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CATEGORICAL LANGLANDS CORRESPONDENCE FOR SO, ;(R)
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ABSTRACT. In the context of the local Langlands philosopy for R, Adams,
Barbasch and Vogan describe a bijection between the simple Harish-Chandra
modules for a real reductive group G(R) and the space of “complete geometric
parameters”—a space of equivariant local systems on a variety on which the
Langlands-dual of G(R) acts. By a conjecture of Soergel, this bijection can
be enhanced to an equivalence of categories. In this article, that conjecture is
proven in the case where G(R) is a generalized Lorentz group SOp,1(R).
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1. INTRODUCTION

The Langlands philosophy for the local field R in the form presented in [I] states
more or less the following: For any real reductive algebraic group G, there is a
correspondence between the irreducible Harish-Chandra modules for G(R) and the
set of “complete geometric parameters”—a geometric space constructed from the
Langlands dual group GV. In [12], Soergel turns this space into a category and
conjectures that this “geometric category” is equivalent to the category of Harish-
Chandra modules for G(R).

If G(R) is a generalized Lorentz group SO,,—11(R), the category of Harish-
Chandra modules has been realized explicitly as a category of certain modules over
a quiver algebra in [9]. In this article we will realize the corresponding geomet-
ric category in the same way, thereby proving the conjecture of [12] for the case
SOm—11(R).

The reader is assumed to be familiar with [I] up to chapter 6 and with equivariant
derived sheaves as presented in [3]. We will use methods of [I1] and [I0], so it might
be helpful to know these, too; however, this is not absolutely necessary as we will
repeat all the results we will use. What we are doing here can be found in more
detail (but in german) in [7].

1.1. Some notation. Given a complex algebraic group G, we will write G instead
of G(C) for the complex-valued points most of the time.

The notation “G —e- X7 means “G acts on X”. This notation is also suited
for commutative diagrams. Instead of “G-equivariant sheaves on X”, we will often
write “sheaves on G —e» X”7. By the way: All sheaves in this article will be
equivariant; we will not always say this explicitly.

1.2. The conjecture of Soergel in detail. Suppose we are given the following
data:
e a complex algebraic group G,
e an inner class F' of real forms of G,
e a central character y € Max Z(U(g)) of the universal enveloping algebra of
the Lie algebra g corresponding to G.
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CATECORICAL LANGLANDS CORRESPONDENCE FOR SO, 1 (R) 225

From these data one defines the two categories which are claimed to be equiva-
lent. We start with the representation theoretic side:

Let 'G = G x T’ with I' = Gal(C/R) be a weak extended group corresponding
to the inner class F' of real forms (see [I], ch. 2). The equivalence classes of those
strong real forms § € 'G ~ G which satisfy 2 = 1 correspond to the elements of
the non-abelian cohomology H'(T', G). Choose a set S C 'G' \ G of representatives
of these equivalence classes.

Given such a representative § € S, let G(R,d) := G(C)° be the corresponding
real algebraic group and let M(G(R, 8)) be its category of Harish-Chandra modules.
This category decomposes according to generalized infinitesimal characters. Let
M(G(R,6)), be the part corresponding to our character xy. Now we are ready to
define the representation theoretic category:

Definition 1.1. The representation theoretic category associated to (G, F, x) is the

direct sum
P M(GR,6)),

ses

For the geometric category, we first have to construct a variety X out of the
data (G, F, x). This variety comes with an action of the Langlands dual group GV
of G. We will postpone the definition of X to Chapter 2l See [1] for details. (The
complete geometric parameters of Adams, Barbasch and Vogan are the equivariant
local systems on orbits of GV —e~ X.)

Let PShgv (X) be the category of equivariant perverse sheaves on X (with respect
to the middle perversity). The simple objects in this category are in bijection to
the complete geometric parameters, and therefore also to the simple objects in the
representation theoretic category.

Let L. be the direct sum of all simple objects in PShgv (X). (To be more
precise: of one representative of each isomorphism class of simple objects.) The
endomorphisms Endgy (Lan) := @,,cy Homgy (Lan, Lann) in the equivariant derived
category ng (X) form a graded algebra, the geometric extension algebra.

One easily checks that there is a bijection between the simple equivariant per-
verse sheaves and the simple Endg,v (L£an)-modules. The geometric category is now
defined to be a subcategory of the Endgy (La1)-modules: For any graded algebra
A, we define the category A-nil of nil-modules by

A-nil ;= {M € A-mod | dim M < o0, A"M =0 for n > 0} .
Definition 1.2. The geometric category associated to (G, F, x) is the category of

nil-modules,
End&v (,Cau)—nil .

Now here is Soergel’s conjecture:

Conjecture 1.3 ([12]). The representation theoretic category and the geometric
category associated to (G, F,x) are equivalent:

P M(G(R, )y = Endg (Lan)-nil .
ses

1.3. Our case. In the case which will be treated in this article, the data are the
following:

e The algebraic group G is SO,,, with m > 3.
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e The inner class F of real forms is the one containing SO,,_1 1(R).
e The central character x is the trivial one (i.e., the one corresponding to the
trivial representation of g).

In [9], only the category M(SOy,—1,1(R))y is examined and not the complete
representation theoretic category corresponding to this situation (which also in-
cludes the representations of the other real forms of G). Accordingly, we will only
examine a part of the geometric category: L,se will be the direct sum of some of the
simple equivariant perverse sheaves in PShgv (X) (the “useful” ones; in the whole
article, we will always call those objects “useful” that correspond to the right part
of the geometric category).

The goal of this article is to define L5, and then to prove:

Theorem 1.4. (1) Endgy (Luse) s a direct summand of Endgy (Lan).
(2) There is an equivalence of categories,

M(SOm_Ll (R))X = Endav (EUSC)—nil .

Part (1) will be proven in Chapter @ In fact, we will prove more generally that
blocks of representations correspond to summands of Endg (La) (Corollary )
and we will check that our choosen summands of L,s indeed consists of entire
blocks.

Part (2) follows from Theorem [LLG] the proof of which will last until Chapter

Remark. In the case of SO,, with m even, there are two strong real forms whose
weak real forms are isomorphic to SO,,—11(R). Indeed, we will see in the proof
that in this case, we get two copies of Lyge.

1.4. The Harish-Chandra modules for SO,,,_; 1 (R). In this section we present
the results of [9] about the category M(SO,,—1,1(R)), (where x is the trivial central
character). This category is equivalent to the category A,,-nil of nil-modules of
some algebra A,,. The definition of A,, depends on the parity of m:

Case m = 2n (“Ba,y1” in [9]): Aa, is the direct sum of two copies of the graded
algebra given by the following quiver and relations:

%1 fn—1 A1y = bubyiy =0
(1) e Teel TeDe | MM
by by Cp—1=b,_1¢=0

e

All arrows have degree 1.
Case m = 2n+ 1 (“Bg,” in [9]): Agnyq is the algebra corresponding to the
following quiver:

a1 Ap—1
o7 e ...e7 e a

~__ ~_ n

bl bnfl N At (u+1)0tp = 0
a ° ' bipbi(utr) =0
a_1 A_(n—1) (//7 binaz, =0
(2) e  te...e e b,

D S ~__

by b—(n—l)

Again, all arrows have degree 1. In fact, there is nothing special about the right
dot of this quiver; one could have drawn the quiver in a straight line. However,
we will see in the construction of the geometric category that in some sense, this
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representation is natural: The dots will correspond to simple perverse sheaves and
the x-coordinate of a dot will indicate the dimension of the support of that sheaf.
Now we can formulate the main result of [9]:

Proposition 1.5 ([9], Theorem 1). Let A,, be the graded algebra just defined. Then
the category M(SOpm—1,1(R))y is equivalent to the category Ap,-nil.

With this proposition, assertion (2) of Theorem [[4] follows from the next theo-
rem:

Theorem 1.6. For our data (G, F,x) and our Lyse, we have an isomorphism of
graded algebras:

El’ld&\/ (Euse) = Am .

1.5. Summary of the construction of the geometric category. As before,
let G := SOy, let F be the inner class of real forms containing SO,,_1 1(R), and x
the trivial central character.

Notation. In the entire article, n will be the rank of G, that is, n = [ .

In Chapter 2 using the group G, the inner class of real forms F', and the trivial
central character , we will construct the variety X with the action of GV accord-
ing to [I]. This variety will consist of several components. We will see that the
equivariant derived category on each component is equivalent to the equivariant
derived category on K x BY —e+ GV for a Borel subgroup BY of GV and some
other subgroup K of GV. (Here K depends on the component.)

The useful perverse sheaves Lys all live on one single component of X if m is
odd and on two isomorphic components if m is even. We will choose the right
component(s) at the end of Chapter 21

Simple equivariant perverse sheaves are intermediate extensions of shifted equi-
variant local systems on orbits. We will call the local systems corresponding to Lse
“useful local systems” and the underlying orbits “useful orbits”. First, we have to
determine these useful orbits. This will be done in Chapter 3, using the methods
of [11].

