Intermediate models in nonlinear optics.
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Abstract: In this paper, new models are derived for laser propagation
in a nonlinear medium. These models are intermediate between nonlinear
Maxwell systems and nonlinear Schrodinger equations and are exact in linear
cases. We prove rigorous error estimates for a generic class of systems. In the
last section, we perform numerical tests in order to investigate the numerical
effectivity of the bounds given by the theorem. We compare for a particular
nonlinear system the exact solutions and the approximate solutions given by
our new model. It is shown that the new models behave as predicted by the
theorem but are even better in some cases.

1 Introduction

1.1 Motivations

The aim of this paper is to propose new models for the simulation of the prop-
agation of laser pulses in a nonlinear medium. The wavelength associated to
a pulse is usually near the micrometer (107%m) while the length of the pulse
can be of order 100 micrometers for ultrashort pulses (107*m) or of the order
of the meter. We are concerned with propagation on distances of order of the
millimeter (for crystals) or of hundred of meters (for propagation in gas). From
the temporal point of view, the frequency of a pulse is 10'°s71, its duration can
be of the order of the picoseconds (1071?s) or of 10 nanoseconds (10~%s). The
duration of propagation can be 10~!!s for crystals or 107%s for gas. The width
of the beam can be of order of a fraction of millimeter to a few centimeters.
Therefore, one has to handle 3D processes involving several orders of magni-
tude. It is not possible to propose direct simulations for all these situations.
Usually, the so-called paraxial approximation or envelope approximation are
used. This approximation relies on the fact that the electric field has the form
of a plane wave multiplied by an envelope, namely e'**=«t¢g (t,z,y, z) where
t > 0 is the time, (z,y,2) € R? are the spatial variables, k is the wave num-
ber and w the frequency. With these notations, the slowly varying envelope
approximation can be expressed by the following set of inequalities:

0] << wl|&], [0:€] << K|E|, 10,€| << K|E], 10:€] << Kk|E].

Using these inequalities, one obtains approximate equations satisfied by &.
These equations can be nonlinear transport equations at the group velocity



(for frequency doubling in the phase-matching case in a crystal) or nonlinear
Schrodinger equations (in a Kerr medium) or Schrédinger-Bloch equations (in
a gas) ... We refer to general textbook of physics ([8], [18] for instance) for a
precise physical description. Here, we will address cases where the validity of
the paraxial approximation is not so clear. Physically, this can occur when the
pulse goes through a diffraction web or when the pulse is ”chirped” in order
to have a large spectral width. We want to propose alternative intermediate
models that are more precise than the usual Schrédinger-like equation but
less expensive to compute numerically than the full Maxwell equations. These
intermediate models are obtained in the same spirit as the long wave systems
for water waves of [6] or [7]. For direct simulations on nonlinear Maxwell
systems, see [5] and references therein. See also [3] for cases with non planar
phases. In order to introduce our notations, let us recall that a standard model
for propagation of a beam in a Kerr medium is the Maxwell-Lorentz system
which has the non-dimensional form:

( 0;B + curl £ =0,
O F — curl B = —0,P, (1.1)

1 1
2 2
| 9P~ 5(E~P)=_|PI’P,

where (F, B) is the electromagnetic field, P is the polarization. Introducing
Q) = €0y P, this system becomes:

( 0,B + curl E =0,

O F —curl B = —g,

(1.2)

1
0Q — ~(E~ P) = |PPP,

1
@P - —Q - 0

\ €

For propagation in gas, one can use the two-level Maxwell-Bloch system:
O,F — curl B+ 0,P =0,
OB +curl £ =0, (1.3)
P = Re(¢63)u,

where ¢; and ¢, are the complex representations of the populations in each level

(¢35 denotes the complex conjugate of ¢y) and u a fixed vector corresponding
to the direction of propagation. Level 1 corresponds to the fundamental state,



while level 2 corresponds to the excited state. The evolution of ¢; and ¢y is
given by the following set of ordinary differential equations which is derived
from the Schrodinger equation of quantum mechanics [18]:

E.
iat01 = - UC27
€
(1.4)
1 E-
iatCQ = —Cy — UC1.
€ €
Introducing A = ¢;¢5 and N = |¢1|? — |co|? yields
&Azé—iE.UN,
€
(1.5)
- 2E - u(A— A*
3tN - - ! U( )
€
Let P =Re(A), @ =Im(A) and N =1 — N, we obtain
( 1
atP: __Qa
£
1 E-u(l—-N
0= 1p- B 2A) (1.6
€ €
4F -
atN - - EUQ.

Now we change all the unknows by a scaling factor /¢ and we consider a
vectorial form of (1.6) without assuming that the electric filed is polarized
along the unit vector w:

( 0,B + curl E =0,

O, F —curl B =

Y

o O

50 + %(E _P)= EN, (1.7)

1
atP‘f“gQ :O,

\

See [11] for a precise description of these models and the derivation of the non
dimensional forms. See also [10] for the use of Maxwell-Bloch in a gas. Since
the solutions are expected under the form of a plane wave multiplied by an
envelope, usually the initial data is taken as being equal to

(Eo, Bo, Py, Qo)(X) + c.c.

k-X

(E,B,P,Q)(t=0,X)=¢



with X = (z,y,2) and k € R®. The notation c.c. means ”complex conjugate
7. For (1.7), one has moreover to take N(t = 0,X) = 0 since at the state of
rest, all atoms are at level one and ¢; = 1 and ¢y = 0 which implies N = 0.
Therefore the difficulties concerning the presence of different length scales for
the propagation of the beam appears in (1.2) and (1.7) through the presence

of terms of size — in the equations and also in the "2 in the initial data.
€

1
These terms will create high frequencies (of order —) in time. Moreover we will
need to characterize the solution on short time scale (O(1) ) or on long time
1
scale (O(—)), that is on long or short distance. In order to give a synthetic

presentation of these phenomenas, we introduce the following general class of
systems (including (1.1) and (1.3)) that has been used in several works ([16],
15, [14], [9] ...):

<0t + ZAJ@IJ‘ + ?> u= f(u), (1.8)

where matrices A; are real symmetric, Ly is skew-symmetric, f is a smooth
nonlinear mapping and

u(t, X) : [0, T] x R" =R, X = (z1,---,2y).

