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Abstract

These notes provide an introduction to the theory of hyperbolic systems of conser-
vation laws in one space dimension. The various chapters cover the following topics:
1. Meaning of the conservation equations and definition of weak solutions. 2. Shocks,
Rankine-Hugoniot equations and admissibility conditions. 3. Genuinely nonlinear and
linearly degenerate characteristic fields. Solution to the Riemann problem. Wave interac-
tion estimates. 4. Weak solutions to the Cauchy problem, with initial data having small
total variation. Proof of global existence via front-tracking approximations. 5. Continu-
ous dependence of solutions w.r.t. the initial data, in the L' distance. 6. Uniqueness of
entropy-admissible weak solutions. 7. Approximate solutions constructed by the Glimm
scheme. 8. Vanishing viscosity approximations. 9. Counter-examples to global existence,
uniqueness, and continuous dependence of solutions, when some key hypotheses are re-
moved. The survey is concluded with an Appendix, reviewing some basic analytical tools
used in the previous chapters.

1 Introduction

A scalar conservation law in one space dimension is a first order partial differential equation
of the form
u+ f(u)y =0. (1.1)

Here u is called the conserved quantity while f is the fluxr. Equations of this type often describe
transport phenomena. Integrating (1.1) over a given interval [a, b] one obtains

b b b
jt/a u(t,z) de = /a w(t,z)de = —/a flu(t,x)), dx
= f(u(t,a)) — f(u(t,b)) = [inflow at a] — [outflow at b].

In other words, the quantity w is neither created nor destroyed: the total amount of u contained
inside any given interval [a,b] can change only due to the flow of u across boundary points

(fig. 1).
Using the chain rule, (1.1) can be written in the quasilinear form

up + a(u)u, =0, (1.2)



Figure 1: Flow across two points.

where a = f’ is the derivative of f. For smooth solutions, the two equations (1.1) and (1.2)
are entirely equivalent. However, if u has a jump at a point &, the left hand side of (1.2)
will contain the product of a discontinuous function a(u) with the distributional derivative
ugz, which in this case contains a Dirac mass at the point £. In general, such a product is
not well defined. Hence (1.2) is meaningful only within a class of continuous functions. On
the other hand, working with the equation in divergence form (1.1) allows us to consider
discontinuous solutions as well, interpreted in distributional sense. More precisely, a locally
integrable function u = u(t, x) is a weak solution of (1.1) provided that

/ {ugr + f(u)¢s} dzdt = 0 (1.3)

for every differentiable function with compact support ¢ € CL.

Example 1 (Traffic flow). Let u(t,z) be the density of cars on a highway, at the point =
at time t. For example, u may be the number of cars per kilometer. In first approximation,
we shall assume that u is continuous and that the speed s of the cars depends only on their

density, say

ds
= ith — <0.
s = s(u), wi T < 0

Given any two points a, b on the highway, the number of cars between a and b therefore varies
according to the law

b d b
/ u(t,x)de = %/ u(t,z)dr = [inflow at a] — [outflow at b
‘ ‘ (1.4)

b
= s(u(t,a)) - u(t,a) — s(u(t,b)) - u(t,b) = — / [s(u)ul], dz.
Since (1.4) holds for all a, b, this leads to the conservation law
up + [s(u)ul, =0,

where u is the conserved quantity and f(u) = s(u)u is the flux function.



1.1 Strictly hyperbolic systems

The main object of our study will be the n x n system of conservation laws

0 0
&ul_{'%[fl(ula"'aun)] - 07
(1.5)
0 0
aun + %[fn(ula e aun)] = 0.
For simplicity, this will still be written in the form (1.1), but keeping in mind that now
u = (u1,...,up) is a vector in IR™ and that f = (fi,..., fn) is a map from IR" into IR".

Calling A(u) = Df(u) the n x n Jacobian matrix of the map f at the point u, the system
(1.5) can be written in the quasilinear form

ur + A(u)uy, = 0. (1.6)

We say that the above system is strictly hyperbolic if every matrix A(u) has n real, distinct
eigenvalues: Aj(u) < --- < Ap(u). In this case, one can find bases of left and right eigenvectors
of A(u), denoted by Iy (u),...,l,(u) and ri(u),...,r,(u), with

= {3 17

Example 2 (Gas Dynamics). The Euler equations describing the evolution of a non viscous
gas take the form

pt+ (pv)s =0 (conservation of mass)
(pv) + (pv®2 +p)e =0 (conservation of momentum)
(pE): + (pEv+pv), =0 (conservation of energy)

Here p is the mass density, v is the velocity while E = e + v?/2 is the energy density per
unit mass. The system is closed by a constitutive relation of the form p = p(p,e), giving the
pressure as a function of the density and the internal energy. The particular form of p depends
on the gas under consideration.

1.2 Linear systems

We consider here two elementary cases where the solution of the Cauchy problem can be
written explicitly.
The linear homogeneous scalar Cauchy problem with constant coefficients has the form

ut + Auy =0, u(0,z) = u(x), (1.7)
with A € IR. If @ € C', one easily checks that the travelling wave

u(t,x) = u(x — At) (1.8)



provides a classical solution to (1.7). In the case where the initial condition @ is not differen-
tiable and we only have % € L}, the function u defined by (1.8) can still be interpreted as a
solution, in distributional sense.

Next, consider the homogeneous system with constant coefficients

ug + Augy = 0, u(0,z) = u(x), (1.9)

where A is a n X n hyperbolic matrix, with real eigenvalues A\; < --- < A, and right and left
eigenvectors r;, I;, chosen so that

(1 i i=y,
wrn={o i iz)

Call u; = l; - u the coordinates of a vector u € IR"™ w.r.t. the basis of right eigenvectors
{r1,-++,rn}. Multiplying (1.9) on the left by l1,...,1, we obtain

(uz)t—i—)\z(uz)z = (l,u)t—i—)\z(lzu)z = Lius+;Au, = 0, ui(O,x) = lﬂ_ﬁ({L‘) = ﬁz(x)

Therefore, (1.9) decouples into n scalar Cauchy problems, which can be solved separately in
the same way as (1.7). The function

zn: (= Nit) 7 (1.10)

now provides the explicit solution to (1.9), because

Z —Xi(li - Ug(x — Nt))ri = — Aug(t, z).
i=1

Observe that in the scalar case (1.7) the initial profile is shifted with constant speed \. For
the system (1.9), the initial profile is decomposed as a sum of n waves, each travelling with
one of the characteristic speeds Ay, ..., \y.

As a special case, consider the Riemann initial data

{u if x<0,
u™ if x>0.

The corresponding solution (1.10) can then be obtained as follows.

Write the vector u™ — u~ as a linear combination of eigenvectors of A, i.e.

n
= Z CiTj.
J=1

Define the intermediate states

wiiu_—l—chrj, 1=0,...,n,
j<i



t x/t:)\2
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Figure 2: Solution of the Riemann problem for a linear system.

so that each difference w; — w;_1 is an i-eigenvector of A. The solution then takes the form
(fig. 2):

wop =u" for z/t <A,

u(t,x) =< w; for N <az/t < Aiy1, (1.11)
Wy, =uT for z/t > \,.
u(T)

u(t)

u(0)

X

Figure 3: If the wave propagation speed depends on u, the profile of the solution changes in
time, eventually leading to shock formation.

In the general nonlinear case (1.6) where the matrix A depends on the state u, new features
will appear in the solutions.

(i) Since the eigenvalues \; now depend on u, the shape of the various components in the
solution will vary in time (fig. 3). Rarefaction waves will decay, and compression waves will
become steeper, possibly leading to shock formation in finite time.

(ii) Since the eigenvectors r; also depend on u, nontrivial interactions between different waves
will occur (fig. 4). The strength of the interacting waves may change, and new waves of



different families can be created, as a result of the interaction.

linear nonlinear

Figure 4: Left: for the linear hyperbolic system (1.9), the solution is a simple superposition
of traveling waves. Right: For the non-linear system (1.5), waves of different families have
nontrivial interactions.

The strong nonlinearity of the equations and the lack of regularity of solutions, also due to
the absence of second order terms that could provide a smoothing effect, account for most
of the difficulties encountered in a rigorous mathematical analysis of the system (1.1). It
is well known that the main techniques of abstract functional analysis do not apply in this
context. Solutions cannot be represented as fixed points of continuous transformations, or in
variational form, as critical points of suitable functionals. Dealing with vector valued functions,
comparison principles based on upper or lower solutions cannot be used. Moreover, the theory
of accretive operators and contractive nonlinear semigroups works well in the scalar case [20],
but does not apply to systems. For the above reasons, the theory of hyperbolic conservation
laws has largely developed by ad hoc methods, along two main lines.

1. The BV setting, considered by J. Glimm [27]. Solutions are here constructed within a
space of functions with bounded variation, controlling the BV norm by a wave interaction
functional.

2. The L*° setting, considered by L. Tartar and R. DiPerna [24], based on weak convergence
and a compensated compactness argument.

Both approaches yield results on the global existence of weak solutions. However, the method
of compensated compactness appears to be suitable only for 2 x 2 systems. Moreover, it is only
in the BV setting that the well-posedness of the Cauchy problem could recently be proved, as
well as the stability and convergence of vanishing viscosity approximations. Throughout the
following we thus restrict ourselves to the study of BV solutions, referring to [24] or [43, 48]
for the alternative approach based on compensated compactness.

1.3 Loss of regularity

A basic feature of nonlinear systems of the form (1.1) is that, even for smooth initial data,
the solution of the Cauchy problem may develop discontinuities in finite time. To achieve a



global existence result, it is thus essential to work within a class of discontinuous functions,
interpreting the equations (1.1) in their distributional sense (1.3).

P
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Figure 5: At time T when characteristics start to intersect, a shock is produced.

Example 3. Consider the scalar conservation law (inviscid Burgers’ equation)

2
m+<z>x::0 (1.12)

1
1+ 227
For ¢ > 0 small the solution can be found by the method of characteristics. Indeed, if u is
smooth, (1.12) is equivalent to

with initial condition
u(0,z) = u(x) =

up + uty = 0. (1.13)

By (1.13) the directional derivative of the function u = u(t, x) along the vector (1,w) vanishes.
Therefore, u must be constant along the characteristic lines in the ¢-x plane:

e (6 o+ ta(e) = (t, x+1+$2>.

For t < T = 8/v/27, these lines do not intersect (fig. 5). The solution to our Cauchy problem

is thus given implicitly by
1

¢
t LI I 1.14
u(’m+1+ﬂ> 1+ 22 (1.14)

On the other hand, when ¢ > 8/+/27, the characteristic lines start to intersect. As a result,

the map
t

1+ 22
is not one-to-one and (1.14) no longer defines a single valued solution of our Cauchy problem.

T — T+

An alternative point of view is the following (fig. 3). As time increases, points on the graph of
u(t, -) move horizontally with speed u, equal to their distance from the z-axis. This determines
a change in the profile of the solution. As ¢ approaches the critical time 7' = 8/+/27, one has

Jip {jgf, vl = oo



and no classical solution exists beyond time 7. The solution can be prolonged for all times
t > 0 only within a class discontinuous functions.

2 Weak Solutions

2.1 Basic Definitions

A basic feature of nonlinear hyperbolic systems is the possible loss of regularity: solutions
which are initially smooth may become discontinuous within finite time. In order to construct
solutions globally in time, we are thus forced to work in a space of discontinuous functions,
and interpret the conservation equations in a distributional sense.

Definition 2.1. Let f : IR™ — IR™ be a smooth vector field. A measurable function v =
u(t, x), defined on an open set 2 C IR x IR and with values in IR", is a distributional solution
of the system of conservation laws

ug + f(u)z =0 (2.1)

if, for every C' function ¢ : Q — IR™ with compact support, one has

J[ wén+ fw) 6.} dodt = 0. (2.2)

Observe that no continuity assumption is made on u. We only require u and f(u) to be locally
integrable in Q. Notice also that weak solutions are defined up to L' equivalence. A solution
is not affected by changing its values on a set of measure zero in the t-x plane.

An easy consequence of the above definition is the closure of the set of solutions w.r.t. con-
vergence in Llloc.

Lemma 1. Let (um)m>1 be a uniformly bounded sequence of distributional solutions of (2.1).

If up, — w in L, then the limit function u is itself a distributional solution.

Indeed, the assumption of uniform boundedness implies f(um,) — f(u) in Li . For every
¢ € C! we now have

//Q {udr+ f(u) ¢} dodt = ,,}iinoo//g {um ¢t + fum) by} dzdt = 0.

O

In the following, we shall be mainly interested in solutions defined on a strip [0, 7] x IR, with

an assigned initial condition
u(0,z) = u(x). (2.3)



Here @ € Li .(IR). To treat the initial value problem, it is convenient to require some additional
regularity w.r.t. time.

Definition 2.2. A function u : [0,7] x IR — IR" is a weak solution of the Cauchy problem
(2.1), (2.3) if u is continuous as a function from [0, 7] into L ., the initial condition (2.3)
holds and the restriction of u to the open strip 0,7 X IR is a distributional solution of (2.1).

2.2 Rankine-Hugoniot conditions

Let u be a weak solution of (2.1). If u is continuously differentiable restricted to an open
domain €', then at every point (¢, x) € @', the function v must satisfy the quasilinear system

ut + A(u)ugy =0, (2.4)
with A(u) = D f(u). Indeed, from (2.2) an integration by parts yields
// [ur + A(u)ug)| ¢ dedt = 0.

Since this holds for every ¢ € C1(€'), the identity (2.4) follows.

Next, we look at a discontinuous solution and derive some conditions which must be satisfied
at points of jump. Consider first the simple case of a piecewise constant function, say

+ .
U(t,x):{u if T > A,

2.
u- if T < M, (2:5)
for some v, ut € IR", A € IR.

X=At

Figure 6: Deriving the Rankine-Hugoniot equations.

Lemma 2. If the function U in (2.5) is a weak solution of the system of conservation laws
(2.1), then
Aut —u”) = fu) = flu). (2.6)

Proof. Let ¢ = ¢(t,z) be any continuously differentiable function with compact support. Let
() be a ball containing the support of ¢ and consider the two domains

OF = an{z> At} Q" =Qn{z <A},



as in fig. 6. Introducing the vector field v = (U¢, f(U)¢), the identity (2.2) can be rewritten

as
// divv dzdt = 0. (2.7)
QtuQ—

We now apply the divergence theorem separately on the two domains Q,Q~. Call n™,n™
the outer unit normals to Q,Q~, respectively. Observe that ¢ = 0 on the boundary 0.
Denoting by ds the differential of the arc-length, along the line x = At we have

ntds=()\ —1)dt n ds= (-, 1)dt,

0 = // divvdxdt = / nt-vds+ n -vds
QtuQ- o0+ o0~

_ / Dt — F(ut)] (t A) di + / (= Xu + f(u™)] b(t, ML) dt

Therefore, the identity
[ =) = ) + fu ) oA de = 0

must hold for every function ¢ € C!. This implies (2.6). ]

The vector equations (2.6) are the famous Rankine-Hugoniot conditions. They form a set
of n scalar equations relating the right and left states u*,u~ € IR™ and the speed )\ of
the discontinuity. An alternative way of writing these conditions is as follows. Denote by
A(u) = Df(u) the n x n Jacobian matrix of f at u. For any w,v € IR", define the averaged
matrix

Alu,v) = /01 A(Bu+ (1— 0)v) db (2.8)

and call \;(u,v), i =1,...,n, its eigenvalues. We can then write (2.6) in the equivalent form

Aut—u") = flut)—f(u™) = /01 Df(Out+(1—0)u")-(ut —u")df = A(ut,u™) - (ut —u™).

(2.9)
In other words, the Rankine-Hugoniot conditions hold if and only if the jump u™ — u™ is an
eigenvector of the averaged matrix A(u™,u™) and the speed X coincides with the corresponding
eigenvalue.

Remark 1. In the scalar case, one arbitrarily assign the left and right states u™—,u™ € IR and
determine the shock speed as
Fut) = fu)

A= — T 2.10
ut —u~ (2.10)

Geometrically, this means that the shock speed is the slope of the secant line through the
points (u~, f(u~)) and (u™, f(u')) on the graph of the flux function f.

We now consider a more general solution u = wu(t,z) of (2.1) and show that the Rankine-
Hugoniot equations are still satisfied at every point (7,&) where u has an approximate jump,
in the following sense.

10



Definition 2.3. We say that a function v = u(t,z) has an approximate jump discontinuity
at the point (7, ) if there exists vectors ut # u~ and a speed A such that, defining U as in
(2.5), there holds

rl_l)r())an TQ/r[r (t+t,&+x)—U(t,x)|dedt = 0. (2.11)

Moreover, we say that u is approximately continuous at the point (7,&) if the above relations
hold with u* = u~ (and X arbitrary).

Observe that the above definitions depend only on the L' equivalence class of u. Indeed,
the limit in (2.11) is unaffected if the values of u are changed on a set N' C IR? of Lebesgue
measure zero.

Example 4. Let g—, g% : IR? — IR" be any two continuous functions and let = = () be a
smooth curve, with derivative 4(t) = 4~(t). Define the function

- [9 (t) itz <q(),
u(t,z) = {g+(t733) it > ().

At a point (7,€), with £ = (1), call u= = g~ (7,&), ut = g™ (1,&). If u™ = u™, then u is
continuous at (7,&), hence also approximately continuous. On the other hand, if ut # u~,
then u has an approximate jump at (7,¢). Indeed, the limit (2.11) holds with A = 4(7) and
U as in (2.5).

We now prove the Rankine-Hugoniot conditions in the more general case of a point of approx-
imate jump.

Theorem 1. Let u be a bounded distributional solution of (2.1) having an approximate jump
at a point (1,€). In other words, assume that (2.11) holds, for some states u™,u™ and a speed
A, with U as in (2.5). Then the Rankine-Hugoniot equations (2.6) hold.

Proof. For any given 6 > 0, one easily checks that the rescaled function
W (t,z) = u(t + 0t, &€+ 0x)

is also a solution to the system of conservation laws. We claim that, as § — 0, the convergence
u? — U holds in L%OC(IRZ; IR™). Indeed, for any R > 0 one has

R R OR
lim/ / Wl (t,z) — U(t,z)| dedt = hm—/ / u(t+t, E+x)—U(t,z)|dxdt =0
0—0J_RJ—-R 6—0 02

because of (2.11). Lemma 1 now implies that U itself is a distributional solution of (2.1),
hence by Lemma 2 the Rankine-Hugoniot equations (2.6) hold. U

11



2.3 Admissibility conditions

To motivate the following discussion, we first observe that the concept of weak solution is
usually not stringent enough to achieve uniqueness for a Cauchy problem. In some cases,
infinitely many weak solutions can be found.

