Exact Solutions the Hirota Equation and Vortex Filaments Motion.
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Abstract

By using the Inverse Scattering Transform we construct an explicit soliton solution formula for the Hirota
equation. The formula obtained allows one to get, as a particular case, the N-soliton solution, the breather
solution and, most relevantly, a new class of solutions called multipole soliton solutions. By adapting the
Sym-Pohlmeyer reconstruction formula to the Hirota equation, we use these exact solutions to study the
motion of a vortex filament in an incompressible Euler fluid with nonzero axial velocity.

1 Introduction
In 1973 Hirota [38] considered the following equation
iqe + 3ialql* @ + phus + 10400z + Olaq =0, (1.1)

where subscripts denote partial derivatives, ¢ is a scalar function, (z,t) € R?, i is the imaginary unit, and
a, p,0,0 are real constants which satisfy ap = 6. In his paper [38] Hirota, applying the method which takes
his name [39], obtained the N-soliton solutions for this equation. Equation (1.1) can be written as

iqr — o2 [qua + 2|qq] + i3 [quax + 6|q/%2] =0, (1.2)

where we have chosen a = 2a3, 0 = —2as9, p = —ag and 0 = a3 in such a way that the constraint ap = g is
satisfied. We observe that for ag = —1, az = 0 we get the focusing Nonlinear Schrodinger (NLS) equation and
for ap = 0, a3 = 1 equation (1.2) reduces to the modified Korteweg-de Vries (mKdV) equation. Equation (1.2)
is integrable because it is the sum of the commuting integrable flows given by NLS and mKdV PDEs which
belong to the same hierarchy. In 1991 Fukumoto and Miyazaki [32] showed the relevance of the Hirota equation
(1.2) in the modeling of the vortex string motion for a three dimensional Euler incompressible fluid. A complete
analytic study of this problem is at the moment technically impossible and some approximation is necessary.
The classical one is the local induction approximation (LIA) developed in [22, 13]. In the LIA it is assumed
that the main contribution to the self-interaction of the vortex string in a point is given by a finite length of the
string about the point. In the case of constant vorticity and null velocity inside the vortex core the resulting
model is equivalent, by means of the Hasimoto map [37], to the focusing nonlinear Schrodinger equation (NLS).
In [32] the authors extended the LIA to a 2-fields PDE system equivalent to (1.2) by means of the Hasimoto
map. The new term proportional to ag encodes the correction to the LIA due to the (constant) axial velocity
a3 along the vortex filament.

The first topic of this paper is to find explicit solutions for equation (1.2) in order to allow a straight
evaluation of the contribution of axial velocity in the vortex string motion. Even though the paper is devoted
to the explicit study of solutions without gradient catastrophes, we hope that the method developed here can
be extended to other classes of (nonsoliton) solutions where typical catastrophe oscillations of the vortex string
appear [35, 36].

We will construct exact soliton solutions for (1.2) by following the procedure of the Inverse Scattering
Transform (IST). The IST is a powerful method (see [3, 6, 7, 17, 31] for details) which allows one to solve the
initial value problem for a class of Nonlinear Partial Differential Equations (NPDE) called integrable equations.
The IST has already been applied to many significant nonlinear evolution equations such as the Korteweg-de
Vries equation [33], the NLS equation [46], the mKdV equation [45], and many other equations (see, for example,
[5, 15, 23)).

*Dip. Matematica e Informatica, Universita di Cagliari, Viale Merello 92, 09121 Cagliari, Italy
tDip. di Ingegneria, Universita di Bergamo, viale Marconi 5 - 24044 Dalmine (BG) Italy



We recall that an AKNS pair (see [21] for a detailed development of this subject) consists of two matrix
functions X and T which depend on position, time, and the spectral variable A not depending on x and ¢ such
that

Ve = X9 Yy =T (1.3)

The compatibility condition ¥,; = 1, leads to the zero-curvature representation
Xe—T,+XT-TX =0

of a particular NPDE.

For the equation (1.2) the situation is quite clear. In fact, we can look at this equation as a combination of
the NLS equation and the mKdV equation. Both of these equations are integrable and have, associated with
them, the same operator (the so-called Zakharov-Shabat system (ZS) [4, 46])

i@%—f()\, x) = V() X\ x) = AX(\,2), (1.4)

where (,3<(1) _01), V(z)iQ(z)iQ&) q(ox))’ o

A is the spectral parameter and ¢(z),r(z) are the potentials which, from now on, are supposed to belong to
L'(R). Also, the Hirota equation will have associated to it the Zakharov-Shabat system. Although the usual
scattering theory of (1.4) has been developed for ¢(x),r(z) € L*(R) (cf. [7, 21]), the Hamiltonian formulation
of the Hirota equation requires that g(x), r(x) also belong to the first Sobolev Space. By using this information,
we are able to construct the scattering matrix and discover the form of the Marchenko equations. In this article
we consider only the so-called focusing case where r(z) = ¢(x)* (star denotes complex conjugate). In order
to apply the IST to equation (1.2) we need to know how the scattering data thus obtained evolve in time. In
Section 2 we will show how to discover which is the PDE satisfied by the Marchenko integral kernel of the
corresponding Marchenko equations (which encloses the scattering data). This is enough to solve the inverse
scattering problem leading to the solution of equation (1.2).

To get the explicit (soliton) solution formula for (1.2) we apply the algebraic method recently developed
and presented in [9, 10, 11, 25, 26, 27, 28, 20]. The basic idea behind this method consists of representing the
kernels of the Marchenko equations in a factorized form by using a triplet of matrices (A, B, C) and the matrix
exponential in such a way that the Marchenko equations have separated variables. Then, these equations can
be solved explicitly and their solutions are related to the solution of (1.2) (see formula (2.17)). Many authors
studied the reflectionless solution of the Hirota equation. In the seminal paper [38] Hirota discovered the fact
that the equation is bilinear and applied his method to find soliton solutions. In [18] the author studied the
soliton solutions of the Hirota equations by means of the (iterative) Darboux transformation method and also
rewrote the solution in the vortex filament context. Finally, in a recent paper [44], the authors extended the
study to rogue waves solutions. However, at the best of our knowledge, there is no systematic analysis of these
solutions. We provide, with this work, a complete solution formula using the IST method which is noniterative.

