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Abstract

We consider the dynamics of infinite harmonic lattices in the limit of the lattice
distance € tending to 0. We allow for general polyatomic crystals but assume exact
periodicity such that the system can be solved in principle by Fourier transform and
linear algebra.

Our aim is to derive macroscopic continuum limit equations for e — 0. For the
weak limit of displacements and velocities we find the equation of linear elastodynam-
ics, where the elasticity tensor is obtained as a I'-limit. The weak limit of the local
energy density can be described by generalizations of the Wigner-Husimi measure
which satisfies a transport equation on the product of physical space and Fourier
space. The concepts are illustrated via several examples and via a comparison to
Whitham’s modulation equation.

1 Introduction

This paper is devoted to the problem of deriving macroscopic, continuum models from
microscopic, discrete systems. More precisely, we start from the atomistic model for a
crystal which consists of periodically spaced mass points whose motion is governed by
linear interaction forces. The aim is to provide exact mathematical links between this
microscopic system and its macroscopic limits arising when the atomic distance € tends to
0. In fact, we will obtain one equation which describes the evolution of the macroscopic
displacement and another equation which allows us to calculate the transport of energy in
the crystal.

The analysis of discrete systems attracted a lot of attention over the last decades. How-
ever, most work is restricted to the one-dimensional oscillator chain

M

iy = 3 (Vil@ysa—y) = Vi@r—21-0)) = W(z),  7€Z, (L1)

a=1

where V,, is the interaction potential with the neighbors at distance a and W the on-site
potential which couples the atoms to a background. Apart from methods for completely
integrable systems like the Toda lattices (with V(y) = e¥ and W = 0, see, e.g., [DKKZ96,
DKV95]) the analysis is restricted either to stationary problems [FJ00, FT02, Bla01] or
they concern very special types of solutions like solitons, breathers or wave trains [FW94,
MA94, FP99, FV99, IK00, Ioo00, AMMO0, Jam01, Jam02]. Another series of papers tries
to characterize the response of a lattice to a simple initial disturbance [BCSO01] or to
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Riemann initial data. In the latter case either a semi-infinite chain is pulled at the end
[IDKKZ96, DKV95] or a double-infinite chain has initial data which jumps at one point
[DKO00]. An interesting model studying the interaction of traveling and standing waves is
proposed and analyzed in [BCSO01].

Rigorous justifications of macroscopic PDEs for the oscillator chain are provided in
[FP99, SW00] where the Korteweg-de Vries equation is obtained as the macroscopic model
for describing the evolution of long-wave interactions. In [GM04b, GMO04a] the nonlinear
Schrédinger equation is derived to describe macroscopic evolution of pulses which modulate
a periodic pattern on the microscopic scale. Similar work, which is even more nonlinear,
concerns the modulation of large-amplitude traveling waves. In [HLM94] the discrete,
nonlinear Schrédinger equation iA, 41 (A, —2A,4A, 1) + o] A, |*A, = 0 with A,(t) € C
is studied. It has exact traveling waves of the form A (t) = pe!® ") where w = Q(p, §) :=
cop® —2c1(1— cos ) and it is studied via a formal two-scale ansatz how solutions with initial
conditions of the form

A2(0) = plery)e@EHEEN0 with G(y) = Q(A(y), 0(y))

evolve. It is shown there via numerical experiments, that the functions 7 and 0 evolve on
the macroscopic time scale 7 = et according to the following system:

0-(p*) = —0,(2c1p* sin 0), 0.6= Oy(cap + 2¢1 cos 0).

For the oscillator chain (1.1) with W = 0 similar results have been derived in [FV99,
DHMO4]. Here, the problem leads to a system of four coupled equations, since the ad-
ditional Galileian invariance leads to macroscopic deformations as well. Let the family
X(r,0,w;-) of 2r—periodic functions be such that for all 7,6 and w the function x,(t) =
ry + X(r, 0, w; 0y+wt) is an exact traveling-wave solution for (1.1). Now consider initial
conditions for (1.1) in the form

2,(0) = 1X(e7) +X(7(ev),0(e7),B(e7); L(e7)),
#(0) = () +@(87)3%X(7“(87) 0(=7),3(=7); 16 (ev)),
where X (y = JJ7(z)dz and oy fo

The question is, whether the solutions of (1.1) remain in such a form on the macroscopic
time scale 7 = et. If yes then the macroscopic functions 7, v, and w will evolve according
to the so-called Whitham modulation equation

o1 = 0yv (continuity equation for mass)
6{13 = —0,|ZF(F, 9. ,@)]  (conservation of momentum) (1.2)
0.0 = Oyw (continuity equation for phase)

O [ZF (7, 0. )] = @[%F(ﬁ 6, @)]  (conservation of energy)

where the macroscopic constitutive function F' can explicitly be calculated from (1.1) and
X. In [DHMO4] the validity of (1.2) is discussed in detail and for special cases a rigorous
convergence results are obtained (see also Section 6.6).
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The purpose of this work aims in a similar direction, however it is different in the
methodology. We restrict ourselves completely to the linear setting and thus are free to
generalize in many other directions. First, we are able to study very general lattices in
any dimension. Second, we are able to investigate the dynamics of solutions for much
more general initial data. Finally, our results will be more detailed. As a side effect we
will obtain a justification of the Whitham equation in the linear case. In a certain sense
our work is closer to the statistical approaches for harmonic lattices, see e.g., [DPST86,
DPSTS88, DPS90, SLO3]. In particular, the latter work also derives an energy-transport
equation. However, we stay fully in the deterministic setting.

To be more specific, consider a d-dimensional Bravais lattice I' C R? and the set of
coupled ODEs
Miy=—=3 5cp Agryyp for y €T, (1.3)

which will be our basic microscopic system. Here, the vector z, € R™ may contain the
displacements of several atoms in the cell associated with the lattice point 4. The mass

matrix M € R™*™ is symmetric and positive definite and the interaction matrices satisfy
A/g = AIg and HA/gH < CebIAl,

An essential feature of such harmonic lattices is the presence of many traveling wave
solutions in the form

2, (t) = @ *Nd  where § € R and (A(0) — w?M)® = 0. (1.4)

The wave vectors  are taken from the torus 7r,, which is obtained by factoring R¢ =
Lin(R¢) with respect to the dual lattice. The symbol matrix A(f) reads

A(B) =Y pep P A5 €T for § € Tr..

Hence, A(#) is Hermitian, and we always impose the basic assumption of stability in the
form A(6) > 0 for all § € RZ

First, we derive a continuum-limit equation for the displacements in the case of the
atomic distance € tending to 0. To this end we define the interpolation operator

S . Z(,R™) — L2(Rd,Rm),
) a= (Ty)yer = c ZF stinclﬂ(é—”y),

where sincr is a function satisfying sincp(5—v) = d3,, and other useful features. We will use
y = ey € R? as the macroscopic space variable and 7 = et as the macroscopic time variable.
Using the Fourier transform F, eqn. (1.3) can be written in terms of X¢(7,-) = eS.z(7/¢)
as follows: )

a—XE + A X =0 with A, = i‘7:_11%(3)‘7:. (1.5)

oT? g2
Macroscopic behavior is associated with large wave length and hence with small wave
vectors @ = en. Denoting by V' C R™ the kernel of A(0) we construct a polynomial
Q : V — R which is homogeneous of degree 2 and satisfies

(Q(n)v,v) = inf{ lim inf %(A(an)wm we) | w—limw, = v }.

e—0 ¢ e—0



Then, Q defines the second order differential operator Ay = Q(iV,) and we obtain the
partial differential equation
62

MVWZ +AoZ =0 for (1,y) € RxRY, (1.6)
T

where My is the restriction of M to V.

In Theorem 4.2 we show that (1.6) is a macroscopic limit equation for (1.3) in an
exact mathematical sense. In particular, we show that the limit ¢ — 0 commutes with
the time evolution, which means the following. Assume we have a family (zf, 27):>0 of
initial data for the microscopic problem (1.3) such that S.(exf,z]) converges weakly to
the macroscopic initial data (Zy, Z1). Then, we have two choices. First, we may consider
the solutions t — x°(t) of (1.3) with initial data (z§,x5). For fixed 7 = &t we may then
consider the macroscopic limits (ex®(7/¢e), 2%(1/e)) — (Zo(7), Z1(T)). Second, we may use
the macroscopic initial data for the macroscopic equation (1.6) and obtain the solution
T + Z(1). The theorem now states that both ways provide the same result, namely
Zo(t) = Z(7) and Z1(7) = 0;Z(7). This means that in the following abstract diagram the
time evolution commutes with the coarse graining:

microscopic L macroscopic
initial data £ = 0 (ea5, 2°) =0 (Zo, Z)
‘time evolution‘ lt >0 T > Ol
(exs(7/e), 2%(7/¢)) =0 (Z(7),0:2(7))
discrete, atomistic ‘coarse graining‘ continuum

The static operator Ay may be considered as a Gamma limit of the operators A., when
looking at their quadratic forms. It is interesting to note that doing the Gamma limit in
the static part and simply projecting the kinetic part to V' already suffices to obtain the
correct dynamical limit equation. We do not know under which general conditions such
a procedure works. Similar ideas have been used in [BB04] where general unstructured
networks are considered. Under suitable structure conditions on the network geometry
and the interaction forces a space-dependent wave equation is derived.

In Section 5 we study the transport of energy which occurs according to the group
velocity of the microscopic wave pattern. The classical WKB method (cf. [Bri60]) shows
that macroscopically modulated pulses of the harmonic traveling waves (1.4) propagate
with the group velocity cgroup = Vow(#). For studying macroscopic energy transport we
have to know how much energy is located at which point, in which wave length and in
which energy band, i.e., in which of the 2m eigenpairs (w, ®) associated with 6.



For this purpose it is convenient to reformulate the Fourier transformed version of (1.5)
as a first order system in diagonal form:

0 = la, A :
EUE(T, n) = gﬂ(an)UE(T, n), with Q(0) = diag(w1(0), ..., wm(0)), (1.7)
where wji,, = —wj for j=1,...,m.

The relevant tools for studying the macroscopic spatial distribution of microscopic os-
cillations is the Wigner transform We[U#(7;-)] or the Husimi transform H¢[U*(7;-)] and
their limits, the matrix-valued Wigner measure p(7). This theory is recalled in Section
5.2 and in Section 5.4 we derive the energy-transport equation for the diagonal entries
pi (1) = lim._o We[Us(7)], j = 1,...,2m, of the Wigner measure:

Or (159, 6) = Vow;(0)-0yu(7;y,0) for (1,y,0) € RxRIxTr.. (1.8)

The energy density e(7,y) at a macroscopic point y at time 7 is then recovered via

ety = [ S im0 d8) = [ S (057 Vw;(6), d).

Tr, J=1 Tr, J=1

energy-transport equations of this type are well established in the theory of propaga-
tion of oscillations in partial differential equations, see [GL93, MMP94, RPK96, GMMP97,
TP04], however, their usage for discrete system has not yet been explored systematically.
In [Mac02, Mac04] some results in this direction are obtained. One problem with the above
transport equation is that it only holds if the group-velocity mapping is 6 — Vyw;(6) differ-
entiable. If Vpw; is not continuous on a singular set S C 7r,, then (1.8) can still be derived
under the additional restriction that there is no energy located in S, i.e., u;(7, R¢xS) = 0
for all 7, see Theorem 5.6. As in our situation of a perfect periodic crystal there is no
transport between different wave vectors, it is sufficient to have this condition for the
initial data at 7 = 0. Such singularities occur generically in all crystal models, as near
the wave vector § = 0 the acoustic branches of the dispersion relation have expansions
w;(0) = ({(Q;0,0) + O(|0]?))"/? for some positive definite matrix Q; € R4

In Section 5.3 we provide a generalization of the Wigner measure which we call Husims
measure. This generalization allows us to generalize the transport equation (1.8) to situa-
tions where the group velocity is only continuous. As the Husimi transform has the major
advantage that it maps functions from L?(R?) into nonnegative functions on L'(R¥x7r.)
there is the possibility to test with arbitrary continuous functions. We show in Section 3
that all the functions w; are Lipschitz and piecewise analytic. Hence, the singular sets S;
have Lebesgue measure 0 and so has S = U?™S;. Finally, there exists a compactification
K of 7r,\S such that all Vyw; have continuous extensions %wj : K — R

In Theorem 5.7 we show that (1.8) can be generalized to an energy-transport equation
on R¥xK under the following two conditions: First, the functions Vyw; must behave
nicely near S, for instance it is sufficient when |D*w;(0)] < C/dist(6,S) for all § € 7r,\S.
Second, because the Husimi transform is less precise in locating the energy in terms of the
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Figure 1.1: Green’s function for t=200: displacements z., (left) and energies e, (right).

corresponding wave vectors, we have to assume that the energy does not concentrate as
fast as €'/2 on S, i.e., for all R > 0 we need
fdlSt(@S) 2R () d]UE(Q/S)Pd@ — 0 fore—0.

