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Abstract

The integrable focusing Davey—Stewartson (DS) equations, multidimensional
generalizations of the focusing cubic nonlinear Schrédinger equation, provide
ideal mathematical models for describing analytically the dynamics of 2+ 1
dimensional anomalous (rogue) waves (AWSs). In this paper (i) we construct
the N-breather AW solution of Akhmediev type of the DS1 and DS2 equations,
describing the nonlinear interaction of N unstable modes over the constant
background solution. (ii) For the simplest multidimensional solution of DS2
we construct its limiting subcases, and we identify the constraint on its arbitrary
parameters giving rise to blow up at finite time. (iii) We use matched asymp-
totic expansions to describe the relevance of the constructed AW solutions in
the spatially doubly periodic Cauchy problem of DS2 for small initial perturb-
ations of the background, in the case of one and two unstable modes. We also
show, in the case of two unstable modes, that (i) no blow up takes place gen-
erically, although the AW amplitude can be arbitrarily large; (ii) the excellent
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agreement of our formulas, expressed in terms of elementary functions of the
initial data, with numerical experiments.

Keywords: breathers, Davey—Stewartson, periodic Cauchy problem,
exact solution, modulation instability, blow-up

1. Introduction

Davey—Stewartson (DS) type equations [21] describe the amplitude modulation of weakly
nonlinear quasi monochromatic waves in 2 + 1 dimensions, and are relevant in water waves,
nonlinear optics, plasma physics and Bose condensates [1, 9, 21, 37, 55]. Only a sub class
of these equations are integrable, for special choices of their constant parameters, and can be
written in the form:

iU+ Uy — Viyy +2nqu =0, n==x1, v==1,
Qo+ VGyy = (|“|2)xx - V(‘”F)y}”

Xyt €R u=u(x,y,1) €C, g=q(x,y,1) €R, (1

where u is the complex amplitude of the monochromatic wave, and the real field g(x,y,?) is

related to the mean flow. If v = —1 we have the DS1 equation (surface tension prevails on
gravity in the water wave derivation); in this case the sign of 7 is irrelevant, since one can
go from the equation with n = —1 to the equation with n =1 via the changes ¢ — —¢q and

x <+ y; therefore there exists only one DS1 equation [33]. If v = 1, gravity prevails on surface
tension and we have the DS2 equations; in this case the sign of 77 cannot be rescaled away
and we distinguish between focusing and defocusing DS2 equations for respectively =1
and n = —1. It turns out that the shallow water limit of the Benney—Roskes equations [9]
leads to the DS1 and to the defocusing DS2 equations [4], and DS1 plays a relevant role in
the description of the initial-boundary value problem for dromions [25, 26], exponentially
localized solutions first discovered via Bicklund transformations [14]. We also remark that
DS2 plays a relevant role in the theory of immersion of surfaces in R* [46,47, 61, 64-66]. The
DS equations (1) are integrable 2 4+ 1 dimensional generalizations of the celebrated nonlinear
Schrodinger (NLS) equations

iviFve +2np2v=0, n==%1, x,reR, v=v(x,1) €C, 2)

reducing to them when there is no y dependence. The focusing (= 1) NLS equation is the
simplest nonlinear integrable model describing modulation instability (MI), and MI is con-
sidered the main physical mechanism for the creation of anomalous waves (AWSs) in nature
[24, 34, 42, 43, 56, 57].

Concerning the NLS Cauchy problem for initial perturbations of the unstable background,
what we call the Cauchy problem for AWs, if such a perturbation is localized, then slowly
modulated periodic oscillations described by the elliptic solution of (2) play a relevant role in
the longtime regime [12, 13]. Using the finite-gap method, the NLS periodic Cauchy problem
of AWs was recently solved to leading order [27, 31] in the case of a finite number of unstable
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modes, leading to a quantitative description of the recurrence properties of the dynamics in
terms of the multi-breather generalization [39] of the Akhmediev breather (AB) solution [5]

Akh(x, t, ¢) = ezith(x7 Z ¢)’

__ cosh([2sin(2¢)z + 2i¢] — sin(¢p) cos[2cos(¢)x]
Alx5,6) = cosh[2sin(2¢)7] + sin(¢) cos[2cos(¢p)x] )

where ¢ is an arbitrary real parameter. In the simplest case of one unstable mode only,
this theory describes quantitatively a Fermi—Pasta—Ulam—Tsingou (FPUT) recurrence of AWs
described by the AB (3) [27, 28]. In addition, a finite-gap perturbation theory for 1 + 1 dimen-
sional AWs has been also developed [15], see also [16, 17], to describe analytically the order
one effects of physical perturbations of the NLS model on the AW dynamics. See also [28]
for an alternative approach to the study of the AW recurrence, based on matched asymptotic
expansions. See [32] for the study of the instability properties of the AB solution within the
NLS dynamics, and [30] for a finite-gap model describing the numerical instabilities of the
AB. See [29] for the analytic study of the phase resonances in the AW recurrence. See [18—
20, 63] for the analytic study of the AW recurrence in other NLS type models: respectively
the nonlocal PT-symmetric NLS equation [3], the discrete Ablowitz—Ladik model [2], and the
relativistic massive Thirring model [72], showing analytically the universal features of the AW
recurrence in the periodic setting. MI and AWSs of integrable multicomponent NLS equations
have also been investigated [6, 7, 22, 23]. We also remark that the NLS recurrence of AWs in
the periodic setting has been investigated in several numerical and real experiments, see, f.i.
[41, 54, 62,74, 75], and qualitatively studied via a three-wave approximation of NLS [38, 73].

As it was discussed in [33], the integrable focusing DS2 equation (1) (v =7 = 1) is the best
mathematical model on which to construct an analytic theory of 2 4+ 1 dimensional AWs, and
a finite gap formalism allowing one to solve in principle, to leading order, the spatially doubly
periodic Cauchy problem for AWs of the focusing DS2 equation has been recently constructed
[33]. It was shown in particular that the associated Riemann surfaces are more general than
the hyperelliptic curves of NLS. But they have in common with NLS the important property
that the O(e) initial perturbations cause a splitting of the resonant points associated with the
background, generating O(e) handles. Therefore the solutions constructed in our paper in terms
of elementary functions correspond to closing completely such handles (the case of genus 0),
and describe the leading order term of the e-expansion of the solution of the Cauchy problem.
The fact that degenerate Riemann surfaces may generate spatially doubly periodic and regular
solutions of some particular multidimensional soliton equations like DS was discussed in the
literature [67].

