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Abstract

Systems of nonlinear ordinary differential equations are constructed for which the general
solution is expressed algebraically in terms of a finite number of particular solutions.
The equations and the corresponding nonlinear superposition formula are based on a
nonlinear action of the Lie Group SL(N,C) on a homogenous space M. The isotropy
group of the origin of this space is a nonmaximal parabolic subgroup of SL(NV,C). Such
equations can occur as Bécklund transformations for soliton equations on flag manifolds.



I. Introduction

Let us consider a system of n first order ordinary differential equations (ODEs)
yr=nt(y,t) p=1,...,n (1.1)
where the dot denotes differentiation with respect to time ¢.
If the equations are linear we have a linear superposition formula: the general solution is a

linear combination of n linearly independent particular solutions. More interestingly even if the
system (?77) is nonlinear, it may allow a nonlinear superposition formula

—

g(t):F(glv'-'7gM7clv~"7cn)7 (12)
g€ C™ (or j € R"),
where i1, . . ., U, are particular solutions, ¢1, ..., ¢, are arbitrary constants and #(t) is the general
solution.

S. Liel’”l established the conditions under which the system (??) allows a superposition
formula (77), i. e. the general solution can be expressed as a function of a finite number m of
particular solutions. Lie’s result can be summed up as follows:

The system (??7) allows a superposition formula (77) if and only if

1. It has the form

J=>_ Zt)&). (1.3)
k=1

2. The vector functions & (%) (independent of ¢) are such that the vector fields

X =) &)y (1.4)
pn=1
generate a finite dimensional Lie algebra L:
(X, Xi] = Z fri; X5 (1.5)
j=1

The number of solutions m needed in the superposition formula (??) satisfies the relation
mn 2, (1.6)
where n is the number of equations and r is the dimension of the Lie algebra L.

Somewhat unexpectedly, it turned out that nonlinear ordinary differential equations with
superposition formulas play an important role in soliton theory!””) where they occur as Bécklund
transformations.

In turn, Béacklund transformations provide soliton superposition formulas, i. e. explicit for-
mulas for multisoliton solutions that asymptotically correspond to a combination of independent
solitons. Thus two very different types of nonlinear superposition formulas become linked via
Béacklund transformations for integrable nonlinear partial differential equations.

The classification and construction of all systems of n nonlinear ODEs with superposition
formulas amounts to a classification of all finite dimensional subalgebras of diff(n), the infinite
dimensional Lie algebra of vector fields in n dimensions. For n = 1 such a classification is quite
simple. Indeed the only finite-dimensional subalgebras of diff(1, C) are sl(2, C) and its subalgebras.
For n = 2 a complete classification exists and this is again due to S. Liel””). For n > 3 the problem
becomes intractable.

A more resctricted problem has however been solved!””): !7LI??l and that is the classificaton
of indecomposable systems of ODEs with superposition formulas. These are systems satisfying

770,10
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eq. (77), (7?) and (??) from which it is not possible to split off a subset of | < n equations that
also satisfy Lie’s criteria and hence have a superposition formula of their own.

The classification of these indecomposable systems is best formulated in a geometric manner.
Thus, let us view the variables {y1,...,y,} (for fixed t), as local coordinates on some manifold
M. Let G be a Lie group acting transitively and effectively on M. We can then identify M with
a quotient space M ~ G /Gy where Gy C G is the isotropy group of the origin in M.

The system (??) is decomposable if local coordinates on M exist that can be divided into two
subsets, {y1,...,yn} ~ {x1,..., 21, 2141, - -, 2n } such that the vector fields (?7) all simultaneously
have the form

l n
X =Y ful@)0s, + D gr(@,2)0s, (1.7)

b=Il+1

(i. e. the coefficients of 0,, depend on the coordinates x only). Such coordinates exist if there
exists a G-invariant foliation of the space M. The action of G on M is called primitive (in addition
to being transitive and effective) if no such foliation exists. Locally, this can be expressed in terms
of the Lie algebras L and Lg, corresponding to G and Gy. The system (??) is indecomposable
if the pair of algebras (Lg, L) determines a transitive primitive Lie algebra. This means that L,
the subalgebra of vector fields vanishing at the origin, must be a maximal subalgebra of L, and
must not contain an ideal of L.

Transitive primitive Lie algebras have been classified
was used to classify indecomposable systems of ODEs with superposition formulas 77} |
Several articles have been devoted to constructing systems of equations with superposition for-
mulas, and to the superposition formulas themselves’™ - -+ [”]. Supersymmetric versions of these
equations have been constructed!””) as well as difference equations with superosition formulas!’"> 7],
All cases considered so far correspond to transitive primitive Lie algebras.

The purpose of this article is to investigate the nonprimitive case and to show how the
previously studied indecomposable systems serve as building blocks for decomposable ones.

We restrict ourselves to the Lie algebras sl(/V,C) (for arbitrary finite V) and make use of
realizations of these algebras, constructed earlier””!.

(7 -+ > 7] In turn, this classification

?27], [?7]

I1. Formulation of the problem and example of SL(2,C)

I1.1. General Formulation

Let us consider a system of ODEs as in eq. (77), allowing a superposition formula. In view
of eq. (7?) and (??) the right hand side of eq. (7?7) determines an element of the Lie algebra L
for any fixed value of time ¢t. As t varies, this element varies along some path in L. The general
form of the solution is obtained by integrating the vector fields (??) and composing the results.
Thus the solution will be given by the corresponding group action

y(t) = g(t)-4, (2.1)
where ¢(t) is an element of the Lie group G = (exp L) and # is a constant vector, related to the
initial conditions for #(¢). The group element g(¢) depends on r = dim L group parameters. These
in turn depend on time ¢ in such a way that g(¢) follows a path in the group G, corresponding to
the path in L, determined by the equation, i. e. by the coefficients Zy(t), k =1,...,r.

