PERTURBATION TECHNIQUES APPLIED TO THE REAL VANISHING
VISCOSITY APPROXIMATION OF AN INITIAL BOUNDARY VALUE PROBLEM

1. ANALYSIS OF ODE WITH ONE SINGULAR PARAMETER

In this section we consider a singular ODE of the form
(1.1) = p(o,u), ueRY.

Our aim is to introduce the techniques which will be used in the next section in a simpler setting, i.e.

when the parameter o, which will play the role of singular parameter, does not depend on u. This

assumption simplifies the problem of studying the existence of invariant manifolds for (1.1), and we can

use a standard approach to singular ODE. The approach will follow closely the book [11], Chapter 6.
We assume that

(1) as 0 — 0, the function ¢ has the form

(12) Blovu) = —6°(w) + 9" (0, u);

(2) ¢(0,0) =0, i.e. u=0 is an equilibrium point of (1.1) for all o;
(3) ur = ¢°(u) has a center manifold with trivial dynamics, i.e. it is made only of equilibria near
u=0.
Before studying the non linear case, we consider the following simple example which introduces the
ideas and results of this section.

Ezample 1.1. At a linear level we are studying the system
1

(1.3) i = —Au + Bu,
o

assuming that A has no eigenvalues on the imaginary axis different from 0. Let n~, n* be the eigenvalues
of A with negative, positive real part respectively, and let Py = Ry ® Ly be the projection on the kernel
of A. We will write

A= 0 0
(1.4) A=| 0 0 0
0 0 AF

as the block decomposition of A.
By a standard perturbation techniques ([6], page 74 and followings), the eigenvalues of (1.3) are
distributed as follows for ¢ > 0:
(1) n~ eigenvalues with negative real part —O(1)/c;
(2) n™ eigenvalues with positive real part O(1)/o;
(3) n® = N —n~ —n* eigenvalues which converge to the eigenvalues of LoBR,.
In particular, the singular eigenvalues behaves like 1/, while the others remain bounded. A completely
similar situation occurs for o < 0, exchanging n~ with n™. We consider now the case o > 0.
To obtain the singular dynamics, it is thus sufficient to multiply (1.3) by o

(1.5) ur = Au+ oBu, t=or,

and take the limit ¢ — 0: we thus obtain the projectors P~ (o), P (o), which correspond to the stable,
unstable eigenspace M~ (o), Mt (o) of (1.3). The equation on these eigenspace can be written as

1 - 1
(1.6) T =—-A"z”+0)x", z~ €R" it = ATzt +O()zt, 2t e R™.
o o

Observe that since det A~ # 0, det AT # 0, then the term O(1) is negligible for o — 0.
1
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The non singular dynamics corresponds to the reduction on the eigenspace generated by the eigenvalues
which remains bounded. Using the asymptotic expansion of the projectior Py(c) w.r.t. o, one can obtain
for all o small an invariant ng dimensional eigenspace M°(a) for (1.3), on which the ODE becomes

(1.7) i¥ = LyBRo2’ + O(0), 2 e R" .

For this reduced equation, we can decompose the space M° (o) into a uniformly stable, uniformly unstable
and center space: the uniformly stable (unstable/center) space is the eigenspace of the eigenvalues whose
real part is < —c (> ¢, O(0)) for some ¢ > 0. We denote their dimension as n°~, n% and n°*, respectively.
The center space is actually the fiber of the center manifold of (1.7) together with 6 = 0, and for o — 0 it
converges to the center eigenspace of LoBRy. Similarly, as o —, the uniformly stable/unstable converges
to the eigenspace of LoBRg generated by the eigenvalues with positive/negative real part.

We collect thus the various projectors which we constructed, to which there correspond invariant linear
spaces of (1.3):

(1) n~ dimensional linear space M~ (o) corresponding to the eigenvalues with negative real part
—O(1)/o. This manifold converges to the stable eigenspace of A as ¢ — 0;

(2) n°~ dimensional linear space M°~ (o) corresponding to the eigenvalues bounded and uniformly
negative. This manifold converges to the stable eigenspace of LoBRy as 0 — 0, when considered
embedded in RY;

(3) n° dimensional linear space M (o) corresponding to the eigenvalues real part is of order of o.
This manifold converges to the center eigenspace of LoBRy as 0 — 0, when considered embedded
in RV,

(4) n°* dimensional linear space M°¥ (o) corresponding to the eigenvalues uniformly positive but
bounded. This manifold converges to the unstable eigenspace of LoBRy as ¢ — 0, when consid-
ered embedded in RY:

(5) nt dimensional linear space M (o) corresponding to the eigenvalues with positive real part
O(1)/o. This manifold converges to the unstable manifold of A as o — 0.

Finally, for o > 0, there is a uniformly stable manifold M*(o) of = 0 which is the sum of the stable
eigenspace of (1.7) and the stable eigenspace of (1.5): the projector of this manifold is the projector
corresponding to the eigenvalues with negative real part of (1.3), and its dimension is n®* = n~ + n°~.
Similarly one can define the n* = n* +n°* dimensional uniformly unstable manifold M“(o) as the sum
of the unstable manifold of (1.7) and the unstable space of (1.5).

Note that when o crosses 0, the stable part of (1.7) remains stable, while the stable part of (1.5)
becomes unstable.

We want to prove that these manifold exist also to the non linear equation (1.1), in a neighborhood of
an equilibrium point. The diameter of the neighborhood does not depend on the paramater o (while a
direct application of the theorems on existence of invariant manifolds around the equilibrium u = 0 would
yield a diameter of order o). More precisely, we are interested in the existence of the stable manifold
and a center manifold of an equilibrium point, which we will identify with « = 0. Since the study of the
center-unstable manifold of (1.1) is completely similar to the study of the center-stable one, we will only
consider this last case.

The arguments we use are based on the construction of invariant manifolds of slow and fast dynamics.
It follows that the study of the center manifold is somehow easier since it lays on this slow dynamic
manifold, so that we just need to apply the standard center manifold theorem.

Conversely, in the study of the stable manifold, first we assume that for o > 0 the singular part of the
equation is stable (hence for ¢ < 0 is unstable). Then we need a perturbation technique which shows
that, roughly speaking, for ¢ > 0 this stable manifold is the sum of the stable manifold on the slow
dynamics manifold and the fast dynamics, while for o < 0 only the stable slow dynamics survives. The
main difficulty is exactly the proof of this non linear sum of invariant manifolds.

1.1. Canonical form of the singular ODE. In this section we rewrite (1.1) in a more convenient form
for studying the dependence of the solution w.r.t. the parameter 0. We will obtain that the equilibrium
u = 0 has 3 invariants manifolds: 2 correspond to the fast or singular stable/unstable dynamics, while
the other is the slow or non singular dynamics. We will use standard results on invariant manifolds for
non singular ODE from [4, 5, 7].
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The change of variable 7 = t/o gives the rescaled equation

(1.8) {u = ¢°(u) + 0¢" (0, u)

or = 0

For ¢ = 0 we obtain the limiting system

(w9) { ur = ¢*(u)

o = 0

Let M~ (o), M™ (o) be the uniformly stable/unstable manifold of u = 0, with dimension n~, n™,
for (1.8) and o > 0. These manifolds are defined as the set of all orbits converging/diverging from the
equilibrium « = 0 with uniform exponential speed for all speeds close to 0.

The existence of these manifolds is assured by the exponential splitting of the equilibrium u = 0: in
fact, following the analysis of Example 1.1, the eigenvalues of (1.8) can be separated into 3 groups: for
some strictly positive constant c,

(1) n~ eigenvalues with real part < —c;
(2) nt eigenvalues with real part > ¢;
(3) n® + 1 eigenvalues with real part of the order o.

Using well known results on invariant manifold corresponding to exponential splitting (see for example
[7], page 242), the existence of M~ (o), M (o) follows. For an explicit proof, see Section 3 of [1].

The (rescaled) dynamics on these manifold is thus O(1)e™*" for some constant ¢ > 0, i.e. they
correspond in the original time scale to exponential fast decay to/blowup from u = 0 of order 1/o.

The center manifold M of (1.8) is a smooth manifold of dimension n® +1 =N —n~ —n* +1 tangent
to the center eigenspace of D¢(0). By construction, the center manifold contains all the equilibria close to
u =0, 0 =0, in particular the manifold of equilibria {o = 0, $*(u) = 0}. Moreover, since the dimension
of the intersection of the center manifold with {o = 0} is equal to the dimension of the equilibrium
manifold {¢°(u) = 0}, it follows that the dynamics on the center manifold is 0 if o = 0, i.e. we can write

(110) { ’U/g = U@/J(U» uO) UO c Rn07
or = 0
where 1Y is a parametrization of M° and 1) a smooth function. In particular we obtain an invariant

manifold for the original equation, which does not contain any singular dynamics: by scaling back time,
(1.11) i = P(0,u0), ue M*(o).
We have thus the following lemma:

Lemma 1.2. The equilibrium u = 0 has three invariant manifold for o close to 0: for a positive constant
c>0,

(1) the n~ dimensional manifold M~ (o), on which the dynamics is e~/

(2) the n™ dimensional manifold M™*(c), on which the dynamics is et/ ;
(3) the n® dimensional manifold M°(c), on which the dynamics, given by (1.10), does not contain

the singular parameter.

These manifolds depend smoothly on o.

On the reduced n° dimensional system on M?(o), we can define the uniformly stable manifold M~ (¢),
the uniformly unstable manifold M¥ (o) and the (o fiber of the) center manifold M°(o). By the previous
lemma, the dynamics on the manifold M°(c) is non singular, so that all the manifolds M~ (o), M* (o),
M°O (o) of (1.1) exist in a neighborhood of radius 48y to the equilibrium point u = 0 for all o € (-4, 4do),
and depends smoothly on o.

The next step is to prove the existence of a global (fast + slow) uniformly stable manifold for the
equilibrium w = 0. This is the most technical part, since we cannot just rescale time and use the center
manifold theorem to get rid of the singular parameter.

We assume that

(4) the singular part ¢*(u) does not have the unstable part, i.e. the eigenvalues D¢*(0) have negative
real part.



4 PERTURBATION TECHNIQUES FOR BOUNDARY VALUE PROBLEMS

This can be accomplished by reducing on the center stable manifold of (1.8).
In this case, for all ¢ small we can assume that the uniformly stable manifold and center manifold of
(1.8) are given by

(1.12) M~ (o) = {u® =0}, M°(c0) ={u™ =0}, (u™,u’) € R® +n°

Moreover, we consider the stable manifold of the equilibria {u~ = 0,0 = 0} for (1.8): these manifolds
are smooth and can be parameterized by

M~ (@) = {uo - M*(aO,u*)}, M= (@ = 0) = M~ (o = 0),

where 4 is the limit of all orbits of M~ (u?).
as the stable manifold of the equilibrium (™,
of the manifold using the variable u~.

Since M~ (4", u~) is smooth and M~ (%, u~)—u° = O(1)u~, we can thus make a change of coordinates
and assume that

With a slight abuse of notation we have written M~ ()
u®, o) = (0,4°,0), and M~ (a° u~) as a parameterization

(1.13) M= (@) = {u: (=, u®), u° :ao}.
Using these coordinates, the system takes the form
ou” = ¢(o,u,ul)u”
(1.14) { i = o ulud
with ¢ strictly negative definite in a neighborhood of 0, i.e.
(1.15) @O0t X | <72 X |, X € R" |, Vo € (—40y,4d).

We have used the fact that these manifolds are invariant for the flow, i.e.
(1) if = (t =0) = 0 then v~ (¢t) = 0 for all ¢ > 0, so that in the equation for u~ we can factorize u™;
(2) if u’(t = 0) = 0 then u°(¢) = 0 for all ¢ > 0, so that in the equation for u® we can factorize u;
(3) for o = 0 the vector u is equal to 0 even if u~ # 0, so that in the equation for u° we can factorize
.

A remark on the notation: ¢ > 0 will be used for estimating the exponential of matrices, and depends
only on the function ¢, ¢ an the radius dg; C' (eventually with an index) will be a suitable large constant,
which may change from line to line during the computations. Finally, we will always use 7 to denote the
fast time scale.

We collect the results of this section into the following proposition.

Proposition 1.3. Consider the singular ODE
o= ¢(o,u), uecRY,

and assume that the conditions 1), 2), 3) of page 1 and condition /) of page 3 hold. Then there is a
smooth change of coordinates in |u|, |o| < 4dp, 6y < 1,

RNSU'—)(U_,UO)GRH7+nO, N =n"+n",
such that the singular ODE can be written as
ou” = ¢(o,u”,ul)u

Moreover [e?@00tX | < e=2¢ X| for all X € R™ , 0 € (=43, 45)).

From now on we will work with a system of the form (1.16).
By applying the standard center manifold theorem [4] to the non singular part of (1.16), we obtain
immediately the following theorem.

Theorem 1.4. Let conditions 1), 2), 3) of page 1 hold. Then, there exists an invariant manifold M (o)
with dimension n% for (1.16) containing all orbits whose speed of convergence/divergence from u = 0
is of order o, where n° is the dimension of the null space of 1(0,0,0). This manifold is defined in a
neighborhood of (o,u) = 0 of radius 48y, it is smooth and tangent at u = 0 to the eigenspace M (o)
generated by the eigenvectors whose eigenvalues are of order o.
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We next study the construction of the stable manifold M?, where the simultaneous presence of slow
and fast dynamics makes the analysis more complicated.

1.2. Asymptotic expansion. Aim of this section is to study the n® dimensional stable manifold of
(1.16) for o close to 0, under the assumption 4) of page 3. For o < 0, clearly this manifold coincides
with the n°~ stable manifold of the nonsingular equation (1.11). For ¢ > 0, roughly speaking one expect
that this manifold will be the sum of the stable manifold of (1.11) and the singular dynamics in v, i.e.
n® = n~ +nY". These dynamics are weakly interfering each other, for ¢ > 0, while for ¢ = 0 we can
imagine an instantaneous jump along the fast dynamics ™, and then the exponential decaying orbit on
the stable manifold of the reduced slow ODE.

