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In the past years there was a huge interest in experimental and theoretical studies in
the area of few-optical-cycle pulses and in the broader fast growing field of the so-
called extreme nonlinear optics. This review concentrates on theoretical studies performed
in the past decade concerning the description of few optical cycle solitons beyond the
slowly varying envelope approximation (SVEA). Here we systematically use the powerful
reductive expansion method (alias multiscale analysis) in order to derive simple integrable
and nonintegrable evolution models describing both nonlinear wave propagation and
interaction of ultrashort (femtosecond) pulses. To this aim we perform the multiple
scale analysis on the Maxwell-Bloch equations and the corresponding Schrédinger-von
Neumann equation for the density matrix of two-level atoms. We analyze in detail both
long-wave and short-wave propagation models. The propagation of ultrashort few-optical-
cycle solitons in quadratic and cubic nonlinear media are adequately described by generic
integrable and nonintegrable nonlinear evolution equations such as the Korteweg-de Vries
equation, the modified Korteweg-de Vries equation, the complex modified Korteweg-de
Vries equation, the sine-Gordon equation, the cubic generalized Kadomtsev-Petviashvili
equation, and the two-dimensional sine-Gordon equation. Moreover, we consider the
propagation of few-cycle optical solitons in both (1 + 1)- and (2 + 1)-dimensional
physical settings. A generalized modified Korteweg-de Vries equation is introduced in
order to describe robust few-optical-cycle dissipative solitons. We investigate in detail
the existence and robustness of both linearly polarized and circularly polarized few-cycle
solitons, that is, we also take into account the effect of the vectorial nature of the electric
field. Some of these results concerning the systematic use of the reductive expansion
method beyond the SVEA can be relatively easily extended to few-cycle solitons in the
general case of multilevel atoms. Prospects of the studies overviewed in this work are given
in the conclusions.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Following a series of challenging works on experimental generation and characterization of two-cycle and even sub-
two-cycle pulses from Kerr-lens mode-locked Ti: sapphire lasers [ 1-4], interest in intense ultrashort light pulses containing
only a few optical cycles has grown steadily in recent years since their first experimental realization more than one
decade ago. This mature research area has considerable potential for ultrafast optics applications in metrology of ultrafast
phenomena, in systems performing laser ablation (micromachining, etching, microsurgery), etc. It still presents many
exciting open problems from both a fundamental and an applied point of view. Notably, the ultrashort pulses possess
extensive applications to the field of light-matter interactions, high-order harmonic generation, extreme [5] and single-
cycle [6] nonlinear optics, and attosecond physics [7,8]; see Ref. [9] for a review of earlier works in this area.

We should point out that such ultrashort laser pulses with duration of only a few optical cycles are of much importance
because they are brief enough to resolve temporal dynamics on an atomic level. They are currently used to study chemical
reactions, molecular vibrations, electron motion in atoms and molecules, etc. Moreover, since few-cycle pulses are very
broadband and can become extremely intense, they became a useful tool for coherently exciting and controlling matter on a
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microscopic scale. The availability of ultrashort and ultraintense laser pulses generated by the powerful technique of chirped
pulse amplification along with the development of high-fluence laser materials has opened up the field of optics in the
relativistic regime [ 10]. Thus the ultrahigh electromagnetic field intensities produced by these techniques (I > 10'® W/cm?),
lead to relativistic effects generated by the motion of electrons in such laser fields [10]. We also note an overview by
Mourou and Tajima [11] on recent activity in the area of realization of future large laser facilities, namely exawatt-class
lasers. Such huge powers will be obtained by releasing a few kilojoules of energy into an ultrashort pulse with a duration of
only 10 fs.

The possibility to increase the laser peak powers relies on three revolutionary experimental achievements. The first laser
amplification technique, namely the chirped pulse amplification which had a great influence on applications, was introduced
in 1985 by Strickland and Mourou [12]. The second important advance in this area has been the optical parametric chirped
pulse amplification introduced in 1992 by Dubietis et al.; see Ref. [13]. It is conceptually similar to the chirped pulsed
amplification, however, it relies on the parametric amplification of light. This second revolutionary amplification technique
is currently used for broadband, few-optical-cycle pulse amplification. The third important amplification technique, which
was introduced in 1999 by Malkin et al. [14], is a new compression technique based on backwards Raman scattering and
has the advantage of avoiding diffraction gratings. Very recently, Mourou et al. [15] have introduced a new amplification
technique, the so-called cascaded conversion compression, which has the capability to compress with good efficiency
nanosecond laser pulses with energy of about 10 k] into femtosecond pulses having the same energy; exawatt peak powers
being therefore reachable.

From the fundamental point of view, other physical phenomena involving ultrashort optical pulses (with very broad
spectra) are of much interest at present. We mention here the supercontinuum generation (the spectral width exceeds
two octaves) in microstructured photonic crystal fibers, which is seeded by femtosecond pulses in the anomalous group
velocity dispersion regime of such fibers. Unique physical processes such as soliton fission, stimulated Raman scattering, and
dispersive wave generation were studied in detail; see, e.g., Refs. [16-18] and two comprehensive recent reviews [19,20].
Also, it is worthy to mention here a recent experimental work demonstrating the synthesis of a single cycle of light by using
compact erbium-doped fiber technology [21]; the obtained pulse duration of only 4.3 fs was close to the shortest possible
value for a data bit of information transmitted in the near-infrared spectrum of light, at a wavelength of 1300 nm; see
Ref. [21].

In the following we survey other recent relevant experimental and theoretical results in the area of few-cycle and strong
field optical physics. First we mention a recent review paper [22] on few-optical-cycle light pulses with passive carrier-
envelope phase (CEP) stabilization. One notices that the control of CEP of light pulses enables the generation of optical
waveforms with reproducible electric field profiles. The passive approach allows the generation of CEP-controlled few-
optical-cycle pulses covering a very broad range of parameters in terms of carrier frequency (from visible to mid-infrared),
energy (up to several millijoules) and repetition rate (up to hundreds of kHz); see Ref. [22] for more details. A light source,
using coherent wavelength multiplexing, that enables sub-cycle waveform shaping with a two-octave-spanning spectrum
and a pulse energy of 15 microjoules was recently developed in Ref. [23]. This optical source offers full phase control
and allows generation of any optical waveform supported by the amplified spectrum; see Ref. [23]. Extensive numerical
simulations of ultrafast noncritical cascaded second-harmonic generation in lithium niobate, which were performed in a
recent work [24], showed that few-cycle solitons can be formed that shed near- to mid-IR optical Cherenkov radiation
in the 2.2-4.5 micrometer range with few-cycle duration, excellent pulse quality, and a high conversion efficiency (up
to 25%). Note that alternative methods for generating energetic few-cycle mid-IR pulses, like optical rectification [25]
or noncollinear optical parametric amplification [26] proved to be either inefficient or very complex techniques. Thus
it was clearly proved in Ref. [24] by performing extensive numerical computations that cascaded second-harmonic
generation might provide an efficient bridge between near-IR femtosecond laser technology and ultrashort energetic
mid-IR pulses. In a subsequent experimental work performed by Wise’s group [27] it was shown the few-cycle soliton
compression with noncritical cascaded second-harmonic generation; energetic 47 fs infrared pulses were compressed in
a just 1-mm long bulk lithium niobate crystal to 17 fs (under four optical cycles) with high efficiency (about 80%). The
experimental results reported in Ref. [27] indicate that short semiconductor crystals can be used to compress multi-
cycle mid-infrared pulses towards few-cycle duration, thereby facilitating a mid-infrared front-end for high-harmonic
generation.

As concerning the creation of CEP-stabilized intense pulses we also mention the generation of 1.5 cycle pulses at
1.75 wm [28] and the generation of multi-], CEP-stabilized, two-cycle pulses from an optical parametric chirped pulse
amplification system with up to 500 kHz repetition rate [29].

Other recent works on few-cycle pulses (FCPs) deal with few-cycle light bullets created by femtosecond filaments [30],
the study of ultrashort spatiotemporal optical solitons in quadratic nonlinear media [31], the ultrashort spatiotemporal
optical pulse propagation in cubic (Kerr-like) media without the use of the slowly varying envelope approximation
(SVEA) [32,33], single-cycle gap solitons generated in resonant two-level dense media with a subwavelength structure [34],
observation of few-cycle propagating surface plasmon polariton wavepackets [35], and the possibility of generating few-
cycle dissipative optical solitons [36-38]. In a recent work by Kozlov et al. [37] it was numerically demonstrated how to use
the coherent mode locking technique for the generation of single-cycle pulses directly from a laser. We also mention recent
studies of ultrafast pulse propagation in mode-locked laser cavities in the few femtosecond pulse regime and the derivation
of a master mode-locking equation for ultrashort pulses [39]. Another relevant recent theoretical work presents a class of
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few-cycle elliptically polarized solitary waves in isotropic Kerr media, propose a method of producing multisolitons with
different polarization states, and study their binary-collision dynamics [40].

We also mention the experimental study of intrinsic chirp of single-cycle pulses [41], the proposal of a method to generate
extremely short unipolar half-cycle pulses based on resonant propagation of a few-cycle pulse through asymmetrical media
with periodic subwavelength structure [42], the demonstration of high quality sub-two-cycle pulses (with duration of
about 5 fs) from compression of broadband supercontinuum generated in all-normal dispersion photonic crystal fibers [43],
the realization of essentially dispersion-free and diffraction-limited focusing of few-cycle pulses (with duration of about
6 fs) through all-reflective microscope objectives [44], generation of unipolar pulses from nonunipolar optical pulses in a
quadratic nonlinear medium [45], and the existence of guided optical solitons of femtosecond duration and nanoscopic mode
area, that is, femtosecond nanometer-sized optical solitons [46]. In recent comprehensive numerical simulations performed
by Li et al. [47] it was put forward an efficient and realizable scheme for the generation of ultrashort isolated attosecond
(as) pulses by the optimization of three-color laser fields. As a result, an isolated 23 as pulse can be obtained directly by
superimposing the supercontinuum harmonics near the cutoff region [47]. Note that this very short attosecond pulse (23 as)
is less than one atomic unit of time (the time scale of electron motion in atoms), which is about 24 as.

The continuing experimental progress in the study of the wave dynamics of FCPs in nonlinear optical media has paved
the way for the development of new theoretical approaches to model their propagation in physical systems. Three classes
of main dynamical models for FCPs have been put forward: (i) the quantum approach [48-52], (ii) the refinements within
the framework of SVEA of the nonlinear Schrodinger-type envelope equations [53-63], and the non-SVEA models [64-70,
70-82]. Extremely short pulses can be described by solving directly the Maxwell-Bloch equations for a two-level system.
Sech-type solutions have been derived [83]. The propagation of FCPs in Kerr media can be described beyond the SVEA by
using the modified Korteweg-de Vries (mKdV) [70-72], sine-Gordon (sG) [73-75], or mKdV-sG equations [76-80]. Note
also a reduced Maxwell-Duffing model, very close to the mKdV equation, for the description of extremely short pulses in
nonresonant media [84]. The mKdV and sG equations are completely integrable by means of the inverse scattering transform
method [85,86], whereas the mKdV-sG equation is completely integrable only if some condition between its coefficients is
satisfied [87,88].

The traditional SVEA is no longer valid for ultrashort optical pulses with duration of only a few femtoseconds. Although
several generalizations of the SVEA have been proposed and have proven their efficiency (see the detailed discussion
in Ref. [89]. These generalizations are referred to as higher-order nonlinear Schrédinger equation (NLS) models, see
e.g. Refs. [53-56]), a completely different approach to the study of few-cycle pulses, which completely abandons the SVEA
was put forward in a series of published works during the past two decades. First, we mention that first-order nonlinear
evolution equations can be obtained under the so-called unidirectional approximation [90,91]. Non-SVEA models were
proposed within the framework of the unidirectional approximation; see, e.g., Refs. [18] and [56]. Second, to the best of
our knowledge, the necessity of using the non-SVEA approach for the adequate description of FCPs was put forward in
the early seminal work by Akhmediev, Mel'nikov and Nazarkin published in 1989 [92]. In a subsequent paper, Belenov and
Nazarkin [64] obtained exact solutions of nonlinear optics equations outside the approximation of slowly varying amplitudes
and phases for light pulses a few wavelengths long and with power densities of the order of 10°-10'® W/cm?, clearly stating
that traditional SVEA methods “are becoming ineffective in describing wave processes at such small spatial and temporal scales
and at such high fields”. We also mention that in a recent study of ultrafast pulse propagation in a mode-locked laser cavity
in the few femtosecond pulse it was clearly stated that the standard NLS-based approach of ultrafast pulse propagation,
though has been shown “to work quantitatively beyond its expected breakdown, into the tens of femtoseconds regime, and has
been used extensively for modeling supercontinuum generation . . . when pushed to the extreme of a few femtosecond pulses, the
NLS description becomes suspect . .." [39].

This review is organized as follows. In Section 2 we briefly present the basic notions of the reductive perturbation
method (multiscale expansion) and its applications to the general soliton theory. As a typical example of the application of
the multiscale analysis, we give a direct derivation of a macroscopic nonlinear Schrédinger equation from Maxwell-Bloch
equations for two-level atoms. One-dimensional approximate models for few-cycle optical solitons in two-level media are
introduced in Section 3. First, two-cycle optical solitons in the long-wave approximation regime and the corresponding
derivation of a modified Korteweg-de Vries equation are presented. Then, we also consider two-cycle optical solitons in
the short-wave approximation regime, which are adequately described by a sine-Gordon equation. Ultrashort pulses in
quadratically nonlinear media in the form of half-cycle optical solitons (with a definite polarity of the electric field) are also
introduced in Section 3. In Section 4 we derive a general model for few-cycle optical soliton propagation, namely a modified
Korteweg-de Vries-sine-Gordon equation, which describes two-cycle optical pulses propagating in two-component
nonlinear media. We also make a detailed comparison between the most general modified Korteweg-de Vries—sine-Gordon
model and other non slowly varying envelope approximation models introduced in the study of ultrashort solitons, such as
the short-pulse equation, the modified Korteweg-de Vries equation, and the sine-Gordon equation. Moreover, the salient
features of interactions of few-optical-cycle solitons are discussed in Section 5. Section 6 is devoted to the study of circularly
polarized few-optical-cycle solitons in nonlinear media in both long wave and short wave approximation regimes. The
unique features of few-optical-cycle dissipative solitons are discussed in Section 7. Section 8 deals with the generalization
of these studies to (2 4+ 1)-dimensional physical settings, that is, to the description of spatiotemporal few-optical-cycle
solitons beyond the slowly varying envelope approximation. Finally, in Section 9 we present our conclusions and we give
some prospects of the studies overviewed in this paper.
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2. The reductive perturbation method

2.1. Basic notions of the method and its applications

The reductive expansion method or multiscale analysis is a very powerful way of deriving simplified models describing
both nonlinear wave propagation and interaction; see e.g., a tutorial review of this topic [93]. Here we only describe the
basic notions of this mathematical method which is widespread in the modern soliton theory. We give a few examples
concerning (1 + 1)-dimensional problems: (a) the envelope equations described by the universal nonlinear Schrédinger
equation, (b) the Korteweg-de Vries and modified Korteweg-de Vries equations which adequately describe the long-wave-
approximation regime, for quadratic and cubic nonlinearities respectively, and (c) the sine-Gordon equation describing
the short-wave-approximation regime. A simple definition of the multiscale expansion is as follows: it is a perturbative
approach, whose first order is a linear approximation, that allows us to write, not only small corrections valid for the same
evolution time as in the linear approximation regime, but also their cumulative effect for a very long evolution time. Note
that the reductive perturbation method is intimately related to soliton theory and it is frequently used in works devoted to
the mathematical aspects of solitons.

We next give two generic examples of multiple scales by analyzing the NLS equation describing envelope solitons in
optical fibers and the universal KdV equation arising, e.g., in hydrodynamics and in the study of ultrashort pulse propagation
in quadratically nonlinear optical media beyond the SVEA (see Section 3.3). First, regarding envelope solitons, let us consider
optical solitons in fibers. The wavelength, the pulse length, and the propagation distance, are three lengths measured along
the fiber axis, that are first distinguished by their different orders of magnitude. Experimental setups may rather measure
some of the corresponding durations: optical period, pulse duration, and propagation time, which simply deduce from
lengths by multiplying by the light velocity. Considering a quantity either as a length or as a time does not induce any
change to the analysis. The formation of a soliton occurs only if some relationships are satisfied between these orders of
magnitude, and between them and that of the wave amplitude. Thus, multiple scales exist in the physics itself. Second, in
the case of the KdV equation in hydrodynamics the formation of a KdV soliton assumes relations to be satisfied between the
amplitude of the solitary wave, its length, the canal depth, and the propagation distance. All these quantities are lengths,
whose orders of magnitude differ, but are in no way arbitrary. From the physical nature of the phenomenon itself, we again
have multiple scales.

The mathematical formalism of the multiple scale analysis involves the introduction of some small perturbation
parameter ¢, so that the orders of magnitude of the various effects are determined by means of their order in an expansion
in a series of powers of ¢. This induces homogeneity properties of the considered mathematical expressions. Therefore, the
model equations which are derived this way must satisfy these homogeneity properties. Due to this constraint the number
of possible nonlinear evolution equations is hence rather small. Only a few generic equations are shown to account for
analogous phenomena in very different physical settings. Such nonlinear evolution equations are called universal. Generally,
in(1+ 1) dimensions and for conservative systems, only one degree of freedom is involved in the dynamics and the universal
evolution equation is completely integrable. However, the integrability property is very rare, and the model equations
obtained as asymptotics fail to be integrable in most cases, as soon as the dimensionality of either the dependent or the
independent variables increases. Then, the complete integrability may still be ensured if and only if some relationships
between the coefficients of the nonlinear evolution equation are fulfilled.

To the best of our knowledge, the reductive perturbation method, or multiscale analysis, was first introduced by Gardner
and Morikawa in 1960 in an unpublished report on hydromagnetic waves in a cold plasma (New York University Report
NYU-9082, Courant Institute of Mathematical Sciences). This method has been applied in 1966 by Washimi and Taniuti [94]
to the study of ion-acoustic solitary waves of small amplitudes. Later on, Taniuti and Wei [95] provided a general method
of the derivation of the Korteweg-de Vries equation by using the reductive perturbation technique. Su and Gardner [96]
derived both the Korteweg-de Vries and Burgers’ equations. Taniuti and his co-workers initiated the perturbation method
for ‘anonlinear wave modulation’, leading to the generic nonlinear Schrédinger equation. Thus the NLS equation was derived
by Taniuti using a multiscale method, in two fundamental works [97,98].

2.1.1. Length scales for envelope solitons

The nonlinear evolution of dispersive wave packets, e.g., those propagating through optical fibers, involves several length
scales, the phase velocity of the wave being a constant in this specific case [85]. The first length scale is the wavelength A
of the carrier, that will be the reference length (zero order). The length L of the wave packet must be large with regard
to the wavelength, so that an approximation of slowly varying envelope type can be envisaged. A third scale length is the
propagation distance D; see Fig. 1. We require that the effect of dispersion appears on propagation distances of the order
of D, which is much larger than the pulse length L. We are briefly discussing here the formation of envelope solitons, that
is, an equilibrium between the dispersion effect and the nonlinear effect should occur. The propagation distances D will
thus typically have the same order of magnitude as the dispersion length (temporal Fresnel length) L; = (AH?/(2mks,).
Here k; = d?w/dk? measures the dispersion, and At is the initial pulse duration (in the picosecond range for envelope
solitons in fibers). We mention that in the seminal experiment of Mollenauer et al. [99] on envelope solitons in optical
fibers the wavelength was A = 1.55 pm, the propagation distance, i.e. the length of the fiber was D = 700 m, and the
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Fig. 1. (Color online) The various length scales for envelope solitons. Here A is the wavelength, L is the pulse length, which is large with respect to A, and
D is the propagation distance, which is large with respect to L.
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Fig. 2. (Color online) The different length scales of the KdV soliton: A is the small amplitude, L is the long wavelength, and D is the much longer propagation
distance.

pulse duration was At = 7 ps, which corresponds to a pulse length L = 1.4 mm. With the above notations, At = nL/c,
and k; = (2n’ + wn”)/c, where n’ and n” are the first and second derivatives of the refractive index n with regard to the
pulsation w = 2w c/A. Hence, we get D = Ly = [n?/(2n'w +n"w?)](L*/A). Itis easily seen that the ratio n?/(2n'w +n"?) is
dimensionless. The most simple procedure is to treat it as a number of order £°. From this, it is deduced thate ~ A/L ~ L/D.
Thus we have the following length scales: A ~ ¢L ~ ¢2D. In this way we have identified the small perturbation parameter
¢ for this physical situation. The temporal and spatial slow variables 7, respectively ¢, are then given by: 7 = e(t — z/V)
and ¢ = &?z. The generic NLS equation describing envelope solitons will be derived by using the quantum formalism in
Section 2.2. Note that it is obtained at the order &3 of the perturbative scheme.

2.1.2. Length scales for long-wave and short-wave expansions

We briefly consider here some typical examples of long-wave expansions in the study of solitons. One of the first works
devoted to this issue was that of Suand Gardner [96]. In that paper were derived both Burgers’ equation and the KdV equation
for the description of shallow water waves. (Let us mention that the KdV equation and the KdV soliton were derived for the
first time by Boussinesq in 1872 [100], 23 years before Korteweg and de Vries.) We note that the Burgers’ equation describes
an equilibrium between nonlinearity and dissipation, and the formation of smooth shock profiles, whereas the KdV equation
describes an equilibrium between nonlinearity and dispersion and the formation of localized waveforms propagating and
interacting with each other without shape deformation; such robust localized waves were called solitons. The nonlinearity
of the KdV equation is quadratic. However, these localized structures described by these two universal nonlinear partial
differential equations exist in several physical settings; we only mention here that there exists an electromagnetic wave
mode in ferromagnetic media which obeys either the Burgers’ equation [101] or the KdV one [102], depending on the values
of the wave amplitude and the damping constant.

We consider a solitary wave with a long wavelength L, a weak amplitude A, propagating on a distance D. The propagation
distance D is much longer than the wavelength L; see Fig. 2. The orders of magnitude of A, D, and L are not independent. They
can be expressed by means of a single small parameter ¢, through A o< €2, L o< 1/¢,and D o< 1/&3, as it is shown in Fig. 2.
The relative size of the various terms can be determined as follows. The generic KdV equation is d,g + Pgo:g + Q8§g =0.1It

involves a third-order derivative ag’g, which accounts for dispersion to be counteracted by nonlinearity. If the length of the
solitary wave is large, L ~ 1/¢ with ¢ < 1, then the dispersion term is about Bg’g ~ g3g. It must arise at the propagation

distance D, accounted for in the equation by the term d,g ~ g/D. Hence D ~ &3, Regarding the nonlinear term, which has
the form go; g, it has an order of magnitude g? /L ~ eg2. The formation of the soliton requires that the nonlinear effect exactly
balances the dispersion effect. Therefore the nonlinear and dispersion terms should have the same order of magnitude, that
is, e3g = eg?. Hence we get the order of magnitude of g ~ 2, and correspondingly, the order of magnitude of the wave
amplitude A ~ &2; see Fig. 2. For this physical situation the temporal and spatial slow variables 7, respectively ¢, are then
givenby t = &¢(t —z/V)and ¢ = &3z.

Note that the generic KdV equation describing half-cycle optical solitons in quadratic nonlinear media will be derived by
using the quantum formalism in Section 3.3. We will see that it is obtained at the order £° of the perturbative scheme applied
to the Maxwell wave equation. In Section 3.1 we will derive a generic modified KdV equation describing two-cycle optical
solitons in cubic (Kerr) nonlinear media by using the quantum formalism based on the density matrix. The temporal and
spatial slow variables are the same as in the case of the KdV equation because we are dealing with a long-wave expansion,
however in the case of modified KdV solitons the nonlinearity is cubic, in contrast with KdV which involves a quadratic
nonlinearity. Consequently, the wave amplitude scales differently: A ~ &¢!. The generic evolution equation for the case of



H. Leblond, D. Mihalache / Physics Reports 523 (2013) 61-126 67

0
Doce

Loce

Accl/e
T

v

Fig. 3. (Color online) The length scales of the short-wave solitons: A is the large amplitude, L is the short wavelength and D is the relatively long propagation
distance.

short-wave approximation is the sine-Gordon partial differential equation. It will be derived in Section 3.2 by using the
quantum formalism. In this case we have the following scalings: L ~ ¢ and D ~ £°, and we introduce the following rescaled
variables T = (1/¢)(t —z/V) and ¢ = %2 = z; hence T is no more a slow variable but becomes a fast one, whereas ¢, being
still slow with respect to t, becomes a zero order variable. The amplitude scales very differently here, it is indeed formally
a large amplitude, A ~ 1/¢; see Fig. 3.

2.2. Direct derivation of a macroscopic nonlinear Schrédinger equation from Maxwell-Bloch equations

In this section we show that by using the multiscale expansion technique and the quantum mechanical matrix density
formalism, it is possible to derive in a rigorous way the NLS equation, which is a macroscopic nonlinear evolution equation for
alight pulse in a nonlinear medium; see Ref. [103] for a comprehensive study of this issue. In the following we only consider
the simple case of a monochromatic plane wave, interacting with independent two-level atoms. We will show that for the
linear part of this particular, though relevant case, the obtained results agree with those of the linear dispersion theory.
However, the expression of the nonlinear (Kerr-type) coefficient in the NLS equation appreciably differs from that derived
from the computation of the so-called nonlinear susceptibilities, see e.g. the standard book [ 104], except in the simple case
of alinearly polarized transverse wave, i.e., when the atomic dipoles are oriented perpendicular to the propagation direction,
see Ref. [103].

Notice that in the field of nonlinear optics the so-called ‘nonlinear susceptibilities’ expansion formalism is commonly
used; it is an expansion of a phenomenological response function in a power series of the electric field. This technique has
been proved to be a very useful theoretical framework for the physical interpretation of many nonlinear optical phenomena,
and for the analysis of quantitative measurements of the nonlinear properties of optical materials, though this approach is
not completely satisfactory for both theoreticians and experimenters; for a fresh look at these subtle issues see the recent
comprehensive textbook on nonlinear optics (phenomena, materials and devices) [105]. However, in other areas, such as
hydrodynamics or wave propagation in ferromagnetic media, the use of nonlinear-susceptibilities-like techniques has been
avoided. Instead, in these two fields the standard framework is the multiscale analysis which allows us to get in a systematic
and rigorous way the wave-packets evolution equations directly from the basic equations, such as the Navier-Stokes in
hydrodynamics, or the Maxwell-Landau ones in ferromagnetism. Thus the traditional framework for studying water waves
was the multiscale expansion, which also allowed us the treatment of multidimensional problems, e.g., the study of wave
packets [106], and of solitary waves [107]. Notice that electromagnetic waves in magnetic media have also been studied
using multiscale analysis [108-110].

Following the work [103] we will see that using the quantum mechanical density matrix formalism, and the multiscale
analysis, allows a direct derivation of a macroscopic nonlinear evolution equation of the NLS-type for the propagation of
light pulses in nonlinear media. For the sake of simplicity, we restrict ourselves to the problem of the interaction between
a plane wave and a set of independent identical two-level atoms.

