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Abstract
We study the limit of the hyperbolic-parabolic approximation

vi + A(vs7 svi)vi = EB(’UE)U;I v® e RY
B(v°(t,0) =g
v (0, =) = vo.

The function 13 is defined in such a way to guarantee that the initial boundary value problem is well
posed even if B is not invertible. The data g and vo are constant.
When B is invertible, the previous problem takes the simpler form

v + fl(vg, svi)vi = eB(vE)fU;z v® e RY
ve(t, 0) = B
v¥(0, =) = vo.

Again, the data v, and 9y are constant. The conservative case is included in the previous formulations.

It is assumed convergence of the v*, smallness of the total variation and other technical hypotheses
and it is provided a complete characterization of the limit.

The most interesting points are the following two.

First, the boundary characteristic case is considered, i.e. one eigenvalue of A can be 0.

Second, as pointed out before we take into account the possibility that B is not invertible. To deal
with this case, we take as hypotheses conditions that were introduced by Kawashima and Shizuta relying
on physically meaningful examples. We also introduce a new condition of block linear degeneracy. We
prove that, if it is not satisfied, then pathological behaviours may occur.
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1 Introduction
The aim of this work is to describe the limit of the parabolic approximation

v + fl(vg, evs)vs = eB(v)ve, ve e RN

B(ve(t,0)) =g (1.1)
v (0, x) = 7y

for e —>~O+. In the previous expression, the function B is needed to have well posedness in the case the
matrix B is not invertible. The function 8 is defined in Section 2. When the matrix B is indeed invertible,
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system (1.1) takes the simpler form

vy + /I(vs, evs)vs = eB(ve)ve, v¢ € RN
ve(t, 0) = Uy (1.2)
v (0, z) = Up.

Even if the equations in (1.1) and (1.2) are not necessarily in conservation form, nevertheless the conservative
case

o + f(0%)e = £(BOs)

is included in the previous formulation. Indeed, one can define
A, evs) := Df(v°) — s(é(vs))

and obtain an equation like the one in (1.1) or (1.2).

In the present paper we assume that when ¢ — 0T the solutions v® converge, in the sense that will be
specified in the following, to a unique limit v. Since in both (1.1) and (1.2) the initial and boundary data are
constant, then the limit v solves a so called boundary Riemann problem, i.e. an hyperbolic initial boundary
value problem with constant data. Results in [2] show that the study of boundary Riemann problems is a
key point to determine the semigroup of solutions for an hyperbolic initial boundary value problem. We will
came back to this point at the end of the introduction.

The goal of the work is to determine the value of v(¢, x) for a.e. point (¢, ). In particular, we determine
the value of the trace v of the limit on the axis x = 0. The reason why this is interesting is the following.
Let us focus for simplicity on the case in which B is invertible, i.e. on (1.2). It is known that, in general,
the trace of the limit, which we denote by v, is different from v, the boundary datum imposed in (1.2). The
relation between 7, and v is relevant for the study of hyperbolic initial boundary value problems and was first
investigated (as far as we know) in [27]. Also, in [28] it was proved that the value of ¥ in general depends on
the choice of the matrx B. In other words, if in (1.2) one keeps fixed 9, 0 and the function A and changes
only the matrix B, then in general the value of v will change, even if the system is in conservation form.

The most interesting points in the work are the following two. First, we cover the characteristic case,
which occurs when an eigenvalue of the matrix A can attain the value 0. The non characteristic case occurs
when none of the eigenvalues of A can attain the value 0. The characteristic case is more complicated to
handle than the non characteristic one. Loosely speaking, the reason is the following. Suppose that the k-th
eigenvalue can assume the value 0. Then in the non linear case we do not know a priori if the waves of the
k-th family are entering or are leaving the domain.

The second point is that we cover the case of a non invertible viscosity matrix B. To tackle this case we
assume that the so called Kawashima Shizuta condition holds. We also introduce a new condition of block
linear degeneracy. We provide a counterexample which shows that, if this condition is violated, then there
may be pathological behaviours, in the sense that will be specified in the following.

The exposition is organized as follows. In Section 1.1 we give an overview of the paper, introducing the
main ideas involved in the analysis. In Section 2 we discuss the hypotheses assumed in the work. In Section
3 we give a characterization of the limit of the parabolic approximation (1.2), i.e. when the viscosity matrix
B is invertible. Finally, in Section 4 we discuss the limit of (1.1) when the matrix B is singular.

1.1 Overview of the paper
1.1.1 Section 2: hypotheses

Section 2 describes the hypotheses exploited in the work and it is divided into three parts.

Section 2.1 describes the hypotheses assumed in the case the matrix B is invertible. These hypotheses
were already considered in several previous works and they are automatically satisfied when the system
admits a dissipative entropy.

In Section 2.2 we discuss the hypotheses assumed in the case the matrix Bis singular. These hypotheses
can be divided into two groups.



The first group is composed by conditions that were already exploited in several previous works (e.g. in
[34, 35, 36, 37, 47, 43, 44]). In particular one assumes that there exists a regular and invertible change of
variables u = u(v®) such that the following holds. If v satisfies

vi + fl(va, evs)vs eB(v¥)ve,,

then u satisfies
E(uw)u + A(u, ug)tuy = B(u)Ugy. (1.3)

The matrix B has constant rank r and admits the block decomposition

5=y ) (14)

for a suitable b(u) € M"*". Also, B and A satisfy suitable hypotheses that are reasonable from the physical
point of view since they were introduced in [34, 35, 36, 37] relying on examples with a physical meaning. In
particular, we assume that the so called Kawashima Shizuta condition is satisfied.

Apart from these hypotheses, we introduce a new condition of block linear degeneracy, which is the
following. Let

A = (4 Aetd ) = (B Eel) @)

be the block decomposition of A corresponding to (1.4), namely A;; and Eq; belong to MN=m)X(N=7) and
Agg and Eso belong to M"*". The condition of block linear degeneracy says that, for every given real
number o, the dimension of the kernel of [411(u) — 0 E11(u)] is constant with respect to u. In other words,
the dimension of the kernel may vary as o varies, but it cannot change when u varies.

Block linear degeneracy is not just a technical condition. Indeed, in Section 2.2.2 we discuss counterx-
amples which show how, when the block linear degeneracy is violated, one can have pathological behaviors.
More precisely, we exhibit examples in which block linear degeneracy does not hold and there is a solution
of (1.3) which is not C!. These can be considered a pathological behaviour since one usually expects that
the parabolic approximation has a regularizing effect.

On the other side, block linear degeneracy is not an optimal condition, in the following sense. It is possible
to show that block linear degeneracy is satisfied by the Navier Stokes equation written using Lagrangian
coordinates, but it is not satisfied by the Navier Stokes equation written in Eulerian coordinates. On the
other side the two formulations of the Navier Stokes equation are equivalent, provided that the density of
the fluid is strictly positive. This remark was first proposed by Frederic Rousset in [41] and it suggests that
it is interesting to look for a condition strong enought to prevent pathological behaviours but at the same
time sufficiently weak to be satisfied by the Navier Stokes equation written in Fulerian coordinates. This
problem is tackled in the forthcoming paper [13].

In Section 2.2.1 it is defined the function 8 which is used to define the boundary condition in (1.1). The
point here is the following.

Consider an hyperbolic initial boundary value problem, and for simplicity let us focus on the conservative
case:

ug + f(u)y =0
u(0, z) = 1o (1.6)
u(t,0) =1

It is known that if one assigns a datum @ € RY (i.e. if one assigns N boundary conditions), then the initial
boundary value problem (1.6) may be ill posed, in the following sense. In general, there is no function u
which is a solution of

ug+ f(u)y =0

in the sense of distributions, which assumes the initial datum for ¢t = 0 and satisfies

lim wu(t, z) =u
Jim u(t, z)



for almost every t. Also, it is know that a necessary condition to obtain a well posed problem is to assign
a number of conditions on the boundary which is in general smaller then N. Assume the boundary is non
characteristic, i.e. assume that none of the eigenvalues of the jacobian Df(u) can attain the value 0. In
this case, one can impose on the boundary datum a number of conditions equal to the number of positive
eigenvalues of D f(u).

We can now came back to the parabolic equation

up + A(u, Uz )iy = B(u)ugg. (1.7)

Let us write u = (uq, ug)?, where u; € R¥~" uy € R". Here r is the rank of B, as in (1.4). With this
notations equation (1.7) can be rewritten as
ure + Anuiz + Ao1uz, =0 (1.8)
ugt + Arpuiy + Asouoy = buggy '

Roughly speaking, the reason why one has to introduce the function 8 is the following. Let mq; be the
number of strictly negative eigenvalues of the block Ajq, which itself is a (N —r) x (N — r) matrix. Also,
let ¢ denote the dimension of the kernel of Aj;. The second line in (1.8) contains a second order derivative
of us and hence us can be seen as a parabolic component. On the other side, only first derivatives of wuy
appear and hence u; can be seen as an hyperbolic component. Actually, there is an interaction between the
two components (this is ensured by the Kawashima-Shizuta condition). On the other side, because of the
hyperbolic component one is not completely free to assign the boundary condition in (1.1). As pointed out
in previous works (e.g in [43]) the number of conditions one can impose on the boundary is N — ni; — q.
Indeed, one can impose r conditions on uz. On the other hand, one can impose on u; a number of conditions
equal to the number of positive eigenvalues of Aj1, i.e. to N —r —nji; —¢. Summing up one obtains exactly
N —ni1 —q. ~

Thus, the function B in (1.1) takes values in RV =179 and g is a fixed vector in RN ~"1179 The precise
definition of B is given in section 2.2.1 and it is such that the initial boundary value problem (1.1) is well
posed. In Section 4.3 it is given a more general definition for the function 8.

Section 2.2.2 discusses three examples. The first two show that, if the condition of block linear degeneracy
is violated, then there may be solution of

up + A(u, ug)uy = Bw)ugy

exhibiting pathological behaviors, in the sense explained before. More precisely, the first example deal with
steady solutions
A(u, ug)uz = B(u)ugy, (1.9)

while the second one deals with travelling waves,
[A(u, v') — o E(u)|u’ = Bu".

In the previous expression, o represents the speed of the wave and it is a real parameter. Finally, the third
example in Section 2.2.2 shows that if the rank of the matrix B is not constant, then there may be solutions
of (1.9) exhibiting pathological behaviours of the same kind discussed before.

Section 2.3 discusses the hypotheses that are assumed in both cases, when the matrix B in (1.1) is
invertible and when it is not. It is assumed that the system is strictly hyperbolic (see Section 2.3 for a
definition of strict hyperbolicty). Also, it is assumed that when ¢ — 0 the solutions of v® of (1.1) converge
to a unique limit. Also, it is assumed that the approximation is stable with respect to the initial and the
boundary data and that the limit has finite propagation speed.

We refer to Section 2.3 for the exact statement of the hypotheses, here instead we underline another point.
The proof of the convergence of v¢ in the case of a generic matrix B is still an open problem. However,
there are results that provide a justification of our hypotheses. In particular, in [28] it is proved the local in
time convergence in the case B is invertible, but in general different from the identity. Moreover, in [3] the

authors proved the global in time convergence in the case of an artificial viscosity (B(v¢) is identically equal



to Iy). The analysis in [3] exploits techniques that were introduced in [8, 9, 10, 11] to deal with the Cauchy
problem. In [3] it is proved the same kind of convergence we assume in the present properties. Also, other
properties we assume here (stability of the approximation, finite propagation speed of the limit) are as well
proved in [3]. Analogous results were proved in [48] for a special class of problems with 2 boundaries.

Also, we point out that there are several works that study the stability of the approximation in the case
of a very general viscosity matrix B. Actually, the literature concerning this topic is very wide and hence
we will quote only works that concern specifically initial boundary value problems: [47, 42, 43, 44].

1.1.2 Section 3: the characterization of the hyperbolic limit in the case of an invertible
viscosity matrix

Section 3 discusses the characterization of the limit of (1.2) when the matrix B is invertible. Actually,
because of the hypotheses we assume in Section 2.1, we study the equivalent (in the sense specified therein)
problem

E(uf)uf + A(u, euf)us = eB(uf)us, u® € RY

us(t, 0) =y (1.10)

u®(0, ) = qo.

Also, Section 3 is divided into fours parts.

Section 3.1 collects preliminary results that are needed in the following.

Section 3.2 gives a quick review of some results concerning the characterization of the limit in the Riemann
problem. These results were introduced in [7].

The Riemann problem is a Cauchy problem with a piecewise constant inial datum with a single jump.
Let us focus for simplicity on the conservative case:

ug + fu), = 07
u(0, z) = { Z"’ i ; 8 (L1)

A solution of (1.11) was first described in [39] assuming some technical hypotheses (i.e. that all the fields
are either genuinely non linear or linearly degenerate). Since we will need in the following, here we briefly
review the ideas exploited in [39] to obtain a solution of (1.11).
Denote by
A(u) < - < An(u)

the eigenvalues of the jacobian D f(u) and by r1(u)...ry(u) the corresponding eigenvectors. For simplicity,
we assume that all the fields are genuinely non linear. In this case, one can chose the orientation of r; in such
a way that VA; -r; > 0. For every i = 1... N we denote by Ssii (ut) a curve in RN which is parameterized
by s; and which enjoys the following property. For every value Si (u™) there exists a speed A close to A;(u™)
such that the Rankine Hugoniot condition is satisfied, i.e.

Fh) = f(SLh)) = Afut = 8L )] (1.12)

Also, let RY (u') be the integral curve of r;(u) starting at ™, in other words R’ (u") is the solution of the
Cauchy problem

d _
&R = iR

Ri(ut) = u™
Finally, let 7{ (u™) be defined as follows:

i RE(ut) 8, <0
Tsi (u+) = { 7L(Efr)) 55 > 0

Si



In [39] it is proved that 77 (u™) is a C? curve such that

dT; (u)
dSi

SiZO

In the following, we will say that Tsii (u) is the i-th curve of admissible states. Indeed, every state Tji (u™)
can be connected to u* by either a rarefaction wave or a shock which is admissible in the sense of Liu. In
other words, if s; < 0 then the solution of the Riemann problem

ur+ fu), =0

[ ut x>0 (1.13)
w0, =) = { Ti(ut) <0

is

a(t, @)= 4 Thh) @ <o(Twh) (1.14)

s En

T (u™) thi (Tl(qu)) <z <th(uh), x=t\ (Tsz(qu))

The meaning of the third line is that u(¢, z) is equal to T¢(u™) (the value assumed by the curve at the point
s) when x is exactly equal to \; evaluated at the point T7(u™). The value of u is well defined because of the
condition V; - r; > 0.

On the other hand, if s; > 0 then the solution of the Riemann problem (1.13) is

ut T >t
u(t, ¢) = _ (1.15)
T: (u™) x <t

The speed \ satisfies the Rankine Hugoniot condition and it is close to A;(u™).
In this way one obtains N curve of admissible states 7} (u™), ... TN (u™). To define the solution of the
Riemann problem (1.11) one can proceed as follows. Consider the function

Y(sy...sn,ut) =T, o . . TN oTH (u™). (1.16)

With the notation Tgvj o TSJYV (ut) we mean that the starting point of Tgvj is TS]X, (ut), i.e. that

Ty o TN (uh) = TN (uh).

It is proved in [39] that the map % is locally invertible with respect to sy ...sy. In other words, the values
of s1...sy are uniquely determined if one imposes
u” =Y(sy...8n, uh)

3

at least if u~ is a close enough to u*. One takes v~ as in (1.11) and obtains the values s; ...sy. Indeed,
we assume, here and in the following, |u™ —4~| << 1. Once s;...sy are known, one can obtain the limit
gluing together pieces like (1.14) and (1.15).

The construction in [39] was extended in [40] to more general systems. Also, in [7] it was given a
characterization of the limit of

uf + A(uf, eud)ul = eB(u)us, u® € RN

ut >0 1.17
ua(O,x):{u 1720 ( )

when |ut — u~| is sufficiently small (under hypotheses slightly different from the ones we consider here).



The construction works as follows. Consider a travelling profile for
up + A(u, ux)ux = B(u)Ugy,
i.e. u(x — ot) such that
B(u)u" = (A(u, u') — oE(u))u'.
In the previous, expression, the speed of the wave o is a real parameter. Then u solves

/

u v

v = (A(u, v) — UE(U))’U (1.18)

oy
£

(

0_/

|
e

The point (ut, 0, \;(u™)) is an equilibrium for (1.18). Also, one can prove that a center manifold around
(ut, 0, Ai(u™)) has dimension N + 2.

Fix a center manifold M€, then M€ is invariant for (1.18). Also, if (u, v, o) is a solution to (1.18) laying
on M€, then

u = ’Uifz(uu (%3 01)
vi = ¢i(u, vy, 04)v; (1.19)
ol =0.

The functions 7; and ¢; are defined in Section 3.2.1.
The construction of Tsiiu"r works as follows. Fix s; > 0 and consider the following fixed point problem,
defined on a interval [0, s,]:

ur) = ut+ [ " ((©), vi(6). 0i(€))de

Ui(T) = fi(Tu U, Vi, Ui) - CODCfi(T, U, Uy, Ui) (120)

oi(1) = ﬁ—CODCfi(T, u, Vi, 0;).

dr

We have used the following notations:

fi(t) = /OT Ailui, vi, o](€)d,

where

Ailui, vi, 03](€) = ¢ (ui(@, vi(§), 0i(§)) + cg(to)o.
Also, concf; denotes the concave envelope of the function f;:
concf; (1) = inf{h(s) : his concave, h(y) > fi(y) Yy € [0, s}

One can show that the fixed point problem (1.20) admits a unique solution.
The link between (1.20) and (1.18) is the following: let (u;, v;, 0;) satisfy (3.17). Assume that v; < 0 on
la, b[ and that vi(a) = vg(b) = 0. Define «;(7) as the solution of the Cauchy problem

dai 1

dr :+_bvi(7')
a

O‘i( 2 ):

then (u; o a, v; 0 @, 0; 0 ;) is a solution to (3.16) satisfying

lim w; 0 a;(x) = ui(a) 111;1_1 u; o () = u;(b).

Thus, u;(a) and u;(b) are connected by a travelling wave profile.



On the other side, if v; = 0 on the interval [¢, d], then the following holds. Consider R u(c), the integral
curve of r;(u) such that Rju(c) = u(c). Then u(d) lays on R% u(c), thus u(c) and u(d) are connected by a
rarefaction or by a contact discontinuity.

If s; < 0, one considers a fixed problem like (1.20), but instead of the concave envelope of f; one takes
the convex envelope:

conv f; (1) = sup{h(s) : his convex, h(y) < fi(y) Vy € [0, s;]}.

Again, one can prove the existence of a unique fixed point (u;, v;, 0;).
The curve T7 u™ is defined setting
T!u™ = u(s;).

Si

This curve contains states that are connected to u™ by rarefaction waves and shocks with speed close to
)\1‘ (qu)
If u= = T! u*, then the limit of the approximation (1.17) is

u™ x> 0;(0)t
u(t, z) = ¢ wi(s) x = o;(s)t (1.21)
ui(8;) = Tsiiqu x < oi(si)t

In the previous expression, o; is given by (1.20) and it is a monotone non increasing function.

It can be shown that in the case of conservative systems with only genuinely non linear or linearly
degenerate fields the i-th curve of admissible states Tsiiu*‘ defined in [7] coincides with the one described
n [39]. Once Tsiiu‘F is known, then one defines 9 as in (1.16) and find the limit gluing together pieces like
(1.21).

In Section 3.2.2 we give a characterization of the limit of

E(uf)uf + A(u, eul)us = eB(uf)us, u® € RN
us(t, 0) = ap (1.22)
uf(0, x) = qo.

when the boundary is not characteristic, i.e. when none of the eigenvalues of E~'A can attain the value
0. The idea is to costruct a locally invertible map ¢ which describes all the states that can be connected
to o, in the sense that is specified in the following. Loosely speaking, the map ¢ represents for the initial
boundary value problem what the map v defined in (1.16) represents for the Cauchy problem. Once ¢ is
defined, one takes @ as in (1.22) and imposes

Up = (b(’l_l,o, Sl...SN).

If 4y and @, are sufficiently close, then this relation uniquely determines the values of s ...sy. Once these
values are known, then the limit u(¢, ) is uniquely determined. More precisely, one can define the value of
u(t, z) for a.e. (¢, ). We will come to this point later.

The construction of the map ¢ works as follows. Denote by A1 (u) ... Ay (u) the eigenvalues of E~(u)A(u, 0)
and by r1(u)...ry(u) the associated eigenvectors. Also, assume that for every u,

M) <. Au) <—ec<0<ce< Apt1 < ... An(w)

In other words, n is the number of negative eigenvalues of E~*(u)A(u, 0). These eigenvalues are real because
this is one of the hypotheses listed in Section 2 (Hypothesis 3).

For i = n+1...N consider the i-th curve of admissible states. Fix N — n parameters s, 41 ...sy and
define

— _ mgmn+l N—1 N —
u="Tg5"" 0...T; ~  oTy uo.



As before, the notation Tsjyvj o TSJYV 1y means that the starting point of Tsjyvj is

TS]YV U, TON 1= TSJX,QO- Thanks to the results in [7] we quoted before, % is connected to @y by a sequence of
rarefaction waves and shocks with stricly positive speed.
To complete the construction, one considers steady solutions of

E(u)us + A(u, ug)uy = B(uw) g,

i.e. couples (U, p) such that

U=p
{ B(u)p' = A(u, p)p (123)

The point (@, 0) is an equilibrium for (1.23). As shown in section 3.2.2, the stable manifold around (&, 0)
has dimension n, i.e. has dimension equal to the number of strictly negative eigenvalues of E~1A. Also, the
following holds. Let 1 be a map that parameterizes the stable manifold, then v takes values into RY x RY
and it is defined on a space of dimension n. To underline the dependence on @ we will write ¥ (@, s1 ... $p).
Denote by 7, the projection

oy RY x RN — RV
(u, p) = u

Fix n parameters s; ... s, and consider m, o ¥ (@, s1...$,). Consider the problem

{ A(u, Uz )y = B(u)ugy
u(0) =m0 (T, $1 ... 8n),

then there exists a unique solution of this problem such that

mgrfw u(zx) = a.

Setting u®(x) := u(x/e), one finds a solution of

~
I~
L
m
IS
)
N~—
£
)
Sv
S
2)
S~—
S
)

such that u®(0) = m, 0o 9(@, s1...s,) and for every z > 0,

lim «®(z) = .
Jim, (z)
In this sense, we say that there is a loss of boundary condition when passing to the hyperbolic limit, because
the boundary condition 7, o ¥ (@, $1...s,) disappears in the limit. We point out that the idea of studying
steady solutions to take into account the loss of boundary condition was already exploited in many previous
work, e.g in [28].

To complete the characterization of the limit, we define ¢ as

&(Tg, 81...8N) =Ty © g[J(TS"ntll o. ..Tgvj o Tj}fvao, S1... sn).
In section 3.2.2 we prove that the map ¢ is locally invertible, i.e. the values of s1...sy are completely
determined is one sets
Up = (b(’l_l,o, S1.. .SN).

