-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by INRIA a CCSD electronic archive server

archives-ouvertes

Nonlinear Geometric Optics method based multi-scale
numerical schemes for highly-oscillatory transport
equations

Nicolas Crouseilles, Shi Jin, Mohammed Lemou

» To cite this version:

Nicolas Crouseilles, Shi Jin, Mohammed Lemou. Nonlinear Geometric Optics method based
multi-scale numerical schemes for highly-oscillatory transport equations. Mathematical Mod-
els and Methods in Applied Sciences, World Scientific Publishing, 2017, 27 (11), pp.2031-2070.
10.1142/S0218202517500385 . hal-01323721

HAL Id: hal-01323721
https://hal.archives-ouvertes.fr /hal-01323721
Submitted on 31 May 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://core.ac.uk/display/49377096?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.archives-ouvertes.fr/hal-01323721
https://hal.archives-ouvertes.fr

Nonlinear Geometric Optics method based
multi-scale numerical schemes for
highly-oscillatory transport equations

Nicolas Crouseilles* Shi Jin | Mohammed Lemou?
Contents
1 Introduction 2
2 One dimensional scalar equations 4
2.1 Thelinear case . . . . . . . . . .. . e 5
2.2 The nonlinear case . . . . . . . . . . . ... .. e 5
2.3 A suitable initial condition . . . . . .. .. ... ... ... .. 6
2.4 A numerical scheme for the equation of V- . . . . ... ... ... 16
2.5 The cases where the oscillations come from both initial data and
SOUTCES & v v v v e e e e e e e e e e e e e e e e e e e 19
2.6 The full numerical algorithms . . . . . .. .. ... ... ... .. 20
2.7 Numerical tests . . . . . . . . . ... L 21
3 Extension to a class of PDE systems 27
3.1 GO versus NGO . . . ... . . ... 27
3.2 A suitable initial data for system (3.2) . . . . ... ... ... .. 28
3.3 A numerical scheme for the 2 x 2 system (3.2) . . . . .. ... .. 30
3.4 Numerical results . . . . . . . . . ... 30
3.5 An application to a semiclassical surface hopping model . . . . . 34
3.6 Numerical results . . . . . . . . . . ... . 38
4 Conclusion 40

*Inria, IRMAR, University of Rennes 1, Rennes, France

fDepartment of Mathematics, University of Wisconsin-Madison, USA; Department of
Mathematics, Institute of Natural Sciences, MOE-LSEC and SHL-MAC, Shanghai Jiao Tong
University, Shanghai 200240, China (sjin@wisc.edu). This author’s research was also sup-
ported by NSF grants 1522184, 1107291 (KI-Net) and NSFC grant 91330203.

fCNRS, IRMAR, University of Rennes 1, Rennes, France



Abstract

We introduce a new numerical strategy to solve a class of oscillatory
transport PDE models which is able to capture accurately the solutions
without numerically resolving the high frequency oscillations in both space
and time. Such PDE models arise in semiclassical modeling of quantum
dynamics with band-crossings, and other highly oscillatory waves. Our
first main idea is to use the nonlinear geometric optics ansatz, which
builds the oscillatory phase into an independent variable. We then choose
suitable initial data, based on the Chapman-Enskog expansion, for the
new model. For a scalar model, we prove that so constructed model will
have certain smoothness, and consequently, for a first order approxima-
tion scheme we prove uniform error estimates independent of the (possi-
bly small) wave length. The method is extended to systems arising from
a semiclassical model for surface hopping, a non-adiabatic quantum dy-
namic phenomenon. Numerous numerical examples demonstrate that the
method has the desired properties.

1 Introduction

Many partial differential equations for high frequency waves, in particular, semi-
classical models in quantum dynamics, take the form of systems of transport or
Liouville equations with oscillatory source terms describing interband quantum
transitions that are associated with chemical reactions, quantum tunnelling,
Dirac points in graphene, etc. [33, 34, 6]. These terms contain important quan-
tum information, such as Berry connection and Berry phase, which are associ-
ated with quantum Hall effects [39]. Solving such systems are computationally
daunting since one needs to numerically resolve the small wave length (denoted
by a small parameter € in this paper), which can be prohibitively expansive.

To efficiently solve a quantum system, or more generally high frequency
waves, a classical method is the geometric optics (GO) or WKB method, which
approximates the amplitude by a transport equation and phase by (nonlin-
ear) eiconal equation [32]. This method allows the computational mesh (Ax)
and time step (At) independent of e [15]. However the approximation is not
valid beyond caustics, since the physically relevant solutions are multi-valued,
rather than the viscosity, solutions to the eiconal equation [38, 22, 12, 24].
Even the multi-valued solutions do not describe accurately caustics, quantum
tunnelling and other important non-adiabatic quantum phenomena. A more
accurate method, called the Gaussian beam or Gaussian wave packet methods,
originated independently in seismology [18, 35] and chemistry [17] communities
(see also recent developments in the math community [36, 16, 29, 27, 30, 14]),
are more accurate near caustics but need to use Az, At = O(y/€), and have
difficulties to handle singular potentials [26] and non-adiabatic band-crossing
phenomena [25]. For recent overviews of computational high frequency waves
and semiclassical methods for quantum dynamics, see [13, 23].

For problems that contain small or multiple time and space scales, another
framework that has found many success in kinetic and hyperbolic problems is the



asymptotic-preserving (AP) schemes [20]. An AP scheme mimics the transition
from a microscopic model to the macroscopic one in the discrete setting, and
as a result the scheme can capture the macroscopic behavior correctly without
resolving numerically the small, microscopic behavior, thus can be used for all
range of € with fixed Az and At. Based on solving one model-the microscopic
one, an AP scheme undergoes the numerical transition from the microscopic to
the macroscopic scales automatically without the need to couple two different
models at different scales, which is the bottleneck of most multiscale or multi-
physical methods [11]. See recent reviews of AP methods in [21, 9]. For high
frequency wave problems, the AP framework has found successes only in dealing
with time oscillations, allowing At >> O(e) [4, 19, 2, 3, 8, 7] for a number of
physical problems. Nevertheless, for high frequency waves, the most difficult
challenge is the spatial oscillations which unfortunately demands Az = O(e),
an impossible task in high space dimensions. One earlier work in this direction
was in [1], by using the WKB-basis functions the method allows Az = O(1),
but so far this approach has only been developed for one-dimensional stationary
Schrodinger equation (without time oscillations).

In this paper we introduce a general AP approach to efficiently solve a family
of oscillatory waves in which the phase oscillations depend on both time and
space. The problem under study takes the following form

d .
Opu + ZAk(x)&;ku + R(u) = éE(t,x)Du + Cu, t>0; z€QcCRY
k=1
u(0,2) = fin(x,B(x)/e), @€QCRY
(1.1)
where u = u(t,z) € C", and Ag, D and C are given n X n real matrices.
R(u) : C™ — C", is the source term independent of ¢, the small dimensionless
wave length. The quantity F is a real valued scalar function. The initial data
fin may have an oscillatory dependence with an initial phase 8(z)/e, and in this
case we will assume that the dependence of f;,, on this phase is periodic. Many
semiclassal models for quantum dynamics may be written in this general form
(see an example surface hopping [6], graphene [34], and quantum dynamics in
periodic lattice [33]), in which F > 0 is the gap between different energy bands.
Some high frequency wave equations also have the form of (1.1) [13]. In this
paper, we assume periodic boundary condition in space such that Q = [0, 1]¢,
although the method can be extended to more general boundary conditions.
Our main idea is to use the nonlinear geometric optics (NGO), which has
been widely studied at the theoretical level in the mathematical community last
century for nonlinear hyperbolic conservation laws [10, 28, 31, 37]. The NGO
approach builds the oscillatory phase as an independent variable. Specifically,
one introduces a function U : (t,x,7) € (0,T) x R? x (0,27) — U(t,z,7) € C",
which is 27-periodic with respect to the last variable 7 € (0, 27), and coincides
with the solution u of (1.1) in the sense

U(t,z,S(t,x)/e) = u(t,x). (1.2)

We then transfer the original equation into a linear equation for the phase



S(t, z)—unlike in GO where the phase equation is the nonlinear eikonal equation
which triggers caustics—coupled with an equation on the profile U. The main
interest of our reformulation is twofold. First the equation for S is linear and
does not depend on e, which makes its numerical approximation simple, accurate
and inexpensive. Second, thanks to the additional degree of freedom in U, one
can, and needs to, choose suitable initial data such that U(t, z,7) is uniformly
bounded in € up to certain order of derivatives in time and space, which can
then be solved numerically efficiently: such initial data can be generated by
utilizing the classical Chapman-Enskog expansion [5] as was done in [7, 8] to
efficiently compute the time oscillations. As a result, our method is AP, in both
space and time, which allows correct solutions even when Az, At > O(e).

The paper is organized as follows. In section 2, we present in details the
strategy for highly oscillatory scalar equations in one dimension. In particular
we reformulate the problem into a new one with an additional dependence on a
well-chosen oscillation phase. We prove that this augmented problem is smooth
enough in both space and time with respect to the oscillation parameter. Based
on this reformulation, we construct a numerical scheme for which we prove that
the order of accuracy is also uniform in e. Numerical results are performed to
assert the efficiency of our method. Then, in section 3, we extend the strategy
to a class of oscillatory hyperbolic systems with an application to a semiclassical
surface hopping model. A conclusion is finally given in section 4.

