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Vanishing viscosity solutions
of nonlinear hyperbolic systems
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(Dedicated to Prof. Constantine Dafermos on the occasion of his 60" birthday)

Abstract

We consider the Cauchy problem for a strictly hyperbolic, n x n system
in one-space dimension: u; + A(u)u, = 0, assuming that the initial data have
small total variation.

We show that the solutions of the viscous approximations u; + A(u)u, =
€Uy, are defined globally in time and satisfy uniform BV estimates, indepen-
dent of e. Moreover, they depend continuously on the initial data in the L!
distance, with a Lipschitz constant independent of ¢,e. Letting ¢ — 0, these
viscous solutions converge to a unique limit, depending Lipschitz continuously
on the initial data. In the conservative case where A = Df is the Jacobian
of some flux function f : R™ — R”, the vanishing viscosity limits are pre-
cisely the unique entropy weak solutions to the system of conservation laws
ug + f(u)y = 0.

1. Introduction

The Cauchy problem for a system of conservation laws in one space di-
mension takes the form

(1'1) Ut‘f‘f(u)xzoa
(1.2) u(0, ) =u(x).
Here u = (uy,...,uy,) is the vector of conserved quantities, while the compo-

nents of f = (fi,...,fn) are the fluzes. We assume that the flux function
f :R™ — R™ is smooth and that the system is strictly hyperbolic; i.e., at each
point u the Jacobian matrix A(u) = D f(u) has n real, distinct eigenvalues

(1.3) A(u) < -0 < Ap(u).
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One can then select bases of right and left eigenvectors 7;(u), l;(u), normalized
so that

. 1 if ¢ =3,

Several fundamental laws of physics take the form of a conservation equa-
tion. For the relevance of hyperbolic conservation laws in continuum physics
we refer to the recent book of Dafermos [D].

A distinguished feature of nonlinear hyperbolic systems is the possible loss
of regularity. Even with smooth initial data, it is well known that the solution
can develop shocks within finite time. Therefore, global solutions can only
be constructed within a space of discontinuous functions. The equation (1.1)
must then be interpreted in a distributional sense. A vector-valued function
u = u(t,x) is a weak solution of (1.1) if

(1.5) // [y + f(u) ¢z] dzdt =0

for every test function ¢ € C!, continuously differentiable with compact sup-
port. When discontinuities are present, weak solutions may not be unique. To
single out a unique “good” solution of the Cauchy problem, additional entropy
conditions must be imposed along shocks [Lx], [L1]. These are often motivated
by physical considerations [D].

Toward a rigorous mathematical analysis of solutions, the lack of regu-
larity has always been a considerable source of difficulties. For discontinuous
solutions, most of the standard tools of differential calculus do not apply. More-
over, for general n x n systems, the powerful techniques of functional analysis
cannot be used. In particular, solutions cannot be obtained as fixed points of a
nonlinear transformation, or in variational form as critical points of a suitable
functional. Dealing with vector valued functions, comparison arguments based
on upper and lower solutions do not apply either. Up to now, the theory of
conservation laws has thus progressed largely by developing ad hoc methods.
In particular, a basic building block is the so-called Riemann problem, where
initial data are piecewise constant with a single jump at the origin:

u- ifx <0,
u(O,:c)—{u+ if x>0.

Weak solutions to the Cauchy problem (1.1) and (1.2) were constructed
in the celebrated paper of Glimm [G]. This global existence result is valid for
small BV initial data and under the additional assumption

(H) For each i € {1,...,n}, the i*h characteristic field is either linearly de-
generate, so that

(1.6) DXi(u) - ri(u) =0 for all wu,
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or else it is genuinely nonlinear; i.e.,
(1.7) DXi(u) - ri(u) >0 for all w.

In [G], an approximate solution of the general Cauchy problem is obtained
by piecing together solutions of several Riemann problems, with a restarting
procedure based on random sampling. The key step in Glimm’s proof is an
a priori estimate on the total variation of the approximate solutions, obtained
by introducing a wave interaction potential. In turn, the control of the total
variation yields the compactness of the family of approximate solutions, and
hence the existence of a strongly convergent subsequence. Alternative con-
structions of approximate solutions, based on front-tracking approximations,
were subsequently developed in [DP1], [B2], [Ri], [BalJ].

The above existence results are all based on a compactness argument
which, by itself, does not guarantee the uniqueness of solutions. The continu-
ous dependence of solutions on the initial data was first proved in [BC1] and
[BCP], with a technique based on linearization + homotopy. As a first step,
one estimates the distance between a reference solution v and an infinitesimal
perturbation. This is achieved by constructing a Lyapunov functional ¥(u; z)
which is nonincreasing along all solutions z to a linearized system, describing
the evolution of a first order perturbation (see [B1], [B4]). In a second step, to
compare two solutions u, v, one constructs a one-parameter family of solutions
u? connecting v with v. For each time ¢, the distance Hu(t) —v(t)|lL: can then
be bounded in terms of the length of the curve § — wuf(t). A drawback of
this approach comes from the possible loss of regularity of the solutions «?. In
order to retain the minimal regularity (piecewise Lipschitz continuity) required
for the existence of tangent vectors, in [BC1] and [BCP] various approxima-
tion and restarting procedures had to be devised. These yield entirely rigorous
proofs, but at the price of heavy technicalities.

A quite different approach was introduced in [LY2] by Liu and Yang, defin-
ing a functional ®(u,v) which is equivalent to the L! distance and decreases
along couples of solutions of the hyperbolic system. In their construction, a
key role is played by a new entropy functional for genuinely nonlinear scalar
fields, introduced in [LY1]. This approach was developed into its final form in
[BLY]. For yet another proof of continuous dependence, see also [HLF].

Relying on the continuous dependence of limits of front-tracking approx-
imations, general uniqueness results for entropy weak solutions could then be
proved in [B3], [BLF1], [BG] and [BLe|. The main results can be summarized
as follows:

— The solutions obtained as limits of Glimm or front-tracking approxima-
tions are unique and depend Lipschitz continuously on the initial data,
in the L' norm.
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— Every small BV solution of the Cauchy problem (1.1) and (1.2) which
satisfies the Lax entropy conditions coincides with the unique limit of
front tracking approximations.

For a comprehensive account of the recent uniqueness and stability theory we
refer to [B5].

A long standing conjecture is that the entropic solutions of the hyperbolic
system (1.1) actually coincide with the limits of solutions to the parabolic
system

(1.8). up + f(u)z = € Uz,

when the viscosity coefficient € — 0. In view of the recent uniqueness results, it
looks indeed very plausible that the vanishing viscosity limit should single out
the unique “good” solution of the Cauchy problem, satisfying the appropriate
entropy conditions. In earlier literature, results in this direction were based on
three main techniques:

1. Comparison principles for parabolic equations. For a scalar conserva-
tion law, the existence, uniqueness and global stability of vanishing viscosity
solutions were first established by Oleinik [O] in one space dimension. The
famous paper of Kruzhkov [K] covers the more general class of L solutions,
in several space dimensions. For an alternative approach based on nonlinear
semigroup theory, see also [Cr].

2. Singular perturbations. Let u be a piecewise smooth solution of
the n x n system (1.1), with finitely many noninteracting, entropy admissible
shocks. In this special case, using a singular perturbation technique, Goodman
and Xin [GX] were able to construct a sequence of solutions u® to (1.8)., with
u® — u as € — 0. See also [Yu] for further results in this direction.

3. Compensated compactness. 1If, instead of a BV bound, only a uniform
bound on the L*> norm of solutions of (1.8). is available, one can still construct
a weakly convergent subsequence u® — wu. In general, we cannot expect that
this weak limit satisfies the nonlinear equations (1.5). However, for a class of
2 x 2 systems, in [DP2] DiPerna showed that this limit u is indeed a weak
solution of (1.1). 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. We remark that the solution is here found in the space L. Since
the known uniqueness results apply only to BV solutions, the uniqueness of
solutions obtained by the compensated compactness method remains a difficult
open problem.
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In our point of view, to develop a satisfactory theory of vanishing viscosity
limits, the heart of the matter is to establish a priori BV bounds on solutions
u(t, ) of (1.8), uniformly valid for all ¢t € [0, oo[ and € > 0. This is indeed what
we will accomplish in the present paper. Our results apply, more generally, to
strictly hyperbolic n x n systems with viscosity, not necessarily in conservation
form:

(1.9)c up + A(U)uy = € Ugy .

As a preliminary, we observe that the rescaling of coordinates s = t/e, y = z/e
transforms the Cauchy problem (1.9)., (1.2) into

Us + A(U)uy = Uyy, U(O, y) = ﬂg(y) = @(€y) .

Clearly, the total variation of the initial data u° does not change with €. To
obtain a priori BV bounds and stability estimates for solutions of (1.9)., it
thus suffices to consider the system

and derive estimates uniformly valid for all times ¢ > 0, depending only on
the total variation of the initial data .

The first step in our proof is a decomposition of the gradient u, = Y v;7;
into scalar components. In the purely hyperbolic case without viscosity, it
is natural to decompose u, along a basis {ri,...,r,} of eigenvectors of the
matrix A(u). Remarkably, this choice does not work here. Instead, we will
decompose u, as a sum of gradients of viscous travelling waves, selected by a
center manifold technique.

As a second step, we study the evolution of each component v;, which is
governed by a scalar conservation law with a source term, accounting for non-
linear wave interactions. Uniform bounds on these source terms are achieved
by means of a transversal interaction functional, controlling the interaction
between waves of different families, and suitable swept area and curve length
functionals, controlling the interaction of waves of the same family. All these
can be regarded as “viscous” counterparts of the wave interaction potential,
introduced by Glimm [G] in the purely hyperbolic case. Indeed, our “area
functional” is closely related to the interaction potential used by Liu in [L4].
Finally, on regions where the diffusion is dominant, the strength of the source
term is bounded by an energy functional. All together, these estimates yield
the desired a priori bound on Hux(t, ~)HL1, independent of ¢ € [0, 00].

Similar techniques can also be applied to a solution z = z(t,x) of the
variational equation

(1.11) 2+ [DA(u) - 2| ug + A(u)zz = 20,

which describes the evolution of a first order perturbation to a solution u
of (1.10). Assuming that the total variation of w remains small, we shall
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establish an estimate of the form
(1.12) 2t )| < L2009 forall t>0,

valid for all solutions of (1.11). As soon as this estimate is proved, as in [B1],
a standard homotopy argument yields the Lipschitz continuity of the flow of
(1.10) with respect to the initial data, uniformly in time.

By the simple rescaling of coordinates ¢t — &t, x — ez, all of the above
estimates remain valid for solutions u® of the system (1.9).. By a compactness
argument, these BV bounds imply the existence of a strong limit u*™ — v in
Llloc, at least for some subsequence €, — 0. In the conservative case where
A = Df, it is now easy to show that this limit v provides a weak solution to
the Cauchy problem (1.1) and (1.2).

At this intermediate stage of the analysis, since we are using a compactness
argument, it is not yet clear whether the vanishing viscosity limit is unique. In
principle, different subsequences €, — 0 may yield different limits. Toward a
uniqueness result, in [B3] the second author introduced a definition of viscosity
solution for the hyperbolic system of conservation laws (1.1), based on local
integral estimates. Roughly speaking, a function u is a viscosity solution if

e In a forward neighborhood of each point of jump, the function u is well
approximated by the self-similar solution of the corresponding Riemann
problem.

e On a region where its total variation is small, u can be accurately ap-
proximated by the solution of a linear system with constant coefficients.

For a strictly hyperbolic system of conservation laws satisfying the stan-
dard assumptions (H), the analysis in [B3] proved that the viscosity solution
of a Cauchy problem is unique, and coincides with the limit of Glimm and
front-tracking approximations. The definition given in [B3] was motivated by
a natural conjecture. Namely, the viscosity solutions (characterized in terms of
local integral estimates) should coincide precisely with the limits of vanishing
viscosity approximations.

In the present paper we adopt a similar definition of viscosity solutions
and prove that the above conjecture is indeed true. Our results apply to the
more general case of (possibly nonconservative) quasilinear strictly hyperbolic
systems. In particular, we obtain the uniqueness of the vanishing viscosity
limit.

As in [B3], [BLFP], the underlying idea is that a semigroup is entirely
determined by its local behavior on piecewise constant initial data. Namely, if
two semigroups yield the same solution to each Riemann problem, then they
coincide. In our proof of uniqueness, a basic step is thus the analysis of the
vanishing viscosity solution to a general Riemann problem. The construction
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given here extends the previous results by Lax and by Liu to general, non-
conservative hyperbolic systems. As in the cases considered in [Lx], [L1], for
a given left state u™ there exists a Lipschitz continuous curve of right states
uT which can be connected to u~ by i-waves. These right states are here
obtained by looking at the fixed point of a suitable contractive transforma-
tion. Remarkably, our center manifold plays again a key role, in defining this
transformation.
Our main results are as follows.

THEOREM 1. Consider the Cauchy problem for the hyperbolic system with
ViSCoSIty

(1.13) up + Alu)uy = € Ugy u(0,x) = u(x).

Assume that the matrices A(u) are strictly hyperbolic, smoothly depending on
u in a neighborhood of a compact set K C R™. Then there exist constants
C,L,L" and § > 0 such that the following holds. If

(1.14) Tot.Var{u} < 0, lim u(z) e K,

T——00

then for each € > 0 the Cauchy problem (1.13). has a unique solution uf,
defined for all t > 0. With a semigroup notation, this will be written as t —
us(t,-) = Siu. In addition,

(1.15) BV bounds : Tot.Var.{S;u} < C Tot.Var.{u}

(1.16) L' stability :  ||Sfa — S0

p<La-1l

Ll?

(1.17) Is7a — Szally, <&/ (1t = | + [Vet - vEs ).

Convergence: As e — 0+, the solutions u® converge to the trajectories of
a semigroup S such that

(1.18) | St — Ssv|| ., < Llla—o|lw + L' |t — s].

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

(1.19) u + A(u)u, =0, u(0,2) = u(x).

In the conservative case A(u) = D f(u), every vanishing viscosity solution
18 a weak solution of

(1.20) ut + f(u)g =0, u(0,z) = u(x),

satisfying the Liu admissibility conditions.

Assuming, in addition, that each field is genuinely nonlinear or linearly
degenerate, the vanishing viscosity solutions coincide with the unique limits of
Glimm and front-tracking approximations.
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Notice that in the above theorem the only key assumptions are the strict
hyperbolicity of the system and the small total variation of the initial data. It
is interesting to compare this result with previous literature.

1. Concerning the global existence of weak solutions, Glimm’s proof re-
quires the additional assumption (H) of genuine nonlinearity or linear degen-
eracy of each characteristic field. This assumption has been greatly relaxed in
subsequent works by Liu [L4] and Liu and Yang [LY3], and eventually removed
in [ILF], but at the price of considerable technicalities. The underlying reason
is the following. In all papers based on the Glimm scheme (or front-tracking),
the construction of approximate solutions as well as the BV estimates rely on
a careful analysis of the Riemann problem and of interactions between elemen-
tary waves. In this connection, the hypothesis (H) is a simplifying assumption,
which guarantees that every Riemann problem can be solved in terms of n el-
ementary waves (shocks, centered rarefactions or contact discontinuities), one
for each characteristic field 2 = 1,...,n. When this assumption fails, construct-
ing a solution to each Riemann problem and deriving interaction estimates are
still possible, but far more complicated.

On the other hand, our present approach based on vanishing viscosity
marks the first time where uniform BV estimates are obtained without any
reference to Riemann problems. Global existence is obtained for the whole
class of strictly hyperbolic systems.

2. Concerning the uniform stability of entropy weak solutions, the results
previously available for n x n hyperbolic systems [BC1], [BCP], [BLY] always
required the assumption (H). For 2 x 2 systems, this condition was somewhat
relaxed in [AM]. Again, we remark that the present result makes no reference
to the assumption (H).

3. For the viscous system (1.10), previous results in [L5], [SX], [SZ], [Yu]
have established the stability of special types of solutions, such as travelling
viscous shocks or viscous rarefactions, with respect to suitably small perturba-
tions. Taking € = 1, our present theorem yields at once the uniform Lipschitz
stability of all viscous solutions with sufficiently small total variation, with
respect to the L1 distance.

Remark 1.1. The vanishing viscosity approach is based on a different
building block, namely the viscous travelling waves. This appears to be more
basic, and yields more general results. However, the earlier point of view based
on piecewise constant approximations and the analysis of the Riemann problem
retains some advantages. In particular, it gives a better geometrical intuition
and provides additional results on the qualitative structure and asymptotic
properties of solutions as in [L2], [L3], [L4], [BLF2], [B5].
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Remark 1.2. It remains an important open problem to establish the
convergence of vanishing viscosity approximations of the form
(1.21), ur + Au)u, = e(B(u)ug)

for more general viscosity matrices B. In the present paper we are exclusively
concerned with the case where B is the identity matrix. For systems which
are not in conservative form, we expect that the limit of solutions of (1.21).,
as € — 0, will be heavily dependent on the choice of the matrix B.

Remark 1.3. In the present paper we only consider initial data with small
total variation. This is a convenient setting, adopted in much of the current
literature, which guarantees the global existence of BV solutions of (1.1) and
captures all basic features of the problem. A recent example of Jenssen [J]
shows that, for initial data with large total variation, the solution can blow
up in finite time. In this more general setting, one expects that the existence
and uniqueness of weak solutions, together with the convergence of vanishing
viscosity approximations, will hold locally in time as long as the total variation
remains bounded. For the hyperbolic system (1.1), results on the existence and
stability of solutions with large BV data can be found in [S] and [BC2].

Remark 1.4. For initial data in L°°, on the other hand, one cannot expect
to have any general theorem on uniqueness and stability of vanishing viscosity
solutions. A simple example of nonuniqueness was given in [BS].

The plan of the paper is as follows. Section 2 collects those estimates
which can be obtained by standard parabolic techniques. In particular, we
show that the solution of (1.10) with initial data u € BV is well defined on an
initial time interval [0, ] where the L norms of all derivatives decay rapidly.
Moreover, for large times, as soon as an estimate on the total variation is
available, one immediately obtains a bound on the L! norms of all higher order
derivatives. Our basic strategy for obtaining the BV estimate is outlined in
Section 3. The decomposition of u; as a sum of gradients of viscous travelling
profiles is performed in Section 5. This decomposition will depend pointwise
on the second order jet (g, uyy), involving 2n scalar parameters. To fit these
data, we must first select n smooth families of viscous travelling waves, each
depending on two parameters. This preliminary construction is achieved in
Section 4, by reliance on the center manifold theorem. In Section 6 we derive
the evolution equation satisfied by the gradient components and analyze the
form of the various source terms. As in [G], our point of view is that these
source terms are the result of interactions between viscous waves, and can
thus be controlled by suitable interaction functionals. In Sections 7 to 9 we
introduce various Lyapounov functionals, which eventually allow us to estimate
the integral of all source terms. The proof of the uniform BV bounds is then
completed in Section 10.
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In Section 11 we study the linearized evolution equation (1.11) for an in-
finitesimal perturbation z, and derive the key estimate (1.12). In turn, this
yields the Lipschitz continuity of the flow, stated in (1.16). Some of the esti-
mates here require lengthy calculations, which are postponed to the appendices.
Section 12 contains an additional estimate for solutions of (1.11), showing that,
even in the parabolic case, the bulk of a perturbation propagates at a finite
speed. This estimate is crucial because, passing to the limit ¢ — 0, it im-
plies that the values of a vanishing viscosity solution (¢, ) on an interval [a, b]
depend only on the values of the initial data «(0,-) on a bounded interval
[a — Bt, b+ [t]. In Section 13 we study the existence and various properties
of a semigroup obtained as a vanishing viscosity limit: S = lim S°~. At this
stage, we only know that the limit exists for a suitable subsequence ¢, — 0. In
the case of a system of conservation laws satisfying the standard assumptions
(H), we can show that every limit solution satisfies the Lax shock conditions
and the tame oscillation property. Hence, by the uniqueness theorem in [BG],
the limit is unique and does not depend on the subsequence {e,, }. This already
achieves a proof of Theorem 1 valid for this special case.

Toward a proof of uniqueness in the general case, in Section 14 we con-
struct a self-similar solution w(t,z) = @(x/t) to the nonconservative Riemann
problem, and show that it provides the unique vanishing viscosity limit. A
definition of viscosity solution in terms of local integral estimates is introduced
in Section 15. By a minor modification of the arguments in [B3], [B5] we prove
that these viscosity solutions are unique and coincide with the trajectories of
any semigroup .S = lim S obtained as a limit of vanishing viscosity approxi-
mations. Since this result is independent of the subsequence {e,,}, we obtain
the convergence to a unique limit of the whole family of viscous approximations
S;u — Syu, over all real values of €. This completes the proof of Theorem 1.

Finally, in Section 16 we derive two easy estimates. One is concerned with
the dependence of the limit semigroup S on the coefficients of the matrix A in
(1.19). The other estimate describes the asymptotic limit of solutions of the
parabolic system (1.10) as t — oo.

2. Parabolic estimates

In classical textbooks, the local existence and regularity of solutions to the
parabolic system (1.10) are derived by regarding the hyperbolic term A(u)u
as a first order perturbation of the heat equation. This leads to the definition
of mild solutions, characterized by the representation

u(t) = G(t) xu(0) — /0 G(t — s) = A(u(s))us(s) ds

in terms of convolutions with the standard heat kernel G.
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In this initial section we collect all the relevant estimates which can be
achieved by this approach. In particular, we prove various decay and regularity
results for solutions of (1.10) as well as (1.11). Given a BV solution u = u(t, )
of (1.10), consider the state

(2.1) v = lim wu(t,x),

T——00

which is clearly independent of time. We then define the matrix A* = A(u™)
and let A7, r*, [7 be the corresponding eigenvalues and right and left eigen-

[P

vectors, normalized as in (1.4). It will be convenient to use “o” to denote a
directional derivative, so that z @ A(u) = DA(u) - z indicates the derivative of
the matrix-valued function u — A(u) in the direction of the vector z. We can
now rewrite the systems (1.10) and (1.11) respectively as

(2.2) up + A Uy — Upy = (A* — A(u))ux ,
(2.3) 24+ A'zg — 2go = (A" — A(u)2zp — (20 A(u))ug .

In both cases, we regard the right-hand side as a perturbation of the linear
parabolic system with constant coefficients

(2.4) wy + A'wy — wey = 0.

We denote by G* the Green kernel for (2.4), so that

wlta) = [ Gt~y w(.)dy.
The matrix-valued function G* is easily computed. Indeed, if w solves (2.4),
then its i*" component w; = [ - w satisfies the scalar equation
wi ¢ + )\:wz,x — Wi gz = 0.

Therefore w;(t) = G} (t) * w;(0), where

oo -E=AY.

1
2v/7t
Looking at the explicit form of its components, we see clearly that the Green
kernel G* = G*(t, z) satisfies the bounds
K

1§—a
RV

for some constant « and all £ > 0. It is important to observe that, if u is a

(25) [|G*(t)|

L Sk, 1GL(t)]

|G ()]

K
ng?’

solution of (2.2), then z = u, is a particular solution of the variational equation
(2.3). Hence all the estimates proved for z,, z,, are certainly valid also for the
corresponding derivatives gz, Ugzz,. Assuming that the initial data u(0, -) have
small total variations, we now derive some estimates on higher derivatives. In
particular, we will show that
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e The solution is well defined on some initial interval [0, ], where the L>
norm of all derivatives decays rapidly.

e As long as the total variation remains small, the solution can be pro-
longed in time. In this case, all higher order derivatives remain small.
Indeed, waiting a long enough time, one has

|tz (t)||p < ||tee(t)]f < ||t (t)||y, = Tot.Var.{u(t)}.

PROPOSITION 2.1. Let u, z be solutions of the systems (2.2)—(2.3), satis-
fying the bounds

(2:6) lea@®lg, < o, =@l < o,

for some constant 6o < 1 and all t € [0,1], where

P 1 ? - 2

@1 Q= (m) = s (IDA] + 0?4

and k is the constant in (2.5). Then fort € [0,1] the following estimates hold:
2kK0,

(28) e @l 12Ol <=7
5k%0

(2.9) e (8) s [122a(8)]| g0 < 22
16470

(210 @l ool < 22

Proof. The function z, can be represented as
(2.11)

t
zz(t) = G(t) * 2(0) —|—/ GL(t—s)x* (A* — A(u))zz(s) — (z @ A(u))ux(s)} ds.
Using (2.5) and (2.6) we obtain

/ Go(t—s) (A — A(u)) zg(s) — (zOA(u))ux(s)}ds
< [ 1620 = 9l { g 1A (6,
o)l [ DA o)

L |
< 20D - [ = [y s

Consider first the case of smooth initial data. We shall argue by contradiction.

Assume that there exists a first time 7 < £ such that the equality in (2.8) holds.
Then, observing that

Lt

1}ds

ds = do=m<4

[ ==L 7=
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we compute

1 2(50/-4:

d
T—s\/§S

K T
L ) L ey

)
< % + 16/<a2/£A(58 <

\/;

2/1(50
\/7__ Y

reaching a contradiction. Hence, (2.8) is satisfied as a strict inequality for all
t € [0,£]. Observing that this estimate depends only on the L' norms of wu,
and z, by an approximation argument we obtain the same bound for general
initial data, not necessarily smooth. Since z = wu, is a particular solution of
(2.3), the bounds (2.8) certainly apply also to z; = ugg.

A similar technique is used to establish (2.9). Indeed, we can write

(212)  zau(t) = G (t/2) * z2(t/2)

— | Gt —s) {(z o A(u))uz(s) + (A(u) — A*)zm(s)} ds |

t/2 @

We will prove (2.9) first in the case z;» = Ugyq, then in the general case. If

(2.9) is satisfied as an equality at a first time 7 < £, using (2.12) and recalling
the definitions (2.7) we compute

K 2k0¢
Zaa(T) g1 S —F/— -
220 ()l NN
# [ s A0+ 2o s A0 0,
JrHZOA(u)ux:c(s)HLl + ||U1c o A(u)zy(s ||L1 + H A*)Zx,(s) L1}d5
2&250

T K 5
>~ 7/2 + /7—/2 m ! {60|DA||L°CHZ$1(S)||L1 +50||D2A||L°°HUTI(S)||L1

‘HSO”DAHLOO Hummr(s) HLl

+00[| DA|L= || 202 (5)|| . + S0l DAL= || 202 (s

e s pd

4/4, 50

+ k6o (4705 | D* Al| L + 20780 || DAL~ ) /

4K2%5 4 26
<y 205%KA08 - ——= < 5K 0
T T/2 T

)
reaching a contradiction.