The superposition formula (?7) is obtained from the group action (77), once the time depen-
dence in g(t) is established. To do this, we assume that we know m solutions ¢ (t), k =1,...,m
corresponding to the initial values uy in (??). The m relations
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Ui(t) = g(t) (2.2)
are then used to express all parameters in g(¢) in terms of the known solutions. Each solution
provides n equations. The condition (??) simply means that we must have at least as many
equations as unknowns. The actual number m of different solutions needed is obtained from the
requirement that the only transformation g(ty) that simultaneously stabilizes all initial conditions
up (up = g(to)ug, k = 1,...,m) is the identity transformation g(to) = I. This requirement
determines the minimal number m and also the independence conditions on uq, ..., U,.

I1.2. Example of the algebra sl(2,C)

For n =1 the situation is very simple. The only finite dimensional subalgebras of diff(1,C)
are sl(2, C) and its one and two-dimensional subalgebras. Up to local diffeomorphisms there exists
just one realization of sl(2,C) as a subalgebra of diff (1, C), namely

X1 = Gy, X2 = yay, X3 = y28y (23)
The equation (?7) in this case is the Riccati equation
§=Z:1(t) + Za(t)y + Z3(t)y*. (2.4)

The SL(2, C) group transformations corresponding to the realization (??) are projective transfor-
mations of C1. Thus, eq. (??) in this case is
_ g11u + g21
g12U + g22
In this case we have n = 1 (one equation), r = dimsl(2, C) = 3, hence the number of solutions m
needed to reconstruct the group element ¢(t) = {gx(t)} satisfies m = 3. In fact we have m = 3.
Indeed let y1(t), y2(t) and ys3(t) be any 3 different solutions of eq. (77), corresponding e. g. to
the choices u; = 0, ug — 00, ug = 1, respectively. Substituting into eq. (??) we express g,
g21 and goo in terms of y;(t) and g1; (which cancels out) and obtain the (well known) nonlinear
superposition formula

y(t) _ uy2(3/1 — 3/3) + .%(3/3 - y2>
w(yr —y3) + Y3 — Y2

Choosing u = 0 as the origin of the space M, we see that it is stabilized by the maximal parabolic
subgroup of SL(2,C) and we obtain the identification

M ~C~G/Gy, G~ SL(2C),
Go ~ (gél gl%) . (2.7)

g11

y(t 911922 — 921912 = L. (2.5)

(2.6)

Now let us turn to a case that has not been considered before, namely n = 2 when the
realization of the algebra sl(2,C) is not primitive. The group SL(2,C) has two inequivalent one
dimensional subgroups,

g11 0 1 gi12
Go, ~ ( 0 91—11> , Goa~ (O 1 > ) (2.8)

i. e. the maximal torus G ; and the unipotent group Gp 2. Hence we must obtain 2 inequivalent
n = 2 realizations of sl(2,C). In appropriate coordinates (y1,y2) the coefficients of 9,, in all
vector fields will depend on y; only, those of y can depend on both y; and y2 (see eq. (77)). The
coefficients of d,, will hence be as in eq. (?7). The analysis is easy to perform and we simply
present the result:

X1 = ayn Xo = ylayl + 928@/27 X3 = y%ayl + (29192 + k‘y%)ﬁyza (2~9)
k=0or1.



The 2 inequivalent realizations correspond to & = 0 and k£ = 1, respectively. S. Lie in his

classification of the n = 2 case gave these two reaizations in a different, but equivalent form![*”.
(7]

The form (7?) was already used by Krause and Michel! ‘).
The system of ODEs (77) corresponding to (77) are

= Zi(t) + Zo(t)yr + Zs(t)y?
Y2 = Zy(t)y2 + Z(t)(2y1y2 + ky3)
We now wish to obtain superposition formulas for the above system, separately for £ = 0 and
k=1.
Integrating the vector fields (?7) we obtain the group action

uy +

giau1 + goo’

(2.10)

U2
(g12u1 + go2)[g12(u1 + kuz) + goo]

Let us choose the point (u3,uz) = (0,1) as the origin. For k = 0 we see that it is stabilized by
the unipotent group Gp o of eq. (7?). For k = 1 the stabilizer of the origin is the subgroup
1
~ 911 911 — ——
Goa ~ Rk (2.12)
0 il
g11
This is conjugate to G 1 of eq. (77), however if we transform @0’1 into Go,1, the origin is shifted
to (u1,uz) = (0,00). We prefer to stay with the more convenient origin.
The relation mn 2 r for eq. (7?7) is 2m 2 3, hence m 2 2, and it turns out that 2 solutions
are indeed sufficient to reconstruct the group element g(t).
Let us assume that (v1,v3) and (wq,ws) are solutions of eq. (77). The four components of ¥
and w are then not independent, but satisfy the relation

Y2 =

(v1 — wy) vy — wy + k(ve — ws)]
Va2W2

= R(k), k=0, 1, (2.13)

where R(k) is a constant. This relation is the analogue of the famous unharmonic ratio of 4
solutions of the Riccati equation:

(y1 —v2) (Y1 — y3)

(s —s) (s — v2) = K = const. (2.14)
We assume

v1(0) # w1(0), v2(0)w2(0) # 0, (2.15)
and for k=1

R(1) # 1.

With no loss of generality we can assume that the initial conditions for the two known solutions

CER)-() (@8)-6) e

Substituting these two solutions and their initial conditions into eq. (?7), we can solve for g;x(t).

We mention that the reconstruction is more efficient in the imprimitive case than in the primitive

one. Indeed for the Riccati equation we need to know 3 solutions, for the system (77) only one.
Let us consider the two cases separately.

