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Important links

In this chapter we sketch some important links between ideas of the dress-
ing Darboux transformation (DT), Backlund transformation (BT), etc. with
related mathematical constructions. Firstly, it is the Hirota representation
which originally produced many of the known families of multisoliton solu-
tions, and these have often led to a disclosure of the underlying Lax systems
and infinite sets of conserved quantities [209, 385]. In Sect. 7.1 we demon-
strate a systematic derivation of the bilinear BT's from the so-called )-systems
which are formulated in terms of the binary Bell polynomials. Taking as the
example equations with the “sech?” soliton solutions, we illustrate how to
obtain the binary BTs for different weights of the Y-polynomials. In Sect. 7.2
we represent the Darboux covariant Lax pairs in terms of the )-systems. In
Sect. 7.3 we explain how to construct BTs from the explicit dressing formu-
las and, using the Noether theorem, how to derive discrete and continuous
conservation laws. Next, in Sect. 7.4 the main formulas of the dressing theory
are retrieved within the Weiss—Tabor—Carnevale procedure [449] of Painlevé
analysis for partial differential equations (PDEs). In addition, we comment
on a historical point connected with the appearance of the dressing method
in the Zakharov—-Shabat theory. Namely, we suggest in Sect. 7.5 an original
revisiting of the technique of inverse scattering transform (IST) in terms of
the Gel’fand-Levitan-Marchenko integral equation. Notice in connection with
this that the search for perhaps the most general dressing scheme within the
framework of the Zakharov and Shabat ideas is represented in [478].

7.1 Bilinear formalism. The Hirota method

A striking feature of the bilinear formalism is the ease with which direct in-
sight can be gained into the nature of the eigenvalue problem associated with
soliton equations (such as the KdV, Boussinesq, or Sawada—Kotera equations)
derivable from the bilinear Hirota equation (representation) for a single Hi-
rota function. The key element is the bilinear form of the BT which can be
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straightforwardly obtained from the Hirota representation of these equations,
through decoupling of a related “two-field condition” by means of an appropri-
ate constraint of minimal weight [262]. The main point is that bilinear BTs are
obtained systematically, without the need for tricky exchange formulas [209].
They arise in the form of “)Y-systems,” each equation within such a system
belonging to a linear space spanned by the basis of binary Bell polynomials
(Y-polynomials) [187].

An important element is the logarithmic linearizability of )-systems, which
implies that each bilinear BT can be mapped onto a corresponding linear sys-
tem of the Lax type. However, it turns out that these linear systems involve
differential operators which, even in the simplest case, do not constitute a Dar-
boux covariant [265, 324] Lax pair . This fact prevents us from obtaining large
classes of solutions by direct application of the powerful Darboux machinery
to the systems which arise by straightforward linearization of the )-systems.
Here we present a simple scheme to resolve this difficulty for a variety of soli-
ton equations which allow a bilinear BT that comprises a constraint of the
lowest possible weight (weight 2). Darboux covariant Lax pairs for the KdV,
Boussinesq, and Lax equations are obtained in a unified manner, by exploiting
the relations between the coefficients of linear differential operators connected
by the classical DT. Exponential Bell polynomials [44] and generalized “mul-
tipotential” Y-systems are found to be useful for this purpose. This approach
reveals deep connections between the (141)-dimensional equations and the
underlying (higher-dimensional) Kadomtsev—Petviashvili (KP) hierarchy. We
start our discussion by recalling the basic properties of the )-polynomials
(derived in [187]) and by indicating how the use of the )Y-basis can lead sys-
tematically from the original nonlinear PDEs to the associated linear systems.
The example of the Lax equation is instructive since this fifth-order equation
has no single bilinear Hirota representation. The content of this section follows
[260].

7.1.1 Binary Bell polynomials

The class of exponential Bell polynomials, originally defined for the Abelian
entries as
6771
Yoz (V) = Yo (Vs Vzay ooy Uz ) = e_”axm e, melZ, (7.1)
was introduced in Sect. 2.1. It keeps a balance between linear and quadratic
terms of the (generalized) Burgers equation, for

Yoz (Int)) = ¥ /1. (7.2)

Examples are easily derived and are given in Sect. 2.1. The property of
z-homogeneity,
Yiow) (v) = A7 (0) Yie (v), (7.3)
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introduces the weight m.
The binary polynomials that we shall use in this section are defined in
terms of the exponential Bell polynomials

me,nt(f) = e_fa;na?ef (74)
as follows:

ymx,nt(vv w) = me,nt(f) (75)

f _ ) Vpegt if p+ ¢ = odd,
paqt Wpg,qt if p+ g = even,

with the understanding that fpq ¢ = 029 f. They inherit the easily recogniz-
able partition structure of the Bell polynomials (for a recurrent definition see
Sect. 2.2):
Yz (1)) = Vg,
Vo (v, w) = way + 2,
Vet (v, W) = Wat + V01,
Vaa (v, W) = vz + Bvzwae + 05, - -

(7.6)

The link between the Y-polynomials and the standard Hirota expression

DPDIG! -G = (9, — 0p)F (9 — 0p)! G (2, 1)G(2 1) (7.7)

a'=w,t'=t
is given by the identity
Vemt(v =G’ /G, w=InG'G) = (G'G)"'D"DI'G’ - G. (7.8)
In the particular case G’ = G, one has

0, if m+n=odd,
Pz nt(@Q), if m+n=even,

(7.9)
the P-polynomials being characterized by an equally recognizable “even part”
partition structure:

Ps, (Q) = QQza Pm,t(Q) = ta; P4m(Q) = Q4m + ?)nga

Po2(Q) = Qs + 15Q2,Qur + 15Q3,, . ... (7.10)

A crucial property of the Y-polynomials relates to the transformation w =
v+ Q, v=Iny:

GiQD;nD?G -G = ymz,nt(ov Q =2In G) = {

ypw’qt(v’w:'u—f—Q) (711)
v=In
14 q P q
— w*l Z <q> <k> ij,kt(Q)w(p*j)z'r(qik)t
=0,k
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and originates from the addition formula for the polynomials Y (v):
Ymm(’Ul + ’1}2) = Z (’Zfb) Y(mfj)x(vl)Yjw(vg). (712)
j=0

The proof is performed by use of the Newton—Leibnitz formula.

