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Abstract

The subject matter of this paper is the thermodynamic description of the
nonlinear atomic chain with temperature. For this reason we consider special
approximate solutions of Newton’s equations, in which the atoms perform mi-
croscopic oscillations in form of modulated traveling waves. We start with an
existence result for periodic traveling wave with arbitrary large amplitudes,
and study several examples including the harmonic chain, the hard sphere
model, and the small-amplitude approximation. Then we discuss the thermo-
dynamic properties of traveling waves, and derive the corresponding Gibbs
equation. Afterwards we focus on the macroscopic evolution of modulated
traveling waves. For this purpose we apply Whitham’s modulation theory to
the atomic chain, and derive the modulation equation, which turns out to
be a system of four macroscopic conservation laws. The last part is devoted
to the justification problem: We state a conjecture for the general case, and
prove this conjecture for the harmonic chain and the hard sphere model.

1 Introduction

We consider an atomic chain with N identical particles, whose dynamics is given by
an ODE system, which consists of Newton’s equation of motion. The focus of this
study is the establishment of the macroscopic limit N — oo in case that the micro-
scopic motion generates temperature on the macroscopic scale. This phenomenon
leads on the macroscopic scale to a coupling of fast oscillations and slowly varying
processes.

The particles of the chain, see Figure 1 have the mass m = 1, and they are indexed
by a. At time ¢ the particles have the positions x,(t). The basic variables are the
distances 74(t) = xav1(t) — z4(t) and the velocities v, (t) = &,(t). The particles
move according to nearest neighbour interactions with interaction potential ®(r).
Their motion is determined by Newton’s equation of motion

j3(:1( = (I)I(:Eoﬂrl - xa) - (I)/<xa - xa71)7 (11)
which can be written in conservative form as
T = Ugt1 — Va Vo = @' (14) — D' (ro_1). (1.2)

In the following we will mainly consider convex interaction potentials, so that the
force @’ is a monotone increasing function. For instance, the harmonic chain is
governed by a quadratic interaction potential, and the famous Toda chain ([Tod70,
Tod81]) results, if we set

O(r)=exp(l—7r)—(1—r). (1.3)
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Figure 1: The atomic chain with nearest neighbour interaction.

The system (1.2) describes the evolution of the atomic chain on the microscopic scale,
where ¢ and x denote the microscopic time and space, respectively. The discrete
particle index a may be interpreted as the microscopic Lagrange coordinate.

Thermodynamics describes a physical system, which consists of a very large number
of particle, on the macroscopic scale. There are several possibilities to establish
a transition from the microscopic to the macroscopic scale, which correspond to
different scalings. In this study we focus on the hyperbolic scaling, where time,
position and Lagrange coordinate are scaled in the same manner, see [DK00]. We
introduce the scaling parameter ¢ = 1/N, and we define the macroscopic time, the
macroscopic position and the macroscopic Lagrange coordinate by

T=c¢ct, {=cx, Y=-caq, (1.4)

respectively.

We mention two other scalings. The scaling 7 = €%t, y = e(a — ct) was studied
by Giannoulis & Mielke in connection to the micro-macro transition for the atomic
chain that leads on the macroscopic scale to the nonlinear Schrédinger equation,
see [GMO05, GMO04]. Friesecke and Pego considered the Korteweg/de Vries scaling
7 = &%, y = e(a—ct), in order to establish the Korteweg/deVries equation in
the macroscopic limit, see [FP99]. Note that the various macroscopic limits only
exist, if the chosen scaling fits to the microscopic initial data. For example, the
Korteweg/deVries scaling requires initial data of the type r,(0) = 1 + £%g(ea),
where g is a macroscopic function.

The derivation of the thermodynamic limit is currently too difficult, if we allow
arbitrary microscopic oscillations. For this reason we only consider a restricted class
of oscillations, namely those which are generated by traveling waves. A traveling
wave is an exact solution of the atomic chain satisfying

To(t) = ra+ vt + X(ka + wt). (1.5)

Here r, v, k and w are constant parameters, which we call the mean distance, mean
velocity, the wave number and the frequency, respectively, and the wave profile X is
assumed to be periodic w.r.t. the phase ¢ = ka + wt. Since the periodicity length
©per can be chosen arbitrarily, we usually suppose ¢per = 1. Only in Section 5.4 we
set Yper = 2.

Next we discuss the notion of the modulation theory, which is best suited to pass
from a microscopic ODE system to a macroscopic PDE system, if the macroscopic
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oscillations are generated by traveling waves. Modulation theory is a generalization
of the passage from the Maxwell equations to geometric optics due to Kelvin, see
Whitham’s textbook on waves [Whi74], and is already applied to many microscopic
systems including lattice models as well as nonlinear PDEs, but containing linear
differential operators. For formal derivations we refer to [HLM94, FV98] for lat-
tice models and to [Whi74] for PDEs. For rigorous mathematical justifications of
Hamiltonian modulation equations see [GM05, GM04] and [KSM92, Sch98].

Within the modulation theory for the atomic chain we consider modulated traveling
waves, which are approzimate solutions of (1.1). They result from (1.5), if the
traveling wave parameter vary on the macroscopic scale. This gives rise to the
following ansatz

1 1
eiPP(t) = EX<5ta ea) + X(5t7 eq; g@(gt, EOz)), (1.6)

where X (7, y) and O(7, y) are the modulated position and phase, respectively, and
X is a family of periodic traveling waves. The modulated traveling wave parameter
now are fields depending on (7, y), and are determined by X and © via

0X 0 X 06 08

T "oy YT o "oy

The modulation equations are macroscopic PDEs, which describe the macroscopic
evolution of the modulated traveling wave parameters (r, v, k, w). As discussed in
Section 4, they result as four macroscopic conservation laws:

0 0
E(Ta v, kv S)T + a_y(_vv +p, —w, +g)T = 0. (17)

Moreover, the constitutive relations closing (1.7) are given by the Gibbs equation
dF = Sdw + pdr + gdk, (1.8)

where F' = F(r, k, w) is the internal action of a traveling wave.

However, up to now there is no rigorous derivation of the modulation equations for
the nonlinear case. For this reason we address the justification problem in Section 6.
At first we present a conjecture for the general case, which claims, roughly spoken,
that one can estimate the difference between the approximate solution (1.6) and a
corresponding exact solution of atomic chain. Finally, we prove this conjecture for
the harmonic chain and for the hard sphere model.

The paper is organized as follows:

In Section 2 we describe traveling waves as exact solutions of a difference-differential
equation, and present an existence proof for traveling waves. Our proof relies on a
result of Filip and Venakides, see [FV98], but simplifies some of their arguments.
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The thermodynamics of traveling waves is established in Section3, where we intro-
duce the thermodynamic quantities like temperature, internal energy, entropy and
so on. Furthermore, we consider different sets of basic variables and derive the
corresponding variants of the Gibbs equations (1.8).

Section 4 is devoted to modulated traveling waves and to the formal derivation of
the modulation equations (1.7) via the principle of least action. The strategy is
again similar to [FV98]; the new results regard the thermodynamic interpretation of
the modulation system. Moreover, we find the additional conservation law for the
energy, so that we can transform the system into the symmetric form. However, we
can not guarantee that we have at hand a symmetric hyperbolic system, because in
general the energy is not a convex function.

In Section 5 we consider three different interaction potentials that give rise to three
examples with traveling waves of quite simple structure. These examples include
the harmonic chain and the hard sphere model. For all three examples we exploit
the modulation equations explicitly. Finally, in Section 5.4 we study the small-
amplitude approximation of traveling waves, and obtain an explicit criterion for the
hyperbolicity of the modulation equations.

Section 6 regards the justification problem mentioned above. In particular, we
formulate the conjecture, and prove it in two cases.

2 Traveling waves

Recall that any traveling wave is an exact solution of (1.1), which satisfies the ansatz
(1.5). If we plug in (1.5) into Newton’s equation, we obtain a difference-differential
equation for the wave profile X, namely

WZS—;X@) - @’(r +X(p+ k) — X(gp)) - <I>’<r +X(0) — X(p — k)), (2.1)

where ¢ = ka + wt is the phase variable, and (r, v, k, w) are four parameters. Note
that the velocity v does not enter in (2.1), because Newton’s equations are invariant
under Galilei transformations. However, in modulation theory it is necessary to
consider the parameter v explicitly.

We define the traveling velocity wave V and the traveling distance wave R by

Vo) = %) Rip) =x(p+7)-%(v-7), (2:2)

so that the atomic distances and velocities in a traveling wave read
ro(t) =r+R(ka+wt+k/2) and v,(t) = v+ wV(ka + wt). (2.3)

Note that any traveling wave is completely determined by its traveling velocity wave.



Existence of traveling waves

The existence of traveling waves is a non-trivial and subtle problem. Many authors
have studied this problem for different potentials, see for instance [FW94, FP99,
FVO8, TK00, I0o00], and the references therein. Here we present a variational ap-
proach to this problem that is quite elementary but restricted to convex interaction
potentials. Our existence proof is similar to that given in [FV98], but simplifies
some arguments.

