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Introduction.

From the theory of integrable systems it is known that harmonic maps
from a Riemann surface to a Lie group may be studied by infinite dimensional
methods (cf. [ZM], [ZS]). This was clarified considerably by the papers [Uh],
[Se], especially in the case of maps from the Riemann sphere S? to the unitary
group U,. The basic connection with infinite dimensional methods is the cor-
respondence between harmonic maps S*—G and “extended solutions” S*— QG,
where G is any compact Lie group and 2G is its (based) loop group. In
this was used in two ways (in the case G=U,):

(1) to introduce a group action of matrix valued rational functions on
harmonic maps, and

(2) to prove a factorization theorem for harmonic maps, which unifies and ex-
tends many of the known results on the classification of harmonic maps from S?
into various homogeneous spaces.

In it was shown that the factorization theorem can be proved very
naturally by using the “Grassmannian model” of £G, which is an identification
of 2G with a certain infinite dimensional Grassmannian (see [PS]). In this
paper we shall show how the group action may be interpreted in terms of the
Grassmannian model. The advantages of this point of view are that the geo-
metrical nature of the action is emphasized, and that calculations become easier.
We shall illustrate this by giving some applications to deformations of harmonic
maps. By using some elementary ideas from Morse theory, we obtain new
results on the connectedness of spaces of harmonic maps, a subject which has
been studied recently by various ad hoc methods (for example, in [Vel], [Ve2],
[Ve3], [Lo], [Kt].

The paper is arranged as follows. In §1 we give the basic definitions,
including that of a “generalized Birkhoff pseudo-action”. The latter is an action
of k-tuples of loops 7 on extended solutions @, denoted by (7, @)—r*®@. This
definition involves a Riemann-Hilbert factorization (a generalization of the Birk-
hoff factorization for loops), and is an example of a “dressing action” in the
theory of integrable systems. Because the factorization cannot always be carried
out, the action is defined only for certain 7 and @, so we call it a pseudo-action.
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Nevertheless, it is possible to establish some general properties of the action by
using contour integral formulae, and we shall use these to show that the most
important case of a generalized Birkhoff pseudo-action is precisely the one in-
troduced by Uhlenbeck. In §2 we go on to show that the Uhlenbeck action on
harmonic maps S?—U, of fixed energy “collapses” to the pseudo-action of a
finite dimensional group. This collapsing phenomenon has been described from
a different point of view in [AJS], [AS1], [AS2], [JK].

The Grassmannian model and its relevance for harmonic maps are reviewed
in §3. From this point of view there is a natural action of the complex group
AG¢ on extended solutions, where G¢ is the complexification of G and AG¢ is
its (free) loop group. This action is denoted by (7, @)— 7"®. Elementary
properties of this action—which really is an action, not a pseudo-action—are
given in §4. In particular, it is easy to see that this action, like the Uhlenbeck
action, collapses to an action of a finite dimensional Lie group.

Our first main result appears in §5, where we show that the actions £ and
i are essentially the same, despite their very different definitions. The essential
point here is that the explicit Riemann-Hilbert factorization needed for % is
incorporated into the definition of the Grassmannian needed for §. This result
explains the similarities between the properties of the action £ (described in
§1 and §2) and the properties of the action Y (described in §3 and §4). In
particular, it “explains” and extends Theorem 9.4 of [Uh].

In §6, we discuss applications of the action § to deformations of harmonic
maps. A one-parameter subgroup {r.} of AG® gives rise to a deformation @,
=7."® of an extended solution @. This deformation has a simple geometrical
interpretation: it is the result of applying the gradient flow of a suitable Morse-
Bott function on 2G to the extended solution @. Hence, we obtain a new
extended solution @.=lim;_..®, which takes values (almost everywhere) in a
critical manifold of this Morse-Bott function. In general, @.. has a finite number
of (removable) singularities. This illustrates the well-known fact (see [SUJ
that a sequence of harmonic maps (of S? has a convergent subsequence over
the complement of a finite set, the latter being points at which “bubbling off”
occurs. We shall give some examples where the singularities do not occur, so
that @.. is joined to @ by a continuous path in the space of extended solutions.
The main example is the following. Let ¢: S*-U, be a harmonic map, with
corresponding normalized extended solution @=37_,T,A% (this notation will be
explained later). Then we have (see [Theorem 6.2):

(A) Assume that rank T'((z)=2 for all z. Then ¢ can be deformed con-
tinuously to a harmonic map ¢: S*—=U,_,.

It is well known that harmonic maps into an inner symmetric space G/K
may be studied as a special case of harmonic maps into G (by making use of



Group actions and deformations 673

a totally geodesic embedding of G/K into G). So our method can be used to
produce continuous deformations of harmonic maps from S? to G/ K, for various
G/K. We shall give two examples, namely G/K=CP" and G/K=S". In the
first case we shall show:

(B) The number of connected components of the space of harmonic maps
S?—CP" is independent of n, if n=2.

This can be obtained as a consequence of the method for (A), but we shall
also give a direct proof (Theorem 6.5). We conjecture that the space of har-
monic maps S®— CP™ of fixed energy and degree is connected. By (B), it
would suffice to verify this conjecture in the case n=2.* In the case G/K =57,
for n>4, we shall use the same method to give a new proof of the following
fact (Theorem 6.7); see also [Lo], [Ve3], [Kt]):

(C) The space of harmonic maps S*—S™ of fixed energy is connected.

The proof we give is quite elementary and does not depend on §1-§5 of
this paper (though it was motivated by the method used for (A)).

Most of our results in § 6 generalize to the case of extended solutions M —
2G, where M is any compact connected Riemann surface. In particular, the
results on the connected components of harmonic maps from S? into S® or C P™
generalize to the case of ssotropic harmonic maps into S™ or complex isotropic
harmonic maps into CP". In fact, since our method primarily involves the
target space, one may go even further and obtain similar results on plurihar-
monic maps of compact connected complex manifolds (cf. [OV]).

Finally, we make some concluding remarks on the two main ingredients of
this paper, i.e. group actions and deformations. First, it should be emphasized
that the group actions discussed here do not represent a new idea. It is a
well-known principle in other contexts to convert from real to complex geometry,
in order to reveal a larger (complex) symmetry group. (Here, one converts
from harmonic maps into a Riemannian manifold to “horizontal” holomorphic
maps into a complex manifold.) Indeed, as mentioned above, the action # had
its origins in the theory of integrable systems, while examples of the action 4
have been treated explicitly in and have been alluded to by other authors.
Our contribution to this topic (in §5) is the unification of the two actions.
Second, the results of §6 concerning deformations are essentially independent
of §1-§5, although we feel that the group action provides some motivation for
these deformations. From a practical point of view, the deformations have
two main features. One is the connection with Morse theory which allows us
to predict easily the end result of the deformations. The other is that the
horizontality condition, which is sometimes hard to deal with directly, is never
needed explicitly in our calculations.

*) This has been done recently by A. Crawford (McGill University).
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§1. Extended solutions and generalized Birkhoff pseudo-actions.

Let M be a connected Riemann surface or, more generally, a connected
complex manifold. Let G be a compact connected Lie group equipped with a
bi-invariant Riemannian metric and let g denote its Lie algebra. If necessary,
we choose a realization for the complexification G¢ of G as a subgroup of
some general linear group GL,(C), with G = G°NU(n). Let p denote the
Maurer-Cartan form of G¢. For a smooth map ¢: M —G€, set p*p=a=a’+a’,
where a’ and a” are the (1, 0)-component and (0, 1)-component of a, respectively.

DEFINITION. The map ¢: M—G€ is said to be (pluri) harmonic if and only
if da’=0a”.

If o(M)ESG, then this definition coincides with the usual definition (see (8.5)

of [EL], §2 of [OV]). We shall call such a map ¢ a real harmonic map.
For each 2eC*=C\ {0}, consider the 1-form on M with values in g¢ given

by
a; = l(l-—,l")a’+l(1—,2)a"
2 2 !
and consider the first order linear partial differential equation
(*) @Z*‘u =a;,

for a map @;: M—G¢. Using an embedding G°—>GL,(C), this equation may
be written as

6’(1); = —;‘(1—]_1)¢3(l’
() 1

5@3 = E(l-—l)@gd”.

DEFINITION. A family of solutions @;, A=C*, to (*) or (xx) is called an
extended solution ([UhJ) or an extended (pluri) harmonic map ([OV]).

The fundamental observation, proved in [Uh] for harmonic maps, and ex-
tended in [OV] to pluriharmonic maps, is:

THEOREM 1.1. Assume that Hom(z,(M), G)={e}. Choose a base point z,
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of M and a map o: C*—>GE. Let ¢ : M—GE be a (real pluri) harmonic map. Then
there exists a unique extended solution @ : M XC* — G¢ such that @,(z,) = a(4).
Conversely, if @ is an extended solution, then @_,: M —GC is a (pluri) harmonic
map. O

Moreover, the extended solution @ (obtained from ¢ and ¢) necessarily
satisfies @_,=a¢p, where a=0a(—1)p(z,)7".

Let ¢ be a real harmonic map. If we choose ¢ satisfying ¢(1)=e¢ and
o(SHCSG, then @,=¢ and @,(M)SG for any Ae€S'={AcC*||2]=1}. (For ex-
ample, we may choose o=e¢.) In this case we call @ a real extended solution.

The smooth loop group of G is defined by :

QG = {r: S* — G|y smooth, r(1) = ¢}.