For the sake of simplicity, in this paper we will restrict ourselves to the case
where f(u) is an homogeneous polynomial of degree q. Of course all of the
results can be extended to more general cases.

1.2 Some classical results of nonlinear geometrical op-
tics.

We recall some tools of geometrical optics (see [14] for a more complete de-
scription). First we seek for plane wave solutions to the linear part of (3.1)
that is

i(k-X —wt)

u=Fe < (1.9)
where ' € CP is a constant and k = (ky,---,k,) € R". Such a plane wave is
a solution to

n LO

0 A0, +— =0, 1.10
(23 a0, + ). (10

if and only if
(—z’w[dﬂ'ZAjkj +L0> F=0, (1.11)
j=1
where I; denotes the identity matrix.
System (1.11) has a nontrivial solution if and only if

det (—iw[d +ZZA]]€] + Lo) = 0, (112)

=1
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n

which is the dispersion relation. Note that matrix @'ZAjkj + Lo is skew-
j=1

adjoint, therefore the solutions w are real and the solutions iw are the eigenval-

ues of ¢ Z Ajk;+ Lo. Moreover the eigenspaces are orthogonal. We denote by
j=1
II(w, k) (or simply by II(k) if no confusion is possible) the orthogonal projector

onto Ker | —iwl;+1 Z Ajk; + L0> . We also give the following definition:
j=1
Definition 1.1 The characteristic variety C. of the operator L(0y, Ox) = Oy +
A@x) + Lo =0, + > _ Ay, + Lo is the set

j=1
Ce ={(1,€) € R x R" such that det(—itlq+iA(§) + Lo) = 0} .

Now, coming back to the nonlinear system (1.8), one tries to solve

(815 + iAj(?xj + %) u= f(u).

Jj=1

For a given k € R", we select a frequency w. The way we solve this problem
is the following one. We look for u in the form

k- X —wt

u(t, X) =U(—="2 ¢ X)),
3

where 0 — U(0,t, X) is 2r—periodic. Of course this is not enough in order to
define completely function U. We see that U satisfies the following singular
equation:

(at +AOx) + % (—wdp + A(k)dp + Lo)) U= fU), forall t € [0,T],

(1.13)
k- X —wt ) ) .
for all X € R™ and for # = —— . At this stage, function U is not well
€
k- X —wt
defined since it satisfies (1.13) only for 6 = 2T order to give a
£

correct definition, we impose that U satisfies (1.13) for all t € [0,7], X € RY
and for § € T where T denotes the usual one-dimensional torus. We make the
following generic hypothesis.

Hypothesis 1. (k,w) is a reqular point of Cy, (that is the multiplicity of the
eigenvalue \j(&) such that \;(k) = w is constant in a neighborhood of £ = k).
Hypothesis 2. (pk,pw) ¢ Cr for all integer p < q, where q is the degree of
the nonlinearity f.



Note that hypothesis 2 is not necessary; we could replace it by the strong finite-
ness hypothesis as in [12]. One then can construct an approximate solution
for u as follows. Let Uy be the solution to

Oy + ' (k) - OxUy = TI(k)C4 (f(H(k>u0€i9 + C'C')) ;
(1.14)
Up(t =0,X) =U(X).

where C, (F()) denotes the ¢'" Fourier coefficient of 6 — F(6):

1

C,(F(0)) = > /O " F(0)e’dp.

One then shows:

Theorem 1.1 Let uy € H*(R") (s large enough) such that I(k)uy = up.
There exists a unique U(0,t, X) solution to the singular equation (1.13) such
that U (0,0, X) = (e"ug + c.c.) is defined on [0,T] and

U=(0,t, X) — (Up(t, X)e" + c.c.) Coe.

<
Le(0,T:HE ) —

It follows that there exists a solution u®(¢, X) to (1.8) such that u°(0,X) =
(elkéx up(X) + c.c.) and

S k- X —wt

u?(t, X) — (Up(t, X)e' = +c.c.)

) S C(]S.
Lo>(]0,T)xR™)

This regime is called geometrical optics. For solutions on long time scale of size
1

O(—-), diffractive effects are important and we have to give another expansion.
€

We look for a solution of (1.8) satisfying

ik

u(t =0,X) =/ (e = up(X) + c.c.) :

Let us recall that ¢ is the order of the nonlinearity. In order to explain briefly
why this scaling ¢/~ is relevant, let us consider the ordinary differential
equation ' = y?. An initial data of size ¢/~ will lead to a solution of the
same size y(t) = e/@"Yz(t). Then function z(t) satisfies

z'(t) — g9/(a=1)~1/(a=1) ,a — ez(t)?

1
and z(t) is therefore defined on a time interval of size O(-).

£
The solution u is sought in the form

kX —wt
€

u(t, X) =U ( X — W (k) 5t>



where 0 — U(0, X, 7) i

is defined on T x R™ x [0, T"]. This will lead to a solution
T
to (1.8) defined on [0, g]

U then satisfies

<€8T + (—w'(k)ox + A(0x)) + é (—wdy + A(k)Dy + Lg)) U=fU), (1.15)
with
UG, t=0,X) = gt/(a=1) (ewuo(x) + c.c.) )

Let Vy be the solution to the following nonlinear Schrédinger equation:

//k
&%+ﬁé>

(8x,0x)Vo = IL(k)Cy (f(IL(k)Voe™ + c.c.)), (1.16)
with Vo(7 = 0, X) = up(X).

Theorem 1.2 Let ug € H*(R™) (s large enough) such that 11(k)ug = wy.
There exists a unique V*(0, X, T) solution to the singular equation (1.15) such
that V¥ (0, X,0) = /@ V(g + c.c.) defined on [0,T] and

< 018.
Le(0,T5Hp )

1 i
gl/(q—l)v (0, X,7) = Vo(7, X)e 4 c.c.)