Finally, by (2.12) and (2.8), (2.9), the bounds in (2.10) are proved by the
estimate
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ezl < 5 L //2 =
{ |22 @ A(u)ua(s)|| o + |2 @ (uz ® A(u))ua(s)]| (.
+ [z & Alw)aa(s) || + [luw @ Alw) 2 ()|

+ H(A(u) - A*)zm(s)HLw} ds

153 50 4 163680
< . O

COROLLARY 2.2. In the same setting as Proposition 2.1, assume that the
bounds (2.6) hold on a larger interval [0,T]. Then for all t € [t, T1,

(2.13) Hum(t)‘ L1 ‘ux(t)HLw , ‘zx(t)‘ n=001)" 5(2],
Q1) s e et =0 -85,
(2.15) [ ttaae (8)|| e » [ 200 (8) || o = O(1) - G5 -
Proof. Tt suffices to apply Proposition 2.1 on the interval [t — t t]. O

PROPOSITION 2.3. Let u = u(t,x), z = z(t,z) be solutions of (2.2), (2.3)
respectively, such that

<% 90
(2.16) Tot.Var.{u(0,-)} < <10 12(0)||: < P
Then u, z are well defined on the whole interval [0,1] in (2.7), and satisfy
) )
(2.17) lua @l < 5 =)l < 5 e 0, 4].

Proof. We have the identity
*2(0)

(2.18)  2(t)=G*(t
/ G*(t—s) (A — A(u))zg(s) — (z ® A(u))ux(s)} ds.

As before, we first establish the result for z = u,, then for a general solution z
of (2.3). Assume that there exists a first time 7 < ¢ where the bound in (2.17)
is satisfied as an equality. Estimating the right-hand side of (2.18) by means
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60 777777777 P T T
: - [t ||
[teaL:
: ”u:tszLl
0 i~ 8,2 t
Figure 1
of (2.5) and (2.8), we obtain
KOQ T 2558
< — —— ||DA||p~ d
el < 52+ [ 22 DA ds
) 0
SZO+4I€KA5(2)\/7_' < 50,
reaching a contradiction. O

To simplify the proofs, in all previous results we used the same hypotheses
on the functions u, and z. However, observing that z solves a linear homo-
geneous equation, similar estimates can be immediately derived without any
restriction on the initial size Hz(())‘
follows

i~ In particular, from Proposition 2.3 it

COROLLARY 2.4. Let u = u(t,x), z = z(t,x) be solutions of (2.2), (2.3)
respectively, such that HUI(O)HLl < 0o/4k. Then u,z are well defined on the
whole interval [0,1] in (2.7), and satisfy

219) Ju®lly, <26l Ol <2620 0.,
A summary of the main estimates is illustrated in Figure 1. On the initial

interval ¢ € [0, ], with ¢ ~ 1/62 we have

(2.20) [|ua(t)|

L! < 60’
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while the norms of the higher derivatives decay:

|tiae||p, = O(1) - 60/ VE, [tzza || g0 = O(1) - S0/t
On the other hand, for t > ¢, as long as (2.20) remains valid we also have
HUx:JcHLl = 0(1) . 58 , HummHLl = 0(1) . 58 .

These bounds (the solid lines in Fig. 1) were obtained in the present section by
standard parabolic-type estimates. The most difficult part of the proof is to
obtain the estimate (2.20) for large times t € [t, co| (the broken line in Fig. 1).
This will require hyperbolic-type estimates, based on the local decomposition
of the gradient u, as a sum of travelling waves, and on a careful analysis of all
interaction terms.

3. Outline of the BV estimates

It is our aim to derive global a priori bounds on the total variation of
solutions of

(3.1) up + A(u)uy = gy

for small initial data. We always assume that the system is strictly hyperbolic,
so that each matrix A(u) has real distinct eigenvalues \;(u) as in (1.3), and
dual bases of right and left eigenvectors r;(u), ;(u) normalized as in (1.4). The
directional derivative of a function ¢ = ¢(u) in the direction of the vector v is

written
(3.2) vep(u)=D¢p-v= lir% B(u + e:) — ¢(u) ’
while

[T’j,’f’k] = rieTg —Tper;

denotes a Lie bracket. In order to obtain uniform bounds on Tot.Var.{u(t, )}
for all t > 0, our basic strategy is as follows. We choose dy > 0 sufficiently
small and consider an initial data u(0,-) = u satisfying the first inequality in
(2.16). By Proposition 2.3, the corresponding solution is well defined on the
initial time interval [0, ] and its total variation remains bounded, according to
(2.17). The main task is to establish BV estimates on the remaining interval
[5, oo[. For this purpose, we decompose the gradient u, along a suitable basis
of unit vectors 7q,...,7,, say

n

i=1
Differentiating (3.1), we obtain a system of n evolution equations for these
scalar components

(3.4) Vig + (NiVi)e — Vigx = b5, i=1,...,n.
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Since the left-hand side is in conservation form, (3.4) implies

(3.5) ot )|, . / / (a(t, )| drdt

for all t > . By (3.3),

(3.6) Tot.Var.{u(t, )} = Hum HL1 < Z HUZ HLl )

o < i, )]

In order to obtain a uniform bound on the total variation, the key step is thus
to construct the basis of unit vectors {ry,...,7,} in (3.3) in a clever way, so
that the functions ¢; on the right-hand side of (3.4) become integrable on the
half plane {t > {, x € R}.

As a preliminary, we observe that the choice 7; = r;(u), the i*" eigenvector
of the matrix A(u), seems quite natural. This choice was indeed adopted in
[BiB1], where the authors proved Theorem 1 restricted to the special class of
systems where all Rankine-Hugoniot curves are straight lines. Unfortunately,
for general n x n hyperbolic systems it does not work. To understand why, let
us write

(3.7) ul = 1;(u) - u

for the i*® component of u, in this basis of eigenvectors. As shown in [BiB1],
these components satisfy the system of evolution equations

(3.8)
(uzw)t + ()‘zugc)w - (u;)m

kR PR D WIRIRES NIRRT

]?ék j7k7e
= ¢;.

Assume that the " characteristic field is genuinely nonlinear, with shock
and rarefaction curves not coinciding, and consider a travelling wave solu-
tion u(t,z) = U(x — At), representing a viscous i-shock. It is then easy to see
that the right-hand side of (3.8) is not identically zero. Since it corresponds
to a travelling wave, the integral

/{(ﬁi(t,x)‘dx #0

is constant in time. Hence ¢; is certainly not integrable over the half plane
{t >t, € R}

The previous example clearly points out a basic requirement for our de-
composition (3.3). Namely, in connection with a viscous travelling wave, the
source terms ¢; in (3.4) should vanish identically. To achieve this goal, we
shall seek a decomposition of u, not along eigenvectors of the matrix A(u),
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but as a sum of gradients of viscous travelling waves. More precisely, consider
a smooth function u : R — R™. At each point z, depending on the second or-
der jet (u, Uy, uzy), we shall uniquely determine n travelling waves U, ..., U,
passing through wu(z). We then write u, in the form (3.3), as the sum of the
gradients of these waves. As a guideline, we shall try to achieve the following
relations:

(3.9) Ui(z) =u(z), i1=1,...,n,
(3.10) Z Ul(x) = ug(x), D U/ () = tga() .

i

Details of this construction will be worked out in the next two sections.

4. A center manifold of viscous travelling waves

To carry out our program, we must first select certain families of travelling
waves, depending on the correct number of parameters to fit the data. Given
a state u € R", a second order jet (ug, uy,) determines 2n scalar parameters.
In order to uniquely satisfy the equations (3.10), we thus need to construct
n families of travelling wave profiles through u, each depending on two scalar
parameters. This will be achieved by an application of the center manifold
theorem.

Travelling waves for the viscous hyperbolic system (3.1) correspond to
(possibly unbounded) solutions of

(4.1) (A(U) —o)U" =U".

We write (4.1) as a first order system on the space R” x R" x R:

u=v,
(4.2) b= (A(u) —o)v,

c=0.
Let a state u* be given and fix an index i € {1,...,n}. Linearizing (4.2) at

the equilibrium point P* = (u*, 0, )\Z(u*)) we obtain the linear system

(13) b = (A() = M),
oc=0.

Let {ry,...,m:} and {I7,...,0}} be dual bases of right and left eigenvectors of
A(u*) normalized as in (1.4). We call (V4,...,V,) the coordinates of a vector
v € R™ with respect to this basis, so that

‘Ti‘_la U—Zvﬂ"j, V]—lj V.
J
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The center subspace N for (4.3) consists of all vectors (u,v,0) € R" x R" x R
such that

(4.4) V;=0 for all j # 1,

and therefore has dimension n + 2. By the center manifold theorem [V], there
exists a smooth manifold M C R*™™+1 tangent to N at the stationary point
P*, which is locally invariant under the flow of (4.2). This manifold has di-
mension n + 2 and can be locally defined by the n — 1 equations

(4.5) Vi = oi(u,Vi.0) jAi.

We can assume that the n — 1 smooth scalar functions ¢; are defined on the
domain

D= {\u —utl<e,  Vil<e o= < e}.
Moreover, the tangency condition implies

(46) oy Vi) = O() - (Ju— w4 [ViP + [o - () ).

We now take a closer look at the flow on this center manifold. By con-
struction, every trajectory

ti= P(t) = (u(t), v(t), o(t))

of (4.2), which remains within a small neighborhood of the point P* =
(u*, 0, )\l(u*)) for all ¢ € R, must lie entirely on the manifold M. In particular,
M contains all viscous i-shock profiles joining a pair of states u~,u™ suffi-
ciently close to u*. Moreover, all equilibrium points (u,0,0) with |u — u*| < e
and |o — A\i(u*)| < € must lic on M. Hence

(4.7) ¢;(u,0,0) =0 for all j # 1.

By (4.7) and the smoothness of the functions ¢;, we can “factor out” the
component V; and write

pi(u, Vi, o) = ¢j(u, Vi 0) - Vi,
for suitable smooth functions ;. From (4.6) it follows that
(4.8) p; — 0 as (u,Vi,o) — (u*,(), Al(u*))
On the manifold M we thus have

(4.9) U:ZVkTZ»:Vi' 7‘;‘+Z1/Jj(u,‘/;,a)r;f iVﬂg(u,Vg,a).
3 i

By (4.8), the function r# defined by the last equality in (4.9) satisfies

(4.10) rf(u,Vi,a) -y as (u, Vi, o) — (u*,0, \i(u™)).
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Remark 4.1. Trajectories on the center manifold correspond to the pro-
files of viscous travelling i-waves. We thus expect that the derivative @ = v
should be a vector “almost parallel” to the eigenvector =} = r;(u*). This is
indeed confirmed by (4.10).

We can now define the new variable
(4.11) v; = vi(u, Vi,o) =V; - ’Tf(u,%,aﬂ.

As (u,V;,0) range in a small neighborhood of (u*,0,\;(u*)), by (4.10) the
vector r; remains close to the eigenvector r;. In particular, its norm remains
uniformly positive. Therefore, the transformation V; «— wv; is invertible and
smooth. We can thus reparametrize the center manifold M in terms of the
variables (u,v;,0) € R" x R x R. Moreover, we define the unit vector

(4.12) ri(u,vi,0) = —

Led

Observe that 7; is also a smooth function of its arguments. With the above
definitions, instead of (4.5) we can write the manifold M in terms of the
equation

(4.13) v = i

The above construction of a center manifold can be repeated for every

i = 1,...,n. We thus obtain n center manifolds M; C R?>**! and vector
functions 7; = 7;(u, v;, 0;) such that

(4.14) 17| = 1,

(4.15) M; = {(u,v,ai) ;v =v;Ti(u, Ui,O'i)},

as (u,v;,0;) € R" x R x R ranges in a neighborhood of (u*, 0, A;(u*)).

We derive here some useful identities, for later use. The partial derivatives
of 7; = 7;(u, v;, 0;) with respect to its arguments will be written as

o, L0, -
ou 80'1'

Tiw = 7T, Tip = 7—Ti, Tig = 7 —Ti-
b b K
(%i

Clearly, 7;, is an n X n matrix, while 7;,, 7;, are n-vectors. Higher order
b K K
derivatives are denoted as 7; yo, Tigo - .. We claim that
b ’ 3

(4.16) 7i(u,0,0;) = ri(u) for all u,o;.
Indeed, consider again the equations for a viscous travelling i-wave:

(4.17) Upy = (A(u) — 07) ug.
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For a solution contained in the center manifold, taking the derivative with
respect to x of

(4.18) Uy = v = v;Ti(u, v, 0;)
and using (4.17) we obtain
(4.19) /Ui’x/";fi + Uﬂ:i’m = (A(u) — O‘i)’(}if,'.

Since |7| = 1, the vector 7; is perpendicular to its derivative 7; .. Taking the
inner product of (4.19) with 7; we thus obtain

(4.20) Vig = (A — 03)vi

where the speed is defined N = Xz(u, v, 0;) as the inner product
(4.21) N = (7, A(u)F).

Using (4.20) in (4.19) and dividing by v; we finally obtain

(4.22) (5\Z — O‘i)’U@"FZ‘ —+ v; (ﬁ'}ufﬂji + fi,v(j\i — Ui)vi) = (A(u) — UZ')’UZ"FZ‘ ,

(4.23) vi (Fiufi + Fiw(Ni — 03)) = (Au) = Xi)Fi.

By (4.23), as v; — 0, the unit vector 7;(u,v;, ;) approaches an eigenvector
of the matrix A(u), while Ai approaches the corresponding eigenvalue. By
continuity, this establishes (4.16).

In turn, by the smoothness of the vector field 7; we also have

(4.24) Ti(u, vi, 04) — ri(u) = O(1) - v;, Tioe = O(1) - vy,
Tiwo = O(1) - v;, Fivo = O(1) - v;.
Using (4.24), from (4.21) one obtains
(4.25) ‘S\z(u, vi,05) — Ai(w)| = O(1) - vy, Xio =0O(1) - v;.
A further identity will be of use. Differentiating (4.19) one finds

(4.26) Vi zaTi + 20i2Ti g + Vifize = (A(W)ViT;) | — 030 2Ti — 00Tz -

From the identities

(Fi, Fig) =0, (Fi, Tiga) = —(Tiz, Ti),
taking the inner product of (4.19) with 7; , we obtain
(427) <fz; fi,a:x>vi - _<fi,$7 A(u)f1>vl .

Taking now the inner product of (4.26) with 7; we find

Viga + (Fis Tiga )vi = (Ti, (A(W)Fivi)e) — Ovia -
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Since v; ¢ + 0jv; , = 0, using the identity (4.27) we conclude
(4.28) Vi + (Nivi)z — Vigs = 0,
where J; is the speed at (4.21).

Remark 4.2. It is important to appreciate the difference between the
identities

(4.29)  (A(w) —N)ri =0, (A(u) — X)) 7i = vi (FiFi + Fiw(Xi — 07)),

satisfied respectively by an eigenvector r; and by a unit vector 7; parallel to the
gradient of a travelling wave. Decomposing u, along the eigenvectors r; one
obtains the evolution equations (3.8), with nonintegrable source terms on the
right-hand side. When a similar computation is performed in connection with
the vectors 7;, thanks to the presence of the additional terms on the right-hand
side in (4.29) a crucial cancellation is achieved. In this case, we will show that
the source terms ¢; in (3.4) are integrable over the half plane x € R, ¢ > .

5. Gradient decomposition

Let v : R — R™ be a smooth function with small total variation. At
each point z, we seek a decomposition of the gradient wu, in the form (3.3),
where 7; = 7;(u,v;,0;) are the vectors defining the center manifold in (4.15).
To uniquely determine the 7;, we should first define the wave strengths v; and
speeds o; in terms of u, U, Uzz.

Consider first the special case where u is precisely the profile of a viscous
travelling wave of the j* family (contained in the center manifold M;). In
this case, our decomposition should clearly contain one single component:

(5.1) Uz = v;75(u, v, 05) .

It is easy to guess what v, 0; in (5.1) should be. Indeed, since by construction
|7;| = 1, the quantity
vj = tug|

is the signed strength of the wave. Notice also that for a travelling wave the
vectors u, and u; are always parallel, since u; = —oju, where o; is the speed
of the wave. We can thus write

(5.2) U = Uz — A(u)ug = wiT;(u, v}, 05)
for some scalar w;. The speed of the wave is now obtained as 0; = —w;/v;.

Motivated by the previous analysis, as a first attempt we define

(5.3) Up = Ugy — A(U) Uy
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\ [
_61 \ /

Figure 2

and try to find scalar quantities v;, w; such that

- o; = ——.
Ut = Zzwl Ti(U,Ui,Ui), ‘ (%

(5.4) { Uy = ;0 Ti(u, v, 03), w;

The trouble with (5.4) is that the vectors 7; are defined only for speeds o; close
to the ¢*® characteristic speed A\ = \;(u*). However, when u, ~ 0 one has
v; &~ 0 and the ratio w;/v; may become arbitrarily large.

To overcome this problem, we introduce a cutoff function (Fig. 2). Fix d; €
10, 1/3] sufficiently small. Define a smooth odd function 6 : R +— [—267, 241]
such that

S if [s| <&y / /"

(5.5) 0(s) = { 0 if |s| > 36, 107 <1, 10" < 4/01.
We now rewrite (5.4) in terms of the new variable w;, related to w; by w; =
w; — Afv;. We require that o; coincide with —w;/v; only when this ratio is
sufficiently close to A} = A;(u*). Our basic equations thus take the form

(5 6) Uy = Zl (% ’Fi(uvviaa—i))
' up = (wi — Ajvi) 7ilu, v, 05),
where
(5.7) = gy — A}tz o= A (f_) .

Notice that o; is not well defined when v; = w; = 0. However, recalling (4.16),
in this case we have 7; = r;(u), regardless of ;. Hence the two equations in
(5.6) are still meaningful.
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Remark 5.1. The decomposition (5.6) corresponds to viscous travelling
waves U; such that

Ui(x) = u(z), Ul(z) = vy, U/ = (A(u) — 03)U; .

From the first equation in (5.6) it follows that
ug(2) =Y Uj(x).

If o; = A} —w;/v; for all i = 1,...,n, ie. if none of the cutoff functions is
active, then

Uz () =up + A(u)uy

= Z (A(u) — Ui)vifi
= Z Ul (z).

In this case, both of the equalities in (3.10) hold. Notice however that the
second equality in (3.10) may fail if |w;/v;| > §; for some 1.

LEMMA 5.2. For |u — u*|, |uz| and |uzg| sufficiently small, the system

of 2n equations (5.6) has a unique solution (v,w) = (Vi,...,Vp, Wi,..., Wy).
The map (u,uz, Uzg) +— (v,w) is smooth outside the n manifolds N; =
{v; = w; = 0}; moreover it is CY1, i.e. continuously differentiable with

Lipschitz continuous derivatives on a whole neighborhood of the point (u*,0,0).

Proof. Given (v, w) in a neighborhood of (0,0) € R?", the vectors u,, u;
are uniquely determined. Hence the solution of (5.6), (5.7) is certainly unique.
To prove its existence, consider the mapping A : R? x R™ x R" — R?" defined
by

(5.8) A(u,v,w)iZAi(u,vi,wi),
=1
. Uz"':z‘ u, vy, )\;k —G(w,-/vi)

This map is well defined and continuous also when v; = 0, because in this case
(4.16) implies 7; = r;(u). Computing the Jacobian matrix of partial derivatives
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with respect to (v;, w;) we find

(5.10)
on, 0
8(vi,wi) B _)\:'Fz’ 'Fi
ViTiw + (Wi /0:)0}F & —0/F; »
WiTiw — Af0iTi e — AN (Wi /0:) 00T o + (Wi f0;)200F 5 NFOLT; o — (w;i/v;)0l7F; 5

Here and throughout the following, by 6;, 0, we denote the function # and its
derivative, evaluated at the point s = w;/v;. By (5.10) we can write

oA
(v, w)

(5.11) = Bo(u,v,w) + Bi(u,v,w).

Because of (4.24), the matrix functions By, By are well defined and continuous
also when v; = 0. Moreover, for (v,w) small, By has a uniformly bounded
inverse and By — 0 as (v, w) — 0. Since A(u,0,0) = (0,0) € R?", we conclude
that the map (v, w) — A(u; v,w) is C* and invertible in a neighborhood of the
origin. Therefore, given (u,u,,uz,), there exist unique values of (v, w) such
that

(5.12) Au, v, w) = (Ug, Uze — A(W)uy).
The inverse of the map A with respect to the variables v, w will be denoted
by A= (u; p,q). In other words,
ANu; p,g) = (v,w)  ifandonly if  A(u; v,w) = (p,q).

Since 7;(u, 0, 04) = 7i(u), we have
A(u,0,w) = ( 0, szrz(u))

Therefore,
A Y(u,0,q) = (0,w) where w; =li(u) - q.

In particular, A=1(u,0,0) = (0,0) € R?". Concerning first derivatives (which
we regard here as linear operators), we have

(5.13)

aAa(('ti; ?;)w).(@,w) = Bo(u; 0, w)-(9,10) = (Z diri(u) Z (i — )\jﬁi)ri(u)> :
(5.14)

OA" (40, 9) A

(p,q) = (v, where 0 = li(u)-p, W; = l;(u)-G+A;0; .
30.0) (p,q) = (0,0) (u)-p (u)-q
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We shall not compute the second derivatives explicitly. However, one
easily checks that
9?A %A %A

.1 = pu—
(5 5) 8vi8vj 81)1‘810]' 8wi8wj

=0 if i#j.
Moreover, recalling (4.24) and (5.5), we have the estimate

0?°N 9PN O*A 1

5.16 = 0O() - —.
( ) 81)7;2 ’ c%iawi’ 311)2-2 ( ) (51

Since the cutoff function € vanishes for |s| > 34;, it is clear that each A;
is smooth outside the manifold N; = {(v,w); v; = w; = 0}, having codi-
mension 2. Since all second derivatives are uniformly bounded outside the n
manifolds N;, we conclude that A is continuously differentiable with Lipschitz
continuous first derivatives on a whole neighborhood of the point (u*,0,0).
Hence the same holds for A=t O

Remark 5.3. By performing a linear transformation of variables, we can
assume that the matrix A(u*) is diagonal; hence its eigenvectors 77, ... 7} form
an orthonormal basis:

(5.17) (ri, r) = 0.

Observing that

(5.18) 7o, 05, 05) — 5] = O(1) - (fu — '] + [oi]),

from (4.16) and the above assumption we deduce

(5.19)  (Fi(u,vi,09), 7j(u,vj,05)) =i + O(1) - (Ju — w*| + |vi| + |v;])
=0i; + O(1) - 0g ,

(5.20) (ri, 7) = O(1) - do , (Fi, A(w)7j) = O(1) - & for j#1i.

Another useful consequence of (5.17), (5.18) is the following. Choosing dp > 0
small enough, the decomposition (5.6) will satisfy

(5.21) Jue| < Jvi] < 2v/nug] .
7

We conclude this section by deriving estimates corresponding to (2.13)—
(2.15), valid for the components v;, w;. In the following, given a solution u =
u(t, ) of (3.1) with small total variation, we consider the decomposition (5.6)
of u; in terms of gradients of travelling waves. It is understood that the vectors
7; are constructed as in Section 4, when we take P = (u*, 0, Az(u*)) as basic
points in the construction of the center manifolds M;. Here u* = u(t, —00) is
the constant state in (2.1).
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LEMMA 5.4. In the same setting as Proposition 2.1, assume that the bounds
hold on a larger interval [0, T). Then for all t € [t, T), the decomposition
is well defined. The components v;, w; satisfy the estimates

)
)
2) loi®llgs s [[wi®]l =0(1) - o,
3 Moi®llge s i@l loiwc@llgs s wia Ol =0Q) - 65,

24) loie @] s [lwia(®)g = OQ) - 6.

2.6
5.6
5.2

t
[\

(
(
(
(5.
(5.

Proof. By Lemma 5.2, in a neighborhood of the origin the map (v, w) —
A(u,v,w) in (5.8) is well defined, locally invertible, and continuously differen-
tiable with Lipschitz continuous derivatives. Hence, for dg > 0 suitably small,
the L* bounds in (2.13) and (2.14) guarantee that the decomposition (5.6) is
well defined. From the identity (5.12) it now follows that

vi, w; = O(1) - (\U:v’ + ’Uw‘)-

By (2.6) and (2.13), (2.14) this yields the L' bounds in (5.22) and the L*>
bounds in (5.23). Differentiating (5.12) with respect to x we obtain

oA oA
(5.25) %ux + W(vz, wy) = (um, Ugre — AW Ugy — (ux ° A(u))ux)
Using the estimate
% —001) - (jo] + ]
ou wi

since the derivative dA/9(v, w) has bounded inverse, from (5.25) we deduce
(e w2) = O - (Jtae] + ltazal + 1l + ] (0] + u])).

This yields the remaining estimates in (5.23) and (5.24). O

6. Bounds on the source terms

We now consider a smooth solution u = u(t,z) of (3.1) and let v;, w;
be the corresponding components in the decomposition (5.6), which are well
defined in view of Lemma 5.2. The equations governing the evolution of these
2n components can be written in the form

(6.1) { Vit + (Nivi)e — Vige = @i,

wi g 4+ (Nw;) e — Wi gz = ;.
As in (4.21), we define here the speed \; = (Fi, A(u)f;). The source terms

¢i,; can be computed by differentiating (3.1) and using the implicit relations
(5.6). However, it is not necessary to carry out in detail all these computations.
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i T Lo
Figure 3b

Indeed, we are interested not in the exact form of these terms, but only in an
upper bound for the norms ||¢;||L: and ||¢;||L: -

Before giving these estimates, we provide an intuitive explanation of how
the source terms arise. Consider first the special case where u is precisely one
of the travelling wave profiles on the center manifold (Fig. 3a), say u(t,x) =
Uj(x — ojt). We then have

Uy = V75, ut:(wj—)\;vj)fj, vi=w; =0 fori#j,
and therefore
(62) { Uit + (5\101):1: — Vigxr = 0’

Wit + (ANiwi)g — Wize =0.

Indeed, this is obvious when 4 # j. The identity ¢; = 0 follows from (4.28),
while the relation w; = (A} — 0;)v; implies 1; = 0.
Next, consider the case of a general solution u = u(t,z). The sources on

the right-hand sides of (6.1) arise for three different reasons (Fig. 3b).

1. The ratio |w;/vj| is large and hence the cutoff function 6 in (5.7) is
active. Typically, this will happen near a point xg where u, = 0 but u; =
Uz # 0. In this case the identity (4.28) fails because of a “wrong” choice of
the speed: o # A7 — (w;/v;).
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2. Waves of two different families j # k are present at a given point z.
These will produce quadratic source terms, due to transversal interactions.

