Weierstraß-Institut

für Angewandte Analysis und Stochastik

im Forschungsverbund Berlin e.V.

Preprint ISSN 0946 – 8633

Hamiltonian structure of propagation equations for ultrashort optical pulses

Sh. Amiranashvili, A. Demircan

submitted: December 16, 2009

No. 1472 Berlin 2009

Edited by Weierstraß-Institut für Angewandte Analysis und Stochastik (WIAS) Mohrenstraße 39 10117 Berlin Germany

Fax: + 49 30 2044975 E-Mail: preprint@wias-berlin.de World Wide Web: http://www.wias-berlin.de/

Abstract

A Hamiltonian framework is developed for a sequence of ultrashort optical pulses propagating in a nonlinear dispersive medium. To this end a secondorder nonlinear wave equation is first simplified using an unidirectional approximation. All non-resonant nonlinear terms are then rigorously eliminated using a suitable change of variables in the spirit of the canonical perturbation theory. The derived propagation equation operates with a properly defined complexification of the real electric field. It accounts for arbitrary dispersion, four-wave mixing processes, weak absorption, and arbitrary pulse duration. Thereafter the so called normal variables, i.e., classical fields corresponding to the quantum creation and annihilation operators, are introduced. Neglecting absorption we finally derive the Hamiltonian formulation. The latter yields the most essential integrals of motion for the pulse propagation. These integrals reflect the time-averaged fluxes of energy, momentum, and classical photon number transferred by the pulse. The conservation laws are further used to control the numerical solutions when calculating supercontinuum generation by an ultrashort optical pulse.

1 Introduction

An evolution of the wave packet is accurately described in terms of a complex envelope [1]. The latter results from the time-scales separation, e.g., when the pulse contains many field cycles. A slowly-varying envelope approximation (SVEA) reduces then the second-order wave equation for the pulse electric filed to a more simple first-order nonlinear Schrödinger equation (NSE) for the pulse envelope [2, 3, 4]. In the frequency domain, the SVEA assumes that the pulse spectrum is narrow, centered around a carrier frequency. On the other hand, situations for which the SVEA lacks precision are also quite common. For instance, we mention self-focusing [5, 6], optical shocks [7], steep pulse edge [8], and supercontinuum (SC) generation [9]. An important example is that of a few-cycle or a sub-cycle optical pulse where the spectrum width is comparable to the carrier frequency [10, 11, 12, 13, 14, 15]. In all such situations the NSE cannot be applied and either a full modeling of Maxwell equations should be undertaken [16, 17, 18, 19, 20, 21, 22, 23] or new effective models for propagation of spectrally broad pulses should be introduced. These models can be developed in different directions.

First, we mention a higher-order NSE which is a direct generalization of the standard NSE. Here, an arbitrary dispersion profile is approximated by a higher-order Taylor expansion or, more generally, by a polynomial fit in the frequency domain. The dispersion is then accounted for by a differential dispersion operator in the time domain [2, 4]. The nonlinear term in the higher-order NSE is further extended to capture an arbitrary pulse duration [24, 8, 25]. Furthermore, incorporation of Raman scattering [26, 27], diffraction effect [24, 28, 29], and third harmonic generation [30] have been discussed. The higher-order NSE applies to pulse propagation, optical shocks, and SC generation [31, 32, 33, 34, 35, 36, 37, 9, 38]. However, one should note that the dispersion profile for a very broad spectrum a priory cannot be captured by a polynomial expansion [39]. To avoid this problem both a rational approximation to the dispersion function and a nonlocal generalization of the NSE should be used [40].

The second approach to the ultrashort optical pulses is to abandon the envelope concept and to operate directly with the pulse fields. The simplified model equations are derived assuming an unidirectional character of pulse propagation instead of SVEA. A recent review is given in Ref. [41]. In addition, we mention a short pulse equation in which the dispersion function is expanded with respect to the inverse frequency [42, 43] and a more general approach with the Laurent series [44, 45, 46, 47]. Another important class of equations is given by the (mixed) modified Korteweg-de Vries and sine-Gordon models [48, 49, 50, 51, 52, 53].

As a rule, such unidirectional propagation equations in the space-time domain ignore absorption and use a simplified medium response function. In return, the deduced models often allow for an exact treatment [54, 55, 56, 57] or at least for an explicit solitary solution [41, 58, 59, 60, 61, 62, 63, 64]. Also many specific solutions to the higher-order NSE can be found [65, 66, 67, 68, 33, 69, 70, 71, 72, 73, 74, 75, 76, 77].

The third approach is to consider pulse propagation in the spectral domain [78, 79, 80, 22]. Here, again using the unidirectional approximation, one obtains a set of the first-order ordinary differential equations for the field harmonics E_ω(z). The deduced models are more simple than the full second-order propagation equation and still allow for arbitrary dispersion and spectrum width.

This paper puts emphasis on the improvement of the third class of models. For the basic model introduced in Ref. [78] we demonstrate that the nonlinear terms can to a large extent be removed by a suitable change of variables. This procedure is common in Hamiltonian mechanics [81] and is also useful for nonlinear waves [82]. In our case, the real electric field E(z, t) has to be replaced with a complex one E(z, t) containing only positive harmonics. The remaining resonant nonlinear terms have a simple “envelope” structure without use of the SVEA. A z-propagated Hamiltonian framework is then introduced for the derived equation in terms of normal variables A(z, t) and A^∗(z, t). The latter are classical complex fields, they correspond to the quantum creation and annihilation operators. In particular, |A_ω|^2 is the classical number of photons transferred by the pulse. By construction, the Hamiltonian is an integral of motion. The continuous symmetries of the Hamiltonian yield two more integrals. Physically the integrals are given by the time-averaged fluxes of the relevant physical quantities. They give an effective tool to follow the solution, e.g., for the SC generation scenarios.

2 Derivation

2.1 Basic equations

A formulation of the problem and notations are described in this section. We consider a sequence of linearly polarized electromagnetic pulses propagating along the z-axis in a bulk dispersive nonlinear medium. The fields E = (E(z, t), 0, 0) and B = (0, B(z, t), 0) are governed by Maxwell equations

∂_z E = −∂_tB, − 1 μ_0

∂_zB = ∂_t(ϵ_0E + P ). (1)

The induced medium polarization P = (P (z, t), 0, 0) depends on E(z, t) and is determined by a sequence of nonlocal susceptibility operators χ̂^{(i)} such that

P (E) = ϵ_0 ( χ̂^{(1)}E + χ̂^{(2)}EE + χ̂^{(3)}EEE + · · · ) , (2)

where χ̂^{(1)} is a linear operator, χ̂^{(2)} is a bilinear one and so on. The power expansion (2) assumes that pulses are propagating in a weakly nonlinear limit. In addition, an inverse symmetry is assumed such that P (−E) = −P (E) and χ̂^{(2)} = 0. Equations (1)–(2) are reduced to a scalar nonlinear wave equation

∂^2_z E − 1 c^2

∂^2_t ( E + χ̂^{(1)}E + χ̂^{(3)}EEE ) = 0 (3)

in which only linear and cubic terms are taken into account. To quantify χ̂^{(i)} we write E(z, t) in the frequency domain

E(z, t) = ∑ ω E_ω(z)e^{−iωt} with ω ∈ 2π T Z, where T is the period of the pulse sequence and

E_ω(z) = 1 T ∫_{+T /2}

−T /2

E(z, t)e^{iωt}dt = E^∗_{−ω}(z).