The idea (O’Malley /Hoppensteadt construction [11], page 177) is that each orbit on this manifold can
be constructed as the sum of:

—2ct/o

e a term X~ exponentially decaying as e in u~ for ¢ > 0, solution to

(1.17) cX~ =¢(0, X, X°0)X".

The parameter X°(0) means that the principal term in the fast dynamics is the exponential decay
to 0: the time 0 is chosen because the slow dynamics does not move in the limit o0 = 0. For 0 <0
this term is not present;

e a term X° exponentially decaying as e~2¢ in u°, corresponding to the stable manifold of the
equation

(1.18) X0 = 4(0,0,X°)X°.

The initial data X°(0) is thus given on the stable n°~ dimensional manifold M~ of the above
equation, which can be parametrized by the stable eigenspace of ¥(0, 0, 0). The coefficient X°(0)
of (1.17) is the initial data of (1.18) on the stable manifold M ~;

e rest terms R, S to the equations (1.17), (1.18), respectively, which compensate the errors occurred
in separating completely the dynamics of (1.14). These errors are exponentially decaying, and
remain of order O(Jpo). The initial data for R is 0, while the initial data of S correct X°(0) is
such a way to remain on the stable manifold: to fix S(0), we set the projection of S(0) on the
stable eigenspace of ¥(0,0,0) to be 0.

For o = 0, the rest terms R, S will be identically with 0, i.e. the solution can be thought as the sum
of an instantaneous jump along X~ and the stable part of X0°.

A similar contruction can be performed also for studying the stable manifold corresponding to an ex-
ponential splitting of (1.18). In this case X is on the invariant manifold corresponding to the exponential
splitting of (1.18), and S is again the correction term.

Our construction is (up to small variations) the first order expansion of the O’Malley/Hoppensteadt
expansion ([11], page 177): write the function u~, u° in series of the form

u”(0,t) = X' (0,t) + X (0,t/0) + RM(0,t) = > 0" Xoi(t) + > o' Xui(t/o) + RM(t,0),
=0

=0
M M
(1.19)  w®(0,t) = Yo' (0,1) + Vi (0, t/o) + RM(0,1) = Y " o'Yoi(t) + Y o' Yai(t/o) + SM (x,0),
=0 1=0

where (Xp,Yp) is the outer function (slow/non singular dynamics) and (X7,Y7) are the inner functions
(fast/singular dynamics). The index M is the order of approximation, and the equations for the i-th
order terms are obtained recursively. The goal is to show that RM, S™ remain of order o™ +1.

Let M*(c) be the n® = n~ + n°~ dimensional eigenspace of the uniform negative eigenvalues of the
linearization of (1.16): this subspace is defined in Example 1.1. We have the following result:

Theorem 1.5. Let o > 0 and let conditions 1), 2), 3) of page 1 and 4) of page 3 hold. Then, there exists
an invariant manifold M* (o) with dimension n®* = n~ +n°" for (1.16) containing all orbits converging
to uw = 0 with uniform exponential speed. This manifold is defined in a neighborhood of (o,u) = 0 of
radius 469, it is smooth and tangent to the eigenspace M*(c) at u = 0. The orbits on this manifold can
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fast
X_
x0
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o slow
fast dynamics
slow dynamics
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XO
be written as
(1.20) u (t,o) = X (t,0)+R(t,0)
’ u(t,o) = Xt o)+ St o)

where X, X satisfy (1.17), (1.18), respectively, and the rest terms R, S are of order 6y .
When o — 0%, M*(c) converges to (—48g,450)" x M°=(0), i.e. the direct product of the stable
manifold of (1.11) and the space u™.

We will not prove this theorem, because in the next section we will study the case where the parameter
o depends on the solution.

We thus have that the stable manifold M?* (o) of (1.14) of dimension n~ + n°~ depends smoothly on
the parameter ¢ > 0, and its diameter do not depend on . We recall that the stable manifold of the slow
dynamics depends smoothly on o, since it corresponds to the stable part of (1.18). For o < 0 we have
that the stable part of (1.18) depends smoothly on o, while the stable part of (1.17) disappears. Observe
that the solution cannot depends smoothly on o, as it can be seen in the following simple example: this
is a consequence of the presence of the fast scale t/o.

Ezample 1.6. Consider the system

& = -—xjo
y = -y
z = z4uay

The solution converging to 0 is given by

2(t) = 2(0)e ™7, y(t) =y(0)e ™, 2(t) = -

and for o > 0, the stable manifold is given by

Ux(o)y(o)e—(l—i-l/o)t
2+0 ’

__oxz(0)y(0)
Z(O) - 1 + 20_ 9
while for o < 0 is only y = 0, z = 0. Observe that while the solution does not deends smoothly on o, the
manifold M? does for o > 0.

0

In Figure 1.2 it is represented a simple case in which =, u” are one dimensional and (¢, 0,0) < 0.

Remark 1.7. We observe that the same methods can be used to study all the orbits in the slow manifold,
showing that these can be represented as the sum of the fast dynamics along u~ and the part of the
orbit which remains in the neighborhood around the origin. However for our purpose this analysis is not
needed.
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2. SINGULAR ODE WITH PARAMETER DEPENDING ON THE SOLUTION

We turn now to the more difficult case: we consider again the system

(1) o= O o) =~ )+ "), we R P

but now the singular parameter o depends on the solution u. We assume the following.
(1) There is a smooth N, dimensional manifold of equilibria Meyq = {¢®(u) = ¢"™(u) = 0}, transver-
sal to the singular surface o(u) = 0: this means that its intersection with the level sets {o(u) = o}
has constant dimension Neq — 1. It is not restrictive to assume that ¢°(0) = ¢™(0) = 0 and
o(0) = 0, i.e. w =0 is an equilibrium and it belongs to the singular surface. Rewrite thus the

ODE as
g 1 S 3
(2.2) = m¢ (Wu + ¢" (u)u,
(2) Define the singular part of (2.1) as the ODE
(2.3) ur = ¢°(u)u.

Then we assume that ¢°(u) is negative definite in a neighborhood of the equilibrium « = 0 and
the n® + 1 dimensional center manifold of (2.3) is made only by equilibria and it is transversal
to the singular surface {o(u) = 0}. The dimension of the stable manifold of u = 0 is thus n™.

We rescale time by writing the ODE in the following form
(2.4) { Ur ®* (u)u + 0(u)¢n (u)u
. t

o(u)
This rescaling in general changes the ODE, because when o(u) changes sign the solutions to the above
equation are not solutions to (2.2). Here and in the following, 7 will denote the fast time scale.
We can repeat the decomposition into the center and center uniformly stable manifold of Section 1.1:
however in this case the parameter ¢ depends on the solution, so that it will have its own non trivial. By
a change of variable, we can assume that u = (y,u~,u") such that

e the n~ + n® dimensional singular surface is {u : y = 0}, and the set {u : v~ = 0,u" = 0} are
equilibria;
e the n~ + 1 uniformly stable manifold M~ of {u:u~ = 0,u° = 0} is given by {u: u® = 0};
e the n® + 1 center manifold M° of {u:u~ = 0,u’ =0} is given by {u:u~ = 0}.
Note that, differently from the previous section, these manifolds contains also the y axis.
We thus can rewrite the ODE (2.4) as

yr = E(yu,u)u” + iy, u, uf)ul

U, = ¢(y7 U, uo)ui - ,,0 14+n~"+n°
2.5 T ~ , , cR
(2:5) uw = Py, u™, u®)u’ (y,u™u7)

t‘r = Y

In fact, if u=(0) = 0/u°(0) = O then it remains 0 so that we can factorize v~ /u® in the equation for
u™ /u®, and if (u™,u") = 0 we are on an equilibrium.
The assumption that the center manifold of u, = ¢*(u)u is made only of equilibria implies that

$(0,0,u°) =0,  7(0,0,u’) =0

so that we can rewrite the equations as

yr = &y, u,u)u” +Oyﬁ(y, u®)u®

U = ¢(yv u_7 u )U_ — 0 1—1—717-"-710
2.6 T . : u,u’) eR
20 ug = y(y, u)u’ + Yy, u, u)uTul u™,w)

tT = Yy

We now prove the following lemma, which shows that invariance of M even in the non rescaled
equation.
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Lemma 2.1. The center manifold M° of (2.4) is invariant also for (2.1). Moreover, the projection of
the ODE 1 = ¢™ (u) on the manifold {¢*(u) = 0} coincides on the set {o(u) = 0} N {#*(u) = 0} with

gy = 7(0,u’)u’
(2.7) W= 0
W = (0,u0)ul

in the coordinates u = (y,u~,u°).

Proof. By rescaling back time an using the change of coordinates leading to (2.6) (which is possible for
y # 0), we can write the ODE (2.1) as

y L Sum ) iy, u®)u’
(2.8) uT | =-— d(y,u,u®)u~ +1 0 ,
u? Y w(y,u 7uo)u u? Py, u®)u®

so that (2.7) follows by taking u~ = 0 and letting y — 0. Since the above vector field and the manifold
MO are smooth and MV is invariant for

y = ﬁ(ya UO)UO
w o= 0
W0 = Py, u)ul
then the invariance for y = 0 again follows by letting y — 0. g

A consequence of this lemma is that the manifold of slow dynamics exists under only the above two
assumptions.
Before introducing the next assumption, we consider the following important remark.

Remark 2.2. A major problem when the singular parameter depends on the solution is that wu(t) may
cross {y = 0} in finite time: if we start in the region where y > 0 and at a certain time ¢ y becomes
negative, then the fast dynamics part of (2.1) disappears. From the point of view of boundary profiles of
hyperbolic-parabolic conservation laws, this corresponds to a non smooth boundary profile: an example
can be found in [3], Example 2.1 of page 13.

Here we consider two simple examples which show twe completely different behaviors: on one hand

the system
j o= e
i o= —xz/y

has a smooth solution for all ¢ > 0, y > 0. On the other hand, the ODE

{y = -—z/y

T = —x

has the y component disappearing in finite time like v/%.
We observe that the discriminant condition is that the ”singular” dynamics (formally obtained by
rescaling 7 = t/y and taking y — 0, as in Condition 2)) in the first case is

=0, z,=-ux,
i.e. y remains constant, while in the second is § = —z, so that {y = 0} is not invariant.
We next consider the system
y = —z
z = —x/y
z = -z

whose solution with initial data (a,z(0),2a) is

y = 2ae~t —a

= (0)exp{-1 fg(Qe_S —1)"tds}

z = 2ae~t

8
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It is clear that the solution has a loss of regularity like £!/* when crossing the singular surface {y = 0}.
In this case the problem is that {y = 0} is not invariant for the slow dynamics

y = -z
z = —z

By the above considerations, we thus make the following assumption.

(3) The singular surface {y = 0} is invariant for the fast flow and for the slow flow defined respectively

by
yr = Eyumu)u” yr = iy, u’)u’
(2.9) uy = oy, u,ul)u” and u; = 0
B = Pyl W=y

Remark 2.3. The above condition is equivalent to require that the singular surface {o(u) = 0} is invariant
for the ODE u, = ¢*(u)u and for the projection of uy = ¢™(u)u on the manifold ¢*(u) = 0, by Lemma
2.1. We also observe that if we want to contruct the invariant manifold corresponding to an exponential
gap of (2.2), it is sufficient to assume the invariance of the singular surface for the slow flow restricted to
the manifold corresponding to the exponential gap.

By a change of variable analogous to (1.13), we can assume that the stable manifold of the equilibrium
= (0,0, @) is given by {ug = iy, y = 0}, so that it follows using also the condition 3) that

P0,u”,u) =0,  £0,u7,u) =0,  7H(0,u’) =0.

By rescaling time back, we can write (2.2) as

g = &y.uu)um +ynly,u)u’
(2.10) T o= %¢(y, u™,u)u~
W = Yy, u, uf)ud

We collect these observation as well as the diagonalization of the ODE (2.1) to (2.10) in the following
proposition.

Proposition 2.4. Under the assumptions 1), 2) of page 7, there exists a smooth manifold M° = {u =
(y,u=,u’),u” = 0}, defined for |u| < 43y, invariant for (2.1), such that the dynamics is given by the non
singular ODE

g = yn(yu®)u’
@11 { P =y,
Similarly, if we assume also condition 3) of page 9, there is an invariant manifold M~ = {u =
(y,wu®),u’ = 0} where the dynamics is given by
y = &yum,0)u”
2.12 e _ _

After having found the invariant manifold of slow dynamics, the center manifold for (2.1) is easily
found as the center manifold of the reduced equation (2 11). As in the previous case, we assume that the
equilibrium (y,u%) = (0,0) of the ODE (2.11) has a n°~ stable manifold, and a n% + 1 center manifold.

Theorem 2.5. Under the assumptions 1), 2) of page 7, there exists a n®® +1 dimensional smooth center
manifold M of (2.1), contained in the n®+1 dimensional invariant manifold M° of slow dynamics and
given by the center manifold of the ODE (2.11). This manifold is defined and smooth in a neighborhood
of u =0 of radius 4.

More work is required to prove that there exists a smooth uniformly stable manifold, defined for y > 0
and characterized by the fact that all orbits on this manifold converges to some equilibrium (y,0,0),
y > 0, with uniform exponential speed. This is considered in the next section.
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2.1. Analysis of the stable manifold. In this section we prove the following theorem.

Theorem 2.6. Under the assumptions 1), 2), 3) of page 9, there exists a n= +n’~ + 1 dimensional
invariant manifold M?*, defined and smooth in the set {(y,u™,u%),0 < y < 46, |u~|, |[u’] < 460} C
R1+"7+”0, which contains all the orbits converging to the equilibria (y,u™,u’) with uniform exponential
speed e~ . This manifold can be parameterized by y, u~ and the component u’~ = P~ u® of u® on the
stable eigenspace of (2.11) at u = 0.

