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1. Introduction and preliminaries.

It is well-known that a map F: M—S?¥ of a Riemannian manifold M into
the Euclidean N-sphere SYCRY*! is harmonic iff the induced vector-valued
function F: M—RY+*! satisfies the equation

AYF = uF, (1)

where A is the Laplacian on M and the scalar g is uniquely determined by
F, in fact, p is nothing but the energy density e(F)=trace |Fx|* of F. (We
work in the C=-category, i.e., we assume that all manifolds, maps, bundles etc.
are of class C*.)

Applying an (n+4+1)X(N+1)-matrix AeM(n+1, N+1) to both sides of (1)
we infer that f=A-F defines a harmonic map of M into S™ of energy density
e(f)=p(=e(F)) provided that A maps the image of F into S”. In this case,
we say that f is derived from F and write f—F. Define a symmetric endo-
morphism {f> of R¥*! by (f>=AYA—1Iy,,. The condition |f|?=1 is equivalent
to that {(f) is perpendicular to proj[F(x)] for all x&M with respect to the
usual inner product <C, C’)=trace(C’"-C), C, C’'eS*R"*'). Clearly {f) de-
pends only on the equivalence class of f, where two maps f’, f”: M—S"
(derived from F) are said to be equivalent if f”=U-f’ for some UsO(n+1).
Restricting ourselves from here on to full maps (i.e., assuming that the image
always spans the range) we obtain that, given a full harmonic map F: M—S¥,
the equivalence classes of full harmonic maps f: M—S" that are derived from
F can be parametrized (via f—<{f)) by the convex body

Lr={Ce€r|CH+1Iy. =0} 2
(‘=" stands for positive semidefinite), where

&r = (span{proj [F(x)]| x&M})* C S*RY*). 3)
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(Our main reference for the facts recalled here and below is [11].) It follows
from (2) that 0.Lr=.Lp\int .Lr parametrizes those full harmonic maps f: M—S™
derived from F for which n<AN. '

The relation «— is transitive. Hence, if f—F, the moduli space .L; can be
thought of as being contained in .L». More precisely, setting f=A-F as above,
the injective affine map

¢: SYR™1) —> SYRN+)
defined by
(C) =AY (CH+1p1)A—1Iy4, CeS*R™)
satisfies
(Lys)=dEINLE. 4)

We call I;=((int .L£,;)CLF the (open) cell associated to f(—F). By (4), ¢ esta-
blishes an affine isomorphism between £, and the closure of I, in .Lr. Clearly,
I, is convex and open in ¢(&,;). Moreover, {f)el, and by passing to the
boundary of I, the range dimension decreases. Jr={I;|f—F} is a decomposi-
tion of £ into disjoint convex sets. We call Jr the natural stratification of Lp.

In the most important cases F: M—SY posesses symmetries, i.e., it is equi-
variant with respect to a homomorphism pr: G—O(N+1), where G is a closed
subgroup of the group of isometries of M. This means that, for acG, we
have

F-a = pg(a)-F. 5)

The homomorphism pr, which is uniquely determined by fullness of F, induces
an orthogonal G-module structure on R¥*! and hence an orthogonal G-module
structure on S%*RM*'). Using (5) in (2)-(3), we obtain that &xCS*RY*!) is a
G-submodule. In fact, the moduli space .L»C&r is G-invariant. More precisely,
for f—F and a=G, we have

a-{f>=<fa". (6)
The action of G on L preserves the natural stratification Jp, i.e., as expected
from (6), we have
a‘If :If-a—ln

In particular, G-I, is a smooth submanifold of &p, so that G-Jp={G-I,|f—F}
is a G-invariant smooth stratification of .£p. '

REMARK. A somewhat more involved argument shows that if <(f) is
the center of mass of I, then G-{f)> and I, intersect (weakly) transversally at
{f> so that

dim (G -1,)=dim I,+dim G—dim G, ,
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where G,CG, the isotropy subgroup of G at {f), is nothing but the symmetry
group of f, i.e., we have

G; = {asG|there exists A=O(n+1) such that f-a=A-f}.

Our specific interest motivating the general framework lies in the standard
moduli space £ ,;C¢&; associated to the standard A-eigenmap f;: M—S™*®, where
M=G/K is a compact Riemannian homogeneous space and f, is defined by
having its components comprise an orthonormal basis {f% %% in the eigenspace
Vi of AY corresponding to A&Spec(M). Here, V, is endowed with the
normalized L2-scalar product

W n(d)+1 , ,
9,67 = Vol(M)SM¢¢ v, 9, 9°EVS,

where vy stands for the Riemannian volume element. By the very definition
of f,, the standard moduli space .£; parametrizes the (equivalence classes of)
full A-esgenmaps f: M—S™, n<n(d), i.e., whose components belong to V,.
(Equivalently, f: M—S™ is said to be a A-eigenmap if the induced vector-valued
function f: M—R"*' satisfies

AYf=2f

or, which is the same, f: M—S™ is a harmonic map of energy density e(f)=41.)
Clearly, fi: M—S™® is equivariant with respect to the homomorphism p;: G—
O(n(2)+1) that defines the orthogonal G-module structure on V(= R"***1), For
M=G/K isotropy irreducible, f,; is actually a homothetic (standard) minimal
immersion.

