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HYPERBOLIC LIMIT OF THE JIN-XIN RELAXATION MODEL

STEFANO BIANCHINI

ABSTRACT. We consider the special Jin-Xin relaxation model
(0.1) ut + A(w)ug = €(uza — Utt),
We assume that the initial data (uo, eug,+) are sufficiently smooth and close to (@,0) in L° and have
small total variation. Then we prove that there exists a solution (u€(t),eu$(t)) with uniformly small
total variation for all t > 0, and this solution depends Lipschitz continuously in the L! norm w.r.t. the
initial data and time.

We then take the limit € — 0, and show that u¢(t) tends to a unique Lipschitz continuous semigroup
S on a domain D containing the functions with small total variation and close to @. The semigroup S
defines a semigroup of relazation limiting solutions to the quasilinear non conservative system
(0.2) ut + A(u)ugz = 0.

Moreover this semigroup coincides with the trajectory of a Riemann Semigroup, which is determined by
the unique Riemann solver compatible with (0.1).
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2 STEFANO BIANCHINI

1. INTRODUCTION

Consider the n x n hyperbolic system of conservation laws
(1.1) us + F(u)gy =0, u € R".

Under the assumptions that the matrix A(u) = DF(u) is strict hyperbolicity and its eigenvalues are
genuinely non linear or linearly degenerate, the global existence of a solution u : [0, +00) — R™ for small
BV initial data has first been proved in [17].

The uniqueness of solutions and their Lipschitz dependence in L' w.r.t. the initial data has been
established in a series of papers [8, 10, 11, 12, 13, 14]. See [9, 16] for a general introduction to the theory
of hyperbolic systems in one space dimension.

In the two papers [5, 3], a different approach has been used. Instead of constructing approximate
solutions of the hyperbolic system (1.1) and studying their properties, the authors consider two approxi-
mations:

e vanishing viscosity approximation,
(1.2) ur + F(u) = €lgy;

e semidiscrete upwind approximation,
1
(1.3) uglt, ) + = (f(u(t, ) — Flult,z — e))) —0.
€

The idea behind these schemes is that for € > 0 the solution is clearly well defined, since both equations,
when linearized, generate a continuous semigroup. Aim of the two papers [5, 3] is instead to prove that
the solution of the two schemes (1.2), (1.3) satisfies some estimates which are independent on e. More
precisely:
(1) the solution has uniformly bounded total variation for all ¢ > 0, and its BV norm depends only
on the BV norm of the initial data;
(2) the solution depends Lipschitz continuously on the initial data in L' and t.

It is easy to verify that both properties 1), 2) are invariant for the hyperbolic rescaling (t,z) — (t/¢,xz/€),
and this rescaling allows us to put € = 1 in (1.2), (1.3). As an example of some non scaling invariant
property, note that the L' norm of a solution tend to 0 as € — 0: thus to obtain non trivial hyperbolic
limits one has to assume u € L°°, for example.

The advantage of this approach is that only the strictly hyperbolicity assumption on A(u) is needed:
as an example, the analysis of stability for a wave front tracking or Glimm scheme solution becomes quite
complex without some assumptions on the structure of the solution, hence on the monotonicity of the
eigenvalues. It is an open problem whether the results on hyperbolic systems obtained in [5, 3] can be
proved directly at the hyperbolic level (1.1). We note also that in [1] it is shown how a similar approach
cannot easily been extended to fully discrete schemes, e.g. Lax-Friedrichs or upwind Godunov scheme.

In the literature, there are other schemes used to approximate (1.1): the relazation schemes. The
easiest example is the scheme

U + Vg = 0
(1.4) { v + ANuy L(F(u) —v)

€

The above system is a special case of a class of relaxation systems introduced in [19], but we will refer to
it as the Jin-Xin relaxation system from the name of the authors. For a general introduction and survey
to relaxation schemes see [22].

At a formal level, one see that as e — 0

v = F(u), ut + F(u)g = 0.

As in the previous cases, the linearized version of (1.4) around @ defines a continuous semigroup if A(@)
is hyperbolic and its eigenvalues \;(@) satisfy

(1.5) —1l+e< N(a)<1l—eg c>0.

The transformation « — x/A, v +— Av allows us to set A =1 in (1.4), and with the hyperbolic rescaling
(t,xz) — (t/e,2/€) we can take e = 1 in (1.4).
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We should thus look for properties of the solution (u,v) which are invariant under the hyperbolic
rescaling.

By differentiating the second equation of (1.4) w.r.t. x and using the first one obtains the nonlinear
wave equation

(1.6) up + A(U)uy = Ugy — Ust,

with A(u) = DF(u). The above equation is meaningful also in the case A(u) is not a Jacobian matrix,
so that one cannot write a conservative form like (1.4).

In this paper we consider the wave equation (1.6), with A(u) strictly hyperbolic but not necessarily a
Jacobian of some vector function F(u). Our first main result is the following theorem:

Theorem 1.1. Consider the nonlinear wave equation (1.6), with A(u) strictly hyperbolic and satisfying
the stability conditions (1.5) (with A =1). Assume that the initial data (uo,uo,:) are sufficiently smooth
and with total variation less than d71:

(1.7) l[uoll e, luo,ell Lo < 01, luoellrs, ol < 61, [|0Fuollrr, 05uosllps < C'61, k =2,3.

for some constant C'.

If 51 < C~16¢, with C sufficiently large, then there exists a global solution (u,uy), defined for allt >0,
and with the L' norm of ug, u less than 46.

Moreover this solution depends continuously w.r.t. the initial data and time: for some constant L

Hu(t) + e tugr — (a(s) + e o t)

‘Ll + H(Ut(t) - eituoﬁ) — (T (s) — e %ho,)

Ll
(1.8) < L(It = sl + || (wo + o) — (@0 + o)

|+ oo = o alla + [o,t0e = g0l 21 ).

We note here that by means of the techniques used in this paper, one can avoid the assumption of
smooth initial data: however to prove this result we need more technicalities, so will not consider this
case here. Observe moreover that we can replace the first inequality of (1.7) by

luo — @l Loe, [[uo,tl| L < 61,

and assume A(u) strictly hyperbolic in a neighborhood of «.

It is important to observe that the initial data are not assumed to have ug; € L', which on the other
hand is a natural condition for the initial data of (1.4), since v, = —u;. As we will show in the analysis,
a part from exponentially decaying terms, u; becomes immediately in L'. More precisely we will show
that us — e *ug, is integrable and has L' norm of the order of 44;.

Another observation is that since ug; ¢ L', the assumption that A(u) is conservative does not simplify
too much the analysis. In fact in any case the second equation of (1.4) is meaningless. This is why we
choose to state Theorem 1.1 in a non conservative setting.

Finally, notice that the Lipschitz dependence is w.r.t. the sum of up+ug¢. This is clearly more precise
that the dependence w.r.t. ug and ug ¢ separately. Moreover this dependence becomes meaningful in the
hyperbolic limit € — 0, see (1.12) below.

The second result is the analysis of the limit ¢ — 0. Denote by u¢(¢) the solution of the rescaled system

(1.9) ur + A(u)uz = €(uzz — use),

and assume that the initial data are given by (uo,uo,¢/€), with ug, uo+ fixed. This assumption on the
form of u:(t = 0) is needed in order to make the sum u(t = 0) + eus(t = 0) to converge. We then prove
the following theorem:

Theorem 1.2. Consider the nonlinear wave equation (1.9), with A(u) strictly hyperbolic and satisfying
the stability conditions (1.5) (with A =1). Assume that the initial data (uo, €uo ) are sufficiently smooth
and with total variation less that 61:

. Ug||Loo, ||UO0,t||Le = 01, [|UO,z||Lt, |[€UOtx|lLt = 01, € 2 UO||L1, € U0t LY > 1, K= 4,9.
(1.10) [luollzee, luotllzee < 01, [luoellz, |l Lt <61, € 105uollr, €M O5uo il < C'61, k =2,3

for some constant C'.
Then the solution uf(t) to (1.9) converges in Li

loe @ € = 0 to a unique limit u(t).
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The BV functions u(t), t > 0, generates a Lipschitz continuous semigroup u(t) = S;u(0) in Ll w.r.t.
time and the initial data: fort,s > 7 >0

(1.11) () = @)l < (1t = sl + llu(r) = a(r)llz ).
Moreover, we have the estimate
(1.12) lu(t) — (uo + wo,e)llzr < Lt,

so that the correct initial data for u(t) is given by ug + uso.

This semigroup is defined on a domain D containing all the function with sufficiently small total
variation, and can be uniquely identified by a relazation limiting Riemann Solver, i.e. the unique Riemann
solver compatible with (1.6).

We can thus say that the semigroup S defines a relaxzation limiting solution to the quasilinear hyperbolic
system

(1.13) ug + A(u)uy = 0.

We repeat again that as a consequence of the above theorem, the right initial data for the limiting
solution u(t) is the sum of ug + ug¢. Thus u(t) may have a jump at ¢ = 0, while for ¢ > 0 u(t) is Lipschitz
continuous w.r.t. t. For an easy example of why this happens, see Remark 2.2.

The paper is organized as follows.

In Section 2 we precise our assumptions on (1.6) to prove Theorem 1.1. In that section we also
reformulate the equation for several variables: u;, us, and the perturbation A and its effective flux ¢. This
reformulation (Section 2.1) is important because the L' stability can be proved in kinetic coordinates,
which roughly speaking are given by the couples (u, + ug, uy — ug) and (h + ¢, h — ). The system these
variables satisfy is of the form

_ A - T-AW)

(1.14) W —wy = > 5wt 4 s (L, @)
wi +w = %(“)w* %(“)w*—i——l—sj(t,x)

i.e. we diagonalize the left hand side of (1.4).

The main problem is that u; is not in L', so that w® ¢ L'. We thus make the change of variable
a(t,r) = u(t,z) + e tug¢(), recovering the estimates @, @ € L' (hence w*(t = 0) € L'). A similar
substitution (while more complicated) is done also for h and ¢. The result of these computations is that
by adding an exponential decaying in time term s* (or a slightly more general source term), we recover
a 2n x 2n kinetic system with initial data in L.

In Section 3 we prove some regularity estimates. These are needed to obtain the stability for u; in
(1.8). The main result of this section is that if one assume that the initial data of a system of the form
(1.14) is smooth and in L', then the solution can be constructed for a small forward interval of time
and it has bounded L' norm; moreover also its derivatives are in L' in this interval of time, and can be
estimated in terms of the L' norm of the solution (a part an exponential decaying term). The application
of these results is that once we a priori assume the existence of an L! solution to (1.14) in the time interval
[0, T], then we have estimates on the L' norm of the derivatives. To conclude the section (Section 3.2),
we show a refinement of the results on the Green kernel for general relaxations systems proved in [7, 23].

In Section 4 we extend the analysis of center manifold of travelling profiles to our relaxations case. It is
not difficult to find n center manifolds for (1.6), together with the conditions u; + ou, =0, 0, = 0y = 0,
and o close to one eigenvalue \;, i = 1,...,n, of the matrix A(u). The important point of this section
(Section 4.2) is that we have 2 kinetic coordinate systems to identify the same travelling profile. Roughly
speaking, both kinetic variables u, + u; and u, —u; can be used to describe every travelling profile. This
gives us more freedom when decomposing a solution in travelling profiles.

In Section 5 we decompose our solution as a some of travelling profiles, and study the source terms.
Using the fact that we have two sets of variable for every travelling profiles, i.e. we have 2n possibilities, we
decompose the solution (u, uz, u:) as the sum of 2n travelling profiles. The idea behind this decomposition
can be more easily understood if we consider the variables (u,v) of (1.4). In this conservative setting
one can introduce the (primitive of the) kinetic variable 2F* = u + v. Then one tries to find for each
F* n travelling profiles which fit both FF, Fti. Clearly the decomposition for F'~ is independent on
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the decomposition for FT, a part from the fact that we assume all travelling profiles to pass through
u= F~ 4+ F¥, since the nonlinearity depends only on w.

Using this decomposition also in our non conservative setting, we thus obtain the travelling profiles
for (ug,ut) and (h,t). At this point one should write the equations for all these variables. We notice
however that the structure of the kinetic systems is very similar, only some source term changes (due to
the non conservative setting). We thus study just a prototype, i.e. the equations for the decomposition
of the couple (h,t) (Section 5.2), and write only which would be the equations for (u,,u:) (Section 5.3).

We follow two approaches: one is just to substitute the decomposition in travelling profiles into the
kinetic system and obtain the source terms. This is done in Appendix A. In the paper we prefer to
follow a different approach, by showing that the form of the source terms follows by only knowing that
our decomposition is exact (i.e. no source terms) on a single travelling profile. An important fact is that
we are able to replace the differential condition on the speed o, = oy = 0 with an algebraic condition:
the speed of the travelling profile obtained from the decomposition of the kinetic variable u, + u; is the
same speed of the travelling profile for the decomposition of u, — u;.

We then conclude the section by rewriting the source term into a simplified form, which is more easily
estimated. In Section 5.4 we also describe how we prove Theorem 1.1: we assume that in some interval
[0, T] the source terms are bounded by 23y in L!([0,7] x R), so that the solution (h,¢) (or (ugz,u:)) has
LY(R) less than 4g; T > 0 because of the assumption on the initial data and the results of Section 3.
We then try to show that the L!([0,7] x R) norm of source terms depends quadratically on the L!(R)
norm of (h,t). As a consequence if §yp < 1 the source is strictly less than 24, hence the solution (h, )
never reaches 49g9: we thus have T' = co.

In Section 6 we prove that the source is bounded and quadratic. As in [3, 5], the source terms are
divided into 4 categories:

(1) the scalar components of the travelling wave decomposition have opposite sign;

(2) interactions of waves of different families of travelling profiles;

(3) interactions of waves of the same family of travelling profiles;

(4) the speed of the travelling profiles of the i-th family is very different from the i-th eigenvalue
To each type of source term we associate a decreasing functional. The first two are already known: point
1) corresponds to the standard L' decay for 2 x 2 systems (Section 6.1, or [21]). Point 2) is the Relaxation
Glimm functional introduced in [2]: in Section 6.2 we recall it and show how it is used to estimate the
terms of point 2).

To estimates the term of point 3), in Section 6.3 we introduce a new functional, which formally
corresponds to the Glimm interaction functional for waves of the same family for the Jin-Xin relaxation
scheme. This functional is based on a new interpretation of the shortening curve functional of [6], see the
beginning of Section 6.3.1. Point 4) correspond to the standard linear energy estimate extended to our
non linear settings. We also show in Section 6.3.2 that an energy type estimate holds around travelling
profiles.

In Section 7 we used all the results established so far to prove Theorem 1.1, following the proof outlined
before.

In Section 8 we prove Theorem 1.2. Theorem 1.1 rewritten under the hyperbolic rescaling yields as
€ — 0 a semigroup satisfying Theorem 1.2 a part from uniqueness. To prove uniqueness, we use the
machinery of Viscosity Solutions and Riemann semigroup [8].