1) k=0:



We obtain

a b a b b b
911 = V14— —wiy/—, gi2=4/— — 1/~ g1 =wiy/—, Gaz =4/ —. (2.17)
Vo W V2 Wo wa w2

Furthermore, the invariant R(0) of eq. (??) is equal to

vy — wy)? 1
R(0) = (W—wQ) = (2.18)
and hence
U1 — W2
911922 — 912921 = NG Vab=1. (2.19)
2) k=1:

We use the invariant (77)

R(l):(U1—w1)(vl—w1—|—vg—w2):a—b+1 (2.20)
VW2 ab

to express vy in terms of vy, wy and wy and obtain
911 = b[w1 (’01 — ’w2) — w%] + (b — 1)'01’LU2
[b(l — b)wg(wl — Ul)(wl —+ wg — ’1)1)]1/2,
_ b(wy + wy — v1)
922 [b(l — b)wg(wl — Ul)(wl + wo — ’1)1)]1/2,

(2.21)

1
921 = g22Wi, QJi2 = 0—[911 + 922(?11 - u1)]
1

The result of this section can be summed up as follows:

Theorem 1. Two inequivalent realizations of sl(2,C) by vector fields in two dimensions
exist, given by eq. (?7) with £k = 0 or k£ = 1 respectively. The corresponding group actions on
the homogeneous space SL(2,C)/G x is given in eq. (77).

Theorem 2. The nonlinear ODEs (?7) for £ = 0 and k£ = 1 have superposition formulas
given by the imprimitive group action (7?). The group elements g;x(t), i,k € {1,2} are recon-
structed from any two solutions ¥ = (v1, v2) and @ = (wy, we) with the initial conditions satisfying
eq. (?7?7). The explicit reconstruction formulas are given in eq. (7?) for k =0 and (?7) for k =1
respectively.

[IT. Induced representations of SL(N,C) and
parabolic subgroups

III.1. General theory

Let us consider the Lie algebra sl(N, C) realized by matrices X € CVN*¥ Tr X = 0. We shall
make use of several subalgebras of sl(N,C). The Borel subalgebra is the maximal solvable sub-
algebra and it can be realized by the set of all traceless upper triangular matrices. A parabolic
subalgebra of sl(N, C) is any subalgebra containing the Borel subalgebra. A maximal parabolic
subalgebra is one that is not contained in any proper subalgebra of sI(N,C). All parabolic subal-
gebras can be realized by block triangular matrices. Maximal parabolic subalgebras correspond
to case of precisely two blocks on the diagonal.

A classification of all maximal parabolic subalgebras of sl(N,C) is obtained by taking all
decompositions of N into N = r; +79, min(r1,72) = 1 and writing all sets of matrices of the form
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p(r1,72) = {X e chN‘ TrX =0, X = (AOH ﬁ;i) }

N =11 +1rg, (31)
Ay € (CTlXTl, Aos € (Cr2><7"2, Ay € CT1 %72,

Similarly, a maximal parabolic subgroup of the group corresponds to the same partition of N and
satisfies

P(’I“l,?“g) = {G € CNXN'G = (Goll g;;) y det Gll det G22 = 1} (32)

The homogeneous space M ~ SL(N,C)/P(ry,r2) was constructed in an earlier articlel’”] (as a
Grassmanian). Local coordinates on this space were introduced as matrix elements of a matrix
W € C™*"2, The group action on this space is represented by matrix fractional linear transfor-
mations

W: (G11W—|—G12)(G21W—|—G22)_1. (33)

The corresponding Lie algebra sl(N, C) is represented by vector fields with (specific) quadratic
nonlinearities. The group action is primitive, the corresponding nonlinear ordinary differential
equations with superposition formulas are matrix Riccati equations:

W =A+ BW +WC + WDW, (3.4)
W, AeCr>r2. Be(Cn*m,  (CeCrexr, DeCrexn,

In particular for ro = 1 we obtain projective Riccati equations corresponding to the projective
action of sl(IV,C) on CN~!. The corresponding superposition formula is given by eq. (??) in
which W = const represents the initial data, W = W (t) the general solution and the matrices
G (t) can be reconstructed from N + 1 known solutions!?") [7],

Series of nonprimitive realizations of the Lie algebra sl(INV,C) for N = 3 can be obtained
using the theory of induced representations!”” ’”]. The homogeneous spaces that we construct
are M ~ G /Gy where G is SL(N,C) and Gy is a (nonmaximal) parabolic subgroup of SL(N,C).

More specifically, in this article P(N) is group of matrices

gi1 gi12 . e ginN

Go~g=|9N-21 ... gN-2,N—2 gN-2 N-1 gN—-2,N | - (3.5)
0 .- gN—-1,N—1 gN—1,N
O . 0 0 gNN

We use the Borel subgroup B C SL(NN,C) to induce representations of SL(N,C) on spaces of
functions f(Z) where Z is a point on the space SL(N,C)/B.

To obtain the group action explicitly, we use the defining representation of SL(NV, C) by N x N
matrices and write the Gauss decomposition

1 &2 &3 ..o &N 1 0 0

01 523 §2N 291 1 0 0
gngZ’ 5‘: 00 . ... ’ Z = 231 232". e ]

0... 0 1 éxv_in . 10

0... 0 1 ZN1 «-- ZN,N—-1 1
D:diag(dn,...,dNN). (36)

The matrix elements z;;, 1 < j < i < N are local coordinates on M ~ SL(N,C)/B (the Borel

subgroup is represented by the matrices (D). The action of the group SL(N,C) on M is given in
local coordinates as

Zg=¢DZ. (3.7)



Explicitly we obtain the group action
7 =F(g,2) (3.8)
by eliminating d;; and & from eq. (?7) using a subset of these N 2 equations and substituting

N(N —1)

into the remaining 5

equations.

