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Abstract

In this paper, we develop two-level numerical methods for the time-dependent Schrodinger equation (TDSE)
in multi-frequency regimes. This work is motivated by attosecond science [P.B. Corkum and F. Krausz,
Nature Physics, 3 (2007), 381-387], which refers to the interaction of short and intense laser pulses with
quantum particles generating wide frequency spectrum light and allowing for the coherent emission of attosec-
ond pulses (1 attosecond = 107!® second). The principle of the proposed methods consists in decomposing
a wavefunction into a low/moderate frequency (quantum) contribution, and a high frequency contribution
exhibiting a semi-classical behavior. Low/moderate frequencies are computed through the direct solution of
the quantum TDSE on a coarse mesh, and the high frequency contribution is computed by frozen Gaussian
approximation [ML.F. Herman and E. Kluk, Chem. Phys., 91 (1984), 27-34]. This paper is devoted to the
derivation of consistent, accurate and efficient algorithms performing such a decomposition and the time evo-
lution of the wavefunction in the multi-frequency regime. Numerical simulations are provided to illustrate
the accuracy and efficiency of derived algorithms.

Keywords: Geometric optics, frozen Gaussian approximation, Schrodinger equation, multilevel method,
attosecond science

1. Introduction

1.1. Introductory remarks

In this paper, we are interested in developing two-level methods for solving numerically the time-
dependent Schrodinger equation (TDSE) modeling in particular, the interaction of intense electric fields
with quantum particles in attosecond science [5]. In  C R? and under the Born-Oppenheimer and dipole
approximations [4], the TDSE reads in length gauge [3]

io(t,x) = —%Ad)(t,x) +x-EWY(t,x) + V(x)(t,x), (t,x) € (0,T)xQ
¥(0,x) = ¢o(x), x €0 (1)
¥(t,x) = 0, (t,x) € (0,T) x 0N

where V is a space-dependent (nuclear) potential, and E denotes the external electric field the quantum
particle is subject to. It is well-known that the interaction of short and intense electromagnetic fields with
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atoms or molecules leads to complex nonlinear phenomena among which, one of the most important is the
generation of high frequency photons, see [3, 1, 2]. Let us start from a localized state

Hogpg = Moo

where Ao (resp. ¢o) is the smallest eigenvalue (resp. eigenfunction) of the field-free atomic Schrédinger
Hamiltonian Hy = —A/2 + V. We consider a laser field E(t) = E(t)e, of frequency wy and intensity E?,
interacting with the atom (or the molecule), where e, stands for the unit direction in z. Subject to such
a field, the atom/molecule is first ionized, then the free electrons gain ponderomotive energy e?E? /4mw,
where e is the electron charge and m is the nucleus mass. In a third stage, electrons are recombined with
their parent ion and generate high order harmonics (HHG) by multi-photon ionization. This process is
described for the hydrogen atom in the celebrated paper [10], where strong-field-approximation is used to
derive an accurate 3-step HHG model, using Newton’s law coupled with a tunneling model. It is shown in
[10] that after the laser-hydrogen interaction, the time harmonic spectrum is constituted by a plateau, up to
a cut-off frequency we, such that w, = Newoh ~ 3.17U, + I,, where N, € 2N* 4+ 1 is the cut-off frequency
order, and I, is the ionization potential. Starting from a one-frequency problem (associated to the incoming
pulse frequency), high time- and space-frequencies (wavenumbers or Fourier modes) are then generated.
Appropriate numerical methods should tackle this multiscale problem, and deal simultaneously with quantum
and semi-classical regimes. This paper is dedicated to the derivation of two-level methods for this multiscale
problem. The principle is to rigorously couple usual real space methods for relatively low space-and-time
frequency regime, with a geometric optics-type method, the frozen Gaussian approximation (FGA), for high
space-and-time frequency regime. What makes this problem particularly difficult is that high frequencies are
dynamically generated. Fortunately, we can benefit from the 3-step model which provides quite relevant and
precise information on i) when the multi-photon ionization occurs, as well as ii) the recombination energy,
which is related to the highest generated frequencies. This is a very relevant information which allows us
to determine if and when, the FGA should be reinitialized. Between these times, which can accurately be
numerically evaluated, we can solve the Schrodinger equation on two separate frequency levels i) one solving
the Schrédinger equation in the quantum regime on a coarse grid, ii) one solving the Schrédinger equation in
the semi-classical regime, using a FGA, which provides an accurate and cheap (compared to a full quantum
computation on very fine grid) computation of the TDSE solution on wide frequency range. We refer to
[8, 16, 6, 9] for numerical methods for quantum and classical wave equations in the semi-classical regime.

The paper is organized as follows. Subsection 1.2 is dedicated to the presentation of the frozen Gaussian
approximation (FGA) and the discretization for the TDSE in the semi-classical regime. Corkum’s three-
step model is presented in 2. Section 3.2 (resp. 3.3) is devoted to the two-level method without (resp.
with) dynamical generation of high frequency. Numerical experiences are presented in Section 4. We finally
conclude in Section 5.

1.2. Frozen Gaussian approximation for TDSE in semi-classical regime

In this section, we describe the numerical evolution of the TDSE wavefunction, in the semi-classical
regime using the FGA and denoted by 9rca.

