TWO GEOMETRIC CHARACTER FORMULAS
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1. Introduction.

In this paper we prove two formulas for the characters of representations of
reductive groups. Both express the character of a representation 7 in terms of the
same geometric data attached to m. When specialized to the case of a compact Lie
group, one of them reduces to Kirillov’s character formula in the compact case, and
the other, to an application of the Atiyah-Bott fixed point formula to the Borel-Weil
realization of the representation 7.

To set the stage, let us first recall the Borel-Weil theorem for a connected, com-
pact Lie group Ggr. For simplicity, we assume that Gg is simply connected. We let
gr denote its Lie algebra and g = C ®g gr the complexified Lie algebra. Via the
adjoint action, Gg operates on igr*, the space of all R-linear functions A : gg — iR.
Every Ggr-orbit  in igr* — “coadjoint orbit” for short — carries a canonical G-
invariant symplectic structure. The orbit 2 is said to be integral if some, or equi-
valently any, A € Q exponentiates to a character e* of the isotropy subgroup (Gg)x.
In that case, the one dimensional representation spaces of the characters e*, A € Q,
fit together into a Gr-equivariant, real algebraic, Hermitian line bundle Lo — €.
The pair (2, Lo — ) carries a unique “positive polarization”: a Gg-invariant com-
plex structure on the manifold 2 and the structure of Gg-equivariant holomorphic
line bundle on Lgq, positive in the sense of algebraic geometry. The hypothesis of
simple connectivity ensures that the square root /Kq of the canonical bundle Kq
exists as Gr-equivariant holomorphic line bundle. According to the Borel-Weil the-
orem, the natural action of Gg on the space of holomorphic Lg-valued half forms

HO (0, O(K;Z/ > ® Lg)) is irreducible; moreover, the association
(1.1) 0 ~ HY(Q,0(KY? @ Lg))

sets up a bijection between the integral regular — i.e. maximal dimensional — coad-
joint orbits © C igr and the irreducible representations of Gg. We should remark
that the passage from sections to half forms corresponds to the p-shift familiar in
representation theory.

Still in the setting of a compact group, we write Oq for the character of the
representation associated to the €2, and g for the pullback, as half form, of ©q to
the Lie algebra gg; concretely,

(12) 9@ = (det eXp*)l/2 exp* @Q .
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We define the Fourier transform ¢ of a test function ¢ € CS°(gg) without the usual
factor ¢ in the exponent,

(13) 60 = [ ewea (e,

gRr

as function on igy. Let o denote the canonical symplectic form and n the complex
dimension of (2. With these conventions, Kirillov’s formula can be stated as follows:

1 2.n
(14) / 9(2¢d$ = W/ngaﬂ.

In effect, the formula expresses the Fourier transform Oq as integration over ).
Translation ¢, : Q@ — 2 by a generic g € Gg has finitely many fixed points. The
Atiyah-Bott fixed point formula gives the Lefschetz number

Lig) = D (~1)F tr{(f,)* : HP(Q, 0(K{/* ® Lq)) — H?(Q, O(Ky* ® La))}

as a sum over the fixed point set 9,

X 1/2 1/2
L) = Y M) Ky o La) — (K" o La)g)
ceqs det{(Id —£g44) : TcQ — TcQ}
The positivity of the polarization implies the vanishing of the higher cohomology
groups H”(Q, (’)(K;{2 ®Lgq)), p>0. Hence

v pel/2 1/2
Onlg) = 3 tri(fg-1)": (Ko~ @ Lo)c — (Kg~ ©La)c}

(15) et {d—(0, 1)) T.Q = T}

cens

for every generic g € Gr. This conclusion translates readily into the Weyl character
formula — the Atiyah-Bott fixed point formula provides a geometric interpretation
of Weyl’s formula.

Our objective in this paper is the generalization of the two formulas (1.4) and
(1.5) to the case of a reductive Lie group. When the group is noncompact, no simple,
completely explicit character formula is known in general, certainly no formula as
simple as the Weyl character formula in the compact case. Our two formulas express
the character of any irreducible unitary representation m — more generally, of any
admissible 7 having an infinitesimal character — explicitly in geometric terms. The
formulas, though simple in appearance, do not seem to lead to simple numerical
expressions for the values of characters: in effect, the combinatorial complexity of
the character values is reflected by the complexity of the geometry.

In the following, we consider a connected, linear, reductive Lie group Gg, with
Lie algebra gr. Such a group has a complexification GG, whose Lie algebra g is natu-
rally isomorphic to the complexification of gr. The complex algebraic group G acts
algebraically and transitively on the flag variety X, i.e., the variety of Borel subal-
gebras b C g. The real group Gr acts real algebraically on X, with finitely many
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orbits!. Representations of G can be associated to twisted Gr-equivariant sheaves
F on X [KSd], by an analytic process resembling Beilinson-Bernstein localization
[BB1,2]. This analytic construction, which is recalled in detail in §2, attaches coho-
mology groups to F, on which G acts by translation, continuously with respect to
a certain canonical topology. The resulting representations are admissible, and have
an infinitesimal character which is determined by the twisting parameter. Every
admissible representation with infinitesimal character can be realized in this way,
up to infinitesimal equivalence; the realization can be chosen in degree zero, with all
other cohomology groups vanishing. Formally, this is analogous to the Borel-Weil
realization (1.1): in the compact case, F reduces to the constant sheaf, and the
twisting parameter specifies the line bundle. We write ©(F) for the alternating sum
of the Harish-Chandra characters of the cohomology groups attached to F. These
are conjugation invariant functions on the regular set in Gg. The ©(F) exhaust
the set of characters of admissible representations with infinitesimal character, as
follows from what was just said. As in (1.2), the character ©(F) has a Lie algebra
analogue 6(F), which determines ©(F) at least near the identity.

Our first formula expresses the Fourier transform of (F) as an integral over
a certain cycle in the cotangent bundle 7*X. The idea that this can be done in
principle is due to Rossmann, who also worked out a certain special case [R3]. A
precise description of the relation between his work and ours, as well as some other
references, can be found at the beginning of section §3 below. Our formula involves
the negative of the twisting parameter of F, which we denote by A. Rossmann has
defined a twisted moment map

(1.6) ux 2 T X — g*,

depending on A. When A happens to be regular, py maps 7T*X real algebraically
and isomorphically on 2y = G - A, the coadjoint orbit through X\ for the complex
group G; at the opposite extreme, for A = 0, the map u) reduces to the ordinary
moment map, and takes values in the nilpotent cone N’ C g = g*. Let ¢ € C°(gr)
be a test function, and ¢E its Fourier transform, normalized as in (1.3), but viewed
as a holomorphic function on g*. We can now state our first formula:

(1.7) / O(F)pde = m/cc(}‘) who (—o + )",

gRr

Here o denotes the canonical (holomorphic) symplectic form on T* X, 7*1) is the
pullback from X to T*X of a two form representing the class determined by 27iA
in H*(X,C), and n the complex dimension of X. Most importantly, CC(F) refers
to the characteristic cycle of the sheaf F as defined by Kashiwara [Ka2]. It is a
top dimensional cycle, of possibly infinite support, carried by T¢;, X, the union of
conormal bundles of all the Gr-orbits on X.

For F = Cx = constant sheaf on X, the characteristic cycle CC(Cx) coincides
with the zero section X in T*X; in that case, the formula (1.7) reduces directly
to Kirillov’s formula (1.4). More generally, for A regular but F arbitrary, the
integration on the right in (1.7) can be performed over the middle dimensional

IWhen G happens to be compact, it acts transitively, and X = Q as Gr-homogenous complex
manifolds, for every regular coadjoint orbit 2 C igr*.
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cycle uy(CC(F)) in the complex coadjoint orbit 2y,

1 .
(18) /gm (F)gdeo (2mi)™n! /H,\(CC(]:)) P

with o) denoting the natural (holomorphic) symplectic form on ). When F
corresponds to a tempered irreducible representation, p(CC(F)) turns out to be
homologous to a coadjoint orbit of Gy in igr*, and (1.8) becomes equivalent to
Kirillov’s “universal character formula” [Ki3] in this special case, which was estab-
lished by Rossmann [R1]. For non-tempered representations of the reductive group
GR, the “universal character formula” fails, since there are not enough coadjoint
orbits. It was Rossmann’s idea to express irreducible characters not necessarily as
integrals over coadjoint orbits, but more generally as integrals over cycles in com-
plexified coadjoint orbits. In this sense, the formulas (1.7-8) can be regarded as
remedies for the failure of the “universal character formula” in the reductive case.

Our second formula was conjectured by Kashiwara [Kad]. It comes in several
flavors: global, pointwise, both as formulas on the group and on the Lie algebra.
Here, in this introduction, we describe two of the four versions. Let G denote the
set of pairs (g,x) with ¢ € G and z in the fixed point set X9. This is naturally
a smooth complex algebraic variety. Projection to the first factor defines a map
q:G — G, which is a covering over the regular set in GG, with covering group equal
to the Weyl group W. The exponentials e® of the roots « exist as multiple valued
holomorphic functions on G; when pulled back to G, they become globally defined
algebraic functions. By the same process, the exponential of the twisting parameter
becomes a well defined algebraic function on G when ) is integral, and a multiple
valued function in general. In particular, this exponential generates a rank one local
system C) C Og. Kashiwara, in the case of trivial twisting parameter?, associates
to the sheaf F a top dimensional cycle ¢(F) in Gg = ¢~ '(Ggr). The crux of the
matter is a fixed point formalism, which we extend to the general, twisted case in
§5 below. The result is a top dimensional cycle ¢(F) in Gr, whose coefficients are
not integers, but sections of the local system Cy. This is the global version, on the
group, of our second formula:

(1.9) /G OF)ds = /C(f)@*@a for ¢ € C2*(Cr)

here & denotes the holomorphic form on G obtained by complexifying the Haar
measure dg of Ggr to a holomorphic form w of top degree on G, and dividing the
pull back ¢*w by the function [],.,(1 —e™®), which vanishes to first order on the
singular locus of q.

Letting ¢ run through a sequence converging (weakly) to the delta function d,
at any particular regular g € Gg, we can evaluate both sides of the identity (1.9)
on ¢ = d,. The result is a cohomological expression for O(F)(g) in terms of the
action of g at its various fixed points — an analogue, in the noncompact case, of
(1.5). This local formula for ©(F) has a counterpart on the Lie algebra, as does
the global formula (1.9). For simplicity, we state only the Lie algebra version of the
local formula here, in the introduction — both local versions can be found in §5.

2That is, A = p in representation theoretic notation. This corresponds to the infinitesimal
character of the trivial representation, and makes the twisted sheaves F into ordinary ones.
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We consider a regular ¢ € gg, and write E for the connected component of ¢ in
the regular set. Each fixed point z € X¢ of the infinitesimal action of ( — in other
words, a zero of ¢ considered as vector field on X — determines a pair ({,z) € gg,
the Lie algebra analogue of the space Gg. This pair, in turn, gives meaning to the
value a,(¢), for every positive root «, and similarly to A, (¢). On general grounds,
there exist constants dg ,, such that

de» e (¢)

(1.10a) 0(F)(C) = T e

zeX<

This is Harish-Chandra’s local expression for invariant eigendistributions on the
Lie algebra. The Lie algebra version of (1.9), evaluated on the delta function at ¢,
computes the dg ,, and thus makes (1.10a) explicit:

(1.10b) dpo = Y (-1)Pdim HY(N'((,z) N D, F), 0<e<1.

p

In this formula, H. refers to cohomology with compact support, D, is the e-ball
at , and N'({,z) denotes a subspace of X obtained by extending the space of
shrinking directions of ¢ at x by means of a suitable unipotent subgroup of Gg.

We should point out that the group version of the fixed point formula (1.10) im-
plies, and is implied by, a statement known as Osborne’s conjecture. The argument
for the equivalence can be found in the note [SV1], which announces our proof of
Kashiwara’s conjecture. The integral formula (1.7-8) and its proof were announced
in [SV2]; it is a major ingredient of our proof of a conjecture of Barbasch and Vogan
[SV3]. The formulas (1.7) and (1.10) provide two radically different expressions for
the same quantity 8(F). One may wonder if it is possible to go directly between
them, without the “detour” via representation theory. In the compact case, the
equivalence of (1.4) and (1.5) was established by Berline and Vergne, who estab-
lished their localization formula for this purpose [BV]. The note [S5] speculates on
the possibility of deducing (1.10) from (1.7) by a hypothetical localization formula
for non-elliptic fixed points.

The proofs of the two formulas follow the same pattern, though the details are
very different. We develop them side-by-side; however, they can be read separately.
Section 2, which recalls the description of representations in terms of Ggr-equivariant
sheaves, is equally relevant for both formulas. Section 3 develops the statement
of the integral formula, and the two subsequent sections, that of the fixed point
formula. Both the statement and the proof of the fixed point formula would simplify
greatly if we limited ourselves to the case A = p, as in Kashiwara’s statement of his
conjecture [Ka4]; his note provides a good introduction to the fixed point formula.
The actual proofs occupy sections 7-10. Except for §8, which is short, each of the
last four sections begins with an introduction common to both formulas, then treats
the integral formula, and finally, the fixed point formula.

2. Geometric data.

Let us begin with the notation and hypotheses that will be in force for the rest
of the paper. We fix a connected, complex algebraic, reductive group G which is
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defined over R. The representations we consider will be representations of a real
form GRr of G — in other words, Gr is a subgroup of G lying between the group of
real points G(R) and the identity component G(R)°?. We regard Gg as a reductive
Lie group. All of our results remain valid in the larger class of reductive Lie groups
considered by Harish-Chandra [HC7, §3]; we shall comment later on certain modi-
fications necessary to cover this larger class of groups: in this section, following the
definition of the enhanced flag variety, and in the discussion of standard sheaves in
§6. We pick a maximal compact subgroup Kg of Gr and recall that this is not an
essential choice: any two maximal compact subgroups are conjugate. The complex-
ification K of Kp lies naturally as a subgroup in G. We denote the Lie algebras of
the four groups by the corresponding lower case German symbols g, gg, g, and &;
the latter three are subalgebras of g.

By a representation of Gr, we shall always mean a continuous representation on a
complete, locally convex, Hausdorff topological vector space. Such a representation
is called admissible if its restriction to K involves any irreducible representation of
Kg only finitely often. A representation of G is said to have finite length if every
increasing chain of closed, invariant subspaces breaks off after finitely many steps.
The universal enveloping algebra U(g), and hence its center Z(g), operates on the
dense subspace of all Kgr-finite vectors of any particular admissible representation
7 of finite length — the so-called Harish-Chandra module of 7. When Z(g) acts on
the Harish-Chandra module via a character, one says that 7 has an infinitesimal
character. Every irreducible, admissible representation m does have an infinitesimal
character; this follows from the irreducibility of the Harish-Chandra module of m
[HC2].

A construction of Harish-Chandra attaches a (global) character ©, to every ad-
missible representation 7 of finite length — a conjugation invariant distribution® on
GRr. The characters of any set II of irreducible, admissible representations are lin-
early independent, provided no two representations in II are infinitesimally equiv-
alent. Infinitesimal equivalence, we recall, is the equivalence relation defined by
isomorphism of the underlying Harish-Chandra modules. The character is an ad-
ditive invariant in short exact sequences. It follows that the composition factors of
any admissible representation 7 of finite length are determined, up to infinitesimal
equivalence, by the character ©, [HC3].

We identify U(g) with the algebra of left invariant linear differential operators on
Gr via infinitesimal right translation. Under this identification, Z(g) corresponds
to the algebra of all bi-invariant linear differential operators. As such, Z(g) acts
on functions and distributions on the group Gr. When a representation 7 has
an infinitesimal character x, the algebra Z(g) operates on the distribution ©, via
this same character y. In Harish-Chandra’s terminology, O, is then an invariant
eigendistribution: a conjugation invariant distribution which is an eigenvector for
the algebra Z(g).

Harish-Chandra’s regularity theorem [HC4] asserts that every invariant eigendis-
tribution © is a locally L! function. This locally L! function is real analytic on G,
the set of regular semisimple elements in Gg. The complement of Gy has measure
zero, so the restriction of © to the open subset G C Gr completely determines

3In this paper, “distribution” will be synonymous to “generalized function”, i.e., continuous
linear functional on the space of smooth, compactly supported measures. Thus, under coordinate
changes, distributions transform like functions.
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©. Consequently, all finite linear combinations of invariant eigendistributions — and
in particular all characters of admissible representations of finite length — may be
thought of as real analytic functions on G with potential singularities along the
complement of Gf.

The exponential map from gg to Gg is real analytic. Near 0, it maps gg’, the
set of regular semisimple elements in ggr, into Gr’. More precisely,

exp(gr’ NU) C Gr’', where
U = {z € gr | all eigenvalues 7 of ad(x) satisfy |Imn| < 27 }.

Thus, for any character ©,, we can define

(2.1) 0. = +/det(exp,) exp* O,

at least as real analytic function on gg’ NU. In fact, the proof of the regularity
theorem shows that 6, extends real analytically to all of gg’. The resulting function
is locally L' as function on gg, hence a globally defined distribution — a conjuga-
tion invariant distribution, since the exponential map commutes with conjugation.
When the representation 7 has an infinitesimal character, 6, is an eigendistribu-
tion for Z(g) = S(g)¢, the algebra of conjugation invariant, constant coefficient
differential operators on gg [HC4]. This is the reason for the factor y/det(exp,) in
(2.1): without it, the preceding statement would not be correct. We shall call 6,
the character of m on the Lie algebra. It determines ©, near the identity, at least,
since the exponential map is a local diffeomorphism near the origin.

Our character formulas express O, and 6, in terms of certain geometric data
attached to the representation 7. Let us describe these geometric data. The flag
variety X of g carries a tautological bundle B — X, whose fiber at any = € X is
the Borel subalgebra b, C g which fixes z. The various quotients b, /[b,, b,] are
canonically isomorphic, and hence B/[B, B] has a canonical trivialization;

(2.2) h =det fiber of the trivialized bundle B/[B, 5]

is called the universal Cartan algebra. It comes equipped with a root system ® C h*
and an action of the Weyl group W. Every concrete Cartan subalgebra ¢ C g has
as many fixed points x € X as the order of W; the choice of a particular fixed point
x determines concrete isomorphisms

(2.3) ¢ b,/[bs,b,] =B

We specify a notion of positivity in the universal root system ® so that the weights
of g/b, constitute the set positive roots ®*. In analogy to the universal Cartan
algebra (2.2), we define the universal Cartan group H for G,

(2.4) H = B,/[Bs, B,

where B, denotes the Borel subgroup of G stabilizing x. This group has Lie algebra
h and contains

(2.5) Z = center of G
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canonically, i.e., independently of the choice of x.

Beilinson-Bernstein [BB3] introduce the enhanced flag variety of g as the fiber
bundle Xg — X whose fiber at € X is a collection of generators of the a-root
spaces in g/b, for all simple roots o € ®T. Tt is visibly a principal bundle over X
with structure group equal to the product of copies of C* indexed by the simple
roots. The universal Cartan group H acts on the simple root spaces, hence on X ,
and Z is the kernel of this action. One can therefore identify

(2.6) H/Z = structure group of Xy — X .

The group G acts equivariantly on Xg — X, transitively on both Xg and X, and
the action on Xy commutes with the action of H. To see all of this more concretely
(but less invariantly), we visualize X as the quotient G/B, and

(2.7a) X, = G/(ZN,) = Z\G/N,,
with N, = unipotent radical of B,. Here H acts on Xg by
(2.7b) h:g(ZN,) — gh " (ZN,).
The surjection G — Z\G determines a principal bundle
(2.8) X — X, with structure group H ,

which lies over X ¢ — X with fiber Z. We shall call X the enhanced flag variety of
G. Via the identification X = G/B,, we get the description

(2.9) X =~ G/N,, with H-action h:gN, — gh™'N,,

analogous to (2.7a,b).

In the definition of the twisted equivariant derived category which is about to
follow, we shall work with X , unlike Beilinson-Bernstein [BB3], who use X g instead.
One can show that both choices result in the same equivariant derived category.
When Gy is non-linear and semisimple, as in [BB3], X g is the better choice, since
it is associated to the Lie algebra, rather than a specific complex group with Lie
algebra g. On the other hand, if Gy is linear but with center of positive dimension,
X is preferable. In the general case, with Gr reductive and not necessarily linear,
neither X g nor X is completely satisfactory; instead one may want to work with
yet another bundle over X, with structure group b.

In the discussion below, we keep fixed a particular “localization parameter”
A € b* = dual space of . As is customary, we set

(2.10) p = 1T car a.

Let us define the “Gr-equivariant derived category on X with twist (A —p)”, to be
denoted by D¢, (X)a. Technically speaking, it is not a derived category of sheaves
on X, but rather a pre-stack — concretely, a subcategory of the (Ggr x b)-equivariant
derived category on X. For A = p, Dg.(X), = De.(X) is the bounded Gg-
equivariant derived category in the sense of Bernstein-Lunts [BL]; a short summary
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of their construction can be found in [MV]. Our shift by p serves the purpose of
making the labeling compatible with Harish-Chandra’s description of the characters
of Z(g) [HC1].

We let Gr x b act on X via the (G x H)-action, the inclusion Gg — G, and the
exponential homomorphism exp : h — H. A C-sheaf F on X is said to be (A= p)-
monodromic with respect to the H-action on X — X if it is locally constant on
every fiber, with monodromy e*~?. To clarify what we mean, note that each fiber
can be identified with H (canonically up to translation), so the restriction of F to
any fiber pulls back to a locally constant sheaf on H. The (A — p)-monodromicity
condition on F requires that the locally constant sheaves on H, corresponding to
the various fibers, have the same monodromy as the rank one local system generated
by the multiple valued function e*~7.

The (A — p)-monodromic sheaves constitute an abelian category Shx . One
can thus form the bounded derived category Db(S’h x,») and the full subcategory
D5(Sh x,1) of complexes whose cohomology is constructible with respect to a suban-
alytic stratification. We then pass from DZ(S hx ) to the bounded Gr-equivariant
derived category D¢, (X)x as described in [BL]. A seemingly different description
of the twisted equivariant derived category appears in [B,MUV]; one can show that
the two definitions agree.

Often we shall view objects in D¢, (X ) as complexes of sheaves on X, disregard-
ing the Gr-equivariance. Since Gr x H acts real algebraically on X, with finitely
many orbits [Ma,W], the orbits define a semi-algebraic (Whitney) stratification of
X. Any F € D¢, (X)a, viewed as an element in D®(Shy,,), has locally constant
cohomology along the orbits, i.e.,

the image of F € D¢, (X)x in D’(Shx.) under the forgetful functor

2.11
211) is constructible with respect to the (Gr x H)-orbit stratification.

