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Abstract. This work deals with Bécklund transformations for the principal
SL(n,C) sigma model together with all reduced models with values in
Riemannian symmetric spaces. First, the dressing method of Zakharov,
Mikhailov, and Shabat is shown, for the case of a meromorphic dressing
matrix, to be equivalent to a Bédcklund transformation for an associated,
linearly extended system. Comparison of this multi-Backlund transformation
with the composition of ordinary ones leads to a new proof of the per-
mutability theorem. A new method of solution for such multi-Backlund
transformations (MBT) is developed, by the introduction of a “soliton
correlation matrix” which satisfies a Riccati system equivalent to the MBT.
Using the geometric structure of this system, a linearization is achieved,
leading to a nonlinear superposition formula expressing the solution explicitly
in terms of solutions of a single Bécklund transformation through purely linear
algebraic relations. A systematic study of all reductions of the system by
involutive automorphisms is made, thereby defining the multi-Béacklund
transformations and their solution for all Riemannian symmetric spaces.

1. Introduction

In two previous papers [1,2], the solution of iterated sequences of Backlund
transformations (BT’s) for principal U(n) and SL(n, C) sigma models were found.
The equations defining such models are:

A,+B,=0, (1.1)

and

1

A:gég_ > B=gng_1’ (1'2)
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where g(&,n) is a group [SL(n, €) or U(n)] valued function and (&, #) are light-cone
coordinates on two-dimensional Minkowski space. The Bicklund transformation
[1-3] determines a new solution, g, from a given one through the first order
system:

3:0" "' —9:9" "= —20@9 Ve,

N , L (1.3)
9,97 9,9 ' =40G9" ")y»

subject to the constraints
Aod9 H1ogg” = (1o + AL, (1.4)

where u,, 4, are arbitrary complex parameters for SL(n, €) and p, =4, for U(n).

The method of solution developed in [1, 2] consisted of converting the BT into
pseudopotential equations of matrix Riccati type, interpreting these geometrically
in terms of the action of SL(2n,C) on the Grassman manifold G, (C*"), and
linearizing through an algebraic procedure based upon the subgroup reduction
SL(2n,C)>SL(n, €C) x SL(n, C). The iterated sequence was solved through a re-
cursive procedure leading to a nonlinear superposition formula expressing the
resulting solution directly in terms of solutions to (1.3), (1.4), with various values of
the input parameters (f1, 4,).

The linearized equations are exactly those of Zakharov and Mikhailov [4, 6]
and Zakharov and Shabat [5], (henceforth ZMS)

A

B
= = — L5
v = (1.5)

Ve
which, in their approach, form the starting point of the “dressing method.” The
equivalence of the two methods for the generation of solitons was also established
in [1,2].

In another previous work, one of the authors [7] applied a reduction
procedure to pass from the principal O(n) sigma model to real Grassman
manifolds SO(p +¢)/SO(p) x SO(g), obtaining the Biacklund transformations and
multisoliton solutions for that case. This required the introduction of a new type
of BT in order to satisfy nontrivially the appropriate reality conditions. Within
the ZMS approach, this corresponded to the introduction of a pair complex
conjugate poles in the dressing matrix.

In the present work, we generalize and extend the results of [1, 2, 7] in several
ways. First, we show how the correspondence between the ZMS procedure and the
Bécklund transformation approach may be extended beyond the level of single
poles or complex conjugate pairs through the introduction of a “multi-Béacklund
transformation” which has the effect of generating, in a single step, a new solution
identical to that obtained by solving an iterated sequence of simple BT’s. This
multi-Bécklund transformation may be obtained either by composition of simple
BT’s or by replacing the original system of Egs. (1.1) and (1.2) by an equivalent,
extended system obtained by evaluating all derivatives of Eq. (1.5) at A=0 up to
the number of iterations involved. The transformation equations which extend
Egs. (1.3) and (1.4) are obtained by repeated differentiation of the ZMS dressing
matrix at A=0 and may be interpreted as a simple Bécklund transformation for
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the extended system. This procedure is developed in Sect. 2 and used to give a new
direct proof of the permutability theorem for BT’s which does not require the
explicit integrated form of the solution to an iterated sequence.

In Sect. 3, a new method for analysis of multi-soliton solutions (in any
background field) is developed by introducing what we call the “soliton-
correlation matrix.” This matrix, which is constructed by using the ZMS dressing
matrix and its inverse as creation and annihilation operators for solitons, is shown
to satisfy a matrix Riccati equation corresponding to the action of SL(2nK, €) on
G, (C*"%), where K is the number of solitons. Generalizing the procedure applied
to single solitons in [1,2] we obtain in Sect.4 a linearization based upon a
subgroup reduction from SL(2nK,C) to products of SL(n,C)’s and SL(2n, C)’s
(depending upon parameter degeneracies), thereby determining the solution again
in terms of the ZMS equations (1.5) through a linear fractional transformation of
the initial data. This approach has the virtue of giving an explicitly constructed
nonlinear superposition formula without the need for a recursive procedure.
Moreover, the various degenerate cases involving coincident poles in the dressing
matrix and its inverse are treated uniformly, the distinction arising only in the
Jordan normal forms defining the subgroup reductions. The method of solution
thus reduces the problem to elementary linear algebra and is somewhat simpler
than the one used by Zakharov and Mikhailov [6]. Moreover, it lends itself
conveniently to the formulation of the reduction procedure.

In Sect.5 we recall how reductions of the sigma model to all possible
Riemannian symmetric spaces may be obtained from the Cartan immersions of
such spaces into their group of isometries through the use of involutive automor-
phisms [8]. Applying these reductions to the soliton correlation matrix, we derive
corresponding constraints within the Grassman manifold G, (C*"%), and prove
through the geometrical interpretation that these are consistent with the matrix
Riccati equations defining the evolution of the system. Each such reduction
involves a constraint determining a submanifold of G, (C*"X), consisting either of
totally isotropic subspaces of C*"* under some hermitian, quadratic or symplectic
form, or of subspaces invariant under certain linear maps, and a corresponding
reduction of the group SL(2nK, C) preserving these submanifolds. The constraints
are also expressed in the notation of [6], and the results for all reductions defining
the irreducible classical Riemannian symmetric spaces are given in Tables 1 and 2.

2. Multi-Bicklund Transformations

Consider the system (1.5), whose integrability conditions are Egs. (1.1) and (1.2).
Now define the sequence of matrix functions

1 d
0= 15 2 P@ig, =01 K- 1. (2.1)

In particular, (1) may be normalized so that

9=9,=1(0) (2.2)
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is the solution of Egs. (1.1) and (1.2). The remaining functions satisfy the following
linear equations, obtained by differentiating (1.5) repeatedly at A=0

Gretgi-1,:=49,  Gi,—91-1,,=Bg, 1=1,...,K—1. (2.3)

These equations determine the extended system {g,...,gx_} from the original
one (1.1) and (1.2). Since the integrability conditions for (2.3) are just (1.1) and (1.2),
given a solution g to the latter, the remaining {g,},_,  x_, are determined up to
arbitrary initial conditions by the linear system (2.3). Now, following ZMS, we
introduce a dressing matrix x(4) which together with its inverse y () is
meromorphic in 4 with simple poles at {4,},_, rand {u},_, g, respectively,
and normalized such that

----------

2(00)=x"(0)=1.

In terms of the residues

= s b R= 5w dn 4
(the contours taken so as to include only the pole indicated). We have:
K Q‘
1A)=1+ i=Z1 1_—’%, =1+ Z i #; (2.5)

A new solution to (1.5) is obtained from a given one (4,B,yp) by the
transformation:

pop=yy, (2.6a)
A-A=y(=1)A4y"Y(=1), B—B=x(+1)By '(+1), (2.6b)
provided the dressing matrix satisfies the differential equations:

Ax() x4 By(A) xMB

A= —">—-" M= — . 2.7
=T "t MW= T @7)
This is equivalent to the system of equations:
AQ, 04 BQ, 0B
= — — = = = 2.8
Qe 1+4, 144" =" 1-4 1-4 @8
or, equivalently
AR, RA BR, RB
=T — 71— Ry= -, (2.8)
T4y, 14 1—p, u, 1=y
together with the set of constraints:
RO, | & RQ,
+R,+ =1 =0, 2.92)
Q Z )‘ lu’] =1 l’l’; j’ (
j*z j*t
R, X RQ,
RO=(,— 1) R+ z Qﬂ = —Gim) | 0+ Y 5 2b)

= L
j*z JjFi
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The latter are written in a form valid whether 4; and p, are distinct or not. The
other {u}, {4;} for i=j may without loss of generality be taken as distinct.

