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Abstract

We present algebraic construction of Darboux matrices for 1+1-dimensional
integrable systems of nonlinear partial differential equations with a special
stress on the nonisospectral case. We discuss different approaches to the
Darboux—Bicklund transformation, based on different A-dependences of the
Darboux matrix: polynomial, sum of partial fractions or the transfer matrix
form. We derive symmetric N-soliton formulae in the general case. The matrix
spectral parameter and dressing actions in loop groups are also discussed. We
describe reductions to twisted loop groups, unitary reductions, the matrix Lax
pair for the KdV equation and reductions of chiral models (harmonic maps) to
SU (n) and to Grassmann spaces. We show that in the KdV case the nilpotent
Darboux matrix generates the binary Darboux transformation. The paper is
intended as a review of known results (usually presented in a novel context)
but some new results are included as well, e.g., general compact formulae for
N-soliton surfaces and linear and bilinear constraints on the nonisospectral Lax
pair matrices which are preserved by Darboux transformations.

PACS numbers: 02.30.1k, 03.50.Kk, 05.45Yv
Mathematics Subject Classification: 37K35, 37K30, 37K25, 35Q53, 22E67

1. Introduction

A (1+1)-dimensional integrable system can be considered as integrability conditions for a
linear problem (a system of linear partial differential equations defined by two matrices
containing the spectral parameter), see for instance [56]. The Darboux—Bicklund transform
is a gauge-like transformation (defined by the Darboux matrix) which preserves the form of
the linear problem [14, 22, 27, 40, 66]. All approaches to the construction of Darboux matrices
originate in the dressing method [56, 68, 81, 82].

The paper is intended as a presentation of Darboux—Bicklund transformations from a
unified perspective, first presented in [13, 14]. The construction of the Darboux matrix is
divided into two stages. First, we uniquely characterize the considered linear problem in
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terms of algebraic constraints (the divisor of poles, loop group reductions and other algebraic
properties, e.g., linear and bilinear constraints). Then, we construct the Darboux matrix
preserving all these constraints. Using general theorems, including those from the present
paper, one may construct the Darboux matrix in a way which is almost algorithmic.

The paper is intended as a review of known results but some new results are also included.
We discuss in detail elementary Darboux transformation (Darboux matrix which has a single
simple zero), symmetric formulae for Darboux matrices and soliton surfaces (in the general
case) and loop group reductions for polynomial Darboux matrices. Two examples are discussed
in detail: the Korteweg—de Vries equation and chiral models (harmonic maps).

The part which seems to be most original contains the description of linear and bilinear
invariants of Darboux transformations. We prove that multilinear constraints introduced
in [14] are invariant with respect to the polynomial Darboux transformation (also in the
nonisospectral case). Taking them into account we can avoid some cumbersome calculations,
our construction assumes a more elegant form and, last but not least, we do not need any
assumptions concerning boundary conditions.

Another important aim of this paper is to show similarities and even an equivalence
between different algebraic approaches to the construction of the Darboux matrix. This is
a novelty in itself because sometimes it is difficult to note connections between different
methods. The existing monographs, even the recent ones, focus on a chosen single approach,
compare [24, 27, 46, 47, 56, 60].

We consider a nonlinear system of partial differential equations which is equivalent to the
compatibility conditions

Uyo—U,,+[U,, U]1=0, (1< u<v<m)), (1.1)
for the following system of linear equations (known as the Lax pair, at least in the case of two
independent variables)

v, =U,Y, wv=1,...,m), (1.2)
where 1 x n matrices U, depend on x', ..., x™ and on the so-called spectral parameter A (and,
as usual, W, = dW/dx", etc). We assume that ¥ is also a matrix (the fundamental solution

of the linear system (1.2)). We fix our attention on the case m = 2 (although most results hold
for any m) and briefly denote by x the set of all variables, i.e., x = (x!,..., x™).

1.1. Isospectral and nonisospectral Lax pairs

Let us recall that the most important characteristic of the matrices U;, U, is their dependence
on the spectral parameter A. In the typical case U, are rational with respect to A. Actually we
will consider a more general situation. We assume that the Lax pair is rational with respect to
A, and

e ‘isospectral case’: X is a constant parameter;
e ‘non-isospectral’ case:
Ay =L,(x, 1), wv=1,...,m)), (1.3)
where L, are given functions, rational with respect to A (this case reduces to the isospectral
one for L, (x, A) = 0).

Remark 1.1. The differential equations (1.3) are of the first order, so their solution . = A(x, ¢)
depends on a constant of integration { which plays the role of the constant spectral parameter.

The solution of the system (1.3) exists provided that compatibility conditions hold, for
more details see [14]. In general A = A(x, ¢) is an implicit function, although in many
special cases explicit expression for A can be found, compare [11, 14, 69].
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1.2. The Darboux—Bdicklund transformation

The application of the dressing method to generate new solutions of nonlinear equations
‘coded’ in (1.1) consists in the following (see [56, 79, 82]). Suppose that we are able to
construct a gauge-like transformation ¥ = DW (where D = D(x, A) will be called the
Darboux matrix) such that the structure of matrices U,

U,=D,D”'"+DU,D", w=1,...,m), (1.4)

is identical with the structure of the matrices U,. The soliton fields entering U, are replaced
by some new fields which, obviously, have to satisfy the nonlinear system (1.1) as well.

Remark 1.2. The Darboux transformation should preserve divisors of poles (i.e., poles and
their multiplicities) of matrices U,. This is the most important structural property of U, to be
preserved. The second important property is the so-called reduction group, see section 6.

For any pair of solutions of (1.1) one can ‘compute’ D := WW~!'. The crucial point
is, however, to express D solely by the wavefunction W because only then one can use D to
construct new solutions. Such D is known as the Darboux matrix [40, 45, 46]. The Darboux
matrix defines an explicit map S — S, where S is the set of solutions of the linear problem
(1.2). The construction of the Darboux matrix is based on the important observation:

Remark 1.3. The Darboux matrix can be expressed in an algebraic way by the original
wavefunction W.

By the ‘original wavefunction” we mean one before the transformation. In fact, it is rather
difficult to find special solutions of the linear problem. Usually very limited number of cases
is available. However, knowing any solution ¥ = W(x, A) and the Darboux matrix one can
generate a sequence of explicit solutions. Starting from the trivial background (x-independent
and mutually commuting U, ) we usually get the so-called soliton solutions.

1.3. Equivalent Darboux matrices

It is quite natural to consider as equivalent Darboux matrices which produce exactly the same
transformation (1.4) of matrices U, of a given linear problem.

Remark 1.4. The linear problem (1.2) is invariant under transformations ¥ +— WC (for any
constant nondegenerate matrix Co = Cp(A)).

Therefore Darboux matrices D and D’ are equivalent if there exists a matrix C such that
DV = D'VC (for any W). Thus C should commute with W, which, in practice, means that
C=fx) eC.

Remark 1.5. The matrix D’ = f (1) D, where f is a complex function of A only, is equivalent
to D.
1.4. Soliton surfaces approach

Given a solution ¥ = W(x, 1), where A depends on x and ¢, we define a new object F by the
so-called Sym—Tafel (or Sym) formula:

F=v'w, (1.5)

If W assumes values in a matrix Lie group G, then (for any fixed ¢) F describes an immersion
(a ‘soliton surface’) into the corresponding Lie algebra [71, 74]. Soliton surfaces are a natural
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frame to unify a variety of different physical models like soliton fields, strings, vortices,
chiral models and spin models [72]. In the framework of the soliton surfaces approach one
can reconstruct many integrable cases known from the classical differential geometry [7, 15,
16, 74]. The Darboux—Bécklund transformation for soliton surfaces reads

F=F+v'D'D,y, (1.6)

where D, = A D ,. The equivalent Darboux matrices yield the same soliton surfaces.
Indeed, if we take D’ = f D, then

F=F+\If—‘D’—‘Dj<\y=F+%+V‘D“D,;w, (1.7)

i.e., surfaces corresponding to D and D’ differ by the constant (In f) ;.
In order to illustrate usefulness of the geometric approach we present the following
theorem [18].

Theorem 1.6. We assume that Uy, U, are linear combinations of 1, A and AL with x-
dependent su(2)-valued coefficients, and U,(—A) = EOUV()»)EO_l (where Ey € su(2) is
a constant matrix). Then F given by the Sym formula (1.5) is (in the isospectral case) a
pseudospherical (i.e., of negative Gaussian curvature) surface immersed in su(2) ~ R>. In
the nonisospectral case the same assumptions yield the so-called Bianchi surfaces.

We point out that surprisingly few assumptions (restrictions) on the spectral problem leads
to the very important class of pseudospherical surfaces. It is easy to assure the preservation of
these restrictions by the Darboux transformation.

Darboux transformations usually preserve many other constraints (e.g., linear and bilinear
invariants discussed in section 8), which leads to the preservation of some geometric
characteristics (e.g., curvature lines) and to a specific choice of coordinates and other auxiliary
parameters.

2. Binary Darboux matrix

In this paper by the binary Darboux matrix we mean one pole matrix with non-degenerate
normalization

Ay —
D=/\/'<I+)\1—MP), PX=P, detN #0, Q.1
— Al
such that its inverse has the same form:
— A
D= <1+ ad 1P) N 2.2)
A— U

Here X;, ;| are complex parameters (which can depend on x in the nonisospectral case),
P = P(x) is a projector matrix (P> = P) and N’ = N/ (x) is the so-called normalization
matrix.

2.1. Binary or elementary?

The name ‘binary’ for Darboux matrices of the form (2.1) is rather tentative, because
binary Darboux transformations were introduced in another context (compare [46, 83]). The
‘classical’ binary transformation corresponds to the degenerate case of (2.1) when p; — A
(see section 4.4), i.e.,

D=N<I+ M ) D‘1=<I— M >N“, (2.3)
)\.—)\,] )"_)\1
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where M% = 0 (the so-called nilpotent case, see [14]). Therefore, we use this notion in
an extended sense. However, it seems to be compatible with understanding binary Darboux
transformation as a composition of an elementary Darboux transformation and a Darboux
transformation of the adjoint linear problem [46, 57, 67]. In the case of the Zakharov—Shabat
spectral problems (1.2) the adjoint spectral problem is given by

-, =dU,, (2.4)

and one can easily check that ® = W~! solves the adjoint spectral problem. The general
solution of (2.4) is ® = W~!C, where C is a constant (i.e., x-independent) matrix. We will
see in section 5.1 that the binary Darboux matrix can be expressed by a pair of solutions: one
solves the spectral problem (1.2) and the second one solves the adjoint problem (2.4).
The matrix (2.1) is equivalent to the linear in A matrix D
D=NO—=x+O —pu)P). (2.5)
Darboux matrices linear in A are sometimes referred to as ‘elementary’, see [60]. Indeed,
iterating such transformations we can get any Darboux transformation with nondegenerate
normalization. However, we reserve the name ‘elementary’ for matrices which are not only
linear in A but have a single zero (see section 4), or even a single simple zero. The polynomial
form (2.5) of the binary Darboux matrix has two zeros: Ay, (1. The sum of their multiplicities
is n. Therefore these zeros are simple only in the case n = 2.

2.2. Sufficient conditions for the projector

Assuming that U, are regular (holomorphic) at A = X; and A = p;, and demanding that
U, (expressed by (1.4)) have no poles at A = A, and A = p; as well, we get the following
conditions (for vanishing corresponding residues), compare [14]:

Po(—0,+U,(A)))o(I —P)=0,
(I —=P)o(=0,+Us(n1))o P =0,
)"I,UZLU('X’)\'])’ MI,UZLU(xa Ml)a (27)

(2.6)

where the circles mean composition of linear operators and L, are defined by (1.3). Note that
for any operators A, B we have

AoB=0 = imB C ker A. (2.8)

Indeed, (Ao B)¢ = 0 for any vector ¢, i.e. A(Bgp) = 0, which means exactly that By € ker A.
On the other hand, any element of im B is of the form Bg.