In particular, the construction of D¢, (X ) can be carried out in the semi-algebraic
context. The twisting disappears when A = p, hence

(212) DGR(X)P = DG]R(X)'

The construction of D¢, (X)s involves only the monodromy of the multiple val-
ued function e*~? on H, not the parameter X itself. This implies the periodicity
condition

(213) DG]R(X))\ = DGR(X))WL# if u e [’)* is H—integral.

Bernstein-Lunts [BL] extend the standard operations on derived categories to the
equivariant setting, among them Verdier duality operator D. Duality reverses the
twisting from A — p to —(A— p) = (=X +2p) — p, so

(2.14) D: Dg. (X)r —— Do (X)-x42p = Dga(X)-a
because 2p is integral.

The geometric description of representations we shall use involves an additional
ingredient: Ox (M), the twisted sheaf of holomorphic functions, with twist (A — p).
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Concretely, this is a subsheaf of the sheaf of holomorphic functions on X, the
subsheaf consisting of all germs f whose restriction to the fiber of X > Xisa
constant multiple of e*~?. Here, as before, we identify the fiber with H via the
action in (2.9). This definition manifestly depends on the particular value of A — p,
so Ox () does not satisfy the periodicity analogous to (2.13). When A — p happens
to be H-integral, the character e*~? of H pulls back to the isotropy groups B,
and thus determines a G-equivariant holomorphic line bundle

(2.15) Ly ,— X.

Equivalently, Ly, can be described as the line bundle associated to the principal
bundle ¢ : X — X by the character e*~? of the structure group H. In this case
the twisted sheaf Ox (\) becomes an actual sheaf on X with an action of G, and as
such coincides with the sheaf of holomorphic sections of the equivariant line bundle
Ly_,. We should remark that these statements depend on the presence of h™?,
rather than h, in (2.9).

By construction, the sheaves Ox (\) on X are (A — p)-monodromic. Hence, for
F € Dg,(X)x, we can define the groups Ext™(F,Ox(\)) by deriving the func-
tor Hom on the category Shx x, which has enough injectives. Equivalently, one
can interpret Hom(F,Ox(\)) as a sheaf on X, and define Ext™(F,Ox (X)) as the
cohomology of

RHom(F,0x(\) = RT(X,RHom(F,O0x(\)).

The paper [KSd] defines a natural, functorial Fréchet topology and a continuous,
functorial Gg-action on Ext*(F, Ox())), with the following property:

(2.16) Ext?(F,Ox()\)) is an admissible Gr-module of finite length,

for all p € Z and F € Dg,(X)x. In particular, this representation has a Gg-
character ©(Ext”(F,Ox()\))) and a gr-character 8(Ext?(F, Ox(X))).

The correspondence between F and the Gg-module (2.16) is contravariant. We
make it covariant by inserting the Verdier duality operator® (2.14). Taking alter-
nating sums, we define the virtual characters

O(F) = 2, (=1)PO(Ext’(DF,Ox (1))

(2.17) O(F) = 3, (=1)PO(Ext?(DF, Ox (X)),

which depend covariantly on F € D¢, (X)—x. Our geometric character formulas,
which will be stated in sections 3 and 4, express O(F) and 0(F) in terms of F.
We should remark that the assignments F — ©O(F) and F — 6(F) descend to
the K-group of D¢, (X)_x, which is generated by “standard sheaves” — i.e., direct
images of equivariant, twisted local systems on orbits. Hence, to define ©(F) and
6(F), it is not absolutely necessary to appeal to the results of [KSd]; instead, one
may appeal to the less functorial version of (2.16) proved in [SW].

4In defining the Verdier duality (2.14), we think of twisted sheaves as objects on X; alterna-
tively, we may think of them as sheaves on X and apply Verdier duality there. The two operations
coincide except for a shift in degree by the real dimension of the fiber H, which is even. Thus, in
the definition (2.17), the two interpretations of D have the same effect.
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Let R(GRr) denote the category of admissible representations of Gg of finite
length, and R(GR)x the full subcategory of representations with infinitesimal char-
acter x», in Harish-Chandra’s notation. It is important to note that

every m € R(Gg)y is infinitesimally equivalent to Ext®(DF, Ox ()
for some F € D¢, (X)_x, such that Ext?(DF,Ox(A\)) = 0if p # 0.

In particular, then, our character formulas apply to all admissible representa-
tions of finite length. The assertion (2.18) follows from [KSd, (1.1f)], combined
with the Beilinson-Bernstein’s localization functor [BB1] and the Riemann-Hilbert
correspondence [Kal,Me]. This process produces a specific F € D¢, (X)_» for
any m € R(Gr)x: let V; be the Harish-Chandra module of Kg-finite vectors
in the representation space of 7, and M the (derived) Beilinson-Bernstein local-
ization of V; at A; we apply the deRham functor to M (this has the effect of
switching the sign of twisting parameter) and then the equivalence of categories
Di(X)-x 2 Dg, (X)_x [MUV]; this, up to a shift in degree, gives the sheaf F.

The K-group of R(Gr) is generated by standard representations, i.e., represen-
tations parabolically induced from discrete series representations. A more explicit
description of the correspondence (2.18), in the case of standard representations, is
crucial both for applications of our formulas and for their proof. We give such an
explicit description in the sections below.

(2.18)

3. The integral formula.

Let Gg be a unimodular Lie group of type I, m an irreducible unitary represen-
tation of Ggr, and 6, the character of m on the Lie algebra. Kirillov’s “universal
character formula” [Ki3] attempts to express the Fourier transform 0 as an in-
tegral over a coadjoint orbit. Beyond the cases of compact and nilpotent groups,
which were established by Kirillov himself [Kil,Ki2], the formula has been proved,
in full generality, for type I solvable groups [C]. The reductive case is more subtle:
Rossmann has shown that the formula applies in the case of tempered representa-
tions [R1], but the formula fails for non-tempered representations — there are simply
not enough coadjoint orbits. Duflo’s construction [D2] produces irreducible unitary
representations of algebraic groups by induction from representations of reductive
groups. When this is combined with Rossmann’s formula, it implies the validity of
the “universal character formula” for generic irreducible unitary representations of
type I algebraic groups.

Rossmann [R3] has proposed a remedy for the failure of the “universal formula”
in the reductive case: the Fourier transform 6 of any invariant eigendistribution 6
on gg, with regular infinitesimal character, can be expressed as an integral over an
appropriate cycle in a coadjoint orbit for the complexification G. Our result is an
explicit Rossmann type formula for the character of any admissible representation
of finite length, unitary or not, with regular or singular infinitesimal character.

Let us recall the definition of Rossmann’s twisted moment map [R3]. For details
we refer the reader to [SV4, section 8], which was written with the present applica-
tion in mind. We fix a compact real form Ugx C G which contains Kg. The twisted
moment map corresponding to any particular A € h*,

(3.1a) uy : T°X — g*,
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is defined as follows. Each x € X is fixed by a unique maximal torus Tg C Ug; its
complexified Lie algebra t becomes canonically isomorphic to the universal Cartan
algebra b via t & b, /[b,,b,] = . This identification makes A correspond to a
Az € t", which we extend to a linear functional on g by means of the canonical
splitting g = t® [t, g] . The map = — X, € g* is real algebraic and Ug-equivariant,
and the ordinary moment map p : T*X — g* is even complex algebraic and G-
equivariant, so

(31b) /L)\(l',g) = A + M($,§) (5 € T;X)

is a Ug-equivariant, real algebraic map. The G-orbit through A, depends only on
A, not on x, so we denote it by ). The correspondence A — ), we note, induces
a bijection between W\h* and the set of semisimple coadjoint orbits for G. When
A is regular, py takes values in {2y, and

(3.16) 125N T*X SEASN Q>\

is a real algebraic isomorphism. At the opposite extreme, for A = 0, the twisted
moment map reduces to the ordinary moment map, of course.

Both the cotangent bundle 7% X and the coadjoint orbit wy come equipped with
canonical, complex algebraic, G-invariant symplectic forms, ¢ and o) , respectively.
We define a Ugr-invariant, real algebraic two form 75 on X by the formula

(32) T)\(umvvm) = Az([uvv]) ;

here u,, v, € T, X are the tangent vectors at x induced by u,v € ug via differenti-
ation of the Ur-action. When A € h* happens to be integral, —7, is the curvature
form of the (essentially unique) Ug-invariant metric on the G-invariant algebraic
line bundle Ly — X parametrized by A € h* [GS]. Moreover, in this situation,
(27m')717')\ represents the Chern class of Ly. Whenever A is regular, the three
differential forms o, o), 7 are related. Let m : T*X — X denote the natural
projection; then:

3.3 Proposition. For A regular, pion = —o + 7%y

Proof. The inverse image ;=1 (£2) of the regular nilpotent coadjoint orbit 2 is dense
in T*X, so it suffices to verify the identity on u~1(£2). Let oq be the canonical
G-invariant, complex algebraic symplectic form on 2. Rossmann [R3, 7.2, p.172]
proves the identity

phon = prog + 7Ty on p N (Q);

on the other hand, by [SV4, 8.19],
woq = —o on ;fl(Q).

We should remark that both identities hold for any nilpotent coadjoint orbit €2, at
the smooth points of ;£ =(2). The proofs of this more general version of the two
identities in [R3,SV4] simplify considerably in our more special situation. The two
identities together imply the proposition.
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The Gr-action on the flag variety X is real algebraic and has finitely many orbits.
The resulting orbit stratification of X is semi-algebraic and satisfies the Whitney
conditions. Hence

(3.4) T, X =def union of the conormal bundles of the Gg-orbits

is a closed, semi-algebraic subset of T* X . Like any finite union of conormal bundles,
T¢, X is Lagrangian (at its smooth point) with respect to the canonical symplectic
structure on T* X, viewed as the C*° (not holomorphic!) cotangent bundle of X.
Equivalently this is the symplectic structure defined by the real two form® 2Reo.
In particular, if n denotes the complex dimension of X, T¢, X has dimension 2n.
We write H/ (T¢,. X, Z) for the homology of T X with infinite support — i.e., for
the Borel-Moore homology. Then H;’;f
possibly infinite cycles on T, X.

Kashiwara’s characteristic cycle construction [Ka2,KSa,SV4] defines a Z-linear
map

(T, X, Z) is the group of top dimensional,

(3.5) OC : K(De,(X)y) — HE (15, X,2),

from the K-group of the twisted equivariant derived category Dg, (X)x. Strictly
speaking, the cited references deal only with the untwisted case. However, the
characteristic cycle construction is local with respect to the base manifold X, and
locally twisted sheaves “can be untwisted” — they can be identified with sheaves
— so CC makes sense also for twisted sheaves. Alternatively but equivalently, we
may view any object F € Dg,(X)x as a monodromic sheaf on X and take its
characteristic cycle CC¢(F) in T*X; because of the monodromicity condition,
CC4(F) is the pullback of a Lagrangian cycle in 7% X, namely CC(F). The map
CC becomes intrinsic only when one fixes an orientation of the base manifold X.
We use the complex structure on X to do so.

Like Rossmann [R3], we define the Fourier transform é of a test function ¢ in
C2°(gr) without choosing a square root of -1, as a holomorphic function on g*,

(3.6) (0) = / EDp@)dr (e gh).

gRr

Then ¢E decays rapidly in the imaginary directions. The particular normalization
of the Euclidean measure dx on gr will not matter in the end. One may choose to
think of the Fourier transform more invariantly as attached to a smooth compactly
supported measure; we leave it to the reader to reinterpret our character formula
in these terms.

3.7 Proposition. For all ¢ € C*(gr), C € H;’;f(TC*;RX, Z), and A € b*, the
integral

/ o (=0 + )"
c
converges absolutely. The value of the integral depends holomorphically on X .

Rossmann [R3], in the case of a regular A € h*, states and proves the con-
vergence and the holomorphic behavior of the corresponding (via 3.3) integral on

5There are at least two different but equally natural identifications between the holomorphic
and the C° cotangent bundles; we use the convention of [KSa, Chapter XI].
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ux(C) C Qy. Whether or not A is regular, this comes down to the rapid decay of
the holomorphic function ¢E in the imaginary directions, as will become clear at the
end of this section where we establish a more general convergence criterion.

Recall the definition (2.17) of the virtual character 6(F). It is a generalized
function, and as such can be integrated against any smooth, compactly supported
test function ¢.

3.8 Theorem. Let A € h* and F € Dg,(X)—_» be given. Then

[00ar = o [ mdCorrn (96 0T (@),

Appearances notwithstanding, the formula has canonical meaning, independent
of the particular choice of i = v/—1. We mentioned already that the orientation of
CC(F) depends on the choice of an orientation of X. When we orient the complex
manifold X, we use the complex structure operator J, which reflects the choice
of i = y/—1. This same choice affects also the sign on the right hand side of our
formula, as it must.

In effect, the theorem provides several integral formulas for any virtual char-
acter, corresponding to the various choices of the localization parameter A in any
particular W-orbit. When A is regular, we can use the isomorphism (3.1a) and
proposition 3.3 to rewrite our formula on the complex, regular, elliptic coadjoint
orbit 2y,

1 7 on
(3.9) /g]R O F)ode = G /M(cc(f)) 7o

Rossmann [R3] shows that any invariant eigendistribution 6 with regular infinites-
imal character can be written as an integral of this type, over an unspecified cycle
C e H;?Lj (TC*;]RX ,C). He identifies the cycle explicitly under the following circum-
stances: Gp is a complex Lie group, and X is integral, regular, and dominant (with
Rossmann’s conventions, anti-dominant).

The integrand on the right in (3.9) is a holomorphic 2n-form, hence is closed,
which gets integrated over an (infinite) 2n-cycle in the 4n-manifold ) . As Ross-
mann [R3] points out, the integral remains unchanged when one replaces the cycle
of integration Cy by another cycle C, homologous to Cy under an appropriately
restricted notion of homology which takes into account the growth of cycles and
chains at infinity. This observation plays a crucial role in our proof of theorem
3.8. When 6(F) is a tempered irreducible character, with A regular and appropri-
ately chosen within its W-orbit, the cycle CC(F) turns out to be homologous in
the restricted sense to the ,uxl—image of a Gr-orbit in igy. In this particular case,
then, the integral formula (3.9) is equivalent to the “universal formula” as proved
by Rossmann [R1] — our justification for viewing (3.8) as an appropriate analogue
of Kirillov’s formula.

We need to be more precise about the restricted notion of homology. Initially,
we consider a real algebraic manifold M of dimension m and a C*° differential
form w on M, of degree d; w maybe real or complex valued. Recall the notion
of a semi-algebraic, locally finite d-chain C' [SV4]. We want to define the w-norm
IC| = |C||w in case |C| = support of C is compact — which makes C finite. Thus
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we can express C' as a finite integral linear combination

N
(3.10) C => n;8
j=1

of pairwise disjoint, connected, smooth, oriented, relatively compact, d-dimensional
semi-algebraic sets S;. These hypotheses ensure that

N
(3.11) el = 3 tnsl [
j=1 S

is well defined and independent of the particular choice of the expression (3.10). In
this defining formula, the absolute value |w| of the form w is viewed as a measure
on each of the Sj.

Let us apply the preceding discussion to the case of M = T*X, with w =
(—o+7*1x)"™ and d = 2n. We equip X with a Ug-invariant hermitian metric. Any
such metric is real algebraic, since Ugr acts transitively on X. We define

(3.12) D(r) = {(z,§) eT"X | [l <r},

the disc bundle of radius r in T*X; here ||¢]|, the norm of a cotangent vector ¢,
is measured with respect to the Hermitian metric. The particular choice of metric
will not matter, since any two are mutually bounded. For convenience, we choose
it so that

(3.13) p o ThX — g" isan isometry for each x € X

with respect to some Ugr-invariant inner product on g*. We consider a locally finite,
semi-algebraic 2n-chain C. Since D(r) is compact semi-algebraic, the intersection
C N D(r) can be viewed as a 2n-chain® with compact support. Then C has poly-
nomial growth with respect to w = (—o + 7*7)™, in the sense that

(3.14) IC N D(r)|| grows at most polynomially with .

To see this, we compactify T*X by regarding it as a real algebraic R -vector bundle
with distinguished Riemannian metric, hence with structure group O(2n,R). The
linear action of O(2n,R) on R?*" extends to an algebraic action on the one point
compactification S2". Thus, replacing the typical fiber R?" by S?”, we obtain a real
algebraic compactification T*X of T*X. The function r ' extends real algebraically
to the complement of the 0-section in T*X, and the extended function vanishes to
first order on the locus at infinity. Since w is real algebraic on T*X, r*w extends
real algebraically across the locus at infinity for k sufficiently large — in fact, for
k > n, though the precise value will not matter to us. The chain C', being semi-
algebraic, extends to a finite chain in 7% X, and this now implies (3.14).

Now let ¢ € C2°(ggr) be a test function. The Fourier transform ¢ as defined
in (3.6) is holomorphic on g* and decays rapidly in imaginary directions; the rate

6Stratify |C| = support of C compatibly with its intersection with D(r); then each 2n-stratum
in |C| N D(r) inherits a multiplicity from C.
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of decay can be uniformly bounded as long as the real part of the argument is
restricted to a compact set (Paley-Wiener theorem). It is clear from the definition
of the twisted moment map that p differs from the ordinary moment map u by a
term whose norm can be bounded by a constant multiple of the norm of A. Hence,
for every N € N and R > 0, there exists a constant A = A(¢, N, R), such that

A

(3.15) 3@ O < T g

it [ Rep(z, Ol + Al < R.

The values of the differential form p}¢ (—o + 7%7,)" at the various points in T*X
depend holomorphically on A, and the polynomial growth condition (3.14), for any
particular semi-algebraic 2n-chain C| holds locally uniformly in A. We conclude:

3.16 Lemma. If the real part of u(x,§) is bounded on the support |C|, the integral
[ woasany
C
converges absolutely. The value of this integral depends holomorphically on the
parameter .
The moment map p takes purely imaginary values on any chain supported on
T¢, X — in fact,

(3.17) T6.X = p'igh)

as is easy to see; e.g., in [R3]. Thus 3.16 implies proposition 3.7.

We now consider two semi-algebraic 2n-cycles Cy,Cs in T*X, both of which
satisfy the boundedness hypothesis of lemma 3.16. We suppose that C and Cs are
homologous, in the sense that

(3.18a) C1—Cy = aC
for some semi-algebraic (2n 4 1)-chain C. We require that

(3.18b) the image of the support |C|
' under the map (z,€£) — Re u(x, &) is bounded.

3.19 Lemma. Under the hypotheses (3.18),

/ 156 (—o + ) = / 16 (=0 + 7)™
C1

Ca

Proof. Let us argue first of all that the 2n-form uj{é (—o+7*7m2)" on T*X is closed.
It suffices to show this when A is regular, since the form depends real analytically
on A. In the regular case,

pié (—o + 7 m\)" = pi(doy)
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is the pullback to T*X of a holomorphic form of top degree, éaf, on the complex
manifold Q). As such, it is closed. We restrict the homology relation (3.18a) to the
disc bundle D(r):

(3.20) CiND(r)—ConD(r) = &(CND(r)) — Cs(r),

with C3(r) supported on the boundary dD(r). Thus Stokes’ theorem implies

/ 158 (o + 7o m)" — / 156 (—o 4 7o) =
(321) C1ND(r) ConD(r)
- / 156 (=0 + 77"
Cg(’l‘)

so the lemma will follow if the term on the right can be made arbitrarily small as r
tends to infinity. Arguing as in the proof of lemma 3.16, we use (3.15) and (3.18b)
to remove 13 ¢ from the picture: we only need to show that the w-norm

(3.22) |CNAD(r)|| grows at most polynomially with r as r — occ.

In interpreting this statement, we need to eliminate the — finitely many — values
of 7 for which the intersection C'N @D(r) fails to be transverse. Note that the
complement of the 0-section in T*X is naturally isomorphic to 7% X; the isomor-
phism transforms the semi-algebraic chain C into another semi-algebraic chain, the
function 7 to 7~ !, and the real algebraic form w to a form with a pole of finite order
along the (new) zero-section. We remove the pole by multiplying the form with an
appropriate power of the (new) function r. Thus, changing notation, we only need
to show that

(3.23) |CNAD(r)|| remains bounded as r — 0

when we measure the size of the chain C'N dD(r) with respect to a form which is
algebraic around the 0O-section.

To establish (3.23), one can argue as follows. The problem is local around the
0-section, which is compact. The boundedness with respect to some algebraic form
is therefore implied by the boundedness of the volume of CN&D(r) near r = 0 when
the volume is measured with respect to any particular Riemannian metric on the
ambient manifold 7% X. Since we only need to establish boundedness of the volume,
we can make several simplifying assumptions. First of all, the assumption that C
consists of a single component of multiplicity one. Secondly, we can uniformize C
[Hn1,2; BM, theorem 0.1] by a real analytic map f: N — T*X, with N a compact
real analytic manifold of the same dimension as C, and f(N) = C. The pullback
to N of the metric on T*X is bounded by a metric on N, and f~1(0D(r)) covers
CndD (r) generically finitely. This leaves us with the following problem: a compact,
connected, real analytic manifold N, a non-constant real analytic function r, and
we must show that the level sets » = ¢ have volume depending continuously on c.
At non-critical values of r, that is obvious. To deal with critical values, one can put
r into normal form by a further step of uniformization [Hnl1,2; BM, corollary 4.9].

Lemmas 3.16 and 3.19 give us the right notion of restricted homology: we
consider semi-algebraic cycles, on whose support Re pp remains bounded, modulo
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boundaries of chains satisfying the same conditions. According to the two lemmas,
the integral of uj¢ (—o + 7*7)™ over a restricted homology class becomes a well
defined quantity.

4. Character cycles.

Invariant eigendistributions, either on G or on gg, are locally L' functions, real
analytic on, respectively, Gr’ and gr’, the sets of regular semisimple elements in Gg
and ggr — that is the assertion of Harish-Chandra’s regularity theorem [HC4]. The
complements of Gg’ and gg’ have measure zero, so an invariant eigendistribution is
completely determined by its restriction to the set of regular semisimple elements.

For definiteness, let us talk about the group case; at various points we shall indi-
cate how statements need to be modified for the case of the Lie algebra. We choose
a set of representatives {T1 R, ..., T r} of the finitely many conjugacy classes of
Cartan subgroups. Then the conjugates of the Gg'NT; g, 1 < i < m, cover Gg’, so
any invariant eigendistribution © is completely determined by its restriction to the
various G’ N T; g. To simplify the notation, we pick out one of the T} g, drop the
subscript i, and set 7% = Gr’ N Tk. The invariant eigendistribution © corresponds
to an infinitesimal character x» : Z(g) — C, with A € h*. The parameter \ is only
determined up to Weyl conjugation, but we pick a specific representative. As we
have done before, we index the various identifications between the universal Cartan
h and the complexified Lie algebra t of Tk by the fixed points of Tx on the flag
manifold X:

(4.1) t = b,/[b,,b,] = h  (z€XT® = fixed point set of Tg ).

