ON THE GEOMETRY OF NILPOTENT ORBITS

WILFRIED SCHMID AND KARI VILONEN

1. Introduction.

In this paper we describe certain geometric features of nilpotent orbits in a real
semisimple Lie algebra gg. Our tools are Ness’ moment map [N] and the proof of
the Hodge-theoretic SLg-orbit theorem [S,CKS]; our aim is a better understanding
of the Kostant-Sekiguchi correspondence [Se].

Let us recall the nature of the correspondence. We choose a Cartan decompo-
sition ggr = g @ pr, which we complexify to g = ¢ @ p. Four groups will be of
interest: the automorphism group G = Aut(g)?, the real form Gr = Aut(gr)°, the
connected subgroup K with Lie algebra ¢, and Kr = Gr N K, which is maximal
compact in both Gg and K. Sekiguchi [Se|] and Kostant (unpublished) establish
a bijection between the set of nilpotent Ggr-orbits in gr on the one hand and, on
the other hand, the set of nilpotent K-orbits in p — this is the Kostant-Sekiguchi
correspondence.

Our proof [SV2] of a representation theoretic conjecture of Barbasch and Vo-
gan depends on a particular geometric description of the correspondence. In very
rough terms, our version of the correspondence amounts to an explicit (but subtle)
deformation of any nilpotent K-orbit in p into the Ggr-orbit that it corresponds to.
Earlier [SV2] we had reduced this result — theorem 7.22 below — to certain geo-
metric statements about nilpotent orbits. These statements — lemmas 8.5 and 8.10
— are proved in the final section of this paper. Along the way, we obtain several
results on nilpotent orbits that look interesting in their own right. What we do
has implications for Kronheimer’s instanton flow [Kr|: the flow is real analytic at
infinity, with a power series expansion that we describe recursively.

To give some idea of our methods, we consider a nilpotent Gg-orbit O in ggr —{0}.
Ness’ moment map [N] is a real analytic, Kg-invariant map m : S(O) — pg; here
S(O) ~ R\ O denotes the set of unit vectors in 0. The square norm ||m/||? assumes
its minimum value exactly along a Kg-orbit in S(O), which we call the core of O,
and denote by C(O). Each point of the core determines, and is determined by, an
embedding of s[(2, R) — gg, compatibly with the Cartan involutions. This fact —in
effect, a refined version of the Jacobson-Morozov theorem — is a crucial ingredient of
Sekiguchi’s description of his correspondence. The core contains much information
about the orbit; for example, O is Kr-equivariantly and real analytically isomorphic
to Tc(0)O, the normal bundle of the core.
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The properties of nilpotent Gr orbits we mentioned so far all carry over to
nilpotent orbits attached to involutions: if Hg C Gp is the fixed point group of
an involutive automorphism o : Gg — Gg, then Hg acts on the nilpotents in the
(—1)-eigenspace of o on gg. Orbits of this type have cores, which again can be
characterized as the set of minima of ||m|?, and orbits in this setting are again
isomorphic to the normal bundles along their cores. Since K is the group of fixed
points of the Cartan involution, this discussion applies to nilpotent K-orbits in
p. The core of any such orbit O, corresponds to a Kgr-orbit of Cartan-compatible
embeddings of s[(2,R) into gg, just as in the case of a nilpotent Gg-orbit. Orbits
of the two types are Sekiguchi-related precisely when their cores coincide via the
description of cores in terms of embeddings of sl(2,R) into gg. This shows, in
particular, that the cores of any two Sekiguchi-related orbits are Kgr-equivariantly,
real analytically isomorphic.

Not only are the cores of Sekiguchi-related orbits isomorphic, but also their nor-
mal bundles. We show this by giving a description, inspired by the nilpotent orbit
theorem [CKS,S], of the fibers of the normal bundles, in terms of Cartan-compatible
linear maps s[(2,R) — gg. Since the orbits are isomorphic to the normal bundles of
the cores, we thus get Kr-equivariant, real analytic isomorphisms between related
orbits. The existence of isomorphisms of this type had been deduced earlier from
Kronheimer’s results [Kr] by Vergne [Ve].

The description of the normal bundles, in conjunction with arguments in [CKS,S],
leads to our refinements of Kronheimer’s results. We recall those results in §3, and
state and prove the refinements in §5. Neither the logic nor the exposition of the
proof of our version of the Kostant-Sekiguchi correspondence depends on these two
sections.

We wish to thank David Vogan for informative discussions. In particular, he
alerted us to the fact that the isomorphism between a nilpotent orbit and the normal
bundle of its core is a particular instance of a general property of homogeneous
spaces of reductive Lie groups.

2. Nilpotent orbits and the moment map.

We consider a real semisimple Lie algebra gr, and let Gr denote the identity
component of Aut(ggr). Further notation: Kg C Gg is a maximal compact sub-

group,
(2.1) gr = R ®Pr

is the Cartan decomposition, and 6 : gg — gr the Cartan involution. We define
the inner product

(2.2) (C1,¢2) = —B(C1,0¢) (¢1,¢2 €or)

in terms of the Killing form B. It is positive definite and Kg-invariant. We use
the term “Killing form” loosely: a Ggr-invariant symmetric bilinear form which is
negative definite on .

Ness [N] has defined a moment map for linear group actions. In our situation,
it is a Kgr-invariant, real algebraic map

(2:3) m:gr —{0} — pr,
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described implicitly by the equation

1 d
(2.4 (m(©) = 5z (5 I Adexplanc]? )
2(|¢l[* \dt
As 7 runs over gg in this equation, m(¢) becomes determined as vector in gg. But
the inner product is Kg-invariant, hence m(¢) does lie in pg. The Kg-invariance
also implies

(2.5) m(Ad(k)¢) = Ad(k)(m(C)) (ke Kr),

t=0

i.e., the map m is Kg-equivariant. To get an explicit formula for m(¢), we calculate:

%<%||Adexp(tn)(||2) = ([naC]aC) = _B([naC]aHC)

t=0
= _B(na [Caed) = B(na0[<70<]) = _(777 KvoC]) = _(Kvedan)v

for every test vector n € gr, hence

(2.6)

[6,6¢]
I

The moment map is invariant under scaling, hence descends to the projectivized
Lie algebra P(gr). For our purposes, it is preferable to work on

(2.8a) S(gr) = R"\(gr — {0}),
the universal (two-fold) cover of P(gr) = R*\(gr — {0}). Note that

(2.8b) Slogr) = {¢egr|lCP=1};

however, to see the action of Gg, one must think in terms of the description (2.8a)
of S(gr).

For our next statement, we fix a particular nilpotent Gg-orbit O C gg — {0}. By
Jacobson-Morozov, any ¢ € O can be embedded in an essentially unique sla-triple.
In other words, there exist 7, (_ in ggr such that

(29) [7-7 C] =2¢, [Tv C—] =—-2¢_, [Ca C—] =T,

T is unique up to conjugacy by the centralizer of ( in Gg, and (_ becomes unique
once T has been chosen. In particular, the orbit O determines 7 up to Gg-conjugacy.
Thus, when we re-scale B by requiring

(2.7) m(() =

(2.10) B(r,7) = 2,

the normalization depends on the orbit O, not on the particular choice of (. By
construction, the re-scaled B restricts to the linear span of (,(_, 7 as the trace form
of s[(2,R), to which this linear span is isomorphic. The one parameter subgroup of
Gr generated by 7 normalizes ¢ and acts on it via RT. This establishes the well-
known fact that nilpotent orbits are invariant under scaling by positive numbers.
The action of Kk on the nilpotent orbit @ commutes with scaling, so the product
group Kg x R* acts on O.
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2.11 Lemma. A point ¢ € O is a critical point of the function ¢ — [|m(¢)|* if
and only if there exists a real number a, a < 0, such that

[[¢,6¢1,¢] = a¢ and [[¢,0¢],0¢] = —abC.

The set of critical points is non-empty and consists of a single Kg x R*-orbit. The
function ||m||? on O assumes its minimum value exactly on the critical set.

Proof. Most of the assertions of the lemma follow readily from an adaptation of
[N, theorems 6.1, 6.2] to the case of real group actions [Ma]. It is also possible to
argue directly in our particular situation, as follows. To begin with, ¢ is a critical
point if and only if ad(m)(¢) normalizes the line R(; this comes down to a short
calculation, as in the proof of [N, theorem 6.1]. Hence ( is a critical point if and
only if

(2.12a) [[¢,6¢],¢] = a(

for some a € R. Applying 6 to both sides, we find

(2.12b) [[¢,0¢],0¢] = —ab(.

Next we argue that (2.12a), plus the nilpotency of ¢, forces a < 0. Indeed, [¢,6(]
lies in the (-1)-eigenspace of 6, i.e., in pr, on which B is positive definite. Thus

all¢ll* = —B([[¢.6¢).¢).6¢) = —B([¢.6¢),[¢.6¢])) = ¢, 6¢)* < 0.

Equality cannot hold: write { = (3 + (& with (; € tg, (2 € pg; [¢,0(] = 0 implies
[¢1,¢2] = 0; both summands are semisimple, making ¢ simultaneously semisimple
and nilpotent — impossible, since @ # {0} by assumption. This gives the first
assertion of the lemma. Continuing with the assumption that ( is a critical point,
we rescale ¢ by a positive multiple to make a = —2. Then, if we set 7 = —[(, (] and
(_ = —0¢, the triple {,7,(_ is a strictly normal S-triple in the sense of Sekiguchi
[Se]. The set of all ¢ € O which can be embedded into a strictly normal S-triple
consists of exactly one Kg-orbit [Se]. Thus, as claimed, the critical set in O is
non-empty, and Kg x RT acts transitively on it. The moment map (2.4) extends
naturally to the complexification O¢ of O — i.e., the orbit of Aut(g)? in g = C®g gr
passing through O. Any critical point of ||m||? : O — R remains critical for the
function [|m||? on Oc. According to [N,theorem 6.2], the set of critical points of
[[m||? : Oc — R coincides with the set of minima of ||m||> on O¢. We conclude
that all critical points of |[m||? on O are minima, as asserts by the lemma.

Let us rephrase the lemma in slightly different terms. Since RT acts on the
nilpotent orbit O, we can define

(2.13) S(0) = RO = {¢eO][¢|*=1}
in analogy to (2.8). We shall call

(2.14) C(0) = {¢€S(0) | is a critical point for ||m|*}
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the core of O. The core becomes a submanifold of O when we identify S(O) with
the set of unit vectors in O: in analogy to (2.8b),

(2.15) C(0) is the set of all critical points in O of unit length.

According to lemma 2.11,
a) C(O) is non-empty,

(2.16) b) Kpg acts transitively on C(Q), and
c) RT.C(0) is the critical set in O.

The simplest example of a pair (gr, tr) satisfying our hypotheses is (s1(2,R), s0(2)).
To simplify the notation, we set

sg = sl(2,R), with Cartan involution

(2.17a) 0o s — 5. 6.C) = —'c.

The three elements

(2.17b) e = (8 é) f= (? 8) h= (é —01>

constitute a basis of sg and satisfy the relations

[hve] = 2e, [haf] = —2f, [evf] = h,

(2.17c) 0u(c) = —f, Osh) = —h.

Although we are interested primarily in real Lie algebras, it is useful for certain
purposes to complexify. We write Mor(s, g) for the set of non-zero Lie algebra
homomorphisms from s = s[(2,C) to the complexification g = C ®g gr of gr, and
define

Mor®(s,g) = {® € Mor(s, g) | ® is defined over R},
(2.18) Mor?(s,g) = {® € Mor(s,g) |fo® =P ob, },
Mor®™?(s,g) = Mor®(s,g) N Mor?(s, g).
Note that Mor® (s, g) is naturally isomorphic to Mor(sg, gr), the set of non-trivial

morphisms between the real Lie algebras sg, gr. The group Ky acts on Mor™ (s,9)
through the adjoint action on gr: (k®)(¢) =det Ad k(P(()).

2.19 Lemma. The map ® — ®(e) establishes a Kr-equivariant isomorphism

{® € Mor™(s,g) | B(e) €O} = C(O).

Proof. Note that any ¢ € Morﬂw(s7 g) is uniquely determined by its value on e —
cf. (2.17¢c). If ¢ = ®(e) lies in the orbit O, it is a critical point, as follows from
lemma 2.11, coupled with the relations (2.17¢); any such ¢ has unit length since
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the normalization (2.10) of the Killing form makes ® an isometry, relative to the
trace form on sg. This makes the map ® — ®(e) well defined and injective. It is
surjective because a = —2 in the proof of lemma (2.11) if and only if ||(|| = 1; in
that case, the triple ¢, (_, 7 defined in that proof satisfy the same relations (2.17c)
as e, f, h. The equivariance, finally, is obvious from the definition of the action.

Lemma 2.19, together with 2.16, formally implies a statement that appears, in
different language, in [Se]: the set of nilpotent Gg-orbit in gg — {0} corresponds
bijectively to the set of Kg-orbits in Mor]R’e(s7 g).

The inner product (2.2), normalized as in (2.10), determines a Kg-invariant Rie-
mannian metric on S(ggr). We use this metric to give meaning to the gradient vector
field V||m||* on S(gr). Note that gr acts on S(ggr) by infinitesimal translation. For
7 € gr, £(n) shall denote the vector field corresponding to 7. A simple calculation
shows

(2.20) (VIim[*)le = 26(m(Q))

[N]. In particular, the gradient vector field — both on O and on S(O) — is tangential
to Gr-orbits.

2.21 Proposition. The function ||m||? : S(O) — R is Bott-Morse. It assumes its
minimum value on the core C(O), and has no other critical points. Its gradient
flow establishes a natural Kr-equivariant real analytic map from S(O) to the core
C(O) which exhibits C'(O) as a strong deformation retract of S(O).

