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Abstract

In this paper, we present a numerical method for the Maxwell-Bloch equa-
tions which modelize the nonlinear interaction between a laser and a crystal.
The propagation of the laser involves different time and length scales during the
nonlinear long time interaction with the matter. We avoid the use of a mesh
size smaller than the wavelength. We do not use the paraxial approximation
but we use the fact that the solution is rapidely oscillating. In the spirit of [6],
we propose a discretization of a singular equation based on a profile decomposi-
tion. We obtain a method which is asymptotic preserving (that is the paraxial
approximation made on the discretization gives the discretization of the non-
linear Schrédinger equation). We perform 2D computations. We numerically
investigate the effectiveness of the WKB expansion and show that, under some
assumptions, it may not be always valid.
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1 Introduction

1.1 Physical framework

Ultrashort powerful laser pulses enable the study of more and more complex non-
linear situations in optic, like frequency doubling, nonlinear self focusing or Raman
growth. The need of numerical simulations increases and one needs accurate and
cheap numerical methods that can be used for a wide class of situations.

A lot of different models exist for describing nonlinear phenomena (see [15] for
instance). We present here two of them:

e The macroscopic model: the response of the matter to the electro-magnetic
wave is measured on a large scale, compared to the wavelength of the laser. In
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a dimensionless form, one can write such a system (Maxwell-Lorentz system)
under the form:

B = —rot(E),
oE = rot(B)—-0,P,
-LoP+P - ¢P? = \E.

The parameters w, ¢ and x; are non dimensional parameters and P is the
polarization.

e The semi-classical model: the response of the matter to the electro-magnetic
field is given by a quantum dynamic type description (the polarization), whereas
the electro-magnetic field is classically given by the Maxwell equations. Such
a system (Maxwell-Bloch system) is given by:

0B = —rot(E),
OoE = rot(B)—-0oP,
P = n,Tr(pp),

where p is the dipolar matrix of the atom, p is the density matrix (which
describes the states of the electron of an atom). The matrix p satisfies the
optical Bloch equations (see below).

A presentation of these models is given in [9], [4] or [15]. The different scales that
occure are the following:

e The wavelength of the laser is about the micrometer and the length of the
pulse is between a hundred micrometer and one meter.

e The propagation length is of the millimeter in crystals and of hundred of meter
in gas.

e The duration of the pulse stands between 100 femtoseconds (1E-13s) and 10
nanoseconds (1E-8s). The delay of the propagation is about 1E-11s for crystals
and about 1E-6s for gas.

Classically, the Maxwell equations are solved by using a finite difference scheme (the
Yee scheme for example) and a Cranck-Nicholson method is used for the polarization
equation (see [3, 16] for both macroscopic and semi-classic models). The Yee scheme
keeps the properties of the continuous operators. But there is a large difference of
scales between the wavelength of the signal and its propagation length (the latter
being large compared to the former). Hence, using a finite difference method like the
Yee scheme leads to a very thin mesh, hence to a huge quantity of data to compute.

1.2 Description of the method

The aim of this paper is to extend the method of [6] in a 2-D context, using a
pseudo-spectral method and to get rid of the moving window technic. We study the
semi-classical model (the Maxwell-Bloch equations), when the matter is a crystal
composed of atoms whose electrons have 2 levels of energy. The signal will propagate
on long time.



As mentioned in the previous paragraph, we deal with a signal involving different
scales. More precisely, for dimensionless variables, the oscillatory frequency of the
signal is of order % (e < 1), and the signal propagates on large distances (typically
of order %) This implies that a finite difference scheme must have a number of
discretization points (in the space domain) of order % (Nz > 1) and a number of
discretization points in the time domain of order %, (N¢>1).

We want to get rid of these different scales, so that the time-space domain will
be discretized with N, x N; points, that is a gain of e ~3 points. More precisely, we
will see in section 3 that the Maxwell-Bloch equations enter the following class of
systems:

O Ve(t,x) + A(0x)VE(t,x) + %Ve(t,x) = F(V&(t,x)), (1)

where t € R, x = (z1,---,24) € RY A(0y) = Zgzl A;0y,, A; being symmetric
matrices, Ly being a skew-symmetric one, F' : R? — RP is a smooth mapping and e
the small parameter. The initial datum is given by

VE(0,x) = emeY/b(X) + c.c.,

where c.c. denotes the complex conjugate and k € R? is the wave vector. Those
systems has been extensively studied by J.L. Joly, G. Métivier and J. Rauch (see
[11], [12] [13]), by Donnat ([9]) and D. Lannes ([14]). Note that the initial data for
V¢ is not bounded in any H® for s > 0. It is also the case for the solution to (1). In
order to have better properties, the idea is to write V¢ using a profile decomposition
VE(t,x) = Vo(t,x,0), where § = @ and (w,k) € R x R satisfies the dispersion
relation of the medium. We choose a profile which corresponds to what we want to
study (long time propagation, small nonlinearity). The phase is modeled by 6 (fast
variable) and V¢ is taken as being periodic with respect to 6.

In our case, as the interaction between laser and matter occurs in long time
(diffractive optic), we will choose the following profile:

k.x —
Va(t7x) = V&‘ <€t,X - katv %) ) (2)

where x € R? and Viw being the group velocity.

Of course, the profile V¢ is not well-defined by (2). In order to have a correct
definition, we will give the system of equations satisfied by V¢. Indeed, if such a
profile V& (7, X, 0) exists, then it satisfies

(<0, — Viwdx — Zp) V< + é (A(KDy+20x) + Lo) V5 = eF (V°),  (3)
for every 7 = et, X = x — Vygwt and 0 = @ In order to define V¢, we
impose that it satisfies (3) for (7, X,0) € [0,7] x R? x [0,27]. The initial datum is
Ve (1,X,0) = PV (x) + c.c..

It is easy to show that there exist solutions to (3), defined on (7, X,0) € [0,T] x
R?x [0, 27] that are bounded in L ([0, T]; H* (R? x [0, 2n])) with respect to e, for s
large enough. As noticed above, the solution to (1) is not bounded as & — 0 whereas
that of (3) is. One can therefore suspect that the solution to (3) will be easier to
compute than the one of (2). Indeed, V¢ involves oscillations in time and space of



size € and is defined on a time scale of size O (%), while the variation of V¢ are of
order O(1) and 7 — V¢(7) is defined on a time interval of size O(1).

The main problem is the variable 6. As done in [6], we expand V¢ in a Fourier
serie with respect to 8. Writing V¢ = zjeZ Vajeijg, we obtain an infinite system
of PDE’s. Denoting by P; the projector on the j*® Fourier mode, that is, if U =
> iz U;e?, P;(U) = Uj, one gets

({20~ Tt = 22) + 2 (i + c0x) + L) ) V¥ = o8 (7 (7)),

for j € Z.

As in [6], we truncate this system and in practice, we only need to compute
the solution of this equation for j = 1 and 7 = 3. Note that the use of the group
velocity Vgw enables us to get rid of the moving window technics used in 1-D in [6]
and allows us to use a pseudo-spectral method for the space discretization.