2.2.1. The Maxwell-Bloch equations and the multiscale analysis.

In this section we write down the basic Maxwell-Bloch equations for a collection of two-level atoms and we briefly
discuss the essential points of the multiscale expansion technique, which allow us a rigorous derivation of the macroscopic
NLS equation from the microscopic quantum theory; see Ref. [103] for a detailed first study of this issue. We consider a
homogeneous medium, in which the dynamics of each atom is described by a two-level Hamiltonian

i fws O
Ho=nh ( 0 wb) . (2.1)
The atomic dipolar electric momentum is described by the operator ji, with
_ (0 _
s = <M;k 0) , (s=x,y, 2). (2.2)

The electric field E is governed by the Maxwell equations; in the absence of magnetic effects they reduce to
V(V-E) — AE = —c 202(E + 47P). (2.3)

Here P is the polarization density, c is the light velocity in vacuum. Throughout this review paper we denote by d; the
derivative operator % with regard to the time variable t, and V is the three-dimensional gradient operator. The coupling
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between the atoms and the electric field is taken into account by a coupling energy term —ji - E in the total Hamiltonian H ,
that reads as

H=Hy—ji-E, (2.4)
and by the expression of the polarization density I3

P = NTr(pfk), (2.5)

where N is the number of atoms per volume unit.
The time evolution of the density matrix is given by the so-called Schrédinger-von Neumann equation:

ihd.p = [H, p], (2.6)

where p is the density matrix. Notice that the set of Egs. (2.3)-(2.6) is sometimes called the Maxwell-Bloch equations,
although this name usually denotes a reduction of this set of equations; see, e.g., [104].
The electric field can thus be written as

E= > g"ePYEP, (2.7)
n>1,peZ

where the quantities E‘ﬁ are functions of the slow variables T and ¢, as

z
c=e(t-2),

v (2.8)
¢ = ez.

Thus the electric field describes a quasi-monochromatic plane wave, slowly modulated along its propagation direction,
so that it yields a wave packet that propagates over distances which are very large with respect to the length of the
‘temporal’ wavepacket itself. In the above relationships defining the slow temporal and spatial variables, ¢ is a small
reductive parameter in the multiscale analysis, V is the group velocity of the wave to be determined in a consistent way
in the process of multiscale gxpansion, and ¢ = kz — wt is the phase of the fundamental harmonic frequency (i.e., we take
p = 1in the expansion of E in order to get the fundamental harmonic). Thus, for the sake of simplicity, the propagation
direction is chosen to be the z axis, and the problem is a purely one-dimensional one.

We assume that the dominant term in the series expansion (2.7) is of order ¢':

E=¢ (E}ei‘/’ + cc) (2.9)

(here cc denotes the complex conjugate), so that the incident wave contains only the frequency w/27 and its sidebands due
to the finite pulse length. The scaling given by Eqgs. (2.7)-(2.9) is the one that is commonly used for the derivation of the NLS
equation in different physical settings; see e.g., Ref. [85].

At this point a few comments are necessary on the order of magnitude of different physical quantities involved in the
description of radiation-matter interaction. Notice that the electric field is of order &, thus it is a ‘small’ quantity. However,
when using phenomenological response functions, it is rather difficult to give a reference point for this smallness. From
another point of view, the typical values of the laser wave fields needed for usual experiments in nonlinear optics are large, at
least with regard to the optical fields attainable without using laser sources. In the present context, the wave field compares
to the intra-atomic electric field, or more precisely, the electrostatic energy of the atomic dipole in the presence of the electric
field compares to the difference h$2 = h(w, — w,) between the energies of the atomic levels. Thus the zero-th order in the
spatial variable is that of the optical wavelength, which may seem a bit strange for a theory valid at the atomic scale, where
the spatial scale is less than a nanometer, even though it concerns optical wavelengths (about one micrometer). However,
from the energetic point of view, we must compare the energy fiw of the incident photon to the energy difference between
the atomic levels fi£2. It is a well-known fact that only the transitions corresponding to frequencies of the same order of
magnitude as the wave frequency w affect appreciably the wave propagation. Summarizing these comments on different
scales involved in the reductive perturbation approach we should stress that in this specific physical situation the energy
scale fixes the frequency scale; then the time scale is that of the corresponding wave oscillation period, and the length scale
can be simply deduced by uging the numerical value of the light velocity c.

The polarization density P and the density matrix p are expanded in the same way as in (2.7), except that p has a ¢° order

term pg that gives account for the initial state of the atoms: p = pg+&p1+- - -, and we assume that all atoms are initially in

their fundamental state ‘a’, so that: pg = (é g). Notice that the fact that the photon wavelength is very large with regard

to the atomic scale also allows the use of the electric dipolar approximation, which justifies the use of expressions (2.4) and
(2.5) for the total Hamiltonian H and the polarization density P.

2.2.2. The resolution of the perturbative expansion and the obtaining of a NLS equation.
We next give only the main line of the argument; for a detailed account of the derivation of the macroscopic NLS equation
from the quantum theory, by using a suitable multiscale expansion; see Ref. [103]. Thus the expansion (2.7) is imported into
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Eq. (2.3) to Eq. (2.6), and the coefficients of each power of ¢ are equated. We denote the components of p by

oh Pst
oF = < na . (2.10)
" pﬁu pﬁb
Here the subscripts a and b stand for the ‘populations’, whereas the subscripts t and u stand for the ‘coherences’. Notice that

p is a Hermitian matrix; hence (,o,ﬂ’tfk = pn. . However, there is no simple relation between p, and ph,. Then expression
(2.5) for P simply yields

PP =N (pB,i* + phei™)., (2.11)

foralln,p,ands = x,y, z.
At order 1 in the perturbation expansion in &, the term of interest is that with p = 1. The Maxwell equation (2.3) at order
‘1 .
¢! gives

47
Eff = —FPF fors=xy, E*=—4nP}, (2.12)
withg =1 — "i—czz The Schrédinger-von Neumann equation (2.6) shows that the corrections to the populations at this
order, p}, and p},, are zero and the coherences p/], and p], are coupled with the electric field through
hop,, = —hwp], + Z usESS. (2.13)
S=X,y,Z

Making use of Eq. (2.12) in (2.13) and the similar equations for the coherences ,ollu, we are left with a linear system of
equations for the unknowns p|, and p;,, of the form

o1 _ (0O
(G-

where £ is a 2 x 2 matrix. Then by imposing the condition that the two coherences ,ollt and ,ollu are not both equal to
zero, i.e., considering the relevant case when the wave field excites the atomic dipoles we get the corresponding implicit
dispersion relation det(.£) = 0, which is

h? w? = (h§2 + NQ)* — N*KK*, (2.15)
where
1
K =4n (5 (5 + 1) + uﬁ) , (2.16)
1
Q=47 <E (I + Iyl?) + qulz) - (2.17)

From the implicit dispersion relation (2.15) we can derive the explicit dispersion relation k = k(w) by assuming that the
polarization operator ji, in the two-level model, describes oscillations of the molecular dipole along some direction, making
an angle o with the propagation direction z, as

Cos o

sina

Note that the two-level model is most relevant if the molecular dipole under consideration is aligned with the electric field
(a = 0); however the general case o # 0 yields a simplified model of an anisotropic medium. It gives some insight into the
validity of the susceptibility approach to the analysis of propagation in anisotropic media.

Thus the explicit dispersion relation k = k(w) is given by

2 2\ 1/2

k= kiw) = 2 (w—wg) , (2.19)

c \w? — w;

where

87N| |2
o = 2 <9 + ”TW' sin? a) , (2.20)

87 N|u|?
W2 =2 <:2 n ”T“”> . (221)
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In other words, the refractive index n is given by

2 2
2 _ W T Wy
n=——-=:=. (2.22)
w? — w?
It is seen from this dispersion relation that the wave cannot propagate if w1 < w < w.
Then the solution at order ¢! can be written as

0 —NK
P =f<h(9+w)+NQ 0 ) (223)
. 0/ B
E{ =&/f withé = —N (ey/ﬂ , (2.24)
0:

where, fors = x,, z,

05 = 4m [us(N (2 + w) + NQ) — uiNK]. (2.25)

Next, following the procedure given in detail in Ref. [ 103], it is easily seen that at order 2 in the perturbation expansion in

&, nonlinear terms appear at this order in the Schrédinger equation (2.6). The term with p = 1 (the fundamental harmonic),

at order &2, is treated as follows. The Maxwell equation (2.3) gives a relation between Ez1 and le analogous to (2.12) but
involving the previous order, i.e., gl

4
El = —F”P}S +iNAGD.f fors=xy, EF = —4nP¥, (2.26)
where
a=291 g pke (227)
hwp2V | c o |’ '

Then, from the solvability condition of a corresponding linear system of equations for the coherences ,ozlt and ,ozlu, we

get the value of the group velocity V. It is checked by direct computation that V = ‘fji,j, where k = k(w) is the dispersion

relation. By making the necessary computations we get the complete solution ,021 and Ezl at order 2; see Ref. [103]. Finally, at
order 3 in the perturbation expansion in g, from the Maxwell equations for the fundamental harmonic (p = 1), we get the
value of E‘; In addition, from the Schrédinger equation (2.6), which involves only one nonlinear term in this order, we get a
linear system of equations for the two coherences ,o3lt and ,o;u. The solvability condition of this linear system can be written
as

iAdf + B3Zf + CfIfI* = 0, (2.28)

i.e.,, we get the NLS equation for the amplitude f of the wave electric field, which was defined as E} = Ell f. Here the
coefficients A, B, and C are real constants. We recast the above NLS equation into the standard form, see e.g., Ref. [85]:

1
i9,& — 5kzafs +yele? =0, (2.29)

where I;“ll = &1, denoting by U a unitary polarization vector. The linear dispersion coefficient (—%kz) and the nonlinear
coefficient y are thus identified as

1 B C (2.30)
—zky=—, V=" :

2 A Al

In the following we will compare the values of the coefficients of the NLS equation k, and y obtained here to those given
in standard textbooks; see e.g., Ref. [104]. We will see that all linear properties, i.e., the dispersion relation, the values of the
group velocity and of the dispersion coefficient in the NLS equation obtained by using the multiscale expansion [103] are
in complete accordance with those given in the literature. However, we will see that the nonlinear coefficient y in the NLS
equation does not agree with the result given in standard textbooks even in the simple case of a linearly polarized transverse
wave, i.e.,, when the atomic dipoles are excited perpendicular to the propagation direction.

()
Notice first that the dispersion relation (2.15) exactly coincides with that found from the linear susceptibility X (w)

computed, e.g., in Ref. [104], in the case of density matrix description of a two-level model, as was discussed here. For a
(D
two-level Hamiltonian in our notations, we write down the expression of X (w):

Hilky * L
X,‘}l)(a’)=< oy Hi 1 ) (2.31)

L—w NL+4o
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Seeking for a monochromatic plane wave solution of the Maxwell equation (2.3) with:

>«

P=X (0)-E (2.32)

a corresponding linear dispersion relation is obtained, that exactly coincides with (2.15). From this dispersion relation we
then calculate the derivative ‘Zi—,‘j, and we arrive at the conclusion that this quantity coincides with the expression of the
group velocity V obtained in a consistent way in the process of the multiscale expansion technique.

As concerning the nonlinear coefficient y we restrict ourselves to a specific physical situation by assuming that the
polarization operator 2, in the two-level model, describes oscillations of the molecular dipole along some direction, making
an angle o with the propagation direction z (Eq. (2.18)). After rather straightforward but tedious calculations the following

formula for the nonlinear coefficient was obtained in Ref. [103]:
(—87)N|u|* w2 (v* — 92)2 cos? «

W ey (0 — ) (@2 — ) [0~ ?) — (22~ ) (0} — ?)]

We see that the nonlinear coefficient y presents not only resonance terms for the linear resonance frequency w1, but also
a weaker divergence for the frequency w, at which the wave vector k is zero. From Eq. (2.20) we see that the resonance
frequency w; depends on the propagation direction. In the particular physical situation when it is assumed that the atomic
dipoles are excited perpendicular to the propagation direction (i.e., for « = 0), then w; = £2; therefore in this case w; is
exactly the frequency £2 corresponding to the difference between the atomic levels, and the nonlinear coefficient reduces
to

y(w) = (2.33)

—87N |ul* w2
ne h? (w? — .(22)2,

y(w) = (2.34)

in which the refractive index n = n(w) is given by (2.22).

In order to compare the above expression of the nonlinear coefficient y to previous calculations performed by means of
the technique of nonlinear susceptibilities, we see that according to Ref. [104] the nonlinear coefficient y is related to the
nonlinear susceptibility x ® (o) = x® (0; ®, w, —w) through the relationship:

y(@) = 2250 ). (2.35)
nc
The susceptibility x ® can be computed from a rather complicated formula; see Refs. [104,103] for more details.
We next consider a particular situation when the polarization operator ;i = (i, 0, 0) is parallel to the x-axis (i.e., we take
the angle @ = 0). This means that the transition considered in the two-level model corresponds to oscillations of the charge
along the x-axis, and can be excited by light, which is linearly polarized along the x direction. For this specific situation the

only component of x® to be considered is x,ax. Computation yields
4N|pl* 2 (o? +3022)

3 (02— 2)°
(Note that Egs. (78)-(79) in Ref.[103] are erroneous). Then making use of (2.35), we find the value of the nonlinear coefficient
y as computed with the help of the susceptibilities. It is seen that it appreciably differs from the value computed from the
multiple scale expansion theory, given by (2.34). Therefore as a final conclusion of this section we state that the multiple

scale expansion theory agrees only qualitatively with previous calculations performed by using the susceptibility series
expansion, even in the simpler case of a linearly polarized transverse wave.

(3)

XXXXX

(0, w, 0, —w) = (2.36)

3. One-dimensional approximate models for two-level media
3.1. Two-cycle optical solitons in the long-wave approximation: a modified Korteweg-de Vries equation

3.1.1. The multiple scales method and the derivation of the modified KdV equation from quantum equations

In this section we derive a modified Korteweg-de Vries equation for optical pulse propagation in a medium described by
a two-level Hamiltonian, without the use of the slowly varying envelope approximation. The presentation of the material in
this section, closely follows the previous work [73]. We assume that the resonance frequency of the two-level atoms is well
above the inverse of the characteristic duration of the pulse (long-wave regime). We will see that the two-soliton solution
of the mKdV equation is very close to the experimentally observed two-cycle pulses as reported, e.g., in Ref. [111].

Before describing the multiple scales method adapted to this specific problem, a few comments on the long-wave
hypothesis is in order. It may seem strange that we use a long-wave approximation to describe propagation of ultrashort
pulses in nonlinear media. Recall however that the word ‘long’ is here relative to some reference value of the wavelength.
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The latter is the characteristic wavelength A, = ct, = 27 c/$2 of the transition, which is assumed to belong to the ultraviolet
spectral range, i.e., which is much smaller than the characteristic wavelength A,, of the ultrashort pulse belonging to the
visible spectral range, which can therefore be considered as being comparatively ‘long’ (A, < X, ). The main application of
the long-wave approximation is the hydrodynamic KdV soliton, which is a solitary wave in the sense that it contains only
a single oscillation. More generally, such a formalism is well suited to the investigation of the exact wave profile, when the
wave packet contains few oscillations and the use of wave envelope is not adequate. This is the specific case we study here
in what follows.

The nonlinear medium is treated using the density-matrix formalism and the electromagnetic field is described using the
Maxwell equations. For simplicity we consider a homogeneous medium, in which the dynamics of each atom is described
by a two-level Hamiltonian Hg; see Eq. (2.1).

The atomic dipolar electric momentum is assumed to be along the x-axis. It is thus described by the operator ;i = péy,
where &, is the unitary vector along the x-axis and . is the 2 x 2 matrix

= (; ‘5) (3.1)

The polarization density P is related to the density matrix p through P = NTr(p), where N is the number of atoms per

volume unit; thus P reduces to Pé, in our case.
The electric field E is governed by the Maxwell equations, which in the absence of magnetic effects, and assuming that

we consider a plane wave propagating along the z-axis (polarized along the x-axis, E= Eé,), reduce to
d2E — c?3}(E + 4nP) = 0, (3.2)

where c is the light velocity in vacuum, t and z are the time and space variables, respectively. The coupling between the atoms
and the electric field is taken into account by a coupling energy term in the total Hamiltonian H, that reads as H = Hy — uE.
The density matrix evolution equation (i.e., the Schrédinger-von Neumann equation) writes

ihdep = [H, p]. (3.3)
Relaxation can be taken into account using some phenomenological term
o Pp/Ty =P/ Tt
R =ih , 34
(—pt*/ft —pb/fb) (3.4)

where 7, and t; are the relaxation times for the populations and for the coherences, respectively, so that the Schrodinger
equation (3.3) becomes

ihd;p = [H, p] + R. (3.5)

However, the numerical values of the relaxation times 7, and t; are in the picosecond range, or even in the nanosecond
domain; thus they are very large with regard to the pulse duration t,,, which is in the femtosecond range. Hence relaxation
occurs very slowly with regard to optical oscillations, and consequently relaxation is negligible [73]. Therefore, the relaxation
term R is omitted in what follows.

The set of Eqgs. (3.2)-(3.3) is sometimes called the Maxwell-Bloch equations, although this name denotes more often a
reduction of these equations.

We denote the components of matrix p by

Pa Pt
= , 3.6
o <pf‘ pb) (36)

and we denote by 2 = w, — w, the resonance frequency of the atom.

In the following we derive the modified Korteweg-de Vries equation as the generic equation describing FCPs in the long-
wave approximation regime. We consider the situation where the pulse duration t,, = 27 /w is long with regard to the
period t, = 2m /£2 that corresponds to the resonance frequency of the two-level atoms. We assume that ¢,, is about one
optical period, i.e., is of the order of a few femtoseconds. Thus we assume that the resonance frequency §2 is large with regard
to optical frequency w: w < £2. In order to obtain soliton-type propagation, nonlinearity must balance dispersion, thus the
two effects must arise simultaneously in the propagation. This involves a small amplitude approximation. Further, one can
speak of soliton-type propagation only if the pulse shape is kept unchanged on a large propagation distance. Therefore
we next use the powerful reductive perturbation method as elaborated by Taniuti and Wei [95] in the early days of the
development of rigorous mathematical methods of solitons in various physical settings. We expand the electric field E,
the polarization density P and the density matrix o as power series of a small parameter ¢ as

E=) ¢"E  P=) P p=) ' (37)
n>1 n=1 n=0

and introduce the slow variables T = ¢ (t - é) and ¢ = &3z.
A few comments on the above series expansions and on the slow temporal and spatial variables are necessary at this
point. Here the retarded time variable t describes the pulse shape, which propagates at speed V in a first approximation. Its
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order of magnitude ¢ gives an account for the long-wave approximation. In this propagation regime the pulse duration t,, has
the same order of magnitude as ¢, /e. The propagation distance D is assumed to be very long with regard to the pulse length
L = ct,, ~ ct;/¢e; therefore it will have the same order of magnitude as ct, /&", withn > 2. The value of n is determined by the
distance at which dispersion effects occur. According to the general theory of the derivation of KdV-type equations [95], it is
n = 3, i.e., the propagation distance D is proportional to 1/, Therefore the ¢ variable of order &> describes a long-distance
propagation. Thus we have the following length scales: A o &, L o< 1/¢,and D o 1/¢3, where A is the small pulse amplitude,
L is the long pulse length, and D is the much longer propagation distance.

We next proceed with the multiple scale expansion technique in order to derive the governing evolution equation. Notice
that the Schrédinger-von Neumann equation (3.3) at order ¢° is satisfied by the following value of po, which represents

a steady state in which all atoms are in their fundamental state ‘a’: pg = (é 8). Then the Schrédinger-von Neumann

equation (3.3) at order ¢! yields p;; = LEy 5o that Py = %El. The Maxwell equation (3.2) at order &3 gives the value of

he
the velocity V and correspondingly, the value of the refractive index n of the medium:
1
c 87N|ul?\?
n=—=|(1+———| , 3.8
1% ( + h$2 (38)

which coincides with the refractive index derived above (Eq. (2.22)), taking into account the fact that the polarization is here
perpendicular to the propagation direction (¢« = 0), and that we are considering a long-wave approximation (w = 0).

Then the Schrédinger-von Neumann equation (3.3) at order &2 yields pi; = p1p = 0 and py; = ’;—_22 — (;?2")2 d;:E1. Notice
that the second term in the previous equation is an imaginary number and has no contribution to the polarization P,, which
2
is given by P, = 21\;'5' E,. It is easily seen that the Maxwell equation (3.2) at order ¢* is automatically satisfied.
The Schrédinger-von Neumann equation (3.3) at order &3 gives
|M|2 2
= —pp = ——E7, 3.9
02b 02 2l (3.9)
and
nEs  ip > w 2p|af?
Py = : : (3.10)

= - .Fy — —— 3% - T E.

e ()2 T (e} T () !
Notice that the second term in the above expression of p3; is imaginary and therefore does not contribute to the polarization
P3, and as we said before the terms containing the relaxations were neglected. Next by calculating the polarization density
P3 we get an expression containing a nonlinear term:

_ NI 2N 1? | p|? 2p AN

e 0 (e 7 (h.Q)3E1' (3.11)

Finally, the Maxwell equation at order &> yields the following mKdV evolution equation for the main electric field
amplitude E; (order 1 in the series expansion of the electric field E):

E, = 4rN R* |p)? 1 8 N|u|* 3

¢ an(h2)3 " n(h2)? 7!

At this point a few comments about the coefficients of the mKdV equation (3.12) are necessary. From the standard
procedure of obtaining KdV-type evolution equations we expect that the coefficient of the dispersive term 8?E1 in this
equation must be (1/6)d>k/dw?, which can be crosschecked in the present case by a direct computation of the dispersion
relation. Moreover, the value of the nonlinear coefficient of Eq. (3.12) can be related to the third order nonlinear susceptibility
x®, by using the NLS equation describing the evolution of a short pulse envelope in the same nonlinear medium:
10,6 — %kzafg + y € |€|*> = 0, where € is the envelope amplitude of the wave electric field (E; = & exp[i (k¢ — wT)] + cc,
with k and o large), k; is the group velocity dispersion, and y is related to x through relation (2.35); see Section 2.2.

The relevant component of the third order nonlinear susceptibility tensor XSQX (w; w, w, —w) is given by expression (2.36),
i.e,, in the long-wave limit @ — 0 (let us recall that we are working in the long-wave regime, i.e., for w < £2),

—4N |p[*
(0; 0, o, —60)|w:0 = B

(Note that Eq. (27) in [73], for o = 0, yields the same expression as in Eq. (3.13) but divided by 3, and consequently a
coefficient 6 instead of 2 in the nonlinear coefficient of Eq. (3.14) below). We check that the expression of the nonlinear
coefficient obtained from the associated NLS equation, is consistent with that obtained from the mKdV equation (3.12).
Thus we can rewrite the generic evolution equation (3.12) as

1 d®k 3 27

_ 4K _ 3, _ 3
0 E1 = 5 do? wzoat& > Koox (@5 @, ©, —0) 9. E7 . (3.14)

P

(3.12)

(3)

KXxxxx

(3.13)

w=0
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The dispersion coefficient can be written in terms of the refractive index n(w) as

1 d*k _ n"(0)
6 do3|,_, 2c

where the prime denotes derivative. Hence this coefficient involves the second derivative of the refractive index n and not
the third one. Thus the dispersion term in Eq. (3.12) or (3.14) should be considered as a second-order dispersion term rather
than as a third one, insofar such concepts make sense beyond SVEA.

If we consider a general Hamiltonian with an arbitrary number of atomic levels (non degenerated), and assume that
the inverse of the characteristic pulse duration is much smaller than any of the transition frequencies of the atoms, and
that the medium is centrosymmetric, we can derive, by means of the reductive perturbation method in the long-wave
approximation, the same mKdV equation (3.14) [112]. This shows that Eq. (3.14) holds in a very general frame, and that
the relations between its coefficients and the dispersion relation on one hand, the nonlinear susceptibility on the other, are
valid in a general frame.

) (3.15)

3.1.2. The breather soliton of the modified KdV equation: a prototype of few-cycle solitons

The mKdV equation (3.14) is completely integrable by means of the inverse scattering transform; see e.g., [113]. The
general N-soliton solution has been given by Hirota [114]. The mKdV equation (3.14) can be written into its dimensionless
form as

dzu + 2070’ + 0 dju =0, (3.16)
where o = %1, u is a dimensionless electric field, and Z and T are dimensionless space and time variables defined relative
to the laboratory variables as

E z t—2z/V
u=—, z=-=, T= . (3.17)
Eo L ty
The reference time is thus chosen to be the pulse length t,, (in physical units). Recall that the atomic resonance frequencies
£2.m have been chosen above as zero order quantities in the perturbative scheme, while t,, is assumed to be formally large,
of order 1/¢, with respect to the zero order times 1/£2;,,. The characteristic electric field and propagation distance are

1 |—2onen! 2ct3
Eyp=— TO’ L= _ w// ’ (3.18)
tw X ( ony

where we have set

dz No

/
0 dw?

X = Xk 0, 0, —0)|,_,. (3.19)

w=0

In the present case of the Maxwell-Bloch equations, x® < 0 (see Eq. (3.13)), and dispersion is normal (ng > 0),
consequently o = +1, and the mKdV equation (3.12) is a focusing one. This occurs in general if x® and ng have opposite
sign, which happens most frequently for x® > 0 and anomalous dispersion. Else, typically for x® > 0 and normal
dispersion, 0 = —1, Eq. (3.12) is a defocusing one and describes nonlinear dispersion (see Ref. [78] and Section 3.1.3).

In the focusing case, the mKdV equation admits real single-soliton solutions, and N-soliton and breather solutions.

The single soliton solution u,pe of the mKdV equation (3.16) is written as ugne = p sech (), withn = pT —p3Z — y, where
p and y are arbitrary parameters of the solution. The two-soliton solution u,, of the mKdV equation (3.16) is then given by

2
- m n
e 4 e 4 (1=R2 4 &5 )entm
P1+p2 4p] 4p5
Utwo = 2 3 T o (3.20)
" 2 e2 pi—=py | MR
14 & eni+m € - (

+ 4p] T i + 4p3 AV 16p7p5

with n; = piT — pr — vy, for j = 1, 2. The parameters p1, p2, v, and y;, are arbitrary. In the particular case when these
parameters are real numbers, the explicit analytic solution (3.20) describes the interaction of two localized bell-shaped
pulses, i.e., the interaction of two mKdV solitons, each of which would be described individually by u,e. The above expression
(3.20) also describes the breather soliton, which can be considered as a pair of linked together identical mKdV solitons. This
soliton is obtained when p, = p} and has a typical oscillatory behavior. An example of the breather soliton is given in Fig. 4.
The values of soliton parameters are p; = 1+ 4i,p, = 1 — 4i,and y; = —y, = in /2. The corresponding spectrum of this
breather is also drawn in Fig. 4.