Remark 2.1. The assumption that U, are regular at A = X; and A = p; (assumed throughout
this paper) is essential. Relaxing this requirement we can get solutions different from those
obtained by the standard Darboux—Bécklund transformation. Solutions of this kind (unitons)
have been found in the case of harmonic maps into Lie groups [77], see also [27].

If the system (1.3) has the general solution A = A(x, ¢), then equations (2.7) can be
solved in terms of the function A:

)‘-1 ZA()C, ;])a 123 ZA(‘X7 é‘l’)’ (29)
where ¢, ¢| are constant parameters, compare [4, 51]. Taking into accountker P = im(I —P),
we easily show that the system (2.6) is equivalent to

(—d, +U,(A1)) ker P C ker P,

(=0, +U,(1))im P C im P. (2.10)
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Now we easily see that the conditions (2.10) are satisfied by the projector defined by the
Zakharov—Shabat formulae (compare [56, 79, 82])

ker P =W () Vier, imP = V(1) Vim, (2.11)

where V(1)) = W(x, A1), V(1) = W(x, u1) and Vi and Vi, are constant vector spaces
such that Vi @ Vi, = V. Indeed, in this case, by virtue of (1.2), the left-hand sides of (2.10)
are simply equal to zero.

Taking into account that any projector P can be expressed explicitly by its kernel and
image, P = (im P, 0)(im P, ker P)~!, we can summarize the above discussion as follows.

Proposition 2.2. The transformation (1.4) with D given by (2.1), where
P = (¥ (1) Vim, 0) (W (1) Vi, W (A1) Vier) ™", (2.12)

preserves the divisors of poles of matrices U,,.

The formula (2.12) yields a sufficient condition for P to generate the Darboux matrix.
It is interesting to find also necessary conditions. Therefore, we will try to obtain the most
general solution to (2.10).

2.3. The general form of the binary Darboux matrix

It is convenient to represent vector spaces in a matrix form. Namely, if wy, ..., w; span a
vector space V, then we can identify V with the matrix

V=(wi,..., wp). (2.13)
This matrix has k columns (wq, ..., wy) and n rows (n = dim V).

Note that because of the freedom in choosing a basis in the vector space there are many
matrices representing the same vector space. If a;; are coefficients of a k x k non-degenerate
matrix A, then the vectors

k
/
v =Y e
i=1
form another basis in V' which can be represented by the matrix
V' = (w,...,w,) =VA.

The matrices V and V' (for any non-degenerate A) represent the same vector space and, in
this context, are considered as equivalent.

The space of k-dimensional subspaces of an n-dimensional vector space over C is known as
Grassmannian Gy , (C) (of course, considering real vector spaces we have real Grassmannian
Gi.n(R)). The elements of the Grassmannian are classes of equivalence of k xn matrices with
respect to the equivalence relation: V ~ V' if there exists k x k matrix A (det A # 0) such
that V' = VA.

Therefore using the same notation for the vector space and the matrix representing it,
one should remember about this equivalence. In particular, in order to show that some vector
spaces W and V are identical, one has to consider the equation W = V A with an arbitrary
non-degenerate A. In the similar way one can check whether W is a subspace of V (of course
a necessary requirement is dim V. > dim W).

Proposition 2.3. Let V, W be vector spaces, k' = dimW < dimV = k. Then W C V if and
only if there exists k x k matrix B such that W = V B.
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Proof. If W C V, then there exists a basis of V such that its first X’ vectors span W. We
represent V by vectors of this basis, i.e., we choose A such that w/l, R w,/(, span W. Finally,
we put B = Adiag(l,...,1,0,...,0). O

Note that formally W and V belong (in general) to different Grassmannians. But if
det B = 0, then the columns of V B are linearly dependent and V B can be treated as an
element of a Grassmannian of lower dimension.

We proceed to solving the system (2.10). Assuming det W (1) # 0 and det W (p;) # O,
we can always put ker P = W(A)V,im P = W(u;)W, where W, V are some vector spaces
(in general x-dependent). Substituting into (2.10) we have W(A)V, C V(L) V, Y (u )W, C
W(u)W. Hence,

V,CV, W,CW.

By proposition 2.3, we rewrite V,, C V as V,, = VB, for some B, (which have to satisfy
appropriate compatibility conditions) and analogous equations for W. Taking into account the
freedom of changing the basis when changing x: V' = V A (det A # 0), we obtain

(V'A™h, =V'A7'B,.
Therefore, choosing A such that

(A, =A""B, (2.14)
we obtain V', = 0, i.e. there exists an x-independent basis in V' (the same conclusion holds for

W). The solution to (2.14) exists because B, satisfy the compatibility conditions mentioned
above. Thus we have shown that formulae (2.11) give the most general solution to (2.10).

3. Polynomial Darboux matrices: general case

In this paper we consider only rational Darboux matrices (n x n matrices with coefficients
which are rational functions of A).

Remark 3.1. In the isospectral case, every rational Darboux matrix is equivalent to a
polynomial Darboux matrix

N
D= TNt (3.1
k=0
Indeed, it is enough to multiply given D by the least common multiple of all denominators.
The obtained polynomial will be denoted by D.

Another equivalent form of D is a polynomial in A~!, obtained from D(A) by dividing
it by AN. In some cases this polynomial is more convenient than D because it is analytic at
A = 00.

In the nonisospectral case the least common multiple of all denominators depends on x.
Therefore, any rational Darboux matrix is equivalent to some polynomial matrix up to a scalar
x-dependent factor.

3.1. The determinant of the Darboux matrix

The trace of a quadratic matrix is defined as the sum of diagonal elements of this matrix.
Both the trace and the determinant are invariant with respect to similarity transformations:
Tr(BAB™!) =Tr A, det(BAB™!) = det A.
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Theorem 3.2 (Liouville). If ¥, = U, ¥, where v is fixed and U, = U, (x) is given, then

(det W), =TrU, det . (3.2)
This theorem is well known as the Liouville theorem on Wronskians, see, for instance, [2].
Applying the Liouville theorem to the Darboux transform ¥ = DW we get
(det Ddet W) , = Tr U, det D det V. Hence, using once more (3.2), we obtain
(det D) ,, -
—— =Tr(U,) — Tr(U,). 3.3
9ot D r(U,) — Tr(U,) (3.3)
Remark 3.3. We usually consider traceless linear problems (TrU, = 0 forv = 1,...,m).

In such case det D has to be constant (i.e., det D does not depend on x). Therefore, in the
isospectral (and traceless) case det D can depend only on A and all its zeros are constants.

In the nonisospectral case the situation is more complicated because A depends on x.
However, it is still possible to obtain a strong general result characterizing zeros of det D.

Theorem 3.4. We consider a polynomial Darboux matrix D for a nonisospectral linear

problem (1.2) with A satisfying (1.3). If det D(A;) = 0 and matrices U, are regular at Ay, then
A = Ly (x, Ap), (3.4)

i.e., Ay = A(x, &), where £ = const.

Proof. The determinant of the polynomial D()) has a finite number of roots (x-dependent,

in general). We denote them by A;, k = 1, ..., K, and their multiplicities by m;. Note that

my+my+---+mg = nN, where N is the degree of the polynomial D(A) and n is the order
of the matrix D. Thus

K
det D) =h [ [(r = a™. (3.5)
k=1
where i = h(x) and Ay = A (x). Taking into account (1.3) we compute
K
(detD), h, L,(x,A) — Aiy
detD +Z(m" ”— Mt ) (3-.6)

k=1
Equation (3.3) with U, regular at A; implies that the right-hand side of (3.6) should have no
poles. Therefore residues of (3.6) at A = A, vanish, which implies (3.4). The x-dependence
of A follows from remark 1.1. U

The regularity of U, at A = X is assumed throughout this paper. If we allow that some
A coincides with a singularity of U,,, then the x-dependence of A; in principle can be different
from (3.4) and we get an additional freedom.

3.2. Neugebauer’s approach

A simple but quite general method to construct polynomial Darboux—Bicklund transformations
has been proposed by Neugebauer and his collaborators [47, 51, 52], see also [34, 60]. We
are going to find conditions on polynomial D implying that divisors of poles of U, and U,
coincide (compare remark 1.2). From ¥, = U, ¥ we get
I HOSLAI0N 1
. FICSL SN

v =

- =——(D,D" +DU,D", (3.7)
det W (1) det D

where by D° we denote the matrix of cofactors of D. Obviously Disalsoa polynomial in A.
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If U, are rational functions of A, then U, given by (3.7) are rational as well (because D

and D~ are rational). Therefore the only candidates for poles of U, are poles of U, and zeros
of det D (i.e., A). The necessary condition for the regularity of U, at A = X is

U, (0¥ () = 0. (3.8)

If A is a simple zero of det D(1), then the condition (3.8) is also sufficient.
Following [47], we will find another, more constructive, characterization of the condition
(3.8). If det D(1;) = 0, then we have also

det¥(rs) =0 (3.9)

(because U (1) = D(A)W())). We assume that the function ¥(2) (known as a ‘background
solution’ or a ‘seed solution’) is non-degenerate at A = A.

As a consequence of (3.9), the equation W (Ae) pr = 0 has a non-zero solution p; € C"
(where, in principle, p; can depend on x). Then, we compute

V() pre = U, )W () pre = 0,
where we took into account that W () satisfies (1.2). Thus we have
) pe =¥, pe =0, (3.10)

which implies (3.8), as one can see from the following fact of linear algebra ([47], see also
[34]).

Lemma 3.5. Let us consider two degenerate matrices X and Y. Suppose that there exists a
vector p such that Xp = 0and Yp = 0. Then Y X¢ = 0.

Proof. Let us perform computations in a basis (ey, ..., e,) such that ¢, = p. Then all
elements of the first column of matrices X, Y are equal to zero. Thus, using the definition of
the cofactor, we easily see that the rows of Y¢ (except the first row) have all entries equal to
zero. Hence, XY ¢ obviously yields zero. (]

Lemma 3.6. The vector p; such that T pr = 0 is defined up to a scalar factor. If Ay is a
simple zero, then we can choose this multiplier in such a way that p; = const.

Proof. We differentiate the equation defining py: \I{U(Ak) pr + B () prv = 0. Hence,
W (he) Prv = 0, which means that py , is proportional to p; (provided that A is a simple zero
of detﬁ(k)). Thus pixv = frvPr, Where fi, are some scalar functions. From the identity
Dk,vw = Dk, it follows that fi, , = fiu,». Therefore, there exists ¢ such that fr, = ¢ ..
Hence, pre™# does not depend on x. O

Corollary 3.7. Polynomial Darboux matrix (3.1) can be constructed as follows. In the

isospectral case we choose Nn pairwise different complex numbers Ay, Ay, ..., Ay, and Nn
constant C"-vectors py, pa2, ..., pnn. We also choose the matrix Ty ( ‘normalization matrix’),
det Ty # 0. Matrix coefficients T, . .., Ty are computed from

DY) pi =0, (k=1,....nN), (3.11)

where V(L) is given (‘seed solution’). In the nonisospectral case we choose constants
Cis -y Cnn and use (3.4).