Moreover the solutions on the manifold M?® can be written as

(2.13) y(t) =y(0) +Y () + Q(t), u™(t)=X"(t)+ R(t), u’(t)=X"(t)+S(t),
where X, (Y, X°) are solutions to
(2.14) X- =60, X, X°0)X°,
Y = Yeo(t, X0)XO
(215) { XO — 1/)(Y,07X0)X0

The functions (Y, X°) belongs to the uniformly stable manifold of (2.15), and rest terms Q, R, S can be
estimated as

(2.16) 1Q(T)I, [R(7)], 1S(T)] < O(1)doy(0)e™ "
Remark 2.7. From (2.13), (2.16) and the results we will prove on (2.15), we will see that
(2.17) ly(t) = y(0)] < O(1)doy(0).

The above estimate holds only on this stable manifold M?®, because in general it is not true for other
orbits, as one can prove with the following simple example with no singular dynamics:

{z B :Zf (y,u’) € R x R?, a € RT.

In fact, a key ingredient is the uniform exponential decay (or at least to have an integrable decay). We will
return on this point when we study the characteristic boundary profiles, where the particular structure
of the ODE yieds again an estimate of the form (2.17).

Proof. The proof is divided into 4 steps.
1) Refined change of coordinates. Since there is a uniformly stable manifold M°~ of dimension n°~ +1
contained in the slow manifold M, by a change of coordinates we can assume that u® = (u°~,u%) €

R™ " +n* and this manifolds are given by M%~ = {u% = 0} (abusing of notations, in this proof the
vector u%® will denote only the complementary vector to u°~ on MY and n% its dimension, not the
coordinates on the center manifold M%0). This diagonalization can be done for u~ = 0, so that the
system (2.10) can be decomposed again as
y o= €(y,U‘I, u)u” + %n(yvuo)uo
= Loy, u” ul)u” 0 0— 00
2.1 Y =
(218) W0 = POy )
W = Py, u)u® + YO0y, u ul)um
To avoid the singular parameter 1/y, we rescale back (2.18):
U, = oy, u™,u’)u” 0_ (,0— 00
(219 w = ()t (a0 )
u? =yl (y, u)u® + Y0y, um, u)um ]
The matrices A=, A%, A% are defined by
(2:20) A™ =¢(0,0,0), A’ =¢°7(0,0), A% =4(0,0).

By the choice of the decomposition, we have the estimates

(2.21) |eA’T|’ |6A0’7-| < C«e—(c+a)r7 |e—AOO7—| < Ce(c_a)T, >0,
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for some constants C,c,a > 0. In the following, for any 1 + n~ + n®~ multi-index 3, we will write
B =(BY,57,8°7) with
y - 0—
9% =08"00"af, .
2) Analysis of the unperturbed equations. We study the equations for the unpertubed systems, namely
(2.14) and (2.15). We recall first the following simple lemma.

Lemma 2.8. If T, T2 are contractions in the metric space X,
d(Tiz, Tiy) < cd(z,y),  i=1,2,

then the distance from the two fixrd points x1 = Tix1, xo = Taxo can be estimate by

sup (Tiz, Tax).

(2.22) d(w1,22) <
—Czex

Proof. The proof follows from

d(z1, 2y = d(Tiz1, Tazz) < d(Tizy, Tize) + d(Tiwe, Tixs) < cd(x1, 22) + sug(ﬂx,'ﬁx)
xTE

a) Fast dynamics. The equation for the fast dynamics, given by
(2.23) X =¢0,X, XX~

with initial data X~ (0) = X~. By using the estimate (2.21) on ¢(0,0,0), the following lemma can be
proved by standard ODE analysis:

Lemma 2.9. The solution X~ = X~ (1, X, X°) to (2.23) depends smoothly on time and the initial data
X—, X~ if B is a multi-index, then for 0 < 1 < 1y

X (r, X[, X)) = 0° X~ (12, X5, X9)
(2.24) < Clpe™ @ Dn (|r — |+ |XT - X5 | + X7 - X9)).
We prove this lemma as an introduction to the parts 3, 4 the proof.
Proof. By writing the solution to (2.23) as
(2.25) X (r)=e* "X+ /T e ) (p(0, X7, X0) — A7) X (¢)ds,

0
it is easy to check that the metric space

X = {\X7(0)| < 44, \|€(C+G/Z)TX7(7')||Lip(R+) < 8C6y, d(X|,X; )= sup }€(C+a/2)T(X1_ - X2_)|}-

TERT

is invariant if | X°7| < 46y, for 6y < 1 and C sufficiently large. Moreover the integral in the r.h.s. of
(2.25) defines a contraction in X'~ so that (2.24) is verified for 8 = 0, 71 = 72, X = X3 and taking as
second solution X~ = 0.

The general case is done by induction. The equation for ° X~ are (with the abuse of notation
8u* = vu*)

(2.26) PX = (60, X, X% 4+ 0,-0(0, X, XXX~ + NP(r, X, X9)
We assume by induction that for 0 < 7 < 7
(227)  |NP(r, X7, XD) = NP (r3, X7, X9)| < Dge™ /D7 (| — 1] + | X7 = X5 | + X7 - X9)).

The solution to (2.26) can be written as

PX(r)=e2 TIPX(0) + / A TINB(¢)ds
0

(2.28) + /T ed T ((0, X7, X%) — A7 +0,-0(0, X, X)X )P X ()ds
0

The initial data 9° X~ (0) is either 0 or a unit vector e € R® | if 3 = (0,37,0) and |3~ = 1.
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We have the estimates

‘/ eA‘(rﬂ)(/\/ﬂ(g,X;,X?)—NB(gX’f,X?))dC
0

< Dyre™(+o/27 (1X7 - X7 | +1X7 - X9))

‘ / A9 ((0(0, X7 X9) — A+ 0,00, X7, XD)XT) 07 X7 (9
0

— (600, X5, X9) — 4™ +0,-6(0, X5, X8)X;)0° X5 (5) ) ds

< [ e N0 (0 - 9K s+ [ CPen TN (O - X5 (0lds
0 0

b [ PR X O]+ X ODIXS - Klds
0
Introducing the metric space

X8 = {e(c+“/2)786X*(7—) € Lip(RH), d(@BXf,a'BXg) = sup |e(c+a/2)r(aﬁX; _ 85X5)|},

TERT

the second integral can be estimated as

| (00,00 — A7 +0, 000, X0 XXX ()
0

— (600, X5, X9) — A~ +0,-6(0, X5, X8)X;)0° X5 (5) ) ds

< Clare™ (/27 (80d(0° X7, 0 X7) + X7 — X7 | + X7 - X9]).

It thus follows that X% is mapped into itself (by taking the special solution 3° X~ = e# 79# X~ (0) for
X9 =0, X; = X5 ), and that the two integrals define a contraction in X~#. Thus (2.24) follows from
(2.22), when 7 = 7o.

The next source terms is for |3'| = || + 1

NP = 0%0%(§(0, X, X)X ™) = (6(0, X, X°) + 9, (0, X, X*) X ")0*0" X~
= > E'(X XX +F7(Xx",X"),
vI=181

where E7 (FF') contains only terms in which only terms 87X~ for |y| <1 (|y| < |8|) appears. Thus the
estimates of up to || — 1 yield

BY(X7, XY) - B (X5, X9) = 0() (1K - X7 | +1X°— X)),
PP (X7, X9) - PP (X3, X§) = O(1)e™H/27 (X - X7| +|X° - X°).
We have used that F#’ (0, X9) = 0, consequnce of the factor X ~ in the r.h.s. of (2.23). Using the estimates
for 8 X~ obtained in the 8 step of the induction, it follows that (2.27) holds also for |8'| = |5] 4 1.

The time dependence follows by taking the initial data for X5 to be X; = X[ (72 — 71), and noticing
that due to Lipschitz continuity this is of order 75 — 7y. O

A more refined estimate shows that
OPX (1, X7, XV7) = 0P X~ (0, X5, XI7)
(2.29)
< Clgje @27 (| om0y ) X - Xy XD 0 %9,

where the presence of | X ~| in front of the 7, X° terms follows from the fact that in the equation (2.23)
one can factorize X ~: this terms disappears as soon as we take a derivative w.r.t. the coordinates u~.
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By taking as special solutions the functions X~ = 0, eAiTaf:X_(O) and using the more refined
estimate (2.29), we recover the uniform exponential decay of 9% X ~:

X7|67(c+a/2)7 9B = 85(?,

g~ (cta/2)T otherwise

(2.30) ‘OBX’(T,X”,X’)’ <Cﬂ{|

Remark 2.10. Again one can improve the analysis to obtain
Fmin{LIBl}| X~ |e—(c+a/2T 98 = 9%

(2.31) ‘8ﬁX_(T,X_,X_)‘ < Cjgi 4 e—leta/a)r 9 =0 |p| =1
re~(cta/2)r otherwise

a) Slow dynamics. The equation for the slow dynamics are given by

Y, = YZ(Y,X9X°

X- = 0 0 0— 00
(2.32) X0- 2y (v, x0)x0- X0 = (X0, X,

XSO — Y”(/JOO (Y, XO)XOO

with data Y(+o00) = Y, X~(0) = 0, X°7(0) = X°~, X%(0) = 0 (hence also the last equation is
redundant). For the rescaled equations

(2.33) Yo=Yy, X0, 0)(X%,0)
’ X0— = (Y, X°,0) X%
the solution is written as
(2.34) Y(t) = f Y Xo_ ,0)(X%7(¢),0)ds
: XO_(t) — erftXO— j‘ A0 Y XO— ) AO_)XO_(§)d§

Using (2.21) and techniques completely similar to the proof of Lemma 2.9, one can prove the following
lemma:

Lemma 2.11. The solution (Y, X°") = (Y, X°7)(7,Y,X°") to (2.34) depends smoothly on time and the
data Y (+00) = 3, X°7(0) = X~ : if B is a multi-index, m an integer, then for 0 < t; < to

dm — o
’dt 83Y(t17Y XO )_ dtimaﬁy(t%}/?ng_)’ < C\B|+meictl

(‘X?—|17min{1,|BO_\}‘Yﬂlfmin{l,wy\}|t1 . t2| + |X?—|17min{1,\50_|}|}71 - }72|
F [T X0 x9)),
_ d™m _ — —n e
’dtmaﬂXO (tlehX(l) ) — dtimaBXo (tZaYQ»Xg )‘ SC\ﬁH-me "
(2.35)

v 0—|1—min 0- v 0—|1—min 0= % \ v O0— v 0—
(10 om0 Dy — ] 4| KD — ) 4 X0 - X9,
By taking as special solution Y (¢) =Y, X%~ (¢) = 0, one obtain the decay estimates

Y|XO et B=0
X0t 9P = op

2.36 — %Y (t,Y, X" aﬂy‘ < Ciglam 4 =
(2:36) ’dtm )~ = IO et o” af(o,
e~ ¢t otherwise
am | X0 |e~ct 98 = 98"
2.37 PXOt, Y, X)) < Cis1am y
(2:37) 'dtm (¢ )| < Clai et otherwise

In particular, for X%~ sufficiently small, Y (t) satisfies an estimate of the form (2.17), in particular it
remains positive if Y > 0.
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To come back to the 7 variable, we assume ¥ > 0 and we solve the ODE
(2.38) =Y+ YV, X)) -Y) =Y+ |X"|¢(t,Y, X )e™),
with ¢ bounded by a constant and regular (we have used (2.36)). We solve this ODE as follows:

KOs, ¥ K)o
14 |X0-|¢(s,Y, X0 )e—es

— +OC
(2.39) Yr=t+ /
t

The r.h.s. defines a smooth and invertible function such that for 0 < ¢; < t5 and using Lemma 2.11
'aﬁ / XY Ve, XY e g /*°° X515, Yo, X5 )e ds‘
oo L+ IXDTIC(s, Ve, XD Jemes o L+ IXST[C(s, Yo, X3 )emes
(2.40) < Clge™" (|t1 —to| + V1 = Y| + | X7 — X§7|)~

In particular, it follows that the r.h.s. is invertible, so that by inverting (2.39) we obtain that ¢ = t(g7)
defines a smooth function such that

(2.41)  |9°t(Yimy, Y1, XV7) — aﬁt(YQTQ,YQ,Xg*)’ < Cig (|Ym — Yoro| + |V1 — Yo| + | X0 — X§*|).
Using the decay estimate (2.40), we obtain also
(2.42) HY1,Y,X07) - YT\ < X0 |e=Y,

so that we see that Y7 is the asymptote to t.
We now rewrite Lemma 2.11 in the time variable 7:

Lemma 2.12. The solution (Y, X°") = (Y, X )(r,Y,X"") to

(2.43) Y, Y2p(Y, X°=,0)(X°,0)
: X0- = vy (Y, X, 0)X°"

depends smoothly on time and the data Y (+00) =Y >0, X9~ (0) = X~ : if B is a multi-index, then for
0<7 <7

7Y (10, ¥, X07) = 0°Y (1, Yo, X{7)| < QT
(0o Dy 5, g 59 min9° 7,
P ),
‘85)(0—(71,}71,5(?*) _ aBXO—(T%yQ’ng)‘ < C’we_c’?m
(2.44)
(1m0 DTy — o] 4+ RO [Imin{bI8 I — Ty 4 X0 — X97)).
By taking as special solution Y (7) =Y, X% (7) = 0, one obtain the decay estimates

Y/|XO— Ie—cYT B=0
‘X07|€7CY7' aﬁ _ ayﬁy

2.45 ‘aﬁy Y, X07) - aﬁY‘ <Cpll :
( ) ( ) = V8] Ve—c¥r 9% — 8)6(0,
e~V otherwise
L X07|efcf/‘r aﬁ _ aﬁy
2.46 ‘aﬁxo v, X0~ ‘ <o A v
( ) (r )| = 18l e~cYT otherwise

