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V. S. Gerdjikov* and A. B. Yanovski
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Abstract. A gauge covariant formulation of the generating operator (A-
operator) theory for the Zakharov-Shabat system is proposed. The operator A,
corresponding to the gauge equivalent system in the pole gauge is explicitly
calculated. Thus the unified approach to the nonlinear Schrédinger-type
equations based on A is automatically reformulated with the help of A for the
Heisenberg ferromagnet-type equations. Consequently, it is established that
the conserved densities for the Heisenberg-ferromagnet-type equations are
polynomial in S(x) and its x-derivatives. Special attention is paid to the
interrelation between the hierarchies of symplectic structures corresponding to
the above mentioned families of gauge-equivalent equations. It is shown that
the geometrical properties of the conjugated operator A* are gauge-
independent.

1. Introduction

It is well known that the inverse scattering method (ISM) relates to a given linear
problem L(g, 1), where g(x) denotes a set of coefficient functions and A the spectral
parameter, a class of exactly solvable nonlinear evolution equations (NLEEs). A
paradigm of such a linear problem is the so-called Zakharov-Shabat system [1,2]:

o d
L(g, Yy = (l Ix _q_,103> p=0,
q=q+0++q-0_, q:(x)eC, (L.1)

(01 (0 0 (10
+=\0 o) 7T\ o) T\0 -1)

A number of physically important NLEFEs, such as the nonlinear Schrédinger
equation (NLSE):
i03q,+qex+29<9, > =0, {g,q>=}trq*, (1.2)
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the sine-Gordon and the modified Korteweg de Vries equations (m KdVE) have
been solved by means of it. The function g(x) in (1.1) can be considered as a
coordinate function on the space of the potentials .# = {q(x)} which possesses a
natural symplectic structure. All the above mentioned equations are Hamiltonian
with respect to this structure.

In the case of the Zakharov-Shabat system it was conjectured for the first time
that the ISM may be interpreted as a generalized Fourier transform, see [2]. As
generalized exponents, there naturally appear the “squared” solutions ¥ *7(x, 1) of
the system (1.1) [see Egs. (2.7) below]. The analog of the differentiation operator is
the integro-differential operator 4., defined by the requirement that all the
functions ¥*/(x, 4) are its eigenfunctions. The most important property of the
system {¥*/(x, 1), AeR} is probably its completeness which has been demon-
strated for the first time in [ 3] and more rigorously proved in [4]. Just because of it
the mapping from the set of potentials .# to the set of the scattering data of the
system (1.1) is unique and invertible. Indeed, expanding the potential g(x) and its
variation over the system {¥*/(x,1),4e€IR} one obtains as coefficients the
minimal set of scattering data R, and its variations, respectively [5,6] [see
formulae (2.9-10) below]. These expansions together with the inversion formulae
(2.4) are fundamental and stress the importance of the generating operator A, for
the NLEEs related to the linear problem (1.1).

Moreover, with the help of the operator A, oneis able to generate not only the
class of the solvable equations but also their conservations laws, the hierarchy of
symplectic structures on ./ etc., see [5—-11]. We would like to note, however, that
for the effectiveness of the approach it is crucial to have an explicit expression of
A, through the potential g(x).

The set of the equations which can be solved by means of the linear problem
(1.1) will be referred to as the NLS-type equations. It consists of the equations
having a Lax representation:

0
[L,M]=0, M=6—t+V(q,qx,...,/1), Vesl(2,C), (1.3)

with a convenient choice for the matrix ¥ and L given by (1.1). In the papers [12,
13] it has been realized for the first time that as soon as the Lax representation (1.3)
is invariant under the gauge transformations one can consider the equations
possessing gauge-invariant L— M pairs as equivalent as well. This fact has been
used in [12, 13] to reveal some important examples of gauge-equivalent NLEEs.
The gauge transformation itself can be regarded as a nonsingular mapping
between the phase spaces of these equations.

The most celebrated examples of the gauge equivalence we are speaking about
include: i) the n-wave and the chiral field hierarchies [13, 14]; ii) the multicompo-
nent NLSE with vanishing boundary conditions and the equations of the Landau-
Lifshitz type (XX X-case), [14]; iii)the NLSE on symmetric spaces and the
corresponding generalized Heisenberg ferromagnet equations [15]. The Heisen-
berg ferromagnet equation (HFE) is gauge-equivalent to the NLSE (1.2) and has
the form:

2iS,=[S,S..], S*=1, lim S(x)=o0; (1.4)

x— t o



Gauge Covariant Theory 551

[S(x, ) is an sl(2, C)-valued function]. Equation (1.4) was solved with the help of
the following system, known as the Zakharov-Shabat system in a pole-gauge:

. d N B
L= <ZE—AS> P=0, S=yq o390,
P=ypo 'y, po=w(x,t,A=0), lm wpy(x,1)=1,

x—+

(1.5)

 being a solution of the system (1.1).