For a fixed k equation (3.11) consists of n scalar equations. Thus we have a system of
n?N equations for N unknown matrices # x n. In the generic case such a system should have
a unique solution.
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The freedom in choosing Tj corresponds to a gauge transformation. Note that an identical
situation occurs in the case of the binary Darboux matrix, where N is, in general, undetermined.
Usually it is sufficient to put 7y = [ (‘canonical normalization’). If this choice leads to a
contradiction (i.e., the Darboux matrix with the canonical normalization does not exist),
then we may relax this assumption and search for Darboux matrices with more general
normalization.

The case det 7y = O can be treated in a similar way but with one exception: the total
number of zeros is smaller than Nn. As an example of such a situation we will present
elementary Darboux matrices, see section 4.

3.3. Explicit multisoliton formulae

Let us introduce the notation

o = V() pr, (3.12)
where ¢, € R" are column vectors. We assume det 7y # 0 and denote
0, :=T,'T; (j=1,...,N), (3.13)
where T; are defined by (3.1). Equations (3.11) read
N .
x,ﬁHZAj{V*J@j o =0 k=1,...,M), (3.14)
j=1
where M = nN. After the transposition we get
N
D owlofn T =—glay. (3.15)
j=1
It is convenient to solve these equations in the matrix form:
_ —1
o7 ANVTeT L ael T ol Ay
N—1
ezT - _ )‘2 (pZT s )”2902T (pZT (pzT)‘év (3.16)
T . ; ..................... ].—.. 'N
On ATl amel b Putm

Usually, in practical applications, one uses Cramer’s rule to express 6y in terms of determinants,
compare [52, 58, 70].

Having coefficients Ty we can apply the Darboux transformation to Lax pairs of prescribed
form. As an illustrative example we present the simplest but very important case (linear in A):

U1 = uph +u;. (317)
Equation (1.4) forv =1, i.e., U,D = DU, + D i, yields
N N N
(igh + i) Y AN T =3 AN Tewoh +up) + > AN Ty (3.18)
k=0 k=0 k=0

Considering coefficients by A¥*! and AV, we get explicit formulae for the transformed fields
iy and ig:

ito = TouoT, ', ity = Tou Ty " + [TV T, " dio ] + Toa Ty (3.19)
In the classical AKNS case uy = io3 = diag(i, —i) and it is sufficient to take the canonical
normalization Ty = I. Therefore, we get

ity = uo, ity = uy + 711, 103], (3.20)
where 77 = 60 can be explicitly computed from (3.16), compare [52].

10



J. Phys. A: Math. Theor. 42 (2009) 404003 J L Cieslinski

4. Elementary Darboux matrix

The elementary Darboux matrix is linear in A and its determinant has just a single simple zero.
This case is mentioned by Its [35] and discussed in more detail in, for instance, [24, 38]. An
obvious way to produce matrices of this type is to take matrices with a single entry linear in A
and all other entries A-independent. In this paper we confine ourselves to elementary Darboux
matrices for n = 2. They can be represented in the form

D=N<k_)” O)M @.1)
—a 1

where A/, M do not depend on A. As a simple exercise (compare corollary 3.7) we can express
the coefficient o by W evaluated at A;, namely:

m 31
= — = MY (A)p 4.2
gl ) (7]1) M ( 1) 1y ( )

where p; is a constant vector.

o

4.1. Binary Darboux matrix as a superposition of elementary transformations

Theorem 4.1. In the case n = 2 any binary Darboux transformation is a superposition of two
elementary Darboux transformations.

Proof. We will show that
B 1 - 1 A—A O
poxi(l 7 ) () o

is a binary Darboux matrix (N, A>, M are non-degenerate matrices which do not depend on
A). First, performing the multiplication in (4.3), we get

D:N()\._A.l+()\.l_A.2)P), (44)
where
N=N2< ! 0) M,
—a 1
| 5 p 4.5)
_ gl o -
P=aM <a(aﬁ—Ak) Ak—aﬂ) M,

and AA = X; — A;. Then, we easily check that P2 =P.
The coefficients «, B can be expressed by W evaluated at A, A,. Indeed, denoting

w0 pi = (5"), (4.6)
Nk
and using equations (3.11), we obtain
AX
=21 _ a8tk 4.7)
€1 Exm — mé
The projector P reads
1 —
_ M < mé 5152) M. 4.8)
Eim — mé —mmnz  mé&

KM =1I,thenW()r)p; € ker P and W (X,) p> € im P. Therefore, the binary Darboux matrix
with P given by (4.8) is a superposition of elementary transformations (4.3) with M = I and
o, B given by (4.7). (|

11
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4.2. KdV equation

The Darboux transformation for the famous Korteweg—de Vries equation is almost always
presented in the scalar case, see [46]. The matrix approach is less convenient. However,
having in mind a pedagogical motivation, we are going to show in detail that the matrix
construction works also in that case. It is interesting that in this paper we do not need the
‘KdV reality condition’ (usually used in earlier papers, compare [14, 27, 76]).

The standard scalar Lax pair for KdV equation consists of the Sturm—Liouville—
Schrodinger spectral problem and the second equation defining the time evolution of the
wavefunction:

— VY tuy =1y, Yo = =4y +6uy +3u 1. 4.9
The compatibility conditions ,112 = ¥,»1; yield the KAV equation
u,2—6uu,1 +U 111 =0. (410)

The Lax pair (4.9) can be transformed, in a standard way, to the matrix form

0 1
qu_(u—A O)\y’

@.11)
W, — —U 2u +4x W
2T\ —aA2 + 2uh + 20 — gy u, ’
where
) 17,2@1), ‘35:(21)’ (“.12)

and v, ¢ are linearly independent solutions of (4.9).

Lemma 4.2. Suppose that

0 1 0 4 —a b
U:(u—A O)’ V:<2ku—4k2 O)+<c a)’ @.13)
where u, a, b, c do not depend on A. Then, the compatibility conditions U , —V 1 +[U, V] =0
uniquely yield
a=u,, b =2u, c=2u2—u,11, 4.14)

i.e., U,V given by (4.13) are identical with the Lax pair (4.11) for the KdV equation.

Proof is straightforward. Compatibility conditions reduce to (4.10) and (4.14). O

4.3. Elementary Darboux matrix and the classical Darboux transformation

We will compute the action of the elementary Darboux transformation in the KdV case,
compare [27]. We assume

D:N(A_M 0), (4.15)
—o 1

where N (det AV # 0) does not depend on A and « is a function to be expressed by W(4,),
namely

D)WY (r)p1 =0, (4.16)
where p; is a constant vector. We denote
(f}i) =W()p. (4.17)

12
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The constraint (4.16) (with D given by (4.15)) is equivalent to

m 151,1
o= — = < .
&1 Y
where 1&1 satisfies (4.9) with A = XA; (i.e., 1&1 is a linear combination of v and ¢;). The
function « satisfies the following system of Riccati equations:

Ol,1=l/t—)x]—0€2,

oy = (2142 —u, +2ur — 4)\%) +2u o — Qu +4hp)a?,

(4.18)

(4.19)

which can be obtained directly from (4.11).
The elementary Darboux transformation for U, V (i.e., formulae (1.4) with D given by
(4.15)) reads

o= M +w<o 1)/\/—1—/\/<_“ M)N“H\/JN‘I,
)\.—)»1 0 0 1 o

M 0 1 by (4-20)
v — 2 2 -1 —a A 1
V_)\—MHM +bx)N<0 0)/\/ zw\/(l a)N + Vo,
where
My =@w—hx —a*—a )N <(1) 8) N
4.21)

M, = (—Ol,z +c+2aa — ba® — 4}\% + 24 (u — 20!2))/\/((1) 8) N_I

and Vj does not depend on A (its explicit form follows from lemma 4.2 and, therefore, is
automatically preserved by the Darboux transformation).

The necessary condition for the Darboux transformation is vanishing of residues M, M,
(what is equivalent to (4.16) and, as a consequence, to the Riccati equations (4.19)).

In order to assure the Darboux invariance of the coefficients by A in U and by A% in V we
have to impose some constraints on the normalization matrix N (compare [41]), namely

01N.., (0 0
V- ( )
what implies the following form of \:
0 1
N=f (_1 _y>, (4.23)

where f, y are functions of x. Now, the transformation (4.20) becomes
07— ): -« 1 N & 1 0 7
i—A a—y f \0 1

. y —« 1 f2(1 0 ~
V_4)L<l~)_)L a—y>+f<0 | + Vo,

= +2y0 —y>—yy, U =A +2ya—y?—1b. (4.25)

(4.24)

where

Comparing (4.24) with (4.13) we find the remaining constraints on the form of the Darboux
matrix:

(41
I
N

f = const, y =a, 2 (4.26)

13
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We assume f = —1. By virtue of (4.14) b = 2u and we easily verify that the constraint
29 = i coincides with the first Riccati equation (4.19).

Corollary 4.3. The elementary Darboux matrix for the KdV equation is given by

0 1 A—A1 O —a 1
b= (—1 —oc) ( —a 1) o <a2 — A+ —0()’ 4.27)

where o is computed from (4.16), see also (4.18).

The transformation of u can be obtained from (4.19) and (4.25), see (4.28). Taking into
account (4.12) we get the transformation for .

Corollary 4.4. The elementary Darboux matrix (4.27) generates the classical Darboux
transformation:

V=v1—ay =y, — ).y, fi=u—2a;=u—2(ny1), (4.28)
where ¥\ = W (x, A) satisfies (4.9).
Formulas (4.28) were first obtained by Darboux [23], see also [46].

Proposition 4.5. D = D, ;, given by (4.27) has the following properties: D, IM is equivalent
to D_gy, and Dg;,Dy ;5 = N(L — Ay + M), where M = (A — M) P (and P? = P) for
Xy # Ay and M?* = 0 for hy = A

Proof. By straightforward computation. First, D_, ;, = (A — A)D; 1\1. Then,

—1
Dpta Doy = (a+ﬂ —O1> A=Ay + M) (4.29)
where
- —a(o+p) a+p
M = (a(h — M) —aXa+p) ala+p)— (A — A2)> ) (4.30)

and we easily verify that M? = (A — A2) M, which means that (for Ay # A)) M = (A] — A2) P
(where P2 = P), compare (2.5). O

4.4. Nilpotent Darboux matrix and classical binary Darboux transformation

Let us consider the Darboux matrix of the form (2.3). In the case n = 2 a nilpotent matrix M
(M? = 0) can be parameterized as

o 1
M=g (_;’2 0) , (4.31)

where g, o are some functions.
Considering the transformation (1.4) we have to assure that U, are regular at A; by
cancelling the pole of second order at A = A;. We get two conditions

M, +[M, U, —MU,(\)M =0,
M M +MU,(A)M =0,

where the prime denotes differentiation with respect to A. The second set of equations turns
out to be a consequence of the first equations (it is enough to multiply them by M from the
right).

(4.32)

14
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The classical binary Darboux transformation is usually defined only for the time-
independent spectral problem [46]. Therefore, in order to show that the considered
transformation (2.3) coincides with the classical binary transformation it is sufficient to confine
ourselves to v = 1. Equations (4.32) (for v = 1) can be rewritten in terms of g, o':

g1 —20g+g>=0,
g10+go 1 +0g”>—gu—r +0?) =0, (4.33)
g10%+2g00 +0%g* —2go(u — Ay) = 0.