Although the physical relevance of DS2 is not clear at the moment, a 2+ 1 dimensional
generalization of the AW perturbation theory developed in [15—17] could be used in principle
to treat non integrable physically relevant multidimensional NLS models with mean flow as
perturbations of the integrable DS equations. This will be the subject of future investigation.

We remark that the homogeneous background solution ug = ae®™le/’t. 4o = |a* of
equation (1), where a is an arbitrary complex parameter, can be simplified to

uo(x,y,t) =1, qo(x,y,1) =0, “4)

using the scaling symmetry and the gauge symmetry

i) = sy yesp (i3 [ 7). gt = alry.n) 100 ®
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of (1) [33], where f{#) € R is an arbitrary function of time, and in the rest of the paper we use
such a background.

Some exact AW solutions of the DS equations are already known in the literature (see for
example [10, 11, 50, 51, 58, 59, 71]) and, in contrast with the focusing NLS equation, DS2
solutions corresponding to smooth Cauchy data may blow up at finite time [44, 45, 59, 60,
68-70].

The paper is organized as follows. Section 2 is devoted to the construction and study of AW
solutions of the DS equations. After investigating in section 2.1 the instability properties of
the constant background solution under monochromatic wave perturbations, in section 2.2 we
construct the N-breather solution of Akhmediev type using the Hirota method; this solution
describes the nonlinear stage of such instability and the nonlinear interaction of N unstable
modes over the background in terms of elementary functions. This solution is generically
quasi-periodic, and the sub-class of solutions describing spatially doubly periodic AWs is also
constructed. In section 2.3 we study the simplest solutions of DS2 for N = 1,2. In particular,
in the case of the simplest multidimensional AW solution, we identify the constraint on its
arbitrary parameters giving rise to blow up at finite time. Section 2.4 is devoted to the study of
some interesting limiting cases, including solutions rational in one space variable and circular
in the other. In section 3, using matched asymptotic expansion techniques, we establish the
basic role played by the solutions of section 2 in the spatially doubly periodic Cauchy prob-
lem of DS2 for initial perturbations of the background, in the case of one and two unstable
modes. In particular we show how the first appearance and recurrence of AWs are described
by elementary functions of the initial data, and we also show that blow up is not generic. In the
last section 4 we list the research directions, opened by the above results, we plan to investigate
in the near future.

2. Ml and the N-breather solution of Akhmediev type

Here we study the MI properties of the DS equation (1) and we construct and study the exact
solutions describing the nonlinear stage of such an MI.
2.1. Ml

To study the linear instability properties of the background solution (4) of the DS equations,
we slightly perturb it as follows

u=1+e(f+ig), g=ew, ex 1, fig,weR. (6)
Then f, g, w satisfy the linear partial differential equations

fit+ 80— 18y =0, g —fu+Ufyy = 20w =0,wy +vwyy, =2(f, — Vfyy). (7)
Looking for a monochromatic perturbation

f= Ueiketb)+ot cc, g = Vellktiy) ot 4 cc,

w=Welthtor L ook 1eR, ®)
one obtains the following system of homogeneous equations

o —(k* —vP) 0 U
kK —vP? o —2n V]=0 )
—2(k* —vP?) 0 P+ vl w

4
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and the condition for the existence of nontrivial solutions gives

(k> — vP)?[4n — (K +vP)]
2+ uvi2 '

o?(k,1) = (10)

Therefore we have the following stability properties of the background (4).

For DS1 (v = —1,n = 1): 02 (k) = EFLL=E=D] 4542 25 4 then 02 < 0, o € iR,
and the background is neutrally stable. If 0 < k*> — I> < 4, then o > 0 and the background is
unstable with growth rate

(K24 )\ /4 — (k2 — )
Vie -2 ’

For DS2 (v =1): 02 (k1) = C=LB (0] 1y — 1 then 0% < 0, 0 € iR and the back-
ground is neutrally stable. If =1 we have two cases. If k> + > > 4, then o> < 0 and the
bachground is stable. If

o(k,d) =

Y

K? =K+ <4, and & £, k= (k,1), (12)

then o2 > 0 and the background is unstable with exponential growth rate

(K — P)\/4— (2 + B)
VIE+ I '

Therefore no AWs are associated with the defocusing DS2, while AWs are present in the
focusing DS2 equation for sufficiently small wave vectors k, in perfect analogy with the NLS
case (see figure 1).

We observe that a convenient parametrization of the unstable modes of DS1 and DS2 reads
as follows

o(k, l) = |Q(k7 l)|7 Q(k, 1) = (13)

DS1: k=2cos(¢)cosh(d), I=2cos(¢)sinh(f), = o =2sin(2¢)cosh(26),
DS2: k=2cos(¢)cos(8), I=2cos(¢)sin(h), = Q =2sin(2¢)cos(26) (14)

with

V2 -2 [
DS1: ¢ = arccos <> , 6=tanh™! () ,

2 k
/1212
DS2: ¢ = arccos (k;—l> , 0 =arctan (Il() . (15)

2.2. The N-breather solution of Akhmediev type

After studying the linear instability properties of the background in section 2.1, now we con-
struct the N-breather solution of Akhmediev type of the DS equation (1), describing in terms
of elementary functions the nonlinear stage of MI. This solution, the 2 + 1 dimensional gen-
eralizations of the N-breather solution of Akhmediev type of the focusing NLS equation [39],
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Figure 1. For the focusing DS2 equation, the growth rate o (k, ) in the instability region
B+ <4

oscillates in the space variables and decays exponentially over the unstable background in the
remote past and in the far future.

Exact explicit solutions of integrable soliton equations can be constructed through differ-
ent methods: a suitable genus zero degeneration of the finite gap method [8, 39, 48, 49], the
Darboux transformations [53], dressing techniques [76—78], and the Hirota method [35, 36].
Here we use the Hirota method.