After that, we will examine the equivariant local systems on the useful orbits—
still using [TT]—and choose the useful ones. This is the last choice we have to make
to define L.

What is left is to determine the endomorphisms of £c; this is the most difficult
part. To achieve this, we will first use the methods of [I0] to determine “where
the distinct summands of Lus live”. These methods involve computations in a
module M over the Hecke algebra H corresponding to GV. This module M has the
equivariant local systems as a basis, and we will be interested in the submodule
Myse C M generated by the useful equivariant local systems. To check that Mg
really is a submodule of M and to determine the action of H on M., we will still
use the methods of [I1].

The results about where the summands of L live will imply that each endo-
morphism of L. in some sense “lives” only on a part of K x BY —e» GV which
looks quite similar to an analogous situation for PGLs. In this small situation, one
can describe the equivariant derived category very explicitly. So we can determine
endomorphisms there and then lift them to our K x BY —e» G. This will be done
in Chapter Bl In Chapter [6l we will then put everything together.
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Remark. If m is even, we have to find four copies of the block depicted in ([I); two
for each of the two strong real forms inducing SO,,—_1,1(R). There will be two of
them on each of the two isomorphic components of X. To be precise (according to
the classification of the irreducible representations by equivariant local systems),
each of the two real forms has one block on each of the two components of X.

2. CONSTRUCTION OF X ACCORDING TO [I]

Let G, x and F be the same as in the previous chapter. In this chapter, we will
determine the geometric parameter space X. More details on the definition can be
found in [I]. Afterwards, we will choose the “useful” component of X, that is the
one on which we will find the useful equivariant perverse sheaves.

2.1. Data and notation for SOy, SO2,11, and SPy,,. We will use the following
notation:

Notation. Let G be one of the above groups and let T and B be a maximal torus,
resp. a Borel subgroup of G. We will use the following notation:

X*(T), Xo(T): Root lattice, co-root lattice,
{€1,...,en}, {€1,...,en}: “Bourbaki basis” of X*(T), resp. Xo(T),

II={ay,...,an_1,a4}: Simple roots: a; = &; — €;41 and a, = &,, resp.
2e,, resp. €n—1 + &, (if G = SOsgy,41, resp. SPa,,
resp. SOap,),

W, wo: Weyl group, longest element of W,
S ={s1,...,8n-1,5+}: Simple reflections,

U,U,: Unipotent radical of B; Root subgroup corre-
sponding to the root «,
g, b, b, n: Lie algebras corresponding to G, T', B, U,
gss: Semi-simple elements in g.

The following notation for elements of the torus will also be useful:
Hl, Ce 7tnj = el(tl) s en(tn) eT.

2.2. The real form and the L-group. From now on (and for the rest of this
chapter) let G be SO,,, with m = 2n or m = 2n + 1. The Langlands dual group of
G is

SPy, if mis odd.

Fix tori T and TV and Borel subgroups B and B of G' and GV, respectively.

We compute the L-group corresponding to the inner class of SO,,—11(R): First,
we need the involution a of the root datum corresponding to that inner class. a is
the identity if m = 1,2,3 (mod 4). If m = 0 (mod 4), the two “branches” of the
Dynkin diagram are exchanged:

GV {SOgn if m is even,

Anp—1

The L-group is a semidirect product G¥ x T'. (Remember that I' = Gal(C/R) =
{1,~}.) The action of v € T on GV fixes BY and TV and acts on the root datum
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in the same way as a does. So we finally get

AV GV x7Z/2Z ifm=1,2,3 (mod 4),
Om ifm=0 (mod4).

2.3. The variety X for the trivial character x. For regular integral characters,
the definition of the variety X (on which the geometric category lives) is much
simpler than in the general case. We follow the definition of [I] anyway:

First, one gets a GV-orbit O(x) of semisimple elements g¥ from the central
character x by using the Harish-Chandra homomorphism, the identification h* =
hY, and the Chevalley theorem:

MaxZ(U(g)) = W\b* = W\pY = G'\g
X (trivial)  —  Wp +— Wp = GVp=0(x).
Let A := p be a representative of O(x). To define X, we first need several other
objects:

8" Wni={neg” | [\ pu] =nu},
)= Y g (M

n€Ns o

UY()) = Connected unipotent subgroup of
"~ G with Lie algebra n¥()),

Lv()\) = ng (/\),
PY(\) = LY(\)UY(N).
One easily checks that in our case (that is, for A = p) UY(A\) = UY and LY(\) =T,
and thus PY(\) = BY.
Next, we need
e(\) =™ e GV,
GY(N) i=Zgv (e(N).

One checks that in our case

1 if m i
e()\):{ if m is even,

—1 ifmis odd,
so GY(\) =GY.
The last thing we need for the definition of X is a set of representatives of the
orbits of

GY - T := {y cfaV\aY|y*e e(@(x))},
in our case {y c FG\/ N G\/ | y2 _ 6()\)} .

(The action of GV is by conjugation.) There are finitely many such orbits. Fix a
set Y of representatives of these orbits. X can now be defined to consist of one
component for each orbit in Z, namely:

X, =G Xz, ) GY(N)/PY(N) forye,

x:=Jx,.
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In our case, we get
Xy = Gv XZGv(y) GV/BV.

The action of GV on X is by multiplication from the left.
The equivariant derived category on a fixed component X, of X is equivalent to
the one on

(3) Zov (y) = G¥/BY |

and also to the one on

4) Zov (y) x BY —» GV

Most of the time, it will be more convenient to work with ().

2.4. The useful component(s) X, of X. We are looking for the part of the
geometric category which corresponds to the category of Harish-Chandra modules
for SO, —1,1(R). This part lives on one or two components X,, where y is such that
the (holomorphic) involution Inty € Aut(GY) is quasi-split in the sense of [14]. We
repeat the definition of quasi-split, together with a lemma needed for the definition:

Lemma 2.1. Suppose G is an algebraic group and 6 a (holomorphic) involution of
G. Then there exists a Borel subgroup B and a torus T such that 0(B) = B and
oT)="T.

Definition 2.2. Suppose G, 6, B, and T are as in Lemma[Z1l 0 is called quasi-split
if there exists an @ € G such that z76(x) lies in N(T') and is a representative of
the longest element wg of the Weyl group W (with respect to B and T)).

The statement that Int y is a quasi-split involution can be reformulated as follows:
There exists a representative wy € N(T') of the longest element wy € W such that
y and 1oy are conjugate. (If 2~ lyz = oy, then z~(Int y)(z) = 1ig.)

Using this formulation, one can easily find a y € "GY ~\.G" with this property and
satisfying y? = e(\): Just represent GV by matrices and find explicit matrices for
wo and y. (This is carried out in detail in [7].) This yields one desired component
X, of X. If m is even, we also have the second component we need: X_,. It is
isomorphic to X, and one checks that y and —y are not conjugate and so indeed
yield two different components of X.

In principle it doesn’t matter which representant y of an orbit of GV —~ T we
choose. However, for simplicity we choose y such that the Borel subgroup and the
torus which are fixed by Inty (by Lemma 2.1)) are our BY and TV. This can be
achieved by conjugating y with a suitable element of GV.

3. CONSTRUCTION OF THE HECKE ALGEBRA MODULE M e

3.1. Goal of the chapter. From this chapter on, we will only work on the side of
the dual group, so we will omit all “V” from the notation.

The current situation is the following: We have a group G (which is isomorphic to
either SOg,, or SPs,,) together with a torus T' and a Borel subgroup B, an extension
TG of order two of G, and an element y € 'G' . G of order two which stabilizes T
and B. We are interested in the equivariant sheaves on

K :=7Z¢(y) = G/B,
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or, equivalently, on
K x B - G.

As y? = 1, IG can be written as semidirect product G x {1,y}. From now on,
let T be the subgroup {1, y} of G (in contrast to I' = {1,~} in the definition of the
L-group.)

As mentioned in the summary, we want to use the methods of [I0] to get some
information about our useful equivariant perverse sheaves. The main ingredient to
these methods is a module M over the Hecke algebra H corresponding to G. M is
a kind of Grothendieck group for the equivariant derived category on K x B —— G.
A Z|q,q 1]-basis of M is the set

O is an orbit of K x B — G,
o fior |

v is an equivariant local system on O.

The first goal of this chapter is to define the useful subset Dyse C D. The second
goal is to check that Dy consists of one entire block (resp. two in the case of
SOs,,) and to describe the action of H on My := (Duse>Z[q7q,1] explicitly. (As Dyse
consists of entire blocks, M is a submodule of M.)

