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GREEN’S FUNCTION POINTWISE ESTIMATES FOR THE MODIFIED
LAX-FRIEDRICHS SCHEME

PAULINE GODILLON!

Abstract. The aim of this paper is to find estimates of the Green’s function of stationary discrete
shock profiles and discrete boundary layers of the modified Lax—Friedrichs numerical scheme, by using
techniques developed by Zumbrun and Howard [27] in the continuous viscous setting.
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1. INTRODUCTION

We deal at first with the case of discrete shock profiles: let d > 1 and consider the one-dimensional d x d
system of conservation laws

u+ f(u)y =0, t >0, x €R, (1)
u:RxRY — U, U an open set of R?, (2)
f:U Cc R — R? smooth,

with an initial datum
u(z,0) = up(z), z € R. (3)
We are interested here in the approximation of (1) by means of the modified Laz—Friedrichs scheme (MLF). We

consider a uniform mesh of R consisting of cells M; := (jh, (j + 1)h] of size h with j € Z. The time step is k
and we set t" = nk, n € N. Let A be the (nonlinear) evolution operator associated with the MLF scheme

(V) =5 — 5 (Flug,ugin) = Flug1,u7)), j €2, (4)
where the numerical flux F is
Flu,v) ="—=—"~+D(u—0v), (5)
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with D a scalar constant.
The numerical problem associated with (1)—(3) is

u"tt = N, n>1, (6)
1

uQ:_/ up(z)dz, j € Z. 7
ST M g, g

Let us now make the standard assumptions. Let (u™,u™) be a stationary shock of (1) of arbitrary strength,
that satisfies the following hypotheses (H1)—(H5):

e the Rankine-Hugoniot condition is satisfied:
Hypothesis 1. f(ut) = f(u™);
e system (1) is strictly hyperbolic at the points u*:

Hypothesis 2. df(u*) is diagonalizable and its eigenvalues are real and simple; we denote them by

af <...< ai and by (r;t)qe{l,___,d some associated eigenvectors;
e the shock is non-characteristic:

Hypothesis 3. 0 ¢ o(df(u™)), where o denotes the spectrum;

e there are at least d characteristics entering the shock, that is, the eigenvalues of d f (u*) satisfy the following
inequalities:

Hypothesis 4. al, <0<a

withp™ =p~ +w, we {-1,...,d—1}.

This last condition implies that there are d + w + 1 characteristics entering the shock and d — @w — 1 outgoing
ones. The case p™ = p~ — 1 corresponds to an undercompressive shock [23]. When p™ > p~, the shock is said
to be compressive, in reference to the case of gas dynamics [5,26], where the pressure increases through such a
shock. More precisely, if @ = 0, the shock is said to be of Laz-type and if @w > 1, the shock is overcompressive
of degree w [16,17].

- + - +
2p 2pt+1 Ap— Ap+1
+ + +
al ad al ad ad
- af - af af
aq ag
- + — - + + — - + +
Zp+1 ap Spt1 Ap ap  Fpo1 Tpta1 Fp— Bt Pt 2
Undercompressive shock Lax p-shock Overcompressive shock
(pt=p=p"—-1) (rt =p~ =p) (@t >p +1)

F1GURE 1. Compressivity of the shock.

Our last standard assumption is that the well-known CFL condition is satisfied:

h
Hypothesis 5. supr(df(u)) < 2D < 7 where r denotes the spectral radius.
ucl
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We are interested here in stationary discrete shock profiles of the MLF scheme, that is, fixed points of the
operator A that connect the end states u~ and u%. The existence of stationary discrete shock profiles has
been studied for quite a long time [13,20,22]. When the speed of the shock is not zero, however, the search for
discrete shock profiles is much more difficult: in the case of rational speeds, we need to iterate the operator N/
to change to a stationary shock, but the iterated operator is much more complicated than the original one;
Liu and Yu [18,19] developed a Diophantine condition under which they proved the existence of discrete shock
profiles for weak shocks. The case of irrational speeds remains open [24]. Let us assume now the existence of a
stationary discrete shock profile for the MLF scheme:

Hypothesis 6. there exists a sequence u® = (ﬂ;)jez that satisfies

N@) = @,
@ — ut.
J j—=+oo
Let us now linearize N about %°
n Fj+1un+1 — Fj—lun_l n s, n
u;H-l =u} — ( 4 5 / D(ujyq — 2uj + uj 1)> =: (L*u");, j € Z, (8)
where
k s .
F; = Edf(uj)’ VneN, VjeZ,
kD
D:=—-.
h
In the following, we denote
k
F* = Zdf(u®),
h
ar = Eai ge{l d}-
¢ = 38 e,

Note that (aflt)qe{17,,,,n} are the eigenvalues of F* and that (r;t)qe{l,___,n} are associated eigenvectors.
The numerical linearized problem that we are interested in is

u"t - LS = @, Y >0, 9)
uy Pt 0, Vn>0, (10)
u = u, (11)

where % and u are given sequences.
A way to describe the solutions of (9)—(11) is by using the Green’s function, that is a sequence
(G(n,1,7))nen,iez,jez of d x d matrices that solves the following problem, ! being given in Z,

Gn+1,0,5) = LG(n,1,j) = 0,¥n>0,j€Z (12)
G(n,l,j) — 0,V n>1, (13)

j—too

G(Oalaj) = 5led; je Za (14)
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where 0 is the Kronecker symbol. Indeed, the formal solution of (9)—(11) is given by

+o00 n—1 +4oo
ul = Y G, Ljw+ Y > Gn—n,l )i, forjeZ, n>1.
l=—00 n=0[l=—o00

The aim of this paper is to find estimates of G, in order to be able to better understand its behavior, in the
same way as Zumbrun and Howard [27] did in the case of (continuous) viscous shock profiles.

The operator L® is said to be spectrally stable if L has no spectrum outside the open unit disc. A study of the
essential spectrum of L® shows that the spectrum of L® outside the unit disc consists only of isolated eigenvalues
of finite multiplicity. These eigenvalues are unstable modes of L® [14]. Consequently, to avoid instability, we
assume that:

Hypothesis 7. The operator L® has no eigenvalue of modulus larger or equal to 1 other than 1.

Indeed, in the compressive case (o > 0), 1 is an eigenvalue of L® and must be dealt with very carefully
(see [3,24,25]). An analogous role is played by the eigenvalue 0 in the continuous case: every translation of
the shock profile is also a shock profile, so that the derivative of the profile is always an eigenfunction of the
linearized operator for the eigenvalue 0 [27]. In the discrete case, however, the translation invariance parameter
is an integer and there is no such generality. That is the reason why we must study the operator L°® — 1 very
precisely. To investigate the role of 1, we use an Evans function, that is a function D(j, 1) which is a defined
for |u| > 1 by a determinant of 2d solutions of

(L® — p)v = 0. (15)

The main feature of the Evans function is that it vanishes at points p that are eigenvalues of L°. More precisely,
considering a basis vi(u, j), ..., va(p, 7) (resp. vjp1(w,J), ..., v2q(p, 7)) of the solutions of (15) that decrease
exponentially towards 0 as j tends to +o00 (resp. to —o0), we define, for |u| > 1 and j € Z,

e D) vand) () e vaand)
DW’”“(Avl(u,j) o Dua(ng) Ava(ng) Avgdw,j))’

where Av; = v; — v;_1, so that D is holomorphic with respect to p in |p| > 1.

In the continuous setting, the Gap Lemma [6] allows to extend the Evans function to a neighborhood of
the origin. Thanks to this technique, necessary conditions of spectral stability have been obtained for various
approximations, such as Gardner and Zumbrun’s [6] and Benzoni, Serre and Zumbrun’s [2] for the viscous case,
Serre’s for the Lax—Friedrichs scheme [25], Bultelle, Grassin and Serre’s for the Godunov scheme [3], Benzoni’s
for the semi-discrete profiles [1], Godillon’s for the semi-linear relaxation [10]. Zumbrun and Serre linked, in
the multi-dimensional setting, the Evans function and the Lopatinski condition [28].

Here, the study of (’Uq)qe{l’m’gd} in a neighborhood of 1 = 1 shows that D necessarily vanishes at p = 1 if the
shock is compressive (@ > 0). Furthermore, if @ > 0, the w first derivatives of D with respect to pu necessarily
vanish at 4 = 1. Consequently, we assume that the shock is minimally degenerated, that is,

w+1D

HypOtheSiS 8. W

(+,J) does not vanish at u =1 for all j € Z.

