in (4.13) and the fact that for
m#m', L((n+ 1)e,me) x R((n+ 1)e,me) and L((n + 1)e,m’e) x R((n+ 1)e,m’e) are disjoint. O

4.4.3. Proof of (4.8). Let ne be a fixed time. First of all let us prove the following

Proposition 4.32. It is possible to write W(ne) as a (locally finite) countable union of mutually disjoint,
mazimal (with respect to set inclusion) homogenous interval of waves My,

Wine) = ) Mx.
kEZ
Proof. Tt is sufficient to partition W(ne) with respect to the equivalence relation
s~s <= [s,8]NIW(ne) is an homogeneous interval of waves.
This partition is countable, since any two waves having the same position belong to the same equivalence
class. 0
For any interval My, let us define the following quantities:
LM e .= inf {x(ne,p) | p € My}, agk) = inf a(My),

R®e = sup {x(ne,p) ‘ pE ./\/lk}, bgk) = sup u(My).
Then set

) | supa(WO (ne, LMe)) if L) > —co and WO (ne, LWe) £ 0,

9= {agk) if L) = —00 or WO (ne, LFe) = (),
and, in a similar way,
B {infﬁ(W(l)(ns,R(k)s)) if R*®) < 400 and W) (ne, RF)e) £ (),
R A if R*) = 400 or W) (ne, RWe) = 0.
Finally define
it L) > —00 and

inf &(WOne, O AW 1) oy 1) 4 w1 1)) 70

ag
(k) if L™ = —o0 or
a
’ WO (ne, L) nW((n+1)e) = 0,
and ®
if R\ < 400 and
sup (W (ne, R®e) N W((n + 1)e)) L R
W (ne, RMe) nW((n +1)e) # 0,
by =
B if R®) = 400 or
3

WD (ne, R®e) nW((n+ 1)) = 0.
Clearly o' < ol < ol < b <" <.

Theorem 4.33. For any mazimal interval My, it holds

// [q((n+ 1)e,s,s") — q(ne, s, s')]Jr dsds’
(Mg xMp)ND((n+1)e)
< log(2)11" = £1 (M) [0 — ) + () — ).

Proof. We will not write the index k and we assume that waves in M = M are positive, the other case
being entirely similar. First of all let g, h : [a1,b1] — R be two C1'! function with the following properties:

9l[a1,a5) = CONV[q, as] [ Rjas,as] = CONV([ay, a3 [,

9|[bs,b1] = CONV[p, 1.1 f5 Ry[bs,ba] = CONV[b, 11 f,
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h
q/

h

by

[ T S
o
3%

a; az a (15} b;}

F1Gure 11. Graph of g and h.

and set
9|las,bs] = h[a37b3]'

See Figure 11. It is easy to see that some g, h with the above properties exist.

Lemma 4.34. For any (s,s') € (M x M)ND((n+ 1)e),

(') = W (@(5))) = (9 (@) — g'(a(s)|
[a(s") — () |

Proof. If s,s' have not yet interacted at time ne, then the Lh.s. of (4.18) is equal to zero. Thus we can
assume s, s’ have already interacted at time ne. In this case set for simplicity

Tni1 :=IZ((n+ e, s,58), Oni1(8') = 0(Tpit1,8), on(s') = o(Z,,s),

T, = I(ne,s,s’), On+1(8) == 0(Tnt1, 9), on(8) = o(Zy,,s).

(4.18) [a((n + 1)e,s,8") —q(ne, s,8)] " <

The proof reduces to prove the following inequality:

(419) [(Ear1(s) = 0nir() — (0u() —0u()] " < | (W) W (@) — (9 (ls) — o' (a(s)))]

If s, 8" are not divided in the real solution at time (n + 1)e, then, by Proposition 4.19, o,41(s") —
On+1(s) = 0; in this case the Lh.s. of (4.19) is equal to zero.
Let us then assume s, s" are divided at time (n + 1)e. We consider four main cases.

