Universita degli Studi di Padova

Padua Research Archive - Institutional Repository

On the Structure of BV Entropy Solutions for Hyperbolic Systems of Balance Laws with
General Flux Function

Original Citation:

Availability:
This version is available at: 11577/3233369 since: 2021-03-12T22:49:35Z7

Publisher:

Published version:
DOI: 10.1142/50219891619500139

Terms of use:
Open Access

This article is made available under terms and conditions applicable to Open Access Guidelines, as
described at http://www.unipd.it/download/file/fid/55401 (Italian only)

(Article begins on next page)



arXiv:1803.01889v1 [math.AP] 5 Mar 2018

On the Structure of BV Entropy Solutions
for Hyperbolic Systems of Balance Laws
with General Flux Function

FABIO ANCONA, LAURA CARAVENNA, ANDREA MARSON *
March 7, 2018

Abstract

The paper describes the qualitative structure of BV entropy solutions of a general strictly hyperbolic system of
balance laws with characteristic fields either piecewise genuinely nonlinear or linearly degenerate. In particular,
we provide an accurate description of the local and global wave-front structure of a BV solution generated by a
fractional step scheme combined with a wave-front tracking algorithm. This extends the corresponding results
in [7] for strictly hyperbolic systems of conservation laws.
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1 Introduction

Consider the Cauchy problem for a general hyperbolic system of N quasilinear first order PDEs in one space
dimension

u(0,2) =u(x). (1.2)
Here the vector u = u(t,z) = (u1(t,z),...,un(t,2)), and A = A(u) is a smooth matrix-valued function defined

on a domain Q C RM. Solution to (LI)-(L2) are considered as limits in L}, of vanishing viscosity approximations
u + A(u®)us, = g(t, z,u®) + eul, (1.3)

as € — 0+. In case A is the jacobian matrix of a flur function F : Q — R then (1) can be written as a system
of balance laws, namely

ur + F(u)e = g(t, z,u). (1.4)
We assume that system (L)) is strictly hyperbolic, i.e. that the matrix A(u) has N real distinct eigenvalues
Ar(u) < -+ < An(u) Yo, (1.5)
and we will denote by
ri(u),...,rn(u), Ii(u),...,In(u) (1.6)
corresponding bases of, respectively, right and left eigenvectors, normalized so that
|Tk(’u,)| =1 y <7’k(u), lh(u)> = 5kh s (17)

where <~, > stand for the usual scalar product in RY, and 6y, is the usual Kronecker symbol. The limits of vanishing
viscosity approximations to (L4)-(L2]) turns out to be distributional solutions which are entropy admissible (see
[10]). We consider the function g : R x © — RY to be continuosly differentiable in the u variable and measurable
in the x one. Moreover, we assume that

(G) the function g in () is continuous in ¢ and Lipschitz continuous w.r.t. « and w, uniformly in ¢; moreover,
there exists function a € L*(R) such that |g. (¢, z,u)| < a(z) for any ¢, u.

Regarding the assumptions on g, since the seminal papers [16] 26] and the first paper [I3] on the well-posedness
of the Cauchy problem, many papers appeared in the past years dealing with several existence results for first
order hyperbolic inhomogeneous systems, both local and global in time, provided the initial datum wu has suitably
small total variation. See Subsection [[I] below. Moreover, as long as one is interested in a local (both in time and
space) existence result, the assumption |g, (¢, x,u)| < a(z) with a € L*(R) is not relevant.

Aim of this paper is to provide some preliminaries that will be used to prove that, for a.e. time ¢ in the interval
of existence of a solution u = u(t, z) to (LI)-(T2), u(t,-) enjoys a SBV regularity, i.e. it is BV and 0, u(t,-) does
not have a Cantor part. In order to pursue this result, in the present paper a couple of achievements are presented.

1. We briefly introduce a method to construct a piecewise constant approximate solution for a non conservative
system (LLI), under the only regularity and strict hyperbolicity assumptions on the matrix A. The algorithm
we introduce, that will lead to an existence result for (ILT))-(L2]) at least locally in time, follows the guidelines
contained in [I] and [2] for inhomogeneous systems, and in [3] for systems without assumptions of genuine
nonlinearity or linear degeneracy on the characteristic fields.

Theorem 1. Consider a strictly hyperbolic system of balance laws (LI))-(C2)-(LH) and suppose Assumption
(G) at Page [@ holds. Then there exists 5, T > 0 and a sub-domain ® of {v € L*'(R;RY) N BV(R;RY)
Tot.Var.(D) < 8} of initial data such that the following hold. Suppose u is the vanishing viscosity solution [10]
of the Cauchy problem (I)-[2) with a given initial datum u©w € ©. We construct a piecewise-constant,
fractional step approzimation u, of the vanishing viscosity solution u such that u,(t,) converges to u(t,-) in
LY(R) for0<t<T.

The precise statement is given in Theorems [[THI4] below. We stress that

e Our local in time result yields a piecewise constant approximation for two interesting physical models,
see §[[.21 This presently was not available.

e It is interesting to combine our local-in-time Theorem [I] or a vanishing-viscosity local-in-time version
of the existence theorem in [I0], with the works by Dafermos [I5, [I8] 17, [T9] which allow to pass from
local-in-time to global-in-time existence.

2. We define some measures related to the approximate solutions that eventually will converge weakly to
Ozu(t,-). They will be fundamental for describing the qualitative structure of BV entropy solutions of
a general strictly hyperbolic system of balance laws with characteristic fields either piecewise genuinely
nonlinear or linearly degenerate. Details are available in § [[L3 and Theorem [l below, extending the works [9
8, [7] relative to the homogeneous system.



On the structure of solutions for general hyperbolic systems of balance laws 3

1.1 Few results available on balance laws

In the following, we sumarize a few results, and we refer to the original papers and the references therein for a
complete treatment.

e In [2] the authors consider a system in conservation form (L) with each chracteristic field r genuinely
nonlinear or linearly degenerate in the sense of Lax [23], and the source term ¢ is assumed to depend only
on u, and not on (¢,z). They prove a couple of results.

— A local existence theorem with the only assumptions that g € C? and g(0) = 0.

— A global existence theorem assuming, besides the above assumptions on g, that the system is diagonally
dominant, i.e., denoting by R(u) the matrix whose columns are the vectors 7y, and letting

G = R7(0) - Dug(0) - R(0) = (Gij)ij=1,...v (1.8)
the entries G ; of G satisfy
Gii+Z|Gij|§_C Yi=1,...,n, (1.9)
j=1
JFi

for some positive constant c¢. Moreover, the authors provide a uniqueness result.

e [I] deals again with a system in conservation form with genuinely nonlinear and linearly degenerate charac-
teristic fields. Moreover, the authors assume the system to be non resonant. i.e. that all the eigenvalues of
A(u) = DF(u) be bounded away from zero, i.e.

M) >e>0 Vi=1,...,N, (1.10)

for some ¢ > 0. Regarding the source term, it does not depend on ¢, so that g = g(z,u), and, besides the
regularity assumptions (C? in v and measurable in z), the authors require the existence of a bounded L!
function w = w(x) such that

lg(x,w)| + |Dyug(z,u)| < w(x) Vr €R, Yu € RY. (1.11)

Under this assumptions, a global solution to a Cauchy problem for (I4]) is constructed by means of suitable
front tracking approximations. Such a solution is proved to be unique.

e In [T0] a global solution to (LI)-(T2) is constructed by means of vanishing viscosity approximations (L3,
following the approach contained in [6] for homogeneous systems. No assumptions are considered on the
matrix A = A(u), but the regularity and the strict hyperbolicity. Instead, the source term g is share the
same assumptions in [2], and hence it enjoys a C? regularity and it is diagonally dominant in the sense we
explained above. In [I1] the same author prove that the solution to a Cauchy problem as the one obtained
in [I0] is actually unique.

e In [I5] and [I8] two kinds of dissipative assumptions are considered, to weaken the one contained in [2].

— In [15], instead of condition (LI, it is simply required that G;; > 0 for any ¢ = 1,..., N. In order to
obtain a weak entropy admissible solution to (IT4)-([T2) globally defined in time, the authors assumes
that a local solution exists fulfilling the estimate

/Ru(t,x)dxgb/mﬂ(x)dx,

for some b > 0 and for any t € [0, T[ where the solution is defined.

— In [I8] system (I4)) is assumed to be endowed with a convex antrpy-entropy flux pair (), ¢), and the
matrix D?n(0)D,g(0) is required to be positive definite. Then a global solution to (L4)-(L2) does
exists, provided that the intial datum satisfies

/{R(1 ) [a(e) [ da < 6 (1.12)

for some s > 1 and a sufficiently small 6 > 0. Here, a local solution does exist due to [I6, Theorem 1],
where a random choice method [22] is used.

We stress that in both [15] and [I8] no assumption of genuine nonlinearity or linear degeneracy are made,
while the source term g is assumed not to depend on .



4 F. Ancona, L. Caravenna, A. Marson

e In [I7] and in the survey [19] the author deals with BV solution of inhomegenous systems endowed with
convex entropy-entropy pair (7, q) satisfying a dissipative condition, and satisfying the Shizuta-Kawashima
condition [31]

D,g(0)r;(0) A0 Vi=1,...,n, (1.13)

where ¢ is independent on ¢ and x, and ¢g(0) = 0. Namely, the theorem is the following

Theorem 2 ([I7,[19]). Consider system (L4) with g independent on (t,x), and assume it is in the form

Wi+ H(V,W), = C(V, W)W,
where u = (V,W). Assume that there exists Vj € R such that the V-component of the initial datum uw =
(V, W) satisfies
/ (V(z)—Vo)dz=0. (1.14)
R

Moreover, assume that there exist a convexr entropy-entropy pair (n,q) and positive constant a such that the
dissipative condition

Dn(u) [g(u) — g(Vo,0)] < —a|g(u) — g(Vo,0)|” (1.15)

holds. Then, there exist oy, 09,7,b, co,c1 > 0 such that, if
Tot.Varu =0 < dyp and /[R(l +2?)([V(z) - %’2 + ’W(x)f) dr = o* < of, (1.16)
then the Cauchy problem (LA)-L2) has an admissible BV solution u = u(t,z) on [0,4+00[xR, and
/[R (|V(z) = Vo| + |W(2)|) dz < bo, Tot.Var.u(t,-) < coo 4 c1de” " Vi >0, (1.17)

/ (’V(@ - Voy + ‘W(z)’) dx — 0, Tot.Var.u(t,-) —0 as t— +o0. (1.18)
R
Again, in [I7, [19] local in time solutions are provided thanks to [16], Theorem 1].