Even more specifically, we will be interested in the case when M=S"=
SO(m+1)/SO(m), m=2, with 2z=2,=k(k+m—1)&Spec(S™), k=2. Then V,; =
H%m is the linear space of spherical harmonics of order £ on S™ and f;,:S™
—S"® ig a standard minimal immersion. (For m=2, f;, : S*—>S®* is nothing
but the classical Veronese map.) The decomposition of S*(#%n) into irreducible
SO(m+1)-modules has been given by Wallach from which &;, can be
determined [11]. In particular, we have

dim £3, = (120 +2)— (e + D), ¢

where
(m+k—2)!
Fim—D)1 - @)

In we showed that, for each m=3, the cardinality of the stratification
SO(m+1)-9,, is ¥, provided that

n(Ax)+1 =dim Hhn = (m+2k—1)
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(n(A)+1)(n(4)+2) > 2 é(n(22j)+1)+(n(2k)+1)(m(m+1)+2) . 9)

Note that, by (8), for fixed m=3, there exists k(m) such that (9) is satisfied
for all 2=k(m).

In view of this fact it is natural to ask whether there exists a (cruder)
stratification of £, with finitely many strata. Clearly, this is closely related
to the study of smoothness of 0.C,,.

REMARK. In the work of DoCarmo and Wallach the moduli space para-
metrizing the (equivalence classes of) full homothetic minimal immersions
f:S™—S" (with homothety constant 4;/m) is the intersection of .£;, with an
appropriate linear subspace of €;,. The question of determining the ‘polyhedral
structure’ of the boundary of the moduli space has been raised there.

The main objective of this paper is to construct and study a finite stratifica-
tion on .£,, with almost everywhere smooth strata. On doing this, we will
discover a fascinating relation between the tangent space at the smooth points
of the strata and the linear space of divergencefree Jacobi fields along the A,-
eigenmaps the points represent. As a byproduct, we obtain a sharp lower
bound for the nullity of such maps. For A,-eigenmaps corresponding to smooth
points we also obtain a positive solution to the fundamental question whether
any divergencefree Jacobi field along a A,-eigenmap arises from a variation
through A,-eigenmaps.

Since the construction of the stratification is completely general, we, in Sec-
tion 2, prefer the general framework introduced above. In Section 3 we show
that the strata of the stratification are real (semi-)algebraic and obtain a sufficient
condition for a point of d.Lr to be smooth. This is then specialized and made
very explicit in Section 4 to the standard moduli space .L;,. Finally, we devote
Section 5 to applications to bi-eigenmaps and orthogonal multiplications.

REMARK. One of the main results of is the computation of the dimen-
sion of the moduli space .L; ) corresponding to the standard minimal immersion
fxp: CP™—S"4p  2,&Spec (CP™). Though technically more involved, similar
results to those in Section 3 and 4 can be derived for this case in an analogous
way. Same is true for the corresponding moduli spaces parametrizing minimal
immersions. We feel however that the spherical case reveals all the subtlety
involved and thereby confine ourselves only to that.

ACKNOWLEDGEMENT. The author wishes to thank the referee for pointing
out various errors and improvements of the original manuscript.
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2. The rank stratification of the moduli space.

Let F: M—S" be a full harmonic map and consider the moduli space .Lr
associated to F via (2)-(3). For 1<n<N, we define

LM = {Xe SR | X+1y,,20, rank (X+1y.)=n-+1} (10)
and

LB = LPNER C L. (11)

By the construction of .[r, the subset .L}*'C.Lr corresponds to those full
harmonic maps f—F whose range is S™.

Given a full harmonic map f: M—S™ we denote by K(f) the linear space
of divergencefree Jacobi fields along f [13]. Using the natural shift ~: T(R"*")
—R"*1 it follows that veK(f) iff the vector-valued function 7:M—R"*!
satisfies

A =y, (12)

Actually, there is a linear isomorphism between K(f) and the linear space of
vector-valued functions v: M—R"™ satisfying and <f, v>=0. Whenever
convenient, we will identify K (f) with this linear space. Clearly, so(n+1)-
fCK(f) is a linear subspace.

We now assume that f—F. A vector field v along f is said to be derived
from F, written as v—F, if there exists B&eM(n+1, N+1) such that 7=B-F.
We set

Ke(f) = fve K(f)lv—F}.
Notice that, since f—F, we have so(n+1)- fCKp(f) as a linear subspace.

REMARK. Given a smooth variation f,: M—S", |t|<d, of f=/f, through
harmonic maps, v=0f,/0t|.-, is a Jacobi field along f. Moreover, v is diver-
gencefree if e(f;)=e(f), |t|<0. This is because we have

aeg» L= trace(%“(fz)*“z =2 trace {fx, W) =2div,v.

Since in the construction of .£» we factored out the action of the orthogonal
group on the range, we may intuitively think of Kr(f)/so(n+1)-f as being the

‘tangent space’ of L3*' at {f>. The key question is of course whether .L7*!
is smooth near <{f>.