The system (2.8) with constraints (2.9) may be expressed in a different form
which defines a Bidcklund transformation from the extended system
{90:91>--»9x_ ) to a new extended system {g§,,d;,...,Jx_ ) satisfying the same
Egs. (1.1), (1.2), and (2.3) as follows. A meromorphic function on the Riemann
sphere which is analytic at 0 and co and has K simple poles at given points is
uniquely determined by its value at 0 and oo, together with its first K—1
derivatives at 0. We therefore introduce the K matrix functions:

1 d
V= i Wlhos 120, K—1 (2.10)

which, because of the normalization y(c0)=1, may be expressed in terms of the
residues {Q;} as:

M=

Vo=1-

i

%:X(o), e 32 mk-1. @i

1]

1

71=

1
Vie= 2 (=D7'[AV,—VAl ¥
i=0

Furthermore, from the contour integral of (2.7) around oo, we have:
K - K -
Y Qi =A—A, Y Q,,=—(B—B). (2.13)
i=1 i=1

The pair of relations (2.12) and (2.13) are thus equivalent to (2.6b) and (2.7).

Equation (2.13) may be re-expressed in terms of the V)’s, using the following
identity, which is a consequence of Eq. (2.11):

K K
Y 0= Y (WA V. (2.14)
i=1 =L
The resulting system is:
K
Y (=W Vi =A— A, (2.15a)
=1
K . ~
- Y (=D Ay Vi, ,=B-B, (2.15b)
lléf.1<i‘,
Vet Vi, e=AV,—VA, (2.15¢)
V,,—Vi 1., =BV,—VB. (2.15d)

Conversely, by re-summing Eq. (2.15) and making use of Eq. (2.11), we can
derive Eq. (2.8) with (4, B) given by (2.6b).



334 J.Harnad, Y. Saint-Aubin, and S. Shnider

The significance of this linear change of coordinates is that the extended system
{Jos--»gg— ) obtained from the new solution { given by Eq. (2.6a) by successive
derivations:

1 dP
g,=——7 =0,....,K—1, 2.
gl l' dil 1:0’ l ( 16)
is simply expressible in terms of the {V}}:
1
9= Z Vieig;- (2.17)
i=0

Therefore, Eq.(2.15) may be interpreted as a Bécklund transformation from
{9> - 9x—1) 10 {Jo>--»Gx_ 1}» Where

~ ~ o~ 1

A=§4"Y, B=§g ' G=3o), (2.18)

and {g,...,Jg_} is determined by Eq. (2.17).
Equation (2.17) may be explicitly inverted to express the {V}} in terms of {g,},
{g,} by solving:

l
i=g9" = 2 Vgl (2.17)

recursively. Therefore, Egs. (2.15a)-(2.15d) may be regarded as a differential
system relating {g,, ..., gx— {} and {gy, ..., g }. It is immediate from Egs. (2.15a)
and (2.15b) that if {g, 4, B} satisfies Egs. (1.1) and (1.2), then {g,A B} does as well,
and from Eq. (2.15¢) and (2.15d) it follows that if {g,},-,
then so does {§,},- o
have:

.....

,,,,,

Theorem 1.1. The system (2.15), subject to the constraints (2.9a) and (2.9b) defines a
Bicklund transformation for the extended system {g, ..., gy} and is equivalent to
Egs. (2.8) and (2.6b) for the residues of the dressing matrix.

Note that, whereas the constraints (2.9a) and (2.9b) involve both the residues
{0} and {R;}, the latter may also be expressed explicitly in terms of {g,} and {g,}
through relations of the same form as Eq. (2.11) derived from yx~ 1(). In terms of
the original system A, B, Egs. (2.15) determine a new solution equivalent to that
obtained by solving an iterated sequence of K simple Bidcklund transformations
and therefore should be interpreted as a multi-Bédcklund transformation. The case
K =1 reduces to Eq. (1.3) with constraints (1.4). The relationship between the case
K =2 and the composition of two successive Biacklund transformations may be
used to prove the following:

Theorem 2.2 (Permutability Theorem). If two successive Bdcklund transformations
are applied to a given solution {g, A, B} of Egs.(1.1) and (1.2),

Azpz

(g’ A B)——)(gla A15 Bl)———)(gaA B)
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there exists another sequence
Azt A Arpq Lo~ o~
(ga A9 B)—>(g27 AZ: Bz)—>(g7 A, B)

with the same resulting solution (g, A, E).
Proof. The equations defining the first BT are:
— U, =A,—A4,, MNU,=B,—B,, U +p, Ui =0 +p)1,(2.19)
where
U,=g,97". (2.20)
And similarly the second one is defined by

—IUy=A—A,, MU, =B-B,, L,U,+p,U;'=0,+p,)1, (2.21)

where
U,=49; " (2.22)
Define the new quantities::
1 1 1 1
= =gg~ ! =l—+=|V,——V,——V,. :
Vhw=U,U,=gg ", V¥ (/11 + }-2) o 7, V I v, (2.23)

Then Eqgs. (2.14) and (2.21) are equivalent to the following:
— (A + A Vo (A, =A—A,
(s +22) Vo, = (4 2)V; ,=B—B,
Voot Vi e=AV, =V A,
~Voy+Viy=BV,—V,B,

(2.24)

together with the constraints (2.9) for k=2, where

(2.25)

define Q,, Q,, R,, and R,. Thus, the composition of two simple Bicklund
transformations is equivalent to the K =2 double Béacklund transformation which
is manifestly symmetric under the interchange of parameters (u;4,) < (u,4,).
Therefore, by suitable choice of initial conditions, the two successive transfor-
mations with parameters exchanged gives rise to the same solution (g, 4, B).
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3. The Soliton Correlation Matrix

In order to solve the multi-Bicklund transformation (2.15) or, equivalently, the
system (2.8), it is convenient to introduce a new quantity, the soliton correlation
matrix M, which is an nK x nK dimensional matrix whose entries of n x n blocks
M;; are defined in terms of the residues of the product 3~ L) x(4):

1(u) x4
. A At 3.1
In the case that y,+ 4, the evaluation of these contour integrals gives:
R,Q;
L= =L 32
iy (32)

If w;=4; the expression (3.2) is undefined, but (3.1) is still valid provided the
integration contours are chosen as disjoint, i.e., one contained in the other. The
choice of inner and outer contours in this case does not affect the result of the
integration in (3.1). The residues Q,, R; may be recovered from the M matrix by

J
summing over the row blocks or column blocks:

Lemma 3.1.
K
=) M, (3.3a)
j=1
K
- M;;. (3.3b)
j=1

Proof. If p;+4, these relations are equivalent to the constraints (2.9), but in
general they are shown to be valid by deforming the integration contours,
choosing the 4; contour to be the outer one in the case of a degeneracy u;=4;:

K

X 1 2w 1(A)
121 Mji = 1(2 )2 § §dl—_—

A

Hj A

_ P 1w
el

§ dALL— ' (AT (A

L
=ﬂﬁMNF@,

and similarly for the other relation.
The constraints may be expressed equivalently in terms of the M-matrix alone.

Lemma 3.2. The M-matrix satisfies the following constraints, which together with
(3.3) are equivalent to (2.9)

My 3Myy= = S My M, (34)
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Proof.

) x(4)
_ZMilej 2§d §al,1———(“/1 (= A) =M — LM
kl

Conversely Egs. (3.3) and (3.4) imply Eq. (3.2) for u;# 4, Substituting this relation
in (3.3a) and (3.3b) and adding gives Eq. (2.9a). If y;+4,, Egs. (3.3a) and (3.3b) is
also equivalent to (2.9b), while if u, =4, Eq. (3.4) implies R,Q, =0, and hence (2.9b)
is still implied.

One further form of the algebraic constraints on M will also be useful in the
following section.

Lemma 3.3. There exists a block diagonal nK x nK dimensional matrix S, consisting
of nxn blocks S, i=1,...,K with

Si=0’ lf /lizi::ui’
such that the following relation holds :
MMD+SYM=M, (3.5)

where the nK x nK dimensional matrix D has as ij"™ block :

1
D= L if J*u, (inparticular, if i=%j),
i H ' (3.6)

D;=0 if A= ‘
Proof. If /Ii=|=,uj, Vi,j, then S vanishes identically and (3.5) is another form of the
constraints (3.4). In general, the proof is as follows. The following relation is an
identity which is derived by performing the inner two integrations and deforming
the summed contours to infinity:

L@ )
i dan b fa IR <,

kl pi A u Aj

We can evaluate all the terms with 4, =y, explicitly to get:

MM, X)) ) x ()
e dubdiédy ¢ dx =M.,
% d—n, T Cn mzl,i o K Kol K e Ty Ty aatl
where the first sum is over all terms with 4, #x, and equals (MDM),;, and the
second is over those diagonal terms with 4, = 4,. Evaluating the interior integrals in
the second sum, we have

/M)x"l(u) ,X“I(ﬂ)

@n )Zi‘”fd = znl§
x(i)
2nz§d/1/1 /1

and hence there exists a matrix S, such that:

§di §d A W) _QZSR

(27 )2 A=

- G d §a S0,
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Substituting gives

1 2 W) ) o W) x()
— dﬂ d e du &dN S 7 = MiSM-,
Gy & WS S G S Ty T MMy
which proves the relation (3.5).
We now derive the equations satisfied by M which are equivalent to the system
(2.8) and hence also the multi-Bicklund transformation.