The normalization (2.10) specifies the value of ||m||? on C(O) as 2. Thus we can
conclude:

2.22 Corollary. The family of open sets {n € S(O) | |m||*(n) < 2+¢}, e >0,
forms a neighborhood basis of C(O) .

Since S(O) = R*\O, we can combine the retraction S(O)— C(O) with R*— {1}
to construct a retraction of O:

2.23 Corollary. There exists a Kr-equivariant, real analytic, strong deformation
retraction O — C(O).

Proof of proposition 2.21. Recall the notion of a Bott-Morse function: the critical
set is a compact manifold, and the Hessian descends to a non-degenerate bilinear
form on the normal bundle. Lemma 2.11 implies that ||m/||? assumes its minimum
along C'(O) and has no critical points outside of C'(O), which is surely smooth and
compact. Ness [N, theorem 6.2] points out that the non-degeneracy is a general
property of moment maps attached to linear actions of semisimple groups. This
establishes all but the final assertion. For the last assertion, let us consider the
unstable set of the gradient flow of ||m||? associated to C(O), i.e., the union of
the integral curves of V||m||? emanating from C(Q). Because the function ||m||? is
Bott-Morse, this set is a manifold. We shall show:

the unstable set of the gradient flow associated

2.24
(224) to the critical set C(O) consists of all of S(O).
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The existence of a retraction from S(O) to C(O) will then follow. To establish
(2.24), we may work on P(O) = {+1}\S(O). This allows us to complexify the
situation, replacing P(gr) by P(g), the projectivization of the complexified Lie
algebra g, and correspondingly P(O) by P(Oc), the appropriate orbit of G =
Auto(g). The inner product on ggr extends to a hermitian inner product on g, which
is preserved by Ug, the unique maximal compact subgroup of G which contains Kg.
The definition (2.4) of the moment map carries over to the complexified setting,
where it agrees with the usual (symplectic) moment map associated to the action of
Ur on P(g) [N]. According to Kirwan [Ki, theorem 6.18], the stratification defined
by the gradient flow on P(g) is G-invariant. In particular, it is Gg-invariant. Since
the gradient flow on P(ggr) is tangential to the Gg-orbits, we can deduce that the
stratification of P(gg) defined by the gradient flow is Gg-invariant.

The assertion of corollary 2.23 can be strengthened considerably: the orbit O
is isomorphic to the normal bundle of its core C(0O). David Vogan pointed out to
us that this is a particular instance of a general fact about homogeneous spaces
of semisimple Lie groups. Mostow [Mo, theorem 5] proved that any quotient of a
semisimple group by a semisimple subgroup fibers equivariantly over an orbit of a
maximal compact subgroup, with Euclidean fibers; the fibers are then necessarily
the fibers of the normal bundle. The analogous statement in general case, i.e.,
for the quotient of a semisimple group by a closed subgroup, can be reduced to
Mostow’s theorem. Below we shall sketch the argument for nilpotent orbits, since
we know of no statement in the literature that would imply it.

2.25 Proposition. There exists a Kg-equivariant, real analytic isomorphism O =
TC(O)O.

Proof. We fix a point ®(e) € C(O) and use ® € Mor™(s, g) to identify s with a
subalgebra of g. In particular, e, f, h now all lie in gg, the Cartan involution maps
e to —f and h to —h, and e lies in C(O). We define

mgr = centralizer of h in ggr,

ng = direct sum of all eigenspaces of adh in gg
(2.26) corresponding to strictly positive eigenvalues,

My = centralizer of h in Gg,

N]R = eXpnR.

Then mg @ ng C gr is a parabolic subalgebra and Mg - Ng (semi-direct product)
the corresponding parabolic subgroup of Ggr. Since h € pr, the Cartan involution
fixes mg, Kr N Mg is maximal compact in Mg, and

(2.27) Gr ~ Kr Xganmz (Mg - Ng) (fiber product) .

The symbol (Ggr). shall denote the centralizer of e in Gg, with the analogous
convention applying also to subgroups of Gr and subalgebras of gr. We claim:
a) (Gr)e = (Mr)e- (Nr)e, and

(2.28) b) (Nr)e = exp((ng)e).
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To see this, we suppose that Adg(e) = e, and express g using the decomposition
(2.27) of Gr and the Cartan decomposition of Mg :

(2.29) Ad(k exp& expn)e = e, with k€ Kg, £ €mpNpr, n € ng.
Then é =qot Ad(exp& expn)e = Ad(k~1e lies in C(O). Because of (2.19),

the triple €, f = —0¢, h = [¢, f] saitisfies the same commutation relations as the
triple e, f, h. In particular, [[¢, f], f] = —2f. Conjugating by the inverse of
O(exp & expn) = exp(—¢&) exp(fn), we find

(230) [[Ad(eXP(_en) exp(2§) eXPn)ea f]7 f] = _2f = [[67 f]7 f] .

(From the definition of ng, one finds that Ad(expn)—1g, raises h-weights. Similarly,
Ad(—fexpn) — 1g, lowers weights, and Ad(exp&) acts semisimply with strictly
positive eigenvalues, while preserving weights. We conclude: either exp n commutes
with e, or else
Ad(exp(—0n) exp(2§) expn)e = 32,

is a linear combination of weight vectors (p, with (x # 0 for at least one weight
k > 2. This latter possibility is incompatible with the identity (2.30): in any finite
dimensional representation of s, f2 lowers weights exactly by four and is injective
on all weight spaces corresponding to weights k > 2. Conclusion: expn € (Ng)e.
Arguing analogously, we find that Adexp(2§)e = e, and even Ad(exp&)e = e
because of the nature of the action of Ad(exp¢). Now, in view of (2.29), k must
also commute with e. Any element of Kg that commutes with e must commute
with f = —fe, hence with h = [e, f]. This puts kexp¢ into (Mg)., as asserted by
(2.28a). Finally, if expn, with 1 € ng, centralizes e, then so do n = log(expn) and
the one parameter group generated by 7. This implies (2.28b).

The centralizers of e in Kg and Mg commute with all of s. In the case of Kg,
we just gave the argument; for Mg it follows from the observation that any two
members of an slo-triple — in our case, e and h — determine the third. For emphasis,

(2.31) (Kr)e = (Kr)s, (Mg)e = (Mg)s.

In particular, (Kgr). and (Mg). normalize both ng and (ng).. We can choose a
linear complement cg to (ng). in ng, which is (Kg).-invariant and (Mg).-invariant:
we decompose gr sgr-isotypically; in the isotypic subspace of highest weight r, we
take the sum of all eigenspaces corresponding to eigenvalues strictly between 0 and

r; then cg, the sum of all of these spaces for » > 0, has the required properties.
Since ng = g @ (nr) (direct sum of vector spaces),

(2.32) g X (ng)e — Ng, ((,n) — exp(-expn,

is a (KR)c-invariant, (Mg)-invariant, real analytic isomorphism. Indeed, the dif-
feomorphism statement can be reduced to an assertion about nilpotent matrix
groups, which can be verified using Engel’s theorem; the invariance properties are
a consequence of the particular choice of cg. Because of (2.27-28) and (2.31-32),

Gr ~ Kr Xgpnmy (Mg - Ngr)
Kr X KpnMy MR X (01), (MR)s X e X (NR)e)
Kr X ynmy (Mr X tR) X0y, (MRr)s X (NR)e)

= Kr Xrpnmz (Mr X R) X (0, (GR)e 5

R

(2.33)

1
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as real analytic manifold with left Kg- and right (Gr).-action; here (Mg)s acts on
Mg by right translation and on cg by conjugation. According to [Mo,theorem 5],
there exists an isomorphism

(2.34) Mp ~ (KR n MR) X (Kg)e (p]R Nmg N (mR)j) X (MR)g

of real analytic manifolds with left (Kr N Mg)- and right (Mg)s-action. Mostow
states his decomposition theorem for connected, semisimple groups; the extension
to our situation is straightforward. In the decomposition (2.34), (Mgr)s and (KRr)s
act on pg Nmg N (mg); by conjugation. We conclude:

(2.35) O ~ GR/(GR)e ~ Kgr X (Kg)e ((pR Amg N (mR)j‘) (&) C]R) .

This is equivalent to the statement of the proposition.

3. The instanton flow.

In the previous section, we described a flow on a nilpotent orbit O which retracts
the orbit to its core. Kronheimer has constructed a different flow, which also
retracts the nilpotent orbit to its core [Kr]. Let us describe his construction in
slightly different language.

We continue with the notation and hypotheses of §2. While we are interested
in a nilpotent orbit O of the real group Ggr in the real Lie algebra ggr, we will
work also with the complexified group G, the complexified Lie algebra g, and the
complexification s = s[(2,C) of sg = s[(2,R). In analogy to (2.18), we define

Hom(s,g) = vector space of C-linear maps ® : s — g,
Hom®(s,g) = {® € Hom(s, g) |  is defined over R},
Hom’(s,g) = {® € Hom(s,g) |#o® =P ob,},
Hom™’(s,g) = Hom®(s,g) N Hom’(s, g).

(3.1)

The Lie bracket can be viewed as a G-equivariant linear map A%g — g. In the
case of s, this is an isomorphism for dimension reasons, hence can be inverted to
an SL(2,C)-equivariant linear map s — A%s. Combining the two maps, we get a
symmetric bilinear pairing

(3.2a) Q@ : Hom(s,g) ® Hom(s,g) — Hom(s,g),

which is uniquely characterized by the equation
1
(3:2b) Q&1 P2)[u, 0] = 5 ([@1(u), P2(v)] = [P1(v), 22(w)])  (w,w€s).
Note that
(3.3) Q(P,P) = & < & e Mor(s,g);

here, as in the previous section, Mor(s, g) denotes the set of Lie algebra homomor-
phisms. The pairing is defined over R, i.e.,

(3.4) Q : Hom®(s, g) ® Hom"(s,g) — Hom"(s,g),
and it is compatible with the Cartan involutions, in the sense that
(3.5) Q : Hom’(s,g) ® Hom’(s,g) — Hom’(s, g).

These properties are immediate consequences of (3.2b).
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3.6 Notation. M is the set of C*®-maps @ : (0, 00) — Hom™’ (s, g) satisfying the
three conditions

a) {01 = —QE(1), 2(1)),

b) ® extends continuously to [0, 00),

¢) limy_ o (t®(t)) exists and lies in Mor™? (s, g) .

For ®y € Mor™?(s, g), we set M(®g) = {® € M | limy_(t®(t)) = $o } . IFC(O)
is the core of a nilpotent Gg-orbit O C gr, M(C(O)) will denote the union of the

M(®g) corresponding to morphisms ®y whose image ®q(e) under the isomorphism
(2.19) lies in C(O).
The conditions b),c) in this definition can be restated in equivalent, but seemingly

weaker form — see below.

3.7 Theorem. (Kronheimer, [Kr]) The space M has a natural structure of C*
manifold. Via the map ®(-) — ®(0)(e), this manifold is Kgr-equivariantly diffeo-
morphic to the nilpotent orbit O .

Strictly speaking, Kronheimer states this result for complex groups. Vergne [Ve]
observed that the statement about real groups formally follows from the result
about complex groups by restriction. Kronheimer deduces the manifold structure
from general properties of moduli spaces for instantons. The manifold structure
also becomes apparent from our results in §5.

To make the transition to Kronheimer’s formulation, we attach to each ® € M
a triple of gr-valued functions by evaluating ®(¢) on the triple (2.17b),

(3.8a) E(t) = @(t)(e), F() = ®)(f), H(t) = 2()(h).

This triple completely determines the function ®. The requirement that the values
®(t) be compatible with the Cartan involution translates into the condition

(3.8b) F(t) = —0B(t), H(t) = —0H(t).

Let us transcribe the conditions a),b),c) in the definition 3.6. The differential
equation (3.6a) becomes

(3.92) 2E'(t) = —[H(t),E(t)], 2F'(t) = [H(t),F(t)],

the first of these follows from Q(®,®)(e) = $Q(®,®)[h,e] = $[®(h), ®(e)], and
similarly for the others. Next,

(3.9b) E(t), F(t),H(t) extend continuously to [0,00),
and finally,

the limits Ey = tlim (tE(t)), Fo = tlim (tF(t)), Ho = tlim (tH(t))

3.9¢c
( ) exist and satisfy 2E0 = [Ho,Eo], 2F0 = —[Ho,Fo], HO = [Eo,Fo] .
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In terms of the triple, the map ® — ®(0)(e) reduces to evaluating F(t) at zero.
Kronheimer, who works in the context of complex nilpotent orbits, uses a triple
of g-valued functions corresponding to a different basis of 5. Also, he uses the
coordinate * = —logt on R, which gives a slightly different appearance to the
differential equation (3.9a) and the “evaluations” E(t) ~ Ey and E(t) ~ E(0).
The gg-valued function $H (t) is the logarithmic derivative of a C* function g(t)
with values in Gg — in other words, 2g(t)~'¢/(t) = H(t). Since

%(Adg(t)(E(t))) = Adg(t) (l9()™"g' (1), EW)] + E'(t)) =
Adg(t) ([3H(), E(t)] + E'(t)) = 0,

the curve E(t), for 0 < ¢ < oo, stays inside a nilpotent Gg-orbit 0. The fact
that F(0) and Ey = lim; .o (tE(t)) lie in the same orbit O is a consequence of
Kronheimer’s theorem. Because of (3.8b) and (3.9¢c) — equivalently, because ®
belongs to Mor™?(s, g) — Ej lies in the core C(O). In particular, then, E(0) — Eq
exhibits C(Q) as the strong deformation retract of O. Via the isomorphism (3.7),

(3.11a) C(0) = { By € Mor™(s,g) | Do(e) € O}
R,@(

(3.10)

corresponds to the Hom
(3.11b) t = () =ger Po(14+1)71,

which satisfies the differential equation (3.6a) and takes the value ®q at t = 0.
There are two simple operations on M(®) as defined in (3.6): for a € R

s, g)-valued functions

(3.12) {t—®(t)} — {t+ aP(at) },
which corresponds to scaling on O under the isomorphism (3.7), and
(3.13) {t— o)} — {t—a®(a(t+1)-1)},

1 < a < oo, which induces the homotopy between the identity map 1o and the
retraction O — C(O); note that (3.13) does act trivially on the functions (3.11b).