The Hirota bilinear form of the DS equation (1), corresponding to solutions over the back-
ground (4), reads [71, 79]:

(iD,+ D} —vD})G-F =0,
(D} +vD})F-F=2n(|G]> - F?), (16)

where D, is the Hirota derivative with respect to the generic independent variable x [36], so
that

DG -F = G,(x)F(x) — G(x)F,(x),
D2G - F = G (x)F(x) — 2G,(x)Fy(x) + G(x)F (%), 17)

and functions G and F are related to the solution of equation (1) as follows:

_ G(x,y,1)
u(x,y, 1) = Flry.1)’ F(x,y,t) e R, G(x,y,t) €C,
q(x,y,1) = (97 — v} log(F(x,y,1)); (18)

in addition:
lu(x,y, 1) =14 (85 + v log(F(x,,1)). (19)

6



J. Phys. A: Math. Theor. 57 (2024) 015208 F Coppini et al

Then the N-breather AW solutions of the DS1 and DS2 equations are described by the
following formulas in terms of elementary functions:

2N
F()C,y,l) = Z €xXp angj(xvya Z bknjnk 5

=01 j=1 <G <k<2N
I<j<2N
Z j
G(x,y,1) = Z (—1y="exp an Gi(x,y,1) +2id;) + Z bynjny | . (20)
nj= 07 1 j=1 < <k<2N
I<j<2N
For DS1:
C'(Xy I): i[ij+ljy+g]+Qj(t_77)7 I <j<N,
’ —ilki—nx +li-ny + Gn] + Q-n(t—Tj-n), N+1<j<2N,
kj = 2cos(¢;) cosh(f;),
lj = 2cos(¢;) sinh(6;),
K+ 1 2 2) o
O = Qki 1) = ——L_ [4— (kj - lj) = 25in(2¢;) cosh(26)), @1
k=1
cosh(0;— i) —cos(d;— ) . .
. (wsh(éj_éwcos(@%)) . 1<j<k<N, N+1<j<k<2N,
ik =

cosh(6;—0,) +cos(d;— i) P
log (cosh@}ék)fcos(éwk)) . 1<j<NandN+1<k<2N,

2 ¢ja 1 <] < Na
¢ _{ Gn: N+ 1<j<2N. (22)
For DS2:
Gy, 1) = ilkix + Ly + Gl + Q;(t—17), I <j<N,
- —ilkji—nx 4+ l_ny + G—n] + Qj_n(t—Tj—n), N+1<j<2N,
kj = 2cos(¢;) cos(6;),
l; = 2cos(¢;) sin(6;),
-2
Q= (k) = —===/4— (K +1}) = 2sin(2¢;) cos(20)), 0, = |, (23)
N/
cos(8;—6;) —cos(d;— i) . .
by = (cos(éf—ékncos(iz,-wk) ) » IST<ESN, NHIS/<k<2NV,
ik =

(COS(G:/*ék)JrCOS(@*@;k)
cos(6;—0i) —cos( b+ )
T ¢j, 1<j<N, 5o 9j, I1<j<N,
d)j_{ (bj_N, N+1<J 2N, .aj_ QJ_N, N+1<J 2N. (24)
(kj,1;), j =1,...,N are arbitrary real wave vectors inside the instability regions of section 2.1,
and (j,7j, j = 1,...,N are arbitrary real parameters.

The proof of this result is by induction, and since it is long and tedious, but completely
standard in the Hirota method philosophy, we omit it.

), 1 <j<Nand N+ 1<k<2N,

7
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To the best of our knowledge, the solutions (18)—(24) is new for N > 2. If N = 1 it was con-
structed in [71, 79] and describes a straight line (one dimensional) AW that can be constructed
from the AB solution (3) of NLS using elementary symmetry considerations. Other solutions
obtained using the Hirota method describe the interaction of an AW with a dark-bright soliton,
together with their rational limits [50, 51, 71]. Also rational AWs were constructed [58, 59].

The solutions (18)—(24) are quasi-periodic in space for generic values of the wave vec-
tors (kj,1;), j =1,...,N inside the instability regions, since the x wave numbers {kj}j’-V:1 are
generically incommensurable, as well as the y wave numbers {lj}]’.\’zl.

In view of the study, in section 3, of the relevance of these solutions in mathematically
and physically sound Cauchy problems, we remark that the Cauchy problem for spatially
quasi-periodic initial data presents several difficulties (in particular, a finite gap theory for
it is not available). In addition, the linear operator expressing ¢ in terms of |u|? in the second
of equations (1) is unbounded, in the periodic setting, for the DS1 equation, implying very
non-trivial analytic effects, and it is bounded for the focusing DS2 equation [33]. Therefore
in the rest of the paper we shall limit our considerations to spatially doubly periodic exact
solutions, and, in section 3, to the well-posed doubly periodic Cauchy problem for AWSs of the
DS2 equation.

As it was shown in [33], in the well-posed periodic Cauchy problem for AWs of the DS2
equation, with periods L, and L, respectively in the x and y directions, the wave vectors of the
above N-breather solution are quantized as follows

K = (knnsln)s ko = 3Em, by = Fn, mn € Z, (25)

and lie on the rectangular lattice of figure 2, constrained by the instability condition

L. L,

2 2
1
RiPR<4 o <m> +(”> < Li#L, (26)

The simplest possible instability configurations are, in order of complication, the following.
(1) The case in which there is only one unstable mode, the mode +k; o = £(k;,0) on the k
axis, with:

1<k <2, 1 >2 & 7w<L<2m L,<m, 27)
or the mode ko | = £(0,/;) on the [ axis, with:
1<h<2, ki>2 & 7<L,<2m L <m; (28)

see respectively the top left and top right pictures of figure 2.
(2) The case in which there are only the two unstable modes £k o, +ko, |, with

1 1 1'
7+L7§>P,

l<k,li<2, K+6G>4 & 7<L,L <2m, P
X

(29)

see the bottom left picture of figure 2. . B . B
(3) The case in which there are only the four unstable modes £k o, tko 1, Tk; 1, £k, with

11 1
1<k, <2, §+5<4 & 7<L,L,<2m, <3 (30)
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-2 0 2 4

