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Extended AKS Theorem, the Moment Map and
New Integrable Systems

By A. Roychoudhury and I. Mukhopadhyay

High Energy Physics Division, Department of Physics
Jadavpur University, Calcutta 700 032, India

(9.1.1996)

Abstract. Extended Version of AKS theorem is used in conjunction with co—cycle and moment
map to derive some new integrable systems in loop algebra. In the first case we get equations like,
three wave interaction, second order matrix nonlinear system, while in the case of moment map we
obtain generalizations of dispersive water wave equation and MKdV system.

1 Introduction

The Adler-Kostant—Symes theorem [1] is one of the most important tools for the construction
and investigation of the properties of nonlinear integrable systems. The AKS theorem gives a
purely Lie theoretic setting to the study of such systems. Whether the underlying Lie algebra
is finite or infinite dimensional, the theorem can always be used to construct the integrable
equation. Its use provides a Lax pair and a Hamiltonian structure just by construction.
Moreover, the complete integrability of the nonlinear dynamical systems [2] so constructed,
is always guaranteed due to Liouville’s theorem, which demands the existence of an infinite
number of conserved quantities in involution.

On the other hand, moment maps [3] have also been used in relation to integrable systems.
Efforts have been made to provide a systematic link between integrable systems, flows in loop
algebras and integrable systems of partial differential equations through the use of moment
maps. The construction of such maps allows us to apply the results of the AKS theorem to
derive large class of integrable systems from the commutativity of the flows.
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In the present paper, we follow a generalization of the AKS theorem due to Reyman et
al [4] to derive some new integrable systems in loop algebra. Among these is the three wave
interaction system which is of considerable interest in plasma physics [5], later in the paper,
we utilize the moment map construction along with the extended AKS theorem to deduce
some more integrable equations among which are the familiar mKdV and the generalized
Nonlinear Schrédinger and dispersive water wave equations.

Let us outline the motivation for this paper. Although the AKS theorem has been around
for quite some time, we felt that its application in obtaining new as well as interesting
integrable systems is fairly nontrivial and therefore worth studying. Moreover, the use of
the extended AKS theorem in the back drop of the moment map technique seems to be a
pretty interesting formalism.

Our paper is organized as follows. In section 2, we introduce the extended AKS theorem
in the context of loop algebra and use it in section 3 to derive some new integrable systems.
In section 4 we introduce the moment map concept and study Poisson commutativity via
the extended AKS theorem, Finally in section 5 we derive some coupled integrable PDEs by
using the formulation of section 4.

2 The Loop algebra and the extended AKS Theorem

Let g be a finite dimensional Lie algebra which can be written as the vector space direct sum,
g = k@ n, where k and n are not only subspaces but they are also subalgebras. Suppose
we are adding a co—cycle with g, then ¢* = g@ R. Further, suppose that we have a non
degenerate, ad-invariant bilinear form <, >: ¢g*X¢* — C; by means of which we can identify
the dual of g*, i.e. §*. From this bilinear form one can identify k* ~ n't and n* ~ k*, where
<kt k>=0=<ntkt,n > Let(z,a) € ¢g* where X € g and a € R. Then we have the
commutator bracket,

(@), (5,0)) = (l2,), [ r 2)) 1)

On g¢*, the defining bilinear form will be,
< (2,a), (3,b) >=ab+ [ tray 2)

Let § = g* x C[\, A7!] be the affine Lie algebra related to g*, that is, the loop algebra of
formal Laurent series in A with coefficients in g*.

