arXiv:math.AT/0302346 v2 8 Jul 2003

THE CLASSIFICATION OF p-COMPACT GROUPS FOR p ODD

KASPER K. S. ANDERSEN, JESPER GRODAL, JESPER M. MOLLER, AND ANTONIO VIRUEL

CONTENTS

1. Introduction 1
Relationship to the Lie case and the conjectural picture for p = 2 7
Organization of the paper and notation 8
Acknowledgments 8
2. The map Aut(BX) — Aut(BNx) 8
3.  Automorphisms of maximal torus normalizers 9
4. Reduction to connected, center-free simple p-compact groups 12
5. An integral version of a theorem of Nakajima and realization of p-compact

groups 18
6. Proof of the main theorem using Sections 8, 9, 10, 11, and 12 21
7. Consequences of the main theorem 32
8. Non-toral elementary abelian p-subgroups of the exceptional groups 38
8.1.  Recollection of some results on linear algebraic groups 40
8.2. The groups Es(C) and 3E4(C), p =3 42
8.3. The group E5(C), p=3 52
8.4. The group 2E;(C), p=3 59
9. Non-toral elementary abelian p-subgroups of projective unitary groups 62
10. Calculation of the obstruction groups 63
10.1. The toral part 64
10.2. The non-toral part for the exceptional groups 66
10.3. The non-toral part for the projective unitary groups 69
11.  Appendix: The classification of finite Z,-reflection groups 71
12. Appendix: Invariant rings of finite Z,-reflection groups, p odd (following

Notbohm) 76
13.  Appendix: Outer automorphisms of exotic finite Z,-reflection groups 79
References 82

1. INTRODUCTION

It has been a central goal in homotopy theory for about half a century to single out
the homotopy theoretical properties characterizing compact Lie groups, and obtain a corre-
sponding classification, starting with the work of Hopf [70] and Serre [116, §4] on H-spaces
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and loop spaces. Materializing old dreams of Sullivan [127, p. 5.96] and Rector [114], Dwyer
and Wilkerson, in their seminal paper [51], introduced the notion of a p-compact group, as
a p-complete loop space with finite mod p cohomology, and proved that p-compact groups
have many Lie-like properties. Even before their introduction it has been the hope [113],
and later the conjecture [54, 82, 43|, that these objects should admit a classification much
like the classification of compact connected Lie groups, and the work toward this has been
carried out by many authors. The goal of this paper is to complete the proof of the clas-
sification theorem for p an odd prime, showing that there is a one-to-one correspondence
between connected p-compact groups and finite reflection groups over the p-adic integers
Z,. We do this by providing the last—and rather intricate—piece, namely that the p-
completions of the exceptional compact connected Lie groups are uniquely determined as
p-compact groups by their Weyl groups, seen as Z,-reflection groups. In fact our method
of proof gives an essentially self-contained proof of the entire classification theorem.

We start by very briefly introducing p-compact groups and some objects associated to
them necessary to state the classification theorem—we will later in the introduction return
to the history behind the various steps of the proof. We refer the reader to [51] for more
details on p-compact groups and also recommend the overview articles [43, 82, 88]; we
likewise point out that it is the technical advances on homotopy fixed points by Miller [87],
Lannes [81], and others which makes this theory possible.

A space X with a loop space structure, for short a loop space, is a triple (X, BX, e) where
BX is a pointed connected space, called the classifying space of X, and e: X — QBX is a
homotopy equivalence. A p-compact group is a loop space with the two additional properties
that H*(X;F,) is finite dimensional over F, (to be thought of as ‘compactness’) and that
BX is F-local [18][51, §11] (or, in this connection, equivalently Fj,-complete [19]). Often
we refer to a loop space simply as X. When working with a loop space we shall only be
concerned with its classifying space BX, since this determines the rest of the structure—
indeed, we could instead have defined a p-compact group to be a space BX with the
above properties. The loop space (G, BGj,e), corresponding to a pair (G,p) (where p is
a prime, G a compact Lie group with component group a finite p-group, and (-), denotes
F,-completion [19][51, §11]) is a p-compact group. (Note however that a compact Lie group
G is not uniquely determined by BG), since we are only focusing on the structure ‘visible
at the prime p’; e.g., BSO(2n+1), >~ B Sp(n), if p # 2, as originally proved by Friedlander
[61]; see Theorem 11.4 for a complete analysis.)

A morphism X — Y between loop spaces is a pointed map of spaces BX — BY. We say
that two morphisms are conjugate if the corresponding maps of classifying spaces are freely
homotopic. A morphism is called an isomorphism (or equivalence) if it has an inverse up
to conjugation, or in other words if BX — BY is a homotopy equivalence. If X and Y are
p-compact groups, we call a morphism a monomorphism if the homotopy fiber Y/ X of the
map BX — BY is F-finite.

The loop space corresponding to the p-completed classifying space BT = (BU(1)"), is
called a p-compact torus of rank r. A mazximal torus in X is a monomorphism 7 : T' — X
such that the homotopy fiber of BT' — BX has non-zero Euler characteristic. (We define
the Euler characteristic as the alternating sum of the F,-dimensions of the F,-homology
groups.) Fundamental to the theory of p-compact groups is the theorem of Dwyer-Wilkerson
[51] that, analogously to the classical situation, any p-compact group admits a maximal
torus. It is unique in the sense that for any other maximal torus i’ : 77 — X, there exists
an isomorphism ¢ : T — T’ such that ¢ and i are conjugate. (Note that there is a
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subtle difference between this statement and the classical statement of being ‘unique up
to conjugation’ due to the fact that a maximal torus is defined to be a map and not a
subgroup.)

Fix a p-compact group X with maximal torus ¢ : T — X of rank r. Replace the
map Bi : BT — BX by an equivalent fibration, and define the Weyl space Wx (T') as
the topological monoid of self-maps BT — BT over BX. The Weyl group is defined as
Wx(T) = moWx (T)) [51, Def. 9.2]. By [51, Prop. 9.5] Wx(T') is a finite group of order
X(X/T). Furthermore, by [51, Thm. 9.7], if X is connected then Wx(T') identifies with
the set of conjugacy classes of self-equivalences ¢ of T such that ¢ and iy are conjugate.
In other words, the canonical homomorphism Wx (T) — Aut(mi (7)) is injective, so we
can view Wx(T) as a subgroup of GL,(Z,), and this subgroup is independent of 7" up to
conjugation in GL,(Z,). We will therefore suppress T from the notation.

Now, by [51, Thm. 9.7] this exhibits (Wx,m1(T")) as a finite reflection group over Z,.
Finite reflection groups over Z, have been classified for p odd by Notbohm [100] extending
the classification over Q,, by Clark-Ewing [31] (which again builds on the classification over
C by Shephard-Todd [119]); we recall this classification in Section 11 and extend Notbohm’s
result to all primes. (Recall that a finite Z,-reflection group is a pair (W, L) where L is
a finitely generated free Z,-module, and W is a finite subgroup of Aut(L) generated by
elements « such that 1 — « has rank one viewed as a matrix over Q,; we say that two
finite Z,-reflection groups (W, L) and (W', L’) are isomorphic, if we can find a Z,-linear
isomorphism ¢ : I — L’ such that the group pW¢~! equals W)

Given any self-homotopy equivalence Bf : BX — BX, there exists, by the uniqueness
of maximal tori, a map B f : BT — BT such that Bf o Bi is homotopy equivalent to
Bio Bf. Furthermore, Bf is unique up to the action of the Weyl group, as is easily seen
from the definitions (cf. Lemma 2.1). This sets up a homomorphism @ : mo(Aut(BX)) —
Nav(nyx)(Wx)/Wx, where Aut(BX) is the space of self-homotopy equivalences of BX (this
map has precursors going back to Adams-Mahmud [2]; see Lemma 2.1 and Theorem 1.4 for
a more elaborate version). The group Ngr,(z,,)(Wx)/Wx can be completely calculated; see
Section 13.