The instanton flow is a flow in Hom™?(s, g), the gradient flow of the function
® — ||| on Hom™ (s, g) [Kr]. Via the isomorphism M(O) = O, it corresponds
to the retraction (3.13), which is not a gradient flow of a function on O or S(0O),
nor even the flow of a (time independent!) vector field. Curiously, the retraction is
induced by a vector field on certain submanifolds of nilpotent orbits, namely those
which arise from variations of Hodge structure [S].

The functions ®(-) € M are real analytic: for any tg € (0,00), the coefficients
of the Taylor series of ®(t) at t = ¢ are polynomials in ®(¢y) by repeated differ-
entiation of the equation (3.6a), and the radius of convergence of this Taylor series
can be bounded from below by a uniform multiple of ||®(¢p)||~*. In particular, the
condition (3.6b) can be replaced by the formally weaker condition

(3.14) [[®(t)]| is bounded on (0, 0),
as long as the remaining conditions are maintained. It implies the stronger condition
(3.15) |®(¢)|| extends real analytically to [0, 00).

In §5 we shall show that the ®(t) are real analytic even at infinity, as functions of
the variable ¢~ 2.
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4. The normal bundle of the core.

The core C(O) of a nilpotent Gr-orbit O C gg is a Kg-orbit. This fact gives the
normal bundle T(0)O the structure of Kr-homogenous vector bundle. As such, it
is associated to the representation of

(4.1) (Kr)¢ = isotropy subgroup at ¢,
for any particular ¢ € C(0O), on the quotient

(4.2) (¢, or]/[C, tr] = (T (0)O)c -

In this section, we shall construct a (Kr)¢-invariant linear complement to [¢, tg] in
[¢, gr]. We shall need this construction in subsequent sections.

We identify the base point ¢ with the morphism ®g € 1\/[01"R’9(57 g) which corre-
sponds to ¢ via the isomorphism (2.19). To simplify the discussion, we use ®q to
identify sg with a subalgebra of gg. This physically puts the generators (2.17) into
gr, with ( = e. For emphasis,

(43) evahegRa 6:(, oez_fa Oh = —h.
Since e = ¢ and fe = — f generate s,
(4.4) (Kr)¢ centralizes s.

The commutation relations of the triple e, f, h imply that h acts semisimply with
integral eigenvalues in any finite dimensional representation of s. Irreducible fi-
nite dimensional representations of s are uniquely characterized by their highest
h-weight, which can be any non-negative integer; the irreducible representation of
highest weight r has dimension r + 1. We set

g(r) = s-isotypic subspace of g of highest weight r =
(4.5a) linear span of all s-irreducible subspaces of heighest weight r ;

g(r, ) = (-weight space of h in g(r).

The irreducible s-module of highest weight r has h-weights r,r — 2,..., —r, hence
(45b) 8= @0 8) = Bzo @ rzrsy (0.

The first of these decompositions is s-invariant, f-stable, and defined over R.

Recall the notation (3.1). Because of (4.4), Hom(s, g) contains the Hom(s, g(r))
as (KR)¢-invariant subspaces — invariant with respect to the trivial action on s and
the natural one on g. Note that s has three natural actions on Hom(s, g): via the
action on s, via its embedding in g, and diagonally. The decomposition

(4.6) Hom(s,g) = @,, Hom(s, g(r))

is s-invariant with respect to all three actions, (Kg)c-invariant, f-stable, and defined
over R. The summand corresponding to r is s-isotypic of highest weight 2 with
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respect to the first s-action, and of highest weight r with respect to the second
action. Thus

Hom(s, g(r)) =

4.7
(47) Hom(s, g(r))(r — 2) @ Hom(s, g(r))(r) €@ Hom(s, g(r))(r +2),

with the outer index referring to the s-type with respect to the diagonal s-action.
This decomposition is also (Kr)¢-invariant, f-stable, and defined over R. Note that

(4.8) Hom(s,g(r))(r —2) = 0 unless r > 2.

We write Hom? (s, g(r)) for the intersection of Hom(s, g(r)) with Hom’(s, g), and
analogously in the case of the summands in (4.7). Our next statement describes
the fiber of the normal bundle T¢(0)O at ¢ as (Kg)¢-module.

4.9 Proposition. The map Hom(s, g) > & — ®(() = P(e) is injective on

(®0) =aer B,y Hom’(s,9(r))(r — 2).

The image 9(®¢)(¢) of 9(Po) under this map is a (Kr)¢-invariant linear complement
to [¢, € in [(, g], and is defined over R.

Let 0g(®g) = 0(Po) N Hom™ (s, g) denote the space of real points in 9(®g). Then

K,QR] e DR(‘I)())(C) S5 [C,ER], and this identifies (TC(O)O)C = [C,QR]/K,ER] with
o (Po)(¢) as (Kr)c-module.

Proof of 4.9. The evaluation map ® — ®(¢) = ®(e) sends Hom’ (s, g(r))(r — 2) to
g(r). We can therefore argue one summand at a time. The decompositions (4.6)
and (4.7) are defined over R, and ¢ = e is real. This reduces the problem to showing

(4.10a) {®(e) | ® € Hom’(s, g(r))(r —2)} C ad(e)g(r),
i.e., the image of the evaluation map lies in the image of ad(¢), and

(4.10b) for each & € g(r), there exist ® € Hom’ (s, g(r))(r — 2) and 7 € ¢ so that
' ®(e) = [e,€+n]; in this situation, [e,&] uniquely determines .

For the first assertion, note that ®, which is (r — 2)-isotypic relative to the diag-
onal action, has components only in the h-weight spaces corresponding to weights
between 2 —r and r — 2. The evaluation map is s-equivariant and e has weight two,
so ®(e) cannot have a non-zero component in the (—r)-weight space. In particular,
this forces ®(e) to lie in the image of ad(e).

We write § = &+ &, with § € €, &, € p, and combine & with 7. This transforms
(4.10b) into the equivalent assertion

(411) for each € € p N g(r), there exist ® € Hom’(s, g(r))(r —2) and n € ¢
' so that ®(e) = [e,£+n]; in this situation, [e,£] uniquely determines @ .
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The Casimir operator of s,
(4.12) Q = 2ef+2fe+h?

acts by the scalar k% 4+ 2k on any k-isotypic s-module. For A in the universal
enveloping algebra of s, we let A® denote the effect of A on ®, acting via the
diagonal s-action on Hom?(s, g(r)); Ao ® and ® o A shall denote the composition
of ® with the action of A on, respectively, the values and arguments. Then £® =
ad(§) o® —Poad(§) if A=¢ € s, hence

Qd = Qod+ Do+

(4.13) —4dad(e) o ® o ad(f) — 4ad(f) o ® o ad(e) — 2ad(h) o ® o ad(h).

Since (r —2)? +2(r —2) — [r? +2r] — 22 + 2 x 2] = —4(r + 2),

for ® € Hom’(s,g(r)) the following two conditions are equivalent:
(4.14) @) ®&Hom’(s,9(r)(r —2),
1
b) (r+2)® = ad(e) o P oad(f)+ad(f)oPo ad(e)+§ad(h) o®oad(h).

To construct a particular ® € Hom (s, g(r))( — 2) amounts to specifying ®(e) and
®(h) in g(r), subject to the following conditions. First, ®(h) must lie in p since
h € p, and secondly, the identity (4.14b) must hold when evaluated on either e or
h. The 6-equivariance of ® then forces ®(f) = —0®(e). The validity of (4.14b)
applied to f is automatic since {2 commutes with 6.

Let us suppose that ® € Hom? (s, g(r))(r — 2), £ € pNg(r), and 7 € £ are given
subject to the condition in (4.11), i.e.,

(4.15a) Pe) = ad(e)(E+n).
This implies, and is implied by,

(4.15b) o(f) = ad(f)(=¢+n),

and furthermore, implies

(4.15¢)  ad(h)n = ad(e)(®(f)) — ad(f)(®(e)) — (ad(e)ad(f) + ad(f)ad(e)) -

These identities allow us to express Q7 in terms of ®(e), ®(f), £ and the action of s.
Since ®(e), ®(f), £ lie in g(r) by assumption, Q7 also lies in g(r). Thus n = no+m
with no € g(0) = ker(R2) and n; € g(r). Both ad(e) and ad(f) annihilate g, so we
may as well suppose that n = n; € g(r). For r = 0, the right hand sides of (4.15a,b)
vanish, and Hom? (s, g(r))(r — 2) = 0, which means that there is nothing to prove.
Thus we may assume

(4.16) netng(r), and r>0.
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i From these hypotheses, we shall conclude
a) ®(h) = —r¢ + Lad(h)’¢ + Zzad(h),

b) 1y = Tad(h).

(4.17)

That, in turn, will imply (4.11).
To establish (4.17), we evaluate (4.14b) on h and use the commutation relations
of e, f, h, as well as the identities (4.15a,b):

(r+2)®(h) =2ad(e)(®(f)) —2ad(f)(®(e)) =
2ad(e)ad(f)(—§+mn) — 2ad(f)ad(e)(§ +n)

(4.18)  —2(ad(e)ad(f) + ad(e)ad(f))(€) + 2(ad(e)ad(f) —ad(e)ad(f))(n) =
— (2 —ad(h)?)(&) + 2ad(h)(n) =

—(r* 4 2r)¢ + ad(h)®¢ + 2ad(h)(n),

which is the identity (4.17a). Next, we evaluate (4.14b) on e. We use (4.15a), the
commutation relations of e, f, h, and (4.18):

(r+2)ad(e)(§+n) = (r+2)®(e) = —ad(e)(®(h)) + ad(h)(®(e)) =
—ad(e)(—r€ + 45 ad(h)%¢ + 25 ad(h)n) + ad(h)ad(e) (€ + 7).

Note that ad(h)ad(e) = ad(e)ad(h) + 2 ad(e), hence

(r+2)ad(e)(§+n) =
ad(e) (rg — L ad(h)%€ — 25 ad(h)n + 2(€ + 1) + ad(h)(€ + n)) .

(4.19a)

(4.19b)

We bring all terms to the left and multiply through with r 4+ 2, to conclude
(4.20)  (ad(h)> = (r+2)ad(h)) ¢ + ((r*+2r) —rad(h))n € ker(ad(e)).

Recall the decomposition (4.5) and write &, 1, for the components of &, 7 in g(r, £).
Since h € p, the Cartan involution interchanges g(r, £) and g(r, —£), and

(4.21) N = —0(ne), & = 0(&),

since ad(h)n € p and ad(h)§ € €. The kernel of ad(e) on g(r) is g(r, ). This makes
(4.20) equivalent to

(4.22) (FP42r)=rl)n = — (C—(r+2)0)& if L#7.

The same identity for ¢ = r follows from the case £ = —r and (4.21). Also, ¢
lies between r and —r, so (4.22) is equivalent to rn, = €&, for all £. That is the
assertion (4.17b).

On g(r) Np, r > 0, ad(e) is injective, so [e,£] determines &. From (4.17a,b) and
the original hypothesis (4.15a), we now conclude that [e, £] completely determines
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®(h), ®(e), and ®(f) = —0P(e). Thus & is indeed uniquely determined. As
was pointed out earlier, the existence of ® comes down to knowing that ®(h) and
®(e) lie in g(r), that ®(h) € p, and that (4.14b) is satisfied when both sides are
evaluated on h and e, respectively. The expression (4.17b) specifies 1 as element
of g(r) N €. Since h € p, ad(h) interchanges & and p. Thus (4.17a) exhibits ®(h)
as lying in g(r) N p, as required. The containment ®(e) € g(r) follows from (4.15a)
and (4.16). The validity of (4.14b) when evaluated on h and e amounts to the two
identities (4.18) and (4.19); both hold by construction. This gives us the existence
and uniqueness of ® — in other words, the validity of (4.11).

5. The instanton flow at infinity.

In this section we use the proof of the Sls-orbit theorem of Hodge theory [S,CKS]
to show that the flow lines of the instanton flow are real analytic at infinity. In effect,
the proof of the Sls-orbit theorem produces a real analytic isomorphism between
a neighborhood of the core C(O) in a nilpotent orbit @ and a neighborhood of
the zero section in the normal bundle T(0)O. This isomorphism is closely related
to Kronheimer’s flow. We shall freely use the notation of the earlier sections, in
particular that of section 4.

The decompositions (4.5-7) depend on the embedding ®¢ : sg < gr given by
any particular choice of ® € Mor™? (s, g); the morphism @, in turn, was assumed
to correspond to some ¢ € C(O) via the isomorphism (2.19). We shall now let
¢ vary over the core, and correspondingly ®y over the inverse image of C(O). In
this way, we tacitly regard the decompositions (4.5-7) as depending on ¢, without
putting this dependence into the notation. Recall the definition (3.2) of the pairing
Q. We shall need the notion of a @-polynomial: a function

5.1) (®1,Ds,..., D) — P(By,Dy,..., ;) € Hom’(s,g),
' with arguments ®1,...,®; € Hom’(s, g),

expressible as a finite C-linear combination of monomials in the ®,, with @ serving
as “multiplication”. Note that a real @-polynomial — i.e., a Q-polynomial with real
coefficients — takes values in Hom™?(s, g) whenever the arguments lie in this real
subspace.

5.2 Theorem. Every function ®(t) in M has a convergent series expansion around
00, in powers of t2. Specifically,

a) B(t) = Rot ' + Y @t (130),

with ®g € Mor™(s,g) and ®, € Hom™’(s,g) for k > 2; there exist universal®
Q-polynomials with rational coefficients Py(...), k > 2, such that

O = Of + Pu(®o, 03, 05,...,9;73),
b) o € Hom™’(s,9(0))(¢ —2)  (£>2),
Py(Po, 93, P3,..., Py 3) € Dici—2. o=k (2) Hom™(s, g(¢)).

li.e., not depending on ®g nor even on gg, provided the dimension of gg is bounded.
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The polynomial P, is weighted homogeneous of weight k when the variable @f is
given weight £, and ®y weight 0. Conversely, any series of this form has a positive
radius of convergence, and the resulting Hom™? (s, g)-valued function ®(t) satisfies
the differential equation (3.6a).