We remark that our approach, although presented here only in one space
dimension, can be generalized to higher space dimension straightforwardly. This
will be the subject of a future work.

2 One dimensional scalar equations

As an illustrative example, we first consider the following model satisfied by
u(t,z) € C, x €[0,1], t >0,

Opu + c(x)0pu + r(u) = ia(z)

u,  u(0,z) = up(x), (2.1)
€

where the functions ug, a, ¢ and r are given. Periodic boundary conditions are
also considered in space. In some cases, we will allow the initial data to be
oscillatory

uo(z) = fin(z, B(z)/€) = fin(z,T) with 7 = ﬂf)’

where  is a given function and f;, is supposed to be periodic with respect to
the second variable 7. More precise technical assumptions on all these functions
will be made later on.



2.1 The linear case

First, we focus on the linear case r(u) = Au where ) is a constant . In this case,
we expand the initial data with respect to the periodic variable 7:

u()(q;) — ka(x)eiw(x)/a,
kEZ

which allows to restrict the study of (2.1) to the following equations

Opuy, + () Opup, + Auy, = wiz) ug, up(t =0,z) = fr(a)e /e (2.2)

Indeed the linearity of the equation allows the use of the superposition principle,
and the solution of (2.1) can be recovered by u(t,z) = >, ui(t, x).
Since (2.2) is linear, one can apply the standard Geometric Optics (GO) by
injecting the ansatz uy(t, ) = ay(t, z)e™™S(“2)/ into (2.2). This gives
1 ia(x
Oray, + c(x) Oz ap + Aoy, + g[ats + ()0, S]ag = i )ak.

To remove the terms in 1/e, one can impose the following equations on « and S

Oray + c()0zar + Aag =0, «(0,z) = fr(x),
S + c(x)0,S = a(x), S(0,z) = p(z).

This gives rise to non oscillatory solutions S and oy which can be solved numer-
ically quite efficiently without numerically resolving the small time and wave-
length scales of size O(e).

2.2 The nonlinear case

When r is nonlinear, the superposition principle cannot be applied anymore
and the GO approach does not work. Then, we utilize what was called in
the literature the nonlinear geometric optics (NGO) ansatz, namely, introduce
a function U(t,z,7) which depends on an additional periodic variable 7, and
satisfies

U(t,z,S(t,x)/e) = u(t,x), (2.3)
with u solution to (2.1). The equation satisfied by U writes

1
WU + ¢(x)0,U + g[ats + ¢(2)0,510;U +r(U) = U.

To get a constant period in the independent variable 7, we should impose the
following equation on S

S + ()0, 5 = a(z), S(0,z) = B(x). (2.4)
Then, we deduce the equation for U to

U + c(2)0,U +r(U) = —@(@U —iU), U(0,z,8(x)/e) = ug(x). (2.5)



It is clear that solving (2.4) and (2.5) with any initial data U(0, z, 7) satisfy-
ing U(0, z, B(x)/e) = up(z) allows one to recover the desired original solution to
(2.1) through relation (2.3). Due to the extra dimension introduced by U, there
are infinitely many possible choices of such initial data. We will choose one—
which is essential-that provides a ”"smooth enough” solution with respect to ¢.
Indeed, from numerical point of view, this smoothness property is of paramount
importance when one wants to get a numerical scheme with a uniform accuracy
with respect to €. We will consider two cases for which this choice is possible
and a uniform smoothness with respect to € of the phase S and the profile U
can be obtained at any order. The first case is very simple since the models on
S and U do not depend on ¢, while the second case requires more care and is
presented in the next subsection.

Case 1: a = 0 with possibly oscillatory initial data: ug(z) = fin(z, B(z)/€).
The equation on the phase S is given by (2.4) and the equation on U reduces
to

U + c(z)0, U +r(U)=0, U(0,z,7)= fin(z,71).

The two equations on S and U clearly do not depend on € and therefore numer-
ical schemes on S and U will not be restricted by the small values of €.

Case 2: a # 0 with non-oscillatory initial data ug(z) = «(z). In this case
the equation for the phase S is still given by (2.4) with B(z) = 0, and the
equation on U is also given by (2.5), which can be written in terms of

V=e"U
where V solves

OV 4 ¢c(2)0,V + e r(e"V) = =209, V. (2.6)

Since the only condition one has to impose on V is V(0,x,0) = ug(z) (recall
that boundary conditions are imposed in z), this gives some freedom for the
choice of the initial data for V', and the strategy of this choice will be developed
in the next subsection.

Remark 2.1. Our approach works with either oscillatory initial data, or os-
cillatory source. It does mot apply to problems where oscillations are generated
from both initially data and sources. See discussions in section 2.5.

2.3 A suitable initial condition

Considering the non-oscillatory initial data (Case 2), one needs initial data
V(0,2,7) for all T to solve equation (2.6) . Since the only condition we have
to ensure is V(0,x,0) = ug(z) = a(z), there is a degree of freedom in choosing
the expression of V(0,x,7). The central idea here is to choose it in such a way
that the solution V is non-oscillatory in € (up to certain order of time-space
derivatives). To show this construction, we will deal in this section with the
case of non-oscillatory initial data, in which case we can construct V(0,x, 1)



in such a way that the time-space derivatives of V' (up to second order) are
uniformly bounded with respect to e.

Since the initial condition in (2.1) takes the non-oscillatory form (0, z) =
a(x), we have S(0,z) = 0. Following [7, 8], we will construct ”well-prepared
initial data” V' (0, z,7) which ensures that the high-order time and space deriva-
tives of V are also bounded uniformly in &, together with

V(0,z,7 =0) = a(x). (2.7)

As a consequence, we will see that the so-obtained initial data for V' provides
a non-oscillatory solution V' and allows the construction of numerical schemes
with a uniform accuracy with respect to €. Below, we will describe the method,
and we refer to [7, 8] for more details. Note that this type of initial data is
obtained by formally expanding the solution in terms of ¢ in the spirit of the
well-known Chapman-Enskog expansion in kinetic theory [5]. For this purpose,
we first introduce the notations

1 2
‘Cg = 6‘1’97 Hg = E/ g(T>dT7
0

and let
vi=1v, V'=(Z-mV.

The operator £ is skew-symmetric on L2(d7), its kernel is the space of functions
which do not depend on 7, and II is the L?(d7)-orthogonal projector onto the
kernel of £. The operator £ is invertible on the set of functions having zero
average in the variable 7, and

T T 1 2m
L7lg=(T—- H)/ g(o)do = / g(o)do + 7/ og(o)do,
0 0 27 Jo
for all g € L?(d7) such that IIg = 0. In particular

ﬁfl(eir) — —ieiT, [,71(67”) — Z-efi'r'
In addition, £7! is a bounded operator since [|[£L ™ g||L~ < C|lg|lze and [[L7g|2 <

Cllgl 2 for all g € L*(dr) such that Ilg = 0.
We now apply II and Z — II to (2.6) to get

VO + ¢(2)0, VO + o™ r(em (VO + V)] =0, (2.8)
OV + c(2)0, VI 4+ (T — ) [e Tr(e (VO + V)] = f@@vl. (2.9)
In particular (2.9) gives
Vit z, 1) = —e(a(z) " LTHT =) [e™r(e" V)] + O(e?), (2.10)
which, when applied to (2.8) and letting ¢ — 0, formally yields

0 VO + ¢(2)0, VO +T[e "r(e™(V?))] = 0. (2.11)



Then, one gets the following expansion for V'

Vit,z,7) = Vo(t,x) + Vl(t,ZL',T)
= VOt,z) —e(a(z) ' L™HT — ) [e (e VO (t, x))] + O(e?).(2.12)

To avoid oscillations in e, this expansion should be satisfied at ¢ = 0 as well.
Evaluating (2.12) at t = 7 = 0 and using (2.7), this means that

afz) =Vt =0,2)—e(a(z) ' LHZ-TD)[e r(e"VO(t = 0,2))]

10 2
__, oY,

or

VOt =0,2) = a(x)+e(a(z) T LTHZT ) [e T r(eTa(x)))] +0(g%). (2.13)

=0

Evaluating (2.12) at ¢ = 0 and using (2.13) finally yields our suitable initial
data:

V(0,z,7) = alz)+ ﬁ [G(O, a) — G(r, 04)},

with G(7,0) = LT — )[e”"r(ea(z))]. (2.14)

We will see that this approach not only allows one to capture the main oscilla-
tions with phase S(¢, ) and amplitude O(1), it also allows to capture oscillations
of amplitude ¢.

Remark 2.2. The Chapman-Enskog expansion is conducted only to generate
the suitable initial data for V, while the equations for S and V (or U) are
not asymptotically truncated. This guarantees that our method, unless other
asymptotic methods, is accurate for all €.