It is natural to consider that one can reformulate the A-operator theory from
one gauge into another. In the present paper we shall show on the example of the
system (1.5) that it actually can be done. The system (1.5) has been chosen for the
reason that the theory related to the linear problem (1.1) is well known but the
corresponding theory for the system (1.5) has not been constructed .

As far as we know there are few papers discussing the A-operator theory and
the gauge transformation as well, see for example [18, 19]. In [18] the role of L is
played by a scalar differential operator of order n in an arbitrary gauge. The
corresponding expressions for /A contains both the coefficients g and the analog of
. In [197 an expression for the operator A generating the class of the chiral-type
equations has been proposed but its interrelation with the corresponding n-wave
A-operator has not been discussed.

The paper is organized as follows: In Sect. 2 we present the basic facts of the
A-operator theory for the system (1.1). We give expressions for the inversion
formulae, see (2.4), and a definition for ¥*/(x, 1), which are covariant under the
adjoint group action (Ad-covariant). In Sect. 3 we apply the gauge transformation
L-L= lpo 'Ly, to the operator A and explicitly calculate A and the quantity
d§=1yg 'dqp, by means of S and S only. This gives us an opportunity to
reformulate automatically all the results concerning NLS-type equations to the
analogous ones for the HF-type equations in Sect. 4. As a consequence we establish
that the conservation law densities of the HF-type equations are polynomial in S
and its x-derivatives. We also show how the corresponding hierarchies of
symplectic structures are interrelated. In the last section we discuss the geometrical
properties of the conjugated operator A* and show that they are gauge-
independent.

Some of these results have been announced in [17].

2. Ad-Covariant Formulation of the Basic Facts
from the Theory of the NLS-type Equations

Let us introduce the linear space &, of all Shwartz-type, sl(2, C)-valued functions
q(x), satisfying the constraint {g(x), ;) =%tro;q=0. Further we shall consider
the linear problem (1.1) with g € &, i.e., we choose the phase space .# for the NLS-
type equations to be &,. Below, for the sake of brevity and simplicity we assume
that the linear problem (1.1) has no discrete spectrum. All the results however can
be extended to the case when any finite number of eigenvalues with finite
multiplicities are present, see, e.g., [4].

1 The situation with the n-wave hierarchy is similar but this case is more complex
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In what follows we shall need the Jost solutions and the transition matrix of the
system Ly =0 which are defined as follows:

W(xai)=Ilw_aw+l|+exp(_i)’63x)> X—+00,
e(x, )=llo*, ¢ | >osexp(—ilo;x), x——00, 2.1)

o (aT() b .
T()=vy q’_(b*(l) —a‘().))’ detT=—1.

The existence and the analyticity properties of the Jost solutions are well
known, see [2]. In (2.1) the superscript + (—) everywhere except for b™, b~
indicates that the corresponding function is analytic in A for ImA>0 (Im A <0).

We recall some facts from the scattering theory of the system (1.1). First, one
can choose as a minimal set of scattering data one of the following sets:

o5 s

i 2.2)
R,= {‘ci(l) b ) e ]R}

a*(2y

(It can be shown that they are equivalent.) The matrix T(4) can be reconstructed
from R,(R,) by virtue of the dispersion relations, [2]:

loga* (=5 | gi log(1+0*0™(2), ImA>0,
loga™(4)=— ﬁ _j‘w cd——Cz log(l+0%¢7(¢), Imi<0, (23)
loga* () (@) " =pv. - [ L log(1 4% @), Imi=0.

T 0w {—

[Note that "o~ (\)=1%17(0), {eR.]

It was noticed, see [2] that the scattering data coefficients and their variations
are expressed through so-called “squared” solutions ¥*/, ¢*/. Here we shall
present these expressions in an Ad-covariant form. The words Ad-covariant mean
covariant with respect to the adjoint group action X »gXg~'=Ad(g9)X,

ot =—i(@)? | (@*,[asq]>dx,
- (2.4a)

Ti =i(ai)_2 _j: <’Pi’ [63a ‘1]>dx’

+ 0
6g* =+2i(a*)"? | (@*,dq)dx,

. (2.4b)
ot*=+2i(a*)™? | (¥P*,0q)dx,

1 + -1

P =go,0 ", ¥r=ypozp ', (2.5)
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In the above expressions (X, Y) denotes the Killing form of the algebra
s1(2,C), ie., (X,Y)=1trXY. As the Killing form is invariant under the adjoint
group action, Eqs.(2.4) are indeed written in a covariant way.

Let us remark in addition that the functions ®*, ¥* satisfy the equation

i% 9* —[lo3+q, 9*]=0, (2.6)

which immediately follows from (2.5). This fact will appear in the explicit
calculation of 4.