In order to avoid technical difficulties, we assume that the convex interaction poten-
tial ® is in C2, and that it is defined on the whole real axis. Furthermore, we suppose
that the second derivative ®” is bounded. These regularity assumptions imply, that
the following nonlinear operator 0® is well defined and Lipschitz continuous

0% : L*([0, 1]) — L*([0, 1)), 0®(V)(¢) = @'(V(¢)). (2.4)

In what follows all functions from L?([0, 1]), 1 < p < oo, are supposed to be 1-
periodic. For any 0 < k < 1 we introduce two integral operators A, and A, by

p+k/2 1
(AxV) () == / V() dye', AV =AYV —k / V(¢')dy'. (2.5)
o—k/2 0

Both integral operators are compact, symmetric, and map L*([0, 1]) into L*([0, 1]).
Furthermore we define

Br = 0o Ay, ie. BV(p) = %(V((p FE2) 4 V(p—k/2)  (26)

which is a bounded automorphism of L?([0, 1]). The traveling wave equation (2.1)
can now be written as

%«o) = V(o4 k/2) - V(p—k/2), 2.8)
wzg(go) = <I>’(T+R(g0+k:/2)) —<I>’(7“+]R(cp—k:/2)), (2.9)

or, equivalently,
R=AYV, w?V=A4,00 <7" n R). (2.10)

In order to prove the existence of traveling waves, we consider the following opti-
mization problem.

Problem 2.1 For fired r, 0 < k <1 and v > 0, we maximize the functional

Ve L*([0, 1]) — W(r, k, V) = /@(T + AkV(g0)> de (2.11)



under the constraint V € H, with
2 1 2
H, = {V e IX([0,1)) ¢ 5 [ V(p)de < 7}. (2.12)

Theorem 2.2 For all 7, 0 < k < 1 and v > 0 there exists a mazimizer V of
Problem 2.1 such that

JAGE (219

Furthermore, there exists a positive Lagrangian multiplier &2 so that V is a traveling
velocity wave with frequency w, i.e.

0*V = 4,00 (r + AN). (2.14)

Proof. Since the operator Ap maps L?([0, 1]) compactly into itself, the functional
(2.11) is weakly continuous on the weakly compact set H,. Therefore there exists
a maximizer V € H,. Since (2.11) is convex, the maximizer is an element of the
boundary of H.,, which implies (2.13). Moreover, there exists a Lagrangian multiplier
@? such that (2.14) is satisfied. O

We conclude with two remarks: (i). The maximizer V from Theorem 2.2 is not
unique, because any shift of a maximizer is also a maximizer. It remains an open
problem to characterize all maximizers of problem 2.1. (ii). We have constructed
traveling waves as maximizers of the functional (2.11). We mention that any sta-
tionary point of (2.11) is a traveling wave, as long as it is an element of the boundary
of H,. The existence of non-maximizing traveling waves is another open question.

Binary oscillations

For an arbitrary potential ®, it is hard to solve the difference-differential equations
(2.1) or the optimization problem 2.1. However, if we restrict the wave number to
k= %, we can do this explicitly.

Lemma 2.3 If k = 1/2 the difference-differential equations (2.8) and (2.9) become
ordinary differential equations, namely

WwR'(p) = —2V(p—k/2) (2.15)

WV (p—k/2) = ®(r+R(g)— ¥ —R(p)) (2.16)



Proof. Since R and V are 1-periodic, the equations (2.8) and (2.9) yield
WR(p +1/2) + wR(p) =0, wV'(p+1/2) +wV(g) = 0. (2.17)

We conclude that R(¢ +1/2) + R(¢) and V(¢ +1/2) + V() are constant. Inte-
grating over one period shows that both constants are zero. Thus we can eliminate
the delay terms, in (2.8)-(2.9) and we obtain (2.15), (2.16). O

Any traveling wave with £ = 1/2, i.e. any solution of (2.15)-(2.16), is called a binary
oscillation.

3 Thermodynamics of traveling waves

In this section we study the physical properties of traveling waves. In particular,

1. we will identify the usual thermodynamic fields as energy, temperature, pres-
sure and so on,

2. we study the constitutive relations, i.e. the dependence of thermodynamic
fields on the parameters of the traveling waves.

Since on the macroscopic scale the atomic data in a traveling wave are highly oscil-
lating, we consider suitable microscopic mean values of the physical fields. All ther-
modynamic fields in a traveling wave are constant in the macroscopic Lagrangian
space-time. However, in Section 4 these fields depend on the macroscopic variables,
and we use the modulation theory to derive their macroscopic evolution equations.

Let X = (V, R) be a traveling wave with parameters r, v, kK and w. We introduce
the following thermodynamic quantities:

1
W = /Cb(r + R(¢)) dep specific internal potential energy,
0
1
1
voo= §/V(go)2 de parameter -,
0
1
p = —/8@(7’ +R(p))dp,  pressure,
0
and
K = w?y specific internal kinetic energy,
T = 2K temperature,
F = K —W  specific internal action,
U = K+ W  specific internal energy.
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Furthermore, we define

S = 2wy specific entropy,
1

g = - / B'(r + R(0))(BeV)(p)dp  entropy flux.

(3.1)

At a first glance, these definitions may look very artificial. However, in the following
we show, that (S, ¢g) has all macroscopic properties of an entropy density-flux pair.

Next we consider (smooth) families X of traveling waves, which depend on a pa-
rameter set u. All physical fields then become functions in #. In order to have
a clear distinction between the parameter dependence and the ¢-dependence, we
write X(@; ¢) as well as V(u; ¢) and R(u; ¢) for the corresponding families of ve-
locity and distance waves, respectively. In Theorem 2.2 we have proved, that there
exists a family of traveling waves depending on @ = (r, k, 7). However, sometimes
it is convenient to consider other set of parameters.

The parameter dependence of the physical quantities lead to constitutive relations,
that become important in Section 4. In the following we derive these constitutive
laws for different sets of parameters. However, in all cases we will identify a ther-
modynamic potential, given by the equation of state, and a corresponding Gibbs
equation, that establishes the constitutive relations. We summarize the results as
follows:

independent  thermodynamic Gibbs equation

variables potential

(r, k, ) W=W(r k) dW=wdy — pdr — gdk (3.2)
(r, k, w) F=F(r k, w) dFf = Sdw + pdr + gdk

(r, k, S) U=U(rk,95) dU =wdS — pdr — gdk

In particular, if the equation of state is known, all other constitutive relations can
be determined by means of the corresponding Gibbs equation.

The parameter set i = (1, k, 7)

Let V(r, k, v; -) be a family of traveling velocity waves that is parameterized by
(r, k, 7). Recall that the existence of such families is provided by Theorem 2.2. We
define a function W by

W(?", k, 7) = W(Ta k, V(T’, k, v ))7 (33)
where W is given by (2.11).

Theorem 3.1 The function W = W(r, k, v) is nondecreasing w.r.t v, and there
holds

dW =w?*dy — pdr — gdk, (3.4)
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ie. w=0,W, p=—-0,W, and g = -0, W.

Proof. The functional W is smooth in (r, k) and Gateaux-differentiable with respect
to its variable V. Since the family V(r, k, 7; -) is assumed to be smooth, we find
that W is differentiable with respect to (r, k, 7). We differentiate W with respect
to 7, and obtain

1

1
0,W = / @ (r + AN(@D)) - Ap 0,V (p) dp = W / V() 0,V () dp = w0,y > 0.
0 0

Here we did not write explicitly the dependence of V on r, k and ~. Differentiating
W with respect to r yields

1

oW = /@'(T + flﬂ’(ap)) (1 + Ay &,V(ap)) dp

0

1
= —p+w /V(gp) 0,V (p)dp = w?d,y = —p.
0

Similarly, OyW = —g. O

According to this theorem, the internal potential energy W is the thermodynamic
potential, and (3.3) and (3.4) are the equation of state and the corresponding Gibbs
equation, respectively.

The parameter set 4 = (r, k, w)

We now consider smooth families V(r, k, w; -) of traveling velocity waves that are
generated by the parameters (r, k, w). In section 4 we will describe the modulation
theory of traveling waves and there we will start with such a family of traveling
waves. First we derive a variational result.

Lemma 3.2 Any traveling velocity wave V(r, k, w; -) is a stationary point of the
functional

1 1

Ve 120, 1]) — Fr, k, w, V) = %uﬂ / V()? dp — / o (r+ 4V(p)) dp.(35)

Proof. The functional F is Gateaux-differentiable w.r.t. its variable V, and the
derivative reads

ByF(r, k, w, V) = W’V — 4,00 <r + Akv). (3.6)

9



We conclude, that (2.2) is just the Euler-Lagrange equation corresponding to (3.5).
[

If (r, k, w) are the independent variables, the thermodynamic potential is the inter-
nal action F' with equation of state

F(r,k,w) = F(r, k,w, V(r, k, w)), (3.7)
and the corresponding Gibbs equation reads
dF = ~ydw®+ gdk + pdr. (3.8)

Both assertions can be proved similarly to Theorem 3.1.