We thus recall that in [4, 5] it is proved that if BV estimates, Lipschitz dependence and finite speed
of propagation are proved, then as ¢ — 0 the solution u€ to (1.9) with initial data

um x<0

1.15 up(z) = ugr =0
(1.15) o(a) {u+ BRPTY
converges to a unique self similar solution u(t). We can say that there is a unique Riemann Solver
compatible with (1.9). In Section 8.0.3 we recall how this Riemann Solver is constructed. The final part
of this section (Section 8.1) is the proof that u is a Viscosity Solution of the quasilinear hyperbolic system
(1.13).

The paper is quite long, so we suggest here the most important results for a fast reading, avoiding
possibly all technicalities, at least at first.
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Clearly, by assuming the system in conservation form and ug; € L' (so that we have the variables
2F* = u £ v), we can set sT = 0 in (1.14), and replace w* with f* = F* g¢* = F* to obtain
the equations for the kinetic components of (ug,u:). The only statements in Section 2 are thus the
assumptions of strict hyperbolicity, non degeneracy and smoothness of the initial data.

While one can just believe in the classic regularity results on semigroups of Section 3, the computations
in the center manifold of travelling profiles of Section 4 are important, over all the changes of coordinates
of Section 4.2. All the rest of the paper is in fact based upon them.

Of Section 5, it is important to see the decomposition in travelling profiles and the relations among the
various kinetic components, Section 5.1. Moreover, the first part of Section 5.2 gives the main ideas on the
form of the source terms: we believe this is one of the most important part. The effective computations
are just a technical stuff, one can jump to (5.24).

The results contained in Section 6 are important, since several nonlinear functionals are introduced.
The new ones are in Section 6.3: we believe these computations important too, and in particular Example
6.2 should be illuminating.

The remaining results (uniqueness of the hyperbolic limit) is in some sense the relaxation version of
results already knows for vanishing viscosity and semidiscrete schemes. A longer analysis can be find in
3, 5].

2. SETTINGS

Consider the n x n hyperbolic system

(2.1) up + A(U)uy = Ugy — Ust,
with u,v € R”, A(u) : R" — R™" sufficiently smooth function. Denote with r;(u), l;(u), A;(w),
it =1,...,n, the right, left eigenvectors, eigenvalues of A(u), normalized such that

1 j=i
(2:2) A(u)ri(u) = Xi(wri(u), )] =1,  ({w),riw) = oy

0 j#i
For stability of the model near the equilibrium point @ = 0, we require that there is a ¢ > 0 so that
(23) —1+3C§)\1(0), /\71(0) <1 - 3c, )\14_1(0)—)\1(0) >3c, i=1,...,n—1.

As we observe in the introduction, a particular case is when the system (2.1) is in conservation form,
ie. A(u) = DF(u), with F : R" — R™: by defining v, = —u; (and assuming the last in L) we recover
the relaxation model (1.4) with A = e =1,

(2.4) { Zfizz = f(u())—v
The above system can be rewritten in kinetic form as
(25) {Bim - im
S+ FES = Mtu)-F
where
(2.6) w=Ft{F~, v=Ft_F, M*(u):”_TF(“), Mﬂ@:%ﬂ”)

The function M~ (u), M (u) are called Maxwellians, and by assumptions (2.3) we have that
2.7) M~ (u)+M"(u) =u, M*(u)— M (u) =F(u), DM~ (u), DM™(u) >0, wu€ B(0,5d),

where Jg is a sufficiently small constant.
The initial data ug, ug+ of the system (2.1) takes values in a neighborhood of (0,0) and have small
total variation,

(28) H?,LQHLoo7 Huoﬂg”Loo < 51, TOt.VaI‘.(U()), TOt.VaI‘.(U()’t) < 51.
To simplify the analysis and have more concise statements, we require some regularity on g, 1o+, namely
(2-9) ||u0,zz||L17 ||u0,trr||Lla ||u0,zzz||L17 ||u0,tmcr||L1 < 0/517

for some constant C”.
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From (2.3) it follows that for u € B(0,5d)
(2.10) min Ajy1(u) — Ai(v) > 2¢ >0, min A1 (u) > =1+ 2¢, maxA,(u) > —1+4 2¢.

Remark 2.1. These regularity assumption can be relaxed requiring only ug, 1o, € BV, but the analysis
of more general initial data add some technicalities, which are not essential to our problem. In fact, by
means of the result on the Green kernel I" of the linearized problem around u = 0, see Section 3, one can
split the solution into two parts:

e an exponential time decaying part which collects the "non smooth” initial data. This part has a
finite BV norm;

e the smooth part, which can be studied as we do in what follows for smooth initial data. The only
difference is that there will be a source term proportional to the non smooth part, exponentially
decaying in time.

However such a general initial data is in some sense artificial: the idea behind these schemes is to recover
the non smooth solution of the limiting hyperbolic system

ur + A(u)u, =0
as the limit of smooth to (2.1) using the hyperbolic rescaling (¢, ) — (t/€,x/€). We just add these remark
to underline which can be the most general setting of to have BV solutions.

Aim of the next part is to find a convenient formulation for (2.1). This formulation is essentially the
coordinates where one can prove L' contraction for the 2 x 2 case. We call it kinetic formulation.

2.1. Kinetic formulation. To prove BV bounds and Lipschitz stability, we need to consider several

variables:

(1) the derivatives uy, uy;
(2) the perturbations h and its effective flux ¢.

Along with these variables we will consider also their kinetic counterparts, obtained with a procedure
similar to the one leading from (2.1) to (2.5). However, since the system is not in conservation form, and
ug ¢ L', the kinetic variables (which in the conservative case are just the 2 derivatives of F'¥)

fjE = %(uz :l:ut>

are in general not in L. One can observe however that the non integrable part in u; decays exponentially
in time, so that we recover the case f* € L', i.e. u; € L'. Define in fact

(2.11) a(t,z) = u(t,z) + e tug ().
Then we have that (2.1) becomes
at + A(a - eitu07t)ﬂ/w = ﬂ/ww - att + eit (A(a - eituO,t)thw - uO,t$x)7

with initial data
Up = uo + Uo,t, up,¢ = 0.

The last term, by means of (2.8), (2.9), is in L' (R* x R) and has norm C’(||A|| = +1)d;. A more refined
decomposition is given by

(2.12) a(t,x) = u(t,z) + e {1;(0), uos(x — Xi(0)2))7;(0) = u(t, z) + e Tugit(z — X (0)2),
(essentially we are following the waves with speed ;) to which it corresponds the equation
(2.13) s + A(0)iy = Gp — s + ¢ (A(u) . A(O))uOi,m — et (1 — A2(0))uoi tae,

with initial data given by

(2.14) Ug = Ug + Uo,¢, To,t = —Ai(0)uos ta-

The source term in the right hand side is of order Cdpé;, with C depending only on the size of the
neighborhood B(0, 5d). Observe that now g ; € L'(R).
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To keep the computations as easy as possible, we will use the simpler decomposition (2.11). This will
(in some sense) give weight of order C'd; to the (z derivatives of the) initial data ug ¢, but for our purpose
(small initial data §; < C~18y) this decomposition will be sufficient.

Before writing the equations for the kinetic components, we observe that a source term in the equation

(2.15) wt + (A(W)w)y = wee — wir + 1,2(t, ) + s2.4(t, ) + s2(t, x),

can be represented in kinetic coordinates

w=w +uwt, / (elt,y) — sat,y))dy = w= — ™

— 00

as

x

(2.16) wy —wp = —H’%‘(“)w* + Iﬁg(“)uﬁ — 2s1(t,x) + 2s9(t, @)
' wi +wh = %")w* - #w* + 3s1(t,z) + 3s2(t, )

In other words, if T'(¢,x; s,y) = (I'1,T'2) is the Green kernel of the perturbed wave equation (2.15) with
initial data (w,w;), then we can write (see Section 3 for more details on T")

wlt) = [ (Fa(ta:0,9)(0.) + Ta(t.2:0.5)e1(0.9) ) dy

(2.17) +/Ot/R(I‘1(t,x;s,y)52(s,y) —Fg(t,x;s,y)slyw(s,y))dy.

This means that —s; , is interpreted as an initial data for the time derivative w;, and sy is the initial
data for w. Since all the estimates we are going to consider (in particular the conservation of L! norm)
are written in terms of the kinetic components, we will always try to decompose the source terms as in
(2.16). Note that by writing

(2.18) sz(t,x):/o e ts(r, x)dr,

we have s2; + s2 = s, so that by convolution in time with an integrable kernel we can write any source
term in the form s5; + s2. Depending on the form of the source terms sq, sz, we will choose the most
convenient way.

2.1.1. Equations for f~, f+. We look for the equations for the kinetic variables

U/r_at
2 )

(2.19) = @7 =

which (after noticing that the source term is the = derivative s ,, with the notation (2.15)) are

[ S o (O Yy S TS
(2.20) { e = z+g%u> f—_f—g%w Fr 4 sp(t )

with initial data

(2.21) f7(0.2) = (0. + to.z0 ).

N~

(UO,w + uO,t$)7 [0, z) =

N =

and source term

e—t

(2.22) sp(tw) = S5 (A(u)uom _ uom).

The initial data are now in L' and the source is bounded in L' by

(2.23) / |s¢(t,x)|de < Cre ™, / |sfo(t,x)|de < Cére.
R R



HYPERBOLIC LIMIT OF RELAXATION MODEL 9

2.1.2. Equation for g—, g7. To decompose f~, fT in travelling waves, we have to study the equations for
the their effective fluxes. In the conservative case, i.e. when (F~, F7) are well defined, so that f~ = F,
ft = F;, we would study the equations for g~ = F,, g7 = F;t.

In our general non conservative case, @; is well defined and at ¢ = 0 is in L', and we use the same
procedure for u, to replace the initial data ffoo updy € L with an integrable function.

Differentiating (2.13) w.r.t. ¢ we obtain that the equation for @ is

(ﬂt)t + (A(u)ﬂt)z = (ﬁ/t)zz - (ﬂt)tt + DA(uz X Up — U X ar) + (e_t(A(U)U()’tI — U/O’trr))t
= (W) e — (Ut)ee + DA(TUp X Uy — Up X Uy )
)

— e "DA(u)(ug,tz X Ug + g X Uy) + (e‘t(A(u)uo,m - uo,m))t

(224) = (ﬁ/t)zz - (ﬂt)tt + Sty (ta Z‘)
with initial data
(225) at(ov x) =0, att(oa {E) = Uo,tt + Uo,t = U0,z — A(UQ)UO,I.

Note that 4(0) is in L', but not its integral in x.
We associate to (2.24) the kinetic model

_ t oo
pet(Ue)e = A(u)ty —p

with p obtained by integrating the first equation in x (in the language of (2.17), we associate the source

sa, to 1iz). Note that p is well defined in L°°, since both @, that the source s, are in L! (at least for small

t). A major problem here is that the initial data for p is only in L* (at least the part f; A(uo)uo 2dy),

so that the kinetic variables g* = (i; £ p)/2 are not in L!.
We replace now p with p given by

pta) =ty +e [ " Aluo())uo()dy.

so that we obtain the Jin-Xin scheme

(2.27) { (W)t + Pz = —e tA(ug)ug .(z) + fg e~ (tTss (7, x)dr
P+ () = A(u)iy —p
with initial data
(2.28) ut(0,2) =0, (0, z) = —ug 4.
Now both the initial data are in L, so that kinetic model for @; = g* + ¢, p = g7 — g~ takes the form
(229) gt_ - g; = _IIZQ(U)gi +II;13(U) g+ + Sg(tﬂ x)
g9 + i g — gt sy (1)
with initial data
(2.30) g0.0) =25 g0 = -2,
and source
e |
sq(t,x) = — TA(uo)uo7w(x) + 5] € Sa, (T, x)dT
0
et 1/t
= (A0 — Alwo)yuos ~ Aluouo.) + 5 [ € DAGs x i~ x ) (r)r
et [t et [t
(231) — T DA(U)(UO’M; X at + Uog,t X ’[Lw)dT — T (A(’U/)’U/Qﬂjw — ontajaj)d’r.
0 0

This source term can be divided into 3 parts:
(1) exponentially decaying terms of order Cdy,
—t —t
e

S ((A@w) = Auo)uo o () = Aluo)uo()) — 5 /0 (A(w)ug e — U0 t00)dT
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(2) exponentially decaying terms of order sup, (g 4(/|@x(7)l[ L1 + s (7)) 1 )d1e~ 2,

—t t
—%/ DA(u)(uo,m X fl,t + Uo,t X ﬂz)dT;
0

(3) a non local in time interaction term
1 t

; / D iy X G — iy X ) (7)dr-
0

We conclude that if we the solution exists in the time interval [0, T

ol < c(1+ sup (lelloe + ||at||L1>)61ef/2+c sup (lie(r) 1o () 121),

T7€[0,t] T€0,t]
(2.32)
[$g.2(O)llzr < O(1+ Sl[lop](||at7z(7')||L1"‘||ﬂt,r(7')||L1)>51€_t/2+C Sl[lop](”ﬂzz(T)”Ll||atz(7')||L1)-
T€[0,t T€[0,t

Observe that by contruction we have
(2.33) =g "+g9 =f —f".
This is an important relation among the two couples of variables (f~, f*) and (¢, g"), which will be
used in Section 5.1.
2.1.3. Equations for h=, h™ and t=, «*. The computations for h are very similar to the ones for g. By
taking an infinitesimal perturbation of (2.1) we obtain the equation
(2.34) he + (A(w)h)z = hae — e + DA(w)(uz X h—h X ug)
Here the initial data are assumed to be hg, ho; in L'(R) small, i.e. satisfying (2.8), (2.9), replacing u,
with A,
(2.35) hoellLis |hotell L1 |0zl Lty | Rostzallnr < C61.