This will be done using the methods of [II]. The main idea there is to define
a map ¢ from the orbits of K —e» G//B to the set of involutions in the “extended
Weyl group” "W. This map enables us to get information about orbits by doing
combinatorial computations in TW.

We will explicitly specify a set of “useful involutions” in section Then, in
sections and 3.7 we will define the useful orbits as appropriate preimages under
¢. After that, we will analyze the equivariant local systems on the useful orbits
and choose some of them (in sections B.I1] and B.I2) to be the useful ones. Finally,
we will determine the action of the Hecke algebra H.

3.2. Involutions in "W ~ W. To analyze the orbits of K x B —e~ G, Richardson
and Springer ([I1]) define a set of “twisted” involutions in the Weyl group W and
a map ¢ from the orbits to these twisted involutions. Instead of using twisted
involutions in W, we will use normal involutions in “'W ~. W”; this doesn’t really
change anything, but it fits better into the general context and simplifies some
computations.

Definition 3.1. (1) Define the extended normalizer 'N(T) of T to be its
normalizer Nr¢(7T) in 'G and the extended Weyl group "W to be the quo-
tient 'N(T)/T.
(2) Let Z:= {a € "W ~\ W | a® = 1} be the set of involutions in "W ~\ W.
Remark. As y stabilizes the torus, it is an element of 'N(T'), so we get
"™N(T)=N(T) T and
"Weew T,

By abuse of notation we will write y for the image of y in 'W.

Remark. The action of W on T and on X*(7T') naturally extends to an action of
Y. In the cases where IG = G x Z/2Z, y acts trivially; in the case I'G =~ 0y,
(n even), y maps &, to —e,.

We will need a kind of “Bruhat order” on Z.
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Definition 3.2. For two elements of Z written in the form wy and w'y for w,w’ €
W, define

wy < wy e w<w,
where the “<” on the right-hand side is the usual Bruhat order on W.

Remark. W is a Coxeter group. However, our order on "W ~ W is not (the
restriction of) a Bruhat order in this sense.

3.3. The map ¢ from the orbits to the involutions. To define the map
¢: K\G/B — T, we first need another map x:

Definition 3.3. (1) Define k: G — G \ G,z — x7lyx.
(2) Suppose O € K\G/B and z € O is a representative with x(z) € "N(T).
Then, define ¢(0) := k(xz)T € "W W to be the element represented by

k(x).

Remark. Tt is shown in [I1] that this defines a map ¢: K\G/B — T; indeed, each
orbit O has representatives x with x(z) € "N(T'), all such representatives of one
orbit yield the same element of TW ~. W, and these elements are involutions.

Later, we will need the following lemma:

Lemma 3.4. The preimage of woy € T under ¢ consists exactly of the open orbit
Omax in G: ¢_1(w0y) = {Omax}~

Proof. By results of [I1], the preimage of ¢(Omax) is only Opax itself and the image
ofpis{a €Z]a < P(Omax)}. (In particular, ¢(Omax) is the longest element in the
image.) So all we have to check is that woy lies in the image of ¢.

This follows from our choice of y (see section 24]): Inty is quasi-split, that
is, there is an x € G with 2 'yzy 'T = wy. For O := KxB this means that
6(0) = K(@)T = woy. 0

3.4. Neighborhoods of orbits. Now we take a closer look at the geometry of the
orbits. A common way of doing this is the following: Fix a simple reflection s € S
and let P := B U BsB be the corresponding minimal parabolic subgroup. We will
look at sets of the form OP; for an orbit O € K\G/B. The geometry of those sets
is well known (see e.g. [II], §2, [10], and [15]) and it is using this geometry that
the action of the Hecke algebra H on the module M is defined. In this section, we
will describe the results of Richardson and Springer on how to extract information
about this geometry from the involutions.
We start with a definition to simplify the language:

Definition 3.5. Suppose s € S is a simple reflection.

(1) For an orbit O € K\G/B, call OP, € K\G/P; the s-neighborhood of O.

(2) Two orbits @ and O’ are called s-neighbors if OPs = O'P;.

(3) The open orbit in an s-neighborhood is called s-large (or simply large if
there is no risk of confusion), the other ones are called (s-)small.

Now fix a simple reflection s € S and a neighborhood N' € K\G/P;. Let Us
be unipotent radical of Py and Ty, = kera C T the kernel of the simple root «
corresponding to s.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



CATECORICAL LANGLANDS CORRESPONDENCE FOR SO, 1 (R) 233

TABLE 1. The possible cases for Kxr

Ky Ty N(Tn) By Gy
Orbits of

Ky —oopic || {03 € | {oc} | {0,00} | C* | {oo} | C | PIC
saZa > < | > > <| > l<| >
Sa;as sa = as sa = as SG#GS Sa = as

The following groups can be defined:
Gy = PsJUTs =2 PGLo,
By = B/UsTs C Gy,
Tn :=T/Ts C Byr.

In fact, these groups only depend on s and not on N, but this notation will be
more consistent with what follows.
Now choose a representative x € N and define

K, =2z 'Kz.
To N we associate the group
Kx = (Ky N P) /(K NUT,) = (KoUsTy O Py)JUTs C G

Ky does depend on the choice of z, but it is well defined up to conjugacy in G .
We won’t need more.

The main point about the geometry on neighborhoods is that there is a one-to-
one correspondence between the orbits of K x B —e» N and the orbits of Kx x
By —e» G which respects geometry (orbit closure). In Chapter [}l we will see that
in certain cases even the equivariant derived categories on K x B —e~ A and on
Kn x By —o» G are quite similar.

There are only four different possibilities for the geometry on Kxr X Byr —o— Gar
(and thus on N). In each case, there is one large (open) orbit and up to two
small ones. We list the orbits in each case in Table [I, together with some extra
information. (To shorten the notation, Ky x By —e~ G has been written as
Ky —o— G_/\//BN = ]P’1<C.)

For a given orbit O and a given simple reflection s € S, we are interested in two
things: Which of the four cases do we have for the s-neighborhood A of © and is O
s-small or s-large? By results of [I1], these questions can almost be answered only
by examining the involution a := ¢(0O) € T corresponding to our orbit O: a > sa
if and only if O is s-large and Ky % Ga. Furthermore, sa # as if and only if
Kn = By

The next thing we want to know is: If @ and O’ are s-neighbors, then what is
the relation between ¢(O) and ¢(O’)?

Proposition 3.6 (compare [I1], Prop. 3.3.3). Suppose s € S is a simple reflection,
N € K\G/Ps is an s-neighborhood, and O and O are a small and a large orbit in
that neighborhood. (In particular, Ky % Gar.) Then ¢(O) < ¢(O') and we have:
(1) If Kx & By, then ¢(O') = s¢(O)s. (The map O — O’ is the cross-action
of s € W on the set of orbits.)
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(2) If Kne 2T or Ky 2 N(Ty), then ¢(O') = s¢(O). (The map O — O is
the Cayley transform.)

Finally, we define notations which will make it easy to draw neighborhood dia-
grams:
Notation. (1) Suppose O and O are two orbits. @ O’ ,resp. O }—([fl)—) O,
resp. ©' means that O and O’ are s-neighbors, O being small and
O’ being large, and that Ky = Ty resp. Ky = N(Ty) resp. Ka = Byy.
(2) We also define the corresponding notation on the level of the involutions.
However, here we can’t distinguish between the T and the N(Tys) case:
Suppose a,a’ € T are two involutions. ¢ @» o' means that a’ > a and

S
a’ = sa=as, and ¢ a/ means that «’ > a and a’ = sas # a.

3.5. The useful involutions. Now we are ready to list the useful involutions (the
images under ¢ of what will be the useful orbits):

Definition 3.7. (1) For 1 < i < n, let a; be the element of Z acting by 1 on
g; and by —1 on €; for j # 1.
(2) In the case G = SPa,, let additionally a., be the element of Z acting by
—1 on the whole of X*(T).
(3) Define the set of useful involutions to be {a1,...,a,} in the case G = SOq,
and {ay,...,an, 0} in the case G = SPy,,.

The reader should check that there are indeed elements of W ~.'TW behaving like
this. If G = SPy,, the Weyl group can apply any permutation and sign change to
the elements ¢;, so here, this is clear. However, if G = SOs,,, one has to check that
the parity of the number of sign changes is the right one.

Remark. Note that we have a,, = wgy in the case G = SOs, and as, = woy in the
case G = SPy,.

We are especially interested in the neighborhood between useful involutions (and
later between useful orbits). So let’s define:

Definition 3.8. Neighborhoods consisting of two useful involutions (resp. only
of useful orbits) are called useful. Neighborhoods consisting of one useful and one
useless involution (resp. useful and useless orbits) are called semi-usefull].

Figure [l contains all useful and semi-useful neighborhoods. The vertical arrows
are the useful neighborhoods and the almost horizontal arrows the semi-useful ones.

