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1 Introduction

Since the late 1970’s there have been a great many articles written on meth-
ods of finding solutions to the self-dual Yang-Mills (SDYM) equations (see
for example [1-6]). The main aim of this article is not to find solutions that
are necessarily new but rather to find closed form expressions for a large
class of solutions written in terms of determinants. Also, we aim to achieve
this by employing a standard technique used in soliton theory and elsewhere;
the application of Darboux transformations. In doing this we give a simple
way of understanding the form of the solutions of these equations to read-
ers familiar with Darboux transformations or Hirota’s method but not with
the more sophisticated methods that have been used in the literature. The
original motivation of this work was to find a generalisation to the general
case of the work of Sasa et al (7] on the Hirota form of SU(2) SDYM. In in-
dependent work, Darboux transformations have been used recently to study
a reduced version of the SDYM equations " [8].

This article is set out as follows. In §2 we describe the standard formu-
lation of the SDYM equations as the compatibility of a Lax pair and show
the equivalence of this system to Yang's equation, a single equation written
in terms of an N x NV matrix J. We then observe that the Lax pair lies out-
side the class of operators described in the standard theorem on Darboux
transformations [9]. '

In §3 we recall this theorem and describe the dimensional reduction
that is appropriate to tackling the SDYM Lax pair. In this reduction the
Darboux transformation changes from a differential operator to become a
multiplicative operator, linear in the spectral parameter. This discussion
confirms the inapplicability of the theorem in its original form. By examining
part of the proof of the reduced version of the theorem we then obtain a
generalisation which can be used in the present case. In §4 we describe the
binary Darboux transformation and its form in the reduced case.



Specialisation of the result of §3 and §4 to the SDYM are given in §5
and we obtain formula for solutions J in either of two forms. First, us-
ing the Darboux transformations expressions for the entries of J as ratios
of wronskian-like determinants are obtained. We term these determinants
‘wronskian-like’ because in the unreduced case of the Darboux transforma-
tion they are precisely wronskians. In the reduction the derivatives in these
determinants are replaces by multiplication by a spectral parameter but
their structure is otherwise unchanged. In a similar way, the binary Darboux
transformation gives expressions for these entries as ratios of grammian-like
determinants.

Finally, we discuss the case J € SU(N) in which the Lax pair is self-
adjoint. Here we show that the binary Darboux transformation may be
chosen to preserve this property of J in a natural way.

2 The self-dual Yang-Mills equations

We begin by describing Yang’s form of these equations and its formulation
as the compatibility condition of a Lax pair. Consider four N x N matrices
Ao, .A1, Az and A3 which are each functions of four complex variables z9,
z!, 2% and 2% Let 8, := 8/8z° for a = 0,1,2,3 and define the covariant
derivative operators e

Da = 8, + Aa. o ‘ (2'.1)

The self-dual Yang-Mills (SDYM) equations are the compatibility conditions
for the Lax pair

L := Do+ AD;, M := Dy + ADj, (2.2)

namely [L, M] = 0 or, more explicitly, 7.
[D01D2] =0, [DlaD3] =0, (23)
[Do, D3] + [Dy, D] = 0. - (24)

The equations (2.3) imply that the pairs of operators Dy, Ds and Dy, D3 are .
compatible so that there exist common solutions, invertible N x N matrices
h and k such that
Do(h) = D2(h) =0
D (k) = Ds(k) = 0.
By solving these equation for A,, each A; may be expressed in terms of h
or k. Then
Dy = hdph™!, Dy =hdh™}, (2.5)
D, = kalk-l, D3 = k33k—l. (2.6)



Note that here and elsewhere we use parentheses to indicate that an operator
has acted on an argument and juxtaposition of operators to indicate an
operator product. For example, in the above, Dg(h) is the matrix

oh
370 + Agh

whereas h9yh~! is the operator equal to

_6_ - ﬁh—l
0% 9z0

Furthermore, the remaining part of the SDYM equations, equation (2.4),
may be expressed in terms of the matrix J = k=14 alone;

83(80(J)J™Y) + 82(81(J)J ) = 0. (2.7)

This is known as Yang’s equation and is equivalent to the SDYM equations.