Let 7: 2G—G be the map n(7)=7(—1). A real extended solution @ can be
considered as a map into QG ; conversely, if @: M—QG satisfies (¥) or (%)
for 1= S!, then the same argument as for shows that the map
¢=r-@: M—G is (pluri) harmonic. Because of this we shall (with abuse of
notation) use the term “real extended solution” for any map @: M — QG
satisfying (%) or (s).

It is known that QG has the structure of an infinite dimensional homo-
geneous Kihler manifold (see [PS]). There is a left-invariant complex structure
J such that the (+7)-eigenspace of J is the subspace spanned by the elements
(A~*—=1)g€(k=1, 2, ---), under the identification TSQG=2g°. The condition ()
or (x+) may be written

O*u(T, M) =@ 'dO(T M) S (A'—1)g°.

In particular, we see that any extended solution @: M —Q2G is holomorphic
relative to J.

Following [Uh], we say that a harmonic map ¢ has finite uniton number
if there is an extended solution @ such that z-@=a¢ for some a=G¢ and @()
=207 A* (for some m). The least such integer m is called the minimal
uniton number of ¢ (or of @). The next fundamental result is that any har-
monic map which admits a corresponding real extended solution has finite
uniton number :

THEOREM 1.2 ([Uh]). Assume that M is compact. Let @: M— QU, be an
extended solution. Then there exists a loop y<RU, and a non-negative integer
m<n—1 such that (i) y@A)=27_,T 4%, (ii) Span{ImT(z)|zEM}=C". Here m
is equal to the minimal uniton number of @_,. O

We shall refer to property (ii) as the Uhlenbeck normalization.
Now we discuss the group action studied by Uhlenbeck, and its generaliza-
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tions. The idea of a “dressing action” (see, for example, [ZM], [ZS], [Th],
[BG)) is as follows. Let ¢ be a group and &,, G, two subgroups of ¢ with
¢=26.,4, and ¢,N\G,= {¢}, where ¢ is the identity element of ¢. For any ge g, we
have a unique decomposition g=g,g:, 8181, g&:G,. For g, heg, define g#h by
gih=gh(h7‘gh);'=h(h~'gh),. 1f g, g’, heg, then we have g#(g’*h)=(gg’)*h,
so this defines an action of ¢ on itself.
Let T°¢ be the complexification of a maximal torus T of G. Let U,=
{A=5?%| 4| <1} and U_={2=S?| |21 >1} in the Riemann sphere S’>=C\U{co}. Sst
AG® = {r: S' — G|y smooth},
A.G¢ = {r € AG®|r extends continuously to a holomorphic map U, — G},
A_G® = {r € AGC|7 extends continuously to a holomorphic map U_ — G},
A2GC = {r € A_GC|r(1) = ¢},
AG® = {0 € AG®|6: S' - T°¢ < G® is a homomorphism}.
The following fact is known as the Birkhoff decomposition ([PS]): the map

A_G°XAG® X A,G¢ — AGC, (r-, 0, 1,) —> 7-01,

is surjective. Moreover, A*G¢x A,G¢ maps diffeomorphically to A_G°A.G°,
which is an open dense subset of the identity component of AGC¢. We shall
now take ¢=AG®, ¢,=A*G°, G,=/A,G° in the definition of dressing action.
Since ¢,8, is not quite equal to ¢ here, we use the term “pseudo-action”:

DEFINITION. The Birkhoff pseudo-action of AGC in itself is defined by 7#6
=70(07'r0);'=0(0"70).= AGF, for 7, 60& AG® with -6 A*G°A,GC.

We can also consider “generalized Birkhoff pseudc-actions” ([BG]). Let
Cy, -+, C, bz oriented circles of radius » on the Riemann sphere S*=C\U {}.
Let I; and E; denote the interior and exterior of C; for each /=1, -+, k. Set
C=C\J---JCy, I=1\J---UI, and E=E,N---NE,. We assume in addition that
I;NL;=¢@ for i#j and 1=E. Let

A¥EGE = {y: C —> GC|7 smooth} ,

which is isomorphic to a direct product of %2 copies of AG€. Set
AgG€ = {y= A *G |y extends continuously to a holomorphic map E—G¢},
A;G¢ = {ye A *G¢|r extends continuously to a holomorphic map I-G€},
AFGC = {rcAsGCr(1) = o},
AV EGE = {0 AV *GCd: C —> TCSGC is a homomorphism}.
(To say that the map 0 is a homomorphism means that it can be written in
the form 0(2) = ({(A—cy)/r}%, -, {(A—cy)/r}P») for A€ C; = {A=S?| | A—ci|=7}.)
There is an analogue of the Birkhoff decomposition in this situation, namely
(see [BG]): A *G =AgG°AG°A,G°. Moreover, under the multiplication map,
A¥GSx A;G¢ is diffeomorphic to AzG¢A,;GC, which is an open dense subset of
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the identity component of A *GC¢. If we take ¢=A""* G, ¢,=AEG°, G,=
/A;G¢ in the definition of a dressing action, we obtain:

DEFINITION. The generalized Birkhoff pseudo-action of A“"*G€ on itself
is defined by 7¥0=7d(0 'rd);'=06(0"*rd)gc A" *GC, for 7, 6= A> " *GC with 670
e A¥G°A,GC.

The main reason for studying such pseudo-actions is:

PROPOSITION 1.3 ([ZM], [ZS], [Uh], [BG]). Let g=A""*G® and let @ be
an extended solution. If @ (2)g@ ()= A¥GCA,;GC for each z€M, then the map
g*® is also an extended solution. |

(We assume that @, is defined for all 4 in some region which includes C.
For example, this is the case if C does not contain the points 0, « and if we
choose g=c¢ in [Theorem 1.1.) The pseudo-action of A" *G¢ on extended solu-
tions gives rise to a pseudo-action on harmonic maps, by means of the formula
g¥(me@)=m-g#*®. This is not quite well-defined, as the extended solution @
corresponding to a harmonic map M —G is determined only up to left transla-
tion in 2G. However, the non-uniqueness will be of no consequence in this
article.

Let us impose now the following “reality conditions” : (1) the equator S*is
contained in E, (2) 0, o, and (3) C=C,\U---\UC, is preserved by the trans-
formation 2—1"'. We call an element g A" *GC® real if g(A ' )*=g(A)' for
each A=C. It is easy to check that g#@ is a real extended solution if g and
@ are real. We denote by A% " *GC the subgroup of real elements of A" *GC,
and by Az zG¢, A% RGC, A; rG€, ARG€ the subgroups of real elements of AzGC,
AEGC, A,G¢, AGS.

We shall now give a contour integral expression for the generalized Birkhoff
pseudo-action of A *G¢ on AgG¢. Note that for & 4G the formula for 7#4
simplifies to 7¥0=70(10);'=(r0)k.

LEMMA 14. Let g AV "*GC and h e AgGC. Assume that h7'ghc
AEGCA;GE, so that gf*he AEGC is well-defined. Then

x—1g h(AR (p)(g () —e)(g* h)(p) d
277 Je (u—1)(p—4) a

(g*h)(D)—h(A) =
for each A< E.

PROOF. By using Cauchy’s Integral Theorem, we obtain

2—“18 ((hrgh) () —e)(h ' gh)s(p)
271 e (p—1D(p—2)

Multiplying by A(4) on the left, we obtain the required formula. O

(A~ gh)s(2)—e =

dp
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Using this lemma, we derive a formula for the infinitesimal action of
AV EGE on AgGC. Let {g.} i< be a curve in A**G® with g,=e and set
V=(d/dt)gi|i=e= A" *g°. Let he AzG°. Note that for each ¢ sufficiently close
to 0, h™'g,he= A5G A;G¢ and hence gfhc A%GC is defined. Set

Vﬁ = _C;d?gfllltzo & ThAEGC .

PROPOSITION 1.5. For each A€ E, we have

4 _ A=l ¢ A (@V(wh(w
ALEVDA = =52 Sc (p—1)(p—2)

Here L, denotes left translation by h in the group AgGE€.

PROOF. Replace g by g in the formula of Lemma 1.4. By differentiating
at t=0, we obtain the required formula. |

COROLLARY 1.6. Assume that 0<I,, o&l,. If g&A,G° satisfies gl;,=e
for i=1, 2 and h€ AzG® extends to a holomorphic map C*=S*\{0, oo} -G, then
g*h exists and g*h=nh. O

Thus, if @ is a real extended solution, which without loss of generality
we may assume is defined for all A=C*, then it is only necessary to consider
generalized Birkhoff pseudo-actions with C=C,UC,, where C,, C; are circles
around 0, oo respectively.

§2. Properties of the Uhlenbeck pseudo-action.

In this section we shall study the pseudo-action introduced by Uhlenbeck
in [Oh]. It can be regarded as the generalized Birkhoff pseudo-action given
by the choice of circles

Ci=eSlia=e, Ci={1251 z_i_}

where 0 < e < 1. We shall call it the Uhlenbeck pseudo-action. This is the
simplest choice which is compatible with the reality conditions, and by
1.6 it contains the essential features of all the other choices.

We shall write A4°G¢ for A**G€, where C,=C;, C,=C:. Using the nota-
tion of the previous section, we have C=C,\JC,, I=I,\JI, and E=S™\CUI,\U
I,, where

1
I={1c S| < e, a:{zeszuu >?}.

We have subgroups AgG¢, AXGS, A;G¢ of AG® as in the previous section.



Group actions and deformations 679

We denote by A3GC¢ the subgroup of all real elements 7 of 4°G¢, namely ele-
ments satisfying the reality condition y(Z~!)*=7(1)"! on C.
Let

= {g: U — G| g holomorphic in some neighbourhood U of {0, co}},
Sp={g e G| gA)y*= g(A)" for all A}.