Clearly since the equation for h is linear this is not a restriction.
We first replace h with h = h+ e 'ho (as before this is not the smartest substitution), obtaining the
equation

(236) ilt + (A(u)iz)z = ilzz — iltt + e*t(A(u)ho,m — h()’mz) + DA(u)(uz X }NL —h x uz)

with initial data

(237) h(O, CE) = ho + hO,t; ht(O, {E) =0.
By defining 7 by the Jin-Xin system
(2.38) hy+(—0), = et fot((A(u)ho,m — hotzz) + " DA(u)(ugy X b — h x ur))dT
(i the = Afw)h — ()

we obtain the kinetic model for h = h~ + h*, i =h~ — h':
(2.30) hy —hy = J“%“‘)h— + I“%‘(“) Kt + su(t, )

' hf +hf = I+‘3 Wp— 1_3 u)h+—|—sh(t,x)
with initial data h~ = ht = (ho + ho,)/2 and source term

et [t .
(2.40) sp(t,z) = 7/ ((A(u)ho,m — hotax) + € DA(u)(uy X h —h x uz))dr,
0

[sn(@)lzr < C<1 + s?(}at](llﬂz(r)llm + |B(7-)||L1)) st C s?(}vt](llﬂm(f)lluIIB(T)IILl),
T€|0, T€|0,

(2.41) [[sn2(8)l 0 < C<1 + s?(}?t](llﬂm(ﬂllu + ||BI(T)||L1)) are”? 4 C Sl[lopt](”ﬂzz(T)”Ll||BI(T)||L1)-
7|0, Tel0,

We have used (2.35).
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We finally compute the equations satisfied by 7 (which are the most complicated ones, as one may
expect). By the first equation of system (2.38) we have that

(2.42) Be = hy — 2s3(t, @),
and the substitution of this relation into the time derivative of the second yields
0= it + iy — hew + (A(u)h);
(2.43) = Ty + itt — lww + (A(W)D)w — 28h.0 + DAW) (us X b — uy X 1) + 2A(u)sp.
The initial data are
(2.44) 0(0,2) =0,  (0,2) = hy(0) — A(uo)(0) = (how + ho,a) — A(uo)(ho + ho.t).-
As before, writing the Jin-Xin model we have
(2.45) { bt +ps = — fg’ et (DA(u)(ut X h—uy XD)+ 2A(u)sh)d7'
Pt t+ie = A(u)t —p — 2sp,

and replacing p with p=p—e~* [*__ (A(uo)ho — ho.s), defining 7 = ¢~ 4+ ¢, p = 1T — 1~ we obtain the
kinetic scheme
(2.46) -y o= AW AW g (4 2) + s, )

' o+ = 1+1;& W, - I_‘g Wt 4 osp(t ) + s, (8 2)

x

with initial data ¢~ (0) = +7(0) = 0 and source term
—t B

(247)  stm) =~ S (Al — hog) + % /O e (DA(w) (e x o~ s x 7) + A(u)2sn ) dr

Iz < €1 sup (Il + (o)l + 1A + 1)) e

T€[0,t]

+€ sup ((fias(r)les + (D) AROl + 167)20)).

Isolln < €(1+ sp (el + el + Wi + () e~
T€[0,t

(2.48) +C Set[l(?t]((llﬂm(ﬂllu + [[tee ()l 1) (17 (T) [ 21 + IIZx(T)IILl))-
T ’

It is important to notice here that, as a consequence of the regularity estimates of the next section,
all these equations have initial data in L' and source terms which have L!(R) norm of order e~%4; + &3,
at least in a time time interval [0,7]. The interaction terms we put in evidence in sy, s, s, have to
be studied carefully, because a priori we only know that their L'([0,7] x R) norm is of order 763, i.e.
arbitrarily large. Observe also that if the x derivatives of i, y, h, 7 is bounded in L' by Cé2, we can
obtain similar L' estimates for Sgs Shy S.-

Notice that by construction i = ¢+ + ¢~ = h~™ — h™, which is the perturbation counter part of (2.33).

Remark 2.2. We want to put in evidence that with our decomposition of u the function ug; can be
considered as an initial data for u.

As we said, this is important in the hyperbolic rescaling, because the correct rescaled initial data is
ug + euy. In particular, if eu; ¢ L', then in general for € — 0 there is a jump at ¢ = 0. For example one
can consider the simple model

Ut = €(Ugy — Utt)-
with initial data u(0) = 0, u;(0) = ¢ 1. Then the solution is clearly 1 —e~*/€, which converges to u(t) = 1,
t > 0. Thus the hyperbolic limit should have the initial data u(0) = 1.

In the next section we study regularity estimates on the solutions of these schemes assuming that the
initial data and its derivatives have small L' norm. We prove uniform estimates on the solution on a
small time interval. As a consequence the above schemes have solutions bounded in L' at least for small
t. Note that this is a priori not clear for ¢, since in the definition (2.42) one may believe that ¢ is only in
L.
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Remark 2.3. The introduction of the variables (g7, ¢"), (¢7,¢) is due to the following two facts:

(1) for the equation (2.1) with u € R, the coordinates for which one has L' decay are the kinetic

variables
Uy + Uy

o=
Note hoverer that the initial data of the derivative of (2.1) is wus, ut,;. This means that we have
to find some integrated variable for which we can write the kinetic model. For the perturbation
h, ¢, this is particularly complicated;
(2) the wave structure of (2.1) needs to know the effective flux for f~, fT. This is why we introduce
g~ , and gT. A similar situation for h leads to the introduction of ¢.

If the system were in conservation form, the variables g% have a clear interpretation as the time derivatives
of F*.

Note moreover that if g™ + ¢~ is 4y, no clear meaning can be given to «. Also for g we know that
g~ +g" = f~ — fT, so the kinetic g—, g7 separately do not have a clear meaning. Nevertheless, the
functionals we introduce depends essentially on points 1),2) above.

3. EXISTENCE AND REGULARITY OF THE SOLUTION

Our aim here is to use the a priori assumption on smallness of the L! norm of (f~, f*) in some time
interval [0, T to obtain estimates on (f,~, f.F) in L' and L. Similar estimates can be done for (g7, g*),
(h=,h*) and (v=,:7).

When we consider an infinitesimal perturbation h of (2.1) (i.e. the solution to (2.34)) and its effective
flux ¢, as a general rule we can just replace

(3.1) Uy —— h, Up — L
a part from a source due to the non conservative form.

We show that the estimates derive from the following theorem:

Theorem 3.1. Consider the relaxzation model

(3.2) my+n,; = s1(t, o)
' ng+m,; = A(t,x)m —n+ so(t,x)

where ||[A — Al|p1, |0:A||Lr < Cdo and source terms s1, s2 satisfying

/R (s (6, @) + [s2(t 2))de < Core™"2 4 Clore™2 + C33) sup (Im(r)]lps + (7121 )

T€[0,t]

(3.3) /R(|sl7w(t,x)| + Is2a(t,@))dw < Core™2 4+ C01e72 + C83) sup (IIma(m)lles + Ina (7)1 ).

T€0,t]

Then if the initial data mg, ng satisfy

(3.4) /R|mo(x) +no(x)| + |mo(z) — no(x)|dz < 24, /}R |mo,e(x)| + |noz(x)|de < K,

we have the estimates

(3.5) /R|m(t,x) +n(t,x)| + |m(t, z) — n(t,z)|dx < 45, /R |ma(t, )| + |ne(t, ©)|de < 32kCH2,

Jort =t = (Cdy)~2. The constant k < co depends only on the Green kernel for the linear problem (3.2)
with A(t,x) = A and s1 = s = 0.

First of all it is clear that we can repeat the estimate at any time interval [¢, t +¢], obtaining regularity
estimates in [t, T + t], once we prove that m(t), n(t) satisfy (3.4) for all ¢ € [0,7T] (actually, due to (3.5)
we need only the L! norm estimate and the regularity assumptions on the initial data). The L' norm
we used in the above theorem (L' norm of the kinetic variables) is clearly equivalent to the standard L*
norm.

Second, the equation for @, are of the form (3.2), so that we obtain the L' norm estimates for i, iz,
Ut. The estimates on @, can be used to study the equation for u;, because they appears in the source
term sy, sy, (note that this justify the C? in (3.3)): this yields estimates on the L' norm of p, py.
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A similar analysis can be applied also to iL, 7, obtaining estimates for ﬁgc, Ty Uyy Lty (with 7 used in s,).
In particular, using the second estimate of (3.5), it follows that we estimate @, in L', hence we conclude
Utz € L'. Similarly, for the perturbation h, we have that h; € L.

In terms of the kinetic components (f~, f*), (¢7,9™), (¢7,97), (g7, g"), this means that if the initial
data are in L', they remains in L' for small time and their x derivatives are bounded. Thus the kinetic
formulations of Section 2.1 have smooth solution with bounded L' norm, ate least in the small time
interval [0, 7].

Remark 3.2. As we said before, while clearly u, € L! for small ¢, it is not (at least for the author)
sufficiently clear that after all the transformations of Section 2.1 we obtain local in time L' solutions.

3.0.4. Proof of Theorem 3.1. For shortness define
[[(m(t), n(t))l|r = / Im(t, z) + n(t, z)| + |m(t, z) — n(t, z)|dz.
R

Denote the left, right eigenvalues and eigenvectors of A by ;, 7; and A;, respectively. The norm in R™ is
|v| = sup; [{li, v)].
The first intergal estimate follows easily by noticing that in kinetic variables

mzZ(m:r—Fm;)fi, an:(m;r —m; )7

i 7

we have the estimate

Gl @+ @l = [ 2 gz = 1o
4 LA )t — e e

2
+Cdo Y sup. (Ilmf(ﬂll + llm;“(T)HLl) +C(e 0y + 62)
T€[0,t

%

(3.6)

IN

Coy s?p](nm;mn i () +Cle™1 + 5).
T7€(0,t

%

Integrating in ¢ and assuming ¢t < (4Cndy)~1, the result follows if ; < §o/(4C).
The proof of the second estimate (3.5) relies on estimates on the Green kernel I'(¢, z) for the linear
system

my+ng = 0
ng+mgy = Am-—n

Since A =", \i(l; x 7;), clearly
(3.7) D(t,z) =Y Ti(t,z) (i x 77),

where T';(t, z) are the Green kernels of the 2 x 2 system

me +n, = 0
(3.8) { N + My Aim —n
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Using the results of [7, 18, 23], we have that each T'; satisfies the estimates

1 — —
ORI, (10) = 08 (e A0 ) (L) (] < 1)
2. /(1= 22)(1+1)

1 —
6§+1< ! o~ (@ Xit)?/(4(1-A2)( 1+t))> < 0 )X{|$| <)
20/(1=X2)(1+1¢)

3§+2< } e~ @ =R/ (40X 1+t))> ( (1) )X{|a:| <t}
2¢/(1 = A2)(1+1¢)
*(14’5\1)15/2 k 1/2 —1/2 ,(1,5\1)15/2 k . 1/2 1/2
+e 070(x +1) ( “12 12 +e 076(x —1) 12 12
Q) o)
59 ot (cosernssteo) (g5 THEE )il <0
e o
It follows that
I 0l < o)l < el + w il 4 e,
lalor ol
100) (0l < r gl B = a0

lullee - llvalle: o]l 2

Vit Vixi "Orepn

where we used also the conservation estimate (3.6), valid for the special system (3.8).
Write the solution to (3.2) as

(3.11) ( " ) — () * < 7;”((8)) ) +/Otr(t—7) . < A _37(;27) b o) )dT.

By using formula (3.10) and estimates (3.3) we obtain for ¢t = ¢/dg, ¢ small

[[(ma (), 2 (8)) [ 21 < (m(0),7(0) | 1 + e~ (2 (0), 12 (0)) | 1

(50'”%(7)'&1 + 50%)@

(3.10) =k + e (ua, vo) |1

=l
1
+KC/0 V1+(t—71)

! 1
—|—/$C/ 7<5 e™t? 4 (51672 + C6%) sup(||m]| g + || 1)dT
0 /1+(t_7') 1 ( 1 0)[0’7_](" ||L H HL )

t
+C / e (Sollma (Pl s + d1e™2 + (2172 + CoF) sup(lmalps + Inllzs) ) ds
0 [0,7]

4/6(50 + 051)
V9I+t
+ 8kC63 + 4kC253\/1 + t.

We used the assumption dg sufficiently small.
Set now §; < dp/C. By Gronwall estimate it follows that we have the bound

31%050
” (mw(t)a Ny (t))”Ll >~ ﬁ

In particular we see that if dg is sufficiently small (so that 4Ke~! < k(C62), we recover (3.5).

In the following we will thus consider the various kinetic schemes with L' data and a priori assumption
that the L' norm of the solution is bounded by 2dy in the time interval [0,7]. As we saw, this is correct,
since small L' initial data give rise to small local in times L' solution.

(O51+K) _Ct+2/€05 / || mfl ) ( )”leT

V)

(3.12) +4Ke ", te[0,(Cd)7 2.
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3.1. Lipschitz dependence w.r.t. t. The analysis on the linear Green kernel yields the Lipschitz
dependence w.r.t. time. In fact we can write

iy + A(0) iy = gy — g + (A(0) — A(u)) iy + e (A(u)uo to — U0tz )
so that we obtain the relaxation system

{atmz - fgeT‘t((A(u)—A(O))ﬂz—i—e‘T
e+ iy = A(0)a —

(A(u)uo,te — uoﬂgm))dT
0

with
xT

o(t,x) = Y e (A(u) — A(0)) iy + e T (A(w)ug 0 — U0, taa) | AT — a(t,y)dy € L*®(R).
0 J-co

— 0o

We thus have by Duhamel formula

< ZEQ ) :I‘(t—s)*< E
N /t _— ( Jy e ((AQw) = A©))is + e~ (Ao to — tar) ) ds ) -
0 0

<

s)
)

S

The last integral is of order C63(t — s) + Cdre~" in L1, since |||uliiz||r2 < C62 and (2.9), and a simple
computation show that

|55 ) v (567)

if the derivatives i, U, are bounded in L by some constant.

Thus the assumption on boundedness of the L' norm of (i, 9,) and the regularity estimates yield the
L' Lipschitz dependence w.r.t. time. A similar Lipschitz dependence w.r.t. ¢ holds for the z derivatives
Uy, Uz, hence for @;. A simple computation shows that the same Lipschitz dependence is thus valid for
U, Ut,

(3.13) [u(t) = u(s)lr + lue(t) —ue(s)l[r < CJt — s

v

<C(t—s), s <t,
Ll

3.2. Remarks about the structure of the Green kernel. If we consider a general linear relaxation
system

(3.14) { ug + Aniug + Apv, = 0

v + Aoiug + Aoovy, = —DBuv

with u € R", v € R*, B : R¥ — R* positive definite and

Ay A
A =
[ A2 Az } ’

symmetric with no eigenvectors in (R",0) (Kawashima condition), then in [7] it is proved that the Green
function I' has the special structure

I‘ll(t,x) &J‘lg(t,x)
GzI‘gl (t, x) 8§F22 (t, x)

where all I';; behave like the heat kernel G.

Following the approach used to recover L' initial data for f*, we can prove that the part of the Green
kernel I' corresponding to the initial data in v are actually a derivative of some functions. This estimate
is a refinement of (3.15), because it says that also some higher order term is a derivative.