In the following we will not made use of the exponential decay e YT,
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3) Equation for the rest terms and basic estimates. The rest terms Q, R, S~, S° satisfy the ODE

(2.47)

Q-

R,
pid

T

SO

Y+QEY +Q,X +RX°+9) (X~ +R)
H(Y +Q)*n(Y + Q, X0 + 8)(X° + 8) — Y2(Y, X°) X°]
Y +Q, X +R X"+ 8)(X~+R)—¢(0,X, X)X~
(Y + QO (Y +Q, X+ 5) (X0 +57) = YO~ (¥, X0) XO~]
+Y 4+ (Y +Q, X +R X"+ 9)(X~ +R)(X"+S)
Y+ Q)Y +Q,98° + (Y +Q)°(Y +Q, X~ + R, X"+ S)(X~ + R)(X°+5)

where for notation we write X° = (X°=,0), S = (S, 59), vectors in R*" "
We solve them by considering the map T

(2.48)

T

— [T+ QENY +Q, X + R, X+ 8)(X™ + R)(s)ds
— [T Y + Q)% (Y +Q,X° + 8)(X° + 8)(s) — V2(Y, X°) X ()] ds

— [T (Y +Q, X~ + R, X"+ ) (X~ + R)(s) — (0, X, X)X~ (¢)]ds

— [T+ QO (Y +Q, X0 + ) (X0 +57)(s) — Yo' (Y, X°) X0 (c)] ds
— [+ QW (Y +Q, X + R, X+ 8)(X~ + R)(X° + S)(s)ds

— [ + QY + Q,5)8%(s)ds
+ i+ QY +Q, X + R, X%+ 8)(X™ + R)(X°+ 9)(s)ds

Define the metric space X as

(2.49)

Xy = {(Q,R7 S): Lip(eCTQ(T),SCTR(T),GCTS(T)) < C’oégY},

with the distance

(2:50) do((@1, R, 51), (Q2, Rz, 52) ) < max {[[e (@1 = Qa)lleo, le” (By = Ro)lloo, e (S1 = S3)l|eo }-

15

We now show that the map 7 is a contraction in (Xo, do). This follows from the following computations:
for (Q,R, S) € Xy, 0 <Y <YYo,

‘ﬁyl,xf,xg*)(Qla R17 Sl) - T(YQ,XQ*,)(;’*)(Q% R27 52)‘

(2.51)

< Céoe‘”do((Ql,Rl, Sh), (QQ,RQ,SQ)) T caoe—”(m — V| + Vol X — Xy | + Vol X0 — ng\).

In fact, the above estimate shows that (2.48) is a contraction in (Xp,dp), and by comparing with the
solution Q, R, S = 0 obtained for X~ = 0, X°~ = 0, one shows that 7 maps Xy into itself, for Co>1an
S0 < 1. By replacing (Y (7), X (1), X~ (7)) with (Y(7 + 67), X (7 + 67), X"~ (7 + 07)), the Lipschitz
dependence w.r.t. is again a consequence of the estimate (2.51) and Lemmas 2.9, 2.12.

We first observe that in all the terms of the integrals (2.48) an exponential term like e

—CT

fact, for the second integral of the first line and the first integral of the third line one has

(Y +Q)°n(Y +Q, X%+ 8)(X°+5) - Vn(Y, X°)X°] = O(1)S + O(1)Q
[(Y+ Q)" (Y +Q,X°+85)(X +57) —v¢' (v, X)X ] = 0(1)S + 0(1)Q,

so that all integrands are exponentially decaying. Moreover, their form is

Q(Y,Q, X7, R, X°7,9)Q + (r(Y,Q, X, R, X7, S) R+ (s(Y,Q, X, R, X", )8
(- (VX7 X0 Y X + (000, X7, X7) = (0, X, X07)) X~

for some smoth functions (g, (r, (g, such that

(q(0),¢r(0),¢s(0) = 0.

appears: in

In fact the integrands are quadratic and the only terms not containing @, R, S are Y{X ™, H(Y, X, X%~
#(0, X, XX, Yo X XY Yo'X~XO.
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Using the fact that Y, X, X0~ are of order &y, Y satisfies 2.45 and (Q, R, S) € Ap, it follows for
0<Y1 <Y,

+oo
[ e Qu s i X0 50@1(6) — Gol¥a, Q2 X R X8 52)Q(s) s

—+oo
< 060(|Q1—Q2\+|R1—R2|+|51—Sg|)dc

T

+oo B “+o0 _
+/ caoe*”(m — Y| + Yol X0 — XS‘\)dg +/ CooYal XT — X5 |ds

< Cooe5do (@1, R1, 1), (@, R, ) + Cooe™ (Vi = Ya| + Val X — Xz | + V3| X0 = X§7),

and the same estimates can be obtained for (g, (5. For the terms (x- Y X ~, (¢(0, X, X°7)—(0, X ~, X)) X ~
we have

“+o0
[ (o (X7 XX = G (Y2, X5 X3V X5 () ) ds

+00 +oo
< Cooe™ (|1 = Yal + V2l X0™ = X387 |)ds + [ CYal X[ — X |ds

T T

< Cooe (|2 - Val + Vol X — Xy |+ Vol X0~ — X97)),

/ - (600, X7, X77) = 6(0, X7, X07) X77() = (6(0, X5, X37) = 6(0, X5, X§7)) X5 (<) ) ds

+o0 too
< [ XY= XUUXT - Xglds+ [ Cooem"(|¥a — Yl + Val Xy — Xz |)ds

< Choe™ (|71 = Vol + Tal X7 — X | + Vol X0~ - X871),
where we used the estimates
d

+o0
EXO_ =0(1)Yr, / e~ (eTa/Dsede < O(1)e .

Finally, we observe that the initial data Q(0), R(0), S(0) are parameterized by (Y, X, X%7), and
from (2.36) (for m = 0, 8 = 0) and the fact that (Q, R, S) € Xy we have
(2.52) Y (0) + Q(0) — Y[, |R(0)],S(0)| < Cdo.
It thus follows that the map
(V, X7, X%7) = (Y(0) + Q(0), X~ + R(0), X"~ + 57(0))

is invertible. The quadratic estimate in the definition of X yields that the manifold S°(0) = M?(Y, X, X°7)
is tangent to the eigenspace (Y, X, X°7) at (0,0,0). This concludes the proof of the existence of the
invariant manifold and the asymptotic expansion (2.16).

4) Regularity estimates. We are left with the regularity estimates. If § is a multiindex, then the
equations satisfied by the derivatives 0°Q, 9°R, 9°S are

(2.53)
Q= €+ (Y + QDX +RB) + QY +Qn+ (¥ + QX" +5)|9°Q
+[(Y + Q)€+ 0x-¢(X™ + R))]O°R
+[(V + Qxo(X™ + R) + (Y + Q)(n + dxon(X° + )97 + Q7
PR, = [0,0(X~ +R)]O°Q+ [¢p+Ix-d(X~ + R)|0°R + [Ox0d(X~ + R)]0°S + R”
Sy = [+ (Y + Q)90 ) (X0 +57)]0PQ+ [(Y +Q)(¥™ +x-¢ (X~ + R))(X° +5)]0°R
(Y +Q)(¢°™ 4 0x0y" (X0 +5)) + (Y + Q)(¥°™ + 0x00* (X + 9))(X~ + R)]855 + 88
0752 = [+ (Y +Q)9,v")8°)0°Q + [(Y + Q)(v° + 0x-¢° (X~ + R))(X° + 5)]0°R
+ (Y + Q) (W + 0x0y"08%) + (Y 4+ Q) (¢° + Ox0yp® (X0 + 9)) (X~ + R)} S + 808
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We assume that the source terms satisfy
(2:54) 197 - 0f| < Cem (IV1 = Vo + V2| X7 — Xz | + Val XY™ - X§71)),

and similarly for the terms R”, S®. For |3| = 1, these estimates are correct.
We solve (2.53) by considering the map 77
(2.55)

- f:roo {(ﬁ»‘*‘ Y +Q)0,)X +R)+2(Y+Q)n+ (Y + Q)Qayn)(quS)} 98 Qds
—[7 [ + Q)€+ ox-€(X + R))| 97 Rds
— [ (Y +Q)Ix0 (X~ + R)+ (Y + Q)%(n+ nxo(X° + s))} 0% Sds — [T QPds

— [FX0,6(X~ + R)JOPQ + [¢ + Ox - $(X~ + R)]9°R + [0x06(X ~ + R)|97Sds — [T RAds

TP = [ [0+ (V + Q0,0 ) (X0 +57)]0°Q + [V + Q)w™ + dx ¥ (X~ + R)(X + 5)]0° Rag
— [T+ Q)W + 0x0t® (X074 8)) + (Y + Q)10 + 0x0t®~ (X° + 9)) (X~ + R)] 98 Sds
S

= [T + (Y + Qi) S0]0%Q + [(Y + Q)1 + % (X~ + R) (X + §)]0° Rds
— [T+ Q@ +x08%) + (Y + Q)1 + Yxo (X0 + 8)) (X + R)} 07 Sds — [ S0P de

By repeating the computations leading to (2.51), one obtains the estimate

Tﬁ (0°Q1,0°Ry,0°8,) — T (0°Qs,0°Ry,0°5,)

(Y1,X7,X?) (Ya,X5 ,X9)
< Com max (0% Q1 — 0°Qa)cv. (9 Ry — 07 Ro)|co. |07 S1 — 0755) e
(2.56) +Ce™ (% - Yol + Vol X7 — X5 | + V3| XD~ — X§7)).
It thus follows (by taking the special solution (Y, X, X°) = 0, (0°Q, 0“R,0*S) = 0 for 0 < a < ) that
(0°Q,0°R,0%S) belongs to the space
(2.57) X8| = {(8562,851%, 9°9) : Lip(e”aﬁQ(T),e”aﬂR(T),e”aﬂS(T)) < 6517},

with the distance
do((0°Q1,0° Ry, 0781), (0°Q2,0° Ry, 0°S1) )

(2.58) < max {7 (97 Q1 = 97Qs)l|ov, | (9 Ry — 07 Ra)l| oo, |7 (9781 = 9°55) o }.

The Lipschitz regularity of (9°Q,3° R, 9°9) is a consequence of the decay estimates of the source term.
To end the proof we need to estimate the source term for ', |8’| = |8 + 1. As in the proof of Lemma
2.9, the source term 0P for the next step B’ can be written as
= Y E oV X, X,QRSIQ+ Y ELR(Y.X,X°,Q,R,S)IR
IvI=18 [v[=8
+ 3 Bl (Y. X, X% ,Q,R,8)0"S + F) (Y, X, X°",Q,R,S),
[vI1=181
where Eé (Fg) depends only on the derivatives of (Y, X, X%, Q, R, S) up to order 1 (3—1). A similar

expansion holds for the sources RA', 8P
Thus the estimates of up to || — 1 yield

ER(Y. X7, X", Q. R, ) = ES(Y, X~, X°7,Q, k. 8) = 0(1) (|1 — Yal + Val X7 — X5 |+ V| I~ - X{7),
Fg/(KX_aXO_7QaR5 S) - FS,(KX_aXO_anRWS) = O(l)e_CT(D_/l - E‘ +E‘X; _X2_| +}72|X10_ _X20_|>

We have used that F’ (0,0,0,Q, R, S) = 0, consequence of the fact that (0,0,0) is an exact solution to
2.19. Using the estimates for (0°Q,9° R, 9°9) obtained in the 3 step of the induction, it follows that
(2.54) holds also for |3'| = |8| + 1.
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This concludes the proof of Theorem 2.6. O

3. BOUNDARY PROFILES AND RIEMANN SOLVER
In this section we consider a hyperbolic-parabolic system of the form
(3.1) E(u)us + Au, ug)uy = B(uW gy, u€ RY
with the standard dissipativity assumptions, see [8, 9] and [3], Section 2.2:

(1) E(u) symmetric strictly positive definite;
(2) E~'(u)A(u,0) symmetric and strictly hyperbolic, with

All(u) A21(U)T .
(3.2) Ay, ug) = [ Agi(u)  Aga(u, uy) } ’
(3) B(u) is of the form
(3.3) Bu) = { 8 b(OU) ]

with b(u) 7 x r strictly positive definite matrix;
(4) Kawashima condition,
(3.4) ker B(u) N {eigenvectors of B~ (u)A(u,u,)} = 0.
Differently from [3], Section 2.2 and Remark 4.2, we allow the speed of the boundary or of the traveling
wave to be one of the eigenvalues of the hyperbolic part of (3.1),
(35) En(u)ulvt + An(u)ul,m =0, u= (Ul,ug) S RNiT x R".

In this case, one can check that the reduction given in [3], Section 4.1.2, generates a singular ODE.
Without any loss of generality we can assume that (3.5) holds for u = 0, i.e.

(3.6) det (E;f(o)An(O) - a]IN_T> —0,

where [_, is the N — r dimensional identity matrix.
Since the matrix A(u) — o E(u) satisfies the condition 2) above, in the following we will take o = 0 as
the speed of the boundary. We then assume moreover that the boundary is characteristic, i.e.

(3.7) det A(0,0) = 0.
3.1. Notations, assumptions on E;'(u)A;;(u) and basic transversality results.