Classical results (see [9] for instance) show that if V¢(0,x) is small enough, then
the profile V¢ tends to a solution of a nonlinear Schrédinger equation, as € tends to
0. This result, that we recall below, will be used in order to validate our approach.

1.3 Outline of the paper
This paper is organized as follows:

e In section 2, we recall some results about the obtaining of the Maxwell-Bloch
equations. Then we will give a dimensionless form of the equations and the
different assumptions that we will make.

e Section 3 will be devoted to the WKB expansion mentioned above. We present
the theoretical framework and some known convergence results that we will
use later. We will compute explicitly the WKB expansion performed on the
Maxwell-Bloch equations. This one will be useful in order to validate our
numerical scheme: we will compare our numerical solution with the one given
by the asymptotic expansion.

e Section 4 will present the numerical schemes: as we want to validate our nu-
merical results by using the nonlinear Schrodinger equation mentioned above,
we briefly present a classical scheme to compute it. Then the numerical scheme
of the Maxwell-Bloch equations will be introduced.

e Finally, section 5 will present the numerical results and their consequences as
for the relative behavior of the solution of the Maxwell-Bloch equations and
the nonlinear Schrédinger one.

2 Modelization

The aim of this work is to introduce an efficient numerical scheme of the semi-
classical model describing the laser-matter interaction. We suppose that the mat-
ter is composed of atoms with two-levels energy electrons. First, we briefly recall
how the Bloch equations (which describe the response of the matter to the electro-
magnetic field) are obtained in that case and how they are coupled to the Maxwell



equations. Then, we will put the equations in a dimensionless form and we will set
the assumptions that we will make.

2.1 Polarization, optical Bloch equations

For more details about these models, one can see [7], [1] and [4].

Modeling the interaction between a material and an electro-magnetic field con-
sists of coupling the macroscopic quantity E (the electric field) and B (the magnetic
induction) with the quantum quantity P (the polarization):

0B = —rot(E),
g0t E = ﬁrot (B) — o,P, (4)
div(B) = 0,

div(E+P) = 0.

The permittivity ¢ and the susceptibility pg are those of vacuum. There is no
electric density of charges and no electric current, so that the divergences are free.
In general, if the density of the atoms by unit of volume of a material is n, and if the
polarization of one atom submitted to an electric field is P,, then, the polarization
P is equal to n,P,. It suffices to compute P, with the help of the quantum physics
and to find what kind of equations it satisfies.

Let us consider the Hamiltonian H of an atom submitted to an electro-magnetic
field E. It can be rewritten as the sum of the non perturbed Hamiltonian Hg and the
perturbed Hamiltonian H;. In our case (a two-levels energy electron), Hy is a 2 X 2
symmetric matrix whose eigenvalues are 0 and wy 2. The eigenvalue wy 7 is linked to
the energy that the electron must receive to reach the excited state from its stable
state of energy. The value of Hy is Hy = —e (E,R) 14, where e is the charge of an
electron, and R the vector from the center of the atom to the point we are looking
at. Finally,

P.=c¢ / RyypdQ, (5)

where 9 is a state of the electron.

To obtain the equation satisfied by P,, we introduce a1 and ao, the projections
of a state v respectively on 17 and 3, the two eigenvectors of Hy respectively
associated to the eigenvalues 0 and wy 2. From (5), it is easy to show that

P, = 2Re (a1a2p1,2),

where p1 2 is a fixed vector which depends only on the atom (it is the polarization
vector of the atom).
From the Schrodinger equation

Ay
ZE_Hw7 (6)

we deduce the optical Bloch equations satisfied by a1 and as:

(E7p1 2)
ai . 0 —5 al
o ( a2 > - ( 7(E’%1’2) —W1,2 ) ( a2 ) . @



Finally, the Maxwell-Bloch equations are

0B = —rot(E)
g0 E = irot (B) — 0P
P = 2n,Re(aiazpi2) (8)

ay . 0 7(]37%1’2) al
Oy a = 1 (E,p1,2) a .
2 T —w1’2 2
Remark 2.1 The quantity ]ai]2 s the probability that the electron is in the state i

(i=1,2). It follows that |(11|2 + |0L2|2 =1.

We now give a dimensionless form of (8).

2.2 Dimensionless form of the equations

We introduce R = ajazp1,2, the complex polarization and N = 1 — \a1|2 + |a2|2.
The Bloch equation (7) allows us to write

(E7 p1,2)

8tR = iu)l’QR + ') 7

(N — 1) p172.

In order to close the system, we find the equation satisfied by N:
E,R E,R

Recall that E and pq 2 are real vectors. If we note P and Q respectively the real
part and the imaginary part of R, and p the norm of py 2, then (8) can be rewritten
as

0B = —rot(E),

OE = rot(B)+ 2e12q,

P = —wi2Q, (9)
9Q = wi P+ E,

N = —4BQ

We introduce the dimensionless variables as follows: the fields F, B, P and @) are
given by E = EoE, B = ByB, P = P,P and Q = QoQ, where Ey, By, Py and Qg
are the reference values which will be fixed later on. The space variables (z,y, z)
are given by (z,y,2) = d(Z,9, Z), where d is the length of the pulse. The time ¢ is
given by t = tgt, where tg is the duration of the pulse.

The velocity of the wave is given by ¢ = (80/1,0)_2 and the different orders of
magnitude are given by:

toc = d,
dBy = toky,
PO - Q07

2n,Qo = eovak,
2nap® The small parameter ¢ is equal to € = (ngtO)*l. Denoting by

where o =
heowi,2



Oé’

2
g =2 <E0—Flzto> —L_ " the equations become (omitting the tilde notation):

0B = —rot(E),
oE = rot(B)—i—@Q,
P = -1q, (10)
8Q = lpyW=Vop
2
aN = -2 (E,Q).

The physical framework being the one of a high energy laser with short pulse
crossing a crystal, the order of magnitude of the physical quantities are (in S.I. units)

Avogadro’s number n, | 1E28
Polarization p 1E —29
Planck’s constant A 1E — 34
Permittivity of vacuum &9 | 1E—11

Self-pulsation of the atom wio | 1E15
Pulse of the laser ¢y | 1E—13
Amplitude of E  Ey | 1ES8

so that one obtains the following order of magnitude for the parameters:

e|1E -2
all
611

Of course, we can simulate less powerful laser (smaller Ey, which gives a smaller ¢).

Simplifications: The last equation of (10) has a nonlinear term with large coef-
ficient, which can raise huge numerical problems. Hence, we use the fact that the
excited state of the atom is far less populated than the stable one:

|ag| <aal. (11)
As |ai|? + |az|® = 1, one gets
N =1= (1= o) +]asf = 2 asf. (12)

From this equality, we can easily deduce that

R|* = |a1]* az|” p* = (1 — \%’2) las)* p? = (1 - —> —p°, (13)

so that NV is the root of a polynomial of degree 2. From (12) and (13), we find that

2|R?
N ~ | 2’ . (14)
p
Remark 2.2 With the dimensionless quantities, one gets
Be?
N~ (PP +1QP). (15)



Note that this approximation can be seen as a particular version of the change of
variables introduced in [5] or in [11] that corresponds to some transparency property
of the system.

