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ON SOME DEVELOPMENTS OF THE J-DRESSING METHOD

L. V. Bogdanov, V. E. Zakharov

Abstract. Some developments of the 5-dressing method concerning an algebraic scheme of
constructing integrable equations and construction of solutions with special properties are
considered. It is demonstrated how the matrix KP equation appears from the scalar dressing
and, more generally, how to construct the integrable system corresponding to an arbitrary
triad of polynomials. Using the nonlocal §-problem approach in (2+1) dimensions, it is
shown that the 8-problem with a shift and (for decreasing solutions) the Riemann problem
with a shift naturally arise in (1+1) dimensions. The Boussinesq equation and the first order
relativistically-invariant systems are investigated. The developed approach allows one. also
to investigate the structure of the continuous spectrum and the inverse scattering problem
for an arbitrary order ordinary differential operator on the infinite line.

§1. Introduction

This work may be considered as a development of paper [1]. Some approaches outlined
in that paper are developed here in more detail. We also present new results concerning
relativistically-invariant systems of equations, the inverse problem for an operator on
the infinite line and a simple interesting result for an algebraic scheme of constructing
equations integrable via 0-dressing.

The starting point of our work is the dressing method based on the nonlocal d-
problem [1-5]. This is a powerful method of constructing (2 + 1)-dimensional integrable
equations together with a broad class of their solutions.

The dressing method establishes the correspondance between a triad of rational func-
tions of one complex variable and an integrable system of equations. Using different
normalizations of the nonlocal d-problem [5], we show how to construct this system of
equations effectively for an arbitrary triad of polynomials.

Deleting the dependence on one variable, we go to a one-dimensional case. In terms
of the J-problem this leads us to a problem with a special kind of nonlocality—the 9-
problem with a shift and to the Riemann problem with a shift. It appears that these scalar

Key words and phrases. Inverse scattering problem method, the dressing method, §-problem, the
Riemann problem.
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nonlocal problems are a general and natural technical tool in the (1 + 1)-dimensional
case.

The main objects of our investigation are the KP equation and the system of equations
of the N-wave type [5]. Slightly modifying the KP equation and descending to (1 + 1)
dimensions, one obtains the Boussinesq equation. The developed approach enables us
to construct small nonsingular decreasing solutions of this equation and to investigate
the continuous spectrum of its L-operator. The geometry of this spectrum is rather
interesting, the spectral data are localized on a hyperbola in the complex plane and on
a segment of the real axis and decreasing solutions are given by the Riemann problem
with a shift on this curve (see another approach in [6]).

Using N-wave type equations in (2+ 1) dimensions, we obtain relatwlstlcally—mvarlant
systems in (1 + 1) dimensions. These systems were integrated first by Zakharov and
Mikhailov [7], using the matrix local Riemann problem. In our work we use the scalar
nonlocal problem and obtain some new spectral information for these equations.

Finally we use the developed technique to study the inverse scattering problem for
the differential operators of arbitrary order on a line. A special case of this problem was
considered in detail in [8]. Our investigation is not so detailed. We use the ideology of
the dressing method and do not treat the direct scattering problem at all. The dressing
method yields the structure of the continuous spectrum, which is quite nontrivial. The
spectral data are localized on certain algebraic curves in the complex plane, and the
inverse problem is reduced to the Riemann problem with a shift on these curves.

We would like to emphasize that the calculations in this work are based on the 0-
dressing technique and they are mainly formal. A rigorous investigation of the underlying
analysis is beyond the scope of this paper. The integral operators are supposed to be
“small” in some sense, so that the integral equations are uniquely solvable. But we hope
that this work produces a relationship between the formal technique and spectral theory.

§2. The O-dressing: the basic technique

We briefly outline the technique of the d-dressing method in this paper, restricting
ourselves to the scalar case as the simplest. We would like to emphasize that most of the
content of this part is not original and is in the main described in the papers mentioned
above (excluding the derivation of the matrix KP equation through the scalar dressing
and construction of the U-V pair corresponding to an arbitrary triad of polynomials).

The scheme of the dressing method uses the nonlocal d-problem with the special
dependence of the kernel on additional (space and time) variables:

5(1/)()(, A)—n(x,})) = R'»b(x» A)s ($(x,A) = n(x, ’\))IAI—-oo -0, (1)
Ry= / ] BOVROA, 1) exp(piza)dp A, pi = Ki(p) — Ki(A), 1<i <3, (2)

where A € C, 8 = 9/8], n(x, ) is a rational function of A (normalization), K;(\) are
rational functions, the choice of which determines the equation that can be solved using
the problem (1). We suppose that the kernel R(), 1) equals zero in a neighborhood with
respect to A and to p of the divisor of poles of the functions K;()), tends to zero as
A, ¢ — oo, and that for the chosen kernel R(\, i) the problem (1) is uniquely solvable
(at least for sufficiently small x). The solution of the problem (1) normalized by 7 is
the function