Integrating Eq. (3) over one period we obtain

∂^2_z

∫_{+T /2}

−T /2

E(z, t)dt = 0,

∫_{+T /2}

−T /2

E(z, t)dt = const,

so that the “pulse area” is conserved. We assume that this area is zero, E_{ω=0} = 0. In the continuous spectrum limit (T → ∞) this implies

E_ω → 0 for ω → 0, (4) so that the constant component of electric field vanishes.

The operators χ̂^{(1)} and χ̂^{(3)} are given by convolutions ( χ̂^{(1)}E ) ω = χ^{(1)}(ω)E_ω, ( χ̂^{(3)}EEE ) ω = ∑ ω_1+ω_2+ω_3=ω

χ^{(3)}_{ω1ω2ω3ω}E_{ω1} E_{ω2} E_{ω3} ,

where in the last equation the summation is performed only over the suitable triads {ω_1, ω_2, ω_3}. The linear susceptibility χ^{(1)}(ω) yields the dielectric constant and the propagation parameter

ϵ(ω) = 1 + χ^{(1)}(ω) = ϵ^∗(−ω),

k(ω) = ω c √ ϵ(ω) = β(ω) + iα(ω) = −k^∗(−ω),

where β(ω) and α(ω) are odd and even functions respectively. In the following we consider a small absorption limit such that |β(ω)| ≫ α(ω) ≥ 0 in a transparency window to which belongs an essential part of the pulse spectrum.

If the nonlinear dispersion can be ignored one is left with the cubic Kerr medium in which χ^{(3)}_{ω1ω2ω3ω} = χ and ( χ̂^{(3)}EEE ) Kerr = χE

3. (5) However, for a spectrally broad pulse such an approximation may be invalid and a more general model should be used. For instance, considering a classical nonlinear oscillator model for electrons, one obtains (Miller’s rule, see Ref. [4])

χ^{(3)}_{ω1ω2ω3ω} = const · χ^{(1)}(ω_1)χ^{(1)}(ω_2)χ^{(1)}(ω_3)χ^{(1)}(ω).

In the following we deal with the general nonlinear susceptibility χ^{(3)}ω_1ω_2ω_3ω only assuming that it is symmetric with respect to all permutations of frequencies as suggested by Miller’s rule. The nonlinear absorption is ignored, i.e., χ^{(3)}ω_1ω_2ω_3ω is real and an even function of frequencies. The Kerr model (5) is used as an illustration in the numerical section.

To proceed we write the nonlinear wave equation (3) in the frequency domain

∂^2_z E_ω + [β(ω) + iα(ω)]^2E_ω + ω^2 c^2 ( χ̂^{(3)}EEE ) ω = 0. (6)

Equation (6) is the starting point of our considerations. In the next sections it is simplified using an unidirectional approximation, introducing a proper complex electric field, and eliminating non-resonant terms. Then the Hamiltonian framework and integrals of motion are introduced and interpreted for the resulting model.

2.2 Unidirectional approximation

As explained in the previous section both the nonlinear and the absorption terms in Eq. (6) are taken small. An unidirectional approximation results from this assumption. In a first step, completely neglecting the both small terms in Eq. (6), we see that E_ω(z) ∼ e^{±iβ(ω)z} for the forward and the backward waves respectively. Assuming that the forward wave dominates we can write

[i∂_z + β(ω)]E_ω(z) ≈ 0, (7)

where a small contribution of the backward wave, nonlinearity, and absorption appears on the right-hand-side in a second step. To calculate this contribution we return to Eq. (6) and apply an exact identity

∂^2_z + β^2(ω) = 2β(ω)[i∂_z + β(ω)] − [i∂_z + β(ω)]^2 (8)

According to Eq. (7) the second term in Eq. (8) is now neglected. Then Eq. (6) is transformed to the unidirectional form

i∂_zE_ω + β(ω)E_ω = −iα(ω)E_ω − ω^2 2c^2β(ω) ∑ ω_1+ω_2+ω_3=ω

χ^{(3)}_{ω1ω2ω3ω}E_{ω1} E_{ω2} E_{ω3} , (9)

which yields the desired generalization of Eq. (7). One can repeat the procedure using Eq. (9) to better approximate [i∂_z + β(ω)]^2 in Eq. (8) and once again inserting the result into Eq. (6). By doing this we establish which terms (e.g., αE^3 and α^2E) are neglected when deriving Eq. (9).

A scalar first-order propagation model (9) was suggested in Ref. [78]. An arbitrary polarization was discussed in Refs. [79, 80]. In the next sections Eq. (9) is first simplified by eliminating the non-resonant nonlinear terms. This procedure follows a general strategy for a weakly nonlinear system [82]. Thereafter a Hamiltonian framework is introduced for the simplified equation.

2.3 Resonances

A natural approach to Eq. (9) is to simplify it by a suitable change of variables. In the spirit of Eq. (2) we use a power expansion, define

Ẽ_ω = E_ω + ω^2 2c^2β(ω) ∑ ω_1+ω_2+ω_3=ω

χ^{(3)}ω_1ω_2ω_3ωE_{ω1} E_{ω2} E_{ω3} β(ω) − β(ω_1) − β(ω_2) − β(ω_3)

+ · · · , (10)

write Eq. (9) in terms of Ẽ_ω(z), and obtain an equation

i∂_zẼ_ω + β(ω)Ẽ_ω = −iα(ω)Ẽ_ω + h.o.t. (11)

in which the high-order-terms can be neglected because they correspond to the terms neglected when obtaining Eq. (9). All nonlinearities are then eliminated and we have formally reduced Eq. (9) to a linear model (11). However, such an elimination is possible only for non-resonant triads {ω_1, ω_2, ω_3}. The resonant frequencies are defined by the conditions

ω_1 + ω_2 + ω_3 = ω, (12) β(ω_1) + β(ω_2) + β(ω_3) = β(ω). (13)

Figure 1: The thick curves show solutions of the resonance conditions (12)–(13) for a bulk fluoride glass (ω corresponds to 0.8 μm, ϵ(ω) is taken from [39]). The dashed region corresponds to four-wave mixing processes that change the total number of photons. The dashed part of the resonance curves is usually small. It is neglected in this paper.