1.2 Motivating models and global in time solutions

Systems that do not satisfy the classical assumptions of genuine nonlinearity or linear degeneracy in the sense of
Lax [23] may arise in several context. A first example is a system of balance laws arising in modelling elasticity,

{vt —u; =0
(1.19)

ur —o(v)y = —au,

where the stress ¢ = o(v) satisfies o’(v) > 0. Such a system has been diffusively studied (e.g., see [14, 21]). Its
behavior resembles the p-system with dumping [I4} 20], but its characteristic fields are not genuinely nonlinear,
nor linearly degenerate. Indeed, the derivatives of the eigenvalues A1 2(u,v) = £+/0”(v) of the jacobian matrix of
the flux function f(u,v) = (—u, —o(v)) along the corresponding right eigenvectors vanish whenever o’ (v) = 0. It
can be easily seen that the Shizuta-Kawashima condition (LI3) is fulfilled, and that

n(v,u) = /J(v) dv + %u2

is an entropy satisfying the dissipative condition (LI, where g(v,u) = (0, —au). Hence, once a local in time
solution to a Cauchy problem for (IT9) has been provided, it can be prolonged to a global in time one by using
Theorem

Another 2 x 2 system of balance laws not fulfilling the classical Lax assumptions on characteristic fields is the
generalized Cattaneo’s model of heat conduction in high purity crystals [28] 29] 30],

pet + gz = 0
: (1.20)

174
(0@ + v = —q.
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In order to check that the assumptions of Theorem [2 are fulfilled, we rewrite (L20) in terms of the conserved

quantities e and Q = agq:
o (8).
P/ @ (1.21)

/
Q + vy :*V—Q-
ak

Here, letting ¥ be the absolute temperature, we denote with ¢ = ¢(t, z) the heat flux, e = e(+J) the internal energy,

p the density, which is assumed to be constant, k = k(1)) the heat conductivity, while o = a(¢) and v = v(¥) are

constitutive functions. Regarding e, «, v, up to a rescaling of the absolute temperature 1, we assume that [28]

1 U

=0, aW)=—>" . =20 om) (1.22)
PIU(9)y/e/(0) 7

where U(¢) > 0 is the so called “second sound velocity”, i.e. the velocity of small perturbations propagating into

an equilibrium state. In the case studies contained in [28] B0] U takes the form

1
VAF¥ B9’

where the positive constants A and B and the exponent n depend on the material under observation. Moreover,
following [12, (21)], for the heat conductivity k = k() we can deduce the following expression

U9) = (1.23)

k(9) = | S (). (1.24)

A direct computation shows that (I.20) is piecewise genuinely nonlinear in the sense of Definition @ below (see [29],
30]). Unfortunately (I20) is only weakly diagonally dominant around an equilibrium state (¢, 0), i.e. the entries
of the corresponding matrix G at (L8) do not satisfy (9]), but

Gi <0, Gii+Z|Gi,j|:0-
g
Theorem [Tl below states the convergence of the algorithm described in §2]to a local in time solution to a Cauchy
problem (LI))-(T2]), which a Cauchy problem for (I.20)) is a particular case of. In order to extend a local solution to

a global one, it can be used the method described in [I7, [19]. Now we need to check that the Shizuta-Kawashima
condition (LI3)) and the entropy dissipation condition (ILTH]) are fulfilled.

o Shizuta-Kawashima condition. A basis of right eigenvectors of the jacobian matrix of the flux function

F(e,Q) = (Q/pa, v)

is given by

24/93a2Q2 + pad +a'Q
rl(ea Q) = <_ 8p1930421// ) 1 )

2\/1930/2622 + padr — o/ Q
I'Q(G,Q) = ( 8[)1930421// ) 1 .

Let (e,Q) = (¢,0) be an equilibrium of*(L.2I]), corresponding to a constant temperature J = v/e. The
Shizuta-Kawashima condition (I3)

D, o(0,—'Q/ak) ri(e,0)#£0 i=1,2,
(e,Q)=(2,0)

reduces to /(ﬁ)
k@ 7"

e Entropy dissipation condition. An entropy for system ([L2I)) is given by (see [28] (2.11)-(2.12)])

_ 4

n(e, Q) 3

1
p€3/4 4 _Q2 .
2y

Hence, the entropy dissipation condition [19] (2.7)] is written

12

Q2

Den(e,Q) - (0,~V/Q/ak) < ~a



6 F. Ancona, L. Caravenna, A. Marson

/ ug Uy U us3 \

Figure 1: The wave [ug, us] is a composition of the simple waves [ug, u1], [u1,uz], [u2, us]

for some a > 0, and (e, Q) in a neighbourhood of the equilibrium point (€, 0), so that

!

>a (1.25)

2=
2]

must holds in a neighbourhood of (€,0). By using the constitutive relationships ([22)-(24), we get
that (L23) holds true once a < 1/v,/p.

It follows that we can apply Theorem 2 and, if an intial datum for (L2I)) fulfills assumptions (ILI4) and (CI6),
then a global in time solution to (LZI)) exists, and it satisfies (LI7). In particular, using the construction of §§ 2
and 3, we can provide a piecewise constant approximate solution to (L2I)) globally defined in time.

1.3 Statement on the structure of solutions to balance laws

We describe in this paper the global local structure of solutions of balance laws whose characteristic fields are
either piecewise-genuinely nonlinear or linearly degenerate, for Lipschitz continuous sources g = g(u). The theorem
extends the works [9] [8 [7] relative to the homogeneous system. One of the expected application is to extend to
this setting the SBV and SBV-like regularity of solutions in a forthcoming paper.

Definition 3. The ith-characteristic field is linearly degenerate if VA;(u)-r;(u) =0.
Definition 4. The ith-characteristic field is piecewise genuinely nonlinear if the set
Zi={u : VX(u)- r;i(u) =0}

is the union of (N —1)-dimensional disjoint manifolds Zij, forj=1,...,J;, which are transversal to the field r;(u)
and such that each i-rarefaction curve R;[ug] crosses all the Z.

Let S;[u"](s) denote the i-th Hugoniot curve issuing from u~; we denote by o;[u"](s) the corresponding
Rankine-Hugoniot speed of the i-th discontinuity [u~, S;[u~](s)]: o; and S; are defined by by the Implicit Function
Theorem by the relation

oilu](s) (Si[u](s) —u™) = f (Si[u~](s)) — f(u™)
together with

_ _ _ _ d _
Silu”](0)=u",  oufuT](0) =Ai(uT), - Si[uT)(0) =7i(0) .
One can suppose that S;[u~] is parameterized by the i-th component relative to the basis ri(u),...,ry(u). If

ut = S;[u~](s), we denote also by o;(u~,u™) = o;[u"](s) the speed of the i-th discontinuity [«~,u™]. This i-th
discontinuity is admissible when [25]

V0 < |7] < s] oilu”](r) > oi(u,ut) .

Finally, if the i-th field is piecewise genuinely nonlinear we call [27] that an admissible i-jump [u ™, u™] is called
simple if

YO < || < |s] oilu”](1) > oi(u”,u") ut = Si[u”](s) .
If the admissible jump [u~,u™] is not simple, we call it a composition of the waves [ug,u1], [u1,us], ...,
[we, weqq] if
w=u",  wpr=ut,up=SiuT(sk),  oiluT](sk) = oi(uT,u)

forall k=0,...,/+ 1 and for

O0=50<81 <+ <8 <S+1 =8 O §=5p41 << ---<851<8 =0.
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Theorem 5 (Global structure of solutions). Let u be the entropy solution of the Cauchy problem (LI))-([L2]) under
the assumption that each characteristic field is either linearly degenerate or piecewise genuinely nonlinear, and
assuming that Tot.Var.(@) is small enough. Assume that the source term g = g(u) is Lipschitz continuous. Then
there exists a countable set © = {(t¢,x¢) : € € N} and a countable family of Lipschitz continuous curves

J =A{ym : (am,bm) >R, meN} ,

whose graphs cover points of admissible shocks and points of contact discontinuities, such that u is continuous at
least outside ©® UGraph(J). Moreover, the following holds. For each curvey =y, € J and each fized t € (am, bm)
with (t,7(t)) ¢ © denote by

uh =t (G 50) = e 7)) . wi= e GP0) = u (LT )
Then there exist i and s such that uf* = S;[ul](s) with i € {1,...,N}. Moreover

o If the i-th family is linearly degenerate or if [u”, u'?] is a simple jump of piecewise genuinely nonlinear family

i then entropy conditions hold and

L . R . = L R
u” = lim u(r, ) , u't = lim u(r,z) , t) =o;(u",u") .
(rz)—(tu(t)) (r.) (r2)—=(t,7(t)) (r.) u(t) ( )
<y(s) >7(s)

In case the i-th family is linearly degenerate it is also possible that u* = u® for s > 0.
o If [ul,ul?] is a composition of the waves [ug,u1], [u1,ual, ..., [e, uer1] then there exist
Yis--:Yp €T, where p < £ +1,

depending on (t,7(t)), such that there exists a neighborhood U(t) of t for which

nt)=-=7,0) .,  w)=-=50) =), Gr) < <G0)
forr e U(t) and
ul = lim u(r,x) ult = lim u(r,x) .
(rx)—(,y(t)) (rx)—=(,y(t))

=<7, (s) z>7,(s)
Finally, one can also require that if y; and y; ; do not coincide in U(t), then

u(r,x) .

u; = lim
(rx)—(t,7(t))

Y, (5)<1<§j+1 (s)
As in [9, 8, [7], the above theorem is proved by approximation by means of a fine convergence result that will
be precisely stated later in § @ This is why we work under the hypothesis of the convergence Theorem [l

2 Piecewise constant approximations

In this section we describe the main ingredients in order to construct a piecewise constant approximation of a

solution u to (LI)-(T2).

2.1 The nonconservative Riemann problem

Since we deal with a system that, in general, it is not in conservation form, we briefly recall the construction of
the solution to a Riemann problem in the homogeneous case, i.e.

us + A(u)u, =0 (2.26a)
ul if <0

0,z) = ’ 2.26b

w0, ) {uR if >0. ( )

We refer to [6] [5] for the details.
As in the Introduction, we let A be a smooth matrix-valued map, with eigenvalues given by (L)), and right
and left eigenvalues (L6])-(L7). Since we are interested in solutions to (1)) with small total variation, it is not

restrictive to assume that there exist constants XO < <L XN such that

N1 < Ae(w) <Xe, VYu, k=1,...,N. (2.27)
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Given any continuous function f : I C R — R, and any interval [a,b] C I, we will denote the lower convex envelope
and the upper concave envelope of f on [a, b], respectively, as

convigp) f(x) = inf {Gf(y) +(1-6)f(2):0€]0,1], y,z € [a,b], x =0y + (1 — 9)2} ) (2.28)

and
mmﬁﬂf@ﬂiQm{ﬂﬂw%wlf@f@%OGﬂlﬂ,%ZEPLH,z:9y+ﬂ—ﬁﬂ}. (2.29)

We will simply write conv f, conc f, whenever there is no ambiguity on the interval [a, b] taken in consideration.
As usual, in order to contruct a solution to (2.26)), the basic step consists in constructing the elementary curve
of the k-th family (k = 1,...,N) for every given left state u”, which is a one parameter curve of right states
s + Tg[ul](s) with the property that the Riemann problem having initial data (uf, u®), uf* = Ty [ul](s), admits
a vanishing viscosity solution consisting only of waves of the k-th characteristic family. In order to construct such
a curve, we look for travelling waves solutions to the parabolic system

ur + A(u)uy = Ugg , (2.30)

solutions to (Z30) of the form u(t,x) = ¢(x — o't), for some constant o. The profile ¢ satisfies the second order
ODE

(A(¢) —0) ¢ =¢",

which can be written as a first order system of ODEs on the space RY x RY x R:

b= (A(¢) —0)v, (2.31)
0

o=

Applying the Center Manifold Theorem, we get that in a neighborhood of a given equilibrium point (ug, 0, A\;(ug)) €
RY x R x R for (Z31) there exists an N + 2-dimensional center manifold M, which is locally invariant under the
flow of ([Z3T)). Introducing the coordinates

o = (In(uo), v), h=1,...,N,
of a vector v € RY relative to the basis r; (wo)yev -n. , 7~ (ug), one can parameterize My, in terms of the variables
u, Vg, 0, namely

Mi = {(u,v,0) ; v =uvpTr(u,vr,0)} (2.32)

for suitable smooth vector functions (u,vy, o) — 7(u, vk, o) defined on a neighborhood of (ug, 0, A;(ug)), that
satisfy
Tk (uo, 0, 0) = r(uop) Vo, (2.33)

and are normalized so that

<lk(u0),77k(u,vk,a)> =1 Yu,vg,o. (2.34)
By construction, M, contains all bounded viscous traveling profiles with speed close to Ag(ug). Thus, we can
rewrite the linearized equations for (231]) at (ug, 0, Ax (1)) on the manifold My, and obtain a system on the space

RY x R x R:
Uy = Uk?k(u;vkao—)v

Vo = vk(xk(u, Vg, 0) — J) , (2.35)
o, =0,
where _
Ak (w, v, 0) = (U (u), A(u) 7 (u, vi, 0) ) - (2.36)

Because of the normalization ([2.34]), the smooth scalar function (u,vg, o) — Ak (u, vk, o) satisfies the identity
Xk (uo, Uk, 0) = A\ (uo) Vo, 0. (2.37)