We take the same @, as in (1.22). As pointed out at the beginning of the paragraph, once s;...sy are
known, then the value of the self similar solution u(¢, ) is determined for a.e. (¢, ). One can indeed glue
together pieces like (1.21). In particular, it turns out that the trace of u(¢, ) on the axis z = 0 is

]

_ qmn+1 N—-1 N -
=Tg " 0... T~ 0Ty, uo.

As we have already underlined before, the relation between @, (the boundary datum in (1.22)) and @ is
interesting for the study of hyperbolic initial boundary value problems.



In Section 3.2.3 we give a characterization of the limit of the parabolic approximation

E(uf)uf + A(u, euf)us = eB(uf)us, uf € RN
us(t, 0) = ap (1.24)
u®(0, x) = qo.

when the boundary is characteristic, i.e. one eigenvalue of E~'A can attain the value 0. The characterization
of the limit works as follows. We costruct a locally invertible map ¢ which describes all the states that can
be connected to 4. Once ¢ is defined, one takes @, as in (1.24) and imposes

Up = (b(l_l,o, Sl...SN).

If 4p and @, are sufficiently close, then this relation uniquely determines the values of s ...sy. Once these
values are known, then the limit u(¢, ) is uniquely determined.

Formally, the idea is the same as in Section 3.2.2. However, the construction of the map ¢ is definitely
more complicated in the boundary chararacteristic case.

Roughly speaking, the reason is the following. Let A1 (u)... Ay (u) be the eigenvalues of E~!(u)A(u, 0).
They are real by Hypothesis 3. Assume

)\1(’&) < ...)\kfl(u) < —c< )\k(u) <c< /\k+1 < /\N(u),

where c is a suitable positive constant. In other words, there are at least k — 1 strictly negative eigenvalues,
N — k strictly positive eigenvalues and one eigenvalue close to 0.
Define

k+1 N—-1 N ~
_T5k+1 TSN 1 OT UO’

then uy is connected to g by rarefaction waves and shocks with stricly positive speed. We now want to
define the k-th curve of admissible states. To define Tskk Uy, we might try to consider the fixed point problem

T

u(r) = g + / Fo(ul€), vk (€), on(€))de

() = (T u, Vg, ox) — concfr (T, u, vg, or) (1.25)

Q

6(T) = CE(uo)d concfr (T, u, vk, ok),

where 7, fr and cg are the same as in (1.20). However, if we consider (1.25) we are not doing the right
thing. Indeed, we might have that the speed o) is negative at a certain point 7. Since eventually we want
to define the limit u(¢, ) as in (1.21), we want o, to be greater then 0.

Another problem is the following. Consider the system satisfied by steady solutions of

E(u)us + A(u, ug)u, = B(u)ug,,

i.e. consider

U=p
{ B(u)p' = A(u, p)p (1.26)

Also, consider the equilibrium point (@, 0). Let M?* be the stable manifold of (1.26) around (u, 0). For
simplicity, assume A (%x) = 0. Then, there might be a solution (U, p) such that

lim (U(:v), p(x)) = (ﬂk, O)

r——+00

but (U, p) does not belong to the stable manifold. However, this kind of solution should be taken into
account when we study the loss of boundary condition.
To tackle these difficulties one can proceed as follows. Instead of the fixed point problem (1.25), one

considers .

u(r) =+ [ Alu(e), wle). on(e)de
vk (7) sz(T u, Vg, o) — monfr (7, u, v, o) (1.27)
—mon (7, u, vk, o).

Uk(T) E Uo) d
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In the previous expression, mon fj, denotes the monotone concave envelope of the function f,
mon f(7) = inf {g(T) 2 g(s) > fr(s) Vs, g concave monotone non decreasing in [0, s;] }

Some properties of the monotone envelope are discussed in Section 3.1.2, here we stress that monfy is a
concave and non decreasing function, thus the solution oy, of (1.27) is always non negative.
Also, the following holds. Denote by (ug, vy, ox) the solution of (1.27) (existence and uniqueness are
proved in Section 3.2.3). Define
s =min{s: ox(s) =0} (1.28)

and
s =max{s: or(s) =0, vg(s) =0}.

Assume 0 < § < s < si. Then ug(8) is connected to @y by a sequence of rarefaction and shocks with positive
speed. Also, one can show that there exists a steady solution U,

A(U, U,)U, = B(U)Uy,

such that U(0) = uy(sx) and
lim U(z) = uk(s).
Tr——+00
However, in general this solution does not belong to the stable manifold of system (1.26). This means
that considering system (1.27) we also manage to take into account the converging steady solutions we were
missing considering just the stable manifold of (1.26).

Heuristically, to complete the construction one should consider the stable manifold of (1.26) and hence
take into account the steady solution that, for z that goes to +oo, converge to u(s) with fast exponential
decay, in the sense specified in Section 3.2.3. Actually, the situation is more complex. The reason, loosely
speaking, is the following . There may be a solution U that converges to ux(s) and such that some of
its components converge with fast exponential decay, but other components converge more slowly. This
possibility is not covered if we consider only the solutions laying on the stable manifold and those given
by (1.27). To take into account this possibility some technical tools are introduced. More precisely, one
considers suitable manifolds: center stable manifold and uniformly stable manifold. The existence of these
manifolds is a consequence of results in [33], but some of the most important properties are recalled in
Section 3.2.3.

Eventually, one manages to define a locally invertible function ¢. One then takes @, as in (1.24) and
imposes

Up = (b(’ﬁo, S1.. .SN).

If up and @ are sufficiently close, then this relation uniquely determines the values of s1 ... sy. Once these
values are known, then the limit u(¢, x) is uniquely determined and can be obtained gluing together pieces
like (1.21). In particular, it turns out that the trace of u on the x axis is ux(5), where uy solves (1.27) and
5 is given by (1.28).

1.1.3 Section 4: the characterization of the hyperbolic limit in the case of a singular viscosity
matrix

In Section 4 we discuss the characterization of the limit of (1.1) when the matrix B is not invertible. Actually,
because of the hypotheses introduced in Section 2, one studies the limit of

uf + A(uf, eud)us = eB(u)us, u® € RN
B(us(t,0) =g (1.29)
u®(0, ) = 4o

This system is equivalent to (1.1) in the sense specified in Section 2.2. Also, 8 = B(u(vs)): a precise

definition is given Section 2. In particular, $ ensures that the initial boundary value problem (1.29) is well
posed. Section 4 is divided into several parts.
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In Section 4.1 we introduce some preliminary results. The point here is the following. In Section 3 we
give a characterization of the hyperbolic limit when the viscosity matrix is invertible. A key point in the
analysis is the study of travelling waves

[AU, U") — e E(U)|U' = BU)U” (1.30)

and of steady solutions
AU, UNU' = B(U)U". (1.31)

To give a characterization of the hyperbolic limit when the viscosity matrix is not invertible, we have to
study again systems (1.30) and (1.31). However, being the viscosity matrix B singular, a technical difficulty
arises. Let us focus, for simplicity, on the case of steady solutions. If B is invertible, we can write

U =p
{ P = B(u)"Alu, p)p (1.32)

In this way, we write system (1.31) in an explicit form. On the other side, if the matrix B is singular,
additional work is required to reduce (1.31) in a form like (1.32). This is indeed done in Section 4.1. What
we actually obtain is not a 2N-dimensional first order system like (1.32), but a lower dimensional first order
system. The exact dimension depends on the structure of the matrix A, in the sense specified in Section 4.1.

In Section 4.2.1 we review the characterization of the hyperbolic limit in the case of a Riemann problem,
i.e. the limit of

uf + A(uf, eud)us, = eB(uf)us, u® € RN
ut x>0
€ — -
u(O,x)—{u x<0

As for the case of an invertible B (Section 3.2.1), the key point in the analysis is the description of the
i-th curve of admissible states T u". However, there are technical difficulties due to the fact that B is not
invertible. Actually, in Section 4.2.1 we only give a sketch of the construction, and we refer to [7] for the
complete analysis.

In Section 4.2.2 we introduce a technical lemma. The problem is the following. Consider a steady
solution (1.31) and assume that it is written in an explicit form like (1.32). This is possible thanks to the
considerations carried on in Section 4.1. Given an equilibrium point for this new system, consider the stable
manifold around that equilibrium point. For reasons explained in Section 4.2, we need to know the dimension
of this stable manifold. Lemma 4.7 ensures that the dimension of the stable manifold is equal to n —n1; — g,
where n is the number of strictly negative eigenvalues of A, ni1 is the number of strictly negative eigenvalues
of the block A1 and ¢ is the dimension of the kernel of the block Aj;. The block Ayp is defined by (1.5).
Lemma 4.7 gives an answer to a question left open in [44].

In Section 4.2 we discuss the characterization of the hyperbolic limit of

uf + A(uf, eud)ul = eB(u)us, u® € RN
Bus(t, 0)) =g (1.33)
u®(0, ) = 4o

when the matrix B is singular, but the boundary is not characteristic, i.e. none of the eigenvalues of
E~1(u)A(u, 0) can attain the value 0.

To provide a characterization, we construct a map ¢(@o, Spyy+q+1---Sn) which enjoys the following
properties. It takes values in RV and when Snii+q+1---SN vary it describes all that states that can be
connected to g, in the sense specified in the following. Note that similar functions are constructed in
Section 3.2.2 and Section 3.2.3 and they are used to describe the limit of the parabolic approximation when
the viscosity is invertible. However, in those cases the functions depend on N variables, while in the case of
a singular matrix B the function ¢ depends only on (N — ny; — g) variables.

Also, in the case of a singular viscosity we have to compose ¢ with the function 3, which is used to assign
the boundary datum in (1.33). It is possible to show that the map 8 o ¢ is locally invertible, in other words
the values of sy,,, 441 ...5n are uniquely determined if one imposes

Bo¢(8n11+q+1"-5N) =9, (134)
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provided that |B(zg) — g| is small enough. We will plug the same g as in (1.33). Once the values of
Snii+q+1 - - - SN are known, the limit u(¢, z) can be determined a.e. (¢, z) in the same way as in Sections
3.2.2 and 3.2.3. In particular, one can determine exactly the value of the trace of the limit v on the axis
x = 0. As pointed out before, this is important for the study of hyperbolic initial boundary value problems.
The construction of the map ¢ works as follows. Denote as before by n the number of the eigenvalues
of E=1(u)A(u, 0) that are strictly negative, since the boundary is not characteristic the number of strictly
positive eigenvalues is N —n. For ¢t = n+1...N, let T; be the i-th curve of admissible states, whose
construction is reviewed in Section 4.2.1. Fix s,,41 ...y and define
i="T o TN} o TN d. (1.35)

1

As before, with the notation Tsjyvj o TSZYV o we mean that the starting point of Tgvjl is TSJYV Ug, i.e.

N-1_mN - _ pN =
Ty~ o Ty g = Ty Uo-

The value u is connected to @y by a sequence of rarefactions and shocks with strictly positive speed.
To complete the construction, we consider steady solutions of

E(u)us + A(u, ug)u, = B(u)ug,,

i.e. we consider solutions of
A(u, ug)uy = B(u)ugy (1.36)

In Section 4.1.2 we discuss this system and we explain how to write it as first order O.D.E.. Also, in
Section 4.2.2 we study the stable manifold of (1.36) around an equilibrium point such that u = @ and
uy = 0. In particular, we prove that this manifold has dimension n — n11 — ¢. Let (@, Snyy4q - - - Sn) & map
that parameterizes the stable manifold (we are also putting in evidence the dependence on u). For every
Snii+q - - - Sn there exists a solution u of (1.36) such that w(0) = ¥(@, Sny,+4q - - - Sn) and

mgr}rloo u(zx) = a.

setting u®(z) := u(x/e) one obtains a steady solution of

E(u)u; + A(u®, eul)ul, = B(u®)u;

x

such that for every = > 0

lim v®(x) =a.

e—0F
In other words, we experience again a possibile loss of boundary condition from the parabolic approximation
to the hyperbolic limit.

The map ¢ is then defined as follows:

(b(’ﬁo, Sniitg+l - - .SN) = ’lﬁ(T;;ti o... TS]YV’TLQ, Sniitqtl - - Sn).
In Section 4.3 we prove that o ¢ is locally invertible with respect to sy, 44+1-..5N-

Here, instead, we point out the following. The fact that the dimension of the stable manifold of 1.36 has
dimension n — ny; — ¢ is proved in Section 4.2.2 and it is not, a priori, obvious. However, n — nij; — q is
exactly the number that makes things works if one wants the function o ¢ to be locally invertible, in the
sense that 8o ¢ takes values in RV ~"117¢ and hence to be locally invertible it should depend on N —ni; —gq
variables. Since we have to take into account N — n curve of admissible states, we are left with n —ny; — ¢
variables for the stable manifold.

In Section 3.2.2 we provide a characterization of the limit of

uf + A(uf, eud)us = eB(uf)us, u® € RN
B(us(t,0)) =g (1.37)
u®(0, z) = 4o
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when the matrix B is singular and the boundary is characteristic, i.e one of the eigenvalues of A can attain
the value 0. Actually this case requires no new ideas, in the sense that one can combine the techniques that
are described in Section 3.2.3 (to deal with the fact that the boundary is characteristic) and in Section 4.2.3
(to deal with the singularity of the matrix B).

Finally, in Section 4.3 we introduce a technical lemma which guarantees that the function o¢ in (1.34) is
locally invertible. We also provide a more general definition for the function 8. Such a definition still ensures
that the initial boundary value problem (1.37) is well posed and that the map 8 o ¢ is locally invertible.

1.2 Unquoted references

Existence results for hyperbolic initial value problems were obtained in [31] and [45] relying on an adaptation
of the Glimm scheme of approximation introduced in [29].

These results were later improved by mean of wave front tracking techniques. These techniques were
used in a series of papers ([14, 15, 18, 19, 20, 21, 22, 23]) to establish the well posedness of the Cauchy
problem. A comprehensive account of the stability and uniqueness results for the Cauchy problem for a
system of conservation laws can be found in [16]. There are many references for a general introduction to
system of conservation laws, for example [25] and to [46]. As concerns initial boundary value problems, in [1]
the existence results in [31] and [45] were substantially improved, while well posedness results were obtained
in [26].

In [2] it is studied the limit of the wave front tracking approximation. In particular, the authors extended
to initial boundary value problems the definition of Standard Riemann Semigroup. Such a notion was
introduced in [15] for the Cauchy problem. Roughly speaking, the analysis in [2] guarantees that to identify
the semigroup of solutions it is enough to consider the behaviour of the semigroup in the case the initial
and the boundary data are constant. It hence one of the most important motivations for the study of the
parabolic approximation (1.1).

Acknowledgments: the authors express their gratitude to Denis Serre for having carefully read a previous
version of the work and for his useful remarks. Also, the authors wish to thank Jeffrey Rauch for useful
observations concerning the definition of boundary condition for the hyperbolic-parabolic system. Finally,
we would like to thank Fabio Ancona for his useful remarks concerning the concave envelope of a function.

2 Hypotheses

This section introduces the hypotheses exploited in the work.

The exposition is organized as follows. In Section 2.1 we introduce the hypotheses we impose on system
(1.2) when the viscosity matrix B is invertible. In Section 2.2 we discuss the hypotheses exploited when the
matrix B in (1.1) is singular. Finally, in Section 2.3 we introduce the hypotheses needed in both the cases,
when the matrix B in (1.1) is invertible and when it is not.

In Section 2.2.1 we also discuss three examples which show that, if some of the conditions introduced
are not satisfied, then there may be pathological behaviors, in the sense specified there. Also, we define the
function B used to assign the boundary condition in (1.1).

In [13] it will be discussed a way to extend to a more general setting the condition of block linear
degeneracy, which is the third condition in Hypothesis 2.

2.1 The hypotheses assumed when the viscosity matrix is invertible

In this section it is considered the system

v + AV, V) vp = B(0)Uga (2.1)

14



in the case the viscosity matrix E(v) is invertible. We assume the following.

Hypothesis 1. There exists an (invertible) smooth change of variables v = v(u) such that (2.1) is equivalent
to system
E(u)us + A(u, ugz)u, = B(u)ug,, (2.2)

where

1. for any u, the matriz E(u) is real, symmetric and positive definite: there exists a constant cg(u) such
that

¥& € RY, (E(u)g, &) > en(u)l¢l”
2. for any u, the matriz A(u, 0) is symmetric.

3. for any u, the viscosity matriz B(u) is real and there exists a constant cg(u) > 0 such that
VEERY, (B(u)S, €) = ep(w)lel,

In particular, the matrix F(u) may be the differential Dv(u) of the change of coordinates.

The initial boundary value problem (1.2) is equivalent to
uf + A(uf, eud)ul = eB(u)us, u® € RN
u(t, 0) = up (2.3)
u®(0, z) = 4o,

where v(tg) = U9 and v(4p) = Up. Indeed, one can verify that, thanks to the invertibility of the viscosity
matrix, it is possible to assign a full boundary condition i, € R¥.
In the case system (2.1) is in conservation form

v+ [ = (Bloyw,) (2.4)
xr
Hypothesis 1 is guaranteed by the presence of a dissipative and convex entropy.
For completeness we recall that the entropy 7 is dissipative for (2.4) if for any v there exists a constant
¢p(v) such that

VE RN, (D*n(v)¢, B(v)€) > cp(v)[¢f? (2.5)

It is known (see for example [30]) that if system (2.1) admits a convex entropy 7, then there exists a
symmetrizing and invertible change of variable v = v(u). More precisely, if the inverse function u(v) is
defined by u = Vn(v), then v satisfies system (2.2), with A(u, 0) symmetric and given by

0

A(u, 0) = Df (v(u)) (Dzn(v(u))>_l o (B(v(u)) (D2n(v(u))>_1) = Df(v(u)) (Dzn(v(u))>_l

Uup=0
Moreover, -
E(u) = (D277(v(u)))

is symmetric (being the inverse of an hessian) and positive definite by convexity, while the dissipation
condition (2.5) guarantees that

B(u) = B(v(u)) (D277(U(u))) B

is positive definite. Hence Hypothesis 1 is satisfied.
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2.2 The hypotheses assumed when the viscosity matrix is not invertible
The aim of this section is to introduce the hypotheses that will be needed in Section 4 to study system

v + AV, vp)vy = B(V)Vaa (2.6)
in the case the viscosity matrix is singular.

Hypothesis 2. There exists an (invertible) smooth change of coordinates v = wv(u) such that (2.6) is
equivalent to system

E(u)us + A(u, ug)u, = B(u)ug,, (2.7)
where

1. the matriz B(u) has constant rank r < N and admits the block decomposition

B(u) = ( X b&) > (2.8)

with b(u) € M"™*". Moreover, for every u there exists a constant cp(u) > 0 such that
VEER', (b(u), &) = epn(u)lgf.
2. for any u the matriz A(u, 0) is symmetric. Moreover, the block decomposition of A(u, u,) correspond-
ing to (2.8) takes the form
< All(u) Alz(u) ) , (2.9)

A21 (’U,) A22 (’U,, ’U,m)

with Ay € MV=X(N=") = A1 € MIN=7%7 - Ay € M (N=7) and Agy € M%7, Namely, only in the
block Aso depends on uy.

3. a condition of block linear degeneracy holds. More precisely, for any o € R the dimension of the kernel
ker[A11(u) — o E11(u)] does not depend on w, but only on o.
This holds in particular for the limit cases in which the dimension of ker(A11 —oE11) is equal to N —r

or to 0.

4. the so called Kawashima condition holds: for any u,

ker(B(u)) N {eigenvectors of E~'(u)A(u, 0)} =0

5. for any u, the matriz E(u) is real, symmetric and positive definite: there exists a constant cg(u) such
that

VEERY, (E(u), &) > ca(u)lsf.
In the following, we will denote by

_( Bu(u) Eiz(u)
B(u) = ( T B ) (2.10)

the block decomposition of E(u) corresponding to (2.8).

The change of variable v = v(u) guarantees that the initial-boundary value problem (1.1) is equivalent
to
E(uf)uf + A(u, eul)us = eB(uf)us, uf € RN
Bus(t, 0)) =g (2.11)
u®(0, x) = o,

where v(ig) = o, v(tp) = Uy, B(uf) = B(v(u®)).
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Relying on the block decomposition of the viscosity matrix described in Hypothesis 2, in Section 2.2.1
the explicit definition of the function 8 is introduced. Moreover, in Section 4.3 such a definition is extended
to a more general formulation.

In order to justify the assumptions summarized in Hypothesis 2 it will be made reference to the works
of Kawashima and Shizuta, in particular to [34] and to [37].

In particular, in [37] it is assumed that the system in conservation form

v+ f(0)e = (B(v)vz)w (2.12)

admits a convex and dissipative entropy 7 which moreover satisfies

-1 . ~

-1
(D)) BO)" = B) (D)) .
If one performs the change of variables defined by w = Vn(v), finds that system (2.6) is equivalent to

E(w)w;, + A(w)w, = (B(w)wz) ,
with A and B symmetric.
It is then introduced the assumption

Condition N: the kernel of B(w) does not depend on w.

and it is proved that Condition N holds if and only if there exists a change of variable w = w(u) which
ensures that system (2.12) is equivalent to

E(u)us + A(u, ug)uy = B(u) g,

for some F(u) that satisfies condition 5 in Hypothesis 2 and some A(u, u,) and B(u) as in condition 2 and
1 respectively.
Moreover, it is shown that Condition N is verified in the case of several systems with physical meaning.

On the other side, the fourth assumption in Hypothesis 2 is the so called Kawashima condition and was
introduced in [34]. Roughly speaking, its meaning is to ensure that there exists an interaction between the
parabolic and the hyperbolic component of system (2.6) and hence to guarantee the regularity of a solution
(2.6).

Examples 2.1 and 2.2 in Section 2.2.2 show that, if the condition of block linear degeneracy is violated,
then one encounters pathological behaviours, in the following sense. One may find a solution of (2.6) that
are not continuously differentiable. This is a pathological behaviour in the sense that, when one introduces
a parabolic approximation, one expects a regularizing effect. In Section 1.1.1 we explain why it is interesting
to look for an extension of the condition of block linear degeneracy to a more general setting. This problem
will be tackled in [13].

Finally, Example 2.3 show that if the first condition in Hypothesis 2 is violated, then one can have
pathological behaviours like the one described before. In other words, if the rank of B can vary, then one
may find a solution of (2.7) which is not continuously differentiable.

2.2.1 An explicit definition of boundary datum for the parabolic problem
Thanks to Hypothesis 2 system (1.2) is equivalent to

E(u)us + A(u, um)uz = B(u)Ugy ueRN
Bu)(t,0) =g (2.13)
u(0, z) = o,

where B(uf) = B[v°(u)]. In this section we define the function 8. Once B(u) is known, one can obtain B(v)
exploiting the fact that the map v(u) is invertible. In Section 4.3 we extend this definition to a more general
setting.
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Let r be, as in the statement of Hypothesis 2, the rank of the matrix B. Decompose u as u = (u1, uz)?,
where u; € RV=" and ug € R”. then the equation

E(uw)u; + A(u, uz)ux = B(u)Uyzy

can be written as

{ Enui + Erougy + Ariuig + Aiaug, =0 (2.14)

Eorui + Eoougy + Ao1uie + Asotoy = busgs

The blocks Eq1, A11 and so on are as in (2.9) and (2.10).