The parameter set « = (r, k, S)

Sometimes it is convenient to consider a third family of traveling waves, that is pa-
rameterized by (r, k, S). In section 4 it will turn out, that the modulation equations
for these parameters exhibit a very symmetric structure.

Lemma 3.3 Any traveling velocity wave V(r, k, S, -) is a stationary point of the
functional

Ve L*([0, 1)\{0} — U(r, k, S, V)= ———— + /<I> r+ ALV( )) de.(3.9)
2 ngp 0

Proof. Equation (2.2) is the Euler-Lagrange equation of the functional (3.9). O

In this case, the thermodynamic potential is the internal energy U, given by the
equation of state

U(r,k, S) = U(r, k, S, V(r, k, S)), (3.10)
and the Gibbs Equation reads

dU = wdS —gdk—pdr (3.11)

Macroscopic changes of parameters

In classical thermodynamics, the transformation from a given set of independent
variables to another one is done by means of Legendre transforms (LT) of the ther-
modynamic potentials. Within the thermodynamics of traveling waves we find fol-
lowing analogue.
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Lemma 3.4 Let r and k be fized.

1. If w* = w*(y) is invertible there holds: F is LT of W with respect to v and W
is LT of F with respect to w?.

2. If S = S(w) is invertible there holds: U is LT of F' with respect to w and F is
LT of U with respect to S.

Proof. All propositions follow immediately from some basic calculations. O

We mention that it remains an open problem to validate the invertibility assumptions
for arbitrary atomic interaction potentials.

Thermodynamics of binary oscillations

Let r and w be fixed and let V(¢), R(¢) be a binary oscillation, i.e. a solution of
(2.15)-(2.16). The system (2.15)-(2.16) is equivalent to an Hamiltonian system. To
show this, we define new functions V(o) = wV(wo/2 — 1/2) and R(o) = R(wo/2),
and introduce the oscillator energy H,s by

1 1 1
Hu(V, R) = §w2V2 + Ppse(R),  Pose(R) = §<I>(r +R)+ §<1>(r —R). (3.12)

The ODE system (2.8)-(2.9) then reads

d 0 Hose d 0 Hose
S Rlo) = =S (V(0), R(0)), 1-V(0) = +525(V(0), Ro)). (3.13)

This Hamiltonian system describes the motion of a particle in the symmetric and
convex potential ®us.. Note that R(c) and V(o) are 2/w-periodic functions.

The Hamiltonian structure allows to parameterize the binary oscillation of an atomic
chain by the variables r and H,g., where the oscillator energy is equal to the internal
energy U in the sense of Section 3.

Theorem 3.5 For binary oscillations there holds:

1. The entropy flux vanishes, i.e. g = 0.
2. The Gibbs equation reduces to dU = wdS — pdr.

3. The frequency w and the entropy S are given by

+R* +R*

dR
= y S - \/Z(U - cI)osc<R)) dRa (314)
4: \/2(U - (I)osC(R)) \]4

where R* > 0 is determined by U = Pps.(R*).

1
w
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Proof. From (2.17) we conclude B,V = 0 and hence g = 0. Since g = 0, the Gibbs
equation (3.14) follows immediately from (3.11). Since H is an integral of motion
for (3.13), we find

1 2/w
U= / SV +2(r +R(p) dp = & / Howe(V (@), R(0))do = Hol3.15)

We may assume that V(o) > 0 within the first half period. This implies R(c = 0) =
—R* and R(0 = 1/w) = +R*. Hence

1/ LR LR

2 d d
——2/da—2 —R—2/ K . (3.16)
N | V7] VAU = 8R))

Furthermore, the definitions of S and v imply

g2 / AV () dg / Y AV () d 7*2(U Boee(R)) df

= — = o o = — ¥osc ’
w Jo 0 A V2(U — @ose(R))

which was claimed in (3.14). O

4 Modulation equations

As described in the introduction, a modulated traveling wave is an approximate
solution of (1.1), that satisfies

zo(t) = éX(at, ca) + X(st, eq; %@(515, ga)), (4.1)

where X (7, y) and O(7, y) are macroscopic functions. The wave profile X(7, y; )
is assumed to be 1-periodic w.r.t to ¢, and depends explicitly 7 and y. The generic
traveling wave parameters (r, v, k, w) now are macroscopic fields and read

00 00

w(7, y) = E(T’ Y), k(t,y) = a—y(T, ) (4.2)
and
)= Gl =5y (43

Furthermore, we assume that the wave profile describes periodic traveling waves,
i.e. we set

X(1, 4 0) = X(r(m, 9), 0(7, ), k(7 9), w(T, 9), al7, 4); @), (44)

12



where X(r, v, k, w, a; @) is a smooth family of traveling waves as in Section 3. Here,
a denotes an additional parameter as for instance the energy FE, the entropy S or
the parameter . To ensure that no further degree of freedom is allowed, we have to
impose a further algebraic equation. The most prominent example is the dispersion
relation, which provides the frequency

w = Qr k, a). (4.5)

Recall that the family (4.4) does rather not depend on v, but some notations simplify,
if we introduce the formal dependence on v.

The modulation equations are macroscopic PDEs that describe the macroscopic
evolution of the traveling wave parameter (r, v, k, w, a). They are determined so
that the ansatz (4.1) provides in fact approximate solutions of the atomic chain.
Since the dispersion relation eliminates one degree of freedom, we have to identify
four further macroscopic equations. In what follows we apply a variational approach
to derive these equations.

Formal derivation of the modulation equations

Let X = X(r, v, k, w, a; -) € L*([0, 1]) be a smooth family of periodic traveling
waves. In what follows, we abbreviate the parameters by @ = (r, v, k, w, a). More-
over, let V(u; -) and R(w; -) be the corresponding families of traveling velocity and
traveling distance waves, respectively.

We now insert the ansatz (4.1) into the expression for the total action in the atomic
chain. The discrete sum w.r.t. « yields integrals over the microscopic phase ¢ as
well as integrals over the macroscopic Lagrangian coordinate y. There results

Thn 1
total action = L(X, ©) := //L(ﬁ(T, y))dydr (4.6)
0 0
where L(@0) = L(u, X(u; -)). The functional £ is defined by

LX) = / G(v + WX () — B(r + ka(go») dy, (4.7)

where X is arbitrary in L?([0, 1]). Recall that 7’ denotes the derivative with respect
to ¢ and V, is given by (Vi X)(p) = X(¢ + k) — X(¢). The modulation equations
result if we apply the principle of least action to (4.6). The variations with respect
to X and O yield

0 = -OLldlr. y) + 50 LT, v) (45)
0 = %awL(ﬁ(T, y)) + %5’kL(ﬁ(T, v)) (4.9)
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respectively. Furthermore, there exist two compatibility conditions, which result
from (4.2) and (4.3), namely

ag(f) (7, y) = g—Z(T, Y), 8;@ (7, 9) = ag;ﬁ) (7, y). (4.10)

In the next step we evaluate the constitutive relation in more detail. The Gateaux
differential of £ w.r.t. an arbitrary function X € L?([0, 1]) reads

OxL(i, X) = —w’X" + Vi0d(r + Vi X), (4.11)

which is just the traveling wave equation with free parameter w. The family X(u; -)
satisfies the traveling wave equation, if the parameter w is replaced by the dispersion
relation. Thus there holds

OxL(U, X(T; ) = (Q(r, k, a) —*)X(g; )" (4.12)
Since £ does not explicitly depend on a we find

(%L(’E[) = <axﬁ(ﬁ, X(’ZZ, )), aaX(ﬁ, >> L2([0,1])

1

= (Qg(r, k, a) —w2) /X'([Z; )0 X' (1; ) de. (4.13)

0

We conclude that the dispersion relation is equivalent to 0,L(%) = 0. Moreover, it
implies

OxL(u, X(u; ) =0 aswellas 0,L(u) = 0,.L(u, X(u; -)) (4.14)
for all z € {r, v k, w}. This yields

0.L(u) = —/8(13(7“+ka(6; p))dp = —/8®(T+R(ﬁ; ©))dep, (4.15)
0,L(u) = +/(v+wX/(ﬁ; 0))dp = v (4.16)
and
OrL(1) = —/8@(7" + Vi X(; )X (d; o + k) dyp

0
1

= — / 0P (r + R(T; ) BV (T; ¢) de, (4.17)

0

0,L(1) = —I—/(U—i—wxl(ﬁ; oNX'(u; p)dp = w/V(ﬁ; ©)’de.  (4.18)
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According to the definitions in Section 3, we finally obtain
0rL(t) = p(u), 0,L(d) =v, 0xL(d) = g(d), 0,L(d)=S(@).  (4.19)

The modulation equations (4.8), (4.9) and (4.10) now read

b e [T e <o (4.20)
S(i@) +9(1)

Note that we did not eliminate the frequency w by the algebraic dispersion relation
(4.5). According to Section 3, we may interpret the four PDEs as the macroscopic
conservation laws for mass, momentum, wave vector and entropy.