These isomorphisms induce isomorphisms h* = t*, u +— pu, . The universal Weyl
group W acts canonically and simply transitively on the fixed point set of Tk.
Initially we choose a particular fixed point . Then, for any given g € Ty, there
exist polynomial functions p, ., on t, indexed by g and by w € W/W, , the quotient
of W by the isotropy subgroup at A, such that

ZMGW/WA pg,w(C)e(w)‘)z(C)—pz(()
[Tocos (1 —e =) (gexp(())

for all small ¢ € tg. Here ®* and p have the same meaning as in (2.10), and
e~ % denotes the character of Tk corresponding to the root —ay, as is customary.
These local expressions, even for only a single g in every connected component
of Gr' NT; g and every i, completely determine ©. Conversely © determines the
coefficient polynomials pg .,, which have degree not exceeding the order of W — in
particular, the pg ., are constant whenever X is regular.

The preceding statements constitute the easy part of Harish-Chandra’s proof of
the regularity theorem. One may ask whether a collection of local expressions as
in (4.2) does define an invariant eigendistribution. For this it is certainly necessary
that the local expressions fit together and give global, well defined functions on the
various Gg'NT; g . Beyond this obvious necessary condition, there are necessary and
sufficient conditions due to Harish-Chandra [HC4], usually referred to as the Harish-
Chandra matching conditions. These involve the continuations of the numerators

(4.2) O(gexp() =
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of the local expressions (4.2) to the subregular semisimple points; such points lie
in (conjugates of) at most two of the T; g, and the matching conditions relate the
numerators on those Cartans.

The coefficient polynomials are constant not only when X is regular, as we had
remarked earlier, but also when © is a virtual character corresponding to a possibly
singular infinitesimal character; this observation was made by Fomin-Shapovalov
[FS]. Conversely, an invariant eigendistribution © whose local expressions involve
only constant coeflicients is a C-linear combination of characters. From now on we
shall restrict attention to this particular situation: we assume that the py ., are
constants, as will be the case for all virtual characters.

Let us rewrite the local expression (4.2) in slightly more invariant terms. As
before, g € Tk will be regular, and ¢ € tg sufficiently small. We note that (w)y, =
Az , hence

I e)‘I(C)_pm(C)
4.3 O(gexp() 9.2 —
43 G = 2 o0 -e = aen)

summed over the fixed point set XF of Tk. Because of our assumption, the co-
efficients ¢, , are constants. They are parametrized by z € X7'* rather than
w € W/W, as in (4.2), so there will be repetitions in the sum when A is singular.
Now, to make the ¢4, unique, we require that cg ,o = sgn(v)cy . for v € Wy — the
sign accounts for the fact that the fixed point z has become variable whereas we
had chosen a particular fixed point in (4.2).

The formula (4.3) has an analogue on the Lie algebra, which follows from (4.3)
and the universal expression

1_efadC

exp, |¢ = f(exp({))« o adC

for the differential of the exponential map. The analogue on the Lie algebra has
a slightly simpler appearance, because roots and weights are globally well defined
functions on the Cartan subalgebra tr : there exist constants dg ., indexed by the
various connected components E C th = gg’ N tg and z € XT&, such that

dg, x € Ao O /
4.4 TBeC ) forallC€EC ity
. )7 2 w0 :

here 6 and © are related by the formula (2.1). As in (4.3), the coefficients become
uniquely determined when one requires dg ; = sgn(v)dg . for all v € Wj.

We return to the group case (4.3). Hotta-Kashiwara [HK,Ka5] have given
geometric meaning to the coefficients ¢4, . Let G denote the variety of pairs
(g,2) € G x X, such that z is a fixed point of g. When one makes G act on
itself by conjugation and on X by translation, the two projections

(4.5) T G—X, q: G—G.

become G-equivariant. The former exhibits G as the tautological bundle of Borel
subgroups; in particular, G is smooth. On the other hand, ¢ induces a (Galois)
covering map over the regular set,

(4.6) G =@ 4+ ¢, with covering group W',
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since W acts simply transitively on the fixed point set X9 of any g € G’. Note that

(4.7) Ge = {(9,2)€G|geGr} = ¢ 'Gr

is a — usually singular - real algebraic subvariety of G. Recall (2.4): since 771 (x) =
B, for x € X, there exists a natural map

(4.8) G—H

from G to the universal Cartan group H, which becomes G-equivariant when one
thinks of G as acting trivially on H. For A € b, the multiple valued function e*~?
generates a rank one local system on H, which entered the definition of the twisted
Gr-equivariant derived category D¢, (X)» in section 2. The pullback, via (4.8), of
this local system from H to G defines a G-equivariant rank one local system C,
and a G-equivariant inclusion

(4.9) Cx — Og

into the sheaf of holomorphic functions. The local systems Cy , A € b, satisfy the
periodicity condition analogous to (2.13): there exists a natural isomorphism

(4.10) Cr = Cujp if p € b is H-integral

given by multiplication with the globally defined holomorphic function e on G. As
in (2.12), A = p corresponds to the “untwisted” case C, = Cg .

Appearances to the contrary, the local formula (4.3) has global meaning: each
regular g € Gg’ lies in a unique Cartan subgroup Tk C Gg, and © is conjugation
invariant and real analytic on Gg’. It follows that the coefficients ¢, ., which are

indexed by pairs (g, ) € Gr = ¢ '(GRr'), are Gg-invariant, real analytic functions
on dR/. Setting ¢ = 0 in (4.3) gives the global expression

P P i I At

Again by (4.3), ngme(/\—p)m(C) = Cgexp¢,z Whenever ¢ € ggr is small and centralizes
g. It follows that

(4.12) c: (g,x) = cg, is asection of Cy C Opg over Gr .

We fix an orientation of G ; this induces an orientation also on GVR/ via the covering
map (4.6). Then, by Poincaré duality,

(4.13) c e H'(GR',Cy) = HY (GR', C_rizp) = HIY (GR,C_y);
here d = dimg Gpg is the dimension of Gg and Hi”f( -,C_)) denotes homology with

locally finite support and values in the local system C_ . The passage from C, to
the dual local system C_j42, is forced by the formalism of Poincaré duality, since
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cohomology behaves covariantly with respect to the coefficient system, whereas
homology behaves contravariantly”.

Homology with locally finite supports can be restricted to open subsets. Since d
is the dimension of Gg ,

(4.14) HM (G, C_y) — H™M(GR',C_y)

is an inclusion. Hotta-Kashiwara [HK,Kab] show that every ¢ = ¢(0), coming from
an invariant eigendistribution © via (4.11-14), lies in HZ"f (Gr,C_y); conversely,
every ¢ € HZ"f (GR, C_,) determines an invariant eigendistribution. In effect, this
is a reinterpretation of the Harish-Chandra matching conditions. Put differently,
there exists a natural surjective map

(4.15) H (Gg,C_y) — TEce(N)

onto ZE..(\), the space of invariant eigendistributions with constant coefficients
cg,w and infinitesimal character x,. For regular A € h*, this map is also injective.
We had required earlier that the coefficients ¢y, of any “character cycle” ¢(©)
satisfy the symmetry condition

(4.16) Cg vz = SgN(V)Cq 2 for v e Wy.

The map (4.15) becomes an isomorphism, even for singular A, when restricted to
the subspace of cycles ¢ subject to the symmetry condition (4.16).

We recall that we had fixed an orientation on Gg which affects the sign of the
Poincaré duality map (4.13). Let us also fix a Haar measure dg on Gg . Together,
these two choices determine a non-zero, Gg-invariant form of top degree. Its com-
plexification defines a G-invariant, holomorphic form w on G, of top degree. The
quotient map (4.8) allows us to view the e®, with a € ®, as holomorphic functions
on G. The form ¢*w is divisible by the product of the (1 —e~%), a € & — see [A],
for example — so

qw

(417) w = Hae@+(1 —670‘)

exists as a well defined, G-invariant, holomorphic d-form on G. Assuch, it is locally
integrable over any real algebraic d-chain in G. We make sense of the integral

/ (¢8) & (c € HM (Gr,C_y)),

for any test function ¢ € CS°(Gr), by viewing ¢ as a collection of sections of
Cx C Og over the various connected components of Gr . These sections are locally
bounded on G. Thus we can multiply these sections and the integrand, and integrate

"more precisely, one can take cohomology with values in a sheaf, but homology with values

in a cosheaf; local systems can be regarded as either, but the identification between the two is
contravariant.
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the product over the various components of GR/, using the orientation induced from
Gr. When c corresponds to © € Z&..(A) via the homomorphism (4.15),

(4.18) Opdg = /(q*¢) @.

Gr

This identity amounts to a slight rephrasing of the correspondence (4.15) between
cycles and invariant eigendistributions — see the proof of Proposition 6.2 below.
Note that the form @ was normalized by the choice of the Haar measure dg.

The passage from the local formula (4.3) to the character cycle ¢(©) has a coun-
terpart on the Lie algebra. In analogy to (4.5-8), we define g as the set of pairs
(¢,x) € g x X such that ¢ € b,, projections 7 : g — X, q:9 — ¢, 8 — b, as
well as gr = ¢ 'gr and gr’ = ¢ !(gr’). Note that g and the quotient map g — b
have come up already, in section 2, where g was denoted by B; we are switch-
ing to different notation now to emphasize the analogy with the group case. The
function e*~?, pulled back from h to g, spans a rank one C-subsheaf C, C 0.
Unlike in the group case, this sheaf is trivial as a sheaf of C-vector spaces. The
numerators dg e P* in (4.4) determine a chain ¢ = c(f) € HZ"f(g}R/, C_»), and
the Harish-Chandra matching conditions on the Lie algebra imply that c¢(f) is a
cycle, i.e., ¢(f) € Hil"f (gr,C_»). As before, we get a natural surjective map from
H (gk, C_y) to the vector space of invariant eigendistributions on gg, with con-
stant local coeflicients and with infinitesimal character x. This map relates a cycle
¢ to the invariant eigendistribution 6 via the formula

(4.19) 06 dc = / ("9 & (6€C>(gr)).

gRr

Here d( is the Euclidean measure on ggr, normalized so that d{ and exp* dg coincide
at the identity. Also, @ denotes the holomorphic d-form on g obtained by complexi-
fying the Euclidean measure d¢, pulling it back to g, and dividing by the product
of the positive roots.

5. The fixed point formalism and Kashiwara’s conjecture.

The discussion in section 2 attaches invariant eigendistributions ©(F), 6(F)
to objects F € D¢, (X)—x. These, in turn, correspond to character cycles, in
H (Gg,C_)) and HYY (gr, C_y), respectively. Kashiwara [Kad] has conjectured
a direct geometric relationship between the sheaf 7 and the character cycle corres-
ponding to O(F). This conjecture is equivalent, via (4.18), to an integral formula
for the virtual character ©(F), and also provides geometric expressions for the
coefficients ¢, , in the local formula (4.3) for ©(F). When Ggr happens to be
compact, the local expressions for the ¢, , reduce to the fixed point formula (1.5).
There is one other situation in which characters had been calculated by means
of a fixed point formula, prior to Kashiwara’s conjecture: Hecht’s formula for the
characters of holomorphic discrete series representations [Hec], which also follows
easily from the local fixed point formula presented here. In this section we recall
Kashiwara’s conjecture, which will be proved — along with its counterpart on the
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Lie algebra — in subsequent sections. We treat the case of a general infinitesimal
character, which makes the discussion a bit heavy. Kashiwara only discusses the
much more transparent case A = p, so the reader may want to consult [Kad] first.

The commuting actions of G and the universal Cartan H — see (2.9) — on the
enhanced flag variety X induce an action map

(5.1a) a:GexHxX — X.
The projection onto the factor X defines a second morphism

(5.1b) p:GrxHxX—X.

In analogy to the spaces G, Gg, which were introduced in section 4, we set

G = {(9.h,%) € Gx HxX |a(g,h,&) =3 =p(g,h,2)},

(5.2) R . .
Gr = G N (G]RXHXX).

Note that there is a natural H-fibration G — G, obtained by eliminating the H-
factor in the product G x H X X and mapping X to X. Composing this fibration
with the natural map (4.8) results in a morphism 7 : G — H. We claim: the
diagram

S L GxHxX

G
(5.3) | [
H

— H

commutes. It suffices to check this over any given point z € X. We can identify
X with G/N, and H with B, /N,; with these identifications, the verification is
straightforward.

The rank one local system Cy on G was defined as the pullback of a local system
on H via the projection (4.8) — the local system generated by the multiple valued
function e*~7. The commutativity of the diagram (5.3) allows us to think of Cy
as a “universal” rank one local system also on the spaces G and G x Hx X. We
shall use the same symbol C) in all cases, to avoid complicated notation. Note that
C, is canonically a subsheaf of the sheaf of holomorphic functions on the various
spaces, in analogy to (4.9), compatibly with the natural morphisms between the
spaces.

We recall the definition, in section 2, of the twisted Gr-equivariant derived cat-
egory D¢, (X)x. Disregarding part of the structure, we get a “forgetful functor”

(5.4a) D, (X)x — D"(Shx»)

into the bounded derived category of (A — p)-monodromic sheaves on X. The latter
derived category is a full subcategory of Db(X ),

(5.4b) DY(Shx ) — DY(X).
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The composition of (5.1a,b) gives a functor

(5.4¢) Dg, (X)y — DY(X), G~G.

Recall the definitions (5.1). We claim: for each G € Dg,(X)x, there exists a
canonical morphism

(5.5) ¢:a*G — p*G @ Cy

in D*(Gg x H x X ), which will play a crucial role in the fixed point formalism.
To construct ¢, we consider the diagram

GrxhxX S GrxHxX 2 X,

where €(g,¢,Z) = (g,exp((),2). Note that the compositions € a, € p are the action
and projection morphisms of the (G x h)-action on X. By definition, D, (X)y is a
full subcategory of the (Gr x h)-equivariant derived category on X. The formalism
of this latter equivariant derived category implies the existence of a distinguished
isomorphism

(5.6a) ¢ e a*G — €p*G.
The single isomorphism ¢’ encodes a family of isomorphisms

¢he UG —=G,  (ly¢=translation by (9,¢) € Gr x h),

(5.6b) , .. / %
¢y = restriction of ¢’ to {g} x{¢} x X,

which depend multiplicatively and continuously on the parameters. Since b is
simply connected, we may view e*” as a well-defined section of €*Cy. We now
define

(5.7) ¢ e a*G — €p G ® €*Cy

by the formula ¢ = e*~P¢/. Any ¢ € hz =4ef Ker(h — H) acts on X as translation
by exp(¢) = 1. The monodromicity condition in the definition of Shx x implies:

(5.8) ¢Lc o 0:.G=G — @ is multiplication by e~ (=)

for ( € bz, as before. It follows that ¢” is invariant under translation by the
lattice hz, and therefore drops to an isomorphism at¢ = p*Q ® Cy. That is the
isomorphism ¢ whose existence we postulated earlier.

Two comments are in order. The statement (5.8) amounts to a reinterpretation
of the monodromicity condition in the language of the equivariant derived category.
Secondly, the category D¢, (X)) depends only on the image of A in h* /A, where A
denotes the weight lattice, i.e., the lattice dual to (27i)~1hz. The definition of ¢,
on the other hand, involves the section e*~? of €*C,, and thus depends on \ itself.

To each G € D¢, (X)a, we associate a cycle in Hil"f(éR,(C_,\), of degree d =
dim(GRr), as follows. We consider the Cartesian diagram

GRXHXXMXXX

(5.9) | [a

Gr — X
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where A is the diagonal map. Consider the following sequence of maps
Hom(G,6) —% M (X x X,DGRG)
— - H% (Gr x Hx X,s* (DGR G))

G
—~5 H OG(GRXHXX,p*DQ®a*Q)
(5.10) X R .
2. H g(GRxHxX,p*Dg@)p*g@C,\)

— HY (Gr x H x X,p"Dg ®Cy)

;> ZTT(GR’ C-») — Hjinj (Gr,C-»),
with 7 = dimg(H). We use our previous notational conventions: H7(...) denotes
local cohomology along Z, H;"f (...) is homology with infinite supports, and d =
dim(Ggr). However, we define the Verdier dual DG of G using the dualizing sheaf
D¢ on X ; this differs formally from our definition in section 2, but does not effect
the results to be proved, as pointed out in footnote (4) in section 2.

Let us explain the various steps in (5.10). The isomorphism on the first line
follows from the constructibility of G - see, for example, propositions 3.1.14 and
3.4.4 in [KSa]. The morphism s* is the pullback of local cohomology, and the
next isomorphism follows from the interpretation of the external tensor product
X in terms of the usual (internal) tensor product of sheaves. The morphism 7 is
induced by the duality pairing DG ® G — D. On the most naive level, the next to
last isomorphism can be understood by identifying p*ID ¢ with the constant sheaf,
appropriately shifted, and then applying Poincaré duality; recall the reason for the
passage from Cy to C_) as explained in section 4. More formally,

p*]D)X ~ p|DX[_(d + T)] =~ ]D)GRxHxX[_(d + T)] )
hence

p*DX ®Cy ~ (DGRXHXX ® CA)[_(d'i_ T‘)]
~ RHom(C_x,Dg_, e x)[—(d +7)] (C_, is locally free!)
=det D(C-x)[=(d +7)].

Let i denote the inclusion Gg C Gg X H x X; then

He, (Gr x H x X,p'Dg @Cy) =~ Hég’T(GR x H x X, D(C_y))
~ Hﬁd*T(GA]R .7 D(C_,)) ( by definition of local cohomology)
~H "(Gr, D(*C_y))

= Hfd*T(GAR , D(C_y)) (according to our notational conventions)
~ Hiﬁfr (Gr,C_») (by definition of homology).

The last isomorphism in (5.10) follows from two facts: we are dealing with homology
(with locally finite support) in top degree, and Gg — Gpg is a fibration with r-
dimensional fibers. The symbol C,, we recall, refers to sheaves on the various
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spaces, all coming by pull back from the same local system on H, so Cy on Gr is
the pullback of Cy on Gg.

We can assign a cycle in Hfinf(éR, C_») to any given G € D¢, (X)x by taking
the image of 15 € Hom(G, G) under the sequence of maps (5.10). As a matter of
notation, we write

(5.11) o(F) € HY (Gg,C_)) (F € Da (X)) »)

for the cycle attached to G = DF . Recall (2.14): since the definition of D¢, (X)a
involves the monodromy behavior of e~ Verdier duality maps Dg,(X)_» to
D¢, (X )x+2p; on the other hand, Dg, (X)xy2p, = D, (X)a since 2p is integral, so
D: DGR(X),)\ e DGR(X)A .

5.12 Theorem. The cycle ¢(F), for F € D, (X)—_x, is the character cycle of the
virtual character ©(F). In particular,

/G OF)dy = / L9,

for any test function ¢ € C°(Gr).

This statement was conjectured by Kashiwara [Ka4]. We shall prove it in the
later sections. We remind the reader that the homomorphism (4.15) is not injec-
tive, in general. However, it has a distinguished left inverse, namely the assignment
© — character cycle of © — the character cycle, by definition, satisfies the sym-
metry condition (4.16). Our theorem asserts, in particular, that ¢(F) satisfies this
symmetry condition.

The theorem — more precisely, the construction preceding the theorem — can
be simplified whenever A is integral. In this situation, the twisted equivariant
derived category Dg,(X)_» agrees with the usual equivariant derived category
D, (X) (recall 2.12-13). Also, the “universal” local system C has a distinguished,
globally defined generating section e*~?. The cycle c(F) € Hil"f (éR,(C_ A) can
now be written as a product of the generating section e P with the absolute cycle
«(F,) € H (Gg, C), where F, € De, (X) is the image of F under the periodicity
isomorphism (2.12-13). This allows us to work on Gg x X, rather than Gg x H x X
as before. In particular, the existence of the canonical isomorphism ¢ : a*G —
p*G immediately follows from the definition of the equivariant derived category,
so (5.6-8) become superfluous, and (5.9-10) simplify correspondingly. Kashiwara’s
conjecture [Ka4] is phrased in these terms.

The proof of theorem (5.12) depends on a local fixed point formula for the
coefficients ¢4, in the local expression (4.3) for © = O(F). This local formula is
of independent interest. Kashiwara develops a fixed point formalism in [Ka4] and
uses it to calculate the cycle (5.11) from the geometric datum of the sheaf F.

To state the local formula, we fix a regular semisimple g € G and a fixed
point x € X of g. The centralizer of g in Gy is a Cartan subgroup Tg, whose
Lie algebra we denote by tg; t is the complexification of tg. The identification
t=b,/[bs,b,] = b lifts to a natural identification

(5.13) T =~ B,/[B.,B,) = H.
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It induces an identification o — «, between the universal root system ® and the
concrete root system ®(g,t). The complexified Cartan subgroup 7" normalizes the
Borel subalgebra

by = tod (®a6<1>+ g—az) :

Here g*=, for a € @, denotes the a,-root space of (g,t). Let
(5.14) n*(g,2) = Daca+ §°°

denote the nilpotent radical of the opposite Borel, and n'(g, ), n”(g,x) two sub-
algebras of n™(g,z), of the following type. We choose subsets ¥/, ¥ C & such
that

a) for a€®t if |e*(g)]#1, then

(5.15) acV¥ = |e"(g)]<1 and a€V¥” = |e*(g)| > 1;
' b) for aj,as € @, if a3 +ay € ®, then

al,agellf' — al—l—agE\I/’, 041,0426\11” — 041+0426\I//I.

Subsets U’ " satisfying these conditions do exist: for example, the subsets defined
by a) without the restriction |e®=(g)| # 1 satisfy also b). Because of b),

(5.16) nW(g,2) = ®ace g,  0(9,2) = Dacwr g7,

are subalgebras of n™ (g, z). Our eventual statement, theorem 5.24, will not depend
on the particular choice of ¥. Indeed, the theorem is valid even with more general
choices of n’(g, x) and n” (g, ) — see the comment at the end of this section. Further
notation:

NJF(gaI) = eXp(nJr(g,:E)):E,

5.17
(47 N'(g,z) = exp(W'(g.x))z,  N"(g,x) = exp(n’(g,z))z.
Then N*(g,z) C X is an open Schubert cell which contains N'(g,z) and N (g, z)
as affine linear subspaces, both invariant under the action of T

The inverse image of N¥(g,z) in X splits into a product N*(g,z) x H, and the
G x H-action on X restricts to a T' x H-action on N*(g,x) x H :

(5.18)  (t,h) : (exp(Q)x, hy) — (exp((Adt)(O))x,thy h™1), ¢ent(g,2);

here we identify ¢t € T" with an element of the universal Cartan H via the isomor-
phism (5.13). In particular, there is a natural restriction functor

(5.19a) D (X)x — Dr (N F(g, 7)),

from the twisted equivariant derived category Deg, (X)x, viewed as the Gr-equi-
variant derived category of (—\ — p)-monodromic sheaves on X, to the twisted
equivariant derived category D, (N1 (g, ))a, viewed as the Tr-equivariant derived
category of (—\ — p)-monodromic sheaves on N*(g,2) x H. The base of the bundle
N7T(g,z) x H — NT(g,z) is contractible. It follows that there is a canonical
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equivalence between the category of (A — p)-monodromic sheaves on N*(g,z) on
the one hand, and the category of (ordinary) sheaves on N*(g,x) on the other,

(519b) DT]R(NJF(gvx)))\ — DTR(NJr(gvx));

in one direction, sheaves on Nt (g,z) can be pulled back to N*(g,z) x H and
tensored with the universal local system Cj, and in the opposite direction, twisted
sheaves on Nt (g, z) x H can be restricted to N*(g,z) x {e} =2 N*(g,z). Thus we
get a restriction functor

(519(3) DGR(X)A - DT]R (N+(g,$)) ) g g(:t) )

the composition of the functors (5.19a,b).