Theorem 3.4. The M-matrix evolves according to the following system of matrix
Riccati equations:

=p"M—-Ms*—Mr*M, (3.7a)
M,=p"M—Ms"—Mr M, (3.7b)
where
ol ol
A B
st dlag{1+l} s —dlag{l—i} (3.8)
A —B
ro= ey (r_);= .
U ey T )

The integrability conditions for (3.7) are Egs. (1.1), (1.2), and the constraints Eq. (3.4)
are preserved.

Proof. Differentiating y~1(u) x(A), and using (2.7) gives:
(=2 2~ ") Ax(A) LA WA W ad)A

O (W) (W)= VY] T+ 1 (9%
L _ (=2 'wBxd) | By W) x'wx)B
L WDl = =150 - 5 (9

Integrating

L (w) x(A)]
u—Aa

¢ around the poles p; and 4, the first term gives:
(=D A (=D ()
(2n )2 (L+m(1+2) ’

where the expression (2.6b) has been substituted for 4. The integrals are evaluated
by deforming the o, T contours in:

$ du §de

1 Wre) 1 %~ (1) x(0)
il G i T m %d 4o i+
1 “(w) (o)
2—§ ?? (0' w(l+o)
M,,

R

k
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and, similarly
1 X~ @) (A M,
— fdrfd T = L
2 _§1 Ti t—A)(1+0) = (1 + 1)

Evaluating the remaining terms in (3.9a) directly gives:
M, =Y M AM,; | AM;; M4
e a(I+A)A+p) 1+ 144

and similarly

M, BM,; BM,, M,B

L

M, =+ + — s
v %(1—11()(1_#1) -y 1_2’1‘

which is exactly Egs. (3.7a) and (3.7b) split into blocks. The verification that
Egs. (1.1) and (1.2) are indeed the integrability conditions for (3.7) and that the
constraints (3.4) are preserved relies upon the geometrical interpretation of
Egs. (3.7a) and (3.7b) and will be left to the next section.

4. Geometrical Structure and Linearization

Matrix Riccati systems of the type (3.7) have a natural geometrical interpretation
in terms of group actions on Grassman manifolds. This has been formulated in
detail in [1, 2, 9] and may be summarized briefly as follows. The M-matrix may be
regarded as defining a function on IR* with values in the Grassman manifold
G, (C*%) of nxn planes in C>"X, expressed in affine coordinates. The group
SL(2nK, C) acts in a natural way on G, (C>"¥), this action being expressed in affine
coordinates by the linear fractional transformation:

(11: g)MH(PM+Q) (RM+8)"1,
» 4.1)
(R g) eSL(2nK,C), P,Q,R,S, MeCk*"K,
The SL(2nK, €)-valued 1-form
+ -
_(p 0 _[p 0
@= <r+ s”“)dé (r_ s“)dﬂ (42)

defines a connection on the trivial principal SL(2nK, €) bundle
R? x SL(2nK, C)->>1R?%,
n:(&n,9)— ),
%eSL(2nK,C),

with connection form:
w(é,n,g)=Ad<ﬁ”1w+g”1d€€. 4.3)
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The system (3.6) may be regarded as determining a covariant constant section of
the associated trivial Grassmannian bundle o :IR*>R* X G, (C*"¥),

a(&m=(&n),M(&n), (4.4)

expressed in affine coordinates. The integrability condition for arbitrary initial
conditions is the vanishing of the curvature:

do+5[w,0]=0, 4.5)
which reduces to the relation:
ARA,~BRB,+ A BRAB— B4 R@BA=0, (4.6)
where <7, 4 are the constant 2K x 2K dimensional matrices
1 I
dlag | 0
of = - — = 1_+_“ L R ,
! L dia !
E R EUT s )
4.7
. 1 I
dlagl_ | 0
Bl ,
1 1 1 1
di
=7, 1—p | 17,
in terms of which
+ -
(”+ 0+) —ARA, (p_ 0_) ~A®B. 4.8)
rtos FTos

Equation (4.6) reduces to the field Egs. (1.1) and (1.2), because of the identities
AB=3(A+B)=BA . 4.9)

The general solution to Eq. (3.7) may be expressed in terms of the solution to
the corresponding problem of determining a covariant constant section in the
principal bundle

o, R*>R?*xSL(2nK,T),

o e ENSE ). (10
G.=ARAY, Y,=BRBY. (4.11)
If we choose initial conditions at (£,,#,)
M(Eo,mo)=m, 9 n0)=1, (4.12)
then M(¢,n) is determined by the linear fractional transformation:
here M(E n)=[P(E&nm][REnm+SEm]™ ", (4.13)

_(P&m 0 )
%MFQM)mm (19
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has lower block triangular form because of Egs. (4.8), (4.11), and (4.12). The form of
the solution (4.13) remains unchanged if Eq. (4.12) is replaced by the more general
conditions:
- S, 0
Mo =57 mSa, epno = (3 ¢ | @15
2
for arbitrary S,, S,eSL(2nK, T).
To verify that Eq. (3.6) is consistent with the constraints (3.4), we introduce the
linear map T :C?"*—C*"¥ with matrix representation:

T=t®1, (4.16)
where
Tz(dla_ggli} diagoui})ea:zxxzx’ (4.17)
and
1...1
E=|: " 1. (4.18)
1...1

This determines a map, also denoted T, on the Grassman manifold T: G, ~ G,
which, expressed in terms of affine coordinates is the solution to the linear system

A, T(M);,— % T(M);M =M. (4.19)

Thus, the constraints (3.4) express the geometrical condition that M defines an
invariant point in G, (C*"¥) under the map T:

TM)=M. (4.20)

The submanifold of G, (C*"¥) consisting of T-invariant nK-planes is an orbit of
the subgroup of SL(2nK, €) consisting of elements which commute with T':

TYT '=9. 4.21)

The fact that (&, n) takes values in this subgroup and hence the constraints (3.4)
are preserved follows from the fact that Eq.(4.11) determines % from the
SL (2nK, €) algebra valued functions ./ ® A4 and #®B which themselves com-
mute with T

[T, 4/®A]=0, [T,2®B]=0, (4.22)
or equivalently,
[t,/]1=[r,%4]=0. (4.23)
The commutativity of 7,2/, % is a consequence of the identities:
1= —1=—-%"1+1. (4.24)

This completes the proof of Theorem (3.1) and also suggests the procedure for
reducing the Riccati system (3.6) to a system of linear matrix equations in n or 2n
dimensions. Namely, choose a basis of eigenvectors or generalized eigenvectors of
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7, thereby simultaneously transforming 7, &7, and 4 into Jordan normal form. The
parameters {u,, A} are the eigenvalues of © and we may assume that the {4} and
{4;} are separately distinct and y;# 4, for i+ by suitable ordering. Therefore the
various cases are determined by whether or not the pairs (4,, ;) are equal and the
Jordan blocks are all either 1 or 2 dimensional. It is sufficient to examine the two
cases where either:

(i) w2, Vij,
or

(i) wA; if i), p=24 Vi
since the general case is a direct sum of these two.