One notices that both pulse profile and spectrum are comparable to the corresponding results reported in experiments
on FCPs; see e.g., [111]. Thus it can be thought that the two-cycle pulses produced in a series of essential experimental
works on FCPs performed more than one decades ago [1-4,111] could propagate as true solitons in certain nonlinear media,
according to the generic mKdV model. Concluding this section we stress that we have given a generic completely integrable
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Fig. 4. (a) Pulse profile and (b) spectrum of the breather soliton solution of the dimensionless mKdV equation (3.16). After Ref. [73].

mKdV model that allows us the description of ultrashort optical pulse propagation in a medium described by a two-level
Hamiltonian, when the slowly varying envelope approximation cannot be used. Thus when the resonance frequency is
well above the inverse of the typical pulse width of about few femtoseconds, a long-wave approximation leads to a mKdV
equation which adequately describes two-cycle optical solitons.

It is worth mentioning that we expect that this rigorous approach concerning the use of the reductive expansion method
beyond the SVEA in the long-wave regime for the case of two-level atoms, is relatively easily extended to the more general
case of multilevel atoms. Thus in the general physical setting involving multilevel atoms we get a similar mKdV evolution
equation, assuming that the quadratic nonlinearity of the nonlinear medium is absent [112].

3.1.3. FCP soliton propagation for defocusing Kerr nonlinearities

For the two-level model, as considered in Ref. [73], the group-velocity dispersion is normal (n” > 0) and the third-
order nonlinear susceptibility x  is negative; hence the mKdV equation is of self-focusing type, and can be written in its
dimensionless form as

d,u+ u?du+d’u=0, (3.21)

where u o E, E being the electric field. This situation occurs also, and even more frequently, for anomalous dispersion and
positive third-order nonlinear susceptibility x .

However a general situation of a defocusing optical nonlinearity may be considered [78], with either a normal dispersion
(n” > 0) and a positive cubic nonlinearity, or with an anomalous dispersion (n” < 0) and a negative cubic nonlinearity.
Therefore the obtained mKdV equation is of defocusing type and can be written in its normalized form as

du — u”du + d}u = 0. (3.22)

It is well-known that Eq. (3.22) does not admit any soliton solution [86]. An incident wavepacket is spread out by the joint
action of dispersion and cubic (Kerr) nonlinearity, as shown by numerical computation using the so-called “exponential
time differencing method” [115] along with absorbing boundary conditions introduced to avoid numerical instability of the
background; see Fig. 5. The results displayed in this figure clearly demonstrate that the nonlinear effect is stronger than the
linear one and therefore no exact balance of the two concurring effects can occur.

3.2. Two-cycle optical solitons in the short-wave approximation: a sine-Gordon equation

3.2.1. The multiple scales method and the derivation of the sine-Gordon evolution equation from quantum equations

In this section we consider few-cycle optical solitons in the short-wave approximation regime [73], i.e., the situation in
which the resonance frequency £2 of the atoms is well below the optical frequencies w (£2 < w), in the infrared if the FCP
belongs to the visible range.

In this case the characteristic pulse duration ¢, is very small with regard to t, = 27 /£2.In order to perform the multiscale
analysis we thus introduce a small perturbative parameter ¢ ~ t,,/t;, such that the pulse duration t,, = t, /e, where f,
has the same order of magnitude as the resonance period t.. We next introduce a fast variable t, which is the retarded time
T = % (t — é) and a propagation variable which, being slow with respect to t, in fact coincides with the original variable
¢ = z. We insist on the fact that the reduced time variable 7 is not a slow variable but a fast one; we present here the
computation using the same scaling as was applied to short-wave propagation in ferrites and in the study of surface wind
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Fig. 5. (Color online) Top: the intensity |u|? of the input FCP [light blue (gray) curve] and its evolution at z = 0.2 according to the focusing mKdV equation
(3.21) [dark blue (black) curve]. Bottom: the linear dispersion (the nonlinear term was omitted) of the same input at the same propagation distance [light
blue (gray)], and its nonlinear dispersion according to the defocusing mKdV equation (3.22) [dark blue (black) curve]. The input is a breather of the focusing
mKdV equation, with angular frequency w = 4 and inverse pulse duration 1/7y = 2. After Ref. [78].

waves; see Refs.[116,117]. The sG model was originally derived in [73] using an alternative scaling, which is fully equivalent
to the present one and in which the Hamiltonian Hy of the atom was replaced in the Schrédinger-von Neumann equation

(3.3) by eI:IO. It is easily shown that the dispersion effects arise at distances z of the order of ct,, /e, from which follows the
choice of the slow propagation variable ¢.

Note that the pulse duration t,, is still assumed to be of the order of a few femtoseconds, corresponding to a pulse of
only a few optical cycles. As in the case of the long-wave approximation regime the relaxation times t, t; are very long
with regard to t,, and their contributions can be neglected in the process of performing the reductive perturbation analysis.
The electric field E, polarization P, and density matrix p are expanded as E = % (Eo+¢€¢E1+--9),P = % (Po+¢eP1+--4),
and p = pg + €pq + - - -. We use here a high-amplitude assumption, in contrast with the low amplitude assumption used
in the long-wave approximation. In fact, the high amplitude assumption means here that the energy due to the interaction
between the field and an atom is large with respect to the energy of the atomic transition fs2. It is hence fully consistent
with the assumption that the transition frequency §2 is small with respect to the wave frequency.

It is easily seen that the Schrédinger-von Neumann equation (3.3) of order ¢° yields the following coupled system of
differential equations:

ihd; poa = —Eo (1pg — ¥ por) » (3.23)
ihd; pop = Eo (1o — W*pot) , (3.24)
ihd; por = —Eopt (Pob — Poa) - (3.25)

From Egs. (3.23)-(3.24) we get the normalization condition of the density matrix pg, + pos = 1. If we introduce the
population difference w = pgp, — poq We get the density matrix pg at order 1/¢:

1—w i T
—2 Flu Eow
= /TE Tew | (3.26)
_~ w it
h 0 2

where f " denotes an antiderivative operator with respect to the variable t, the antiderivative being assumed to vanish as
T tends to —oo.
Next we write down the integro-differential equation for the population difference w:

2 T
0w = —M/ Eqw. (3.27)
h

Then from the expression of the polarization P we get Py = 0, and the Maxwell equation (3.2) at order 1/¢> is satisfied if
the velocity V is chosenas V = c.

The Schrédinger-von Neumann equation (3.3) at order ¢ is then written as ifid; p; = [Ho, po] — [Eo, p1] — [E1, pol,
where we have left out the terms containing the relaxations. Defining w{ = p1 — p14, the off-diagonal components of the
above equation for p; give

T T
. 2
p1e = 19/ Pot + lﬁ/ (Eow + Eqw), (3.28)
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so that the corresponding term P; = u* ¢ + o1y of the polarization is

ZQN 2 T T
LT

The Maxwell equation (3.2) at order 1/&? then reduces to

4 2N|p|?
8,0.Ey = %Eow. (3.29)
Next if we setp = — % f " Eow, Egs. (3.27) and (3.29) reduce to a nonlinear system of coupled differential equations
4imr 2N
3;:Eo = D, (3.30)
02
i
d:p = — “;' Eow, (3.31)
4i
drw = _FEOP' (3.32)

One notices that the above nonlinear system of coupled equations is similar to that describing the self-induced
transparency [118,119] although the present physical situation is quite different. In our case the characteristic frequency
(27)"'w = 1/t,, of the pulse is far above the resonance frequency £2, while the self-induced transparency occurs when the
optical field with frequency w oscillates at the resonance frequency §2. The quantities E and w describe here the electric field
and population difference themselves, and not amplitudes modulating a carrier with frequency £2. Moreover one notices
that E and w are here real quantities, and not complex ones as in the case of the self-induced transparency. Also, the quantity
p is not the polarization density, but is proportional to its T-derivative. At this point a brief comment should be made
concerning the validity of the model equations (3.30)-(3.32). We should stress that the above described model assumes
a high amplitude, or equivalently, a very strong nonlinearity. In [73], this assumption is expressed as a very large value of
the atomic dipolar momentum . Thus in a more realistic situation, it can be expected that only the transition corresponding
to the largest value of the dipolar momentum will have a significant contribution. If several transitions correspond to large
values of the dipolar momentum with the same order of magnitude, one can expect that the short-wave approximation will
yield a much more complicated asymptotic system of coupled differential equations involving the populations of each level
concerned. However, the study of such a complicated model is outside the scope of this review paper.

In the following we write down the two-soliton solution of the sine-Gordon equation; from this solution we obtain for a
specific choice of its free parameters the breather solution of the sine-Gordon equation which adequately describes optical
solitons in the two-cycle regime. Next we use dimensionless variables defined by ® = Ey/E,, T = 7/Tg,andZ = ¢ /L (w is

already dimensionless). By setting n = fz W, the system (3.30)-(3.32) reduces to
8281@ = 2@8277, (333)
8281'77 = —2@82@. (334)

One notices that Eqgs. (3.33)-(3.34) have been also found to describe short electromagnetic wave propagation in ferrites,
using the same kind of short-wave approximation [116].
By making the following change of variables

dazn = Acosu, (3.35)
070 = Asinu, (3.36)

we transform Egs. (3.33)-(3.34) into [116,86]

orA = 0, (3.37)
dz0ru = 2Asinu. (3.38)

Since, according to Eq. (3.37), A is a constant, Eq. (3.38) is the generic sine-Gordon equation. Now let us determine the
physical meaning of the constant A in the present physical framework. Using relations (3.35)-(3.36) and the definition of 7,
we find that

A? = lim (w® + (3,0)?). (3.39)
T—o0

Since © is the dimensionless electric field, it vanishes at infinity. Thus we can have a non-vanishing solution only if the initial
population difference wj; is not zero. The constant involved in Eq. (3.38) is then A = w;. Using the new variable Z = 2w;Z,
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Fig. 6. (a) Population difference, (b) pulse profile, and (c) spectrum, of the breather solution of the sine-Gordon equation. After Ref. [73].

Eq. (3.38) reduces to the dimensionless sine-Gordon equation
0;0ru = sinu. (3.40)

The dimensionless quantities involved by Eq. (3.40) are related to the physical quantities through 7 = z/i, T =
tw ' (t —z/c),E = %f fz sinu, and w = w; cos u.

The electric field and propagation length scaling parameters are E, = h/(||ty), L= (hc)/ (4m 2t,N||?w;), in which
the initial population difference w; and typical pulse duration t,, are explicitly involved. The small perturbative parameter ¢

can be identified with £2t,, /(2m), expressing the fact that t,, is very small with regard to 1/52, i.e. we consider the short-wave
approximation regime.

3.2.2. The breather soliton of the sine-Gordon equation: a few-cycle soliton

It is a well known fact that the sine-Gordon equation (3.40) is completely integrable [86]. A general N-soliton solution
can be found using either the IST or the Hirota bilinear method. As in the case of long-wave approximation regime we will
give here the explicit form of the two-soliton solution only, which can be written as [86]

u=2iln (j;—*> , (3.41)

with
(ky — k2)?

en+m, 3.42
(k] + k2)2 ( )

f=1+ie" +ie™ —
where
4 .
nj = kT + A +y forj=1,2. (3.43)
j

Here k4, ko, y1, and y, are free parameters describing the two-soliton solution. One notices that when these arbitrary
parameters take real values, Egs. (3.41)—(3.43) describe the interaction of two sine-Gordon solitons. As in the case of the
long-wave approximation regime discussed in the preceding section, the two-soliton solution (3.41)-(3.43) is also able to
describe soliton-type propagation of an ultrashort optical pulse in the two-cycle regime; the obtained analytical solution
is very close in shape and spectrum to the ultrashort femtosecond-pulses of this type currently produced in experiments;
see e.g., Ref. [111]. The corresponding analytic solution is a breather soliton of the sine-Gordon equation, which can be
considered as two bounded sine-Gordon solitons. It is obtained when the soliton parameters k; and k, are complex conjugate
numbers. A typical example is shown in Fig. 6; here the numerical values of the parameters are k; = 1+ 4i, k, = 1 — 4i,
and Yi=Y2= 0.
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One notices again that an initial population difference w; # 0 is required. However, a properly speaking population
inversion (i.e., when w; > 0) is not necessary. Both nonlinear and dispersive effects vanish at the saturation of absorption,
which corresponds to w; = 0. Because the propagation reference length Lis inversely proportional to the population
difference parameter w;, a relatively small value of the population difference increases the propagation distance at which
nonlinear effects occur.

Concluding this section we stress that we have given a sine-Gordon model that allows us the description of ultrashort
optical pulses which propagate in a medium described by a two-level Hamiltonian, when the slowly varying envelope
approximation cannot be used. When the resonance frequency is well below the optical field frequency, a short-wave
approximation leads to a model similar to that describing self-induced transparency, but in very different validity conditions.
The model obtained in the short-wave approximation regime can be thus reduced to the generic completely integrable
sine-Gordon equation.

3.3. Ultrashort pulses in quadratically nonlinear media: half-cycle optical solitons

In this section we show that few-cycle optical pulses launched in quadratically nonlinear optical media may result in
robust half-cycle optical solitons, which exhibit a single hump, with no oscillating tails; for a detailed study of this issue,
see Ref. [120]. We also mention here the important earlier works by Kazantseva et al. [121-123] on propagation and
interaction of extremely short electromagnetic pulses in quadratic nonlinear media. In Ref. [ 123] the problem of propagation
of extremely short unipolar electromagnetic pulses (the so-called ‘videopulses’) was considered in the framework of a
model in which the material medium is represented by anharmonic oscillators (approximating bound electrons) with both
quadratic and cubic nonlinearities. Two families of exact analytical solutions (with positive or negative polarity) were found
for the moving solitary pulses. Those videopulses were very robust against perturbations. Moreover, it was found in Ref. [ 123]
that two such unipolar pulses collide nearly elastically, while collisions between pulses with opposite polarities and a small
relative velocity are inelastic, leading to the emission of radiation and generation of a small-amplitude additional pulse.

As in the case of cubic (Kerr-like) nonlinear media, the analysis to be given below is based on the reductive multiscale
expansion and an adequate choice of the small parameter ¢ involved in this series expansion. In Ref. [120] it was derived
a completely integrable Korteweg-de Vries equation from both a classical and a quantum mechanical simple model of
matter-radiation interaction. The classical model was the same as in Ref. [121], the quantum one very close to the model
considered above, but with additional quadratic nonlinearity. One notices the important result that the sign of the electric
field in the half-cycle KdV soliton is fully determined by the properties of the optical medium and as a direct consequence of
this feature, the mean value of the optical electric field is different from zero. It is well-known that the quadratic nonlinearity
exists in media which break the central symmetry only. Due to this lack of symmetry the material has a preferential
polarization direction, which determines the sign of the optical soliton.

An important issue is the phase invariance of a FCP; in some sense the FCP loses the phase invariance, and the importance
of the so-called carrier-envelope phase has been emphasized in a series of works; see e.g., Ref. [7]. However, although
different ways of stabilizing the carrier-envelope phase have been proposed [76,124], it remains a very difficult task. Further,
even if a zero carrier-envelope phase is realized, the existing experimental setups cannot distinguish it from a phase equal
to r; thus the polarity of the electric field of the FCP remains random, and its mean value is equal to zero. Notice that the
studies of FCP solitons were mainly restricted to the case of a cubic (Kerr) optical nonlinearity; however a comprehensive
study of FCPs in quadratic media was also reported [120]. In the following, for the sake of completeness, we will briefly
summarize the main studies performed in the past years in the area of quadratic solitons for long pulse durations. One
notices that for long pulse durations, when the slowly varying envelope approximation is valid, the study of optical solitons
in quadratic nonlinear media has shown several unique features with respect to the cubic (Kerr) case [125,126]. First, the
quadratic nonlinearity, in principle, allows one to observe nonlinear effects with much lower input powers than a cubic one.
However, such an effect and the formation of envelope solitons in quadratically nonlinear media, involve at least two field
components, a fundamental frequency and a second harmonic [127]. The interaction between the two optical components
of frequency w and 2w is efficient if some phase-matching condition is satisfied; it can be achieved in experiments, e.g., by
temperature adjustment [128]. Second, it has been shown that a result of the interaction between the two optical fields is
the suppression of the collapse which occurs in a two-dimensional (2D) Kerr medium, leading to the formation of stable 2D
quadratic solitons [129], and to the stabilization of other types of both spatial and spatiotemporal quadratic solitons [130].
Third, far from the phase-matching regime, the so-called cascading effect [131] leads to an effective cubic nonlinearity [132].
However, self-rectification and electro-optic effect remain, which are able to arrest the collapse [133], and can be also
efficiently used to control the optical pulse by means of adequately matched microwaves [134]. As a brief conclusion of
these comments on previous studies of quadratic solitons in the SVEA regime we stress that it is worth investigating the
possibility to build a simple theory for FCP soliton propagation in quadratic media beyond the SVEA. We will show in this
section that launching a FCP into a medium with an electronic quadratic nonlinearity allows one to produce half-cycle pulses,
with no oscillating tail, a carrier-envelope phase equal to zero, a definite polarity of the electric field and a nonzero mean
value of the optical field. It is expected that breather soliton solutions of integrable mKdV, sG, and mKdV-sG equations
are good candidates for the description of FCPs [73,76]. However, these equations present cubic nonlinearities, while the
completely integrable KdV equation itself is quadratic, and we show in the following, that FCP soliton propagation in a
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quadratic medium can be adequately described by the latter [120]. One notices that the KdV equation does not present
breather soliton solutions, and it will be shown in what follows that the KdV soliton itself, which is a half cycle pulse, will
arise from the propagation of an arbitrary FCP input with mean value equal to zero. As mentioned above, all these unique
features originate in the noncentrosymmetry of the medium exhibiting a quadratic optical nonlinearity.

3.3.1. Derivation of a KdV equation

As in the case of cubic nonlinear media [73] we consider a set of two-level atoms with the Hamiltonian Hy. The evolution
of the electric field E (for the sake of simplicity we restrict to only one field component) is described by the Maxwell wave
equations. The light propagation is coupled with the medium by means of a dipolar electric momentum p directed along
the same direction x as the electric field, and the corresponding Hamiltonian is H = Hy — iE. The polarization density is
therefore P = NTr (pu), along the x direction, N being the volume density of atoms, and p the density matrix. The density
matrix obeys the Schrédinger-von Neumann evolution equation ihid;p = [H, p] + &R, where as in the case of cubic optical
nonlinearity [73], the phenomenological relaxation term R can be neglected.

The quadratic nonlinearity can be phenomenologically accounted for in the Maxwell-Bloch equations as follows. First,
one notices that it corresponds to a deformation of the electronic cloud induced by the electric field E; hence it gives a
dependence of the energy of the excited level ‘b’ on the electric field E, i.e., a Stark effect. Second, by definition, the optical
nonlinearity is a quadratic one if this dependence is linear, i.e., iw, — hw, — «E. This dependence of the energy of the
excited level on the electric field can be included phenomenologically in the Maxwell-Bloch equations by replacing the free
Hamiltonian Hy with

0 0
Ho—OlE<0 .l>

It is fully equivalent to assume that the excited state ‘b’ has some permanent dipolar momentum.

As in the case of cubic nonlinear media, one notices that transparency of the medium implies that the characteristic
frequency w,, of the considered radiation in the optical range of the spectrum strongly differs from the resonance frequency
£2 of the atoms; hence it can be either much higher or much lower. We consider here the latter case, i.e. we assume that
w,,is much smaller than £2, i.e., we consider the long-wave propagation regime. This assumption motivates the introduction
of the slow temporal and spatial variables T = ¢ (t — é) and ¢ = &3z, and the use of a reductive perturbation expansion
technique, where ¢ is the small parameter in the corresponding series expansions. The delayed time 7 involves propagation
at some group velocity V to be determined. The pulse shape described by the variable 7 is expected to evolve slowly in time,
the corresponding scale being that of the spatial propagation variable ¢. A weak amplitude assumption is needed in order
that the nonlinear effects arise at the same propagation distance scale as the dispersion does: E = ¢?E, + &3E3 + *E4 + - - -,
as in standard reductive perturbation series expansions; see Ref. [93] for a comprehensive overview of different kinds of
such expansions applied to several solitonic models of physical relevance. The polarization density is expanded in the same
way P = 2P, +&3P;+¢%P4+ - - -, whereas the density matrix expansion has also the zero order term in the small parameter
g:p = po+2py+e3p3+e*ps+ - - -. We assume that all atoms are initially in the fundamental state, i.e. pg; = 1, pg» = O,
and pgr = 0.

The Schrédinger-von Neumann equation at order €2 gives py; = %Ez, and we observe that p,4 , remain free. Then we

2
deduce P, = %Ez. If we insert the value of P, into the Maxwell equation at order £* we are left with the value of the
velocity V. We get the same expression of V and of the refractive index n = c¢/V as in the case of cubic nonlinearity (Eq. (3.8)

above) [73], since the linear parts of the two models are exactly the same. At order &> the Schrédinger-von Neumann

m . __ 2N|u|?
)2 d:E,, from which we deduce P; = =5

equation at order &> does not give any further information.
The Schrédinger-von Neumann equation at order 4 gives

equation gives py; = pyp = 0and p3 = %Eé — E3. Hence the Maxwell

0 i no, ap )
= —F4— ——0.E3 — 0ZE Ey)”, 3.44
Pu = pab T 2B T ey 2+ ()2 (E2) (3.44)
from which we deduce the expression of Py, as
2N|p|? 2N |ul® ,  2Nalul .,
Py = E4 — 0ZE —— (Ey)”. 3.45
S The M Taey T Taee P 249

If we insert the expression (3.45) into the Maxwell equation at order £® we get a nonlinear evolution equation for the
field E,. After observing that all terms involving E4 cancel out each other, and after performing one integration with respect
tor:

_ ANV R ul? g B 47 NVor|p)?

by = — G 0k =~ Gt () (3.46)
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When performing the integration with respect to T we have assumed that the electric field and its derivatives vanish at
T — F00. Eq. (3.46) is exactly the KdV equation,

3:E, = AdE, + Bo, (E5)°, (3.47)
with the linear dispersion coefficient A and nonlinear coefficient B given in physical units by the expressions

47N h? | |?

_ I (3.48)

nc(h2)3

4 No|u)?

= — J. (3.49)
nc(h$2)?2

Since the dispersion relation is the same as in the Kerr case, see Ref. [73] and the preceding section on FCPs in the cubic
(Kerr) case, the same expression of linear dispersion coefficient A still holds in the quadratic case discussed in the present
section.

The second order susceptibility x ® (2w; w, ) can be directly computed as follows: we consider a monochromatic
electric field E = €& (ei‘"t + e""‘”), and we calculate the corresponding polarization P by using the expressions of E
into the Maxwell-Schrédinger-Von Neumann equations. The nonlinear susceptibility x ® is defined by the relation P =
25 Qw; w, w)&*e¥!,

Consequently, from the expression of P we deduce

Ne | |? 1 1

Y@ Q2w: 0, 0) = |2“ | [ + } . (3.50)
j (2 4+20)(24+w) (2—2w)(2—w)

Finally, comparing this expression with the formula (3.49) obtained by using the reductive perturbation analysis, we obtain

the expression of nonlinear coefficient B of the above written KdV equation in terms of the second order susceptibility:

B:—z—”xm(zw; w, 0| . (3.51)
nc w=0

A brief comment is necessary at this point: here we have a pure quadratic nonlinearity for a single wave and no effective
third order nonlinearity due to cascaded second-order ones is involved. This makes a sharp contrast with the nonlinear
propagation of quadratic (parametric) solitons within the SVEA where phase matching is needed. One notices that in the
present case no phase matching is required.

A brief comment is necessary at this point: here we have a pure quadratic nonlinearity for a single wave, and no phase
matching is required, which makes a sharp contrast with the nonlinear propagation of quadratic (parametric) solitons within
the SVEA where phase matching is needed. In addition, in contrast with the SVEA case for solitons in quadratic media far
from phase-matching, no effective third order nonlinearity due to cascaded second-order ones is involved.

3.3.2. Half-cycle optical solitons
The fundamental soliton of the KdV equation expresses in the present case as

ksncp? ) 2. 5
= ————sech T+ -k , 3.52
2= o ®) pt + Sksp™¢ (3.52)
where p is the soliton parameter, k3 = %‘ yand x@ = x?@Qw; o, a))]wzo. The single-soliton solution of the KdV

equation can be obtained (a) by direct integratcioon [100], (b) by the Hirota method [135-138], or (c) by the inverse scattering
transform [139,85]. At this point let us remind the reader a couple of well known properties of such localized solutions
of completely integrable models. First, the stability and robustness of the fundamental soliton (3.52) is ensured from the
inverse scattering transform for any positive value of the soliton parameter p. Second, the corresponding soliton solutions are
proved to be the fundamental nonlinear modes of the KdV equation, in the sense that any input field distribution decomposes
into a combination of a finite number of solitons and Fourier-type linear modes called ‘radiation’ which evolve separately,
conserving their features during propagation.
For the sake of convenience, below we write down the standard dimensionless form of the KdV equation (3.47):

dzu + 6ud u + dJu = 0, (3.53)

which is obtained by means of the change of variables Z = —A¢, u = (B/6A) E,. Direct numerical simulations of this
equation illustrates and confirms the rigorous mathematical result mentioned above: for a KdV equation, a FCP-type input
decays into solitons, with a definite sign; see Fig. 7. For a short enough FCP, the number of emitted solitons is only one or
two, see Fig. 7. One notices also that the number of emitted solitons depends on the carrier-envelope phase of the initial
FCP at the entrance of the quadratic medium; see Fig. 7. When the value of the carrier-envelope phase is equal to zero, only
one soliton is emitted from a short enough FCP input. By increasing the value of the carrier-envelope phase to, e.g., 7 /2 the
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Fig. 7. (Color online) The input (dotted blue line) and output (solid red line) wave profiles for input carrier-envelope phase equal to 0 (a), 7 /2 (b), and
(c). It is seen that the number of emitted solitons (either one or two solitons) depends on the carrier-envelope phase of the input few-cycle pulse. After
Ref. [120].
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Fig. 8. (Color online) An input few-cycle pulse evolves into two half-cycle solitons and radiation for the input carrier-envelope phase is equal to 0.87. The
two half-cycle solitons have different velocities, higher than that of the radiation and they interact keeping their features. After Ref. [120].

number of emitted solitons is now equal to two. By further increasing the value of carrier-envelope phase the number of
emitted solitons remains equal to two; see Fig. 7. The two emitted solitons have different velocities, and these velocities are
conserved when the solitons interact with each other (elastic collision); see Fig. 8.

As a final comment of this section devoted to ultrashort solitons in quadratic media, we should stress that as a
consequence of the non-existence of regular breathers to the KdV equation, in a medium with quadratic optical nonlinearity
the fundamental soliton always occurs, i.e., half-cycle single-oscillation solitons will be produced from FCP inputs, and they
have always the same field polarity. The obtained result is closely related to the non-centrosymmetry of media displaying
quadratic optical nonlinearities.
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4. A general model for few-cycle optical soliton propagation: the modified Korteweg-de Vries-sine-Gordon equation

4.1. Two-cycle optical pulses propagating in two-component nonlinear media: derivation of a governing nonlinear evolution
equation

In this section by using Maxwell-Bloch equations, we analyze the response of a two-component medium of two-level
atoms driven by a two-cycle optical pulse beyond the traditional approach of slowly varying amplitudes and phases; see
Ref. [76] for a detailed study of this problem. We show that in the integrable case, a two-cycle analytical solution is available
and enables us to generalize the notion of envelope and carrier to a FCP, without resorting to the SVEA, which is by no means
valid in this case. Both group and phase velocities can be determined, and we show that the usual relation v; = dw/dk is not
valid for a FCP. On the other hand, the envelope of the FCP soliton has the known sech shape of the envelope soliton of the NLS
equation. In the integrable case there exist a family of two-cycle solitons with a stable carrier-envelope phase. The FCP soliton
depends strongly on the dopant’s matrix elements as well as on the relative population difference of the two components.
In the general non-integrable case, the existence of two-cycle solitons and the stabilization of the carrier-envelope phase
have been demonstrated by adequate numerical techniques; see Ref. [76]. The two-component approximation therefore
provides a valuable starting point for the assessment of few-cycle optical pulses and the estimation of the carrier-envelope
phase, which is a key issue in the area of ultrashort solitons.