Remark 2.3. Another interest of the augmented formulation above is the fol-
lowing. Because of oscillations, in general the solution to (2.1) cannot converge
strongly but only weakly when e — 0. However, if S is the solution to (2.4),
then one may have (in some appropriate functional space)

exp(—iS(t,x)/e)u(t,xz) = V(t, 2, S(t,x)/e) converges strongly to @ = u(t,x)
where U satisfies
Ot + ()0, + Tle™Tr(e'™a) = 0, (0, ) = up(x). (2.15)

We will demonstrate this numerically in section 2.7. It will be interesting to
investigate rigorously this strong convergence, but this task is beyond the scope
of this paper and is deferred to a future work.

Now we will give a theorem which states that, up to the second order, time
and space derivatives of V' are bounded uniformly in e, provided that the initial
condition is given by (2.14). First, we make the following assumptions on r and
a.



Assumption on r. We assume in the sequel that » : R — R is a twice
differentiable function on R whose two first derivatives are bounded.

Assumption on a. a: [0,1] - R is a C? function satisfying a(x) > ag >
0,vz € [0, 1].

Note that the assumption on a excludes the case of band crossing. There is
no such a restriction for the actual numerical scheme, as will be demonstrated
numerically later.

For the sake of simplicity, we will restrict ourselves in the following theorem
to the case of a constant transport coefficient ¢(x) = ¢ > 0. The extension to a
non-constant ¢(x) can easily be derived following the lines of the proof.

Theorem 2.4. Let V be the solution of (2.6) on [0,T]. We consider the initial
data (2.14) and periodic boundary condition in x and T variables. Then, the
time and spatial derivatives of V' are bounded uniformly in € €]0,1], that is,
3C > 0 independent of & such that ¥t € [0,T]

107V(#)llze, <C, and |07V (H)llLe, < C, forp=0,1,2,
and
102,V ()llree, <C, and |0V ()] 12, < C.
Proof of Theorem 2.4. First, we make the following change of variable
V(t,z,7) = W(S(t,x),z,7) (2.16)
where S satisfies
S + 058 = a(x), S(0,z) = 0.
In the one-dimensional case, one can write the exact solution for S

S(t,z) = 1[A(x) Az —et)], with A(z) = /O " a(w)dy. (2.17)

c
Observe that, for all € R, the phase S(t, ) is an increasing function in ¢, and
this property remains true in higher space dimensions. This means that the
map t — s = S(t,r) can be seen as a change of variable in time. Note that
5€ 0,77, with T' < (2/¢)[|AllL= < (2/¢)|lallze. Then, W(s,z, ) satisfies
c 1 . : 1
oW+ —0, W+ ——e "r(e™W) =—=0,W,
a(x) a(x) €
W(0,2,7) = V(0,2,7) = a(e) + =5 [ G0, 0) ~ G(ra)],
with G(7,a) = L™HZ — )[e”r (e a(x))). (2.18)

We then need to prove the following result for W.



Proposition 2.5. Let W be the solution of (2.18) on [0,T], T > 0, with periodic
boundary condition in x and 7. Then, up to the second order, the time and
spatial derivatives of W are bounded uniformly in € €]0,1], that is, 3C > 0
independent of € such that, Vs € [0,T)

[0EW ($)|lLee, < C, and  [|OFW (s)||Lz, < C, forp=0,1,2,
and
102 W (3)llLx, < C.

We first claim that this proposition implies the result of Theorem 2.4. In-
deed, using the following straightforward relations

oV = 0;Wo,S,
OV = 9PW(9,9)* + 0 W?S,
0,V = 0W0,5+ 9, W,
OV = O2W(0,9)* + 0, W28 + 02, W (9,.S) + 02W,
RV = OZW(8.5)(0.S) + 0W;,8 + 92, WS,
and the fact that S(¢,z) given by (2.17) has its time and space derivatives

uniformly bounded (since S does not depend on ¢), the estimates stated in
Theorem 2.4 hold. U

Now, we focus on the proof of Proposition 2.5. To this aim, we start with
the following elementary lemma:

Lemma 2.6. Consider the following ordinary differential equation

dE
= af(ty 4+ (), te[0.T], ¥ (0) = 5,

with y¢,a%,8° : [0,T] — H, H being a Banach algebra space. Assume that
there exists a constant C > 0 independent of € such that ||a®(t)||n < C and
85|l < C, Vt € [0,T]. Then there exists a constant M > 0 independent of
e such that ||y (¢)||lx < M||yglla, VE < T.

Proof of Lemma 2.6. The proof of Lemma 2.6 follows from the exact solution
which can be written as

y°(t) = yg exp </Ot oﬁ(s)ds) + /Ot {exp (/: of(u)du) Bg(s)] ds.

Then, one can straightforwardly deduce from the assumptions on « and 3, that
vt € [0, T, ly*()lln < Mlly5ln-
O

In the following, we will use this lemma to prove that the time and space
derivatives of W, solution of (2.18), are uniformly bounded in the space H =

L?, of bounded functions of 7 and .

10



Proof of Proposition 2.5. We first introduce the characteristic equations associ-
ated with (2.18),

c 1
= , x(0) =x0; 7(s) =—, 7(0) =10.
e (0) =205 7(s) =2, 7(0) =70
Since c is a constant, this system can be solved analytically. For A given by
(2.17), since a > 0, A is a strictly increasing function, thus its inverse A~! is
well defined so that the solution of the differential system is

z(s) = A7 (A(zo) +¢s), 2(0) =z9; T(s) =70+ g, 7(0) = 70.
This motivates the following change of variables
izA*Qmw+wL%:T+§, (2.19)
which enables to filter out the transport terms in (2.18).

Existence and estimate of W N
Using (2.19), we write the equation satisfied by W (s, z,7) = W (s, A=} (A(z)+
cs), T+ 2) to get
— 1 P
OW = ——— e~ (W), 2.20
e ) (220)
where Z and 7 are given by (2.19), and with the initial condition W(Owy) =
V(0,2,7) given by (2.18). Since r is a Lipschitz function, according to the
Cauchy-Lipschitz theorem in the Banach space L27,, equation (2.20) has a
unique global solution. Furthermore, since a( ) > ap > 0, we have

W (s)llLz,

IN

IV O)llre,

727’ ZTW da,H

IA

VO, +C / (1+ ||’W<a>||mfm>do

and using the Gronwall lemma, we get

sup W ()|, < COL+[V(0)]zs,). (2.21)

Since the initial data V' (0), given by (2.14), is uniformly bounded with respect
to €, we deduce that W, and then W, are also uniformly bounded.

We now prove that time and space derivatives, up to the second order, are
bounded uniformly in €.

Estimate of the first time derivative
The first derivative Wy = 9,W satisfies

1 1T _ _1
0sWh + e )8 W1+ —— (CL‘) (e W)W, = 887W1. (2.22)

11



As before, we consider the change of variables (2.19) so that Wl(s,x,T) =
Wi(s, A= (A(z) + ¢s), 7 + £) solves

W1 + r’(eﬁW)Wl =0.

a(Z)

This equation enters in the framework of Lemma 2.6 with o (s) = (1/a(&))r’ (¢ W (s))

and °(s) = 0. Under the assumption on 7 and the estimate (2.21) on W, Wl(s)

is uniformly bounded provided that W;(0) is bounded. From equation (2.18)
on W at s =0, one has

Wi(0) = a,W(0)

—é@TW(O) —_C 9 W(0) — — =TT (0)),

a(z) a(z)

The last term is bounded using the assumption on r and the fact that W (0) is
bounded. Considering the first term, with the choice of W(0) given by (2.18),
one gets

1 —iT T
oy = (o))

< Cllr(e )z, < CA+ llallrg).

Lol -

Then, for the second term, using the notations in (2.18),

2.W(0) = o(z) - ‘Z;;? [G(0,0) - G(r,a)]
&
25 [H(o, o) — Hi(r, a)], (2.23)

where H(7,a) =: 0,G(1,a) = L7YZ — ) (' (e""a(x))a/(x)). Using the fact
that £~! is a bounded operator on C°(T) and the assumptions on r, we get
IGll=, < OO+ llallze) and [H]zz, < C(+ [aloe)le/|lzx- Finally, we
have

ea'(x €
WO < |o'@)]+C| a(x)ﬁ\<1+||a||L;w>+a||a'||L;o
Ce € €
< — 1,00 |1 — — | <C. 2.24
< ag+||a||Wz [+Ca3+ca0 <C (2.24)

We then conclude that Wl(O) = 9sW(0) is uniformly bounded. As a conse-
quence,

Wi (s)llzs, < C, (2.25)

and then J;W is uniformly bounded in €.
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Estimate of the second time derivative
We proceed in a analogous way for Wy = 92W = 9,W; by taking the time
derivative of equation (2.22), which satisfies

OsWo + ——

; 1
ZT //( “—W)Wl T/(BZTW)WQ — *gaTW2-

(2.26)

1 L1
( ) a(w)" a(x)
Using (2.19), Wg(t,xn') = Wa(s, A1 (A(x) + ¢s), 7 + £) satisfies
5 L, T\ T

0sWo + mr (e""W)
We now use Lemma 2.6 with o°(s) = (1/a(a~c))r’(eﬁW) and $5(s) = (1/a(z))er" (e ”W)Wl

Using (2.21), (2.25) and the assumption on r, one deduces that a®(s) and
B¢ (s) are uniformly bounded, and one just needs to prove that the initial data