3.6. The useful orbits in the case SO,,,. Now we can define the useful orbits.
In the SOs,-case this is easy using the following lemma:

Lemma 3.9. In the SOs,-case, each useful involution a; (1 < i < n) has exactly
one preimage under ¢.

Before we get to the proof, we define:

Definition 3.10. For 1 < i < n, define O; to be the preimage of a; under ¢. These
orbits O; will be called the useful orbits.

L«Annoying” might be more appropriate, as later we will have to get rid of those.
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Case G = SOa,,: Case G = SPsy,,:

Sn—20n Sn—10o00

Ay, . [025%

S1Qp S100

Sn—1 @ @ Sx Sx (K

Sn—30n—1 Sn—20n

Qn—1 ’ G,
510n—1

Sp—
sn—2 @) SxQn—2 nt Sxlp—1
Sn—10n—2 Sn—30n—1
Sp—4Qnp—2 a/n”—l :
An—2 . :
Sn_z S510n—1

S10n,

Sn—3 S10pn—2

So @ SxA2
Sn—10a2

SxQa2
Sn—102

a9 :
5302
5302
51 ® Sxa1
Sxa1
Sn—101
Spn—1a1

aq :
S2a1
S2a1

FicUure 1. All useful and semi-useful neighbourhoods of involutions

Proof of the lemma. For a, = wpy, we know that the preimage is {Omax} by
Lemma [3.4

Now suppose 1 < i < n — 1. The s;-neighborhood of an orbit O € ¢~1(a;) is of
type Kn = By, so O has exactly one s;-neighbor O" and we have ¢(O’) = a;41.
Conversely, each orbit O’ € ¢~!(a;,1) has exactly one s;-neighbor O € ¢~*(a;). So
the s;-neighborhood defines a bijection between ¢~1(a;) and ¢~!(a;;1). Starting
from ¢~1(a,) = {Omax} and going down inductively, we find that each a; has
exactly one preimage. [l

In the proof, we already saw the useful neighborhoods of our orbits. Together
with the information about the semi-useful neighborhoods of the involutions we
get:

Proposition 3.11. In the case SOq, the useful neighborhoods of the orbits are

Sn—1

O, —B> Oy —B> ... &> O, .
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All semi-useful neighbourhoods are of the form O %El\f)» O; or O %(%» O; -

In other words, the useful orbits are just one orbit under the cross-action.

3.7. The useful orbits in the case SP,,. In the SPs,-case, there is still some in-
formation missing that we need to define the useful orbits: We know that the preim-
age of aoo = woy is {Omax }, but we don’t know yet whether the s,-neighborhood
of Omax is of type Tar or N(T)). This would be necessary to know the number of
sy-neighbors of Opay in ¢~ 1(ay,). (In addition, ¢~!(a,) could contain even more
orbits: orbits whose s,-neighborhood is of type G»s. However, we don’t care about
these.)

In Lemma B.19] we will see that the s,-neighborhood of Oy is of type Tas.
Using this (and the same bijections between the preimages ¢~1(a;),1 < i < n as in
the SOq,-case), we can define:

Definition 3.12. (1) Let Ooo := Omax be the only preimage of aoo.
(2) Let O,, and O_,, be the two small s,-neighbors of O.
(3) Let inductively O; and O_; be the small s;-neighbor of O, resp. O_;_;.
(4) These orbits Oy, ..., 0y, 0_1,...,0_,, Oy are called the useful orbits.

As in the SO, -case, we now can describe the useful and semi-useful neighbor-
hoods of our useful orbits:

Proposition 3.13. In the case SPsy, the useful neighborhoods of the orbits are:

Sn—1

O @> Oy B ... O
1 2 m

O @0 ®...-8>0_, %

Sn—1

O -

All semi-useful neighbourhoods are of the form O %EI\T}» O; or O %(%» O; -

So in this case, the useful orbits consist of three orbits under the cross-action
({Ox} and the two “branches”), linked together by a Cayley transform.

3.8. Equivariant local systems on G/B. In this section, we will repeat how to
describe the equivariant local systems on orbits using the methods of [11].

Definition 3.14. For an involution a € Z define:
(1) T,:={t e T|at=t}.
(2) A, :=T,/T?, the component group of T,.
(3) T’y the set of characters of A,.

Lemma 3.15 (cf. [1I], Lemma 7.2.1). Suppose O is an orbit of K x B —» G
and z € O is a representative of O. Then the isotropy group of x is solvable
and its mazimal torus is isomorphic to Tyoy. In particular, there is a one-to-one
correspondence between equivariant local systems on O and the characters I y(o).

Notation. For an element 0o, € D of the basis of the Hecke module (for the defini-
tion of D see section B.1]), we will also write do , if X € [0y is the corresponding
character.
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To define the action of the Hecke algebra on the module M, we have to extend
the definition of neighborhoods to the basis elements D. Suppose ¥ is an equivariant
local system on a whole neighborhood A" € K\G/P; of orbits. Then we want the
restrictions of 4 to the distinct orbits to form a neighborhood. Here is a formal
definition:

Definition 3.16. Suppose s is a simple reflection, Py is the corresponding minimal
parabolic subgroup, and N' € K\G/P; is a neighborhood of orbits. Denote the
orbits in A by (O,),er and the inclusions of those orbits by ¢, : O, — N. Let ¥ be
an equivariant local system on A and for each v € I let vy, := (%7 be its restriction
to O,.

(1) An s-neighborhood in D is a set of the form {éo, , | v € I}.

(2) ¢ is called (s-)large if its underlying orbit is s-large.

(3) 1f 6,0’ € D, 6 # & are s-neighbors and ¢’ is large, we write § > 4, resp.

5 @» &, resp. § 5" (depending on the kind of the underlying

neighborhood of orbits). We will write § +> ¢ if we are not interested in
the kind of neighborhood.

Remark. If these neighborhoods are represented as a graph, then the connected
components correspond exactly to the blocks of representations.

[11] gives an explicit way to determine the neighborhoods between equivariant
local systems when they are given as characters of the groups Ag). This is the
result:

Case K = Gyt Let O := N be the only orbit in that neighborhood. Each o
for x € I'y(py) is a neighborhood on its own.
$(0)

Case K = By (cross-action): Let O and O be the orbits in A/, O’ being the
large one. Let a := ¢(O) and a' := ¢(O’) be the corresponding involutions. There
is an isomorphism

(5)

which induces an isomorphism A, = A, and therefore also an isomorphism of
the character groups I'ys == I',. In this case, neighborhoods of equivariant local
systems are sets of the form {dp y,d0’ }, where X’ € T'y/ is arbitrary and x is the
image of ¥’ under the above isomorphism.

Cases Ky = Ty and Ky = N(Ty) (Cayley transform): Let O’ be the large
orbit in M, and O resp. O1, Oz the other orbit(s). Let a’ := ¢(O’) the involution
corresponding to the large orbit and a the involution corresponding to the small
one(s). Let a be the simple root corresponding to the simple reflection s.

Define Tiiddle := To Nker(a) and Amiddie := Tmiddie/T2qq10- The following facts
are proven in [11]:

Ty — Ty = Tsqas,
——

Lemma 3.17. (1) The induced map p1: Amiadie — Ao s an injection of de-
gree either 1 or 2.
(2) p1 is an isomorphism if and only if a(Ty) =1, if and only if Knx = Ty
(3) Trmiddie @ a subset of Ty,.
(4) The induced map pa: Amiddie — Aq 98 a surjection of degree either 1 or 2.
The kernel of pa is oV (£1) - TO. 1o
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Each character x’ € I'ys can be restricted to a character of Aiqq1e using pr. If x/
vanishes on o (+1), that character factors over py and we get a character x € T',.
In the case Ky = N(T)y), the neighborhoods of equivariant local systems are of the
form {00y, 007} for characters x’ that vanish on a¥(£1). In the case Ky = Ty,
they are of the form {00, v, 00, x, 00"y }-

Remark. Characters x’ € T'ys which do not vanish on aV(£1) have no s-neighbor-
hood. (They correspond to equivariant local systems which are “twisted” around
the small orbit and so cannot be extended.)

Remark. In the case Ky = N(Txr) each equivariant local system on the small orbit
O has two s-neighborhoods (the restriction of characters I'ys — T'middie is 2-to-1);
in the case Ky = Ty, the equivariant local systems on O; and O have only one
s-neighborhood.

3.9. The action of the Hecke algebra H. The action of the Hecke algebra H
on the module M can be defined either geometrically (see [I0], Lemma 3.3) or in a
purely combinatorial way (see e.g. [11]). Here is a definition which lies somewhere
in between, using neighborhoods of equivariant local systems.

H is generated by the set {Ts | s € S}. Instead of defining the action of these
elements, we use another set of generators, namely,

Cy:=T,+1.