From the formulae (2.4a,b) it is easy to see that since the potential ¢ and its
variation éq are off-diagonal matrices one can write instead of ®* and ¥* their
off-diagonal parts @*/, ¥*/, Thus the decomposition ®*=0&*/+d=? (off-
diagonal plus diagonal part) appears naturally here. In the case of the s1(2,C)
algebra it can also be written in the following way:

¢if=%[0'37 [03,d)i]], ¢id=<03,‘pi>‘73~ (2.7)

The formulae (2.4) show that the set of functions {¥*/(x, 1), Ae R} and {®*/(x, 4),
Ae R} are important in the scattering theory. In [3, 6] it has been shown that they
are complete sets, and hence one can expand over them every function X(x) e &,.
The same is also true for the so-called symplectic basis — {P(x, 1), Q(x, 1), Ae R},
see [4]. P and Q are expressed through Y=/, ®*/ as follows:

P(x,/1)=%(I‘L@”—T"tp_f):%(Q“L'P”—Q"P“f),
, . 238)
1 1 e oy —
Q(xa}-)=ﬂ(f+¢+f_Q+'P+f)=W(T O o).

The importance of these sets is demonstrated by the following expansions, [4,6]:

;7 + oo
== 1 @ ¥ e ¥ (2.92)

;i +too
=% | Grot/ —c o /)di (2.9b)

+ o0
=i [ P(x,A)dA, (2.9¢)

i +oo
6354=—% [ (6o*¥* +60~ ¥ )dA (2.10a)

;i + oo
=% [ (tr o +50 @ )i (2.10b)

~— 1" 60aP+50)dz. (2.10¢)
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The coefficients p, § in the above formula are expressed through the scattering data
of the system (1.1):

i= t10g 2 e~ Llog(l4oter) @.11)
q_2 gb—’ p_ - g Q Q .

and are known as the action-angle variables.
Now it is natural to introduce the operators A ., A (if it is possible) through the
requirements

Ay =P =(A_ - )@= =(A—-)P=(A—7)Q=0. (2.12)
For the expansions over { ¥ £/}, {®#*/}, {P, Q} these operators play the same role
as the operator % for the Fourier expansion.

In order to show that one can actually construct such operators let us
decompose [as in (2.7)] both sides of Eq.(2.6). Considering the diagonal part we
have:

X

Tid: _i63 +j dy<03a [q’ 'Pif]> 5

[eo)

N (2.13)
P*=—ioy | dy{os,[q,2*']).
Inserting (2.13) into the off-diagonal part of (2.6) yields:
i d , x
Ae=74 [03, a-:l —iq(x) ifw o3, [g,- 1dy. (2.14)

Finally, it can be shown that A in (2.12) equals (A, +4_).

We shall display now without proof the basic facts for NLS-type equations
using notations convenient for our purpose.

I) The interpretation of the ISM as a generalized Fourier transform.

This point is clear enough because from the expansions (2.9) and the inversion
formulae (2.4) it follows that the potential g(x) is uniquely recovered from the set
R, (or R,) and vice versa.

IT) The class of NLS-type equations is given by:

3F(A4) 03,91+ G(4,)q=0, (2.15)
where the functions F(1) and G(4) are rational? in Ai. The NLEEs (2.15) are
equivalent to the following linear equations for the scattering data R,:

F(A)of FG(A)e* =0. (2.16a)

Remark 1. The same equations could be obtained if instead of A4, we inserted in
(2.15) either A _ or A. The corresponding evolution equations for the sets R, and

2 In order to ensure the existence of the inverse operators one must restrict the space #,. For
example, for the existence of the inverse operators Az * it is sufficient to restrict ourselves to the
submanifold .#°C %, — see the explanation after (3.2) below
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{p(D), 4(4)} are
FQ)t +G(A)rt =0, (2.16b)
pi=0, §,=iGA)F()". (2.16¢)

In particular, if F(A)=1, G(1)=4il? we get the NLSE (1.2). If one chooses some
real form of the algebra sl(2, C), i.e., if one assumes that g, =q¢* (g, = —q*) the
NLSE with attraction (repulsion) could be obtained, see [1]. Other choices for the
functions F(4) and G(4) lead to some well known equations. For example,

F=@®)™', G=A* 2.17)
leads to the complex mKdV equation:

9+ Qs +69:{q, q> =0 (2.18)

(here one can obtain as above two different versions of the mKdVE by choosing
some real form of the algebra). Similarly, the choice

F=1, G=-ii"!, (2.19)
with the additional constraints
qr=¢_, e==%1, q,=3%v,, (2.20)

where v(x, t) is a Shwartz-type function in x, leads to the sine-Gordon equation

U, =SIND (2.21)
for e=1 and to the sinh-Gordon equation
v, =sinhv (2.22)

fore=—1.

Remark 2. The conditions (2.20) imply that we restrict ourselves to the submani-
folds V. ={(0, +0_) f(x)}, Vi CH,. These submanifolds are not invariant under
the action of A, (or A). In fact, A (V) C V5. Since the operator ado; =[03,- ] has
the same property, the evolution equations defined by:

3[03,4.]+G(4.)g=0 (2.23)

will be self-consistent when restricted to V. (or V_) only if the function G(4) is odd.
In other words, if we assume that the linear problem L(g,A)y=0 allows the
involution

_ 0 1
L(qa l) = TOL(‘L - A)TO ! ’ To= <8 0> 5 (224)

then from (2.1) it follows that ¢ *(— A) = —eg *(1). Applying this to Egs. (2.16) we get
that G is an odd function. In the same way from the dispersion relations (2.3) it
follows that loga™ (1) is also odd.