The Lie bracket on § is defined by
s I s 1
(3 eV, a0), (3 M, b)) = 3 S lo X%, Res(tr [(CaX)(Tyv) ()
i=r j=k i=r j=k i J

With this preparation we can now state the basic idea of AKS Theorem. Let L be a co—
adjoint orbit (which is actually the Lax operator under consideration) through an element
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of the Lie algebra, then the AKS theorem asserts,

9% = (L ma(VH)] + 6x(m(VH)) ()

7, denoting projection on the subalgebra n and VH are ad* invariant functions obtained as
solution of the equation

[L,VH] +0,(VH) =0 (5)

Let us now introduce the extended AKS theorem due to Reyman et al. [4]. An element
Y of n* ~ k* is called an (infinitesimal) character of n if

[X,Y]))o =0VX € n (6)
Let Iy be defined by Iy () =I(p+Y), u € g*.

Now, [X,Y] = T2 ©2,[ai, b;)A . For [X,Y] = 0 the commutator must contain only
negative powers of \. Hence, the only allowed value of j which satisfies (6) is 7 = 0. Then
in the loop algebra case, we have Y (\) =Y, Y € g is a character of n.

It is now easy to deduce that in case of the extended AKS theorem, the ad* — invariant
ring of functions which are in involution will be determined from the condition,

(L, VH(L')] + 0,(VH(L')) =0 (7)

where
L'=L+Y (8)

The Hamiltonian flow is given by an equation of the following form,
Ly = [, m(VH(L))] + 0x(mn(VH(L))) (9)

In equations (4) and (9) the derivative is with respect to the spatial coordinate z.

3 Integrable Systems via Extended AKS Theorem

Before applying the extended AKS theorem to derive new integrable systems, it is necessary
to calculate explicitly the co-adjoint orbit in n*. We assume, without any loss of generality,
that g is already in a faithful, linear representation.

Let § = A3M € nt C K* and let ©;5 be the co—adjoint orbit in k* generated by ¢ € exp(k).
Then a general element L in O is given by [6,7],

L(A) = [¢71 6 ¢]- = [exp(=(A&1 + A6 + ..))A° Mexp((Ady + A&z + A%6s)]-

=A3A+ A 2B+ \'E (10)

Here A, B and E are functions determined by M, &, &, etc., [ |- denotes the projection
into the sub algebra n.
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In case of the extended AKS theorem, the orbit will be given by (8).

To determine the ad* invariant functions, we take

VH =3 M3k, (11)
k=0
and use (7). Easy calculation shows that,

T (VH) = A3A4+ A\ 2B+ \"'E (12)

which is the second Lax operator for the integrable equation to be deduced below. Equation
(9) leads to the following Hamiltonian flows,

A;=[Y,Al+ Ay, B,=[Y,B]+ B,, E,=[Y,E] + E, (13)

Equation (13) shows clearly how the extended AKS theorem gives rise to nonlinearity in the
system. Setting ¥ = 0 would give a linear system of equations. Choosing ¥ = A+ B + FE,
we arrive at the following system of equation,

A;=[B+E, A+ A, B,=|E+ADB|+B,, E,=[A+B,E|+E, (14)

Equations (14) are similar to those for the system of three wave interaction encountered in
plasma physics.

For clarity we write out the first of equations (13) in non-matrix form. Choosing SL(2)
as the underlying finite dimensional algebra and writing a general element X of this element
in the form,

X = X10'3+X20++X3Q'_ (15)

(03, 04+ and o_ being Pauli matrices) we obtain the system of equations,
A = A, + Y243 — Y3A5, Ay = Agp + 2(Y1As — YaA1), Az = Az, +2(Y3A; — Y1 A3) (16)

It is apparent that application of the usual AKS theorem (Y; = Y> = Y3 = 0) would never
give rise to the nonlinear system of equations (16).