[I1.2. Example of the group SL(3,C)

Let us illustrate the procedure for the simplest nontrivial case, namely SL(3,C). Eq. (??7) in
this case is

L 0 0\ /911 912 913 1 &2 &3 di; 0 0 1 00
z21 1 0 go1 G22 923 | = | 0 1 &a3 0 doy O Znn 1 0. (3.9)
231 232 1 931 932 933 00 1 0 0 dss Z31 232 1
We rewrite eq. (77) symbolically as
R;, = 0.

Eq. R;3 = 0 gives us ds3, £23 and &3 in terms of z;; and g;x. Eq. R3x = 0 for £ =1 and 2 give
us Z3o and Z37 in terms of z;; and g;r, eq. Roo = 0 and Ry = 0 give us dgo and finally Zo;.
Defining 231 = 1, 230 = =9 and 297 = x3 and similarly for Z3;, Z32 and Zs; we obtain the
group transformations, namely
- 91121 + g21%2 + g31
xr1 =

g13%1 + gosTa + g3’
Gy = g12T1 + g22T2 + g32

, (3.10)
91321 + G232 + g33
Gy — (=21 4+ wow3)Ar123 + x3A1133 + A2133
(—x1 + @ox3) Ar223 + 2341233 + Az233
where
Aijii = gzjj g;ll = Gij gkl — GilGk;j- (3.11)

We see that the elements of the last row in Z, namely z3; = x1, 232 = x5 transform independently
of the second row (221 = x3). Thus, we have a realization of SL(3,C) on a flag manifold. Indeed
{z1,22} are local coordinates on the space SL(3,C)/P(2,1) and we have a primitive action on
this subspace (the projective action). Further {x1,xs,23} are local coordinates on SL(3,C)/B
and on this space the action is imprimitive (we have P(3) ~ B).

The linear representations of SL(3,C) on functions f(Z) is given as

Tgf(l’l,xg,xg,) = f(i’l,i’g,i’g), (3.12)
with Z; as in eq. (77). Calculating the infinitesimal operators in this representation we find

B3y =01, Esp =0y, Eyy = 2301 + 05,
E11 = 1101 + 1305, Fag = 1905 — 1303, E12 = 1102 — 2303,

By = 21(2101 + 2202) — w3(x322 — 21)03, (3.13)
Es3 = x9(2101 + 2202) — (2322 — 21)0s,

The nonlinear ordinary differential equations with a superposition formula corresponding to the
action of SL(3,C) on SL(3,C)/B can be read off from (77) using Lie’s result (??), (?7). They are

i1 = Z31+ Z1121 + Zo129 + 21373 + Zozx1x0,
Bo = Z3g + Z1971 + Zooxo + 2137129 + Zozx3, (3.14)
i3 = Zoy + (Z11 — Zao)xs — Z1273 — Z13w3(2372 — 1) — Zoz(w3m0 — 71),
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where Z;;, = Z;(t) are arbitrary functions of time ¢.

We mention that the origin of the coordinate system in SL(3,C)/P(2,1) is the point (21, z2) =
(0,0) and in SL(3,C)/P(3) it is (z1, z2,2z3) = (0,0,0).

Notice that the first two equations in eq. (??) involve quadratic nonlinearities, while the third
equation involves cubic ones. However, if 1 and zo are known (from the first two equations),
then the equation for &3 reduces to a Riccati equation.

[I1.3. The group SL(4,C)
For SL(4,C) we no longer have P(4) ~ B and the flag manifold consists of 3 spaces
SL(4,C)/P(3,1) c SL(4,C)/P(4) c SL(4,C)/B. (3.15)

We restrict ourselves to the space SL(4,C)/P(4), put x1 = 241, To = 242, T3 = 243, T4 = 231 and
x5 = z32 and use eq. (77) to obtain

- _ T1g11 + X291 + 3931 + ga1

T = )
L1914 + 2924 + 3934 + Ga4
7 = Y1912 + Z2g22 + T3G32 + ga2
2 — )
L1914 + 2924 + 3934 + Ga4
Gy — T1913+T2923 + 3933+ 943 (3.16)

T1914+T2924+T3934+gas’

(w15 —22w4) Ar124+ (21 —2374) Ar134+ (T2 —2375) A2134 — T4 Ar144 —T5 A2144 — A3144
(125 —x2x4) Argoa+ (21 —2324) Arg3a+ (T2 —T3%5) Aogza — T4 A1344 — 5 Ao3aa — Agsaa’

- (2125 —2224) Arooa+ (1 —2324) Ar234+ (T2 —23%5) Aoozs — T4 A1244 — 5 Agoaa — Azoas

 (z1z5—Toma) Argoa+ (71 —T374) Ar334+ (T2 — 2375 ) Aogsa — Ta A134a — 25 Aozag — Aszas

The infinitesimal operators can again be obtained as vector fields, using the representation
T,f(Z) = f(Z) with Z and Z related as in eq. (??7). Instead of writing them out we give
the corresponding nonlinear ordinary differential equations, namely

Ty = Zy + 2111 + Zo1x2 + Z3123 + 11( 21471 + ZoaTo + Z3473),
= Zyo + Z12%1 + ZooTo + Z303 + 12( 21471 + Zoaxo + Z3473),
= Z43 + Z13x1 + Za3xo + Z33w3 + x3(Z1471 + Loao + Z3473), (3.17)
Ty = Z31+ (Z11 — Z33) T4+ L1 05 — 04( 21374 + Z235) + (01 — 2324) (Z14%4 + ZoaT5 + Z34),
b5 = Z3o + Z1224 + (Zoz — Z33) 05 — T5( 21374 + Z2375) + (02 — 2375) (Z14%4 + Z2aT5 + Z34),
where Z;;, are arbitrary functions of . Notice that {z1, 22, z3} satisfy projective Riccati equations.
The last two equations involve cubic nonlinearities. However, similarly as in the sl(3,C) case the
equations “decompose”. If {x1, x9, x3} are known, then the equations for {x4, x5} satisfy projective
Riccati equations, based on algebra sl(3, C).