Note that hypothesis (H7) can be reformulated equivalently as:

Hypothesis 7. if w > 0 (resp. if w = —1), the Evans function D(u,-) does not vanish in {pn € C/|u] > 13\ {1}
(resp. |p| >1).
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The aim of this paper is to prove the following theorem:

Theorem 1.1 (Green’s function of a shock profile). Assuming (H1)-(HS8), the Green’s function of the linearized
problem (9)—(11) behaves as follows:

>~ md
for € e RY,

2
N> N o 1 (j — ain)
G(n,l,j) ce = X\j\<nmin(|a;t\,qe{l,m,d})RO(l"7) et Z _nO <exp <Tzl T;t

a/jag >0
1—5)?
+0 (eV” exp <( Miz) >) , L,y ez,

N o R 1 (- afzt”)Q +
AjG(nalaj) e = X\j\<nmin(|aff\,qe{l,m,d})AJ‘RO(L]) e+ Z EO exp 7Tn "q

q/jaz >0

1 —5)2
+0 (e””exp <( Miz) >), l,j ez,

where

o the notation A;G(-, -, j) refers to G(-,-,5) — G(-,-, 5 —1);

e the notation q/ja;lIE > 0 addresses the indices q € {1,...,d} such that j and the eigenvalues ag
the same sign;

o the residual term Ro(l, ) is a projection on the eigenspace of L® associated with the eigenvalue 1 (see
Eq. (58));

e all the constants are locally bounded on I and uniformly bounded on n and j, and the constants M and
are positive.

gn(j) have

This result is analogous to the ones proved by Zumbrun and Howard [27] in the case of viscous shock profiles,
although they do not set on y (the continuous analogue of our discrete variable [) to be bounded. At first, the
Dirac mass splits into waves that propagate along the outgoing characteristics and waves that propagate along
the entering characteristics. The waves that are carried by the outgoing characteristics, that is eigenvectors
corresponding to negative (respectively positive) eigenvalues if the Dirac mass was on the left-hand (resp. right-
hand) side of the shock, take the shape of moving Gaussians that are damped by the numerical viscosity. Their
asymptotic speeds are the corresponding eigenvalues of the derivatives of the flux at the end states multiplied
by the ratio k/h. The waves propagating along the entering characteristics move towards the shock, and when
each wave corresponding to a different characteristic reaches the position of the shock (j = 0), similar outgoing
waves as described above are emitted. Furthermore, if the shock is compressive, as soon as the first entering
waves has reached the shock, a stationary residual wave that is strongly related to the kernel of L® — 1 may
appear, depending on the position of the Dirac mass as initial datum. There is also a fast-time decaying term.
Note that the fact that the outgoing waves are Gaussian-shaped is compatible with the £! conservation of the
mass.

We give in Section 5 a numerical illustration of Theorem 1.1: we treat the case of a Lax 3-shock for the 3 x 3
system of gas dynamics in conservative variables. We include graphics displaying the three components of the
Green’s function in the canonical basis (see Fig. 12) and in the basis of the eigenvectors of df(u~) (see Fig. 14),
in order to show the different speeds and directions of the waves that appear when the Dirac mass splits. We
also compute an eigenfunction of L — 1 (see Figs. 13 and 15) in order to compare it with the residual wave Ry.
The evolution of the Green’s function is compared to the theoretical Gaussians in movies that are available at
http://www.umpa.ens-lyon.fr/ pgodillo.
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Let us now give a few hints of the proof of Theorem 1.1. As in the work of Zumbrun and Howard for viscous
shock profiles [27], the main tool that we are going to use is the Laplace transform of a sequence that we
define by

v=(V")pen — ()\ eDr— o(N) := Z e/\"v"> ) (16)

neN

where D is a subset of C suitably chosen to ensure the convergence of the sum. In particular, since (16) is 27
periodic in A, we set on I to lie in the strip S := {A € C/—7 < Im(A\) < 7}. Given [ € Z, the Laplace transform
of the Green’s function G(-,[, ) with respect to time, that we denote by G (I, -), satisfies the following problem

(LS - eA) G)\(laj) = 75lje)\Ida j € Za (17)

In Section 2, rewriting the homogeneous equation
(LS — e)‘) v =0,
as a first-order dynamical system

Uj

V= (0. = ( )eck ez (19)

Uj+1 — Vj

we study the limit systems of (19) as j tends to £oo, and more specifically the behavior of the solutions
decreasing to 0 at £oo: it allows us to construct the Evans function D(}, j), (we take hereafter the variable A,
that is linked to the variable p, that we used in (15), through e = ;1) as an analytic function in the open right
half-plane and to extend it to a neighborhood of A = 0. In Section 3, we express G, as a sum of suitably chosen
solutions of (19), so that the compatibility system at j = [ allows us to establish that G is meromorphic (if
the shock is compressive) with A = 0 as its only pole in a carefully chosen neighborhood of 0 and thus to find
bounds of G, for small and medium values of A\. We do not have to consider large values of A since, the scheme
having a finite propagation speed, G(n, 1, j) vanishes for n + 1 < |l — j|.
In Section 4, we use the inverse Laplace transform to get bounds of G:

. 1 n .
Gn.1.i) = 5= [ ¥ GalL.ax (20)

where I' is a path of S that lies a priori in the open right half-plane. But thanks to the Cauchy formula, this
path can be changed to better suit the behavior of G): we choose moving contours, that depend on n, [, and 7,
and that may lie partly in the left half-plane, as in the work of Zumbrun and Howard [27]. We take a particular
care to deal with the compressive shocks, since in these cases the Laplace transform of G has a pole (of finite
order) at the origin: the choice of contours may then yield a stationary residual term, which is a projection on
the eigenspace associated with the eigenvalue 1 of L®, as stated in Theorem 1.1.

A similar technique can be applied to the Lax—Wendroff scheme, but the computations are rather more
complicated.

Let us now consider the boundary layer setting: let a d x d system of conservation laws on the half-line R™
with initial datum be

u+ f(u)g =0, >0 (21)
u(z,0) = ug(z), x > 0. (22)
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We are still considering the MLF scheme, but now we consider a mesh of Rt that consists of cells M; =
(jh, (j + 1)h] of size h with j € N. We denote by k the time step and t™ = nk, n € N. The nonlinear evolution
operator associated with the MLF scheme is still denoted by A (see Egs. (4) and (5)).

We assume as usual that df(u) is symmetrizable, that is,

K 1. There exist smooth matrices P, being invertible, and D, being diagonal, such that d f(u)= P(u)D(u)P(u)~!.

Boundary conditions at x = 0 are needed: choosing Neuman’s condition leads to small boundary layers
of size h and Dirichlet’s condition to large boundary layers of size 1. Here we consider Dirichlet’s boundary
conditions: the numerical problem becomes

utt = N(un)v U= (uj)jGNa (23)
1
uO = Taas UO(Z)dxa .7 > ]-7 (24)
T MG
ug =0, neN, (25)

where £ is once again the MLF (nonlinear) operator.
We also assume that the boundary is non-characteristic, that is,

K 2. The value 0 is never an eigenvalue of df(u),

and that the CFL condition is satisfied along the boundary layer profile

k
K 3. sup, o, r(df(u)) <2D < T denoting the spectral radius.

Under a smallness assumption, Chainais-Hillairet and Grenier [4] proved the convergence of the numerical
solutions to the solutions of (21, 22) with boundary conditions

’U/(O, t) € Cnunm
where Chum is the set of vectors w such that there exists a solution v = (v;);en to
Flw+vj,u+vj41) = f(w), v =w, V40 =0, (26)

F being the numerical flux of . This result is similar to the one obtained for the Godunov scheme by Gisclon
and Serre [8]. This condition is analogous to setting on the solution to be zero on the entering characteristics
when the flux is linear.
This situation is the discrete analogue of the non-viscous limit of
ug + f(u%)s — ug, =0,
u®(0) = 0,
as € tends to 0, the numerical viscosity of the MLF scheme being Dh. Indeed, as proved in [7], under specific
assumptions, the solutions u® tend to solutions of
ur + f(u), =0,
U(O,t) S Cvi37

where Cyis is the subset of R? consisting of vectors w that satisfy

Op f(v+ w) = Oygv for x>0, v - 0, v(0) = —w.

The stability of these solutions has been proved under a smallness assumption by Grenier and Gues [11] and
under some spectral assumptions by Grenier and Rousset [12].
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We assume here the existence of a boundary layer profile, that is,

K 4. There exists a sequence @ = (ﬂ?l)jeN that satisfies

—bl —bl
N@”) = a”,
abl +,
j—+o0
ug = 0,

where ut belongs to Coum.
Similarly as in the shock profile setting, we assume that:
K 5. The eigenvalues of df (u™) are distinct.