The action and projection maps a,p : Ggr X H X X — X restrict to maps from
Tr X Hx Nt (g,2) x H to N*(g,z) x H, to which we refer by the same letters a, p.
We then get a commutative diagram

Te x Hx Nt(g,2) x H =22 N*t(g,2) x H
(5.20) (tyy)H(tt»y,e)T TyH(y,e)
TRXN+(97:I:) L} N+(97$) ;

note that the action map in the top row is the action (5.18), and that the universal
local system C, “lives” on the first of the two factors H in Tk x H x Nt (g,x) x H.
The morphism (5.5), which came from the structure of the twisted equivariant
derived category, restricts to a morphism ¢ : a*G — p*G ® C, in the derived
category DY(Tg x H x N*(g,z) x H), for each G € D¢, (X)x. In (5.5), we wrote G
to signify that we were disregarding the equivariance. To be consistent, we might
use the same convention now; however, to avoid proliferating notation, we shall
not notationally distinguish between G and Q from now on. Via the commutative
diagram (5.20), our present incarnation of ¢ induces a morphism

(5.21) ¢ :a*G(r) — p*G(z) ®C,

in the category D’(Tk x NT(g,z)). In the statement that follows, we think of x
as fixed and g as variable within T. To emphasize the point, we shall denote this
variable element as t. Note that the subspaces N'(t,z), N”(t, z), defined in analogy
to N'(g,z) and N”(g, ), depend only on the connected component of T} in which
t lies, whereas N*(¢t,z) = N*(g,z) for all t € T%.

To keep the notation simple, we denote the restriction of the morphism (5.21)
to the slice {t} x N*(¢,z) by the same letter ¢. This gives us a morphism

(5.22) ¢ : t°G(zr) — G(z) ®C,.

The diffeomorphism ¢ : N*(¢,z) — N7T(t,z) preserves the subspaces N'(t,z),
N"(t,z). Hence ¢ induces morphisms

¢ P Hy(1,2)(G(7) — Hnrra)(G(x) @ Cy,

5.23
(5.23) 6 (G| nrmy) — (G) N (ray) ® Ca
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Since z is a fixed point of ¢, (5.23a) induces morphisms of stalks, respectively
costalks — i.e., local cohomology at a point —

(bt : HN’(t,x) (g(x))m B HN/(t,x) (g(x))m & C}x ;
Or Moy (G(@) N t,2) — Hiap(G(2)|Nr(tz) © Cx.
We can now state the local fixed point theorem, which gives us two separate, for-

mally dual expressions for the section ¢; , of Cy appearing in the expression (4.11)
of the virtual character © = O(F):

Theorem 5.24. For F € D¢, (X)_\ and t € Ty, the section ¢, of Cy satisfies
cte = Yo(—1)" tr( ¢y H}'V,(w)(D}"(z))x — Hé\/’(t,m)(D]:(x))z ®Cy)
) tr( <y (BF (@) emy) — Higy (DF () ) © Ca )

Note that the presence of the factors Cy makes the traces into sections, as they
should be, rather than scalars.

Let us suppose, for the moment, that a specific local section of the sheaf C, on
T has been chosen near ¢, and let us denote this section by the symbol e*~*, for
simplicity. In this situation

(5.23b)

"6y Hivs ) (DF(2))a — Hiyr 1, (DF(2))a
e PPy 1 (DF (@) v (1.2)) = Higy (DF (@) v (2.2)) »
are well defined, and

Ctx = dt,z €>\_p, with
(5.25a)  die =D (—1)" tr(e” Ay Hév'(t,m)(D]:(x))z — Hév,(t@)(]])]:(x))z) =
S (0 Hey (BF @) nmy) — Hiy (DF@) o)

here d; . is now a scalar. In particular, this applies for any regular ¢t € Tk near the
identity: we choose the branch of e*~# with value 1 at the identity. For such t,
e~ ¢, is homotopic to the identity map, so

(5.25D) dro = X(Hii(1,0)DF(2))e) = X(HyDF ()N (t2)) )

becomes an Euler characteristic. The resulting formulas can be continued to the
connected component of ¢ in T . Every connected component C of T4 N7} contains
the identity in its closure, hence ¢, either vanishes identically on C, or equals
an integral multiple of a well defined branch of e*~?. One can argue similarly for
connected components of T} outside 7}, where ¢; , can be expressed as a cyclotomic
integer times a well defined branch of e*~*, unless ¢; , vanishes identically.

The analogues on the Lie algebra of theorems 5.12 and 5.24 are formally simpler,
because the local system Cy on g has a canonical global generating section e*~7.
We fix a particular point (¢,z) € gr’, write T for the centralizer of ¢ in G, and
define

N+(<a I) = N+(6Xp(<), x) )
NI(C? .’L‘) = Nl(exp(g), :E) ) NH(C? :E) = N"(exp(@), :E) .

Let E be the connected component of t; containing ¢ .

(5.26)
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5.27 Theorem. For F € D¢, (X)_x, the constant dg  appearing in the local
expression (4.4) of the virtual character 0 = 0(F) is given by the formula

dpe = X(Hyi(¢,2)(DF(2))a ) = X(H{py (DF(2) N (t2)) ) -

The character cycle ¢ € H (gg, C_,) of the virtual character 6(F) is the prod-
uct of the generating section e*~# with an absolute cycle cp € Hilnf(ﬁR, C), just as
in the simplified version of theorem 5.12 for integral A — see the discussion below
the statement of that theorem. We shall omit a formal statement of the Lie algebra
version of theorem 5.12, since it is a direct analogue of the simplified statement —
with A integral — of 5.12.

We remarked earlier that the hypotheses of theorem 5.24 are unnecessarily re-
strictive. First of all, the condition on ¥’ and ¥” embodied by (5.15a) needs to be
satisfied only by roots a € ®* such that e“» is real valued and positive near g. To
prove this more general version would be considerably more involved, since it does
not directly follow from the fixed point formalism of either Goresky-MacPherson
[GM] or Kashiwara [KSa]. Secondly, condition (5.15b) serves the purpose of making
n'(g,z) and n”(g, x) subalgebras, which is natural from a group theoretic point of
view. This condition is used crucially in section 8, where we show that theorem
5.24 is compatible with parabolic induction. It is not used in section 6, however,
when we show that theorems 5.12 and 5.24 are equivalent.

6. Formal aspects of the proofs.

In broad outline, we shall prove our main theorems — the character formulas 3.8,
5.12, 5.24, 5.27 — by verifying them for certain “standard sheaves”. In this section,
we describe the standard sheaves, and we argue that they generate the K-groups of
the equivariant derived categories D¢, (X)_x . In subsequent sections we break up
the verification for standard sheaves into several steps, which we then carry out.

To begin with, the main theorems descend to the level of the K-group: if three
sheaves F; € Dg, (X )_x fit into a distinguished triangle

(6.1) Fi — Fo — F3 — Al

and if any one of the main theorems holds for two of the F;, then it holds for the
third. In the case of theorem 3.8, this follows from (3.5) and the additivity of the
integrals in 3.8. Theorems 5.24 and 5.27 involve alternating sums of traces, and
these, too, behave additively® in distinguished triangles. The additivity of 5.12 is
less obvious; we establish it by appealing to the following proposition.

6.2 Proposition. Either of the two formulas for the c;, in theorem 5.24, for
any particular sheaf F € Dg.(X)_x, for all x € X and all regular t fiving x, is
equivalent to the statement of theorem 5.12 for the sheaf F.

We postpone the proof to the end of this section. Let us summarize our conclu-
sions so far.

8In the case of 5.24, this depends on the functoriality of the morphism ¢, which insures that
the induced maps on cohomology determine a morphism of the long exact cohomology sequences.
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6.3 Remark. [t suffices to establish the main theorems for a collection of sheaves
which generate the K-group of Dgo (X)_x .

Standard sheaves are associated to Gr-orbits in the flag variety. Let S C X be
an orbit and § C X its inverse image in the enhanced flag variety. We fix A € h*
and consider an irreducible, Gg-equivariant (—A — p)-monodromic local system £
on S — in other words, an irreducible, Gg X h-equivariant local system on S whose
monodromy along the fibers of S — S agrees with the monodromy of the multiple
valued function e=*~? on H. The direct image Rj.L of £ under the inclusion j of
S into X is an object of the twisted equivariant derived category Dg, (X)_x. By
definition, the sheaves of this type are the standard sheaves in this category.

6.4 Lemma. The standard sheaves in Dg, (X)_» generate K(Dg,(X)-)). More
precisely, the standard sheaves generate Da, (X)_x as a triangulated category.

Proof. The support Supp(F) of any given F € Dg,(X)_» is necessarily Ggr-
invariant. Let S = US; be the union of the orbits S; of maximal dimension in
Supp(F), j:S < X the inclusion. The natural morphism F — Rj,j*F induces
an isomorphism over .S, hence the third term in the distinguished triangle

F — RuJF — G — F[1]

has support of strictly lower dimension than Supp(F), or vanishes identically. Argu-
ing by induction, we may now assume that F = Rj.j*F. The cohomology sheaves
of j*F € D¢, (S)—_» are Gr-equivariant, (—A — p)-monodromic local systems on S.
As such, they must be extensions of irreducible local systems on the various S .
The lemma follows.

In spite of the geometric terminology, irreducible Gg-equivariant, (—A— p)-mono-
dromic local systems are essentially algebraic objects. We recall how to construct
them in terms of Lie theoretic data. This involves, first of all, the enumeration of
the Gr-orbits in X as in [Ma,W]. Let Tk be a Cartan subgroup, and 7., : t — b a
concrete isomorphism between the complexified Lie algebra t of Tg and the universal
Cartan b, corresponding to a fixed point xg € X of Tg. Note that the Gg-orbit

(6.5) S = S(TR,T%) = GR'ZEQ

remains unchanged when Tg is replaced by a Ggr-conjugate or zg by a Ng,(Tr)-
translate. The correspondence (Tg, 7,,) — S sets up a bijection between the set of
Gr-orbits and the set of pairs (Tk, 7, ), modulo the conjugacies just mentioned.
We fix the datum of a particular Gg-orbit S = S(Tg, 7z,) and choose a character
X : Tk — C* such that dxy = 7; (A — p), as complex linear functions on t. A
parenthetical comment: if Ggr is non-linear, contrary to our standing assumption,
Tr may fail to be abelian; in that case, we need to allow irreducible representations
x of dimension greater than one, with differential equal to a direct sum of copies
of 73 (A — p). The isotropy subgroup of G at xo € X splits into a direct product

(66&) (GR)LI)O = Tgr- (NLEO N GR) )

with Ny, = exp [bg,, bz,] . The group Ny, N G is connected, so x lifts canonically
to a character X : (Gr)gz, — C*, with x = 1 on N, N Gr. When we identify the
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enhanced flag variety X with G /N, as usual, the identity coset corresponds to a
point ¥y € X lying over xg. In particular, £y lies in S, the inverse image of S in
X. The group Gr X b acts transitively on S, with isotropy group
(Gr x0)z, = {(9,¢) € (Gr)ay x b | g = exp(7;,' () }

(6.6b) .
= {(t;n,{) € Tr x (Nuyy NGr) x b | t = exp(7,,'¢) }

at @o. A triple (t,n,() lies in the identity component precisely when 7 ¢ e tg,
hence

component group of (Gg X b))z =
{0 €Taxb |t =exp(ry, O} |t =expl(ry, (), 7,/ C € ta).

Note that the character

(6.7)

(6.8) Y : (G x b)g — CF, ¥(g,¢) = X(g)e~ PPN |

is identically equal to 1 on the identity component of (Gg x §)., , and thus induces
a character of the component group. As such, it defines a G X h-equivariant local
system L, on S, of rank 1, which is therefore irreducible.

6.9 Lemma. The local system L, is (—A— p)-monodromic. Every irreducible Gr-
equivariant, (—\ — p)-monodromic local system on S is of this form, with uniquely
determined x.

Proof. Because of the Gg-equivariance, it suffices to check the monodromicity con-
dition on the fiber over xy. On that fiber it has the monodromy of the function
e~(A=#)_ hence the monodromy of e~(**#) since 2p is integral. Conversely, the da-
tum of an irreducible Gr-equivariant, (—A — p)-monodromic local system on S is
equivalent to that of an irreducible representation 1 of the component group (6.7),
subject to the condition

(6.10) U(e,¢) = e AP for ¢ ey

which reflects the monodromicity condition (recall: hz is the kernel of the exponen-
tial map exp : h — H ). Note that ¢ must be one dimensional since the component
group is abelian. We reconstruct the datum of the character x : Tg — C* by defin-
ing x(t) = ¥(t, ()PP for any ¢ € b such that ¢t = exp(7.,H(¢)) — the condition
(6.10) ensures that the particular choice of ¢ does not matter. When ¢ happens to
lie in the identity component of Tg, we can choose ¢ to lie in 7., (tg), in which case
¥(t,¢) = 1. This shows that dy = 75 (A — p), as required.

In effect, the lemma gives us an explicit description of the standard sheaves
in D@, (S)-x. To complete the verification of 6.3, we still need to prove proposi-
tion 6.2. This involves two major steps: the reduction from the general, twisted
situation to the untwisted case, and secondly, the computation of the local fixed
point contribution in the untwisted case. This second ingredient already appears
in Kashiwara’s announcement [Ka4].

Proof of proposition 6.2. Let us assume that the statement of theorem 5.24 is sat-
isfied for a particular F € D¢, (S)_» and all possible choices of a Cartan subgroup
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Tr C Gr, of a regular element ¢ € T}, and of fixed point = of T. We must show
that the character identity in theorem 5.12 holds, and conversely, that the identity
in theorem 5.12 implies the statement of theorem 5.24 for all data Tk, t € Ty, and
x € XT. The virtual character © = ©(F) is completely determined by its values
on the regular set, where it is real analytic. The value of the integral on the right
of the identity is also completely determined by the contribution lying over the
regular set: the inverse image of the singular set in Gr has codimension at least
one, and can therefore be neglected in the integral. In particular, instead of con-
sidering arbitrary test functions in the character identity, it suffices to consider the
case when the test function ¢ is a delta function supported at an arbitrary regular
point — say ¢ = §; with ¢t € T as before. In this situation, the left hand side of the
identity reduces to

Ct,x
6.11a Od:dg = O(t) = —
( ) G t ( ) IEZXT Hae<1>+(1 —e z)(t)

with the coefficients ¢; , as in (4.11). The right hand side also splits into a sum of
terms indexed by the fixed points of 7"

(6.11D) / ("6)% = Z value of the C}lzcle 07(_07;) at (t,z) '
(%) ze€XT [Tocor (I —e7%)(1)

Here, as in section 4, we regard the cycle ¢(F) as a section of the local system C
via Poincaré duality. The value of the cycle is actually a number, since the local
system C, is a subsheaf of the sheaf of functions. At this point, the proposition
comes down to the assertion that the two Lefschetz numbers

(1) tr(be : Hiyip ) (DF(@))e — Hiyuy oy (DF (7)) ® Cx)

O 1) a6 2 M (BF @) ne.y) — oy (DF () ormy) © Ca ).

coincide and equal the value of the cycle ¢(F) at (t,x). The verification of this
assertion is our remaining task in this section.

We use the notation established in (5.13-18). In particular, N*(t,z) x H is
the inverse image of N*(¢,z) in X. The inclusion {t} — Gg, corresponding to a
particular ¢ € T , determines a Cartesian square

{t} x Hx (N*(t,z) x H) —— Grx Hx X

(6.13) T T

{t} x {t} x {a} x H) —— Gr ;
here we are using the formula (5.18) for the T' x H-action on NT(¢,z) x H. Com-

bining this with (5.9) gives the commutative diagram

{t}y x Hx (NT(t,z) x H) —— Gex Hx X —— X x X

(6.14) T T TA

{t} x {t} x {z} x H) —— Gr — X
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involving three Cartesian squares: the right square, the left square, and the square
formed by the four terms on the perimeter — the “outer square” for short. The
outer square is formally analogous to the right square. We can therefore apply the
fixed point formalism (5.10). The result is a map®

(6.15a) Hom(G,G) — HY(A;,p*Dg ® Cy) = HYY ({(t,2)},C_)),
with the shorthand notation
(6.15b) Ay ={t} x Hx (NT(t,2) x H),  t={t} x {t} x {z} x H).

To keep the notation simple, we are using the symbols a, p also for the action and
projection morphisms in the outer square.

We claim: when we combine (6.15) with its precursor in (5.10), the resulting
diagram,

Hom(G,G) —— HY(A:,p'Dg @ Cy)
(6.16) H

I

Hom(G,G) —— HOC”;R(GR x H x X,p*]D)X ®Cy),

commutes. The reason is simply the functoriality of the fixed point formalism,
which follows from the functorial behavior of local cohomology. We continue the

bottom row in (6.16) as in (5.10), then restrict to the open subset Gr and apply

Poincaré duality on this open subset, which consists of smooth points:

(6.17a) He, (Gr x H x X,p"Dg @ Cy) = Hy/, (Gr,C-x) ——

A7a L N - -
Hy (Gr, Coy) — HY (G, Cos) = (G}, Ca).

We analogously continue the top row,

Putting (6.17a,b) together, we obtain the diagram

~

HY(As, p*Dy @ C) —— H({(t,2)},C»)

(6.18) T T

HY, (Gr x Hx X,p'Dg ® Cy) —— H(G§,Cy),

in which the second vertical arrow is evaluation of sections at (¢, z). This diagram
commutes because of the functoriality of the various ingredients. Letting DF play
the role of G, we conclude that the value of the cycle ¢(F) at (¢, x) is given by the
image of the identity morphism 1 : DF — DF under the chain of morphisms

Hom(DF,DF) — HY(A:,p* Dy ® Cy)

(6.19) S HY({(t,2)},Cy) = C.

9Recall our comment in section 5, to the effect that we no longer make a notational distinction
between G € D¢y (X)a and its image in D?(X), as we had earlier in section 5.
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It remains to be shown that this image of the identity coincides with the Lefschetz
number (6.12). The final isomorphism in (6.19), “evaluation at t”, makes the image
of the identity morphism a specific number; here we are using the definition of C
as a subsheaf of the sheaf of functions.

The morphisms in (6.19) were obtained by applying the fixed point formalism
(5.10) to the outer square in (6.14). Since the image of {t} x H x (Nt (t,z) x H)
lies in the open subset (N (¢, z) x H) x (NT(t,x) x H) of X x X, we may as well
replace X by N*t(t,2) x H and F by its restriction to N*(¢,2) x H. Then, when
we apply the fixed point formalism in the Cartesian square

{t} x Hx (N*(t,z) x H) ——— (N*(t,z) x H) x (N*(t,z) x H)

(6.20) T TA
{t} x{t} x {z} x H) —— NT(t,x) x H ,

we obtain the same maps as in (6.19). Next we restrict the twisted sheaf G = DF
from N*(t,z)x H to NT(¢t,x) x {e} 2 NT(t,x), as in (5.19b), resulting in the sheaf
G(z) € D (NT(t,z)). Correspondingly, we take a slice of the diagram (6.20) by
replacing N T (t,z) x H with N (¢,z) x {e} = N*(¢t,z) and {t} x H by {t} x {t}.
In this slice, the action and projection maps induce a,p : Nt(t,z) — N*(¢, z),
with a = left translation by ¢, p = identity. We use these maps to construct the
Cartesian square

NT(t,x) —— N*(t,z) x NT(t,x)

(6.21) T TA

{z} —— NT(t,x) ,

which maps into the Cartesian square (6.20) by inclusion. Recall the construction
of the isomorphism (5.21) by means of the commutative diagram (5.20). We use
the notation ¢ : t*G(z) — G(x) for the induced morphism when we restrict from
Tk to {t}. The sheaf Cy disappears at this point since Cy[{;; = C by evaluation at
t. When we apply the fixed point formalism to the square (6.21) instead of (5.9),
¢ induces a morphism

~

(6.22) Hom(DF(z),DF(x)) — H{,(N*(t,2),Dy+0) — C,

analogous to (6.19).

We claim: The image of 1 € Hom(DF (z), DF (x)) under the composite morphism
in (6.22) coincides with the image of the identity under the chain of homomorphisms
(6.19). The crux of the matter is the functoriality of the fixed point formalism with
respect to non-characteristic maps — in our case, N*(t,z) — N7T(t,x) x H — a
general fact which can be verified by tracing through diagrams, though not entirely
without effort. The inclusion NT(¢,x) < N7T(¢,z) x H relates the two chains of
morphisms (6.19) and (6.22), so our claim follows from the functoriality properties
of the fixed point formalism.

To complete the proof, we still must identify the Lefschetz numbers (6.12) with
the image of the identity under the homomorphism (6.22). The equality of the
three quantities follows from an appropriate generalization of the Lefschetz fixed
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point theorem. Generalizations that apply in our situation have been given by
Kashiwara [Ka4,KSa] and Goresky-MacPherson [GM]. Kashiwara’s fixed point for-
malism expresses the global Lefschetz number as a sum over local contributions
corresponding to the components of the fixed point sets; in the case of isolated
fixed points — which is the case of interest to us — he gives an explicit description
of the local contributions. Specifically, the local contribution corresponding to an
isolated fixed point x is the image of the identity under the homomorphism (6.22);
further, Kashiwara identifies this local contribution with Lefschetz numbers similar
to (6.12), but specialized to the tangent space at x. Goresky-MacPherson also ex-
press the global Lefschetz number as a sum of local contributions. In the case of an
isolated fixed point z, their local contribution coincides precisely with either of the
two local Lefschetz numbers (6.12) [GM, formulas for A4 and As]. They also estab-
lish the uniqueness of the local contributions, provided they are expressed in terms
of local data near the fixed point [GM, §5.1]. In particular, their local Lefschetz
numbers coincide with Kashiwara’s. That gives us the conclusion we need.

7. The case of the discrete series.

In this section we establish our character formulas for standard sheaves associated
to certain Gr-orbits S and certain twisting parameters A: orbits S attached to a
compact Cartan subgroup Tgr — these are necessarily open — and any regular anti-
dominant A. Such geometric data correspond to discrete series representations.
This particular case of theorems 5.12 and 5.24 was already established by Kashiwara
in his announcement [Ka4].