III.4. Finite transformations and vector fields for general N

For general N = 3 the formulas are quite similar to the above cases N = 3,4 only somewhat
more cumbersome to write. Dropping the calculations, we just present SL(N,C) group action on

the space SL(NV,C)/P(N):

N-1
(Z gjifﬂj) + gnNi
I . i=1,...,N—1, (3.18)

(Z gJNmJ) + gnnN

Tiyn—1=F(i)/F(N—-1), i=1,...,N-2,




where

N—3N-—2—k
F(i) = (Z Z (TRTi4 N4r—1 _xk+lxk+N—1)Aki(k+l)N) +
k=1 I=1

N-2 N-2
+(Z (71 — 1’N—1$k+N—1)Aki(N—1)N) + (Z (—$k+N—1)Akz‘NN> — A(N-1)iNN-
k=1 k=1
We see that {x1,...,2y_1} transform according to the projective realization of SL(NN,C). The
remaining N —2 variables {x, ..., xon_3} transform in a manner involving quadratic polynomials
in the denominator and numerator of a fraction.
The nonlinear ODEs with superposition formulas can be read off from the vector fields
representing the Lie algebra sl(/V, C) in this realization, namely
Enj=0;, 1SjSN -1,

A

Eijj =20; +aN-14iON-14j, 1SiSN—-2,1ZjSN-2,
En-1j=2N-10; + Onyjo1, 1SS N -2,
2N-3
En_inN-1=2N-10N_1 — Z T O,
m=N
2N-3
EiN—l = a:i(‘)N_l — TN—-1+14 Z Z’mam, 1 é 7 é N, (319)
m=N
N-1 2N-—3
Ein = x; Z 2;0; — TN -1+ Z (ZTmEN-1 — Tm-N+1)0m, 1 SIS N =2,
j=1 m=N
N-1 2N -3
En_1n=2Nn_1 Z x;0; — Z (TmTN-1 — Tn—N+1)0m.
j=1 m=N
The sl(IV, C) equations can now be written in a quite compact form, namely
N-1 N-1
i’j = ZNj + Z ZWLL‘Z —f—l'j Z ZZ'NIL‘Z', 1 é ] é N — 1, (320)
i=1 i=1
N-2 N-2
IN-14j = 4N-15 + Z ZijTN-14i — ZN—1N—1TN—1+j — TN—1+4j Z ZiN-1TN—14; +
i=1 i=1
N-2
+(2j —TN—14;TN-1) Z (ZintN-14i + ZN-1N), 1SS N -2, (3.21)
i=1
In (7?) and (?7) Z; are arbitrary functions of t. For N = 3 and N = 4 these formulas
coincide with (?7) and (77) respectively. The same comments pertain, namely eq. (??) are
projective Riccati equations based on sl(N,C). Eq. (??7) are projective Riccati equations based
on sl(N —1,C) if z1,...,2zy_1 are known.

IV. Superposition formulas

IV.1. General comments



The superposition formula for the imprimitive SL(N,C) equations is given by the group
action formula (?7) in which z;, i = 1,...,2N — 3 is a constant vector, related to the initial
conditions. The matrix elements g;(t) must be expressed in terms of m particular solutions. The
number m satisfies eq. (?77). In our case that means that we must have

m(2N —3) = N2 — 1. (4.1)
The actual number m, as well us conditions that must be imposed on the known solutions, is
obtained from the requirement that m be the smallest number of solutions such that their joint

isotropy group consists only of the identity transformation. We shall call such set a “fundamental
set of solutions”.

IV.2. Example of SL(3,C)

Eq. (?7) in this case is 3m = 8 and hence m = 3.

The equations under consideration are given in eq. (77), the superposition formula has the
form (77).

The fundamental set of solutions. Let us assume that we know 3 solutions of eq. (?77),
Z(t), y(t) and Z(t). Each solution is a 3 component vector. The group SL(3,C) acts on the space
M x M x M of these 3 solutions. Since we have dim SL(3, C) = 8 the group can sweep out at most
an 8 dimensional orbit, so there must exist at least one SL(3,C) invariant in this 9 dimensional
space. We denote this invariant

R<xlax27m3ay1>y27y3azla227z3) :K7 (42)

. dR L.
where Z, ¢ and 2 are 3 solutions of eq. (77). We calculate R = e replace ¥, ¥, Z using eq.

(7?7) and require R = 0 for all functions Z;;(t). This provides us with 8 linear first order partial
differential equations for R. These equations can be solved and we obtain a single elementary
invariant, namely

(XZ)321(Z2Y )321 (Y X)321
(XY)321(YZ)321(ZX) 321"

where we have defined

(XY)321 = 23(22 — y2) — 21 + ¥1, (4.4)
etc. The quantity (XY )s2; and similarly defined (XZ)s21, (Y X)s21, (Y Z)321, (ZX)321 and
(ZY )321 play a crucial role in the reconstruction of the group elements g;x(t). For SL(3,C) the
notation is somewhat redundant. However for SL(N,C), N = 4 we will have quantities like
(XY)431, (XY )53, etc. so for uniformity we keep the subscripts for N = 3 as well.