Next, we linearize the operator N about @y and, denoting by LP! the linearized operator, we study

unJrl _ Lblun _ ,an, Y n > O7 (27)
u} e 0, Vn>0, (28)
u = u, (29)
Wt = 0,Yn>0, (30)

where 7 and u are given sequences. The Green’s function of L' is defined similarly as the one of L® and satisfies
the following problem, ! being given in N,

G(n+1,1,5) — L"G(n,1,5) = 0, (31)
G(n,l,j) — 0, (32)
j—+oo
G(0,1,5) = dila, (33)
G(n,l,0) = 0. (34)

Similarly as in the case of shock profiles, the formal solution of (27)—(30) is given by

+o0 n—1+oco
uf =3 "G, Ljw+ Y > Gn—n,l, )i, forjeZ, n>1.
=0 n=0 [=0

Our aim is to obtain analogous estimates as the ones Grenier and Rousset found in the continuous viscous
case [12]. The counstruction of the Evans function D in the case of numerical boundary layers is much like
what we described for the shock profiles, the main difference being that we need (vi(u,5),...,va(,5)) (resp.
(vat1(p, 7). -, v24(p,5))) a basis of the space of solutions of

(Lbl—u)vzo

satisfying vq(p,0) = 0 for ¢ € {1,...,d} (resp. vq(p,j) tends to 0 as j tends to +oo) instead of the condition
at j = —oo that we used in the shock profile setting. For |u| > 1, we define the Evans function as

e mOnd) e vand) () e vaad)
DW’”“(Avl(u,j) L Dua(ng) Ava(g) Am(u,j))'

As in the case of shock profiles, the zeroes of D(-,j) correspond to unstable eigenvalues of LP!. Since the
eigenvalues of modulus larger than 1 induce instability, we assume that there are none in |u| > 1 and extending
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D to a neighborhood of the circle || = 1, we also assume that 1 is not an eigenvalue of L', that is,

K 6. The Fvans function does not vanish outside the open unit-disc, that is

Performing the same kind of analysis as in the case of shock profiles, we obtain the following theorem:

Theorem 1.2 (Green’s function of a pure boundary layer). Assuming (K1)-(K5), the Green’s function of (27)-
(80) behaves as follows:

. = d
given € € RY,

1 - 2 Y
G(n,l,j)-€= Z TO <exp (—%))rq—i—O(e_meXp (_(lez) )) , VI,jeN,
q/aq>0 "
N\ L (j —agn)* n (=3 :
A;G(n,l,j5)- €= /Z;OEO (exp (Tn rg + O (e exp M , ViI,jeN,
q/aq

where

o we denote by ay < ... < aq the eigenvalues of (k/h)df(u™) and by (rq)qeq1,....a} some associated eigen-
vectors;

o the notation q/a, > 0 addresses the indices g € {1,...,d} such that aq is positive;

o all the constants are locally bounded with respect to I and uniformly bounded with respect to n,j and M,y
are positive.

This result is analogous to the one obtained in the viscous case developed in Section 4 of [12]. Physically,
Theorem 1.2 states that the Dirac mass splits upon both the outgoing and entering characteristics. Along each
outgoing characteristic, a Gaussian-shaped wave enters the domain with an asymptotic speed that is equal to
the eigenvalue of df(u™) corresponding to the considered characteristic multiplied by the ratio k/h. These
waves are damped by the numerical viscosity. Each time a wave that is carried by an entering characteristic
reaches the boundary, new waves behaving as described above leave the boundary to enter the domain.

We do not give the proof of Theorem 1.2 hereafter, since it is very close to the one of the shock wave setting.
Note however that the main differences appear in the statement of the problems and that once they have been
linearized about respectively a shock profile and a boundary layer, they are remarkably similar.

Finding bounds on the Green’s function is a valuable step in the search for nonlinear stability as it was
proved by Grenier and Rousset in [12] for the viscous boundary layers. As a matter of fact, the very nice work
of Mascia and Zumbrun [21] on the stability of relaxation shocks should allow the use of Theorem 1.2 to get a
result of nonlinear stability.

2. CONSTRUCTION OF AN EVANS FUNCTION

From now on, we only consider the case of the shock profiles and consequently, we rename the linearized
operator L° in L. We aim here to construct a basis of the spaces consisting of solutions v of the equation

(L—e)‘)sz

that decrease to 0 as j tends to Foco.
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Noting Av;_1 := v;—v,_1 for any sequence (v;) ez and rewriting (17) with no right-hand term as a first-order
recurrence on V; := (vj, Av;)T, we get

Id Id
Vi, = F; -t Fi_y —F; F; -t F; Vi_
f ( J2+1_Dld) (1_6,\+ -1 ]+1) ( J+1_D1d> (1—e - Dyp, — Loty | Vim

2 2 2
= A;(NVj_1, j€Z. (35)

2.1. Asymptotic behavior of the solutions of the homogeneous recurrence
Let us now study the asymptotic behaviors of the solutions of (35). As j tends to oo, the sequence of
matrices (A;(X)) tends to

14 14

AY(\) = (eA1)<DIdF7i) (DIdF—;> <6A1+D+F7i)

+

Using the strict hyperbolicity of (1) at the end states u™, we obtain the following formula of the characteristic

polynomial of A*()\)
d
H(w +2(2D —a¥)” 1(1—2D—eA)w—|—(2D—aqi)_1(2D+a;t)>. (36)

Thus, the eigenvalues of A*()\) are

1 +
W;t’q()\) = m (2D +er—1 —|—5\/(eA —1)24+4D(e* — 1) + (aqg )2) , €=+1,

for g € {1,...,d} and

are associated eigenvectors. The eigenelements w®  and Rgfq associated with a;t are holomorphic if A € C\

g
(—o0, A, with

. (a7)?
A= min In({1-2D[1—-14/1—
qe{1,....d} 4D?

(37)

We denote by

Er={AeC/I eR/e* =1 —2D(1 — cos(f)) — ia7 sin(0)}
the set of complex points A such that the modulus of a solution w of (36) is 1. Note that, since 2D < 1 and
laf| < 1, (—oo,A] and £F lie in the left half-plane. Besides, £ only intersects the imaginary axis at A = 0.
From now on, £ will denote the biggest of the &,, i.e. 5max (af)" Let Q be the (open) connected component of

S\ (£ U (—o0, A]) containing +oo and consider A € Q (see Flg. 2).
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A |

AI/ Re(

FIGURE 2. Spectrum of L in the complex plane.

Lemma 2.1. Let A\ € Q. The matrices A*(\) have d eigenvalues of modulus strictly larger than 1 and d
eigenvalues of modulus strictly less than 1.

Proof. We drop temporarily the superscript & for the sake of simplicity: a4, denotes any eigenvalue of F*,
Developing we 4 in a neighborhood of A = 0, we obtain

w

A 1 2D + aq
—sgn(aq),q — 1 -

p ) A+ O(A?) (38)

a
and
2D +ay
Wsen(ag)a = 51 +O(|)‘|)
gn(agq),q 2D — aq
We see at once that, for small real A\, we have

Wsgn(ag).ql > 1< (A >0 and aq < 0).

Consequently, since ¢ € {1,...,d}, there are d eigenvalues of modulus larger than 1 and d eigenvalues of modulus
less than 1 for small positive . Since the definitions of £ and 2 imply that there are no eigenvalue of modulus 1
if A € Q, the holomorphy of the set of solutions of the characteristic polynomial of A(\) outside (—oo, A] allows
us to conclude that A(A) has d eigenvalues of modulus larger than 1 and d eigenvalues of modulus less than 1.

O
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The matrices AT (\) and A~ ()\) have no eigenvalue of modulus 1 in © because of the definition of £. By
Theorem 6.1 in the appendix of [9], A*(\) (resp. A~ (\)) has an exponential dichotomy on N (resp. —N). Since
(A;(N))jez tends to AT(N) as j tends to +oo exponentially, we can apply Theorem 6.2 ([9], Appendix) and
(A;(X)); has an exponential dichotomy on N (resp. —N) of projection P(X) (resp. Q(X)) and ker(P(X)) (resp.
ker(Q(N))) and R(P())) (resp. R(Q(X))) are d-dimensional (Lem. 2.1). Let

EQ) =A{(Vj)jez/Vitr = A;(N)V; and V; — 0}, (39)

Eo(A) :=={Vo/(Vj)jez € E(N)},

FA) ={Vi)jez/Visr = A;(N)V; and V; — 0} (40)
and
Fo(A) == {W/(Vj)jez € F(N)}-
If Eo(\) N Fy(\) # {0}, e* is an eigenvalue of L. Otherwise, we have
R(P(\)) @ ker(Q(N)) = C**.

Consequently, using Theorem 6.3 ([9], Appendix), we conclude that the dynamical system (35) has an exponen-
tial dichotomy on Z if and only if e* is not an eigenvalue of L, for all A € Q (see Fig. 2). Furthermore, if we
consider a basis Bg(y) (resp. Bp(yr)) of E()\) (resp. F())) consisting of d eigenfunctions of (35) geometrically
decreasing towards 0 at +o0o (resp. —o0), we conclude at once that the set Bg(x) U Bp(y) is a basis of the whole
space of solutions of (35) if and only if e* is not an eigenvalue of L. Thus we can define an Evans function
(A, J) = D(A,j) as a determinant of the elements of Bg(y) U Bp(y) taken at the point j € Z. A most interesting
feature of D(-, j) is its vanishing at the points A such that e* is an eigenvalue of L. Moreover, the function D
is analytic on ).