Let us now consider the fields r, v, k and w as the independent variables. We set
a := w and the dispersion relation (4.5) reads w = a. The resulting modulation
equations are the same as (4.20), but now all constitutive relations are given by the
Gibbs Equation (3.8). In this form, the modulation system for the atomic chain
was derived by Filip and Venakides in [FV98]. Moreover, we find the same formal
structure as in the context of modulated traveling waves for PDEs, cf. [Whi74].

The modulation equations for (r, v, k, S)

Here we consider the independent parameters r, k, v and S, i.e. we choose a = S.
In densities of (4.20) are the independent variables, and the fluxes are given by the
Gibbs Equation

dE = wdS —gdk—pdr+vdu, (4.21)

where E := 02+ U(r, k, S) is the specific total energy. The system (4.20) now can
be written as

0 0
— U4+ B—0:F(v) = 4.22
8TU+ (9y8v (V) 0, ( )
where
r 01 00
I 11000
=14 B = 000 1 (4.23)
S 0010

In fact, this is a very nice structure of the modulation equation. Moreover, the set of
variables (r, v, k, S) provide further information about the modulation equations.
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Theorem 4.1 Let a smooth solution of (4.22) be given. Then, the energy E 1is
conserved according to

oFE 0
—+ — = 0. 4.24
or +ay(pv+gw) 0 ( )
Furthermore, there holds a further conservation law
0 0 E~
— kS) — =0 4.25
5 (rv + kS) 9y , (4.25)
where E* is the Legendre transform of E with respect to all variables, i.e.
E* = —rp+v°—kg+wS—E. (4.26)
Proof. Equation (4.21) yields
0B 0S __or_ 0k 0v
or 0T par g@T ot
= —w@— gv _ 6’_w_v@ = ——(pv + wg)
T Yoy Pay oy " Yay T Toy T

Let E* be given as in (4.26). Then there holds dE* = Sdw — rdp — kdg + vdv.
Finally, we find

oF S(’?w ap k@ @

oy~ “oy oy 0y+vf)y
0k ov 0S5 or 0
= SE TE—F/{?E—FUE = E(TU—F/{?S)

5 Examples of traveling waves

5.1 Harmonic chain

The most prominent example for an atomic chain with ®(z) = a?z%/2, where a > 0
is a constant. It is easy to prove, that there exists the following family of traveling
waves, parameterized by (r, k, ),

V(y; @) = 2y/7sin (2m9), Rk, 7; @) =

The dispersion relation w(k) = asin (7k)/m provides the frequency w as function of
k, and does not depend on r or . Furthermore, the equation of state reads
1 2

W(T, kv ’7) = §a27’2 +UJ(k’) v (52)

V(). (5.1)

and implies

1
g(r, k, 7) = =a’sin 2wk)y, F(r, k, 7) = —5a*r%, S(r, k, 7) = 2(k)y. (5.3)
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5.2 Hard sphere model

Here we consider the hard sphere model of the atomic chain, which describes all
interaction by hard sphere collisions. As long as the distance between two adjacent
atoms is larger than a fixed interaction distance ry;, > 0, there is no interaction
between the atoms. If the distance meets the interaction distance, both atoms will
interact by an elastic collision, i.e. they will exchange their velocities. Although
there is no corresponding smooth interaction potential, we may apply the notion
of traveling waves and modulated traveling waves. There are three motivations
for studying this simple model: (). We can derive explicit expressions for families
of traveling waves and thus also for the modulation equations. (ii). According to
[FMO02], the model describes the high energy limit for certain potentials. (éi7). In
Section 6 we can justify the modulation equations.

Using basic physical arguments, one can derive the following family of traveling
velocity waves, parameterized by (7, k, w),

_(T_—l:min) if 0<op<k
V(r, ko) = (F — T'min) (5.4)
+W if k < p < 1

Recall that the frequency w > 0 is a free parameter and may be chosen independently
of r and k.The equation of state reads

(r — rmin)2w2

F(r, k,w) = (1l — k)

(5.5)

and implies
(r — Tmin) w S?k(1 — k)
k(1—k) 27 — Tomin)”

Since there is no internal potential energy, there holds U = F.

S(r, k, w) = U=U(rk, S) = (5.6)

Theorem 5.1 The modulation equations in the variables 4 = (r, v, k, w)T read

0 0
—Uu+Cu)=—u = 0, 5.7
5+ Clg (5.7)
where
0 —1 0 0

w? 0 . (1—2k)rw? 2(r—rmin )w

N E(1—F) k2(1—Fk)2 E(1—F)
C(i) 0 0 0 ol 68

(1—-2k)w? 2w (1—-4k(1—k))w? (1—2k)w

T (r—rmin)k(1—k)  (r—7Tmin) k2(1—k)2 T k(1-F)

The system is hyperbolic with two linearly degenerate eigenvalues
w w

)\1 - —E, >\2 - m (59)

Proof. See Theorem 5.2. O
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5.3 Harmonic interactions, interrupted by periods of free
flight

We consider an atomic chain in which the atomic interactions are given by the
potential

52<T - Tmin)Q .
Q)(r) = 4 Hcf r S Tmin; (510)
0 iff 7> rum,

where 0 and 7, are two fixed constants. This model combines properties of the
harmonic chain and of the hard sphere model. Next we give a family of traveling
velocity waves that is parameterized by (r, v, k, w). To this end we set 0 = 7w/4,
and define a 1-periodic auxiliary function V by

+ cos (U’lwgo) iff 0<yp <o,
~ B -1 ifft 0 <y <k,
V©) = 9 _eos (c“'nlp— k) if k<p<kto (5.11)
+1 ifft k+o0<p<1.
The family of traveling velocity waves results as
V(p) = (V) - (1 2k)) (5.12)
2T k(A —k) —mow\ ¥ ' '

Note that the corresponding family of distance waves is given by R = ALV. In order
to ensure that (5.12) is well defined, the frequency must be sufficiently small, i.e.

o=md"'w <min{k, 1 — k}. (5.13)

This condition corresponds to the physical restriction, that all interactions in the
chain due to the harmonic part of ® incorporate only two atoms. In other words,
as long as the atomic distance r, is smaller that r.;,, the adjacent distances r,_1
and 7,1 are larger than r,;,. We mention that there exist traveling waves violating
this condition, but for these the explicit expressions become more complicate.

The family (5.12) yields the following equation of state

(r — rmin)2w2

2k(1 — k) —mo—1w’

F=F(r,v, k,w) = (5.14)

which implies

Moreover, if ¢ = 7d~'w tends to zero, we obtain both for the traveling waves and
for the equation of state the same expressions as in the hard sphere model.
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Theorem 5.2 The modulation equations in the variables @ = (r, v, k, w)T read

0 0
where
1 0 0 0
0 1 0 0
A = 0 0 1 0 , (5.17)
2rw(4k(1—k)—m6~'w) 0 8r2wk(1—k)(1—2k) 8r2k2(1—k)?
(2k(1—k)—md—1w)? (2k(1—k)—m6—1w)®  (2k(1—k)—m6—1w)3
0 —1 0 0
2,2 1 _ 4rw?(1—2k) 2rw(4k‘(1—k‘)—7r§*1w>
B — (2k(1—k)—7m0—1w) (2k(1—k)—m6—1w)? (2k(1—k)—m6—1w)?
0 0 0 —1
L 4r?(1-2k) 4r2w?(2-6(1—k)—md'w)  §r2wk(1—k)(1—2k)
(2k(1—k)—mé—1w)? (2k(1—k)—m6—1w)3 (2k(1—k)—m6—1w)?
The system is hyperbolic with two eigenvalues
w w
AM=——, Ag=—— 5.18
1 k; 2 1 — k? ( )

which both are linearly degenerate.

Proof. The matrices A and B may be calculated directly from (4.22) and (5.14).

The characteristic polynomial of the matrix A='B is

(w+ kN (w — (1 — k)N)?
k2(1 — k)2

P())

(5.19)

Hence, the system (5.16) has four real eigenvalues which are given by (5.18). The
right eigenvectors u; and 15 of A™'B corresponding to A, and \,, respectively, are
twofold degenerate and read

w w 2(r — rmin)k

B T

= (Cl’ O L E) A= S 2%k(1—k) — w6 w’ (5.20)
T

L w w C2(r = i) (1 = k)

w2 = (CQ’ e b TTo k) C 2T (k) — ol (5:21)

It is easy to check that both eigenvectors are perpendicular to the gradients of the
corresponding eigenvalues, which implies that both A; and A5 are linearly degenerate.

