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Abstract Let G be a connected unipotent group over a finite field IF,. In this article,
we propose a definition of L-packets of complex irreducible representations of the
finite group G(IF;) and give an explicit description of L-packets in terms of the
so-called admissible pairs for G. We then apply our results to show that if the cen-
tralizer of every geometric point of G is connected, then the dimension of every com-
plex irreducible representation of G(IF,) is a power of g, confirming a conjecture of
Drinfeld. This paper is the first in a series of three papers exploring the relation-
ship between representations of a group of the form G(F,;) (where G is a unipotent
algebraic group over I, ), the geometry of G, and the theory of character sheaves.
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1 Introduction

In 1960, Higman asked' [24, p. 29] whether it is true that if ¢ is a prime power and
n € N, then the dimension of every complex irreducible representation of U L, (IF;)
is a power of g. Here, I, is a finite field with g elements and U L, (IF,;) denotes the
group of unipotent upper-triangular matrices of size n over . This question was later
advertised and popularized by Thompson and Kirillov, among others. The answer is
affirmative, and a generalization of this fact (to the so-called algebra groups over finite
fields) was proved by Isaacs in [25]. It is natural to ask whether Isaacs’s result can be
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further generalized to groups of the form G(F,), where G is a connected unipotent
group over F.

If G is as above, it is not always the case that the dimension of every complex irre-
ducible representation of G (I ) is a power of ¢. This interesting phenomenon was first
observed by Lusztig, who showed in [31] that if U is a maximal unipotent subgroup of
the symplectic group Sps4 over a finite field [Fr, where r € N, then U (IFor ) always has
irreducible representations of dimension 2" ~!. The fake Heisenberg groups introduced
in [10] (see also Sect. 2.10) provide similar counterexamples in every characteristic
p > 2.

In 2005, Drinfeld conjectured that if a unipotent group G has the property that every
geometric point of G is contained in the neutral connected component of its central-
izer, then the dimension of every irreducible representation of G(IF,) is a power of
q. One of the main goals of our paper is to prove this conjecture (see Theorem 2.5).
From the viewpoint of character theory for finite groups, this is the most appealing
result of the paper. However, we must point out that the proof we present (which is the
only one known to us) heavily relies on geometric techniques, and may appear to be
somewhat indirect. In particular, it is based on the notion of an L-packet of irreducible
representations of G(F,), which we introduce for an arbitrary connected unipotent
group G over I, and on our second main result, which provides a description of
L-packets in more concrete terms.

The idea of using geometry to study representations of groups of the form G (F,),
where G is an algebraic group over I, is not new. For reductive G, one has the theory
of Deligne and Lusztig, which constructs many virtual representations of G (IF;) in the
£-adic cohomology of certain varieties X over I, with a G-action, as well as Lusztig’s
theory of character sheaves, which expresses the irreducible characters of G (F;) over
Q, as linear combinations of the “trace of Frobenius functions” of certain irreducible
perverse ¢-adic sheaves on G.

The case of unipotent G was also originally considered by Lusztig. In [31], he pre-
dicted the existence of an interesting theory of character sheaves for unipotent groups
in positive characteristic? and defined the character sheaves in an ad hoc manner for
the maximal unipotent subgroup® U of the symplectic group Sp4 over a field of char-
acteristic 2. Lusztig proved, moreover, that if the ground field is a finite field F,r, then
the trace functions associated with the character sheaves on U form a basis of the
space of class functions on U (IFr), and the relationship between these functions and
the irreducible characters of U ([Fpr) is similar to the one that exists in the theory of
character sheaves for reductive groups over finite fields.

Lusztig’s work led Drinfeld to formulate a series of definitions and conjectures that
should form a basis of a general theory of character sheaves for unipotent groups in

2 In characteristic zero, a unipotent group is “the same” as a finite dimensional nilpotent Lie algebra, and
in this case the theory of character sheaves is essentially equivalent to Kirillov’s orbit method [27]. In par-
ticular, character sheaves themselves are simply the Fourier transforms of the constant rank 1 local systems
on the coadjoint orbits for the group.

3 This is the first interesting example where the orbit method does not apply, cf. [10].
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positive characteristic. We refer the reader to [10] for an overview. At present, many
of these conjectures are already known [8,9].

The approach taken in the present article is somewhat different, although the meth-
ods we use are closely related to those proposed by Drinfeld and Lusztig, and they
form a basis for [8,9]. Character sheaves do not appear in this paper, but our goal is still
to study irreducible representations of G (IF,) by relating them to constructible £-adic
complexes on G, or, more precisely, to objects of the equivariant derived category
D6(G).

Our work can be thought of as an attempt to geometrize two classical and well-
known results of character theory for finite groups, which we now state. If I is a finite
group, let Fun(I")"" denote the space of conjugation-invariant functions I' — C. Itis
a commutative algebra under convolution of functions. The first result is that there is
a natural bijection between complex irreducible characters of I" and the minimal (in
other terminology: “indecomposable” or “primitive””) idempotents in Fun(I")", given
by x < [T|7'x(1) - x (see e.g., [10]). The second result is that if T is nilpotent,
then every complex irreducible representation of I is induced from a 1-dimensional
representation of a subgroup of I'.

In this paper, the word “geometrization” refers to replacing finite groups with alge-
braic groups G over finite fields I, and studying representations of groups of the form
G (F,) by relating them to the geometry of G. The ground field for the representations
is taken to be Q, rather than C. Geometrization also involves replacing functions on
finite groups with (complexes of) constructible £-adic sheaves on algebraic groups and
using Grothendieck’s sheaves-to-functions correspondence.

The geometric analogue of the bijection between irreducible characters of a finite
group I" and minimal idempotents in Fun(I")" is not a result at all, but rather a def-
inition. More precisely, for a connected unipotent group G over IF,;, we propose a
definition of L-packets of irreducible representations of G (IF,) based on the notion of
a “weak idempotent” in the equivariant derived category Y (G) (Definition 2.7). For
groups G of this type, the result on representations of finite nilpotent groups mentioned
above has a geometric analogue, which is more subtle: it becomes an explicit descrip-
tion of L-packets in terms of the so-called admissible pairs for G (Theorem 2.14).
This is the second main result of our work.

We tried to keep the amount of geometry involved in our proofs to a minimum. In
particular, not all the structures present on % (G) have been explored. Notably, we
avoided using the braided monoidal structure on this category: only the square of the
braiding appears in the proof of Theorem 2.5, and only does so implicitly.

2 Main definitions and results

In this section, we state the two main results of our work (Theorems 2.5 and 2.14),
explaining most of the relevant definitions (although some technical details are post-
poned until later sections) and giving some historical background. In Sect. 2.10, we
illustrate our theory by describing the L-packets of irreducible representations of
G(IF,), where G is a so-called fake Heisenberg group over IF,;. The strategy we use to
prove our main results is outlined in Sect. 3.
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2.1 Conventions

If k is any field, an algebraic group over k is defined as a smooth group scheme of finite
type over k. We recall that “smooth” is equivalent to “geometrically reduced” in this
situation, and if & is perfect, the word “geometrically” can be omitted. By a unipotent
group over k, we will mean a unipotent algebraic group (in particular, smooth) over
k. We denote by Q, a fixed algebraic closure of the field Q; of ¢-adic numbers, and
whenever the notation Q, is used, we invariably assume that ¢ is a prime different
from the characteristic of the base field k.

Our conventions regarding finite fields are as follows. Let p be a prime number,
fixed once and for all, and let IF be a fixed algebraic closure of the finite field F),
with p elements. If ¢ = p" for some r € N, we write IF, for the unique subfield of
[F consisting of g elements. All representations of finite groups that we consider are
assumed to be defined over Q,, where £ % p. (This restriction only becomes relevant
when we use geometric methods coming from £-adic cohomology [21]. Much of our
theory can be developed over an arbitrary algebraically closed field of characteristic
0, but for consistency we will work over @, throughout this article.)

2.2 Easy unipotent groups

Let us recall a definition from [10].

Definition 2.1 Let k be a field and k an algebraic closure of k. An algebraic group
G over k is said to be easy if every g € G (k) is contained in the neutral connected
component, Z(g)°, of its centralizer, Z(g), in G Qy k.

It is clear that an easy algebraic group G over k has to be connected (if not, then
applying the definition to any element g € G (k) that does not belong to the neutral
connected component (G ® k)° leads to a contradiction).

The group GL, is easy. A connected reductive group in characteristic O is easy if
and only if its derived group is simply connected and its center is connected. From
this point on, all easy groups discussed in this article will be unipotent.

Remark 2.2 'We know of no examples of easy unipotent groups G that do not satisfy
the stronger condition that the centralizer of every geometric point of G is connected.
It appears plausible that there are no such examples.

We observe that if k£ has characteristic zero, then every unipotent group over k is
connected, and since closed subgroups of unipotent groups are unipotent, it follows
that every unipotent group over k is easy. Therefore, from now on we will only be
interested in the case char k > 0.

The first obvious example of an easy unipotent group in positive characteristic is
provided by U L, the so-called unipotent linear group, defined as the group of unipo-
tent upper-triangular matrices of size n. More generally, if G is any reductive group
over k and U is a maximal connected unipotent subgroup of G, then U is easy pro-
vided the characteristic of k is large enough (depending on the types of the simple
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constituents of G ®;, k). For instance, if G is the symplectic group Spa;,, wheren > 2,
then U is easy if and only if char k > 2.

Another type of generalizations of the group U L, comes from the so-called algebra
groups. If A is a finite dimensional associative unital k-algebra, let J be the Jacobson
radical* of A, and let G(A) denote the algebraic group over k defined as follows. For
any commutative k-algebra R, we let G(A)(R) denote the multiplicative group of all
elements of R ®; A of the form 1 4 x, where x € R ® J. Then, G(A) is an easy
unipotent group over k because the centralizers of geometric points of G(A) can be
identified with linear subspaces of k ®; J. We call G (A) the unipotent algebra group
associated with A. Observe that if A is the algebra of all upper-triangular matrices of
size n over k, then G(A) = UL,,.

The example of a maximal unipotent subgroup U of Sps over the finite field o,
where r € N, was originally considered by Lusztig. This group is not easy. Lusztig
computed the character table of U () in Sect. 7 of [31] and found that this group has
irreducible representations of dimension 2!, The fake Heisenberg groups defined in
[10] (see also Sect. 2.10) are also not easy (Lemma 2.16).

2.3 Representations of algebra groups over finite fields

It is known that the dimension of every irreducible representation of UL, (Fy) is
a power of g, which yields an affirmative answer to a question of Higman [24]. A
stronger and more general result is provided by

Theorem 2.3 (Halasi) If A is a finite dimensional algebra over ¥, then every irre-
ducible representation of G(A)(Fy) is induced from a 1-dimensional representation
of a subgroup of the form G(B)(F,), where B C A is an F-subalgebra.

Corollary 2.4 (Isaacs) In the situation of Theorem 2.3, the dimension of every irre-
ducible representation of G(A)(F,) is a power of q.

Theorem 2.3 was first stated by Gutkin in [22]; however, Gutkin’s proof of it was
incomplete. Isaacs proved Corollary 2.4 in [25]. Later, Halasi proved Theorem 2.3 in
[23]; it is worth noting that his proof uses Corollary 2.4 in an essential way. A more
direct proof of Theorem 2.3, based on Halasi’s methods, was given in [6], and an
improved version later appeared in [7].

One of the main goals of this article is to extend Corollary 2.4 to all easy unipotent
groups over finite fields. The result (Theorem 2.5) is stated below.

2.4 Character degrees of easy unipotent groups

One of the main results of this paper is the following theorem, proved in Sect. 9.4.

Theorem 2.5 (Main Theorem 1) If G is an easy unipotent group over ¥, the dimen-
sion of every irreducible representation of G(IF;) is a power of q.

4 Since A is clearly Artinian as a ring, J is also the maximal two-sided nilpotent ideal of A.
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This result was conjectured by Drinfeld in 2005. In our opinion, it explains the
“geometry behind [the positive answer to] Higman’s question.”

After the first version of this article was written, Drinfeld informed us that the
following extension of Theorem 2.3 (which gives a weaker result when applied to
unipotent algebra groups) can be proved.

Theorem 2.6 If G is an easy unipotent group over Iy, then every irreducible repre-
sentation of G(I¥y) is induced from a 1-dimensional representation of a subgroup of
the form P(Fy), where P C G is a closed connected subgroup.

We note that this result implies Theorem 2.5, because the index of P(IF,) in G(IF,)
equals ¢4mG—dim P "However, the proof of Theorem 2.6 relies on many of the key
ingredients needed for our proof of Theorem 2.5. With his kind permission, we repro-
duce Drinfeld’s proof of Theorem 2.6 in Appendix 9.6.

2.5 From easy to arbitrary connected unipotent groups

It turns out that in order to prove Theorem 2.5 one has to formulate and prove a more
general statement about irreducible characters of G(IF,) for an arbitrary connected
unipotent group G over IF,. The reason is that all approaches to representation theory
for unipotent groups known to us are based on induction on dim G in one way or
another, reducing the questions one is interested in to similar questions for subgroups
of G of smaller dimension. For instance, the proof of Theorem 2.3 ultimately relies
on the possibility of constructing many nontrivial multiplicatively closed subspaces
inside the Jacobson radical J(A) of a finite dimensional algebra A. However, if G
is an arbitrary easy unipotent group over [y, it is not known to us how to construct
sufficiently many easy subgroups of G to make it possible to give an inductive proof
of Theorem 2.5. On the other hand, G has lots of connected closed subgroups, and
most of our paper is devoted to the study of arbitrary connected unipotent groups over
finite fields.

2.6 Definition of L-indistinguishability

In the remainder of this section, we will freely use the language of £-adic cohomology
[1,14,21]. A brief review of the terminology appears in the first half of Sect. 4.

Let G be a connected unipotent group over Fy, and let u : G x G — G be the
multiplication morphism. The definition of the equivariant derived category Z¢(G),
together with the functor of convolution with compact supports,

96(G) X 96(G) — P6(G), (M,N)— M xN = Run(M X N),

is recalled in Sect. 4.5. An object e € Y (G) is said to be a weak idempotent if
e*e = e. If this holds, it is clear that the associated trace function t, : G(Fy) —> Q
is a central idempotent with respect to the usual convolution on the space of Q,-
valued functions on G(IF,). In particular, f, acts either as zero or as the identity in
every irreducible representation of G (IF,).
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Definition 2.7 Two irreducible representations, o1 and p;, of G(IF,) are said to be
L-indistinguishable if for every weak idempotent ¢ € % (G), the function ¢, acts in
the same way in p; and in p;. The equivalence classes with respect to the relation of
L-indistinguishability are called L-packets of irreducible representations.

Remark 2.8 (Drinfeld) The conjectural notion of an L-packet in representation theory
of reductive groups over local fields was introduced by Langlands in [29]. It is hard to
compare it with the notion introduced above because technically the two definitions
are given in quite different terms. However, the philosophical ideas behind them are
the same.

2.7 Multiplicative local systems

If G is an arbitrary connected unipotent group over Iy, it is not at all clear how to
describe all weak idempotents in the category % (G). For instance, it is not even
obvious that there are any apart from the zero object and the unit object 1. In Sect. 2.9,
we will state our second main result (Theorem 2.14), which yields a description of
L-packets of irreducible representations of G(IF;) in terms of more concrete objects,
the so-called admissible pairs (Sect. 2.8) for G. This description is one of the key
ingredients in our proof of Theorem 2.5. In Sect. 2.10, we show how it can be used
to describe all L-packets of irreducible representations of G(IF,) when G is a fake
Heisenberg group over IF,. We begin by introducing

Definition 2.9 If k is a field and ¢ is a prime different from char k, a nonzero
Qq-local system £ on a connected algebraic group H over k is said to be multi-
plicative it u*(L£) = LX L, where u : H x;x H —> H denotes the multiplication
morphism.

Remark 2.10 If k = F, and £ is a multiplicative Qq-local system on H., it is clear that

the “trace function” (Sect. 4.2) ¢, defined by £ is a homomorphism H (F,) — @Z
Moreover, £ can be recovered from ¢, up to isomorphism. If H is commutative, every
homomorphism H(F;) — @; arises in this way (cf. Proposition A.18). For non-
commutative H, this statement fails in general, even if H is unipotent (cf. the example
of the fake Heisenberg groups discussed in [10] and in Sect. 2.10).

2.8 Admissible pairs

Let (H, £) denote a pair consisting of a closed connected subgroup H C G and a
multiplicative Q,-local system £ on H. The notion of what it means for this pair to
be admissible is introduced in Sect. 7.3. The precise definition is somewhat technical,
so here we will only remark that admissibility is a certain geometric non-degeneracy
condition. (In this context, the word “geometric” refers to the fact that this property
depends only on the triple (G ®F, F,H QF, F, L QF, [F) obtained from (G, H, £)
by base change to I, an algebraic closure of IF;.) It should be thought of as a geome-
trization of the following purely algebraic version.
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Definition 2.11 Let I" be a finite group and consider a pair (H, x) consisting of a
subgroup H C I' and a homomorphism y : H — @; . Let I'” be the stabilizer of the
pair (H, y) for the conjugation action of I'. We say that the pair (H, x) is admissible
if the following three conditions are satisfied:

(1) T'/H is commutative;
(2) the bi-additive map B, : (I"/H) x (I''/H) — Q, induced by

71, v2) /> X(Vl V2)’1717/271)

(which by (1) is well defined) is a perfect pairing of finite abelian groups, i.e.,
induces an isomorphism I’/ H = Hom(T"'/H, @2(); and

(3) foreveryg e I', g & I/, we have x |gnme # X8 |Hnme, where H® = ¢~ Hg
and x8 : H® — @Z is obtained from x by transport of structure.

Remark 2.12 Conditions (1) and (2) in the algebraic definition of admissibility imply
that the group I'” has a unique irreducible representation i, over Q, which acts on H
by the homomorphism x. Condition (3) further implies that the induced representation
Indll:, 7y is irreducible (in view of Mackey’s irreducibility criterion). The geometric
notion of admissibility serves a somewhat similar purpose.

2.9 Explicit description of L-packets

We now return to the geometric setting. Let G be a connected unipotent group over [Fy,
and (Hy, L1), (Hy, L£2) two pairs consisting of closed connected subgroups Hy, Hy C
G and multiplicative local systems £; on H; (j = 1,2). We say that these pairs are
geometrically conjugate if there exists g € G(IF) which conjugates one of them into
the other. Note that, in general, geometric conjugacy is weaker than conjugacy by an
element of G(IF,).

Definition 2.13 Let ¥ be a geometric conjugacy class of admissible pairs (H, £) as
above for G. We define a set L(%) of (isomorphism classes of) irreducible represen-

tation of G(IF,) over Qy as follows. We say that p € L(%) if there exists (H, £) € €

. . . F
such that p is an irreducible summand of Indg((F‘;)) tr.

It is immediate that each of the sets L(%) is nonempty. The second main result of
our paper claims that the sets L(%) are precisely the L-packets of irreducible repre-
sentations of G(IF,). We prove it in Sect. 9.2. This result, along with the definition of
admissible pairs, was also formulated by Drinfeld.

Theorem 2.14 (Main Theorem 2) Let G be a connected unipotent group over IF,.
For every geometric conjugacy class € of admissible pairs for G, the set L(%) is an
L-packet. Conversely, every L-packets of irreducible representations of G(IFy) is of
the form L(%) for some geometric conjugacy class € of admissible pairs.
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Corollary 2.15 With the notation above,

(a) every irreducible representation of G(IF,) over Qy lies in L(%) for some geo-
metric conjugacy class € of admissible pairs for G; and

(b) if 61 and 6, are two geometric conjugacy classes of admissible pairs for G, the
sets L(%)) and L(6>) are either equal or disjoint.

Note that, a priori, neither of the statements of this corollary is obvious.

2.10 Example: L-packets for the fake Heisenberg groups

We conclude this overview with an example which to some extent motivated the notion
of an admissible pair. If k is a field of characteristic p > 2, we define a fake Heisenberg
group over k to be a connected noncommutative unipotent algebraic group G over k
of exponent p and dimension 2 (hence the word “fake”). The reason for imposing the
restriction p > 2 is that every 2-dimensional unipotent group in characteristic O is
commutative (which follows from the corresponding statement for Lie algebras), and
that every group of exponent 2 is commutative.’

However, if p > 2, there are plenty of examples of fake Heisenberg groups over
I, see [10]. Here we will describe the L-packets of irreducible representations for
such groups. We begin with a simple auxiliary result.

Lemma 2.16 If G is a noncommutative connected unipotent group of dimension 2
over a field k, then the only nontrivial proper closed connected subgroup of G is its
commutator, |G, G]. Moreover, such a group G is not easy (Definition 2.1).

Proof The assumptions imply that [G, G] is connected and dim[G, G] = 1, so that
dim G9° = 1 as well, where G* = G /[G, G] is the abelianization of G. Moreover,
[G, G] is contained in the center of G. Now let H C G be a proper closed con-
nected subgroup, and suppose H ¢ [G, G]. Then, H projects epimorphically onto
G, which implies that G = H - [G, G]. Hence [G, G] ¢ H as well. Therefore
[H,H] C HN|[G, G] is connected and 0-dimensional, whence trivial. Thus, H is
commutative. This implies that G is commutative, which is a contradiction.

For the second claim, note that if g is a geometric point of G which does not lie
in the center of G, then Z(g) # G ® k, whereas [G, G] ® k C Z(g), whence
Z(g)° =[G, G] ®; k, which implies that g & Z(g)° (k). o

Let G be a fake Heisenberg group over F, and consider a pair (H, £) consisting of
a closed connected subgroup H C G and a multiplicative Q;-local system £ on H.
If H = G, this pair is trivially admissible; its geometric conjugacy class & reduces
to the single pair (H, £); and the corresponding L-packet L (%) consists of the single

1-dimensional representation 72 : G(F,) —> @; .

5 In characteristic 2, there also exist connected noncommutative 2-dimensional unipotent groups, but they
all have exponent 4.
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Usually, however, not every L-packet of irreducible representations of G (IF,) is of
this form. For instance, if G (IF;) is noncommutative, it has irreducible representations
of dimension > 1. On the other hand, in many cases where G(IF,) is commutative,
not every 1-dimensional representation of G (IF,;) comes from a multiplicative local
system on G.

To find other L-packets of irreducible representations of G(IF,), we must allow
H # G. It is clear that H cannot be trivial, so by Lemma 2.16, the only remaining
possibility is H = [G, G]. In this case, H is central in G, so every Q,-local system
on H is automatically G-invariant. It is easy to check that if £ is a multiplicative Q-
local system on H, the pair (H, £) is admissible for G if and only if £ is nontrivial.
Moreover, in this case, the geometric conjugacy class % of (H, £) also reduces to the
single pair (H, L), and the corresponding L-packet L(%) consists of all irreducible
representations of G (I, ) that act by the scalar 7, on [G, G](F,).

3 The structure of the proofs

In this section, we describe the methods we used to prove Theorems 2.5 and 2.14,
stating several other results that are interesting in their own right along the way.
The main technical tools used in our proofs are:

e the equivariant derived category % (G) for a unipotent group G, along with the
bifunctor (M, N) — M x N of convolution with compact supports and the

collection of “twists” 6y : M =5 M defined for all M ¢ D6 (G);

e the functor of induction with compact supports indg, : 96:1(G) — P6(G),
defined for any closed subgroup G’ C G; and

e the notion of an admissible pair for G, along with an extension of Serre duality
[34] to noncommutative connected unipotent groups.