2.2. Extension to a neighborhood of A =0

Besides, for A € D(0,0) with o sufficiently small, the asymptotic behaviors of the eigenelements of AT ())
are given in Tables 1 and 2 where

+
* = 2D—|—aq.
9 2D —af

Thus, in a neighborhood of A = 0, the matrices A*()\) are diagonalizable, because the strict hyperbolicity
assumption (H2) implies that the wgfq are distinct. Consequently, we can easily choose (®4(A,7))qeq1,....d}
(resp. (P4(A,7))ge{d+1,...,243) a basis of solutions of (35) which decay towards 0 as j tends to +oo (resp. —00),
which depend analytically on A for A € D(0,0) and that can be extended analytically to a neighborhood of

A = 0 such that their behaviors are as follows

q)q(Aaj
q)q(Aa ])

(wg (M)’ (R
(M) (R

= FA) +0(w™)), forqe{l,...,d},

]~>+OO,A~>0 ) (41)
- (w “(\) +0(w)), forge{d+1,...,2d},

j——00,A—0
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TABLE 1. Asymptotic behavior as j — —oo and A — 0.

ap <...<a, ;<0and0<a, <...<a,
wy (A) = ¢ +O(IA]) Wap1(A) =1- (% +O(]A]?)
I o Il _ Y Al
B = <<<1 _1)7«1) o <IAI> Fanlh) = (%“_) e <|A|2>
W, (A) = ¢y +O(A]) Worp- 1N = 1= 2= +O(IAP)
_ T A _ o1 A
B = ((cp—l - 1)7«;1) o (}AD Rarp-alV) = (ﬁ 7";-1> o (IAIQ)
w,_(\) =1- 2+ 0(]AP) Wy, (N =+ O(|A)
_ Tp- A _ r A
o= (- Jro(i) | maw= () o ()
w;(\)=1- A +O(N?) woa(A) = ¢; + O(|A])
R v Al . ry Al
ww= (2 ) o () w0 = (g " ) v (W)

with w > 1. Consequently, the Evans function D can also be analytically extended with respect to A to a
neighborhood of A = 0 because of (41), so that it can be expressed explicitly in D(0,0) as the following
determinant

DA 1) = det (D1(A, 1), .oy Ba(A 1), Bayi(AD), .., Paa(N1)).

Rewriting the linearized scheme (8) in the conservative form, we have

F; F; F;_ F;
(e/\ — ].) Vj + (7] + DId) Uy + < j2+1 - DId> Vjy1 = < j2 ! + DId) Vj—1 + (3] - DId) Vj. (42)

Thus, at A = 0, if (v;) ez decreases towards 0 as j tends to +oo, taking the limit of the right member of (42)
at j = £o0, we get

Vj4+1 — U = ((QDId - Fj+1)_1(2DId + FJ) - Id)’Uj =: Mj’Uj. (43)

Denoting generically ® = (9, (I)H)T, with ®1, &' € C?, we then apply (43) to ®;(0,-) for g € {1,...,pT}U{d+
p~,...,2d}, according to Tables 1 and 2 and to (41). Besides, if A =0, w = 1 is an eigenvalue of multiplicity d
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TABLE 2. Asymptotic behavior as j — 400 and A — 0.

af <...<af, <0and0<af, | <...<aj
wi (A) = ¢ +O(A]) wy (A =1~ ﬁ +O(IAP)
o= (o) ro () | me= (L) o (R)
wr (A) = ¢+ O(IA]) wy, o (A)=1- ap% .+ O(IA)
+
) = (@ ﬁ) e (i) %WAM=<§?$>+O(&”
wh () =1- 22—+ O0(AP) Wi (V) = +O(A)

pt41

+
"ot +1 |)\| ++ |)‘|
RT. () = N +0 ( ) R A Trt +0
p++1( ) = (ﬁ AN |)\|2 d+p++1( ) = (<p++1 Dr ;‘++1 B

wi(A)=1- % +O(IAP) wi,(A) = ¢+ O(|A])
rd R ra A
RY(\) = ¢ +O( ) R*Az( d )+O( )
‘) (é”?> AP 2=\ (¢ Sy A
of Ai()\), that is ®p41(0,-),..., Patp—1(0,-) are constant and we can set

TJr
(I)P++1(07j) = ( pBJrl) a"'a(I) ( )

B / (44)
. r —
©411(0,7) = < 6 ) o Payp-—1(0,5) = < 0 >
Thus

D(O.J) — det D1(0,5) oo @y (0,5) Ty e Tgorr e Ty L (0,) . @5y(0,7)
,J) = de _ _ . .
M;®1(0,5) ... M@ (0,7) O ... 0 0 ... 0 M®  (0,5) ... M;j®5,(0,7)

(45)

We can see at once that the kernel of the matrix inside the determinant (45) is w + 1-dimensional, which means
that 1 is necessarily an eigenvalue of L if the shock (u™,u™) is compressive. Moreover, for @ > 0, without loss
of generality, we can set

ol (0,) =@y . (0,) = Wy (j), form €{0,...,m}- (46)

Remark 2.1. If the discontinuity is undercompressive, D(}, ) does not necessarily vanish at A = 0, contrary
to the continuous case. Indeed, the discrete derivative of a shock profile of NV does not belong, in general, to
the kernel of L — 1.



GREEN’S FUNCTION POINTWISE ESTIMATES FOR THE MODIFIED LAX-FRIEDRICHS SCHEME 15

Proposition 2.1. For m € {0,...,w}, the mth derivative of the Evans function vanishes at A = 0 and its
(w + 1 )th derivative is

o= TiD

et (0.) = (“1)P detM;) W) 65 (So. . 5,), V j € Z. (47)

where

W(j) := det (qﬂl(o,j), e @ (0,5), W0 (), U () Bl 1 (0,), - .,@éd(o,j)) ,

¢7 :=C" — C

(Eny...,€m) — det (rl_, sy 1, 2(Fy + Fj+1)_1éb, L 2(F F Fj+1)_1é’w,7“;++1, . ,r;‘)
and
Sm = _ Um(j), Yme{0,...,w}-
JEL
Proof. The computation in the case w = —1 is straightforward from (45).

Consider now the case w > 0.

We see at once that, since the rank of the matrix inside the determinant (45) id d — w — 1, at least two
identical columns appear in the mth derivative of the Evans function at A = 0 for m € {0,...,w + 1}, so it
vanishes.

Using the recurrence principle, a classical computation [1,6,10, 28] gives

ovt'D , ,
W(O,j) = det [@1(0,])7 ceey (I)d+p—,1(o,j),

0
a¢d+p7 a®p+ . a®d+p— +w a¢p+7w .
( A\ - A\ (073)7"'7 O\ - I\ (073)7

Dyiptwi1(0,7), - P2a(0,5)] . (48)

Since X\ — @, _,,(A,-) and X — ®gyp— 1, (A, ) are analytic in QU D(0,0) for m € {0,..., @}, zp+ () :=
(8¢£+_m/8)\)(0, ) and Zgip—4m(c) = (8¢§+p,+m/8)\)(0, -) satisfy the same discrete dynamical system, which
is obtained by deriving (42) with respect to A and taking A = 0:

w,0) + (G4 D1 20+ (52 = D1 ) s+ 1) = (S5 4 01) - 1)+ (F - DIa) o) (9)

noting however that z,+_,, + (j) tends to 0 as j tends to 4+00 and 244, 4 (j) tends to 0 as j tends to —oo.
Thus, making the sum from j to +oo, we get

+oo
Azps m(f) = Mzt n(j) = 22DIa = Fja) ™" Y U(l), (50)
I=j+1
and similarly
J
AZdJr;n*er(j) = MjZdJr;n*er(j) + Cj_l Z \I/m(l) (51)

l=—o0
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Plugging (44), (43), (50) and (51) in the expression (48) of % 1D/ONTT! we get, performing elementary
matrix manipulations,

9=+1D OL0,) o B (0) Uy n(i) - Wl
N ) pt—w—1\ pt—w
et (05) = det 0 0 0 .0
r;ﬂrl . 7“:{ Ty . r;,71
—MjT;r++1 —MjT‘j{ —MjT‘; —Mj’l“;,71
Rd+p— (]) _12;04r (.7) s Rd+p— 4w (.7) _1Zp+—w (.7)
2(2DIa = Fj1) 7 Yoz Yo(l) - 2@2DIa— Fia) ™ 3y Y (l)
Oy i (0.5) oo @hy(0,7)
0 0

Changing the order of the columns in the determinant, we obtain a block determinant and the claimed equality.
O

Remark 2.2. Note that this expression is analogous to the expression one finds in the continuous case [2,6,10].