As before, it follows that

1 Sk X —wt

S (6 X) = Qe X =o' (k))e " +cc)

< Ce.
L ([0,T]xR")

Of course, from the computational point of view, it is much easier to find low
frequency solutions to (1.14) or (1.16) on [0, 7] x R™ than oscillatory solutions

of (1.8) on [0,—] x R". Indeed the frequencies in time and space that are
£

1
relevant for the solution of (1.8) are of size O(—). Therefore, the time and

space steps used in any numerical method have to be small compared to ¢.
This gives a number of points (in space) that has to be large compared to

1 1
O(-) and a number of time steps large compared to O(—). For (1.14) or
5

€
(1.16), the frequencies are O(1) and the time or space steps have only to be
small with respect to 1. Moreover, while (1.8) has to be solved in the diffractive

T
regime on long time intervals [0, —|, equation (1.16) has to be solved on [0, T
€

only, which decreases the number of time steps. This is why (1.14) or (1.16)
are used in practical applications [17].



1.3 Limitations of the models.

In some applications (ultrashort pulses), one can have to handle cases where &
is small, but not very small (¢ ~ 1072). The error estimates given by the above
results are not very precise especially when the constants Cy and C (depending
at least of the H® norm of the initial data) are large. These constants can be
large when the initial data has rapid variations and this is the case for short
pulses or for pulses with a quite large spectrum. This configuration arises when
the laser beam propagates through a diffraction web. We give a numerical
example below. Let us consider the simplified system:

(1) (D) H(T)-(EE) e

( Yo ) — /2% ( ﬂ%H )a(:c) +cc, x€]0,1],

Yo w

with

where w = V1 + k2. The function a(z) is given by
a(z) = e~ T5(z—1/2)? ji15cos(15z)

We make a simulation as described in the last section with ¢ = 1072 on
t € [0,50]. The solution to (1.17) at time t = 50 is given on figure 1 and
the solution given by the nonlinear Schrédinger equation (1.16) on figure 2.
They have nothing in common and the relative error in L? norm is 1.4 as indi-
cated in section 3.3.2. For practical use, O. Morice [17] has already introduced
some modification of the linear Schrodinger equation in order to take into ac-
count higher-order diffraction effects. Other tentatives has been done by D.
Alterman and J. Rauch [1], Schéifer and Wayne [19] and [2] for ultra-short
pulses. In all these contributions, the authors obtain linear equation because
in a context of pulses with large spectrum, it can be shown that the nonlinear
effects are less important than usually see ([1] and [2]). Nevertheless, from
the physical point of view, it is impossible to neglect nonlinear effects. We
therefore need to construct new models that will be exact in the linear case,

but that take into account the nonlinear effects and that are not numerically
stiff.

This paper is organized as follows. In section 2, we introduce our new mod-
els and prove the main result. In section 3, we present some numerical results
in order to illustrate our error bounds and also to investigate the numerical
effectivity of our model.



2 New intermediate models.

2.1 Formal obtaining of the models.

We restrict ourselves to geometrical optics regime. We go back to the sin-
gular equation (1.13). For & € R™, let us introduce the following spectral
decomposition of the matrix iA(&) + Lo:

PA(€) + Lo =Y _iN(OIL(E), (2.1)
j=1

where m denotes the number of distinct eigenvalues of iA(£) + Ly. We have
implicitly used the following assumption:
Hypothesis 3. There exists m continuous functions & — X;(§) defining a
global parametrization of the characteristic variety C.
Of course the functions & — II;(£) are not necessary continuous at the points
& where there exists j; and j; such that A, (&) = Aj,(&). However, since
the projector I1,;(£) are orthogonal projectors, the functions £ — IL;(&) are
bounded. Let us now fix a vector £ € R" and take w = A (k) one eigenvalue
of 1A(§) + Ly for some [y € {1,---,m}. In order to simplify the notations, we
take [p = 1. (k,w) will be the main frequencies of the solution described in the
introduction.
Hypothesis 4. There exists a neighborhood V' of k such that for all £ € V
and for all integer 7 > 2

Ai(€) # Aa(8)-
0y 0

From now on, we use the usual notations Dy = —, Dx = =X Then, equation
7 i
(1.13) reads:

1
((91; + z (—iwDy +iA(kDp +eDx) + LO)) U = fus).
Using (2.1), we get
1
(&t + = (—iwDy + i\;(kDy + EDx))) IL;(kDy + eDx )U°
€ (2.2)
= H](k’DG + €Dx)f(u6), ] =1 tom.

The first model that we introduce relies on the following idea: we want to
obtain a model that is exact for the linear regime (f = 0) and the best possible
for the nonlinear one. Moreover, one starts with initial data that are polarized
on the first eigenspace that is

I, (kDy + eDx U (t = 0) = UE(t = 0).

We now make the following hypothesis
Hypothesis 5. If m € Z, 7 =1 to m, then

Aj(mk) =mw = j =1 and m = £1.

9



One can modify the model obtained below if this assumption is not satisfied.
In fact a generalized assumption is the strong finiteness hypothesis introduced
in [12]:

Hypothesis 5. The set {m € Z such that there exists j satisfying \;(mk) =
mw } is finite.

However for the sake of simplicity, we will restrict in this work to Hypothesis 5.
Under the hypothesis 5, the spectrum of the solution will be mainly supported
by the first sheet of the characteristic variety. That is for all time, we will have
I, (kDg + eDx U (t) =~ U (t). We therefore introduce V* the solution to

1
(at + — (—iwDy + idi (kDy + €DX))) Iy (kDy + Dx)V*
(2.3)

= Hl(k?Dg + 5DX)f(V5),
and
Hj(/{?Dg + €Dx>V€ =0 fOI"j > 2. (24)

We expect V¢ to be a good approximation of 4¢. For s € R and T > 0 we
denote by Xy = L*(0,T; H*(R% x Ty)). Our first result reads as follows.

