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From the Newton equation to the wave
equation : the case of shock waves

Xavier Blanc*& Marc Josien'#

May 11, 2016

Abstract

We study the macroscopic limit of a chain of atoms governed by the Newton
equation. It is known from the work of Blanc, Le Bris, Lions, that this limit is the
solution of a nonlinear wave equation, as long as this solution remains smooth.
We show, numerically and mathematically that, if the distances between parti-
cles remain bounded, it is not the case any more when there are shocks -at least
for a convex nearest-neighbour interaction potential with convex derivative.

1 Introduction

Motivation We investigate here the macroscopic limit of the time-dependent New-
ton equation ruling the evolution of a set of particles at the microscopic scale. We
perform our study in a simplified context: the particles form a one-dimension chain
and we suppose that the interactions between the particles are nearest-neighbour
interactions. It has been proven in [6] that, when the potential is convex, this system
tends to a wave equation, provided that the solution of this wave equation is regular.
However, non-linear wave equations are known to develop shocks in finite time. Our
aim is to examine how this phenomenon impacts the convergence of Newton equa-
tions to wave equation.
Consider 2N particles, indexed by j € [[-N, N — 1]] and with positions X; which in-
teract through the Newton equation, for j € [-N+1, N - 2]

dz ! /

%Xj(t) =W (Xj () -X;(0)- W' (X;(6) - Xj—1(D), (1)
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where W is the interaction potential. Throughout the article, we assume that W is
even. The initial and boundary conditions are:

Xit1— X;(0) :¢x(i) and 2 x,(0) = ¢ (i) )
J+ ] 0 N dt ] 0 N ’
X_n(t) = N¢;and Xn(f) = No,. 3)

We introduce the following rescaling:
t=Nr, Jj=Nx.

The time ¢ is the microscopic time while 7 is the macroscopic time. Then, the semi-
discrete equation (1) is consistent with the wave equation:

07 (1, %) = 0x [W' Bxp(7, )], 4)
with initial and boundary conditions:

041 =0,x) = ¢y (x) and 0: (7 = 0, x) = Py (x), (5)
¢, ~1) = ¢; and ¢(z,1) = ¢,. (6)

Remark 1. It is worth pointing out that the natural variables in the hyperbolic sys-
tem (4) are 0;¢ and 0,¢, in the sense that:

o orn )= "os” )

which is a p-system (see [26], p 127-131). We therefore introduce their discrete ana-
logues:

dX;
Uj:X]'+1—X]' and V]:W

Remark 2 (About inversion). One could a priori think that (1) may lead to some in-
versions of atom positions, especially when shocks occur (see [8]). Put differently,
one could have X;1(f) < X;(#) for certain  and j, even if X;(¢ = 0) was increasing.
This would question the physical relevance of (1), for the j-th particle is supposed
to interact with its nearest neighbours (which are the j —1-th and the j + 1-th parti-
cles if and only if X; is monotone). However, numerical simulations show that, for
many interesting initial conditions (including many of those that lead to shocks),
such inversions never occur. We therefore assume throughout the article that con-
dition X;(#) < X;4+1(#) holds for all ¢, j.

In the regular case and if W is convex, it has been proven in [6] that (1) converges
to (4) in the following sense:



Theorem 1.1. Assume that W € €*R), and that W" = a > 0. Suppose ¢; = —1 and
¢r = 1. Assume that ¢ € €; (€;) is a solution to (4) for the initial and boundary con-
ditions (5) and (6). Let X(t) be the unique solution to (1) for the initial and boundary
conditions (2) and (3). Then we have the following convergences:

1 i
VT el0,T], su —X;(N1) - (T,—)‘ — 0, (7)
—NsispN—l N ¢ NJ| N—oo
vrelo, Tl X Ny -0 ( l)‘ 0 8)
€ ) ) - - y o - .
i —N:?spN—l dt ’ Td) ! N )| N-oco

Remark 3. Theorem 1.1 is not stated in [6] for the initial condition (2), but with:

I X de T ]
Xj(t=0)=N . Py (x)dx and 7([:0):%(&).

As easily seen, its proof however also applies to the initial condition (2).

When W is convex but not quadratic, even if ¢pj and ¢ are smooth, shocks gen-
erally occur in finite time for solutions of (4). By shock, we mean that the solution
¢ of (4) becomes irregular (see [26] for examples). An interesting question is what
happens after such shocks for the discrete system (1), and in particular if there is still
a link between (1) and (4). To answer this question, we will consider Riemann-like
initial conditions, as is customary in the study of hyperbolic systems.

Let us underline that (1), which can be seen as a semi-discrete numerical scheme, is
taken for granted, as it comes from a physical model. Some authors take the opposite
way, and modify given schemes (adding viscosity for example) in order to go from the
discrete system to the continuous one (see [22]), or to help the numerical computa-
tion of hyperbolic systems ([29]).

Let us also mention that their exists a quite detailed study on discrete systems ruled
by (1) in the particular case where:

W (u) = exp(—u). 9)

In that case, called the Toda lattice (see [14], [18], [30], [31]), the discrete Hamiltonian
system is completely integrable: this allows for a detailed description of the solu-
tions. It is well-known that (4) does not describe well the limiting system and that the
solutions are dispersive waves. This is linked with Lax pairs, and helps to make the
connection with the Korteweg-de Vries equation (see [20]). We will not investigate in
this article this particular case, which is, in our understanding, closely linked with the
special structure induced by the potential (9). We shall however demonstrate that the
solutions associated with more general potentials globally display the same features
as the dispersive waves of the Toda lattice (see Section 5).



Numerics In order to have a better understanding of (1), we perform some numer-
ical experirnents To do so, we use a Verlet scheme (see [21], p 111) on the variables

Ujand Z; : U] . More explicitly, we simulate:

Un+1/2 Un 5th’
+1/2 _ ot / +1/2 ! +1/2 ! +1/2
2=z {w o) - (o) v (op37)

Un+l U”+5th+l/2 (10)

Zn+1 Zn L5t (W’ (U]n++11/2) oW (U;z+1/2) T W (U];?jll/z)) ,
where X ]” is an approximation for X;(né ). We take an initial condition correspond-
ing to a Riemann problem or a smooth initial condition that develops shocks in finite
time (for the sake of simplicity, we only use Riemann problems for illustrations in this
article). The crucial feature of (10) is that it preserves the Hamiltonian properties of
(1) (for (10) is symplectic). The error we make on U; in L% norm is of order O(NT&t)
(see [17] p13), where T is the final macroscopic time of simulation, which allows to
simulate (1) for a reasonably large number 2N of particles (N =~ 10%), and thus to have
a fair experimental knowledge of the system (1).

Outline of the article In Section 2, we introduce the notations and collect some
classical facts about (1) and (4). In particular, we focus on the initial and boundary
conditions, that are supposed to mimic the Riemann problem. We also focus on the
natural energy of these systems.

In Section 3, we state and next illustrate our main results. We focus first on the simple
quadratic potential W (u) = u?/2 and claim that the convergence of (1) to (4) is true
for a large class of initial conditions. This is proved in Section 4. Then we examine
the case where both W and W' are strongly convex. We show that, if the distances
between neighbouring particles remain bounded and if the energy of the continuous
system (4) is not preserved, solutions of (1) do not converge to solutions of (4). It is
based on the fact that the system (1) displays the property of light cone: the perturba-
tions propagate with a finite speed at macroscopic level. This is proved in Section 5.
We state next a conjecture about a uniform bound on the distances between particles
of the system (1), that we justify with numerics and that we question through a study
of the linear case. This conjecture is motivated by the fact that the assumption of
boundedness of the distances between particle is a major assumption in every result
of Section 5. We discuss it in Section 6. Finally, we state that discrete shock waves do
not exist, either when W (w) = % or when W’ and W” are strictly convex. It is proved
in Section 7.



2 Preliminaries

2.1 General notations

Let g € [1,00]. For Y}, with j € [[-N, N - 1]], we denote by:

_ 1/q .
1) s { =) ifg <o,
lj . 0 if a0 =
maX;e([-N,N-1]] |Y]| lfLI—OO.

We denote by 6, the set of piecewise continuous functions on [-1,1], and %; the set
of piecewise continuous functions on [-1, 1] that have piecewise continuous deriva-
tives. We use the subscript per for functional spaces to indicate that we intersect
these spaces with the space of 2-periodic functions. We use the subscripts x, 7, ¢ for
functional spaces to indicate that these spaces have their variables x in [-1,1], T in
[0, T, respectively ¢ in [0, NT]. For example:

H} (6):= H' (10, T],¢(-1,1])).

2.2 Initial data and boundary conditions

In the present article, we mainly use Dirichlet boundary conditions. They have the
advantage of being consistent with Riemann problems. In Section 6, we will also use
periodic boundary conditions for technical reasons; more specifically, when the po-
tential W is quadratic, it allows for an explicit resolution of (1).