The main classification theorem which we complete in this paper, is the following.

Theorem 1.1. Let p be an odd prime. The assignment which to the isomorphism class
of the connected p-compact group X assigns the isomorphism class of the pair (Wx, Lx)
via the canonical action of Wx on Lx = m(T) defines a bijection between the set of
isomorphism classes of connected p-compact groups and the set of isomorphism classes of
finite Zy,-reflection groups.

o

Furthermore, for each connected p-compact group X the map ® : mo(Aut(BX)) —
Navn(nx)(Wx)/Wx is an isomorphism, i.e., the group of outer automorphisms of X is
canonically isomorphic to the group of outer automorphisms of (Wx, Lx).

In particular this proves, for p odd, Conjecture 5.3 in [43] (see Theorem 1.4). The self-
map part of the statement can be viewed as an extension to p-compact groups, p odd, of
the main result of Jackowski-McClure-Oliver [78, 76]. Our method of proof via centralizers
is ‘dual’, but logically independent, of the one in [78, 76] (see e.g. [42, 67]).

By [52] the identity component of Aut(BX) is the classifying space of a p-compact group
Z X, which is defined to be the center of X—we call X center-free if ZX is trivial. Further-
more recall that a connected p-compact group X is called simple if Lx ® Q is an irreducible
W -representation and X is called ezotic if it is simple and (Wx, Lx) does not come from a
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Z-reflection group (see Section 11). By inspection of the classification of finite Z,-reflection
groups, Theorem 1.1 has as a’ corollary that the theory of p-compact groups on the level of
objects splits in two parts, as has been conjectured (Conjectures 5.1 and 5.2 in [43]).

Theorem 1.2. Let X be a connected p-compact group, p odd. Then X can be written as a
product of p-compact groups

X~G)x X'

where G is a compact connected Lie group, and X' is a direct product of exotic p-compact
groups which are all simply connected, center-free, and have torsion free Z,-cohomology.

Theorem 1.1 has both an existence and a uniqueness part to it, the existence part being
that all finite Z,-reflection groups are realized as Weyl groups of a connected p-compact
group. The finite Z,-reflection groups which come from compact connected Lie groups are of
course realizable, and the finite Z,-reflection groups where p does not divide the order of the
group can also relatively easily be dealt with, as done by Sullivan [127, p. 5.96] and Clark-
Ewing [31] long before p-compact groups were officially defined. The remaining cases were
realized by Quillen [111, §10], Zabrodsky [138], Aguadé [4] and Notbohm-Oliver [101] [103,
Thm. 1.4]. The classification of finite Z,-reflection groups, Theorem 11.1, guarantees that
the construction of these examples actually enables one to construct all finite Z,-reflection
groups as Weyl groups of connected p-compact groups.

The work toward the uniqueness part, to show that a connected p-compact group is
uniquely determined by its Weyl group, also predates the introduction of p-compact groups.
The quest was initiated by Dwyer-Miller-Wilkerson [46, 47] (building on [3]) who proved
the statement, using slightly different language, in the case where p is prime to the order of
Wx as well as for SU(2)3 and SO(3)2. Notbohm [98] and Mgller-Notbohm [94, Thm. 1.9]
extended this to a uniqueness statement for all p-compact groups X where Z,[Lx]"* (the
ring of Wx-invariant polynomial functions on Ly) is a polynomial algebra and (Wx, Lx)
comes from a finite Z-reflection group. Notbohm [101, 103] subsequently also handled
the cases where (W, L) does not come from a finite Z-reflection group. (Beware that in
[101, 103] Notbohm proves an apparently weaker uniqueness statement, from which the
above statement however can be deduced; see Remark 7.11.)

To get general statements beyond the case where Z,[L x]WX is a polynomial algebra,
i.e., to attack the cases where there exists p-torsion in the cohomology ring, the first step
is to reduce the classification to the case of simple, center-free p-compact groups. The
results necessary to obtain this reduction were achieved by the splitting theorem of Dwyer-
Wilkerson [53] and Notbohm [104] along with properties of the center of a p-compact group
established by Dwyer-Wilkerson [52] and Mgller-Notbohm [93]. We carry out this reduction
in Section 4; see also [91].

An analysis of the classification of finite Z,-reflection groups together with explicit cal-
culations (see [102] and Theorem 12.2) shows that, for p odd, Z,[Lx]"* is a polynomial
algebra for all irreducible center-free finite Z,-reflection groups except the reflection groups
coming from the p-compact groups PU(n),, (Eg)s, (F1)3, (Ee)3, (E7)3, and (Eg)s. For
exceptional compact connected Lie groups the notation Eg etc. denotes their adjoint form.

The case PU(n), was handled by Broto-Viruel [22], using a Bockstein spectral sequence
argument to deduce it from the result for SU(n), generalizing earlier partial results of Broto-
Viruel [21] and Mgller [90]. The remaining step in the classification is hence to handle the
exceptional compact connected Lie groups, in particular the problematic E-family at the
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prime 3, and this is what is carried out in this paper. (The fourth named author has also
given alternative proofs for (F;)3 and (Es)s in [130] and [129].)

Theorem 1.3. Let X be a connected p-compact group, for p odd, with Weyl group equal
to Wea, Lg ® Zy,) for one of the pairs (Fy,p = 3), (Es,p = 5), (Es,p = 3), (E7,p = 3),
or (Eg,p = 3). Then X is isomorphic, as a p-compact group, to the p-completion of the
corresponding exceptional group G.

We will in fact give an essentially self-contained proof of the entire classification The-
orem 1.1, since this comes rather naturally out of our inductive approach to the excep-
tional cases. We however still rely on the classification of finite Z,-reflection groups (see
[100, 102] and Section 11 and 12) as well as the above mentioned structural results from
[51, 52, 93, 53, 104, 92].

The main ingredient in handling the exceptional groups is to get sufficiently detailed
information about their many conjugacy classes of elementary abelian p-subgroups (carried
out in Section 8, expanding on the work of Griess [65]), and then to use this information to
show the relevant obstruction groups are trivial (carried out in Section 10), using formulas
of Oliver [106] (see also [67]).