3.1.1. Analysis of the reduced hyperbolic part. We denote with n;(u), ¢;(u), i =1,..., N —r the eigenval-
ues, eigenvectors of

(3.8) An (w)Gi(u) = ni(u) By (u)Gi(u),

counted with their multiplicity. Due to the symmetry assumptions on A, F, the eigenvectors ¢;(u) can be
taken to form an orthonomal base of RN =" w.r.t. the scalar product {(a,b)g,, = a’ E11(u)b, a,b € RN,
With elementary computations of linear algebra, the eigenvectors of the matrix E1_11 2(u)AH(u)El_ll/ % (u)

are given by E%I/QQ, while the eigenvalues are again the n;(u). In the following we denote with Z; the
vectors

(3.9) Zi(u) = ( Gl )

where (;(u) is an eigenvector of (3.8).
We make the following assumption:
(5) The eigenvalues of (3.8) can be ordered as follows:
o Mm(u) < <y, (u) <05
® oy +1(U) =+ =My 4q(w), and n;(0) = o for i =ny1 +1,...,n11 + ¢;
® 0 <Mpyyrgr1(u) <o < ny—r(u).
Moreover Dy, +1(u) # 0.
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The assumption that the gradient is not equal to 0 ensures that the singular set {n,,,+1(u) =0} is a

n — 1 dimensional surface, and that n,,,+1(u) is equivalent to the distance of u from {n,,,+1(u) = 0}.
By using the base of eigenvectors (;(u) of (3.8), it follows that we can write

N—r
(3.10) A1 (u) — 0B (u) = Z B (w)Gi(u)(ni(u) — o) (w) By (w),

where we used the relation Y, ¢;(u)¢! (u)Er1(u) = Iy—p. If ni(u) # o for all i = 1,..., N,, then we can
compute the inverse function to Aqq(u) — o F11(u):

2

—_r
1

(3.11) (Au(w) =oBu(w) = Y (miu) — o) Gu)¢ ().

1

i
Condition 5 thus corresponds to the fact that (A;; — O'E11)71 has a block of fixed dimension ¢ whose
eigenvalue behaves like (n;(u) — o)7L
Observe that when ¢ = 0, then (3.6) reduces to

det A11 (U) = 0,

so that the number ¢ of characteristic eigenvalues of (3.8) can be deduced from the number of eigenvalues
of A11(0) equal to 0. A standard perturbation argument shows that also the number n1; is equal to the
number of eigenvalues of A1y (u) strictly less than o, see for example [10] or repeat the part of the proof
of the next lemma concernig this perturbation technique.

Remark 3.1. The reason of the assumption 5) is that we do not want to have more than one singular
parameter, when writing the equations for the boundary profiles or the travelling wave: this is clearly
the case under the forementioned assumption, as it is shown in (3.11).

3.1.2. Analysis of the hyperbolic equation. We denote with A;(u), r;(u), i = 1,..., N the eigenvalues,
eigenvectors of

(3.12) A(u, 0)r;(u) = Ni(u) E(u)r;(u).

The assumption 2) of page 18 implies that the A;(u) are real and distinct, and from (3.7) we have that
the eigenvalue A (u) (for a fixed k € {1,..., N}) satisfies

(3.13) Ae(0) = 0.

This eigenvalue A\ (u) will be called the boundary characteristic eigenvalue, and the corresponding eigen-
vector 7 (u) the boundary characteristic eigenvector. Since we will study the system in a small neighbor-
hood of v = 0 of radius 49y, we will always have that for a positive constant £ > 6y > 0

(1) the eigenvalues A\;(u), i =1,...,k — 1 are uniformly negative < —¢ for |u| < 4dy;

(2) Ax(u) may change sign but it remains of order &y in |u| < 4dp;

(3) the eigenvalues \;(u), i =k +1,..., N are uniformly positive > ¢ for |u| < 4d.

3.1.3. Analysis of the parabolic equation. We denote with ©;(u), p;(u) the eigenvalues, eigenvectors of
the linear system

(3.14) A(u,0)0;(u) = p;(u)B(u)O;(u).

Since B(u) is not invertible, the equation det(A(u,0) — uB(u)) = 0 is not a polynomial of order N. The
description of the roots of the above system is given by the following Lemma, whose proof follows [3],
Lemmas 4.6 and 4.7.

Lemma 3.2. Under conditions 1), 2), 8, 4) of page 18 and 5) of page 18, the roots of
(3.15) det (A(u,0) — pB(u)) =0
are ordered as follows:

(1) the number of roots p; is v for N, +1(u) # 0, and r — g when Ny, +1(u) = 0;

(2) there is one root, denoted with u(u), whose real (imaginary) part behaves like A (u) (Ax(w)|),
the boundary characteristic root of A(u,0). In particular it remains of order §y and its real part
has the same sign of A\g(u);
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(3) if My +1(u) < 0 then there are p;(u), i = k — ny1,...,k — 1, roots with real part uniformly
negative < —¢ <K —d0g < 0. If npy,41 > 0, then there are q additional negative roots p;, i =
k—ni1—q,...,k—ni1 — 1, whose real part behaves like —1/np,,+1(u);

(4) if npyy+1(w) > 0 then there are p;(u), i = k+1,..., k+ny1, roots with real part uniformly positive
>0> 00> 0. If nny, 41 <0, then there are q additional positive roots pu;, i = k+ni1+1,...,k+
n11 + q, whose real part behaves like —1/np,,+1(u).

It is known that their number is r and their sign can be computed by knowing the number of the
eigenvalues of A and Aqq.
Finally, let r;(u), \j(u), i = 1,..., N, be the eigenvalues, eigenvectors of the hyperbolic part

(3.16) A(u)ri(u) = Xi(u)E(u)r; (u).
Due to the strictly hyperbolicty assumption, we suppose them to be ordered and distinct.

We have the following transversality results:

- transversaality w.r.t. the others eigenvectors to form a base in RY—"11(=a)

-transvesality w.r.t. the initial data to show solvability at the linear level

The problem of studying the boundary profiles or travelling waves for (3.1) depends on finding the
center and stable manifold for a singular ODE, with the singular parameter depending on the solution.
We then check which implications the condition 3 of page 9 has on the form of the system (3.1).

3.2. Reduction to a singular ODE. In this section we use the analysis carried out in [3], Section 4.1,
to reduce the algebraic-differential equation for travelling waves/boundary profiles to a standard ODE.
In what follows, we will use the following projector on RY~":

(3.17) Ry(u) = [ Gy 1(u) ... <n11+q(u) ] ; Ls(u) = RS(U)TEll(u)7 Ps(u) = Rs(u)Ls(u),
where (;(u) are the eigenvectors of (3.8). Similarly, we define also
(3.18) Rn(u) = [ Gi(u) .. Cuyy(u) Cniz+q+l - Cn—r(u) } ) Ln(u) = RH(U)TEH(U)-

and Ps(u) = Rs(u)Ls(u). Clearly by construction Ls(u)Rs(u) = Iy, Ly (u) Ry (uw) = In_p_g, Ls(u) Ry (u) =
0, L (u)Rs(u) = 0.

Moreover, by Kawashima condition (Condition 4 of page 18) it follows ([ |, Lemma 4.2) that the matrix
RY(u)(As1(u) — 0Eo1(u))” has rank g: let Piaw(u) = Riaw (1) Rkaw (u)" (1), Pres(u) = RrGS( ) Rley(u)
be the orthogonal projectors on (a ¢ dimensional subspace of) span{RZ (u)(Asa1(u) — 0 F21(u))T} and its
orthogonal space, respectively. In particular, Riay(u) € R?*" and RT (u)(Aa1(u) — 0E21 (v))T Rgaw ()

has rank k.
We thus can write the equation for travelling/boundary profiles
(3.19) (A—0E)uz = Ugy
as
_ Rs (U)wl + Rn (U)U)Q q N—r—q r—q
(3.20) Uy = ( Riconr (1)1 + Rres ()25 ) wi,z1 €ERY, wy €R , 29 € R
(3.21)
(nn11+1(u) - J)]Iq 0 a,{l (uv U) agl (uv U) wq 0 0
0 11 (uv ) a?Q (ua U) agZ (ua U) w2 — 0 0 <1
a1 (u,o) aiz(u,0) a11(u,uz,0) a1, ug,0) 21 bii(u) bia(u) 22 ). ’
az1(u, o) az(u,0)  az1(U, Uz, 0)  Q22(U, Ug, 0) 22 bai(u)  bao(u)

where we used the symmetry of the matrices A(u), F(u), and
det(Ayy (u,0)) = det (Rf(u)(Au(u) - JEu(u))Rn(u)) £0,
(3.22) det(a11(u, o)) = det (RKW( )( Aoy (u) — aEgl(u))Rs(u)> £0.

The matrix

ba1(u)  ba2(u) Ricg(w)b(u) Raw (1) Ries(u)b(u) Ryes(u)
is clearly invertible. The reduction of (3.21) to an ODE follows the same steps of [3], Section 4.

bii(u)  bia(u) } _ [ R g ()b(1) Ricans (1) Rig gy, ()b () Rres (u) ]
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For 1., +1(u) # o, we can reduce the first two lines by writing

1 T T
w = — — (a1 (u,0)21 +as(u,0)z29
nn11+1(u) . CT( 11( ) 21( ) )
(3.23) wy = — A7 (u,0) (alTQ(u, 0)z1 + aly(u, 0)z2).
Substituting into (3.20), (3.21), one obtains ODE with singular parameter A, +1(u) — o
_ Bs(uw)af; (w,0) _ Bs(u)ag; (u,0)
y'1111+1(u)70&1 gilll+l(u)7 T
(3.24) Uy = —Ry(w) Ay (u,0)ais(u,0)  —Ry(u)Ajy (u, 0)az(u, o) ( “1 ) )
RKaw(u) 0 Z2
0 Ryes(u)

(u) 21 [ an(uug, o) ad (v, uy,0) 21

(U) 22 /. Q21 (U, Uy U) Q22 (U, Uy U) %)
) aiz(u, o) ] 7%11“1@)7011,1 ) 0 { air(u,0) aly(u,0) } ( 21 )
) a(u,0) 0 AT (u,0) agi (u,0)  agy(u,0) 2 )’

By adding the equation

(3.26) 0p =0,

we obtain a system of the form (2.1). We now analyze separately the singular and the non singular part.

(3.25) - { an (v,

3.2.1. Analysis of the singular part. The singular part of system (3.24), (3.25), (3.26) is given by (3.26)
and

(327) Uy =

(3 28) bll(u) blg(u) z1 _ a11<u,0') 0 @11(11, 0') 0 r 21
’ b21(u) b22 (u) z9 z a21(u, 0') O ao1 (u, O') 0 z9 ’
The center manifold is given by the set

(3.29) {(u, 2,0) :al (u,0)2 + al) (u,0)z = 0},

and it is trivial to observe that it is made only by equilibria. We have used the symmetric structure of
the r.h.s. of (3.28).

The stable manifold is ¢ dimensional, and in the space u € R the trajectory is tangent to the g
dimensional subspace u = span{(R,(u),0)}, where we recall that R,(u) is the eigenspace of A}'(u) —
CEll(u) corresponding to Mnii+1 = " = Tnyy4+q = 0-

The condition of invariance of the singular surface (Condition 3 of page 9) thus reads Dy, +1u, = 0:
since the initial z = (z1,22) can have an arbitrary direction in R” (we require only smallness in the
construction of the manifolds, Section 2), it thus follows from the invertibility of al; (u) that

(3.30) Dy yi(W) Gy 4j(w) =0 Vi, j=1,...,q.

We thus obtain the following condition on the hyperbolic/parabolic system (3.1):
Condition L. If the reduced hyperbolic system
(3.31) Evur g+ Ai(wur z =0

has q eigenvalues My, +1(u) = -+ = Nny,4+4(w) with the same speed o of the boundary or the travelling
wave, then this eigenvalue is linearly degenerate.

Note that we do not require the strict hyperbolicity of (3.31), but that the dimension of the eigenspace
does not change. We recall that for a hyperbolic system in conservation form g(u); + f(u), = 0, with
Dg(u) strictly positive definite, an eigenvalue with constant multiplicity > 1 is linearly degenerate.
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In [3], Section 2.2.2, a counterexample is shown where the above condition does not hold and the
boundary profiles and travelling waves are not smooth, see also [12].

3.2.2. Analysis of the non singular part. When n,,,, +1(u) = o, we have to compute the equation of the
slow dynamics: we recall that, when the singular parameter is 0, this dynamics is equal to the projection
of the non singular part ¢" of the ODE (2.2) on the manifold of equilibria of the singular part ®°.