Let then Tg C Ggr be a compact Cartan subgroup, and S = S(Tg, 72, ) a Gr-orbit
corresponding to the datum of Tg and of a fixed point xg of Tk, as in 6.5. Our
hypotheses on Gg imply that the compact Cartan subgroup Tk is connected, hence
a torus. As was argued in section 6, standard sheaves associated to S and any par-
ticular twisting parameter A correspond bijectively to Ggr-equivariant, irreducible,
(== p)-monodromic local systems on S, and those, in turn, correspond bijectively
to characters x : Tk — C* whose differentials coincide with A — p. Because of the
connectedness of Tk, if an irreducible, Gg-equivariant, (—A — p)-monodromic local
system on S exists, it is unique; moreover, such a local system exists precisely when
A\ — p is an H-integral weight!®. Thus, without loss of generality, we assume

(7.1) AeA+p (A = weight lattice of H ).

Let j : S — X denote the inclusion. We can appeal to (2.12-13), and conclude that
Rj.Cs € Dg, (X) = D¢, (X)_» is the only standard sheaf in D¢, (X)_» associated
to the orbit S.

Recall (2.15) and the discussion below it: because of the integrality of A + p,
the twisted sheaf O(\) becomes an actual sheaf on X with a G-action, and as such
coincides with the sheaf of holomorphic sections of the G-equivariant line bundle

10In the linear case, compact Cartan subgroups of Gg have the same weight lattice as the
universal Cartan H; if, contrary to our assumptions, G fails to be linear, the phrase “H-integral”
should be replaced by “Gr-integral”.
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Ly_, on X. Hence, with F = Rj,Cg, the construction (2.16-17) produces the
virtual character

O(Rj.Cs) =

2 (=1)PO(Ext?(
2 (=1)PO(Ext(
(7.2) = 2, (-1)PO(Ext?(Cs, j' Ox (La—p)))
2 (=1)PO(Ext?(
2 (=1)Pe(

Here we have used the fact that an even shift in degrees does not affect the Euler
characteristic, the adjointness of Rjy and j', and the equality of j' and j* for open
embeddings.

Since Tk is a compact Cartan subgroup of the linear group G, 7, A is the full
weight lattice of the torus Tk, and 7; (A + p) the weight lattice of Tk shifted by
the half-sum of the positive roots. To each regular y € 7 (A + p), Harish-Chandra
[HC6] associates a discrete series representation 7, , whose character he denotes
by the symbol O, ; every discrete series character is of this type for some regular
pe 1y (A+p), and ©, = O, if and only if the parameters p1, v are conjugate under
the normalizer of Ty in Ggr. The integrality condition (7.1) on the parameter A in
(7.2) implies that 222 is an integer for each a € ®. In addition to (7.1), we now

(e,)

impose the condition that A is regular anti-dominant, in the sense that

A a)

(7.3) 2 e

€Z.y forallaedt.

For every A € A 4 p which satisfies this antidominance condition, we define
(7.4) O(S,\) = 97550’\'

Two comments are in order. First, the open Gg-orbit S determines the pair (Tg, o)
up to simultaneous Gg-conjugacy, so ©(S, A) is canonically attached to (S, A). Sec-
ondly, we insists on the anti-dominance condition (7.3) in the definition (7.4) be-
cause we want ©(S, A) to depend coherently on the parameter \; see section 8. This
has the added advantage of making our parametrization of the discrete series, in
terms of pairs (S, A), one-to-one.

The compact Cartan subgroup TR lies in a maximal compact subgroup of G ;
we may as well assume that it is the one we had already chosen: Tp C Kg.
Then Kgr/Tr can be identified with the flag variety of €. In particular, the (real)
dimensions of Kgr/Tr and Ggr/Kg are even. We set

1 1
(75) s = 5 dimKR/TR, q = 5 dlmGR/K]R

Note that the virtual character O(Rj.Cg) in (7.2) depends on the choice of A, even
though A\ does not appear in the notation: we have chosen to regard Rj.Cg as an
object in Dg, (X)_x.
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7.6 Theorem. Under the hypotheses just stated, ©(H*(S, Ox(La—,))) = O(S, A),
and HP (S, Ox (La—,)) =0 if p # s. In particular, ©(Rj.Cg) = (—1)°O(S, A).

When A is not only anti-dominant but also “very regular”, i.e., if |(A, )| > 0 for
all & € @, this is the main result of [S1] in conjunction with the characterization
of discrete series representations by lowest K-type [S2,V]. The general case then
follows from the Jantzen-Zuckerman translation principle, as in [S3], for example.
Alternatively, the theorem is a consequence of the main result in [KSd].

In the remainder of this section, we shall verify the two character formulas in
the present situation, i.e., with tkGr = rk Kg, S C X open, F = Rj,Cg, and A
satisfying the anti-dominance condition (7.3). We first deal with the case of the
integral formula (3.8).

The decomposition g = t@® [t, g] permits us to view 7 X as an element of g* — an
element of igy, in fact, since differentials of characters of Tr are purely imaginary.
Recall that €2y denotes the G-orbit of 7 A in g*. We define

(7.7) Q(S,\) = Grg-orbit of 7; X in igp .

As in the case of O(S, \), the notation is justified because S determines Tr and
Tz, Up to simultaneous Gr-conjugacy. Let us note that the union of the (S, \),
corresponding to all the open Gg-orbits in X, coincides with €2y N igg. Recall
that the complex coadjoint orbit (2) comes equipped with a canonical algebraic
symplectic form o). Since A is regular, the orbit Q) has complex dimension 2n,
where n = dim¢ X, as before. Also recall our convention (3.6) — without the choice

of i = /—1 — for the Fourier transform é The following result is due to Rossmann
[R1].

7.8 Theorem. The two form —io)y restricts to a real, non-degenerate form on the
real submanifold (S, \) C Qx. Orient Q(S, A) so as to make the top exterior power
of —ioy positive. Let (S, \) be the character on the Lie algebra corresponding to
the discrete series character ©(S, X). Then, for ¢ € C°(gr),

1 .
0(S,\)pdr = ——— / oy ;
or ( )¢ (2#1)”71' Q(S,\) (b A

the integral on the right converges absolutely.

The definition of QAS involves the choice of Euclidean measure dx on gr; we are
using the same measure on the left of the above identity, of course.

We shall use the open embedding theorem of [SV4, theorem 4.2] to relate the
inverse image of Q(S, ) under the twisted moment map py to the characteristic
cycle of the sheaf Rj,Cg. The crux of the matter is the following technical result.
The statement involves a real valued function f on S which we now define. The
parameter A lies in A+ p, and p is integral, if not for G, then at least for some 2-fold
covering of the complex group G. We conclude that the line bundle L) exists as
an algebraic line bundle on X, equivariant with respect to G or a 2-fold covering of
G. By assumption, Gr acts on .S with compact isotropy groups. Replacing Gg by
its inverse image in the 2-fold covering of G if necessary, we find that Ly |s admits
a Gg-invariant Hermitian metric v,.. Analogously, there exists a Hermitian metric
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Y. on Ly invariant under Ug or its inverse image in the 2-fold covering. As the
quotient of two real algebraic metrics on a line bundle,

(7.9) fro=
Ve
is a positive, real algebraic function on S. In the case of A = —2p, this function was

first used in [S1] to study the Dolbeault cohomology of Gg-equivariant line bundles.

7.10 Lemma. If A € A + p satisfies the anti-dominance condition (7.3), some
positive integral power f{* of the function f\ extends real algebraically to all of
X, and this extension vanishes on the boundary of S. The image px(dlog f)) of
dlog fx, viewed as a submanifold of T*S, coincides with Q(S,\). More precisely,

wx : dlog frx — Q(S, )

is a real algebraic isomorphism which preserves or reverses orientation, depending
on whether the integer s is even or odd; here we orient Q(S,\) as in (7.8) and
dlog fr = S wvia the complex structure of X .

Before embarking on the proof — which is lengthy, though not difficult — we
show how to deduce theorem 3.8 in the current setting. We apply lemma 3.19 with
Cy = dlog fx, with Cy = CC(Rj.Cg), and with

(7.11) C = imageof (0,1)x 8 —T*X, (t,z)— tdlogfr(z).

We orient Cy via |C1| = dlog fx = S and the complex structure on S, and orient C
by means of |C] 2 (0,1) x S. Since fi* is real algebraic, so is dlog fy. Thus C} is
a real algebraic cycle, and Cisa semi-algebraic chain. The support |C;| coincides
with 25" (2(S, \)), so the values of uy on |Cy| lie in Q(S,\) C igg. It follows that
the real part of y remains bounded on |C;| and |C|. The open embedding theorem
4.2 of [SV4], coupled with [SV4, proposition 3.25], implies

(7.12) dC = dlog fy — CC(Rj,Cs) = C —Cs.

We have verified the hypotheses of lemma 3.19 in the present setting, hence

(7.13) /C 156 (o + 7 m)" = / 156 (=0 + 7).

Ca

Since C7 = (—1)* u ' Q(S, ) by lemma 7.10, taking into account proposition 3.3,
we find

[obar= [ wélotrn)
Q(S,\) DY)

v [ W (—o + T,
CO(Rj.Cs)

(7.14)

for every test function ¢ € C°(gr). We combine this with theorems 7.6 and 7.8,
and conclude theorem 3.8 in the case of the discrete series:
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7.15 Proposition. Under the hypotheses stated at the beginning of this section,
the character formula (3.8) holds.

Proof of lemma 7.10. The function f) depends multiplicatively on the parameter
A; in particular, f{* = fmx. Thus, replacing A by an appropriate positive integral
multiple mA, we may as well assume that the parameter A is integral even with
respect to any particular finite quotient of G. This observation allows us to replace
G by G/Zig,q) (Zja,q) = center of the commutator subgroup of G'). Because of
(7.3) we can define

(7.16) Va = irreducible G-module with lowest weight A .

For x € X, let n, = [b,, b,] denote the unipotent radical of the isotropy algebra at
x. Because of our convention for ordering the roots, the space of n,-invariants V'
is the lowest weight space for the action of any concrete Cartan subgroup ¢ C b,
¢ 2 by/n, =B As z varies over X, the one dimensional subspaces VA“’” c Vy
constitute a line bundle, and

(7.17) L, = line bundle with fiber V= at z.

In fact, O(Ly) is the Beilinson-Bernstein localization of V) at A. Since Uy is
compact, there exists an essentially unique Ug-invariant metric h. on V). Renor-
malizing this metric, if necessary, we can make the identification

(7.18) Ye = restriction of h. to the lines V'

via (7.17).

We need an analogous description of v,.. Let # : g — g denote the Cartan
involution corresponding to the maximal compact subgroup Kg C Gr, and pr the
(—1)-eigenspace of 0 in gg . Then
(7.19) Gr = exp(pr) - Kr (Cartan decomposition).

Since K contains the compact Cartan subgroup T, the Cartan involution is inner;
see, for example, [Hel]. Specifically, there exists

(7.20a) rg € T N[G,G], such that 0 = Adry.

Since we had made [G, G| center free, this identity uniquely determines ry. But
0—1 = 0, hence

(7.20b) re = 15"
We claim: the identity
(7.21) hne(u,v) = he(u, rov) (u, veVy)

defines a Gr-invariant indefinite Hermitian form. Indeed,

hnec(v,u) = he(v,rou) = he(rov,u) = he(u,rgv) = hpe(u,v)
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because rg = r, ' € Tg C Ug . Given any g € Gg, we write g = pk with p € exp(pg)
and k € Kg. The Lie algebra ug of Ug contains ipg — in fact, ug = tg @ ipr [Hel]
— hence both pgr and exp pr operate on V) by symmetric operators, relative to h .
Thus

hne(gu, gv) = he(pku,ropkv) = hc(pku,rgpre_lr@kv) = he(pku, p~trokv)
= he(ku,pp~trokv) = hc(u,kflrgkre_lrgv) = he(u, k™ krov)
= he(u,rgv) = hpe(u,v).

This establishes our claim. The Cartan involution preserves the root space decom-
position
g = td (Dacag”)

and each root space is contained either in € or in p = £+, hence e®(rg) = £1. Since
G is center free, the weights of V) lie in the root lattice. We conclude that rg acts as
multiplication by £1 on each t-weight space in V) . In particular, the Gg-invariant
indefinite Hermitian form h,. is either strictly positive or strictly negative on all
the lines V), € S. Renormalizing h,. by an appropriate positive or negative
factor, we get the description

(7.22) Yne = restriction of hy. to the lines V', x € S

of vy, analogous to (7.18).

The lines V)'* vary algebraically with =, and h. is positive definite for every
z € X. It follows that the ratio hy,e/he of the two metrics on the lines V' is a
globally defined, real algebraic function on X, which agrees with f) on S. Now let
x be a point in the boundary of S; we claim:

(7.23) hne vanishes on Vi .

Since h,. is Gr-invariant, we may replace z by any Gg-translate. In this way we
can arrange that the point « is fixed by a #-stable Cartan subalgebra cg of gg [Ma].
The corresponding Cartan subgroup Cr C Gr is non-compact since otherwise x
would have to lie in an open Ggr-orbit, and consequently € does not act as the
identity on the complexified Cartan subalgebra ¢ C g. Both Vi and reV)'" are
weight spaces of ¢, and the corresponding weights are necessarily distinct because
the lowest weight of V) is regular, and § = Adry normalizes ¢ and acts as a non-
trivial element of the Weyl group, as we have just seen. On the other hand, as a
f-stable, gr-real Cartan subalgebra, ¢ is also ug-real. This makes the c-weight space
decomposition of V) perpendicular with respect to h.. The h.-perpendicularity of
the two lines V) and 79V implies (7.23), which in turn implies the vanishing at
x of the natural extension of f) to X. This establishes the first part of the lemma.

Both S and Q(S,\) are homogenous spaces for Gg, the former with isotropy
subgroup Tk at xg, the latter with isotropy subgroup T at 7; A. To see this in the
case of S, we recall (6.6a) and note that n,, Ny, = 0 (", = complex conjugate
of n,, with respect to gr) since all roots are imaginary on the Lie algebra of the
compact Cartan Tg. In the case of (S, A), we appeal to the regularity of 7; A and
the equality Tk = Ggr N T. We conclude that

(7.24) I:8S = Q(S,N), I(gwo) = Ad g (7;,N\) if g € Gr,
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is a diffeomorphism. To calculate u;l oI, we write
(7.25a) Adg(m; \) = I(gzo) = pa(Z,§) withze X and £ € TZ X .
We identify h* = (bz/nz)* = ni /bs . Then, by definition of uy,
(7.25b) pa(E,€) € nd . ux(E,€) = A mod bz .
On the other hand,
(7.25¢) Adg (7, \) € n;‘mo , Adg(7;,A) = XA mod b;‘mo .
Since A is regular, (7.25a-c) imply gxg = . We choose u € Ug so that
(7.26a) gro = T = uxg .
The definition of uy gives the identity
(7.26b) pA(E,6) = Adu(rz,A) + p(E) .
In effect, we have calculated u;l ol:
(7.26c) (3" o I)(gz0) = (9w0,€), with u(é) = Adg(r;,A) — Adu(7;,\);
here u is determined by (7.26a), uniquely up to right multiplication by an element
of Tk . In particular, when we compose u;l o I with the projection 7 : T*X — X
we obtain the identity on S. At this point, the remaining assertions of the lemma
come down to
(7.27a) p(dlog falgzy) = Adg(m;,A) —Adu (7 A),
whenever g € Gr, u € Ur and gz = uxg as before, and
(7.27b) I : S -~ Q(S,\) is orientation preserving if and only if s is even
when S and (S, A) are oriented as in the statement of the lemma.

We deal with (7.27a) first. In the statement of the lemma, as in (7.27a), we
regard the differential dlog fy as a real algebraic section of the cotangent bundle;

this involves an explicit isomorphism 7* X = T* X® which we normalize as in [KSa,
Chapter 11]. Hence, by the definition of the moment map,

d
(7.28) alogfx(exp(tz)gxo)lt:o = 2 Re(pu(dlog falgzo), Z),

for every Z € g. Let £ be a generator of V,**°. Then, by (7.18) and (7.22),

d
7 log fa(exp(tZ)gxo)|i=0 =

hne(ZE,0) + hne(6,ZE)  he(ZL,€) 4+ he(l, Z0)

hnc(év é) hc(ﬁ,ﬁ)

(7.29)
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Both summands on the right are homogenous of degree zero in ¢, so we may use
two different generators of V; %0 in the two summands. Let us use £ = gfy in the

first instance, with £y € V; “0and £ = ufy in the second instance:

d
T log fa(exp(tZ)gwo)li=0 =

hnc(ZgﬂOa gZO) + hnc(g£07 ZgéO) . hc(Z’U/EOu ’U/[O) + hc(u£07 Z’U/EO)
hnc(é(); 60) hc(KO; 60)

(7.30)

Note that hn.(Zglo, glo) = hne((Ad g~ Z)ly, £) depends only on the t-component
of Adg~'Z in the decomposition g = t @ [t, g], since the t-weight spaces in V) are
hne-perpendicular. On the other hand, Yo = (7; A, Y ) £ if Y € t. Thus

hne(Zglo, glo) _ hne((Ad 9" Z)l, lo)
hnc (60; 60) hnc (60; 60)

= (15X, (Adg™'2)).
Arguing similarly in the case of the other terms on the right of (7.30), we find
d ) zZ = 2Re (7 A, (Adg™'Z) — (Adu™'Z
(731) E 0og f)\(exp(t )g$0)|t:O = e<Tzo ) ( g ) - ( u )>
= 2Re(Adg(r;,A) — Adu(r;,\), Z).

Taken together, (7.28) and (7.31) imply (7.27a).

We verify the orientation statement (7.27b) by reducing it to the special cases of
Ggr = SU(1,1) and Gg = SU(2). To begin with, we need to establish the statement
only at a single point — specifically, at the fixed point z¢ € S for Tr. We identify

the holomorphic tangent space T2y of the complex orbit at A with

(7.32a) g/t = [t g] = e gv.
a€eP(g,t)

There are analogous descriptions for the real tangent space ThQ(S, \),
(732b) gR/tR = TXQ(S, )\) — C ®r T)\Q(S, )\) = g/f,

and of the real tangent space T, S® of the open orbit S C X considered as a real
manifold,

(732(3) QR/tR =~ TIOSR s (C®]RTm0SR =~ g/t

Via these identifications, the differential of the map I at xy becomes the identity,
and the symplectic form o) is given by the formula

(733) O')\(ZlaZQ) = <A7 [Z17Z2] >7 VARWARS [tvg] :
Note that (A, [t,g]) = 0, hence

(7.34) ox(g®g”) = 0 unlessa+8=0.
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The isomorphism 7;; : ® = ®(g, t) induces a positive root system ®*(g,t). Each
root a € ®(g, t) is either compact or noncompact, in the sense that the subalgebra

(7.35) go = g°@g “@[g% 9% = s((2,C)

of g intersects gr in a copy of either su(2) or su(1,1). Let G, denote the connected
subgroup of G with Lie algebra g, and G, the real form GgNG, . Then Gg o 2o,
the G o-orbit of zg in S, is isomorphic as homogenous space to P! if a is compact,
or to A =unit disc if a is noncompact. The three spaces Q2 , Q(S, ), and S split
locally into products of the orbits Gy, - A, Gr,o - A, and Gr, - To, respectively,
corresponding to the various positive roots o € ®*(g,t). These splittings are
compatible with the definition (7.24) of I and with symplectic form (7.34) — note:
A induces an antidominant, regular weight for each g7 by restriction. The integer
s equals the number of positive compact roots. These considerations reduce the
statement (7.27b) to the special cases of Ggr = SU(2) and Gg = SU(1,1). In these
two cases, it can be verified by direct calculation. This completes the proof of
lemma 7.10.

We conclude this section with the verification of the fixed point formulas 5.12,
5.24, 5.27 in the case of the discrete series — i.e., under the hypotheses enunciated at
the beginning of this section. Kashiwara already verified his conjecture for the dis-
crete series (with anti-dominant A, as in our current setting). Our argument differs
from his only by replacing a reference to a lemma of [OM] by a short calculation.

Discrete series characters — both on the group and the Lie algebra — are uniquely
determined, among all invariant eigendistributions, by a) their restriction to the
elliptic set, and b) being tempered [HC5]. The fixed point formalism discussed in
section 4 does produce invariant eigendistributions. Thus we only need to verify
those properties of the coefficients ¢, , and dg ., corresponding to F = Rj.Cg,
which embody the properties a) and b).

Because of 7.1, a globally well defined section e*~” of Cy exists on the universal
Cartan H, and thus on all of the spaces mapping naturally to H. Harish-Chandra’s
formula for the discrete series characters on the elliptic set can be stated as follows:

(g regular elliptic);

erP(g, x
(7.36) O(S,M)(g) = (-1)* (9,7)

reX9INS 1_L3t€<1>Jr (1 - eia)(ga I)

the appearance of (—1)%, as opposed to (—1)9 in Harish-Chandra’s original formula,
is caused by anti-dominance of A : in the definition of the Weyl denominator, Harish-
Chandra uses the positive root system which makes the parameter A dominant. The
alternating nature of the summation in Harish-Chandra’s formula translates into
the dependence of the denominator on the fixed point . We now suppose that
g lies in the compact Cartan subgroup Tk chosen at the beginning of the section,
and write ¢ instead of g for a generic element of T}, as in (5.22-25). There are no
real roots on tg, so we can choose ¥/ = ®T in the definition of n'(¢,z). Hence
N'(t,z) = N7T(t,x) is an open Schubert cell containing the fixed point z. In
particular,

XMy (4,2)PRjCs)z) = X(Hi(4,0)(1Ds)a) =

ifres
X(H*(7:Cs[2n)).) = {(1) ifx;S-

(7.37)
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This, in conjunction with 5.25 and 7.6, establishes a).

The temperedness condition b) comes down to the vanishing of certain coeffi-
cients ¢; , corresponding to regular semisimple {. We now deviate from the earlier
notation of this section: to be consistent with section 5, Tk will be an arbitrary
Cartan subgroup, t a regular element of Tr, and x a fixed point of {. Non-zero
terms in the local expression!! (4.3) for © = (—1)*0(Rj.Cs) violate temperedness
precisely when they are indexed by a pair (t,z) € Gg with |e*=(t)] > 1; note: e”
is defined up to sign on G, and hence so is e* = e*~* e”. Hence, in view of (5.25),
the condition b) is equivalent to

(7.38) X(H{ 3 (DR).Cs)|nrway) = 0 if [t ()] > 1.