The first two of these are introduced in Sects. 4 and 5, respectively, where we also
establish some auxiliary results involving these technical tools. The extension of Serre
duality to the noncommutative setting, along with some new results on the classi-
cal Serre duality and bi-extensions of connected commutative unipotent groups by
Qp/Z,, appears in the (rather extensive) “Appendix”. Admissible pairs are defined in
Sect. 7.3. The proofs of Theorems 2.5 and 2.14 occupy Sects. 7-9; together, they can
be split into the following sequence of steps.

3.1 Step 1

Let G be a connected unipotent group over ;. We begin by proving the one result
which explicitly relates representations of G (IF;) with the geometry of G: namely, that
for every irreducible representation p of G (IF,) over Qy, there exists a geometric con-
jugacy class % of admissible pairs for G such that p lies in L(%) (cf. Definition 2.13).
Theorem 7.1 gives a slightly more precise statement.

One of the ingredients in this step should be useful in other situations. Namely,
in Proposition 7.7 we formulate a condition under which a multiplicative Q,-local
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system on a closed connected subgroup H of a connected unipotent group G can be
extended to a multiplicative (Q,-local system on all of G.

3.2 Step 2

Next we relate admissible pairs to L-packets. If (H, £) is an admissible pair for a
unipotent group G over an arbitrary field k, we consider the object ey = Ky ® L €
Py (H), where Ky € Py (H) is the dualizing complex of H. One checks easily
that ey x ep = ep, ie., e is a weak idempotent. If G’ is the stabilizer of (H, £)
for the conjugation action of G, it is easy to see that the extension of e, by zero to
all of G’ defines an object ¢/ € Z/(G'). Of course, e, is also a weak idempotent.
Finally, we apply the functor of induction with compact supports, and we show that
ey [ = indg, e’E is a minimal weak idempotent in 9 (G), i.e., anonzero weak idem-
potent such that if e € Z¢(G) is any weak idempotent, then either ey £ *x e = 0, or
en.r *e = ey r. All these results are proved in Sects. 8 and 9.

One of the ingredients here is a more general result, proved in Sect. 5.8, which
gives a condition on a given weak idempotent ¢ € %/ (G’) under which f =indg, (e)
is a weak idempotent in Z5(G) and the functor indg/ restricts to an equivalence of

semigroupal categories e * D (G) = f * Y (G). The condition is reminiscent
of Mackey’s criterion for the irreducibility of an induced representation.

3.3 Step 3

We explore the relationship between the functor indg, and the operation of induction
of class functions studied in Sect. 6.7 to prove that in the situation of Step 2, if G is
connected, k = I, and %’ is the geometric conjugacy class of the admissible pair
(H, L), then the set L(%) of irreducible @g-representations of G(F,) introduced in
Definition 2.13 coincides with the set of irreducible Q,-representations of G(F,) on
which the trace function t,, . : G(Fy) —> @g acts as the identity.

Remark 3.1 The functor indg, is often not compatible with induction of class func-
tions on the nose (unless G’ is connected), which is why we must work with geometric
conjugacy classes of admissible pairs, rather than G (IF;)-conjugacy classes.

After we put the previous steps together, proving Theorem 2.14 becomes very easy.
Namely, lete € Z¢(G) be any weak idempotent. If #, = 0, then we can discard e while
trying to describe L-packets. Otherwise there exists an irreducible Q,-representation
p of G(IF;) on which 7, acts nontrivially. By Step 1, there exists a geometric conjugacy
class € of admissible pairs for G such that p € L(%). By Step 3, if (H, L) € €, then
ley . acts nontrivially on p. This implies that 7, * f.,, . # 0. A fortiori, e x ey £ # 0
(as convolution of functions is clearly compatible with the convolution with compact
supports of £-adic complexes). By Step 2, this implies that e * ey o = ep ., and
therefore, applying Step 3 again, we see that e acts as the identity on every irreducible
representation of G (F,) appearing in L(%’). This result, together with the statement
proved in Step 1, implies Theorem 2.14.
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3.4 Step 4

Now let G be an easy unipotent group over FF,. In the proof of Theorem 2.5, we use
the result of Step 1 above (but not the results of Steps 2 and 3). Thus, let p be an

irreducible @g-representation of G(F,), and choose an admissible pair (H, £) for G

. . . F
such that p is an irreducible summand of Indg((ﬂ;;)) tr.

We employ the compatibility of the functor indg, with twists (Proposition 5.17) and
the triviality of twists in Y (G) (Lemma 4.16) to prove that if G’ is the stabilizer of
(H, L) for the conjugation action of G, then G is necessarily connected and the homo-
morphism (G'/H) perf —> (G'/H ); erf appearing in the definition of an admissible
pair (see Sect. 7.3) is an isomorphism (not merely an isogeny). Here, (G'/H) perf
denotes the perfectization of the group G’/H (see Sect. 9.6), and (G'/H );erf is its
Serre dual (see Sects. 3.6 and 9.6).

From this, we deduce that G'(IF;) has a unique irreducible @@—representation o

which acts by the scalar ¢ on H (IF;). Mackey’s criterion implies that Indg,( ghi’ )) o' is
q

irreducible, and Frobenius reciprocity forces p = Indg,(g;)) o'. In particular, dim p =
q

. L .
q4imG=dimG" . dim p’ (because G’ is connected).

3.5 Step 5

To complete the proof of Theorem 2.5, we must demonstrate that, in the situation of the
previous step, the dimension of p’ is apower of ¢. Since dim p' =[G’ (F,) : H(F,)]1'/2,
this is the same as showing that dim(G’/H) is even. In view of the fact that the canon-
ical map (G'/H) perf —> (G//H)*er is an isomorphism, this follows from a more
general result, Proposition A.28, proved in Sect. 9.6.

Remark 3.2 As we already mentioned in the Introduction, in this paper we do not
define or use the braided monoidal structure on the category Z¢(G), without which
the significance of the “twists” in Z; (G) cannot be fully appreciated (see [10]). How-
ever, we believe that the full power of the geometric techniques should be reserved for
the theory of character sheaves.

The reader who is only interested in understanding the general ideas behind our
arguments does not have to read any further. The missing details of the proofs sketched
above are filled in the remaining sections, which are more technical.

3.6 On Serre duality

We end with a comment on the notion of a multiplicative Q;-local system used in the
main body of the paper and the Serre duality studied in the “Appendix”. In the proofs
of our main results, Serre duality serves mostly as a tool, and if G is a connected uni-
potent group over a perfect field k of characteristic p > 0, we think of the Serre dual
G* of G as the “moduli space of multiplicative Q,-local systems on G”. However, if
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one wishes to prove foundational results about Serre duality, the most natural frame-
work (which, in particular, is independent of £) is that of central extensions by the
discrete group Q,,/Z,. It would have been inconvenient for us to choose one of these
viewpoints once and for all, and to completely discard the other one. The relationship
between them is described in Sect. 7.2.

4 The category Z(G) and L-packets
4.1 Derived categories of constructible ¢-adic complexes

Fix an arbitrary field k£ and a prime £ # char k (in Sects. 4.2 and 4.8, we take k to be
finite). Throughout this section, we will work with schemes of finite type over k. If X
is such a scheme, one defines the bounded derived category Df (X, Q) of construc-
tible complexes of Q,-sheaves on X. We will denote this category simply by Z(X),
with the understanding that ¢ is fixed once and for all. It is a triangulated Q,-linear
category. For perfect k, the definition of Z(X) appears in [17], and in general we
define 2(X) = 2(X @ kP¢'T), where kP¢'/ is the perfect closure of k.

Remark 4.1 For the purposes of this work, it would be enough to consider the case
where k is finite or algebraically closed. Here the definition of Z(X) is more classical
[1,13,14]. However, with future applications in mind, we consider the more general
case in this section.

We will often use Grothendieck’s “formalism of the six functors” for the categories
2(X) (as well as their equivariant versions, defined in Sect. 4.3). For a morphism
f : X —> Y of k-schemes of finite type one has the pullback functor f* : 2(Y) —
2(X), the pushforward functor fi : 2(X) — Z(Y), the functor f; : 2(X) —
2(Y) (pushforward with compact supports), and the functor f L 2(Y) — 2(X).
We always omit the letters “L” and “R” from our notation for the six functors; thus,

L
fi stands for Rf and Q stands for ®@, etc.

Remark 4.2 In [14], the functor f is defined for separated morphisms f when k is
finite or algebraically closed. This case would suffice for the purposes of the present
work. However, the formalism we need was extended to arbitrary fields k in [17], and
the assumption that f is separated is unnecessary [30].

The most important result we will need is the proper base change theorem; see Exp.
XII and XVIIin [1] and Exp. IV in [14] for the case where k is finite or algebraically
closed; and Theorem 6.3(iii) in [17] for the general case.

Theorem 4.3 (Proper base change) Consider a cartesian square

’

x—5 . x
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of k-schemes of finite type. There is a natural isomorphism of functors

(8 o f) = (ff0g™) : Z(X) — 2(Y)). 4.1

4.2 Reminder on the sheaves-to-functions correspondence

In this subsection, we assume that the base field is finite: k = I,;. Let X be a scheme
of finite type over IF,. Given an object M € Z(X), one can define the corresponding
function ty; : X (Fy) —> @g. Namely, a point x € X(IF;) can be thought of as an
F,-morphism x : SpecF, —> X. Then, x*M € Z(SpecF,), and the cohomology
sheaves H' (x*M) = x*H' (M) are constructible £-adic sheaves on SpecF, i.e., con-
tinuous finite dimensional representations of the absolute Galois group Gal(F/F,)
over Q. Let F,; € Gal(IF/IF,) be the geometric Frobenius, defined as the inverse of
the Frobenius substitution ¢ — a?. Then, one defines

() = (=D -t (Fq; H"(x*M)) .

i€l
The main properties of the map M —— f); are summarized in

Lemma 4.4 Let X and Y be schemes of finite type over By, and let f : X — Y be
an IFy-morphism.

() IfNePDX), thentssny = frty d;f ty o f.

2) IfM,K € 9(X), then tygx = ty - tx (pointwise product).

(3) Assume that f is separated. If M € 9(X), then t,p = fity, where, by abuse
of notation, we also write f for the induced map of sets X (IFy) — Y (F,), and

(f'tM)(y) = erf—l(y) tM(x).

Of these, (1) and (2) follow rather easily from the definitions, while (3) is more
subtle. It follows from the proper base change theorem and the special case of (3)
where Y = SpeclF,, which is known as the Lefschetz-Grothendieck trace formula;
see Theorem 3.2 of “Rapport sur la formule des traces” in [14].

4.3 Equivariant derived categories

We return to the situation where the base field k is arbitrary. Let G be an algebraic
group over k, let X be a scheme of finite type over k, and suppose that we are given
a regular left action of G on X. We would like to define the “equivariant derived
category” Y (X).

In general, to get the correct definition one must either adopt the approach of
Bernstein and Lunts [5] (when G is affine), or use the definition of ¢-adic derived cat-
egories for Artin stacks due to Laszlo and Olsson [30] and define Z(X) = 2(G \X ),
where G \ X is the quotient stack of X by G.

From now on, we assume that G is unipotent. In this case, one knows that the naive
definition of 2 (X) (taken from [10]), given below, already gives the correct answer.
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Roughly speaking, this definition amounts to looking at the “category of G-equivariant
objects in Z(X)”.

Letus write @ : G x X — X for the action morphismand 7 : G x X — X for the
projection. Let 4 : G x G — G be the productin G. Let 3 : G X G x X — G x X
be the projection along the first factor G. The category % (X) is defined as follows.

Definition 4.5 An object of the category Y (X) is a pair (M, ¢), where M € 2(X)
and ¢ : «*M — 7*M is an isomorphism in (G xj X) such that

m33(¢) o (idg x)* (@) = (u x idx)"(¢), (4.2)
i.e., the composition of the natural isomorphisms

(uxidx)*(¢)
—_

(idg x)* oM = (u x idx)*a*M (1 x idx)*7*M = njm*M

equals the composition

(idg xa)*(¢) 735 (9) «
—_

(idg xa)*a*M (idg xe)*n*M = n330"M ——— niyn* M.

A morphism (M, ¢) —> (N, ) in Dg(X) is a morphism v : M — N in 2(X)
satisfying Y oa*(v) = w*(v) o¢p. The composition of morphisms in ¢ (X) is defined
to be equal to their composition in Z(X).

Remark 4.6 If G is a connected unipotent group, the forgetful functor Zg(X) —
2(X) is fully faithful.

4.4 Functors between equivariant derived categories

In the situation of Sect. 4.3, let us assume that H is another unipotent group over
k acting on a scheme Y of finite type over k. Suppose we are given a homomor-
phism i : G — H of k-groups and a morphism f : X — Y of k-schemes which
is G-equivariant with respect to the G-action on Y induced by i. Then, the functor
f*: 2(Y) — 2(X) naturally lifts to a functor f* : Py (Y) — PDc(X).

In the special case where H = G and i is the identity, we can also define a functor
fi: P6(X) — P (Y). Indeed, we have cartesian diagrams

id, id,
GxX—2" _Guy and GxX—2 _Gxy

X ! Y X ! Y

where oy, ay are the action morphisms and 7y, y are the projections, so Theorem 4.3
implies that fi : 2(X) — 2(Y) lifts to a functor fi : D5(X) — PDg(Y).




872 M. Boyarchenko

From now on, we assume that if f is an equivariant morphism between k-schemes
of finite type equipped with a G-action, then f* and f; are understood as functors
between the corresponding equivariant derived categories.

4.5 Convolution in Z(G) and Z5(G)

Let G be an algebraic group over an arbitrary field k, and & : G xx G —> G the
multiplication morphism. The bifunctor

PD(G) x 2(G) — 2(G), M,N)— M xN=u(MXN), (43)

is called the convolution with compact supports. Replacing ) with w, in the above
definition would yield the “usual” convolution bifunctor; however, convolution with
compact supports is the only one that will be used in this article and will be referred
to simply as “convolution” of constructible £-adic complexes on G.

It is easy to construct an associativity constraint for the bifunctor *, and check that
it makes Z(G) a monoidal category, where the unit object 1 is the delta-sheaf at the
identity element of G, i.e., 1 = 1,Q, = 1,Q,.

Lemma 4.4 implies that the bifunctor * is compatible with convolution of func-
tions via the sheaves-to-functions correspondence. Namely, for a finite group I, let
us define the convolution of two functions fi, f> : I —> Q, by the formula (fi *
P)(g) = Zyer fi(y) f2(y ~'g). Then, for any algebraic group G over F, and any
M, N € 2(G), we have ty«y = ty * ty as functions on G(FF,).

Next, suppose that G is a unipotent algebraic group over k. Unless otherwise explic-
itly stated, whenever we consider a G-action on itself, we will always mean the con-
Jjugation action. We also have the induced action of G on G x; G (by simultaneous
conjugation), and the multiplication morphism u : G X G —> G is G-equivariant.
It follows (see Sect. 4.4) that (4.3) can be upgraded to a bifunctor

96 (G) X D6(G) — P(G), M, N)y— M xN=u(MXN), (44)
which we also call convolution with compact supports.

Just as in the non-equivariant case, (4.4) can be upgraded to a monoidal structure on

the category Z¢ (G). Moreover, this category has a natural braiding, defined explicitly

in [10]. We will only need a weaker assertion:

Lemma 4.7 There exist functorial isomorphisms By n : M x N S NxM for all
M,N € 96(G).

Proof Consider the commutative diagram

GXG*E>G><G
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where t(g, h) := (h, g) and £(g, h) = (g, g‘lhg). We have M « N = yy(M XI N),
and the above diagram shows that Nx M = (ut))(MXN) = & (MXN). We define
Bu.n : (MBI N) —> w&(M R N) by By == w(f), where f: MRN —>
& (M X N) comes from the G-equivariant structure on N. O

4.6 Semigroupal categories

The notion of a semigroupal category is obtained from that of a monoidal category by
discarding all the axioms that involve the unit object. Thus, a semigroupal category is
a triple (M, ®, «), where M is a category, ® : M x M —> M is a bifunctor, and
« is an associativity constraint for ®, i.e., a collection of trifunctorial isomorphisms

axyz : (X®Y)®Z — X ® (Y ® Z) for all triples of objects X, Y, Z € M
satisfying a standard coherence condition.

The reason we need this notion is that even though the categories 2(G) and Z; (G)
introduced in Sect. 4.5 are monoidal, we will have the occasion to consider certain
semigroupal subcategories of Z5(G) that, at least a priori, may not be monoidal
(cf. Remark 4.8).

The notion of a (weak, strong or strict) semigroupal functor between semigrou-
pal categories is also obtained from the notion of a monoidal functor in the obvi-
ous way. Thus, if (M, ®, @) and (N, ®', a’) are semigroupal categories, a functor
F : M — N is said to be strict semigroupal if F commutes with the semigroupal
structures “on the nose,” i.e., F(X ® Y) = F(X) ® F(Y) for every pair of objects
X,Yof M; F(f ® g) = F(f) ® F(g) for every pair of morphisms f, g in M; and
F(ax.y,z) = a/F(x).F(y),F(z) for every triple of objects X, Y, Z of M.

On the other hand, a weak semigroupal structure on a functor ® : M — N is
a collection of bifunctorial morphisms ¢xy : ®(X) ® ®(¥) — &(X ® Y) for
all X, Y € M, which are compatible with the associativity constraints in the obvious
sense. The structure is said to be strong if every ¢y y is an isomorphism.

An additive semigroupal category is a semigroupal category (M, ®, «) such that
M is an additive category, and the bifunctor ® is bi-additive.

4.7 Weak idempotents

Let M = (M, ®, @) be a semigroupal category. An object ¢ € M is said to be a
weak idempotent if e ® e = e. Observe that this notion depends only on the bifunctor
® and not on the associativity constraint «.

If e € M is a weak idempotent, the corresponding Hecke subcategory is defined
as the full subcategory eMe C M consisting of all objects N € M such that N =
e ® N ® e. Equivalently, e Me can be described as the essential image of the functor
M — M givenby M —— (¢ ® M) ® e, which explains the notation.

The Hecke subcategory e Me C M is stable under ®, so it becomes a semigroupal
category in its own right. If M is additive, so is e Me.

Remark 4.8 Even if M is a monoidal category, one cannot expect e, Me to be a monoi-
dal category in general. Indeed, even thoughe ® N = N = N @ e forall N € eMe,
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there is no guarantee that the functor N —— ¢ ® N is an auto-equivalence of e Me;
if it is not, then eMe cannot have a unit object.(’

Definition 4.9 A semigroupal category M is weakly symmetricif M @ N = N @ M
for all pairs of objects M, N € M.

For example, if a semigroupal category admits a braiding, then it is weakly symmetric.
The category (Z6(G), *) is weakly symmetric by virtue of Lemma 4.7. Observe that
if M is a weakly symmetric semigroupal category, then for any weak idempotent
e € M, we have eMe = e M = Me.

Definition 4.10 If M is an additive weakly symmetric semigroupal category, a weak
idempotent e € M is said to be minimal if e # 0 and, for any weak idempotent
e € M,wehaveeithere ® e’ =0,ore®@e Ze.

Remark 4.11 1f M is an additive weakly symmetric semigroupal category, a weak
idempotent ¢ € M is minimal if and only if the Hecke subcategory e M contains
exactly two weak idempotents (up to isomorphism), namely, O and e.

4.8 Idempotents and L-packets

In this subsection, we again assume that the base field is finite: k = . Let us fix a
connected unipotent group G over IF,,. Recall from Definition 2.7 that two irreducible
representations, o1 and p3, of G(F,) over @g, are said to be L-indistinguishable if for
every weak idempotent e € ¢ (G), the function ¢, acts in the same way in p; and p;.
In this subsection, we will explain that in this definition one can restrict attention to a
special class of weak idempotents.

Definition 4.12 If k is any field and U is a unipotent group over k, a weak idempotent
e € 9y(U) is said to be geometrically minimal if for every algebraic extension k’
of k, the induced weak idempotent ¢’ =e ®; k" in Dy (U’), where U' =U ®y k', is
minimal in the sense of Definition 4.10.

Every geometrically minimal weak idempotent in 2y (U) is minimal, but the con-
verse need not be true. The next result is proved in Sect. 9.3.

Proposition 4.13 Let G be a connected unipotent group over F,, and let py, py be
two irreducible representations of G (IFy) over Qy. The following are equivalent.

(1) The representations py and p> are L-indistinguishable.
(ii) For every minimal weak idempotent e € 9 (G), the function t, acts in the same
way in p1 and in ps.
(iii) For every geometrically minimal weak idempotent e € P (G), the function t,
acts in the same way in p1 and in p.

6 This is one of the reasons why we chose the term “weak idempotent”. The notion of a closed idempotent
in a monoidal category, defined in [10], is much more rigid; in particular, if e is any closed idempotent in a
monoidal category M, then e Me is monoidal as well.
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Remarks 4.14 (1) Note that if e1, ey € P(G) are non-isomorphic minimal weak
idempotents, then e; x e2 = 0, 50 ¢, * 1, = 0. Now if e € Z(G) is a geo-
metrically minimal weak idempotent such that 7, # 0, we can define L(e) as
the set of irreducible representations of G(IF,;) on which ¢, acts as the iden-
tity, and it follows (from Definition 2.7 and the last observation) that L(e) is an
L-packet. Proposition 4.13 implies that, conversely, every L-packet of irreducible
representations of G(IF,) is of this form.

(2) Itis shown in [8] that if ¢ € Z5(G) is any geometrically minimal weak idem-
potent, then 7, # 0. In particular, one obtains a bijection between L-packets of
irreducible representations of G (IF;) and isomorphism classes of geometrically
minimal weak idempotents in Z(G). However, the proofs of these facts use
some of the methods developed in [9] (as well as additional techniques) and are
beyond the scope of the present article.

(3) On the other hand, Proposition 4.13 easily implies thatif e € Z(G) is a minimal
weak idempotent which is not geometrically minimal, then t, = 0.

4.9 Twists in the category P (G)

A structure on the equivariant derived category % (G) that plays an important role
in the proof of Theorem 2.5 is a canonical automorphism of the identity functor,
whose construction we now recall. Fix a unipotent group G over k, letc : G x G —
G be the conjugation action morphism c(g,h) = ghg ', let p» : G x G — G
denote the second projection, and write A : G — G x G for the diagonal. Then,
coA =idg=proA.Foreach M € 23(G), the G-equivariant structure on M yields

an isomorphism c¢*M = p3;M. Pulling it back by A, we obtain an isomorphism
Oy M = A*c*M —> A*piM = M.

Definition 4.15 One calls 6y, the twist automorphism of M, or the balancing isomor-
phism. The collection {OM | M e Dg (G)} defines an automorphism of the identity
functor on % (G), which we simply denote by 6 if no confusion can arise.

The following fact will be used in our proof of Theorem 2.5.

Lemma 4.16 Let G be an easy unipotent group over a field k of characteristic p > 0.
For every object M € 2(G), the twist automorphism 0y of M is trivial.