FGA formulation. We here recall the main steps to construct a FGA. This method was originally de-
veloped by Herman-Kluk (HK) [7] and was later mathematically analyzed in [17]. More recently, the HK
formalism was used and analyzed to derive fast numerical solvers in the semi-classical regime for different
classes of partial differential equations: the Schrodinger equation [18], the classical wave equation [14, 13]
and linear hyperbolic systems of conservation laws [15]. FGA was also used to accelerate the convergence
of Schwarz Waveform Relaxation domain decomposition algorithms [12]. FGA allows for the computational
evolution of high frequency wavefunction. More specifically, we start in d-dimensions, from

O

1§(t,x) = —%Aw(t,x) +W(t,x)¥(t,x), x € R ¢ € (0,7),



where 1(0,x) = ¢(x) € L*(R?,C). We rescale the TDSE as follows. For ¢ < 1, we set t' = ¢t, x' = ex, and
we get
_0yF
IEW
with 1°(0,x) = ¥5(x') = ¢o(ex) € L*(R?, C) and We(#',x') = W(ex,et). FGA is computed at (#,x'),
that is Ypca (t',x") = Yrea(et,ex) with ¢ € (0,eT). FGA reads for ¢ > 0

2
(', %) = —%Adﬁ(t, X') + We(t', x" Ve (', x'), x' € R, ¢ € (0,eT),

1 i /x/ ’
vreaeld,x) ::35%2Y505j£d B 1)a<y’qﬂp)e?¢“’ VAPl (y')dy' dpda,
X ds€
with
i 2
q)(tluxlayla q, P) = S(tlu q, P) + i‘xl - Q(t/7 q, p)’ + P(tlv q, p) : (X/ - Q(tlu q, p))

+;y—qf—pwy—qx

where the Hamiltonian reads
2
n.Q.p) =l wi.q).

with W (¢, Q) = V(Q) + Q- E(t) and the Hamiltonian flow satisfies

dQ

- = P, Q(quap) :q7

:i% ¢
W = _6QW(tluQ)7 P(07q7 p) =P

The classical action function satisfies

®_ B wea
e 2 T
and the amplitude
da / 1 / -1 / . 2 /
@(t » dy p) = ga(t aeh p)TI‘(Z (8ZP(t » dy p) - ZaZQan(t » dy p)))v (3)

where 0, = 0q — 10p and Z = 0,(Q + iP).

Discretization of FGA. The discretization of FGAs is extensively discussed in the literature [18, 15, 14, 13].
We denote by (j,k,1) the elements of the index sets denoted by Dy, x Dq x Dy, then the FGA reads as, at
time ¢, and discretization nodes denoted x;j,

i‘GA(t’/nﬂ :BJ) =

3 aca(t,)ro(1% — ail) .

(2 )3d/2 w (qk,pk7l)e%(Sk,l(t;z)"'Pk,l(til)'(wj_Qk,l(t;l)))_%‘m‘i_Qk,l(t;)F|6q||6p|7 (4)
e

(k,))EDgqx Dp

1The notation ﬁp is used to precise that the integrand in the FGA is usually localized with respect to p, see [18, 15].



where ax 1(t),) (vesp. Px.1(t),), Qk,1(t],)) denotes the approximation of a in (3) (resp. P, Q in (2)) at (qk, Pk,1)
at time t/, dq and dp denote the elementary increment in q and p, and ry is the local truncation function
with a radius 6 [18]. In addition, for any k € Dq and 1 € Dy,
i ( . A
—| =P, (v —aK)+ 3y —ax| )
W (Qe, Pra) = Y €€ ’

JED«

do(y5)ro (Iy — axl)[dy]-

Then (Qi(t},), Pxi(t,)) and ax:(t,) are updated using a fourth order Runge-Kutta (RK4) scheme, for
solving at time ¢/,:

dQy,1/dt’" = Py,
deyl/dt/ = —3QWk71, (5)

dak,l/dt' = akJTr(Zl;} (6sz71 — i@sz,laéWk,l))/Q.
In 1-d, x, q, p, Ix, dq, Ip, i, j, k is respectively denoted by x, q, p, h, dq, dp, i, j, k.

We recall that from [17], denoting by ¥, the exact solution to the TDSE, there exists a positive constant
C(T) such that

sup H\I/e(t’, ) — Yraa(t, ')’
t'€(0,eT)

L2(R4) < EC(T)|‘¢OHL2(R¢1). (6)

In the quantum regime, we will construct an approximate solution to (1), typically using a finite difference
scheme. Denoting ¢, an approximation of ¥q(tn, ) on a coarse mesh at time ¢,, we have

. wn-l—l _ z/]n 1 . 1
1% = _ZAh (¢Q+l +98) + X E(tn)vg

1 1
+5x E(tn1)04 " + 5V(xh)(wg“ +98),

where A\, is a discrete Laplace operator.

2. Three-step model

We recall the main features of Corkum’s three-step model [10] in one dimension, which will be useful for
deriving the two-level method in the framework of field-particle interaction. Some numerical experiments
will then be presented to illustrate the model. Although this model is well-known by laser physicists, this
summary may be useful for the non-specialists.

2.1. Three-step model: theory

In the strong field approximation, it is assumed that a quantum particle subject to intense oscillating
laser field is modeled by a classical+tunneling model as follows. We assume that an electron is initially
localized at x = x with velocity denoted by vy. The ionization potential of the atom is denoted by I,.
In the classical mechanics framework, the dynamics of the electron of mass m and charge e is modeled by
Newton’s law: mi(t) = —eFE(t). The electric field E, assumed to be time-dependent only, is modeled by

E(t) = Eof(t) cos (wot + o),

where f is the pulse envelope, ¢g the initial phase and wq the pulse frequency. In general f is a Gaussian or
sin? function [11], such as

=1 s =sin? (m). f) = exp (- alt - T/2)?),



where T' is the pulse duration and « some strictly positive constant. For instance, for f(t) = 1 and zp =
vo = 0, we easily get