THEOREM 1. L"'CS*RN*') is a real analytic submanifold of dimension
(n+1)(N+1—n/2). Moreover, if f: M—S™ is a full harmonic map with f—F
then

T s (LMINEp=Kp(f)/so(n+1)-f . 13)
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In particular, we have
dim Kp(f) =2 (n+1)N+1)—codim &p . (14)

PrOOF. Let X,=.£"*' and choose U,=O(N+1) such that U,X, U] is dia-
gonal. We write

D, 0
X0+IN+1:U6.[ 00 O]UO’

where D, eM(n+1, n+1) is a diagonal matrix with elements d,= -+ =d,>0
along the main diagonal. Choose ¢>0 such that, for D= S?*(R"*!), the condition
|D—D,l|<e implies that D is positive definite, in particular, D-! exists and is
also positive definite. Finally, Let

9 = {XesZ<RN+I>iX+1NH=U;[§T g]Uo, ID=Dll<e}.  (15)

Clearly, 91 is an open neighborhood of X, in S*(R™*!). Using the identity

2 B2 poelly 2%
ET D) LET D—E'D'E]lL 0 In_»

we obtain that, for Xe3, with X+Iy,, decomposed as in (15), rank (X+1y.,)
=n+1 iff D=ETD-'E. Since, in this case, X+ y.,=0 is automatically satisfied,
we have Xe £™*. In other words, we have

NNL™ = {(XeSARY ) X+1y.

D E
== Ugl:ET ETD_lE]UO) ”D-ﬂD0”<€} (16)
We now define
@ : mmin«}-l —_ R(n+1)(N+1<n/2)
by

o(X)=[DIE],

where X+1Iy,, has the decomposition as in (15). Clearly, @ is an analytic
diffeomorphism and defines a local chart of .£™*! around X,.

To prove the second statement, let f=A,-F, where A,cM(n+1, N+1)
(necessarily of maximal rank). By the singular values decomposition of rectan-
gular matrices [6], we have

Ao = VilB,|0]U, 17

for some V,=0(n+1) and U,= O(N+1), where B, M (n+1, n+1) is a diagonal
matrix with elements b= --- =b,>0 along the main diagonal. By [17), the
matrix <{f)> that represents f: M—S” in Lr decomposes as
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B 0

(fy= AjAg—1Iy., = Uz[o 0

]UO—INH (18)

so that, setting X,=<f> and D,= B2, the construction of the local chart around
{f> applies.

Now let YT (L") and choose a smooth curve X:(—4, §)—NNL"*?
such that X(0)=<f> and X(0)=Y. By [I6), we can write

D) E@)
E®" E@®)TD®)E®)

with D(0)=D, and E(0)=0. Differentiating at =0, we obtain the decomposition
of the tangent vector Y as

XO+1ve = Ul losie<e,

v=ui[p, o, (19)
0

where Dj= D)< S¥R™*') and E}= E(0)e M(n+1, N—n). Now, for Y&
T.s(L™*Y) of the form we define the vector-valued function

¥Y): M — R"*!
by
U(Y)=ViB3'[Ds|2E;]U,-F. (20)

We claim that Yeep iff <T(Y), f/>=0. Indeed, using [19)}-(20), we have
YY), f>=<B3'[D:|2E]JU,F, [B,|0]UF>
= [D|12E]JUGF, [1,..10]UF>

_ D 2E;
_[Ds Ei
= . o JooF, U

=Y F, F>

and the claim follows. We obtain that, for YT, ,(L**)N\Er, defines a
vector field along f that is automatically in Kp(f). Equivalently, the restric-
tion ¥'|&r gives rise to a linear map

Uier: T (LM YNEr —> Kp(f)

which, by [(19)}-(20), is injective.
We finally claim that the image of ¥'|&r is transversal to so(n+1)-f. In

fact, using we compute
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so(n+1)- f = so(n+1)AF

= so(n+DVI[B,|0]UF

= Viso(n+1)[B,|0]U,F

= ViBs'[so(n+1)|0]JU,F.
On the other hand, by [I9}(20), the image of ¥ (on T (L") is

ViBG[SHR* )M (n+1, N—n)]
which is transversal to
ViBilso(n+1)|0]U,

in M(n+1, N+1). Since Kp(f)=&;Pso(N+1)-f ([11, p. 16]) we get [13)
Finally, the estimate in [(I4) is an easy consequence of In fact, we
have

dim (Kr(f)/so(n+1)- f) = dim (T s ,(L**)N\Er)
= dim L7 4+dim €p—dim (S RY 1))
={(n+1)(N+1—n/2)—codim€r. [

REMARK. Let f: M—S™ be a full A-eigenmap, where M=G/K is a com-
pact Riemannian homogeneous space and A=Spec (M). Then

so(n+1)-f # K(f)

unless f is equivariant with respect to a homomorphism p;: G—0O(n-+1) with
irreducible G-module structure on R™*'. This can be seen as follows. We
think of the elements of the Lie algebra ¢ of G as being infinitesimal iso-
metries of M. Then we have f«(@)CK(f). (In fact, for X g, the vector field
f«(X) along f is clearly a Jacobi field. It is divergencefree iff Xe(f)=0 which
is the case.) Now assuming so(n+1)- f=K(f), we obtain f«(@)CTso(n+1)-f
from which equivariance of f follows. For the irreducibility, if

