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Abstract

Integrable models of resonant interaction of two or more waves in 141 dimensions
are known to be of applicative interest in several areas. Here we consider a system
of three coupled wave equations which includes as special cases the vector Nonlinear
Schréodinger equations and the equations describing the resonant interaction of three
waves. The Darboux-Dressing construction of soliton solutions is applied under the
condition that the solutions have rational, or mixed rational-exponential, dependence
on coordinates. Our algebraic construction relies on the use of nilpotent matrices and
their Jordan form. We systematically search for all bounded rational (mixed rational-
exponential) solutions and find, for the first time to our knowledge, a broad family of
such solutions of the three wave resonant interaction equations.
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1 Introduction

Integrable partial differential equations which model nonlinear wave propagation in 1+1
dimension have been largely investigated because of their applicative relevance. In fact,
even if approximate, some of them capture important nonlinear effects. This is because
they can be derived, as amplitude modulation equations, by multiscale perturbation meth-
ods from various kind of (not necessarily integrable) wave equations with the assumption
of weak dispersion and nonlinearity (see for instance [I] and references therein). The
universality of these integrable models has been well recognized [2], [3]. The best known
and simplest example of such models is the Nonlinear Schrodinger (NLS) equation for the
evolution of the amplitude of a quasi-monochromatic wave with wave number k& and fre-
quency w, as given by the linear dispersion function w = w(k). Many physical applications
require however that integrable models be extended to wave coupling. One important
instance regards resonance phenomena. If the dispersion relation allows for resonances,
multiscale perturbation methods show that the amplitudes of two or more monochromatic
waves couple to each other leading to (possibly integrable) systems of nonlinear partial
differential equations. The simplest of such integrable systems is the Vector Nonlinear
Schrodinger (VNLS) system of equations, given by the following two coupled equations (a
subscript denotes partial differentiation)

uf =i [ul =2 (s1 [uO* 4 55 [u®)) u®)]

u? =i [u%’ —9 <81 u® [ + s, \u@)f) u(2>}

(1)
where, because of the integrability condition, S% = s% = 1. This system, also known as
Manakov system, follows from the weak resonant condition that two quasi-monochromatic
waves, with wave-numbers k1 and ks, have the same group velocity, i.e. w'(k1) = w'(ko)
(W'(k) = dw/dk). In @) uM(z,t), u®(z,t) are the amplitudes of these two resonant
waves. A different type of phenomena occurs when the medium nonlinearity includes
quadratic terms and the dispersion relation w(k) allows for the two wave numbers k; and
ko to satisfy the strong resonant condition w(ky + k2) = w(ky) + w(ke). In this case a
third wave is generated with amplitude w(z,t) and the three amplitudes u® | u® and w
couple to each other according to the system of equations

ugl) = [—clug}) — 81 w*u(2)}
u£2) = [—czug) + S2 wu(l)} (2)
0 = wy+ s189(c1 —co)uM*u® .

In this article we construct particular solutions of both the systems () and (2]). In the
construction method, the physical meaning of the wave amplitudes and of the indepen-
dent variables x,t does not play any essential role. On the other hand, the results given
here are likely to be of applicative relevance in a rather broad range of different physical
contexts (f.i. fluid dynamics, nonlinear optics, plasma physics, Bose-Einstein condensate)
so it should be kept in mind that the actual meaning of all variables may vary according
to context. In particular, for the system (2)), if = is the evolution (f.i. time) variable, then
this system is the the well known 3 wave resonant interaction (3WRI) equation [4] where



the three characteristic velocities are ¢y, ¢o, 0; otherwise, if the evolution variable is ¢, this
system models the nonlocal interaction of two waves (NL2W) [5], [6]. Here rescaling trans-
formations have been used to give the equations (1) and (2) a neat form in terms of their
coefficients. As for the solutions presented below, we observe that elementary symmetries
of equations () and ([2]) (such as gauge transformations and coordinate translations) and
linear transformations of the (x,t) plane can be used also to eliminate some of the free
parameters which may appear in analytic expressions. Indeed these parameters will be
considered in the following as unessential since they can be easily introduced through sim-
ple transformations.

The kind of solutions we construct here are usually referred to as rational solitons with
the following specifications: they are solitons since they are spectrally characterized by the
vanishing of the continuous spectrum component, however the discrete spectrum eigen-
values are so special that their corresponding solutions have a rational dependence on the
variables x,t, in contrast with the standard soliton whose expression is given in terms of
exponentials. Rational solutions of multicomponent wave equations such as (Il) and (2)
generically have a dependence on coordinates which is richer than in the scalar case by
possibly having a mixed rational and exponential expression. Despite this feature, in the
following we term rational solitons all these kinds of solutions. Pole singularities in the
x,t variables cannot be avoided, these being the zeros of the denominator of the rational
expression. However, if these singularities occur only for complex (i.e. strictly non real)
values of x and ¢, these solutions are bounded and gain physical relevance.

Rational solutions of integrable partial differential equations attracted immediate math-
ematical interest in the 70’s, first for the Korteweg-de Vries equation, the motion of the
poles being associated with integrable many-body dynamics. Then quite a number of
papers have been devoted to rational solutions of various integrable equations for one de-
pendent variable, say Boussinesq equation [7], Hirota equation [§], Kadomtsev-Petviashvili
equation [9] and NLS equation (see f.i. [I0]-[13]). Recently further investigations of ratio-
nal solutions were extended to integrable systems of two coupled differential equations. In
this direction a number of such solutions have been found for the VNLS () [14, 15] and
for two coupled Hirota equations [16]. Similar extension has been reported also for three
coupled NLS equations [17].

The starting motivation of such a surge of research work goes back to the observation
by Peregrine [I8] that the simplest rational solution of the focusing NLS equation may
well model an ocean rogue wave (for a recent survey, see [19]). This solution describes a
localized lump over a background with a peak amplitude which is three times higher than
the surrounding background itself and with a finite life-time. On the physical side, these
new nonlinear objects were soon recognized as ubiquitous rather than just ocean events
and maritime disasters. Rogue waves have been observed not only in water tanks [20] but
also in fiber optics [2I] and in plasma [22]. They are predicted in the atmosphere [23], in
superfluids [24], in Bose-Einstein condensates [25] and in capillary waves [26].