In a seminal paper by Sazonov [68] it was derived a partial differential equation of the mKdV-sG type, governing the
evolution of an optical FCP in a two-component medium. In some particular cases it reduces to either the mKdV equation
or to the sG equation. Thus we consider the time-dependent propagation of a femtosecond pulse through a two-component
medium. The response of the medium upon interaction with the femtosecond electromagnetic field E(x, z, t) is described
by the total macroscopic polarization P:

2
P=—2Im (Z dejRj> : (4.1)
j=1

where d; is the dipole transition matrix element and N; is the atomic density of the jth component. The time dependence of
the off-diagonal density-matrix elements pé’f = R; is given by the following coupled Maxwell-Bloch equations:

1 4
<a§ - C—Zaf) E= C—’;afp, (4.2)
, 2d;
Oy = iR — —“E W (4.3)
2d;
W, = F’E Re (R)). (4.4)

Here W; is the difference of transition populations of the jth component (—1/2 < W < 1/2) and wj is the atomic transition
frequency of the jth component. We assume that the FCP duration 7, is such that € ~ w7, < 1 for the first component,
and correspondingly € ' ~ w,7, > 1, for the second component. In terms of the underlying physical situation, these two
requirements can be met when a two-cycle pulse of a Ti: sapphire laser at 780 nm traverses, e.g., a Yb-doped KGd(WOy,),
crystal where the former condition is satisfied for the dopant and the latter condition is valid for the wolframate matrix.
Notice that the two-component medium under the above two assumptions can be considered as a simplified model of a
general transparent dielectric; see the discussion in Ref. [76].
Next it is convenient to rewrite the Bloch equations in terms of U; = Im (R;), then Eq. (4.3) involves

1
Re (R;) = —,U. (4.5)
wj
For the first component W, (t) the condition € ~ w17, < 1ensures a short-wave approximation, which yields the following
solution of the Bloch equations:

2d; (!
Wi(t) = Wi(—oo)cosf, Ry = —W;(—o0)sind, 6 =—"" [ Edt, (46)
—00
where W;(—o00) is the initial population difference, e.g., in the case of a medium in the ground state W;(—oo) = —1/2. For

the second component the condition e ™! ~ w, 7, > limplies that the FCP interaction with this component can be described

within a long-wave approximation so that the level population renders almost intact; we then get the expressions for the
quantities U, (t) and W5 (t), as
ZdzE 2d2W2(—OO)

Wh(t) + ———— " 3%F, 47
hw2 2( ) + ha)g t ( )

Uy (t) = —
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dzE
Wy (t) = Wy(—00) |1 =2 ) (4.8)
h(,()z

Now eliminating the population differences W; enables one to rewrite the Maxwell wave equation in terms of the pulse
area 6. To this aim we then introduce a local time T = t — znp/c and a ‘slow’ propagation variable { = ¢z. Then in the
second order of the small parameter ¢, and returning back to the physical propagation variable z, we arrive at the nonlinear
propagation equation:

000 + c15in 6 + c20; [(3:0)°] + ¢3976 = 0, (4.9)
where ¢; = —8md?w;N1W;(—00)/(nohc), c; = dic3/(2d3),
c3 = 8 diN, W, (—00) /(nphcw3),

andnyg = [1 — 167 d%Nz Wy (—o0)/ (hwz)] "2 Here ng is the value of the linear refractive index when dispersion is neglected.
The refractive index is here

2. d?N;Wj(—o0)w;

n?=1- 16w . 4.10
Z h(a) _ wZ) ( )
Under the assumption that w; < @ < w», the dispersion relation k = nw/c can be rewritten as
now ¢
k= — — 21 —c0°, (4.11)
c 1)

which is exactly the dispersion relation of the mKdV-sG equation (4.9), if we recall that the leading term now/c is included
in the definition of the variable 7. It should be noticed that the same holds for the mKdV and sG models independently as
derived above. Indeed, a Taylor expansion of the wavevector, taking into account the parity (k(w) is even since the model is
conservative), yields

no 1d%k
k(@) = — + —— I 4.12
(@) =—+ - o + (4.12)

in which n is the linear index at w = 0 given by (3.8). Here again the leading term is absorbed by using the retarded time t,
and the following term exactly yields the dispersion relation of the mKdV equation (3.12). The dispersion relation of the sG
model, system (3.30)-(3.32), is obtained by seeking a plane wave Ey = Ae'@T7%) p = qe!@*=k ) = w;, which yields

_ 47 Q2N|p|?w; (413)
ficw ' '

The dispersion relation of the starting model in Section 3.2 is given by the refractive index of Eq. (2.22), if we assume « = 0,
in the case where all atoms are initially in the fundamental state (W; = —1). Expanding k = nw/c in a power series of
w/w, < 1shows that the latter dispersion relation exactly coincides with (4.13) in this limit.

The nonlinear susceptibility x @ = x® (w; w, @, —w) corresponding to the model (4.2)-(4.3)-(4.4) can be derived as
follows. We set E = el 4+ A*e/(-@T9) The frequency shift o <« w is introduced to regularize a singularity in the
computation. Eq. (4.3), or rather its counterpart in terms of Uj, is solved in a first approximation to yield U; = vjei“’t + cc
with

—2djwjWj(—00)

v = (@ — ) (4.14)

Then a solution of Eq. (4.4) is found in the form W; = W;j(—o0) + V\/j(z)eZi‘”t + V\/j(o)ei‘s”’t + V\/j(_z)ez"(*“’““’)t . After we
take the limit o — 0, a more accurate expression of U; is found using the latter into Eq. (4.3), in the form U; =

(vj + v(])) et + v(3)e3""f + cc. The nonlinear polarization due to the transition j is Py;j(w) = Zdijvj(l) =3 Xj(3)A|A|Zei‘”t
and consequently

(4.15)

Obviously the total susceptibility is x @ = Zf:1 Xj(3)' Taking into account the relation between 0 and E (Eq. (4.6)), it is seen
that the coefficient of the mKdV-type nonlinear term in the mKdV-sG equation (4.9) is B = —4dfcz / h?. Substituting the

expression of ¢y, and then that of c3, and comparing with Eq. (4.15), it is found that B = —2m /(ngc) X2(3) (w; w, w, —w) ,

w=0
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i.e. that the general formula (3.51) is valid, the ‘non-resonant’ transition only being taken into account. For the ‘resonant’
transition, no such simple expression of the coefficients can be proposed.

If we set c; = 0 in Eq. (4.9), i.e., if we neglect the ‘resonant’ term which represents both ‘resonant’ nonlinearity and
dispersion, this equation reduces to the mKdV one. In turn, setting c; = c3 = 0 transforms Eq. (4.9) into a sG equation by
cutting off both ‘non-resonant’ nonlinearity and dispersion. Both nonlinear evolution equations are completely integrable
by the IST method and have been extensively studied as a lowest-order approximation to the complete set of Maxwell-Bloch
equations beyond the SVEA; see, e.g., Refs. [70,71,73-75].

Thus we arrived at the important result that the spatiotemporal evolution of the FCP having a pulse width such that
w1 K 1/1, < w,, will obey the evolution equation (4.9), which is in fact a superposition of the integrable mKdV and sG
equations. This equation has already appeared in the dynamics of anharmonic crystals with dislocations. If c; = ¢3/2, then
Eq. (4.9) becomes completely integrable by the IST method; see Refs. [87,88]. This strict requirement reads in our case as
di = d,. However we will show in what follows that by relaxing this severe condition we get robust two-cycle solitons in the
nonintegrable case, too.

If we set Z = c3z then the evolution equation (4.9) reduces to

37,0 — asin@ + 3b (3,0)* 326 + 320 = 0, (4.16)

where a = —c;/c3 and b = ¢, /c3. The integrability condition then expresses as b = 1/2.

4.2. The integrable modified Korteweg-de Vries-sine-Gordon equation: envelope, phase, and group velocities for the two-cycle
pulses

We consider in this section the integrable mKdV-sG equation, in the normalized form

2 . 3 292 45
07,0 —asinf + 5(&9) 0:0 4+ 976 = 0. (4.17)

The discussion below is valid for mKdV and sG themselves with obvious adaptation. Following Ref. [88] we can write down
the two-soliton solution of Eq. (4.16) as

9 = —4tan”! [Q (e, e_sz)] ,
where s; = 2Aj0Z + 21T, Ajg = —4n; +a/(4)), (i = 1, 2),and

-1
C10 C20 (1 — m)?
QX,Y) = (—x+ —Y) [1 — CloC0————— XY | .
21 2 O anima (1 + 1)

In the framework of the IST method, in; and in, are discrete eigenvalues, and the quantities 7,  must be real and positive;
the real coefficients cig and ¢y are the corresponding initial scattering data. However, notice that the above exact two-
soliton solution Q remains valid for any complex values of the quantities 71 3, c10, and cz9. However, since the pulse area 6
is a real quantity, we must have 7, = n* and ¢y = c},. If we next set n; = (p + iw)/2 and c19/(211) = Ce'?, thens, = s?,
withs; = ¥ +i(® + ¢), where the quantities p, w, C, ¢, @, and ¥ are real. We will next see that the real quantities p and w
are actually the wave pulsation and the inverse of pulse duration, respectively. With these notations we thus get from the
two-soliton solution, the breather solution of the mKdV-sG equation (4.16); see Ref. [68].

An important fact is that the above breather solution can be decomposed into a carrier wave and an envelope, not only
in an approximate way in the SVEA limit, but also exactly, for a FCP solution, hence generalizing the notions of carrier and
envelope beyond the SVEA regime. To this aim we notice that the quantity Q is a rational expression and can be written as
Q (e™*1,e72) =P (e7", cos ®), where P is another rational expression,

(4.18)

P(X,Y) =2CXY/ (14 C*p°X?/0?). (4.19)
In this way it appear explicitly a carrier wave cos @ and an envelope:
e = —4tan"'P (e, 1) = —4tan™'[2Ce™¥/ (1 + C*p’e*" J0?)]. (4.20)

In Fig. 9(a), we show the fact that the wave envelope obtained above coincides with the extrema of the pulse shape. In

Fig. 9(b) and (c) we present the scaled electric field %E and the scaled ‘resonant’ population difference W, (t)/W,(—00).
The wave spectrum slightly differs from the spectrum of the field envelope; see Fig. 9(d). The parameters are the following:
C = 1,p = 2, the carrier frequency @ = 8, and ¢ = 0. The expressions of ¥ and @ are ¥ = p(r —Z/Vg),

@ =w(t —2Z/Vs) — ¢, with
V' =p* =30 —a/(0* + &%), V' =3p° — 0’ +a/(p" + &°). (4.21)

where w = %Im(m) and p = %Re(nl) are the wave pulsation and inverse of pulse duration, respectively. We notice
that these group and phase velocities allow us to define a group velocity vy and a phase velocity vy for the FCP itself,
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Fig. 9. (Color online) (a) The analytical two-cycle solution to Eq. (4.16) in the integrable case, and its envelope. (b) The electric field and its envelope

(c) The ‘resonant’ population difference and its envelope. (d) The optical spectrum (dashed line) compared to the spectrum of the field envelope, shifted to

the carrier frequency (solid line). After Ref. [76].

Uy, ; 24 3V, ; which so far have been meaningful only within the SVEA regime. Notice that if we define the wave
vector in the usual way as k = w/vg, and if we then compute the derivative of w with respect to the wave vector k we find
that dw/dk is not equal to the group velocity vg, except in the limit p — 0, which is the SVEA limit. This important remark
could be expected, since the relationship vy, = dw/dk is valid only within the framework of SVEA.

Note that the relations (4.21) were first derived by using the following procedure [68]. First, the linear dispersion relation

is obtained by linearizing the governing equation (4.16):

37,0 —ad + 920 = 0.
In order to get the linear dispersion equation we substitute 6 ~ expli(wt — kZ)] in the above equation and we arrive at the
linear dispersion relation k(w) = F(w) = £ — »>. Then we use the method of analytically continuing the linear dispersion
relation in the complex plane; see Refs. [141 68]. Thus replacing w — w+ip, withp = 1/7,,andk — k+ix, we geta complex
linear dispersion relation k + ix = F(w + ip); the existence of the breather solution ensures the validity of this dispersion
relation on the whole complex half plane. The total phase is then given by (k+ix)Z — (w+ip)T = k(Z —Vy7) +ik (Z —V,y7T),
with V, = w/kand V; = p/k. Thus Vg‘l = [F(w + ip) — F(w — ip)]/(2ip), V¢_1 = [F(w + ip) + F(w — ip)]/Rw), and if
we use the above expression of F (w) we recover the relations (4.21) by using the above method of analytically continuing
the dispersion relation in the complex plane; see Ref. [68]. The integrability by means of the IST ensures the validity of
the procedure. Indeed, the evolution of the spectral data in the frame of the IST is given by the linear dispersion relation,
which ensures that the latter is valid on the imaginary axis. The existence of the breather solution ensures the validity of

the analytically continued dispersion relation on the remaining of the complex plane.
Next we get the envelope of the electric field. It can be easily obtained from the expression of the electric field of the FCP

by using the corresponding expression of the two-soliton solution (see Ref. [87]) by setting & to a constant; here @ = 7 /2:

d ) . (4.22)

Eeny = 2 sech (lI/ In
env — d] p CC()

Within the SVEA, the mKdV-sG equation (4.16) can be reduced to the NLS equation:

i07A + wdZA + nAlA)2 = (4.23)

with u = —3w + a/w?, n = 3bud?/ h?,and T = 7 + Z(3w? + a/w?). Here E ~ Aexpliv(t — Z/vg)] + cc, where A is the
solution of the NLS equation (4.23). It is well known that the single soliton solution of the NLS equation (4.23) is given by

A = 2q sech {2q|: [— (T —Ty) + ZAn2:|}
X exp {—i [2,\ [ 21T 4+20 (02— @) z“ (4.24)
2n
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Fig. 10. (Color online) Robust, dispersion-free propagation of a two-cycle optical pulse for a large resonant term. The parameters are a = —500, b = 2,
and p; = 1 + 4i. After Ref. [76].

where X and g are arbitrary real parameters. Since A is a shift between the central frequency of the pulse and that of the
envelope, it must be set here to A = 0. Next we identify the value of the parameter q as ¢ = pfi/d; and we have E.,, = |A|;
in other words, the above equation reduces to A = E,, exp[ip?(a/w> — 3w)Z], i.e., the envelope of the FCP coincides with
that of the soliton of the NLS equation, not only in the SVEA limit p — 0, as was already noticed in Ref. [68], but also in
the two-cycle regime where the SVEA is not valid and the envelope soliton is merely meaningless; see Ref. [76]. We notice
that it is possible to obtain a FCP with a constant relative carrier-envelope phase. The relative phase of the envelope and of
the carrier is of much importance for a FCP and it is constant if the group and phase velocities V, 4 are equal. This particular
situation holds when (p? + w?)? + a = 0, i.e., the parameter a should be a negative number. This conditions implies that
Wi(—00)W,(—00) < 0,i.e., aninitial population inversion must be reached for one of the two transitions only; see Ref. [76].

4.3. The non-integrable mKdV-sG equation: robust two-cycle optical solitons

In Ref. [76] it was proved by numerical techniques the existence and robustness of two-cycle dispersion-free pulses in
the two-cycle regime, in the general, nonintegrable case, i.e., when the coefficients a # 0 and b # 1/2 in the evolution
equation (4.16). In order to perform this analysis the exact breather solution Uy, of the mKdV equation was used as the
input field; see Eq. (3.20). Note that for a = 0 and b # 1/2 the solution 8 can be written as:

2d, 2
0.0 = TE = Eutwm

where nj = p;t — pjz — yj, forj = 1,2,p, = pj,and y, = —y1.

For the numerical calculations a fixed value b # 1/2 was considered, and a negative value of the strength a of the
resonance term was chosen. The exponential time differencing method (see Ref. [115]) along with absorbing boundary
conditions in order to avoid numerical instability of the background was used in the computations. In Fig. 10 we show
a typical robust propagation in the non-integrable case of the two-cycle pulse (4.25) in a medium with a relatively high

(4.25)

concentration of the resonant atoms (a = —500). In this case the group-velocity V; departs considerably from that of the
mKdV breather, i.e., from Vg = [(Rep1)? — 3(Imp;)?]~ 1. For the particular set of the parameter chosen in Fig. 10, it was
numerically determined Vg_l = —32.25 instead of Vg_ol = 47 for the mKdV equation. Notice that for positive values of

the parameter g, that is, when both of the initial population differences W, ;(—o0) are of the same sign, the situation is
somehow different, in the sense that a robust FCP still exists in this case, but appreciably differs from the mKdV breather;
see Ref. [76] for more details. In Fig. 11 we show the stabilization of the carrier-envelope phase in the nonintegrable case
for a value of the parameter a = —292.55 which is very close to a = —(p? + w?)> = —289, which was predicted in the
integrable case; see Ref. [76].

4.4. Few-optical-cycle solitons: the modified Korteweg-de Vries—sine-Gordon equation versus other non SVEA models

In this section we prove by both analytical and numerical methods that the general dynamical model based on the
generic modified Korteweg-de Vries-sine-Gordon equation retrieves the main results reported so far in the literature, and
so demonstrating its remarkable mathematical capabilities in describing the physics of few-cycle-pulse optical solitons; for
a detailed study see Ref. [78].
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Fig. 11. (Color online) Stabilization of the carrier-envelope phase of the two-cycle pulse. The parameters are a = —292.55, b = 2, and p; = 1 + 4i. After
Ref. [76].

As it was said in the Introduction the propagation of FCPs in nonlinear optical media can be described beyond the
SVEA by using three main dynamical models: (a) the modified Korteweg-de Vries equation [70-72], (b) the sine-Gordon
equation [73-75], and (c) the modified Korteweg-de Vries-sine-Gordon equation [76-79]. However, other non-SVEA
models [141-143], especially the so-called short-pulse equation (SPE) [ 144], have been proposed in the literature. We next
discuss the main features of the generic mKdV-sG model and the physical hypotheses it involves are described. We then
show that both the SPE, and another model put forward in Refs. [141-143,81] can be considered as approximate versions
of a generic mKdV-sG equation. However the FCP solitons obtained in [81] differ from the breather solutions of mKdV-sG
equation considered in Ref. [76]. Indeed, in Ref. [76] it was assumed a self-focusing-type mKdV equation, whereas in Ref. [81]
a self-defocusing one. The self-defocusing-type mKdV equation cannot support any breather solitons, but we show by
approximate analytical methods and by numerical computation that the mKdV-sG equation containing a self-defocusing
mKdV term is, within some approximation, equivalent to a pure sG equation, and therefore supports breather-type solitons
very close to the sG ones. Then we obtain within the SVEA the linear dispersion relation k = k(w), the group-velocity
dispersion (GVD) and a rough approximation of the pulse shape for which self-focusing occurs. Numerical computations
confirm the qualitative conclusions, and also that the FCP propagation strongly differs from that one predicted by the SVEA.
We arrive at the conclusion that both the FCP solitons given in Ref. [81] as well as other soliton solutions can be adequately
described by a generic mKdV-sG equation.

4.4.1. A comparison of mKdV, sG, and mKdV-sG models for describing few-cycle solitons

A temporal soliton, or more properly a temporal solitary wave, is a pulse which propagates in a highly dispersive medium
in such a way that a certain nonlinear effect exactly compensates dispersion (in the sense of the natural tendency of
spreading of the pulse), and the pulse shape remains unchanged during propagation. This unique phenomenon implies two
essential conditions: (i) the medium is lossless, and (ii) the order of magnitude of propagation distance, wave amplitude,
wavelength, dispersion and nonlinear characteristics of the medium are such that neither the dispersion nor the nonlinearity
is negligible, and that both have effects comparable in magnitude. The two assumptions are unavoidable as soon as any kind
of soliton is considered (except obviously the so-called ‘dissipative solitons’, but the latter require the mutual compensation
of gain and loss effects).

Hence soliton propagation implies that damping can be neglected. In dielectric media, this occurs far from any
resonance frequency. Let us first consider a two-level model with characteristic frequency 2, and denote by w a frequency
characteristic for the FCP soliton under consideration. The transparency condition implies that either w < £2 or 2 < w.The
former case (w <« £2) corresponds to the long-wave approximation. Assuming further that the wave amplitude is such that
the nonlinear and dispersive effects are comparable, the reductive perturbation method [93] allows us to derive a mKdV
evolution equation [70,73]: if, on the contrary, the characteristic frequency of the pulse is well above the resonance line
(w > $£2), the short-wave approximation allows us to derive a sG evolution equation, written in its dimensionless form as
0,0:v = sinv [73].

In the case of a two-component medium, in which each component is described by a two-level model, there are two
resonance frequencies, say £2; < £2,.An appreciable change with respect to the previous situation arises if the transparency
domain lies between £2; and £2,. In this case assuming that £2; <« o < £2;, the propagation of FCPs can be described by a
mKdV-sG equation, of the dimensionless form [76]

t
9, + ¢y sin ( / u) + 20, (*) + c307u = 0. (4.26)
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It must be noticed that the coefficient ¢, of the sG-type term in Eq. (4.26) is proportional to the population difference.
Especially, c; is usually positive, but becomes negative when a population inversion is realized, and vanishes if the two levels
are equally populated.

The approximation used in deriving the above mKdV-sG equation is quite realistic in the general setting. Indeed, in
order to get a soliton, the entire pulse spectrum must belong to the transparency domain. Hence, all optical transitions of
the medium can be separated into two distinct groups, some transitions well below w, and the other ones well above w.
If each of these two sets of resonance frequencies is approximated by a single transition, we exactly get the assumptions
under which the mKdV-sG model has been derived. In the general case, it is reasonable to consider that the various lines will
cumulate together to reconstruct the same terms in the mKdV-sG equation, however with more complicated coefficients.
One notices that the quite general model equation (4.26) was first derived and studied in Refs. [68,145].

A few comments are needed at this point: it is well-known that both mKdV and sG equations are integrable by means
of the inverse scattering transform method [113,86] and that both equations admit breather solitons, that are known
to adequately describe FCPs; see Ref. [73]. These breather solutions have both spectrum and field profile analogous to
the ones that can be obtained either experimentally or using other theoretical models. Moreover, from the established
mathematical properties of these two completely integrable equations, any Gaussian-like input is expected to evolve into
a FCP soliton [146]; hence breathers can be considered as the fundamental solutions of the two integrable equations
mentioned above, as soon as the input is symmetrical with respect to a change in the sign of the field. The more general
mKdV-sG equation (4.26) is also integrable if its coefficients obey the relationship c3 = 2c;; see Ref. [87]. However, for
other values of its coefficients, it has been shown by numerical simulations that FCP solitons (or breathers) still exist, and
their robustness has been investigated too; see Ref. [76].

4.4.2. The short-pulse equation: a special case of the mKdV-sG equation

Let us consider the so-called short-pulse equation (SPE), which was first introduced in [ 144], to describe FCP propagation
in silica fibers:

1
3,0,U =U + gaf (U?). (4.27)

Note that the derivation of this equation performed in Ref. [144] was based on a parabolic approximation of the linear
dispersion relation x = xV (), which is valid in silica glass for 1.55 um < A < 3 um, and on a purely cubic instantaneous
nonlinear polarization. Also, the reduction of the bi-directional Maxwell equations to a uni-directional one was performed
by means of a short wave approximation. The mathematical validity of the SPE as an asymptotics to Maxwell equations has
been rigorously justified in Ref. [147]. The SPE is integrable by means of the IST method [148], and soliton solutions have
been given in Ref. [ 149]; see also Refs. [150-157] for other aspects of the SPE. Vectorial versions of the SPE have been also
proposed and their soliton solutions have been investigated too [158,82,159].

A third model, which is in fact the SPE with an additional dispersion term, has been first derived in Ref. [ 141] long before
the introduction in the literature of the so-called SPE model:

9;0:U + U — ndfu + ¢ (U) = 0. (4.28)

Note that a multi dimensional version of Eq. (4.28) was given in [142] and the self-focusing and pulse compression has
been demonstrated in Ref. [143]. However, it has been recently considered in a vectorial version, which has shown pulse
self-compression and FCP soliton propagation; see Ref. [81].

We then show that the mKdV-sG equation can be reduced to the SPE. Obviously, the mKdV-sG model (4.26) reduces to
the mKdV one if c; = 0, and to the sG equation if c; = c3 = 0. In the same way, Eq. (4.28) reduces to the SPE (4.27) if
u = 0.1t is easy to derive the SPE equation (4.27) from the mKdV-sG one (4.26): a small amplitude approximation yields
sin(ft u) ~ ft u, the mKdV-type dispersion term is neglected (c3; = 0), then setting c; = —1, ¢, = —1/6, Eq. (4.26)
becomes, after derivation with respect to t, identical to Eq. (4.27). The same transform but withc; = ¢, = landcz = —u
gives the alternative model equation (4.28).

The mKdV-sG model is able to predict pulse compression, as shown in Fig. 12, which is similar to the result presented
in Ref. [81]. However, the concrete situation considered in Ref. [81] involves & > 0, i.e., c3 < 0. If we disregard the term
u coming from the sG equation or the ‘resonant’ part of the equation, this corresponds to a defocusing mKdV equation. It is
worthy to mention that the mKdV-sG equation supports FCP solitons, but only the case of focusing mKdV equation was
considered in Ref. [76]. However, the defocusing mKdV equation does not support FCP solitons, as we will see below. On the
other hand, the pure sG equation admits breather solutions which allow us to describe the FCP solitons [73]. It is worthy to
notice that the soliton put forward in Ref. [81] is nothing else than a soliton of the mKdV-sG equation by using the dispersion
term of the sG equation and the nonlinearity term of the mKdV equation, whose relative signs correspond to the self-focusing
case.

In Ref. [76] we considered the mKdV-sG equation (4.26) and we set f "4 = v, in order to get the equation

3,0rv + ¢1 sinv + 629 (9v)® + c39v = 0. (4.29)
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Fig. 12. (Color online) Compression of a long input pulse containing several optical cycles to a FCP soliton, as described by the mKdV-sG equation with
parameters ¢; = 50, c; = 0.5, and c3 = 1. After Ref. [78].

Fig.13. (Color online)Pulse compression described by the mKdV-sG equation (4.29) with defocusing mKdV part. Input is a pulse with the hyperbolic secant
envelope solution to the SVEA limit of mKdV-sG, with pulse length ty = 25 and angular frequency w = 0.5. Parameters are c; = ¢; = 1, c3 = —0.5. After
Ref. [78].