Case (i). w*4; Vi,j.
The matrix of eigenvectors is of the form:

S= (ﬂ O), (4.25)
where d 1
1
dy= R (4.26)

The diagonalized forms of t, <7, # are

_ diag {u;} 0 )
l1§= ! 27
S™11§ ( 0 dingiiy)’ (4.27a)
1
diag {—} 0
1 .
A T : (4.27b)
0 diag {——1—}
1+4
1
diag {—————}
-1 -y
ST1BS= 4.27¢)
0 R
diag {1 — Ai}

It follows that &/ ® A, #® B and hence ¥ may be block diagonalized by the same
transformation:

4=8%,5"" (4.28)

(using S here as abbreviated notation for S®1), where ¥, satisfies the equations:

diag 0
L+u,
Yo, = 4 9,
0 .
diag 47,
(4.29)
diag— 0
Gon= ' 9.
0 diag




Biécklund Transformations for Nonlinear Sigma Models 343

Choosing initial conditions such that %(¢,,#,) is block diagonal, this is just 2K
copies of the ZMS Egs. (1.5) evaluated at {4, 4,} and hence:

b= ((Y)I 3{) , (4.30)
where
¥=diag{y(u)}, ¥=diag{y(i)} (4.31)
are determined by (1) at the various eigenvalues. Substitution in (4.28) gives
14 0
G = (D'f’— wD 'I’)’ (4.32)
where
D=4d®1 (4.33)

nXn?’

and hence the solution M(&,#) as expressed by the linear fractional transformation
(4.13) is:

M(E,n)=¥Ym[(D¥Y —¥YD)m+¥] L. (4.34)

Case (ii). p+2, if i%j; A=p,
The matrix of generalized eigenvectors is:

1 0
So= (do ]1) , (4.35)
where
1
0 __ . . .
d,.j—/{i_/{j if i¥j
) (4.36)
=0 if i=j.
The Jordan normal form (up to normalization) is:
_ diag{1.} 0 )
118, = ' 4.37
So 750 ( ~1 (diagh})’ @37
diag 0
1+ 4,

S;1elS, = Ir i O (4.38)

o) dgiag L

dlag(1 +/1i) )

» diag =7 0
So ' #BS,= (4.39)
diag — ! dia
1=, BT

Once again ¢ is determined by
4=5,%,5,", (4.40)
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where %, is now of the form:

'
G, = (¢ 8,) (4.41)
with
@ =diag{p(4,)}, (4.42)

and ¢(4) is determined by the linear 2n x 2n matrix equations:

4 0
» 0): 1+ (w 0)
(¢> v\ a B |lg v (443)
A+)? 147
w 0 lfi 0 v 0
_ , 4.43b
<¢ w),, —B B (d) w) ( )
(1-4)?* 1-21

These equations are obtained from the ZMS Eqgs. (1.5) by differentiating with
respect to the A-parameter, and the general solution for ¢ is given by:

A
piy =~ Ly e, (4.44)

where (1) is the general solution to (1.5) and C(A) is an arbitrary constant nx n
matrix.
Substitution in (4.40) gives

4 0
G= 4.45
(DO‘I’—'PDO+<D qf)’ (443)

where
D,=d’®1

and hence, the solution M(&, ) as expressed by the linear fractional transformation
(4.13) is:

(4.33)

nxXn?

M n)=¥Ym[(D,¥Y —¥D,+P)m+¥]'. (4.46)
Combining these two cases, we may summarize the general result as follows:

Theorem 4.1. The general solution of Eq.(3.7) is given by the linear fractional
transformation :

M=%m[(D¥ —¥D)+®)m+¥] ', (4.47)

where
Y =diag{yp(1)}, (4.48a)
¥ =diag {y(u,)} . (4.48b)
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D is as defined in Lemma 3.3, @ is the block diagonal matrix with nx n blocks
¢i =- l/)/()»i) + 1/)(/11') ¢ if = /Ii
0 i

c;€C"*" are arbitrary constant matrices and me C"* "X satisfies the constraints (3.4)
of Lemma 3.2.

The solution may be expressed in another form which corresponds to that
determined by Zakharov and Mikhailov for U (n), O(n), and SP(n) in [6].

Theorem 4.2. The residues Q,, R, defining the dressing matrix y(A) and its inverse
%~ Y(A), respectively, are of the form:

0, =XF/,
R,=HK;,
X, FeC™*, H,KeC™",
q;=rankQ,;, r;=rankR;,

(4.49)

(4.50)

where the rectangular matrices F;, H, are determined from their initial values f;, h; by
YA L. Hi=w(u)hy, 4.51)

and X,;, K, are solutions to the linear system

2 X[, =H,, (4.52a)
K
Y KI[=—F,, (4.52b)
i=1
with FH, o
= Lo if A;#u,  (inparticular,i=j), (4.53a)
J li —u; j
and _ N
Li=—F YAy "AWHA+fTeh if A=w, (4.53b)

where ¢,eC"*" is arbitrary and f;"h;=0 in the latter case.

Proof. Let V, stand for €" for i=1, ..., K, and write C"¥= EB V.. We prove below

i=1
that if we assume that for the initial value m=M(&,, 1,) the kernel Kof M sphts as
asum K= EDK with K CV; and similarly for the range R= GBR with R cV,
then this is true for all (f 77) Under this assumption let F; be an nxg; matrlx
representing a basis for the orthogonal complement of K with respect to the
standard hermitian structure on €"; let H; be an n x r, matrix representing a basis
for R, and let p=rankM =Y r,= Y q,. Then M can be represented

H, 0 .. 0 Ff 0 .. 0
. H, .. 0 0 F}
M=HWF* = , Cwl (4.54)
0 0 .. H 0 0 .. F

for an invertible p x p matrix W.
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By Theorem 4.1, M is determined as the solution to the linear system
M[(D¥Y—¥YD+®)m+¥]=%m, (4.55)

as long as the quantity in brackets multiplying M is invertible. Under this
assumption we will show that the kernel and range of M evolve according to the
block diagonal matrices ¥ and ¥, respectively, and that if M is represented as in
(4.54) the matrix W is the inverse of (I7;) as defined in (4.53).

By Lemma (3.3), there exists a block diagonal matrix s=diag{s,}, s,e C"*" with
$;=01if p, = 4, such that

m(D+sym=m. (4.56)

[Note that this is valid whether m is actually the initial value of M or is just related
to it by a transformation of type (4.15) with S, =S, an arbitrary block matrix
determining the initial values of {y(4,), p(x,)}.] Multiplying (4.55) on the right by
(D +s)m and using (4.56) shows that it splits into the two equations:

M[D+®¥ 11¥m=¥m, (4.57a)
My +sym=MVY, (4.57b)
where ®=® + Ws is the block diagonal matrix with nxn blocks also given by
Eq. (4.49), where the constant matrices s; are absorbed into the arbitrary matrices
¢ It follows from (4.57a) and (4.57b) that ¥~ ' KerM =KerM¥>Kerm and
RngM > ¥ Rngm. But
dim ¥~ ! Ker M + dim Rng M =dim Ker M + dim Rng M =nk
=dim ¥ Rngm + dim Kerm
implying equality Ker M = ¥ Kerm, RngM = ¥ Rngm. Therefore if the kernel of m
and the range of m split as direct sums the same is true for M.

If H; and F; are defined as in the beginning of the proof, and 4; and f; are the
initial values at (,,#,), then

F=p*" () f, (4.58a)
H;=vp(u)h;. (4.58D)

Let H and F be the block diagonal matrices with entries H; and F, respectively,
and let h and f be their initial values. Set M=HWF™*, m=hwf™" and substitute in
(4.57a)

HWF*[D+®¥ 1%hwf* =Phwf* =Hwf ™",

which implies WF*[D+®¥~']H=1, W=I"". The invertibility of I is equiva-
lent to the solution considered as a function with values in G, (C*"¥) remaining in
the domain of a fixed affine coordinate system. Let (y,;) represent the matrix W:

M, =Hy,F . (4.59)

J

Summing along the columns,

0,= ;MU: @H,.y,.j>F;. (4.60)
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Summing along the rows,
Ry=—YM;=—H, (Z yijF;). (4.61)
j j

These equations are equivalent to (4.52), completing the proof.
The constraints (3.4) imply

FjH,=0, f*h,=0 if p,=4,. (4.62)

This form of the solution reduces to that given by Zakharov and Mikhailov in
[6] if the reality conditions 4, =y, and R,=Q;" are added and the poles are chosen
in complex conjugate pairs. This amounts to a reduction of the SL(n, €) problem
to SU(n) and is an example of the general reduction problem dealt with in the next
section.

5. Reduction to Riemannian Symmetric Spaces (RSS)

The reduction problem involves finding particular solutions to the system (1.1),
(1.2) taking values in a submanifold (real or complex) of SL(n,C). If the
submanifold is itself a Lie subgroup, this defines the principal sigma model for the
given group. More generally, it was shown by Eichenherr and Forger [8] that the
Cartan immersion of Riemannian symmetric spaces in their isometry groups
determines consistent reductions of Egs. (1.1) and (1.2) which satisfy the field
equations defining the corresponding sigma model. By a Riemannian symmetric
space, we shall understand a Riemannian manifold with transitive isometry group
G, and an involutive automorphism of ¢ : G— G such that the isotropy group H at
some arbitrarily chosen origin satisfies

(G,)oCHECG,, (5.1)

where G, is the subgroup of c-invariant elements and (G,), is its identity
component. This group theoretical characterization is shown in standard texts
[10] to coincide locally with various geometrical characterizations, such as
covariant constancy of the curvature tensor. There also exist decomposition
theorems (de Rham) which reduce all RSS to products of irreducible symmetric
spaces and complete classifications of the latter in terms of the involutive
automorphisms o.
The Cartan immersion of G/H in G is defined by

i:G/H-G, i(gH)—a(g)g . (5.2)
The image is a totally geodesic submanifold £ C G defined by the relations
Z=Imi={geGla(g)=g~ '}, (5.3)

and is covered a finite number of times. The constraint (5.3) defining i(G/H) ~ 2 as
a submanifold of G is compatible with the Egs. (1.1) and (1.2), and, as shown by
Eichenherr and Forger [8], solutions lying in X coincide under the identification i
with the solutions of the sigma model with values in G/H.