In this paper we systematically search for all bounded rational (mixed rational-exponential)
solutions of both the VNLS equation (Il) and, for the first time to our knowledge, of the
3WRI equation (2). We adopt a formalism such that these two equations are simulta-
neously treated by using an appropriate Lax pair. Our method of construction is based
on the standard Darboux-Dressing transformation (DDT) as presented in [27, 28], and
briefly summarized in Section 2l Section [3] describes the algebraic algorithm we use to
obtain rational solutions. In Section (] we finally display examples of such solutions. The
polynomials which appear in some of the expressions are given in Appendix [Al



2 Lax pair and Darboux-Dressing transformation

Equations (Il) and (2)) are integrable models and as such admit a Lax representation (a
Lax pair). For convenience, we introduce a Lax pair which combines both models. In
subsequent sections we will describe these two dynamics separately. Let

TIZ):E:XT,Z), ¢t:T¢7 (3)

where ¢, X and T are 3 x 3 square matrices, ) = ¥(z,t,k) being a common solution
of the two linear ordinary differential matrix equations (B)) while X = X(x,t,k) and
T = T(z,t,k) depend on the variables z, ¢ and the complex spectral parameter k according
to the definitions

X(z,t, k) =iko + Q(x,t), (4a)

T(z,t, k) = a Tys(z,t, k) + B Tayw(x, t, k) (4b)

where Q(x,t) contains the dynamical variables u") (z,t) and v (z,t) and introduces two
s1gns si, Sa, s% = S% =1

0 spuM* g2
u® 0 0
while o is a constant diagonal matrix defined as
1 0 0
c=10 -1 0 (6)
0o 0 -1
The matrices T;,;s and T3, are defined by
Tris = 2ik%0 + 2kQ + i (Q* — Qx) (7)
T3y = 21kC — oW + 0[C, Q] , (8)
where W contains the field w(z, )
0 0 0
W=10 0 -—sw* (9)
0 SaWw 0
C is a real diagonal matrix
0 0 O
C= 0 g O (10)
0 0 C9

while « and (8 are real parameters such that, for « = 1, 8 = 0, (3] is the Lax pair
corresponding to the VNLS (Manakov) equation (), and for « =0, 8 =1 (@) is the Lax
pair corresponding to the 3WRI equation (2). Indeed the compatibility conditions yield
the evolution equations

ugl) =i« [u&? -2 (sl ‘u(1)|2 + 359 ‘u(2)|2> u(l)} + B [—Clugcl) — 81 w*u(z)}

uf’ =i« [u%’ -2 <81 ‘u(1)|2 + s9 ‘u(2)|2) u(Q)} + B [—czug) + 59 wu(l)} (11)
0 = B (wy+ s152(c1 —co)uM @)
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In the search for novel rational solutions of (I1]) we use the Darboux-Dressing construction,
as developed in [27] (where the interested reader may find additional references). For
completeness, we briefly recall here the essential steps towards a new solution, starting from
a known (seed) solution: given a solution u(()l) , uéz) , wo of (1)), let ¥y be a corresponding
fundamental matrix solution of ([B). Then, if yx is strictly complex (x # x*),

U(z, t, k) = [1 + @‘_f{) P(:L",t)] Wo(z,t, k) (12)

is a solution of () with

u (1) ) _ ug (1) 2i(x — x*)¢* 2
< u(2)(x,t) ) B ( u§2)(x,t) + IC12 = s1]21]% — s2|z2]? < 2z > ) (13a)

2is152(c1 — c2)(X — X*) 2 22

t) = t) — 13b
wle,f) = wolw, 1) % — s1]21]? — s2]22|? (13b)
where the vector
C(x,1)
Z(x,t) = | z1(z,t) = Uo(z,t,x") 2o (14)
z2(x7t)

is a solution of [B) with £ = x* (Imy # 0) and Zj is an arbitrary, constant and complex
vector. Moreover in ([I2]) the projector matrix P(x,t) is

1 0 0
VAl
Pla,t) = 0 —s, 0 |. 15
N TETR=r Al W "

Here the condition that the parameter x is not real is crucial. Indeed, the Darboux-
Dressing transformation which adds one real pole to the solution Wy (x,t, k) in the k—plane
at k = x = x* is given by a different formula, as detailed in [27]. However this real-pole
transformation will not be used here as it yields rational (or semi-rational) solutions which

1 (2

are singular (i.e. unbounded). The seed solution uy "’ , ugy , wo of (II]) is the plane wave

ug (2,1) ayeiar—t) o
g s a

u(2)(3j £) aze—i(qm—i-uzt)

0 9

wo(,t) = is1s2(ca — Cl)a;—;@‘f—ipqﬂ(w_yl)t] ; (16b)

with )
vi = alg® +2(s1af + s5003)] + Bleiq + sagz (e — e2)] )
17

2

vo = alg® +2(s1af + s5203)] + Bl—c2q + s155(c1 — 2)].

Remark 1 With no loss of generality the amplitudes a1 and as can be taken to be real.
Moreover, because of Galilei invariance, one may choose the wave numbers q and —q of
these two plane-waves, see (16d), to have opposite sign.



In order to construct the transformation (I3]) in the case where the seed solution u((]l), u((]2),

wo of () is given by (I6)), we have to construct first the solution ¥y of the Lax equations
@B)). To this aim we observe that, once (I6]) is fixed, the corresponding Qo and Wy take

the form
0 S1a1 S2a9

Q=G| a 0 0 |G, (18)
a9 0 0
0 0 0
Wo=G| 0 0 is2 %2 (e —c1) | G, (19)
0 isl%(q—cl) 0
with
1 0 0
G=1 0 elaz—n) 0 : (20)
0 0 e—i(qw—l—z/gt)
It follows then that
o(z,t, k) = G(z,t)0(z,t, k) (21)
and the Lax pair reads
o, =iA(k)P, D,=—iQk)D, (22)
where
k‘ —islal —i82(12
Ak)=| —ia1 —k—q 0 (23)
—1a9 0 —k+ q
and
Q(k) =« ins(k) + 5 Q3w(k7) 5 (24&)
with
—2k? — s1a3 — s9a3 is1a1(2k — q) isgaz(2k + q)
Qis(k)= ia1(2k — q) 2k? — ¢ — s1a% — 25903 $9a1a9 ,
iaz(2k + q) s1a1a 2k? — q® — 25102 — s9a3
(24b)
0 —islclal —ngCgCLg
a2 ala
Q3 (k)=| —iciar —c1(2k +q) — szﬁ(cl —c2) 525—(12(01 —ca)
a2
—icoas sl%(cl —c2) —co(2k — q) — Slﬁ(cl —c2)
(24c)
Since
[A(k), Q(k)] =0, (25)

the solution W has the expression
o (z,t, k) = Gz, t)e'ARz=2k)1) (26)

Finally, the vector Z(z,t), see (I4]), which appears in the Darboux-Dressing transformation

([I3) reads ‘
Z(z,t) = Gz, t)e!AO)e=0N 7, (27)



Remark 2 The Darboux-Dressing transformation (13) may lead to a singular solution of
(1) due to zeros of the denominator |C|? — s1|21|? — s2|22|?. The condition that the signs
s1, 82 are both negative (s1 = so — 1) is sufficient for this solution to be bounded (i.e.
nonsingular). Nevertheless we will keep the signs s1, s arbitrary.

Remark 3 The parameter q, other than the signs s1, So, is expected to be relevant to the
stability of the plane wave solution (I6). Despite the importance of this point we do not
discuss it here.