With this approximation, we can get rid off the last equation of (10) so that

B = —rot(E),
OE = rot(B)+ @Q, .
oP = -1Q, (16)

0Q = 1P-LE+5E(PP+(QP).

Finally, we restrict ourself to the magnetic transverse mode (the quantities do not
depend on the z variable, so that B has two components b, and b,, and E, P and Q
have one, which are respectively denoted by e, p and ¢). Hence we obtain the final
form of the system that we will study throughout this paper:

8tbm = —83/6,

Btby = 8356,
Oe = a:rby - aybg: + @% (17)
Op = —1iq,

dq = ip—Le+ fee (Ipl2+lq|2)-

3 WKB expansion

As it has been mentioned in the introduction, we want to compute efficiently a signal
which oscillates at the scale e~! on the time-space domain, and which propagates
on a long time (of order £~1). To achieve this, we will describe the fields thanks
to profiles in order to decouple these scales. First, we recall some results about
WKB-type expansions, then we will compute the formal WKB expansion of (17)
with respect to €.

3.1 Some tools of diffractive optics

We consider the following class of system:
1
Ve + A(0x)VE + ELOVE +eF(VF) =0, (18)

where ¢t € [0,T], x € R", V¢ : [0,T] x R® — RP. The operator A (0dx) is defined
by A(0x) = Z;‘L:1 A;jOy;, where Aj; are symetric matrices. The matrix L is skew-
symetric and F': RP — RP is a smooth map. We give an initial data for (18) which
is an oscillatory function:

Ve(t=0,x) = V()(:)c)zeikTx + c.c.,

where c.c. denotes the conjugate complex number. The system (17) enters the class
of systems (18).

Systems of the form (18) have been studied by J.L. Joly, G. Métivier and J.
Rauch (¢f [11], [12], [13], for example). Applications to nonlinear optics can be
found in [9], [10] or [14].



Following [11], we construct solutions of (18) thanks to profiles. We need some
notations.

First, we introduce the characteristic variety of the operator L€ (0;,0x) = 0y +
A(0x) + 1Ly. For k = (ki, -+ ,k,) € R" and w € R, we denote by L (w,k) =
—iw + 732?:1 k;Aj + Lo and the characteristic variety is defined by

Char (LF) = {(w,k) € R x R" s.t. det (L (w,k)) =0}.

The relation det (L (w,k)) = det <—iw +idy iy ki A+ L0> = 0 is called the dis-
persion relation. The set Char(L?) is an algebraic variety. At a regular point of
Char(L?), one can differentiate the function k — w (k) and its gradient Vyw is

called the group velocity.
The solution V¢ of (18) is then described by a profile V¢ (7, X, 6) as follows:

k. x) —
Ve (t,x) =V° <€t,x — Viuwit, (,XlJ) . (19)

V¢ is supposed to be periodic with respect to 6.
Of course, (19) does not define V. If we inject V¢ in (18), one gets:

k
(eaT — Viw.Vx — %ag) Ve (r,X,0) + A (ax + g‘%) Ve (1, X, 0) +
%Lovs (1. X,0) = eF (V° (1, X,0)), (20)
forall T =et, X =x — Vywt and 6 = @

In order to define precisely V¢, we actually impose that (20) is satisfied for all 7,
X and #. Hence we obtain the singular equation, which is given by:

(e@T — Viw.Vx — gag) Ve (1, X, 0) +
é (A(c0x + Kkdy) + Lo) V° (7, X, 0) = eF (V¢ (1, X,0)), (21)
for all 7 € [0,7T], X € R™ and 6 € [0, 27], the initial datum being
VE(0,X, 0) = (ewVO(X) + c.c.> .
The following proposition is obvious:

Proposition 3.1 If V* is a solution of (21) on (1,X,0) € [0,T] x R™ x
VE(t,x) = V° (et, x — Viuwt, @) is a solution of (19) on (t,x) € |0,

0,27], then
] x R™.

o N=

Remark 3.1 The systematic use of equation (21) instead of (18) allows to work on
functions V° (1,X,0) which are in Sobolev spaces H , (R™ x [0,27]) and are bounded

with respect to €, which is not the case for V¢, whose initial data e“(Tx‘/o(X) + cc is
not bounded independantly of €.

Remark 3.2 General theorems give the existence of solutions of (21) on correct
time interval. In this paper, we will show how to use the singular equation (21) for
numerical purpose. One has for example:



Theorem 3.1 Lets > 5+1 and Vo € H* (R™). Then 3T > 0 and 3! V° (1, X, 0) so-
lution of (21) in LS° ([O,T];ng (R™ x [0,277])) such that V¢(0, X,0) = Vo(X)e? +

C.C..

Moreover, HVEHL?([O’T];H;Q(RRX[07%])) is bounded independantly of €.

3.2 Application to the Maxwell-Bloch system

System (17) enters the class (18) and can be written as
1
OVe + A0, Ve + Ay0,VE + ELOV6 +eF (VF) =0, (22)

where V& = (bx,byye,pv Q)a

0 0 0 00 00100
0 0 -1 00 00000
A= 0 -1 0 00 ], A=]10200 0|,
0 0 0 00 00 000
0 0 0 00 00000
00 0 O 0 0
00 0 O 0 0
Ly=]1 00 0 0 —ya | and F(Ve) =g 0
00 0 O 1 0
00 a -1 0 e (p* + ¢?)
The characteristic variety is given by
Char(L) = {(w,k) R x R%w <w4 W (1+a) K> (1- w2)) - o} L (23)

This variety is composed of five branches (¢f Fig 1, k along the horizontal axis and
w along the vertical axis). The origin is the only singular point of Char(L).

Remark 3.3 [t is easy to show that, if (w,k) belongs to Char(L) and if w # 0,
then for all n # £1, (nw,nk) does not belong to the variety (that is, L(nw,nk) is
invertible).

From now, one chooses (w,k) = (w, k,0) € Char(L) \ {w = 0}. Hence, the profile is
given by

Vi) = VF (et,x—w%k)t,y, ’“:”t)
= V(1,X,Y,0),

where w'(k) = dw(k,0).
The corresponding singular equation reads

(aaT — W' (k) — %ag) Ve

+ é (A, (kDp + £0x) + Ay (0y) + Lo) V° + 2F (V) =0, (24)

10



Figure 1: Characteristic variety

with the following initial data:
VE(0, X,Y,0) = ePVy(X) + cc. (25)
The application of Theorem 3.1 leads to

Corollary 3.1 Fors > 2 and Vy € H® (RQ), there exist T' > 0 independant of €, and
a unique solution V¢ (1,X,Y,0) of (24)-(25) such that HVEHLOO(O TS ) is bounded

independantly of €.