The definition (5.17) of N”(¢,z) depends on the choice of the subset ¥” in ®+.
The conditions (5.15) allow us to pick

(7.39) V" = {a € ®" | ais real valued on tg and e*(t) > 1}.
To verify the temperedness condition b), we only need to show that
(7.40) N'(t,z)nS=0 if |e*(t)]>1,
since then jiCs|n(¢,2) = 0, hence

Hi oy (DRGCs) N (t) = Hin ((hCs[2n])|Nw(t2)) = 0.

The condition (7.40) holds vacuously when the Cartan subgroup Tk containing ¢
is compact. Let us assume, then, that Tk is a non-compact Cartan subgroup of
a group Gr which does contain some compact Cartan. In this situation the fixed
points of t € T cannot lie in open Gr-orbits. Thus the non-vacuous case of (7.40)
is a consequence of:

7.41 Lemma. Let z € X be a point not lying in any open Gr-orbit and t € Gr a
regular semisimple element fizing =, such that |e=(t)| > 1. Then N"(t,x)NS = 0,
provided V" is chosen as in (7.39).

Proof. We replace A by a suitable positive integral multiple so that the function
fx of lemma 7.10 extends to all of X. Let ¢ € n”(¢,2) be such that (exp()z € S.
Because of the choice of ¥, this implies Ad(t™")¢ — 0 as n — +o00. We now use
the notation of the proof of (7.10):

(expQz €S = fallexpQ)z) #0
=  hpe#0 on VP = exp( V)
= hpe(expCuo,expCug) #0 for vg #0 in Vy*
= hpe(tT"expCug,t " expCvg) # 05
here we are using the Ggr-invariance of h,.. But

hne(t™ " exp Cvg,t™ " exp(vg) =

Pne(exp(Ad(t™")¢) ™" vy, exp(Ad(t™")() t ™" vo) =

€ (t7™)|* hne(exp(Ad(t7™)¢) vo, exp(Ad(t™™)¢) vo) -

Mwith ¢ = 0, and re-expressed in terms of the constants d , of (5.25)
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Since Ad(t™")¢ — 0 and hp.(vo,v9) = 0 — recall: = does not lie in an open orbit,
hence hy. = 0 on Vy'* — this is possible only if |e*=(t™")| — oo as n — +oo. In
other words, the hypothesis (exp ()z € S forces |e=(¢)| < 1.

The two statements (7.37) and (7.40) now imply the fixed point formula (5.24),
and hence also (5.12), for the discrete series characters ©(S, A). In the case of the
characters 6(S, \) on the Lie algebra, the argument is virtually identical. Thus:

7.42 Proposition. Under the hypotheses stated at the beginning of this section,
the character formulas (5.12), (5.24), and (5.27) hold.

8. Coherent continuation.

Both of our character formulas are compatible with the representation-theoretic
process of coherent continuation [S3]. In the case of the integral formula 3.8 this
is not so easy to see a priori, though it follows easily from the formula once it has
been proved. In this section, we shall use the process of coherent continuation to
establish our character formulas for the coherent continuations of all discrete series
characters. In effect, we shall remove the positivity condition (7.3) as hypothesis
from Propositions 7.15 and 7.42.

Let us recall the notion of coherent continuation. A family of invariant eigendis-
tributions ©(\) parametrized by a coset Ao + A of the weight lattice A depends
coherently on A\ provided

a) Z(g) operates on ©(\) according to the infinitesimal

character ) for every A € A\g + A;

(8.1) b) the coefficients ¢g4,5 = ¢4, () in the local expressions (4.3)

for the O(\) satisfy c,.(N) = e* () cgx(No) -

Note that A — )¢ is an integral weight, so e*~*9(g) is well defined. The condition b)
can be stated differently, as follows. Let ¢ be a finite dimensional character. Then

(82) ¢ =Y mu(d)er,

nEA

with only finitely many n,(¢) # 0. On any concrete Cartan, this formula has on
obvious meaning; since it is symmetric under the Weyl group, it makes sense also to
state it in universal terms, as above. If the family ©(\) satisfies (8.1a), the second
condition (8.1b) is equivalent to

(8:3) SO0 = D nu(9) O+ 1),

nEA

for every A € A\g + A and every finite dimensional character ¢ [S3].

Let ©(A) be a coherent family parametrized by Ao+ A. If \g is regular, the single
member O(Ag) of the family determines all the others — this follows immediately
from (8.1b), coupled with the uniqueness of the coefficients ¢4 ,(A) in the case of
regular parameter A\. Thus:
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8.4 Observation. Two coherent families parametrized by the same coset Ao + A
coincide as soon as they agree at a single regular parameter A € Ag + A.

In the definition (2.17), we have attached the invariant eigendistribution ©(F)
to F € Dg,(X)—_x and the datum of a specific A, though the dependence on A does
not come out in the notation — recall that D¢, (X)_ depends only on the image of
Ain h*/A. In the present section, we need to make the dependence on A explicit.
Thus, for A € Ao + A and F € D¢, (X)_», we shall write ©(F) for the invariant
eigendistribution (2.17) corresponding to the representative A of the coset Ag + A.

8.5 Theorem. The invariant eigendistributions ©(F), X € Ao + A, constitute a
coherent family.

This is a standard fact. As specific reference let us mention [SW], where the
coherence is proved for standard sheaves; that is enough, of course, in view of
lemma 6.4. Alternatively, one can use the corresponding fact about the Beilinson-
Bernstein construction — see [Mi], for example — and carry it over to our setting via
the main result in [KSd].

Kashiwara’s fixed point formalism, as discussed in section 5, associates another
eigendistribution to the datum of a A € h* and F € Dg, (X)_», thus a family ©(F)
parametrized by the A-coset of the weight lattice. In effect, ©(F) is the invariant
eigendistribution described by the right hand side of the equation in theorem 5.12.

8.6 Lemma. The family ©(F) is coherent

Proof. The character cycle ¢(F) is a cycle of top degree with values in the local
system C_», which is completely determined by the section ¢ : (g, z) + ¢g4., of the
dual local system Cy over G — cf. (4.12). The coherence condition (8.1b) for the
family ©,(F) is equivalent to the following statement: when X is replaced by the
translate A 4+ p by some g € A, the section ¢ : (g,x) — ¢g,2(\) gets multiplied by
et. This multiplicative behavior of ¢ is clear from the construction; the dependence
of the character cycle on the specific parameter A\, rather than on the coset A +
A, appears at exactly one point, the passage from ¢’ to ¢” in (5.7-8) which is
multiplicative in the sense mentioned earlier.

The general principle (8.4), theorem 8.5, and lemma 8.6 allow us to remove the
positivity hypothesis (7.3) in proposition 7.42. For later reference, we state

8.7 Proposition. The character formulas (5.12), (5.24), and (5.27) are satisfied
by every standard sheaf associated to an open Gr-orbit, provided the group Gr
contains a compact Cartan subgroup.

According to (8.4) the invariant eigendistributions (7.2) constitute a coherent
family ©,(Rj.Cg), parametrized by A € A—p. Let us write 05(Rj+Cg) for the cor-
responding family on the Lie algebra. The conditions (8.1) and (8.2) have obvious
analogues on the Lie algebra. Thus it makes sense to talk about coherent families
of invariant eigendistributions on the Lie algebra. The coherence of ©)(Rj.Cs)
implies coherence also for the family 65 (Rj.Cgs). Unlike the ©,(Rj.Cg), which are
defined only for A € A —p, the 05 (Rj.Cg) can be given meaning for any A € R®zA,
as follows. The integral on the left in (7.14) converges for every regular A € R®z A,
and thus defines a family of invariant eigendistributions

(8.8) ¢ $ot (¢ € C(gr) ),
Q(S,\)
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parametrized by the regular set in R ®z A. According to Rossmann’s theorem
7.8, this distribution coincides with the discrete series character 0y (Rj.Cgs) when
A € A — p satisfies the antidominance condition (7.3):

1 .
6 0x(Rj.Cs) dr = —/ ol
(8.9) or ( ) i)l Josyy

for A € A — p regular antidominant .

Since the right hand side is well defined for any regular antidominant A € R ®z A,
so is the family 6)(Rj.Cg). At this point, then, the family is well defined for all
A € R®z A which either lie in A — p, or are antidominant regular. The following
result is due to Harish-Chandra [HC5, lemma 32].

8.10 Lemma. The coefficients dg , in the local expressions (4.4) for the invariant
eigendistributions (8.8) depend only on the Weyl chamber in which X lies.

Because of the equality (8.9), we conclude that the coefficients in the local ex-
pressions for the 05(Rj.Cg) are also independent of A\. Thus we can coherently
continue the 05 (Rj.Cg) from any antidominant regular A9 € R ®z A to Ay + A,
and therefore to all of R ®z A. In effect, this family is coherent in the strongest
possible sense: defined for all A € R ®z A, with coefficients dg , independent of
A. The constancy of the dg , implies that the values of the function 5(Rj.Cg)
on the regular set in gr depend real analytically on A. This makes the family of
distributions 6y (Rj.Cg) weakly analytic: the integral of the family against any test
function is real analytic in the parameter \.

There is a second family attached to the datum of the sheaf F = Rj.Cg , namely
the right hand side of the equation in theorem 3.8. Let us denote this family by
05(Rj.Cs). Proposition 7.15 asserts:

(8.11)  6x(Rj.Cs) = 0x(Rj.Cs) when A € A — p is regular antidominant .

The definition of é,\(Rj*(Cs) involves integration over the characteristic cycle of
the sheaf Rj,.Cg and makes sense for every A € h* not just for A € A — p. The
coadjoint orbit Q(S, \) as defined in (7.7) also has meaning for every A € R ®z A.
Our proof of the identity (7.14) uses the fact that a positive integral multiple of A
satisfies the positivity condition (7.3) — the integrality of A — p plays no role. Hence
(7.14) remains valid for every antidominant regular A € Q ®z A. Combining this
with (8.9), we conclude

(8.12) 0x(Rj.Cs) = 0x(Rj.Cs) for A € Q ®z A regular antidominant .

Proposition 3.7 asserts that the family N (Rj«Cg), X € h*, is weakly holomorphic in
A, in the sense that its value on any particular test function depends holomorphically
on A. In particular, it is weakly (real) analytic when restricted to R ®z A. Two
weakly analytic families which coincide on a large enough set must coincide, hence,
by (8.12):

8.13 Proposition. The character formula (3.8) is satisfied by every standard sheaf
associated to an open Ggr-orbit, provided the group Ggr contains a compact Cartan
subgroup.
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9. Induction.

In the previous two sections we proved our character formulas for standard
sheaves associated to open orbits of groups Gr which contain a compact Cartan
subgroup. We shall now extend the validity to standard sheaves attached to a
larger class of orbits — roughly speaking orbits which fiber over a closed orbit in
a generalized flag variety, with fibers of the type we have considered so far. In
representation theoretic terms, we extend the validity of the character formulas by
the process of parabolic induction. This has a counterpart on the level of standard
sheaves, as we shall explain next.

Let S = S(Tr,7z,) = Gr - o be a Gg-orbit attached to a concrete Cartan
subgroup Tr C Gr and fixed point zg of Tk, as in (6.5). The isomorphism 7, : t —
h determined by the fixed point zo pulls back the universal positive root system
T to a positive root system ® (g, t) in ®(g, t), the root system for (g, t). We call
a € ®(g,t) real, imaginary, or complex depending on whether & = @ (= complex
conjugate of ), « = —a@, or a # +a. The following two properties of @}'(g, t) are
equivalent:

(0.1) a) for every complex root a € ®¥ (g, t), the root & is also positive
' b) for every complex simple root o € ®¥ (g, t), the root & is positive.

Though phrased in terms of T and x¢, both a) and b) are really properties of the
orbit S. The preceding statements are easy to verify — see [S4, lemma 6.14] for
example'?. We shall call the orbit S “maximally real” if it satisfies the equivalent
conditions (9.1a,b). It is these orbits that will be considered in the current section.

Let us suppose, then, that the orbit S = S(TR, 74,) = Gr - To is maximally real.
As explained in §6, standard sheaves attached to the orbit S are determined by
the following sets of data: a linear function A € h* and a character y : Tg — C*,
such that dx = 7 (X — p); the pair (), x) induces an irreducible, Ggr-equivariant,
(—A — p)-monodromic local system £, on S. The direct image F = Rj.L, via the
embedding j : S — X is the standard sheaf we shall work with.

We need to assemble various pieces of known structural information. To begin
with, the Cartan subgroup T has a direct product decomposition

(9.2a) Tx = Cr- Agr, with Cgr compact and Agr connected and split .

The fact that Ty is fixed by an anti-holomorphic involution of the complex torus T’
implies
Cgp = CR-F (direct product),

(9.2b) : ,
with FF C Gr Nexp(iar), F X Z/2Z X --- X Z/2Z.

In particular,

X = XC XA, with x¢ : Cr — C* and x4 : Ag — C*,
9.3
(©:3) xe = X2 xr, with x& : Cf — C* and xp : F — C*.

12184] treats the case of K-orbits, but also supplies the translation via Matsuki duality between
K-orbits and Ggr-orbits.
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Since C2 and Ag are connected, the compatibility conditions

(9.4) dxe = 75, A=p)lexs  dxa = i (A= p)lax

completely determine x% and x . Following standard notation, we write the cen-
tralizer of a as a direct product

Za(a) = M- A, (direct product),

(9.52) with M connected and defined over R

and correspondingly,

Zgo(a) = Mg-F- Ag, (direct product),

(9.5b) where Mr = M NGR.

We should warn the reader that Agr was defined to be the identity component of
ANGg;in fact, AN Gr = Ag - F. Because of our hypothesis (9.1)

(9.6) b= @ {g" | aecdi(gt), ald #0}

is a subalgebra of n,,, defined over R, normalized by M A but linearly disjoint from
m @ a; it is the nilradical of the parabolic subalgebra

(9.7a) p=mPado (semidirect product) .

Thus P, the normalizer of p in G, is a parabolic subgroup, defined over R, with
Levi decomposition

(9.7b) P =M AV (semidirect product) .

Here V' C G denotes the connected subgroup with Lie algebra v ; its group of real
points Vg = V' N Gr is also connected. Unlike the complex parabolic P,

(97(3) Pr =gt PNGr = Mp-Ag-F- Vg

is not connected in general. In fact, the decomposition (9.7¢) is topologically direct,
so F' can be identified with the component group of Pk.

The G-conjugates of p constitute the underlying set of a generalized flag variety
Y, the base of a G-equivariant fibration

(9.8) X — Y with fiber Xy, = flag variety of M .

We identify X s concretely with the fiber through the point xzy. Then (9.8) induces
a Gr-equivariant fibration of orbits

(9.9) S — Sy with fiber Sy = Mg-orbit through z¢ .

The Gg-orbit Sy C Y can be identified with Gr/Pg, hence is a compact real form of
the complex manifold Y. On the other hand, the Mg-orbit Sy; C Xy is associated
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to the compact Cartan subgroup C% C Mg, in the sense that CQ has z¢ as fixed
point, hence is open. Since My stabilizes Xy,

(9.10) Fu = Flxy

is an object in Dy (Xar)—x,,, the twisted Mg-equivariant derived category with
twisting parameter Ap; =qef restriction of A to the universal Cartan §j; for M. Two
comments are in order. We use the point x¢ to identify h = t and hp; = ¢, and this
allows us to regard b, as lying in b; the same choice of z in the description (2.9) of
the enhanced flag variety provides a distinguished embedding Xy — X compatible
with the embedding X, — X and the embedding of groups Mg x Hy; — Ggr X H.
The category Dg, (X)_x is built from (—A — p)-monodromic sheaves, whereas the
definition of Dy, (Xar)—»,, involves (—Apr — par)-monodromic sheaves. Thus, to
see that restriction from X to Xy maps Dg, (X)—x to Dag (Xar)—x,,, we need to
know

(9.11) pyv = restriction of p to by via by C b

that follows from our hypothesis (9.1). Tracing through the definitions, one finds:

9.12 Lemma. The restricted sheaf Fpr is the standard sheaf associated to the open
orbit Spr C X and the data (A, x%).

The character ©(F) and its M-analogue ©/(Fps) are related by parabolic in-
duction. Recall the notion of normalized'® parabolic induction,

(9.13) (r,xF,v) — I}%R(T(@XF@GV),

which associates an admissible representation of Gg, of finite length, to any triple
(1, xF, V) consisting of an admissible Mg-representation 7 of finite length, a char-
acter xp : FF — C*, and a linear function v € a*. The induction functor I}%R can
also be applied to virtual representations, and hence to virtual characters.

9.14 Proposition. O(F) = IgRR(@M'XF'SV) , with ©pyr = O (Far), xF s V= Aa
as in (9.3), and m = dimc Y.

In view of (9.12), when A is regular anti-dominant with respect to M, this is
a statement about standard representations, which can be found in [SW]; alterna-
tively — still in the anti-dominant situation — this follows from the duality theorem
of [HMSW1]. Parabolic induction is compatible with coherent continuation — see,
for example, [HS] — so the anti-dominance assumption can be dropped. Note that
the standard sheaf F is the direct image of a locally constant sheaf on the orbit
S, in degree zero; dually, DF is concentrated in degree —(m + 2 dim¢ X,). On the
other hand, the sheaf of hyperfunctions on Sy is the local cohomology sheaf along
Y of Oy, in degree m, so the sign changes one might expect cancel.

We should remark that the restriction operation Dgy (X)-x — D (Xar) -y
as in (9.10) factors,

(9.15) DG (X)-x = Daray. (Xara)—x — Darg (Xar)—xy -

13i.e., with built-in p-shift
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The first of these arrows has a right adjoint, “sweeping out” along the orbit Sy C Y,
which is closed. On the level of representations, this corresponds to parabolic
induction, whether or not the sheaf in question is a standard sheaf. We have
chosen to go down all the way to Dpg, (Xar)—x,, for technical reasons only: the
group Mg has a compact Cartan subgroup, so that the discussion of §§7,8 applies
directly.

There exists an explicit formula for the induced character I gRR (Oar - xF-€Y), in
terms of the inducing data [Hi], which we shall recall later. As one consequence of
this formula, the restriction of the induced character to a small neighborhood of
the identity depends only on ©,; and v, not on xp. Every connected component
of gg, the set of regular semisimple elements in gr, meets any neighborhood of 0.
It follows that the pullback of the induced character to the Lie algebra does not
depend on xp. Accordingly, we suppress the symbol xr in the formula

(9.16) O(F) = I5*(On - €”) (Orr =00 (Far), v=2XNa),

which is the Lie algebra analogue of (9.14).

9.17 Proposition. The character formula (3.8) is satisfied by every standard sheaf
associated to a maximally real orbit.

Proof. In effect, we must show that the character formula (3.8) is satisfied by the
sheaf F = Rj.L, constructed at the beginning of this section, since every standard
sheaf associated to a maximally real orbit is of this form. Just as in the group
case, parabolic induction of characters on the level of the Lie algebra is given by an
explicit formula'#. This formula can be applied to any invariant eigendistribution on
mg, whether or not it comes from a character on the group Mr. Moreover, when the
induction process is applied to a holomorphic family of invariant eigendistributions
on mg, the resulting invariant eigendistribution on gr depends holomorphically on
the parameter of the inducing family, and also on the parameter v. In section 8
we showed that 0p; = 0p(Fpr) — which is specified by the parameter A|. and an
open Mpg-orbit in X; — can be continued to a holomorphic family parametrized by
¢*. It follows that the induced character (9.16) depends holomorphically on A. The
characteristic cycle CC(F) depends only on the orbit S, so the family of invariant
eigendistributions

1 * * n *
(9.18) 6 W/Cc(f)ﬂ/\(b (o +7m)"  (Aeb®)

is holomorphic in the parameter A — cf. proposition 3.7. Hence it suffices to prove
the statement of the proposition under the following hypotheses:

(9.19) a) A is regular; b) v €iag,

though we cannot assume that | is integral.

Let us describe the characteristic cycle CC(F) in terms of CC(Fys). Locally
near any point in Y, the fibration (9.8) is trivial; thus locally over Y the sheaf
F = Rj.L, is the exterior product of two sheaves: the direct images of the constant
sheaves Cg,, and Cg, under, respectively, the open embedding Sy; — Xjps and the

14indeed, the formula on the Lie algebra can be deduced from that on the group
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closed embedding Sy — Y. Correspondingly, CC(F) is — again locally over Y —
the product of the characteristic cycle of the two sheaves. The orientation of the
product cycle is independent of the order of the product, since both factors are even
dimensional cycles. The orientation of the characteristic cycle of the direct image
of Cg,, was pinned down in §7. We orient the conormal bundle 7§ 'Y by means
of the negative of the imaginary part of the holomorphic symplectic structure on
T*Y. We claim: T§ Y, oriented as above, coincides with the characteristic cycle
of the direct image of Cg, . In effect, this is a statement about R™ C C™; our
conventions, as set up in [SV4], reduce this further to the case of R C C, where it
can be checked directly.

We may as well suppose that the Cartan subgroup Tr C Gg is invariant under
the Cartan involution. The Levi component M A of P is then also invariant under
the Cartan involution. Thus M NUg — the intersection of M with the compact real
form Ur C G which was used to define the twisted moment map p) — is a compact
real form of M. We use it to define the twisted moment map

(920) ,UM,Afu :T*XM — QMy)\,,/

for M and the twisting parameter A|., which we tacitly identify with A\ — v; here
Qpra—p C m* denotes the M-orbit of A|lc = A — v.

Next, we associate a cycle C in Qy to the cycle para—» CC(Far) in Qps r—p; the
cycle C will turn out to be the px-image of CC(F). As a set,

(9.21) C = Kg-orbit of (uarr—» CC(Far) + v+ (gr +p)*) .

Here (gr + p)* refers to the annihilator in g* of (gr + p)*, relative to the real
part of the pairing g x g* — C; under the isomorphism g* = g induced by the
Killing form, (gg + p)* corresponds to ivbg. Locally near A, C splits into a product
C = ppsa— CC(Far) x C', where C' is a submanifold of mtNig, passing through
v (recall (9.19b)!), with tangent space (m+a)t Nigy at v. Note that (m+a)tNigh
corresponds to ibr Pi(vopp)r . Once this tangent space is oriented, its Kg-translates
become consistently oriented, providing an orientation of C’. Finally, we orient

(9.22) T,0" = (m+a)tNigy

by means of the imaginary part of the holomorphic symplectic form of 5. This
form is non-degenerate on the image of (m + a)t in 7)(,, and defined over R
relative to the natural real structure of (m + a)*; therefore its imaginary part does
specify an orientation of the space (9.22). Since par,a—, CC(Far) is a cycle, the
orientation of C' now determines C' as a cycle.