In the first line of (2.14) only first order derivatives appear, while in the second line there is a second
order derivative ua,,. In this sense, u; can be regarded as the hyperbolic component of (2.14), while s is
the parabolic component. As explained in section 1.1.1, one can impose r boundary conditions on us, while
one can impose on u; a number of boundary conditions equal to the number of eigenvalues of El_llAH with
strictly positive real part.

We recall that we denote by n1; the number of strictly negative eigenvalues of A11, by ¢ the dimension
of kerA;; and by n the number of strictly negative eigenvalues of A. One can prove that the number of
eigenvalues of El_llAll with strictly negative real part is equal to ni; (see Lemma (3.1) in Section 3.1.1,
which was actually introduced in [6]). Also, the dimension of the kernel of E;' A1y is q.

Let C;(u, 0) € RN~ be an eigenvector of Ey' A11 (u) associated to an eigenvalue 7; with non positive real

part. Let Z;(u, 0) € RN be defined by
- C:
Z; = ( 0 (2.15)

Z(u) == span(Zi(u, 0),..., Zn,,+4(u, 0)).

i = (& ) ee( )% Yo P )

where €; € R" are the vectors of a basis in R” and @; € RN~ are the eigenvectors of El_llAH associated to
eigenvalues with strictly positive real part.
Since W(u) ® V(u) = RY, every u € RY can be written as

and finally let

Finally, let

U= Uy + Uz, Uy € W), u, € Z(u). (2.16)

in a unique way.

We define 8§ as follows.

Definition 2.1. The function 8 which gives the boundary condition in (2.11) is

g :RY — RN-mu—a

(2.17)
U U,
where u, is the component of u along W(u), according to the decomposition (2.16).
We refer to Section 4.3 for an extension of this definition.
2.2.2 Examples
Example 2.1. This example deals with the equation
A(u, ug)uy = B(u)uyg, (2.18)

in the case the condition of block linear degeneracy (the third in Hypothesis 2) does not hold.
System (2.18) is satisfied by the steady solutions of (2.7). One therefore expects the solution of (2.18)
to have good regularity properties: the example which is going to be discussed show that if the condition of
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Figure 1: the graph of the function uq(z) in Example 2.1
Uy

Ul (O)

u1(0) x

block linear degeneracy does not hold a function u satisfying (2.18) may have the graph illustrated by Figure
1 and hence be not C'. Moreover, the figure suggests that a pathological behavior typical of the solution
of the porous-media equation may occur, namely it may happen that a solution is different from zero on a
interval and then vanishes identically. Let u = (uy, u2)T and let

B(u)_<8 g’)

Ay, ug) = ( 11“ (1), )

Then the assumption of block linear degeneracy is not satisfied in a neighborhood of u; = 0: we therefore
impose the limit conditions

and

li =0 li = 0.
L (@) A u2(o)

In this case equation (2.18) writes

UL = Uy '

Since the equation satisfied by u; admits more solutions in a neighborhood of u; = 0, to introduce a selection
principle we proceed as follows.
We consider a solution u” = (u}, u4)T of (2.18) such that

. VN
ml{r-ir-loo uf(z) = v.
The parameter v is positive and we study the limit ¥ — 0%. Fix the initial datum u19 > 0. The component
uY satisfies the Cauchy problem
v —uj
uy (2.20)
uy(0) = ugy

v
Uy =

If v is sufficiently small then u1p > v and hence u;, is always negative. In other words, u} is a monotone
non increasing function which satisfies v < u¥(x) < uyg for every z. Also, note that if vy < vy then, for
every x,

uf(z) < ub(x). (2.21)
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This can be deduced by a comparison argument applied to the Cauchy problem (2.20). Indeed, if u¥ > 0

then y y
v—uy'  v-—uj?

uyt uy?
In particular, from (2.21) we deduce that for every x u¥(x) is monotone decreasing with respect to v and

hence it admits limit v — 0%.
Denote by u; the pointwise limit of u¥ for v — 07: we claim that u; satisfies

U (ulm + 1) =0.
Indeed, let
zo = min{z : u'(z) = 0}.

If © < xg, then by monotoniticity for every v and for every y < = uio > u¥(y) > ui(z) > 0. Also, if v is
sufficiently small then u¥(x) > 0 and by monotonicity v} (y) > u¥(x) > 0. Consider the relation

Ty —u¥
uf (z) =U10+/ 71@)65?/

0 uf (y)

We take the limit ¥ — 0" and, applying Lebesgue’s dominated convergence theorem, we get
up () = u1o — .

On the other side, if > x then by monotonicity u1(z) < 0. On the other side, ui(z) > 0 for every x. We
conclude that ui(z) = 0 if 2 > xy. In other words, zp = u1p and

up —r x < ujg
u(z) =
1( ) { 0 ,TZ’U,lo.

This function ha the graph illustrated in Figure 1 and it is not continuously differentiable. In this sense, we
encounter a pathological behaviour.

Remark 2.1. An alternative interpretation of the previous considerations is the following.
Consider the family of systems

UIUIy + U2y =0
Uly = U2z (222)
u1(0) =wv limg 400 u1(z) =y limg 400 u2(z) =0

parametrized by the limit value y € R. Let U;(y) be the set of the values v such that (2.22) admits a
solution. The ODE satisfied by u; is
Yy—w
U1

Ule =

when u; # 0. From a standard analysis it turns out that when y > 0, then U (y) =]0, +00[. When y = 0,
U1 (0) = [0, +o0[, while when y < 0, U; (y) = {y}.

In other words, U; is a manifold of dimension 1 when y > 0, a manifold with boundary and with dimension
1 when y = 0, while when y < 0 the dimension of the manifold drops to zero, i.e. the manifold reduces to a
point.

Example 2.2. Example 2.1 shows that, if the condition of blcok linear degeneracy (the third in Hypothesis
2) is not satisfied, then one can find a steady solution of

E(u)us + A(u, uz)uy = B(uw) g, (2.23)

which is not continuously differentiable.
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Figure 2: the graph of the function u;(z) in Example 2.2

Uy
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N

up ()

As we see in the following sections, steady solutions are important when studying the limit of the parabolic
approximation (2.13). Other solutions that play an important role are travelling wave solutions, i.e U such
that

(A(U, U’y — UE(U)) U = BU)U". (2.24)

In the previous expression, o is a real parameter and it is the speed of the travelling wave. More precisely,
in the following sections we study travelling waves such that o is close to an eigenvalue of the matrix E~1A.
Let

up 1 0 0 00
Au, ug) := 1 10 Bu):=| 0 1 0 |, (2.25)
0 0 0 0 01

which are obtained from a system in conservation form

up + f(u), = (B(u)ux)

x

where r
f(w) = (w3/2+ uz, w1 + 12, 0)

and B(u) is the constant matrix defined by (2.25).

The matrix A defined by (2.25) has an eigenvalue identically equal to zero: we will focus on the travelling
waves with speed ¢ = 0.

System (2.24) can then be rewritten as

UIU1y + U2y =0
Uty + U2ge = Uogy (226)
0 = U3zzx-

As in the case considered in Example 2.1, the condition of block linear degeneracy is not satisfied in a
neighborhood of u; = 0 and therefore we study travelling wave solutions such that

mglfoo up(z) =0 mglfoo uz(x) =0 ml{r—ir-loo uz(x) = 0.

From system (2.26) and from the previous condition one obtains

u2/2+uz =0
Uy + Uz = U2y
us = 0.
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Hence in the following we ignore the third component of the solution and we study only the first two lines
of the system, which can be rewritten as

{ Uz = —ui/2 (2.27)

_ .2
ULU1, = UT /2 — uy.

If uy # 0, the second line is equivalent to
Uiy = U1/2 —1.

Fix ujo such that 0 < u19 < 2. We impose u;(0) = u1g and we obtain
ul(x) =2+ (u10 — 2)6x/2,

This solution can be extended as far as uy > 0: when u; reaches the value zero, (2.27) admits more that one
solution.
In order introduce a selection principle, we proceed as in Example 2.1 and we introduce a family of
solutions u” = (uy, u¥, uf) of (2.24) such that
lim wy(z)=v lim wy(z) =0 lim wf(z) = 0. (2.28)
r——+00 Tr——+00 Tr——+00
We also impose u¥(0) = u1o. In the previous expression, v is a small and positive parameter and we study
limit ¥ — 07. One can repeat the same considerations as in the previous example and conlude that when
v — 07 the solution u} converges pointwise to

uy (x) = 2+ (u (0) — 2)e/? x < 2log (2/(2 — Ulo))

0 x > 2log (2/(2 — U10)) (2.29)

up(x) =

This function has the graph illustrated in Figure 2 and it is not continuously differentiable.

Example 2.3. The aim of this example is to show that if in a system of the form (2.7) the rank of the matrix
B is not constant, thus contradicting the first assumption of Hypothesis 2, then pathological behaviors of the
same kind described before may appear. More precisely, we find a steady solution which is not continuously
differentiable.

We consider the system in conservation form

ur + f(u), = (B(u)ux)

x

p=(3) = (55 2)

Uy

with

for some v > 3. In this case, the rank of B(u) drops from 2 to 1 when u; reaches 0: to find out pathological
behaviors it seems therefore natural to study the solution in a neighborhood of uw; = 0. More precisely, the
attention is focused on steady solutions

fu)e = (B(u)uz) (2.30)

x

such that
lim wui(z) =0 ui(x) >0 lim we(x) =0 (2.31)

r——+00 r——+00

and it will be shown that the graph of the first component u; has the shape illustrated in Figure 3. Hence
u1 is not continuously differentiable and presents a behaviour like the one typical of the solutions of the
porous-media equation: it is different from zero on a interval and then vanishes identically.

In this case equation (2.30) writes

— (.

2w = (“1) (2.32)
Uy = U2g
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and hence after some computations one obtains

26
Uly = —u
Yy +1)
(2.33)
Ug = / u1(y)dy.
+oo
The equation satisfied by u; admits more than one solution in a neighborhood of u; = 0.
To introduce a selection principle we consider the matrix
vy — (V@) 0
and the equation
-1
us, = (B @) fw). (2.34)

In the previous expression, v is a positive parameter and we study the limit v — 07. We keep the limit
conditions (2.31) fixed. In other words, this time we do not perturb the limit condition (as in the previous
examples), but the equation itself. Note that now B” is invertible. The solution of (2.34) with limit
conditions (2.31) satisfies

v v 2’-)/ v
(u3)? = v(uy)* + m(ul)”“- (2.35)

Indeed, from

v v v\y—1,v
{ Uy = (’/Ulz +y(uy)? ulz)w
v o _ v
Uy Uzy

one obtains integrating
v o__ v v\y—1, v
{ uf = vuf, +y(uf)"" uf,
v __ v
Uy = Ugy-

Multiplying the first line by u1 = ug, and then integrating again one obtains (2.35). From (2.35) we get

v Quay@)ul,
Ug, = — > .
vu¥ + u¥)v+1
it + )
Taking uj,, = u} one eventually gets
2
B R e it
Uiy = — v
2v + y(u¥)Y
Fix u19 > 0 and consider the Cauchy problem
R
ulw = - v
2v + y(uy)”

uf(0) = ufy

One can then exploit the same considerations as in the previous examples: in particular, the fact that for
every = u¥(x) is monotone decreasing with respect to v follows from

(T

2v 4 y(u¥)”

<0
v=0, u¥ >0
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Figure 3: the graph of the function u;(z) in Example 2.3
u1(0)

u1 ()

Zo T

if ¥ < 3. One can the prove (proceeding as in the previous examples) that when v — 0%, u} converges
pointwise to a function u; satisfying

7\I/M(:zr —xp)? z < xg
ui(z) = 2y(y+1)

0 T > X,
where

vy — 2(77(7_41‘;%%—1

This function has the graph illustrated in Figure 3 and it is not continuously differentiable.

2.3 General hypotheses

This section introduces the general hypotheses required in both cases, i.e. when the viscosity matrix B in

(1.1) is invertible and when it is singular. In the statements of the hypotheses we actually make reference to

the formulation (2.1) and (2.13). Thus, in particular, we consider the same value g as in (2.1) and (2.13).
First of all, we assume strict hyperbolicity:

Hypothesis 3. There exists 0 > 0 such that, if u belongs to a neighbourhood of g of size § then all the
eigenvalues of the matriz E~1(u)A(u, 0) are real. Moreover, there exists a constant ¢ > 0 such that

inf {|Ai(u, 0) = Xj(u, 0)|} > ¢ >0 Vi#j.

We also introduce an hypothesis of convergence:

Hypothesis 4. Let
E(u®)us + A(u®, eus)us = eB(u)us,
B(us(t, 0)) = g(t)
’U’E(Ov 'r) = 17,0(17)

be a parabolic initial boundary value problem such that g, uo € L}, and

|9(0) — B(to(0))

, TotVar{g}, TotVar{aug} <o (2.36)
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For a suitable constant 6 << 1. Then we assume that there exists a time Ty, which depends only on the
bound 6 and on the matrices E, A and B, such that

TotVar{u®(t, )} <C§ Ve, t €0, Ty).
We also assume directly a result of convergence and of uniqueness of the limit:
Vit e 0, To] u(t, ) — u(t) Li,, whene — 0T TotVar{u(t)} < C6.

We point out that the uniqueness of the limit is actually implied by the next hypotheses and the unique-
ness results for the Standard Riemann Semigroup with boundary: it is made reference to [2] for the extension
of the definition of SRS to initial boundary value problems, while an application of this notion to prove the
uniqueness of the limit of the vanishing viscosity solutions was introduced in [11] in the case of the Cauchy
problem.

It is also assumed:

Hypothesis 5. It holds
B(uo) — g <o

for the same constant § << 1 that appears in Hypothesis 4.

An hypothesis of stability with respect to L! perturbations in the initial and boundary data is also
introduced:

Hypothesis 6. There exists a constant L > 0 such that the following holds.
Two families of parabolic initial boundary value problems are fized:

e Al ule)uls = Bl uls U A Uttt = Bl
G (1, 0)) = 1) B(u2(t, 0)) = (1), (2:37)
ul#(0. 2) = ah() w0, 2) = w(z)

with 4§, g' and @3, g* in L}, and satisfying the assumption (2.36).

Then for all t € [0, To] and for all € > 0 it holds

e (t) = < (0)]1r < L(Ilué @+ 8" —gznp).

From the stability of the approxunatmg solutlons and from the L], . convergence one can deduce the
stability of the limit. More precisely, let u' and u? the limits of the two approximations defined above, then

lul (t) = ()] < L(IITL& =gl + " — §2||L1)-

Finally, it is assumed that in the hyperbolic limit there is a finite propagation speed of the disturbances:

Hypothesis 7. There exist constants 3,c > 0 such that the following holds.
Let u}, g' and uf, g* in Li,, and bounded, let u®' and u®? be the solutions of (2.37) and u' and u? the
corresponding limits. If
g't)=g*(t) Vt<to ag(z)=uj(x) Vr<b

then
| (z, t) — u?(z, t)| < O(e‘cmin{|’”_max{0xB(t—to)}\,\w—b+ﬁt‘}/e) Vo € [max{0, B8(t —to)}, b — Bt].

Analogously, if
uy(r) = ui(x) VY € la, b]
then
e (z, 1) — u(z, )] < o(efcmin{lm*a*ﬁtlvlrfwtl}/e) Va € [a+ Bt, b— B,
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Figure 4: the finite propagation speed in the hyperbolic limit

to

Blt—to) b-pBt b . a+pft b-pt D

Remark 2.2. Hypothesis 7 may appear a bit technical. It implies the finite propagation speed of distur-
bances in the hyperbolic limit: an heuristic representation of this phenomenon is illustrated in Figure 4.
Loosely speaking, the reason why we need finite propagation speed is the following. We have to be sure that
the limit of (2.13) in the case of a generic couple of data (@, §) can be obtained gluing together the limit
one obtains in the case of cooked up data, namely data connected by travelling wave profiles and boundary
layer profiles.

3 Characterization of the hyperbolic limit in the case of an in-
vertible viscosity matrix

The aim of this section is to provide a characterization of the limit of the parabolic approximation (1.1)
when the viscosity matrix B is invertible. The precise hypotheses that are assumed are listed in Section 2.1
and 2.3: in particular, these hypotheses guarantee that it is sufficient to study system

E(uf)uf + A(u, eul)ul = eB(uf)us, u® € RY

uf(t, 0) = ap (3.1)

u®(0, x) = o,

where the matrices E;, A and B satisfy Hypotheses 1 and 3.

The exposition is organized as follows. In Section 3.1 we discuss some preliminary results. More precisely,

in Section 3.1.1 we recall some transversality results discussed in [6]. In Section 3.1.2 we recall the definition

of monotone envelope of a function and we introduce some related results. In Section 3.2 we review some
results in [7]. Namely, we give a characterization of the limit of parabolic approximation

E(u®)u§ + A(ua, aug)ua = eB(u®)us

u- <0
UE(O’ x)_{ ug x> 0.

In Section 4.2.3 it is given a characterization of the limit of the parabolic approximation (3.1) in the case
of a non characteristic boundary, i.e. when none of the eigenvalues of E~'A can attain the value 0. The
case of a characteristic boundary occurs when one of the eigenvalues of E~1A can attain the value 0 and it
is definitely more complicated than the previous one. The characterization of the limit (3.1) in the case of
a characteristic boundary is discussed in Section 3.2.3.

3.1 Preliminary results
3.1.1 Transversality results

The following lemma is discussed in [28]. However, for completeness we will repeat the proof.
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Lemma 3.1. Assume that Hypotheses 1 and 8 hold. Then for any given u and u,
1. B~ (u)A(u, um)gz 0 < A(u, um)g: 0 < EY(u)A(u, um)g: 0 £eRVN

2. the number of eigenvalues of the matriz B~1(u)A(u, 0) with negative (respectively positive) real part is
equal to the number of eigenvalues of E~*(u)A(u, 0) with negative (respectively positive) real part.

Proof. The first point is actually an immediate observation.
To simplify the notation, in the proof of the second point, we will write A, B and F instead of A(u, 0),
B(u) and E(u) respectively. One can define the continuous path
F:[0,1] — MN*N
s+ (1 —s)B+ sE,

which satisfies the following condition: for every s € [0, 1], F'(s) is positively definite and hence invertible.
Indeed,

VEERY (F(s)€ & > min{cp(v), cx(u)}|E>. (3.2)

Moreover, by classical results (see for example [38]) from the continuity of the path F(s)7'A it follows the
continuity of the corresponding paths of eigenvalues A1(s) ... An(s).
Let k — 1 be the number of eigenvalues of F(0)~*A = B~!A with negative real part:

Re(M(0)) < ...Re(MAg—=1(0)) < 0 = Re(Ax(0)) < Re(Mk+1(0)) < ... Re(An(0)).

Because of the continuity of A1(s)...\;(s), to prove that the number of negative eigenvalues of F(1)71A =
E~1Ais (k —1) it is sufficient to prove that for any i = 1...(k — 1), X\;(s) cannot cross the imaginary axis.
Moreover, the case A;(s) = 0 is excluded because otherwise the corresponding eigenvector ¢ should satisfy

F(s)"*A&(s) = 0 for any s and hence A;(s) = 0. It remains therefore to consider the possibility that A;(s)
is purely imaginary.
By contradiction, assume that there exist 5 € [0, 1], A € R\ {O}, r € CV such that

F(3)'Ar =i\r: (3.3)
just to fix the ideas, it will be supposed that A > 0. Moreover, let
r=mry+iry, 711, T e RV,
Then from (3.3) one gets

ATl = —/\F(E)TQ
Arg = )\F(E)Tl

and hence from (3.2) and from the symmetry of A it follows

(Ary, r5) < =Amin{cp(v), cp(v)}|ra|?
(Ary, 7o) = (Ary, 71) > Amin{cp(v), cg(v)}|r1]?,

which is a contradiction since A > 0. This ends the proof of Lemma 3.1. O

In the following, given a matrix C' we denote by V*(C') the direct sum of all eigenspaces associated with
eigenvectors with strictly negative real part, by V¢(C) the direct sum of the eigenspace associated with the
eigenvector with zero real part, and V*(C) the the direct sum of all eigenspaces associated with eigenvectors
with strictly positive real part. Lemma 3.1 ensures that, if Hypothesis 1 holds, then for all u, u,

V(E (u)A(u, 0)) = VE(A(u, 0)) = V(B (u)A(u, 0))
dimV*(E~" (u)A(u, 0)) = dimV"* (B~ " (u)A(u, 0))
dimV*(E~ (w) A(u, ug)) = dimV* (B~ (u)A(u, us))
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Lemma 3.2. Assume that Hypotheses 1 and 3 hold, then
yu (E_l(u)A(v, o)) nve (B_l(u)A(v, o)) = {o}.

Thanks to the previous lemma, which is a direct application of Lemma 7.1 in [6], one can conclude that
actually

yu (E—l(u)A(u, o)) % (E—l(u)A(u, o)) A% (B—l(u)A(u, o)) =RY. (3.4)

3.1.2 Some results about the monotone envelope of a function

The aim of this section is to collect some results that will be needed in Section 3.2.3.
In the following, concyy 4 f will denote the concave envelope of the function f on the interval [0, s],
namely

(conc[o)s]f) (1) :=inf {h(T) : h(t) > f(t) VYtelo,s], his concave}. (3.5)

We will consider only the case of a function f € C;’ (10, s]), i.e. f €Ch and f’is Lipschitz continuous with
Lipschitz constant smaller or equal to k.
The symbol mony 4 f will denote the monotone envelope of the function f on the interval [0, s], i.e.

(mon[o)s]f) (1) :=sup {h(T) 2 h(t) > f(t) VYtel0,s], his concave and nondecreasing}. (3.6)

Proposition 3.1 is very similar to more general results discussed for example in [5] and [32]. The case
considered here is actually slightly different: an alternative proof of Proposition 3.1 can be thus found in the
online version of the present paper, available at www.math.ntnu.no/conservation/2006/021.htm.

Proposition 3.1. If f € ;> ([0, s]) , then concyo, 5.f € ¢ ([0, ).
The following result describes the relation between the concave and the monotone envelope.
Lemma 3.3. Let f € ([0, ), then
_J concjo, g f(1) ifT< 10

monyp, 1 f(7) = { concyg, 5 f(10) if 7> 70.
The value 1o is given by

T0 = max{t €0, s]: (conc[oﬁs]f)l(t) > 0}. (3.7)
If (conc[oﬁs]f)l(t) is negative for every t, then we set 19 = 0.

Proof. Let
_J concyo, g f(1) ifT <70
hir) = { concy, ) f(10) if 7> 70.