Note that ¢ and &y are connected. Let

A= {g = ¢|g extends to a G -valued rational function on S?%,
Ar={g € Alga H)*= g(A)™* for all 4}.

Fer each ¢ with 0<e<1, we consider 4;G¢ and A; xG® as subgroups of &
and Gg, respectively. We then have

U 4,G¢= g, \J A; rG€ = Gp.

0e1 0le1

Denote by Lie(¢) and Lie(gp) the Lie algebras of ¢ and &g, respectively.
For each integer 2=0 or k=, let

Lie(g), = {V e Lie(®)|V(A) = Zka;’)l“ around 0,
az
VA= 3 VEA* around oo}.

azk

Then Lie(g), is an ideal of Lie(¢) and Lie(g), SLie(Q),_,, Lie(@),=Lie(g). Let
g, be the analytic subgroup of ¢ generated by the Lie algebra Lie(@),, which
is a connected closed normal subgroup of ¢. (Thus, Lie(¢,)=Lie(g),.) The
quotient complex Lie algebra Lie(¢)/Lie(¢), has complex dimension 2kdimcg€.
We have a sequence of surjective Lie group homomorphisms: ¢/G,—8/G,_, (k=
1, 2, ---). Set Lie(9), r=Lie(@)gLie(g),, which is a real Lie algebra. The
Lie algebra Lie(@), r generates an analytic subgroup G, r of Gp, which is a
real Lie algebra. The Lie algebra Lie(8), r generates an analytic subgroup
G, g Of @, which is a connected closed normal subgroup of Gg. The quotient
real Lie algebra Lie(Gp)/Lie(@); r has real dimension 2kdimg.

For each integer 2>0 or k=occ, we set A, =ANGy, Ap, = ArNG,. Note
that A, is a closed normal subgroup of .

PROPOSITION 2.1. (i) For each k with 0<k<oo, the natural injective
homomorphism of A into G induces a Lie group isomorphism of A/ A, onto
G/G,. (ii) For each k with 0<k<co, the matural injective homomorphism of
Agr tnto Gg induces a Lie group isomorphism of Ap/Ar. g Onto Gg/G: g

ProoF. Denote by ¢ and de¢ the Lie group homomorphism A/ A,—G/G,
and its derivative, respectively. We have only to show that ¢ is surjective.
Let V be any element of Lie(¢). We take the Taylor expansions of V around
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0 and oo: V(A)=24:0V 4% around 0, and V(A)=3,.,VE2A"% around . By
the method of indeterminate coefficients, we can find U<Lie(4) such that U(2)
= VOA4- N2 UL 2% around 0 and UQ)=4 V229432, U227 around
. Hence U—Ve&Llie(A,), namely U=V mod Lie(4,). Thus de¢ is surjective.
Since ¢/g, is connected, ¢ is also surjective. This proves (i). The proof of
(ii) is similar. O

For each integer £=0 or k=co, let
*,= {r: C* —s G°|7 holomorphic, 7(1)=e,
and y(A)= Zkflal“, Y A)= EkBHZ“}
lals lats
Xor=1{r s X, ly@Q H*= 1) for all 2}.

Similary, let

X = {Ti C* —> G°|7 holomorphic, 7(1)=e,

and 7()= 3 A%, 77D = 3 Bk}
Xip= {rexf |y V*=rQ)" for all i}.

We can consider X, r and X} g as subspaces of 2G. Set X=X, and Xj=
X. r. The point of these definitions is that a harmonic map of finite uniton
number gives rise to an extended solution with values in X} g, for some %.
Uhlenbeck obtained the following theorem by showing that any element of
Agr decomposes into a prbduct of elements of “simplest type”, then by showing
that the action is defined for any element of simplest type. See also [Be].

THEOREM 2.2 ([Uh]). For each g Ar and each y<Xg, g¥7=Xr is well-
defined. O

We call the action of Ar on X the Uhlenbeck action.

THEOREM 2.3. (i) If VeLie(@). and =Xy, then Vi=0. (ii) If g€ g,
and y=X,, then g¥reX, is defined and g¥y=r.

THEOREM 2.4. (i) If VcLie(@), and y =%, then Vi=0. (ii) If g=g,
and y=X%, then gfyeX, is defined and g¥y=r.

PrROOF OF THEOREM 2.3. (i) Let VeLie(g),, and y=¥,. Then we have
7= a1 A22% and 77 AD)=1a1s:BeA* for A=C*. By [Proposition 1.5 we
have, for 1=S,

- _ ALl V(e TV ()
AL VR = 271 {Sco (p—1)(p—2) d +Scw (p—D(p—2) d }
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Denote by (A) and (B) the first term and the second term on the right-hand
side of this formula. By assumption we have

Viy= 3 V@i on I,

a2k

V()= 3 V2" on I,.
On the circle C,, we have

TV () = = Bo Vi Agp' 7%,

jaisk, ja' sk, S22k

Write

1 — (0)
D= a2 #

around 0. Then the first integrand is

déou)Ba'V;;O)Aaﬂa”a""ﬁ“( .
a’z0, jaisk, ja’(sk, fz2k
Since a”’+a’+B+a=0, in particular a”+a’+B+a+—1, we obtain (A)=0. On
the circle C., we have
7wV (i) = > B VEQApu —P*e,

lajsk, ja’ 1<k, 822k

Write

1 —_— (2) —a’
(a=Dp=h) ~ et

around oo. Then the sscond integrand is

cwzz,lalgk.z?aw;k.j;;zkaioz)”Ba'Vio’%) Aaﬂ‘a“a'"ﬁ*“_
Since —a”+a’—pB+a<—2+k—2k+k=—2, in particular —a”’+a’—B+a+—1,
we obtain (B)=0.
(ii) By (i), there is a neighbourhood <U of ¢ in g,, such that g#r exists
and g*r=y for each yr=<. Since the group &,, is connected, G,, is generated
by elements of V. Hence we obtain (ii). O

PROOF OF THEOREM 2.4. Let V=Lie(@), and ;. Then we have 7(4)
=3 _A4,4% and 77 A= B_.A"* for A=C*. By assumption, we have

V)= V& on Iy,

wz R

V= SV on k.

As in the proof of [Theorem 2.3, the first integrand in the expression for
dL;\(VE) is
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—a'+R
a((}()/)B-a,V;JO)Aa#a” a’'+fh+a .

a”z0,0csask,0sa’'sk, fzk
Since a”’—a’+p+a=0—k+k+0=0, in particular ¢”—a’+p+a+—1, we obtain
(A)=0. The second integrand is

aCUB_ o VER Aqu o' ma ire

a”z2,0sask,0sa’sk, fzk
Since —a”—a’—f+a<—24+0—k+k=—2, in particular —a”’—a’—f+a+—1,
we obtain (B)=0. This proves (i). By the same argument as in the proof of
Theorem 1.3, (ii) follows from (1i). O

implies that, for each k2 with 0<k< o, the pseudo-actions of
the infinite dimensional Lie groups Jgz and G on X} p collapse to the pseudo-
actions of the finite dimensional Lie groups Ag/ A, g and Gg/G, gr, respectively.
Moreover, by [Theorem 2.2 and [Proposition 2.1, we see that these pseudo-actions
are in fact actions. In §5 we shall prove by a different argument that the
pseudo-action of Gr/G, r On X g is an action, i.e. without using [Theorem 2.2

§3. The natural action.

In this section we study a different group action on the space of extended
solutions M —2G. This approach depends on recognising explicitly the role of
the loop group 2G. It is well known that 2G enjoys many of the properties of a
finite dimensional generalized flag manifold (or Kdhler C-space); one reason for
this is that 2G arises as an orbit of the “adjoint action” for the Lie giroup
St'x AG. The semi-direct product here is defined with respect to the action
of S* on the free loop group AG=Map(S!, G) by rotation of the loop parameter.
(That iS, (ezﬂga’ T(ezﬂt))_(ezxigj, 5(82xit)) — (ezﬂqwm, r<ez,~:it>5<e2:i(pg@))>.) Indeed,

the isotropy subgroup of the po'nt (i, 0)=/Rx Ag is the group S'XG, so

_AG _ S')AG

Q6 G =~ S'xG

The analogy can be strengthened by introducing the “Grassmannian model” of
QG (see [PS], Chapters 7, 8). This is a submanifold of an infinite dimensional
Grassmannian on which S'x AG acts transitively, with isotropy subgroup S'x
G, and it provides a geometrical basis for the above identification. We shall
review briefly this construction.

Let e, -+, ¢, be an orthonormal basis of C™. Let H™ be the Hilbert space
LS, C™) = Span{ile;li=Z, j=1, -, n}, and let H, be the subspace Span
{A%e;11=0, j=1, -+, n}. The group QU, acts naturally on H™ by multiplica-
tion, and we have a map from QU, to the Grassmannian of all closed linear
subspaces of H™, given by r—rH,={yf|f<H.}. It is easy to see that this
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map is injective. Regarding the image, one has:

THEOREM 3.1 ([PS]). The image Grs® of the map y—yH, consists of all
closed linear subspaces W of H™ which satisfy

1) awgw,

(2) the orthogonal projections W—H, and W—(H,)* are respectively Fredholm
and Hilbert-Schmidt, and

(3) the images of the orthogonal projections W*—H, and W—(H,)* consist
of smooth functions.
Moreover, if y€QU, and W = yH.,, then deg (dety) is minus the index of the
orthogonal projection operator W—H.,. O

This is the Grassmannian model of QU,.