It should also be noticed that polynomials Y,z 4t (v, w), constructed with
the derivatives of dimensionless variables v and w, are homogeneous expres-
sions of the weight p 4 gr, if r stands for the dimension of ¢ (the dimension of
x is chosen equal to 1).

7.1.2 Y-systems associated with “sech®” soliton equations
We consider four examples of “sech?” soliton equations with the order ranging
from 3 to 5: the KdV, Boussinesq, Lax, and Sawada—Kotera equations.
KdV equation
The invariance of the KdV equation

KdV(u) = ut + usy + 6uu, =0 (7.13)
under the scale transformation

r—Ax, t— Nt u—A?u (7.14)

shows that u has the dimension —2. A dimensionless field ) can be introduced
by setting u = cQ2,, with ¢ being a dimensionless parameter to be determined.
The resulting equation for ) can be derived from the potential equation

Qut + Quz + 3cQ3, =0, (7.15)
which can be cast into the form
E(Q) = Put(Q) + P1(Q) = G*(Do Dy + D)G - G =0 (7.16)
G=exp(Q/2)

by setting ¢ = 1.

The well-known Hirota two-field condition on G and G’, to be satisfied as
a differential consequence of a bilinear BT (that we have to find), takes the
form [209]

G'~2(D.Dy + DHG'-G' — G~*(D,D; + DH)G -G = 0. (7.17)

It corresponds to the following condition on @ = 2InG = w — v and
Q =2InG =w+wv:

E(w+v) — E(w—v) = 2(vgt + vag + 602,w2,)
= 2{0; [Yi(v) + Vsu (v, w)] + 6W [Vor (v, w), Ve (v)]} = 0, (7.18)
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where W ()1, V2) is the Wronskian. This condition can easily be decoupled into
a pair of equations in the form of linear combinations of the Y-polynomials.
It suffices to impose such a constraint on v and w (p; and ¢; are integers or
zero, ¢; is a constant),

> ¢ Vpyegu(v,w) =0, (7.19)

J

of the lowest possible order (or weight). The simplest choice is a constraint of
weight 2:
Vo (0, W) = wa, +v2 = 0. (7.20)

In order to obtain a parameter-dependent decomposition, we should im-
pose the condition

YVor(v,w) = A, (7.21)

where X is an arbitrary parameter of weight 2. This leads to the following
Y-system

Vor(v,w) — A =0, Vi(v) + Vs (v,w) + 3AVe(v) = 0, (7.22)

the compatibility of which is guaranteed by the corresponding system for ¢
[setting w = v+ Q, v = In® and using (7.10)]:

(L2 - A)‘/’ = 1/)21 + (Q2x - )\)1/) = O, (723)

(O + L3)Y = Yy + 3 + 3(Qa2z + )bz =0,

i.e., to the (Mindependent) condition:
(Qut + Quz + 3Q2:)2 = 0 E(Q) = 0. (7.24)
The bilinear equivalent of the Y-system (7.22) is obtained by means of (7.8):
D2G' -G = \G'G, (D; + D2 +3\D,)G" - G = 0. (7.25)
It is the bilinear BT for the KdV proposed by Hirota [209].
Boussinesq equation
A similar analysis can be applied to the Boussinesq equation

Bq(u) = ugs — uge + 3(u?)2, = 0. (7.26)
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This equation can be derived from a potential version obtained by setting

U = _Q2LE:

E(Q) = Pulq) - Pra(@) = G2(D? — DG - G —0. (127)
G=exp(Q/2)

The corresponding two-field condition

E(Q =w+v) - E(Q =w —v) = 2(var — vas — bvawz,)

= =20, V3. (v, w) + 209t + 6W [ Vo (v, w), Vi (v)] =0 (7.28)

can still be decoupled into a pair of equations of the form (7.19) by means of
the Y-constraint of weight 2 (notice that in this case the dimension of ¢ = 2,
so we dispose of two Y-polynomials of weight 2):

Vi(v) + aYay (v, w) =0, (7.29)

where a is a dimensionless constant to be determined.
The decoupling requires a®> = —3 and produces the following parameter-
dependent Y-system (A is an integration constant):

Vi + aYor(v,w) =0,  aYyi(v,w) + Vaz(v,w) = A (7.30)
The corresponding bilinear system
(Dy +aD*)G' -G =0, (aDyDy + D3 — NG -G =0 (7.31)

is exactly the bilinear BT for the Boussinesq equation obtained by Nimmo
and Freeman [350]. Its compatibility is subject to that of the linear equivalent
to the system (7.30):

U + athay + aQoyt) = 0, (7.32)

C“/}xt + 1/}3I + 3@211/)I + (aQ:ct - /\)1/} =0,

i.e., to the following potential version of the Boussinesq equation:

PBq(Q) = (Q2 — Qus — 3Q3,)s = 0. (7.33)

Lax equation
We now consider the Lax equation

Lax(u) = us + use + 10uus, + 20uzus, + 30u?u, = 0. (7.34)
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Setting u = c¢Q2, brings it to the potential equation:

Eo(Q) = Qut + Qoz + 10¢Q2,Qus + 5¢Q3, +10c2Q3, = 0. (7.35)

The left-hand side of this equation is homogeneous with weight 6, but there is
no value of ¢ such that (7.35) can be expressed as a linear combination of the
weight 6 polynomials Ps,(Q) and P,:(Q). Setting ¢ = 1, we may nevertheless
consider the two-field condition

Er(w+v) — Er(w —v) = 2{0, [Vi(v) + Vsu (v, w)] + R(v,w)} =0, (7.36)
with
R(v,w) = *5(%105:,: — Vg Wag + 6V Wa w3, + 203ws, — Bvopw3,
+602 025 Way + 40y V25V35 + 202045 + Vav2, — 205,). (7.37)

Eliminating ws, and its derivatives by means of the weight 2 constraint (7.21),
we find that the condition (7.36) can be decoupled into the following )-system:

Vou(v,w) = A, V(v) + Vsu (v, w) + 15XV, (v) = 0. (7.38)
Its compatibility is subjected to that of the corresponding linear system:

VYoo + (Qae — AN =0, ¢+ Ls5¢ =0, (7.39)
L5 =02 +10Q2,02 + 5(Quz + 3Q3, + 3A*)0,,

i.e., to the condition

(Qut + Qos + 10Q2,Qu + 5Q3, +10Q3,). = 9. F1(Q) = 0. (7.40)

Sawada—Kotera equation

We finally consider the Sawada—Kotera equation
SK(u) = u + use + 15uus, + 15uug, + 45u%u, = 0, (7.41)

which again can be derived from a potential equation by setting u = Qay,
expressible in terms of Ps,;(Q) and P,+(Q):

BE(Q) = Pu(Q) + Pox(Q) = G™*(Dy Dy + D)G - G =0. (7.42)
G=exp(Q/2)

It is easy to see that the corresponding two-field condition

E(w+v) — E(w —v) = 20, [V (v) + Vs (v, w)] + 10R(v,w) =0,  (7.43)
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with
R(v,w) = —v,Ws5 + 202, W4z — 203,W35 + Wog sy

2 2
—20,V4y — AVV2,V3, + BU2, W5, (7.44)
3 3 2 4
+3v5, — 6V, W, W3y — 2V, W3, — 6V V2, Wag — VU2,

can no longer be decoupled into a )-system by means of a weight 2 constraint
of the form (7.20).
Yet, the weight 3 constraint

Vo (v, W) = v3p + 3vgway, + 03 = A (7.45)

enables us to express R(v,w) as follows:
1
R(v,w) = —2896 [Vsz (v, w) + 3AVar (v, w)] . (7.46)

This means that the condition (7.43) can be decoupled into the following
(A-dependent) Y-system:

3 15
Vor(u,v) = A =0, Vi(v)— 2y5m(v,w) ~ Aoz (v, w) = 0. (7.47)

Its compatibility is subjected to that of the corresponding -system
(w=v+Q, v=Invy):

Y3z + 3Q2:%e — AP = 0, (7.48)
3 15 15
P — 21/15m — 15Q2,Y34 — 9 Py (Q) )z — 9 AWz + Q2%) = 0,
i.e., to the condition:

(Qut + Qox + 15Q20Que + 15Q3,) . = 0. B(Q) = 0. (7.49)

The bilinear equivalent of the system (7.47),

1
(D3 -~ NG -G =0, Dy, — Spr - Vap2 )@= 0, (7.50)

is the bilinear BT for the Sawada—Kotera equation reported in [386].

7.2 Darboux-covariant Lax pairs in terms of Y-functions

In Sect. 3.7 a joint covariance property of operators was defined and investi-
gated. It results in some necessary conditions, e.g., the joint covariance equa-
tions, whose solutions yield restriction on a form of solvable equations. Let
us now go back to the KdV equation (7.13) and the associated linear system
(7.23). Tt comprises the second-order eigenvalue equation considered by Lax
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[263], with the covariance property we study throughout this book. According
to this property, (nonvanishing) solutions ¢ to the spectral equation produce
transformations

Gy =00, ' =0, -0, o=0,In¢, (7.51)
which map Ly = 82 + Q2. onto the similar operator

zg = G¢L2(Q2$)G;1 = Lg(@gm), (752)

with @21 = @2z + 20,. With the second-order eigenvalue equation obtained
from the constraint (7.21) through the map v = In1,

me(Ua v+ Q) = )‘a (753)

we may try to associate a Darboux-covariant third-order evolution equation.
Note that any equation of the form

Z Cnypnili,qnt (’U, v+ Q(n)) =0 (754)

corresponds to a linear equation for 4. In particular, there is a correspondence
between the evolution equation (c2 and c3 are constants)

Velv) + Ve (0,0 + Q) + oYy (vo+QP) =0 (7.55)
and its linear counterpart
Yy + Lath =0, L3 = c30° + 202 + 010, + bo, (7.56)

with
by =3c3QY). b= Q. (7.57)

Let G be a transformation (7.51) generated by a (nonvanishing) solution
¢ of the system

(Ly = A\)¢ = (97 4 Qa2 — A =0, (7.58)
(O + L3)¢p = (0¢ + 302 + 202 + 010, + bo)¢p = 0.
It maps the operators Lo — A and 0; + L3 onto the similar operators

Go(Ly — NG, = La(Qaa) — A, Gy(0r + L3)Gy' = 0, + Ls,

Z3 = Cg(r“)g + cﬁi +glam +go, (759)

where _
b1 = b1 + Abl, Abl = 3630’17 (760)

ng = by + Aby, Abg = bl,z + oAby + 2¢90, + 3c309,, (761)
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and the following differential consequences of (7.58) have been taken into
account:

O (¢;1 + Qa2z — A) =0 <= 0,Yo,(Ind)+Q3, = (0p+0%)s +Q3, =0,

0z [Yi(In @) + c3Y3.(In @) + Yo, (In @) + b1 Y, (In @) + by] = 0 (7.62)
<~ o+ c3(oo + 300, + 03):,, + ooz + 02)93 + (b10)s + box = 0.