The second topic of this work is to find explicit time evolutions of a vortex filament associated with a specific
soliton solution of (1.2). The standard Hasimoto map connects these soliton solutions to the curvature and
torsion of the curve but does not give the extrinsic motion of the curve as a map in R3. Therefore, adapting to
the Hirota equation, the Sym-Pohlmeyer reconstruction formula [43, 42, 16] (see also [40, 18] and [34] for closed
filaments), we associate to a solution obtained via the IST procedure the explicit three dimensional motion
of a vortex filament. We study explicitly some significant cases such as, for instance, soliton solutions whose
behavior is like a breather solution.

This paper is organized as follows: In Section 2 we briefly recall how the direct and inverse scattering problem
for the Zakharov-Shabat system is usually studied in the literature. In Section 3 we derive a solution formula
for equation (1.2) [in fact, formula (3.9)] when the reflection coefficient vanishes (soliton solution) by using the
IST method. In Section 4, we discuss some (new) type of soliton solution obtained from formula (3.9) and plot
their corresponding graphs. Finally, in Section 5 we get the explicit parametric equation of the surface of the
vortex filament associated with a breather solution or a two soliton solution of (1.2). In Appendix A we give
an independent proof of the validity of the formula found in Section 3.



2 Direct and inverse scattering theory for ZS system

In this section we recall the basic facts on the direct and inverse scattering theory of the ZS system and the IST
method. The interested reader can find the proofs of the results presented here in [21] or, with slightly different
notations, in [4, 31].

Direct Scattering Theory of the ZS system. The direct scattering problem consists of constructing
the scattering matrix S(\) which contains part of the scattering data. To this end, let us introduce the 2 x 1
columns known as Jost functions from the right E(A,x) and ¥ (A, z), the 2-component vectors known as Jost
functions from the left ¢(\, z) and ¢(\, z), and the 2 x 2 matrices called Jost matrices W(\, ) and ®(\, z) from
the right and the left as those solutions to the matrix the ZS system (1.4) satisfying the asymptotic conditions

U\ z) = (PN z) P\ ) =e I+ o(1))], T — 400, (2.1a)
O\ x) = (p(\x) G\ x)) =e I+ o(1)], x — —o0. (2.1b)
where I is the identity matrix of order 2. Using (2.1a) and (2.1b), we get the Volterra integral equations
T(\, z) = e o7 4 iag/ dy eV ()TN, y), (2.2a)
D\, x) = e~ AT iag/ dy e~ @DV (1) D (N, y). (2.2b)

The system of equations (1.4) being first order, we have
(N, z) = U(\ x)a-(N), U\, z) = P\ x)ar(N). (2.3)

We shall call a;(\) and a,.(\) transition matrices from the left and the right, respectively; they are each others
inverses. From equations (2.1) and (2.2), we get

T\ x) —e~AoaT [ai(N) +0o(1)], z— —o0, (2.4)
B(\, ) =737 [g,. (X

+
=)
=
8
1
+
8

It is more convenient to use the matrix representations
_(en(N)  an(X) _ (e (A) ar2(})
ad) = <al3()\) al4()\)) - ar(d) = <ar3()\) ar4()\)> :
where (cf [31, 7, 21]) a;1(\) and a,4()\) are continuous in A € CF, are analytic in A € C*, and tend to 1 as
|[A| = 400 from within C+*. Here C* is the open upper/lower complex plane. In the same way we see that
ay1(\) and a4 ()\) are continuous in A € C—, are analytic in A € C~, and tend to 1 as |A\| — +oo from within
C~. The remaining elements a;2(\), a3(\), ar2()), and a,3(\) are continuous in A € R and vanish as A — o0,
The zeros A € CT of a;1()\) and ar4()\), are exactly the discrete eigenvalues of the system (1.4) in CT. On
the other hand, the zeros A € C~ of a,1(A) and a;4()\) are exactly the discrete eigenvalues of (1.4) in C~. We
call A € R a spectral singularity if it is a zero of, at least, one of the diagonal elements a;1(\), aja(N), ar1(N),
and a,4(X). In the sequel we assume that there are no spectral singularities. In that case, elementary complex
analysis implies that the number of discrete eigenvalues of the system (1.4) is finite.
It is well-known ([7, 21]) that for each € R the Jost functions e~ (\, x) and e**$(\, x) are continuous

in A € CT, are analytic in A € CT, and behave as (?) and as <(1)> respectively, for [A| — 400 from within
C+. Analogously, for each 2 € R the Jost functions e***9)(\, z) and e~ ***¢(\, x) are continuous in A € C—, are

analytic in A € C~, and converge to (1) and to (0) respectively, as |\| = 400 from within C—. The above

0 1
analyticity properties imply that for each x € R the modified Jost matrices Fy(\, x) defined by
Fr(hao) = (6(h ) v(\a)) e Fo(\z) = (A ) é(\x)) e, (2.6)

are continuous in A € C*, are analytic in C*, and converge to I as || — +oo from within CE. The two
modified Jost matrices are related as follows:

F_(\x)=Fy(\x)o35(N)os, Fi(\z)=F_(\x)o35(\)os, (2.7)



where the scattering matrices S(\) and S(\) are each other’s inverses. By writing them as

9 %

g
T(\) L . ) RO
SW(R(A) T(A))’ SW<£<A> m))’

we obtain the reflection coefficients R(\) and R()) from the right, the reflection coefficients L(\) and L(\) from
the left, the transmission coefficient T'(X) (which is meromorphic in A € CT), and the transmission coefficient
T'(M) (which is meromorphic in A € C™). Moreover, it is easily verified that

S(A) = 035(N)os, for A € R.