EQ EO EO . .
v(t) = —(cos(do) — cos(wot + ¢0)), x(t) = —cos(¢o)t — —(sin(wot + ¢o) — sin(¢y)).
wo Wo wo
In order to benefit from this model in our two-level method, we first define the times of return of the classical
electron ¢, € (0,T), such that x(¢,) = xo, see [11]. There will be referred as classical recombination times
and defined by

T ={t €(0,T) : 2(tV) =20, i € N*}. (8)

In addition, it is possible to define the ponderomotive energy of the particle in the field, U, = e*EZ /4mw;

see [10]. The energy of return at time, say ¢t = ¢, is then defined by I, + m(dc(tT))2/2. We consequently
define

£ = {Eﬁ“ =1, + g(dc(tr))z for t) € Ty, i € N*}. 9)

This set of energy is used to estimate the cut-off frequency at each return time t&i), and is given by wgi) =

Néi)wo R~ Eﬁi) /h. The fact that the cut-off frequency can be expressed as a function of the incoming pulse
frequency (which is not obvious) is a consequence of an ultrafast (typically femtosecond) process called multi-
photon ionization [10]. The recombination times will give us information about when it is a priori necessary
to reinitialize the FGA. However, even at some of these times of return, it may be useless to reinitialize the
FGA, if the energy of return is not large enough to generate enough high frequency photons. For this reason,
we define the set

Te={tVeT. . EY > he '} CT,. (10)

Only at times ¢ in 7,%, which will be very easily numerically estimated, it will be necessary to reinitialize the
FGA. In atomic units, which will be used hereafter, m =1, A=1 and e = —1.

2.2. Three-step model: numerical experiments

This section is devoted to some numerical experiments of harmonic generation by intense laser-quantum
particle interaction. We consider a H;r -molecule with fixed inter-nuclear distance Ry. The chosen Cauchy
data is the ground state (Fig. 1) defined by the eigenfunction of minimal energy

Hogpg = Moo

where Hy = —A/2+ V and V(z) = —1/|z — Ro/2| — 1/|z + Ro/2|. The electric field is defined by
E(t) = Eo cos(wot)e vt=T/ 2)2, where T is the pulse duration, wy its central frequency, Ej its amplitude, and
v a non-negative real parameter. The spatial domain is denoted (—L, L) and the domain is assumed to be
large enough to avoid any spurious reflection at its boundary +L.

The physical parameters in atomic units, are v = 4 x 107°, Eg = 0.1 (corresponding to ~ 2 x 10 W-cm~=2),
w = 0.06 (corresponding to a 800 nm wavelength pulse) and T' = 800 (corresponding to ~ 20 femtoseconds).
The internuclear distance is fixed to Ry = 2 and [ = 20. Numerical data are performed using a time step
At = 1/30 (= 0.8 attosecond) and space step h = 1/3 (= 17 picometers). We first numerically report in
Fig. 2, the electric field (Up), the classical electron position z(t) (middle) and the kinetic energy mv?(t)/2
(Down) by solving Newton’s law. The recombination times, corresponding to zeros of (), are represented
in Fig. 2 (up). As recalled above, harmonics will mainly be generated close to these recombination times. In
Fig. 3, we represent at time 7', the wavefunction (up), the electric field and recombination times (middle),
and the temporal harmonics of the dipole moment defined by d(t) = [; x[t(t,)|?dx, which is denoted by
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w the Fourier co-variable associated to ¢, that is (w, |d(w)|?) with logscale in the y-axis (Down). The latter
illustrates the generation of high order harmonics, by electron-nucleus recombination. In order to point out
the generation of high frequencies close to recombination times, a wavelet decomposition is also performed.
More specifically, in Fig. 4 (up), we show the dipole moment as a function of time, with the recombination
times (as classically computed) and in Fig. 4 (Down), we report Haar’s wavelet decomposition of the dipole
moment, d(t), where the smaller the scale number, the higher the frequency. We observe that the higher the
kinetic energy, the higher the generated frequencies. As expected, we observe that new high frequencies are
generated close to the recombination times estimated using Corkum’s classical model. As a last illustration
of HHG in the laser-molecule interaction, we present another test with a more intense external field, in order
to enhance high order harmonic generation. The data are the same as above, except that the computational
domain is now (—40,40), I = 0.2 and N = 640, that is dz ~ 0.125. We report in Fig. 5 (Up), the initial
state modulus and the wavefunction modulus at final time 7" = 800, and the corresponding spatial spectrum
(Fourier modes) in logscale (Down).

3. Two-level FGA-based method

This section is devoted to the derivation of two two-level methods for multi-frequency TDSE with or
without generation of high frequency, from initial time 0 to final time 7" > 0. We consider the evolution
of the wavefunction, where i) we initially (¢ = 0) separate the Cauchy data into the high spatial frequency
contribution from the other spatial frequency contributions (low and moderate), and ii) we independently
make evolve in time, these 2 contributions, up to time 7. The low and moderate frequency contributions
will be computed by solving the Schrédinger equation in the quantum regime at (¢, ), (¢ € (0,7)). The high
frequency contribution will be computed using FGA at any (et,ex). At any time ¢, both contributions are
consistently added. The general algorithm that we propose is summarized as follows.

1. Initial decomposition of the Cauchy data, by Fourier filtering into a low/moderate spatial frequency
(wavenumber) contribution on a coarse mesh, g, and a high spatial frequency contribution on a fine
mesh. The latter allows for defining the initial FGA, denoted ©¥pga .-
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Figure 2: As a function of time, and using classical mechanics. (Up) Electric field and recombination times. (Middle) Electronic
position. (Down) Kinetic energy.

2. Time evolution of ¥q on the coarse mesh by numerical computation of the TDSE in the quantum
regime on the coarse mesh.