Note that the subspaces V', and V_ are orthogonal with respect to the Killing
form.
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III) Compact expressions for the conserved quantities are given by:

9]

loga*(1)= 21 Ch ™,

Lo (2.25)
cm=—— | dx | {([os,q],A%q)dy.
m —« + o0

If the restrictions (2.20) hold, it is easy to see that from ge V., it follows that
A%qeV, .Since V., and V_ are orthogonal C,, =0, k=1, .... This is another way
to prove that in this case loga*(4) is an odd function.

IV) The NLS-type equations are Hamiltonian ones with respect to an infinite
number (hierarchy) of symplectic structures defined through the following 2-forms,
[6, 8-117:

WX, V)=i | (X.F(A)[os, Y]y

= :Lfoo dAF(A)dp(A) AndGg(A) (X, Y); X, YeZ,. (2.26)

(Here the symbol A means the exterior product.) The Hamiltonians of Egs. (2.15)
are linear combinations of the conserved quantities c,,. By virtue of the dispersion
relations (2.3) one finds

N +©
Hg=2 ¥ ¢,G,=i | diG(Dp(%),
m=1 —©
. (2.27)
GhH= Y Gim .
m=1

From Egs. (2.26-27) it is clear that all Eqs. (2.15) are completely integrable
Hamiltonian systems and the quantities §(4), p(4) are indeed the corresponding
action-angle variables.

3. The Generating Operator and the Gauge Transformations

Let us pass to the system (1.5) and see how such objects as ¥ */, ®%/ g, 5q, A, etc.
change under the gauge transformation: L—L=1y 'Ly,. Here and below all the
quantities related to (1.5) will be supplied with a tilde.

The Jost solutions @, , corresponding to the linear problem L = 0 are defined
in a similar way as for the system (1.1) and are related to the functions ¢, p, and T as
follows:

P=vo'y, F=v5'eTO0) ‘oz, TH=TANTO) lo5. (.1
For the HF equation there exist natural boundary conditions: lim S(x)=g;.
It can be seen that they are not violated if xodwo

OO , e
T(O)-( 0 _a_(0)>, ie, 0*(0)=1%(0)=0. (3.2)
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The sets R, and R, restricted by (3.2) will be referred to as R) and R?. In what
follows we shall consider only a subclass of potentials g(x) and a subclass of their
variations dq such that (3.2) together with §9*(0)=0t*(0)=0 are fulfilled. The
submanifold of these potentials we denote through .#°. In its turn the phase space
for the linear problem (1.5) is denoted by .7,

= {S(x) :S2=1, hm S(x)=05, S(x)esl(2, (E)}
Remark 3. From (3.1) and (3.2) it follows that ¢o* =g, which ensures that the
scattering problem for (1.1) and (1.5) are equivalent since they have the same
minimal sets of scattering data R) = RQ.

Let us define the matrices 3+ and ¥ * as: & = Go ¢, VE=Pop
(3.1) we get:

! From

* =y ' PFpolat(0)]*,  PF=yo ¥ y,. (3.3)

Now our idea is to obtain the main results of the A-operator theory for the system
(1.5) simply applying the transformation X -y, ' X1, to the results (I-1V) for the
linear problem (1.1). Following this thread we define the transformed system of
“squared” solutions and the corresponding symplectic basis as follows:

P =Pt _S(P* 8>, PEH =PE_S(PE S, (3.4)
= @ f)—};( C_ gy,
‘ (3.5)
%) G Gt PrN = =B f _ 5@~
0= 25+b‘( o )= 35+ b;(r oY)

Simultaneously we have defined the new decomposition
B/ =4[S,[S, %11, S*1=S(d*,S).

The prerequisite property of the operators A, is that Y=/ and ®*/ are their
eigenfunctions. If we want the same property to hold for the operators A, and the
functions ¥*/, ¢/, then we must have: 4, (g ' Xyo)=vy; (A, X)y,, X%,
The most simple way of calculating A , is to make use of this relation. But in order
to stress the similarity between the two different gauges we shall follow the same
way as before. We look upon the gauge transformation as to an x-dependent
change of the basis of the algebra sl(2, C). That is, we introduce the moving frame
G, 64 and the corresponding covariant derivative by:

G3=8=15'03p0. =15 0.1, (3.6)

5~ d 5 _ -
VxX: a X+[1p0 lll’(mX] .