In Section 6 we underpin and illustrate the abstract theory via several examples. Section
6.1 discusses the question of the convergence of Husimi and Wigner measures for a simple
one-dimensional problem with dispersion relation w(f) = 2|sin(0/2)| for 6 € Rjoz. We
show that the for initial conditions which concentrate at # = 0, the corresponding transport
equation may not be satisfied. Moreover, if we take out S = {0}, compactify by introducing

the left and right limits at 0" and 0~ and extend Vw by +1 and —1, respectively, we find
that the corresponding Wigner and Husimi measures may be different.

In Section 6.2 we show some simulations for the linear harmonic chain
Ty = Xye1 — 2Ty + Toyg1, 7Y €L,

which was studied also in [Fri03] by completely different methods, namley the explicit
representation of the solution via oscillatory integrals. The left picture in Figure 1.1 shows
the displacements ., for the Green’s function (with intial condtions z.(0) = d, and #(t), =
0 at time ¢t = 200). The right picture displays the energies e, = %xi + ﬁ(xy—x7+1)2 +
(xy—24-1)? for the same solution. The middle line shows the distribution predicted by
the Wigner measure, namely the semicircle law e(7,y) = = /1 — (y/7)?. It turns out that
the convergence towards the Wigner measure is weak and that the fluctuations around the
local mean value satisfy an arcsin distribution.

In Section 6.4 we analyze the standard discretization

Ty = =Ty + Typ01) T Ty40,-1) T Ty+1,0) T Tr4(-1,0)

for the wave equation 9?u = A,u and show that the macroscopic energy distribution
e(t,-) : R? — [0, 00) for the Green’s function is singular along a closed curve strictly inside
its support which is the circle obtain from the macroscopic wave speeds ¢ with |c¢| = 1, see
Figures 6.4 and 6.5.



In Section 6.6 we finally compare the energy-transport equation obtained via the Wigner
measure with Whitham’s modulation equation (1.2). A formal calculation shows that in
the intersection of their applicability both theories lead to the same partial differential
equation for the transport of the microscopic wave-vector and the energy.

2 Fourier transform and lattices

We introduce our conventions and notations concerning Fourier transforms and lattices.
In particular, we give all the normalizing constants. For u € L?(R%) we define the Fourier
transformation F = F,_,, via

i(n) = (Fu)(n) = [ cgae ¥ u(y)dy, n € R? = Lin(R%, R)

implying || Full. = (27)%?||ul|. The inverse Fourier transform F~' = F,! then reads

u(y) = (F1a)(y) = 2m) =7 [ cpa € "u(n) dn, y € RY,
with the norm relation || F~1a|| = (27)~%2||a]..
A d-dimensional lattice I' C R? is an additive subgroup of R? which has the form

F:{7:k1g1+~~-+kdgd]k:(kl,...,kd)eZd}

where {g1,...,9a} is a set of linearly independent vectors. The dual lattice I, is defined

via
I,:={0cR!|Vaecl:0 -ac2rZ},

For the primal lattice I' the unit cell Ur is given by
Ur:={y=kgi+- - +kaga|k; €[0,1) for j=1,....d) }.

While this definition of Ur depends on the choice of the generating vectors {g¢1,..., g4},
the volume Vi := vol(Ur) of the unit cell of I depends on I' alone.

For the dual lattice it is common to a use the Brillouin zone Br, as the unit cell,
Br, = {n € R{|Vy. € D\ {0} : |n| < [n—n|} CRL

Hence, Br, is an open bounded subset of R which contains = 0 in its interior. Moreover,
for the volume we have the relation

vol(Ur) vol(Br,) = (27)“.
The dual torus 7r, associated with the lattice I' is defined as the compact manifold
Tr. :=Rijr. = {6 := (n+I) CRI|ne R}
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For each lattice 7r. is a d-dimensional torus diffeomorphic to T? := (S')4. It is important
to distinguish the dual torus 7r, from the Brillouin zone Br,, the first being a compact
manifold without boundary and the latter being a subset of R?. However, 7r, can be
obtained from the closure of the Brillouin zone by identifying the boundary hypersurfaces
with their opposites.

For 2 = (z.),er € £*(T') we define the periodic function X = Fr,x via
oy def —i0-
X(0) = (Fr.o)(®) S e, ¥ ez,

for § € Tr, = R%/T,. The minus sign in ™7 is chosen for later consistency with the

continuous Fourier transform. Choosing cr, = vol(7r,) "'/ we obtain

X2,y = 2er 24 ]* = llllee-
Using the length scale parameter € > 0 we may associate with each z € ¢*(T') a function
X = B.x € L*(RY) via
e/2X (en) for n € 1Br.,

0 else.

X(n) = (Ba)(n) & {

Again, we have ||B.x||12re) = [|2[/2. Later on we will use 6 to denote the microscopic wave
vectors in 7r, and we use n € R? to denote the macroscopic wave vectors which are dual
to the macroscopic space variable y = ey € R%.

The function X can be transformed into a function X = S.z € L2(R%) by inverse Fourier
transform

X =S.x=2m)¥F 1 (B.x). (2.1)
By construction, S. : £2(I') — L?(R?) has the following useful properties

HSExHLQ(Rd) = Hl"”e?(r):
d/2 )
(Se)(y) = VOI(BF*)_I/%Q?W) / Z’YEF stmclﬂ(g—”y),

where sincr is the “sinc function” associated with the lattice I'. It is defined via sincr :=

(2.2)

VO(I?;): )f_l/'\fBF*, where & is the indicator function. In particular, it satisfies the relations
incr(y) =0 d / incp (y—7)siner (y—F) d ——7( r 0 (2.3)
sinc an sinc sinc - .
r v [ smer(y r(y Y 1(Br) 3

for all g,y €T

Thus, we have defined the four equivalent descriptions z € (2(I), X = Fr.a € L3(Tp.),
X =Bz € LARY) and X = S.z € L*(R?). The definition of the transformations are such
that they are norm invariant. The first two representations = € £*(T") and X e L2(7r,) are
more useful for extracting microscopic information, whereas the other two representiations
X e L2(R?) and X € L*(R?) are more useful to study macroscopic properties. We illustrate
the four equivalent descriptions in Figure 2.1.
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X(y) = (Sx)(y) — X(n) = (Bex)(n)
1 24 de 6c —1/e T~ 1/e

Figure 2.1: The four equivalent descriptions of a sequence on a lattice: = € (),
= Fr.x € L2(T1.), X = 8.2 € L2(R?) and X = B.x € L*(R?).

3 Harmonic lattice dynamics

We consider a d-dimensional polycrystal whose atoms are placed at lattice sites in the
discrete set I' ¢ RY. The atoms at & € I' have the mass mg and interact with the
neighboring atoms via linearized interaction forces such that the atomistic, Newtonian
model for the displacement uy € R" takes the form

mqﬂq = — Z A%&u&-
ael
Usually n = d but we may also assume n < d for problems where motion only occurs in
subspaces. Alson > d might be relevant if further order parameters are taken into account.

Throughout we assume that the crystal is periodic with respect to a lattice group I'.
Note that in general I' C I where I' is an additive group (Bravais lattice), while I is the set
of positions of atoms, which need not have a group structure. Associated with the lattice
is the semi-closed unit cell Up. The periodicity of the crystal is expressed by the fact that
the masses and the interactions of the atoms are the same after translating by a lattice
vector v € I*:

may~ = Mg, A&-I-%B-H = A&,ﬁ (3.1)

for all @ 3 € I and all v € I.



Thus, by factoring the lattice sites [ with respect to the lattice group we obtain an

elementary cell C' = I'/r which is assumed to consist of finitely many points, let us say
def 7=

k € N. We identify C' with the mass points in the unit cell Ur, L.e., C'~ Cy = I'NUr. In
particular, we have Cy = {ay,...,a;} C I and I" decomposes into a disjoint union of cells
C, =~+C.

For each cell C,, we define the displacement vector z., € R*, a mass matrix M., € RF?*+n
and interaction matrices A, 5 =€ RF* via

Ly = (uaj‘f"Y)j:l ----- K My = diag(m&j-w)j:l ..... ko Az = (A&i-w,&j—ﬁ)i,j:l ..... k-

By periodicity we have M, = M with M % My and A, 5 = A,_s with A, < 4.

Using m = kn we arrive at the following general system

Miy=—=3 s Ayptp = =D cr Aalyta fory el (3.2)

Note that the mass matrix M € R™*™ is the symmetric and positive definite. If the
interaction matrices A, satisfy A, = 0 for all @ € I" with |a| > R we say that the system
has finite-range interaction. In the case of infinite interaction we assume sufficiently rapid
decay, e.g. ||Aq]| < Coe~ol with b > 0.

If the interaction matrices Avaﬁ € R4 gsatisfy 2{&5 = ﬁ%a, then we also have Al =
A_, € R™™  This will be taken for granted from now on. Then, our system is in an
infinite-dimensional Hamiltonian system with kinetic energy (&) and potential energy
U(zx) given by

K(z) = %Zwer<$7:Mj77> and U(x) = %Z%F 2aer{®y; AaTarty),

where (-, -) denotes the scalar product in R™ (or C™). Clearly, the total energy H Y c+u
is conserved and (3.2) has the Lagrangian form

d,6 o 0
—(=—K(a —U(z) = 0.
(G K + g
Introducing the momenta p, = M1, we also have the Hamiltonian form
: 0 . 9,
Ty = a—pyH(xap)a by = _3x7H(x’p)’

where H(z,p) = K(M~'p) + U(x).

The linear system (3.2), which is translationally invariant with respect to I', admits
special solutions in the form of plane waves

z,(t) = e“'e®7® with & € C™, (3.3)

where # € R? is the wave vector, w is the frequency, and “” denotes the dual pairing
between R? and R? . Clearly, z., in (3.3) solves (3.2) if and only if

(WM—A(0))® = 0 where A(0) =Y - Aael?.
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We call A the dispersion matrix, and later on the symbol. We always have the symmetries
A(0) = A(0)* = A(—0)T (where * denotes complex conjugation together with transposition
.

There may be further symmetries in the crystal which we do not formalize here. For
instance, reflection symmetries of the lattice are given by two linear operators Ry € R¥*4
and R,, € R™*™ which are involutions (i.e., RZ = 1ga, R?, = 1gm), Ry maps I" onto itself,
and the mass and the interaction matrices satisfy

RpMRy =M, RyA R, = Apn.

Then, the dispersion matrix satisfies R,,A(R}0)R,, = A(0).

Using the dual lattice I'y, it is immediate that A is periodic with A(6+() = A(f) for
all @ € R? and ¢ € I',. Hence, A should be considered as a mapping from the torus
Tr. = RY/r, into H(C™), where for any linear complex space V C C™ we let H(V) o
{Ae€Llin(V,V)|A= A"}

We now make the first essential assumption, namely the stability condition:

A(0) is positive semidefinite for all § € 7r_,
dc>0V60 € Br, : A(f) > |f)?, (3.4)
dimker A(0) = dy € {0,1,...,m}.

From this it follows that for each # € 7r, there exists m pairs fw;(6), j = 1,...,m,
of frequencies. Throughout this paper, we will order the nonnegative frequencies such
that 0 < wi(f) < ... < w;(0) < ... < wy(#). The frequencies w; for j = 1,...,dp will
correspond to macroscopic behavior, since they satisfy w;(0) = O(|6]). These frequencies
are called “acoustic” in contrast to the “optical” or “photonic” frequencies w; with j =
do+1,...,m. For the usual crystal model with n = d the dimension dy usually equals the
space dimension d, since the rigid translation us = u® € R? is a solution which implies
S aei Asgu® = 0. Thus, for each u® € R? the vector v = (u°,...,u°) € R¥ = R™ lies in
the kernel of A(0) =>__ - A,.

For V & ker A(0) and V+ o {w e C™| (v,w) =0 for all v € V' } we have dim'V = dj
and denote by P, € H(C™) the orthogonal projection onto V. Usually, the subspace V
corresponds to the translational degrees of freedom of the cells as a whole, whereas the
subspace V1 corresponds to the internal degree of freedoms of the cells.

Using the fundamental stability assumption (3.4) we obtain the following result.

Lemma 3.1 Assume that A € C?(7Tr,,H(C™)) and that (3.4) holds. Using the decompo-
sition C™ =V @ VL the dispersion matriz A(6) has the block structure

wio) — [ A0® 4@ (000 ot
A5a(6) Aal0) o)) o)

11



Moreover, there exists Cyy > 0 such that for all w € V+, v €V and § € Br, we have

v (0P [v]? + [w]?) < (A(0) (v+w), vw) < Cy ([6][o]* + [w]?). (3:5)

Proof: From V = ker A(0) we conclude A1;(0) = A;2(0) = 0. However, (3.4) implies
A(0) > 0 for all § € Br,, which gives DgA1;(0) = 0.

For v € V, w € V1 and 6 € Br, we have now [(A(0)v,w)| < [Ap(0)*v||w| <
C12|0] |v] |w| and (Age(0)w, w) > caa]w|? for suitable constants cop, Cho > 0. For a € (0,1)
we estimate

(A(0) (v+w), vtw) = (1=a){A(0) (v+w), v+w) + a{A(0)(v+w), v+w)
> (1=a)e|8 ([ +w]?) + @[(An(@)v,v}—i—Q Re<A12(9)w,v>+<A22(9)w,w>}
> cl02[of? + | (An(8)v, v) - dBP[of?| = 2aCulBljvljw] + |(1-a) 6] + acs | wf?

