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SMOOTHNESS CONDITIONS IN
COHOMOGENEITY ONE MANIFOLDS
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Abstract. We present an efficient method for determining the conditions that a metric
on a cohomogeneity one manifold, defined in terms of functions on the regular part, needs
to satisfy in order to extend smoothly to the singular orbit.

Introduction

A group action is called a cohomogeneity one action if its generic orbits are
hypersurfaces. Such actions have been used frequently to construct examples of
various types: Einstein metrics, soliton metrics, metrics with positive or non-
negative curvature and metrics with special holonomy. See [4], [6], 7], [8], [12]
for a selection of such results. The advantage of such a metric is that geometric
problems are reduced to studying its behavior along a fixed geodesic ¢(t) normal to
all orbits. The metric is described by a finite collection of functions of ¢, which for
each time specifies the homogeneous metric on the principal orbits. One aspect one
needs to understand is what conditions these functions must satisty if regular orbits
collapse to a lower-dimensional singular orbit. These smoothness conditions are
often crucial ingredients in obstructions, e.g., to non-negative or positive curvature,
see [9], [14], [15]. The goal of this paper is to devise a simple procedure in order to
derive such conditions explicitly.

The local structure of a cohomogeneity one manifold near a collapsing orbit
can be described in terms of Lie subgroups H ¢ K C G with K/H = S*, ¢ > 0.
The action of K on S’ extends to a linear action on D = D! ¢ R and thus
M = G x D is a homogeneous disc bundle, where K acts as (g,p) — (gk1, kp),
and with boundary Gx 0D = Gx x K/H = G/H a principal orbit. The Lie group
G acts by cohomogeneity one on M by left multiplication in the first coordinate. A
compact (simply connected) cohomogeneity one manifold is the union of two such
homogeneous disc bundles. For simplicity we write M = G xg V with V ~ R".
Given a smooth G invariant metric on the open dense set of regular points, i.e.,
the complement of the lower-dimensional singular orbit, the problem is when the
extension of this metric to the singular orbit is smooth. We first simplify the
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problem as follows:

Theorem 1. Let G act by cohomogeneity one on M = G X V and g be a smooth
cohomogeneity one metric defined on the set of reqular points in M. Then g has
a smooth extension to the singular orbit if and only if it is smooth when restricted
to every 2-plane in the slice V' containing ¢(0).

As we will see, it follows from the classification of transitive actions on spheres,
that it is sufficient to require the condition only for a finite set of 2-planes P; =
{¢(0),v;}, one for each irreducible summand in the isotropy representation of
the sphere K/H. Thus at most four 2-planes are necessary. Furthermore, L; =
exp(fv;) C K is a closed one-parameter group and hence the action of L on V and
on a K invariant complement of £ in g splits into 2-dimensional invariant subspaces
¢; isomorphic to C, on which L acts by multiplication with e?*?. The integers n;
are determined by the weights of the representation of K on V and the tangent
space of G/K . These integers will determine the smoothness conditions, see Tables
B and C.

To be more explicit, choose a normal geodesic c¢: [0,00) — V orthogonal to all
orbits. The metric on the regular part is determined by its values along ¢, and via
the action of G this determines the metric on M. Denote by g, h the Lie algebras of
G and H, and let n be an Ady invariant complement of h C g. Since the stabilizer
group along c is constant equal to H, n can be identified with the tangent space
to the regular orbits along c¢ using action fields, i.e., X € n — X*(¢(t)). Thus
g = dt?> + hy, where h;,t > 0 is a family of G-invariant metrics on the regular
orbits g - ¢(t) = G/H, depending smoothly on ¢. Equivalently, h; is a smooth
family of Ady invariant inner products on n.

The metric is described in terms of the length of Killing vector fields. We choose
a basis X; of n and let X be the corresponding Killing vector fields. Then X/ (c(t))
is a basis of ¢*+(t) C T.yM for all t > 0 and the metric is determined by the r
functions g;;(t) = g(X;, XJ)eqy, @ < j.

Combining the finite set of smoothness conditions obtained from Theorem A,
we will show that:

Theorem 2. Let g;;(t), t > 0 be a smooth family of positive definite matrices
describing the cohomogeneity one metric on the regular part along a normal geo-
desic c(t). Then there exist integers afj and dy, with di > 0, such that the metric
has a smooth extension to all of M if and only if

Zafjgij(t):td’“qbk(tz) fork=1,....r, andt >0
i,J

where @1, ..., ¢, are smooth functions defined for t > 0.

We will show that this system of r equations can also be solved for the coeffi-
cients g;; of the metric. The integers afj are determined by the Lie brackets
[X;, X;], and di by the integers n;. These equations hold for all ¢ in the case
of a complete metric on a non-compact manifold, and on the complement of the
second singular orbit when the manifold is compact. We will illustrate in some

specific examples that it is straightforward to determine these integers.



COHOMOGENEITY ONE MANIFOLDS

The problem of smoothness was studied in [5] as well. There it was shown that
smoothness is equivalent to showing that the k-th order Taylor polynomial of g;; is
the restriction of an Ady invariant homogeneous polynomial of degree k in dim V'
variables with values in S2n. In practice this description is difficult to apply, since
one needs explicit expressions for these polynomials.

In two future papers, we will show that our new description is useful in proving
general theorems about cohomogeneity one manifolds. In [16] we classify curvature
homogeneous cohomogeneity one metrics in dimension 4, where the smoothness
conditions at the singular orbit make the problem algebraically tractable. In [17] we
solve the initial value problem, starting at the singular orbit, for Einstein metrics,
soliton metrics or for prescribing the Ricci tensor. The equations can be described
in terms of the smooth functions ¢;, and the system is smooth if and only if the
values ¢;(0) satisfy certain compatibility conditions. These can be solved for some
of the values ¢;(0), and the remaining ones are free parameters. For this it is also
important to understand the smoothness conditions for a symmetric 2 tensor (in
particular the Ricci tensor), which we indicate in Section 3.4. The initial value
problem for Einstein metrics was solved in [5], only under strong assumptions on
the adjoint representation of H on n using different more complicated methods.

The paper is organized as follows. After discussing some preliminaries in Section
1, we prove Theorem A in Section 2. In Section 3 we describe how the action of the
one-parameter group L C K on V and on the tangent space to the singular orbit
is used to derive the smoothness conditions. This is an over determined system of
equations, and we will show how it can be reduced to the system in Theorem B. In
Section 4 we illustrate the method in some specific examples. There the reader will
also find step by step instructions of how the process works. In order to facilitate
the procedure we determine the integers dy, for the action of K on V in Section 5.

1. Preliminaries

For a general reference for this Section see, e.g., [1], [2]. A noncompact coho-
mogeneity one manifold is given by a homogeneous vector bundle and a compact
one by the union of two homogeneous disc bundles. Since we are only interested in
the smoothness conditions near a singular orbit, we restrict ourselves to only one
such bundle. Let H, K, G be Lie groups with inclusions H C K C G such that
H, K are compact and K/H = S*. The transitive action of K on S’ extends (up
to conjugacy) to a unique linear action on the disc V' = R**1. We can thus define
the homogeneous vector bundle M = G xg V and G acts on M via left action
in the first component. This action has principal isotropy group H, and singular
isotropy group K at a fixed base point pg € G/K contained in the singular orbit.
A disc D C V can be viewed as the slice of the G action since, via the exponential
map, it can be identified G-equivariantly with a submanifold of M orthogonal to
the singular orbit at pg.

Given a G-invariant metric g on the regular part of the G action, i.e., on the
complement of G - pg, we want to determine when the metric can be extended
smoothly to the singular orbit. We choose a geodesic ¢ parameterized by arc length
and normal to all orbits with ¢(0) = po. Thus, with the above identification,
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c(t) C V. At the regular points ¢(t), i.e., t > 0, the isotropy is constant equal to
H. We fix an Ady invariant splitting g = h @ n and identify the tangent space
T.yG/H = ¢+ C T.yM, with n via action fields: X € n — X*(c(t)). H acts on
n via the adjoint representation and a G invariant metric on G/H is described by
an Ady invariant inner product on n. For ¢ > 0 the metric along c¢ is thus given
by g = dt? 4+ hy with h; a one-parameter family of Ady invariant inner products
on the vector space n, depending smoothly on t. Conversely, given such a family
of inner products h;, we define the metric on the regular part of M by using the
action of G.

By the slice theorem, for the metric on M to be smooth, it is sufficient that
the restriction to the slice V' is smooth. This restriction can be regarded as a map
g(t): V. — S%(n). The metric is defined and smooth on V \ {0}, and we need to
determine when it admits a smooth extension to V.

We choose an Ady invariant splitting

n=npdn o---Dn,.

where Adgy acts trivially on ng and irreducibly on n; for ¢ > 0. On n;,i > 0
the inner product h; is uniquely determined up to a multiple, whereas on nq it
is arbitrary. Furthermore, n; and n; are orthogonal if the representations of Adg
are inequivalent. If they are equivalent, inner products are described by 1,2 or 4
functions, depending on whether the equivalent representations are real, complex
or quaternionic.

Next, we choose a basis X; of n, adapted to the above decomposition, and
thus the metrics h; are described by a collection of smooth functions g;;(t) =
g(X;(c(t)), X;(c(t))), t > 0.In order to be able to extend this metric smoothly to
the singular orbit, they must satisfy certain smoothness conditions at ¢ = 0, which
we will discuss in the next two Sections. Notice that in order for the metric to be
well defined on M, the limit of h;, as ¢ — 0, must exist and be Adx invariant at
the singular orbit.

Choosing an Adg invariant complement to £ C g, we obtain the decompositions

g=tdm, t=0H>Dp and thus n=pPm.

where we can also assume that n; C p or n; C m. Here m can be viewed as the
tangent space to the singular orbit G/K at pg = ¢(0) and p as the tangent space
of the sphere K/H C V.

It is important for us to identify V in terms of action fields. For this we send
X € p to X = limy_,0 X*(c(t))/t € V. Since K preserves the slice V and acts
linearly on it, we thus have X*(c(t)) = tX € V. In this language, V ~ ¢(0) @ p.
For simplicity we denote X again by X and, depending on the context, use the
same letter if considered as an element of p or of V.