Note that for low amplitudes, the sG term in the above equation can be expanded in a power series of v to yield

3
3,0,v + ¢ (v - %) + €29, (3v)? + c39fv = 0. (4.30)

Due to the peculiar form of the third term in Eq. (4.30) containing the partial derivative (v?) .» the two nonlinear terms
in Eq. (4.30) differ and cannot be straightforwardly compared; see Ref. [76]. Moreover, we have shown in Ref. [76] that the
mKdV-sG model (4.26) with a true defocusing mKdV part, that is, when c3 < 0 also possesses FCP soliton solutions and
accounts for pulse self-compression. Thus in order to treat all equations at the same time, it was considered in Ref. [76] a

more general equation

C/
3,00 + cjv — 51”3 + 0 (8v)* + c30fv = 0, (4.31)

which becomes a mKdV-sG equation (4.30) if ¢; = ¢y, and reduces to Eq. (4.28) if c; = 0. Note that the general Eq. (4.31)
becomes (a) a sG equation (in the low-amplitude limit involved by the SVEA) if c; = ¢3 = 0and ¢; = ¢y, (b)amKdV equation
if c; = c; = 0,(c)aSPEif ¢ = ¢35 = 0, and has the normalized form (4.27) if, additionally,c; = —1andc, = —1/6,(d) a
normalized version of Eq. (4.28) if we put ¢; = 0,¢; = ¢; = 1and ¢3 = —p, and (e) a mKdV-sG equation if ¢; = ¢;.

In Fig. 13 we show pulse compression described by the mKdV-sG equation (4.29) with defocusing mKdV part. In this
typical example, the pulse length 79 = 25 is quite large and the angular frequency is @ = 0.5. The velocity V, of the
pulse is computed from the numerical results, as V, > 0.222. It is close to, but still differs from the value of group velocity
dw/dk ~ 0.229 predicted by the SVEA by using the corresponding linear dispersion relation k = —(c;/®) — c30°.

Note that for shorter pulses the numerical solution to the mKdV-sG equation goes further away from the SVEA-NLS
approximation, but the FCP soliton propagation still occurs; see Ref. [76]. As a typical situation, if we decrease the pulse
length significantly to 7o = 8 preserving the angular frequency w = 0.5, two FCP solitons, one taking the major part of the
energy, and the other much smaller, are formed, while a non-negligible part of energy is radiated as dispersing waves; see
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Ref. [76]. For this case the pulse velocity computed from the numerical data is V, > 0.134, while dw/dk >~ 0.229 as above
because we preserved the values of the linear coefficients c; and c3. However, now the discrepancy is large, thus confirming
the fact already evidenced in Ref. [73] that the usual expression of the group velocity is not valid any more for short FCP
solitons.

Concluding this section we stress that it was proved in Ref. [76] that the dynamical model based on the modified
Korteweg-de Vries-sine-Gordon partial differential equation was able to retrieve the results reported so far in the
literature, and so demonstrating its remarkable mathematical capabilities in describing the physics of few-cycle-pulse
optical solitons. Thus the generic modified Korteweg-de Vries-sine-Gordon equation contains all non-slowly varying
envelope approximation model equations which have been earlier proposed for the description of (1 4+ 1)-dimensional
few-cycle-pulse soliton propagation models.

5. Few-optical-cycle solitons: their interactions

In this section we consider the problem of few-optical-cycle soliton interactions. Following Ref. [77], by using the exact
four-soliton solutions of the modified Korteweg-de Vries-sine-Gordon equation describing the propagation of few-optical-
cycle pulses in transparent media with instantaneous cubic nonlinearity, we study the interaction of two such initially well-
separated pulses. One notices that in Ref. [77] the shapes of soliton envelopes, the shifts in the location of envelopes maxima,
and the corresponding phase shifts were explicitly calculated.

The more general mKdV-sG equation proved to describe fairly well the propagation of ultrashort optical pulses in a
Kerr nonlinear medium and so demonstrating its remarkable mathematical capabilities in describing the physics of few-
optical-cycle solitons; see the comprehensive studies reported in Refs. [76,78]. Though the mKdV and sG equations are
completely integrable by means of the inverse scattering transform method [85], the mKdV-sG equation is completely
integrable only if some condition between its coefficients is satisfied [87]. The general n-soliton solution of the mKdV-sG
equation was obtained in a closed form in Ref. [ 140]; therefore we may easily get from it the general four-soliton solution
and correspondingly, the two-breather solution (for specific sets of its parameters), from which can be drawn all features of
the interaction between two FCPs. Note that the two-breather solution describes the interaction in a Kerr medium of two
few-optical-cycle solitons initially well separated, in any physical setting where one of the three above mentioned integrable
models (KdV, sG, mKdV-sG) is a realistic one. Moreover, thanks to the existence of analytic expression for the two-breather
solution, the location and phase shifts resulting from the interaction were computed explicitly; see Ref. [77].

5.1. Exact four-soliton and two-breather solutions of the integrable mKdV-sG equation

Here we consider the propagation of optical FCPs in a one dimensional self-focusing Kerr medium, such as a highly
nonlinear optical fiber. In any physical application, FCPs will be periodically launched in the medium, in such a way that
they propagate as robust solitons. Due to the fluctuations of the intensity of the laser source, the consecutive FCPs may have
different power and energies, and consequently different velocities. Therefore they are expected to interact and to cross
each other. Here we briefly discuss what happens during the interaction of such ultrashort pulses; see Ref. [77].

The evolution of the electric field is governed by the mKdV-sG equation, which is in general a nonintegrable nonlinear
evolution equation. However in the completely integrable case, for a special choice of its coefficients, it reads as

3:9,u + ¢y sinu + 3¢ (3, u)* 2u + 2¢,07u = 0, (5.1)

where the dimensionless variables u, z and 7 are respectively proportional to the electric field, the propagation distance,
and the retarded time, in a frame moving at the linear group velocity of the medium. Notice that u is not an amplitude, but
is proportional to the electric field itself. Both constants c; and c, are related to the dispersion and nonlinear properties of
the medium, see [76]. The integrable mKdV-sG equation (5.1) reduces to the integrable mKdV equation for c; = 0 and to
the integrable sG equation for c; = 0.

The n-soliton solution of the above mKdV-sG equation is given by [140]:

) f*>
—2iln (). 5.2
u ll‘1<f (5.2)

where f = ZWZOJEwWithM = (U1, ..., n),

n UT n n

E, =exp |:Z M (51 + 3) + Z Z,uj,u[/\j,/:| , (5.3)
j=1 =1 j=1

and A;; = In[(kj — k)?/(kj + k)1, & = kit + 2z + &oj, $2j = —c1/kj — 2cok?, here j, I = 1, ..., n and the parameters

k; are arbitrary. These solutions are properly speaking solitons only for real vafues of the parameters k;, but the solution

holds for any complex values of k;. For the particular case n = 4, and assuming that ks = ki, ks = k3, we are left with the

two-breather solution of the integrable mKdV-sG equation. Next we set k; = p; + iw; and k, = p, + iw,, so that w; and
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Fig. 14. (Color online) Interaction of two FCPs described by the two-breather solution of the mKdV-sG equation. The two envelopes are also shown. Here
the parameters of the exact two-breather solution are p; = 2, p, = 2.5, and w; = w, = 8. After Ref. [77].

w, are the characteristic frequencies of the two FCPs, and 1/pq, 1/p, are their characteristic durations. The two-breather
solution of the pure mKdV and the pure sG equations are recovered by setting either c; = 0 or c; = 0 in Egs. (5.2)-(5.3),
respectively.

5.2. Interaction of two few-cycle solitons

Fig. 14 shows the general envelope. Fig. 15(a) shows the two FCPs and their input and output envelopes, atz = —15. Here
the output envelopes are defined as the envelope of the breather, at this propagation stage, which will coincide with the
output of the interaction as z — 00, after having propagated alone. Fig. 15(b) presents the same two-breather soliton and
input and output envelopes, at z = +15. The coincidence between the FCPs and envelopes, at least in location, is checked
for the numerical values. The shift in the location of the breathers appears clearly in Fig. 15. Input and output envelopes
and the location of the maxima of the envelopes were obtained analytically in Ref. [77]. In Ref. [77], it was seen that the
envelopes uj,., corresponding to the largest values of 7, did not have the correct amplitudes. The definition of the envelope
implies indeed that the oscillation carrier is replaced by some constant ¢; adequately chosen, and in [77], this constant was
taken as zero, which was the adequate value for the leftmost profiles (u;_.), not for the rightmost ones (u;.). This feature
brought forward the existence of the arising of a phase shift during the interaction. Seeking for the value of ¢; for which the
maximum of the ‘envelope’ function becomes zero allowed to analytically compute the phase shift. The obtained value has
been used in Fig. 15. Note that both the location and phase shifts vanish in the SVEA limit.

Numerical computations of Eq. (4.26) starting from an input yielded by a linear superposition of two breather solutions
Uwwo Of the mKdV equation is shown in Figs. 16 and 17. We see that the behavior of the interaction is qualitatively the same
in the non-integrable case as in the integrable one. However, computation of the shifts in phase and location in the non-
integrable case is possible for special values of parameters only, and involve lengthy numerical computations for each set
of parameters.

Concluding this section we stress that the shapes of both input and output soliton envelopes as well as the phase and
location shifts have been computed in Ref. [77] by using the exact expression for the four-soliton (two-breather) solution
of the mKdV-sG equation. It was pointed out in that work the remarkable fact that, in contrast to the case of SVEA case
(i.e., the case of envelope solitons), neither phase matching nor group-velocity matching are required for two few-cycle
pulses to interact efficiently.

6. Circularly polarized few-optical-cycle solitons

6.1. Polarization effects in Kerr media: long wave approximation

In this section we consider the propagation of circularly polarized few-cycle pulses in Kerr media beyond the slowly
varying envelope approximation. Assuming that the frequency of the transition is far above the characteristic wave
frequency (long-wave-approximation regime), we show that propagation of FCPs, taking into account the wave polarization,
is described by the non-integrable complex modified Korteweg-de Vries (cmKdV) equation. By direct numerical simulations
we get robust localized solutions to the cmKdV equation, which describe circularly polarized few-cycle optical solitons, and
strongly differ from the breather soliton of the modified Korteweg-de Vries equation, which represents linearly polarized
FCP solitons. We found that the circularly polarized FCP soliton becomes unstable when the angular frequency is less than
1.5 times the inverse of the pulse length, which is about 0.42 cycles per pulse. The unstable subcycle pulse decays into a
linearly polarized half-cycle pulse, whose polarization direction slowly rotates around the propagation axis.
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Fig. 15. (Color online) The FCPs and their initial and final envelopes before (15(a)) and after (15(b)) the interaction. The parametersarec; = —1,¢c, = 1/2,

p1 = 2,p2 = 2.5,and w; = w, = 4. After Ref. [77].

u 3
5
0
-5 ,
. 30 33
Fig. 16. (Color online). Interaction of two FCPs in the non-integrable case. The parameters are c; = —1,¢c; = 0.5, and c3 = 1. The input is a linear

superposition of two breather solutions ty, (given by Eq. (3.20)) of the mKdV equation obtained by setting c; = 0, withp; = 14 2iand p, = 2 + 2i.
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Fig. 17. (Color online) Interaction of two FCPs in the non-integrable case. The upper frame shows the input, normalized to its maximum value, and the
bottom frame shows the output for several values of the coefficient c;: c; = 0.05 (blue dashed line), 0.5 (red dotted line), 5 (green solid line). The other

parameters are c; = —1 and c3 = 1. The input is defined in the same way as in Fig. 16. Its total magnitude is proportional to c( 172)

6.1.1. Basic equations for an amorphous optical medium

As a simple model for a glass system we consider a set of two-level atoms with Hamiltonian Hy; £2 = w, — w, > 0is the
frequency of the transition. The atoms may present some induced dipolar electric momentum /i, which is oriented randomly
in space. Assuming a propagation along the z-axis, we can omit the component of 1 along the propagation direction z, and
thus i = (cos 0é, + sin Gé'y), ey and e, being the unitary vectors along the x- and y-axis, respectively, and the 2 x 2 matrix
[ is given by Eq. (3.1).

The evolution of the electric field E is governed by the Maxwell equations which, in the absence of magnetic effects, and
assuming a plane wave propagating along the z axis, reduce to 82E = c—ZaZ(E + 47rP) where P is the polarization density.
It is given by P= N (Tr (pu)), where N is the number of atoms per unit volume, p is the density matrix, and (-) denotes the
averaging over all directions in the x-y plane.

The evolution of the density-matrix is governed by the Schrédinger-von Neumann equation ifid;p = [H, p], where
H = Hy — 11 - E includes the coupling between the atoms and the electric field. The relaxation effects can be neglected here
as in the scalar approximation; see [73]. The physical values of the relaxation times are indeed in the picosecond range, or
even slower, thus very large with regard to the pulse duration, which allows us to neglect them.

The typical frequency w,, of the wave must be far away from the resonance frequency §2 because the transparency of the
medium is required for soliton propagation. We therefore consider w,, << 2 (long-wave approximation regime). The typical
length of the wave, say t,, = 1/w,,, is very large with respect to the characteristic time t, = 1/52 associated to the transition.
Thus we are working in the long wave approximation regime, as defined in the framework of the reductive perturbation
method [95,93]. Next we introduce a small parameter ¢ = 1/ (£2t,,), and the slow variables t = & (t —z/V), ¢ = &3z. The
retarded time variable 7 describes the pulse shape, propagating at speed V in a first approximation. Its order of magnitude
& gives an account of the long-wave approximation, so that the corresponding values of retarded time have the same order
of magnitude as t. /e = t,, > ¢t if v is of the order of unity. The propagation distance is assumed to be very long with
regard to the pulse length ct,,; therefore it will have the same order of magnitude as ct; /¢", where n > 2. The value of n is
determined by the distance at which dispersion effects occur. According to the general theory of the derlvatlon of KdV-type
equations [93], it is n = 3. The ¢ variable of order &3 describes thus long-distance propagation, according to the general
theory of the derivation of KdV-type equations [93].

The electric ﬁeldj, the polarization density I3 and the density matrix p are expanded in power series of ¢ as E =
Dono1 € WUy 00, 0),P =" &" (P, Q. 0), p = Do &" oy, in which the triplets of coordinates are given in the (x, y, z)
frame, and the profiles u4, vq, etc., are functions of the slow variables 7 and ¢. The components of p are denoted by

Pa Pt
= . 6.1
p (pt* pb> (6.1)
We assume that, in the absence of wave, all atoms are in the fundamental state (a), and hence all elements of py are zero

except pog = 1.
At lowest order ¢!, the Schrédinger-von Neumann equation yields

o1 = 1/ (h§2) (uq cos @ + vy sinbh).
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The polarization density is P= (P, Q) with
P =N {pu*cos6 + cc), Q = N{pp*sin6 + cc)

where cc denotes the complex conjugate. We get

(P1, Q1) = [N |ul* / (h$2)] (uq, v1). (6.2)

The Maxwell equation at leading order &> gives the value of the velocity, V = c¢/n, with the refractive index n =
\/1 + 47N ||? / (h$2). The expression of n coincides with that obtained in the scalar model (cf. Ref. [73] and Eq. (3.8)
above) if we take into account the fact that, for a linear polarization in the present framework, only one half of the dipoles
would be active, being roughly aligned with the electric field. At the order £, the Schrédinger-von Neumann equation yields
p1a = p1p = 0and py = p/ (h82) (U3 cos 6 + vy sin6) — i/ (1$2%) ; (ug cos 6 + vy sinf) . Consequently, we get similar
expressions for P, and Q, as those for P; and Q, with the only difference that u; and v are replaced by u, and u,. The
Maxwell equation at order £* is automatically satisfied.
At order &3, the Schrédinger-von Neumann equation gives rise to

p2b — p2a = 2 |pl? / (1* 2°) (u1 cos 6 + vy sin6)*
and a corresponding much longer expression for ps3. By using

(cos*6) =3/8,  (cos®Osin®0) = 1/8,

the expression for the polarization density components Ps is

_ NIl o NIl o 3N

P Uy —
2T he T s ' am s

(uf + v7) uy, (6.3)

and we get an analogue expression for Qs;. Next, the Maxwell equation at order & yields the following pair of coupled
equations:

dcuy = Aduy + B, [(uf + vi) ui], (6.4)
dev1 = Advy + Bo [(uf + vi) v1]. (6.5)

in which we have set A = 27N |ul*/ (nch$2®), B = 37N |ul*/ (nc h* £23). As in the scalar model [73], the dispersion
coefficients A has the same expression as derived within the scalar model (Eq. (3.12)), if we consider that only one half of the
dipoles are contributing. Regarding the nonlinear coefficient B, the ratio between the corresponding nonlinear coefficients
is a bit smaller, 3/8, which is due to the averaging over 6.

Egs. (6.4)-(6.5) can be written in the normalized form as

Uz = Urr + [(U* + V?) U], . (6.6)
Vz = Vi 4+ [(U2 +V?) V], (6.7)

where the subscripts Z and T denote the derivatives, and the functions and variables are defined as U = u;/§,V = v,/§,
Z=2z/LT=(t—2z/V)/t,,withL =2ct]/n",and & = (1/2t,)/nn" /(=37 x®).

Egs. (6.6)-(6.7) are a set of coupled mKdV equations describing the propagation of optical FCPs in an amorphous medium
presenting cubic nonlinearity and dispersion. They can be also seen as describing the interaction of two linearly polarized
FCPs,U and V.

6.1.2. Basic equations for a crystal-like optical medium

A system of two coupled mKdV equations is derived above from a model of a glass, or an amorphous medium. This model
involved some induced dipolar electric momentum fi, oriented randomly in the transverse plane (x, y), the polarization

density P being averaged over all directions in this plane. We will show below that the same governing equations (6.6)-(6.7)
can be derived from another model, which would rather correspond to a crystalline structure [161].

This alternative approach involves a two-level medium, in which the excited level is twice degenerated, with the induced
dipole oriented either in the x or in the y direction. Precisely, the Hamiltonian is

w, 0 0
Hy=h|l 0 w, 0], (6.8)

0 0 wWp

still with £ = w, — w, > 0. The dipolar momentum becomes

= Mxéx + My_éya (6.9)
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where €, and €, are the unitary vectors along the x axis and y axis, respectively, and

0 u O

ux=|(mn* 0 0], (6.10)
0 0 O
0 0 u

Hy = 0* 0 0]. (6.11)
uw: 0 0

The evolution of the electric field E is governed by the Maxwell equations which, in the absence of magnetic effects,
and assuming a plane wave propagating along the z axis, reduce to BZZE‘ = Cizaf (E + 47r13>, where P = NTr (pi) is the

polarization density, N is the number of atoms per unit volume, and p is the density matrix. There is no averaging over the
transverse orientation of the dipolar momentum any more. _

The evolution of the density-matrix is governed by the equation ihd;p = [H, p], where H = Hy — i - E describes
the coupling between the atoms and the electric field. The relaxation effects can be neglected here as in the scalar
approximation; see Ref. [73]. Notice that the physical values of the relaxation times are indeed in the picosecond range,
or even slower (nanoseconds), thus very large with regard to the pulse duration, which allows us to neglect them.

As above, we assume that the typical frequency w,, of the wave is much lower than the resonance frequency £2, w,, < 2.
Recall that, if w,, is in the visible range, it means that the transition frequency is in the ultraviolet, and that the typical length
of the wave, say t,, = 1/w,,, is very large with respect to the characteristic time t, = 1/£2 associated to the transition. It is
thus a long wave approximation, as defined in the framework of the reductive perturbation method [93,95]. Still as above,
we introduce a small parameter &, which can be here ¢ = 1/ (§2t,,) < 1, and the slow variables 7 = ¢ (t - é) , L =éz.
The retarded time variable t describes the pulse shape, propagating at speed V in a first approximation, and the ¢ variable
describes long- dlstance propagation.

The electric field E, the polarization density P, and the density matrix p are expanded in power series of ¢ as

E= Zs”En = Zs” (Upn, Un, 0), (6.12)

n=1 nz1

P=2"¢&" (P, Qu0), (6.13)
n=1

o= Zs”pn, (6.14)

n=0
in which the triplets of coordinates are given in the (x, y, z) frame, and the profiles u4, vy, etc., are functions of the slow
variables t and ¢. The components of p, are denoted by ,o,’}
At lowest order ¢!, the Schrédinger-von Neumann equation yields
1 H 1 H
= u, =, 6.15

P12 = ho ! P13 = ol ( )

and consequently

2N |uf?

P1 = he uq, (616)
2N |ul?

Q= ho U1, (6.17)

which are the same expressions as in the glass model (Eq. (6.2) and [160]), except that N is replaced with 2N.
At order & in the Maxwell equation, we get an expression of the refractive index with the same slight change:

1
87N [l 2
=14+ —- , 6.18
n (+ v (6.18)

which exactly coincides with (3.8).
At order &2 in the Schrédinger-von Neumann equation, we first notice that 9, ,0213 = 0 and consequently ,0213 = 0.In the

same way, pi; = pj, = p3; = 0. Then we get

w in

2
P 6.19
Pa= "™ p2 (6.19)
2 Iz in
P13 = ho vy — hﬁarvlv (6.20)
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which are the same expressions as in the case of the glass model [160], with the orientation angle of the dipolar momentum
6 = 0 for p2, and 6 = 7 /2 for pZ,. Consequently, we get

2N |u)?
P, = Uy, 6.21
) no L2 (6.21)
2N |ul?
= Vs, 6.22
& he (6.22)

and the Maxwell equation at order &* is automatically satisfied.
At order & in the Schrédinger-von Neumann equation, the populations are computed as

2 — |ul? 2 2
P = or (ui +v1), (6.23)
2
2 [ 2
Py = o2 uy, (6.24)
2
2 ] 2
P33 = 70 V7. (6.25)

Notice that a nonzero coherence term between the two excited states appears, it is

2 w
Pz = WU]Ul. (626)
Consequently, the coherence between the fundamental state and the state excited in the x direction at next order is
sy g gy 2Ry (627)
Pa= g T h2 R T ps T e TP '

The analogous expression, permuting u; and vy, is obtained for the component ,0133.
The expressions for the polarization density components P; and Qs are obtained, as

_2NIpl® o 2N|uf o, ANl
ns2 ns Tt Rl
and analogously for Qz. Apart from the change from N to 2N already noticed, the only discrepancy with respect to the
corresponding equations in the glass model (Eq. (6.3) and [160]) is a coefficient value 4 instead of 3 in the nonlinear term in
Eq. (6.28).
The Maxwell equation at order ¢ yields the following pair of coupled equations:

Ps

us — (uf + v7) uy, (6.28)

deuy = AdJuy + B, [(uf + v3) ui], (6.29)

dc vy = Ad vy + BO; [(uf + vi) 1], (6.30)
in which we have set
47N |p|?

4= NI (631)

nchs23

87N [l

= —, 6.32

nc h? 23 (6.32)

Notice that the structure of the set of Egs. (6.29)-(6.30) is the same as in the glass model (Eqgs. (6.4)-(6.5) and [160]),
with very slightly modified coefficients. The expressions of the two dispersion coefficients coincide (the ratio between the
corresponding dispersion coefficients is therefore 1) if we consider that in the case of the glass model, only one half of the
dipoles are contributing, while all of them are involved in the crystal model. The same feature is observed in the case of the
refractive index. Regarding the value (6.32) of the coefficient B, the ratio between the corresponding nonlinear coefficients
is a bit smaller, 3/8, which is nothing else but the average value (cos4 9) of cos* 6, which is involved in the averaging of the
nonlinear polarization density over all orientations @ of ji in the glass model (Eq. (3.12) and [160]). In fact, the coefficients
A and B have here exactly the same expressions as in the scalar model [73].

One notices that Egs. (6.29)-(6.30) in their normalized form coincide to Egs. (6.6)-(6.7) where now the functions and
variables are defined as

t—z/V

U=—, V=—, z=2, T , (6.33)
€ g L tw
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with
nhc$23t3

2 h
& = \/j ) (6.35)
3l ty

6.1.3. The complex mKdV equation
Assuming that U and V vanish at infinity, the mKdV system of coupled partial differential equation (6.6)-(6.7) has four
conserved quantities [163]:

+00 +00
I = / udr, L= / VdT, (6.36)
—0o0 —o0
the momentum of the system
+00
I; = / (U* +V?)dT, (6.37)
—00
and its Hamiltonian
1 [ 2 2\2 2 2
L= {(u +V2)? = 2[(3:U) + (3rV) ]} ar, (6.38)
which remain constant with Z.
Setting
f=U+iv, (6.39)
Egs. (6.6) and (6.7) reduce to
0zf = orf + 9r (IFI°f) (6.40)

which is known as the complex modified Korteweg-de Vries (cmKdV) equation. Confusion must be avoided between Eq.
(6.40) and the other cmKdV equation

3zf = 0ff + 1> orf. (6.41)

Indeed, Eq. (6.41) is completely integrable [165] while Eq. (6.40) is not. Egs. (6.40) and (6.41) are sometimes referred
to as cmKdV I and cmKdV II equations, respectively. The integrable equation (6.41) has been extensively studied (see e.g.
[164-168]), while less studies have been devoted to the non-integrable equation (6.40) [169,170]. In Ref. [169], using the
Painlevé analysis, it is proved that Eq. (6.40) is not integrable, and an exhaustive list of analytical solutions is given. In the
frame of the optics of FCPs, the field f must vanish at infinity. With this condition, there is no exact analytical solution to
Eq. (6.40) but the solutions of the real mKdV equation. Indeed, setting f = ue'¥, with u = u(Z, T) and ¢ a constant, reduces
the complex mKdV equation (6.40) to the real one. All linearly polarized FCP solitons are retrieved in this way. Their stability
to arandom perturbation of the polarization can be tested numerically. If we add to the constant ¢ a random noise (we used
an amplitude of 0.1 x 27), it is obtained that the pulse is not destroyed, and that its polarization remains linear. However,
the direction of the linear polarization slowly rotates around the propagation direction.

More interesting would be a circularly polarized soliton, of the form

f=uT — wz)e@ ko), (6.42)
However no exact, even numerical, steady state solution of this type do exist. To be ensured of this, just plug f given by the
expression (6.42) in Eq. (6.40); separating real and imaginary parts and integrating once yields

(3w® — w)u = dfu+1’,
2k 2 3
o — — Ju=30u+u’, (6.43)
w

which are not compatible. However, solutions having approximately the form (6.42) exist and are very robust. They are
studied in detail in the next subsection.

6.1.4. Robust circularly polarized few-optical-cycle solitons
We will next compute an approximate analytic solution to the cmKdV equation (6.40), valid for long pulses, i.e. in the
SVEA. Next we introduce again a small parameter ¢ and the slow variables

E=¢Z, n=eT—uw2), (6.44)
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Fig. 18. Propagation of a circularly polarized FCP. The left panel shows the nonlinear propagation of the x-polarized component U. Initial data is given by
Eq. (6.48) with b = 1 and w = 2. The right panel shows the propagation of the linearly dispersive FCP having the same initial profile but with very small
amplitude. After Ref. [161].