Figure 2. For the DS2 equation, the instability region in the k= (k,I) plane is the disk
K>+ I* < 4, with k> — I> # 0. The Fourier modes of the linearized theory are l_c'm,,, =
277(2’—1, Ll}), where m,n € Z, and Ly and L, are respectively the periods in the x and y
directions. In the top left picture L, = 3.5, L, = 2.8, and there is only the unstable mode
:I:I_cilyo. In the top right picture L, = 2.8, L, = 3.5, and there is only the unstable mode
il_c’oyl. In the bottom left picture L, = 3.5, L, = 4.8, and there are only the two unstable
modes :I:I_c'l,o7 izo,l. In the bottom right picture Ly = 4.6, L, = 5.2, and there are only

the four unstable modes :I:I_c’l’o, :I:I_c'o,l , :I:l_c’l’l , :I:I_c‘l,_l.

see the bottom right picture of figure 2. Increasing the periods L, and L,, higher order modes
enter the instability region and the picture becomes more and more complicated. In this paper
we limit our considerations to the first two cases (1) and (2), postponing to a subsequent paper
the study of a higher number of unstable modes.
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2.3. The simplest cases

2.3.1. N=1_ The solutions (18)—(22) of the DS2 equation reads, after some manipulation

_ cosh[o(t—t) + 2ig] — sin(¢y) cos [kix + L1y + (1]

WVt . y 31
0 (x,y,1) cosh[o(t—t1)] + sin(¢;) cos [kjx + I1y + (1] @D
q1(x,y,1) = cos (26, ) (|uy (x,y,0)[* — 1), (32)
where
o1 =2sin(2¢1)cos(26;), ki =2cos¢p;cosby, I} =2cosep;sindy, (33)

and t1, suitably related to 7 , is the arbitrary real parameter corresponding to the time transla-
tion symmetry of the DS equations.

This solution describes a straight line breather parallel to the line xcos(6;) + ysin(f;) =0
of arbitrary slope cot(6;) (due to the arbitrariness of the parameter ), repeated periodically
in the x and y directions with periods L, = 2w /k; and L, = 27 /l;, and decaying to the back-
ground (4) at r — +o0.

Since its appearance changes the phase of the background by the factor 4¢,, it can be viewed
as a quasi homoclinic solution as the AB solution (3) of NLS, and actually can be written in
terms of the AB itself as follows:

uy(x,y,1) = A(cos(6y)x+sin(6y)y — x1,cos(26,)(t —t1),¢1), (34)

where x; = —(;/(2cos ¢y).

In the doubly periodic Cauchy problem of the AWs, only its two limiting cases in which
the solution depends on just one space variable play a role (see figure 2). The y dependence
disappears if /; = 0 (6; = 0), and the DS2 solutions (31) and (32) reads:

uro(x,t) = Alx—xi,t—t1,01), quox,0)=luiolx0)* -1, (35)

describing a straight line breather parallel to the y axis (top left picture in figure 2). The x
dependence disappears if k; = 0 (§; = 7/2), and the solutions (31) and (32) of DS2 reduces to

o1 (y,1) = e Ay —x1,—(t—11),61), qo,1(y,1) =1 — |ug,1(y,1)|? (36)

describing a straight line breather parallel to the x axis (top right picture in figure 2).
As in the NLS case, it is always possible to construct the rational limit of (31) and (32)
when ky,/; tend to zero (for ¢ — +m/2). If ¢y — /2, then u; — —exp2ir. If ¢; — 7/2, up
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to an irrelevant minus sign, the breather tends to the following generalization of the Peregrine
solution

4+ 16c0s(20,)(r—1)
1+ 16(1—17)2cos?(20;) + 4(cos (6, )x + sin(6; )y — x; )2
8cos(20;)[1 + 16cos?(20,)(t — t;)? — 4(cos(0;) (x — x;) +sin(6;) (y — y1))?]
[1416(t —11)?cos?(26;) + 4(cos(6; )x + sin(6; )y — x1)?]? ’
(37)

ulP(-xvyvt) =1

qlP(‘x7y7t) =1+

constant on the line xcosf; + ysind; = 0 with arbitrary slope, and rationally localized over
the background in any other direction.

2.3.2. N=2. The straight line breather solutions (31) and (32) and its rational limit (37)
could have been constructed from the AB plus symmetry considerations. The simplest truly
two dimensional AW describes the interaction of the horizontal +k; o = (k;,0) and vertical

:l:l_c'()’] = (0,1;) unstable modes (see the bottom left picture of figure 2), where

2 2
ky = Lir =2cos¢10, hh = fﬂ =2cos¢o,1, tho=0, 01 =7/2, (38)
x y
corresponding to the conditions
T<L,L <21 & 1<k,[; <2 & 0< 10,001 <7/3. (39)

Then the solutions (18)—(22) reads, after some manipulation:

Ni ‘
wr (%, Y, 1,61,0,%0,1,X0,Y0, 11,0, 10,1, p) = ————¢€7, (40)

N(x,y,t) = cosh[oy o(t — t1,0) + 00,1(t —t0,1) +2i(1,0 — ¢0,1))]
+ bty coshloy o(t — t1,0) — 00,1 (¢ — t0,1) + 2i(¢1,0 + Po,1))]
—2bys (sin é1,0c08(X1 0) cosh[og 1 (1 —to,1) — 2igh 1]
+ singy ; cos(¥o 1) coshloy o(t — 11,0) + 2i1 o]
—|—sinq&l,osinqbo,lcos(XLo)cos(Yo:l)), 41)

D(x,y,1) = cosh[oy o(t — 11,0) + 00,1 (t — fo,1)] + by cosh[o o (1 — 11.0) — 50,1 (1 — 10,1))]

+2b1, (sind)]_yo cos(X o) cosh[og, 1 (t — 19,1)]+sin g 1 cos(Yo 1) cosh[o o(t — 11 0)]

—sin¢1,osin¢0,1cos(Xl,o)cos(Yo,l)), (42)

1
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where

Xi10=ki(x—x0) =2cos(¢10)(x—x0), Yo1="0(y—yo)=2c0s(¢o,1)(y—o),

01,0 = k1\/4 —k% = 25in(2¢1,0), 00,1 = 11\/4— l% = 25in(2¢071),

b= cos(¢p1,0 — ¢o.1) (43)
cos(p1,0+do.1)’
p is the arbitrary real parameter connected to the elementary gauge symmetry, t;9,%,; are
arbitrary real parameters suitably connected to 71,7, and xo = —(; /k1,y0 = —(2 /1.
If, in addition,

1 1
L7§+L7%>? & K+B>4 & cos’pio+cosiho > 1, (44)
then the modes :l:l?u = (ky,I;) and j:lzl,,l = (ky,—I;) are stable and by, > 0 (see the bottom
left plot of figure 2); instead, if

1 1 1
otp<=s © K+B <4 < cos*pro+cos’gy <1, (45)
X y ™

then also the modes il?u = (ki,!1) and ilzl,_l = (k;,—1;) are unstable and b, < 0 (see the
bottom right plot of figure 2). It is quite clear that the solutions (40)—(43) will be relevant in
the periodic Cauchy problem for AWs only under the constraint (44).