In the vicinity of a resonant triad the transformation (10) is singular and cannot be applied. Actually, the nonlinear terms in Eq. (9) can only be eliminated in some subregions of the three-dimensional space of triads.

For a non-dispersive medium with β(ω)/ω = const the second resonance condition (13) is trivial, the transformation (10) is always singular, and a further reduction of the unidirectional model (9) is not possible. In a dispersive medium Eqs. (12)– (13) define several resonance curves in the three-dimensional space of triads. Note that for any dispersion law β(ω), the conditions (12)–(13) are satisfied for

{ω_1, ω_2, ω_3} = p{ω^′, −ω^′, ω}, ω^′ ∈ R, (14)

where p stays for an arbitrary permutation. These universal solutions correspond to the three straight lines shown in Fig. 1. In simple cases (e.g., for the Drude model) no other resonance curves are possible. Further (medium-specific) solutions of Eqs. (12)–(13) may appear for a more complex dispersion law, an example for a bulk fluoride glass is shown in Fig. 1.

In what follows we assume that for ω > 0 the solutions of Eqs. (12)–(13) contain one negative and two positive frequencies. This condition is motivated by the universal solution (14). With respect to the further possible solutions we therefore neglect the dashed parts of the resonance curves shown in Fig. 1. The approximation can easily be understood by analogy with quantum mechanics. The dashed regions correspond to the to four-wave mixing (FWM) processes in which either a photon is decaying into three new ones or vice versa. The only four-wave process that we take into account is the mutual scattering of two photons such that their total number remains unchanged. This leads to a considerable simplification of Eq. (9), as shown in the next section.

2.4 Complex field

To simplify Eq. (9) we first write it in such a way that contributions of the positive and negative frequencies are explicitly distinguished. To this end we introduce a complex electric field E(z, t) which, in contrast to the standard real E(z, t), contains only positive harmonics E(z, t) = 2 ∑ ω>0 E_ω(z)e^{−iωt}. (15)

Here E_{ω>0} = 1 2 E_ω and E_{ω<0} = E^∗_{−ω} = 1 2 E^∗_{−ω},

the latter equations can be combined into a single one

E_ω =

E_ω + E^∗_{−ω} 2 , (16)

because E_{ω<0} = 0 by construction.

The conjugated field E^∗(z, t) contains only negative harmonics, note that (E^∗)_ω and (E_ω)^∗ must be distinguished. Namely, taking the complex conjugate of Eq. (15) we obtain (E^∗)_{−ω} = (E_ω)^∗ = E^∗_ω. (17) Using Eqs. (16) and (17) we get

E_ω =

E_ω + (E^∗)_ω 2 , E(z, t) =

E(z, t) + E^∗(z, t) 2 , so that E(z, t) is the real part of E(z, t). Using the latter relations together with the definition of χ̂^{(3)}, we decompose χ̂^{(3)}EEE and write Eq. (9) as

i∂_zE_ω + [β(ω) + iα(ω)]E_ω + ω^2 8c^2β(ω) × ( χ̂^{(3)}EEE + 3χ̂^{(3)}EE^∗E + 3χ̂^{(3)}E^∗EE^∗ + χ̂^{(3)}E^∗E^∗E^∗ ) ω = 0. (18)

Here, e.g., ( χ̂^{(3)}EE^∗E ) ω = ∑ ω_1−ω_2+ω_3=ω

χ^{(3)}_{ω1ω2ω3ω}E_{ω1} E^∗_{ω2} E_{ω3} ,

in accord with the presupposed symmetries of χ^{(3)}ω_1ω_2ω_3ω and Eq. (17). The summation is automatically carried out over positive frequencies. Each cubic term in Eq. (18) corresponds to a different four-wave process, all such terms but χ̂^{(3)}EE^∗E can be eliminated by a suitable redefinition of variables E_ω → Ẽ_ω in the spirit of Eq. (10) as explained in the previous section. The only remaining term has resonance conditions

ω, ω_i > 0, ω_1 + ω_3 = ω + ω_2, β(ω_1) + β(ω_3) = β(ω) + β(ω_2),

and corresponds to the scattering of photons. The actual values of E_ω and Ẽ_ω are very close to each other, in other words we can simply neglect the unimportant terms in Eq. (18) and finally write

i∂_zE_ω + [β(ω) + iα(ω)]E_ω +

3ω^2 8c^2β(ω) ∑ ω_1−ω_2+ω_3=ω

χ^{(3)}_{ω1ω2ω3ω}E_{ω1} E^∗_{ω2} E_{ω3} = 0. (19)

The new model (19), with which we deal in the rest of this paper, compromises properties of both the spectral propagation models and the envelope models. For instance, an arbitrary β(ω) is captured and a familiar invariance with respect to the phase shifts (E_ω → E_ωe^{iθ} with θ = const) is retained. Equation (19) can be considered as a simplification of the model (9) introduced in Ref. [78]. In some cases (e.g., for the Drude dispersion model) no further assumptions are required for the derivation of (19) from (9), both models have the same field of applications. The proof originates from the Hamiltonian perturbation theory [81, 82] and is based on a stepwise canceling of the non-resonant nonlinear terms as explained in the previous section. For an arbitrary dispersion law, Eq. (19) is valid if the contribution of 1 → 3 and 3 → 1 four-wave processes can be neglected. The latter assumption is often harmless, but the vanishing dispersion case in which all FWM interactions are important and reduction of (9) to (19) is not possible.

Last but not least, Eq. (19) operates with the complex electric field E(z, t) introduced by Eq. (15). This quantity contains only positive frequencies and is a replacement of the familiar complex envelope. Note, that the transformation to normal variables, that is described in the next section, contains √ ω and is naturally applied to E(z, t).

We now turn to the construction of the Hamiltonian framework for Eq. (19).

3 Hamiltonian framework

A standard way to obtain first-order Hamiltonian equations is to perform a Legendre transformation of a second-order Lagrangian equation [83]. This procedure is discussed in Ref. [84] for the second-order nonlinear wave equation and the t-propagated picture. It leads to a complicated multivalued expression for the canonical momentum. The unidirectional Eq. (19) is more simple to deal with because it is of first order. Some care is required because the space coordinate z serves as an effective time. Consider, for instance, a standard continuity equation ∂_tρ + ∂_z j = 0 for a physical quantity with the density ρ(z, t) and the flux density j(z, t) in one space dimension. Normally, the conserved integral is given by the “charge” ∫ ρ(z, t)dz. For the z-propagated picture we have the mean “current” ∫ j(z, t)dt = const. Returning to the optical pulses we see that energy and momentum transfered by the pulse for −∞ < t < ∞ should not depend on the observation point z. The conserved quantities correspond then to the time-averaged fluxes of the relevant physical variables.