Example 5. For Burgers’ equation
up 4+ (u?/2), =0, (2.12)

consider the Cauchy problem with initial data

1 if x>0
0,2) = =
u(0,2) {0 it 2<0.
For every 0 < a < 1, a weak solution is
0 if x<oat/2,
ua(t,z) = ¢ if at/2<z< (14 a)t/2, (2.13)
1 if  z>(1+a)t/2.

Indeed, the piecewise constant function wu, trivially satisfies the equation outside the jumps.
Moreover, the Rankine-Hugoniot conditions hold along the two lines of discontinuity {z =
at/2} and {x = (1 + a)t/2}.

From the previous example it is clear that, in order to achieve the uniqueness of solutions and
their continuous dependence on the initial data, the notion of weak solution must be supple-
mented with further “admissibility conditions”, possibly motivated by physical considerations.
Some of these conditions will be presently discussed.

Admissibility Condition 1 (Vanishing viscosity). A weak solution u of (2.1) is admissible
in the vanishing viscosity sense if there exists a sequence of smooth solutions u® to

ug + A(u)ug = eug,

(2.14)

which converge to u in LllOC as e — 0+ .

Unfortunately, it is very difficult to provide uniform estimates on solutions to the parabolic
system (2.14) and characterize the corresponding limits as ¢ — 0+. From the above condition,
however, one can deduce other conditions which can be more easily verified in practice. A
standard approach relies on the concept of entropy.

Definition 2.4. A continuously differentiable function 7 : IR" — IR is called an entropy for
the system of conservation laws (2.1), with entropy fluz q : IR™ — IR, if for all u € IR™ there
holds

Dn(u) - Df(u) = Da(u). (2.15)

For n x n systems, (2.15) can be regarded as a first order system of n equations for the two
scalar variables 1, ¢. When n > 3, this system is overdetermined. In general, one should

12



thus expect to find solutions only in the case n < 2. However, there are important physical
examples of larger systems which admit a nontrivial entropy function.

An immediate consequence of (2.15) is that, if u = u(t, z) is a C* solution of (2.1), then

n(w); + a(u)s = 0. (2.16)

Indeed,

n(uw)t + q(u)y = Dn(u)ur + Dg(u)u, = Dn(u)(— Df(u)uz) + Dg(u)u, = 0.

In other words, for a smooth solution wu, not only the quantities u1,...,u, are conserved but
the additional conservation law (2.16) holds as well. However one should be aware that, when
u is discontinuous, the quantity n(u) may not be conserved.

Example 6 Consider Burgers’ equation (2.12). Here the fluxis f(u) = u?/2. Taking n(u) = u?
and g(u) = (3/4)u?, one checks that the equation (2.15) is satisfied. Hence 7 is an entropy
and q is the corresponding entropy flux. We observe that the function

(1 if oz <t/2
“(0’5”)_{0 it 2 >t)2

is a (discontinuous) weak solution of (2.12). However, it does not satisfy (2.16) in distribution
sense. Indeed, calling u~ = 1, u™ = 0 the left and right states, and A = 1/2 the speed of the
shock, one has

g(u) = g(u™) # Ant) = )],

We now study how a convex entropy behaves in the presence of a small diffusion term. Assume
n,q € C%, with  convex. Multiplying both sides of (2.14) on the left by Dn(uf) one finds

(), + lg(w)], = eDn(w)us, = {[(w)],, — D) - (uf ® us)}. (2.17)

Observe that the last term in (2.17) satisfies

Pulir) 0w

D2 €
() (s Z 8u18uJ Oox Oxr —

i,j=1

because 7 is convex, hence its second derivative at any point u® is a positive semidefinite
quadratic form. Multiplying (2.17) by a nonnegative smooth function ¢ with compact support
and integrating by parts, we thus have

//{n Jor + q(u®)py t dedt > —s// )z dxdt.

If u¥ — w in L' as € — 0, the previous inequality yields

//{n(U)cthrq(U)sox} dzdt > 0 (2.18)

whenever ¢ € Cl, ¢ > 0. The above can be restated by saying that n(u); + q(u), < 0 in
distribution sense. The previous analysis leads to:

13



Admissibility Condition 2 (Entropy inequality). A weak solution u of (1.1) is entropy-
admissible if
n(w+q(u)s < 0 (2.19)

in the sense of distributions, for every pair (7, ¢), where 7 is a convex entropy for (2.1) and ¢
is the corresponding entropy flux.

For the piecewise constant function U in (2.5), an application of the divergence theorem shows
that n(U): + q(U)z < 0 in distribution if and only if

An(®) =n(™)] > q(u’) —q(u). (2.20)

More generally, let u = u(t,z) be a bounded function which satisfies the conservation law
(2.1). Assume that u has an approximate jump at (7,&), so that (2.11) holds with U as in
(2.5). Then, by the rescaling argument used in the proof of Theorem 1, one can show that
the inequality (2.20) must again hold.

Of course, the above admissibility condition can be useful only if some nontrivial convex
entropy for the system (2.1) is known. In the scalar case where u € IR, convex entropies are
easy to construct. In particular, for each k € IR, consider the functions

n(u) = u— k|, q(u) = sgn(u—k)-(f(u) = f(k)).

It is easily checked that 7, ¢ are locally Lipschitz continuous and satisfy (2.15) at every u # k.
Although 7,q ¢ C!, we can still regard 1 as a convex entropy for (2.1), with entropy flux q.
Following Volpert [53], we say that a bounded measurable function u is an entropic solution
of (2.1) if

J[ {1 = kige+ sentu = o)) = FE)es | dodt = 0 (221)
for every constant k € IR and every C' function ¢ > 0 with compact support.
Based on (2.21), one can show that a shock connecting the left and right states u™,u™ is

admissible if and only if
flt) ~ f) | ft) — flu)

ut —u~ - ut —u*

(2.22)

for every u* = au™ + (1 — a)u™, with 0 < o < 1. The above inequality can be interpreted
as a stability condition. Indeed, let u* € [u™,u™] be an intermediate state and consider a
slightly perturbed solution (fig. 7), where the shock (u~,u") is decomposed as two separate
jumps, (u~,u*) and (u*,u™), say located at v~ (t) < v (t) respectively. By the the Rankine-
Hugoniot conditions (2.10), the two sides of (2.22) yield precisely the speeds of these jumps.
If the inequality holds, then 4~ > 4T, so that the backward shock travels at least as fast as
the forward one. Therefore, the two shocks will not split apart as time increases, and the
perturbed solution will remain close to the original solution possessing a single shock.

Observing that the Rankine-Hugoniot speed of a shock in (1.19) is given by the slope of the
secant line to the graph of f through the points u~,u™, the condition (1.33) holds if and only
if for every a € [0, 1] one has

{ flawt + (1 —a)u™) > af(u®) + (1 —a)f(u) it T <l (2.23)

flau™ + (1 —a)u™) < af(u’) + T VS T

=
!
Q
~—
=
s |
~—



+
u’ | u
I
> U*4
U* | —
—— .
u— u
X X

Figure 7: The solution is stable if the speed of the shock behind is greater or equal than the
speed of the one ahead.

In other words, when u~ < u™ the graph of f should remain above the secant line (fig. 8,
left). When v~ > u*, the graph of f should remain below the secant line (fig. 8, right).

f

/u_ * u / ut U‘* ‘U'
Figure 8: Left: an admissible upward shock. Right: an admissible downward shock.

Remark 2. One can show that the inequality (2.22) holds for every intermediate state
u* = aut 4+ (1 — a)u” if and only if

J) = J) o ft) = fw)

ur —u~ - ut —u—

(2.24)

In other words, the speed of the shock joining u~ with ™ must be less or equal to the speed of
every smaller shock, joining v~ with an intermediate state u* € [u™,u"]. While the condition
(2.22) is meaningful only in the scalar case, the equivalent condition (2.24) admits a natural
extension to the vector-valued case. This leads to the Liu admissibility condition, which will
be discussed in Chapter 3.

X =Y(t)

— —

Figure 9: Left: a shock satisfying the Lax condition. Characteristics run toward the shock,
from both sides. Right: the two shocks in the weak solution (2.13) violate this condition.

An alternative admissibility condition, due to P. Lax, is particularly useful because it can be
applied to any system and has a simple geometrical interpretation. We recall that a function
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u has an approximate jump at a point (7,£) if (2.11) holds, for some U defined as in (2.5). In
this case, by Theorem 1 the right and left states u™—, u™ and the speed \ of the jump satisfy the
Rankine-Hugoniot equations. In particular, A must be an eigenvalue of the averaged matrix
A(u,u") defined at (2.8), i.e. A = \;(u™,u") for some i € {1,...,n}.

Admissibility Condition 3 (Lax condition). A solution u = u(¢,x) of (2.1) satisfies the
Lax admissibility condition if, at each point (7,£) of approximate jump, the left and right
states v, ut and the speed A = \;(u™,u™") of the jump satisfy

)\Z(u*) > A > /\Z(UJF) (2.25)

To appreciate the geometric meaning of this condition, consider a piecewise smooth solution,
having a discontinuity along the line x = ~(¢), where the solution jumps from a left state u~
to a right state u™. According to (2.9), this discontinuity must travel with a speed A = 4 =
Ai(u™,u™) equal to an eigenvalue of the averaged matrix A(u~,u"). If we now look at the
i-characteristics, i.e. at the solutions of the O.D.E.

& = N(u(t,x)),

we see that the Lax condition requires that these lines run into the shock, from both sides.

3 The Riemann Problem

In this chapter we construct the solution to the Riemann problem, consisting of the system of
conservation laws

u + f(u)y =0 (3.1)
with the simple, piecewise constant initial data
_ . - if xz <0
0,2) = = ! ’ 3.2
u(0,z) = u(z) {u+ if >0 (3:2)

This will provide the basic building block toward the solution of the Cauchy problem with
more general initial data. Throughout our analysis, we shall adopt the following standard
assumption, introduced by P. Lax [33].

(H) For each i = 1,...,n, the i-th field is either genuinely nonlinear, so that DX;(u)-r;(u) > 0
for all u, or linearly degenerate, with DA;(u) - r;(u) = 0 for all u.

Notice that, in the genuinely nonlinear case, the i-th eigenvalue J\; is strictly increasing along
each integral curve of the corresponding field of eigenvectors r;. In the linearly degenerate
case, on the other hand, the eigenvalue A; is constant along each such curve. With the above
assumption we are ruling out the possibility that, along some integral curve of an eigenvector
ri, the corresponding eigenvalue A\; may partly increase and partly decrease, having several
local maxima and minima.
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Example 7 (the “p-system”, modelling isentropic gas dynamics). Denote by p the
density of a gas, by v = p~! its specific volume and by u its velocity. A simple model for
isentropic gas dynamics (in Lagrangian coordinates) is then provided by the system

vg—u; = 0,
{ut+p<v>x _ (3.3)

Here p = p(v) is a function which determines the pressure in terms of of the specific volume.
An appropriate choice is p(v) = kv™7, with 1 <~ < 3. In the region where v > 0, the Jacobian

matrix of the system is
0 -1
A=pf-( ).
T=\w o

The eigenvalues and eigenvectors are found to be

A= —y/—P(v), A2 = /=P (v), (3.4)

1 —1
—p'(v) —(v)

It is now clear that the system is strictly hyperbolic provided that p’(v) < 0 for all v > 0.
Moreover, observing that
P (v)

2v/=p'(v)

we conclude that both characteristic fields are genuinely nonlinear if p”(v) > 0 for all v > 0.

DX\ -m = = DAy 19,

As we shall see in the sequel, if the assumption (H) holds, then the solution of the Riemann
problem has a simple structure consisting of the superposition of n elementary waves: shocks,
rarefactions or contact discontinuities. This considerably simplifies all further analysis. On
the other hand, for strictly hyperbolic systems that do not satisfy the condition (H), basic
existence and stability results can still be obtained but at the price of heavier technicalities.

3.1 Shock and rarefaction waves

Fix a state up € IR™ and an index i € {1,...,n}. As before, let r;(u) be an i-eigenvector of
the Jacobian matrix A(u) = D f(u). The integral curve of the vector field r; through the point
ug is called the i-rarefaction curve through wg. It is obtained by solving the Cauchy problem

in state space:
du

do
We shall denote this curve as

= 7ri(u), u(0) = wup. (3.6)

o — Ri(0)(ugp). (3.7)

Clearly, the parametrization depends on the choice of the eigenvectors r;. In particular, if we
impose the normalization |r;(u)| = 1, then the rarefaction curve (3.7) will be parameterized
by arc-length.
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Next, for a fixed ug € IR™ and ¢ € {1,...,n}, we consider the curve of states u which can be
connected to the right of ug by an i-shock, satisfying the Rankine-Hugoniot equations

Au —ug) = f(u) — f(uo). (3.8)
As in (2.9), we can write these equations in the form
A(u, up)(u —up) = AMu —ug) , (3.9)

showing that u — ug must be a right i-eigenvector of the averaged matrix

1
A(u,up) = / A(su+ (1 — s)ug)ds.
0
By a theorem of linear algebra, this holds if and only if © — ug is orthogonal to every left
j-eigenvector of A(u,ug), with j # i. The Rankine-Hugoniot conditions can thus be written
in the equivalent form

Li(u, up) - (u—up) =0 for all j # 1, (3.10)

together with A = A;(u, up). Notice that (3.10) is a system of n — 1 scalar equations in n
variables (the n components of the vector ). Linearizing at the point u = ug one obtains the
linear system

Lj(uo) - (w —up) =0 J#1,

whose solutions are all the points w = ug+cri(ug), ¢ € IR. Since the vectors [;(ug) are linearly
independent, we can apply the implicit function theorem and conclude that the set of solutions
of (3.10) is a smooth curve, tangent to the vector r; at the point ug. This will be called the
i-shock curve through the point ug and denoted as

o — Si(o)(ug). (3.11)

Using a suitable parametrization (say, by arclength), one can show that the two curves R;, S;
have a second order contact at the point ug (fig. 10). More precisely, the following estimates
hold.

Ri(0)(uo) = wup+ ori(ug) + O(1) - 02,
{ Sio)ug) — ug -+ om(ug) + O(1) - o2 (312)
|Ri(0) (o) = Si(0)(uo)| = 0(1) - o, (3.13)
X (Si(0) (), wo) = Ai(uo) + 5 (DAi(uo)) - ri(uo) + O(1) - 0*. (3.14)

Here and throughout the following, the Landau symbol O(1) denotes a quantity whose absolute
value satisfies a uniform bound, depending only on the system (3.1).

3.2 Three special cases

Before constructing the solution of the Riemann problem (3.1)-(3.2) with arbitrary data
u~,u", we first study three special cases:
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S v

Figure 10: Shock and rarefaction curves.

1. Centered Rarefaction Waves. Let the i-th field be genuinely nonlinear, and assume
that u™ lies on the positive i-rarefaction curve through w™, i.e. u'™ = R;(0)(u™) for some
o > 0. For each s € [0, 0], define the characteristic speed

Ai(s) = Xi(Ri(s)(u7))-

Observe that, by genuine nonlinearity, the map s — \;(s) is strictly increasing. Hence, for
every A € [Ai(u™), Ai(u™)], there is a unique value s € [0, 0] such that A = \;(s). For ¢ > 0,
we claim that the function

u” it x/t < Ni(u7),
u(t,z) = {Ri(s)(u_) it x/t = N(s) € [Ni(u), Ni(uh)], (3.15)
ut it z/t > N(uh),

is a piecewise smooth solution of the Riemann problem, continuous for ¢ > 0. Indeed, from
the definition it follows

Jim flut, ) — @l =0,

Moreover, the equation (3.1) is trivially satisfied in the sectors where z < t\;(u™) or z >
tA\i(u), because here uy = u, = 0. Next, assume x = t);(s) for some s €]0,0[. Since u is
constant along each ray through the origin {z/t = c}, we have

w(t, ) + %ux(t, z) =0, (3.16)

We now observe that the definition (3.15) implies z/t = X\;(u(t, z)). By construction, the vector
ug has the same direction as r;(u), hence it is an eigenvector of the Jacobian matrix A(u) =
D f(u) with eigenvalue \;(u). On the sector of the -z plane where \;(u™) < z/t < X\;j(u™)
we thus have

u + A(u)ug = ug + Ai(w)uy =0,

proving our claim. Notice that the assumption o > 0 is essential for the validity of this
construction. In the opposite case o < 0, the definition (3.15) would yield a triple-valued
function in the region where z/t € [X\;(u™), X\;(u™)].

2. Shocks. Assume again that the i-th family is genuinely nonlinear and that the state u™ is
connected to the right of u~ by an i-shock, i.e. u™ = S;(¢)(u~). Then, calling A = \;(ut,u™)
the Rankine-Hugoniot speed of the shock, the function

u” if T < At
_ : 1
u(t, z) {u+ if x>\, (3.17)
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provides a piecewise constant solution to the Riemann problem. Observe that, if o < 0, than
this solution is entropy admissible in the sense of Lax. Indeed, since the speed is monotonically
increasing along the shock curve, recalling (3.14) we have

Az(zﬁ) < )\i(u*,qu) < /\Z(u*) (318)

Hence the conditions (2.25) hold. In the case o > 0, however, one has \;(u~) < \;(u™") and
the admissibility conditions (2.25) are violated.

If n is a strictly convex entropy with flux ¢, one can also prove that the entropy admissibility
conditions (2.19) hold for all ¢ < 0 small, but fail when o > 0.

3. Contact discontinuities. Assume that the i-th field is linearly degenerate and that
the state u™ lies on the i-th rarefaction curve through u~, i.e. ut = R;(0)(u™) for some
o. By assumption, the i-th characteristic speed \; is constant along this curve. Choosing
A = A(u"), the piecewise constant function (3.17) then provides a solution to our Riemann
problem. Indeed, the Rankine-Hugoniot conditions hold at the point of jump:

= sw) = | " Df(Ri(s)(u)) ra( Ra(s) () ds

(3.19)
= [ Mm@ ds = M) - [Ru@) ) — o)
In this case, the Lax entropy condition holds regardless of the sign of ¢. Indeed,
Ni(u) = N(u™,u™) = N(u). (3.20)

Moreover, if 1 is a strictly convex entropy with flux ¢, one can show that the entropy admis-
sibility conditions (2.19) hold, for all values of o.

Observe that, according to (3.19), for linearly degenerate fields the shock and rarefaction
curves actually coincide, i.e. S;(0)(ug) = Ri(0)(up) for all o.

The above results can be summarized as follows. For a fixed left state v~ and ¢ € {1,...,n}
define the mixed curve

Wi(o)(u™) =

{Ri(a)(u) if o020, (3.21)

Si(o)(u™) it o<

In the special case where ut = W;(0)(u~) for some o, the Riemann problem can then be
solved by an elementary wave: a rarefaction, a shock or a contact discontinuity.