Now suppose G is a compact connected Lie group with trivial centre. Via
the adjoint representation, we may consider G as a subgroup of U, (where
n=dimG) and 2G as a subgroup of QU,. The Hilbert space H™ inherits the
structure of a Lie algebra from g¢, and its Hermitian inner product arises from
the Killing form of g.

COROLLARY 3.2 ([PS]). The image of G under the map y—yH, consists of
all closed linear subspaces W of H™ which satisfy

(1) AWew,

(2) the orthogonal projections W—H, and W—(H,)* are respectively Fred-
holm and Hilbert-Schmidt, and .

(3) W*™ is a subalgebra of the Lie algebra H™, where W*™ is the space
of smooth functions in W, and

4) Wi=iw. D

This is the Grassmannian model of 2G. If G’ is any locally isomorphic
group, we can obtain a Grassmannian model for 2G’, because it suffices to
give a model for the identity component, and the identity components of QG
and 2G’ may be identified. In particular, this shows that one has a Grassman-
nian model for any compact semisimple Lie group.

The complexified group AG® also acts transitively on the Grassmannian
model, with isotropy subgroup 4.G¢ at H,. Hence one obtains the identification
AG¢
A,G¢"

It follows that AG°=02G-A,G°. Since QGNA,G={e}, we have a factoriza-
tion theorem: any 7= AG¢ can be written as y=7r,7., where 7, 7, are uniquely
defined elements of 2G, A,G¢ respectively. If re AG¢, we shall write [7] for

the coset y(A,GHEAG /A, G =QG. Thus, the natural action of AG¢ on 2G,
denoted by the symbol §, may be written

026G =
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70 =[r0] = (70)u.
DEFINITION. Let @: M—QG be an extended solution. Let y=AG¢. We
define the natural action of y on @ by r'@=[r®]=3?),.

Let @: M—Q2G be a smooth map. By the Grassmannian model, this may
be identified with a map W: M— Gr&, where W(z)=®{z)H,. The extended
solution equations for @ are equivalent to the conditions

(1) ——~aa_ CW < CW
V4
(2) 9 cow < cow
0z =

where C*W denotes the space of (locally defined) smooth maps f: M—H™
with f(z)eW(z) for all z. The first condition is simply the condition that @
be holomorphic. The second condition is a horizontality condition on the deri-
vative of @ (this terminology will be explained in the next section).

PROPOSITION 3.3. Let @: M—QG be an extended solution. Let y< AGE.
Then v"® is also an extended solution.

PrOOF. Let W: M — Gr§ be the map corresponding to @ ; thus yW cor-
responds to 7'@. If W satisfies equations (1) and (2), then so does W, as
multiplication by 7 commutes with differentiation with respect to z or zZ and
with multiplication by 27'. O

To understand this action, it is helpful to consider the following concrete
examples. We shall show later that these examples represent special cases of
the action.

ExXAMPLE 3.4. Let ¢: M—U, be a harmonic map with minimal uniton
number 1. Then ¢=r-@®, where @: M —Gr,(C") is a holomorphic map (for
some k), and where =: Gr,(C™")—U, is a totally geodesic embedding. More
explicitly, there exists some a=U, such that ¢(z)=a(zewy—7w), Where moe
denotes the orthogonal projection C*—@(z) with respect to the Hermitian inner
product of C*. The embedding = : Gr,(C™)—U, is then given by V — a(zx,—
z#). Conversely, any map ¢ of this form (with @ non-constant) is a harmonic
map with minimal uniton number 1. Since the standard action of the complex
group GL,(C)=Aut(C™) on Gr,(C™) is holomorphic, we obtain an action of
GL,(C) on holomorphic maps M—Gr,(C™). Thus, an element A of GL,(C)
gives rise to a new holomorphic map A"¢o=n(AD).

EXAMPLE 3.5. It is well known (see [EL]) that all harmonic maps ¢: S*—
CP™ are of the form ¢=z-0@, where @: S*-F, ,,,(C™*") is (a) holomorphic
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with respect to the natural complex structure of F, .., (C™*'), and (b) horizontal
with respect to the projection n: F, ,.,(C**)—»CP". Here, F, ,.,(C"*') is the
space of flags of the form {0} S E,.SE,.,SC"*'. Conversely, given a holomor-
phic horizontal map @, the map ¢==r-@ is harmonic. If the flag corresponding
to @(z) is denoted by {0} SW.(2)EW,,.(2)SC"*!, then the holomorphicity and
horizontality conditions are

(1) gfcwwi cCW, i=r r+l
y4
(2) 9 C=W., < CW
az 4 T = T+1l-

The standard action of GL,.,(C)on F, .., (C™*") preserves both these conditions
because of the linearity of the derivative. Hence for any A=GL,..(C), we
obtain a new harmonic map A'¢=n(A@). This action of GL,,,(C) on harmonic
maps S?—CP" was studied in [Gu].

More generally, if M is a Riemann surface, complex isotropic harmonic
maps ¢: M—CP" correspond to holomorphic horizontal maps @: M — F, ..,
(C™*Y). Thus, we obtain an action of GL,,,(C) on complex isotropic harmonic
maps.

EXAMPLE 3.6. There is a similar description of harmonic maps from S? to
S* or RP™. It suffices to consider harmonic maps ¢: S*—>RP*", as the other
cases can be deduced from this one. Let Z, be the space of (complex) n-
dimensional subspaces V of C?"*!' such that V and V are orthogonal with
respect to the standard Hermitian inner product of C*"*', i.e. such that V is
“isotropic”. There is a projection map = : Z,—RP*®", which associates to V
the (+1)-eigenspace of the operator x—% on (VEV)*. It is known (see [Cal],
[CaZ2], [Ba]) that such harmonic maps are of the form ¢=n-@ where @: S*—
Z . is a holomorphic map which is horizontal with respect to #. The holomor-
phicity and horizontality conditions are

(1) ;—Ecw@ c C=¢
0 -
(2) 5,670 L CD.

The standard action of SOf,,, on Z, preserves both these conditions, hence
we obtain an action of SOf.., on harmonic maps.

More generally, if M is a Riemann surface, isotropic harmonic maps from
M into S?" or RP?" correspond to holomorphic horizontal maps @ : M —Z,, and
we obtain an action of SOf,., on such maps.

The harmonic maps arising in these three examples fit into a more general
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framework, described in [Br], [BR], which we shall recall briefly. Let G/H
be a generalized flag manifold, i. e. the orbit of a point P of g under the adjoint
representation. It is well-known that the complex group G¢ acts transitively
on G/H. 1f Gp is the isotropy subgroup at P, then we have an identification
G/H=G /Gp. This endows G/H with a complex structure, and the holomor-
phic tangent bundle of G/H may be identified with the homogeneous bundle
G®Xep(8°/8p).

Without essential loss of generality (see [BR]) we may assume that the
linear endomorphism ad P on g¢ has eigenvalues in :Z. If the (i/)-eigenspace
is denoted by g,;, then one has g,=5§°, gr=PF;<.8:;, and [g;, g;1=g:.;. Let ‘=
Pieven8:- Then (g€ 1) is a symmetric pair, and (up to local isomorphism)
one obtains a symmetric space G/K, where K= {g=G|glexprnP)=(exprP)g}.

The natural map n: G/H—G/K is a “twistor fibration” ; it gives rise to a
relation between harmonic maps M —G/K and holomorphic maps M—G/H.
The simplest aspect of this relation may be expressed in terms of the super-
horizontal distribution, which is by definition the holomorphic subbundle G¢Xx
cp(8pP8:/8p) of G®X¢,(g/8p)=T:,,G/H. A holomorphic map @: M—G/H is
said to be super-horizontal if it is tangential to the super-horizontal distribu-
tion. It is shown in [Br], that :

(t) If @ is holomorphic and super-horizontal, then ¢=z-@ is harmonic.

Clearly the action of G¢ preserves holomorphicity and super-horizontality.
Hence we obtain an action of G¢ on the set of those harmonic maps M —G/K
which are of the above form. This is precisely the action described in Ex-
amples 3.5 and 3.6, since in those cases it turns out that g,=0 for || >2,
hence (for holomorphic maps) the concepts of horizontality and super-horizon-
tality coincide. (This is also, trivially, the action of Example 3.4, where K=H.)

Before leaving these examples, we make some brief comments on further -
generalizations. It is possible to weaken the hypothesis of super-horizontality
in (). Indeed, in [BR], it is shown that holomorphicity and horizontality, or
the even weaker condition of “J,-holomorphicity”, implies that ¢ is harmonic.
In the case M =S? one then has a converse to (f), namely that any harmonic
map ¢: $*-G/K is of the form ¢=z-@ for some J,-holomorphic map @ : S*—
G/H, for a suitable twistor fibration =: G/H—G/K. These generalizations are
not so useful from the point of view of the action of G¢, because neither
holomorphicity and horizontality nor J,-holomorphicity are preserved by this
action in general. On the other hand, there is a natural filtration of T, ,G/H
by the holomorphic subbundles T = G¢X¢,(Pis:8:)/gp. Let us say that a
holomorphic map @ : M —G/H is l-holomorphic if it is tangential to T. Thus,
a 1-holomorphic map is a holomorphic super-horizontal map; an co-holomorphic
map is simply a holomorphic map. Clearly the action of G¢ preserves [-holo-
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morphicity. However, the relevance of this remark depends on the answer to
the question: what is the geometrical significance of the maps ¢=n-®, where
@ is [-holomorphic?