R™ = V. @V,

is a nontrivial orthogonal G-invariant decomposition then f=(f, f?) with
1+ M=V, j=1,2. By equivariance, | f'[|=cost and ||/?|=sin{ for some 0<¢
<r/2. The vector-valued function y=(—tan ¢ f*, f?): M—R"** gives rise to an
element of K(f) which obviously does not belong to so(n+1)-f. Much stronger
results can be proved when M=G/K is naturally reductive. Then so(n+1)-f
=K (f) implies that

- dim Fix (K, R**')=1, 2 or 4 and R™*! is a real, complex or quaternionic

G-module, accordingly.
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« If M=M,x M, then f factors through one of the projections =;: M—M;,,
J=1, 2.

«If M=G/K is isotropy irreducible then f: M—S" is a homothetic minimal
immersion (with trivial moduli space). In particular, in the spherical
case, f is standard and m=2.

(For further results cf. [137[14].)
REMARK. For n=N, equality holds in [I14)] In fact, for f=F, we have
Kp(F) = so(N+1)-FBer C SHRYN*Y).

Moreover, if f: M—S?¥ is a full harmonic map with f—F then f=A-F with A
invertible and p—AT-7 gives rise to an isomorphism between Kp(f) and Kp(F).
We will also see in Section 4 that the lower bound in [14) is the best possible
in a number of nontrivial examples.

We now return to the general situation and consider .£3*! in [I0)}(11).
Since .£™*! is real analytic Weierstrass preparation applies yielding that
any point X, .L%** has a neighborhood 77, in &r such that JI,N\.L3* is a finite
union of real analytic (in fact, affine algebraic) submanifolds of €r. If 77, can
be chosen such that 97,\.L%*! is a single submanifold then X, is said to be a
smooth point. Otherwise, X, is a ssngular point. The set ©%*' of smooth points
is clearly open and dense in .L%*!, in fact, the singular set SE''=_LZ*\OZ* is
at least of codimension 1. We set Or=\UA_, ©2*! and Sp=\UY_, S3*!. Clearly,
Or contains the interior of .£r and Sy is at least of codimension 1 in 0.Lp.

We call

Ir={LF1=Sn=N}

the rank stratification of Lr. By the above, each stratum of g is real analytic
almost everywhere. Clearly, 9 is also G-invariant. By the rank condition,
we have

0LE  =cl LEFNLEYC U L3

n'gn

Moreover, for a full harmonic map f:M—-S", f<F, we have I,CL}%" and
ol,NLE'=@. We express this by saying that G-Jr is a substratification of 7.

REMARK. In the spherical case, for m=3, we have (with obvious notation)
SO(m+1)-9;, + Is,

provided that (9) holds. This is because the L.H.S. has cardinality ¥, as
mentioned in Section 1.

REMARK. Let f: M—S" be a full harmonic map with f—F. If

dim Ko(f) < (n+1(N+1)—codim &
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then <{f) is a smooth point (and equality holds). (This is clear since .£"*' and
&r intersect transversally at {f).)

It is a general fact that on the boundary of a compact convex body (in a
finite dimensional linear space) the set of smooth points forms an open and
dense subset [I]. In our case, let Ny<N be the largest range dimension n on
0Lr for which L2*'#@. Clearly, £¥°*!' and hence ©¥¢*! are open in 0.Lp.
If Ny=N—1, we can say more:

PROPOSITION. Assume that there exists a full harmonic map f. M—S¥-?
with f—F. Then L¥C0.Lr is real analytic everywhere.

PrROOF. The condition guarantees that .L¥ is nonempty. For X,&.L¥, we
have:

Tr(LYYDR X, = SARY™).

This follows by comparing and [19). Hence £V and &7 intersect transver-
sally. 3

REMARK. As we will see in Section 4, the assumption of the Proposition
is satisfied in the spherical case for m=5.

Continuing as above, let N,> --- >N, be those range dimensions n for
which the interior int .£%*! in ¢.Lr is nonempty. (An example in Section 4
shows that _£Z*! is not necessarily dense in 0.Lr so that .£¥1*! may exist.)
As noted above, for j=0, ---, [, O¥i** is open and dense in £¥;*' and so is
int ©%s*! in int L. Hence

l
Uinto¥i*'' C oLy

Jj=0

is an open and (by the Baire Category theorem) dense subset of smooth points
in a.fp

According to the remark before Theorem 1, for a smooth variation
fi: M—S", |t]| <48, consisting of full harmonic maps derived from F, the vector
field v=0f./0t|.-, along f, belongs to Kr(f,). For the converse, we have:

THEOREM 2. Let f: M—S™ be a full harmonic map with f—F and assume
that {f) is a smooth point in .Lg. Then, for any ve Kp(f), there exists a smooth
variation f.: M—S", |t|<d, of full harmonic maps dervived from F such that
fo=f and 0f:/0t|i=o=v.