Wa (0) = W2(0) is bounded uniformly in €. Let us recall the expression of W5(0)
using (2.22) at s =0

a(jz‘) ZT ( ZTW)W 0

Wa(0) = W1 (0) = ——C— 8, W1 (0) — ——1' (eI W(0)) W (0) — %afwl(o).

a(x) a(x)
(2.27)

The second term in the right hand side is uniformly bounded since W and W;
are bounded. The terms é(‘)TWl(O) and ﬁ@mwl(O) need more care. First we
write W7(0) using (2.18)

c

Wi(0) = 9,W(0) = —m&cW(O) — a(lx)e*”r(e”w(o)) — éaTW(O)
c L i ir L (e a(x
- _maxw(o) TSt r(e"W(0)) + o) (Z-1)[e""r(e"a(x))]
¢ L —ir r(eTa(z)) —r(e”
= —@amW(0)+m€ [ ( (r)) (e""W(0))]
e (e (@) (2.28)

a(x)
Then, we compute (1/£)9;W7(0) using (2.18)

1 € 92 ir
S0M(0) = — AL W(0) 4+ a[ "[r(e"a) = r(e W (0)]]
= S @ - Wl (e a)] - (T - Mar (e a)]

+aie {—ie " [r(e"a) — r(e""W(0))] + iar’ (e )
' ("W (0))[iW (0) + 9, W (0)]}

ca /

T3 (Z—M)e™r(ea)] + ZZ(I —I)[a'r' (e )]
a2 WO 4 (T (T e ()

ae

[P (e aa (W O) W ().
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Using the fact that £~! is a bounded operator on C°(T) and the smoothness
assumptions on r, one gets

1 C c 1 C 1
~0, W < = - 4+ — -W = —Cla—W(0)].
SOMO] < gt lal 4 4 o Cla= WO+ (1 +fo]) +—Cla—W(0)

From (2.18), since W(0) —a = £[G(0,a) — G(, )] with G uniformly bounded,
one has

EaTwl(O)‘ < C

We now focus on the term 9,77 (0) (which is the first term in the rhs of (2.27))
and take the derivative of (2.28) with respect to =

/

9. W1(0) = %axW(O) — SOIW(0) = e~ [r(ea) = r(eTW(0))]
+2[a’r’(e”a) — 0, W(0)r' ("W (0))]
+G—;H[67”r(e”oz)] - éﬂ[a'r’(e”a)}. (2.29)

All the terms except the first one 2 (0) have been estimated previously. Ex-
press 92W (0) by taking the derivative of (2.23) with respect to

g — 2 AV
2wo) = o "2 G = 0,0) - Gir,0)
ea

22 5, 1G(r = 0,a) — G(r,a)] + Zag[c;(f = 0,a) — G(r,a)],

a2

where G(1,a) = L7YZ — H)(e""r(e'"a(x))) is used. Using the properties of
L7 and of r and a, one can estimate 92W (0)

|02 (0)]

IN

Ce Ce €
[a"llree + —5 (1 + [lallre) + —5 lla’lze + —la”|| e
ay ag ao

< C (2.30)

Thus, from (2.27), W5(0) is uniformly bounded and we conclude with Lemma
2.6 that .
[Wa(s)llLe, < C, (2.31)

so that %W is uniformly bounded.

First space derivative
The function Y; = 9, W solves the following equation

ca' a’

) . 1 ) 1
a1+ So.Y; — — Y1 — e Tr(eTW) + = (W)Y, = —=0,Y1.  (2.32)
a a a a 9

14



Again the function Yi (¢, z,7) = Y1 (s, A"Y(A(z) + cs), T + 2) satisfies

e ca' (T ) a'(2) o (T Lr' TIVY, =
0sY1 — (@) a(f)Q (e"" W)+ (@) (e""W)Y; =0,

where we used the notation in (2.19). Then, one can use Lemma 2.6 with a°(s) =
—(1/a(@))r' (e7W) + (ca' (7)/a(%)?) and 5°(s) = (a'(Z)/a(Z)?)e~Tr(eTW) for
which one gets a uniform estimate thanks to the assumption on r and the
previous estimate on W. Moreover, it has already been proved in (2.24) that
the initial condition ¥;(0) = 8, W (0) (with W (0) given by (2.14)) is uniformly
bounded. As a consequence,

Vi (s)|lzs, < C. (2.33)

so that Yi(s) = 9,W(s) is also uniformly bounded with repsect to .

Second space derivative
Considering Y = 02W = 0,Y1, one gets from (2.32)

2ca’ —2(a 2 ;
853/2 + EOIYQ — %YQ — caaa%}/l _ air ( ”-W)Yl + 17- //( 17—W)
1 ) "a —2a’ 2 . .
+ET’(6”W)Y2 — %e‘”r(e”W) = —5873/2- (2.34)

Again, with the change of variable (2.19), the equation for }72(5, z,7) =Ya(t,x+
ct, L[A(z + ct) — A(z)] + 7) writes (using the notations introduced above)

6t)~/2 = 046(5)572 + B°(s),

where

c(s) = 2ca’(Z) 1 (W

a™(s) oGy @ @)

L @) W@ W@ e L e e o

5 ( ) - a(i)g Yl + a(§:)2 ( W)Yl a(i) ( W)Yl
Lo <z>a<i>@32<a C——

are uniformly bounded thanks to the previous estimates and the properties of
r. One then needs to check that the initial condition Y2(0) = Y2(0) = 92W(0)
is uniformly bounded, but we recall that 921 (0) has already been estimated in
(2.30). Hence, we can conclude

[V2(s)|| e, < C, (2.35)

so that Y5 is uniformly bounded with respect to e.
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Mixed space-time derivative
By differentiating (2.32) with respect to s, one gets the equation satisfied by
Y3 = 0,Y1 = 92, W

c ca’' a’
3tY3+*3xY3—*2Y3—
a a

. 1 . . 1 ) 1
?r'(e”W)Wl+ae”T"(e”W)WlYl—Far’(e”W)Yg =—-0,Ys.

(2.36)

Using (2.19), Y3(t, 2, 7) = Ya(s, A"H(A(z) + ¢s), 7 + 2) satisfies

7"(e”W)Wl+%§C)e”r"(e”W)WlY1+a(j) r' (e "W)Y; = 0.
(2.37)
We use Lemma 2.6 with af(s) = (ca’(%)/a(%)?) — (1/a(a~:))7"(eﬁfﬂ7) and 8¢ (s) =
(a()/a(Z)2)r (T W)Wy —(1/a(Z))e" " (ei” W)W1Y; which are uniformly bounded
thanks to the previous estimates and the smoothness of 7. One now needs to
check that the initial condition ds, W (0) is uniformly bounded. To do so, apply

(2.32) at s = 0 to get

Vi !
W (0) = fgazyl(()) + Z%Yl(()) + %e’”r(e”W(O)) - %r’(e”W(O))Yl(O) - éam(())
!

_Ca2 ca’ a
—OW(0) + 50, W(0) +

e e Tr(eTW(0))

LW (0)2.W (0) ~ L0 W (0)
(2.38)

All the terms except the last one have already been estimated previously. Let
us focus on 192 W (0)

1 2 — 1 £ —iT iT
‘gaMW(O)‘ - ‘—gaz[a(z—n)[e r(e a)}”
a/ —4T T 1 T
= | S@ - Wl (e a)] - = (T - M (T a)a
|a'| C.
< " o0 — oo
< St aler) + oz

which is uniformly bounded. Then, we conclude that
I¥3(0)]l25, < C, (2.39)

so that 92, W is bounded uniformly with respect to e.

2.4 A numerical scheme for the equation of V'

In this section, we focus on the numerical analysis of a first order (in time and
space) numerical scheme for the equation of V: (2.6), with initial condition
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(2.14), in which the variable 7 is kept continuous. For the sake of simplicity, our
convergence analysis will be restricted to constant and nonnegative convection
term c(x) = ¢. We also assume that a(z) > ag for all x € [0, 1], where ag is a
positive constant. The numerical tests, however, will not be restricted by these
assumptions.

We define a uniform grid in time ¢, = nAt in a time interval [0,7T], n =
0,1,...,N, NAt = T and in space z; = jAz, j =0,1,...,N,, Az = 1/N, in
the spatial interval [0, 1] (recall that periodic boundary conditions are considered
in space). Denoting V*(1) = V(tn, z;,7), 7 € T = [0, 27|, the numerical scheme
for (2.6) advances the solution from ¢,, to ¢,4; through

n+1 n n n
il ovE L Vi

—iT ITYN __a(xj) n+1
A7 AL +e Tr(e"V) = — -V, (2.40)

with V2(7) given by (2.14). In this scheme, the spatial discretization is the
upwind scheme. In the following theorem, we prove that the numerical scheme
(2.40), with initial data (2.14), is not only a first order approximation of (2.6),
but more importantly this first order approximation is uniform in €.

Theorem 2.7. Assume that a : [0,1] — R is a C? function satisfying a(z) >
ap > 0,Vx € [0,1], and that the CFL condition cAt/Ax < 1 is satisfied. Then
3C > 0 independent of At, Ax and €, such that

sup ||V (tn,z;) — Vj'||L= < C(At + Ax), (2.41)
£€]0,1]

foralln=0,.... N, nAt <T and all j =0,...,N,.