In view of the decomposition theorems, it is sufficient to study sigma fields with
values in irreducible RSS’s, and we shall limit ourselves here to those where the
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isometry group G is one of the classical groups. These are all listed in the first
column of Table 1, following the notations of [10]. As quotient spaces G/H these
are identified by first giving the constraints determining G as a subgroup of
SL(n,C) and then the involution defining i(G/H) as a submanifold of G. The
subgroup conditions determining G CSL(n, C) may also be defined in terms of
involutive automorphisms, since they involve one or two constraints of the form:

G={geSL(n,O)la(g)=9g}. (5.4)

In Column 2 of Table 1 all the involutions which are needed to determine i(G/H)
as a submanifold of SL(n, C) are listed, the subgroup conditions of type (5.4) being
denoted o, and the quotient conditions of type (5.3), o_. Note that all the
involutions are of one of the following types;

o,(g)=tgt ", o,(9)=tgt™ ",
ay(g)=tg" 't}

where ¢ is either a symmetric, antisymmetric, hermitian or antihermitian matrix,
which may up to conjugation be chosen as (following the notation of [10]):

o (5.5)
> 04(g) = tg t 9

1
q
1
1,,= symmetric/hermitian
-1
. q
-1
0 1, . . . .
J,= 40 antisymmetric/antihermitian (5.6)
ﬂp
— ]]_q
K,,= symmetric/hermitian
]]'P
-1

q

In order to apply the results of the preceding sections to these cases, we must
determine corresponding reductions of the ZMS system (1.5), and hence also of the
Bicklund transformations. We follow a reduction procedure suggested by
Mikhailov [11], slightly generalized to include the involutive automorphisms.

Let s be a linear fractional transformation of the complex plane which satisfies
the two conditions that it leaves invariant the two poles +1 of the ZMS system
(1.5) and s?=1. Then either

(i) s()=2
or (5.7)
(i) s(A)=1/4.



Table 1. Irreducible Riemannian symmetric spaces

Type RSS Involution Minimal set Minimal set of
of poles poles when
[2]=1
I Al SU(n)/O(n) o.(g)=g*" s 1/7, 4
o_(g)=g A 1/2; 2

All U(2n)/Sp(n) g)=g* ! s 1/7, 2
o_(9)=J,gJ," A /2, 4

AT SU(p +4q)/S(U(p) x U(g)) a.(g)=g" " /_, 1/2, Zis /Z,
J‘(g)=1pqglpq i 1/}“( A i

BDI SO(p +4)/SO(p) x SO(q) a.(g)=g""" Lo 1A VT 2,
o.(9)=9g o B 1o 12, 2 7,
o_(9)=1,91,,

DIII SO(2n)/U(n) o.(g)=g" ! Pk Ud YA L%
o.(9)=9 PRV A
o (9)=Jg),"

Cl Sp(n)/U(n) Hg)=g* 7" ): Van /3, A, Z,
o.(9)=J,gJ; " 0o Ao 12,12 L2,
o (9)=J.gJ,"

cu Sp(p+4)/Sp(p) x Sp(q) o.(g)=g" " o 2 12 12, 27,
0. (g)=J,gJ" Ay dy 12 12y Ay 2y
0_(9)=K, 9K,

I a, U(n)~SU(n)x SU(n)/SU(n), o.(g)=g* ! A Ai
7 7,

b,d, SO(n)=SO(n)x SOn)/SO(n), ¢,(g)=g** T 2 s
g.(9)=9g Ais ;-, /:p Z,

Cy Sp(n)~Sp(n)x Sp(n)/Sp(n),  o.(9)=g" "~ s Do %y
0.(9)= JnJJ . s P 207,

11 Al Sl(n, R)/SO(n) o.(9)= Jis T Ir L
o_(g)=g""" 1/ 2, 1/21 }“mzi

All SU*(2n)/Sp(n) o)=1,3," Moy b
o (g)=g""! 12 1/2, s

Alll SU(p, 9)/S(U(p) x U(g)) 0@ =19 ", {l, 1/2; Ao,
o_(9)=1,91,, » 1/, Fis Ay

BDI SO,(p, 9)/SO(p) x SO(q) o (9)=7 1,, 7., VA2 23
04(9)=1,9" 1, Do 2o Vo Ydy 2,2,
T (9 =1pg91p

DIII SO*(2n)/U(n) g)=gT ! do 12T 2T,
a.(9)=J,g] " /1’715 /4, 1/)1' )via)_vi
o (g=g*"!

CI Sp(n, R)/U(n) o.(9)=g ., Z,, V212 2 /:.
o g=Jg" 1! VIS Y/ VY R B
a_(g)=g*!

CI Sp(p. q)/Sp(p) x Sp(q) o (g)=J,g" " ’: 1/ 1/@.’ Ais Z.
0.(9)=K, 9" 'K, l,ﬂ,, YA, 12, Jn
J-(g)=qungq

vV "a,” Sl(n, €©)/SU(n) o (9)=g" ! Z 2
1/7, A

"byd,”  SO(n, C)/SO(n) a.(g)=g""" s 1/);- 2
o-(9)=g Ais 1/7; A

e’ Sp(n, €)/Sp(n) RO R SV 2
o_(g)=J,gJ; ! Do 12 A




350 J.Harnad, Y. Saint-Aubin, and S. Shnider

The automorphism ¢ may either be holomorphic (¢,,0,) or antiholomorphic
(0,,0,). We impose the invariance condition

()= fop(s(h), (5.8)
where either
(1) s(A)=4, f=1 for o, 59)
(ii) s)=1/A, f=g for o_,

and 2=1 if ¢ is holomorphic, =1 if ¢ is anti-holomorphic.
Since p(0)=g, Eq. (5.8) implies the correct constraint on g:

o (9)=g, o_(9=g ", (5.10)

and the ZMS equation is compatible with this reduction, since Eq. (5.10) implies,
in terms of the differential o, at the identity,

o, (ﬁi) = 1—%, o, (%) = l—fz for o, (5.11a)
“*(111): _i’:fg, a*(lz)z 'f;lfg for o_. (511b)
The dressing matrix x(4) preserves the reduction under the transformation
w(d) = PA)=xA)wA), (5.12)
if
x(A)=Flons@Nl s, (5.13)

where f is defined analogously to f in terms of the new solution §=1(0).

We shall now express these conditions in terms of equivalent ones on the
M-matrix defined by Eq.(3.1). To satisfy the invariance condition (5.13), it is
necessary that the set of poles {4;} and {,} of y and x~ ! respectively, be invariant
under A—s(4) for o, and o,, and that they be mapped into each other for ¢, and
o,. We define:

1 W)
Myn==—3 ¢ d dA=——>== if o=0, or o,, (514a)
O (2miy? s(ii) Hs(ij) p=4 ' ’
W)
M, o=— & d a‘t—""2"" if g=0, or o,. (514b
3() 8G0) (2m)2 s(g;j) 'us(ii) h— 1 3 4 ( )

With these as preliminaries, we have the following theorem.

Theorem 5.1. The invariance condition (5.13) is equivalent to one of the following
conditions on the M-matrix:
() If o is of type o, or ¢, (linear over R), then either:

M;;=0(Mjq 55) i s(d)=4, (5.15a)

S

or
Mij:_Hiijga(Mi(iﬂ(j))gﬁl if s()=1/4. (5.15b)



Bicklund Transformations for Nonlinear Sigma Models 351

(i) If o is of type o5 or o, then, defining the R-linear anti-automorphism

G=0°S, (5.16)
where S is inversion
Hg=g"", (5.17)
either
M= =M 5 if s(A)=4 (5.18a)
or
M= g6Myz09 " if  s(A)=1/4, (5.18b)

where the right-hand sides of Egs. (5.15) and (5.18) are defined by Egs. (5.14a) and
(5.14b), respectively.

[Note that whereas ¢ and ¢ are defined as automorphisms of SL(n, C), they
extend naturally to any nx n matrices and in fact are, up to a sign, equal to the
differential o, at the identity element.]