Proof (cf. [10]) We may and do assume that k is algebraically closed. Consider the
usual (non-perverse) ¢-structure on Z(G) whose heart is the category Sh. (G, @g) of
constructible @g-sheaves on G.If M € 2(G), we will write H! (M) for the cohomol-
ogy sheaves of M with respect to this z-structure (i € Z).

Fix M € 95(G) and i € Z. For every x € G(k), we have the induced action of
the centralizer Zg (x) of x in G on the stalk (M), and by continuity, the neutral
component Zg (x)° C Zg(x) acts trivially on H! (M), In particular, since G is easy,
x acts trivially on H! (M), which shows that Oy o) = idHi(M). This implies that
O is a unipotent automorphism of M. On the other hand, since G is unipotent, it has
exponent p" for some n € N, and it follows that (637)” " =id - Finally, we conclude
that 0y = id )y, as desired. O
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5 Induction with compact supports
5.1 Setup

Throughout this section, G is a unipotent algebraic group over a field k, G' C G is a
closed subgroup, and ¢ is a prime different from char k. Both G and G’ are allowed
to be disconnected. We will use the notation introduced in Sect. 4 above. Our goal is
to define the functor of “induction with compact supports”

ind%, : 26/(G") — Z6(G) (5.1

and establish its basic properties, such as the existence of a weak semigroupal struc-
ture (cf. Sect. 4.6) on this functor and its compatibility with twists (Sect. 5.9). In
Sect. 5.8, we study the restriction of the functor (5.1) to a functor between suitable
Hecke subcategories of Z/(G’) and of Z25(G).

5.2 Definition of indg,
In this subsection, we will define the functor (5.1).
5.2.1 Motivation

To motivate the definition of (5.1), we first rewrite the formula for the induced char-
acter (in the setting of representations of finite groups) in a suggestive way. Let I" be
a finite group, and I'" C T a subgroup. Consider the (free) right action of I’ on the
product I' x I givenby (g, g)-y = (gv, ¥y~ 'g'y), andletl” = (I'x T )/ T be the set
of orbits for this action. The left '-actionon I" x I’ given by y : (g, g') —> (vg., g )
descends to a left I'-action on I". We have a natural I"'- -equivariant injection : T
induced by g’ — (1, g’), and a natural ['-equivariant map 7 : T —> T induced by
(g.g) —> gg'¢~" (as always, I and I act on themselves by conjugation).

We will use the following notation. If X is any set, Fun(X) denotes the vector
space of all functions X — Q,. If H is an (abstract) group acting on X, we write
Fun(X)? < Fun(X) for the subspace of H-invariant functions. If ¢ : X —> Y
is a map of sets, we have the pullback map ¢* : Fun(Y) — Fun(X) given by
¢*(f) = f o ¢. Finally, if ¢ has finite fibers (in particular, if X itself is finite), we can
also define a linear map ¢, : Fun(X) — Fun(Y) by the formula

@H = D [
xep~(y)

With this notation, one can easily verify the following statements.
(a) The mapi*: Fun(F)F — Fun(F/)F/ is an isomorphism.
(b) Letindl, : Fun(I")™" — Fun(I)" be defined by ind-, = 0 (i*)~". If p
is any finite dimensional representation of I'" over Q, and x € Fun(I"’ ) s its
character, then the character of the representation IndL, p of I equals indF/( X)-
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5.2.2 Auxiliary constructions

We will define the functor indg, by imitating the formula presented in Sect.5.2.1. We
have a free right action of G’ on G x G’, given by (g,g") -y = (gv, y~lg’y), so
we can form the quotient G = (G x G’)/G’ (it exists as a scheme, for instance,
because G x G’ is affine), and G acts on G on the left. Similarly, we can consider
the G’-equivariant injection i : G’ < G induced by g’ —> (1, g), and the G-equi-
variant morphism 7 : G —> G induced by (g, g') —> gg’'g~", where G and G’
act on themselves by conjugation. Applying the constructions of Sect. 4.4, we obtain
functors between the equivariant derived categories

D6 (G <— 96(G) > 96(G).

The geometric analogue of statement (a) in Sect. 5.2.1 is the following
Lemma 5.1 The functori* : 90(6) — D/(G') is an equivalence of categories.

This result is proved in Sect. 5.2.4.
5.2.3 The main definition

In the situation of Sect. 5.2.2, let us choose a quasi-inverse to the functor i*, and denote
it by (i*)~!, by a slight abuse of notation.

Definition 5.2 The functor indg, : 96/ (G") —> P6(G) of induction with compact
supports is defined as the composition

i*)~! ~ M
P0G "5 96(G) > 96(G).

Remarks 5.3 (1) Strictly speaking, the definition we gave depends on the choice of
(i*)~L. However, different choices lead to isomorphic functors indg,, and since
we only use induction as a technical tool, we prefer to ignore this issue.

(2) Along with the functor ind%,, one can introduce an induction functor
ndS =m0 ("' 1 P6/(G) — D6(G).
We will only need this functor in the proof of Proposition 5.17.
5.2.4 Proof of Lemma 5.1

The result would have been more or less obvious, had we used the definition of equi-
variant derived categories in terms of quotient stacks (cf. Sect. 4.3). Indeed, the map
g > (1, g’) induces an isomorphism G’ — G\ (G x G’), and hence an isomor-
phism G'/(Ad G') — G\ (G x G")/G" = G\ G. However, since we used an ad hoc
definition of the equivariant derived category, we will give a proof of Lemma 5.1 that
only uses that definition. The argument is based on two results:
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Lemma 5.4 Let U be a unipotent group over k, let N C U be a closed normal sub-
group, let X be a scheme of finite type over k with a left U-action, andlet¢ : X —> Y
be a morphism of k-schemes which makes X an N-torsor overY (a fortiori, the induced
action of N on X is free). The pullback functor ¢* can be upgraded to an equivalence
of categories

¢ DyNY) — Du(X).

Lemma 5.5 With the notation of Lemma 5.4, assume, in addition, that N admits a
complement in U (i.e., a closed subgroup H C U which maps isomorphically onto
U/N), and that ¢ admits an H -equivariant section o : Y —> X. Then, the functor

o Du(X) — Dyn(Y) = ZuY),

understood as the composition of the forgetful functor 2y (X) —> Py (X) and the
pullback via o, is a quasi-inverse to the functor ¢* : Dy;N(Y) — Dy (X).

Let us now prove Lemma 5.1. Recall that G is defined as the quotient of G x G’
by the right G’-action defined by (g, ¢’) - ¥ = (gy. ¥~ '¢’y). Since we will also need
to consider left G-actions, we prefer to turn this action into a left G’-action as well,
givenby y : (g, g") —> (gy ', yg’y~") (merely for notational convenience).

Letus writeq: G x G/ —> G for the quotient morphism. We define a left action
of GxG' onG xG'by (h,y): (g,8)— (hgy~ ', yg'y~"). Applying Lemma 5.4
toU =G x G'and N = {1} x G’ C U, we obtain an equivalence

q* : 26(G) — Dxc'(G x G).

On the other hand, let p’ : G x G’ — G’ denote the second projection. It can be

viewed as a quotient map for the induced action of G on G x G’, where we embed

G < G x G’ via g —> (g, 1). Of course, the quotient group (G x G)/(G x {1})

is naturally identified with G’. Let A : G’ < G x G’ denote the diagonal embed-

ding. Then, A(G’) is a complement to G x {1} in G x G’. Moreover, the map

Jj:G'—> G x G’ defined by g’ — (1, ¢’) is a A(G’)-equivariant section of p’.
Applying Lemma 5.5, we see that the functors

™" D6/(G) — D6y (G xG') and j*: Dg4c (G x G — Dg/(G)
are equivalences of categories that are quasi-inverse to each other.

Finally, since the composition of A : G’ < G x G’ and the natural projection
G x G’ —> G is equal to the inclusion map G’ —> G, and since i = q o j by

definition, we see that the functor i* : 26(G) — P¢(G') is isomorphic to the
composition

266) =1 Dg. (G x G — PG,

We just showed that g* and j* are equivalences, whence so is i*.
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5.3 An alternative viewpoint on induction functors

Suppose Y is a scheme of finite type over k equipped with a transitive left G-action.
We let G act on itself by conjugation, as usual, and consider the induced diagonal
actionof Gon G x Y. Write Z = {(g, y) | g-y= y} C G x Y and observe that Z is
G-stable. Given y € Y (k), we let G denote the stabilizer of y in G and consider the
inclusion morphism j, : G¥ < Z given by g — (g, y).

Proposition 5.6 (a) For every y € Y (k), the pullback j;‘  96(Z2) — D6y (GY)
is an equivalence of categories.
(b) Ifpry: Z — G is the first projection, the functors

priwo (GO prio (GO Z6v(GY) — Z6(G)

are isomorphic to the induction functors Indgy and indgy, respectively.

Proof Fix y € Y (k), write G’ = G”, and let G = (G x G')/ G’ be defined as before.
The morphism G x G’ —> G x Y given by (g, g) — (gg’g™", g - v) has image
in Z and induces a G-equivariant isomorphism G —> Z, which identifies Jy with

:G' < G and pr; with w : G — G. The proposition follows. O

5.4 Useful notation

In this subsection, we collect some of the notation introduced in Sect. 5.2.2 and in the
proof of Lemma 5.1, given in Sect. 5.2.4 above. It is convenient to put all the maps
we defined together into the following diagram:

x G’
J(q
G

Here, q is the quotient map for the G’-action, p’ is the second projection, j is the
natural inclusion given by j(g") = (1, g), and i = q o j. Also, ¢ is the conjugation
map (g, g’) — gg’g~", and 7 is the unique morphism satisfying ¢ = 7 o q. Finally,
let us agree, from now on, to denote the chosen quasi-inverse of the functor i* by

D6(G)> M —> M € 95(G).
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5.5 Weak semigroupal structure on ind%,
In this subsection, we will define functorial morphisms
.06 4G 4G
om,N :indg, (M) *indg, (N) —> ind, (M * N) 5.2)

forall M, N € 9/ (G"), where the convolution on the left (respectively, on the right)
is computed on G (respectively, on G’). In Sect. 5.7, we prove that under a suitable
condition on M and N, the arrow ¢y y is an isomorphism. Of course, there is no
reason for it to be an isomorphism in general (in the setting of finite groups, induction
of class functions usually does not commute with convolution).

5.5.1 Preparations

We keep the notation of Sect. 5.4. We have an obvious morphism G — G/G
induced by the first projection G x G’ —> G. Form the fiber product

Z=G x G.
G/G’'

Thus, Z is a closed subscheme of G x é, and the morphismi xi : G'x G — GxG
factors through Z. Further,let u : G x G — G and ' : G’ x G’ —> G’ denote
the respective multiplication morphisms. The next result is straightforward.

Lemma 5.7 There exists a morphism [t : Z —> G such that
Ay = [@rh g e b gy 'en] Y1) €ZC G x 8

where (g, hj) € G x G are representatives of the G'-orbits y; € G (j=1,2),and
[(g, h)] denotes the G'-orbit of a point (g, h) € G x G'. Furthermore, the square

G'x G

G

commutes and is cartesian, and the square

<~ X
=

=
N=—N

|

commutes. Also, Z is stable under the diagonal action of G, and [ is G-equivariant.
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5.5.2 Definition of the weak semigroupal structure

Let us choose M, N € 95/(G’). By definition, (i* x i*Y(MXN) = MK N, whence,
by the proper base change theorem, we have functorial isomorphisms

i (MMRN)|z) = (MR N) =M xN,
and thus we have functorial isomorphisms
ind%,(M % N) = min(M X N) |z = (e x a) (MK N) 7.

Iff:7Z < GNX G denotes the inclusion morphism, we see that the adjunction
morphism M X N — f, f*(M K N) induces a natural morphism

(ind%, M) * (ind$, N) = ju(r x 7)(M K N) — indS, (M  N).

This is the desired morphism (5.2).

5.6 Some auxiliary results

The following facts will be used several times in the rest of the section.

Lemma 5.8 Let X be a scheme of finite type over k, let U C X be an open subset, let
Z = X\U be equipped with the reduced induced subscheme structure, and let

UC X Oz
be the natural inclusions. For every F € 2(X), there is a distinguished triangle
J'F — F — ii*F — jij' FI1],
functorial in F, where the morphisms jij'F — F and F —> i,i*F are induced
via adjunction by the identity morphisms j'F — j'F and i* F —> i*F.
Let us write, as usual, F |y = j*F and F |z = i*F. Since j! = j*and iy, = i,
the distinguished triangle of Lemma 5.8 can also be rewritten as

IFlv) — F—i(Flz) — j(Flu) 1] (5.3)

Lemma 5.9 Let H be a possibly disconnected unipotent group over a field k, and let
h : X — Y be an H-torsor, where Y is a scheme of finite type over k. For every
M € D(Y), consider the canonical adjunction morphism €y - hh'M — M.

(a) If H is connected, then €y is an isomorphism for all M € 9(Y).
(b) In general, €y has a natural splitting, i.e., there exist functorial morphisms
sy M —> hgh!Mfor all M € 9(Y), such that €y o sy = idyy.
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Proof (a) First, we may clearly assume that & is algebraically closed (using base
change to an algebraic closure of k). Second, using base change by the smooth

surjective morphism X Iy , we may assume that X is a trivial H-torsor over
Y. Since k is algebraically closed and H is a connected unipotent group over k,
it follows that A has a filtration by normal connected subgroups with successive
subquotients isomorphic to the additive group G, over k. Thus, we may also
assume that H = G,,. In this case, the result reduces to the standard computation
of the cohomology with compact supports for an affine line over k.

(b) Inview of (a), we may assume that the neutral connected component of H is triv-
ial, i.e., that H is a finite étale group scheme over k. In this case i, = h, h' = h*,
so that /' is also left adjoint to /;, and we obtain a canonical adjunction morphism
nm : M —> hih'M. Let k be an algebraic closure of k, and let n = |H (k)|. We
claim that the composition €7 o 17 equals the multiplication by n; assuming this
claim, we can define s); = nl. nm, because @g has characteristic 0, and then
s is the desired splitting. To prove the last claim, we again extend the base field
to k and thus assume that k = k. Then, H is a discrete group of order 1, and the
claim becomes trivial. O

In practice, we will apply the following corollary of the lemma. Note that £ is a
smooth morphism of relative dimension d = dim H, so that there is a natural isomor-
phism of functors h' = h*[2d](d). Thus, the next result is immediate.

Corollary 5.10 In the situation of Lemma 5.9, let d = dim H. If H is connected
(respectively, in general), every M € 2(Y) is naturally isomorphic to (respectively,
is naturally isomorphic to a direct summand of) hih* M[2d](d).

5.7 A case where (5.2) is an isomorphism

In this subsection, we establish a sufficient condition for (5.2) to be an isomorphism.
First we introduce more notation. If M is an object of 2(G’) or P(G'), we will
denote by M the object of Z(G) obtained from M by extension by zero. It is clear
thatif M, N € 9(G’), then

Mx N

12

M x N, functorially in M, N. 5.4

Next, we choose an algebraic closure, k, of k. We can consider the algebraic group
G ®y k over k. By a slight abuse of notation, given an object of 2(G), we will denote
the corresponding object of Z(G ®y k) by the same letter. If x € G(k), we denote by
8, the corresponding delta-sheaf on G ®y k.

Proposition 5.11 If M, N € .@G/_(G/) are such that M % 8, « N = 0, as objects of
PD(G ®y k), for all x € G(k)\G'(k), then (5.2) is an isomorphism.

Proof Using base change from & to k, we may and do assume that k is algebraically
closed. Let U = (G x G)\Z an open subset of G x G. We will use the following
shorthand notation: (M XN )y is the extension of (M XN )|y to GxG by zero outside
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of U. Applying the distinguished triangle (5.3) to our situation (where X = G x G),
we see that it is enough to check that wi(w x ), (M X N)U =0.
We still keep the notation of Sect. 5.4. Consider the morphism

4xq:GxG xGxG — GxG,

which is a torsor under G’ x G'. According to Corollary 5.10, if &’ = dim G’, then
(MXN)y is adirect summand of (q x q)1(q x q)*(MXN)y[4d']1(2d"), so to complete
the proof of the proposition, it will suffice to show that

(T x (g x (g x (MR N)y = 0.

We have (q x q)*(M B N)y = (¢*M B q*ﬁ)(qxq)qw), where the meaning of the
subscript (q x q)~'(U) is similar to that of the subscript U. According to the proof of
Lemma 5.1 given in Sect. 5.2.4, we have q*M = p*M, where p’ : G x G' —> G’ is
the projection onto the second factor. Similarly, q*ﬁ = p*N. Thus, we are reduced
to showing that

[wo (x xm)o(qxql (p*MKEp*N) =0. (5.5)

(axg)~1(U)

In fact, we will prove a stronger statement. Namely, consider the morphism
®=[puo(@xmo(@xqlxpryx&: GxG xGxG — GxGxG,

wherepr; : GxG'xG xG' —> Gisthefirstprojectionandé : GXG'xGx G —>
G is given by (g1, 8], 82, 83) —> gl_lgz. We will prove that

@, (p"*M R p™*N) =0, (5.6)

(gxq)~1(U)

which will of course imply (5.5).

By definition, it is easy to check that (q x 9)~'(U) = ®~! (G x G x (G\G")).
Hence, it suffices to prove the vanishing of the stalk of ®,(p"*M X p'*N) at any given
point (g, g1, x) € G(k) x G(k) x (G(k)\G’(k)). As usual, we apply the proper base
change theorem. The fiber ot (g, g1, x) is naturally identified with the closed subset

{(hl, h) € G’ x G' | hixhy = gl_lgglx} CG xG

via the morphism (h1, h2) —> (g1, h1, g1x, h2). (This is simply because the equation
glhlgl_l (glx)hz(glx)’l = g isequivalent to h1xhy = gl_lgglx ) Hence, the stalk
of CID;(p’ *MK p’ *N) at (g, g1, x) is quasi-isomorphic to the stalk of the convolution
M8, xN atg, gg1x Since x € G(k)\G'(k), we have M*8, %N = 0 by assumption,
which implies (5.6) and completes the proof of Proposition 5.11. O
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5.8 Induction of weak idempotents

In this subsection, we keep all the notation introduced earlier (notably, at the beginning
of Sect. 5.7).

5.8.1 Statement of the main theorem

Let e € 96/(G’) be a weak idempotent, and recall that the corresponding Hecke sub-
category of 9/ (G’) is denoted by e Z/(G’), because P/ (G’) is weakly symmetric
by Lemma 4.7 (see Sect. 4.7 for the all relevant terminology).

Assumethate % §, xe = Oforall x € G(E)\G’(E). It follows from Proposition 5.11
that f := indg, (e) is a weak idempotent in P (G). Moreover, if M € e %/ (G’), then
M = e % M, which implies thate % 8, * M = 0 for all x € G(k)\G' (k) (in view of
(5.4)), and Proposition 5.11 shows that indg,(M) € f%25(G).

Theorem 5.12 (a) In this situation, the functor

indg, |ez, @) : €Z6(G) — fP6(G) (5.7)
is strong semigroupal (with respect to the semigroupal structure introduced in
Sect. 5.5) and induces a bijection on isomorphism classes of objects.

(b) If the functor M — e x M is isomorphic to the identity functor on e Pg (G),
the functor (5.7) is faithful.

(¢c) If the functors M —— e «* M and N —— f x N are isomorphic to the identity
Sunctors on e D (G') and f D (G), respectively, then (5.7) is an equivalence of
categories, a quasi-inverse to which is provided by the functor

[926(G) — ¢Z6/(G"), N+ ex(Nlg).

5.8.2 An immediate consequence
Let us note at once the following

Corollary 5.13 [f e is a minimal (resp., geometrically minimal) weak idempotent in
D6 (G") and the other assumptions are in force, then f = indg,(e) is a minimal
(resp., geometrically minimal) weak idempotent in 96 (G).

It suffices to check that if e is minimal, then so is f, as all the hypotheses of the
corollary are obviously invariant under base change to algebraic extensions of k. To
this end, observe that a weak idempotent f € %5 (G) is minimal if and only if the
semigroupal category f % (G) contains no weak idempotents other than 0 and f. By
Proposition 5.11 and Theorem 5.12, the functor (5.7) induces a bijection between the
set of isomorphism classes of weak idempotents in eZg (G’) and the set of isomor-
phism classes of weak idempotents in f P (G), whence the claim.
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5.8.3 Reduction of Theorem 5.12 to two auxiliary propositions

From now on, we fix a weak idempotent e € P/ (G’) satisfying e * §, x e = 0 for all
x € G\G'(k).IfM, N € ePc(G'),then M = Mxeand N = ex N, which implies
that M % 8, = N for all x € G(k)\G’ (k). Thus, the first assertion of Theorem 5.12(a)
results from Proposition 5.11.

Put f = indg, (e) € P96 (G). The following two propositions are proved below.

Proposition 5.14 For each N € 9¢(G), there is an isomorphism
[N —— indS, (ex (N|g)),

Sfunctorial with respect to N.

Proposition 5.15 For each M € e/ (G'), there is an isomorphism
e * ((indg, M) |G/) = s ex M,

functorial with respect to M.

These propositions clearly imply part (c) and the second assertion of part (a) of
Theorem 5.12 (by restricting attention to objects N € f%5(G)). To see that they
also imply part (b) of the theorem, observe that by Proposition 5.15, the functor
M —> e * M on e9 (G’) is isomorphic to the composition

indS, rioti _
e@G,(G’) ind - @G(G) restriction @G/(G/) ex e@c;/(G/).

If the composition is isomorphic to the identity functor on e %5 (G’), then the first
term in the composition, indg, ¢ D (G') » has to be faithful.

5.8.4 Proof of Proposition 5.14

The argument follows a pattern similar to the one used in the proof of Proposition 5.11.
By definition, we have

fxN= (indg/ e)* N = pu(mr x id);(e X N), (5.8)
where we are using the morphisms
GxG6 2 6x6 - 6.
Consider the closed subset

7 ={1@m.»eGxc|g'yged|cixa
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It is easy to check that Z' is well defined and is stable under the diagonal action of G
on G x G (where, as always, G acts on itself by conjugation). Moreover, let us recall
the closed subset Z C G x G introduced in Sect. 5.5.1:

= {@er L g2 k) € G x G | g7 g2 € G}

It is clear that the morphism id %7 : G x G —> G x G takes Z into Z'.
Now consider the (clearly G-equivariant) morphism

viZ — G, 1@ ml ) — [@hg e
It is easy to check that v is well defined, and we obtain a commutative diagram

ixi id xm

G' x G'¢

b

G/C% G

Furthermore, it is also easy to check that the following square is cartesian:

ix(mwoi)

G xG——F—F——7

4k

G/(%' 6
Now we use the same argument as before. Put U’ = (G x G)\Z', write @X N)
for the extension of (¢ X N) |z to G x G by zero outside of Z’, and define (¢ X N)
similarly. Applying the proper base change theorem to the cartesian square above, we
obtain functorial isomorphisms

0 (EXN)|z) Zp XN lg)) Zex(Nlg),

whence indg, (e* (N|g)) = mv (X N)|z). We also have a commutative dia-
gram

which implies that

indg, (e (N |g1) = e x id) (€ B N)z).
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In view of (5.8), we see that the adjunction morphism (¢ X N) —> (¢ XI N) 7 yields
amorphism f «x N — ind9, (e x (N |¢)), functorial with respect to N. As before,
to complete the proof of Proposition 5.14, it is enough to show that if e x §, xe = 0
for all x € G(k)\G'(k), then (7w x id); (€ X N)yr) = 0.