As another example of our formalism, we take the orbit as

L'=X2A4+X"1B+Y (17)

Taking N
VH = Z AT he o (18)

k=0

and proceeding as before, we arrive at,

mVH(L') = A4 (19)
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which is the second Lax operator for this problem. Use of equation (9) leads to
A;=[B,A], B,=1[Y, Al + A, (20)
If we take Y to be a consistent matrix and A = W, then equation (20) gives
Wy = [[Y, W], W] + [W,, W] (21)

This second order nonlinear matrix system was considered by Calogero [8] earlier. Again it
is clear that use of the usual AKS theorem would not lead to equation (21), We write out
(21) in non—matrix form as follows:

Wiy = 2y (WoWay + W3Wo,) — 2ya Wi W, — 2ys Wi Woy + Wo,Wa — W5, W), (22)

Wan = 2ya(WsWa, + 2W 1 W1,) — 2ysWoWo, — 4y WoWyy + 2(W Woy — Wo, Wiy (23)
Wi = 2y3(2W1 W1y + WoWs,) — 4y W3 Wy, — 2ye W3 W + 2(Ws, Wi — Wi, Wiy) (24)

It is clear that there is no triviality or overdeterminacy in the system of equations (22-24).

Furthermore, examples of new integrable systems may be constructed following the pro-
cedure outlined above.

4 Moment Maps

We first recapitulate the necessary definitions regarding moment maps. More details can be
found in [3].

Let (M,w) be a symplectic manifold, for f € C*°(M) the associated Hamiltonian vector
field X is defined by
Xp|w=df (25)

an the Poisson bracket in C*(M) is :

{f,9}=-Xs(9) (26)

Then C°°(M) may be regarded as a Lie algebra with respect to the Poisson-Lie bracket and
denoting the Lie algebra of vector fields on the manifold M by x(M), the map

B : C=(M) — x(M), B(f) = —X; (27)
is a homomorphism of Lie algebras.

Let ¢ : G x M — M be a smooth group action preserving w and denote by G the Lie
algebra of G. The infinitesimal G action is given by the homomorphism [9,10].

o G —x(M), o(E)a)= —Solep(te)z) , E€CzeM  (29)
t=0
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The G action is called Hamiltonian if there exists a moment map:
J: M- G
such that the hamiltonian flow generated by < j,& > coincides with z — ¢(exp(t€), z), i.e.

Xerg> =0(8) (29)

Let My, be the space of complex N x r matrices, and let us identify My, ~ M, Ny Via
the pairing
(F.G)=1ir (ETG'),F,G € My, (30)

Let us consider several group actions on My, X My, which are hamiltonian with respect to
the symplectic form
w = tr(dF A dGT) (31)

For n < N let
Gr=GL(r,C)z..X GL(r,C) (n times) (32)

be the direct product Lie group and
G" = gl(r,C) @D ... gl(r,C) (n times) (33)
be its Lie algebra.

Let K, Ks,..., K,, be positive integers with K; < r and > ; K; = N. For F € My, let
F; denote the K; X r block whose j-th row is the (K; + - -+ K;_; + j)-th row of F; i.e. F’
has the block form

F
P=|F
F,
Now, let us define a Hamiltonian G action on My, X My, by
(9(F,G))i = (Fig:*,Gigi )9 = (91..-9u) G7 (34)

Let o7 : G — x(Mpy, x My gr) denotes the corresponding infinitesimal action. The associ-
ated moment map JP : My, x My g(G})* is given by

JMF,G) (X1, Xo.. X)) = —

3=1

A

Identifying gl(r, C')* with gl(r, C) through the trace of matrix products, and hence (G7)*
with G}, we obtain,

JMF,G) = —(GT F1,G} Fy,..,GL F,) € G (36)
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Let us now return to our loop algebra situation. We follow the notations of section 2.
However, in contrast to the def. of the inner product introduced there, here we define the
non degenerate ad—variant inner product by

< X(A),Y(A) >=tr (X(A) Y(A)o) =res(A =0) tr(A " X(AN)Y(N) (37)
where X (A) Y (X))o denotes the constant term in the formal series X (), Y'(A). Using (49),
we have the identification

() ) ~ (@) ) =gl(r), (38)