In our setting the equilibrium manifold of ®° = 0 corresponds to the algebraic relation

(3.32) ati(u, )z + ad (u,0)z = 0,

so that it follows that the computations are exactly the same done in [3], Section 4.1.2, to obtain the
explicit form for the agebraic/differential system

_ R (U)U)l + Rn(u)w2 q N—r—q r—q
(3.33) Uy = ( Riconr (1)1 + Rres ()25 ) wi,z1 €ERY, wy €R , 29 ERTTY
(3.34)
0 0 ati(u, o) adi (u, o) wy 0 0
0 An(u, o) aly(u, o) aly(u, o) wy | _ 0 0 z
aii(u,0)  ap(u,0) ai(u,ug, o) ol (u,ug, o) 21 bi1(u) bia(u) z )
a21(u,0)  az(u,0) o2 (u,uz,0) a2y, ug,0) 22 bar(u)  baa(u)

We will follow these computations closely.
We now use the fact that a11(u, o) # 0, by Kawashima condition 4) of page 18. We can write

z1 = —aflTaQleg, w2 = _Afll (aﬂzl + agQZQ) = Aﬁl (ai’;aﬁTaQTl - a§2)227
_ —1 _
wi = = (a1 + b (Du, (aHTale)-)zst) {(al? — b11(Dy, (anTagl)')Z?)Rnwz

+ (a1 — b11 Doy (ai7" ady+)22) Rkawz1 + (@12 — bi1(Dy, (a7 ady)-)22) Rres22
- (b12 - bnaﬁTagl)sz}
_ 1 _
(a11 + b11(Du, (ai7 ady))zoRs) ™ (b12 — biiaty ady) 22,0

_ -1 _ _ _
- (all + b11(Dy, (auTagl)')@Rs) {(%2 - bll(Dm(a11Ta2Tl)')Z2)RnA111 (arirzauTagl - C122)

— (0411 —b11 Dy, (al_lTang)@)RKawaﬁTa; + (012 — b11(Duyyy (al_lTag1)')22)Rres:| Z3.
The notation follows the decomposition
u = (u,us) € RN x R",

and we use D to denote the Jacobian matrix: ((Df-)z)w means > 0, f;zjw;.
We thus obtain the equation for u, 29 of the form

_ —1 _
1. = Re(ary + b11(Du, (a1, a3,))22Rs) ™ (bra — buiaty a31) 200
_ —1 _ _ _
— Ry (a11 + b11(Dy, (a37" a3,)-)z2Rs) {(am — b11(Dy, (a77" a3,))z2) Rn ATy (afyaiy a3y, — azo)

— (011 — b11 Duy (a77" a3y)22) Rrawaiy agy + (12 — b1y (Du, (af1Ta§1)')Z2)Rres} 22
(3.35)

1/ T —T T T
+ Ry AL (afqa7y ag; — asy) 20,

(336) U200 = (Rres - RKawaf1Tagl)z2a
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[b” — byar ady — az (ar1 + buy (Du, (a3 ady) )22 Re) ™ (brz — buaﬁTazTJ] 22,2
= { — g (a1 + b1 (D, (a1 a5 )) 2o Ry) ™ [(am — b11(Dy, (a1y" a3,)-)z2) Rn ATy (afpaiy a3y — azo)
— (@11 = b11 Dy, (017" a31)22) Riawayy agy + (a1z = b11(Dus, (af1Tag1)')Z2)Rres}
+anAj (alza1) a3, — asy) — agiaiy a3,
+ b1 Dy, (a17" a3y) (Rs (a11 + b11 (D, (aﬁTang)')Zst)_l (b12 — bi1aiy a3;) 220
— R, (all +b11(Dy, (a1_1Tagl)')Z2RS)7l [(al? = b11(Dy, (a1_1Tagl)')22)R"A1_11 (a1T2a1_1Ta2Tl - ‘122)

— (011 = b11 Duy (a77" a3))22) Rkawaiy agy + (012 = b11(Dag, (aﬁTazTﬁ')Zz)Rres} 22

(3.37)

1/ T T T T T T T T
+ Ry ALY (afqa7y agy — a22)z2> + ba1 Dy, (ayy agp)(Rres — Rkaway; C121)2’2}2’2-

We now recall a result of [3], Lemma 4.3, on the above system, which assures that it is a standard
ODE:

Lemma 3.3. The matriz

_ _ ~1 _
(3.38) bao — barary’ a3y — as1(air + b11(Dy, (aiy ady))zoRs) ™ (b1 — buallTaQTl)}
is invertible for |za| sufficiently small.

It follows that (3.35), (3.36), (3.37) and o, = 0 define a system of ODE, and condition 3) of page 9
requires that

Condition M. The singular surface np,,+1(u,0) = 0 is invariant for the system (3.35), (3.37) and
o, =0.

If we assume that the singular surface is invariant for the fast dynamics, then the relation of invariance
can be written as

0
- -T
(3.39) Dy +i RnAul (afsay; a::)qT_ ag) | =0,
Ryes — RKawaqq agl

where we used the freedom in choosing the direction of z5.

In the following we denote with ©; the eigenvectors of

(3.40) (A(0,0) — uiB(0))©; = 0, pi < 0.
As it is shown in [3], the numbers of ©; is equal to k — 1 — ny; — ¢. Moreover the stable manifold of the
slow manifold can be parameterized by the coordinates on span{©;,7i =nq1 +g¢,...,k — 1}.

Remark 3.4. We note that the invariance of {n,,,+1(u) = o} is not necessary for the existence of a
smooth travelling waves solution, as implied by Proposition 2.4. In particular it follows that, for small
travelling profiles, cases like example [3], Example 2.2, cannot occur. However, for large travelling profiles
and for boundary profiles with the fast dynamics component, this is necessary.

4. CONSTRUCTION OF THE BOUNDARY RIEMANN SOLVER

We split this section into three parts: the first part recalls just the basic idea concerning the construc-
tion of the admissible i-th curves s — 7;°u for the hyperbolic system

(4.1) E(u)us + A(u)u, = 0.
We recall that u; = 7;°up means that uy can be connected to u; with shocks, contact discontinuities or

rarefactions of the i-th family, and the total variation of all these waves is s. The form of the viscosity
enters in selecting the admissible shocks. Basic references are [2, 3].
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The second part considers the construction of the stable manifold of an equilibrium state @. The
dimension of this manifold depends on the relative position of @ and the singular surface, i.e. the sign
of Ny, 4i(@) —o, i = 1,...,q (we recall that all the 7,,,1; have the same value). For simplicity, in
this analysis we will not consider the case of characteristic boundary: one can apply the construction of
?7cite??cite?? to generalize these results to the boundary characteristic case.

The last part concerns the resolution of the boundary Riemann problem. The first observation is that
the boundary profile or the travelling wave with the same speed of the boundary do not cross the singular
surface: this means that the crossing may occurs only for travelling waves which have a speed different
form o. Thus the ODE describing them is clearly not singular. The second key observation is that the
dimension of the stable manifold changes exactly by ¢ on the singular surface, and the dimension of the
boundary data changes again by q. Moreover the characteristic directions are the same in both cases, i.e.
the subspace generated by the eigenvectors

< <n11+1 ) < <n11+q >
0 sy 0 s

so that it follows that the boundary Riemann solver depends smoothly also during the transition.

4.1. Construction of the i-th admissible curves. Once the center manifolds are constructed, the
generations of the admissible curve of the i-th family is an application of the contraction mapping principle
[2], once the following conditions are verified.
(1) The reduced ODE on the center manifold around the equilibrium {v = @,u, = 0,0 = \;(u)}
takes the form

up = viTi(u,vi,0)
(42) Ui,z = )\i(u,vi,a)vi
o = 0

with v € R", v;,0 € R.
(2) 7i(u,0,X;(u)) = 7;(u), the i-th eigenvalue of E~1(u)A(u).
(3) The following stability condition holds:
O\
9% < 0.
This last condition is related to the well posedness of system (3.1) forward in time.

In our case, the center manifold of the singular ODE (A — 0 F)u, = Bug,, corresponds to the center
manifold of the slow dynamics: we can thus follows the analysis of [3], Section 4.2.1, to verify that these
conditions are verified on the center manifold defined for the reduced ODE on the slow manifold. Thus
the construction of the admissible i-th curve 7; follows the analysis of [2].

The idea is to rewrite the above ODE into the integral map

u(s) T + f; Fi(u(r),vi(1),0(7))dr
(4.4) v (s) concyo 1 fi(7) — fi(7)
oi(s) %COHC[O,si]fi(T)

(4.3)

where
(4.5) fils) = / Ru(u(r), (), o (r))dr.

The notation concy, ) f(7) means the concave envelope of f in the interval [a,b] evaluated at 7. The map
(4.4) is equivalent to the ODE (4.2) for travelling waves, i.e. where v;(s) > 0, thanks to the transformation

(4.6) = / " ()

but solution of this map can be also rarefactions or contact discontinuities.

In [2] it is shown that the map (4.4) is a contraction is the space of Lipschitz curves from [0, s;] to
RY x R x R: the intervals of [0, s;] where v; # 0 corresponds to travelling waves, the remaining parts
to rarefactions or contact discontinuities. Moreover its solution depends Lipschitz continuously on the
initial data u;.
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FIGURE 1. The concave and the monotone concave envelope of a given function f

It follows by definition that the final point u(s;) belongs to the admissible curve 7,*@;. In [2] it is
proved that the set u(s;) defines a Lipschitz curve, parameterized by s;. The curve can be prolonged on
both sides of @; either by taking the convex envelope for s negative or just inverting the direction of the
generalized eigenvector 7;(u).

The precise result is the following proposition:

Proposition 4.1. For the hyperbolic system (4.1), limit under the rescaling (t,z) — (et, ex) of the para-
bolic system (3.1) satisfying assumptions 1),2),3),4),5) of pages 18, 18, there exists only one admissible
curve Tu;, i = 1,..., N, for all s, u; sufficiently small. This curve is Lipschitz continuous w.r.t. 4;, s
and satisfies the estimate

(4.7) T Ui = s, ‘jﬁsui —ri(u)] < Cs.
S

In particular Tu is differentiable at s = 0 with derivative r;(u).

We observe that for the construction of these curve only the existence of the slow manifold is necessary,
as noticed in Remark 3.4. We finally observe that to know the exact composition of waves connection ;
to 7.7 4; one has to solve (4.4).

4.2. Construction of the Boundary Riemann Solver. We assume that the k-th characteristic field
of (4.1) has the same speed of the boundary, i.e. A;(0) = 0. The idea is to contruct the map i : R" xR" 3
(81,4 8n) X ug — R™ where:

(1) wp is the initial data,;

(2) si,i=k+1,..., N, is the length of the i-th admissible curve;

(3) s is the length of the k-th admissible curve and characteristic part of the boundary profile;

(4) (s;,...,8k—1) is the parameterization of the non characteristic part of the boundary profile.

The value i can be n1; or ni; + ¢, depending if the boundary profile is in the region where 7,,,, 11 > 0 or
Mni+1 <0.

Using the admissible curves 7.5, i = k+1,..., N, starting from ug, we reach a point . From iy,
we cannot use the map (4.4), because it is possible that the speed o, derivative of the concave envelope)
becomes negative. We thus replace the concave envelope in [0, s;] with the monotone concave envelope
(see figure 1:

(4.8) monp ,,1f = inf {g :g > f,g concave, g > O}.

The map is the same as for the admissible curves: we only replace the concave envelope with the
monotone concave envelope,

u(s) = ay+ [o Fr(u(r),v(7),0(7))dr
(4.9) ve(s) = monpg s,1fx(7) — fr(7)
or(s) = - mono g, f(7)

where as before

(4.10) o) = | " Se(u(r), va(r), o () dr-
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In [1, 3] it is shown that the above map is again a contraction in the space of Lipschitz curves. The fixed
point is a curve whose structure is as follows:

(1) let 5 := min{s : ox(s) = 0}, and set Gy = u(3y);
(2) let s, = max{s: ox(s) = 0,vi(s) =0}, and set u;, = u(sy).

The point 4y is the last point which can be connected to 4, by waves of the k-th family with strictly
positive speed, while the point u, is the last point which can be connected to @ with waves of the k-th
family with speed o (s) > 0. The interval [s;,, si] corresponds to a characteristic boundary profile: since
vg(s) > 0 in (s, sk], we can consider u as a function of  thanks to (4.6), and in general the decay of u
to u;, as ¥ — 400 is not exponential. We remark that the points 5, s;, depends on the total length s
and the initial point uy.

If (s7,...,8¢—1) = 0, then the contruction would be complete. In the general case, we have to add the
non characteristic part of the boundary profile: this is the uniformly stable manifold of (3.19). Depending
on the final point u;,, the non characteristic part may containg the singular dynamics or not: this depends
on the sign of n,,, +1(u;). More precisely:

(1) if 9pyy+1(wy,) > 0, then the dimension of the non characteristic part is k — 1 — nq1;
(2) if 9y, +1(uy) < 0, then the dimension of the non characteristic part is k — 1 — n1; — q.

We observe that, under Conditions L, M of pages 21, 23, the dimension of the non characteristic part
cannot change on the boundary profiles: this is a consequence of the invariance of the singular surface
{Nny,+1(u) = 0}. The uniqueness of the characteristic part of the boundary profile shows also that the
sign of n,,,,+1(u) is constant along the characteristic part of the boundary profile.

The case where the singular dynamics is not present is studied in [1, 3]: here we will consider the case
where 7,,,+1 < 0. An important estimate is the estimate of the ratio between n,,,+1(u;) and 75, +1
along the profile: remember that in general this ratio is infinite, due to Remark 2.7. We estimate a similar
vation among M, +1(i) and nay, +1(1):

Lemma 4.2. If (ug,vy) is the solution to (4.9), then
(411) |77n11+1(uk(3)) - 77”11+1(7:Lk)| < C‘Snn11+1(ﬁk)a S [gkvﬁk]'

Proof. The main ingredient is that, due to the particular structure of the system (3.19), in the derivative
of np,,+1 we gain the term vy: by using the integral formulation (4.9),

d .
£Wn11+1(“(5)) = D777l11+17ak(8) = O(l)ﬁnqul(S)a

where we have used the non degeneracy assumption Dny,,,+1 # 0. It follows that

|77n11+1(uk(3)) - 77n11+1(ﬁk)| < |n"11+1(ﬁk)|(ecs - 1)a

from which (4.11) follows. 0

4.2.1. Construction of the characteristic boundary profile. The system for the boundary profile is

(4.12) Bzg); _ (A(u7uz)JUE(u))v

where we use the reduction of Section 3.2 to obtain an explicit ODE. The speed o is the speed of the
boundary: we will set it equal to 0.
We now use the three manifolds:

(1) By using also the rescaling  — x/1,,,+1, we can find the N + ¢ dimensional manifold of singular
dynamics M*% and the N + k — n;; manifold of slow dynamics M™%: the dynamics of the fast
variable can be written as

T = Rss y Uss )Uss
(4.13) { " (u, vss )

_ 1 vgs € RL.
Uss,x - mAss (U)vss
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(2) The uniformly stable manifold M?#, generated by all orbits which converge to some equilibrium
with uniform exponential speed. This N + k — ny; — 1 dimensional manifold contains also the
singular dynamics, and the ODE on it can be written as

uy = Rs(u,vs)vs
(414) { Vs, = AS(U,US)’US
with A (k—n11—1)x (k—n1; —1) dimensional strictly negative matrix, and Ry isa N x (k—nj;—1)
dimensional matrix with maximal rank. Its existence is given by Theorem 2.6. We recall also
that on this manifold the solution may be splitted into a fast part and a slow part, as shown in
(2.14).
(3) The N + 1 dimensional center manifold M¢, on which the ODE can be written as

(4.15) { up = vpTr(u,vk)

Vg = Ap(u,vr)vg
Its existence follows from Theorem 2.5.