Henceforth, we may and do assume that k is algebraically closed. By Corollary 5.10,
it is enough to prove that ui( x id)y(q x id) [(q x id)*(@ X N)y/| = 0, which is
equivalent to

e < i@ x id): [ (8770 BN (i 10 | = O (5.9)

(As in Sect. 5.4, we write q : G x G’ —> G for the quotient map andp’ : G x G/ —>
G’ for the projection onto the second factor; and we are using the proof of Lemma 5.1
given in Sect. 5.2.4 to conclude that q*e = p™e.)

Note that the morphism

pwo(mr xid)o(qxid):GxG xG — G
is given by (g, h, y) —> ghg~'y. Let us consider the morphism
:GxG xG— GxG, (g,hy)r—> (ghg”'y, g.

To establish (5.9), it suffices to prove that

@[ () BN i1 0] = 0 (510
We also observe that
(q x i)~ (U") = {(g, h.y)eGxG xG|gyge G\G/} .

We will use the proper base change theorem to compute the stalk of the left hand side
of (5.10) at a point (x, g) € G(k) x G (k). The fiber O (x, g) is identified with the
closedsubset {(h,y) € G' x G |ghg™'y = x} C G'xG.Theequationghg™'y = x
canbe rewrittenas 1- g~ 'yg = g~ 'xg, so we see that &'~ (x, g) N (g xid)~"(U) can
be identified with the closed subset W = {(h, y') € G’ x (G\G') | hy' = g~ 'xg} via
the morphism w : W — G x G’ x G given by (h, y') — (g, h, gy'g™ ).

Since N is G-equivariant, the pullback A*((p™*e) X N) is naturally identified
with (e X N)|w, and thus, by the proper base change theorem, the complex
RT. (W, 2*((p"*e) K N)) is naturally identified with the stalk at g~'xg of the con-
volution € * Ng /¢, where the meaning of the subscript G\ G’ is as before: Ng\¢' is
the extension of N |g\¢’ to G by zero outside of G\G'. Hence, we are reduced to the
following

Lemma 5.16 Under the assumptions of Proposition 5.14, we have

e * N(;\G/ =0 for all N € gg(G).
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To prove Lemma 5.16, we use the distinguished triangle (5.3) withM = N, X = G
and Z = G’. We see that it suffices to show that the natural morphism ¢ * N —
e * Ng is an isomorphism. But ¢ = ¢ x ¢, and since N € Z5(G), we see that
e*x N = ex*x N xe, functorially in N (see Lemma 4.7). On the other hand, it is clear
thate * Ng' = e * (N |g), and since e is a weak idempotent in Zg/(G’), we also
have e * M = e x M * e functorially with respect to M € 2(G’) (applying Lemma 4.7
to G’ in place of G). Thus, we are reduced to showing that the morphism

ex Nxe — ex Ng xe,

induced by the adjunction morphism N —> N, is an isomorphism. Applying the
distinguished triangle (5.3) once again, we see that it is enough to show that

exNg\gxe=0 forall N € 96(G). (5.11)

Finally, to prove (5.11), note that e * Ng\g' * ¢ = Mg!(e X N |G\G/ X e), where
51 G x (G\G') x G' — G is given by (g1, g2, g3) —> g1g2&3. Consider the
map

1:G x (G\G') x G' — G x (G\G"),  (g1.82.83) > (818283, &2).

By the proper base change theorem, the stalk of A, (e XN |G\G/ X e) at a point
(g,x) € G(k) x (G(k)\G’(k)) is isomorphic to Ny ® (e * ; x e)g, where N, is
the stalk of N at x. But e *x §, * e = 0 by assumption, so Aj(e X N |G\G/ Xe) = 0.
This forces (5.11), completing the proof of Lemma 5.16 and of Proposition 5.14.

5.8.5 Proof of Proposition 5.15

Once again, the argument is very similar to the ones~used in the proofs of Prop-
ositions 5.11 and 5.14. The morphism i : G’ — G is a closed immersion; let
U " c G denote the complement of its image. As usual, we have an exact trlangle
MUu — M — M,(G) — MUN[I] where the meaning of the subscripts U” and
l(G ) is as before. In addition, we have M,(G/) = )M by definition, and therefore
mM,(Gr) = M. Thus, we obtain a natural morphism

¢ % indS (M) = w@ERmM) — @R mM;g)) e+ M =ex M.
Restricting it to G’ yields a morphism
e * ((indg, M) ‘G/) —>ex M,

functorial in M € e%/(G’), and we would like to show that it is an isomorphism.
As before, it is enough to prove that

% (mMyr) = 0. (5.12)
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In turn, to establish this equality, it is enough (by Corollary 5.10) to check that
ex mar (4% (My»)) = 0. (5.13)
where q : G x G’ —> G is the quotient map. :
As always, we may and do assume that k = k. Now q- ' (U") = (G\G') x G’, and
q*(My») = (0" M) \6')xG')> Where p’ : G x G" — G’ is the projection onto the

second factor. Thus, the left hand side of (5.13) can be rewritten as (e X @g X M),
where we define

W:G x(G\G)xG —> G by (h,g hy)—> hy-ghyg™",

and Q, denotes the constant rank 1 local system on G\G'.
Let us consider instead the morphism

d": G x (G\G) x G' —> G x (G\G"),  (h1,g, h2) —> (highag™ ', g).
The fiber of ®” over (x, g) € G(k) x (G(k)\G’(k)) is naturally identified with
W ={(h1,h2) € G' x G’ | h1ghy = xg}
via the morphism
w W — G x (G\G') xG',  (hy,hy) —> (hy, g, h2).

By the proper base change theorem, we have
O(e BTy B M)y = RT, (W/, w*(eRQ, K M)) 2 (@ % 8y % M)yg.

The latter stalk is zero because g € G (k)\G’ (k) and M = &% M. Thus, we have proved
that @Y’ (e X Qy X M) = 0. A fortiori, ¥ (e ¥ Q, ¥ M) = 0, which is equivalent to
(5.13), which in turn implies (5.12) and completes the proof of Proposition 5.15.

5.9 Compatibility of induction with twists

Our final goal in this section is the following

Proposition 5.17 For every M € 95/(G'), we have indg, (03,) = 0,46 (M) @S auto-
G/

morphisms of indg,(M ), where 0" and 0 are the twists in the categories D (G') and
26(G), respectively, introduced in Definition 4.15.

Lemma 5.18 Let j : G' < G denote the inclusion map and d = dim(G/G’). Then,
Indg, is right adjoint to the restriction functor j* : 96(G) — D¢/ (G’), and indg,
is left adjoint to the functor j'[2d](d) : 26(G) — D/ (G).
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Proof Observe that j = 7 o i with the notation of Sect. 5.2.2. Next apply the defini-
tions of Indg, and indg, (see Definition 5.2 and Remark 5.3(2)) and use the fact that

7, and 7y are, respectively, right and left adjoint to 7* and . O

To formulate the next lemma, we let Dg : Y6 (G) —> P (G) denote the Verdier
duality functor and write D; = " 0 Dg = Dg o t* : I6(G) — Z(G) (following

[10]), where ¢ : G — G is given by g — g_l.

Lemma 5.19 The functors D o Indg/ ODE/ and indG,[Zd](d) are isomorphic.

Proof This follows from Lemma 5.18 using the fact that D; and D, are anti-
auto-equivalences together with the isomorphism D ;, o ( j'12d1(d)) o c=Jj* O

Proof Proof of Proposition 5.17 By definition, 9}*1\, = j*(Oy) forall N € 2¢(G).
Lemma 5.18 formally implies that IndG,(Q//V,) = Opa6,  forall M € Do (GN. Tt
Gl

is shown in [15, Prop. 7.2] that D (0y) = QIDJEN for all N € 95(G) (and a similar
statement holds for D). Now Lemma 5.19 finishes the proof. O

6 Inner forms of algebraic groups and G-schemes

The material of this section will be used to study the relationship between the induction
functor introduced in Sect. 5 above and the operation of induction of class functions
on finite groups (see Sect. 6.7). It is also a necessary ingredient in the formulation of
the relationship between character sheaves on a disconnected unipotent group G over
I, and irreducible representations of G(IF,); cf. [8].

6.1 Notation

We fix an algebraic closure [F of a finite field of characteristic p > 0. If g is a power of
p, we write IF;, for the unique subfield of IF consisting of g elements. Given a scheme
X over Fy, we write Fr, for the Frobenius endomorphism of X ®p, IF (it is obtained
by extension of scalars from the absolute Frobenius &, : X — X).

Suppose I" is an abstract group and ¢ : " — lisan automorphism. We can use ¢
to define an action of Z on I, and hence obtain the pointed set H'(Z, I"). Concretely,
H'(Z,T) can be identified with the set of ¢-conjugacy classes in T, the latter being

the orbits of the ["-action on itself defined by y : g — @(y)gy '

6.2 Galois cohomology and torsors

If G is an algebraic group over F,, the first Galois cohomology H ! (Fy, G) is the
pointed set of isomorphism classes of right G-torsors. We can consider the action of Z
on G(IF) such that 1 € Z acts via Fr, and form the pointed set H Lz, G(IF)) as above.
The following result is standard (part (b) is due to Serge Lang [28]).
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Lemma 6.1 (a) Let P be a right G-torsor, choose p € P(IF), and let g € G(IF) be
the unique element such that p = Fry(p) - g. Then, the Fry-conjugacy class of g
in G(IF) is independent of p, and the map [ P] — [g] gives a bijection

H'(F,, G) — H'(Z, G(F)).

(b) Let G° denote the neutral connected component of G, and let T1 = G/G°. The
natural map H'(Z, G(F)) — H'(Z, T1(F)) is a bijection.

(c) Suppose that G is a closed subgroup of an algebraic group U over ¥, form the
quotient Y = U/G, and let 1 : U —> Y denote the quotient morphism. The
mapy —> 1 -1 (y) induces a bijection between the set of U (F)-orbits in Y (F,)
and the kernel of the natural map H' (Fy, G) — HI(IFq, U).

Remarks 6.2 (1) We recall that the kernel of a pointed map between pointed sets

(81, s1) —f> (87, s7) is defined as the subset f_l(sz) C Si.

(2) The action of U on Y is by left translations.

(3) IfyeY(F,),then 77 1(y) is a closed subvariety of U defined over F,, and the
action of G on U by right multiplication makes 77~ (y) a right G-torsor.

6.3 Inner forms of algebraic groups

We continue working in the setup of Sect. 6.2. Givena € H' (Fy, G), we would like
to define an inner form G® of G determined by «. Let P be a right G-torsor whose
isomorphism class equals «. Briefly, G is the group of automorphisms of P that
commute with the right G-action. To define G* more formally, we consider a functor,
which we denote by G”, from the category of IF,-schemes to the category of groups,
constructed as follows.

Let S be any F,-scheme. We can view P x § as an S-scheme, and we have a right
action of G on P x S by S-scheme automorphisms. Then, G” (S) is defined as the
group of S-scheme automorphisms of P x S that commute with the G-action.

Lemma 6.3 The functor G* is representable by an algebraic group over F,. More-
over, GP Qr, F = G ®r, I as algebraic groups over F.

Proof In the case where P is a trivial torsor (i.e., P(F;) # @), one checks that G? is
representable by G itself. In general, we have P(IFyn) # & for some n > 1. Thus, G*
is representable by G ®p, I, after base change to Fy», and Galois descent implies

that G is representable over F,. |

Remark 6.4 1f P’ is another right G-torsor that is isomorphic to P, then a choice of
an isomorphism P —=> P’ induces an isomorphism G* — G?'. Moreover, by
definition, any two isomorphisms P — P’ differ by an element of G” (Fy). Con-
sequently, we have an isomorphism between G and G? " that is unique up to inner
automorphisms.
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Definition 6.5 Let G be an algebraic group over Fy, and let @ € H ! (Fy, G). For a
representative P of the isomorphism class «, we will write, somewhat imprecisely,
G* = GP. We call G¥ the inner form of G defined by a.

Remark 6.6 In view of the previous remark, we see that the set of conjugacy classes
in the group G*(F,) is determined canonically by o. Similarly, we can speak of the
set of irreducible characters of the group G*(FF,).

Remark 6.7 The reader may prefer the following more concrete description of the
inner form G Fix p € P(F), and let g € G(F) be the unique element such that
p = Fry(p)-g (so the Fr,-conjugacy class of g in G (IF) is the element of HY(Z, G())
corresponding to the isomorphism class of P). Then, there exists an isomorphism
G* QF, F = G QF, FF such that the Frobenius endomorphism for G becomes
identified with the endomorphism x > g~! Fry(x)g of G.

6.4 Inner forms of G-schemes

We remain in the setup of Sect. 6.2. Given o« € H 1 (Fy, G) and an F;-scheme of finite
type X equipped with a left G-action, we would like to define an inner form X¢ of
X so that the corresponding inner form G of G acts on X*. Once again, let P be a
representative of o, and define G as above. Note that by construction, G? actson P
on the left; in fact, P is a left G -torsor. We also consider the free left action of G on
the product P x X givenby g - (p,x) = (p - g~', g - x), and we form the quotient
xP .= G\(P x X). The actions of G and G? on P x X commute (here, G acts on
X trivially), so we obtain an induced action of G? on X%

Definition 6.8 We write X* = X’ (somewhat imprecisely), and we call X* (together
with the left action of G* constructed above) the inner form of the G-scheme X defined
by the cohomology class «.

The next fact follows directly from the definitions.

Lemma 6.9 Let G be an algebraic group over I, let P be a right G-torsor, and let
X = G equipped with the conjugation action of G. Then, X ¥ is naturally isomorphic
to GP, also equipped with the conjugation action of G*.

6.5 Transport of equivariant complexes

In this section, we assume that G is a unipotent’ algebraic group over F,. Given
acH! (Fy, G) and a scheme X of finite type over [, equipped with a left G-action,
our goal is to define a canonical “transport functor” (in fact, an equivalence of cate-

gories) D6(X) —> Dge (X?).

7 This assumption is imposed only because we decided to work with the “naive” definition of an equivariant
derived category.
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As usual, we choose a representative P of X. Let pr, : P x X — X denote the
second projection, and let ¢ : P x X —> X* denote the quotient morphism for the
free left G-action defined in Sect. 6.4. As we already remarked, the product G x G”
acts on P x X on the left; moreover, pr, is the quotient map for the action of G?,
which is also free. Thus, both pullback functors

pr3 q* P
@G(X) — .@GXGP(P X X) <~ @GP(X )
are equivalences of categories.

Definition 6.10 The composition ¢* o (pr}) ™! : Z(X) —> Pge(X?) is called the
functor of transport of equivariant complexes and is denoted by M — M.

Remark 6.11 If an object M € Y5 (X) comes from a G-equivariant local system on
X, then M“ is also a G“-equivariant local system on X¢.

As a corollary of Lemma 6.9, we now also have the construction of a transport
functor Y5 (G) = Do (G*), which is again denoted by M — M“.

6.6 Alternative descriptions

In this subsection, we present a slightly different viewpoint on the constructions
introduced in Sects. 6.3—6.5. It has the advantage of being somewhat more concrete,
although it is less evident that the constructions appearing in this subsection are inde-
pendent of the choices involved in them.

Proposition 6.12 Let G be a closed subgroup of an algebraic group U over . Define
Y = U/G, equipped with the left U-action by translations, let w : U —> Y denote
the quotient map, write 1 = (1), and put Z = {(u y) |u y= y} cUxY. We
consider the diagonal action of U on U x Y, where the action on the first factor is by
conjugation, and remark that Z is stable under this action.

Finally, for each 'y € Y (Fy), let a(y) € H 1(IFq, G) denote the isomorphism class
of the right G-torsor w~'(y) (cf. Lemma 6.1(c)).

(a) Foreveryy € Y (IFy), the stabilizer, U”, of y in U is isomorphic to the inner form
G*Y) of G defined by the cohomology class a().

(b) Let X be a scheme of finite type over ¥, equipped with a left G-action, and
let X = (U x X)/G, where the right G- actlon on U x X is given by (u, x) -
g = (ug, g~ ' - x). Write p : X — Y for the induced morphism. For every
y € Y(Fy), the fiber p~Y(y) is isomorphic to® the inner form X*®) in a way
compatible with the isomorphism of part (a).

(c) Assume that U is unipotent. For every y € Y (), the inclusion j, : UY — Z,

given by g +— (g, V), induces an equivalence jy C Du(Z) —> Dyy(U?) (as

8 Observe that p~!(y) is stable under UY C U’; thus we have a left action of UY on p~—1(y).
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usual, U” acts on itself by conjugation). Furthermore, the composition
Jio (O™ 96(G) — Duy(U?) =~ Dgarn (G*)

is isomorphic to the transport functor introduced in Sect. 6.5.

(d) Again, assume that U is unipotent, and let the notation be as in part (b). Given
y € Y(IF ), write X = P l(y) and let iy : XY <> X denote the inclusion.
Then, l : Dy (X ) — Dy» (X Y) is an equivalence, and the composition

it 0 ()™ Z6(X) — Dus(X) = Dguen (X))

is isomorphic to the transport functor of Definition 6.10.

6.7 Relation between indg/ and induction of class functions

Proposition 6.13 Let G be a unipotent group over Fy, let G' C G be a closed sub-
group, and let M € 95/ (G"). Then

. G(F,)
lindG, M = > ind g s, ) tm- ©.1
aeKer(H (Fy,G")— H'(F4,G))

Remarks 6.14 (1) Forevery o € Ker(H'(F,, G') — H'(F,, G)), we realize G
as a subgroup of G using Proposition 6.12(a).

(2) The notation on the right hand side of (6.1) is as follows: if " C T are finite
groups, then ind%, : Fun(I"/ )F/ — Fun(I")"" denotes the usual induction map
from class functions on I' to class functions on I" (cf. Sect. 5.2.1).

(3) As a special case of Proposition 6.13, we observe that if G’ is connected, then

H! (Fy, G") is trivial, so the sum in (6.1) reduces to 1nd (JF Fy) e Hence for con-

nected G’, the proposition states that ind?, is compatible with induction of class
functions (via the sheaves-to-functions correspondence) “on the nose.”

Proof of Proposition 6.13 Form the quotient G = (G x G')/ G, where the right action
of G'on G x G'is givenby (g, &) -y = (gy, ¥y~ 'g'y), and equip it with the G-action
induced by the left translation action of G on the first factor in G x G’.

The conjugation map G x G’ —> G (given by (g,¢’) — gg’'g”!) induces a

G-equivariant morphism 7 : G — G, and the map i : G’ < G x G’ given by
g — (1, ¢) induces a G’-equivariant morphismi : G’ — G.
_FixM e D6 (G"). By Lemma 5.1, there is a (unique up to isomorphism) object
M € 96(G) such that i*M = M. We put N = m(M) € 2¢(G), so that, by defi-
nition, N = 1ndG M. By Lemma 4.4(c), ty = m(t5;), so to prove (6.1) we need to
calculate the functlon tij : G(Fy) —> Q.

To this end, define Y = G/G’ and equip it with the translation action of G. The
first projection G x G’ —> G induces a G-equivariant morphism p : G — Y.
Then, 5(]Fq) is the disjoint union of the sets of IF;-points of the fibers p~1(y), where
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y ranges over Y (). For each y € Y (F;), write G¥ C G for the stabilizer of y in G
and observe that the fiber p~!(y) C G is G”-stable.
The next result is straightforward.

Lemma 6.15 Lety € Y(IF,) and choose g € G(IF) that maps onto y. Then

(@) G”=gG'g™!;

(b) the map G’ — G ><~G’ given by y — (g, 8 'yg) induces a G¥-equivariant
inclusion iy : G¥ — G (where G acts on itself by conjugation);

(c) iy induces an isomorphism G” = p~Y(y), which is independent of the choice
of g; and

(d) the composition w o iy : G¥ —> G is equal to the natural inclusion G¥ — G.

We can now complete the proof of (6.1). For each y € Y (IF,), write a(y) €
H l(IB‘q, G') for the isomorphism class of the right G'-torsor g '(y) C G, where
g : G —> Y is the quotient map. If M> = ifM € P;y(G”), then by Lemma
6.15(c) and Proposition 6.12(d), we can identify M> with M*0) ¢ Q(G,a(},)G’“(”),
where G is identified with G using Proposition 6.12(a). Since ty = m ti)s
Lemma 6.15(d) shows that

gt =1V = D T, 6.2)
yeY (Fy)

where 7)7v denotes the function on G(FF,) obtained from tyy : G¥(Fy) — G(F,)
via extension by zero. Now suppose O C Y (IF,) is a single G(F,)-orbit and set
a(0) = a(y) forany y € O (note that «(y) does not depend on the choice of y € O).
It is then easy to see that

> o = indgff(‘]';q) tye,  wherea = a(O). (6.3)
yeO

As O ranges over all G(IF,)-orbits in Y (IF,), the corresponding cohomology class

a(0) € HI(IF,], G') ranges over Ker(Hl(IF'q, G — HI(IFq, G)) by Lemma 6.1(c).
Combining this observation with (6.2)—(6.3) yields (6.1).

7 Geometric reduction process
7.1 Overview

The main goal of this section is to prove the following result:

Theorem 7.1 Let G be a (possibly disconnected) unipotent group over Iy, let p be
a nonzero representation of G(IF,) over Q. and let (A, N) be a pair consisting of a
normal connected subgroup A C G and a G-invariant multiplicative Q,-local system
N on A such that the restriction of p to A(F,) is scalar, given by the 1-dimensional
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character tyr : A(Fy) —> @Z . Then, there exists an admissible pair (H, L) for
G such that A C H, N' = L |4, and the restriction of p to H(Fy) has as a direct

summand the 1-dimensional representation defined by t; : H(F;) —> @; .

We note that, in particular, we can take G to be connected, p to be irreducible, and
the pair (A, N) to be trivial. In this case, in view of the Frobenius reciprocity, the
proposition implies the existence of an admissible pair (H, £) for G such that p is a

direct summand of Indg((I@FFZ)) tr, which proves the claim of Sect. 3.1 above.

The reason for stating Theorem 7.1 the way we did is that this approach makes
it easier to give an inductive proof of the proposition. The title of this section
(“Geometric reduction process”) is motivated by an analogy between (the proof of)
Theorem 7.1 and the (algebraic) reduction process described in one of the appendices
to [10], where it is proved that every irreducible representation of a finite nilpotent
group I' can be canonically realized as a representation induced from a “Heisenberg
representation” (op. cit.) of a subgroup of I'.

The notion of an admissible pair (for a unipotent group over an arbitrary field of
characteristic p > 0) is defined in Sect. 7.3. However, it is more convenient to for-
mulate this definition in the framework of Serre duality developed in the “Appendix”,
rather than in the language of multiplicative local systems. Therefore we first explain
the relationship between these two approaches to Serre duality in Sect. 7.2. We then
state an auxiliary result in Sect. 7.4 (it is equivalent to one of the results proved in the
“Appendix”) and use it to prove Theorem 7.1 in Sects. 7.5-7.6.