Finally, we shall explain why the actions in the above examples are special
cases of the natural action of AG¢ on extended solutions. Because of the
previous discussion, it suffices to do this for the action of G¢ on 1-holomorphic
maps @: M—G/H, where G/H=Ad(G)P. First, let us define a loop 7,=QG
by 7p(A)=exp 2xtP, where A=¢***". Then G/H may be realized as a submanifold
of 2G, namely as the orbit of yp under conjugation by G. The associated
symmetric space G/K may be realized as a submanifold of G, namely as the
conjugacy class of expxP. Thus, the twistor fibration =: G/H—G/K is just
a restriction of the map n: 2G—G (evaluation at —1):

G/H— 2G

Voo

G/K — G
Recall that we have the identifications TEG/H =, 8:;, and TGRG=TSRG =
Bro(A—1)gC.
LEMMA 3.7. The derivative at P of the embedding G/H—RQG identifies g,
with (A7'*—1ag,.

Proor. Let Ueg;. This corresponds to the initial tangent vector to the
curve Ad (exp sU)P through P in G/H=Ad(G)P, i.e. to the curve (exp sU)rp
(exp sU)™* through 7p in 2G. By left translation we obtain the curve 75
(exp sU)rp(exp sU)™* through ¢ in 2G. Now,

rpi(exp sU)rp(exp sU)™ ! = exp Ad[exp(—2xtP)]sU(exp sU)™!
= exple "t 375 0) exp(—sU)
= exp(e ?*tsl) exp(—sl)
= exp(s(A'—=1U).

The initial tangent vector of this curve is (A~'—1)U. O

In particular, the super-horizontal distribution of T, ,G/H maps into the
subbundle of T, ,2G defined by (A *—1)g%, so we obtain:

PROPOSITION 3.8. Via the embedding G/H— 2G, a holomorphic super-
horizontal map into G/H goes to an extended solution into 2G. Moreover, the
action of G€ on G/H corresponds to the action of the subgroup G¢ of AG® on
2G. a
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More generally, the concept of [-holomorphicity for a map @: M—G/H
may be interpreted in terms of the corresponding map M —2G. Let us say
that a holomorphic map M — QG is [-holomorphic if it is tangential to the
(holomorphic) subbundle % of T, ,2G defined by @,<;<i(A"t—1)g¢. Thus, -
holomorphic maps interpolate between extended solutions (/=1) and general
holomorphic maps (/=c0). By [-holomorphic maps into G/H go
(via the embedding G/H — 2G) to [-holomorphic maps into 2G. If @ is (-
holomorphic, and ye AG¢, then 7"® is clearly also [-holomorphic. As in the
finite dimensional case, however, the geometrical significance of maps ¢p=n-@:
M —G, where @ is [-holomorphic, is not clear.

In contrast to the actions described in §1 and §2, the natural action is
very easy to work with. In particular, it has the advantage that it is always
well defined (so we have an action, rather than a pseudo-action). In the next
section we shall give some elementary properties of this action.

§ 4. Properties of the natural action.

In this section we shall always take M to be a compact Riemann surface
and G=U,.

The version of the extended solution equations used in the last section is
due to Segal (see [Se]), who used it to give a new proof of the factorization
theorem of for harmonic maps S?—U,, and of the classification theorem
(see [EL]) for harmonic maps S®— CP". We shall review Segal’s approach
here, before discussing further properties of the natural action. The main
technical result is the following version of [Theorem 1.2:

THEOREM 4.1 ([Se]). Let @: M —QU, be an extended solution. Then there
exists a loop Y=QU, and a non-negative integer m such that the map W=yDH,
satisfies (1) A™H,SW(z)SH,, for all z&M, and (ii) Span{W(z)|zeM}=H,.
Moreover, m<n—1. O

The extended solution 7@ is said to be normalized. For example, let f:
M —Gr,(C™) be a holomorphic map, so that op==n,—=;: M —U, is a harmonic
map (as in Example 3.4). Then the corresponding extended solution @=z,+Ax}
is normalized if and only if f is “full”, i.e. Span{f(z)|z=M}=C". It can be
shown that condition (ii) of is equivalent to the Uhlenbeck nor-
malization (condition (ii) of [Theorem 1.2).

Let us assume that W corresponds to a normalized extended solution, as in
the theorem. Then there is a canonical flag associated to W, namely

lmH+ SW= W(m) = W(m—l) S & VV(O) =H.
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where W, : M—Gri® is the holomorphic map defined by W,=2" ™" WNH,.
Strictly speaking, this formula defines a holomorphic map with a finite number
of removable singularities, but we shall use the notation W, to mean the map

obtained by removing these. The canonical flag satisfies the following con-
ditions:

0) AWay € Wan
1) %Cwﬂ/m c C*We
a (-} [=-)
(2) a—zc Wi © CWeain.

In fact, these equations are equivalent to the extended solution equations for @,
as the holomorphicity condition for W 1is given by (1), and the horizontality
condition for W follows from (2) and the definition of W,,_,. It is an immediate
consequence that each map W, satisfies the extended solution equations. Hence,
by the Grassmannian model, we have W,=®,H, for some extended solution
D>.

From Example 3.5, we see that condition (2) can be interpreted as saying
that the (holomorphic) map (W, W -yy) is horizontal with respect to the map
(Euy, E¢-v)—EtyNE_ ;. This is why the equation (0/02)C*W S C=A"'W is
called the horizontality condition. Each map W "W ., is a harmonic map
into a Grassmannian.

From condition (0) we have AW _ EW,, EW(; 1), S0 we can derive some
further information. The map W _.,,/AW ., defines a holomorphic vector
bundle on M, and multiplication by @, defines a smooth isomorphism of this
bundle with the trivial bundle M X H,/AH,=MXC". Through this isomorphism,
the map W,/AW -y, corresponds to a map ¥,, and we have @ ,=0,_,,¥,.
Each map ¥, is necessarily of the form =, +Air}, where f; is a map from M
to a Grassmannian. By construction, f; is holomorphic with respect to a
complex structure which is obtained by “twisting” the standard complex struc-
ture by @_,. Hence we have the factorization theorem: @ can be written
as 0=¥,--¥,, where ¥,=n, +2Ar;, and each sub-product ¥,---¥,; is an
extended solution.

This completes our review of [Se], to which the reader is referred for
further details. As for the generalization to pluriharmonic maps, we can
show that holds also for a compact complex manifold M. More-
over, the above argument for the canonical flag and the factorization also works
for the higher dimensional case, if we consider meromorpic maps and coherent
sheaves instead of holomorphic maps and holomorphic vector bundles (cf. [OV]).

The finiteness properties of extended solutions described above may be
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expressed in terms of a filtration of the “algebraic loop group” by certain
finite dimensional varieties. The algebraic loop group is defined as follows:
DEFINITION. 2.,,U, = {r € 2U,|7(2) is polynomial in 2, A~'}.
A Grassmannian model for £,,U, may be deduced from that of Gri® :

PROPOSITION 4.2 ([PS]). The image of Ra5U,, under the map QU,—Gr,
is the subspace GrY of Gri consisting of linear subspaces W which satisfy

AFH, S W S A7 FH, for some k.
Moreover, if y€82..U, and W=rH,, then for such minimal k we have deg(dety)
=(dim A" *H,/W—dimW/A*H,)/2. O
If we define
AagGL(C)= {r € AGL,(C)|7(A), r(A)* are polynomials in 4, A7},
then we obtain the identification

~ AalgG Ln(C)

QaU, = A5G L)

where AagU,, A5G LA(C) are defined in the obvious way. This is analogous
to the identification QU,=AGL . (C)/A.G L, (C) describad in the last section.
However, in the case of algebraic loops, one can replace Aa.,GL,(C) by an

“even larger group, the semi-direct product C*X A,,GL,(C), where the action

of C* on Aa,GL,(C) is given by “re-scaling”, i.e. (w-7)(A)=7r®"'2) for all ve
C* 7= NagGL,(C). The group C* also acts on £2..U,, by
v'r = [v-r]
where square brackets (as usual) denote cosets in AaG Ln(C)/A%,G L (C)=
Q...U,. We use the “natural” notation for this action, because the formula
(v, 7)%0 = 1""

defines an action of C*X Aa,GL,(C) on 2,,U,, which extends the natural
action of A,,GL,(C) on 2,.U,. Thus we obtain finally the identifications

AalgGLn(C) ~ C* X AalgG Ln(C)

QalgUn = :1EGLTL<C) = C*b(/lzlgG Ln(C> '

Mitchell ([Mi]) introduced the following subspaces of Gr{Y) (see also §1 of
[Sel:

DEFINITION. F, ,= {W S H™|A*H, S W S H,, AW S W. dim H,/W = k}.

It can be shown that F, , is a connected complex algebraic subvariety
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of the Grassmannian Gr,,_.(C*"). Explicitly, if we make the identification
C*"=H, /A*H,=Span{[1%;]|0<i<k—1, 1<7<n}, then

Fn.k = {E = Grkn_k(Ckn)lNE c E})

where N is the nilpotent operator on C** given by the multiplication by A.
The space F, , is preserved by the action of A,GL,(C), since (by definition)
this group fixes H,. The action of A,GL,(C) on F, , collapses to the action
of the finite dimensional group

Gor={X&GL(C)XN=NX}.

Indeed, the action of A4,GL,(C) factors through the homomorphism A.GL,(C)
—G L, (C[A]/(A%)) defined by 3)i:0A'A;—3%Z82% A, and we have G L, (C[2]/(2%))
=G, . This is a complex Lie group of dimension kn®. The acticn of C*
also preserves F, ., for the action of an element u=C* induces the linear
transformation 7,[A%¢;]=[u’A‘¢;], and so T N=uNT,.