Notice that since K acts irreducibly on V', an invariant inner product on V is
determined uniquely up to a multiple. Since for any G invariant metric we fix a
geodesic ¢, which we assume is parameterized by arc length, this determines the
inner product on V', which we denote by go. Thus go = ge(o)|v for any G invariant
metric for which ¢ is a normal geodesic.
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K acts via the isotropy action Ad(K)|n of G/K on m and via the slice represen-
tation on V. The action on V is determined by the fact that K/H = S’. Notice
though that the action of K on S’, and hence on V is often highly ineffective. If
R C K is the ineffective kernel of the action, then there exists a normal subgroup
N C K with K = (R x N)/T where I is a finite subgroup of the center of R x N.
Thus N acts almost effectively and transitively on S¢ with stabilizer group NN H.
We list the almost effective actions by connected Lie groups acting transitively on
spheres in Table A. From this, one can recover the action of K on V simply from
the embedding H C K.

The smoothness conditions only depend on the Id component of K since, as we
will see, they are determined by certain one-parameter groups L ~ S C Kj. Since
also L C N, the smoothness conditions only depend on the Id component of N as
well.

We finally collect some specific properties of transitive actions on spheres.

Lemma 3. Let S* = K/H C V be a sphere, with K acting almost effectively and
H the stabilizer group of vg € V. If ¢ = h @ p is an Ady invariant decomposition,
we have:

(a) If p1 C p is an Ady irreducible summand with dimp; > 1, then H acts
transitively on the unit sphere in p1,

(b) Ifp; Cp, i=1,2, are two Adg irreducible summands with dimp; > 1 and
X1,Y1 € p1 and Xo,Ys € po two pairs of unit vectors, then there exists an
h € H such that Ad(h)X; =Y;.

(¢) If X € p lies in an Ady irreducible summand, or a trivial one, then
exp(tX) is a closed one-parameter group in K and leaves invariant the
2-plane spanned by vy and X*(vy).

Proof. Part (a) can be verified for each sphere separately, using the description of
the adjoint representation, see, e.g., [18].

Part (b) is easily verified in case 5, 5" and 6, 6’ in Table A. In the remaining
case of K = Spin(9) and H = Spin(7) we have p = p; @ po with Spin(7) acting
on p; ~ R7 via the 2-fold cover Spin(7) — SO(7), and on py ~ R® via its spin
representation. We can first choose an h € H with Ad(h)(X1) = Y7. The claim then
follows since the stabilizer of H at Y; € R is Spin(6), and the restriction of the spin
representation of Spin(7) on R® to this stabilizer is the action of Spin(6) = SU(4)
on C*, which is transitive on the unit sphere.

Since exp(tX) is the flow of the action field X*, part (c¢) is equivalent to saying
that exp(tX) - vy is a great circle in S*. Recall that for a normal homogeneous
metric, i.e., a metric on K/H induced by a biinvariant metric on K, the geodesics
are of the form exp(tX) - v for some X € p. This implies the claim if Ady acts
irreducibly on p. In all other cases, one can view the irreducible summand as the
vertical or horizontal space of a Hopf fibration. The round metric on S¢ is obtained
from the metric induced by a biinvariant metric on K by scaling the fiber, see [10],
Lemma 2.4. But such a change does not change the geodesics whose initial vector
is vertical or horizontal. By part (a), the one-parameter groups exp(tX) are either
all closed in K, or none of them are. But for each transitive sphere one easily finds
one vector v where it is closed, see Section 6. [
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2. Reduction to a 2-plane

In this Section we show how to reduce the question of smoothness of the metric
on M = G x gV to asimpler one. If dim V' = 1, i.e., the orbit G/K is exceptional,
smoothness (of order C* or C*) of the metric is equivalent to the invariance with
respect to the Weyl group since the slice is the normal geodesic. Recall that the
Weyl group element is an element w € K such that w(¢(0) = —¢(0), and is hence
uniquely determined mod H. Hence we only need to discuss the conditions at
singular points. i.e., dimV > 1.

At a singular point, the slice theorem for the action of G implies that the
metric is smooth if and only if its restriction to a slice V, i.e., gly: V — S%(p ®
m) is smooth. Indeed, in a neighborhood W of the slice we have an equivariant
diffeomorphism U x V. — W : (z,p) — exp(x)p, where U is a sufficiently small
neighborhood of 0 € n. We choose for each Ady irreducible summand in p an
(arbitrary) vector v; # 0. If there exists a 3-dimensional trivial module py C p, we
pick in pgy an arbitrary fixed basis.

Proposition 4. A cohomogeneity one metric g defined and smooth on the set of
reqular points in M extends smoothly to the singular orbit if and only if it is smooth
when restricted to the 2-planes P; C V spanned by ¢(0) and v;.

Proof. First notice that by Lemma 3(a), and since the metric is fixed along the
normal geodesic ¢, the assumption implies that the metric is smooth when rest-
ricted to a 2-plane spanned by ¢(0) and v, where v is any vector in an irreducible
p module.

It is sufficient to show that g(X,Y )|y is smooth for any non-vanishing smooth
vector fields X,Y defined on V, ie.,, X,Y: V — T M. We will use equivariance of
the metric with respect to the action of K on V. i.e.,

9(X,Y)(p) = g(k X, k.Y)(kp) for all p € V'\ {0}

for the metric g as well as all of its derivatives.

We first define the metric at 0 € V and show it is K invariant, as required.
For this, define ¢g(X,Y)(0) = lim;—0g(X,Y)(c(t)). If P; is spanned by ¢(0) and
v;, then by Lemma 3 (c) the one-parameter group L = exp(tv;) preserves the
plane P;, and equivariance with respect to L C K implies that g(0) is invariant
under L. By Lemma 3 (a), the same is true for exp(tv) for any vector v lying in an
Adp irreducible submodule of p. But such one-parameter groups, together with H,
generate all of K. Indeed, this follows from the fact that d/dt|;—¢ (exp(tv) exp(tw))
= [v,w] and that b & [p, p] is an ideal in g.

We next prove continuity. Let p; be a sequence of points p; € V'\ {0} such that
p; — 0. We want to show that ¢(X,Y)(p;) converges to g(X,Y)(0). For this, let
wo be an accumulation point of w; = p;/|p;| and choose a subsequence w; — wy.
Since K acts transitively on a sphere in V', we can then choose r; € K such that
ryw; = wo and r; — e € K, as well as kg € K with kowy = ¢(0). Setting k; = kory,
it follows that k;w; = ¢(0) with k; — ko, which implies that k;p; lies on the geodesic
c. Hence equivariance of the metric, and continuity of the metric along the normal
geodesic, implies that

9(X,Y)(pi) = g(ki. X, ki Y ) (ki - pi) — g(kou X, ko, Y)(0) = g(X,Y)(0)
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where we also used that the metric at the origin is invariant under K. Since the
same argument holds for any accumulation point of the sequence w;, this proves
continuity.

Next, we prove the metric is C''. For simplicity we first assume that the action
of H on p is irreducible and non-trivial and hence H acts transitively on the unit
sphere in p. By assumption, the metric is smooth when restricted to the 2-plane P
spanned by v € p and ¢(0). Given a vector w € V', possibly w = ¢(0), we need to
show that the derivative with respect to w extends continuously across the origin,
i.e., that

li 92 X, Y)(ps) = 92 X,Y)(0 1

Jim —-g(X, Y)(pi) = 5 -9(X,Y)(0) (1)
for any sequence p; € V with p; — 0. Let us first show that the right-hand side
derivative in fact exists. For this, since K acts transitively on every sphere in V|
we can choose k € K such that kw € P and hence:

ig(X Y)(0) = lim 9(X,Y)(h-w) —g(X,Y)(0) _
ow ’

h—0 h
_ 1 gk X,k Y) (h - kw) — g(ke X, k. Y)(0)
= 50 h

where we have used K equivariance away from the origin and K invariance of g at
the origin. But the right side is the derivative

0
a(kw)g(k*X’ k.Y )(0)
which exists by assumption since kw € P.

Now choose as before k; € K such that k;p; lies on the geodesic c. Since H
acts transitively on the unit sphere in p, and since p is the orthogonal complement
to ¢(0) € V, we can choose h; € H such that h;k;w lies in P. As before, we can
assume that k; — kg and h; — hg. Equivariance and smoothness of the metric
away from the origin implies that for each fixed

0

DX,V (ps) = A(hikiw)

w0 9((hik;) X, (hiks),Y ) (hikip;)

Since h;k;p; = k;p; lies on the geodesic, and since h;k;w € P, we get
) 0
lim (X, Y)(p1)

1—o0 Jw

= O (hoko). X, (hoko),Y)(0)

8(h0k0w)
— lim g((hok‘o)*X, (hoko)*Y)(h . hok‘ow) — g((hok‘o)*X, (hok‘o)*Y)(O)
h—0 h

g S (B w) = g(XY)(0) _ 0
- Jim ) = S g(X,1)(0).
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Thus the metric is C'. The proof proceeds by induction. Assume the metric is C*.
This means that T'(wy,...,w,, X,Y)(p) = #I;mcg(X,Y)(p) is a smooth multi
linear form on the slice V' which is equivariant in all its arguments. We can thus
use the same proof as above to show that

e (5 e ) ) )

% 8w1...8wk

extends continuously across the origin, and hence the metric is C*+1.

We now extend the above argument to the case where p is not irreducible. Let
P; be the 2-plane spanned by v; and ¢(0). We first observe that any vector in p,
can be transformed by the action of H into a linear combination of the vectors v;.
Indeed, if we look at the possible isotropy actions of K/H in Table A, one sees
that besides the trivial module (in which we chose a basis) there are at most two
non-trivial modules and Lemma 3(b) implies the claim. Following the strategy in
the previous case, we choose k; € K such that k;p; lies on the geodesic ¢, and
h; € H such that h;k,w = Eaijvj. Furthermore, k; — ko and h; — hg with
hokow = 3 apjv,. By linearity of the derivative, and since the metric is smooth
on P; by assumption, we have

. 0
Jim Wﬂ((hiki)*x (hik:),Y ) (hikipi)

17— 00

. 0
= lim Za,;ja—ng((hiki)*X, (hik:) Y ) (hikipi)
J
. 0
= z]: lim aj; aT}jg((hiki)*X’ (hiki),Y)(hikipi)

= 3 a0y gl{Ioko). X, (hoko), Y)(0)

B a(hf;%w) 9((hoko), X, (hoko),Y)(0).