Proof. First, we check that the scheme is well defined. Assuming V" is periodic
in 7 with period 27, then it is easy to see that V™! is also periodic with period
2m. We proceed in an analogous way as in [7] and introduce the operator @,

defined from C*(T) into C°(T) by

a(z;)
¥ €T, (Qi9)(7) = g(7) + =7 (9:9) (7). (2.42)
This operator is invertible and its inverse can be written as

e/a(z;)
exp(e/a(x;)2m) — 1

T+2m
YreT, Qo)) = [ ele/ata;)o - ao)ds

Moreover, since

e/a(z;)
exp(e/a(x;)2m

=1 /0 7rexp(g/a(acj)Q)dH =1,

one gets
Vg € CO(T), [1Q; gl <llgllzs, Vi =0, , Ny (2.43)
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Let us now study the error of the scheme (2.40). First, we perform Taylor
expansions in time and space. On the one side, one gets
V(tns1,25) — Vtn, z))
At

1 tn+1
- 3tV(tn+1,xj)—E/ (t = 1) 02V (b, ;) dt
tn

, , a(x;
= —c0,V(tnt1,25) — e Tr(€"V (tnt1, ;) — (gj)OTV(th,mj)
1 tn41 )
_At/tn (t — )02V (t, 2;)dt.

And on the other side,

V(tn, ;) = V(tn, 2j_1) L
v awv(tmfcj)*ﬂ/w l(x*fﬂj—l)aﬁv(tmx)dl‘

j—

Gathering both equalities gives

V(tn+1, JJ]’) — V(tn,xj) + CV(tn,l‘j) — V(tn,l‘j—l)
At Ax ‘
= =0 V(tns1,x;) — e Tr(e"V(tngr, 3;)) + (Re)}

_a(zj)

8TV(tn+17mj) + c@xV(tn,:vj) + (Rm)n

VR

= —CO:[V(tny1,75) — V(tn, z;)] + (Re)} + (Re)}

_ _ a(x;
—e " Tr(e"V (tnt1, ;) — (6])8Tv(tn+1’ )

tn+1
_ e / 02,V (t,x;)dt + (R)" + (Ry)"
t

n

= Y (1) — L0V 11, ,), (2.44)

where (R,)} = —%; féj_l(x — 2;_1)02V (t,,, x)dz and (R} = - ::J’l(t —

tn)02V (t,z;)dt denote the integral remainders of the previous Taylor expan-
sions.

Denoting by €' = V(t,,z;) — V" the error, the difference between (2.44)
and (2.40) gives

gtt—gpr  en—gr ST ; frts
’ Lol Iml qe [r(e”V(th,xj)) —r(e”Vj”)} +C/ DtV (¢, ;) dt
t

At Az

n

= (R} + (R~ ")y g (2.45)
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Here, we focus on the third term of the left hand side of (2.45)
e [H(eV (tnsr,w5)) = (e TV
= 7 {r(eiTV(th, zj)) — 7"(6”V(tm m]))} +e [r(e”V(tn, zj)) — r(eiTVj")}
tny1 ) 1 . .
_ / TV (b )V (b ;) dE + ET / P TV + teTEN) dt
tn 0

Hence, from (2.45), one can express the error E;‘H with respect to £ and £,

n+1 cAt n n A n
et = @ [(1 - - ()] At)é'j e+ Atg) | (240)
where Q) is given by (2.42) and g7 = —(R1)}+(R.)} ft "2,V (¢, xy)dt.

First, using Theorem 2.1 and the assumption on r one has

lgj e < (BT lleee + 1(Ra)} Lo + [[(Re)] 1L + CAL
< CAt+ CAz+ CAt+ CAL, (2.47)

where C' is some positive constant which does not depend on €. Second, we now
consider the L° norm of (2.46) and use (2.43) to get (under the CFL condition
cAt < Azx)

A

€7 s H (1 - ﬁt + Rz)nAt>5" + —5” 1+ Atgh||

max ||€;-’||Lgo + At[|(R2)7 || Lo ||€]’-’||Lgo + CAt(At + Ax)

IN

< €™ pe (1 + CAL) + CAL(AL + Ax),

where we denote by £" = max;—o .. N, \5]"| A discrete Gronwall lemma enables
one to get the required uniform estimate

€™ |Lee < C(AL + Ax) exp(CT).
O

Remark 2.8. Higher order methods can be constructed by expanding to higher
power in & in the Chapman-Enskog expansion presented in subsection 2.3 and
using higher order approximation scheme in time and space. We will not elab-
orate on this further in this paper.

2.5 The cases where the oscillations come from both ini-
tial data and sources

In this part, we discuss the case where we may have high-oscillations in both
the non linear PDE model and in the initial data. This corresponds to cases
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where we have a model of type (2.1) with a # 0 and u(0,z) = fi,(x, B(x)/e),
the function f;, = fin(z,7) being periodic in 7. The previous strategy cannot
be applied in this general case and the uniform boundness of time and space
derivatives of V' at arbitrary order is no more garanteed. However, we can ensure
that the first time and space derivatives are uniformly bounded.

The case of one-mode initial data In this case, the initial condition in
(2.1) takes the form u(0,2) = fi,(z, 8(x)/e) = a(x)e?P@)/e. If we follow the
analysis above and try to transform the equation on w into equations on the
profile V' and the oscillation phase S, then the only possibility to ensure some
minimal smoothness on the augmented problem (2.6) and (2.4) is the following
choice of the initial data

V(0,z,7) = a(z), S(0,z) = B(x). (2.48)

In particular, the initial data for V' belong to the kernel of 0, and, according to
the previous analysis, this only ensures that the first time and space derivatives
are bounded. However, it is not possible to construct ”well-prepared initial
data” V(0,z,7) so that high order time-space derivatives are also uniformly
bounded.

The case of multi-modes initial data In this case, we expand the initial
data as fin(z, B(z)/e) = 3, fx(z)e™*P @/ and one may decompose the solution
as u(t,z) =Y, uk(t, z), where each component wuy, satisfies

Orug + c(x)Opuy + r(u)dyy = zaiﬂc) U, ur(0,2) = fk(ﬂf)@ikﬁ(x)/s,

and 6;; is the usual Kronecker symbol.
One can then apply the previous strategy, by considering the augmented
functions Uy (¢, z, 7) satisfying Uy (t, z, kS (¢, z)/e) = ur(t, z). This gives

8tUk+c(x)8mUk+1 [0,S-+c(2)8, 80, Up+r (U)o, = ta(z)

9 3

Uk; Uk(07I7T) = fk’('r)ei‘ra

from which we deduce the equation for the phase S
atS + C(I)aTS = CL(I), S(O,I) = B(I),
and for Uy

Uy, + C(x)amUk + T(U)(Slk = —@[&—Uk — iUk], Uk(O, 33,7') = fk(I)eiT.

2.6 The full numerical algorithms

In this section, details of the algorithm for solving V' and S are given. Periodic
boundary conditions are considered in the x and 7 directions. The uniform
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grids in time and space are defined as previously. In addition, we also use a
uniform mesh for the 7 direction: 7, = ¢Ar, for £ = 0,...,N;, At = 27/N,.
In the following description, the variable 7 is kept continuous for simplicity. In
our numerical experiments, the pseudo spectral method is used for this variable.
We denote by V}'(7) =~ V(t",z;,7) and S} ~ S(t", x;) the discrete unknowns.

We start with V) given by (2.14) and SY = 0. Then, for all n > 0, the
scheme reads (assuming ¢ > 0)

vt —yr o yr oy o .
J I 4t Jj—1 + e—zrr(em—‘/jn) _ _a’(xj)aT‘/jnJrl,

At Az €
gntl _ gn Sn _ gn
J J J Jj—1 _ )
A7 +c AL = a(z;).

At the final time ¢ty = NAt of the simulation, we come back to the original

solution u through
N

u(ty, x;) = VjN (7‘ = %) (2.49)

Since SJN /e does not coincide with a grid point 7, a trigonometric interpolation
is performed. Note that higher order numerical schemes can be used and are
necessary since one needs to obtain S JN /e which may lead to large error in (2.49)
if S is not computed accurately. In practice we will use the pseudo-spectral
method in x to solve the equation for S.

2.7 Numerical tests

We present some tests solving (2.1) with r(u) = u?/(u? +2|u|?), c(x) = cos?(z),
a(x) = 3/2 4 cos(2z) > 0 and the following non-oscillatory initial data

u(0,2) =1+ %COS(QJZ) —&—i[l + %sin(Qx)}, rzel=[-n/2,7/2].

We compare the solution obtained by a direct method with resolved numerical
parameters (smaller than ) and the solution obtained by the new approach
presented previously. The numerical parameters are as follows: At = Ax/2 =
[7|/N (|I] being the length of the interval I') with N = Ny, for the new approach
and N = Ny for the direct approach. We choose N, = 64.

In Figures 1, 2, 3 and 4, we plot the £*° error in space (as a function of a
range of Ni,) between a reference solution obtained by a direct method with
resolved numerical parameters and the solution obtained by the new method.
The error is computed for different values of €, at the final time ¢y = 0.1, in
different configurations.