P(x,4) = n(x,4) + ¢(x, A),
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where 7(x, A) is a rational function of A\ (normalization), ¢(x,\) decreases as A — oo
and is analytic in a neighborhood of the poles of K;()).
The problem (1) reduces to the integral equation for the function ¢:
o(x,A) = 07 R(p(x,A) + 1(x, 1)), (3)
here

(07')(\) = (2mi)™? / / (A,(A’ d\ Ad)

= (2mi)™! hm // 0L p(X) (:\\llz T )d/\' AdX,

which is assumed to be uniquely solvable for a given R. Solvablhty is guaranteed if the
operator 'R is “small enough” (i.e., the norm of this operator is less then 1 for some
properly chosen space of functions).

Let us introduce p(A, A) = dp. Now

B(x,A) = + (2mi) ! / / (”( ) _dxn A dv. (4)

Substituting (4) in (3), we can get another form of the basic integral equation resolving
the nonlocal 0-problem
p(x,A) = R(n+307"p). )

2.1. Special cases of the nonlocal J-problem. In the most important cases the kernel
R(), ) is a'singular function localized on some manifold in C2. This means that the
kernel contains the §-function localized on the corresponding manifold, or in other words
that the measure of integration in the operator 'R is localized on this manifold. The
operator 9~!R in this case is still well defined.

The 9-problem with a shift. In a typical situation this manifold is a covering of the
complex A-plane defined by the equatiori

fNA i) =0, (6)
where f is a function in C?. Equation (6) defines a multi-valued shift function p =
ui(X, A). The kernel of the problem (1) in this case reads

R=3 " Ri(AN)é(u = w2, V).

We shall call this case the 0-problem with a shift.

The nonlocal Riemann problem. Another special case of the problem (1) is a nonlocal
Riemann problem. Let v = A(¢), £ € R be an oriented curve in a complex plane (may
be not connected) and let the kernel of the problem (1) be concentrated on the product
of couple of these curves in A and in p planes. In other words,

R(X, p) = 65(A)Ry(A, )65 (), @)
where §.,()) is a é-function picking out points on ~. The solution ¥ of the problem
(1) with kernel (7) is rational outside v and has boundary values %, ¢~ on 7. After
regularizing 6, we obtain from the problem (1) with kernel (7) the nonlocal Riemann
problem

wt—vm =5 [ IR W, ®)

the integration in (8) is performed along the curve 7.

)
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The Riemann problem with a shift. A combination of these two special cases leads to
the Riemann problem with a shift (or Carleman’s problem). The shift function p = p;(A)
is defined now on the curve v ( A, € ). In this case

Ry(\,p) = ZR (A1 — pi(N))

and
W =97 = 5 T ) + 9 (RODR ), ©
where p;()) is a multi-valued shift function on the curve A(£). We shall write the problem
(9) symbolically in the form
AAE))) = Ry(X, p(A))P(u(X(E))), (10)

where v = A(€) (€ € R) is a curve in the complex plane, A is a jump of the function
across the curve, the value of the function on the curve is the half-sum of the boundary
values, () is the shift function (may be multi-valued).

Corresponding integral equations. In all these three cases the problem is equivalent to
a certain integral equation which can be obtained by a proper reduction of equations
(3), (5). Let us do that for a Riemann problem with a shift. Introducing

p‘l()‘) = ¢+ - 1»[’—'/\6‘77
we can restore the function v in the form

L[ )
Y=+ (/\ )‘,)d/\
Hence
305 + ey =100 + 5o [ BAa,
and from equation (9) we get
- ‘ Lo _PW@__ 1\ pi
pr) = 3 (1) + v [ v R O), Aer )

Let the curve v consist of n connected branches v; = X;(§), £ € R, and p;(£) be the

jump of the function v across the corresponding branch. Then the expression for the
function 1 takes the form

LS )
"+2m2/ CESWr Pl (12)

and the integral equation (11) reads

(© =3 (15O + ~Z / S )R, (13)

Thus we have obtained the system of n smgular integral equations.
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The é-functional kernels. Theré is one important special case of the nonlocal 5-problem
which is exactly solvable, which correspons to soliton solutions and discrete spectrum
(in some broad sense). This is the case of §-functional kernels

N
R\, p) =2mi Y RiS(A — Xi)6(n — i), (14)

=1
where \;, p; is a set of points in the complex plane, \; # u;,
Ry = crexp((Ki(A) — Ki(p))zi).

In this case the solution of the problem (1) is a rational function, and the problem (1)
reduces to a system of linear equations. The formula for the solution normalized by
(A= p)is

1 R;
B ) = 70— + (A e,
( “) /\—~,LL (( ) )J(/lj"#)(/\“/\i)
R (15)
A;j =6 — ——,
] ] i — ’\J
where
Ri = crexp((Ki(px) — Ki(Ax))zi),
or in a more symmetric form with respect to A and g,
1 1
Ap) = —— +((A) Dy ———,
1/’( /") /\_# (( ) )J(ﬂj_#)(/\_/\i) (16)
1 .
P pTls _ _ —
A,] - RI 6;] l.l,' _ AJ?