PROOF. We retain the notation in the proof of Theorem 1. We work
modulo so(n+1)-f and assume that ve Kp(f) is actually contained in the image
of T\ep, i.e., T(Y)=v for some YT ,(LE). Since L3*' is smooth near
{f>, we can choose a smooth curve X:(—9, §)—L3* with X(0)=<{f> and
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X©0)=Y.

We first claim that (X(@)4+1Iy.1)"%:(—0, 0)—>S*RY*') is smooth. Indeed,
for |t]<0, the rank of X(@)+Iy,, is constant (=n-+1) and hence K(#)=
ker (X(t)+1Iy,,) is a smooth curve in the Grassmannian Gry_,(RY*!). Now,
X()+1x,, restricted to the orthogonal complement L(#)=K(#)*, which is a
smooth curve in Gr,,,(R¥*?), is positive definite so that (X(t)+1y,.)?>0 is
also smooth on L. Extending to zero on K(¢) the claim follows.

Let U:(—4d, 0)—»O(N+1) be a smooth curve such that, for |¢|<d, we have
Uug)-L@)=R**CR"** with U(0)=U, where U, is given in Using
we define the full harmonic map f.: M—S™ by

fi= VE[InH|0]U(t)(X(2t)+1N“)1/2F, 111<3. o
Since f;~—F, it remains to show that 0f./0¢|.—e=7 (mod (so(n+1)-f)). Differ-
entiating (21) at =0, we obtain
a .
'aj% oy = Villaal 0JUOXS >+ 1y ) °F

d
+Villn 000 (X@O+ 1y, 02| F.

t=0

The first term on the R.H.S. rewrites as

B, 0
0 0

where U,=U(0). This term belongs to so(n+1)-f, since UUT is skew sym-
metric (which can be seen by differentiating U@)U{)"=1x.;, |t]<0).
For the second term on the R.H.S. we first write

ol e

I7Z+l

Vil 0T 0 o |UF = VELLaloquius] 5 |var,

d
X+ Iy )

By and we have

2y = 2U3[§§T g "’]Uo

=uilg 3l oo

iy’ gllgr Fl

t=

so that
Dg = (1/2)(PBy+ BoP)
and
E;=(1/2)B,Q
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follow. Hence the second term rewrites as

Vithoal0l[ o, B]UWF = VIBFLBoPIBQIULF

= ViB3'[(1/2)(BoP+ PBo)| BoQ1UF+V B3 [(1/2)(BoP—PB,)|0]U,F
= ViB3'[Ds|2E5]UF+V ¢ B3'[(1/2)(BoP—PB,) |0]U,F .

Here, by [20), the first term on the R.H.S. is ¥ and the second belongs to
so(n+1)-f. O

REMARK. R.T. Smith constructed a 1l-parameter family of nonharmonic
diffeomorphisms f;, tcR, of R® such that 6f./0¢f|.-, is a Jacobi field along f,
[10]. Theorem 2 shows that in our case the positive solution to this ‘inverse
problem’ depends on the nonexistence of nonsmooth points on the boundary of
the moduli space.

3. A criterion for smoothness.

To get more precise information about the structure of the stratum L7
near {f) we now return to the general setup given at the beginning of the
proof of Theorem 1. To simplify the discussion of the forthcoming examples
we, however, require only that

D, E}
XotIy, = UE[EZ ﬁZ]UO

holds for some permutation matrix U,e O(N+1) with D,eS*(R"*!) positive de-
finite. Choose ¢>0 such that, for DeS*(R"*!), the condition |D—D,||<e im-
plies that D is positive definite. Finally, we define the open neighborhood I
of X, in S%(RY*!) by (15). For the next lemma we also introduce the follow-
ing notation: Given any matrix ZeM(N+1, N+1), the matrix obtained from
Z by deleting the i, ---, i, rows and j,, -+, j, columns of Z will be denoted by

Zipipe M(N—p+1, N—g+1). (22)
If p=¢ we denote its (minor) determinant by
| Z5e5el.

(Note that is usually called the complementary minor. Nevertheless, for
our purposes it is more preferable to keep track of the entries that are deleted

from Z.)
LEMMA. Let Xe31. Then rank (X+ 1y, )=n+1 iff
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T n+2,---,nﬁ1,---,N+1 —_
|(U0(X+1N+1)Uo)n+2 AN |

o 4L, e, N41 2 ].—_—'1, T N—n. (23)

(Here = means that the corresponding term is absent.)

PROOF. Recall that the upper left block DeS*R**') of Uy(X+Iy.)UT in
(15) is positive definite, in particular, its rows are linearly independent (in
R"*Y). Given =1, ---, N—n, consider the (n+:+1th row of Uy(X+Iy,)US.
Subtracting appropriate multiples of the first n+1 rows of UyX+Iy,) U} we
can achieve the first n+1 entries of this row to become zero. By (23) which
we assume now, the (n+;7+1)th entry of this resulting row must also become
zero for j=1, ---, N—n. Since ¢ and ; were arbitrary, rank (X+/Iy,,)=n+1
follows. The converse is obvious. O

By the Lemma, the polynomial equations (23) define .£**! in the neighbor-
hood 71 of X, in S2(R¥*!). Note that, by symmetry, we can assume that 1<:
<j<N-—n, so that the number of distinct equations in (23) is (N—n)(N—n+1)/2.