We say that (1) (respectively (4)) is set with Dirichlet boundary conditions if (2) and
(3) (respectively (5) and (6)) are satisfied, with ¢, ¢ € €, and ¢;, ¢, € R being com-
patible in the following sense:

1
f1¢g(x)dx=¢r—¢z, $1(=1) =0, G =0. (D)

We say that the system (1) is set with periodic boundary conditions if (1) is satisfied
for all j with the convention that Xy,; = X_n+;. The associated initial conditions
are (3) with ¢, ¢ € €, such that the compatibility condition:

1
f pT)dt=0
-1

is satisfied.



2.3 Hypotheses on W

We suppose that W is €2 and strongly convex:
W'za>0. (12)

Indeed, this assumption implies that (4) is a strictly hyperbolic system (if not, the
theory for (4) is far more complex). A very particular case is when W is quadratic:

2
W =L (13)
2

When we consider a non-quadratic potential, we also assume that W is € and that
W' is strictly convex:

w" >o. (14)

Let us emphasize that (4) is genuinely non-linear when W’ > 0 (see [26] p 113 and
p 127). We speak about the linear case (respectively the nonlinear case) when (13) is
satisfied (respectively when (12) and (14) are satisfied). The terminology may seem
ambiguous, but it is justified by (4), which involves W’ and not W'.

The convexity (12), and a fortiori (14), is obviously a strong and non-physical sim-
plification, as a physical potential should be even (and non-constant even potentials
with other minima than 0 cannot satisfy (12) on R). For example, our results do not
directly cover this “quadratic” potential:

W(u) = (Jul-1)>. (15)

Our numerical experiments suggest that for given initial conditions, the distances be-
tween particles is bounded from below and from above (see Remark 2 and Section 6).
Hence one can require (12) or (14) to be true only on the corresponding intervals. For
example, if we know a priori that the order of the particles is preserved, one can apply
our results with the potential (15).

2.4 The discrete system

Notations For the discrete system (1), we denote:
dX; dU;
Vj(t):W(t), Uj(t) = Xj+1(0) — X;(1), Zj(l‘)=7(t)-

Remark 4 (Dependence on N). X; and the other discrete quantities implicitly depend
on N. When necessary, we write X ]N LU ]N , et cetera.



The correspondence between the discrete system and the continuous system in
encoded in the following notations:

kN (x) := INx],
ON(x):= Nx— kN (x),
1-6N(x) oV (x)
O (1,%) = — X (D N — = XN (41 (D),
N, x) = 0,0 (1,0 = [(1- eN(x)) XkN(x)+0 0 XkN(x)+1 (0,

d
&N, x) = = X (-

Remark that d;¢" is the linear interpolation of Vj, and is therefore not equal to
&N(1, x), which corresponds to V(). In any case, we extend the functions oV, &N
by continuity with constant branches on | —oo,—-1] U [1, +oo[. For example, we have
o(x)=¢;if x<-1.

Properties of the discrete system The discrete system (1) is an Hamiltonian system,

with the energy:
-1

1
Ep(t) := 2N Z Vz(t)+— Z W(U;(1). (16)
The energy (16) is the total mechanlcal energy of the system. The kinetic energy is
the first term and the potential energy is the second term. Either in Dirichlet or in
periodic setting, an elementary calculation shows that the discrete energy &p is pre-
served:

d
aéf’p(t) =0. (17)

As a consequence, the energy (16) being convex, a direct application of the Cauchy-
Lipschitz theorem implies that (1) has a unique solution for every time ¢ € [0, +ool,
provided W satisfies (12). For later purpose, we define the notion of discrete com-
patibility.

Definition 2.1 (D-compatibility). We say that T > 0 is D-compatible with ¢ and ¢;
if there exist 6 > 0 and C > 0 such that:

|0xp™N (T, %) -3 (-1)| =CN! Y(7,x) €[0,T] x [-1,-1+6],
0™ (7,0 —p3 (V)| <=CN~! V(r,x) [0, T] x [1-6,1],
and 0,¢" converges uniformly to 0 on [0, T] x {[-1,-1+8]U[1-6,1]}, as N goes to
infinity.
D-compatibility means that the solution of (1) is almost not perturbed near the
boundary x = —1 and x = 1, until time 7.



2.5 The continuous system

Let T > 0. Following [26], p 28, we say that ¢ € WTI;C>o is a weak solution of (4) with
initial conditions (5) if, for all g € €°(] — oo, T[x] —1,1]):

T prl 1
fo f l{éng' (0x¢p) — 0,80, ¢} (r,x)dxdT = f 1g(o,x)gbg(x)dx, (18)

T pl 1
fo fl{axga,¢—a,gax<p} (T,x)dxdr:flg(O,x)d)g(x)dx. (19)

We say that a weak solution ¢ of (4) is an entropy solution if it also satisfies in the
weak sense (see [26], p 82):

igc(-[) <0, (20)
dt

where &¢ is the continuous energy associated with ¢:

111
&c(1) :f {5 (0:0)" + W(dxcp)} (1,x)dx. 1)
-1
We are interested in weak entropy solutions ¢ of (4) satisfying
&Ec(T) < &c(0). (22)
Shocks satisfy (22). We recall now the definition of the Riemann problems:
Definition 2.2 (Riemann problem). Let u;, u,, vy, v € R, and:

xpn._ ) W ifx<0, e | v ifx<o,
CPo(x)-—{ u, ifx=0, CPo(x)-—{ vy ifx=0.

Solving the Riemann problem associated with (u;, ur, vy, v,) consists in finding ¢ an
entropy solution of (4) on [0, T| x R with initial conditions (5).

(23)

This is the classical Riemann problem. However, it is possible to use weaker as-
sumptions on ¢; and ¢, that simulate what we call a boundary Riemann problem.
This second definition is more flexible and allows to work with a very large class of
initial conditions (for example, smooth initial data that develop discontinuities in
finite times, in system (4)). Namely:

Definition 2.3 (Boundary Riemann problem). Letu;, u, € R?, and:

xeon . | our ifx<-=1/2, ron .| 0 ifx<-1/2,
(Po(x)'_{ ur ifx>1/2, ¢°(x)'_{0 ifx>1/2,

without further requirement on ¢y and ¢ between —1/2 and 1/2. Solving this bound-
ary Riemann problem consists in finding ¢(t,x), entropy solution of (4) with ini-
tial and boundary conditions (5) and (6), and X(t), solution of (1) with initial and
boundary conditions (2) and (3), with ¢; and ¢, being constant so that (11) is satisfied.

(24)

8



We impose ¢ to vanish near the boundary in the boundary Riemann problem
(24) so that ¢; and ¢, are constant; this is useful to avoid some technicalities about
boundary conditions.

The solutions of the Riemann problem (23) are combinations of rarefaction waves
and shock waves. One does not change the solution of (4) (for T sufficiently small) if
one restricts ¢ to x € [-1,1] and solves (4) with Dirichlet boundary conditions (6).
For example (see [26], p 127-131), if u, > u; and if the following Rankine-Hugoniot
condition is satisfied:

vr— v =0 (Ur — up) and W'(u)-W'u)=0ow,-v), (25)
then the entropy solution of the Riemann problem reads as:

u ifx<-ort
u, if-or=x

v, ifx<-ort
v, if-or=x

)

ax(/)(T; x) = { ) a‘[(p(o) -x) = {
and satisfies (22). We are interested in boundary Riemann problems. As a conse-
quence, we focus on weak solutions ¢ € WTI,',‘C>o of (4) in the Dirichlet setting that can
be continued by a constant on the right and on the left:

Definition 2.4 (C-compatibility). Let ¢ and ¢ € 6y, ¢; and ¢, € R satisfying (11).
Assume that ¢ is an entropy solution of (4) on [0, T x [—1, 1] with initial and boundary
conditions (5) and (6). We say that T is C-compatible with ¢j and ¢y if there exists
0 > 0 such that:

(0, T1 x [-1,-1+61) = {p;} and $([0,T1 x [1-6,11) = {¢,}. (26)

If T is D-compatible and C-compatible with ¢ and ¢j, we say that it is DC-
compatible. Basically, DC-compatibility provides a strong control on the solutions
of (1) and (4) near the boundary x = —1 and x = 1, until time T.

For the linear system, we have the following theorem of existence and uniqueness
(see Theorem 3 p 384 and Theorem 4 p 385 of [15]):

Theorem 2.1 (Existence and uniqueness in the linear case). Let ¢, ¢} € 2. Suppose
thata,b e ‘6%, and a = ay > 0. Then, there exists one and only one solution ¢ € HT1 L lo:

02 (1, x) = 8 (a(x)0xp(T, X) + b(x)),

with initial and boundary conditions (5) and (6). In addition, the energy é’c of the
system is preserved:

a(x)

- 111
& = fl {5 (0:0(7,%))" + — (0507, 1)) + b(x)0P(T, x)} dx.
It is clear that this energy extends the above definition (21).