3.1 Normal variables

We introduce a new complex field A(z, t). Like the complex electric field E(z, t), it contains only positive frequencies

A(z, t) = ∑ ω>0 A_ω(z)e^{−iωt}.

The harmonics A_ω(z) are defined by the relation

E_ω(z) = iω √ 2 β(ω)

A_ω(z), ω > 0. (20)

Writing Eq. (19) in terms of A(z, t) we obtain

i∂_z A_ω + [β(ω) + iα(ω)]A_ω + ∑ ω_1−ω_2+ω_3=ω

T_{ω1ω2ω3ω}A_{ω1} A^∗_{ω2} A_{ω3} = 0, (21)

with T_{ω1ω2ω3ω4} = 3 4c^2 ω_1ω_2ω_3ω_4χ^{(3)}ω_1ω_2ω_3ω_4 [β(ω_1)β(ω_2)β(ω_3)β(ω_4)]^{1/2} . Now, defining the Hamiltonian as H = ∑ ω β(ω)|A_ω|^2 + ∑ ω_1+ω_3=ω_2+ω_4 1 2 T_{ω1ω2ω3ω4} A_{ω1} A^∗_{ω2} A_{ω3} A^∗_{ω4} , (22)

and neglecting the α-term (absorption) in Eq. (21), we can write Eq. (21) as

i∂_z A_ω + δH δA^∗_ω

= 0. (23)

Equation (23) is a complex representation of the canonical Hamiltonian equations (see, e.g., Ref. [82]). The fields A(z, t) and A^∗(z, t) are complex canonical variables. In the next section we demonstrate that they also correspond to the creation and annihilation operators.

3.2 Integrals of motion

In this section we neglect absorption and obtain integrals of motion for the pulse propagation. By construction, the Hamiltonian function (22) conserves for Eq. (23).

Further integrals are obtained from the continuos symmetries of the Hamiltonian (a canonical analog of Noether’s theory, see Ref. [83]). Note, that (22) is invariant under the phase shift A_ω → A_ωe^{iθ}, this transformation is generated by a differential equation i∂_θA_ω + A_ω = 0, the latter can be written in the Hamiltonian form

A_ω → A_ωe^{iθ} ⇔ i∂_θA_ω + δ δA^∗_ω ∑ ω^′

|A_ω′ |^2 = 0.

Therefore the quantity N = ∑ ω |A_ω|^2 (24)

is an integral of motion for the model (23). Furthermore, (22) is invariant under another continuous transformation A_ω → A_ωe^{iωs}, which we first write in the differential form i∂_sA_ω + ωA_ω = 0, and then in the Hamiltonian form

A_ω → A_ωe^{iωs} ⇔ i∂_sA_ω + δ δA^∗_ω ∑ ω^′

ω^′|A_ω′ |^2 = 0.

The quantity P = ∑ ω ω|A_ω|^2 (25)

is another integral of motion for the model (23). It is of interest to relate expressions (22), (24), and (25) to the pulse parameters.

Using an analogy with the quantum mechanics one can interpret |A_ω|^2 as a classical number of photons for a given frequency. The integrals N, P , and H correspond then to a mean number of photons, energy, and momentum transfered by the pulse (per unit area in the xy-plane). For instance, consider the mean energy flux J_E which is given by time-averaging of the Pointing vector

J_E = 1 T ∫_{+T /2}

−T /2 EB μ_0 dt = 1 μ_0 ∑ ω E_ωB^∗_ω.

Using Eq. (1) and the unidirectional approximation (7) we express the magnetic field B_ω(z) =

∂_zE_ω(z) iω = β(ω) ω E_ω(z)

and obtain

J_E = ∑ ω>0 2β(ω) μ_0ω

|E_ω|^2 = ∑ ω β(ω) 2μ_0ω

|E_ω|^2 = ∑ ω ω|A_ω|^2 μ_0 , so that J_E = P/μ_0. A more complicated but similar calculation relates H and the averaged momentum flux J_M = H/μ_0.

The most direct application of the integrals of motion is to control the numerical solutions, e.g., when calculating SC generation by an ultrashort optical pulse. Before addressing these issues we summarize our results by writing them in a space domain.

3.3 Space formulation

To obtain a space formulation of the pulse propagation model (19) we introduce a real refractive index n(ω) and a nonlocal pseudodifferential operator D̂_n, where

n(ω) = β(ω)c ω and ( D̂_nE ) ω = n(ω)E_ω. (26)

The operator D̂_n is somewhat similar to the dispersion operator which is traditionally used in the higher-order NSE (see Introduction). However, in contrast to the dispersion operator, D̂_n is bounded, nonsingular, and invertible. It is a positive operator so that the square root D̂^√_n can be defined. Using D̂_n and ignoring absorption we obtain a space form of Eq. (19)

∂_zE + 1 c ∂_t [ D̂_nE + 3 8 D̂^{−1}_n (χ̂^{(3)}EE^∗E) ] = 0, (27)

which is a nonlinear nonlocal hyperbolic propagation equation. An envelope analogue of Eq. (27) for a Kerr medium was suggested in Ref. [40]. The conserved mean energy flux J_E and the mean momentum flux J_M are determined by

2cμ_0J_E = ∑ ω n(ω)|E_ω|^2 = 1 T ∫_{+T /2}

−T /2

|D̂^√_nE|^2dt, and 2c^2μ_0J_M = ∑ ω n^2(ω)|E_ω|^2 + ∑ ω_1+ω_3=ω_2+ω_4 3 16 χ^{(3)}_{ω1ω2ω3ω4} E_{ω1} E^∗_{ω2} E_{ω3} E^∗_{ω4} = 1 T ∫_{+T /2}

−T /2 [ |D̂_nE|^2 + 3 16 E^∗ ( χ̂^{(3)}EE^∗E ) ] dt. The particle number integral reads

2cN = ∑ ω n(ω) ω |E_ω|^2 = 1 T ∫_{+T /2}

−T /2

E^∗D̂_n(i∂_t)^{−1}Edt,

and is finite due to the condition (4). If the time-averaged electric field is nonzero, the total number of the involved photons is infinite.