After the gauge transformation L — k~'Lk, M — k~! Mk, the Lax pair
(2.2) of the SDYM equations is also expressed in terms of J, and we obtain
a simpler Lax pair for Yang’s equation

L=J8J '+ 281, M=JJ !+ )8;. (2.8)

From the above we see that in each of the formulations of the SDYM equa-
tions we have described, the Lax pairs comprise operators of the form

M . . -
L:=) aX (2.9)
i=1

where a; are first order linear operators and, in this case, M = 1. In the next
section it will be seen that such an operator lies outside the class to which
Darboux transformations are usually applied. ‘As a result, an extension
of the normal theory needs to be obtained in order to study the SDYM
equations. '

3 The standard Darboux transformation

In a paper on a Darboux transformation for the time-dependent Schrédinger
operator [9], it was indicated that the standard Darboux transformation
which applies to, for example, the Schrédinger equation, may be used for a
rather general class of operators. It does not however apply to the operators
in the Lax pair of the SDYM equations. In this section we will examine the
proof of this general result and investigate how it may be extended to deal
with the case we wish to consider.



Theorem 1. Let
M .
L=) a0 (3.1)
=0

where @ = 3/0z and a; are operators independent of 8, let 8 be an invertible
matriz such that L(0) = 0A where 8(A) = 0 and Gg := 009~ . Then L is
form invariant under the Darbouz transformation

L L=G4LG;?
if and only if

ap = ady +mo
a;=mi, 1>0

where a 1s scalar and constant (8(a) = 0), m; are matrices and 0, denotes
a differential operator independent of 0.

As usual with Darboux transformations, the theorem implies that given
any solution ¢ of L(¢) = 0, qS = G(¢) is a solution of L(¢) = 0 and the
coefficients @; in L are given in terms of the coefficients a; in L and 6.

There is a natural dimensional reduction of this theorem obtained by
making the z-dependence explicit in the solutions. Let ¢ = ¢"e**, A a
constant scalar and 8 = §7eM*, A a constant matrix, where ¢" and 67 are
independent of z. In the following we will omit the superscript 7. If A is
a diagonal matrix then the entries are eigenvalues and the corresponding
columns eigenfunctions, but there is in general no requirement that A is
restricted to these circumstances.

Corollary 1. Let L = Zfio a;\' where a; are operators independent of
A, let 8 be an invertible matriz such that E?_—{o a;i(0)A* = 0 and Gy :=
(M — A)§~! = X\ — O, where © = GA~). Then L is form invariant under
the Darbouz transformation

L - L=GyLG;* (3.2)
if
ag = Qay +mg (33)
agi=m;, 1>0 (3.4)

where a is scalar and constant (3(a) = 0) and m; are matrices.

While this does not on the face of it include operators of the form (2.9),
a generalisation of this Corollary may be found which does. To see how this
comes about it is instructive to consider part of the proof of the Theorem.



Sketch proof of Theorem 1.

The transformed operator
' _ M _
L=000"1) a;6'607'67".
=0
has a pseudo-differential tail unless the d-independent part of
M
R:=0067"')_ a:6'
i=0
is zero.
This can come about in one of two ways;

1. a; = m; The multiplicative part of R is then

M
60 (9-1 > mia*(e)) =00(071L(9))

1=0
which vanishes since L(#) = A.

2. a; = o;0; where 0; := 3/0z* are differential operators independent of
0 and ¢; are scalar constants. In this case

R =006 lza, :(64(8) + 6'(8)3;) + O(9)
1=0

M
=600(07L(6)) + ) _ c:00718(6); + O(0).
=0
This first term on the right hand side vanishes as in case 1. and so R
is O(9) if and only if, for each i, a; = 0 or 8 commutes with 6715%(6).
Thus it is seen that, without imposing further constraints on 6, only
oo may be non-zero. :

. When the same technique of proof is apphed to the Corollary, the di-
mensional reduction replaces 8*(#) with 8A* and 8 with X. Clearly in the
second case, 09-15%(9) — M0~10A* = A*) and so we make take a; # 0 for
all 4, not just if ¢ = 0. Thus the Corollary has the generalisation

Theorem 2. Let L = 2 oa,)\ where a, are operators independent of /\

let 0 be. an invertible matriz such that 21=o a;(0)A* = 0 and Gg := (M —
A)67! = X\ — O, where © = 9A~'. Then L is form invariant under the
Darbouz transformation

L~ L=GeLG,!
if and only if
a;=0ai0;+my, 120

where «; are scalar and constant and m; are matrices.