In the limit when a pair of poles A;, u; coincides, rational with respect to z; factors
appear in the formula for . The limit A\; — py; for all 0 < : < N corresponds to a
rational with respect to z; solution.

2.2. Construction of equations integrable via the O-dressing method. The nonlocal
O-problem and its special cases ( the d-problem with a shift, the nonlocal Riemann
problem, the Riemann problem with a shift) are powerful tools for constructing integrable -
nonlinear wave equations and their solutions (see [3, 4, S, 9]).

The algebraic scheme of constructing equations is based on the following property of
the problem (1): if 1(x,)) is a solution of the problem (1), then the functions

u(x)y,  Dip = (9/0zi + Ki)y 17
are also solutions. Combining this property with the unique solvability of the problem
(1), one obtains differential relations between the coefficients of expansion of functions
¥(x, A) in powers of (A — ),) at the poles of K;()). Let us outline the basic steps of this

scheme for the equations which will be used in this work, i.e, for the KP equation and
for the N-wave type system of equations [5].

The KP equation. For the KP equation D; = 8/0z + i)\, D = 8/8y+a~1)%, (a = 1;i),
D; = 8/8t + )3, Let us introduce the solution of the problem (1) normalized by 1
(n=1),

"/)(’\) z, yat)»\—.oo -1+ 1/)0(2:, Y, t)A—l +...
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The basis in the space of solutions of the problem (1) with the polynomial normalization
is composed of the set of functions D}, 0 < n < cc. It follows from the unique solvability
of the problem (1) that 1 satisfies the relations

(Ds + D} + g(,y,t)D1 + h(z,y,t))p =0, (18)
(aD2 + D} + 2v(z,y,t))s =0. (19)

The successive use of the coefficients of expansion of these relations as A — oo allows
us to define the functions v, g, h,

.0 3
v = —zazpo, g = 3v, h, = -z-(vu - avy),

and to derive the KP equation for the first coefficient of expansion of the function ¢ as
A — oo 5

b;(vt + %vzzz + 3v,v) = —gasz. (20)
The matrix KP equation via the scalar dressing. We would like to represent here a
simple and interesting result important for the clasification of equations integrable by
the O-dressing method. The O-dressing method establishes a correspondance between
a triad of rational functions K;()\) and an integrable equation (system of equations).
There is a natural question: what is the equation corresponding to the triad :\?, 1/a)%,
i\6? First, the dispersion law for this system coincides with the dispersion law of the KP
equation [1). But the accurate answer is that the matrix (2 x 2) KP equation correspons
to this triad. Indeed, let us introduce the functions 1; and 2, normalized respectively by
1 and A. Now the basis in the space of solution of the problem (1) with the polynomial
normalization is composed of the set of functions D}y, and DPv,, 1 and 4, are
normalized respectively by 1 and . One can easily check that relations (19) and (18)
hold in this case also, but now the potentials are (2 x 2) matrix functions

(aD2 + D? + 2v(z,y,t)) (ﬁ:) =0,

(Ds + D} + g(z,y,8)Ds + h(z,9,1)) (j) -

The matrix KP equation can be derived as a compatibility condition for these equations,
it reads

17} 1 3 3
a_m(“‘ + FUase + §u";) = “Zaz"w + 3[uz, uzz — ouyl,
where u, = v, u = —i1).
This observation allows us to construct explicitely a U-V pair corresponding to an
arbitrary triad of rational functions. Indeed, let us take the triad
N;-1
K@) =AM+ Y ok, i=1,2,3. (21)
k=1
Let N; be the smallest of N;. In this case the basis in the space of solution of the
problem (1) with the polynomial normalization is composed of the set of functions
D}4y,... DYyn;, where o,...9n,; are normalized respectively by 1,...AN:, The U-V
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pair now is given by the expressions

[N2/Ni) ¥
(Dz- > uk(zl,xz,z;;)Df)( : ):0, (22)

k=1 VN,

[Ns/N,] 'lr/"l
(D= Y wenemept) [ ;] =0, (23)
: k=1 YN,
where the potentials are N; x N; matrices and some of them may be equal to zero or
have a special structure (some entries are equal to zero or a constant) depending on
the powers N, N3, N3, [M/N] denotes here minn : n > M/N. So (22) and (23) give
the U-V pair for the integrable system of equations corresponding to an arbitrary triad
of polynomials (21). The solutions for this system can be found using the problem (1).