4
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5.4 Small-amplitude traveling waves

We now consider the small-amplitude approximation of traveling waves. This gives
an example where we can explicitly determine a criterion for the hyperbolicity of
the modulation equations. In order to simplify the notations we set the periodicity
length of traveling waves to 2w. At first we calculate the specific internal action, F,
in the small-amplitude approximation. We have shown in Section 3 that I’ does not
depend on the velocity v, so that we can set v = 0 in the following calculation. The
traveling wave representations (4.1) and (4.4) will now be written

zo(t) = ra+ X(r, k, 0; ka + Q(r, k, 0)t). (5.22)

Note that within this section all traveling waves have period per = 2m. The disper-
sion relation €Q(r, k,0) is given here with a different parameter set as in Section 3.
The newly introduced parameter ¢ defines the amplitude of the wave. Furthermore
we assume

X(rik, 050 +2m) = X(r,k,6;¢) (5.23)
2
/ X(r,k,0;0)de = 0 (5.24)
0
2
/ X(r, k,8;0)e ¥ dp = 4. (5.25)
0

In fact, assuming that & is sufficiently smooth, we construct X as a power series
expansion with respect to 6. The dispersion relation w = Q(r, k,d) is then also
expanded in §. The small-amplitude approximation relies on the ansatz

N n
X(p) = 20cos(p)+ Y 0" Y Ay me™ + 00N )5, (5.26)
n=2 m=—n
N
w o= Qrko)=Q+ ) "+ 0" )5 0. (5.27)
n=1

Here, we assume A, o = A,,1 =0 as well as 4, _,,, = Zn,m- Of course, all A, ,, and
€2, will depend on r and k. Inserting this into (5.22) and (2.1) and equating to 0
the terms associated with §"e™? yields equations for the desired coefficients:

§te'? 1 QF = ®"(r)2(1 — cos(k)) (5.28)

5%e¥ 0 =0 (5.29)
isink ®"(r)

5262 Ay, = 5.30
¢ 227 1= cosk @"(r) (530)

. 1 ) @/// r 2
5l Qy = 200 (12(1 — cos k)2®W (r) 4 8(sin k)? (I)”((T)) ) (5.31)
(53612@ i A372 =0 (532)

20" (r)®™ (r)(cos(2k) — cos k) — 49" (r)*(cos(2k) + 3cos k + 2)

§7e? : Agy = 5.33
¢ >3 O (r)2(6 — 4 cos k — 2 cos 2k) 5-33)
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This expansion can now be inserted into the internal action F' as a function of
(ryk,0):

27 2
F(r k,w,8) = 1 / X k8 @)= (r 4+ X(r k6 0+ k) — X(r, k, 65 0)) do.

2 2

(5.34)

This resuls in the following expansion

N/2
Frk,w,6) = 252" (W Ko (1, k) = Vi(r, k) + O(6V12), (5.35)
with
Ki(r,k) = 1, (5.36)
Vi(r k) = ®"(r)2(1 — cosk), (5.37)
[ D"(r) >1+ cosk
KQ(TJ k) - (@”(T) 1 — COS k? (538)
X 2

Va(r k) = ®W(r)(1 —cosk)?+ @) [3+2cosk — (cosk)?] . (5.39)

& (r)

Note that the function Q(r, k, d) appears here from solving gﬁ(r, k,w,d) =0 for w
as a function of (r, k,d), namely

Q(r, k,0) = (Vi(r, k) + 262 (Va(r, k) — Vi (r, k) Ks(r, k) + O(6*) 2. (5.40)

However, we rather consider w as independent variable and eliminate 0 instead. We
let Qq(r, k) = \/Vi(r, k) and assume that

def

M) Vi, B Ea(r, ) — Vil B)
= Qo(r, k)*Ks(r, k) — Va(r, k)
_ _((I)///(T)) ~ (cos 21 &) , ~ cos 9
o () [1 (cos k) } W (r)[1 k] (5.41)

is different from 0. Then, (%F (r,k,w,0) = 0 can be solved for § as a function

d = D(r, k,w) near w = Qy(r, k), namely

w? — Qo(r, k)?
2[Q0(r, k)2 Ks(r, k) — Va(r, k)]

Thus, the reduced functional F(r, k,w) = F(r,k,w, E(r, k,w)) takes the form

8 =D(r k,w)* = — + O ((w—Q(r, k)" . (5.42)

F(r,k,w) = —=®'(r) + G(r, k) (w — Qo(r, k))* + O ((w — Q(r, k:))4) , (5.43)
where
. Qo(T, ]{?)2 . Qo(T’, ]{?)2
Gk) = e = R0 k) Mk
_ 2(®"(r))” (5.44)

O (r)P@ (r)(1 — cosk) + (D" (r))3(1 + cos k)
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Of course, I is only correctly related to the atomic chain when 62 > 0 is satisfied,
ie.

w< Qo(r k) ifG(r k) <0 (5.45)
and
w > Qy(r k) if G(r,k) > 0. (5.46)

Finally, we consider Whitham’s modulation equation for the set of parameters from
Section 3.2

r v
% v _ a% _a’”Ff:’k’“) . (5.47)
O F(r k,w) — O F(r, k,w)
Hyperbolicity is checked by calculating the characteristic speeds A from
1 0 0 0 0 -1 0 0
0=p(A) © det [A 8 (1) (1) 8 - a%F 8 87‘%‘“F a”?"iF (5.48)
0,0,F 0 OO, F O*F 0.0uF 0  OF OpOF
An expansion in terms of w — Qq(r, k) yields
p(N) = 2G(r, k) (A — 9Qo(r, k))* (A2 = @"(r)) + O(w — Q). (5.49)

For the case 6 = 0 we obtain the two macroscopic wave speeds Ao = £/®"(r)
and A3 4 = 0kQ(r, k), i.e., the group velocity is a double eigenvalue. The important
question is how this pair behaves for small §. To this end we fix A = 0,Q(r, k) and
expand in terms of w — Qo(r, k):

p(Qo(r, k) = —2G(r, k)32 (r, k)N (1, k) (w — (1, 1)) + O (w — Q)?) (5.50)
with
N(r, k) = 8, Qo(r, k)% — 0" (r) + G(r, k)9, (r, k). (5.51)
An explicit calculation gives

N(rk) = N(rk)G(r, k)/®"(r) with (5.52)
N(r k) = ®"(r)[T—8cos k+ cos(2k)] + & (r)®W (r)[4 cos k—3— cos(2k)[.53)

Since 9 (r, k) = —1Q(r,k) < 0 and (8,Q0(r, k))? — ®"(r) < 0, we conclude
that the double zero A = 9,Q(r, k) splits into two real eigenvalues if N(r, k) > 0;
and it splits into a pair of complex conjugate eigenvalues if N (r,k) < 0. In the
latter case the Whitham equation is no longer hyperbolic and hence ill-posed. This
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indicates, at least on a formal level, that the traveling waves are unstable due to the
Benjamin-Feir instability, see e.g. [BM95].

For binary oscillations we have k = 7 and obtain
N(r,m) =8 (29" (r)* — " (r)dW (r)). (5.54)

Similarly, for k = T we have N (r, ) = 1 (50" (r)? — @"(r)®W(r)). Using (5.54) it
is easy to construct examples where all binary oscillations with small amplitude are
unstable. In general one expects that the range of wave numbers k, which leads to

stable small-amplitude oscillations, depends on the specific length 7.

For the Toda lattice (1.3) we have (®”(r))* = ®"(r)®®(r) = €>2" and hence
Nroda(r, k) = €724 — dcos k] > 0. (5.55)

This coincides with the fact of complete integrability which leads to stability of the
traveling waves.

6 On the justification of Whitham’s
modulation equation

The mathematical justification of Whitham’s equation addresses the question whether
solutions which start at time ¢ = 0 as a modulated traveling wave will stay in the

form of a modulated traveling wave on macroscopically long time scales, i.e., for

t € [0,79/e| for a 7o > 0. If this is the case, then the above formal arguments show

that the macroscopic quantities (r, v, k,w) have to satisfy Whitham’s equation. Of

course, the relevant 75 cannot be larger than the existence time of smooth solutions

for Whitham’s equation. Since this is a system of hyperbolic conservation laws, it is

to be expected that shocks develop and it is clear that the modulation ansatz will

not be suitable to describe such cases.

6.1 The generally expected justification result

We believe that the following conjecture is in the heart of the matter. However,
at the moment we are far from being able to prove it in this general form. To
formulate the conjecture we assume that the potential ® is sufficiently smooth (e.g.,
® € C5(R,R)) and that a smooth family of traveling waves defined via X(r, k, w;-) :
St — R exists for (r, k,w) € D C R3 such that the action functional F, see (3.7), can
be constructed. Thus, Whitham’s equation can be formulated and we may define

M = {(r, k,w) € D | Whitham’s equation is strictly hyperbolic
in (r,0,k,w) and the traveling wave
X(r, k,w;-) is linearly stable},
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and assume that M is an open set.

Our conjecture follows similar justification results for partial differential equations
[KSM92, Sch98, Mie02] or for discrete systems [FP99, SW00, GM04, GMO05].