The initial condition for 3 solutions are #(0), %(0) and z(0). We shall use the transformation
(7?7) (with constant coefficients) to standardize the initial conditions. Let us do this transforma-
tion in two steps:

R= (4.3)

gu g12 0 air 0 ain —ass
g=9291, 91=1[921922 0 |, g2=1{ 0 az ax —asz|. (4.5)
931 932 933 0 O ass
Let us now assume that the first two components of (0), 7(0) and 2(0) satisfy
_ |71(0)=21(0) 51(0)—z1(0)
2 J22(0)=25(0) y2(0)—zo(0)| 7 * (46)

This condition can be rewritten as

A = 21(0)(y2(0) = 22(0)) 4+ 41(0)(22(0) — 22(0)) 4 21(0)(21(0) — y2(0)) # 0,
so that it is actually symmetric in the three two dimensional vectors
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_ $1(0) _ 91(0) _ 21(0)
If Eq. (77) is satisfied we can use the transformation (77) with the matrix g; to transform the 3
initial vectors into a more convenient form

1 0 0
913{55(0%37(0)’2(0)}_){(N()),(Nl)v(p)} (4.8)
T3 Ys T3

(XY)321 — (XZ)3:n _ (YZ)3n P (ZY )3n
(XZ)321 s (YZ)301 — (YX)3021 ’ (ZX)321

with

Ty =

(all components evaluated at ¢t = 0).

The initial conditions (??) imply that (XY )s21 and (X Z)s9; cannot vanish simultaneously
(and similarly for (Y Z)s2; and (Y X)321, or (ZX)s21 and (ZY)321). To proceed further we need
a stronger condition, namely that at least one of the following relations holds:

(XY)321(XZ)321 75 0, (YZ)321(YX)321 7é 0, (ZX)ng(ZY)E;Ql 75 0 (49)

With no loss of generality we assume that the first of the above relations holds. We then transform
further using the matrix go and obtain

9291 : {(0),5(0), 2(0)} — {Zs(0),55(0), z5(0)},
1 0 0
0 ! s

o= { ass (YX)321] - _ (ZY)321

4 2 .
a1 (YZ)z21 asz (ZX)321

To standardize Zs(0) we have already fixed the ratio ass/ase hence only one of the ratios ass/a11
and a11/age can be chosen freely. >From eq. (?7?) we immediately see 4 special cases:

(YX)321 =0=a= —1,

(YZ)321 =0=a= O,

(ZY)321 =0= ﬁ = O, (4.12)
(ZX)321 =0= ﬁ — OQ.

Thus, if (Y X)321(Y Z)321 # 0 we can standardize @ — 1. Alternatively, if (7Y )321(ZX)321 # 0
we can standardize § — 1. The invariant R of eq. (?7) for the standardized initial conditions
(77) is

where

(4.11)

(a+1)

R=-

B. (4.13)

We recall that R is time independent and cannot be changed by group transformation of the
initial conditions.

To see whether a reconstruction is possible from three solutions with initial conditions (?77),
let us calculate the stabilizer of these “standard” initial conditions. The stabilizer of the vector
Zs(0) and of the first two components of the other two vectors is

a1 0 aip — a2
g=1 0 ax 0 : (4.14)
0 0 a929

The remaining conditions for ¢5(0) and Z5(0) to be stabilized are
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+1)(g11 — ga2) = 0
et o) 25, an

Thus, the stabilizer is g ~ I if we have at least one of the following conditions:
ala+1)#0, 0<|f| < 0. (4.16)

All other cases must be excluded.

Thus, if A = 0, the stabilizer is always too large. The same is true if all the products in eq.
(?7?) vanish (at t = 0).

Thus, a reconstruction is possible if and only if:

1) A #0,

2) At least 2 of the products in eq. (?7) are nonzero.

Reconstruction of the group element. Let us reconstruct the SL(3,C) group element
from the fundamental set of solutions, corresponding to the initial data (??) satisfying one of the
conditions (77). We first make use of the first 2 components of the 3 solutions Z(t), ¥(t), Z(¢).
The first two equations in (??) then imply

_ g11 +g31 _ g21 + 931 _ 931
Ty ="—— 1=, 21="—, (4.17)
g13 + 933 923 + 933 933
g12 + 932 922 + 932 932
To=—"""—, Yo="—""—, 2= —"—".
913 + 933 923 + 933 933

This allows us to express all off-diagonal elements g;x(t), i # k in terms of the diagonal ones and
the first two components of the three known solutions:

1 1
g2 = -~ [g1122 + g3s (2122 — 2122)], G153 = o 911 + gs3(21 — 21)],
1 1
1 1
921 = ; [gzzyl + g33(y122 — Zly2)}7 923 = g [922 + g33(22 — 92)}7 (4.18)

g31 = g33%1, g32 = g33%2.
Next, we substitute the known solutions and initial conditions (?7) into the third eq. in (77). We
replace the off-diagonal elements using eq. (7?) and obtain 3 linear equations for the diagonal
elements g11, go2 and gs33:

0 —(XY)321 Y2(X Z)321 — 22(XY)391 gi1 0
—OJ(YX)321 0 (1 + Oé).’El(YZ)ggl — Oz (YX)321 g22 =10]. (419)
By2(Z2X)321 1(ZY )321  Bz1y2(ZX)321 + 2122(ZY )321 933

The rank rj; of the above matrix is rj; < 2. A reconstruction is possible if r); = 2; then we can
express g1 and goo linearly in terms of g3s. The rank is rj; = 1 if and only if both conditions
(7?7) are violated (i. e. @ =0 or @« = —1 and simultaneously 8 = 0 or f — o0).

The above results are particularly obvious at t = 0 when eq. (??) reduce to

0 1 -1 g1 0
<—a(a +1) 0 ala+ 1)) (ggg) = (0) : (4.20)
5 -5 0 933 0

Let us now sum up the results of this section as follows.