Loosely paraphrased, the space @,~, Hom™(s, g(£))(¢ — 2) parameterizes all
functions ®(t) defined for large positive values of ¢ which satisfy the differential
equation (3.6a) and the limiting condition (3.6¢). In the preceeding section, we had
identified this direct sum with the fiber of the normal bundle T¢ (0O at ¢ when
the leading coefficient @y € Mor™?(s, g) corresponds to ¢ € C(0). Note that the
power t=3 gets skipped in the expansion (5.2) — this reflects (4.8).

We shall verify the theorem together with the following companion statement.
For any collection of data ®; € Mor™?(s, g), ®) € Hom™? (s, g(¢))(¢ — 2) for £ > 2,
and t > 0, let

(5.3) (Do, ®2,..., D5, .. .1)

denote the value of the function ®(¢) in (5.2a,b), provided the analytic continuation
of the series is defined at ¢.

5.4 Theorem. The assignment (9, ®3,..., 0%, ...) — &(Pg, 3,...,9%,...;1)(e)
induces a well defined, real analytic, Kgr-equivariant isomorphism

F:U — FU),

between a connected open neighborhood U of the zero section in the normal bundle
Te0yO and F(U), an open neighborhood of the core C(O) in the nilpotent orbit
0.

Proof of 5.2 and 5.4. We appeal to the results of [CKS, §6], specifically (6.8-24);
these results already appear in [S], in somewhat different language. To begin with,
a formal Hom(s, g)-valued series ®(t) = ®ot™" + >, , P t1-s

(5.5) is a formal solution of the differential equation %4 = —Q(®, ®)

if and only if the coefficients @) can be expressed as in (5.2b),

with certain specific @-polynomials Pg(...). The terminology “Q-polynomial” is
not used in [CKS]. Rather, the arguments there show that the differential equation
translates into the conditions

(5-6) (I)k = ‘1”;2 + A (Zo<e<k Q((I)éa ‘I)k—f)) (k > 0) )

with ®¥ € Hom(s, g(k))(k — 2), and with A denoting a particular rational linear
combination of projections to the various eigenspaces of the linear map

(5.7) Hom(s,g) 2 T — Q(®o,T).

The eigenvalues of this linear map are rational [CKS, (6.14)], so each projection
can be expressed as a rational linear combination of its powers. The coefficient @
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vanishes because of (4.8) and (5.6). Thus, in (5.6), the range of summation is really
2 < ¢ < k—2. Now, arguing inductively, one finds rational Q-polynomials Py(...),
weighted homogeneous of degree k when weights are assigned as in theorem 5.2,
such that

(5.8) Dy = Of + Pu(0o, ®3,95,...,9,°3)  (k>0).
The linear map (5.7) preserves the subspaces Hom(s, g(¢)), and

Q (Hom(s, g(k1)), Hom(s, g(k2))) C

(5.9)
C ®0§£§k1+k2,25k1+k2(2) Hom(s, g(¢))

[CKS, (6.21)]. Hence
(5.10) Pi(®o, (1)%7 @g, R (I)Il::g) € @lgkfllzk (2) Hom(s, g(¢)),

again by induction on k. This completes the verification of (5.5). For future refer-
ence, we note that

(5.11) for fixed ®¢, as function of @3, <I>§, cee @Zig alone,
' Pp.(®g, ®3,03, ..., @Zig) has no linear and no constant term,

as follows from the homogeneity property of P(...).
The construction of the Py readily implies a bound on their size: with ®q kept
fixed, there exists a positive constant C' such that

_ k
(5.12) |Pe(@o, 83,83, 0L2) < C* (maxyss | B}])
[CKS, (6.24)]. That, in turn, implies

a) the series ®(t) = ot + >, Pk s
converges if t2 > C~! (maxg>2 ||<I>’,§||)_1 ;
(5.13)
b) (®2,..., 8%, ...) = ®(Pg, ®2,...,®5 .. .;1) is a well defined, analytic

map on some neighborhood of 0 in €B,~, Hom(s, g(k))(k —2).

In particular, the map in the statement of theorem 5.4 is well defined, real analytic
when restricted to a small neighborhood of 0 in any fiber (T¢(0)O)¢ of the normal
bundle; Kronheimer’s theorem 3.7 implies that the map takes values in O. Because
of (4.9), (5.8) and (5.11), this map sends any sufficiently small neighborhood of 0
in (Te(0)O)¢ isomorphically to a real analytic submanifold of O, normal to C(O)
at (. The definition (3.2) exhibits ) as Kg-equivariant pairing. We conclude that
@-polynomials are Kgr-equivariant as functions of their arguments. The map F
is therefore both (KR)¢-equivariant on the fiber at ¢ and globally Kr-equivariant.
Since KR is compact and acts transitively on C(O), F' has the properties asserted
by theorem (5.4): Kg-equivariant, real analytic, and real analytically invertible
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from a small neighborhood of the zero section in T (0yO to some neighborhood of
C(0) in O.

We now consider a particular curve ¥(t) in M(®g). Then, if a > 1, the curve
C,V, defined by

(5.14a) (CO)(t) = a¥(a(t+1)—1),

satisfies the three conditions (3.6a-c), with the same limiting morphism ®,. In
other words, C,¥ € M (D), hence

(5.14Db) Coq : M(Dy) — M(Dy) (a>1).
The condition (3.6¢) implies
(5.14c) lim C,U(t) = B,

for any fixed ¢ > 0 — recall: C,¥, like every curve satisfying (3.6a-c), extends real
analytically to a neighborhood of 0. In particular, for a sufficiently large,

(5.15) (CL.0)(0)(e) €U,

with U having the same meaning as in the statement of theorem 5.4. Since this
theorem has already been proved, there exist % € Hom™?(s, g(k))(k — 2), k > 2,
so that

(5.16a)  ®(t) Zacr Dot + Yoy (Pf + P(@o, B3, 9T ¢ 72
converges for ¢ > 0, extends real analytically to [1,00), and satisfies
(5.16b) o(1)(e) = (Ca¥)(0)(e).

Because of (5.5), t — ®(t + 1) belongs to M(®g). By construction, this curve has
the same image under the Kronheiner isomorphism as C, ¥, and thus must coincide
with C,¥. We conclude that ¥ can be obtained from ® by a linear coordinate
change, and that ¥(¢) has a convergent series expansion around infinity, in powers
of t7z. Appealing once more to (5.5) and subsequent statements, we conclude that
U(t) has the properties asserted in theorem 5.2.

Theorem 5.4 can be strengthened, as follows. Recall (5.14). A short calculation
shows that C, o C, = Cyp, hence

(5.17) a +— (C, induces an action of the multiplicative semigroup R>q,

both on M(®g) and on O =2 M(C(0O)). Using the identification (4.9), we define
D, : Te(0)O — Te0)O,

(5.18a) k ko

D, (®y) = Do, D, (®}) = a 29},

where ®F € Hom™? (s, g(k))(k — 2). This makes sense for all a # 0; moreover,

(5.18b) a — D, defines an action of the multiplicative group R*,

as can be checked by direct calculation. The map F' defined in theorem 5.4 is
R>1-equivariant with respect to the two actions (5.17-18):
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5.19 Lemma. Foralla>1, FoD, = C,oF.

Proof. If (@9, ®3,...,®%,...) corresponds to a point in the domain of F, the series
(5.16a) converges for large ¢, extends real analytically to [1, 00), and

F(®y, ®2,...,0Y,. .. e),
(5.20) (®o, @3 fer) = @(1)(e) = ®(0)(e)

where ®(t) =gor ®(t+1).

The curve ®(t) then belongs to M(®g) and corresponds to F(®g, ®3,...,®%, .. )
via the Kronheimer isomorphism (3.7). Hence

(5.21) Co(F(®g,®2,...,®%,...)) = (Ca®)(0)(e) = ad(a—1)(e) = a®(a)(e).
On the other hand,
(5.22) (FoDy)(®g,®2,...,85,...) = F(®g,a '®2,...,a 235,...).

When the ®4 in (5.16a) are replaced by a2 ®!, the series ®(t) gets transformed
into a ®(at) — this follows from the homogeneity property of the Py (...). Thus

(5.23) F(®o,a ' ®2,... a7 285, ..) = (a®(at)|i=1) (e) = ad(a)(e),

completing the proof of the lemma.

5.24 Corollary. The map F~! extends to a real analytic isomorphism between the
entire nilpotent orbit O and an open neighborhood of the zero section in T¢(0)O.

Proof. Given & € O, we choose a > 1 so large that C,¢ lies in the domain of F~1
and set

(5.25) F7HE) = Da-1(F7H(Cu8)).

This extension of F~! is well defined and one-to-one by (5.17-19), and real analytic
by construction. It is also locally invertible, again because of (5.17-19), hence an
open map with real analytic inverse.

6. Complex groups and symmetric pairs.

In preparation for the next section, in which we discuss the Sekiguchi corres-
pondence, we shall restate the earlier results for symmetric pairs and complex Lie
algebras.

There is not so much to say about the complex case — complex Lie algebras
can be regarded as real Lie algebras, after all. Let g be a complex semisimple Lie
algebra. As a matter of general notational convention, we set

(6.1) g% = g, taken as Lie algebra over R.

In the situation of interest to us, g will arise as the complexification of a real
semisimple Lie algebra gg, in which a Cartan decomposition ggr = g & pr has been
specified. The subalgebra

(6.2) ur = G Bipr
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is then a compact real form in g®, and

(6.3) g = upPiug

the Cartan decomposition determined by ug. Further notation:

(6.4) T :g — g iscomplex conjugation with respect to ug.
In view of (6.3),

(6.5) 7 is the Cartan involution on g®.

We normalize the Killing forms on g, g®, and gg so that they coincide on £g. This
will allow us to refer to all three by the same symbol B, without ambiguity.
Extension of scalars identifies the space of R-linear maps from sg to g with
the space of C-linear maps from s to g. Also, the Cartan involution on sg equals
the restriction to sg of complex conjugation with respect to the compact real form
su(2) in s = s[(2,C). This results in the following “dictionary” between the spaces
of homomorphisms defined in the preceeding sections and their analogues in the
present setting:
®(s,9) ~ Hom™(s,C ®g g*) = Hom(s, g)
]R,G(

Hom
(6.6)

Hom™"(s,g) ~» Hom(su(2),ur),

and similarly in the case of Mor(s, g). The Lie algebra su(2) acts on these spaces,
both via the action on the values and diagonally, so the decompositions (4.6-7) have
obvious counterparts. Note that the evaluation map

HOIDR’G(E,Q) > Py — Do(e) corresponds to

Hom(su(2),uz) 3 @9 — ®o(§ — L) —ido(% +¥)

(6.7)

via the translation (6.6). We now let G denote the identity component of Aut(g),
and Ur C G the compact real form determined by ur. Then

(68) G]R ~ G, K]R ~ U]R

completes our dictionary: when the substitutions (6.6-8) are made, the results of
the earlier sections — in particular lemmas 2.11 and 2.19, theorems 3.7, 5.2, and
5.4, propositions 2.21, 2.25, and 4.9, corollaries 2.22, 2.23, and 5.24 — hold in the
setting of a complex Lie algebra.

We return to the case of a real semisimple Lie algebra gr = tg ®pr. As additional
datum, we suppose that an involutive automorphism

(6.9a) o:gr — OR (0% = 1g)
is fixed. It induces a pseudo-Riemannian “Cartan decomposition” of gg,

(6.9b)  gr = br®ar, br,br] C br, [br,qr] C gr, [dr,qr] C bR,
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with hr and qr denoting, respectively, the (+1) and (—1)-eigenspaces of o. We
shall assume that the usual Cartan involution 6 preserves this decomposition —
equivalently,

(6.10) fooc = cgof.

When this fails to be the case, it can be brought about by replacing the Cartan
decomposition with an appropriate Gg-conjugate. The involution o lifts to

(6.11) Gr = Aut(gr)®.

Let Hr C Gr be a subgroup lying somewhere between the fixed point group Gg
and its identity component,
(6.12) (G3)° ¢ Hp C Gg.
Then Hpg preserves the decomposition (6.9b), and thus acts on the set of nilpotents
in qRr-

The Lie algebra sg = s[(2,R) and its diagonal subalgebra ag furnish the simplest
non-trivial example of a symmetric pair:

n for n € ag

6.13a Os @ SR — SR, o =
( ) ¢ R * =) {—n for neRe®dRf

is the involution, and
(6.13b) sg = ar ® (Re@Rf)
the non-Riemannian Cartan decomposition; note that o; does commute with the
Cartan involution 6; — cf. (2.17a). The group Sg = PSI(2,R) and its diagonal
subgroup Agr play the roles of Gg and Hr. The space Re @ R f contains five
nilpotent Ag-orbits, namely Rsge, Rege, Rso f, Roq f, and {0}.

In the present setting, the roles of the set MorR’G(s, g) and of the vector space
Hom™? (s,g) are played by

Mor®%(s,g) = {®g € Mor™?(s,g) | 00 @y = Dgo0,},

6.14
(6.14) Hom™%7(s,9) = {® € Hom™(s,g) |[co® =P oo, }.

Note that the decompositions (4.6-7) induce decompositions of Hom™?? (s, g), be-
cause 05 acts trivially on the Casimir operator of s, and because o preserves the
do-image of 5 in g. When @ lies in Mor™% (s, g), we write M7 (®;) for the set of
all those functions ®(t) in M(®g) which take values in Hom™ %7 (s, g).

