Pis’ma v ZhETF, vol. 94, iss. 12, pp. 921 { 925 © 2011 December 25

Hamiltonian form and solitary waves of the spatial Dysthe equations

F. Fedele^{+1)}, D. Dutykh^∗

+School of Civil and Environmental Engineering and School of Electrical and Computer Engineering, Georgia Institute of Technology, Ga 30332-0355 Atlanta, USA

�LAMA, UMR 5127 CNRS, Université de Savoie, Campus Scientifique, 73376 Le Bourget-du-Lac Cedex, France

Submitted 17 October 2011

The spatial Dysthe equations describe the envelope evolution of the free-surface and potential of gravity waves in deep waters. Their Hamiltonian structure and new invariants are unveiled by means of a gauge transformation to a new canonical form of the evolution equations. An accurate Fourier-type spectral scheme is used to solve for the wave dynamics and validate the new conservation laws, which are satis˛ed up to machine precision. Moreover, traveling waves are numerically constructed using the Petviashvili method. It is shown that their collision appears inelastic, suggesting the non-integrability of the Dysthe equations.

1. Introduction. Mathematical models used in physics and mechanics do not always possess a canonical Hamiltonian structure. Typically, the dynamics is governed by partial differential equations expressed in terms of physically-based variables, which are not usually canonical. A transformation to new variables is needed in order to unveil the desired structure explicitly. This is the case for the equations of motion for an ideal fluid: in the Eulerian description, they cannot be recast in a canonical form, whereas in a Lagrangian frame the Hamiltonian structure is revealed by Clebsch potentials. Moreover, multiple-scale perturbations of differential equations expressed in terms of non-canonical variables typically lead to approximate equations that do not maintain the fundamental conserved quantities, as the hydrostatic primitive equations on the sphere, where energy and angular momentum conservation are lost under the hydrostatic approximation. Clearly, if canonical variables can be identified, then the associated Hamiltonian structure provides a natural framework for making consistent approximations that preserve the fundamental dynamical properties of the original system, notably its conservation laws. For example, consider the equations that describe the irrotational flow of an ideal incompressible fluid of infinite depth with a free surface. Their Hamiltonian description was discovered by [1] in terms of the free-surface elevation η(x, t) and the velocity potential φ(x, t) = ϕ(x, z = η(x, t), t) evaluated at the free surface of the fluid. Variables η(x, t) and φ(x, t) are conjugated canonical variables with respect to the Hamiltonian H given by the total wave energy. By means of a third order expansion of H in the wave steepness, [2] derived an integro-differential equation in

1)e-mail: fedele@gatech.edu

terms of canonical conjugate Fourier amplitudes, which has no restrictions on the spectral bandwidth.

The modified Nonlinear Schrödinger (NLS) equations derived by [3] are also non-Hamiltonian. Using the method of multiple scales, he extended the deep-water cubic NLS-equation for the time evolution of narrowband wave envelope B of the carrier wave exp(ik_0x−iω_0t) and that of the potential ϕ of the wave-induced mean flow, to fourth order in steepness and bandwidth. Introducing dimensionless units, t^′ = ω_0t, x^′ = k_0x, B^′ = k_0B, and dropping the primes, ϕ can be easily found by means of the Fourier-transform and a single equation for B can be derived as well:

B_t+ 1 2 B_x+ 1 8 iB_{xx} − 1 16 B_{xxx} + i 2 |B|^2 B + 3 2 |B|B_x + + βB^2B^∗_x + 1 2 iBH(|B|^2)_x = 0, (1)

where β = 1/4, the subscripts B_t = ∂_tB and B_x = ∂_xB denote partial derivatives with respect to x and t, respectively, H(f) is the Hilbert Transform of a function f(x), and B^∗ denotes complex conjugation (see also [4]). The form of the equation for the envelope A of the wave potential is similar to (1), but the term βB^2B^∗_x becomes −βA^2A^∗_x [5]. Recently, the associated canonical form (which does not contain the β term) has been derived by [6] starting from the Hamiltonian Zakharov equation with the Krasitskii kernel [7]. We also point out that [8], starting from a conformal-mapping formulation of the Euler equations derived another version of the temporal Dysthe equation, which is similar to (1) but also non-Hamiltonian.