It is possible to formulate a more topological version of the uniqueness part of Theorem 1.1
which holds for all p-compact groups (p odd), not necessarily connected, which is however
easily seen to be equivalent to the first one using [6, Thm. 1.2]. It should be viewed as a
topological analog of Chevalley’s isomorphism theorem for linear algebraic groups (see [71,
§32] [126, Thm. 1.5] and [37, 109, 99]). To state it, we define the mazimal torus normalizer
Nx(T) to be the loop space such that BNx(T') is the Borel construction of the canonical
action of Wx(T') on BT. Note that by construction we have a morphism Nx(T) — X,
and that this map is independent of the choice of T', up to conjugacy. By [51, Prop. 9.5],
Wx (T) is a discrete space so BNx(X) has only two non-trivial homotopy groups and fits
into a fibration sequence BT — BNx(T) — BWx. (Beware that in general Nx(7') will
not be a p-compact group since its group of components Wx need not be a p-group.)

Theorem 1.4 (Topological isomorphism theorem for p-compact groups, p odd). Let p be
an odd prime and let X and X' be p-compact groups with mazimal torus normalizers Nx
and Nx:. Then X = X' if and only if BNx ~ BNx.

Furthermore the spaces of self-homotopy equivalences Aut(BX) and Aut(BNx) are equiv-
alent as grouplike topological monoids. FExplicitly, turn i : BNx — BX into a fibration
which we will again denote by i, and let Aut(i) denote the grouplike topological monoid of
self-homotopy equivalences of the map i. Then the following canonical zig-zag, given by
restrictions, is a zig-zag of homotopy equivalences:

B Aut(BX) & BAut(i) = B Aut(BNx).

In the above theorem, the fact that the evaluation map Aut(i) — Aut(BX) is an
equivalence follows by a short general argument (Lemma 2.1), whereas the equivalence
Aut(i) — Aut(BNx) requires a detailed case-by-case analysis.

We point out that the classification of course gives easy, although somewhat unsatisfac-
tory, proofs that many theorems from Lie theory extend to p-compact groups, by using that
the theorem is known to be true in the Lie case, and then checking the exotic cases. Since
the classifying spaces of the exotic p-compact groups have cohomology ring a polynomial
algebra, this can turn out to be rather straightforward. In this way one for instance sees
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that Bott’s celebrated result about the structure of G/T [14] still holds true for p-compact
groups, at least on cohomology.

Theorem 1.5 (Bott’s theorem for p-compact groups). Let X be a connected p-compact
group, p odd, with mazimal torus T and Weyl group Wx. Then H*(X/T;Z,) is a free
Z,-module of dimension |Wx|, concentrated in even degrees.

Likewise combining the classification with a case-by-case verification for the exotic p-
compact groups by Castellana [26, 27], we get that the Peter-Weyl theorem holds for con-
nected p-compact groups, p odd:

Theorem 1.6 (Peter-Weyl theorem for connected p-compact groups). Let X be a connected
p-compact group, p odd. Then there exists a monomorphism X — U(n), for some n.

We also still have the ‘standard’ formula for the fundamental group (the subscript denotes
coinvariants).

Theorem 1.7. Let X be a connected p-compact group, p odd. Then
m(X) = (Lx)wy

The classification also gives a verification that results of Borel, Steinberg, Demazure, and
Notbohm [103, Prop. 1.11] extend to p-compact groups, p odd.

Theorem 1.8. Let X be a connected p-compact group, p odd. The following conditions are
equivalent:

(1) X has torsion free Z,-cohomology.

(2) BX has torsion free Z,-cohomology.

(3) Zp[Lx]"X is a polynomial algebra over Z,.

(4) All elementary abelian p-subgroups of X factor through a maximal torus.

Even in the Lie case, the proof of the above theorem is still not entirely satisfactory
despite much effort—see the comments surrounding our proof as well as Borel’s comments
[10, p. 775] and the references [8, 38, 125]. Recall that the centralizer Cx (v) of an elementary
abelian p-subgroup v : E — X is defined as Cx (v) = Qmap(BE, BX)p,; cf. Section 6. The
following related result from Lie theory also holds true.

Theorem 1.9. Let X be a connected p-compact group, p odd. Then the following conditions
are equivalent:
(1) m1(X) is torsion free.
(2) Every rank one elementary abelian p-subgroup v : Z/p — X has connected central-
izer Cx(v).
(3) Every rank two elementary abelian p-subgroup factor through a maximal torus.

Results about p-compact groups can in general, via Sullivan’s arithmetic square, be
translated into results about finite loop spaces, and the last theorem in this introduction is
an example of such a translation. Recall that a finite loop space is a loop space (X, BX,e),
where X is a finite CW-complex. A maximal torus of a finite loop space is simply a map
BU(1)" — BX for some r, such that the homotopy fiber is homotopy equivalent to a
finite CW-complex of non-zero Euler characteristic. The classical maximal torus conjecture
(stated in 1973 by Wilkerson [133, Conj. 1] as “a popular conjecture toward which the
author is biased”), asserts that compact connected Lie groups are the only connected finite
loop spaces which admit maximal tori. A slightly more elaborate version states that the
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classifying space functor should set up a bijection between isomorphism classes of compact
connected Lie groups and isomorphism classes of connected finite loop spaces admitting a
maximal torus, under which the outer automorphism group of the Lie group G equals the
outer automorphism group of the corresponding loop space (G, BG,e). (The last part is
true by [76].) It is well known that a proof of the conjectured classification of p-compact
groups for all primes p would imply the maximal torus conjecture. Our results at least
imply that the conjecture is true after inverting the single prime 2.

Theorem 1.10. Let X be a connected finite loop space with a mazximal torus. Then there
erists a compact connected Lie group G such that BX[%] and BG[3] are homotopy equivalent

spaces, where [3] indicates Z[3]-localization.

Relationship to the Lie case and the conjectural picture for p = 2. We now state
a common formulation of both the classification of compact connected Lie groups and the
classification of connected p-compact groups for p odd, which conjecturally should also hold
for p = 2. We have not encountered this—in our opinion quite natural—description before
in the literature (compare [43] and [82]).

Let R be an integral domain and W a finite R-reflection group. For an RW-lattice L
(i.e., an RW-module which is finitely generated and free as an R-module) define SL to be
the sublattice of L generated by (1 — w)z where w € W and = € L. Define an R-reflection
datum to be a triple (W, L, Ly) where (W, L) is a finite R-reflection group and Lg is an RW-
lattice such that SL C Ly C L and Lg is of the form SL’ for some other RW -lattice L'.
(If R=1Z,, p odd, then “S” is idempotent (since H;(W; Ly ) = 0 for all (W, L) by a case-
by-case computation given in [6, Thm. 3.2]) so Ly = SL in this case.) Two reflection data
(W, L, Lo) and (W', L', L)) are said to be isomorphic if there exists an R-linear isomorphism
¢ : L — L' such that pWep~! = W’ and ¢(Lo) = Lj,.

If D is either the category of connected compact Lie groups or connected p-compact
groups, then we can consider the assignment which to each object X in D assigns the
triple (W, L, Ly), where W is the Weyl group, L = 71(T) is the dual weight lattice, and
Ly =ker(m(T) — m1(X)) is the coroot lattice.

Theorem 1.1 and 1.7 as well as the classification of compact connected Lie groups [17,
84, no. 9] can now be reformulated as follows:

Theorem 1.11. If D is the category of compact connected Lie groups or connected p-
compact groups for p odd, then (W,L,Lgy) is an R-reflection datum (R = Z for compact
connected Lie groups and Z, for connected p-compact groups) and this assignment sets
up a bijection between the objects of D up to isomorphism and R-reflection data, up to
isomorphism. Furthermore the group of outer automorphisms of X equals the group of
outer automorphisms of the corresponding R-reflection datum.