In the following, Og, will denote a nilpotent Hg-orbit in qg; there are only finitely
many such orbits, and they are invariant under scaling by positive scale factors [Se].
The Ggr-translates of Og, sweep out a nilpotent Gr-orbit O C gr. We use O to
normalize the Killing form, as in (2.9-10). The moment map (2.3) restricts to an
(Hr N Kg)-equivariant map
(6.15) m: Oq — brNpr,
the moment map associated to the Hgr-action on Og,. As in the absolute case, the
multiplicative group R acts, by scaling, on Oq, and on the set of critical points
of the function ¢ — ||m(¢)||?; these actions commute with those of Hg N Kg. By
definition,

(6.16) C(O4) = {C €Oy | (is a critical point for |m|? and ||C|| =1}
is the core of the nilpotent orbit Og,.
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6.17 Proposition. The function ¢ — |[m(¢)||> on S(Og,) is Bott-Morse. Its
set of critical points coincides with the set minima, and consists of exactly one
(Hr N Kr)-orbit. In particular, the core C(Qy,) is non-empty, and Hr N Kgr acts
transitively on it. The map ® — ®(e) establishes a Hr N Kg-equivariant bijection

{(I)O € MOFRGJ(E?Q) | (I)O(e) € OQR } = C(OQR)7

and, at the point { = ®y(e) € C(Oy,), identifies

D2 Hom™ "7 (s,9(0)) (¢ - 2)

(Hr N Kr)¢-equivariantly with (Tc(o,,)Oqg )¢, the fiber at ¢ of the normal bundle
of the orbit Oy, along its core. There exists a real analytic, (Hr N Kr)-equivariant
isomorphism Oy, ~ TC(OqR)OqR . Lastly, the Kronheimer diffeomorphism (3.7)
induces

M7(C(Ogs)) = Ogs;

here M?(C(Qq,)) refers to the union of the M?(®() parameterized by those mor-
phisms & which correspond to points in C(Oy,).

These statements are analogous to (2.11), (2.19), (2.21), (4.9), (2.25), and (3.7),
but not all them can be deduced directly from those results in the absolute case.
We will indicate briefly how to modify the earlier arguments so that they apply
in the present situation. As noted in the proof of proposition 2.21, the fact that
m||? is Bott-Morse on S(Oy,) is a general property of moment maps for linear
actions. By (2.20) and the fact that the moment map m in (6.15) is the restriction
of the moment map (2.3) from O to Og,, we conclude that the critical set of
|m||? : Oqs — Rsg is the intersection of O, with the critical set of ||m|* in O.
It follows that the core C(Opg;) is the intersection of the core C(O) with Oy, and
C(Oy;) consists precisely of the minima of ||m||? on S(Og,). Any ¢ € C(Og,) can
be embedded in a strictly normal S-triple, and by [Ma] or [Se, lemmas 1.4,1.5] such
strictly normal S-triples constitute an Hg N Kg-orbit. This proves the analogues
of (2.11) and (2.21). The proof of lemma 2.19 can now be adapted to establish the
bijection { &y € Mor™?7(s,g) | ®p(e) € Oy } = C(Oys ).

Let us explain next how to modify the proof of proposition 4.9 in the present
setting. We denote the complexifications of hgr and qg by h and g, respectively.
The evaluation map ® — ®(e) = ®(¢) sends

(6.18) @€Z2Hom0’a(5, gt —2) — q.

By (4.10a) the image of (6.18) lies in [¢, g(¢)] and, because [q, (] C b, in [, q]. This
proves the analogue

(6.19) {@(e) | ® € Hom™"(s,9(0))(¢ ~2)} € [¢,qang(0)]
of (4.10a). It remains to prove the analogue of (4.10b):

for each £ € h N g(¢), there exist ® € Hom?7 (s, g(¢))(¢ —2) and n € h N ¢

6.20
( so that ®(e) = [e,£+n]; in this situation, [e,£] uniquely determines @ .
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Statement (4.10b) implies the existence of such a ® € Hom®(s, g(£))(¢ — 2), an
n € ¢, and the fact that [e,£] uniquely determines ®. From (4.17b) we conclude
that n € hNe. Using the defining property ®(e) = [e,&+n] and formula (4.17b) for
®(h) one checks readily that ® € Hom?“ (s, g(¢))(¢ — 2).

With the appropriate changes in notation, the proof of proposition 2.25 carries
over almost word-for-word, giving the isomorphism Og;, ~ TC(OqR)OqR .

Vergne [Ve] observed that Kronheimer’s isomorphism (3.7) restricts to an iso-
morphism M7 (C(Og,)) ~ Og,. Indeed, by definition, any ®(-) € M7(C(Oq.))
intertwines o and o,, hence ®(0)(e) € O Ngr — cf. (6.13b); here O again denotes
the Ggr-orbit containing Og,. Since Oy, is a union of connected components of
ONqg, a continuity argument shows that Kronheimer’s isomorphism (3.7) restricts
to a one-to-one map

(621) MU(C(OQR)) - OQR .

To see that it is onto, we consider a particular ( € Og, and the corresponding
®(-) € M(C(O)). The function t — go®(t)oo, also satisfies the defining conditions
3.6, and 0 0o ®(0) o 05(e) = —o 0 ®(t)(e) = ¢. By uniqueness, ®(-) =00 ®(-) oo,
hence ®(-) € M7(C(Oq,)). Thus (6.21) is surjective, as was to be shown.

7. The Sekiguchi correspondence.

The Sekiguchi correspondence in its most general form establishes a bijection
between nilpotent orbits attached to certain pairs of commuting involutions [Se].
The complete statement and its specialization to the case of interest to us involve
substantial notational overhead. For this reason, we discuss only the most impor-
tant particular case; however, all statements and arguments extend readily? to the
general case.

We use the notation and conventions of the previous section. In particular, g
arises as the complexification of gr = tr ® pr. We let 6 denote both the Cartan
involution of gg and its extension to g, and 7 complex conjugation with respect to
the compact real form ug C g. Then, by construction of ug,

(7.1) ¢ = 00 = 6¢ (Ceg)

Here ( refers to the complex conjugate, relative to gr. The complexification € of £
corresponds to a subgroup

(7.2) K C G = identity component of Aut(g).
The complex group G also contains
(73) G]R = (Aut(g]R))O and UR = (Aut(uR))O,

as noncompact and compact real form, respectively.

2Except for the orientation statements in theorem 7.20, which needs to be modified when there
are no complex and symplectic structures to orient the orbits in question.
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We shall consider nilpotent K-orbits in p = C ®g pr on the one hand, and
nilpotent Gg-orbits in ¢ gr on the other; O, will be the generic symbol for the
former, and Og for the latter. To avoid trivial exceptions, we always exclude the
orbit {0}. Recall the definition (2.17b) of the basis {e, f,h} of s.

In the discussion in §2, we can make the trivial substitution of ¢ gr for gr. Then,
as is shown there, &y — ®¢(ie) induces a Kg-equivariant bijection

(74&) {(I)O € MOFR’O(S, g) | (1)0(2 6) S OR} = C(OR),

for every nilpotent Gg-orbit Or # {0} in iggr. When we look at all nilpotent
Gr-orbits in igg simultaneously, (7.4a) sets up a natural bijection

(7.4b) { nilpotent Gg-orbits in igr } —— { Kg-orbits in Mor™(s, g)}

We shall argue shortly that the results in §6 imply an analogous statement for
nilpotent K-orbits in p: when O, # {0} is a nilpotent K-orbit in p, the assignment
Py — @0(% + % + %) induces a Kgr-equivariant bijection

(7.5a) {®g € Mor™?(s,9) | ®o(h +ie+if) € Oy} = C(O,),
which, in turn, determines a bijection
(7.5b) { nilpotent K-orbits in p} —== { Kg-orbits in Mor™?(s,g)},

in complete analogy to (7.4b). Combining (7.5b) with the inverse of (7.4b), we
obtain the Sekiguchi correspondence

(7.6) {nilpotent K-orbits in p} —— {nilpotent Gg-orbits in igg }

[Se], which relates the K-orbit O, to the Gg-orbit Og precisely when the inverse
images of C(0,) and C(Og) in Mor™’(s, g) coincide.

We still need to establish (7.5a). For this purpose, we regard (g, £) as symmetric
pair over R, with involution . We appeal to proposition 6.17, which needs to be
translated into the present setting by means of the “dictionary” (6.6-8). To begin
with,

Mor®?(s,g) ~ Mor(su(2),ug) =

7.7
(7.7) >~ Mor™ (s,9) =der {Po € Mor(s,g) | 70Py=Ppo7s},

as in (6.6); here 7, : § — s stands for complex conjugation with respect to su(2).
By the same dictionary,
(7.8) Mor™?7(5,g) ~~ {®g € Mor"(s,g) | §oPy=Pgoo,},

since 6 : g — g now plays the role of the involution o. A short calculation in
S1(2,C) gives

_ 1 1
_ 1 : _
(7.9) 0s = Adcofy0Adc™, with ¢ = 7 (z 1) ,
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and Ad ¢ commutes with 75, so (7.7) is equivalent to the assignment

Mor™*(s,g) ~ {®o € Mor"(s,g) | 60 ®g o Adde = By o Adco by}

(7.10) 9
={®goAdct | Py Mor""(s,9)}.

These morphisms get evaluated on e, as in proposition 6.17. But More’T(s, g) =
Mor®? (s, g) by (7.1), and Ad ¢! (e) = i(h—ie— %) This gives the correspondence
(7.5), with i(% — % — %) in place of 2 + & 4 % Note that nilpotent K-orbits
in p are invariant under scaling by nonzero complex numbers — this is clear in the
case of gr = s[(2,R), and follows in the general case by what has been said so far.
Since i has absolute value 1, it maps the core of an orbit to itself, so we can drop
the factor i. Finally, complex conjugation permutes the nilpotent K-orbits® in p,
and this allows us to replace 2 — & — % by its complex conjugate.

When the Sekiguchi correspondence relates O, to Og, various objects attached

to the two orbits are naturally isomorphic — the cores because of (7.4a) and (7.5a):
(7.11)  C(Op) = C(Or), Po(b+% + L) dylie) (Do € Mor™(s,g)).

This isomorphism is Kg-equivariant by construction, so the isotropy subgroups of
Kg at @0(% + 5+ %) and ®q(ie) coincide?. Proposition 4.9 identifies the normal
space to C'(Og) at the point ®¢(ie) € C(Og),

(712) @TZQ HomRﬂ(sa g(T))(T - 2) = (TC(OR)OR)@O(Z'G) ) D — (I)(Ze) )

equivariantly with respect to the isotropy subgroup of Kr at ®g(ie). The analogue
of (4.9) in the symmetric pair case — which is part of proposition 6.17 — identifies
the normal space to C(Oy) at ®o(% + &£ + %) € C(Oy),

R,6 - v
(7 13) @rZQ Hom (57 g('f‘))(?‘ - 2) — (TC((’)p)OP)@O(%Jr%JF%) )
® a4k ).

again equivariantly with respect to the isotropy subgroup of Kg. The preceding
statement involves the same “translation” that we just used to establish (7_.5&).
Because of (7.12-13), the fiber of the normal bundle Tc(o,)Op at ®(% + & + %) is
isomorphic to the fiber of T (o, )Or at ®(ie) — isomorphic as representation space
for the common isotropy group. Thus (7.11) extends to a real analytic isomorphism
of Kg-equivariant vector bundles

(714) Tc(op)op ~ TC(OR)OR-

3There are two equally natural definitions of the Sekiguchi correspondence. They are related
by complex conjugation on the side of K-orbits, or alternatively, by multiplication by —1 on the
side of Gg-orbits. Our choice of the correspondence is dictated by the application in [SV2].

4This can be seen directly: if k € Kg fixes @0(% + % + %), it fixes the real and imaginary
parts separately, which together generate ®¢(s); similarly, if k fixes ®¢(ie), it fixes the ®g-image
of f(ie) = —if and hence also the image of [e, f] = h.
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Appealing to proposition 2.25 and its analogue for symmetric pairs, as stated in
(6.17), we obtain

(7.15) Op =~ Og,

a real analytic, Kr-equivariant isomorphism between the two orbits.
Vergne [Ve] deduces the existence of a Kgr-equivariant diffeomorphism O, ~ Oy,
from Kronheimer’s description of nilpotent orbits, as follows. According to (3.7),

(7.16) M(C(Or)) — Or.,  @(-) = @(0)(ie),

is a Kr-equivariant diffeomorphism. The analogous statement for symmetric pairs
in (6.17), translated as in (7.7-10), gives the Kg-equivariant diffeomorphism

(7.17) M(C(Oy)) == Oy, O(-) = @(O0)(5+%+).
Since Or and O, are related by the Sekiguchi correspondence, (7.11) implies
(7.18) M(C(Oy)) = M(C(Or)).

The composition of (7.16-18) gives Vergne’s interpretation of the Sekiguchi corres-
pondence.

In the proof of the Barbasch-Vogan conjecture in [SV2], we were lead to a quite
different geometric description of the correspondence. We fix a nilpotent G-orbit O
in g. Via the isomorphism g ~ g* induced by the Killing form, O can be viewed as
a complex coadjoint orbit. As such, it carries a holomorphic symplectic form op; in
particular, O has even complex dimension 2k. The intersection O N p decomposes
into a union of finitely many K-orbits, all Lagrangian with respect to oo, hence
of complex dimension k [KR]. Analogously, O Nigr is a union of finitely many
GRr-orbits, Lagrangian with respect the real symplectic form Re oo, hence of real
dimension 2k. We enumerate the two types of orbits as

(7.19) Onp = 0p1U---UOpq and ONigr = Or1U---UOgryq.