The N-wave type system of equations. To construct the N-wave type system of equations,
we use the functions K;(\) with an arbitrary number of simple and distinct poles:

ng a
- _ a;

Ki()) = ; e (24)
where af, A\ € C, 1 < a < nj, A\f # /\f . Let us introduce the solutions (x, A) of the
problem (1), normahzed by (A — A&¥)~!. These solutions satisfy the relations

DB — KPP — B g — Bor )y — wBlx. A&
Dl"/}] - Kl(’\J )d)] - 1/)]'1‘ a; ‘(/),‘ =Y 1/’]; (X) - 1/)1 (xs’\i ) (25)

where i # j, summation over 3 is meant. The leading order of expansion of relation
(25) as A — A}, i # j # k yields the equation

o ¥k (EQD) = KD = 47 a? ) = (26)
summation over ,8 is meant. If different permutations jk and substitutions of the 1ndlces
B,~ are taken into account, (26) is a closed set of equations for the functions w “(x).
The system of equations (26) is formally Lagrangian with the action density

1 [+3 o o a, o
L(x) = eije (457 f 0w ar + KV afwias + a plalwliadvle), @)

k5 %j
summation is over «,3,v as well as over ¢, j, k.

§3. Solutions with special properties

3.1. The decreasing solutions. A solution given by the problem (1) in the general case
is defined only locally in the vicinity of the point x = 0, where the 0-problem is uniquely
solvable. Solvability may be lost on some manifold in a space (z1,z2,z3), where the
solution has a singularity. To get “good enough” solutions having no singularities and
bounded (decreasing) as |x| — oo one should impose some restrictions on the kernel
R(), u). These restrictions were discussed in our article [1]."The main result of this
article can be formulated as follows. Let us choose a unit vector n; (3 n? = 1) defin-
ing a direction in the x-space. The solution given by the problem (1) is regular in a
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neighborhood of straight line z; = n;¢ and decreasing along this line as £ — oo if the
condition

3
Re ) ni(Ki(A) = Ki(w) =0 (28)
i=1
is satisfied (this condition is in fact the condition for the kernel R(A, ), it means that we
should use the kernel localized on the manifold (28)), and the kernel R(), p) is “small
enough”.
To get a solution which is “good enough” in a neighborhood of some plane, defined
by two vectors n;, m;, the following two conditions must be satisfied:

Re ) ni(Ki(\) — Ki(n)) =0,

i=1

3
Re ) mi(Ki(\) — Ki(u)) = 0.
i=1
In the generic case the pair of conditions (28) define a manifold of real dimension 2 -
in the space C? of complex variables \, u.
Let us illustrate this result by a simple example of the KP equation. To obtain a small
nonsingular solution decreasing in the plane (z,y) it is sufficient to use the problem (1)
with kernel localized on the manifold defined by the system of conditions (28)

Im(X — p) =0, - (29)
Rea™'(A? — p?) = 0. (30)
If a = 1, the system (30), (29) has a solution \, u € R, which defines a nonlocal Riemann

problem on the real axis. So the small decreasing solutions of the KP1 equation are given
by the nonlocal Riemann problem

W= = [+ 9RO explpiai)dis (31)
v
that was originally used by Manakov [10] to integrate the KP1 equation. -

If o = 1, the solution of the system (30) is 4 = —A. Thus small decreasing solutions
of the KP2 equation are given by the 0-problem with conjugation

61/)(3:, Y,t, ’\) = R()‘? -—z_\)exp(go;a:,-)tl:(z, Y, t, _’_\)1 (32)

and we reproduce the result of Ablowitz, Bar Yaacov, and Fokas [11].
~ The technique of the d-problem is flexible enough to construct solutions with a differ-
ent given type of asymptotic behavior. For instance, to get a solution, periodic in = and
decreasing in y, one can use the kernel localized on the countable system of manifolds

—00 < n < 00, (33)

Rea '(\? — p?) = 0. (34)

If a = i, the system (34) has a solution A\, s € R, A — 4 = £22, and the solutions of
the KP1 equation, penodlc in z and decreasmg in y, are given by the Riemann problem
with a shift on the real axis with the shift function (33).
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If & = 1, the system (34) has a solution Re),u = £%52, A — u = +232. Thus the
solutions of the KP2 equation, periodic in z and decreasing in y, are given by the
Riemann problem with a shift on the system of lines Rel,u = +Z2 with the shift
function p = — . This interesting problem is quite complicated, but we shall not treat it
here in detail.

3.2. The (1 + 1)-dimensional case. The solutions independent of the variable z; can be
obtained from the problem (1) with kernel localized on the manifold
K;(A) - Kj(u) =0. (3%
This observation allows us to use the {2 + 1)-dimensional dressing method for (1 + 1)-
dimensional equations and leads us naturally to the J-problem with a shift and, for
decreasing solutions, to the Riemann problem with a shift. Let us consider this observation
in more detail.
If we have a (2+1)-dimensional integrable equation defined by the functions K;()), we
can descend to the (1+1)-dimensional case, using the condition (35) for some coordinate

z; in the original or rotated coordinate system. For example, the y-independent KP
equation gives the KdV equation

1
(Ut + szzz + 37}:”) =0.