For a given solution (?, v, %, ZD) of the Whitham equation we define the modulation
ansatz M°® via the global deformation X and the global phase © which are defined
as follows:

oXx _ 00X _
W_,U’ a—y—r, @(0,0)—0,

For a given scale parameter ¢ € (0, &) we define

99 _5 29 1
or oy "

X(0,0) =0,
et ea) + R((’F, T,©) | (ct.cay; LO(et, c0) + Li(et, m)>

Me(7, 9, k, &) (t) = 5 6.1
( ) Blet, ea) + B(et, )V ( (7, 7, 3) ety 1O (e 20)) o

where

V('F, k, @ 90) = X <'F, k, @ 90) ,
which is the modulation ansatz associated with the macroscopic solution of Whitham’s

equation.

Conjecture 6.1 Let (7,7, k, &) : [0, 7] xR — R* be a smooth solution of Whitham’s
equation such that (F(1,y), k(r,y),5(7,y)) € M for all (1,y) € [0, 7] x R. More-
over, let (1, v°) : R — Y. be the solution of Newton’s equations (1.2) with the initial
condition

(r4(0),v7(0)" = M* (7, 7, %, ) (0),
where Y. 1s a Banach space, such that
1(##(0), v°(0)) " [lr. = O(1).

Then, there exist constants C,eq, a0 > 0 such that for all € € (0,g9) and all t €
[0, Tin /€] there holds the estimate

(rF(8), o5 (1)) T — M* (’f, 5k, @) (t)‘

A possible choice for T, is T, = (2 x (2, where /2 is equipped with the norm

1/2
Irlle = (62(%)2) :

«

We prove this conjecture in two cases. However, in none of these cases the assump-
tion concerning M is satisfied. Instead, the Whitham equation is degenerate and
explicitly solvable.
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6.2 Justification in the linear case

In Section 5.1 we studied the case of the harmonic potential ¢ : x — 2 2 leading

2
to the linear oscillator chain
Fo = a*(Tat1 — 2o + Ta_1). (6.2)

It is now convenient to write (6.2) in discrete conservation form. We define R, =
Tail — Ta, Vo = T4, and obtain the system

Ro = Vas1 — Vo, Vi =a*(Ra — Ra_1). (6.3)

The linear system is degenerate since the frequency w depends on k via the dispersion
relation

k
w = Q(k) = 2asin 7

Moreover, the amplitude p = /7 plays the role of the fifth independent variable.
The Whitham equation takes the form

r v
olar| o|-aL -
E k = a—y w and 8/)[/ =0
O, L —Op L
where L(r, v, k,w, p) = %U2+%&2—§T2—Mp2. More explicitly, after inserting
w = Q(k) this reads
r v
0 v 0 a’r
- E———— 6.4
e | om (6-4)
k) o (R)Ok)?

Note that the characteristic speeds of this system are A\; 5 = %a (the macroscopic
wave speeds) and A3, = (k) since both, the wave number and local energy, are
transported with the group velocity ' (k).

Associated with the scale parameter € > 0 and a solution (r,v,k, p) of (6.4) is the
modulation ansatz:

R, B . - r+p+1ei®+1 . peiG)/a
(Va> (t) =M (T7vak7:0)a(t) T (U + (po(k) +€%§) el®/e |

where the functions r, v,k and p are evaluated at (7,y) = (et,ea), where p*' and
OT! are evaluated at (et,e(a+1)). As above, the phase function © : [0, 74,] x R — R
is defined via ©(0,0) and 0,0 = Qo k and 0,0 = k, where we use that the third
component of (6.4) gives 0,0,0 = 0.k = 0,(Q o k) = 0,0,0.

+1

Our justification result now reads as follows

25



Theorem 6.2 Let (r,v,k, p) : [0, 7, — C3(R) be a solution of (6.4) with (r,v,p) €
CY([0, 74a), HY(R)). Then, there exists a constant C' > 0 such that for alle > 0 the so-
lution (R, V) € C°([0, Tan/c], 2% £?) of (6.3) with initial condition (R*(0),V(0)) =
M= (r,v, k, p)(0) satisfies, for all t € [0, Tan /€|, the estimate

|(Re(t), Ve(t)T — M* ((r(et), v(et), k(st),v(d)))”ezxeg < Cte? < Crane.
Note that the solutions (R, V¢) and M® are of order 1 in (2 x (2.

Proof. We establish the result in the standard way of justifications of modulation
equations, cf. [KSM92, Sch98, Mie02, GM04, GMO05]. Another proof using Wigner
measures is provided in [Mie05]. We first insert the ansatz M¢ into (6.3) and calcu-
late the residuum “res”. Then we estimate the error (R®", V") by the smallness of
the residuum and by stability.

Since the problem at hand is linear we split the calculation of the residuum into two
parts.

(i) The macroscopic part: Let (r,v) be the solution of d,r = 9,v and d,v = a*dyr

t(r
and (ﬁ) S NGRS

res(M;(r,v))q = <9Va B GQ(RQ B Ra1>
_ (5877’(515, eq) — 5%2[1)(515, e(a+1)) —v(et,ea)] )
e0;v(et, ea) — e [r(et, ea) — r(et,e(a — 1))]

. ( dyv(et,ea) — [u(et, e(a + 1)) — v(et, eq)] )
2(9yr(et,eq) — Lr(et,eq) — r(et, e(a — 1))] )

j;)). Insertion into (6.3) yields

)

where we have used that (r,v) satisfies (6.4). Using (r,v) € C?*(R) we obtain
res(M; (r,v))q = O(g?)
and employing Prop. 3.3 in [GM04] gives
[res(M; (r,v) llexe < CE%|I(r, v)llnecz)

(i) The microscopic oscillations: We insert

Ra B 5 p el@+1/€ peiG/s
(Va> - M2 (k7p)06 . ( [1Qp+867p]ei@/€

into (6.3) and obtain res(M5(k,p))a = (0, 4V, — a®*(Ry — Rq_1))" with dif/

' dt
[—Q%p + (0, (Qp) + Q0 p) + 20 ple 0/e and

Roi= Ry = p [o07/7 20000 407 g (071 = ) 07 4 (o7 = p) o070
= p(2cos k — 2)e'9F +ig[pd,k cos k + 9,p2 sin k]e'®/F + O(?).
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The fourth component of (6.4) reads 9,(Qp?) = 9,(Q2Q'p*) and thus provides
0-(Qp) + Q0,p = 0,(QY)p + 2Q0'0,p = a*(pd,k cos k + 20, psink).
From this we obtain res(M5((k, p)))a = O(g?) and conclude as above
Ires (M (B, ) llpes < Ce2 (14 [Klleo) lpllnsce

To control the error
(feris)) = (00)) = 3ok 0

we use that it satisfies the linear problem (6.3) with initial data equal to 0, but with
the residuum as an inhomogeneity:

d (R _ (Ve - v e R(0)) _ (0
& (V;rr) - (QZ(RZH _ Rgr£1)> + res (Ml +M2) and (Verr<0) —\o/-

The energy norm provides a simple error control. Defining

w03 (Lo

o1V

2

+ 5 )
we find e(0) = 0 and

ie(t) =¢ Z yer (a2 (RZ” — Rzrfl) + Resg) + a’R" (Vo'ffl -V 4+ Resg)

Q€7
=¢ Z Ve ResY + a’?R™Resl < Cuv/2e(t) ||res (M + M)l 22
€7

with C, = max{1,a}. Together with || res(Mf 4+ M5)||;2cxrz < Crese” this yields

||(Rerr Verr He2 o < C \/f < 02 resg
which is the desired result. OJ

6.3 Justification for the hard sphere model

The hard sphere model, which was introduced in Section 5.2, will here be used to
establish a rigorous justification of the micro-macro transition. For simplicity we
set Tmin = 0, so that ®(d) = +oo for d < 0 and ®(d) =0 for d > 0. As in the linear
case the microscopic discrete model as well as the associated Whitham equation
are explicitly solvable. This fact enables us to compare solutions of the microscopic
model with corresponding solutions of the modulation equations. To this end we pass
from the Lagrange representation to the Euler representation of thermodynamics.
Recall that in the Lagrange representation time ¢ and particle index o are the
independent variables, where in the Euler representation the motion is studied in
the plane spanned by time ¢ and physical space (position) z. Correspondingly, in
the macroscopic Lagrange representation all fields depend on 7 and y, where in the
macroscopic Euler representation they depend on 7 and &.
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Microscopic dynamics in the Euler representation

The microscopic dynamics can be characterized very simple (cf. Figure 2), if only
two particle collisions are involved.

1. Since we set rqg = 0, all atomic distances are nonnegative. As long as r,_; and
r are positive, the atom « moves along a free flight trajectory.

2. If the distance r, vanishes at a certain time ¢, the particles o and o + 1
interact by an elastic collision, i.e. both particles will exchange their velocities.
In particular, the particle a + 1 moves after the collision on the free flight
trajectory, which was occupied before the collision by the particle a and vice
versa.