3. Time evolution of Yrga, approximating the solution of the TDSE in the semi-classical regime.
4. Reconstruction of the global solution on a fine mesh from ¥rga and ¥q.
5. If high frequencies are dynamically generated, the above steps should be repeated. See Section 3.2.

3.1. Geomelry and notations in 1-d

We denote by {I?}jezg (resp. {x?f}jezhg) the mesh points of a coarse (resp. fine) mesh €, (resp. Q)
of step size h (resp. h.) and where h. < h, with typically h. = he and ¢ < 1. The set Z" C Z (resp.

The C Z) denotes the index sets on €, (resp. ). For {fj}jezh,s defined on €, and for any k € Z", the
projector from €, to ), reads

1 Ele™!]
(ﬁhaﬂhf)k = m Z fe=1)Ele=1145>
j=1

where E[¢ 1] denotes the integer part of e =1, Inversely £}, 5. is a discrete polynomial interpolation operator
from €, to th-

In order to compute the FGA, we have to solve (5) on a (g, p)-grid, D‘qiq X Egp: i) Dgp with grid points
Pk ap and i) D with grid points {qs 44, where the corresponding index sets are denoted by Z% C Z
keT, q keT, P
P q
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Figure 3: At final time. (Up) Wavefunction modulus. (Middle) Electric field and recombination times. (Down) Dipole moment
time-harmonics.

and ng CZ. Fork € Ig” , we have pr = kdp with dp = 27/|Q|. For the sake of simplicity, we will identify

{g; }jEqu with {:c;?}jezh and dq = h, although in practice Dfllq may be finer than €y, but much coarser for
q P x

efficiency reason than €y,_, see details in [18].

We denote by At, the constant time step used for solving the TDSE in the quantum regime. Discrete times
are denoted t,, = nAt, with n € N.

We denote by " = {zﬂ?}jezg (resp. he = {wj'l}jezﬁe) the global discrete solution of (1) at {x?}
on €y, (resp. {x?f} on Qy_), and time ¢, that is

JETR

JETR®
YO~ a)),  (esp. v (1) m (L ).

We denote by ¢" (resp. ") the discrete solution of (1) at {x?}
is

jen € Qp (vesp. Qp_), at time ¢, that

YR R (taf), (e U & (t,al)

h, h, he, he, . . .
We denote by thpiiy = {1/’}7&4,3' }jeIg (resp. Ypan = {1/)FG74J- }jeL’ZE) the FGA of (1) in the semi-classical
limit defined on Q, (resp. Q4.), including frequencies higher than e~1. For lower frequencies, we denote by
wg’" = {wg? e (resp. wgf’" = {1/12;7” jeIhE) the solution to (1) in the quantum regime on Qj, (resp.
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Q1.). The global solution ™™ (resp. ¥"<™) on Qj, (resp. Qp.) at time t,,, satisfies
h, h, . he, he,
wh’" = wFéLA + ana (resp. W“" = FGZ + wQ ).

3.2. Two-level algorithm without frequency generation

We now describe the first algorithm, for a given ¢ < 1, and with h. = eh. For the sake of notation
simplicity, we will denote the initial data, ¢ (= ¢g), and we then start from ¢"s := ¢h=0 = {qﬁ?f }jezh,g, the
Cauchy data projected on the fine mesh €y, .

Step 1. Initially ¢"< is decomposed in i) low/moderate spatial frequency and ii) high spatial frequency
contributions. This is easily achieved by Fourier transform, filtering the frequencies below and above ¢ *.
Notice that FGA is accurate for wavenumbers at most equal to e ~!. We can then introduce a free parameter
n 2 ¢, and construct a FGA to approximate the contribution of frequencies higher than n=! (< e7!) rather
than e~! in order to give more flexibility to the algorithm. Lower frequency contribution will be computed

on 2;,. With pi = kdp, we then define:

Unk = 1

—ipp-az"e  he _
ha _ hE ZjEIgE e Pr I] ¢Q7a fOI' |pk| < 77 1a (11)
0 for |px| >n— "

Next, we define for j € Z" (omitting the index 7 in the LHS to lighten the notations)
dp . h
he ipr-x € he
PG5 = (2m)d Z ¢ " Unk
keZf?

and, we project this function onto the coarse mesh

& = Ln.ndis - (12)
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This gives us the Cauchy data for computing the low/moderate frequency contribution in the quantum
regime. We next define the initial FGA contribution.
Step 1. According to [18], we define the FGA contribution at x?f in Qp_, as

1
he _ he
¢FGA,j - 27T€)3/2 Z(k-,l)XI(’;XIg (I(Oanapl)wn (Qkapl) (13)
we (50, p)+POa1p0) (25 ~QQOa101)) o= 1 ~QO.06,2) 2 g
with
ig (e g V= Ll —g, |2 . .
wpe (g, pr) = he Y em P ma Tl el (ghe e ), (14)

JEThe

and where we have chosen ¢; = :C? and dg = h. In order to determine a and S in the above expression, it is

necessary to rewrite the initial data ¢ as follows:

¢o(x) = A(x) exp (ZS(:U))

Setting ' = ex, the coordinates in which FGA are usually expressed, we have

do(z') = A(a'/e)exp (iS(:c’/a)) = A(a'/e)exp (ieS(:c’/a)/a).