In this case condition (35) reads

N —u?=0,
and the solutions of the KdV equation are given by the d-problem with a shift [4]

9p(A) = R(A, =) exp(piz: )y (=), (36)

the shift function for this case is quite simple (x = —)), and it is easy to transform the
problem (36) to the local matrix (2 x 2) Riemann problem.

We may also consider the case of the t-independent KP equation, which corresponds
to the simplified Boussinesq equation

32 __(1 3 2
1% v = —(41),, + 5? )”. (37)
In this case condition (35) reads
A3 _ #3 — 0,

and the solutions of the simplified Boussinesq  equation (37) are given by the d-problem

3
8p(A) =D Ritp(ei)),
i=1
where e} = 1. A simplified version of the Boussinesq equation was considered in [12].
Let us show that for decreasing solutions our approach leads us to the Riemann problem
with a shift for the functions analytic in sectors (such a geometry for the local matrix
Riemann problem arose in [12] from the analytic properties of the direct scattering
problem). Combining condition (35) with condition (28)
Im(A —p) =0,
we obtain
{ A— Eip = 0,
A= b= E’ é €R.
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*®

The solution of this system is
A=¢1-e),

p=—E1-e)7
it defines the Riemann problem with a shift on the pair of straight lines with the vectors
exp(im/6), exp(—im/6), the shift function is 4 = —A. So we arrive at the problem for the
function analytic in corresponding sectors.
For an arbitrary rational function K;()) condition (35) defines a multi-valued shift
function p;(\), and the corresponding J-problem reads

(X)) = z Rip(Ni(p))- (38)

§4. The Boussinesq equation

Let us introduce a modification of the KP equation
17] 1 3
é—z-((v, — Buz) + FVza 3v,v) = —Zazvyy, g =1. (39)
The solutions of this equation are given by the problem (1) with the dependence of
the kernel on the variables z,y,t defined by the expressions (compare (2), (17))
D, = 3/8z + 1),
D; =3/0y+ a7 ')A (a=1;i), (40)
D3 = 0/8t + i\ +1iB),
the derivation of this statement for the KP equation is given in §2, in this case it is
completely analogous (or otherwise one may treat equation (39) as a KP equation with
transformed variables z, y, t).
The time-independent solutions of equation (39) satisfy the Boussinesq equation
3 2 __(! 3 2
(4a Vyy — ﬂvu) = -(4vn + 3Y )". (41)
Such solutions are given by the problem (1) (v = —¢ %1/;0) if the support of the kernel
R(), 1) belongs to the manifold defined by condition (35)

(VP +BA—p’—Bu)=0, A#£p (42)
or '
Midp+pt+p8=0.
This relation defines a H-problem with a shift
5¢(A) T, y) = R(Av l‘(’\)) exp(‘P‘zi)'/’(ﬂ(A)) T, y)7
HY) = 5(=3£ (45 - 3)),

The solutions of the Boussinesq equation, given by the problem (43) (v = —i%lﬁo),
are defined locally in a neighborhood of the point z = 0, y = 0. We consider the
Boussinesq equation as a dynamical equation with respect to the variable y. To obtain
decreasing solutions as |z| — oo, we should investigate the intersection of the manifold
(35) with the manifold defined by condition (28):

Im(\ — p) = 0. (44)

(43)

4 Anrebpa u aHanus. 1994. T.6. N° 3.
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Conditions (42), (44) define the Riemann problem with a shift (the Carleman’s problem)
which is a proper tool to solve Boussinesq’s equation. Introducing ¢ = %(,\ — W), v =
—iz(A+ p), £ € R, one can get

B+€E -3 =0. (45)
On the reduction. Let us make a remark on the reduction. For a = 1, v(z,y) is real if
the kernel of the problem (1) satisfies the condition .

R(’\’ ”) = R(—A’ —p)a (46)

and the condition o

R(\ ) = R, X) (47)
if a =1.
Soliton solutions. In the case of Boussinesq equation, formula (15) gives the determinant
expression for the solution (for a similar expression for the KP, see [2])

v= & — Indet(A),

a 2
R;
A =6 — ——,
J J ”'t_’\J

(48)

where

Ry = crexp ('(uk - /\k)( - i(ﬂk + /\k)y))

the pairs (\k, ux) should satisfy equation (42) and /\k # pj. The reductions (46) or (47)
also are to be taken into account.

We shall not investigate formula (48) and its degenerate cases in more detail here,
because this subject seems to be well discussed in literature (see, for example, [6]).