3. All free flight trajectories are uniquely determined by the initial positions and
velocities. Any particle moves along a zig-zag curve on the pattern which is
generated by all free flight trajectories.

Time

Position

Figure 2: Schematic representation of the microscopic dynamics in the Euler repre-
sentation. Any particle moves along a zig-zag curve on the free flight trajectories of
phonons.

In the sequel we refer to the free flight trajectories as phonons, and we label them
by the index 5. At 7 = 0, any particle « defines uniquely a phonon (3, whose motion
is given by t — 2,(0) +tv,(0). Any solution of the microscopic dynamics associates
to any phonon 3 a function t — «g(t), so that ag(t) gives the index of the atom,
which moves at time ¢ on the free flight trajectory of phonon 3. Recall that for all
3 the integer ap(t) is well defined for almost all times ¢. Since we are free to choose
the initial labeling of phonons arbitrarily, we set az(0) = f3.

The atomic interactions take place at the intersection points of free flight trajectories
and can be described as follows. Let (3, and (5 be two phonons, whose free flight
trajectories intersect at a certain time . Moreover, let t—0 and t+0 denote two times
immediately before and after the collision, respectively. Before the collision there
holds either ag, (t — 0) = ap,(t —0) — 1 or ag, (t — 0) = ag,(t — 0)+ 1, depending on
whether (3, is faster or slower than ;. After the collision there holds ag, (t +0) =
ap,(t —0) and ag,(t + 0) = ag, (t — 0). The atomic collision is thus equivalent to an
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increment/decrement of ag, and ag,. The reformulation of the microscopic dynamics
in terms of phonons has the advantage, that we can compute both time and spatial
positions of the atomic interactions directly from the initial data. For fixed phonons
(1 and (35, the collision time teon (51, F2) and the collision position xeon(B1, B2) are
given by

_ _Tp (O) —Tp (0)
el )= @ s 0) o
Teon(B1, B2) = @, +teon(Br, B2) v5,(0), =1, 2. (6.6)

Note that the collision time can take negative values or even indefinite values.

Traveling waves in the Euler representation

Recall from Section 5.2, that the family of traveling velocity waves for the hard
sphere model reads

—g falls 0 < o <k,
MULE 2N R Y (6.7)
1—k

Now we characterize the structure of these traveling waves in the Euler representa-
tion, see figure 3. According to (6.7) and (2.3), in any traveling wave there appear

only two velocities v; and vy. Assuming vy > vy we find
v = v+rﬁ, vy = v—r%. (6.8)
Consequently, the phonons split into two families, namely a faster one and a slower
one, where faster and slower phonons move with v, and vy, respectively. Moreover,
all phonons of the same family move on parallel and equidistant straight lines. We
denote the constant spatial distance between adjacent faster and slower phonons by

r1 and ro, respectively.

Time

Position

Figure 3: Schematic representation of a traveling wave in the microscopic Euler
representation with periodic boundary conditions.

The distances r; and 79 are related to the generic traveling wave parameters r, v,
k, and w via

(6.9)
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Figure 4: The microscopic dynamics in the macroscopic Euler representation for
N = 64. The trajectories of eight selected particles are drawn with red color.

For later purposes we define
0i = —, 0 := 01+ 09 (6.10)

The quantities g1, po can be interpreted as partial phonon densities, and their sum
is the particle density o. Any traveling wave can be characterized by (o1, v1, 02, v2),
because (6.8), (6.9), and (6.10) imply

1 01V1 + 0202 02 _ 0102(v1 — o)
V= k= W= =

o+ on+o T ot+oo 01+ 09

. (6.11)

r

Example for the microscopic dynamics

For an illustration of the microscopic dynamics we present a numerical simulations.
We consider finite particle numbers N < oo and impose periodic boundary condi-
tions, i.e. we assume

ra(0) = Ta1n(0),  04(0) = v4arn(0) vV oa. (6.12)
For given N, the atomic positions and velocities are initialized by

v)(ea) if a is even,

W(ea) if ais odd (6.13)

2a(0) = o, 1,(0) = {

where a = 1...N, and v{(y) = 1. + 0.2 cos (47y), v3(y) = —1. 4 0.3sin (27ry). Figure
4 shows for N = 64 the exact solution in the macroscopic Euler representation. We
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Atomic distances, N=4096 Atomic velocities, N=4096

+3.13 m . +1.20 /\/\_
[%] %]
8 ; 2
§ +1.57 | % g -0.05
0 iy KS)
[a} >
+0.00 v iR % a0 \_/
0 1. 0. .
macroscopic particle index macroscopic particle index

Figure 5: The microscopic dynamics in the macroscopic Lagrange representation
for N = 4096 The atomic distances and velocities are depicted against y, for fixed
7 = 0.3. The dark colored macroscopic functions represent the macroscopic mean
values, whose dynamics is governed by the modulation system.

can distinguish two families of phonons, a left going one and a right going one. All
phonon trajectories of the same family are locally almost parallel. Furthermore,
since the macroscopic time interval is sufficiently small, the phonon trajectories of
the same family do not intersect.

For any macroscopic point (¢, z) there is a vicinity in space time and a traveling
wave, such that the atomic motion within this vicinity can be approximated by the
traveling wave data, at least for large N. This claim is right, because the atomic
velocities are locally jumping between two (almost constant) values. It is easy
to construct microscopic initial data, so that locally more than two velocities are
involved. In this case we cannot expect the modulation theory to be valid. Similarly,
modulation theory will fail in our example, if the macroscopic time interval is so
large, that free flight trajectories of the same family intersect.

In Figure 5 we have depicted the atomic data for 7 = 0.3 and N = 4096 against the
macroscopic particle index y. Here, the dark colored lines represent the local mean
values of the highly oscillating data. Again we observe that there are locally only
two velocities. For this reason we expect that the macroscopic evolution of the local
mean values is governed by the modulation system (5.7).

The modulations equations in the Euler representation

Within this subsection we study the modulation equations in the macroscopic Eu-
ler representation, which we introduce in the usual way by passing from time and
particle index to time and space. The change of variables will allow us to prove the
justification result.

In order to distinguish strictly between the different settings we use 7~ and 7”7 to
denote fields in the Lagrange- and the FEuler representation, respectively. With this
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notation the modulation system (4.20) reads

T -7
o | v o | +p
SNE Lt 14
ar |k Tay |- & (6.14)
S +9

where S = S(?, E, ZD), p = p(?, E, @) and ¢ = g(?, %, &3) According to the
Equation of State (5.5), there hold

r?w rw? r?w? (2k — 1)
S(r, by w) = — 2 kw) = — 2 kyw) = T2
(T7 9 w) k(l o k)’ p(r7 9 (.U) k(l _ k)? g<,r7 9 CU) 2k2<1 _ k)2

Since these identities are satisfied both in the Lagrange- and Euler representation,
(19 [

neither “ nor “"1s used.

The macroscopic mass balance defines the macroscopic Euler coordinate z as follows.
We interpret the first equation in (6.14) as an integrability condition and introduce
a field z by
0z . 0z 1
— =0, — =T== (6.15)
dy 0

and z(0, 0) = 0 Under the change of coordinates (1, y) — (7, z) any field w trans-
forms into a field @ with

u(r,y) = u(r, 2(1, v)). (6.16)

Consequently, the modulation equations (6.14) can be written as

0 0
o |ov o | ov?+p
— | = — | =~ . = 0. 6.17
or Qli +(9z Q]f\U—w ( )
05 0Sv+7

Note that the fields 9, o, /k?, 0, and S are the volume densities of momentum, wave
number and entropy. Similarly as in the previous subsections we use the formulas
(6.8)-(6.10) in order to define the fields vy, U, 01 and s, which now depend on the
variables (7, z). From (6.17) we can easily derive the equivalent system

/Q\l /Q\l @\1
o |7y 0 152
— | Sl +=121 = 0. 6.18
ot | 02 0z | 0202 ( )

Furthermore, we state
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1. The inverse transform to (6.15) is given by

W_p - g, (6.1
ot

with (0, 0) = 0, where p = 1/7 is the mass density.

|
n )

2. The systems (6.14) and (6.17)/(6.18) are equivalent, as long as all fields are
smooth.

3. The quantity z is the macroscopic Euler-coordinate, which up to now was
abbreviated by £&. We have changed the notation in order to indicate that here
the macroscopic Euler-coordinate results from the mass balance in (6.14) and
not by scaling of atomic positions.

For later purposes we introduce two fields §1 and Eg by

0B, -
87] (1, 2) = —(0;0;)(7, 2),

(1, 2) = +0;(7, 2), (6.20)

and Ej(O, 0) = 0. We mention that the sum B + B gives the macroscopic Lagrange
coordinate ¥, i.e. By + By =17).