Theorem 3. 1. The general solution of the system of nonlinear ordinary differential equa-
tions (??7) associate with the imprimitive action of SL(3,C) on the space SL(3,C) is given by the
formula

g11u1 + ga1u2 + g31
U1 (t) = N

g13u1 + ga3u2 + g33

_ g12U1 + g22u2 + g32

vy (t) = : 4.21
2(t) g13u1 + ga23u2 + gs3 ( )
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(ugus — u1)Ai1,23 + uzAii,33 + A21 33

V3 t) = ,
(t) (ugug — u1)A12,23 + ugAio 33 + Ao 33
Aijri(t) = 3; gg;ll = 0ij Gkl — il Gk;-

The 3 constants u1, us and ugs are related to the initial conditions for the solution ¥/(t).

2. The group elements g¢;;(t) (and hence also the quantities A;jx;) are reconstructed from
a set of 3 solutions #(t), (t) and Z(¢). This fundamental set of solutions is quite generic and is
subject to just 2 conditions:

(i) A # 0 with A defined in eq. (?7),

(ii) At least two of the inequalities (? ) hold with (XY)s321 defined in eq. (77).

3. The off-diagonal elements g¢;x(t), i # k are given in eq. (77). The diagonal ones are
obtained by solving eq. (77).

Comments. 1. The reconstruction is linear in sense we only need to solve linear algebraic
relations (once 3 solutions are known). All elements g;; are proportional to gs3(t) which cancels
out from eq. (77).

2. A fundamental set of solutions for projective Riccati equations based on the primitive
action of SL(3,C) consists of 4 solutions. In the imprimitive case we only need 3 solutions.

IV.3. The group SL(4,C)

The sl(4,C) ODEs are given in eq. (?77), the general form of the superposition formula in eq.
(??). The number of equations is n = 5, the dimension of the Lie algebra is r = 15, hence nm = r
implies m = 3.

We shall show that we do actually need precisely m = 3 generically chosen particular solutions
and give an explicit reconstruction of the group element. For the group SL(4,C) we have nm = r
(for m = 3) and no SL(4, C) invariant can be formed out of 3 solutions.

Let us assume that we know three solutions Z, ¥, 2, each of them a 5-component vector.

Let us assume that the first 3 components of these vectors satisfy an independence condition
for t = 0, namely

21(0) —21(0) y1(0)—21(0)
rank (xQ(O)— 2(0) y2(0)— ZQ(O)) (4.22)
23(0) —23(0) y3(0)—23(0)

We can then use a constant coefficient SL(4, C) transformation to take the initial conditions into

1 0 0
0 1 0
Z(0) = 0 , 4(0) = 0 , Z(0)=1]0{. (4.23)
24(0) y4(0) 0
375( ) ys(0) 0
Let us make a further assumption namely that transformed initial conditions satisfy
25(0)y4(0) # 0, y4(0) +y5(0) # 24(0) + 25(0). (4.24)
We can then standardize the initial conditions further, namely take them into
1 0 0
0 1 0
ZO0)=10],50)=101], zZ0)=|0]. (4.25)
0 o 0
1 0 0

The stabilizer of these 3 vectors in SL(4, C) consists of matrices satisfying

13



g11 0 0 g11 —9gaa

_ | 0 g22 0 g220— gas _ _
IOV=1 0 70 g9s g — goo | » 911 = 922) =0, (@ —=1)(g11 — gaa) = 0. (4.26).

0 0 0  gu

Thus, for o # 0, @ # 1 we have g ~ I and a unique reconstruction of the group elements g;(t) is
possible. We mention that even though a has no invariant meaning, the values a =0 and a« =1
correspond to degenerate orbits of triplets of vectors. These values of o must be excluded from
further considerations. Indeed, the stabilizer (?7) for &« = 0 or a = 1 is larger, since g1 and
either goo or g44 remain free.

Let us now perform a reconstruction, using 3 solutions satisfying eq. (77) with a(1—a) # 0.
Substituting the components x;, y; and z;, i = 1,2, 3 into eq. (?7) we obtain:

941 = G4421, G42 = 4422, G43 = 4423,

1 1
J12 = x_[gllxg + g44(x221 — 1‘122)], g13 = x—[gnl’s + 944(15321 - 1’123)]7 (4-27)
1 1

1 1
g4 = x_[gn + gaa(z1 — 21)], g21 = y—[922y1 + 944 (Y122 — y221)),
1 2

1 1
923 = @[szys + 944(y32z2 — Y223)], goa = g[gm + gaa(z2 — y2)].

Using the relations (7?7) wy, ws and x4, we obtain the remaining off-diagonal elements in terms
of the diagonal ones (and known solutions):

931 + (2324 — 21)g34 = g33W4,
g32 + (2325 — 22)g34 = g33ws, (4.28)
—(ag2 + 22a44) (XY )431 + a33y2(24 — 24) + a44y2(X Z) 431
Yolr324 — 1 — 2324 + 21] '
The expressions (XY)431 and (X Z)431 are defined as in eq. (77).