The proof now continues as before. [J

Remark 1. Notice that unless the group K is Sp(n) or Sp(n)-U(1), only one or two
2-planes are required. For the exceptions one needs four resp three 2-planes. Notice
also, that we can choose any vector v in an irreducible submodule in p. Indeed,
the condition is clearly independent of such a choice since H acts transitively on
the unit sphere in every irreducible submodule.

We point out that Proposition 4 also holds for any tensor on M invariant under
the action of G, using the same strategy of proof.

3. Smoothness on 2-planes

In this Section we show that smoothness on 2-planes can be determined expli-
citly in a simple fashion.
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Recall that on V' we have the inner product go with go = gc)lv for any
G invariant metric with normal geodesic c¢. We fix a basis eg,ey,...,ex of V|
orthonormal in gg, such that ¢ is given by the line ¢(t) = teg = (¢,0,...,0). The
tangent space to M at the points ¢(t),t > 0 can be identified with ¢(t) @ m @ p
via action fields. The metric g = dt?> + hy on the set of regular points in M is
determined by a family of Ady invariant inner products h; on m @ p, t > 0, which
depend smoothly on ¢. Furthermore, m and p are orthogonal at ¢ = 0, but not
necessarily for ¢ > 0. The inner products h; extend in a unique and smooth way
to V'\ {0} via the action of K. In order to prove smoothness at the origin, it is
sufficient to show that g(X;, X;) is smooth for some smooth vector fields which are
a basis at every point in a neighborhood of ¢(0). For this we use the action fields
X corresponding to an appropriately chosen basis X; of m, restricted to the slice
V, and the (constant) vector fields e; on V. Recall also that we identify p with a
subspace of V by sending X € p to lim;_,o X*(c(¢))/t € V and that X*(c(t)) = tX.
Finally, we have the splitting p = p1 @ - -- @ ps into Ady irreducible subspaces.

According to Proposition 4, it is sufficient to determine smoothness on a finite
list of 2-planes. Let P* C V be one of those 2-planes, spanned by ey = ¢(0) and
X € p; for some i. We normalize X such that L := {exp(6X) |0 € R, 0 <0 < 27}
is a closed one-parameter subgroup of K. By Lemma 3, the one-parameter group
L preserves P*, but may not act effectively on it, even if K acts effectively on V.
Since L ~ S', acting via rotation on P*, the ineffective kernel is L N H. Let a be
the order of the finite cyclic group LN H. Equivalently, a is the largest integer with
exp ((2m/a)X)c(0) = ¢(0), or equivalently exp ((27/a)X) € H. Thus X/a has unit
length in gy and L operates on P* as a rotation R(af) in the orthonormal basis
¢(0), X/a. We can also assume a > 0 by replacing, if necessary, X by —X. This
integer a will be a crucial ingredient in the smoothness conditions. Notice that
a is the same for any vector X € p; and we can thus simply denote it by a;. In
the Appendix we will compute the integers a; for each almost effective transitive
action on a sphere.

The action of L on m decomposes m:

m=/{y Dl & DL with L|g, =1d, and L|,, = R(d;0)
for some integers d;. Similarly we have a decomposition of V:
V=l 0ol d &L,

with ¢, = span{¢(0), X'}, Ll = R(a#), L|y =1Id and L|,; = R(d}#). We choose
the basis e; of V' and X; of m such that it is adapted to this decomposition and
oriented in such a way that a,d; and d; are positive. For simplicity, we denote the
basis of ¢; by Y1,Ya, the basis of ¢, by Z1,Zs, and reserve the letter X for the
one-parameter group L = exp(6X). We choose the vectors Z; € p such that they
correspond to e; 41 under the identification p C V and hence Z7(c(t)) = te;41 € V,
as well as X*(c(t)) = teg. We determine the smoothness of inner products module
by module, and observe that an L invariant function f on P* extends smoothly
to the origin if and only if its restriction to the line teq is even, i.e., f(teg) = g(t?)
with ¢g: (—€,€) — R smooth. Furthermore, we use the fact that the metric V. —
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S2(p @ m) is equivariant with respect to the action of K, and hence L. Once the
condition is determined when inner products are smooth when restricted to P*,
we restrict to the geodesic ¢ to obtain the smoothness condition for h;.

In the following, ¢;(t) stands for a generic smooth function defined on an interval
(—€,€).

We will separate the problem into three parts: smoothness of scalar products of
elements in m, in p and mixed scalar products between elements of m and p. We
will start with the easier case of the metric on p.

3.1. Smoothness on p

Recall that on a 2-plane a metric given in polar coordinates by dt? + f2(t)d6?
is smooth if and only if f extends to a smooth odd function with f(0) = 0 and
1(0) =1, see, e.g., [11]. If X has unit length in the Euclidean metric gg, we have
X* = 0/96 in the 2-plane spanned by ¢(0) and X. Hence smoothness on p is
equivalent to:

Gery(X*, X*) =2 +t¢(t?) forall X €p with go(X, X)=1 (2)

for some smooth function ¢, defined on an interval (—e,€).

Notice that p; and p;, for ¢ # j, are orthogonal for any G invariant metric, unless
(K,H) = (Sp(n),Sp(n — 1)), in which case there exists a 3-dimensional module
po on which Ady acts as Id. We choose three vectors X; € pg, orthonormal in gg.
Applying (2) to (X} + X]*)/\/Z it follows that the metric is smooth on pg if and
only if

gc(t)(Xi*, X]*) =t25ij—|—t4¢ij (t2) where X; €Po, K:Sp(n) and g0 (Xi, Xj) Zéij (3)

for some smooth functions ¢;;.

It may sometimes be more convenient, as we do in the proofs, to normalize X
such that L = {exp(#X) | 0 < 6 < 27} is a closed one-parameter group in K. In
that case, let to be the first value such that exp(toX) € H. Then ¢ty = 27/a for
a = |LN H| and hence X/a has unit length in go.

Thus in this normalization we need to replace (2) by:

Gery(X*, X*) = ait? + t'¢(t?) forall X €p; (4)

For a 3-dimensional module py we will see in Section 5 that a; = 1 and hence in
this case (3) remains valid.
See [13] for a more detailed description.

Remark 2. One easily modifies the smoothness conditions if the geodesic is not
necessarily parameterized by arc length, but still orthogonal to the regular orbits.
The only difference is that in this case ge(¢,¢) = ¥(¢)t? and g.q)(X*, X*) =
()12 for X € p with ¢, 9 even and ¢(0) = ¢(0) > 0, where X has unit length in
go- In the second normalization of X we need that ¢(0) = a*(0) if ge) (X*, X*) =
d(t)t? .

3.2. Inner products in m

In the remaining sections L = {exp(6X) | 0 < 0 < 27} is a one-parameter group
acting via R(af) on ¢'_;. We first describe the inner products in a fixed module ¥;.
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Lemma 5. Let ¢ be an irreducible L module in m on which L acts via a rotation
R(d0) in a basis Y1,Y>. If the metric on £ is given by gij = ge(ry (Y;", Y["), then

(g 02) = (P07 ol ) e () 5h)

for some smooth functions ¢, k =1,2,3.

Proof. The metric on £, restricted to the plane P* C V, can be represented by a
matrix G(p) whose entries are functions of p € P*. We identify £ ~ C and P* ~ C
such that the action of L is given by multiplication with e*® on ¢ and e**? on P*.
The metric G must be L equivariant, i.e.,

G(p) = (gi i;z) with G(e*’p) = R(d0)G(p)R(—db).

The right-hand side can also be seen as a linear action of L on S2¢ ~ R? and we
may describe it in terms of its (complex) eigenvalues and eigenvectors. We then
get:

(911 + g22)(¢“’p) = (911 + g22)(p),
(912 + i(g11 — g22))(e"*"p) = €27 (912 + i(g11 — g22))(p),
(g12 — i(g11 — 922))(€"*’p) = e >¥ (g2 — i(g11 — g22)) (p)-

iaf

iaf
The first equality just reflects the fact that the trace is a similarity invariant. Let

w(p) = (912 +i(g911 — g22))(P)-

Then the second equality says that w(e??p) = e2*%%w(p), and the third one is the
conjugate of the second. Setting p = teg,t € R and replacing 6 by 6/a, we get

w(eiet) — e(2id/a)9w(t) — (teiS)Qd/a t_Qd/aw(t).

If we let z = te?, then

w(z) = zzd/“zgd% or z72uy(z) = t72/%(t), where t=|z|.
The first equation says that if w(z) is smooth, then w(z) must have a zero of order
2d/a at z = 0. If so, the second equation says that the function z—2%%w(z) is
L-invariant. This means that g1 + g2 and 224/ %w(z) must be smooth functions
of |z|2. If we restrict z~2%/%w(2) to the real axis and we separate the real and the
imaginary part this is equivalent to the existence of smooth functions ¢; such that

(911 — go2)(t) = 2¥°01 (£2),  gua(t) = Y Ga(t2),  (g11 + g22)(t) = b3(t?).

Conversely, given 3 functions g¢i1, g22, 912 along the real axis that verify these
relations, they admit a (unique) smooth L-invariant extension to C. Indeed, the
first two equalities guarantee that z=2%%w(z) and hence w(z) is a smooth function
on P*. The third equality guarantees that g1 + ¢g22, and hence G(p), has a smooth
extension to P*. [
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Remark 3. If a does not divide 2d, the proof shows that w(z) is smooth only if
w(t) = 0 for all ¢. But then g;2 = 0 and g11 = ga2 is an even function. Thus in
this Lemma, as well as in all following Lemmas, in case of a fractional exponent
of t, the term should be set to be 0. In practice, this will follow already from Adg
invariance.