10



From Section 1.2, we easily deduce S and a on €j. Thus, we have defined ¢]§§} A= {¢]}€G A Moreover,

2 } jeThe
by construction we have:
he _ the he
P = g + Prga-

Step 2. In order to make evolve the global wavefunction in time, we need to consistently update the
low/moderate frequency contribution to the high frequency one. As we have assumed that there is no high
frequency generation during the time evolution, and setting ¢’ = et

1

hs
WZ(k,z)ezgng a(t', qr, pr)wn* (qk, p1)

he
Vrga;(t)
xes (St au.p)+P(E qr.p0)- (2 —Q(t .qr.p1))) e =lze *Q(t’qupz)lzdpdq,

which is an approximate solution to

2
(t 75[:/) _ —%Awa(tl,wl) + Va(tl,l'/)wg(tl,l'/),

with the Cauchy data (13). This is numerically performed by solving (5) on ng X ﬁgp , with dqg = h. Note
that as there is no frequency generation, this reconstruction can be performed only at final time. Regarding
low/moderate frequencies, gb}é is computed at any time t < 7T, by solving

O
T

1
5 (t,z) = —§A1/)(t, x) + V(¢ z)v(t, ),

with the Cauchy data defined in (12). It is important to recall that 1/1(’3 (t) and 1/1%& A (et) are computed at
different positions and times. At any t < T, we then denote by f := t/e, and we have

5 .

UM (t) = Loosn VB () + e p (€0), ¥ (E) = Y8 (E) + Ln npa (€D)

At the discrete level in time, for ¢, = nAt, and t. , = nAt/e with k € N*,

h, he, o h he,
e = Lnosng" + Yrdas P = UG+ Lnohrda-

3.8. Two-level scheme with frequency generation

In this subsection, we use similar notations as in Section 3.2, and we assume that harmonics, including
high harmonics, are generated by recombination during the field-particle interaction. As a consequence, and
unlike Section 3.2, FGA can not be computed from ¢y only, but additional reinitializations are necessary.
It is also important to notice that unlike the previous case (no harmonic generation), we intend to use this
two-level approach, only when very high frequencies are generated. The latter will be computed using a FGA
and then should be seen as an improvement of standard solvers for TDSE in the fully quantum regime. All
the other frequencies, from low to high will be treated by a standard real space method. We now introduce

a small parameter 1> ¢ > ¢ > 0, and we recall that {t&k)}k € T,F denote the recombination times (10).

Step 0. The very first step consists of the estimation of the recombination times and the correspond-

ing return energies allowing to determine 7,%. In the following indices ngj) denote the integer part of t&i) /At

where ") € T5. We also denote by An the integer part of 6/At. This can very rapidly and efficiently be
performed by a RK4 scheme.

Step 1. By definition, for all n € (O,n(l) — 5), there is no high frequency generation. As a consequence,
the strategy presented in Section 3.2, is applicable in this time interval. That is, at any n < ngl) — An, we
perform Steps 1. and 2. from Section 3.2, and we determine:

11



) _
° wg on €, up to time #0 d, by solving (1) in the quantum regime that is: 1/187” An 1/16 (tgl) —9).

ns‘l)fAn

° w{;aA using Section 1.2, and such that w;a’A ~ wlgaA(tsl) —9).

(1) _ . (D —A he,nV—A
o )l =4 g then constructed from 1/)Q r " and 1/JFEZT "

Step 2. If tsl) € T, harmonics higher than 7! < 7! are generated in the time interval (t&l) -6, tsl) + 6),

then for ¢ € (t&l) —5,tM +4), we construct 1)< (t) by solving (1) on €;,_ with Cauchy data "= (tgl) —0). The
computation on the fine mesh, but on a very short time interval (20), of the quantum Schrodinger equation
will allow for an accurate numerical generation of high harmonics. Then, for ¢ € ( Wy 0, t(2) 5), high
frequency generation is not expected, and the FGA can then be used on this new time interval, and we apply

/@)

the same the strategy as Step 1 from ¢t = tsl) 4+ 0 to t;”7 — J. At the discrete level, we proceed as follows.

W M _ (1 _
e From Step 1, we get: 1/1(3% " and w; =A% We interpolate wg’"r an

struct the wavefunction on the fine mesh th

on €_, and then recon-

—An h ,nf})—An
= ﬁh*}ha 7/)Q FE}A

1/}h£,n(Tl)fAn
e We compute ¢ for n such that n —An < n < n ) 4 An, by solving (1) on Q. by finite
differences.

(1) . . . honM+A
e From /=" A7 we then construct: i) the quantum contribution wQ"’" ran

+An

using the projection

operator Lp__,p, and wFE’" using the same strategy as Step 1.

hen

e Evolution of 1/)(3 and z/;ﬁsGA follow Step 2. of Section 3.2, for computing 1)"<™ and Yraa for nosuch
that ngl) +An<n< n$2) — An.

Step 3. Now for any tgi) € 7,7, with ¢ > 1, the principle is similar as above:

() _An

e Reconstruction of the global wavefunction =" on Q.

e Evolution of ¢"<", by solving (1) on €2;,_ by finite differences, for n such that n —An<n< —i—An

ngi)—i-A

. h, A () . .
e Reconstruction of 1/)Q " and ‘/’FGA + "from "< A" and evolution as in Step 2.

Although this two-level method requires interpolation and computation at the fine level (€y,_), the reinitial-
ization of the FGA is only necessary at times 9 e T [10].