Next, given a left state u” in a neighborhood of ug and 0 < s << 1, in connection with the equations (Z.35])
describing the evolution of traveling profiles on the manifold M} we associate the integral system

u(r) =+ [ T ul) (). 0(©) de.
0
v (1) = E, (75 u, vk, o) — convig E, (75 u,v5,0) , 0<7<s, (2.38)

d ~
o(t) = 27 COV0,6] Fy, (T; u,vk,o) ,
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where 7 — ﬁk(T; u, g, 0) is the “reduced flux function” associated to (1.13) defined, by

Fulrs w,on,0) = [ 3wl 0x(9) (©)) . (2.39)
0
In [6] it is shown that, for s sufficiently small, the transformation defined by the right-hand side of (Z38) maps
a domain of continuous curves 7 — (u(7), vk (7), (7)) into itself, and is a contraction w.r.t. a suitable weighted
norm. Hence, for every ul in a neighborhood Uy of ug, the transformation defined by (Z.38) admits a unique fixed
point
T (E(T; ul,s), Tp(r; ub,s), 7(r; uL,s)) 7€ [0,s], (2.40)

which provides a Lipschitz continuous solution to the integral system (2.38]). The elementary curve of right states
of the k-th family issuing from u” is then defined as the terminal value at 7 = s of the u-component of the solution
to the integral system ([Z38), i.e. by setting

Tr[ul](s) = u(s; ul,s). (2.41)
For the sake of convenience, we denote

Uk[uL](SvT) = J(T; uLa S) ) (2 42)
ﬁk[uL](s,T) = ka(T;u(- ;uL,s),Uk(-;uL,s),a(-;uL,s))

For negative values s < 0, |s| << 1, one replaces in (Z38) the lower convex envelope of F}, on the interval [0, s]
with its upper concave envelope on [s,0], and then constructs the curve Tj[u”] and the map o[u”] exactly in
the same way as above looking at the solution of the integral system (Z38) on the interval [s,0]. In such a way,
given any pair of states u”, uft with |ul — ug|, |uf® — ug| << 1, if uf* = Ty[u*](s), for some wave size s, then
the self-similar solution to the Riemann problem with initial data (u”,u®), determined by the vanishing viscosity
approximation (3] as e — 0+, is given by the piecewise continuous function

ul if x/t <ox[u®](s, 0),
u(t,z) = ¢ Tp[u®](7) if x/t=ox[ut)(s,7) for some T €T, (2.43)
ult if xz/t > ox[ul](s, s),

Remark 6. If the system (L)) is in conservation form, i.e. in the case where A(u) = DF(u) for some smooth flux
function F, the general solution of the Riemann problem provided by (Z43)) is a composed wave of the k-th family
containing a countable number of rarefaction waves and contact-discontinuities or compressive shocks which satisfy
the Liu admissibility condition [24] 25]. Namely, the regions where the vi-component of the solution to (238
vanishes correspond to rarefaction waves if the o-component is strictly increasing and to contact discontinuities if
the o-component is constant, while the regions where the vg-component of the solution to (2.38) is different from
zero correspond to compressive shocks.

In view of the considerations of Remark[G] we will extend the standard terminology adopted for the elementary
waves that are present in the solution of an hyperbolic system of conservation laws to the general case of non
conservative systems. Thus, we will say that any (vanishing viscosity) solution of the Riemann problem for (L]
of the form ([2.43) is a centered rarefaction wave of the k-th family whenever uf® € Ry[ul](s) for some wave size s
such that 7 — oy [ul](s, 7) be strictly increasing on [0, s], s > 0 (or strictly decreasing on [s,0] if s < 0), while we
will say that any (vanishing viscosity) solution of a Riemann problem for (I1]) of the form

(1 2) ul if <At
u(t,x) =
ul if x> M,

is an admissible shock wave of the k-th family when uf* = Ty[u”](s) and ox[ul](s,0) = ox[ul](s,s) = A. Once
we have constructed the elementary curves T} for each k-th characteristic family, the vanishing viscosity solution
of a general Riemann problem for (1) is then obtained by a standard procedure observing that the composite
mapping

(I)(Sl, ey SN)[’U,L] = TN |:TN_1 |: . [Tl [’U,L](Sl)] . i| (SN_1)1| (SN) = UR y (244)

is one-to-one from a neighborhood of the origin onto a neighborhood of u*. This is a consequence of the fact that
the curves Tj[u] are tangent to ri(u) at zero s = 0 [6] B]. Therefore, we can uniquely determine intermediate
states u” = wg, w1, ..., wn = u?, and wave sizes s, ..., sy, such that there holds

Wk :Tk[wkfl](sk) k= 15"'7Na (245)
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provided that the left and right states u”,u® are sufficiently close to each other. Each Riemann problem with
initial data

_ wr—1 if x <0,

(2.46)

Wk if x>0,

admits a vanishing viscosity solution of total size s, containing a sequence of rarefactions and Liu admissible
discontinuities of the k-th family. Then, because of the uniform strict hyperbolicity assumption (2:27]), the general
solution of the Riemann Problem with initial data (uL , uR) is obtained by piecing together the vanishing viscosity
solutions of the elementary Riemann problems (ILT]) (2.46]). Throughout the paper, with a slight abuse of notation,
we shall often call s a wave of (total) size s, and, if u?® = Tj[ul](s), we will say that (u”, uf) is a wave of size s
of the k-th characteristic family.

2.2 The algorithm

Now we briefly describe the algortihm we use in order to construct a piecewise constant approximate solution to
(CI)-([C2). First of all let us recall what a front tracking solution to an homogeneous hyperbolic system is (see [3]
for details).

Definition 7. Let ¢ > 0 and an interval I C R be fized, and let A= A(u), u € RN, be a smooth hyperbolic N x N
1

matriz. We say that a continuous map u : [ — L,

if the following conditions hold:

(R; RN), is an e-approzimate front tracking solution to (2.26a))

1. As a function of two variables, u = u(t,x) is piecewise constant with discontinuities occurring along finitely
many straight lines in the t-x plane. Jumps can be of two types: elementary wave-fronts and non-physical
wave-fronts, denoted, respectively, as & and N'P. Only finitely many wave-fronts interactions occur, each
inwvolving exactly two incoming fronts.

2. Along each elementary front x = x,(t), a € &, the values u’ = u(t, vo—) and uf* = u(t, zo+) satisfy the
following properties. There exists some wave size s, and some index ko, € {1,..., N} such that

ulft = Ty, [u¥](sq) - (2.47)
Moreover, the speed T, of the wave-front satisfies

T — op, [uF](50,7)| < 26, V7 el0, sq]. (2.48)

3. All non-physical fronts x = x4(t), o € N have the same speed

G0 =N, (2.49)
where \ is a fized constant strictly greater than all characteristic speeds, i.e.
> A(w) VueQ, k=1,...,N. (2.50)

Moreover, the total strength of all non-physical fronts in u(t,-) remains uniformly small, namely one has

> Jult,zat) —ult,za—)| < e Vi>0. (2.51)
aENP

In order to construct piecewise constant approximations to (LI)-(L2]), we follow the approach of [I3], and
construct a local solution to (LI)-([L2) by means of a fractional step algorithm combined with a front tracking
method. In order to do this we assume that assumption (G) at 2 holds. Hence, once two sequences

{TV}VEINv {EV}VEIN ; 0<mn <e \l/ 0,

are given, we fix ¥ € N and we proceed in this way in order to construct and e,-approximate fractional-step
approximation u, = ue, of the solution. Fist of all, we approximate the initial datum @ by means of a piecewise
constant function u, such that

Tot.Var.w, < Tot.Var.u, [z, — @l =0 asv?too.

Then, we take a suitable approximation g, of g piecewise contant w.r.t. x, i.e., following [13, § 3], we let

gt 2,0) =) Xjje, (41, (2)g5 (1, 0), (2.52)

jez
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where x; is the characteristic function of the set I, and
1 (j+1)51/
gi(t,v) = —/ g(t,x,v)dx. (2.53)
ev Jje,

Then, the algorithm that leads to the construction of the approximation w, = wu,(t,x) essentially consists of the
following steps.

1. We apply a front tracking algorithm as described in [3], which we refer to, to construct an e,-approximate
front tracking solution in the sense of Definition [ in the time interval ]0, 7, [.

2. At t =1, we correct the term u, (7, —, ) by setting

uu(ﬂ/‘h ) = uu(vaa ) + Tvgy (Tm ) uu(vaa ))) )
which turns out to be piecewise constant by construction.

3. In general, once u, (n7,+,), n > 1, is given, we again use the algorithm in [3] to construct an e,-approximate
front tracking solution in the time interval [n7,, (n + 1)7,[.

4. Similarly to what done above at t = 7,,, at t = (n + 1), we correct the term wu, ((n + 1)1, —, ) by setting
ul,((n + D1+, ) = ul,((n + 1)1 —, ) + Tl,gu((n + 1)1, ul,((n + 1)1 —, ))) .

We stress that, in the construction described above, nonphysical waves are implicitly restarted at each time step:
the corresponding jumps are solved using physical waves. As it is usual with such algorithms, the main difficulties
we have to face are to

e bound uniformly the total variation of u,(t,-) in order to get compactness of the approximating sequence;
e let the number of the fronts to remain bounded in any time interval [0, ¢].

We will briefly discuss how to overcome the first difficulty in Subsection [Z3] taking advantage of the results
contained in [3] 4, 13]. Regarding the second difficulty, using the arguments contained in [3] Subsection 6.2], it
can be easily seen that the number of wave fronts stays bounded in each time interval [k7,, (k 4+ 1)7,[, and their
number depends on the parameter £, and on the total variation of w, (¢, ) which remains uniformly bounded.

2.3 Evolution / interaction estimates

In correspondence of a sequence {¢,},>1 C R”?, &, — 0, and following [22], in this subsection we will define
the interaction potential and give the interaction estimates that will allow us to perform uniform bounds on the
total variation of an ¢, frotn tracking approximate solution. To this purpose, following [4, Definition 3.5], we first
introduce a definition of quantity of interaction between wave-fronts of an approximate solution.

Definition 8. Consider two interacting wave-fronts of sizes s’, s” (s’ located on the left of s”’), belonging to the
k' k" € {1,..., N + 1}-th characteristic family, respectively, and let u’, u, uf, denote the left, middle and right
states before the interaction. We say that the amount of interaction Z(s', s”) between s’ and s” is the quantity
defined as follows.

1. If s’ and s” belong to different characteristic families, i.e. if k” < k' < N + 1, then set
(s, s") =|s's"]. (2.54)
2. If s’ and s” belong to the same k (<N)-th characteristic family (k = k' = k"), i.e. if uM = Ty.[u](s), u®? =
T [uM](s"), let F""F = Fi[ul](s, -) and F""M = F,[uM](s”, -) be the reduced flux with starting point u”,

uM | evaluated along the solution of (Z38) on the interval [0,s], and [0, s”], respectively (cfr. def. (Z.42))).
Then, assuming that s > 0, we shall distinguish three cases.

(a) if s >0 set:

convyg, ] ﬁ”L(g) — CoNV(g, 54 57] FriyprM (&)|d¢

’

o 45" _ _
+ / ‘FI’L(S/) + COHV[O7 8" FI/’]\/I(g — S/> (255)

v

— CONVIQ, s/ +5"] ﬁI’LUﬁI/7M(€) dg,
where F"EUF"M is the function defined on [0, s’ + 5] as

- - FhE(s if secl0,s],
FIEUF"M () { (#) 0,57 (2.56)

FrL(s') + F"M(s — ) if seld,s+s"].
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(b) if —s' <s" <0 set:

convyg, o1 F"E(€) — convyg, gy g FV"L(E)} d¢

, (2.57)
+ / COHV[O7 s'] ﬁ/’L(g) — COHC[5/+5//7 s'] F/’L(f)’ d& .
s/+8//
(c) if s < —5 set:
0
(s, s") = / concgr, o F"M (€ — 8') — concpgn, _ o F"M (€ — )| d€
T (2.58)

+ / concigr o] F'Me— ) — convi_y F'"Me— )
0

de .