Case 1. Assume 4(s), 4(s") € (as, bs]. In this case let us observe what follows:

(1) The r.h.s. of (4.19) is equal to zero;

(2) s, s are divided also at time ne, due to their position;

(3) Z, N (as,bs] € Z41 N (as, bs], because in (as, bg] only interactions can occur;

(4) for j € {n,n + 1} and u € {as, b3}, if u € 4(Z;), then convyz,) f(u) = f(u). Indeed let us prove
this equality for j = n+1,u = ag, the other ones being similar. If a3 = inf 4(Z,,+1), we have done.
So let us assume ag > inf 4(Z,41). Then one can find two sequences (pg)k, (P}, )& in Zp41 such
that 4(px) < as and 4(px) * a3, while 4(p},) > az and @(p)) \, as and, for each k, py, p). have
already interacted at time (n+ 1)e. Hence, since s, s” are divided at time (n+ 1)e, by Proposition
4.20, pg, p, are divided by the Riemann problem Z, 1, i.e. there is ux € (4(px), @(p},)) such that
convy(z, . ) f(ur) = f(ur). Passing to the limit, we get the thesis.
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Thus for j € {n,n + 1}, convyz,) f = conva(z;)njas,bs) f o0 @(Z;) N [as, bs]. Hence,
d
on(s') —on(s) = <du CONV (7, ) ( (s’)) ( CONVy(7,) f) ( (s))
d N
= (du CONV i4(Z,,)N[as, bs] f) ( CONV 44(7,,)N[as,bs] f) (u(s))
d d .
(by Prop. 2.9) > Z COMV(Z, 1) lag bo] 1 f ( (s )) 2 CONVa(Zo11)nlas,bs] f (u(s))
(d _, d A
(L convaiz, ) £) () ~ (A conviqr,,o) £) (i)

= 0p11(s") = onri1(s).
Thus, the Lh.s. of (4.19) is equal to zero.
Case 2. Assume now 4(s), u(s’) € (bs,bz]. In this case
inf 4(Z,,), inf 4(Z,,41) < bs, sup @(Z,,) = by, sup 4(Zy+1) = bo.

Since s, s’ are divided at time (n + 1)e in the real solution, we can argue as in the previous case and use
Proposition 4.20 to obtain
COHVﬂ(In+1) f = COHV&(In+1)ﬂ[b3,b2] f = CODV[b37b2] f =h on [bg, bg}.

Hence

(4.20) Tnr1(s') = onga(s) = h'(a(s")) — ' ((s)).
Now distinguish two possibilities:

(1) g'(a(s")) —g'(u(s)) = 0: in this case u(s), u(s") belong to the same wavefront interval of g, b, =
convy, p,1 f; thus they are not divided in the real solution at time ne and so by Proposition 4.19,
on(s') — on(s) = 0, which, together with (4.20), yields the thesis.

(2) ¢'(u(s")) — ¢g'(tu(s)) > 0: this means that s,s’ are divided in the real solution at time ne and so,
using the same argument as before, by Proposition 4.20,

convy(z,) f = Conv(z, )nbs,by) f = CONVp 1) f =9 on [b3, by},
which, together with (4.20), yields the thesis.

Case 3. Assume now u(s) € (ag,bs] and 4(s’) € (bs,be]. In this case s, s’ are divided in the real
solution also at time ne. Hence, arguing as in the first point,

(4.21) convi(z,) fla(z,)nlas,bi] = CONVa(T,)N[az.bs] [ U CONVG(T, ) bs,b1] [
and
(4.22) conViy(z,, . 1) fla(Zosr)Nlas,bs] = CONVa(T, 1 )N[as,bs] S U CONVa(T, 1 )A[b,ba] J-