Evidently, one has V.6,=0, and as a consequence

(T 000%) = 6T e, G7)



558 V. S. Gerdjikov and A. B. Yanovski

[Here Q,(x) are C-valued functions and o runs over +, —, 3.]
We must decompose now the equation:
Az Bt _
zaé —A[S,2*]=0, (3.8)

which is the analog of Eq. (2.6) after the gauge transformation. In this case the

L d b e
basis ¢, is x-dependent and Ix does not respect the decomposition & =@/ + &,

We must use then the covariant derivative V, which can be expressed through S
because of the following relation:

. i .
o 'Wor= 1 [5:8:1=d=wq Yqp, . (3.9)

Decomposing (3.8) we get:
iv.ei=[q,9'],
V. &' =[g4, &1+ A[S, $/]. (3.10)

Next, keeping in mind (3.7), one can express &¢ from the first of these equations:
di=8 | (S, dy, ¥*=S [ (S, P ydy. (3.11)
+ oo

Inserting after that (3.11) into the second line of (3.10), we obtain the necessary
formulae for the operators A, :

ooy d i x 9
AX= [s, = XJ +308.50 [ (8. fondy. (12

Finally, the operator A whose eigenfunctions are the elements of the symplectic
basis (3.5) is again given by 4(A, + A_). Let us note that in (3.12) X stands for an
arbitrary vector from the space %, consisting of all sl(2, C)-valued Shwartz-type
functions X(x) satisfying the condition (S(x), X(x))>=0.

Remark 4. Ttis clear that the matrix functions ¥*/, #*/ have the same analyticity
propertiesas ¥/, &*/ Moreover, the completeness of the sets {$*/}, {F*/}, and
{P,(} in Y is an immediate consequence of the completeness of the sets {®*/},
{¥P*/}, and {P,Q} in Z,.

Below we shall need the following symmetric and skew symmetric® nondegene-
rate bilinear forms on the spaces &, and %:

+ 0
gX, V)= | <(X,Yydx, X,Ye¥,, (3.13)

+
wo(X,Y)=i | (X,[05YDdx, X,Ye%,, (3.14)

3 The2-forms w, and @, are in fact symplectic ones and have been used in [4-6,8] and in [12]
to describe the Hamiltonian structures of the NLS and HF equations, respectively
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+ oo ~ o~ ~ o~
JX, V= | X, Vydx, X, Ved, (3.15)
+ oo ~ ~ ~ o~
aoX, V=i [ (X,[S8,Y]pdx, X, Ve%s. (3.16)

The following two lemmas are directly verified.

Lemma 1. The operators conjugated to A, and A , withrespect to the forms g and §
are given by the expressions:

. i .
A*;X=;}[o3,5X} +ilosa] § <q.X>dy. XeZ.  (17)
o o~ d j x ~ ~

At X = % [s, EJ - i S, § <1855y, Redy. (3.18)

Lemma 2. The operators A% and A* are conjugated with respect to the form w,, so
are the operators A% and A* with respect to the form @&,:

0o X, AAV)=w,(4£X,Y), X,Ye¥,, (3.19)
doX, 1xV)=0,1:X,Y), X,Ye%. (3.20)

Remark 5. It is easy to see that A% are gauge equivalent to A%.
Next, keeping in mind the nondegeneracy of the scalar products g and § one
can prove one more lemma.

Lemma 3. The following relations hold:

adoyA% =A;adoy, (3.21)
adSA* =A; adSs, (3.22)
adgsA*=Aado,, (3.23)

adSA*=/Aads. (3.24)

These relations will appear in Sect. 5 as one of the characteristic properties of
the operator A*. They are useful in some calculations as well.

Now, our aim is to obtain expansions like (2.4), and for this it is important to
find an expression of the quantity 6§=1, 'dqy, through the variation of the
potential S(x) in (1.5). The next lemma shows how it can be done:

Lemma 4.
5§=Ad(p, )oq=A*(5S), (3.25)

5G=A%(8S)—iS 6(loga™* (0)). (3.26)

Let us first make some comments about the notations we use. The variation dgq
belongs to &, and is considered as a tangent vector at the point g € &,. Quantities
like S, a™ (%), w, are mappings of the type F : &, — V, where V is some linear space.
Then for the sake of brevity we sometimes denote through 6F the Gateau
derivative at the point g along the vector dgq, i.e., 0F(q)=F’'(q) (6g). In the special
case V=C, R we write dF instead of F".
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Proof of Lemma 4. From the definition of S(x), see (1.5), it follows that
08 =[S, pq '0wo]l=Ad(wg ') [03, 09w, '], and hence

Ad(pg ") (Opowg 1Y =1[8,65]. (3.27)

Let us consider now the matrix function A(x, 1)=dyy '(x, 1), y being the Jost
solution introduced in (2.1) (4(x, 0)=dyopo !). From (1.1) we obtain that A(x, 1)
satisfies the equation:

. d
™ A—[hos+q,A]=0q. (3.28)

Separating the diagonal and the off-diagonal parts of (3.28) and taking some care
of the integration constants one is able to find that

dq=[03, (A =) A (x, )] +[03,4] lim (o3, A(x, 1))

(3.29)