9



2.6 Discrete shock waves

Definition 2.5. We say that X;(t), j € Z,t € R+, is a discrete shock wave of (1) asso-
ciated with (u;, u,) € R?, u; # uy, if Xj(t) satisfies (1) and if there exist ¢ € €*(R) and
¢ € R such that:

Xi()=¢p(j—cp) VteRy,VjezZ,
JClir_n ¢’ (x) = uy,

. ! _
im0/

The definition implies that:

P (x) = W (p(x+1) — p(x)) = W' (p(x) — p(x - 1)). 27)

3 Results

We state here our main results and illustrate them with some numerical results.

3.1 Thelinear case

When W (u) = u?/2, one observes that ¢V converges in HT1 . to ¢. One can even see

that for regular initial conditions, this convergence seems to hold in every WTI, P This
is illustrated by Figure 1:

Figure 1: Comparison between 0 x([)N (black curve) and 0,¢ (red curve) for Riemann
shock initial conditions. W (1) = %, N = 10000, 7 = 0.3,

24
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We prove this convergence in a generalized framework, where the quadratic po-
tential W depends not only on u but also on x:

Theorem 3.1. Let T >0, ¢;, ¢, € R, ¢y and ¢f € 6, satisfy (11). Assume that:
1 2
Wi(x,u) = EA(x)u + B(x)u.

with A, B € €} and A satisfying:
Aza>0, (28)
for a a given positive constant. Consider the solution X ]N (1) to:
d—ZXN(t)—O wlL oV -a.w[L=LuN (29)
T A VYA LN T

orall j € [-N+1,N-2]] for the initial and boundary conditions (2) and (3). Then the
J ry
associated c/)N converges:
oY — ¢inH!

7,X’
N—+o00 ’

where ¢ is the unique solution of:
02(T, x) = 0y (0, W (x,0,p(1, X)), (30
for the initial and boundary conditions (5) and (6).
It has a direct corollary:

Corollary 3.2. Let T >0, ¢;, ¢, €R, ¢ and ¢j € € satisfying (11). Assume that W
satisfies (13). Let ¢ be the solution of (4) for the initial and boundary conditions (5)
and (6), and X]N be the solution of (1) for the initial and boundary conditions (2)
and (3). We have the following convergence:

o — ¢inH;,.

N—+o00o
Remark5 (Less restrictive assumptions). For both Theorem 3.1 and Corollary 3.2, itis

sufficient to assume that ¢ and ¢f € I2 aslongas X ]N satisfies the initial condition:

. p .
X;41(0) = X;(0) = dp™ (r =0, %) and —X;(0) = 0, (r =0, é) ,
such that:

0,pN (T =0,.) — ¢ in L%, EN(T=0,) — ¢p in L2

11



3.2 The non-linear case

If the potential W is convex but not quadratic, when there is a shock, we observe on
numerical simulations that d,¢" does not converge strongly to the associated 0.
It does not even converge weakly. Actually d,¢" oscillates with a high frequency and
an amplitude that does not decrease when N grows. We believe that this situation is
generic for basically any potential such that W’ is not affine on the zone where U;
evolves. We can to prove this non-convergence, under the extra-hypothesis that W’
is strictly convex, and under the assumption that the distance between particles U JN
is bounded uniformly in N, j and ¢ € [0, NT] (the latter assumption is discussed in
Section 6).

We illustrate this non-convergence with Figure 2 comparing 0,¢" and 0,¢. Remark-
ably enough, even if there are large oscillations, let us remark that distances between
particles remain bounded. We check numerically that d,¢" coincides with d,¢ out-
side a region of space away from the shock that grows linearly in macroscopic time;
this property is known for Toda lattice [18]. It is also known that the Korteweg-de-
Vries equation [20] has a similar behaviour.

Figure 2: Comparison between d,¢" (black curve) and d,¢ (red curve) for Riemann
shock initial conditions, and a non-linear potential. N = 5000, T = 0.075, W (u) = %6.

26
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Theorem 3.3. Let W € €°([a, b)) satisfy (12) and (14). Assume that by b € %;yx and
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o1, ¢, €R satisfy (11) and (24), for u;, u, € R. Let Tp > 0.
Let XJI.V (t) be the solution of (1) for the initial and boundary conditions (2) and (3).
Suppose that:

U]]-V(t)E[a,b] Vjel[[-N,N-1],VN >0,V € [0, NTp]. (31)

Then there exists a D-compatible T < Ty.
Assume that ¢ € WTI;’O , is an entropy solution of (4) for the initial and boundary con-
ditions (5) and (6), that T is C-compatible and that there exists T\ < T satisfying:

Ec(Th) < &c(0). (32)
Then ¢V does not converge to ¢ in the sense of distribution in space and time Dy .

Remark 6 (Entropy solution). In Theorem 3.3, we only compare ¢" to the entropy
solution ¢ of (4). We think that ¢V cannot converge to any weak solution of (4).
Indeed, if ¢ converges to ¢, which is a solution of (4), Lemma 5.2 below implies
that 0,¢N converges strongly to d,¢. But numerical experiments show that d,¢~
oscillates too much so that it cannot converge strongly to anything: this justifies our
conclusion.

Remark 7 (Reversibility). (1) is a reversible system, but (4) is not when shocks occur,
whereas both systems are reversible as long as the solution ¢ of (4) remains smooth
enough. In the first case, the discrete system does not converge to the continuous
one (Theorem 3.3), but it does in the second case (Theorem 1.1).

Remark 8 (Convergence breakdown). Suppose that W satisfies (12) and (14). Let ¢
and ¢ be smooth functions. Define X N and ¢ as in Theorem 3.3. Suppose that there
exists a DC-compatible T > 0 such that &:(T) < £¢(0) -in other words, a shock oc-
curs. If Conjecture 3.5 above holds for initial data ¢ and ¢y, it leads to the following
paradoxical situation:

1. until a certain time Ty < T, ¢(7,.) is sufficiently smooth, so that Theorem 1.1
applies. Thus:
N — ¢pin € (10, To) x [-1,1]),

2. applying Theorem 3.3, we get that ¢ does not converge to ¢ in D'([0, T}] x
[—1,1]) as soon as Ec(T7) < Ec(0).
Therefore, shocks break the discrete-to-continuum convergence of (1) to (4).

It is immediate to see that (1) instantly propagates perturbations in the discrete
system. It can be proven by linearizing (1) and assuming a small perturbation € on a
fixed jo-th particle:

dXx; aXx;
L0)=—2(0).

%(0) = X J —.
X;(0) = X;(0) +€d/ — T

13



We assume that both X; and X j satisfy (1). Integrating iteratively (1) for small time
At, we get (for j > 0) at leading order in € (the proof of this formal expansion is in the
spirit of the proof of Proposition 5.1 below):

Ap)2i -l
((2;)! ,EO W (Ujo+k(0)).

However, on the macroscopic level, this propagation has a finite speed. This paradox
is due to the fact that the influence of perturbation on xj at #, decays exponentially
outside a cone |x—xy| < c|t — fyl. Itis noticeable that this light cone property is an im-
portant feature of hyperbolic systems. It is however a key ingredient to prove that (1)
does not converge to (4).

We formalize the fact that perturbations of the discrete system propagate with a

finite speed on the macroscopic level by the following theorem:

Xip+j(AD) = Xjprj(AD) =€

Theorem 3.4. Let W € €2(R) satisfy (12). Let T > 0. Assume that X]N (t) and X]N 63)

satisfy (1), for j € [[0,N — 1]}, ¢ € [0, NT], with right boundary condition X3y = XN =
N¢,. We denote by:

%N(t):%)?;v(t), TN :=XN,0-XN .
Suppose that
XNe=0=X=0)¥jel,N-1],
vit=0)= VN(r=0)Yjelll,N~-1].

Assume that there exists C € R, such that, VN > 0:

N-1 N lN—l N 2
sup| Y- w(uN)+5 Y (Vi) |=cn, (33)
t€R+ ]:0 2 ]:0
and:
K= sup |W"w)]|<+oo, (34)
ueluy, uz
where:
Uy = inf min(UN @), 0N |},
= {min(UN @), 0F ()}
jel-N,N-11],
te[0,NT]
Uy = sup {max(U]].V(t),ﬁJI-V(t))}.
N>0,
jel-N,N-1]],
te[0,NT]

14



Letc= exp(2)\/f. Let x €]0,1[. Then, forallt < %, we have:

lim {N sup ‘UN(t)—UN(t)‘ -0, (35)
N—+oo 0<r<NT, J !

j>Nx
lim  sup V]N(t)—VjN(t)‘:O. (36)

N—+00 /oy,
j>Nx

Figure 3: Light cone on the surface (t, U]].V (t)), for Riemann initial conditions corre-

. . . 6
sponding to a shock wave, for a non-linear potential W (u) = %

Uj

A few remarks are in order:

Remark 9. The speed c¢ in Theorem 3.4 is not optimal -we see it from numerical
experiments- but it has the same order as the natural speed of (4), given by (25). For-
mally:

W' (uy) — W' (uy)
Ur—u; '

exp(Z)\/Eoc sup \/IW”(u)Ioc\/

uelug,uy]

The above formal calculation is exact when W is quadratic.