3 Rational solutions

This section outlines the general scheme to construct all bounded solutions of (II]) which
are obtained via the Darboux-Dressing method and whose dependence on coordinates is
either rational or a mixture of rational and exponential functions. Two subsections are
then devoted to systematically compute the explicit expressions of all these solutions. The
starting observation is that no rational dependence on z, t of the solution (I3]) exists if
the two matrices A(k) and Q(k) (for k = x*) are similar to a diagonal matrix. Indeed, this
statement stems from the expressions (I3)), together with (I6]) and (27)), which imply that,
in this generic case, the explicit expression (3] of the solution contains only exponential
functions of x and t. Therefore we find those particular, critical, values k. of k, such that
the two matrices A(k.) and Q(k.) are instead similar to a Jordan form. Indeed this form
is generically the sum of a diagonal matrix and a nonvanishing nilpotent matrix, therefore
the starting elementary observation is that, if N is a nilpotent matrix, say N™*! = 0 and
N™ #£ 0 for an integer m, then exp(zN) is a matrix valued polynomial of z of degree m.
Moreover, in order to apply the Darboux-Dressing formula (I3]), the critical value k. is
required to be strictly complex, namely to lie off the real axis of the complex k—plane.
Therefore through our investigation we disregard all those values of k& which are real even
if the corresponding matrices A(k) and Q(k) are similar to a Jordan form. Though the
matrices A(k) and Q(k) play a similar role, it is convenient to focus first on A(k) and its
characteristic polynomial

Py(N) = det[A — A(k)] = X3 4 Ag(k)A% + Ay (k)X + Ag(k) (28)
whose coefficients take the expression (see (23)))

Ag(k) =k, Ai(k) = —k*> — @+ s1a? + s0a3,
Ag(k) = —k3 + k(q® + 5103 + s2a3) + q(s203 — s1a3). (29)

The following proposition holds true:

Proposition 1 If \i(k), \a(k), As(k) are the three roots of the characteristic polynomial
(28) then a necessary condition for A(k.) to be similar to a Jordan form Ay,

Ake) =TA; T, (30)

s that either one of them, say A3, is simple and Ay = Ao is double, or A\ = Ay = A3.
T denotes the similarity transformation matriz. In the first case, A(k.) is similar to a

7



Jordan form Ay if and only if Ay = Ao is geometrically simple,

)\1 1% 0
Aj={ 0 M 0 |, p#o; (31)
0 0 A3
while in the second case, AN(k.) is similar to a Jordan form Ay if Ay = Xa = A3 is
geometrically simple,
At opr O
Aj=1 0 X w1 |, m#0. (32)
0 0 X\

Remark 4 The case in which A\ = Ao = A3 is geometrically double is the particular case

of (31l) for \y = As.

Remark 5 We point out for future reference that, in our notation (31 and[32), for di-
mensional reason we prefer to leave the entry u in (31]) and w1 in (33) as free nonvanishing
parameters rather than giving them the unit value, u = w1 = 1, as commonly in use.

As for the second matrix Q(k.), since it commutes with A(k.), see (28], it is consequently
taken by the same similarity transformation

Qk,) =TQT! (33)
into a matrix € which commutes with A J but it is not necessarily a Jordan form. Indeed,

if wy, wy, ws are the three eigenvalues of (k.), in the first case (i.e. Ay = \2) it necessarily
follows that w; = wo, so that

R wi p O
Q = 0 w1 0 s (34)
0 0 w3

which is still a Jordan form if p # 0, while in the second case (i.e. A\ = Ay = A3)

R w1 P, P2
Q = 0 w1 p1 . (35)
0 0 w1

On the other hand the values of p in ([B4) and of p; and py in (B5) have no a priori
conditions.
Once a critical value k. has been found, setting in ([27) x = &} yields the expression

U(‘Ta t) ) ~ it
Z(x,t) =Gz, )V (x,t), V(et)= | vi(x,t) | =TeM==0 | 4 | (36)
V2 (‘Ta t) 73

where 71 , ¥2, 7y3 are arbitrary complex constants. Due to the nilpotent part of Ay and fAZ,
this last expression yields a dependence of V(z,t) on x and ¢ which is partially rational.
Indeed, by inserting (B1]) and (B4)) into (30]) yields the semi-rational dependence

(71 + y2f)etPamment)
V(z,t)=T ypethra=wil) » E=i(px — pt) (37)
,Ygei()\gw—wgt)



in the case \3 and ws are (algebraically) simple. In the alternative case in which A\; and
wy are (algebraically) triple, the expression of V follows by using instead ([B2]) and (35])
and it reads

, Y1+ 7281 + 3¢ 1
V(z,t) = ey 2 + 73€1 L G=iGur—pit), (=& —ipst. (38)
V3

Using (38) the expression (I3)) of the solution u™), 4 w of () can be written in the
more explicit form:

u (z,t) \ _ [ ellarb) 0 o\ 2i(k = ke)v” v
u® (z,t) ) 0 e~ iartrat) as [v]2 — s1]v1|? — so|va]? \ v2
(39a)

2qz4(vo—uv1)t] | @102 + Z(kfck — k‘c)UT’L)g :| 29b
[ 2(] |U|2 — 81|’U1|2 — 82|’U2|2 ( )

w(z,t) = is1s2(cy — cp)e

These last expressions (89) readily show that, if the three eigenvalues \; are all the same,
A1 = A2 = )3, then the solution (39)) is purely rational as its expression does not contain
any exponentials (see (B8])). In the alternative case, \y = Ao # A3, the expression (37
shows that the solution (B9) is generically expressed in terms of both exponential and
rational functions. Non generically, however, the dependence on coordinates is purely
rational if v3 = 0 while it contains only exponentials if v = 0. We summarize the step-by-
step construction of all such solutions of (1) as follows: once a critical value k. off the real
axis is computed, one computes the corresponding eigenvalues \;, w; and the off-diagonal
entries p or p1, po; the corresponding similarity matrix 7" is then computed and thus, using
the formula (B9]), the final expression of the solution.

The following two subsections describe the computation of the critical values k. and of
the corresponding similarity transformation matrix 7.

3.1 The case \{ = \y = A3

We start by requiring that the three roots of the characteristic polynomial (28]) coincide
with each other, namely Px(\) = (A — A1 (k))3, so that

Ai(k) = Ao (k) = As(k) = tr(A(K))/3 = —k/3. (40)

Moreover, by Cayley theorem, [A(k) + k/3]* = 0 (we omit to write the identity matrix I
where no confusion can arise). Therefore the requirement that the matrix [A(k) + k/3] be
nilpotent yields the critical values k.. We disregard the case [A(k) + k/3]? = 0 because
it leads to the strong reduction ajas = 0 and to real critical values of k. Moreover the
condition [A(k) + k/3]* # 0 excludes the limiting case in which (BI]) holds for A\; = A3
(see Remark 4). This way we compute all critical values k.. By disregarding those values
which are real, we are left with one case only, namely

V27
q#0, ke=i—eq, s1=Sy=—1, ai=as=2q, € =1. (41)

2

In this case the critical value k. is imaginary and the free parameters are ¢ (real) and the
sign ¢€; hence the Darboux-Dressing transformation (I3]) applies and the resulting solution

9



will be considered below.