Under the assumption that there are no spectral singularities, we also have

(o] (o]
RO = [ dye o), L) = [ dyeigy), (2.50)
— 00 — 00
where p, £ belong to L!(R). Furthermore, R(\) and L()\) have analogous representations where j = —p(y)*, ¢ =
—L{(y)* replace p, £. The scattering data associated with (1.4) consists of one reflection coefficient, the discrete
eigenvalues of (1.4) and a suitable set of positive constants associated to them (the so-called norming constants).
The construction of the norming constants can be found in [7] (where the case when all the eigenvalues have
algebraic multiplicity one is considered) or in [24, 29, 14, 11] (where the more general case is treated).
Inverse Scattering Theory of the ZS system. The inverse scattering problem consists of the (re)-
construction of the (unique) potential ¢(z) if the scattering data are given. Following [31, 11, 25], we formulate
and solve this problem by using the Marchenko method (see also [46, 41]). Writing the Fourier representations

VOa) = @FO) GO 0) = e [ ey, (29)
B02) = () 60 0) =k [ dyaray)e o, (2.90)
we obtain, in a well-known way [7, 21], the Marchenko integral equations
a(z,y) +wi(z+y) + /OO dz oy (z, 2)wi(z + y) = Oaxo, (2.10a)
o (2, y) + we(z +y) + /f dz ar(z, 2)wr(z +y) = 02x2, (2.10b)

where, for later use, we introduced the notations
a(a,y) = (K(z,y) K(z,y),  alzy) = (Mx,y) Mz,y) (2.11)

and K (x,y), K(x,y), M(x,y), M(x,y) are column vectors of length two (up and down will denote the first and
second components of such column vectors). Furthermore, wi(x + y), w,(z + y) are called the left and right
Marchenko kernels, respectively. These kernels anticommute with o3 in the sense that

oswi(y + 2) = —wi(y + z)os, oswr(y + 2) = —w,(y + 2)os,

and satisfy w;/,(y + 2)F = 03wy /(Y 4 2)o3, where the t denotes matrix transpose conjugation. It is well known
that these kernels are given by

N j s
€ —z
0 7/)(1')* 722 g >\ Cl js
wl(x) = N j s J=t =0 ) (212>
7 o
pla)+ YD e MOl 0
j=1s=0 "
N g .T
0 ED e’
=1 s=0
wr(x) = N . J , (2.13)
X ¥ *
—0(x)* — ZZ Fi Aj [Crljs 0
j=1s=0 "'



where \; are the discrete eigenvalues belonging to the upper (lower) half plane, and [Cj];s are the norming

constants associated with the discrete eigenvalues.

In general, for ¢ € L'(R) N L*(R) the potential g(z) is related to the Marchenko solutions oy(x,y) and

ay(z,y) as follows [cf. (A.2) and (A.4) in [20]]:

oo L / T dz )P ) -
g / dzg(=)?

ap(z,7) = —= /—moo 2 la@)F . i) (2.14b)
o a(@)" / g

As a result, we can recover the potential ¢(z) following the three steps indicated below:
a. Suppose that the reflection coefficient R()), the discrete eigenvalues {A;}7; and the norming constants

{tens)

plicity of A;. By using the scattering data we introduce the function

} are given, where N denotes the number of discrete eigenvalues, while n; is the multi-

N ’n,]‘fl

. YN
Q) = —p' )+ D e, (2.15)
j=1 s=0
where p(y) = 5 [*_ R(\)e*Vd\ is the inverse Fourier transform of R(\).
b. Solve the following integral equation Marchenko
K" (z,y) — Yz +y)" + / dz/ ds K"P(x,2) (2 + ) (s + )T =0, (2.16)
where y > x.
c. Finally, the potential ¢(x) is obtained by using the following formula:
q(x) = —2K"P(z,x). (2.17)

An analogous procedure can be followed by using the right Marchenko kernel.

Time evolution of the scattering data. If one knows the operators X and 7T in the compatibility problem
(1.3) related to the Hirota equation, it is easy to find the scattering data and their time evolution (see [3]).
As underlined in the introduction, the Hirota equation can be considered as the sum of two flows belonging to
the same hierarchy. The matrix X generally depends only on the hierarchy but not on the particular equation.
Therefore, for the Hirota equation, the matrix X is the same one which appears in the NLS compatibility
problem. We determine the matrix T as follows. Let us denote with 7)) (T(?)) the matrix related to the time
evolution operators of the NLS (mKdV) equation given, respectively, by

X = —idos +Q, (2.18)
TW = —2iX%03 + 20Q +i03(Q. — Q?), (2.19)
T = —4iX05 + 4N°Q + 2iA03(Qr — Q) + (—Qua +2Q% + [Q, Q). (2:20)
where
(1 0 o 0 ¢
(30 e (% 1), o)
Of course, we have
(s) _ (s)
Yz’ = X1
() _ (s)(s) (2.22)
vy =T



for s =1 or s = 2 and the case s = 1 (s = 2) refer to the AKNS pair of the NLS (mKdV) equation. Furthermore,
we get the following zero-curvature conditions

X, -1V =x70 7O X (2.23)
X, —T® =x7® 7@ X (2.24)

where (2.23) is the zero-curvature condition for the NLS equation, while (2.24) is the zero-curvature condition
for the mKdV equation. Defining T" as

T =—oTW + 3T (2.25)
where ay and a3 are real constants, and rescaling the time variable as 7 = T we arrive at the following
—Q2 T Q3
zero-curvature condition
X, —T,=XT-TX, (2.26)

where s, ag appear in (1.2). It is worth noting that the two main special cases (focusing NLS and mKdV)
satisfy a3 — as = 1 where the time rescaling is not necessary.

We are interested in constructing soliton solutions. This type of solution is characterized by the condition
R(A\) = 0. So, the kernel which appears in the Marchenko equation (2.16) when we take into account the
evolution of the scattering data, is given by

N
Yy t) = Z cjs(t) ety (2.27)

In the literature the time evolution of the kernel Q(y, ¢) for both NLS and mKdV is well-known. By using the
ideas present in e.g. [21] it is easy to see that the construction of the kernel is linear in the transmission and
reflection coefficients, as a result, taking into account (2.25), we obtain

Qpp — 4iOéQQlyy + 8a3Qlyyy =0. (2.28)

Inverse Scattering Transform. Having presented the direct and inverse scattering problems correspond-
ing to the ZS system and the time evolution of the scattering data, we can discuss how the IST allows us to
obtain the solution to the initial value problem for (1.2).

Using the initial condition g(z,0) as a potential in the system (1.4), we develop the direct scattering theory
as shown above and build the scattering data. Successively, let the initial scattering data evolve in time in
agreement with equation (2.28). The solution of the Hirota equation is then obtained by solving the Marchenko
equation (2.16) where the kernel €;(y) is replaced by €;(y;t) and then using relation (2.17).

3 Soliton solutions of the Hirota equation

In this Section we construct an explicit soliton solution formula for equation (1.2). We apply the same technique
successfully used in [11, 9, 25] to solve, respectively, the NLS, the sine-Gordon, and the mKdV equation. The
basic idea behind this method is to represent the kernel appearing in the Marchenko equation in a separated
form. This leads to explicitly solvable Marchenko equations and then, by using equation (2.17), we can derive
an explicit solution formula for equation (1.2).