> c|0]|v]? — 2aC12|0]|v]|w| + acos|w]|?.

—~

Choosing o < cgac/C%, we obtain the desired result. n

The appearance of the nontrivial kernel is often due to the Galileian invariance which
leads to dy = d. For a monoatomic system with m = d the variables z, € R¢ simply
denotes the displacement of the particle with position v € I' € R?. Galileian invariance
then means V = C™ and we have

A(O) - Z'yef‘ A’Y =0, Ay [77] = Z'yer‘ ’777147 =0,

3.6
and  Aoln] =3 (yn)*A, > ¢ >0 for all n € RY, (3.6)

where Ai[n] = DA(0)[n] and Az[n] = D?A(0)[n, 7).

Because of ||Ag]| < Ce Pl the symbol matrix A depends smoothly on § € 7r,, but
this does not imply that all w; are smooth functions, since multiple eigenvalues may occur.
General spectral theory for Hermitian matrices implies that 6 — w;(6)? is always Lipschitz
continuous. We now show that in fact § — w;(#) is Lipschitz which is nontrivial for 6§ ~ 0,
since w;(8) = O(]0]) for j =1,...,do.

Choose 6 such that w; is smooth in this point and choose a direction n € R Then we
let A’(0) = DA(0)[n] and w}(0) = Dw;(0)[n]. With @} = D®;(0)[n] we have

(A—w!M)®; =0 and (A —wiM)P; = (A'—2w;w;M)d;.
Taking the scalar product with ®; in both equations gives

<A/ q>j7 q>j>2
(AD;, @;) (MO, D))

/12
’%" §4
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Our assumptions on A(#) imply
1
(AO) (v+w), viw) = (0 [v] + |w]),
14

1
(M (vtw), v+w) > =—(|v]* + [w]*),
Cum

(A (0)(v+w), v+w) < C'(|0][o]* + |v]|w] + [w]?).
Hence, we conclude ]w}P < %(C’ )2CCy and obtain Lipschitz continuity.

In the special case of a mono-atomic crystal with m = d we have V = R? and A(0) =
> per Ay = 0. If additionally A = A/g < 0 holds for 3 # 0 (which is the case for attracting
potentials), we can show that sup{ |Vw;(0)| |0 € Tr, } is approached near 6 = 0, i.e., the
macroscopic group velocities have maximal modulus. With

A'(0) = DA(O) ] = 32 g0(8n) sin(5-0)(—Ap)
and (sina)? < 2(1— cos ) we obtain
(A(0), @) = 3 5.0(8n)sin(3-0)(-As®, D))

< (2B (—Ap2, @) (3 2[1— cos(¢-B)[(— AP, D))
= (D?A(0)[n, n]@, 2)2(A(0) 2, ©).

With the above discussion this implies

1 (D*AO) [, nl®), ;)
2 (M, d;)

[De; () n][* <

and we will see later, that the right-hand side is achieved in the long-wave limit § — 0.

Including repelling interaction forces (i.e., Ag £ 0), we may have group velocities with
Vw;(0,)] > limsup,_, |Vw;(#)|. As an example consider m = d = 1 with
’ J 6—0 J
5
w(@)? = 3 an2(1—cos(mh)), where a; =0, ag =3, az3 =5, ay = —2, a5 = 1.

m=1

We find limg g |w'(6)] = 5v/2 ~ 7.071 < W'(0*) ~ 7.132 for §* = 2.59.

4 Weak convergence to a wave equation

We will associate with our lattice model a macroscopic partial differential equation. It
relates to linear elasto-dynamics in most cases, namely when V' = ker A(0) has dimension
dyp = d and is given by the rigid translations of the unit cell. However, in certain degenerate
cases we might also have dim V' > d.

We define macroscopic spatial and temporal variables

y=eyeR? and 7T=cteR

13



and use the norm preserving isomorphism S. defined in Section 2 between ¢?(I', R™) and
P.L?(RY R™) where P. is the orthogonal projection defined via

F(PeZ)(n) = Xrg, (n)FZ(n). (4.1)

Thus, a function z : R — ¢2(I',R™) solves the microscopic problem (1.3) if and only if
7 :R — L2(RY R™) with Z(7) = &(S.x)(7/¢) solves

MZ"+A.Z=0 and Z(7)€ P.L*(RYR™), (4.2)

where / = & and A. € Lin(L*(R%,R™) is defined via Fourier transform and the rescaled

symbol A® through

F(AZ)(n) =AM (FZ)(n) and A°(n) =

et | €2A(en) for en € Br,,
0 else.

Note that the scalings were done such that the energies are preserved, i.e.,

S ({0 M) + S, Aatyea)) = foual 2 MZ) + (7, A7) dy.

Clearly, A. is again a pseudo-differential operator, and it is obtained by the Fourier
symbol A®. We now want to study to which limit this operator converges under the
assumption that we are looking at solutions with finite energy.

According to our stability assumption (3.4) the splitting C™ = V@V with V' = ker A(0)
A1 Ao

N Am), such that the Schur complement
12

gives rise to the block structure A =

B(0) % A1 (0) — A12(0)* Aga(6) P Aro(0) € H(V) (4.3)

is well-defined. Then, Lemma 3.1 implies that B*(n) & ~2B(en) converges to Q@ (1, n) =

%DQB(O)[W, n] for ¢ — 0, uniformly on compact sets in RY, where

QO (i, 1) = 5D (0) [, 2] — DAw2(0)” ) Aoa(0) DAz (0) ] € H(V)

is a bilinear mapping which satisfies Q@ (1, 15) = Q® (12, 71)*. Hence, Q® corresponds
to a second order differential operator for functions Z : R — V:

AoZ € —Q@(V,V)Z = —div(E [DZ]),
where the fourth order tensor E € Lin(Lin(R?, V), Lin(R?, V) is defined via

E(a®@m)n = Q® (m,m2)a for all ny,ns € R? and a € V. (4.4)

14



Our aim is to show that the macroscopic equation associated to (4.2) is the hyperbolic
system

MyZ" + Ao Z = 0 with Z(7,y) €'V, (4.5)
where My = Py M|y € Lin(V,V). Assuming that the kernel of A(0) is given just by
Galileian invariance (see (3.6)) this equation is exactly the wave equation of linearized

elasticity.

The definition of the operator Ay does not just use the quadratic part of the projection
Ay = PyAly. The Schur complement B(#) < A;q(0) leads to a weakening. This weak-
ening is well known as the effective macroscopic properties of a crystal are obtained by
minimization with respect to the internal microscopic degrees of freedom lying in V*+. In

fact, we have
@y =mnt (GG 20) () (1w vy

This result can also be phrased in terms of Gamma convergence for the associated
potential energies. Define the quadratic form

HZ, A Z)dy for Z € L.
U : (R R™) — [0,00); Z { Jeaz (% A2}y for Z € L
00 else,
and set Up(2) = [pa 3(Z, Ao Z)dy = [pa 3(DZ,EDZ)dy for Z € H'(R%, V) and Uy(Z) = oo

else.

Proposition 4.1 For ¢ — 0 we have the Gamma convergence U. Gamma, Uy, 1.e., for
each sequence (Z.). with Z. — Z we have iminf._oU(Z.) > Us(Z) and for each Z €
L2(R? R™) there exists a recovery sequence z. with Z. — Z and U.(Z.) — Us(Z).

Proof: The result is immediate if we transform all functionals into Fourier variables.
Note that F is linear and hence preserves weak converge. Then, it is sufficient to consider
each n € RY separately. But now it is easy to see that on the finite dimensional space
C™ the quadratic functional U, : z — 3(A%(n)z, z) Gamma converges to Uy with Up(z) =
1Q®)(z,z) for z € V and oo else. o

In this special situation where the dynamical part of the problem is given by the simple
multiplication operator M it can now be shown that the Gamma limit of the static part is
in fact enough to go to the limit also in the dynamical situation.

Theorem 4.2 Let (25,75)-50 be a sequence of initial data for (1.3) in (¢*(T,R™))? with
corresponding solutions ¢ : R — (T, R™) of (1.3) with (2°(0),2(0)) = (x§, 25). Assume
that there exists C* > 0 such that

ellzglle +e° < C* fore € (0,e0), where e = K(z7) +U(zg).
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Then, the transformed initial data

(78, 22) < (e8.25, Soaf) are bounded in H(R%, R™) x L2(RY, R™).

If the stability condition (3.4) holds and the initial data converge weakly, i.e.,
75 — Zy in HHRYR™)  and Z5 — Z, in L*(RY,R™)  fore — 0, (4.6)

then (Zy, Z1) € HY(RY, V)xL2(RY, V) and the following holds:
If Z € COR,HYR?, V)) N CHR, L2(R%, V) is the unique solution of (4.5) with Z(0) = Z,
and Z'(0) = Z, then for all T € R we have

eS.af(t/e) — Z(r) in HYRYV),

, fore — 0.
S.if(t/e) — Z'(t) in L2(Rd,V).}

Moreover, the limiting energy € = %«MZ/(T), Z'(7)) + %({E[DZ], DZ)), which is indepen-
dent of T, satisfies ¢ < liminf._qe® < C*.

We continue to use the notation ((-, -)) for the scalar product on L?(R%, C™), i.e., {Z, Z5)) o

f]Rd<Zl(y>7 Zs(y)) dy.

Proof: We consider the solutions Z¢ of (4.2) which are given via Z°(7) = £S.2°(7/¢) and
satisfy (cf. (2.2))

1Z5(7)|| = ella®(7/e)ll and 3{(M0O-Z°, 0, Z°) + 5((A-Z°, Z7)) = ¢°.
Note that Z¢(t) = FZ©(r) has support in 1Br, and that (3.5) implies
o (InPlo+w]? + 72 |w]?) < (A*(n) (v+w), v+w) < Cy(n?lv+w]® +e72|w?)
forallv € V,w e V+ and n € %Bp*. Together with
(A-z5, Z7) = 2m) ™" [ e, (AS()Z5(n), Z*(n)) dn
we find a constant Cy > 0 such that
& < N0:Z°()IP +IIDZ*(7)|I” + SlI(I=Pv) Z°|* < Cae® < C.C™.

As (e2§)ce(0.e0) 18 bounded (Z%(0)).c(0,) is bounded as well. By [|9-2°(7)|* < C.C*
we conclude [|Z¢(7)|| < C5(1+]|7|), independently of ¢ € (0,g9). This establishes the
boundedness of (Z¢(7),0,Z¢(7)) in HY(RY R™)xL?*(R? R™). Moreover, every weak limit
ZO)(7) must satisfy (I—Py)ZO(7) =0 as ||[(I-Py)Z5(1)|| < Cae.

The weak limit exists for all 7 € R if it exists for 7 = 0, since the evolution oper-
ator (2°(0),2°(0)) — (2°(7),4°(7)) is a bounded, linear operator, and hence is weakly
continuous.
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Thus, it remains to be shown that the function 7 — Z(©)(7) satisfies the limit equation
(4.5). For this purpose we consider the weak form of (4.2), namely

0= [ rl(Z°(r), MOZp(7) + Acp(7))) dr (4.7)

for all p € C2(R, H*(R?, R™)). To study the limit ¢ — 0 we choose special testfunctions ¢°
as follows. For ¢ € C3(R,H?(R4, V) let ¢°(1) = (1) + K= (1) with K¢ : H*(R%, V) —
H®(R? V1) defined via

(FEp)(n) = —Aaa(en) " Ay (en) X, (en) (F) ().
By construction we obtain (I—Py)A.(Yp+Ky) =0 as well as

| Py A (+EK") — Aot [la-1(ray — 0. (4.8)

The latter convergence is easily checked by Fourier transform. It is equivalent to
Jra Xe (en) (L+[nl*) 71 B(e, n)(Fb) (n)[*dn — 0,

where B(g,n) = 5B(en) — Q¥ (n,n), see (4.3). Since B(e,n) — 0 for 7 fixed and £ — 0,
|B(e,n)| < C|n|? for en € Br, and v € H?(RY, V), Lebesgue’s dominated convergence
theorem gives (4.8).

Now we are able to pass to the limit ¢ — 0 in (4.7) and find

0= [, x(Z2O(r), MOZY(7) + Ago (7)) dr.

Since ¢ was an arbitrary testfunction, this implies (4.5). [

5 Energy transport via the group velocity

In dispersive wave equations one has to distinguish the local phase velocity of a oscillatory
wave and its group velocity. For plane waves with z.,(t) = /@07 ®; the vector cppase =
%0 is called the phase velocity as we may rewrite the wave in the form z,(t) = el(Cphaset+7)-0

The group velocity is defined as cgroup = Vow;(#). For slowly modulated pulses of the
form z.,(t) = A(et,ev)el@+9)d; with a smooth profile A : R — C it is known that A
satisfies the transport equation 0, A = cgroup - VyA to lowest order in . Hence, the energy
which is macroscopically localized in the pulse via |A(7,y)|? is transported with the group
velocity. On the time scale ¢ = 7/¢ there will be no dispersive effects which take place
only on time of the order 1/£2, see [SW00, GM04b]. Our task here is to make this picture
rigorous for arbitrary initial conditions which may contain energy in all kind of microscopic
wave vectors and without any smoothness assumptions on envelopes.