In order that d; + L3 be the Darboux-covariant with Ly — A\, we have to
determine the coefficients b;, i = 0, 1, as functions of Q2 and its derivatives,
in such a way that the covariance condition

L3(Qoz, Qsy ---) = L3(Qaz, Qaay-.) (7.63)
be satisfied with

AQ(TJrl)I = @(T+1)x _Q(T+1)I = QO'TZ, r= 1,2,.... (764)

Hence, we should look for expressions b; = F;(Qa2z, @3z, ...) such that the
differences Ab; which appear in (7.58) and (7.59) are expressible as

Abi = Fi(Q2w+AQ21, Q3m+AQ31; .. -)_Fi(Q2ma Q3ma <. ')a 1= Oa 1. (765)

Because 3
Aby = 203AQ2z, (7.66)

it is clear that we can find an expression Fj, linear in ()2,, which satisfies
condition (7.64), yielding

3
by = 263Q2x + e, (7.67)
c1 being an arbitrary constant. The difference Abg is now given by the relation

3
Abo = 263Q3I —+ 3C3UUI + ZCQUI + 30302I7 (768>

which, on account of (7.62), becomes

3 3
c302; = C2AQ2, + 4CSAQ39£- (7.69)

Abo = 2020’I + 9

It follows that we can find an expression Fp, linear in 2, and )3, which
satisfies condition (7.64), yielding

3
by = c2Q2, + 4C3Q31 + co, (7.70)
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where ¢g is an arbitrary constant. Setting ¢y = ¢; = 0, we obtain
3 3 3
Lzy=c3|0; + 2@2:,;3:,: + 4Q3m + c2La, (7.71)

indicating that the simplest Darboux-covariant third-order evolution equation
to be associated with (7.58) has the form (setting c; =0, c3 =4)

(’lﬁt + L3)’L/J =0, .Eg = 4(92 4+ 6Q2,0; + 3Q3;. (772)

Together with (7.54) it produces an equivalent version of our previous linear
system (7.23) for the KAV equation, obtained by replacing the second equation
by the combination

[at + £3 + 36m(L2 - )\)]w =0. (773)

The operator Ls corresponds precisely to the third-order operator which gives
rise to the KdV equation in the Lax formalism [350]:

[0 + L3, La] = (Qut + Quz + 3Q3,)z = 0. (7.74)
The full Darboux-covariant system obtained with expression (7.71) for Ls,
(Ly — My =0, (O + L3)yp =0, (7.75)

corresponds, through the map v = In, to the multipotential Y-system

Vor(v,v+ Q) = A, (7.76)

Ve(v) + c3V3z (07 v+ Q(B)) + c2)oy (07 v+ Q(2)) =0,
in which
3 Co
4 C3

An interesting alternative to this system results from an interchange be-
tween y2:c (1}, v+ Q) and nggx (U, v+ Q(B)) + 02y2x (1}, v+ Q(z))v

1
éi) = 2Q2ma 52;3) = Q2m + Q3m- (777)

€33z (U, v+ Q(B)) + c2)on (U, v+ Q(Q)) =\
yt(v) + Vou (U, v+ Q) =0, (7.78)

which corresponds to an alternative Lax-like system with the third-order
eigenvalue equation and second-order time evolution:

L3y = (0362 + 0259% + 0102 + o)y = A\,
(Or + Lo)p = Oy + b2z + Qo229 = 0, (7.79)

where the b;, i = 0,1, are given by (7.57).
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Let G4 be a transformation generated by a (nonvanishing) solution ¢ of
the system (7.79). It still maps the operators d; + Lo and Lz — A onto similar
operators,

Gy(0r + L2)Gy' =0y + Lo, Ly = La(Qaa), (7.80)
G¢(L3 — )\)G(Zl = Zg - /\7 Zg = 0382 + 0285 +518x +EO; (781)

where the differences Ab; = b; — b; are given by (7.60) and (7.61) and where
the following differential consequences of (7.79) have been taken into account:

o¢ + (00 +0%)s + Q3. = 0, (7.82)
c3(09s + 300, +0)p + c2(0p + %)y + (b10)s + bos =0. (7.83)

Extending the condition (7.64) to » = 0, we find by means of the above
analysis that the covariance of Ly — \ with 0; + Lo is guaranteed if

3 3
by = 203Q2m +c1, by = coQor + 403(Q3m — Qat) + co, (7.84)

where ¢y and ¢; are arbitrary constants. Setting ¢y = ¢; = 0, we find
3 3 3
Lzy=c3|0;+ 2Q2xax + 4 (Q3z — Qat) | + c2Lo, (7.85)

yielding the simplest Darboux-covariant system of type (7.79):

Ly =M, (9 + La)y = 0, (7.86)
Eg = 4(92 + GQQxax + 3 (Q3I - Q:ct) .