Remark 3. The shock admissibility condition, derived in (2.24) for the scalar case, has a
natural generalization to the vector valued case. Namely:

Admissibility Condition 4 (Liu condition). Given two states u~ € IR" and ut =
Si(0)(u™), the weak solution (3.17) satisfies the T. P. Liu condition if

N (Si(0) (), wT) < A(Sis)(w), wT)  forall s€[0,0]. (3.22)
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In other words, every i-shock joining v~ with some intermediate state S;(s)(u~) must travel
with speed greater or equal than the speed of our shock (u™,u™). A very remarkable fact
is that, for general strictly hyperbolic systems (without any reference to the assumptions
(H) on genuine nonlinearity or linear degeneracy), the Liu conditions completely characterize
vanishing viscosity limits. Namely, a weak solution to (3.1) with small total variation can be
obtained as limit of vanishing viscosity approximations if and only if all of its jumps satisfy
the Liu admissibility condition.

3.3 General solution of the Riemann problem

Relying on the previous analysis, the solution of the general Riemann problem (3.1)-(3.2) can
be obtained by finding intermediate states wg = v~, wi,..., w, = uT such that each pair of
adiacent states w;_1,w; can be connected by an elementary wave, i. e.

Wy = \I/i(Ui)(Wz’—1> 1= 1,...,71,. (3.23)

This can be done whenever u" is sufficiently close to u~. Indeed, for |[ut — «~| small, the
implicit function theorem provides the existence of unique wave strengths o1, ... o, such that

ut =, (0,) 00U (o) (u). (3.24)

In turn, these determine the intermediate states w; in (3.23). The complete solution is now
obtained by piecing together the solutions of the n Riemann problems

Wi—1 if x <0,

wi if x>0, (3.25)

wt () =0, u(0.2) = {
on different sectors of the t-x plane. By construction, each of these problems has an entropy-
admissible solution consisting of a simple wave of the i-th characteristic family. More precisely:

CASE 1: The i-th characteristic field is genuinely nonlinear and o; > 0. Then the solution
of (3.25) consists of a centered rarefaction wave. The i-th characteristic speeds range over the
interval [\;, A'], defined as

)\; = )\i(u)ifl), )\:r = )\Z(wl)

CASE 2: Either the i-th characteristic field is genuinely nonlinear and o; < 0, or else the
i-th characteristic field is linearly degenerate (with o; arbitrary). Then the solution of (3.25)
consists of an admissible shock or a contact discontinuity, travelling with Rankine-Hugoniot
speed
)‘z_ = )\j_ = )\i(wi_l,wi).

The solution to the original problem (3.1)-(3.2) can now be constructed (fig. 11) by piecing
together the solutions of the n Riemann problems (3.25), ¢ = 1,...,n. Indeed, for o1,...,0,
sufficiently small, the speeds A, , AZ'-" introduced above remain close to the corresponding eigen-
values \;(u™) of the matrix A(u™). By strict hyperbolicity and continuity, we can thus assume
that the intervals [\;, A] are disjoint, i.e.

M <A <A <A < <A, <A
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Figure 11: Typical solution of a Riemann problem, with the assumption (H).

Therefore, a piecewise smooth solution w : [0, 00) x IR — IR" is well defined by the assignment

um = wp it z/t € |—o00, \{[,
Ri(s)(wi-1) it a/t = N(Ri(s)(wim1)) € A7 A
u(t,z) = (3.26)
w; it z/t € [\, Al
ut =w, if  x/t € [\, oof.

Observe that this solution is self-similar, having the form u(¢,z) = ¢(z/t), with ¢ : IR — IR"™
possibly discontinuous.

3.4 FError and interaction estimates

We conclude this section by proving two types of estimates, which will play a key role in the
analysis of front tracking approximations.

Fix a left state u~ and consider a right state u™ = Ri(c)(u~) on the k-rarefaction curve. In
general, shock and rarefaction curves do not coincide; hence the function

u(t, z) = {Z+ i N i ;:Ez_g (3.27)

is not an exact solution of the system (3.1). However, we now show that the error in the
Rankine-Hugoniot equations and the possible increase in a convex entropy are indeed very
small. In the following, the Landau symbol O(1) denotes a quantity which remains uniformly
bounded as u~, 0 range on bounded sets.

Lemma 3 (error estimates). For o > 0 small, one has the estimate
(™) [ Re(o) (@) —u™] = [f(Ru(o)(u7)) = f(u)| = 0(1) - 0?. (3.28)
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Moreover, if n is a convex entropy with entropy flux q, then

M) [n(Bi(e)(w) = n(u)| = [a(Bilo)(w7) = a(u™)] = 0(1) - 2. (3.29)

Proof. Call E(o) the left hand side of (3.28). Clearly E(0) = 0. Differentiating w.r.t. o at
the point o = 0 and recalling that dRy/do = ry, we find

dE

| = w)rk(uT) = Df(uT)r(u”) = 0.

o=0

Since FE varies smoothly with u~ and o, the estimate (3.28) easily follows by Taylor’s formula.

The second estimate is proved similarly. Call E'(o) the left hand side of (3.29) and observe
that E’(0) = 0. Differentiating w.r.t. ¢ we now obtain

dE’ _ _ _ _ _
P = M) Do) Datu ) =0,
0 lo=0
because DA r = DnD f rp, = Dqry. Taylor’s formula now yields (3.29). O

Figure 12: Wave interactions. Strengths of the incoming and outgoing waves.

Next, consider a left state u!, a middle state u™ and a right state u” (fig. 12). Assume that the
pair (u!, u™) is connected by a j-wave of strength ¢/, while the pair (u!, u™) is connected by an
i-wave of strength ¢”, with i < j. We are interested in the strength of the waves (o1,...,0,)
in the solution of the Riemann problem where v~ = u! and «* = u”. Roughly speaking, these
are the waves determined by the interaction of the ¢’ and ¢”. The next lemma shows that
o;~ 0", 0j~ ¢ while o}, = 0 for k # i, j.

A different type of interaction is considered in fig. 8. Here the pair (u!,u™) is connected by an
i-wave of strength o', while the pair (u!,u™) is connected by a second i-wave, say of strength
o”. In this case, the strengths (oy,...,0,) of the outgoing waves satisfy o; ~ ¢’ + ¢” while
o =~ 0 for k # i. As usual, O(1) will denote a quantity which remains uniformly bounded as
u~,0’,0” range on bounded sets.
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Lemma 4 (interaction estimates). Consider the Riemann problem (3.1)-(3.2).

(i) Recalling (3.21), assume that the right state is given by

ut = W;(0”) o W (") (u). (3.30)
Let the solution consist of waves of size (01,...,0,), as in (3.24). Then
lo; —o"| +|oj — o Z lox| = O(1) - |o'a”|. (3.31)
ki,j

(ii) Next, assume that the right state is given by

ut =V (0") o U (0")(u7), (3.32)
Then the waves (o1, ...,0y) in the solution of the Riemann problem can be estimated by
os — 0’ = o"[+ ) |ox| = O(1) - |oa"|(|o"| + |o”]). (3.33)
ki
Proof. (i) For u=,ut € R", k=1,...,n, call Ex(u~,u") = o the size of the k-th wave in

the solution of the corresponding Riemann problem. By our earlier analysis, the functions Ej,
are C? with Lipschitz continuous second derivatives.

For a given left state u™, we now define the composed functions @, k = 1,...,n by setting

®,(0',0") = o;—0" = Ei(u*, \Ifj(a’)o\Ifi(a”)(u*D — o,

®i(0’,0") = oj—0 = Ej(uf, \I/j(J/)O\I/i(J”)(ui)) —a’,
Br(o’0") = op = BEp(u”, Ui(0") o Uy(o”)(u")) if & # 4, .

The ®;, are C? functions of ¢’,¢” with Lipschitz continuous second derivatives, depending
continuously also on the left state u~. Observing that

®y(0’,0) = ®,(0,6") = 0 for all o',0”, k=1,...,n,
by Taylor’s formula (see Lemma A.2 in the Appendix) we conclude that
(0’ 0")=0(1) - |o'd”|

for all k =1,...,n. This establishes (3.31).

(ii) To prove (3.33), we consider the functions

®,(c’,0") = o;—0' —0d" = Ei(u_, \Ili(a”)o\lli(o’)(u_)) —o' —d”,
Op(o’,0") = o = Ek(u_, \I'i(a”)o\lfi(o’)(u_)> if k+#i.
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In the case where o/, 0" > 0, recalling (3.21) we have
ut = Ri(0") o Ri(0")(u™) = Ri(¢" + o) (u7).

Hence the Riemann problem is solved exactly by an i-rarefaction of strength o’ +¢”. Therefore
. (o',0") =0 whenever o', ¢” >0, (3.34)

for all k = 1,...,n. As before, the &, are C? functions of o', ¢” with Lipschitz continuous
second derivatives, depending continuously also on the left state u~. We observe that

P (0',0) = ®,(0,06") =0. (3.35)
Moreover, by (3.34) the continuity of the second derivatives implies

D’y
By (3.35)-(3.36), using the estimate (10.16) in the Appendix we now conclude
Op(0,0') = O(1) - |o'a"|(|o”| + |”])

for all k = 1,...,n. This establishes (ii). ]

3.5 Two examples

Example 8 (chromatography). The 2 x 2 system of conservation laws

u u
[ul]t + [M] = 0’ [UQ]t + |:]_<FU12%>’LL2:| = 0, Uy, ug > O, (337)

arises in the study of two-component chromatography. Writing (3.37) in the quasilinear form
(1.6), the eigenvalues and eigenvectors of the corresponding 2 x 2 matrix A(u) are found to be

1 1

M) = —— No(u) = ——
() (14 uy + u2)?’ 2(u) 1+wup +ug’

() = ——— () ra( = - (1))
Vud+ud \Y2 V2 \-1
The first characteristic field is genuinely nonlinear, the second is linearly degenerate. In this

example, the two shock and rarefaction curves S;, R; always coincide, for ¢ = 1,2. Their
computation is easy, because they are straight lines (fig. 13):

Ri(o)(u) = u+ori(u), Ry(o)(u) = u+ ora(u). (3.38)

Observe that the integral curves of the vector field r; are precisely the rays through the
origin, while the integral curves of ro are the lines with slope —1. Now let two states u~ =
(ul,uy ), ut = (uf,u3) be given. To solve the Riemann problem (3.1)-(3.2), we first compute
an intermediate state u* such that v* = Ry(o1)(u™), u™ = Ry(og)(u*) for some o1, 05. By

(3.38), the components of u* satisfy

uj +uy = uj +ug, uiuy = uy uj.
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Figure 13: Integral curves of the eigenvectors ry, 79, for the system (3.37).

The solution of the Riemann problem thus takes two different forms, depending on the sign

of o1 = \/(ur )2 + (u3)2 — \/(u))? + (up)2.

CASE 1: o1 > 0. Then the solution consists of a centered rarefaction wave of the first
family and of a contact discontinuity of the second family:
u” if ozt <Ai(um),
B su*+ (1 —s)u~ it z/t=MN(su"+(1-9su"), sel0,1],
ut,z) = v () < 2/t < do(ut), (3.39)
ut if  x/t > Xo(uh).

CASE 2: 01 <0. Then the solution contains a compressive shock of the first family (which
vanishes if o1 = 0) and a contact discontinuity of the second family:

u” if  z/t < Mi(um,u’),
u(t,z) = u* it A(u,u*) <x/t < Xo(uh), (3.40)
ut if  x/t > Xa(ut).

Observe that Aa(u*) = Ao(ut) = (1 +uf + uj)~!, because the second characteristic field is
linearly degenerate. In this special case, since the integral curves of ry are straight lines, the
shock speed in (3.40) can be computed as

M(u,u*) = /01 A(su® + (1 —s)u™) ds

= [l st )+ () )] s

1
(14wt +uy)(1+uy +uy)

Example 9 (the p-system). Consider again the equations for isentropic gas dynamics (in
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Lagrangian coordinates)

v —uU; = 0,
3.41
{ Ut“‘p(v)m = 0. ( )

We now study the Riemann problem, for general initial data

U™ =@ ,u") if z<0,

v ={g. ) oSy (3.42)

assuming, that v—,v™ > 0.

By (3.5), the 1-rarefaction curve through U~ is obtained by solving the Cauchy problem

du

=), u(v) =

This yields the curve

Ry = {(U,U); u—u = /; V-r(Y) dy}- (3.43)

Similarly, the 2-rarefaction curve through the point U~ is

Ry = {(v,u); u—u = —/vv /=P (y) dy}. (3.44)

Next, the shock curves 51,52 through U~ are derived from the Rankine-Hugoniot conditions
Av—v7)=—(u—u"), AMu—u")=pv)—pl™). (3.45)

Using the first equation in (3.45) to eliminate A, these shock curves are computed as

Si = %uux ~(u—u7)? = (v = v7)(p(v) ~p(v7), Aﬁ—3j3_<o}, (3.46)
S = %mux ~(u—u) = (0= )(p) ~p(v7)), AE - > 04, (347)

Recalling (3.4)-(3.5) and the assumptions p/(v) < 0, p”’(v) > 0, we now compute the directional
derivatives "
P (v)

(D)\l)Tl = (D)\Q)T'Q = ———— > 0. (3.48)
2¢/=p'(v)
By (3.48) it is clear that the Riemann problem (3.41)-(3.42) admits a solution in the form of
a centered rarefaction wave in the two cases UT € Ry, vT > v, orelse UT € Ry, v < v™.
On the other hand, a shock connecting U~ with U' will be admissible provided that either
Ut eS8 andvt <v,orelse UT € Sy and v > v~

Taking the above admissibility conditions into account, we thus obtain four lines originating
from the point U~ = (v, u"), i.e. the two rarefaction curves

o — Ry(0), Ra(0) o >0,
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and the two shock curves
o Si(o), Sa(o) o <0.

In turn, these curves divide a neighborhood of U™ into four regions (fig 14):

Qq, bordering on Ry, Ss, Qs, bordering on Ry, Rs,
Q3, bordering on 57,5, Q4, bordering on S7, Rs.

Figure 14: Shocks and rarefaction curves through the point U~ = (v, u").

For U™ sufficiently close to U™, the structure of the general solution to the Riemann problem
is now determined by the location of the state U™, with respect to the curves R;, S; (fig 15).

CASE 1: UT € Q. The solution consists of a 1-rarefaction wave and a 2-shock.
CASE 2: UT € Qq. The solution consists of two centered rarefaction waves.
CASE 3: UT € Q3. The solution consists of two shocks.

CASE 4: UT € Q4. The solution consists of a 1-shock and a 2-rarefaction wave.

Remark 4. Consider a 2 x 2 strictly hyperbolic system of conservation laws. Assume that
the i-th characteristic field is genuinely nonlinear. The relative position of the i-shock and the
i-rarefaction curve through a point ug can be determined as follows (fig. 10). Let o — R;(0)
be the i-rarefaction curve, parameterized so that A\;(R;(0)) = \i(ug) + 0. Assume that, for
some constant «, the point

Si(0) = Ri(a) + (ad® + o(0™))r(uo) (3.49)

lies on the i-shock curve through wg, for all . Here the Landau symbol o(c?) denotes a
higher order infinitesimal, as ¢ — 0. The wedge product of two vectors in IR? is defined as
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Figure 15: Solution to the Riemann problem for the p-system. The four different cases.

(Z) A (2) = ad — be. We then have

U(o) = [Ri(o) + (ao® + o(0®)r;(uo) — uo| A [f(Ri(0) + (a0 + o(0™))r;(u0)) — f(uo)]
= A(c)ANB(o) = 0.

Indeed, the Rankine-Hugoniot equations imply that the vectors A(c) and B(o) are parallel.
According to Leibnitz’ rule, the fourth derivative is computed by

d* d* a3 d d? d?
—U = —A B+4| —A —B —A —B
do? <d04 ) A <d03 ) A <dcr ) +0 <da2 ) A <d02 )

d a3 d*
() (L) e an (L)

By the choice of the parametrization, %)\i(Ri(a)) = 1. Hence

d d
2o (Bi(0)) = Xi(Ri(0)) -~ Ri(o),
d? d d?
g2 (Bi0)) = - Ri(0) + Ai(Ri(0)) 55 Ri0),
3 2 3
L R0)) = 25 Ri(o) + M(Ri(o) 5 Rilo)

For convenience, we write r; @ 7; = (Dr;)r; to denote the directional derivative of 7; in the
direction of r;. At o = 0 we have

d2

d
A:BZO, fRZ':T‘i(’LLO), @

I R; = (ri®er;)(ug) -
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Using the above identities and the fact that the wedge product is anti-symmetric, we conclude

d3 d d? d d?
4 <Cb’3Rl + 60&7‘j> VAN ()\Z dO‘RZ) + 6 <d0'2R1> VAN (dO‘Rz + N d02R1>

d d? a3

d4
do*

o=0

do do? “dod

= 2404()\7, — )\j)(Tj /\Ti) — 2(7“1 OTZ') Ar; = 0.
The i-shock curve through wg is thus traced by points S;(o) at (3.49), with

_ (r; ®m) Ar;
‘T 12(X — Aj)(rj Arg) (3.50)

The sign of « in (3.50) gives the position of the i-shock curve, relative to the i-rarefaction
curve, near the point ug. In particular, if (r; e r;) Ar; # 0, it is clear that these two curves do
not coincide.

4 Front tracking approximations

4.1 Global existence of entropy weak solutions

In this chapter we describe in detail the construction of front tracking approximations and
give the main application of this technique, proving the global existence of weak solutions.
Consider the Cauchy problem

u + f(u)e =0, (4.1)

u(0,z) = u(x). (4.2)

where the flux function f : IR" — IR"™ is smooth, defined on a neighborhood of the origin. We
always assume that the system is strictly hyperbolic, and that the assumption (H) holds, so
that each characteristic field is either genuinely nonlinear or linearly degenerate. The following
basic theorem provides the global existence of an entropy weak solution, for all initial data
with suitably small total variation.

Theorem 2. Assume that the system (4.1) is strictly hyperbolic, and that each characteristic
field is either linearly degenerate or genuinely nonlinear. Then there exists a constant dg > 0
such that, for every initial condition u € L'(IR; IR™) with

Tot. Var{u} < dy, (4.3)

the Cauchy problem (4.1)-(4.2) has a weak solution u = u(t,z) defined for all t > 0. This
solution also satisfies the admissibility conditions

n(w)e +q(u)e <0, (4.4)
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for every convex entropy n with entropy flux q.

The above theorem was first proved in fundamental paper of J. Glimm [27], where approximate
solutions are constructed by piecing together Riemann solutions on the nodes of a fixed grid.
Here we shall describe an alternative construction, based on wave-front tracking. This method
was developed in [21], [23], and in [7] respectively for scalar, 2 x 2, and general n X n systems.
Further versions of this construction can also be found in [3, 30, 47].