3. Since the decomposition (3.10) is defined pointwise, it may well
happen that the travelling j-wave profile U; at a point x is not the same as
the profile U; at a nearby point /. Indeed, these two travelling waves may
have slightly different speeds. It is the rate of change in this speed, i.e. 0; 4,
that determines the infinitesimal interaction between nearby waves of the same
family. A detailed analysis will show that the corresponding source terms can
only be linear or quadratic with respect to o, with the square of the strength
of the wave always appearing as a factor. These terms can thus be estimated

as O(1) - 1)]2.0]-@ +0(1)-v ]2 321

LEMMA 6.1. The source terms in (6.1) satisfy the bounds

¢i, i = O(1) - ZJ (‘UJ o] + [w, :c|) lwj — 0;v;] (wrong speed)
+0(1) - 32 [vjew) — vjwjal (change in speed, linear)
2
+0(1) - >, ‘v ( ) X{|w]/v7|<361} (change in speed, quadratic)
+O(1) - 3254k (|vjvk| + vjevi] + [vjwg|

ij,xwﬂ + |U]wk,x| + |ijk|) (interaction of
waves of different families)

From a direct inspection of the equations (6.1), it will be clear that the
source terms depend only on the third order jet (u, Uy, Uzg, Ugzy). Since all
functions ¢;, 1; vanish in the case of a travelling wave, for a general solution u
their size can be estimated in terms of the distance between the third order jet
of u and the (nearest) jet of some travelling wave. This is indeed the strategy
adopted in the following proof. An alternative proof, based on more direct
calculations, will be given in Appendix A.

Proof of Lemma 6.1. The conclusion will be reached in several steps.

1. The vector (ug,u;) = A(u, v, w) satisfies the evolution equation

oo (o) (19 10 ) - (),
= < (um.A(u))utE (ue  A(u))ua ) '

Observe that, in the conservative case A(u) = Df(u), the right-hand side
vanishes because

(uz @ A(u))ur = (ur @ A(w))uy = D?f(u) (ug @ uy) .
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In the general case, recalling (5.6) we deduce

(6.4) (uz @ A(w))up — (ur @ A(u))u, = O(1) - Z (|vjvk| + [vjwgl).
i#k
2. For notational convenience, we introduce the variable z = (v, w) and
write A for the 2n x 2n diagonal matrix with entries \; defined at (4.21):

v (Y )

From (6.3) it now follows
OA 1 A oA N A) _OA [ _0A
du 0z . A( u) w ) - Ou Hoz
%A 021\ Vg Vg
- au[Q] (u(L‘ & Ux) - 82[2 : au 82 ® w,

Therefore,

6 (2)]
() ),

g A+ (o A — (v # Al )

0%\ 9%\ N Vg 5 9%\ Vg
+8u[2] (e ® ug) + 9212] Wy ® Wy + Ou 0z Us ® Wy

=F.

+

Since the differential JA/Jz has uniformly bounded inverse, the right-hand
sides in (6.1) clearly satisfy the bounds

(6.6) ¢ =0(1) E, ¥; = O(1) - E, i=1,...,n.

3. To estimate the quantity F in (6.5), it is convenient to introduce the
function

(6.7) Ai(u, vi, wi, 07) = < viri(u, i, 07) ) 7

(wi — ANjvg) 7 (u, vy, o)

so that A = > A; and E =) E;, where
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o5 m=( by ([0 0T

OA; < oA, _
—f—% i 03, 50 ZA(u)vjrj

* ( i ((ug @ A(U))Uto— (ut @ Au))ug) )

821\ 821\@' (e Vi x
o [2]ux® +8Z[2}- s A .

. )
(2

+82A 2 +2 82A ( 0'1'71’01'7:5 )
o zz

0o; 0z; 04,2 Wi g

621\1’ ( Ui x

Wi 2

2

Dup +2. 00,
Ha ou do; Tithe

O\ (070 4 9?0, 0%a; w?
(W“ R e > ‘

Notice that in (6.5) we regarded A as a function of the three independent
variables (u,v,w), while in (6.8) we regard A as a function of the four inde-
pendent variables (u,v,w, o). Regarding the o; as independent variables, one
has the advantage that the maps A; = A;(u, v;, w;, 0;) are now smooth, while
A; = Ai(u,v,w) in (5.8) was only Ch!, because of the singularities of the map
(u,vi,w;) — o5 in (5.7). The last term in (6.8) is due to the nonlinear de-
pendence of o; with respect to v;, w;. By 7;(v) we denoted the i*" component
of a vector v with respect to the basis {r],...,r:}. Also notice that in the
previous computation we used the identity

0N Doi5 O Do g
90, 0v; T Ban o

.y w; [vi - ;T 5 =0l o v \ _ (0
- wifvi(wifvi = X0 —(wifvi — NF)OIT & w; )\ 0 )"

4. By Lemma 5.2, the inverse map A~! sets a one-to-one correspondence

)\2 Wi

(’U,, Ug, uxr) — (U, v, w)

between two neighborhoods of the point (u*,0,0) € R3". This map is C' with
Lipschitz continuous derivative. It can be prolonged to a map

(6-9) (U, Uz, Uz Ugaa) — (U, v, W, 0, nywa:,Ux)

which is one-to-one, but of course not onto. Indeed, (5.6) and the identity
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ug + A(u)uy = Uy, together imply

(6.10) E w;ir; + E it
= E Vi zTi + g Vil VT + g ViTiwViz + E ViTio0iz -
i ij i i

A vector (u,v,w, 0o, v, ws,0,) € R™ corresponds to some third order jet
(U Uy, Ugy, Ugzy) Provided that it satisfies the vector equation (6.10), together
with
(6.11)
" Wil o — Wr s W
ai:)\f—G(—l) gy = Witia — Wisbiy <_) i=1,....n.

(3 Ui Vi

5. By the analysis at (6.2), E;(u,v?, w®, 09,02, w?, %) = 0 whenever

xrr-xT
the argument corresponds to the third order jet of a viscous travelling i-wave.

This is the case if

(6.12) U]<~> = wj<-> = v]?l, = wﬁm =0, J;-?x =0, for all j # 1,
(6.13)
v’zx - (%\1 B U’Q)v?’ —Z<> <386, o¥=\-— w? o =0
wi@ _ ()\’L N O_l<>)wz<> ’ ’UZ'<> ’ 7 1 v? ) 1,T

In order to estimate E;(u,v,w,o,v;, wy,0,) we proceed as follows. We in-
troduce a new vector (u,v?, wO 08, w, 0?) corresponding to the jet of a
travelling i-wave, by setting

&
w; w!

(6.14) o=, wd = <—Z> vi, ol =o0i=\— % -
Ui

i i
Vi

The quantities v, w® , o are then defined according to (6.13), while the

T LX) T ,T
components j # i are as in (6.12). The above construction implies EZ<> =
Ei(u,v®,w®, 6%, 0%, w¢,09) = 0. Hence E; = E; — EI<>

T T

6. Taking the inner product of (6.10) with 7;, recalling that 7; has unit
norm and is thus orthogonal to its derivatives, we obtain

(6.15) w; + (:\Z — /\;F)Ui =iz + 65,

where
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(6 16)
0, = Z <T‘z, )\ — f >Uj +ZZ T, T]urk UV
Jj#i j#i k
+ Z <ri’ Tja”>vjvj@ + Z <Ti’ TJ':U>UJ'JJ':CB - Z <ri7 rj> (wj - ,U]',I)
J#i J#i J#i
=0(1) 60 Y _ (Jos] + lwj — vjal) -
J#i

The above estimate on ©; is obtained using (5.20) together with the L* bounds
n (5.23), (5.24) and the bound on 7, in (4.24). Summing (6.15) over i =
1,...,n and recalling that

o < 1, Ai = [ = O(1) - b, Jvil, Jwil = O(1) - 63 ,
from (6.16) we deduce

(6.17) Z lwi — vie| = O(1) - & Z ;| .

We can now write
(6.18) vip =w; + (A — A)vi + O(1) - 60 Y _ (Joj] + [w; — vjal)
J#i
= (5\Z — O‘i)’l)l' + (wi — Givi) + 0(1) - dg Z (’Uj‘ + |wj — Uj,x|) .
J#i
We recall that 6; = 0(w;/v;). The first equality in (6.18) yields the implications

(6.19)  |wi <301vi] = vie=01) v;+01) &Y |vj].
J#i
(6.20) wil > 1lvil = vi=0) vig +O1) -6 Y |vj].
J#i
Moreover, using both equalities in (6.18) we deduce
(5\1 — Ui)wi = (S\Z — Ui) [vm — (:\1 — Af)vi] + 0(1) - dp Z (|Uj| + |wj — Uj7x|)
J#
=N\ — 0i)vig — (N — A (vig — (w; — 6;0;))
+O(1) - 60 > (lvj| + [w; — vj.)

JFi
Wy ws ~
=—Viz— | — —0i ) vie+ N — X)) (wi — Ov;
S (2= 00) v+ (= A1 = 6)

+O(1) - 80 > (lvj| + [wj — vjl)
J#i
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and hence, by (6.20),

Wiy — (S\i — o) wi = w +O(1)- vzx lw; — 0;vi]
K3 1
+0(1) - 80 > (Jos] + [w; — vjal) -

J#i
From the definitions (6.13), (6.14), using the above estimates, we obtain
(6.21)  |w; — w®| = Jw; — O;v;]
vie — v, = O1) - [wi — Opvi + O(1) - 60 Y _ (Jvs] + [w; — vyl

J#i
Wi — wy| = | T L 0(1) [Py — Gy
+0(1) - 80 > (|os] + [w; — vjal) -

JF

7. We now compute

(6.22) ]
OA; [ \v Aw) 0
R _EO— A _
Ei=FEi—E; 0z; < Ajw; >ac ([ 0 A(u) ] A2>x
_8AZ<> ;\?v? B A(u) 0 A
0z )\?w? . 0 A(u) ‘).,
O\, oA, _
+6—Ji NiCig+ 3 Z A(u)v;T;

J#L
+ ( i ((ug @ A(U))Uto— (u @ Au))ug) >

0%A; PN
+ mum & Uz + Sull vir, Q@ vir;

azAi Vix Vix 821\? Uga: U7Z<,>w
" 82[2] ’ Wiz “ Wiz B 82[2} . ,wzom “ wz<>z
2A' 2A' .
07\ 2 9 0°A; ( Vi x > ® Uy

ol
907 %ot 2500 wr

O2AC [ vf %A,
_2 ? ,T . ~§> 2 v .
auaZi < wf?x ® vy + ou 80’1‘ O Uy

4o 02\ OizVix
821'80'1' O04,aWi z
OA; (820—1- 2 820'1‘ 8201' 2 >

+ U+ 2 Wi+ W
Oo; \ 0%v; “* ov; 0w; B ?w; “*
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Observe that the quantities u, v;, 03, 7, A; remain the same in the computations
of E; and ElO . Moreover, all the terms involving derivatives with respect to o;
vanish when we compute EZ<> .

In the remaining steps, we will examine the various terms on the right-
hand side of (6.22) and show that they can all be bounded according to the
lemma. As a preliminary, we observe that by (6.7) and (4.24) the derivatives
of the smooth function A; = A;(u, z;, 0;) satisfy

oA, %A, O2A,
u’ ouPl’ 9200,
IN;  O%A; 0%\,
Oo;’ Oudo;’ Oo?

)

(6.23) =0(1) - (Joil + |wil),

(6.24) =0(1) - (|vf] + Jvwi]) .

8. We start by collecting some transversal terms. Using (6.4), (6.23) and
(6.24) we obtain
6.2

(6.25)

~ 0
w A ( (1 @ A)Jue = (w0 @ Afw)) i) )
82A; M Y Vi _
9l zk:vjvkrj QT — VT @ T; 8u8zl %: ( Wig > R VT
75 2

=0(1) > (Jojuel + lwyor]) +O) > (Jwjwi] + [vjvi0] + [vjwiz]).
j#k i
Here and in the following, by “transversal terms” we mean terms whose size is
bounded by products of distinct components j # k, as in (6.25).

9. We now look at terms involving derivatives with respect to o;. One
should here keep in mind that, if o;, # 0, then both sides of the implication
(6.19) hold true. Using (6.23) we obtain

aQAi ( Oi,2Vix

(6.26)

8Zi80i O4,xWi z

=0(1)- v?ai,x + O(1) - (wivi g — W; 4V;)04  + transversal terms

) = O(1) - vi (Jviz| + [wiz|)oi 0

= 0(1) . |’wﬂ}i7x — ’LUZ‘@’U”

2
W;
(V3 z

An application of (6.24) yields
O\, ~ 02\, 2 0%A;

)\om + 250 g Uy

Oo; do? Tia Oudo;

=0(1) - v; (\aw| + |0w\) + transversal terms

+0(1) -

transversal terms .
X s jonl <360y T

(6.27)




258 STEFANO BIANCHINI AND ALBERTO BRESSAN

= 0(1) . |ini,x — wivi7x|

2
Wy
Vi x

Next, we observe that the quantity

+ transversal terms.

1) - )
+0(1) X {ws Jvs| <36, }

2?0; o 0?0; 0%0; o
V; 22— LW wW;

821}1' b (%Z-awi LT + BQwi b

vanishes in the special case where w; ; = (w;/v;)v; 5. In general, using (6.19)

and (6.24) one obtains

(6.28)
2 2 2
(e et
2

(o) (5
= gﬁ: {292(viwi,x - wivi,x)v;; - 9?(%)2}

= O(1) - piwi e — wivig|

Lo)- |u <q:)}_:> 2 . X{le/vj|<361} + transversal terms.
x

10. We now complete the analysis of the remaining terms. As a prelimi-
nary, we observe that the only difference between A? and A; is due to the fact
that one may have w? # w;. The first equality in (6.21) thus implies

(6.29) |AY — A, |DAY — DA,

|D?AY — D*Ai| = O(1) - |w; — ivi] + O(1) - 60 > _ [v;] .
J#i

By (6.20) and (6.29), if we compute A; or its partial derivatives at the point
(u, v, w;, 0;) instead of (u,vio, w?,a?) = (u,vi,w?,ai), the difference in each

of the corresponding terms in (6.22) will have magnitude

O(1) - |w; — Ovi| - (|vie| + |wiz]) + transversal terms.

For example,

(6.30)
27 2 <
<% - %%} ) (viF; @ viF;) = O(1) - |w; — ;v v? + transversal terms
u u

=0(1) - |w; — B4 vzx + transversal terms.

Indeed, if w; # 0;v;, then both sides of the implication (6.20) hold true.
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Observing that 92A;/0w? = 0 and using again (6.18), we have

82Ai Ui x Vi vi<>a: Uiozv
ooy 5[ (e Yo ()= (s e ()]
=0(1) - (v, — (v2,)?) + O(1) - (viwwiz — v wE,)

= O(l) . vi,xlwi - 921}1‘ + 0(1) . wfi@]wi — GZ’UZ‘

+O(1)|wivi » — viw; 5| + transversal terms.

In a similar way, using (6.20) and (6.21) one derives the estimate

(6.32)
82Ai Yiw — vioz .
ou0z; ( u)’7 — w7,<> ) @ vir; :O(l) : 'Ui,x|wi - 91’01|

+0O(1) - |wiv; & — Viw; 5| + transversal terms.

Using the identity (4.23), we now compute

e C (R

. Uifiw(;\ivi):c 4 UiA(U)fi,uUi@
T\ (wi = AT (Nvi)a (wi = Ajvi) A(W)Ti pVig

s |: Tiuli + (~7,~_ Ui)fi,v ~0 :| < Vi x >
LN (FiuTi + (N — 00)Fin)  Fiafi + (N — 00)Fi Wiz

‘{Ag“) A?m]mf“i”f‘z[m(u)fj 0 ]A

With similar arguments as above, we obtain

(S\ivz’)zvm,v B (S‘i ”z’o)wvz‘of%
(Ai0s) i (w5 — NFvi)Fi A02) 08 (wf — AP )Y

=O0(1) - [viwiz — vigwi| - X

{lwi/vi|<36:}

+0O(1) - v o|w; — ;v;] + transversal terms,

< g\zxvz >_ f\?ﬂ?
)\mwi )\Z?mw?

= O0(1) - [vjw; z — Vi gw;| + O(1) - v; z|w; — O;v;] + transversal terms,
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&0
ViVi.x . v; Ui,x
VWi, x U?wﬁr

= O(1) - viw; z — Vi gw;| + O(1) - v; z|w; — O;v;| + transversal terms.

The above estimates together imply

o () ([0 0 1a)
_86Aj < A::Zz )m_ ({ A((JU) A?U) ] Ay)z
= 0(1) - lwi — O] (Jvia] + [wiz])

+O(1) - |wiv x — Viw; 5| + transversal terms.

=

This completes the proof of Lemma 6.1. O

7. Transversal wave interactions

The goal of this section is to establish an a priori bound on the total
amount of interactions between waves of different families. More precisely, let
u = u(t,x) be a solution of the parabolic system (3.1) and assume that

(7.1) |ue®)||p <00,  te[0,T].

In this case, for t > ¢, by Corollary 2.2 all higher derivatives will be suitably
small and we can thus define the components v;, w; according to (5.6), (5.7).
These will satisfy the linear evolution equation (6.1), with source terms ¢;,;
described in Lemma 6.1. Assuming that

T
(7.2) /t /1@-@,@\ + ity )| dad < 6o, i=1,....m

and relying on the bounds (5.22)—(5.24), we shall prove the estimate
(7.3)

T
[ /Z (\vjvk|+|vj,ka|+|vjwk|+|vj7xwk|+|vjwk7$\+]ijk|) dxdt = (’)(1)-6(2) .
b Gk

As a preliminary, we establish a more general estimate on solutions of two
independent linear parabolic equations, with strictly different drifts.

LEMMA 7.1. Let z, 2% be solutions of the two independent scalar equations
(7.4) ze + ()\(t, x)z)x — zgx = (t, ),

i+ (Wt 2)2), - 2k =it a)
defined for t € [0,T]. Assume that
(7.5) itnf M(t,z) — supA(t,z) > ¢ > 0.
T
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Then

(7.6)
! ‘z(t,x)‘ ‘zﬁ(t,m)‘dmdgl ’z((),w)‘dw—i— ' ‘cp(t,:n)‘d:ndt
0 ¢ 0
. </ ]zﬁ(O,x)‘ dﬂc—l—/OT/ ‘gpﬁ(t, z)| dxdt) .

Proof. We consider first the homogeneous case, where ¢ = ¢! = 0. Define
the interaction potential

(7.7) Qz, ) = / Kz —y) |2(@)| |5 )| dedy,
by

. 1/c if s >0,
(78) K(s) = { 1/c-e/? if s <0.

Computing the distributional derivatives of the kernel K we find that
cK' — 2K" is precisely the Dirac distribution, i.e. a unit mass at the origin. A
direct computations now yields

—Q( dt/ K(z —y)|2(2)] | (y)| dzdy
= [ 56 =0 e — 02)) signs(o) |0
+ |2(2)| (28, — (AFH),) signzﬁ(y)} dzdy
= [ [ K@= {A@)] [F)] - ¥z [250)] } dady

+ [ K@ = { @] [FW)] + 2] |50) |} dody

—// (cK' — 2K”)|z(w)‘ ‘zﬁ(y)‘ dxdy

——/ ‘z(m)‘ }zn(:v)‘ dx .
Therefore

T
(7.9) /O /\z(t,x)\ |24(t, )| dadt < Q(2(0), 2%(0)) < % |200)|| . [[2*(0)]] s -

proving the lemma in the homogeneous case.
To handle the general case, call T',T* the Green functions for the corre-
sponding linear homogenous systems. The general solution of (7.4) can thus



262 STEFANO BIANCHINI AND ALBERTO BRESSAN

be written in the form

(7.10) z(t,x):/F(t,x,&y)z((),y)dy-i—/O/F(t,x,s,y)go(s,y)dyds,

t
Hta)= [T, 0.0F0 )y + [ [ Ti(tas.0)0 s 0)dyds
0
From (7.9) it follows that
r 1
(7.11) / /F(t,:):, $,Y) - Fﬁ(t,x, s’ y) dedt < -

max{s,s’}

for every couple of initial points (s,y) and (s’,3'). The estimate (7.6) now
follows from (7.11) and the representation formula (7.10). O

Remark 7.2. Exactly the same estimate (7.6) would be true also for a
system without viscosity. In particular, if
2t + ()\(t,x)z)m =0, thj + ()\ﬁ(t, x)zﬁ)x =0,

and if the speeds satisfy the gap condition (7.5), then

% E //M\zﬁ(t,x)z(t,y)\dmy] < —/\z(t,x)| |4(¢,2)| d.

In the case where viscosity is present, our definition (7.7), (7.8) thus provides
a natural counterpart to the Glimm interaction potential between waves of
different families, introduced in [G] for strictly hyperbolic systems.

Lemma 7.1 allows us to estimate the integral of the terms |v;vg|, |vjwy]
and |wjwg| in (7.3). We now work toward an estimate of the remaining terms
|0j,2Vk|, |vjcwg| and |vjwy 5|, containing one derivative with respect to .

LEMMA 7.3. Let z,2% be solutions of (7.4) and assume that (7.5) holds,
together with the estimates

(7.12) /OT/ lo(t, )| dzdt < 5o, /OT/ | (t,2)| dedt < by,

(13) el 120y <o, 2ol [# Ol < 5%
(7.14) [Xe @)+ [[Ae@)]| g < CF 60, lim A(t,2) =0

for allt € [0,T]. Then one has the bound

T
(7.15) /O /}zx(t,xﬂ |2*(t, z)| dzdt = O(1) - &3.
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Proof. The left-hand side of (7.15) is clearly bounded by the quantity

T—1
I(T) =  sup / / |20 (t, 2)24(t + 7,2 + €)| dadt < (C*63)*- T,
(1,£)€[0,T|xR JO

the last inequality being a consequence of (7.13). For ¢t > 1 we can write z, in
the form

zx(t,x):/GI(l,y)z(t— L,z —y)dy
//G s, y) [ — (N2)a] (t — s, x — y) dyds,

where G(t,z) = exp{—x?/4t}/2/7t is the standard heat kernel. Using (7.6)
we obtain

(7.16)
T—1
/1 /’zx(t,:c) zu(t+7,$+§)‘da:dt

< /T_T// ‘Gx(l,y)z(t — 1,z —y) 2t + 7,2+ &)|dydadt
1
+/1TT//:/ H)\x”Loc ‘Gm(s,y)z(t —s,x—y) At +T2 +§)‘ dydsdxdt
—i—/TT//l / | Al ‘G$(s,y)zz(t —s,x—y) At +T,2 —1—5)‘ dydsdxdt
/T T// /‘G -8, T — )gp(s,y)zﬁ(t+7,$+£)’dydsd;z;dt
t—1
< (/’Gz(l’y)’dy+||)‘x||[4°°/0 /\Gx(s,y)!dde)
ssyufg (/ITT/ |2(t — s, z — y)| ‘zﬁ(t+r,x+§)‘ dxdt)
+ (H)\HLw . /01/ |Gz (s,9)| dyds>
. <5?££§/1T_T/ |zo(t — s, 2 —y)| [ (t+ 7,2 + &) dmdt)
+|2* |- - / /‘G s,y)| dsdy - / /‘go (t,x)| dwdt

1 4(52 *
< (5 + Il 2= ) 22 4 A 2 D) + 076 i,
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On the initial time interval [0, 1], by (7.13),

1
(7.17) /0/|zx(t,m)zﬁ(t+7,x+€)}dwdt

< [ el 140+ Dl e < (7532
Moreover, (7.14) implies
ML= < [[AellLr < C*do < 1.
From (7.16) and (7.17) it thus follows that

2
4% + 1I(T) +C*53.

I(1) < (€' + =2 + 3

For 4y sufficiently small, this implies Z(T) < 962/c, proving the lemma. O

Using the two previous lemmas we now prove the estimate (7.3). Setting
z = vy, 2=y, A= :\j, M = X, we apply Lemma 7.1 which yields the
desired bound on the integral of |vjvg|. Moreover, Lemma 7.3 allows us to
estimate the integral of |v; ;v;|. Notice that the assumptions (7.13), (7.14) are
a consequence of (5.22), (5.23). The simplifying condition (¢, —00) = 0 in
(7.14) can be easily achieved, by use of a new space coordinate ' = z — Ajt.

The other terms |vjwy|, |lwjwg|, |vjwg| and |vjwy .| are handled similarly.

8. Functionals related to shortening curves

We now study the interaction of viscous waves of the same family. As in
the previous section, let u = u(t, z) be a solution of the parabolic system (3.1)
whose total variation remains bounded according to (7.1). Assume that the
components v;, w; satisfy the evolution equation (6.1), with source terms ¢;, ¥
bounded as in (7.2). Relying on the bounds (5.22)-(5.24), for each i = 1,...,n
we shall prove the estimates

T
(8.1) / /|wi7wvi — wiv; | dedt =O(1) - 62,
i

T .
o )
{ |wi/vi|<3§1 /Ui x

The above integrals will be controlled in terms of two functionals, related to

2
dzdt=0(1) - 63.

shortening curves. Consider a parametrized curve in the plane v : R — R2.
Assuming that ~y is sufficiently smooth, its length is computed by

(83 £0) = [ hata)] de.
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Following [BiB2], we also define the area functional as the integral of a wedge
product:

(3.4) Ao =5 [ ote) n o] dady.

To understand its geometrical meaning, observe that if v is a closed curve, the
integral

%/v(yM%(y)dy= %//Ky%(fv)/\%(y) dx dy

yields the sum of the areas of the regions enclosed by the curve -, multiplied
by the corresponding winding number. In general, the quantity A(y) provides
an upper bound for the area of the convex hull of ~.

Let now v = 7(t,x) be a planar curve which evolves in time, according to
the vector equation

Here A = A(t,z) is a sufficiently smooth scalar function. It is then clear that
the length £(7(t)) of the curve is a decreasing function of time. It was shown
in [BiB2] that also the area functional A(v(t)) is monotonically decreasing.
Moreover, the amount of decrease dominates the area swept by the curve during
its motion. An intutive way to see this is the following. In the special case

where 7 is a polygonal line, with vertices at the points Py, ..., Pp,, the integral
in (8.4) reduces to a sum:
1 .
A(V):§Z‘W/\Vj‘, vi=F —F1.
i<j

If we now replace v by a new curve 7/ obtained by replacing two consecutive
edges v, vi by one single edge (Fig. 4b), the area between v and 7/ is precisely
|[vi A vg|/2, while an easy computation yields

1
A < A(y) - IR

The estimate on the area swept by a smooth curve (Fig. 4a) is now obtained by
approximating a shortening curve v by a sequence of polygonals, each obtained
from the previous one by replacing two consecutive edges by a single segment.