In the case where s’ < 0, one replaces in (Z53)-(Z58) the convex envelope with the concave one, and
vice-versa.

Remark 9. By Remark [6] one can easily verify that, in the conservative case, if s’, s” are both shocks of the k-th
family that have the same sign, then the amount of interaction in ([Z53]) takes the form

I(SI,S”) — ‘SIS”‘ L,UM] _ Uk[uM,uR] ,

oxlu

i.e. it is precisely the product of the strength of the waves times the difference of their Rankine Hugoniot speeds.

Now, whenever a e-approximate front tracking solution u® = u® (¢, z) to (2:264)) is given, we define the interaction
potential (see [4, (4.2)])

[$57 4] B
Q(us(t,")) = Z ‘s;/yisg//ﬁj‘ + i Z / / ‘0'1/71'(7'/) - O'zwyi(7'”>| dr'dr", (2.59)
i< 0 0

x’x i

' >z
where s, 1 is the size of the wave of the k-th characteristic family at x, and o, x(7) is its speed as it is defined
at (Z38). Moreover we let

V(W (t,) = |se.il (2.60)

z,i

With these definitions, the following result holds (see [4] Proposition 4.1]):

Proposition 10. There exists i > 0 such that, if u® = u®(t,x) is an e-approrimate front tracking solution
to (Z26a)-([L2) with Tot.Var.u < dg, the the following holds. There exists constants ¢, C1 > 0 such that, whenever
two wave fronts s',s"” interact, then

AQ < —cI(s,5"),
and, moreover, the functional

ts T(us(t, ) = V() + CLO(u (¢, ) (2.61)

s decreasing.

3 Existence and convergence of approximations

In this section we prove that the approximations constructed in § 2] converge to the entropy solution of the
Cauchy problem ([))-(T2)). We first prove rough estimates that ensure the local-in-time convergence, as stated
in Theorems [[THI4 below, which yield Theorem [Il Uniqueness is proved roughly following the lines of [2].

3.1 Local in time existence of time-step approximations
Let T be the functional introduced in (2.61)).
Theorem 11. There exist 6,T > 0 such that for initial data @ in the closed domain
9,(8) = {ue LY(R;RY) N BV(R;RY) piecewise constant s.t. T(u) < 3§}
the algorithm described in §[2 defines for t € [0,T] and for every v an approzimating function
wy(t,-) € Dy (ng Gt) where C, G only depend on A and g. (3.62)

This approxzimating function u, satisfies the following comparison estimate with the viscous semigroup [1(}/ P[]
of the Cauchy problem (LI)-([L2) starting at time h: there is a function o(s) depending only on A, g, §, T such
that o(s)/s — 0 if s — 0 and such that for n € N

ku(nTuJﬁ ) — Pn‘r,,,(n—l)‘ru [wy, ((n — 1)T+, )] HLl <0(1)(o(ry) +evt) - (3.63)
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Introduction to the proof. Before the proof, we briefly remind our notation and previous results that we need.

We denote by ST the wave-front tracking approximation of the semigroup S; p[-] relative to the homogeneous

system, constructed by vanishing viscosity [6], where the ‘initial datum’ is fixed at time h < ¢ rather than at h = 0.
We exploit the definition in § Pl of the approximation

wy(t,-) = Stbj({zq)n [wy((n— D)1+, )] for (n — 1)1, <t <nr,neN
wV(nTV+’ ) = S’rf‘TTu,(n—l)Tu [w’/((n - 1)Tu+a )] + g (nTV’ E S’Vf‘TTy,(n—l)Tu [w’/(n - 1)TV+5 )]) (364)

=w,(n1,—, ) + 19 (N7, -, Wy (07—, +))
relative to the balance law with the initial condition w, (04, ) = @(-). We recall that

if w € ©,(6), for § <z small enough as in [3],

then
T (S/fw) < Y(w) VO<h<t<rn <T see [3, (6.4)] or Proposition [[0 above (3.65)
1SEE 1m0 = Sury n-1)n, Wit S (14 6)e,, see [3, (3.5)] (3.66)
1S/ 0 — W< Ls see [3, (1.23)] (3.67)

We also borrow the following lemma from [2, Lemmas 2.1-2], given in a similar setting. Of course we could state it
similarly also localizing in space the estimates. We remind that Y, O are the functionals introduced in (2:59)-261])
while ¢, and « are as in the assumption (G) on the source term at Page

Lemma 12. Lett > 0. If0 < 0 < 6 and W, are piecewise constant with Y (%) + Y (W) < & then
v(z) ==7a(x) + 79, (t, z,w(x))
satisfies for G = max{{,Tot.Var.(w) + Tot.Var.(7) + ||a||,1; 1} the inequalities
|Tot.Var.(v) — Tot.Var.(u)| < G |Q(v) — Q)| < G*1 IT(v) — Y(@)| < G*7 . (3.68)

Proof. We remind the idea of the proof from [2| Lemma 2.1] for completeness. Suppose either u(x) or v(x) has a
jump at z. Denoting by ®(-)[] the map defined at (Z44) for the Riemann problem, set & by the relation

w(z+) = (o) [w(z—)] .
Define then ¢’ so that the following diagram commutes:

u(x—) fouwreey v(z—) :=ulz—) 4+ 79, (t,x—, wW(xz—))

. |-

v(az+) = u(az+) + 79, (¢, o+, wW(z+))

source

= (o) [v(z-)]

Estimate on the total variation The first estimate immediately follows since

|Tot.Var.(v) — Tot.Var.(u)| < Tot.Var.(v — @) = 7 - Tot.Var.(g, (¢, z+,wW(x+)))
< (¢4Tot.Var.(w) + ||| 1) T -

Estimate on |0’ —o| Set

(j+De,
d=g(totw(a+) - go(tomw(a)) = 1< [ a4t Lipt (3.69)

(j_l)au

Notice that the difference |0’ — o] is a function of o, 7,d which identically vanishes both when ¢ = d = 0 and
when 7 = 0, as the two rows / columns of the commutative diagram above collapse. One can thus estimate
U(o,7,d) = |0’ — 0| by calculus similarly to [8, Lemma 2.5], since ¥, (c,0,d) = ¥4(c,0,d) = 0 and ¥,(0,7,0) = 0:

1 1 T
/ (oU, + d¥y,) (20,7, 2d) dz / / (0V,r +dVy,) (20,2, 2d) d2'dz
0 o Jo

o' — o =

S (lof + ld)
Pl (G+1)e,
< lo| + ¢4|5] +/ laf ) -7 (3.70)

(j_l)au
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since the derivatives d,.|0’ — o| and 04,0’ — 0| are easily well defined for o # 0 and locally bounded: notice that
we differentiate only once the elementary curve of right states of the k-th family in its parameter and more times
the strengths of the Riemann problem in the left / right states, thanks to the smoothness of the matrix A in (TI)).

Since [B.70) holds at each jump either of @(x) or v(x), then by algebraic computations we get the thesis. [

Remark 13. When w = u, then the proof of Lemma states that where u has a jump of strength o then the
strength o’ of the corresponding jump in v by B.I0) satisfies

0<(1-0Mrn)e<d <1+0)7)0o or  (1+0(1)1)o<d' <(1-0(1)1)0<0.

Moreover, if w does not any jump at x = je,, then the new jump introduced because of the discontinuity of g, at
Jjeu satifies
(j+1)51/

N
Slogl<r [~ lal.
k=1 (G—1De,
where o’ is the strenght of the new front of the k-th family emerging from (7, je,).

We are now able to present the proof of Theorem [I1] above.

Proof. We first prove by induction that if B
5§+ G*T <oy (3.71)

then estimate ([8.62]) concerning Y (w,, (t+, -)) holds when 0 < ¢ < T. We then prove the comparison with the exact
viscous semigroup ([B.63]). For brevity, we denote Y(¢) := T (w,(t+,-)) all along this proof.

© STEP 1: Initial step of induction. We show, assuming (B.71)), that
@55
Y (r,+) < YT0)+G*, < T@()+G*, . (3.72)
In particular, this step shows that if Y (%(-)) < 0 then being 7, < T one has
T (n+) <6 +Gr <9+ G*T <y .

In particular one can restart the iteration procedure for defining w, up to 27,4. Observe first of all that esti-
mate ([3.65) allows to construct [3] the wave-front-tracking approximation S/ @ for all ¢ > 0. By definition and
by estimates (B.68))-(B.65) recalled above then

Y(r+) =T (wo(rot, ) = T (S350 + 709 (0, 57,700
(B?) T (SEu) + Gy,
(Eﬁm T (W) + G*7
< 0+G?1, .
© STEP 2: Induction step I. Suppose that T((n — 1)7,+) < . We show that
T (nm+) < Y((n— Dm+) + G, . (3.73)

In this step we adopt the notation w?~1(-) = w,((n — 1)7,+,-) for the approximation at time (n — 1)7,+. By
definition and by the estimates (B.63)-(3.69) recalled above one has

T(nTV+) =T (S'r}z:'],:,(nfl)'r,,wgil + 79 (nTw K Sgg:,(nfl)'r,/wgil))
€3 FT n—1 2
< T (Sn'r,/,(nfl)'rywv ) + G Tv
E58)
< YT (wp )+ G =T((n—D1+) + G?r, .
© STEP 3: Conclusion of (3.62). We deduce that whenever (B.71)) holds then
T(t+)<o+G* <oy for0<t<T. (3.74)

In particular, we show that w, (k7,+,-) is well defined for all 0 < k7, < T
By (B.68) and the definition of the approximation, it suffices to prove (B.74]) at time-steps. Estimate ([3.72)
provides the thesis at the first time-step ¢ = 7,,. At later time-steps, the thesis follows by induction by B.73)).



On the structure of solutions for general hyperbolic systems of balance laws 15

© STEP 4: Proof of (B.63]). We recall [10] [1I] that there exists a small enough § > 0 for which one has the estimate
Vs <ZVw € DVO<h<t—s | Prish®— Shisn®— sg(h,-, )| < O(1)s* . (3.75)
By the triangular inequality

||g(h7 7w) - g(h + S, Ph+57hm)||L1 SHQ(hv 7w) - g(h’ + S, '5E)HL1
+ ||g(h + s, 'aw) - g(ha ) Ph+5,hw)||L1

Assumption (G) at Page 2l thus yields that for s — 0, denoting by o(s) a function such that o(s)/s — 0,
Vs <s,VueD,V0O<h<t—s ||Ph+s7hm — Shts,nW — sg(h + s, -, Ph+s,hw)||L1 < CO(S) . (3.76)
Let’s adopt the shortcut w}(-) for w,(n7,+,-): then by (364) and the triangular inequality

||wzr/l - PnTU7(n_1)Tuw371||Ll

— FT n—1 FT n—1 n—1
= ||Sn'r,,,(n—1)7-,,w1/ + g (nTV’ E Snru,(n—l)ﬂ,wl/ ) - Pn"'uy(nfl)’l'uwu |

|1
< |1Snr,(n-yr Wit +T0g (nTl,, . 552,(7171%”1”3_1) — Py neyn 0l 2
+ ||S7}LT‘7"1,:,(n—1)T,,w371 — Spry(n-ymwp
We directly estimate the first addend by [B.70]), the second addend by (3.60):
[w} = Par, (n1yr, w1 < O(1) (o) + €u72)

The proof of (B:63) is thus concluded. O

3.2 Converge of time-step approximations to the viscous solution

Theorem 14. Suppose there exists 0 < 0 < g, T > 0 and a closed domain
D :=2(8) := {ue L'(R;RY)NBV(R;RY) : Y(u) <4}
such that

e for all v and for every piecewise-constant initial data w € © the approzimations w, constructed in §[2 satisfy
estimates ([B.62)-@B.63)) in [0,T] and
o forallw € ® and for 0 <t <T [10] provides a vanishing viscosity solution P, ot of the Cauchy problem (L.1))-

).

Then for everyu € ® one can choose a suitable piecewise-constant approrimation w, € O of u such that, denoting
by w, the v-approzimation as in § [J with initial datum w,, for a.e. t € [0,T] the sequence w,(t,-) converges in
LY(R;RN) to P, ow.