Proof. The condition (5.13) on x is equivalent to

1) 2 = foluls(@) ™ (s £ (5.19)
Clearly (5.13) implies (5.19) and moving the x independent terms to one side we get
o) £~ W =o(x(s(A)) f~ (), (5.20)

which implies that both sides are independent of 4 or u. Letting 21— oo, we find that
the common value is ™!, giving Eq. (5.13). Now, integrating (5.14) around the
poles {u;,4;} gives:

1(# X(i)

M= g § i § 2

[X(S(#)) Ls1 S
(2 w—2a

We shall first prove that the equahty (5.21) implies (5.19) and hence is equivalent to
the reduction condition (5.13), and second that it reduces to Egs. (5.15a) and
(5.15b) or (5.18a) and (5.18b) for the four types of involutions ¢,, 7,, 05, and g,. To
prove the first implication, define

2 ) )~ f aftxf(f»_lmw) S (522)

The function h(u, 4) is holomorphic in (x4, ) for p=w,;, 2% 2,, and u=A. In fact the
singularity at u=4 for u=u, A+ 4; is removable, since h may be re-written as:

0 22 o oty | LTI o529
u —u

and we can take the limit as A— u—0 as long as the poles of y and 3~ ! are avoided.
To show that (5.21) implies that h(u, A) vanishes identically, consider the functions

(5.21)

h(u, )=
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of one variable:
h()= § duh(u,2),

s

k= § d2h(u, ),
A.)

(5.24)

which are meromorphic in 4 and p, respectively. Equation (5.21) implies that all
the finite residues are zero. From (5.22) we have an approximation

M
[A(u, A)| = - (5.25a)

uniformly for large A if 4 is in a compact set containing none of the poles of y or
x~ ' and similarly

(5.25b)

for large u. These estimates show

}im h{A)=0 and limk(u)=0.
-0 n— o0

For A fixed and not equal to any A, h(y, 4) is meromorphic in g, and if A+ y,, it has
simple poles. Since all the residues are zero and the limit pu— oo is zero, we
conclude h(u, A) vanishes for A4, u ;and all y, and similarly for p= 7, u; and all 4.
By continuity as a map into the Riemann sphere, it therefore vanishes identically,
implying Eq. (5.19).

To show that Eq. (5.21) is equivalent to Egs. (5.15a) and (5.15b) or (5.18a) and
(5.18b) of the theorem, there are eight subcases to consider. Since the proofs are all
similar, we shall only give two representative cases: (5.15b) for ¢, and (5.18a) for
o,. Making the change of variables A—s(4) and u—s(u) in the right hand side of
Eq. (5.21), we get:

g d 50D ™" 7(A)
(27'” 2S([.L) s(2,) s(u)—s(4)

SWs @A) f!

§ du § d 5o ') 2(2) 1
(27“)2 s(uy) s(,l ) (;L lu)
For the case (5.15b), f=¢g ' and o=o0, is linear, hence this equals:

X_l(ﬂ)x()»)J .
[(2 i)? s(f,) si-)d/1 (=) pl g

M. .
= — Ts@s@) | -1 e VRAY = 1
9° L(ui) S(lj)} g Hit g0 (M 5)9

Now consider the case (5.18a) for o of type ¢,. In this case ¢ is anti-linear, s(A)=1,
f=1, and {s(ﬁ.)} ={4;}. The right hand side of Eq. (5.21) is

0((%(/1) x(m) _ X 1(/T) 2@
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by the anti-linearity of 6. Make the change of variables u—fi, A—1 which changes
the sign of each contour integral, but not the product, and reverse the order of
integration to get:

3L x(l)’lx(u))_ )
_6((27751')2?;“,?1(1” i—u ) M55

which proves the result for this case.

The interpretation of Theorem 5.1 in terms of Bécklund transformations is as
follows. Suppose that ¢ is a given solution to the sigma model with values either in
a Lie subgroup HCG of a given group or a Riemannian symmetric space G/H.
Denote by X C G the submanifold of G corresponding either to the embedding of H
or the image X of G/H under (5.2). The Béacklund transformation for the principal
sigma model with values in G, which is solved by the M-matrix given in
Theorem 4.1, restricts, by the imposition of constraints given in Theorem 5.1 to
one preserving X. Denoting both the inclusion map i: H—G and the immersion
i:G/H—G by i, the situation is summarized in the diagram below:

o Model with Values in H or G/H o Model with Values in G
Initial solution ¢ g=ic¢pCX forall (&n)
U l

(locally defined inverse)
i~ 1

gcx forall (& 1)

New solution ¢

The conditions of Theorem 5.1 may be given a simple geometrical in-
terpretation if, as in the previous section, the values of the M-matrix are
interpreted as affine coordinates of a point in G, (C*"¥). When ¢ is linear or anti-
linear (i.e. o, or g,), the conditions (5.15a) or (5.15b) are equivalent to the fact that
the point is fixed under a linear or anti-linear transformation, which is defined in
Table 2 by the 2nK x 2nK dimensional matrices L and L, respectively. The explicit
form of L depends on whether the involution defines a subgroup reduction (o) or
a quotient reduction (¢_), but in all cases, the constraints on M may be expressed

as

M| M

L{ﬂ}:[ﬂJ’ (5.262)
or

(W] (M

L[ﬂ}z{ﬂJ’ (5.26b)
where

[]‘ﬂz[MG, GeGL(nK, C) (527)

denotes the equivalence class of points in C*"¥*"X defining the homogeneous co-
ordinates of a point in G, (C*"¥). When ¢=¢°.#, as defined in Theorem 5.1 is
linear or anti-linear (i.e. g, or ¢,), the conditions (5.18a) or (5.18b) are equivalent to
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Table 2. Constraints associated with involutions o,

Involution Poles Constraints on
related

Constraints on
F, H;and [

(1) o is linear anti-linear

- 1
A T i
04, 1s linear 1 L’M} [MJ
1] |1
I
_ - .~ 1 11|
a.(g)=tgt™" Pos i L=|=—-4|®t
04y Is anti-linear  w;, fi; il
tf{-3)
1] |1
{1}
T
7-(g)=tgt™! N R i T @
o_, is linear o 1/ [
* Mo 1/ ()
-]
1] |1
{nh
N
o_(g)=tgt™" WAy L=|+— = — 4 — — — ~ =iy @9t
o_, isanti-linear  p;, 1/[i; [
— {4
LM M
L =
=13
(1) (o=.#)1is linear or anti-linear
olg)=tg" Tt 4, <_11Jl“ﬂ_) ®t”={s .ift:ﬂ’l’“”K”
04, is linear A ' aift=J,
[MT Il]s[M}=0
1
or
[MT ll]a[M]=0
1
og)=tg" T4 (—-;-ﬂ-> ®t‘1={h e=1, 1y Ko
0., is anti-linear 7, L @, ift=J,

or
M
[M* ﬂ]ah[ }:0
1
] IS 1 p—
i T-1 -1 5 o _‘/'1) —1_{“-‘ ift=1.1,, K,
olg)=tg" Tt (—{iff U= i o=,

o_, is linear 1/4;

q

[tFijz[F(]s [tH1=[H]

no constraints on I';,

[(F1=[F][tA]1=[H]

(tF1=[H].F H=0

Iy=—¢el'}
[tFJ=[H;]
Iy=—el;
LgtF)=[H7]
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Table 2 (continued)

Involution Poles Constraints on Constraints on
related F,H,and I,
s
or Fy=elf /_,J
M
MT 1] s[ J=0
1
Y+ a, ift=1,1,,K,
o lg)=tg" 17", ( -l L/}-) ®(gt)"={/h ooy M lgtF]=[H:
o_, is anti-linear  1/Z; —lh roe=Jd,
M
[M* 1]a, }:0
1
or rg=el} -

/A

the fact that M determines a point in the submanifold of G, (C*"X) consisting of
completely isotropic nK-planes under a bilinear or sesquilinear form. These forms
depend again upon the specific involution and type of reduction, but they are all
defined by a nonsingular matrix which is either symmetric, anti-symmetric,
hermitian or anti-hermitian. Denoting these, respectively, as s, a, h, a,, the
condition of total isotropy may be expressed as:

[M*1]s A]I[ =0, s=s7, (5.28a)
[M*1]a A]II =0, a=-—aT, (5.28b)
[M*1] h A]fj —0, h=h"*, (5.28¢)
[M*1]a, A]f } -0, a=-a . (5.284)

The second column of Table 2 gives the minimal set of eigenvalues which are
invariant under the associated involution s and the third column indicates the
matrices L, L, a, s, h, and a, which define the constraints (5.26) or (5.28) upon M.
The matrix entries are ordered according to the following conventions. Denote the
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various residues in y(4) and y~ (u) as:
residue in y(4) at 4,: Q,;  residuein y~ (1) at y;: R, ;
residue in x(4) at 4,: Q;;  residue in y~ (1) at fi;: Ry ;

1

(5.29)

1 . . 1
T Q:; residuein y~'(u) at—: R; ;

i i

residue in y(4) at

. 1 . . 1
residue in y(A) at /1:: Q;; residuein y~ '(u) at [T: R..

i i

The matrix M is the submatrix of the following 4nl x 4nl matrix, with k=1, 21 or 41,
obtained by deleting those In x In dimensional blocks corresponding to eigenval-
ues which do not appear:

M, M, M, M,;

ij ij ij
M., M.. M.. M.