The function h is concave, monotone non decreasing and satisfies h(7) > f(7) for every 7. Thus,
monyg, 4.f(7) < (7).
Assume by contradiction that there exists 7 such that
monyg, 4.f(7) < h(T). (3.8)
For every 7 € [0, s]
concyo, 5] f () < mongo, 51 f(7),
thus 7 > 79 and moreover
concyo, 5 f(7) = monyg, 5 f(7)
for every 7 < 79. Since monyy 4 f is non decreasing, then
monyg, 5 f(7) = monjo, 5 f(70) = h(7)

for every 7 > 79. This contradicts (3.8) and concludes the proof of the lemma. O
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Combining Lemma 3.3 and Proposition 3.1 one deduces that if f belongs to C;'([0, s]) then
mony, 4 f € ¢yt ([0, s1)).

The following propostion collects some estimates that will be exploited in Section 3.2.3. Analogous results
are discussed in [4] (Lemmata 2 and 3). The proof will be therefore omitted here, but can be found in the
online version of the present paper, which is available at www.math.ntnu.no/conservation/2006,/021.htm.

Proposition 3.2. Let f, g € C; ([0, s]). Then

1.
[[concjo, 5 fllco < || fllco H(COHC[O,s]f)IHCO < 1]l co-

!
[[concyg, 5 f — concpo, sgllco < | —gllee [[(concy, . — conepo, 59) lleo < [[f" = ¢'lleo (3.9)
The following result concerns the dependence of the concave envelope from the interval:

Proposition 3.3. Let 51 < sy, f € Cp ([0, 52]) and assume that Ilf'llcocro, sa)) < C1d0. Then there are
constants Cy and Cs such that

[[concyo, s,).f — conco, 5,1 flleo((o, s1]) < C200(s2 — 51) (3.10)

and
[[(concyo, s,1.f — coneo, 5,1 f) llco(o, s17) < C3d0(s2 — s1). (3.11)
Combining Lemma 3.3 and Proposition 3.4 one finally gets

Proposition 3.4. Let 51 < sy, f € C ([0, 51]) and assume that Ilf'llco(ro, sa)) < C1d0. Then there are
constants Cy and C3 such that

|lmonyy ,1f —monp, 4,1 fllco(o, s1)) < C2d0(s2 — 51)

and
[[(monyg, ,).f — monyo, s,1f) lleo(io, s17) < C3do(s2 — s1).

3.2 The hyperbolic limit in the case of an invertible viscosity matrix
3.2.1 The hyperbolic limit in the case of a Cauchy problem

In this section for completeness we will give a quick review of the construction of the Riemann solver for the
Cauchy problem. We refer to [7] for the complete analysis. The goal is to characterize the limit of

E(u®)ui + A(u®, ug)ug = eB(uf)ug,
R _Jum o x2<0 (3.12)
u®(0, ,2) = G x>0

under Hypotheses 1, 3, 5 and 6.
The construction works as follows. Consider a travelling profile

BU)U" = (A(U, U') - JE(U)) v,

then U solves
u/

B(

O./

v = (A(u, v) — JE(u))v (3.13)

S
=
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Let \;(@ip) be the i-th eigenvalue of E~1(1g)A(ug, 0) and let 7;(ug) be the corresponding eigenvalue. If one
linearizes the previous system around the equilibrium point (@, 0, A;(Zg)) one finds

0 In 0

0 A(aog, 0) — \i(ao)E(ug) 0

0 0 0

The generalized eigenspace corresponding to the 0 eigenvector is
Ve = {(Ua xri(Tg), o) 1 u € RN, T, 0 € R}.

It is then possible to define a center manifold which is parameterized by V¢: we refer to [33] for an extensive
analysis, here we will just recall some of the fundamental properties of a center manifold.

Every center manifold is locally invariant with respect to (3.13), is defined in a neighbourhood of the
equilibrium point (@;, 0, A(@;) and it is tangent to V¢ at (g, 0, A(@;)).

Also, the following holds. Define

Vet = {(’(7,0, Zl‘j?‘j(’ﬁo), U) TS RN, Tj, 0 € R},
J#i

where 71 (i) ... 7i—1(U0), Tix1(To) ... TN (o) are eigenvectors of E~(ig)A(ug, 0) different than r;(ig). If
we write R2V+! = V¢ @ V*_ then the map

O, Ve Ve VY

that parameterizes M¢ can be chosen in such a way that if 7. is the projection from V& V*® onto V¢, then
. o ®. is the identity.

Fix a center manifold M°. Putting all the previous considerations together, one gets that a point (u, v, o)
belongs M€ if and only if

v = Ui’l”l'(ﬂo) =+ Z 1/)j (u, Vi, O'i)Tj (1_1,0) (314)
J#i
Since all the equilibrium points (u, 0, ;) lie on the center manifold, it turns out that when v; = 0, then

Yi(u, 0,0,) =0 Vi, u, ;.

Hence for all j, ¥, (u, vi, 0;) = v;9;(u, v;, 0;) for a suitable regular function ¢;. The relation (3.14) can be
therefore rewritten as

v =, (Ti(’l_l,o) + Z o;(u, v;, o3)r; (ﬁo)) = ;7 (u, vi, 0;).
i
Because of the tangency condition of the center manifold to the center space, it holds
T (ao, 0, )\i(ao) = r;(to).
Inserting the expression found for v into (3.13), one gets
iz B(u)7; + v B(u) D7 4 000 B(W)Fi = v; (A(u, viT;) — oiE(u))ﬁ-.
Considering the scalar product of the previous expression with 7; one obtains
via (7, B)F) +vilfi, B)a)) = vi (i (A, vifi) = i B(w) ) 72) = vilFi, Bu)DFfi)).
Hence setting
ci(u, vy, 0;) = (7, B(w)7;) + v;(F;, B(u)Tip)
ai(u, vi, 05) = (7, (A(u, vifis) — aiE(u))m — i (75, B(w)DFifi;)
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one can define ( )
@i (U, Vi, 0;
(u, v, 05) 1= ————2,
¢l( I (23 ’L) Ci(u, ’UZ‘, O'Z')

The fraction is well defined since ¢; (g, 0, A\i(4o)) > ¢p(@p) > 0 and hence ¢; is strictly positive in a small
neighborhood. The constant cp is as in the third condition in Hypothesis 1.

Thus,
i ~a; 9¢; | 1 Ba;
Jo; (0,0, X (50)) T 2o ¢ doy
Since
ai(@o, 0, X\i(to)) > ep(tg) =0
then

09 S (mg, (Ao, 0) = XiB(ito) )i (o)) — {riao), Ewom(ao»)

ao—i (ﬁo, 0, \; (’a())) Ci

+ l <<T1‘(ﬂo)7 (A(ﬂo, 0)— /\iE(ﬁo))fio>>

T

(3.15)

= —CE(’ﬁo) < 0.

In the previous computations, we have exploited the symmetry of A(ig, 0) and E(@g) and hence the fact
that

<ri(ﬁ0, 0), (A(ao, 0) — )\iE(ﬂo))fw> - <(A(ao, 0) — )\iE(ao))ri(ao), fi(,> —0.

Also, the constant cg in (3.15) is the same as in Hypothesis 1.
In conclusion, system (3.13) restricted to M€ can be rewritten as

u' = viTi(u, v, 0y)
vi = ¢i(u, vy, 04)0; (3.16)
ol =0.

One actually studies the following fixed point problem, defined on a interval [0, s,]:

u(r) = i + / " Fl©), vi(6), oi(€))de

fi(Ta u, v, Ui) - CODCfZ'(T, u, Vi, U’i) (317)

Uy 7’)

oi(1) = %—concfi(r, U, Vi, 0;).

ce(to) dr

We have used the following notations:
fi(r) = / Ailus, vi, 03 (€)dg,
0

where

Niluss v, 0](€) = 01 (wi(€), vi(€), 0:(&) ) + em (o)
Also, concf; denotes the concave envelope of the function f;:
concf; (1) = inf{h(s) : hisconcave, h(y) > f;(y) Yy € [0, s;]}.

The link between (3.17) and (3.13) is the following: let (u;, v;, o; satisfy (3.17). Assume that v; < 0 on ]a, b]
and that v (a) = vg(b) = 0. Define a;(7) as the solution of the Cauchy problem

doy; 1
ar _Ui(T)
o("57) =0
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then (u; o i, v; 0 @, 0; © ;) is a solution to (3.16) satisfying

mli)moo u; 0 o (x) = u;(a) mﬁlfoo u; 0 o (x) = uy(b).
Thus, u;(a) and u;(b) are connected by a travelling wave profile.

As shown in [7], (3.17) admits a unique continuous solution (u;, v;, ;). Also, one can show that wu(0)
and ug(s;) are connected by a sequence of rarefaction and travelling waves with speed close to A;(@g). If
u(t, ) is the limit of

E(uf)ui + A(u®, ug)ug = eB(uf)ug,

e _ Ug z <0
u (O,,LL‘)—{ 'UJ1(51) xZO
then as e — 01
g x < o;(0)¢
u(t, ) = ¢ wui(s) x=o0i(s) (3.18)

The i-th curve of admissible states is defined setting
T;iﬁo = ul(sl)

If s; < 0, one considers a fixed problem like (3.17), but instead of the concave envelope of f; one takes
the convex envelope:
conv f;(7) = sup{h(s) : his convex, h(y) < fi(y) Vy}.

Again, one can prove the existence of a unique fixed point (u;, v;, 0;).

Also, in [7] it is proved that the curve TSZ is Lipschitz continuos with respect to s; and it is differentiable
at s; = 0 with derivative given by (o). Moreover, the function T; is Lipschitz continuos with respect to
Ug-

Consider the composite function

_ N —
’Q/J(’U,O, S1... SN) = Tsl1 o.. 'TsNU‘O

With the previous expression we mean that the starting point for TN =1 is not g but Tj}’vao. Thanks to
the previous steps, the map v is Lipschitz continous with respect to s ...sy and differentiable at s; = 0,
...sy = 0. The column of the jacobian are ry(tg)...rn(@g). Thus the jacobian is invertible and hence,
exploiting the extension of the implicit function theorem discussed in [24] (page 253), the map ¢(ao,-) is
invertible in a neighbourhood of (s1...sy) = (0...0). In other words, if v~ is fixed and is sufficiently close
to ug, then the values of s ...sy are uniquely determined by the equation

u” = (tg, S1---SN).

Taking the same v~ as in (3.12), one obtains the parameters (sy...sy) which can be used to reconstruct
the hyperbolic limit w of (3.12). Indeed, once (s ...sy) are known then u can be obtained gluing together
solutions like (3.18).

3.2.2 The hyperbolic limit in the non characteristic case

The goal of this section is to provide a characterization of the limit of the parabolic approximation (3.1) in
the case of a non characteristic boundary, i.e. when none of the eigenvalues of E~!(u)A(u, u;) can attain
the value 0. More precisely, we assume the following.

Hypothesis 8. Let A\i(u)...An(u) be the eigenvalues of the matriz E=1(u)A(u, 0). Then there exists a
constant ¢ such that for every u

Ar(u) < - < Ap(u) < —g <0< g < Apg1(u) < - < An(uw). (3.19)
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Thus, in the following n will denote the number of eigenvalues with strictly negative negative real part
and N — p the number of eigenvalues with strictly positive real part.

To give a characterization of the limit of (3.1) we will proceed as follows. We wil construct a map
¢(to, $1 . ..Sn) which is a boundary Riemann solver in the sense that as (s1...sy) vary, describes states
that can be connected to ug. We will the show that the map ¢ is locally invertible. Hence, given @y and uy
sufficiently close, the values of (s ...sy) are uniquely determined by the equation

Up = (b(’l_l,o, Sl...SN).

Once (s1...sn) are known the limit of (3.1) is completely characterized. The construction of the map ¢ is
divided in some steps:
1. Waves with positive speed

Consider the Cauchy datum @, fix (N — k) parameters (sy— ... Sn) and consider the value

=TN"Fo . TN ug

SN—k

The curves TSJX;’Z e TSJYV are, as in Section 3.2.1, the curves of admissible states introduced in [7]. The
state g is then connected to @ by a sequence of rarefaction and travelling waves with positive speed.
2. Boundary layers
We have now to characterize the set of values u such that the following problem admits a solution:
AU, U, )U, = B(U)Ups
U0)=u

limg_ 00 U(x) = @.

We have thus to study system

U, =
{ ps = BU) AW, p)p (8:20)

Consider the equilibrium point (@, 0), linearize at that point and denote by V* the stable space, i.e.
the eigenspace associated to the eigenvalues with strictly negative real part. Thanks to Lemma 3.1,
the dimension of V* is equal to the number of negative eigenvalues of E~*(u)A(4, 0), i.e. to n. Also,

Vs is given by
VS:{(ﬁ—i— lexl ..anR},
i=1

where 1 (@) . .. pn (@) are the e1genvalues of B71(w)A((u), 0) with negative real part and X1 (@) . .. Xn ()
are the corresponding eigenvectors.

3

Denote by M? the stable manifold, which is parameterized by V*. Also, denote by ¢s a parameteriza-
tion of M?*:
bs 1 VS — RV,

Let 7, be the projection
i RY x RV - RY
(u, p) = u
If u e m, (¢s(81 sn)) for some $;...$,, then system (3.20) admits a solution. Note that thanks
to classical results about the stable manifold (see eg [33]) the map ¢, is differentiable and hence also

Ty © ¢ is differentiable. In particular, the stable manifold is tangent at s; = 0...s, = 0 to V* and
hence the columns of the jacobian of 7, o ¢s computed at s; =0...s, =0 are ¥ . )Zn(ﬁ)

Note that the map 7, o ¢s actually depends also on the point @ and it does in a Lipschitz continuos
way:
|7Tu o gf)s(ﬂl, S1... Sn) — Ty © ¢5(ﬁ2, S1... Sn)| S L|1_1,1 - 1_1,2|
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Figure 5: the solution of the boundary Riemann problem when the viscosity is invertible and the boundary

is not characteristic ;

SN

3. Conclusion

Define the map ¢ as follows:
&(Ug, S1 ... 8n) = Ty © Ps (TSJY;]Z o.. 'TS]YV,U’O7 S1 ... sn) (3.21)

From the previous steps it follows that ¢ is Lipschitz continuos and that it is differentiable at s; =
0...sy = 0. Also, the columns of the jacobian are X1 (o) ... Xn(@0), Tnt1(@o)...7n. Thus, thanks
to Lemma 3.1, the jacobian is invertible. One can thus exploit the extension of the implicit function
theorem discussed in [24] (page 253) and conclude that the map ¢ (@, -) is invertible in a neighbourhood
of (s1...sn5) = (0...0). In particular, if one takes @ as in (3.1) and assumes that |@o—us| is sufficiently
small, then the values of s; ...sy are uniquely determined by the equation

Up = ¢(’a0, S1... Sn) (322)

Once the values of s ...sy are known, then the limit u(¢, 2) can be reconstructed. In particular, the
trace of u on the axis x = 0 is given by

a:=Tr o TN, (3.23)

Sn+41

The self similar function w is represented in Figure 3.2.2 and can be obtained gluing together pieces
like (3.18) .

Theorem 3.1. Let Hypotheses 1, 3, 4, 5, 6 , 7 and 8 hold. Then there exists § > 0 small enough such that
the following holds. If |ug — @] << 0, then the limit of the parabolic approximation (3.1) satisfies

Up = (b(l_l,o, S1 SN)

for a suitable vector (s1...sn). The map ¢ is defined by (3.21). Given @y and Uy, one can invert ¢ and
determine uniquely (s1...sn). Once (s1...sn) are known one can determine a.e. (t, x) the value u(t, x)
assumed by the limit function. In particular, the trace @ of the hyperbolic limit in the axis x = 0 s given by

(3.23).
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3.2.3 The hyperbolic limit in the boundary characteristic case

The aim of this section is to provide a characterization of the limit of the parabolic approximation (3.1) when
the matrix B is invertible, but the boundary is characteristic, i.e. one eigenvalue of A(u, u,) can attain the
value 0.

Let § be the bound on the total variation introduced in Hypothesis 4. Moreover, as in the previous
section we will denote by Aj(u)...Ay(u) the eigenvalues of the matrix E~!(u)A(u, 0). The eigenvalue
Ak (u) is Lipschitz continuous with respect to u and hence there exists a suitable constant M such that,
if [Ag(to)] > M, then [A\gx(u)| > 0 for every u in a neighbourhood of g of size §, |u — 1| < §. Thus,
in particular, if Ag(@o) > MJ then Hypothesis 8 is satisfied for some ¢ and hence the boundary is non
characteristic. In this section we will therefore make the following assumption:

Hypothesis 9. Let § the same constant as in Hypothesis 4 and let M the constant introduced before. Then
| Ak (k)| < M. (3.24)

Note that, because of strict hyperbolicity (Hypothesis 3) the other eigenvalues of E~!(u)A(u, 0) are
well separated from zero, in the following sense: there exist a constant ¢ > 0 such that for all u satisfying
|to — u| < 4, it holds

/\1(u) <0< /\kfl(u) <—c<0<e< /\k+1(u) << )\N(’U,) (325)

The notation used in this section is therefore the following: (k — 1) denotes the number of strictly negative
eigenvalues of E~YA(u, 0), while (N — k) is the number of strictly positive eigenvalues.

The study of the limit is more complicated in the boundary characteristic case than in the case considered
in the previous section. The main ideas exploited in the analysis are described in the introduction, here
instead we will give the technical details of the construction. As in the previous section, the characterization
of the limit will be as follows: we will construct a map ¢(ag, s1 ...sn) which describes all the states that can
be connected to ug. We will then show that the map is locally invertible: thus, given %o and u; sufficiently
close, the values of (s1...sy) are uniquely determined by the equation

Up = (b(l_l,o, S1.. .SN).
Once (s1...sy) are known one can proceed as in the previous section and determine a.e. (¢, x) the value
u(t, x) assumed by the limit function. The construction of the map ¢ will be given in several steps:
1. Study of the waves with uniformly positive speed

Consider the Cauchy datum @y, fix (N — k) parameters (sy_ ... Sn) and consider the value

TN—]C

_ N —
up =Ty, o... T, uo.

The curves TS]X;’; . ..TSJYV are, as in Section 3.2.1, the curves of admissible states introduced in [7].

The state ug is then connected to @y by a sequence of rarefaction and travelling waves with uniformly
positive speed. The speed is uniformly positive in the sense of (3.25).

2. Reduction on the center stable manifold

Consider system

Uy =P
pe = B(u)~ (A(u, p) = 0B () )p (3.26)
o, =0

and the equilibrium point (ﬂk, 0, /\(ﬁk)) Linearizing the system around (ﬁk, 0, )\(ﬂk)) one obtains

0 n
0 B*l(ﬁk)(A(ak, 0) — /\k(akE(ﬁk)) (3.27)
0 0 0
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Thanks to (3.25), the matrix F(ux)— A\ (ar ) A(ag, 0) has 1 null eigenvalue and (N — k) strictly negative
eigenvalues. Because of Lemma 3.1 one can then conclude that the matrix (3.27) has N + 1 null
eigenvalues and (N — k) eigenvalues with strictly negative real part.

Let V¢ be the kernel of (3.27), V* the eigenvspace associated eigenvalues with strictly negative real
part. and V" the eigenspace associated to eigenvalues with strictly positive real part. There exists
a so called center stable manifold M which is locally invariant for (3.26) and is parameterized by
Ve @ Ve we refer to [33] for an extensive analysis, here we will just recall some of the fundamental
properties of a center stable manifold. If we write R2V*+! = V¢ @ V* @ V¥, then the map

G VIOV VR VIip VY

that parameterizes M can be chosen in such a way that if 7.4 is the projection from
VepVeEp VY onto VE@ V) then w5 0 P is the identity. A center stable manifold M©® is defined in
a neighbourhood of the equilibrium point (g, 0, A(@x) and it is tangent to V¢ @ V* at (ﬂk, 0, )\(ﬂk)).

In the following, we will fix a center stable manifold M® and we will focus on the solutions of (3.26)
that lay on M. The center and the stable space of (3.27) are given respectively by

» Yes cs?

VC:{( o (i), o) uwe RN oF UER}

and

Vo= Lt Y0 g ), Y e, k() b

in M i<k
In the previous expression, i (i) is a unit vector in the kernel of (A(ak, O)—)\k(ﬂk)) , while X1 ... Xk-1

are the eigenvectors of B’l(ﬂk)(A(ﬁk, 0) — )\k(ﬁk)) associated to the eigenvalues pq ...pux—1 with

strictly negative real part. Since ®.s 07, is the identity, then a point (u, p, o) belongs to the manifold
M<* if and only if

b= Z’Uisfi(ak) + Ufsfk + Z¢ch(u7 ’Uis - "Ufsv U)Yl(ﬂk)v
i<k i>k

where Xi41(@k) ... Xn(Gr) are the eigenvectors of B’l(ﬂk)(A(ﬂk, 0) — )\k(ak)) associated to eigen-

values with strictly positive real part.. Since all the equilibrium points (u, 0, o) belong to the center

stable manifold, then we must have p = 0 when vl ...v%, are all 0. Thus, since Xg+1(@x) ... X (Ux)

*Yces
are linearly independent, ¢¢,(u, 0,0)=0foralli=k+1...N and for every u and o. This means, in
particular, that for every i = k + 1... N there exists a k-dimensional vector ¢, (u, v, ...pF,, o) such
that
(vl R = (0 (u, vl 0k, o), vl o).

cS cSs cS cS cSs *ves)

Define

1 . O (u, vl .. 05, o)
Reo(ty vk o by 0) = (Xl Rkl 7i) + (Rl v ) ,
N(u, vl .. vk o)

CcS CcS s resy

then a point (u, p, o) belongs to M¢* if and only if
p = Res(u, Ves, 0)Ves, (3.28)

where V., denotes (v, ...vF,)7. Since M is tangent to V¢ & V* at (g, 0, A (ti)), then

Ccs *

Res (T, 0, A\i(ay)) = ()?1| . |fk—1|Fk)'
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Plugging p = Res(u, Ves, 0)Ves into system (3.49) one gets
((DURCS)RCSVCS + (DURCS)Vm> Vo + ResVe* = B (A(u, ResVes) = 0B(u) ) ResVes: (329

Moreover, the matrix

k
aRcsi‘
D(u, Ves) = (din) ~ din =Y _ =22 V;
j=1

satisfies
D(Ua 0) =0 ((DURCS)‘/CS;E)‘/CS = D(”v VCS)V;ECS'

Hence (3.29) can be rewritten as

(Rcs + D(u, chs))‘/;:sm = (B_l (A - UE) - (DuRcs)RcsV::s>Rcvacs- (330)

Since
(Fex+ Dl Vi) ) 0, M) = (] ).

then the columns of R.s + D(u, V.s) are linearly independent in a small enough neighbourhood. Thus
one can find a matrix L(u, Vs, o) such that

L(”a ‘/C.Su U) (Rcs + D(”a chs)) = Ik-
Multiplying (3.30) by L(u, Vs, o) one finds
Ve = (LB—l(A — 0FE)Res — L(DURCS)RCSVCS> Ves. (3.31)

Define
Aes(u, Vg, 0) := LB (A — 0E)Res — L(DyRes)Res Vs, (3.32)

then by construction A (g, 0, A (@ir)) is a (k x k) diagonal matrix with one eigenvalue equal to 0
and N — k eigenvalues with strictly negative real part. Also, if £, = (0...0, 1) and €} = éz, then

e 8Acs
b ( do

for a suitable strictly positive constant k. This is a consequence of conditions 1 and 3 in Hypothesis 1.