Proof. © STEP 1: Introduction. Let S;pw denote the semigroup of the homogeneous system constructed by
vanishing viscosity [6] where the ‘initial datum’ is fixed at time h rather than at h = 0. We recall [10, [TT] that
there exists L > 0 s.t. for wy,ws € ©, h € [0,T], t1,t2 € [h,T] then

[Py n01 () = Py n02 ()l < L ([[w1 — a1 +t2 — 1)) (3.77)

and for w € ©, 0 <ty < t; <ty < T, one has the semigroup property
Pt27toﬁ = Ptz,h [Pthtoﬁ] (378)
© STEP 2: Strategy. In the spirit of [8, Theorem 2.9], fix any 0 < # < T and define the auxiliary function
\pu(tv ) = Pf,t [wu(t+v )] - PE,OEV(') te [Oﬂﬂ
We now prove that w,(Z,-) converges in L' to P; y by showing that the following limit vanishes:
timfjw, (F,) = Poo@() 120 < il (7, ) — oo ()l + Ll Pooi@() — Pro®, ()] o
= lim|| U, (t, )|z +0 .

The second addend indeed is trivially converging to 0 by [B.77) as %, converges to w in L!.
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© STEP 3: Estimates. Let £ = n7, 4+ with n € NU {0} and £ € [0,7,). By the triangular inequality
Wy ()l = [1Wu (T, ) = o (0, )] 22

n—1
ZH‘I]V((k + 1)7-1/5 )= \IIV(I{:TV’ ')||L1 + ”\I]V(Ea )= \I/V(nTVa ')HL1
k=

IN
= O

<N NL((k+ D)7, 2) = By (kry, )| g1 + O, (3.79)

=
Il
=]

In the last step we estimated the norm of W, (¢, )=V, (n7,, ) = wy (t+, ) = Pr pnr, [wy (07,4, -)] by the Lipschitz con-
tinuity (B.75)-(B.66) exploiting the fact that n7, <t < (n+1)7, and thus by definition w, (,-) = S{T_w, (n7,+, ).
Moreover, by definition and the semigroup property ([B.78))

19, ((k+1)70,) = Wu (1o, )t = 1P kg1yr, (0o ((k+ D)7+, )] = Prr, [wo (BT +, )]l 20
= ||P; b+ 1)r, [wo (K + D)7+, )] = Pr sy, [Pl yr kor, [wn (B4, )] [ 21

G
< Llfwy (B + D)7t ) = Py, oer,, [wo (ko) o1

Estimating this term by (3.63) and plugging this into (3.79) we finally deduce, being nr, = T, that

[0 @ll2 < O + 32 00) (0() + 20m) < O + T (M + ) LENS
k=0 v

This concludes the proof of the L!-convergence. O

4 Qualitative properties of the entropy solution

This section is devoted to the proof of Theorem [B] concerning the structure of solutions to balance laws when the
characteristic fields are

e cither linearly degenerate in the sense of Definition [B]
e or piecewise-genuinely nonlinear in the sense of Definition [l

We work under the standard Lipschitz regularity assumption (G) at Page [2 on the source term, and we assume
furthermore in this section that g only depends on the state variable:

g=g(u) .
The proof is by approximation, following ideas already in [9] [8 [7]. We construct suitable objects, estimates

and arguments on the approximate solutions defined in §[21 Owing to the convergence result proved in §[B] we are
then able to obtain our thesis in the limit. The section is organized as follows:

§ 1] Establishes balances for the positive/negative amount of i-waves in a space-time region.
§ Defines sub-discontinuities of shocks for each piecewise genuinely nonlinear families.
§ 1311 Defines the fractional-step approximations of i-shocks and i-contact discontinuities.
§ Proves the limits in Theorem [B] at shocks of piecewise genuinely nonlinear families.
§ Proves the limits in Theorem [ at contact discontinuities of linearly degenerate families.
§ 34 proves the limits in Theorem [Bl at continuity points.
§ Contains elementary geometric lemmas on piecewise genuinely nonlinear families.

§[4.3.61 Contains the proof of intuitive auxiliary lemmas.
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4.1 Preliminary estimates: balances on characteristic regions

In this section we generalize balances for the flux of positive and negative waves of a fixed approximation u, which
was constructed in §§ H3l These balances reduce to well known ones for the homogeneous system which are for
example in [8 § 7.6].

We remind [8, § 7.6] in particular the definition of the interaction measure pl and interaction-cancellation
measure /¢ they are purely atomic measures which are concentrated at interaction points of physical fronts
belonging to two characteristic families 4, j. If ¢’ and ¢” are the incoming strengths of the fronts interacting at a
point P then, using the Definition [ of amount of interaction, one has

WL{PY) = T(o", o) (4.80a)
ol + 0" =o' +0o"| ifi=yj,
plOqPY =Tl o) Il 2
0 if i # j.
Of course 0 < pl < pulC. We state that the interaction-cancellation measure can be controlled by Q even when a
source term is present.

(4.80D)

Lemma 15. The interaction-cancellation measure satisfies the estimates:
uIC((t1, ta] x R) < Tot.Var.™ (Q(u,); (t1,ta]) YV O<t <ty

where Tot.Var.” is the negative total variation, and Q is the interaction potential defined ot (259)). In particular,
ul€ is a locally bounded Radon measure.

Proof. At an interaction point P = (¢, x) by classical interaction estimates, as recalled in Proposition [I{]
0 < m, 7 (P) S 1Q(uy (1)) = Q(uy (t4))] -

At time updates k7, the interaction cancellation measure is null by construction, thus the thesis holds trivially.
We also recall that we stay in a domain with small total variation. o

Consider a polygonal region I' with edges transversal to the waves it encounters. Consider the total amount
VVi’I’fi, WYE of positive and negative i-waves entering the region:

out
WYET) = Z st WYED) = Z st st =max{+s;,0} .

7 out [
entering I exiting I'

Define the incoming and outgoing flux of the i-th wave through the boundary of the region as

Wy =Wyt —wyr-, O Wro=wiiit -whio  i=1,...,N.

out out out

Lemma 16. There exists a positive constant C depending only on A, g, 8, T such that the following holds. If
I C [h1y, k7] X R, for some h,k € {0,1,...,floor(T/7,)}, then for i =1,...,N one has the estimate

o~ (k=h)T,C [Wil;]iJr —oule (f)] Wi < o(k=h)7,C [Wil;]iJr L ople (f)] , (4.81a)
e =M lyri= — opl® (T)] <wis < eW=MmC lwyi= 4 oplt (T)] (4.81D)
Proof. Waves might change only at interaction times and at update times. Denote by
WY, WY ()
respectively the positive and negative i-waves of u, present in I' at time ¢.

© STEP 1: Interaction times ¢t. Denote by ¢’ and ¢” the incoming strengths of the fronts interacting at a point
P €T. By interaction estimates [3, Lemma 1], as in [8, (7.98)], one has

W () = W (=) |+ (W (1) = W (0=)] S S ({PY) -

© STEP 2: Update time t. We can assume that no front enters / exits I' at the update time. Since we are
considering g = g(u), then denoting by 7, the time-step, by Remark [[3 in the construction of the approximation
one has precisely as in [2], (2.8)] that

|Wm':t(t+) _ W"ii(t—)| < WYEE)
In particular, if in the interval [t1,t3) there is no interaction and no wave enters / exits I', then
e~ Cl=mIm Vit () ) < Wit (, ) < Clh=mmupyrit g, )
where h1, <t <ty < k7, for some h,k € N.

© STEP 3: Conclusion. Combining in a rough way the estimates in the previous steps, and since taking into
account that waves might enter later than h7, or might exit before k7, the estimate would just be finer, we get
the thesis by standard calculus. O
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Z'l . ZQ . ZS

Figure 2: We consider a jump [ul, uf] where uf* = T;[ul](s) with s < 0. We highlight different points belonging
to the hyper-surfaces Z}, Z? and Z3: e the points R;[ul](w?), R;[u?](w?), R;[u’](w?) of intersection with the rar-
efaction curve through u” and e the points u', u?, u® in [@82)) which identify the (7,3) and (4, 1) sub-discontinuity

fronts [ut, u3], [u?, ul].

ud = ol ul u? wd uft =t

Figure 3: We consider a jump [ul, uf] where uf* = T;[ul](s) with s > 0. The (i,0) and (i,2) sub-discontinuities
in this case are [u%, u!] and [u?, u?], where u!, u?, u? are defined in (Z82).

4.2 Definition of approximate sub-discontinuity curves

Assume that the ith-characteristic field is piecewise genuinely nonlinear as in Definition dl Let us directly assume

that w}[u~],...,w] [u"], defined as follows, are monotone increasing:

W] s RifuT) (W uT)) ez, j=1,...,J; Wu™] == —o0, w/ T uT] == 400

2

where we remind that the hyper-surfaces Zij are the connected components of
Z; ={u:VX(u) -ri(u) =0} = U 7.

We directly assume, since the analysis of the other case is perfectly analogous, that

VAi(w) - ri(u) <0 if j is even and wf [u] <0< wf“[u],
VAi(u) - ri(u) >0 if j is odd and w![u] < 0 < w! T [u].
For these piecewise genuinely nonlinear fields, following [9] [8] 25] [7] we now define approximate sub-discontinuities
of a fixed approximation u, which was constructed in §§ 23 In particular, we extend [7] in the presence of a
Lipschitz continuous source term g = g(u).
Let [ul,u®] be a wavefront of u, belonging to the i-th family, where u? = T;[u’](s). Suppose for instance
that s > 0, which means uff > u”. When the i-th field is piecewise genuinely nonlinear one can split [ul, u']
into sub-discontinuities: if @ is the function defined in (2:40) for the construction of the Rieman solver, then since

T (T; ul, s) is transversal to Z; there are

0< 7T <. o<z <g o itk ::U(Tj1+k;uL,s) EZilerk k=0,...,j2— j1- (4.82)

When «”, u® do not belong to any Zz-j we still need to include the extremal points: set

L'in case 7 > 0;

o il =0and vl =u
o 772+l = g and w2t = 4 in case 772 < s.

If instead s < 0 the definition is analogous with 0 > 72 > ... > 71 > 5 where jo > -+ > j1.
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Definition 17. Suppose that sf = 7Tt — 73 £ 0: then we call an (i, j)-sub-discontinuity of strength sg of the i-th
wavefront [ul, uf?] of u,

o [uf, u/TY), if s >0 and j is even, or
o [u/tl wl], if s <0 and j is odd.

Notice that, by definition, the state vector of (i, j)-sub-discontinuities belongs to the part of the wavefront where
the ¢-th eigenvalue is decreasing. Rarefaction fronts are instead contained in regions where the i-th eigenvalue is
increasing across the discontinuities.

One of the reasons to introduce sub-discontinuities when the flux is not genuinely nonlinear, but only piecewise
genuinely nonlinear, is that discontinuities might split either at interaction times or at update times. Since the
approximate solution of a Riemann problem contains at most one sub discontinuity s} for j € {0,1,...,J;} [T
Lemma 4.3], sub-discontinuities do not.

The next step is to identify which sub-discontinuities in the approximation w, are in the limit converging to a
sub-discontinuity of the entropy solution u: we call these ‘surviving’ discontinuities “approximate discontinuities”.
We fix for this purpose thresholds 5 and 3/2.

Definition 18. Let 8 > 0. A maximal, leftmost (B,1,j)-approzimate sub-discontinuity curve is any mazimal
(concerning set inclusion) closed polygonal line—parametrized with time in the (t,x)-plane—with nodes (to,xo),
(t1,21), -, (tn,Zn), where tog < --- < t,, such that

1. each node (tx,xr), k=1,...,n is an interaction point or an update time;

2. the segment [(ty—1, k1), (tx, zx)] is the support of an (i,)-sub-discontinuity front with strength |s}| > /4
and there is at least one time t € [to,t,] such that |s!| > B; the index j must be either odd if the strength of
the i-th jump s; > 0 or j must be even if s; < 0;

3. it stays on the left of any other polygonal line it intersects and having the above properties.
We write an interaction estimate for sub-discontinuities in order to familiarize with them.