In Figure 1, the initial data is well-prepared (given by (2.14)) and an exact
solution for S is considered. We observe on the left part of Figure 1 that for
different values of ¢ (¢ = 1,...,1073), the new method is uniformly first order
accurate both in space and time. On the right part of Figure 1, the error is plot-
ted as a function of ¢, for different values of N;s (NVys = 20,40, 100, 200, 1000);
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each curve, corresponding to a given N, is almost constant, indicating that
the error is independent from e.

In Figure 2, the initial data is well-prepared (given by (2.14)) but we now
consider a numerical calculation of the phase S. We used a first order upwind
scheme together with a first order time integrator to compute S. Hence, a
numerical error O(Az + At) is generated on S, which is divided by ¢ to con-
struct the approximation of u(t¢,x;). This explains the behavior of the curve
associated to ¢ = 1073 for instance, in the left part of Figure 2. This is also em-
phasized on the right part of Figure 2: even if the curves do not cross each other,
the error increases as € decreases. To improve this, the numerical scheme for
S is changed to a pseudo-spectral method in space with a fourth-order Runge-
Kutta time integrator. The corresponding results are displayed in Figure 3. We
observe that, since the error on S is now very small, the uniform accuracy is
recovered.

In Figure 4, an exact calculation of the phase S is considered but now the
initial data V = u(0, ;) is not a corrected one . As expected (see [8, 7]), the
uniform accuracy is lost since the error depends on &, but we can observe that
the numerical error is still small even for small &.

In Figure 5, the same diagnostics as before are displayed, but we explore the
possibility for a to vanish at isolated points by considering a(z) = 1 + cos(2z).
With this choice of a, Theorem 2.4 does not apply directly. We consider the case
with a corrected initial data and an exact calculation for S. The same results
as before are obtained in the case of vanishing a: the new method is first order
uniformly accurate in €.

Then, we consider the asymptotic model given by (2.15) for which a stan-
dard numerical approximation (first order upwind scheme in space and first
order explicit time integrator) is used to get u(ty,x). Then, the quantity
e‘is(tf’m)/eﬂ(tﬁx) is computed where the phase S is solved exactly. In Fig-
ure 6, the error (£°° in space) between e~ *S(t72)/¢5(¢; 2) and the solution of
the new method is displayed as a function of ¢ (logarithmic scale). The error
between the two models is O(e). This numerically justifies Remark 2.3.

Finally, in Figures 7 and 8, we illustrate the space-time oscillations arising in
the solution, with a(x) = 3/24cos(2z) > 0. In Figure 7, the space dependence of
the real part of the solution u(t; = 1,z) is displayed for ¢ = 5-1073. A reference
solution (obtained by a direct method with resolved numerical parameters Ny =
4000 and At = 5-107%) and the solution obtained by the new approach (with
N¢s = 100 and At = 7/200 =~ 0.0157, N, = 16, well-prepared initial data and
an exact S) are plotted in the left part of Figure 7 (the right being a zoom of
the left part). We can observe that the new method is able to capture very well
high oscillations in space.

In Figure 8, we focus on time oscillations by considering the following time
dependent quantity (root mean square type)

R(t) = ‘/Iu(t,x)xdx‘.

The numerical quadrature for the reference solution is performed on the mesh

22



error as function of eps

eps=1

eps=0.1
eps=0.05
eps=0.01

—© slope -1

eps=05 -

eps=0.001 T

Nx=20
Nx=40
8 —— Nx=100
Nx=200
— Nx=1000

Figure 1: Plot of the £°° error for the new method with corrected initial condition
and exact computation for S. Left: error (log-log scale) as a function of Ny
(Nis = 20,40, 100,200, 1000) for different values of ¢ (¢ = 1,...,1073). Right:
error (log-log scale) as a function of € for different Ny,.

used for the new method. Using the same parameters as before, one can observe
that the solution of the new method fits very well with the reference solution
even when the oscillations are not resolved by the time step At =~ 0.0157. The
right part of Figure 8 is a zoom of the left part.
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€ps=0.001
€ps=0.01
€ps=0.05
eps=01
eps=05
eps=1
—© slope -1

Figure 2: Plot of the £*° error for the new method with corrected initial condition
and numerical approximation for S. Left: error (log-log scale) as a function of
Nis (Ngs = 20,40, 100,200, 1000) for different values of ¢ (¢ = 1,...,1073).
Right: error (log-log scale) as a function of € for different Ny.

Nx=20
Nx=40
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Figure 3: Plot of the £*° error for the new method with corrected initial condition
and an improved numerical approximation for S (pseudo-spectral in space and
4th order Runge-Kutta). Left: error (log-log scale) as a function of Ny (Ngs =
20, 40, 100, 200, 1000) for different values of ¢ (¢ = 1,...,1073). Right: error
(log-log scale) as a function of € for different Ny.
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Figure 4: Plot of the ¢*° error for the new method without corrected initial
condition and exact computation for S. Left: error (log-log scale) as a function
of Nys (Ngs = 20,40,100,200,1000) for different values of ¢ (e = 1,...,1073).
Right: error (log-log scale) as a function of € for different Ny.
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Figure 5: Plot of the £*° error for the new method with corrected initial condition
and exact computation for S, in the case where a vanishes (a(z) = 14 cos(2x))
at isolated points. Left: error (log-log scale) as a function of Ny (Nys =
20, 40, 100, 200, 1000) for different values of ¢ (¢ = 1,...,1073). Right: error
(log-log scale) as a function of € for different Ny,.
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Figure 6: Plot of the £ error (log-log scale) between the solution of the asymp-
totic model (2.15) and the one obtained by the new method, as function of e.

Figure 7: Comparison between a reference solution and the solution of the new
method (with initial correction and exact computation for S), for ¢ = 51073,
ty = 1. Left: space dependence of the real part of the unknown. The right part

is a zoom of the left part.
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Figure 8: Time history of R. Comparison between a reference solution and the
solution of the new method (with initial correction and exact computation for
S), for e =5-1073, ¢t; = 1. The right part is a zoom of the left part.

3 Extension to a class of PDE systems

In this section, we focus on systems of equations and consider the case where
u(t,z) € C? satisfies a hyperbolic system of the following form (with ¢ > 0,z €
R)

Ou + A(x)dzu + R(u) = MDU + Cu, u(t=0,z)=up(z), (3.1)

where R(u) = (R1(u), R2(u)) € C? is a reaction term, F is a real scalar function,
C is a 2 x 2 constant matrix and

_( ai(z) O (0 0 _( Cu Ci2
A(Z‘) o ( 0 CLQ(ZL’) ) ’ D= ( 0 -1 ’ ¢= 021 022 ’
This model is a simplified version of a more physical model to be studied in
section 3.5.

3.1 GO versus NGO

We first show that the GO approach does not work for systems like (3.1), even
in the linear case R = 0 and a non-oscillatory initial data u(0,z) = ug(z). This
is due to the non-commutativeness of the matrices C and D in general. Indeed,
let ug(t, 2) = ag(t, z)e’*E2)/ | = 1 2. Inserting this ansatz in (3.1), one gets

i

O + a10,01 + [6}51 —+ alé)le]al = Ch101 + 012a26i(32751)/5 ,

€
Opag + a0y + é[8t52 + 20, 52]a = —%042 + Cyra1et51792)/5 L Oy 10y
Set
0:S1 + 10,51 = 0, Sl((),:c) =0,
0 S9 + 120,55 = —F, SQ(O,J?) =0,
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thus S;(t,7) = 0, while a = (a1, az)? is governed by
O + A(z)0,a = Ba,
with

B _ Cll 0126’“5275’1)/5
- 0216i(sl_52)/5 022 :

Clearly a solution « of this equation will be highly-oscillatory for e small,
whereas the GO ansatz assumes that o and S are smooth. Therefore the GO
approach does not serve our goal. This motivates the NGO approach.

To do so, we consider the augmented function U (¢, z,7) such that

U(t,xz,S(t,x)/e) = u(t, ).
Then, U = (Uy, Us) satisfies

1
Uy + a10,U71 + g[ﬁtS + alazS]GTUl + Rl(Ul, UQ) = C11U; 4+ C12Us,

1 B
0tUs + a20,Us + g[ats + 20, 510;Us + Ro (U1, Us) = —%Uz + O Uy + C2Us.

The equation for the phase S writes
S + a20,S =—FE, S(0,z) =0,

and the equations for (U, Uz) become

1
o Uy + a10, U7 + g[(al - ag)&bS - E}@TUl + Rl(Ul,UQ) =C1 Ui + CleQ,

E
€

0:Us + a90,Us + Rg(Ul,UQ) = [8-,—U2 + iUz] + Cy1U71 + CorUs.