3.3 Formal expansion

We will now construct an approximate solution to (24). This will give an approxi-
mate solution to the Maxwell-Bloch system:

Oty = —0ye,

Oiby = Oge,

Bre = —0yby + Oub, + L2, (26)
op = —1q,

dq = tp—Letepep® + %),

as e — 0.
In order to make computations easier, we reduce (26) to a set of two wave
equations:

dPe = Oe+ 856 — Vad?p, (27)
1 «
Op = —Zp+ 6\/—2_6 — Be <p2 + & (&ep)2> : (28)

11



We write e and p in terms of profile:
kx — wt
e(t,z,y) = E <et,x —vgt, y, b W > , (29)
€

kx — wt
p(t,x,y) = P(ﬁt,w—vgt,y,%) (30)

The variables of the profile will be respectively denoted by 7, X, Y and 6 and the
functions are periodic with respect to 8. We expand the profiles in Fourier series
with respect to #, so that the derivatives with respect to ¢ and z acts on the Fourier
coefficients of £ and P (these ones being denoted by E; and Pj, j € Z) in the
following manner:

o — ( ijld + 0, — 1@6){) ,

€

N

.. 2
2 (-%IdJrsaT—vgaX),
kj 2
aﬁ — ( Y Id+ax> .

€

Moreover, we expand E and P with respect to €, so that, one can write:

E = Y (> By,

nz=n JEZL
P = 9 et Pn,j
n>n JEZL

We plug the expression of E and P in (27)-(28) and we compute successively the
terms of order O (5_2), 0 (5_1) and O (80).

e At order O (6*2):

~w?Ey; = —k**Foj + Vaw?i*Ph, (31)
—w2j2P07j = _PO,j+\/aEO,j- (32)

Let us note D;(k,w) the quantity

72

21,2 2 2 \/a

Then, it is easy to obtain from (31)-(32):

Ja

Dj(k?, w)Eo’j = 0.

— for j2 # 1, Dj(k,w) # 0 and therefore Ey; is equal to 0 for all 6, 7, X
and Y.

12



— for j2 = 1, we choose k and w such that D_1(k,w) = D1(k,w) = 0. This
gives the relation dispersion, which is in our case

k2:w2<1+ va > (34)

1—w?

e At order O (6_1)1

~w2 By j + 2ijwedx Fy —k*j2Ey j + 2ijkecdx Eo j —

Va (—w? Py j + 2ijwecdx Py ) (35)

—w2j2P1,j + 2ijwc8XP0,j = —PL]‘ + \/aELj' (36)
From these two equations, we get
1 ..
P = =0 (VB ; — 2ijucdx Poj) , (37)
Di(k,w)Ey,; = 2ij (k — Wy — ﬂ%) dx Eoj. (38)
(1-w?)

—If j2 £1, as Ey ; is equal to 0, then E; ; and P ; are also equal to 0.

— Otherwise, for j2 = 1, the equation (38) is satisfied if the coefficient of
Ox Ep ; is equal to 0. But equation (34) allows us to easily verify that the
group velocity v, = w'(k) satisfies

(6%
E=wuy [1+—m=5). 39
) (39)
e At order O (60), the non linear effects occur:
— Wi By j + 2ijwcdx By j + (v0% — 2ijwd;) Eoj =
— j°k*Bs j + 2ijkOx E1j + (0% + 0%) Eo ;
—Va (—w?*? Pyj + (v30% — 2ijwd:) Poj + 2ijwcdx Prj), (40)

— w?j? Py + 2ijwcdx P j + (vgag( — 2ijwd;) Py =
— Pyj+Vaby; — BFy;, (41)

where Fp ; is the coefficient of €% in the nonlinearity. It is hence easy to
obtain the equations satisfied by P, ; and by FEs; (with (40), (41), (37) and
(33)):

(1 — w2) PQJ' = \/&EQJ — 2ijwc@XP17j + (QijwaT — vﬁ&%) POJ — BFOJ- (42)

.. Wogx
Dj(k,w)Es,; = 2ij (k‘ — Wy — m> Ox Enj+
2 22,2
9 vy 4w*y e 9 ‘ 9 '
<1 S (1 — w252)? - (1 - w2j52)? Oty OBt

.. « w?j?\/a
21](4) <1 + m) 8TE07]' - mﬁFgJ. (43)

13



If j2 = 1, then (33) and (39) imply that the right-hand side of (43) is equal
to 0, as well as the coefficient of OxFE; ;. Hence, it only remains the terms
involving the partial derivatives of Ep ;. The coefficient of 8§(E07j contains
the dispersion of the group velocity (the second derivative of w), as this one
satisfies the equation
2 2,2
ﬁw”(k:) =1- vg Y% 5 — dw vga?). (44)
Vg (1 —w?) (1 —w?)

Finally, the envelop Fj 1 satisfies the following nonlinear Schrodinger equation:

1 v W
0, E) ~w"(k)O% E IR Ey) =~ [Fy;. 45
0r Eo,1 + S (k)0x 01+ 5 0v Foy Qk(l_wg)ﬂ 0,1 (45)
The nonlinearity Fj 1 can be easily computed:
3+w?)a
Fop= ﬁ |Eo,1|” Eop. (46)

We use (46) in (45) to obtain the nonlinear Schrédinger equation which is
satisfied by the envelop £ = Ej 1:

w? (3 + w2) vgoz%

(w2 " e

. 1 v
i0,E + §w”(l<:)8§(5 - ia@g =

Let us fix now s > 1 and Ey € Hf (]RQ). There exists Ty > 0 such that there exists a
unique solution & (7, X,Y") of (47) such that £(0,X,Y) = E¢(X,Y). Thanks to &,
one constructs an approximate solution of (26) as follows:

Take E071 = 5, Bx 0,1 — O, By 0,1 — —%5, P071 = %5 and QO,I = Zfi\(gg We
construct an approximate solution

W (1,X,Y,0) = (B 01,By 01, Fo1, Po1, Qo) e + c.c. (48)

To construct the initial condition, we choose Ey € H® and we consider Vy(X,Y) =

(0, ko, Ve i“’\/a)EO(X,Y).

Tw T 1—w?? 1-w?

Theorem 3.2 Let s be large enough. There exist Th > 0 and a unique V¢ (1, X,Y,0) €
C ([0, T1]; H* (R? x [0,27])) solution of (24), and C > 0 such that

Son va B W 3 T g Ce’-:.
T7€[0,T1] H ”HX,Q(RQX[O,Q D

Of course, this result can be expressed in terms of the original variables in L.*° norm:

Theorem 3.3 Let V¢ be the solution of (22). Then,

[0 211]11R2
Ve

kx — wt
VE(t,z,y) =W <5t,x —W'(k)t, vy, * . d )‘ < Ce.

Higher order expansions can be done and one can search for a solution V¢ (1, X,Y, 0)
under a serie

p
VE(r, XY, 0) =) "W (r,X,Y,0) + O (£ (49)

n=0

The functions (W"),,5, are then given in terms of W.
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4 Numerical schemes

In section 3, we have detailed the tools that we will use for the validation of our
numerical results. In particular, we will compare the solution of the Maxwell-Bloch
system (17) and its envelop (given by (47)). We will first briefly describe a classical
numerical scheme for the nonlinear Schrodinger (NLS) equation, then we will explain
the proposed scheme for the Maxwell-Bloch system.