7.2 Two approaches to Serre duality

Let us first fix an arbitrary field k and a connected algebraic group G over k. If A is an
abstract abelian group, we will view A as a discrete group scheme over k. Thus, we
have the notion of a central extension of G by A, as well as the notion of a multiplica-
tive A-torsor on G (defined by an obvious analogy with Definition 2.9). Let us define
a rigidification of an A torsor £ on G to be a trivialization of the pullback 1*&, where
1 : Spec k — G is the unit morphism, and let us define a rigidified A-torsor on G to
be an A-torsor on G equipped with a chosen rigidification. Since G is connected and A
is discrete, it is easy to see that rigidified A-torsors on G form a discrete groupoid (i.e.,
a category with no non-identity morphisms). On the other hand, plain A-torsors on G
form a groupoid where the group of automorphisms of every object is isomorphic to
A.
The following result is proved in [26].

Lemma 7.2 (a) Every multiplicative A-torsor on G admits a rigidification, and the
forgetful functor induces a bijection between the set of isomorphism classes of
rigidified multiplicative A-torsors on G and that of plain ones.

(b) The natural forgetful functor from the groupoid of central extensions of G by A
to the groupoid of rigidified multiplicative A-torsors on G is an equivalence.

Now we assume that k has characteristic p > 0 and G is a connected unipotent
group over k. Fix a prime ¢ # p. Our goal is to relate multiplicative Q,-local systems
on G to central extensions of G by the discrete group Q,/Z,.
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Let us fix a homomorphism ¢ : (Q,, +) — @; with kernel equal to Z,. Then,

Y identifies Q,/Z, with the group i e (Qy) of roots of unity in @Z whose order is
a power of p. Given a central extension | — Q,/Z, — G — G —> 1, we can
view G as a multiplicative Q,/Z-torsor on G, and using the homomorphism v, we
obtain the induced multiplicative Q,-local system on G, which we denote 5,/,.

Lemma 7.3 The map G +—~ (~3,/, constructed above is an isomorphism between the
group H*(G,Q »/Zp) of isomorphism classes of central extensions of G by Q,/Z,
and the group of isomorphism classes of multiplicative Q,-local systems on G.

Proof In view of Lemma 7.2, it is enough to show that if £ is an arbitrary multiplica-
tive Q-local system on G, then £ is induced from a Q, /Z ,-torsor on G via . To this

end, we will show that if f : 71(G) — @Z is the homomorphism corresponding
to £, then the image of f is finite and is contained in the subgroup p (Qy), where
71(G) is the algebraic fundamental group of G, see [20].

Choose an algebraic closure k of k, write G = G Qi k, let 1 : Spec k —> G denote
the unit morphism as before, and let 1 denote the corresponding k-point of either G
or G. By [20, Thm. IX.6.1], we have a short exact sequence of groups

1 — m11(G,1) — m1(G, 1) — Gal(k/k) —> 1,

which is split by the homomorphism Gal(k/k) — 71(G, 1) induced by the mor-
phism 1 : Speck — G. By the definition of multiplicativity, the Q,-local system
1*L on Spec k satisfies (1*£) ® (1*£) = 1*L, whence 1*L is trivial. In other words,

the composition Gal(k/ k) i) 11(G, 1) i) @Z is trivial. Thus, f is determined by
its restriction to 771 (G, 1), which we will also denote by f.

By definition, f factors through a continuous homomorphism (G, 1) — K*,
where K is a finite extension of Qy contained in Q,. Moreover, by compactness, the
image of f must lie in O, where Og C K is the ring of integers of K. The structure
of O,X( is known; in particular, if mg denotes the unique maximal ideal of Ok, then
(0g)/(1 +mg) = (Og/mg)™ is finite, and 1 + mg has a descending filtration by
closed subgroup with successive quotients isomorphic to the additive group of the
residue Ok /mg, which is a finite field of characteristic £. It follows that the subgroup
wpe(K) = KN ppoo Q) C Oy is finite, and the quotient O /11 poo (K) is a profinite
group whose order is relatively prime to p.

On the other hand, since G is connected, G is isomorphic to an affine space over
k, so its algebraic fundamental group has no nontrivial quotients of order prime to p.
Thus, the image of f lies in u poo (K'), completing the proof. O

7.3 Definition of an admissible pair

The notion of an admissible pair is a geometric one; thus we will first formulate it for
an algebraically closed base field, and then for an arbitrary one. Moreover, it is more
convenient to begin by working in the framework of Serre duality developed in the
“Appendix”.
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Normalizer of a pair (H, x)

Let us fix a perfect field k of characteristic p > 0 and a unipotent’ algebraic group
G over k. From now on, by default, all subgroups of group schemes are assumed to
be closed. Consider a pair (H, ) consisting of a connected subgroup H C G and a

central extension 1 — Q,/Z, — H - H —> 1. We can view X as a k-point
of the Serre dual H* of H, see Sect. 9.6, which is a perfect (possibly disconnected)
commutative unipotent group over k by Proposition A.30. Let N (H) denote the nor-
malizer of H in G. Since the Serre dual H* is defined by a universal property, we
obtain an induced regular action of the perfectization NG (H) perr on H* by k-group
scheme automorphisms. We let G’perf C NG (H)pery denote the stabilizer of x under

/

perf
uniquely determined closed subgroup of G, which we denote by G’ and (unambigu-
ously) call the “normalizer of (H, x) in G”. We remark that G’ may be disconnected

even if G is connected.

this action. The notation is explained by the fact that G is the perfectization of a

Definition 7.4 Let k be an algebraically closed field of characteristic p > 0, let G be
a unipotent algebraic group (or perfect unipotent group) over k, and let (H, x) be a
pair consisting of a connected subgroup H C G and an element y € H*(k). We say
that this pair is admissible for G if the following three conditions are satisfied.

(1) Let G’ be the normalizer of (H, x) in G, defined in the previous paragraph. Then,
the quotient group G’°/H is commutative, i.e., [G"°, G’°] C H.

(2) The homomorphism (G"°/H) perf —> (G’O/H);erf constructed in Sect. 9.6,
which is well defined in our situation in view of condition (1), is an isogeny.

(3) Given g € G(k), write H® = g~ 'Hg, and let x¢ € (H?%)*(k) be obtained from
x by transport of structure via H8 = H,h+—> ghg™!.If g & G'(k), then

X |canmse Z X2 |(mnme)e

Definition 7.5 Let k be an arbitrary field of characteristic p > 0, let G be a unipotent
algebraic group over k, let H C G be a connected subgroup, and let x be a central
extension of H by Q,/Z,. The pair (H, x) is said to be admissible for G if the pair
(H @ k, X Ok k) obtained from (H, x) by base change to an algebraic closure k of
k is admissible for G ® k.

Admissible pairs in the context of multiplicative local systems

Now let k be a field of characteristic p > 0, let £ be a prime different from p, and
choose a homomorphism ¢ : (Q,, +) —> @ZX with kernel Z, as in Sect. 7.2.
Fix a unipotent algebraic group G over k, a connected subgroup H C G, and a
multiplicative Q;-local system £ on H (see Definition 2.9). By Lemma 7.3, £ is asso-

9 The definition applies equally well (with obvious simplifications) in the case where G is a perfect uni-
potent group over k (see Sect. 9.6).
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ciated with a unique (up to isomorphism) central extension y of H by Q,/Z,, via the
homomorphism .

Definition 7.6 We say that the pair (H, £) is admissible for G if the pair (H, x) is
admissible for G in the sense of Definition 7.5. In the case where k is perfect, the
normalizer of the pair (H, £) in G is defined as the normalizer of (H, x) in G.

It is not hard to see that this definition does not depend on the choice of .

7.4 Extension of multiplicative local systems

The next result is used in the proof of Theorem 7.1. However, we also find it to be
interesting in its own right. It is a natural geometrization of the fact that if I is a group,

H C T"isasubgroup such that [I', '] C H,and x : H — @Z is a homomorphism,

then x extends to a homomorphism I' — @Z if and only if x |[]“’1"] = 1 (a simple
exercise).

Proposition 7.7 Let G be a connected unipotent group over an arbitrary field k of
characteristic p > 0, let £ be a prime different from p, let H C G be a closed con-
nected subgroup such that [G, G| C H, and let L be a multiplicative Q,-local system
on H. Then, there exists a multiplicative Q,-local system L' on G with L' |y = L
if and only if the pullback com™ L is a trivial @g-lOCQl system on G x G, where
com : G Xx G —> H is the commutator morphism, com(gy, g2) = glgzgl_lggl.

In view of Lemma 7.3, this result is essentially equivalent to Proposition A.35,
proved in Sect. 9.6 of the “Appendix”.

Remark 7.8 Naively, one might have replaced the condition that com™ L is trivial by
the stronger requirement that £ |[G,G] is a trivial @g-local systemon [G, G]. However,
the latter condition is not necessary. Indeed, as explained in [26], there are examples
of connected unipotent groups G for which there is a multiplicative Q,-local system
Lon G with £ |[G,G] being nontrivial. (We leave it to the reader to check that the fake
Heisenberg groups defined in Sect. 2.10 are among such examples.)

7.5 A special case of Theorem 7.1

In this subsection, we prove Theorem 7.1 in the special case where p is irreducible and
[G, G°] C A. Using the construction explained in Sect. 9.6, we see that A/ induces a
homomorphism of perfect I -groups ¢ppr : (G/A) perf —> (GO/A)’;erf. Let H be a
maximal (with respect to inclusion) connected subgroup of G with the property that
A C H and the composition

N *

(H/A)perf — (G/A)perf — (GO/A)perf - (H/A)*

perf

is trivial (the subscript “perf” is defined in Sect. 9.6). By the definition of ¢/, this
implies that the pullback of A by the commutator map H x H —> A is trivial. By
Proposition 7.7, there is a multiplicative Q,-local system £ on H with N' = L |4.
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We first claim that £ can be chosen so that 2 : H(F;) —> @Z is a direct summand
of the restriction of p to H(FF,). Indeed, since the homomorphism

(H/A)Eq) = (H/A) perf Fq) —> (H/A) oy Fg) = (H/A)*(Fg)

induced by N is trivial, we see, in particular, that 5 : AlFy) — @Z is trivial on
[HFy), H({F,)]. Now let V denote the representation space of p, so that A(IF,) acts on
V through the character #5r. Then, we see that o (H (F;)) C Aut(V) is a commutative

subgroup; in particular, by Schur’s lemma, there exists a character v : H(F;) — @Z
which is contained in the restriction of p to H (F;). A fortiori, v and ¢, agree on A(IF,),

and hence v - tZl comes from a character (H/A)(F;) — @(X But H/A is a con-
nected commutative algebraic group over F,, so, as we mentioned in Remark 2.10,
there exists a multiplicative Q,-local system £ on H/A such that v - tZl = 1z, where
£ is the pullback of £ to H. In other words, v = ¢ LoE" But the restriction of £ to A is
trivial by construction, so we may replace £ with £ ® & without loss of generality.

It remains to verify that (H, £) is admissible. Since [G, H] C [G,G°] C A C H,
we see that H is normal in G, so condition (3) in the definition of admissibility is
automatic. Condition (1) holds because H O A and G°/A is central in G/A. Finally,
condition (2) holds by the maximality requirement in the choice of H.

7.6 Proof of Theorem 7.1

Let us complete the proof of Theorem 7.1 in general. We will use simultaneous induc-
tion on dim G and on the length of the étale group 7o(G) = G/G° (i.e., the number of
elements of 7o (G)(IF)). By the result of Sect. 7.5, we may assume that [G, G°] € A.
We may also assume that p is irreducible.

Let Z C G° denote the preimage in G of the neutral component of the center of
G/A. By assumption, Z # G°, so Z is a proper connected subgroup of G°. As in
Sect. 7.5, N induces a k-group morphism ¢pr : (G/A) perf —> (Z/A);erf. Since
dim Z < dim G, the restriction of this morphism to (Z/A) perr has positive dimen-
sional kernel.!® Hence, there is a connected subgroup B C Z such that A C B and
the composition

(B/A) pers > (G/A)pers = (Z/AY sy — (B/AYS ey

is trivial. As in Sect. 7.5, we see that there exists a multiplicative Q,-local system N’
on B such that N" = N |4 and £, is a summand of p |g(F,) -

On the other hand, B is normal in G since A C B C Z, and hence N is not G-
invariant by the maximality of (A, A). Let G denote the normalizer of N in G.
Then, G is a proper subgroup of G, so either dim G| < dim G, or |7o(G1)(F)| <

10 1f K is the neutral connected component of the kernel of ¢ o7, then K is normal in G/A and we obtain
a decreasing sequence K, [G/A, K], [G/A,[G/A,K]1], ..., of normal connected subgroups of G/A. The
last nontrivial term of this sequence is contained in Z/A by the definition of Z.
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|70 (G)(IF)|. In either case, if we let p; be the restriction of p to G1(F,), we may
assume that Theorem 7.1 holds for p; and the pair (B, N').

Let (H, £) denote a pair consisting of a connected subgroup H C G and a mul-
tiplicative Q,-local system £ on H, which satisfies the conclusion of Theorem 7.1
for the 4-tuple (G, p1, B, N'). We assert that it also satisfies the conclusion of this
theorem for (G, p, A, N). To prove this assertion, we only need to check that (H, £)
is admissible with respect to G.

Let G’ denote the normalizer of the pair (H, £) in G. We have G’ C G . Indeed, if
g € G(IF), g € G1(IF), then, by construction, g does not fix N/, and hence, a fortiori,
it cannot fix (H, £) (because B is normal in G and L |z = N).

Since G’ C G, conditions (1) and (2) in the definition of admissibility for (H, £)
hold with respect to G because they hold with respect to G 1. To verify condition (3),
let g € G(F), g ¢ G'(F). If g € G{(F), there is nothing to do because (H, L) is
admissible with respect to G. If g € G (F), then, since B C (H N H®)° and g
does not fix \”, it follows that the restrictions of £ and £ to (H N H#)° cannot be
isomorphic, completing the induction step in the proof of Theorem 7.1.

8 Analysis of Heisenberg idempotents

In this section, we study a certain special type of geometrically minimal weak idempo-
tents (cf. Definition 4.12) in the equivariant derived categories of unipotent algebraic
groups. The main result of the section is Proposition 8.1.

8.1 Setup

Throughout this section, we fix a field k of characteristic p > 0, let U be a possibly
disconnected unipotent group over k, and let (N, £) be an admissible pair for U in
the sense of Definition 7.6, such that its normalizer in U is all of U (so that the third
condition in the definition of admissibility is vacuous). In particular, N is a normal
closed connected subgroup of U, and £ is a multiplicative Q,-local system on N
which is invariant under the conjugation action of U'. In this subsection, we construct
certain objects associated with the data U, N, L.

8.1.1 Construction of ey and e’L

It follows from our assumptions that £ has a natural U-equivariant structure (because
N is connected). Let Ky denote the dualizing complex of N; then Ky has a natural
U -equivariant structure as well, since N is normal in U. It follows that we can define
er = L ® Ky as an object of Py (N). Let e’L denote the object of 2 (U) obtained
from e, via extension by zero.

8.1.2 Construction of a morphism 1 — e/L

Let 1 : Speck —> U be the unit morphism, and let 1 = 1,Q, be the delta-sheaf at
1, equipped with the “trivial” U-equivariant structure. Recall that 1 is a unit object
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in the monoidal category 2y (U) under convolution. Of course, we can equally well
think of 1 as an object of Zy(N). If p : N —> Speck is the structure morphism,
then Ky = p'Qy, so we get a canonical identification Q, —> 1'Ky. By adjunction,
we get a canonical morphism 1 — Ky. On the other hand, since the stalk £; of
L at1lhasa nat_ural trivialization, we obtain an isomorphism 1 ® £Y — 1, where
LY =hom(L, Q) is the dual local system on £. Composing the two morphisms we
just constructed, we obtain a natural morphism 1 ® £¥Y — Ky, which induces a
morphism 1 — e, in Py (N), and hence a morphism 1 — e/L in 2y (U).

8.1.3 Construction of a homomorphism ¢p : (U°/N) perf —> (U° /N)perf

Before stating the main result of the section, we need one last construction. Let us fix

a homomorphism ¥ : (Q,, +) —> Q[ with kernel Z . By Lemma 7.3, the multipli-
cative local system £ on N is induced from a central extenswn N of N by Q,/Z, via
Y. Let k., s be the perfect closure of k (see [19]); it is the maximal purely mseparable
algebraic extension of &, and hence is determined up to a unique k-isomorphism. As
recalled in Sect. 9.6, for every k-scheme X, we can construct its perfectization, X perf,
Wthh is a scheme over kp,,r. In particular, we obtain the induced central extension
N perf Of Nperg by Qp/Z,,, which is U perp-invariant. Using the construction explained
in Sect. 9.6 with Z = U[‘jer T the neutral connected component of U (recall that U° /N
is commutative, so this choice of Z is allowed), we obtain a homomorphism of perfect

*
unipotent groups U;erf/Npg,f — (U;erf/N[’”f) over kperf, i.e., a homomor-
phism

oc: (UO/N)perf — (UO/N);erf.

By the definition of admissibility, ¢ is an isogeny.

8.2 Statement of the main result

Proposition 8.1 Let U, N, L, ez, e, and ¢ be as above.

(@) The morphism 1 — e/ﬁ constructed in Sect. 8.1.2 becomes an isomorphism
after convolving with e/ﬁ. A fortiori, ef,: is a weak idempotent in 2y (U).

(b) In fact, e/£ is a geometrically minimal weak idempotent in Dy (U) (see Defini-
tion 4.12).

(c) Let 6 denote the canonical automorphism of the identity functor on 9U®kE(U Rk

k), introduced in Sect. 4.9. If the restriction of 9 to the Hecke subcategory
¢t DyeiU k) C Dyg (U @4 k)

is trivial, then U is connected and ¢ is an isomorphism.

This proposition is the last ingredient in the proofs of the main results of our work,
stated in Sect. 2. The rest of the section is devoted to its proof. If U is as above, a weak
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idempotent in Py (U) isomorphic to one of the form e’L will be called a Heisenberg
idempotent,” which explains the title of the section.

Remark 8.2 One can show that the converse of Proposition 8.1(c) holds as well (see
[15]), but we do not need this fact.

8.3 Proof of Proposition 8.1(a)

It is enough to show that the morphism 1 — e, in 2 (N) becomes an isomorphism
after convolving with e . Without loss of generality, we may and do assume that k is
algebraically closed. Then, e = L[2dim N], so it suffices to prove that 1 — e
becomes an isomorphism after convolving with L.

Fix g € N(k), and let p;, : N —> N be defined by n — n~'g. By the proper
base change theorem, the induced morphism on the stalks, (1% £)g —> (eg * L), is
the same as the morphism obtained by applying the functor RT".(N, —) to the induced
morphism 1 ® (p;’jﬁ) —er® (p;"ﬁ). However, ,o;fﬁ is naturally isomorphic to £V,
because £ is multiplicative, and the morphism 1 ® (0; £) —> e£ ® (pz £) becomes
the canonical morphism 1 — Kpy. Applying the functor RT'.(N, —), we recover
the adjunction morphism Q, —> p1p'Q, (where p : N —> Speck is the structure
morphism), which is an isomorphism because N is a connected unipotent group over
k, and hence is isomorphic to an affine space over k.

8.4 Proof of Proposition 8.1(b)

Without loss of generality, we may and do assume that k is algebraically closed. Then,
we must prove that e is a minimal weak idempotent in Zy (U), which is equivalent
to showing that the Hecke subcategory e’ﬁ 2y (U) contains no weak idempotents apart
from 0 and €/,

The category e’ﬁ.%] (U) is studied in'? [15]. Let us recall the results of op. cit. that
will be used in the current proof.

Theorem 8.3 [15, Theorem 1.5]
Let M C e’L@U(U ) be the full subcategory consisting of objects M for which
M[—dim N1 is a perverse'3 sheaf on U.

(a) The natural functor D’(M) — e’ﬁ 2y (U) is an equivalence of categories.

(b) The subcategory M is closed under convolution and is a (semisimple) fusion
category with unit object e/l:.

(c) There exists a ribbon structure on the fusion category M, which makes M a
modular category and is such that the corresponding twist (in other terminology,

' The notion of a Heisenberg idempotent is the geometric analogue of the notion of a Heisenberg repre-
sentation of a finite group, introduced in [10].

12 The results of [15] use the construction of the arrow 1 —> e/ﬁ presented in Sect. 8.1.2, but are otherwise
independent of the current section.

13 See [4]; we only consider the middle perversity in this article.
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“balancing”) is equal to the canonical automorphism 0 of the identity functor
introduced in Sect. 4.9.

Remarks 8.4 (1) The word “semisimple” in the formulation of part (b) is only added
for emphasis. Our use of the term “fusion category” agrees with that of [ 18]. Thus,
part (b) means that M is a semisimple Q,-linear monoidal category over Q,,
which is rigid, has finitely many simple objects and finite dimensional Hom-
spaces and is such that the unit object is simple.

(2) We do not require the precise definitions of the terms “ribbon structure” or “mod-
ular category”; see e.g., [2]. All we need is the fact that a modular fusion category
where the twist is trivial has only one simple object (which is necessarily the unit
object).

We see that Proposition 8.1(b) follows from the more general

Lemma 8.5 Let M be a weakly symmetric fusion category. The bounded derived cat-
egory DP(M) ( equipped with the induced tensor product) has no weak idempotents
other than O and the unit object.

Proof Let® and 1 denote the monoidal functor and the unit object of M. In the proof,
we will repeatedly use the observation that if X, Y € M are nonzero, then X ® Y is
also nonzero. The reason is that if X* is a right dual'® of X, then X* ® X contains 1
as a direct summand, and hence X* ® X ® Y contains Y as a direct summand.

First let us check that every weak idempotent in D? (M) comes from a simple object
of M. Write M8” for the category of bounded graded objects of M in other words,
M8" is the category of bounded complexes over M in which all the differentials are
equal to 0. The cohomology functor H® : D”(M) —> M2’ is an equivalence of
categories because M is semisimple, and it is moreover a monoidal equivalence by
the Kiinneth formula. The comment in the previous paragraph implies that the length
function £ : M8" — Z-(, which assigns to an object X € M2&" the sum of lengths
of all the components of X, satisfies £(X ®Y) > £(X)-£(Y). It follows that every weak
idempotent in M8" has length 1, and hence it must be a simple object concentrated in
a single degree k. Now we are forced to have k + k = k, and hence k = 0, as desired.

Now let X € M be a nonzero weak idempotent. Then, the right dual X™ is also a
weak idempotent, and hence so is X* ® X (since M is weakly symmetric). We already
saw that X* ® X must be simple, and thus X* ® X = 1. So X is invertible, and since
X ® X = X, we see that X = 1, proving the lemma. O

8.5 Proof of Proposition 8.1(c)

By Remark 8.4(2), the hypothesis of Proposition 8.1(c) implies that the category
M C EQ;QU(U ) defined in Theorem 8.3 has only one simple object, namely, e/l:
itself. Write I' = U/U°®, where U° C U is the neutral connected component, and
let Mo C ek@Uo(U ) be the full subcategory consisting of objects M for which
M|[—dim N1 is a perverse sheaf on U. The natural action of I' on Zy-(U) induces an

14 We are using the terminology of [2,18].
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action of I on M, and by [15, Lemma 1.4], the I"-equivariantization Mg is equiva-
lent to M. By [15, Theorem 1.3], My is also a fusion category, so we see that e’ﬁ is
the only simple object of My (indeed, every simple object of My can be realized as
a direct summand of a simple object of /\/lg ). On the other hand, all simple objects of
M are described in [15, §4.1], and that description implies that U is connected and
that ¢, is an isomorphism.