While the parameters p,xy,yo and one of the parameters t; ¢, .1 (say, f,1) are associated
with space-time translation and elementary gauge symmetries of DS2, the additional parameter
11,0 is associated with the integrability of the model.

For generic parameters, the solutions (40)—(43) decays to the backgrounds expli(p £
(1,0 — P0,1))] as t — £oo, and describes the nonlinear interaction between the horizontal and
vertical unstable modes. Since the associated growth rates o o, 09,1 are generically different, it
describes two consecutive appearances in time of 2 + 1 dimensional doubly-periodic smooth
bumps, both located at (xo + L./2,yo + L,/2) (see figure 3).

There are however two non generic choices of the parameter #;p — #o;:

to — tor = £A,
1 1
A= — 10g(|B|+\/8271)f—J log(JA| + VA% —1), (46)
0,1 1,0

where

sin ¢0,1
cos(p1,0 —do,1)’
sin ¢1’0

cos(¢p1,0—do,1)’

for which the solution (40) blows up at the critical times

1
£ = 1, £ — log (|B| VB = 1) . (48)
00,1

A =cos ¢y otan(¢i o+ ¢o,1) —

B =cos¢,itan(¢i o+ ¢o,1) — “7)

12



J. Phys. A: Math. Theor. 57 (2024) 015208 F Coppini et al

Y5 o
2 |
/

8
6
leel §
2
0

£
3
f

t

o

o ©

on &

Figure 3. Five snapshots of the evolution of the absolute value of the two-breather AW
solution (40) in a basic period (Ly = 3.5, L, = 4.8), describing the nonlinear interaction
of two unstable modes, one parallel to the x axis and the other parallel to the y axis
with parameters #{ o = 0 and fp,; = —0.1. Top left: the growth of the AW from the back-
ground (t = —1.2); top right: the first emergence (t = —0.83); medium left: between two
emergences (f = —0.17); medium right: second emergence (t = 0.78); bottom: the dis-
appearance of the AW into the background (¢ = 1.1). For generic parameters, the solution
is smooth and the two emergences, occurring both at (x,y) = (xo + Lx/2,y0 + Ly/2), are
different. In this case xo = yp = 0.

More precisely, if f;9—1y = —A., the solution blows up at its first appearance in
(x0,y0, = £ ); if t19 — fo1 = A, the solution blows up at its second appearance in (xg,yo,7 =
£F). It turns out that, at these two points in space time, not only the denominator is zero, but
also the partial derivatives of the denominator with respect to the variables & o = o o(t —110)
and &y, = 00,1 (t — fo,1) are zero.

‘We observe that the second of equation (46) implies that, if A% < 1 and/or B < 1, then A,
is not real, the two real parameters ;o and #y; cannot satisfy the first of equation (46), and blow
up does not occur. The condition on the angles ¢ g, ¢o,1 such that A%, B> > 1is

13
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10

Figure 4. The regions of the plane (¢1,0,¢0,1) in which blow-up can occur. In the white
region blow-up can never occur because (49) is not fulfilled. In the light and dark gray
regions, instead, (49) is satisfied, A, € R, and blow-up can occur if #; o — 9,1 is chosen
to satisfy the first of equation (46). Light and dark gray regions, separated by the curve
®1,0 + $o,1 = 7, are respectively the regions where only two and more than two modes
are unstable.

singy o +singg; > 1, (49)

and corresponds to the gray regions of figure 4. Once (49) is satisfied, blow up takes place if
the free parameters #19, fo; satisfy the first of equation (46).
The AW solution (40) behaves as follows near the blow up:

u (X, ,1;61,0,0,1,X0, Y0, 0,1 = Ae,to,1,p)
_ N(x0+Lx/2,y0+Ly/2,t§t)eip (1+0(t—ti))
- _ 2 e 2 v 2 c/h
a(t—1z )2+ b(x —xo — Ly /2)> + c(y — yo — Ly /2)

lx —x0 — Ly/2|, |y —yo — L,/2| = O(t — £5), |t— | < 1, (50)

where
a=by [sin¢170(|B| + sin¢071)a%70 + sin¢071 (|A| + sin¢170) 0'671]
+ [|AB| A DB 1)+, <AB— (A% — 1)(B? — 1))] 10001,

b =byysing o(|B|+singo 1 )k}, ¢ = bipsingo (|A|+sing; o) 2. 51)

From these considerations one infers that, unlike the NLS case for which the amplitude
of the N breather solution has a fixed maximum achieved when the interference among its N
unstable modes is fully constructive, the amplitude of the AW u; can be arbitrarily large if the
free parameters # g, f,1 are such that ¢; o — o ; is sufficiently close to =A.. We expect similar
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and even richer features for the exact solutions (18)—(24) coming from the interaction of more
than two unstable modes, and a subsequent paper will be devoted to a systematic study of these
behaviors.