Our next task is the characterization of solutions of (6.18) in more detail. At first
we observe that any solution of (6.18) is determined by the two Burgers equations

ov;  10(09)

ar 2 0z
which can be solved explicitly. In particular, for sufficiently small times 7 any
solution of (6.21) is given by v;(7, z) = v;(0, 9;(7, 2)), where 7);(7, 2) gives the
initial position of the characteristic, which crosses at time 7 the position z. This
means 7;(7, z) +70;(0, 7;(7, 2)) = 2, i = 1, 2. The two equations in (6.21) can be
solved uniquely for 7 € [0, 74,], as long as 73, satisfies

=0, j=1,2, (6.21)

1+ 4y min { inf %(0, 2), inf %(0, z)} >0, (6.22)

because this condition guaranties that (for fixed 7€[0, 73,] and z) the functions
n — n+70;(0, ), i = 1, 2, are strictly monotone. The next Lemma summarizes im-
portant properties of solutions of (6.18), which become important in our justification
result.

Lemma 6.3

1. The fields 1, and 7y satisfy

_ P _ '

on; (r, 2) = U](E? (7, 2)) 7 on; (r, 2) = _ .

o7 147280 72y 92 147 2% 0, 5:(r, 2)
82 ? TI] Y az ? nj Y
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2. For all times T€[0, Tan|, with Tay satisfying (6.22), we find

v;(1, 2) = @(O,A ﬁj(TaA 2)), (6.23)

oi(r, 2) = QjéOU;”’A(T’ 2 (6.24)
1+Ta—;(0ﬂ7}(ﬂ z))

Bj(r, 2) = B;(0,(r, 2)). (6.25)

For shortness we omit the proof of this Lemma, because all assertions follow from
straight forward calculations. For the details we refer to [Her04].

For the sake of simplicity we will restrict the following considerations to a special
class of solutions of (6.18).

Assumption 6.4 In what follows we assume:

1. Let 01, 02, 01 and vy be a smooth solution (at least C?) of (6.18) with the
following properties

(a) All fields are periodic in z with period L.

(b) All fields are defined for macroscopic times 7 with 0 < 7 < T,, where Tgy,
is acceptable in the sense of (6.22).

(c) The fields o, T, 75, E, w, B, and By are defined by (6.10)—(6.11) and
(6.20).

(d) There is a constant 6 > 0, so that the fields U1, Vs, 0, 01, 02, T, T1, T2, W
k, 1 — k are all pointwise larger than 20.

)

2. Any Euler-field u transforms according to (6.16) into a corresponding Lagrange-
field w. The fields 7, v, k and @ are thus a smooth solution of (6.14).

3. There exist two smooth functions Wy and W5, defined on the hole real axis, so
that

50, 2) = Wj<§j(o, z)), j=1,2 (6.26)

Modulated traveling waves in the Euler representation

We now insert this smooth solutions of (6.14) into the modulation ansatz (6.1) and
study the resulting modulated traveling wave. We denote by rIW(¢) and vV (¢) the
atomic distances and velocities, respectively.

Our aim is to prove, that 72V (¢) and vIW(¢) indeed approximate an exact solution
of the microscopic dynamics. For this, we will estimate the difference between the
modulated traveling wave and a suitable exact solution.
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To be consistent with the macroscopic assumptions 6.4, we consider finite particle
numbers N < oo and impose periodic boundary conditions for the microscopic
system, see (6.12), and recall e = 1/N.

Lemma 6.5 There holds

vIV(t) = W((El, B, 7%) (et, er); éég(é‘t, 57’)), (6.27)

with
‘ B Wi(Bs) if 0<p <k modl,
W(By, By, k; ) = { Wi(By) if 1-k<¢<1 mod 1.

In particular, By gives the phase, i.e.

5 y) = 520w, Fr) = G2y (6.29)

Sketch of the proof. We transform the ansatz (4.2) into the Euler representation.
Hereafter we can verify the equations (6.28) by straight forward calculations. Next
we define

Vi zg) = V(R 2), R 2 ),

where V is given by (6.7). From (4.1) we obtain
TW ~ ~ 7 1~
v, (t) = v(et, eq) —|—V(7‘(st, ea), k(et, eq); gB2(€t, 5a))
- EN - 15 -
= V(et, z(et, ea)) —|—V<5t, Z(et, ea); EBQ(gt, Z(et, 5a))),
which finally implies (6.27). O

Similarly, we can derive explicit expressions for the atomic distances in a modulated
traveling wave. There holds

~ ~ 1~
rIWt) = 7, ((rl, Ta, k;) (et, e); EBQ(gt, 5@))
- 1~
+Z2<(’TT1, 772, k‘) (€t, SO[); EBQ(ZE?’J, 80[))7

where the 1-periodic functions Z;(r1, 2, k; -) are given by

' B + 7100 for 0<p<1-k,
Zy(r1, T, by @) = { —ro(p—14+k) for 1—k<p<1,
o 4 for 0 <@ <k,
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The main idea for the justification result is to use the profile functions W from
Lemma 6.5 for the construction of exact solutions of the microscopic system. To
this end we define

R y) = 2 (Balry) - Balr,y—2) (6.29)
and

Be(r.y) = efloor Gég(m y)), (6.30)

B(r,y) = eceil (éél(n y) + k(T y)). (6.31)

Here, floor (b) and ceil (b) denote integer parts of the real number b, and satisfy
0 <b— floor (b) < 1 and 0 < ceil (b) — b < 1, respectively. Obviously we have
k(r,y) = k(r,y)+0(e), (6.32)

BP(r,y) = B(t,y)+O(e). (6.33)

In the next step we define velocities ve*(t) by

-~ 1~
V() = W((BfX, B, ke">(5t, ca); ~ B, 5a)), (6.34)

&7

Note that we did not replace the term Eg in the phase variable. The main step
is now to prove, that (6.34) in fact defines an exact solution of the microscopic
problem.

Theorem 6.6 The functions ve*(t) determine uniquely an exact solution of the
microscopic problem. In particular, there exist functions r&(t) with

d ex L ex ex
7' (1) = v (t) —u(t). (6.35)

Moreover, the distances r™V and r* are “in phase”, i.e. for all t and all o there

holds rXW(t) = 0 if and only if r&(t) = 0.

Sketch of the proof. We cannot present the complete proof, because it is rather
technical and long, see [Her04]. The main ideas can be summarized as follows:

1. First we introduce two different phonon numbers by b5%,(t) := e_léfx(st, eq)
for j = 1, 2. The quantity bf*,(¢) gives the smallest number of all phonons,
which belong to the first family and which are located at time ¢ on the right of
particle . Similarly, b5%,(t) is the largest number of all phonons of the second
family left of a.
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2. From b;% (t) we can reconstruct for each phonon 3 and for each time ¢ the
information which particle moves on the free flight trajectory of 5 at time t.
This can be done by the following definition.

(a) Let ag(0) = 5.
(b) We set ag(t) = a, if either
i. 8=03%(t) and vX(t) = Wa(ef), or
ii. B=0b%(t) and v (t) = Wi(ep).
It can be shown, that the functions ag(t) are well defined, as long as

t < 8_1Tﬁn.

3. In the third step we define for all particles « the curve z2*(t) by () = v*(¢).
Then we check, that the functions z*(t) are the atomic positions of an exact
solution, where we shall use the result from the first two steps. Finally we set

re(t) =z () — 2 5X(1)

4. Equation (6.29) implies that rIWV(¢) = 0 if and only if
By(et, ea) = 0. (6.36)

On the other hand, we have r*(t) = 0 if and only if both v*(¢) and v%, (1)
jump simultaneously at time ¢. According to the definition (6.34), this happens
if and only if (6.36) is satisfied. We have thus proved the“in phaseproperty.

Now we can formulate and prove the justification result for the hard sphere model.
Note that here the space ¢? has dimension N < cc.

Theorem 6.7 Let <77, v, k, CJ) be a solution of (6.14) satisfying Assumption 6.4.
Then, there ezists a constant C' such that for all N the following holds. Fore =1/N
let P(t) and Q°(t) be the vectors with components

Pi(t) = (r(t), ve(t)), (6.37)

«

Qu(t) = (ra" (1), va " (1), (6.38)

«

where a =1, ..., N. Then, for all t € [0, Ta,/g] we have

[Q°(t) = P(t) lexee < eC. (6.39)

Sketch of the proof. Using the representations (6.29) we can compute 71 W (¢) explic-
itly. Then we show that there holds

IV () — 7 &(t) = O(e). (6.40)

a

Finally, the “in phaseproperty guaranties that (6.40) implies rIW () —r(t) = O(¢),
which provides

P (@) —r=()lle = Ofe). (6.41)
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Since the profile functions
W(By, By, k; -) € L*([0, 1]) (6.42)
depend Lipschitz continuously on their parameters B, B,, and k, we find

10(7, ¥, )lr2qo,y = O(e) (6.43)
where
Uy, ) = W((By Ba k) (ry)s ) —W( (B, Bs ) (7, y): -
There follows
o™ () v () [l = Oe), (6.44)

which completes the proof. U
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