Y Y Y Yl (5.30)
M, M; M; M;

My Mz My M

The fact that the conditions (5.15) and (5.18) of Theorem 5.1 coincide with the
constraints (5.26) and (5.28) for the eight cases listed in Table 2 follows by directly
substituting the various types of involutions ¢,, 7,, g5, and ¢, as defined in
Eq. (5.5). Using the explicit involutions which define the RSS’s as listed in
Column 2 of Table 1, we arrive at the minimal set of eigenvalues listed in
Column 3 for the general case and Column 4 if the eigenvalues are chosen on the
unit circle. Examples of the use of these two tables to reconstruct all constraints
defining a particular RSS will be given later.

In order to verify that the reduction procedure is consistent with the multi-
Bicklund transformation and hence that the solutions determined by Theorem 4.1
actually give rise to solutions of Egs. (1.1) and (1.2) within the correct submanifold,
provided the input solution g is within it, we must demonstrate the consistency of
the constraints on M with the matrix Riccati system (3.7a) and (3.7b) determining
it. This result is proved easily through the geometrical interpretation of the system
and constraints.

Theorem 5.2. The reduction by involutions is propagated by the differential
equations for the dressing matrix. That is, let m be the initial value of the M-matrix
at (&y,no)- If m satisfies the conditions of Theorem 5.1, then M(E,n) does for all

(&n).

Proof. The dependence on (&%) of M is, according to Eq.(4.13) completely
determined by the SL(2nK,(C)-valued function %(&,y) satisfying Eq. (4.11),

through:
[MJ ={4m. (5.31)
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According to the geometric formulation given above, the conditions of
Theorem 5.1 may be expressed, for case (i) (o, or g,) as:

nfy)=li] = «[i]-[3]
g =[5 - -3

where L, L~0 denote the initial values of L and L, respectively, at (&, 7).
In view of Eq. (5.31), it is sufficient to prove:

or

LY=%L, (5.32a)
or

LG=9L,. (5.32b)

Similarly, for Cases (ii) (o, or o,), the constraints on M are satisfied provided:
G754 =s, } (5.33a)
GTaG=a,] (5.33b)
Y hY =h, }a (5.33¢)
Y a9=a,] * (5.33d)

where s, ko, hy, and @, are the initial values of the symmetric, anti-symmetric,
hermitian, and anti-hermitian forms s, a, h, a,, respectively, as defined in Table 2.
Since the function % defines a covariant constant section of the bundle
R? x SL(2nK, C) and the functions L, L, s, a, h, a, may similarly be interpreted as
defining maps and forms on the associated vector bundle R* x €*"X, the con-
ditions (5.32) and (5.33) have the simple interpretation that these quantities are
invariant under parallel transport. The relations (5.32) and (5.33), for given L, L, s,
a, h or g, determine a reduction of the principal bundle to the subgroup
determined by the relations. Thus the verification of consistency with Egs. (4.11)
determining ¥ amounts to proving that the holonomy group of the connection
(4.2) is contained in the appropriate subgroup.

The proof for the eight cases is quite similar, so we again only give two
representative examples:

(A) o.(g)=tgt" ' =g,
or (5.34)
(B) o (9)=tg" 't7i=g"".
Note that for ¢, reductions like (A), the appropriate map or form is itself constant
and hence the subgroup defined by (5.32) or (5.33) is a fixed subgroup of
SL(2nK,C), while for o_ reductions like (B), it varies by a conjugation in

SL(2nK, €) depending on the point (&,7), of the form g(&, n)®1,,, where g(&,#) is
the input solution.
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Case (A). Since 9(&,,n,)=1 satisfies the appropriate condition (5.32b) and Lis

constant, it is sufficient to prove the differentiated relations:

—(AQRA) L+ LA RA)=0,
—(#QB)L+L(Z®B)=0,

where ./ and 4 are, according to Eq. (4.7)

g { 1 }| [
iagl—-—4 | |
1+ | |
S N |
1
‘da IR G |
1g{1+ﬁ,}1
P it To—=- - To— o
1 1 7 1 1 Idlag{ 1
TbA Lbp 144 14a U+
1 1 : 1 1 :
1+/Tl 1+ﬂj|1+zl 1+ﬁ]|
| [
diag{i}p [
L L—p;) I
T T T T T T, T i
1
| d; |
ldlag{l—‘,}|
B e m e
1 1 1 1 ldla{ 1 }
(A T M SR Vs
1—1_T_]~—1_T —————

T T T T A

(5.35)

, (5.36a)

(5.36b)

According to Eq. (5.11a) for =0, the reduction condition (5.34a) has the following

infinitesimal form:
—At+t4=0,

—Bt+tB=0,
and, from Table 2, the matrix L has the form

where =41,

" o M~

Equation (5.35) therefore reduces to the commutation relations:

[, A]=[%,4]=0,

which are easily verified to hold.

(5.37)

(5.38)

(5.39)

(5.40)
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Case (B). The appropriate condition is (5.33a) or (5.33b) which, differentiating
with respect to & and #, is equivalent to

(ATRA)s+s5,+5(A4 ®A)=0, (5.41a)
(B" Q@B )s+s,+s(BRA)=0 (5.41b)
(or the same relation with s replaced by a) where, according to Eq. (4.7)
1 |
diag —( !
Bl B
1+ il
A=|-—-—==-—= === ,
11 dia { 1 }
144 IRl [
I+— 1
/11. |
X ‘ (5.42)
diag (!
I
! Ao
B=|—~— 1— - —1— it ,
T4 1! dlag{1 /ll}
I—— 1
i |
and, according to Table 2:
s=2®(gt)" !, (5.43)
where
diag {4}
F=l--—--- A . (5.44)
diag{—4}
The reduction (5.34b) has the infinitesimal form given by Eq. (5.11b) at 1=0:
AT(gt) '+ (gt)"*4=0, BT(gt)"'+(g9t)"'B=0. (5.45)

The matrices &/ and % do not commute with X but satisfy the following relation:
ATE - +34=0, HBET-3X+IA=0, (5.46)

as a direct computation shows. The left-hand sides of Eq. (5.41a) and (5.41b) are
thus:

(AT@A)s+5,+ (A RA)=ATZQA (gt) ' - Z®(g1) 1A+ ZA R(g1) 1A
=(ATT-T+ZA)R(gt) 14
:0,
(B"®B")s+s,+s(BRB)=B"ZR®B"(g1) ' —2®(9t) 'B+2ZABR(gt)"'B
=(BTE-X+2B)R(gt)"'B
=0,

which concludes the proof for Case (B).
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The content of Theorems 5.1 and 5.2 may be re-expressed in terms of the data
determining the residues Q; and R, of the ZMS dressing matrix y(4) and its inverse
according to Theorem 4.2. These are: the rectangular matrices {F, H;} determined
from their initial values {f;, h;} by Eq. (4.51) and, in the case of a degeneracy 4, =p,,
the diagonal block I}, determined from its initial value {f;" ¢;h;} by Eq. (4.53b). The
last column of Table 2 gives the constraints on F;, H;, and I};, which are equivalent
to the constraints of Theorem 5.1. The equalities between the different rectangular
matrices {F,, H,} are to be understood as equalities between the subspaces that the
columns of each matrix span. For example, the relation

(gtF]=[H]] (5.47)
should be interpreted as:
gtF,=HA, (5.47)

for some constant 4,6 GL(r;,C), r;=rkH, The constraints on I;; should be
understood accordingly, in view of Eq. (4.53a) and (4.53b). These are redundant for
A;# p, since they are reduced from Eq. (4.53a), but for 4, =y, since the initial value
of I; is undetermined up to the additive factor {f;*c;h,;}, the constraint must be

added to those on {F, H,} together with the orthogonality relation:
FH;=0, (5.48)

which is not explicitly listed in Table 2 unless the minimal set of poles implies such
a degeneracy. The number ¢, is

g=+1, if t=11,, or K
e=—1, if t=J,.

t

e (5.49)

Theorem 5.3. The constraints on the matrix M defined in Theorem 5.1 are
equivalent to the constraints on the matrices {F, H;} and I;; given in Table 2. The
latter are valid at all values (£,n) if they hold at the initial data point.