Figure 4a Figure 4b
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We shall apply the previous geometric considerations toward a proof of
the estimates of (8.1), (8.2). Let v,w be two scalar functions, satisfying

(8.6) v+ (AV)g — Vge =,
wi + (AW)g — Wz =7 .

Define the planar curve « by setting

(8.7) V(@) = (/; v(t, y)dy, /; w(ty)dy) :

Integrating (8.6) with respect to x, one finds the corresponding evolution equa-
tion for :

(8.8) Ve + Mz — Yoo = O(t,2) = </ o(t, y)dy, / wtydy>

In particular, if no sources were present, the motion of the curve would reduce
0 (8.5). At each fixed time ¢, we now define the Length Functional as

(8.9) c@:c@@):/¢w@m+ww@ym
and the Area Functional as

(8.10)  A(t) = // (t,y) — v(t, y)w(t,z)| dedy.

We now estimate the time derivative of the above functionals, in the gen-
eral case when sources are present.

LEMMA 8.1. Let v,w be solutions of (8.6), defined for t € [0,T]. For
each t, assume that the maps x — v(t,z) x — w(t,x) and  — \(t,z) are CH!,
i.e. continuously differentiable with Lipschitz derivative. Then the correspond-
ing area functional (8.10) satisfies

(8.11) %A@S—/

HeOllp @]l + ey

Vg (t, x)w(t, x) — v(t, v)w,(t, x)‘dw
(t)]

Proof. In the following, given a curve 7, at each point = where v, # 0
we define the unit normal n = n(x) (see Fig. 5), oriented so that v,(xz) An =
|7z(x)| > 0. For every vector v € R? this implies

Lt~

(@) AV = |a(2)] (n, v).

Given a unit vector n, we shall also consider the projection of v along n,
namely

y—x"(y) = (n, y(y)).
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Figure 5

If v = ~(t,z) is any smooth curve evolving in time, the time derivative of the
area functional in (8.4) can be computed as

% = % //Ky sign (72 () A Y2 (y)) {%t(«’f) AYz(y) + Yz (z) A %t(y)} dxdy
= % // sign(%(x) A ’ym(y)) {’Yx(x) A ’th(y)} dydx
= % / ‘%(m)‘ </sign (n, 7(y)) - (n, %ct(y)>dy> dx

= % / ‘%(:L")‘ %(Tot.Var.{an dz .

For each z, we are here choosing the unit normal n = n(x) to the curve (t, -)
at the point x. We emphasize that, in the last expression, the derivative with
respect to time of the total variation is taken regarding n as a constant. To
compute this derivative, assume that the function y — X“(ﬁ)(y) has a finite
number of local maxima and minima, say, attained at the points (Fig. 5)

Yp < <y <y=x <y <--<Yq-

Assume, in addition, that its derivative dx™/dy changes sign across every such
point. Then

(8.13) %(Tot.Var.{Xn}) = —sign <n, ’Vm(x)> -2 Z (*1)a<n, ’Yt(ya)>.

—pla<q

Notice the sign factor in (8.13). If the inner product <n, ’ym(x)> is positive,
the even indices a correspond to local minima and the odd indices to local
maxima. The opposite is true if the inner product is negative. We now apply
(8.13) to the curve ~ considered at (8.7), (8.8). Observing that

(n, v.(z)) =0, sign (n, Yz2(Ya)) = (—1)* - sign(n, vz0(z)),
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one obtains

(8.14)

——/‘%(:U)‘sign<n, Yaa()) - Z (=1)*n, %(ya)) | dz

—p<a<qg

— [ bale) Avaatial| e+ [ a0 | -1, 2(00))

_/"71(1‘)/\%cac(fﬂ)‘dfﬂ—{—//hx(l‘)/\q)z(y;‘ dydz
J1Cu ) (o M= S0 ) (365 )] v

From this estimate, (8.11) clearly follows. Notice that, by an approximation
argument, we can assume that the functions x™*) have the required regularity
for almost every (¢,z) € R2. O

dx

LEMMA 8.2. Together with the hypotheses of Lemma 8.1, at a fized time
t assume that v;(t,z) # 0 for every x. Then
(8.15)

d 1 . w(t)\ |?
it " = T ompr /|w/v|§351 [o(®) ’<v<t> )

Proof. As a preliminary, recalling that

dz+ ||p(t)]

R O]

Y = (’U, ’U)) ) Yot + ()"Ya:)x - Yzzz = (d)) 7!)) )

we derive the identities

|'Y:mc|2 "7x|2 - <%ca 'Y:m>2 = (1132C + wi)(U2 + w2) - (UU;,; + wwx)Q

:(fuwg[;—vgcw)2 } (w/v),

)
ol 1

el (14 (wfe)?) ¥

Thanks to the assumption that v, never vanishes, we can now integrate
by parts and obtain

/ Vs ’Yxt
\/ ’Y:m 'Yx

:/ { <7wa ’Yzmc> _ <7m, ()\'Yz)x> n <7$, ((Z), ¢)>} dr

|V |V |V
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2 _ 2
:/ {|’Y:c|x:c - ()\ |fyw|)x _ |7:1:a:| <'7x/"7m’, ’71;t> }dw

V|
(V2> (6,9)) .
v/ el

1+ (11)/1))2)3/2

Since the integrand is nonnegative, the last inequality clearly implies (8.15). O

2
oL, st

Remark 8.3. Let u = u(t, ) be a solution to a scalar, viscous conservation
law
ut+f(u)m — Ugz =0,

and consider the planar curve v = (u, flu) — um) whose components are
respectively the conserved quantity and the flux (Fig. 6). If A = f’, the com-
ponents v = u, and w = —uy; evolve according to (8.6), with ¢ = ¢ = 0;
hence vy + MYz — Yz = 0. Defining the speed s(z) = —uy(z)/uy(x), the area
functional A(7) in (8.4) can now be written as

1
A =5 [ Juate)us) - wloyust)| dady
<y
1
5[] s dal - Justn) ] [st) - st0)]
<y
1
=— / / [wave at x] x [wave at y| x [difference in speeds] .
2 <y
It now becomes clear that the area functional can be regarded as an interaction
potential between waves of the same family. In the case where viscosity is

present, this provides a counterpart to the interaction functional introduced in
[L4] in connection with strictly hyperbolic systems.

Figure 6
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Recalling that the components v;, w; satisfy the equations (6.1), we can
apply the previous lemmas with v = v;, w = w;, A = 5\% ¢ = ¢;, Y = 1), calling
L; and A; the corresponding length and area functionals. For t € [t, T, the
bounds (5.22), (5.23) yield

(8.16) Ai(t) < [Joi®)]| e - [Jwi ()| o = OQ) - &,
(817) Ez S Hvz HLl + le(t>HL1 :O(l) %0-
Using (8.11) we now obtain
(8.18)

T T d
//|fwi,xvi —wivi,x‘dxdtg/ |:_d_AZ(t)] dt

£ £ t

T
[ (Ol el fae® o))
<Ai) + sup (ot [lwi®) )
T

/tT/ (\@-(t,x)\ + it x)|> ddt
=0(1)- 43

proving (8.1). To establish (8.2), we first observe that, by an approximation
argument, it is not restrictive to assume that the set of points in the t-z plane
where v; 5 (t,2) = w; »(t,z) = 0 is at most countable. In this case, for almost
every t € [{,T] the inequality (8.15) is valid. Moreover, our choice d; < 1/3
implies (1 + 967)%/2 < 4. Therefore

T ) 2
s [ (),
< f [—dim} [ (sl + o)) a

<ALy // (les(t, )| + [vilt, 2)] ) dwdt

dxdt

Using the bound (5.23) on ||vj||Lee, from (8.19) we deduce (8.2).

9. Energy estimates

In the same setting as the two previous sections, we shall now prove the
estimate

9.1) /{T

, ) ]wi — 912}@| dxdt = 0(1) : 5(2) .




VANISHING VISCOSITY SOLUTIONS 271

We recall that §; = 6(w;/v;), where 6 is the cutoff function introduced in (5.5).
Notice that the integrand can be unequal to 0 only when |w;/v;| > d;.
Consider another cutoff function 7 : R +— [0, 1] such that (Fig. 2)

(9.2) n(s) = { 1 if |s| > 461/5.

We can assume that 7 is a smooth even function, such that
| < 21/61, | < 101/67 .
A third cutoff function
i(s) =n(ls| = 61/5) < n(s)

will also be used. For convenience, we shall write n; = n(w;/v;), 7; = 7(w;/v;).
As a preliminary, we prove some simple estimates relating the sizes of v;, w;
and v; ;. It is here useful to keep in mind the bounds

(93)  N=A=00)-|f—ri|=01) &,  |uil, [wi =O(1)- 57,
valid for ¢t > ¢ and i = 1,...,n. Recall also our choice of the constants

1
(9.4) 0 < dg <<61§§.

LEMMA 9.1. If |w;/v;| > 301/5, then

(9.5)
5
lwi| < 2[v; .| +O(1) - 502 |vsl, il < gm‘,x’ + O(1) - do Z |vs] -
i#i ! i
On the other hand, if |w;/v;| < 61, then
(9.6) |vi | < 261[0i] + O(1) - 60 > [vy].
J#

Proof. We recall the first estimate in (6.18):
(9.7) iz =w; + (N — A)v; + O,
=w; + (5\1 — )\:)'UZ' + O(l) - 0o Z ("Uj‘ + ]wj — vjyx]) ,
JF
with ©; defined as in (6.16). By (9.3)—(9.4), from the condition |w;/v;| > 361/5
two cases can arise. On one hand, if

01
. 7 S Al
(9.8) |6, 10|U|
then 35 5 25
Vi o] > ?1’%‘\ —O0(1) - dolvi| — 1—(1)\vz| > ?1|Ui’7
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and hence
01
. 7 1,2 il < Vi —|vi| < 2,z -
(9.9) |v|_25lv E [wil < |via| + 7 |vil < 2Jvial
On the other hand, if (9.8) fails, then by (9.3) and (6.17) we conclude
(9.10) |Ai = Af] Jvil = O(1) - 63 Y sl
J#

In both cases, the estimates in (9.5) hold. )
Next, assume that |w;/v;| < 6;. Observing that |X\;— | = O(1)-6p < 61/2
and using (6.16) and (6.17), from (9.7) we deduce

(9.11) |vi,x|g51|ui|+ |vl\+(9 5OZ|UJ|

proving (9.6). O

Toward a proof of the estimate (9.1), we first reduce the integrand to a
more tractable expression. Since the term |w;—6;v;| vanishes when |w; /v;| < 61,
and is < |w;| otherwise, by (9.5) we always have the bound

Jwi — Oyvi] < [7wi| <0 | 20vie] +O1) - 60 Y |vj]

JFi
Therefore
(9.8)
(Jvie] + [ws]) - fwi = O] < ( )i | 2fvial +O1) 60 [uj]
J#i
<2007, + 25 vi g wie| + Y ([05vi] + [vjwie)
J#i

<3nvi, + mwl, + > ([jvial + [vjwial) -

J#1
Notice that here we can assume O(1) - Jy < 1. Since we already proved the
bounds (7.3) on the integrals of transversal terms, to prove (9.1) we only need
to consider the integrals of vl . and wl 5> 10 the region where 7; # 0. In both
cases, energy type estimates will be used.
We start with vzzx Multiplying the first equation in (6.1) by n;v; and
integrating by parts, we obtain

/771'%'(251 dx =/ {mvm,t + nivi(\ivg)g — nivivi,zx} dx

=/ {ni(vzz/2)t - Uij\ivivi,z — ni,xj\iv? + nivz?,x + ni,xvi,m'vi} dx
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= [ {tne/2), + Gamute?/2

—(miz + 2NiMiw — Nises) (v3/2) + 771'717;2,;r + 2ni,xvivi,z} dz .

Therefore

d -
(9.13) / V7 o dg;:_@ [ / niv? /2 dx] + / (it + Nillie — M) (V7 /2) di

/ Xioni(v7/2) dz /Uz’,wiz',x d$+/77ivi¢i dx.

A direct computation yields

(9.14)

2
< Wit VW, w; Vi 2 W; w;
/ i, it Wi iz 1,0 Wi " i
Nit + )\ini,:p — Nixx =1); - + )\l n; - ) -\
V; U- (V3 (% (%

(2 (2 T

2 .
y | Wizx Vj pxWs 2Ui,xwi,ac 2vi,xwl
— S R 7 T 03

v; v? v

[77@ (wzt + ()\ e — W; m)/vz
—njw; (vig + (Aivi)e — vi,m)/vﬂ

+20; 21, /i - (Wi /Vi)y — ! (wi)vi)>

2
=1 (ﬁ - ﬂﬁ) + 2] <%> —n <%> -
(o V; U5 Vi Vi ) & Vi ),

Since 5\”0 = (5\Z — A7)a, integrating by parts and using the second estimate in
(9.5) one obtains

(9.15) ‘ / Xi.ani (07 /2) da

= '/(:\Z — )\f)(ni7xv12/2 + nivivi7x) dz

- i} 1
< A = Ao - 5/\77§| Wi 20 — Vi gws| dx

5
26 mwdx+(9 5O/szwvj\dx
JFi

< /|wi7xv2 v pw;| dx + = /7]1 wdm—|—50/2|vwv]|dz‘
JF#i
Indeed, by (9.3), (9.4), |\ — | = O(1) - 6y < 6. Using (9.14) and (9.15)
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n (9.13) we now obtain

(9.16)
1 d [ [ nw;
5/ Ldr < 7 [/ 5 dm]

1
+§/‘n;‘(viwi|+|wi¢i’) de‘i'/

1 ", 2 2
o [ ()

dr + / }wi,xvi — wivi,x‘ dx
+0o / Z |vi,zvs] dz + 2/ |72V / [vipi| da .
J#i

Recalling the definition of 7;, on regions where 1} # 0 one has |w;/v;| < d1;
hence the bounds (9.6) hold. In turn, they imply

/ w;
ViV | —
v; -
12 [ Wi
01m;v; (_>
V; z

< 2|617}| |wi i — Wiv; o]

AT e
nz e} v; .
+0O(1) - dom;] E <|v]w1 | + [vvia] | —

J#i >

Using the bounds (5.22), (5.23), (7.2), (7.3), (8.1) and (8.2), from (9.16) we
conclude

(9.18)

/ /nz mdxdt< /m (t x)dx + O(1 / / |Uﬂ/}l\+|wl¢z|) dxdt
+(’)(1)-/ /]wi,xvi—wivi,ﬂdxdt

50/ /Z \vjww]—l—]vjvm\) dxdt

JF#i

T
(’)(1)-/ / |vi(wi/vi) ‘ dmdt—|—2(5o/ /Z\vwv]]dxdt
t Jw,fvi|<6

J#i
+2/ /]vzqﬁ,]da;dt

=0(1

dzx

/ ws
N;ViVix | —
V; -

(9.17) ‘ni,mvivm} =

<2

+0(1) -6

J#i
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We now perform a similar computation for w . Multiplying the second
equation in (6.1) by 7,w; and integrating by parts, we obtain

/mwiwi dr = / {(ﬁiwf/Q)t + Nf1i)e (w2 /2) = (it + 2Nl
- ﬁz,ac;t) (wf/2) + ﬁzwix + Qﬁwwiww} dx .

Therefore, the identity (9.13) still holds, with v;, ¢; replaced by w;, 1;, respec-
tively:

(9.19)
d -
/mw do=—— U niw3 /2 dx] +/(77i,t + Nl — Tz ) (W3 /2) da
/ XiyaTi (W} /2) x_2/ﬁi,mwiwi,z dx+/ﬁiwi¢i dx .

The equality (9.14) can again be used, with n; replaced by 7;. To obtain a
suitable replacement for (9.15), we observe that, if 7; # 0 then (9.5) implies

|wiw; 2| < 2|v; pw; 4| +O(1) 502\1)]11)”;‘ <’um+wm+(’) 502\vjwm]
i i

Integrating by parts we thus obtain

(9.20) ‘ / XiaTli (w7 /2) da

— ‘ / (N = ) (T pw? /2 + Fiwgw; ) da

w?
< H)\ —)\*”Lw : {/}m‘ ’wzxvz UH?wl’ 2 d$+/ﬁiv’27xdx
—l—/ Wy, dz + O(1 /Z‘Uywzw‘dm}
J#i

1
< /|wi,zvi — v w5 | dr + 5/7%“@'2:6 dx
1
—1—2/ w d:z:—i—(? (S(]/Z|U]wzz|dl'

JF#i

Using (9.14) and (9.20) in (9.19) and observing that |w?/v?| < 67 on the region
where 7} # 0, we now obtain an estimate similar to (9.16):

(9.21)

1 d niw? & [
5/77111) dx<—a [/ 5 d:c] +E/‘n;‘(|vlwl|+\wl¢z|) dx
—1—5%/ 70iVi & (%>
(% T

dx
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5% 2 [ Wi ?
+§/mvi v ),

+5o/z|iji,x|d$+2/|ﬁi,xwiwi,x|d$+/|wi¢i|d$-

JFi

1
dr+ / |wi 2 vi —wivi,z\d$+§ / MV

We now observe that 7} # 0 only when 461 /5 < |w;/v;] < 1. In this case one
has 7; = 1 and moreover, recalling our choice §; < 1/3,

wi\ |? 9 w; w; |? 9 1, 1
1 (A 1
(% <'U—z>z > Wi ¢ — 2 _’L |w’i7azvi,x| - U—z Vi > iwz,x 5V
Hence
_ 2
(9.22) |7 pwiwi e | = O(1) - [vi(wi/vi)e|” - x +0O(1) - nivg, -

{‘wi/vi|<61}

Using the bounds (5.22), (5.23), (7.2), (7.3), (8.1), (8.2), (9.17), (9.18) and
(9.22), from (9.21) we conclude

(9.22)
T R T
/ /ﬁi wzx dxdt < /ﬁiw?(t,:r) dx + O(1) / / (|vi1,l)¢| + \wi¢i|) dxdt
i £
T
+0(1) / /|w¢7mvi — W;v; ¢| dadt
i
T

+0(1) - 50[ /Z (’iji,x’ + |vjvi7x]) dxdt

i

JF

T T
—1—(9(1)'/ / }vi(wi/vi)m}dedt—i—(’)(l)-/ /mvzl,dxdt
t |w; Jv;] <1 t
T T
+<50/ /Z\wi7xvj]d:cdt+2/ /|wi¢i|d$dt
b g !

=0(1)-62.
Using (9.18) and (9.23) in (9.12), we obtain the desired estimate (9.1).

10. Proof of the BV estimates

In this section we conclude the proof of the uniform BV bounds. Consider
any initial data u : R — R”, with

% lim a(z)=vu" € K.

8\/ﬁ/€ ’ T——00

We recall that « is the constant defined at (2.5), related to the Green kernel G*
of the linearized equation (2.4). This constant actually depends on the matrix

(10.1) Tot.Var.{u} <
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A(u*), but it is clear that it remains uniformly bounded when u* varies in a
compact set K C R™.

An application of Corollary 2.4 yields the existence of the solution to the
Cauchy problem (1.10), (1.2) on an initial interval [0, ], satisfying the bound

- 0

(10.2) e (B)| 0 < ﬁ.
This solution can be prolonged in time as long as its total variation remains
small. Define the time

(10.3) T = sup {T ; Z/tf/ |9 (t, )| + |u(t, )| dedt < %} :

If T' < o0, a contradiction is obtained as follows. By (5.21) and (10.2), for all
t € [t, T] one has

(10.4) Huz(t)HLl SZ Hvi(t)HL1

<3 (@l + [ [ o1, aoat)

- 0
<2V lun(D)|p + 5 < do-

Using Lemma 6.1 and the bounds (7.3), (8.1), (8.2) and (9.1) we now obtain

T
(10.5) Z/t /|q§i(t,x)‘+}wi(t,x)‘dxdt:0(1)-5§ < 5—20,

provided that dg was chosen suitably small. Therefore T' cannot be a supre-
mum. This contradiction with (10.3) shows that the total variation remains
< 0y for all t € [t, oo[. In particular, the solution u is globally defined.

Remark 10.1. The estimates (8.1) and (9.1) were obtained under the as-
sumption (7.2) on the source terms. A posteriori, by (10.5) the integral of
the source terms is quadratic with respect to dg. Using (10.5) instead of (7.2)
in the inequalities (8.18) and (9.18), (9.23), we now see that the quantities in
(8.1) and (9.1) are both = O(1) - 5. Recalling that &y is the order of magni-
tude of the total variation, we see here another analogy with the the purely
hyperbolic case [G]. Namely, the total amount of interactions between waves
of different families is of quadratic order with respect to the total variation,
while the interaction between waves of the same family is cubic.

Remark 10.2. Within the previous proof, we constructed wave speeds
oi = Af — 0(w; /v;) for which the following holds. Decomposing the gradients
Uy, U according to

(106) { Uy = Zz Uiri(u7vi7o-i)7

Uty = Zl(wz — )\:’UZ) Fi(u,vi, O’Z‘),
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the components v;, w; then satisfy

(10.7) { Vit + (Aivi)e = Vige = ¢ilt, ),

Wit + (ANiw;) g — Wige = Yi(t, ),

where all source terms ¢;,1); are integrable:

(10.8) /f/\@(t,xndmm%, /Ow/|wi(t,x)}dxdt< 5.

In general, the speeds o; defined at (5.7) are not even continuous, as functions
of t, x. However, by a suitable modification we can find slightly different speed
functions o;(t,z) which are smooth and such that the corresponding decom-
position (10.6) is achieved in terms of (smooth) functions v;, w; satisfying a
system of the form (10.7), with source terms again bounded as in (10.8).

We conclude this section by studying the continuous dependence with
respect to time of the solution ¢ +— wu(t,-). By (10.4),

(10.9) Tot.Var.{u(t) } = [Jus(t)||y, < o for all ¢ > 0.

By the estimate (2.8) in Proposition 2.1, the second derivative satisfies

2660/t if t <1,
10.1 zx(t < £ ¢
(10.10) luz(®)], { 200 /VE i t> 1.

Therefore, from (1.10) it easily follows

o) < 2/(1+ 527

for some constant L’. For any ¢ > s > 0 we now have

(10.11) ut) — u(s)]),. g/ aa(7)|| 7
</t — sl + |VE - V5]).

Remark 10.3. A more careful analysis shows that in (10.11) one can ac-
tually take L' = O(1) - Tot.Var.{a}. However, this sharper estimate will not
be needed in the sequel.

11. Stability estimates

Let w = u(t,x) be any solution of (3.1) with small total variation. The
evolution of a first order perturbation z = z(¢, ) is then governed by the linear
equation

(11.1) 2+ (A()z), — 2pe = (ug @ A(u))z — (z @ A(u))us .

T
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As usual, by “e” we denote a directional derivative. The primary goal of our

analysis is to establish the bound
(11.2) 2t )| < L2009 forall t>0,

for some constant L. By a standard homotopy argument [B1], [BiB1], this
implies the uniform stability of solutions, with respect to the L! distance.
Indeed, consider two initial data @, v with suitably small total variation. We
can assume that u* = u(—o00) = v(—00), otherwise ||z — v||p1 = oo and there
is nothing to prove. Consider the smooth path of initial data

01— @’ = 0u+ (1-6)7, 0 < [0,1],
and call t — u’(t,-) the solution of (3.1) with initial data @’. The tangent

vector
0

0 . au
tr) = ——(t
z ( ,l‘) da ( 7:U)
is then a solution of the linearized Cauchy problem
2+ [DA(ue) : 29] ul + A28 =29,

2%(0,2) = 2°(2) = a(x) — v(x);

hence it satisfies (11.2) for every 6. For every ¢ > 0 we now have

1 du9
Hu(t)—v(t)Hng/O ‘ de(t) @
Ll du?(0)
<L'/O a9 || a0

=L-||a—3|L.

This proves the Lipschitz continuous dependence of solutions of (3.1) with
respect to the initial data, with a Lipschitz constant independent of time. In
particular, it shows that all solutions with small total variation are uniformly
stable.

Remark 11.1. In the hyperbolic case, a priori estimates on first order
tangent vectors for solutions with shocks were first derived in [B2]. However,
even with the aid of these estimates, controlling the L' distance between any
two solutions remains a difficult task. Indeed, a straightforward use of the
homotopy argument fails, due to lack of regularity. These difficulties were
eventually overcome in [BC1] and [BCP], at the price of heavy technicalities.
On the other hand, in the present case with viscosity, all solutions are smooth
and the homotopy argument goes through without any effort.
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Throughout the following, we consider a reference solution u = wu(t,x) of
(3.1) with small total variation. According to Remark 10.2, we can assume
that there exist smooth functions v;, w;, o; for which the decomposition (10.6)
holds, together with (10.7) and (10.8).

The techniques that we shall use to prove (11.2) are similar to those used
to control the total variation. By (2.19) we already know that the desired
estimate holds on the initial time interval [0,#]. To obtain a uniform estimate
valid for all ¢ > 0, we decompose the vector z along a basis of unit vectors
and derive an evolution equation for these scalar components. At first sight,
it looks promising to write

z = Z ziTi(u, v, 07),
i

where 71, ..., 7, are the same vectors used in the decomposition of u, at (5.6).
Unfortunately, this choice would lead to nonintegrable source terms. Instead,
we shall use a different basis of unit vectors 71, ..., 7,, depending not only on
the reference solution u but also on the perturbation z.

Toward this decomposition, we introduce the variable

T =z, —A(u)z,
related to the flux of z. By (11.1), this quantity evolves according to the
equation

(113) T+ (A@)T), = Yoo = (e o Alw))2 — (2 0 A(w)) s
(

xT

+(ug @ A(u))Y — (up @ A(u))z.
We now decompose z, T according to
(11‘4) { z = Zz hiT (u>*viv Af - 0(91/*hz)) )
T =3:(9i — Afha)7i(u, vi, AF — 0(gi/ i)
where 6 is the cutoff function introduced at (5.5). In the following we shall
write
i =Ti (U, Vi, )\;k - e(gl/hl))v

to distinguish these unit vectors from the vectors 7;(u, v, ¥ — 6(w;/v;)) pre-

viously used in the decomposition (5.6) of u,. Moreover we introduce the
speed

(11.5) Ai = (Fi, A(u)s),
and denote by
(11.6) 0i = 0(gi/hi)

the correction in the speed for the perturbation. The next result, similar to
Lemma 5.2, provides the existence and regularity of the decomposition (11.4).
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LEMMA 11.2. Let |u — u*| and |v| be sufficiently small. Then for all z,
T € R" the system of 2n equations (11.4) has a unique solution (hi,..., hy,
9is---s9n). The map (2,T) — (h,q) is Lipschitz continuous. Moreover, it is
smooth outside the n manifolds J\Afl = {h; = g; = 0}.