Figure 16: An approximate solution obtained by front tracking.

Roughly speaking, a front tracking e-approximate solution (fig. 16) is a piecewise constant
function u = wu(t,x) whose jumps are located along finitely many segments z = z,(t) in
the t-x plane. At any given time ¢t > 0, all these jumps should approximately satisfy the
Rankine-Hugoniot conditions, namely

2.

[0}

Ealu(t, zat) = ult, za=)] = [f(u(t, zat)) — f(U(tvxa—))]‘ = 0(1) e

Moreover, if 7 is a convex entropy with flux ¢, at each time ¢ > 0 in view of (2.18) we also
require the approximate admissibility conditions

5 {latutt, za)) = alutt, z0-))) = dalnfult,zab) = n(uttza-))} < OQ)-e.

(67

The proof of Theorem 2 will be given in two steps. In the first part of the proof we describe
a naive front tracking algorithm and derive uniform bounds on the total variation of the
approximate solutions. Relying on Helly’s compactness theorem, we also prove that a suitable
subsequence of front tracking approximations converges to an entropy weak solution. This first
step thus contains all the “heart of the matter”. It would provide a complete proof, except for
one gap: we are not considering here the possibility that infinitely many wave-fronts appear
within finite time (fig. 22, left). If this happens, the naive front tracking algorithm breaks
down, and solutions cannot be further prolonged in time.

The only purpose of the second part of the proof is to fix this technical problem. We show
that a suitable modified front tracking algorithm will always produce approximate solutions
having a finite number of wave-fronts for all times ¢ > 0. By extending the previous estimates
to this modified construction, one can complete the proof of Theorem 2.
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4.2 A naive front tracking algorithm

Let the initial condition u be given and fix € > 0. We now describe an algorithm which
produces a piecewise constant approximate solution to the Cauchy problem (4.1)-(4.2). The
construction (fig. 16) starts at time ¢ = 0 by taking a piecewise constant approximation «(0, -)
of @, such that

Tot.Var.{u(0,-)} < Tot.Var.{u}, /|u(0,x)—ﬂ(x)|dx < e. (4.5)

Let 1 < -+ < xzy be the points where u(0, -) is discontinuous. For each a = 1,..., N, the
Riemann problem generated by the jump (u(0,z4—), u(0,x4+)) is approximately solved on a
forward neighborhood of (0,z,) in the ¢-z plane by a piecewise constant function, according
to the following procedure.

Accurate Riemann Solver. Consider the general Riemann problem at a point (¢, %),

- {u if <z, (4.6)

= t =
v+ S(v) =0, o) =t G ST
Recalling (3.21), let wy,...,wy, be the intermediate states and o1, ..., 0, be the strengths of
the waves in the solution, so that

wo=u", wp=u", w; = Vi(o;)(wi—-1) i=1,...,n. (4.7)

If all jumps (w;—1,w;) were shocks or contact discontinuities, then this solution would be
already piecewise constant. In general, the exact solution of (4.6) is not piecewise constant,
because of the presence of centered rarefaction waves. These will be approximated by piecewise
constant rarefaction fans, inserting additional states w; ; as follows.

Figure 17: Replacing a centered rarefaction wave by a rarefaction fan.

If the i-th characteristic field is genuinely nonlinear and o; > 0, we divide the centered i-
rarefaction into a number p; of smaller i-waves, each with strength o;/p;. Since we want
o/p; < €, we choose the integer

pi =1+ [oi/e], (4.8)
where [s] denotes the largest integer < s. For j = 1,...,p;, we now define the intermediate
states and wave-fronts (fig. 17)

wij = ¥i(joi/pi)(wi-1), ij(t) =&+ (t — 1) Xi(wij-1)- (4.9)
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For notational convenience, if the i-th characteristic field is genuinely nonlinear and o; < 0, or
if the i-th characteristic field is linearly degenerate (with o; arbitrary), we define p; = 1 and
set

Wil = Wi, mz’,l(t) = T+ (t — t_)/\i(wi_l,wi). (4.10)

)

Here \;(w;—1,w;) is the Rankine-Hugoniot speed of the jump connecting w;_1 with w;, so that

Ai(wi-1,wi) - (wi —wi-1) = f(wi) = flwi-1). (4.11)

As soon as the intermediate states w;; and the locations x; j(t) of the jumps have been
determined by (4.9) or (4.10), we can define a piecewise constant approximate solution to the
Riemann problem (4.6) by setting (fig. 18)

u” if = <z1(t),
ut if x> xn,(t),
u(t,z) = (4.12)
wi (= wip,) if @i, (t) <z <zig11(D),
Wi j if l’@j(t) <z < :L'i7j+1(t) (] =1,...,p; — 1).

We observe that the difference between this function v and the exact solution is only due to
the fact that every centered i-rarefaction wave is here divided into equal parts and replaced
by a rarefaction fan containing p; wave-fronts. Because of (4.8), the strength of each one of
these fronts is < €.

21

0 X

Figure 18: A piecewise constant approximate solution to the Riemann problem.

We now resume the construction of a front tracking solution to the original Cauchy problem
(4.1)-(4.2). Having solved all the Riemann problems at time ¢t = 0, the approximate solution
u can be prolonged until a first time ¢; is reached, when two wave-fronts interact (fig. 16).
Since u(ty,-) is still a piecewise constant function, the corresponding Riemann problems can
again be approximately solved within the class of piecewise constant functions. The solution
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u is then continued up to a time t5 where a second interaction takes place, etc... We remark
that, by an arbitrary small change in the speed of one of the wave fronts, it is not restrictive
to assume that at most two incoming fronts collide, at each given time ¢t > 0. This will
considerably simplify all subsequent analysis, since we don’t need to consider the case where
three or more incoming fronts meet together.

4.3 Bounds on the total variation

In this section we derive bounds on the total variation of a front tracking approximation
u(t, ), uniformly valid for all ¢ > 0. These estimates will be obtained from Lemma 4, using
an interaction functional.

We begin by introducing some notation. At a fixed time ¢, let zo, @ = 1,..., N, be the
locations of the fronts in u(¢,-). Moreover, let |o,| be the strength of the wave-front at z,
say of the family k, € {1,...,n}. Consider the two functionals

V(t) = V(ut)) = _loal, (4.13)

measuring the total strength of waves in u(t,-), and

Q) =Q(u(t)) = ) loaosl, (4.14)

(a,3)EA

measuring the wave interaction potential. In (4.14), the summation ranges over the set A of
all couples of approaching wave-fronts:

Definition 4.1. Two fronts, located at points z, < zg and belonging to the characteristic
families ko, kg € {1,...,n} respectively, are approaching if ko > kg or else if ko, = kg and at
least one of the wave-fronts is a shock of a genuinely nonlinear family.

Roughly speaking, two fronts are approaching if the one behind has the larger speed (and
hence it can collide with the other, at a future time).

Now consider the approximate solution u = u(t, z) constructed by the front tracking algorithm.
It is clear that the quantities V' (u(t)), Q(u(t)) remain constant except at times where an
interaction occurs. At a time 7 where two fronts of strength |o’|, |¢”| collide, the interaction
estimates (3.31) or (3.33) yield

AV(T) = V(t+)=V(r—) = 0(1)-|d'd"|, (4.15)

AQ(r) = Q(t+) = Q(1—) = —|o'd"|+0(1) |o'0"] - V(7). (4.16)

Indeed (fig. 19), after time 7 the two colliding fronts ¢’,¢” are no longer approaching. Hence
the product |0’c”| is no longer counted within the summation (4.14). On the other hand, the
new waves emerging from the interaction (having strength O(1) - |6’c”|) can approach all the
other fronts not involved in the interaction (which have total strength < V(7—)).
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Figure 19: Estimating the change in the total variation at a time where two fronts interact.

If V remains sufficiently small, so that O(1) - V(7—) < 1/2, from (4.16) it follows

’0_/0_//‘

Qi) —Qir) < 17
By (4.15) and (4.17) we can thus choose a constant Cy large enough so that the quantity
T(t) = V(t) + CoQ(t)

decreases at every interaction time, provided that V' remains sufficiently small.

(4.17)

We now observe that the total strength of waves is an equivalent way of measuring the total
variation. Indeed, for some constant x one has

Tot.Var{u(t)} < V(u(t)) < k-Tot.Var{u(t)}. (4.18)

Moreover, the definitions (4.13)-(4.14) trivially imply @ < V2. If the total variation of the
initial data u(0, -) is sufficiently small, the previous estimates show that the quantity V 4+ CyQ
is nonincreasing in time. Therefore

Tot.Var.{u(t)} < V(u(®)) < V(u(0)) + CoQ(u(0)). (4.19)

This provides a uniform bound on the total variation of wu(t,-) valid for all times ¢ > 0.

An important consequence of the bound (4.19) is that, at every time 7 where two fronts
interact, the corresponding Riemann problem can always be solved. Indeed, the left and right
states differ by the quantity

lut —u~| < Tot.Var.{u(r)},
which remains small.

Another consequence of the bound on the total variation is the continuity of ¢ — u(¢,-) as a

function with values in Llloc. More precisely, there exists a Lipschitz constant L’ such that

/ u(t,z) — u(t',2)|de < Lt —¢| forall t, >0, (4.20)

Indeed, if no interaction occurs inside the interval [t,t], the left hand side of (4.20) can be
estimated simply as

[u(®) —u(@)llg < |t =240l [al
< [t —¢| - [total strength of all wave fronts] - [maximum speed]  (4.21)
< L. |t - t/|7
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for some uniform constant L’. The case where one or more interactions take place within [¢, ']
is handled in the same way, observing that the map t — w(t, -) is continuous across interaction
times.

4.4 Convergence to a limit solution

Fix any sequence €, — 04. For every v > 1 we apply the front tracking algorithm and
construct an e,-approximate solution u, of the Cauchy problem (4.1)-(4.2). By the previous
analysis, the total variation of w,(¢,-) remains bounded, uniformly for all ¢ > 0 and v > 1.
Moreover, by (4.20) the maps t + u,(t,-) are uniformly Lipschitz continuous w.r.t. the L!
distance. We can thus apply Helly’s compactness theorem (see Theorem A.1 in the Appendix)
and extract a subsequence which converges to some limit function u in Llloc7 also satisfying
(4.20).

By the second relation in (4.5), as &, — 0 we have u,(0) — @ in L] _. Hence the initial
condition (4.2) is clearly attained. To prove that u is a weak solution of the Cauchy problem,
it remains to show that, for every ¢ € C! with compact support contained in the open half
plane where t > 0, one has

/OOO /O:O du(t, 2)ult, z) + ¢o(t, x) f (u(t,x)) dwdt = 0. (4.22)

Since the u, are uniformly bounded and f is uniformly continuous on bounded sets, it suffices
to prove that

lim /O - /_ O:O Lou(t. ) (t.2) + b (t,2) f(u, (1, 2))} dudt = 0. (4.23)

v—0

Choose T" > 0 such that ¢(t,z) = 0 whenever ¢ ¢ [0,7]. For a fixed v, at any time ¢ call
x1(t) < -+ < xn(t) the points where u,(t,-) has a jump, and set

Auy(t, xo) = uy(t, zo+) — uy(t, 2o—), Af(uy(t,za)) = fluy(t,xq+)) — fup(t, z0—)).

T

0

X
Figure 20: Estimating the error in an approximate solution obtained by front tracking.

Observe that the polygonal lines © = z,/(t) subdivide the strip [0, 7] x IR into finitely many
regions I'; where u, is constant (fig. 20). Introducing the vector

(I)i(qﬁ-uy’ be(uy)),
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by the divergence theorem the double integral in (4.23) can be written as

> / div ®(t,z)dtdz =Y [ ®-ndo. (4.24)
- T
7 J

o Jor,

Here OI'; is the oriented boundary of I';, while n denotes an outer normal. Observe that
ndo = +(&,,—1)dt along each polygonal line x = z,(t), while ¢(t,z) = 0 along the lines
t=0,t =T. By (4.24) the expression within square brackets in (4.23) is computed by

/0 TZ [Ea(t) - Auy(t,7a) = Af (uy(t, 70)) | 8t za(t)) dt. (4.25)

Here, for each ¢t € [0,7], the sum ranges over all fronts of u,(¢,-). To estimate the above
integral, let |o,| be the strength of the wave-front at x,. If this wave is a shock or or contact
discontinuity, by construction the Rankine-Hugoniot equations are satisfied exactly, i.e.

Ta(t) - Auy(t,xq) — Af(uy(t, zq)) = 0. (4.26)

On the other hand, if the wave at z,, is a rarefaction front, its strength will satisfy o, €10,¢,].
Therefore, the error estimate (3.28) yields

[Gat) - A (t, 20) = Af (u(t,70))| = O() |0 < C-e)loal (4.27)

for some constant C. Summing over all wave-fronts and recalling that the total strength of
waves in u,(t,-) satisfies a uniform bound independent of ¢, v, we obtain

lim sup
V—00

S [da(t) - Ay (t,20) Af(uu<t,xa>>}¢<t,xa<t>>’

[0}

(4.28)

< (max|o(t.a)[) - limsup { ;‘2 Cevloal}
= 0.

The limit (4.23) is now a consequence of (4.28). This shows that u is a weak solution to the

Cauchy problem.

To conclude the proof, assume that a convex entropy 7 is given, with entropy flux ¢q. To prove
the admissibility condition (4.4) we need to show that

lim inf / / {n(w)er + aw)ps b dedt > 0 (4.29)
0 —00

V—00

for every nonnegative ¢ € C! with compact support contained in the half plane where t > 0.
Choose T" > 0 so that ¢ vanishes outside the strip [0,7] x IR. Using again the divergence
theorem, for every v the double integral in (4.29) can be computed as

/OT Z [j:a(t) “An(uy(t,zq)) — Aq(uy(t, xa))}cp(t, zq) dt (4.30)

where, for each t € [0,T], the sum ranges over all jumps of u,(¢,-). We use here the notation

An = nluy(t, za+)) — n(uy(t, za—)), Ag = q(uy(t,zat)) — q(uy(t, za—)).
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To estimate the integral (4.30), let |o4| be the strength of the wave-front at z. If this wave
is a shock or or contact discontinuity, by construction it satisfies the entropy condition

Ta(t) - An(uy,(t, zq)) — Aq(uy(t,z4)) > 0. (4.31)

On the other hand, if the wave at z,, is a rarefaction front, its strength will satisfy o, €10,¢,].
Therefore, the estimate (3.29) yields

Ta(t) - An(u,(t, 24)) — Aq(uy(t,24)) = OQ1)-02 > —C-e,loa| (4.32)

for some constant C. Summing over all wave-fronts and recalling that the total strength of
waves in u,(t,-) satisfies a uniform bound independent of ¢, v, we obtain

liminf 3" [#a(t) - An(u(t, 2a)) — Aq(uy(t 2a)) |9t a) dt

(4.33)

> (max go(t,:n)) -liyrriior.}f{ Z Csl,|aa]} > 0.

t,x
a€ER

The relation (4.29) now follows from (4.33).

4.5 A modified front tracking algorithm

For general n x n systems, the analysis given in the previous sections does not provide a
complete proof of Theorem 2, because the naive front tracking algorithm can generate an
infinite number of wave-fronts, within finite time. If this happens, the whole construction
breaks down.

accurate Riemann solver simplified Riemann solver

Figure 21: Two different ways of approximately solving the Riemann problem.

We thus need to modify the algorithm, to ensure that the total number of fronts remains
uniformly bounded. For this purpose, we shall use two different procedures for solving a
Riemann problem within the class of piecewise constant functions: the Accurate Riemann
Solver (fig. 21, left), which introduces several new wave-fronts, and a Simplified Riemann
Solver (fig. 21, right), which involves a minimum number of outgoing fronts. In this second
case, all new waves are lumped together in a single non-physical front, travelling with a fixed
speed A strictly larger than all characteristic speeds. The main feature of this algorithm is
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Figure 22: The use of the simplified Riemann solver prevents the number of wave fronts
becoming infinite.

illustrated in fig. 22. If all Riemann problems are solved accurately, the number of wave-fronts
can become infinite (fig. 22, left). On the other hand, if at a certain point we use the Simplified
Riemann Solver, the total number of fronts remains bounded for all times (fig. 22, right).

The Accurate Riemann Solver was described at (4.12). Next, we introduce a simplified way
of solving a Riemann problem, with < 3 outgoing fronts. Throughout the following, A will
denote a fixed constant, strictly larger than all characteristic speeds A;(u).

o+0’

Figure 23: Three cases of the Simplified Riemann Solver.

Simplified Riemann Solver. Consider again the Riemann problem (4.6) at a point (¢, Z),
say generated by the interaction of two incoming fronts, of strength o, o’. We distinguish two
cases.

CASE 1: Let j,5' € {1,...,n} be the families of the two incoming wave-fronts, with j > j'.
Assume that the left, middle and right states u;, u,, v, before the interaction are related by

um = V(o) (w), up = Ui (0") (um)- (4.34)
Define the auxiliary right state

{ V(o) o Wy(o')(u) if j>j,
(4.35)

Up =

Ui(o+ o) (ur) if j=7".

Let © = 9(t,x) be the piecewise constant solution of the Riemann problem with data wuy, @,
constructed as in (4.12). Because of (4.25), the piecewise constant function o contains exactly
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two wave-fronts of sizes o/, if j > j/, or a single wave-front of size o + ¢’ if j = j'. It is
important to observe that @, # u,, in general. We let the jump (4,, wu,) travel with the fixed
speed A, strictly bigger than all characteristic speeds. In a forward neighborhood of the point
(t,Z), we thus define an approximate solution v as follows (fig. 23 left, center)

o(t, x) if  z—Z<(t—0D\,
o(t,z) = (4.36)
Uy if -z >(@t—10)\

Notice that this simplified Riemann solver introduces a new non-physical wave-front, joining
the states u,,u, and travelling with constant speed A. In turn, this front may interact with
other wave-fronts. One more case of interaction thus needs to be considered.

CASE 2: A non-physical front hits from the left a wave front of the i-the family (fig. 23
right), for some i € {1,...,n}.

Let ug, um,, u, be the left, middle and right state before the interaction. If
ur = Ui (0)(um), (4.37)

define the auxiliary right state
’117« = \I/z(a)(ul) (4.38)

Call ¢ the solution to the Riemann problem with data u;, @, constructed as in (4.12). Because
of (4.38), v will contain a single i-wave with size o. Since 4, # u, in general, we let the jump
(i, u,) travel with the fixed speed A. In a forward neighborhood of the point (t,x), the
approximate solution u is then defined again according to (4.36).

By construction, all non-physical fronts travel with the same speed 5\, hence they never interact
with each other. The above cases therefore cover all possible interactions between two wave-
fronts.