9.23 Lemma. uyCC(F) = C.

We shall prove the lemma after completing the proof of proposition 9.17. Because
of the hypothesis (9.19a), we can rewrite the integral (9.18) and its M-analogue
as integrals over the cycles ux(CC(F)) C Q., respectively parr—,(CC(Far)) C
Qarr—v, as in (3.9). The integral over ppr -, (CC(Far)) represents the virtual
character 0y;(Fp) — that is the main result of the previous section. We need to
show that the integral over the cycle ux(CC(F)) represents the virtual character
(9.16). Lemma 9.23 reduces the problem to the following assertion: if a virtual
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character 6y, on the Lie algebra mg is represented as an integral of the type (3.9)
over the cycle Cys in Qps »—,, then the induced character IgRR (Orr-€") is represented
by the integral over the cycle C' defined below (9.21), with the unspecified cycle
Cy playing the role of par -, (CC(Far)). This last assertion is established by
Rossmann [R2, §2], who generalizes an argument of Duflo [D1]. Rossmann specifies
the orientation of the “induced cycle” in 2, only implicitly; a careful examination
of his proof shows that he uses the symplectic form of €2, exactly as we have done
in the description of C. At this point the proof of proposition 9.17 is complete,
except for the verification of (9.23).

Proof of Lemma 9.23. The two cycles are Kr-invariant, as is the moment map .,
and Kg acts transitively on Sy . It therefore suffices to identify the two cycles over
a single point in Sy. The embedding (m @ a)* — g* induced by the Killing form
which was used to identify Xj; with a specific fiber of X — Y can also be used
to embed T*X; — T*X compatibly with X,; — X and M A-equivariantly. The
twisted moment maps py and ppr,n—, fit into a commutative diagram

MM X—v

T*X Qar v
(9.24) l l
™ —2 0,

in which the right vertical arrow is induced by m* < g*, followed by translation by
v. Over the base point yo in Sy, our passage from CC(Fys) to CC(F) as explained
above amounts to adding the inverse image in 7% X of the conormal space (7§, Y),
to CC(Fur) and taking the Kg-saturation. Via the twisted moment map py, the
inverse image of (T Y)y, maps isomorphically to the v-translate of (gr + p)=*,
so the passage from par - (CC(Far)) to C is the isomorphic py-image of the
passage from CC(Fys) to CC(F), except possibly for the orientation. We used the
symplectic form of €2 to orient (gr +m + a)' and the symplectic form of T*Y to
orient 7§ Y. We also regarded X, locally over yo, as isomorphic to the product
Xy x Y, this allows us to regard T*Y as a factor of 7*X and to restrict the
symplectic form of T*X to T*Y, where it must agree with its symplectic form. In
other words, the symplectic form of 7% X can be used to orient T Y. Proposition
3.3 relates the symplectic form of Q) to that of T*X : they correspond to each
other via py, except for a sign change and the addition of the two form 7*7. Since
that form is pulled back from the base, it can be checked that (—o +7*7))™ agrees
with (—o)™ on T Y — what matters here is that the (real) 2m-manifold T3 Y is
the conormal bundle of a (real) m-manifold. Since we had oriented T Y by the
imaginary part of —o, we conclude that the two cycles uy CC(F) and C agree, as
asserted by the lemma.

In effect, we have shown that the integral formula 3.8 is compatible with parabolic
induction. We need to do the same for the fixed point formula:

9.25 Proposition. The character formulas (5.12), (5.24), and (5.27) are satisfied
by every standard sheaf associated to a mazximally real orbit.

Proof. Because of proposition 6.2, we only need to show that one of the two formulas
in theorem 5.24 for the ¢; , is compatible with parabolic induction — that not only
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implies the compatibility with induction of the formula (5.12), but also of (5.27),
which is really a special case of (5.24).

We begin by recalling the explicit formula for the character of an induced rep-
resentation in terms of the inducing character [Hi]. Let ©ys, xr, and v € a* be
inducing data as in (9.14). Then I%R(GM - XF - €”) is supported on the union of
the Gg-conjugates of Zg,(a) = Mg - F - Ag, so it suffices to describe this induced
character on any Cartan subgroup of Gg which is contained in My - F' - Ag. Since
we have used the symbol Tr for the specific Cartan subgroup used in describing
the orbit 3, let us write Tk for a typical Cartan subgroup contained in Mg - F - Ag.
Then, for any regular ¢ € Tk,

(IgRR(GM CXF - ey) Hae<1>+ |ea/2 - eia/2| ) (t) =

(9.26) > (O xe ) Tacop, [e7/2 =2 ) (gtg™).

QER/TR
where R={g€ Gg | gTrg™' C MA}.

In this formula, the particular choices of positive root system &+ for the pair (g, t)
and @}, for (m @ a,t) do not matter since we are taking absolute values. On the
right in (9.26), and in various formulas below, we evaluate the functions O, xrF,
and e” at points gtg~!, with g € R and ¢ € Tk, in which case gtg~" lies in the direct
product Mg - F- Ag; thus ©/(gtg~!) denotes the value of © at the Mg-component
of gtg—', and with the analogous convention in the other two cases.

Let us re-write both sides of (9.26) in terms of the constants ¢, as in (4.3).
With ¢ € Tg regular and ¢ € tg sufficiently small,

Aa (€)—pa (C)
| G o w N _ Ct,x € .
02 IR O Cewl) = 2, o)

On the other hand,

C]wm e()‘_V)m(C)_PJW,w(C)

(9.28) Om(texp(()) = > N -

rear (L= o) (texp(0)

zGXM]R
hence

(O - xr-€”) (gtexp(()g™") =

_ _ —1y_ -1
(9.29) Z e’ (gtg=1) xr(gtg 1)091\{(]71@6)\1@@ )—pm.2(9Cg™ ")

[locat (1 —e ) (gtg™ " exp(gCg™))

gTRrg~1
T€X ),

Unlike in (9.26), ®* and @7, in (9.27-29) refer to the universal positive root systems.
The notation cg]\{q,l)gw is slightly misleading, since gtg~! may lie in Mg-Ag-F rather
than Mg so we need to take the Mg-component of gtg~!. Note that x is constant
on connected components, which explains why we can omit the factor xr(g(g™1).
We should remark that v is used in two different but compatible senses. On the one

hand, as a linear function on a, on the other as a linear function on the universal
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Cartan b, identified with the universal Cartan of m @ a, so that a C . When we
use a fixed point z of T in Xy, to identify h = {, the restriction of A, to a C t
agrees with v = v,.

As g ranges over R/ Tr and = over the fixed points of gTrg™
lates g~ 'z range over the fixed points of Tk in X which lie in p~1Sy, the inverse
image of the closed orbit Sy C Y. Given such a fixed point z = g~ 'z, the original
fixed point z and g € Gr are determined by z up to left translation, respectively
left multiplication, by an element of Gk "N MA = Mg - F - Ax. Note also that
Agz(9Cg™) = A2(€), with similar identities for pas ., oy, etc. Thus, substituting
(9.29) into the quantity on the right in (9.26), we find

Lin Xjy, the trans-

(IgRR (GM CXF - eV) Hae<1>+ |ea/2 - e_a/2| ) (t eXp(O) =

Z eu(gtg—l) XF(gtg_l) Cg]\jejgfl,gw e (Q=pPma(Q) o
(9.30) =
zeXTRNp—1Sy
1—e™%
< e exp(@)] [T (1= ey texp()):

a€<I>L
in this formula, the g = g(x) € Gg are chosen so that g~ 'z € X, in which case
it is unique up to left multiplication by some m € Mg - F' - Ag — that makes the
various terms involving g well defined. We continue by substituting (9.27) into the
left hand side of (9.30),

S a0 e texp(@)] [ B rexp(() =

zeXxTr acd+
(9.31) ST gty ) wrlgtg ) M e, OO
zeXTrNp—1Sy
1—e™
X |efM=(texp(())| H (|1 eaz|> (texp(¢))

ae@fw

Comparing the two sides in (9.31), we obtain the following re-statement of the
induced character formula (9.26) in terms of the ¢; ;. First,

(9.32a) ¢ty = 0 unless rzep iSy;

in words, the induced character is supported on the union of the conjugates of the
inducing subgroup Pgr. Secondly,

v 1y Xrlgtg™h) : e o
Cre = (—1)*e” (gtg 1)m6%g717gm if o € X" np~'Sy,
(9.32b)

with k, = #{a € T —®F, |0 <e®(t) <1} and ¢ 'z € Xp.

We should explain that non-real roots occur in pairs, so the quotient of the products
on the two sides of (9.31) is £1, with the sign governed by the number of positive
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real roots such that e=®= () > 1, i.e., by the number k,. Also, |e(P==Pr.2) (exp ()| =
elPe=Prz) (exp ) since p, — pare is real valued.

To complete the proof, we must show that the relation (9.32) between the ¢,
and c% is consistent with one of the two formulas in (9.24) when we express ¢ , in
terms of F and c%c in terms of Fys. The sheaf F is supported on p~1(Sy) so any
quantity attached to F by a local construction — such as either of the two Lefschetz
numbers in (5.24) — vanish at points not in p~!(Sy). Thus we only need to check
the consistency of (9.32b). Let us reduce the problem to the case when the fixed
point z lies in Xy, so that we can choose g = e; the legitimacy of this reduction
reflects the fact that the choice of the base point yy over which the reference fiber
Xus lies is arbitrary.

After the reduction, we are dealing with a point © € X/ fixed by the Cartan
subgroup Tr C MgAgF and a regular element t € Tg. The open Schubert cell
NT(t,z) defined in (5.17) splits naturally into a product

Vi x N (t,2) = Nt(t,z), (v,i)—v -7,

) v -
(9.33) . .
with VT = exp(@aeqﬁ_qﬁd g*), Ni(t,z) = NT(t,z) N X .
The group V7 is the opposite to the unipotent radical V of P; its orbit V* - yq is
the open Schubert cell in Y around yy. Note that VRJr - 1o, the open Schubert cell in
Sy = Gr/Pg, coincides with the intersection of the complex Schubert cell VT -y,
with the Gg-orbit Sy. Thus the SN N* (¢, z) splits into a product

(9.34) SAN*(ta) = Vi x (Sy NNt ),

compatibly with (9.33). The choice of the base point yo allows us to regard A as a
subgroup of the universal Cartan H, in fact, H = A x Hj;. This splitting, too, is
compatible with (9.33), as is the splitting

(9.35) Nt(t,z)x H =2 (V' x A) x (N, (t,2) x Hpp)

of N*(t,2) x H, the inverse image of N* (¢, z) in the enhanced flag variety X. The
monodromy data defining the sheaf F split into a product corresponding to the
splitting (9.35), of the two characters

xA-xF : ANGg — C*|
(930 e

recall that AN Gg = Ag - F. The monodromic sheaf F, regarded as a sheaf on
Nt (t,z) x H, decomposes into an exterior product of monodromic sheaves on the
two factors, with monodromy data (9.36). According to (9.12), one of these is the
(= —par)-monodromic sheaf Fpr, which corresponds to the character x%, though
now we think of it as a sheaf on N (¢, ) x Hys. The other is an ANGr-equivariant,
A-monodromic sheaf Fy on V7T, regarded as a sheaf on V+ x A. This sheaf Fy is
the direct image of the A N Gr-equivariant, (—A — p)|q-monodromic local system
Ly v on VR+ associated to the character x|ang, = xa - xr. Note that

(937) d(XA : XF) = d(X|AﬁGR) = (dX)|Cl = V- (pm _pM,ac)u
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provided = € X — recall (9.11) and the definition of v in (9.14).

Kashiwara’s fixed point formalism is functorial with respect to exterior products
of sheaves. Let us argue that the subspaces N'(¢,x), N”(t,z) of N™ (¢, z) defined in
(5.17) split compatibly with the product decompositions (9.33-34); what makes this
true is the fact that both are orbits through x of subgroups of exp(n™ (¢, z)) whose
Lie algebras are sums of root spaces — any such group is the semidirect product of its
intersections with V* and exp(nj;(¢,z)). Recall the passage F ~~» F(x) described
in (5.19), with now Tk taking the place of Tz. We use the analogous notation for
Funr and Fy. The Kiinneth isomorphism

(9.38) H}kv’(t,z)(]D)f(x))w = H;F/*ﬂcxpn/(t,x)(D]:V(e))e ® H?v'M(t,z)(D}-M(x))w

gives us the first Lefschetz number in theorem 5.24 as the product of the two
Lefschetz numbers

2(=1)" tr(¢r s My (DFv(e))e — Hy(DFyv(e))e ®Cy ),

O30 S 0+ Mgy P = Mg,y (B @))a ©Co ),

with V! = VT nexpn'(¢,z). Here C, is the local system on A with generating section
e’=PTPM — recall (9.11) and the notation v = M|, — and C,,, the local system on
H); with generating section e*~PM_ Their exterior product, we remark, is the
local system Cy on H.

In the previous section we proved the special instance of theorem 5.24 involving
the group Mpr and the sheaf Fj;. In effect, this identifies the second of the two
Lefschetz numbers as the constant ¢;%, in (9.32b). The constant ¢; . on the left in
(9.23b) corresponds to the induced character (9.27); because of proposition 9.14,
¢t 1s the constant that corresponds to ©(F). Thus, to complete the proof, we
must show:

_ kzev XF(t)
(9.40) U0 o=

D=1 tr( e s Hy (DFy (€))e — Hy (DFv(e))e @ Cy )

as was pointed out, we are free to assume g = e in (9.32b), so g no longer appears
in (9.40). The first of the two Lefschetz numbers in (9.39) only depends on the
component of ¢t in A N Gg, so we assume t € AN Gr from now on.

The standard sheaf F was constructed as the direct image of the twisted local
system L, on the Gr-orbit S C X. As was remarked earlier, 7y is the direct image
of the local system L, 1 under the closed embedding VRJr — V*. The operations of
Verdier duality and local cohomology along a closed subspace commute with direct
image under a closed embedding. This allows us to reduce (9.40) to a statement
about the action of ¢ on the space Vi~ and the twisted local system £, v :

(_1)kz ev(t) XF(t)

(9.41) |elo==raree)(t)]

S(—=1)¢ tr( ¢y : H%/Ié DLy v)e — H%/Dg DLy v)e®C,);
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here V3 denotes the intersection V' N V5" = Vi Nn/(t,2) and ¢; the morphism

induced by the ¢ corresponding to DL, v. Let L7 | = Hom(Ly,v,C,,+) denote
) ’ R

the local system dual to £, . Then

(9.42) DLyv = Ly @Dy,

as equivariant twisted sheaves. Correspondingly, the quantity on the right of (9.41)
becomes a product of two numbers. First, the action of ¢ via ¢ on the stalk of L]

at the fixed point e: the structure of (AN Gg)-equivariant, (—\ — p)|a—m0n0dromlc
sheaf on L] y, gives us a morphism ¢ : t*L] ;, — L7 ;, ® C,, in complete analogy
o0 (5.22); here, as in section 5, we think of ¢ as variable in A N Gg. At the fixed
point e, ¢ induces a morphism of stalks ¢ : (L} y/)e — (L5 1 )e @ Cy. The sheaf
E;)V has a one dimensional stalk at e, and any section of C, has a numerical value
at any particular t € A N GR; thus ¢ acts on (£} /). by a scalar. We claim:

Xr(t)

(943) via Qb, te AN GR acts on (£X>V)e as the scalar e (t) m .

Secondly, we apply the fixed point formalism to the dualizing sheaf ]D)VR+. When we
regard Dv* as an A N Gr-equivariant sheaf, we get a morphism ¢ : t*DV+ — ID)V+
— this tlme to Dv* itself since the twisting is trivial. The morphism ¢ 1nduces a

morphism ¢; on the stalk of the local cohomology sheaf at the fixed point e, in
analogy to (5.23). We claim:

044) T tr(6r: M Dyp)e = HipByg)e) = (<1

Together, (9.43-44) will imply (9.41), so we only need to verify these two assertions.

To clarify the reason for (9.43-44), let us look more generally at the case of a Lie
group L acting transitively on a manifold M. An L-equivariant local system £ on M
is determined by the datum of a representation 7 of the component group 7o (L, ),
of the isotropy group L,, at some m € M. On the other hand, the formalism
of equivariant sheaves involves a distinguished isomorphism ¢ : a*& — p*& on
L x M. Since L,, fixes m, both ¢ and its inverse ¢~ ! : p*€ — a*£ induce maps
¢, 61 Ly — Aut(E,,), which are related to 7 by

(9.45) o) = T(0), for ¢ € L,

Indeed, ¢¢m, for (€,m) € L x M, maps &y, to £, hence the cocycle condition on
¢ becomes

—1 —1 —1
(9.46) ¢€2€1,m = Q%,élm ° ¢él,m

whereas ¢ has the wrong variance to be multiplicative. The correspondence (9.45)
is obtained by restricting ¢! to L, x {m}.

We apply this discussion to the case L = Gg x h and M = S, the inverse image
in X of the orbit S to which we had associated the local system L,. Since we
are treating £, as an Gr x h-equivariant sheaf, we shall follow the conventions of
(5.5-8) and use the symbol ¢’ for the map which relates ¢*a* L} to €*p*L} :

(9.47a) ¢ efat Ly — €p L
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as in (5.6a). Then, as was argued in section 5, the product e*~?¢’ descends to a
map

(9.47b) =€ a" L — p L]

In the construction of the local system L, before the statement of lemma 6.9 the
action of the component group m((Gr % b) ¢, ) on the stalk of £, at 29 was written
as 1, and was related to the character x to which £, is associated by the formula

(9.48) = xe AP

where x is the lifting of x from Tg to (Ggr)z, — cf. (6.6a) and (6.8). According
to (9.45), specialized to the present situation, 1 coincides with the inverse of the
character ¢’, but the one corresponding to £, rather than its dual as in (9.47a).
Thus, with ¢’ as in (9.47a), we get the equality ¢ = (¢')* (= ¢’, when ¢’ is viewed
as a character on the fixed point set), hence

(949) X = W@A*p”TR = ((b/e)\ip)lTR = ¢|TR'

We restrict this identity further to AN Gr = AN Tk and observe that

_ xr () :

note: dyxlag = (A — p)lag = ¥ — (p — pMm)|az » from which (9.50) follows when
t € (ANGR)°. But xr = x|F, so (9.50) follows for every t € ANGg. At this point,
(9.49-50) imply (9.43).

The verification of (9.44) is simpler since the equivariant sheaf DV}R+ is untwisted.

In fact, (9.44) can be deduced directly from [KSa, 9.6.14]; however, the present
instance of Kashiwara-Schapira’s result is elementary so we shall argue directly.
Concretely,

(9.51) H*V’ (DVR+) = OTV’HVQ [dimR V'n VRJ'_]

is the orientation sheaf of V/N V5! in degree —(dimg V'NV5"). The exponential map

maps v N1 (¢,2) homeomorphically and Tg-equivariantly onto V' N V5. Recall
the condition (5.15) on the subset U/ C ®*. For a € ¥/, a ¢ Py, we have the
following possibilities:

a) a €V, a=-a = g*Not Nn'(t,z) =0

b) aeV, a=a = dimg(g*Nog Nn'(t,z)) =1

¢) q,a €V, a#+ta = dimg((g*®g*) Nog Nn'(t,z)) =2
d) aeV,a¢¥V, a#+ta = (g°®g*)Nog Nn'(t,z) =0;

(9.52)

moreover, bt N n/(¢, ) splits into the direct sum of the intersections appearing on
the right in (9.52). Thus

(9.53) dimg (o Nn'(t,2)) = #{a € ¥ |a=a} (mod2).
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In the situation (9.52c), ¢t acts on g @ g* with eigenvalues e®(t), e®(¢), and hence
preserves the orientation of (g® @ g®)NvF Nn'(t,z). On the other hand, in the situ-
ation (9.52b), ¢ preserves or reverses the orientation of g* N vy Nn'(¢, ) depending
on the sign of e*(¢). Hence

(9.54) t preserves or reverses the orientation of nﬁ nn'(t,x)
' depending on the parity of #{a € ¥' | a = a,e*(t) < 0} .

Finally, since complex roots in ® — ®,; occur in pairs, and since ¢ must be regular,

ky =#{a € ®t — @}, |0 <e*(t) <1}

(9.55) :
=#{ae ¥ |a=a,e*(t) >0} (mod 2).

In view of (9.51), ¢ : Hi,, (DVR+)6 — M (DVR+)6 is the geometric action of ¢ on the

orientation of vy Nn'(¢,z) (in degree — dimg v} N1/ (£,2) ). At this point (9.53-55)
imply (9.44), and that completes the proof.

10. Intertwining Functors.

So far, we have verified the main theorems for all standard sheaves associated
to maximally real orbits. In the present section we shall use the mechanism of
intertwining functors to extend the results to standard sheaves attached to all orbits;
as was argued in §6, that will complete our proofs of theorems 3.8, 5.12, 5.24, and
5.27.

We begin by recalling certain facts about the orbit structure. Let Tg C Ggr be
a Cartan subgroup, xg € X a fixed point of Tk, and 7, : t — h the corresponding
isomorphism. As was mentioned in §6, these data determine a Gg-orbit

(10.1) So = S(TRr,Tay) s

and the correspondence between pairs (TR, 7,,) becomes bijective when Tg is taken
modulo Ggr-conjugacy and, once Tg is specified, 7,,, modulo Ng, (TRr)-conjugacy.
Let us consider a particular orbit Sy as in (10.1). The isomorphism 7., identifies
the universal root system ® with the concrete root system ®(g,t). We use this
identification to transfer the universal positive root system ®* to a positive root
system <I)§0 (g,t) in ®(g,t); this positive root system does depend only on the orbit,
since Sy determines (TR, 7,,) up to conjugacy. Recall the notions of real, imaginary,
and complex root, which were defined in §9. The integer

(10.2) c(So) = #{a € @' |7} ais complex and 7} a € —®F, (g,t) }

measures the extent to which Sy fails to be maximally real: if ¢(Sp) = 0, it is
maximally real, so we do not need to deal with this case any further.

Let us suppose then that ¢(Sp) > 0. According to (9.1), there must exist at least
one simple root a € ®* such that Tr O € @JSFO (g,t) is complex and has a negative
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complex conjugate 75 o € —<I>§0 (g,t). Let us fix such a simple root a.. It determines
a G-equivariant fibration

(10.3) X 5 X,  with fiber P!

over the generalized flag variety X,. The Cartan subgroup Tk has exactly two fixed
points on the fiber 771 (7(x)); these correspond to the fixed points of a Cartan
subgroup of the group SL(2,C) acting on P'. One of the two fixed points is z.
We call the second fixed point x;. Let S7 be the Ggr-orbit through z;. Then

a) 7T_1(7T(SQ)) = SoUSt;
(10.4) b) 7p07,! © h—b is reflection about the root a;

¢) c(51) = <(So) —1,

as is shown in [HMSW2, S4], for example.

Let Fy € Dg,(X)—_x be a standard sheaf attached to the orbit Sp. We had
argued in §6 that Fy is the direct image Rjy, Ly, of an irreducible, Gr-equivariant
local system L,, on the orbit Sy. This local system corresponds to the datum of a
character

(10.5) xo : Tk — C*, with dxo=7,,(A—p).
We define a new character x; by the formula
(10.6a) X1 = e 1y : TR — C*,
where o, = 77 a, as before. Then, because of (10.4b),
da = —tha+Th (A =p) = Th(—atsa(A— ),
hence
(10.6b) dx1 = 7, (5aA—p).