Notice also that a Weyl group element is given by w = GXp(igﬂ'). Thus if ¢ = 2¢

a
is odd, w rotates the 2-plane ¢ and hence this module is not changed when it is

necessary to select another one-parameter group L.
For inner products between different modules we have:

Lemma 6. Let {1 and {5 be two irreducible L modules in m with basis Y1, Ys resp.
Z1,Zy on which L acts via a rotation R(d;0)with d; > 0. If the inner products
between (1 and Uy are given by hij = ger)(Y;", Z7), then

<h11 h12) _ fldr—d>|/a ( P1(t?) ¢2(t2)) 4 flditdal/a <¢3(t2) P4 (t?) )
hai  haa —62(t?)  ¢1(t%) ¢a(t?)  —¢3(t?)
for some smooth functions ¢.

Proof. L acts on {1 @ {5 via conjugation with diag(R(d16), R(d26)) and hence
(o bz ) = miao) (2032 ) (o),
This action has eigenvectors
wy = h11 + hoo + i(h12 — ho1), w2 = hia + hor — i(h11 — hag)
with eigenvalues e(?1=@2)% and e(d1+d2)i0 and their conjugates. We set
wi (e%p) = !t =B (p),  wy(e*?p) = el H Ry (p),

where we replaced, if necessary, w; by its conjugate. A computation similar to the
previous ones shows that a smooth extension to the origin is equivalent to

(ha1 + hao) () = t11 7%=V (8), (hay — haa)(t) = tBH9) gy (12),
(h12 _ h21)(t) _ t|d1—d2|/a¢3(t2)’ (h12 + h21)(t) — t(d1+d2)/a¢4(t2)
where ¢;,7 = 1,...,4, are smooth real functions. Conversely, these relationships

enable one to extend hy1£hso and hiat+ho1, and hence all inner products, smoothly
to P*. O

For inner products with elements in ¢y we have:

Lemma 7. Let {y C m be the module on which L acts as Id, and ¢ an irreducible
L module with basis Y1,Ys on which L acts via a rotation R(d).

(a) IfY € Lo, then ge)(Y™,Y™) is an even function of t.
(b) If Y €4y and h; = gey(Y™*,Y;"), then

hi(t) = t¥¢1(t%),  ha(t) = t¢a(t?),

for some smooth functions ¢y.
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Proof. f'Y € £y, then g(Y*,Y™) is invariant under L and hence an even function.
In case (b), we consider the restriction of the metric to the three-dimensional
space spanned by ¢ and Y. This can be represented by a matrix

g1 gi2 M
Gp)= (912 g22 ho
hi hs h

whose entries are functions of p € P*. In particular, h; = g(Y;*,Y™). The action
of L on G(p) is given by conjugation with diag(R(df), 1). Decomposing into eigen-
vectors, we get, in addition to the eigenvectors already described in Lemma 5, the
eigenvector w(z) = hi(2) + iho(2z) with eigenvalue e??. But w(e'®p) = e %w(p)
implies that z~%®w(z) is an invariant function. Thus smoothness for the h; func-
tions is equivalent to

hi(t) = t¥p(£7),  ha(t) = t¥po(t?)

for some smooth functions ¢;. O

3.3. Inner products between p and m

Recall that for an appropriately chosen basis e, ..., e of V| we need to show that
the inner products g(e;, X J*), where X; is a basis of m, are smooth functions when
restricted to the plane P* C V. When restricting to the geodesic ¢, we obtain the
smoothness conditions on the corresponding entries in the metric.

Recall also that the plane P* is spanned by ey = ¢ and X € p C V such that
L = {exp(0X) | 0 € R} is a closed one-parameter group in K. We also have the
decomposition of V:

V=l ,0eli® &L,

with ¢~ ; = span{¢(0), X'}, Ll = R(ab), L|y =1d and L|y = R(d;0) which we
use in the following. Finally, recall that Z*(c(t)) = tZ € V for Z € p and that
Je(r)(0/dt, X*) =0 for all X € p ®m.
Lemma 8. Let X € {'_;. Then we have:

(a) IfY S éo, then gc(t)(X*, Y*) = t2¢(t2).

(b) If Y1,Y> a basis of the irreducible module ¢ = {;, on which L acts as R(df)

with d > 0, then geu (X*,Yy7) = t7+4/2¢,,(¢2)

for some smooth functions ¢, @y.

Proof. For part (a) the proof is similar to Lemma 7. On the 3-space spanned by
eo = ¢(0), e; = X, es =Y, the one-parameter group L acts via conjugation with
diag(R(af),1) and, using the fact that Y™* is orthogonal to ¢, the metric is given
by
1 0 0
Glp)=10 1 h
0 h f
with h = g(e1,Y™*) and f = g(Y*,Y™*). We already saw that f is an even function,

and as in the proof of Lemma 7, we see, when restricted to the geodesic, h(t) =
to/9¢(t%) = tg(t?). Hence ge(ry(X*,Y*) = tge) (e, Y*) = t2(t?).
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For part (b) the proof is similar to Lemma 6. On the 4-dimensional space
spanned by eq, e; and Y7, Y5 the group L acts via conjugation by diag(R(af, R(df))
and the metric is given by

1 0 0 0
0 1 hy ho
G(p) =
() 0 h1 g11 912
0 ha gi2 922

with hy = g(e1,Y)) and g = g(Yy,Y;*). As in the proof of Lemma 6 it follows
that

ho(t) = t=l/ag (#2) and  hy(t) = t1H/ag, (12)
and hence ho(t) = t¥/9+1¢(t?), and similarly for hi(t). Thus g (X*,Yy) =
tge (e, Yyr) = t¥ oM 2¢ (7). O

Next the inner products with £.

Lemma 9. For Z € ¢, we have:

(a) If'Y € 4y, then gc(t)(Z*7Y*) = t3¢(t2)'
(b) If Y1,Ys is a basis of the irreducible module ¢;, then

9o (Z*,Y) = 14l (2)

for some smooth functions ¢;.

Proof. For part (a), let Z = e;1. Then g(e1,Y™) is L invariant and hence even.
Furthermore, it vanishes at t = 0 since the slice is orthogonal to the singular orbit
at ¢(0). Hence g(e1,Y™) = t?¢(t?), which implies ge) (Z*,Y™) = tt2¢(t?).

Similarly for (b), using the proof of Lemma 7, it follows that g.)(e1,Yy) =
tdi/eg,. (+2). Since d;, a > 0, this already vanishes as required. The proof now fini-
shes as before. 0O

And finally the remaining inner products:

Lemma 10. Let ¢} and {; with i, j > 0 be two irreducible L modules with basis Z1,
Zy resp. Y1,Ys on which L acts via a rotation R(d;0) resp. R(d;0) with d;,d; > 0.

(a) The inner products hy = gew)(Z5,Y;") satisfy

hiv b2\ _ bt —dsl/a P1(t?)  ¢a(t?)
ha1  haa —¢a( t2 o1(t?)
, 4 t2 2

4 U/ (¢3( ) a g

5)

t
Pa(t?)  —os(

where b=3 if d; =d;, and b=1 if/d; #d;.
(b) IfY € Ly, then g.u) (Y™, Z;) = tiHdi/ag, (¢2)

for some smooth functions ¢;.
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Proof. (a) We repeat the proof of Lemma 6 for the basis e; = Z1,ea = Z3,e3 =
Y1,eq = Y5 of £, @ ¢;. But if d; = d;, we have to require in addition that the inner
products vanish at ¢ = 0, i.e., ¢1(0) = ¢2(0) = 0, which means the first matrix
must be multiplied by ¢2. The proof then proceeds as before.

(b) We proceed as in Lemma 7(b). O

This finishes the discussion of all possible inner products in n = p & m.

3.4. Smoothness conditions for symmetric 2 X 2 tensors

The above methods can be applied to obtain the smoothness conditions for any
G invariant tensor, defined along a curve c¢ transverse to all orbits. One needs to
take care though, since for a metric g the slice and singular orbit are orthogonal
at t = 0, whereas for a general tensor this may not be the case. For the purpose of
applying this to the Ricci tensor, we briefly discuss how to derive the smoothness
conditions for any symmetric 2 x 2 tensor T'.

The proofs in Section 3.2 show that for the functions T'(m, m) the conditions for
T and a metric g are the same.

For T'(p,p) the only difference is that now T'(X}, X7) = ¢ot*0s; + ¢i;(t*)t* for
X; € p, where X; has unit length in gy and ¢ is a real number, which is allowed
to be 0. Notice also that T'(p;,p;) = 0 for 0 < ¢ < j since the Ady representations
are inequivalent.

A new feature is that, unlike in the case of a metric, the mixed terms T'(¢(t), X*)
do not have to vanish if X € p @ m lies in a module on which Ady acts trivially.
For the case of X € pg one easily sees that:

Tty (€,¢) = 1 (£%), Toqy(é, X*) = ta(t?), Toy(X*, X*) = 203(t?),  (5)

with 91(0) = 13(0) = do.

For the case of T'(¢,mg), as well as T'(p,m), one needs to examine the proof
of the Lemma’s in Section 3.3, keeping in mind that the values of T on the 2-
plane ¢_; = {¢, X} are now more generally given by (5). In some cases, for a
metric tensor, certain components are forced to have a zero of two orders higher
at ¢ = 0 than a generic symmetric tensor since the regular orbits are orthogonal
to the geodesic c¢. One easily sees that the conditions in Lemma 8(a), Lemma 9(b)
and Lemma 10(b) are the same, whereas in Lemma 8(b), Lemma 9(a) and in
Lemma 10(a) when d = d;, the allowed order for T" is two less. We summarize the
results in Table D. This difference is important when studying Einstein metrics,
or prescribing the Ricci tensor, see [17].

4. Examples

Before we illustrate the method with some examples, let us make some general
comments.

We can choose an inner product @ on g which is Adg invariant on m, equal to
go on p under the inclusion p C V, and such that the decomposition n = p @ m is
orthogonal.