3.4. Theoretical estimation of the computational complezity

Let us denote by N, the number of time iterations to reach the final time 7. In d dimension, we denote
by N}i (resp. NZ) the number of mesh points in the fine (resp. coarse) mesh. We have N./N; ~ e. We

denote by Ng the number of grid points in ﬁgp, and Ng the number of grid points in ng, see Section
1.2. Typically, Ny ~ N, and N,/N, < 1 for localized high frequencies [18]. The overall computational
complexity, Ct, to compute the solution to (1) with a Crank-Nicolson difference scheme on the fine mesh, is
given by

Cr = O(Np(NH)?), (15)

with 3 2 a > 1 related to the computational complexity to solve sparse linear systems.
Now, the overall two-level method with recombination respectively requires:

12



o M = O(NT(Ng)O‘) operations in order to compute the low/moderate frequency contribution on the
coarse mesh, by solving (1) by finite differences.

o C!? = O(NT(N;;N]?)) operations to compute (5) up to final time 7.

e Let us denote by RZ = #7,° the number of recombination times necessitating a reinitialization of the
FGA. Then, the Fourier filtering, window Fourier transforms, projections and interpolations require a

total of Cc(g) = O(RiNfd log Nléi) operations.

e Finally, in order to properly generate the high order harmonics, it is necessary to solve the TDSE
by finite differences on the fine mesh, during 2An iterations, with An < n. The corresponding
computational complexity is given by

O = O(REAR(NE)®).
The overall computational complexity for the two-level method with recombination, C, is then

Cr = LY = O(R:An(N{)?) + O(R; Nilog Nf) + O Ny (N2 + NIN) ).

C

We also deduce that the overall computational complexity for the two-level method without recombination,
C¢, is given by

C2 = O(Nflog Nf) +O(Nr(N&)* + NING) ).
From a practical point of view, for ¢ < 1, we have

N, < Ni, Ny /REAn > 1.

We then expect: C¢ < C7 < C.

4. Numerical Simulations

Some numerical illustrations of the proposed two-level techniques are presented in this section.

4.1. Two-level method: initial decomposition

The first test is dedicated to the decomposition of the Cauchy data into high and low/moderate spatial
frequency (wavenumber) contributions and its reconstruction from i) a FGA and ii) the projected Cauchy
data on a coarse mesh. We consider a Cauchy data, ¢ = ¢y constituted by 3 (low, moderate, high) spatial
frequencies, respectively denoted by v;, i = 1,2,3. We also denote ¢; = 1/271;, and A; the amplitudes such
that

3
do(w) = f(2) Y Age™/5. (16)

In (16), f is an envelope function, which is a Gaussian function centered at 0. We denote by ¢” the
low /moderate frequency component of the Cauchy data, and by ¢ its high frequency component. That is

2
M) = [@) 30 Aje/o, M (@) = fa) Agett/,
Jj=1

In order to initiate the two-level algorithm, a coarse finite difference grid is introduced which only allows for
the accurate representation of the spatial frequencies 14 and v2 (not v3). The high frequency contribution is

13



reconstructed by FGA in the semi-classical regime. In order to estimate the numerical accuracy of the two-
level reconstruction, we compare the reconstructed Cauchy data, QSI};EG A+ Lhon. ng , with the exact Cauchy
data (16) projected on the fine finite difference grid Qj,_, that is @"<. The parameters are given by ¢ = —5,
A;=1withi=1,2,3, 11 =5, 15=2513=>50and ¢; ~3.2x 1072, g5 ~ 6.4 x 1072 and 5 ~ 3.2 x 1073.
The domain is given by: (—1,1) and the envelope function is f(z) = ¢~102”  The numerical parameters are
as follows: h. = 2.5 x 1073 and h = 1072, N = 600. In Fig. 6, we report the Fourier modes of the Cauchy
data ¢g. The first two peaks are referred as the low and moderate frequencies (wavenumbers), and the last
one to the high frequency. We report in Fig. 7 (left), the real part of the exact Cauchy data projected on

Initial data spectrum
250 T

[

o

=]
T

Intensity

50

0 50 100 150 200 250
Frequency

Figure 6: Cauchy data spectrum.

the fine mesh Real(¢h€), and of the reconstructed Cauchy data Real(qﬁ?{g + (;51};8 A) corresponding the sum

ref
of the semi-classical (high frequency) and quantum (low/moderate) contributions. The pointwise error real

part between the reconstructed wavefunction and the wavefunction of reference on the fine mesh (bfgf, that is

Real (qﬁfgf — (¢}53 +¢§E3A)), is also reported in Fig. 7 (right). As expected a very good accuracy is obtained.

Cauchy data comparison: exact and reconstructed

—&— Cauchy data of reference
—— Reconstructed Cauchy data from FGA)

Figure 7: Comparison between the Cauchy data of reference on the fine mesh, with the reconstructed Cauchy data from FGA
and the Cauchy data on the coarse mesh: (Left) Real part. (Right) Pointwise error.
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4.2. Two-level method without frequency generation

We now consider the time dependent equation (1) without harmonic generation nor external field, see
Section 3.2. This constitutes the most simple situation, as the initial decomposition is sufficient to separate
at any time, the high and low/moderate frequency contributions.
Test 1. The first test we consider is as follows. The potential V' is defined by

V(z) = —exp (0.22%).

The computational domain is (—64,64) and the final computational time is given by 7' = 10. The domain
is assumed large enough to avoid any spurious reflections. We assume that the Cauchy data possesses again
low, moderate and high spatial frequencies. More specifically, we take:

do(z) = exp (— 10e22?) (exp (i(z +e2?)) +4dexp (i(<€3/4$ + 57/4:102)) + 3exp (i(ex + 52:62))),

with e = 27°. Numerical data are as follows. We take h = 1.28, h. = eh = 0.04, At ~ 0.067 corresponding
to 150 iterations. The Fourier filtering has been applied at ! = 471 /5 ~ 25.6. That is, the low/moderate
frequency contribution is computed on the coarse mesh for frequencies less than 7! (11), by FGA for
frequencies higher than !, see Step 1. of Section 3.2 for details. The Cauchy data is represented in Fig.
8. More specifically, we report the real and imaginary part of the wavefunction (bgf on the fine mesh (Q,_),