Using the first equation we can reduce the last two equations to

o1+0% —u+ir =0. (4.34)
Therefore
o= ‘/’)", (4.35)
v

where lﬁl satisfies the first equation of (4.9) for A = A, compare (4.18) and (4.19). Taking
into account (4.32) we rewrite (1.4) for Uy = U = upA +u; as

IZO:NMON_I, i ZMlN_1+N(M1+[M,M0])N_l. (436)
In the KdV case, see (4.13), the first equation of (4.36) is satisfied for
1 0
N = < ) . (4.37)
y 1

Then, the second equation of (4.36) reduces to

il =u+y,1+2ay+y2, g=—y. (4.38)
Taking into account the first equation of (4.33) we finally get

i=u+2y,, Y1 —20y —y? =0, (4.39)

where o is given by (4.35). Therefore, the last equation is equivalent to

72
9 (ﬂ) - 2, (4.40)
= U=u— 2— ln

ax \ vy
72
= co —
Tt e [ 3
where ¢ is a constant of integration. The last formula coincides with the classical binary
Darboux transformation for the Sturm-Liouville-Schrédinger spectral problem [46].

which means that

72 82
L4 , (4.41)

Corollary 4.6. The nilpotent Darboux matrix (2.3) generates the classical binary Darboux
transformation.

The ‘second’ binary Darboux transformation, introduced in [83], corresponds to the choice
cop = 1.
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5. Fractional form of the Darboux matrix

Another popular representation of the Darboux matrix (with nondegenerate normalization) is
decomposition into partial fractions [56, 79, 80, 82]:

A A
D= /\/'<1+ Loy 2 )

A— A A—A
5 R N 5.1
D"=<I+ L )/\/’".
A= A— N

In principle the numbers of poles of D and D~! could be different but here, following other
papers, we assume the ‘symmetric’ case (5.1).

We will denote by Dy the Darboux matrix in the fractional form with the canonical
normalization (in other words, D = A Dy). The form (5.1) of D and D~! imposes restrictions
on Ay and By implied by equations DD~! = [ and D™'D = I, see (5.2).

Multiplying D by the lowest common multiple of the denominators we obtain the
equivalent polynomial form D(1) (a polynomial of Nth degree). The determinant det D())
is a polynomial of degree Nn vanishing at poles of D and D!, i.e., at A = A; and A =
(k=1,..., N). The sum of multiplicities of all zeros of det D) equals Nn. Therefore, for
n = 2 all zeros are simple, while for n > 2 some of them have to be multiple zeros.

The fractional form is convenient in the case of some reductions (e.g., orthogonal or
unitary), when the eigenvalues A, (k = 1, ..., nN) can be naturally divided into pairs Ay, (.

5.1. Zakharov—Mikhailov’s approach

We start from fractional representation of the Darboux matrix (5.1), where Ay, B have to
satisfy constraints resulting from the condition DD~! = I:

N
A
A 1+ =0, I+ 4 B, =0,
Z k - Mj 12:1: Mk —
5.2)
N A
I+ =0, By | I+ ! =0
Z A — M; 12:1: Mk — Aj
(k =1,..., N). We assume the nonisospectral case and demand that U, defined by (1.4)

have the same form as U,. In particular, it means that the right-hand sides of (1.4) have no
poles. Equating to zero the residues at A = A; and at A = u, we get

B
L,(; , =0,
/—M‘>+( =2 )Z(K —Ml)2

1

N
(Aj,+A;U))) (1 +> -
= (5.3)

I+iL (U (ux) Bk = Brw) — (Lu (i) — )iﬂ—o
Z e — i) B kv vilk) — Mk Z k=22

for j,k = 1,..., N. Multiplying the first equations by A; from the right and the second
equations by By from the left, and then using (5.2), we obtain

Y ABA; Y B,AB
(LoOr)) = 2j) Z o = e — ) Y= G4
i=1

16
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which is satisfied when (3.4) (and similar equations for ;) hold. Note that we derived here a
proposition analogous to theorem 3.4.

In order to solve the system (5.2) and (5.3) we assume (3.4) and represent Ay, By as
follows:

Ak = Isi){arl, By = [bi ) (qxl (5.5)

where |si), |br) are matrices built of linearly independent n-component column vectors and
(qx|, {ax| are matrices built of linearly independent n-component row vectors. In other words,
all these matrices have maximal rank. In particular, |s;) and (ai| have the same rank (denoted
by rkA;) but (in general) different from the rank of |b;) and (gx| (denoted by rkBy). Using the
notation (5.5) we rewrite equations (5.2) and (5.3) as follows:

Ise)(a| Dy () = 0, Do) |bi){pic| = 0, 5.6)
Dy (uo)lse) (ax| = 0, |be) (Pel Do) = 0,
(Isi) (@] + sl , + Isi){ar| Uy Q) Dy ' Ou) = 0, 57)
Do (i) (—1bi) gl — D) gk, + 16k} {q| Uy (ug)) = 0,
wherek=1,...,Nandv =1, ..., m. Moreover,
N N
ls;)(a;l 1 1b;)(g;]
Do(u) = | 1+ L2500 pilow =1+ =220 )0 (5.8)
oL ;Mk_)\j 0o ;lk—ﬂj
Lemma 5.1. If |a) and (b| have the maximal rank, then
lay(b| =0 <= |a)=0 or (b|=0. (5.9)

Proof. Immediately follows from the definition of the maximal rank. All columns of |a) (and
all rows of (b|) have to be linearly independent. ]

Using (5.6) and applying lemma 5.1 to equations (5.7), we get the following linear system:

(arl,, = —{arlUy(Ae), bk}, = Uy (i) bk, (5.10)
which is satisfied by
(ar] = (axol ¥~ (M), b)) = W (i) |bro), (5.11)

where (ayo| and |byo) are constant. If W is regular at A; and p4, then the solution given by
(5.11) is general (compare section 2.3).

5.2. Symmetric representation of the Darboux matrix

We proceed to derive compact formulae for the remaining ingredients of D, namely for (gy|
and | py). Taking into account lemma 5.1 we can simplify equations (5.6):

N N
(| + Y Myj{q;l =0, bi) = Y Is; )M =0,

o = (5.12)
(el + Y Kijlax| =0, Isi) = Y 1b;)K i =0,

j=1 j=1
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where

(5.13)
Kj— )“k

’ K_]k_

The expression (a; | b;) denotes matrix multiplication: (ax | b;) = (ax||b;) (for any fixed
J, k). The resulting matrix is not necessarily quadratic. The number of its columns is tk(B;)
and the number of its rows is rk(Ay). Similarly, (g; | s¢) is also a matrix (for any fixed j, k).

Remark 5.2. Matrices Mj; form the so-called soliton correlation matrix M which has
Z?’Zl 1k(B;) columns and Z,f]:l rk(Ay) rows. From (5.12) it follows that

L A ]

K=M . (5.14)

Therefore, M and K have to be quadratic matrices, i.e.,

N N
> rk(Ag) = Y tk(B)). (5.15)

The soliton correlation matrix M is a Cauchy-like matrix (compare [53]) which has been
reobtained several times in various particular cases (see, for instance, [12, 32, 62, 76]).

Corollary 5.3. The symmetric form of the multipole Darboux matrix is given by

DGY =N HZZ"’A f’;k‘”" ,

k=1 j=1
(5.16)

PRITIN PR o) oY/ LOCNN JYStY

where N is a normalization matrix (we assume det N # 0), K = M~", M is given by (5.13),
and |b;), (a;| (j =1, ..., N) are expressed by (5.11).
5.3. How to represent N-soliton surfaces?

Iterated Darboux matrix is a composition of N binary Darboux transformations (see, for
instance, [40, 56]):

AN Ay — A —
D=N(1+2N"EVp, [+ 272 p ) (142 p ), (5.17)
A=Ay A—X A=A
where projectors Py are defined by
ker Py = Wi _1(Ag), im P = W (), (5.18)
where W, are defined by Wy(x, A) = V(x, A) and (for k > 1):
A —
W) = (1 + ,\k s Pk> U (). (5.19)
— Ak
In this case (1.6) yields
- i L e N X TS (5.20)
A =2 =)

18
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Note that formula (5.20) does not contain N. Indeed, gauge equivalent linear problems have
identical soliton surfaces, see [73].

Remark 5.4. The determinant of the iterated Darboux matrix (5.17) can be easily computed
(compare [14]):

N A— A dimim Py
det D =det N[ ( ") . (5.21)
it \A [k

Usually formula (5.20) is used in the isospectral SU (n) case, when A ; = 1, pux = Ak (see
section 6), and Tr F = Tr F = 0 (which can be attained by multiplying D by an appropriate
factor f, see (1.7)):

N . .

) 20m. dimim P,

F=r+) g oo <%1 - Pk> e () (5.22)
k=1

(in this case projectors are orthogonal, P,j = P, see for example [14, 39, 74]). The
sum on the right-hand side of (5.22) consists of traceless components of constant length
(using the Killing—Cartan form a - b = —n Tr(ab) as a scalar product in su(n)), see [74].
Thus, formula (5.22) generalizes the classical Bianchi—Lie transformation for pseudospherical
surfaces [72, 74].

Formula (5.20) is not manifestly symmetric with respect to permutations of A;. The
symmetric formula for the Darboux—Bécklund transformation for soliton surfaces can be
obtained by substituting (5.16) into (1.6).

Theorem 5.5. The symmetric representation for N-soliton surfaces has the form:

- W )b K i far| W (1)
F=F-2.) Y G0 — (5.23)

(the notation is explained in corollary 5.3, see also section 1.4).

Proof. We compute D~! D, where D is given by (5.16):

N N
—pp, =Y |bj) K jilar| 3 b)) Kjiai | bi) Kularl

= ap? (= 2020 = )

We use (5.13) and perform the summation over i, [ in the second component:

ijkd=1

N N N
Z Kji(hi — up)My Ky = Z Kjiri8h — ZSﬁMsz = Kjr(Ax — uj), (5.24)
il=1 i=1 =1

where 3;‘}(, b ﬁ are natural generalizations of Kronecker’s delta (e.g., 8,?,( is unit matrix of order
rk(A;) and 8fj is unit matrix of order rk(B;)). Finally, by virtue of an obvious identity
A=) — (g — pj) = A — A, we get (5.23). U

Expression (5.23) is a generalization of the symmetric formulae for N-soliton surfaces
which has been earlier obtained in the su(2)-AKNS case ([12], see also [16]).
Proposition 5.6. The Darboux matrix f D, with D given by (5.16) and f given by
N

1—[ (A — Ag)rkAx
(A — pg) B

transforms traceless F into traceless F. What is more, det(f D) = det N.

(5.25)

k=1
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Proof. If D is given by (5.16), then, using (5.23), we compute

Tr(F — F) _ " ﬁ: I bK | _ i (rk(Ak) B Tk(Bk)) ’ (5.26)
T x, e G=a0—m ) T E R

where we took into account that Z?’:l M;;K i is the unit matrix of order rk(A;) and
S, KjxMy; is the unit matrix of order rk(B;). Multiplying D by a A-dependent function
we can change £ — F, by virtue of (1.7). In order to get Tr F = Tr F, we have to take f such
that the right-hand side of (5.26) equals n(In f) ,. Hence we get (5.25).

Surprisingly enough, in this way we can compute also the determinant of D given by
(5.16). Indeed, from (1.6) we have Tr((f D)~'(f D)) = 0 (provided that Tr F = Tr F) and
then theorem 3.2 implies that det( f D) does not depend on ¢ (and is A-independent, as well).
Therefore we can evaluate det( f D) at A = 0co. Thus we obtain det(f D) = det N. [l

Let U = fDW, where D is given by (5.16) and f is given by (5.25). For simplicity we
assume also rk(A;) = rk(By) = r;. Then

N
. _ (M — i)ridjx — Ib')K'k(ak|>
F=F+), 0 J S WL, 5.27
+A ()E;( G =0 — ) (5.27)

where §;; is Kronecker’s delta. Note that the symmetric form of (5.22) is given by the
specialization of formula (5.27) to the case j; = A.