We shall need this relation only for 4=0. In this case the limits are easily
calculated:

lim (o5, A(x,00>=0, lim <{os,A(x,0)>=—5loga*(0). (3.30)
x—=>+ o

X -

Finally, we apply Ad(y, ) to the both sides of (3.29), (1=0) and as from the
definition of the operators A, it follows that

Ad(po N4: =1 Ad(pg ), (3.31)

we have -
8G=Ad(p, )og =[S, A, Ad(p; ')A’

=[S, A_ Ad(p, HA']1-[S, {]é1loga*(0). (3.32)

Now, inserting the right-hand side of (3.27) in these formulae and using Lemma 3
we arrive at the expressions (3.25-26).
It is useful to reformulate the above lemma in a somewhat different way:

The Gateau derivative q'(S) of the mapping q : (q=q(S)) is given by the formulae:
q(8)=Ad(ypo) A* = Ad (o) A% —i Ad(p,)S,dloga™ (0)

= Ad(po) % — % Ad(,)S,dloga™ (0). (3.33)

4. The A-Operator Theory for the HF Type Equations

The results of the previous section help us to establish two theorems which are
analogs to the relations (2.4) and (2.9-10).
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Theorem 1. The following inversion formulae hold:

+ oo
gF=(a*)"? | <&, 8dx,

L (4.1a)
fiz_(di)_z f <q~lifn Sx>dx7
+ oo
80% = +2i@*) "2 [ (*, 1*5S)dx,
o (4.1b)

+
O0tt=+2i(a*)"% | (PE, A*5S)dx .
Proof. 1t is well known that the Killing form is invariant under the adjoint group
action Ad(h), i.c, (Ad(h)X, Ad(h)Y) =<X, Y). We have found how the quantities
0g=Ad(py g, G=Ad(yp, ')q are expressed through S and §S. That is why the
statement of the theorem follows from the formulae (2.4).

Theorem 2. There exist the following expansions over the sets {¥*/}, {#*/}, and

{P.0}:

+
JI8.50= 1§ ai@ e g ) (420)
1+t -
= | diEt et - 6 ) (4.2b)
+ o0 ~
= | dAP(x,7), (4.2¢)
ditw
A+[s,5S]=—; | dA@gTPr +65" ), (4.3a)
2ite
ALS,681= 2 [ diE* B+ ot B, (4.3b)
+ o0 ~ ~
ALS.58)=—2 | dioGP+670). (4.3¢)

R .1
where §= % logh* (677", f=— —log(1+2"2").

Proof. Let us apply Ad(ypg !) to the expansions (2.9) and (2.10). As in the proof of
the previous theorem we express § and dg through S and S and arrive to (4.2a—)
and (4.3a). As to the expansions (4.3b—c) Lemma 4 shows that an additional term
proportional to é loga™ (0) will appear in the left-hand side. However, one can see
that analogical terms exist in the right-hand side as well, due to the fact that

tEPE =[1* +2t*dlogat (0)] Ad(yp, D=/

and 6§=04—idloga™(0). It is easy to see that the cancellation of these terms
follows from (4.2b—c).
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Now we have overcome all the difficulties and are able to reformulate the
results I-1V in the case of the HF-type equations. We would like to note that as all
of them are consequences of the expansions (2.9) and (2.10), the corresponding
results for the HF-type equations may be proved just in the same way starting from
the expansions (4.2) and (4.3).

I. The inversion formulae (4.1) together with the expansions (4.2) and (4.3)
show that the quantity M(x)=%[S, S,] can be recovered uniquely from the set of
the scattering data ﬁg and vice versa. In its turn the potential S(x) is determined
uniquely from M(x) as a solution of the linear problem

S.=[S, M] 4.4
with the boundary condition lirP S(x)=03. The fact that in the same time

lim S(x)= 0, follows from the restrictions ¢*(0)=0. Thus the interpretation of

the ISM as a generalized Fourier transform has a general character and does not
depend on the choice of the gauge for the linear problem L(g, )y =0.

II. It is not difficult to find that the class of the solvable NLEEs, gauge
equivalent to Egs.(2.15) is given by:

2F(A)AL[S,8,]1+iG(A,)[S,S,]=0. 4.5)

Needless to say that these equations are equivalent to the linear equations (2.16)
for the scattering data, and that as before one can write in (4.5) the operator A
instead of A, without changing anything.

Sometimes one prefers to describe the same set of equations by means of the
adjoint operators A%. If we introduce F,(4)=2AF(A) and G,(1) =iG(J), then with
the help of Lemma 3 we have

Fi(A%)S,+G(A%)S,=0. (4.6)
Besides, written like that the equations are invariant under the permutation x<t,
F oG,

Remark 6. A similar arguments applied to Egs.(2.15) show that they may be
written in the symmetric form as well:

Fy(A%)q,:+ G5(4%)q, =0, 4.7)

where F,=4F and G,(1)= ﬁ 271G,

Below we give some examples of the HF-type equations, making the same
choices for F and G as in Sect. 2, and thus obtaining the corresponding equivalent
pairs of equations. First of all, for F(1)=1, G(1)=4il2, one gets the HFE (1.4)
which is gauge-equivalent to the NLSE (1.2). The choice (2.1) for F and G leads to

the equation S48, =<8, 8>S +3(58,, 8,58, =0, (4.8)

equivalent to the mKdV equation (2.18).