Proof. The uniqueness of the decomposition is clear. To prove the exis-
tence, consider the mapping A : R?® — R?" defined by

(11.7) A(h,g) =" Ni(hi, gi),
i=1

e . h,’ fl-(u V; )\* —H(gz/hz)) >
11.8 AZ hi, i) = % PRV % .
(11.8) (hi» g:) ( (9i — Afhq) Fi(u, vi, XY — 0(gi/hi))
Computing the Jacobian matrix of partial derivatives we find
(11.9)

oA,
3(hi7 gi)

_ + (gi/hi)0ii 07 o
O\ =N = A9/ hi)OiFi o + (9i/hi)20iFi e P4 NOF g — (gi/hi)0iFie )

By (4.24), i = O(1) - v;. Hence, for v; small enough, the differential DA
is invertible. By the implicit function theorem, A is a one-to-one map whose
range covers a whole neighborhood of the origin. Observing that Ais positively
homogeneous of degree 1, we conclude that the decomposition is well defined
and Lipschitz continuous on the whole space R?®. Outside the manifolds ./\A/'Z-,
i=1,...,n, the smoothness of the decomposition is clear. O

Writing the identity Y = 2z, — A(u)z in terms of the decomposition (11.4)
we obtain

(11.10) 3 (gi — Aha)ii = thm ZA Yhiti 4 hifiu ;7
7 ij
+Zhrzvvzx Zhrlﬂ 1,T -

Taking the inner product with 7; and observmg that 7; is a unit vector and
hence is perpendicular to its derivatives, we obtain

9i = Nig — (Ai = XD h; + O;
with

(11.11) == (i, A hi + > > (i) Fufihjve

J#i J#L k

D (Fis Pio)hivia = Y (P Fio)hiba -

JFi JFi
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Hence, by (5.20) and (4.24),

(11.12) gi = hiz — (A = A)hi + O(1) - 60> (Ihy] + v5]) -
J#

A straightforward consequence of (11.12) is the following analogue of Lemma 9.1.

COROLLARY 11.3. If |gi/hi| > 361/5, then
(11.13)

5
901 < 2lhice+OW)-80 3 (fosl+1As1) [hil < 55-lhial +O(1)-60 3 (lol+Ihyl) -
j#i i

On the other hand, if |gi/hi| < 461/5, then

(11.14) i | < 61lha| + O1) - 60 Y (|vg] + |R]) -
o

Our eventual goal is to show that the components h;, g; satisfy a system
of evolution equations of the form

(11.15) { hig + (Aihi)a = higa = i,

git + (Nigi)z — Gizx = Vi,
where the source terms on the right-hand sides are integrable on [f, co[ xR.
Before embarking on calculations, we must first dispose of a technical difficulty
due to the lack of regularity of the equations (11.4).

Since our equations (3.1) and (11.1) are uniformly parabolic, it is clear
that for ¢ > 0 all solutions are smooth. Moreover, by Remark 10.2, we can
slightly modify the speeds ¢; occurring in the decomposition of u,, so that
(10.6)—(10.8) hold and the corresponding functions v; are now smooth. On
the other hand, the map A in (11.7) is only Lipschitz continuous, hence the
same is true in general for the functions h; = h;(t,z) and g; = g;(t,x). Indeed,
at points where h; = ¢g; = 0 for some index ¢, the derivatives h;, or g; .
may well be discontinuous. In this case, the equations (11.15) would make
no sense. To avoid this unpleasant situation, we observe that each manifold
/\A/} has codimension 2. Given the smooth functions z, T and ¢ > 0, by an
arbitrarily small perturbation we can construct new functions z#, T* satisfying

1% = 2lle2 + | TF = Tle= < e

and such that the corresponding decomposition (11.4) is C*° outside a count-
able set of isolated points (tp, Ty )m>1. A further implementation of this tech-
nique yields
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LEMMA 11.4. Let z, Y be solutions of (11.1) and (11.3) respectively. Then
for any € > 0 there exist smooth functions 2%, Y such that the corresponding
coefficients in the decomposition (11.4) are smooth except at countably many
isolated points (ty,, Ty), m > 1. Moreover, these perturbed functions solve the
system of equations

2+ (A(u)z?) | — 2k, = (uz @ A(u))2* — (2F @ A(u))ug + e1(t, @),
Tg + (A(u)Tﬁ)w -1t = [(ux . A(u))zﬁ - (zti o A(u))uz} i

—A(u) [(ux . A(u))zji — (zti . A(u))um}
+(ug A(u))Tti — (up® A(u))zji +ex(t, ),

for some perturbations ey, ea such that

/;O/ |€1(ta$)| + ‘eQ(t,x)‘ dzdt < €.

Thanks to this lemma, we can study the time evolution of the components
hi, g; by means of a second order parabolic system, at the price of an arbitrarily
small perturbation on the right-hand side. In the remainder of the paper, for
simplicity we derive all the estimates in the case e; = eo = 0. The general case
easily follows by an approximation argument.

In Section 6 we showed that the source terms in the equations (6.1) could
be reduced to four basic types. The following result is an analogue of Lemma
6.1, providing an estimate for the source terms in the equations (11.15). The
proof, involving lengthy calculations, will be given in Appendix B.

LEMMA 11.5. The source terms in the equations (11.15) satisfy the esti-
mates

(11.16)

dilt,a), Bilt.a) = O() - (Ihgl + [hsvs| + lg5v5] + |95l ) leoj = 05051
J

+0(1) - (Ivjhj,:c — hjvja| + vj29; — 952051
j
Flhjwje — wihja| +|gjwje — gj,xwﬂ)

2
95\ 1.
(hj)z

1) - > (logl + Ihyl)

r X{|9j/h.7’\<351}
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+0(1) - 3 (1hjoel + Ihgevel + Ihjvrel + gyl
J#k
+195vk| + |95.20k| + |g50k,2| + [hjhi] + |hj9k|)

+O(1)- ) (\hj%’\ + [hjihi| + 195051 + lgﬂ/fj\)-

J

The key step in establishing the bound (11.2) is to prove

LEMMA 11.6. Consider a solution z of (11.1), satisfying
(11.17) 2(8) || < do for all t € [0,T),

and assume that the source terms in (11.4) satisfy

T
(11.18) /t / |9t )| + [ (t, x) | dwdt < & i=1,...,n.

Then for each i = 1,...,n, there exist the estimates

T T
(11.19) /t /\@(t,x)|dxdt:0(1)-5g, /t /Wi(t,:c)\d:vdt:(’)(l)-ég.

Assuming the validity of this lemma, we can easily recover the estimate
(11.2). Indeed, since the equations (11.1) are linear, it suffices to prove the
estimate in the case where

do
8ynk
We recall that « is the constant defined at (3.5). By Corollary 2.4, on the
initial interval [0, %] we have

(11.20) 120, =

do

= t tl.
v I € [0, ]

(11.21) |2()]

L < 26[|=(0)]

Define the time

(11.29) Tisup{ﬂ >/ \@(t,wwth,x)!dmts%}-

If T < oo, a contradiction is obtained as follows. First, we observe that the
inequalities in (5.21) remain valid for the decomposition of z, namely

(11.23) 2] <> |l < 2v/n 2]

For every 7 € [f, T], by (11.22) and (11.23) one has
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LlSXi:HhM)\
<> (Hhi(f)HLl +/£T/\$i(t,x)\dxdt>

<oV oDl + 2 < 6.

(11.24) [|2(7)]

Ll

We can thus use Lemma 11.5 and conclude
T R R ) 50
(11.25) Z/ / pi(t, )| + |[¥i(t, z)| dedt = O(1) - 65 < 2
—Ji

provided that dy was chosen suitably small. Therefore T" cannot be a supre-
mum. This contradiction shows that the bound (11.2) holds for all ¢ > 0 and
z € L', with L = 8x+/n. The remainder of this section is aimed at establishing
the estimates (11.19).

Proof of Lemma 11.6. By Corollary 2.2, for ¢t € [{,T], as long as
Hz(t)HL1 < §p we also have the bounds

[zl =065, [Jzza(®)]|p =OM) -85, [l2wa(®)||p = O1) -5
By Lemma 11.2, the map (z,Y) — (h,g) is uniformly Lipschitz continuous.
From the previous bounds, for every ¢t € [f,T] and all j = 1,...,n it thus
follows

(11.26) ||hj.(t)]

o 9@l ROl [los®lg. =0Q) - 65,

(11.27) gl » 952l =OQ) - &

Recalling that v;, w;, h;, g; satisfy the systems of equations (10.7) and (11.15)
with source terms bounded by (10.8) and (11.18), we now provide an estimate
on the integrals of all terms on the right-hand side of (11.16).

The same techniques used in Section 7 yield an estimate on all transversal
terms, with j # k:

T
(1128) [ [ (gl + o] + ol + hjund
t

o lg5onl + gsa0] + 9700l + [hihil + hjg| ) dadt = O(1) - 6.

From (10.8) and (11.26) one easily obtains
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T
(1120) [ [ (sl + g + Loy + loyus) o

T
< [ (nllm + lsllm) - (6,1 + 1o5]) dat
= 0(1) 5.
A further set of terms will now be bounded using functionals related to short-

ening curves, as in Section 8. At each fixed time t € [{, T], for i = 1,...,n
consider the curves

AW (@) = ( |t [ hz-(t,y)dy) |

(v.g) (wh) _ (w.9)

Using obvious of notation, we also consider the curves ~, 7, v, 77, 7,7/,

,ngh,g)_ By (6.1) and (11.15), the evolution of these curves is governed by vector
equations similar to (8.8). For example,

As in (8.9) and (8.10), we introduce the corresponding Length and Area Func-
tionals, by setting

£ @)=L (M / \J02(t2) + h2(t,2) de

Agv’h) (t) :A(% oh (t) == |vi(t, 2)hi(t, y) — vilt,y)hi(t, z)| dedy .
2 <

Similarly we define [,(U g )( t), Agv’g ) (t), etc... . A computation entirely analo-
gous to (8.18) now y1elds the bounds

T
(11.30) / /(\Uihi,x — hivig| + [Viagi — Giavi| + [hiwi e — wihig
i
+ \giwi,x - gi,xwi| + |gihi,x - higi,x|>d93dt = 0(1) : 53-

Moreover, repeating the argument in (8.19) we obtain

(11.31) ///v<351 <_:>z

Using the bounds (5.23) on ||v;||L~ and (11.26) on ||h;||L=, from (11.31) we

deduce
(11.32) / / (Jvi| + |hil) | <i>
i/0:| <301 ’

dxdt = O(l) . (50 .

dzdt = O(1) - 65 .
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The integrals of the remaining terms in (11.16) will be bounded by means
of energy estimates. For convenience, we write 7; = n(g;/h;), where 7 is the
cutoff function introduced in (9.2). In Appendix C we will prove the estimates

(11.33) //mh dz=0(1)- &,
(11.34) /O/ﬁigﬁxdx:O(l)-5§.

Using (11.33) and (11.34) we now bound the terms containing the “wrong
speed” |w; — 6;v;]. All these terms can be unequal to 0 only when |w;/v;| > ¢1.
Hence by (6.20) we can write

(|hivi| + |givi]) Jwi — b;v4]
= 000) - (i + o) (o1 (s = 609 + 3 o s = 109 ).
JF

y (7.3), (9.1) and (11.26),

(11.35) /tT/ (havi] + lgivil) lws — Opvildedt = O(1) - 52
To estimate the remaining terms, we split the domain according to the size of
|gi/ Rl
Case 1. |gi/hi| > 401/5, |wi/vi| > 61. Recalling (9.5) we then have
(Ihia| +1giwl) wi = O] < (|hial + 1giz]) Jwil

:(‘hz’,x|+|gi,m|)(2lvzx|+0 Z|’UJ )

JF#i
S(h2 +gza:+2vz:c +O Z|h2xvj|

J#i
1) ’ Z ‘gi,xvj| :
JF
Using (11.33), (11.34), (9.18) and (11.28), we conclude

T
(11.36) / / (hiel + gi.a]) Jwi — Brvs] dedt
i |gi/hi|>461/5
T
< / / (9 h? o + i 97 + 20307 ,) dadt

+0(1 / /Z (|hi ;] + |gi0v5]) dzdt

JF#i
=0(1)- 6.
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Case 2. |gi/hi| < 461/5, |w;/v;| > 01. In this case we have

451|h1| |wl| 4
11. U] < = —|hw;|.
(1137 gl < 2O Bl
By (11.14),
(11.38)

|hi 2| [wi — ;05| < |hi gw]

=lgi — (AN = A+ 0(1) - 60> (1] + [vg]) | |wil
J#i
<i|hawi| + O(1) - 80 > (|hj| + [v]) Jwil
J#i
By (11.28), the integral of the last terms on the right-hand side of (11.38) is
O(1)-63. Concerning the first term, using (11.36) and then (6.18) and (11.14),
we can write
1
g\hz’wﬂ <|hiw; — givil
< |hivig — higvi + [hil |wi — vig| + vil |9i — hie|
= hivia — higei] + O() - Solhil (ful + 3 )
J#i
+0(1) - ofu] (Jhal + 3 (1B + [us]) )
J#
Hence, for §p small, one has
|hiw;| < 6[hivi e — higvil +O(1) - Z (Ihavs| + [wihj| + |wivs]) -
J#
By (11.28) and (11.30),

T
(11.39) / / ‘hz7x| |wi — 921}1‘ dxdt
t J|gi/hi|<48:/5

T
< / / |hi,xwi| dxdt = 0(1) . (5(2] .
& J)gi/hi| <48, /5, |w; [vi|>6;

Since §; < 1, the last remaining term can now be bounded as

\9i,| |wi — Bvi| < |gi2wil
<|gizwi — Giwi 2| + |giwi 2|
461
<|giawi — giw;i | + ?|hiwi,x|

< |gi,xwi - giwi,x| + |hiwi,m - hz’,azwi| + |hi,zwi| .
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By (11.30) and (11.39) we conclude

T
(11.40) / / ]gm] ‘wi — 911]1‘ drdt = 0(1) . (58 .
t Jlgi/hi|<46,/5

This completes the proof of Lemma 11.6. O

12. Propagation speed

Consider two solutions u, v of the same viscous system (1.10), whose initial
data coincide outside a bounded interval [a,b]. Since the system is parabolic,
at a given time ¢ > 0 one may well have u(t, z) # v(t,z) for all z € R. Yet, we
want to show that the bulk of the difference |u — v| remains confined within a
bounded interval [a— (¢, b+ (t]. This result will be useful in the final section of
the paper, because it implies the finite propagation speed of vanishing viscosity
limits.

LEMMA 12.1. For some constants o, 3 > 0 the following holds. Let u,v
be solutions of (1.10), with small total variation, whose initial data satisfy

(12.1) u(0,z) = v(0,x) x ¢ [a,b].

Then for all x € R, t > 0,

(12.2) |u(t,z) — v(t,z)| < ||u(0) — v(())HLOO - min {aeﬁt_(x_b), aeﬁtﬂx_“)} .
On the other hand, when

(12.3) u(0,z) = v(0, x) x € [a,b],

(12.4)  |u(t,z) —v(t, z)| < ||u(0) — v(0)]| . - (aeﬁt—tx—@ i aeﬁw(x—b))

Proof. 1. As a first step, we consider a solution z of the linearized system

(12.5) 2+ [A(u)z]x + [DA(u) . z] Uy — [DA(u) . um]z = Zpa
with initial data satisfying
12(0,z)] <1 it <0,
2(0,z) =0 if >0

We will show that z(¢, z) becomes exponentially small on a domain of the form
{x > pt}. More precisely, let B(t) be a continuous increasing function such
that

1
Vt—s

B(t) > 1+ 2[|Alls /Ot ( - ﬁ) B(s)ds, B(0) = 1.
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One can show that such a function exists, satisfying the additional inequality
B(t) < 2e, for some constant C' large enough and for all + > 0. We claim
that

(12.6) |z(t,2)| < E(t,z) = B(t) exp {4HDA||Loo /0 Hux(S)HLoods +1t— :E}

for all x € R and ¢ > 0. Indeed, any solution of (12.5) admits the integral
representation

(1) =G(t) % 2(0) — /0 Gt — ) * [A(w)2] (s)ds
—I—/O G(t—s)* [(U;D e A(u))z(s) — (z o A(u))um(s)}ds,

in terms of convolutions with the standard heat kernel G(t, z) = e~%"/% /2\/7t.
Therefore

(12.7) t:c /Gtm— Oy‘dy

Al [ ]Gt s =] 265,
t
+2\DAHLoo/O/Huz(S)HLNG(t—s,x—y)\Z(S,y)\dde-

For every ¢t > 0 the following estimates hold (see Appendix D for details):

(12.8 a(t, 2(0,y)|d Y vy — ot
. T — < | ———e =e77,
) / y)| dy T y

¢ 1 1
(12.9) | AL //‘Gx(t —8,x— y)‘E(s,y)dyds < §E(t’x) - Eet—x7
(12.10)

1 1
ZHDA\LM/ (|1 (9)|| e (/G t—s,x— )E(s,y)dy> ds < §E(t, x) — §et*x.

The bounds (12.7)—(12.10) show that, if (12.6) is satisfied for all ¢ € [0, 7[, then
at time ¢ = 7 one always has a strict inequality: |z(7,z)| < E(7,). A simple
argument now yields the validity of (12.6) for all ¢t > 0 and z € R.

2. Recalling (10.10) we have

HUI(S)HLOO < max {2\,7;0 2/€—\/(;()}

From the definition of E at (12.6), for some constants «, f > 0 we now obtain
(12.11)

|z(t,x)| < E(t,z) < 2eCt exp {4HDA||Loo . 2%50(2\/5—1-75/\/5 )} et < aefte
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3. More generally, now let z be a solution of (12.5) whose initial data

satisfy
‘Z(O,x) <p if ©<b,
=0 if z>0.
By the linearity of the equations (11.1) and translation invariance, a straight-
forward extension of the above arguments yields
‘z(t,x)} < p-aelt=@=b),

On the other hand, if

then
}z(t x)| < p-aetttE=a),

4. When the corresponding bounds on first order tangent vectors have
been established, the estimates (12.2) and (12.4) can now be recovered by a
simple homotopy argument. For each 6 € [0, 1], let u’ be the solution of (1.10)
with initial data

u?(0) = 0u(0) + (1 — 0)v(0).
Moreover, call 27 the solution of the linearized Cauchy problem
9+[DA(u) ]u + A(uf)zf = 2¢

X

22(0,2) = u(0,z) — v(0, z).
If (12.1) holds, then by the previous analysis all functions 2% satisfy the two

inequalities
[2(t,)] < Ju(0) = v(0)| .. - )
‘Ze(t7x)‘ SHU(O) — (0 HL Bt+(x—a)
Therefore
u(t,z) —v(t,z)| < do — (¢, 2)| b
[u(t,z) — v(t, )| / d“ / 90
< Hu O - O HLoc - min {Ckeﬁti(xib), aeﬁt*(afx)}.

This proves (12.2). On the other hand, if (12.3) holds, we consider a third
solution w of (1.10), with initial data

w00 ={ 100 i asa
For every « € R and t > 0, the previous arguments now yield
‘u(t,m) —w(t,x)| < Hu(O) — O)HLN aeﬁt“x*b),
lv(t, z) — w(t, z)| < | w(0) — v(0)]| . - ce® ==,

Combining these two inequalities we obtain (12.4). O
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13. The vanishing viscosity limit

Up to now, all the analysis has been concerned with solutions of the
parabolic system (1.10), with unit viscosity. Our results, however, can be
immediatly applied to the Cauchy problem

(13.1) uf + A(u®)u, = e u®(0,z) = u(x)

Tx )

for any € > 0. Indeed, as remarked in the introduction, a function u® is a
solution of (13.1) if and only if

(13.2) ut(t,z) = u(t/e, x/e),
where w is the solution of the Cauchy problem
(13.3) up + A(u)uy = Ugy u(0,z) = u(ex).

Since the rescaling (13.2) does not change the total variation, from our earlier
analysis we easily obtain the first part of Theorem 1. Namely, for every initial
datum u with sufficiently small total variation, the corresponding solution
us(t) = Siu is well defined for all times ¢t > 0. The bounds (1.15)—(1.17) follow
from

(13.4) Tot.Var.{u®(t)} = Tot.Var.{u(t/e)} < C Tot.Var.{u},

(13.5)

() ~ 0% (0) g = elfut) = w6y < <L u(0) ~ o (O)l, = <L 11~ ol

(13.6)
)

Hue(t) - UE(S)HLl < €Hu(t/€) — u(s/s)HL1 <el (’é _ S
TN

€

Moreover, if u(x) = v(z) for x € [a,b], then (12.4) implies
(13.7)  |u®(t, @) — v°(t,2)|

—i—aexp(

Bt — (x—a)
(=)

< |la — o= - {aexp

We now consider the vanishing viscosity limit. Call U C Llloc the set of
all functions @ : R — R™ with small total variation, satisfying (1.14). For each
t > 0 and every initial condition @ € U, call Sfu = u°(t,-) the corresponding
solution of (13.1). Thanks to the uniform BV bounds (13.4), we can apply
Helly’s compactness theorem and obtain a sequence €, — 0 such that
(13.8) lim u(t,-) = u(t,-) in L.

V—00

holds for some BV function u(¢,-). By extracting further subsequences and
then using a standard diagonalization procedure, we can assume that the limit
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in (13.8) exists for all rational times ¢ and all solutions u® with initial data in
a countable dense set U* C U. Adopting semigroup notation, we thus define

(13.9) S = lim Sjma in L.,

for some particular subsequence €, — 0. By the uniform continuity of the
maps (t,u) — u®(t,-) = Sfu, stated in (13.5), (13.6), the set of couples (¢, u)
for which the limit (13.9) exists must be closed in Ry x Y. Therefore, this
limit is well defined for all u € & and ¢ > 0.

Remark 13.1. The function u(t,-) = S;u is here defined as a limit in L] .
Since it has bounded variation, we can remove any ambiguity concerning its

pointwise values by choosing, say, a right continuous representative:

u(t,x) = lim wu(t,y).

y—at

With this choice, the function u is certainly jointly measurable with respect to
t,x (see [B5, p. 16]).

To complete the proof of Theorem 1, we need to show that the map S
defined at (13.9) is a semigroup, satisfies the continuity properties (1.18) and
does not depend on the choice of the subsequence {e,,}. These results will be
achieved in several steps.

1. (Continuous dependence). Let S be the map defined by (13.9). Then

T

HStﬁ — Sﬂ_JHLl = ili%)/ (Sta) (x) — (Sﬂ‘)) (m)‘ dx .

T

For every r > 0, the convergence in LllOC implies

/.

(Si1) (@) — ($17) («)| da

,
= lim
m—oo J_

(Sima)(x) — (S’f’”’t‘))(ac)‘ do < Llja -, ,

r

because of (13.5). This yields Lipschitz continuous dependence with respect
to the initial data:

(13.10) |Sia — Sev||y, < Lija—3|, .
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The continuous dependence with respect to time is proved in a similar
way. By (13.6), for every r > 0 we have

/.

r

(S573) (x) — (55) (a:)’ dz

(S¢v) (z) — (Ss0) (x)‘ dr = lim

m—oo | .
t t
< lim smL/(——i +‘ -] )
m— o0 Em  Em Em Em
=Lt — s
Hence
(13.11) |50 — Sev|y, < L'|t —s].

Together, (13.10) and (13.11) yield (1.18).

2. (Finite propagation speed). Consider any interval [a,b] and two initial
data @,v, with u(x) = v(z) for = € [a,b]. By (13.7), for every ¢ > 0 and
x €la+ Bt, b— [t[ one has

(13.12)
|(S1) (@) — (S40) ()]
<limsup ‘ (S;ma)(x) — (S;mv) (x)‘

< lim_[a@ - g~ - {aexp (W) + aexp (W)} —0.

In other words, the restriction of the function Siu € LllOC to a given inter-
val [a/,b'] depends only on the values of the initial data @ on the interval
[a" — Bt, b’ + Bt]. Using (13.12), we now prove a sharper version of the contin-
uous dependence estimate (13.10):

(13.13) / '

valid for every u,v and ¢t > 0. Indeed, define the auxiliary function

(x) if x€la—pt, b+ pt,
() if x¢f[a—pt, b+ pt].

Using the finite propagation speed, we now have

’

b+t

(Sea)(z) — (S¢v) (:c)‘ dx < L- /—ﬁt |u(z) — v(x)| dx .

e

(Su1) () — (512) )| i = / " (sv) (@) — (510) (o) da

b+t
<L|G -l =L / [a(z) — o(x)| da
a—pt
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3. (Semigroup property). We now show that the map (¢,u4) — Siu is a
semigroup; i.e.,

(13.14) Sotl = U, SsSi = Sgq41 .

Since every S°¢ is a semigroup, the first equality in (13.14) is a trivial con-
sequence of the definition (13.9). To prove the second equality, we observe
that

(13.15) Ssrit = lim SiS;ma, SsSiu = lim Si™Siu.

m m—0o0
We can assume s > 0. Fix any r > 0 and consider the function

i () = { (Sea) () if |xz| >r+2ps,
" (S;ma)(z) if |zl <r+20s.

Observing that S;™u — Siu in LllOC and hence @, — S;u in L', we can use
(13.7) and (13.5) and obtain

lim sup/ (S5 Sgma) (x) — (SgmSyu) (ZL‘)‘ dx
m—oo J_p
< lim 2r- sup | (S5~ S;ma)(z) — (Sjmﬂm)(x)‘

|z|<r
iS5 — 55 S,
< lim 27 ||S77 i — ||y, - 20¢775 4 lim L [|dn — Sy,
=0.
By (13.15), this proves the second identity in (13.14).

4. (Tame oscillation). We now exhibit a regularity property which is
shared by all semigroup trajectories. This property, introduced in [BG], plays a
key role in the proof of uniqueness. We begin by recalling the main definitions.
Given a < b and 7 > 0, we denote by Tot.Var.{u(T) ; Ja,b] } the total variation
of u(r,-) over the open interval |a,b[. Moreover, consider the triangle

np= {t2); t>7, a+pBt-—7)<z<b-BEt—-71)}.
The oscillation of u over A;b will be denoted by
Osc{u; A7y} = Sup{IU(t,x) —u(t,2)|; (t2), .)€ A;b}.

We claim that each function u(t,z) = (Syu)(z) satisfies the tame oscillation
property: there exists a constant C’ such that, for every a < b and 7 > 0,

(13.16) Osc.{u; A;b} < C"-Tot.Var.{u(7); Ja,b[ }.
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Indeed, let a, b, 7 be given, together with an initial datum u. By the semigroup
property, it is not restrictive to assume 7 = 0. Consider the auxiliary initial

condition
u(z) if a<xz<b,
(13.17) o(x) =< alat) if z<a,
u(b—) if x>b,

and call v(t,z) = (5;0)(z) the corresponding trajectory. Observe that
lim v(t,z) = u(a+)

T——

for every t > 0. Using (1.15) and the finite propagation speed, we can thus
write

Osc.{u; A],}=0sc.{v; A],} <2sup (Tot.Var.{Sﬁ})
t
<2C - Tot.Var.{t} = 2C - Tot.Var.{u(7) ; Ja,b[ },
proving (13.16) with C’ = 2C.