Since the Evans function is analytic in a neighborhood of A = 0, assumption (H8) implies the existence of a
positive o such that

the Evans function D(-,j) does not vanish in D(0,0) \ {0} - (52)
The continuity of the Evans function in  and assumption (H7) imply that there exists a positive n such that
D(-,7) does not vanish in {\ € C/Re(A\) > —n, [Im(N\)| < x}- (53)

We choose a small enough n so that {Re(A\) = —n} intersects 9D(0,0) outside £ (see Fig. 3). We thus define
the region

QO :=0n{AeC/—n<Re(\) <1, [Im(N\)| <n}

in which D is analytic and does not vanish.

3. ESTIMATES ON G,
Let A € '\ {0},1 € Z and € € C%. The Green’s function j +— Gx(l,5).€ of (9) is the solution of
(L—eM)Ga(l,j).e = =68 e'e jeZ, (54)
Gk (Za.j - 07

j—=+oo

where ¢ is the Kronecker symbol. We want to compute estimates on

AjG)\(lvj)

where A;GA(-, j) := Ga(+, J) — Ga(,7 — 1).
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Q/

Q
=

2
=y

FIGURE 3. Definition of €.

Since Gy(l,-) tends to 0 as j tends to +oo, we want to express Gy(l,7) at j > [ (resp. at j < [) in an
appropriate basis of the vector space of solutions of L — A = 0 that tends to 0 as j tends to +o0o (resp. as j
tends to —o0).

Proposition 3.1. For Q' \ {0}, ¢ € N, 1 € {—{,..., ¢}, and €€ C%, G\(l,-).€ satisfies

Ga(l,5)-€ | zd:(V DB, (A f), > 1 )
A;Ga(l,j).€ _q:1 (A D)W, 7), 7 =1,
2d
= Y WA DAW(), <1 56
q=d+1

where (Wq(X,-))gequ,....ar (resp. (Wq(X,-))geqd+1,...,24}) s an analytic basis of E(N) (see Eq. (39)) (resp. a basis
of F(N) (see Eq. (40))), such that Wq(X,j) = Vo(X,j)wh(X) (see Lem. 3.1 for notations), vy(X,1) : RY — R
is a linear form which is holomorphic in D(0,0) if w = —1 orif ¢ € {1,...,2d} \ (YT U Tw™), with TT :=
{pt —w,...;pT} and Y~ := {d+p,...,d +p + @}; and meromorphic with a pole of order 1 at X\ = 0
otherwise, such that

/
||vq<A,1>||s%, qeTTUT, m>0. (57)
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Moreover, with the notations of Proposition 2.1, the residual term Ro(l, ) that appears in Theorem 1.1 is the
residue of Gy at A =0 and, forl,j € Z, it is given by the formula

Ro(l,7) : C* — C¢ (58)

= = d)?(SOa'"7Sm—17€75m+15"'75w) .
@ Vi (5),
& Xeoz0 ) o7 (S0 2 50) ()

Proof. Let us find an appropriate basis of the vector spaces F(\) and F()\). In order to find a basis of E())
that matches the behavior of the solutions we considered in Section 2 at A = 0, we prove the following lemma:

Lemma 3.1. Letl € Z, V()) be an eigenvector of AT (\) associated with w(\) that never vanishes. Assuming
that w, V are analytic and that there exists w € (0,1) such that lw='(A)(A;(A) — AT(X))| = O(w?) as j tends
to +o0, there exists a solution W(A,j) of

Wy = AW,
such that W(X,j) = V(\, 5)w? (X\), where V (X, j) is analytic with respect to X\ and satisfies

8mV , amv

> ) >

= (A + O0(W). (59)
Remark 3.1. This lemma is a simplified (discrete) version of Zumbrun and Howard’s Proposition 3.1 [27].

Proof. We set I = 0. Let W; = V; w/()\) be a solution of W; = A;(A)W;_;. The sequence (V;); satisfies the

recurrence
Vi = w (VA (Vo1
that we rewrite as
Vy = w VAT (Vo +w () (A () — ATV (60)

We search a sequence (V(A, 7)); such that VI(A,j) — V(X) as j tends to +oo.

In a neighborhood of a fixed A9, we define the projection P(\) (resp. Q(A)) on the direct sum of the
eigenspaces associated with the eigenvalues of A*(\) of modulus strictly smaller than |w(\)| (resp. larger or
equal to |[w(A)|) such that P(A) and Q()\) are complementary.

The projections P(A) and Q(X) are analytic in a neighborhood of Ao by classical matrix perturbation the-
ory [15]. We also have the following estimates

W (AT (V) PN < 07,V j €N, (61)
W (NATN) QMW <1,V j €N, (62)

where 6 € (0,1) is defined by 8 = min{|w/w(\)|,w € o(AT (X)) and w < w(\)}. Let J € Z. We define the map
T on £>°({J,...,+o0}) by

(TV), )+ Zwﬂ VAT )Y POOW T ) (At () = AT () Vi

= > W AT YW T (W) (A1 (V) — AT ()i,
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Let Vi and V, be two sequences. By using (61) and (62), we have

J 4 +o0
Zej_lwl—llvl _ ‘/2|oo + Z wl—l'v'l _ ‘/2|oo

[TV = TVa|; <
1=J I=j+1
J ) +oo
< DT D W - Vil
=J Jj+1
< Cw! Vi = Voo,

where C' is a positive constant that does not depend on j.
By choosing a large enough J, we can set

1
Cw’ <=

w' <3,
so that the map 7 is a contraction of £>°({J,...,+o00}). Iterating 7 on Vj = 0, we obtain a solution V' €
°({J,...,+o0}) of the equation 7V = V. Computing V1 shows that V is a bounded solution of 7V =V if
and only if V' is a bounded solution of (60). We conclude by noting that 7 preserves analyticity in A. O

A similar result holds for the eigenvalues and eigenvectors of A~ ().

Next, we prove that, if 7 (see Eq. (53)) is small enough, the eigenvalues of A*()\) remain simple for all
A € Q"\ {0}, so that, considering the set of sequences (W (A, -))geq1,....ar (resp. (Wy(A,+))geqd+1,...,24)) given by
Lemma 3.1 for each eigenvalue of AT ()) (resp. of A~ (\)) of modulus strictly smaller than 1 (resp. of modulus
strictly larger than 1), we obtain a basis of E()) (resp. of F())).

Lemma 3.2. Let A € Q' \ {0}. The characteristic polynomial I (-, \) of AT(\) has no double root.

Proof. Recalling the expression of II* given by (36), we rewrite it as I[I* = (2D 4 a)~¢ qu{1 d} Hflt, with
+ . +,02 A + _
Iy == (2D +ay)w” +2(1 = 2D —e")w + 2D —a; = 0.
For the sake of simplicity, we drop the superscript =+.
Let w be a root of I with a strictly larger than 1 multiplicity. We must consider two cases:

case 1: there exists g € {1,...,d} such that w is a double root of II,
case 2: there exist g1, ¢2 in {1,...,d}, ¢1 # g2, such that w is a root of both II,, and II,,.
Let us deal at first with case 1:
if w is a double root of 11, then the discriminant of II; vanishes, that is

(1-2D—¢)” =4D% - a2,
which is equivalent to

2
(1—e*)" —4D(1—e*) +al =0. (63)

Denoting s := 1 — e* and splitting (63) into real and imaginary parts, we obtain the following system

Re(s)? —Im(s)® — 4DRe(s) + ag

0, (64)
(Re(s) —2D)Im(s) = 0,
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so that, considering (65), either Tm(s) = 0 and Re(s) = 2D 4 ,/4D? — a2, that is A < A (see Eq. (37)), and A

does not belong to €, or Im(s) # 0 and Re(s) = 2D: plugging the value of Re(s) in (64), we get Im(s) = +ay,
that is e* = 1 —2D 4 a,. Using the CFL condition (H5), we show that the modulus of e* is strictly less than 1:

" —1=(1-2D)+a2—1

=4D* —4D +a]
< 8D? —4D
< 0.

Consequently, choosing a small enough 7, A does not belong to '.
Secondly, we consider case 2:

if w solves both II,, = 0 and II,, = 0, it also solves the equation 1I,, —II;, = 0:
(ag, — ag,)W’ + (ag, —ag,) = 0.