The complex structure orients the orbits Oy ;, which gives meaning to the [0, ;] as
top dimensional cycles, with infinite support, in O N p. We had remarked already
that oo restricts to a purely imaginary form on O N igr. Thus %ao defines a
symplectic form on the Ggr-orbits Og ; — one can check that this gives the same
symplectic structure as the identification of Ok ; with a real coadjoint orbit via
division by 4 and the isomorphism gr ~ gr* induced by the Killing form. We use
the symplectic structure to orient the Og, ;, and to regard them as cycles [Og, ;]
in O Niggr. We let Hi”j( .., Z) denote homology with possibly “infinite supports”
(Borel-Moore homology). Then, in view of (7.19),

Hy (Onp,Z) = {d nj[0p;] | nj €L},

(7.20) o
Hy ' (OnNigr, Z) = {Z”J [Oges] | nj €Z}.
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There are no relations among the [0, ;], respectively [Og ], since we are dealing
with top dimensional homology. This allows us to view the Sekiguchi correspon-
dence as a specific isomorphism between the two homology groups.

Our description of the Sekiguchi correspondence amounts to a geometric passage
between the two homology groups in (7.20). We define a real analytic family of
diffeomorphisms

(7.21) fi:0 — 0, fi(Q) = Ad(exp(tRe ())(()  (t€R);

this agrees with the definition in [SV2,§6], except for the change of variables s = ¢ ~1.
The images (f)«[Op,;], 0 <t < o0, of any [Oy ;] constitute a real analytic family
of cycles in the complex orbit O. We argue in [SV2] that this family of cycles has
a limit for ¢ — +oo for a priori reasons, and that the limit is a cycle in O N igg.
The existence of the limit may seem surprising, since f; has exponential behavior
for large ¢. At the end of this section, we shall say a few words about the notion of
limit of a family of cycles, and about the argument for the existence of the limit in
our situation.

7.22 Theorem. The assignment ¢ +— lim;_ 1 (ft)« ¢ induces the Sekiguchi
correspondence, as map from HY' (O Np,Z) to HY (O Nigg,Z). In other words,

limy— 400 (ft)*[op] = [OER]

whenever the K-orbit O, in O Np and the Gr-orbit Or in O Nigr are related by
the Sekiguchi correspondence.

This theorem plays a crucial role in our proof of the Barbasch-Vogan conjecture in
[SV2], where it is stated as theorem 6.3. Its proof splits naturally in two parts. One
establishes the existence of the limit and reduces its computation to two geometric
lemmas about nilpotent orbits [SV2,§6]. The second part consists of the proofs of
the two lemmas; these proofs occupy the last section of this paper and use the tools
developed in the preceding sections.

We had mentioned earlier that our description of the Sekiguchi correspondence
carries over to its most general version, which relates nilpotent orbits attached to
symmetric pairs defined by commuting involutions [Se]. The statement and the
various steps of the proof apply in the general case after minimal changes, with one
exception: in the absence of complex and symplectic structures, the orbits no longer
carry natural orientations and — as far as we know — need not even be orientable.
One can deal with this problem by considering the orbits as cycles with values in the
orientation sheaf; the isomorphism (7.15) identifies the orientation sheaves of any
two orbits related by the Sekiguchi correspondence. When that is done, theorem
7.22 remains correct as stated.

Let us comment briefly on the meaning of the limit in theorem 7.22 — for a
more detailed discussion of limits of cycles in general, see [SV1]. When we restrict
the family of cycles { (f¢)«[Op]} to some finite interval 0 < ¢t < a, we obtain a
submanifold with boundary in [0, a] x O, and the boundary consists of the fibers over
0 and a ; in this situation, it is natural to think of the fiber over a as the limit of the
family as ¢ tends to a from below. What matters here is not the smoothness of the
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family; it suffices that the total space and the map to the parameter interval [0, a] be
Whitney stratifiable. In the case of real algebraic, or more generally, subanalytic
families of cycles, Whitney stratifiability is automatic. The family { (fi)«[O,] }
fails to be subanalytic at ¢t = +00. It does, however, belong to one of the analytic-
geometric categories constructed by van den Dries-Miller [DM], using recent work in
model theory [W, DMM]. These analytic-geometric categories generalize the notion
of subanalyticity, and share most of the important properties of the subanalytic
category, such as Whitney stratifiability. This implies the existence of the limit
in theorem 7.22; in effect, one can argue as if the family were subanalytic even at
infinity. By definition, the limit cycle is supported on F,, the fiber over {+oco} of
the closure of { (¢, f:(¢)) |0 <t <o00,( € Op} in [0,400] x O. A fairly simple
argument identifies Fiy as O Nigr [SV2, §6]. Thus, according to (7.19), the limit
cycle can only be an integral linear combination of the O ;. A normal slice to O _;
in O, at a generic point of Og j, intersects (f;)«[(Op)], for ¢ close to +oco, with an
intersection multiplicity m; not depending on t; here “generic” is to be taken in
the sense of the analytic-geometric category to which the family of cycles belongs.
Essentially by definition, the intersection multiplicity m; is the coefficient of Ok ;
in the limit cycle. We argue in [SV2, §6] that the multiplicity m; can be calculated
even at “non-generic” points under certain circumstances. This argument reduces
the statement of theorem 7.22 to the second of the two lemmas in the next section;
the first lemma is a crucial ingredient of the proof of the second.

8. Two Lemmas.

We work in the setting of the complexified Lie algebra g = C ®g ggr, as in §56-7.
We keep fixed, once and for all, a nilpotent G-orbit O in g — {0}. Recall the family
of real analytic maps

(8.1) fi: 0 — 0, [i(¢) = Ad(exp(tRe())(¢)  (t€R),

defined in (7.21); as was remarked earlier, this agrees with the definition in [SV2,
§5], except for the change of variables t = s~1. Note that

(8.2) Re (fi(¢)) = Re(

for all ¢ € O. Tt follows that {f:} is a one parameter group of diffeomorphisms.
Because of (6.5) and (7.1), the definition (2.7) of the moment map translates

into

. L6

(83) mig-{0) — i, m(o) = -

in the present situation. This map is invariant under the action of the maximal
compact subgroup Ugr C G. We are interested in the qualitative behavior of ||m]|?
along trajectories {f:(¢) | t > 0} through points ( € O Np. Thus we consider a
particular K-orbit O, in O Np and a point ¢ € Op. With this choice of ¢ kept
fixed, we write

m(fi(¢)) = m(t) = ma(t) +ma(t) +ms(t), with
mi(t) ER-Re ¢, ma(t) €prN(Re ), ma(t) € itr.

This can be done because iug = ifg & pr. Our first statement is [SV2, lemma

6.28], phrased in terms of the new variable t = s~ 1.

(8.4)
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8.5 Lemma. For ( € O, asaboveand t € R, [m1(t)||? + ||ms(t)]|* > ||m(0)]>.

Before embarking on the proof of the lemma, we state the second one. Besides
the K-orbit O, in O Np, it involves a Gr-orbit Or in O N i gr, which may or may
not be related to O, by the Sekiguchi correspondence. We fix a point v € C(Or),
which can be represented as

(8.6) v = iPe), with @y € Mor™(s, g),

as in (7.4). The choice of @y gives meaning to the decomposition (4.5) of g. The
space

(8.7) q(v) = EBrzl GBKTQ(T?K)

is a linear complement to Kerad(r) = Kerad(e) in g, and is defined over R. Thus,
for a > 0 sufficiently small, the map

{&n)egrxgr | &meaw)ngr, KL NI <a} — O
(&n) = Ad(expi§expn)(v)

sends its domain isomorphically to an open neighborhood of v in O. In particular,
shrinking a further if necessary, we can make

(8.9) N(v,a) = {Ad(expi§)(v) | €a(v)Ngr, [[€ll <a}

a normal slice to Og in O at the point v — in other words, a submanifold of O
that intersects Ogr at the single point v, where the intersection is transverse. We
remarked in §7 that the orbits O, , Or carry natural orientations: the former as
complex manifold, the latter as coadjoint orbit via Or 3 i( — ( € gr = gr”,
hence as canonically symplectic manifold®>. The orientation of O, in turn orients
the diffeomorphic image f;(O,). Our next statement is a more specific version of
lemma 6.29 in [SV2], again phrased in terms of the variable t = s~ 1.

(8.8)

8.10 Lemma. For a sufficiently small and t sufficiently large in terms of a, the sub-
manifolds N (v,a) and f;(Or) of O meet either exactly once or not at all, depending
on whether or not O is the Sekiguchi image of O,. In the former situation, the
intersection is transverse and has intersection multiplicity +1 when the orientation
of N(v,a) and the sign convention for intersection multiplicities are chosen so as to
make N(v,a) meet Or with multiplicity +1 at v.

Proof of 8.5. Let us record some observations about nilpotents in O N p; they will
be used not only here but also in the proof of the second lemma. We consider an
arbitrary ¢ € O N p, which we express as ( = £ + in with £,n € pr. In particular,
ad€ : gr — gr is self-adjoint with respect to the complex extension of the inner
product (2.2). Thus

¢ = >0 = £+id.mn, with A ranging over R, and

€ = M fad¢, =
7\ € o eigenspace of ad ¢ Cx { ins iFA£0.

(8.11a)

5The orientation conventions are spelled out in detail in [SV1, §8]
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The nilpotence of ¢ implies 0 = B((, () = B(£+in, & +in) = ||€]|% — [In]|® + 2i(&, 7).
Also, g3 L gk unless = \, hence

(8.11b) IEl® = lnll* = sl = 3licl®, (&) = (&m0) = 0.

Both ¢ and 7 lie in pg, i.e., the (—1)-eigenspace of 6, hence

(8.11c¢) O = —n-x, lmll = [In=xll-

All this applies to the point ¢ referred to in the statement of the lemma.
We calculate m(t) = m(f(¢)), beginning with the definition (8.3) of the moment
map:

[Ad(exp(#))¢, O(Ad (exp(t))C)]

mit) = [ Ad(exp ()2
[E+id>, e, E—id 0, eMn_y]
- NI
D D N I B S O L
- AL '

The imaginary part of this expression equals mgs(t), and iny = () if A # 0. We
conclude:

. 2ox AN +e )G

6.12) ms(t) = S e )
Ims(@)? = e+ e IG
(2o M)
On the other hand,
m(t) = Bem®.8 o _ ) BRem(t).8)

€112
Xk €EB (I -], €)
a €112 3225 e [IGl2
_ o 2 A B -2
<112 X2, e ]ICall?

RE
Soa ENTIB (i [€, - ])
TERCZISE
3 A |2

= 2 :
$= 2R S Gl

£ = -2

£

In the numerator, only the summands corresponding to non-zero A matter, so we
can replace iny by (), giving us

I
= 2
) = 2 R NG &
RN
SO (o MG

(8.13)

Ima ()] = 2
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in the second line, we have used the equality Y-, [|CA[|* = [IC]I* = 2[|€]|*. At t =0,
m(0) is a positive multiple of —[¢, 6(], which lies in ifg. Thus

m = - ﬂ

(8.14) (0) 2 NI
. o
ImO)2 = 4 222 10"

(le\( [DONTREE

as follows from (8.12) with ¢ = 0.

To prove the inequality asserted by the lemma, we rewrite it in terms of the
expressions (8.12-14) and clear the (positive) denominators. This transforms the
inequality into the following equivalent form:

20 G EAAMNGIP)? + (25 G225 A2 (X + e )2 [1G1%)
> A4S VGRS e lleal?)?

The original inequality is homogenous in {. So is the inequality (8.15) when one
allows only scaling by real numbers and gives A — which is a typical eigenvalue
of ad{ = ad(Re() — the same weight as ||x]]. Thus we are free to renormalize
¢, subject to the condition 2 = |[¢[|* = Y5, IGA[]>. We set ax = [|GA[|>. Then
Yovax =2, and ag = [|€]|* + [|mol|* > 1 by (8.11); also, a_x = ay, again by (8.11).
We note that (e* 4 e=M)2 = ¢2M 4 2 4 ¢=2M and replace 2t by ¢ throughout. At
this point, the inequality to be proved becomes

(> )‘e)\ta/\)2 + > )‘2(6/\t +2+ e‘”)aA > (2 )‘2‘1/\)(ZA e/\ta/\)2 )
subject to the conditions ay =a—_x >0, ag>1, >  ayx=2.

(8.15)

(8.16)

There must be at least one pair of non-zero indices +\; otherwise £ and n would
commute, making ¢ semisimple — impossible, since ( is a non-zero nilpotent. One
further reformulation of the inequality to be proved: we define

(8.17a) h(t) = Y\ axe, teR.
This transforms the inequality into the form
(8.17b) R'(t)? + 2n"(t) + 2Rr"(0) > h’(0)h(t)?,

with the ay still subject to the conditions listed in (8.16).

The function h(t) has a globally convergent Taylor series. We can therefore
verify (8.17b) by establishing the corresponding inequalities for all derivatives, at
t = 0, of the expressions on both sides, including the 0-th derivative, of course. The
conditions on the ay imply, in particular,

a) h(0) = Xy ax = 2;

b) 0<3 50 ax <13

¢) hR(0) = Z)\#O)\ ax, for k > 0;
d) r®**Y ) = o0, for k> 0.

(8.18)
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This gives the inequality at t = 0, as an equality, in fact. We still must show that

d(k) 1In2 ” " d(k) " 2
— (WO + 207() + 217(0) =0 > —= (W (0)h()?) =0

for all £ > 0, or equivalently,

k

Z (E) h(f-‘rl)(o)h(k—f-‘rl)(o) + 2h(7€+2) (O)
£=0

k
> ; (’Z) h 2 (0)n® (0)h*=9(0).