Since these manifolds are invariant, it follows that the ODE on the N 4+ k — ny; dimensional center
stable manifold can be written as

Ug = Rss (uv VUssy, Unsy Uk)vss + Rs(ua VUss, Uns, vk)vns + Uk'f’k(uv Uss; Uns, Uk)
1 ~
v = ——— A (U, Vs, Uns, Vg )V
(416) ss,x . ’7n11+1(“) ss( y Ussy Uns, k) ss
Uns,x — Ans (U7 VUss; Uns, vk)vns + an (u; Vssy Unsy Uk)vssvk
Vg = Ak (U, Vss, Uns, Uk ) U

whit the relations:

(4.17) Ras(t,v55,0,0) = Rys(u,vs5),  Rs(u,0,05,0) = Re(u,vs), #(u,0,0,05) = Fg(u, v, 0)

’ Ass(u7vsS7070) = Ass(uavss)a AS(U,O,US70) = As(uu ’1)5)7 )‘k(uuovoavk) = )\k(u,’l)k70)
In fact, if v55(0) = 0 then by the invariance of the slow manifold vss = 0, and if v;(0) = 0 then by the
invariance of the uniformly stable manifold vy = 0. The only part which cannot be diagonalized is v;.

We solve it by splitting into the three parts:
(1) The characteristic part:

up(s) = w,+ fsi Fro(Ug (T) 4+ Uns(T) + wss(T), Vs5(T), Vs (T), v (7))dT
CUREE A ()
with
(4.19) fr (5) = / ;\k (Uk (T) + Uns (T) + Uss, VUss (T), Uns (T)v Vg (T))dT'

Sk

The value u, is obtained by point 2) of page 26, so that the change of variable

+oo
(4.20) Sk = S +/ vk (y)dy

is invertible in (s, sx], at least for us = 0, vy = 0. In particular the speed o is constant.
(2) uniformly stable non singular part:

(4.21) { Uns@ = Rys(uk + Uns + Uss, Uss, Uns, Vk) Vs

Unse =  Ans(Uk + Uns + Uss, Vss, Uns, Vi )Us + Brs(Uk + Uns + Uss, Uss, Uns, Uk ) Vss Uk
with initial data ¥ys;
(3) uniformly stable singular part:
(4.22) { Uss,x = I?ss (uk + Ups + Uss, Vss, Uns, 'Uk)vss
Vsse =  Ass(Uk + Uns + Uss, Vss, Uns, V) Vss
with initial data v4;
Our aim it to show that:
(1) it holds

(4.23) ‘nn11+1(uk + Uns + Uss) — 77n11+1(2k)| < C(Sk — 8p + [Uns| + |5SS|)nn11+1(ﬂk)§
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(2) the change of variable (4.20) remains invertible if vg is exponentially decaying in ;

(3) the curve obtained by the first line of (4.18) can be joined to the k-th admissible curve to obtain
again a Lipschitz curve satisfying Proposition 4.1;

(4) the solutions of system (4.21) converging to 0 define a manifold M™® which can be parameterized
by the non singular stable subspace of the linearized equation at u, (hence at any u, due to the
samllness assumptions, in particular by span{©;,i =ni; +¢,...,k — 1}). The dimension of this
manifold is k —1—mn11 — q. As 1, +1(uy,) converges to 0, the solution (uns, vns) converges to the
solution of (4.16) when we assume vgs = 0;

(5) the solutions of system (4.22) converging to 0 define a manifold M?** which can be parameterized
by the singular stable subspace of the linearized equation at w; (hence at any u, due to the
samllness assumptions, and also by span{Z;,i = ni; + 1,...,n11 + ¢}). The dimension of this
manifold is g. As 7,,,+1(u) converges to 0, the u component of the manifold M?** converges to
the manifold generated by the solutions to the ODE (3.27), (3.28), with as initial data the initial
point of the solution of the non singular part.

4.2.2. Construction of the solution to (4.18). We prove the following proposition: for shortness we denote
with (us,vs) the vector ((uss, Uns), (Uss, Uns)), and we set the distance

(424) d((us,lavs,l)v (us,2a US,Q)) = sup {ecz|(us,17vs,1) - (Us,2; Us,2)|}-

z€RT

Proposition 4.3. Let ug, vs be exponentially decaying functions in x, with norm of order §y. Assume
that for (us,vs) = 0 there exists a solution to (4.18), where fi, s are given by (4.19), (4.20), respectively,
Then, there exists also a solution to (4.18) for us,vs # 0 and moreover

(4.25) (| (k1 v1) — (uk,z,vm)HLm < Cbod((us,1,vs,1), (Us,2,Vs,2)) -
Finally, the curve ug(s) defined by the first line of (4.18) is a regular curve such that

duk

— —ri(uy)

(4.26) i

< Csv {nn11+1(uk(s)) - nn11+1(@k)| < Csnnqulyk)'

The fact that if there is a solution for u,, v, = 0 then this solution survives is a consequence of the
fact that if there is a trajectory 7y on the center manifold, then one can find the stable manifold of this
trajectory, defined as the manifold generated by all trajectories converging exponentially to 7.

Proof. As in the previous proof, we consider the integral equations (4.18) as a integral map. By the
change of variable (4.20), we can write

S
/ (fk(us,l + Uk,1, Vs 1, Uk 1)Vk,1 — Tr(Us,2 + Uk2, Us 2, Uk,Q)Uk,2>d7’
0

S

S
< C/ |vg1 — vk 2ldT + 050/ |uk1 — ug2|dT
0 0
s 7Cf7 dg
+C(50d((us,lavs,1)7 (us,ZaUs,Q))/ € sk k1) dr
0

S S
= C/ |vg1 — vk 2ldT + 050/ |ug1 — ug2|dT
0 0
S

< _ T dg
+ Céod((u&l, Us,1>7 (us’g, US72)) / )\k,l(T)e Cfsk Tk dr
0

S S
< C/ |vg1 — vk 2ldT + 050/ w1 — uk2|dT 4+ Cod((us,1,s,1), (Us,2,vs,2)) | fr1(8)],
0 0
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S
‘ / (/\k(u&l + uk71,vs71,vk71) - )\k(usg + uk72,v372,vk72))d7’
0

s s T dg
< C’/ (|vk,1 — V2| + |uk1 — uk,2|)d7 + Cd((us,1,vs,1), (Us2,05,2)) / ol T gy
0 0

< C/ (|Uk,1 — Ugo| + |ug,1 — Uk,2|>d7' + Cd((us,1,vs5,1), (Us,2,05,2)) | fr1(5)].
0

We have used the apriori estimate |fx| < do.

Since s < &y, it follows that the above system define a contraction in L>°((0, sg), RV+tF=m1=1) "and
the L>° norms remains of order §y. By taking as a special solution the functions (u,vy) obtained for
(us,vs) = 0 and recalling that ||(us, vs)|| L < Cdy, we recover the estimate

|fk(5;usavs) - fk(5;070)| < C50\fk(570’0)|

The first estimate (4.25) follows by noticing that |fi| < d¢, and (4.26) is a consequence of the fact
that for s = 0 one has vy = 0 and (us,vs) = 0, because x = +o0o. The second follows from the same
computations of Lemma 4.2. O

4.2.3. Construction of the solution to (4.21). We prove the following proposition:

Proposition 4.4. Let (ug,vk), e*“/nnlﬁl(uss,vss) be L™ functions, with norm < Cédg. Then for all v,
small, there exists a unique solution to

(4 27) { Uns,xe — Rns (Uk + Ups + Ussy Ussy Unsy vk)vns
Uns,x = Aps (uk + Uns + Uss; Vss, Uns) Uk)vns + By (uk + Uns + Uss; Ussy Uns, Uk)vssvk

such that v,5(0) = Uy, converging to 0 as x — 400.

The k — 1 — ny11 — q dimensional manifold M™ (ug, v, uss, Vss) generated by these solutions can be
parametrized by its projection on the eigenvectors of the stable manifold, in particular by span{©;,i =
nip+q+1,....k —1}. Moreover we have the following estimate on the distance of the two orbits: if
(uk,lavk,l); (uk,Qavm,2); ecz/?’/n11+1 (uss,lavss,l); ecz/nn11+1 (uss,27vss,2) are L™ funCtionS; then

|(uns,1(z)7 Uns,l(x)) - (uns,Q (‘r)7 vns,2(z))} S Ceicm|ﬁns,l - ﬁns,2| + C(6067Cz || (uk,la Uk,l) - (uk,Q; vk,2) HLoo
(4.28)

+ Céoe_avnnqul sup {eCJﬂ/ﬁnqul |(uss,17 Uss,l) - (uss,27 USS,Z) | }
z€RT

Finally, as Nn,,+1 — 0, the solution (uns,vns) converges to the solution on the non singular stable
manifold M™ with the same initial data Uys.

The constant c is given by the estimate |ens*| < Ce™¢*.

Proof. Let A, s = AHS(O, 0,0,0). We write the solution to (4.27) as the fixed point of the map

— [ Rs(0,0,0,0)eAv 5, dy
(429) T(Us, vs) _ - j;:-OO (Rns (uk + Uns + Ussy Ussy Uns, Uk) - Rns (07 07 07 O))Uns (y)dy

eAnle’ans + fow eAns(:rfy) (Ans (uk + Ups + Ussy VUssy Uns, vk) - Ans)vns (y)dy
+ fom eAnS (=) an (uk + Uns + Ussy Ussy Uns, ’Uk)USS'dey

We have the estimates: for |us |, C|vsa| < C%5pe™ %, i = 1,2,
+oo
‘ / ((Rns(uk,l + Uns,1 + Uss,15Uns,15Uss,1, Uk,l) - Rns(oa 0; 07 O))’Uns,l(y)
- (Rns (uk,2 + Uns,2 + Uss,2y Uns,25 Uss,2, Uk:,2) - Rns (Oa 0; 07 O))Us,Z(y))d@/‘

+oo
< C/ |vs.1 — vs 2|dy + Cpe™ " (”us,l — Usz| Lo + || (uk,1, V1) — (uk,2,vk,2)HLm)
xT

—cx cx
+ C5077n11+1€ /77n11+1 sup {6 /nn11+1|(u53717’08571) - (u53727’08$72)|}7
z€RT
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xr
‘ / (614”5(17” (Ans (uk,l + Uns,1 + Uss,15 Uns,15 Uss,1s Uk,l) - Ans)vs,l(y)
0

- eAns(m_y) (A’Zlns (uk:,2 + Uns,2 + uss, 2; Uns,25 Uss, 2 Uk:,2) - Ans)”s,?(y)>dy’

xr
< 050/ e~ @ Wy, 1 — v o|dy + 05067“(”%71 — us 2|l Loe + || (uk,1,vs,1) — (Uk,zavs,z)HLoo)
0

+ C((SOnnu-‘rle_cm sup {ecz/nnlﬁ—l ‘ (uss,la Uss,l) - (uss,Z; Uss,2) ‘ }
r€RT

The 1,,,+1 appearing in front is beacuse

/ G_Cy/n"11+ldy = O(nn11+1)~
0

By taking as a particular solution w,s = 0, v,s = 0, we see that the metric space

(X,d) = {ecx(uns,vns) € Lip(R*,RNThk-nu—1y

d((us,lavs,l)a (Us,Q,Us,z)) = sup {em(\us,l — Ug 2| + |vs1 — 115,2|)}}

z€RT

is invariant, and the map (4.29) is a contraction. Moreover it is easy to check that (uns(z),vns(x)) are
of order v,,e~*.

Since we have

Uns (O) = Ry, (07 Oa 07 O)Ans@ns + 05077715’

and R,5(0,0,0,0) has full rank, it follows that we can parametrized the manifold M"* by the coordinates
of u along span{R,s(0,0,0,0)}. Note that by the decomposition, R,s(0,0,0,0) is the linear stable
subspace of the ODE Au, = Bug,.

The estimate (4.28) from the following well known estimate: if 77, T2 are contractions with contraction
parameter ¢ € [0,1), then the distance from the two fixrd points 1 = Tix1, 2 = Taxe can be estimate
by

(4.30) d(z1,m2) < sup(Thz, Tax).

— Czcx

With exactly similar computations, we can prove the following proposition:

Proposition 4.5. Let (ug,v), €% (Uns, Uns) be L™ functions, with norm < Cdy. Then for all v5 small,
there exists a unique solution to

(4 31) { Uns,e = RSS(Uk; + Ups + Uss, Vssy Uns, vk)vss
Uns,x = Ass(uk + Ups +U55,’l}ss,’l}ns,’l}k)vss

such that vss(0) = Tss, converging to 0 as © — +00.

The q dimensional manifold M?®®(uj, Vg, Uns, Uns) generated by these solutions can be parametrized by
its projection on the eigenvectors of the stable manifold, in particular by span{Z;,i =ny1+1,...,n11+q}.
Moreover we have the following estimate on the distance of the two orbits: if (ur1,Vk1), (Uk,2,Vz2),
€ (Uns,1,Vns 1), €7 (Uns,2,Vns,2) are L™ functions, then

}(Uss,l(x)v Uss,l(x)) - (Uss,Q(‘T)v vss,Q(I))| < Ceicz/nnlﬁrl ‘ﬂss,l - ﬁss,2|
+ COonnyy 16 Mt | (ug o) = (wk 2, 082) || o

(4.32) + Céoe*w/”nmlnnnﬂ sup {ew|(un571,vnsyl) — (Uns,2, vn5,2)|}.
z€RT

Finally, as Ny, +1 — 0, the solution (uss, vss) converges to the (rescaled) solution on the singular stable
mamnifold M*® with the same initial data Uss.