The operators Z3 and 0; + Lo are found to constitute the Lax pair for an
equation which is nothing other than the potential version of the Boussinesq
equation (7.26) in which ¢ has been rescaled (t = ar, a? = —3):

[at + L2; ES] = _(3Q2t + Q4m + 3Q%m)w = (Q2‘r - Q4;E - Bng)w (787)

It is easy to verify that the system (7.86) taken with ¢t = a7 and a? = —3 is
the equivalent version of our previous linear system (7.32) for the Boussinesq
equation which results from subtracting a times the z-derivative of the first
equation from the second one. The full Darboux-covariant system obtained
with expression (7.85),

(Ls — ANy =0, (0r + L)y = 0, (7.88)

corresponds, through the map v = In, to a “covariant” version of the system
(7.78) in which

1 3
égm) = Q2x and Qgi) = Q2x + 2

9 (Q32 — Qut)- (7.89)

463
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The striking similarity between the covariant Y-systems associated with
the KdV and Boussinesq equations reveals a deep connection between both
soliton systems. It suffices to consider the next step which leads us from the
system (7.78) to an alternative version with two evolution equations corre-
sponding to two t-variables (¢, has the dimension p):

Vio (V) + Voo (v,0 + Q) =0, (7.90)

Vi, (V) + 2oy (U, v+ Q(Q)) + ¢33z (v, v+ Q(g)) =0.

It is clear from the above analysis that the Darboux covariance of the corre-
sponding linear system for ¥ = expwv,

(Br, + La)tp =0, (ats + 30?4 €207 + 3¢3Q5) D, + cQQg?) =0, (7.91)

is still guaranteed by the conditions (7.89) on Qg?;) and Qgﬁ). In particular,
it is found that the compatibility of the simplest covariant system (setting
C2 = Oa 3 = 4)1

(8 + Lo)h =0, (8, + L3)p =0, (7.92)
Ly = 498 4 6Q220; + 3(Qsz — Quro),
is subjected to the condition
(4, + L3, 00y + Lo = [Poty (Q) + 3Py (Q) + Pic(@))e =0, (7.93)
which is a potential version of the KP equation:
KP(u) = (uty + usy + 6uuy), + 3ua, = 0, (7.94)

obtained by setting u = (2, and by integrating once with respect to x. We
wish to stress that the above derivation of a covariant Lax pair for the KdV
equation produced three closely related Darboux-covariant systems hinting in
a direct manner at the (well-known) common origin of the KdV and Boussi-
nesq equations as reductions of the KP equation.

We end our discussion with a direct derivation of a Darboux-covariant
equivalent to the linear system (7.39) that we associated with the Lax equation
(7.34). Our starting point is the multipotential }-system (¢; is a constant),

5
Varlv,v +Q) = A, V(o) + > eiVia (U, v+ Q(z‘)) =0, (7.95)
=2

or its linear version for ¢ = exp v,
(Ly— Ny =0, (O + Ls)y =0, (7.96)

Ls = c507 + ca8; 4 b303 + b2 + b10y + bo,



212 7 Important links
with
by = 10¢5Q%) + c3, by = 6¢4Q5Y + o,

2
by = 3c3Q5) 4 5es [ o) 4 3( 3’;’) } +oe, (7.97)
2
bo = CQQgi) + ¢y |: Eéc) +3 ( g?) ] + cop.-

Let G4 be a transformation (7.51) generated by a (nonvanishing) solution ¢
of the system (7.96) and (7.97). It maps Ly — A and 0; + Ls onto the similar
operators (7.60) and 0y + L5, with

E5 = 0582 + 048;1 +338g +328§ +318m +go, (798)
where

Abs =bs — by = 5e50, = 505 AQaq,
Abg = by — by = b3 5 + 0 Abs + 4cyo, + 10c5024,
Abl = E;l — b1 = b21x + O’Abg + 30153 + 6640’2I + 100503x;
Aby = 50 —by=0b1 5 +0Ab + 20152 + 302153 + 4cq03, + DC5044.

(7.99)

In order to ensure the Darboux covariance of 9; + Ls with Ly — A\, we must
again determine expressions F; for b;, i = 0,1,2,3, in terms of @2, and its
derivatives, which are such that condition (7.65) is satisfied at ¢ = 0,1,2,3,
with (7.64). It is clear from (7.98) that F3 can be chosen to be linear in @2y,
SO

5
b3 = 265@21 + Cc3, (7100)

where c3 is an arbitrary constant. Equation (7.98) then becomes
5
Aby = QCSng 4+ 5c500, + 4y, + 10c509,. (7.101)
Using (7.62), we rewrite it as
15 15
Aby = 4eqo, + 9 C509; = 204 AQo, + 4 c5AQ3,, (7102)
indicating that F, can be chosen to be linear in @), and Qs3,, so
15
by = 2¢4Q2s + 9 c5Qsz + C2, (7103)
where ¢, is an arbitrary constant. Hence, we obtain
15 15 15
Aby = 2¢4Q34 + 4 c5Quy +4cgoo, + o €502 + 5 c50:Q2z

+3¢30, + 15¢502 + 6c402, + 10c503,, (7.104)
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or, using (7.62),
25 15
Abl = 2C4AQ3I + 8 CSAQALx + 8 Cs (2Q2$AQ2I + AQ21AQ21)
3 25 15
+ 203AQ21 +2¢4AQ3, + g c5AQuz + g A(Q3,) - (7.105)

It follows that Fj can be chosen to be linear in Q2, Qsz, Quz, and Q3,, so

3 25 15
b = 203Q2m +2¢4Q3, + 3 c5Qaz + 3 c5Q3, + 1. (7.106)

It is found from these results and (7.62) that Aby becomes

1

Aby = 1205 [AQs: + 2A(Q2:Q34)] (7.107)