Conjecture 1.12. Theorem 1.11 is also true if D is the category of connected 2-compact
groups.

One can check that the conjecture on objects is equivalent to the conjecture given in
[43] and [82], and the self-map statement would then follow from [76] and [105]. The role
of the coroot lattice Lg in the above theorem and conjecture is in fact only to be able to
distinguish direct summands isomorphic to SO(2n+1) from direct summands isomorphic to
Sp(n), cf. Theorem 11.4(1). Alternatively one can use the extension class v € H3(W; Lx)
of the maximal torus normalizer (see Section 3) rather than Ly but in that picture it is
not a priori clear which triples (W, L,~) are realizable. It would be desirable to have a
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‘topological’ version of Theorem 1.11 and Conjecture 1.12, i.e., statements on the level of
automorphism spaces like Theorem 1.4 but we do not know a general formulation which
incorporates this feature.

Organization of the paper and notation. The sections of this paper can be read in an
almost arbitrary order. The short Section 2 sets up the map from the space of automor-
phisms of X to the space of automorphisms of Ny, and in Section 3 we give an algebraic
description of the automorphism group of Ny (which we expand on in Section 13). In Sec-
tion 4 we reduce the classification Theorem 1.1 to the case of simple, center-free, connected
p-compact groups. In Section 5 we prove a theorem about invariant rings and show how
this leads to an easy construction of the exotic p-compact groups. In Section 6 we give
proofs of the main theorem, modulo obstruction group calculations which are carried out in
Section 10. The applications listed in the introduction are proved in Section 7. The purely
algebraic Section 8 contains complete information about all non-toral elementary abelian
p-subgroups of the exceptional compact connected Lie groups, along with their Weyl groups
and centralizers, and Section 9 gives the analogous (but much easier) results for the pro-
jective unitary groups. (This information is used in a crucial way for the calculations in
Section 10 as well as, in a milder way, directly in Section 6 for information about rank
two non-toral subgroups.) In the appendix Section 11 we give a classification of finite Z,,-
reflection groups generalizing Notbohm’s classification to all primes and in the appendix
Section 12 we recall Notbohm’s results on invariant rings of finite Z,-reflection groups. Fi-
nally in the appendix Section 13 we briefly calculate the outer automorphism groups of the
exotic Zy-reflection groups to make the result of Theorem 1.1 more explicit.

We have tried to introduce the definitions relating to p-compact group as they are used,
but it is nevertheless probably helpful for the reader unfamiliar with p-compact groups to
keep copies of the excellent papers [51] and [52] of Dwyer-Wilkerson (whose terminology we
follow) within reach. As a technical term we say that a p-compact group X is determined by
Ny if it is true that any other p-compact group X’ with the same maximal torus normalizer
is isomorphic to X (which will be true for all p-compact groups, p odd, by Theorem 1.4).

We tacitly assume that any space in this paper has the homotopy type of a CW-complex,
if necessary replacing a given space by the realization of its singular complex [86].

Acknowledgments. We would like to thank H. H. Andersen, D. Benson, G. Kemper,
A. Kleschev, G. Malle, and J.-P. Serre for helpful correspondence. We also thank J. P. May
and H. Miller for their comments on a draft of this manuscript. We would in particular
like to thank W. Dwyer, D. Notbohm, and C. Wilkerson for several useful tutorials on their
beautiful work, which this paper builds upon.

2. THE MAP Aut(BX) — Aut(BNXx)

The purpose of this very short section is to construct the map Aut(BX) — Aut(BNx)
which we will later prove is an equivalence. We have been unable to find this description in
the literature.

For a fibration f : &€ — B we let Aut(f) denote the space of commutative diagrams

E—=¢&
b
B B

—_—
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such that the horizontal maps are homotopy equivalences. (This is a subspace of Aut(€) x
Aut(B).)

Lemma 2.1 (Adams-Mahmud lifting). Let X be a p-compact group with maximal torus
normalizer Nx. Turn the inclusion of the mazimal torus normalizer into a fibration i :
BNx — BX. Then the restriction map Aut(i) — Aut(BX) is an equivalence of grouplike
topological monoids.

In particular any self-homotopy equivalence of BX lifts to a self-homotopy equivalence of
BNx, which is unique in the strong sense that the space of lifts is contractible. Choosing a
homotopy inverse to the homotopy equivalence B Aut(i) — B Aut(BX), we get a canonical
homomorphism of grouplike topological monoids

& : Aut(BX) = Aut(i) — Aut(BNy).

Proof. For any ¢ € Aut(BX), there exists, e.g. by [92, Thm. 1.2(3)], a map 1) € Aut(BNx)
such that i is homotopic to 7. Since i is assumed to be a fibration, ¢ can further-
more be modified such that the equality is strict. This shows that the evaluation map
Aut(i) — Aut(BX) is surjective on components. This map of grouplike topological monoids
is furthermore easily seen to have the homotopy lifting property. To see that it is a homo-
topy equivalence we hence just have to verify that the fiber Autpx (BNx) over the identity
map is contractible. We have the following diagram with rows and columns fibrations

Wx —= X/T —— X/Nx

N

Wx BT BNx
* BX —— BX.

Taking homotopy 7T-fixed points of the top row produces a fibration sequence Wx —
(X/TY'T — (X/Nx)'T, where, by the definition of Wy, the inclusion of the fiber in the
total space is a homotopy equivalence. (We refer to [51, 3.3, §10] for basic facts and defi-
nitions about homotopy actions.) Hence (X/Nx)"T is contractible. Let Nx and T denote
discrete approximations to A’y and T respectively, ie., T = (Z/p>)" C T and Ny is
an extension of Wy by T such that BNy — BNy is an Fp-equivalence (cf. [52, §3] for
facts about discrete apprqximations). The space (X/Nx)"x is contractible as well, since
(X/Nx)Nx ~ (X/Nx) N5~ (X/Nx)RT)PWx and (X/Nx)"T is contractible. Since the
space of maps BN'x — BNy over BX identifies with (X/Nx )X we see that any self-map
of BNx over BX is an equivalence, and that Autpx (BNYx) is contractible as wanted. [

3. AUTOMORPHISMS OF MAXIMAL TORUS NORMALIZERS

The aim of this short section is to establish some easy facts about automorphisms of
maximal torus normalizers which are needed to carry out the reduction to connected, center-
free simple p-compact groups in Section 4. At the same time the section serves to make the
automorphism statement of Theorem 1.1 more explicit.

Recall that an extended p-compact torus is a loop space N such that W = mg(N) is a
finite group and the identity component N7 of A is a p-compact torus T. Let N be the
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discrete approximation to N (see [52, 3.12]), and recall that N will have a unique largest
p-divisible subgroup 7', which will be a discrete approximation to 7.

Proposition 3.1. For an extended p-compact torus N, the obvious map associating to
a self-homotopy equivalence of BN a self-homotopy equivalence of BN wvia fiberwise F-
completion [19, Ch. I §8] induces an equivalence of aspherical grouplike topological monoids

Aut(BN); = Aut(BN).

If mo(N) acts faithfully on m (N7) then Auty(BN), the component of Aut(BN) of the
identity map, has the homotopy type of B(TW) where T is a discrete approximation to T'.