1
Theorem 2.1 Let us assume hypothesis 3, 4, 5 and let s > nt

up(X) € H°(R™) (for o large enough) satisfying

,a>0. Let

Hl(k + €DX)U0<X) = Uo(X>

Then there exists T > 0 (independent of €) and U, V*° respectively solution to
(2.2) and (2.8)-(2.4) such that

U(t=0) = V(t = 0) = e*("ug + c.c.).

Moreover

1 € € alqg—
& [M(kDy + eDx) (U = V)|, = O™

and
1
za [1L;(kDg +eDx)U | = O(c2@D+L) for j > 2,

Remark 2.1 The scalling €* allows us to see how the error estimate evolves
when the nonlinear effects decrease. Indeed, for large o, the nonlinear estimate
1s better than for small a. The case a = oo correspond to the linear regime
and the solution is then exact.

Remark 2.2 As usual for the proofs using WKB-type method, we need a lot
of reqularity on the approximate solution V. Therefore, we will impose the
wmitial data ug to be more regular than the space in wich we want the error
estimates [14].

10



Now, we can introduce a second model as follows. Thanks to hypothesis
5, we expect the Fourier coefficients of order different from +1 of V* to be
small. We therefore expect V¢ = Vi (t, X)e™ + c.c.. We therefore introduce the
function H¢(t, X) solution to

(@ + ! (—iw + i\ (k + 5DX))) I, (k+eDx)H¢
c (2.5)

=1L (k +eDx)Cy (f(He" + c.c.))

and we expect H%e” + c.c. to be a good approximation of V¢ and hence of U°.
Our second result reads as follows.

Theorem 2.2 Under the same hypothesis than for theorem 2.1. There exists
Ty independent of € such that T > Ty > 0 and a unique solution H*(t,X) €
L>(0,To; Hx (R™)) to (2.5) satisfying H*(0, X) = e%ug(z) and moreover

1 N "
= 1Oy (V%) = H (1 X) oo g gy = O

and

gia Ve — (H*e" + c.c.) ‘XT — O(eola D),

Remark 2.3 e The error estimate between V° and Hee 4 c.c. is of the same
type than that between V° and U°®.
e The equation satisfied by HE is not stiff anymore since (k) = w.

2.2 Proofs of the theorems

We begin by the proof of theorem 2.1. One first has an obvious existence result
for (2.2) and (2.3).

1
Proposition 2.1 Let ug(X) € H°(R"™) (for o large enough) and s > %

There exists T > 0 (independent of €) such that there exists a unique solution
U® to (2.2) and there exists a unique solution V° to (2.3) satisfying
U € C([0,7); H(R% x Ty)), Ve C([0,T]; H*(R% x Ty))

and
U(t=10,0,X)=V(t=0,0,X) = e*(up(X) + c.c.).

Moreover, there exists C' independent of € such that

1 1

11



This proposition is obtained by usual energy estimates. It is of course not
sufficient in order to prove theorem 2.1. Let us introduce

WF = gia U — V) (2.6)

and we consider the following decomposition of We:

W =TIy (kDg + eDx )WV + Y T1;(kDy + eDx) W<,

=2

— €2a(q71)+1a + Z Ea(q71)+1bj.
=2

In order to prove theorem 2.1, it is enough to show that the functions a and b;
are bounded in X7 = L*([0,T]; H*(R% x Ty)). Let us now write the equations
satisfied respectively by a and b;. Let us form the difference of (2.3) from (2.2)
and then apply the projector II;. Decomposition (2.1) yields (using the fact
that f is an homogeneous polynomial of degree q)

1, . 1
(8t + . (—iwDy + i\ (kDg + €DX>>> a= mﬂl(kl)& +¢eDx)-
(2.8)
- 2a(g—1)+1 alg-+1p o Sy ) o[ ye
[f(g a+Ze b]+€aV) f(gav) :
71=2
and
1
((9t + g (-iu)Dg + 2)\j<k?D9 + 5DX))) bj

(2.9)

)

1 al(q— — a(qg— 1 €
= _I1;(kDy +Dx) [f (52 (+ g 4y gl DFp, 6—av>

Jj=2

for j = 2 to m. We start with equation (2.8). We first use Taylor’s formula in
the right-hand side of (2.8):

- 1 1
2a(g—1)+1 + a(q—l)—O—lb. 4+ —ye | — —Ve| =
f (5 a 5 € it s f s

Jj=2

1 m
1
_ / e 20(g—1)+1 a(e-)+1p | .
—/0 f <€aV +1/<5 1 a+ E g™ b]>)

J=2

. <€2a(q1)+1a + Zga(ql)Jrlbj) dv.

=2

12



f is an homogeneous polynomial of degree ¢ since H?® is an algebra for s large
enough, hence this quantity can be estimated in Hy  norm by:

o 1 1
Ay (1) = 2a(qg—1)+1 a(q—l)-i—lb. T ye ) Y
(1) ‘f((s at Y e et A Y

j=2
m

—1 —1

< +Z|bj;{ls) : <|a
j=2

We now use an integral formulation of (2.8):

?

Hs

H) . (2.10)

%
< Ol DAL (|20t 4 g
>~ ca H

e+ Y[
j=2

a — 6_é(_ZwD9+l>\1(kD9+5DX))ta(t g 0)

t

1 . .