When £k is odd, both sides reduce to zero because of (8.18d). To deal with the even
case, we replace k by 2k, omit the odd derivatives in the two sums, and separate
out the summands involving h(0) = 2. This reduces the problem to showing that

k
2k -
Z <2€ - 1) h(?f) (O)h(2k 204-2) (0) + 2h(2k+2) (0)
=1

(8.20) o
> (ZIDh(z)(O)h(%)(O)h(%_%)(O) + 4h2(0)A(0),
£=1

—

still for £ > 0.
We shall reorganize the terms on both sides of (8.20) and then compare corre-
sponding terms, using the Chebychev inequality. First the left hand side of (8.20):

k

Z (2£2f 1> RO (0)h(E-26+2) () 1 2p(2k+2) ()

=¥ { @’; B i) + @'; B ;) } hZO(0)h2F=242 0y +  2n2FF2)(0)
S <2k B 1>h<2@>(0)h<2’f—24+2>(0) +

k—1
(8:21) n Z (2k - 1) R (0)R2F-20(0) 1 2RF+2)(0)

-1
+ (2k - 1) h(?f-‘r?) (O)h(2k—2f) (O) +
=1

+ 20@0)A(0) + 20EH2(0).
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Now the right hand side:

N

—1
(3’;)h<2>(o)h@@(om(%—?@(O) + 4 (0)h2H) (o)

SR (e

=1
+ 4@ (0)h(R) (0)

TS
_ =

~

(8.22)
= 2k -1 2 20 2k—2¢
= (%_1>h()(0)h( )(0)h2F=20(0) +
(=1
2k -1
+ Z( o )h<2>(o)h@@(om(%—?@(O) +
=1

+ 4hP(0)hR)(0).

Matching up corresponding terms on the right in (8.21-22), we see that the inequal-
ity (8.20) can be reduced to

(8.23) 2D 0) > KB (0)h29(0)

for all ¢. This is equivalent to

(8.24) SN ay > DY Na | | DN an ],
A£0 A0 A0

because of (8.18¢c). We now appeal to Chebychev’s inequality as stated in [HLP,
(2.17.1)], for example:

(8.25) Z,\;éo N2 ay > Z,\;&o A% ay E,\;éo A ay '
Dor0 OA B D20 OA Dor0 OA

But 0 <37, pax <1 by (8.18b), so (8.25) implies (8.24), and hence lemma 8.5.

Proof of 8.10. We express the point v as in (8.6) and use the morphism @, to
identify s = s[(2,C) with a 6-stable, conjugation invariant subalgebra of g. In
particular,

(8.26) v = ie.
We must show: for a > 0 sufficiently small and ¢ > 0 sufficiently large, the equation
(8.27)  fi(¢) = Ad(expik)(ie), with (€ O, keq(ie)Ngr, |k <a,

has exactly one solution when O, and Og are Sekiguchi related, and no solution
otherwise.
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It is easy to produce a solution when it is supposed to exist. Thus, for the
moment, we assume that the two orbits are related. Note that the identity se®s* =1,
with t > 0, 0 < s < 1, implicitly describes s = s(t) as a decreasing function of ¢,
and lim;_,~ s(t) = 0. A simple calculation in SL(2,C) shows:

fi(sh +ise+ isf) = Ad(exp(sth))(sh + ise + isf)
(8.28a) = sh+ie+ is’f = Ad(exp(isf))(ie),
and s(h + ie + i f) lies in the K-orbit related to the Ggr-orbit of ie;

in other words, the relation (8.27) with { = s(h+ie+if) and k = sf — which does
lie in q(ie) N gg, as required. With little more effort, one checks that

in the case of (gr, tr) = (sI(2,R),50(2)), with ¢ > 0,
(8.28Db) the above solution of the equation (8.27) is the only solution
with the property that £ € Rh and Kk € Rf.

In fact, for (gr, tr) = (s1(2,R),s0(2)) and ¢ > 0, it is the only solution, even without
the additional hypotheses on £ and «, as will follow from the arguments below. We
shall need to know certain properties of the solution (8.28a):

m(sh +ie+ is?f) = 1+ ((1—-s*)h — 2ise + 2isf),

(8.29) [sh +ie+is’f| = 1+ s, |m(sh +ie + is*f)|* = 2;
this follows from the description (8.3) of the moment map and another simple
calculation.

In the general situation, let us suppose that (8.27) does have a solution, with
a > 0 sufficiently small and ¢ > 0 — the meaning of “sufficiently small” will be
specified later. We write { = £ 4 in, as in (8.11), and we define

,_ la
).

The present meaning of s appears to be different from that in (8.28a); after the
fact, we shall see that they agree. Inductively, we shall produce bounds

(8.30)

(8.31) l€ = shll < C*s*, v —sfll < C*s*,

for all k£ > 1, with some positive constant C' which is independent of both & and ¢.
For a small and ||&| < a,

(8.32) 1€l = IRe fi(Oll < [Ife(¢) — iell = [|Ad(expir)(ie) — ie]l

is small as well. Thus we can force C's < 1, in which case (8.31) implies £ = sh € Rh
and k= sf € R f, hence {, k € 5. But then s also contains ¢ = f_;(Ad exp(ir)(ie));
recall: {f;} is a one-parameter group of diffeomorphisms. Because of (8.28b), our
hypothetical solution must coincide with the solution (8.28a) — in particular, no
solution exists unless the two orbits are Sekiguchi related.
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At this point, we still need to establish the bounds (8.31) and to pin down the
nature of the intersection of f;(Og) with the normal slice — transverse, with sign
+1. The latter is a separate matter, and we shall deal with it last.

To prepare for the verification of (8.31), we re-write the right hand side of (8.27).
Since ad f(e) = —h and (ad f)*(e) = —2f,

Z'é 1 y
Ad(expir)(ie) = Z L (sad f + ad(k — sf)) (e)

>0 (!
= de+ sh+ is’f + [e,n — sf]

— % ((ad(/i —sf))? + ad(k — sf)ad(sf) + ad(sf)ad(x — sf)) (e)
041

+ 30, S (saa o+ adts - s) ().

(8.33a)

We make a small enough to force s < 1 and ||k —sf|| < 1. For k > 2, (ad f)*(e) = 0.
Thus, when we expand (s adf + ad(x — sf))"(e) as a sum of monomials, every non-

zero term involves at least one power of ad(k —sf). We can therefore choose D > 0
so that

41

(8.33D) 12, ZT (sad f + ad(k — 5f)" (o) |

< Dk = sf| max(sz, |x — sfH2) :

Taking the real and imaginary parts of f:(¢) = £ + i Ad(t€)(n) = Ad(expix)(ie),
we find

a) [[€=sh—[e,n—sflll < Dlr—sfl max(s* |lx - sf]?),

(8.34)
b) [|Ad(t)(n) —e—s*fl < Dl —sf| max(s,|[s — sfll),
now with a possibly larger value of D.

We remarked already that ||£|| and s are necessarily small when « is small. Also,
the operator ad e is injective on the space q(ie), which contains both f and x. Hence
lle, & — sf]|| can be bounded from below by a positive multiple of ||k — sf||. Using
(8.34a), we now conclude:

(8.35) € — sh|| and ||k — sf| are mutually bounded

when a is sufficiently small. In particular, this makes the two inequalities in (8.31)
equivalent to one another. The first holds vacuously when k£ = 1, hence so does the
other.

For the inductive step, we assume that (8.31) is satisfied for some k > 1. En-
larging the constant D in (8.34) if necessary — independently of k — we can arrange

(8.36) € + i Ad(t€)(n) — sh —ie — is’f|| < D|sk — sf|| < Ck¥Ds".

But € + i Ad(t€)(n) = £1(¢), and (1 + s2)~(sh + ie + is%f) lies in the core C(O);
indeed, according to (8.29), (1 + s?)~1(sh + ie + is®f) has unit length, and there
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the function ||m||?, which is invariant under scaling of the argument, assumes the
minimum value 2. Thus (8.36) implies

(8.37) dist((1— 2 f(C), C(0)) < || L&) _ shtietis

< C*Ds*.
=TT Trsz | 5

The function ||m||? : S(O) — R is Bott-Morse, with minimal value 2, assumed
precisely on the core. Using (8.37) and the invariance of m under scaling of the
argument, we find

(8.38) Im(fe(OI* — 2 < C*D*s*,

possibly after increasing D, again independently of k. On the other hand, according
to lemma (8.5),

Im(fe )P = a7 + [lm2()]* + [ms ()]

Ima®1* + ms®)I* = [Im()I* > 2.

(8.39)

Y

Combining (8.38-39), we find
(8.40) [ma(t)] < C*Ds".

The moment map is differentiable, so (8.37) implies a bound on the distance between
m(fi(¢)) and m(sh + ie +is?f),

(8.41) Im(fi(C)) — m(sh+ie+isf)| < C*Ds*,

with a larger D, if necessary. By definition of the m;(¢),

(8.42) ma(t) = Re(ma(t) + ms(t)) = Re(m(fi(¢)) — ma(t)).
At this point, we can conclude that

1—s? ko k
by combining the formula (8.29) for m(sh + ie + is®f) with (8.40-42).
Recall that mq(t) is a real multiple of Re( = £ — a positive multiple, as follows
from the explicit formula (8.13) in conjunction with (8.11):

mi ()

(5.44) € = Il

In this formula, we can approximate ms(t) by (1 + s?)7*(1 — s?)h, at the expense
of introducing an error term slightly larger than that in (8.43), multiplied by [|£]].
Since the inner product was normalized by the formula ||h||? = B(h, h) = 2,

_ L&l k gk
(8.45) 1€ ﬁhll < 3[|¢|C*Ds",
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provided s is sufficiently small — which, we had seen, can be arranged by making
a small. We substitute [|£]| = v/2s5 — cf. (8.30) — and choose C' at least as large as
3DV/2, giving us

(8.46) | € — sh| < CFFlghtt,

In view of (8.35) this completes the inductive verification of (8.31). We had re-
marked already that (8.31) implies the first part of the lemma.

Now let Og, O, be orbits related by the Sekiguchi correspondence, and v a point
in the core C(Og). We use the notation (8.26-28); in particular, we again identify
s with a subalgebra of g and the point v with ie. To shorten formulas, we set

(8.47) vy = s(h+ie+if) (0<t<o0),

with s = s(t) determined implicitly by se?! = 1 as before. Then lim; ., s(t) = 0,
s(0) =1, and

(8.48) fi(ve) = ie + sh + is?f,

as in (8.28). We regard tangent spaces to (real) submanifolds of g as vector sub-
spaces of g, i.e., of g considered as vector space over R. However, we shall not
dwell on the distinction between g and g® from now on. We shall show:

the limit of vector spaces lim; oo (ft)« (T, Op)

4
(8.49) exists and equals T;.Ok .

Since Og and the normal slice N(ie,a) meet transversely at ie by construction,
f1(Op) must then meet Og transversely at v, for ¢ large, as asserted by the lemma.
The point (2s)'14 lies in the core C(O,). Since scaling by a positive number
preserves Oy, the tangent spaces to Oy at v; and (2s) !4 are naturally isomorphic;
indeed, they are equal as subspaces of g®. Appealing to (4.9) and (6.17), we find

T,,0p = T,,(Kr- 1) @ or(Po)(h +ie+if),

(8.50) with r(®g) = P, s Hom™ (s, g(r))(r — 2).
We shall apply the differential of f; separately to the various summands in this
decomposition of 7,0, and then take the limit as ¢ — oo.

The map f; is Gg-invariant by definition. It follows that (f;). maps the tangent
space T, (Kg - ;) isomorphically onto Ty,(,,)(Kr - ft(v¢)). Since fi(vt) — ie, we
can let ¢ tend to infinity and conclude

(8.51) limg oo (fe)« (T, (Kr - 1)) = Tic (Kr - i€) ,

provided the family of Kg-orbits Kg- f;(v¢) = Kgr-(ie+sh+is?f) depends smoothly
on s = s(t) even at s = 0. To see this, note that any k € K that fixes f;(v;) must
fix the real and imaginary parts separately, but those generate s as Lie algebra.
Similarly, if k¥ € Kg fixes ie, it must fix also if = —ifle, which together with ‘e
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generates 5. The constancy of the isotropy subgroups of (KRr)y, () = (Kr)s even
at s = 0 implies the smooth dependence of the Kg-orbits, hence (8.51).

Recall the decomposition g = @, ¢ g(r,¢) defined in §4. For n € g(r), we let n,
denote the component of n in g(r, £). We shall need to know:

a) the map ®+— ®h establishes an isomorphism

HomR’e(ﬁ7 g(r)(r—-2) ~ @OSZ<T (a(r,0) + a(r,—£)) N pr;

(8.52) _
b) ® € Hom(s, g(r))(r — 2) = (Ph)g = 0 if {==%r, and
@6z = e, @RN], (@) = —[f, (@h)].

The assertion b) is established in [S,§9], in the arguments® leading up to (9.53) in
that paper; alternatively, one can deduce b) directly from the identity (4.14b) in
the proof of proposition 4.9. Because of b), the map ® — ® h is certainly injective
on Hom™ (s, g(r))(r — 2), and ® h has no components in g(r, 7). But any such
® respects the Cartan decomposition and real structure, so ® h lies in g(r) N pr.
The space g(r) N pg is invariant under (ad h)?, hence splits into the direct sum of
the subspaces (g(r,¢) + g(r,—¢)) Npgr . Since (P h)y, =0, the map & — P h in a)
does take values in @, (9(r,¢) + g(r, —¢)). To see the surjectivity of the map,
let us fix £ € (g(r,£) + g(r,—{)) for some integer £, 0 < £ < r. The formulas in
b) are compatible with the Cartan involution and real structure, and consequently
determine a unique ® € Hom™?(s, g(r)) such that the formulas in b) hold and
® h = £. The criterion (4.14b) and a short computation show that ®, thus defined,
lies in Hom™?(s, g(r))(r — 2). This completes the verification of (8.52).

The definition of the map f;, coupled with the formula for the differential of the
exponential map — see [He,theorem II.1.7], for example — leads to the formula

1 — efst adh

859) (1€ = Ades(st) (¢ + |

We apply this to ¢ = ®(h + ie + if), with ® € Hom™’(s, g(r))(r — 2) viewed as
tangent vector to Oy at vy, as in (8.50). To simplify the statement we are about to
make, we assume

(8.54) Dh e (g(r,l) + g(r,—0)) Npr (0<t<r).