It now remains to provide the similarity transformation matrix 7', as well as the two
matrices Ay and SA), namely w; and p1, po (see BH)). T is however already given by
B2) with A (k.) = —k./3 (the non vanishing parameter p may be fixed according to
convenience). Needless to say, the expression of the similarity matrix 7" is not unique and
the one we give below may be changed, for instance, by a multiplication factor. In the
present case in which A = Ay = A3 and A— )\ is nilpotent with (A—X1)? # 0, (A—\1)? =0,
the construction of the similarity transformation matrix 71" requires a tedious but straight

computation and we limit ourselves to give the final formula: Ay = Ay = A3 = —i@eq SO
that
ev/3 1 1 )
Ak)=M+mN, N=[ -1 6 0 |, pw=2q, 6= 5(—e\/§+z'), (42)
-1 0 0

where the dimensionless matrix N is nilpotent and 6 is a phase factor, namely |§| = 1. In
this case the similarity transformation ([B0), with (B2]), is provided by the matrix

o 0 —i
T=| 1 0 ie/3 (43)
i0* i 0

whose Jordanization action is specified by the formula

N=TN;T~', N;= (44)

o O O
S O =
O = O

As for the matrix Q, wy = we = w3 = tr(Q)/3 = LLag® + Bqlc1 — 2 — iev/3(c1 + )] and
8 3ev3+i 3eV3—i

Qke) = w1 +2a¢® | —3ev/3 —i —4 -2 +
—3eV/3 4 —2 —4
ieV/3(c1 + c2) +ca — 1 2icy 2ico
+08q —2icy iev/3(ca — 2¢1) — co —2(c1 — ¢2) ,
—2i62 —2(61 — 02) iE\/g(Cl — 262) +c

while € has the expression (33]), namely Q= w1+ p1 Ny + pgNE which implies
Q(ke) = w1 + p1N + paN?, (45)

where the matrix N has the expression ([@2]). Comparing [@5]) with ([#2)) yields
p1 = dag’eV3 +2Bq(0c) — 0% ca),  po = dag® +2Bq(cr — ) . (46)

We now apply the Darboux-Dressing construction formula (B89) with the naked solution
appropriate to this case (namely (I6]) with a; = ag = 2¢), and the vector V(z,t) as given
by (B8]). Thus we arrive at the following expression of the solution:

uV(z,t) etlgz—nt) 0 1 3ev/3A* 0* Ay
u® (x,t) 0 e~ ilaztyat) 1 |A]2 + A2 4 | A2 \ 042
(47a)

)
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3ev/30* A Ay

-9 _ —i[2qx+(v2—11)t] 1
ZU(ﬂj‘,t) ZQ(C2 Cl)e [ + |A|2 n |A1|2 n |A2|2

] (47b)
with the notation

v=—15ag’> — 3Bq(c1 —c2), vi=v+1iBe(ci+e), v2o=v—131Bq(ci+c),

A= +7& + 3¢ —i07),

Al =y 4+7(& +0°) + 13+ 06 +ieV3), Ay =1+ 72(& +0) +73(¢ + 061
(48)
while & and ¢ are defined by (B8) with p; = 2ig (see ([@2))). We observe that not all the
three complex parameters 71, v, v3, as introduced via (B8l), are essential as one of them
can be arbitrarily fixed and two more real parameters can be absorbed as translations of
x and t. The analysis of this solution is detailed in section 4.

3.2 The case \; = \y # \3

Here we consider the case in which, for a critical value k = k., one eigenvalue (say A;)
of A(k) is algebraically double but geometrically simple, so that A(k.) is similar to a
Jordan form, see ([B0) and (BI)). Since finding k. generically requires computing the roots
of a fourth order polynomial (see below), we postpone this computation and we construct
first the similarity transformation matrix 7" with the assumption that k = k. is known.
If Ay = M(ke) and A3 = A3(k.) are the corresponding eigenvalues of A we obtain the
following general expression of T'

¢1 b2 ®3
o __igiay ___ipra1 pdiar __ipsan _
T=| ~Tuthrg ~uthrg T utkta? Outhra | Kk =ke, (49)
__igiaz ___i¢az + pdiag __ ipsag
(M+k—q) M+k—q) ' (Mi+k—q)? (As+k—q)

which turns out to depend on the three complex parameters ¢, ¢o, ¢3, arbitrary except

for the condition that the matrix 7" be non singular. Since the determinant
(A1 = Ag)?

O + B2 = [0 + B2 — 7P

det T' = 267 ¢3quaias (50)

does not dependent on ¢o, we may take ¢ = 0 and conveniently set ¢1 = (A + k)% — ¢?

and ¢3 = (A3 + k)2 — ¢®>. With this choice of the parameters the matrix T takes the
expression

(M + k)z - q2 0 (A3 + k)2 — q2
T=| —tai(M+k—q) ipar(M+k—q) /(M +k+q —iax(As+k—q) |, k=k.,
—iag(M +k+q) dpax(M+k+q) /(M +k—q) —iax(As+k+q)

(51)
where the condition of being invertible reads quajaz(A\1 — A3) # 0. We note that the
derivation of this expression requires not only that Py(A1) = Pa(A3) = 0 but also that
P{ (A1) = 0 where Py (\) = dPa(X\)/dA. Since this matrix T' becomes singular (i.e. non
invertible) if ¢ = 0, see (B0), before proceeding further we prefer to first consider this
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separate case here below.

The assumption ¢ = 0 leads to consider two separate cases, namely either Sla%—FSQCL% # 0 or
s1a?+s2a3 = 0. We disregard this second case as our analysis shows that its corresponding
solution becomes singular because of the vanishing of the denominator in the expression
(9). Thus we treat here only the case in which ¢ = 0 and sja? + spa3 is strictly non
vanishing. With these assumptions the explicit expression of the roots of Py (\) are

)\1:\/1432—8161%—82&%, )\2:—\/1@2—31(1%—32&%, 3=k, ¢q=0. (52)

The conditions that A\; = Ay and that the value of k. be not real leads to the condition

sla%+82a% < 0. This therefore excludes the choice s; = s9 = 1 and leads to the two values

k=k.=1ip,p= j:\/—sla% — 32a§ , A1 =X =0, A\3 = —k. = —ip. We find however that
the condition s1s2 = 1 is necessary and sufficient for the solution (I3al) to be non singular
(in general singularities come from the zeros of the denominator which appears in this
expression). We conclude therefore that only the (focusing) case s; = s9 = —1 is worth
considering. Thus in this particular (and interesting, see below) case the eigenvalues are

AM=X=0, A3=—ip, p=e\/a?+a3, e=1. (53)

Thus the matrix A reads

Ake)=| —iaqx —ip O (54)
—tay 0 —ip

and is taken into the Jordan form (here we set p = —ip, see (31)))

010
Aj=—ip[ 0 0 0 |, (55)
0 01
by the similarity transformation ([B80]) with
-p p 0
T = aq 0 a . (56)
a9 0 —aq

Moreover, since this case does not apply to the 3WRI equations (see (I6D])), we set o = 1
and [ = 0 so that the matrix Q(k.) has the expression