Another representation for multisoliton surfaces can be derived from the polynomial
representation of D. In order to compute N-soliton addition to the surface F := W1, [,_;,
we assume the Darboux matrix in a general form

N
D= Z T (L — Ao)-.

k=0

The matrices 77, ..., Ty are computed from the following linear system:
N
> T — 2 W) py =0, (w=1,...,Nn),

k=0
where 1, € C and p, € C" are constants and Ty is a given normalization matrix. Of course,
one should take care of reductions, which can result in some constraints on A,,, p,, and also on
Ty, see section 6. Formula (1.6) assumes the form:

F=F+V'WT,y'TIv() = F+ V' (WOv (), (5.28)

where 6, is given by equations analogous to (3.16). Note that also in this case F does not
depend on the normalization matrix 7y (a change of Ty implies such change of 7; that 6,
remains unchanged, compare section 3.3).

6. Group reductions

The so-called reduction group was introduced by Mikhailov [49] and detailed description of
various reductions is given in [50, 80], see also [14]. Group reductions (under a different
name) found a rigorous treatment in the framework of the loop group theory [29, 59, 76],
compare section 7.3.

In this section we describe several important types of reduction groups. We consider
only the case of non-degenerate normalization det N # 0 (which means that det ﬁ(k) isa

20



J. Phys. A: Math. Theor. 42 (2009) 404003 J L Cieslinski

polynomial of degree Nn). The most convenient form of the Darboux matrix depends on
the reduction. The polynomial form (3.1) is very good for reductions to twisted groups, the
fractional form (5.1) (and especially its symmetric version (5.16)) is appropriate for unitary
and orthogonal reductions. Then, as an example, we present in more detail the principal chiral
model (sigma model) and its reductions. The symmetric form (5.16) is of great advantage in
this case.

6.1. Reductions to twisted loop groups

2mi

Twisted loop groups are defined by W (wi) = QW(L)Q~! where w = exp = (hence wk =1)
and, necessarily, 0K = I (we assume also Q = const), compare [29]. An important example,
two-dimensional Toda chain (then K = n), is discussed in detail in [50], using the fractional
representation of D (5.1). Here we present a different approach, based on the polynomial
representation.

Usually it is better to consider some natural extensions of loop groups which follow from
the form of the linear problem. The starting point is the assumption about the form of the
linear problem (i.e., U, are constrained to the corresponding Lie algebra):

U,(w}) = QU, (M) Q7" 6.1)
which implies (V(wl)) , = U,(wL) ¥ (wA) = QU, (M) O~ "W (wh). Hence
(Q7'W(wr),, = U,(W)(Q "W (wh)),

which means (see remark 1.4) that Q~'W(w)) = W(L)Cy()), where the matrix Co(L) does
not depend on x. Therefore

V(wd) = QW) Co(d), (6.2)

and a similar equation for U = Dvw (with a different Cy()), in general). Therefore,
D(wA) QWY (L) Co(A) = QDAY (A)Co(A). In order to eliminate W (A1) we have to assume that
Co(X) = p(A)Co(X), where yy : A — pp(A) € Cis arational complex function of A. Then

D(wr) = o (M) QD() Q7

. N 6.3
det D(wX) = (yp(A))"det D(1). 6.3)
Remark 6.1. Computing ﬁ(wzk), R ﬁ(wk A) we obtain a necessary constraint for yy:
Vo) vo(@h) -+ yo(@ ') = 1. (6.4)

This constraint is satisfied by any meromorphic function such that yp(cc) = 1 and all its
zeros and poles coincide with some zeros of det D(A). Note that the matrix Cy(A) also is not
arbitrary but satisfies an analogical constraint.

We make usual assumptions: yp(A) = 1 and Co(1) = Q' (then ¥ and D are fixed points
of the reduction group [50], or, in other words, D and W take values in the loop group). Then

V(1) = Q"W Q7F, D(*1) = Q*D(vQ7F, (6.5)
fork=1,...,K —1.

Lemma 6.2. Let yo(A) = 1. If det D(A,) = 0, then det D(w*1;) = 0 fork = 1, ..., K.
Multiplicities of all these K zeros are identical.

Therefore, if D()) is a polynomial of order N (and, as a consequence, det D(}) has the
order Nn), then Nn has to be divided by K, i.e., there exists an integer N such that Nn = NK
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(in the two-dimensional Toda chain case N = N). Moreover, (6.5) (evaluated at k = 1) imply
that

a)NT()Q = QT(), (66)

where Tj is the normalization matrix, compare (3.1). We have to demand that this equation
has a solution Ty # 0 (otherwise, the Darboux matrix cannot be a polynomial of order N).
Certainly (6.6) has a solution for N such that o™ = 1 (in fact, this assumption was done in
[50D).

Corollary 6.3. If yo(A) = 1, then the set of zeros of det D()) is given by {wkkj| k =
0,1,....,K—-1;j=1,..., N}, where 1; € C.

Equations (3.11), defining the Darboux matrix, can be rewritten as follows (taking into
account (6.5)):

0= D(@r)W (@ r)pjx = Q"D HY L) pjr. (6.7)

For simplicity we assume the generic case, i.e., all zeros w*x ; are pairwise different (and, as
a consequence, simple). Then the kernels of D();) are one dimensional, which means that
W(A;)Q ¥ pjy is proportional to W(A;) po.

Theorem 6.4. Assuming that (6.6) has a solution Ty # 0 we construct the Darboux matrix
(a A-polynomial of order N) according to corollary 3.7 taking into account that its zeros
are given by w*x j (see corollary 6.3) and the corresponding eigenvectors are related by
pix = Qfpjo k =0,1,...,K —1; j = 1,..., N, where N = Nn/K). This Darboux
matrix preserves twisted loop group constraints (6.1) and (6.5), i.e., U,(w)) =0U0,(0)07 ",
etc.

Remark 6.5. In the nonisospectral case twisted reductions impose constraints on the form
of L,. If (3.4) are satisfied, then also wh;, = L,(x, wA;). Hence we get the constraint:
wL,(x,\) = L,(x, wA).

The particular case K = 2 (i.e., w = —1) is very popular (e.g., this reduction is necessary
to derive the standard linear problem for the famous sine-Gordon equation [56, 60], see
also [18]). This case can be generalized by admitting a A-dependence of Q (actually such
generalization can be done for any K but the results have more complicated form, so we omit
them). One can easily see that Q0 = Q(A) has to satisfy

(=100 =M, (6.8)

where ¥y is a scalar function such that ¥9(—A) = ¥y(A) (in particular, we can take Jp(1) = 1).
Assuming yp = 1 we have det ﬁ(—k) = det D(A) which means that zeros of det D(A) appear
in pairs A = —A;. Constant eigenvectors py and py satisfy T pr = 0and ¥ () pr =0
which implies U(A)O(—r) pr = 0. If the zero Ay is simple then ppy = Q(Ar)pr (the
eigenvectors are defined up to a scalar constant factor, therefore we omitted the factor ¥y (Ay)).
Moreover, the condition (6.6) should be replaced by @ Ty Qoo = Qo0 Ty, Where Q. is either
Q(o0) or the coefficient by the highest power of X in the asymptotic expansion of Q(1) for
A — Q.

6.2. Reality condition

The condition

U,(2) = U, (3) (6.9)
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(where the bars denote complex conjugates) simply means that all coefficients of matrices U,
are real. Considering (1.2) we get

W(k) =WR)CH), (6.10)

where C(A)C(X) = I. Applying (6.10) to U (1) = D)W (1) we obtain the corresponding
constraint on D

D) =ymDM), 6.11)
where y (1) is a scalar rational function which satisfies y (A)y (1) = 1. Hence
det D(%)
M= ———, 6.12
(y(2) YT (6.12)

which means that y = w(X)/w(A), where w(}) is a polynomial of degree K < N (provided
that D is a polynomial of degree N). Then det D (1) has K arbitrary zeros of multiplicity n and
(N — K)n other zeros which form a set invariant with respect to the complex conjugation, i.e.,
they are either real or form pairs of conjugate numbers.

We assume the simplest case: (L) = 1 (and also C(A) = C(A) = 1) and all zeros of
detﬁ(k) are simple. Then either A; € R (then p; = p;) or there are pairs Ay = Xi (then

Pk = Dk)-

6.3. Unitary reductions

Unitary reductions (which sometimes are also referred to as reality conditions, see for instance
[76]) are defined by

Ul() = —HU,()H ™", (6.13)

where the dagger denotes the Hermitean conjugate, H is a constant Hermitean matrix
(H' = H) and b means the complex conjugate (necessary if x!, x> are complex, e.g., usually
x! = z, x? = 7 in the case of chiral models, discussed in section 6.4). Using (6.13) we obtain
from (1.2):

W), = W) ) =8 OUiR) = —vIOHHMU,G)H (). (6.14)

Taking into account the well-known formula for differentiating the inverse matrix (i.e.,
(WY, = v~ ¥~ we transform (6.14) into

H (W) ™H, =U0H (Yo, (6.15)
and, comparing (6.15) with (1.2), we get
W)™ = HY M) Co(h), (6.16)

where W(A) solves the system (1.2) and Cy(A) is an x-independent matrix. From (6.16) we
can derive Cg()_\) = Co(r). W(M) satisfies the constraint (6.16) with Cy in the place of Cy.
Assuming Co(L) = ko(L)Co(L), where ko(%) is an x-independent scalar function, we derive
the condition

D'G) = keG)HD 'O)H, (6.17)

which is necessary for D to be the Darboux matrix in the case of unitary reductions. We point
out that k(1) has to be a rational function. The simplest choice ky(A) = 1 is not possible.
Indeed, from (6.17) we obtain

(ko(W)" = det D(X) det D()). (6.18)
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Hence ko (1) is a polynomial of degree 2N (provided that det Ty # 0). Moreover, ko(X) = ko(L)
which means that ko (1) is a polynomial with real coefficients. The set of its zeros is symmetric
with respect to the real axis. We confine ourselves to the case of ky(A) without real roots, i.e.

ko() = |det Tl (h = A1)k = A1) -+ (A — Ay) (A — An)
where N is the degree of the polynomial D(1). Then
det D = (det Tp)(A — 1) (A = A)D -+ (A — An)"" ™ (0 — )™,

where d;, are some integers, 1 < dy < n — 1. Note that for n > 2 the zeros of det D are,
as a rule, degenerate. If A; are pairwise different, then dividing D by (A — A1) --- (A — Ay)
we obtain the matrix D (equivalent to D) bounded for A — oo (lim; . D(X) = Tp), with

singularities at A = A (k = 1, ..., N). Taking into account det T # 0, we get
A N
D(. A
D= ) =N(1+Y ). (6.19)
A=21) - (A—An) Pl

where N = T and A; are some matrices dependent on x. The inverse matrix D~! has poles
atA =iy (k =1,..., N). Therefore D is exactly of the form (5.1) with p; = ;. Note that
(6.17) can be rewritten as

D' =H'D'M)H. (6.20)
In what follows we use natural notation: |af) := ((a|)f, (bt] := (|b)T.

Theorem 6.6. The Darboux matrix of the form (5.16), satisfying the additional constraints
=i, lbo) = Co(plaly),  NTHN = H, rkAy = kB, (6.21)
(k=1,..., N), preserves the unitary reduction defined by (6.13) and (6.16).