Thus, observing that

(4.23) ﬂ(I»,H_l) n [a3, b3} = ﬂ(In) n [Cl3, b3]
(s,s' can not interact at time (n + 1)e),
d R (4.22) d N
Gn+1(5) = % CONV (T, 41) f(u(s)) = du CONV (T, 1 1)N[as,bs] f(u(s))
(4.23) d . (4.21) d R
= %Conv’a(zn)ﬂ[ag,bg] fla(s)) = T CONV (7, fla(s)) = on(s),

from which we deduce

(4.24) Guri(s) = ou(s) = 0= I ((s)) — g ((s)):

For s', distinguish two cases:
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(1) If supa(Z,) < be, then 4(Z,41) N [bs, b2] = 4(Z,) N [bs, b1], and so

R (4.22) d R
on41(s') = 2 convaz, ) f(A(s))) = o convaz, y)aies ba) £ (A(s))
(a.21) d

= % ConVﬁ(In)ﬂ[bg,bl] f(ﬁ(s’)) @ COnVﬁ(In) f(ﬂ(sl)) = Jn(S/).

(2) If supa(Z,) > ba, then sup @(Z,+1) = bs and so

(4.22) d

Ont1(s’) = Z COVa(Z, 1) fla(s")) = T COVa(Za 1) [bs ba] fla(s")

- % convip, b, f(@(s")) = h(a(s"),

while

(a.21) d

d . .
Un(sl) = du convy(z,) f(u(sl)) Ju CONV (T, )N[bs,b1] f(U(S/))

Vv

% CONV|py by] f(ﬁ(sl)) = g(ﬁ(sl)),

where the inequality is due to Proposition 2.9.

In both cases (1) and (2), o,41(s") — 0, (s") < h(d(s")) — g(i(s’)). Together with (4.24), this yields the
thesis.

Case 4. Assume now 4(s) € (ag,as), 4(s") € (bs,be]. As in the previous point,

On+1(s") —on(s") <K (a(s) = g'(a(s"),  ons1(s) — onls) = M'(a(s)) — g'(a(s)),

and so the thesis follows.

The proof of the remaining cases (s) € (az,as], 4(s") € (a3, bs] and 4(s) € (az,as], u(s") € (az,as] is
similar to Case (3) and Case (2) respectively. O

Lemma 4.35. We have

/ (W (@) = (i(s)) = (g' (@) =g @),
(MxM)ND((n+1)e) la(s’) — a(s)]
< 0L (M) |(¢/(a2) — (az)) + (W' (b2) — 9'(b2)) |.

Proof. The proof is the analog of Lemma 3.27. In fact

// |(W(a(s")) — W' (a(s))) — (¢’ (a(s’ I yeas
(M M)ND((n+1)e) [a(s") —a(s)|

ba

N
=
Q

\
—
>
—~
=
=
S—

g\
o
N
—
=
—~
IS
—
\
=
—~
N
S~—
S—
\
—
m\
Py
IS
—
\
Q\
—
<
S—
S—

(by Proposition 4.8) = /

p u

| e - e

2

ba /bz 1
= /
as u u —u

b2 b2 1 u’ 1! 1’ !
< / / W (€) — " (€)|dedl du

u —u

bo § b2
< [To-gol [ [ )i

du'du
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Hence, by (3.21),

// (W' (a(s') = W(a(s)) = (g'(a(s") = g'(@s))| o
(MXM)ND((n+1)e)

|i(s") = a(s)]

bo
< 1og(2)(bs — as) / IW(€) — " (€)|de

az
b2

as b3
glogm)clw)[ / IW(€) — g (€)|de + / I(€) — g"(€)dE + / 1 (€) — g"(€)lde |.

az as bs

Now remember that g and f coincide on [as, b3]. Moreover, by Corollary 2.8, there are a € [az,a3],b €
[bs, b2] such that g = h on [a, a3] U [bs,b] and g is affine on [as,a] and [b, bs]. Thus

/] (' (a(s") = ' (a(s)) ~ (¢ @) = g/ @),
(MxM)ND((n+1)e) (

r a b
<log@)L ()| [ IW"()1dg + /b h“(g)df}

—log2) (M) [ " We)de + / " h”(f)di}

LJas b
(1(@) = (az)) + (' (b2) = W' (D)) ]
= 10g(2)L (M) (g'(a2) — M(a2)) + (R (b2) = g'(b)) .

concluding the proof of Lemma 4.35. 0

End of the proof of Theorem 4.29. Let us observe that, by Proposition 2.15,
(4.25) (¢'(az) = W (az)) < | f" || (a2 — a1), (1 (b2) — g'(b2)) < [/ | o= (b1 — b2).