We recall that we want to investigate the case R(\) = 0. Then the general expression for £;(y; 0) is given by
(2.27). The discrete eigenvalues terms can be written in the form (see [25] for more details on this representation
of the scattering data)

nj—1

N S
Yo —yA
Yy =) cjs(t)Lre™Y = CeTvAB, (3.1)
j=1 s=0
where Ai,..., Ay are the discrete eigenvalues, n; are the orders of the poles of the transmission coefficient at

the discrete eigenvalues i);, and ¢;, are the so-called norming constants. Here (A, B, C) is a triplet of matrices
of order p x p,p x 1,p x 1, respectively, where p is a positive integer number. Moreover, for reasons which will
be clear later, we need to put some suitable properties on this class of triplets. In fact, we require that



1. All the eigenvalues of the the matrix A have positive real parts;

2. The triplet (A, B,C') provides a minimal representation for the kernel ;(y), which means that

+oo +oo
ﬂ ker CA™ ! = ﬂ ker BT (AT)"~1 = {0},
r=1 r=1

(we refer to [12, 30] for more details on minimal representations).

On the other hand, the evolved kernel Q;(y;t) has to satisfy equation (2.28). It is easy to verify that taking
Q(y;t) as o
Y (y;t) = Ce¥Ae00A R (3.2)

where
(2) = 4agz? — 8azz?, (3.3)

equation (2.28) is satisfied. Then equations (3.2)-(3.3) give us the time evolution of the kernel Q;(y;1).

In order to derive our soliton solution formula, we have to solve the Marchenko equation (2.16) where €;(y)
is replaced by Q;(y;t). Substituting the expression (3.2) in equation (2.16) and looking for a solution in the
form

K" (x,y;t) = H(z, 1&)67AT'yﬂ"b(*im)t(l'lf , (3.4)
we arrive at the equation
H(x;t) + H(x;t)x
X /OO dz /OO ds e~ A #Hi(—iAN T Cp=Az—id(iA)tg—As ppte—ATs _ pfe—Ale, (3.5)

Introducing the p x p matrices @@ and N as
Q :/ dse A 5CTCe™43, N = / dre A"BBTe=A'T (3.6)
0 0
after some easy calculations we obtain

H(z,t)T(x,t) = Ble=A'* | (3.7)

where

F(Z', t) — Ip 4 efAT:EJr’L'd)(fiAT)tQ672ACE*i¢(’L’A)tN€7ATI, (38)

and I, the identity matrix of order p. Finally, by using equation (3.4) and relation (2.17) we get the following
soliton solution formula for equation (1.2)

q(z,t) = —QBTe_ATIF_l(:C,t)e_ATI”‘b(_iAT)tCT . (3.9)

In Appendix A we give another independent proof that the function ¢(z,t) given by equation (3.9) satisfies the
Hirota equation (1.2).

We observe that our solution formula depends only on the matrix triplet used as input. In fact, given the
triplet of matrices, we can build the matrices @, N and I'(z,t) by using formulas (3.6) and (3.8), respectively,
and then we can easily write the solution formula (3.9). However, we observe that the solution (3.9) exists only
if for all (z,t) € R? the integrals (3.6) converge and the matrix I'(z,t) is invertible. So we have to establish
when the integrals (3.6) converge and the matrix I'(«,t) is invertible. To do so, let us introduce the following
notations:

P(z,t) = /Oo ds e~ ATsHid(—iANt OF = As—ig(iA)t (3.10)
P(x) :/ dre~ A" BBl A" (3.11)

Then
[(x,t) = I, + P(z,t)P(z). (3.12)

The following proposition justifies the requirement that all the eigenvalues of matrix A have positive real parts:



Proposition 3.1 The matrices P(x;t) and P(x) defined in (3.10) and (3.11), respectively, satisfy
ﬁ(m;t) _ e—ATz-i-i(b(—iAT)th—Az—i¢(iA)t, P(x) _ e_A””Ne_ATZ

and the integrals in (3.10) and (3.11) converge for all (x,t) € R, provided the eigenvalues of A have positive
real parts.

Proof. Replacing the time factor e~ 44’ with ei¢(—iAt where @(—iA) is given by (3.3), the proof of this
proposition can be obtained by repeating the proof of Proposition 4.1 in [11] verbatim. [

Moreover, we also have

Proposition 3.2 Suppose that all the eigenvalues of the matriz A have positive real parts. Then, for every
(x,t) € R the matrices P(x,t), P(x) and T'(x,t) satisfy the following properties:

a) The matrices P(x,t), P(x) are selfadjoint;
b) The matriz T'(x,t) is invertible.

c¢) The matrices P(z,t), P(x) are the unique solutions of the Lyapunov equations

ATP(x,t) + P(x,t)A = e (—iANt T Ce—id (i)t (3.13)
AP + PAT = BBT (3.14)

Proof. The proof of the points a) and b) of this proposition is identical to the proof of Theorem 4.2 in
[11]. A proof of ¢) can be found in [30]. |

The following proposition shows why it is important to make the hypothesis of minimality on the triplet
(A,B,C).

Proposition 3.3 Suppose that all the eigenvalues of the matriz A have positive real parts and that the triplet
(A,B,C) is a minimal triplet. Then, for each fized t, T'(z;t)~" — I, as * — 400 and I'(z;¢t)™' — 0 as
T — —00.

Proof. The proof of this proposition is identical to the proof of Proposition 4.6 in [11]. ]

We remark that the proof of the statement I'(x;¢)~! — 0 as # — —oo requires the hypothesis of minimality of
the triplet. Proposition 3.3 is important because from it we immediately get the following

Proposition 3.4 Suppose that all the eigenvalues of the matriz A have positive real parts and that the triplet
(A, B,C) is minimal. Then the scalar function q(x,t) decays exponentially for each fized t as x — +o0.

It is natural to look for a larger class of triplets of matrices in such a way that the formula (3.9) holds, which
means that the integrals in (3.6) converge and the inverse of the matrix I'(x,t) exists for all (z,¢) € R?. This
was accomplished in [8] where the so-called admissible class of matrix triplets has been introduced. Without
giving the details, the main result is synthesized by the next proposition which allows us to understand the
“canonical way” to choose the triplet (A, B,C) in (3.9).