& =—k<0 (3.33)

u=ay, Ves=0, U—Ak(uk)>

In conclusion, the solutions of system (3.26) laying on M satisfy

Uy = Rcs(uu ‘/C.Su U)chs
‘/csw = Acs(”a ‘/087 U)chs (334)

o, =0
where Acs(u, Vs, o) is defined by (3.32).

. Analysis of the uniformly stable component of (3.34)

Linearizing system (3.34) around the equilibrium point (g, 0, Ax(%x)) one obtains the matrix

1

0 Rcs(ﬁk,o, )\k('ﬁk)) 0
0 Acs(ti, 0, M\e(ar)) 0 |, (3.35)
0 0 0
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which has k—1 distinct eigenvalues with strictly negative real part and the eigenvalue 0 with multiplicity
N + 1. Also, the manifold

Ezz{(u,ﬁ,o),ueRN,aeR}

is entirely constituted by equilibria.

Then there exists a uniformly stable manifold M% which is invariant for (3.34) and is characterized
by the following property: given (u°, V., 0°) belonging to M%’, denote by (u(x), Ves(z), o(x)) the
solution of (3.34) starting at (u°, V2, 09). Then there exists a point (1>, 0, ¢>) belonging to E such
that
lim (|u(;v) | 4 Vi ()] + |0 () — a°°|)ecz/2 —0.
Tr— 400

We remark that the uniformly stable manifold M¢%’ is contained but in general does not coincide with a
given center stable manifold. Indeed, MY’ does not contain, for example, the trajectories that converge

to a point in E with speed slower than e~ .

The existence of the uniformly stable manifold is implied by Hadamard-Perron theorem, which is dis-
cussed for example in [33]. The application of the uniformly stable manifold to the study of hyperbolic
initial boundary values problems is derived from [3]. In our case, the existence of the uniformly stable
manifold is loosely speaking guaranteed by the strict hyperbolicity of A (Hypothesis 3), namely the
fact that the eigenvalues of A are uniformly separated one from each other. In the following, we will
just recall some of the properties of the uniformly stable manifold.

Let
k

7o ={ (e + Y viti(m), Yo vl M@)ok ok e R},

i<k i=1

where Y are as before the eigenvectors of B™1(A — E) and ¢€; € R* are the vectors of the canonical
basis of R¥, & = (1, 0...0) and so on. The uniformly stable manifold Mg is parameterized by E & V*
and hence has dimension N + k — 1. The parameterization

b,V D E — RF2

can be chosen in such a way that the following property is satisfied. Let

N )

If we write RV TF+1 as V¢ @ V* @ E and we denote by 7, the projection onto V° & E, then we can
have 7,5 o ®,5 equal to the identity.

By considerations analogous, but easier, to those performed to get (3.28) one deduces that a point
(u, Ves, o) belongs to M’ if and only if

‘/cs - Rs(u; ‘/s; U)‘/Sa

where V, = (vl .. vk_l) are the components of V. along €;...€x_1. The matrix Rs belongs to

MF* (k1) and o
R, (ak, q, )\k(ﬁk)) - (€1| o |€,H).

We want now to compute A.sRsVs. Plugging the relation Vi, = A.sV; into (3.34) one gets
|:Rs + Ds:| ‘/sz - |:AcsRs - DuRsRcsRs‘/s:| ‘/57 (336)
where D, is a matrix such that D, (u, 0, o) for every u and ¢. Thus,

VSLI) = ASVS
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for a suitable matrix /~\S such that 1~\S (ﬁk, 6, py? (ﬂk) is a diagonal matrix with all the eigenvalues with

strctly negative real part. Plugging back into (3.36) one gets

AesRoVy = {[Ro + D] Ay + DuRoRe, R,V V.. (3.37)

. Analysis of the center component of (3.34)

Linearizing system (3.34) around the equilibrium point (@, 0, Ax(@z)) one obtains (3.35) and hence
the center space is given by

Ve = {(u, €k, 0) 0 u € RY, vk,UER}.

Consider the center manifold M€, parameterized by Ve: thanks to considerations similar, but easier,
than those performed in the previous steps one gets that a point (u, Ves, o) belongs to M€ if and only
if

Ves = T (u, vg, o)vg,
where 7, € R* and fk(’l_l,k, 6, /\k(’l_l,k)) = €k.

Again, with considerations analogous, but easier than those performed at the previous step one gets

AcsTro = [(fk + oV )Pk + Do Restru v (3.38)
for a suitable function ¢ satisfying oy (ak, 0, )\k(ﬂk)) = (. Also, thanks to (3.33),

i

o =—k<0. (3.39)

u=ug, VCSZG, U:Xk(ﬁk

. Decomposition of (3.34) in center and uniformly stable component

In this step, we will fix a trajectory (u, Vs, o) of (3.34) and we will decompose it in a uniformly stable
and in a center component, in the following sense. We exploits the manifolds M and M?’ introduced
in the previous steps and we decompose

Ves = Rs(u, Vs, 0)Vs + 71 (u, vg, 0)vg. (3.40)
Plugging this expression into the first line of (3.34) one gets
Uy = Res RsVs + ResTrVk-
From the second line of (3.34) one gets
Vess = BoVia + | DuRo(Res RoVs + Resivr) + Dy RoVia | Vi

+ 'fv'kvk;ﬂ + [Du'rv‘k (RCSRSVS + Rcsfkvk) + 'fv‘kvvkw:| Uk
= AcsRs‘/s + Acs":kvk-

One can prove that
DVRSVS;EVS = DS(U, ‘/su U)VSLE
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for a suitable matrix Dy which satisfies D(u, 0, o) =0 for every u and o (the same as in the previous
step). Thus, exploiting (3.37) and (3.38), we get

[Rs + Ds:| Ve + [fk + fkvvk} Vke = Nes RV + AcsTrur

— DuRs(Res RsVs + Resthvr) Vs — Dy (Res RsVs + ResTrvk) vk
= {[R.+ D, A + DuRReRYV IV,

+ [(fk + ProVk) Ok + Du":chs":k'Uk:|'Uk

— DuRs(ResRsVs + Reshvr) Vs — Dufi(Res RsVs + ResTrvk) vk
= [Rs + DS}Z\SVS + (7 + FroOk) DUk

~ [DuBRest + Dy ResR, | Vi

(3.41)

The functions Rs + Dy and 7 + 7 v satisty
(By + D) (e, 0 M) = (@il 181) G+ inon) (e, 0, @) = &

and hence in a neighbourhood of (ay, 6, A (ag)) the columns of Ry + Dy and 7y + 7rvy are all linearly
independent. Denote by £ .../, the vectors of the dual basis and define

b
Ly(u, Vs, vy, 0) :=
lr—1
Then multiplying (3.41) on the left by L, one gets
VSLI) = AS(U, Uk, VSuU)Vsu
where A, € MF~1Xk=1 is given by
As(u; Uk, ‘/57 U) - Ls |:Rs + Ds:| [\s - Ls [DuRsRcsfk + DufchsRs:| Vg -
The matrix A, (g, 0, 0, A, (@x)) is diagonal and all the eigenvalues have strictly negative real part.
Also, multiplying (3.41) on the left by ¢; one gets
Vkz = QkUk,
where the real valued function ¢y (u, v, Vs, o) is given by
d)k (u7 Vg, ‘/s; U) - ék('fk + fkv”k)ék - ék [DuRsRcsfk + DufchsRs} ‘/s
AlSO, (bk(ﬂkv Oa 67 )\k(ﬁk)) =0.
In conclusion, system (3.34) can be decomposed as

Uy = Rcs(“v VT + Rs‘/57 U)fkvk + Rcs(“v UgTE + Rs‘/57 U)Rs‘/s

Vka = ¢k(ua Uk, ‘/sv G)vk
‘/sx - AS(’LL, Uk, ‘/Sa 0')‘/5 (342)
o, =0

Note that, thanks to (3.39),

0o, (uk, vk, Vs, o%) =-k<0 (3.43)
do N ' |

u=ig, v =0, Vs=0, o =i, (ir)
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To study system (3.42) we will first consider the solution of (3.42) when us = 0 and V; = 0. Fix s; > 0:
we will actually study the following fixed point problem, which is defined on the interval [0, s]:

uk(r) = G + / " (un(€), vn(©), 0, ox())de

k(7)) = frluk, vg, ok)(T) — monyq, s, fr[ur, vk, o%](T) (3.44)

2
~—

or(r) = gamonm’sk]fk(ﬂ Uk, Vk, OF).

In the previous expression,

felug, vi, o%(1) = /0 . e[k, vk, 0% (€)dE (3.45)

where

Auluk, vi, 1] (€) = 6k (wr(€), vi(€), 0, 0 () + horn(©). (3.46)
The constant k is defined by (3.43).

If s < 0, one considers a fixed problem like (3.44) but instead of the monotone concave envelope of f;
one takes the monotone convex envelope:

monconv f;(7) = sup{h(s) : his convex and monotone non decreasing, h(y) < f;(y) Yy € [0, sk}

In the following we will consider only the case s; > 0, the case s; < 0 being entirely similar.

The link between system (3.44) and system (3.42) in the case us = 0, V, = 0 is the following. Let
(ug, vg, ox) solve (3.44), assume that vi(si) < 0 and define

alt) = —/Sk ! ds. (3.47)

vk(s)
Let
s :=max{7 € [0, sg] : vg(7) =0},
in the following we will prove that a(7) < +oo if and only if 7 > s.

The function (ugoa, vgoa, 0) solves (3.42) in the case uy = 0, V, = 0. If vy, (s) = 0 then (ug(sy), 0, 0)
is also a trivial solution of (3.42) in the case us =0, V5, = 0 and the following properties are satisfied.
Note that the function ug o « is a steady solution of the original parabolic equation since o = 0:

Alug, Uz )Uke = B(ug)tpgs.

Moreover,
lim (ug 0 a)(x) = ug(s). (3.48)

Tr— 00

From system (3.44) we also get that 4y is connected to ug(s) by a sequence of rarefaction waves and
shocks with non negative speed.

After finding a solution of (3.44) in the case us =0, V5 = 0 we will also find a solution of (3.44) in the
case ux = Uy, vy = 0 and 0 = 0. We will also impose
lim wug(z) =0

xr—00

and hence we will study the fixed point problem

wie) = [ (), 0, V)V )iy

) . (3.49)
Vi(z) = e V*(0) + /0 eMe=v) {]\S (us(y) + 1y, 0, Vs(y)> - 17\} Ve (y)dy,
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where -
A= AS(ak, 0, o).
Note that again, being o = 0, us provides a steady solution of the origin parabolic equation,

A(“sv usm)'ulsz = B(us)uszz

Finally, we will consider a component of perturbation, due to interaction between the purely center
component, defined by (3.44) and the purely stable component, which satisfies (3.49). More precisely,
we will define (U, ¢, p) in such a way that u = U + uy o a4+ us, vi + ¢ and V; + p is a solution of (3.42).
. Analysis of the purely center component
The purely center component is the solution of system (3.44).
Lemma 3.4. Fiz 6 > 0 such that s < § << 1. Then system (3.44) admits a unique solution
(ug, vg, o)) satisfying

(b) v € C°([0, sk]), |lvkllco < eud, v is Lipschitz with constant Lip(vg) < &,0.

(c) o € CO[0, si]), llok — M(t)|lco < cod/nk, ok is Lipschitz with constant Lip(ok) < &.

(a) uy € C([0, si]), |Jur — tkllco < cud, ug is Lipschitz with constant Lip(ug) < 2

The constants cy, ¢y, ¢y, Co, Nk and ¢, do not depend on 6. The function f defined by (3.45) belongs
to Cp> ([0, sx]) for a suitable constant k which again does not depend on §.

The symbol C.'* ([0, sx]) denotes the space of functions f € C'([0, s]) such that f’ is Lipschitz con-
tinuous and has Lipschitz constant Lip(f’) < k.

Proof. The proof of the lemma relies on a fixed point argument. Only the fundamental steps are
sketched here.

Define
X = {ur, € C2[0, si], RY) : |lug, — tigllco < eud, uy is Lipschtiz, Lip(ux) < 2},
X == {ur € C°([0, si), R) ¢ |luglleo < eud, vy, is Lipschtiz, Lip(vy,) < é,6}, (3.50)
Xop = {0 € C2[0, s], R) : ||ox — Ai(tin)||o < ¢s6°, oy is Lipschtiz, Lip(oy) < & }.
In the previous expression, || - ||, is defined as follows:
I llo = n&d|l - llco,

for a suitable constant 7, whose exact value does not depend on ¢ and will be determined in the
following. Also the constants c,, ¢y, ¢y, ¢, and ¢, do not depend on ¢ and their exact value will be
estimated in the following.

If (ug, vk, o) € Xur X Xpk X Xor then the function f defined by (3.45) satisfies f € C;’l for a large
enough constant k. Moreover, exploiting (3.24) and (3.46), one gets

[ £llco < 8| Akllco
< 5(’%(%, 0, /\k(ﬂk))‘ + H¢k(uk, Uk, Uk) — Ok (ﬁk, 0, )\k(ﬁk))HCo + ’)\k(ﬁk)’
+ () - aknco) (3:51)

<4 (o + O1)(cud + o6 + cpd) + M6 + ;—"5>
k

IN
N

Cy0
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if ¢ is sufficiently small and ¢, sufficiently large.

The same computations ensure that

£ lleo <

< 566 (3.52)

for a large enough ¢,. Finally,

@) = £ @) = A (un(@), 0n@), 00(@)) = A (wey), velw), oxw)|
<O()(24+ ¢, + é,9)|x —y| < klz —y

(3.53)

for a sufficiently large constant k. In the previous estimate, we have exploited the following observation:
since by (3.43)

oA =0
a - )
i (u:ﬂk,vkzo,dk:)\k(ﬁk)>
then <
oA
o i < O(1)8. (3.54)

Because of (3.51), (3.52) and (3.54), f € C{' and hence by Proposition 3.2 mony s, f € Ci'. Moreover,
[mong, .1 fllco < &0 [[(mon, 5,1 f) llco < Ed.
One can then conclude that the map T' defined by the right hand side of (3.44) maps Xk X Xok X Xok

into itself.

Choosing 7y, large enough (but independent from §) it is possible to prove the contraction property.
One has to exploit all the previous estimates and also properties (3.9) and (3.54), which are needed to
handle the second and the third component of T

It turns out that the Lipschitz constant of T' (i.e., the constant in the contraction) is uniformly bounded
with respect to §.

O

In the following it will be useful to know how the solution of (3.44) depends on the length sj of the
interval of definition. More precisely, in order to underline the dependence from sj, we will denote the
first component of the solution of (3.44) as u;*. Let

Fk(ﬁk, sk) = upt (sk),

where the dependence from the initial point @ is also made explicit.

To study how F* depends on s;, we will exploit the following result:

Lemma 3.5. Fiz § << 1 and let s}, si such that s}, < s3 <§. Let (u,lc, v}, J,i) and (ug, vZ, ai) be
the corresponding solutions of (3.44). Then,

lur, = uilleoqro, sty + v = villeoqo, sty + Medllow — ok llcoqo, sty < Lidlsy — sil, (3.55)
where Ly, is a suitable constant which does not depend on 6.

Proof. In the following we will denote by 7k and T the maps defined by the right hand side of (3.44)

when s;, = s}, and s, = s? respectively. Moreover, to simplify notations, we will denote by (u?, v, o)

the restriction of the fixed point of T to the interval [0, st
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Since (uk, ’Uk, Uk) is the fixed point of Tsk one then has

1
H(ullm UI%? Ullc) - (u?, ’U;%, U/%)HXU;CXXMXXM < m“(ui’ ’U%’ U/%) TSk( Uk’ Uk)"Xukqukdek'

In the previous formula, K denotes the Lipschitz constant of Tsi7 which turns out to be uniformly
bounded with respect to K as underlined in the proof of Lemma 3.4. Moreover, Xk, Xyr and X, p
denote the spaces defined by (3.50) when sy = sj.

Thus, to prove the lemma one actually reduces to prove

1
||(ui7 vlgv Ul%) TSk( Ug, Uka O.k)HXukXXUkXXUk ||ui - TSk (Ug, Ul%v U%)HCO( O,Si])

+ |lvi = T k( u?, v, Uk)HCO ([0, s1])
+nillof — Tg’“(ug, Vi o) lleo o, 51y
< O(1)d]sy — sil-

1 1 1
In the previous {ormula, Ti’“, T3% and T5* denote respectively the first, the second and the third
component of Tk,

Since (uf, v, op) is the fixed point of TSk, then

T

up (1) = +/ e (ui(€), vi(6), 0, oi (€))dE

2 27% 5 2 2 2
vp(7) = ﬁk[gkv Vg, 0f(7) = mon[o,si]fk[uka Vg, 0)(T)
oi(r) = =7, monp, Si]fk(T, ug, vi, o).

Hence, to prove the lemma it is sufficient to show that

[mongg, g2 filu, vi, o%] — mongy o1y frlu, vk, oflllcop, s1) < O(1)8(si; — s3,)

and that

I (mong, 31 fulud 03, oF])' — (monyo gy fulud o7, 03] llenp, of) < O3 (s — 5}).

This follows directly from Proposition 3.4. O

In particular, the previous Lemma implies that

|F (g, s3) — F(ug, ,s3)| < 3|s), — sil. (3.56)
Indeed, assuming for example that s,lC < s%, one can write
Juk (sk) — uk (si)] < fux (i) — ui(si)] + IUi( k) — ui ()]
< Lké - Sk ‘/ UI%(T)v o'%(T))dT‘

< (Lib +2)(s; — s1)-

Take s}, = 0 in the previous estimate: since

(3.57)

= 7y, (g, 0, 0)s3 + O(1)ds3,
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one gets
F* (g, sk) = uj(sk) = @ + 7 (ks 0, 0)s), + O(1)5%. (3.58)

Thus, the function F* defined before is differentiable at s, = 0 and the gradient is the eigenvector
Tk(’l_l,k) = fk(’l_l,k, 0, 0)

The function F* depends Lipschitz continuously on iy, too:

Lemma 3.6. Fiz § such that 0 < § << 1. Take 6}, u} € RN such that |u}, — 3| < ad for a certain
constant a. If |si| < 6§, then

|F (@, st) — F(ag, s0)l < Lifui, — ui| (3.59)
for a suitably large constant Ly.

Proof. The value F (i}, sj) is the fixed point of the application T" defined by (3.44). To underline the
dependence of T on 4y we will write

T:RY x Xur X Xok X Xok — Xuk X Xok X Xok

The map T depends Lipschitz continuously on g, but one cannot apply directly the classical results
(see e.g. [17] ) on the dependence of the fixed point of a contraction from a parameter because of a
technical difficulty. Indeed, the domain X, x X, X X, of the contraction depends on uy.

To overcome this problem, one can proceed as follows. Define X!, and X2, the spaces defined as
in (3.50) with @ = u}, and uy = u} respectively. If (u}, v}, of) is the fixed point of the application
T(uj, -) defined on X}, x Xy X Xoi, then

lug = trllco < [lug — lleo + [ug — ui| < 25y +ad < (2 + a)o.

Choosing ¢, > (2 + a), one gets that (uj, v, of) belongs to X2, x X, X Xgi. Thus,

1 _
”(ullcv ’Uliv Uli) - (uiv Ulgv 02)”X§,€><Xvk><Xak < m”(u}w Uliv 0%) - T(uiv ullcv Uliv Ui)HbekvakxXak'

In the previous expression, (uf, v, o7) is the fixed point of the application T'(u7, -). One can then

proceed as in [17] and conclude that
”(ullcv Uliv Uli) - (uiv ’U;%, Ui)Hbekvak X Xgp S Eklﬂllc - ﬂil (3.60)
O

. Analysis of the purely stable component

The purely center component satisfies (3.49).

Lemma 3.7. Fiz § such that |V*(0)] < § << 1. Then system (3.49) defines a contraction on the space
X7 x X7, where

X5 = {ur € (0, +00), RY), u'us < mud} X3 i= {V* €U0, +00), RY ), [V lus < mud .
The constants m,, and m, do not depend on & the norms || - ||lus and || - ||vs are defined by

[ s = ns sup {e“2lu @)} IV los = sup {2V (@)}, (3.61)

where n is a small enough constant which does not depend on § and ¢ is defined by (3.25).
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Proof. We know that A is has eigenvalues \; () ... A\g—1(@x). Relying on (3.19), one obtains
MV (0)] < e 2VH(0)] < e/,
Moreover, if ©® € X and V* € X, then
|A(ty +u®, 0, V) — A] < O(1)d,

where O(1) denotes (here and in the following) some constant that depends neither on 1 nor on 4.

The columns of R*(y, 0, 0) are the eigenvectors 71 (iy,) . . . 71 (i), which are all unit vectors. Thus,
ifue X; and V® € X7, then

|R*(ar +u®, 0, V¥)| < O(1).
From the previous observations one gets that the application defined by (3.49) maps X2 x X7 into
itself.

To prove that the application is a contraction, take u'®, u?* € X2 and V1%, V25 € X$. Then

w [ R (e @ 0 V@)WV [ R (B, 0, V) VR

< 0(1)5Hu18 - UQSHUS + (’)(1)5775||V15 - VQS”vs + O(l)nsHVls - VZSHvs'

Choosing 7, sufficiently small, one can suppose that O(1)ns < 1/4 in the previous expression. Moreover,
one can suppose that d is small enough to have that O(1)d < 1/2, O(1)ons < 1/4.

Finally,
ecz/z‘ /0 " Aay) {As (uls(y) + iy, 0, Vls(y)) - K] VI (y)dy

— / AMe—y) [As (U2s(y) 1 g, 0, VQS(y)) _ A} VQS(y)dy‘
0
0
< O()—[lu'® = u®|lus + OM)OVE = V2.
Ns
Assuming that § is small enough, O(1)d/ns < 1/2 and O(1)d < 1/2. Thus the map is contraction and
the constant of the contraction is less or equal to 1/2 uniformly for § — 0F. |

The solution of (3.49) depends on the parameter V*(0). The regularity of (us, VS) with respect to

V74(0) is discussed in the following lemma.