We will suppose that all the functions are periodic in the space domain so that
we could use the discrete Fourier transform. Let u(X,Y") be a function whose period
is (T'x,Ty). The discretization points are:

kT

Xk - X7k€{07"'7NX_1}7
Nx
1T

}/l = —Y,ZG{O,"',NY—].},
Ny

where Nx and Ny are the number of points. Then the discrete Fourier transform
of u (denoted by ) is such that

N N
Nx 1 Nx_
2 1 2 1

2imk 2iml
uWXnY) = > S alketx ety

4.1 Numerical scheme for the NLS equation
In order to solve numerically the NLS equation, we use a classical splitting method
(cf [18] et [17]), which is of order 2 in time (c¢f [2]). Let

i0ru = —N0%u — pd% + v lul*u, (50)

be the NLS equation (A, p and v are three real numbers, which will be given by (47)
for the numerical tests). We denote by exp (LnwLs) (7)up and exp (N Lnws) (7)ug the
solution of respectively

Oru = Lnisu,
u(t=0) = wup,

and
8Tu = NLNLSua
u(t=0) = wup,
at time 7, where
LNLSu = M@%u + z,u(?%/u,
NInisu = —ivl|ul*u.
The splitting works as follows: knowing u(7), we compute u(7 4+ A7) in three steps:
o uy (7 +57) = exp (Lnrs) (87 )u(r).

o uy(7+ A1) = exp (NLnrs) (AT)uy (T + %)

o u(T+ A7) = exp (Lnis) (87 )ua (1 + AT).



The computation of the first and third steps are done with the help of the discrete
Fourier transform:

m <T + %) (k,1) = exp <_¢AT (A (%)2 +u <2T—75>2>> (k).

The computation of the second one is easily done, since, if u is a solution to i0,u =
viul*u on [r;7 + A7], then |ul? () is constant. This equation can then be solved
exactly.

4.2 Numerical scheme for the Maxwell-Bloch equations

In order to construct a numerical solution to the Maxwell-Bloch system, we will
discretize the singular equation (21), as in [6]. Here we use a spectral method:
consider V¢ (1, X,Y, ) the solution to

(aaT — Vu.Vx — %a@ Ve (1, X, 0) +
1
~ (A (e0x +kdp) + Lo) V* (7, X, 0) = F (V* (1, X,6)), (51)

with Vo (1, X, Y,0) = >, V* ;€99 The (infinite) system of equations satisfied by
Ve is

ed; — o' (k)0x — L2014 ) Vo +
g

ijk 1
(41 (0 25) oty + 220 ) v =epy (P9, 62
for j € Z. The operator P; is the orthogonal projector on the 4t Fourier mode:
(Pif) = 5= 27 £ (6) 400,

We are lead to an infinite system of PDE’s that we will truncate. We now explain
how we integrate each of the equation included in (52). The eigenvalues of the linear
part of (52) are purely imaginary and can be of order ¢ 2. In order to explain our

scheme, let us consider the following example:

{ y'(t) + Hylt) = [f(t),
y(0) = 0.
In this equation, f is some source term. When ¢ tends to 0, the asymptotic solution
is of order €2 f. As usual, splitting on this equation gives a solution of size Atf after
the first time step, which is completely different from the size of the asymptotic
solution (unless At < &2, which is quite restrictive). We therefore adopt another
strategy in order to keep this order of magnitude. We use an exponential scheme
thanks to the Duhamel formula: if At is the time step,

At At A
y(t+ At) =e"2y(t) + / e (B9 £ (1 4+ )ds.
0
We approximate f(t+ s) by f(t) and get:

2
y(t+ At) — eiAt:—:_Qy(t) + 6_ <eiAt5_2 _ 1) f(t)

1
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We apply the method to our system: by denoting by S(7) the semi-group asso-
ciated to the linear part of (52) and Vi = V;(nAr), (52) becomes

Vil = S(AT)VP + AT S(AT — 8)P;(F(V(r + s)))ds. (53)
0

We approximate F(V(7 + s)) by F(V¢(7)) in order to have an explicit method:

AT

Vit = S(AT)VF + ( S(AT — s)ds> P;(F(V™)). (54)

0

Now, the easiest way to compute S(A7) is to use a spectral method.

Linear part: spectral method If y and n denote the Fourier dual variables of
respectively X and Y, we denote by

= — — 55
o= Xt (55)
2w
= — 56
(6% TY77, ( )
27 Jw
= — —. o7
v Ug TX X + c ( )

The action of the group S (A7) is then given by:
YUY ) . 1 . .
S(AT)u(x,n) = exp (zalAl + i Ag + ELO + 271d> a(x,n)- (58)
We consider now a diagonal form of the matrix icy A1 + i A + %LO. We have to

deal with two cases:

o a1 =ag =10

In this case, 0 is an eigenvalue of order 3, the two other eigenvalues are

+iva+ 1.
o a1 #Ooras #0
In this case, 0 is simple, the four other eigenvalues are roots of
T2 (1 +a+ 52T2) + (a% + a%) (1 + €2T2) =0
and, of course, are purely imaginary numbers.

The effective computation of S (A7) is done by using the discrete Fourier transform.

Nonlinearity The nonlinear part P; (F(W(7))) is computed explicitely, with the
help of (52).

We can remark that the number of harmonics that we take into account in (54)
is penalizing in computation time. But

e the coefficients of the equation (26) being real numbers, W_; = W;. Thus we
compute (54) only for positive integers 7,
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e the nonlinearity being of order 3, all even harmonics are equal to zero (cf
section 3): at 7 = 0, the signal is monochromatic),

e it is useless to compute too much harmonics: the asymptotic expansion in
Section 3 shows that the third harmonic is of order 2, which is very small
even if £ is not so small.

5 Numerical results in the one dimensional case

We present in this section the numerical results obtained for the Maxwell-Bloch
equations (c¢f 4.2) and for the NLS equation (¢f 4.1) in one space dimension. We
restrict ourself to the case where the only harmonics that are considered are (eije),
j < 3. Following the remark done at the end of Section 4, that means that one has
to consider only 7 =1 and j = 3.

In the one dimensional case, the numerical scheme for the Maxwell-Bloch equa-
tion becomes:

AT

vt sanyy+e ([ sar - sas) BEVO) (59)

0
for j = 1,3, with

. 1 . —
S(AT)VHx) = exp <2a1A1 ELO + wId> Vi (x),

and aq and «y given by (55) et (57). The nonlinearity P;(F(V(7))) is computed as
explained in section 4.2.
The NLS equation reads

107U = —%w”(kz)@iu + Blul”u (60)

(c¢f 4.1). The group velocity and w” (k) are respectively given by (39) and (44).
The physical parameters « and [ which appear in S(A7) are of order 1. In this
section, for the sake of simplicity, they will be taken equal to 1.
The initial datum (at 7 = 0) is

V9(0,X) = e %% for X €[0,1]
VI(0,X) = 0,

and we compute the solutions for 7 € [0, 1].