Of course the problem is linear and these waves do not interact. However, the local
energy is a quadratic function of the local state. Hence, we lose many nice tools of linear
functional analysis, in particuluar the weak-convergence property.
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5.1 Local energy densities

For general lattice models it is not obvious how to associate for a given solution to each
particle the current local energy. The first naive choice would be

ey(t) = 3{Miy (1), 24(t)) + 5(Aoxy (1), 25(t)) + § 2 p20(AsT15(1), 24(1)),

but it is not clear that this term is always nonnegative. Of course, if the interactions in
the crystal are composed from attracting springs (pair interactions), such that the static
energy is U(x) = 5 Y r Y. ge; |Ba(wy—1,-p)|* with I C T finite, we may define the energy
at the lattice point 7 as the kinetic energy plus half of the energy in each interacting spring
in y+1.

More generally, we may assume that the operator A : x +— (3.5 AsZ+4p)ser can be
written in the form A = L*L, where L : *(T,R™) — *(I,R™)? is again given in
the form (Lz), = (35 Lh2ysp, -5 25 Lh2445), where all sums are supposed to be fi-

nite (or with pronentially decaying kernels). The relation A = L*L then means Ag =
Y > ser(Ls_s)" Ly. Then, we can set

(Miy(t), 34(t)) + 51(Lo)4]*. (5.1)

N[

ey(t) =

It is not clear, whether every stable interaction operators A can be written in the form
L*L with a finite number p of components L7 with exponentially decaying kernels. For
pairwise interaction attractive springs with (B,)ges as above, this factorization works with

(Lz)y = (Bﬁ(xW_x7—5>),@eI'
Similarly, we may associate with the rescaled macroscopic function Z¢ : 7+ eS.x(7/¢)
a continuous energy density

ES(1,y) = & ((2°(7), 0-2%(7)), (2°(7), 0-Z%(7)))(y) = O with
&5((20, 21), (v0, v1))(y) = LM 221 (y), MY ?01) + L((AY%2) (y), (A *v0) (y)).

where AY? is defined as positive semi-definite square root of A., e.g., F (A;/ *Z)(n) =
As(m)Y2FZ(n). Note that E° : R? — [0,00) will have spatial oscillations on the length
scale €, but again E°(7,-) € LY{(R?) C M(R?) is bounded.

As there is a problem that A(-)'/? is in general no longer smooth, one may also use the
decomposition A = L*L, if available. We associate to L the symbol L(0) = >, e L5 €
Crm*™ such that A(f) = L(A)*L(0). Using the Fourier transform and LL*(n) = iL(en) we
define L. via F(L.Z) = L*FZ. Now the analog of the discrete energy in (5.1) can be
defined as

EE(T’ y) = %<M37Z5’67Z5> + %’£5Z6’2.

However, none of the two above constructions leads to a direct control over the energy
transport. Instead, we will use the theory of Wigner and Husimi transforms to control the
energy transport. Before developing this theory we decompose the sequence of solutions
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/¢ into one part which converges strongly to the weak limit Z and a fluctuating part U¢
which converges weakly to 0, namely

ZF(7) = S°(r) + T°(r) with $°(r) = P.Z(),
with P. from (4.1). Clearly we have

S5(r) — Z(r) € H{RY, R™) and T°(7) — 0 € H'(R?, R™).
If we insert this splitting into the energy density £° as defined above we obtain for fixed

Ef() = Agg+ 245 + A%, € LY(RY) with
Ags = &°((5°,0,59),(5%,0,59))
Asp = &((5°,0,5%), (17, 0:17))
Afp = E((T7,0,T°),(T7,0,T7)).
With the techniques used in the proof of Theorem 4.2 we easily obtain

A25%  APZ in LARYR™) and  AY?T° — 0 in L2(R%R™).
Using the definition of Ay and E this yields
Ase — Y0, Z, M0, Z) + L(DZ,EDZ) in L'(RY).

This density is the energy distribution which associates with the macroscopic kinetic energy
and the macroscopic deformation. Second, since f, — 0 and g, — ¢ in L%(R?) implies
fugn — 0 in L'(R), we conclude ASr 2 0. Hence, to understand the limit of the total
energy distribution it is sufficient to study the energy associated with the fluctuation part
T which is due to pure microscopic behavior.

A similar splitting of the energy holds if we consider E* instead of E-. Thus, in the
sequel we restrict to the fluctuation part which converges weakly to 0.

5.2 Wigner and Husimi transforms and measures

The Wigner and Husimi transforms apply to a vector-valued function and they measure
correlations between the components on a scale of microscopic wave lengths. The Wigner
measure associated with a family (f¢). of functions is a limit object which measures how
much oscillations occur at a given macroscopic point y € R? with a given microscopic
wave vector § € RZ We refer to [GL93, MMP94, RPK96, GMMP97, TP04, Mac04] for
general references on this subject. Here, we just recall the main definitions, properties and
formulae.

We define the matrix-valued Wigner transform of f € L?(R? C™) via

W0 ™ o [ fu—gosTrge) etan e (52)
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where ® denotes the tensor product of two vectors. We mention explicitly here that here
y € R? stands for the macroscopic space variable in R? whereas § € R? denotes the
microscopic wave vector as it is dual to the integration variable v which is multiplied by
. Later on # will be restricted to lie in 7r,.

Note that We[f] is in general not L'(RYxR%, C™*™), but it is well-defined as a distri-
bution. For instance, the Fourier transform with respect to y leads to

def 1

WeF)(0,0) = FymnWF1(1,0) = g2 (FH(E+DRFF(E-1). (5.3)

This formula is the basis of most of the energy-transport theory for Wigner measures. It
also gives the nice estimate

sup{ [[W=[f](n, )llLaesy [0 € R} < [ FIIF2zay, (5.4)

which can be used to show that W¢[f] is a well-defined distribution.

The next two relations show that the Wigner transform is a kind of measure on R%xR?
whose marginal distributions are just the classical ones. Integration (in a certain principal
sense) with respect to n € R% or y € R gives the identities

Joera WeLfI(y, 0)d0 = F(y)@F(y) for a.e. y € RY,

_ 5.5
rens WU1(00) 0y = s (FNOR)SFT0)) forancoemt

The major disadvantage of the Wigner transform is that it is not integrable. In contrast,
the Husimi transform leads to true matrix-valued measures, but it loses the exact energy

location as expressed in (5.5). The Husimi transform is based on the wave packets (cf.
[CF78])

c def —|y—z|2 ) —iz-0/e &
H(f1(y:0) = gy Jua F(2)e W0 702 do = o F £ G2 —y)] (9),

where the Gaussian kernel G is defined via G*(y) = (arr)~#2 e ¥’/ The Husimi trans-
form is simply the tensor product of these wave packet with itself and takes the form

def EYAG

He[f](y, 0) = H[f](y, O)H[f](y, 0).

By its definition it is obvious that H¢[f] takes values in (CTZ"OXW. Moreover, some elementary
manipulations show the identity

/]Rd /Rd trHe[f](y,0)d0dy = HHE[f]HiQ(]RdX]Rg) = HinQ(Rd)'

From He[f](y,6) € C2™ we know |(He[f])ia] < (He[f])Wn|(HE[f])1) almost everywhere
in RYxR?. Hence, by the Cauchy-Bunyakovski-Schwarz inequality we conclude

[ S 001000y < 0l o 56)
RéxRY I,n=1
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Thus, the major advantage of the Husimi transform is that it defines a bounded quadratic
mapping from L%(R¢,C™) into L' (R?xR?, CZ5™).

However, this advantage leads to a smearing out of the information in physical and wave-
vector space. In fact, the Husimi transform can be obtained from the Wigner transform
via convolution by suitable Gauss kernels, viz.,

He[f] = We[f]* Gy + Gy e,
HeE [f] (y’ 9) — ﬁ fze]Rd fﬂeRf Wg[f](z, ﬁ)e—(|y—z|2+|0—19|2)/e d¥dz.

The Gauss kernels have a width of /¢ and thus, the localized information in We[f] is
slightly smeared out in physical space Rg‘f and in the microscopic wave-vector space Rffﬂ.

(5.7)

The corresponding counterparts to (5.3) and (5.5) read

def

HEf)(n,6) = Fy oy HEF) 0)(n) = Fy (WRF) 5 G5 5 G5 ) (0,0)
= G|V, + G5 (0) (5.8)
= G fyens P A STFF(2—4)GE(9-6) do.

(2em)d  JYeRd

Moreover, for almost all y € R? and # € R? we have

Joera HELf (Y, 0)d0 = [ou f(2)®F(2) G*(2—y)dz,

5.9
frwa HS 0.0 dy = fua s (F)(0/)0FF(9/2) G=(9-0) . o

Note that L'(RYxR4, C™ ™) is a weak+ dense subspace of the matrix-valued Radon
measures M (RIxRZ, C™ ™). The set of these measures forms exactly the dual space
of CH(RIxRY, C™*™), the set of continuous functions which decay at infinity. Thus, by
the Banach-Alaoglu theorem every bounded sequence in L!'(R¢xRZ C™*™) has a weaks
convergent subsequence and the limit is called the Wigner measure associated with the
sequence. While the existence of limit objects is easy for the Husimi transform, the same
result for the Wigner transform is nontrivial. The major result on the Wigner transform
W is that for all bounded sequences (f¥).c(0,¢,) in L?(R?) there exists a subsequence (ey)
such that WE[fE)] has a limit which is called Wigner measure. It can be shown (cf.
[GL93, GMMP97]) that all limit points of the two families (W¢[f]). and (H*[f¢]). lie in
M(RIxRE, CZ5™) and are the same.

To formulate the following result we define the notions of a tight family and an e—
oscillatory family. A bounded family (f¢). is called tight for ¢ — 0, if

e—0

limsup/ |f5(y) P dy Az, (5.10)
ly|>R

The bounded family (f¢). is called e—oscillatory for e — 0, if for each continuous, com-
pactly supported ¢ : R* — C we have

fimsup [ (e Py =0 (5.11)
[n|>R/e

e—0
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Hence, tightness means that no mass escapes to co in physical space, and e-oscillatoryness
means that no mass escapes to oo in Fourier space faster than 1/e.

We will use the following precise statement on the existence of Wigner measures.

Theorem 5.1 Let (f¥)cc(0e0) be a bounded family in L2(RY,C™). Then, there exists a
subsequence (€g)ken with e, — 0 for k — oo and a matriz-valued, bounded Radon measure
€ M(RIXRE C™ ™) such that the following holds:

1. ¥V B C R*xR{ measurable: (B) € CL™,

2. WER[fler)] 2w (in the sense of distributions) and
H(Ek)[f(Ek)] X W in M(RdXRff,(mem),

3. f(Ek)®f(Ek) = Vphys = fRd ,U(': d77) imn M(Rd: mem) and
—(251ﬂ_)dff(5k)(é)®ff(5k)(é) A Upourier = fRd w(dy, ) in M(RZ, Cm™m).

If in addition the sequence (f¢). is tight and e—oscillatory, then
f]Rd Vphys(dy) = fRf Vourier(df) = lim._g HfEHI%Q(Rd,Cm)'

For a proof of these results we refer to the above-mentioned references.

This condition of e-oscillatoryness roughly means that the oscillations do not occur on
scales finer than that of order . For our lattice problem this condition is satisfied by
construction. In particular, the Fourier transforms of our solutions Z° = £S.2° have a
compact support lying in %Bp* C %BR*(O) for some R, > 0.

Lemma 5.2 Let Z¢ be a bounded sequence in L*(R?, C*) with sppt(FZ¢) C 1Bg,(0), then
(5.11) is satisfied, i.e. Z* is e—oscillatory.

If sppt(FZ°¢) C %Bp* then any Wigner measure u € M(RxRY, CZy™) has support in
Rd X BF* .

Proof: Let R > R, and C, = limsup,_ || FZ¢||? < co. For ¢ € C2(R?) we have

f|77|>R/5 | F(0Z%)(n)|*dn = f|m+772|>3/5 |\ Fo(nn) *1FZ# (n2) [ d (1, )

< Jnisanye 1 FemPdm [ o 1 FZ5(n2) | drg,
where we used FZ¢(n) = 0 for |n| > R./e. The first factor tends to 0 for ¢ — 0 due to
Fo € L*(R?), and the second factor is bounded by C,. This proves the first assertion.

For the second assertion we use the representation (5.3) for I/I//\E[ZE, Z®]. For en & Br,
and any (¢ and ¢ at least one of the two vectors n/e + (/2 and n/e — (/2 does not lie in
Br,, since this set is convex. This shows that W¢[Z¢] has support in R¢x Br, and hence
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spptWe[Z¢] C R¢xBr,. Clearly, this support property is preserved in the limit e — 0,
which proves the second assertion. [

Because of the second part of the previous lemma we consider the Wigner and the Husimi
transform as functions on R?x7r,. We use the notation Wg[f] if we want to emphasize the
fact, that W¢[f] is considered to be a periodic function of 6 € 7r,. Because of convolution
with G the same support property does not hold for the Husimi transform. However, we
define the periodic variant by replacing the Gaussian kernel by its periodic counterpart.
Thus, we set

HE[f1(y,0) € Y per, H[f1(y,0+5) and  G5(0) = 3 4ep. GZ(045).