9 The proofs of the main results

In this section, we put together all the preliminary results obtained in Sects. 4-8 to
prove Theorem 2.5, Theorem 2.14 and Proposition 4.13.

9.1 The key result

Throughout this section, we work with a fixed connected unipotent group G over a
field k of characteristic p > 0. For the most part, we will take k = F,, but it is
convenient to formulate one of the results in the more general setting. Below we will
state a result (Proposition 9.1) to which all the other results to be proved in this section
are easily reduced.

It is convenient to introduce the following notation. If k = F, and e € Z(G) is
any weak idempotent, let us write L(e) for the set of isomorphism classes of irreduc-
ible representations p of G(IF,) over @, in which 7, acts by the identity operator. If e
is minimal (Definition 4.10), it follows from Definition 2.7 and Remark 4.14(1) that
L(e) is either empty (when 7, = 0) or an L-packet (when 7, # 0).

Let (H, £) be an admissible pair for G, and let G’ be its normalizer in G (see Def-
inition 7.6). Let e’L € 96/ (G") be the object obtained by applying the construction of
Sect. 8.1.1 with G" and H in place of U and N, and let ey £ = indg, ep.

Proposition 9.1 With this notation,

(a) ey, is a geometrically minimal weak idempotent in 26(G); and
(b) if € denotes the geometric conjugacy class of (H, L) (see Sect. 2.9) and k =T,
then

L(%) = L(en,c),

where L(%) is introduced in Definition 2.13.

This proposition is proved in Sects. 9.5 and 9.6. First we explain how it implies all the
other results to be proved in this section. In Sects. 9.2 and 9.4, we assume that k = [F,,.

9.2 Proof of Theorem 2.14

Proposition 9.1 implies that if € is a geometric conjugacy class of admissible pairs
for G, then L(%) is an L-packet of irreducible representations of G (IF,).
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Conversely, consider an L-packet & of irreducible representations of G (IF,) over
Qy, and choose p € 2. By Theorem 7.1 (and Frobenius reciprocity), there exists a
geometric conjugacy class 4 of admissible pairs for G such that p € L(%). Then,
L(¢)N & # @, and since L(%) is also an L-packet by the previous paragraph, we
see that L(%) = &, proving Theorem 2.14. O

9.3 Proof of Proposition 4.13

Let us fix two irreducible representations, p; and o2, of G(IF,) over @g. We tautolog-
ically have (i) = (ii) = (iii) in the statement of Proposition 4.13, so we only
need to show that (iii) = (i). Assume that (ii7) holds. By the arguments above,
there exists an admissible pair (H, £) for G such that p; € L(ey z). By Proposi-
tion 9.1, ey . is a geometrically minimal weak idempotent in Z (G). Now f, .o acts
as the identity in p;, and hence, by assumption, it also acts as the identity in p;. This
means that p; and p2 both lie in L(ey ), which is a single L-packet, and the proof is
complete. O

9.4 Proof of Theorem 2.5

In this subsection, we assume that G is an easy unipotent group over F,. Let p be an
irreducible representation of G (FF,) over Q,. We must prove that the dimension of p
is a power of g.

9.4.1 Step 1

By the arguments above, there exists an admissible pair (H, £) for G such that p is

dz((];‘;)) tz. Let G be the normalizer of (H, £) in G (Defini-

tion 7.6). We first show, using Proposition 8.1, that G’ is connected and the dimension
of G’/ H is even.

Let e/ﬁ € 96/ (G’) be the extension of £L ® Ky by zero to G’, as before. From
Proposition 8.1(a) and Lemma 9.2, it follows that the functor M +— 62: * M is iso-
morphic to the identity functor on the Hecke subcategory e/L P6/(G") C D¢/(G).
Now Theorem 5.12(b) implies that the restriction

a direct summand of In

indg |09, : € %6/(G") — P6(G)

is a faithful functor. By Lemma 4.16, the twist automorphism of the identity functor
on 9 (G) is trivial, because G is easy. As indg, is compatible with twists (Proposi-
tion 5.17), the restriction of the twist on Z/(G’) to the Hecke subcategory e/ 7/ (G")
is trivial as well. These statements continue to hold after base change from I, to IF. By
Proposition 8.1(c), G’ is connected, and the homomorphism ¢, : (G'/H) perf —>
(G'/H ); erf induced by L is an isomorphism. Since ¢ obviously arises from a skew-
symmetric bi-extension of G'/H by Q,/Z,, (cf. Remark A.34; see also Sect. 9.6 for
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the construction of ¢, and Sect. 9.6 for the terminology), it follows from Proposi-
tion A.28(b) that G’/ H is even-dimensional.
We now pause to state and prove the lemma used in the previous paragraph.

Lemma 9.2 Let M be a monoidal category with monoidal bifunctor @ and unit object
1 and consider an arrow 1 — e in M that becomes an isomorphism after tensoring
with e on the right. Then, the functor X —— e ® X is isomorphic to the identity functor
on the subcategory e M C M.

Remark 9.3 Here, the notation is similar to that used in Sect. 4.7, namely, eM is the
essential image of the functor M — M givenby X +—— e® X. With the assumption
of the lemma, it is obvious that e is a weak idempotent in M in the sense of Sect. 4.7.
However, the existence of an arrow 1 — e satisfying the assumption of Lemma 9.2
is a much stronger condition than merely requiring e to be a weak idempotent. (In
[10], arrows 1T — e that become isomorphisms after tensoring with e on either
side are called closed idempotents.) In particular, we do not expect the conclusion of
Lemma 9.2 to hold for an arbitrary weak idempotent e € M.

Proof of Lemma 9.2 We use the fact that ® is equipped with an associativity con-
straint. If X € eM, then X = ¢ ® X, because ¢ = ¢ ® e. Hence for any X € e M,
the arrow 1 — e becomes an isomorphism after we apply the functor ¥ +— Y ® X
to it. This (together with the unit constraint for ®) gives us a functorial collection of

isomorphisms X —> ¢ ® X for all X € eM, as desired.
9.4.2 Step 2

Now we complete the proof of Theorem 2.5. Consider the commutator morphism
com: G x G — H,(g1,8) — glgggl_lgz_l, and form the pullback local sys-
tem £ = com™ L on G’ x G'. Since the map ¢, : (G'/H) perf —> (G’/H):erf
induced by £ is an isomorphism, it is easy to deduce from Proposition A.18 that the
trace function 1/ : G'(Fy) x G'(F,) — @ZX descends to a perfect pairing

Br : (G'/H)(F,) x (G'/H)(F,) — Q,

i.e., a bimultiplicative map that induces an isomorphism
(G'/H)(F,) —> Hom ((G'/H)(Fy). T} ).

Next, the definition of ¢ implies that B is equal to the map induced by the commu-
tator pairing defined by the character 7 : H(F;) —> Q, namely,

com X

G'(F,) x G'(F,) H(F,) —5> Q.

It is well known (see e.g., the appendix on Heisenberg representations in [10]) that
the non-degeneracy of B, implies that G'(IF,) has a unique irreducible representa-
tion, call it p’, which acts on H(F,) by the scalar 2. Moreover, p’ has dimension
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[G'(Fy) : H(Fy)] 172 which is a power of ¢ by the first step of the proof. Furthermore,
by the Frobenius reciprocity, the irreducible representation of G (F,;) with which we
started, p, is a direct summand of Indg,(gﬁi’)) p'. However, the definition of an admis-
q
sible pair, together with Mackey’s irreducibility criterion, imply that Indg,(g;)) o' is
q

irreducible. Thus, p = Indg,(gﬁf’)) p’, whence (as G’ is connected)
q

dim p = [G(F,) : G'(F,)] - dim p = g™ =4 [G'(F,) : HF ],

which is a power of g, completing the proof of Theorem 2.5.

9.5 Proof of Proposition 9.1(a)

In this subsection, k is allowed to be an arbitrary field of characteristic p > 0. We will
use the notation introduced at the beginning of Sect. 5.7. In view of Corollary 5.13, it
suffices to check that for every g € G(k)\G'(k), we have ey * 8¢ x e/, = 0. Since the
notion of an admissible pair is stable under base change from k to k, we may as well
assume that k is algebraically closed. Let us fix g € G(k)\G' (k).

Consider the morphism

me:HxH— G, (hi, hy) —> high,.

By definition, a *0g % a = mg(eg Key). To complete the proof, it suffices to show
that for every x € G(k), the stalk mg (ez M es)y = 0. Up to cohomological shift, 1
this is the same as proving that m ¢ (L X L), = 0. By the proper base change theorem,
this is equivalent to Rlﬁc(mg1 x), LK L) =0.

Letus fix x € G(k). If m;l (x) = @, there is nothing to check. Otherwise, fix a
k-point (hy, hy) of m ! (x). Then, m, ' (x) can be identified with H N gHg ™" via the
mapw : HNgHg™ ' — H x H givenby w(h) = (h1h, g~ 'h~'gh,).

The (isomorphism class of the) local system £ on H is invariant under left and right
translations (this follows from the multiplicativity of £). Thus

wHLRL) =L yngugt @ LY |pngrg-1 »

where ¢ £ denotes the multiplicative Q,-local system on g Hg~! obtained from £ by
transport of structure via h —> ghg~!, and ¢£" is its dual local system.
By the definition of admissibility, we are reduced to the following well known.

Lemma 9.4 Let A be an algebraic group over a field k, and let L be a multiplicative
Qq-local system on A such that L | 4o is nontrivial. Then, RT'.(A, L) = 0.

15 Recall that K 1 = Qg[2dim H](dim H), and Tate twists are trivial since k = k.
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Proof It suffices to show that fi£ = 0, where f : A — m(A) is the natural quotient
morphism and g(A) = A/A°. Since L is multiplicative, it in turn suffices to show
that RT'(A°, L]4°) = 0. Thus, we may assume, without loss of generality, that A is
connected and L is as before.

The following diagram is clearly cartesian:

AxA—t o4

A——> > Speck

where m : A —> Speck is the structure morphism and pr; : A x A —> A is the
projection onto the first factor. By the proper base change theorem,

T*RTe(A, L£) = prju*L = pr (LR L) = RT (A, L) ® L.

Since L is a nontrivial local system on A, this clearly forces RT'.(A, £) = 0. O

9.6 Proof of Proposition 9.1(b)

We now take k = [, and recall that G’ C G denotes the normalizer of the given
admissible pair (H, £) and € denotes the geometric conjugacy class of (H, £). We
can identify ¢ with (G/G")(F,). Note also that H 1(IE‘q, G) is trivial because G is
connected, so there are representatives {(Hy, Lo)}qc H\(F,.G') of the G(IFy)-orbits in

% such that the normalizers of (H,, L) are the inner forms G’ C G of G’ (see
Definition 6.5 and Proposition 6.12).
By Definition 2.13, the set L(%’) consists of all irreducible representations p of

G(IF,) such that the function'® 1z, acts nontrivially in the representation p |G ()

for some « € H!(F,, G'). On the other hand, Proposition 6.13 shows that 7., , =

G(Ey) of

t. ,is equal to the character of the representation ) Ind ;. (F,) ILa
q

dG,
"o ce weH! (F,.G')
G(F,). In view of Frobenius reciprocity and the definition of L(eg (), this implies
that L(¢) = L(ey, ) and completes the proof of Proposition 9.1(b).
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Appendix A: Serre duality and bi-extensions

In this appendix, which can (for the most part) be read independently of the rest of the
paper, we recall the classical Serre duality theory [3,34] for connected commutative
unipotent groups, explain how to extend this theory to the case where the commu-
tativity assumption is dropped (following a suggestion of Drinfeld), and establish a
number of technical results on Serre duality and skewsymmetric bi-extensions that
are used in the main body of the text. Our presentation closely follows [16], and we
verify a few of the statements conjectured there.

A.1 Prologue

If G is an algebraic group over a field k and ¢ is a prime different from char k, we
recall that a Q,-local system £ on G is said to be multiplicative if u*(£) = LXK L,
where u : G xx G — G is the multiplication morphism. This notion is a natural

geometrization of the notion of a homomorphism I' — @Z , where I" is an abstract
group. In the purely algebraic setting, the set of all such homomorphisms is itself an
abelian group, and this observation is useful in the character theory of finite groups.
It is natural to ask whether this statement has a geometric analogue.

In particular, we would like to construct a “moduli space” of multiplicative Q,-local
systems on G. We assume that G is connected: otherwise local systems on G have
nontrivial automorphisms, and there is no convenient way to “rigidify”’ them. More-
over, if we want this moduli space to be something resembling an algebraic group as
well, it is not hard to see [10] that G must be unipotent. Next, if G is a unipotent group
over a field of characteristic 0, then every local system on G is constant, so we will
assume that chark = p > 0.

In this case, fix an injection of groups ¥ : Q,/Z, — Q, . It identifies Qp/Zp
with the group of roots of unity in @Z whose order is a power of p, and one easily
checks (see Lemma 7.3) that every multiplicative Q,-local system on G comes from a
multiplicative Q,/Z,-torsor on G (defined in an obvious manner). This observation
allows us to have a more natural theory which is independent of £.

Next, even for connected G, multiplicative Q, /Z,-torsors on G are still not rigid,
because being multiplicative is only a property. To rigidify the situation, we must look
at multiplicative Q, /Z -torsors £ on G equipped with a trivialization of the pullback
1*€, where 1 : Spec k —> G is the multiplicative identity. Giving such data is equiv-
alent to giving a central extension of G by the discrete group Q,/Z,, in the category
of group schemes over k. This is proved in [26]. We find it more natural, and techni-
cally much more convenient, to work with central extensions of group schemes rather
than multiplicative local systems or torsors. Therefore the results of this appendix will
usually be phrased in the language of (bi-)extensions.

Finally, we recall (see Remark A.10) that the “moduli space” of central extensions
of G by Q,/Z, can only be canonically defined as a perfect scheme.
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A.2 Organization

The first half of the appendix is devoted to the Serre duality!” for connected commu-
tative perfect unipotent groups, the idea of which goes back to [34]. In Sect. 9.6, we
provide some background on perfect schemes, perfect group schemes, and the per-
fectization functor, following [16,19]. In Sect. 9.6, we define perfect quasi-algebraic
groups and perfect unipotent groups. In Sect. 9.6, we recall the main statement of the
classical Serre duality theory following [3]. In Sect. 9.6, we recall Mumford’s notion
[33] of a bi-extension, and in Sect. 9.6 we relate it to the notion of a “bimultiplicative
torsor”. In Sect. 9.6, we relate Serre duality for connected commutative unipotent
groups over finite fields to Pontryagin duality for finite p-groups. In Sect. 9.6, we
prove a result on bi-extensions of commutative connected unipotent groups which is
used in the study of admissible pairs. Finally, in Sect. 9.6 we prove the existence of
“almost Lagrangian” subgroups with respect to a skewsymmetric bi-extension (defined
in Sect. 9.6) of a commutative unipotent group by Q,/Z,, under suitable additional
assumptions, cf. [16].

The second half of the appendix discusses Serre duality for noncommutative groups.
In Sect. 9.6, we define the Serre dual of any connected perfect unipotent group, and in
Sects. 9.6-9.6 we establish the geometric analogues of certain standard constructions
and results on 1-dimensional characters of abstract groups.

A.3 Perfect schemes and group schemes

Fix a prime p. Let us recall that a scheme S in characteristic p, i.e., such that p anni-
hilates the structure sheaf Og of S, is said to be perfect if the morphism Oy — Oy,
given by f —— fP? on the local sections of Og, is an isomorphism of sheaves. In
particular, a commutative ring A of characteristic p is perfect [19] if and only if Spec A
is a perfect scheme.

Let Gcbh, denote the category of all F,-schemes, and let ‘Berf, be the full subcat-
egory of &cb, formed by perfect schemes. The inclusion functor Berf, — Scbh,
has a right adjoint which we will call the perfectization functor and will denote by
X > Xperf. We note that this functor was constructed by Greenberg in [19], who
denotes it by X —> X'/P% and calls X'/ the perfect closure of X.

Next let k& be a perfect field of characteristic p, let Gch, be the category of
k-schemes and ‘PBerf; the full subcategory consisting of perfect schemes. The nat-
ural morphism (Spec k) perf —> Speck is an isomorphism, so for any X € G&chy,
the perfectization X ., is automatically a scheme over k (if & is not perfect, then
Xpery 1s a scheme over the perfect closure of k). Hence, X —— X, r can be
upgraded to a functor Gch, —> Perf;, which is also right adjoint to the natural
inclusion.

Remark A.5 If A and B are perfect k-algebras, so is their tensor product A ®; B.

Indeed the p-th power homomorphism A @ B —> A ®k B, x —> x?, is the tensor
product of the corresponding homomorphisms A — A and B — B. It follows

17 Not to be confused with Serre duality in the theory of cohomology of coherent sheaves.
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that the product of two perfect schemes over k is perfect, so the inclusion functor
Perf;, — Scbh,, preserves products. Hence, a group object in the category Perfy, is
automatically a group scheme over k in the usual sense, which is perfect as a scheme.
In particular, the term “perfect group scheme over k” is unambiguous.

Remark A.6 On the other hand, the perfectization functor Gch, —> Perf; preserves
limits by abstract nonsense (because it has a left adjoint). In particular, if G is a group
scheme over k, then G .,y becomes a perfect group scheme over .

A.4 Perfect unipotent groups

Let us fix a perfect field k of characteristic p > 0. A perfect scheme Y over k is said
to be of quasi-finite type over k if it is isomorphic to X ¢ for a scheme X of finite
type over k. We define a quasi-algebraic group over k to be a perfect group scheme
such that the underlying scheme is of quasi-finite type over k.

The next result is not strictly necessary for what follows, but we find it to be at least
psychologically helpful.

Lemma A.7 If G is an affine quasi-algebraic group over k, then G is isomorphic to
the perfectization of an affine algebraic group over k.

Proof In view of Remark A.5, we have G = Spec A, where A is a commutative Hopf
algebra over k which is perfect as a ring. By assumption, there exists a finitely gener-
ated k-subalgebra B C A such that A is the perfect closure [19] of B. Every coalgebra
over a field is the filtered union of its finite dimensional sub-coalgebras, so there is a
finitely generated Hopf subalgebra B’ C A such that B C B’. Then, A is the perfect
closure of B’ as well, and G’ = Spec B’ is an affine algebraic group over k (because

A is reduced), and G = G:”erf, as desired. |

Definition A.8 A perfect unipotent group over k is a perfect group scheme over k
which is isomorphic to the perfectization of a unipotent algebraic group over k.

The two basic examples of perfect unipotent groups over k are the discrete group Z/ pZ
and the perfectization G, perr of the additive group G,. If k = k, then every connected
perfect unipotent group over k has a finite filtration by closed normal subgroups with
successive subquotients isomorphic to G, perf-

We denote by cpuy, the category of all commutative perfect unipotent groups over
k, and by cpup C cpuy the full subcategory formed by connected group schemes.
It is not hard to see that cpu, is an abelian category; in particular, for a morphism
f : G — H in cpuy, we can talk about the kernel, Ker f, of f, and we have the
notion of an exact sequence in cpu. Moreover, cpu; is an exact subcategory of cpuy.

A.5 Classical Serre duality

We continue to work over a fixed perfect field k of characteristic p > 0. If G € cpuy,
we define a contravariant functor

G* : &ch, —> {abelian groups}, S +—> Extg(G xk S, Qp/Zp), (A1)
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where Ext! denotes the first Ext group computed in the category of commutative group
schemes over S, and Q,/Z, is viewed as a discrete group scheme over S. We call this
functor the Serre dual of the group G.

The idea of this construction goes back to Serre’s article [34]. However, in the form
needed for our purposes, the duality theory appears to be due to Begueri:

Theorem A.9 [3] The restriction of the functor G* to the subcategory Petfy is rep-
resentable by an object of cpuy, which is also denoted by G*. Moreover, the functor
G —— G* is an exact anti-auto-equivalence of the category cpu;.

Remark A.10 If G is a connected commutative unipotent group over k in the usual
sense, the natural morphism G* — (G ¢ )™ is an isomorphism of functors on Sch,..
On the other hand, as explained, e.g., in [10], the functor G* is not representable18
on the whole category &ch, already for G = G,. This is the reason for working with
perfect group schemes in the context of Serre duality.

A.6 Bi-extensions

The notion of a bi-extension of group schemes was discovered by Mumford in [33],
and later generalized by Grothendieck in SGA 7-1. It can be formulated in several
equivalent ways; the following approach will be convenient for us. Let G1, G, be
group schemes over a field k, and let A be a commutative group scheme over k. A
bi-extension of (G, G3) by A is a scheme E over k, equipped with an action of A
and a morphism 7 : E —> G| X} G, which makes E an A-torsor over G| x; G2,
together with the following additional structures.

(a) Choices of sections of  along {1} x G and G| x {1}, by means of which the
“slices” 7! ({1} x G2) and 7w ~! (G x {1}) will be identified with A x; G, and
G1 xi A, respectively, where 1 denotes the unitin G or G5.

(b) A morphisme; : E xg, E — E which makes E a group scheme over G, and
makes 7 a central extension of G| X G2, viewed as a group scheme over G2, by
A X G7,1n a way compatible with the identification A x; G, = 7] ({1} x G»p).

(¢) A morphisme; : E X, E —> E which makes E a group scheme over G| and
makes 7 a central extension of G| x; G, viewed as a group scheme over G, by
G| X A, in a way compatible with the identification G| x; A = 7~ 1(Gy x {1)).

These data are required to satisfy the following compatibility condition: if 7 is any

k-scheme and ey, e12, €21, €22 € E(T) = Homg_gchemes (T, E), then

(e11 @2 €12) o1 (€21 @2 €22) = (e11 o1 €21) @2 (€12 @1 €22)
whenever both sides of this equality are defined, i.e., whenever
m(en) = (g1, 82), wlenn) = (g1, 8y), wlea) = (g1, 82), wlen)= (g}, &)

for some g1, g} € G1(T) and g2, g5 € G2(T).

18 However, it is ind-representable: see the “Appendix” on Serre duality in [10].
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Definition A.11 The notion of an isomorphism of bi-extensions is defined in the
obvious way, and bi-extensions of (G, G2) by A form a groupoid which we denote
by Bi-ext(G1, Ga; A). (It is even a strictly commutative Picard groupoid, see [16],
but we will not use this fact.) A trivial bi-extension is one which is isomorphic to
A X G1 X G equipped with the obvious A-action, the natural projection A Xy
G1 xx G —> G X G, and the obvious partial group laws coming from the group
law on A. Equivalently, a bi-extension E as above is trivial if it has a trivialization,
i.e., a bimultiplicative section o : G| X, G, —> E of m, which means that for
any k-scheme T and any choice of g1, g; € G1(T) and g2, g5 € G2(T), we have

o(g18], 82) = 0(g1,82) ®10(g), g2) and 0 (g1, g285) = (g1, &2) 2 0 (g1, &)-

Remark A.12 [16] Bi-extensions are to central extensions as bimultiplicative maps
are to homomorphisms, where, for abstract groups I'1, I';, A, we say that a map
B : 'y x 'y — A is bimultiplicative if B(y1, —) is a homomorphism for every fixed
y1 € I't, and B(—, y») is a homomorphism for every fixed y» € I'>. This analogy
manifests itself in many different ways.