4.1. The “plus” Boussinesq equation. One can see that the properties of the Boussinesq
equation depend significantly on the sign of 3. Let 8 = 1. The corresponding equation
(the plus. Boussinesq equation) is of the form

%azvyy —Vzz + ivzzzz + (gv2)zz =0. (49)
In the case o? = 1, it is a nonlinear wave equation, having in a linear approximation
the monochromatic solution

; 4 1
~ eilwytkz) LR % By X
v~e , w 3(k +4k )

In the case o? = —1 it is a nonlinear elliptic equation. In both cases equation (49) can
be solved by the following Riemann problem with a shift:
324+ 41=0, A=—f, A=¢+iv, p=—E+iv (50)

Equation (50) defines a hyperbola with the branches belonging respectively to the upper
and to the lower half-planes (Figure 1, the dashed line). The shift is the change of the
sign of the real part of A. Let us introduce

p£(§) = AY |4,
the jumps of the function ¥()\) across the upper and lower branches of the hyperbola.
The function ¢ can be represented in the form

LT ele) Cp(€) i
1t / EESWT) dc' 2m | By @

—de,
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where
. [14€2
MO =iy 2E
The Riemann problem with a shift (50) is equlvalent to the system of two integral

equations (13)

p+(€)
1 p+(€') dAy 1 p-(§') di_ .
= (14 gpor | oo @y & +2m | Bt e @ )
x R*(f) exp (7‘;’—(1:«1 8y +2ite),
p-(6) _
[ €)1 )
= (4 5m | oco- @@t am | oo - ey @ )

—4
- - 2 — 9%
x R™(€)exp (\/gaﬁ‘/l T ey 2@).
The solution of the Boussinesq equation is given by the formula
a1 [ s d_
U= o / (p+(€) + p—(ﬁ)d—f)dﬁ

—00

4.2. The “minus” Boussinesd equation. This equation

3 1 3
—azv!l!l + Vez + —Vzzzz + (—02) =0

4 4 2
arises upon putting # = —1. The reduced 9 problem for this equation is described by
the conditions
Midp+pt=1 (51)
(time independence) and
Im(A—p)=0 (52)

(decreasing in the x—direction) There are two possibilities to satisfy these conditions.
1. X and p are real (A2 < %, 4? < %) and

3
= —— — =)\
i 2/\ +4/1 4/\ . (53)
We have a Riemann problem on the cut \/Z <Rel < \/: with the twofold shift (53).

2. A and p are complex, A = v+, u = —v + £, £,v €R,
v -3¢t =1 (54)

‘Both A and p are placed on the hyperbola (see Fxgure 1, the continuous line). The
shift with respect to the “plus” Boussinesq equation is the reflection with respect to the
imaginary axis.
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Let us parameterize the curves on which the solution 1 of the Riemann problem with
a shift has a discontinuity in the following way:

Y+ = A4(§) = i€+ V14362, —oc0< €< oo,
7-=’\—(€)=i£—\/1+3£2) —°°<€<°°’
o=to(6) =€ €<=

and introduce the jumps p4(£), p—(£), po(£) of the function 3 across the respective curves.
Then the function ¥ can be represented in the form

o L[ es(f) d\
”m/ eSS Nl

o) Doy 1 po(E)
21rz ()\ Ao (§’)) der 2mi (/\ {’

The Riemann problem in this case is equivalent to the system of three mtegral equations

1T p+(£') dAy
2mi (#+(f) = A4+(¢)) d¢’

po(&) =1+ (5= ¢’

o0 Vi
1 (€)1 [ p(E)
Yomi J G- @) &g om J -
x RE(€)e'Fe-V1-T)s+1 (3¢ -¢/1-3¢2 -1y

(L T pa(e)  dn At
2mi ) (O - A (€)) &

df')

1 T p—(€") di- 1 po(€') '
RGPS NN el /(u(é) %)

"2 2mi J (u-(6) - A-(£) de 2m
X R;(f)e'(%f"‘ \ 1_%52)’+:(7€2+E\/1‘_%5—2—1)y),

1 / 3
JE— — - f£2.
I‘:i:—zfi 1 461

where



ON SOME DEVELOPMENTS OF THE 3-DRESSING METHOD 53

de’

pr(€) =1+ (= 7—-—’““') B

2mi J - (A-(§) = A+(¢)) d€’

s

_1_.7 @) Doy L[ O )

w) - @ e e | te-¢

x R+(£)e2i\/1—3671+‘:‘54\/1—352y,

BTy 1 I S
p-(§) =1+ (m_[o O (6) — e (e)) dg %

1T e€)  De, 1 ale) .
+2m‘_4 () — A_(6)) de" €t / O -¢) )

XR~(€)6—21\/1_—3_§"“:—1;—E 1-3¢7y
The solution of the Boussinesq equation is given by the formula
o0 Vi
o1
u= —gé;[ / (P+(§) & +p- (f)—)df+ / Po(f)—dﬁ ]

-0 _f

In this case the spectral data R, split into two parts; the short-wave part of the
continuous spectrum is localized on the hyperbola (54), and the long-wave part of the
spectrum on the segment of the real axis (in fact on the covering of this segment); see
Figure 1, the continuous line. For a = 1 the hyperbola corresponds to the stable part of
the spectrum (the exponent (2) for y is imaginary) and the segment to the unstable part
(the exponent is real), for o = ¢ the situation is reversed, i.e., for a = 1 the long-wave
instability holds, and for & = 1 we have the short-wave instability.