Proof. We will show that the constraints (6.21), imposed on D given by (5.16), are sufficient
to satisfy equation (6.20). The condition p;, = A is already assumed. Equating normalization
matrices in (6.20) we obtain N'~! = H~'A/TH. The most convenient way to proceed further
is to use the symmetric form of the Darboux matrix (5.16). Equating residues at both sides of
(6.20) we get By = A,T( (compare (5.1)), i.e.,

N N
S b Kigla N = =Y H Y al)K (b} NTH. (6.22)
j=1 j=1

In order to satisfy this equation it is sufficient to require
|aj) = H1by), (6.23)

what implies (b,t| = (a|H'. Indeed, using (5.13) we get M;k = —M,;, and, as a

consequence, K;k = —Kjyj, compare (5.14). Finally, (6.23) is implied by (5.11), (6.16)

and (6.21). O

Remark 6.7. Assuming Cy(1) = H~' we rewrite the constraint (6.16) as W (A) HW (L) = H,
i.e., W(A) takes values in the same loop group as D(X), compare (6.20). This assumption is
not very restrictive. It is sufficient to impose it on initial data (at x = x¢). Then it holds for
any x.

Remark 6.8. In the non-isospectral case the unitary reduction imposes constraints L, (x, 1) =
L,(x, A) on the evolution of A, compare remark 6.5.

24



J. Phys. A: Math. Theor. 42 (2009) 404003 J L Cieslinski

Remark 6.9. By virtue of proposition 5.6 the Darboux—Bécklund transformation for the
reduction SU (n) is generated by the Darboux matrix f D, where D is given by theorem 6.6
and f is given by (5.25) with tk By = rkA; and p; = Ax.

We point out that the case of ko (1) with real roots is more difficult. Usually, the assumption
is made that A, are notreal, compare [27, 50, 76]. The case of real A1, w is solved and discussed
in the case of the binary Darboux matrix (N = 1), see [14]. By iterations one can obtain more
general solutions. However, it would be interesting to obtain a compact form of the Darboux
matrix corresponding to an arbitrary set of eigenvalues (symmetric with respect to the real
axis).

6.4. Chiral fields or harmonic maps

As an illustrative example, we will consider the equation
(@107 2+ (@207 =0, (6.24)

which describes harmonic maps on Lie groups (provided that & assumes values in a Lie
group G) [76, 77] or, in a physical context, principal chiral fields [30, 79]. Adding another
constraint, ®> = I, we get chiral fields (or sigma models) on symmetric (or Grassmann)
spaces [1, 31, 61, 79].

The chiral model (6.24) is integrable and the associated isospectral Lax pair ¥, = U, ¥

is of the form [79]:
Al A2
= —\IJ, ‘-IJ 2 = "IJ
1—2 ' 1+A
The Lax pairs considered in [27, 77] are equivalent to (6.25) modulo simple transformations
of the parameter A. It is convenient to denote

v, (6.25)

O(x) = V¥(x,0). (6.26)
Then A, = <I>’I,CI)’1 or, in other words,
d,p!
U = ————, (6.27)
1+ (=1vA
and the compatibility conditions,
Ajp+Ar1 =0, Ao — Ay +[Ar, A2l =0, (6.28)

rewritten in terms of ® become identical with (6.24).
The Darboux—Backlund transformation for @ (in the case of the principal G L (n, C) chiral
model, where there are no restrictions on & except non-degeneracy) is given by

d = D(0)D, (6.29)

where D()) is represented, for instance, by the symmetric formula (5.16).

The U (n) reduction is defined by the constraint ®'® = I and adding det ® = 1 we get
SU (n) principal sigma model, see for instance [30, 77]. These constraints are preserved by
an appropriately modified Darboux matrix, see theorem 6.6 and remark 6.9.

Chiral models on Grassmann spaces can be characterized by the additional constraint:
&% =]. Thisis a quite non-trivial reduction, worthwhile to be considered in detail.

Proposition 6.10. The Lax pair (6.25) satisfies the constraints
U hH=ad,o ' +ou,n)o! v=1,2) (6.30)
if and only if ®*> = const.
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Proof is straightforward. We check that U, ®~! = —U, iff ®> = const. Then, we compute
2D, D!
A+ (—1)V
what ends the proof. ]

U, hH = =3, 07 —U,0) =d,07 ' +dU,(L)D !,

The right-hand side of (6.30) has the form of a gauge transformation. Hence, we
immediately have the following conclusions.

Corollary 6.11. If &> = I, then

@ 'w, =u,me twah, (6.31)
which means that

U = dw()S(), (6.32)

where So()) is a constant matrix. One can check that So(A~!) = So ).

Proposition 6.12. The Darboux transformation preserves (6.30) if
DOH=dDM)Dd !, ® = D). (6.33)

Proof. The constraint (6.32) for ¥ = DW reads
DOHYRTH = dDRW)W ) SH().
Using (6.32) we obtain (6.33). Finally, we apply (6.26). ]

Corollary 6.13. Formula (6.33) implies that the divisor of poles of D(A™") has to be exactly
the same as the divisor of poles of D()). Inverting (6.33) we get that divisors of poles of
D='(™Y and D~ (X) also should coincide. Therefore both sets of poles, i.e., {\i, ..., An}
and {1, ..., in ), are invariant with respect to the inversion » — A7,

Theorem 6.14. We assume that poles and zeros (A, i) of the Darboux matrix (5.16) can be
combined in the following pairs:

1 1
A = —, Mk = —, (6.34)
Ak 27
and )»% # 1, [,L% # 1. We assume also N' = I and
{ajol = (ajolSo(%;), bj0) = Sy ()1bjo)- (6.35)
Under these assumptions the Darboux matrix (5.16) satisfies (6.33) and, moreover,
(aj] = (aj|@", |bj:) = P@lb;). (6.36)

Proof. We are going to verify that assumptions of the theorem imply (6.33). First, we will
show that assumptions (6.35) imply (6.36). Using (5.11), (6.32), (6.34) and (6.35) we get

(ajr] = (ajol¥="(hj) = (a0lSy ' AP )D ! = (a;]d !,

(6.37)
1) = W(j)bjo) = D (1) So()Ibjo) = DIb)).
Then, we compute
(aj | i) _ (aj | bi)djm
Mj/k’ = J k = J k1% Tk = —)Ljpl,ijk, (638)

Aj— M Pk = Aj
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and, vice versa, M j; = —Aj i M jio. Hence,
1 1
Ky =— Kii, Kii = — K. (6.39)
J ey J ey K
Assuming N = I we proceed to compute ingredients of formula (6.33):
N N
bj)K; D b;) K jifax| P
D(O) -] Z | ]) _/k(ak| — I+ Z | J) ]k(ak| ’ (640)
: Ak A M
Jik=1 Jik=1
where the second equality follows from
N N
bi)K; K
Z Mz_ Z )‘*k’(D_l“?j/) J'k (ap|® (641)
: Ak A jrAk
Jik=1 Jlk'=1

(primes can be dropped because we sum over the same set of indices). Then, we compute
D(x~") and decompose it into the sum of partial fractions:

N N -2
_ 1b;) K ji{ax| A1) K i (ax |
DL H=1- LA LA A Sk SR 6.42
@ X_: Ak 2_: A=t (6.42)
Jik=1 jok=1
Using (6.40), (6.36) and (6.39), we get (after dropping primes)
N -1
MOPTbHK; [}
DG =DO)+ Y = 16;) K ji(ax| (6.43)
oyt i — Ak)
Finally,
N N
. ®|b;)K ji (ay | D! b)) Wi (ar| !
®D® =DO)+ Y b Kl @, b Wiklal @™ (6.44)
k=1 A= e i jkl=1 (= )
where
N N
Wik =Y Kjila| Qb)) K = Y KjiMi(i — ) Kie = Ok — ) K ji, (6.45)
il=1 il=1
where we used ®> = I and (5.24). Substituting W ik into (6.44) and comparing the result with
(6.43) we get (6.33). O
Usually it is sufficient to assume Cy(A) = H~! = const (compare remark 6.7) and

So = const (but the assumption Sy = I can be too restrictive).

Proposition 6.15. We assume Sy = const, H = const, sg =1, H = H and SgH So = H.
We consider the Darboux matrix (5.16) such that N = I, N = 2K and

Mok =2 ik =15 ke = A, 121, A # A,

(ajol = (blolH,  (ajexol = (bl,x ol H, (6.46)
(aj+k.0l = {ajolSo, Solbjix.0) = 1bjo),

where j =1,..., K, k=1, ...,2K. Thus all these data can be expressed by (ao|, .. ., {agol
and My, ..., Ag. The Darboux—Bdcklund transformation generated by such a Darboux matrix

preserves reductions: W (AN HW (L) = H and Y (L~") = W(0)W(1)S,.

Proof. We apply theorems 6.6 and 6.14. It is enough to check whether the equations
(ajol = (blo|H. (ajo] = (blo|H. (a0l = {ajolSo. (blo| = (bLo]Sh

are not contradictory. These equations imply (ajo|H ™! = (a;o|SoH ’ng. Hence, using

Sg = I, we obtain the constraint SSH So = H assuring the compatibility of both reductions.
Finally, we denote j/ = j + K. O
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7. Connections with other approaches

In this section we briefly present some other methods of constructing the Darboux—Backlund
transformation. We show how they are connected with the approach presented in this paper.

7.1. Matrix-valued spectral parameter

The name of Darboux first appeared in the context of the dressing transformations in Matveev’s
papers (see for instance [45]) who extended the notion of Darboux covariance, known in the
case of the Sturm—Liouville-Schrodinger spectral problems, on arbitrary differential operators
[46].

In order to apply Matveev’s approach to Zakharov—Shabat spectral problems (1.2) the
matrix spectral parameter is introduced:

A = diag(Aq, ..., Ap) (7.1)
(this notation should not be confused with the function A described in remark 1.1). We
consider the linear problem of the form [6, 46]:

N; N
W, =" U ¥Ms+) "V WAY, (7.2)
Jok=l1 k=0
where U,;; and V,; are matrices which do not depend on A, ..., A, and

1 1
M ; = dia, e .
J g<)»1 —aj An—aj>

The following theorem holds [6, 46].
Theorem 7.1. Equations (7.2) are covariant with respect to the Darboux transformation
U=VA -0V, =W AP (7.3)

where WV, is a fixed solution to ( 7.2) with A replaced by the diagonal matrix Ay =
diag()m, ey )\nl)

The linear problem (7.2) is closely related to the following special case of the standard
Zakharov—Shabat linear problem (1.2):

b= Z Ui gt @ Z Vit @, (7.4)

j k=1
Namely
V(A) ={®AD)p1, ..., D) pal, (7.5)
where the notation used on the right-hand side (a matrix as a sequence of columns) is the same
asin (2.13) and py, ..., p, form a constant basis in C".

The Darboux matrix generating the transformation (7.3) can be easily computed from
theorem 7.1 (using D = WW~1). We get

D(A) = WAY ™ — W A W (7.6)
Ifweputi; =--- =4, = A, (i.e., A = AI), and p; = ¢; form the canonical basis in C" (i.e.,
{p1,..., pn} = 1), then ®(A) = W(AI) = ¥ (A). In this case we obtain

D) = Al — W AW (7.7)

which is the starting point for the construction of the Darboux matrix by Gu and his
collaborators [26-28, 84]. Sometimes another form is used:

D=1—-2 A (7.8)
which is equivalent to (7.7) after changing A — A~
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7.2. Transfer matrix form of the Darboux matrix

A rational n x n matrix function D(X), analytic at infinity, can be represented in the
form [3, 25]:

D) =N+FQly —A)~'G, (7.9)

where A is an N x N matrix, Iy is the unit matrix of order N and N, F, G are matrices of
sizesn x n,n x N and N X n, respectively. Such a representation is called a ‘realization’ or
a ‘transfer matrix representation’ of D and the number N (i.e., the order of A) is known as the
‘state space dimension’ of the realization. Realizations are not unique and can have different
values of the number N. ‘Minimal realizations’ have minimal value of N (and the minimal N
is called the McMillan degree of D). Minimal realizations are unique up to a change of the
basis in the state space (i.e., F — FT ')A - TAT ' and G — TG, for some invertible
N x N matrix T) [3, 25].