2.4. Interesting limiting cases of the solutions (40)—(43)

2.4.1. The modes il}'m,iﬂq tend to the instability circle. If il‘é,,],i/a,_, tend to the
instability circle: k% + l% — 4, then ¢y 0+ ¢o,1 — % and bj; — oo. In addition the two growth
rates become the same:

o10=00,1 =2sin(2¢) =10, ¢:= . (52)

To perform this limit we choose e?!0/10 70101 = O(by,), and we define the convenient O(1)
parameters

1 o1,0l1,0 00,110,1 00,110,1
t0:10g< i te ),fzarccos< © ), (53)

o \/ezo'],()tl,[) + e200,10,1 \/620’1,0&,0 + e200,110,1

obtaining the following new solution in the limit

o Nb(x7yat) eip

ub(xayat) - D;,(x,y,t) ) (54)
where:
Np(x,v,t) = cosh(o(t —19) +2i¢p) — sin¢gsin€ cos(2cos p (x — x))
+ cos¢cos&cos(2sing (y — yp)) (55)
and
Dy(x,y,t) = cosh(o(t —ty)) + sin¢sin& cos(2cos ¢ (x — xp))
+ cospeos€cos(2sing (y — yo)). (56)

Since the two growth rates coincide in this limit, and we are left with only one time parameter
to, the AW appearance consists of only one emergence. The blow up condition is achieved only

if € = ¢.

2.4.2. Rational limit. ~ As in the NLS case, the rational limit to Peregrine like solutions is
achieved taking the long wave limit in both x and y directions. Then we introduce the following
notation

ki = €0y, L= 65},, ek 1, 57

and, correspondingly, we choose the angles in the first quadrant

oo Oy 3 oo dy 3
1,0 = §*€E+0(6 )s Po1 = > "5 +0(e), (53)

to get the nontrivial rational limit

No(x,,1)
uzp(x,y,1) = Ne(x.2.1) gy

— 59
De(r,y,)° o9
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where

Np(x,y,t) = (—3 + 4(x —)C())2 + 16(1‘ — l‘u))(l‘ —to— l)) (—3 + 4(y —y())2
+16(l— lo’l)(l— fo,1 + l)) + 64i (11’0 — tO,l) — 128([— ll’o)(l‘— [0}1) —24 (60)

and

Dp(x,y,1) = (=3 +4(x —x0)* + 16(t — 11 0)*) (=3 +4(y — yo)* + 16(t — 1,1)?)
+64(t1,0—10,1)” + 16((x — x0)> + (v — y0)°).- (61)

This 2 4 1 dimensional generalization of the NLS Peregrine solution does not depend on the
parameters J, and dy. It describes the nonlinear interaction of two rational Peregrine walls of
the type (37), parallel to the x and y axes. Like the Peregrine solution, it decreases rationally to
the background (4) as t — $o00; it decreases to the orthogonal walls for x4+ y2 > 1, unlike the
Peregrine solution that decreases to the background in this limit. As the solutions (40)—(43), it
appears twice, but now the two appearances are described by the same function. This rational

solution, blowing up twice if 7, o = 1,1, in the space-time points (xo,Yo,1,0 £ ?), should be
a particular example of the general class of rational AWs solutions presented in [59].

2.4.3. Periodic-rational limit. ~ If one performs the above long wave limit only, say, in the y
direction, the solutions (40)—(43) leads to the following solution rational in y, periodic in x,
and rational/hyperbolic in #:

NPR(x>y7 t) eip

62
DPR(x7y7t) ’ ( )

MpR(x,y, t) =

where

Npr (x,y,1) = cosh(ayo(t — t1,0) + 2id1,0) (=T + 16(i + 1 —to,1) (t — to,1) +4(y —y1)?
+ 4csc? ¢170) — 8C0t¢170 Sil’lh(O'L()(l‘ — l‘170) + 2i¢170)(i + 2(1‘ — 1‘071))
+singy gcos(ki(x —x1)) (=3 4+ 16(i+1—to.1)(t —10,1) +4(y — )%) (63)

and

DPR(x,y,t) = COSh(O’LQ(Z‘— 2‘1,0))(1 + 16(1— l‘071)2 +4(y _yl)Z —|—4COt2 ¢1,0)
— 16C0t¢1’0 Sinh(o’l,o(l‘— l‘]_]o))(l— l071)+
—singy gcos(ky (x —x1)) (1 4+ 16(t —19.1)* +4(y — y1)?). (64)

To the best of our knowledge also this solution is new.
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3. Ml and AW recurrence

In this section we use the matched asymptotic expansions technique introduced in [28] to
describe the relevance of the above exact AW solutions in the DS2 doubly periodic Cauchy
problem for AWs, in the case of one and two unstable modes.

The doubly periodic Cauchy problem for AWs of the focusing DS2 equation (1),n =v =1,
reads

”(x+vay7t) = u(xay+L)'»t) = u(x7y7t)7
‘I(X+any7t) = Q(an+Ly7t) = Q(x7y7t)7
u(x,y,0) = 1+ev(x,y), q(xy,0)=ewlxy), 0<e<1, (65)
where the initial perturbations can be expanded in Fourier modes as follows:
Z c, 1(kux+luv (66)
W, VEL

For || = O(1), the evolution is ruled by the linearized equation (7), and the solution is
described by the following formulas

ulx,y,0)=1+e Z s1n| 2";; o8 (kX + Ly — arg( Q) — 7 /2)etmnFidmn

oS (kX + Lyy + arg(Bp ») — m/2)e Pt =i%ma) 1 O(e)-oscillations,
(67)

sin(2¢m n)

c0s(20,,.,)
Q(xay7t> =€ Z m [|am n| COS( mX + lny arg(am,n) - 77/2>eQm,,,t
m,neD

+|Bm.n| cos(kx + 1,y + arg(Bm,n) — m/2)e” €, ”’} + O(e)-oscillations, (68)

where
ki =2C0S Gy 1 COS Oy, Ly = 2COS Py SING,yy 1,
= @mn = arccos <\/Im> ,0n,n = arctan (l"> ;
: 5 ’ ©
Qpn = e—iqbnwrz’m’n _ ei¢m‘ncfm,fn76m,n _ ei¢,,,,,,57m’7n B e_i(b”””c,n’m )
and

2 2 2
m n 1 n 1
D= >1, Z, | — — — U =0,n>21, | — — . (70
protnen () (2) < foloomsn (i) <} o

In (67) we do not describe explicitly the O(e) oscillations because they are associated with
the stable modes and remain O(e) at later times; corrections to equation (67) are at O(e?).

As time increases, the perturbation in (67) grows exponentially and, at r = O(log(1/¢)), it
becomes order one and the dynamics is described by the fully nonlinear theory. It is when the
exact solutions we constructed play a relevant role.