Then, we also have the formula HE[f] = WE|[f] * G} * GT, where the convolution with Gf
is now done on the additive group 7r,. Moreover, H:[f] remains a measure with values in
(CTZR()Xm and f]RdXTF* tr er‘[f] (ya 6) dedy = HinQ(Rd)

5.3 Concentrations on singular sets and Husimi measures

Below we need to control the speed with which the energy is concentrated at certain
singular sets S C 7r,. We say that the sequence p* € M(7r,) concentrates on S in the
order € with o > 0, if there exists R > 0 such that

limsup p°({ 0 | dist(z,5) < e*R}) >0
e—0
where “dist” denotes the standard distance on the torus 7r,. Of course, concentration in
the order € implies concentration in the order £ if 0 < 3 < a.

For Wigner transforms W¢[f¢] and Husimi transforms H®[f¢] we say that they concen-
trate on S in the order € if the measures p§; and py;, respectively, concentrate in the sense
above, where pj, and pf; are defined through the densities 6° : 6 +— (2M i | Ffe(6/e)* and
0¢ x G, respectively.

As an example consider a sequence (f¢).~o which has a nontrivial weak limit f° # 0
in L?(R?), then the sequence W¢[f¢] concentrates on S = {0} in the order e'. To see
this we argue as in Section 5.1 to obtain Ff° — Ff° and |Ff%|> = |Ff°? + g where
| F(ff—f°)|*> = g > 0. Thus for each R > 0 we find

P O110] < eRY) = [iyccn @y (FL)O/)P A0 = Gz [ <r [(F L)) dn,

1
= (en)d nISR’

which implies limsup, _, piy ({|0] < eR}) > (F£2)()[? dn > 0 for sufficiently

large R.

Lemma 5.3 Let o € (0,3], S C Tr., take a bounded sequence pSy in M(Tr,) and define
P = Pv * GT.. Then, py concentrates on S in the order € if and only if pf does so.
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If p§, concentrates on S in the order €” for some 3 > 1/2, then, in general, p§; concentrates
on S in the order £'/2 only. Just consider Py = 0s for some s € S.

Proof: Let S5 = {0 |dist(z,S) <e*R} and a° fdlst(OG G5.(0)do, then

Pi(S3) = Jr Xsppi(d6) = [ Z5(0)pie(d6) with = = Xs; » G
Using the triangle inequality for “dist” we find the estimates
1 — a®(dist(0, 7r.\SR)) < EZ(0) < a°(dist(0, SR)).
For 0 € 53, we have dist(0, 7r.\S}) > €*R/2 and E%(0) > 1—a®(e"R/2) implying

Pr(Sk) = (1=a"(e"R/2)) piy (S 2)-

Because of a < 1/2 we have a°(e¢®r) — ¢(r) € [0,1) for ¢ — 0 (in fact ¢(r) = 0 if
o < 1/2). This implies limsup,_,, pj;(S%) = (1—c(R/2)), limsup,_,, piy (S ). Hence, py
concentrates if p5, does.

Similarly for 6 ¢ S% with R; > R we have dist(0, S3) > €*(R,—R) and obtain

Pr(SR) = Jg 10W(d0) + [5 s a*(e"(Ba—R))piy (dF)
< pw(Sfal)Jra( “(Ri—R))p",

with p* = sup{ p§y(7r,) | ¢ > 0}. Thus, we conclude df; = limsup,_p5(S;) < o, +
c(Ri—R)p* with §p = limsup,_, p§y (S5,). For o < 1/2 we have ¢(Ri—R) = 0 and the
desired result 6y > &7 is immediate. In the case a = 1/2 we use that ¢(r) — 0 for r — oo.
Hence, we choose Ry so large that ¢(Ry—R)p* < 07; /2 and conclude 0}y > 677 /2. In both
cases we see that concentration of pf; implies that of pfy ]

The need of the study of concentrations near singular sets arises from the fact that the
dispersion relations w — w;(#) are in general not smooth. To handle the problem we use
the following properties. Each w; : 7r, — R is Lipschitz continuous, but in general not
in C!(7r,,R). However, differentiability can be lost only at smooth subsurfaces (points,
lines, surfaces), see [Hag98]. Let T; C 7r, be the open subset of differentiability points of

w; and set

TN, T, %, and SE T \T.

Then, each T, and hence T, are open and have full measure in 7r,. In particular, the

singular set S consists of finitely many lower-dimensional analytic surfaces.

On T the functions Vyw; are defined and bounded. Hence, there exists a compactifi-
cation K such that all functions Vyw;, j = 1,...,k can be extended continuously to K.
We denote these continuations by %wj. Below, we illustrate this construction by two
examples.

The main advantage of the Husimi transform is that we are able interprete functions in
L'(7r.) (which is the same as L'(T) as S has measure 0) as measures on K. To this end
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let ¢ : T — K be the continuous, injective, and dense embedding. Now every testfunction
U € C°(K) defines via » = ¥ o ¢ a continuous, bounded function on T, in particular
¢ € L=®(T). Thus, we can embed L'(R¢x7r,, CF**) into M(RYxK, CF**) via the linear
mapping ® defined by

(Bh, W) = [o o W(y, £):(OR)(dy, dr) © [o, . U(y, ¢(6)):h(y,0) dydd,

where h € LY (R¢xTp,, CF**) ¥ € CH(RIxK, C***), and “” denotes the scalar product in
Ck*k_ The last integral could also be taken over Rx 7Ty, as the difference has Lebesgue
measure 0.

Thus, our final Husimi measures will be defined on M(R?xK, Ck**) as limit of the
embedded Husimi transforms, i.e., ®H*[f¢] = un. We call the latter measure a Husimi
measure.

Example 5.4 In Section 6.3 we consider the bi-atomic chain. Using the parameters m =
6, m =10, k = k = 1,k = 2 (see Figure 6.3, right), the eigenvalues w; and ws touch at
0 =0and § = 7. Thus, Ty =Ty =T = (—7,0) U (0,7) and S = {0,7 = —7}. As
compactification we may take K = [—7,07] U [0, 7] which is the disjoint union of two
compact intervals. Clearly, the group velocities Vw; have continuous extensions to this
compactifications.

Example 5.5 In two or higher-dimensional problems the singularity at § = 0 becomes
worse. In Section 6.5 we consider the square lattice, where 7r, = (S')? which is the
two-torus. For k = 1/2 we obtain the explicit dispersion relations

wi(0) = \/2— cosfi—cosly and wy() = \/4— cos 01— cos O03—2 cos 01 cos 0.

Obviously, Ty =Ty = T = 7r, \ {0} and S = {0} and the frequencies have the expansions
w;j = 1/(1427)/2]0] + O(|0|*). Thus, K is obtained by inserting a small circle instead
of # = 0. More precisely, one introduces polar coordinates near 6 = 0; e.g., for 0 <
6] < 1 we write § = r(cos p,sinp) with r € (0,1] and p € S!. Then, K is obtained by
adding the points (r, p) = (0, p) for p € S'. In particular, the gradients satisfy Vyw;(0) =

(1+2j5)/2 ﬁ 6 + O(]0]?) for § — 0. Obviously, there are unique extensions onto K with

%wj((r, p)) — /(1427)/2(cos p,sin p) for r — 0.

5.4 Energy transport via Wigner and Husimi measures

In this section we present two versions of the energy-transport equation. The first result
concerns the classical Wigner measures and is formulated on R?x 7, , but has the additional
assumption that the Husimi or Wigner transforms do not concentrate on the singular set
S at all. This is a simple adaption of the theory developed in [GMMP97]. In the second
result we use the Husimi measure introduced above and thus we are able to allow for some
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concentration of the energy on the singular set S. The order of concentration must be
slower than €!/? and the functions Vj w; need to behave suitably well near S.

To study the energy associated with the solutions (Z%(7),0,Z%(7)) it is advantageous
to transform the system into diagonal form, when written in Fourier space:

~ 1~

0,U(r,n) = gsz(gn)z?(T, n), U(0,-) = U, € L*(R¢, C*™) (5.12)

with ﬁ(@) = diag(w1(0), ..., wam(0)) € R?*™*2™  This is obtained from (4.2) written in
Fourier space as R R

MO2Z (7. n) + A%(n)Z(1,7) = 0. (5.13)
Since w;(6)%,j = 1,...,m are the eigenvalues of M~Y2A . (0)M~Y2 we let Q(F) =
diag(wi(0), ... ,wm(f)) and find a family of unitary matrices (Q(6))gez.. such that

M=2AO)M 2 = Q(6)"Q(0)*Q(0).

Hence, (5.13) transforms into (5.12) with

N ~(1/2 —i)2 Qen)Q(en)MY2Z (1, 1) ~ (@) 0
U(r,n) = (1/2 /2 )( O(en) M2, Z(r. ) ) and Q(6) = ( )

The transformation was done such that
U(r, ) = 5(M3. Z(1,n),0: Z(7,n)) + 5(A°(n) Z(7,m), Z(1,n)),

which shows that |U|? is an energetic quantity. Applying the Wigner transform to U(7) =
FU(1,-), we see that We[U?] allows us to control the energy located in physical space

via

cfu(rn) = V) = [ (WO 0)) @0

/Ii—‘*
This energy distribution is a replacement for £ or E* defined in Section 5.1.

The difference between E°, E* and efy arises because of the transformation via Q)(6)
in Fourier space. This gives rise to pseudo differential operators which lead to a certain
nonlocality on the microscopic level which disappears in the limit € — 0. In the case that
A(f) = L(0)*L(#) with smooth L holds, the connection between the energies can be made
more exact. For solutions Z¢ we define the vectors

M1/2aTze
v

o7 ) € L2(R4, R™)1*P, (5.14)

then we have E*(r,y) = 1|Ve(t,y)]?, Ve = FV* = (Ml/gaﬂis) and |Ve|2 = 2|0,

%L(en) A

We now state our first result which is based on the Wigner measure. Recall that S C 7r,
is the singular set where Vyw; is not defined.
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Theorem 5.6 Let (U?).~o be a family of solutions of (5.12) such that sppt(U*) C 1Br,,
that Us — 0 in L2(R?, C*™) and that there is no concentration on the singluar set S, i.e.,

lim sup,_, fdist(a,S)<r @]Uﬁ@/a)ﬁd@ — 0 forr—0.
Further, assume that for all j = 1,...,2m the Wigner transforms Wg[U5(0, -)] of the initial
data converge to the Wigner measure ,u? € M(R4xTr,).
Then, for all ™ € R and all j = 1,...,2m we have the convergence

D

WE[U5(0,)] = py(rs-) € M(RIXTr,),
where i; satisfies (in the sense of distributions) the transport equation

Orp1j (1) = Vow; (0) - yp (1) and 1;(0) = 4. (5.15)

Remarks

1. Note that all p;(7) satisfy [pa o p;(7;dy,dd) = p(r;RYxS) = 0, such that it is
irrelevant that Vw; is not defined on S.

2. The same statement of the theorem holds also for the Husimi transform. Then, the
convergence is better, namely weak* in M(R?xS). We keep the formulation of the result
in terms of the Wigner transform to conform with [GMMP97] and to provide a simple
proof. Of course, Theorem 5.7 includes the present result as a special case.

3. The solution of (5.15) is uniquely defined via transport in y with speed Vyw,(0), i.e.,
wi(7,y,6) = ,u?(y—i—vg w;(0),0). More precisely, this means that for all U € CJ(R¥x7Tr) we
have

Joaxz, O, 0 (13 dy, d0) = [, ¢ V(y—7Vow;(0), 0)p5(dy, do).
Integration over 7r, can be replaced by one over T = 7p \S because of ,u?(Rde) = 0.
4. If we additionally assume that the sequence (U¢). is tight, then we know that
Jaarr Zj L1 (13 dy, d6) = lime_g [oa [US(y)]? dy.
Proof: We sketch the main arguments of this comparable simple proof. The exact details
are given in the proof of the following theorem.

Via (5.3) and (5.13) we obtain the differential equation

0w (1, ¢, 0) =1A.(0, ¢) w(7, ¢, 0)
with A.(8,¢) % g [w; (0+5¢)) — w;(6—50)]

where @° = F, . W*[U:(7,-)]. The explicit solution reads

(5.16)

@° (7, ¢, 0) = 2=COTT=(0,¢,0)  for (7,7,0) € RXRIXTr..