+/ ga(q71)+1 e—%(—zng-H)\l(kDg+£DX))(t—T)H1(k,Do + ED_)()'
0

. [f <€2a(q1)“a(r) + Zaa(q*1)+1bj(7') + glaVE(T)> —f (iVE(T)>] dr

(0%
=2 ©

and using (2.10)
VR e -1 =
|alns(t) < !@(0)\HS+C/O = [+ lals + > Abileet | lalas + > 1bjlae | dr.
s =2

1

Using the fact that —|V|gs is bounded thanks to proposition 2.1 and that
ga

a(t =0) =0, one gets

t m
0 =2

We now deal with equation (2.9). The main point is to recover one power of €
with respect to the right hand side using the ”elliptic inversion” corresponding
to the operator —iwDy + i)\;j(kDy + eDx). We first rewrite equation (2.9) as
follows:

la

H5> (1)dr. (2.11)

1
(8t + g (—ing + Z)\J(/{?Dg + SD)())) bj
(2.12)

Y

1 ol m . 1.,
:gHj(kD€+5DX) [f <€2 (g 1)+1a+z€ (g 1)+1bj+5_av>

Jj=2

13



we write the nonlinear term under the form
f €2a(q71)+1a+ Zga(qfl)Jrlb' + lvs . f K + f K )
s T e g g
An integral formula for (2.12) gives:

t
bj — 1/ e—%(—ing—i—i/\j(k:Dg-i—aDX))(t—T)Hj(kDe +5DX)
€ Jo

m Vg VE
) 2a(g—1)+1 alg=U+1p. 4 7 ) _ -
[f(e a+z<€ J+€a) f(ga)

=2

(1)dr

I . . %
+_/ 6_%(_le9+Z>\j(kD9+€DX))(t_T)Hj(kD@ + 8DX)f <_) (T)dT,
e Jo 5

= Cj + dj.

Obviously, one has in the same way that for the estimate of a:

t m
s (1) gc/ <1+|aHs+Z|bj
0 =2

We still have to estimate the term d;. The idea is to perform the ellip-
tic inversion on the nonlinear term associated with V¢ (that is f(V¢) which
is relatively well-known (at least asymptotically)). We introduce (;(D) =
—wDy 4+ X\j(kDg + eDx) and the term d; can be therefore written:

[

H5> (1)dr. (2.14)

1

t . £
dj =~ / I;(kDg + eDx e~ eP(PIE=7) (V_
0

€ e

> (7)dr. (2.15)

In order to use the oscillatory behavior of the exponential, we split the function
V* into a low-frequency and a high-frequency part

V‘E:l{ }V‘E—l-l{ }VE,

|DX|Sﬁ |DX\>ﬁ

=V +Vs.
Again, we write d; as follows:

s=1 L1 (kD + £ D Jem A P)=7) [f <V_<T>) y (Vf “)H i

€ ex o

1 [t 1. -
+2 / I1;(kDy + Dy )e e 5 D)D) ¢ <V1€g)> ar.
0

= €j + f]’.
(2.16)
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We begin by estimating e;

1 t ; 1 5 5 £
i= 2 [ 0Dy +eDy)e ) [ (M) 2 dadr,
0 0

9 e
and : :
Ll Ml
IGjHSSE/ <€_a 5_04 T.[HdT.
0 Hs Hs
Now since . .
|V’L Hs < |V Hs
gx T g@
1
for i = 1,2 and thanks to proposition 2.1, @ is bounded, one has
EOL
-1 -1
A
& lus & lms
one gets:
C ["|Vs s
|ej|Hs S _/ | 2(7—) H dr.
e Jo ol
Moreover, for all N € N and for all s € R
V€1{|DX|>\% < CeM V¥ jovan
€ Hs
and therefore
We now deal with the term f;
t )
f = 1/ I1,(kDy + eDy e 5P g (M) .
€ Jo ol

Now thanks to hypothesis 4, one can apply the following result of nonlinear ge-
ometrical optics (see [14]): there exists a regular function F'(¢, X) (independent
of €) such that

o F(t,X)e® + c.c. + O(e),
the O(e) being for example in L>(0,T; Hy x(R" x T)) norm. Plugging this
expression into the expression of f; yields

1

t
j — ~ j _éﬁj(D)(t—J) 0
fi= 5/0 I1;(kDg +eDx)e f (1{|ng¢1g} (F(t,X)e +C'C,)) do

+O(1) = h; + O(t).

Now, since f is an homogeneous polynomial of degree ¢,

f <1{|ng;g} (F(t, X)e” + c.c.))

15



has the form:

q

e +ece)) = a’ e
f(1{|px|g¢lg}(F(t7X) + )) > aat, X)e”,

B=—q

where aj(t, X) are regular functions, bounded independently of ¢ in spaces like

WHe(0,T; H5(R™)) for k large enough. Moreover, since the aj are products

of components of 1 { }F and 1 { }F , the support of the Fourier

1
IDx|< % |Dx|< L

transform of aj is included into < £/ [¢] < KNG Taking the Fourier trans-
€

form of h; with respect to # and X (denoting by | € Z and { € R” the dual
variables of # and X) gives

. 1 [t ;
hi(l,€,1) = /0 L (k1 + e€)e™ st H=Ol=Da8 (7. ¢)dr, (2.18)

for | = —¢ to ¢. Now thanks to hypothesis 5, for all I, lw # A;(kl) since j > 1.

Moreover, since the support of € — a;(s, &) is included in {5/ €| < i}, it
€

follows that there exists g > 0 and ¢ > 0 such that Ve < ¢, for all [ = —q to

q, for all £ € {f/ €] < %}’

|—lw + A (kL + €€)| > 6. (2.19)

We perform an integration by part in time on (2.18) and get:

1 —1€ i t
(l £ t) [ 672[7lw+>‘j(kl+5£)](t*7)n4(]{;]' + 55)&6(77 g)
o+ A (Kl + =€) J l i
L[ 2 [l (ko) (t—
o Tk (k] + e€)05 (7, §)dr
J

Therefore using (2.19)

(60| < 5 (a1 + 70,90 + 3 [ 104 ©)lar
for all | = —q to q. Tt follows that
Iyl (1) < COL+ 1) (2.20)
One deduces that
£ lae(8) < C(1+ 1)

and with (2.16) and (2.17) we get

|d;

s (t) < C(1+1).
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Inequality (2.13) and estimate (2.14) give together with the above control of
dj:

b

t m

Now we recall the estimate (2.11) of a:

Hs(t)gc/ot <1—i—|a

e+ > |b;

=2

H> (r)dr + C(1 +1). (2.21)

Hs> (1)dr.

s, one gets using (2.21)

la

e+ Y 1b
=2

Introducing y =1+ |a

t
y < c/ y!(o)do + C(1+1),
0

which implies that there exists Ty > 0 and C > 0 such that y is defined on
0, T5] and |y|Le(0,1,) < Co. This ends the proof of theorem 2.1.