17
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3.1. One unstable mode

In the case of one unstable mode we have the two cases (27) and (28).
(a) If k1 o = (k1,0) is the only unstable mode, i.e.:

T<L<2m, Ly<m & 1<k<2 [>2 &
010=0, ki =2cos¢1, 0 < P19 <7/3,

Q10 =ki\/4— ki =2sin(2¢1 ) = 010, (71)

then equation (67) reduces to

ip1,0+01,0t

u(x,y, 1) =1+¢ (|1 0] cos(2cos ¢y ox — arg(a o) —7/2)e

1
sin(2¢1’0)
+1B1.0| cos(2cos ¢y ox 4 arg(By o) — /2)e 107910 4 O(e)-oscillations.

(72)

Since the exact solution u o(x,y,f) in (35) describes the nonlinear instability of the mode
+k) .0, it is the natural candidate to describe the first AW appearance at r = O(log(1/¢)). Then
one chooses its appearance time 7(!) as /(1) = ﬁ log 2, v > 0, with 7y to be fixed. In the inter-
mediate time interval 1 < < O(log(1/¢)), (72) and u) o(x,y,t) become

el o ip1,0+01,00
)~ ——— fix — — 7/2]eiProtone
u(x,y,1) + Sin(2n.0) cos[kix — arg(ay o) — m/2)e ,
. ) ‘
uy o(x,y,1) ~ ei(P=2610) (1 + ;e sin(2¢1 ) cos (Iq (x —x(l))> e"lvf”*’w‘v“) ) (73)

Comparing the leading order asymptotics (73) one fixes all the free parameters of u; ¢ as
follows

ki 01,0 €|ai o

5

. 2
p(l) =210, xD = w7 A = L1()g <281n(2¢1’0)> , (14

showing that the first AW appearance is described, to leading order and at |t — (") = O(1),
by

u(x,y,1) = 10 A (x—x“%r— r<‘>,¢l,o) +0(e), (75)

an elementary function of the initial data. We remark that, although the initial perturbation is
an arbitrary doubly periodic function of (x, y), since the only unstable mode is the horizontal
mode :I:l_c'ho, the AW is one-dimensional and the y dependence is confined at O(e).

To describe analytically the AW recurrence, we also construct the first AW appearance at
negative times, following the same strategy, obtaining

u(x,y,t) =e 200 A(x —xO01— 19 6, 0) + 0(e), |t—1=0(1),
.
L0 — —arg(Bi0) +7T/27 £0) —Llog (251“ (2¢1,o)> . (76)
71,0

kl €|ﬁ1,0|

18
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Then we compare the two consecutive appearances (75) and (76), and using the time translation
property of the model, we infer that the dynamics is described by an FPUT recurrence of AWSs,
and that the jth appearance is described by

u(x,y,0) = A (x=x) 1= 1), 010) +0(), =t} =0(1), j=1, (77)
where

i . i 1 . arg(ai,081,0

= A0 = 1010, =l + (- ) ML),

.2

W _ () s 2 2sin"(2¢ )

A =) (- 1) log | 2R (78)

Ho Lo 01,0 ev/]1,0B1.0]

(b) If l_c'(),] = (0,1;) is the only unstable mode, i.e.:

T<L <2m L<m & 1<L<2 k>2 &
9170:71'/2, 9071 =0, ZZCOS(bQ)l, 0<¢071 <7'l'/37

00,1 211\/471%:2Sin(2¢)0,1):70(),1, (79)

now the nonlinear stages of MI are described, to leading order, by the exact solution uo ; and,
proceeding as before, one can show that the solution of the Cauchy problem (65) is described
by an FPUT recurrence of AWs, and that the jth appearance is described by

i) ; j ; )
u(x,y, 1) = €700 Ay — 3§t — 1) do.0) +O(e), |t—1§)| = 0(1), j=1, (80)

where

i j 1 . arg(ao,100,1
:Péf% = (= 14,1, y((){z zyéyf —(j— 1)%),

.2
G _ )y iy 2 2sin(290.1)
=]+ (= 1) log | =L o
,1 0,1 1 Em

and
—ar +m/2 1 2sin?(2
P(()}% = —2¢0,1, y(()ff = g(ﬂol’l) / , t(()fl) = —log 2sin”(2do,1) ' 82)
: 0.1 ey/1Bo1]

We remark that, in both cases, since we have only one growing mode (horizontal or vertical)
in the overlapping region, and since the Akhmediev type solution, describing the growth of
this unstable mode, contains enough free parameters for a successful matching, the remaining
mismatch cannot affect the leading order behavior at the appearance. Therefore this stabil-
ity argument plus uniqueness of the DS2 evolution imply that the appearance of the AW is
described by the one dimensional Akhmediev solution, and the dependence on both x and y
variables is hidden at O(e).
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3.2. Two unstable modes

The simplest truly two dimensional AW dynamics takes place when there are only the two
unstable modes +k; o and fko ; (see the bottom left picture of figure 2), corresponding to the
constraint

1 1 1

T < Ly, Ly, <2, ﬁ+ﬁ>ﬁ’©
X y

1<k, <2, B+BE>4e

0< ¢517(),¢()’1 < ’/T/3, COSz¢170+COS2¢O71 > 1. (83)

Then the linear stage of MI (67), for |z] < O(1), reduces to

ig1,0+01,0t

u(x,y,1) =1 +e[ )(|a170|cos(2cos¢1,ox— arg(ay,0) —m/2)e

1
sin(2¢1 o
+|B10/cos(2cos ¢y px+arg(Bio) — 7r/2)e*i¢‘=°*""°’)

l .
i are(a /2 —00,1t+i¢o,1
sin(2¢o,1) [|a0’1|cos( v glao) /2)e

+1Bo.1| cos(liy + arg(B1 o) — m/2)e” 171901 | 4 O(e)-oscillations. (84)
Reasoning as before, since the exact solutlon up of DS2 in (40)—(43) describes the nonlinear
interaction of the unstable modes ikl 0» iko 1, it is the natural candidate to characterize this

nonlinear stage, and following exactly the same strategy as before, we find that the first AW
appearance is described to leading order by the solution (40)

M(x,ya t) = Uz (x7y7t; ¢1,07¢0,1 7x(l) M El())a t(()ll)vp(l)) + 0(6)7 (85)
where the solution parameters are expressed in terms of the initial data as follows

arg(a o) +7/2 —ar +7/2
PV =2(¢10— o), xV = arg(e10) +7/2 y = elh.) )/ )

k1 ’ I
1 2by,sin®(2 1 2b1,sin®(2

513 —log 2b1psin”(2¢1,0) ’ t(()ll) =—log 2bypsin”(2¢0,1) ) (86)
01,0 €l ol oo, €/Bo,1]

Therefore the first appearance of the AW in the Cauchy problem consists of the two
emergences described by the exact solutions (40)—(43) (see figure 3), whose parameters are
expressed in terms of the initial data through elementary functions.