If G is compact, one often starts with a biinvariant metric @ on g. We point out
though, that then Q| is not always a multiple of the metric go. Thus one needs to
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determine the real numbers r; > 0 such that Q|,, = 790, ¢ = 1,..., s, which needs
to be used in order to translate the conditions in (2) into a basis of p orthonormal
in Q. We point out that if s > 1, r; depends on i since in that case the biinvariant
metric Q|x does not restrict to a constant curvature metric on K/H. See Table
2.5 in [10] for the values of r;.

Smoothness is determined by the one-parameter groups L = {exp(fv) | 0 <0 <
27}, one for each irreducible p module. Since the action of L on m is given by the
restriction of Adg, the exponents d; can be determined in terms of Lie brackets,
i.e., on ¢; we have

[’U, Yl] = d1}/2 and ['U, }/2] = _diYQ (6)

where Y7, Y5 € £; are Q orthogonal vectors of the same length. This also determines
the orientation of the basis so that d; > 0. The decomposition under L can be
recovered from the weight space decomposition of the action of K on m with
respect to a maximal abelian subalgebra containing v. Thus, on each irreducible
K module in m, we have d; = «;(v), for all weights «;, and hence the largest
integer is A(v) where X is the dominant weight.

The slopes d; are not determined by Lie brackets. One needs to use the know-
ledge of the embedding H C K to determine the action of K, and hence L, on V.
For the almost effective actions of K on spheres, a choice of the vectors v and the
values of a and d} will be described in Section 6.

The functions g;;(t) determining the metric are usually given in terms of a
decomposition of h- = n into Ady irreducible modules. But the decomposition of
m into irreducible modules under L; are usually quite different. Thus the entries of
the metric in the Lemmas of Section 3 are linear combinations of g;;. Furthermore,
for different 2-planes P, the decomposition under L; = exp(6v;) is again typically
not the same since the vectors v; do not lie in a common maximal torus. One may
thus obtain different smoothness conditions for different one-parameter groups L;
which need to be combined to obtain the full smoothness conditions.

One can now row reduce these equations, which gives rise to relationships
between the even functions. Substituting these, one can then express the k metric
coefficients in terms of k even functions.

The conditions of order 0 are equivalent to K invariance. The conditions of order
1 are equivalent to equivariance of the second fundamental form B: S?T — T+ =
V' of the singular orbit G/K with tangent space T' = T}, X/ H under the action of
K. Recall also that one has a Weyl group element w € K with w(¢(0)) = —¢(0),
uniquely determined mod H. Clearly w € L; for all ¢, in fact w = exp(Zv;) up to
a change by an element in Ady. The property of the length squared being even or
odd functions is already determined by the action of the Weyl group element on
m, see Remark 3 and Section 5.

Summarizing the method one needs to use the following steps:

(a) Decompose n into Ady irreducible modules, which determines the coeffi-
cients g;; of the metric.

(b) Choose one-parameter groups L = exp(tX), one for each irreducible p
module. See Section 6 for convenient choices, as well as the value of the
integers a and dj.
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(¢) Decompose m into the sum of 2-dimensional modules ¢; under the action of
L and determine the integers d;, using, e.g., the description (6).

(d) Express the coefficients of the inner products in ¢; in terms of the metric
coeflicients g;;.

(e) Use Tables A and B to express the smoothness conditions in terms of even
functions ¢,.

(f) Row reduce the equations coming from all one-parameter groups L;, and
replace some of the even functions in terms of others.

(g) Solve the resulting system of equations for the metric g;;.

Example 1

A simple example is given by the groups G' = Sp(1) x S}, K = {(/,1) | 0 <
0 < 2r}- H and H ~ Z, with generator (i,7). There exists an infinite family of
inequivalent cohomogeneity one actions on S° as a special case of the Kervaire
sphere examples, see [9], the simplest one being the tensor product action of
SO(3)SO(2) on S°. For all of them one half of the group diagram is given by
the above groups. Notice that the action of K on the slice V ~ C is given by
(¢,2) - v=2zv.

If we let X7 = (4,0), X2 = (4,0), X5 = (k,0) and Y = (0,4) then we have
the Ady invariant decomposition p = ¢ = R- X5 and m = my & m; with my =
span{X;,Y}, m;y = R- X3. Since Ady acts as Id on mg and as —Id on p ® m; the
nonvanishing inner products are given by

fi=(Xi, Xi), i=1,2,3, g=(Y.Y), hi=(X1,Y), hy=(Xo X3).

There is only the one-parameter group L = {exp(0Xz2) | 0 < 6 < 27} to be
considered. L acts via R(f) on ¢__; = span{¢(0), Xa}, trivially on ¢ = R-Y, and
by R(260) on ¢; = span{X1, X3}. Thus a = 1 and d; = 2. According to Tables B
and C we have

fr=¢5(8) +tho6(t?),  fz=5(t%) —t'06(%), g =2(t?),
and
fo=124+t4¢1(t?), hi=t2¢3(t?), hy = t1ou(t?).
See also [8] Appendix 1 for a further class of examples with K/H ~ S*.
Example 2

In [3], the author studied cohomogeneity one Ricci flat metrics on the homoge-
neous disk bundle with H = T2 € K = U(2) C G = SU(3), where we assume that
U(2) is the lower 2 x 2 block. We illustrate that the smoothness conditions can be
obtained with our methods quickly.

Let Ey,iEx, k < [, be the usual basis of su(3). Then the decomposition of h+
into Ady irreducible representations is given by:

ny = {Fa3,iF3}, ng = {E12,iF12}, n3 = {E13,iE13}
Since they are all inequivalent, the metric is determined by:

J1=|Eas|® = |iEas|*, fo = |Era|’ = [iEw]?, f3 =|Eus]* = |iEys]?
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The module p = ny is irreducible since K/H = S? and we can choose L =
exp(0E»3). Since exp(mEa3) € H, we have a = 2 and hence 1 Fo3 has unit length
in the Euclidean inner product gog on the slice. The decomposition under L is

m= fl @52 with fl = {E127E13, }762 = {iE12,iE13,} and d1 = d2 =1

Since p is orthogonal to m, the decomposition of the slice V' is not needed. Thus
the metric is smooth if and only if

fi =482, fo+ f3 = 01(t2), fo— f3 = tpa(t?)

for some smooth functions ¢1, ¢s.

Example 3

Let H C K C G be given by SO(2) C SO(3) C SO(5), where the embedding
of SO(3) in SO(5) is given by the unique irreducible representation of SO(3) on
R®. The singular orbit G/K is the Berger space (which is positively curved in a
biinvariant metric).

We consider the following basis of g = s0(5):

Ky =2Ej5+ E3y, Ky = Es3 — Eiq+V3Eys, Ks= Ei3+ Ey+ V3E;3s,

1 2 V2 V3
Vi = f\/gEm - %E?A, Vo = EE% - \/E(EQ?’ — Evq),
\/§ \/g
Vs = ~=E35 — ——(E13+ E2), Vi = Eas,
3 \/5 35 m( 13 24) 4 25

Vs = Ei5, Vo= %(524 — Ei3), Vi= —%
Then K, K5, K3 span the subalgebra ¢ ~ so(3) with [K;, Ks] = K3 and cyclic
permutations. Thus K; is orthonormal with respect to the biinvariant metric
Qso(3)(A, B) = —tr(AB)/2 which induces the metric of constant curvature 1
on SO(3)/SO(2) = S% We choose the base point such that the Lie algebra of
its stabilizer group H is spanned by K;. Hence ¢(0), K5, K3 is an orthonormal
basis in the inner product go on V = R3. Notice that for the biinvariant metric
Qso(5)(AaB) = —tr(AB)/2 we have Qso(t})(AaB) = 5Q50(3)(A,B) for A,B €
50(3). Thus, if we abbreviate Q = Q40(5), we have Q(Kj, K;) = 5d;;. On the other
hand, V; are orthonormal unit vectors in Q.
We have the following decomposition of p @ m as the sum of irreducible H-
modules:

(Eas + E14).

p = Span(K27 K3)a mpy = span(Vl), m; = span(Vg, V3)7
my = span(Vy, Vi), mg = span(Vs, V7).

Ady acts trivially on mg, with speed one on p and m;, and with speed 2 and 3
on my resp. ms; e.g., since H = {exp(tK1) | 0 <t < 27}, one needs to check that
[K1, V4] = 2V and [K1, V5] = —2V4. Thus p and my are equivalent as H-modules
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while all the other modules are inequivalent. An Ady invariant metric g along ¢(t)
is thus defined by the following functions:

f = <K27K2> = <K37K3>7 g1 = <V17V1>7 g2 = <Vv27‘/2> = <‘/3;V3>7
g3 = <‘/217 V4> = <‘/57 ‘/5>7 g4 = <‘/63 V6> = <V77 V7>7
hi1 = (K2, V2) = (K3, V3), hia = (K2, V3) = — (K3, V2).
and all other scalar products are zero.

For the smoothness conditions, since Ady acts irreducibly on p, we need to
choose only one vector and set X = Ky with L = exp(tK2) C SO(3). Since
SO(3) acts standard on V, we have a = 1. Furthermore, V = ¢, & £, with
0", = span{¢(0), Ky} and £, = span{ K3} since L acts via rotations in the ¢(0), Ko
plane, and hence trivially on e3 = K3(0).

Under the action of L, one easily sees that m decomposes as the sum of the
following irreducible modules:

lh = Span(\/éVg + \/EW), I, = span(V3 4+ V15V, —V6V; — \/EV@7
[, = span(\/ﬁVg — \/6V7,4V5), I3 = span(—\/BV;g + Vs, V10V, — \/6V4),

and a Lie bracket computation shows that under the action of L we have d; = i for
i=1,2,3; e.g., [Ky, —V15V3+ Vg] = 3(V10V1 — V/6V}) and [K2, V10Vy —v6Vy] =
—3(=V15V5 + Vg).

1) Irreducible modules in m. We have three irreducible L-modules in m and for
each of them we apply Lemma 5, and use the notation g;; therein. Notice that due
to Ady invariance, all vectors V; are orthogonal to each other.