Remark 10. Assumption (34) of Theorem 3.4 is automatically fulfilled if there exists
a, B € R such that « < W (u) < 8,Vu € R. This is the case when the potential W is
quadratic. However, such a bound cannot hold if W' is strongly convex: one needs to
know a priori that the distances U ]N between particles is bounded uniformly in N.

3.3 Uniform LY (l;’o) bound

Most of the results we are able to prove in the non-linear case require the assump-
tion that, for given initial data, the distance between particles remains bounded uni-
formly in N (that is, (31) is satisfied). We have not been able to prove that this as-
sumption is fulfilled. We formulate the following conjecture:

15



Conjecture 3.5. Suppose that W € €%(R) satisfies (12). Assume that ¢y and ¢ € C€;y .
Then, there exist T > 0 and a < b € R depending only on W, ¢j and ¢, such that, for
X (1) satisfying (1) for the initial and boundary conditions (2) and (3):

aSU]N(NT)Sb, Vjell-N,N-1],VNeN,VT€[0,T]. (37)

Note that in the case of Riemann problem (23), the initial conditions satisfy the
hypotheses of Conjecture 3.5. We checked Conjecture 3.5 numerically for a large set
of piecewise smooth initial data, with potentials of the form W (u) = Au" + Bu?, Y>2,
A, B € Ry+. When ¢ is sufficiently smooth, Conjecture 3.5 can be proven (by Theo-
rem 1.1).

Let us point out the fact that it seems necessary to require some smoothness
on the initial conditions in Conjecture 3.5. In other words, one cannot hope that,

for ij_v solution of (1), for given T > 0, H U]N”loo is controlled by H U]N(t =0) ”loo and
it J

H VjN (t=0) H oo uniformly in N. Indeed, we can prove the following proposition:
j

Proposition 3.6. Let W (u) = ”72, and 1y > 0. There exists a sequence of initial condi-
tions UN(t = 0), VV(t = 0) such that, for X ]N (t) the corresponding solutions of (1) with
periodic boundary conditions, we have:

N—oo

”U].V(t:O)“ <1, HV?V(t:O)" <1, ”U]-V(NTO)“ —~ +oo.
J % J [ J %

J J J
The following plot shows the explosion:

Figure 4: Successive pictures of U;(N7t). N=1000,7=0,0.08,...,0.4
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3.4 Non-existence of discrete shock waves

A natural question is whether or not there exist non-trivial discrete shock waves for
the Newton equation (1). Should such discrete progressive waves exist, one could
expect that they would describe an important feature of the limit of (1) system when
N — +oo. Unfortunately, we prove that discrete shock waves do not exist, even when
the potential is quadratic. More specifically, we prove the following propositions:

Proposition 3.7. Suppose W satisfies (13). Then there exist no discrete shock wave
for (1), in the sense of Definition 2.5.

Proposition 3.8. Suppose W satisfies (12) and (14). Then there exist no discrete shock
wave for (1), in the sense of Definition 2.5.

Remark 11. It is straightforward from the proof that there does not exist any other
discrete wave than the constant ones in the linear case. In the non-linear case, we do
not know if there exists solitons, that is X; () satisfying Definition 2.5, with the slight
modification that u; = u,.

4 The linear case

When the potential is quadratic, the corresponding wave equation (4) is linear. Its
characteristic lines do not cross, therefore, when the initial conditions are regular,
shocks never occur. Furthermore, the energy is preserved: the continuous system (4)
is thus conservative, as the discrete one (1). This is the reason why the discrete sys-
tem naturally tends to the continuous one, and we show it with simple arguments,
essentially using weak compactness of HT1 - This extends the result of [6].

Let us prove Theorem 3.1. We first prove that the discrete energy is preserved:

Lemma 4.1. Under the hypotheses of Theorem 3.1, the following generalized discrete
energy is preserved:

B N-1 k 1 N-1
Elw= Y W(N;Uk(t))‘FE Y (Vi(@)?. (38)
k=—N k=—N
Proof. Using (1), we get that:
d =N ]\il k ]\il A2
—&p (1) = {auW(_»Uk) (Vi 1—Vk)}(t)+ {Vk_Xk}(t),
dr P k=—N N v Py T 7
N-1 k
=) {auw(_»Uk) (Vk+1—Vk)}(t)
k=—N N
N1 k k-1
+ Vk(a W(—,Uk)—a W(—,Uk_ ))}(I)
k:;V+1{ ! N ! N 1

17



Reorganizing the sum, we obtain:

a - N-1
—é"g(t) = {%W(—, UN—l) VN=0,W(-1,U_n) V—N} (1).
dat N
Yet, as (3) is satisfied, we have Vy = V_p = 0. Therefore:
d -
—&Nm =0,
1D (1)
which implies the desired result. O

Next we prove that (29) is consistent with (30):

Lemma 4.2. Under the hypotheses of Theorem 3.1, we have the following convergences
forallg e €° (1 —oo, T[x]—1,1]):

f f {0:80uW (x,0.¢") - 0:80:9"} (1, x)dxd7

—flg(O,x)(/)S(x)de* 0, (39)

—+

T 1 1
fo f l{axng—aTgax(pN} (t,x)dxdt — f lg(o,x)</>§(x)dxN—»Ooo. (40)

—+

Proof. Itis easy to prove (40) by an integration by parts:
T pl
f f {0,80,N -0, 80,¢p™} (r,x)dxdT
0o J-1
T pl 1
—f / {gaxaT¢N—gaxaT¢N} (T,x)dxd’l’+f 2(0,x)0,¢N (0, x)dx
-1

f g(0, X)) (x)dx.

N—>+oo

Before proving (39), let us introduce the operators:

Dl‘\,:f(x)HN(f(x)—f(X—%)) Diy: f(0)— N(f(x)—f(XJr%)),

which are adjoint of each other.
We integrate by parts:

f f {axga W(x’ xp ) 0:80:¢ }(T,x)dXdT
= f f 10,80, W (x,0,0N) + go?¢"} (z, x)dxd
0 -1

1
+f g(0,x)0:¢™ (0, x)dx. (41)
-1

18



It is clear that:

1 1
f 2(0,x)0: ™ (0, x)de—> f g(0,x)¢py(x)dx. (42)
-1 -1

—+00

We focus on the other integrals. By definition, if xe [-1+1/N,1-1/N]:
2

d
029" (1,20 = N (1 -0 00) Xy + 0V (0 Xy 1) ()

_ kN (x) kN (x)
:(I_HN(X))DN{A(T)UkN(x)(t)+B( N )}

kN(x)+1)}

N
+ 9N(x)D;V{A($) Upn (41 (D) + B(

_ kN (x) kN (x)
_ N N
=(1-6 (x))DM{A( )dx(p (T,x)+B( )}

kN(x)+1)}
— I

N
+9N(x)D1_\,{A($)ax(pN(r,x+ 1/N) +B(

Remark that Di and 0V commute, in the sense that:

DE{ON ) f0)} =0V ()DL {f(x)}.

Hence:

NV (x) NV (x) ))
N N

kN(x)+1)

a2pN (1, x) :D;\,{ (1-6"(x) (A( )ax<pN(r,x) +B(

kN(x)+1)

+0N(x) (A( 3, (1, x+1/N)+B

L

if [x| < 1-1/N. We assume that N is sufficiently large, so that Supp(g) < [-1+2/N,1-
2/ N]. Then:

T 1
ffa%¢’N(T,x)g(T,x)dxdT
0 J-1
T pr1 N N
-],/ g”””Df_V{(l‘eN(’”)(A(k (x))awN(r,xHB(k m))
0 -1 N N

N N
+0N(x) (A(LA;“) 0,¢N(r,x+1/N)+B (LA;“)) }dxdr.
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As D}, and Dy, are adjoint of each other:

T pl
f f ai(pN(T,x)g(T,x)dxdT
0o J-1

T rl N N kN(x) N
:fo leN{g(r,x)}{(l—G (x))(A( N )Gxgb (T,x)+B(

N N
10N () (A(W) 3,0V (T, x+1/N)+B (W)) }dxdr

kN (x)))

T pl1
:fo fl[(1_HN(x))DfV‘{g(T’x)}+9N(X)D1+V{g(r,x—1/N)}]
kN (x)

N
(A(k]\(]x))ax<pN(r,x)+B

| asar.