We can thus conclude with the following proposition, which gives the existence of the characteristic
boundary profile, as well as the structure of the k-th characterstic curve.
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Proposition 4.6. Consider the ODE (A(u) — o E(u))u, = Bug,, and assume that the Conditions 1),
2), 3), 4) of page 18 and Condition 5) of page 18 are satisfied. Assume moreover that Condition L of
page 21 and Condition M of page 23 are satisfied, and that the k-th eigenvalues of A(u) is close to 0.
Then for all iy close to 0, for all (sp,,11,...,8k_1) € RF71=711=9 small, there exists a k-th Lipschitz
curve T uy, depending Lipschitz continuously on uy, such that:
(1) the point T *uy, can be connected to uy, by rarefactions, contact discontinuities, admissible jumps
and the chracteristic part of a boundary profile;
(2) there erists two values 5, s, such that
(a) To*uy is connected to uy, with waves of strictly greater than 0;
(b) To*y is connected to T;**y, with waves whose speed is ezactly 0;
(c) TPy is connected to 775’“71;C with the characteristic part of the boundary profile.
(3) TZux satisfies

d
(4.33) Eoﬂk = Uy, %77;'&1@ — rk(u)

Moreover, for all (Sp,y+1,---,8k—1) € RFTI=M1=4 syfficiently small, there exist two Lipschitz maps
(5n11+17~~55n11+q) (5n11+q+17“~75k—1)

ss » Tns such that:
(1) 7;(;"““""’8"“”) o 7}(5”“”“"”’3“1)7;:’“1116 can be connected to ’7;5’“111C by a boundary profile;
(2) the maps 7‘5237‘112+17""57l11+q)’ 7;L(§n11+qv---ask71) depends Lipschitz continuously w.r.t. (Spyy+1y---5Sk);

(3) as Nnyy+1(ug) — 0, the map Tilematarsi) converges to the non singular stable manifold, while
(8nq1,4+1528n771+q)
7;5 11z 11149

< Cs.

converges to the singular one.

Proof. The results concerning Tx when (sp,,,...,Sx—1) = 0 follows from considerations similar to the case
of the admissible curve, and are proved in [1, 3]. From sy, let (ux(s),us(s)) be the first components of
the solution to (4.21), (4.18): the existence and uniqueness of this solution follow from estimates (4.28),

(4.25).
We define:
(1) the map T,°ay, as the end point ug(sx) of the solution to (4.18);
(2) the map 7;(8"“"“’5'“’1)’7,:’“% as the vector ug(sp,,, ..., 8k—1) + T Uk, where us(Sn,,-. ., Sp—1)

is the end point of the solution to (4.27) with initial ¥ = (sn,,, ..., Sk—1)-
The regularity of the map w.r.t. (Sn,,,...,Sk—1) is a consequence of the estimates (4.28), (4.25) and
the fact that the maps (4.21), (4.18) define a contraction.
The Lipschitz continuity w.r.t. s follows from the estimate

e (= [ =) (- [ )

which describes the perturbation in (4.18) due to the variation of the extremals in the change of variable
(4.20). The contraction of the maps (4.21), (4.18) yields that the same estimate is valid for the fixed
point, i.e. the solution. O

dr < Cdos|sk — s,

Repeating the same analysis for the case when 7y, (u;) < 0, we obtain the following theorem, which
gives the Riemann Solver maps.

Theorem 4.7. For the hyperbolic system (4.1) there ezists a unique map
(4.34)

— Snqyq+1s-es Sn Snqqtqtls-s Sk— .
RV X RY S (s, s)yu) 1o (Tt o gimsantntiot) o ok o ik oo Tk Y,

defined for ((Spyys---,SN),u) close to 0, such that

(1) T, i=k+1,...,N are the admissible curves defines in Proposition 4.1;

s .8 Sn, ey Sk—
(2) 776’ S(Sn11+1, 7n11+q)7 :7;L(Sn11+q+17 ) 1)

are the maps defined in Proposition 4.6 if Ny, +1(uy,) >
0, where uy, is defined by Condition 2) of page 26. For 1y, +1(u;,) < 0 the map Tlemuttsnta)
18 not present;

(3) The map is .....

The last part mean that we loose control exactly on ¢ dimensions (fig. 2).
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FIGURE 2. The reachable states of the boundary Riemann solver.

5. RESOLUTION OF THE BOUNDARY RIEMANN PROBLEM

The boundary data are given in the following form. Let &, (u),...,En—(u) be the eigenvectors of
El_llAn corresponding to positive eigenvalues, and let Py (u) be the projection on the space

s w0 ) (550 ) (2 )0,

where ey, ..., e, is a base for R”. The boundary data for (3.1) are thus given by the equation
(5.2) Py yu(t,0) = g,
where g is a given vector in R"**" such that Py, uo — g| < 1.
Due to the symmetry assumptions, there exists smooth unit eigenvectors ny (u), ..., ny—,(u), even if

the eigenvalues are not separated ?7cite??. Thus the boundary data can be given as
(5.3) {Pw,wu =72} =ﬂ{<m(u),u> =9}

together with the critical part

(5:4) (no(u),u) = g1.

This last part is applied only when the end point has A\, (u) > 0.

Thus the dimension of the level sets of the function Py, u changes across the critical surface, and
more precisely the intersection of Py, u = go with {A;(u) = 0} is made by the integral curve of the
vector field (§,(u),0) passing trough the intersection of Py u = g with {As(u) = 0} (fig. 3). The
invariance of the singular surface assures that the integral lines do not leave {A, = 0}.

We first recall that the manifold generated by

- (Sny14at1sSk—1);Sk Sk Skt1 SN~
(Sn11+q+17~-~,3N)au’_>7;Ls 077C o Ty o-..oTN u.
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FI1GURE 3. The change of dimension of the boundary data and the BRS.

is transversal to the boundary condition Py,u = go, so that we can always invert the map to obtain the
waves and the boundary profile. If 7,,,+1(u;) < 0 (or equivalently ,,,,+1(d) < 0) then the solution is
complete.

When 7,,,,+1(u;) > 0, we need to use the singular part FlEmntteotinta) g6 mateh the additional
conditions Py, (u) = g1.

If we are on the singular surface, then the dynamics is ompletely separated, and moreover since u
varies along the vectors Z; one has that the projection Py, does not vary. In the geneal case, we have
the estimates:

Pqu - PW217‘ = O(l)nn11+1(yk)507

so that we see (by a contraction argument) that we remain again in 7,,,,+1(u;) > 0. This completes the
contruction.

6. APPLICATIONS

In this section we consider two aplications: the construction of the BRS for Navier-Stokes and for the
Magneto Hydro Dynamics equations in Eulerian coordinates.
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6.1. Navier-Stokes equations. We consider the Navier-Stokes equations

Pt + (pu)e = 0
(6.1) (pu)e + (pu® + P(p,e)). = (v(p)uz)x
(ple +u?/2)); + (pue + pu? /2 + uP(p,e))e = (W(p)utia)s + (K(p)02)x

with v diffusion coefficient, x heat conductivity, and e = R8/(y — 1) and P = (v — 1)pe, v > 1. Writing
the system in quasilinear form

p u p 0 p
u | + | (v=1e/p 2u—v'py (v—1) u
e/, 0 (v=De—-vuz/p u—(y—1)Kps/(Rp) e/,
0 0 0 o
=10 v/p 0 u
0 0 (v=1r/(Rp) € ) vu
and taking the symmetrizer
(y=De/p* 0 0
(6.2) = 0 1 o0 |,
0 0 1/e
we obtain the system
(y—=1e/p* 0 0 p
0 1 0 U
0 0 1/e e ),
(v — Deu/p? (v—1De/p 0 p
+| (v="1De/p 2u—V'py (v=1) u
0" (= 1) —vuef(pe) ule—(v—pe/(Rpe) | \ € ),
0 0 0 o
(6.3) =0 v/p 0 u

0 0 (v—1)r/(Rpe) € ) wa

It is standard to verify that the above systems satisfies the assumptions 1), 2), 3), 4) listed in page 18,
and also condition 5) of page 18: in fact the hyperbolic part is one dimensional.

Remark 6.1. In this case the boundary is characteristic for the hyperbolic limit. Thus one should use the
construction of the unifomly stable manifold given here together with the machinery used in ?7cite??cite??
to construct the boundary layer, as said in Remark ?7. However in our case the characteristic eigenvalues
is linearly degenerate, so that the analysis is much easier.

The critical surface is u = o, from which we obtain the singular system

Pz = —pv2, Uz =0, e; =0
(6.4) vaa = —((v = Dpe/v+ (V'p/v)va)ve
V3.4 = — (K pva/K)vs

It is clear from the above formula that the surface {u = o} is invariant. In particular A\, = w is linearly
degenerate, as required.
The non singular system is obtained by taking u = 0 in (6.3),

pe = —(p/e), u,=0, e,=wv
(65) { V3.p = —(k’pvg/(me))vg 3

Clearly the manifold v = 0 is again invariant.

The Riemann solver depends thus smoothly on the boundary data, also for the transition u from
positive to negative. In this particular case, the critical eigenvalue is assigned as a boundary data, so
that the solution to the BRP can be explicited. We first consider the case o = 0.
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The BRS for NS.

(1) If w > 0, then the boundary data is the full vector (p,u,e), so that for u less than the sound
speed the BRS is given by the entering sound wave (shock or rarefaction), the linearly degenerate
characteristic field, and a boundary layer. As u — 0 the boundary layer converges to a jump

along p.

(2) If w < 0, then the boundary data is only (u,e), and the BRS is the entering sound wave (shock
or rarefaction) and the characteristic boundary layer, which in the case u = 0 degenerates into
the linearly degenerate vector field with speed 0.

The connection of the to BRS is Lipschitz, since they coincide for v = 0: in fact, the limit of u; from
u < 0 is the point @y, which is connected to u, by a jump along the variable p, fig. 4.

6.2. MHD equation. The equations for MHD are

pe + (pu) e

(pu)e + (pu® + P(p, ) + [b[*/2)s

(pw); + (puw — Bb),
by + (ub — fw),
(ple+ (u? +|w|?)/2) + [b]?/2
+(pule + (v + [w|?)) /2 + ulb|
+(P(p,e)u— Bb-w),

)

)o

0
(vug).
(vwg)s
(nbw)w

(v(uug + whwy) + k0, +nbTby),

where (u,w) € R x R? is the three dimensional speed, and (3,b) € R x R? is the magnetic field, with 3
constant. Moreover

(6.7)

Py(p.c) >0

)

0
eziR , Y >1,

-1

and v(p) is the viscosity, x(p) is the heat conductivity, 7 is the conductivity.
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The quasilinear form is

1 O 0 0 0 P
U p 0 0 O U
w 0 pI 0 O w +
0 0 0 I o b
| e+ (W +[w?)/2 pu pw b7 p e/,
[ U p 0 0 0
u? + (y—1)e 2pu — V' py 0 bT (v—1p
uw pw (pu — v/ )1 —p1 0
0 b gl (u—1'p,) 0
pe + 3pu® /2
ule + (u? + |w|?)/2) +plw|?/2 + |b]? puw® — pbT 2ub” — pw” pu+ (v —1)pu
+(v = Due +(v = 1)pe V' ppw” — vy —nb. +(v = )w'pa/R
| —V ppu — Vg
00 0 0 0 P
0 v 0 0 0 U
=10 0 vl 0 0 w ,
00 0 gl 0 b
0 vu vw? ! (y—1)k/R e ) n
Considering the symmetrizer
(6.8) b :diag((’y—1)e/p2,1,]1,}1/p,1/e>7
the symmetric quasilinear form is
(y=De/p*> 00 0 0 p
0 1 0 0 0 U
0 0 I o0 0 w
0 00 I/p 0 b
0 00 0 1/e e /,
(v — Deu/p? (v —1)e/p 0 0 0
(v=1e/p u—v'p./p 0 " /p (v-1)
+ 0 0 (u+v'ps/p)l —BL/p 0
0 b/p —BL/p (w/p+n'pz/p)l 0
0 (v = 1) —vus/(pe)  —vwg /(pe) —nbg [(pe)  u/e+ (v —1)K'pz/(Rpe)
(6.9)
0 0 0 0 0 P
0 v/ip O 0 0 u
—lo 0o u/p o0 0 w
0 0 0 nl/p? 0 b
0 0 0 0 (v — 1)&/(Rpe) e

xrx

Depending on 17 > 0 or n = 0, we have that the dimension of the hyperbolic part is 1 or 3, respectively.
We consider the two cases separately.

6.2.1. 7 > 0. The equation of the singular dynamics are given by

Po = —pr2, Uz =¢e; =0, wy =0b, =0
V2 = —((v = Vpe/v+ (V' p/v)va)va
(6.10) U0 = —((V'p/v)v2)vs
Vi = —((n'p/n)v2)v4
V5.2 = —((K'p/K)v2)vs

It is clear that the singular surface {u = 0} is invariant, so that condition L is verified.

o 8 20

o 8 20
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The equations for the slow dynamics are

Px = U1, um:07 Wy = V3, br:v4; €y = Us
v1 = =" /((v = 1)e))vs — (p/e)vs
(6.11) v = ((V//v)v1)vs — (B/v)vs
' va,e = —(Bp/m)vs + ((1'p/m)v1)vs
s = —(VR/((v — 1)K))|vs|* = (nR/((y — 1)K))|va]?
+((Rpu)/((v = 1)K) + (K" /K)v1)vs

Again the singular surface is invariant, so that condition M is verified.

6.2.2. n = 0. In this case the fast dynamics correspond to the system

Pz =—pU2, Uy =€z =0, wp =0, by=—bvy+ Pus
v2p = —((y = L)pe/v + (V'p/v)vs + [b]* /v)v2 + (BT /v)vs
3.0 = (Bb/v)v2 — ((V'p/v)va + B2 /V)v3
5.0 = —((K'p/K)v2)v5
In this case, the singular dynamics is 3 dimensional, and it is clear from the above system that {u = 0}
is invariant.
The slow dynamics is given by

(6.12)

Pz =01, Uy =0, wy=>b,=0, e;=uv5
(6.13) v = —(p/e)vs
vs,e = ((Rpu)/((v — D&) + (K'/K)v1)vs

We observe the presence of 2 more linearly degenerate characteristic fields, corresponding to w.
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