The counterparts of (2.21) and (2.22) are a bit more difficult to find, but since
one is able to calculate explicitly the matrix v, through v(x, t) we find that both
sine- and sinh-Gordon equations are equivalent to

Sxt+<St3 Sx>S+%[O-3sS:IO-3=0> (49)



Gauge Covariant Theory 563

with different additional conditions however:
<S961>=0> <S902>=0 (410)

for the ¥, and V_ cases, respectively (o, , are the Pauli matrices).

The following remark concernes the Lax representations of the sine-Gordon
and sinh-Gordon equations. These equations may be written in the form (1.3),
where ¢ is subject of the restrictions (2.20) and M =i % + % S(x,t). The
compatibility condition (1.3) leads to an interrelation between g and S which may
be solved explicitly. Thus choosing g as an independent variable and solving for S
we obtain (2.21) or (2.22) depending on the sign of &. But we can choose S as the
independent variable and express g through it. This directly leads to (4.9).
Therefore, we see that in this example the gauge transformation interchanges the
operators M and L in the Lax representation.

III. The compact formulae (2.25) is a starting point for obtaining the series of
conservation laws with a local densities for the HF-type equations. From (3.1) and
(3.2) it follows that loga™ =loga* —loga™(0). Therefore, the generating func-
tionals for the NLS-type equations and HF-type equations differ only by the
quantity loga ™ (0), which is a conservation law by itself. Applying to the integrand
of (2.25) the transformation Ad(y, ') we obtain:

1 + o0 + 00 - + o0
== | dx [ S, BSSDdy= | euvidx. (41D

Utilizing the explicit form of A, , one is able to obtain (up to numerical factors and
x-derivative terms) the first three conserved densities:

Q1:<Sx9 Sx>’ Q2=<S’ [Sxa Sxx]> H
23= 5<Sx9 Sx>2 _4<Sxxa Sxx> .

At first sight g5 differs from the expression obtained in [12] which contains
rational dependence on S, i.e., a factor {S,,S,> . But, if S,#0, then S, S,, and
[S,S,] are linearly independent and form a basis in sl(2, C). Expanding S, over
this basis one can check that

(4.12)

23= <Sx> Sx>2 - <Ed; <Sx5 Sx>2 _<Sxx7 [Sa Sx]>> <Sx9 Sx>_1 s (413)

which coincides with the quantity in [12]. Besides, since the operators A, depend
polynomially on S, it is obvious that all the densities g,(x) will depend
polynomially in S and its x-derivatives. The fact that g, are also local functionsin S
deserves special attention and will be proved elsewhere.

IV. Let us describe now the interrelation between the hierarchies of symplectic
structures. The mapping q : .4 —.4° is nonsingular and therefore we can define the
following hierarchy of symplectic forms on ./ (it is of course the same hierarchy in
“different coordinates”)

g*opX, D=wiq ()X, q4(5)Y). (4.14)
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A simple calculation shows that
+ o
+2i(dloga* () ABe(X, Y); X, Ve, (4.15)
where the 1-form f is given by:
~ it o~
PeX)= 7 _f (X, F(DALS, S,1)dx . (4.16)

It is not difficult to understand that the hierarchy of symplectic structures
corresponding to the HF-type equations is determined by the following 2-forms:

Go(X, T)=i ifo (X, G IS, TT>dx, 4.17)

and therefore the formula (4.15) gives the connection between the two hierarchies.
The case F=F,=4"?is of particular interest since then the first term in the
right-hand side of (4.15) is exactly the canonical symplectic form @,. We have then:

q*wp,=do+2i(dloga™ (0)) A B, . 4.18)
Making use of the dispersion relations and the expansion formula (4.2¢) one can
write down this equation in an equivalent form:

*wp. =®g—3tdH_ ANdH _,,
q~ g, 072 1 2 (4.19)

+ 00 Af i +o00 Af
H_,=pv. | ¥ di, H_,=pv. | B% dA.
For the first time this result has been obtained in [10] comparing the expressions
for @, and w, in terms of the scattering data.

5. The Geometrical Interpretation of the A-Operator Theory
and the Gauge Transformations

It is known that the A-operator theory has a beautiful geometrical interpretation,
based on the fact that A* can be regarded as a tensor field on an infinite-
dimensional symplectic manifold, possessing some special geometrical properties.
We shall outline the main points, for more details, see [11, 20, 21].