Proof. Although the explicit constraints on M and on F,, H;, and I} are different in
each of the eight cases, the proofs are identical, therefore we shall only treat one
case; namely, the involution

o_(g)=tg" "t l=g"1. (5.50)
Denoting by M;; the block corresponding to the eigenvalues {,u,: %i, /11.}, the
constraint (5.18b) becomes:
My~ Fg0 M g0 5.51)
According to the Eq. (4.59), M;; has the form:
M;;=HgF} (5.52)

where
y=I"1, (5.53)
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and therefore
+ &L + o+ -1
Hiy;;F; )= 7 (gtF) vz Hi (gt)™ 7). (5.54)
Since F; is of maximal rank, we have

Hyyy;= %gtm; H} (g) " (F} F)™ . (5.55)
Multiplying on the right by I'; and summing over j gives
H;=gtF A, (5.56)
for some matrix A;. A similar process involving left multiplication gives
H.A,=gtF,, (5.56))
and therefore F,, H: are of the same rank and span the same space:
[H]=[gtF]. (5.57)

To prove that A, in Eq. (5.56) may be assumed constant, note that H: and F, are
determined from their initial values by

1
=)
(5.58)
Fi=p" "1 (4) fis
where, by Eq. (5.9)
v ) =v (1) (559
and hence
h.=tfA,. (5.60)

Since h;, f; are constants, A; may be taken as constant. From (5.56) we can deduce
the constraints satisfied by I, provided g, =+ 4, since by the definition (4.53a) of I,
we have:

TH. FTgtF A,
= fiHy _Fogthd; (5.61)
J 1 1
Ai— = Ai— =
J '11'
and therefore, in view of Eq. (5.56)
Li=+A7" 11};/1]71; (5.62)

(with + if ¢ is her_mitian, — if ¢ is anti-hermitian). This derivation is not valid,
however, if 4,=1/4;. To prove Eq. (5.62) in general, we again use Eq. (5.52), from
which follows

vy =(H; H) ™ 'H My F(F/F)™ 1, (5.63)

tjt



362 J.Harnad, Y. Saint-Aubin, and S. Shnider
since H;, F; are of maximal rank. From (5.51), (5.52), and (5.56) this implies

A
hy=t F AT (564

. . . 1
which is equivalent to Eq. (5.62) for all eigenvalues, whether 4, = T or not.

Conversely, suppose Egs. (5.56) and (5.62) and hence also (5.64]) are satisfied.
From Eq. (5.52) we have:

N

A, . ) _ _
7M=L gtFy i Hi (90" ' = £ gtFidpyA;  HY (1)

J

o

1

=Hy;F; =M;;,

J

proving the constraint (5.51).

Finally, to illustrate how the data in Tables 1 and 2 combine to determine the
reductions corresponding to all Riemannian symmetric spaces, we shall give the
full details for two illustrative examples:

(1) real Grassman manifolds Gp(lI{”+‘1)= SO(p + q)/SO(p) x SO(g) and

(i) the space SO(n,C)/SO(n), which is the non-compact analogue of the
principal SO(n) sigma model.

Example (i). SO(p+ q)/SO(p) x SO(q).
From Table 1, the minimal set of eigenvalues when |4]=#1 involves all four

- 11 . . .
terms {li, A o 7}, and hence the dressing matrix and its inverse are of the form:
i A

1
_ i Qi Qi Qi
M=+ Y =ttt s

(5.65)

1 2
X_l(/l)=ﬂ+ Z i + -+ i + T
i=1 i Y

Ordering the In x [n dimensional blocks in the M-matrix as in Eq. (5.30), the three
involutions involved in this reduction give rise to the following constraints
according to Table 2:

o.(9)=g9""'=g

1
M 1]}~ - - - - [M} =0, (5.66)
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or, equivalently,

F,=H,, F,=H,,
F,=H., F;=H,, (5.67)
L=-I', [L,=-I

(up to a change of basis in the spaces spanned by F, F, F,, F;, H,, H;, H,, H)
together with the orthogonality conditions:

FH,=F H,=F H,=F: H:=0. (5.68)
c.(9)=g=g 11 |
! |
I
| |
I . 1,
I I M M
—————— e B = , 5.69
| ]1—: [ﬂJ [ﬂ} G6)
|
1 |
I
N
| L1
or, equivalently
F;= —i’ H;= —i’
FiZFf, HiZI‘-If, (570)
I= Iy Li=I
o_(9)=1,91,,=9"
gy
| -
_______ | {11} |
R |
) : .
vy |
_______ I————_—_I—___.______——_._—____.
[ -
| | {_)'i 1} B
| ! (=74
_______ + _ e — e — — o ——
:{—/Ii} I
| {—Zi} :
M M
®gl,, 1 } = [ ﬂ}, (5.71)
or, equivalently,
1, F=F, gl H=H,
gl F=F;, gl, H=H;, (5.72)
F» IZL
L=—%, r=-3
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The conditions (5.67), (5.68), (5.70), and (5.72) reduce to the two constraints:

F'F,=0 and I,=-TI7, (5.73)
with all other terms determined by:
Fi=F7=g1qui:ngqFf=ii=H7=g qui:ngqui‘ (574)

Assume now that all eigenvalues 4; are on the unit circle: |4,/=1. In this case,
the minimal set of poles consists of {4, 4;} and the dressing matrix reduces to:

W)=t+ Y {ffl " f}},

! R. R-
-1 _ i i1
=1+ ) {z—z,. * A—Z,.}’ (575)

K=2I.

The M matrix now consists of only four In x [n dimensional blocks:

M.. M.
— Y] 1
M—<MU Mﬁ), (5.76)
and the constraints (5.66), (5.69), and (5.71) reduce to:
[ 1
i
1 M
+ ————l—-—— _ ’
[(M™1] ﬂ; [ﬂ}—o, (5.66))
1 [
11
1 M] [M
___I___ — U
T HEH L)
11
and
AN
- ===
a3 M| [M
_J_ — ’
oo T oo T T ®gl [ }—[ } (5.71)
| P =4 Ml 1
r—=—-7r -7
I{“ii}l

Equivalently the constraints (5.73) and (5.74) reduce to the relations:

FT'F,=0, F,=gl,F,,
e (5.73)
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with the other terms determined by:

F,=F.=fA,=H., [I,=I,. (5.74)

The particular case of the above with I;;=I,.=0 and F, H, of rank one was
reported previously in [7] and reduces for the case SP=SO(p+1)/SO(p) to the
Bicklund transformation of Pohlmeyer [12]. A different type of reduction for this
case was also given in [3]. The general case treated here has not previously been
analyzed.
Example (ii). SO(n, C)/SO(n).

According to Table 1, the minimal set of eigenvalues for |4+ 1 is {4, 1/4;} and
the dressing matrix is thus of the form:

1
_ Qi Q?
=1+ 0o+ i
Ii
. R (5.77)
, R-
1=+ Y4
i=1 /1_]‘1 /1_ l
I
with K =2l
The M-matrix consists of four In x In dimensional blocks:
M.. M..
M= Y Y. .
(Mij Mij) (.78)

There are, from Table 1, two involutions giving rise, according to Table 2, to the
following constraints:

T—1_

7.(9)=y g
1 0
[
0 1\rpm
MT1]|-— - -~ [}=m 5.79
0 1.
or equivalently
Fi:Hia F7=Hf’
(5.80)
L=—TI7, Li=-I,
together with the orthogonality conditions:
F'H,=0 F:H.=0. (5.81)
g _(9)=g=9 "
{41
'y M| M
p— _l -_— _.I ______ =
o ooy |=|% (58)

=T



366 J.Harnad, Y. Saint-Aubin, and S. Shnider

or equivalent:

gﬁi—Fz" gHiZHT’
_ (5.83)
L= — ﬁ
The conditions (5.80), (5.81), and (5.83) reduce to the two constraints
F/F,=0 and I,=-I], (5.84)
with all other terms determined by :
F;’:Hi:gFf:ng’ I;f=_’1i21;i' (5.85)

Again, if |2,/ =1, the minimal set of poles is reduced to just {4} and the dressing
matrix is of the form:

x(A)=1+

i

||M._
>~

|
PN

(5.86)

=

=1+ Y

4

Il
—_
~
|
N

with K=1.
The M-matrix consists of just one /nx In dimensional block (M;;) and the
constraints (5.79) and (5.82) become:

[Mﬁl](i g)[ﬂzo, (5.79)
and
(ili_} : {_—75) o4 [1‘1? _ [];14 } (5.82)

Equivalently, the relations (5.84) and (5.85) reduce to:
F'F,=0, F,=gF, I,=0, (5.84)

i’ i

with
H,=F,. (5.85)

All other cases listed in Table 1 may be similarly treated using the data
defining the reductions in Table 2.
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