Putting together Lemma 4.34, Lemma 4.35 and inequalities (4.25), one easily concludes the proof of the
theorem. 0

Corollary 4.36. It holds

// [q((n +1)e,s,8") — q(ne, s, s’)] dsds’
D((n+1)e)\DI((n+1)e)

< log(2)[|f"]| £ Tot. Var.(u(0, ) [Tot.Var.(uE (ne, ) — Tot.Var.(ue((n + 1)e, .))] :

Proof. We first observe that

// [q((n +1)g,8,8") —q(ne, s, s’)} dsds’
D((n+1)e)\DI ((n+1)e)

(4.26) < // [q((n+ 1)e,s,s") — q(ne, s, s")] T dsds’
D((n+1)e)\D'((n+1)e)
< // [a((n+ 1)e,s,s") — q(ne, s, 5’)]+ dsds’.
D((n+1)e)

Now, if s € My, s’ € My, with k # k', then s, s’ have not yet interacted at time ne; this means that
q(ne,s,s’) = ||f"||L~ and hence

[q((n +1)e,s,8") — q(ne, s, s’)]Jr =0.
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Thus we can continue the chain of inequalities in (4.26) as follows

// [a((n+ 1)e,s,s") — q(ne, s, s')}Jr dsds’
D((n+1)e)

= Z// [q((n +1)e,s,8") — q(nE,S,s/)]+dsds’
kez” Y MixMp)ND((n+1)e)

< 1og(2)|| £ || o Tot.Var.(u(0,)) Y [0 — b§) + (a8 — a{?)],
kEeZ

where the last inequality is an immediate consequence of Theorem 4.29.
By the definition of a(lk), a;k), bgk), bgk),

D108 = 859) + (a3” = ai)] = [W(ne) \ W((n + 1)e)]
kEZ
= Tot.Var.(ue(ne, -)) — Tot. Var.(us ((n + 1)e, -)).

and this concludes the proof. O

APPENDIX A. A COUNTEREXAMPLE TO AN ESTIMATE IN THE PROOF OF LEMMA 2 IN [2]

As we said in the Introduction, in order to obtain the estimate (1.14) and hence to prove Theorem 1,
the authors restrict the evaluation of the oscillation of G to regions belonging to a disjoint partition of
the plane: each region 7; is called a tree in [2]. We give the definition of tree only for a wavefront solution
to a scalar conservation law, because it is definitely simpler.

We recall that in [2] a splitting is a cancellation point (f, Z) where the solution to the Riemann problem
[u(t, z—), u(t, z+)] is made of more than one wavefront.

Definition A.1. If at (¢,) a splitting occurs, then the tree starting at (f,x) is the collection of all the
backward trajectories {z;(t),t € (t;,t)} of the waves s; surviving after the cancellation, such that either
t; = 0 or t; is the last time when a splitting involving s; occurs before .

It is fairly easy to see that the trees are disjoint, since in each tree only interactions and cancellations
occur but no splitting.

The fundamental estimate is thus the one contained in [2], Lemma 2: the oscillation of G(t) restricted
to a tree T is bounded by

(A1) Osc(G,T) < (9(||f”||Loo){cubic interactions and [cancellationsx Tot.Var.(u)] in 7'}.

where the ’cubic interactions’ term corresponds by definition to the decreases of the functional QBB
defined in (1.3), on the tree 7. In fact in the scalar case no waves of other families are present. They
thus conclude that

G0)= Y Osc(G,T)
trees T

Olf"lL=) Z {cubic interaction estimates and [cancellationsx Tot.Var.(u)] in T}
trees T

IN

< O(”f//“Loo){cubic interaction estimates and [cancellationsx Tot.Var.(u)] in RT x R}
< O(|| f"|| o ) Tot. Var.(@)?.