In these terms, we see that a normalized extended solution is a “horizontal”
holomorphic map @: M —F, ,, where the integer k=deg det @(z) represents
the connected component of 2U, which contains the image of @. The minimal
uniton number m satisfies the conditions m<n—1, m<k. It is known (see [Mi])
that H,(F,, .; Z)=Z, so @ has a topological “degree” d, which (with appro-
priate choice of orientations) is a non-negative integer. The geometrical signi-
ficance of d is that it represents the energy of the corresponding harmonic
map ¢: M— U, (see [EL], [Va], [OV]). From the discussion above we

have:

PROPOSITION 4.3. The natural action of A.GL,(C) on normalized extended
solutions @ preserves

(1) the connected component k of QU, containing the image of @,

(2) the minimal uniton number m of @, and

(3) the degree d of @ (i.e. the energy of the corresponding harmonic map).
Moreover, for a fixed choice of k, the action of A.GL,(C) on normalized ex-
tended solutions collapses to the action of the finite dimensional (complex) Lie
group G, .. O

In this proposition, A4,GL,(C) could bz replaced by the group C*x
H1:GL,(C), and G, by C*XG, ,; we leave the verification of this to the
reader. The existence of an action of C* on extended solutions was first

noticed by Terng (see §7 of [UL)).
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§5. Relation between the Uhlenbeck pseudo-action and the natural
action.

In this section we shall show that the Uhlenbeck pseudo-action discussed
in § 2 and the natural action defined in § 3 coincide on harmonic maps of finite
uniton number. We begin by considering a special case.

For any ¢ with 0<e<C1, we have an injective homomorphism as real Lie
groups

A,GL(C)—> A; gGL,(C) & Gp, y—7
defined by
7(4) for [2] = e,
7(4) "—”{ -
r@)7* for (Al =1/
for y=A,GL,(C).

THEOREM 5.1. If ycA.GL,(C) and 6=, r S QU, for 0 <k < oo, then
7R0=X, g is well-defined and

70 =7%0.

PROOF. By the decomposition AGL,(C)=QU,-A.GL,(C), we have y0=
(10)u(rd)., where (70),€QU,, (70), € A,G L,(C). Note that (78).()=7(20(A)(1)7'(A)
extends holomorphically to {i€C |0<|1]<1}. Define

(70).(4) for [4] = ¢,
{(70),Z D} *  for || =1/¢,
namely, (70);=(0);<=A;, gG L (C). Define

(7’5)1(2) = {

(70)(4) for 0< [ <1,
(70)e(A) = { -
{(70), A D} for 1< Al < co.

By Painlevé’s Theorem we have (70)z= Az G L.(C), and moreover (0 e =X g,
because (70),=rd0(y0)7*, 60X, .
For 0< |4l <e, we have
(70(70)7)(A) = 7(A0(A)(r0):(4)
= (70)u(4) = (70)=(4).

For 1/¢<| Al <co, we have

(FO70)T)(A) = T(7) @) {(rd) (A}
= {r@ Ho@ ). @)
= {

70)u (2D} 7+ = (70)£() -
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Hence 70(70);'=(0)z=7%0. Thus we obtain 7#0=(76),=7". [

COROLLARY 5.2. If yr&A.GL,(C) and @ : M—QU, is an extended solution
such that @, is holomorphic in A€C*, then we have

70 = 7%Q .

PRrROOF. By assumption the image of @ is contained in Xp=X. r. Hence
the corollary follows from [Theorem 5.1l O

In §2, we saw that the Uhlenbeck pseudo-action of ¢ on X, r collapses
to the pseudo-action of the finite dimensional Lie group Gr/G, r=Ar/Ar. r, and
in §4 that the natural action of 4,GL,(C) on F, , collapses to the action of
the Lie group G, .. Evidently, we have Ggr/G, r= G, as real Lie groups.
From [Theorem 5.1, and by using the same argument as was used at the end
of §2, we see that the pseudo-action of Gr (or Gr/G. r) on extended solutions
with finite uniton number is an action, and coincides with the action of
A,GL(C) (or G, ). Hence:

COROLLARY 5.3. The Uhlenbeck pseudo-action of Gr on extended solutions
(or harmonic maps) with finite uniton number coincides with the natural action

of A.GL(C). O

§6. Deformations of harmonic maps.

Let {g:} be a curve in AGF®, i.e. a continuous map ¢+~ g; from an open
interval of R to AG®, with g,=e¢. Let @: M—Q2G be an extended solution.
Then the formula

D, = g?@

defines a continuous family of extended solutions passing through @ (a “de-
formation” of @). For example, we can take {g:} to be a one-parameter sub-
group {exptB}, for f=Ag°. The same observation applies to a curve in C*x
AagG Lo(C), providing that the extended solution @ takes values in 2,,,G.

Now, it may happen that lim,..®, exists, even if lim,..g, does not exist,
and in this case we obtain an extended solution @.=lim,..®; which is not, a
priori, of the form g"®. Some examples of this “completion” process were
studied in for the case of the Uhlenbeck action . By using the action
%, however, we can obtain more detailed information. The reason for this is
that, for certain B8, the curve y—(exp{B8)"r has a simple geometrical interpreta-
tion: it is a flow line of the gradient vector field of a natural Morse-Bott
function on 2G.

The basic example of a Morse-Bott function on 2G is the “perturbed energy
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functional” E+¢K?, where [ is the energy functional

1
AN

and A9 is the momentum functional

E(r) =

ke =\ G, Q)

for some fixed Q =g, and where ¢ is a non-zero constant. The critical points
of E4+cK? are simply the homomorphisms S'— C(Tq), where C(Ty) is the
centralizer in G of the torus T, generated by Q. It is classical that this is a
Morse-Bott function. The flow of —VE with respect to the Kidhler metric is
given by the re-scaling action of the one-parameter semi-group {e ¢|t=0}, and
the flow of —VK? is given by the (natural) action of {exp:tQ}. Hence the
flow of E4cK€9 is given by the action of {expii(7, cQ)[t=0} (which is con-
tained in C*XG¢, and hence in C*X A,,GO).

As a first application, let us consider the case where @ is a regular point
of g. Since @ generates (by definition) a maximal torus 7, which is equal to
its own centralizer, the critical points are the homomorphisms S'—T ; in parti-
cular, they are isolated. The stable manifold of a critical point is a cell in
QG of finite codimension, the so-called Birkhoff cell (see [PS]). If @: M—
QG is a holomorphic map, then @(z) must lie in a single Birkhoff manifold
for all but a finite number of points z& M, so we obtain:

PROPOSITION 6.1. Let @: M—R.,G be an extended solution. Then there
exists a curve {g,} in C*X Ay G such that

O.(z) = lim g,"®(z)
{0

defines a constant (extended solution) @..: M\S—R2G, where the set S consists of
a finite number of removable singularities of @.. [

This is an example of the “bubbling off” phenomenon for harmonic maps
([SU]). [Proposition 6.l answers positively the question posed at the end of §7
of [BG], namely whether any extended solution can be reduced to a constant
map by applying the “modified completion” procedure. However, it is perhaps
of more interest to find deformations where the singularities do not occur, and
this we shall do next.

For our second application, we shall consider the function K¢. The set of
critical points is £C(Ty), which is infinite dimensional. However, for the ap-
plication to extended solutions, we are primarily interested in the restriction
of K° to the finite dimensional subvariety F, ; (with G=U,). Let us now
consider the flow of —VK?, which is given by the natural action of {exp /tQ}
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on QU,. We may consider {expitQ} to be a one-parameter subgroup of
A,.GL,(C), so it preserves F, ,. (Indeed, {expitQ} is a one-parameter sub-
group of GL,(C)=G, <G, i, in the notation of §4.) We shall use this flow,
with a suitable choice of Q, to prove:

THEOREM 6.2. Let @=3"_, T oA%: M—F, . be a normalized extended solu-
tion. If rank To(2)=2 for all ze M, then @ can be deformed continuously through
extended solutions to an extended solution ¥ : M—>.QU,,71.

ProoF. Let Q=im, where 7,: C"—~C" denotes orthogonal projection onto
a complex line L in C*. The homomorphism GL,(C)—G, =G, +:SGL,.,(C)
will be denoted by X—X’. Thus, if C**is identified with’ H,/A*H, as usual, we
have X’(A*v)=1*Xv for any veC™. Observe that (x.)=m.,, where L’ is the
k-plane LEPALED --- PA*L.

Consider the flow on the Grassmannian Gr,,-:(C**) which is given by the
action of the one-parameter subgroup {(exp:tQ)’} (={expitQ’}) of GL,,(C).
It is well-known that 'this is the downwards gradient flow of a Morse-Bott
function on Gr,,-.(C*"), such that

(1) the set of absolute minima is G*={W|L’SW}, and

(2) the stable manifold of G (i.e. the union of the flow lines which ter-
minate on GT) is SE={W|W N\ L'={0}}.

(These assertions represent a mild generalization of the standard Schubert cell
decomposition of a Grassmannian. They are explained in more detail in the
Appendix.)

Observe that GINF, ,=F,_.  if we take L=Span{e,}. Thus, if the image
of the extended solution @ is contained entirely in S!N\F, ., the formula @,=
(expitQ’)"® gives a continuous -deformation of @ into F,_, .. To prove the
theorem, therefore, it suffices to show that any extended solution satisfying the
hypotheses lies in SENF, ,, for some line L.