Sketch of proof. The statement on the level of component groups follows directly from [52,
3.12]. (The point is that the homotopy fiber of BN — BN will have homotopy type
K (V,1) for a Qp-vector space V, and hence the existence and uniqueness obstructions to
lifting a map BN — BN to BN lie in H" (/\7, V') where n = 2,1 which are easily seen to be
zero.) It is likewise easy to see that both spaces are aspherical and that we get a homotopy
equivalence of the identity components. The last statement is also obvious. O

Let L be a finitely generated free Z,-module and suppose that W C GL(T’ T), where we set
T=LRZ / p*°. Consider the second cohomology group H?(W; T ) which classifies extensions
of W by T with the fixed action of W on T. Given an isomorphism « : L — L’ sending
W C GL(L) to W' C GL(L') we get an isomorphism of cohomology groups H2(W;T) —

[e7

H2(W';T") by sending an extension T — N 5 W to the extension 1" ioa ! N ST W,
where ¢, denotes conjugation by «. An isomorphism between two triples (W, L,~) and
(W', L',~"), where v and 7/ are extension classes, is an isomorphism L — L’ sending W to
W’ and ~ to 7/. The automorphism group of a triple (W, L, ) thus identifies with

"Nepy(W) ={a € Ngp oy (W) [a(y) =~ € H>(W;T)}.

It follows directly from the definition (and using that T is characteristic in A) that two
triples as above are isomorphic if and only if the associated groups N and N are isomorphic,
where N is obtained from the extension 1 — T — N — W — 1 given by v, and analogously
for 7/. However, N and (W, L,~) in general have slightly different automorphisms, as is
described in the following lemma (see also [132]):

Proposition 3.2. In the notation above, for any exact sequence 1 — T>NIZW -1
with extension class v we have a canonical exact sequence

(3.1) 1 — Der(W,T) — Aut(N) — "N,

GL(T)(W) — 1

where we embed the derivations Der(W, T) m Aut(/\/) by sending a derivation s to the
automorphism given by x — s(m(x))zx, and the map Aut(N) — VNGL(T)(W) is given by
restricting an automorphism ¢ € Aut(N) to T

This exact sequence has an exact subsequence 1 — T/TW — /\V//Z./\u/' — W — 1 and the
quotient exact sequence s

1 — HY(W;T) — Out(N) — "Newr) (W)/W — 1.
In particular if (W, L) is a finite Z,-reflection group and p is odd then by [6],[78, Pf. of
Prop. 3.5] HY(W;T) = 0, so we get an isomorphism Out(J\V/) = "Nepr) (W)/w.
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Proof. Let ¢ € Aut(N), and consider the restriction map ¢ — P € Aut(T). Note that
for all x G./\V/', l € T we have
(poca)(l) = p(zla™) = p(a)p(l)p(2) ™" = (co@) o 9)(1)

SO @y € NGL(T)(W)' That the image is the elements which fixes the extension class follows
easily from the definitions: The diagram

o Gop cpom
T—N—>W

.

T—=N—>W

shows that ¢ leaves « invariant. Likewise, to see that the right map in (3.1) is surjective let
(NS VNGL(T)(W) and let T'— N — W be the extension obtained by first pushing forward

along ¢ : T — T and then pulling back along ¥~*(=)y : W — W. Since 1 fixes v there
exists an isomorphism N — N making the following diagram commute

v

T——=T=——T
Ww(—)wﬂw W

which shows that Aut(N) — A/NGL(T)(W) is surjective.

Now suppose ¢ € Aut(/\vf ) restricts to the identity on T. For a given z € N we have

p(@)lp(a™!) = p(@)p)p(a™") = p(ala™") = zla™

so the induced map ¢ : W — W is the identity since W acts faithfully on T. This means
that we can define a map s : W — T by s(w) = W '¢(@) where 0 is a lift of w, and this is
easily seen to be a derivation. Furthermore taking the automorphism of N associated to s
gives back ¢, which establishes exactness in the middle, and we have proved the existence
of the first exact sequence.

The existence of the short exact subsequence is clear, noting that ZN = TV (since W

acts faithfully on T') and that T /7" embeds in Der(W,T) as the principal derivations by
sending [ to the derivation w — c,(1)I~!. The last exact sequence is now obvious. 0

Remark 3.3. See [68] for a related exact sequence for compact connected Lie groups, fitting
with the conjectured classification of connected p-compact groups for p = 2.

Proposition 3.4. Suppose {(Wi,Li,%)}le is a collection of pair-wise non-isomorphic
triples where L; is a finitely generated free Z,-module, W; is a finite subgroup of GL(L;)
such that L; ® Q 1is irreducible, and ~v; € H2(WZ,TZ) Let (W,L,~) = Hle(Wi,Li,%)mi
denote the product. Then

k

[IC*Naw o (Wa) /Wi) 2 B, = " Newy (W)/W-.

i=1
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Proof. Assume for ease of notation that L = L1 @ Lo; the general case follows from this
by induction. Consider ¢ € Ngr(1,e1,)(W1 X Wa). For every w € Wi x Wy there exists a
unique w € Wi x Wy such that

p(wzx) = we(zx) for all = € L.

Let a denote the element in Aut(W7 x Ws) given by w — .
By the definition of a the canonical map

Spji : Lz —>L1 @LQ ia(Ll @Lg) HaLj

is W1 x Wa-equivariant, where the superscript a means that we are acting through . Hence
this map, after tensoring with Q has to be either an isomorphism or zero, since L; ® Q and
“L; ® Q are irreducible. But combined with the fact that ¢ is an isomorphism, this means

that
_ [ P11 P12
’ ( P21 P22 >

has to consist of either just ‘diagonal’ elements or just ‘off diagonal’ elements. If we further-
more require @ to respect the extension classes it is clear that we can only have the ‘diagonal’
case if (W7, L1,7v1) is not isomorphic to (Ws, La,y2) whereas if they are isomorphic both
cases can really occur. This proves the lemma. O

4. REDUCTION TO CONNECTED, CENTER-FREE SIMPLE p-COMPACT GROUPS

In this section we prove some lemmas, which, together with the splitting theorems of
Dwyer-Wilkerson [53] and Notbohm [104], reduce the proof of Theorem 1.4 to the case of
connected, center-free simple p-compact groups. This reduction is known and most of it
appears in [91] (relying on earlier work of that author). We here provide a self-contained
and a bit more direct proof using [52].

Lemma 4.1 (Behavior with respect to products). Let X and X' be p-compact groups with
mazximal torus normalizers N' and N'. Then N x N’ is a mazimal torus normalizer for
X x X' and the following statements hold:

(1) Aut;(BX) x Aut;(BX') = Aut1(BX x BX') and Aut,(BN) x Aut;(BN") =
Auty (BN x BN), where Auty denotes the set of homotopy equivalences homotopic
to the identity.

(2) If Aut(BX) — Aut(BN) and Aut(BX') — Aut(BN) are injective on m, then so
is Aut(B(X x X)) — Aut(B(N x N")).

(3) Suppose p is odd and that X and X' are connected and center-free. If Aut(BX) —
Aut(BN) and Aut(BX) — Aut(BN) are surjective on mg, then so is Aut(B(X x
X)) — Aut(B(N x N)).