27



By (5.4) we know that (w®(7)). is uniformly bounded in L*®°(R¢,LY(7r,)). We choose
testfunctions ¢ € LY(R?, C°(7r,)) with the additional property ¢ € C2(R?xT). On the
compact support sppt(¢)) C RZxT the convergence

A(C,0) — (- Vyw;(f) for e — 0,
is uniform as wj is twice differentiable on T and as ¢ is bounded. Define
7 (1,¢,0) = YOm0, ¢, 0)

as an intermediate approximation. Then, with (5.4) we have, for ¢ — 0,

} fRfX’H‘ w(Ca e)eiAE(aC) 7@6(07 C7 9) dC d@ - f]RdX’]I‘ ¢ C 9)/\6(7— Ca 6) dC de}

<[] sup  [AL(0,Q)=CVowi(O)] faa V(O llcorm1D°(0, O)llLi(z, ) dC — 0.
(0,¢)€sppt(v)

Moreover, since (¢, 0) — (¢, 0)el¢ V0«7 is in the set of admissible testfunctions for the

convergence of Wigner transforms (see [GMMP97, Rem.1.3]), the convergence w*(0) 2, 1
implies

W(C,0)F (r,n,0)d¢dg =% W(¢,0)e Vo= 7 10(dn, d9).

R4xT R4xT

If we define p;(7) through the right-hand side we first see that the transport equation
(5.15) holds and with the above estimate we have

B(C,0)e 2 COTTE(0,¢,0)d¢cds = W(¢,0)p;(7; dn, d6).

R4xT R4xT

Finally we remark that the set of testfunctions 1, we have considered so far, is dense in
the set of all necessary testfunctions. This establishes the desired result. [

As a consequence of the above result we obtain an exact characterization of the weaksx
limit of e, defined as eg(7,y) = |US(7,y)[>. Starting with the Wigner measures y;(0) €
M(R?xT) of the initial data, the energy e%(7) is obtained by

Joa YWy (75 dy) = [oag Zj L U (y—mVw;(0))pd (dy, db). (5.17)

Before we turn to the second result we want to highlight a general feature of the above
proof and of the proof to come. In showing convergence of the approximations fé(7) =
WEUs(7)] or f(7) = H{[Us(7)] towards the limit p;(7) it is advantageous to introduce
an intermediate approximation ¢°(7) which is a solution of the limit equation, initially
derived for p; only, with the e-dependent initial data f°(0). As the limit equation does not
depend on € and we know that the initial data converge, i.e., f¢(0) ~ u;(0), it is easy to
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conclude ¢°(7) ~» p;(7), where the converge is in general as weak as the convergence of the
initial data. In a second step, one then shows f¢(7)—¢°(7) — 0, where one needs to exploit
the convergence of the Fourier symbols, i.e., A.((,0) — (-Vpw;(#). This convergence is
usually more explicit and error bounds can be obtained in suitable weak function spaces,
see [TPO4].

Our second result involves the Husimi measure and allows for certain energy concentra-
tions on the singular set S. Thus, the above result is not applicable for our lattice models if
energy is concentrated in mesoscopic wave lengths of order /¢, since the point § = 0 always
lies in the singular set because of the acoustic waves. The following result shows, that in
certain cases we can still go to the limit if we use the compactification K of T = 7p_\S.
Recall that we consider Husimi transforms Hg[U?] as measures in M(R*xK) via the iden-
tification ®. To emphasize this embedding we set Hg[f] = ®HE[f] € M(R?xK) and recall
the definition

[ W R U ) = [ (. 600 HE 7))y s,

where U € CJ(RxK) is a testfunction and ¢ : T — K is the continuous, injective embed-
ding with dense range.

Theorem 5.7 Assume that K is a compactification of T such that all Vow; have contin-
uous extensions Vow;. Moreover, assume

3C, >030€(0,1]Vje{l,...m} V0,0, €T:

diSt(@l, 92) o
min{dist(@l, S), diSt(QQ, S)}) '
Let (U )o<ec1 be a family of solutions of (5.12) such that US — 0 in L2(RY, C2™), sppt(U°) C
%Bp* and that it does not concentrate on the singular set'S in the order €'/2, i.e, for all
R >0 we have

(5.18)

[Viotas (61)— Vi (62)] < €

fdist(G,S)<51/2R —(2517")d \U%(0/e)|?d0 — 0 fore — 0.

Further, assume that for all j = 1,...,2m the Husimi transforms Hg[U(0, )] of the initial
data converge to the Husimi measure p € M(R?xK).

Then, for all T € R and all j = 1,...,2m we have the convergence
H]Ii[UjE(Ta )] = :uj(T; ) € M(RdXK>7
where p; satisfies the transport equation
Or1(T) = Vpw; (k) - Oy (1) with p1;(0) = 1 (5.19)

in the sense of distributions, i.e., for all ¥ € CY(R*xK) we have

/Rd K\If(y, k)i (T; dy, dr) = / \Il(y—T%wj(/ﬁ), k) ) (dy, dr). (5.20)

R4 xK
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Remarks.

1. For eqn. (5.20) we do not need any differentiable structure for K as transport occurs
only in the y direction but not in k € K.

2. The assumptions about the concentration and about the Lipschitz continuity of Vjw;

can not be dispensed with as we show in Section 6.1.

Proof: The proof follows the same strategy as the one above. This time we use the
Fourier transformed version of the Husimi transform and show convergence using suitable
testfunctions and taking special care of the wave vectors near S. In Step 1 we cut out
the wave vectors near S by using the nonconcentration condition. Thus, it suffices to
study a simplified measure h°(7) instead of the full Husimi transform Hg[Us(7)]. In Step
2 we introduce the intermediate approximation ¢°(7) solving (5.19) but having the initial
condition h(0) and show its weak= convergence to the solution p;(7) defined in (5.20). In
Step 3 we estimate h®(7) — ¢g°(7) by using their explicit representations in Fourier space.

Step 1. Throughout the proof we fix j € {1,...,2m} and define the measures pf, and

P = Py * Gt on Tr, such that p§, has the density 6 — @]ﬁf(o, 6/¢)|> where [AJJE(T) =

FU5(7). By our assumption of nonconcentration on S, there exists R, > 0 with R, — oo
for £ — 0 such that
re = piy(Se) — 0 for e — 0, where S, = { 8] dist(d,S) < '/?R. }.

With Lemma 5.3 we may choose R. such that we also have p§(S.) — 0 for ¢ — 0.

Define the characteristic functions
p- = Xr.:Tr, — R with T. = 7p,\S. and ¢. = X_:R? — R with B, = %(BF* \S¢)
and let h*(7) = p. Hi[U: (1)] € L'(R*xTr,). Then we have
12° () =H [U5 (7))l = p(Se) — 0.

Next we show that we may assume that [7; has support in B.. Define V¢(7) € L*(R?, C)
via FVE(7,() = ¢-(¢)[FU;(7)](¢), then we have

U5 (7) = VE(D)IE2 = pw(Se) = 7= — 0.
By (5.6) the corresponding Husimi transforms satisfy

115(7) = pHEVE (Dl < IHEUF(0)] = HE V()]
< (05 () e + V() a2 U5 (7) = V() e < Cr2” = 0.

Thus, the original family (Hg[Us]). and the two families (h°). and (p. H°[V*]). generate
the same Husimi measure. Hence, from now on it is sufficient to study the convergence of
h® under the additional assumption that U = V< holds.
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Step 2. To prove convergence to u;(7) we introduce an intermediate approximations
g°(1) € LY(R¥xTr,) which is defined such that it solves the limit equation (5.20) with the
e-dependent initial datum h¢(0) € L*(R¢x7r,). It is given by

g°(1;y,0) = h*(0; y + TVhw,(0),0).

For this definition we do not need continuity of Vyw;. Now, the assumptions that the initial
measures ®h°(0) converge weakx in M(R?xK) to j;(0) immediately implies ®g°(7) —
w; (1) in M(R?xK) by linearity and boundedness. Here, 1;(7) is the solution defined via
(5.20). This is the only step, where we need the convergence in the compactification and
rely on the continuity of the extension %wj.

The Fourier transform g° = F,_ ¢ satisfies
7 (1:¢,0) = <V OThE(0, ¢, 6).

Similarly, for }\LE(T; - 0) = Fy_ch®(r;-,0) we have the explicit formula

~ e—clcl?/4 e -
he(75¢,0) = gt 2 [ US(0, 245)05(0, £=5) (7 G (9—) o),

T (2emd

where A, is defined in (5.16).

Step 3. Since (¢°). and (h?). are bounded families in L'(R?x7r,), the desired conver-
gence ®g°(7)—®hs(7) > 0 in M(RIxK) follows, if we show

VYU eCl: fRdep U(y,0)[g°(T; dy, dd)—he(T; dy,dd)] — 0 for e — O, (5.21)

for a dense subset C C CJ(R? L>(7r,)). For this, note that using the embedding ¢ :
T = 7r.\S — K testfunctions ¥x € CH(R!xK) turn into ¥ e C{(R? L>*(7r,)) via
U(y,0) = Uk(y,#(0)). We choose C to be the set of those U such that ¥V = F,_ ¥
satisfies [ pa [[W(C, ) [Loe(z,) d¢ < co. E.g., all ¥ € WHLH(R? L*(Tr,)) satisfy this
condition and, clearly, these functions are dense in CY(R?x7r,).

Using Fourier transform and the explicit representations of g° and he the term to be
estimated in (5.21) takes the form

F. = @ S S ‘T’(C, g)e—e|<|2/4g%(9_19) <eiC'V9Wj(e)T_eiAE(Cvﬂ)T)
0eT: (¢,9)eM,

U5 (0, 24§)U5 (0, 2-§) d¢ dv ),

where M. = {((,9) € R¢xTr, | 2-$ € B, and 2+§ € B.}.
Using (5.4) we have for almost all ¢ € R? the estimate

@ Joem, 1U5 (0, 245)U5(0, 2=5)1d0 < (U5 (0) 22z
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Hence, by Holder’s estimate in the (L', L>) version we find

el < Jeema 1T(C5 )i zr,) ASIUF (0)[[fogay with

Te(Ca 19) _ 6 af/ \/I}(Ca 9)e_E|C|2/4G1€(9—19)X']1‘5 (Q)XME (C’ 19) (eiC'VQwj(e)T_eiAs(Cyﬂ)T) d@,
€lr,

where the characteristic functions Xy, and Ay, are due to the construction in Step 1. We
now have

1Ce(C ) () < 1wz Nloe (G ) e, with
(€, 9) = X (€, V) fyern, GR(O—0)Xr.(0) min{2, |C-Vow;(0)—A(C,9)||7(} do.

Because of ||v:(¢)|lec < C = 2vol(7Zr,) we obtain the majorant || T.({)|lc < CH\TJ(C)HOO
which is independent of €. Thus, it suffices to show the pointwise convergence ||v-(¢)|locc — 0
for ¢ — 0 where ¢ € R? is fixed.

For fixed ¢ and € we only need to consider ¢ with (¢,9) € M, because of the prefactor
Xu.. For such ¥ we have dist(0+e(a—1)(,S) > e'/2R. — £|¢| > 1c¥/2R. for sufficiently
small e. Hence, using the continuity (5.18) of Vyw; outside of S we have for § € S,

C-Vow; (0)=A(C)] < [C] Sy [Vow; (0)—Vow; (9+e(a—1)¢) da
< 1l fy Cu(Amdist(8, v+2(a—10) ) "da < 2% (dist (6, 9)° + (<IC])°).

€?/2RZ

This estimate can now be inserted into the definition of v.. As for each o > 0 there exists
C, > such that

/ G=(0—1)dist(0,19)° df < C,e®/? for all € >0 and ¥ € Tr,.
/Ii—‘*
Hence, with R. — oo we conclude the desired pointwise convergence from

Co  e2\o
C0) <200 (52 + (F2)T) —o.
v(G0) < 2CUC 7r + (7)) —
Thus, |F.| < C [4a || Te|lsod¢ — 0 for e — 0 follows from Lebesgues dominated-convergence
theorem.

Step 4. The above three steps conclude the proof. Step 2 gives ®¢(t) = p;(7) and Step
3 gives ©g°(7)—®h*(1) = 0. According to Step 1 we have ®h?(7)—PHE[US] () = 0, which
follows from [|h(7)—HE[US)(7) || maxz. ) — 0. Thus, Hg[US](r) = ®HE[US](1) = p(7)
in M(R4xK) follows. n

It is to be expected that the above results can be sharpened by making specific assump-
tions on the singular set and by using suitable smooth coordinate changes near S. Then,
normal and tangential modes can be distinguished and suitable two-scale Wigner measures
may be constructed, see [LT05, FL03]. Another way to compactify the measures near an
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isolated singularity like § = 0 in lattices is the H-measure introduced in [Tar90]. For this,
one needs to introduce the extended vector V¢ as given in (5.14), whose Fourier transform
V¢ satisfies

. 1 Se . B 0 —M~2L(0)*
O VE(rym) = Vele)Ve with V(6) = ( L(o)M~/2 ! |

As V(-) is smooth in # = 0 this construction is more suitable to study energy concentrations
there.

Remark 5.8 The above analysis was especially simple, since our problem is exactly peri-
odic and hence does not allow for slow variations of the symbol matrix on the macroscopic
spatial variable y = ev. According to [ST03] it is possible to generalize the theory to
situations where such a macroscopic variation occurs. Assume that the mass matrix M as
well as the interaction matrices Ag depend on y smoothly. Then we consider the infinite
system
M(e)iy = =Y As(en)ay4s fory €T
ger

Then we obtain the y-dependent symbol matrix A(y,0) = 3, e As(y) which again is
assumed to be positive semi-definite and satisfying (3.6) in a uniform manner with constant
kernel V. From (A(y,0) —w?*M (y))® = 0 we then obtain dispersion relations w = w;(y, 6)
which also depend on y.