20 5 0 5 10

Fig. 19. (Color online) Initial (Z = 100) and final (Z = 10000) profiles of the FCP plotted on Fig. 18 for the input given by Eq. (6.48). Blue (dotted): initial
If|, light blue (thick gray): initial U, red (thin solid): final |f|, pink (dash-dotted): final U. After Ref. [161].

and expand f as

f=el(on, &) +efi(n, &) + - )@, (6.45)

and run the perturbative reduction procedure [93].
At leading order &, we get k = w?; at second order, we find the inverse velocity w = 3w?, and at order &> we get a
nonlinear Schrédinger equation for fj:

i0cfo + 3002fy + wfo lfol? = 0. (6.46)

Let us consider the fundamental soliton solution of the above written NLS equation:

fo = pv/6sech (pn) e (6.47)

Coming back to the initial variables, we obtain

f = bv/Bsech [b (T — 30°2)] el (=7, (6.48)

Eq. (6.48) gives an approximate solution to the mKdV equation (6.40), which is valid for long pulses (b < w).

The numerical resolution of the cmKdV equation is performed using the exponential time differencing second order
Runge-Kutta (ETD-RK2) method [115]. The numerical scheme does not conserve exactly the .£,-norm (or energy W) of
the solution; however the error remains small (typically AW /W ~ 10~* for Z = 10000). Due to the scale invariance of
the cmKdV equation, only the ratio b/w may modify the stability properties of the solution. Thus there is only one free
parameter, which is the number of cycles in the pulse (the ratio w/b being proportional to the number of optical cycles
contained in the ultrashort pulse). For numerical calculations we fix b = 1 and decrease the frequency w.

Figs. 18 and 19 shows the evolution of a FCP of this form, with b = 1and w = 2. The propagation of the linearly dispersive
FCP is also shown for the sake of comparison.

The FCP propagates without change in width and maximum amplitude after propagation over at least z = 10000 units,
however, its shape is somehow distorted after propagation. The propagation speed is also quite different from the result
of the above analytical approximate solution. In fact, since no steady state with linear phase exists, the pulse is not a true
steady state, and consequently its velocity varies in a quite erratic way; nevertheless, it is a very robust FCP.
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Fig. 20. Normalized profiles of an unstable circularly polarized FCP. Initial data is defined by the breather soliton with p; = 141, i.e. both pulse width and
angular frequency equal to 1, for the polarization component U, and the same with a 7 /2 dephasing for V. Light blue (dotted): |f| and —|f|, pink (solid):
U = Re(f), green (dashed): V = Im(f). After Ref. [161].

We will next show by numerical simulations that we get robust circularly polarized FCP solitons. Notice that the
approximate solution (6.48) has not a zero mean value, except at the SVEA limit b < w. However the mean value of the
field is conserved. It is likely that the circularly polarized FCP soliton would have a zero mean value, and hence this would
explain the discrepancy between the approximate analytical solution (6.48) and the direct numerical computation shown
in Fig. 18.

In order to check this interpretation, let us consider an input having zero mean value. Such an alternative expression is
found from the breather (or two-soliton) solution of the real mKdV equation [114]. Recall that the two-soliton solution vy,
of the mKdV equation has the expression (3.20) with ; = p;t — pfg“ — ¥, forj = 1, 2, and becomes a breather soliton if
p> = pj. Here Re(p,) is the inverse of the pulse length, and Im(p;) is the angular frequency, as are b and w respectively in
Eq. (6.48). The real part of the constant y; = y, determines the position of the center of the pulse, while its imaginary part is
a phase. Taking for one polarization component, say U, the breather solution with y;; = 0, and for the second polarization
component V the same expression, but with a 7 /2 dephasing, i.e. with yyy = im /2, we get some expression which can be
used as an input data for solving numerically the cmKdV equation. This pulse is very close to the approximate analytical
solution (6.48), but has a zero mean value. Numerical resolution shows that the pulse, apart from small apparently chaotic
oscillations, keeps its shape and characteristics during the propagation.

In what follows we will study the decay of the unstable circularly polarized FCP and the corresponding transition to a half-
cycle soliton. The value w/b ~ 1.5 appears to be the lower limit for the stability of the circularly polarized FCP soliton. Note
that the ratio w/b is proportional to the number of cycles contained in the pulse. More precisely, the number of optical cycles
N, is the ratio of the pulse duration (FWHM = 21In (1 + J@) /b) divided by the optical period 27 /w, i.e. N =~ 0.28w/b.
The stability limit of the circularly polarized FCP soliton is thus about N, = 0.42. Hence circularly polarized FCP are stable
down to the sub-cycle range. For smaller values of the ratio w/b, the FCP becomes unstable, and decays into a linearly
polarized single-humped (half-cycle) pulse, in the form of a fundamental soliton of the real mKdV.

The transition occurs, for /b = 1.4, between Z = 19100 and 19200, for w/b = 1.3, between Z = 9300 and 9400, but
forw/b = 1,betweenZ = 400 and 500. Further, it occurs very abruptly, and involves a strong modification of the spectrum;
see Ref. [160,161].

The transition to a half-cycle soliton is shown in Figs. 20 and 21. It is a single pulse, whose profile accurately coincides
with that of the fundamental soliton solution to the real mKdV equation

U = v2bsech (bT — b%2), (6.49)

but which slowly rotates around the propagation axis.

As a final remark we notice that half-cycle optical solitons were also put forward in quadratic nonlinear media; thus a
few-cycle pulse launched in a quadratic medium may result in a half-cycle soliton in the form of a single hump, with no
oscillating tails [120].

Concluding this section, we point out that the multiscale perturbation analysis was used in Refs. [160,161] to derive
approximate evolution equations governing the propagation of circularly polarized femtosecond optical solitons in cubic
(Kerr-like) media beyond the slowly varying envelope approximation. Thus we took into account the vectorial character
of the electric field and therefore we properly considered the wave polarization effects. In the long-wave-approximation
regime we have found that the two interacting waveforms corresponding to such vector few-optical-cycle solitons are
adequately described by a coupled pair of complex modified Korteweg-de Vries equations at the third-order approximation
of the perturbation approach.
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3

Fig.21. Evolution of the polarization of the unstable circularly polarized FCP with both angular frequency and pulse length 1. Blue (dotted): initial circularly
polarized pulse (at Z = 100), red (solid): final linearly polarized pulse (at Z = 1300). After Ref. [161].

6.2. Circularly polarized few-optical-cycle solitons: short wave approximation

In this section we consider the propagation of few-cycle pulses beyond the slowly varying envelope approximation, in
media in which the dynamics of constituent atoms is described by a two-level Hamiltonian, by taking into account the
wave polarization and in the short-wave approximation regime. Therefore we assume that the resonance frequency of the
two-level atoms is well below the inverse of the characteristic duration of the optical pulse, it should thus belong to the
infrared range if the latter is in the visible range. By using the reductive perturbation method (multiscale analysis) we
then derive from the Maxwell-Bloch-Schrédinger equations the governing evolution equations for the two polarization
components of the electric field in the first order of the perturbation approach. We show that propagation of circularly
polarized few-optical-cycle solitons is described by a rather complicated system of coupled nonlinear equations [162],
which reduces in the scalar case to the standard sine-Gordon equation describing the dynamics of linearly polarized FCPs
in the short-wave-approximation regime. By direct numerical simulations we then calculate the lifetime of circularly-
polarized FCPs and we study the transition to two orthogonally polarized single-humped pulses as a generic route of
their instability; for a comprehensive study of this issue see Ref. [162]. It is worth mentioning that other vectorial non-
SVEA models have been also proposed [158,142], however they were only built from a direct analogy with common SVEA
models. It is also worth mentioning that circularly polarized short pulse propagation in a system of two-level atoms has been
studied more than two decades ago in the framework of the self-induced transparency [172] and the existence of localized
solutions of Maxwell-Bloch type systems beyond the SVEA has been considered too [173,174]. However, not all the coupling
mechanisms between the polarization components were taken into account in these earlier studies. However, the authors
of Ref. [174] took an essential coupling term into account through the out-of-phase polarization, which allowed them to
show that the pulse solution valid within the SVEA could not be generalized beyond it by means of some corrections terms.

6.2.1. Basic equations and the short-wave approximation

We consider a two level model, in which the excited state is degenerated twice, corresponding to oscillations along the
x and y axes. ;Fhe free Hamiltonian is thus given by Eq. (6.8). The resonancqangular frequency is 2 = wp — wy > 0. The
electric field E is coupled with the atoms by the Hamiltonian H = Hy — [iE, in which the dipolar momentum operator is
[ = lx€x + 1y€y; 1y and p are given by Egs. (6.10) and (6.11).

Then the evolution of the atoms is governed by the Schrédinger-von Neumann equation ifid;p = [H, p], in which p is

the density matrix, and the evolution of the electric field Eis governed by the Maxwell equation 822;3 = c-233 (E + 47113).

where c is the speed of light in vacuum and the polarization density Pis given by P = NTr (o).

The short-wave approximation is performed agcording to the general theory developed in Ref} [73,175,176]. We denote
by (u, v, 0) the components of the electric field E in the (xyz) frame, by (P, Q, 0) the ones of P, and by pj;,i,j = 1, 2, 3,
the elements of the Hermitian matrix p. All these quantities are expanded in power series of a small parameter & as

E = E + ¢E' + £2E2 + - -, and so on. We introduce fast and slow variables 7 = (t—%)and ¢ = ez, so0 that 8, = 9,

and 9, = —V719, + €9,. The above series expansions and fast and slow variables are reported into the Maxwell and
Schrédinger-von Neumann equations and the perturbative scheme is solved order by order.

The Schrédinger-von Neumann equation at order €° yields ifid, p° = — [/1 - Eo, ,00], that is,

ihd, pf) = — (nols — PYai™) uo — (Pl — Pl3™) vo. (6.50)
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ihd: p3, = — (WP, — P13 k) o, (651)
ind: p3; = — (W pis — i3 1) Vo, (6.52)
ihd. Yy = —pu (0% — i) o — P Vo, (6.53)
ihd, i = — 1350 — 1 (035 — i) vo, (6.54)
ihd, p95 = —u* p%ug + p% pvp. (6.55)

It is easy to check that Eqs. (6.50)-(6.52) satisfy the normalization condition for the density matrix, i.e. 3, Trp® = 0.
Assuming that the electric field components u and v vanish as 7 tends to —oo, integrating (6.53) and (6.54), and
incorporating them into (6.50) we get

0 2 |M|2 ‘ ’
drp11 = —7 |Uo {wiug + ove} + vo {oug + wavol |, (6.56)

hz o0 —0oQ
where we have defined the population differences as wq = p9, — p%,, w, = p%; — p?,, and we set ¢ = RepJ;.
Then by incorporating (6.53) into (6.51), we get

0 2 |M|2 '
8-,; Py = _—2u0 (w1u0 + O’Uo) . (657)
h —
Integrating Eq. (6.54) and incorporating it into (6.52) yield
0 20ul* [T
0r P33 = —h—zvo (oug + wavg) . (6.58)
—00

The x and y components Py and Qg of the zero order polarization density 130 are given by Py = N (,0?2#* + P?; )
Q=N (p%u* + ,o?; ) By integrating (6.53) and (6.54), incorporating them into the expressions of Py, and Qg and setting
x = Im (pd;) we get

2|ulPN [T
PO = |M| / KV, (659)
h —o0
2|ul?N [T
__2ul / Kilo. (6.60)
h —00

By integrating Eqs. (6.53) and (6.54), incorporating them into (6.55), and separating real and imaginary parts, we obtain
evolution equations for o = Repd; and k = Imp3;, as

81—0’ = —uoPy — voPy, (661)
where we have set

p o Il [
x = v (willg + o V), (6.62)
—00
2 T
@:%}/<MW+M¢ (6:63)
—00

and

B |l i i
ok =———|Uo KU + vg Kvg | . (6.64)
h —00 —o0

Then a simple analysis shows that « = 0 and consequently, ,033 is a real quantity. Thus we find out that 130 = 0 and
incorporating this value into the Maxwell wave equation at order £°, we get that the wave velocity is V = c at the zero
order of the series expansion in the small parameter .

We next get the polarization density at order ¢! from the Schrédinger-von Neumann equation at order e!. The
polarization density components P; and Q; involve the density matrix elements ,0112 and p]13, respectively and are given
by Py = N (pf,u* + pisi) and Q1 = N (pjsu* + pi51). If we set & = Im (p,5) we get the following expressions for Py
and Qq:

_ 20uPeN [T 2|ul’N [T
Py =— (w1l + o vg) + Ko, (6.65)
h —00 J —00 h —00

2ulP 2N [T [T 2|uPN [T,
Q= —T / / (O’Uo + wzvo) — h / KlUp. (666)
—00 J —00 —00
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From the wave equation at order ¢! we get the evolution equations for the fields uy and vy as d;up = (—2m /c)d- Py and
0;vg = (—2m /c)0:Qy. The equations for w1, w; are deduced straightforwardly from the equations for the diagonal elements
of p° as 9, wy = —4ugPy — 2voPy and 9w, = —2uoPy — 4voP,. Then we get the equation for &

0k =—0 <u0/ P, — Uo/ Px> . (6.67)
—00 —0Q

Summarizing the analysis of Maxwell-Schrédinger-von Neumann equations, we are left with a coupled system of ten
nonlinear integro-differential equations:

-2
8{110 = Tafp], (668)
-2
Orvg = TarQla (6.69)
2N|nl>
0Py = —2Nh§2P, + VoK, (6.70)
2N|pul*
0:Q = —2NhQP, — Uok, (6.71)
_ul?
0Py = v (wqug + o Vo), (6.72)
0. P, = E( + ) (6.73)
YT T WaVo T OUg), .
. 1
0k = INR (uoQ1 — voPy), (6.74)
0 w1 = —4ugPy — 2voPy, (6.75)
drwy = —2ugPy — 4Py, (6.76)
30 = — (uoPy + voPx) . (6.77)

We then write down this nonlinear system in its normalized (dimensionless) form by introducing the following
dimensionless functions and variables: (u, v) = (ug, vo) /Eo, T = t /Ty, Z = ¢ /D, where the reference electric field Ey,
the reference propagation distance D and the reference time Ty are related through To = h/(|i|Eg), D = Eoc/ (AT N2\ 1)),
(m,n) = (h/w) (Px, Py) and (p, q) = [Eo/(2Nh$2)] (P1, Q). One notices that the short-wave assumption mainly expresses
in the fact that the reference propagation distance D is large.

Ifwesetw = (w1 + w,)/2, 1 = (w, — wy)/2, the system (6.68)-(6.77) reduces to the dimensionless form:

dzu = —orp, (6.78)
dzv = —0rq, (6.79)
orp = —m + vK, (6.80)
orq = —n — uk, (6.81)
orm= (w —r)u+ Sv, (6.82)
orn = (w +r)v + Su, (6.83)
orK = uq — vp, (6.84)
orw = —3(um + vn), (6.85)
orr = um — vn, (6.86)

)

orS = —un — vm. (6.87

By defining four new complex quantities P = p + iq, M = m + in, U = u + iv and s = r — iS, the nonlinear system
(6.78)-(6.87) of ten coupled equations reduces to a more compact system of only six coupled nonlinear equations:

9,U = —Pr (6.88)
P = —M — iUK (6.89)
M = wU — sU* (6.90)
drK =Im (U*P) (6.91)
drs = UM (6.92)
drw = —3Re (U*M) . (6.93)
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The above nonlinear system of coupled partial differential equations in its normalized form describing vectorial ultrashort
solitons in the short-wave propagation regime is the central result of this section and it can be considered as the natural
generalization of the sine-Gordon equation. We will indeed show below that it reduces to the usual sine-Gordon equation
in the scalar case when the second component v = vy /E of the electric field is equal to zero.

Now we write down two conservation laws for the above physical system. First, denoting by I = u® + v? the normalized
intensity we straightforwardly get 9,1 = —(2/3)drw, that is, when the homogeneous population difference w has its value
corresponding to the thermal equilibrium both before and after the pulse d;w = 0, the power f_t;o Idt is conserved during
propagation. This equation for the evolution of intensity I also shows that the energy transfer inside the pulse is entirely
governed by the homogeneous population difference w. Second, we show that there is an additional conservation law which
can be obtained by mimicking the obtaining of a second conservation law in the scalar case, when a sine-Gordon equation
is obtained from the above complicated system of ten coupled nonlinear equations. To this aim let us consider the scalar
case v = 0.1t is seen that K, S, n, q are equal to 0 and w = —3r. Then the system (6.78)-(6.87) reduces to

dzu = —orp, (6.94)
orp = —m, (6.95)
orm = —4ru, (6.96)
orr = um. (6.97)

The nonlinear system of coupled equations (6.94)-(6.97) reduces to the sine-Gordon equation as follows [116]. If we
setm = Asinf andr = (—A/2)cos#@, then a direct computation shows that dfA = 0, hence A is a constant. From
Eqgs. (6.94)-(6.96) it is seen that d;u = Asin #. On the other hand, d;dru can be computed, either by taking the T-derivative
of dzu, which yields d;d0ru = —2rdr6, or by combining (6.94) and (6.96) which yields d;0ru = —4ru. Comparison between
both expressions shows that u = dr6/2 and we get the sine-Gordon equation

From this derivation, it is seen that the reduction of system (6.94)-(6.97) to a sine-Gordon equation is based on the
conservation law 9rA% = 97 (m2 + 4r2) = 0. This conservation law can be straightforwardly generalized to the vectorial

case as follows: 4 = m?+n*+ Jw?+r?+S5% in terms of the normalized real variables, or equivalently, A = |M|*+ Jw?+|s|?
in terms of the normalized complex ones.

It is easily shown that the general vectorial model introduced above allows us to retrieve the linear polarization model as
a particular case of it. We now look for an approximate expression of circularly polarized pulses. One notices that a circularly
polarized FCP is described by means of the complex system of nonlinear equations (6.88)-(6.93). An expression of the form
U = F (T — Z/vg) e*~“D might be a solution of this system. However, a direct substitution of this expression into the
system (6.88)-(6.93) shows, that no exact solution of this form exist. It is worthy to notice that the non-existence of exact
non-SVEA circularly polarized pulse solutions to the Maxwell-Bloch equations was already pointed out in [173], although
in the framework of slightly different model.

However, in the following we seek for an approximate solution of circularly polarized pulses in the limit of large w, i.e., in
the SVEA limit, by means of a multiscale expansion very similar to the standard one for deriving a NLS equation model in the
SVEA limit [93]. To this aim we consider some small parameter ¢, so that 1/¢ is of the order of magnitude of the number of
optical cycles in the pulse, which is assumed to be large in the SVEA limit. We expand U in power series U = Zr,n e"e™ U, p,

with ¢ = kZ — T, and introduce slow variables t = ¢ (t — z/vg), and ¢ = £2Z. At leading order (&'), we assume that
Uy, = F is the only nonzero term in this expansion. After a standard procedure, we are left with a NLS equation for the
variable F, from which we finally get the approximate expression for the circularly polarized soliton, as

U= be"[(k*%)bwr} sech [b (T + gzﬂ : (6.99)

in which the soliton parameter b is assumed to be small. As concerning the stability of the circularly polarized soliton (6.99)
within the SVEA, it can be addressed analytically; see Ref. [162]. A direct consequence of the properties of NLS solitons
implies that the circularly polarized pulses are stable within the SVEA.

6.2.2. Lifetime of circularly polarized few-cycle pulses and transition to single-humped ones

One notices that the existence and stability of the circularly polarized FCP does not ensure either its stability or even its
existence beyond SVEA [173]. In the following we study numerically the stability of circularly polarized few-cycle pulses
beyond the SVEA. The Z evolution of u and v is computed by means of a standard fourth-order Runge-Kutta algorithm, at
each step and substep of the scheme, the eight other components are computed using the same algorithm but relative to the
T variable. We assume that all atoms are initially in the fundamental state, thatis, w = —1atT = 0. We use the approximate
circularly polarized pulse (6.99) as an input, with @ = 5, and vary the pulse duration b. We found that the input FCP decays
into two linearly polarized single-humped pulses. In general, two orthogonally polarized pulses with different amplitudes
are obtained (see Figs. 22-24). For the shortest sub-cycle pulses, the instability occurs very fast, the amplitudes of the two
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Fig. 22. (Color online) The circularly polarized FCP and its decay into orthogonally polarized single-humped pulses. Parameters: w = 5 and b = 2. Here
Zgisp = 37. After Ref. [162].
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Fig. 23. (Color online) The circularly polarized FCP and its decay into two orthogonally polarized single-humped pulses. The shape of the FCP at Z = 280
(left) and Z = 360 (right). Light blue (gray): the amplitude |U| = +/u? + v2 (and —|U]|), red (black): u = Re(U). After Ref. [162].
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Fig. 24. (Color online) The circularly polarized FCP and its decay into two orthogonally polarized single-humped pulses. The trajectories of the tip of the
normalized electric field vector (u, v) in the transverse plane, for two values of Z, showing the polarization. Light blue (gray): at Z = 280, red (black): at
Z = 360. After Ref. [162].

single humped pulses strongly differ, and the angle between their polarization directions is not close to 7 /2. It is worthy to
notice at this point that the single-humped pulses are in fact fundamental solitons of the sG equation (6.98) to which the
system reduces in the case of linear polarizations (scalar case). However, no stability threshold for the circularly polarized
FCPs can be evidenced by these numerical calculations. The lifetime of circularly-polarized FCPs becomes very large when
the number N, of optical cycles in the pulse is greater than one; see Ref. [162].

Concluding this section devoted to circularly polarized few-cycle solitons in the short-wave regime we stress that we took
into account the vectorial nature of the electric field, and therefore we properly considered the wave polarization effects.
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We have found that the two interacting waveforms corresponding to such vector few-optical-cycle solitons are adequately
described by a coupled system of nonlinear equations at the first-order approximation of the perturbation approach. By
direct numerical simulations we calculated the lifetime of circularly polarized few-optical-cycle solitons and we studied
their decay into two orthogonally polarized single-humped pulses as a generic route of their instability.

A challenging extension suggested by these studies is to consider the case of two transitions, one below and one above
the range of propagated wavelengths. Another interesting issue is the generalization of the present work to one or even to
two spatial transverse dimensions, in addition to time and spatial longitudinal coordinates, that is, the study of formation
and robustness of vector few-optical-cycle spatiotemporal solitons, alias ultrashort vector light bullets, beyond the slowly
varying envelope approximation, both in the long- and short-wave regimes (for an overview of theoretical and experimental
studies of spatiotemporal solitons in several relevant physical settings, see Ref. [171]).

7. Few-optical-cycle dissipative solitons

In this section by using the powerful reductive perturbation technique, a generalized modified Korteweg-de Vries
(gmKdV) partial differential equation is derived, which describes the physics of few-optical-cycle dissipative solitons beyond
the slowly-varying envelope approximation; see Ref. [38] for a detailed study of this problem. We also briefly discuss the
output of numerical simulations showing the formation of stable dissipative solitons from arbitrary breather-like few-cycle
pulses. Though there are a lot of papers devoted to FCPs in conservative physical settings, there are only a few works devoted
to the study of few-optical-cycle dissipative solitons. It is worthy to mention the works of Rosanov et al. [49,50], where
both the formation of few-optical-cycle dissipative solitons in active nonlinear optical fibers and the collisions between
them were investigated. The theory of mode-locked lasers essentially relies on mean field models derived within the
SVEA. One of the most important of such models is Haus’ master equation [177], which is in fact the stationary version
of the complex Ginzburg-Landau (CGL) equation [178-181]; see, e.g., the comprehensive reviews [182,183] on the CGL
equation and its various applications. The short pulses are fairly well described by soliton solutions to the CGL equation,
which are unstable for the cubic CGL equation and stable for the cubic-quintic CGL model. Both the cubic and the cubic-
quintic CGL models have been derived from a detailed description of the laser cavity, in the case of fiber lasers that are
mode-locked by means of nonlinear polarization rotation, or figure-eight ones [ 184-186]. One notices that, for such lasers,
descriptions of the cavity by means of full numerical resolution of propagation equations along it have also been used; see
e.g.[187]. The Lorentz-Haken equations, commonly considered as a general model of a laser setup, have been reduced to the
Swift-Hohenberg equation [ 188], which can be considered as a perturbed CGL equation [182]. It is commonly admitted that
mode-locking requires some saturable absorber [189] or some setup having an equivalent effect; nonlinear polarization
rotation and nonlinear loop mirror have been mentioned above. An alternative technique is the Kerr lens mode-locking
(KLM) [190-192], which combines self-focusing due to the Kerr effect and the use of an aperture to select the highest
intensities. KLM is not a mere effective amplitude-dependent gain/loss effect, but a complex phenomenon which involves
the spatiotemporal intra-cavity pulse dynamics. The existing theory of KLM is based on nonlinear geometrical optics for
Gaussian beams, hence within the SVEA, and the initial approach of Refs. [190-192] was not fundamentally modified in
more recent studies (see e.g. Refs. [193,194]). The technique is very efficient even in the case of strong self-focusing and
two-cycle pulses (see e.g. Ref. [111]), in which the validity of the approximations used in the theoretical developments is
not ensured.

In this section we derive a generic partial differential equation describing the dynamics of dissipative FCP solitons in a
laser cavity filled with two-level atoms, beyond SVEA model equations [38]. Starting from the Maxwell-Bloch equations, by
using a multiscale perturbation approach [93] we derive a non-SVEA version of the Lorenz-Haken equations [195,196].
We are left with a generic equation describing dissipative few-optical-cycle solitons in the form of a gmKdV equation
containing additional terms accounting for gain and losses. Thus in addition to the standard term accounting for linear losses
(proportional to the optical field) we get a term proportional to the second-order derivative of the optical field with respect
to the time variable, which accounts for gain and a second, regularizing term, proportional to the fourth-order derivative
with respect to the time variable of the optical field, which accounts for losses; see Ref. [38].

7.1. Maxwell-Bloch equations and their multiscale analysis

In an important work published more than three decades ago, Haken [196] used a single-mode unidirectional ring laser
model (with a homogeneously broadened line) described by the Maxwell-Bloch equations, and after some approximations
showed its mathematical equivalence with an appropriate model of the Lorenz oscillator [ 195]. In the following we derive a
non-SVEA version of the Lorenz-Haken equations. We start from the Maxwell-Bloch equations for the simple case of linear

polarizations: 92E = ¢ 297 (E + 47113> with P = NTr (Afr), where N is the atomic density, /& is the dipolar momentum

operator, and p is the density matrix, which obeys the Schrédinger-von Neumann equation
ihd,p = [ﬁlo _AE, ,6] +id—iR, (7.1)

A accounts for gain, and R for relaxation of the components of the density matrix p.
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In Eq. (7.1) I:Io is the free Hamiltonian of the atomic system under consideration. However, losses must be also taken
into account. A phenomenological loss term has to be introduced, in such a way that it can be compensated by gain. It is
necessary that the time evolution of losses (or their spectral profile) be able to adjust to the gain. Hence not only losses due
to reflection at the cavity boundaries, which will be evaluated below, but also the ones of the medium must be taken into
account. Therefore we need to introduce a second transition, independent of the former (pumped) one, which only produces
absorption. The corresponding free Hamiltonian is thus

w, 0 0 O

~ (H 0\ [0 @ o o
Ho = (0 H(’)) =Mlo o o o] (72)
0 0 0 o

Here, as we said before, we consider a set of four-level atoms with the Hamiltonian ﬁo. corresponding to two distinct two-
level transitions with frequencies 2 = w, — wq and 2’ = w}, — w),, respectively. The dipolar momentum is thus given

by
0 u O 0
~ _(w O _[u" 0 0 O
M_<0 ,u’)_ 0 0 0 (7.3)
0 0 u* o
The gain is
A O 0 O
~ (A 0y _ [0 x 0 0
A‘(o o)—h o 0 0 of (7.4)
0 0 0 O
and the relaxation term is
Va(pa:l) Yt Pt 0 0
. R 0O Yo YaPb 0 0
R= =h t 7.5
(o R/) 0 0 %=1 wel | (7:3)
0 0 Vo't YabPy
and the density matrix is
Pi Pt P13 P14
b= P Pb P23 P24 (7.6)

P31 P32 /Oé* ,0;
/
P41 Pa2 P /0{,

Next it can be easily shown that the density matrix p is block diagonal (the components of the two off-diagonal 2 x 2 blocks
in p are zero):

~ _(p O
,0—<0 p/).