Lemma 19. For any compact K C Q C RN there exist constants C1,Cy and x1 so that: Consider an interaction
between a i-front strength |s;| and a j-front of strength |s;| for i # j and i,j € {1,...,N}. Let ul /uf denote
the left / right states of u, at that interaction, which belong to K, and let sf, ey s% be the outgoing strengths, so
that

= IN[Ty-i[ - To[T1[u")(sD)](53) -1 (sH -] (s7) -

Then, calling P the point of interaction, there holds

s = sil + [s] = sjl+ D [s7| < C1Z(si,85) < Chlsis;| = Capl(P) .
(215

Moreover, consider at each node P which is a point of interaction the strengths s A sk+ of each incoming /
outgoing (i, k)-sub-discontinuity, possibly except for the first one (to,zo): they satzsfy

st = sk = 2l (4.83)
Proof. By classical interaction estimates, and the definition of the interaction measure, we just need to prove
the last inequality concerning sub-discontinuities: the first part of the statement indeed is just by construction.
The proof of ([@83) is a consequence of the fact that the strength s¥ of any (i, k) sub-discontinuity is Lipschitz
continuous in the left and right states of the i-front, together with the estimates below. If u’ L and o™ are the left
/ right states of the i-front after the interaction then

" =t = S s
Since |s;| > |s¥| > B/4 by Definition [[§ of (4, k)-sub-discontinuity, and since pul (P) = |s;s;| due to the fact that

i # j, then |s;| < E]Jl|sj| < M"Tfp), from which we get the thesis. O

We are now able to determine a countable family 7, J ;,(v) of maximal, leftmost (8,1, j)-approximate sub-
discontinuity curves of u, which will in the limit define the family of curves J in the statement of Theorem
This is due to the fact that when g is fixed then the cardinality of maximal, leftmost (3,1, j)-approximate sub-
discontinuity curves of u, is, definitively as v 1 0o, bounded by a constant Mg ; ; independent of v thanks again
to the bounds on the total variation—and of course up to a fixed finite time. Notice that the set of curves J, 5 (V)
enriches as g | 0.
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Lemma 20. When the threshold (3 is fized, then the cardinality ﬂjjyi(u) =: Mg, ;j(v) of mazimal, leftmost (8,1, j)-
approzimate sub-discontinuity curves—up to any fized positive time—is uniformly bounded in v, and thus also in
i=1,...,N and j: it is of order Mg, ;(v) S B72.

Proof. Suppose that—up to the fixed time T we are considering—the total variation of every w, is less than V,
which is possible by Theorem [Tl

We begin fixing notations. Fix any admissible triple of indices f, i, j. Consider a maximal, leftmost (5,1, j)-
approximate sub-discontinuity curve 7 of u, for v large enough: denote

e by |sf (t)| the strength of the (8,1, j)-approximate sub-discontinuity 7 of u,,
e by Py = (tx,Zy) the nodes of the (3,1, j)-approximate sub-discontinuity 7 of u,,, and
e by |s;(t)] the strength of the whole discontinuity 7 of u,, for tg <t < &,.

Suppose 8 < ﬁdist(Zij, Zf“) and £, < 108 < 1: this is allowed since ¢,, | 0 and since decreasing [ increases the
number of maximal, leftmost (3, ¢, j)-approximate sub-discontinuity curves. Fix for example sg > 0 for notational
convenience, the other case being similar.

Before proving Lemma 20, we remind relevant estimates at nodes:

e By Lemma [T9]if 7 interacts with an i-front of a different characteristic family

157 (Frt) — 1 (Bm)| < %u?(ﬁk) . (4.84)

e At any update time #, denoting by C the constant given by Remark [[3] one has

|s? (Tu+) — s (T—)| < Cr|s:(Te—)| < CT,V . (4.85)

e Let ul / uf denote the left and right value of the maximal, leftmost (8,4, j)-approximate sub-discontinuity
curve 7 that we are considering. We make preliminary observations concerning interactions among i-waves,
since we are interested only in the strength of the j-th component, before providing complete estimates:

1. Suppose that uf® € Zg“ and u” € Zij between f;_1 and f;. Then: e In case 7 interacts at Pj with
another i-shock then we have that u* € Zf“ and u* € Z7 also for t;, < t < j41. If the fixed 3 is smaller
than psdist(Z7, ZJ™™h), this proves that the strength of the_(ﬁ, i, j)-approximate sub-discontinuity is
more than 3 at both times ¢, and f;. e In case 7 interacts at Pj, with an i-rarefaction, since the strength
of rarefactions is vanishingly small again the strength of the (8,1, j)-approximate sub-discontinuity is

more than 3 at both times Z, and 7, owing to the condition 8 < ﬁdist(Zij, zZIh.

2. Iful ¢ 27 for 1 <t < Tk, then uf? = u, (t,5(t)+) is the terminal value of the i-jump in J(fx—).
In particular, if 7 interacts at Py with another i-front, by the classical analysis of interactions roughly

s7(t4) > sl (T—) (interactions with shocks)
) (=) — p'C (Pr) <s! (Tp+) < 87 (Tx—) (interactions with rarefactions)
which more precisely becomes
st (te=) — 51 (Et) S u'“(Pr) - (4.87)

We can start now with the principal argument. Collecting estimates (L34), (£8H), [8T) at nodes, if uX(¥)
between times ¢ and ¢ > g is valued strictly between Z7 and Z/*' we obtain

CoplC ({(r,2) : re(qt], z=7()}) L OV(E—q+7) (4.88)
B o |

We are now able to estimate the number of maximal, leftmost (3,4, j)-approximate sub-discontinuity curves.
Fix before intermediate times kt where

sl(q) — sl (t+) <

(4.89)

8TCV _ T — B
k=0,....K K := ceil t=— = .
0,..., K, ce1< ), 7 = 3

oV <
B

Point B in Definition [[§ requires that different maximal, leftmost (3, ¢, j)-approximate sub-discontinuity curves—
when the triple is fixed—are disjoint. This disjointness yields that:

e At time kf by Point 2 in Definition [[8 there are at most ceil(4V /3) many of them.
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e Those (8,1, j)-approximate sub-discontinuity curves whose interaction-cancellation measure is more than

IC
B2 are at most ceil (W)

8, by sub-additivity of measures.

e The strength of the j-th component of those (8, 7, j)-approximate sub-discontinuity curves 7 which are defined
strictly between times kt and (k + 1) increases from a value less than 3/4 at kt to a value at least 3 at some
t € (kt, (k+1)t), and decreases to a value less than 3/4 at (k -+ 1)f: then in some subinterval of (£, (k + 1))

estimate (£88)) yields

3 Copl€ Dz =7 — 2
_ﬂ < o, ({(r,2) + z=7(r)}) +OVE mﬁ Ml{c({(hz) =) > ﬂ_ .
y g 8C,
We thus estimate the number of (3,4, j)-approximate sub-discontinuity curves up to time T by
vV v c
ceil (%) - ceil (T%’TV) + ceil <8C?M ([;)27 1) x [R)> .

4.3 Proof of the global structure of solutions

The proof of the global structure of solutions stated in Theorem [] above proceeds distinguishing the case of
piecewise-genuinely nonlinear fields and the case of linearly degenerate fields. The reason is not only that estimates
are different in the two cases, but really the geometry of the approximation of shocks and of contact discontinuities
with a family of jumps in wu, is qualitatively different. For each case, we will then have sub-cases extending the
analysis in [8] [7].

We proceed in the next subsections with the core of the proof.

4.3.1 Constructing the exceptional sets and limit discontinuity curves

Fix a sequence ¢, | 0 and let u, be the approximate solution of the Cauchy problem (LI)-(L2]) constructed in
88 8l By possibly extracting a subsequence, we can assume that the interaction and interaction-cancellation
measures (Z80) converge weakly* to some nonnegative measures p! and p/C:

pl—=pl >0, plf—p?>0.
Of course /¢ might change changing the sequence {u,},. Define now the exceptional sets

0:=1{(0,2) : Ta+) Aue-)},  Or:={(ta) : p{Ea)}) >0} (4.90)

Piecewise genuinely nonlinear fields Fix a threshold 8 > 0. Suppose the i-th field is piecewise genuinely

nonlinear. Let
Mg

T (V) = {vin by

be the family of all maximal, leftmost (3,14, j)-approximate sub-discontinuity curves in the approximate solution
u, defined in § 2] if needed with repetitions of the curves. This enumeration is possible as the number these
curves is uniformly bounded in i, j, v by Lemma

Suppose Y, ik : (t;ik,tl‘:ik) — R belong to some J3;(v) where i,k are fixed, with the i-th family piecewise
genuinely nonlinear. One can then assume that t, i and t: ;6 converge to ¢t and t;;c, respectively, and that the
curves 7,,i converge locally uniformly on (t,, tj;c) to some curve ;; by Ascoli-Arzela theorem as v 1 co. Denote
the family of such limit curves, which possibly contain repetitions, by

Tp,i = {%k}k:1 ..... Mg

Linearly degenerate fields Suppose the i-th field is linearly degenerate: we follow the construction in [8|
Page 221], that we repeat for completeness. Call z; ,(;t,T) the i-th characteristic curve through the point (¢,7),
defined by

$i7u(t;f, f) = )\i(uu(t,xw(t;f,f))) N xw(f; Z, f) =7.

This is allowed by linear degeneracy of the i-th field. Up to extracting a subsequence, one can assume that

Ti (66 T) = (6, T) as v 1 oo.

Denote by ﬁf,i the measures of the positive and negative i-waves in the approximation u,(0+,+) of the initial
datum 7 and by 7' the measures of the positive and negative i-waves in the initial datum @. As v 1 oo, by
suitably choosing %, we can assume the weak*-convergence

miE it
5 )
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Define the measure of the total amount of positive and negative i-waves on u(0, -) present in an interval (a,b) plus
the total amount of interaction and cancellation occurring in the corresponding forward strip as

wy ((a,0) =T ((a,0) + 7 ((a,0)) + 4" ({(t,2) = £>0, 23,(t:0,0) <z < iy (10,0)}) -
We finally define for positive times the family of at most countably many curves

Ti = {Vim = 2:(50,&m) = p*{&m}) >0, meN} (4.91a)
where p** are constructed as follows. By upper semicontinuity properties of w*-convergence of nonnegative mea-
sures, we define points

€ = Coim such that i (€ i Ein)) 2% 1™ ({€im))  as v 100 (4.91D)

v,im v,im? é.1/,1'7n

and consequently approximating regions {v,, (t) <ax <~ (t)} where the curves ’y,i-m are

J(v) = {%Iim =i (-;O,f;im)} , j;r(y) = {’y;im =iy (-;O,fiim)} . (4.91c)

Notice that we can also assume that v, and fy;f im coOnverge to v, locally uniformly. We stress that, differently
from the case of shocks for piecewise genuinely nonlinear fields, contact discontinuities in u are not necessarily ap-
proximated by discontinuities in u, with strength definitively above a fixed threshold: they might be approximated
by an increasing number of small discontinuities of u, in a region shrinking to the limit curve.

Exceptional set and family of limit curves Denote by O, the subset of the plane where two limit curves
ik, Vi'kr belonging to different characteristic families ¢ # i’ cross each-other:

O ={(t,7) : 3, kK i#d | T=u () =vow (1)}

We list ©5 separately for being more explicit, but by Lemma B3] below one proves O3 C ©1. Define the exceptional
set © and the family of curves J in the statement of Theorem [l as

©:=0,U0U60,, J:= [(J ZU |J Uendr,,

i linearly i pw genuinely
degenerate nonlinear

where ©p, ©1, O3 and J;, J3,; are defined just above.