Now here is our definition of the action of H on M (which is equivalent to the
ones in [10] and [11]):

Definition 3.18. Suppose s € S is a simple reflection and § € D. The action of
Cs on § depends on whether § is s-large or not.

(1) If § is s-small: J can lie in one or two s-neighborhoods. Let {d; ; | 1 < i <1}
for j =1 (resp. j = 1,2) be this s-neighborhood (resp. those s-neighbor-

hoods). Define
055 = Z 5i,j .
1,7

(2) If 6 is s-large: If § has no s-neighborhood, define
Cs0:=0.

Otherwise, let {0; | 1 < i <[} be the s-neighborhood of 4. Define Cé so
that the following formula holds:

ZCS6i:(q+1)Zdi.

(This does make sense, because on the left-hand side, ¢ is the only large
summand, and for small §;, Cs0; has already been defined in (1).)

3.10. The characters corresponding to useful orbits. In this section, we de-
termine the character groups I',, corresponding to the useful orbits and fix some
notation.

Notation. Define the following shortcuts:
T, =T, ={teT|at) =t},
Ai = A, =TT,
I :=T,, the set of characters of A;.

For elements of the torus, we use the notation [t1,...,t,] = e1(t1) - en(tn) (see
section 2.1).

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



CATECORICAL LANGLANDS CORRESPONDENCE FOR SO, 1 (R) 239

Using these notations, we can determine the groups 7; and A;. In the case SOa,,
we get:

Ti:{[il,...,il,;k,il,...,ilj},
Ay = {£1} x o {1 x {1} x {£1} x - x {£1} .

In the case SPy,, we get the same and additionally:
Too ={[£1,...,£1]},
Ao Z{£1} x -+ x {£1} .
Here is a good opportunity to compute the neighborhood which was missing in
section BT
Lemma 3.19. The s,-neighborhood of O is of type T .
Proof. By Lemma B.17 we have to check o, (T) = {1}. This is the case, because
oy = 26, O
Back to the characters: For 1 < i < n, a character y € I'; is determined by the
images of the elements (1,...,1,—-1,1,...,1) € A; for j #i. A character of A, is
J

determined by the images of all the (1,...,1,—-1,1,...,1).
J

Notation. For 1 < i < n, we denote a character x € I'; by the tuple
(bla .. '7bi717.7bi+17 .. 7bn)
where b; = x(1,...,1,-1,1,...,1) for j # 4. A character x € ', will be denoted
J

by the full tuple (b1,...,b,) of the images.

3.11. The useful basis in the case SO,,. Now we are ready to define the useful
equivariant local systems:

Definition 3.20. (1) For 1 < i < n, define the following characters of T';:
xi:=(1,—-1,1,....,£1,e¢ F1,...) € T,
X—i=(-1,1,-1,...,Fl,e,+1,...) € T;.

Note that the signs before and after the “e” are different.
(2) Forie {1,...,n,—1,...,—n} let v; be the equivariant local system on Oy;
corresponding to x;.
3) Let 0; := dp,,, ~, € D be the corresponding element of the basis of the Hecke
1]V
module.
(4) Let Dyge :==16; |i € {1,...,n,—1,...,—n}} C D be the useful basis.

The choice of the x; may seem a bit strange at first glance, but we will see in
moment that these are the ones that define the (rather small) two complete blocks
of equivariant local systems that we need.

Proposition 3.21. In the case SOq,,, all neighborhoods of the useful basis elements
are:

Sn—2 Sn—1,5%

5152”,5”_1(5”/
5 5 o B> () B> 6y

Sn—2 n—1,5x

In particular, the useful basis elements make up two complete blocks.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



240 IMMANUEL HALUPCZOK

Proof. The s;-neighborhood O;, O, is of type B, so the neighborhoods of equi-
variant local systems are given by the isomorphism (B]) between the character groups
I'; and T';y;1 (see section B.8). Applying this isomorphism yields: v € I'; and
~" € T';11 form a neighborhood if and only if they differ only in the location of the

“e”. Therefore, we get the neighborhoods d4; d+(i+1)- In the same way, we

also get 0+ (n—1) Oxn -

It remains to prove that there are no other neighborhoods. The semi-useful
neighborhoods of the underlying orbits are of type Thr or N(T)s), and the useful
orbit is always the large one. So by section B8], to show that x; has no s;-neighbors
we have to check that x; does not vanish on oV (+1), where ¥ is the simple co-

root corresponding to s;. This is indeed the case because of the alternating signs
of x;. O

3.12. The useful basis in the case SP,,. Now let’s do the same for SP,,.
Definition 3.22. (1) Define

vo = ((FD" L (DR () T e (<) (FD2 (<)) e T

K2

for 1 <i<mn,and
Xoo = ((_1)7171» (_l)nizv SRRE) (_1)17 (_1)0) €l

(Here we have to be a bit more careful about the signs than in the SOg,,-
case.)

(2) For 1 <i < mnlet~;, resp. v—;, be the equivariant local system on O;, resp.
O_; corresponding to ;. Let v, be the equivariant local system on O,
corresponding t0 Xoo-

(3) Let 51 = 5(91,7)(71, 5_1‘ = 50—7‘,0(@' and (500 = (5@
elements of the basis of the Hecke module.

(4) Let Dyse :=46; | i€ {1,...,n,—1,...,—n,00}} C D be the useful basis.

be the corresponding

o0y X oo

Proposition 3.23. In the case SPs,, all neighborhoods of the useful basis elements
are:

Sn—1

5162._.571)\5;

5,15,2...6,,1“@7

Sn—1

0o -

In particular, the useful basis elements make up one complete block.

Proof. Getting the neighborhoods 0+; Oty (1 <i < n—1)is analogue
to the case SOs,. For the s,-neighborhood of d.,, we use the notation of section
B8 Tmiadie = Too Nker(a,) = Too. One easily checks that applying the maps
P1: Amiddle — Ao and po: Apiddie — An 10 Xoo as in section B8 yields x,, so we
get the neighborhood {6,,d_p, 0c0 }-

Again, we have to check that there are no semi-useful neighborhoods. For the
sj-neighborhoods with 1 < j < n — 1, this works exactly as in the SO,-case. For
the s,-neighborhood of §; with 1 < i < n — 1, one also checks that o does not
vanish on Y;; this time, the reason is that the last sign in y; is negative. (I
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3.13. The action of H on M,s. Now that we know our useful basis D, and
its neighborhood relations, we can define our useful H-submodule M,sc C M and
determine the action of H on M se.

Definition 3.24. Let the useful H-module be the Z[q,q !]-submodule M,z =
<Duso>z[q,q—1] C M generated by the useful basis.

As the useful basis elements consist of entire blocks, Mg is a H-submodule of
M. To get the action of H on Mg, we now apply Definition B.I8 to our situation,
using the neighborhood relations determined in the two previous sections. We use
the following notation.

Notation. Cj := Cy, for j € {1,...,n —1,%}.
We get in the SOs,-case:
Cidxi = 0xi + 04(i41) for 1 <i<n-—1,
Cidx(ivr) = q(0xi +01(i41))  for 1 <i<n—1,
Cidt(n—1) = 0x(n—1) + 0tn,
Cibtn = q(01(n—1) + 01n) .
And in the SP,,-case:
Cidxi = 0xi + 01(i11) for 1 <i<n-—1,
Cids(iv1) = q(0xi +01(i41)) for1<i<n-—1,
C*(S:I:n = 5n + 67n + 6007
Cidoo = q(0n +0_1n +9s0) -

In either case, all other C;d; are zero.

3.14. Length and Bruhat order. To apply [I0] to our module D,4e, we need a
length function [ and a Bruhat order < on D,ge.

Definition 3.25 (cf. [10], Def. 1.1). For dp ., € D define the length I(do ) =
dim@ 0.

Set lp :=1(61) — 1. The dimensions of a small and the large orbit in a neighbor-
hood differ by one, so we get (in both, the SOs,, and the SPy,,-case): {(d1;) = lp+i
for 1 <4 < n. In the SPy,-case, we additionally have {(ds,) = lp +n + 1. That’s
all we need to know about the length.

Definition 3.26 ([10], Def. 1.8). Let the Bruhat order < on D be the smallest
order with the following properties:

(1) If s € S is a simple reflection and 4,8’ € D are basis elements with § +* &/,
then 6 < §'.

(2) If s € S is a simple reflection and 6,0’,7,7" € D with § > §’, v +>> 4" and
v <4, then v/ < ¢'.

In the SOg,-case, we get 0; < d; and 0_; < d_; for 1 < i < j < n. In the
SPs,-case, we get the same and additionally §; < o for all i. Elements of Dy
and D \ Dy are incomparable.
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4. CONSTRUCTION OF THE INTERMEDIATE EXTENSIONS

Let the groups G, B, and K, the Hecke module M = (D), and its submodule
Myse = {Duse) be as in the previous chapter. We start by defining the useful
equivariant simple perverse sheaves. They are (up to a shift) the intermediate
extensions of the equivariant local systems in Dyge:

Definition 4.1. (1) Suppose 6 = dp, € D, and ¢: O — G is the inclusion
of the orbit. Define L5 := wuy[dime O] to be the simple perverse sheaf
corresponding to 7.