3
+ 01 [AQue + A (Q3:)] + | 3AQs0 + 2AQ2s,

indicating that the appropriate expression for by is

3 15
by = c2Q2, + 403Q3m +ca(Quz +Q3,) + 1605(Q5m +2Q2,Q3z) +co. (7.108)

Setting ¢; = ¢g = 0, we obtain the following expression for Ls,
2 5., 3 3 7
Ls = C4L2 + c3 (91 + 2@216;3 + 4Q3m + cyLo + L5, (7109)

with (choosing ¢5 = 16)

Ls = 1605 + 40Q2,0? + 60Q3,02 + (50Qu4z + 30Q2,)0s + 15(Qsz + 2Q20Qs2)-

(7.110)
The relations between different potentials appearing in the covariant system
(7.95) are determined by (7.97), (7.100), (7.103), (7.106), and (7.108). The
simplest Darboux-covariant fifth-order evolution equation (7.97) to be associ-
ated with (7.96) has the form

(0:+Ls) v =0. (7.111)

It is easy to see that the system (7.96) and (7.111) is equivalent to the original
system (7.39):

Ly = L5+15 [0 + (Qa0 + Ny + Q35 (L2 — N). (7.112)

Notice that the appearance of the third-order Darboux-covariant operator Ls
as a part of the general fifth-order covariant operator Ls can be regarded
as a direct confirmation of the close relationship between the KdV and Lax
equations as the third- and fifth-order members of the same hierarchy.
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7.3 Backlund transformations and Noether theorem

BTs naturally arise when the Darboux formalism is “projected” to solutions
of nonlinear equations (the potentials of the corresponding Lax representa-
tion). The action is simple: “wave functions” of the Lax equations should be
excluded [239].

7.3.1 BT and infinitesimal BT

In the previous section we showed that the bilinear BT is a DT covariant form
of the equations of the Hirota method. For the KdV equation it is (7.25), which
is obtained from (7.22). The second relation (7.22) is nothing more than the
first equation of the classical BT, relating the fields w = Q, and v’ = QZ:

(w4 w)y = (w—w)? — K (7.113)

(w+w); = =2(w — w)(w — W )gs + (We —w,)? +3((w —w')? — £?)?,
while the second equation (we take the form of [407], the appropriate change
of notations is used) is derived from (7.18) in terms of the @ and Q' fields
of the potential KAV equation (7.15); we denote 2y = —k2. The form of this
equation is not unique, because the first one can be used.

The famous consequence of the BT (7.113) is that both variables w and
w’ are solutions of the potential KdV equation

Aw = w; — 6w?2 + waepp = 0. (7.114)

Steudel [407, 408, 409] derived conservation laws for soliton equations by
application of the Noether theorem, imposing the BT in a version of the
extended interpretation of

w' =Bow = w+ k[l + 52 (w], + w,)]?, (7.115)

which is one of the solutions of the first relation in (7.113) with respect to
w’ — w. The real-valued w is in the realm of the extended BT transform, if
inf[1 + k= 2(w), + ws)] > 0, or |w), + w,| < M?, |k| > M.

Theorem 7.1. Let
w; = B,{i’wo, w3 = Bmwl, (7116)

then
B.,B., = B.,B,., (7.117)

and

(w3 — wo)(we — wy) = K2 — K3. (7.118)
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The fundamental property of the extension basis is that (7.115) is valid
not only for solutions of the potential KdV equation. In other words, the
Laurent series

Sw=rk+ Akt + A2+ (7.119)

represents the infinitesimal transform at infinity on the s-plane. Equating the
z-derivative of the right-hand side of (7.119) and the right-hand side of the
first relation in (7.113) yields

n—2
1 1
Ar=ws, An= Ap-re =, ;ATAR_T_l, n=23/4,.... (7.120)

These formulas were first derived by Zakharov and Faddeev [469] in the con-
text of the IST method; see also [385, 445]. Note also that the expansion
(7.119) after differentiation in x gives an alternative representation of a DT
as 0w, ~ u[l] — u. The recurrent relations (7.120) are solved explicitly:

As = Wy /2, A3 = Wyyy — w§/2, Ay = Wypre/8 — WeWyg,. ... (7.121)

7.3.2 Noether identity and Noether theorem

A Lagrangian density for the KdV equation is chosen so that

1 1

€= wow; + wam — 2w? (7.122)
gives the potential KdV equation (7.114) as the Euler equation. A variant of
the Noether theorem for the dependence of £ on w,, is based on the following
form for the variation (the Frechét differential on the prolonged space):

0L 0L 0L

0L = 0 Owy OWgy - 7.123

owy we + owy, We + OWgy v ( )
A decomposition of the right-hand side of (7.134) into a divergence and a term
proportional dw gives the Noether identity

0L = A+ B, — Adw, (7.124)
where e )
A= B, dw = waéw, (7.125)
0L 0L 0L 1 9
B= [811):5 — <5wm>j ow+ D oWy = <2wt + Wepe — 6wx> OW — Wz OWy -
(7.126)
The expression for A is given by (7.114). A proof of the theorem follows from
the identity
0L 0L 0L
1] = 0 1 7.127
(awt w)t (8wt)t w+awt s ( :

and similar ones for other derivatives and the Euler equation. The identity
(7.124) proves the Noether theorem:
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Theorem 7.2. If the Lagrangian changes by a divergence
0L =¢€(O;+ =) (7.128)

under the infinitesimal transformations w — w+ €f, then, for all solutions of
the potential KdV equation Aw = 0, the conservation law

T, +X,=0 (7.129)

exists, with
T=¢'A-0, (7.130)
X=¢'B-5. (7.131)

The following lemma occurs:
Lemma 7.3. Let d;p, = w; — w, and
Llwy] — Llwo] = O + =01, (7.132)
with
e = — 112d10d%0 + if&, (7.133)

4
E0 =y (—5

Then the transformation B, is the Noether transformation.