(;56 on the coarse mesh (Qy,), the filtered FGA, and ¢]§§} N Y (;56 the overall reconstructed initial data.
The modulus of the initial pointwise error between the reconstructed wavefunction and the wavefunction of

reference on the fine mesh ¢f§f, ¢]§§}A + Lhon, ¢’(§ — ¢"=|, is represented in Fig. 9. At time 7' = 10, we

ref
then report the real and imaginary part of the wavefunction 1/)(35 (T') on the fine mesh (£23,), 1/1(’3 (T') on the
coarse mesh (Q,), the filtered FGA, and ¥, , (T) + Eh—mswg (T') the overall reconstructed wavefunction
on the fine mesh. The modulus of the final pointwise error between the reconstructed wavefunction and
Upea (D) + Lnon 08(T) = (T, is
represented in Fig. 11. The results show a very good accuracy of the two-level solution. We notice in
particular, that between times 0 and 7', the sup-norm in space of the error is almost constant:

the wavefunction of reference computed on the fine mesh wfgf(T),

H¢]§EA + Lnon. 86 — ok

~ bk @) + LoD = vl |~ Tx 2074

Test 2. The following experiment is an introductory test for external excitation by a laser field. We assume
that a two-frequency wavepacket is subject in vacuum (V' = 0) to an external field.

Oy 1
1E(t,x) = —EAw(t,w) +zE(t)(t, ).

The external field is given by E(t) = I'sin (wt) exp(—v(t —T//2)?), where in atomic units, the pulse duration
is T = 16, its central frequency is w = 1, its intensity is 7 = 0.2, and the parameter v is fixed to 5 x 1073,
The initial wavefunction is given by

¢o(x) = exp (— 10e%2?) (exp(iz) + 2exp(iex)),

with e = 27°. The computational domain is (—64, 64). The numerical data are as follows. We take n~! =

4/5e71 = 25.6, he = 0.04, h = 0.32, and At = 0.032. We first represent in Fig. 12, the pulse as a function
of time. In Fig. 13, we report the real and imaginary parts of the Cauchy data of reference (projection
on the fine mesh), as well as the reconstruction one from the FGA and the coarse mesh wavefunction. At
final time T" = 16, we report in Fig. 14 the wavefunction of reference computed on a fine mesh, and the
reconstructed wavefunction. We also represent in Fig. 15, at initial and final times, the spatial spectrum
of the wavefunction of reference and of the reconstructed one. This last graph shows that, as expected, no
frequency were generated. As a consequence, the method presented in Section 3.2 is perfectly adapted to
this type of problems.
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Figure 8: Comparison at time ¢ = 0 between i) the initial wavefunction on the fine mesh, ii) the reconstructed wavefunction on
the fine mesh from the FGA and the wavefunction on the coarse mesh, iii) the wavefunction on the coarse mesh, and iv) the
FGA contribution. (Up) Real part. (Down) Imaginary part.

4.3. Two-level method with frequency generation: preliminary tests

In this section, we propose some preliminary numerical experiments illustrating the strategy presented in
Section 3.3, for multiscale TDSE with harmonic generation. A forthcoming paper will be dedicated to more
detailed and realistic benchmarks, as well as the optimization of the two-level algorithm with generation
of high frequencies. One of the key points of the algorithm from Section 3.3 is the computation of the
recombination times, when the generation of new high frequencies occurs. As shown in Section 2.2, it
is possible to approximately determine the recombination times in order to determine when we need to
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x 1074 Modulus of error: initial VS reconstructed wavefunction
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Figure 9: Pointwise error between the initial wavefunction on the fine mesh, and the reconstructed wavefunction on the fine
mesh.

reinitialize the FGA. Notice that as the Cauchy data is chosen as a low energy eigenfunction, the electronic
wavefunction initially contains usually only low intensity high spatial frequencies. From a practical point of
view, we proceed as follows.

e Wavefunction initialization and time evolution on the coarse mesh, until recombination times.

Construction of the wavefunction on the fine mesh prior to the harmonic generation (HHG).

Evolution on the fine mesh during the HHG.

Construction and evolution of i) the FGA for the high frequency contribution and ii) of the wavefunction
contribution for low/moderate frequency contribution on the coarse mesh.

We consider the following TDSE for 1 electron and 2 fixed nuclei,

i%—f(f, x) = Hop(t,x) + xE(t))(t, x),

1
where Hy = —§A + V() with

V(x) = —10exp (= 10(z - R/2)") = 10exp (- 10(z + /2)?). (17)

The initial state ¢g is the ground state of Hy, that is Hypg = Ag¢o, where g is the smallest eigenvalue of
Hy. R denotes the fired internuclear distance between the two nuclei, which is here given by R = 15/25.
The laser field is given by E(t) = I'sin(wt)exp ( — v(t — T/2)?), with t € (0,7) and T' = 32, I = 15/25,
v =4x1072 In the following we take ¢ = 27 and the computational domain is given (—3¢7!/2,3¢71/2).
The numerical data are: h. = 4.69 x 1072, h = 32h. = 1.5, At = 8 x 1073, We fix dp = 8/¢ and dq = Az
and the threshold is n~! = 5¢~1/4. The frequency contribution below 1~! is computed by finite differences
(7), and above n~! by FGA. In Fig. 16, we report the modulus of i) the wavefunction of reference "

£
ref?
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Figure 10: Comparison at time 7" = 10 between i) the wavefunction of reference on the fine mesh, ii) the reconstructed
wavefunction on the fine mesh from the FGA and the wavefunction on the coarse mesh, iii) the wavefunction on the coarse
mesh, and iv) the FGA contribution. (Up) Real part. (Down) Imaginary part.