Since the eigenvalues of df(u®) are real and simple (H2), w necessarily satisfies w? — 1 = 0. But, by definition,
) does not contain any A such that the modulus of corresponding eigenvalues of A*()) is 1. O

Let | € Z. Comparing the behaviors of (W) (see Eq. (59)) and of the sequences (®,) that were defined in
Section 2.2 (see Eq. (41)), and reordering the indices appropriately, we can take

(I)Q(Aa]) :O Wq(Aaj)a ]Z la q € {L"'ad}a
(I)Q(Aaj) )\iO Wq(Aaj)a ]S la q € {d+17a2d}

From now on, we only keep the “®” notation.
Let 1 € {—¢,...,0}, j € Z and € € C?. Knowing that G(l, j).€ solves (54), that is Gx(l, j).€ satisfies

(

—1) Ga(l,j — 1).6+ (1 — 2D — e")G(l, j). + ( J“) Ga(l,j +1).6= —6;e*, j,l € Z,

(66)
we search G (I, j).€ of (66) in the form
Gia(l,5).€ = quu ).EDL(N, ), ifj>1,
1
Y (67)
= > v\ D.ERL(N ), ifj <,
q=d+1
where v,(\, 1) € C.
Taking equation (66) at j = I, we have:
d 2d
Z MLDEDLAND) = > vg(A1).EDL(N D), (68)
q=1 q=d+1
d 2d
> v\, D = D v\ D.EDY(N D) +2(2D1y — Fiyy)lele (69)

g=1 q=d+1
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Let GA 1) := (P1(A 1), ..., Pag(A,1)). Its determinant is D(A, 1) (see Eq. (45)). The assumption (H8) gives

c()

DN < —%
|(7) |—|)\|w+17

(70)

locally in A and in [, that is, if w = —1, G(-,1)~! is holomorphic in €; otherwise, G(),1)~! is meromorphic for
A€ Y, XA =0 being a pole of order at most w + 1 because of (H8). Consequently, the linear forms (v, (), 1)) are
also holomorphic in '’ if @ = —1 and meromorphic with a pole at A =0 if @ > 0.

Let us now examine the behavior of G(A,1) and of (v4(A,1)) as A tends to 0 when w > 0 to determine the
order of the pole.

Let A € '\ {0}. We have

(Vl()‘a l)a R Vd(>‘7 l)a *VdJrl()‘a l)a sy 7V2d(>‘a l))T = g(>‘a l)il(oa 2(2DId - F‘lJrl)ilé')T' (71)
Denote by com (G)(A,1) the comatrix of G(A,1). For A € £/, we have
G\, 1) com (G)" (A1) = DA, ). (72)

Applying Leibniz’s formula and recalling (H8), the wth derivative of (72) reads

zw: (w) o=—mG lamCOm(g)T()\J) _ W—D()\J)I2d

m ) gAT—™ A0 o™ oA=@

o= D
a)\erl

m=0

= A (0,1) + o(JA])- (73)
A—0
Let com (G)(A\, 1) =: ((=1)779 gu0r (A, 1)) 1<4.4'<2a- The coefficient g,y (A, 1) is a determinant of order 2d — 1 that
we obtain by removing the gth line and the ¢’th column of det(G(\,1)).
Consequently, (gqq (A, 1)) are polynomial in the coefficients of G(A,1) so that (gqq (X, 1)) tend to finite limits
as A tends to 0.
If m € {0,...,@w — 1}, a similar computation as the one carried out in Section 2.1 yields

9" 9qq'

l)= ! 1,...,2d}-
8)\m (07) 07VQ7q€{7 Y }

So equation (73) reduces to

o= T
1 C(;;\nw(g) (0,
>\g (>‘7 l) ;3 anrlD ' (74)
e (0,0)
Moreover, taking the derivative of com(G(\, 1)) a step further, if ¢ € {1,...,2d} \ (YT UT"), with T+ =
{pt —w,....,pttand Y~ ={d+p,...,d+p  + @}, we have
9% 9qq
0,1)=0
6)\w ( ? )

because of our choice (46) of ¥ (see the computation of the (w + 1)th derivative of D at A = 0 in Sect. 2.1 for
details).
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Thus, on the one hand, for ¢ € {1,...,2d}\ (YT UTYT™), we get

lim v, (A1) =0,

that is v,(+,1) is in fact holomorphic in ' for ¢ € {1,...,2d}\ (YT UY").
On the other hand, for ¢ € T+, we obtain

8% D,(0,1)
: _ A=
Jim Avg(A 1) = £ 9= +1D(0,1)’
a)\erl

where

~ . 0
DQ()‘J) = det (@1(0, Z)a ceey CI)q_1(O, Z), (2(2DId o E+1)_1€) 7(I)q+1(()7 l)? cey (I)Qd(ov l)) .

The same computation as for the (e + 1)th derivative of D yields, for ¢ € Y+, m € {0,...,w},

9D,
A=

(0,1) = £(=1)7 T det(M;) W(I) ¢7 (S0, -+ Sm—1,& Smits---»Sw),

so that, recalling the expression (47) of (9Z+t1D(\,1)/ONTT1), we finally get the equality

d)?(soa' "7Smflaégsm+1a' "7Sw)
&7 (S0, .-, S=)

So the order of the pole of v4(A, 1), for ¢ € {1,...,2d}, is 1 and (57) is proved.
Gathering (74) and (75), we have

;in%) Ngp—4m(A 1) = )l\irr%) AMpt_m (A1) = , Vm e {0,...,w}- (75)

. N o (D7 (805 Sm1,€, Sty -
lim AG (L, j).2 §:<

SN
OF (S0, -, 5) >\I’m(J) =Ro(l,4),V j €L

m=0

Furthermore, a straightforward computation shows that the linear mapping u = (u;) — 3 ;o5 Ro(l,)u; is a
projection on the kernel of L — 1. (I

4. PROOF OF THEOREM 1.1

We want to compute estimates on the Green’s function of (9) by using an inverse Laplace transform

. 1 n .
GWW—%Aewmm. (76)
Recall that G solves
G(n+1,1,j5) —LG(n,l,j) =0, forn>1 (77)
G(Oalaj) = 5led7 (78)

50, since L is a second-order recurrence operator, the speed of propagation is finite (see Fig. 4) and

G(n,l,j) =0 for [l —j|>n+1.
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.\‘\‘ i\‘\‘ ’/'/i\‘\‘ ’/'/i\‘\‘ ’/'/i\‘\‘ ’/'/i\‘\‘ ’/'/i\‘\‘ ’/'/i ‘/'/4

\‘\ i /'A‘\ i /'A‘\ i /'A‘\ I /'A‘\ i /'A‘\ i /'A‘\ I /'/
...................................... Sk n=3
------------------------------------------------------------ n=2
G(n,l,7) =0 G(n,l,j) =0
----------------------------------------------- W =

: - n=20
-3 1-2 1I-1 l I+1 1+2 [+3 J

FI1GURE 4. Propagation.

Since we assumed that the only pole of Gy in {\/Re(\) > —2n} is at A = 0, the initial path of integration in
the formula of the inverse Laplace transform can be any segment I' := [s — im, s + iw] with s > 0. However,
thanks to the Cauchy formula, we can change this path to better suit the behavior of G, noting that if the
pole A = 0 is inside the area enclosed in the closed path T'US;UTY US,, where I is the new path of integration
and S; and S, are the lower (resp. upper) segment that is enclosed in {Im(\) = —x} (resp. {Im(\) = 7}) that
appears when we modify I' as in Figure 5, the residue of Gy at A = 0, R (see Sect. 3.1), will appear in the
formula (76).

Remark 4.1. Since the orientations of S; and S, are opposite and A — e’*G (1, 5) is i27-periodic, the integrals
along S, and S; compensate each other. Therefore, we will no longer mention them.

Let us now treat the case of medium (I — j)2/n?.

Proposition 4.1. There exists a positive constant 3 such that, for all £ € N, there exist C(£) > 0 and 7(£) > 0
so that for alll € {—¢,..., 0}, j € Z and n € N satlisfying

Bon® < (1—j4)* < n?,

the following estimate holds

H A?galﬁj) H s 0O e (‘T“)%) : (79)

Proof. In the following, C'(¢) will denote a generic constant depending on ¢. Let £ € N, [ € {—¢,...,¢} and
J €Z. Let

A =y (O)(L = )/ (Bn)?.

We will integrate on I'y :=I'y UTT" U I‘f (see Fig. 6), where, assuming that n is so small that 7 does not
intersect &,

F; = {A: *77+iy;*7T§y§ 77’7)\777,};
I = {Im(\)| = Ay, — Re(N), —n < Re(A) < A},
If = {A=-n+iy,n+ A, <y<n}
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residue P
at A=0 '

&
>y

I‘\I

Sy

FIGURE 5. Path of integration I" and T".

We have here

1
G(n,l,j) = % K/ +/ +/ )e/\"G,\(l,j)d)\] :I;+I{”+Il+. (80)
™ T mo It

Using Proposition 3.1, we get at once

1 1
IF| < —e™C(t —|dA
1< 5000 [ i,

so, since [\ > 7 on I'f, and [IF| <,

l
41 < e, (s1)

We consider now I7"*. Since Re(\) < A, and |A| > \,,v/2 > 7(£)o, we obtain, by applying Proposition 3.1,
. 1
7] < Ce Ol [

e Al
< C(K)Q|FT| ermn=Y(O)l=3]
ag
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Im(\)

A

™

s>l

FIGURE 6. Path of integration I'y.