5.1 Numerical convergence with respect to the number of modes
for space discretization

Recall that the component e of the electric field solution to (26) is given in term of
a profile E¢ thanks to (27). This profile E° (1, X,Y,0) can be expanded in Fourier
series B° (1, X,Y,0) = > .7 E5 (1,X,Y) 9. Our numerical method consists pre-
cisely in computing an approximation of £ (r,X,Y) for j =1 and 3.
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Now, if u is a solution to the NLS equation, Theorem 3.2 precisely states that

sup HET(Tv X7Y) - 'LL(T, X7 Y)HHg( »(R2x[0,27]) < Ce.
T€[0,T1] )
In order to validate our method in 1D, we will compare the numerical results for
E¢ and u. For the numerical tests of the numerical convergence, ¢ = A7 = 1E-3.
We take successively 64, 128, 256 and 1024 modes for the space discretization. The
influence of the number of points is very low.

In Figure 2, we have plotted the real part of Ef at time 7 = 0.5 for 64 Fourier
modes. We have computed the successive relative errors between the solutions with
64 and 128 modes, then between 128 and 256, then between 256 and 1024 in L2
norm. The results are summarized in the following table:

Compared Nx | 64-128 | 128-256 | 256-1024
Relative error | 4.23E-7 | 1.25E-7 | 4.97E-8

Figure 3 shows the evolution for 7 € [0,1] of the L norm of the real part of the
first harmonic F; for 64 Fourier modes.

We have performed the same kind of tests with the Schrédinger equation. We have
computed the successive relative errors between the solutions with 64 and 128 modes,
then between 128 and 256, then between 256 and 1024 in L? norm. The results are
summarized in the following table:

Compared Nx | 64-128 | 128-256 | 256-1024
Relative error | 3.3E-7 | 1.2E-7 4.5E-8

05

0.4

0.3

0.2

0.1

-0.1

-0.2 7

-0.3

-0.4 T T T T T T T T T

Figure 2: Real part of the first harmonic of the electric field e of the Maxwell-Bloch
system (26), at 7 = 0.5, for Nx = 64 Fourier modes

A few points are therefore sufficient to achieve a good accuracy.

The computations have been performed on a processor Sun Fire 4800 1 Ghz. The
computation time, with respect to the number of points is given by the following
table:

Nx | 64 | 128 | 256 1024
Time | 5s | 10s | 22s | 1mn 39s
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Figure 3: Evolution of the L norm of the real part of the first harmonic of the
electric field e solution to the Maxwell-Bloch system (26), with respect to time, for
NX = 64 Fourier modes

5.2 Numerical convergence with respect to the time step

In this section, we fix Nxy = 128 and ¢ = 1E — 3. We compute successively the real
part of the electric field e at time 7 = 0.5 for different time steps : At=1E-1, 1E-2,
1E-3 and 1E-4. The relative errors between the solutions with At=1E-1 and 1E-2,
between the solutions with At=1E-2 and 1E-3, between the solutions with At=1E-3
and 1E-4, in L? norm are:

Compared At | 1E-1/1E-2 | 1E-2/1E-3 | 1E-3/1E-4
Relative error 0.045 0.007 0.0009

The scheme is certainly not of order 2.

5.3 Influence of the time step for MB, with respect to NLS

The scheme that solves the Maxwell-Bloch equations computes explicitly the semi-
group S(AT) (¢f (58)). When an eigenvalue of icy A1 + %LO +ivIq is very small, the

integral
AT
1
AAT=5) _ - AAT)
/0 e ds \ <e 1)
is of order AT.

As this case occurs, if A7 is not of order &, the numerical error will be larger
than € and the relative error between the solution to the Maxwell-Bloch system and
the one given by the NLS equation could be larger than e.

On the contrary, as soon as the time step becomes sufficiently small, (A7 < ¢),
the numerical relative error respects those of the theory. Hence, it is useless to choose
AT less than ¢ in order to increase the precision. Figures 4, 5 and 6 for Nx=128 and
e =1E-1, 1E-2 nd 1E-3 respectively, show the relative error (plotted with respect to
time 7 € [0, 1]) between the real part of the solution to the NLS equation and the
real part of the first harmonic Fq of the electric field of the Maxwell-Bloch system.
According to (49), this error should be of order ¢, if AT < e.

For ¢ =1E-1, as A7 < ¢ for all chosen A7, the relative error is of order . When
we decrease € to 1E-2, we find again the behavior described above, as we can see on
Figures 5 (a), (b) and (c). On Figure (a), we see that the error is of order 0.1, which
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(a) AT = 1E-1 (b) AT =1E-2

(i

(c) AT =1E-3

Figure 4: Relative error with respect to time in L.° norm between the real part of
the first harmonic of the electric field given by the Maxwell-Bloch system and the
solution to the NLS equation. Numerical convergence in terms of the time step.
Nx = 128, with ¢ = 1E-1

is the value of A7 > e. On Figures (b) and (c), as A7 < &, the error decreases and
stays to €. And if we set ¢ =1E-3, we can see the results on Figures 6 (a), (b), (c)
and (d). On Figure (d), we have chosen a very small value of A7 (A7 = 1E — 5),
and the error stays of course at level €. Hence we can chose an optimal time step
for our scheme, which is AT = ¢.

The computation time, with respect to the time step is given by the following
table (Nx =128 and ¢ = 1E-3):

AT 1E-1 | 1E-2 | 1E-3 1E-4
Time 1s 1s 10s 1mn 44s

5.4 Comparison with NLS: validation of the asymptotic behavior

We fix again Nx=128 and A7 = ¢ and we compare the Maxwell-Bloch solution
with the NLS solution. Theorem 3.2 shows that the error between these solutions
has an order of magnitude of . Figures 7 (a), (b) and (c) show the relative error
for (respectively) e=1E-3, 1E-4 and 1E-5. The error is of order ¢ for each of these
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(a) AT = 1E-1 (b) AT =1E-2

003
002
001

(c) AT =1E-3

Figure 5: Relative error with respect to time in L° norm between the real part of
the first harmonic of the electric field given by the Maxwell-Bloch system and the
solution to the NLS equation. Numerical convergence in terms of the time step.
Nx =128, with ¢ = 1E-2

cases. If we decrease the number of points (Nx = 64), the same behavior occurs, as
we can see in Figures 8 (a), (b) and (c).

5.5 Polarization and third harmonic

In the previous section, we have compared the real part of the first harmonic with
the solution to the NLS equation. Now we come back to the solution of the Maxwell-
Bloch system (26).