2.3 Proof of theorem 2.2.

We will now compare the solution V¢ given by (2.3)-(2.4) and H® given by
(2.5). The proof is mainly the same than for the previous result, we only

sketch it. Introduce
V=) Vit X)e™.
BEZL
The equation satisfied by Vj is

(@ + é (—iwf3 + id (kB + er))) I (kB+eDx) V5 = T (kB+2Dx)Cy (V7))

1
Introduce X® = — [Vf — H°| where H* is the solution to (2.5). The equation
ga

v
satisfied by 2 for B#1or —1is
E:O(

€

(& + % (—iwf + i\ (kB + EDX))) Hl(kﬁ+€DX)§ =TIy (kB+eDx)e* Vs f( o

Vs Vs

An elliptic inversion on — gives an estimate of —5 of size eV for 5 £ +1.
£

o
Now the equation satisfied by X°¢ is

1
(at + - (—iw + i\ (k + sDX))> I (k+eDx)X®

=TI, (k + eDy )@V [Cl (f(ﬁ)) e (f(w)ﬂ .

(2.22)
8a
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Now write V¥ = Ve 4 c.c. + V°. Then the right-hand-side of (2.22) reads

Cy (f(ﬁ)) el (f(M)

e o

He i0 . ' \ e He i0 c.
e (f (& X 4o +V_> L (ﬂ)) |
ex ex ex

Heei® . A \ )€
~ (f’ (ﬂ) [X‘Eew—{—c.c.%—v— > .
6&

ga
f}a

80{

Integrating (2.22) in times gives

do.

HS

t t
‘XEIHS (t) < / ga(Q*l)ClXE‘HS<O,)dO, +/ Cga(qfl)
0 0

But v O(*@=V+1) Tt follows that
ga

‘X’LOO(O,T;HS) = 0(52a(q_1)+1)

which is the desired result.

2.4 Some extensions.

Note that if a = 0, that is for O(1) solutions the error estimate is the same
than for usual geometrical optics. The estimate is in fact better for a > 0.
Recall that £ is the size of the initial data and hence of the solution. But
if @ > 0, then standard technics on (1.13) ensures existence for time of size
1
ga(q—l) '
such time interval. The answer is affirmative and one has

The natural question is then to know if our estimates are valid on

Theorem 2.3 Under the same hypothesis than for theorem 2.1, there exists
Ty > 0 and Cy > 0 (independent of €) such that

1 € € a(qg— ga( —-1)
o |IIy(kDg +eDx) (U =V )‘Lm(O,t;Hg‘X(Tan)) < Cpela=D+1 <601 a1 1)
and

1 o
ca [Ty (k Dy + gDX)ue|L°°(0,t;Hg7X(’IF><R”)) < Cie X 1)+1t7

1
< —-.
as long as t < pevpmsy Moreover

1 € € alg— 1e(a—1)
5_04 |Cl (V (t>X= 0)) - H (tv X)|L°°(O,t;H§((R")) < Cie =D+ <€1C - 1>
and

1 .
o |V5(t, X,0) - (He(t,X)ew + c.c.) < Cyetla-D+y
60&

|L°°(0,t;H§‘ (TXR™))

long 1 < —11
as Long _ém

18



That means that our asymptotics are uniform on long time interval. See the
next section for numerical illustrations of these results.

Remark 2.4 Suppose that for all X € R™, f(X)-X =0, then for any solution
Ve to (2.3) one has

/’V6|2(t)dXd9=/IVEIQ(O)dXdH

and for any solution H® to (2.5)

/ny\(t)dX:/mf\(O)dX.

That means that if the initial model is conservative, then the asymptotic one
1S conservative as well.

3 Some numerical results.

3.1 An example.

In this section, we want to compare numerically the solutions of the different
asymptotic regimes and we want to see to which extent the error estimates
that we have proved in the previous section are effective. We choose to make
the computations on a simplified system which is dispersive, nonlinear and
preserves the L? norm. This system is:

O+ Oy — - = —(u? + v,
3
(3.1)
O + Oyu + g = (u® + v*)u.

The characteristic variety of this system is the set
{(w,k) eR?) W =1+Fk"}.

Hypothesis 3 and 4 are therefore satisfied. For hypothesis 5, suppose that
w? = 1+ k? and that for m € Z one has m?w? = 1 + m?k?. It then follows
that m = £1 and hypothesis 5 is satisfied.

We now derive the asymptotic models corresponding to (3.1) in the geometrical
and diffractive regimes. We refer for example to [13] for the case of diffractive
optics.
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3.1.1 The geometrical optics regime.

One search an approximate solution in the form:

( up(t, x) ) gt

vo(t, x)

Then one obtains ,
1k —1
Ug =

Vo (3.2)

w
and

k 4i
Ortg + =00 = £|u0|2u0, for ¢ € [0, Ty]. (3.3)

3.1.2 Diffractive optics.

One search an approximate solution in the form

Uy (ta lL‘) jhz—wt
( vl(t,x) )e + c.c.,

but on long time-scale with u;(0,z) = O(y/€), v1(0,2) = O(y/€). One gets

U1 (34)
and

k ' 49 T
Ouy + —0pup — Z—i@iul = —Z|ul|2ul7 for t € |0, —1] (3.5)
w w w €

3.1.3 The new model.

One search for a solution in the form
Up(t, ) \ jre—wt
(02(t7x> )e + c.c.

i(k+eD,)—1
Ug =
in/1+ (k+eD,)

and one gets

= (3.6)

and

@(“Z)+§(¢1+<k+em>2—v1+k2)(gz)