Setting V4 = €7Us, we finally obtain

) . 1
o Uy + a10,U71+ Rl(Ul, 67”‘/2) — C11U; — Ci0e7 Vg = E[E — (a1 — ag)amS]&Ul,

O Va + a0, Vo + 6”.[“22((]17 6_”‘/2) — (91" U; — CooVy = —zaq—VQ.
(3.2)

3.2 A suitable initial data for system (3.2)

Equation (3.2) needs initial data U(0,z,7) and V5(0,z,7). This initial data
U(0,z,7) will be chosen such that the two following conditions are satisfied:

* U(0,2,0) = uo(z) = (f{"(x), £3"(x)).
e The solution to (3.2) is smooth with respect to €: the successive derivatives

in time and space (up to some order p > 1) are bounded uniformly in ¢.
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The approach is similar to the scalar case, and similar notations will be used in
the following analysis.

We decompose the solutions Uy and V5 as Uy = U{) + Ul1 and V5 = V20 + V21,
where U = TIU; and Vi = IIVs. Injecting the decomposition into (3.2) and
applying (I — II) to (3.2), one gets

QUL + a10,U] + (T — )[Ry (U, e " Va)] — C11U{ — C12(Z — L) [e™ " V3]
1 1
= [E + (a1 — a2)0,S) 0, Uy,

OV 4 a0, Vo + (T —)[e" Ry (Uy, e " Va)] — Co1 (T — II)[e Uy ] — Cop Vi

E
= —=0,Vy.
€
(3.3)
Assuming for simplicity that Ry = Ry = 0, this implies that

8012

1_ —1(, —ir) 1,0 2
Ui _E+(a1—a2)axsc (e7) V2 + O(e?),
V= _E%l L7 () UY + O(e?),
which explicitly gives (using £L71(e'") = Fieti")
1 7;501267” 0 2 1 _i6021ei7— 0 2
Ul_E—l—(al—ag)o%SVQ +0(%), Vy= —5 Uy + 0O(e7).

This yields

Z'é‘Clge_iT
E(t,z) + (a1(x) — az(2))05S(t, x)

Up(t,z,7) = UD(t,x) + Vo (t,x) + O(e%),

i6021
E(t,x)

To find the suitable initial condition for U; and V3, one uses Ug(t = 0,,0) =
in(x),k = 1,2, so that one needs to solve the following system in (U}, V3)(0,z

Us(t,z,7) =V (t,x)e” "™ — U (t,z) + O(e?).

ieC in ieC. in
U{)(O,‘T) + E(0,11‘2> ‘/20(0737) = J1 (x)’ ‘/20(0’1') - E(O,Qll‘) U{)(va) = J2 (3])
The solutions are
1 ) .
0 __ 2 pin . n

Ul = m (E 1 — ZC]2€Ef2 )
1 . )

Vy = 54— (ieCa Ef{" + E*f3") .

E2 — 82021012
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Thus, the initial conditions with first order correction writes

. i6E012 ) i
— fin e 1T 1 m
Ul(ovxaT) 1 + EQ —62012021 (e ) 2
(3.4)
iEECm

U2(07x77—) = EQ . 52012021

e—iT o 1) {n +e—iT zzn

3.3 A numerical scheme for the 2 x 2 system (3.2)

Denoting U (x, 7) = Uy (t", z,7) and V5 (x, 7) = Va(t", z, T) the approximations
of the solution to (3.2) which satisfy the following numerical (semi-discrete in
time) scheme

n+l _ rrn |
i oy + a10,U7 — CLLUT — Crae™ VR
At
1l B
f—g[ + (a1 — a2)0,5™] L UPH
ntl _ 1rn | .
% * a28m‘/2n o CQleZTUln - 022‘/271 - *?af‘/zn“‘lv

(3.5)
whereas for the phase S, we use

Sn+1 _gn

Al + a20,S" = —E".

At initial time n = 0, we use the corrected initial condition (3.4). For the space
approximation, we use the psuedo-spectral scheme in the periodic variable 7 and
a first order upwind scheme for the transport terms in = (high order methods
will be used for the approximation of S (as discussed in the scalar case), as well
as semi-Lagrangian method). Then, from (U7 (x, 1), V3 (z,7),S™(x)), we can
construct an approximation of u(t",x) = (uy(t", x), us(t", z)) solution to (3.1)
through the relation

uy (1", ) = UMz, 7 = S™(x) /), up(t",z) = e " @V (2 7 = S(x)/e),

where the evaluation at 7 = S™(x) /e is performed by trigonometric interpolation
since the solution are periodic with respect to the 7 variable.

3.4 Numerical results

This section is devoted to numerical illustration of the new approach for the case
of 2x2 systems. We solve (3.1) with a1(z) = 1,a2(x) = 4, R(u) = 0, E(t,x) =

3/2 4+ cos(x), and
0 1
(1)
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We consider the following initial condition

u(t=0,2) = (1 + %cos(x) +isin(z), 1+ %cos(m) + isin(x)), x € [0, 27].
As in the scalar case, we compare the solution obtained by a direct method
(time splitting with exact (in time) integration of each substep) and by the new
approach. The direct method uses resolved parameters so its solution provides
a reference which will be compared to the solution of the new method. For this
latter method, the following numerical parameters are used: Az = 27 /Nyg, At =
Ax/(2max(ai,az)), Ny = 64, where N is the number of (uniform) grid points
in the spatial direction.

In the following figures, we are interested in the £*° error in space (for dif-
ferent values of Ny,) at the final time ¢; = 0.1, between the new method and
the reference solution, for different values of €.

In Figure 9, the solution obtained with the new method is computed with
the corrected initial condition and with an exact solution for the phase S. We
plot the £>° error for different values of € as a function of N;s (left part) and
the £° error as a function of € for different Ny, (right part). As in the scalar
case, the uniform accuracy is observed: the order of accuracy is independent of
€ and the error is constant with respect to ¢.

In Figure 10, we study the influence of the numerical approximation of S on
the error. We used for the approximation of S a first order upwind scheme in
space with a first order time integrator. We plot the same diagnostics as before.
As in the scalar case, we observe a bad behavior when £ becomes small. Then,
in Figure 11, we consider an improved numerical approximation of S by using a
pseudo-spectral method in space with a 4th-order Runge-Kutta time integrator.
We then observe that the uniform accuracy is recovered.

In Figure 12, an exact computation of S is used but the initial data is not
corrected. Again, we plot the £*° error. As expected the uniform accuracy is
lost, in particular in the intermediate regime.

Finally, in the following figures, we illustrate the performances of the new
method using the same data as before except the initial condition

1 1
uw(t=0,z) = (1 +3 cos(x), 1+ 3 cos(x)), x € [0, 27].
We compare a reference solution (computed with a direct method using resolved
numerical parameters Ny = 4000, At = 10~%) and the solution of the new
method at ¢ty = 1, for ¢ = 0.01. For the new method, we choose N, = 8§,
a well-prepared initial condition, an exact phase S and different values of N4
are considered. In Figure 13, we plot the real and imaginary part of the first
component of the solution as a function of space for Ny = 20,40,100 (and
At = 27 /(2Nys max(aq,az2))). Even with a very coarse mesh, we observe that
the new method is able to capture the high space oscillations of the solution. In
Figure 14, the real part of the second component of the solution is displayed as
a function of z, for Nys = 20,40,100. On the right column (which is a zoom of
the left one), we see that the new solution almost coincides with the reference
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Figure 9: Plot of the £*° error for the new method with corrected initial condition
and exact computation for S. Left: error (log-log scale) as a function of N
(Nys = 20, 40,100,200, 1000) for different values of ¢ (¢ = 1,...,1073). Right:
error (log-log scale) as a function of € for different Ny,.
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Figure 10: Plot of the £°° error for the new method with corrected initial condi-
tion and numerical approximation for S. Left: error (log-log scale) as a function
of Nys (Ngs = 20,40,100,200,1000) for different values of € (e = 1,...,1073).
Right: error (log-log scale) as a function of e for different Nys.
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Figure 11: Plot of the £*° error for the new method with corrected initial condi-
tion and an improved numerical approximation for S (pseudo-spectral in space
and 4th order Runge-Kutta). Left: error (log-log scale) as a function of Ny
(N = 20,40, 100,200, 1000) for different values of ¢ (¢ = 1,...,1073). Right:
error (log-log scale) as a function of € for different Ny,.
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Figure 12: Plot of the £*° error for the new method without corrected initial con-
dition and an exact computation for S. Left: error (log-log scale) as a function
of Nys (Ngs = 20,40,100,200,1000) for different values of € (e = 1,...,1073).
Right: error (log-log scale) as a function of € for different Ny.
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one even if the spatial mesh Az ~ 0.31,0.15,0.06 is large compared to the size
of the smallest oscillations (of order ¢ = 0.01).

3.5 An application to a semiclassical surface hopping model

We now show that the general approach described above can be applied to
efficiently solve the following semiclasscial surface hopping model, introduced in
[6]:

Oft +p-Vof T =V (U+E)-Vpft =5 +5F,
O 4P Vel = ValU ~E) -V, = A
S 40 Vof' + VoU - Vpf' = =i [T+ V([ = f7) + (b7 = b7)f",
(3.6)
where (f*(t,z,p), f~(t,2,p), fi(t,r,p)) ERXxRxC, (t,x,p) € Ry x R x RY,
and b* € C,b* € C,U € R, E € R are given functions depending only on the
space variable . We denote also by

(f+(07x7p)a fi(O,IL',p), fi(oa‘rap)) = (fi—:z(xvp)a fi:z(‘T)p)? fyzn(x7p))

the initial conditions.