Now, since A, B and g are regular:

N hfo,v(r,x)
Dy{g(r,x)} =-0.8(,x) + ~
N hN
A k (X)):A(x)+ A(x),
N N
N hN
B k (x)):B(x)+ B(x),
N
where:
supsup«{ h]gV(r,x)’+|hX(r,x)|+|hg(r,x)|}<+oo.
N T,
Therefore:

T pl
f f 02¢pN (1, x)g(t, x)dxdt
0 J-1
T pl
- f f 0,8 (1, x) (AX)0,d™ (7, x) + B(x)) dxdt + C, (43)
0 J-1

where, by the Cauchy-Schwarz inequality:

T pl
cN < \/% (1 + \/fo f (dx(pN(r,x))zdxdr). (44)
-1

Using Lemma 4.1 and (28), we get that:

1
f (00N (1, 0) dx=C. (45)

1
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Whence, from (43), (44) and (45) we deduce:

- 0. (46)

N—+o0

T prl1
‘ f f {07pN g +0.g0, (W (x,0x¢™)} (v, x)dxdT
0 -1

From (41), (42) and (46), we obtain (39). O
We are now able to prove Theorem 3.1.

Proof. Using Lemma 4.1 and (28), we estimate:

N-1 kY 5 o). @8 &l k 2 k 2
Y {A(N)Uk+Vk}(t) <C+C ) {A(N)(Uk) +B(N)Uk+(Vk) }(f)
k=—N k=—N

<C(1+&N(1)

<C(1+&5(0).
Since ¢ and ¢ are sufficiently regular, we have:
1 . 1 r! . 2
&Ep(0) — W (x, ¢ (x))dx+—f (g ()" dx.
N—oo J_1 2J
We therefore obtain that, for all 7 > 0:

1 N
f {A(k ]\Sx)) (0:9V(r,0)" + (ard)N(T,x))z}dx <C.
-1

And by smoothness of A and thanks to the fact that A > a > 0, we obtain:

1
f {4 (0:¢" (@, 0)” + (0:0" r, 1)) } dx < C. 47)

1

We take the following scalar product on HT1 .

T pl
<g’h>ﬁ%x::fo fl{A(x)axgaxh+07g07h} (t,x)dxdr.

This scalar product induces a norm which is equivalent to the classical one on H} ,

as A= a >0 and A is bounded. We denote H} , for H! . endowed with this scalar
product, respectively H; , for H; , endowed with the scalar product:

T pl
(&Mm = <g’h>fl%x+f0 flg(r,x)h(r,x)dxdr.

From (47) and the fact that ¢ (=1) = ¢b;, we get by the Poincaré inequality that ¢" is
bounded in I:IT1 .- By weak compactness of this space, we extract:

PN — poo in H; . (48)
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Lemma 4.2 implies that, for all g € €2°(10, T'[,]1 - 1,1]:
1
f f 080, W (x,0x¢>) - 6,g6,¢00}(r,x)dxd7:f g0, x) g (x)dx,
-1

1
fo fl{dxng(poo—argax(/)oo} (r,x)dxdr:flg(O,x)(/)g(x)dx.

Therefore, ¢ is ¢, the unique solution of (4) for the initial and boundary conditions
(5) and (6) given by Theorem 2.1.
We now prove that this convergence is strong. As 8{)\7 is preserved, we have:

oy, =2r @)z [ [ {{a( 552 - aw) 00y

_ B(kN(x)
N

Yet, as A and B are €}, we have:

) ax(PN}(T; x)dx

lim sup
N—+00 ye[-1,1]

B ( kN (x)

A - A(x) = O»
N

)—»B(x) in 12,

Moreover:
EpO) — 1{ 49 (E(x0))? + B g (x0) + = (cbo(x))}

Therefore, we have the following convergence:

A
16", =27 [ 22 g00) + B + 5 (4500

7,x N—o0o

—2[ f {B(x)axc,b}(r,x)dx. (49)
0 J-1

But, from Theorem 2.1, the continuous energy & is also preserved. This implies:

ZTf—l{ 5 )(%(x)) +B(x)(p0(x)+ ((/’o(x)) }

_Zf f {B(x)ax¢}(f,x)dx

o Jo
T prl

:f f {@(aX‘P)ZJfl(@rsb)z}(r,x)dx. 50
0 J-1 2 2

From (49) and (50), we obtain:
0¥ 5. = 1l -

Whence ¢" strongly converges to ¢ in A} , (and as a consequence, in H} ). O
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5 The non-linear case

This section is devoted to the proof of Theorem 3.3.

Remark 12 (Boundedness of 0,¢). Under the hypotheses of Theorem 3.3, if ¢ does
not belong to [a, b] on a non-zero measure set, then dx(pN cannot converge weakly
to 0x¢. Therefore, we henceforth assume that 0,¢(7,x) € [a, b], Vx € [-1,1],VT < Tj.
The latter assumption holds for some a and b related to the initial conditions ¢?,
PYEEC) -

5.1 Lightcone

The system (1) has the property that perturbations propagate at a finite speed on the
macroscopic level. This is stated in Theorem 3.4, but before proving it, we have to
derive a Gronwall-type estimate:

Proposition 5.1. Under the hypotheses of Theorem 3.4, if, for fixed N:
M = [|Up() = T ()| oo < +o0, (51)

then we have, forall j € [[1,N—1]], t € Ry

. 2tvK)"
U -T;(1)] sM%exp(Zt\/?), (52)
_ (2tvER)TH (2evR)Y ™!
|‘/](t)_‘/](t)|SMV2K Wexp(Zt\/E)+Wexp(2t\/E) . (53)

Proof. Remark first that it is straightforward to get (53) from (52) ((52) also holds for
j =0) by integrating (1). Indeed, using (1), we have, for j € [[1, N - 2]]:
t
Vi - V@] = f (W' (U;(9) =W (U;(9) + W' (Tj-1(9) = W (Uj-1(9)) | ds
0

(34) ro -
< Kfo {|U;()=U;9)|+|Tj-1(s) = Uj1(9)|} ds

< t(2evR)Y . t(2evR)2Y
2j+1)! 2j—1)!

52
(<)2

exp (Zt\/f)

exp (2t\/?)} :

We now prove the estimate (52). We do it by induction on j in the expression:

Sj(1):= max |Ur(t)-U(1)].
kellj,N-1]]
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Using (1), we get, for j = 1:
t
|U;j (- U;0)| sfo |Vis1(8) = Vi1 (8) + Vi(8) = Vj(9)| ds

t S
SKf f {Ujs1 = Oja| +2|U; - T}
0 JO

+|Uj_1—(7j_1|}(r)drds,

t prs
S4Kf f Sj-1(r)drds.
0 Jo

Thus: oo
Sj(t)s4Kf f Sj-1(r)drds. (54)
0 Jo
From hypothesis (34), we have that So(0) < M. Using the same argument as above,

we get for j = 0:

t rs
So(t) < M+4Kf f So(r)drds.
0 Jo
Using the Gronwall Lemma, we obtain:
So(#) < Mexp|2 t\/E) : (55)

Therefore, we obtain from (54) that:

. l’=tj Sj tj—l Sj-1 n S1
Sj(1) S(4K)]f f f f f f So(r)drdsldtl...de_ldtj_ldedtj
0 0 0 0 0 0

X t(t_r)Zj—l
J I
<(4K) ) @j-1) So(r)dr
2j
d - 'exp(Zt\/E),

<M (4K)) —

2j)

which concludes the proof. O
We are now able to prove Theorem 3.4:

Proof. Let j > Nx, t € [0, Nt[. By strong convexity of W and by the Cauchy-Schwarz
inequality, (33) implies:
My := sup |U(])V(t)| <CVN.
1R

By Proposition 5.1, we have:

- 2tvEK)*
|Uj()-U;(0)] < MN% exp (2t\/E).
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Using logarithm and Stirling formula, we obtain:

In(N|U;(1) - U;(0)]) =In(Mn) +2j1n (Zt\/?) ~In(2j)) +2¢tVK +In(N)

<C( +In(N) +2j1In Ze;]', K) +2tVK,
<C(1+In(V)) +2j1ln % ‘K)+(2NK—2]')
. cNT c
<C1+In(N))+2jIn —)+2( NT—Nx)
Nx exp(2)
CT C
sC(l+1n(N))+2N(xln(—)+ T—x).
X exp(2)

As ¢T < x, we obtain that:

lim sup maxln(N‘UN(t)—UN(t)‘):_oo,
N—+00g<t<N7 J>Nx ! !

which gives (35). The same method applies for (36). O

5.2 Strengthened convergence

In this section, we prove that if ¢ converges weakly to ¢ in HT1 ,» then convergence
holds in a strong sense for d,¢" to d,¢ in L%, .