Lemma 3.8. Fiz § << 1 and let V}(0), VZ(0) two initial data such that [V2(0)], |[V2(0)| < 4. Let
(ul, V) and (u2, V2) the corresponding solutions of (3.49). Then,

lug = uZllus + [V = Vs < Lo VI (0) = VE(0)], (3.62)

where Ly is a suitable constant which does not depend on §. Moreover, if V2(0) = 0, then u? = 0.
Also,
ul(0) = R%(ay, 0, 0)A~'V.(0) + O(1)6%. (3.63)

Equation (3.63) guarantees, in particular, that the application
Fo (@, V,(0)) = u*(0).
is differentiable with respect to V;(0) when V;(0) = 0 and that the jacobian is the matrix R* (@, 0, 0)A =1,

whose columns are the eigenvectors 1 (ax) /A1 (Gk) - . - Th—1(Tk)/ Ae—1 (Ux)-
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Proof. Let T the application defined by the right hand side of (3.49). To underline the dependence on
the parameter V*(0), we write

T Xus X Xps X RF1 5 Xo X Xy

and denote by T, and T, respectively the first and the second component of T'. For every (us, Vi) €
XUS X X’US)

T, (s Vs VIO = T (s, Vi, VAO)) | V=12

S S

=0

T, (u Vi, VA0) =T, (u Vs, Vf(O))

us

and

Hence, (3.62) holds with Ly := 1/(1 — K), where K is the Lipschitz constant of T' and hence it is
smaller than 1 because T is a contraction. Moreover, from the proof of Lemma 3.7 it follows that k
is bounded away from 0 uniformly with respect to §. This concludes the proof of the first part of the
lemma.

To prove the second part, we observe that

7 ({E) _ e]\m‘/sl(o) + 0(1)52€—cm/2

S

‘Rs(ﬁk +u;a 07 ‘/sl) - Rs(ﬂkv Oa 0)’ < 0(1)5

—+o0

+oo
u(0) = / Re (g, 0, 0V, (y)dy + / [, + ul, 0, V1) = R (e + us, 0, Vi) |V ()
0

0

+oo _ 0 0
— / R* (i, 0, 0)e*V(0)dy + O(1)6? / e~ 2dy + 0(1)8> / e~/ 2dy
0 +oo +oo

= R*(ug, 0, 0)A™'V(0) + O(1)52.
This completes the proof of the lemma. O

To study the dependence of F** (ﬁk, V5(0), sk) on Uy, one can proceed as follow. Fix a},, u} € RY close
enough and denote by (ul, V') and (u2, V) the solution of (3.49) corresponding to @ = j, and

U, = ﬂ% respectively. Then clsassical results (see e.g. [17]) on the dependence of the fixed point of a
contraction on a parameter ensure that
g, = uZllus + 1V = V|5 < Lylag — aj, (3.64)
for a suitable constant L*. In particular,
|F* (g, V°(0)) — F*(ai, V°(0))| < Llay, — ag). (3.65)
. The component of perturbation

Assume that vg(sx) < 0 and define « as in (3.47):

alt) =— /:k vkl(s) ds.

s :=max{7 € [0, sg] : vg(7) = 0},

Let

we can now prove that «(7) < 400 if and only if 7 > s.
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Indeed, for s > s it holds
—un(s) = —vn(s) + vi(s) < Gd(s — 3)

Sk 1 d Sk 1 d
() / ) S—/T Gi(s g T

B [07 +OO[—>]§7 Sk]

and hence

Let

the inverse function of o, B o a(r) = 7. If vi(sk) = 0, we set B(z) = s, for every x.

The component of perturbation (U, ¢, p) is the fixed point of the transformation

Ue) = [ [R (0 B0) + 1) + V). 000 5l0) + al0). Vo) +2(0). 0)
R (1 + (), 0, Valy), 0) ] Valw)dy
Jr/+ R (Uk o B(y) +us(y) + U(y), vk 0 B(y) + a(y), Vs(y) + p(y), 0)p(y)dy

- [r’“ (Uk o B(y) + us(y) + U(y), vk © By) +q(y), Va(y) +p(y), 0)
7 (ux 0 B(y), vi © B), 0, 0) ] ox 0 Bly)dy
+ /:)o * (Uk o B(y) +us(y) + U(y), v 0 By) + q(y), Vs(y) + p(y), O)q(y)dy
o(0) = [ [on (s B) + 0a0) + U(w). 12 8) + ). Vi) + 200, 7>)
61 (w0 B(y), vi 0 B(y), 0, 00 8) |vi o Bly)dy
[ (o 8000+ ) + V). w0 B0) + 0(0). Vao) +900). o 9ty
pla) = [ (w0 B0) + us(o) + U w0 B) + ) Vo) + ) — ] olody
+/Om A0 A (un o Bly) + us(y) + Uy), ve 0 BY) +a(v), Vo) + ()

~A(us(y), 0), Va(w)) |V )y

(3.66)
In the equation for p we used the same notation as in (3.49): A = A%(ay, 0, 0).

Lemma 3.9. Let (uk, v, o) and (us, V*) be as in Lemma 3.4 and 3.7 respectively. Then there exists

a unique solution (U, q, p) of (3.66) belonging to Xy x X, x X, where the spaces Xy, X4 and X, are
defined as follows:

Xy = {U € ([0, +oof, RY) : |U(2)| < kU52e_”/2},

X, = {p € C°([0, +o0], Rkil) s p(x)] < kp52efcx/2},

and

X, = {q € €0([0, +oof, R) : |g(z)]q < kqa%-cw/?}

In the previous expressions, the constants ky, kg and k, do not depend on 6.

The space Xy is endowed with the norm

10l = o sup { /U ()]}
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where ny is a suitable constant which does not depend on 6. The spaces X, and X, are endowed
respectively with the norms

Iplly = sup { e/ p() }

and

lallg = sup {e=/Jq()|}.

Proof. It is enough to prove that the right hand side of (3.66) defines a contraction on Xy x X, x X,.
As in the proof of Lemma 3.7, one observes that A is a diagonal matrix with all the eigenvalues less or
equal to —c. Thus, ~

leheel <emelg] v, € e RFL

Moreover, from Lemma 3.7 one gets that for every z,
Vi(2)] < myde 2 |ug(z)| < myde /2,

Another useful observation is the following:
0
/ ok 0 By)dy < s, < 6. (3.67)
+oo

Indeed, if vk (si) < 0, then one can exploit the change of variable 7 = 8(y). Recalling that § is the
inverse function of «, which is defined by (3.47), one has

0 Sk Sk
/ v o By)dy < s = / ve(T) (T)dT = / dr = (s, — 8) < sg.

—+oo

If vi(sk) = 0, then vg, o § = 0 and hence (3.67) is trivial.

One can alSO assume
|pn (1, 0, 0, A (ur)| < K96 (3.68)

and hence

ok (ur 0 B(y) + us(y) + U(y), vk 0 By) + q(y), Vs(y) + p(y), ox 0 B)| < O(1)a.

Moreover, it holds
[A (k0 Bw) + us(v) + U(w), v 0 By) + alw), Val) +p(v)) = A| < 0(1)3

Since A = A%(iy, 0, 0), this follows from the regularity of A and from the estimates

|uk - ﬁk|a |u5|7 |vk|a |q|a |‘/S|a |p| < 0(1)5
Exploiting the previous observations, by direct check one gets that the right hand side of (3.66) belongs

to Xy x X¢ x X,

To prove that the map is actually a contraction, one has to exploit again the previous remarks, combined
with the following: for every =,

1 p —cx
IUl—UQI(w)Sn_UHUl—WIIUe Mg =) < Nlgt = @Pllge !

and
b~ 7P1(@) < Ip" — e,

One can then check that the map is a contraction, provided that ny is sufficiently small. O
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Since (ug, vk, o) and (us, Vi) depend on the parameters s and V;(0) respectively, then also (U, g, p)
does. Let
Fp(’ﬁk, VS(O), Sk) = U(O).

The following lemma concerns the regularity of FP with respect to (V;(0), si).

Lemma 3.10. The function FP is differentiable with respect to (VS(O), sk) at (VS(O), sk) =0 and the
jacobian is the null matriz.

Also, let (V2(0), st) and (VZ(0), s2) such that |(V.(0), st)],

(V92(O)7 5%)‘ <. Then,
|F7 (ah, VI0), s) — FP (a2 V2), s2)| < Ly(Ish = sl + IVAO) - VEQ)). (3.69)

Proof. By construction,

This implies the differentiability at (V;(0), sx) = 0.

To prove the second part of the lemma, we will focus only on the dependence from V;(0) and si. The
proof of the Lipschitz continuous dependence from #y is completely analogous.

|U(0)] < O(1)82. (3.70)

We can observe that (U, ¢, p) is the fixed point of a contraction T, defined by the right hand side of
(3.66). To underline the dependence from (V;(0), s;) we write

T:XuxX;x X, xRFIXR = X, x X, x X,

and denote by Ty, T, and T}, respectively the first, the second and the third component of T'. Since
the Lispchitz constant of T' is not only smaller than 1 but also bounded away from 0 uniformly with
respect to d, then to prove (3.69) it is enough to prove that, for every (U, ¢, p),

|70 (V2(0), sk, U, b, a) = T (V2(0), s, U p, a)l|,, < 0 (Jsk = s + |V:A(0) = V2(0)])
|7 (V2 0), sk, U b, @) = T,(V2(0), 52, U, )|, < O)(Isk = s + [V (0) = V2(O)])  (3.71)
I7,(V. (0), sk, U p, a) = T, (V2(0), 2. U, p. q)]], < O)(Isk = 2] + V.1(0) = V2(0)).

Let

ap(r) = —/TSk %d‘s as(T) = —/:k %ds

and 8! and 32 the inverse functions. Just to fix the ideas, let us assume that s}, < s7, then 3;(0) =
sy < 32(0) = s3. Exploiting Lemma 3.5 one gets that, as far as 31 (z) < B2(z), it holds

d _
WP _gopt ol =ufop? —vop! +1fo s ~vhof

< w2 = villeo + E,8(5% — BY)
< Lkd(si - Sllc) + 505(62 - 61>
and hence

B (x) — (@) < [Z5(63 — sb) + (2~ sb)] P = 2 — ) < 0() (s} — sh)e™0T (372)

Cy

If 81 > 32, then



where

z=max{y <z: B'(y) = By}

Thus, estimate (3.72) still holds.
Exploiting (3.72), one gets

|ug 0 *(2) — uy, 0 B ()] < Jug 0 % — ui 0 B + |ug 0 B (2) — uy, 0 B (2)]

< uf = uplleo +218% - 8
< O(1)(s} — s})ev0?

and, by analogous considerations,

[vi 0 3%(x) — vy, 0 B (2)], |0t 0 B%(w) — oy, 0 B ()] < O(1) (s

To prove (3.71), the most complicated terms to handle are in the form

" up o B (y) +ui(y) + Uly), v o B
}/ﬂo[ (
_'Fk (ullc oﬂl(y), ’Uli Oﬁl(y)v 07 O)

/|

-T

,,;k

(u? 0 () + 2(v) + Uw),
(U% o F(y), vii 0 B*(y), 0, 0):

<| [ (ko0 + k) + U)o}

U < Lid(s] — sb) + O(1)(s] — sp)eC0% (3.73)
- s,lg)e&”&c. (3.74)
') +a(y). V() + (), 0)
vk o 5 (y)dy
v B2(y) + a(y), V() +p(y), 0)
v} 0 B2(y)dy|
© B (y) + a(y), Vi y) +ply), 0)
(3.75)

e (u;ﬁ o 1(y), v © B (y), 0, 0):
o B'(y) +ui(y) + U(y), v

'y), vk o 5 (w), 0, 0)]

(y) +uiy) + U(y), vi
(), v} © (), 0, 0) |
Exploiting (3.74) the first term in the previous sum

’/ﬂo {fk (“flc o B (y) +us(y) + Uly), v

- fk (ullg o ﬁl(y)7 /U]]; o ﬁl(y)u 07

e CY/2 [mu5 + ku0? 4 kg6® + myd + k + paﬂ O(1)(s2 — sb)eCv0qy

x

<
—+o0

< O(1)(s3 — sh)se /4,

(vi o' (y) —vi o 62(y))dy}

ko B (Y) +av), Vi (y) + ply), 0)

o B2 (y) + aly), VZ(y) +p(y), 0)
}vi o % (y)dy
can be estimated as follows:

Fo 81 (y) +a(v). Vi) +p(v), 0)

0)] (vh 0 8 () =i o B°(¥) )y

where we have supposed that § is small enough to obtain ¢,6 < ¢/4.
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To handle with the second term in (3.75) one can observe that
[ (wh 0 B (y) + ub(y) + U(w), vk o () + a(v), Vi (v) +p(v), 0)

—* (uk 0 8" (), vk B'(v), 0,0)]
= /O Do (uh 0 B (y) + tuk (y) + U (y), vk 0 B () +ta(y), (V2 (v) + tp(y), 0) [ub(y) + U(y) | at
1
+/ Do (uh 0 B (y) + tul(y) + 1U(y), vk o B(y) + taly), VA (y) +tp(y), 0) [alv)] dt
0

+ / Dy (uf 0 B (y) + tul (y) + U (y), vk 0 B () + taly), tV(y) + ta(y), 0) [V (w) + p(v)] .

Moreover,

[rx { /O Dui'k (u;lC o ﬁl (y) + tué (y) + tU(y), Uli o ﬁl (y) + tq(y), tVSI (y) i tp(y), O) [ui(y) n U(y)} gt
= D (uf 0 (y) + tu(y) +tU (), v} 0 5 (y)

+ta(y), V2() + (), 0) [u2(y) + U ()] dt}vi © B2(y)dy

<

| { [ it (uko 1w + ko) + 10, ok o 5
+o0 0

+ta(y), V() + (), 0) [ul(y) — u2(y)] dt}vi 0 8%(y)dy

+

/j { /O [Dufk(u,ioﬁl(y)ﬂu;(y)+tU(y), ol o BL(y) + taly), V() + tp(y), 0)
— Dy (U§ o 3% (y) + tu(y) + tU(y), v} o B*(y)

Ftg(y), tV2(y) + tply), O)} [W2(y) + U(y)]dt}v,i o B(y)dy
' 1 1) — 172 —cy/2
S/Jroo {/0 O(1)Ls |V, (0) = VE(0) e~V dt}cvgdy

@ 1 2 _ (1y,Co0 1 9 —en/2) - —eu/2
+/+Oo{/0 [O(l)(sk—sk)e Y4 LVE(0) — V2(0)|e=Y/ }56 y/ dt}5

< OWS(IV}(0) = VZO)] + (5 — sh) ) e/,

By analogous considerations, one can conclude that the second term in (3.75) can be bounded by
OW3(IVH0) = V2O)] + (3 — s}))e~e2/4,
One can also perform similar estimates on all the other terms that appear in
HTU(‘/SI(O)a Sllga Ua b, q)_TU(‘/.f(O)a Sia Ua b, q)HU’
1T, (VH0), sk U, b, @) = Ty (VE0), s3. U, p, q) ||,

and
||TP(‘/;1(O)7 Sljéa Ua D, q) - TP(‘/&?(O)? Sia Ua D, q)Hp
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and conclude that (3.71) holds. O
Set V5(0) = (s1...5k—1) and define
F(ay, s1,...58) := F*(an, sp) + F*(ax, 51,...55-1) + FP (g, S1,...5). (3.76)
Combining (3.55), (3.62) and (3.69) one gets that F' is Lipschitz continuous with respect to (si ... sg):
|F (U, s1,...56) — F(Uk, 51,...56)| < L(|s1 — 51| + ... |sk — Sk]) (3.77)

for a suitable constant L.

Moreover, F is differentiable at (s;...s;) = 0 because of (3.58) , (3.63) and (3.70). The colums of the
jacobian matrix are the eigenvectors ri (@) . .. 75 (dx).

Finally, F' is also Lipschitz continuous with respect to @y, namely

|F(a}, s1...s1) — F(a2, s1...s5)| < Llay — a2]. (3.78)
Define
&(tg, $1...8N) = F(Tfk‘:ll oo TN (), s1... sk) (3.79)

We recall that the composite map Tfk‘:ll o -OTSJYV (@) is Lipschitz continuous and differentiable at (sx41...sn5) =
(0...0), with the columns of the jacobian given by the eigenvectors 7441 (o) ... rn(@o). This was proved in
[7].

Combining this with (3.78) and (3.79) one gets that ¢ is Lipschitz continuous. Moreover, it is differentiable
at (s1...sn) and the columns of the jacobian are the eigenvectors (@) . ..7n(tp). Thus, thanks to (3.4),
the jacobian is invertible and hence, exploiting the extension of the implicit function theorem discussed in
[24] (page 253), the map ¢(@o, -) is invertible in a neighbourhood of (s1...sy5) = (0...0).

Thus, if u, is fixed and is sufficiently close to ug, then the values of s; ... sy are uniquely determined by
the equation

Up = (b(’l_l,o, S1 .. .SN). (380)

We will take 4, equal to the boundary datum imposed on the parabolic approximation (3.1). Once (s1 ... sn)
are determined one can determine the values of the hyperbolic limit u(¢, ) a.e. (¢, ). This can be done
glueing together pieces like (3.18). Here we will just make a remark concerning the trace @ of the hyperbolic
limit on the axis z = 0. Let s; determined by equation (3.80) and let (ug, vy, ox) solve the fixed point
problem (3.44). Define

s:=min{s € [0, sx] : ox(s) =0},

then the trace @ of the hyperbolic limit on x = 0 is
= ug(3) (3.81)
The following theorem collects the results discussed in this section.

Theorem 3.2. Let Hypotheses 1, 3, 4, 5, 6 , 7 and 9 hold. Then there exists § > 0 small enough such that
the following holds. If |ug — @] << 0, then the limit of the parabolic approxzimation (3.1) satisfies

Up = (b(’ﬁo, S1 SN)

for a suitable vector (s1...sn). The map ¢ is given by

¢(tg, S1-..SN) ::F(TkJrl o~-~oTSJYV(ﬁ0), 51...sk),

Sk+1

where Tfktll ... TN are the curves of admissible states defined in [7], while the function F is defined by (3.76).
The map ¢ is locally invertible: given @y and Uy, one can determine uniquely (s1...sn). Once (s1...5N)
are known, the value u(t, x) assumed by the limit is determined for a.e. (t, x). In particular, the trace @ of

the hyperbolic limit in the axzis x = 0 is given by (3.81).
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4 The characterization of the hyperbolic limit in the case of a
singular viscosity matrix

The aim of this section is to describe the limit of the parabolic approximation (1.1) when the viscosity matrix
B is not invertible. The precise hypotheses assumed in this case are introduced in Sections 2.3 and 2.2. In
particular, they guarantee that it is sufficient to study the family of systems

(4.1)

E(uf)uf + A(u®, eus)us, = eB(u®)us, u® € RN
B(us(t,0)) =g u®(0, z) = qo,

with E, A and B satisfying Hypothesis 2, 3 given by Definition 2.1.

The exposition is organized as follows. In Section 4.1 we introduce some preliminary results, while in
Section 4.2 we give a characterization of the limit of (4.1). More precisely, in Section 4.2.1 we briefly recall
the characterization of the limit in the case of the Cauchy problem:

E(u®)u§ + A(u®, eul)ul = eB(uf)us,
U >
uE(O,x):{uo z=0

u r<0

We refer to [7] for the complete analysis. In Section 4.2.2 we introduce a lemma on the dimension of the
stable manifold of the equation
A(u, ug)uz = B(u)ugy,

which is the equation satisfied by the steady solutions of (4.1). Such a lemma gives an answer to question
which was left open in [44]. In Sections 4.2.3 we give a characterization of the limit in the non characteristic
case, i.e. when none of the eigenvalues of E~'A can attain the value zero. The boundary characteristic case
occurs when an eigenvalue of E~'A can attain the value 0 and it is discussed in Section 4.2.4. Finally, in
Section 4.3 we discuss a transversality lemma, a technical result which is needed to complete the analysis in
Sections 4.2.3 and 4.2.4.

4.1 Preliminary results

This section introduces the preliminary results needed in Section 4.2. The exposition is organized as follows:
Section 4.1.1 gives some results about the structure of the matrix A(u, u, ), all implied by Hypothesis 2 and
in particular by Kawashima condition. In Section 4.1.2 we rewrite equations

E(wuy + A(u, ug)uy = B(u)ugy (4.2)

and
A(u, ug)uy = B(u)ugy (4.3)

in a form easier to handle.
Some notations have to be introduced: given a real parameter o, let

Alu, ug, 0) := Alu, uy) — o E(u). (4.4)
Consequently, both systems (4.2) and (4.3) may be written in the form
A(u, Uy, o)ty = B(U)Ugy- (4.5)
Finally, let

A11(u, o) Aja(u, o) ( An(u) —oEy1(u) Aiz(u) — oEr2(u)
(I RN Rl (vt S v o it LA B CT

and
E=(w, 2)7, weRVN™ zeR" (4.7)

be the block decompositions of A(u, u,, o) and of = € RV corresponding to (2.8).
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4.1.1 Some results about the structure of A(u, u,, o)

Even if it is not explicitly specified in the statement, all the results of this section presuppose that Hypothesis
2 holds.
The first observation is immediate, but useful:

Lemma 4.1. Let A;;(u, ug, o) be the blocks of A(u, ug, o) defined by (4.6). Then
Alg(’u, 0') = A2Tl(u, U) A{l(u, 0') = All(u, U)

Some further notations are required: let Py(u, o) denote the projection of R =" on ker A1; (u, o). Thanks
to the third condition in Hypothesis 2, the dimension of this subspace is constant in u: we will denote it
by q. The operator Py can be identified with a matrix Py(u, o) € M?*(N=")_ Similarly, the projection
on the subspace orthogonal to kerAi; (u, o) is identified with a matrix Py (u, o) € MN=7=OX(N=7) " The
decomposition (4.7) is hence refined setting

w=Pw w=Pw weRI weRVN 9 (4.8)
Using the previous notations and recalling Lemma 4.1, the product A(u, s, U)é writes

All(u, 0') A21 (u, U)T w - 0 ~ 0 (Aél)T
(e o )5 = g, dgeg e

N Sx S\
—
N
e
S~—

where
AL (u, o) = Ag (u, U)Pg(u, o) € M"™*¢ Al (u, o) = A1 (u, )Pl (u, o) € M *(V=r—q)

and
[111(% O') = PJ_(U, U)All(u, U)Pf(’u,, O') S M(N_T_q)X(N_T_q)

It is now possible to state the following result, a consequence of Kawashima condition:
Lemma 4.2. The matriz AL, (u, o) € M"™? has rank q. Thus, in particular, ¢ < r.

Proof. First of all, one observes that
E7'A(u, 0)2=0E <= A(u,0,0)2=0
and hence Kawashima condition writes
ker(A(u, 0, o)) Nker(B(u)) = {0} Vu, o. (4.10)

We claim that this implies
Alw=0=w=0. (4.11)
Indeed, suppose by contradiction that there exists w # 0 such that A%,w = 0. Then
0 0 (ALHT w 0
0 All (Allgl)T 0 = 0 =
Aél A1121 A22 0 0

coco
coco
oo
o og

which contradicts (4.10). Hence (4.11) holds.
From (4.11) one then deduces that A%, has ¢ independent columns and hence it admits a submatrix of
rank q. [l
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In the following we will isolate an invertible submatrix of AL, (u, o) and we will denoted it by a1 (u, o).
More precisely, a1 is obtained from Al (u, o) selecting ¢ independent rows. By continuity, one can suppose
that the rows selected are the same for every wu.