This model approximates semiclassically the nucleaonic Schrodinger system
arising from the Born-Oppenheimer approximation with non-adiabatic correc-
tions. The right hand side describes the interband transition between different
potential energy surfaces (2F is the band gap between two energy surfaces), and
the coefficients are related to Berry connection. We refer to [6] for more details.

As explained above, the general idea is to introduce a phase S(t,z,p) de-
signed to follow the main oscillations in this model. We then consider the phase
S(t,x,p), solution to

S +p-VyS+V,U-V,S=2E, 5(0,2,p) =0, (3.7)
and introduce the augmented unknowns (F'*, F?)(t, z, p, 7) satisfying
[t x,p) = FE(t2,p, S(t,x,p) /),  ['(t,2,p) = F'(t,2,p, S(t,2,p)/e).
One then has:
OFt +p Vo Ft =V, (U+E)-V,F' =
%1 (2 — V,(2U + E) - V,S) 0, F* + b F' + b'F",
OF +p-VoF~ — Vo (U—E) V,F~ =
%1 (2E — V,(2U — E) - V,S)0,F~ — b F' —b'F,

OF' +p-V,F' +V,U-V,F' =
2F . . . )
- (0:F" +iF") + b'(F~ — F) + (b —b7)F". (3.8)
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Figure 13: The first component of the solution (left column: real part, right
column: imaginary part) as a function of « at time ty = 1, ¢ = 0.01. Compar-
ison between the reference solution (with Ny = 4000, At = 107%) and the new
method with Ny = 100,40, 20 (from top to bottom).

35



Figure 14: The real part of the second component of the solution as a function
of x at time ¢; = 1, ¢ = 0.01. Comparison between the reference solution (with
Ny = 4000, At = 10~*) and the new method with N;s = 100,40, 20 (from top
to bottom).
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Let G* = €™ F", then

ET i i
WFt +p -V, FT -V, (U+E) V,Ft = _?87F+ +be TG +beTG

E- T i i P irt
WE~ +p-V,F~ -V, (U-E)-V,F~ = —767F* —be TG = beG
XG +p-V,G'+V,U-V,G' = —7&@ + b (F~ — FY) + (b —b7)G,

(3.9)
where ¥ = 2FE —V,(2U £ E)-V,,S. This system needs initial data F(0, x, p, 7)
and G*(0, z, p, 7), which will be determined in a such way that the corresponding
solution is smooth with respect to €. We proceed as in Section 3.2 for the 2 x 2
model. Let

Ff=TIF%, Ff=(T-M)F* G)=1G, G =(-1G"

We have . ‘ A
G' =Gl —ig=b'e (Fy — Fif) + O(e%),
Ft=Fy +if (Bie*ifc:g - b%“é@) +0(e?), (3.10)
- —_ & (T i i it
F™=Fy —iz (PGl —v'e'"@y) + 0.

To fit with the initial data (f;, f;., f£,), we set

i € giip— i
GO_Zﬁb(FO _F(;r): ino
CE (i i
F(;r+l£7+ (b Gobeo): i—:’_ﬂ

n’

— & (Fii i) e
F —z?(bao bG0>_
This gives

= f—igr (P =T

3

e (07T
G = fin = ig=b' (i = fin):

Reporting these expressions in (3.10) yields

F(;:f¢:1+i

F+(0,.’L',p, T) = ljl o ié's Ezf:n (1 o e_iT) - bz?flm (1 - e_i7—> )
F=0.0.7) = i+ i (B0 (1= =) 6T, (=)}, 1D
G0, 2,p,7) = fin +iggh’ (7 = 1) (fi, = fin)-

K

m
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3.6 Numerical results

We consider the following initial conditions for (3.6) with z,v € [—2m, 27]

f+@=0,z,p) = [f_(t=0,z,p)=(1+0.5 cos(m))e\_/p%Q,
Ft=0,2,p) = |(1405sin(@))+i(1l +0.5cos(zx))] ?

Vor

and the following expression for F, b; and b
1
E(x)=1—cos(z/2)+¢e, bi(z,p)= —3 sin(p+1), by =0.

Notice that with this choice of E, the narrowest band gap 2F = 2¢ which
describes the so-called ”avoided-crossing” case (see [6]). We will compare a
direct simulation of the model (3.6) (using time splitting and pseudo-spectral
methods in space) with our new approach (3.9) (using time splitting, pseudo-
spectral methods in space also and the well-prepared initial condition (3.11)).
Moreover, periodic boundary conditions are considered in both x and p.

In the sequel, we detail the steps of the two methods (direct and new).
First, we introduce the following notations: A = (=V,(U + E),-V,(U —
E), V.U, V,U),and £ = (=T, —E~,—2F /e, —2E /¢) whereas the matrix B, is
given by

0 0 2btcosT  2b'sinT
B - 0 0 —2b*cosT —2bisinT
T —bicosT bicosT 0 0 ’
—bisinT bisinT 0 0
and B by 4

0 0 2bv 0
0 0 —2b 0

B=1 _p % o 9F /¢

0 0 —2E/c 0

Then, the direct numerical scheme for (3.6) writes (with f = (fT, f~, Re(f?),
Im(f*)) € RY)

e solve Oy f + pd, f = 0 with spectral method in space and exact integration
in time,

e solve 0, f +.A0, f = 0 with spectral method in space and exact integration
in time,
e solve 0, f = Bf (with B a 4x4 matrix given above) exactly in time.
The numerical scheme for (3.9) is (with F' = (F+, F~, Re(G?), Im(G?)) € R?)
e solve 0, F 4+ p0, F = 0 with spectral method in space and exact integration

in time,
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e solve 0, F + A0, F = 0 with spectral method in space and exact integration
in time,

e solve O,F = B, F (with B; a 4x4 matrix given above) exactly in time,

e solve O, F = éE@TF with a pseudo-spectral method in 7 and an implicit
Euler scheme in time (exact time integration in the Fourier space can also
be done).

The equation (3.7) on S is solved using a time splitting method (between trans-
port and right hand side) and spectral methods are used in (z, p).

In Figure 15, we plot the space dependence of the solution f(t; = 2,z,p = 0)
and of the densities p(ty = 2,x) = [, f(ty = 2,2,p)dp, for e = 1 for the direct
and the new methods. The reference solution uses At = 0.05, N, = 256,
N, = 64 whereas for the new method, we choose At = 0.05, N, = 32, N, = 64
and N, = 8. First, we observe that the new method captures well the solution
for both diagnostics. Second, the CPU time is about 15 s for the reference
method whereas for the new method, it is about 1 min.

In Figures 16 and 17, we consider the same diagnostics as before, but with
¢ = 1/32. The reference solution uses now At = 0.02, N, = 512, N, = 64
whereas we still choose At = 0.05, N, = 32, N, = 64 and N, = 8 for the
new method. Then, the CPU time for the reference method is now 75 s and is
still 1 min for the new method. Even for this value of €, the solution is highly
oscillatory (the f? part in particular) and the new method behaves very well
even its mesh is coarser than the spatial oscillations.

Finally, in Figures 18 and 19, we consider ¢ = 1/256 and t; = 0.2. The
numerical parameters for the reference method have been chosen to resolve the
space-time oscillations (At = 0.0005, N, = 4096, N, = 64) so that the CPU
time is 1420 s. The numerical parameters of the new method are still fixed (so
as its CPU time). The same conclusions as before arise.
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4 Conclusion

In this work, for a class of highly oscillatory hyperbolic systems of transport
equations, we introduced a new numerical method which allows one to obtain
accurate numerical solutions with mesh size and time step independent of the
(possibly very small) wave length. The central ideas include a geometric optics
based ansatz, which builds the oscillatory phase into an independent variable,
and a suitably chosen initial data derived from the Chapman-Enskog expansion.
For a scalar model we prove that a first order approximation the converges with
a first order accuracy uniformly in the wave length, and the method is also
extended for a system that arises in semiclassical modeling of surface hopping,
which deals with quantum transition between different energy bands. Numerous
numerical examples demonstrate that the method has the desired property of
capturing the point-wise solutions of highly oscillatory waves with mesh sizes
much larger than the wave length. .

In the future, we will extend the method to higher dimensions, conduct more
theoretical investigation on the method for systems, and study other interesting
non-adiabatic quantum dynamics problems.
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Re(f?) and Im(f?) at p = 0, and space dependence of the densities p*, p~,
Re(p?) and Im(p?).
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Figure 16: ¢ = 1/32. First line: space dependence of f+, Re(f?) and Im(f?) at
p = 0. Second line: space dependence of f~, Re(f*) (zoom) and Im(f?) (zoom)
at p=0.
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Figure 17: ¢ = 1/32. First line: space dependence of the densities pT, Re(p?)
and Im(p%). Second line: space dependence of p~, Re(p') (zoom) and Im(p?)
(zoom).
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p = 0. Second line: space dependence of f~, Re(f*) (zoom) and Im(f?) (zoom)
at p=0.

Figure 19: ¢ = 1/256. First line: space dependence of the densities p*, Re(p?)
and Im(p?). Second line: space dependence of p~, Re(p’) (zoom) and Im(p?)
(zoom).
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