Thus the Schrédinger-von Neumann equation (7.1) splits into two equations of the same form for the two diagonal blocks
of the matrix p; note that each of these equations describes a two-level transition.

Now we briefly show how to evaluate the mirror losses. In order to derive an additional term in the Maxwell wave
equation which can account for the losses due to the mirrors, we consider a simplified cavity model, in which only the
mirrors are taken into account. Consider thus a cavity with length L, and mirrors with amplitude reflection coefficients r. It
can be seen as a periodic medium with period L and periodically localized losses with a loss factor (1 — r?). We intend to
describe this in a continuous way as distributed losses. Let z be the variable along the cavity axis, ¢ and v the light velocity in
vacuum and in the cavity, respectively. A simple analysis shows that the initial Maxwell equation should be replaced with
a modified one, which take into account the mirror loss through the parameter 8 = —v Inr/L; see Ref. [38]. Consequently,
we consider here the modified Maxwell equation

A2E = clz (B+3)*[E+4n (P+P)]. (7.7)

Here P and P’ are the two polarization terms corresponding to the two distinct transitions.
We have shown in the preceding sections that the reductive perturbation method is a very powerful way of deriving
simplified, generic models describing nonlinear wave propagation and interaction in various physics settings [93]. We will
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apply this mathematical method to the study of dissipative few-cycle optical solitons. To this aim we first introduce scaled
variables corresponding to a long-wave approximation of mKdV type, as

T=8|:t—2<é+8W):|, . =¢z (7.8)

One notices that with respect to the standard mKdV-type scaled variables, the above expression (7.8) involves an additional
correction W of order ¢ to the inverse velocity V1. We will next see that this correction W of order ¢ to the inverse velocity
is proportional to the correction w of order ¢ to the population difference. We expand the optical field E in a power series
of a small parameter ¢ as E = ¢E{(¢, T) + €2E5(¢, ) + - - -. The corresponding power series expansions of p and p’ start
with the order £° quantity po. The gain A and R are also expanded in this way. We will consider here a laser setup, hence the
characteristic frequency wq of the wave must be close to the resonance line, say £2 = wj, — wq, and especially fall within the
gain curve. Since we use a long-wave approximation, we have wg >~ 0. Hence the spectral line, which expresses typically as
[(w— 2)*+ ytz]‘l, must extend down to w = wy =~ 0, which happens only if its width y; has the same order of magnitude
as the central line £2. The second transition, with central line £2’, has been introduced to account for cavity losses. Further,
losses must be compensated by gain. Therefore it is necessary that the bandwidth of both gain and losses have the same order
of magnitude. Thus y; must have the same order of magnitude as ;. One notices that the long-wave approximation used
here means that the characteristic frequency w of the wave is small with respect to y;, or conversely, that y; is large with
respect to wyg. Thus the long-wave approximation can be seen as an approximation of broad bandwidth. This is consistent
with the fact that a very wide bandwidth is required to produce ultrashort pulses in commercially available laser systems.
On the other hand, the mirror loss parameter S is expanded as 8 = &B; + €28, + - - -. Hence we assume that S is small,
i.e., the good cavity condition. However, the order of magnitude of 8 which allows dissipative soliton propagation is not
specified a priori; it will arise as a result of the computation, see below the details of it.

In the following we will perform the order by order resolution of the governing Maxwell-Bloch equations. At order &°
the Schrédinger-von Neumann equation for the first transition (let us call it equation (S)) is [Hg, pg] + iAo — iRp = 0. Using

0 —h2
[H(), :OO] = (th;k 0 pt) s

we get por = 0, pog = 1+ Aoa/Ya» and pop = Agp/Ye. Due to the condition Trp = 1, we see that Agy = —Agq. We define the
population difference as w; = pjp — pjo for all j, then wo = (2A¢5/ye) — 1. We will assume that wg > 0, hence Aoy > ay,/2,
and Agp > O.

For the Schrodinger equation for the second transition, which we call equation (S'), we get the same results, but without
pumping, and with the corresponding ‘prime’ quantities, i.e., pj, = 1, pg, = 0, py, = 0 and wy = p, — Py, = —1.

Atorder ¢! equation (S) is ifid; po = [Ho, p1]—E1 [it, po]+iA; — iRy, then by calculating the corresponding commutators
and taking into account that po, = 0, we get wqy = —2p13 = 2p1p = 2A1p/Ve and pyr = (—pwoEy)/ [A (2 + iyy)]. The
polarization term P, at order 1 is given by

—2N2 || ok,
P1 = —2
h(22+v?2)
For equation (S’), we get analogous formulas, with Ay, replaced by 0 and wy = —1.

From the Maxwell wave equation at leading order &> we get 8; = 0 and the expression of velocity V = c¢/n with the
refractive index

, /12 2 1/2
S|, 8TNe \W|" 8aN2|pl? wo
= h(Q,2+yt/2) h(92+)/[2)

The refractive index n has a similar expression as in the conservative two level-model (see Eq. (3.8) above and Ref. [73]),
except that (i) there are two terms in the above equation, one term for each of the two transitions, (ii) the line widths y;,
y{ are not neglected here as was done in Ref. [73], and (iii) wo > 0, which accounts for gain which should be present in the
present physical setting.

Next at order 2 we get equation (S) in the form: ihid, p1 = [Ho, 02]1—E> [, po]l—E1 [, p1]+iA; —iR,. From this equation
we get the corresponding values of w, and the polarization P, at order &?:

(7.9)

22 4y, |u|* woE?
Wy =200p = =200 = - , (7.10)
v Py (R22+0R)

—2NQ2 |ul? ANQy; |nl* wo
Py = ———— (Ebwo + Eywq) + t—22
h(22+v2)

h (.Qz + ytz)
One notices that from equation (S’), we get similar results, except that there is no pumping, that is, A, is replaced by zero,
wy = —1,and wj = 0.

3.E1. (7.11)
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The wave equation at perturbation order £* reduces to

2w 1, [ —87Ne |l 167N 2y, [ w 167N2'y, |/’ 2
2N 52k, = Lo 2—“‘2'51% i '”zl 0 Ey — /Z—yf[fjarlz] + k. ga2)
v | n(22+ 1) n(2%+12) (e + v/ v
First, a simple analysis of the above equation involving the following three derivatives with respect to t of the field E;,
thatis, 9. Eq, 8351 and 83E1, shows that the second order correction to the mirror loss parameter § is equal to zero (5, = 0),
which implies that mirror losses are even smaller as previously estimated. Second, we obtain a relationship between W and
wh
_ —4nN@ |ul?
" nhe (22 +y2)
(the refractive index n being given by (7.9)), i.e. a correction w1 of order ¢ to the population difference induced a correction
of the same order to the velocity. Third, we are left with the relationship

w1 (7.13)

2
Qi lnPwo _ 2y 1] 7.14)

(22 + )’ (Q’2 + y{z)z

i.e., the gain induced by the pumped transition compensates the losses induced by the unpumped one, at this perturbation
order. Eq. (7.14) determines the laser threshold. An essential feature of laser pulse propagation is the excess of gain above
the threshold. It is due to the correction term w1 to the population difference, and fixes the magnitude of the gain term in the
evolution equation governing the dynamics of few-optical-cycle dissipative solitons, as in SVEA models of Ginzburg-Landau
type [186]. We anticipate that we are left with a generalized modified KdV partial differential equation which describes the
evolution of few-cycle dissipative solitons.

At order 3 we write down the equation (S) as

ihd; p2 = [Ho, p3] — E3 [w, pol — E2 [, p1] — E1 [1, p2] +1iA3 — iRs. (7.15)
From the above equation we are left with a rather complicated expression for the polarization P; at order £ and an analogous
expression for the polarization P; where wy, = —1, w; = 0, and Ay, is replaced with 0. From the wave equation at

perturbation order £ we get a rather complicated evolution equation for E;. One notices that 8; = 8, = 0 and the terms
involving the field E3 cancel out each other due to the condition expressing the value of velocity V. The terms involving the
field E, cancel out due to the condition (7.13) giving the correction W to the velocity V and due to the condition (7.14) that
gain compensates losses.

As a result of this reductive perturbation analysis we are finally left with the following equation for the field E; at the
first perturbation order &!:

3.y = —Ad.E> — B92E; — COE;y + Do, E; — I'Ey, (7.16)
with
4 1|4
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= 3 2 2
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87N 2 2
C = T Vel w;’ (7.19)
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87N Aop 2 ||? Vw2
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nch y, (.(22 + ytz) 2
and I' = B3/V.ForC = D = I' = 0, Eq. (7.16) reduces to the mKdV equation. An inspection of this equation gives
us the physical significance of different terms involved in it. Thus the term containing the second-order derivative with
respect to the time variable 7 looks like a diffusion term in a partial differential equation of Burgers’ type (see, for example,
Refs. [85,86]). However, if we assume A1, = y,w1/2 > 0, i.e., for a pumping slightly above the threshold characterized by
Eq. (7.14), then C > 0 and this term becomes a gain one. The term proportional to first-order derivative with respect to
the time variable t corresponds to a pumping term of lower order, but its concrete contribution here is a mere change in
velocity. Thus the parameter D can be changed to any value at our convenience by means of adequate Galilean transform.
Finally, the term (—I"E;) corresponds to the losses due to the mirrors, with 83 > Oand I" > 0.
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Fig. 25. Evolution of a dissipative FCP soliton. Thick (blue) line: z = 26, thin (red) line: z = 50. After Ref. [38].

However, a serious problem with the above written generalized modified KdV equation is that Eq. (7.16) is highly unstable
when C is positive. Indeed, the gain increases as the frequency tends to infinity, which is an unphysical consequence of the
perturbation formalism. Therefore an additional regularizing term is necessary to be incorporated in Eq. (7.16); see Ref. [38]
for more details of this issue. As a result, Eq. (7.16) should be replaced with a regularized one

3 E1 = —Ad,E} — BI2E, — CI?E1 + Dd.Ey — GI?E, — I'Ey, (7.21)

where

2 /2 ’|2
167eN | 2 2 0% uPw, 2V (Vt/ -2 )|“|
c_ l6me e (v ) Inl®wo . (7.22)

nhe (@2 + )’ (22 +72)

At this point we note the misprint in Eqgs. (72)-(74) of Ref. [38]. The partial differential evolution equation (7.21), which
is a non-SVEA version of Lorenz-Haken laser equation, adequately describes the physics of few-optical-cycle dissipative
solitons beyond the SVEA. This nonlinear evolution equation is a generalized modified Korteweg-de Vries partial differential
equation. Note that the nonlinear term —Ad, E> accounts for the Kerr effect, while the term —Bd2E; accounts for dispersion.
These terms and the corresponding coefficients A and B have the same expressions as in the conservative counterpart of
Eq.(7.21), which is the mKdV equation derived in [73] by using a reductive perturbation approach. The term D9, E; describes
a change in the pulse (phase and group) velocity. Expression (7.20) of D shows that this velocity change is due to a gain
effect. The three other terms account for a frequency-dependent gain-loss: the main term is —C32E;, which accounts for a
broadband gain. However, the width of the gain spectrum must be finite, which is ensured by the term —GafEl. On the other
hand linear losses must be introduced to avoid excessive amplification, they are accounted for by the term —I'E;. It is thus
seen that Eq. (7.21) contains all terms involved by a one-dimensional description of a laser setup, as nonlinearity, dispersion,
and frequency-dependent gain and losses, except one term: the nonlinear gain, or effective saturable absorber. However,
from numerical simulations we will see that this term is not necessary for stabilization of the dissipative few-cycle pulses;
see Ref. [38].

7.2. Robust ultrashort dissipative optical solitons

The generalized modified KdV dynamical equation (7.21) was solved numerically in Ref. [38] by means of an exponential
time differencing scheme, of second order Runge-Kutta type [115]. Absorbing boundary conditions were implemented in the
numerical simulations (see Ref. [38]) and numerical values of the parameters were fixed as follows: the nonlinear coefficient
A = 1(aself-focusing optical medium was considered), the third-order dispersion coefficient B = 1,C = 0.1 (corresponding
to gain), G = 0.002 (corresponding to losses), D = —48.836 (a velocity adjusted in such a way that the soliton remained
in the computation box), and I” = 1 (corresponding to losses). For this specific set of parameters stable few-optical-
cycle dissipative soliton propagation was obtained; see Fig. 25. The initial field distribution was a breather solution of the
underlying modified KdV equation, which displays only a few oscillation cycles. The above FCP propagates thus in a stable
way, that is, a robust few-optical-cycle dissipative soliton was put forward. Note that its stabilization does not require any
effective saturable absorber, or nonlinear gain term in Eq. (7.21).

The numerical simulation described above uses an initial pulse close to the final one; hence this result shows the stability
of the FCP rather in a medium used as an optical amplifier than really in a laser cavity. In order to study the latter issue, it
was used a random input and it was investigated whether a self-starting behavior can be observed [38]. Using periodic
boundary conditions, it was found in Ref. [38] that FCPs form spontaneously, however their number in the numerical box
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Fig. 26. Evolution of the electric field from noise. (a) The input (z = 0). (b) Three dissipative FCP solitons are formed (z = 31.9). (¢) The interaction of
many FCP solitons appears as chaotic (z = 75). After Ref. [38].
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Fig. 27. The FCP soliton formed from noise in the presence of velocity filtering yielded by absorbing boundary conditions (thick blue line). The thin red line
shows the transverse variations of the linear absorption coefficient & producing the absorbing boundary conditions (more exactly «/15). After Ref. [38].

increases during propagation; see Fig. 26. The result of the interaction and superposition of a many FCPs appear as irregular
oscillations, with an apparently chaotic behavior; see Fig. 26(c). It is incoherent light, and in this sense incoherent light can
be seen as a superposition of FCPs. Thus, in order to produce a FCP laser, the question is not, how a FCP can be produced, but
how it can be isolated. It was shown in Ref. [38] that the absorbing boundary conditions achieve it. However, the obtained
FCP soliton is locked to the edge of the pumped zone; see Fig. 27. Hence the mechanism of stabilization is closely related to
the temporal localization of pumping realized this way. It strongly differs from the situation of Fig. 25, in which was set an
initial pulse distribution close to the final FCP.

In a recent paper [39], Farnum and Kutz proposed a ‘master mode-locking equation’ for few-cycle pulses. Their equation
reads as

1
dedeu — u — 683u3 =& (gOF ' (P()T) — yu + pu’) (7.23)

in which x is the variable which accounts for the pulse shape, proportional to our variable 7, t is the propagation variable,
proportional to our variable ¢, u is the normalized laser electric field. # is the Fourier transform with k the variable
conjugated to x and ¥ (u) = u. Here

_ 280
1+ [[ulf?/Io’

with ||ul| the £5-norm of u, is the saturated gain, and P(k) = 1 — a (|k| — b)? is the spectral gain profile.

In addition to Eq. (7.21), this phenomenological equation takes into account the dispersion term due to the infrared
resonances, it is the term —u on the left-hand side of Eq. (7.23). It also takes into account gain saturation, through the
expression of g(t), and the effect of some instantaneous saturable absorber, through the term 0, (ﬂu3). However, the
spectral profile of the gain is essential for dissipative FCP soliton formation. In [39], the gain-loss spectrum is given by
Py (k) = gP(k) — y.InEq.(7.21),itis Q(w) = Cw? — Gw* — I'. Let us consider the same numerical values of C, G, I" as
above,and a = 0.75, b = 1.6 as used in [39]. The proportionality coefficient between k and w is fixed so that the maxima of

g(t)
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Fig. 28. The spectral profile of the gain involved by Eq. (7.21) (dashed blue line), compared to the one used in the ‘master mode-locking equation’ for FCPs
of Ref. [39] (solid red line).

Pg (k) and Q () coincide, then g and y are fixed so that both the maximum amplitude and the width of the two functions
coincide. They are plotted versus k in Fig. 28. Comparison between the two curves show that both approaches are in fact
very close together.

We conclude this section with a few comments on these studies of dissipative FCPs. First, we recall that in Ref. [38] it was
introduced a model based on the Maxwell-Bloch equations for an ensemble of 2 x 2-level atoms, which takes into account
both the losses due to the optical field reflection at the laser cavity mirrors and the ones occurring in the optical medium
itself. The multiscale perturbative approach up to the third-order in a certain small perturbation parameter was used. As a
result of this powerful reductive perturbation method, a generalized modified Korteweg-de Vries equation containing gain
and loss terms has been derived and has been solved by adequate numerical methods. The simulations have clearly proved
its suitability for describing the physics of few-optical-cycle dissipative solitons. Second, a remarkable feature of the model
introduced in Ref. [38] is that no nonlinear gain/loss term accounting for some effective saturable absorber is required in
order to get robust ultrashort dissipative solitons; it was found that absorbing boundary conditions are the only way to
stabilize the FCP. Note that a precise identification of the physical mechanism that such specific boundary conditions are
modeling requires a separate study. Third, it was shown in Ref. [38] that a single dissipative FCP soliton can be formed only
if some velocity filtering or temporal localization of pumping is introduced in the model equation. We believe that these
results can also be generalized to (2 + 1)-dimensional few-cycle-pulse propagation models for dissipative optical solitons.

8. Spatiotemporal few-optical-cycle solitons

In this section we will systematically use the reductive perturbation technique to obtain generic nonlinear equations
which describe the evolution of (2 + 1)-dimensional spatiotemporal few-optical-cycle solitons in both quadratic and cubic
nonlinear optical media, beyond the SVEA. First, we will consider ultrashort spatiotemporal optical solitons in quadratic
nonlinear media and the generation of both line and lump solitons from few-cycle input pulses [31]. Second, in the case of
nonlinear Kerr media, we will describe the collapse of ultrashort spatiotemporal pulses described by the cubic generalized
Kadomtsev-Petviashvili (KP) equation [32]. Third, we consider the problem of ultrashort light bullets described by the
two-dimensional sine-Gordon equation in the short-wave approximation regime [33]. By using a reductive perturbation
technique applied to a two-level model, it was obtained in Ref. [33] a generic two-dimensional sine-Gordon evolution
equation governing the propagation of femtosecond spatiotemporal optical solitons in Kerr media beyond the SVEA. One
notices that in contrast to the long-wave approximation, no collapse occurs, and that robust (2 + 1)-dimensional ultrashort
light bullets may form from adequately chosen few-cycle input spatiotemporal waveforms. Also, in contrast to the case of
quadratic nonlinearity, the light bullets oscillate in both space and time, and are therefore not steady-state lumps [33]. (See
Fig. 36.)

8.1. Ultrashort light bullets in quadratic nonlinear media: the long-wave approximation regime

A FCP launched in a quadratically nonlinear medium may result in the formation of a (1 4+ 1)-dimensional half-cycle
soliton (with a single hump) and without any oscillating tails [120]. It was proved in Ref. [120] that the FCP soliton
propagation in quadratic nonlinear media can be adequately described by a KdV equation and not by a mKdV equation
as in the case of cubic (Kerr) nonlinear media. Note that in Ref. [120] it was considered a quadratic nonlinearity for a single
wave (frequency), and that no effective third order nonlinearity was involved (due to cascaded second order nonlinearities).
This is in sharp contrast with the nonlinear propagation of standard quadratic solitons (alias two-color solitons) within the
SVEA where two different frequencies are involved, namely a fundamental frequency and a second harmonic [197-208].

It is to be mentioned that there are only a few works devoted to the study of multidimensional few-optical-cycle solitons
(spatiotemporal few-cycle solitons), where additional spatial transverse dimensions are incorporated into the model; see
e.g., the earlier works [72,74,75], where the propagation of few-cycle optical pulses in a collection of two-level atoms was
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Fig. 29. (Color online) The different length scales of the KP soliton. After Ref. [31].

investigated beyond the traditional SVEA in a (2 4 1)-dimensional model. The extensive numerical simulations have shown
that in certain conditions, a femtosecond pulse can evolve into a stable few-optical-cycle spatiotemporal soliton [72,74,75].

In the following we derive the generic KP equation governing the propagation of femtosecond spatiotemporal solitons
in quadratic nonlinear media beyond the SVEA. The powerful reductive perturbation technique up to sixth order in a small
parameter ¢ will be used [31]. When the resonance frequency is well above the inverse of the typical pulse width, which is
of the order of a few femtoseconds, the long-wave approximation leads to generic KP I and KP II evolution equations. We
then briefly discuss the known analytical solutions of these KP equations, such as line and lump solitons. Direct numerical
simulations of the nonlinear evolution equations show the generation of stable line solitons (for the KP II equation) and of
stable lumps (for the KP I equation). As concerning the problem of instability of such solitons, a typical example of the decay
of the perturbed unstable line soliton of the KP I equation into stable lumps is also given in what follows.

The derivation of the KP equation closely follows the corresponding derivation of the KdV equation describing the (14 1)-
dimensional model of the propagation of ultrashort solitons in quadratic nonlinear media; see Section 3.3 and Ref. [120]. As
we explained in the latter case, transparency implies that the characteristic frequency w,, of the considered radiation (in the
optical range) strongly differs from the resonance frequency 2 of the atoms, hence it can be much higher or much lower.
We consider here the latter case, i.e., we assume that w,, is much smaller than £2. This motivates the introduction of the
temporal and spatial slow variables

z
T=c¢ (t — V) , ¢ =¢’z, n = &%y, (8.1)

£ being a small parameter. The delayed time t involves propagation at some speed V to be determined. It is assumed to vary
slowly in time, according to the assumption w,, < £2. The pulse shape described by the variable 7 is expected to evolve
slowly in time, the corresponding scale being that of variable ¢. The different length scales for the soliton of the KP-type
nonlinear evolution equations are shown in Fig. 29. The smallest scale determines the direction of the wave surface, and
the propagation direction, which is normal to it. Consequently, the transverse spatial variable y must have an intermediate
scale: £2 and not & as for the longitudinal spatial coordinate z; these three different scalings of the variables t, y, and z are
usual in KP-type expansions; see Ref. [93].

A weak amplitude assumption is needed in order that the nonlinear effects arise at the same propagation distance scale as
the dispersion does. According to the reductive perturbation method as developed in Ref. [93], the electric field E is expanded
in a power series of a small parameter ¢: E = ¢%E, + ¢3E3 + ¢*E4 + - - -, as in the standard KdV-type expansions [93,120].
Also, the polarization density P is expanded in a similar way.

If we proceed with the order by order resolution of the corresponding Schrédinger-von Neumann density matrix
evolution equation and the Maxwell wave equation we find that the computation is exactly the same as in Ref. [120] up
to order &* in the Schrédinger-von Neumann equation and up to order &° in the wave equation. Then the Maxwell wave
equation at order £° yields the evolution equation for the electric field amplitude E,, as

74
3, 9.E; = AD’E, + Bd2 (E2)* + 53,352, (8.2)

which is a generic KP equation. One notices that the dispersion coefficient A and the nonlinear coefficient B can be written
in a general form as A = [1/(2¢)] ;%’;‘ .and B = —[27/(nc)] x® Qw; o, w)|,_,, where n is the refractive index of the
=0 w=!

medium and w is the wave pulsation. V=rc /n is the velocity.
The KP equation (8.2) is reduced to

d79ru = dfu + Iu® + o dgu, (8.3)
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Fig. 30. (Color online) The typical lump solution of the KP I equation. The parameters are A = —1,B = —1,V = 1, p, = —1, and p; = 2. After Ref. [31].

where o = sgn(A), by the change of variables

Al/3

[v
=12, T =A3T, n = |A|'/® EY’ E, = - (8.4)

Typically, in the case of the two-level model, the dispersion coefficient A is a positive number, i.e., we are in the normal
dispersion case. Hence ¢ = +1 and Eq. (8.3) is the so-called KP II equation. If Eq. (8.2) is generalized to other physical
situations, we can assume an anomalous dispersion, i.e. n” < 0and A < 0. Then o = —1, and Eq. (8.3) becomes the
so-called KP I equation.

Both KP I and KP II are completely integrable by means of the inverse scattering transform method [86], however the
mathematical properties of the solutions differ. The KP Il equation admits stable nonlocalized line solitons, but not stable
localized soliton solutions. The line soliton solution has the known analytical expression

2

6p%A 1%
E, = 1; sech? {p [r +an + (% +4p2A> §:|} , (8.5)

where a and p are arbitrary constants and A, B are the coefficients given above. For the KP [ equation, the above line soliton
is not stable, but KP I admits stable lumps [209,210], which are two-dimensionally localized solutions, as

2
124 [— (¢ +pry) +pfy* + 3/19,-2]

2 9
B [@+py)? +piy? +3/p7]

witht' = 7 + (p? + p?) A and y’ = n(—2A/V)"/? — 2p,A¢, where p, and p; are arbitrary real constants. In Fig. 30 we plot
the analytical lump solution, which was written above.

In what follows we give typical examples of numerical simulations of both KP I and KP II equations. The KP equation
(8.3) is solved by means of the fourth order Runge-Kutta exponential time differencing (RK4ETD) scheme [115]. Let us first
consider a normal dispersion (n” > 0), for which Eq. (8.2) is a KP Il equation. We start from an input in the form of a Gaussian
plane wave packet

2
U = Ug exp [—w} cos |:277r (T — Tl):| (8.7)
Wy

2 (8.6)

where Ty = (—A/2) exp (—Y2 / wﬁ) accounts for a transverse initial perturbation. As a result of these numerical simulations
we show in Fig. 31 that (a) the FCP input transforms into a half-cycle pulse (a line soliton solution of KP Il equation), whose
temporal profile is a sech-square shaped KdV soliton, plus the accompanying dispersing-diffracting waves, and that (b) the
initial transverse perturbation vanishes and the line soliton becomes straight again during propagation.

If we now assume a quadratic nonlinear medium with anomalous dispersion (n” < 0), the KP equation (8.2) reduces to
Eq.(8.3) witho = —1, i.e.,, a KP I equation. Now we consider initial data of the form

T2 y? 27
u=tupexp|—— — — Jcos| —T|, (8.8)
wy wy A

with arbitrary values of the initial amplitude ug, width wy, and duration w; of the pulse. The evolution of the input FCP into
a lump is shown in Fig. 32; we clearly see the accompanying dispersive waves, which remain captured in the computation
box due to the periodic boundary conditions used in the T-direction. In the Y-direction, absorbing boundary conditions have
been used, and consequently, the dispersive waves propagating transversely or obliquely vanish from the computation box
as they move away from the lump.