If f: M—S™ is a full harmonic map with f<—F then, setting X,=<{f>, to
describe L3'=.L""*N\Er, we have to add codim &€ homogeneous linear equa-
tions to (23).

We now determine the gradient of the polynomial in the L.H.S. of (23).
For notational simplicity, we omit the conjugation by the permutation matrix
U, If Xy={(f> then the effect of conjugation by U, can always be achieved
by permuting the components of F. (In any case, it is clear that we could have
done without U, on the first place by giving up the position of D, in the upper
left corner and sacrificing the notational simplicity.) First let {ezi}isesisne:1C
S2(R¥+*') be the standard orthonormal basis given by

{ (Fat+fie)/ V2, if k<!

e =

. fkl ’ if k:l )

where fueM(N+1, N+1) is the matrix with 1 at the %/ position and zeros

elsewhere. Differentiating the L.H.S. of (23) in the direction of e¢,;, for 2</,
we obtain

NN

N+2, 0, B+i+1, 0, N+1
el (X+1N“)n+2. e TATRL, o, N1 | x,

(_l>k(i)+l(j)

AN
2 | Ko Lo 2

s tJ+L e N4, 1

(__l)l(i)*'k(j) AN

g Kt e R

n+j+1,.., N+1, k

where |(Xo+ Iy )" 77| ={(Xo+Iys1)is6.. 1 =0 and k@)=(—1)***9 with u(k, 7)
being the number of indices preceding % in the set



516 G. TotH

N\
n+2, -, ntitl, -, N+1.

In a similar vein, for 2=I, we have

PN
2, e, B iF1, e, N4+1
errl(X+ IN“)::z, n{;}l’ Nil |

n4+2, 0, N4j+1, -, N41, £

. ‘(X +] n+2,., n{ki\+l,.‘.,N+1.k
x, = 0 N+1) AN |

(Note that k2()+k(j) is even provided that the minor determinant on the R.H.S.

is nonzero.) Using these derivatives as coefficients of the gradient, we finally
obtain

N+2, ., n{i\-l—l,---, N+1
grad|(X+1Iy.1) S |

n+2, ., n+j+1, ., N+1

X
2, o AT, oy N
= S{(—D* DD (X Ly, y) 700 I LR L (24)

N+2, 0, B4+J+1, 0, N+1,1

where S(Z)=(Z+Z7)/2 stands for symmetrization. (Note that, for i=7, S can
be omitted.)

THEOREM 3. The set of matrices

n+2,- nﬁi}»l , N+1
{grad|(X+1y..), 0, " =X |

W nFJ+L e, N 41

}ISiSjSN—n (25)

Xy

is linearly independent in S*(RY*'). Moreover, for X,=<{f) with f~F, the pro-
jection of

grad |[(X+1y,)ntd o ¥

(26)

Xy

to & is nonzero. If projected to Ep is linearly independent then {f) is a
smooth point and, around {f), we have

dim L} = (n+1)(N+1—n/2)—codim &F . 27)
Proor. The (n+i+1, n+j+1)th entry of is

|(X0+IN+1>71+2 iil |D0|>0

2— 5,, = 2.5, 5,,

while the (n+i'+1, n+s’+1)th entry is zero for i#¢’ or j+#;/. This proves
the first statement. To prove the second, we compute

(Xo, grad|(X+1y R38N | x>

N+1

= X xh(— l)k(l)ﬂ(l)|(Xo+1N+1)n+a::::%ﬂ’

k,l=1

e~

= 3 (B = 1)P Kot L) B8

k,l=1

==
o

n+2
—kE |(Xo+ Iy )k 7i8 0 N
=1
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= (n+2)|(Xo+1y4)7 180 N1
n+2 B 3 N
—kE |(Xo+In. Db 218 N
=1

Now, by the rank condition and X,+Iy.;=0, we have [(Xo+Iy..)ais 2 ¥11=0
and the principal minor determinants |(X,+1y. )% 2132 ¥11| are all nonnegative
with at least one positive. Thus [26) projects to X,=&r nontrivially and the
claim follows. Finally, the last statement is a reformulation of the implicit

function theorem. O

REMARK. Notice that, for n=N—1, the set consists of the single
matrix grad|X+/Iy.:|lx,=adj(X,+Iy..) so that Theorem 3 reduces to the pro-
position in Section 2. In the next section we give an example showing that
the projection of to & may well be a linearly dependent set.

REMARK. The usual way of reformulating the positive semidefiniteness of
X+1y,; is to require al/l principal minor determinants to be nonnegative. This,
however, does not work here as the gradient of a principal minor determinant
of order =n-+3 is zero even in S*(R¥*Y).