(2) For 6 € Dyse (k= =£1,...,£n, resp. k = £1,...,+n,00), we call L; :=
Ls, a useful perverse sheaf.

(3) Define Lyge := @5€Duse Ls to be the direct sum of all useful perverse
sheaves.

(4) We will call L5 and Ly s-neighbors (for a simple reflection s € S) if § and
0’ are s-neighbors.

We know the action of the Hecke algebra H on M. In this chapter, we will use
the methods of [I0] to determine the elements of M,s. corresponding to the useful
perverse sheaves. In section [£.3] we will then draw conclusions.

4.1. The dualizing map D.

Proposition 4.2 ([I0], Theorem 1.10). There is exactly one Z-linear map D: M —
M with the following properties:

(1) D is compatible to the usual duality on H, i.e.,

(6) D(gm) = ¢ *D(m) forme M and
(7) D(Cym) = ¢ *CyD(m) forme M,se€S.
(2) There are polynomials Ry 5 € Z[g] (6',8 € D) such that
(8) D) =q "5 + Z R 50") .
8/ <8

The degree of the polynomial Rs: 5 is at most 1(6) — 1(d').

We determine the map D on our submodule M5, C M, starting with the case
SOa;,. Recall that our Z[q, ¢~ ']-basis of Myse is Duse = {041, - - -, 0+, } and that the
length {(d1x) is lg + k for a fixed integer [o.

Equation (B) applied to d; yields

(9) D(51) = qilgilél .
Now suppose 1 < k <n — 1. Then we get
D(6k, + 0k+1) = D(Ci6r,)
@

= ¢ 'CrD()

® k—1

= q—le q_lo_k((sk + ZRj,k(Sj)
J=1

As Cy0; = 0 for j < k, the whole sum disappears, and we get
(10) D0k + 6r41) = ¢ " Cok = ¢ (O + Orgr) -
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The same computation also works for §_; and 6_j + 6_(x41)-
In the case SPs,, we get the same results, and additionally (with an analogous
computation),

(11) D(0p +0_n+0600) =q 0" 0, +0_p + o0)

Using these formulas, we could determine D inductively. However, the result is
a bit ugly and we don’t need it anyway.

4.2. The new basis (A\s)sep,..-

Proposition 4.3 ([10], Theorem 1.11). For each § € D there exists exactly one

A5 = Z P(;/’(;(S/ e M, P51’5 S Z[q] ,
5'<6
with the following properties:

(1) D(As) = g1,

(2) Pss=1.

(3) If §' #6, Py 5 is a polynomial of degree at most £(1(8) —1(8') — 1).
We will denote the useful A5, by Ag.
Equations ([@), (I0), and () provide exactly those elements:

(12) At1 =041,
(13) A = 04p + 5i(k71) for2<k<n

in the SO4,-case, and in the SPo,-case the same ones, and additionally,
(14) Moo = 0o + 0y, +0_1, .

4.3. Implications for the simple perverse sheaves L. The following theorem
explains what the elements As tell us about the simple perverse sheaves Ls:

Proposition 4.4 ([10], Theorem 1.12). Suppose 6 = 0o~ € D and t: O — G is
the inclusion. Then the following holds:
(1) HP(usy) =0 for odd p.
(2) Suppose, additionally, ' = 6o € D and V': O' — G is the inclusion.
Then
Py s = Z[HQP(L[*’}/) cuy')qP .
P

Here [F : G] denotes the multiplicity of the simple (non-perverse) equivari-
ant sheaf G in the Jordan-Hoélder series of F.

Using this and equations ([2)), (I3]), and (Id]), we can read off which orbits
the useful simple perverse sheaves “live” on. By “L lives on X” we mean: If
t: G X — G is the inclusion of the complement, then t*£ = 0.

Corollary 4.5. Suppose O € K\G/B is a useful orbit, v is a useful equivariant
local system on O, and L is the corresponding useful simple perverse sheaf. If O has
small useful neighbors, then L lives on O and its small useful neighbors; otherwise
L only lives on O.
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From our equations ([2), (I3), and ([I4), we also can conclude that many homo-
morphism groups between useful simple perverse sheaves vanish. To do this, we
need the following proposition, which is an adaption of Theorem 3.4.1 in [2] to our
situation and our needs:

Proposition 4.6. Suppose 0,0 € D are basis elements such that \s and \s: have
no common summand, that is, for each 6" € D either Psn s = 0 or Psv s = 0.
Then RHOmK(ﬁg,ﬁy) =0.

We postpone the proof to the next section.

Corollary 4.7. Suppose L5 and Ls are two useful simple perverse sheaves with
neither § ¥ §' nor &' ¥ & for any s € S. Then RHompg (Ls, Ls) = 0.

Remark. This corollary says that each endomorphism of L4 somehow “lives in a
single neighborhood”. This is the reason why we can determine Endj (Lyse) quite
easily. We will see in the next chapter how to lift endomorphisms in the derived
category on K X By —+ Gar to K x B —e» N. Then the only thing left to do is
to put everything together.

Another conclusion of Proposition is the following:

Corollary 4.8. Blocks in the H-module M correspond to direct summands of
End} (Lan). More precisely, a decomposition of M of the form

M= D)y, where | JDi=D

provides a corresponding decomposition of the algebra Endj (Lan):

Endf (Lan) = @ Endi (€D Ls) -
i 5eD;
This proves Theorem [L4] (1): As Mg is a direct summand of M, End} (Lyuse)
is a direct summand of Endy (Lan).

Remark. In the SOs,-case, M. itself consists of two blocks, so we have
Endy (Luse) E End} (L1 @+ @ Ly) DEnd} (L1 DD L_,).

4.4. Homomorphisms vanish. In the last section of this chapter, we prove Pro-
position To do this, we first have to analyze the equivariant derived category
on a single orbit of K x B —— G-

Lemma 4.9. Suppose O € K\G/B is an orbit. Then the corresponding derived
category Dj'(xB(O) decomposes into a direct sum, each summand of which has ex-
actly one of the equivariant local systems on O as simple object.

Proof. Fix a representative x € O of our orbit and suppose I, C K x B is the
isotropy group of . By induction equivalence, D}, 5(O) = D}; (pt).

Let T, be a maximal torus of I,. As I, is solvable (by Lemma BI5]), we get
D}, 5(0) = Di (pt). (The equivariant derived category does not change when
one divides out a contractible normal subgroup from the acting group; this is well
known and can be proved by the methods used in [3]. See also [7].)

T, is a direct product of its component group T, /T2 (which is also the component
group of I,)) and a connected group. The assertion follows. ([
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Now let’s get to the proof of Proposition Recall that we have two simple
perverse sheaves L5 and Ls such that As and Ass have no common summand and
that we want to show that RHompg (Ls, Ls) = 0.

In the proof, “F appears in G” means: The simple (non-perverse) sheaf F ap-
pears in the Jordan-Hélder series of HP(G) for some p € Z.

Proof of Proposition .6l We will prove the following assertion: Suppose X C G is
a union of orbits. Suppose further that £ and £’ are two simple perverse sheaves
on K x B —e» X such that for each orbit +: O < X and for each equivariant local
system v on O, the equivariant local system ¢y does not appear in both £ and £'.
Then RHomg (L, L") = 0.

This obviously implies the proposition.

To prove the assertion, choose a closed orbit F' C X (closed relative to X). Let
U := X ~F be its complement and let i: F — X and j: U — X the inclusions.

Applying RHom(+, L) to the distinguished triangle

G — L — i L
yields

(15)  RHom(jij*£L, L) «—— RHom(L, L) «—— RHom(iyi*L, L) +——

¢ l

RHom(5*L, j*L’) RHom(i*L,i'L").

So it suffices to show RHom(j*£,j*L’) =0 and RHom(i*L,i'L") = 0.

For RHom(j*L,j5*L’) = 0, we use induction on the number of orbits of K x
B —e» X; j*L£ and j*L£' are simple equivariant perverse sheaves on U satisfying the
prerequisites of the assertion.

RHom(i*L,i'L"): If an equivariant local system & appears in i*£, then i;0 ap-
pears in £. When we know the analogue for 'L’ we are done. Then by assumption
no equivariant local system appears in both i*£ and i'£’; so by Lemma F.9 we have
RHom(i*L,i'L") = 0.