To take absorption into account one should replace Eq. (27) with the full Eq. (19). In particular, n(ω) becomes complex in the linear part, but still remains purely real in the nonlinear term! This is an important issue, because formally allowing for a complex refractive index in Eq. (27) one obtains an unphysical nonlinear gain. We also note that a traditional polynomial approximation to β(ω) may be unsuitable for Eq. (19). In this case a more flexible rational representation should be used.

4 Numerical solutions

The numerical solution of Eq. (27) with an instantaneous Kerr nonlinearity (5) is described in this section. Here, the direct split-step Fourier approach [3] lacks precision for a few-cycle optical pulse and relatively long (e.g., 1 cm) propagation distance, such that the integrals of motion do not conserve. Therefore we use a de-aliased pseudospectral method, which originates from the computational fluid dynamics [85]. This method calculates all linear operators and derivatives in the frequency domain and performs the nonlinear multiplications in the time domain, with the transformations between the domains achieved by the fast Fourier transform. The integration for the linear and nonlinear part is performed in the frequency domain by a precise Runge-Kutta integration scheme of order eight with adaptive stepsize control depending on the accuracy as described in Ref. [86]. Note, that operator D̂_n, which enters Eq. (27), is bounded and numerical stiffness (caused by the unbounded dispersion operator in the higher-order NSE) is avoided in our formulation.

The particle number integral N, the mean energy flux P , and the mean momentum flux H are used as control parameters for the accuracy of the solutions. To assure conservation of N, P , and H for an equidistant mesh of time points we need at least Δt = 0.6 fs. Depending on the initial pulse width, we have to use a resolution of 2^{14} and 2^{15} harmonics for a periodic time window T = 5 ps and T = 10 ps, respectively. Several test calculation were performed for a better resolution, 2^{17}. The increase of the harmonics number does not affect the results.

In the following we study the nonlinear propagation of femtosecond pulses in the anomalous dispersion regime of a microstructured fiber, where complex and comprehensive behavior can be observed. Depending on the input pulse power and width, the interplay of linear and nonlinear effects such as self-phase modulation (SPM), FWM, and soliton dynamics, can lead to the generation of octave-spanning spectra. It is well known, that the physical mechanism of the dramatic spectral broadening process is related to the break-up of higher-order solitons [78]. The soliton fission is caused by the formation of fundamental soliton pulses and the generation of a non-solitonic dispersive wave into the phase-matched wavelength, leading to a spectrum broadened over an octave, even if the injected pulse energy is less than a few nanojoules. Besides soliton propagation, the modulation instability (MI) is another general feature in the anomalous dispersion regime, which affects the propagation of an optical pulse. The MI is a well understood instability phenomenon of the NSE, which results from the interplay between SPM and group velocity dispersion. In [37] the ability of the MI to generate SC and the dominance of the MI for short pulses has been demonstrated. In [38] it has been shown, that soliton fission dominates for low input power and short pulses (100 fs) and the modulation instability has a strong impact for high input powers at arbitrary pulse widths.

For our simulations the dispersion profile of the highly nonlinear microstructured fiber is taken from [87]. The real refractive index is then represented by a proper

Figure 2: Density plots of the spectral evolution for (a) t_0 = 100 fs pulse with typical signature of the modulation instability, (b) t_0 = 50 fs, and (c) t_0 = 10 fs pulses generating SC by soliton fission. The spectra are shown in logarithmic scale (dB).

rational approximation

n(ω) = p_0 + p_1(ω/PHz) + · · · + p_5(ω/PHz)^5 1 + q_1(ω/PHz) + · · · + q_5(ω/PHz)^5

with parameters: p_0 = 1.00654, p_1 = −2.31431, p_2 = 1.95942, p_3 = −0.678111, p_4 = 0.120882, p_5 = −0.00911063 and q_1 = −2.29967, q_2 = 1.94727, q_3 = −0.673382, q_4 = 0.120015, q_5 = −0.00905104.

As an initial condition we consider an input pulse electric field having a central angular frequency ω_0 √ χE(z, t)|_{t=0} = 1 2 Ψ(t)e^{−iω0t} + c.c.,

and a hyperbolic-secant shape for the initial envelope Ψ(t) = Ψ_0 sech(t/t_0) with the dimensionless amplitude Ψ_0 = 0.03 and temporal width t_0 = 10–100 fs. The electric field is normalized by χ^{−1/2}. The pulses are injected at a central frequency ω_0 = 2.32548 PHz, corresponding to a pump wavelength λ_0 = 810 nm in the vicinity of the zero dispersion wavelength in the anomalous dispersion regime.

Figure 2 shows the density plots in the (ω, z)-plane of the spectral evolution for different input pulse widths. The spectra are shown on a logarithmic scale to illustrate the fine structure of the spectrum generated. For a 100 fs-pulse spectral broadening in the range z = 1–10 mm is mainly dominated by SPM. However the significant features of the MI can be observed. The underlying MI acts in the initial stage on the pulse and leads to the generation of a Stokes and an anti-Stokes component. Fig. 2a shows the appearance of two sidebands after z = 3.7 mm. This demonstrates that also for short pulses with durations of 100 fs the modulation instability is present and can have an impact on the propagation dynamics.

The simulations in Fig. 2b,c illustrate the typical scenario of spectral broadening by soliton-related dynamics, for input pulses with t_0 = 50 fs and t_0 = 10 fs. Three different stages are clearly observed. The initial stage of propagation is dominated by symmetrical spectral broadening induced by SPM. An extreme spectral broadening is then caused by pulse contraction due to the first step of soliton propagation (Fig. 3b,d at z = 7.9 mm for 50 fs and z = 2.1 mm for 10 fs). In the second stage the spectral broadening becomes asymmetric and energy is shifted to to the blue side of the spectrum, due to soliton fission accompanied by the excitation of dispersive waves. This is associated with the development of distinct temporal peaks that sit upon a broader low-amplitude background (Fig. 3e,f at z = 9.9 mm). The extension of the spectrum to the blue side is related to the dispersion profile of the optical fiber and to the input pulse power. The spectral broadening is limited by the broadening of the temporal waveform of the pulses. In the third stage the spectral width is already saturated, but FWM generates complicated substructures. The appearance of the fine structure is an essential phenomenon and is extremely sensitive with respect to the initial pulse energy.

Equation (27) reproduces all essential features of the SC evolution seen in a number of experiments [88, 9] and in simulations with the higher-order NSE. Moreover, it

Figure 3: Temporal evolution for selected propagation distances for a 50 fs pulse at (a) z = 0.1 mm, (c) z = 7.6 mm, (e) z = 9.9 mm and for a 10 fs pulse at (b) z = 0.1 mm, (d) z = 2.1 mm, (f) z = 9.9 mm. Pulse envelopes are shown.

goes beyond the envelope approximation and allows for an arbitrary pulse duration. The numerical solutions are effectively controlled by the conservation laws.