— +
Let us now fix n distinct complex numbers A;, A9, ...,A,. Since X(A\) € gi(r) is a
polynomial we can evaluate at A = «; to obtain X (a;) € gl(r,C). This gives a Lie algebra

homomorphism A : g?(?‘)+ — é? defined by

AX(A) = (X(on), X(a2), ..., X (o)) (39)
The kernel of this map is a(A) gﬁ;)+
sequence of Lie algebra homomorphisms:

, where a(\) = [T, (A — ;). Hence we have the exact

0 = aWglln) =@ glr) = (A G — 0

where | is inclusion. The dual sequence is thus
A * T + * * TR *
0 — (G7)" — (A)" (gl(r) )" — ()" (a(A) gl(r) )* — O (40)
If we identify (G™)* with (G7) by using the trace component wise, and (g?(z;)+)* with

(g1(r) Jo we get v oo
oo = oY)t (41)

Using (39) and (41) we arrive at the following expression for the moment map J,.

A* (Ylyn) = A

n
i=1

For (F,G) € My, x My, we have

—~ " A\GT F,
TFG) =32 (42)

i=1
where we identify (gm)+)* with g?(_;");

For further formulation, let us consider the loop algebra sl(’ZTC ). Denote the column
vectors of F by —=(%,7) where &, § € C™. Those of G are then 7=(~#,) and the symplectic

——

form is given by w = d A dy. This follows from the fact that in the sl(2,C) case we can
take G = FY); where Y; = 0, - 0_. The moment map for the sl(2, C) action is

BT = 5 (@ 7105 + Q910+ — Qu(E Do (43)
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where
QEM =Y 2 (44)
’ | A — (87
and € = (£,&, - 6n), T=(M,M2, -, m) € R™ and we now have the expression for ¢y as,
dv (X(N) = S(X(N) +AY) (45)

where Y € 5!(2?0) and ¢ € I (S?(é)*) We shall now try to generate new integrable systems
by using the concept of the moment map in conjunction with the extended AKS Theorem.

To this end, let N(\) = Jo(&,7) and define N'(A) = N(A) + \Y,, write
a(A) a(})

’ _ NN ap -
L'(X) i N'(A) = L(A) + = (46)
where )
Ly =2 ey (47)
We take,
LA = Ly + Lix™ + LyX 2 + ...+ Ly A (48)
/\% = X iy + X8y 4. XU, (49)
Consider the ad* invariant functions on S L(i C)* given by
1 a(A)\*
s, = 5 o (8 (xoy) (50)

2 A"

and let ¢, denote the time parameter for the Hamiltonian flow of qASk Then we have the
equation of motion ,as

d o aQON ,

N0 = (55 N ), NV (51)
L2 L)) = (OFLO))e s L'(V)] (52)
dty “a(A) T a(N)

2L = [0 D), KOV (53)

In particular,

LA =AY + (Lo + a1Y) + (L1 + aaY) A7 4+ o4 (Lpoy + @ Y) A7) (54)

It may be noted that the Lax equation (53) is constructed with the help of the moment map
~-N()\) = J

Having completely described the formulation of the extended AKS Theorem in the con-
text of the moment map, we can now use this procedure to generate new integrable systems.
This will be discussed in next section. Obviously, we can take ¥ = 0 and thereby return
to the AKS Theorem and construct integrable systems also from there. Further, we can
use automorphisms of the Lie algebra to generate integrable systems starting from the AKS
Theorem. All these will be done in the next section.
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5 Some Integrable Systems using Moment Map.