With considerations analogous to the ones that lead to (4.9), one can write

2= PT(0)z + PT(0)3,

where P € M?%" is the projection such that a;; = A3, P* and P € MU0 is the projection on the
subspace orthogonal to the image of R" through P.
Thanks to the previous considerations, one obtains that A(u, u,, o)= writes

,0) az (u, 0)

0 0 afi(u w
0 Aq1(u, o) als(u, o) als(u, o) w (4.12)
a1 (u, o)  aiz(u, o) aq1(u, ug, o) a2Tl (u, Uy, o) Z ’
azl(u) 0122(’“7 U) 0421(% Uyg U) 0422(% Uy U) z,
with
a1p € MOXWN="=0) = 400 € MU~ DX(N=7=q)
11 € M9%Y, agy € M(T—Q)Xq7 Qag € Mr—a)x(r—q)
zeR? ze R4
The corresponding decomposition of B(u) is
0 0 0 0
0 0 0 0
0 0 b21 (u) bgg(u)

with
biy € MP%Y, iy € MIXT=D | pyy e MOUT—DX4 oy € MT—DX(r—a),

It is worth underling explicitly that formulations (4.12) and (4.13) include in particular the limit cases ¢ =0
and ¢ = N — r: indeed, it is enough to assume w = w, z = Z and w = W, z = Z respectively.

Lemma 4.3. The matriz
agiay; (bll(aﬂ)*lazﬂ - b12) —ba1(afy) " ag; + by
1s invertible.

Proof. By contradiction, assume that there exists an (r — ¢)-dimensional vector 5 # 0 such that

(amaﬁl (bll(a:ﬁ)_laréﬂ - bm) — by (afy) " tag, + 522)52 0.

-1
(azrary', —Ir—4) ( bun iz ) ( (afy) "z )Ezo (4.14)

It follows that

b1 b2 —I_4
Define v
D— (a1 )" az
I, ’

then (4.14) implies
0= (DE, bDE).

Since D ¢ # 6, this is a contradiction because of the second condition in Hypothesis 2. O
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4.1.2 The explicit form of system (4.5)

The following result guarantees that system (4.5), and hence systems (4.2) and (4.3) can be reduced to an
explicit form like (4.15)

Lemma 4.4. There exists a sufficiently small constant 6 > 0 such that if |u — | < 0 and |ug| < 6, then
the following holds. System (4.5) can be rewritten as

{ Uy = (u?(u, z,0), w(u, 2, o), zZ(u, z, o), Z)T (4.15)
f

for suitable functions

w:RY xR xR — RY @RV xR xR — RVN-"¢ Z:RY xR™Ix R — R?
fF:RVN xR xR— R,

For every o and for every u the following holds.
w(u, 0,0) =0 @, 0,0)=0  2Zu,0,0)=0  f(u,0,0)=0 (4.16)

Also, these functions satisfy

_ . _ _ = _ T\-1,T
D“Z|u:ﬁ0,2:0,a =0 DoZ| gy 5200 =0 D:z|, g smo = —(a11) " ay (4.17)
and
Duw‘u:ﬁg,izo,o’ =0 Daﬁ)‘u:ﬂg,i:O,o’ =0 (4 18)
Dz, _u s o = — A7 (alyDzz + a3,) = — Ay (= afs(afy) a3y + agy).
Moreover,
D“w}u:ﬁo,,Z:O,o’ =0 Dgw|u:ﬁ0,220,o’ =0
D;s;w w=to, 520 — —aﬁl (alng’uN} +a11DszZ + a%;) + aﬁlblngEDgf + afllblngf
= a1_11 (al?Al_ll (a2T2 - arirz(arﬂ)_la%) + all(arﬂ)_la% - 0412> + a1_11 <b12
_ _ _ _ 4.19
—bui(afy) 1a§1> (azlaul (bll(a{l) lag, — bm) —ba1(afy) " ag, (4.19)

1
+ b22> (6121‘11_11 (‘112141_11 (a5, — aly(aiy)tagy) + oar(afy) 'ag; — 0412)

+ a22f‘~1f11 (arirz (af1)"tag; — agy — azi(aiy)ag; + a22)>
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and

Duf‘ =0 DUf|u:'D,g,Z:O,o’ =0

u=ug, 2=0,0

1
sz‘u:ﬁm o= (b21DZZ + ba2 — az1 (al_llbuDzi + al_llbm)) ( —agrapy (a12D2U~J + o1 DzZ
+ Ofipg) + a2 Dz + o1 Dzw + 0422)
1
= (azlaﬁl (bll(aﬂ)*lazﬂ - bm) —ba1(afy) ag; + 522) (a21a1_11 (@12141_11 (a3
—ajy(aiy) taz)) + oni(afy) ad; — a2Tl) +an Ay (a1T2(a1T1)71a2Tl

- a2T2) — azi(ajy) tag; + 0422) .
(4.20)
Proof. Using notation (4.12) and (4.13), equation rewrites as

0 0 ati(u, o) ali (u, o) w

0 A1 (u, o) aly(u, o) a9 (u o) w

ain(u, o) ax(u, o) ai(u, w, W, z, 2, 0) ad (u, w, w, z, 2, o) z

azl(u, U) azg(’u,, U) agl(u, w, W, Z, Z, U) 0422(’(1,, w, W, Z, 20) z
0 0 0 0 Wy
oo o 0 Wy
o 0 0 bll(u) blg(u) Zx
0 0 bzl(’u) bgg(u) 21

and therefore

The second line then reads

~ - -1 - ~
Aqi(u, o) — aly(u) (a{l (u, 0)) adi(u, o)z + ady(u, 0)2 =0
and hence thanks to the invertibility of Ay (u)

. _ -1 -
W, 2) = A (u, 0) (aFy @) (T 0, ) "oy (u, 0) + iy, 0)) 2.
Moreover, one has

(z(u, 2)):5 = _(afl(u, o)) adi (u, o)z, — Du((afl(u, 0))_1a§1(u, a))um = Z,(u, W, Z, Z;)
and hence the third line reads
a11 (w)w + ar2(w)w(u, 2) + agr(u, @, 2)2(u, 2) + ol (u, @, 2)Z = b1 (u)Z. (u, W, 2, Zz) + bia(u)Z,

and therefore, thanks to the invertibility of a1, in a small enough neighborhood of
(u=1tg, w=0,2=0, 2, =0) it is implicitly defined a map @ = w(u, Z, Z,) such that
_ _ -1 T\—1,T
Duw}u:ao,.z:o, 5,=0 =0 waw’u:ao,.z:o, z,=0 — 11 (b12 —bui(ay;) a21>

D5w|u:a0,5:o,gm:0 = aﬁl (al?Aﬁl (agz - cL1T2(CL1T1)715L51) + all(a?1)71a§1 - ale)-
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Then the fourth line reads
ao1 (w)w(u, 2, Zz) + aga(w)w(u, 2) + a1 (u, 2, 2:)Z:(u, 2, Zz) + aoa(u, 2, 2;)Z = bay(u)Zx(u, 2, Z;) + bao(u) 2,

Hence thanks to Lemma 4.3, it is implicitly defined a map Z, = f(u, Z), which satisfies the hypotheses
described in the statement of the lemma. O

In order to simplify the notations, we set

-1.T

a(u, 2, 0) = a21afll ((1121211711 (agz - aﬂ(arﬂ)_laa) + all(a{l)_lale - ale) + a22Af11 (a{2(a{1) azy

—ajy — az(af}) " "ag) + ag) € MUTOXrma)
I_)(u, U) = a21a1_11 (bll(afl)_lagl - blg) - b21 (a{l)_lagl + b22 S M(T_q)x(r_q)
(4.21)

With this notations,

=t (@, 0, 0)a(io, 0, o).
u=ug, 2=0, 0

D:f

Also, if we consider the jacobian

D: (ﬁ)(u, zZ,0), w(u, 2, 0), Z(u, Z, o), Z(u, Z, U))
and we compute it at the point (u =g, 2 =0, o), we get

-1 A=1( T T (, T\—=1,T \& -1 T\-1,T & -1 7T & -1 -1 —-I\T T \3—1
ayy a12Ag (azz — ajq(ag;) a21)§ +ajy aai(agy) " lag € —agy an €+ (all biz —ajy bui(agy) ‘121>1_7 a

Ar (G?Q(a?l)_lagl - a%)
)

(4.22)
Finally, the proof of Lemma 4.4 implies the following result:

Lemma 4.5. Given £ € R"9, the condition a(u, 0, 0)¢ = Ab(u, 0)€ is equivalent to A(u, 0, o) Z = AB(u) E,
where Z € RY is given by

—

-1, F-1 - o1 - 1. T2 —1 —1 —1 ~1
ayy a2y (G2T2 — afy(afy) 1a§1>§ +apyan(afy) a3 & — ajp adi €+ (all bz — agy bui(agy )T%Tl)b ag

1
== A (a1T2(a1T1)71a2Tl - a2T2)§
—(a{l):laréqf
£.

(4.23)
The case A =0 and hence g{: 0 is, in particular, included in the previous formulation.

Remark 4.1. For simplicity, in the following we assume that b~ 'a is diagonalizable. Hence, in particular,
one can find (r — ¢) independent vectors Ey,...Z,_4 such that

(A= \B)Z; = 0.

To handle the general case, one should work with generalized eigenspaces.
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4.2 The hyperbolic limit in the case of non invertible viscosity matrix
4.2.1 The hyperbolic limit in the case of the Cauchy problem

In this section for completeness we review the construction of the Riemann solver for the Cauchy problem
in the case the viscosity matrix B is not invertible. We refer to [7] for the complete analysis. Also, some of
the steps in the construction are the same as in the case of an invertible viscosity matrix, which is discussed
in Section 3.2.1. Thus, here we will focus only on the points where the singularity of the viscosity matrix
plays an important role.
The goal is the characterization of the limit of
E(u®)u§ + A(u®, ui)us = eB(uf)us,

u- <0 4.24
R R (124)

under Hypotheses 2, 3, 5 and 6.
The construction is as follows. Thanks to Lemma 4.4, the equation of travelling waves

BU)U" = (A(U, U’y — JE(U)) v, (4.25)
is equivalent to the system
u = (w(u, z, 0), wlu, 5, 0), 2(u, 3, 0), 5)
= fu, 2, 0) (4.26)
o' =0

When 2 = 0 then for every u and o f(u, 0, o) = 0, w(u, 0, o) = 0, w(u, 0, o) = 0, z(u, 0, o) = 0. Thus,
(o, 0, \i(Tp)) is an equilibrium for (3.13), where \;(@g) is an eigenvalue of E~1(tg)A(@o, 0). Linearizing
around such an equilibrium point one obtains

0 c 0
0 b_la(’ELOv Oa Ui) 0 ’ (427)
0 0 0

where the exact expression of the matrix ¢ € RN*("=9) is not important here. Let Z;(ip) denote the

—

eigenvector corresponding to A; (o), then Z;(@g is in the form given by Lemma 4.5 for some vector &(@g) €
R"~9. Then the eigenspace of (4.27) associated to the eigenvalue 0 is

Ve.= {(u, vigi(ﬁo), cr) cueRY, v, 0€ R}.

One can then proceed as in the case of an invertible viscosity matrix (see Section 3.2.1). Fix a center manifold
M€, then one can verify that a point(u, Z, o) belongs to M€ if and only if

z = v&i(u, vy, 0),
where §~i € R"77 is a suitable vector valued function such that
& (ﬂo, 0, )\z‘(ﬂo)) = & ().
Thus, on the center manifold

u = (ﬁ)(u, z,04), w(u, z, 07), z(u, Z, 0;), 2) = Zi(u, vi, 07)v;
for some vector valued function éi € RV such that
= (1107 0, Ai(ﬂo)) = Ei(to).
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Plugging the relation v’ = Z;v; into the equation
B(u)u" = [A(u, u') — o E(u)u’

one obtains B B ~ o

Taking both members dot product Z, one gets
CiVjgz = Q4U;

for suitable functions ¢;(u, v;, o) and a;(u, v;, o). Thanks to Lemma 4.5, Z;(@o) is not in the kernel of B
and hence

C; (’(7,0, 0, /\A’ﬁo)) = <Ei(’a0), B(’ﬁo)Ez(’ao» >0

Thus, ¢; > 0 in a neighborhood and hence one can introduce ¢; := a;/c;. Also,

99i

= —<Ei(’ﬁ0), EEZ(’U,()» < 0. (428)
(@0, 0, X; (@o))

Thus, system the solutions of (3.13) laying on M€ satisfy

iZi(u, vi, 0;)

(Y
qﬁi(u, Vi, O'i) (429)
0

SN ST~

A& &

N

with ¢ satisfying (4.28). One can therefore apply the results in [7]. Proceeding as in Section 3.2.1 one
eventually defines the i-th curve of admissible states T7 o, which satisfies

T, o
0s; - = Salo)

SiZO

and all the other properties listed in Section 3.2.1.
Consider the composite function

2/1(’(7,0, S1... SN) = Tsl1 o.. TSJYV’U,O

With the previous expression we mean that the starting point for TN~ is Tsjyvﬂo. It turns out that the
map ¢(iUo,-) is invertible in a neighbourhood of (s1...sy) = (0...0). In other words, if v~ is fixed and is
sufficiently close to @g, then the values of s ...sy are uniquely determined by the equation

U Zw(ﬂo, 81...SN). (430)

Taking the same v~ as in (4.24), one obtains the parameters (s ... sy) which can be used to reconstruct the
hyperbolic limit u of (4.24). Indeed, once (s1 ... sy) are known then u can be obtained in the way described
in Section 3.2.1.

Remark 4.2. To construct the curves T; Up one proceeds as follows. Suppose that s; > 0, then one considers
the fixed point problem

ur) =+ [ Fulue), wl), on(©)de
vg (1) = fi(T, (1JL, Vg, 0k) — concfi (T, u, vk, oK) (4.31)
or(T) = ﬁgconcﬁc(ﬂ U, Vg, Ok)-

Denote by (u;, v;, ;) the solution of (4.31), whose existence is ensured by results in [7]. Then we define

Tsiil_l,o = ul(sl)
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The value wu;(s;) is connected by @y by a sequence of rarefaction and shocks. This is actually true only if
system (4.28) is equivalent to (4.25), i.e. if Lemma 4.4 holds true. The problem here is that in (4.28) o is a
parameter, while in (4.31) can vary. Actually, it turns out that we can still apply Lemma 4.4 provided that
the dimension of the kernel of A;;(u)—oFE11(u) does not vary in a small enough neighborhood of o = \; (o),
i.e. if the kernel of Ay1(u) — A;(@o)E11(u) is trivial. This is certainly a restrictive condition. In [13] the
authors will address the problem of finding less restrictive conditions.

4.2.2 A lemma on the dimension of the stable manifold

The aim of this section is to introduce Lemma 4.7, which determines the dimension of the stable manifold
of the system
B(U)U" = AU, UNYU', (4.32)
satisfied by the steady solutions of
E(u)ut + A(u, uz)uac = Ugg-
In this section we thus give an answer to a question introduced in [44]: more precisely, it is shown that the

condition called there Hypothesis (H5) is actually a consequence of Kawashima condition.
Thanks to Lemma (4.4), system (4.32) is equivalent to

T
up = (w(u, 2, 0), 0w, 2 0), 2(u, £,0), 2)

(4.33)
Z. = flu, %, 0).

Hence, linearizing around the equilibrium point (@, 0), one finds that the Jacobian is represented by the

matrix
0 m
0 b 'a(g,0,0)

where a and b are defined by (4.21) and m is a N x (r — ¢) dimensional matrix whose exact expression is
not important here. Hence the stable manifold of system (4.33) is tangent in (@, 0) to

d d
Ve= {(ﬁ + ;Uimoi(ﬁ)v ;91(5)) D € R} CRN*a, (4.34)

In the previous expression 91, e ,5(1 € R"77 are the eigenvectors of b 'a associated to eigenvalues with
strictly negative real part. What we want to determine in Lemma (4.4) is the number d, i.e. the number of
eigenvalues of b~ 'a with strictly negative real part.
Before stating the lemma, we recall some notations: k—1 denotes the number of eigenvalues of E~1(u)A(u, 0),
that satisfy
A(u) < Ag(u) < - < Apo1(u) < —e< 0

for some constant ¢ > 0. The number (k— 1) does not depend on u and u, because of the strict hyperbolicity
(Hypothesis 3). Moreover, let

_ [ An(uw) A3 (u) _( Eu(u) E3(u)
Au, ug) = < Aot (0) Ass(u, u) ) E(u) = < En(u) En(u) > (4.35)

be the block decompositions of A and E corresponding to the block decomposition

5095 o)

Also, n11 denotes the number of negative eigenvalues of A;1. Since E is positive definite, also E1; is and
hence by Lemma 3.1 ny; is equal to the number of strictly negative eigenvalues of E;*(u)A11(u). Hence, by
the third assumption in Hypothesis 2, ni; does not depend on u. Finally, ¢ denotes the dimension of the
kernel of A11(u), which as well does not depend on w.

Before introducing Lemma 4.7, it is necessary to state a preliminary result, which is exploited in the
proof of the lemma:
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Figure 6: the behavior of the roots of (4.38) when the perturbation ¢ — 0T
k —1roots: Rep;(0) <0 | N — k roots: Repi(o) >0

ni1 +q eigénvalues:Reui < 0,||u(o)] = +o0

r—gq eigénvalues: wi(o) — p(0)

Lemma 4.6. Let Hypothesis 2 hold. Then there exists 6 > 0 such that if u belongs to a neighborhood of tg
of size § then the following holds. The polynomial

det (A(a, 0) — uB(ﬁ)) (4.36)
has degree (r — q) with respect to ju.
The proof follows immediately from Lemma 4.5, which guarantees that
det (A(a, 0) — uB(ﬂ)) =0 < det (g*l(a, 0)a(a, 0, 0) — ,ur_q) =0,

where the matrices a, b € M("=9*("=9) are defined by (4.21) and b is invertible by Lemma 4.3. The symbol
I,_4 denotes the identity matrix of dimension (r —gq) .

Lemma 4.7. Let Hypotheses 2 and 3 hold. Then the dimension d of the stable space (4.34) of system (4.32)
isdzk—l—nll—q.

Proof. Since the state @ is fixed, in the following for simplicity the matrices A(@, 0) and B(@) will be denoted
by A and B respectively. To prove the lemma one has to show that the equation

det (A - ML-B) -0 (4.37)

admits exactly (k — 1 — ny; — ¢) roots with negative real part.
The proof is organized into six steps:

1. First, it is introduced a perturbation technique. More precisely, it is considered the problem
det (A — pi(0)(B + al)) =0. 0>0, (4.38)

where ¢ is a positive parameter which is allowed to go to 0. The symbol I denotes the N-dimensional
identity matrix. Just to fix the ideas and to consider the most general case, it will be supposed that
the matrix A is singular:

)\1<"'<)\k71<0:/\k</\k+1<"'</\N
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Once the value of the parameter ¢ is fixed, the solutions p;(c) of (4.38) are the roots of a polynomial
of degree N. Moreover, the matrix (B + o) is positive definite and hence Lemma 3.1 guarantees that
(k— 1) roots have strictly negative real part, (N — k) roots have strictly positive real part and one root
is zero.

If one let the parameter o vary, (4.38) defines N algebraic functions p1(0), ... pun(0): since the coeffi-
cients of the polynomial (4.38) are analytic with respect to o, it is known (see for example [38]) that
the functions p; are analytic everywhere in the complex plane except for some so called exceptional
points that are certainly of finite number in every compact subset. Moreover, for every fixed function
w; only two behaviors are possible in an exceptional point o = &:

e u;(0) is continuous in 7.

e lim, 5 |ui(0o)| = +o0.
In the case of the algebraic functions defined by (4.38), the point ¢ = 0 is an exceptional point since

in o = 0 the degree of the polynomial drops from N to r — ¢: we will denote by 1;(0),i=1,...(r —q)
the (r — q) roots of (4.37).

Thanks to the known results recalled before, however, one deduces that there are

e r — ¢ functions y, (o) such that

lim p;(0) = 14(0) i=1,...r

o—0 -
o N —r + g functions y, (o) such that

lin})|,ui(a)|:+oo i=r+1,...N.

The situation is summarized in Figure 6.

Moreover, restricting to a small enough neighborhood, it is not restrictive to suppose that ¢ = 0 is the
only singular point.

. As a second step we prove that to obtain the lemma it is sufficient to show that the number of functions
wi(o) continuous in o = 0 and such that Repu,(0) < 0 when o € RT is equal to k — 1 —nj1 — ¢. Since
the number of roots of (4.38) with negative is equal to k — 1, this is equivalent to show that there are
exactly ni1 + ¢ functions p, (o) such that Rep;(o) < 0 and |p;(o)| T +00 when o — 0%,

The only case that has to be excluded is the possibility that in the limit a function y, (o) with Rep;(0) <
0 has zero real part.

First, one observes that equation (4.37) does not admit purely imaginary roots: by contradiction,
assume that there exists p € R, p # 0 and v = v, + iv;, U, v; € RY such that

A(vy 4 iv;) = ipB(vy + iv;). (4.39)

Just to fix the ideas, one can assume p > 0: as in the proof of Lemma 3.1, it turns out that
0 > —p(Buv;, v;) = (Avy, v;) = (Av;, v) = p(Bop, v) >0 (4.40)
because B is positive semidefinite. Hence the only possibility is that v; and v, both belong to ker B,

but this contradicts (4.39) and hence there are no purely imaginary roots of (4.37).

Hence one is left to exclude the possibility that a function p;(o) continuous in ¢ = 0 and such that
Rep;(o) < 0 converges to 0. From the strict hyperbolicity of the matrix E~'A (Hypothesis 3) and
from Lemma 3.1 it follows that O is an eigenvalue of A with multiplicity one and hence p; = 0 is a
root of (4.37) with multiplicity one. Moreover, again from Lemma 3.1, one deduces that the algebraic
function ug (o) is identically equal to 0. Since the multiplicity of 0 as a root of (4.37) is one, it cannot
happen that other functions y,(0), i # k converge to zero when o — 0%,
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3. As a third step, we perform a change of variable. More precisely, the number of solutions p;(co) of
(4.38) such that Reu;(c) < 0 and |u;(0)| T +oo when o — 07 is equal to the number of roots z;(c) of

det(B+aI—:z:i(a)A):0 i=1,..N—-r+q (4.41)

such that Rex;(c) < 0 and z;(c) — 0 when o — 07. This is clear if one defines z;(0) := 1/u;(0).

4. In the fourth part of the proof, we study the inverse problem to (4.41), i.e. the eigenvalue problem
det (B—:vA—i—ai(:c)I) =0 j=1,...N. (4.42)

The meaning of the notation is that in this case one fixes z and then finds o.
More precisely, it will be studied the behavior of the N — r eigenvalues —o; (x) such that oj () =0
when & — 0. From the analysis in [12] it follows that

F(z) = —Apz — AL b1 Ag 2? + o(2?) x—0

where F'(z) denotes the projection of B — xzA on the generalized subspaces converging to the kernel of
B. The blocks A1 and Ag; are defined by (4.35). Let Fy(x) be the projection of F(x) on the kernel
of A11 and F| (z) be the projection on the subspace orthogonal to kerAj.