It is then possible to show that Wigner measures still exist and that they satisfy the
generalized transport equation

aTlu/j (7—7 Y, 6) = V@ Wy (ya 0>ay,u/j (7—7 Y, 6) - Vy Wy (ya 0)69/1/3 (7—7 Y, 6)7 (522)

where now also transport in the direction of 6 occurs. In such situations it is not possible
to resolve the singularities of the dispersion relation by the compactification given above.
The compactification destroys the differentiable structure and thus can no longer be used.
In fact, it is well-known that new phenomena occur in such energy crossings, since energy
can be transfered from one branch to another, cf. [FL03, LT05, ST03].

6 Some examples

6.1 A counterexamples for the transport equation

In this section we want to discuss a few postive and negative results concerning the deriva-
tion of the energy-transport equations in Theorems 5.6 and 5.7. For this, we consider
the nonsmooth dispersion relation w(f) = 2|sin(6/2)| on Tr, = S* = Rj2.7. The sin-
gular set is S = {0} and we may use the compactification [0,27] with the smooth ex-
tension Vw = cos(k/2). However, to avoid confusion with the neighborhood of S, we
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use K = ([-7,07] U [07, 71])~, where ~ denotes the identification of —7 with 7. The
“continuous” extension of w’ is given via

Su(n) { cos(k/2) for k € [O+,7r],_
—cos(k/2) for k € [—m,07].

Thus, the generalized energy-transport equation we have derived in Theorem 5.7 tasks the
form

O-p(7,dy, dr) = %w(/ﬁ)ay,u(ﬂ dy,dr) on RxK. (6.1)
We consider the solutions of 9,0¢ = éw(an)ﬁ ¢ with the initial conditions
[75(77) = (1=P)/2 (a4+Xp.(en) + a_X_p,.(en)) where B, = [¢°,2¢"],

where we assume 0 < (3. Clearly, the Wigner and the Husimi transforms concentrate on
S = {0} in the order £°. From solving the linear system we expect that the waves associated
with +B. travel with speed c. = Vj w(Oi) = 41. Thus, the expected limit measure is

(1) = |ay? 0+ (dr)6—c, - (dy) + |a—|*6o- (dK)I_c_-(dy). (6.2)

We now discuss under which conditions we obtain this result for the Wigner and for the
Husimi measure.

In this specific simple example we may study the distributional limit of the Wigner
measures on RxK and retrieve the classical Wigner limit a subsequent identification of
0" and 0~. For the computations we replace the space K simply by 7r, and realize the
compactification by chosing the set of testfunction 1 such that (¢, ) is continuous on all
of 7r,\{0}, where we assume that the limits ¢(¢,0") and ¢(¢,07) exists. After applying
a testfunction ¢ € CJ(R.xK) to @° we have to study the limit of

s [ (¢ R)eA T St e (khe) Xy p. (k—e5)dCdR. (6.3)

RxK o1,006{+,—}

Using the transformation k+e(/2 = %6, and k—e(/2 = £80,, each of the four terms takes
the form

=t | J(Sﬁ_l(el—%)a5’6(91+92)/Q)Qi(W(E%)_W(EBGQ))T/E/‘%[1,2](91)X02[1,2](92)d9
|01],]02] <2

For 3 > 1 we now see that the integrals tend to 0, which means w®(7) = We[U?(7)] — 0 in
the sense of distributions. This is due to the effect that the corresponing initial conditions
U¢ are not tight, they are spreading out too fast in physical space.

For Q = 1 we can pass to the limit easily, when taking care of the possibly different
values (¢, 0%) and (¢, 07):

% f61+62>0 w(91_92’ O+)ei(|91|—|92|)TX01[172](91>X02[172](02> d6
tar Jo,v0,<0 V(01—02,07 ) NI=10DT 1y 51(61) X112 (62) d.
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For o1 = 09 we arrive at

27rfw 01_92 O(n) io1(01—02)7 L, 2](91) o[, 2](02)(10_ f_ll J(S:0"1)31‘7157%(1—]5])ds,

which tells us that the energy located at 0°', which is proportional to |a,, |?, is transported
with the group velocity ¢ = o11. Inverse Fourier transform leads to the first two terms in
the following expression for the limiting Wigner measure:

p(r) = ImWEU(T)] = |a4[2S(y—7)d+(dr) + |a-|*S(y+7)do-(dr)
+Re (aya- [(Ry(1,y)d0+ +(R-(7,9)d0-]),
where S(z) = Z5(sin(2/2))?>. The third term arises from the two cases with o1 # 0a.

Now, time dependence occurs through oy(61+65)7, while 12(, 0%) still depends on 6;—6s.
Thus, all energy is concentrated in the two wave number 0" and 07, but all wave speeds
¢ € [—1,1] are realized. Hence, the measure p(7) doesn’t satisfy the transport equation
(6.1).

The case § € (0,1) is better behaved. To study the limit in (6.3) we keep ¢ and
substitute k = £79. Because of 3 € (0, 1) we have A.(¢, %) — sign(9¥)¢ and find the limit

/R (B(C.07)e | ay [2 4+ D(C, 07)e T a_?) d.

which corresponds to the desired resulting Wigner measure u'V (1) = p(7) as given in (6.2).

We also want to study the same convergence question for the Husimi transform for the
problem above. The action of H¢[U®(7)] on a testfunction 1 is again studied in terms of
the Fourier transform, which leads to four terms of the form

2 [ (G O)GEO—k)e P AGACAITY,  (k4e§) Xy, p. (k) dVAC dr.
Rx7p, xTp,

Introducing the scalings x = %6 and ¥ = £'/?y and proceeding as above, we derive, for
B € (0,1), the limit measure

() = 1o+ (dr)o_r(dy) + p- 50—(df”»)5+r(dy) with py = (1-ag)las]’ + aglaz/?,

where ag = 0 for 8 € (0,1/2), a2 = fneR fef , G'(n—0)dfdn ~ 0.02464, and oy = 1/2
for g € (1/2,1).

Thus, we make the following observations. Theorem 5.7 is applicable to the case (§ €
(0,1/2) where we obtain the correct limiting measure, (1) = u(7) as given in (6.2). For
the critical case § = 1/2 we still obtain a solution of the transport equation (6.1), but it
is not the desired one, since the smearing out of the energy via the Gaussian kernel led
to a wrong partition of the energy. The same happens for § € (1/2,1), where the faster
concentration rate leads even to equals contributions on both sides. A similar effect can
be established in the case 3 = 1, where p*!(7) is again a symmetrized version of u" (7).

It is also interesting to observe that due to the compactification, the Wigner measure
"V and the Husimi measure p do no longer need to be the same, as is seen for 3 > 1/2.
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6.2 The harmonic chain

The simplest example is the harmonic chain with nearest-neighbor interaction. After nor-
malizing all constants it takes the form

i’j = Tjy1 — 233'j + x5 fOl"j € 7. (64)
The lattice is I' = Z and the dual lattice is I', = 277 with the Brillouin zone Br, = (—m, 7),
cf. [Bri46.

The dispersion relation reads w? = 2(1—cosf) = 4(sin(6/2))?. This gives w;2() =
+w(f) with w(f) = 2|sin(f/2)| and non-smoothness occurs only at § = 0. The compact-
ification K of S'\ {0} is simply a closed interval [0, 27] where 6 > 7 should be identified
with 6—27 € (—m,0].

Because of w(k)? = k? + O(k*);_o, the macroscopic wave equation takes the form
Zrr = Zy,. The energy transport is governed by the two equations

Oy = W' (k)Oyp1,  Orpto = —w'(k)Oyua  for (1,9, k) € R*xK. (6.5)

Since we are mainly interested in the total energy e(7,y) = fK 1tpe d6, it suffices to
consider i = tr yu = py+ps € M(R?xK) which now satisfies

2 (V292
01 = (' (6))*02.
This is a second order equation in 7 and y, containing ¢ as a parameter.

2 5y—»

o
@
%: °3%nmng som, o 5%
of REOGO, 000K o o
R U e e
%0 o 92,000 &oB88 o 68 " IVoER0 0} o °
%, %©Z°®W8&QM®OO%O@®% v&m&g@w @g’fgf?o
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H
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Figure 6.1: Displacement (left) and energy distribution (right) for the harmonic chain.
The full line (right) gives e(7,y) for 7 = 200.

We illustrate the results with some simulations. In Figure 6.1 we display the solution
of (6.4) with initial data

zj(0) =2for j >0, x;(0)=0forj <0, andz;(0)=0,

at time ¢t = 200. We clearly see that the propagation speeds are +1, since the fronts have
reached the atoms at j = £200. Moreover, in the sense of weak convergence the function
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Figure 6.2: The dipole solution at ¢ = 200: displacement (left) and energy distribution
(right).

is close to the step function

2 fory>r,
Z(t,y) =4 1 for|y| <7,
0 fory< —r,

which is the unique solution of Z,, = Z,, with initial data Z(0,y) = 1 + sign(y) and
0-7(0,y) = 0. The convergence is rather slow and near the fronts there is a overshooting
of about 40 %, which can be explained by the help of the Airy function.

Here, we want to explain the energy distribution given in the right of Figure 6.1. The
circles indicate the energies in the atoms and the full line gives the function e(r, -) calculated

via Wigner measures. We obtain e(r,y) = % In Figure 1.1 we show the Green'’s
T —(y/T

function obtained from the initial data z;(0) = ¢; and #;(0) = 0. The Wigner measure
for the energy distribution satisfies a semicircle law, namely e(7,y) = %ﬁ 1—(y/7)% In
Figure 6.2 we displayed the so-called dipole solution obtained as a difference of two Green’s
functions, i.e., z;(0) = §; — ;-1 and #;(0) = 0. For the method to calculate the functions

e(, edot) explicitly, we refer to Section 6.4.

It is interesting to note that the convergence against the Wigner measure is again a real
weak limit. In fact, it can be shown that the family of energy distribution (E£¢(7)). gener-
ates a Young measure Y (1) € YM(R, [0, 00)) which is, for each 7 and y, an “arcsin” distri-
bution with the mean value e(7,y) (from the Wigner measure) and a width C.(y/7)%(7,y).
The constant C, however, depends of the kind of definition of local energy (see e., £° and
E* in Section 5.4). If we average over several particles, then C, decreases like the inverse
of the particle size.

We also refer to [Fri03] for a very detailed study of the solution of (6.4) using a careful
analysis of the explicit form of the solution in terms of oscillatory integrals. There, the
region near y = 0 is studied where the presence of the wave number § = +7 leads to
so-called binary oscillations which form a rather rigid, synchronized structure.
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6.3 The bi-atomic chain

We consider two types of atoms having weights m and m respectively. Their equilibrium
positions are j € Z and they are placed alternatingly such that my; = m and mg,41 = m.
Between adjacent masses there are linear springs with constant & (nearest neighbor in-
teraction). Additionally, we consider forces between next-nearest neighbors with Hooke’s
constants k and Kk between mass point with mass m and m, respectively. Thus, the equa-
tions for the displacements y; are

myti; = k(Yj—1—2y;+Yj1) + K5 (Yj—2—2Y+Yj+2)
with Koy, = k and Koy41 = K. We define x, = (Y2, Y2441) for 7 € Z and obtain

Mi, + Ay + Aoy + A1zyp1 =0 for v € Z with

M= mg A= —K —E A = 2k+2k —k~ A = —Km O~ '
0 m 0 —k -k 2k4+2k -k —-K

The symbol matrix reads

A(B) = 2k + 2k(1—cos 0) —k(1+e™i0)
— —k(l—i—ew) 2% + QE(l—COSO) .

Hence, assumption (3.4) is satisfied with 1 = d = dim V" if k, k42K, k+2k > 0, where
V = ker A(0) = span(}). The dispersion relation reads

[mw? — 2(k+k(1— cos 0))][mw? — 2(k+&(1—cos 0))] = 2k*(1+ cos B).

For 6 ~ 0 we find the frequencies wf = E85502 4 O(6*) and wj = 2Hmim) 4 O(6?). This
provieds the macroscopic wave speed ¢™** = [(k-+r+%)/(m-+m)]*/? and the macroscopic

wave equation
mtm 92 7 _ ktrtRE 92
T 0; Z = R0, 7.

For § = +7 we have 1+ cos = 0 and the frequencies w; are given via w? = (2k+4k)/m
and w = (2k+4K)/m. Hence, eigenvalue crossings at # = =+ are easily constructed, see
Figure 6.3 (right), where the parameters m = 6, m = 10, k = k = 1, and K = 2 have been
used.

S

Figure 6.3: Two typical dispersion relations for the bi-atomic chain.
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6.4 Energy distribution in scalar models

For simplicity we restrict in this section to scalar models, but in arbitrary space dimensions.
Assume that we have

Ty =— Z A3T~+3 fory €T, (6.6)
IBI<R
with ag such that w(6)?* = > age”? is real and nonnegative. The Green’s function

associated with (6.6) is the unique solution associated with the initial conditions z-(0) = J,
and #,(0) = 0. We want to study the energy distribution for this system, the total energy
being just ay.