Now we remark that the approximate solution for the first harmonic, given by

(48) is parallel to the constant vector <0, —3,1 Va iw\/a), which is called the

’ 1—w?? 1-w?
polarization vector. If II(k) denotes the orthogonal projector onto the vector-space
spanned by this vector, the convergence result 3.2 implies that (I4 — II(k)) Ey is of
order €.
Concerning the third harmonic, Theorem 3.2 implies that F3 is of order £2. The
aim of this section is to check numerically these two orders of magnitude.
Figure 9 shows the relative error between E; and the polarization of Eq, II(k)E,
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(a) AT = 1E-1 (b) AT =1E-2

(c) AT =1E-3 (d) AT =1E-5

Figure 6: Relative error with respect to time in L° norm between the real part of
the first harmonic of the electric field given by the Maxwell-Bloch system and the
solution to the NLS equation. Numerical convergence in terms of the time step.
Nx =128, with ¢ = 1E-3

that is 7 — %, for 7 € [0, 1], with e = A7 =1E-3 and Nx=128.

Decreasing the number of points does not change the order of magnitude of this
error, as we can see in Figures 10 (a) and (b) (Nx=64).

Figure 11 (a) and (b) show the L® norm of the third harmonic, for Nx = 128
and (respectively) A7 =& = 1E-3 and 1E-4.

If we decrease the number of points to 64, the order of magnitude is always of
order ¢ (see Figures 12 (a) and (b)).

6 Numerical results in the two dimensional case

We present now the two dimensional case. The numerical schemes are those given
by (54) for the Maxwell-Bloch equations, and in section 4.1 for the NLS equation.
As in the one dimension case, o and (3 are taken equal to 1.
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(a) AT =e=1E-3 (b) ATt =e =1E-4

(¢) AT =e=1E-5

Figure 7: Relative error with respect to time in L° norm between the real part of
the first harmonic of the electric field given by the Maxwell-Bloch system and the
solution to the NLS equation. Convergence for several values of e. Nx = 128 and
AT =¢

The functions are periodic and the initial data is

W00, X,Y) = e 46(X°HY?) for XY € [0,1]
W3(0,X,Y) =

The tests are done for 7 € [0,1]. The number of points in the X and Y directions
are the same : Nx = Ny.

6.1 Numerical convergence with respect to the number of modes
for space discretization

The results are the same as in the one dimensional case: no difference is noticed
when we choose a number of points equal to 32, 64, 128, 256 or 512. The figures
presented are a section at Y = 0.5 for 64. The figure 13 shows a section of the real
part of the first harmonic of the component of the electric field at 7 = 0.5.

The figure 14 shows the same section of the solution of the NLS equation, at
7 = 0.5, for 64 Fourier modes. Finally, the evolution of the L° norm of the solution
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(a) AT =e=1E-3 (b) ATt =e =1E-4

(¢) AT =e=1E-5

Figure 8: Relative error with respect to time in L°° norm between the real part of
the first harmonic of the electric field given by the Maxwell-Bloch system and the

solution to the NLS equation. Convergence for several values of e. Nx = 64 and
AT =¢

of the Maxwell-Bloch system is shown in figure 15 for Nx =64.

We have computed the successive relative errors between the solutions with 64
and 128 modes (in each direction), then between 128 and 256, then between 256 and
1024 in L? norm. The results are summarized in the following table:

Compared Nx = Ny 32-64 64-128 | 128-256 | 128-512
Relative error 1.59E-6 | 6.34E-7 | 2.15E-7 | 7.67TE-8

The computations have been performed on a processor Sun Fire 4800 1 Ghz. The
computation time, with respect to the number of points, is given by the following
table:

Nx =Ny | 32 64 128 256
Time 36s | 2mn 47s | 20mn 8s | 3h 11mn

6.2 Numerical convergence with respect to the time step

In this section, we fix Ny = 128 and € = 1E — 3. We compute successively the real
part of the electric field e at time 7 = 0.5 for different time steps : At=1E-1, 1E-2,

25



(a) AT =e=1E-3 (b) ATt =e =1E-4

Figure 9: Relative error between the polarized solution and the solution (i.e.

%) with respect to 7 € [0, 1]), with Nx = 128

11111

(a) AT =e=1E-3 (b) ATt =e=1E-4

Figure 10: Relative error between the polarized solution and the solution (i.e.

%) with respect to 7 € [0,1]), with Nx = 64

1E-3 and 1E-4. The relative error of these solutions is given by the following table:

Compared At | 1E-1/1E-2 | 1E-2/1E-3 | 1E-3/1E-4
Relative error 0.03 0.0048 0.0005

6.3 Influence of the time step for MB, with respect to NLS
The same phenomenons as in the one dimensional case appear:

e When Ar is larger than ¢, the relative error between the solution of Maxwell-
Bloch and of NLS is larger than . Hence, the scheme does not respect the
theoretical expansion (49).

e When A7 is smaller than ¢, the order of magnitude of the relative error between
the solution of Maxwell-Bloch and of NLS is of €. Thus, it is again useless to
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(a) AT =e=1E-3 (b) ATt =e =1E-4

Figure 11: L norm of the third harmonic of the solution to the Maxwell-Bloch
system with respect to time, with Nx = 128

(a) AT =e=1E-3 (b) ATt =e=1E-4

Figure 12: L norm of the third harmonic of the solution to the Maxwell-Bloch
system with respect to time, with Nx = 64

choose too small time steps and the scheme allows us to choose an optimal
time step, which is equal to e.

Figures 16 (a), (b) and (c) show a comparison of the relative error for different time
steps, for Nx = Ny = 128 and ¢ =1E-1. On Figure (a), the time step is less than
g, and the error is greater than e, and is of order A7. And on Figures (b) and (c),
when A7 < g, the error is of order e. When we decrease ¢ to 1E-2, we find again the
behavior described above, as we can see on Figures 17 (a), (b) and (c). And if we
set ¢ =1E-3, we can see the results on Figures 18 (a), (b), (c) and (d). On Figure
(d), we have chosen a very small value of A7 (AT = 1FE —5), and the error stays of
size .
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Figure 13: Real part of the first harmonic of the electric field e of the 2D Maxwell-
Bloch system (26), at 7 = 0.5, for Nx = Ny = 64 Fourier modes. Section at
Y =05

Figure 14: Real part of the solution of the NLS equation (50), at 7 = 0.5, for
Nx = Ny = 64 Fourier modes. Section at Y = 0.5

Figure 15: Evolution of the L® norm of the real part of the first harmonic of the
electric field e solution to the 2D Maxwell-Bloch system (26), with respect to time,
forNx = Ny = 64 of Fourier modes
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(a) AT = 1E-1 (b) AT =1E-2

(c) AT =1E-3

Figure 16: Relative error with respect to time in L°° norm between the real part
of the first harmonic of the electric field given by the Maxwell-Bloch system and
the solution to the NLS equation. Numerical convergence in terms of the time step.
Nx = Ny =128, with ¢ = 1E-1

The computation time, with respect to the time step is given by the following
table (Nx = Ny =128 and ¢ = 1E-3):

AT | 1E-1 1E-2 1E-3 1E-4
Time | 25s | 2mn 17s | 20mn 8s | 3h 27mn

6.4 Comparison with NLS: validation of the asymptotic behavior

We fix again Nx = Ny = 128 and A7 = ¢ for those tests. The relative error of
the L? norm between Maxwell-Bloch and NLS is of order . The figures show this
for e=1E-3, and the figures 19(a), (b) and (c) show this fact for e=1E-3, 1E-4 and
1E-5. The same relative error appears for Nx = 64, as shown in Figure 20.