On the other hand, to model wave propagation in wave basins a change to a coordinate system moving at

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011 921 the group velocity can be used by introducing the dimensionless variables B = εu, τ = ε(2x − t), ξ = ε^2x, with ε = k_0a being the wave steepness of the carrier wave and a the associated amplitude [9]. As such, the temporal Dysthe equation (1) transforms, up to the fourth order in ε, to

u_ξ + iu_{τ τ} + i |u|^2 u + 8ε |u|^2 u_τ + 2εu^2u^∗_τ + + 2εiuH(|u|^2)_τ = 0, (2)

hereafter referred to as the spatial Dysthe for the wave envelope u. On the other hand, the associated envelope A = εv of the wave potential satisfies

v_ξ + iv_{τ τ} + i|v|^2v + 8ε|v|^2v_τ + 2εivH(|v|^2)_τ = 0. (3)

Both (2) and (3) can also be derived directly from the Zakharov equation [10].

In this paper, we will unveil the hidden canonical structure of the spatial Dysthe equations (2), (3). In particular, we introduce a gauge transformation that yields a canonical form of equation (2) for the wave envelope u, and new invariants for it. As a corollary, we will also show that equation (3) for the wave potential envelope v is already Hamiltonian. Then, the Petviashvili method is exploited to compute numerically ground states and traveling waves ([11]; see also [12, 13]). Their dynamics is numerically investigated up to machine precision by means of a highly accurate pseudo spectral scheme in order to provide new insights on the integrability of the Dysthe equations.

2. Canonical form. Hereafter, we will consider the generic nonlinear equation u_ξ = −iau_{τ τ} − ih |u|^2 u − cε |u|^2 u_τ − − εeu^2u^∗_τ − fiεuH(|u|^2)_τ , (4) with (a, h, c, e, f) as a quintuplet of arbitrary real coefficients. In particular, the spatial Dysthe for the wave and potential envelopes follow from (4) with parameters (1, 1, 8, 2, 2) and (1, 1, 8, 0, 2) respectively. The wave action A = ∫ |u|^2 dτ (5) is conserved by (4), but up to date no other conservation laws are known for u.

Drawing from [14] (see also [15]), the invariance of A suggests the following variable change via the gauge transformation

w = G(u) = u exp(ikψ), (6) where k is a free parameter, and the “stream function” ψ is defined as ∂_τ ψ = ψ_τ = |u|^2. Note that |u|^2 = |w|^2 and the wave action A is preserved in the transformation. The spatial evolution equation for w follows from (6) as w_ξ = −iaw_{τ τ} − ih|w|^2w + + ikε^2 c − 3e − 2ak 2 |w|^4w − (c + 2ak)ε|w|w_τ − − (e + 2ak)εw^2w^∗_τ − ifεwH(|w|^2)_τ . (7) If the free parameter k^∗ is chosen as k^∗ = −^e_{2a} ε, equation (7) simplifies to w_ξ = −iaw_{τ τ} − ih |w|^2 w − i ce − 2e^2 4a ε^2|w|^4w − − (c − e)ε |w|^2 w_τ − ifεwH(|w|^2)_τ , (8) which admits the Hamiltonian structure ( w_ξ w^∗_ξ ) = i ( 0 1 −1 0 ) δH_w δw δH_w δw^∗ , (9)

where the Hamiltonian is given by

H_w = ∫ [ a |w_τ |^2 − h 2 |w|^4 − ce − 2e^2 12a ε^2 |w|^6 − −i c − e 4 ε |w|^2 (w^∗_τ w − w_τ w^∗)− f 2 ε |w|^2 H(|w|^2)_τ ] dτ.(10) Here, H_w is also an invariant together with the momen- tum M_w = ∫ i(w^∗_τ w − w_τ w^∗)dτ. (11) Thus, from (6) E(u) = ∫ [ a|u_τ |^2 − h 2 |u|^4 + ce + e^2 6a ε^2|u|^6 − − i c + e 4 ε |u|^2 (u^∗_τ u − u_τ u^∗) − f 2 ε |u|^2 H(|u|^2)_τ ] dτ, (12)

M(u) = ∫ [ i(u^∗_τ u − u_τ u^∗) − e a ε |u|^4 ] dτ, are both invariants of the spatial Dysthe equation (4), but E is not the associated Hamiltonian. Note the appearance of terms of O(ε^2) in the invariants E and H_w. They both vanish if e is null; as a result u = w and E(u) = H_w becomes the Hamiltonian for u. As a consequence, the spatial Dysthe (1) for the wave envelope B is non Hamiltonian since e = 2, whereas the wave potential v is canonical (cf. eq. (3)). In the next section

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011 we use a highly accurate Fourier-type pseudo-spectral method to solve for the envelope dynamics and validate the invariance of the Hamiltonian (10) of w and the new invariants (12) of u. In our numerical investigations, it is found that they are conserved up to machine precision.