Lemma 5.2. Under the hypotheses of Theorem 3.3, if T is DC-compatible, then the
following implication is true:

oV — ¢ inH = Oxp™N — 0y in L ..

To get it, we first prove two parallel integral identities, for the continuous system
(4) and the discrete one (1).

Lemma 5.3. Assume that W € €°(R) satisfies (12). Let ¢ € erfc’o be a weak entropy so-
lution of (4) theinitial and boundary conditions (5) and (6). Then, if T is C-compatible,
we have:

T pl1
fo fl(l—x)((?,(/)(r,x)—(/)g(x))dxdr

T r1
= fo f (T =1 (W (@xptr, ) - W' (¢5(-D)) dxdr, (56)

A similar identity can be derived for the discrete system:
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Lemma5.4. LetW € €} (R) satisfy (12) and (14). Let X (t) be the solution of (1) for the
initial and boundary conditions (2) and (3). Suppose that T is D-compatible. Assume
that:

0:pN — & inL2, (57)
0xp™N — oo in L2 .. (58)

Assume that 0x¢" is uniformly bounded in t,x,N. Let v, , be the Young measure
associated with the convergence of 0, . Then, we have:

T p1
fo fl(l—x) (€oo(T, X) — g (x)) dxdt

T 1
= f f (T-1) {f W'(/l)dvr,x(/l) - W'((bg(—l)) } drdx. (59)
0o J-1 R
See Theorem 3.1 p 31 of [23] for the definition of Young measures.

We temporarily admit Lemma 5.3 and 5.4 and proceed with the proof of Lemma
5.2.

Proof. Using Lemmata 5.3 and 5.4, we get that, if v; x characterizes the weak conver-
gence of ¢ to 0,¢:

T prl
f f (T—T){W' (0xp(7, %)) - f W’(A)dv,,x(/l)}dxdrzo.
0 J-1 R

But, as W' is strongly convex, using Theorem 1.1.8 p 47 of [24], we obtain:

Vi,x = 66x(/)(r,x)-
Then, Corollary 3.2 p 34 of [23] implies:
0xp™N — 0xpin L% ..

Next, we prove Lemma 5.3:

Proof. As T is C-compatible, we can take the following g(r,x) = (T —1)(1 — x) in (18).
Thus, we have:

T prl
f f {—(T-1)W' (0:¢(1,x)) + 1 - X)0: (1, x)} dxdt
0 J-1
1 T
:Tf (1—x)<p5(x)dx—2f W' (5 (=D)(T - 1) d7.
-1 0
This is equivalent to (56). O
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We now prove Lemma 5.4:

Proof. We sum (1) and get:

k d2 k
Z dtzxj(t) Y. WU -WUj-)©)
j=—N+1

=W'(Up (1) - W'(U_p) (D).
Then we multiply the above expression by (NT — ¢) and integrate with respect to ¢:

NT
f (NT - 1) (W' (U - W (U-N) (Ddt

NT d2
—Xi(s)dsdt
f fo i=-— Nd 2 I

{—(N )——X (0)}

If we rescale it and sum over k € | —1]], we obtain:

1 N-1 , ,
Nk— f(T T)(W (5x¢ ( )) W(U—N(NT)))

e D S

R

Nk__ N
=f f (1— LNxJ)(<fN(r,x)—ch(o,x))a!r
0 J-1 N
Remark first that:
LN x] . oo
1- —1l-—xinL}.

As T is D-compatible, we have the following convergence, uniform for 7 € [0, T:
W' (U_n(NT)) — W' (¢p5(=1)).
From initial conditions (2), we get that:
&N 0,) — g5 in L5,
and from the hypotheses (57) and (58) that:

T pl
fo j (1= (ool ) = 9 (0) dixdT

T prl
:f f (T—T){f W’(A)dv,,x(/l)—W’(¢>g§(—1))}drdx.
0 -1 R
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5.3 From strongconvergence of d.¢" to strong convergence of 9, "

We now prove that the strong convergence of d,¢" in L%_ , implies the strong conver-
gence of 0;p™ in 2 .

Lemma 5.5. Under the hypotheses of Theorem 3.3, if T is DC-compatible, the follow-
ing implication is true:

PN — ¢ inl N_, .12
axd)N —0x¢ in L%x = { ?JTV(P ; 0:¢ ln Iigx )
3 pN — 0, inlZ, p il

forg¥ (@, x)= V[,  (NT).
We first prove that it is enough to have d;¢™ — 0, ¢.
Lemma 5.6. Assume that a,¢>N —({in L%x. Then &N — ( in L%x.
Proof. Recall that ¢ N a,¢>N . Assume that {V — {. We suppose first that:

N-1
(T,x)=) (’“(r)ﬂ[

k+1 [ (x). (60)
k=-N N

<

Then, forall je[[-N,N-1]], t€[0, T]:

(+1)/N )
f ¢V -0)" (r,0dx
J

IN
—lfl(e(éN( jIN)={(x, I N))
= N Jo T7,] T7,]
2
+1=0EV @, (+ 1IN =((, jIND) o

11 1

- [§ (€@ 1N ¢ N + 2 (6@ G+ DIN) = G, VD)
1

*3 (N, jIN) =L@, jIN) (EN @, (G + DIN) =L (x, jIN))

1 N . . 2
> eTv(‘f (t,jIN)={(z,jIN))

(j+1)/N
> éf/N (o’f]\[(r,x)—{(r,x))2 dx.
j

Therefore, we have:

T 1 _—
N_¢)? 1 N2
/;f_l(f C) (T,x)dxdrzﬁfo f_l(g () (7, x)dxdr.
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If { isnow only 2 we approximate it byf that has the form (60). Thus, by the triangle
inequality, and applying the former result on {, we have:

fon_ll (rfN—()Z(r,x)dxdr SchTf_ll{((N—()z(T,x)+((—f)2(1,x)}dxdr.

Hence:
[¢¥ ¢z, — 0.
O
We can now proceed with the proof of Lemma 5.5.
Proof. By definition:
N N d d
(N0 ={(1-6 (x)) XkN(x) +oN (x) XkN(x)+1 (0. (61)

Using (1), we obtain:

0:(N (1, x) =N (1-6" () (W' (Ury) = W' (Ukn-1)) (0)
+ NON (x) (W' (Uky1) — W' (Ukw)) ().

We define:
0 if x<0,
x?z if xelo,1],
E(x):=4 - @-D*+(x-1 if xe[L,2],
1L 22 (xo2)  if xe[2,3],
0 if x>3.
Let E;V(x) :=Z(Nx— j). We have:
0 if x<j/N,
NON (x) if xel[j/N,(j+1)/N],

iE’.V(x):: N(1-20N) if xel(j+1/N,(j+2)/N],
N@ON@)-1) if xel(j+2)/N,(j+3)/NI,
0 if x>(j+3)/N.

Newt, we define:
N-1

W(1,x):= Z B (W' (U;(ND).
]_
We have:

0, YN (1, x) =0, (1, %), V1 el[0,T),Vxe[-1,1].
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Since 8,¢" — 0,¢ in Lf,x, and since d,¢" is bounded in L™, we have:
W' (0x¢p"™) — W' (0¢p) in L2 ..
We claim that it implies:

[N - W' (9x¢)

2 = O (62)

7,X N—+o00

Indeed, as 0,¢" is bounded in LY, uniformly in N, it suffices to bound as follows:

1
f |¥N (7, x) - W (0x¢(1,%))|dx
-1

1| N-1
S\/v
-1

Y =N 0 (W (U;(ND) - W (9xp(r, 1)) | dx
1 N-1

j=—N

sfl Y. 2L |W (Uj(ND)) - W' (0:¢(7,0))| dx

15
1 N-1

< E: ﬂ[Ll j+

—lj__

21(X) [W! (Uj(NT)) - W' (0¢p(7, %)) | dx

N

Z |W (Ukw+j(NT)) = W' (0x¢(z,x))| dx

1——1
( N(T X+ ]Q))—W'(chb(r,x)) dx

Z

j=-1
— 0.