Since in this paper we only consider the Jin-Xin relaxation model, we write this new form of the kernel
for the 2 x 2 Jin-Xin model with average speed A,

Ut + Uy =
Vet Uy = Au—v

(3.15) I'(t,z) = ] + exponentially decaying terms + higher order terms,

|
o
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We recall that we have the estimates

Tui(t,z) = ! o= (@282 (4(1-X2) (1+1))
2 /=) (1 +0)

+ % <e(1+’\)t/26(x + 1) 4 e IV 25 — t))

O(l) 2 2 42
1 O) (22— at)2/(4(1-22)(1+1))
(3.16) + T ¢ ;
Tio(t,z) = — ﬁ( 1 e<w2xt>2/<4<1x2><1+t>>)
0x \ 2,/(1 = X2)(1 + 1)

+ % (—e(l“‘)t/?&(:c 1) 4 e IV 25(p — t))

O) 2 am? a1 x
317 _OM)  —@-x0?/((1-23)(1+1)
( ) + (1+t)3/26

This is how the initial data (§(z),0) evolves in time in the coordinates (u,v).
For the initial data (0, H(z)), where H is the Heaviside function, then the substitution v = 9+e~*H (z)

transforms the Jin-Xin system into
Ut + Uy
’LN)t + Uy
whose solution can be written as
u(t, ) _ /t Tu(t=s.2) \ —yo_ ( _ Talta)
o(t, ) —e "H(t—x) ) J, \ T2t —s,2) -\ Do —etH(z — M)

By studying the heat equation with source
U 4+ Mg — (1 = XN gy = —e718(x),

—e~t6(x)
Au— 0

one sees that the principal part is again a heat kernel travelling with speed A, i.e.
Fpe ! o~ (@A /(A1-3) (1+)
2/(1 = A2)(1+1¢)

1 —(1— x —(t—|x - x —(t—|x
_5(6 (1=X)|z|/2—(t—| |)X[7t7o]($)+e A+N)e] /2= (-] ‘)X[o,t](ﬂf))

+ higher order terms,

ip— — ﬁ( L e—(rz—At>2/<4<1—A2><1+t>>)
0z \ 2,/(1 — X2)(1 + 1)

1 —(1=A)|z —(t—|x — x —(t—|x
_5(6 A=Nlel/2=(=laly o () 4 e~ (EDIel/2= (] ‘)xm(x))
— e "H(z) + higher order terms.

4. CENTER MANIFOLD OF TRAVELLING PROFILES FOR RELAXATION

In this section we extend the decomposition in travelling profile used in [3], [5], to the Jin-Xin relaxation
model. The fundamental feature of this relaxation system is that, due to the linear stability condition
(2.3), it is possible to identify an exact travelling wave ¢ by means of only one kinetic component f~ or
fT. More precisely, if the solution u is an exact travelling profile ¢;(x — ot) of the i-th passing through
u with speed o, then to identify exactly the profile it suffices to know either the i-th component f;” of
f~ or the i-th component f;" of f*.

For a real solution, this suggests that by looking at different scalar components f,, i = 1,...,n, of
the vector valued function f~ we obtain n different travelling profiles ¢;, ¢ = 1,...,n. Similarly, by
looking to the scalar components f;r, i =1...,n, of the function f¥, one obtain n different travelling
profiles ¢j, 1 =1,...,n. It is thus natural to expect a decomposition into 2n travelling waves, each one
interacting with the other waves.
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We divide this section into two parts: in the first part we show the existence of a center manifold of
travelling profiles for each family ¢ = 1,...,n, in the second one we write the center manifold in terms
of the kinetic components f~ and fT. For our Jin-Xin model this is particularly simple, but it is a of
fundamental importance when proving BV bounds.

The decomposition of u (or h) into 2n travelling profiles is done in the next section.

4.1. Center manifold of travelling profiles. This part is the relaxation analog of the analysis of the
center manifold of travelling profiles done in [5].

We consider the equation for a travelling profile of speed o, i.e. u; + ou, = 0 and o, = oy = O:
equation (2.1) becomes the ODE

(4.1) (A(w) — oD)ug = (1 — 0)tga.

We can write (4.1) as a first order system

Uy = P
(4.2) 1-0®)ps = (A(U)O— ol)p

Linearizing the system in the equilibrium (0,0, A;(0)), we obtain that the matrix

0 I 0
0 (A(0) = A:(0)1)/(1 = Ai(0)?) 0
0 0 0

has a (generalized) null space of dimension n + 2, namely
N; = {(u,p = 57i(0),0), w€ R", 5,0 € R},

Thus there exists a center manifold of dimension n + 2, defined in a neighborhood of 0 of radius 5o,
which can be written by

b; = ¢ji(uapi7 0)7
where p; = (l;,p) is the j component of the vector p, and ¢;; are smooth function. Since for p = 0 we
are on the equilibria (u,0,0), and these equilibria must belong to the center manifold, it follows that

p¢=0 — qﬁji(u,O,U):O,
so that we can write ¢;;(u,p;,0) = piéﬁ(u,pi, o) for some new smooth function ¢Zji. Using the fact that

the center manifold is tangent to N;, so that ¢;;(0,0, X;(0)) = d;;, one can show that the map

Di > U = P;

0+ 3 35m500)

J#i
is invertible in the neighborhood of (0,0, X;(0)). Thus we parameterize the center manifold by (u, v;, o),
and we can write

(43) b= ’Uifi(ua (%% 0-)7 |fl(u)| = ]'7

for some vector function 7;. We call the function 7; the generalized eigenvector.

This happens for any family i, i = 1,...,n, so that we have n generalized eigenvectors 7;(u,v;,d;),
j=1,...,n, defined in a neighborhood of radius 5d2 of (0,0, A;(0)), with d2 sufficiently small. We can
assume also that |A;(0)] + 502 < 1 — ¢. Since d2 is a constant which depends only on the non linearity
A(u), we can assume also that dy < Js.

We can now find the reduced ODE on the center manifolds, and the relations among the derivatives
of 7;. Subsituting (4.3) into (4.2) one obtains

Uy = VTG
(44) (1 — 0'2)(111')957:1' + Ui’l“i,z) = (A(u) — O’I)Uifi
Oy = 0
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and taking the scalar product of the second equation with 7; (by the second of (4.3) it follows (r;, 7; ,) = 0),
we obtain the reduced system

Uy = (2
(4.5) (1=0Hvie = (Ni(w,v,0) —0)v
Oy = 0

where we define the generalized eigenvalue \; as

(4.6) ;\i(u,vi, o) = <r¢(u, v, 0), A(w)7; (u, vy, U)>.

Multiplying the above equation for 7; and subtracting it to the second equation in (4.4) we conclude that
(4.7) (1= o®) D (u,vi, 0) + (Ni(u, vi, 0) — 0)vifi 0 (u, vi,0) = (A(u) — Ni(u, vi, 0)I) 7 (u, v, 0).

As a consequence we obtain that when v; = 0, 7;(u,0,0) = r;(u), i.e. we have the estimates

(4.8) 7i(u, v, 0) = 1i(u) + O(1)v;, Ai(u,v5,0) = Ai(u) + O(1)w;,

where in the last equation we used the fact that the vectors r;, 7; have length 1.

4.2. Tangent vectors for travelling profiles in kinetic variables. We now show how it is possible
to use the kinetic components f~, f to parameterize the center manifold. We construct in fact new
tangent vectors 7; , 7 which depend on f~, f*, respectively, instead of u,. On a travelling profile with
speed o one has

(4.9) utou, =0 = (1-o)ff=0+0)f".
It follows that . .
1
= — + ) = T =
) (F7+17) 1-— O'f 140
Since on the center manifold is given by u, = v;7;, we obtain that

=0 =o0)vii(u,v,0) = fi_f‘i(u,f[/(l —o0),0) = f77 (u, [ ,0),

I

(4.10) =0+ opuiti(u,vi,0) = 7 (u, f;7 /(1 +0),0) = fi77 (u, £, 0).
where we define f = (7, f¥), i.e. v; = f*/(1+ ¢). Thus the vectors 7 are defined by the formulas
(411) ’F;(uv ;;U)ir"i(uvf;/(l_a)aa)v Ti (U’a fiJrva-) :TZ(uvf:r/(1+U)va)

We can thus rewrite the formula (4.7) for these new generalized eigenvectors, obtaining

7, fE,0) = ﬁﬂ,v(u,ff/(lia),a),
and
(L+0)f7 DF i (u, fi,0) + (A — o) f 7 p(u, f7,0) = (Alw) = A1) (u, f],0)
(4.12) (1= o) fF DFEFEF(u, £, 0) + (N = o) 177 1 (u, £F,0) = (A(w) = XTI (u, £F, 0).

Note that also for 7= the estimate (4.8) holds:

+
@13) 7 (S 0) = T /(1 0).0) + Foglu £/ 0),) = O()E,
Finally, we can recover f* from f;” or f~ from f;% by just using (4.9),
e ), = g g )

Remark 4.1. We observe here that the vectors f—, f+ are parallel if u is a travelling profile. This is a
special feature of the Jin-Xin scheme considered in this paper, which simplifies the computations: it does
not hold for general BGK models.

Moreover, since the non linearity A(u) depends only on the macroscopic state u, then it is natural to
decompose f~, fT in travelling profiles passing through .
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5. DECOMPOSITION AND SOURCE TERMS

Aim of this section is to decompose the couple of 2n dimensional variables (f~, f¥), (¢7,¢") and
(h=,h*), (:7,¢T) as the sum of 2n travelling profiles. The decomposition for the perturbations h, ¢ is
the natural extension of the decomposition for f, g.

Let us explain what we are going to do. We consider each couple (f~,¢7), (fT,g") as the sum of n
travelling profile, passing through the same point u but with a relative strength f;”, f;r and a speed o;
o different for each family + and —. We say relative strength because the real strength of the wave is
u, = fi /(L—07), uj'w = f7/(1+0o;"). The speed of each family is naturally assumed to be g; /f;,
9 /1

In some sense, each kinetic variable has a decomposition which is independent on the other. However,
when the speeds are the same and there is only the i-th component for f, g (i.e. only the components 5
f{r are different from 0), and the speeds are the same, i.e. o5 = a{r , then we are on the center manifold.
This shows that the decomposition identify exact travelling profiles, and that we actually replace the
+

condition o, = oy = 0 with o, =o0;.

5.1. Decomposition in travelling profiles. We define

o= S g ) N o
(5-1) {g = e MOV (s f o7 i—w)w( )

5.2 iJi T ~ i :)\10 +9 2 ,
2 A Sl oy O R S R
and similarly for h

. Eo= Z’L(L’Lj: - )\i(O)hli)fii(u, 1‘i7‘7ii)

with o defined in (5.1), (5.2).
The functions 6 is a cutoff functions,

T |x] < 269
6(z) = < smooth connection 240z < |z| < 382 0] < 36s.

Note that the center manifold is defined in a neighborhood of radius 502, so that f;t (u, fii, aii) is mean-

ingful for all values of f, g. Observe moreover that as a consequence of (4.13) the generalized eigenvectors

7 (u, f£,07F) are at least Lipschitz continuous.

Using the implicit mapping theorem as in [5], one can show that the maps (5.1), (5.2), (5.3) are
invertible in a neighborhood of (0,0). By regularity estimates we have that in a time interval [0, T] the
functions f*, g%, h*, /¥ are bounded in L™ by O(1)82. By choosing &, sufficiently small, we can thus
assume that the decomposition in travelling profiles is well defined in [0,T] x R.

For shortness, we will use the notation

f’Lj: = ﬁi(uv 5 Gi)v 9(_gf/f¢i) = G’Li'

i 004
Since the variables u,, f, g and h, ¢ are not completely independent, we obtain some relations among
the fli, gijE and A, oF. The most easy ones are of course

RIS %

(5.4) o= frH =Y (S £, h=ht b =Y (hIE b))

and from (2.33)

(5:5) i =u— e tu(0) =Y (g7 = MOV + D (gf = NV =S (7~ ),
J

and similarly for ¢,

i= Z(L; — X (0)h; )75 + Z(q = MO = (b7 — ).
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One estimate which will be used in the following is the difference among 7" — 7; :

- +
=i =01 - i) o+ 16 - )

= OW)(f7 = fF + 0T JF + 07 J7) + O + £ Dot = o7)
= O() (g7 + 97 = (L4 M) + (1= NS + O (g + 67 f7)
(5.6) +OW)(g" + 65 £7) + O fT 1 + [ D)o — o).
By using (5.6) in (5.5) we obtain the relation among the 91' and the ff:
0= (g, = N(0) )iy + (g7 = N(0) 1) - Zf’fi — [t

7

=2
Z

(14 N +Z g5 (0)) £V
(97 + 95 = L+ X O)f7 + (1= 2 <>>f+)<r +O(1)d)
O (17 1+ 165+ Lo+ 0F1) (lor + 05 471+ Lt + 07 £71)

O (1 1+ 1A 1+ Lo+ 0 1) (7 1+ 15 Dl = o,

2

which can be rewritten as
9 +9 = L+ XN 0)f7 — (1= XN(0)f

+0) Y71+ 150 (lgy + 07 571+ |7 + 07 17

J

(5.7) + (1 DPloy —af .
i

Here and in the following we substitute O(1)dy for quantities depending on the L', L° norm of the
variables. Coming back to (5.6) it follows that

(5.8) m =T =0)(g; +0; f7) +O0W)(g + 07 £5) + O f I+ DO - 67).
Similarly, from 7 =+~ +¢* = h™ — h™ one has that
v+ = (T+X(0)h — (1= X (0)hF

(2
+0() Y7+ 571 (1o + 65 71+ g + 97 £71)

J
(5.9) +01) Y (Ihy [+ DA T+ D16 = 671

J
5.2. Source terms of the components of the perturbation h. We can now write the source terms
for the components (h; , h;") The idea is that, once we have written the these equations, by substituting
h* with f*, g%, «* and replacing the source terms s (t, 2) for h* with those for f, g, ¢, one obtains the
equations satisfied by (f;, ff') (97 ,9), (7, 0).

Since fji depends on fji, g; , during the computations we need clearly to assume to have the equations

for ji, gj[ written: we thus suppose that each component f * satisfies

_ _ 1+,\— .+ _
Jiv—fiw = )\ = ‘|' f +§f,j(ta$)
1+ P
]—t_t + JTJU = : 2 ] f;_ + g;:j (t’ a:)

(5.10)

and similarly for gji. The form of the source term cf is computed by using the form of the source term
for h*, and replacing hjj-E with f; * (or with gi if computing ¢/ +). This assumption will be validated when

we obtain that the equations for (h; ,h;r) are of the form (5.10).
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Instead of computing explicitly the source terms g, , g,f (this is done in Appendix A), we show how
their form can be deduced by using the following ideas:

(1) if there is only one component of f, g, let us say the i-th component fgi, ggi, and
(5.11) g7 +0; f7 =g +65fF =0, 0= =o0F,

then we are locally on a travelling profile of the i-th family;
(2) on a travelling profile of the i-th family with speed close to ;(0) the decomposition is exact, in
the sense that the components (f; , f{r )s (g5, g—.Jr ) satisfy the scalar conservative 2 x 2 system

_ _ JRESS 1— )\
(5.12) i fie = S T = f
’ -+ _|_fjr _ 1+>\ L fjr
t i,x 4 2 4
— — —_ + — 175\; +
(5.13) { 95 =95, = —39 T30
’ + + 1+ — 1= +
it 9. = 329 — 3%

with \; = 5\% = XN(u, f£/(1 £ 0),0) computed by (4.6);

(3) if the perturbations h, ¢ have only the i-th component and are proportional to f, g, then they
satisfy the same equations (5.12), (5.13);

(4) a part from two terms involving derivatives of 7
compute is quadratic and Lipschitz continuous.

w.r.t. f and o, the source term we need to

We prove now these statements.