U2 2

1 i(k+eDz)—1

2i/1+(k+eDy)? —2(Jug|* + |va|*)ve — (u3 + v3)vy

i(kteDy)+1 1 =2(|uz]? + Jva|*)uz — (u3 + v3) s

2iy/ 1+ (k+eDy)2 2
(3.7)
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Of course thanks to (3.6), we can restrict ourselves to the first equation of
(3.7) and setting

. (k+eD,)—1
w(D,) = Metela) -1
in/1+4 (k+¢eD,)?
one obtains
G + kd, — ie0?
u U
T T+ hteD 2+ VIt R
3.8
— (usf? o+ o) — 22 + 2 (38)
+17(Dy) [(Jua]® + |va|*)uz + 2(u3 + v3)Us)
with ]
Vg = ——1Ug, 3.9
CpE(Dy) (39)

which is the complete system.
Finally, the same system with the Kerr nonlinearity is used in practical appli-
cations in [17] and reads

kd, — ie0? 44
Uz = —|’LL3|2’LL3. (310)
V14 (k+eDy)?+ V1+ k2 w

6,5'&3 +

We will also compare our system with that one.

3.2 The numerical method.

We restrict ourself to the case z € [0,1] with periodic boundary conditions
and we use a spectral method in the space variable x. For time discretization,
we adopt a splitting technique.

e For system (3.1), suppose we have built an approximate solution (u(ndt), v(ndt))
at time ndt; one first integrates the linear part explicitly in Fourier variables
with initial data (u(ndt),v(ndt)) over one time step. This gives an indermedi-
ate value (u;,v;). Then one integrates the nonlinear part

(%)= ()
v (Juf* + [v*)u
with initial value (u;,v;) explicitly over one time step. This gives (u((n +

1)ot), v((n + 1)6t).
e For the geometrical optics equation (3.3) one has the exact solution

k. oa
up(t, z) = Az — Zt)els A= S0P (3.11)
w
where A(x) = uo(0, z).
e For the diffractive regime (3.5) we use the same strategy than for (3.1). We
omit the details since it is a standard procedure for the nonlinear Schrodinger
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equation (see [4] and reference therein for a more detailed study).
For the new model (3.8). Suppose that one has the Fourier transform of
ug(ndt): s (not). One solves the linear part of (3.8):

N ik& + &> X
2
V1+ (k+e8)?+V1+ k2
with initial value 49 (ndt, &) on one time step. One gets an intermediate value
Ug;. Onme then obtains an intermediate value of 05 called 0y; using (3.9). We

then perform an inverse Fourier transform of y; and 09; in order to obtain us;
and vy; and then one construct the nonlinear terms

atu2 )

NL1 = —(|ug;|* + vai|*)va; — 2(u3; + v3;) s

and
NL2 = (’u21’2 + ”UQZ"Q)'U/QZ' + 2(“%1 + U%i)ﬂgi.
Next we perform a Fourier transtorm of NL1 and NL2 and compute NL1+
pf(§)NL2. The value of 4s((n + 1)dt) is obtained by the explicit Euler scheme
aﬂm+iﬁﬂ:am+&[NLL+ﬁ@ﬂW2.

e For the modified system (3.10) the nonlinear step is explicit just like for (3.5)
or (3.1).

All these schemes are of order 1 in time.

3.3 Numerical results.

We have performed simulations with € = 1072 or £ = 1073, All the results are
given in the case where the numerical solution has converged, that is a division
of the time step by 2 and a multiplication by 2 of the number of points for the
spatial discretization does not change the result. We use L? norms in order to
compare the solutions. We take an initial value for u in the form

u(t=0,2) =¢e" (eik?ch(x) + c.c.> ,

for & > 0. All the simulations are done with £ = 27 and w = /1 + (2m)2.
The initial value for v is obtained by using (3.9). That means that one takes:

() =

ME(Dz)go(:E) and

v(t=0,2) =" (e"k?zw(a:) + c.c.) .

The initial data for ug, u, us and wug is of course ¢(x). We call

ckrx—wt ‘

‘Maq—s%w@,wls +ee),

Coc0 = oy [ult, )],

9
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that is the maximum of the error between the exact solution of (3.1) and the
approximate solution given by the geometrical optics approximation (3.3) on
the time intervale [0, T]. Here | f|o denotes the L? norm on [0, 1] of the function
f. We also introduce

ikz—wt

u(t, ) —e*(ur(t,-)e" = +c.c.) ,

CAif = o ut, )1,

that is the maximum of the error between the exact solution of (3.1) and the
approximate solution given by the diffractive optics approximation (3.5) on
the time intervale [0, 7] and

ikz—wt )

u(t, ) —e*(ua(t,-)e" = +cc.

Cnew — tlel%ﬂa,%(] ]u(t, )‘2 )

that is the maximum of the error between the exact solution of (3.1) and the
approximate solution given by the new model on the time intervale [0, 7] and

kExr—wt

u(t, ) —e*(us(t, )’ = +cc.) )

Cnewkerr = trerf(ia,};] ‘u(t, )|2 )

that is the maximum of th error between the exact solution of (3.1) and the
approximate solution given by the new model with Kerr nonlinearity given by

(3.10) on the time intervale [0,7]. We denote by N the number of Fourier
modes in space and N; the number of time steps.