In Fourier space the system has the initial conditions X (0) = cr, and 0. X (0) = 0 and

transforming it into the normal form (5.12) we find
=5 i w 5 . =5 d/2 w

0,0%(r,m) = i < (en) _w?w)) Us(rn) with U°(0,n) = iz (SE0). (6.7)

These initial conditions immediately define the initial Wigner-Husimi measures f;(0) =

Wlﬂ)w(ﬁ)Qd%o(dy) as w(0+50)w(0—5¢) — w(f)?. There is no concentration on any

singular set, we rather have a smooth density on 7r,. According to Theorem 5.6, the
evolution of the energy is given via u(7) defined via

2

/R » \If(y,ﬁ)z,uj(ndy,dﬁ):m /T U (—rVyw(6), 0)u(60) 6,

1

where we used w(—60) = w(f). Under the assumption that the mapping 6 — ¢ = Vyw(0)
from 7r, — C' C R? has the inverse § = ©(c), we obtain by the transformation rule, that
w(7) can be represented by the density

4 for y € 7Y O(c))?
m(r,y) = Fgly/7) fory €Ty, where g(c) = o (C))2 .
0 else, 2vol(7r,)| det D2w(©(c))]
In the case of multivaluedness of ¢ = Vpw(#) this is easily generalized by adding up the
contribution of each preimage of c¢. However, the zeros of det D*w(©(c)) will generate
singularities

One special case was already discussed in Section (6.2). There the mapping Vyw(f) =
sign(#) cos(0/2) is indeed invertible and we obtain

w(0)? 2(1—cosf .
9(c) = 47r|u(J”)(9)| = 2£r|si§(;s/2)| = 2[sin(0/2)| = 2V1-c?

We now illustrate that in the general case the invertiblity breaks down, which leads to
densities g € L'(Y') which have singularities arising from the caustics associated with the
multivaluedness of Vyw(#).
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Figure 6.4: Dispersion relation (left) and the wave-vector domain Y = sppt(g) (right) with
the singular set of g.

As an example consider the square lattice with nearest-neighbor interaction:

Ty = _43:7 + Ty+6, + Ty—py + Ty+6, + Ly—PBas

where 1 = (1,0) and 2 = (0,1). This equation arises as a numerical approximation of the
linear wave equation 0?u = A,u, which is the macroscopic limit in the sense of Section 4.
Note that the macroscopic equation is isotropic while the microscopic system is anisotropic.
This will be reflected in the properties of the density g.

The dispersion relation is given as
w(f)® =4 —2cosb —2cosby for 0 € Tr, = R?/3,72.

We find C = {c € R?||c| < 1} where the boundary corresponds to the macroscopic wave
speeds associated with the limit # — 0. The mapping Vw is not 1-1, as D%*w(#) vanishes
on a closed smooth curve C. Thus, almost all points have either 1 or 3 preimages, see Figure
6.4. The image of C under the mapping Vyw forms the cusp-like figure inside C. Along
this curve the density has a singularity which is also seen in the numerical approximation
displayed in Figure 6.5. The cusps occur exactly in the points with |¢;| = |c2| = 1/2. In
these points the strongest singularities in g occurs and, thus, lead to dominant patterns
with microscopic wave vectors with |0;| = 02| = 7/2.

With the same idea we are able to find the asymptotic behavior of the energy for any
fixed initial distribution, like the dipole solution considered in Section 6.2. Any solution
x(t) of (6.6) with initial fixed initial condition (z(0),2(0)) = (2@, 2(1)) € £2x¢? can be
considered as a sequence of solutions, since letting 7 = ¢t and y = ev just leads to a
rescaling of space and time. We may fix 7 = 7. and then set ¢ = 7./t which leads to
y = Twy/t. For t — oo we obtain the desired macroscopic limit. In (6.7) we obtain the
initial data

U — ~d/2([10)) f1(0)y _ 1 w(0) X (9)-iX D) (6)
U(O,Q/S) =¢ /2 (f;(e)) with (figé’g) ~ 2vol(Tr,) (w(e))?(o)(g)+i)}(1)(9)):
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Figure 6.5: The energy density g (one quarter): the support can be seen on the left and
the singular behavior is displaced to the right.

where X0)(§) = >, 2We=0 for j = 1,2. Thus, the initial Wigner measures are given by
1;(0) = £;(0)2dAdo(dy) and the macroscopic density distribution has again the self-similar
structure e(7,y) = Z7¢*(y/7) where g* is given implicitly by

[ wg@de= [ (@(=Tuwl o)AV (6) f20)) 09

for all testfunctions 1 € CJ(R?).

6.5 Square lattice

We consider equal atoms placed at Z2. The masses are 1 and the nearest-neighbor forces
have constant 1. Additionally, we have next-nearest neighbor interaction (along the diag-
onals of squares) with constant k.

With e; = ((1)), €y = ((1)), er = (}), e_ = (_11) we find for the displacements z., € R?, v €

I' = Z? the coupled system
By = (€1, Tymes —20yFTpe; )€1 T (€2, Tymey =285+ Tty €2
+§(e+, Ty—ep —2Ty+Tyte, Jet + §<€—> I A
= — Z|a|§\/§ Aa$7+a

where the interaction matrices are given by

242k 0 -1 0 0 O
AO = ) A:I:el = ) A:I:ez = )
0 242k 0 O 0 -1



The dispersion matrix A(#) takes the form

AD) =2 1—cos 01 + k(1— cos 6, cos bs) k sin 0; sin 0,
k sin 6, sin 0, 1—cos s + k(1— cos by cos bs).
2 4 L(p24m2 9
This leads to the quadratic part Q) (n,n) = ( ni + k(ni+nz) ) k"717272 ) > and the
2kn1in2 ny + k(ni+n3)

==
=
T 7L T 7z
77775525

777
NSeoses 7777

7

Figure 6.6: The two dispersion relations for the two-dimensional lattice (one half of 7p, is
displayed only).

macroscopic wave equation

2" = div (k(v . z)( (1) (1) ) + k(DZ+DZT) + (1-%)( Oz 0 )) |

0 8,7

For k = 1/2 this gives exactly linearized, isotropic elasticity with Lamé constants p = 1/2
and A\ = 1/2. For k # 1/2 the wave equation is anisotropic.

6.6 Comparison with Whitham’s modulation equation

In Whitham’s theory of modulated waves, one assumes that the solution behaves locally
as a periodic wave which is modulated on a macroscopic scale. For each macroscopic point
the wave pattern is taken from a family of waves which is described by a finite-dimensional
set of parameters. The question is then, how these parameters evolve on the macroscopic
scale.

The strength of Whitham’s theory is that it is applicable also in nonlinear problems,
see [HLM94, FV99, DHMO04]. Here we want to compare its impact in the linear setting
with the corresponding result obtained from the energy-transport equation for the Wigner
measure.
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The modulated wave train is constructed from the explicit periodic solutions
2,(t) = Fry+ vt + ac @0, (6.8)
where F' € Lin(R? V) denotes the macroscopic strain, v € V is the macroscopic speed,

a > 0 is the amplitude, # € Br, is the wave vector and w € R is the frequency.

A modulated wave train is now given in the form
1 :
z,(t) = “U(T,y) + a(r,y) YYD (1, y),
€

where 7 = €t, y = ey and the deformation ¢/ and the microscopic phase ¥ are given such
that ¢(0,0) =0, (0,0) = 0, and

371/{(7', y) = U(Ta y): 3yU(T, y) = F(Ta y): 67-@(7', y) = W(T: y): ach(T: y) = 0(7-: y)

Moreover, at each macroscopic point (7,%) it is assumed that ,w and ® are related by the
y—dependent microscopic eigenvalue problem A(y,0)® — w?M® = 0 € C™. From now on,
we fix a smooth branch w = Q(y, #) of the dispersion relation and assume that ¢ = CE(y, 0)
with the normalization (M (y)®,®) = 1. Note, however, that the formal derivation of
Whitham’s equation will need w to be an independent parameter. We will always write €2
if we relate to a particular branch.

Since the analysis in this section is purely formal, we treat a harmonic lattice system
whose material parameter may be modulated on the macroscopic scale as well:

M(ey)ig ==Y Ap(eNtpas Ay,0) =D P A5(y). (6.9)
Bezd B

The aim is to find an evolution equation for the function F,v,6,w and a.

First we provide the easiest method for deriving Whitham’s modulation equation for-
mally and refer to [DHMO4] for further information. Since the lattice dynamics is given
via a Hamiltonian, the equation can be obtained by making the Lagrangian £. with

£5(77x7$> = %(M(S")/)JZ'W,JL'7> - Z|,@|§R %<A5(87>x77x7+,3>

stationary, i.e., a function ¢t — z(t) € lo(I") is a solution of (6.9) if and only if it is a critical
point of fttf > ver Le(v,2(t), () dt. We now insert the ansatz

z,(t) = X(y, F,v,a; 0y+wt)  with X(F,v,0,w,a;¢) = Fy+ vt + aeV®(y, 0, w)

into f:/; Yo Le(y, z(t), &(t)) dt, where F, v, a,6 and w are assumed to depend on the slow
variables. We now use the clear separation of the microscopic and macroscopic scales, due
toe < 1. In :12 S L(v,x(t), 2(t)) dt integration over the fast phase variable ¢ € S
can be done explicitly. Moreover, the discrete sum over ey € ¢Z? C R? is a Riemann
approximation for an integral over R?.
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This motivates the usage of the averaged Lagrangian

L(y, F,v,0,w,a) = 5= [,c (M (9)(0:X + w4X), (0.X + wdyX))
=2 a<rlAs (W)X, X(0-8 + -)) dp
An explicit calculation leads to the following simple formula

LM ()o,v) + o — B@)F)F — Q. 0)°af],  (6.10)

tsL(y, F,v,0,w,a) = 5

where E is the tensor defined in (4.4). The Whitham equation is now obtained by making
the functional

(U, T, a) fﬁ fyeRd (y, VU, 0-U,V, ¥V, 0.V, a)dydr
stationary. This leads to the equations
9 (0,L) + div (0pL) =0, 9-(9.L) +div (GpL) =0, 8uLL = 0.

Inserting the special form of L given in (6.10) we immediately see that the first equation
is exactly the equation for linear elastodynamics derived in Section 4:

M (y)02U = div [E(y)V,U].

The third equation reads simply (w?—(y,0)?)a = 0 and thus provides the dispersion
relation.

The most interesting part of Whitham’s theory is obtained from the second equation.
Using the variables # and w instead of the phase ¥ it takes the form

0.0 = Vyw, 0n(wlal?) = div(—L) = div (anﬁv(,@). (6.11)

Defining the new variable e, = w|a|* and using the dispersion relation we obtain the two
conservation laws

9-0(1,y) = Vy[Qy,0(1,y))], Oreu(r,y) = div[e«(T,y) VoQ(y, 0(T,y))], (6.12)

which express the fact that the energy as well as the wave vector is transported with the
group velocity.

We want to compare this result with the energy-transport equation for the Wigner
measure. To this end we restrict to Wigner measures which arise from modulated waves
of the type considered in Whitham’s theory. To simplify the presentation we subtract of
the macroscopic deformation U and restrict to the oscillating wave train defined via @ and
0 as given functions of (7,y). It is easy to see that such a modulated pattern generates the
Wigner measure

IU(T: Y, 0) = Cx (Ta y>59*(77y)(d0>7

44



where §, denotes the Dirac measure with mass 1 in the point b.

This measure has to solve the energy-transport equation of Section 5.4, namely (5.22).
This is equivalent that for all test function ¢ € CL(RxRIx7r.) the following identities
hold (all integrals [[[ extend over RxR¥x7r,):

0 = [[] (O — Vo Oypu+ V, Q- Jpp)d(1,y,0)
= [[[[~10-¢ — udiv,(6VeQ) — Voo - V,Qu] d(7,y,6)
= [[J[=0:¢ =V, Q- Voo + V0 - VoQlud(,y,0)
= ff]Rx]Rd [_67¢(7—7 Y, 6*) - VyQ(y: 6*) ' V9¢(T: Y, 6*)
+Vy (7,9, 0.) - VoQ(y, 0:)]e(, y) d(7, y).

Since ¢ is a free testfunction, it is possible for each pair 51,52 € CLRxR?) to find a
function ¢ such that

O1(m,y) = o(1,y,0.(r,y)) and  da(r,y) = Veo(r,y,0.(,y)) € RY.
This implies V,¢|g—p, = Vy$1 — 52 -V, 0, and 0-¢|o=p, = 751 — 52 - 0.0,, and hence
0= ffoRd[_$2 -V — (Drp1—2-0:0.) + (Vy51—$2~ve*) -VoQle.d(T,y)
Since 51 and 52 are free, we arrive at the same two conservation laws as in (6.12):

0:0.(7,y) = V, 2 + V, 0.6 = V, (Uy. 0.(7.1))).
Ores(,y) = div (@(T, y)VeQi(y, 9*))-
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