Proof. From (5.7), (5.8) we obtain immediately that 7 = r", u;+ou, = 0. Since ij are unitary vectors,

by direct substitution in the equations (2.20), (2.29) for f, g (neglecting the additional source term due
to the initial data, which at this level can be chosen arbitrarily) one concludes that f;,i, g;.jE satisfy (5.12),
(5.13) of point 2), because of (4.6).

Thus the only point is that the derivatives of o are 0, because one may suspect that it is possible for
the speed to vary, even if the assumptions of point 1) are satisfied. However, by using the equations for
f, g it follows (8(x) = z under point 1))
gft_gi,w g fzt fzw

s

rE Ok

REPE g_f_> 1—&(9? g{ff) 1+ f+< g._>
5.14 = 9 % Ji 9 _ 9 Ji 9 9\ _,
(5.14) 2 <f; rr) T T\ e > 1\

and similarly o; + 0, = 0. It thus follows that oy = 0, = 0, so that we conclude that u satisfy the
travelling wave equations. This proves point 1), 2).

Point 3) is straightforward, while point 4) follows once we observe that the functions in (5.3) are
Lipschitz continuous as soon as we do not differentiate them w.r.t. f, o, i.e. the terms containing the
vectors fii’f, fzio g

Ot — O0g =

The rest of this section is dedicated to the computation of the form of the source terms.
Since the decomposition (5.3) is only Lipschitz continuous, we study carefully the right hand side of
(2.39). We have

hy —h, = Z<(hj,t_h DT R (fe = )T + 05,75 ,) +hy (gmt—gj’r)Gj?gfj’o)
J
+ ) hy DF (i — i) + Y hy e DF; (uoe + o ),
j j
h?_"’h:: Z((h+ +h+ )’r‘ +h+( +)(~+f+9]f J0)+h+(gjt+gjr)9 ~;,.U)
j
+ Y hIDFEf (i + i) + Y hfe ' D (uo s — uo4a),
J j
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where we have used @ = u + e’tuoyt. We thus write the equations for h as

14+ A7 1-AF
_ — ] o — J g+
Z(hj’t—hjwt 5l h)g
j
BV T Ve
+> h; (fj;t— et - ]f+)(gf+9Jf7" o)
j
1+5\,_ 1—5\+
;o
+Zh <th Gjat =59 )@g%o
=35, (t Zh e tDr (uo,t + vo,tz) + sn(t, ),

J

Pt

J

1+ A7 1—\F
+ + i - J o+
> (hj,t +hi, = —Thy + —h )

J

T+A; o 1=AF
+Zhj<;t+ JTw_ 9 ij + 9 Jf+>( f+01fTJU)
j
14+ A7 1At
o P i + &t
+Z_hj<9j7t+9j,r_ 5 95 T >9ngo
J

=5 (t,x) — Z h;re_th;f (ot — uo,ta) + sn(t, x),
J

The terms §,jf (which have a quite complicated form, see Appendix A for details) are quadratic w.r.t. h,
f, g and linear w.r.t. h: this means that

55 =0(1) Z(|hj_| + |hj+|)(|fk |+ £+ lgn | + lgi |) + exponentially decaying terms.

gk

They contain the source terms <y, 4 for f, g

To simplify their form, first we observe that the terms ¢y, ¢, can be neglected: in fact, once we prove
that without these terms the source terms for A is bounded in L*([0,T] x R) by Cdgl|h|/1:, then the
perturbation due to ¢y, g4 is of order

C(llssll oy + sl o,r1m) 1Al = CaBll e < C6,

i.e. of higher order w.r.t. g, which will be proved to be O(1)d3
Next, we study separately the terms which can be discontinuous, i.e.

(1) the derivative of 7 r w.r.t. fji7 only in the regions where either | | < 1lor | J | <1, i.e. taking
into account that at equilibrium (14 A;(0))f;” = (1 — A;(0 ))f;r and (14 )\ (0))/(1 —;(0) €
[c/4,4/d],

The above terms arise when we are far from equilibrium. Note that for a travelling wave one has
(I+o5)f; =1 —05)f; +, and by construction ¢ is close to some \;(0) so that we are certainly
far from any travelling proﬁles In the remaining regions f e

and the terms containing 7= i
are again Lipschitz;

J )

(2) with a similar computation to the one in (5.14), the derivative of fj[ w.r.t. o yields

(5.16)

1— Z\+ Py 1+ Z\+ it
o ) e e (5 S Ui
J

These terms are bounded, but may have jumps when gj , fjjE ~0
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The remaining terms in Ef are quadratic, Lipschitz continuous w.r.t. f, g and linear w.r.t. h. Moreover
we know from the discussion at the beginning of this section that these terms are 0 when the following
conditions hold for any j fixed:

- + h~ ht
%:%6[_252’252], —J_Z—J+
I 0 I 0
It is easy to check that the only terms which do not satisfy the first condition are those deriving from
h D (il + i), Le.
(5.18) I (r A e ) R [ el (/o S el R 2

We will here consider the more general terms
(5 1+ B D (1 1+ Lo+ 151+ 1giE1)-

Following [5], we call them transversal terms.
We write the distance from the hypersurface defined by the second condition of (5.17) as

T + ot st + “Nlg- _ o+
|gj +0j fj |+|9j +0j fj |+(|f] |+|fj |)|9j _0j|'

(5.17) fo=gr =hy =0 k#j

By multiplying this distance by h, we have clearly the terms in Ef corresponding to the second condition
of (5.17), namely

(5.19) (5 |+ 105 ) (lgy + 65 571+ laf +6F £ 1+ U1+ 157 Dloy = 651).

These are the non transversal terms.
We can write for the two terms of (5.16)

(f*jﬁ_ g;) = O £ (0 — 07) + O L AL/ F | ¢ [e/4,4/e])
+OWh; (g7 + 05 £;7) + OWh; (g + 07 f}1),

(f- P ) — O£ (07 — 07) + ORI IS /7] € le/4,4/e]}

+OMh (g7 + 65 f;7) +OMh (g5 + 6] 7).

Thus these terms have the same form of (5.19) and (5.15).
If we were studying the equations for f, g we would have done. In fact the last condition of (5.17) is

trivially satisfied if h;ﬁ ji, and if hi = gji then it reduces to the second condition. In our case we just
add the term
(5.20) |hy fi = hi i,

which accounts for the third condition of (5.17).
To write the final estimate on the source terms for h, we need to study also

/ DA, x i~ hxu$>dT<cZ/ m(h5] + DS + | D
0 J#k

+OZ/ (g |+ 1051 (a5 + 05 171+ laj + 07 77 )ar
(5.21)
+c§j/ (g |+ B DS |+ 12 DI6 65 lar.

In the above computation we actually did not use the fact that we are in the conservative variables u,, h,
since in a next section we are able to estimate all the terms appearing in (5.21). A more refined analysis
can show that some terms in (5.21) do not appear in the source sp,.



24 STEFANO BIANCHINI

If we denote with c,i the total source term of hi, we thus have that the components hii satisfy

[ 1+>\
(5.22) { _ 1+>\

+ gh z(t ZE)

hiy+hi, h‘ - A; h;F + cm(t, )

and by means of (2.40), (5.21) we have the estimate
6oy (8 @) I, () < €S (AT |+ D (157 + Lo | + 1571+ lgi])
J#k

+ O (g + (a7 + 05 55|+ laf + 07 £71)
J

+ C Y (RT I+ BT DAL+ 1516 = 67
J

+CY |h; = £ R+ Core
J

+CZ [ L+ R DS T+ DAL/ f77 | € [e/4.4/ €]}

+02/ Yy 1+ DS+ 15 D

J#k
+CZ/ g1+ D (log + 65 71+ L + 67 £71)dr
(5.2 oY [ e 1+ 05+ 15 D16 65

We have used again (5.8) when projecting along fi .
Before entering into the computations to estimates the above terms, we observe that

/ // s(t,s)drdxdt = / / T, / e” tdtdzdr = /OT/R(l — " 1)s(r, x)dxdr.

Thus, the source terms we need to estimate are the reduced one

st ) sl < €SO+ D (11 + Lol + 11+ 1o 1)
J#k

O (ny 1+ 1D (o + 65 £+ lgf + 67 £71)
J
+CY (b [+ DS T+ 1557 D167 — 65|
J
+CY |yt — £ R+ Core
J
(5.24) +CY (U 1+ DS T+ 1 DXL /17| ¢ [e/4, 4/}
J
The constant C' depends only on &y and the L' norm of f, g, h, so that it can be chosen uniformly in the

time interval [0, T]. In the following it could be proportional to d5 L but this constant is independent on
the initial data.

Remark 5.1. For ¢, one may check that the non local-in-time source term contains also
t
> / e hy — b £ |dr
—Jo
J

Clearly this term does not create any problem if we are able to estimate all the terms in (5.24).
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5.3. Equations satisfied by f, g. A particular and important case are the equations satisfied by
(f75 £, (g5 ,97). For completeness we write them explicitly: by replacing h with f and ¢ with g we
conclude that the source terms cfii of (5.10) can be estimated as

7l 5Kl < C (U 1+ 1 DUSE + 1681+ 1671 + 19z D)
J#k
+ O U1+ 1D lgy +67 571+ g + 67 171)
J
+CY (f 1+ D165 — 65 |+ Core™

J

(5.25) O+ DA /17| ¢ lef4,4/el}.
J
Similarly one has
(5.26) {gi}—g{,w = —1f2§;95+i9 + 6ty )
ghtal. = g - (e
with
gt @) Isgs () < €30 (g |+ g DAL + 1o |+ 7] + 19z D)
J#k
+C Y (g7 1+ 19t (lgy + 67 571 + g + 67 171)
J
+ O gy 1+ 1gf DS T+ 157 Dlef = 65
J
+CY g £ — ;g |+ Core
J
# O30 16 DS 1+ 157 DX 47| o/l
+c§j/ 951+ 195 A+ 11+ Loy | + b D
J#k
+OZ/ oy |+ 1g; D (lay +05 7571+ laf + 07 1) dr
(5:27) 0 [t g7 1 DO 115500} 5

5.4. Simplification of the source terms. We now describe the line of the proof of Theorem 1.1.

We assume that in the time interval [0, T] the various components of the source terms for f, g, h, ¢
are bounded by dp. By the results of Section 3 this is correct if T is sufficiently small. Since by the L!
contraction of 2 x 2 Jin-Xin model we have

t
(5.28) [lhy (Ol + 1A Ol < 1hg )l + [[2(0)]] 1 +/ (155 (D] + |85 (T))dr < 261 + 250 < 4o,
0

the L! norm of the components is bounded uniformly in [0,7]. We can assume that T is the first time
where the L! norm of some component reaches 46y. If we can prove that from ||hjjE Iz < 4dp Vj it follows
that the source remains uniformly small and less than Jy, then from (5.28) at time T' the components
of h should have a L! norm less than 48, so that the solution can be prolonged for a small §t with L*
norm still less than 45y: we thus have a contradiction. As a consequence T' = oco: the solution exists for
all t > 0 and has uniform L' norm (BV norm for u).

While the source terms of (5.24) have been already been simplified, in this section we put in evidence
which are the basic terms to be estimated. The idea is similar to (5.15), where a particular source term
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appears only in some region where the components satisfy some inequality. To be precise, the various
situations we consider are the following

(1) regions where the speed g; /f is greater than 20s;

(2) regions where the two components h;, h;r have different sign;

(3) regions where the ratio hj_/h;-|r is much different from (1 — X;(0))/(1 + X;(0)).

The first simplification is thus the observation that in the regions where g~ + 67 f.~ % 0 we have the
simple estimate
_ = —1, — _
|9j +6j fj | < C9, |gj | < C|gj |
Similarly for g;-r + G;T fj+ ,
lg + 6] 1| < Coy gl | < Clgf .
As we noted before, do does not depend on §p, so that 52_ can be included in the constant C.

The second observation is that if the sign of the components +— of f, g, h is different, we can reduce
the source terms containing them as

C*R\f7 — [, C*82|hy —ntfl,  C?63hT — hf).

We have used the L' estimate of the derivative of the components, Theorem 3.1.
The transversal terms do not need any transformation, since we can estimate them as they are. Also
the terms

\hj £ = f7Rfl, Cae™,
will be estimated directly (the last one is trivial, of course).

Next we observe that from (5.7) (now g; and g have the same sign), when g; + 67 f;7 # 0 or
g7 + 07 f; # 0 we have that

1)
‘> 205 O50>372

- +
(5.29) ‘ J; J;

1—-X(0) 1+ X(0)
Thus, in the regions where g; + 6 f;” # 0 or g;r + 03” fj+ # 0, we can write

bl 14 ),(0)

(hf +hy)(gf +9;) < ((hj+hf>2+(9j+gﬂ‘+)2)x{<h 1+ ,(0)

)g[-s%/&5@/4}

hE 14
oy 71+ )] R ) € [stu/a,smura]
_ _ A;(0)
+12 +12 -~
< (0 + 00+ (g7 +9)) )x{( U (0)> # [~55/4 562/4}}
4o o h;r 14+ X;(0)
In the last inequality we notice that in the region

{(% - %) [ 562 /4, 552/4} (i - %) ¢ [—352/2,352/2}}

14
1+

one has

(5.30) hy £ =S f 1=k f7 |

and similarly for hj fj+. The constant d5 1'is collected in C' as before.
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For the non transversal terms (h; + b)) (f; + £;7)(0; — 6]), we have
(07 1767 =61 < Clns (57 /)97 = By a7 |
= |5 /£ g by = W gr)| + ClE U /) =177 |
= O|(f5 /£) g 5 = 9|+ CJ(ay /T 15D £ = £707)|

015 05 = 00| < Ol Gy /8 )y — oy |
= |5 150mE = h)gt| + Clf gy = gy |
= C|(af /FNUT B =B 1)+ Clht g5 = g7 h5 .

and similarly

Iy 1765 = )| < (g7 /1)y b =05 1)+ Clhf a5 = g by,

[t ey —o7)| < C|(F G =W g | + Ol LN D T = SR
N el T =T R = T = :
Thus if [£;7/f;7 1 1f;/f7]s 195/ f; 715 195/ f;"| are bounded, then we obtain
Iy + B+ S 1107 =671 < C(In = = F7 |+ g™ — gthl).
If [g;/f;] < 1or |g /f+| < 1 (only one case can occur), then by (5.7) we have |fj+/fj7| > 1or
lf~ /fj+| > 1. In this case, if |hj/h] | ~ 1, then as in (5.30) we obtain that
R S _
|7 by |+ 1R < €og s £ — £ R
so that we obtain again for [hf /h;| ~ 1 that
- - o 0 — ot o + ot —p+ _ p— ot
|y + RS+ 0107 =671 < C(hy fi 1+ [ f7]) S ClfTRT —h™ 7.
The ultimate case is thus when |f;r/f;|, |h;r/h;| > 1 (or <« 1), in this case we have
g +BE I+ S0 =07 < (g + 002+ (7 + £002) < €y + 502 + (g5 +97)%),

where in the last inequality we use again (5.7).
The form of the source terms G}fi can be thus rewritten as

Gt )l I )| < C S (hg |+ D (17 + o+ ]+ oi )
Jj#k
+CZ|h =t h+|+CZ|h ;hj|+02|g;fj+—f;gf|
_ ht 1+)\(0)
O3l +h;r|2x{(i T ) ¢ [-50/4. 552/4}}

S 10

)
+CZ(|f + 1+ lgy +af x ( Ty ( )> ¢ [—552/4,562/4”

- 068 S by —hiIxfhyh <0y +C& > |f — IS 1 <0}
J J
(5.31)

+C}> gy — g Ix{gygf <0} + Core™
J

In the following we will replace A;” with A;", because their difference is of order of &t ; and can be included
into it.
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6. INTERACTION ESTIMATES

In this section we prove that under the assumptions of regularity and ||h|1 < 409, then the various
terms appearing in (5.31) are of order C3.