3p? 2pay 2pag
Q(k}c) = —2paq —p2 + CL% —aiag , (57)
—2pas —a1as —p2 + a%

which is similar to the Jordan form Q (see (33) and (34) with
wi=wy=w=p>, wy=0, p=—2p°. (58)

These findings, together with the explicit expression ([B7) and the Darboux-Dressing for-
mula (I3)), yield the semi-rational solution of the VNLS equations

(o ) === [5 (o)~ 7 ()] -
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where L = 3 — 8w?? — 2p%2? + Siwt + |f|?e?*, M = 4f(pr — 2iwt — 1)ePr+t) B =
% + 8w?t? + 2p%x? + |f|?e?P*, and where f is a complex arbitrary constant. It should be
remarked that the dressing construction has introduced 71, 92, 3 as arbitrary parameters,
see ([37). However only the complex parameter s is left essential since the other parameters
can be absorbed by translations of the coordinates z, t. In fact, the expression (B9) is
derived by setting 74 = 1/2, 79 = 1 and v3 = —f. We note also that the dependence
of L, M and B (see (59))) on x,t is both polynomial and exponential only through the
dimensionless variables ax and wt. Moreover the vector solution (B9) turns out to be a
combination of the two constant orthogonal vectors (aj , az)? and (ag, —ai)?.

Let us proceed further to the case in which ¢ # 0, and let us maintain the assumption
that k. is known. We first aim to computing the Jordan matrices A; (BI) and Q B4,
which amounts to computing A1, A3, w1, ws and p. We start from the observation that
the eigenvalue \; is a zero of both the polynomial Py(\) and of its derivative (see (28]))
PL(A) = 3A2 + 2A45(k)A + A1 (ko) = 3(A — A4 )(A — A\_) where

1 A\ A
Ap=—gdat <?> -5 (60)

Therefore this readily implies the following proposition:

Proposition 2 Assume k = k., then if Px(Ay) = 0, the three roots of Px(\) are
1
A=A =y, A3= 5(3)\— —A4) (61)
while if Px(A_) = 0, the three roots of Px()\) are

AL=X= A, /\3:%(3>\+—>\_) . (62)

The proof of these formulae is elementary and consistent with the fact that the dis-
criminant of a generic third degree polynomial, see (28], is proportional to the product
[PA(A4)][PA(A-)]. The explicit expression of A; and A3 finally obtains by inserting in (G0)
the coefficients A, A; in terms of k via (29).

As for the eigenvalues wy , wsg and of the parameter p, see ([34)), we use the similarity prop-
erty ([B3), the matrix transformation T being given by (51]), and we obtain the expressions
(with k& = k)

2 2
W) =Wy = —« {2k)\1 + s1a3 + 8203 + ¢ |:()\1841-(;1+q) B ()\18-}2-(122—11):| } n
_g {(cl + o)k — M)+ (1 —¢2) |:()\18-i1-(]zl—i-q) B (Alsi:%—q)]} 7
w3 = —ai2k\3+ s1a3 + s2a3 +q {()\:ﬁiq) — ()\:_ii%_q)] } + (63)
_g (c1 +c2)(k—X3)+ (c1 —¢c2) {(/\;Ziq) B ()\:j-zg—q) } )
p= —on{2k— | — o}t

2
5 {er e+ (e — o) [ty — ooty | -

The main task now is finding the critical values k. which are in the complex k—plane
strictly off the real axis (Imk. # 0). These values are zeros of the discriminant of the
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polynomial Px(A) ([28). By taking into account the expression of the coefficients (29]), this
discriminant turns out to be proportional to the fourth order monodic polynomial

A(k) = k* 4+ D3k® + Dyk?® + D1k + Dy, (64)
where the coefficients are
Dy = (5203 — s107)/(2q) ,
Dy = —[8¢* — (s1a3 + 52a3)? + 20¢%(s1a3 + s2a3)]/(24¢?) ,
Dy = —9(s2a3 — 5107)(2¢* + s1a] + 5203)/(2%q)
Do = (¢° — 5107 — 5203)°/(2'¢°) — (§)* (5203 — s107)? .

Though the generic fourth degree algebraic equation is solvable, the explicit expression
of its solutions is so complicate that its use does not make their computation any easier
than just computing them numerically. One exception to this wisdom is the case in which
this algebraic equation reduces to a second degree equation. This is the case if we assume
the condition Sla% = Sga% which implies that D; = D3 = 0 with the consequence that the

vanishing of the polynomial (64]) reads as the second degree equation
A(k) = R(h) = h* + Dah + Dy =0 (66)

for the new variable h = k2. Here the coefficients are

Dy = —(2¢* — a] + 10s¢%a?)/(22¢%),
(67)
Do = (¢* — 2sa3)*/(2"¢) .
In this special case the reality of a; , ap implies the condition s; = sy = s and a? = a3,
which has been used to pass from (65]) to (67). The search for the critical values k. in the
parameter space, the parameters being ¢, a; and the sign s, is now simple since the four
zeros of the discriminant (64]) have the explicit expression

1/2
1
k=Fk(n,n)=mn (——Dz +m ZD% - Do) , M= =1, (68)

which is the starting point of our short discussion of the corresponding family of solutions
we present in the subsection 4.2.2. We note here that these expressions of k. are explicit
because of the assumption sja? = sga3. In the generic case in which ¢ # 0 and sja? —
s9a3 # 0, we prefer to compute k. numerically as roots of the discriminant (64)).

4 Analysis of the solutions and conclusions

In the previous section we have shown the way of deriving a rich family of solutions of
the system (II]). In fact we have constructed all the bounded (rational or semi-rational)
solutions which can be obtained via the DDT method. The aim of this section is to
select and detail some of such solutions. We separately treat those which are solutions
of the VNLS system (I (by setting a = 1, 5 = 0) and those which are solutions of the
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3WRI equations (2)) (by setting o = 0, 8 = 1). As for the parameters which appear in
the expressions of our solutions, some of them are structural coefficients which enter the
partial differential equations (II]), say the signs s1, so and the characteristic velocities
1, c2; other parameters, i.e. ¢, aj, ag, originate from the background (see (I6l)) while
others, 1, 72, 73, come from the DDT transformation. In this transformation there
appears also the critical value k. of the spectral variable k, which depends only on s1, o,
q, a1, as. Although some of the parameters are not essential as they could be eliminated
by using simple symmetries, in some cases we prefer to keep them because of their physical
significance. We point out also that the background parameter ¢ plays a distinctive role
in our solutions as it has no counterpart in the scalar NLS equation.

41 M=Xl=X;

In this case the solutions are rather peculiar as they are all purely rational. Only two
critical values of k are possible, namely k. = =+iq\/27/2 as specified by (@I)). These
solutions exist only if s1 = so = —1, which is the focusing case of the VNLS equations,
together with the condition a; = as = 2¢q for the background amplitudes. The general
expression of the corresponding solutions is ([@7). As for the three complex parameters
Y1, Y2, Y3, we omit considering 5 = 3 = 0 since in this case the expression [{7]) is
trivially that of a plane wave. Thus we find it convenient to illustrate the dependence
of the solution on these parameters by considering separately the two cases: i) y3 = 0
and ii) 7 = 0. With no loss of generality because of translation invariance, one can set
9 = 1,y = 0 in the first case and v3 = 1, 72 = 0, while ; remains arbitrary and
complex, in the second case. Moreover the expression of the solution is the ratio of two
polynomials of second degree in the first case i), and of two polynomials of fourth degree
in the second case ii). Figures [l to [ illustrate these two cases separately for the VNLS
and for the 3SWRI equations.