Proof. Recall that the map Aut(BX) — Aut(BN) was described in Section 2. To see (1)
first note that

(4.1)

map(BX x BX', BX x BX') ~ map(BX, map(BX', BX)) x map(BX', map(BX, BX")).

The evaluation map map(BX', BX)const — BX is an equivalence by the Sullivan conjecture
for p-compact groups [52, Thm. 9.3 and Prop. 10.1], (and likewise with X and X’ switched).
Since the component of the identity map on the left hand side of (4.1) lands in the component
of the constant map in map(BX’, BX) this shows that map(BX x BX',BX x BX'); ~
map(BX, BX); x map(BX’, BX’); as wanted. (The statement just says that the center of
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a product of p-compact groups is the product of the centers, which of course also follows
from the equivalence of the different definitions of the center from [52].)

To see (2) suppose that ¢ is a self-equivalence of BX x BX’ such that its restriction to a
self-equivalence of B(N x N’) becomes homotopic to the identity. The restriction ¢ px «
composed with the projection onto BX’ becomes null homotopic upon restriction to BN/,
which by e.g., [89, Thm. 6.1] implies that it is null homotopic. Likewise the projection
of ¢|.xpx’ onto BX' becomes homotopic to the identity map upon restriction to BN/,
which by assumption means that the projection of .y px’ onto BX’ is the identity. But
by adjointness, repeating the argument of the first claim, this implies that ¢ composed
with the projection onto BX' is homotopic to the projection map onto BX’ (this is [52,
Lem. 5.3]). By symmetry this holds for the projection onto BX as well, and we conclude
that ¢ is homotopic to the identity as wanted.

Finally, combining Propositions 3.2 and 3.4 gives (3), since mo(BN) = Out(N') by Propo-
sition 3.1. ]

Remark 4.2. Part (3) of the above lemma is in general false for p = 2. For instance if X =
SO(3)2 then both for Y = X and Y = X x X we have mo(Aut(BY)) = Narr,)(Wy)/Wy.

But for Y = X x X we have H'(Wy;Ty) = Z/2 x Z/2, so BNy (T) has non-trivial
automorphisms which restrict to the identity on BT (see Proposition 3.2).

Recall the observation that for p odd the component group of X is determined by Wx:

Lemma 4.3. Let X be a p-compact group for p odd, with mazximal torus normalizer j :
N — X. By definition Wx = wo(N). The map m(j) : Wx = mo(N) — mo(X) is surjective.
The kernel is OP(Wx), the subgroup generated by elements of order prime to p. It can also
be identified with the Weyl group of the connected component X1 of X, and is the largest
Z,-reflection subgroup of Wx.

Proof. By [52, Rem. 2.11] my(j) is surjective with kernel the Weyl group of the identity
component of X. Since my(X) is a p-group, OP(m(N)) is contained in the kernel. On the
other hand, since p is odd, the Weyl group of X is generated by elements of order prime
to p, since it is a Z,-reflection group, so equality has to hold. O

Remark 4.4. For p = 2 the component group of X cannot be read off from N, and one
would have to remember 7y(X) as part of the data. For instance the 2-compact groups
SO(3)2 and O(2)2 have the same maximal torus normalizers, namely O(2)3. Note however
that if X is the centralizer of a toral abelian subgroup A of a connected p-compact group
Y, then the component group of X can be read off from A and Ny (see [52, Thm. 7.6]); a
case of frequent interest.

Before proceeding recall that by [45] (see also [52, Prop. 11.9]) we have, for a fibration
F—-E EA B, a fibration sequence

map(B, B Aut(F))c () — B Aut(f) — B Aut(B).

Here C(f) denotes the components corresponding to the orbit of the my(Aut(B))-action on
the class in [B, B Aut(F)] classifying the fibration.

We are interested in when the map of grouplike topological monoids Aut(f) — Aut(€)
is a homotopy equivalence. This will follow if we can see that Aut;(f) — Aut;(€) and
mo(Aut(f)) — mo(Aut(€)) are equivalences. By an easy general argument given as [52,
Prop. 11.10] the statement about identity components follows if B — map(F,B)y is an
equivalence, there the subscript 0 denotes the component of the trivial map.
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Lemma 4.5 (Behavior with respect to components). Let X be a p-compact group with
mazximal torus normalizer N, and assume that p is odd (so that 7o(X) can be read off from
N). Let N7 denote the kernel of the map N — mo(X), which is a mazimal torus normalizer
fOT Xl.

If Aut(BX;) = Aut(BN7), then Aut(BX) = Aut(BN). If furthermore BXy is deter-
mined by BN then BX is determined by BN .

1%

Proof. First note that by an inspection of Euler characteristics and using [92, Thm. 1.2(3)],
N1 is indeed a maximal torus normalizer in X;. Set 7 = m(X) for short. We want to
apply the setup described before the lemma to the fibrations BX; — BX — Bw and
BN7 — BN — B and to see that in both cases the map of monoids Aut(f) — Aut(&)
are homotopy equivalences. By the remarks above this follows if it is an isomorphism on
7o and that B — map(F,B)y is an equivalence. The statement about 7y is true in both
cases since a self-map of £ determines a unique self-map of Bw. Likewise it is easy to see
that Br = map(BX1, Br)y and that B = map(BN1, Br)p. This means that our map
B Aut(BX) — B Aut(BN) (from Lemma 2.1) fits in a map of fibration sequences

map(Bm, B Aut(BX1))c(y) — B Aut(BX) —— B Aut(B)

| ! !

map (B, B Aut(BN1))c(f) — B Aut(BN) —— B Aut(Bm).

Here the maps between the fibers and base spaces are homotopy equivalences by assumption,
and we conclude that we get a homotopy equivalence between the total spaces as well.

Now assume furthermore that X is determined by N7, and let X’ be another p-compact
group with maximal torus normalizer A. By Lemma 4.3 we get that m = mo(X) = mo(X’)
and that N is also a maximal torus normalizer in X7.

We want to show that the two fibrations BX — Bw and BX' — Bm are equivalent as
fibrations over B, or equivalently that the m-spaces BX; and BX] are hm-equivalent, i.e.,
that we can find a zig-zag of m-maps which are non-equivariant equivalences connecting
the two (see e.g., [40] where this equivalence relation is called equivariant weak homotopy
equivalence).

By the assumptions on X; we can choose a homotopy equivalence Bf : BX; — BX]

such that
BN
2
B
BX, !

commutes up to homotopy, and Bf is unique up to homotopy.
We now want to see that we can change B f so that it becomes a m-map. For this, consider
the restriction m-map

BX]

map(BX1, BX]) — map(BN1, BX}).