4. Harmonic eigenmaps between spheres.

This section is devoted to examples that all belong to the spherical case
so that we put M=S"=S0O(m+1)/SO(m) and A,=k(k+m—1)=Spec (S™). We
consider the standard moduli space .L;, associated to a standard minimal im-
mersion f,,: S™—S™# . (To simplify the notation, we write Liy=Lsq,
E1,=E€y,, etc.) As noted in Section 1, .£;, parametrizes the equivalence classes
of full 4,-eigenmaps f:S™—S". Since the components of f;, comprise an
orthonormal basis in A%, a divergencefree Jacobi field along f is automatically
derived from f;, so that

K;,(f)= K(f).
By (7), for m=3 and £=2, we have

codim &;, = é (n(Z25)+1)
j=0
and so specializes to
dim K(f) 2 (4 Din@)+ D= 3 (a4 D, (28)

The lowest dimensional nontrivial standard moduli space occurs when m=3
and £=2. Since the complete description of this moduli space has been given
in [12] we first apply the results of Sections 2 and 3 to this particular case.
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Setting, m=3, first of all we note that full A,-eigenmaps f: S*—S™ exist iff
2<n<8and n+#3. (In particular, .L3,=@.) Moreover, given f:S*-S", we have

OW)-1; =L (29)
and hence

0(4)':_912 = 5[12 .

(In contrast, as noted in Section 1, this is definitely false for % large.) Since
the L.H.S. of [29) is smooth, we conclude that no singular points exist on .L;,,
i.e., $2,=@. In particular, Theorem 2 applies to any full 4,-eigenmap f: S*—-S"
(a fact that has been established by a case-by-case verification in [12]). Specific
representatives of full 4,-eigenmaps have been given in in each admissible

range dimension (e.g. the Hopf map for n=2) and using these a tedious com-
putation leads to

if n=2
if n=4
if n=5
if n=6
if n=7
0 if n=8.

dim K(f)/so(n+1)-f =

= O ~3 i U1 DO

N

Since codim &£;,=35 we see that the lower estimate in becomes equality for
n=5. Massive computation shows that, for »=5, the projection of to &,,
is a linearly independent set so that Theorem 3 applies.

The fact that dim K(f)/so(n+1)-f does not increase with » provides the
following interesting :

ExaMPLE. Let F:S*-S° be the full 4,-eigenmap defined by
— __1__ 2__ 2 _l_ 2 Yy _,lﬁ 2
F, w)= (g zli=1wl). 52, V320, ),

where we used complex coordinates z, we C and |z|?+ |w|?=1 specifies S*CC>.
Computation shows that CeerCS¥R") iff C=C(a, b, ¢), a, b, c= R, where

(a0 0 0 0 0 0
0 —a 0 0 0 b ¢
0 0 —a 0 0 c —b
Cla,b,c)=[0 0 0 (a=b)/3 —¢/3 0 0/
0 0 0 —¢/3 (a+b)y3 0 0
0 b c 0 0 —a 0
L0 ¢ —b 0 0 0 —a

Using (a, b, ¢) as coordinates on &r=R® and evaluating C(a, b, ¢)+1,=0 we
obtain that .LpC&r is a finite solid cone. The vertex is at (1,0, 0) and the
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base disk has radius 2, center at (—1, 0, 0) and is perpendicular to the a-axis.
The rank stratification has 2 open strata in d.Lr: L£§ making up the base disk
of the cone and £} that corresponds to the nappe of the cone (that is further
stratified by the natural stratification whose strata are the segments connecting
the points of the base circle with the vertex). £} is disconnected; it consists
of the base circle and the vertex of the cone. We now pick (0, 0, 1) with cor-
responding full 4,-eigenmap f: S*—S* and work out for Xo,={f)>. The set
(23) reduces to

[(X+1)71 =0, [(X+I)l =0 and [(X+1)] =0.

Using the orthonormal basis {e::}ss<is- introduced in Section 3, by we
obtain

8 _
grad|(X+1,)}] = —(e33—V2e55+045)
9

Xo
grad |(X+1011 | = 2Y2 (01— eso—eart-ea)
X, 9
and
8 _
grad |(X+ 1081 | = < (ew—vZenten).
0

Combining these with C(a, b, ¢) above, we have
<grad [(X+1.)7] ) C(a, b, ¢)y = {grad[(X+ 1| X C(a, b, C)>=-—%9§(a+6)
and
<grad [(X+1)i] , C(a, b, ¢)>=0.

Hence the condition of Theorem 3 is not satisfied.
Higher dimensional examples involve tedious computations. We mention
here only the full 4,-eigenmap

fe:SP—>5°
associated to the tensor product
X:R*XR* —> R®
by the Hopf-Whitehead construction [3], i.e.,
fe(x, M) =(x1*=1y1% 2xQy), *, y<E R, |x|*+|y|*=1.

By (8), codimé&,;,=126 so that the lower bound in is 74. On the other
hand, massive computation shows that dim K(fg)=81.
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Returning to the general situation, we wish to show that the assumption
of the Proposition is satisfied for m=5.

THEOREM 4. For m=5 there exist full A,-eigenmaps
f: Sm s Sn(lk)-l .