Finally using the expressions for z5(t), y4(t) and ys(f) we obtain 3 linear relations for the
diagonal elements g¢;;, making it possible to express g1, g22 and g3 linearly in terms of g44:

934 =

a22{(3?3$5 — X9 — 2325 + 22) (XY )ag1 — (w304 — 21 — 2324 + 21)(XY)532} +
+ a33y2{(353935 — T — 2325 + 22)(— %4 + 24) + (¥374 — 21 — 2324 + 21) (75 — 25)} +
+ a44{(x3m5 — o — 2325 + 22)[—y2(X Z)az1 + 22(XY )a31] +

+ (.1631'4 — X1 — 2324 + 21)[y2(XZ)532 — 29 (XY)532]} = O, (4.29)

—apjays(r3ry — 1 — 2324 + 21) (Y X )31 + 02221 (Ysya — y1 — 2324 + 21) (XY )az1 +
+ az3r1y2[(ya — 24) (w374 — 21 — 2324 + 21) — (¥4 — 24)(Y3Ya — Y1 — 2324 + 21)] +

+ a44{ay2(333334 —x1 — 2324 + 21)[—21 (Y X )az1 + 1(Y Z)431] —

— 21(y3ya — y1 — 2324 + 21)[Y2(X Z)431 — 22 (XY)431]} =0, (4.30)

—anaye(x3ry — 1 — 2324 + 21) (Y X)532 + a2221(Ysys — y2 — 2325 + 22) (XY )az1 +
+ agzz1y2[(x32a — 21 — 2320 + 21) (Y5 — 25) — (Y3Ys — Y2 — 2325 + 22) (@4 — 24)] +

+ a44{ay2(x3x4 — 21 — 2324 + 21)[—21(Y X)532 + 21(Y Z)3532] —

— 21(y3ys — Y2 — 2325 + 22)[y2(X Z)431 — 22 (XY)431]} =0. (4.31)

Again, we sum up the results as a theorem.
Theorem 4. The general solution of the equations (7?7) based on the imprimitive action
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of SL(4,C) can be expressed in terms of 3 generically chosen particular solutions Z(t), 7(t), Z(t).
The general solution u,(t), a = 1,...,5 is given by eq. (?77), where z1, ..., z5 are constants
representing the initial conditions for i, (¢). The matrix elements g;;(t) are expressed in eq. (77),
.., (??7) in terms of 3 solutions with initial conditions (77), satisfying a(a — 1) # 0, « finite. O
Comments. 1. As in the case of SL(3,C) the reconstruction of g;x(t) is linear.
2. In the primitive case we need 5 solutions for SL(4,C), in the imprimitive case only 3.

IV.4. The group SL(N, C) for N 22

Let us sum up without proof the main results valid for all N.

Theorem 5. 1. The nonlinear ODEs with superposition formulas, based on the action of
SL(NV, C) on the space SL(NN,C)/P(N) are given for all N = 3 in eq. (??) and (77). The general
form of the solution is given by eq. (77).

2. The number of equations for SL(N,C) is n = 2N — 3. The group elements g;;(t) can be
reconstructed from m particular generically chosen solutions with

_Jk+2 for N=2k+1
- <k +1 for N =2k : (4.32)
3. Such a fundamental set of m solutions 7 satisfies constraints with
B 9 _ /3k—2 for N=2k+1
r=mn— N +1= (T N o (4.33)

4. The reconstruction of the group action is linear in the sense that it requires the solution
of 2N — 3 linear algebraic equations.

V. Conclusions

We mentioned in the Introduction that nonlinear ordinary equations with superposition for-
mulas occur in soliton theory as Biicklund transformations. For equations in the AKNS family!””]
the underlying Lie algebra is sl(2,R) and hence the Bé#cklund transformations are essentially
Riccati equations.

As an example consider the sine-Gordon equation and the Bécklund transformation, relating
two solutions, z; and z:

Zigy =Sinz;, 1=1,2 (5.1)

21 + 29

21z — %oz = 2asSin

2 . 21— 2

21y + 22y = p sin — (5.2)
The point transformation
ui:tan%, i=1,2 (5.3)
takes the above system into:
u.
Uiy = Tt (2, — 1 u) (5.4)
1
Ule = 1—u2[au2 + uge + a(l — ud)uy + (uz,. — aug)uil
2
1 U9 1 Ug
Ly = 7 2 - T uzy + 5(1 —u3)uy + <; - uziy>u%] (5.5)
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Eq. (77) are Riccati equations for uy, once ugy is given.

Wahlquist and Estabrook have proposed””) a method for finding Béicklund transformations
for a given nonlinear partial differential equation. They introduced a prolongation structure,
essentially an additional system of matrix equations. The compatibility conditions are solved by
requiring that the right-hand sides of these equations lie in a finite-dimensional Lie algebra. This
is the same condition that is required in Lie’s theorem on ODEs with superposition formulas.

For integrable multifield equations the Béacklund transformations are based on other Lie al-
gebras and groups. Thus, for n-dimensional generalizations of the sine-Gordon equation and also
the wave equation!””"l’”] the Bécklund transformations are matrix Riccati equations. Similarly,
for Toda field theories (two-dimensional generalized Toda lattices) Bécklund transformations are
given!”’11""] that can be transformed into projective Riccati equations.l’”) The Backlund transfor-
mations for nonlinear o-models are again various types of matrix Riccati equations.!””}-[77h[?7]

All the above examples, and all other Backlund transformations for soliton equations that
we are aware of, share a common feature. Namely, they have the form of nonlinear ODEs with
superposition formulas based on transitive and primitive group actions.

The equations presented in this article correspond to imprimitive actions. We have a group G,
in this article SL(V,C). We have a chain of subgroups G; C Go C G3 C --- C G,,—1 C G, = G,
where G,,_1 is maximal in G. Correspondingly, we have a flag of subspaces G/G,, C G/G,—1 C
-+ C G/G1. The action of G on G/G,,—1 is primitive on the other spaces not.

The integrable systems discussed above “live” either on Lie groups, like the o-model, or on
the Grassmannians, on which the group acts primitively. Now, there also exist integrable systems
on flag manifolds.l””}[?”] While the manifolds, in particular Grassmannians involved are a priori,
infinite-dimensional, various reduction schemes lead to finite-dimensional ones.

It is in this direction that we hope that the equations obtained in this article will appear as
Bécklund transformations.
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