In any case, Hom™? (s, g(r))(r — 2) has a basis consisting of linear maps ® of this
type. According to (8.52b), ®e has a nonzero component in g(r,£ + 2) — unless
® = 0, of course — but no components in g(r, j) with j > ¢ + 2; similarly, ®f has
no components in g(r,j) with j > £. The operator Adexp(sth) acts on g(r,{) as
multiplication by e = s7/2, whereas the operator (adh)™!(1 — e~*%4") acts by
Y1 —e7st) = ¢71(1 — s%2) or st = —Llogs, depending on whether £ > 0 or

6The hypotheses “if = n or r = n — 2, and if s = £n, £(n — 2)” in [S,(9.53)] are irrelevant
in the present setting; in other words, one should argue as in [S], but with X,, =Y, = Z, = 0.
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£ = 0. Looking at the leading terms, or equivalently the terms involving the lowest
power of s, we find

is—1—§%(@6)8+2 + ... ife>0

(8.55)  (fi)«lv, ®(h +ie+if) =
illogs|s™t = ®e + ... if¢=0;

here ... refers to lower order terms, and we are using (8.52b) to express [(®h)y, €]
as a multiple of (®e)sy2 .

Let us re-state the top line of the identity (8.55) in terms ®e, rather than (Pe)syo.
By (8.54) and (8.52b), if £ > 0,

2r —2r

" (Pe)pt2 = m [e, (Ph),]
= r—_lf (e, (Ph)e] — TLH [e, (Bh)_¢] — [e, (Bh)y — (Dh)_¢]
= @)z + (B0)cr2 = — [, (@h)e + O(@R))]

= ®e —

g Lo (@h)e + 0((2h)-0)].

In the next to last line, we have used the fact that 6 acts as —1 on ®h and maps
g(r,£) to g(r,—¢). Thus

Pe — [eu 77@]7
(8.56) 2r

with 7o =qef ((‘I)h)g + 9(((I)h)g)) € tg.

1
2r
Combining (8.55-56), we get

limi oo (515 ()l ®(h +ie+if)) =

(8.57) r+§;(i(v; 56 )q)(z'e) + %:)@[mp,ie] if >0,

In analogy to (8.50), we can describe the tangent space to Og at the point ie as

T;.0n = Ti(Kg - (ie)) @ o(®o)(ie), with

(858) DR(‘I)Q) = @r>2 HOIII]R 0(5 g(T‘))(T — 2) 5 TieO]R = [ER, ie] .

We have established (8.49); equivalently, there exists a basis {#;(t)} of (f;)«(T\,0,),
depending continuously on the parameter ¢, such that the limits 7; = lim; . nj( )
exist and constitute a basis of T;.Ogr. This follows from the analogous statement
about the tangent spaces of the Kpg-orbits — which is equivalent to (8.51) —
conjunction with (8.50), (8.52a), (8.57-58), and the non-vanishing of the coefficients
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of ®(ie) in (8.57). We have pointed out already that (8.49) implies the transversality
assertion of the lemma.

To pin down the sign of the intersection, it suffices to compare two orientations
on T;cOr = limy oo ((f)+T,,Op) — on the one hand, the orientation introduced by
the symplectic form %a@, on the other, the orientation coming from the complex
structure on O, ~ f;(O,) and the limiting process; the sign of the intersection is the
sign which relates the two orientations. We had remarked already that the tangent
spaces 1,0y all coincide when we regard them as subspaces of g®. In particular,
they all coincide with the tangent space at vo = h +ie + if:

(8.59) T,,0p = T,,0p = [t 1] .

For reasons of continuity, the real 2-form Im oo is non-degenerate on (ft)«(7,,Op)
for all large enough values of ¢t. We must show that (f:). is orientation preserving
with respect to this symplectic structure on (f;)«(7,,0p) and the orientation of
T,,0, as complex vector space — equivalently, that Im(f}op), for ¢ > 0, orients
the tangent space 1,0, = T,,O consistently with the complex orientation. In fact,
we shall show

a) Imoep is non-degenerate on (f;)«(T,,0p) forall t>0;
(8.60) b) S =gep limy o+ (til fi(Im UO)|TVtO) exists, is non-degenerate,

and orients 7,0 =1T,,0 consistently with the complex structure.

That suffices: the 2-forms f;"(Imop), for t > 0, are then all nondegenerate on T,,,O
and therefore induce the same orientation. Because of b), this orientation agrees
with the orientation determined by the complex structure.

We break down the verification of the statement (8.60a) into the following two
separate assertions:

a) the submanifolds f;(O,) of the complex orbit O are
(8.61) Lagrangian with respect to the symplectic form Reop;
b) (f1)« (T, O) Ni(ft)x(T1,O) =0 forall t>0.

Let us assume this for the moment. If ¢ € (f;)«(T1,Oy) lies in the radical of the
restriction of Imoo to (fi)«(1,,Op), (8.61a) allows us to argue

Imoo(¢, (f)«(T,0p)) = 0 = o0((, (fi)«(T0,Op)) = 0 =
00(¢, i (f)+(T,0p)) = 0 = 00((, (f0)«(T0,Op) ® i (fo)+(T0, Op) ) = 0;

at the second step we are using the complex linearity of cp. But (8.61b) and a
dimension count imply that (f;).«(T,,0p) and ¢ (f+).(T,, Op) span the tangent space
of O at fi(v4), so  lies in the radical of the holomorphic symplectic form oo, forcing
¢ = 0. Thus (8.61a,b) do imply (8.60a). At this point, only (8.60b) and (8.61a,b)
remain to be proved.

Recall the notation (8.47) and the formula (8.53) for the differential of f;. We
apply this formula to a tangent vector ¢ € T,,0,. Because of (8.59), we can write
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¢ = [k, vo] for some £ € €, so that

(fi)«C = (fi)slr,m0] =

1— e—stadh
_1 LT—e" _
(8.62) s [Ad exp(sth) (H + —h Relx, V0]> , Ad exp(sth) yt}
1 1— efstadh
— s~ {ft(ut), Adexp(sth) (/{ + —ir Re C) ] '

The holomorphic symplectic form op is the canonical symplectic form of the com-
plex coadjoint orbit that corresponds to O when we identify g ~ g* via the Killing
form. Thus, for ; = [k, 0] € T,,,0p, j = 1,2,

(ffoo)(C1,G) = (00)|f, ) ((fi)«[r1,v0] s (fr)«[r2,10]) =
B (fi(ve), [(adfe(v) " ((fo)« k1, v0]) s (adfe() " ((fr)slr2,m0])]) =

Ly r 1— e—stadh 1— e—stadh
S B(W, K1 + TRGQMQ + TRGQ}) =

M1 — efstadh 1— efstadh
-2
S B<I/t7 adh ReCh adh Re@}) +

adh adh

r 1— —stadh 1— —stadh
SQB<I/,5, m,eif{e@] + {eif{ecl,ng]).

Here, in the second line, (adf;(v¢)) " ((ft)«[#;, o)) is symbolic notation for any el-
ement of g whose image under adf;(v;) is (fi)«[r;, 10]; in passing from the second
line to the third, we are using (8.62), the identity f:(v:) = Adexp(stadh)(v:), and
the Ad-invariance of the Killing form; the last step is justified by the perpendicu-
larity of vy € p and [k1, ko] € €. Next, we use the infinitesimal invariance of B, the
relation v; = svp, and the relation between ¢; and x;, to conclude

(ffoo)(1,¢G) = (00)| 1) ((fr)[r1,10] s (fr)«l[r2,10]) =

1— —stadh 1— —stadh
- slB(uo, [eiRecl, eiRe@D

(8.63) adh adh

1— efstadh 1— efstadh
— 51B<C1, TRGCQ) + 51B<TRCC1,<2> .

We shall use this formula to verify (8.60b) and (8.61a).
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For t near 0, s(t) =1 —2t+ ... and (adh)~!(1 — e~**d") = st-1 4 ..., hence
s7Hadh)"H(1 —esfadh) =¢.1 4+ ..., and

(864) ft*(IHlO'(/))(Cl,CQ) = —tB(IHlCl y RGCQ) + tB(Re(l y IHlCQ) +

We conclude that S = lim, o+ t~ f(Imop) exists as R-bilinear, alternating form
on T,,0, = [¢, 1] and is given by the formula

(865) S(Cla(?) = —B(Im(l ) RGCQ) + B(Re(l y Im@) .

Let {¢;} be a C-basis of [¢, 1], orthonormal with respect to the inner product (2.2).
Since 6 acts as multiplication by —1 on [, 1] C p,

S(¢j,iCk) = B(Im ¢, Im(x) + B(Re (5, ReCx) = Re((,C) = ik s

(8.66) S(ijck) - —B(Iij , Re (i) + B(Re Gjs Im (k) = Im(CJ’Ck) =

In particular, the nondegenerate alternating bilinear form S orients [¢, 1], viewed
as real vector space, in the same way as the complex structure. This establishes
(8.60b).

The formula (8.63) and its derivation remain valid if we replace v, = sy by an
arbitrary point v € O, and sh = Rev; by Rev. We take real parts on both sides,
to conclude

(Reoo)lf,w) ((f)«Cr, (f1):C2) =

1— —tad Rev 1— —tad Rev
= B(Reu, [eiReg, eiRe@D

(8.67) ad Rev ad Rev

1— e—tad Rev 1— e—tad Rev
_ B(Re<1, WRGCQ) + B(WR€C1,R€C2) ,

for all ¢1,(2 € T, Op. On the other hand, because of the invariance of B,

1— eftad Rev 1— eftad Rev
Bl R — R — R =
( e [ ad Rev e ad Rev e@})

B RGCQ) =

(8.68)

ad Rev

7tad Rev tad Rev __

e 1
~ adRev Re@)—B(ReQ, ad Rev Re@)

1— e—tad Rev
B( —tad Re l/) Re Cl , Re <2) _
B(Re Gy
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The operator ad Rev is skew with respect to B, so (ad Rev) (1 — e~*ad Rev) g

the adjoint of (ad Rev)~!(ef*d Rev — 1) and

etad Rev _ 1 1— e—tad Rev
(869) B(Re<1 N W RQCQ) = B(W R6C1 5 RQCQ) .

Combining (8.67-69), we find that Re oo vanishes identically on f;(Oy). Since O,
has half the dimension of O, this implies (8.61a).

Only (8.61b) remains to be established. Let us assume, then, that ¢ > 0. We
consider two tangent vectors

(8.70) ¢ €T,,0p =[t,h+ei+if] Cp, suchthat (fi).(1 = 7(f)«Co-
We express the (; in terms of their real and imaginary parts,
(8.71) G =& +in;,  with &, n; €pr.

Because (adh)™1(1 — e~stadhy[¢, h] = (e=stadh — 1)¢; | the formula (8.53) can be
re-written as follows:

_efstadh
87 (DG = & + i Adespteth) (1 + [ g ek g )

a
Our assumption (8.70) on the (; is therefore equivalent to

1— e—stadh
e_Stadhgl = —1n2 + |:e+fa 752:| 3
adh
(8.73)

an 1_675tadh
ettedhiey = — [€+f, T{l] .

We need to separate the components in £g and pr. For this purpose, we define

S = M = st-1 + l(stadh)2 + ...,
(8.74) 1 _adhh( tadh) 1 i 1
cosh(sta
T — = ——stadh — —(stadh)?
ad h 28 & 24(S ad )

Even powers of adh or ad(e + f) commute with the Cartan involution, whereas
odd powers anti-commute; also,

(8.75) e~stadh — 1 _ (§ 4+ T)oadh = 1 — adho(S +T).
Equating pr-components in (8.73), we now find

m = (1 — adhoT)@ “+ ad(e—l—f)oT&,

(8.76a) 2 = —(1 —adhoT)é + ad(e+ f)oT &,
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and the equality of the tg-components translates into

adhoS & = —adle+ f)oS &,

(8.76b) adhoS & = ad(e+ f)oS & .

The latter two equations can be combined into the single complex equation
(8.77) [h+ie+if, S —i&)] = 0.

We shall use these equations to show that the ¢; must vanish..

Both ¢ lie in [¢, h + ie + i f], hence in the image of ad(h +ie+if):g— g, and
S (&1 — &) lies in the kernel of ad(h + ie + if) by (8.77). The image and the kernel
are each other’s annihilator, relative to the Killing form. Thus

B(S(& —i&2), G +i¢2) = 0.
Taking real parts, we find
0 = B(S&,& —m2) + B(S&, & +m)
(8.78) = B(S&,&) + B(S&,(1—adhoT)&1) — B(S&,ad(e+ f) o Tés)
+ B(5§2,&2) + B(S&, (1 —adhoT)&2) + B(S&,ad(e + f) o T¢1);

at the second step, we have used (8.76a) to express the 7; in terms of the £;. The
infinitesimal invariance of the Killing form and (8.76b) give

B(S&,ad(e+ f)oTE&) = —B(ad(e+ f) 058, TE) =

(8.79a) — B(adho S&,T&) = B(S&,adhoTE,),

and similarly

(8.700) B(S&,ad(e+ f)oT&) = — Blad(e+ f) o8&, T6) =
' B(adho S&,,T€;) = — B(S&,adhoT¢;).
The operators
(8.80) 1 —adhoT = cosh(stadh), adhoT = 1 — cosh(stadh)

are series in (adh)?, hence symmetric with respect to the Killing form. Thus,
combining (8.78-90), we find

0 = B(S5¢&,&) + B((1—adhoT)o0S5¢,&) — B(adhoT o S&, &)

(8.81) + B(S5&2,&) + B((1 —adhoT) o 8¢, &) — BladhoT o S&,&1) .

The inner product (2.2) agrees with the Killing form on pg. Relative to this inner
product, adh is a symmetric operator, whose eigenspace decomposition diagonalizes
S and adhoT. For ¢t > 0 — which also makes s strictly positive — the eigenvalues
of S and 1 — adhoT are strictly positive, and those of adhoT non-positive. Thus
all terms in (8.81) vanish individually, and & = & = 0. The 7;, which can be
expressed in terms of the &;, must vanish also. We have shown that (8.70) forces
¢1 = ¢2 = 0. This completes the verification of (8.61b), and with it, the proof of
lemma 8.10.
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