Interpolating with LT ', this gives (62). We define:

aV = CN—C, ,BNiZ\P_W/ (ax(,b)’ YN:: 6x¢N_6x¢-
Remark that, by definition, we have:
aN=0,p", (63)
d,alN = OTYN. (64)

D-compatibility of T implies the following convergences:

T 2 T 2 ! 2
f (a¥(z,-1)" =0, f (a™(z, 1) dr —0, f (a™(0,0) dx—0.  (65)
0 0 -

1
From (62), and by D-compatibility, we deduce that:

Jim 8V =0, Jim {IBYGD [+ BV G -1 2 =0 66
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The energy estimates for (1) and (4) give:

sup [yV] 2 <C, sup{[y¥ O, 2 + YV 2f<C. 67)
N ’ N

We now claim that (63), (64), (66), (67), (65) imply:

limsup||a™] . =0, (68)
N—+oco nx

which gives the desired result, thanks to Lemma 5.6. To prove (68), we write:

N 63 N * N
a'(1,x) = «a (T,—l)+f 0y (1,y)dy.
-1
N 64 N ’ N
a’(1,x) = a(0,x)+ | 0,0 (v,x)dv.
0
Therefore:
T pl 5
ff(aN(T,x)) dxdt
0 J1
T pl X T
:f f (aN(T,—1)+f OTYN(T,y)dy)(aN(O,x)+f 6x,6N(v,x)dv)dxdT
0 J-1 -1 0
T pl T pl T
:f f aN(r,—l)aN(O,x)dxdT+f f aN(r,—l)f 0.BN (v, x)dvdxdr
0o J 0o Ja 0

T pl X
+f f a™ (o, x)f 8. yN (1, y)dydxdr
0o Ja -1

T prl prx T
+f f f OTYN(T,y)dyf 0.BN (v, x)dvdxdr
o J-1Ja 0
=TN+TN+ TN+ TN
We deal separately with TN, TN, .V, TN. By the Cauchy-Schwarz inequality:

1/2 1

T 1/2
TN s( f aN(T,—l)dr) ( f aN(O,x)dx) . (69)
0 -1

Integrating over x in TV, we obtain:

T T
TV = f V(T 1) f (BN, 1) = BN (v, - 1)) dvdr *2 o, (70)
0 0
Next, integrating over 7 in T2V, we get:
1 X
I = f a™(0,) f (PN Ty -0, ) dydx 0, (71)
-1 -1
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We deal with Ti\’ by a double integration by parts:
T rl T
Tivzf f GTYN(T,y)dy[ ﬁN(v,l)dvd‘r
0 J-1 0
T pl T
—f f 6,)/N(T,x)f ,BN(v,x)dvdxdT
0 J-1 0
1 T
=f YN(T,y)dyf pY . 1dr
-1 0
T rl
—f f )/N(r,x)ﬁN(T, 1dxdr
0o J-1
T pl
—f f BN, x)yN(T, x)drdx
0 J-1

T 1
f f BN (T, x)yN (1, x)drdx.
0o J-1

COUED o, (72)

From (69), (70), (71), (72), we obtain (68), which concludes the proof. O

5.4 Proofof Theorem 3.3
We are now in position to prove Theorem 3.3.

Proof. We first prove the existence of a D-compatible T > 0. ¢ and ¢ satisfies (24),
and:
1/ 1!
Iw"w; ) ||Lg°(l;e°) = [ W]l e a,my -

Moreover, the discrete energy is preserved, which implies that:

IRCEIDS {l(‘/’r(i))erW(‘/’x(i))}
K _j=—N+1 2\"\N "N
<N | ¢- ||i§o + 2N Wil oo ((a,b)) -

Therefore, we can apply Theorem 3.4. Let X;(#) satisfy (1) with initial conditions
U i(t=0) = uy, Vj(t = 0) = v, and Dirichlet boundary conditions (remark that this
means that U;(¢) and V;(¢) do not depend on time). We compare U i(t) = uy and
\7j(t) = v, with U;(#) and V;(1), respectively. Using Theorem 3.4, there exists ¢ > 0
such that,if T <1/(4c)and T < Tj:

sup max N|Uj(®)-u| — 0,
te[0,NT] JE[BN/4,N] N—+00

sup max N|Vj()-v]| — O.
te[0,NT] JEBN/4,N] N—+o00
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The same argument applies for j < —3N/4. Therefore, there exists a D-compatible
T>0.
We now prove that ¢~ does not converge to ¢p. We argue by contradiction and
assume that:
¢ —¢pin D, . (73)

Since the discrete energy &p is preserved and as W is strongly convex, we get an H'
estimate over ¢'V:

/;11 {(ax(P(T, X))z + (6,(p(r,x))2} <C

which directly implies:
¢ —pin H; . (74)
By Lemma 5.2, we get that:
0xp™N —dxpin L2 .. (75)
Whence, by Lemme 5.5, we have:
&N —0,;¢pin L2 . (76)

W is continuous. Therefore (75), (31) and (76) imply:

ff{ (0:¢") +W(ax¢N)}(T,x)dxdT
ﬁf f{ (0-9) +W(ax</))}(f,x)dxdr. 77)

But the left-hand term of (77) also converges, by discrete energy conservation, to:

ff{ 0r¢") (ax¢N)}(T,X)dxdr
ﬁf f{ +W(‘Po)}(T,x)dxdT:T(g’C(o),

and the right-hand term of (77) is nothing but the energy &c (7). As ¢ is an entropy
solution, we have:

T

T
f Ec(r)dt =
0

(32)
< T&c(0).

T
Ec(r)dt +f Ec(r)dt
T

Therefore, we reach a contradiction, and ¢" cannot converge to ¢. O
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6 A uniform bound on the distance between particles

Notice that it is important to assume some regularity on the initial conditions in Con-
jecture 3.5. It is indeed possible to build some initial conditions that are small in l;?°
such that the associated solutions of (1) are not bounded uniformly in N at a fixed
macroscopic time 7 > 0. The following proof of Proposition 3.6 uses the reversibility
of equation (1) and also a linearization of eigenvalues Ay.

We first derive explicit formulae for solution of linear periodic system (1).
Let I € 4> N(R) be the identity matrix, and J € .45y (R) the circular permutation:

o s]
]jk'_'6k+1'

When the potential is quadratic and satisfies (13), system (1) with periodic boundary
conditions is equivalent to:

dz—X+(2I—]—]_1)X—0
ar e

We diagonalize this system using its eigenvectors:

1
Q= 1 w]-
] ‘/ZN .o ’
wZN—l
J

where w; = exp (%) The associated eigenvalues are:

Ajzz(l—cos(ﬂ)):%inz (ﬂ) (78)
N 2N

Thus, a solution of (1) with periodic boundary conditions satisfies:

2N-1 2N-1
Xj(= Y cos [1v/2) @uIXO) @0+ Y —=sin(1v/A) @IV O) @0,
k=1 k=1 k
1
+ ——[(Q|X(0)) + (2| V(0)) £], (79)
NoTsi 0 0
where, for two vectors Y, Z € C2V, (|) denotes the hermitian product:
N-1
Y12):= ) YiZ.
k=—N

One easily derives such formulae for V;, U; and Z; by linearity.
We can now prove Proposition 3.6.
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Proof of Proposition 3.6. Using the reversibility of (1), it is enough to prove that, if
XJN is a solution of (1) with periodic boundary condition such that U]N (t=0) =

and VJ.N(t =0) =0, then:
|vravn| . —o (80)
J

|viam] . —o. 81)
j
Indeed, let X; be the solution of (1) with periodic boundary conditions and the fol-
lowing initial conditions:
O (t=0):= KyU} (N7),
V]N(t =0):= —KNV].N(NT).
By linearity and reversibility of (1), we get:
O (NT) = KnU T (0),
VY (NT) = -Kn VY (0).

-1
V].N (NT) 0 loo) } gives the desired result.
j

Setting Ky = {max(" U;V(NT) ” oo
We only show (80), as the pri)of of (81) is similar. Thanks to (79):

1 N= | 7T ..
UN(NT) =— Z os(ZNrsin(]—))e”k”/N.
2N 2=y 2N

To simplify the proof, we suppose N = nm (it can be generalized with a few techni-
calities). Thus:

cos (ZNT sin (M)) i Um+pknIN.
2N

exp (iiZNTsin(M)) ei(lm+j)kn/N )

2N

We expand:

(Im+ j)m . (Ilmm) j=m Imn m2
in|—————|=sin|—— |+ =——cos —r(N,m,1,j),
N 2N N2



where r(N,m, [, j) < C, independently of N, m, [, j. As a consequence:

1 ' l 2 y
— ) exp (iZi(”ﬂcos( mn) 2 Tr(N,m, l,j)))e”k”/N
j=0 2 2N N

ex (+l‘[ ncos(l )+ ”kﬂ)
A P{=ttJ oN |7 N
mé 1 2

+ — )
2 N|1-exp(iys(k,I,m,N,1))|

Y ’ ’ N 2N '

Without loss of generality, we focus only on Q_l;k . There exist at most two solutions s;
and s, € [-7/2,7/2] to the equation:

kn
Tmcos(s)+ — =0.
N

Let1>6>0. IfT—N” gls1— 0,81 +0[Ulsr— 0,52+ 0], then:

|1 —exp(iy+(k,I,m,N,1))| > C6°. (82)
for some universal constant C. Whence, if lz’"—N” ¢ls1—0,s1+0[U]ls, =9, s+ 0], we have:
3
Lk m 1C
<C—+——=
Q N2 N2
Moreover, it is immediate from the definition of Qik thatforall [, k
Lk M
Qif =%

We denote:

2N 2N 2N 2N
—(51-0),—(51+0)|U | —(52—0),—(s2+9)
mn mrn mn mn

E:=[-n,n-1] m(

and bound the sum:

n-1
> Qi’k=ZQi’k+ZQi’k

I=—n leE I¢E
<) —+C Z
ler N ier IV N52
8N _m m?3 1
SN o (— + —)
mn N N2 N2



Let§ = (m)~/3, m= N37. We get:

Doing the same manipulations on Ql_’k, we get that, forall ke [[-N, N —1]]:

n-1
|lUN(ND)| < Y QbF+ @k

I=-n
C
<
_'pJU7’

whence (80). O

Remark 13. One can remove the technical assumption N = nm with m,n € N, by
fixing u:= | N''7], and then m := u3, n:= p*. Remarking that N — u” < CN®/7, we can
apply the same proof as above and derive the same estimates.