We divide these computations in 4 parts. Each type of source term correspond to a different functional
we have to use. The terms are:

transversal terms: these are the terms
(U5 1+ B (1 1+ T+ i+ 1giE)-

These terms correspond to the interaction among waves of different families;
non transversal terms: these term correspond to interaction of waves of the same family. They
are

-t —p+ -+ -+ -t — 4.
|hjfj _fj hj|a |hjgj —9; h; B |gj fj _fj 9; B
energy terms: these terms appear when one wave in the decomposition has a speed too much

different w.r.t. A(0), or equivalently fj_/fjJr 2 1 and similarly for gf, hji. We just write the term
for h, the other being similar:

hT 14 2(0)
hy b2y (= - 7J> |~582/4,56 4]};
b5 + 87| x{<hj CER ) [Fom/asn
opposite sign terms: these terms correspond to the fact that if A, h:r have different sign, then
their L' norm is decaying, and for h they have the form
|h; — h Ix{h; h] < 0}.

We now analyze the different types, starting with the last one, which is the easiest.

6.1. Opposite sign terms. We just need to repeat the computations of (3.6). We consider the model
scheme

6.1) g —zy = —atElym g a4 ooy g
. Zt+ . Z: _ 1+a2(t,w)27 _ 17&2(t7$)z+ + S+(t,$)

with the assumption |a(t, )] < 1 — ¢, ||s*||L1(o,7]xr) < do. Then, by a slight variation of (3.6) one
obtains

d, _
G0+ 1) < =

z—z+t<0

|27 (t,x) — 21 (t,z)| + /R |s™(t,z)| + |sT (¢, 2)|dz,

so that integrating in time and assuming ||z% (¢t = 0)| 11 < &9, one has

T
(6.2) / / |27 (t,z)| + |27 (¢, z)|dz < 280 + 200 < 4dp.
0 z=2+t<0

In particular we obtain the estimates

T T T
- _pt - _pt - _ht <
(6.3) /O /hfm h; — B |d:c,/0 /h.—m h; — k] |dx,/0 /hfm h; — Rt |de < 46,

so that the last three terms of (5.31) are of order C§3.

6.2. Transversal terms. These terms are estimated by means of an interaction functional, which is the
extension of the Glimm interaction functional for transversal families to the Jin-Xin relaxation model.
The method to find this functional is by using complex analysis, and it is developed in [2], showing that
these terms are essential linear terms. For a probabilistic approach, see [15].

Here we write only the final form of the functional, and check that it is decreasing and bounds the
term of (5.18). Next, by a simple argument, we prove how to estimate all the transversal terms appearing
in (5.31).
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Given two constant a1, as, with —1 4+ ¢ < a; < as < 1 — ¢, define the two 4 x 4 tensors Pi;kg(x),
Pi}»kf(x)? iajakv‘g = _7+7 VS R7 by

_ vy Vg . 1 1+ay _ 1—a
P 1 % 2 - +
|: zg(x)( Ufr > ( U;r >:| 4z — a1 (2+a1+a2'l}1 +2_a1_a2vl
1+ao _ 1—as +
(2+CL1+CL2U2 +2—a1—a21}2

1 2-—a1 - a2)2 4 —(ay + a2)2 2ar — ay)
4 |: (CL1+(L2)2 (24 a; +CL2)2 ]BXP{_me}7

(6.4)

(6.5)
i (15 ) (37 )] = rter o +and [ (ot 2o (et en )

Define finally the weight function P;jre(x) by

. ) Po(x) <0
6.6 Pe(x) = ke =
(66) ke (@) {P;Jrké(@ z>0

and the interaction functional Q(x) on the two vector valued functions z1, 29 : R — R? by

@l ines ) ff e s (5 ) 20

Remark 6.1. As was observed in [2], the meaning of the weight function P,z () is the following. Consider
two schemes (6.1) for 21, 29, with source term equal to 0 and constant average speed a1, ag satisfying the
above assumptions. Then if the initial data are

270, 2) = 8(z — o), 25(0,z) = 0(x), xo # 0,
and the other two components are 0, we have that the following equality holds
+o0 ) .
(6.8) / / 21 (t, 2) 23 (t, x)dxdt = Pyjge(x0).
0 R

Thus in (6.7) we are just computing all the interaction among the +— components, with initial data 21,
z9.

To show how this functional works, we consider two systems of the form

(6 9) Zit _ Zir _ 1+a12(t ) _— _|_ 1— al(t z) + +81 (t J))
| Aty = 1+a12(m) 1_ - = alQ(t w)zl + 57 (t, )
(6 10) 22—715 _ 22_@ _ 1+a22(t,w)z2— + lfaz(t w)Z + 82_ (t {E)
. Z;r’t + Z;r’r _ 1+a22(t,r) Z; 1= ag(t z) + n 53 (t [13)

with the assumptions

t
(6.11) |a1(t,x)],|az(t,z)] <1—e¢, min{az(s,z) —a1(t,y)} > ¢ >0, / / |sT| 4 |55 |dedt < 26.
0o Jr

50,8,y

Define
(6.12) a1 = max A, ag = min g,

and consider the functional @ of (6.7) computed with aq, as.
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Essentially we need to analyze the behavior of the functional constructed by means of the projectors

w0 ()< ()=

2(aj—ag)
4—(a1+a2)2 14+a; — 1—ay + 1+as — 1—as + T T (eiTe)? o
(613) 2(a2—a1) TFaitaz U1 + 2-a;—az U1 TFaitas V2 + —ai-az V2 ) € ez <0
l—aja - —+ — +
5(as iy (V1 + vy )(vg +03) x>0

Denote for simplicity
. _ 1+aq l1—aq ) _ 1+as l—as ) _1 0 1 1
Al = |: 1—!—2(%1 _12—20.1 :| ) A2 = |: 1—!—20.22 _12—2(12 :| ) A= |: 0 1 :| ) R= |: -1 -1 :| )

le( 1+ a1 1—aq )’ L2:( 1+as 1—as >7 o — 3(@1—@2)2.

2+a1+a2’2—a1—a2 2—|—a1—|—a2’2—a1—a2
By direct differentiation of the reduced functional

/ o (o) ) < (1) ) ami

a1+a2

— al1a
/ / (L, |1 @I Jeay)ye o Vdady + 52202 / / |21.(2) |22 (9) dxdy,
ag—al z<y a —a

one obtains by the L! contraction

W <[]t (Nl + A @] - @200) — a) RG]+ 1@]) o)y

(6.14)

+ [ 2w =)@ ¢ (<Alzaly + Aaleao)] = (aalt.n) = o) Rlzal)| + |sa(0)]) .

We have the following equalities (which can be used to define Ly, Ly and «a, w):

Ll(—11>:%’ L2<—11>:%’

a2 — a2
Li(—aA + A1) =wly, Ly(aA+ Ay) = —wl =1 "2
1(—aA+ Ay) =wly, Ly(aA + A2) wWha, W 1~ (a1 +a)t

so that it follows that

/ / (L, —Alzile + Arlaa (@] — (a1(z) — a1)Rlza (@)} Las |22() eV ddy

<y

< / (—ali A+ Ay, |21|) (Lo, |zz(y)|>e*a($*y)dxdy — /(LlA, |21]) (L2, |22|)dy
<y R

- / / (Lo, | ]) (L, [22() e @Y durdy — / (LA, |21 )L, |22}y,
<y R

and similarly

// (L1, |21(2) ) (L2, —Alz2ly + Az|22(y)| — (a2(t,y) — a2)Rlz2(y)])e Y dady
<y

== [ wila e atwhe ey + [ (L) (ol

We adding the integrals, only the boundary terms survives, which can be written as
(1 —ay)(1 +as) (14 a1)(1 —az)
6.15 - = - dz.
(6.15) S (s sgag - Gl
For the part with x > y one obtains by the integration by parts that only the boundary terms remain,
ie.

(6.16) / (o7 Nl — |27 125 |de.
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Adding the two above results, and taking into account the coefficients in front of the intergals of (6.14),
we obtain

(6.17) <= I+ o Nz da + € [ sl + Il

By means of (6.11) we thus conclude that

T
(6.18) / / |zf(t,x)z§r(t,x)| + |zf‘(t,x)z2_(t,x)|dx < 058,
0o JR

if 8y is sufficiently small. The constant C collects some ¢!, where ¢ is the separation of speeds.
We now estimate also the terms |27 25 |, |27 257|. We only consider the first term, since the second one
is similar. We have

R _ 1+CL1
Uz e — (o 2 e < (

e R ) [

_ 1+a
+|zl|( 571+ 252+ sy (1) ).

so that by means of (6.11)

d
E/ |21 25 |dx < —c/ |21 25 |dx +/ |2y 25| + |27 25 |dz + 058/ |s1 |+ |sg |de.
R R R R

This gives the estimates

/R|z;<t>z;<t>|dxs / eclr— f>/|z () ()] + | (7) 25 (7)ld:
2 ec(7=1)/2 sy (T s, (7)|dx
+050/0 /R|1<>|+|2<>|d,

which integrated in time and using (6.18) yields

T
(6.19) /0 /R|z;(t)z;(t)|dx < C8.

Repeating the computations for |zfr z; | we obtain also

(6.20) / /|z1 (1)|dz < Co2.

With the estimates (6.18), (6.19), (6.20) we have computed the transversal terms appearing in the
source term,

(6.21) 3 / / (U5 1+ DS |+ £ + Lo | + g Ddadt < CB2,
Jj#k

with C' sufficiently large.

6.3. Interaction terms of the same family. The terms due to interactions of waves of the same family
are divided into 2 categories: non transversal terms, to which it corresponds a Glimm type functional,
and energy type terms. The Glimm type interaction functional is the kinetic analog of the functional
introduced in [6] to analyze the interaction terms of the same family. However in this case its construction
is slightly more complicated.

The energy terms appears only due to the fact that the cut off function 6 is acting, and the speed of
a perturbation and the travelling wave are very different. We have seen that this also implies the ratio
f;'/fj_ to be far from 1.
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6.3.1. Glimm functional. Before constructing the Glimm type functional for relaxation, we recall its
construction for a scalar nonlinear parabolic equation

g + AUy = Ugy.
One can in fact introduce the vector valued function P = (u, f(u) — u,), which satisfies the equation

For the above equation one can show that the functional

(6.22) Q) =3 [ [ IP(t.a) APt yldrdy

is decreasing: precisely

Q

(6.23) <

/ Pyt 2) A Pa(t, 2)|da = —/ Pt 2) A Po(t, 2)|da
R R
The last equation can be thought as the instantaneous are swept by the curve P(t, ).
It is possible to give another interpretation of the previous functional. In fact one can consider the
variable

ﬁ(ta Zz, y) =P (ta x) APy (ta y) = uw(ta x)ut(ta y) - U@(t, y)uw(ta (E),
which satisfies

(6.24) B+ div(A(u(t, ), A(ult, )5) = A5

Due to the symmetry p(t, z,y) + p(t,y,z) = 0, the above scalar 2-d equation can be considered in the
half plane 2 < y with boundary data p(t,x,z) = 0. The functional @ is now half of the L' norm of p,
and its time derivative is the flux of p across the boundary {z = y}.

While the first interpretation as a shortening curve is difficult to extend to relaxation, the last inter-
pretation is more suitable: we will thus associate a 4 x 4 2-d kinetic system to a 2 x 2 scheme (or more
precisely to 2 2 x 2 schemes) and study the flux across a boundary.

We thus consider two couple of variables (27, 2;), (25 , 25 ), which satisfy the same 2 x 2 kinetic scheme,
with some source term, i.e.

(6 25) Zijt . z;w _ 1+a2(t,z)zi— + 1—a2(t,r) zl—i- +s7 (tx) 1o
. Z;:t + Z;’Fw _ 1+a2(t7z) Z; _ 1—a2(t,r) Zj + Sj(t,l‘) ) &y
with the standard non degeneracy assumptions
t
(6.26) la(t,2)| <1—¢c, ¢>0, / /|sf|+|s§|da;dtg 2%,
o Jr
We then consider the vector valued variables P~ = (27,25 ), Pt = (21, 2J), which satisfy the same
equation as z; but vector valued:
(6.27) Pr— by = SHSEp g SOt PY g (1)
' 1+a(t,x — 1—a(t,z
Pf+pp = Melalp-  loalbs) pboy (g g

with source terms
cen=(360) rea-(563)
In the vanishing viscosity case we have only one scalar variable defined on R?, while now we need to
consider 4 variables,
P~ (t,z,y) = P (t,x
(6.28) Pt (t,z,y) = PY(t,x) NP (t,y), PTH(t,z,y) = PT(t,x) A PT(t,y),

>
A
“PF
T
+
=
&
S
Il
A
=~
=
>
v
\'PO-

with the relations

(6.29) P~ (t,y,z) = —P~ (t,z,y), P++(t,y,x) = —P++(t,x,y), P_+(t,y,x) + P+_(t,x,y) =0,
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The kinetic scheme these variables satisfy is clearly (for shortness denote a(t, z) by a(x))
Py —Py~—Py~ = 1=@pi- g loaip+ (7 4 2@He@) ) po- s (4, g,
Pt —pot +Py_+ _ 1++(y)p—— + 1f+(ﬂv)p++ —(1+ a(w);a(y) Pt 4t
P +Pf—pf = @p— ldblpit (1 s@oe@))pr- gt

Pty pit +P;r+ _ 1+;(y) Pt 4+ 1+;(1)P—+ (1= a(z);ra(y) Pt 4 st (L, o,

t,x,
(6.30)
t? x?