So, since |T7"| < 2v2(A\ + 1) < 2V2(y(£)/B+1n) < C and —|l — j| < — , we have

(1—4)?
n
V2 (1 —4)?
I < C)— H(1 - pB)——>—)-
1 < 0% e (voa-nSL)
Since we can always assume that o < 1, we take § € (1,1/0).
The bounds on A;G(n,l, j) are obtained through the same computations. O
We now have to consider the case of small (I — j)?/n?, that is (I — j)? < o8n2.

Remark 4.2. Note that in this case, the following inequality holds

e < o~ M/2en(1=4)?/(200n)

e Case [l—j| < ¢
Let us consider at first the case of bounded n: we integrate Gy along I'y := 'y UTT UTJ (see Fig. 7),
where

Iy ={A=-n+iy,—nr<y<-n-o},
Iy = {[Im(A)| = 0 — Re()), —n < Re()) < o},
Ij ={A=-n+iyn+to<y<m}
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Im(\)

FI1GURE 7. Path of integration I's.

Using the same notations as in (80), we get at once, similarly as in (81),

151+ 11 < £

Since T'* € D(0,0) \ D(0,0/v/2), we apply Proposition 3.1 and we get

V2

(5| < C(f)— < C(O)e™,
g

because n is bounded. The claimed estimate follows from Remark 4.2.
Let us deal now with the case of large n: we integrate G, along I'g (see Fig. 8). Define now I'g := {\ =
—n+iy/ — 7 <y < w}. We thus obtain

mmmﬂ—RWJns%?/’am@SC@gm.

—T

We conclude by using once again Remark 4.2.
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Im(\)
A

Ty

FiGURE 8. Path of integration I'y.

The computations are the same for the bounds on A;G(n,!, j);
e Case |j| > £ > ]
Thanks to Proposition 3.1, we know that

d
[ertnar =3 [none,ni, iz (52)

2d
SN CCCL YRRy (83)

g=d+1

for A € D(0,0), so that we need only estimate each of the ||vg(X, 1)®4(A,7)|| for ¢ € {1,...,d} (resp.
ge{d+1,...,2d}) as j tends to +oo (resp. —o0).
For the sake of simplicity, let us now drop the superscript +: from now on, wg(A) and R,(\) will denote
an eigenvalue and an associated eigenvector of A*()), and a(w,) and 7(w,) will be the corresponding
eigenvalue and eigenvectors of F* (see Tabs. 1 and 2).
There are two cases depending on the limit of w, as A tends to 0 (see Tabs. 1 and 2), that is, whether the
characteristic corresponding to the eigenvalue a(w,) is entering or outgoing:
— Case ja(wg) < 0 (entering characteristic)
Recalling Tables 1 and 2, we see at once that, in this case, the index ¢ belongs to {1,...,pT} U
{d+p~,...,2d}. Thanks to Proposition 3.1, we know that the corresponding A — (X, 1)®4(A, 7) is
analytic for ¢ € {1,...,p" —w —1}U{d+p~ + w + 1,...,2d} and meromorphic in D(0,0), A =0
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Im(\)

FI1GURE 9. Path of integration I's.

being its only pole for ¢ € YT U Y™, so that

174 (A D@ (A, ) < % w(A), ¥ A€ D(0,0)\ {0}

Consequently, in the following, whenever the path of integration goes to the left-hand side of the point
A =0, a residue appears for g € YT U T,

The modulus of the associated eigenvalue |w,(0)|7 is strictly less than 1, that is, choosing x > 0, if we
take o to be small enough, we have, for A € D(0, o),

FIn(lwg(N)]) < =53]
Let us consider at first the case n < |j/a|: this artificial choice of bound is explained by the bounds
appearing in the case of ja > 0. Let € be such that that 0 < e < min(k|al,0)/2, so that our path of
integration

I3:=T5 Ul ury,

with T'5* := {|Im(\)| = ¢ — Re(N), —n < Re(A) < €}, is such that I'}* intersects {Re(\) = —n inside
D(0,0) (see Fig. 9). Using once again the notations of (80), we obtain

I3 | + I < C(0e™ ™.
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Noting that |\| > £/v/2 for A € T'3, we obtain
|G(n,1,j)| < CO)e I < C()erlaln/2,

No residue appears since A = 0 remains on the left-hand side of I'3. We find the right estimate using
Remark 4.2.

Let us consider now the case n > |j/a]. We integrate along I’y (see Fig. 8). Noting that
v\ D@ (N, 5| < C(0)e<lIl < C(¢), it is the same computation as in the case of || — j| < £
and large n: a residue appears in the terms corresponding to ¢ € YT U YT~. We conclude again by
using Remark 4.2.

Case ja(wq) > 0 (outgoing characteristic)

Referring to Tables 1 and 2, we know that wg(X) tends to 1 as A tends to 0, so that the index ¢ in
the integral (82) belongs to {p* +1,...,d}U{d+1,...,d+p~ —1}: Proposition 3.1 implies that the
corresponding A — v, (A, 1) is holomorphic in D(0, ), so that

[l DI < C(0).

Let us now drop the subscript ¢ and note a := a(w,) and r := r(w,). We derive an expansion of
In(jlw(A)|) = In(w(A)w(A))/2 from the expansion (38):

In(jlw(X)]) = _ReT()\) + % (Re()\)2 — Im()\)Q) +o0 (|)\|2) , (84)
where
o= i—? -1

Following the method of [27], let us change the initial path of integration I to I'y := I'j UH,, U I‘I,
H,, being the portion contained in Re(A) > —n of the hyperbola

“Re() + 5 (Re(N)? — Tm(\)?) = —do + A2, (85)

that intersects the real axis at

)\0 = ga if |£| <
= €, if € >¢,
= —e¢, if —e>¢,

where € is chosen small enough to ensure that H. intersects I'g inside D(0, o) (see Figs. 10 and 11).

These choices are carefully explained in [27].
We have the following expansion for A € Hy,

Re(\) = Ao — %Im(A)Q +O(Im(N) ), (86)
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Im(\)
A
0

i
r, 5
He 5

s

—n L /¢ o Re(\)
A
I
77'(' I
FI1GURE 10. Path of integration I'4,.
that leads to
Ci([Aol + [Im(A)]) < A < Ca([Ao] + m(A)]), (87)

where Cy and Cy are some positive constants. Using (87), we have for m € N\ {0}

IAI™ < C([Aol™ + Tm(A)[™). (88)
Recall that, if ¢ is negative, that is, if j/a < n, the path H,, lies in the left half-plane. But here, we
are dealing with A — v(\, )®(), j) that are holomorphic in D(0, o), so that no residue appears.
Using the notations of (80) for v(X,1)®(), j) instead of Gx(l, j), we obtain at once

(I |+ L] < C)e ™.
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Im(\)
A

Jr
F4b

FIGURE 11. Path of integration I'4.

Let us now focus on the integration along H,,. Remembering the behaviors (41) of the solutions
of (35) in D(0,0), we can write

[ < C(0) / eRen W (N |R(N)|[AA] + O / eReIn |y () o[
Hag Ty
: " A _ _
< C(é)/ P (1:3,%) h +0 (|)\|2> |dA| +w o / ego(n,],)\)|d)\|
on *ET HAO
= Jl + JQ, (89)
where

(1,4, A) = Re(A)n + j In(jw(A)]).
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Note that [dA| < Cl4, for some positive Cy and that, since |£| < €, we have

(1—-ao)

Q.

§n§(1+a0)%~ (90)

x Case [£]| < € (see Fig. 10)
Using (86), we get

pln, ) = n(Re(A) ~ &) +nt — L (£~ 5€2) +O(AP)

. 2
(i)
= —Zpm(\)2 - 222 L Lo(aP).
204Z a
a

Thanks to (88), we obtain

om0 < L (<2674 0(e) - L (Stm(¥)? + O(Im(n)?))
j € jim()?
STUM a M o1)

for some positive M, M'. Let us now denote by

J
= —n
a

£:=

n

the variable we expect to appear by comparison with the continuous case that is treated in [27]
for the shock wave setting and in [12] for the pure boundary layer one. Choosing o to be small
enough, (90) implies that there exists ¢ > 0 such that

€] < ce. (92)

Since |£] < €, we have

a M Ma2l Ma2n
a
£2
=N +n0(&%)
£2
< nom (93)

where M" is a positive constant.
Let us deal at first with the second term Jy of (89).
We get at once

Jo < C(0)w ! / e?(mba)|d ).
Hag
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The bounds given in (90) imply that there exists a positive v such that
w bl < cemm, (94)
so that (91) and (93) imply
Joy < C(E)e_'me_"g/Mﬁ.

Remark 4.3. Note that (94) is satisfied in the two cases on £ we consider.