5 Conclusions

Let us summarize our results. Propagation of spectrally broad ultrashort optical pulses is considered. In a first step, we show that known propagation equations can be simplified by a rigorous elimination of the non-resonant terms. This technique originates from the dissipationless Hamiltonian mechanics, however, the linear absorption effect can also be taken into account. The resulting non-envelope Eq. (19) applies to a properly chosen complex electric field in the frequency domain. The model (19) combines advantages of both envelope and non-envelope approaches, it accounts for arbitrary dispersion, four-wave mixing processes, weak absorption, and arbitrary pulse duration. The space formulation (27) is obtained in terms of a nonlocal operator D̂_n, the latter provides a natural generalization of the common dispersion operator. It is of interest, that the linear absorption does not affect the nonlinear term in Eq. (19). This is an important issue because careless use of the complex refractive index, e.g., in Eq. (27), leads to an unphysical nonlinear gain in the numerical solutions.

In a second step we neglect the absorption term and obtain a Hamiltonian framework for Eq. (19). To this end the classical normal variables are introduced. These classical creation and annihilation operators are of interest, e.g., for interpretation of the optical experiments with event horizons [89]. As such, the Hamiltonian formulation of a nonlinear wave equation has many important applications — integrability analysis, conservation laws, stability of solitons, and power-spectrum of turbulent states to name just a few [82, 90, 91]. Specifically we obtain the conservation laws for the z-propagated picture. They are given by the time-averaged fluxes of relevant physical quantities and provide a useful tool to control numerical solutions.

6 Acknowledgments

This work was supported by the DFG Research Center MATHEON under project D 14. Helpful discussions with U. Bandelow, U. Leonhardt, M. Lichtner, and A. Mielke are gratefully acknowledged.

References

[1] M. Born and E. Wolf. Principles of Optics. Pergamon, New York, 1968.

[2] Y. Kodama and A. Hasegawa. Nonlinear pulse propagation in a monomode dielectric guide. IEEE J. Quantum Electron., 23(5):510–524, 1987.

[3] G. P. Agrawal. Nonlinear Fiber Optics. Academic, 3 edition, 2001.

[4] R. W. Boyd. Nonlinear Optics. Academic, 2 edition, 2003.

[5] J. K. Ranka and A. L. Gaeta. Breakdown of the slowly varying envelope approximation in the self-focusing of ultrashort pulses. Opt. Lett., 23(7):534–536, 1998.

[6] J. E. Rothenberg. Space-time focusing: breakdown of the slowly varying envelope approximation in the self-focusing of femtosecond pulses. Opt. Lett., 17(19):1340–1342, 1992.

[7] F. DeMartini, C. H. Townes, T. K. Gustafson, and P. L. Kelley. Self-steepening of light pulses. Phys. Rev., 164(2):312–323, 1967.

[8] P. Kinsler and G. H. C. New. Few-cycle pulse propagation. Phys. Rev. A, 67(2):023813, 2003.

[9] J. M. Dudley, G. Genty, and S. Coen. Supercontinuum generation in photonic crystal fiber. Rev. Mod. Phys., 78(4):1135–1183, 2006.

[10] K. Akimoto. Properties and applications of ultra-short electromagnetic monoand sub-cycle waves. J. Phys. Soc. Jpn., 65(7):2020–2032, 1996.

[11] A. V. Kim, M. Yu. Ryabikin, and A. M. Sergeev. From femtosecond to attosecond pulses. Usp. Fiz. Nauk, 42(1):54–61, 1999.

[12] T. Brabec and F. Krausz. Intense few-cycle laser fields: Frontiers of nonlinear optics. Rev. Mod. Phys., 72(2):545–591, 2000.

[13] P. M. Paul, E. S. Toma, P. Breger, G. Mullot, F. Augé, Ph. Balcou, H. G.

Muller, and P. Agostini. Observation of a train of attosecond pulses from high harmonic generation. Science, 292(5522):1689–1692, 2001.

[14] M. Hentschel, R. Kienberger, Ch. Spielmann, G. A. Reider, N. Milosevic, T. Brabec, P. Corkum, U. Heinzmann, M. Drescher, and F. Krausz. Attosecond metrology. Nature, 414(6863):509–513, 2001.

[15] M. Drescher, M. Hentschel, R. Kienberger, G. Tempea, Ch. Spielmann, G. A.

Reider, P. B. Corkum, and F. Krausz. X-ray pulses approaching the attosecond frontier. Science, 291(5510):1923–1927, 2001.

[16] P. M. Goorjian, A. Taflove, R. M. Joseph, and S. C. Hagness. Computational modeling of femtosecond optical solitons from Maxwell’s equations. IEEE J. Quantum Electron., 28(10):2416–2422, 1992.

[17] R. G. Flesch, A. Pushkarev, and J. V. Moloney. Carrier wave shocking of femtosecond optical pulses. Phys. Rev. Lett., 76(14):2488–2491, 1996.

[18] L. Gilles, J. V. Moloney, and L. Vázquez. Electromagnetic shocks on the optical cycle of ultrashort pulses in triple-resonance Lorentz dielectric media with subfemtosecond nonlinear electronic Debye relaxation. Phys. Rev. E, 60(1):1051– 1059, 1999.

[19] V. P. Kalosha and J. Herrmann. Self-phase modulation and compression of few-optical-cycle pulses. Phys. Rev. A, 62(1):011804, 2000.

[20] J. C. A. Tyrrell, P. Kinsler, and G. H. C. New. Pseudospectral spatial-domain:

a new method for nonlinear pulse propagation in the few-cycle regime with arbitrary dispersion. J. Mod. Opt., 52(7):973–986, 2005.

[21] Y. Mizuta, M. Nagasawa, M. Ohtani, and M. Yamashita. Nonlinear propagation analysis of few-optical-cycle pulses for subfemtosecond compression and carrier envelope phase effect. Phys. Rev. A, 72(6):063802, 2005.

[22] A. Ferrando, M. Zacarés, P. Fernández, P. Fernández de Córdoba, D. Binosi, and Á. Montero. Forward-backward equations for nonlinear propagation in axially invariant optical systems. Phys. Rev. E, 71(1):016601, 2005.

[23] V. E. Semenov. Formation of a reflected wave under propagation of a pulse with high peak intensity through a Kerr medium. JETP, 102(1):34–39, 2006.

[24] T. Brabec and F. Krausz. Nonlinear optical pulse propagation in the singlecycle regime. Phys. Rev. Lett., 78(17):3282–3285, 1997.