For ¢; we have:

g11 = (Vs + V15V, Vs + V15Vg) = g2 + 1504,
g22 = (—V6V1 — V10V4, —V6Vi — V10V3) = 691 + 10g3,  g12 = 0.

Since d; = 1 and a = 1, we need
(92 + 15g4) + (691 + 10g3) = 61(t*), (92 + 1594) — (691 + 10g3) = t* ha(t?).
For /5 we have:

gi11 = <\/EV2 - \/6V7, \/ﬁ‘é — \/6V7> = ].ng + 694,
922 = <4‘/574‘/5> = 16937 gi2 = 0.

Since dy = 2, smoothness requires that
(10g + 694) + 16g3 = ¢3(t*), (1092 + 6g4) — 1693 = t* P4 (t?).
For /5 we have:

g11 = (—V15Vs + Vi, —V15Vs + V) = 1592 + g4,
g2o = (V10Vy — V6Vy, V10V; — V6V,) = 10g; + 693, g2 = 0.
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Since d3 = 3, we need

(1592 + ga) + (10g1 + 6gs) = ¢5(t*), (1592 + g4) — (10g1 + 6g3) = t° ps(t?).

In particular, all functions g1, 92, g3, 94 are even, a fact that one could have
already obtained from invariance of the metric under the Weyl group element.

For £y, Lemma 7 says that (v/6V5 410V, v/6Va ++/10V7) = 692 +10gy is even,
a condition that is already implied by the previous ones.

2) Products between modules in m. Inner products between £y, and ¢5, and
between ¢; and {3 are not necessarily 0. For the first one, Lemma 7 implies that

<\/6V2 +V10V7, V10V, — \/6V7> = \/%(92 — g4)

and hence go — g4 = t2 ¢7(t?), a condition already implied by K invariance at t = 0.
For the second one, Lemma 6 and

(V5 + V15V, —V15V5 + Ve) = V15(g4 — g2),
(—V6Vi = V10V, V10V — V6Vi) = V60(gs — g1)

as well as
(V3 + V15V, V10V; — V6Vy) = (—V6Vh — V10Vy, —V15V5 + Vi) = 0

implies that
(91— 92) — 2(g5 — 91) = t* $7(t*), (94 — g2) + 2(g3 — g1) = t*Ps(t?).

3) Smoothness on the slice. Section 3.1 implies that f = % +t1¢(¢?) since a = 1.

4) Products between m and the slice V. All of the modules [; have nontrivial
inner products with the slice. For the 4 inner products between ¢’ ;, i.e., K5, and
4; we get from Lemma &:

hiy = £2¢(t%), hig = t*¢(t?), hi1 = t'¢(t?), hia = ¢(t?).

On the other hand, for the 4 inner products between £, i.e., K3, and ¢; we get
from Lemma 9:

hiy = 2¢(t?), hiy = £2¢(t?), hia = t26(t%), hi1 = t*¢(t?).

Thus we need:
hiy = t*¢(t?), hio = t2¢(t?).

5) Combining all conditions. Summarizing the conditions in 1) and 2), we have
for the inner products in m:

(92 + 15g4) + (691 + 10g3) = ¢1 (%),
(92 + 15g4) — (61 4 10g3) = t* ¢a(t?),
(10g2 + 6g4) + (16g3) = ¢3(t?),

(10g2 4 694) — (16g3) = t* ¢a(t?),

(1592 + ga) + (1091 + 6g3) = ¢5(t?),
(1592 + g4) — (1091 + 6g3) = t° g (t?),
(94 — 92) — 2(g95 — 1) = t* 7 (¢?),

g2 — g1 = t* ¢s(t%), ga — g3 = % do(t?).
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Notice that the last two conditions imply that (g3 — g1) = t? ¢(t?) and hence K
invariance at t = 0 is encoded in the above equations.

This is an over determined linear system of equations in the metric functions.
Since we know there always exist solutions, we can row reduce in order to get the
following relationships between the smooth functions:

¢1 = ¢5 — 16t2 g7 — 2t* s,
P2 = t* g — 12 7 + 212 g,
¢3 = ¢5 — 10t g7 — 5t* s,
bs =12 6 + 5 3.

Thus necessary and sufficient conditions for smoothness in m are:

1592 4 693 + g4 + 1091 = ¢s,
1592 — 6g3 + ga — 1091 = t°¢s,
—2g3 + 291 = t*¢r,

—g2 — 295 + g4 + 291 = t*¢s.

which we can also solve for the metric and obtain (after renaming the even func-
tions):

g1 = 61+ 612 do + 611 3 — 1° g,
g2 = 1+ 26" §a +t° Py,

g3 = ¢1 — 1067 g — 10t* ¢p3 — t° ¢y,
ga = 61— 306> o +1° ¢4

for some smooth functions ¢1, ¢o, @3, P4 of t2. Furthermore,
f=t+t05(t%), hiy =t'd6(t?), hio = t0¢7(t?).

Example 4

This example shows how to predict the exponents dj in terms of representation
theory. Let ¢,, be the complex n-dimensional irreducible representation of SU(2).
Choose K = SU(2) ¢ G = SU(2n) given by the embedding ¢2,, and H =
SO(2) = diag(e®,e") c SU(2). Thus K/H = S? with slice representation
¢3 and hence a = 2. By Clebsch-Gordon, the isotropy representation of G/K
18 Pan—2 ® Pan—qa B -+ D ¢o. Thus the isotropy representation G/H is the sum
of 2-dimensional representations n; with multiplicity ¢ and weight 4n — 2¢ for
i=1,...,2n—2 and ng,—1 and ny, with multiplicity 2n — 2 and weight 2 resp. 0,
as well as ng, 41 with weight 2 coming from the isotropy representation of K/H.

We only need to consider the one-parameter group L = exp(tA) with A =
( _01 (1) ) Since A is conjugate to diag(i, —i), the decomposition under L has
the same weights and multiplicity. Thus in the description of the metric, we have
exponents t* for k =1,...,4n — 2.
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5. Proof of Theorem B

After we saw how the process works in concrete examples, we will now prove
Theorem B. One needs to first derive all smoothness conditions obtained from
Section 3, possibly for several circles L;. This gives rise to a highly over-determined
system of equations for the » metric functions g;;, ¢« < j of the form

Sk gis () = 502, k=1,...,N.
i’j

for some smooth functions ¢y.

The coefficients afj do not depend on the metric, but only on the Lie groups
involved. We first want to show that each metric function must be involved in at
least one equation and hence N > r. For this let w € K be a Weyl group element.
Recall that w is defined by w(¢(0)) = —c(0) which defines it uniquely mod H.
Furthermore, w normalizes H and w? € H. Let n C p @ m be an irreducible
module under the action of H. Then we have either w(n) = n or w(n) = n’ with

n’ another irreducible module invariant under H and equivalent to n.
If wn) =nand X,Y € n then Q(X,Y) = Q(wX,wY) and hence

g(X*a Y*)c(t) = g((’LUX)*, (wY)*)c(t) = g(X*a Y*)c(ft)

implies that g(X™*,Y™) is an even function.
If wun =n' with X € n, Y € v/, then we have

9(X" Y ) ey — g(wX)™, (wY) ey = g((wX)™, (wY) )y = g(XT Y )e(—y

since w? € H. Thus g(X*,Y*)—g((wX)*, (wY)*) is an odd function, and similarly
g(X*, V") + g((wX)*, (wY)*) is an even function. Altogether, N > r.

We can now row reduce the systems, which we denote for short A;G = ®.
The last N — r rows in Ay will consist of zeroes which implies that there exists
a linear homogeneous relationship between the even functions ¢g. Solving for one
of the variables, and substituting into ® we obtain a system of r equations in r
unknowns. In the row-reduced system we cannot have a further row of zeroes in
Ay since otherwise we can express the metric in terms of r — 1 even functions,
contradicting that the metric on the regular part consists of r arbitrary functions.
Thus Ay has maximal rank r and we can solve for g;; in terms of the remaining
even functions. This proves Theorem B.

6. Actions on spheres

In order to facilitate the applications of determining the smoothness conditions
in examples, we discuss here the choice for the vectors X, the decomposition of
the action by L = exp(tX) on the slice, and the integers a,d}. Since L C Ky, we
can assume that K is connected. Although the action of K on V can be highly
ineffective, there exists a normal subgroup containing L acting almost effectively
and transitively on the sphere in V. In Table A we list the almost effective
transitive actions by connected Lie groups on spheres. The effective actions and
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the decomposition of p into irreducibles one can, e.g., find in [18], and from this
one easily derives the ineffective ones using representation theory.

Recall that the inclusion p C V is determined by the action fields of the action
of K on V. For each irreducible module we choose a vector X € p; and normalize
X such that L = {exp(fv) | 0 < 6 < 27} C K is a closed one-parameter group.
Furthermore, the integer a = |L N H| is the ineffective kernel of the action of L on
V and V is the sum of two-dimensional L invariant modules:

V=0 el - &l with (', =span{c(0), X}

and
L|gL1 = R(ab), L|% =1Id and L|g; = R(d.0).

with a, d] € Z, which we can assume to be positive.
We choose a basis e1, ez, -+ of V and the geodesics ¢(t) = tey.
We now discuss each transitive action, one at a time, using the numbering in

Table A.

1) K/H = SO(n+1)/SO(n) =S™

K acts by matrix multiplication z — Az on V = R™*! with orthonormal basis
€1,€a,...,ent1. We choose the geodesic such that ¢(t) = te; and let H be the
stabilizer group of ey, i.e., H = {diag(1, A) | A € SO(n)}.

As usual, we use the notation F;; for the skew symmetric matrix with non-
zero entries in the (4,) and (j,7) spot and biinvariant inner product Q(A, B) =
—tr(AB)/2. Then p = span{Eia,... Ei(,4+1)} and for the action fields we get
Ei = €;.