Example I

Let us take £ = 0 and k& = 1 successively in (53). Then we obtain the first few nontrivial
equations as follows

=W o (55)
% — (Lo, Li] + [V, Lo + axLy — agL] (56)

and dL,
T, 14 (57)

An invariant of the flows is 1tr (L'(\))* which when taken as zero and L/()) substituted
reduces to,

tr (YL, + LY + 2a,Y? + L} + a2Y? + ai(LeY + YLp)) = 0 (58)
Taking
Y = Yio3+Yeo,+Y30_, Ly = aog+boy+co., Ly = soz3+voy+uo_, Ly = so3+vo+uo_
(59)
we obtain, from above, the following sets of equations
a, = You — Ysv, b, = 2(Yiv — Ya5), ¢ = (Yzs — ;Yiu) (60)

sz = b — cv + YU — Y3V) + ay(Yau — Yavu) — ae(Yac — Yisb) (61)
v, = 2(av — bs) + 2(Yiv — Yas) + 2a;(Yiv ;- Yos) — 2ax(Yib — Yaa) (62)
Uy = 2(cs — au) + 2(Yss — Yiu) + 2a,(Yazs — Yiu) — 2a3(Yza — Yic) (63)

and
a =Y, U =YV, b =2WV — Yas), a0 = 2(Yss — Y1 U) (64)

where we have taken to =z and t; = ¢.
(a® + bc) + 25Y] + (vYs +uYs) + (205 + a2) (Y? : +Ya2Y3) + a1 (20, Y7 + bY3 + cYz) = 0 (65)

Instead of pursuing the general case, which will be too complicated we shall now consider
two special cases as follows :

Case 1: Y, - Y3 = 0, ¥} = const. whence we obtain a, = 0a; whereby a = 0 (by choice)
b, = 2Yiv, ¢, = —2Yi 1w (66)

thQY]_V,Ct:“QYEU (67)
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Sz = bu—cv, v, = —2b5+2Y1V+2a,Y —1v—2a,Y1b, u, = 2cs—2Y1U -2a,Yiu+2a,Y1c, (68)

be + 2sY, + (2a; + a?)Y? = 0 (69)
From the above equations, we finally obtain the flows
1
bt = 5?; (b_-m: g ZbZC == 20,? }/121) — a bz (70)
¢ = Q—YI(cm — 26 - 2a2Y?c - a1c, (71)

which is very similar to this NLS eqn.

Case 2: Y] =0, Y, Y3 constants. Proceeding as in case 1, we obtain the flows,

at=—%Yz(bm_zcﬁb)—3‘,}%53+a§}’},b—a1az (72)
2

1 v?
bt=_2_K3'(amx_2a3)—%/;"+a%.y-2a_albr (73)

This is a generalization of the Dispersive Water Wave Equations (10).

Example II

For this example, we turn to the ordinary AKS Theorem and use it in conjunction with the
moment map construction i.e setting Y = 0 and k& = 0 and 2 successively we obtain the
following nontrivial equations,

dL dL dL dL

d_.’L'O = 01 d—fL'l = [LO: L‘Z]) d_.i: = [LO) L3] + [Lla L2]1 —d—; = [L01 L4] -+ [Lla L3] (74')
dLg dl
— = - = 75

Since Ly is conserved, we take Ly = 1(03 + 04 + o). Further, we take
L, =so3+voy +uo_,Ly =So3+Vo,+Uos_,Ly = So3+Vior +Uio-_, (76)

The equations turn out to be:

sxm—w—é-(U-V),vm*:V—S,uz:S—U (77)

S, = %(Ul—Vl)-i—vU-—uV, Up = S1— U1 + 2(uS — sU), Vo = Vi = S1 +2(sV —vS) (78)
st =:8—1z — (vU; — uWh), wp = Uy, — 2(uS; — sUy), v = Vip — 2(sVi — vS1) (79)
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We obtain the following connecting equations.