First of all one can consider .# (the phase space for the NLS-type equations) as
an infinite-dimensional manifold, g being the coordinate function on it. As in fact
M =, is alinear space, it is evident that the tangent space T, at the point g € ./ is
equal to &, and the tangent bundle T(A#)=.# x ¥,. An arbitrary mapping
X : M —, can be considered as a vector field on .Z. In the same way the mapping
of the type A: M - L (¥,, #,) can be regarded as an (I, I) tensor field on .#. [Here
as usual #(¥,, &,) denotes the space of all linear operators on &,.] For example,
with the help of the formulae (3.17) one is able to construct for any ge.# the



Gauge Covariant Theory 565

following operator:

1
= — * * =
5 (A.+ +A_) O3, dx]

X X

+§[a3,q1<§ + ) <anar (5.

orin other words A* is a tensor field on .#. For every g as a cotangent space T;* we
shall take ., and put it into duality with T, by means of the bilinear form g, see
(3.13).

We have already mentioned that the 2-form w,, see (3.14) defines the canonical
symplectic structure on .#. For our purpose, however, it is more convenient to
describe the symplectic structure with the help of the so-called symplectic
“operator” H. For an arbitrary point g € 4, H can be regarded as a linear mapping
from the cotangent space T)* to the tangent space T,. The tensor field H is
completely determined through the requirement

w(Hf)=wo(Ho, HP); o, feT*=,. (5.2)
We prefer the tensor field H rather than the 2-form &, because the expression of H
is extremely simple:
Ho= % [0s,0], acS,. (5.3)
Below we shall need also the notion of the Lie bracket of two vector fields X and Y.
We shall denote it through [X, Y]% It is defined by the relation:
(X, Y]" =Y(X-X'(9Y. (54

After these preliminaries let us pass to the properties of the tensor field A*,
given by the expression (5.1). It was noticed that A* satisfies a number of
conditions, see [11]. The first one is the so-called Nijenhuis condition, [22]. It
means that whatever the two vector fields X and Y are, the following equation
holds:

(AR [X, YT + [A*X, A*Y A= A*([A* X, YIE+[X, A*Y]Y). (5.5

The other conditions are the so-called coupling conditions and they describe the
interrelation between the symplectic structure and A*. The first of them reads

HA=A*H, (5.6)

and evidently is the already established property (3.23). The second coupling
condition is more complicated. It can be written in the following form:

9(X, A¥(2)HY)—g(X, A*(HY)Z) +¢(Y, A*(HX)Z)
+9(Y, A*H(Z)X) —g(Y, H(A*Z)X) =0 (5.7



566 V. S. Gerdjikov and A. B. Yanovski

for every three vector fields X, Y, and Z. All these properties are sometimes referred
to as the symplectic Kdhler structure, [11]. It may be shown, that it follows from
them that the equations

q=HAq, n=1,2,..., (5.8)

are Hamiltonian ones and the right-hand sides define commuting flows [compare
with (2.15)]. Some other important facts from the theory of the integrable
equations also find their natural geometrical explanation within this scheme.

Our intention is to show that the geometrical properties of the operator A* do
not depend upon the gauge. The gauge transformation maps the phase space
M° C A into the space

/%={S(x),82=]1, lim S(x)=0'3}.
x—+

First of all, let us note that the submanifold .#? is an invariant submanifold for the
operator field A*. Indeed, .#° is defined as the set of points g € ./, satisfying the
constraints t*(0)=0 (¢*(0)=0). Therefore, X € T, is a tangent vector for the
submanifold .#° if dz*(0)(X)=0, (or d¢*(0)(X)=0). From the inversion
formulae (2.4) it follows that dt*(0) (A% X)=do*(0) (4* X)=0 for an arbitrary
X e, M° is then an invariant submanifold for A% and A*, and hence for A*.

Now, the manifold .Z is also an infinite dimensional manifold, and T(.%)

= (J_% ie. thetangent space at the point S € .7 is exactly . As before Tg* =
Seust

and the duality is given by the bilinear form g, see (3.15). The canonical symplectic
structure on ./ is defined by the 2-form d@,, (3.16). Just as before one easily finds
the symplectic operator H:

Ha= % [S,4], GeT#=9%. (5.9)
Next we consider the operator field A* defined as:
~*=1(/I*+/I*)=i Si. _ES f + i {[S,8,], ddy
ST T4 dx 8 M \vw  w) T

(5.10)
and are able to formulate the following

Theorem 3. The tensor field /j* satisfies the Nijenhuis condition and is coupled with
the symplectic structure on M.

The proof of the first of the coupling conditions coincides with the proof of the
relation (3.24). As to the Nijenhuis condition and the second coupling condition,
we regret to say that we have no better proof but a direct verification. This is one
more reason that the explicit form of A* is indispensible. The verification, although
laborious, is quite straightforward and we shall omit it.

Thus the geometrical interpretation has also a general character, and of course
so are all the results that are consequences of the symplectic Kéhler structure.
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Conclusions

In the present paper we have considered the simplest non-trivial example of gauge-
equivalent linear problems. The method, however, can be extended in order to
investigate more complicated examples. Some preliminary results of this type have
been reported in a conference talk [23].
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