4.1.1 Solutions of the VNLS

Let X = gz and T = ¢*t be rescaled variables; let u\9) (z,t) = qUU)(X,T), j = 1,2.

Case 13 =0,7%2=1,m1=0

(x1157) | 12X2 4 144T? + (4eV/3 4 6i) X — 36iT — 1 +iey/3

UM =2;9¢t
12X2 4 14472 + 4e/3X + 2

(69)

Since this solution satisfies the relation u(?(x,t) = u)*(x, —t) we report only the compo-
nent uV(z,t) = qUW (qt, ¢*t); figure @ displays the amplitudes [u™") (z,t)| and |u® (z,1)|
for a choice of parameters (see caption).

Case 3 =1,7%=0,7#0

. P(l) . P(2)
U(l) :22'062(X+15T) T4 U(2) _ Zie*e—z(x—lf)T) -4 (70)

7 Py
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where the fourth degree polynomials Pf) ) Pf) , Py are given in Appendix A. Figure
displays the amplitudes |u™® (z,t)| and |u® (z,t)| (see caption).

Vool ool

4 _ L4 _ !
g L':'. ’ 2 3 L'z'_ )

2% £ 2% #

1 1

e e

0 bl 0
|
- il
% 2 % 2

Figure 1: VNLS: kczi@, AM=X=XA,851=8=—-1l,a=a=2,qg=1,¢ =1
Y2=1mn=73=0.

p®ecnl

Figure 2: VNLS: kczi\/Tﬁ, M=X=A3,s1 =8 =—-1,a1=ay=2,g=1, ¢ = 1;
N=147%=0 =1L

4.1.2 Solutions of the SAWRI

Let X = gz and T = ¢t be rescaled variables; let v\ (x,t) = qUU(X,T), j = 1,2,
w(z,t) = W (X,T).

Case 13 =0,72=1,71=0

(1)
(1) _ 9ip il X+T(c1—202)] @2 _ N —i2X-T(c1+e) D2
U 2ife AR W =20(c1 — c2)e A, (71)
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where the second degree polynomials le), @2, Ms are given in Appendix A. Since this
solution satisfies the relation u(® (z,t, ¢y, o) = uM*(z,t, ¢, ¢1) we report the expression
of the components uM (x,t) = qUM (qz, qt), w(z,t) = ¢W (gz, qt) only. Figure Bl displays
the amplitudes |u™ (z,t)|, |u® (z,t)| and |w(z,t)| (see caption).

Ca'sef)/?):]-uf)/?:oafyl#o

_ o'V . o2
UL = 9;9eilX+T(c1=2e2)] X4 17(2) — _9;p%o—iX+T(c2=2c1)] ¥4

My’ My’

W = 20(cy — cg)e X T (erte2)] % ; (72)

where the fourth degree polynomials Qfll), 512), @4, My are given in Appendix A. Figure
d displays the amplitudes [u(M (z,t)|, |u® (z,t)] and |w(z,t)| (see caption).

Figure 3: 3SWRI: k. = z'*/Tﬁ, M =X =XA3,81 =8 =-1,a=a =2,qg=1, ¢ = 1;

Y2=1Lm=7=0.

el Sl o wedl

Figure 4: 3WRI: kczi@, M =X =XA3,81 =8 =-1,a=a =2,qg=1, ¢ = 1;
N=1i7%=0 =1

4.2 The case \; = Ay # A3

The expression ([B9), together with (37]), shows that generically these solutions feature a
dependence on coordinates which is both rational and exponential. In particular, however,
if v3 = 0 the dependence is purely rational while if v9 = 0 the solution has only exponential
functions. In the following we disregard this last case and consider only solutions with
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vo # 0. Here we separately consider solutions corresponding to ¢ = 0 and different
background amplitudes, a1 # ao, with ¢ # 0 but a; = a9 and, finally, with ¢ # 0 and
a1 # as. These distinctions are merely due to computational reasons. However, and
interestingly enough, we numerically show below that in the last two cases (i.e. with

g # 0) bounded rational solutions exist not only in the focusing case s; = so = —1,
as for the Peregrine soliton of the scalar NLS equation, but also in the defocusing case
$1 = 89 = 1 and in the mixed case s1s9 = —1.

4.2.1 q=0 and vector Peregrine solutions

In this case the solution, which is well described by its expression (59)), applies only to
the VNLS equation. In this respect we first notice that this expression (B9)), with f =0,
and ag = 0, coincides with the Peregrine soliton of the scalar NLS equation. We further
note that, since the two components u(!) (x,t, a1,a2) , u?(x,t,a1,as) are related to each
other by the relation u(® (x,t,a1,a2) = u(l)(a:,t,ag, —ay), we limit our attention only to
u(2,t). In the rescaled variables uV) (x,t) = UN(X,T), X = z+/a® + a2, T = t(a?+a3),
this solution (see (59)) may be written as

AXZH16T?+1 2°47fT \Vax2+1612+1 ) cosh(X—2)
(73)
where the curve X = Z(T) is the trajectory of the soliton as implicitly defined by the
formula

) — 2T {a1 [(2+8iT)+(4X2+16T2—8iT—1)tanh(X—Z)} 1 oa, Y2 < 8X 1671 ) 1 }

2|f|?e*? = 42% +16T? +1. (74)

As a consequence of these expressions, the large T asymptotic behavior along the curve
X = Z(T) is found to be

. 2
UD(X,T) — ¥ [a1 tanh(X — Z) — iagﬁsignT , T — 400, (75a)

| cosh(X — Z)
Z(T) — log|T| + %log <%> +0 (10’gT]‘T\> , T — £o0. (75b)

We observe that, as suggested by (73] and explicitly indicated by the asymptotic expression
(75al), the amplitude a; multiplies a kink-type profile while the amplitude as multiplies a
bright-type pulse. Moreover the asymptotic motion (75b]) is that of a particle which comes
from z = +00 and goes back to x = 400 where it “stops” since its velocity asymptotically
vanishes, namely dZ(T)/dT — 1/T + O(log|T|/T?). Figure [l shows an instance (see
caption) of the amplitudes |u")(z,t)| and |u((z,t)|. Further instances of this solution
([73)) are reported in [14 [15].
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Figure 5: VNLS: k, = i¥%2, A = Ay # A3, s1 = s2 = —1, ¢ = 0,a1 = 1, ag = 0.5, f = 0.1i.