5. (Conservation equations). Assume that the system (13.1) is in con-
servation form, i.e. A(u) = Df(u) for some flux function f. In this special
case, we claim that every vanishing viscosity limit is a weak solution of the
system of conservation laws (1.1). Indeed, with the usual notation, if ¢ is a C?
function with compact support contained in the half plane {x € R, ¢ > 0}, one
can repeatedly integrate by parts and obtain

// [ugr + f(u)gs| dadt

= lim // [u™ ¢y + f(u™) ¢z ddt

=— hm // ™ ¢+ futm)y gb] drdt = — lim //5mui’;¢dxdt
= — lim //5m U™ e dxdt = 0

An easy approximation argument shows that the identity (1.5) holds more
generally, assuming only ¢ € Cl.

6. (Approzimate jumps). From the uniform bound on the total variation
and the Lipschitz continuity with respect to time, it follows that each function
u(t,z) = (Syu)(z) is a BV function, jointly with respect to the two variables
t,x. In particular, an application of Theorem 2.6 in [B5] yields the existence
of a set of times N' C R of measure zero such that, for every (7,£) € Ry x R
with 7 ¢ A, the following holds. When

(13.18) u” = lim u(r,z), ut = lim u(r, x),
T—E— T—E+
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there exists a finite speed A such that the function

u- if x <At
u™ if x> M,

(13.19) Ult,z) = {

for every constant k > 0 satisfies

. 1 T RT
(13200 Jim [ [ futr et 6 a) ~ UGk dode =0,
1 KT
13.21 lim — —-U dz =0.
(13.21) Jin = [ fur 6 a) ~ UG do

In the case where u~ # u't, we say that (7,€) is a point of approzimate
jump for the function u. On the other hand, if v~ = u* (and hence A can be
chosen arbitrarily), we say that u is approximately continuous at (7,£). The
above result can thus be restated as follows: with the exception of a null set
N of “interaction times”, the solution u is either approximately continuous or
has an approximate jump discontinuity at each point (7, &).

7. (Shock conditions). Assume again that the system is in conservation
form. Consider a semigroup trajectory u(t,-) = Siu and a point (7,§) where
u has an approximate jump. Since u is a weak solution, the states u~, " and
the speed A in (13.19) must satisfy the Rankine-Hugoniot equations

(13.22) Aut —u”) = flut) — flu).

For a proof, see Theorem 4.1 in [B5].

If w is a limit of vanishing viscosity approximations, the same is true
of the solution U in (13.19). In particular (see [MP] or [D]), the Liu shock
conditions must hold. More precisely, call s — S;(s) the parametrized shock
curve through u~ and let A;(s) be the speed of the corresponding shock. If
ut = S;(s) for some s, then

(13.23) Xi(s') > Ni(s) for all s" € [0, s].

Under the additional assumption that each characteristic field is either
linearly degenerate or genuinely nonlinear, it is well known that the Liu con-
ditions imply the Lax shock conditions:

(13.24) Ni(uT) <A< N(u).

8. (Uniqueness in a special case). Assume that the system is in conserva-
tion form and that each characteristic field is either linearly degenerate or gen-
uinely nonlinear. By the previous steps, the semigroup trajectory u(t,-) = Siu
provides a weak solution to the Cauchy problem (1.1), (1.2) which satisfies the
tame oscillation and the Lax shock conditions. By a well known uniqueness
theorem in [BG], [B5], such a weak solution is unique and coincides with the
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limit of front tracking approximations. In particular, it does not depend on
the choice of the subsequence {e,}:

Stﬂ = lim Staﬂ,
e—0+

i.e., the same limit actually holds over all real values of ¢.

The above results already yield a proof of Theorem 1 in the special case
where the system is in conservation form and satisfies the standard assumptions
(H). To handle the general (nonconservative) case, we shall need to understand
first the solution of the Riemann problem.

14. The nonconservative Riemann problem

The aim of this section is to characterize the vanishing viscosity limit for
solutions v of (13.1), in the case of Riemann data

_ u” if z<O0,
(14.1) () = { ut if x> 0.

More precisely, we will show that, as ¢ — 0+, the solutions u® converge to a
self-similar limit w(¢,z) = @(x/t). We first describe a method for constructing
this solution w.

As a first step, given a left state v~ and 7 € {1,...,n}, we seek a one-
parameter curve of right states ut = W;(s) such that the nonconservative
Riemann problem
(14.2) wr + A(w)wsz =0, w(0,z) = { Z+ gi i 8
admits a vanishing viscosity solution consisting only of i-waves. In the case
where the system is in conservation form and the i*! field is genuinely nonlinear,
it is well known [Lx] that one should take

[ Ri(s) ifs>0,
Wils) = { Si(s) if s <O.

Here R; and S; are the i*® rarefaction and shock curves through u~, respec-
tively. We now describe a method for constructing such curves ¥; in the general

case.
Fix ¢, > 0. Consider the family I' C CO([O,S]; R” x R x ]R) of all
continuous curves

7= (1) = (w(r), vi(T), 0i(T)), T €[0,],
with

u(0) =u", ’u(T) — u_} <e, "UZ(T)’ <e, ’O’Z‘(T) — )\i(u_)| <e.
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In connection with a given curve v € I', define the scalar flux function

(14.3) ﬂbwﬁﬁlrkwk%w@%mﬁnm, relo, s,

where )\; is the speed in (4.21). Moreover, consider the lower convex envelope

conv fi(y,7) = inf {0fi(7,7) + (1= 0)fi(7,7");
0el0,1], 7,7 €[0,s], =067+ (1—0)7 }

We now define a continuous mapping 7; s : I' — I' by setting 7; sv = 4 =
(@, v;,6;), where
a(r) =u” + [q Fi(uls), vi(), i(s)) ds,
bi(1) = fi(y,7) — conv fi(v,7),
Gi(r) = f=conv fi(y, 7).
We recall that the 7; are the unit vectors that define the center manifold in
(4.13). Because of the bounds

‘&(T)—u_| <7<s,

Ni(uls), vi(s), i(s)) = Ni(w )| = O(1) s,

(14.4)

6i(r) = Xi(u7)| = 0(1) - Sl[gp]
sel|0,s

Xa(u(©), il6), 03(<)) = M| = O(1) - 52,

{1%(7‘)‘ =0(1)-s sup
s€0,s]

it is clear that for 0 < s < € < 1 the transformation 7; ; maps I' into itself.
We now show that, in this same range of parameters, 7; s is a contraction with
respect to the weighted norm

[, vi, 00) ||, = lullue + villue + € lloilL- -

Indeed, consider two curves 7,7’ € I'. For each T € [0, s],

S
|m—wmws/
0

=0(1) 5 (fJu = v/l + llvs = villL~ + sl lloi = ol )

19 — 0L~ <2||fi(v) = fi(V) ||

s
</
0

=0(1) - s (J|u— [y + i = 0flln + villi lloi = o)

ds

Fi(u,vi, 00) — 7i(u', vl o)

ds

S\Z’(U, Uiyai) - A (U 7vz>02)

d d /
Econv fily, 1) — ECOHV fity, 1)

16i(7) — GillL= < sup
T7€]0,s]

< sup

T€0,s]

d d
E fi(’)/?T) - E fi(fY?T)
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< [ = Xl

=0(1) - (Jlu= /|l + llos = vjllL~ + loille~ o — ot )

For some constant Cj, the previous estimates imply

A 1
(14.5) 19 =4l < Coelly =lly < 5y =l

provided that e is sufficiently small. Therefore, by the contraction mapping
principle, the map 7; ; admits a unique fixed point, i.e. a continuous curve
v = (u, v, 0;) such that

u(r) =u” + [y Fi(u(<), vils), 03(<)) ds,
(14.6) vi(T) = fiy,7) = conv fi(v,7),
oi(1) = di conv fi(vy,7).

From the definition (14.3) and the continuity of w,v;,o; it follows that the
maps 7 — u(7), 7 +— v;(7) and T — fi(v,7) are continuously differentiable.
We now show that, taking ut = wu(s) corresponding to the endpoint of this
curve 7, the Riemann problem (14.2) admits a self-similar solution containing
only i-waves.

LEMMA 14.1. In the previous setting, let v : 7 — (u(7), vi(7), 04(7)) be
the fized point of the transformation T; ;. Define the right state u™ = u(s).
Then the unique vanishing viscosity solution of the Riemann problem (14.2) is
the function

u” it z/t <o;(0),
(14.7) w(t,x) =< u(r) if z/t=o0i1),
ut if z/t>o04s).

Proof. With the semigroup notation introduced in Theorem 1, we will
show that, for every t > 0,

(14.8) lim [jw(t) = S;w(0)]|,, =0.

S
tim. o
The proof will be given in several steps.

1. Assume that we can construct a family v¢ of solutions to

(14.9). v + A(V)vz = € Vgg
with
(14.10) lim [v°(t) — w(t)||;, =0

for all t € [0,1]. Then (14.8) follows. Indeed, by a simple rescaling we immedi-
ately have a family of solutions v® such that (14.9)., (14.10) hold on any fixed
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interval [0, 7. For every t € [0, T, since by assumption v*(t) = S;v®(0), using
(1.16) we obtain
i [lof) — S7(0) g, < Tim_ [Jo(t) — o (B, + T [o°(0) — S7(0),
<0+ L- li °(0) — = 0.
<0+ Jim [v°(0) = w(0)]|y. 0

2. For notational convenience, call VVL the set of all vanishing viscosity
limits, i.e. all functions v : [0,1] x R — R™ such that
14.11 li “(t) —o(t =0 tel0,1
(14.11) tim [o"(8) = v(®)||p. =0, e [0,1],
for some family of solutions v¢ of (14.9). . By Step 1, it suffices to show that
the function w at (14.7) lies in VVL.

Let us make some preliminary considerations. Consider a piecewise smooth
function v = wv(t, z) which provides a classical solution to the quasilinear sys-
tem

v+ A(v)v, =0, te0,1],

outside a finite number of straight lines, say x = z;(¢), 7 =1,..., N. Assume
that there exists § > 0 and constant states w;, w;-r such that

[y i j(t) =6 <z <aj(t),
v(t,z) {w]-% it a(t) <a <x;(t)+9.

Moreover, assume that each pair of states w;, wj can be connected by a viscous

travelling wave having speed #;. Finally, let v be constant on each of the two
regions where x > rg or x < —rg, for some rq sufficiently large. Under all of the
above hypotheses, it is then clear that v € VVL. Indeed, a family of viscous
approximations v can be constructed by a simplified version of the singular
perturbation technique used in [GX].

As a second observation, notice that if we have a sequence of functions
U € VVL with

Hm ||vp(t) — v(t)||,, =0, telo,1],

m—00

then also v € VVL.

3. Consider first the (generic) case where the set of points in which f; is
disjoint from its convex envelope is a finite union of open intervals (Fig. 7), say

N
(14.12) {r € [0,s]; fi(y,7)> COHVf@'(v,T)} = U laj, bs[.

j=1

Our strategy is to prove that w € VVL first in this special case. Later we shall
deal with the general case, by an approximation argument.
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If (14.12) holds, we can make the two following observations.

(i) For each j = 1,..., N, we claim that the left and right states u(a;),
u(b;) are connected by a viscous travelling profile U such that

(14.13) U" = (AU) — 035)U, U(—o0) = u(aj), U(oo)=u(bj).
Here o;; is the constant speed
iy = oi(r) = = conv fil3,7) e lag, by

To construct the function U, consider the variable transformation Ja;, b;[— R,
say 7 — x(7), defined by

x(m):() de(t) 1
5 ;

dr vi(7)

Let 7 = 7(x) be its inverse. Then the function U(z) = u(7(x)) is the required
travelling wave profile. Indeed, U obviously takes the correct limits at +oo.
Moreover,

U/:@ ﬁ = ,Uifi)

dr dx
U" =i T + vifi g
=v; (Uz‘,Tfi + vi?:i,’r)
=vi(Xi — 0i)Fi + 0} (FiuFi + Fiw(Ni — 03)).

Recalling the identity (4.22), we see that U also satisfies the differental equation
in (14.13), thus proving our claim.

(ii) On the intervals where f;(y,7) = conv f;(y,7) we have v;(7) = 0.
Hence, by the first equation in (14.6) and by (4.16), u, = 7 = r;(u) is an
i-eigenvector of the matrix A(u).



VANISHING VISCOSITY SOLUTIONS 303

4. In general, even if condition (14.12) is satisfied, we do not expect that
the function w has the regularity specified in Step 2. However, we now show
that it can be approximated in L! by functions ws satisfying all the required
assumptions. To fix the ideas, let

O=bp<ar<bi<ax<by<---<any <by <ant1=S5.

A piecewise smooth viscosity solution can be defined as follows (Fig. 8). Fix a
small § > 0. For each k =0,..., N, consider a smooth nondecreasing map

Ty - [kCS, (k+ 1)5] — by Qpt1]

such that
mel(z) = by, if ©<kd+4/3,
P akan if x> ko+26/3.
We then define the initial condition
u(0) if =<0,
ws(0,2) = ¢ u(m(x)) if ké<ax<(k+1)6,
u(s) it x>(IN+1)0.

A corresponding solution of the Cauchy problem can then be constructed by
the method of characteristics:
u(0) =u~ if z <0;(0)t,
ws(t,x) =< u(0) if #=y+ 0;i(r(y))t for some y € |kd, (k+1)5],
u(s) = ut if 2> (N+1)6+o0i(s)t.
It is clear that the above function wg satisfies all of the assumptions considered
in Step 2. Hence ws € VVL. Letting § — 0 we have |jws(t) — w(t)HL1 — 0
for every t. Therefore, by the last observation in Step 2 we conclude that also
w € VVL.

5. To prove the lemma in the general case, where the set in (14.12)
may be the union of infinitely many open intervals, we use an approximation
argument. For each § > 0, by slightly perturbing the values of A, we can
construct a second matrix-valued function A’ with

(14.14) sup |A'(u) — A(u)| <0,

u
such that the following properties hold. For some right state @ with
|t — uT| < 4, the nonconservative Riemann problem

, _ _foum if <0,
(14.15) up + A'(u)uy, =0, u(0,z) = { o+ 2> 0

admits a self-similar solution w’ which is the limit of vanishing viscosity ap-
proximations and satisfies

38
(14.16) /_35 ' (t, ) —w(t,z)|do < 6 t€0,1].
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Clearly, the fact that w’ is a limit of vanishing viscosity approximations can be
achieved by choosing A’ so that a corresponding transformation 7., will admit
as fixed point some curve 7' : 7 — (u/(7),v}(7),0}(7)) for which «/(0) = u™,
u'(s') ~ ut and with f;(+/,7) differing from its convex envelope on a finite
number of open intervals.

Call w® the solution of the viscous Riemann problem (13.1) with initial
data (14.1). Using (13.7) with v* = u™, a = 0, b = oo, for all ¢t € [0,1] we
obtain

oo oo
(14.17) lim |w®(t,2) —w(t, x)| do < lim lu™ —ut] P dr = 0.
e—0 ﬁ e—0 ,6
Similarly,
(14.18) lim |w*(t,2) —w(t, @) dz =0.

e—0 oo

To establish the convergence also on the interval [—f, 3], call v® the solution
of the Cauchy problem

u” if <0,
vf + A (V) = evs, v*(0,2) =< ut if 0<z<30,
ut if x> 303.
Clearly,
B
(14.19) lim ‘va(t,x) — W't x)| dr =0

e—0 _IB

because ' is a vanishing viscosity limit and because of the finite propagation
speed. Using the triangle inequality we can write

(14.20)

B B
lim sup/ |w®(t,2) — w(t, x)| de < lim sup/ {we(t,:n) — v (t, ZL‘)| dx
—B -8

e—0 e—0

B B
+ lim |v°(t,2) — W' (t, )| do + / |’ (t,2) — w(t, z)| da .
B -8

e—0 J_

Since t — w®(t) = Sfw(0) is a trajectory of the Lipschitz semigroup S¢, recall-
ing (14.14) we have the estimate

(14.21)
[[0°(t) — w*(t)]

< L [|v°(0) — w(0)]

Ll

t € _ QE,E
L1+L./ {hlim [ + 1) = Sjo (S)HLl}ds
0

—0+ h
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< 38L|a* —ut|+ L- /Ot {/ A0 (5,2)) — A/ (s, 2)] | 5. 2)] d:v} ds
< 3BL6 + L6 C - Tot. Var.{v°(0) }
<C"s,

for some constant C”. Estimating the right-hand side of (14.20) by means of
(14.21), (14.19) and (14.16), we obtain

B
limsup/ |w*(t,2) — w(t,x)| de < C"6 + 04 0.
-8

e—0

Since 6 > 0 can be arbitrarily small, together with (14.17)-(14.18) this yields
lir% (|l (t) — w(t)HLl =0 for all ¢ € [0, 1],
completing the proof. O

Remark 14.2. The transformation 7; ¢ defined at (14.4) depends on the
vectors 7;, and hence on the center manifold (which is not unique). However,
the curve «y obtained as a fixed point of 7; , involves only a concatenation of
bounded travelling profiles or stationary solutions. These are bounded solu-
tions of (4.2), and will certainly be included in every center manifold. For
this reason, the curve v (and hence the solution of the Riemann problem) is
independent of our choice of the center manifold.

For negative values of the parameter s, a right state ut = W;(s) can be
constructed exactly in the same way as before, except that one now takes the
upper concave envelope of f;:

conc fl(’}/,T) = sup {efl(’y’ 7-/) + (]— — e)fi(’y,TH) ;
o€ [0’ 1] ) T,’T” € [07 S] , T = 67_/ + (1 — 9)7—,/} 5

instead of the lower convex envelope.
Our next step is to study the regularity of the curve of right states u
\I/z(s)

+:

LEMMA 14.3. Given a left state u= and i € {1,...,n}, the curve of right
states s — W;(s) is Lipschitz continuous and satisfies
d\I/Z(s)

(14.22) 213[1) e ri(u™).

Proof. We assume s > 0, the other case being entirely alike. For the
sake of clarity, let us introduce some notation. For fixed ¢ and s > 0, let

758 = (ub®,vf,0f) be the fixed point of the transformation Z; s : I' — T in
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(14.4). Notice that, as soon as s is fixed, we can choose ¢ = O(1) - s in the
definition of the domain I". By definition we now have

Ti(s) = u(s).

For 0 < s’ < s, let v/ = (u/, v}, 0}) be the restriction of v** to the subinterval
[0, s']. Since 7; & is a strict contraction, the distance of 4/ from the fixed point
of 7; & is estimated as

I =+, = 0Q) - | = Tiw/||, = ©(1) - (s — 5') 5.

In particular,

’

‘ui’s (s') — ui’s(s')‘ =0(1) (s—4)s.
Observing that

wo(s) = () = [ R0 13(6), 07(6)) de

we conclude
(14.23) |Wi(s) = Wi(s') — (s — )ri(u™) | = O(1) - (s — &) s.

By (14.23), the map s — W;(s) is Lipschitz continuous, hence differentiable
almost everywhere, by Rademacher’s theorem. The limit in (14.22) is again a
consequence of (14.23). O

Thanks to the previous analysis, the solution of the general Riemann
problem (14.2) can now be constructed following standard procedure. Given a
left state u™, call s — ¥;(s)(u") the curve of right states that can be connected
to u~ by i-waves. Consider the composite mapping

U(s1y..ey8n) — Up(sp)o--oWy(sy)(u™).

By Lemma 14.3 and a version of the implicit function theorem valid for Lip-
schitz continuous maps (see [Cl, p. 253]), ¥ is a one-to-one mapping from a
neighborhood of the origin in R™ onto a neighborhood of u~. Hence, for all
u™ sufficiently close to u~, one can find unique values sq,...,s, such that
U(s1,...,8,) = ut. In turn, this yields intermediate states ug = u =, uy,...,
u, = u' such that each Riemann problem with data u;_1,u; admits a van-
ishing viscosity solution w; = w;(t,z) consisting only of i-waves. By strict
hyperbolicity, we can now choose intermediate speeds

—o =N <A <A< <N <N, =00

such that all --waves in the solution w; have speeds contained inside the interval
[X;_1, Ai]. The general solution of the general Riemann problem (14.2) is then
given by

(14.24) w(t,z) = w;i(t,x) for \;_; < % <AL
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Because of Lemma 14.1, it is clear that the function w is the unique limit of
viscous approximations:

: _ e _ S
(14.25) 6£%1+ [|w(t) S’tw(O)HL1 0 for every ¢t > 0.

15. Viscosity solutions and uniqueness of the semigroup

In [B3], one of the authors introduced a definition of viscosity solution for
a system of conservation laws, based on local integral estimates. Assuming the
existence of a Lipschitz semigroup of entropy weak solutions, it was proved that
such a semigroup is necessarily unique and every viscosity solution coincides
with a semigroup trajectory. We shall follow here exactly the same approach,
in order to prove the uniqueness of the Lipschitz semigroup constructed in
(13.9) as limit of vanishing viscosity approximations.

Toward the definition of a wiscosity solution for the general hyperbolic
System

(15.1) u + A(u)uy =0,

we first introduce some notation. Given a function v = u(t,z) and a point
(1,€), we denote by U(ﬁu;r,g) the solution of the Riemann problem (14.1) with
initial data
(15.2) u- = lim u(r,z), ut = lim u(r, ).

T—E— r—E+
Of course, we refer here to the vanishing viscosity solution constructed in Sec-
tion 14. In addition, we define U(bu;T,g) as the solution of a linear hyperbolic

Cauchy problem with constant coefficients:
(15.3) wy + Aw, = 0, w(0,z) = u(r,x).

Here A = A(u(r,§)). Observe that (15.3) is obtained from the quasilinear
system (15.1) by “freezing” the coefficients of the matrix A(u) at the point
(1,€) and choosing u(7) as initial data.

As in [B3], the notion of viscosity solution is now defined by locally com-
paring a function v with the self-similar solution of a Riemann problem and
with the solution of a linear hyperbolic system with constant coefficients.

Definition 15.1. A function u = u(t, ) is a viscosity solution of the system

(15.1) if ¢ — wul(t, -) is continuous as a map with values into L

loc> and moreover

the following integral estimates hold.

(i) At every point (7,&), for every ' > 0,

1 [Et8'h
(15.4) lim —/ ‘U(T—i-h, ac)—Uﬁ h, x —&)| dx = 0.

(uir)(
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(ii) There exist constants C, 3 > 0 such that, for every 7 > 0 and a < £ < b,

1 [b—6h
(15.5) limsup —/ ’u(T +h, x)— U(bu.T o (h, x)‘ dx
h—0+ a+Bh "

<C- <Tot.Var.{u(7’); la, b] })2

The main result of this section shows that the above viscosity solutions
coincide precisely with the limits of vanishing viscosity approximations.

LEMMA 15.2. Let S : D x [0,00[+— D be a semigroup of vanishing vis-
cosity solutions, constructed as the limit of a sequence S as in (13.9) and
defined on a domain D C LllOC of functions with small total variation. A map
u:[0,T] — D satisfies

(15.6) u(t) = Syu(0) for allt € [0,T]
if and only if u is a viscosity solution of (15.1).

Proof. Necessity. Assume that (15.6) holds. By (13.11), the map ¢ — wu(t)
is continuous. Let any 3’ > 0 be given and let L, 3 be the constants in (13.13).
Then, for any (7,&), an application of (13.13) yields

E+B'h
[ a4 )= U e 2 = )] da
€ 9 bl

_ﬂ/h
3
<L- / ‘u(T,:U)—u(T,&—)‘d:U
E—(B+8)h

E+(B+6)h
+/ ‘u(r,:n) —u(T, 54—)‘ dx
3

< LB+ ﬁ’)h{ sp fulra) — u(r.e)]
E—(B+B)h<z <

L s \U(T,x)—U(T,&)\}-
< <&+ (B+B)h

Hence (15.4) is clear.
To prove the second estimate, fix 7 and a < £ < b. Define the function

u(T, a+) if z<a,
o(x) =4 u(r,x) if a<z<b,
u(r,b—) f z>0b.

Call v®, w* respectively the solutions of the viscous systems
(15.7) v+ AW = e v, wi + AwS = e wt,,

with the same initial data v°(0,z) = w®(0,z) = v(x).
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Recalling that S¢ is a semigroup with Lipschitz constant L, as in [B3],
[B5], we can use the error formula

[ (h) = v*(B)]| = [Jw=(h) — 57| s
Ly 10~ S50,
<L /0 {l f dt

r—0+ r
h ~
SL./ /’A—A(wa(t,x))‘ w5 (¢, x)| dadt
0

<Lh (sup A(w®(0,€)) — A(w(t, 33))’) 'Sltlpriz(t)HLl

t.x

2

<Ch (Tot.Var.{z‘;}) ,

for some constant C. Letting ¢ — 0 and using the estimate (13.13) on the
finite speed of propagation, we obtain

1 b—Bh

b—pBh 1
_ u\T + h7 T) — Ubu’r h; xr ‘ dx S 7 hm 1)6 h/7 xTr) — ’lUE h’ X d{l’,‘
h /(1+ﬂh ‘ ( ) ( ) 75)( ) h e—0 a+8h ‘ ( ) ( )|

2 2
<C (Tot.Var.{@}) =C (Tot.Var.{ﬂ; la, b }) .
This proves (15.5), with 3 the constant in (13.13).

Sufficiency. Let u = u(t, x) be a viscosity solution of (15.1). By assump-
tion, the map ¢ ~— wu(t) is continuous with values in a domain D C Ll _ of
functions with small total variation. From (15.5) and the uniform bound on
the total variation it follows that this map is actually Lipschitz continuous:

(15.8) [|u(t) — u(s)|

for some constant L” and all s,t € [0, 7). Let L be the Lipschitz constant of
the semigroup S, as in (13.13). Given any interval [a, b], thanks to (15.8) one
has the error estimate

i S Lt =,

(15.9) / T u(t,2) = (S(0)) (@) d

+t3

<L- /Ot {lim inf 1 /ab(THL)ﬁ ‘U(T +h,x) — (ShU(T))(Jf)’ da:} dr.

h—0+ +(r+h)B

To prove the identity (15.6) it thus suffices to show that the integrand on the
right-hand side of (15.9) vanishes for all 7 € [0, T7.

Fix any time 7 € [0,7] and let € > 0 be given. Since the total variation
of u(,-) is finite, we can choose finitely many points

a+T1l=r9<T1< - <zTN=b—T0
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such that, for every j =1,..., N,
Tot.Var.{u(r,"); Jzj_1, z;[ } <e.