6.5 Polarization and third harmonic

As in the one dimensional case, the relative error between the polarization of the
exact solution and the leading term of the expansion is of order e. Figures 21 (a) and
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(a) AT = 1E-1 (b) AT =1E-2

(c) AT =1E-3

Figure 17: Relative error with respect to time in LL°° norm between the real part
of the first harmonic of the electric field given by the Maxwell-Bloch system and
the solution to the NLS equation. Numerical convergence in terms of the time step.
Nx = Ny = 128, with ¢ = 1E-2

(b) confirm this fact for Ny = Ny=128 and A7 = ¢ = 1E-3 and 1E-4. The scheme
preserves this precision if we decrease the number of points to 64 (see Figures 22
(a) and (b)). The third harmonic has also a preserved order of magnitude of 2.
The Figures 23(a) and (b) show this fact for Nx = Ny=128 and A7 = ¢ = 1E-3
and 1E-4. Decreasing the number of points does not decrease the precision of the
scheme, as shown in Figures 24(a) and (b).

7 Limit cases

In some cases, one suspects that the WKB expansion is not valid anymore. This
occurs if € is too large or if the H! norm of the initial datum is too large. Indeed,
the error between the exact solution and the leading term of the profile is governed
by a constant which depends on the norm of the initial data. This could arise for
example in 2 cases:

e when the initial datum is stiff (that is if the amplitude is of order 1 but the
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004 se-3

003 6e-3

002 -3

(a) AT = 1E-1 (b) AT =1E-2

(c) AT =1E-3 (d) AT =1E-5

Figure 18: Relative error with respect to time in L°° norm between the real part
of the first harmonic of the electric field given by the Maxwell-Bloch system and
the solution to the NLS equation. Numerical convergence in terms of the time step.
Nx = Ny =128, with ¢ = 1E-3

L?-norm of the gradient is large,

e when the initial datum has a large amplitude.

Large ¢ When ¢ is large, even if Nx is large and At is small, the solution of the
Maxwell-Bloch equations is not well approximated by the solution of NLS, and the
relative error of the real part of the electric field does not match the solution of
NLS. Indeed, the evolution of this relative error is of order 1E-1 (see Figure 25(a)).
Figures 25 (b) and (c) represent respectively the evolution of the real part of the first
harmonic of the electric field given by the Maxwell-Bloch system and the evolution of
the solution to the NLS equation, with Nx = 128, A7 =1E-3 and ¢ =1E-1. Figures
26 and 27 show respectively the solution of the Maxwell-Bloch equation and the one
of the NLS equation, at 7 = 0.5, in the case € = 0.1. We see the differences between
these two solutions. The maximum and minimum of the Maxwell-Bloch solution is
higher than those of the NLS solution. Also differences of gradient appear in the
middle of the figures and in the corners.
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(a) AT =e=1E-3 (b) ATt =e =1E-4

(¢) AT =e=1E-5

Figure 19: Relative error with respect to time in L°° norm between the real part of
the first harmonic of the electric field given by the Maxwell-Bloch system and the

solution to the NLS equation. Convergence for several values of e. Nx = 128 and
AT =¢

Stiff initial datum As initial data, we choose

W20, X,Y) e 2(XHY?) for (X, V) € [0,1)2
WI(0,X,Y) = 0,

that is, an initial datum which is thiner than the one used in Section 6. Figure 28
shows the relative error of the real part of the first harmonic of the electric field
given by the Maxwell-Bloch system and the solution to the NLS equation. We note
that the relative error is of order 20 at 7 = 1, whereas it was only of order € with
the initial datum taken in Section 6 (see Figure 19).

Initial datum with large amplitude We choose an initial datum with a larger
amplitude than the one used in Section 6:

W20, X,Y) 5e92(X* %) for (X,Y) € [0, 1]
Wi, X,Y) = 0.
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(a) AT =e=1E-3 (b) ATt =e =1E-4

(¢) AT =e=1E-5

Figure 20: Relative error with respect to time in L.°° norm between the real part of
the first harmonic of the electric field given by the Maxwell-Bloch system and the

solution to the NLS equation. Convergence for several values of e. Nx = 64 and
AT =¢

We note again a relative error of the real part of the first harmonic of the electric
field given by the Maxwell-Bloch system and the solution to the NLS equation which
is of order 60¢ at 7 = 1, as shown in Figure 29. In addition, we also note that this
relative error increases more when the H! norm of the Maxwell-Bloch solution is
large. Indeed, figure 29 shows the evolution of the third component of the Maxwell-
Bloch equations. At 7 = 0, 7 = 0.41 and 7 = 0.82, when the electric field is
maximum, the relative error increases much more (cf figure 30).

These results show that the use of the nonlinear Schrodinger equation as an
approximation of the electric field of the Maxwell-Bloch equation could be non well
adapted. Hence the computation of the solutions of the Maxwell-Bloch equations is
a necessary task.

8 Conclusion

In this paper, we have presented a Maxwell-Bloch system which modelizes the non-
linear interaction between a laser and a nonlinear medium. A numerical scheme
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(a) AT =e=1E-3 (b) ATt =e =1E-4

Figure 21: Relative error between the polarized solution and the solution (i.e.

%) with respect to 7 € [0, 1]), with Nx = 128

(a) AT =e=1E-3 (b) ATt =e=1E-4

Figure 22: Relative error between the polarized solution and the solution (i.e.

%) with respect to 7 € [0,1]), with Nx = 64

which solves this system has been developed by using some recent results of geo-
metrical optics. This method allows us to decouple the fast oscillating part of the
solution from its envelop which varies slowly. Thus, the number of points used in the
mesh decreased in an important manner (the cube of the difference of scale between
the oscillations and the velocity of the envelop) compared to a usual finite difference
method like the Yee scheme. In addition, the relative error between the solution
of the Maxwell-Bloch equation and the one of the nonlinear Schrodinger equation
(usually used when one make the paraxial approximation) is consistent with what
is obtained theoretically.

Nevertheless, in some nonlinear regime, the error mentioned above is larger than
the expected one and the approximation of the Maxwell-Bloch equation by the
nonlinear Schrodinger equation is not valid anymore. This phenomenon occurs when
the order of magnitude of the scales are not so different (large ¢), or when the initial
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(a) AT =e=1E-3 (b) ATt =e =1E-4

Figure 23: L norm of the third harmonic of the solution to the Maxwell-Bloch
system with respect to time, with Nx = 128

: W‘W

(a) AT =e=1E-3 (b) ATt =e=1E-4

Figure 24: L norm of the third harmonic of the solution to the Maxwell-Bloch
system with respect to time, with Nx = 64

data has a too large amplitude (or more generally, when its H! norm is large). This
fact shows the importance of the computation of the solution of the Maxwell-Bloch
equation in its globality.
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