4.3.2 Jumps: Piecewise-genuinely nonlinear fields

Let P = (£,7) ¢ © be a point along a curve ¥ € J3 of a piecewise-genuinely nonlinear family 4: since wu, is
converging to v in L' and by construction of these limit curves, in P there must be a jump of the limit function u
of strength at least 3/4—see Definition I8 We prove below the sided limits of u at P stated in Theorem [ while
instead the slope and entropy condition of the jump can be then deduced precisely following [8 Step 7, Page 227],
therefore we omit the proof here.

Simple jumps Let ﬁ_: (t,T) be a point along a simple i-shock curve 5 € Jp of a piecewise-genuinely nonlinear
family such that p/“({P}) = 0. Even if we do not need it, we remind that by the tame oscillation condition—
see [IT, Lemma 2.3] jointly with Theorem [[d—one can define

ul = lim u(t,x) .
(t,x)—(t,T)

I<t<t+(@—z)/A

Let 7, be a maximal, leftmost (3, ¢, j)-approximate sub-discontinuity curve converging to 7.
Suppose that Theorem [0l fails: equivalently, suppose by contradiction that

lim lim sup sup ‘uy(t,:c) — uL‘ >e>0.
™0 vtoo | t—T|+]|z—TF|<r
©<,

By possibly extracting a subsequence and supposing that we suitably normalize the pointwise representative of
the solution, we directly assume there are points P, = (,,p,) and Q, = (t,,q,) on the left of P, i.e. satisfying
P, <4, <7,(t,), such that

Q%P Q) —uF|ze W,
P, 5T, (P -t L0

The segment P,@Q, must then be crossed by a large amount of waves. As in [8, [7] we show below that in any
neighborhood of P these waves either interact among themselves or with 7,. As a result, /¢ ({P}) cannot vanish
and therefore we reach an absurd. Two cases are possible:
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P,

2N/

P
Figure 5: Lemma 24l There might be one (3, ¢, j)-approximate sub-discontinuity curve merging.

Case 1 (Figure @) Each segment P,Q, is crossed by a fixed amount of k-waves in wu, for some fixed k # i.
Replacing Q, by the point (%,,7,(f,) + ¢,), for a suitable ¢, | 0, Lemma 23 below applies with the families ¢ and
k and it contradicts the assumption u!“({P}) = 0, i.e. P ¢ O3, because there is a positive amount of interactions
among different families.

Case 2 (Figure [B) Suppose that

e the j-th component of i-fronts in u, other than 7, crossing each segment P,Q, has total strength more
than ¢ but

e in any region I', shrinking to P when v 1 oo for all k # i the amount of k-waves converges to 0 and

e in any region I, shrinking to P also the maximum strength of the j-th component of i-fronts other than 7,
is vanishingly small.

Lemma 24] below then applies yielding that there is a uniformly positive amount of interaction-cancellation in the
i-th family in P: it contradicts the assumption P ¢ O, since this would imply /¢ ({P}) = 0, and therefore it
ends the proof.

Composite waves If the limit wave 7 is composite, then one can apply the argument above to each sub-
component of the jump, as in [7], since Lemma 23 and Lemma [24] below still apply. Of course, the limiting value
of u depends on the j-th component we are considering and therefore on the respective (t,x)-region where the
limit is taken.

4.3.3 Jump points: Linearly degenerate fields

Suppose now the i-th characteristic field is linearly degenerate. Let P = (_f, T) be a point along a curve 7 € J as
constructed in ([EI1) and such that u/“({P}) = 0. In particular, thus, P ¢ ©. Let moreover ¥, € J~(v) and
~1 € JT(v) be corresponding curves delimitating the approximating region which converge locally uniformly to 7,
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again as constructed in (L91]). Even if we do not need it, we remind that by the tame oscillation condition—see [IT,
Lemma 2.3] jointly with Theorem [[4—one can define
ul = lim u(t,x) .
(t,x)—(¢,7)
I<t<t+(@—z)/A

We prove below the sided limits of u at P stated in Theorem [5l We omit here, instead, the proof of the relation
y(t) = o;(ul, uf?) because it can be deduced as in [8, Step 7, Page 227].

Suppose that Theorem [0 fails: equivalently, suppose by contradiction that

lim lim sup sup luy(t,2) —u"| | >e>0.
™0 vteo | [t—F|+|a—TF|<r
z<7,

By possibly taking a subsequence and supposing that we suitably normalize the pointwise representative of the
solution, we assume there are points Q, = (¢,,¢,) and P, = (f,,D,) on the left of 7, i.e. satisfying p, < g, <
¥, (t,), such that t, — ¢ when v 1 co and

QVVT—O%ﬁ, |uu(Ql,)—uL|2€ Vv,
PYU%P, |u(P) - et 0.

By the construction of the limit curve for linearly degenerate families of § 3.1t

e For every linearly degenerate field j # i the total strength of j-waves crossing P,Q, converges to 0 as v 1 oo:
see [8, (10.76)] for a full proof.

e The amount of waves of the i-th family crossing P,Q, is vanishingly small, as a consequence of (£91h),
because we fixed P, and @), converging to P but on the left of 7, .

Nevertheless, the segment P, (), must be crossed by a large amount of waves, which must therefore be of piecewise
genuinely nonlinear families. We show that in any neighborhood of P these waves must interact among themselves.
As a result, /¢ ({P}) cannot vanish and therefore we reach an absurd. Two cases are possible:

Case 1 (Figure M) There are two distinct indexes j # k such that each segment P,Q, is crossed by a fixed
amount of both j-waves and k-waves in u,. Lemma 23 below applies with the families k£ and j and it contradicts
the assumption u/C({P}) = 0 because of interactions among different families.

Case 2 (Figure [B]) For a singe index j € {1,...,n} each segment P,Q, is crossed by an amount > ¢ > 0 of
waves of a piecewise genuinely nonlinear family j, but for k # j the total amount of k-waves crossing the segment
P,Q, vanishes as v — oco. As in the limit there is no (3, j, £)-shock front at P, then one must have that the
maximum strength of j-waves crossing the segment P,(Q), vanishes as v — oo and therefore that the segment
P,Q, is crossed by a large number of small j-waves. Lemma [24] below applies and it contradicts the assumption

W€ ((P}) =0,

4.3.4 Continuity points

Consider now a point P ¢ © which does not belong to any of the curves in J constructed in § E3.11 We prove
now that v is continuous at P, concluding thus the statement of Theorem

Assume by contradiction that u is discontinuous at P: there exists ¢ > 0 and a space-like segment P,Q,
degenerating to the singe point P for which

uy(P,) = u(P) lu, (Q,) —u(P)| > ¢ Vv.

Two cases are possible.

Case 1 (Figure M) There are two distinct indexes j # k such that each segment P,Q, is crossed by a fixed
amount of both j-waves and k-waves in u,. Lemma 23| below applies with the families k£ and j and it contradicts
the assumption p/“({P}) = 0 because of interactions among different families.
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Case 2 (Figure [B]) For a singe index j € {1,...,n} each segment P,Q, is crossed by an amount > ¢ > 0 of
j-waves, but for k # j the total amount of k-waves crossing the segment P, @, vanishes.

Suppose the family j is piecewise genuinely nonlinear. As in the limit there is no (3, 4, £)-shock front, then one
must have that the maximum strength of j-waves crossing the segment P,(Q, vanishes as v — oo and therefore
that the segment P,Q, is crossed by a large number of small j-waves. Lemma [24] below applies and it contradicts
the assumption p/C({P}) = 0.

It is moreover not possible that the family j is linearly degenerate unless p7*(P) > 0 see [8 (10.76)] for a full
proof. This contradicts the assumption that P is not covered by any curve in 7.

4.3.5 Geometric lemmas on piecewise genuinely nonlinear characteristic fields

We now formalize the following intuitive but nontrivial fact. The strength of the i-th wave in the solution of the
Riemann problem among v(0) (left value) and v(1), for a piecewise constant function v : [0,1] — RY whose jumps
are mostly in the ¢-th family and small except possibly for one of them, is approximatively the sum of the strengths
of the i-th waves in its jumps. For example, jumping many times almost along the i-th elementary curve, and
staying “close”, if measured along the i-th elementary curve, to the initial point, one does not move transversally
too much.

Lemma 21. There exists C > 0 which satisfies the following. Let p > 0 and let v : [0,1] — RN be a piecewise
constant function such that

CeCTOt'Var'(”)Tot.Var.(v) <oy
and the following conditions hold:
e the total strength of waves of families different from i, present at any jump, is less than p;

e the strength of the single i-th wave in the solution of the Riemann problem at each jump, apart from at most
one of them, is less than p.

Denote by

) sf the strength of the i-th wave present in the solution of the Riemann problem relative to the k-th jump of
v;

e 01,...,0N the strengths of the outgoing waves relative to the jump among v(0) (left value) and v(1) (right
value).

We conclude then that

+ Z loj| < ceC Tot.Var.v (14 Tot.Varw) - p .
i

g; — E Sf
k

Proof. The thesis holds if we prove it when all jumps of v belong to the i-th characteristic family, by classical
interaction estimates, since the total strength of waves of all families different from i is assumed to be less than p.

Suppose therefore that all jumps of v are along the i-th elementary waves. In this case, sf already denotes the
strength of the k-th jump. We argue by induction on the number K of jumps of v that, in the absence of waves
of other families,

... K
+ 3oyl < ceClsil o HIsTD st 4415 - . (4.92)
j#i

g; — E Sf
k

Of course when K = 1 the thesis is trivial while if K = 2 by classical interaction estimates [3, Lemma 1], and
since either |s}| < p or |s?| < p by assumption, one has that the thesis holds with C' > Cy where

1 2
s = (s} +52)] + 3 loy| < CrT(s), 82) < Culsts?| < CoeCo (sl IsE) (st 4 132))
i
Suppose now that estimate (£92) holds if v has K jumps. Denote by o7,...,0% the strengths of the outgoing

waves relative to the Riemann problem among v(0) (left value) and the second-to-last value v* of v (right value).
By the induction hypothesis we have the estimate

K-1

* k
Uz—fE s

k=1

Ly ... K—1 —
+ 3 ot < ceC Usil o+ 17D (s o 5K 1)) (4.93)
J#
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Moreover, by the estimates on interactions among two consecutive Riemann problems [4, Theorem 3.7] applied to
the states v(0) (left), v* (middle) and v(1) (right) one has that the strengths o1,...,0n in the outgoing waves of
the Riemann problem among v(0) and v(1) satisfy

o = (o7 + 55+ 3 loy — o3| < TIsEI1D o5l
J#i Jjzi

By the last estimate and by the triangular inequalities

K K
S DY ELRE RS By W S ED S A o TS 31
k=1 k=1 i JFi J#i
we get
K-1
Uistf +Z‘O'j‘ < ‘Ji—(af+sz-}()|+ or — Zsf +Z‘Jj—aﬂ+2|a;|
o i k=1 i i
K-1
< |of — Zsf +Z|a}‘|+6|sf|2|a}‘| )
k=1 i J>i

Since C'eCT0t-Var-() ot Var. (v) < 1 implies jointly with @33) that
D lojl <) lojl<p,
i>i i

then the induction hypothesis (£93) yields

§ k
k

— 1 K—-1
+ 3 |0y < TlsElp+ ceCUsil o+ TD sty 5571
j#i

1 K
< ceCUsil+F 1D sty - 1s5]) - p . 0

We state an elementary lemma on the geometric structure of piecewise-genuinely nonlinear characteristic fields.
We recall that by piecewise-genuine-nonlinearity V;(u) - 7;(u) vanishes only on Z¥ for k = 1,...,J;, which are
hypersurfaces transversal to the i-rarefaction curves.

Lemma 22. Let p, M > 0. Suppose the i-th field is piecewise genuinely nonlinear. Then there exists a positive
constant C such that the following holds. Suppose v is a piecewise constant function as in Lemma[Z]] and whose
image lies in a connected component of the compact set

Ji
D:=[-M,MIN\ | | B,(Z]) .
k=1
Define t1,ts and £, L > 0 by the relations
L = diam Image v; = |v;(t1) — vi(t2)] , £=min{|VX;(u) -r(u)] : weD}.

One has then that | \;(v(t1)) — Ni(v(t2))| > L —Cp .