Proposition 7.2. If (7.9) is a realization for D, then one of realizations for D™ is given by
D'W) =N NTFOIy —A+GNT'F)T'GN T (7.10)
The realization (7.10) is minimal iff (7.9) is minimal, see [25].
Formula (7.10) can be verified by a simple but non-trivial computation. The obvious

identity (A Iy — A+ GN~'F) — (\ Iy — A) = GN ' F is very helpful, compare (7.16).
Assuming N = I we consider the so-called transfer matrix

Wax,A) =1, — TI5S7'(A — Aly) 'y, (7.11)

where A, S, I, IT} are some matrices (the star denotes a matrix conjugate, but this is not very
important at this moment) and, moreover, the following operator identity holds

AS — SB = | I1%. (7.12)

Matrices A, B, I1y, I1,, S satisfying (7.12) are said to form an S-colligation [64].
The transfer matrix (7.11) can be used to generate solutions to integrable systems by the
Darboux—Bicklund transformation, see [62, 63]. We can make the following identification:

S=M, s1=K,
. . (7.13)
A:dlag()\.l,)\.z,...,)\j\]), B =d1ag(u1,uz,...,y,N)
and, finally
(a1l
i (az]
I15 = (1b1), 1b2), . .., [DN)) =1 .1 (7.14)
(anl

Corollary 7.3. The symmetric representation of the Darboux matrix (5.16) can be identified
with the transfer matrix form (7.11), where A is diagonal. The identity (7.12) coincides with
the definition (5.13) of the matrix M.

Constant matrices A of more general form correspond to generalizations of (5.1) (multiple
poles are allowed).

In order to show a flavor of the transfer matrix technique we present one of the typical
results. Note that the proof of proposition 7.4 is similar to some steps in the proof of
theorem 5.5.
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Proposition 7.4. We assume the identity (7.12) and D = w4 is given by formula (7.11). Then
D' =1, + 5B — Aly) " s7;. (7.15)

Proof. We compute

(I, — TI5S7NA — Ay) '), + T (B — Ay) ' STY) = 1, + T3 X T,
where X is N x N matrix given by
X=B-0"'s"'T-85T"TA=-0"=85"A-11AS=SB)(B —»"'s".

Now, using the obvious identity

AS—SB=(A—))S—S(B -1, (7.16)
we decompose the last component of X into the sum of two terms which immediately cancel
with the first two components of X. Therefore X = 0 which ends the proof. ]

Vectorial Darboux transformations constitute one more approach to Darboux
transformations, applied mostly in 2 + 1-dimensional case [43, 44]. Although this technique
needs no analogue of the Darboux matrix, the Darboux transformation is expressed by
a Cauchy-like matrix and an important role is played by operator identities like (7.12).
Comparing the results of [44, 62] we conclude that both methods are in very close
correspondence (note that the matrix S of [62] corresponds to the matrix @ of [44]).

7.3. Factorization in loop groups

Given a Lie group G we define the loop group of G as the group of smooth functions
y : S' — G, where S' denotes the unit circle on the complex plane (JA| = 1) [29, 59]. An
important role in the loop group theory is played by the Birkhoff factorization theorem. The
Birkhoff decomposition is closely related to the Riemann—Hilbert problem which provides a
rigorous background for the inverse scattering method [56], see also [29].

In general the Birkhoff factorization is not explicit. The explicit cases are closely related
to the construction of Darboux matrices [75-77] (and also to the construction of finite gap
solutions), compare similar ideas in the soliton theory [35, 36]. The approach based on the
so-called cc-ideals is one more link between the loop group theory and the theory of solitons
[33, 34].

From a geometrical point of view the Lax pair consists of commuting differential operators
and their compatibility can be interpreted as the condition that a one-parameter family of
connections is flat:

[0 —Ui(x, 1), 00 —Us(x,1)] =0 (7.17)

(Uy, U, are matrices depending on x through some fields, say u). The ‘trivialization’ E of a
solution u is defined as the solution of the system:

E,=—EU,, E©O,2) = I. (7.18)

Then E(x, 1) is holomorphic for A € C, see [76]. The function E(x, 1) is also referred to as
an ‘extended solution’, an ‘extended frame’ or simply a ‘frame’. Comparing (7.18) with (1.2)
we can identify E = W~!. Actually, (7.18) is the adjoint of (1.2), see also (2.4).

Theorem 7.5 (Birkhoff). The multiplication map
w:Li(GL(n,C))x L_(GL(n,C)) - L(GL(n,C))

is a diffeomorphism onto an open dense subset of L(GL(n, C)), where
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o L. (GL(n,QC)) is the group of holomorphic maps h, : C — GL(n, C)

o L_(GL(n,Q)) is the group of holomorphic maps h_ : Oy, — GL(n,C) such that
h_(00) = I, where O is a neighborhood of > = oo.

o L(GL(n,C)) is the group of holomorphic maps from Ox, N C to GL(n, C).

Corollary 7.6. Suppose that h_h, lies in the image of (. Then, by virtue of the Birkhoff
theorem, there exists a unique pair f+ € L+(GL(n,C)) such that h_h, = f,f_. One can
interpret it as a ‘dressing action’ of h_ on h, and f. is the result of this action, which is
denoted by h_th, = f..

The dressing action seems to ‘forget” about f_. However, it is worthwhile to stress that
this is f_ which should be identified with our Darboux matrix. On the other hand the element
h_ is deeply hidden (almost non-existing) in other approaches to the construction of Darboux
matrices. In order to explain the dressing action generated by the Birkhoff decomposition
we will present the binary Darboux transformation (2.1) in the framework of the loop group
approach, following [76].

We assume that E(x, \) € L.(GL(n, C)) is given, and we choose the so-called ‘simple
element’ s, 4, » € L_(GL(n, C)):

A—

A— A

where A1, u; are complex parameters and 7 is a constant (x-independent) projector in C" (i.e.,
7?2 = 7). One can easily see that h;ll,m,ﬂ = hy, 7> compare (2.1) and (2.2).

Then, the Birkhoff theorem states that there exists £ € L,(GL(n,C)) and D €
L_(GL(n, C)) such that

By E(x, k) = E(x, A)D(x, A), (7.20)

provided that the product on the left-hand side belongs to a certain ‘open dense set’ of
L(GL(n, C)). Now, both the exact form of D and this ‘open dense set’ can be found by direct
calculation. It is sufficient (similarly as in all other approaches discussed earlier) to compare
the residues on both sides of equation (7.20). Hence

Al — U

A=\
where P is defined by (2.11), where Vi, = ker 7 and Vi, = imz. The open dense set from
the Birkhoff theorem is defined by ker P Nim P = {0}. We remark, by the way, that the
Birkhoff theorem assumes the isospectral case and the canonical normalization (N = I).

Note that (7.20) implies £ = hED~' = hW~'D~! = (DWh~")~! (where h denotes the

simple element). Therefore, ¥ = E-! = DWA™!, which is equivalent (because h does not
depend on x) to the usual formula ¥ = DW (compare remark 1.4).

Moy a ) =1+ T, (7.19)

D=1+

P, (7.21)

8. Invariants of the Darboux transformation

The Darboux transformation changes the matrices U, into new matrices U, of the same form.
By invariants of the Darboux transformation we mean constraints on coefficients of U, which
are preserved by the transformation, see [14] (compare also [69], where one may find many
examples). The invariants are very useful in the construction of Darboux matrices in a purely
algebraic way, without referring to the special boundary conditions and to the scattering theory
(which is usual practice, compare [27, 76, 84]).

Here we simplify the approach of [14] and extend it on the non-isospectral polynomial
case. Moreover, we show that our approach works also in a much more general case: when the
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Lax pair is singular at some fixed values of the spectral parameter. In this section we denote
U =U,U,=V.

8.1. Linear invariants for polynomial Lax pairs

We consider Lax pairs with the following A-dependence:
o oo
U= wi"*="u, V=) vt =My, (8.1)
k=0 k=0

where N, M are fixed positive integers (not to be confused with the notation of previous
sections) and u; = wup(x), vx = v(x) (k = 0,1,2,...). Usually the sums are finite (i.e.,
uy = v = 0 for sufficiently large k), and this typical case (polynomial in A and A~')
corresponds to many classical soliton equations. In particular both U and V can be polynomials
in A (in this case, for N = 1, we get the famous AKNS hierarchy). We also assume a similar
A-dependence of the derivatives of A:

o0 o0
)\!1 = Zak)»N,_k, )\’2 = Zbk)\M/_k, (82)
k=0 k=0

where N’, M’ are given integers fixed by the assumption ag # 0, by # 0 (in the nonisospectral
case). The coefficients a; = ai(x), by = br(x) have to satisfy compatibility conditions
resulting from A 1, = A »; (some examples can be found in [11, 14, 69]).

We consider the Darboux transformation of U + HV, where H = H(x, ) is a fixed
function

Hx, 1) = A" Mo, ) = AV Mg+ a™ + hod 2+ -+ 0), (8.3)

where hg, h1, hy, . .. are given functions of x. We assume that H is unchanged by the Darboux
transformation (and U, V are transformed, as usual, according to (1.4)). The Darboux
transformation yields

(U+HV)D=D,+HD,+D(U +HV), (8.4)
which reduces to

(@i +ho)D — D(u+hv) =2""D +hra"MD,. (8.5)
We assume that D is analytic at A = oo

D=Ty+Ti) A "+DHA 2+, det Ty # 0, (8.6)

i.e., D = A"V D, where D is given by (3.1).

The idea of linear invariants is quite obvious. Suppose that for A & oo the right-hand
side of (8.5) behaves as AKX, where K > 1. Then the first K terms of the Taylor expansion
(in A™1) of the left-hand side are equal to zero. The first two of these equations read

(ito + hoto)To = To(uo + hovo),
(ﬁl + /’l()ljl + hlf)o)To + (flo + h()f)())Tl = T()(ul + h0v1 + hlv()) + T1 (Lt() + /’lovo).
The assumption ug + hogvg = 0 implies @iy + hody = 0 (provided that det7y # O0).
Then, adding the second assumption: u; + hov; + hjvy = 0, we obtain as a consequence
ity + hovy + h 99 = 0. Thus we have two expressions invariant with respect to the Darboux
transformation. Considering the first k (where k < K) equations we get an invariant system
of k equations.

We proceed to estimate K. The leading terms of the right-hand side of (8.5) are given by

)\._N(TO,] — aoTl)\.N/_z + .- ) + ho)._M(TQ,Q — b()T])\.M,_2 + .- ) (87)

32



J. Phys. A: Math. Theor. 42 (2009) 404003 J L Cieslinski

Therefore K > kyax1, where
kmaxi = —1+min{N,M, N +2—-N', M +2 — M}, (8.8)
what can be summarized as follows.

Proposition 8.1. Suppose that 0 < k < kmax1 and hog, hy, ..., hy are given functions of x.
Then the system of k + 1 linear constraints

J
uj+ Y hivj_; =0, (j=0,1,...,k), (8.9)
i=0

is invariant with respect to Darboux transformations such that det Ty # O.

In some special cases, we can formulate stronger propositions (i.e., we have more
invariants). In the isospectral case we can replace kp,x; by

! —1+ min{N, M}, (8.10)

maxl —
(the same result is valid when N’ < 2 and M’ < 2). In the case of the canonical normalization
(Ty = I) we can replace kp,x; by
ki =min{N,M,N+1—-N' ,M+1—-M}. (8.11)

Below we present one more example.