Two triplets (4, B,C) and (A4, B,C) in the admissible class are called equivalent if they lead to the same
potential ¢(z,t) (given by formula (3.9)).

Proposition 3.5 Starting from (A,B, C') i the admassible class, it is possible to associate to this triplet an
equivalent triplet (A, B, C') where A has the Jordan canonical form with each Jordan block containing a distinct
eigenvalue having a positive real part, the column B consists of zeros and ones, and C' has real entries. More
specifically, for some appropriate positive integer m, we have

A, 0 -+ 0 By
0 Ay -~ 0 By

A=1 . . . |, B=| .|, ¢=(C C - Cw), (3.15)
0 0 - Ay By,



where in the case of a real (positive) eigenvalue w; of A; the corresponding blocks are given by

wj —1 0 0 0
0 wj -1 -~ 0 0 0
0 0 w -~ 0 0 :
Aj = . . 5 Bj = : 5
: 0
0 0 0 w, —1 1 (3.16)
0 0 0 0 wj
Cj = (Cjnj R Cj2 le) y

Aj having size nj X nj, B; size nj x 1, Cj size 1 X nj, and the constant c;y, is nonzero. In the case of complex
eigenvalues, which must appear in pairs as o; £ 16; with a; > 0, the corresponding blocks are given by

A =L, 0 ... 0 0
0 A, L ... O 0 0
0 0 A 0 0 .
AJ = . . , Bj = . ,
: 0
0 0 0 A, Iy 1 (3.17)
0 A
C; = (’anj €jn; -0 V1 fjl) )
where ;s and €;5 for s = 1,...,n; are real constants with (’y]?nj + efnj) > 0, each column vector B; has 2n;

components, each A; has size 2n; x 2nj, and the 2 x 2 matriz A; is defined as

aj B
A= . 3.18
j (—ﬁj aj) (3.18)

Proof.  The triplet (A, B,C') can be chosen as in Section 3 of [11]. [

4 Examples

In Proposition 3.5 we have classified the possible inequivalent classes of triplets (A, B, C') used for the construc-
tion of the soliton solutions in (3.9). Such classes are expressed in terms of the component blocks A, appearing
in 3.16. To any block corresponds a qualitatively different behavior of the solution as shown in table 4.

In this section we concentrate our attention on the two-poles solution for the Hirota equation. At the best
of our knowledge this is a new solution in the context of vortex filament motion studied in the next section. We
reproduce also the standard two soliton solutions in order to stress the qualitative differences with the two-pole
soliton solutions which can be regarded as a limiting case of the soliton behavior.

In all these examples, to get the explicit expressions of the solutions we write (3.9) in the following way:

—2BT [cofacA(x;t)] [Cem274e] f

det A(z;t) ’ (4.1)

q(z,t) =
where . . -
A(xz;t) P D(z;t)ed = I 4 e 204 B Qe 224 A N, A = 4ias A% + 8ag A3,

while @ and N are the solutions of the Lyapunov equations (3.14). In other words, we need to calculate
det A(z,t) and the inverse of A(z,t).

2-soliton solution. Let
2 0 3
A= (0 1), B- (2> c=(3 -2).



Block A; in (3.15)

Solution behavior

1 x 1 real matrix

1-soliton solution
with [g(z,t)| = f(z)

1 x 1 complex matrix

1-soliton solution
with |q(z, )| = f(z — V)

2 x 2 matrix with
complex conjugate eigenvalues

1-breather solution
(“2-particle bound state”)

Jordan block (3.16) of order s

Multipole solution

Table 1: Examples of soliton behavior as a function of the matrix A in the triplet (A, B, C).

Then it is easily verified that

9
= =2
—( 1
o-(1, 7).
are the unique solutions to the Lyapunov equations

A'Q+QA=C'C,

Let us compute the time factor e** where

DO o

v-(53).

AN + NA" = BB,

' 16200 + 64 0
A = 4ias A* 4+ 8azA° = ( 0 dicg + 8043) '
Then 4( dt) 4( d*t)
20 th _ (e : 6_2(3_815)) 2wl gl <e

where d = 4ias + 163 and e = 2ias + 4az. Therefore,

_26—4($—d*t)
26—2(z—e*t) ’

. 9 —4(x—d*t
oz Al tATQ [ FemtemdT)
€ € - 726—2(13—6*15)

As a result,

Az;t) =1, + efQIATetNQethemN

(1 + 8le—8(@—1bast) _ ge—6l@—ft)

_% —6(z—ft) +4e—4(z—4a3)t
where f = %(4d + 2e*) = 2iag + 12a3. Consequently,

=14+ §678(1716a3t) + 4674(1740430

det I'(x;t) o

which obviously exceeds 1.

10

0 e—2(z—e*t)

26—4(z—dt)

—2x A tA
e et N = <§e—2(m—et)

o 8676(1712a3t) COS(lQO&Qt) + 16712(1712@30
4

%678(1716@30 _ 4= 6(z=f"1)
1 — 4e—6(z—f1) 4 Je—Hz—4dast)



Next,
[det T'(z;1)]|q(z, t) = —2BT[cofacA(x; )] [Ce_zg”“‘et‘&]T
— 8¢ Aa—d) {1 _ fe—6@—rt) _|_4e—4(:v—4a3t):| 1 19— 4(@—d"D) [—Tge—ﬁ(z—ft) _|_4e—4(:v—4a3t)}
1 ge—2(z—e1) [1 n %G—S(x—l&mt) i 86—6(m—f*t)] _ 19e—2(x—e"t) |:%e—8(a:—16a3t) _ 46—6(ac—f*t)] .

We remark that choosing as = —1 and a3 = 0, i.e., when the Hirota equation reduces at the focusing NLS
equation, we get the solution

_ 8€4it (96—4:0 + 1664:6) _ 32616it (46—2m + 962m)
~ —128cos(12t) + 4667 4 166 + 81e~27 4 64e27”

q(x, )

This solution coincides exactly with the 2-soliton solution obtained in [8] for the NLS equation by using the

same triplet of matrices
2 0 3
A:<O 1), B:<2>, C-(3 -2). (4.2)

A plot of the solution can be found in figure 4.1.