§5. The relativistically-invariant systems

The systems considered in this part were first integrated by Zakharov and Mikhailov
[7], using the matrix local Riemann problem. In our work we use the scalar nonlocal
problem and obtain some new spectral information for these equations.

Let us consider the solutions of the N-wave type system of equations (26) independent
of the variable z,. Such solutions are given by the d-problem with a shift defined by
condition (35) and obey the relation

= (K1(\)) = Ks () ol al vy,
where j # k, j, k= 2,3. Substxtutmg this relation in equations (26) with the derivatives

d, and 8; we obtain the closed set of equations for the functions %2y, %77, ;’f’ R

(5 + RS OD = KON 97 = (Ks(O) — Ka ) il ot i,
d (55)

(327 = GOD = KOM) I = =) = Ka W) e af vy,
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'k # j, k,j = 2,3, summation is over 3, a'. We consider the case ia;, A; € R. In this
case system (55) admits a reduction
1/) wk. L] (56)
which corresponds to the following condition for the kernel of the problem (1):
R(\, p) = R(@, A).

The linear part of equation (55) can be canceled preserving the reduction by the sub-
stitution

Uii = exp(K;(A])z; + KeO)ex — K;(A)z)i7, (57)
and the coefficients. aY can be made equal to 1 by the change
W =P (-alad)t (58)

if Im a$ > 0. Further we use the notation *” for the function 1/;1 o, P for the function
1/)1 ap The set of equations (55) in this case reads
2 = (Ka () - K (M) P,
612
d L (59)
A0 = —(Ki(\]) - K1(09)) 99 P,
st

summation is over §3,a’ in the first equation and over v, o' in the second equation. The
Lagrangian density for this system is

6(22,13) - Z-(J)a‘vébwa‘y _ 1/)07321/_10"7 _ ¢“ﬂ63<p°" + <p°ﬂ33¢°'ﬂ
+2(K1 (M) — K1(A]) 7' g*P g 1y 7% 8), (60)

where summation is over a, 3, v, o'. In the special case of K> and K3 having one pole,
system (59) reduces to the relativistically-invariant Nambu system [7]:

{ Bn™ = ™ X5 PP, 1)
O™ = ip™ L5 9P¢”,
where n = z,, £ = —z;3 are the light cone variables, p® = Ay, ¥v* = Ay,

A = (Im(K;(X3) — K1(A2))¥ (without loss of generality, we suppose that Im(K;(\3) —
Ki(X\2)) > 0). In the general case, the complete relativistic invariance of system (59)
can be obtained if K, and K; have equal number of poles.
With an extra symmetry
(2(A) = —K2(-2),

Ks(A) = —Ka(Y), (62)
k K;()\) = 2K (=)
system (59) admits a reduction

B =BT A=A, AT == (63)
which corresponds to the condition
R(\,p) = R(=X, —p). (64)
For the Nambu system, the symmetry (62) implies a special choice K; = a3, K3 = a3/},
K;(\) = Ki(=)) and leads to the reduction

=97, =%, Ar=-) (65)
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Thus we obtain the Gross-Neveu equations
Bnp® = ™ T (PP + 4757,
{ O™ = ip™ g7 3P + 9PpP).
The Lagrangian density for systems (61) and (66) is given by the expression (60).
Now let us investigate the problem allowing us to construct the solutions with the

asymptotic behavior resulting from the transform (57), (58); respectively, for systems
(55), (59), (61), (66) as /€2 + n? — oo:

(66)

f (8-, (67)

PP — A7f exp((K3(\5) — K3s(A\]))zs — K2(Af)z2), (68)
a_, la a3§ _ aszmn _ (136

P A exp( YIS W T )‘2_/\3), (69)

47— A exp (58 - aand?), (70)

where

Aaﬂ —_ V _agag Alu — Vv _agaz Allu —_ —ag’ag
2T A e YD —\ Im(K4(0))°

Taking into account that iaf, \* € R, the system of conditions (28)

Re(K3(A) — K2(u)) =0, Re(K3(A) — Ka(p)) =0, A#u (71)

has a solution ), 4 € R (which is unique in the generic case). Thus, the Riemann problem
with a shift is set on the real axis. The shift function is defined by condition (35)

Ki(A) = Ki(p) =0, A#up, (72)
_N~_of
Ki() —; o (73)

and it can be rather complicated. This problem gives solutions of the Nambu equations
with asymptotic behavior (69).
In the presence of the extra symmetry (62), equations (71) have also a solution

A=—q. (74)

The substitution of this solution in relation (73) gives an equation of the algebraic curve
in a complex plane

So in this case the Riemann problem with a shift is set on the curve consisting of the
real axis and the algebraic curve (75), the shift functions are given respectively by (73)
and (74). This problem gives solutions of the Gross-Neveu equations with asymptotic
behavior (70).