Proof. The assumption that v is valued in a connected component of D is of course crucial. The proof is a direct
consequence of the fact that, in the region where v is valued, the system is actually genuinely nonlinear with
[VAi(u) - r;(u)] > £. Indeed, due to the choice of the parameterization jointly with Lemma [2I] the Riemann
problem having v(t1), v(t2) as left / right states, or viceversa, contains an i-rarefaction curve of strength at least
L — dgp while the total strengths of other waves are less than dgp. Along that i rarefaction curve \; varies at
least of (L since |V\;(u) - r;(u)| > £, and then one hast the thesis by the Lipschitz continuity of A;. O

4.3.6 Auxiliary lemmas

Lemma 23. Let ¢ > 0. Consider a space-like segment P, Q, for which there are two distinct indexes j < k such
that each segment P,Q, is crossed lﬁ; an amount > &€ > 0 of both j-waves in u, and k-waves in u,. If P, — P
and Q, — P then necessarily u'®({P}) > 0—see Figure[]}
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Proof. As the segment P,(Q, is space like, suppose for example that P, is on the left of Q),,. Consider the region
I', delimited by the leftmost k£ forward and backward k-characteristics through P, and by the rightmost forward
and backward j-characteristics through @, . By strict hyperbolicity (LH]) they intersect at points R}, S’ which
converge to P and therefore the region T, shrinks to the single point P. By interaction estimates, there is an
amount of interaction > €2 in the region I',,, which yields in the v-limit that p/C({P}) > 0. O

Lemma 24. Assume that the i-th family is piecewise genuinely nonlinear. Let & > 0. If in some open region I',
shrinking to a given point P = ({,T), as v 1 oo, in u,

1. there is at most one i-jump 5, whose j-th component has strength more than € while the strengths of the j-th
component of other i-waves are vanishingly small but

2. the total amount of strengths of the j-th component of i-waves different from 7, is more than 3¢ and
8. for all k # i the amount of k-waves of u,, is vanishingly small as v T oo,

then p!C({P}) > 0—see Figure[d

Proof. © STEP 1: Finding two i-fronts 7%, 47 of u, whose slopes at some time ¢, — f remain distant without
having any (8, 4, j)-front in between. In the hypothesis of the lemma, we can fix a space segment P,Q, C {t =t,},
for P,Q, € T',, which is shrinking to the given point P = (£,Z) as v — 0, such that the total amount the j-th
component of i-waves in u,, along P,(Q), is more than &, but each one is vanishingly small as v 1 co. Assume also
that, if present, 7, lies, for example, on the right of P,Q,, @, on the right of P, and

u,(P,) — ul | lu, (Q,) — ul| > ¢
where u” denotes the left limit of u(Z,-) at T, if suitably normalized. We distinguish cases:

1. Iful ¢ Zg and ul ¢ Zz-j'|r1 then Lemma 22] applies to u, restricted to an initial part of the interval P,Q,
and thus for some ¢ > 0 we can pick up a point C,, belonging to the segment P,Q, such that e as v 1 oo

Xi(un(Cy)) = Ni(uy (P,))| > ¢ >0,

such that e the total strength of j-components of i-fronts crossing P, C), is at least ¢ and such that e along
the segment P,C,, the distance of u from Z] and Z] *1 is at least ¢, so that u takes values in a region where
the i-characteristic field is genuinely nonlinear.

2. Even if u € Z7 or u” € Z/*', the maximum distance of u,(C) from Z/ and Z/*', for C varying in the
interval P,Q,, cannot be vanishingly small: we could otherwise apply Lemma 2] to u, restricted on the
whole segment P,(), and we would reach a contradiction with the assumption that the total amount of
i-waves is not vanishingly small. As the maximum distance of u,(C) from Z! and Z/*', for C € P,Q,,
is not vanishingly small, we can apply Lemma 22] to u, restricted on some sub-segment of P,Q,: for some
¢ > 0 we can thus pick up a point C, belonging to the segment P,Q, such that e as v 1 oo

Xi(un(Cy)) = Ni(uy (P,))| > ¢ >0,

such that e the total strength of j-components of i-fronts crossing P,C), is at least ¢ and such that e along
the segment P,C, the distance of u from Z] and Z] *1 is at least ¢, so that u takes values in a region where
the i-characteristic field is genuinely nonlinear.

3. If any limit point of u, (Q,), up to subsequence, belongs to the closed region between Zz-j and Zz-j *1 then the
previous points still apply similarly. In case not, by the assumptions one can replace ), with another point
Q, having the same properties above and such that a limit point of the sequence Q. falls in the closed region
between Z7 and Z7 T

Consider now the leftmost i-discontinuity curve ¢ of u,,, through P,, and the rightmost one 47, through the point
C, just determined. Since the maximum size of jumps is vanishingly small we can also assume that

() = Ap(tn)] > ¢ >0 (4.94)
by the construction above of the point C,,.
O STEP 2: Conclusion when 7% and 77, meet at some time #, — . In case v and 47 meet at time #, with

- P,C,
[t, —t,| <A, where A, = 4u ,
c
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then denote by I', the region delimited by the segment P, C,, by l{ and by " between times ¢,, and ¢. The region
I', shrinks to P and, by construction, one can prove that pl¢ (Fu) is uniformly positive: this yields the thesis
pt€(P) > 0. Of course, v° and 4/ necessarily meet by one such time 7, if the slopes 4%, 47 satisfy

¥ (q) — 5(q)| > 2 for all ¢ such that |¢ —t,| < A,.

© STEP 3: Claim when v%(g) and 77(¢) do not meet for |¢ —¢,| < A,. In case 7% and 47 do not meet in the time
interval [t, — A,,t, + A, ], we claim that

ulc (w ([t = Aurty + A)) Uiy ([t — Aus by + Al,])) A0 vioo. (4.95)

The symbol i, denotes the map s +— (s,7(s)) for s in the domain of . We now prove (£35]).

© STEP 4: Necessary condition if v%(g) and 77 (g) do not meet of | —t,| < A,. If 7% and 47 do not meet for
lg — t,| <A, then by ([@94) and by the triangular inequality necessarily:

1. In case v and 4/ are approaching at time ¢,—mnamely if
Ai(uy(Py)) = 75(%V> > g, (ty) + ¢ = Ni(uy (C))) + ¢

then at some %, with t, <t, <t, + A,

either 4(,) < 7 (t,) — E or  AN(E) > ANt + 2 . (4.96)
2. If at time ¢, the fronts 4/ and 7/ are getting far apart—i.e. ¥ (%,) < 475 (%,)—then
either 3(5,) > 34(t,) = 7 or  AL(E) <dl(t) + (4.97)

at some f, with t, — A, <%, <t,.

© STEP 5: Proof of the claim. Suppose e.g 7%(¢q) and 7/ (¢) do not meet for ¢, — A, < q < t,, as in the other
case the analysis is analogous. Let f, be as in ([L37). We first estimate how the slope of an i-front v might
vary. Collecting the estimates in Lemma[I2 at each update time in [£,,t,] jointly with interaction estimates in [3]
Lemma 1], we find the rough estimate

5(E) = 4(0)] S Au+ 7 + M (7,80, 1) + MY (7,80, ) + 1 (i ([0, 1)) (4.98)
where we adopted the following notation:
o MY(v,r,t) is the strength of all k-waves, k # i, interacting with v between times r and t;
o MY (v,r,t) is the strength of i-waves interacting with v between times r and t.

By assumption MY (v, %,,t,), MY (75, %,,t,), A,, 7, are vanishingly small as v 1 co. If also MY (v5,%,,t,) and
MY (v, t,,t,) are vanishingly small, then (Z98) directly implies (L97) for v large enough, so that u/“(P) > 0.

Suppose instead that one among MY (v%,%,,t,) and MY (y75,%,,t,) is not vanishingly small. Denote simply by 7
such front. Assume also that j is even, so that (8,1, j)-sub-discontinuity fronts correspond to positive parameters
s in Definition [[7 for notational convenience.

By Lemma [I6] applied with I' a neighborhood of i~ ([t,,t,]), one has

|(5i)+(tu+) - (Si)Jr(%Vf) - M;FV(%zVa t,,)| SA T+ ,UzI/C (iv(ﬁuvtu])) (4-99>
[(s0) ™ (tu4) = (50) " (Fo=) = MY (3, T, 00)| S Ay + 70 + 1S (i ([ 1)) (4.100)

where |s;| is the strength of the i-front v and the apex T (resp. ~) means that we are taking into account only
strengths of positive (resp. negative) i-waves. Since by construction

(s)*(tA) =sltt) ()7 (tt),  (50)”(0)

are vanishingly small—the first one by the choice of the point C, / P, while the second one since single rarefaction
fronts have vanishingly small strengths—and since (s;)*(£,—), M;™”(v,%,,t,) are both nonnegative by definition,
then

e cither (s;)*(f,—) + M (v,%,,t,) is not vanishingly small, so that (£399) implies ([{95),
e or M, "(v,t,,t,) is not vanishingly small, from which (£I00) implies (£95]),
or both of the cases happen. This concludes the proof of the theorem. O

Remark 25. Lemma[2]] extends with little modification to the case of two or more i-jumps converging to P whose
j-th component has strength more than €, rather than a single one, both with or without any uniformly positive
amount of i-waves of vanishingly small strength.
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5 Essential nomenclature

ceil: Smallest integer bigger than a given real number, i.e. integer part of the number plus one.
Onk: Delta di Kronecker, which is equal to 1 if A = k and it vanishes otherwise.
\: Uniform bound for the characteristic speeds of very family.

P, pu: The viscous semigroup of the Cauchy problem (LI))-(L2) starting at time h, rather than fixing the initial
time h = 0. See [10].

St.n: The semigroup of the Cauchy problem for the homogeneous system (LI)-([2) when g = 0 starting at time
h, rather than fixing the initial time h = 0. See [6].

Sf s The e,-wave-front tracking approximation of S 5, by [3].
: Open, bounded, connected subset of RY where u is valued.
0: Smallness parameter for initial datum in the Cauchy problem of the viscous system (L)) as in Theorem [T]

0gr: Smallness parameter for initial datum in the Cauchy problem of the homogeneous system as at Page [[3] which
provides a threshold for global existence and convergence of wave-front tracking approximations. See [3], where it
is denoted by dp.

e: Positive parameter.

v: Positive integer parameter relative to subsequences of €,-wave-front tracking approximations or of (e,,7,)-
fractional-step approximations. See §

e,: Positive vanishing constant, as v 1 oo, in ,-wave-front tracking approximation and in (e,, 7, )-fractional-step
approximation. It correspond also to maximum size of rarefactions.

7,2 Size of the time-step in (e, 7, )-fractional-step approximations. See § 2

uy, u: Often, e,-wave front tracking approximation of the Cauchy problem (LT))-(L2]), either homogeneous or not,
and its limit entropy solution, as constructed in [3] and recalled in § 22

w,, w: Fractional step approximation, and its limit as v 1 oo, of the Cauchy problem (LI)-(T2]) that we construct
in §§ 2Bl We fix the right-continuous representative in time and space.

£y: The Lipschitz constant of ¢(-,z,u) in x, u. See the assumption (G) at Page

a: See the assumption (G) at Page

®: Functional defined at (2:44).

Q, V, T: Functionals defined in ([2.59)-(2.61).

< Less or equal up to a constant which only depends only on the flux of (IT]) and on § or dy.

,u(IV), ugs: Interaction and interaction-cancellation measures, either on a sequence of (e,-7,)-fractional step ap-
proximations or a fixed limit of them. See ([Z3I0]).

(8,1, k)-approximate sub-discontinuity as defined in §

ué”;),ﬁéf): Real measures detecting possible initial points of i-contact discontinuities, § [£.3.7]

Ji Js,: J: i-Shock-fronts and i-contact discontinuity fronts,e § L3.11

O: At most countable set containing interaction points, § L3711

Tot.Var.(v): The total variation of v : R — R™, m € N, which is Sup ey SUP,, c.cocape 225 [0(T541) — v(z5)]-
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