Fix p € Z. We want to examine the Jordan-Hélder series of H?(i'L'). Equivari-
ant local systems on orbits of K X B —e» X are self-dual, so £’ is self-dual and we
have #'£’ = Di*L'. As equivariant sheaves on F' are locally constant (and so, in
particular, HP(i*L') is locally constant), we get

HP(i'L') = HP(Di*L£') = HY (i* L") := Hom(H” (i*L'), orf)
where p’ := —p — dimp F'.
The Jordan-Holder series of H? (i*L£')Y consists of the duals 6 of the equivariant
local systems & appearing in H? (i*£’) (again using the local constantness). But
the § are self-dual, so putting everything together we get what we want: The

equivariant local systems § appearing in i'L’ are the same ones as in i*£’, and
those are the ones for which 4,6 appears in £'. ]

5. HOMOMORPHISMS IN A SINGLE NEIGHBORHOOD

5.1. Goal of this chapter. From the combinatorial computations of the preceding
chapter we know that the only endomorphisms of £, are homomorphisms between
neighboring simple perverse sheaves. What is missing is how these homomorphisms
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look and how they compose. This is provided by the following proposition, which
will be proven in this chapter.

Proposition 5.1. Suppose s € S is a simple reflection, N' € K\G/Ps is a useful s-
neighborhood of orbits, and L € PShi « 5(G) is the direct sum of all simple perverse
sheaves of one useful neighborhood on N .

Let v: N'— G be the inclusion. Then the endomorphism algebra Endy, p(1*L)
(in the derived category) is the following—depending on the kind of neighborhood:

(1) Case Ky = Bys:

a
Endka(b*ﬁ)g°C°QC | ca=bc=0.
b
The left dot corresponds to the small neighbor, the right dot to the large
one.
(2) Case Kn =T
ay a_
End;{xB(L*E)g'C'\L/—_;' | bra_=b_a, =0.
by b_

The outer dots correspond to the small neighbors, the middle dot to the
large one.

All arrows are of degree 1.

We will keep the simple reflection s and the neighborhood N fixed throughout
this chapter. We also fix the equivariant local system 5 on N “generating” the
neighborhood of perverse sheaves (in the sense of Definition B.10]).

For the proof, we first need a more general notation for “all perverse sheaves in
one neighborhood”:

Definition 5.2. Suppose K is a group acting on a space X with finitely many
orbits O,, v € I. (X will be a neighborhood of orbits in a slightly more general
sense.) Denote by i,: O, — X the inclusions of those orbits in X.

For an equivariant local system 4 on X, define the corresponding perverse neigh-
borhood by

L) = P ivnisyldime 0,],
vel

i.e., the direct sum of all simple perverse sheaves in the neighborhood induced by
7 in the sense of Definition

The main idea of the proof is the following lemma, which we will prove in the
next sections.

Lemma 5.3. Suppose s € S is a simple reflection, N € K\G/Ps is a useful
neighborhood of orbits, 7 is an equivariant local system on N, and qxr is the constant
(one-dimensional) sheaf on K X Byr —e> Gar. Then there is a fully faithful functor

D;F(NXBN(GN) - D;XB(N)
mapping L(n) to L(7).

Using this, the computation of the endomorphisms of Proposition .1 can be
reduced to computations on PGLsy:
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Proof of Proposition 5.1l Let £ and t: N — G be as in the proposition. One
easily checks that the pull-back ¢*L is a perverse neighborhood in the sense of
Definition *L = L(7¥). Therefore, we can apply Lemma Endj, g(t*L) &

So the only thing remaining to do is to determine the endomorphisms (including
the higher ones) of the constant sheaf 4 in the derived category D} wx By (G,
where G+ = PGLo, By is a Borel subgroup of PGLy, and and K is either a
torus or a Borel subgroup. This can be done “by hand” and is left to the reader.
The result is the one claimed in the proposition. (Note that although this is a
“small” situation, the computation is still a bit of work, especially concerning the
composition of morphisms. It is carried out in detail in [7].) O

Remark. Lemma [5.3 is not true for arbitrary neighborhoods N: For most of the
orbits, the part of a torus of K acting trivially is too big. This causes the endo-
morphisms in D}, 5(G) to get more complicated than those in D}NxBN (Ga).

5.2. Lifting the endomorphisms. In this section we prove Lemma [£.3]

Proof of lemma [53l The idea is to turn the known correspondence between the
geometry of K X B —e—~ X and of K X By —e—» G into a functorial one.

In this and in the next section, it will be more convenient to work with the
derived categories on K —e» G/B and on Kj —e» Gar/Bys instead of those on
K x B —~ GG and on Ky X By —— Gur.

We fix a representative x € N of our neighborhood. (For now, it can be any
representative; in section [5.3] we will put some restrictions on the choice of z to
simplify computations.) Recall the definition

K, = 'Kz,

To define the fully faithful functor from Dy, (Gar/By) to Dg(X/B), we will
proceed in several steps. Figure [ lists all the involved spaces, together with maps
between them.

1. K——o—>KzP,/B=N/B

2 ZT
2. K,— o> K,P,/B~K, Xx.np, P,/B
3. K,NP,——o—>P,/B

4. Ki :=(K,nP)/(K,NU,) —e—> P,/B

5. K3 :=(K,NP,)/(K,NUT?) —> P,/B

6. Ky =(K,NP,)/(K,NUT,) —e> P,/B~ Gx/By

FI1GURE 2. All spaces involved in the proof of Lemma [5.3]
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We will proceed from top to bottom: For each pair of adjacent lines ¢ and
i + 1, we will specify a fully faithful functor F 11 from the derived category of
the lower line to the one of the upper line. The image of this functor will contain
Fi = (FH7 L (F2) 715 All of these functors F7, ; will be “nice” in the following
sense:

(a) They will commute with £(-) (taking the perverse neighborhood correspond-
ing to an equivariant local system). Therefore, we will get

(F2 000 FG)(L(6)) = L(7) -

(b) All 4; will be locally constant one-dimensional sheaves on the whole space.

In D} (Ps/B), the only locally constant one-dimensional sheaf is the constant
one, S0 Y6 = Yar. So once we have these functors, the proof of the lemma is complete.

Now let’s get to work:

2 — 1: This is only conjugation by x, so it is an equivalence of categories.

3 — 2: We have an equivalence of categories by the induction equivalence.

4 — 3: Dividing out a connected normal subgroup (K, N Us) from the acting
group induces an equivalence of the derived categories.

5 — 4: This is the only step where actually something happens. It is also
the step which does not work on non-useful orbits in general. Let a € Z be the
involution corresponding to the small orbit(s) of our neighborhood. Recall that
T,={teT|at=t}and A, = T,/T°. We need the following lemma, the proof of
which will be postponed to the next section:

Lemma 5.4. Kj*v &~ Kf\; X Ag.
As the action ker(K}, — K3;) & A, —e» Ps/B is trivial, the derived category
D;ﬁ[(Ps /B) decomposes into a direct sum of components, each of which is equiva-

lent to D};};\r (Ps/B). (The components only differ in the action of 4,.) We choose

for F2 the identification of D;rffv (Ps/B) with the component that contains 7.

6 — 5: We distinguish two cases:
If Ky = By, then

kth, (k + 1)th entry equal

(with k depending on s). In particular, T is connected and the fifth and sixth line
are the same.

The case Ky = Ty This only happens for the s,-neighborhood in the SPo,,-
case. Here we have

To = {[*,...,%,£1]} and
TO = {[*,...,%,1]}.

So the map K3, — K has a finite kernel {1} which acts trivially on G/Bys.
By [3], 8.7.1, it follows that the restriction

Fs =Resgs i, Dy (Ps/B) — D}%(PS/B)

is an identification of D}N(PS/B) with the full subcategory of D;}S\/ (Ps/B) con-
sisting of those sheaves on which the kernel acts trivially.
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Now the only thing left to check is that 45 lies in the image of this restriction.
This follows from the fact that 75 lives on the whole space and therefore, in par-
ticular, on the one-point-orbit {B} € P,/B. As Kj}, is connected, it has to act
trivially on the stalk of 45 at B. In particular, the kernel {£1} acts trivially on
that stalk and therefore also on the remainder of 7s. O

5.3. Kf\; decomposes into a direct sum. In this section we prove Lemma [5.4
this is the only thing remaining of the proof of Proposition [5.11

Proof of Lemma B4l Suppose O is a small orbit in our neighborhood. Recall that

a = ¢(O) is the corresponding involution. To prove the lemma, we will assume that

the representative z € N of our neighborhood lies in O and that x(z) € 'N(T).

(Such an z exists by the remark after Definition B:3l) This implies two things:
First, note that K, = {g € G | k(z)gr(z)~! = g}, so we get

T,={teT|at=t}={teT|r(@)tu(z) ' =t} =K,NT.
Second, we easily get that the semidirect product B =2 U x T can be restricted to
(16) K. NB(K,NU)x (K,NT).
Further restriction yields
K, NUT = (K, NU,) % (K, NTY),
which yields a short exact sequence

(17) K, NT° s (K, N P,)/(K, NUy) — (K, N P,)/(K, N UT?)