By the assumptions on Aut(BX;) this map sends distinct components of map(BX;, BX/)
corresponding to homotopy equivalences to distinct components of map(BN7, BX{). More-
over, by the proof of Lemma 2.1, we have a homotopy equivalence map(BX, BX{)ps ~
map (BN, BX{)pfop;. In particular the component map(BXi, BX{)py is preserved un-
der the m-action, since this obviously is so for map(BAN;, BX|)pg,. Furthermore since
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map(BN1, BX{)%; contains Bj’ we see that map(BXl,BX{)}g} ~ map(B./\/'l,BX{)}g;-, is
non-empty, and so there exists a 7-map Emx BX; — BX/ which is a homotopy equivalence.
This shows that BX; and BX] are hr-homotopy equivalent as wanted. O

Remark 4.6. If X is a connected p-compact group, and p is odd, then it follows from
[52, Thm. 7.5] that Z(N) is a discrete approximation to the center of X. The proof of the
above lemma extends this to X non-connected provided we know that the self-maps of X3
are detected by their restriction to N, which will be a consequence of Theorem 1.4. Having
to appeal to this is a bit unfortunate but seems unavoidable. The point is that if there for a
connected p-compact group X, existed a self-equivalence o of X of finite p-power order and
not detected by N, then we could form X x (o), where o would be central in the normalizer
but not in the whole group. (See also Lemma 10.2.)

Lemma 4.7 (Behavior with respect to centers). Let X be a connected p-compact group
with center Z.

(1) If mo(Aut(BX/Z2)) — mo(Aut(BN/2)) is surjective and X/Z is determined by
N/Z then X is determined by N .

(2) Ifpis odd and Aut(BX/Z) — Aut(BN/Z) is a homotopy equivalence then Aut(BX) —
Aut(BN) is as well.

Proof. Suppose that X and X’ have the same maximal torus normalizer N and choose fixed
inclusions j : N — X and j' : N — X'. By [52, Thm. 7.6] X’ and X have the same center
Z. Suppose that X/Z is isomorphic to X'/Z. If mo(Aut(BX/Z)) — mo(Aut(BN/2)) is
surjective we furthermore have that we can choose the homotopy equivalence BX/Z —
BX'/Z in such a way that

BN/Z

ilZ i'12

BX/Z BX'/Z

commutes up to homotopy.
We have canonical maps BX — B?Z and BX' — B?Z classifying the extensions, and
we claim that in fact the bottom triangle in the diagram

BN/Z

7

BX/Z BX'/Z
B2Z

commutes up to homotopy. By construction the outer square commutes up to homo-
topy (since both composites agree with the classifying map BN /Z — B2Z since j and
j" are fixed). Since the top triangle also commutes up to homotopy, an application of the
transfer [51, 9.12], using that B2Z is a product of Eilenberg-Mac Lane spaces and that
X((X/2)/(N/Z)) = 1, shows that the bottom triangle commutes up to homotopy as well.
Since we have constructed a map BX/Z — BX'/Z over B?Z we get an induced homotopy

/

\
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equivalence BX — BX'. (Note that this construction does not a priori give this map as a
map under BN.)

We now want to get the second statement about automorphism groups. Consider the
homotopy commutative diagram

BN —~BN/zZ

L,

BX —— BX/Z

where we can suppose that the two horizontal maps f’ and f are fibrations.

We first claim that we can replace B Aut(f) with B Aut(BX) and B Aut(f’) with
B Aut(BN). As in the case of the component group (see the proof of Lemma 4.5) we
just have to justify that in the appropriate fibration sequences we have equivalences B —
map(F, B)o and mo(Aut(f)) — mo(Aut(E)). The map BX/Z — map(BZ,BX/Z)y is a
homotopy equivalence since the trivial map is central [52, Prop. 10.1]. That BN /Z —
map(BZ, BN /Z)g is an equivalence is a similar (but easier) argument.

By Lemma 2.1 a self-equivalence of BX induces a unique self-equivalence of BN, and
hence a canonical self-equivalence of BZ. Now, by the description of X/Z as a Borel
construction (given in [51, Pf. of Prop. 8.3]) we get a canonical self-equivalence of BX/Z.
This self-equivalence is furthermore unique, in the sense that given a diagram

g

BX BX
Bx/Z Y+ BX/Z

the homotopy type of ¢’ is uniquely given by that of g. To see this note that by Lemma 2.1
the diagram restricts to a unique diagram

]

BN BN
BN/Z Lo BNz

By looking at discrete approximations we see that the homotopy class of §’ is determined
by g. Since by assumption the homotopy class of ¢’ is determined by §’, we conclude that
a self-equivalence of BX induces a unique self-equivalence of BX/Z, and so mo(Aut(f)) =
mo(Aut(BX)). The last part of the argument furthermore shows that also mo(Aut(f’)) =
mo(Aut(BN)).

We hence have the following diagram where the rows are fibration sequences

map(BX/Z, B Aut(BZ))c(s) — B Aut(BX) —— B Aut(BX/Z2)

| ! !

map(BN'/Z, BAut(BZ))¢(y) — B Aut(BN) —— B Aut(BN/Z).
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Examining when the middle vertical arrow is a homotopy equivalence reduces to finding out
when the restriction map map(BX/Z, B Aut(BZ))c¢(y) — map(BN/Z, B Aut(BZ)) ¢y is
a homotopy equivalence, which we now analyze.

Note that since BZ is an product of Eilenberg-Mac Lane spaces we have a fibration
sequence

B%Z — BAut(BZ) — BAut(2)

where Z is the discrete approximation to Z and Aut(é ) is the discrete group of automor-
phisms. Since our extensions are central this gives a diagram of fibration sequences

map(BX/Z,B*Z) ¢y — map(BX/Z, B Aut(B2))c(r) — map(BX/Z, B Aut(Z))o

| ! |

map(BN'/Z, B*Z)¢(pry — map(BN/Z, BAut(B2))¢(sr) — map(BN/Z, B Aut(Z))o.

Again, in this diagram the map between the base spaces is obviously an equivalence, so we
are reduced to studying

(4.2) map(BX/Z, B*Z)c(p) — map(BN/Z, B*Z) 4.

Since B2?Z is a product of Eilenberg-Mac Lane spaces a transfer argument (cf. [51, 9.12])
shows that this gives an embedding as a retract. Since we assume mo(Aut(BX/Z)) =
7o(B Aut(BN/Z)) we furthermore get that this is an isomorphism on 7y by the definition
of C(f) and C(f'). Now set X' = X/Z and N/ = N/Z and let (W, L) denote the Weyl
group of X’. Write BZ ~ B?A x BA’, where A is torsion free and A’ is finite (see [52,
Thm. 1.1]). On 7; the map (4.2) identifies with

HYBX'; A"y H*(BX';A) — HY(BN"; A") @ H>(BN"; A).

The group H'(BN'; A) is zero since m1(BN’) = Wy is generated by elements of order
prime to p, since p is assumed to be odd.
Furthermore, H2(BN"; A) is related via the Serre spectral sequence to the groups

H*(BW; H*(B%L'; A)), H'(BW; H (B?L'; A)), and H*(BW; H*(B%L'; A)).

The first of these groups is zero since W is generated by elements prime to p by the as-
sumption that p is odd. The second is obviously zero, and the last group is zero since
HY(W;Hom(L',Z,)) = Hom((L")w, Z,) = 0 because (L')y is finite.