By the necessity part of the theorem, which has already been proved, the func-
tion w(t,-) = Si—ru(7) is itself a viscosity solution and hence it also satisfies
the estimates (15.4)—(15.5). We now consider the midpoints y; = (z;—14+x;)/2.
Using the estimate (15.4) at each of the points £ = x; and the estimate (15.5)
with € = y; on each of the intervals Jz;_1, x;[, taking 8 > 0 sufficiently large
we now compute

(t+h)B
limsup — / T+ h,x)— (Shu(T))(az)‘ dx
h—0+ N Jatr(rih)s
1 z;+hp
< Zlimsup—/ <‘u(7‘~|—h,:ﬂ) U(ﬁUTx)(T—i-h, x)‘
j=1 h—0+ h z;—hpB ’

‘UUMJ)(T Y h x)— (shu(T))(x)D dz

CL’thB
+ th sup — / (’U(T + h,x) — U(bumyj)(h, x)’

= h—0+ i_1+hB

‘Umy (h, z) — (Shu(T))(:c)D dz

N

<0+ Z C (Tot.Var.{u(T); lzj—1, xj[})2
j=1

< Ce-Tot.Var.{u(r); la+ 78, b—78[}.

Since € > 0 was arbitrary, the integrand on the right-hand side of (15.9) must
vanish at time 7. This completes the proof of the lemma. O

Remark 15.3. From the proof of the sufficiency part, it is clear that the
identity (15.6) still holds if we require that the integral estimates (15.4) hold
only for 7 outside a set of times N C [0, T] of measure zero. By a well known
result in the theory of BV functions [EG], any BV function of two variables
u = u(t,x) is either approximately continuous or has an approximate jump
discontinuity at every point (7, &), with 7 outside a set N having zero measure.
To decide whether a function v is a viscosity solution, it thus suffices to check
(15.4) only at points of approximate jump, where the Riemann problem is
solved in terms of a single shock.

Using Lemma 15.2, we now obtain at one stroke the uniqueness of viscosity
solutions and of vanishing viscosity limits:
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Completion of the proof of Theorem 1. What remains to be proved is
that the whole family of viscous approximations converges to a unique limit;
i.e.,

(15.10) lim Sfu =S,

where the limit holds over all real values of € and not only along a particular
sequence {e,,}. If (15.10) fails, we can find v, 7 and two different sequences
Em, €y, — 0 such that

(15.11) lim S¢"7 # lim Son3.
m—0o0 m—oQ
By extracting further subsequences, we can assume that the limits
(15.12) lim S5 = Sy, lim Simu = S,
m—0o0 m—00

exist in Llloc, for all £ > 0 and u € U. By the analysis in Section 13, both S and
S’ are semigroups of vanishing viscosity solutions. In particular, the necessity
part of Lemma 14.2 implies that the map ¢ — v(t) = S0 is a viscosity solution
of (15.1), while the sufficiency part implies v(t) = Sjv(0) for all ¢ > 0. But this
is in contradiction with (15.11), hence the unique limit (15.10) is well defined.

O

Remark 15.4. The above uniqueness result is obtained within the family
of vanishing viscosity limits of the form (1.13)., with unit viscosity matrix. In
the more general case (1.21)., if the system is not in conservation form, we
expect that the limit of solutions as € — 0 will depend on the form of the
viscosity matrices B(u). Indeed, by choosing different matrices B(u), one will
likely alter the vanishing viscosity solutions of the Riemann problems (14.2).
In turn, this affects the definition of the viscosity solution in (15.4).

16. Dependence on parameters and large time asymptotics

We wish to derive here a simple estimate on how the viscosity solution
changes, depending on hyperbolic matrices A(u).
COROLLARY 16.1. Assume that the two hyperbolic systems
ur + A(u)ugy =0,
w + A(u)uy =0,

both satisfy the hypotheses of Theorem 1. Call S,§ the corresponding semi-
groups of viscosity solutions. Then, for all initial data u with small total vari-
ation,

(16.1)  ||Sia — S|, = O(1) - t(sgp |A(u) = Aw)]) - Tot.Var.{a} .
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Proof. Call S¢, S¢ the semigroups of solutions to the corresponding viscous
problems
us + A(u)uy = € Ugy, up + Au)uy = € Ugy -

Let L be the Lipschitz constant in (1.16) and call w®(t) = §fﬂ For every t > 0
we have the error estimate

1S53 — Sally, = [[w® () - S7ally,

t €(s 4+ h) — Scws )
gL./ {liminf (s 1) = Su(s)], }ds
o | =0+ h

<L- /Ot/ ‘A\(we(s,x)) - A(wa(s,m))‘ ‘wi(s,mﬂ dzds

<L (Stip ’A\(u) — A(U)}) /Ot Hwi(s)|

o) -t (Slip LZ(u) — A(u)‘) Tot.Var.{u} . a

L ds

Next, we show that some semigroup trajectories are asymptotically self-
similar.

COROLLARY 16.2. Under the assumption of Theorem 1, consider an ini-
tial datum u with small total variation, such that

0 00
(16.2) / |ti(z) —u™ | da +/0 |t(z) — ut|de < o0,

—00

for some states u—,ut. Call w(t,z) = @(x/t) the self-similar solution of

the corresponding Riemann problem (14.2). Then the solution of the viscous
Cauchy problem

(16.3) ur + Au)uy = Ugg , u(0,z) = u(x)
satisfies
(16.4) Tllrglo/ lu(r, Ty) — @ (y)|dy = 0.

Proof. The assumption on w implies that the limit (14.25) holds. For
fixed 7, call € = 1/7 and consider the function v®(¢,z) = u(rz, 7t). Clearly, v®
satisfies the equation

vf + A ) = e, , v°(0,2) = u(x/e).
Therefore,
(16.5) / lu(r, Ty) — & (y)| dy:/ [v°(1,2) — w(1,z)| do
< 15707 (0) = Sfw(0)||, + ||STw(0) — w(1)]

Lt~
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Observing that

1570°(0) = Siw(O) |y, < L - [[S7v*(0) = Siw(0)]|,
0 00
=Le (/ !u(m)—u“dw+/ |u(a:)—u+‘dx>,
—00 0
and using (14.25), from (16.5) we obtain (16.4). O

Appendix A

We derive here the explicit form of the evolution equations (6.1), for the
variables v; and w; defined by the decomposition

(A.1)
Uy = Zvﬁi(u,vi,)\ffG(wi/vi)), Up = Z(wif)\fvi)ﬁ(u, Ui,)\ffe(wi/vi)).

% 7

By checking one by one all source terms, we then provide an alternative proof
of Lemma 6.1. The computations are lengthy but straightforward: one has to
rewrite the evolution equations for u, and wu;:

(A.2) { (ua)e + (Alw)uz), = (uz)sz =0,
(ue)e + (A(w)ur) , — (ue)pe = (uz @ Aw))uy — (ur @ A(w))u,

in terms of v;, w;. For convenience, we set 6; = 6(w;/v;). The fundamental
relation (4.23) can be written as

(A3) ViTiuTi — A(u)ﬂ = —S\Z"Fi + (—S\Z + )\: - Hi)vm,v .
Differentiating (A.1) with respect to = and using (A.3) we obtain

(A.4)

Ugpy — A(u)uz = Z Ui,xﬂ + Z ’Ufﬂ:i,m — Z A(U)Uﬂ:i
= Z VioTi + Z v [Uz‘ﬂ',uﬂ - A(u)fz‘]
i i
+ Z v; [Ui,zfz‘,v — 0; (viwi o — wivi,w)/vf)ﬁ,o} + Z ViV T T
J i#j
_va )\UH“H-Z )\—I—)\* )U’l““,

+ Z vi |:'U7, oTiw = 0f (Vi — wiviz) [; )fi,o:| + ) vivyTi
i
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—Z Uzm_ Nz [Tz+vzrzv+0 (wz/vz)rzoj|
+ Z (wm — :\Zwl) [ — 9;7:1"0]
+ Z Ui2 ()\;k — 092')7:@1, + Z Uivjfi,ufj y

i#]

(A.5)
Uty — A(u)ug = Z(w2 2 — AN Vig)Ti
+ Z — N0 g — Z( — ANv))A(u)T;
= Z Wiy — A\ji2)Ti + Z — \v;) vzrwﬁ — A(u)ﬁ}
+ Z — v [Ui,xfi,v — 0 (viwi e — wivi,x)/vg)fi,o}
—I—Z i — AU v]rz uT'j
i#]
_Ew” Niw; )7 ZA* (Viz — Nivi)Fi
+ Z )\*Uz )\z + )\;k - ei)vifi,v

+ Z — Ajvi) |:Ui,:07:i,v — 0 (viwi oz — wi”i,x)/”?)ﬁ,a}

+ Z — A\ vjrz uTj
i#£]

= Z (Ui,w - S\Zv,) [wﬁi,v + 0! (wi/v,‘)zﬁp]
%
+ Z (Wi — Aw;) [fz' - (Héwi/vi)ﬂ,a}
+ Z V;W; ()\:: - 91')’/:1"1, + Z wivjfi,ufj

i i#j

-y /\;‘{ (M - Xl-vi) [7’ + it + (egwi/vi)ﬂ,a}

+<wi,x — Ajw )[ 0.7 g} + v; ()\* 0; )fi,v + vajfwfj}.
J#i



VANISHING VISCOSITY SOLUTIONS 315

Differentiating (A.1) with respect to ¢ one obtains

(A.6) Ugt = Z U 4T + Z ViTi
= Z Vit + Z v; |:'Uz iFi0 — 0 (wi r0i — wiviy)/ vf)ﬂ-a]

+Zv, Y vj Tiuls
= szt[r'z +viTip + (9 wZ/UZ)TZ o'] + Zwlt[ - 9;7:1',0':|
—i—sz )\vj Tiuls;

(A7) utt:Z(wzt Nivig)Fi + Z — AT
—Z Wip — Nvi)F
+ Z — N [Ui,mﬂ, — 0! ((w; 405 — wiv1) [02) Fi
+ Z — i) (wj — Ny Fiufs
= Z Vi [wm o+ 0, (w; /vl-)%p]
+Zw”[ 0; (wivi) i 0} +sz = NjUj) Fiulj
~SN { Vit [r +vii + (O /vi)fl,a]

_ wi’tegﬁ;’g + Z V; (wj — )\;fvj)fi’ufj}.
J
Differentiating again u,, — A(u)u, and uy, — A(u)uy with respect to x, from
(A.4) and (A.5) one finds
(A.8)
= Z (Vigzw — (S\ivi)x) [fi + Ui + eé(wi/vi)fi,a]

+ Z (wz‘,m - (Xiwi)w) [_ gf@”]
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+) (Vig — Aivi) [Z VT T + 200700
i J

+ ( — 0z + (eng/vl)x) Tio + Z V0T T
J

+ ViViaTiww + (= Villiz + 0j0i Wi Vi) i o
+ ) 00 (wi fvi)Fi guTy — 0; o0 (wi/ vz’)ﬁ«m}
J
+ Z(wm — Aiw;) |:_9£7x7:i,a - Z 0:0Ti ouT — Vi 20iTi oo + 9291',51:?:@',0(;]
i J
+37 (30— 6), i
i
+ Z VP (\F - 6;) [Z VT ouly + VizTionw — 91‘,2?:@,@0] + Z(Uz‘vj)mfz’,ufj
- .

j i#]j
+ Z V0 [Z U, (fiﬂm(fj ® Tk) + fi,ufj,ufk)

i£j k

+ Vj2Tiuljo + VizliuwTi — ej,:vri,urj,a - gi,xri,uarj:| ;

(A.9)
(Ut) e — (A(u)ut)x
= Z (Viwz — (AiVi)) [wifi,v + 0; (wi/vi)inva}

+ Z (Wi e — (Nwi)2) [r — 0w /w)f@(,}

+ E (Vi — Aivi) [wi,xﬂ,v + E WiV T pu T
- -

J

~ / 2 ~
+ WiV g Tiwo + ( — w;ib; » + 0;(w;/v;) Ui,x) Ti o

+ (05(wi/0:)?) Fio + > 005(wi /0;)*Fi g
J

- eé(wi/vi)20i,x7:i,aa:|
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+ Z(wzz — \aw;) [Z V7T + VigTiw — (Big + (05w /vi)z)Tio

i J
= 06 (wi [vi)Fi 0T
J
— Vi (wz/vz)""l ov t 91 19 (wZ/UZ)Tl O'O':|
+ Z (wivi()\f — 91‘))36771‘71} + Z W4 ()\;k — 91)
7 [
X [Z ’Ujfi yufj + v; :chi,vv - ‘91',:1:7:@',1)0:| + Z(wivj)zfi,ufj
i#j

+ E W;V; |: § Vg Tz uu(rj & Tk) + 7 urj urk) + vy, 2T urj v
1#£] k

+ infi,vufj - ej,zfi,ufj,a - ei,:vfi,ucrfj]
_ E A { vm— )[n—i—vzrw—ke(wz/vz)rw]

+ (wm — lewz) |: 0l T g] + v; ()\* 0')7:7;71; + Z 'Uz'Ujfi,ufj} .
J#i *

Substituting the expressions (A.6)-(A.9) inside (A.2) and observing that

(uz @ A(u))uy — (ur @ A(u) ) ugy = Z(wZ — A\ v;); [(fj o A(u))7i— (fioA(u))fj] ,
i

we finally obtain an implicit system of 2n scalar equations, describing the
evolution of the components v;, w;:

(A.10)

S (vaa + (), = i) [Fs v+ (w007
- D (e + (Avws),, = wis) [~i7c ]
= er (01 (vie = Nivr) = vi(wi = Aoy
+l D i | (v = Aivi) vy + (vivg), = vij = Xjuy)|
+ ;: Fin [m,x (vi2 — Aivi) + (V2 — ei))x}
+ Z P | (Vi = Aii) (= Bie + (O3 01)i) = (wie = Aiwi) 0]
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—i—erun{ Vig — i i) + v — 0, )]

+ Z Tiwuly [vzv] (Ul . —\ vz) + v;v; (/\* 0)}
i#j

+ Z Tiwv {Uﬂh’,x (Vig — Aivi) + Vi 20 2(\r — 6 )}

+ Z Tiwo |:(sz - S\ivi) <_U7L9i7x + eévi,zwi/vo

— (Wi = Niwg)vin; — 03N = 6,)6 ]

+ Z 7:i,mﬂ:i |:(U7j,z - xzvz)ang - (wi,x - 5‘2“’1)”20;]

i

+ Z Tioulj [(vzx - S\z‘vz‘)vjeéwz‘/vz‘ — (Wi — S\iwi)vjeé}
i#]
+ Z Tioo [ Vig S\ivz‘)@,ﬁ;wi/vi + (wie — S\iwi)‘ggai,z}

+ Z V;V; [Z O (Fi,un (T @ Tr) + T 0T, urk)

itg %
+ vj,xfi,ufj,v + U'i,:):fi,uv"zj - ej,xfi,ufj,o' - ei,x"zi,uafj]
= Z a; (ta :E)v
7
(A.11)
Z ('Ui,t + (Nivi)g — Uz’,m) [wifi,v + 91'-(101’/1/1)27:1,0}

i 37 (wi o v = i) [Fs = O /0) 7|
_ Z A" {(U ot (Aiva),, = i ) [Fi o i + 01 f00)Fo o]
(o i) i)
= 3 o (w1 = M) = wi(wi = Ajvy)|
3 o~ By~ )+ (0]
. § Fos [ (01 = At + (w0 = M) + (i = 69),]
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+ Z F@U |:(Ui’$ — S\zvl) (Hi(wz/vz)z)x — (wm — S\sz) (9271 + (9;1111/1}1)33)}
+ Zﬁ,wﬁ [(vm — \iv; )wﬂ)Z + w;v (A* 0; )}
+ Z Ti o0 [(Um - S\ivi)wivi,m + wivv; o (A] — 91)}
+ Z Tiwvulj [(vm — S\ivi)wivj + wivivj()\f — 91)]

i#£]
+ Z Tivo [(vi,x — i) (= Wil o + 0 (wi/vi) *vi z)
—(Wiz — Awi) B i Jv; — wivi(NF — 9i)9¢,x]

+ Z Fz’,aufz' |:(Ui,:c — 5\11)1)9211%2/’1)Z — (wm — :\zwz)ﬁng}

+ Zfi,aufj [(sz — Xvi) v (wi fv;)? — (Wi g — S\iwi)vﬂng‘/vz’]
i#£]

+ Zﬁ Ua|: (Vig S\ivz’)%(wi/vz’)%i,x + (wiz — S\iwi)elei,xwi/vi}

+ Z W; V5 |:Z Vg (75 UL Tj & Tk) +7; ’Ltrj urk) + vj, «Ti ’U,r] v
it A

+ ViaTiu’i — 0527 ulj0 — ei,xri,uarj:|

Recalling the expression (5.10) for the differential OA/0(v,w), we recognize
that the equations (A.10) and (A.11) provide the explicit form of the system
(6.5). The uniform invertibility of the differential of A implies the estimates

b5, P =O(1) - Z (las| + [bi]).

To prove Lemma 6.1, it thus suffices to show that all the terms in the summa-
tions defining a;, b; have the correct order of magnitude.
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First of all, one checks that all those terms which involve a product of
distinct components i # j can be bounded as

(A.12) O(1)- Z (\vjvk] + ”U]‘J;’Uk’ + |ijk’ + |vj7xwk\ + ’ijk7x| + |ijk‘)-
i#k

In most cases, this estimate is straightforward. For the terms containing the

factor 6; , or 6, this is proved as follows. Recalling the bounds (4.24) we have,

for example,

L = O(1) - (Jugal + [vjal) = O - 53,

5

9],7:87:],70 = O( ) ’Uj 9]

because of (5.24). Hence
vivjej,xﬁ,ufm = 0(1) . 58|U¢Uj| .

Next, we look at each one of the remaining terms on the right-hand side
of (A.10) and (A.11) and show that its size can be bounded as claimed by
Lemma 6.1. To appreciate the following computations, one should keep in
mind that:

1. By (6.18),

Vix — (5\1‘ - )\f)vi —W; = 0(1) ) 502 (|Uj| + ‘wj - Uj,z|) :
J#i

2. By (5.5) the cutoff functions satisfy 0, = 6/ = 0 whenever |w;/v;| > 30;.
3. By (4.24) we have 'Fi,o/vi, 7:1'700/1]1', f@gu/vi = O(l)

4. One can have |w; — 6;v;| # 0 only when |w;| > d1|v;|. In this case, (6.20)
yields
vi = 0(1) - vip + O(1) -8 > _ |vj].
J#i
What follows is a list of the various terms, first those appearing in a;, then the
ones in b;.

Coefficients of 7; ,,7;:
i (Vi — M) — vi(w; — Afvg) = v; [viz — (N — A))vi — w;],
Vi (Wi e — Nw;) — wi(w; — Aivy) = [Viwiz — Vigw;| + w; [viz — (A — AT)vi — wy].
Coeflicients of 7 ,:
20; 2 (Vi — Niv;) + (vE(N; — 0i)),
= 20 4 [Ui,ax — (5\z — A — Hivi] + 0! [vmwi — viwi,m]
= 20 [vi,m - (5\1 — \)vi — wi]
+20; 5 [w; — O;v5] + 6} [vi pw; — viw; 4],
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Wiz (Vi — Nivi) + Vi g (Wi e — Nw;) + (wivs(N] — 0:)),
= 221)1'7:,; [Ui,x — (5\1 — )\j)vl — wl} + 211)1'793 [wl — 911)1]
+ ()\2‘ —0;, — \i + Qéwi/vi) [vijzwi - viwm].
Coefficients of 7; , /v;:

;i (Vie — Aivi) (_ei,x + (eng/vz):):) — v (Wi g — S\iwi)‘%,x

= _(ini,a: - wivi,x)egl(wi/vi)x = —92/ [”i (wi/vi)x]Q’

Vi (Vi — Aivi) (9;(111@'/%’)2) — v (wiz — Nw;) <0i,m + (eng/vz)z)

= (00 wif) + 260) [ (i), ]

T

Coefficients of 7 7
UZZ (Ui@ — 5\1111) + U?()\;k — 02) :U? [Ui,:c — (5\1 — )\:()Ul — wi:|

‘H)i? [wi — Hz"l)i],

V;W; (Ui,x — S\ZUZ) + UZQU)Z()\;k — 92) = V;W; [Ui,x — (5\2 — )\:)UZ — wz}

+v;w; [wi — HZ’UZ] .

Coefficients of 7; yy:

vivi,x(vm — S\ZUZ) + U@x?}?()\;( — 92)

= vV [Vie — (N — N)vi — w;] + viv; [w; — Givs],

Wiv; gz (Vig — M) + Vi giwi(A] — 60;)

= WiV |:Ui,m — (N = M) — wz} + wivi o [w; — Oivi].

Coeflicients of 7; -
(Viw — S\ivi)( — il 2 + Ov; pw; /v;)
—(wi e = Niwi)Ojvi e — v (Af — 0:)0; 0
= Vi 20; (Vi gwi — VWi g ) [Vi — b5 2V; (Um — (N = A+ 9i)vi)

= 292 <Ui,:cﬂ — wi,x) { [Ui,z — (5\1 — )\:)UZ — wi] + [wi — (911)1]}

Vi

— (N = A} + 0;) 0] [wiavi — wivi g,
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(vig — S\ivi) (—wibz + 92(%/%’)2%,1«)
—(Wie — Aw;) 0 zw; v — viw; (N} — 0;)0; 4

= 20;% <Ui,x% — w@z) {[’UZ‘@ — (5\2 — /\;()Ui - wi] + [wi - ini}}

K3 7

_(5\1 - )\;k + 91)9; [wi,xvi — wivi,m] wi/vi .

Coefficients of 7 5,7 /v;:
3 / 3 2/ /
(Ve — Nivi)wivil; — (Wi z — Ajw; )v; 05 = 0jv; [v; 2w — viw; 4],

(Ui,z — :\11}1)11}129; — (wi,:c — szz)wzvﬁ; = 9;11}1 [vmwi — viwm] .
Coefficients of 7 5o /v;:
~ 2
—(Vig — ANV wi00; 5 + (w; 5 -\ w;)v;00; » = (0))* { (wz/vz)x} ,

—(Ui@ — S\ZUZ)U)Z (wl/vl)c%@wc + (wm — S\sz)wﬁ;&l,x = (9/) v |:7)Z (U}Z/UZ> }2.

(2

This completes our analysis, showing that all terms in the summations that
define a;, b; have the correct order of magnitude, as claimed by Lemma 6.1. O

Appendix B

We compute here the source terms ¢;, ¥; in the equations (11.15) for the
components of a first order perturbation, and prove Lemma 11.4. We recall
that
(B.1)

z—Zh 7i(u, vi, A\j — (gz/h T = Z rl U, Uiy A; —9(gi/hi)),

A 9gi A . o x A NI A
GZ- =4 (h_z> N T, = ri(u, Vi, )\1 - 97,), )\z == <’I”7;, A(U)T1>

Asin (A.4)—(A.11), the computations are lengthy but straightforward: one has
to rewrite the evolution equations for z and T:

zt + (A(u)z):C — Zge = (uz @ A(u))z — (z @ A(u))ug,
T+ (A(U)T)x — Yy = [(ux e A(u))z— (20 A u))uz]

—A(u)[(uon )z — (20 A(u))u }
+ (uz @ A(u))Y — (us 0 A(u))z,

(B.2)

in terms of h;, g;.
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The fundamental relation (4.23) implies

(B.3) Au)y = M + v (ot + (A = X+ 0)Fi)
Differentiating (B.1) with respect to x and using (B.3) we obtain
(B. 4)

Z—Zh ITZ—FZ}L |:'U17"L urz - )rl]
+Zh |:U’L :):Tzv - (hzgla: 9i zx)/h2)rz cr} + Zh UJTZ urj
i#]
—Z zz_ T’L+Zhvlrlu Ty — i

+Zh{v”f )\*+9)vl}rw

- Z 0, [ Gix — zgz % (hiw — /A\hz‘)} Fio + Z hivjti uTj

i#j
= Z ix Az |:Tz + 0 (gz/h )Tz U] - Z(gi,x - 5\igi)ézl‘fi,a'

i
+ Z hﬂ]ﬁ%‘u (fi — f’z)

—|—Zh[vw— =X By + Y havgriad
i#]

(B.5)
T, — A(u)T

= Z Gi,.x — h; T Tz + Z |:'U1TZ uli — A(u)f‘l]
+ Z - )\* [Uz xTz KT (ez(hzgz,x - gihi,x)/h?)ﬁya]
—1—2 i) Ui Fi
i#]
—Z Giax — zgz i Z)\* zz_ Tz‘i’z Uzrzu(rz_fi)
+ Z - A h [Ui,x — ()\i — A+ 91)%} Tiw
—ZO’ ( : *) [ Giw — j\igi) - Z_:(hzx - j\ihi):| Tio
—1—2 i) Uil

i#]



324 STEFANO BIANCHINI AND ALBERTO BRESSAN
= Z iw — Aih [9/ (gz/h ) Ti ”} T Z i,z — ;\zgz) [f'z - ég(gi/hi)fi,a
+ Z gi |:Uz T — )\ — )\;k + 91)02] fz',v

+ Z gzvzrz u Ty — + Z gﬂ)grz uT]

i#£]
- Z A?{(hi,x - 5\z'hz‘) [ﬂ‘ + ég(gi/hi)fi,a] —(giw — j\igi)ém,a
—|—hi[vi,x—(/\ —A; +0)v,}rw+hvmu i — T —&-Zhvjnur]}

J#i
Next, differentiating (B.1) with respect to ¢ we obtain

(B.6) 2= Z histi + Z hi (Piutte + v ¢Fi 0 — éi,tf’i,a)
= Z hi g7 + Z h; [vz‘,tﬂ‘,v - (9§(gz-,thi - gihi,t)/h%)f'i,a]
+ Z h — A\ v] Tiulj
—tht[rz"i‘e gl/h Tza:| Zegzt'rzo

—i—Zhv”rw—i—Zh )\vj Piuls s

(B.7)
T = Z(Qz t— A hzt Tz + Z A7 hg ) (Tz WUt + Vi tTip — éi,tfi,o')

_Z Git — Nohig)Fi +Z — \fhy) [v,,tm,v — (6(giehi — gz»h,,t)/h%)m,g}
+ Z - /\jvj)ri,urj

—tht[ (/1) o} + D oue[f = B horo]
+Zglvztrlv+2gl — X)) Fiufy

_Z)\ { it Tz+9(gz/h )Tza] _ezgztrza+hvztrzv

—I—Zh /\U] rmr]}
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Differentiating again z, — A(u)z and T, — A(u)Y with respect to z, from (B.4)
and (B.5) one finds
(B.8)
Zag — (A(u)z)x
= Z(hz,acac - (j\zhz)ac) |:721 + é;(gz/hz)fz,a} - Z(gz,xw - (ngz)w)é;fz,o