Re(q) Im(q)
4 4
2 2
0 0
-2 -2

-6 -4 -2 0 2 4 -6 -4 -2 0 2 4
-4 -4
X X
Figure 4.1: An example of a two soliton solution in the case ag = —1, a3 = 0.1. The matrix triplet is given by

(4.2)

Double pole solution.
Let

A:<é _11> B:(?), C=(10). (4.3)

2 1 11
Qz%(l 1)’ NZ%(l 2)’

are the unique solutions to the Lyapunov equations. Clearly,

1 2z T 1 0
—2zA _ 2z —2z A" 2z
poen (1 2), (1),

Let us calculate the time factor e, where

Then it is easily verified that

A = 4icgA? + 8az A® = (dics + 8ag) Iz — (8iavg + 24ar3) (8 é) .

11



Then

oth — p(diaz+8as)t <1 —(8iag + 24a3)t)
0 1 )

etAT _ (—tiax+8as)t 1 0
—(—8iag +24az)t 1)°

Putting d = 2ias + 4az and e = dias + 12a3 (so that 55 = daz and £ = 12a3), we get

o~ 2TA th _ —2(z—dt) <(1) 2(x — et)> 7

1
—2xAY AT —2(x—d*t) 1 0
¢ ©c =c (2(3@—6*1?) 1)
We obtain
e—QzATetATQ _ e—2(z—d"t) 9 1
4 d(x—et)+1 2@ —et)+1)’
~20A th 7 _ e 2(z—dt) (2(90 —et)+1 4(xz—et)+ 1)
e e = )
4 1 2
Therefore,

A(:C;t) _ 12 + 6721AT€tAT QeiQIAetAN

4 e 4(@—dast) 4(x —et) + 3 8(x —et)+4
- 16 8z — et +2(x —et) + 6(x —e*t) +2 16|z —et]? + 4(x —et) +8(x —e*t) +3 )~
Consequently,
e—4(z—4o¢3t) e—8(z—4o¢3t)
detT'(z;t) =1+ 16 {16]z — et|* + 8(z — et) + 8(x — €*t) + 6} + 556
e—8(z—4o¢3t)
=1+ e 4D Lz — 1205t + 3)? + 1605t% + 1} + —m
which is larger than 1.
Next,
[det T'(z; )] q(x, ) = —2Bl[cofacA (z;1)] [Cem274etA]"
= —4e2z=d"t) {ac —e*t — %(m —et + 1)674@74&3”} .
Consequently,
q(z,t) = —de2(@=d) T — et — gg(a — et 4 1)e Hr o)
) Ao tont) N - . 678(x74a3t) )
1+ emdlemdost) {( — 1205t + 5)” + 1605 + 3} + —=

where d* = —2iag + 4das, e = dias + 12a3, and e* = —4ias + 12a3. The solution is plotted in figure 4.2

5 Vortex Filaments

In this section we apply the results so far obtained to write down explicitly the equation of the surface described
by a vortex filament associated with a (specific) soliton solution of the Hirota equation.

We recall that [43, 42, 16] the cartesian components z;(z,t), (for i = 1,2,3) of the curve (for a fixed t)
described by a vortex filament associated with a specific solutions of the Hirota equation [i.e., (3.9) for a specific
choice of the triplet (A4, B, C')] can be found from

o . 3
YA 2, ) [amo = Uz, i) 53U, Ait) a=0 = —i Y wi(w,t)o; (5.1)
1=1

12



Re(q) Im(q)

2 2

L 1

0 0
-1 -1

-6 -4 -2 0 2 4 -6 -4 -2 0 2 4
-2 -2
X X
Figure 4.2: An example of a double pole solution in the case ag = —1,a3 = 0.1. The matrix triplet given by

(4.3).

where o; are the Pauli’s matrices.

It is well known that (see [1, 2] where this fact is proved in general when the flows commute) for (z, A, t) € R3
the (matrix) Jost solution ¥(x, \;t) belongs to the unitary group SU(2) and then the components x;(x,t) can
be uniquely determined from (5.1). We furnish a proof (based only on the concepts introduced in this paper)
of (5.1) in the Appendix B.

We observe that there is no loss of generality in evaluating the left hand side of equation (5.1) for A =0 .
In fact, let us take n real and put

V() = M3V ()~ w8,

Then any solution X (A, z) of the Zakharov-Shabat system with potential V' (x) leads to a solution €% X (\ +
n,z) of the Zakharov-Shabat system with potential V" (z). Moreover, if S(\) is the original matrix, then
S(A 4+ n) is the scattering matrix of the dilated ZS system. We now observe that we have shifted the entire ZS
spectrum to the left by a distance of 7. In other words, the identity

Try(A=0,2,t) =0

would imply Tr+; (X, z,t) = 0 if we would apply it to a suitably dilated potential.
Now we can easily discover the differential equations whose solutions are the components of the curve
described by the vortex filament. In order to get these equations, let us define

X\, z,t) = Z zi(\ @, t)o; = iU\ 2, t) T U\ 2, t) (5.2)

Jj=1
where W satisfy the Zakharov-Shabat systems’
\I/m = [—i/\Ug + Q]\Ila CI):E = [_i/\UB + Q]CI) . (53)

The explicit form of ¥ is given in the last appendix (formulas (C.4,C.5)).
In eq. (5.3), we have

Q(z) = —iosV(z) = <—q* O) =i{(Imq)o1 + (Req)oz} . (5.4)

! The Zakharov-Shabat system can be written as in (5.3) multiplying (1.4) by —io3.

13



We can now easily compute (subscripts denote partial derivatives)

Xe =i (WA 2,1)) Wa(N 2, t) + a0 (N 2, ) Wag (A, 2, 1)
=i [T O\ 2, ) U (N, 2, )T N 2, ) WA (N, 2, 8) + U 2, 8) (Ua (N, 2, )5 ]
= i[—\Ilfl()\, x,t)(—iXos + Q)\I/()\, x, t)\Ilfl()\, x, )W\, x,t) + \Ilfl()\, x,t)osU(\ x, 1)
+ U\, 2, ) (—idos + Q)UA(N, z,1))] = UL\, 2, 1) o U (N, 2, 1), (5.5)

where X' (A, x,t) ~ o3z as © — oo (see (5.2)). This equation is most useful in situations where W(\, z,t) is
known, as in multisoliton cases. The basic idea is now to express the quantity W=1(\, z,t)o3¥ (A, z,1) in terms
of triplet matrices as done before for the multisoliton solutions of the Hirota equation. In particular, we use the
results presented in Appendix C.