Proposition 8.2. Suppose that min{M, N+2—N', M+2— M’} > N (it implies, in particular,
kmax1 = N — 1), functions hg, hy, ..., h; (k < N) are given, and Ty assume values in some
matrix Lie group G. Then, the following system of k + 1 linear constraints is invariant with
respect to the Darboux transformation:

J
uj+2h,»v,-,,-=0, (j=0,1,....k—1),

=0 (8.12)
ug + Zhivk—i €8,

i=0

where g is the Lie algebra of the Lie group G.

The proof of this proposition is analogous to the proof of proposition 8.1: we consider
coefficients by powers of A~! in (8.5). Only the last step has to be treated in a different way.
Assuming that the first k constraints hold, the coefficients by A% yield

k k
iy + Zhiﬁk—i =T (uk + Z /’lﬂ)k_,'> To_l + 8kNT0’1TO_l. (813)
i=0 i=0

Now the proof follows immediately from well-known properties of matrix Lie groups
(TgT'Cgand T ,T~' € g, provided that T = T (x) € G).

8.2. Bilinear invariants for polynomial Lax pairs

Assuming the polynomial form (8.1) of U, V we consider the Darboux transforms of bilinear
forms Tr(U?), Tr(V?) and Tr(U V). We present computations for the last case (the other two
cases are analogous). In this section we use notation: A - B = Tr(AB). From (1.4) we get

Te(OV) —Te(UV) =Te(D,D'D,D '+ D, VD' + D,UD™). (8.14)
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The leading terms of the right-hand side of (8.14) read

ANVEDTE (T — agTiAN 24+ )Ty (Top — beTiAM 2+ )T,

ANTE (o — aoTiAN 2+ Ty Y, (8.15)
AMTr ((Ton — boTiAM 2+ - YTy ).

Thus the right-hand side of (8.14) behaves as A=K, where K will be estimated below.
We assume that D and D! are analytical at A = oo (i.e., det Ty # 0). Considering
coefficients by A7/ (j=0,1,2,...) in formula (8.14), we obtain the following invariants:

Jo 1= uo - vo,
J1:=uq - vy +u; - vo,
f2 ‘= Ug-Vy+Uup-v+uy- v, (816)

fri=ug-vg+uy v+ +ug - vo,
where k < K. In order to formulate a more precise statement, we define

kmax2 = min{Kkmax1, kmn}, (8.17)
where k,;, = M+ N —1+min{0,2 — N',2 — M’, 4 — M’ — N’} and k45 is given by (8.8).

Proposition 8.3. Bilinear expressions fi (k =0, ..., kmax2), given by (8.16), are preserved
by the Darboux transformation (i.e., fiy = fi) provided that det Ty # O.

Remark 84. If M > N >0, N' < N+2, M’ < M +2, then kpaxo = kmaxi-

In some cases we can formulate stronger propositions. For N' < 2, M’ < 2 (including
the isospectral case) kmax2 in proposition 8.3 can be replaced by

! —1+min{N, M, N + M}. (8.18)

max2 —

If the normalization is canonical (Tp = I) we can replace kmaxo by

min{k” ., k" }, (8.19)

max1°’ “mn
where k;, =M+ N +min{l,2 - N',2—-M',3—-M — N'}.

Analogical considerations can be done for Tr U2 and Tr V2. To obtain the final results (see
below) it is enough to substitute M — N, M’ — N’ in the first case and N - M, N' — M’
in the second case.

” _
max2 —

Proposition 8.5. Suppose that 0 < k < kmax3, where
kmaz =min{N —1,N+1—N',2N —1,2N+1—N',2N +3 —2N'}
and go, &1, - - - , 8k are given functions of x. Then the bilinear constraints

80 = Up - Uo,
81 = Uup - uy +uy- U,
g :=ug-ux+uy-up+uy- U, (820)

gk = Uy U +UL-U—1+ -+ UL U

are preserved by the Darboux transformation such that det Ty # 0.

Proposition 8.6. Suppose that 0 < k < kmaxa, where
kmaa =min{M — 1, M +1—-M 2M —1,2M +1 — M',2M +3 — 2M"}
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and hg, hy, ..., hi are given functions of x. Then the bilinear constraints

ho =179 - Vo,
hy :==vy-v; +v; - Vg,
hz =UVy-V2+UV -V +V2 -V, (821)

are preserved by the Darboux transformation such that det Ty # 0.

8.3. Invariants for general Lax pairs

Let us consider matrices U and V in the neighborhood of A = X, where U, V have poles of
Nth and Mth order, respectively, i.e.,

U= uG—1)" V=3 ut i) (8.22)
k=0 k=0

where u; = ur(x), vy = ve(x) (k =0, 1,2,...). We are going to show that the general case
reduces to the polynomial case discussed above. Indeed, it is sufficient to use the following
parameter z in the neighborhood of Ag:

2= =X}, (8.23)

and then the Lax pair (8.22) becomes identical with (8.1). Note that z — oo for A — Ao. We
assume that the Darboux matrix D is analytic at Ag:

D=To+Ti(A—2) + (A —A) 2+ =To+z 'Ty+z 2+,

where matrices T depend on x. In the nonisospectral case we transform the equations (1.3)
to the form (8.2):

zy=—2"L,(x, 20 +2 "), (8.24)

where L, have to be expanded in the Laurent (or Taylor) series at z = co.
In order to obtain linear invariants we consider the linear combination of matrices U, V,
given by

U+ —2)"Nhv, (8.25)
where
o0 o0
h=hx,y:2) =Y 00— ro) e, y) =Y gz ™ (8.26)
k=0 k=0

is a given scalar function, holomorphic at A = A¢. Finally, we arrive at an exact analogue of
proposition 8.1.

Bilinear invariants can be treated in the same way. We obtain exact analogues of
propositions 8.3, 8.5 and 8.6.

Corollary 8.7. The polynomial case can be treated as a special subcase, defined by Ly = oo.
It is enough to change variables in formulae (8.22): A — A~ (and Ly — Ao V). Then, making
the limit Ly — 0, we get (8.1).
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8.4. Application to the KdV equation

We will show advantages of Darboux invariants considering the case of the KdV equation.
Our approach consists in characterizing the Lax pair in terms of some algebraic constraints
(see [13, 14]) and then showing that these constraints are preserved by the Darboux—Bécklund
transformation.

Proposition 8.8. The Lax pair (4.11) can be uniquely characterized by the following set of
algebraic constraints:

(1) Uis linear in . (U = uoh +uy), TrU =0.
(2) V is quadratic in . (V = voA? + viA + ), TrV =0.
(3) up = (701 g), uy is off-diagonal.
(4) ugp— %vo =0,u— ivl € g, g is the one-dimensional Lie algebra spanned by ((1) 8)
(5) uy-v+up-vy= —8,1)1 -1)1+2U()-U2 =0.
6) UM =U®R), VD) =VQR).
Proof. The first four properties imply the following form of U, V:
0 O 0 p
uy = (_1 0)9 uy = (M O)’
(8.27)
v—OO v_04p v_—ab
0o={_4 o) 1_q0’ 2=\ . 4)

where u, p, q, a, b, ¢ are some complex fields. Bilinear constraints (5) yield

—8p = -8, 8pg —8b =0, (8.28)

ie., p = 1,q = b. Now compatibility conditions yield the KdV equation (4.10) and
expressions (4.14) for a, b, c. The last property implies u € R. ]

The first two constraints are preserved by any Darboux transformation constructed in
the standard way, e.g., using corollary 3.7 (and the tracelessness is preserved by virtue of
remark 3.3, provided that det A/ = const). The constraints (6) impose restrictions on A, and
Dk, see section 6.2. In order to preserve the third constraint we have to use freedom in the
choice of the normalization matrix Ty = A. From the first equation of (3.19) we get (taking
into account the form of u( given by the third constraint)

10
N=Ff (a 1), (8.29)

where f, @ are some functions. In the following we put f = 1 (thus det A" = 1). Then,

denoting 71 = (”‘ ”f), we rewrite the second equation of (3.19) as
C3 C4
0 1 — 1 - 0 0 0
) P R N - . (830
u 0 u—o- o Cl—Qcy—cCc4 C a; O

o = —ca, ﬁ:u—az—otcz+a,1+cl — cq4. (8.31)

Hence:

The constraint (4) is preserved by virtue of proposition 8.2. Other propositions from
section 8§ are too weak for our present purposes. Indeed, in the KdV case we have kyax0 = 0
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and kmae = 1. Therefore the preservation of the constraints (5) does not follow from
propositions 8.3 and 8.6.

Fortunately, the special form of matrices ug, vy and Ty (given by (8.29) with f = 1) for
KdV equation allows us to reconsider the behavior of leading terms (8.15). We easily see
that any matrix product containing only matrices from the set {7, TO_1 s To.15 To.2, ug, vo} (and
among them at least one matrix from the set {7p 1, 70,2, 4o, vo}) is proportional to ug, and, as
a consequence, it has vanishing trace. Hence, in the case of the KdV equation the Darboux
transformation preserves constraints (8.16) for k = 0, 1 and constraints (8.21) fork = 0, 1, 2.
In particular, the constraints (5) of proposition 8.8 are preserved.

Corollary 8.9. The Darboux transformation (defined as in corollary 3.7) preserves all
constraints defining the KdV Lax pair (see proposition 8.8) provided that we impose reality
restrictions on Ay, pi (see section 6.2) and fix the normalization matrix according to formula
(8.29) where f = 1 and « is expressed by the matrix Ti, namely ¢ = —c;.

In the case of the elementary Darboux matrix det 7y = 0 and considerations presented
in this section are not applicable. It would be interesting to extend the theory of Darboux
invariants in the case det 7o = 0.

9. Concluding remarks

In this paper we gave a unified view on the Darboux—Bécklund transformations for 1 + 1-
dimensional integrable systems of nonlinear partial differential equations. In particular, we
discussed in detail relationships between various approaches to the construction of the Darboux
matrix.

Darboux—Bicklund transformations have been extended in many directions. First of all,
they are applicable to 2 + 1-dimensional integrable systems [9, 24, 27, 46, 54], including
self-dual Yang-Mills equations [27, 55, 78]. Then, we have 0 + 1-dimensional systems,
e.g., ordinary differential equations of nonlinear quantum mechanics [21, 24, 37]. Darboux
transformations were also constructed in the supersymmetric case [42, 48] and in the non-
commutative case [65].

Matrix representations of spectral problems and Darboux transformations are not always
convenient. Impressive examples are associated with Clifford algebras. It is enough to
compare the paper [15], where mainly the matrix approach was used, with subsequent papers
[5, 17], which are much shorter, more general and more elegant. All these papers consider
binary Darboux transformation. An extension on multipole case is not so obvious, compare
[20], where some progress in this direction is described. There exist other generalizations of
the Darboux transformation on spectral problems with values in abstract associative algebras
[10, 24].

The discrete case is (to some extent) very similar to the continuous case. Many aspects
(e.g., those concerning the rational dependence on A and the loop group structure) are just
repetitions from the continuous case, compare [24, 39, 45]. It is tempting to apply the ideas
of timescales [8], all the more so that in the ‘classical’ case of the pseudospherical surfaces
we succeeded in constructing the Darboux—Bécklund transformation on arbitrary timescales
[19], thus treating the discrete and continuous case in a uniform way. However, some points
seem to be more difficult in the discrete case, e.g., Darboux invariants are not formulated
yet. Actually, it is not so easy even to find an appropriate discretization of a given integrable
system, especially if the associated linear problem is non-isospectral.
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