For instance, if G is a group scheme over k and A is a commutative group scheme
over k, then the group of automorphisms of any central extension of G by A is naturally
isomorphic to the group Hom(G, A) of morphisms of k-group schemes G — A.
Consequently, for any trivial central extension of G by A, its trivializations form a
torsor under Hom(G, A). Similarly, if G| and G, are group schemes over k, then the
group of automorphisms of any bi-extension of (G, G7) by A is naturally isomor-
phic to the group of bi-multiplicative morphisms of k-schemes G| x; Go —> A, and
hence trivializations of any trivial bi-extension of (G1, G,) by A form a torsor under
the latter group.

Corollary A.13 If A is a discrete commutative group and G|, G, are group schemes
over k, at least one of which is a connected algebraic or quasi-algebraic group, then
bi-extensions of (G, G2) by A have no non-trivial automorphisms. In particular,
every such bi-extension has at most one trivialization.

Definition A.14 A bi-extension E of (G, G2) by A is said to be commutative if the
two partial group laws on E are commutative. Of course, this can only happen if G
and G, are commutative group schemes. In [33], Mumford imposes the commutativity
requirement in the very definition of a bi-extension.

A.7 Bi-extensions and bimultiplicative torsors

Some of the data and the compatibility conditions that appear in the definition of a
bi-extension can often be ignored. To explain this comment, let us introduce the notion

of a bimultiplicative torsor, by analogy with the notion of a multiplicative torsor.

Definition A.15 In the situation above, let

[L]ZG] XkG1—>G1 and uz:GszG2—>G2
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be the multiplication morphisms, and let
pris, Praz : G1 Xk G1 Xx G2 —> G Xk G2
and
priz, priz @ Gi xx G2 Xx G2 —> G x¢ G2
be the projections. An A-torsor £ on G| X; G is said to be bimultiplicative if
(n1 x idg,)*(€) Z pri3(€) @ pryz(E)  as A —torsors on G X G| xx G2
and
(idg, xp2)* (&) Z pri,(E) ® priz(£)  as A — torsors on G| Xx G2 Xk Ga.

It is clear that a bi-extension E of (G1, G2) by A determines a bimultiplicative
A-torsor on G| X Gy by forgetting the partial group laws on E. The proof of the
following analogue of Lemma 7.2 is straightforward and is therefore omitted.

Lemma A.16 Let G| and G, be connected algebraic or quasi-algebraic groups over a
field k, and let A be an abstract commutative group, viewed as a discrete group scheme
over k. Consider the groupoid 9 of bimultiplicative A-torsors € on G| X G2 equipped
with a trivialization of (1 x 1)*E. Then, the forgetful functor Bi-ext(G, G2; A) — ¥
is an equivalence of categories, and both groupoids are discrete. Furthermore, if G|
and G are commutative, then every bi-extension of (G1, G2) by A is automatically
commutative as well.

A.8 Serre duality and Pontryagin duality

In the remainder of the appendix, the only bi-extensions that we consider will be
bi-extensions of connected unipotent groups by Q,,/Z,. Let us fix a perfect field k of
characteristic p > 0 and an object G € cpup. If G* € cpuy is the Serre dual (Sect. 9.6)
of G, then, by definition, we have a central extension I/ of G xx G* by Q,/Z,, in
the category of group schemes over G*, which is universal in the obvious sense. The
following claim is readily verified:

Lemma A.17 Let A be a perfect group scheme over k, and let f : A —> G* be an
arbitrary morphism of k-schemes. Then, f is a morphism of group schemes if and only
if idg x f)*U has a structure of a bi-extension of (G, A) by Qp, /Z,, compatible with
its structure of a central extension of G xx A by Q,/Z, as an A-group scheme.

In particular, we see that I/ itself comes from a (unique) bi-extension of (G, G*) by
Qp/Z,, which we will also denote by I/. Furthermore, morphisms of k-group schemes
f : A — G* correspond bijectively with bi-extensions of (G, A) by Q,/Z,,.

In this subsection, we assume that k = I, is finite. Then, G(F,) is a finite abe-
lian p-group, and we can consider its Pontryagin dual, which can be canonically
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defined as G(F,)* = Hom(G(F,), Q,/Z)). It is natural to ask about the relationship
between G*(IF,) and G(FF,)*. As we will see shortly, these two groups are canon-
ically isomorphic. First, note that we have an analogue of the sheaves-to-functions
correspondence (Sect. 4.2) in the context of QQ,/Z,-torsors. Namely, isomorphism
classes of Q,/Zp-torsors on Spec I, are in natural bijection with continuous homo-
morphisms ¢ : Gal(F/F;) — Q,/Z,.Inturn, suchhomomorphisms are in bijection
with elements of Q,/Z, via ¢ — ¢(F,), where F, € Gal(F/F,) is the geometric
Frobenius. Now if X is an arbitrary scheme over F, and £ is a Q,, /Z-torsor over X,
we obtain a functor tg : X (Fy) — Qp/Z,, defined by sending x € X (IF,) to the
element of Q,,/Zj, corresponding to the Q,/Z,-torsor x*& over Spec I, .

Proposition A.18 If G is a perfect connected commutative unipotent group over F,
G* is its Serre dual, and U is the universal bi-extension of (G, G*) by Q,/Z,,, then
the map

G(F,) x G*(F,) = (G x G*)([F,) —*> Q,/Z,

is a perfect pairing, i.e., it is bi-additive and identifies G*(IF,) with G(Fy)*.

Proof The only nontrivial part is to show that every x € G(IF,)* can be represented
as x —> f7(x, y) for some y € G*(IF;). By Lang’s theorem [28], we have an exact
sequence of perfect commutative unipotent groups over [F,

0— G(F,) — G - G — 0, (A2)
where L : G — G,g —> ®(g)g ! isthe Langisogeny.'® Choose ahomomorphism
x : GFy) — Q,/Z,. The pushforward of (A.2) by x is an extension

O—>Qp/Zp—>6X—>G—>0,

which defines an element y € G*(IF,). One checks eiasily ([14], Sommes. trig.) that
the function 15 : G(Fy) — Qp/Zp, defined by G (viewed as a Q) /Z -torsor
over G), is equal to x. Hence, x (x) = fy¢(x, y) forall x € G(F,). O

A.9 Canonical pairing associated with a bi-extension

Let us fix two objects G1, G2 € cpuy and a morphism f : G; —> G». Since (G})*
is canonically identified with G2 by Theorem A.9, we see from Lemma A.17 that f
corresponds to a bi-extension of (G5, G1) by Q,/Z,. Consider the dual morphism
f*: G5 — G7. The kernels Ker f and Ker f* are possibly disconnected objects of
cpuy.

Until the end of the subsection we assume that k is an algebraically closed field
of characteristic p > 0. Then, the groups of connected components o(Ker f) and

19 Here, ® : G —> G is the absolute Frobenius morphism, defined as the identity map on the underlying
set of G, and the map f —— f7 on local sections of the structure sheaf O of G.
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mo(Ker f*) are finite discrete abelian p-groups. Our goal is to define, following [16],
a canonical nondegenerate pairing of abelian p-groups

By : mo(Ker f*) x mo(Ker ) —> Qp/Z,, (A.3)
i.e., a bi-additive map inducing an isomorphism of abelian groups
mo(Ker f*) — Hom(mo(Ker f), Q,/Z)). (A4

To define (A.3), note that since f }Ker = 0, the restriction £ is a trivial

G’ x(Ker f)

bi-extension. Since G is connected, there is only one trivialization of E | G x (Ker f) by

Corollary A.13. Similarly, the bi-extension E| (Ker f* has a unique trivialization.

)XG
Thus, we obtain two trivializations of E | (Ker f*)x (Ker f)» Which, by Remark A.12, must
“differ” by a bi-additive morphism (Ker f*) x (Ker f) — Q,/Z,,. Since Q,/Z,, is
discrete, the latter factors through a bi-additive map (A.3).

Proposition A.19 The pairing (A.3) we just defined is nondegenerate.

To prove this proposition, it suffices to show the injectivity of the induced homo-
morphism (A.4), for then we can apply the same argument replacing f with f*. Thus,
let g € (Ker f*)(k) be such that B¢ (g, x) = Oforall x € mo(Ker f), where g denotes
the image of g in o (Ker f*). We must show that g € (Ker f*)°. To this end, we need
to obtain a more concrete description of (Ker f*)°.

Consider an arbitrary extension of commutative group schemes over k,

O—)Qp/ZpHGE—n>G2—>O.

Let t € G5(k) denote the corresponding element, and assume that ¢ € Ker f*, which
means that there exists a morphism f G —> G, such that no f f. Since G
is connected and Q,, /Z, is discrete, f is unique. Moreover, it takes Ker f to Q,/Z,,,
so we obtain an induced homomorphism ¢’ : wo(Ker f) — Q,/Z,,.

The following claim is simply a matter of unwinding the definitions:

Lemma A.20 We have t'(x) = By (1, x) for all x € mo(Ker f).
In view of this result, it is clear that Proposition A.19 follows from

Lemma A.21 [In the situation above, the following are equivalent:

(1) t belongs to the neutral connected component (Ker f*)°;
(ii) the restriction of t to the image of f is trivial,
(iii) the homomorphism t' is identically zero.

Proof The equivalence between conditions (ii) and (iii) is obvious. Indeed, since we
are already assuming that f*(r) = 0, it is clear that the restriction of 7 to the image
of f is trivial if and only if the homomorphism f defined above vanishes on Ker f,
which is in turn equivalent to the vanishing of ¢’.
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For the equivalence between (i) and (ii), note first that the composition of f with
the quotient map G, — G2 /f(G1) equals zero, hence the composition

(G2/f (G = G5 L5 G}

also equals zero. Since (G7/f(G1))* is connected, we see that (ii) implies (i). The
argument of the previous paragraph shows that we have an exact sequence

0 —> (G2/f(G))*(k) —> (Ker f*)(k) —> Hom(mo(Ker f), Qp/Zp),

and the last group is finite. Thus, (G2/f(G1))* maps isomorphically onto (Ker f*)°,
whence (i) also implies (ii) and the proof of the lemma is complete. O

A.10 Symmetric and skewsymmetric bi-extensions

Let k be a perfect field of characteristic p > 0, let G € cpuy, and let E G xx G
be a bi-extension of (G, G) by Q,/Z,. As explained above, E determines (and is
determined by) a homomorphism f : G —> G*. We will think of its dual, f*, as
a homomorphism G —> G* as well, using the canonical identification (G*)* = G
(see Theorem A.9).

Definition A.22 The bi-extension E is said to be symmetric if t*(E) = E, where
T :G xx G — G Xy G is the transposition of the two factors. Equivalently, E is
symmetric if f* = f. We say that E is skewsymmetric?° if the restriction of E to the
diagonal in G x; G is a trivial Q,/Z ,-torsor.

Remark A.23 In general, skewsymmetry is not a property of a bi-extension; rather,
one needs to define an extra structure, called a skewsymmetry constraint in [16]. How-
ever, since G is connected and Q,/Z,, is discrete, being skewsymmetric becomes a
property in our situation (similarly to Lemma A.16).

Remark A.24 1f the bi-extension E considered above is skewsymmetric, it is easy to
check that f = — f*. The converse statement holds if (and only if) p > 2.

Lemma A.25 (“Parity change”) In the situation of this subsection, assume that k is
algebraically closed and consider the canonical pairing (A.3) defined in Sect. 9.6. If
E is symmetric (respectively, skewsymmetric), so that, in particular, Ker f = Ker f*,
then By is alternating®' (respectively, symmetric).

This lemma is proved at the end of the subsection. In the skewsymmetric case, we
can in fact prove a more precise result (see Lemma A.26). To state it, we intro-
duce some notation. Because we are working in the commutative situation, we
will denote the partial group laws on E by +; and 4+, as opposed to e; and e>.

20 The term “alternating” might be more appropriate, but we decided to be consistent with [16].
21 1n other words, By(x,x) = 0forall x € mo(Ker f) = mo(Ker .



Characters of unipotent groups over finite fields 919

The group laws on G and A will also be written additively. Since E is either symmetric
or skewsymmetric, we have Ker f = Ker f*, and thus we have unique trivializations
A (Ker f) x)g G — E and p : G x; (Ker f) —> E (cf. Definition A.11), as in
Sect. 9.6.

With this notation, the bi-additive map (A.3) is explicitly defined by

Ax,y) =By(x,y)+p(x,y) Vx,yeKerf

If, in adgition, E is skewsymmetriq,v then, by Definition §.22, we have a unique mor-
phism A : G — E such that A(0) = 0 and 7 o A is the diagonal morphism
A : G —> G xy G.In this case, we define a morphism g : Ker f — Q,/Z, by

A(x,x) =q(x)+ A(x) VxeKerf.

Lemma A.26 Assume that k is algebraically closed, and that E is skewsymmetric.
Then, q descends to a map q : mo(Ker f) — Q,/Z, satisfying the following iden-
tities:

(1) g(nx) =n?-q(x)foralln € Z and all x € mwo(Ker f); and

(2) By(x,y)=q(x +y)—q(x)—q(y)forall x,y € mo(Ker f).

Hence, q is a “nondegenerate Q, /Z,-valued quadratic form” on mo(Ker f).

Proof (1) Givenn € Z,lete —> n*1 e and e —> n %, e denote the “multiplication
by n” action on E obtained from the first and the second partial group laws,
respectively. Consider the identity Z(n -x) = n % (n % Z(x)) forx € G. It
holds for x = 0 by construction, and becomes true after we apply 7 to both
sides. Hence, this identity holds for all x, by continuity. On the other hand, since
A is bi-additive, we have A(n - x,n - x) = n %1 (n %2 A(x, x)) for all x € Ker f,
proving (1).

(2) Wetake x, y € (Ker f)(k). By construction, we have

AMx 4y, x+y) =qgx+y) + Al + y). (A.5)

On the other hand, using the bi-additivity of X, we find

AMx+y,x+y) = (A, x)+2 A(xLy)) +1 Ay, x) +2 2y, y)) ~
= q(x) +q(») + (A®) +2 A(x, ) +1 (A(y. x) +2 AY))
(A.6)

Comparing (A.5) and (A.6), we see that (2) reduces to verifying the identity
Ax +y) = (A@) +2 p(x, ) +1 (My. x) +2 A)) -
However, the last identity is meaningful for all (x, y) € G(k) x (Ker f)(k).

Moreover, it is satisfied by continuity, because it holds whenever x = 0, because
G is connected, and because it becomes true after we apply 7 to both sides. O
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Proof of Lemma A.25 1If E is skewsymmetric, the symmetry of By follows from
Lemma A.26(2). Now assume that E is symmetric and use the notation introduced

above. Let 7 : E —> E be the isomorphism of k-schemes which induces an isomor-
phism of bi-extensions between t*(E) and E. In other words, 7w o T = t o7, and T
interchanges the two partial group laws on E. Uniqueness of trivializations implies
that L(x, y) = T(p(y, x)) for all (x, y) € (Ker f)(k) x G(k). On the other hand, by
continuity, T is the identity above the diagonal in G x; G. Thus, A(x, x) = p(x, x)
for all x € (Ker f)(k), which means that By (x, x) = 0, i.e., By is alternating.

A.11 Lagrangian subgroups

Every finite dimensional vector space V equipped with an alternating bilinear form
w admits a Lagrangian subspace, i.e., a subspace L C V which coincides with its
annihilator with respect to w. In particular, the rank of w is even.

Let us study the geometric analogue of this statement. Fix G € cpuy and a skew-
symmetric bi-extension E of (G, G) by Q,/Z,. Let f : G —> G* denote the
corresponding morphism. The rank of E is defined to be rk £ = dim f(G).

Definition A.27 An almost Lagrangian subgroup of G with respect to E is a closed
connected subgroup L C G such that L C f ~1(Ann(L)), and L has finite index in
f~Y(Ann(L)), where Ann(L) = Ker(G* — L*) C G* is the annihilator of L in G*.
We say that L is simply Lagrangian if f~'(Ann(L)) = L.

Note that if G has an almost Lagrangian subgroup with respect to £, then rk £ must
be even. However, rk E is not always even in the geometric setup: for instance, there
exist nontrivial skewsymmetric bi-extensions of (G, pers, Ga, perf) by Qp/Z,. This
is the first obstruction to the existence of almost Lagrangian subgroups. If the base
field k is algebraically closed, this is the only obstruction. The non-algebraically closed
case appears to be more intricate. Part (a) of the following result was conjectured in
[16].

Proposition A.28 (a) Ifk is algebraically closed and tk E is even, G has an almost
Lagrangian subgroup with respect to E.

(b) Allow k to be merely perfect, and suppose that E is nondegenerate in the strong®*
sense, i.e., f : G —> G* is an isomorphism. Then, dim G is even and every
almost Lagrangian subgroup of G with respect to E is Lagrangian.

Before proving this proposition we need to understand Serre duality more explicitly
in a special case. It is well known that the objects of cpuy that are annihilated by p are
isomorphic to direct sums of copies of G, perr. On the other hand, we have

End pue (Ga, perf) = R :=k{r, 7'}, (A.7)
the ring of twisted Laurent polynomials, determined by 7 - ¢ = ¢” - t for ¢ € k. The

isomorphism (A.7) is obtained by letting elements of k act on G, perr by dilations,
and letting T act by x —> x?”.

22 The “weak” non-degeneracy condition is that f is an isogeny.
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To describe the Serre duality functor on the subcategory of p-torsion objects of cpuy,
we only need to explain how it acts on G, perr and on endomorphisms of G, perf-
This was done in [10]. One can identify GZ, perf with Gy, pers so that the action of
the Serre duality functor on endomorphisms of G, perr becomes the anti-involution
f —> f* of the ring R determined by ¢* = ¢ for ¢ € k, and t* = 77\

Below we will prove the following purely algebraic result:

Lemma A.29 Let k be algebraically closed, and let f : Gi perf — (Gi perf)* be
a morphism of k-group schemes such that f* = — f. Then, there exists a nonzero

morphism o : Gg, pery — Gi perf such thata™ o f oa = 0.

Let us explain why this lemma implies Proposition A.28.

For part (a) of the proposition, we use induction on dim G. What allows us to
reduce dim G is the construction of subquotients of E. Namely, if H C G is a closed
connected isotropic subgroup, i.e., such that H C H L .= f~'(Ann(H)), then E
induces a skewsymmetric bi-extension E’ of G’ := (H1)°/H by Qp/Z,, and if L’
is an almost Lagrangian subgroup of G’ with respect to E’, then the preimage of L’
in H= is an almost Lagrangian subgroup of G with respect to E. Furthermore, rk E’
has the same parity as rk £, and dim G’ < dim G so long as H is nontrivial.

First we reduce tothe case p- G = 0.If p- G # 0, letn > 2 be the smallest integer
for which p" - G = 0 (it exists because G is a commutative perfect unipotent group).
Then, p"~! - G is a nontrivial connected isotropic subgroup of G with respect to E,
so we are done by induction on dim G, as explained above.

Now assume that p - G = 0, so that G = Gi’ perf for some d € N. If d = 1,
then £ = 0 because rk E is even by assumption, so G is almost Lagrangian in itself.
Otherwise, let G” C G be a closed subgroup isomorphic to Gﬁy perf- By Lemma A.29,
G’ has a nontrivial connected isotropic subgroup H with respect to E | % Then,
H is also isotropic in G, and we are again done by induction.

Next we prove part (b) of the proposition. The second statement is obvious: if
L C G is any connected subgroup, then Ann(L) C G* is also connected, whence
L+ = f~'(Ann(L)) is connected because f is an isomorphism. Thus, L is Lagrang-
ian if and only if it is almost Lagrangian. For the first statement, use the base change
from k to an algebraic closure of k (this changes neither the non-degeneracy property
of E nor dim G). Now let us try to repeat the same inductive argument as above to
prove that G has an almost Lagrangian subgroup with respect to E, which will imply
that dim G is even. Note that if H C G is a closed connected subgroup which is iso-
tropic with respect to E, then the induced skewsymmetric bi-extension E’ of H+/H
by Qp/Z, is also nondegenerate. Thus, the only place where we cannot repeat the
same argument as above is when G = G, pery.

However, we claim that G, per cannot have nondegenerate skewsymmetric
bi-extensions by Q,/Z,. Indeed, consider a morphism f : Gg, perf — G}

a, perf
defining a skewsymmetric bi-extension. We identify Gz‘perf with Gg, perr as

explained above, so that f becomes an element of the ring R = k{z, t~!}. It is
easy to check that being skewsymmetric becomes the property that f can be written
as a sum of elements of the form t/ - ¢ — ¢ -t =/, where j € Nand ¢ € k. However, no

kG//'
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such element is invertible in R, since all units of R are of the form ¢ - 7/, for ¢ € k*
andi € Z.
Thus, we have proved both parts of Proposition A.28.

Proof of Lemma A.29 Our argument uses dimension counting, which is why we need
to assume that k is algebraically closed. Using the identification of G perf with
Ga, perf, we can represent the morphism f by a two-by-two matrix

(—ab*fi) , where a,b,d € Randa = —a*, d = —d*.

An arbitrary morphism o : G4, perf — Gi’ perf Can be represented by a vector
(x,y) € RZ, and then the element o* o foace Endcpuz (Gq, pery) equals

F(x,y) == x*ax — y*b*x + x*by + y*dy. (A.8)

We must show that in this situation there exist x, y € R, not both zero, such that
F(x,y) = 0. Note that we have F(x, y)* = —F(x, y) forall x, y € R.

In what follows, we will view R as a vector space over k with respect to the action
of k on R by left multiplication. For each N € N, let Ry be the subspace of R spanned
over k by {r_N, N+ rN}. It has dimension 2N + 1.

Let R%‘ew denote the subset of Ry consisting of the elements z satisfying z* = —z.
Itis not a k-subspace of Ry . However, we can identify it with a suitable k-vector space.
Namely, let R; be the subspace of R spanned by {r, 2., ‘L’N} if p > 2, and by
{1, T, nn, rN} if p = 2. There is a unique additive bijection ¢ : R; = R%‘ew
given by ¢t/ — ct/ —tJcfor1 < j < N,c € k,and ¢ — c if p = 2. We have
dim R}, = Nif p > 2,anddim Ry, = N + 1 if p = 2.