Fig. 33 shows the decay of a perturbed unstable line soliton of KP I equation into lump solitons. The input is given by
Eq.(8.7), with the transverse perturbation Ty = (—X/2) cos (2 Y /L), where the wavelength L of the transverse perturbation



H. Leblond, D. Mihalache / Physics Reports 523 (2013) 61-126 115

b

90 95 100 105 110
T

Fig. 31. (Color online) Shape and profile of the line soliton. (a) input, (b) after propagation (Z = 14.95). The parameters are A = 3, ug = 10.7, w; = 1.4,
and w, = 3.87. After Ref. [31].

a b

14 16 18 20 22 24 26 28
T

Fig. 32. (Color online) Shape and profile of the lump. (a) input, (b) after propagation (Z = 14.95). Parameters are . = 3, uy = 6.12, w; = 1.2, and
wy, = 6.36. After Ref. [31].

a

Fig. 33. (Color online) Generation of lumps from a perturbed unstable line soliton. (a) input, (b) after propagation Z = 1.45. Parameters are A = 3,
up = 10.7, w; = 1.4, and L = 14.14. After Ref. [31].

is chosen so that 2L = 28.3 is the width of the numerical box, in accordance with the periodic boundary conditions used
in the numerical computations; see Ref. [31] for more details. Note also that this transversely perturbed line soliton, in
contrast with the case of KP Il equation for normal dispersion shown in Fig. 31, does not recover its initial straight line shape
and transverse coherence, but breaks up into localized lumps. We conclude this study by noting that ultrashort (2 4 1)-
dimensional spatiotemporal quadratic solitons may form from an adequately chosen FCP input, their transverse focusing
results from any transverse perturbation of the incident Gaussian plane-wave packet. Though we restricted this study to
(2 + 1) dimensions, however, due to the known properties of the Kadomtsev-Petviashvili equation in (3 4+ 1) dimensions
[211,212], analogous behavior is expected in three dimensions, i.e., stability of the spatial coherence of a plane wave few-
cycle quadratic soliton for normal dispersion, and spontaneous formation of spatiotemporal few-cycle ‘light bullets’ in the
case of anomalous dispersion.

8.2. Collapse of ultrashort spatiotemporal optical pulses

In this subsection, following Ref. [32] a cubic generalized Kadomtsev-Petviashvili (CGKP) equation for describing
ultrashort spatiotemporal optical pulse propagation in cubic (Kerr-like) media, without the use of the slowly varying
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envelope approximation, is derived by using a reductive perturbation method. The collapse threshold for the propagation
of few-cycle spatiotemporal pulses is calculated by a direct numerical method, and compared to the analytic results based
on a rigorous virial theorem. Note also that the evolution of the optical spectrum (integrated over the transverse spatial
coordinate) evidenced a strongly asymmetric spectral broadening of ultrashort spatiotemporal pulses during collapse.

As in the preceding subsection we consider a set of two-level atoms and, since transparency of the medium implies
that the characteristic frequency w,, of the considered radiation (in the optical range) strongly differs from the resonance
frequency £2 of the atoms, we assume that w,, is much smaller than £2, i.e., we work in the long-wave-approximation regime.
We introduce the same kind of temporal and spatial slow variables as in the preceding subsection; see Eq. (8.1).

A weak amplitude assumption is needed in order that the nonlinear effects arise at the same propagation distance scale
as the dispersion does, however, in the present case of cubic (Kerr) media the expansion of the electric field E as power
series of a small parameter ¢ is different: E = ¢E; + £?E, + ¢3E; + - - -. Indeed, as it is well known within the SVEA, the
quadratic nonlinear effects require much less intensity than cubic ones. That is why the amplitude required for the quadratic
nonlinearity is of order &2, which is small with respect to the amplitude of order ¢ required in the present case of the cubic
nonlinearity.

The above expansion is a standard one in mKdV-type series expansions [93]. Also, the polarization density P is expanded
in the same way: P = &P; + 2P, + ¢3P; + - - .. The resolution of the perturbative scheme is very close to the (1 + 1)-
dimensional case (see Ref. [73] and Section 3.1 above) in what concerns nonlinearity and dispersion, while the treatment of
dispersion and the dependency with respect to the transverse (spatial) variable 7 is fully analogous to the case of quadratic
nonlinear media; see Ref. [31] and the previous subsection. After a straightforward algebra, we are left with

9,0, E; = Ad2E; + Bd3? (Ey)3 V82E 8.9
0.k = AdE1 + I(l)+5"1’ (8.9)

which is a CGKP equation. Here the dispersion and nonlinear coefficients A and B in the above (2 + 1)-dimensional evolution
equation are given by the same expressions as in the (1 4+ 1)-dimensional case, see Section 3.1 (Eq. (3.12)). The coefficient
V = c¢/ninEq.(8.9) is the velocity, where the refractive index n has the same expression as in the (1 + 1)-dimensional case
(Eq. (3.8)).

Rescaling the CGKP equation (8.9) we get its normalized form

(Uz + aluzuT + 02“7'1'1')7- = Uyy, (810)

where o1 = sgn(—B) and o, = sgn(—A).

Generally speaking, there are four different CGKP equations [Eq. (8.10)], depending on the signs o1 and o,. If the dispersion
is anomalous (n” < 0,A < 0and o, = +1), then depending on the sign of nonlinearity, (i.e. of Band o), it is either focusing
for both space and time, or defocusing for both space and time. The corresponding situation for quadratic nonlinearity is KP
I, while, within the SVEA, it would be the elliptic NLS equation in two dimensions. For normal dispersion (n” > 0,A > 0 and

o, = —1), the CGKP equation is focusing in space and defocusing in time or conversely; it corresponds to KP II for quadratic
nonlinearity, and to a hyperbolic NLS equation in two dimensions within the SVEA.
In the framework of the Maxwell-Bloch equations, the dispersion is normal (A > 0)and B > 0 (07 = 0, = —1), hence

the nonlinearity and dispersion yield temporal self-compression, but nonlinearity and diffraction tend to defocus the FCP.
In this case we observe the typical nonlinear diffraction; see Fig. 34. The CGKP equation (8.10) was solved by means of the
fourth order Runge-Kutta exponential time differencing (RK4ETD) scheme [115] and the input field distribution was taken
in the form:

w(T,Y,Z=0)=A exp(—T?/p* — Y?/q?) sin(wT). (8.11)

The nonlinear effect strongly increases the diffraction: compare the panels (c) and (d) in Fig. 34. The conjugated effect of
temporal self-compression and diffraction may lead to an intermediary stage, in which the pulse is very well localized
temporally, and strongly widens spatially; see the characteristic crescent shape in panel (b) of Fig. 34. In this situation, the
CGKP is a KP Il with cubic nonlinearity, and consequently the existence of stable line soliton might be expected. Line solitons
have been derived analytically [213], however their stability has not yet been studied. In fact, preliminary computations
indicate that they might be unstable.

For normal dispersion, but the opposite sign for nonlinearity (o = 41, oo = —1), focusing occurs spatially, but the pulse
should be spread out in the time domain due to dispersion. This situation may be relevant for some experiments: although
no stable state can be reached from an initial pulse localized in time and space, the dispersion is able to prevent the collapse
(evenin (3 4+ 1) D), and it may result in a relative stabilization of the beam profile in space. However, we did not study this
situation in detail. Note that the line solitons are not regular in this case [213].

In the case of anomalous dispersion and defocusing nonlinearity (67 = —1, o, = +1), both nonlinear diffraction and
nonlinear dispersion occur. Any pulse will be spread out in all directions, which is of little interest, and we will not discuss
this situation further.

More interesting is the situation where the medium presents anomalous dispersion and focusing nonlinearity (A, B < 0
and o7 = o, = +1). In this case, spatiotemporal self-focusing occurs. Numerical simulations of the CGKP equation have
been performed in Ref. [32] for the following set of parameters w = —2.1909, p = 1.8257, q = 1.414, and for several
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Fig. 34. (Color online) Nonlinear diffraction of a spatiotemporal FCP. (a) Initial (Z = 0), (b) an intermediary stage, with a typical crescent shape

(Z = 0.9594), (c) nonlinear diffraction at Z = 3.984, (d) linear diffraction at the same propagation distance for the sake of comparison. The input field
distribution is given by the expression (8.11) with p = 4.0825, ¢ = 2.8868, w = 1,A = 4.8990 (a), (b), and (c), and A = 1077 (d). After Ref. [32].

max|El

Fig. 35. (Coloronline)Evolution of the maximal value of the electric field for a few values of the initial amplitude. The collapse occurs above some amplitude
threshold. Input data is expression (8.11) with w = —2.1909, p = 1.8257, ¢ = 1.414, and several values of the amplitude A, namely A = 3.80 (a), 3.65 (b),
3.57 (c) 3.50 (d). After Ref. [32].

values of the initial field amplitude A; clear numerical evidence for collapse was found; see Fig. 35. Collapse occurs for the
two highest values of the input spatiotemporal field amplitude A (curves a and b in Fig. 35), and not for the two lowest ones
(curves c and d in Fig. 35). Hence the occurrence of some input amplitude threshold Ay, is evidenced, and for the considered
pulse shape, frequency, length and width, we get the numerical estimation 3.57 < Ay, < 3.65. This numerical value for the
collapse threshold was compared in Ref. [32] with the corresponding value given by using a virial theorem. Thus a rigorous
mathematical analysis of the CGKP equation (8.9) based on a virial theorem has proved that wave collapse do occurs (for a
comprehensive review of wave collapse in optics and plasma waves, see Ref. [214]); also, for more details concerning CGKP
equation, see Refs. [215-218].

It was possible to derive from the virial theorem some threshold value Ag of the amplitude [32]. For the specific values
of parameters used in that work, this value is ;\th = 7.567. However, the threshold A;;, >~ 3.6 found by numerical methods is
about half of the value Ay, found using the assumptions of the virial theorem. On the other hand, it was found in Ref. [32] that
for initial amplitude below threshold Ay, the self-focusing stops after a while and the collapse is inhibited. This feature is due
to the dispersion (both linear and nonlinear), which tends to increase the temporal length of the pulse at the same time as it
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Fig. 36. (Color online) Evolution of the spectrum integrated over Y during collapse. The input data correspond to the case (b) in Fig. 35. After Ref. [32].

self-focuses. Note that below the threshold, the dispersion dominates and collapse is prevented, while above the threshold,
self-focusing dominates and collapse occurs; it is worth mentioning that the arrest of collapse due to dispersion was actually
found in a previous work; see Ref. [72]. The discrepancy between the analytic and numerical thresholds for collapse found in
Ref. [32] may be justified qualitatively as follows: between the two values for threshold (As =~ 3.6 <A < 7.6 = Ay,), at the
beginning of the process, the amplitude is not properly speaking sufficient to initiate collapse but, due to the shape of the
pulse, a nonlinear lens effect induces a transverse self-focusing of the pulse, which increases the maximal pulse amplitude.
At the same time, both linear and nonlinear dispersion occur, which tend to decrease the amplitude. If dispersion domi-
nates, the growth of the amplitude stops and collapse does not occur. If, on the contrary, self-focusing dominates, the peak
amplitude reaches a value which is sufficient to induce the collapse as such. It is worth noting that in Fig. 35, the collapsing
curves show two distinct parts, the first part, which is oscillating corresponds rather to self-focusing and the second part
corresponds rather to collapse stricto sensu. The numerical value of the amplitude at the boundary between the two distinct
domains is rather close to the threshold value for collapse (A ~ 7.6) found from a rigorous mathematical condition; see
Ref. [32] for more details of this issue.

Concluding this subsection we stress that we have introduced a model beyond the SVEA of the commonly used nonlinear
Schrodinger-type evolution equations, for describing the propagation of (2 + 1)-dimensional spatiotemporal ultrashort
optical solitons in Kerr (cubic) nonlinear media. Our approach was based on the Maxwell-Bloch equations for an ensemble
of two level atoms and on the multiscale approach, and as a result of using the powerful reductive perturbation method [93],
a generic cubic generalized Kadomtsev-Petviashvili partial differential evolution equation was introduced and was analyzed
by both analytical and numerical technique. Moreover, the evolution of the spectrum (integrated over the transverse spatial
coordinate) was also calculated and a strongly asymmetric spectral broadening of ultrashort pulses during collapse was also
put forward [32], in contrast to the case of long spatiotemporal waveforms described within the SVEA.

8.3. Ultrashort light bullets in cubic nonlinear media: the short-wave approximation regime

In this subsection we consider the problem of existence and robustness of ultrashort light bullets described by the two-
dimensional sine-Gordon equation. A reductive perturbation technique applied to a two-level model was used in Ref.[33] in
order to get the corresponding nonlinear evolution equation. A generic two-dimensional sine-Gordon evolution equation
governing the propagation of femtosecond spatiotemporal optical solitons in Kerr media beyond the SVEA was derived
in Ref. [33] and direct numerical simulations have shown that, in contrast to the long-wave approximation, no collapse
occurs. Robust (24 1)-dimensional ultrashort light bullets may form from adequately chosen few-cycle input spatiotemporal
waveforms. One notices that in contrast to the case of quadratic nonlinearity, the light bullets oscillate in both space and
time and are therefore not steady-state lumps.

One notices that there exist in the published literature several generalizations to (2 + 1) dimensions of the generic sG
equation. Such evolution equations can be derived in the short-wave approximation regime; some of them support localized
solitons which are not oscillating as either the sG breathers or as the one-dimensional FCP solitons in Kerr media [219-222].
The question whether the (2 + 1)-dimensional generalization of sG equation, which is valid for FCP propagation in cubic
nonlinear media, is one of the nonlinear dynamical systems discussed in Refs. [219-222] or some other one, can only be
decided by means of a rigorous derivation starting from the basic equations. We will show below that we get a nonlinear
system of equations which cannot be reduced to any of the equations obtained by using the same reductive perturbation
method in the case of electromagnetic wave propagation in ferromagnetic media; see Refs. [219-222].

We consider the so-called short-wave approximation, by assuming that w,, is much larger than 2. In [33] the short
wave approximation was presented through a rescaling of the time, based on the assumption that £2 is small, considering
a small reductive perturbation parameter ¢ ~ £2/w,,. It is equivalent to state that the typical wave frequency w,, is very
large, and corresponds thus to a fast variable t = (1/¢) (t — z/V), as in the standard short-wave approximation defined
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in Refs. [93,175,176]. The delayed time t involves propagation at some speed V to be determined. It is assumed to vary
rapidly in time according to the assumption w,, >> 2. This motivates the introduction of the new scaled variables ¢ = z
and n = y/+/¢. The pulse shape described by the variable t evolves more slowly in time, the corresponding scale being that
of variable ¢. The transverse spatial variable y has an intermediate scale, comparable to what is usually considered in long-
wave approximations [93]. In fact, the situation presented in Fig. 29 still holds as concerns the relative order of magnitude
of the various characteristic lengths; only their relation with the reference length (which defines the order £°) is changed.

Thus we expand the electric field E, the polarization density P and the density matrix p as power series of a
small parameter e: E = (1/¢) (Eo + ¢E1 +&*Ey +€®Es +--+), P = (1/e) (Po + &Py + &2P, + P34+ --+), and p =
(,00 +ep1+ 2o+ 303+ ).

The large amplitude assumption plays the same role as the rescaling used in Ref. [33]; see Section 3.2 above. These
expansions are then introduced into the Schrédinger-von Neumann and Maxwell equations, which are solved order by
order. The computation follows the same steps as the (1 + 1)-dimensional case; see Ref. [73].

At order 1/¢, the Schrédinger-von Neumann equation for the evolution of the density matrix reduces to ihd; pop =
—Eq [14, po]. In what follows we label the components of any Hermitian matrix u as

U= (”i ”f). (8.12)
u. U

We assume that the coherences pj are zero long before the pulse, i.e., as z — 400 or t — —oo we have lim,_, _, pjy = 0
for anyj > 0. Then one can express the coherence pq; as

i T
Por = ﬁ/ Eqwodt’, (8.13)
hJ

where wg = pop — Poq iS the population difference. We do not assume a pumping, hence lim;_, _o, wg = w, Where
—1 < wy < Ois the population difference at thermodynamic equilibrium. If all atoms are initially in the fundamental state,
then we have wy, = —1. Note that the higher order terms of the population difference (w; = pj — pjo Withj > 1) vanish
at infinity. Using the above boundary conditions and definitions, we get from the Schrédinger-von Neumann equation at
order 1/¢ the evolution equation for wy, as

—4|ul® [T /

awa = 2 Eo EoU)od‘L’ . (814)
h —o0

Since the polarization density at this order is Py = N (po: ™ + cc) = 0, where cc denotes the complex conjugate, we see

from the wave equation at leading order 1/&3 that the velocity V should be V = c up to this order. Next, the Schrédinger-von

Neumann equation at order ° gives

ihd, p1 = [I:Io, Po] —Eo[m, p1] — E1[1, pol,

and the off-diagonal terms of the above equation yield

~ T l' T
P11t = IQ/ p()td'C/ + %L / (Eou}1 + E]U)()) d'[l. (815)

It allows us to compute the leading term of the polarization density
Py =N (p1ep* + cc),

_ZNQ |/~L|2 ' 2 "/
pp=—""" Eowodz"d7’. (8.16)
h —00 J —00

If we insert the polarization P; into the Maxwell wave equation at order 1/&2 we finally get the evolution equation for the
electric field Ey:

, 2 —87N2 |u)?
0, — Eagaf Ey = TEowo. (8.17)
Eq. (8.17) together with Eq. (8.14) yield the sought nonlinear system of equations for the variables Eq and wy.

At this point we put the coupled nonlinear equations (8.14) and (8.17) in their normalized form as

das

d,0rB = AB + 3B, (8.18)
drA = —BC, (8.19)
9rC = AB, (8.20)

bysettingY =y/l,,Z =z/L.,T = (t —z/c) /T;,A = wo/w,, B = Ey/E,, with L, a reference length in the micrometer range,

L =L/vV2, T,=L/c, w=h)/@NQul’L),  E = (ho)/@|ulLy).
The boundary conditions, are then limy_, _, C = 0, and limy_, _o, A = wg/wy.
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Fig. 37. (Color online) Evolution of a perturbed input FCP plane wave into two-dimensional FCP solitons. (a) Input (Z = 0), (b) output (Z = 52.2). After

Ref. [33].
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Fig. 38. (Color online) The evolution of a two-dimensional soliton, from an input roughly reproducing it. (a) Input (Z = 0), (b) output (Z = 316.8). After
Ref. [33].

We note that the coupled system of partial differential equations (8.18)-(8.20) is a two-dimensional generalization of the
sine-Gordon equation [33]. It is worthwhile to compare it to the set of equations derived by the same reductive perturbation
method in the case of electromagnetic wave propagation in ferromagnetic media [219-222]; however a careful analysis
shows that system (8.18)—(8.20) cannot be reduced to any of these equations.

Next it is seen from Egs. (8.19)-(8.20) that o7 (A2 + C2) = 0. This allows us to introduce a function ¥ = ¥ (Z,T)
asA = Ucosy, C = Usiny, where U depends on Z only. From the above written boundary conditions, we see that
limr_, o ¥ = 0and thus U = wy/w,, and is independent of Z (except if inhomogeneous pumping is present, but this
situation is excluded here as we have said above). By a straightforward manipulation of the above equations we get ¥/ = B
and after integration over T of Eq. (8.18), we are left with the evolution equation

VYzr = Usiny + Yy, (8.21)

which is known as the two-dimensional sG equation; see Ref. [33].
In Ref. [33] the two-dimensional sG equation was solved numerically starting from an input field distribution in the form
of a FCP plane wave with temporal shape as

(T — Ty — Tp)? 27
B=pgexp|————=——|[cos| —(T—Ty) +7/2], (8.22)

wy 6
in which T; = 0.1exp (—Yz/wf,) yields a transverse perturbation. The set of parameters was wy = 1, wy = 2, Tp = —0.2,
6 = 1.5, 8 = 8,and U = —10. The numerical calculations clearly show that we get the formation of robust localized

two-dimensional sG solitons; see Fig. 37. Note that the two-dimensional sG solitons are oscillating structures, which are
localized in both space and time. These two-dimensional FCP solitons were fitted by an expression of the form

B= Bexp[—(T*/w?) — (Y*/wy)]sin[o(T — Tp],

in which the coefficients were chosen to fit the obtained numerical data. For the above numerical data, the following values
were obtained in Ref. [33]: wr = 0.7, wy = 0.75, w = 3.5, 8 = —18, and T; = 0.04. Then the fit was used as input;
its evolution is shown in Fig. 38. We see that the input spatiotemporal waveform stably propagates, being neither affected



H. Leblond, D. Mihalache / Physics Reports 523 (2013) 61-126 121

by dispersion nor by diffraction; after a transitory stage in which the pulse radiates energy, and its amplitude decreases,
stabilization is reached eventually. Note that light bullets in the two-dimensional sG model have been also introduced in
Ref. [223], and even interactions have been studied in Ref. [224]. In Ref. [223], the two-dimensional sG equation was also
derived from the Maxwell-Bloch equations, but the derivation was performed from a reduced form of the Maxwell-Bloch
equations, and the physical assumptions were not so clearly given. In Ref. [33] we clearly demonstrated that the short
wave approximation of the Maxwell-Bloch equations is indeed the two-dimensional sG equation, and not one of the
nonlinear system of equations found in the study of nonlinear electromagnetic waves in ferromagnets [219,221]. In Ref. [223]
ultrashort light bullets were also simulated numerically, but on a rather short propagation distance; it was stated in that
work that the light bullets loose energy and will become destroyed eventually. However, according to the computations
reported in Ref. [32] on propagation distances twenty times larger than in Ref. [223], in which stabilization of the energy
occurs, the energy loss seems rather to be due to the reshaping of the input pulse, and the light bullet is expected to be a
remarkable robust physical object.

As we already mentioned in this review, soliton propagation in a nonlinear medium implies that damping can be
neglected (we are not considering here the case of the so-called dissipative solitons where gain and loss effects also
compensate each other in order to get a solitonic waveform in a dissipative medium). In dielectric media, the damping
effects can be neglected when the propagation occurs at a given frequency which is far from any resonance frequency.
Let us consider a two-level model with characteristic frequency £2, and denote by w,, a frequency characteristic for the
FCP soliton under consideration. The transparency condition implies that either w,, < £2 or 2 <« w,. The former case
(wy K £2)corresponds to the long wave approximation, whereas the latter case corresponds to the short wave approximation.
We have shown in Section 3.1 that in the framework of a two-level model, a mKdV equation is obtained if the frequency
of the transition £2 is far above the characteristic wave frequency w,, (the long-wave approximation regime), while a sG
model is valid if £2 is much smaller than w,, (the short-wave approximation regime); see Section 3.2. However, some of the
transition frequencies §2; are much smaller than w,,, and the other ones much larger than w,,. This more realistic situation
can be modeled by considering two transitions only, with different frequencies §2; and §2,. The physical system is thus
equivalent to a two-component medium, each of the two components being described by a two-level model. As a result, a
mKdV-sG model was put forward [68,76], which is completely integrable in certain particular cases by means of the inverse
scattering transform. It admits stable solutions of ‘breather’ type, which also give a good description of few-optical-cycle
soliton propagation.

The propagation of FCPs in a quadratic medium has also been described by either a KdV or a KP equation, in (1 + 1)
or (2 4+ 1) dimensions, respectively, which evidenced either the stability of a plane wavefront, for a normal dispersion, or
the formation of a localized spatiotemporal half-cycle soliton, for an anomalous dispersion [120,31]. By using a multiscale
analysis, a generic KP evolution equation governing the propagation of femtosecond spatiotemporal optical solitons in
quadratic nonlinear media beyond the SVEA was put forward [31]. Direct numerical simulations showed the formation,
from adequately chosen few-cycle input pulses, of both stable line solitons (in the case of a quadratic medium with
normal dispersion) and of stable lumps (for a quadratic medium with anomalous dispersion). The perturbed unstable line
solitons decay into stable lumps for a quadratic nonlinear medium with anomalous dispersion [31]. However, in Ref. [31]
it was considered a set of two-level atoms and it was assumed that the characteristic frequency w,, of the considered
electromagnetic wave in the optical spectral range is much less than the transition frequency £2 of the atoms (long-wave
approximation regime). Thus in the long wave approximation regime, in a medium with a quadratic nonlinearity, half-cycle
light bullets in the form of single lumps may exist, while in a medium with a cubic nonlinearity collapse occurs. However, in
the short wave approximation regime and considering the wave propagation in a nonlinear medium with a cubic nonlinearity,
a third physical situation occurs: (2 4+ 1)-dimensional few-cycle light bullets may form, oscillating in both space and time.
Such ultrashort spatiotemporal optical solitons are adequately described by a (2 + 1)-dimensional sine-Gordon equation.

Concluding this subsection, we point out that this study can be generalized by taking into account both resonant and non-
resonant optical nonlinearities. Moreover, the generalization to two transverse spatial dimensions, in addition to time and
longitudinal coordinates, in order to study the formation of (3 + 1)-dimensional few-optical-cycle spatiotemporal solitons
(alias light bullets) can also be envisaged; see Refs. [130,225] and some recent theoretical and experimental works in the
area of (3 + 1)-dimensional solitons in different physical settings [226-243].

9. Conclusions

The above theory is relevant for all phenomena involving ultra-short pulses or very broad spectrum, for which the SVEA
fails to be valid. An important phenomenon in this class is supercontinuum generation. Preliminary studies have shown that
the mKdV-sG model is adapted to the description of supercontinuum generation, especially in the later stage of the process,
when the width of the supercontinuum spectrum exceeds the initial central frequency. It is also suited to the description
of supercontinuum generation from femtosecond pulses, which have a broad spectrum from the beginning of the process.
Especially, it allows to take into account the generation of high harmonics, and their own spectral broadening, which seems
to have an important effect, which cannot be accounted for within the SVEA.

Refinements of the theory to make it closer to realistic experimental situations is important. The derivation of the
mKdV model in a general medium has recently been performed [112], the same study for a quadratic nonlinearity was
also reported [112]. Within the long-wave approximation, the effects of the various transitions combine themselves so that
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the general model keeps the same form, the coefficients merely involve the general linear and nonlinear susceptibilities.
Regarding the infrared transitions, or more generally the transitions with frequencies below the wave one, the relevant
approach is the short wave approximation. The question, how the various transitions will combine in the general case is still
open.

The theory of few-cycle dissipative solitons is still at its very beginning, and requires to be developed. In particular, the
experimental setups frequently use the Kerr-lens mode-locking. This phenomenon is clearly a multidimensional one, and
it is unlikely that it can be accounted for by a phenomenological modification of the one-dimensional evolution equation,
even in first approximation. The study of the evolution of multidimensional few-cycle pulses in a gain medium seems to be
required for such a study.

Given the rapid growth of studies in the past decade in the area of few-optical-cycle pulses, extreme nonlinear optics
and interaction of matter with strong optical fields, one can expect many new and exciting developments over the next
years. No doubt, soon one can expect a maturity of these fast growing research fields, leading to new and interesting
physical phenomena and to the utilization of their huge technological potential. We conclude with the hope that this
overview on recent developments in the area of few-optical-cycle solitons will inspire further theoretical and experimental
investigations.
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