4 The standard binary Darboux transformation

As well as the Darboux transformation there is a standard binary Darboux
transformation constructed, in one form, by composing a Darboux transfor-
mation with inverse of another. We use S to denote the set of eigenfunctions
for L and similarly S for L etc. With L and Gy as given in Theorem 1, if

L:=GyLGy!
then Gg: § — S. Taking formal operator adjoints gives

L' = Gy L LGy (4.1)

)

where the notation (-)~1 is shorthand for ((—)T)_l. Thus Gg-1: St — St
Furthermore, since for any p, G,(p) = 0, it follows from (4.1) that

e H=o. (4.2)

Let L be a third copy of L, with new coefficients. Suppose that 9 € Sand
: G‘-LGA =1 (ie. thesameangLGgl) From (4.2) one has 61 ,6-te St
Gwen pE st, ) may be defined up to a constant through the expression
Gy- +({@1) = p. Specifically,

8 =09(0,p)" (4.3)
where 2 is the potential defined by

(g, ¥)) = ¢'e. | (4.4)

One may then construct a binary Darbouz transformation Bg = GA o
Gy which can be written explicitly as

By, = I—09(8,0)7'2(", p). (4.5)

By writing the formula for By , in this way one sees that the transformation
makes sense for any N x n matrices 6, p such that L(6) = Lt(p) = 0 and
not just N x N ones. Indeed one may prove that, for any operator L of the
form given in Theorem 1,

L =By,LB;} (4.6)

is an operator of the same form as L.

As for the dimensionally reduced Darboux transformation described in
Theorem 2 again we take ¢ = ¢"e*%, A a constant scalar and § = §7e’*, A a
constant n X n matrix and the adjoint eigenfunction is p = p"e=* where Z is



another constant n x n matrix. From this it follows that the z dependence
of the potential 2 can also be made explicit

Q(8,p) = €= 2Q7 (67, p")eM  where E'QT(67,p7) + Q7(67,07)A = p" 10"
‘ (4.7)

and
Qp,p) = QT (G oT) where (BN + ADQT($,07) = p ¢ (4.8)

Then the dimensionally reduced binary Darboux transformation is given
by (4.5) with all terms replaces with the reduced versions described above.
From now on, for notational simplicity, we will omit the superscript " de-
noting reduced objects and only discuss the Darboux transformation in this
case.

So now, in the reduced case 2 is an algebraic potential satisfying the
condition

E10(9,0) + (6, p)A = p'6. (4.9)

For example, if we were to choose the constant matrices to be diagonal,
A = diag(\y,..., ;) and E = diag(éy,...,&), then we could obtain the
explicit expressions : Ce

() Cees\
Q(e,p)—(Aj—Jré) wd 60 = (L22). @0

5 Explicit version for the case of Yang’s equation

For Yang's formulation of the SDYM equations the Lax pair is given by
(2.8), and the action of the Darboux transformation defined in Theorem 2
is encapsulated in a transformation of the matrix J.

Theorem 3. Let G = A— O where © := A7}, A is a constant matriz and
0 an invertible matriz satisfying

J(J716) + 81(6)A =0,

J&(J16) + 83(8)A = 0. (5'1)

The operators L, M given by (2.8), the Laz pair of Yang’s equation, are form
invariant under the Darbouz transformation L - GLG™!, M — GMG™!
and this transformation is ezpressed entirely as the transformation J — ©J.

Note that the matrix © arises as the dimensional reduction of 8(6)61.
It is also possible to write down compact explicit formulae for solutions
Jn obtained after n iterations of this Darboux transformation.



Corollary 2. For each k = 1,...,n take a constant matriz Ay and a non-
singular solution (matriz) 0 of (5.1) with A = Ax. From these N x N
matrices, the N x nN matriz § = (61,...,0,) and nN X nN matriz A =
diag(Ai,-..,Ay) are constructed. The following notation is also introduced;

6% .= GAF (i.e. what is obtained in the dimensional reduction from the kth
z-derivative of ) and 01(-13,- := (6%) with the jth row replaced by the ith row

of 8%+1)), Then define the scalar F and the N x N matriz G

(@
9(0) g(l)
o1
F = det ] and Gij=det|  : . (5.2)
ol g(n—-2)
g{n-1) 1
ey

After n iterations of the Darbouz transformation defined in Theorem 2 the
solution of Yang’s equation is
G
Jh==5J 5.3
nT R (5.3)
Using Theorem 3, the binary Darboux transformation as constructed in
§4 arises from the composition of two Darboux transformations, J — J and
J = J. Thus we have

-~

J=0©J and J=067T (5.4)

where © = §A6~! as in Theorem 3 and 0= —0Q~'=10671. This expression
for © is the dimensionally reduced version of 8(6)6~! with § = Q! as given
in (4.3). Then, from (5.4), we get

J=—60"1="tqae-1J. (5.5)

and using (4.9) this can be written as

J= (-0 1="1phJ. (5.6)

This second formula for J has the advantage that it is valid even when the
inverse of 8 is not defined and in particular is valid when 8 and p are chosen
to be N x n matrices where n is arbitrary rather than N x N.