Choose m € Nsuch thata, b, d € R,,. Then, the map F defined by (A.8) takes R12V
to Rgll‘\f_’fm Hence, F' := ¢~ o (F|RN) is a map R12v — R;‘N+m
quite polynomial with respect to the obvious coordinates on the k-vector spaces RIZV
and R;‘ Netme because of the equation !
KAN+2

. This map is not

¢ =cYP .t~ for ¢ € k. However, for any

s € N, we have a bijection — R12\, given by

I S D Nl DAL S AL 2
i J
and the resulting composition k*N+2 —s R; Nm 18 given by a polynomial map with
coefficients in k if s is large enough. Since 4N + 2 > dimy R;r Nm whenever N > m,
and since k is assumed to be algebraically closed, the standard theorem of the dimen-
sion of fibers of an algebraic map implies that the equation F(x, y) = 0 has a nonzero
solution (x, y) € R,z\, for N > m, which proves the lemma. O
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A.12 Noncommutative Serre duality

Let us once again fix a perfect field k of characteristic p > 0. Let G be a connected
perfect unipotent group over k. This time we do not assume that G is commutative.
The Serre dual of G can be defined, as a functor, in the same way as in Sect. 9.6, by
formula (A.1), except that the right hand side has to be interpreted as the group of
isomorphism classes of central extensions of G x; § by the discrete group scheme
Qp/Z,. The following result was conjectured by Drinfeld in [16]; the key idea of the
proof is also due to him.

Proposition A.30 If G is a connected perfect unipotent group over k, the restriction
of the functor G* to SPerfy, is represented by an object of cpuy, which we also denote by
G*. Moreover, the natural homomorphism (G?)* — G*, induced by the quotient
map G — G = G/[G, G), identifies (G)* with (G*)°.

Let us first explain why the problem is nontrivial. Naively one might expect that
every central extension of G by Q,/Z, restricts to a trivial extension of [G, G, so that
G* = (G*)* as functors. However, this is not so, as was already observed in [16]; see
[26] for more details. Fortunately, as we will see below, this naive expectation only
“fails by a finite amount,” which allows us to get a handle on G*.

We use the following result of [26] in a crucial way:

Theorem A.31 [26] There exists a (unique) central extension
1 — II — [G, Glyye — |G, G] — 1, (A.9)

where T is a finite unipotent k-group,”® characterized by the properties that

[G, Glirue s connected,
every central extension of G by a finite unipotent k-group splits after pullback to
[G, Glirue, and

e the commutator morphism G x G —> G lifts to [G, Giye.

Moreover, there exists a central extension G — G of G by a finite unipotent k-group
such that (A.9) is isomorphic to 1~ ([G, G1)° —> [G, G]. Finally, the formation of
(A.9) commutes with base change to algebraic extensions of k.

The group [G, Glie, together with the homomorphism [G, Glguwe —> G, is called
the true (étale) commutator [16] of G, for the obvious reason.

To prove Proposition A.30, we use induction of dim G. If dim G = 1, then G is
commutative and we can apply Theorem A.9. Assume that dim G > 1 and the result
holds for all connected perfect unipotent groups H over k such that dim H < dim G.

If S is any perfect scheme over k and A is an abstract (discrete) abelian group, we
will write H>(G xj S, A) for the abelian group of isomorphism classes of central
extensions of G xj S by A in the category of group schemes over S.

23 In other words, a finite étale unipotent group scheme over k.
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Lemma A.32 If S is a perfect scheme over k, the natural homomorphism
H*(G xS, Qp/Zp) —> H*(IG, Glirue X S, Qp/Zp)

equals zero.

Proof We may assume that S is affine. There exists n € N such that g?" = 1 for all
g € G or [G, Glirye- Hence, for any S as above, the natural homomorphisms

H*(G x¢ S, Z/p"Z) —> H*(G xx S,Qp/Z))
and
H*([G, Gliue Xk S, Z/p"Z) —> H*([G, Gline Xk S, Qp/Z})

are isomorphisms. On the other hand, it is easy to see that since S is affine,
imH2(G xi S', Z) p"Z) —> H*(G % S, 7/ p"7Z),

where the inductive limit is taken over all morphisms S —> §’, where S’ is a perfect
affine k-scheme of quasi-finite type (Sect. 9.6) over k. Hence, it suffices to prove the
lemma in the case where S is of quasi-finite type over k.

Now, by the induction assumption, the functor [G, G]j;,. is representable by an
object of cpuy.. Given an element of H2(G xS, Qp/Zp),itspullback to [G, G liue Xk S
defines a morphism of k-schemes S — [G, G]{;,.. By Theorem A.31, the induced
map S (k) — [G, Gl}., e(E) is identically O, where k is an algebraic closure of k.
Since S is of quasi-finite type over k, this implies that § — [G, G1{;,. is constant.

]

We can now complete the proof of Proposition A.30. Consider the sequence (A.9)
defined in Theorem A.31. In view of Lemma A.32, we obtain an exact sequence of
functors from ‘Perf; to the category of abelian groups,

0 — (G)* — G* — Hom(I1,Q,/Z,) — 0,

where Hom(I1, Q,/Z,) is viewed as a finite unipotent k-group in the natural way.?*
Since (G*?)* is representable by a connected commutative perfect unipotent group
over k by Theorem A.9, both statements of Proposition A.30 follow.

24 For instance, IT is nothing but a finite abelian p-group equipped with a continuous action of Gal (k/k),
where k is an algebraic closure of k. Then, Hom(I1, Qp/Z)) can be equipped with the contragredient
action of Gal(k/ k).
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A.13 An auxiliary construction

In this subsection, we describe a construction used in the definition of an admissible
pair for a unipotent group in characteristic p > 0 (see Sect. 7.3). The construction
is a geometric counterpart of the following simple observation. If " is a finite group,
N C I'isanormal subgroup, x : N — Q,/Z,, is ahomomorphism, which is invari-
ant under the conjugation action of I', and Z C TI' is a subgroup such that N C Z and
[[", Z] C N, then x induces a homomorphism I'/N — Hom(Z/N,Q,/Z,) given
by y —> (z > x(yzy~'z7h).

We fix a perfect field k of characteristic p > 0, let U be a (possibly disconnected)
perfect unipotent group over k and let N C U be a normal connected subgroup. By
Proposition A.30, we can speak about the Serre dual, N* € cpuy, of N, and since N*
is defined by a universal property (in the category of perfect k-schemes), it is clear
that U acts on N* regularly by k-group scheme automorphisms.

Let v € N*(k) be a U-invariant element, and let Z C U be a connected subgroup
such that N C Z and [U, Z] C N. (Without loss of generality, one can take Z to be
the preimage in U of the neutral connected component of Z(U/N).)

We claim that v defines a k-group morphism ¢, : U/N — (Z/N)*.

In the proof of this claim, we will use the standard correspondence between cen-
tral extensions (or bi-extensions) of connected (quasi-)algebraic groups by Q,/Z,
and (bi)multiplicative Q/Z ,-torsors (see [26] and Lemma A.16). Thus, we will also
denote by v the multiplicative Q,/Zp-torsor on N defined by v.

First we will define a morphism of k-schemes U — Z*. By definition, this is
the same as constructing a central extension of U X Z, viewed as a group scheme
over U, by Q,/Z,. We define a Q,/Zp-torsor on U x; Z by & = c*v, where
c:UxxZ —> N,c(u,z) = [u,z] = uzu"'z"!. Now we apply the following
result.

Lemma A.33 The restrictions of £ to N X Z and U Xy N are trivial torsors. More-
over, let ny : U xp U — U, uz : Z Xy Z —> Z denote the multiplication

morphisms, and let p1,p» : U xg U — U and q1,q2 : Z X Z —> Z be the
natural projections. Then

(dy x uz)*€ = (idy xq1)*E @ (idy x q2)*E (A.10)
as Qp/Zy-torsors on U Xy Z xy Z, and
(ny xidz)*E€ = (p1 x idz)*E ® (p2 x idz)*E (A.11)

as Qp,/Zy-torsors on U x; U xi Z.

The proof of Lemma A.33 is given below. Note that formula (A.10) implies that
& corresponds to a central extension of U x; Z, viewed as a group scheme over U,
by Q,/Z,, and hence defines a morphism U — Z* of k-schemes. Formula (A.11)
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implies that, moreover, this morphism is a group homomorphism. Finally, the first sen-
tence of the lemma means that this homomorphism factors through a homomorphism
vyt U/N — (Z/N)*, as claimed.

Remark A.34 Note that Z/N € cpug, because [U, Z] C N, and hence, a fortiori,
[Z,Z] C N. The restriction of ¢, to Z/N is a bi-extension of (Z/N, Z/N) by
Qp/Zp. In fact, this extension is skewsymmetric (Definition A.22) by the very con-
struction of ¢, (indeed, observe that the restriction of ¢ to the diagonal in Z xj Z is
constant).

Proof of Lemma A.33 The following observation will be used several times in the
proof. Leta : U x; N —> N denote the conjugation action map: (u, n) — unu~".
Then, a*visaQ,/Z,-torsor over U x; N, and it is clear that if we view U x; N as a
group scheme over U, then a*v becomes a multiplicative Q, /Z,-torsor, in the sense
that

(dy x puy)*e®v = (dy x r)*e*v ® (dy x r)*a*v

as Q,/Zp-torsorson U x N xx N, where iy : N xg N — N is the multiplication
morphism and r1,ry : N xg N —> N are the two projections. Hence, a*v defines
a morphism of k-schemes U — N*, which is nothing but the orbit map for the
U-action on v € N*(k). By assumption, v is U -invariant, whence

v = (Qp/Zp)y K, (A.12)

where (Q,/Zp)y denotes the trivial Q,/Z,-torsor on U.
Let us prove that, in the notation of Lemma A.33, the torsor £ | Nx,z 1s trivial. The
following composition clearly equals ¢ | NxpZ:

L idx(“!Zka) N
NxxZ — Nxy ZXy N— N Xy N—— N,

where ((n, 7) = (n, z, n~1). Therefore

Elnsez = (clnxez) v
[id x (@ | zx,n)]" (i)
o [1d x (« |Z><kN)] (v Xv)
= (vR(Qp/Zp)u Bv) = Q@p/Zp) N 25

*

12

L

12

as claimed, where the isomorphism before the last one uses (A.12).
The triviality of £ |U>< .~ 1s proved by a completely analogous argument.
Let us prove (A.10). It is straightforward to verify the identity

c(u,z122) = c(u, z1) - c(u, z2) - a(z1,c(u,z2)) VYueU, z1,22 € Z.
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It translates into the commutativity of the following diagram:

UsiZxiZ —t N xu Ny N

idy X/Azi ll‘@

U x, Z N

where u3(ny, ny, n3) = ninynsz and

Bu, z1,22) = (c(u, z1), c(u, 22), a(z1, c(u, 22))) .
Therefore, using (A.12), we find that

(dy x uz)*€ = B*(vXvXv)
= (idy x q1)*c*v ® (idy x ¢2)* v ® (Qp/Zp)ux;zx,2
= (idy x q1)*€ ® (idy x q2)*€,

which proves (A.10).
Finally, the proof of (A.11) is very similar, so we omit the details. The argument
uses the easily verifiable identity

—1
cQuiuy, z) = c(uy, z) - c(uz, z) - ¢ (ZM]Z_17 c(ua, z)_l)

together with the multiplicativity property of v (i.e., u3v = v X v X v) and the fact
that £ ’U ;N 18 trivial. This completes the proof of Lemma A.33. O

A.14 Lifting central extensions

In this subsection, we prove a result on lifting central extensions of connected uni-
potent groups by Q,/Z,, that is essentially equivalent to Proposition 7.7 used in the
main body of the text.

Proposition A.35 Let k be (as usual) a perfect field of characteristic p > 0, let G be
a connected unipotent group over k, let H C G be a connected subgroup such that
|G, G] C H and consider a central extension

0— Q,/Z, — H -5 H— 0. (A.13)

Assume that the commutator morphism com : G x G —> H lifts to a morphism
G x G —> H. Then, (A.13) lifts to a central extension of G by Q,/Z.

Remark A.36 The reader may observe that in this result we departed from our tradition
of working with perfect unipotent groups. However, the difference between algebraic
and quasi-algebraic groups is absolutely irrelevant in Proposition A.35 (which we
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could have equally well stated for perfect unipotent groups). Indeed, if G is any alge-
braic group over k, the natural pullback map H%(G, Q,/Z,) —> H*(G perf, Qp/Z))
is easily seen to be an isomorphism, where, as in the proof of Proposition A.30, we
write H>(G, Q »/Zp) for the abelian group of isomorphism classes of central exten-
sions of G by Q,,/Z,, in the category of k-group schemes.

Proof of Proposition A.35 1t is clear that we can choose a liftc : G x G — H of
the commutator morEhism which satisfies ¢(1, 1) = 1. We assert that ¢ makes the
homomorphism § : H —> G obtained by composing 7 with the inclusion H — G
a strictly stable crossed module in the terminology of [12].

Let us briefly recall what this means. Define a morphism G x H— H by
(g, h) —> 8h :=c(g, 8(h)) - h. This morphism is a regular left action of G on H by

algebraic group automorphisms, satisfying
8Gh) =gs(h)g~" and *Pn =nh'h™" Vge G, h,h € H.

(This is a slight abuse of notation since we should not be using “elements” of G and H,
but it is easy to rewrite the identities above purely in terms of morphisms of schemes.)
In addition, c satisfies ¢(g, g) = 1, c(g, h)c(h, g) = 1, and a few other conditions
(coming from the axioms for a braided monoidal category), all of which are carefully
formulated in [12] and in [26].

All the equations for the morphism ¢ mentioned in the previous paragraph are
automatically satisfied in our situation because G is connected (and therefore geomet-
rically integral), Q,/Z,, is discrete, and c(1, 1) = 1 by assumption. The full proof is
left as a simple exercise for the reader. The details can also be found in [26].

According to [12], ¢ induces the structure of a strictly commutative Picard stack
on the quotient stack G/ H ; see [12] or [1, Exp. XVIII, Sect. 1.4] for the definition
of a strictly commutative Picard stack. According to Proposition 1.4.15 in loc. cit., if
A and B are sheaves of abelian groups on any site, then strictly commutative Picard
stacks P with p(P) = A and 71 (P) = B are classified up to equivalence by the
group Ext?(A, B). In our situation, no(G/ﬁ) = G/H and m; (G/ﬁ) =Q,/Z,.

We claim that Ext?>(G/H, Qp/Zy) = 0. Indeed, G/H is a connected commuta-
tive unipotent group over k, so since k is perfect, G/H has a filtration by connected
subgroups with all the successive subquotients isomorphic to G,. By induction on
dim(G/H), we are reduced to the following lemma, which is proved in Sect. 9.6.

Lemma A.37 Ifk is any perfect field of characteristic p > 0, then
Ext" (G, Qp/Zp) =0  forallr > 2,

where Q,/Z,, is viewed as a discrete group scheme over k and the group Ext? is
computed in the category of sheaves of abelian groups on the fppf site of Spec k.

We see that the Picard stack G/ His equivalent to the “trivial one”, defined as the
product (G/H) x(Q,/Z,— tors), where G/ H is the discrete (i.e., having no nontrivial
morphisms) strictly commutative Picard stack defined by the commutative algebraic
group G/H and Q/Z, — tors is the Picard stack of Q, /Z-torsors. This implies that
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the 1-morphism H — Q,/Z, — tors of gr-stacks (cf. [12] or [26]) obtained from
the central extension (A.13) extends to a 1-morphism G — Q,/Z, — tors, which
in turn implies that x lifts to a central extension of G by Q,/Z,,.

A.15 Proof of Lemma A.37

The argument, which we present, is based on an idea borrowed from Sect. II1.0 of
[32], and uses a result of Breen [11]. Breen also has independently suggested another
proof of Lemma A.37 (in private communication).

The perfect site, kpy, of Speck is defined as the category of perfect k-schemes of
quasi-finite type (see Sect.9.6) over k, with the Grothendieck topology for which the
covering families are the surjective families of étale morphisms.

For brevity, we will introduce the following (non-standard) notation. Let us write
</ for the category of sheaves of abelian groups on the fppf site k s, s of Spec k, and
let us write <7 (p) for the category of sheaves of I ,-vector spaces on the site k7. We
claim that there is a natural (quasi-)isomorphism

RHom () (Ga, Z/pZ) —> RHomy(Gg, Qp/Zp). (A.14)

Indeed, following the proof of Lemma II1.0.13(a) of [32], let us choose an injective
resolution Q,,/Z, — .#* in the category /. Injective abelian sheaves are divisible,

so if we let .#; be the kernel of the multiplication by p map .¥/ —> .#/ for every
Jj > 0, then the complex fp' is a resolution of Z/ pZ, which restricts to an injective

resolution of Z/ pZ in the category <7 (p). Moreover, since any morphism G, — .#/

automatically factors through f,ﬁ (because Gy, is annihilated by p), we obtain (A.14).
To complete the proof of Lemma A.37, we use the Artin—Schreier sequence

x—>xP—x

0—%2/p — G, — G, — 0 (A.15)

In [11], it is proved that Extf?{(p) (Gg, G,) = 0 for all j > 1. Applying the functor
Hom /() (Gg, —) to (A.15) and using the associated long exact sequence of the Ext
groups, we find that Ext;{(p) (G4, Z/pZ) = 0 for all r > 2. By (A.14), we are done.

Appendix B: Proof of Theorem 2.6

In this appendix, we present a proof of Theorem 2.6, which is due to Drinfeld.

B.1 Setup

We fix an easy unipotent group G over F, and an irreducible representation p of
G(F,) over ;. Let us list a few facts, which were established in the course of proving
Theorem 2.5 in the main body of the text.
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(1) There exists an admissible pair (H, £) for G (where H is a connected subgroup
of G defined over I, and £ is a multiplicative @Qy-local system on H) such that
the restriction of p to H(IF;) contains 7, as a direct summand (Theorem 7.1).

(2) Let G’ denote the normalizer of (H, £) in G. Then, G’ is connected and the
dimension of G’/H is even (Sect. 9.4.1). Also, G’'/H is commutative, which
results from the connectedness of G’ and the definition of an admissible pair.

(3) Letog : (G'/H)perf — (G'/H )* denote the homomorphism induced by
as in Sect. 9.6. Then, ¢ is an 1som0rph1sm (see Sect. 9.4.1).

(4) The skewsymmetric bi-additive map By : (G'/H)(Fy) x (G'/H)(F,) — @Z
induced by ¢, is nondegenerate (see Sect. 9.4.2).

(5) Let L C (G'/H)(F,) be any Lagrangian subgroup with respect to B, and let

L denote the preimage of L in G’ (Fy). Then, tp : HIF,;) — @Z can be
extended to a homomorphism x : L — Qg , and for any such extension, we

have p = Ind~( 2 X (see Sect. 9.4.2).

B.2 Existence of Lagrangian subgroups

Next we will formulate a result that implies Theorem 2.6 in view of the facts we
listed above. Let A be a perfect connected commutative unipotent group over F,
and let ¢ : A —> A™* denote an isomorphism that induces a skewsymmetric
bi-extension (Definition A.22) of (A, A) by Q,/Z, (in particular, p* = —¢). Let
By : A(Fy) x A(Fy) — @Z denote the skewsymmetric bi-additive map induced by
@; it is nondegenerate by Proposition A.18.

Proposition B.1 With the notation above, there is a Lagrangian subgroup L C A(FF,)
with respect to By, such that L = L(IF;) for some connected subgroup L C A.

The proof of the proposition is given below. It is clear that Theorem 2.6 follows
from the proposition, because the latter implies that the Lagrangian subgroup L men-
tioned in Sect. 9.6(5) can be chosen to have the form L(IF,) for a connected subgroup
L C G'/H. Letting P be the preimage of L in G’, we have L = P(F,), and the proof
of the theorem is complete.

B.3 Strategy of the proof

The proof of Proposition B.1 has two steps. First we will reduce it to the case where
A is annihilated by p. In this case, a stronger statement holds:

Lemma B.2 Let A be a connected commutative unipotent group™ over Fy such that
p-A=0, andlet L C A(F,) be any subgroup whose order is a power of q. Then,
there exists a connected subgroup L C A such that L = L(F,).

25 We can take A to be either an algebraic group in the usual sense, or a perfect algebraic group. The
distinction between the two classes of groups is irrelevant here.
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Note that when p - A = 0, Lemma B.2 implies Proposition B.1, because in the
setting of the proposition, the order of any Lagrangian subgroup L C A(F,) with
respect to B, equals A(]Fq)l/ 2 = ¢qWimA)/2 "\which is a power of g because dim A is
even by Proposition A.28(b). The lemma is proved in Sect. 9.6.

B.4 Reduction of Proposition B.1 tothe case p- A =0

Let us suppose that A is not annihilated by p, and let n > 2 be the smallest integer
such that p" - A = 0.Let Ag = p"~' - A. Then, Ay is a nontrivial connected subgroup
of A and is isotropic with respect to the skewsymmetric bi-extension induced by ¢,
because p”’1 . p”’1 > p". Let Aé be the orthogonal complement to Ag in A, i.e.,

Ay = ¢! (Ker(A* — A})) C A.

Then, Ag C A, and Ay = Aé /Ao is also connected. Moreover, ¢ induces a strongly
nondegenerate skewsymmetric bi-extension of (A1, A1) by Q,/Z,. Since dim A} <
dim A, we may assume that Proposition B.1 holds for this bi-extension. Since Ay is a
connected algebraic subgroup of A, the reduction to the case p - A = 0 is complete.

B.5 Proof of Lemma B.2

Throughout the proof, g is assumed to be fixed, and G, denotes the additive group
over the field F,. Let W = A(F,); it is canonically an I ,-vector space. Since A is
annihilated by p, it is isomorphic to a direct sum of copies of G,, whence we may
assume that A = GJ. Let L C W be any subgroup of order g*, where 0 < k < n.
Let A’ C A be the direct sum of the first k copies of G,. Then, A’ (Fy) and L are
IF,-subspaces of W and have the same dimension over F,. Hence, there exists an
[Fp-linear map f : W — W such that L = f(A'(Fy)).

The ring End(G,) of endomorphisms of G, as an algebraic group over F,
contains all the elements of F, (acting by dilations), as well as the Frobenius
map x — xP”. It follows from Lemma B.3 that the natural ring homomorphism
End(G,) — End]Fp (IF,) is surjective. This easily implies that the natural homo-
morphism End(A) — Endp, (W) is surjective as well. In particular, the linear map
f in the previous paragraph is induced by an endomorphism of A, which, by abuse of
notation, we will also denote by f : A — A.Then, f(A’) is a connected subgroup of
A. Moreover, L = f(A'(F,)) C f(A")(F,), while dim f(A") < dim A" = k, which
implies that | f(A")(Fy)| < gF =|L|. Thus, L = FANEFY). O

B.6 An auxiliary result

Let us recall a construction. If R is a ring and I" is a group acting on R by ring
automorphisms, the smash product R#I" is defined to be the ring whose elements are
formal sums zy er @y ¥, Where a, € R and all but finitely many a, are 0; the addi-
tion in R#I is defined in the obvious way; and the multiplication is determined by
(ary1) - (a2y2) = (a1 - y1(a2)) - (y1y2).
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Lemma B.3 Let K C L be a finite Galois extension of fields, and let T' = Gal(L/K).
The natural homomorphism*® L#T" — Endg (L) is an isomorphism of K -algebras.

Proof One can easily show that L#T" is a simple ring.?’ Furthermore, L is simple as a
module over itself, and hence, a fortiori, as a module over L#I". Since End; (L) = L,
it follows that End s (L) = LT = K. Using Wedderburn theory, we conclude that
L#I" — Endg (L) is an isomorphism. O
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