Let @ be an extended solution satisfying the hypotheses. Let

Y%= {L|®(z) & St for some z = M}.

Thus, Y? is the set of “bad” lines in C*. We shall show that dim;Y?<n—1,
which implies immediately that not all lines are “bad”.
To do this, note that

D(z) & SL == D()* N\ L’ + {0}
& O N L= {0}
= d(z) S L*

(the middle step follows from the fact that both @(2)* and L’ are preserved by
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the adjoint of multiplication by A, i.e. by the linear transformation A* of
H,/A*H, given by A*(A'e;)=1""'e;, 1<i<k—1, and A*(e;)=0). Let X={(L, W)
eCP"'XF, |\WEL*}. Let p,: X—>CP"*, p,: X—F, , be the projection maps.
Then we have Y%= p,(p3 (P (M))), so dimcY?<dime p3'(@(M)). We claim that
dim¢ pz(D(2))<n—3 for all zeM. Since dimc M=1, we may then conclude
that dim¢ Y?<n—1, as required. From the expression @=37_, T,A* we see
that
12/ (@(2)) = {L|D(z) S L*} = P(Ker T¥(2)),

so the claim follows from the hypothesis. O

It is appropriate at this point to make some comments on the use of Morse
theory in the proof of [Theorem 6.2. The fact that F, , is in general a singular
variety (to which ordinary Morse theory does not apply) is irrelevant for our
purposes, as we are concerned only with the given flow. However, to study
this flow in practice, it is useful to regard it as the restriction of a flow on
the Grassmannian Gr,,_,(C*"), where it is indeed the downwards gradient flow
of a Morse-Bott function. This type of Morse-Bott function is well-understood :
it is an example of a “height function” on an orbit of the adjoint representa-
tion of a compact Lie group. In the Appendix to this paper, we summarize
the basic facts concerning such height functions. Briefly, the situation is as
follows. Consider a finite dimensional generalized flag manifold of G, i.e. an
orbit Ad(G)P of a point P of g under the adjoint representation. Let Q be
any element of g. Then one may define the height function h9: Ad(G)P—R
by h9%X)=(X, Q). This is a Morse-Bott function and its non-degenerate critical
manifolds can be described explicitly in Lie theoretic terms. Let Vi€ be the
gradient of A? with respect to the natural K&dhler metric on Ad(G)P. Then
the flow line of —Vh? which passes through a point X of Ad(G)P is given by
t—(exp itQ)" X.

This can be used to obtain results analogous to Theroem 6.2 for harmonic
maps M—G/K, for various inner symmetric spaces G/K, because the total
space of the corresponding twistor fibration is a generalized flag manifold.
Although this is simply a special case of the discussion above, it is instructive
to give a direct argument (avoiding the paraphernalia of extended solutions),
and this we shall do for each of the three examples considered in §3. This
will, incidentally, provide some examples of extended solutions @ which satisfy
the hypotheses of [Theorem 6.2.

EXAMPLE 6.3 (cf. Example 3.4). Let Holy(S? Gr,(C™)) denote the space of
holomorphic maps @ : S*—Gr,(C™) which have degree d. It is well-known that
this space is connected. However, we shall give a proof of this fact as an
illustration of the technique introduced above.
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We identify Gr,(C™) with the orbit Ad (U,)P in u,, where P=in, for some
k-plane V. Let Q=in,, where 7,: C*—~C denotes orthogonal projection onto
the line spanned by the first standard basis vector. The action of the one-
parameter subgroup {expitQ} gives the downwards gradient flow of a Morse-
Bott function G7,(C™)—R. (See the Appendix.) The critical points are those
k-planes WeGr,(C™) for which [ix,, imy]=0, i.e. for which CEW or WEC*.
Thus there are two connected critical manifolds:

G'={W|C S W} =GCGr,.,(C*)
G = {WIW < C*} = Gr (C").
The corresponding stable manifolds are:
SUG*) = G*
SUG™) = {WIWNC = {0}}.

We claim that the inclusions _
Holy4(S?, Gr,,(C"')=Hol4(S?, G )——=Hol(S? S¢UG))—=Hol,(S?% Gr,.(C™))
induce bijections on the sets of connected components. In the case of the first
inclusion, this is so because, if @(S?)<SSUG-), then {(exp itQ)"P},s.sw provides
a continuous deformation of @ into G-. For the second inclusion, it is because
Hol,(S?% S?(G-)) is obtained from the manifold Hol,(S?% Gr.(C™)) by removing
a closed subvariety of complex codimension 1. By induction it follows that
Hol4(S? Gr,(C™) has the same number of connected components as Hol(S?%, C P*#).
However, from the usual description of holomorphic maps S*—CP* in terms of

polynomials, it follows that this space is connected.

By modifying this argument slightly (see the proof of below),
it can be shown that Hol,(M, Gr,(C™)) is connected for any compact Riemann
surface M, providing that d=2g, where g is the genus of M. The last restric-
tion ensures that Hols(M, S?) is connected (see Corollary 1.3.13 of [Na]).” In
fact, these conditions may be weakened; for example in [To] it is shown that
Hol (M, S?) is connected when d=g, and it follows from that Hol,(M, S?)
is connected for “generic” M when d=(g+3)/2.

ExAMPLE 6.4 (cf. Example 3.5). Let Harm,(S? CP") denote the space of
harmonic maps ¢: S®->CP" which have degree d. If @:S*>F, ,,,(C"*') cor-
responds to a harmonic map ¢ as in Example 3.5, and if deg @=(degW ,, degW ,,,)
=(k, l), then we have

d=1[1—k, E=1+k

where E denotes the (suitably normalized) energy. If n>1, it is easy to con-
struct examples of harmonic maps ¢,, ¢, with deg ¢,=deg ¢, but E(¢,)# E(¢.),
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so the space of harmonic maps of fixed degree cannot be connected. However,
we can prove:

THEOREM 6.5. (i) The inclusion Harm,(S? C P?—Harm,(S? CP™) induces a
bijection on the sets of connected components, if n=2. (ii) More generally, the
same is true if harmonic maps from S® are replaced by complex isotropic har-
monic maps from any compact Riemann surface M.

PrROOF. It suffices to give the proof of (ii). Let @=W,, W..): M—
F, ..(C™*") be a holomorphic horizontal map associated to ¢. We shall use
the method of Example 6.3 to show that @ may be deformed into F,, ,,,(C™),
if »<n—1. Hence, by induction, we obtain a map (also denoted by @) whose
image lies in F, ,,,(C™*?). By repeating this argument with @*=W73,,, W3),
we can similarly deform @ into {(E,, E,;)EF, . (C"™)|C" 'S E,}. Thus we
obtain a deformation of ¢ into P(C"**/C"'), and hence (by applying a projec-
tive transformation) into C P2.

We identify F,, .. (C**") with the orbit Ad(U,..)(ixy +imy ), where
(V,, V., is a fixed element of F, .. (C"*'). Let m; denote orthogonal projec-
tion onto the line (C™)* in C™*' spanned by the last standard basis vector, and
set Q=in:. We shall use the Morse-Bott function on F, ,,,(C**') whose down-
wards gradient flow is given by the action of {expitQ}. A point (E,, E,,))
is a critical point if and only if [ir3, ing +img_,, 1=0, i.e. the line (C™)* is
contained in E,, EsNE,.,, or Ez,;. The three connected critical manifolds
are:

Fr={E, E,.Ql(C)" S E,} = F,_,,(C")

Fo={E,, E..olC)' = ErNE; .} =Gr (C)
Fr={(E;, E-.0l(CM)* € E7.\} = Fr r a(CT).
The corresponding stable manifolds are:
SeF*)y=F*
SUF) = {(Er, E-.0l(C™)* € Eqyy, (C* N E, = {0}}
SUF) = {(E,, Ex)l(C™)* N Eriy = {01}

If @(SHSSYUF-), then {(expitQ)"®},<:<. provides a continuous deformation of
@ into F-=F, ,,,(C™. So it suffices to show that @ can be deformed into
S¢(F-). In Example 6.3, the corresponding fact was true for dimensional rea-
sons, but a different argument is necessary in the present situation as the space
of holomorphic horizontal maps is not in general a manifold. (The argument
'we are about to give is also needed in Example 6.3, in the case of a Riemann
surface.)
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We claim that there exists some A<U,,, such that A*"@M)SSUF-), i.e.
AW . (2)2(C™)* for all ze M ; from this one can construct the required defor-

mation, as U,,, is connected. If suffices to find some line L such that W, ,(z)
2L for all ze M. Let

Y?={L e CP*|L<SW,,(z) for some z < M}.

Then our claim is that Y?+CP*. Let X={(L, E,, E...))€CP"XFy . ,(C"")|L
CE,,;}. Let p, and p. be the projections to CP* and F,, ,,,(C"*'). Then
Y 2= p.(p33(D(M))). We have dim¢Y?=<dim¢ p3'(@(M))<r+dime O(M) (as the
fibre of p, is CP")<r+1. Hence Y? cannot be equal to CP™ if r<n—1. This
completes the proof. [

REMARK. We have extended solutions of the form z,+Azj in Example
6.3, and (n, +An} )Nz, . +Ax; . ) in Example 6.4. It follows that the defor-
mations used in these examples could have been obtained by applying
6.2, because the deformation of preserves the relevant Grassman-
nian or flag manifold and the hypotheses of that theorem are satisfied.

EXAMPLE 6.6 (cf. Example 3.6). Let Harm,(S? S™) be the space of harmonic
maps ¢: S?>-»S" of energy d, with a similar definition for Harmy(S? RP™).