1
dig — 262 4+ wy (d3y — &%) — 202 + 4(w1 + wo)) )

This is proved by the definitions of the Lagrangian (7.122) and w; (7.116) on
the basis of (7.113). The product By4B_,, being the Noether transformation,
generates the vector (6, =) such that

0L = £[’w2] - E[wl] = E(Qt + Em) (7134)

determines the variation about the fixed wg. Finally, the part of the vector
(©,5), .
T=— 9 d40, X = 2/@d40(wx - IQ2), (7135)

which is symmetric with respect to kK — —k (the symmetry of the BT is
accounted for), contributes indeed to the Noether conservation law:

1
o daor + 2d40(K* — wy ) (7.136)

The substitution of expansion (7.119) into (7.136) produces the conservation
laws

(A2r—1)t + 4(A2T+1 — ’U}QCAQT_l)m =0, r=1,2,... (7137)

in the form of Wadati et al. [445].
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7.3.3 Comment on Miura map

The first relation in (7.113) for imaginary k = ik in terms of dg1 = wo — w1 =
dy; is nothing more than the Miura link for v = 2w,,

op =02+ k% —u,
or, in the notation of this section,

dor =0 = ¢o /b,

where ¢ is a solution of
7¢:cz + u¢ = 7k2¢

This link immediately leads to the continuum conservation law from the cel-
ebrated paper of Miura et al. [335]

(¢* @)t + (6" Paw + OPs, — 42| — 6k 0% ) =0

in the context of the Noether theorem.
Quite similarly the sine-Gordon equation is treated in [409].

7.4 From singular manifold method to Moutard
transformation

Paper [10] contains the so-called Ablowitz—Ramani-Segur conjecture that in-
corporated the Painlevé property [360]. This result was extended by Weiss
et al. [449] as the Weiss—Tabor—Carnevale theory to check the Painlevé prop-
erty for a PDE.

Estévez and Leble [145, 146] developed a procedure to derive the Moutard
transformation (and hence the DTs ) in the framework of the singular manifold
method. The generalization of these ideas for the case of two Painlevé branches
was made in [143].

We will illustrate the idea using the example of the singular mani-
fold method analysis of a version of the 2+1 KdV (Boiti-Leon—-Manna—
Pempinelli 1) equation ([59]). Let us write this equation in the form [145]

It is proved that (7.138) has the standard Painlevé property, i.e., its solutions
can be locally expanded in terms of four arbitrary functions. The truncated
expansion produces the auto-BT

b

m[l]:m+6¢

(7.139)
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which links two solutions of (7.138) by the “singular manifold” function ¢.
The substitution of (7.139) into (7.138) and application of the generalized
procedure [146] leads to the Lax pair

A consideration of (7.139) as a transformation m — mJ1] and the truncated
expansion for the transformed function ¥[1],

Y] = Z, (7.141)

which is the solution of the Lax pair (7.140) with the transform m[1], yields
the following equations for p:

Do = =20, Py = _2¢1/1ya Dt = 202Gz — 200 Wza — 200y, (7-142)

It can be proved that the form

is exact (i.e., dp = —2d{2) on solutions ¢ and ¢ of the Lax equations and
hence there exists 0
Y] =vy -2 (ﬁ’ ¢), (7.144)

which coincides with the Moutard transformation [340, 341]. The method
seems to be an effective tool to derive the Moutard transformation formalism
in 241 dimensions [140]. It was further applied to generate the DTs for the
Bogoyavlenskii equation in 2 + 1 dimensions [144]. The constructive elements
of the theory are presented in [141].

7.5 Zakharov—Shabat dressing method via operator
factorization

7.5.1 Sketch of IST method

In the “new history” of the soliton theory, half a century after the Backlund—
Moutard-Darboux transformations, the notion of dressing appeared within
the inverse scattering problem, when solving the Cauchy problem for the KdV
equation [474]. To begin with, let us sketch the IST method and introduce
scattering data for the one-dimensional Sturm-Liouville problem

— 0+ u(x) = k* (7.145)

with a localized potential u(z) (€ > 0, |z| — oo = |u(z)z(1+9)| — 0) and the
spectral parameter k2. The scattering data comprise eigenvalues k, = ik,
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normalization constants a, = lim,_,o exp(ky )1, for eigenfunctions 1), nor-
malized as [*°_|[¢,[*dz = 1, and the reflection coefficient v(k). The last one is
extracted from the asymptotic behavior of the continuum spectrum solutions

| exp(—ikx) + v(k) exp(ikz), T — 00,
V@, k) = { w(k) exp(—ikx), x — —oo. (7.146)

Solving the scattering problem, we arrive at the function F(z) [354]:

1 o0
F(z) = ; A exXp(—Kmz) + . Lm v(k) exp(ikz) dk, (7.147)
which determines the kernel of the Gel’fand-Levitan-Marchenko (GLM) in-
tegral equation

K(z,y)+F(x+y)+/ K(z,s)F(s+y)ds=0, z<uy. (7.148)
Then the potential u(z) is retrieved from the solution K (z,y) of (7.148) as

u(z) =2 d

de(:c, x). (7.149)

Equation (7.148) links K and F’; it maps the scattering data to the poten-
tial and is referred to as the inverse scattering transformation. The Gardner—
Green—Kruskal-Miura theory, using the second operator of the Lax pair (see
Chap. 3), gives explicit dependence of the scattering data on time, a,,(t) and
v(k,t), via the initial values of a,,(0) and v(k,0).