Since x; satisfies this condition, it determines an irreducible Gr-equivariant local
system L,, on S, whose direct image is a standard sheaf F; € Dg, (X)—_s, 2 at-
tached to the orbit S;. We shall argue by induction on the integer (10.2), and thus
assume

(10.7) theorems 3.8, 5.12, 5.24, and 5.27 are satisfied by the sheaf F; .

We shall deduce the validity of these theorems for Fy, which will then imply the
theorems in full generality.

The two standard sheaves Fp, F; are related geometrically by an intertwining
functor. Intertwining functors were introduced by Beilinson-Bernstein [BB2] in
the context of D-modules. Their formalism carries over readily to the setting of
constructible (untwisted) sheaves on X — see [SV4]. In the case of twisted sheaves
on X, the construction of intertwining functors takes place on the generalized flag
variety; this was worked out by Beilinson-Bernstein in an earlier, preprint version
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of [BB3]. Here we shall discuss their construction, in slightly modified form, in the
case we need: the intertwining functor corresponding to the simple root a.

Following the conventions in [SV4], we let Y, denote the variety of pairs (z/, z")
in X x X in relative position s,, and p, ¢ for the natural projections

(10.8) X Ly, L X

to the two factors. Both are fibrations with fiber C. We shall put (10.8) into a
commutative diagram

X 2 vy, X
(10.9) l l l
X <+ vy, 21X

with certain properties that we shall explain next. Recall that the two outer vertical
arrows exhibit X as principal H-bundle over X. To begin with,

(10.10a) Y, — Y, is a principal H-bundle.

Thus H operates on the three spaces in the top row in (10.9). With respect to
these actions,

(10.10b) ph-9) = h-pg) and G(h-§) = sa(h)-4(9)
for all j € Y, and h € H. Lastly,
(10.10c) the two outer squares in (10.9) are Cartesian.

These are the formal properties that will matter to us.

We shall not phrase our construction of the commutative diagram (10.9) in
invariant terms, though this could be done along the lines of the discussion of the
enhanced flag variety in §2. We make the identifications

(10.11a) X = G/TN, X = G/N,

where T is a concrete Cartan subgroup, IV a maximal unipotent subgroup normal-
ized by T. By letting IV correspond to the negative roots as usual, we obtain an
explicit identification

(10.11b) H==T

between the concrete Cartan T and the universal Cartan H. In the construction of
the diagram (10.9), we shall think of (10.11b) as an equality, and accordingly shall
identify the root system ®(g,t) with the universal root system ®.

We choose a particular representative s for the Weyl reflection about the simple
root «,

(10.12) s € Na(T), so that Ads induces s, € W,
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and set

(10.13) n® = nnN(Ads)n = @ a’?, N® = exp(n®).
Bedt, fFa

The Cartan subgroup T normalizes N® = NNsNs~!. The group TN is precisely
the simultaneous stabilizer of the identity coset and its s-translate in G/TN = X,
so G/TN® is the G-orbit through (eB,sB) € G/TN x G/TN = X x X — in other
words, G/TN® is the variety Y, of pairs (z/,z") in X x X in relative position s, :

(10.14a) Y, = G/TN®;

in terms of this identification, the projections p,q : Y, = G/TN® — G/TN = X
are given by

(10.14Db) p(¢gTN®) = gTN, q(¢gTN*) = gsTN.

At this point it is a simple matter to finish the construction of the commutative
diagram (10.9). We set

Y, = G/N®
(10.15) A '
P(gN®) = gN, q(gN®) = gsN.

The commutativity of the diagram and the properties (10.10a-c) are readily verified.

The Weyl reflection s, induces an intertwining functor I,, from the (untwisted)
bounded derived category of sheaves on X to itself; for the discussion of the un-
twisted case, we shall rely on [SV4, §7]. Analogously we define a twisted intertwining
functor

(10.16) In : Dgy(X)on — Dap(X)—sur, Ia(F) = R@p*(F)1].

By definition, I, operates on the category of Gg x h-equivariant sheaves. Because of
(10.10b), it sends (—A— p)-monodromic sheaves to s, (—A— p)-monodromic sheaves.
But so(—A — p) differs from —s,A — p by the root a, and the monodromicity
condition depends only on the twisting parameter modulo the weight lattice. Thus
I, affects the twisting as claimed in (10.16).

10.17 Lemma. The intertwining functor I, maps the standard sheaf F1 to Fo[l],
the standard sheaf Fy with a shift in degree.

Proof. By equivariance, I, (F1) is supported on a union of Gg x H-orbits in X.
Every such orbit is the inverse image S of a unique Ggr-orbit S C X. Let then
j 8 — X be the inclusion of an orbit. We shall show

. 0 if §# S
(10.18) G (F) = { iS5 # S

Lo [1] it §=25p.
Let us argue first that (10.18) implies the conclusion of the lemma. We apply
Verdier duality, which reverses the roles of stars and shrieks: to establish that
G = DI, (F1) is the lower shriek extension (i.e., extension by zero) of a sheaf £ on
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the orbit S, it manifestly suffices to check that it restricts to £ on Sy, and that its
restriction to all the other orbits is zero.

To verify (10.18), we put the inclusions j : $ < X, j; : §; — X into the
commutative diagram

S pHS) I S NGTHS) T S
(10-19) jllm jiln jiln jlm
We need to identify
(10.20a) §1a(F1) = J'RGp Rjr(Ly,)[1].
First we apply base change in the square on the left:
(10.20b) P Rj1(Ly,) = Rjrpi(Ly)-

Next, we consider the subdiagram with arrows j, § o j1, Gg, and j, which is a
Cartesian square. Thus, by base change,

(10.20¢) FR(G0 j1)«(PiLy,) = Ris.j (BiLy,)-

Combining (10.20a-c), we find

(10.21) Ja(F1) = Ris.j (57 Ly,)[1].
We claim:
(10.22) G: p 'S —=— 8y isa (Gr x H)-equivariant isomorphism,

relative to the natural action of G on the two spaces, the natural action of H on
ﬁflgl, and the action of H on Sy obtained by composing the natural action with
the Weyl reflection s, — cf. (10.10b). Let us assume this for the moment.

First suppose that the Gg-orbit S is unequal to Sy. Then, by (10.22), the
intersection ]5_1(5'1) N cj_l(S’) is empty. This intersection appears in the diagram
(10.19). Hence, in (10.21), the right hand side is the direct image of a sheaf on the
empty set — the zero sheaf. Conclusion: j'I,(F;) = 0 when S # Sj.

Now we suppose that S = Sy. Then, in (10.19), p~'(S1) NG~ (o) coincides
with 15_1(5’1), J reduces to the identity, and gg is the isomorphism (10.22). Thus,
in the present situation,

(10.23) 3 a(F1) = Gsepi Ly (1]

is — up to a shift in degree — the pullback to = ﬁ’l(gl) of a (Gg x h)-equivariant
local system under the (Ggr X h)-equivariant map p;. As explained in section 6,
these equivariant local systems are specified by characters of the Cartan subgroup
Tr, which fixes the two base points zy, z1. The correspondence between equivariant
local systems and characters involves the identification between the complexification
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T of Tr and the universal Cartan H. The two identifications T' = H determined
by the base points zg, x1 are related by the Weyl reflection s,. On the other hand,
the isomorphism Sp ~ ]5_1(5'1) is H-equivariant only when the H-action on one of
the two spaces is twisted by s,. These two occurrences of s, cancel. It follows that
41 (F1)[—1] is the equivariant local system attached to the character x; = e~ “xo;
note: our labeling of the twists involves the shift by p, and sop = p — a — this
accounts for the factor e~ in the relation between xo and x;.

This completes the proof of the lemma, except the verification of (10.22). The
orbits S’o, Sy fiber as principal H-bundles over the Gr-orbits Sy and S1, respectively.
Thus (10.22) follows formally from (10.10b) and

(10.24) q : p 1S —=— Sy is a Gr-equivariant isomorphism .

This assertion, in turn, reduces to the following statement: let F' =2 P! be the fiber
of the fibration (10.3) which contains 2y and z1; then

a) FﬂSl = {.Il},

(10:25) b) FASy = F—{m}.

That, in effect, is a paraphrase of (10.4).
10.26 Lemma. O(F;) = —O(F).

This fact is established, explicitly or implicitly, in various places. See for example
[HMSW2,54].

The discussion in this section up to this point is relevant to the proof both of the
integral formula (3.8) and the fixed point theorems 5.12, 5.24, and 5.27. We now
turn specifically to the integral formula. In [SV4] we remarked that the (untwisted)
intertwining functors on the bounded derived category of (semi-algebraically) con-
structible sheaves,

(10.27) I, :DYX) — DY(X), weW,

induce an action of W on L£7(X), the group of Rt-conical, semi-algebraic La-
grangian cycles in 7*X so that the map CC : D%(X) — L£7(X) becomes W-
equivariant.

10.28 Lemma. CC(I,F) = I, CC(F), for any X € b* and F € D, (X)x .

Proof. We think of F as an element of the K-group of D%(Shx.y). This K-group
is generated by locally constant twisted sheaves on contractible closed subsets of
X. For sheaves of this special type, the assertion of the lemma follows from the
properties of the diagram (10.9).

Recall the definition of the group Hgy ' (T, X, Z), which contains the characteris-
tic cycle CC(F1), and of the differential forms o, 7 in section 3.

10.29 Lemma. For all ¢ € C°(gr) and X € bh*,

/ PG (—o + 77 m\)" = / N:a,\éf; (—o+ 7 Te )"
1. CC(F1) CC(F)
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Before giving the proof, let us remark that lemmas 10.17, 10.28, and 10.29 imply

1
(2mi)n!
1

— Wiad (—o+ T T A"
(2mi)"n! /CC(}'l) A

/ 10 (o + 7" m)" =
(10.30) OC(Fo)

for any ¢ € C°(gr). The induction hypothesis identifies the right hand side of
(10.30) as the integral of ¢ against the distribution —6(F;). Thus, by 10.26,

1
/cc(]-‘o)'ui(b (—o+7'm\)" = / 0(Fo) pdzx .

(2mi)n! ox

This is the assertion of theorem 3.8 for the sheaf F, thus completing our inductive
proof of the theorem.

Proof of lemma 10.29. By proposition 3.7, we may as well assume that A is regular.
According to [SV4, theorem 9.1], the W-action (10.27) agrees with the geometric
action described in [SV4, §8], which was originally defined by Rossmann [R3]. The
path

(10.31) A(t) = tsah,  0<t<1
satisfies the hypothesis of [SV4, lemma 9.4]. Thus

(10.32a) I, CC(F;) = t1i%1+(ualomm)00(fl) = —9C + (uy o ps,») CC(Fy),

where C is the semi-algebraic chain
(10.32b) C = {0 pan) CC(F) [0St <1}

for the relation between the boundary of the chain (10.32b) and the limit (10.32a)
and the convention for orienting the chain, see [SV4, §3]. The chain C' satisfies the
hypothesis of lemma 3.19 because the curve (10.23) is compact. We conclude

[ wéormrny = [ 136 (=0 + T T
I, CC(F1) (15 "opsgn) CC(F1)

= / uiamﬁ (13" o pson) (—o + 7 T0)"
CC(F1)

(10.33)

The complex coadjoint orbit €2 and the canonical symplectic form o on it depend
only on the W-orbit of A, not on A itself. Hence, by proposition 3.3,

(10.34) pAox = —o+7 Ty and  pp \on = —0+ T Te N,

which implies (uy " o ps,2)*(—=0 + 7°7\) = —0 + 775 1. In view of (10.33), this
completes the proof of lemma 10.29.

Let us carry out the induction step for the fixed point formulas (5.24); we had
argued earlier that (5.24) implies also theorems 5.12 and 5.27. According to the
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induction hypothesis (10.7), we know the assertion of (5.24) for the particular sheaf
F1. We must establish it also for Fy = I, Fi1[—1]. As in the statement of (5.24) we
fix a regular semisimple element t € G’ and a fixed point z € X of t. Then z is a
fixed point also of the Cartan subgroup Tr = N, (t). Let us denote the sections ¢; ,
corresponding to Fo, F1 by ¢;»(Fo), ¢t,z(F1). Note that Fy € D, (X)—x, whereas
F1 € Dy (X)—s.x. Hence ¢; ,(Fo) is a (local) section of Cy — i.e., a multiple of a
branch of the multiple valued function e*> =P+ — and ¢,z (F1) is a section of Cs, »
i.e., a multiple of a branch of the multiple valued function e®**+~P=_ Comparing the
local expressions (4.11) for the two invariant eigendistributions ©(Fy) and ©(Fy),
and taking into account lemma 10.26, we find

(10.35) ey x(Fo) = ctsoa(F1) for all € XTx.

Here s, is shorthand notation for the point obtained as follows: we identify the
abstract Weyl group W with the concrete Weyl group W (G, T) via 7,; via this
identification, W permutes the fixed points of T'.

Theorem 5.24 expresses the two constants ¢, ,(Fo) and ¢ s, (F1) in (10.35) as
fixed point expressions applied not to the sheaves Fy and JF; themselves, but rather
their duals Gy = DFy, G = DF;. Let us denote the fixed point expressions in the
second line of 5.24 by

dte(Go) = 3o(=1)" tr (¢ - {m}( ()N (t,2)) — {1}(%( )| N (ta)) ® CA)
dro(G1) = 32(=1)" tr(de : Hiy (G1(@)|Nr(t,2)) = Hipy (G1(@)|Nr(,0)) ® Csor) s

note that these constants have a different meaning from the d; , in section 5. Our
induction hypothesis is contained in the equation

(10.36a) di,x(G1) = cta(F1)
for all regular ¢ and all fixed points x of t. The conclusion we want is
(10.36b) di,(G0) = ct,2(Fo)

again for all ¢ and z. Dualizing the relation I, F; = Fo[1] — cf. (10.16) and lemma
10.17 — we find

(10.37) JaGr=Go[-1],  where Jo = R@p*[1].

In view of (10.35) and (10.37), the inductive conclusion (10.36b) will follow from
the identity

(10.38) e dy o(JaG) = —dis,2(9)

for G = Gy; the shift by [—1] accounts for the minus sign. Our remaining task is to
verify (10.38) for an arbitrary twisted sheaf G € D¢, (X)a

10.39 Lemma. In the K-group K(Dg,(X)y), the square J, o J, of the operator
ja coincides with the identity.

In the untwisted case this follows from [SV4, (7.14)]. The argument there does
not, obviously carry over to the twisted case, so we argue ab initio.
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Proof. With p and § as in (10.9), J, o Jo = RGp*R¢p*[2]. Applying base change
in the fiber square

J/»Q»

(10.40) 5

>%N>

Yo
di
Y, _a X,

we can rewrite the previous identity as Jy o J, = Rtngé!ﬁ*ﬁ* [2]. Let 71,72 denote
the projections from X x X to the two factors, and 7 : Z — X x X given by

#(2) = (B(P(2)), 4(4(2))). Then
(10.41) Jo o Jo = RGRGp p*[2] = RigRia*#7[2].

The projection formula for 7 : Z — X x X asserts that Rma*S = (RmC,)® S,
for any sheaf S on X x X. We use this formula to transform (10.41) into

(10.42) (Jo © Ja)(G) = Rita ((RMCy) @ #7(G)) [2].

The geometry of the various fibrations gives

C if &y =4
(10.43) 77 (@1, 42) = C* if 2 and 29 are in position «
] otherwise .

In the K-group, this gives the equality RmC,[2] = C, ¢ , and this equality persists
even in the K-group of the Gg-equivariant derived category. Thus (J, o J,)(G) =
Rty ((RmC ) ® 71(G)) [2] = Ritay (Cpx @ 71(G)) =G in K(Dg,(X)a)-

Lemma 10.39 allows us to treat the points z and s,z in a symmetric fashion.
Thus, without loss of generality, we assume
(10.44) o ()] < 1.

Recall: the submanifolds N”(t,z), N"(t, sqx) depended on the choice of ¥ C ®7.
At z, we make the minimal choice

(10.45a) U(x) = {8 € ®* | [B.(t)] > 1},
and at s,x, we also include « itself even if (10.44) is an equality, i.e.,
(10.45b) U (sqw) = V" (z) U{a}.

Because « is simple, and because of (10.44), this choice is consistent with (5.15b).

In defining the morphism (5.22), we think of ¢ € Tk as variable, and this is the
reason for the appearance of the factor Cy. Now that we regard ¢ as fixed, we can
evaluate sections of Cy — which was constructed as a subsheaf of Oz — at ¢, giving
us morphisms

(10.46) ¢(G, saw) : t°G(saw) = G(sax),  &(JaG,z) : 1" (JaG)(z) = (Jab)(2).

The two sheaves are defined on different (open) Schubert cells, so we cannot relate
the two morphisms directly. Our choices (10.45) imply that N”(t, sox) fibers over
N"(t,x) with fiber C; for each z € N"(t, x), the inverse image in N” (¢, sqx) consists
of all points in relative position « relative to z. Differently put, in the diagram
(10.9), p maps the inverse image ¢~ !(N"(t,z)) isomorphically onto N”(t,s,7).
Thus, for economy of notation, we write the fibration as ¢ : N (¢, sqx) — N" (¢, x).
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10.47 Lemma. The sheaves (jag)(;v)|N,,(t’x) and Rq(G(sax)|N7 (t,5.2))[1] are ca-

nonically isomorphic, so that
e ()0(JoG. %) N7 (t.2) = Rt (B(G. 50) | (1,502)) [1]-
Proof. We consider the commutative diagram

X P Y, LB

(10.48) JT T L

N"(t,sqx) «——— G~ N"(t,z) AN N"(t,z).
By base change in the right square,
(10.49) J2JaG = jiRap G[1] ~ Raj;, ,G11]

in Dz, (N"(t,2))s.x- In section 5, we constructed the morphisms (10.46) from

the Tg-equivariant structure of the two sheaves on the two open Schubert cells.
Restricting these morphisms to (the Tg-invariant subsets) N”(t, sox) and N (t, x)
is equivalent to applying the construction directly to the restricted sheaves j; .G
and j;jag. Thus (10.49) relates the restricted morphisms. The construction of
the first of the two morphisms (10.46) involves multiplication by e*sae~Psaz  that
of the second, multiplication by e(®«M)==r= — in both cases, these expressions are
considered as functions on h 2 t; cf. (5.7-8). This accounts for the factor e+ (¢) in
the statement of the lemma: the value, at ¢, of the quotient of the two exponential

expressions,

Sa)\)zfpzf(Asaasfpsaz) — %=

el e,

which is well defined on all of Tk.

Let us reformulate the remaining problem, stripping away the inessential aspects
of our situation. We consider a complex vector space V — in our case, N”(t,x)
identified with its Lie algebra via exp — and a linear transformation

(10.50a) f:CxV—=CxV, f(CjcC, fV)cCV,

such that

L0500 a) all eigenvalues ¢ of f on V satisfy (| > 1,
(10-50b) b) the eigenvalue of f on C has absolute value > 1.

In the situation at hand, C x V is N”(t, so7), again identified with its Lie algebra,
and f is the map induced by ¢; the hypotheses (10.50b) are satisfied because of
(10.45). Next, we consider a constructible sheaf & € D*(C x V) together with the
datum of a morphism

(10.51) ¢: fXE—E,

namely € = G(542)|n7(t,5,2) a0d ¢ = &(G, 502)| N7 (t,s,2) - Let ¢ : CxV — V be
the projection. Then Rq& € D*(V) and Rqi : f*(RqE) — Rg€.
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10.52 Lemma. Under the hypotheses just mentioned,

S (=1)" tr(Raig : Higy (Rai€) — Hig (Rqr€)) = Yo(=1)" tr(¢ :Hig} (€) — Hi(E))-

We not that this completes the induction step for the fixed point theorems 5.12,
5.24, and 5.27: the present lemma, combined with lemma 10.47 implies the identity
(10.38).

Proof of 10.52. We compactify q to g : P! x V' — V and identify V = {0} x V.
We write j : Cx V — P! x V for the open embedding, k : V = {co} x V < P! x V
for the closed embedding, i : P* = g=1(0) — P! x V for the natural inclusion, and
1 for the restricted map i : C — C x V. Thus,

(10.53) Rq& = Rqij& = Rq.j€E,
and, by applying base change to the projection g, we get

S(=1) tr(Ra :Hl{o}(un‘:) — Hio}(ngc‘:)) =

(10.54) | S A
S(=1)ttr(¢ : HY(PL,i'5E) — HY (P, 3'5E)).

The Grothendieck-Lefschetz fixed point formula expresses the right hand side of
(10.54) as a sum of two terms associated to the fixed points 0 and oo of f on
P! = G71(0); see [KSa, §9.6] for an exposition of this formalism. We use the fixed
point formula of [GM] to compute these contributions. We will deal with the point
0 first. According to (10.50b) we can view the map f (restricted to P!) as expanding
around 0. Theorem 4.7 in [GM] gives the fixed point contribution from 0 in five
different ways. One of these, involving the complex which Goresky-MacPherson
call Ay, “shrieks” the sheaf i'ji€ to the contacting directions — in our case, this
means taking local cohomology at {0} — then restricts the resulting sheaf to the
fixed point — which, in our case, is a vacuous operation. Hence

Z(_l)l tl“(¢: ?{0}(]?17?‘7'8) - H?{O}(Plvz'j'g)) =
(10.55) S2(=1) tr(¢ : Higy (C,i'€) — Hiy (C,i'€)) =
Y(=1) tr(¢: ?{0} (&) — H?{o} €),

i.e., the right hand side of the identity (10.52), is the contribution of the fixed
point 0 to the global trace (10.54). We had argued initially that this global trace
coincides with the left had side in (10.52). To finish the proof of the proposition,
we need to show that the fixed point contribution at oo in (10.54) is zero. The map
f : Pt — P! contracts around infinity, so “shrieking” to the contracting directions
becomes vacuous, and restricting to the fixed point means taking the stalk. Thus

(10.56) (=1 tr(¢ s HY((15E) foe}) — H'((1'11€) (o))

is the fixed point contribution at infinity. This is also the fixed point contribution at
(00,0) for the pair (ji€, j1¢) and the map f : P! x V — P! x V induced by f; to see
this, note that around (oo, 0), f is contracting only in the direction of P!. We now
use one of the other formulas in [GM] to get an alternate expression for the fixed
point contribution at (00,0). The complex Aj in [GM] is obtained by restricting
the sheaf 5 € to the expanding directions — in our case {oo} x V — then “shrieking”
to the fixed point. But ;i€ is the sheaf £ extended by 0 along {co} x V. In the
present setting, then, the entire complex Ajs reduces to 0, so (10.56) vanishes.
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