4.2.2 ¢#0 and a1 = as

This family of solutions possesses two novel features with respect to those discussed in the
previous subsections. First, the choice s = s5 = 1 is compatible with the boundedness
of solutions (see below). Second, the conditions on the parameter set for the existence of
a critical value k. lead to threshold phenomena for the dimensionless positive parameter
m = a3/q*. As implied by the explicit expression (68) of the zeros of the discriminant
(64]), alias (66]), we state the following

Proposition 3 Assume s1 = s9 = 1:

1. if ¢> > 2a? then the four zeros k(m1,m2), see (68), are real and no (complex) critical
value k. exists.

2. if ¢ < 2a? then the two zeros k(1,m2) are real and the other two k(—1,m2) are
imaginary. Therefore in this subset of the parameter plane (a1, q) there are two
critical values with opposite sign, i.e. k. = k(—1,m2) or, explicitly,

1/2
. 1 1
ke =k(—=1,m2) = ino <§D2 + ZD% — DO) , =1, (76)

where Dy and Do are given by (67) with s = 1.
Proposition 4 Assume s1 = s = —1:

1. if ¢ > %a% then the four zeros k(ni,m2), see (68), are strictly complex (namely
Imlk] # 0) and therefore there are four critical values k. = k(ni,1n2).

2. if > < %a% then the four zeros are imaginary and the critical values are again
ke = k(n1,m2).
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Once k. is computed, its corresponding solution of the equations (IIJ) is obtained through
the following chain of steps: i) use Proposition 2 to compute the eigenvalues A\; and s, ii)
compute w1, ws, p according to (63)), iii) insert the expression (G1l) of the similarity matrix
T in [B7) to compute the vector V', iv) finally apply the Darboux-Dressing formula (39)).
Instances of solutions of the VNLS equation are shown in Figure [0l (rational, defocusing),
Figure [1 (rational, focusing), Figure [§ (rational-exponential, focusing). Instances of so-
lutions of the 3WRI equation are shown in Figure [ (rational, s; = so = 1), Figure
(rational-exponential, s; = sy = —1).

Figure 6: VNLS: k. = %\/—13—1— 16vV2, i =X # X3, s1=s0=1,¢g=1, a1 = ay = 2;
2=171=7=0.

Figure 7: VNLS: k. = \/g\/ B4V M =X FE N, s1=50=—1,g=1, a1 = ag = 1;
Y2=1m=7=0.
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Figure 8: VNLS: k. = \/g\/ B4V M= FE N, s1=8s0=—-1,g=1,a, =ay = 1;
Mm=r=v=1

ol

L IIJ(“(XJ)l
i S

X R W 3z b X 2

Figure 9: 3WRL k. = $v/ =134+ 16v2, Ay = Mo £ X3, s1=s2=1,¢=1, a1 = ay = 2,
a=lLco=2yn=1m=73=0

qu-')(x,ii-l

Figure 10: 3WRI: k. = \/g\/ BHiV3, M= AN, s1=80=—1,g=1,a; =as =1,
a=lLao=2%n=r=mn3=1

4.2.3 ¢ #0 and a; # a2

We explore this case by first computing k. numerically. Then the step-by-step method of
construction of the solution, as indicated in the previous subsection, produces the plots of
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solutions of the VNLS as displayed in Figure [[T] (rational, defocusing), Figure [I2] (rational,
focusing), Figure [[3 (rational, sy = —1, s9 = 1), Figure [[4] (rational, s1 = 1,59 = —1). An
instance of solution of the 3WRI equation is shown in Figure (rational, s = so = 1).

Figure 11: VNLS: k. = —5.600 +4.655i, A\ = Ao # A3, s1 =so=1,¢=1,a1 =2, a3 =5;
Y2=1Lm=7=0.

Figure 12: VNLS: k. = 4.876 +5.343i, \{ = Ay £ A3, 81 =S =—1,q=1,a1 =2, a9 = 5;
Y2=17=7=0.
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Figure 13: VNLS: k. = —1.242 + 0.6367, Ay = Ay # A3, 81 = —1,89=1,g=1,a1 =1,
ag=2;72=1m=7v=0.

Figure 14: VNLS: k. = 0.625 + 1.879¢, Ay = Ao # A3, s1 =1, 80 =-1,g=1,a1 = 1,
ag=2;72=1m =77 =0.

LEs ’ -m“‘--..- s
TS oy D Pl T
0 Poglind 0 [0
X e if X ey i

Figure 15: 3WRI: k. = 1.319+0.256¢, Ay = Ao # A3, 81 =82 =1,¢=1, a1 =2, as = 0.5,
a=lLeo=2yn=1Ln=73=0.
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4.3 Conclusions

In this article we have devised a method of construction of solutions of two integrable
systems of partial differential equations of interest in a variety of applications. These sys-
tems, the VNLS equations and the 3WRI equations, model the coupling of two waves and,
respectively, of three waves. Our construction is specially tailored to yield solutions which
feature a rational, or mixed rational-exponential, dependence on the independent variables.
While rational solutions of integrable partial differential equations attracted mathematical
interest since the 70’s and consequently this type of solutions were derived for a number of
integrable wave equations, it was only recently that further investigations of rational so-
lutions were extended to integrable systems of two or three coupled differential equations.
The main motivation of such a renewed interest goes back to the observation by Peregrine
that the simplest rational solution of the focusing NLS equation may well model an ocean
rogue wave. In a variety of physical contexts it was however soon recognized that, several
waves, rather than a single one, should be considered in order to account for important
resonant interaction processes. For integrable partial differential equations, according to
personal taste, various, yet equivalent, approaches have been adopted: spectral transform
and dressing techniques, Wronskian and Hirota methods, and Darboux transformations
as considered here. These solutions are all soliton solutions since their corresponding
spectral data on the continuos spectrum vanish. Moreover the strategy of computation
may depend on whether the soliton is superimposed to the vacuum (i.e. the vanishing
solution) or to a plane wave background. Here we deal with this second type of solitons.
In most of the constructions discussed in the literature, the way to obtain polynomials
out of (a linear combination of) exponentials goes through an appropriate limit process by
making a number of eigenvalues of the Lax equations coalesce to get all the same value.
Our approach is instead based on the exponentiation of non diagonalizable matrices. This
construction naturally leads to consider those critical values k. of the spectral variable k
such that the matrices which appear as exponent are similar to a Jordan form. There is
therefore no need to take the limit in which different eigenvalues coalesce. We believe that
our investigation is able to capture all possible solutions in this class. We are confident
that the broad family of solutions presented here add a contribution to the understanding
of rogue wave phenomena in novel physical situations where wave resonant interactions
are relevant.