Y

Figure 24: Generation order of various wave-fronts.

We observe that, in a non-physical front, the left and right states u~,u™ are essentially
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arbitrary. Therefore, the Rankine-Hugoniot conditions will not be satisfied, not even approx-
imately. Calling

o=lut —u”| (4.39)
the strength of the non-physical front, we only have the trivial estimate
Aut —u”) = [fwh) = f)] = 0) -0 (4.40)

To ensure that our modified front tracking approximations wu, converge to a solution of the
original equations (4.1), the total strength of all non-physical fronts in each wu, must approach
zero, as ¥ — oo. This can be accomplished by carefully choosing which Riemann solver is
used at any given interaction.

For this purpose, to each wave-front we attach a generation order, counting how many inter-
actions were needed to produce it.

Definition 4.2. The generation order of a front is inductively defined as follows (fig. 24).

— All fronts generated by the Riemann problems at the initial time ¢ = 0 are the “primal
ancestors” and have generation order k = 1.

— Let two incoming fronts interact, say of the families ¢,7" € {1,...,n}, with generation orders
k,k’. The orders of the outgoing fronts are then defined as follows.

CASE 1: i # 4. Then
- the outgoing i-wave and #’-wave have the same orders k, ¥’ as the incoming ones.

- the outgoing fronts of every other family j # i, have order max{k, k'} + 1.

CASE 2: i = 4. Then
- the outgoing front of the i-th family has order min{k, k'},

- the outgoing fronts of every family j # ¢ have order max{k, &'} + 1.

In the above, we tacitly assumed that at most two incoming wave-fronts interact at any given
time. This can always be achieved by an arbitrarily small change in the speed of the fronts.
We shall also adopt the following important provision:

(P)In every Riemann Solver, rarefaction waves of the same family as one of the incoming
fronts are never partitioned

In other words, if one of the incoming fronts belongs to the i-th family, we set p; = 1 regardless
of the strength of the i-th outgoing front. This guarantees that every wave-front can be
uniquely continued forward in time, unless it gets completely cancelled by interacting with
other fronts of the same family and opposite sign.

Given an integer v > 1, to construct the approximate solution w, (-), at each point of interaction
we choose:
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e The Accurate Riemann Solver, if the two incoming fronts both have generation order < v.

e The Simplified Riemann Solver, if one of the incoming fronts has generation order > v, or
if it is a non-physical front.

By implementing the above algorithm, one obtains a globally defined front tracking solution
to the Cauchy problem. For future use, we record the following definition.

Definition 2. Given ¢ > 0, we say that u : [0,00[— L!(IR; IR") is ans-approximate front
tracking solution of (4.1) if the following holds:

1. As a function of two wvariables, u = u(t,x) is piecewise constant, with discontinuities
occurring along finitely many lines in the t-x plane. Only finitely many wave-front interactions
occur, each involving exactly two incoming fronts. Jumps can be of three types: shocks (or
contact discontinuities), rarefactions and non-physical waves, denoted as J =S UR UNP.

2. Along each shock (or contact discontinuity) x = x4(t), o € S, the values u~ = u(t,zo—)
and ut = u(t,xo+) are related by

ut = Sk, (0a)(u7), (4.41)

for some ko, € {1,...,n} and some wave size 0. If the kq-th family is genuinely nonlinear,
then the entropy admissibility condition o, < 0 also holds. Moreover, the speed of the shock
front satisfies

|0 — A, (uT,u7)| < e (4.42)

3. Along each rarefaction front x = x,(t), « € R, one has
ut = Ry (0a)(u"), 0o €]0,¢] (4.43)
for some genuinely nonlinear family k. Moreover,

| T (t) — Mg, (uT)] < e. (4.44)

4. All non-physical fronts x = x4(t), a € N'P have the same speed:
ia(t) = A\, (4.45)

where X is a fixed constant strictly greater than all characteristic speeds. The total strength of
all non-physical fronts in u(t,-) remains uniformly small, namely

Z |u(t, zo+) —u(t,zq—)| <e for allt > 0. (4.46)
aeNP

If, in addition, the initial value of u satisfies

[u(0,-) —ally: <e, (4.47)
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we say that u is an e-approzimate solution to the Cauchy problem (4.1)-2.2).

Lemma 5. Let the assumptions of Theorem 2 hold. If the initial data u has sufficiently small
total variation, then for every e > 0 the Cauchy problem (4.1)-(4.2) admits an s-approximate
front tracking solution.

Using the above lemma, we construct a sequence of front tracking approximate solutions u,,
with €, — 0, having uniformly small total variation. As shown in Section 4.4, by taking a
subsequence u,, converging to some function u = u(t, z) in Llloc, one obtains an entropy-weak
solution to the Cauchy problem. For further details we refer to [9].

5 A semigroup of solutions

We always assume that the system (4.1) is strictly hyperbolic, and satisfies the hypotheses
(H), so that each characteristic field is either linearly degenerate or genuinely nonlinear. The
analysis in the previous chapter has shown the existence of a global entropy weak solution
of the Cauchy problem for every initial data with sufficiently small total variation. More
precisely, recalling the definitions (4.13)-(4.14), consider a domain of the form

D= cl{u € L'(IR; IR"™); w is piecewise constant, Y(u) = V(u)+ Cy-Q(u) < 50}, (5.1)

where ¢l denotes closure in L'. With a suitable choice of the constants Cy and §y > 0, the
proof of Theorem 2 for every @ € D, one can construct a sequence of e-approximate front
tracking solutions converging to a weak solution u taking values inside D. Observe that, since
the proof of convergence relied on a compactness argument, no information was obtained on
the uniqueness of the limit. The main goal of the present chapter is to show that this limit is
unique and depends continuously on the initial data. In the scalar case, this follows from the
classical results of Volpert [53] and Kruzhkov [32]. For strictly hyperbolic systems we have:

Theorem 3. For every u € D, as € — 0 every sequence of e-approximate solutions u. :
[0,00[— D of the Cauchy problem (4.1)-(4.2), obtained by the front tracking method, converges
to a unique limit solution w : [0,00[— D. The map (u,t) — u(t,) = Siu is a uniformly
Lipschitz semigroup, i.e.:

S()’FL == ﬂ, SS(S{&) == SS_Ha, (52)

1S — Sstllps < L- (@ —ollp: + |t — ) for all @, €D, s,t>0. (5.3)

This result was first proved in [11] for 2 x 2 systems, then in [12] for general n X n systems,
relying on a (lengthy and technical) homotopy method. Relying on some original ideas intro-
duced by T.P.Liu and T.Yang in [41, 42|, the paper [16] provided a much simpler proof of the
continuous dependence result, which will be described here. An extension of the above result
to initial-boundary value problems for hyperbolic conservation laws has recently appeared in
[25]. All of the above results deal with solutions having small total variation. The existence

43



of solutions, and the well posedness of the Cauchy problem for large BV data was studied
respectively in [46] and in [34].

To prove the uniqueness of the limit of front tracking approximations, we need to estimate
the distance between any two e-approximate solutions w,v of (4.1). For this purpose we
introduce a functional ® = ®(u,v), uniformly equivalent to the L! distance, which is “almost
decreasing” along pairs of solutions. Recalling the construction of shock curves at (3.11), given
two piecewise constant functions u,v : IR — R™, we consider the scalar functions ¢; defined
implicitly by

v(z) = Sp(qn(x)) o -+ o Si(q1(z))(u(z)). (5.4)
W3=V(X) .
) A3 C{,;XOL

/. v

2
Ao A u
1 q |H

o= u(x)

: 3

Figure 25: Decomposing a jump (u(x), v(x)) in terms of n (possibly non-admissible) shocks.

Remark 5. If we wanted to solve the Riemann problem with data u~ = u(z) and u™ = v(z)
only in terms of shock waves (possibly not entropy-admissible), then ¢i(z), ..., g,(x) would
be the sizes of these shocks (fig. 25). It is thus useful to think of ¢;(x) as the strength of the
i-th component in the jump (u(x), v(x)).

On a compact neighborhood of the origin, we clearly have

1

a'!v(x)—U(af)\ < i!qz'(aﬁ)\ < Cr-u(z) — u(z)] (5.5)

for some constant C;. We now consider the functional
B(u,v) = Z/ lg:(2)|Wi(z) d, (5.6)
i=177°

where the weights W, are defined by setting:

Wi(x) = 1+ Ky - [total strength of waves in v and in v which approach the i-wave ¢;(x)]
+ko - [wave interaction potentials of u and of v]
= 1+ r14i(z) + k2[Q(u) + Q(v)].
(5.7)
The amount of waves approaching ¢;(x) is defined as follows. If the i-shock and i-rarefaction
curves coincide, we simply take

Ai(z) = >+ Y |0l (5.8)

Ta<r, i<ka<n xo>x, 1<ka<i
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The summations here extend to waves both of u and of v. The definition (5.8) applies if
the i-th field is linearly degenerate, or else if all i-rarefaction curves are straight lines. On
the other hand, if the i-th field is genuinely nonlinear with shock and rarefactions curves not
coinciding, our definition of A; will contain an additional term, accounting for waves in u and
in v of the same i-th family:

>

acJ (u)UT (v)
za<z, i<kaq<n

Ai(r) =

= -

>

acJ (u)UT (v)
za>x, 1<ka<i

‘ch‘

oo+ > |leal i al@) <0, (5.9)
_aej(kuil),:;a<:c aeJ(kva),:;ca>:c_
+ - -
Z + Z |oa] if ¢;i(x) > 0.
_QEJ(]CvO)L,:Zza<z aej(kuog,:;a>z_

Here and in the sequel, J(u) and J(v) denote the sets of all jumps in v and in v, while
J = J(u)U J(v). We recall that ko € {1,...,n+ 1} is the family of the jump located at z,
with size o,. Notice that the strengths of non-physical waves do enter in the definition of Q.
Indeed, a non-physical front located at x, approaches all shock and rarefaction fronts located
at points zg > x,. On the other hand, non-physical fronts play no role in the definition of A;.

The values of the large constants k1, k2 in (5.7) will be specified later. Observe that, as soon
as these constants have been assigned, we can then impose a suitably small bound on the total
variation of u,v so that

1 < Wi(x) <2 for all i,z. (5.10)
From (5.5), (5.6) and (5.10) it thus follows
1
o v —ullpy < (u,v) < 2C1 - flv —ullps (5.11)
1

Recalling the definition Y(u) = V(u) + CoQ(u), the basic L! stability estimate for front
tracking approximations can now be stated as follows.

Theorem 4. For suitable constants Co, k1, k2,09 > 0 the following holds. Let u,v be -
approximate front tracking solutions of (4.1), with small total variation, so that

T (u(t)) < do, T(v(t)) < do for all t> 0. (5.12)

Then the functional ® in (5.6)-(5.9) satisfies
O (u(t), v(t)) — P(u(s), v(s)) < Che(t—s) forall 0<s<t. (5.13)
Relying on the above estimate, a proof of Theorem 3 can be easily worked out. Indeed,

let w € D be given. Consider any sequence {u,},>1, such that each u, is a front tracking
ey-approximate solution of Cauchy problem (4.1)-(4.2), with

lim ¢, =0, T (uy,(t)) < dg forallt >0, v>1.

V—00
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For every p,v > 1 and t > 0, by (5.11) and (5.13) it now follows
[uu(t) —w (D)l < Cr- (upu(t), u(t))

< C1- [B(ug(0), w(0) + Cot - max{e,, &,}] (5.14)

IN

20 )|uyu(0) — 1y (0)[lL1 + C1C2t - max{ey, e}

Since the right hand side of (5.14) approaches zero as u,v — oo, the sequence is Cauchy
and converges to a unique limit. The semigroup property (5.2) is an immediate consequence
of uniqueness. Finally, let @,v € D be given. For each v > 1, let u,,v, be front tracking
ey -approximate solutions of (2.1) with

|, (0) — @f|g1 < e, v, (0) — V|11 < €u, lim ¢, = 0. (5.15)

Using again (5.11) and (5.13) we deduce
C1 - P(uy(t), vu(t))

<
< Cy- {fb(uy(O), v,(0)) + Cgtay} (5.16)
< 2C0%Juy (0) — v,(0)||p1 + C1Catey.

[ () = 00 (1) |1

Letting v — oo, by (5.15) it follows
lu() = v(®)llg < 2CF - || — ol - (5.17)

This establishes the uniform Lipschitz continuity of the semigroup with respect to the initial
data. Recalling (4.21), the Lipschitz continuity with respect to time is clear. This completes
the proof of Theorem 3.

In the remainder of this chapter we will sketch the main ideas in the proof of Theorem 4. The
key point is to understand how the functional ® evolves in time. In connection with (5.4), at
each z define the intermediate states wo(x) = u(z), wi(z), ... , wp(x) = v(x) by setting

wi(z) = Si(gi(x)) o Si-1(gi-1(x)) o -+ o Si(qu(x))(u(x)). (5.18)

As remarked earlier, these are the intermediate states appearing in the solution of the Riemann
problem with data «~ = u(z) and u* = v(x) obtained in terms of n (possibly not entropy-
admissible) shock waves (fig. 25). Moreover, call

Al(x) = )\i(wi_l(x), wz(x)) (5.19)
the speed of the i-shock connecting w;_1(z) with w;(x). A direct computation now yields

L), o) = 3 {lasra)Wilza—) ~ i(zat)Wilzat)} - o
aeJ i=1
7 (5.20)

= 33 {0t = a) = laPTIWET (A =)},
aceJ 1=1
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with obvious meaning of notations. We regard the quantity |g;(x)|A;(x) as the flux of the i-th
component of [v — u| at z. For x4_1 < < x4, one clearly has

g AT WY = @) @) Wile) = g A0 W

(2

Since for each t > 0 the functions u(t,-),v(¢,-) are in L' and piecewise constant, we must have
u(t,x) = v(t,x) =0, ¢;(t,z) = 0 for all z outside a bounded interval. This allowed us to add
and subtract the above terms in (5.20), without changing the overall sum.

In connection with (5.20), for each jump point a € J and every i = 1,...,n, define
Eo = |gf T Wt —da) — a7 WP (AT — da)- (5.21)

Our main goal will be to establish the bounds

Y Eqi < 0(1)- o a e NP, (5.22)
=1
Y Eai < O(1)-¢loq] ac€RUS. (5.23)
=1

Here R, S, and NP denote respectively the sets of rarefaction, shock, and non-physical fronts
in w and v. As usual, by the Landau symbol O(1) we denote a quantity whose absolute value
satisfies a uniform bound, depending only on the system (2.1). In particular, this bound does
not depend on € or on the functions u,v. It is also independent of the choice of the constants
K1, ke in (5.7).

From (5.22)-(5.23), recalling (2.9) and the uniform bounds (5.12) on the total strength of
waves, one obtains the key estimate

Lp(u(r), v(t) <O(1) = (5.24)

If the constant ko in (5.7) is chosen large enough, by the interaction estimates (3.31), (3.33)
all weight functions W;(x) will decrease at each time 7 where two fronts of u or two fronts of
v interact. Integrating (5.24) over the interval [s, t] we therefore obtain

O (u(t), v(t)) < P(u(s), v(s))+O1)-e(t—s), (5.25)

proving the theorem.

All the remaining work is thus aimed at establishing (5.22)-(5.23).

If & € NP, calling o, the strength of this jump as in (4.39), for i = 1,...,n one has the easy
estimates

¢ —q” = 0(1) 0,
AT =N = 0(1) - oa,
Wit —we =0 if ¢ gt >0.
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Therefore, writing

Eai = (18] 27 )WETOST —dia) + (a2 |(WET = WET)(APT = i)

5.26
£l Ve (et — o), (5:26)

the estimate (5.22) is clear.

The proof of (5.23) requires more work. Instead of writing down all computations, we will try
to convey the main ideas with the help of a few pictures. For all details we refer to [9].

Given two piecewise constant functions u,v with compact support, for ¢ = 1,...,n we can
define the scalar components u;, v; by induction on the jump points of u,v. We start by setting
u;(—00) = v;(—o0) = 0. If 24 € J(u) is a jump point of u, then we let v; be constant across
T, and set

Ui (Ta+) = ui(va—) — [¢i(Tat) — qi(Ta—)]-

On the other hand, if z, € J(v) is a jump point of v, then we let u; be constant across x,
and set

vi(Tat) = vi(Ta—) + [qi(Tat) — Gi(Ta—)]:
These definitions trivially imply

qi(z) = vi(z) — ui(x) forall ze R, i=1,...,n.
Observe that the functional ® in (5.6)-(5.7) can also be written in the equivalent form

D(uv) = [1+ keQ(u) + k2Qv z / gi(a)| da
(5.27)

tre Y ol 2/ gs(a)| dar.

0a €T (WUT (v) i(z) approaches o4

According to the definition (5.9), the i-waves in u and v which approach ¢;(x) are those located
within the thick portions of the graphs of u;, v; in fig. 26. Viceversa, for a given i-wave o,
located at x,, the regions where the jumps ¢;(x) approach o, are represented by the shaded
areas in in fig. 27.

’7‘\ Yi

Figure 26: The i-waves in u and in v which are approaching the jump ¢;(z).
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]

Xa

Figure 27: The jumps ¢; in the shaded regions are the ones which approach the i-wave o,.

Now let v have a wave-front at x, with strength o4, in the genuinely nonlinear k-th family.
To fix the ideas, assume that vg(z4+) > ug(z4). In connection with this front, for every i < k
the functional ®(u,v) in (5.27) contains a term of the form (fig. 28)

A = K1 - |oa| - [area of the region between the graphs of u; and v;, to the right of x,].

)

Yk
— Oa —
e
Uy
L
‘
- 1
4; —
ui ]
Xa

Figure 28: The jumps ¢; in the shaded regions are the ones which approach the k-wave .

By strict hyperbolicity, the i-th and k-th characteristic speeds are strictly separated, say

A — A\; > ¢ > 0. If each component u;,v;, ¢ = 1,...,n, were an exact solution to a scalar
conservation law:
(ui)t + Fl(uz)x =0, (Fi/ = )\z)
uncoupled from all the other components, then we would have the estimate
% < _ at|(s _ yot _ a+
28 < loallof (e = AT) < = eraloallgl ] (5.29)

Here A = \;j(ui(za+), vi(za+)) is a speed of an i-shock of strength ¢*. In general, the
estimate (5.28) must be supplemented with coupling and error terms, whose size is estimated
as

o) - (€+ et (gt +loal) + D Iq?+|) |oal. (5.29)
J#k
A detailed computation thus yields
Eai < O(1)- (€+ g " I(lap ™|+ \%!HZIQ?‘W) |0a] —cr1lgf | |oal i # k. (5.30)
J#k
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Next, according to (5.9) the functional ®(u,v) in (5.27) also contains a term of the form

Apk = K1 |0q| - [area of the region between the graphs of uj; and vy, to the right of x,].