[25] P. Kinsler and G. H. C. New. Few-cycle soliton propagation. Phys. Rev. A, 69(1):013805, 2004.

[26] K. J. Blow and D. Wood. Theoretical description of transient stimulated Raman scattering in optical fibers. IEEE J. Quantum Electron., 25(15):2665–2673, 1989.

[27] N. Karasawa, S. Nakamura, N. Nakagawa, M. Shibata, R. Morita, H. Shigekawa, and M. Yamashita. Comparison between theory and experiment of nonlinear propagation for a-few-cycle and ultrabroadband optical pulses in a fused-silica fiber. IEEE J. Quantum Electron., 37(3):398–404, 2001.

[28] M. A. Porras. Propagation of single-cycle pulsed light beams in dispersive media. Phys. Rev. A, 60(6):5069–5073, 1999.

[29] M. Geissler, G. Tempea, A. Scrinzi, M. Schnürer, F. Krausz, and T. Brabec.

Light propagation in field-ionizing media: Extreme nonlinear optics. Phys. Rev. Lett., 83(15):2930–2933, 1999.

[30] G. Genty, P. Kinsler, B. Kibler, and J. M. Dudley. Nonlinear envelope equation modeling of sub-cycle dynamics and harmonic generation in nonlinear waveguides. Opt. Express, 15(9):5382–5387, 2007.

[31] A. A. Zozulya, S. A. Diddams, and T. S. Clement. Investigations of nonlinear femtosecond pulse propagation with the inclusion of Raman, shock, and thirdorder phase effects. Phys. Rev. A, 58(4):3303–3310, 1998.

[32] A. A. Zozulya, S. A. Diddams, A. G. Van Engen, and T. S. Clement. Propagation dynamics of intense femtosecond pulses: Multiple splittings, coalescence, and continuum generation. Phys. Rev. Lett., 82(7):1430–1433, 1999.

[33] C. E. Zaspel. Optical solitary wave and shock solutions of the higher order nonlinear Schrödinger equation. Phys. Rev. Lett., 82(4):723–726, 1999.

[34] Q.-H. Park and S. H. Han. Comment on “Optical solitary wave and shock solutions of the higher order nonlinear Schrödinger equation”. Phys. Rev. Lett., 84(16):3732, 2000.

[35] N. Aközbek, M. Scalora, C. M. Bowden, and S. L. Chin. White-light continuum generation and filamentation during the propagation of ultra-short laser pulses in air. Opt. Commun., 191(3-6):353–362, 2001.

[36] M. S. Syrchin, A. M. Zheltikov, and M. Scalora. Analytical treatment of selfphase-modulation beyond the slowly varying envelope approximation. Phys. Rev. A, 69(5):053803, 2004.

[37] A. Demircan and U. Bandelow. Supercontinuum generation by the modulation instability. Opt. Commun., 244(1):181–185, 2005.

[38] A. Demircan and U. Bandelow. Analysis of the interplay between soliton fission and modulation instability in supercontinuum generation. Appl. Phys. B, 86(1):31–39, 2007.

[39] K. E. Oughstun and H. Xiao. Failure of the quasimonochromatic approximation for ultrashort pulse propagation in a dispersive, attenuative medium. Phys. Rev. Lett., 78(4):642–645, 1997.

[40] Sh. Amiranashvili, U. Bandelow, and A. Mielke. Padé approximant for refractive index and nonlocal envelope equations. Opt. Comm., 283(3):480–485, 2010.

[41] A. I. Maimistov. Some models of propagation of extremely short electromagnetic pulses in a nonlinear medium. Quantum Electron., 30(4):287–304, 2000.

[42] T. Schäfer and C. E. Wayne. Propagation of ultra-short optical pulses in cubic nonlinear media. Physica D, 196(1-2):90–105, 2004.

[43] Y. Chung, C. K. R. T. Jones, T. Schäfer, and C. E. Wayne. Ultra-short pulses in linear and nonlinear media. Nonlinearity, 18(3):1351–1374, 2005.

[44] S. A. Kozlov and S. V. Sazonov. Nonlinear propagation of optical pulses of a few oscillations duration in dielectric media. JETP, 84(2):221–228, 1997.

[45] V. G. Bespalov, S. A. Kozlov, Yu. A. Shpolyanskiy, and I. A. Walmsley. Simplified field wave equations for the nonlinear propagation of extremely short light pulses. Phys. Rev. A, 66(1):013811, 2002.

[46] A. N. Berkovsky, S. A. Kozlov, and Yu. A. Shpolyanskiy. Self-focusing of fewcycle light pulses in dielectric media. Phys. Rev. A, 72(4):043821, 2005.

[47] Sh. Amiranashvili, A. G. Vladimirov, and U. Bandelow. A model equation for ultrashort optical pulses. WIAS Preprint 1348, 2008.

[48] E. M. Belenov and A. V. Nazarkin. Solutions of nonlinear-optics equations found outside the approximation of slowly varying amplitudes and phases. JETP Lett., 51(5):288–292, 1990.

[49] H. Leblond and F. Sanchez. Models for optical solitons in the two-cycle regime.

Phys. Rev. A, 67(1):013804, 2003.

[50] H. Leblond, S. V. Sazonov, I. V. Mel’nikov, D. Mihalache, and F. Sanchez. Fewcycle nonlinear optics of multicomponent media. Phys. Rev. A, 74(6):063815, 2006.

[51] H. Leblond. Half-cycle optical soliton in quadratic nonlinear media. Phys. Rev.

A, 78(1):013807, 2008.

[52] H. Leblond, I. V. Mel’nikov, and D. Mihalache. Interaction of few-optical-cycle solitons. Phys. Rev. A, 78(4):043802, 2008.

[53] H. Leblond and D. Mihalache. Few-optical-cycle solitons: Modified Kortewegde Vries sine-Gordon equation versus other non-slowly-varying-envelope-approximation models. Phys. Rev. A, 79(6):063835, 2009.

[54] A. Sakovich and S. Sakovich. The short pulse equation is integrable. J. Phys.

Soc. Jpn., 74(1):239–241, 2005.

[55] E. V. Kazantseva, A. I. Maimistov, and J.-G. Caputo. Reduced Maxwell-Duffing description of extremely short pulses in nonresonant media. Phys. Rev. E, 71(5):056622, 2005.

[56] M. Pietrzyk, I. Kanattŝikov, and U. Bandelow. On the propagation of vector ultra-short pulses. J. Nonlinear Math. Phys., 15(2):162–170, 2008.