THEOREM 6.7. (i) Harm,(S? S™) and Harm,(S?, RP") are connected, if n>3.
(i) More generally, the space of isotropic harmonic maps of energy d of any
compact Riemann surface M into S™ (or RP™) is connected, if n=3 and if d=2g,
where g is the genus of M.

REMARK. This result is elementary if n=3. Part (i) was proved by Loo
([Lo]) and by Verdier ([Ve3]) for n=4, and extended to n=4 by Kotani ([Kt]).

ProoF. It suffices to give the proof of (ii). The result for S* follows
from that for RP”, as the natural map S®*—RP" induces a non-trivial double
covering Harm%°(M, S*)—Harm#°(M, RP™), where Harm%° denotes isotropic
harmonic maps of energy d. By [Cal], it suffices to take 7 even, say
n=2m, and it suffices to show that the space HH,(S? Z,) of holomorphic hori-
zontal maps @: M—Z, of degree d is connected, as the map = : Z,—RP?™
induces a surjection HH,(M, Z,)—»Harm%°(M, RP*™). (The degree of @ is
equal to the energy of gb:ﬂo@, if the energy is normalized suitably.)

We shall prove that HHy(M, Z,) is connected by induction on m. For
m=1, the horizontality condition is vacuous, S0 HH (M, Z,) may be identified
with the space Hol,(M, S?). This is known to be connected if d>2g (see
Corollary 1.3.13 of and also the comments in Example 6.3), and so the
induction begins. '

For the inductive step, we shall identify Z, with the orbit Ad(SOsm,1)X



700 M. A. GuEsT and Y. O4NITA

(imy—imy), where V is a fixed element of Z,. Let L be an isotropic line in
C*™*' and set Q=ix,—iw;. The critical points W<=Z, of the Morse-Bott
function whose downwards gradient flow is given by the action of {exp itQ}
are given by [iny—inp, in,—inz]=0, i.e. W=W ,OW,PW, with W,S L, W,SL,
W.S(LPL)*. There are two connected critical manifolds, namely :

Zt=WILESWES LY =Zn,
Z-=WILESWES LY} = Zn,.
The corresponding stable manifolds are
SZH=2Z*
SUZ )= WIWNL = {0}}.

Thé embeddings I*: Z,_,—Z, defined by the inclusions of Z= in Z, are holo-
morphic. They also respect the horizontality condition (0/0z)C=® | C*®, in the
sense that a map @ : M—Z,_, is horizontal if and only if either of the maps
I1*<®@: M—Z, are horizontal. We shall accomplish the inductive step by show-
ing that any element @ of HH (M, Z,) may be deformed into Z-.

If @(M)SS9Z"), then {(exp itQ)"D},<:< provides a continuous deformation
of @ into Z-. So it suffices to show that @ can be deformed into S%(Z-).
We claim that there exists some A<SO,n,; such that A"@(M)SSUZ-), i.e.
AQP(z)2L for all zeM; this will give the required deformation, as SO, is
connected. Since SO;n.: acts transitively on the space Y ,, of all isotropic lines
in C*™*!, it suffices to find some isotropic line L’ such that @(z)2 L’ for all
zeM. Let

YE={L' €Y.lL < @) for some z & M}.

Then our claim is that Y #Y,. Let X,={(L', W)Y .XZ.| L' SW}. Let
P, p» be the projections to Y, Z,. Then Y& =p(p;'(@M)). We have
dim¢ Y9 <dim¢ pz (@ (M) S<m—1+dime (M) (as the fibre of p, is CP™)<m.
Since dim¢ Y ,=2m—1, Y% cannot be equal to Y, if m=2. This completes the
proof. [

It should be clear from these examples that a similar method applies to
those harmonic maps ¢: M—G/K which are of the form ¢=n-@, where @ is
holomorphic and superhorizontal with respect to a twistor fibration n:G/H—
G/K. That is, for a height function A?: G/H—R (where G/H=Ad(G)P), we
obtain deformations @, of @ such that @., takes values (generically) in a critical
manifold C(T)/C(Tg)x=Ad C(Te)X of h®. To obtain a continuous deforma-
tion, one must ensure that the image of @ lies entirely in the stable manifold
of this critical manifold.
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Without loss of generality we may assume that X=P. A calculation similar
to that of then shows that the bundle C(Tg)/C(Tg)x—C(Tq)/C(TQ)x
NK is a “twistor sub-fibration” of G/H—G/K. provides an infinite
dimensional version of this phenomenon; namely, that the bundle G/H—G/K
may be regarded as a twistor sub-fibration of the fibration 2G—G. As ex-
plained in §3. 2G can be realized as the orbit of the point a=(7, 0)=iRx Ag,
under the action of S'x AG. The theory described in the Appendix for a finite
dimensional adjoint orbit extends almost entirely to 2G (cf. [AP], §8.9 of
[PS], and [Ko]), although there are some new features. For example, the
inner product <,) is not bi-invariant with respect to the action of S'x AG.
From our point of view, the main difference is that it is not in general possible
to integrate the gradient vector field on the infinite dimensional manifold QG.
In fact (Theorem 8.9.9 of [PS]), every point y&2G admits “downwards” flow
line, but only points of £2.,G admit “upwards” flow lines. The asymmetrical
nature of the flow reflects the fact that the action of C* on £,,,G extends to
an action of C¥={1=C*||4A|<1} on G, but not to an action of C*.

Appendix. Height functions on generalized flag manifolds.

Let G be a compact connected Lie group. The orbit Mp=Ad(G)P of a
point P=g under the adjoint representation is called a generalized flag manifold.
It is known that the isotropy subgroup of P is the centralizer, C(Tp), of that
torus Tp which is the closure of the one-parameter subgroup {exptP}. The
complex group G¢ also acts transitively on Mp, and the isotropy subgroup of
P is a parabolic subgroup Gp of G¢. Thus, we have natural diffeomorphisms

Mp = G/C(Tp) = GC/GP .

We denote the natural action of G¢ on M by (g, X)—g'X. (If g&G, then
g'"X=Ad(g)X.) The standard example of this is given by G=U, and P=iny
&u,, where V is a k-dimensional subspace of C* and =m, denotes orthogonal

projection from C™ to V with respect to the Hermitian inner product of C”.
Then

Mp = U,/UpXUn-y = GL(C)/Gp,

where Gp={A=GL,(C)|AVEV}. This can be identified with the Grassmanian
Gr,(C™), by identifying Ad(A)P with the k-plane AV. The action of GL,.(C)
on Gr,(C™) is then given by the formula A*V=AV. The homogeneous space
Mp has a natural Kidhler structure, which is determined by the choice of P and
a choice of an Ad(G)-invariant inner product {,) on g.

For any Q<g, we define the “height function” h9: Mp—R by
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hA(X)=(X, Q) .

A point XeMp is a critical point of A% if and only if [Q, X]=0. It follows
from this that the critical points of ¢ form a finite number of orbits of the
group C(Ty), say

Ni=Ad(C(Te) Xy, -+ Ne = Ad(C(T )X .

These critical manifolds are non-degenerate; in other words, A% is a “Morse-
Bott function”. In the standard example, where Mr=Gr,(C"), let us choose
Q=ir, where x,: C"—C" is orthogonal projection onto the span of the first [
standard basis vectors. A point Ad(A)P=imy is a critical point of A° if and
only if [#;, ny]=0, i.e. W=W,BW, where W,SC!, W,S(C"*. The critical
manifold N containing W=W,pW, is the set of k-planes U such that U=
U,DU,, where U,SC*, U,S(CY*, and dim U,=dim W, for i=0, 1. It is the
orbit of iy under the group C(T¢)=U:;XU,-;, and hence is a copy of Gr, (C')
XGry,,(C"Y), where w,=dimW,;. The index of a critical manifold may be
computed using the Stiefel diagram of G. This theory is due to Bott ([Bo]).

Let VA9 be the gradient of h? with respect to the Kdihler metric. The
integral curves of VA2 may be calculated explicitly, since

—Vhe = JQ*

where Q* is the vector field on Mp associated to the one parameter subgroup
{exptQ}. This observation is due to Frankel ([Fr]). It follows that the flow
line of —VAh? which passes through a non-critical point X is

t— (exp itQ)'X .

In the standard example, the flow line of —Vh% passing through a non-critical
point imy is given by
f’—"_)ﬂwt, ‘ Wz: et

where e *"t is the nXxn diagonal matrix with diagonal terms e7¢, -+, ¢t (I
times) 1, ---, 1 (n—{ times).

The stable (or unstable) manifold S%(X) (or U9(X)) of a critical point X is
by definition the union of the flow lines of —VA4? which converge to X as t—oo
(or as t——co). The stable manifold of the critical manifold N is defined by
SUN)=Uyen SUY), with a similar definition of the unstable manifold UQ(N).
Using the above description of the flow lines, it can be shown that

SUN) = (Gg)'X
i.e. the orbit of X under the (complex) group G,. Similarly,
UQ(N) — (qupp)nX



Group actions and deformations 703

where G¥°? is the “opposite” parabolic subgroup to G4. In the standard ex-
ample, the stable manifold of the critical manifold N is the set of k-planes U
such that dim UNC'=w,. This is the orbit of W under the group Go=
{AeG L,(C)|A(CH)SC. The unstable manifold is the set of k-planes U such
that dim UN(CY)*=w,, i.e. the orbit of W under the group G¥F?={A=G L,(C)|
ACH*S(CYH*}.
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