We choose the closed one-parameter group L = {exp(6F12) | 0 < 6 < 27} which
induces a rotation R(6) in the eq, ez plane. Thus

L= {exp(@Elg) | 0 S 0 S 27’(’},
El_l = {C(O),Elg} with a = 1, and 86 = {Elg, .. ~E1(n+1)}~

1"y K/H = Spin(n + 1) /Spin(n) = S™

Spin(n + 1) acts via the two-fold cover Spin(n + 1) — SO(n + 1) ineffectively
on V. Since L C SO(n + 1) is a generator in 7 (SO(n + 1)) ~ Zg, the lift of
L C SO(n +1) to Spin(n + 1) has twice its length. Thus, if E5 is the lift of E1o,
the one-parameter group L = {exp(#E12) | € R} induces a rotation R(26) in the
eg, e1 plane. Hence ¢/ ; = {¢(0), E19} with a = 2 and ¢} as before.

2) K/H =U(n+1)/U(n) = 2+

K acts by matrix multiplication z — Az on V = C"*! with orthonormal basis
€1,%€1, ..., Ent1, t€ny1. H is the stabilizer of ey, i.e., H = U(n) = {diag(1,A4) | A €
U(n)}. Besides E;;, we have the skew hermitian matrix ¢E;; (by abuse of notation).
We use the inner product Q(A, B) = —Re(tr(AB))/2, and hence p = po & py with
Po = R F with F = diag(z’, 0,... s 0)7 p1= SpaH{Elg, iElz, e 7E1(n+1)7 iEl(n—Q—l)}o
For the action fields we have F* =1ie; and Ej;, =e;, (B, =1ie;, 1 =2,...,n+ 1.

We need to choose two closed one-parameter subgroups, Ly = {exp(FE12) and
Ly = exp(6F) with 0 < 6 < 2.



L. VERDIANI, W. ZILLER

L, induces a rotation R(6) in the eq, e5 plane, and in the ieq, ies plane as well.
Thus
L1 = {exp(@Elg) | 0 S 0 S 27T}

we have ¢/ | = {¢(0), E12}, with a = 1, ¢} = {F,iE12}, with d} = 1, and ¢, =
{Elra iEh», r Z 3}

Next, Lo = {exp(0F) | 0 < 6 < 27} induces a rotation R(f) in the ey, ie; plane,
and as Id on the rest. Thus

Ly ={exp(6F) | 0 < 0 < 27},
¢, ={é0),F}, witha=1, and ¢y = {E,iE., r > 2}.

9) K/H = U(n + 1) /U(n);, = S?n+1

In this case U(n +1) acts as v — (det A)* Av for some integer k > 1, and hence
the stabilizer group of e; is H = SU(n) - S} with S}, = diag(z"*, zFF1, ..., zFF1).
Thus we have p = po @ p1 as in case 2), but now pg = R - F' with F' = diag((k +
1)i, ki, ..., ki) and hence F* = (k + 1)ie;.

The case of Ly = exp(#FE12) is as in the previous case, except that ¢} =
{(/(k + 1) F,iFra).

But now Ly = {exp(6F) | 0 < 0 < 27} acts as R((k + 1)) in the ey, ie; plane,
and R(k0) in the e,,ie, plane, r > 2. Hence

Ly ={exp(6F) | 0 <0 < 27},
1
0, = {5(0), mF} witha =k +1, and ¢, = {Ey,,iEy,},r > 2, with d. = k.

2"y K/H =U(Q)/Z; = S?+1

We list here separately the common case of K = U(1) acting on C as w — zFw
with stabilizer group Zj the k-th roots of unity. Here p = pg spanned by F = i
with F* = kiey. Thus ¢ = {¢(0), (1/k)F} with a = k.

3) K/H = SU(n + 1)/SU(n) = S2+1

Same action and basis as in case 2, with H = SU(n) = {diag(1, A4) | A € SU(n)}.
But now F = diag(ni, —i, ..., —4) and hence F* = nie;.

Thus the result for Ly = {exp(fE12) | 0 < 6 < 27} is as before, except that
6y = {F,iE»}.

Now Ly = {exp(0F') | 0 < 6§ < 27} induces a rotation R(nf) in the e, ie; plane,
and R(—6) in the eg, ieg plane, k > 2. Thus

Lo ={exp(6F) | 0 < 6 <27},

v, = {c'(()), %F} with a =n, and £, = {iEy,, By, },r > 2, with d. = 1.
1) K/H = Sp(n + 1) /Sp(n) = 54+
K acts by matrix multiplication £ — Az on V = H"*!, with orthonormal basis
€0, t€0, jeo, keo, . . . and H is the stabilizer of eq, i.e., H = {diag(1, A) | A € Sp(n)},
acting on p = SH @ H" as (s,x) — (s, Az). We have the basis of £ given by
E;j,1E;;,jE;;, kE;;, where, by abuse of notation, the last three are skew hermitian,
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and F; = diag(i,0,...,0), Fy = diag(4,0,...,0), F3 = diag(k,0,...,0). As before,
Q(A,B) = —Re(tr(AB))/2, and p = po & p1 with py = span(Fy, Fy, F3) and
p1 = span{Ey,,iF1,, jE1., kB, v = 2,...,n + 1}. For the action fields we have
F} =iey, FY = je1, F§ = key and Ef, = e5, iEf, = ies, jET,(c(1) = jes, kET, =
kes, s=2,...,n+ 1.

We need to consider four 1-parameter groups Ly = {exp(0E12) | 0 < 0 < 27},
Ly = exp(0Fy), L3 = exp(0Fz) and Ly = exp(0F3) with 0 < 6 < 2.

For L;, acting on V', we get:

Ly = {exp(0F12) |0 <0 < 27}

we have 6/_1 = {é(O),Elg}, with a = 1, f’l = {Fl,iElg}, 6/2 = {FQ,jElg}, Ké =
{Fg,kElg} with d; = 1, and 66 = {ElrviElT;jElTvkElrv r Z 3}

The one-parameter group Lo = exp(6F7) rotates the planes ej,ie; and jeq, keq
by R(#) and fixes all remaining vectors. Thus

L2 = {exp(GFl) | 0 S 0 S 27T},
¢, ={¢(0), F1} with a = 1, ¢} = {Fy, F3} with d} = 1, and
6 = {El’r‘)iEl’l‘ijl’m kElTa T 2 2}5

and similarly for Ls, Ly4.

5) K/H = Sp(n + 1) - Sp(1)/Sp(n) - ASp(1) = S4n+3

The slice is V = H"*! with basis ey, iey, jeiker,--- and (A,q) € K acting as
v — Avg~!. Here we are considering the effective action and thus K = Sp(n+1) x
Sp(1)/Zy with Zg = (—1d, —1). The stabilizer group of e; is H = Sp(n)ASp(1) =
{(diag(q, A),q) | A € Sp(n),q € Sp(1)} =~ Sp(n) xSp(1)/Zs acting on p = SHHH"
as (s, 1) — (gsq~ !, Axq™1). Again, p = po®p1 with pg = span(F, Fy, F3) and p; =
span{E1,, i E1p, jE1, kE1,r = 2,...,n+ 1}, but now Fy = (diag(4,0,...,0), —i),
Fy = (diag(j,0,...,0),—j), Fy = (diag(k,0,...,0),—k) with F} = 2ie;, Fj =
2‘].61,1*—1?;k = 2]@61.

We need to consider only two 1-parameter groups L = {(exp(6E12),1) | 0 <
6 <27} and Ly = {exp(0F1) | 0 < 0 < 27},

For L, = exp(6E12) we get:

L1 = {(exp(@Elg), ].) | 0 § 0 § 271'},
0 ={c(0), Ero} with a=1, ¢y ={3Fy,iE}, th={1Fs, jEs}, ts={LF; kEs)}
with d; =1 and 66 = {E1T7iE1T7jE1T; kElT, r> 3}
The one-parameter group Lo rotates the planes eq,ie; by R(260) and fixes all
remaining vectors, including F5, F3. Thus

Ly = {exp(0F1) | 0 < 6 < 27},

0 ={c(0), 3/}, with a = 2, and £ = {3 Fy, 2 F3, B, iByy, jE - KE,, 7> 2}
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5) K/H = Sp(n + 1) x Sp(1)/Sp(n) x ASp(1) = §*"*3

The action is as in the previous case, but now with an ineffective kernel Zy =
(=1Id,—1) € Sp(n + 1) x Sp(1). The decompositions and the integers though are
the same.

6) K/H = Sp(n + 1)U(1)/Sp(n)AU(1); = S*"+3

This case is similar to the previous one, but here K acts as v — Avz* on V =
H"+! with ineffective kernel {(Id, z) | 2¥ = 1}. Furthermore, H = Sp(n)AU(1);, =
{(diag(z*, A),2) | A € Sp(n),z € U()}. If I, = (diag(s,0,...,0),—ki), Iy =
(diag(j,0,...,0),0), F3 = (diag(k,0,...,0),0), then p = pg & p1 & po with pg =
span(Fy), p1 = span(Fy, F3), and po = span{ E1,.,iE1,, jE1,, kE1,.,r =2, -n+1}.
Furthermore, (4, z) € H acts on p as (s,z) — (zFs27F, Azz~1), where s € SH =
po®p1. Notice that H acts trivially on po and that F} = (k+1)ieq, Fy = jey, Fiy =
k’@l.

We need to consider the 1-parameter groups Ly = (exp(6FE12),1), La = exp(6F)
and L3 = exp(0F,). For L1 = exp(0E12), similarly to case 6), we get:

Ly = {(exp(0E12),1) | 0 < 0 < 2m};
we have ¢/, ={¢(0), E12}, with a = 1, £{ ={(1/(k+ 1)) F1,iE12}, 0, ={F», jE12},
Uy = {Fs5,kEo} with d). = 1 and ¢ = {E1,, iEv,, jEv, kB, T > 3}.
For Lo on the other hand, we have
Lo = {exp(6F1) | 0 < 0 < 27},
0 = {é0), 3 F1 } with a =k + 1,0) = {Fs, F>} with d} =k — 1 and
o ={Ew iE1, jE1, kB, > 2}

For L3 we have:
L3 = {exp(6Fz) | 0 < 0 < 27},
¢, ={¢0), Fy} with a = 1,0} = {F3, F3} with d} =1 and
66 = {Elr; iE1T7jE1T, kElT, T Z 2}
7) K/H = G2/SU(3) = S°
We regard Gy as the automorphism group of the Cayley numbers with basis
1,4,7,k,£,i¢, j¢, k. This embeds G naturally into SO(7) and its action is transitive
on S%. On the Lie algebra level, a skew symmetric matrix (a;;) € s0(7) belongs to
g2 iff
ags + ass + are = 0, a2 + aqa7 + ags = 0, a3 + apa + ar5 =0,
a14 + ar2 + aze =0, aip + az + azr =0, a16 + as2 + a13=0, a17 + a4 + as3=0.