E(up) 7/1(up)

It is convenient to write the matrix U(\, z,t) as U(\, z,t) = <_(dn) ) Since ¥(A,x,t) belongs to

1p(dn)
SU(2) for A € R, we have U1 (\, x,t) = UT(\, z,t) for A\ € R (we have to replace A with A\* in the right-hand
side if A € C) and then we get

—(dn)

Uy = (@“”W“” =@ @ - (%d"))w")) (5.6)

(Qp(up)y@(“m — ()i (@)Y (up) (g (dn) )ty (dn)

where we have omitted the dependence on (A, x;t). The explicit form of ¥~1o3¥ can be easily obtained by
means of (C.4) and (C.5).

It could be better to describe the curve (for a fixed t) described by a vortex filament associated with a
specific solution of the Hirota equation in terms of its curvature and torsion. In fact, curvature and torsion can

be easily obtained as follows [22]
1 z .
H:|U|27 7__<u_u_z>
2t \uv u*

On the other hand, formula (3.9) allows us to produce the explicit soliton solutions of the Hirota equation. Below
(see figs (5.1) and (5.2)) we plot the graphics of curvature and torsion of an interesting new case corresponding
to the double-pole solution whose triplet is the same considered in the second example of the preceding section,

ie. A:(é 11>’ B:((l))’ C=(1 0).
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A Independent proof of formula (3.9)

We prove that the function g(z,t) expressed by (3.9) satisfies equation (1.2) by simply computing the quantities
Aty ey Quay Quzs 6|q1%qe, 2|q|*q and substituting their expression in (3.9). Similar calculations have already
done in [11] for the NLS equation, and in [25] for the mKdV. We need some preliminary definitions and results.

Definition A.1 Let us define I'(x;t) = T'(x;t)t = I, + P(x)P(x;t) (where P(x,t), P(x) and T(z;t) are given
by equations (3.10), (3.11), (3.12), respectively) and

X, = (A" + (=1)"P(z,t) A" P(a). (A1)

14
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Figure 5.1: An example of a two poles solution in the NLS case (dotted line, g = —1, ag = 0) versus the Hirota
case (solid line, ap = —1, 3 = 0.1). The matrix triplet used here is the same as in the previous section. We

plot here the curvature k = |g|. For the sake of simplicity we take an example where the torsion is not affected
by the axial velocity. The time sequence is: First row t = —20, t = —1, t = —0.3; Second row t = —0.1, ¢t =0,
t = 0.2; Third row t = 0.3, t = 2, t = 20. The effect of the axial velocity is to move the support of the solution

in time.

From now on, for the sake of convenience we neglect the dependence of ¢, T', P, P on

Lemma A.2 X
(ATP+ PAT (AP 4 PAT) = X, — X I71X .

Proof. Using that (see [11] for details on these formulas)
Pr-l=r"17P, I~'p=rpr,
PPI~'=1"'PP=1,-T71, ~'=r1,-pPr'p,
we get

(AP + PAT~Y(AP 4+ PA") = ATT~'PAP + PAPT 1 4f
+ AN —T YAt + PAD1AP
=[(A")2 + PA?P] — (AT = PAP)I}(AT — PAP)
=X, - X I''X4,

which completes the proof.
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I, VA 5 10 10 -5 5 10 10 -5 W 10
_1f -1 -
ot 2 ot
T T
2 2
1 1’\
X X — . X
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Figure 5.2: For sake of completeness we display also the torsion evolution related to the double pole solution
presented in the previous section (a2 = —1,a3 = 0.1). We recall that in this particular example the torsion
is not affected by the axial velocity. The time sequence is: First row ¢t = —20, t = —2, t = —0.3; Second row

t=—0.1,t=0.001, t = 0.2; Third row ¢ = 0.3, t = 2, t = 20.

Lemma A.3 The time derivative of q(x,t) is given by

qr = 72Z'BT6_:L.A-"F_1 [740&2X2 - 8i0&3X3] F_le_a;Afeidj(_iAT)tCT .

Proof.

A direct computation gives us

g = QBTe—wA"’r—l%—Fr—le—“"'ei¢<—iA"’>tcT
t

— 2Bte AT P12 AT (jp(—i AT))ei(—iADI O
Taking into account that

O~ ig(—iA") (1~ Ip) + P(~ig(id) P,

p(—iAT) +iP (—igp(iA)) P = —4as X5 — 8iaz X3,

equation (A.3) is easily obtained.
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Lemma A.4 We have

ge =4BtetAT -1 x P 1e—oA gie(-iaDt ot (A.4)
Gow = —8BTe AT (2X T 71X, — X,) T lem @A (=i ot (A.5)
. :16BT61ATF_1(6X1F_1X1F_1X1 33X TIX,
—3X, I X+ Xg) x Tle—zAl gio(—iANt ot (A.6)
, or-1 or . ,
Proof. By using the formula B -T 8_F and equations (3.13), (3.14), we easily get
X X
(e—ﬂ”r—le—m*) = —ge—eATprlx ple—eAl (A7)
(emATXleIAT) = 2¢"A" X pet A , (A.8)
(ezATXgezAt) = 274" X 574" (A.9)

To calculate ¢, we write
o = —2B! (e—mATF—le—mAT) pi(—iA)t ot ’

x

and applying formula (A.7) we obtain equation (A.4). To prove equation (A.5), it is enough to observe that
(ow = 4B (e—xATF—1e—zAT€zATX16zATe—xATF—le—zAT) pid(—iADt ot
and by using formula (A.7) (twice) and formula (A.8), we arrive at equation (A.5). Finally, since one has

(oze = —16B1 (e*“‘rflxlrflxlrle*“‘) io(—iah ot

x

+ 8Bt (e—“*r—lxgr—le—“*) eit (iAot

x

with the help of (A.7), (A.8) and (A.9), it is immediate to prove (A.5). |

Lemma A.5 The following identities hold

2lg)%g = —8Ble AT (—2X T 71X, + 2X,) Tl @A oDt (A.10)
6lg%q, = 16BTe "4 T~ (<6 X, T X T X +3X ' X + 3XoI 1 X)
D lemwAlgie(—iADi ot (A.11)

Proof. To prove formula (A.10) we, first of all, observe that 2|q|?q = 2¢q'q. Substituting (3.9) in the right
hand side of the preceding equation and taking into account formulas (3.13), (3.14) and (A.2) we easily derive
(A.10). The proof of (A.11) proceeds in a similar direct way after we have written 6|¢|?¢. = 3¢¢'q. +3¢.¢'q. m

We are ready to establish the following
Theorem A.6 Given a triplet of matrices (A, B,C) in the admissible class, the function
q(z,t) = —2Bte A"~ (g, t)e~A e His(—iADL Of (A.12)

satisfies the Hirota equation (1.2). Moreover, this solution is globally defined in the xt-plane and decays expo-
nentially as x — +oo for each fixed t.