Figure 29: Due to genuine nonlinearity, the total amount of ¢ approaching the k-wave o,
(shaded region) decreases in time.

If the components uy, vy were exact solutions of a genuinely nonlinear scalar conservation law,
say

(uk)e + Fr(ug)e = 0, (Fi = Ar) (5.31)
with F}' > ¢ > 0, then one would have the estimate
dAa . d
o < —rloal g7 (Ea = NT) < —rmiloal lgg "] S (16T loal). (5.32)

The decrease of this area is illustrated in fig. 29. In general, the estimate (5.32) must be
supplemented with coupling and error terms, whose size is again estimated as (5.29). A
detailed computation thus yields

k1
Eop < O(1) (a+ a5 1 (a1 + loal ) + D |q§+r) loal=5 g ol (la [ +loal). (5:33)
j#k

Choosing k; sufficiently large, (5.30) and (5.33) together yield (5.23).

A different estimate is needed in the case where the jump in vg crosses the graph of ug, say
Vg (Tat) < ugp(rq) < vg(zq—). To fix the ideas, assume

22| = [or(zat) — ur(za)| < Jvi(a—) —wr(@a)l = |t~ - (5.34)

In this case, the estimates (5.30) remain valid. In connection with the k-th field, the functional
¢ contains a term of the form (fig. 30):

A, i = [area of the region between the graphs of u; and vy], (5.35)

where the above area includes points both to the right and to the left of x,.

If the components u, vy provided an exact solution to the genuinely nonlinear scalar conser-
vation law (5.31), due to genuine nonlinearity we would have

dAq

. c
Y [+ lait] < = loallai ™). (5.36)
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Y

Figure 30: Due to genuine nonlinearity, also in this case the total amount of ¢; approaching
the k-wave o, (shaded area) decreases in time.

Indeed, by (5.34),
loal = lay ™1+ lai | < 2lqi~

In general, the estimate (5.36) must be supplemented with coupling and error terms, whose
size is again estimated as (5.29). A detailed computation thus yields

/
c
Eop <O | e+ 1g5 (g5 + loal) + D 1657 | loal = 7 lai Mloal- (5.37)
i#k
Assuming that the total strength of waves remains sufficiently small, we have
¢
4 b
hence (5.30) and (5.37) together yield (5.23). For details we again refer to [9].

|4y |+ loal <

6 Uniqueness of solutions.

According to the analysis in the previous chapters, the solution of the Cauchy problem (4.1)-
(4.2) obtained as limit of front tracking approximations is unique and depends Lipschitz con-
tinuously on the initial data, in the L' norm. This basic result, however, leaves open the
question whether other weak solutions may exist, possibly constructed by different approxi-
mation algorithms. We will show that this is not the case: indeed, every entropy admissible
solution, satisfying some minimal regularity assumptions, necessarily coincides with the one
obtained as limit of front tracking approximations.

As a first step, we estimate the distance between an approximate solution, obtained by the
front tracking method, and the exact solution of the Cauchy problem (4.1)-(4.2), given by
the semigroup trajectory t — wu(t,-) = Syu. Let u® : [0,7] — D be an e-approximate front
tracking solution, according to Definition 2. We claim that the corresponding error can then
be estimated as

|us(T,-) = Sty = O1) - e(1+1T). (6.1)
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To see this, we first estimate the limit

B~ S ()l
h—0+ h

at any time 7 € [0,7] where no wave-front interaction takes place. Let u(r,-) have jumps
at points z; < --- < zn. Call S the set of indices o € {1,..., N} such that u(r,z,—) and
u(T,xo+) are connected by a shock or by a contact discontinuity, so that (2.4)-(2.5) hold.
Moreover, call R the set of indices o corresponding to a rarefaction wave of a genuinely
nonlinear family, so that (2.6)-(2.7) hold. Finally, call NP the set of indices « corresponding

to non-physical fronts.
T / >(x (T)

Figure 31: The exact solution (dotted lines) which, at time 7, coincides with the value of a
piecewise constant front tracking approximation.

For each a, call w,, the self-similar solution of the Riemann problem with data u® = u(7, xo%) .
We observe that, for A > 0 small enough, the semigroup trajectory h — Spu(7) is obtained
by piecing together the solutions of these Riemann problems (fig. 31). Using the properties
(4.41)—(4.46) one now derives the bound

po ) = Sur)

h—0+ h
l'a+p
= (hm E/ u(T + h,x) — (h,:r—ac@\dac)
aeRUSUNP h=0% Tt o (6.2)
= Y 0() cloal + Y. 0(1) - foul(joal +€) + D O1) - |oal
a€sS a€R aeNP
= 0(1)-¢.

Here p can be any suitably small positive number. From the assumption (4.47), the bound
(6.2) and the error formula (10.6) in the Appendix, we finally obtain

[us(T, ) = Srullp < [157u™(0, ) = Srafp + [[u(T, ) — S7u(0, )|y

b+ 1) Sl o,

L-|ju®(0,-) — @y + L - / {llrgérif .

IN

= O(1) e+ O(1) €T
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We shall now state our main uniqueness theorem. For sake of clarity, a complete set of
assumptions is listed below.

(A1) (Conservation Equations) The function u = u(t, z) is a weak solution of the Cauchy
problem (4.1)-(4.2), taking values within the domain D of a semigroup S. More precisely,
u: [0,T] — D is continuous w.r.t. the L' distance. The initial condition (2.2) holds, together
with

/ / (g + f(u)pg) dadt =0 (6.3)

for every C! function ¢ with compact support contained inside the open strip ]0, T[ x IR.
(A2) (Lax Entropy Conditions) Let u have an approximate jump discontinuity at some

point (7,¢) €]0, T[xIR. More precisely, let there exists states u~,u™ € Q and a speed A € IR
such that, calling

NE if T < At
t = ’ 4
Utt,z) {u+ if x>\, (6.4)
there holds Lo
7n1_1>1%1+ 7’72/4/77« u(T + t, f—i—x)—U(t,x)‘da:dt:O. (6.5)
Then, for some i € {1,...,n}, one has the inequalities

(A3) (Tame Oscillation Condition) For some constants C, A the following holds. For
every point € IR and every ¢, h > 0 one has

lu(t + h,x) —u(t,z)] < C- Tot.Var.{u(t, s [z —Ah, z+ ;\h]} (6.7)

(A4) (Bounded Variation Condition) There exists 6 > 0 such that, for every space-like
curve {t = 7(x)} with |dr/dz| < ¢ a.e., the function = — wu(7r(x),z) has locally bounded
variation.

t+h - — T~

X

Figure 32: The tame oscillation and the bounded variation condition.

Remark 6. The condition (A3) restricts the oscillation of the solution. An equivalent, more
intuitive formulation is the following. For some constant A larger than all characteristic speeds,
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given any interval [a, b] and ¢ > 0, the oscillation of u on the triangle (fig. 32) A = {(s,y) : s>
t, a+As—1t) <y <b—A(s—1t)}, defined as

Osc{u; A} = sup  |u(s,y) —u(s,¢)|,
(s,y),(s",y")EA

is bounded by a constant multiple of the total variation of w(t,-) on [a, b].

Assumption (A4) simply requires that, for some fixed § > 0, the function u has bounded
variation along every space-like curve v which is “almost horizontal” (fig. 32). Indeed, the
condition is imposed only along curves of the form {t = 7(z); = € [a,b]} with

|T(z) — 7(2")] < 6|z —2/| for all z,2’ € [a,b].

One can prove that all of the above assumptions are satisfied by weak solutions obtained as
limits of Glimm or wave-front tracking approximations [9]. The following result shows that
the entropy weak solution of the Cauchy problem (4.1)-(4.2) is unique within the class of
functions that satisfy either the additional regularity condition (A3), or (A4).

Theorem 5. Let the map u : [0,T] — D be continuous (w.r.t. the L' distance), taking values
in the domain of the semigroup S generated by the system (4.1). If (A1), (A2) and (A3) hold,
then

u(t, ) = S for all t€0,T). (6.8)

In particular, the weak solution that satisfies these conditions is unique. The same conclusion
holds if the assumption (A3) is replaced by (A4).

The main steps of the proof are given below.

1. Since u takes values inside the domain D of the semigroup, the total variation of w(t,-)
remains uniformly bounded. From the basic equation (4.1), it follows that w is Lipschitz
continuous with values in L', namely

Ju(t) = u(s)|lgr < L[t — s (6.9)
for some Lipschitz constant L. More precisely, if M and A\* are constants such that
Tot.Var{u} < M for all uwe D,

|f(w) = f(@)] < Nw—d| whenever |w|, || < M,

as Lipschitz constant in (6.9) one can take L = A*M. As a consequence, u = u(t,z) can
be regarded as a BV function of the two variables ¢, x, in the sense that the distributional
derivatives Du, Dyu are Radon measures. By a well known structure theorem [26], there
exists a set N C 10, T[ xR of 1-dimensional Hausdorff measure zero such that, at every point
(1,€) ¢ N , u either is approximately continuous or has an approximate jump discontinuity.
Taking the projection of N on the t-axis, we conclude that there exists a set N C [0,T] of
measure zero, containing the endpoints 0 and T, such that, at every point (7,£) € [0,7] x IR
with 7 ¢ N, setting u™ = u(7,£—), u™ = u(7,£+) the following property holds.
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(P) Either vt = w ™, in which case (6.4)-(6.5) hold with A arbitrary. Or else ut # «~, in which
case (6.4)-(6.5) hold for some particular A € IR. In this second case, for some i € {1,...,n}
the Rankine-Hugoniot equations and the Lax entropy condition hold:

Ni(u™,ut) - (ut —u) = fu) — flu), Ai(ut) < N(u™,u™) < N(u™). (6.10)

2. According to Theorem A.2 in the Appendix, at any fixed time T" > 0 the distance between
the solution u(7) and the unique semigroup trajectory Sru is estimated by

T € h) — €
0 (T, ) =Srillys < Lefu(0,)~llga-+L- | {1%m53f lu(r + ) hSh“ (™)l
0 —>

}dT. (6.11)

We will establish (6.8) by showing that the integrand on the right hand side of (6.11) vanishes
at each time ¢t ¢ N. Because of the finite speed of propagation, it actually suffices to show
that, for each t ¢ N/, ¢ > 0 and every interval [a, b], there holds

g
fm sup E/a ult 4 h, 2) — (Spu(t))(x)] dz = O(1) -&. (6.12)

3. Let u = u(t,x) be as in Theorem 5. In the following, for any given point (7,&), we denote
by Ut = U(ﬁT 6 the solution of the Riemann problem

ut = u(r,é+) it z>¢&,

u” =u(r,£—) if x <€ (6.13)

w + f(w), =0, w(T,x) = {
By the property (P), apart from the trivial case where u* = u™, this solution consists of
a single entropy admissible shock. The function U? provides a good approximation to the
solution u in a forward neighborhood of the point (7,§). More precisely, using the Lipschitz
continuity (6.9), one can prove that

1 [E+RA

’u(7'+h, z) — U (T +h, m)’ dxr = 0, (6.14)

hi%lJr E E—hA (m,€)

for every A > 0 and every (7, &) with 7 ¢ .
4. Next, for a given point (7,§) we denote by U b — U(bT £) the solution of the linear system
with constant coefficients

wy + Aw, = 0, w(r,z) = u(r,x), (6.15)

where A = A(u(r,€)). As in the previous step, we need to estimate the difference between u
and U”, in a forward neighborhood of the point (7,€). Consider any open interval Ja, b| con-
taining the point £ and fix a speed A strictly larger than the absolute values of all characteristic
speeds. For t > 7 define the open intervals

Jt)= Ja+ ({E—1)\ b—(t—1))\ (6.16)

and the region
I't)={(s,z); selr t], xe€J(s)}. (6.17)
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With the above notation, for every 7/ > 7 one can prove the estimate

~/J(’T/)

u(r', ) =U" (7, a:)’ dex = 0O(1)- sup |u(t,x)—u(7,§)|-/71 Tot.Var.{u(t,-); J(t)} dt.
(t,x)el’(r) T

(6.18)

5. Given 7 ¢ N, ¢ > 0 and a < b, using either one of the assumptions (A3) or (A4) we
can cover a neighborhood of the interval [a, b] with finitely many points & and open intervals
I; =la;, b;[ such that the following conditions hold (fig. 33).

(i) Each point z is contained in at most two of the open intervals ;.
(ii) The total variation of u(7,-) on each I; is < e.
(iii) For some 7' > 7, calling (; = (a; + b;)/2 and
;= {(t,af:); ter7], aj+ (t— A <z < by — (t — T);\},

there holds

sup |u(t,z) —u(r, ;)| <e. (6.19)
(t,a:)EFj
+hi rj
T 2 v .
a ) 4 b b

] i

Figure 33: Covering the interval [a,b] with subintervals where the solutions u(7 + h) and
Spu(T) can both be compared with the approximations U for UP.

6. We now construct a function U = U (¢, z) which coincides with U (ﬁT ¢;) hear each point (1,&)

and with U (bT ¢;) ina forward neighborhood of each point (7, ¢j).

Ubeytx) i e—&l<@-nk
U(t,z) =
U}’T’Cj)(t, ) if  (t,x) €5\ Upe, -

By (6.14) and (6.18), this function U provides a good approximation of u, for times t = 7+ h
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with A > 0 small. Indeed, recalling (6.19) and the property (i) of the covering, we have

1 rb
lim sup —/ u(t +h, ) —U(T + h, x)’ dx
h—0-+ h a .
1 [r&ithA 4
< Zlimsupf/ ‘U(T—l-h, x) —U(Tg,)(T-i-h, az)‘ dx
£ bAY2

i h—0+ i_h;\

1 [bi—hA
4+ limsu f/ u7‘+h,$—UbT NT4+h, x)| dx
Z h_>0+p a]'—l-hj\ ‘ ( ) ( ’CJ)( )‘

(6.20)

T+h
< 0+ limsup {0(1) Y[ TotVarfu(t: 1} dt}
j T

h—0+

T+h
< lim sup {(’)(1) . E/ 2 - Tot.Var{u(t); IR} dt}
h—0+ h Jr

=0(1) -e.

7. We now observe that the semigroup trajectory v(t,-) = S is also an entropy weak solution
of the Cauchy problem (4.1)-(4.2), and satisfies all the assumptions (A1)-(A3). In particular,
the total variation of v(t,-) remains uniformly bounded, and its oscillation on each domain
I'(t) of the form (6.17) is bounded by

sup |u(t,z) —o(r,&)| = O(Q) - Tot.Var{v(7); ]a,b[}. (6.21)
(t,x)el(r")

As a consequence, we can repeat the estimate (6.20) with v in the role of u and obtain

1 rb
lim sup —/ o(t+h, ) =U(T+h, IL‘)‘ dr =0(1) - e. (6.22)
h—0+ h a
Together, (6.20) and (6.22) imply (6.12). Since € > 0 and the interval [a,b] were arbitrary,
this achieves a proof of Theorem 5.

7 The Glimm scheme

The fundamental paper of Glimm [27] contained the first rigorous proof of existence of global
weak solutions to hyperbolic systems of conservation laws. For several years, the Glimm ap-
proximation scheme has provided the foundation for most of the theoretical results on the
subject. We shall now describe this algorithm in a somewhat simplified setting, for systems
where all characteristic speeds remain inside the interval [0,1]. This is not a restrictive as-
sumption. Indeed, consider any hyperbolic system of the form

up + A(u)uy, =0,
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and assume that all eigenvalues of A remain inside the interval [—M, M]. Performing the
linear change of independent variables

y:[[‘—’—Mt7 T:2Mt,
we obtain a new system
- AT W)y = 0 () = —— Aw) + 11
U/'r U)Uy = 5 u) = — u —
Y 2M 2

where all eigenvalues of the matrix A* now lie inside the interval [0, 1].

To construct an approximate solution to the Cauchy problem
u + f(u)gy =0, u(0,z) = u(x), (7.1)
we start with a grid in the t-x plane having step size At = Az, with nodes at the points
Pj, = (tj,zr) = (JAL, kAx) ke Z.

Moreover, we shall need a sequence of real numbers 61, 09,03, ... uniformly distributed over
the interval [0, 1]. This means that, for every A € [0, 1], the percentage of points 6;, 1 <i < N
which fall inside [0, A] should approach A as N — oo, i.e.:

j; 1<j<N, 60;€]|0,A\
A}im #J _]_N’ s €10, ]}:)\ for each \ € [0, 1]. (7.2)

By #1 we denote here the cardinality of a set I.

At time t = 0, the Glimm algorithm starts by taking an approximation of the initial data u,
which is constant on each interval of the form |xy_1, zx[, and has jumps only at the nodal
points xx = k Ax. To fix the ideas, we shall take

u(0,2) = u(xy) for all = € [zk, xpi1]. (7.3)

For times ¢ > 0 sufficiently small, the solution is then obtained by solving the Riemann
problems corresponding to the jumps of the initial approximation u(0,-) at the nodes x.
Since by assumption all waves speeds are contained in [0, 1], waves generated from different
nodes remain separated at least until the time ¢; = At. The solution can thus be prolonged
on the whole time interval [0, At[. For bigger times, waves emerging from different nodes
may cross each other, and the solution would become extremely complicated. To avoid this
unpleasant situation, a restarting procedure is adopted. Namely, at time ¢; = At the function
u(t;—,-) is approximated by a new function u(t1+,-) which is piecewise constant, having
jumps exactly at the nodes xx = k Az. Our approximate solution u can now be constructed
on the further time interval [At, 2At[, again by piecing together the solutions of the various
Riemann problems determined by the jumps at the nodal points xj. At time to = 2At, 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; = j At, we need
to approximate u(t;—, -) with a a piecewise constant function u(t;+, -), having jumps precisely
at the nodal points z;. This is achieved by a random sampling technique. More precisely, we
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look at the number 6; in our uniformly distributed sequence. On each interval [z}_1, [, the
old value of our solution at the intermediate point z} = 6124 + (1 — 61)zx—1 becomes the new
value over the whole interval:

u(tj+, ) = u(tj—, Ojor+ (1 —0;)zp_1) for all = € [z_1, zx[. (7.4)

An approximate solution constructed in this way is illustrated in fig. 34. The asterisks mark
the points where the function is sampled, assuming 6; = 1/2, s = 1/3.

X

Figure 34: An approximate solution constructed by the Glimm scheme.

For a strictly hyperbolic system of conservation laws, satisfying the hypotheses (H) in Sec-
tion 3, the fundamental results of J.Glimm [27] and T.P.Liu [38] have established that

1. If the initial data @ has small total variation, then an approximate solution can be con-
structed by the above algorithm for all times ¢ > 0. The total variation of u(t,-) remains
small.