A Polynomials

P =

12X% 4+ 17287 + 288 X272 + 4 (3i + 2\/56) X3 — 864iT° — 72iX 2T + 48 XT? (3i - 2\/56) +
+3X2 (4Refy] +3iv3e — 1) — 1272 (12Rey] + 5iv/3e +9) +

F12TX (4\/§dm[71] —iv/3e + 9) 6T (2i\/§dm[71] + 6iRe[y1] — v/3e + 3i) n

roXx (—3i\/§dm[vl] + 2v/3eRe[y1] + 3iRe[y1] — 2v/3¢ — 3i) + 3y 2+

+ % (1 + 5i\/§e) Re[mn] + g (\/§e - z) Tm[y] + g (1 - i\/§e) (772)
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P =

12X + 172874 + 288 X272 + 4 (—3i + 2\/36) X3 — 864iT% — 72iX 2T — 48 XT? (3i + 2\/56) +
+3 X2 (4Refy] — 3iv3e — 1) — 1272 (12Rey] - 5iv/3e +9) +

F12TX (4\/56111{1[71] —iv/3e + 3) 6T (—2i\/§dm[71] + 6iRe[y1] + V3¢ — 3i) n

12X (—3i\/§dm[vl] +2v/3eRe[y1] — 3iRe[y1] — 2v/3¢ — 6z’) + 3 |2+

+ % (1 - 5i\/§e) Re|m] + g (\/Ee - 32’) Imjy] — 2 (1 + i\/§e) (77b)

Py = 12X* 4 1728T* 4 288 X272 + 8v/3eX> — 96v3eXT? + 6X2(1 4 2Re[y1])+
+ 72T%(1 — 2Re[y1]) + 12X T(6 + 4v/3eIm[y1]) + 2X V3e(1 + 2Re[y1])+
+ 3712 — Re[y] + 3V3elm[y,] + 4 (77¢)

QWY = 12X2 4 1277 (2 — crcp + ) — 12XT(c1 + ¢2) + 2X <2\/§6 + 31) +
_oT [cl (\/ﬁe - 3i) + e (\/ﬁe + 6z>] +iV3e—1 (782)

Q2 =12X% + 1272 (] —cico +¢3) — 12 XT(c; +c) +4X <\/§e - 3z’> +
27 (er + ) (VBe—3i) — 20/3e 1 (78b)

My =12X? +12T% (cf — ciea + ¢3) — 12X T(c1 + o) +4V3eX — 2V3eT (c1 + c2) +2 (78¢)

O = 12X 1127 (2 — crea + 3)° + 36 X2T2 (2 + c3) — 24X3T(cl + ¢2) — 24XT? (& + ¢3) +
+4x3 (2\/—6 + 32) +
—47% [} (4V3e - 31) = 3c3e2 (Ve - 3) - 3erc (Ve + 31) + 2] (2vBe +3i) | +
_12X?T [\/gecl + e (\/ﬁe + 32)} +12XT? [3\/§ec§ — 4V/3ecres + 32 (\/§e + z)} +
+3X2 (4Re[71] +3iv/3e — 1) +
— 372 (3 (2Re[y] — V3e(2mly] — 1) — 11) + 2e1c (—4Re[y] + Ve +7) +
+ 263 (Relm] + v3e(tm{y] - 30) — 1) | +
— 6XT [2¢1 (VBe(Im[] = i) + Reln] +2) + e (V3e(~2Tm[n] + 50) + 2Reln] - 5) | +
+X {Re ] (4fe + 6z) — 2V/3¢(2 + 3ilm[y1]) — 6@} +
—27 [er (Relmn] (V3e +6i) + 9mlm ] +5v3e — 61) +
+ ez (Refy] (VBe—3i) = 3tmln] (3 +iv3e) — 7vBe +31) | +

9 9 ) 1 5 5
+ 3 * + 5\/§dm[”yl] - Eilm[’yl] + 52 3eRe[y1] + iRe[’yl] - 52 3e+ B (79a)
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QY = 12X* +12T* (3 — crea + 3)° + 36T X2 (3 + ¢3) — 24T X (¢1 + ¢2) — 24T X (& + ¢3) +
+4x3 (2\/56 - 32’) +

—47% 26} (2v3e - 31) — 3c3e2 (Ve - 3i) - 3erc] (Ve +3i) + cf (4vBe+3i) | +
—12X7T [y (VBe = 3i) + Vees | +12XT2 [363 (Ve — i) — 4VBecres +3v3ech| +
+3X2 (4Re[71] — 3iv/3e — 1) +

— 372 (263 (Refy] — V3e(Im{y] - 31) — 4) — 2e16 (4Relm ] +iv/3e = 7) +

+ 3 (2Re[m] + v3e(@Imly] ) - 5) | +

— 6XT [c1 (2Rely] + V3e(2Imly] - 5i) +1) + 262 (Re[] = V3e(Im[3a] =) = 1) ] +
+ox [Re[yl] (2\/§e - 32’) — V3e(3ilm]p] + 2) — 6@} +

+27 [—e1 (Refn] (V3e +3i) +3mpn] (3 — iv3e) +2v3e — 12i) +

+ e (Rehl] (—\/§e + 62’) + 9Imy;] + 4v/3e — 62)} +

1 5 3 9
+3|m|? + gRe[fyl] - 52 3eRe[n] + ix/gehn[”yl] — gilm[fyl] —2iV3e — 2 (79b)

Qs = 12X + 12T (& — crea + 2)* + 36 X2T2 (2 + c3) — 24X3T(cl + ¢2) — 24XT? (& + ) +
+8X7 (VBe = 3) — 41 + )T [ (F + 3) (4v/3e = 3) + e (~7VBe +31) | +

— 12(c1 +¢2) X°T (V3e = 31) +12XT* [3 (3 + ) (V3e — 1) — 4v3ecres| +

+6X2 (2Re[71] — 3iv3e — 2) +

— 372 |3 (2Re[y] — V3e(2Imy] - 5i) — 11) — derea (2Reln] +iv/3e — 5) +

TP (2Re[71] + V3e(2Im[y1] + 5i) — 5)} +

— 6XT [c1 (2Re[y] + v3e(@Imly] = 30) + 1) + ez (2Re[] — V3e(2Imn] +3) - 5) ] +

+2X [2Reln] (V3e - 3i) - 5v3e - 3] +

+or [cl (Re[yl] (—\/Ee + 32') — 3Imy] (3 - i\/§e) —2VBe+ Gi) +

+ ez (Rely] (—v3e +31) +3Imiy) (3 - iv3e) +7v3e - 3i) | +

+ 3|71]? — 4Re[v1] — 5iv3eRe[v1] + 3v/3Im[y1] + 2iv/3e — 2 (79¢)
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My =12X* + 12T* (3 = 1o + B) + 36T2X2 (3 + ) — 24XPT (¢4 + ¢2) — 24XT? (3 + &3) +
+ 8V3eX3 — 4V/3eT? (40? —3clcy — 3cic3 + 4c§) +

— 12V3e(cr + c2) X2T + 12V3eXT? (3¢] — 4eica + 3¢3) +

£ 6X2(2Re[n] + 1) — 672 {c‘f‘ (Re[yl] — V3elm[y] - 7) +2¢162(5 — 2Rem])+

+ 63 (Rehl] + V3elm[y,] — 4)} +

—12XT [cl (Re[fyl] +V3elm[y1] + 2) +e (Re[fyl] — \3elm[y,] — 1)} +2v3eX (2Refm] + 1)+

—2T {cl (91111[71] + V3e(Re[y1] + 5)) +co (\/ge(Re[’h] —4) - 91111[’71])} +

+ 37|12 + 3V3eIm[y1] — Re[y1] + 4 (79d)
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