Thus again the analysis in [12] guarantees that
Fo(x) = —(AL)Tp7 1 AL 22 + o(2?) x—0

and 3
F(z)=—A112+ o(x) x — 0.

In the previous expression it has been used the notations introduced in (4.9):

T
A (u, o) Ag(uo)? 0 0 (A 21)T(Ua o
uo 29 (u, Uy, O - 0 Ani(u, o) 51) (u, o)
< Aoi(uo)  Az(u, ug, o) ) AL (w) All(u, o) 1(42(1)1 o, Ug)

From Kawashima condition it follows that the matrix (AZ,)Tb=1 AL, is positive definite: one can proceed
in the same way as in the proof of Lemma (4.2).

Hence projecting on suitable subspaces (we refer again to [12] for the precise computations) it follows
that the following expansions hold:

oj(z) = ,ul-a:Q + o(x) x — 0, j=1...q (4.43)

and
oj(z) = A\jz + o(z) x—0 j=q+1,...N—r. (4.44)

In the previous expression, u; > 0 is an eigenvalue of (A44,)Tb"1 AL and \; # 0 is an eigenvalue of
All.

5. As a fifth step, we analyze equation (4.44): for every fixed j = ¢+1,... N —7, the expansion guarantees
that the function o;(z) is invertible in a neighborhood of z = 0. The inverse function z;(o) satisfies

(4.41) and because of (4.44) the condition that Rex;(0) < 0 when o € R is satisfied if and only if ;
is an eigenvalue of Aq; with negative real part. This implies that there are exactly ni; functions T (o)
satisfying (4.44) and such that Rex;(c) < 0 when o € R¥.

Moreover, there are N — r — ¢ functions z;(0) satisfying (4.41) and (4.44).
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6. Since there are exactly 2¢ functions x;(o) satisfying (4.41) and (4.43), one deduces that there are ¢
functions with strictly positive real part and ¢ functions with strictly negative real part. The possibility
of a root with zero real part is excluded on the basis of the same considerations as in step 2.

Hence from steps 5 and 6 one obtains that there are exactly ni1 + ¢ solutions z;(c) of (4.41) such
that Rex;(0) < 0 and z;(0) — 0 when o — 0F. Thanks to the considerations in steps 1, 2 and 3 this
concludes the proof of the lemma.

O
To introduce Lemma 4.8, it is useful to introduce some further notations: let
V(u) :=span(On,, —g+1, - .- Ok_1) (4.45)
be the space generated by the vectors that satisfy
(A(a, 0) — 1:(a, o)B(a)) 0,(a, 0) = (@, 0) < 0. (4.46)
Let
V¥ (u) := span(Zg41, ... EN) (4.47)
the subspace generated by the =; satisfying
(A(u, 0) — /\iE(u)>Ei =0  A>0. (4.48)

When A(u, 0) is invertible the dimension of V* is equal to (N — n), where n is the number of negative
eigenvalues of A defined as in (3.19). On the other side, when A(u, 0) is singular the dimension of V" is
equal to (N — k), where (k — 1) is the number of strictly negative eigenvalues of A as in (3.25). In this case,
the following subspace is non trivial:

V¢(u) := span(Oy), where A(u, 0) Oy = 0. (4.49)
The proof of the following result is analogous to that of Lemma 7.1 in [6]:
Lemma 4.8. Let Hypotheses 2 and 3 hold. Then
venve={0} venve={0} venv*={o},
where VS, V¢ and V¥ are defined by (4.45), (4.49) and (4.47) respectively.

4.2.3 The hyperbolic limit in the non characteristic case

In this section we will provide a characterization of the limit of the parabolic approximation (4.1) when the
boundary non characteristic, i.e. when none of the eigenvalues of E~!(u)A(u, u,) can attain the value 0
(Hypothesis 8). As in Section 3.2.2, n will denote the number of eigenvalues of E~!(u)A(u, u,) with strictly
negative negative real part and N — p the number of eigenvalues with strictly positive real part. Also, we
recall that n1; is the number of strictly negative eigenvalues of A1 (u), while the eigenvalue 0 has multiplicity
q.

To give a characterization of the limit of (4.1) we will follow the same steps Section 3.2.2. Thus, in
the exposition we will focus only on the points at which the singularity of the viscosity matrix B plays an
important role.

The characterization of the limit works as follows. We will construct a map ¢(@o, Sn,,+q---Sn) which
describes, as (Sp,,+q--- Sn) vary, states that can be connected to @g. We will compose ¢ with the function
B3, which is used to assign the boundary condition in (4.1). We will the show that the composite map is
locally invertible. This means that, given @ and g such that |3(dg — g/ is sufficiently small, the values of
(Snii+4q---Sn) are uniquely determined by the equation

qg= ¢(’a0, S1... SN).

Once (Spyy+q---Sn) are known the limit of (3.1) is completely characterized. The construction of the map
¢ is divided in some steps:
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1. Waves with positive speed

Consider the Cauchy datum @y, fix (N — n) parameters (s,41 ...sy) and consider the value

— g N —
u="Tg o...T; up.

Sn

The curves T .. .TSJYV are, as in Section 4.2.1, the curves of admissible states introduced in [7]. The

state @g is then connected to @ by a sequence of rarefaction and travelling waves with positive speed.

2. Boundary layers
We have now to characterize the set of values uw such that the following problem admits a solution:
AU, U, )U, = B(U)Ups
U0)=wu (4.50)

limg 400 U(x) = @.

Because of Lemma 4.4, one has to study

{ U, = (w(U,é, 0), w(U, %, 0), 2(U, 2, 0), Z) (4.51)

gm = f(Uu 27 0)
Consider the equilibrium point (@, 0), linearize at that point and denote by V* the stable space, i.e.

the eigenspace associated to the eigenvalues with strictly negative real part. Thanks to Lemma 4.7,
the dimension of V* is equal to n — ny11 — q.

n

Vs:{(a+i Ti é(a),iné(ﬂ)),xl...xneR},

i=1 pi(w) i=1

where 11 (@) . . . jun (@) are the eigenvalues of b~ (@, 0, 0)a((@), 0, 0) with negative real part and & (@) ... &,
are the corresponding eigenvectors.

Denote by M? the stable manifold, which is parameterized by V*. Also, denote by ¢s a parameteriza-
tion of M?:
bs VS =RV,

Let 7, be the projection
i RY x RT™7 5 RN
(u, 2) — u
One can then proceed as in the proof of Section 3.2.2 and conclude that system (4.50) admits a

solution if u € 7y (@s(Snyy+q+1---Sn)) for some Sy, 4q41- .. 5, Also, thanks to (4.22) the columns of
the jacobian of 7, o ¢, computed at sp,, 4941 =0...5, =0 are Z,,, 4¢+1-- - Zn-

Note that the map 7, o ¢ actually depends also on the point % and it does in a Lipschitz continuos
way:
|7y © ¢s (1, Snii+q+l - Sn) — T © ¢s(Uz, Snii+q+1 .- sn)| < L|uy — gl

3. Conclusion

Define the map ¢ as follows:

— N—k N -
¢(u0a Snyi4q+1 - - SN) = Ty © ¢S (TSka O TSNU()’ Snyi4q+1 - - S") (452)

From the previous steps it follows that ¢ is Lipschitz continuos and that it is differentiable at s5,,, 4441 =
0...sy =0. Also, the columns of the jacobian are =, +4+1(to) - .. En(t0), Ont1(%o) ... On, where

(A(ao, 0) — /\i(ﬁOE(ﬁo))Gi(ao) —0
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for A\; (@) > 0 and
(Ao, 0) = pito B (o) ) =i (o) = B(iio)Zi( o)
for p;(1p) with strictly negative real part.
In the case of an invertible viscosity matrix (Section 3.2.2) the definition of the map ¢ is the final step

in the construction. Here, instead, one has to take into account the function 8, which is used to assign
the boundary condition and is defined in Section 2.2.1. Consider

Bod(to, Snyytge1---SN)-

Thanks to the regularity of § and to the previous remarks, o ¢ is Lipschitz continous and differentiable
at Spi,4+g9+1 = 0...5n5 = 0. Denote by

V(’U,()) = span(El (’ﬁo) .. .En(’ao), ®n+1(’a0) e @N(’ﬁ0>.
Lemma 4.9, which is introduced in Section 4.3, ensures that for every Ve V(o)
DB(ag)V =0 = V=0

Thus, the jacobian of 30 ¢ at sp,, 1441 =0...sy = 0 is an invertible matrix. Thanks to the extension
of the implicit function theorem discussed in [24] (page 253) one can conclude that the map 8 o ¢(@o, -)
is invertible in a neighbourhood of (sn,,4+¢+1-..8n5) = (0...0). In particular, if one takes @, as in
(3.1) and assumes that |[8(zo) — g| is sufficiently small, then the values of $,,,, 4441 ...y are uniquely
determined by the equation

g =80 ¢(to, Snyy+q+1---Sn) (4.53)

Once the values of s, +¢+1 - .. Sy are known, then the limit u(¢, ) can be reconstructed. In particular,
the trace of u on the axis x = 0 is given by

u:=T"" o TN (4.54)

Sn+4+1
Also, the self similar function u can be obtained gluing together pieces like (3.18) .
Here is a summary of the results obtained in this section:

Theorem 4.1. Let Hypotheses 2, 3, 4, 5, 6 , 7 and 8 hold. Then there exists § > 0 small enough such that
the following holds. If |B(@o) — g| < 0, then the limit of the parabolic approzimation (3.1) satisfies

g = Bé(Uo, Snyy+q+1---5N)

for a suitable vector (Sp,,+q+1--.Sn). The map ¢ is defined by (4.1). Given @y and g, one can invert o ¢
and determine uniquely (Spyi+q+1---SN). Once (Spyy+q+1---SN) are known the value u(t, x) assumed by
the limit function is determined a.e. (t, x). In particular, the trace @ of the hyperbolic limit in the axis x =0
is given by (4.54).

4.2.4 The hyperbolic limit in the boundary characteristic case

This section deals with the limit of the parabolic approximation (4.1) in the boundary characteristic case, i.e.
when one of the eigenvalues of E~'A can attain the value 0. More precisely, we will assume Hypothesis 9,
which is introduced at the beginning of Section 3.2.3. As in Section 3.2.3, k — 1 is the number of eigenvalues
of E~1(iig)A(ig, 0) that are less or equal then —c, where c is the separation speed introduced in Hypothesis
3. Also, n1; is the number of strictly negative eigenvalues of Aj1 (i), while ¢ is the dimension of the kernel
of Aqp (’17,0)

To give a characterization of the limit of (4.1) one can follow the same steps Section 3.2.3. Also, in Section
4.2.3 we explain how to tackle the difficulties due to the fact that the viscosity matrix is not invertible. Thus,
in the following we give only a quick overview of the key points in the characterization.
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The characterization works as follows. We construct a map ¢(@o, Sny;+q - - - Sn) such that the following
holds. As (Spyy4q---SN) vary, ¢(Uo, Snyy+q - - - Sn) describes states that can be connected to @g. We compose
¢ with the function 8, which is used to assign the boundary condition in (4.1). We then show that the
composite map is locally invertible. This means that, given @ and g such that |3(u — g| is sufficiently small,
then the values of (s,,+q-..5n) are uniquely determined by the equation

QZBng)(ﬂo,Sl...SN).

Once (Spyy+q - - - Sn) are known the limit of (3.1) is completely characterized and it is obtained gluing together
pieces like 3.18. The construction of the map ¢ is divided in some steps:

1. Waves with positive speed

Given the Cauchy datum g, we fix (N — k) parameters (41 ...sny and consider the value

— k41 N -
U = Tsk+1 o... T o.

The curves Tskktll . TS]X, are, as in Section 4.2.1, the curves of admissible states introduced in [7]. The

state @ is then connected to @ by a sequence of rarefaction and travelling waves with positive speed.

2. Analysis of the center stable manifold

Consider the equation satisfied by travelling waves:
B(U)U" = (A — aE)U'.
Thanks to Lemma 4.4, this is equivalent to system
U, = (@(U,E, 0), @(U, 2, 0), 2(U, %, 0), z)
Z, = f(U, %, 0) (4.55)

o, =0

The point (g, 0, Ar) is an equilibrium. One can than define an invariant center stable M®® manifold
with the same properties listed in Section 3.2.3. Thanks to Lemma 4.7, the dimension of every center
stable manifold is kK — n11 — ¢. Also, one can proceed again as in Section 3.2.3 and find the equation
satisfied by the solutions of 4.2.1 laying on M. Moreover, every solution laying on M can be
decomposed in a purely center component, a purely stable component and a component of perturbation,
in the same way described in Section 3.2.3. Eventually, one is able to define a map F(Ug, Sny,+q; - - - SK)
which is Lischitz continous with respect to both uy and sp,,1q,...5Kx. Also, it is differentiable at
Snii+q = 0,...8x = 0 and the columns of the jacobian matrix are the vectors E,,,, 44(Ux) - .. Zx(Ux).
For every i =ni1 + ¢... K it holds

[A(ak, 0) — B (| = = Blaw)=:

with the real part of u; less or equal to zero.

3. Conclusion

Define the map ¢ as

— N—k N -
¢(u0a Snyi4q+1 - - SN) = Ty © ¢S (TSka O TSNU()’ Snyi4q+1 - - S") (456)

From the previous steps it follows that ¢ is Lipschitz continuos and that it is differentiable at s,,,, 4441 =
0...sy =0. Also, the columns of the jacobian are =1 (i) . ..Zk(4o), Ok+1(lo) ... On, where

(A(ao, 0) — /\i(ﬁOE(ﬁo))Gi(ao) -0
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with A; > 0 for every i. The vectors = are as before.

To take into account the function 3, which is used to assign the boundary condition and is defined in
Section 2.2.1., one considers

Bo (b(’ﬁo, Sniitqtl - - .SN).

Thanks to the regularity of § and to the previous remarks, o ¢ is Lipschitz continous and differentiable
at Spi,4+9+1 = 0...5n5 = 0. Denote by

—_

V(’ﬁo) = span(El (’(7,0) ce :‘,k(’ao), 67@4—1 (’(7,0) R ®N>
Lemma 4.9, which is introduced in Section 4.3, ensures that for every Ve V(o)
DB(i)V =0 = V=0

Thus, the jacobian of 30 ¢ at sp,, 1441 =0...sy = 0 is an invertible matrix. Thanks to the extension
of the implicit function theorem discussed in [24] (page 253) one can conclude that the map 8o ¢(@o, -)
is invertible in a neighbourhood of (sn,,4+q+1-..Sn5) = (0...0). In particular, if one takes @, as in
(3.1) and assumes that [B(@o) — gl is sufficiently small, then the values of $,,,,+¢+1 ... SN are uniquely
determined by the equation

g =80 ¢(to, Snyy+q+1---Sn) (4.57)

Once the values of s, 4¢+1 - - . Sy are known, then the limit u(¢, ) can be reconstructed gluing together
pieces like 3.18. In particular, the value of the trace % on the axis x = 0 can be determined in the same
way described in Section 3.2.3

Here is a summary of the results obtained in this section:

Theorem 4.2. Let Hypotheses 2, 3, 4, 5, 6 , 7 and 9 hold. Then there exists § > 0 small enough such that
the following holds. If |B(@g) — g| < 4, then the limit of the parabolic approzimation (3.1) satisfies

g =Bod(ho, Snyytq+l---SN)

for a suitable vector (sp,,+q+1--.Sn). The map ¢ is defined by (4.56). Given 4y and g, one can invert $o ¢
and determine uniquely (Spy,4+q+1---SN). Once (Sny,+q+1-..SN) are known, then the value u(t, x) assumed
by the limit function is determined a.e. (t, x).

4.3 A transversality lemma

In the first part of this section we state and prove Lemma 4.9. It is a technical result and it guarantees that
the map 8 o ¢ that appears in both Theorems 4.1 and 4.2 is indeed locally invertible. In the second part of
the section we introduce a new definition for the map # which is used to assign the boundary condition in

{ E(u)ut + A(U, Uz)um = B(’UJ)UJMC (458)

B(u(t, 0)) =g u(0, x) = ag.

This definition is an extension of Definiton 2.1 and it guarantees both the local invertibily of the map 8o ¢
and the well posedness of the initial boundary value problem (4.58).

Before stating Lemma 4.9, we recall some notations. We denote by A1, F11 the blocks of A, E defined
by (4.35). Let G;(u) € RN~ be an eigenvector of B[ (u) Ay (u) associated to an eigenvalue with non positive
real part. Also, let Z;(u) € RY be defined by

Z; = ( % ) (4.59)

Z(u) == span(Z1(u),. .., Zn,,+q(w)).

and
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We define the complementary subspace

oy sl (2 Yon( 8 ). (5 Yoo (g ),

where €; € R" are the vectors of a basis in R” and @; € RN=" are the eigenvectors of EfllAH associated to
eigenvalue with strictly positive real part. By Definition 2.1, the function 8(u) is the component u; of the
vector u in the decomposition

U =1u;+uz, U E W(u), U € V(u) (460)
Also, we define the space V(u) as
V(u) = span(On,, +q+1(1), .. ., Op—1(u), O (u), Zgt1(u),...En(v)), (4.61)

when the matrix A(u, 0) can be singular (boundary characteristic case). The vectors ©; satisfy
A(u, 0)0;(u) = u; BO; Re(u;) <0,

while the vectors =; satisfy
(A(u, 0) — )\i(u)E(u))Ei =0 (u) >0

In the case of a non characteristic boundary (i.e when A(u, 0) is always invertible) the subspace V(u) is
defined as
V(u) := span(©Op,, +4+1(u, 0),...,0,(u, 0), Epy1, ... En(u, 0)),

With n we denote the number of negative eigenvalues of A, according to (3.19). According to the results
in Sections 4.2.3 an§ 4.2.4, V(o) is the space generated by the columns of the jacobian of the map ¢ at
(Sn11+q+1 s SN) =0.

The following lemma guarantees that, even if W(u) and V(u) do not coincide in general, nevertheless
they are transversal to the same subspace Z(u). This result is already known, but we repeat the proof for
completeness.

Lemma 4.9. The following holds:
V(o) ® Z(ao) =RY  W(ao) @ Z(uo) = RY

Proof. The second part of the statement is trivial.
In the proof of the first part for simplicity we consider only the boundary characteristic case (A(u, 0) can

be singular), being the other case absolutely analogous. Also, we write A instead of A((ug, ). The proof is
organized into four steps:

1. First, we prove that if V' is a non zero vector in span{Zj11,...,Zy), then
(V, AV) > 0. (4.62)
The steps are analogous to those in the proof of Lemma 7.1 in [6], but for completeness we repeat
them.
If V € span{=Z41,...,=n), then V belongs to the unstable manifold of the linear system

u, = Au

and hence there exists a solution of

uy, = Au
u(0) =V limg_, oo u(z) = 0.
Thanks to the symmetry of A, such a solution satisfies

%(u, Au) = 2(u,, Au) = 2|Aul* > 0
T

and hence to conclude it is enough to observe that

mli)rg)()(u(:v), Au(x)) = 0.
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. if

nii+q
Z=Y wiZ,
i=1
then
(Z, AZ) <0. (4.63)

Indeed, the matrices A1, E11 are symmetric and F1p is positive definite, hence they admit an orthog-
onal basis of eigenvectors (i ...{n—, such that (¢;, A11¢;) = 79 (G, E11¢). In particular,

ni1+q

(Z, AZ) = Z ni3 iy E11G) < 0.
i=1

. if

k
0= > v
j=ni1+g+1
then
(A0, ©) <O0. (4.64)
Indeed, by Lemma 4.4 one deduces that the following system admits a solution:

Bu, = Au
u(0) =06 limg 400 u(z) = 0.

Hence, by considerations analogous to those performed in the first step, one concludes that (4.64) holds
true.

. it holds
span(Zl, ey Zn11+Q7 @n11+q+17 ey @k> n Span<Ek+1, ey EN> = {O} (465)
To prove it, it is enough to show that if
Z €span(Zy,.... Zoysq)s O € 5pan(Onyysqits- .- Ok), (z + @) £0, (4.66)
then
(Z + @) ¢ span(Spi1, ..., En).
If
N
O = Z ,Ti@i,
i=ni1+q+1
then
N N
(AZ,©)=(Z, AB) == > wi(Z,A0;)= Y pzi(Z, BO;)=0
i=n11+q+1 i=n11+q+1
and

(Z+0©,AZ + AO) = (Z, AZ) + 2(Z, AO) + (O, AO),
from (4.63), (4.62) and (4.64) it follows that (4.66) holds true.

. to conclude, it is enough to show that for every i = 1,...,(n11 + ¢q)
Z; ¢ span{(©p,,, +4+1(u, 0),...,0(u, 0)). (4.67)
Suppose by contradiction that .
Zi= Y 9, (4.68)
Jj=ni1+q+1
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for suitable numbers ¢;,,, 4g+1; - - . cx. Because of Lemma 4.5, for every j, ©; has the structure described

by (4.23), where ; is an eigenvector of b 'a. The matrices b and g have dimension (r —q) and are
defined by (4.21). Considering the last (r — ¢) lines of the equality (4.68) one obtains

0= ZCJ‘E;‘,

J

which implies ¢; = 0 for every j, because the f_; are all independent. Hence (4.68) cannot hold and
(4.67) is proved.

O

From Lemma 4.9 we deduce that the map $0¢ which appears in Theorems 4.1 and 4.2 is locally invertible.
We proceed as follows.
By construction the kernel of the jacobian D 8 is Z(@g). Thus,

DB(ap)V =0 = V € Z(u).

The columns of the matrix
D B(to) D p(to)

are DB(4o)On,,+q+1 - - - DB(U0)Ok—1, DB(To)=k ... DB(to)=n. To prove that the columns are all indipen-
dent it is enough to show that

k—1 N
Z x; D ﬁ(@o)@z + Z,TZD B(’ao)El = 6 — Tpyi4q+l = .. TN = 0. (469)
i=ni1+q+1 i=k

Since Oy, +q41 - - - Ok—1, Zk ... En are all indipendent, to prove (4.69) is is enough to show that if V' € V(ay)
and

then V = 0. This a consequence of Lemma 4.9, which states that

V(o) @ Z(ip) = RY

We now introduce a generalization of Definition 2.1.

Definition 4.1. The function
B: RN - RN-nu—a

is smooth and satifies
kernel (DB(i) ) ® W(itg) = R (4.70)
and
kernel (Dﬁ(ﬂo)) @ V(ao) = RV (4.71)
Thanks to (4.70), the initial boundary value problem
E(u)ut + A(u, uz)um = B(u)umx
B(u(t,0)) =g u(0, ) = 1o

is well posed. This is a consequence of the same considerations as in Section 2.2.1.
Also, because of (4.71) the matrix
D B(to) D (o)

is invertible. Thus, the function 3 o ¢ which appears in Theorems 4.1 and 4.2 is locally invertible. In other
words, the analysis in Section 4 is still valid if we use Definition 4.1 instead of Definition 2.1.
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