3.3.1 Time of order 1.

e Case 1. We begin with ¢(x) = ¢~ (r=3)?i10c0s(@) with ¢ = 0 and we compute

for x € [0,1] and ¢ € [0,1]. The errors at T'=1 are:

H [c=10"]e=107]

€geo 21072 | 231073
€diff 21072 2.31073
Cnew 191072 ] 2103
Crewkerr 21072 [ 231073

For ¢ = 1072, the convergence on the errors is reached with N = 1024 and
N; = 1600. For € = 1073 the convergence is reached with N = 16384 and
N; = 12800. For all cases, the error is of order € as predicted by the theory.
The simplest model (geometrical optics) is precise enough.

e Case 2. We made a test for smaller solutions, namelly a = % The error at
T =1 are

23



H

[e=10"7[e=107"]

€ge0 33103 || 3.2 1071
Caif f 17104 | 1.810°°
Cnow 161074 | 1.910°°
Cnewher 191074 | 210°°

For ¢ = 1072, the convergence on the errors is reached with N = 1024 and
N, = 1600. For ¢ = 1073 the convergence is reached with N = 16384 and
N, = 12800. Basically, the error for geometrical optics is the worst (of order
¢), however, it remains very satisfactory. The others are of order €2 as predicted
by the theory.

e Case 3. For chirped initial data:

u(t =0,z) = (6775(9371/2)2ei15008(15x)€ik€l +ec),

x € [0,1]. Such kind of solution can occur after diffraction webs for example
or for laser with large spectrum. The errors at T =1 are:

H [c=107]e=10"]

Coeo 08 | 57107
Cdif f 0.17 1.2 1072
Enew 0.023 1.91073
Enewkerr 0.21 1.41072

For ¢ = 1072, the convergence on the errors is reached with N = 1024 and
N, = 1600. For ¢ = 1073 the convergence is reached with N = 16384 and
N, = 12800. For ¢ = 1072, the error for the complete new model is 2.3%,
the other errors are above 15%. Such errors are not acceptable in practical

applications. As an illustration, one can find on figure 5 the modulus of the
kzx—wt)

amplitude (that is without the phase factor e’ = ) of the first component for
the three models : the new model, the geometrical optics and the diffractive
optics at the final time. As seen on the figure, the amplitude as well the
positions are false for the diffractive and geometrical optics regimes.
For e = 1073, the result given by Shrodinger equation and the new model with
the Kerr nonlinearity are correct. The geometrical optics give the worst error
and the complete new model the smallest one.

e Case 4. For smaller solutions: we made the same test but with a = %
The errors are:

H [c=10"]e=107]

€geo 091 [ 6.910°2
€diff 0.32 2.3 10_3
Crow 17107 [ 1.710°©
Crewherr 21103 || 1.510°°

For ¢ = 1072, the convergence on the errors is reached with N = 1024 and
N, = 1600. For ¢ = 1073 the convergence is reached with N = 16384 and
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N, = 12800. As in the previous case, geometrical optics and the Schrodinger
models give high errors for ¢ = 0.01. Both new models are correct however.
For e = 1073, the conclusions are the same than in the previous cases.

3.3.2 Diffractive time.

We now consider long time behavior : T" = 50. )
)
e Case 5. We begin by a regular initial data and we take ¢(z) = e~ To=3)" gicos(x)

and o = 3 One gets the following errors:

H [c=10"]e=107]

€geo 0.13 1.31072
€diff 241073 2107
Cnew 17107 | 310°°
Cnewkerr 561072 || 510°°

For ¢ = 1072, the convergence on the errors is reached with N = 2048 and
N, = 80000. For ¢ = 1073 the convergence is reached with N = 8192 and N, =
320000. The geometrical optics gives of course a false result since diffractive
effects are important. The result given by the new models are better than that
of diffractive optics that is however perfectly correct. Any of the three models
can be used in practical applications.

e Case 6. For chirped initial data, we take

go(x) _ (6—75(%1/2)2ez‘15cos(15x) + c.c.),

1
x € [0,1] andazéforT:50:

H [c=107]e=107]

€ge0 15 1.6
Edif f 1.4 0.11
Enew 51074 3107°
Enewkerr 0.08 8 10_4

For ¢ = 1072, the convergence on the errors is reached with N = 2048 and
N; = 80000. For ¢ = 1073 the convergence is reached with N = 8192 and
N; = 320000. Only the complete new model gives an acceptable error. All
the others give bad result. The new model with Kerr nonlinearity gives a
satisfactory result for small € but not for ¢ = 0.01. One can see the evolution
of the solution at time n@ on figure 3, and on figure 4 the same but with the

solution given by the Schrodinger equation which is far away from the reality.

3.3.3 Conclusion

For small times, chirped initial data or not, the diffractive model is satisfac-
tory. For diffractive times and not chirped initial data, the diffractive model
is satisfactory. The geometrical optics regime (that is the explicit solution) is
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valid on short times.

For diffractive times with chirped initial data, the new model is very useful.
The new model with Kerr nonlinearity is intermediate in terms of quality. In
any case the solution given by the new system can not be distinguish from
the exact one and will be therefore very usefull in practical applications. We
postpone the application of this theory to physical cases with more numerical
test to further work.

The main problem of our theory is the boundary conditions. Clearly, because
of the pseudo-differential nature of the new model, it is not easy to take into
account non-periodic boundary conditions. One of the possibility in this di-
rection is to take one space variable as variable of evolution. This process is
under investigation.
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Figure 1: Real part of the first component of the solution of system (1.17)
with € = 0.01 at time T" = 50, with chirped initial data, case 6.
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Figure 2: Real part of the approximate solution of the first component of
system (1.17) with € = 0.01 given by the nonlinear Schrédinger equation (3.5)
at time 7' = 50 , with chirped initial data, case 6
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Figure 3: Real part of the first component of the solution of system (3.1)
50
with ¢ = 0.01 at time ¢ = n— for n = 0---8 with chirped initial data and

a = 1/2. First line, from left to right, n = 0, 1,2, second line, from left to
right, n = 3,4, 5, third line, from left to right, n = 6,7, 8, case 6.
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Figure 4: Real part of the approximate solution of system (3.1) with ¢ = 0.01
50
at time t = n— for n = 0---8 with chirped initial data and oo = 1/2 given

by diffractive optics approximation. First line, from left to right, n = 0,1, 2,
second line, from left to right, n = 3,4, 5, third line, from left to right, n =
6,7,8, case 6.
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Figure 5: Amplitude of the first component of the approximate solution of
(3.1) at the final time with chirped initial data, & = 0 given by the geometrical
optics, diffractive optics and new approximations, case 3.
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