[57] N. Costanzino, V. Manukian, and C. K. R. T. Jones. Solitary waves of the regularized short pulse and Ostrovsky equations. arXiv:0809.3294v1, 2008.

[58] S. A. Skobelev and A. V. Kim. On the dynamic properties of "elastic" interactions between wave solitons consisting of a few field oscillation cycles. JETP Lett., 80(4):623–627, 2004.

[59] D. V. Kartashov, A. V. Kim, and S. A. Skobelev. Soliton structures of a wave field with an arbitrary number of oscillations in nonresonance media. JETP Lett., 78(5):276–280, 2003.

[60] A. Sakovich and S. Sakovich. Solitary wave solutions of the short pulse equation.

J. Phys. A, 39(22):L361–L367, 2006.

[61] S. A. Skobelev, D. V. Kartashov, and A. V. Kim. Few-optical-cycle solitons and pulse self-compression in a Kerr medium. Phys. Rev. Lett., 99(20):203902, 2007.

[62] A. V. Kim, S. A. Skobelev, D. Anderson, T. Hansson, and M. Lisak. Extreme nonlinear optics in a Kerr medium: Exact soliton solutions for a few cycles. Phys. Rev. A, 77(4):043823, 2008.

[63] Sh. Amiranashvili, A. G. Vladimirov, and U. Bandelow. Solitary-wave solutions for few-cycle optical pulses. Phys. Rev. A, 77(6):063821, 2008.

[64] E. J. Parkes. Some periodic and solitary travelling-wave solutions of the shortpulse equation. Chaos, Solitons and Fractals, 38(1):154–159, 2008.

[65] M. J. Potasek. Novel femtosecond solitons in optical fibers, photonic switching, and computing. J. Appl. Phys., 65(3), 1989.

[66] K. Porsezian and K. Nakkeeran. Optical solitons in presence of Kerr dispersion and self-frequency shift. Phys. Rev. Lett., 76(21):3955–3958, 1996.

[67] K. Porsezian. Soliton propagation in nonlinear optics with higher-order effects.

J. Mod. Opt., 44(2):387–394, 1997.

[68] M. Gedalin, T. C. Scott, and Y. B. Band. Optical solitary waves in the higher order nonlinear Schrödinger equation. Phys. Rev. Lett., 78(3):448–451, 1997.

[69] V. N. Serkin and A. Hasegawa. Novel soliton solutions of the nonlinear Schrödinger equation model. Phys. Rev. Lett., 85(21):4502–4505, 2000.

[70] E. M. Gromov and V. I. Talanov. Short optical solitons in fibers. Chaos, 10(3):551–558, 2000.

[71] V. I. Kruglov, A. C. Peacock, and J. D. Harvey. Exact solutions of the generalized nonlinear Schrödinger equation with distributed coefficients. Phys. Rev. E, 71(5):056619, 2005.

[72] V. N. Serkin, A. Hasegawa, and T. L. Belyaeva. Nonautonomous solitons in external potentials. Phys. Rev. Lett., 98(7):074102, 2007.

[73] S. Zhang and L. Yi. Exact solutions of a generalized nonlinear Schrödinger equation. Phys. Rev. E, 78(2):026602, 2008.

[74] W.-P. Zhong, R.-H. Xie, M. Belić, N. Petrović, and G. Chen. Exact spatial soliton solutions of the two-dimensional generalized nonlinear Schrödinger equation with distributed coefficients. Phys. Rev. A, 78(2):023821, 2008.

[75] M. Belić, N. Petrović, W.-P. Zhong, R.-H. Xie, and G. Chen. Analytical light bullet solutions to the generalized (3 + 1)-dimensional nonlinear Schrödinger equation. Phys. Rev. Lett., 101(12):123904, 2008.

[76] L. L. Tatarinova and M. E. Garcia. Exact solutions of the eikonal equations describing self-focusing in highly nonlinear geometrical optics. Phys. Rev. A, 78(2):021806, 2008.

[77] M. J. Ablowitz and T. P. Horikis. Solitons and spectral renormalization methods in nonlinear optics. Eur. Phys. J. Special Topics, 173:147–166, 2009.

[78] A. V. Husakou and J. Herrmann. Supercontinuum generation of higher-order solitons by fission in photonic crystal fibers. Phys. Rev. Lett., 87(20):203901, 2001.

[79] M. Kolesik, J. V. Moloney, and M. Mlejnek. Unidirectional optical pulse propagation equation. Phys. Rev. Lett., 89(28):283902, 2002.

[80] M. Kolesik and J. V. Moloney. Nonlinear optical pulse propagation simulation:

From Maxwell’s to unidirectional equations. Phys. Rev. E, 70(3):036604, 2004.

[81] A. J. Lichtenberg and M. A. Lieberman. Regular and Chaotic Dynamics. Number 38 in Applied Mathematical Sciences. Springer, 2 edition, 1982.

[82] V. E. Zakharov, V. S. L’vov, and G. Falkovich. Kolmogorov spectra of turbulence 1. Wave turbulence. Springer, Berlin, 1992.

[83] V. I. Arnold. Mathematical Methods of Classical Mechanics. Springer, 1978.

[84] G. Webb, M. P. Sorensen, M. Brio, A. R. Zakharian, and J. V. Moloney. Variational principles, Lie point symmetries, and similarity solutions of the vector Maxwell equations in non-linear optics. Physica D, 191(1-2):49–80, 2004.

[85] C. Canuto, M. Y. Hussaini, A. Quarteroni, and T. A. Zang. Spectral methods:

Fundamentals in single domains. Springer, Berlin, 2006.

[86] E. Hairer, S. P. Nørsett, and G. Wanner. Solving ordinary differential equations I. Springer, Berlin, 2006.

[87] I. Cristiani, R. Tediosi, L. Tartara, and V. Degiorgio. Dispersive wave generation by solitons in microstructured optical fibers. Opt. Express, 12(1):124–135, 2004.

[88] J. K. Ranka, R. S. Windeler, and A. J. Stentz. Visible continuum generation in air-silica microstructure optical fibers with anomalous dispersion at 800 nm. Opt. Lett., 25(1):25–27, 2000.

[89] T. G. Philbin, C. Kuklewicz, S. Robertson, S. Hill, F. Konig, and U. Leonhardt.

Fiber-optical analog of the event horizont. Science, 319(5868):1367–1370, 2008.

[90] V. E. Zakharov, S. L. Musher, and A. M. Rubenchik. Hamiltonian approach to the description of non-linear plasma phenomena. Phys. Rep., 129(5):287–366, 1985.

[91] V. E. Zakharov and E. A. Kuznetsov. Hamiltonian formalism for nonlinear waves. Usp. Fiz. Nauk, 40(11):1087–1116, 1997.