The GLM equation (7.148) is solved explicitly in some of the simplest
cases [354]. The multisoliton solutions correspond to zero v (reflectionless
potentials). The kernel of the integral operator factorizes in this case and has
a finite number of terms, as is seen from (7.147).

7.5.2 Dressible operators

The idea of the dressing method in its original IST version [474] (we follow
the modification given in [466]) uses the fact that each function F' generates
the function K and hence a potential. Let us write (7.147) symbolically as

K+ F+K*F =0, (7.150)

where the asterisk denotes the action of the integral operator and the function
F(z,y) goes to F(x + y) for the standard GLM equation. Consider a pair of

—~

operators M and M which obey the equation

MK + MF + (MK)*F + K*(MF) = 0. (7.151)
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The operator M is named the “bare” operator, and M is the “dressed” oper-
ator. Suppose the function F obeys the equation

MF = 0. (7.152)

Then we have e
MK =0, (7.153)

if the operator M exists. The set of pairs (M, ]\/4\) forms a vector space.
As an example, consider the operator

M =8, +0,. (7.154)

In this case (7.151) takes the form

MK(:v,y)—i—MF(:v,y)—i-Bm/ K(:C,s)F(s,y)ds—i—/ K(x,5)0,F(s,y)ds = 0.

(7.155)
Evidently,

O /OOK(:C, s)F(s,y)ds = —K(z,z)F(x,y) + /OO[(BwK(:E, s)] F(s,y) ds.

(7.156)
Integration by parts gives

I= /Oo[ﬁsK(:zz, $)] F(s,y)ds =— /OOK(:E, $)0sF(s,y)ds — K(x,x)F(z,y).

(7.157)
In (7.155) take into account (7.156) and introduce I as

MK (z,y)+ MF(x,y) — K(z,z)F(z,y) + /Oo[axK(:c, $)] F(s,y)ds
Jr/OOK(z,s)ayF(s,y) ds+1—-1=0. (7.158)

For +1 substitute the mid-positioned term in (7.157), and for —I the right-
hand side of (7.157) with the opposite sign:

oo

MK (z,y) + MF(z,y) — K(z,2)F(z,y) + / [0 K (,8)] F(s,y)ds

+ /OOK(x, $)0yF(s,y)ds + /OO[GSK(x, $)] F(s,y)ds

+ /OOK(:E, $)0sF(s,y)ds + K(z,x)F(x,y) = 0. (7.159)
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Ordering the terms, we get

(0 + 0y)K (z,y) + MF(z,y) (7.160)

[0+ ) Ko Fls,p)ds+ [ K(w,9) (0, +0.) Fls,)ds =0,
Hence, the following operator arises:
M=M=0,+d,. (7.161)

The operator M is called dressible. A set of dressible operators forms linear
space.

A connection between scattering data and a potential U = U(z,t) with
the additional (time) parameter is used in integrable equations via the Lax
representation [335] and, directly, in quantum evolution problems. The prob-
lems in which potentials are functions of time can be studied by the present
method because the operator of the time derivative d; is dressible. As before,
from the equation

MF(z,y,t) =0
we obtain .
MK (z,y,t) = 0.
Let a function v be a solution of two equations
(0 — LUy =0, (7.162)
(0y — AU = 0. (7.163)

If derivatives with respect to ¢ and y commute, then the Lax representation
is

A —L,=[A L] (7.164)

Proposition 7.4. If two operators M and M are such that there exists a
solution of (7.151) (operator M is dressible) and if the operator M forms the
Lax pair with N, then the operators M and N also form a Lax pair. If a pair
of operators M and N produces a nonlinear system, then the pair M and N
produces the same system.

The next example is
0
M = 0% — 92 7.165
a g, + 02— 02 (7.165)
We want to dress the operator M, applying it to the GLM equation (7.151).
Integrating by parts yields the operator

17 0 2 2
M = a@t + 8m 8y + U(:c), (7.166)

where
d

U(z) = —de

K(x,x). (7.167)
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Note that a function U has appeared in the dressed operator, while for the
first-order operator (7.154) the dressed operator is the same as the bare one
(7.161).

In general, we put

Consider the operator D of the following structure:
DF = ad,F + LoF — FL{, (7.169)

where LS‘ is the Hermitian conjugate to L and acts to the left.

Proposition 7.5. The operator (7.169) is dressible. The dressed operator D
18

DK = ad,K + LK — KL{, (7.170)
where _
L=Lo+L (7.171)
and o . _
L=1yo" " +..., lo ~ (0x — 8y)ZK’y:x : (7.172)

7.5.3 Example

Let us take
Ly=0?> = L=0>+U.

Solving the equation M F = 0 yields MK = 0; hence, some class of solvable
equations appears, with some linear space.
Let us consider operators D1 and Ds,

DyF = a0, F + L{" — FL\VT,
DyF = a0, F + LY — FLPT.
This class of operators contains the Lax representation
105, L2 — 020, LY + [Lgx Lgﬂ —0.
For relevant forms of the operators Lél) and L(()Q) and for a1 = o, g = —1,
t1 =y, and t3 =t we obtain the KP equation
O (ut + 6utiy + Uggs) + a2uyy =0.

In the case of a®> = —1 we have the KP I equation; otherwise, if o2 = 1 we
have the KP II equation. The KP equation is the two-dimensional equation
that contains the KdV equation as a y-independent reduction:

U + 66Uy + Upze = 0.
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It was demonstrated in [324] that the triangular (Volterra) factorization
of the operator
F=Q1+K")1'1+K")

proved by Zakharov and Shabat [474] links the Zakharov—Shabat dressing
scheme to the DT dressing.