2. Letting the grid size At = Ax tend to zero and using always the same sequence of numbers

6; € [0,1], one obtains a sequence of approximate solutions w,. By Helly’s compactness

theorem, one can extract a subsequence that converges to some limit function v = u(t, z) in
1

Lloc'

3. If the numbers 6; are uniformly distributed over the interval [0, 1], i.e. if (7.2) holds, then

the limit function u provides a weak solution to the Cauchy problem (7.1).

The importance of the sequence 6; being uniformly distributed can be best appreciated in the
following example.

Example 10. Consider a Cauchy problem of the form (7.1). Assume that the exact solution
consists of exactly one single shock, travelling with speed A € [0, 1], say

7 U if T < At.

Consider an approximation of this solution obtained by implementing the Glimm algorithm
(fig. 35). By construction, at each time ¢; = jAt, the position of the shock in this approximate
solution must coincide with one of the nodes of the grid. Observe that, passing from t;_; to
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Aty

ax X
Figure 35: Applying the Glimm scheme to a solution consisting of a single shock.

tj, the position z(t) of the shock remains the same if the j-th sampling point lies on the left,
while it moves forward by Az if the j-th sampling point lies on the right. In other words,

2(tj_1) if 0 €]\ 1],
x(ty) = {x(tji) + Az if  0; €0,)]. (7.5)

Let us fix a time 7" > 0, and take At =T/N. From (7.5) it now follows
o(T) = #{j; 1<j<N, 6;€[0,\ }-At

N .

It is now clear that the assumption (7.2) on the uniform distribution of the sequence {6;};>1 is
precisely what is needed to guarantee that, as N — oo (equivalently, as At — 0), the location
x(T) of the shock in the approximate solution converges to the exact value AT

Remark 7. At each restarting time ¢; we need to approximate the BV function u(t;—, )
with a new function which is piecewise constant on each interval [xy_q, zx[. Instead of the
sampling procedure (7.4), an alternative method consists of taking average values:

1o
ulty+, ) = / ultj—, y) dy for all z € [zp_1, o1]. (7.6)
Tp_1

Calling u;j, the constant value of u(t;+) on the interval [z}, [, an application of the
divergence theorem on the square I'j; (fig. 36) yields

Uitk = Uik + [f(win—1) = f(ujr)] (7.7)
Indeed, all wave speeds are in [0, 1], hence

u(t, Tp—1) = Uj k-1, u(t,xp) = ujg for all t € [t;,tj41].
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j+1, k

f(uj, k=1 f(u i

Figure 36: Approximations leading to the Godunov scheme.

The finite difference scheme (7.6) is the simplest version of the Godunov (upwind) scheme. It
is very easy to implement numerically, since it does not require the solution of any Riemann
problem. Unfortunately, it is very difficult to obtain a priori bounds on the total variation of
solutions constructed by the Godunov method. Proving the convergence of these approxima-
tions remains an outstanding open problem.

The remaining part of this chapter will be concerned with error bounds, for solutions generated
by the Glimm scheme.

Observe that, at each restarting time t; = j At, the replacement of u(t;—) with the piecewise
constant function u(t;+) produces an error measured by

Ju(tj+) = ut;—)lL

As the time step At = T'/N approaches zero, the total sum of all these errors does not converge
to zero, in general. This can be easily seen in Example 10, where we have

N N
Do llulty+) —u(ti=)llg = D Jut —uT[- At-min{(1 - ), A}
j=1 j=1

= |ut —u|-T-min{(1-\), \}.

This fact makes it difficult to obtain sharp error estimates for solutions generated by the
Glimm scheme. Roughly speaking, the approximate solutions converge to the correct one not
because the total errors become small, but because, by a sort of randomness in the sampling
choice, small errors eventually cancel each other in the limit.

Clearly, the speed of convergence of the Glimm approximate solutions as At, Ax — 0 strongly
depends on how well the sequence {6;} approximates a uniform distribution on the interval
[0,1]. In this connection, let us introduce

Definition 3. Let a sequence of numbers §; € [0, 1] be given. For fixed integers 0 < m < n,
the discrepancy of the set {0,,,...,60,-1} is defined as

. < )
Dm,ni sup )\7#{]7 m_]<n7 Hje[()?)\]} .
A€[0,1] n—m

(7.8)
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We now describe a simple method for defining the numbers 6;, so that the corresponding
discrepancies D,, , approach zero as n —m — oo at a nearly optimal rate.

Fix an integer r > 2. Every integer k£ > 1 can then be uniquely written in base 7, i.e. as a
sum of powers of r of the form

k=ko+kir+...+kyrM 0<hk<r—1 (7.9)
In connection with (7.9) we then define

L ko | ka ks

b= 2+ 5+ €01 (7.10)

For example, writing integer numbers in the usual basis » = 10, the computation of 6 is as
follows. One simply has to invert the order of the digits of k and put a zero in front:

#, =0.1, e, bB759 =0.957, cee, B39020 = 0.22093,
For the sequence (7.9)-(7.10), one can prove that the discrepancies satisfy

1+ In(n —m)
n—m

Dy <C

)

forall n>m >0 (7.11)

for some constant C' = C(r). See [17] for details. For approximate solutions constructed
in terms of the above sequences (6;), using the restarting procedures (7.3)-(7.4), sharp error
estimates can be proved.

Theorem 6. Given any initial data @ € L' with small total variation, call u™2°*(t,-) = Siu
the exact solution of the Cauchy problem (7.1). Moreover, let uGhmm(t, *) be the approzimate
solution generated by the Glimm scheme, in connection with a grid of size At = Ax and a
fized sequence (0;);>0 satisfying (7.11). For every fized time T > 0, letting the grid size tend
to zero, one has the error estimate

o [T, ) — (T

=0. 7.12
Az—0 VAz - |In Az (7-12)

In other words, the L' error tends to zero faster then v/ Az - |In Ax|, i.e. slightly slower than
the square root of the grid size.

To prove Theorem 6, one first constructs a front tracking approximate solution u = u(t, )
that coincides with «G"™™ at the initial time ¢t = 0 and at the terminal time ¢ = T. This
construction is based on a fundamental lemma of T.P.Liu [38]. The L' distance between
u(T,-) and the exact solution St@ can then be estimated using the error formula (10.6). For
all details we refer to [17].

Extensions to more general hyperbolic systems, without the assumption of genuine nonlinear-
ity, have recently appeared in [2, 29].
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8 The Vanishing Viscosity Approach

In view of the previous uniqueness and stability results, it is natural to expect that the entropy
weak solutions of the hyperbolic system

ug+ f(u)y, = 0 (8.1)
should coincide with the unique limits of solutions to the parabolic system
ui + f(u¥)y =cus, (8.2)

letting the viscosity coefficient ¢ — 0. For smooth solutions, this convergence is easy to
show. However, one should keep in mind that a weak solution of the hyperbolic system (8.1)
in general is only a function with bounded variation, possibly with a countable number of
discontinuities. In this case, as the smooth functions u® approach the discontinuous solution
u, near points of jump their gradients u must tend to infinity (fig. 37), while their second
derivatives uZ, become even more singular. Therefore, establishing the convergence u® — u
is a highly nontrivial matter. In earlier literature, results in this direction relied on three
different approaches:

1 - Comparison principles for parabolic equations. For a scalar conservation law, the
existence, uniqueness and global stability of vanishing viscosity solutions was first established
by Oleinik [44] in one space dimension. The famous paper by Kruzhkov [32] covers the more
general class of L solutions and is also valid in several space dimensions.

2 - Singular perturbations. This technique was developed by Goodman and Xin [28],
and covers the case where the limit solution w is piecewise smooth, with a finite number of
non-interacting, entropy admissible shocks. See also [52] and [45], for further results in this
direction.

3 - Compensated compactness. With this approach, introduced by Tartar and DiPerna
[24], one first considers a weakly convergent subsequence u® — w. For a class of 2 x 2 systems,
one can show that this weak limit w actually provides a distributional solution to the non-
linear system (8.1). The proof relies on a compensated compactness argument, based on the
representation of the weak limit in terms of Young measures, which must reduce to a Dirac
mass due to the presence of a large family of entropies.

Figure 37: A discontinuous solution to the hyperbolic system and a viscous approximation.

Since the hyperbolic Cauchy problem is known to be well posed within a space of functions with
small total variation, it seems natural to develop a theory of vanishing viscosity approximations
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within the same space BV. This was indeed accomplished in [5], in the more general framework
of nonlinear hyperbolic systems not necessarily in conservation form. The only assumptions
needed here are the strict hyperbolicity of the system and the small total variation of the
initial data.

Theorem 7. Consider the Cauchy problem for the hyperbolic system with viscosity
uj + A(u®)u;, = eu, u®(0,z) = u(x). (8.3)

Assume that the matrices A(u) are strictly hyperbolic, smoothly depending on u in a neigh-
borhood of the origin. Then there exist constants C,L,L" and § > 0 such that the following
holds. If

Tot. Var{u} < ¢, |t||Lee < 0, (8.4)

then for each € > 0 the Cauchy problem (8.3): has a unique solution u®, defined for all t > 0.
Adopting a semigroup notation, this will be written as t — uf(t,-) = S;u.

In addition, one has:

BV bounds : Tot. Var{S;u} < C Tot. Var{u} . (8.5)
L' stability : S50 — Siollpn < L@ — 1, (8.6)
1S58 — Ssallg, < L (|t — s| + Vet — Ves|) . (8.7)

Convergence: As e — 0+, the solutions u® converge to the trajectories of a semigroup S
such that
|S¢ts — S5l < Lja — 0|1 + L' |t — s|. (8.8)

These vanishing viscosity limits can be regarded as the unique vanishing viscosity solutions
of the hyperbolic Cauchy problem

ur + A(u)ug =0, u(0,z) = u(x). (8.9)

In the conservative case A(u) = Df(u), every vanishing viscosity solution is a weak solution
of
ut + f(u)y =0, u(0,z) = u(x), (8.10)

satisfying the Liu admissibility conditions.

Assuming, in addition, that each characteristic field is genuinely nonlinear or linearly degen-
erate, the vanishing viscosity solutions coincide with the unique limits of Glimm and front
tracking approximations.

In the genuinely nonlinear case, an estimate on the rate of convergence of these viscous ap-
proximations was provided in [19]:
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Theorem 8. For the strictly hyperbolic system of conservation laws (8.10), assume that
every characteristic field is genuinely nonlinear. At any time t > 0, the difference between the
corresponding solutions of (8.3) and (8.10) can be estimated as

uf (¢, ) — ult, Vg = O) - (1+1t)v/E Ine| Tot.Var.{a}.

The following remarks relate Theorem 7 with previous literature. We recall again a standard
assumption on the characteristic fields, introduced by P.Lax:

(H) For each i = 1,...,n, the i-th field is either genuinely nonlinear, so that DX;(u)-r;(u) > 0
for all u, or linearly degenerate, with DX;(u) - r;(u) = 0 for all .

(i) Concerning the global existence of weak solutions to the strictly hyperbolic system of
conservation laws (8.10), Theorem 7 contains the famous result of J.Glimm [27]. It also
slightly extends the existence theorem of T.P.Liu [39], which does not require the assumption
(H) and is satisfied by “generic” hyperbolic systems. The main novelty of Theorem 7 lies
in the case where the system (8.9) is non-conservative. However, one should be aware that
for non-conservative systems the limit solution might change if we choose a viscosity matrix
different from the identity, say

w + A(u)uy =€ (B(u)ug), -

The analysis of viscous solutions, with a more general viscosity matrix B(u), is still a wide
open problem.

(ii) Concerning the uniform stability of entropy weak solutions, the results previously available
for n xn hyperbolic systems [11, 12, 16] always required the assumption (H). For 2 x 2 systems,
this condition was greatly relaxed in [1]. On the other hand, Theorem 7 establishes this uniform
stability for completely general n x n strictly hyperbolic systems, without any reference to the
assumption (H).

(iii) For the viscous system (8.11), previous results in [40, 50, 51, 52] have established the
stability of special types of solutions, such as travelling viscous shocks or viscous rarefactions,
w.r.t. suitably small perturbations. Taking € = 1, our present theorem yields at once the uni-
form Lipschitz stability of all viscous solutions with sufficiently small total variation, w.r.t. the
L! distance.

(iv) For piecewise smooth solutions of the hyperbolic system (8.1), convergence of vanishing
viscosity approximations was studied in [28], using singular perturbation techniques. In this
special case, better convergent rates are established. On the other hand, Theorem 8 applies
to arbitrary solutions, with the only assumption of small total variation.

We give below a general outline of the proof of Theorem 7. For details, wee [5] or the lecture
notes [10].

1 - Rescaling. As a preliminary, we observe that u® is a solution of (8.3) if and only if the
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rescaled function u(t, z) = u®(et,ex) is a solution of the parabolic system with unit viscosity
ur + Au)uy = Ugg , (8.11)

with initial data u(0,z) = u(ex). Clearly, the stretching of the space variable has no effect
on the total variation. Notice however that the values of u® on a fixed time interval [0, 7]
correspond to the values of u on the much longer time interval [0, T'/¢]. To obtain the desired
BV bounds for the viscous solutions u®, we can confine all our analysis to solutions of (8.11),
but we need estimates uniformly valid for all times t > 0, depending only on the total variation
of the initial data u.

2 - Parabolic estimates. Consider a solution of (8.11), with initial data

u(0,z) = u(x) (8.12)

having small total variation, say
Tot.Var.{a} < d.

Setting
u* = lim u(x), A" = A(u"), (8.13)

r——00
we can rewrite the parabolic equation (8.11) in the form
U+ AUy — Ugy = [A" — A(u)]uy . (8.14)
Call G*(t) the Green function corresponding to the linear homogeneous equation

U+ AUy — Ugy = 0. (8.15)

The matrix valued function G* can be explicitly computed. If w solves (8.15), then the i-th
component w; = [} - w satisfies the scalar equation

*
Wit + )‘z Wi — Wi gx = 0.

Therefore w;(t) = G (t) * w;(0), where the convolution kernel is

T — \it)?
Gi(t,x) = ! exp{—(w}.

2/t 4t

We observe that this Green kernel G* = G*(t, x) satisfies the bounds

1G* @)l < 1G (Ol < —= 1G2 L <

| =

, (8.16)

<>

for some constant k and all ¢ > 0.

The solution of the non-homogeneous Cauchy problem (8.14)-(8.12) now admits the represen-
tation

u(t) = G(t)*u+/()t G(t — )+ ([A" = Au(s))]us(s) ) ds. (8.17)

Notice that, if the total variation of u(s, -) remains small, the right hand side of (8.17) can be
regarded as a small perturbation of the homogeneous equation. We thus expect that similar
regularity estimates will hold.
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Indeed, one can then prove that the Cauchy problem (8.11)-(
defined on a sufficiently small time interval [0,%], with ¢ ~ §
variation remains small:

8.12) has a unique solution,
o2 For t € [0,] the total

Tot.Var.{u(t)} = |lug(t)|lp1 = O(1) - do,
while all higher derivatives decay quickly. In particular

[tz (t)l[Loe  Nuea ()L = 0(1)'5/0%, [tz ()L [[taea ()]l = (9(1)'570-

As long as the total variation remains small, one can prolong the solution also for larger times
t > t. In this case, uniform bounds on higher derivatives remain valid (fig. 38).

xxH|_1

HuxxxHLl

t

Figure 38: On an initial time interval, the higher order norms of the solution decay rapidly.
For t large, these norms remain small as long as the total variation of the solution is small.

3 - Wave decomposition. To establish uniform bounds on the total variation, valid for arbi-
trarily large times, we decompose the gradient along a basis of unit vectors 7; = 7;(u, g, Uzy),
say

Up = > Ui (8.18)

We then derive an evolution equation for these gradient components, of the form

Vit + (ANiVi)z — Vigz = @i i=1,...,n, (8.19)

A crucial point in the entire analysis is the careful choice of the unit vectors 7;. A natural
guess would be to take 7; = r;(u) as the i-th eigenvector of the hyperbolic matrix A(u).
Unfortunately, this choice does not work. Indeed, the corresponding equation (8.19) would
then contain source terms ¢; which are NOT integrable:

/Om/_o:o|¢i(t,l‘)\dxdt = + oo
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The key idea, introduced in [5], is to decompose the gradient u, as a sum of gradients of
visocus travelling waves, namely

ug(z) = Zviﬁ = Z Ul(x). (8.20)

We recall that, for the parabolic system (8.11), a travelling wave profile is a solution of the
special form
u(t,z) = U(x — ot).

Of course, the function U must then satisfy the second order O.D.E.

U" = (A(U) - o)U".

At each point x, looking at the third order jet (u, u,, uz,) we seek travelling profiles Uy, ..., U,
such that
U/ = (A(U;) — 0;)U] (8.21)

for some speed o; close to the characteristic speed \;, and moreover
Ui(z) = u(x) i=1,...,n, (8.22)

Z Ul(z) = uz(x), Z Ul'(z) = uge (). (8.23)

(2

It turns out that this decomposition is unique provided that the travelling profiles are chosen
within suitable center manifolds. We let 7; be the unit vector parallel to UZ-’ , so that Ui’ = ;T
for some scalar v;. One can show that 7; remains close to the eigenvector 7;(u) of the Jacobian
matrix A(u) = Df(u), but 7; # r;i(u) in general. The first equation in (8.23) now yields the
decomposition (7.11). If u = u(¢,x) is a solution of (8.11), we can think of v; as the density
of i-waves in u. The remarkable fact is that these components satisfy a system of evolution
equations (8.19) where the source terms ¢; on the right hand side are INTEGRABLE over the
whole domain {x € IR, ¢t > 0}. Indeed, we can think of the sources ¢; as new waves produced
by interactions between viscous waves. Their total strength is controlled by means of viscous
interaction functionals, somewhat similar to the one introduced by Glimm in [G] to study the
hyperbolic case.

4 - Bounds on the source terms. A careful examination of the source terms ¢; in (8.19)
shows that they arise mainly because of interactions among different viscous waves. Their
total strength can thus be estimated in terms of suitable interaction potentials. This will
allow us to prove the implication

T
ey <6 forall te i T], Z[ /\¢i(t,x)|dxdt < 6
~ Ji
' (8.24)

T
— [ [lotaoaa=00)-¢  i=1.n.
t

Since the left hand side of (8.19) is in conservation form, for every t € [t, T one has
t
ua®lls < Sl < 3 (Il + [ [1osts.)ldods) . (529
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By the implication (8.24), for ¢y sufficiently small we obtain uniform bounds on the total
strength of the source terms ¢;, and hence on the BV norm of u(t, -).