Let us now deal with the first term J; of (89), we integrate the term of order 0 with respect to A.
£2 12 ] 2
/ e”("’j’)‘)|d)\| < e /M exp <_ly_) d
H)\O H)\O a M/

_ +
< oM “_M'/ T ey,
Vi )
\/ﬁ\/g S 04;

where Cy is a positive constant that does not depend on n nor on j. In conclusion, we get

. ]_ F2 4
eI |dA| = —=0 (€M),
.. 7

Using (88) for m € {1,2}, (91) and (93), we have

Using (90), we have

IN

/ AP (3N
A

0

- 1 +OO — . /
e / Cs (|€]™ + Jy|™)e—9v"/ (M) qy

oo

A

—+oo
< o (Jgme " @ [ et enigy ).

— 00
where C5 and Cg are positive constants.
Using the well-known inequality

|X|e_X2 < e—X2/27

we finally get

/ AN = 10 (=€),
n

2o

In the next case, we only develop the estimates of ¢(n,l,j), since the remaining computations
are exactly the same as in the case we just considered.

x Case [€| > €
We only treat here the case £ > € (see Fig. 11) because the case £ < —e is completely similar.



34 P. GODILLON

Using the expansion (86) and (88), we obtain

o(n, 4, \) = n(Re(\) — €) + <n f %) €+ %%62 +O(N?)

- —n%lm()\)Q + %O(|Im()\)|3) - % (962 + 0(63))

2
Im(\)?  j €
= M aM
() &
= -n M nM//'

We get the claimed estimates through the same computations as in the previous case.

5. NUMERICAL SIMULATIONS

We show here some numerical simulations that we obtained by considering a Lax 3-shock for the 3 x 3 system
of gas dynamics

pt + (pv)z = 0,
(pv)e + (pv® + (v = 1)pe), = 0

1 1
<_pv2 + pe> + <U <_pv2 + f}/pe)) B 07
2 , 2 .

where p is the density of the gas, v its velocity and e its internal energy. We take here the law of pressure of
the perfect gases:

)

P(p,e) = (v —1)pe.

The adiabatic constant « is larger than 1; physically, 7 is equal to 5/3 for monatomic gases and 7/5 for diatomic
gases. Taking the same notations as in [3], we have

p pv
w— pv Flu) = pv? + (v = 1)pe
=11 RO I
§pv2 + pe v <§p02 + ’ype>

T T
1 1 .
Let u~ = (p, T (v7)2 + pe) and ut = (p*,p*v*, 5;)*(1)*)2 + p+e+> two states of R? satis-
fying the Rankine-Hugoniot condition (H1) with null speed
ptvt —p v =0, (95)
pr Wt + (v = Dptet —p (v = (v =1)pTe =0, (96)

vt (%p*(v*)2 + 7p+e+) —v (%p‘ (v7)* + w‘e‘) = 0. (97)



GREEN’S FUNCTION POINTWISE ESTIMATES FOR THE MODIFIED LAX-FRIEDRICHS SCHEME 35

In order to be able to apply the modified Lax—Friedrichs scheme to the system u; + f(u), = 0, we change to

the conservative variables

1
R=p, V=pv, E=gpv*+pe,

and
\%
R 3—yV?2
v=|v | Fy=sw=| 2 R TOTVE
b 14 E,E‘ﬁ
r\" 2 R
We get at once
0 1 0
1=3V? _yY _
dF(U) = 2 G-mg !
v V2 B\ E (y-DV® V¥
R ) R e
The eigenvalues of dF(U) are
|4 Vv V
() = %~ eU), a(U) = %, as(U) = % +e(U),

where ¢(U) is the sound speed and is given by

We choose as associated eigenvectors

R R R
nW={ oy Y @) = | o | @)= | Y
Ter’yEfVc(U) IR 5 E+7E+VC(U)
The stationary discontinuity (U~,U™) is a Lax 3-shock, that is (H4) is satisfied with p™ = p~ = 3, so that
Vt+Rfet <0<V +R ¢, (98)
(99)

V- <0,

where c* := ¢(U?*). Consequently, plugging (98) and (99) in (95)-(97), we can completely define the end states
U® by three parameters (R™,r := R~/R*, V™) in the following way

R, Rt =r"'R",
Vo, Vvt=vT,
o =2+t ((V)2) gt =D+r+14+9G-1) ((V)2>
2v(y - 1) R= )7 2v(y - 1) R= )
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Density Momentum Energy

1

Initial data on w.

2

s o1
= .
s 0.05
5 o0
5 ~0.05
.‘_é'
200
™
5
jt
o
g
©
k=l
s
=

where

(see [3] for details).

Referring to Table 1 and to (41), we see at once that ®f = ¥, and that U(j) = ((;)7 (r; + O (wV)) as j
tends to —oo.

The algorithm is the following:

1.
2.
3.

4.

d.
6.

We choose the size N of the mesh.

We set the values of R~, r and V'~ and compute U=.

Having computed the eigenvalues of dF(U*), we set D = 1.1xmax(|a|,i € {1,2,3}) and 0 = 0.9/(2% D)
so that (H5) is satisfied.

We compute numerically a profile by iterating the Lax—Friedrichs scheme in conservative coordinates on
the step sequence U; = U~ if j <0 and U; = U~ if j > 1: the convergence is quite fast [13].

We choose the location of the initial data, I € {—N/2,..., N/2} and its direction V.

We solve numerically (9) with o = 0 and v§ = §;; V.

Let us consider the cases [ > 0 and [ < 0:

Case I > 0 in accordance with Theorem 1.1, in Figure 12, three waves propagate towards the shock with speeds

af, azr, agr since the three of them are negative. When the fastest one reaches the shock, i.e. the

one corresponding to af, a residue appears (see Fig. 13), and outgoing waves are emitted on the left
side with speeds a; and a, along the eigenvectors r; and r; . We cannot see clearly in Figure 12
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Component on w, Component on w, Component on w,
T T T
0.16 R
0.01 R
0.2 B
0.14 h
0.005 | 1 012+ |
0.15F R
0.1 R
0
0.08 R
0.1 B
0.06 - h
—-0.005 B
0.05} . 0.04F 1
-0.01 R
0.02 R
. . . . . . 0 . . .
-100 0 100 -100 0 100 -100 0 100

FicURE 13. Eigenspace associated to 1 in the canonical basis.

the waves that are emitted by the waves that are carried by 7 and r§ because they are damped by
the numerical viscosity and, besides, the scale of the residue is large and the waves are all the more
damped. No wave outgoes on the right since the eigenvalues af, a; , agr are all negative.

Case [ <0 Since all the eigenvalues of df(u™) are negative, no wave propagates to the right: all the waves are
in the left side of the mesh. Thus, since all the waves propagate along r;, r5 and r;, we chose
the three of them as a basis for the computations we show in Figure 14. We see that a single wave
propagates along the entering characteristic with speed a; > 0 until it reaches the shock; then, a
stationary residue appears (see Fig. 15 for the projection on each vector of the basis (r{,r5 , 75 ) of
the eigenspace associated with 1), along with two waves propagating to the left with speeds a; < 0
and a; <O0.

In order to compare the numerical results to our expectations a time step at a time, we resume our study with

6. We compute the residue up to a multiplicative constant by iterating the linearized scheme (8) from —3N/4
to N/2 on the initial data U(—3N/4) = (¢5) 3N/ 4y
7. We compute the Gaussians through the formula given in Theorem 1.1.

Movies displaying the evolution of the Green’s function with respect to time are available at
http://www.umpa.ens-lyon.fr/ pgodillo.

Acknowledgements. 1 would like to thank Emmanuel Grenier for suggesting this problem to me and answering my nu-
merous questions, Frédéric Rousset for many fruitful discussions and Kevin Zumbrun for his advice and encouragements.
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Componenton .

2

Componentonr,

3

c
© 0.1 0.1 0.1
8
3 0.05 0.05 0.05
8
Z 0 0 0

500 0 100 500 0 100 500 0 100

n o —1qo 0 -100 0 -100

\LN
5 0.04 0.04
8
8 0.02 0.02
8
= 0 0

500 0 100 500 0 100

0 -100 0 -100

\Lﬂ’)
S 01 0.1 0.1
8
8 0.05 0.05 0.05
8
= 0 0 0

500 0 100 500 0 100 500

0 -100 0 -100

FIGURE 14. G(n,—41,j) displayed on the basis

Component on rI

Component on r;

(risr9,73):

Component on r;

0.35 | | | 0.35} | | | 0.35} | | 1
0.3} 0.3 0.3fF 1
0.25 0.25} 0.25} 1
0.2 0.2f 0.2F 1
0.5} 0.15} 0.15} 1
0.1 0.1f 0.1f 1
0.05 0.05} 0.05} 1
L N AN )

-100

0
j

100

FIGURE 15. Eigenspace

-100

0

100

-100

0

100

associated to 1 in the basis (r{, 75,75 ).
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