(t,z,y)
(t,z,y)
(t,z,y)
(t,z,y)

where the source terms are
58 = ( s*(2) ) A PP(y) + P(z) A ( s (v) ) /T/ 5% (t, 2, y)|dzdydt < C52
Sa(m) Sﬁ(y) ’ 0o JRr2 Y o 0

As we notice for the viscosity case, due to the symmetries (6.29) we can consider the above system in the
half plane z > y, with boundary data given by

(6.31) P (t,z,x) = P (t,z,2) = 0, P T (t,z,x) + PT(t,z,x) =0,

We can describe the above boundary conditions by saying that a particle with speed (—1,1) hits the
boundary and bounce back with the opposite sign, or equivalently that the ”conservative” variable P~~ +
P~t 4+ Pt~ 4+ Pt is 0 at the boundary {z = y}.

Our goal is to estimate the flux of w through the boundary, more precisely the number of particle
which hit the line x = y,

T T
/0 /R|P*+(t,x,x)|dx = /0 /R|z1_(t,x)z§r(t,x) — 2] (t,7)z5 (t, x)|dwdt.

By setting s®” = 0 for t > T', we can extend the solution to all £ and thus estimate the integral in [0, 00).
The main problem in this estimate is that we cannot suppose the solution to be positive: the boundary
condition (6.31) in fact changes the sign of the solution.

We thus construct the solution P to (6.30) as a sum of various part. It the boundary were no present,
then we just obtain functions whose sum is of the order of the initial L' norm, due to conservation (easy
to check in R?) and neglecting the source terms s*°. The presence of the boundary generates a step in
this process in which some fraction of the initial L' mass disappears.

To understand better the construction and the final estimate, we consider here the following 1-d
example.

Example 6.2. We consider the simple model

2T = Aoz

(6.32) { LT T T
2

zf—i—zw =

in x > 0 with boundary data f~(¢,0) 4+ f*(¢,0) = 0. Our goal is to estimate

+oo
(6.33) /O == (£, 0)]dt.

To have a better control of the solution, we first notice that if the boundary data is 27 (¢,0) = 0, then
clearly by L' contraction

d

dt Jp+
so that the integral (6.33) is bounded by the initial L' norm of z. The above estimate just tells that
the number of particle which cross the boundary (and disappears) is bounded by the total number of
particles in > 0.

We thus have only to consider the case of an initial § function in f* located at x = 0. We now

decompose the solution to (6.32) with initial data 2= (0,2) = 0, 27(0,2) = () as the sum of functions
2% §=0,1,..., each one satisfying

—it1 .y —vi g i i
2 i+l z; i+l Z J2rz — ,i41
i1 ] —i i ]
ZtJr,er + Z;’Prl —_ oz —52 _ Z+,z+1

27 (8, 2)| + | (¢, @)|dow < —[=7(t,0),

(6.34)



34 STEFANO BIANCHINI

with 251 =0, 270 =0, 270 = 0(x), and null initial data for ¢ = 1,2,.... Roughly speaking, we
can imagine that each function 2% describes a generation of particles, moving with speed +1, and with
average decay time of 1. When 2 particles of the i generation decays, then 2 particles of the 7 4+ 1
generation are created, with speed —1 and +1.

It is simple to construct the first solutions: in fact,

2t z) =0, 2Ot 2) = e t5(x — t),

—t —t
e = o<ty 2Pl ) = -5

At this point we can observe that at the next step the total source 2! + 2! has become 1/2, while the
total flux of these solutions across the boundary is 1/2. We thus have proved the following: after 1+ 1/2
crossing (1 is due to the initial absorbing boundary), we have that 1/2 of the initial L' norm disappear.
It is thus clear that the total crossing is bounded by

1+1/2
1-1/2

x{0<z<t}+ %e*td(x —t).

3.

We thus conclude with the estimate
+oo
(6.35) / == (£, 0)[dt < 3/ 1270, 2)| + |2+ (0, 2)|da.
0 R+

In the following computations we just extend the analysis of the example to our 2-d case. Clearly also
in this case we have only to study the initial data

(6.36) pPt—= 5(m,y), P =pt=ptt —o.

We have just to remember that the total mass flowing with absorbing boundary conditions is now

T
S [ 1Pty + Y [ [ s ldndyat = €5,
af x>y ap x>y

Here and in the following for shortness we use the indexes o, 3 = —, 4. Let @ be a constant and assume
that
(6.37) la(t, z) —a| < Cdo.

This condition is satisfied if we replace a(t, ), @ with A;, A;(0).
In the 2-d case we need to consider 4 functions. We define the P; as the solution of

P+ (o) - VPP = P,
ie.
Pt =et5(x —t,y+1), Pt =Pt =P~ =0.
In this case the boundary conditions do not enter in the computation.
The function Py’ is defined by

Py —(1,1)- VP, ~ Lie sz —t,y+t)— (1+a)Py ~
PR+ (1L,1) VPt = Haets(z —ty+t) - (1-a)By

Also in this case the boundary data does not enter in the solution. The solution is thus

Py = 1%&:1e—(z+t)/2—(1+z:z)(t—r)/2XH,t] (2)0(y +t)
Pt = Lae-(t-w)/2-0-a)t+y)/25(; — OX[—t.0(y)

Its total mass (i.e. its integral in R* x {z > y}) is (1 +a?)/(1 — a?).
The functions P; T, P;"~ are given by solving the system

P+ (L1 VRt = Lgp g deprt o pt
Piy +(L-1)-VPy~ = Hap -1 lap_pi
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where the boundary conditions are Py~ + P; * = 0. The solution is

1-a? —t+a(

Pt = ety e [ty € [ty < 0}
4 102 ooty
Bf~ = — x{me[—t,t],yE[—t,t],HySO}
1—a? —(w+t) /2— (14a) (t—2) /2
+ T (t+ x)e X[—t,4(x)0(y + 1)
1-a ~(t-y)/2-(1-a)(t+y)/2
+ TG (t—ye §(z = )X (-t (y)-

Note that the total mass entering into P; T is now 1/2. The flux of P; T across the boundary is 1/8.
The mass of the sum P; * + P; T is due to the last singular part, and its value is 1/2.
Finally the function Py satisfies (6.30) with source terms the errors we have neglected, which are
Pyt P (a—a) (I[P |+ P+ 1B+ [P+ | P
Clearly these errors are of order 1+ Cdp, because of cancellations in the sum P; T+ P;"~| the exponential
decay of P*? and (6.37).
As in Example 6.2, we have thus that the total crossing is for the special initial data is

1+ flux of the our aPproximéte solutions _ 14+1/8 <3(1+ C8) < 4,
1 — mass disappearing 1—(1/2—-Cép)
if &g is sufficiently small, and hence we have the estimate
T T
(6.38) / / Pt (1 0, 2) | dwdt / / 2T (t 2) 25 (1 7) — =7 ()25 (t, @) |dedt < CO2.
0 JR 0o JR
The above estimate can be used for all the terms
-+ + .- -+ +p— -+ + .- -+ +,-
(6.39) |fj 9; — 17 9; E |fj hi = fih; I, |hj 9; —hjg; E |hj v —hi E

yielding the desired estimates < C62. It can be used also for | Iy L;r — J-JrLﬂ, | g;L;r — g;%; |, but we will
not need them (they are needed when studying ¢, however).

6.3.2. Energy estimates around a solution. We are left with the estimates of the terms hj + hj in the

regions where they are far from the equilibrium (1 — A, 1+ S\J_) In this regions, the non linearity can
be controlled, and thus we have only to estimate the energy for a linear equation. What is interesting
is that we will also obtain an energy type functional around travelling profiles, which in practice tells us
that the equilibrium is given by ( I f;r) ~ (1 — 0,1+ o), where o is the speed of the local travelling
wave. This in some sense extends the energy estimate also to the non linear travelling profiles.
Consider as before the two systems (6.25), with a(t,z) —a = O(1)dp, and introduce the functional

E= /(1+@)(25)2¢(Z5/2f)+(1—@)(Z1+)21/)(z1+/z2+)
R

(6.40) = [araere +a-aeEhtt,
R
where 9 is a cut off function of the form
0 |z < d2/2
(x) = < smooth connection d2/2 < |z| < 82 6] < 1.

Differentiating w.r.t. ¢ we have

&= (e —a-aser) (+ s - - s)
(6.41) +2 / (Q+a) @) -0 -a)@) )G - =)+ 08 / 55| + |53 dar

The last term is only the interactions of waves of the same family we studied at the previous section.
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We now make the following additional assumptions: zf[ and z2i are tied with the same relation among
¢ and h, i.e.

(6.42) 2y +2f = (1+a)z; —(1—a)z +¢(t,2),

where ¢ is assumed to be integrable and of order 2dg.
As we did in studying the source terms, we simplify the first integral by considering the various
situations can occur:

(1) if 27 2 < 0, then we can bound the right hand side of (6.41) by the decrease of the total variation,
i.e. we have

dE
— < 062/ |27 | + |2 |dx + 052/ ||+ |55 |da.
dt 27 27 <0 R

1~1

(2) if |25 /zli| > §2/2, then we obtain that by similar computations as the one used in Section 5.4
and using (5.9)

(1+a)z; —(1—a)zf = (1+a)z; —(1—a)z + (a—a)(z; +2)
=2 + 25 +(a—a)(z) +2) +<(t,2)
(1 + (a — &)zf/z;)z; + (1 + (a — &)zf/z;)z; +(t, ).
Substituting the above equation into the first term of the right hand side of (6.41) we have thus
((@+@)zrv -1 -a)te) (A + a0z -1 -a)z )|

> emin{y™, ¢ ez + 21| (1+ (- )2 /27 )27 + (1+ (a— @)=t /2F ) o | - Cleg + #F1s(t, ).

If 2y 25 < 0, then we can again use the L' norm decay of z3. Otherwise, we obtain a term of
the form

—cmin{y™, YT} zy + 23)? + Cois(t, x).
We thus have that

dE
TS e [minfom )Gy 0 [l e

dt — zy 21 <0
+C [ laraf = stagldn+ 8 [ (15F)+ 155+ sl
R R

from which we conclude, using (6.38) that

(6.43) / / (25 +24)* < C82.
/z1 |>82/2

To obtain the estimate for zi, observe that similarly to the cases studied in Section 5.4 one has
(27 +2)x{lz5 /21| =2 62/2} ~ C™ M (21 + 27),

so that we have also the estimates for z. Finally observe that when |25 /2| > 82/2, then

(% ) 112) ¢ [-58a/4560/4 (f - 112) ¢ |—-502/4,502/4).

With this we have estimated the energy terms appearing in the source (5.31), i.e

S (155 + 557+ 1oy + )] (2~ O ¢ [ 50] )

+CY I+ hj|2x{ (% - %) ¢ {—552/4, 552/4} }

Note that for the estimate of h we have supposed to have written the equations for ¢ and estimated the
source terms.
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To conclude the section, we extend the energy estimate to travelling profiles: to determine the equi-
librium, we can use the speed o instead of \;(0). It is in fact straightforward that on a travelling wave

of the j-th family
=~ ff

1—-0 140

= (+a)f; = (1-0)f}.

One has

a1 [ (f)? () fi I 11— T+,
e e (e ) (-5 Yo

J

_/(1+aj)2(1—a-‘)( o )2d$+/s(t,x)d$
(

J
- ¥
].—O'j l—l—aj
+ahi-o))( £ 5V
- - d t,x)d
/ 2 (1—0,— 1+aj+) $+/S(’x)x
1—0

- ! j
~ Ao o)

J
+ O(1)dg /(|fj+| + £ Dlgy +65 f; +gf + 6] fldz + /s(t, z)dz,

where we have used the relations among f and g, and for shortness we collect all the source terms we
know to estimate in the function s(¢, x).

Integrating in ¢ we obtain that g; + o, f; + g;-r + a;f fj+ — 0, so that using again (5.7) is follows that
o; — a;-r —0and (1405)f; —(1- Jj)f;r — 0. Moreover we have the estimate

- - + + £+)2
(97 +05 f; +g; +0]f)dx

T 2
(6.44) / /((1 +o ) f; —(1— a;)fj*) dzdt < C53.
o JR
This inequality can also be obtained by
o)ty = (=i f = C(lgy +6; 571+ 1gf + 65 1+ (51 + 55 Doy —671)

and using the results of Section 6.
The above estimate is the nonlinear counterpart of the standard estimate

T 2
/ /((1 FNST = (@ NS dadt = /(1 )+ (1= N (FH)2da
0o JR R
for linear 2 x 2 systems with average speed .

7. CONCLUSION OF THE PROOF OF THEOREM 1.1

Since we have proved that the L!([0,7] x R) norm of the source term is quadratic w.r.t. the L' norm
of the solution, using the argument outlined in Section 5.4 we have that all the couple of kinetic variables
(f=,f5), (97,9%), (h—,h"), (t:7,¢") have bounded L' norm uniformly in time. If we observe that the
initial data enters in the computation multiplied by a constant C, then we can assume 6; < C~ 6.

Of all these variables, only (f~, f*), (b=, h") are meaningful: the first ones are related with (u,ut),
the second with the perturbation h of u. The other variables are used in the travelling wave decomposition.
If the system where in conservation form, also (g7, g") and (:7,¢T) can be described as derivatives and
perturbations of the variables (F~, F'T).

We can reassume the results of the above section in the following proposition:

Proposition 7.1. Let the initial data (uo,uo:) and (ho, hot) be smooth and satisfy (2.8), (2.9), substi-
tuting u, with h. Then the variable u(t,z) = u(t,x) + e tuso(z) satisfies

(7.1) [t (®) |21 [ ()] 1 < Cdo.
In a similar way, the variable h(t,x) = h(t,x) + e hyo(x) satisfies
(7.2) IR, 1@l < L(1Ro + haollzs + Cllhosallzs + o swallzs) ).

for some constant L.



38 STEFANO BIANCHINI

Proof. We have only to show how the regularity estimates yield ||k (t)|[z1 < Cdo. In fact h satisfies a
linear equation, so that the §y can be replaced with C||h||1:.

From the results of Theorem 3.1 in Section 3 we obtain a uniform estimate for 7,., and the result follows
by using the first equation of (2.38). O

In the above proposition we estimate h; because ¢ has no direct relation with w if the system is not
conservative and the initial data in u; are not in L', while h; can be clearly interpreted as the perturbation
of ﬂt.