Proof. Substituting the right hand side of equations (A.3), (A.5), (A.6), (A.10), (A.11) in the Hirota
equation (1.2), we get 0 = 0. The properties of our function follow from Propositions 3.2 and 3.4. ]
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B Proof of formula (5.1)

For sake of completeness, in this appendix we prove that the matrix v, (\, z,t) = U=1(\, 2, t) [g—i’] leads to the
representation given by (5.1). The (different) original proof of this formula has been given by Sym in [43].
First of all we need the following well-known [19, Thm. 1.7.3]

Proposition B.1 Suppose A(s) is a continuous n X n matriz function. Then any classical nx n matriz solution
P(s) of the differential equation
dip
A
L= AG)U)

satisfies the scalar differential equation

i[det Y(s)] = [TrA(s)] det ¢(s).

ds
Let us now define
A\, z,t) =0\, z,1) ov
’yl b b - ) ) a)\
where W(\, z,t) is the Jost matrix from the right. Then W(\, z,t) satisfies the differential equation
v
9% —wn (1), (B.1)

According to the proposition B.1, we obtain

Jdet ¥
O\

= [Try (A, x,t)] det U(\, z, ).

Using that det (), x,t) = 1,2 we obtain
Trv; (A z,t) = 0.

We now observe that in the focusing case, for A € R the Jost matrix from the right U(\, z,¢) is unitary.
Thus U='(\,z,t) = Ui(\ z,t). If we now apply the conjugate to Eq. (B.1) after having it rewritten as
W1y =~/ 01, we get
ov
o
Comparing Egs. (B.1) and (B.2), we see that v;(\, z,¢) is a skew-hermitian matrix with zero trace. We may
therefore write

—T(\ 2, )y (N 2, t). (B.2)

3
n(\ x,t) = ’LZ zj(\, z, t)oj,
j=1

where 01, 09, 03 are the Pauli matrices and the coefficients x;(\, z, t) are real functions.
Replacing the Jost matrix from the right ®(\, z,t) by the Jost matrix from the left ®(\, z,t), we obtain
instead of (B.1)

0P
— B.
) (B3
where
3
Az, t) = zz yi(\ z,t)o;
j=1

for certain real coefficients y;(\, z,t).

2We also have, from ¥, = (:Zi‘ g\) ¥, that [det V], = [Tr (:Zi‘ g\)] det U = 0, whereas W(\,z,t) ~ e~ 73 as 1 — +oo.
Thus det ¥ = 1.
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C Expression of the Jost solutions in terms of the triplet matrices

In this Section we obtain the explicit expressions for the matrix ¥(x, \) and its inverse ¥T(z, \) in terms of the
matrix triplet introduced in Section 3 to solve the Marchenko equations. To do so, we start by recalling the

notation introduced (an)
—= K" (x,y) KUP(2,y)
(67) (:Ea y) = (K(:L', y) K(ZL', y)) = (—(dn) , , 5
K (z,y) KU9(x,y)

and write the Marchenko equations (2.10a) in scalar form as follows:

Rz, y)+ (?) Qz +y) + /OO dz K (2, 2)(2 +y) = Oase1, (C.1a)

K(x,y)+ ((1)) Ql(ac +vy) —|—/ dz K (, z)Ql(z +y) = 02x1, (C.1b)

where € (y) = Ce=4e=1#(At B and ((y) = — Bfe=vA'id(—iANt ot
By following the same procedure shown in Section 3 we easily get the solutions of the Marchenko equations
(C.1) and they read as follows:

KO (2, 1) = Bte—eATp- Lz t)e —yAt i¢(*iA*)tcT, (C.2a)
K (2, y;t) = —Ce™ " P(2)T " (s t)e 04 eI CH, (C.2b)
cur) (2, y:t) = — _IATP(,T,t)( L(a; )) e ¥Aemid(iA)t p. (C.2¢)
R (@,y:t) = —CemsAT— ay)) e v 901 g, (C.24)

where I', P and P have been introduced in (3.12), (3.10) and (3.11) while Q and N have been introduced in

(3.6). The relationship between the functions K(“P)(z, y),?(up) (z,y), K4 (z,y) and ?(dn)(x, y) and the Jost
solutions are given by (2.9a) and (2.9b) which can be written as

TP ast) = e +/ dyE" (2, y; t)e= M, (C.3a)

TN 2ty = / " R (@ gty (C.3D)

PP (N ast) = /oo dyK ") (z,y; )™ | (C.3¢)

SO (N, 1) = e /OO dy K™ (3, g £)e™ | (C.3d)

Substituting (C.2) into (C.3) we have
ST (N, 23t) = emiNe [1 +iBTe ™A P(a) (I (2)) " (A, — z‘A)‘le‘””Ae‘iWA”B} : (C.4a)
E(dn)(/\,fc;t) — i {icesz(FT(z»fl()\Ip _ Z-A)fleszefw(iA)tB} , (C.4b)
B (A a3 t) = €A {zBT AP () (AT 4 iAT) 1e—z,41€i¢(—i,4f)tcf} : (C.4c)
GV w5t) = €27 [1 = iCe AP (@) (2) (M, +iAT) e oAl oAbt (C.4d)
and easy calculations also give us

@ )t = e [1 - iBlet AN e A (A, 4 14T 1D (@) P(a)e B (C.5a)
@ (ha))! = e [—iBle-iADtemeA (AL, 4 AT @) (C.50)
(P (A, )T = e~ire |:7,L-C€7i¢(iA)t€f:nA(>\Ip _ iA)fl(FT(x))fleszB} : (C.5¢)
(@A @) = e (14 iCem N AN, — i) (T (2)) 7 P(e)e A CT] (C.5d)
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