A remark on soliton solutions. Soliton solutions for the equations considered in this
section are given by formula (16), the pairs (A, p;) should satisfy condition (35) for z;,
the reductions are to be taken into account.
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§6. Inverse problems for a differential operator of an arbitrary order on a line

The developed method allows us to find a productive approach to the classical problem
of analysis—the inverse problem for a differential operator of an arbitrary order (see [8,
6]). We consider the spectral problem

Ly = (v,
n—2
L=0"+0a,10""" + ) _ui(z)d’,
i=1
0o < z < oo, satisfying the condition
ui(z) = ai, z — oo,
where a; are given complex constants. In other words, L — Lo, z — Fo0,

n-1
L°=0"+) aid"
1=0
The problem is to restore the potentials u; by some properly defined “scattering data”.
One can construct the potentials with the corresponding wave functions, using nonlo-
cal problems in the complex plane. Though we work in the scope of the dressing method
and do not treat the direct scattering problem, we obtain an information (may be not
complete) about the structure of the continuous spectrum. In fact we define the inverse
scattering transform from the kernel of the Riemann problem with a shift to the small
decreasing potentials of the corresponding operators, the wave functions are also given
by this procedure. .
Let us consider the nonlocal J-problem (1) with K; = X, Ky = A" + Y0 i\,
a; € C, normalized by 1. This choice leads us to the relation
n n—-2 .
(D2 =3 D) (A 2,9) = 3 uilz,y)Diw(A, 2, v). (76)
i=1 i=1
As usually, we can pass from the “prolonged” derivatives D; to partial derivatives by the

transform

¥ — Yexp(Kiz;).
The potentials u; in the operator (76) can easily be expressed through the coefficients
of expansion of the function ¥(\,z,y) as A — oo. For the case a; € R, the potentials
are real if the kernel of the problem (1) satisfies the condition

R(A, u) = R(\, p).

Now let us proceed to the one-dimensional case. To cancel the dependence on y, we

should use the §-problem (1) with the kernel R(), 1) localized on the manifold (35)

Ka(A) — Ka(p) =0

or
/\"+Ea.z\ —-u" —Za,p =0. an
i=1
In this case we can solve the i mverse scattering problem for the operator on the line
n—1 n—2

(o~ + g_; ' + ; ui(2)8)¥(A,z) = ($(), ), (78)
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where .
= (,\" +3 @),
i=1
Condition (77) defines a 0-problem with a shift
Fp(A) =Y Ri(\p(m( V). (79)

The problem (79) gives the potentials with the wave functions locally near the point
z = 0. To construct the decreasing potentials defined on all the line we should observe
condition (28)
Re(A —p) =0. (80)

This condition, together with (77), defines a Riemann problem with a shift (10). The
equation of the curve A(£), £ € R, for this problem is given by the substitution of
expression u = A — if (compare (80)) in equation (77), the shift function is given by
equation (77) (it is also useful to note that A and p have identical real part).

Thus, small decreasing potentials for the operator (78), together with the correspond-
ing wave functions, are given by the Riemann problem with a shift

A((ME)) = Ry(A, u(AN)(1(A(E))),
which reduces to the integral equations (13); this problem defines the transform from
the kernel R to the potentials u;(z) (the inverse scattering transform for the continuous
spectrum).
Let us consider a simple example K, = A™. In this case the operator (78) is of the

form
n—2

(A, z) =Y ui(2)dv(\ ). (81)
=1
This class of operators was investigated in detail in [8]. We shall show now how our
technique works in this case. The shift function (77) for this case is

A" —p" =0, ‘ (82)
and the problem (79) reads
p(N) =Y Ri(A)p(eid), ef =1. (83)
i=1
If we take into account condition (80), we obtain
{ A—eip=0,
A—p=1€ €EeR.

The solution of this system is
A=1€(1 - e,‘)"1 = ifa;,

, p=—tf(l—e') ™ i= —ifa, e #1l

- In this case ¥ has a discontinuity on (n — 1) lines with the angle m/n between them.
Thus, we arrive at the Rlemann problem with a shift for the function analytlc in sectors,
the shift function is g = A. The integral equations (13) for this case is of the form

Pr(€) = ( + — Zv p. / _pi€) s a;dé )Rk(ﬁ)exp((ouC — ag)é),

axt — ajé'
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where py is the jump of the function v across the corresponding line. In the general case,
the Riemann problem with a shift may be defined on quite a general analytical curve in
the complex plane. The symmetries of the function K,()) can simplify the investigation.
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