+'Using (5.5) we may determine the inverse of J in an obvious way and
then use (4.9) to obtain an expression valid in the more general case when
@ and p are not invertible

J 1 =UY I -0A"Q 1. (5.7)



Theorem 4. Let A,Z be invertible n X n constant matrices and let 6 satisfy
(5.1) and p satisfy the adjoint equations

(11

J~160(J'p) + 81(p)
J~10(J%p) + 85(p)

Then define B by (4.5) where Q is defined by (4.9).

The operators L, M given by (2.8) are form invariant under the binary
Darbouz transformation L — BLB~!, M — BMB™! and this transforma-
tion is expressed entirely as

% (5.8)

(1

J o (I -0 151 = %J ‘

where G is an N x N matriz and F a scalar given by
F=96,0)] (59)
and

Q6,p) (=Y

Gi=1"%, 5ij

: - (5.10)

Here we use the notation (---);. to denote the ith row and (---).; the jth
column. In a similar way, :

Jl o T NI -6A717 ) = J-II;_-,
where H is an N X N matriz given by

(6, p) pTJ- R N (5.11)

B3 =06y, o

6 The SU(N) reduction

It is well known that in general a symmetry in the Lax pair is not preserved
by a Darboux transformation but can be preserved by a binary one. This
is possible because of the extra freedom allowed in the choice eigenfunction
and and adjoint eigenfunction. This situation arises here if wish to construct
solutions J in SU(N). Before showing how this done, we first comment
that recently Sasa et al [7] were able to construct solutions similar to the
wronskian like ones given in Corollary 2 but only for the case of SU(2). This
was done by building the SU(2) symmetry into J from the start but it not
clear how one could do this in any other case. .



Let J € U(N) so that J~t = J. Then Lax pair (2.8) is self-adjoint and
hence, if we choose = = A, equations (5.1) and (5.8) are identical and we
may choose p = 6. As a consequence of this, Q(6, p) is a Hermitian matrix.

After applying the binary Darboux transformation with these choices we
get a new solution given by (from Theorem 4)

J=(I-69'A~tehYJ and J!=J"1(I -6A"1Q716h

where the relation (4.9) now reads ATQ 4+ QA = 6'9. 1t is clear from this
that J* = J~! and so J € U(N). ~

Since J € U(N) if follows that det J = +1. To show that J € SU(N)
_we have to prove that detJ = 1 == detJ = 1. In the general case
that @ is an IV X n matrix, it is not possible to show this except, maybe,
for special choices of § which are difficult to identify. However, if 4 is an
invertible N x N matrix, and hence the binary Darboux transformation can
be considered as the composition of Darboux transformations, then we can
use the formula (5.5) for J. From this we see that

N det A
(det A)
so that choosing the N x N matrix A such that det A = (—1)" (det A) realises

the required property. In other words, J € SU(N) whenever J € SU(N)
provided

det J = (-1) det J

detA€R for N even, detA €iR for N odd. (6.1)

This restricted form of binary Darboux transformation may also be it-
erated to obtain solutions as described in Theorem 4 with n a multiple of
N. '

Corollary 3. Fori=1,...,m, let A; be invertible N x N constant matrices
satisfying (6.1) and let A = diag(Ay,...,ApR). Take J € SU(N) so that (5.1)
are self-adjoint, and choose a N x mN solution matriz §. Set = = A and
p =0 so that Q is Hermitian.

Subject to the above modifications, the solutions constructed in Theo-
rem 4 are in SU(N).

7 Conclusion

In this article we have show that after minor modifications, Darboux trans-
formations can be applied to construct solutions of the self-dual Yang-Mills
equations. These solutions take the form of the wronskian type or grammian
type determinants. As well as arising through Darboux transformations,
such determinants are familiar as ansatze used in Hirota’s method such as
the recent work of Sasa et al [7].

It is also shown that U(/N) or SU(NV) solutions can be readily constructed
by suitably specialised versions of the binary Darboux transformation.
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