As for the case of one unstable mode, we remark that, since we have only two growing
modes in the overlapping time region, and since the exact solutions (40)—(43), describing the
growth and the nonlinear interaction of these unstable modes, contains enough free parameters
for a successful matching, the remaining mismatch cannot affect the leading order behavior.
Therefore this stability argument plus uniqueness of the DS2 evolution imply that the first
appearance of the AW is described by the solutions (85) and (86), an elementary function of
the initial data.

To have an idea of how well the analytic solution u; in (85) and (86) describe the first
appearance of the AW in the AW Cauchy problem, we evaluate the uniform distance between

20
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Figure 5. Here we study the two emergences of AWs in the time interval of the first
appearance, for the initial data e = 1073, ¢ 0 = 0.8 +i0.4, c_1 0= 1.2—1i0.1, ¢ =
—0.64 —i0.3, co,—1 = 0.5 +10.2. In the left picture we plot the max of the amplitude
of the AW ||unum||o (7) as function of time, where unum is the numerical solution; the
first emergence at (x,y,r) = (3.24019,1.227442,3.780) with a peak of height 6.6786;
the second emergence at (x,y,7) = (3.24019,1.227442,5.868) with a peak of smaller
height 2.3631. Right picture: the uniform distance ||utnum — u2||oc (#) between the ana-
lytic solution u, (85) and (86) and the numerical solution u,um; the two peaks of the dis-
tance correspond exactly to the two AW emergences of the left picture, and the distance
remains always < 5- 10™%, smaller than the estimated error from theoretical considera-
tions O(1073), indicated by the horizontal dotted line.

up and the numerical solution uy,, (obtained using the 4th order split step Fourier method
[400):

Jtnam =12l ()= suputnam(3,8) — 23,1, ®7)
x€[0,L,],y€[0,L,]

in the time interval in which the AW first appears, see figure 5. The agreement is excellent,
since the error is much smaller than expected from theoretical considerations.

We end this paper with some considerations on the possibility of blow up in the first appear-
ance of the AW (85) and (86). If we compare the difference between the time parameters

tgg — (()11) coming from the Cauchy problem

1 2by,sin’(2 1 2b1,sin’(2
(- g (2B ) L (BB}

€lai ol 00,1 €[Bo,1]

)

with the critical difference (46) and (47) corresponding to the blow up of the solution (40), we
infer that we have blow up if one of the following two equations are satisfied

biaoto(B+VBE—1)\"" (b}, (A+vVAT=1)\™" 89

26\C¥1,0| B 2€|50,1| ’ (89

bt o b1203 . (90)
¢l o (B+ VB> —1) ~\ 2€Boa|(A+ VAT —T) '

If (89) holds, then blow up occurs at the first emergence; if (90) holds, then blow up occurs at
the second emergence.

Equations (89) and (90) depend on the initial data parameters ¢, c,, ,, and on the unstable
mode parameters ¢ o, Po,1. If, for instance, we fix the initial condition parameters, then the
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Figure 6. The left picture shows the solid and dashed curves in the (¢ ,0,¢0,1) plane
on which the blow-up conditions (89) and respectively (90) are satisfied, for the ini-
tial data c1,0 = 0.8 +i0.4, c_1,0=1.2—1i0.1, co,; = —0.64 —i0.3, co,—1 =0.54i0.2
and e = 107>, The light and dark gray regions (for which sin ¢y 0 + sin¢gg,; > 1) are the
regions where blow-up can occur; light and dark tones color indicate respectively the
regions where only two modes and more than two modes are unstable. The right picture
shows the solid and dashed curves in the (c;,0,co,1) plane on which the blow-up condi-
tions (89) and respectively (90) are satisfied, for ¢1,0 = 0.7, ¢o,1 = 0.5, and € = 1073,

blow up regions in the (¢; ¢, ¢, 1) plane are curves (see the left picture in figure 6). If we fix
instead the unstable mode parameters (¢ o, ¢o,1), in the space of real initial data of the type

u(x,y,0) = 1+ 2¢cy g cos(2cos ¢y ,0x) + co,1 €0s(2cos o,1y)], c1,0,c0,1 €R, On

the blow up regions in the (cy 9,¢o,1) plane are again curves (see the right picture in figure 6).
Since curves have zero measure in the plane, we conclude that, generically, the first appear-
ance of the AW does not give rise to blow up. But the amplitude of the AW can be arbitrarily
large if the parameters are sufficiently close to the singular curves, and situations of this type
are expected to take place also at later times, during the recurrence.
Similar considerations are expected to be valid for a generic Cauchy problem of AWs
involving more than two unstable modes, and will be the subject of future investigation.

4. Future perspectives

The results of this paper and of paper [33] open several research directions we plan to follow
in the near future. (1) The proper implementation of the finite gap formalism developed in [33]
to solve, in terms of elementary functions of the initial data, the generic spatially doubly peri-
odic Cauchy problem of AWs for the DS2 equation, in the case of a higher, but finite, number
of unstable nonlinear modes, since matched asymptotic expansions are not adequate to study
AW recurrence in this case [28]. (2) The use of the analytic solution of the AW Cauchy prob-
lem to study the probability of generating multidimensional AWs of amplitude greater than a
certain critical value in a given time interval. (3) The generalization to the 2 4 1 dimensional
DS2 equation of the perturbation theory of AWs developed for 1 + 1 dimensional NLS type
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equations in [15-17, 19], to describe analytically the order one effects of physical perturbations
of the DS2 equation on the AW dynamics.
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