Thus a basis for the Lie algebra go C s0(7) is given by

0 T1+x2 Yy1+yY2 x3+T4 Ys+uya Ts5 + Tg Ys + Yo
—(z1 + x2) 0 a1 —Ys Zs5 —Y3 T3
—(y1 +¥2) —o 0 Zg Ye —Iy —Ya
— (23 + 14) Ys —T 0 Qo Y1 -1
—(y3 +va) —T5 —Tg —Qa 0 T2 Y2
— (x5 + x6) Y3 T4 -1 — T 0 a1 + as
—(y5 + ¥s) —x3 Y4 1 —1y2  —(0q + ) 0
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The stabilizer group at ¢ is given by the complex linear automorphisms, which is
equal to SU(3). Thus its Lie algebra h is given by the constraints z; + z;41 =
yi +yi+1 = 0 for i = 1,3,5, and the complement p by

0 21 2y1 2x3 2y 2x5  2ys
—2r; 0 0 —ys x5 -—ys 3
-2y 0 0 Ts  Ys —T3 —Y3
—2r3 ys —x5 0 0 Y1 1
—2ys —wxs —w5 0 0 TN
—2r5 y3 w3 —y1 —x1 0 0
—2ys —w3 y3 z1 -—-y1 O 0

Since the action of Ady on p is irreducible, it is sufficient to consider only one
one-parameter group, and we choose F' = 2E15 — Ey7+ E56 € p with L = exp(6F).
It acts as a rotation in the eq4, e7 plane and es, eg plane at speed 1, and in the eq, ey
plane at speed 2, and as Id on e3.

Thus

L = {exp(F) | 0<0 <2r},
El—l Z{é(O), F} with a=2, A ={2E14+E‘27—E’367 2E17+E35—E24} with dll =1,
0y ={2F16+ Eo5+E34, 2E15— Eos— FE37} with d5=1, and
lo={2F13+Es57+Fy6.}

8) K/H = Spin(7)/G2 = S7

The embedding Spin(7) C SO(8), and hence the action of K on the slice, is
given by the spin representation. On the Lie algebra level we can describe this as
follows. A basis of go C s0(8) is given by the span of

Loy + Egg, Eog + Eug, Lag — EygEoz + Egr, Eor + E3g, E34 + Erg,
E3s + Eyr, B3y — Eug, Eor — Eus, Eoz + Esg, Eay — Es7, Eog + E3s,
Es¢ — Erg, 2 Eas — E3s + Eyr

and the complement p by the span of
B2 + Ese, E13+ Es7, B4+ Esg, E15 — Eug, E16 + Eas, Ei7 + E35, E1g + Eas.

Since the action of Ady on p is irreducible, we need to consider only one one-

parameter group and we choose L = {exp(6F) with F' = Ej5 + Es5¢. It acts as a

rotation in the e, es plane and es, eg plane at speed 1, and as Id on eg, ey, e7, es.
Thus

L ={exp(F)|0<0<2r},
¢, ={c(0), F} with a =1, £] = {Ei5 — Ess, E16+ Fas} with dj =1 and
ly = {E3+ Es7, E1a+ Ess, Ei7+ Es5, E1g + Eus}.
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9) K/H = Spin(9)/Spin(7) = S5

The embedding of H in K is given by the spin representation of Spin(7) in
Spin(8) followed by the (lift of) the standard block embedding of Spin(8) in Spin(9).
Let S;; be the standard basis of spin(9) under the isomorphism s0(9) ~ spin(9)
and denote by E; ; the standard basis of s0(16). Furthermore, Spin(9) acts on the
slice V' ~ R1!6 via the spin representation and one easily computes the image of

S;; in s0(16). We only need the basis of p = p;1 & ps.
The irreducible 7-dimensional module p; is spanned by

Zo
Zs3
Zy
Zs

ZGZ
Z7I

Zg

: = —S78 + Sio + S34 + Ss¢
1= S + 513 — S24 + Ss7
1= Ss58 + S14 + S23 — Ser
i = —84g + S5 — Sa26 — S37
—S38 + S16 + Sa5 + Sar
Sag + S17 + S35 — Sae
1= 518 — So7 + S36 + Sas

=2F1 8+ FEg 16 — F10,15 + E11,14 + E12.13

and the irreducible 8-dimensional module ps is spanned by S; g

If@l,..

S19 =

Sa9
S39

Sag =

Ss9
Seo

Srg =

Sgg

1,...,8.

For the smoothness conditions we need to choose two one-parameter groups.

(Er9+ Ez10+ E311+ Es12 + Es13 + Eg 14 + E715 + Es 16),
(Er10 — E29 — E3 12+ Es11 — Es 14+ Eg 13 + E7 16 — Es 15),
(Bva1+ Espo — Esg — Ego — Es 5 — Eg 16 + Er13 + Es 14),
(Er2 — E211 + Es.10 — Es9 — Es16 + Eo,15 — E714 + Eg 13),
( )
( )
( )
( )

&

1,13 + Eo 14 + E315 + E416 — E5,9 — Fg,10 — E711 — Eg12),
E114— E3 13+ Es16 — Ea15 + Es5.10 — Es,0 + E712 — Eg 11),
Ei15 — Eo16 — E313 + By 14 + E511 — Eg12 — E79 + Eg10),
Ei16+ E215 — E314 — Es13 + Es5.12 + Eg.11 — E7.10 — Eg9).

[T ST ST ST ST ST T ST ST

., e16 is a basis of the slice, then ZF =e;, i =2,...,8and Sjy = e;jyg, i =

For L, = exp(6Z3) we obtain

él—l = {C(O),ZQ} with a = 2, é; = {Si,g, SH_LQ}, i = 1,3,5,7 with d; = 1 for

Ly ={exp(0Z) | 0 <0 < 27},

i=1,3,5,d; =—1and ¢; ={Zs,..., Zg}.
In ¢, we should reverse the order of the basis so that df = 1.
For Ly = exp(6S19) we have

L2 = {exp(@Slg) | 0 S 0 S 27T},

El_l == {C(O),Slg} with a = 1, E; == {ZhSi’g}, 1= 2, .. .,8 with d; =1.

=2E1 2+ E9 10 + E11,12 + Ei3,14 — E15,16,
=2E1 3+ E9 11 — F1o,12 + E13,15 + E14,16,
=2F1 4+ Eg 12 + E10,11 + E1316 — E14,15,
=2F15+ E9.13 — 10,14 — F11,15 — E12,16,
=2FE16 + E9,14 + F10,13 — E11,16 + F12,15,
=2E1 7+ Eg.15 + F19,16 + E11,13 — E12,14,
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7. Tables

TABLE A. Almost effective transitive actions on spheres

| K | H | e | dimp |

1 SO(n+1) SO(n) p1 n

1 Spin(n + 1) Spin(n) p1 n

2 Un+1) U(n) po + b1 1, 2n
2/ U(n+1) U(n)k po + p1 1, 2n
3 SU(n+1) SU(n) po + p1 1, 2n
4 Sp(n 4+ 1) Sp(n) po + p1 3, 4n
5| Sp(n+1)-Sp(1) | Sp(n)ASp(1) p1+ po 3, 4n
5 | Sp(n+1) x Sp(1) | Sp(n) x ASp(1) p1+p2 3, 4n
6 | Sp(n+1)-U(1) Sp(n)AU() | po+p1+p2 | 1,2, 4n
6" | Sp(n+1)xU(1) | Sp(n)AU)r | po+p1+p2 | 1,2 4n
7 Go SU(3) P 6

8 Spin(7) Go P1 7

9 Spin(9) Spin(7) p1+ P2 8,7

TABLE B. Smoothness Conditions I for G invariant metrics or symmetric 2 x 2 tensors

mm) | ‘ 0
lo #(t?) ) 14/ (t?)
hii + hog = t15=&1/ag, (12)]
911 + g22 = P1(t?) By — hoo — tlditdil/ag. (42
, d; 2 N 11 — hoo = $1(t%)
Ez t /a¢(t ) g11 7g222d: t2d1/2¢2(t2) h12 _ h/21 — tldi’_djl/a(bl (t2)7
g1z = t24/0¢3 (%) hig + hgy = tlditdil/ag, (42)
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TABLE C. Smoothness Conditions II for G invariant metrics

(p,m) Loy 4
Uy | o) 125/ 6(t)
l t3(t?) ttdi/ap(t?)

hii + hoa = tbt‘d%d]“/aéﬁl(ﬁ)a
hii — hga = tt‘dﬁd"l/a@(tz)
, T bgldi—dj/a b (42

tdifag(s2) | Tz = hoy = 711% % o3(t?),
B(t%) hg + hat = £ 191 /ag, (12)

b=3ifd;=d;,and b=11if d; # d;

/o

TABLE D. Smoothness Conditions II for a G invariant symmetric 2 X 2 tensor T'

pom) | b b
T(e,Yy) +T(X*, Y*) =t/ (t),
/ T(¢,Y]) = T(X*,Yy) = %1%/ gy (1)
- EO) | 76 v3) - T(X* V) = t99/96,(12),
T(¢,Y5) + T(X*,Y{) = t3t/26,(2)
A to(t?) Lt/ (t?)

Tiy + Tap = ttl%i—dil/ag,

, Tiy — Ty = ttl%itdil/ag, (¢2
! d;/a 2
! Lt/ g(t*) T — Ty = ttldi—dil/ag, (s
(

Tig + Toy = tt!%i+ds ‘/a¢4 t2

b

— — — —

In Table D recall that ¢ | = {¢, X} and ¢; = {Y1,Y5}.
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