3. Ground states and traveling waves. Insights into the underlying dynamics of the Dysthe equations are to be gained if we construct some special families of solutions in the form of ground states and traveling waves, often just called solitons or solitary waves. Hereafter, we do so for the Dysthe equation (4) for the envelope u, but the associated Hamiltonian form (8) in w can be treated in a similar way. However, owing to the gauge transformation (6) the envelope |w| = |u|. We point out that analytical solutions of (4) are available in terms of multiple-scale perturbations of the NLS-equation using, for example, direct soliton perturbation theory (see, for example, [16, 13]). Consequently, we construct numerical solutions of ground states and traveling waves of the form u(ξ, τ) = v(τ − sξ)e^{−iμξ} using the Petviashvili method ([11], see also [12]), where μ and s are generic parameters and the function v(.) is in general complex. This numerical approach has been successfully applied by [8] to compute ground states of their version of the temporal Dysthe equation.

As an application, consider the non-Hamiltonian Dysthe (2), particular case of (4) with parameters (1, 1, 8, 2, 2). Fig. 1 shows the action A of the ground

Fig. 1. Action A of the ground state of the spatial Dysthe equation (2) for u as function of μ, for di¸erent values of the steepness ε

state (s = 0) for u (and so w due to the gauge invariance of (6)) as function of μ, computed for different values of the steepness ε, and Fig. 2 reports the associated envelopes |u| = |w| for μ = 3. As one can see, as ε increases they tend to reduce in size in agreement with

Fig. 2. Envelopes |u| of ground states of the spatial Dysthe equation (2) for di¸erent values of the steepness ε (μ = 3). Note that |u| = |w| due to the gauge invariance (6)

the asymptotic analysis carried out by [16] in the limit of ε → 0.

Furthermore, Fig. 3 illustrates a typical basin of attraction of the Petviashvili scheme in the phase space

Fig. 3. Numerical basin of attraction of the Petviashvili scheme in the phase space (s, μ) for ε = 0.15. Solitary waves (localized traveling waves) occur below the gray boundary curve `, which separates the region of periodic waves

(s, μ) for ε = 0.15. Each black dot corresponds to a well converged solution up to machine precision, whereas white spots are associated to either divergent or converged-to-zero solutions. In particular, we noted that the numerical scheme converged to localized traveling waves below the gray boundary curve Γ shown in Fig. 3. On the other hand, the convergence to simple periodic waves occurred for points above Γ. This curve agrees with the analytical form derived from the exact

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011 nonlinear dispersion of periodic waves, which follows from (4) as s = (c − e)A^2 + 2 √ a(μ − hA^2), where A is the wave amplitude. Thus, localized traveling waves bifurcate from Γ. This is clearly illustrated in Fig. 4, which reports the change in shape of the envelope |u|

Fig. 4. Localized traveling waves bifurcating from the boundary ` of Fig. 3. Change in shape of the envelope |u| as s varies while keeping μ = 0.27. In particular, with reference to Fig. 3, the point (s, μ = 0.27) reaches the boundary ` from below

as s varies while keeping μ = 0.27. In particular, with reference to Fig. 3, as the point (s, μ = 0.27) reaches the boundary Γ from below, the soliton envelope tends to flatten to that of a periodic wave. Similar results also hold for the Hamiltonian w due to the gauge transformation (6).

Hereafter, we investigate the collision of traveling waves by means of a highly accurate Fourier-type pseudo-spectral method (see, for example, [17]). As an application, consider the interaction between two solitary waves of the NLS-equation traveling in opposing directions with the same speed s = 2, for μ = 2 (ε = 0). The shape of the two solitons is identical because of the NLS-reflection symmetry, i.e. u(ξ, τ) = (ξ, −τ). The plot of Fig. 5 shows that the two solitons emerge out of the collision with the same shape, but a phase shift. The interaction is elastic as it should be since the NLSequation is integrable. This is clearly seen from the plot of Fig. 6, which reports the initial and final shapes of the two solitary waves. For the same parameters, Fig. 7 reports the interaction of the associated solitary waves of the Dysthe equation (2) for ε = 0.15. The reflection symmetry is lost and the two solitons have different shape and amplitude. The interaction is clearly inelastic, since after the collision radiation is shed and the initial and final soliton shapes are different as seen in