PROOF. 4%s is 9-dimensional and, using the variables (x, vy, u, v)€R*, is
spanned by
\/g(—]‘:(xﬂ—yz-—uz—vz) x2—y% u—0? 2xy, 2xu, 2xv, 2yu, 2yv 2uv>. (30)
3\ 2 ’ ’ ’ ’ ’ ’ ’ ’
These quadratic spherical harmonics actually form an orthonormal basis (so
that they are the components of a standard minimal immersion f;,:S*>S®).
We now choose a complex variable z& C and multiply the spherical harmonics
in (30) by z*-2. We obtain a set of spherical harmonics of order % that are,
by homogeneity, mutually orthogonal and have the same norm. Up to a com-
mon scaling factor, they can be considered to be part of an orthonormal basis
in 4%m, for m=5. Extending this set to an orthonormal basis, we obtain the
components of a standard minimal immersion f;, : S"—S"*®,
We now change the picture and consider the following 8 quadratic spherical
harmonics

x2—y2, ul—v? 2xy, v/2xu, ~/2xv, A2yu, v/2yv, 2uv. (31)

These are in fact the components of a full 4;-eigenmap of S® into S”. We now
multiply these by z*-? and arrive in 4%n as before. Then we scale and use
the same elements as in the previous extension to get f:S™—S?“»-1  (Note
that the sum of squares of (30) and are the same so that f is well-
defined.) O

REMARK. Let f:S°—S° be a full 2,-eigenmap. Then L, is a disk
with - £} making up the boundary circle. This shows that Theorem 4 cannot
be generalized to arbitrary moduli spaces.

REMARK. Using the explicit forms of the representatives of full A,-eigen-
maps f:S5*-S" 5<n=<10, the same proof shows that, for n=5, there exist
full A,-eigenmaps f:S™—S*“4®-¢ where 0<c<4.

5. Bi-eigenmaps and orthogonal multiplications.

A map f: M;XM;—S" of a product M;XM, of Riemannian manifolds into
the Euclidean n-sphere S* is said to be a bi-eigenmap if f is harmonic map of
constant energy density with respect to each variable separately, i.e., for each
x;eM;, j=1, 2, we have e(f(-, x,))=2,Spec (M) and e(f(x,, -))=2,=Spec (M,).
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In this case f is said to have eigenvalues 4, 4. If M,;=G,/K,, j=1, 2, are
compact Riemannian homogeneous spaces then f is a bi-eigenmap with eigen-
values 4; and 2, iff f—f; ®f1, where

f/2 ®f} . ]\41><1M2 —_— S(n<11)+1)(n(12)+1)-1
1 2
is defined by

(Fa,@F 1, )(x1, x2) = f2,(x)@F2,(x2), x,€M; j=1,2.

Hence the moduli space £ £1,80 2, parametrizes the equivalence classes of full
bi-eigenmaps with eigenvalues 4, and 4,. We have

€1 052, = S0V )Qs0(V 3,)+E4, QS V2,)+ 54V 2)Q€., 32)

as G1X G,-modules, where V,, is the eigenspace of A¥j associated to 4;, j=1, 2.
In particular, we have

dim L, 07, = L/Hn@)(nA)+1)n(e)(n(2)+1)
+(1/2)((R)+ 1)(n(2)+2) dim £,
H(L/2)(n(A)+ 1)(n(A)+2) dim £, (33)

It follows that all the previous constructions, e.g. the rank stratification applies
to Ly, 05,

Specializing, from here on, to the spherical case M;=S™/=S0(m;+1)/SO(m;),
7=1, 2, the dimension formula combined with (7)-(8) gives the exact dimen-
sion of the moduli space of bi-eigenmaps with eigenvalues 4,, and 4., The
importance of bi-eigenmaps is twofold. First, for k;=k,=1, i.e., fi;=In;1
7=1, 2, a bi-eigenmap is nothing but an orthogonal multiplication, i.e., a bilinear
map

f: RMiri Rmet!l —» Rn*1
satisfying
| f(xy, x2)| = 20| x2], x;€ R™™, j=12.

The moduli space I,ml,,l@,mwcso(m1+1)®so(mz+1) parametrizes the equi-
valence classes of full orthogonal multiplications. The stratum .[}n,j::lmmzﬂ
which is a real analytic manifold almost everywhere corresponds to those
orthogonal multiplications that give rise to m, linearly independent vector fields
on S™. (For the relation to Clifford modules cf. [5].) By a result of Hurwitz,
this stratum is nonempty iff m,<274+8¢—1 and m,=27**9(2r+41)—1, for integers
b, g, ¥, such that 0<p<3, 0<q, r.

As a specific example, consider .L;,6;,Cs0(2)Xso(3)=R?. Little computa-
tion shows that this moduli space is a solid ball around the origin (of radius
2) and the boundary is a single smooth stratum corresponding to the range
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dimension 4. (For m;=m,=2, the rank stratification is still smooth and has 3
non-empty strata corresponding to the range dimensions 4, 7 and 8 [8].)
Second, Ratto [9] recently used bi-eigenmaps to manufacture harmonic maps
between spheres by applying a homotopy method to the Hopf-Whitehead con-
struction (assuming some damping conditions). In view of the fact that
dim _ffzklwlkz in [33) is huge, it is expected that the ranges k,, k,=2 will

provide further harmonically represented homotopy classes of maps between
spheres.
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