14 ¢

Ky K3

We will now construct a group homomorphism K3, — A,. Then we will show that
the composition
K,NT? — K3 — A,
is an isomorphism. When this is done, we know that the sequence (7)) splits into
a direct product K3 2 K3 x A, so we are finished.
Construction of the homomorphism K j‘(/ — A,: We take the following composi-
tion (explanation follows):

Ki = (K, N Py)/(K, NU,)
(a)
(K,NB)/(K,NUs)

o)

(K,NB)/(K,NB)°

(o) |2

(K:c N T)/(Kx N T)O = Ta/Tg = Aa

For the equality (a) we have to show K, N P, = K, N B. “D” is clear. “C”: The
orbit of Ky —e» Ps/B corresponding to O is (K, N P;)B/B (because we chose
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x € ). Since we are in one of the cases Ky = Ty or Ky = By, this orbit
consists only of one point, namely B/B. It follows K, N P, C B, and therefore
K,NP;C K,NB.

To get the surjection (b), we have to check K, NUs C (K,NB)Y. This is because
U, C B and because K, NU, is connected.

The existence of isomorphism (c) follows from (I8) and from the fact that K,NU
is connected.

We now have the desired homomorphism Kf\/ —» Ag; it remains to check that
the composition K, NTY — Kj‘(/ — A, is an isomorphism, i.e., that there is exactly
one element of K, NTY = (K, NT)NTY =T, NT? in each connected component
of T,,. This can easily be done manually (and is left to the reader), as we know Ty,
explicitly from section B.I0l O

6. PUTTING EVERYTHING TOGETHER

Now we have all the ingredients needed to determine the geometric extension
algebra Endj (Lyse). The result will be what was claimed in Theorem

6.1. The case SOy, (n > 2). We will use the following notation:

Notation. Given a family piq, ..., g of indices, we will write £,,, ... ,, for the direct
sum L, @@ Ly,

At the end of section I3 we saw that Endj (Lyse) decomposes into a direct sum
End% (L1, ) ®Endy (L_1,. _,). The computation for these two blocks is exactly
the same, so we will only consider Endy (L1, »)-

We will determine End} (L1, x) by induction on k& (k = 2,...,n). The idea
for the induction step is: We know End;((EL.__,k_l) by the induction hypothesis
and Endy% (Lx—1,) (more or less) by Chapter By Corollary 7] these are all
endomorphisms of End (L1, k).

So let’s get to work. We claim:

apr1ay =0

a1 af—1
. o7  fe...e7 feNc bubu+1 =0
(18) EndK(ﬁl,...,k) *leﬁ/ﬂg L‘ki‘{\bk__l/ﬁk;) cap_1 = 0
bk_lc =0

(All arrows are of degree 1.)

For the following computation we will restrict ourselves to the closed subset
X C G consisting of Oy and all orbits of smaller dimension. We further decompose
X into an open subset U and a closed subset F':

G

L

X:=(J ouo

j OEK\G/B,
i | dimgO<dime Op_y

U:=0,_1UQ0y F::X\U:( U O)\Ok,1

OeK\G/B,
dimg O<dimg Oy _

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



CATECORICAL LANGLANDS CORRESPONDENCE FOR SO, 1 (R) 251

The simple perverse sheaves £, for 1 < u < k all have support in X, so we have
End% (L1, k+1) = End3 (¢* L1, g+1). In the rest of this section, we will only work
instead of ¢*L,, .. ..

The start of induction (k = 2) follows directly from Proposition [ (which
describes the endomorphisms of j*£4 2) and Corollary .5l (which says that i*£; o =
0). Now let’s get to the induction step:

As a graded vector space, Endy (L1, 1) is the direct sum of the Hom3 (L, £,)
with 1 < pu,v < k. We will look at these summands individually:

The summands where both y < k — 1 and v < k — 1 are already known by
induction hypothesis. The remaining ones are those where (at least) one side is L.
As i*Ly, = 0 (by Corollary H]), we get

(19) Hom$ (L, L,) = Hom (5L, j*L,) forp=korv==k.

(To see this, take a look at the exact triangle (&) of section i and use Ly = DLy
to check that i' Ly = 0.)
In particular, as j*£, =0 for 1 < p < k — 2 (again by Corollary [5) we get

(20) Hom$ (Ly, £,) = 0 and Homiy (L,,Ly) =0 for p<k—2.

(([20) also follows directly from Corollary 1)

So the only homomorphism spaces left to consider are Homj (j* Ly, j*Lr—_1),
Hom$ (j*Lr-1,7* L), and Hom3} (%L, j*Li); but these have already been deter-
mined in Proposition 511 (1).

Now that we know all Hom3 (L, £,) as graded vector spaces, we have to de-
termine the composition of the morphisms. We will use the following approach:
First, we will find elements of End} (L1, .. ) which generate End% (L1 k) as an
algebra; however, there will be one element more than those mentioned in (I8)). (By
“generators” we mean generators of the degrees > 0.) Then we check that these
generators fulfill the relations postulated in (I8). Finally, we get rid of the super-
fluous generator. As the dimensions of our homomorphism spaces agree with those
postulated in (8], we know that there are no more relations and we are finished.

Search of generators: By induction we have elements a;,b; for 1 <[ < k — 2
and ¢ which generate Endj (L1 x—1). So the only thing left is to find elements of
End} (L4, k) which generate (a superset of)

Rest := Hom$} (Lr—1, Lx) ® Homy (Lk, Li—1) & End} (L)
Let’s have a look at the following morphism of algebras:
p: Endy (L1, k) — Endy% (57 L1, k) £ Endy (5 Lr—1k) -
By Proposition 5.1 we have

/
a

Endj(j* Li—p) =0 ~e D¢ | dd=vd=0,
b/
ie., o, v, and ¢ generate Endy (*Lr—1,). Equation ([I9) says that p|rest is
bijective, so we can find preimages ax_1,bx_1,Cnew € Rest of a’,b',c’ and those
preimages generate Rest.

Now we have enough generators. The current picture of our geometric extension
algebra is the following:
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Ap—1
al af—2
e~ e e~ e F ° Q c
oo new
L1 Ly Lhs T Lp~—_ Ly
by b2 bi_1

Let’s get to the relations. By induction we know that
Quy10, =bubuy1 =0 for0<pu<k—1-2 and
cap—9 = bp_2c=0.

As cpowar—1 and bg_1cChew lie in Rest and plges: is injective, from p(chew@r—1) =
ca’ =0 and p(bg—1¢new) = 0'c’ =0, we get

Cnew@k—1 = bkrflcnew =0.
Finally, from Hom$ (L, Lr—2) = 0 and Hom} (Li—2, Li) = 0 follows
ar—10k—2 = br_2bp_1 = 0.

Thus the relations of ([I8) are fulfilled. It remains to get rid of the generator c.
Assume ¢ ¢ (ap—2br—2,bk—1a5—1)c. As End%(/lk_l) is two-dimensional, it follows
that ay_2bg_o and bg_jar_1 are linearly dependent. ap_sbr_o # 0 by induction,
so there is a z € C with by_1ax_1 = zag_sbix_o. It follows that ap_1bg_1ar_1 =
2aj_10—2bp_o = 0. This is a contradiction to the fact that ap_1br_1ar—1 is a
generator of Hom% (Ly_1, Ly).

6.2. The case SPy, (n > 1). The claim of Theorem [[.6]in this case is:

al Ap—1
e~ e o~ Mo
~_ . T~ a
L L: L, L, n =
Loy 2 b, b\ At (ut+1)atp = 0
° n —
End]{(ﬁuse) = a_p ® L biﬂbi(lﬁLl) =0
a_ a—(n-1 / _
/_1\ /(i\‘)\ / b:l:na$n =0
o e ... © L4 —-n
Ll L by Lo
—1

—(n—1)

The case n = 1 follows directly from Proposition 1] (2) (in the same way as the
start of induction in the SOg,-case). So now let n > 2.

Determining End% (L1, ) and Endy (£_1, .. _,) works exactly in the same way
as determining Endj (L1 . ,) in the SOg,-case. The result is:

(21) 0
a4 A4, =

a1 Q4 (n—1) ) (Ml:rl) o .
4+ =

Endj (L1, 4n) :£° mﬁo - ° Q' Dex wOt(u+1) _O
by e n C+lt(n-1) =

P bi(n_1ycx =0

There are no homomorphisms between L1, and £_1, . _, by Corollary 1

The remainder of the computation is analogous to the induction step in the
SOs,-case: We check that the individual homomorphism spaces are the right ones
as graded vector spaces, we find generators (this time two more than necessary: cy
and c¢_), we check the relations, and we get rid of c4.
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