7 Non-existence of discrete shock waves

We prove in this section that there do not exist discrete shock waves. We use some
ideas from [4], where an existence result is proven for upwind schemes.

7.1 Quadratic potential

In this section, we prove Proposition 3.7. We first show a lemma which is valid for a
wide class of potentials W:

Lemma 7.1. Suppose W € €'(R), such that W' (u;) # W'(u,). Then there exists no
discrete shock wave to the equation (1) with zero speed. That is, there does not exist
X (1) satisfying Definition 2.5, with associated c = 0.

Proof. Integrating (27), we get:

y y X
sz P"(ds=| Wi(p(s+1) —cb(s))ds—f W (p(s+1) - p(s))ds.
x x-1

y-1

If x - —oo and y — +o0, we obtain:
c?(uy — up) = W' () = W' (wy), (83)

which is the Rankine-Hugoniot equation (25). It cannot hold if ¢ = 0. O
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We can now prove Proposition 3.7:

Proof. If ¢ = 0, Lemma 7.1 gives the desired result. Suppose ¢ # 0. Using Fourier
transform on (27) implies:

P EF(P)(€) = (exp(i &) — 2+ exp(—i &)) F () ().
The equation:
c*&%=2(1-cos(d)), (84)

has a finite number of solutions ¢ i J € J. Therefore, there exist K; €N, a i € R such
that:

J K
FP=Y Y ajol’.
j=1k=0 J
Thus:
] K
p0) =YY ajlix)fexpixE)).

j=1k=0

Since ¢’ has a limit for x — +oo then a;; = 0if j # 0 or k > 1. Thus, there exists no
discrete shock wave with ¢ # 0. O

7.2 Convex non-linear potential
We now prove Proposition 3.8.

Proof. Suppose u; # u,. Test now (27) with ¢’

2 R
C" 9

?(ur—uz): lim R{W’(¢(x+1)—¢(x))—W’(¢(x)—¢(x—1))}<p’(x)dx

R—+o0J_

R
= lim {wa’(¢(x+ 1) - ¢p(x) (¢ (x+1)—¢'(x)) dx

R—+00

R -R
+f (,b'(x+1)W’(</>(x+1)—¢>(x))dx—f P x+ W (p(x+1)

R-1 R-1
—(/)(x))dx}

=W () — W) + W un)u, — W upu.

Using (83), we get:
W) —Wi(u)

ur_ul

1 ! !
5 (W' —W'wp) = (85)
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Yet:

1 Wiu) - W)
~ (W) - W'u)) - ——=
2 Ur — Uj
1 Urfup—s _ S—uy ,
= W' (up) + —-W'(s)pds,
Ur—UpJu, (Ur— U Ur—Uj
and as W' is strictly convex:
Ur—Ss s—u
T W () + L _W'(s)>0,Vseluy, uyl.
ur - ul ur - UI

This is contradictory. Therefore, as u; # u,, there does not exist any discrete shock
wave of (1). O

Acknowledgement

We wish to thank Claude Le Bris and Frédéric Legoll for their help and Gabriel Stoltz
and Frédéric Lagoutiere, for fruitful discussions.

References

(1]
(2]

6]

(7]

R. A. Adams. Sobolev spaces, 1975.

G. Allaire. Analyse numérique et optimisation: Une introduction a la modéli-
sation mathématique et a la simulation numérique [in French]. Editions Ecole
Polytechnique, 2005.

V. Arnold. Mathematical methods of classical mechanics, volume 60. Springer
Science & Business Media, 1989.

S. Benzoni-Gavage. Semi-discrete shock profiles for hyperbolic systems of con-
servation laws. Physica D: Nonlinear Phenomena, 115(1):109-123, 1998.

M. Berezhnyy and L. Berlyand. Continuum limit for three-dimensional mass-
spring networks and discrete Korn’s inequality. Journal of the Mechanics and
Physics of Solids, 54(3):635-669, 2006.

X. Blanc, C. Le Bris, and P-L. Lions. From the Newton equation to the wave
equation in some simple cases. NHM, 7(1):1-41, 2012.

Y. Brenier. Une application de la symétrisation de Steiner aux équations hyper-
boliques: la méthode de transport et écroulement [in french]. CR Acad. Sci. Paris
Sér. I Math, 292(11):563-566, 1981.

39



(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

Y. Brenier. Approximation of a simple navier-stokes model by monotonic re-
arrangement. Discrete and Continuous Dynamical Systems, 34(4):1285-1300,
2014.

S. C. Brenner. Poincaré-Friedrichs inequalities for piecewise H! functions.
SIAM Journal on Numerical Analysis, 41(1):306-324, 2003.

A. Bressan and M. Lewicka. A uniqueness condition for hyperbolic systems of
conservation laws. Discrete and Continuous Dynamical Systems, 6(3):673-682,
2000.

L. Brillouin. Wave propagation and group velocity, volume 8. Academic Press,
2013.

C. M. Dafermos. Estimates for conservation laws with little viscosity. SIAM jour-
nal on mathematical analysis, 18(2):409-421, 1987.

C. M Dafermos and W. J. Hrusa. Energy methods for quasilinear hyperbolic
initial-boundary value problems. Applications to elastodynamics. Springer,
1986.

P. Deift and K. McLaughlin. A continuum limit of the Toda lattice. Number 624.
American Mathematical Soc., 1998.

L. Evans. Partial Differential Equations. American Mathematical Society, 1998.

J. Goodman and P. Lax. On dispersive difference schemes. I. Communications
on pure and applied mathematics, 41(5):591-613, 1988.

E. Hairer, C. Lubich, and G. Wanner. Geometric Numerical Integration Structure-
Preserving Algorithms for Ordinary Differential Equations. Springer, 2005.

B. L. Holian, H. Flaschka, and D. W. McLaughlin. Shock waves in the Toda lattice:
Analysis. Physical Review A, 24(5):2595, 1981.

T. Kato. The Cauchy problem for quasi-linear symmetric hyperbolic systems.
Archive for Rational Mechanics and Analysis, 58(3):181-205, 1975.

P Lax and C. Levermore. The small dispersion limit of the Korteweg-de Vries
equation. L. Selected Papers Volume I, pages 463-500, 2005.

C. Le Bris. Systemes multi-échelles: modélisation et simulation [in French], vol-
ume 47. Springer Science & Business Media, 2006.

40



(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

A. Mielke and L. Truskinovsky. From discrete visco-elasticity to continuum rate-
independent plasticity: rigorous results. Archive for Rational Mechanics and
Analysis, 203(2):577-619, 2012.

S. Miiller. Variational models for microstructure and phase transitions. Springer,
1999.

C. Niculescu and L.-E. Persson. Convex functions and their applications: a con-
temporary approach. Springer Science & Business Media, 2006.

B. G. Pachpatte. On discrete inequalities of the Poincaré type. Periodica Mathe-
matica Hungarica, 19(3):227-233, 1988.

D. Serre. Systems of Conservation Laws 1: Hyperbolicity, entropies, shock waves.
Cambridge University Press, 1999.

D. Serre. Discrete shock profiles: Existence and stability. In Hyperbolic systems
of balance laws, pages 79-158. Springer, 2007.

M. A. Sychev. A new approach to young measure theory, relaxation and conver-
gence in energy. Annales de I'IHP Analyse non linéaire, 16(6):773-812, 1999.

E. Tadmor. The numerical viscosity of entropy stable schemes for systems of
conservation laws. I. Mathematics of Computation, 49(179):91-103, 1987.

M. Toda. Theory of nonlinear lattices, volume 20. Springer Science & Business
Media, 2012.

S. Venakides, P. Deift, and R. Oba. The Toda shock problem. Communications
on pure and applied mathematics, 44(8-9):1171-1242, 1991.

E. Wei-Nan and P.-B. Ming. Cauchy-Born rule and the stability of crystalline
solids: dynamic problems. Acta Mathematicae Applicatae Sinica, English Series,
23(4):529-550, 2007.

A. Zygmund. Trigonometrical series. Dover, 1955.

41