which is the projection on the fine mesh of the Cauchy data ¢y, ii) gb’é the coarse mesh projection of ¢y, iii)
@™ the reconstructed Cauchy data from the FGA and qﬁg , and finally iv) ¢pca, the FGA corresponding to
the high frequency contribution. The corresponding spatial frequencies of the Cauchy data (groundstate),
reconstructed Cauchy data, and the Cauchy data of reference are reported in Fig. 17. We compare in Fig.
18 the (high) frequency contribution above 7! of the groundstate of reference with gb}PiEG A~ We report in Fig.
19, the laser field with corresponding approximate recombination times, that is when the FGA needs to be
reinitialized (Up), the electron position (middle) and the return energy (Down). Similarly we represent at
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Figure 11: Pointwise error between i) the wavefunction of reference on the fine mesh, and ii) the reconstructed wavefunction
on the fine mesh, at time 7' = 10.
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Figure 12: Laser pulse as a function of time.

time ¢t = 7.7 and ¢t = 12.8, in Fig. 20 (resp. time ¢t = 20.5, and ¢ = 30.7 in Fig. 21) the wavefunction of
he o
reference computed on the fine mesh 1, the low/moderate frequency contribution computed on the coarse

mesh 1/18, and the reconstructed wavefunction on the fine mesh, "<, from wga A and ﬁh—mgwg' The

spatial spectrum of i) the Cauchy data ¢y, ii) the wavefunction of reference wf;f and of the reconstructed
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Figure 13: Comparison between i) the Cauchy data of reference on the fine mesh, ii) the reconstructed Cauchy data from the
FGA and the Cauchy data on the coarse mesh, iii) the Cauchy data on the coarse mesh, and iv) the FGA contribution. (Up)
Real part. (Down) Imaginary part.

solution "< are represented in Fig. 24 at time ¢ = 7.7 and t = 12.8 (resp. at time ¢ = 20.5 and t = 30.7
in Fig. 25). In addition, we compare in Fig. 22 at time ¢ = 7.7 and ¢t = 12.8 (resp. time t = 20.5 and
t = 30.7 in Fig. 23) the high frequency contribution (frequencies above 7~1) of the solution of reference wrhgf
with wﬁa A- These results show the very good accuracy of the proposed reconstruction (coarse mesh+FGA),

when high harmonic generation occurs.
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Figure 14: Comparison at time 7" = 16 between i) the wavefunction of reference on the fine mesh, ii) the reconstructed

wavefunction on the fine mesh from the FGA and the wavefunction on the coarse mesh, iii) the wavefunction on the coarse
mesh, and iv) the FGA contribution. (Up) Real part. (Down) Imaginary part.

5. Concluding remarks

5.1. Multilevel method for multi-high-frequency regime

The two-level method which was presented in this paper, can easily be extended to a multilevel method,
by considering multiple FGAs. More specifically, we consider a decreasing and real finite sequence {&; }o<i<r,
associated to increasing frequencies {5; As before the contribution of frequencies smaller than e !
-1

1}0<igL'

(which was denoted by e~ in Section 3.2) is computed by solving (1) in the quantum regime and on a coarse
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Figure 15: Spectrum of the Cauchy data, of the wavefunction of reference on the fine mesh, and of the reconstructed wavefunction
on the fine mesh, at final time T = 16.
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Figure 16: i) Groundstate of reference on the fine mesh, ii) reconstructed groundstate from the FGA and the groundstate on
the coarse mesh, iii) groundstate on the coarse mesh, iv) and the FGA contribution.

. . . he,
mesh. By Fourier filtering, we construct a finite sequence of FGAs, {wFé Af1cicr

to the frequency ranges ((5;11 + ai)/2, (ai_l + 5i+1)/2), for ¢ > 1. We then follow the same strategy as in
Sections 3.2 and 3.3.

respectively associated
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Figure 17: Spatial frequency of i) the exact groundstate, ii) the groundstate of reference on the fine mesh, and iii) the recon-
structed groundstate.

)5 x107° Modulus of high frequency contribution at t=0

Figure 18: High frequency contribution: i) groundstate on the fine mesh, and ii) FGA contribution.

5.2. Conclusion

In this paper, we have derived two two-level algorithms for the numerical computation of the TDSE in
wide frequency regimes, with and without high frequency generation. The strength of the method is that
it allows for the efficient computation of wide frequency range solutions using a coarse mesh approximation
for low/moderate frequencies and a semi-classical approximation, the Frozen Gaussian Approximation, for
the high frequencies. Accurate numerical results were shown in both cases. A forthcoming paper will be
dedicated to extended and more realistic tests and the optimization of the algorithms, in the framework of
intense and short laser-molecule interaction, where high order harmonic generation occur.
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Figure 19: As a function of time, and using classical mechanics: (Up) Electric field and recombination times. (Middle) Electronic
position. (Down) Kinetic energy.
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Figure 20: At time ¢t = 7.7 and ¢ = 12.8: i) wavefunction of reference on the fine mesh, ii) reconstructed wavefunction on the
fine mesh from the FGA and the wavefunction on the coarse mesh, iii) wavefunction on the coarse mesh, iv) FGA contribution.
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Figure 22: Spatial frequency at time ¢ = 7.7 and ¢ = 12.8 of i) the exact groundstate, ii) the wavefunction of reference on the
fine mesh, and iii) the reconstructed wavefunction on the fine mesh.
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Figure 23: Spatial frequency at time ¢t = 20.5 and ¢ = 30.7 of i) the exact groundstate, ii) the wavefunction of reference on the
fine mesh, and iii) the reconstructed wavefunction on the fine mesh.
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