_ 1 3 Lu g ' _§ 1 1 2
= 4VT 7 U Q(Sil—.uv),V_ 10~ gl 2(.9 + uwv) (80)
with
V+U=-2s (81)

We also have the invariant conditions

S+ = (U + V) + (s + w) =0 (82)
S1+-;-(U1+V1)-f-2ss+uV+vU=O (83)

which lead to relations,
U, = —;—um + %(umfu — uyy) — %uzv = iuvz = d—ll'u3 (84)
Vi = %vm + %(um - UVg) — guv2 - i—u2v - :11413 (85)

and finally to the following coupled mkdV equations in u and v,

duy = 2Upys — 302U, — 3ulu, — 18uu,v, 41 = 2Vges — 3ulv, — 302y, — 18uvy, (86)

Example III

For this example, consider the moment map

GE
o

(87)

3

i=1

FG)_%

where, for the sL(2,C) algebra under consideration, we have F; = 71-5(5:',1}') and G; =
%(—37, %) since tr(GT F;) = 0. Under the automorphism [9)

J(F,G) = HNL(F,G)H(MN)™, A= X=g()=qA (88)
where
H(A) =03+ Alg—1)os
and we take ¢° = 1, and finally take ¢ = —1. The moment map becomes,

i GTFi A H(A G?FiH/\_l

i=1

Under further action with H(A) and A’ = g\ we obtain

~

H(X) Jz (F, GYHN) = J (F, G) (90)
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which explicitly proves the automorphism in question. Written out in full, the moment map
becomes,

g (F; G} = % Y[Aos + Bo,. — Do_] (91)
i=1"
where,
232 Ye—)\ X2
A = XX +,>(i; A X2)
B= (-2 X240, Y2+ 200 X, Vit 202 (0u X2 X3 Y3))
- A2—a?
D = )‘O’f’.ifaz
Now choose N(X) = J,(F,G) and
L\ = AL® 4 ALO 4 \-@n-Dp, (92)
and the Lax form of the equation
d
g L) = [0 L))+, L) (93)

where the invariants are given by,

1 A% q(X) z())?

¢r(x(A)) = §tr (( \2n

)o) (94)
and t, denotes the time parameter for the hamiltonian flow of ¢y.

L@ = ov@g, O = V@g 4 Vg, Ly = — — 03 (95)

Ly = uio3+Vio +wio_, Ly = ug03+ Voo, Ly = uso3+ V30 w303, Ly = uso3+Vaoy (96)

Now let us set £ = 1 and 2 successively in (93). Then we find L is conserved and

hence we may set it equal to zero. In turn, this implies that L(!) is conserved and therefore

may be set equal to zero. Finally, we find that L, is conserved and may also be set to zero.
identifying t; = x and t; = t, we obtain the following nontrivial equations:

dL dL dL dL
=0, =2 = Ly Lal, = = (D Lal + [Ley L), 5 = [La, L] + [z, La] (97)
fad dL dL
1 2
@ =~y ~ DL 5
from which we obtain,
dL, dL,
e e mla s 99
dt gz~ (Lo Ld B

Since L, is conserved set L; = o 03 + 3 04 + v o_ and for simplicity take o« = f = v = 1.
The explicit equations we get are the following:

Uy = W3 — V3, Vgp = 2(U3 — Uz), U3 = W3 (100)
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Uy = —Ug + VWi, Wiz = 2Ug — 2Upw3, V3, = 2(vq — u4) + 2(ugvs — vaus) (101)

and the invariant
tr [\* (L(A)%)o] = tr[Ly Ly + L—3L; + L%] = constant (102)

From these relations, it is easy to obtain

1 1 1 3 1
Vg = —2’“.2, -3 = w3 = —Zug—gvh, V3 = —Zu§+§v2$,v4 = —2’[14 = —Zu2m+§ug (103)
Hence, we get the flow [12] as:
8Ugt = Uggee — 6 u% U2z (104)

which is nothing but the mKdV equation.

6 Conclusion

In this paper, we have obtained some integrable systems via the extended AKS Theorem
and the moment map technique. It is interesting to note that some new non linear equations
along with those already known are deduced. The moment map formalism helps to reduce
the number of dependent variables. An immediate extension is the application of the method
to super-Lie algebra which will give rise to supersymmetric integrable system. The bi-
Hamiltonian structure and other properties of these equation will be the subject of our future
investigation. One of the authors (I.M.) is grateful to CSIR (Govt. of India) for a Fellowship.
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