5 - Analysis of the linearized variational equation. Similar techniques can also be
applied to a solution z = z(t, z) of the variational equation

2zt + [DA(u) - zlug + A(u)ze = 220, (8.26)

which describes the evolution of a first order perturbation to a solution u of (8.12). Assuming
that the total variation of u remains small, one proves an estimate of the form

12(t, )l < L1200, Yl for all £ >0, (8.27)

valid for every solution u of (8.11) having small total variation and every L' solution of the
corresponding system (8.26).

6 - Lipschitz continuity w.r.t. the initial data. Relying on (8.27), a standard homotopy
argument yields the Lipschitz continuity of the flow of (8.11) w.r.t. the initial data, uniformly
in time. Indeed, let any two solutions u,v of (8.11) be given (fig. 39). We can connect them
by a smooth path of solutions u?, whose initial data satisfy

u?(0,2) = u(0,z) + (1 — 0)v(0,z), 0 c0,1].

The distance ||[u(t,-) —v(t,)||y: at any later time ¢ > 0 is clearly bounded by the length of the
path 6 +— u?(t). In turn, this can be computed by integrating the norm of a tangent vector.
Calling 2% = duf /d6, each vector 27 is a solution of the corresponding equation (8.26), with u

replaced by u’. Using (8.28) we thus obtain
! 0
ke (t)H df < /0 127 () [l2 46

1
/0 Lt (8.28)

L fy [12°(0)llpa d8 = L [[u(0,-) = v(0,)[|p1 -

luatt, ) — vl g 4o

<

V()
| 20
v(0) ud()
40 /\\h o

u(0)

Figure 39: Estimating the distance between two viscous solution by a homotopy method.

By the simple rescaling of coordinates t — et, x — ez, all of the above estimates remain valid
for solutions u® of the system (8.3).. In particular this yields the bounds (8.5) and (8.6).
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7 - Existence of a vanishing viscosity limit. By a compactness argument, these BV
bounds imply the existence of a strong limit u*™ — w in Llloc, at least for some subsequence
€m — 0. In the conservative case where A = Df, it is now easy to show that this limit «

provides a weak solution to the Cauchy problem (8.10).

8 - Characterization and uniqueness of the vanishing viscosity limit. At this stage,
it only remains to prove that the limit is unique, i.e. it does not depend on the choice of the
sequence &, — 0. For a system in conservative form, and with the standard assumption (H)
that each field is either genuinely nonlinear or linearly degenerate, we can apply the uniqueness
theorem in [13] and conclude that the limit of vanishing viscosity approximations coincides
with the limit of Glimm and of front tracking approximations.

9 - The non-conservative case. To handle the general non-conservative case, some addi-
tional work is required. We first consider Riemann initial data and show that in this special
case the vanishing viscosity solution is unique and can be accurately described. Then we prove
that any weak solution obtained as limit vanishing viscosity approximations is also a “viscosity
solution” in the sense that it satisfies the local integral estimates (6.14)-(6.18), where U* is now
the unique non-conservative solution of a Riemann problem. By an argument introduced in
[8], a Lipschitz semigroup is completely determined as soon as one specifies its local behavior
for piecewise constant initial data. Characterizing its trajectories as “viscosity solutions” we
thus obtain the uniqueness of the semigroup of vanishing viscosity limits.

9 Counterexamples

In the previous chapters, the global existence and uniqueness theory for weak solutions to
systems of conservation laws was developed under certain key assumptions. In particular:

- The system is strictly hyperbolic.
- The initial data is small in BV.
In this final chapter, we consider three examples showing that:

1. If the system is not strictly hyperbolic, BV solutions may not depend continuously on the
initial data, in the L' norm.

2. If the initial data is in L*° but with possibly unbounded variation, then the solution may
become measure-valued in finite time. In such case, the uniqueness and continuous dependence
of solutions may also fail.
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3. If the total variation of the initial data is large, then the L° norm of the solution may
blow up in finite time. In particular, no global solution exists in BV.

Example 11. Consider the following simple model of traffic flow. Denote by x the space
coordinate along a highway. Call k(z) the number of lanes open to traffic. Typically, one will
have k(x) = 2 for most x, except along some short stretches of the highway where k(z) = 1
because one lane is closed due to repair work. Calling u = u(t, z) the density of cars (= number
of cars per kilometer), we consider the system

ug + f(k,u), =0, B
{ ¢ h oo f(k,u) = 8ku — u?. (9.1)

Consider first the family of stationary solutions

o o [3 it 2el0e, 1 it 2el0,e
“(t’x)_{1 if m¢[o,z], kf(t’x)_{z if x¢[0,§],

Clearly, as € — 0, the functions u®, k* converge in Llloc to the constant solutions

u(t,x) =1, k(t,z) = 2.
t
(A)l w3
)
“o “o
0 € X

Figure 40: For a system which is not strictly hyperbolic, the solution may not depend contin-
uously on the initial data.

On the other hand, consider now the family of (time-dependent) solutions (fig. 40)

wo if  x/t<—6/(3+2V3),

w1 if  —6/(3+2V3) </t <0,
(K5, u)(t,x) = < woy if 0<zx<e,

w3 if  0<(x—e)/t<6/(2V3—3),

wo if  6/(2v3—3) < (z—e)/t,
where (fig. 41)
wo=1(2,2), wi=0B+4V3,2), w=(41), w3=(8-4V3, 2).

Observe that, as € — 0, the initial data converges to the constant function
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However, for times ¢ > 0, the solutions u® do not converge to the corresponding constant
solution

u(t,x) =2, k(t,z) = 2.
64 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
f(2,u)

“

| w,
16 L ,(,*33% ,,,,,, 2,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,::: (‘0]_

| f(1,u)

4 8 16 U

Figure 41: Different flux functions corresponding to k =1 and k =2 .

Example 12. We now consider the Cauchy problem for a strictly hyperbolic 3 x 3 system of
the form

ug +uy =0, u(0,2) = u(z),
v —vy =0, v(0,z) =9v(z), (9.2)
wy + [p(u,v) -w], =0, w(0,z) = w(x).

for some smooth function ¢ : IR? — [—1/2, 1/2]. Observe that the above system is strictly
hyperbolic, with characteristic speeds

/\1 = —1, /\2 = qﬁ(u,’u), /\3 =1.
All fields are linearly degenerate.

Figure 42: The initial data considered at (9.4).

If the initial data @, v are in BV, then by a result in [6] it follows that the O.D.E. for charac-
teristics

=Yt x) = d(u(t,x),v(t, x)) (9.3)
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has unique solutions. On the other hand, it is possible to choose @,v ¢ BV and ¢ € C* such
that the corresponding O.D.E. (9.3) has multiple (forward and backward) solutions through
a given point (fig. 43). In this case, if we look at the conservation equation for w, we see
that all the mass initially located within the interval [a,b] will be concentrated at the single
point at time 7. The L norm of the solution thus blows up, and the solution itself becomes
measure-valued. After time 7, the solution may be prolonged as a measure-valued solution in
many different ways. Indeed, the Dirac mass at P may be split among different characteristics
emerging from P, or else continued as a single Dirac mass moving along any one particular
characteristic originating from P.

An example where this happens is the following. Take (fig. 42)

_ _ Cf 1 if 27l <yl <270
i@ =@ =e@={ 1§ a5 (94)
1l —uv
¢(u7 /U) - 6 °

In this case, it is easy to see that the O.D.E. (9.3) admits infinitely many solutions through
the origin (fig. 43).

Figure 43: Since the total variation of the solution to (9.2)-(9.4) is unbounded, the O.D.E. for
characteristics can have multiple forward and backward solutions through a given point.

Example 13. Following [31], consider a 3 X 3 system of the form
U+ FU), =0, (9.5)

where U = (u,v,w) and

uv +w
FU)=F(u,v,w) = ( g(v) ) (9.6)

u(l —v?) —vw
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We assume that the scalar function g is strictly convex, with

9(0) =0, 9(v) = g(~v), “1<g(v) <1 (9.7)

for all v. It is then clear that the system is strictly hyperbolic in the region where |v| < 1.
Indeed

v U 1
A(U) = DF(u,v,w) = ( 0 g (v) 0 )

is a matrix with real distinct eigenvalues
A= —1, A = g'(v), A3 =1.

The corresponding right eigenvectors are

c(3) ) ()

The first and third characteristic fields are linearly degenerate, the second is genuinely non-
linear.

Figure 44: Structure of a solution where the total variation blows up in finite time.

By a suitable choice of the function g, the analysis in [31] shows that one can construct a
solution U = U (t, x) of the following form (fig. 44). The initial data contains two approaching
2-shocks, and a l-wave between them, of unit strength. Subsequent interactions produce
alternatively a 3-wave and a l-wave, with strengths given as in fig. 44, with 8 > 1. The L*®
norm of the solution, and hence also its total variation, approach infinity as ¢ — T'—, the time
where the two 2-shocks hit each other.

This example shows that, in general, if the initial data are large enough, the solution can blow
up in finite time. One should remark, however, that the system (9.6) does not come from any
realistic physical model. In particular, it does not admit any strictly convex entropy. It is a
major open problem to establish whether blow up in the total variation norm can occur for
solutions to the equations of gas dynamics.
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10 Appendix

We collect here some results of basic mathematical analysis, which were used in previous
sections.

A.1 - A compactness theorem

We state below a version of Helly’s compactness theorem, which provides the basic tool in the
proof of existence of weak solutions.

Theorem A.1. Consider a sequence of functions wu, : [0,00] XxIR +— IR"™ with the following
properties.

Tot. Var{u,(t, )} < C, luy(t,z)| < M for all t,x, (10.1)
/ luy (t, ) — uy (s, x)| de < L|t — 5| for all t,s >0, (10.2)

for some constants C,M,L. Then there exists a subsequence u, which converges to some
function w in Li ([0,00) x IR; IR™). This limit function satisfies

/ lu(t,z) —u(s,z)| dx < L|t — s| for all t,s > 0. (10.3)

The point values of the limit function u can be uniquely determined by requiring that

u(t,z) = u(t,z+) = ylir;l+u(t,y) for all t,x. (10.4)

In this case, one has

Tot. Var.{u(t, )} < C, lu(t,z)] < M for all ¢, x. (10.5)

A detailed proof can be found in [9].

A.2 - An elementary error estimate

Let D be a closed subset of a Banach space E and consider a Lipschitz continuous semigroup
S : D x [0,00[— D. More precisely, assume that

(i) Sou = u, SsSiu = Ssyiu,
(ii) || Spu — Ssv|| < L+ |Ju —v|| + L' - |t — s].

Given a Lipschitz continuous map w : [0, T] — D, we wish to estimate the difference between
w and the trajectory of the semigroup S starting at w(0).
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Theorem A.2. Let S : D x [0,00[+— D be a continuous flow satisfying the properties (i)-(ii).
For every Lipschitz continuous map w : [0,T] — D one then has the estimate

Jw(T) — S w(0)|| < L - / {hmlnf el t+h)h Shw(t)”} dt

(10.6)

Remark 8. The integrand in (10.6) can be regarded as the instantaneous error rate for w at
time ¢. Since the flow is uniformly Lipschitz continuous, during the time interval [¢t,T] this
error is amplified at most by a factor L (see fig. 45).

w(T)

Figure 45: Comparing the approximate solution w with the trajectory of the semigroup having
the same initial data.

Proof. We first show that the integrand function

O(t) = iminf (it + h>h— Spw(t)|

is bounded and measurable. Indeed, for every h > 0, the function

[w(t +h) — Spw(t)]
h

is continuous. By the continuity of the maps h +— ¢y (t), we have

on(t) = (10.7)

oy -
ot) = lim  inf o),

where the infimum is taken only over rational values of h. Hence the function ¢ is Borel
measurable. Its boundedness is a consequence of the uniform Lipschitz continuity of w and of
all trajectories of the semigroup S.

Next, define
®(t) = [[Sr—rw(t) — Srw(0)[, (10.8)

A6) = D) — L /0 " 5(s) ds. (10.9)

We need to show that z(7') < 0. Since z is Lipschitz continuous and z(0) = 0, it suffices to
show that the time derivative satisfies 2(s) < 0 for almost every s € [0,T]. By the theorems
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of Rademacher and of Lebesgue, there exists a null set N' C [0, T] such that, for each s ¢ N,
both functions z, ® are differentiable at time s while ¢ is quasicontinuous at s. For s ¢ N we

thus have

Z(s+h) —2(s) O(s + h) — O(s)

Z(s) = }L%T = }lllir(lj N —L-¢(s). (10.10)
By the definition of ® and the properties of S it follows
(s +h) —0(s) = [|S7—s—nw(s+h) = Srw(0)]| - [|S7—sw(s) — STw(0)]
< [1S7—s—nw(s +h) = Sr—sw(s)]|
< [Sr—s—hw(s + h) = Sr—s—nSpw(s)||
< L flw(s 4+ h) = Spw(s)]]-
Therefore
P h)—® h) —
h—0+ h h—0+ h
By (10.10) this implies
2(s) <0 for all s ¢ N.
Hence z(T') < 0, proving the theorem. U

A.3 - Taylor estimates

This final section contains some useful bounds on the size of a function ¥ of several variables,
valid in a neighborhood of the origin. The assumption that ¥ vanishes on certain sets, such
as the coordinate axes or the diagonals, implies that some of the Taylor coefficients of ¥
at the origin are equal to zero. Writing a Taylor approximation and using this additional
information, one obtains the desired estimates. As usual, the Landau notation O(1) here
indicates a function whose absolute value remains uniformly bounded.

Lemma A.1. Let ® : IR™ — IR" be differentiable with Lipschitz continuous derivative. If

®(0) =0, gi(O) =0, (10.11)
then one has
®(z) = O(1) - || (10.12)

Lemma A.2. Let ® : IRP X IR? — IR be twice differentiable, with Lipschitz continuous second
derivatives. If

®(2,0) =P(0,y) =0 forall x € IRP, y € IRY, (10.13)

then
®(z,y) = O(1) - [z||y| (10.14)
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for all x,y in a neighborhood of the origin. If in addition there holds

0?®
0,0)=0 10.15
then one has the sharper estimate
O(z,y) = O(1) - [ [y (| + |y])- (10.16)

Proof. Observe that (10.13) implies

B(z,y) = /01 (gj(m, 9y)) Ly do

N S I ) (10.17)
_ /0/0 <8x8y(9m7 ey)>.(:c®y)d9d9

= O(1) - [« yl-

This gives (10.14). If (10.15) also holds, then the Lipschitz continuity of the second derivative
implies

>*®
— =0(1) - .
S (@) = O(1) (el + o)
Using this bound inside the double integral in (10.17), we obtain (10.16). ]

Lemma A.3. Let ® = ®(§,q*,0) be a C?> mapping from IR"~! x IR x IR into IR, with Lipschitz
continuous second derivatives. Assume that, for all § € IR" ', s,q*,0 € IR there holds

®(q,q*,0) = ®(0,s,—s) = ©(0,0,0) = 0. (10.18)
Then one has the estimate
®(q,q%,0) = O01) - (4| |o| + g [ lo||g" + o). (10.19)

If, in addition, for all ¢*, o there holds

®(0,q%,0) =0, (10.20)
then one has
®(g,q" 0) = 0(1) - |q||a]. (10.21)
Proof. To derive (10.19) we write
®(¢,q%,0) = ©(0,¢%,0) + [®(q, ¢", 0) — 2(0,4", 0)]. (10.22)
By (10.18), for all ¢, ¢* one has
@ 0) =0



Hence, by the Lipschitz continuity of the first derivative,

56 @0",0) = O(1) o

Using this last estimate we obtain

53,00 - 2(0,4%0) = [ (S a.d.0) qas

(10.23)
= O(1) - |q[|o].
To establish (10.19) it thus remains to prove
®(0,¢%,0) =0(1) - lq"[lo]lg" + a]. (10.24)
Observe that (10.18) implies
D2 0 0.0)=0
Oq*Oo '
In the case where ¢* and o have the same sign, one has |¢* + o| = |¢*| + |o|. Therefore (10.24)

follows from Lemma A.2, being equivalent to the estimate (10.16).

To see what happens when ¢* and ¢ have opposite signs, to fix the ideas assume ¢* < 0 < o,
|¢*| < o, the other cases being entirely similar. We consider two possibilities:

If |¢*| < /2, then

lol o g1 + o]
2 - 3
and (10.24) again follows from (10.16) in Lemma A.2.

lg" + o] >

In the remaining case where 0/2 < |¢*| < o, we write

®(0,q%,0) = +/ —(0,5,0)ds
0*® ) ,
= 0—1—/ / 900 (0,s,s")dsds

_ /_U/ (|s] + |s']) dsds’

= 0(1) o +q*||o| (lo] + [o])-
This yields again (10.24), completing the proof of (10.19).

If the additional assumption (10.20) holds, then the estimate (10.21) is an immediate conse-
quence of (10.22) and (10.23). O

Lemma A.4. Let ® = ®(§,q*,0) be a C' mapping from IR" ! x IR x IR into IR, with Lipschitz
continuous derivatives.
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(a) If ® satisfies the assumptions

0P o 1
il = == d —8) = . 10.2
o (0,0,0) 5o (0,0,0) 5 (0,s,—5) =0 for all s (10.25)

then one has the estimate

¢ +o

2(G.q%.0) = T2 1 0(1) - (Il + | +ol(a”] + o). (10.26)

(b) If instead ® satisfies the assumptions

0P 1
—(0,0,0) = =, ®(0,0,0) =0 for all o, (10.27)
oq* 2
then one has the estimate
~ * _ q* ~ * *
2(7.q",0) = L+ 00 (12l +1a°l(1a" + o). (10.28)

Proof. We write ® in the form
®(¢,q%,0) = [(¢, 4%, 0) = (0, ¢", 0)] + ©(0,4", 9).
The first term on the right hand side clearly satisfies
®(q,q%,0) = ®(0,¢%,0) = O(1) - |q]. (10.29)
To estimate the second term, in case (a) we define s = (¢* — 0)/2 and compute
®(0,¢",0) = ®(0,s,—s) + /O(q*JFU)/2 [ddG(I)(O’ s+6, —s+0)| do

_ /(](q*+a)/2 [1 I 0(1) . (|q*| + |O’|)} de (1030)

T +o « .
=" +0Q) -1¢" + ol (Ig"] + |o]).

Combining (10.29) with (10.30) one obtains (10.26).

In case (b), we write

q*
B(0,¢",0) — /0 L;iecb((), 0, a)} d

*

= [" [3+00) ('l +IoD)] do (10.31)

¢ 5 (1g*
=5 +0M) ¢’ (lg"| + lo]).
Combining (10.29) with (10.31) one obtains (10.28). ]
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Remark 9. In the above lemmas, assume that the functions ® and their derivatives depend
continuously on an additional parameter w and satisfy the given assumptions for all values of
w. Then all of the above estimates are still valid, for quantities O(1) which remain uniformly
bounded as w ranges on compact sets.
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