A key point in the proof is estimates (4.84), (4.85) in [2], where the authors bounds the variation in
time of the speeds of waves belonging to a given tree in terms of the cubic amount of interaction and the
cancellation.

Now we present an explicit counterexample of a tree in which this estimate fails. The idea is that there
can be a large interaction in a tree, and a vary small cancellation at its top, corresponding to a splitting
of some waves. Then the quantity

|o(w) — o(w')|[w]|w’|
wl + |
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flu)
V3L 3€ €
- N
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W N
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e ut
b |
V2L 2L

FIGURE 12. The flux f defined in (A.2).

estimated at the interaction time is of the order of Tot.Var.(u)?, and thus the variation of speed of the
wavefronts is of order Tot.Var.(u) (see (3.13)). The cancellation can be made arbitrarily small, so that
the estimate which should be proved becomes

vaiation of speed of w = O(]|f" ) Tot. Var.(u)
< O(|[f"|l =) | Tot. Var.(u)® + Cancellation}
< O(Hf”HLoc)Tot.Var.(u)g,

Clearly, being the Lh.s. linear and the r.h.s. cubic, this estimate sounds wrong, and this is proved in
the explicit example right below.

Define the flux f (it is only C!1, but it is clear that we can make it C?): for 0 < ¢ < L < 1 and
a >0,

la(u+2L)?2 +al? u<-—L,
ou? —L<u<e,
—fa(u—2e)? +ae? e<u<3e,
—ae(u—3e) + tae?  u > 3e.

=

(A2) Flu) =

For § = £(v/17 — 4), define also

+:752+52 -

u- :—L(2+\/§)7 u :_2.[/, m —45.

and consider the waves obtained by the solution to the Riemann problems [u~,u™] in z = 0 and [u™, u™]
inx=1.

The solution of the Riemann problem at & = 0 is a single shock w, of strength /2L traveling with speed
aL/+/2, while the solution of the Riemann problem at = 1 has a first shock wy = [~2L, —L(2 — V/2)]
of strength /2L traveling with speed

faL(Q — \@) < f%aL,
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a rarefaction [~L(2 — 1/(2)), —] and a second shock [~d,u*] traveling with speed —as.
Since every wavefront starting from v~ and connecting to a point u < —4 has positive speed, then
after a time % all the waves have collided into a single wavefront with a speed

—1/2ae?
4e + L(2+V2)

Now consider a contact discontinuities with size [4e, 3¢], located at @ = 1 4 €/d. Since it is traveling
with speed —ag, this discontinuity meets the other waves at ¢ > 1/(ad), i.e. after the large wavefront
[~ L(2 + v/2), 4¢] has formed, and it is fairly easy to see that this point corresponds to a splitting. Hence
this wave configuration corresponds to a tree.

We now estimate the amount of interaction calculated as the decrease of the cubic functional QPP of
[5]: since it is bounded by the area, then we can write

QBB < area of the triangle (u™, f(u7)), (u™, f(u™)), (u*, f(u™))

(A.3) ;a((Z +V2)L? + 4eL? + \}55%)

O(1) {a(L +e)® + 6} .

The amount of cancellation is e.
For the couple of wavefronts w1, ws, formula (4.84) of [2] bounds the variation of speed of w; between
t = 0 and the splitting time ¢+ by

o™ (t+) — o™ (O)HLOO =0(1) [interaction + cancellation]

=0(1) [a(L +e)® + E]

We have used (A.3).
On the other hand, an explicit computation gives

al
V2
It is clear that since we can choose ¢ < L3 and L < 1, then we cannot bound the difference in speed with

the amount of interaction and cancellation.
The same reasoning holds for formula (4.85) in [2].

lo* () = o™ ()] e =
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