The final computation is the estimate on the Lipschitz dependence, and this follows by a homotopy
argument. One consider two initial data (ug,wo.t), (%o, Go,¢), with

luo — tiollz1, [[t0,e — Go el < d1.

and consider the path (uf, uf ), € [0, 1], connecting (uo, uo,¢) to (@, iio,r) defined by
(7.3) (uf,uf ) = (1= O)uo + Oito, (1 = O + O )

Clearly, each (ug,uf,o) has uniform bounded total variation, so that it can be considered as a starting
point of the flow S; of (2.1), and one has

. N PN L d 0 0
(w(t), ue(t)) — (a(t), @ (t)) = Se(uo, o) — St(to, do,e) =/O 255t (o U ¢)do-

Since dS;(u?, v?)/dt is the evolution of the linearized equation along the solution (u?(t), u? (t)) = Si(uf, u87t)

with initial data (uo — o, o+ — Go,¢), we can apply (7.2) of Proposition 7.1 to obtain the estimate

) = ) + e~ (o — t0,)| |, + [[uel®) = e(®) = e~ (0. = 0,)

Ll

<L/ H )+ uo,t) — (@(0) + to,¢)

‘lee

(74) + LC/ HUO,ta: - aO,ta:HLl + ||u07tmv - ﬁ&tww”Ll)de
0
We thus have proved (1.8), and this concludes the proof of Theorem 1.1.

8. THE HYPERBOLIC LIMIT € — 0
We first rewrite Theorem 1.1 after the hyperbolic rescaling (¢, x) — (et, ex):
Theorem 8.1. Consider the equation
(8.1) ur + Au)uy = €(ugy — ugt),

with A(u) strictly hyperbolic and with eigenvalues in [—1 +¢,1 — ¢], ¢ > 0. Assume that the initial data
(uo,uo,t) satisfy

luoll Lo, [l€vo .l Loe, |uozl L1, [[€uo ezl L1 < 61
(82) ||6u0,rr||L1, ||€2U0,tzz||L17 ||€2u0,zzz||Lla ||63u0,tzzz||L1 S Cstl

If 61 < C~18y, with C sufficiently large, then there ewists a solution (u,u;) defined for all t > 0, and
with uniformly bounded L' norm in both uy, €uy, and depending continuously w.r.t. the initial data: for
some constant L independent on €

H )+ ee” ’U/07t — (a(s) + ee*S/Eﬁoyt)

| ) = e o) = (ns) e <)

1

< L(|t — s+ H(uo + euo,t) — (G + eftoﬂ:)HLl + |luo.te — G0tz |1 + € ||U0.tew — ﬁ07tww||L1)~

Since we are considering the hyperbolic limit € — 0, we have to assume the convergence of the initial
data: fixed two functions ug, uo,¢, we assume that the initial data for the case € # 0 are

1
up(o) = (@), uf, = —uoe(e).
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Passing to the limit € — 0, recalling (8.2) and taking a subsequence ¢; such that u converges to some
u on a dense countable set {t;},cn of times, we have for all t,s > 0 that u satisfies

Ll)'
Since for 7 > 0 we have that

us(7) + eus(t) = u(7) + €S (1) + e Vuro(r) —  u(r)

(8.4) Ju(t) = a(s)ll o < L(It = sl + | (o + 0.) = (0 + t0.r)

as € — 0, then we have also for 0 < 7 <t,s

(8.5) () = o)l s < L(It =8| + llu(r) = () 2 ).

The Lipschitz dependence w.r.t. ¢ implies the convergence for all ¢ € RT. Moreover we have that as
t — 0 the limiting function u(t) tends to the initial data ug + ut .

Note that we have a Lipschitz dependence on the initial data, and the domain of functions satisfying
(8.2) becomes dense in the set

(8.6) D= {u, uy : Tot.Var.(u), Tot. Var.(us) < 51},

as € — 0. Thus we can extend by continuity the Lipschitz flow &; to all the initial data ug + w0 in D.

By defining D to be the evolution of D under the flow S;, then we obtain a Lipschitz continuous
semigroup. In principle this semigroup may depend on the limiting sequence considered: the final result
of this section is to prove that it is independent on the limiting sequence, hence the whole sequence u*(t)
converges to S¢(ug + ug¢) for € — 0.

Remark 8.2. Clearly, up to subsequences, one has also
ug — (Se(uo +uoe))e,  uy — (Se(uo + uot))e,

weakly in measure. One can also define the non conservative product A(u)uy in terms of —uy, i.e. for
a.e. t, to each jump (u~,u™") in Z there corresponds a shock wave with speed o and

Aw)uy = —o(ut —u7)é(z — 7).
These results however do not yield additional information on ;. See the regularity results of [9].

8.0.3. Solution to a Riemann problem. A particular solution of the limiting semigroup is the trajectory
of § with initial data

u- <0
8.7 u(0,z) = -
®.7) u0,2) {qu x>0

with ™, u™ close to 0, [u~ — u™| small. For this special initial data there is a general technique to
determine which is the limiting solution by studying the evolution equation on the center manifold (4.5).
In [4, 5] it is shown that, under the assumptions of uniform BV estimates, finite speed of propagation
and L! stability, this limit does not depend on the approximating sequence, and in the conservative case
it coincides with the Riemann Solver constructed by the vanishing viscosity limit. The results of the
previous sections show that our system satisfies all the needed hypotheses.

More precisely, if 7;, A; are the functions defined in (4.3), (4.6) respectively, then consider the system
in R"*2,

u(r) = u” + /OT 7i (u(s), vil<), o3 (<)) ds
(8-8) vi(r) = (fi(T;U, Vi, Ui) - COHV[O,s]fi (T; U, Uy, Ui))/(]' - Ui(T)z)
oi(r) = %COHV[O,s]fi (T§U7U¢,U¢)

where we define the “reduced” flux f; by

(89) fi(T;u,’Ui,O'i) = ‘/OT )\i(U(C),Ui(§)7Ui(§))d§a

and convyg 4 f; denotes the convex envelope of f; in [0, s].
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In [4] it is shown that for all u™ close to 0 and s sufficiently small, there exists a curve 7; : [0, s] — R"*2,
solution of the above system starting from u~ and taking values near (u~,0,\;(v™)). Moreover by
construction the speed o; is increasing, so that we can define the (piecewise constant) function u(§) as

(8.10) ui(§) = u(o™ 1 (€)).

Recall that the above two functions are the components of the curve v;, i.e. vi(s) = (u(s),v;(s), o:(s)).
Define the reduced curve 7;(s,u™) as the end point of (y(s))y, and consider the composed map

(811) (51; DRI Sn) = 7;7, <Sn; 7;1—1 (571—177;7,—2 (Sn—Qa .. ﬂ(slau)))) .

In [4] it is shown that the above map is invertible if u™, (s1,...,s,) are close to 0. Fixed thus u™, u™,
we can find the n curves 7; connecting u~ to u™.

The solution to the Riemann (8.7) is then given by piecing together the functions w;(£) defined by
(8.10) for each curve ; obtained by inverting (8.11). Since the speed o; are close to A;(0), by the strict
hyperbolicity these functions do not overlap.

8.0.4. Viscosity solutions of us + A(u)u, = 0. We recall that a Viscosity Solution of a quasilinear hyper-
bolic system

(8.12) ur + A(u)ugy =0

is defined as follows.

Let u(t,z) be a BV function w.r.t. z. Given a point (7,&), denote by U(ﬁu,T ¢) the solution to the
Riemann problem

(8.13) u(r,z) = V7

This solution is obtained by the Riemann solver defined in [4], i.e., it is the unique limit of u¢(t) with the
special initial data (8.13).
We denote by U (bu_T € the solution to the linear system

(8.14) up + Au(r, €))ug =0,

with initial data u(r,x).
A Viscosity Solution to (8.12) is now a function (¢, z) satisfying the integral estimates:
(i) At every point (7,§), for some 5’ > 0

1 Eths
(8.15) hli%1+ 7 /g—h,ﬂ ‘u(r +h,x) — U(ﬁumg) (T +h, m)‘dm =0.
(ii) There are constant C, 8 < 3’ such that for every a < £ < b
.1 hhh b 2
(8.16) h{%l+ 7 /a+h5 ‘U(T +h, @) = Ulyr (T + D, x)‘dx < CV(u;la,b])”.

8.1. Uniqueness of the limiting semigroup. The last step in proving uniqueness is to thus to show
that any limit of a convergent subsequence is a Viscosity Solution to

utr + A(u)ugy =0

in the sense of [8]. In fact it follows that any trajectory is a trajectory of the semigroup S, i.e., the limit
does not depend on the subsequence.
Using the same technique of [5], one can prove the following Lemma:

Lemma 8.3. Let S : [0,00[XD — D be a semigroup of solutions, constructed as the limit of a sequence
uSi of the wave equation (8.1) and defined on a domain D C Li.. of functions with small total variation.
Let w : [0,T] — D be Lipschitz continuous w.r.t. time, i.e.

(8.17) lu(t) = u(s)l 1 < LIt —sf
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for some constant L and all s,t € [0,T]. Then
(8.18) u(t) = Su(0) Yt € 0,7

if and only if u is a viscosity solution of (8.12).

Proof. The first result follows by L! stability and the results of Section 8.0.3. In fact, we can consider
two initial data ug, @o, where ug is u(7) restricted to [ — 2h, & + 2h] and @ the exact Riemann problem
(8.13). Then we have

1 [E+hB &+2h
= furtha) U o ha)de < Lo [T Juoly) = aly)ldy = olh),
h Je-ns " h Je-on
because ug is BV and because of (8.13).
To prove (8.16), we have directly that for ¢ > 0
(8.19) ur + A(u(r, §))us = (A(u(7, §)) — A(u))us + €(tax — un),

and by regularity estimates, neglecting the exponentially decaying term,
€l|trae — wie|| o1 [[(Alu(T, €)) — A(u))ug|| 1 < CTot. Var.(u)?

The result thus follows by using the finite speed of propagation for (8.1) and the following lemma on
Lipschitz semigroups [8]:

Lemma 8.4. If S:[0,T] x D — D is a Lipschitz semigroup on a domain D C E, E Banach space, and
satisfying

(8.20) |1S:uw — Ssv||lg < L(|t — 8| + ||lu— | ), Yu,v € D,

and w : [0, T] — D is Lipschitz continuous, then we have the estimate

dt.

T
(8.21) lw(T) — Suw(0)|z < L / Jim g [0 7) = Srw®)le

T—0 T

In fact, the linear equation on the left hand side of (8.19) is clearly a Lipschitz semigroup, the L!
norm of the right hand side is the infinitesimal time error, so that we have

b—h h
/ ‘u(r + 1, ) = Ulyr o (T + B, m)‘da: < L/ Tot. Var. (u;]a, b[)2 < LhTot.Var.(u; ]a, b[)Q.
ath i 0

O

In particular Syu is a viscosity solution to (8.12). This concludes the proof of uniqueness of the limit,
and Theorem 1.2 is proved.

APPENDIX A. EXPLICIT COMPUTATIONS OF THE SOURCE TERMS FOR THE PERTURBATION h

Here we compute the source terms for the equations of the components of the perturbation h. We
have for the right hand side of (2.39)

b= (“ﬂ‘ft ~ i)y g e = Fa) g +054750) + 15 (950 gj;)e;gf;o)
i
+ ) hy(gr — (L+Me(0) f ) DFy 7 + Y hy (g — (14 M (0) £ DFy
ik T

+ Z hy e D uy(0),
J
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h:w:z(m;t—h;w)mh;(fj, £, 4 65,7) + (g — gt )0t
J

+3 R (g + (= NO)F)DF R+ Yk (g + (1= X (0) i) DRt
ik

jk

+ Z h;-'e_thjut(O),

Using now
DAFf = X5 + (N — o) /57, + (1 F o) fF D7

2

- 1
T, 1iai’"w(“ [/ £0),0),
we can compute
[+ DA(u) . 14X AN —o; ff _ l+o; .
el Sl = . . D7
;o) =5 T 1_0;’"m+ f Ty
I—DA(u )r (u, f ot = 1+)‘j~+ No—of ff #+ _1_GJJ‘rf+D7:+7:+
9 J 309~ 9 " 9 1—|—a+ Tjw J VI

We thus obtain that the system for (h~,h™) can be rewritten as

I TP VR DS
Z(hji—hj,ﬁ 5hy = =5 hy ) 7
J
B 1+A— 1—X+ -
3 (B fi+ =5y = 1 ) 1= 07) 4 6375,)
I o
+Zh <th 9je T 2Jgj_ 2 gj)ojgjo Sy (1, 2),

1+ A7 — A
+ + J g - J p+ |t
> <hj7t + bl = =k + 5 )rj

J

+( ¢+ +)‘_ 1_5\; +\ (7t + ot
20 (e f Lfy =) (o) + 67
J
I i
+Zhj<gj+,t+gj+,x_ 50+ )9;,;,_5;(7:,;5),
J

where the source terms are

5 (tx)= — Zh — [ )DF; i+ Zh — Dy

j#k J#k
o 1+U'_ e e < .
—Zh [ N)IDE 7+ =L DT+ (g — (1+ X)) f7)Diy i —
W -7 +_ 1+)‘; - N? 9j i h+ A _Gj I
+Z T /i 2 f 1-o; +Z 1+0]

)

+
j’U

J f+D~+ +

+Zh (1+2 ){ + 9 f+]( ol e hoa(x) — /Ote_(t_T)DA(umxh—hxur)dT,

fi
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Stta)= = hf(gy + f,)Dif 7+ > hi(gh + £ D

ik itk
(- 3 s 1+ i + T £ Pt At 1_‘7J Dt
S [(ar — QR IDET T D (g~ (4 A DR - 1D
i
1-Af 1+/\‘ X+—a.+ it I
+ i+ i - J i+ Jv - i -
_Zhj( 7 i 5 2 fj) +Zh 1_0_—7}',1)
J J

2t
+ Zh;’ (1 2)\3 ) { erf } (0] i) f}fg/ff + e ho(z) — / e "IDA(uy x h — h x ug)dr.
j

0

Using now (5.7), (5.6) it follows that we have the estimates

(g;—(1+Xj)f;)Df;f;+1+a [y Disy + (g7 = (L+ M) f)Diy il — L J [ DiEfrf
= ((ar = @ MIDI 77+ g (o - A1) - if?)%w
+00) (g5 +6; f7)+O0M) (g 9+f+)+0( Yf T+ 15 D] = a7)

= O0(W)(g; + 05 f;7) +OMW)(gf + 0] f1)+OW)(f; |+ 1f Do) —of ),

1+

_ 1-—
(9; — L+ X)) f;) D7y + % f Di 7y + (g — (L+ M) f;1) Dl — J [ Difrk

Aj)
=0()(g; +0; f;7)+01)(g] 9+f+)+0( WS 1+ 1557 Do) = o7),

- - ~— + + +
J er 1+)\] f _|_)\j J f _|_h+)\] Gj fj +
2 1—(7J J 2 1+U+ "iw

<><|h—|+|h+|>(|gj 0TS+ g+ 07 £+ (S 1+ 1 Dl = o7 1) + Oy £ = bt f7),

>

N+ - N+ =+ N— - -
(1A P 1+Ajf +Aj Jf* e _n Aoy i -
i\ 2 Y 2 l1+o 2 1-g; 7"

= o)1+ 1) (lgy +6; £ 1+ g} +0+f+|+(|f’|+|f+l)la — oy 1)+ Oy £ = F 1),

We thus recover the estimates (5.23).
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