+ Z(hzx - S\ihi) [Z Vifiaj + Vighiw + (— 00+ (0.9i/hi)s )Piso
i J

+07v; 2 (gi/ i) i + Z 05(9i/ hi)Pi o — 05.20}(gi / hi)Fi o
J
+ Z(gzx - 5\191) [_é;/(gi/hi)xfi,cr - Z égvjfi,uafj
i J

0! Voo
— Vi 20T vo + Hiei,xri,acr:|

+ Z(hzvzfz,u(fz - + Z( Vi — )\* + 9 )'W))x"zi,v

+ Z h Vix — )\* —+ 0 )Ul) |:Z Ujfi,vufj + ’infc?ﬁi,m) — éi,aﬂgi,va]
J

+Z h ’U] Tl uT] +Zh Uy |:Z Vg TZ urj urk +Tz uu('rj ®Tk))
i#£]j i#£]j k
+Uj,x'f'i,u":j,v + Ui,mfi,vufj - gj,zfi,u"zj,a - éi,xfi,o'ufj] ;
(B.9)
Tmz - (A(U)T)z = Z(hz,mz - (S\zhz):p) [ég(gi/hi)2fijo-}

)

+Z Gixx — zgz x [ T é;(gz/hz)ﬂ,o]
+ Z(hza: — \ihy) |:0§(wi/vi)2@i,:cfi,va + (6] (9i/hi)?) Fio

+ Z v;0;(g/ hz’)in,crufj 0.(gi/hi)?0i o7 Ug}
j

+ D _(9iz = Xigi) [Z Vittuty + Viafio — (0o + 0igi/hi)a) Pio
i j

= 0ibi(gi/hi)Piouts — viabi(9i/hi)Piwe + 0 0] (gi/hi)fi,og]
J
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+ Z [gi (vie — (A = Xf + éz’)vz‘)]mﬂ‘,v + Z(Qz‘vzﬂ,u(ﬂ - fi))f
(A (A
+ ZQZ‘ (vig — (N = Af + éi)vi) [Z VjTi 05 + Vi zTion — éz’,xﬂ',va}
i

j
+ Y (9iv))ati T

i#]
+ Z givj |:Z v (7 urj uTk + i ’U,U,(T] ® Tk;)) + Uj,xfi,ufj,v
1#£j k

+ V2P 0uTj — 02T uljo — éi,wfi,ou":j:|
> A:{ (hiw — Aihs) {Tz + éé(gi/hi)fi,a} — (gie — Xigi) 0
5

+hi(vi7x — (A — N+ 0, )vl)n o+ Ry vlrzu P — + Zvlv]rl UTJ} .
J#

Substituting the expressions (B.6)—(B.9) inside (B.2) we obtain an implicit
system of 2n scalar equations governing the evolution of the components h;, g;:

(B.10)
S (s + Gihia = hiza) [+ 01l B} |
. 5 (one+ () = 1) [ = O
=3 o [vulha = Aihs) = ha(uws = A7)]

+Z ; iy | (i = MibiJus + (hivy), = hiw; = Xjoy)|
+§ér [(hi,w — Aihi)via + (hi(via = G = X +0v)) = hivi,t}
5 o [l A s+ @ )2) (0 0]
T er [hivi (w1 — (i = X5 + 60|
4 }i}m,m (v (vsa — (3 = N7 + Bi)os)|

i#j
+ Zﬂ,w [hwz’,x (Vi — (i — A+ éz‘)vi)}
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+ Z Fi v [(hzx — Aihi)0jvi gi /b
— (gix — Nigi) Vil — hivie — (i — A + éi)vi)éi,r}
+ 3" Fioufi [(hm — Nihi)viblgi /hi — (gia — S\igi)vié;}
n im,m@ [(hm — Nihi)vifigi/hi — (giw — X,-gi)vjég]
+ " i |~ (i = Nihi) 0iogi/ B + (910 — Nigi) 016 |

+ Z (hz‘vz‘fm(fi — fz))
+ Z h; iUj |:Z vk (75 urj uThk + Ti Uu(r] ® T’k))

1#] k

+ VjxTiuljv + Vi xToulj — gj,:vri,urj,a - ai,xraurj]

+Zh vj[ (u))f; — (ﬂ'A(U))fj]

(B.11)

S (e + (uhe), = hie) [0/ 0750
. o+ G~ ) - ]
—ZA*{( it (i) — hiee) [Fi 4 0401 /o) |
# 3 (o + igde i) [~
= 3 i o = M) = o = A

+ Z T urj [ gz x zgz) gz( )‘*U]) + (givj)ﬂﬂ}
i#]

+ Z i {(gz (vig — (A = \F + éi)vi)) + (9i2 — j\igi)vi,z - givz}t}
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# 30 i (= ) B/ 1), = (00 = i) B + G 1))
+ Z Fooufi| (Vi = (i = X+ Bi)vi) givi|
+ Z T o0 |:(’Uzz — (N — X éi)vi)giviﬁx}
+ 3" P [(vm — (A = A+ 6)w) gwj}

i#
£ P (hice = M) g/ )0

Z — (g1 — Xigi) 0vi2gi / hi — gi (Vi — (Ni — Af + éi)vi)éi,x}

+Zﬂ,mﬁ[ hiw — Aihi)0i(gi/hi)?v (glx_)\lgz)evlgl/h}
+ Z Tioul’j [(hzaz — Nihi)v00(gi/hi)? — (9ie — j\igi)vjéégi/hi}

1#]
+ Z Tioo [— ix — Nihi)00(gi/0i) 0 0 + (950 — 5\z'gz‘)é/éz',xgz‘/hz}

+ Z <9¢Uz’7"i,u(7“i - 7“1))1
+ Z givj |:Z Ok (PiuTjulk + 7 ’uu(r] & Tk))

iF#] k
+ Vjaliuljo + Vigliouls — Ojafiulje — éi,xfi,aufj:|
+ Z w;h vzg] rl ° A(u))fj
+ Z |:Uz ( Tz ® A )) (’f‘J [} A(u))ﬂ)]
x
+ Z — X))vih 7“Z o A(u ))
i#]

+ 3" vihj A(u) [(172- o Aw)7; — (7 » A(w)7i]
V]
-2 _Nait,x)

= hi(tx) = > Nt ).
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Recalling the expression (11.11) for the differential OA/A(h, g), we can
write (B.10) and (B.11) in the more compact form

dA ‘ [hiy + (Aihi)e — Pizz) _ Z ( o )
o(h,g) [Qz;t + ()\igi)z - gi,m} bi — \ia; ’

i

By the uniform invertibility of the differential of /A\, to prove the estimates
stated in Lemma 11.4, it suffices to show that, for every i = 1,...,n, the four
quantities

can all be bounded according to the right-hand side of (11.16).

We start by looking at all the terms in the expressions (B.10) and (B.11)
for a; and b;. First of all, one checks that all those terms which involve a
product of distinct components ¢ # j can be bounded as

(B12) (1) Y (Ihghel + [hjoel + |hjvel + hjonal
i#k
+ |hjwi| + |gjvkl + 9z,50] + |g0k,2] + |9jwk|>-

For convenience, quantities whose sizes are bounded as in (B.12) will be called
“transversal terms”. More generally, quantities whose sizes are bounded ac-
cording to the right-hand side of (11.16) will be called “admissible terms”.
We denote by A the family of all admissible terms. We now exhibit various
additional terms which are admissible.

1. By (6.18),
(B13) (k| + |gil + hie| + 19i0]) [vie — (N = A])vi — w;
=0(1) - do Z (|hivj| +1givj] + |hiavj| + |giavi]) € A.
J#i

2. Two other other admissible terms are
(B.14)  hi[wizvi — wiv g] = [hiw; o — Wil z|vi + wilhi zvi — hiviz] € A,
gi [wz‘,xvi - wwz‘,x] = [giwi,x - wz‘gz‘,z]vz‘ + w; [gi,z'Ui - givi,m] €A.

3. We now consider terms that involve the difference between the speeds:
0; — 0;. We claim that the following four quantities are admissible:

(B.15)  hwi(0; — 6;),  givi(0; — 0:),  hizvi(0i —6;), gievi(B; —0;) € A.
Indeed, from the definitions and the bounds (4.24) it follows that
(B.16)  |Ai — X = O(1) - |7y — 74| = O(1) - v [0 — 05 = O(1) - 6 |0; — 63.
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Since 0] <1,
10; — 0;] < |(gi/hi) — (wifvi)]-
Using (6.18) and (11.12) we now obtain
(B.16)  |hyvi] [0 — 0;] < |givi — wihi]
= ’ (hi,x + (5\1 —A)hi +0O(1) - b Z (\hj] + |’Uj|)>'Ui
J#i

- (v + (= X+ 0(1) 60> |vjy)hz-
i

= ’(hz‘,zvi —vizhi) + (A = A)vihy

+0(1) 03 (gl + e
J#i
< |higvi — vigh| + O(1) - 60| 6; — 0] |hsvi
—I—O(l) - 0o Z (‘Uj’t)k| + |hjvk\) .
7k
Hence
(BA7) |givi — wihi| < 2|hizvi — vighi| + O1) - 60> (Jvjukl + [hjuxl) € A,
ik
showing that the quantity hivi(éi — 6;) is admissible.
Observing that 6; — 6; # 0 only if either |g;/h;| < 661 and |w;/v;| < 341,

or else |g;/hi| > 651 and |w;/v;| < 301, we can write

givi(0; — 0;)| < |gi/ il | hsvi(0; — 6,)]

“X{g./nil <65, }

< 66119/ hi| [hivi(0; — 0;)| + 401 | givi — wih).

A~

Hence g;v;(0; — 0;) € A. In turn, using (11.12) we obtain

hi,xvi(éi_ei) = gzvz(éz—é?,)+(5\Z—)\:‘)hzvz(éz—01)+(’)(l)502 (|U{Uj‘+"l)ihj‘),
J#i

showing that the term h;,v;(0; — 6;) is also admissible. Finally, using (6.18)
one can write

gi,xvi(éi —0,)=(0; — 6;

i.aVi — Viagi| + gwm(éi —6;)
i

)[
) [91,.2vi — Viwgi] + giwi(6; — 6;)

+(Ai = AD)givi(0; — 6:) + O(1) - 6o > Jvgvy|.
i#i
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To estimate the term giwi(éi — 0;), we observe that 0, — 0, =0 if |w; /v;| and
|gi/hi| are both > 30;. Hence, using again (6.18), we can write

|giwi (0 — 0;)] =361 givi (0; — 6:) | "X ol <361 )
+381| hiwi (0: — 0;)| - X{lgi/hil<35, }
= 361|givi||0; — 0:]
i(viw — (i = A})vi)

0 — 0;] + O(1) - > |hvj|.
JFi

By the previous estimates, this shows that gmvi(éi —0;) € A, completing the
proof of (B.15). By (B.16), the following terms are also admissible:

(B.18) hilhi —Ai), gihi = N), hia(i = Xi), gia(hi — Ni) € A
4. Next, we claim that
(B.19) hi(Fi = 7)zs  Gi(Fi —7)e, il —A)es  gi(hi — Ai)e € A.
Indeed, one can write
~ (Fiw — Ti)Tj T — T
hi'f‘—rzx—hvz z_ =t o J+Uix Z7UA Zﬂ}}
( ) {Z O lr — 0 i (0; — 6;)

+0}(gi/ i) [vizhi — hizvi| (Fig /i) + 0, [Vigiz — 9iViw] (Fio [ Vi)
+(w; [03) 0] [viphi — Vil g (Fio /vi) + 05 [Ri gwi — hiw; 2] (Fi 0 /v5);
- Tz U — 7 u)Tj fi,v - fli,v }
ir_rz:c— zvz i ———— F Vi
ol : ! {Z o vi(0; — 0;) " (0 — 6;)
+0}(9:/hi)* [viehi — hizvi] (Fio Jvi)
+0,(gi/Pi) [vigi w — 9iviz) (7o /V3)
+(w;/03)0; [Vi2agi — ViGiz]| (Fio/vi) + 03[ gipwi — giwia] (Fio/vi)-

By (4.24), the above expressions within braces are uniformly bounded. Hence
the first two quantities in (B.19) are admissible. To prove the admissibility of
the last two terms it suffices to repeat the above computation, with 7; and 7;
replaced by by X and \;.

In a similar way and as in Appendix A, we are now ready to check one by
one all the (nontranversal) terms in the expressions of a;,b; in (B.10)~(B.11),
showing that all of them are admissible.

Coeflicients of 7; ,7;:
Ui(hi,m — S\JLZ) — hl(wz — )\:‘vl)
= [vihiz — hivig] + [vihi(N —
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vi(gix — Nigi) — gi(wi — Nfv;)
= [gi0vi — viwgi] + [vigi(hi — X)) + |:gi (Vi — (N = AD)v; — wl)i|

Coeflicients of 7; ,:
Uiz (i — Aihi) + (hi (Vi — (i — X+ éz)vz)> — hivi g
=2 [hi,w (”i,z — ()\ — AN — w,)} [ 2 (w; — 0; vz)}

+[hivig — hizvi] (A — 0; — Ni + 0.gi/h; )+ 0 [Uzgz z — VizGil
+2[hizvi(Ni 4+ 0; — N — 6;)] + [h (N = A)wi) ] — hiti;

(Qi (vig — (N = AF + éi)vi))x + iz (Giw — Nigi) — Givig
=2 [gi,w (viz — (N = N} — wz):| +2 [gi,x (w; — 91"11@')}
+(A - 0; — Ni + 9§gi/hi) [Viwgi — Vigia] + 0.(gi/h:)* [vihi e — Vi ghi]
+2 [gi,xvi(j\i +0; — N\ — éz)] + [Qi((j\i — 5\z)vz)x] — 9i®i -

Coefficients of 7 5 /v;:

N\ 2
vilhiw = Xihi) (—0s.0 + (0gi/hi)a) = vi(gie — Nigi) i, = —vi [éghi <%> ] ;

Vi (hiz — Nihi) (é; (gi/hi)z)x + i (gie — Nigi) (92:,3 - (éigz/hz)x)
2
1 A i
[(9 % 1 20, > h (h_” .
Coeflicients of 7; 4, 7;:

vihi (vig — (A — A+ 0;)v;) = |:Uihi (Vi — (N = X))o — wl)} + |:'Uihi (w; — 911%)}
+wm@+&—&—@}

0igi (vig — (N = A] + 0;)v;) = [Uigi (Vi — (N = X))o — wz)} + [Uigi(wi — Hﬂii)}
+W%@+&—&—@ﬁ
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Coefficients of 74 yy:
hivig (Vi — (A — Xf 4+ 0);)
= [hivia (Vi = (i = X + 9~)vi)} (hivivia (i + 0, = A = 0))]
- [Uihm (V2 — (N = AY) } [h ivia (N + 0; — A — 9})}
+0; [hi g (w; — 030;)] + (vz o+ N = ADv; — 0iv;) [hivi e — vihi g

9iViz (Vig — (i — AD)vi + é"Uz)
=v; [gi,m(vi,x — (A=) } + [givivizs (N + 0; — X — 6;)]
+0i [ g0 (Wi — O505) | + (Uz o= (N = ADvi — 00;) [givie — viga) -

Coeflicients of 7; -
(hige — Aika)0}(gi /hi)viz — (gia — Xigi)Oivia
—hi (Ve — (i = AF + 0:)0;)6;
= 0320} (hiwgi — higiw)/hi — Os whi(viw — (Ni — A} + 0:)v;)
=20 (hiz(gi/hi) — i) [(vm — (N = AN — wi) + (w; — 91%‘)}
+(2(xi SN H0) — (N — A+ el-))

{92 [Viwgi — vigiw) — 04(gi /i) [vighi — vihig) };

(i = Aiha) 65 (9i /1) *vie
~(gia - A1'9@')91‘%?%/ hi = gi(via — (i = A + 0:)0i)0;
20; ZZ <hz,mz_i - gi,az) {('Ui,a: - (S\z — )\;k)'uz — wz) + (wz — 97}1):|
(2000 = N+ 05) = (i = X +6)

'{éfli(gi/hi) [vmgz‘ = Uigi,a:} — 0i(gi/hi)? [vi,xhi = vihi,x:| }

Coefficients of 7 5y, 7 /v;:
(hz xr — )‘h )elv gz/h ( Gix — ngz)vféi

A

= 0jv; [vi2gi — Vigig] + 0vi(gi/hi) [vihi g — hivia];

(hz x = Ah; )0, Q(Qz/h ) (91 x = /\zgz) (gl/h )
= egvi(gi/hi){ [Viw9i — Vigiw] + (9i/ i) [Viliz — hiviz) }
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Coefficients of 7 55 /v;:
2 A ] A A 2
—(hiz — Nihi)vi(gi/hi)0i0; o + (giw — Nigi)vi0i0s » = (0))*vihi [(g9i/hi)z]

—(hi o —Nihi)vi(9i/ 1) 2020; o+ (i — Xigi) 010: 2vi (g /1) = (01) %395 [(9i/ i) 2,

There are a few remaining terms in (B.10) and (B.11) which we now
examine. Recalling (B.14) we have

A~

+0(1) - hiv (0; — 0;) + O(1) - hjvi(Fi — ) ;

(gwm,u(f@' - fz)) =0(1) - gi 02 (0; — 6;) + O(1) - givivi 2(6; — 6;)
+O(1) - g} (0; — 6;) + O(1) - gvi(F; — 1)z ;

mwﬁﬁ.Am»m—(m.Aw

[wm«@.Aw»ﬁ—(m.Awnmﬂ
_00)- (\vmh1| + |vihz’,x|)\fi — 7|+ O) - v;hi(F; — i) -

T

These terms are all admissible because of (B.15)—(B.19).

We have thus completed the analysis of all terms in (B.10) and (B.11),
showing that the quantities a;, b; are admissible. The admissibility of the terms
((5\Z — Xz)hz)x and ((/N\z — ;\l)gl)x follows immediately from (B.18) and (B.19).
This completes the proof of Lemma 11.4. O

Appendix C

The aim of this section is to derive energy estimates for the components
hi, g; and prove the bounds (11.33), (11.34). We write the evolution equations
(11.15) for the components h;, g; in the form

(C.1) hit + (Nihi)e — hige = éfzz ,
Git + (Nigi)a — Gize = Vi

For convenience, we define 7; = n(g;/h;). Multiplying the first equation
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in (C.1) by h;7; and integrating by parts, we obtain
/ﬁihi@ dz :/ {ﬁz‘hihi,t + ihi(Aihi)e — ﬁz‘hz’hz‘,m} dx
:/ {fh‘(h?/?)t — iXihihi e — D g Nihd + ﬁih?@ + ﬁi,xhi,xhi} dx
=/ {(ﬁih?/2)t + (i) (h2/2)
= (it + 2Nifhie = i) (03 /2) + b2 = 2 ahibis b e
Therefore
(C.2) /ﬁihix dx = —% [/ fi:h? /2 dx] + / (it + Nl — M) (h2/2) d
- / Xiwii(h}/2) dz + /ﬁihiﬁgi dx + Q/ﬁi,zhihi,x dx .

As in (9.14), a direct computation yields

A XA ~ ~ 172}7, i le N hzx gi . Gi 2
: v Aifliz — Mgz = =-== 27 —2 = —g £ .
(C.3) it + Aifhie — 1, m(hi wne ) T2 ) G

xT

Since Xm = (5\1 — A\)z, integrating by parts and using the second estimate in
(11.13) one obtains

(C.4)
‘ / Xiofi(h2/2) dzx| = ' / (N = N (Diwh? /2 + fihihi 2 ) doe
1 * 1 ~/
<A = Al - 2 ‘77@‘ ’gi,mhi - gihi,z‘ dx
5 -
+2—(51 nih; . dr + O(1) - do Z /(|hivj| + |hih]'|) dm}
JFi
1
< / |9i ahi — hi 29| do + 3 /ﬁih?,;,; dr
—HS()Z/ (|hﬂ)j| + ‘hzh]D dx,
J#i
because

|5\i_>\;‘k|:0(1)'50<<51§1~

Using (C.3) and (C.4) in (C.2), we now obtain
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(C.5) ,
1 [, d [ [ ih
- . < _ i
z/n’hwdx— dt U 2 ]

- 7 2 - Gi
5 [ 1lndi + i) do+ [ Jithinis (%)

1 . gi 2
+§/ iy <h_z)x d$+/‘gi,mhi—gihi,x}d$
+5OZ/ |hiv;| + |hihy|) da

JF#i

+/’hi¢i’dx+2/

Recalling the definition of 7);, on regions where 7} # 0 one has |g;/h;| < 48,/5,
hence the bounds (11.14) hold. In turn, they imply

1
+=

dx

A‘7 hihi@} dx .

(C6) |fichiliz| = |Ahihi <&>
hi),
O |2 o) 00 S itk (L) | (jus] + 1hs)
=95, hz- i 2|7 e )1

=0(1) - |gizhi — gihiz
+0(1) - 60 > (lvigiel + [vitiwl + |hjgil + |hjhizl) -
J#i
Using (C 6) and then the bounds (11.18), (11.26), (11.28), (11.30) and (11.31),
from (C.5) we conclude

(C.7) / /mh-,xdxdt
A T A A
S/fh‘h?(t, ) d:c+(’)(1).f /(\hﬂ/ﬂ + |gi¢il) dadt
i
T
+0(1) / /’gi,xhi — gihi p| dxdt
7
T 2
t i/ hi| <61

502/ / ihisl) dadt
J#i
T ~
+5OZ/ /(’hivj|+|hihj) d:ndt+2/ /|hi¢i|diﬁdt
j#i 7t i

=0(1)- 67,
proving the estimate (11.33)
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We now perform a similar computation for g?,. Define %; = 7(h;i/g:),

where 7(s) = n(|s| — 01/5). Multiplying the second equation in (C.1) by #;g;
and integrating by parts, one obtains

[ gt = [{(g?/2), + Goinda(a? /2
— (7hig + 2Nl — Tiisez) (92/2) + 'fngix - 277i,xgigi,m} dx .

Therefore, the identity (C.2) still holds, with h;, ¢;,7; replaced by gi, i, 7,
respectively:

y d y < y
(C.8) / iy do = — pr { / nig; /2 dw} / (it + Aitie — Tiwa) (97/2) da
—/5\1',:1:771‘(91'2/2) dx‘i‘/ﬁz‘gilzi dx+2/77¢,xgigz',x dx .

The equality (C.3) can again be used, with 7); replaced by 7;. To obtain a
suitable replacement for (C.4) we observe that, if 7; # 0, then (11.13) implies

|gigi,:fc| < 2|hi,zgi,x| +O(1) - do Z (|Ujgi,m‘ + |hjgi,x|)
JFi

and hence

\9igil < hZ o+ g7n +O1) 60> (lvjgil + |hjgil) -
i

Integrating by parts we thus obtain
‘/)\zxnz 92/2 dSE ‘/ )\* nzxgz/2+nzglgzx)d
- g?
* ~/
< A = Al - {/‘771} |9i i — gihi 2] h_lg
—i—/mgmdx—i—() 502/ (lvjgil + |hjgil) dm}

J#i
L[
|gz g — hi,xgi| dz + 5 nih@' T dz

+2/mgmdw+502/ vjgil + [jgi) d

JF#i

dx + / Mihy , da

Using (C.3) and (C.9) in (C.8) and observing that |g?/h?| < 67 on the region
where 7} # 0, we now obtain an estimate similar to (C.5):
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1 AR A IR
10) = [ mi g% d td — [ |7l ([hit)s i0i|) d
€10) 5 [matudos—g | [ as] + 5 [l (hidil + L) o
2

T 0 [z (9
hh”<hi> dx + 2/77th <hz>x
/’gza: — G zw‘dl'

_|_2/ h dl’+5oz/ |Ujgz|+|h]gz|)

J#i

+/|9ﬂ]1i|dx+2/’ﬁi,xgz’gi,x}dw

We now observe that 77} # 0 only when 46; /5 < |g;/hi| < 1. In this case one
has 7; = 1 and moreover, recalling our choice ¢; < 1/3,

9i
hi | =
<m>x
Hence

(C.11) (=119 o+ |1.29i 912 = O(l)"hi(gi/hi)w|2'x

+52 dx

2
1 1
hz?,:(; > 5912,:1: - §h12,x :

2
9i

(2

g
> 91'2,:1:_2

O(1)-i;h?,, .
{\hi/gi|<61}+ ( )77 i

Using (C.6) and then the bounds (C.7), (11.18), (11.26), (11.28), (11.30),
(11.31) and (C.11), from (C.10) we conclude

(C.12)

/ /mgmdxdt
A~ T A A~
< /ﬁz‘giz(t;%) da?JrO(l)‘/ /(\hi¢i’+|gi¢i!)dwdt
7

T

+O(1)'/ /|gi,zhi—gihi,x\d$dt
7
r 2
A g /h ‘<61

502/ / "Ujgz:v’"i_’v] zx’+|h]gzm

JF

/ /77@ hzxd$dt+502/ |U]gl| + |hjgl|)

J#i
T ~
i
=0(1)- 45,
proving the estimate (11.34).

w[) dxdt
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Appendix D

We derive here the two estimates (12.9) and (12.10), used in the proof of
Lemma 12.1.

| AllL~ / / |Galt — 5,2 — )| E(s, y)dyds

e [ [ et

(z —y)*
expf - DA [ a0 g +5 — y s
4(t — s) 0

IN

t
Al exp{4||DAuLw [ s -}

'/ot4<t_s Nz ) </'“”‘y'ex"{ (y+2(<t—)>_x)2}dy>ds

exp {4HDAHLOO / (o) | dor + £ — x}

i M“%(/\g Vi—sle” Cdg*)ds

exp {4HDAHLOQ / (o) | dor + £ — x}

[t (A= vE ) By ds

exp {4||DA||L°° /0 e (0) | dor + 2 x} (# - %>

1 1 ¢
= 5E(zﬁ,ﬂv) — 5 eXDp {4||DAHLW/O |t (0) || oo+t — ;13}

1 1
< —E(t,l') - _et—z;
2 2

2| DAl / s ()| o </Gt—sx— (s,y)dy) s

— 2| DA~ / B(s)- exp{4uDAuLoo / s (o) HLdes}
0

ol ([ {-52 -} i) o
< B0 [ 2Dl fuals)] -

- exp {4HDAHLM / Hux(a)HLmda} ds
0

IN

IA
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= B(t)et™® B exp {4||DAHL°° /OtH“w(U)HLde} B %]

1
< —E(t,x) — §et_x.
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