Fig. 5. Elastic collision of two NLS solitary waves traveling at the same speed s = 2, for μ = 2

Fig. 6. Initial (1) and ˛nal (2) shapes of one of the two solitons after the elastic collision of two NLS solitary waves traveling at the same speed s = 2, for μ = 2

Fig. 8. The interaction of four solitons has similar inelastic characteristics as shown in Fig. 9. This suggests the non-integrability of the Dysthe equation (2). Similar dynamics is also observed for the associated Hamiltonian form (8).

4. Conclusions. A canonical variable for the spatial Dysthe equation for the wave envelope u has been identified by means of the gauge transformation (6), and the hidden Hamiltonian structure is unveiled. Moreover, the

Fig. 7. Inelastic collision of two Dysthe solitary waves traveling at the same speed s = 2, for μ = 2

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011

Fig. 8. Initial (1) and ˛nal (2) shapes of one of the two solitons after an inelastic collision of two Dysthe solitary waves traveling at the same speed s = 2, for μ = 2

Fig. 9. Inelastic collision of four Dysthe solitary waves

gauge invariance yields two new invariants for the noncanonical u. It is also found that the envelope v of the associated wave potential is canonical.

Further, the existence of solitary waves that bifurcate from periodic waves has been investigated numerically by means of a highly accurate Petviashvili scheme. In particular, ground state solutions are in agreement with the asymptotic analysis of [16]. Finally, the envelope dynamics has been investigated by means of highly accurate Fourier-type pseudo-spectral method up to machine precision. It is found that solitary waves interact inelastically, suggesting the non-integrability of both the Hamiltonian and non-Hamiltonian version of the spatial Dysthe equations.

5. Acknowledgments. D. Dutykh acknowledges the support from French Agence Nationale de la Recherche, project MathOcean (Grant ANR-08-BLAN- 0301-01). F. Fedele acknowledges the travel support received by the Geophysical Fluid Dynamics (GFD) Program to attend part of the summer school on ”Shear Turbulence: Onset and Structure” at the Woods Hole Oceanographic Institution in August 2011.We would like to thank also Professors Didier Clamond, Taras Lakoba, Paul Milewski, Lev Shemer and Jianke Yang for useful discussions on the subject of nonlinear waves.F. Fedele also thanks Professor Phil Morrison for useful discussions and a short lecture on Hamiltonian systems during the 2011 GFD program.

1. V. E. Zakharov, J. Appl. Mech. Tech. Phys. 9, 1990 (1968).

2. V. E. Zakharov, Eur. J. Mech. B/Fluids 18(3), 327 (1999).

3. K. B. Dysthe, Proc. R. Soc. Lond. A 369, 105 (1979). 4. P. A. E. M. Janssen, J. Fluid Mech. 126, 1 (1983). 5. S. J. Hogan, Proc. R. Soc. A 402(1823), 359 (1985). 6. O. Gramstad and K.Trulsen, J. Fluid Mech. 670, 404 (2011).

7. V. P. Krasitskii, J. Fluid Mech. 272, 1 (1994). 8. V. E. Zakharov and A. I. Dyachenko, Eur. J. Mech.

B/Fluids 29(2), 127 (2010).

9. E. Lo and C. C. Mei, J. Fluid Mech. 150, 395 (1985). 10. E. Kit and L. Shemer, J. Fluid Mech. 450, 201 (2002). 11. V. I. Petviashvili, Sov. J. Plasma Phys. 2(3), 469 (1976). 12. T. I. Lakoba and J. Yang, J. Comp. Phys. 226, 1668 (2007).

13. J. Yang, Nonlinear Waves in Integrable and Nonintegrable Systems, SIAM, 2010.

14. M. Colin and M. Ohta, Ann. I. H. Poincar«e 23, 753 (2006).

15. J. Wyller, T. Fla, and J. J. Rasmussen, Physica Scripta 57, 427 (1998).

16. T. R. Akylas, J. Fluid Mech. 198, 387 (1989). 17. D. Clamond and J. Grue, J. Fluid. Mech. 447, 337 (2001).

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011