Hence we get an isomorphism on 71, since we already know that the map is injective. On
72 and 73 the map identifies with HO(BX'; A" Yo H'(BX'; A) — HY(BN"; A" HY(BN'; A)
and H°(BX'; A) — H°(BN"; A) respectively, and these maps are obviously isomorphisms.
Hence map(BX/Z, BQZ)C(f) — map(BN/Z, Bzz)c(f/) is a homotopy equivalence, which
via the fibration sequences above imply that B Aut(BX) — B Aut(BN) is a homotopy
equivalence as wanted. O

Remark 4.8. Consider BX = B(SO(3) x S1)3. This has center Z = (§')3 and X/Z =
SO(3)5. It is easy to calculate directly that B Aut(BX/Z) = BAut(BN/Z) (or appeal
to [76]). However mo(Aut(BX)) — mo(Aut(BN)) is not onto by Proposition 3.2, since
Hom(Wso(3), Z/2°°) = Z/2. This shows that the p odd assumption is necessary in the last
part of the above lemma. (Compare also Remark 4.2.)
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Remark 4.9. Suppose that X is a connected p-compact group. Fibration sequences with
base space B?m(X) and fiber B(X(1)) are in one-to-one correspondence with the set of
maps [B%m1(X), B Aut(B(X(1)))]. Likewise self-equivalences of BX can be expressed in
terms of self-equivalences of B(X (1)) and m1(X), analogously to the lemmas above. Hence
if we a priori knew that Theorem 1.7 held true, i.e., if we could read off 71 (X) from Nx then
the above methods would reduce the proof of the main theorems to the simply connected
case, which could be used advantageously in the proofs. (See also Remark 7.3.)

Remark 4.10. The assumption in Lemma 4.7(1) that 7o(Aut(BX/Z)) — mo(Aut(BN/2))

is surjective has the following origin. We have a canonical restriction map H%(BX/Z; Z) —
H2(BN/Z; £), which is injective by a transfer argument. Two extension classes in H2(BX/Z; Z)
give rise to isomorphic total spaces if the extension classes are conjugate via the actions

of Aut(BX/Z) and Aut(Z) on H2(BX/Z; Z). The total spaces have isomorphic maximal
torus normalizers if the extension classes have images in H2(BN'/Z; Z ) which are conjugate
under the actions of Aut(BN/Z) and Aut(Z), which could a priori be a weaker notion.

5. AN INTEGRAL VERSION OF A THEOREM OF NAKAJIMA AND REALIZATION OF
p-COMPACT GROUPS

The goal of this section is to prove an integral version of an algebraic result of Nakajima
(Theorem 5.1) and use this to prove a Theorem 5.3 which, as part of our induction proof
of Theorem 1.1, will allow us to construct the center-free p-compact groups corresponding
to Z,-reflection groups (W, L) such that Z,[L]" is a polynomial algebra. This will provide
the existence part of Theorem 1.1. We feel that this way of showing existence, is perhaps
more straightforward than previous approaches; compare for instance [103]. (We refer to
the introduction for the history behind this result.)

Theorem 5.1. Let p be an odd prime and let (W, L) be a finite Zy-reflection group. For
a subspace V' of L @ F,, we let Wy denote the pointwise stabilizer of V. in W. Then the
following conditions are equivalent:

(1) Z,[L)V is a polynomial algebra.

(2) Z,[L)"V is a polynomial algebra for all non-trivial subspaces V. C L @ F).

(3) (Wv, L) is a Zy-reflection group for all non-trivial subspaces VC L @ F),.

Remark 5.2. An analog of the implication (1) = (2) where the ring Z, is replaced by a
field was proven by Nakajima [95, Lem. 1.4] (in the case of finite fields see also [56] and
[97]). For fields of positive characteristic the implication (3) = (1) does not hold; see [80]
for more information about this case. Our proof unfortunately involves the classification
of finite Zy-reflection groups and some case-by-case checking. (See the discussion following
the proof of Theorem 1.8 for related information.)

Proof of Theorem 5.1. To start, note that the implication (2) = (3) follows from the fact
that if Z,[L]"v is a polynomial algebra then Q,[L ® Q]"V is as well, so (Wy,L) is a
Z,-reflection group by the Shephard-Todd-Chevalley theorem ([7, Thm. 7.2.1] or [120,
Thm. 7.4.1)).

To go further we want to see that the theorem is well behaved under products, i.e., that if
(W,L) = (W', L") x (W",L"), then the theorem holds for (W, L) if it holds for (W', L") and
(W”,L"). This follow from the fact that the stabilizer in W’ x W” of an arbitrary subgroup
in (L' ®Fp) & (L ®F,) equals the stabilizer of the smallest product subgroup containing
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it, combined with the fact that the tensor product of two algebras is a polynomial algebra
if and only if each of the factors are. Hence to prove the remaining implications it follows
from Theorem 11.1 that it suffices to consider separately the cases where (W, L) comes from
a compact connected Lie group and the cases where (W, L) is one of the exotic Z,-reflection
groups.

Assume first that (W,L) = (Wg, Lg ® Z,) for a compact connected Lie group G. If
Z,[L]" is a polynomial algebra then by Theorem 12.2 (which involves case-by-case con-
siderations and p odd) BX = BG,, satisfies H*(BX;Z,) = H*(B?L;Z,)". We can iden-
tify V' C L ® F, with a toral elementary abelian p-subgroup in X and by [56, Rem. 1.3]
H*(BCx(V);Z,) is again a polynomial algebra concentrated in even degrees. In particu-
lar C'x (V') is connected and by [52, Thm. 7.6] W¢, vy = Wy. Hence, by Theorem 12.1,
H*(BCx(V);Z,) & H*(B%L; Z,)"V, so Z,[L]"V is a polynomial algebra. This shows that
(1) = (2) when (W, L) comes from a compact connected Lie group. To prove (3) = (1) for
Lie groups suppose that (W, L) is a finite Z,-reflection group corresponding to a p-compact
group X = G, such that (Wy, L) is a Zy-reflection group for all non-trivial V' C L ® F),.
Since p is odd it follows by [52, Thm. 7.6] that Cx (V') is connected for all non-trivial
V C L ® F,. Hence, since X is assumed to come from a compact connected Lie group [8,
Thm. B] (or [125, Thm. 2.28]) implies that H*(BX;Z,) does not have p-torsion and hence
H*(BX;Z,) = H*(B?L;Z,)" (cf. Theorem 12.1). So Z,[L]" is a polynomial algebra as
wanted.

Next we assume that (W, L) is one of the exotic Z,-reflection groups. By Theorem 12.2,
Z,[L]" is a polynomial algebra, so we only need to prove that Z,[L]"V is a polynomial
algebra for any non-trivial V' C L ® F,,. Furthermore, by Theorem 12.2(2), F,[L @ F,|"V
is a polynomial algebra. Nakajima’s result [95, Lem. 1.4] shows that F,[L @ F,]"V is
a polynomial algebra as well. Thus we are done if p { [Wy| by Lemma 12.6, which in
particular covers the cases where p { |W|.

If (W, L) belongs to family number 2 on the Clark-Ewing list, then since p is odd, it
is easily seen from the form of the representing matrices (see Section 11 for a concrete
description) that reduction mod p gives a bijection between reflections in (W, L) and (W, L®
F,). AsF,[L @ F)] Wv is a polynomial algebra it follows by the Shephard-Todd-Chevalley
theorem [7, Thm. 7.2.1] that Wy C GL(L®F)) is a reflection group. Thus (Wy, L) is a Z,-
reflection group. Since the representing matrices are monomial, it follows by [95, Thm. 2.4]
that Z,[L]"V is a polynomial algebra.

By Theorem 11.1 only four cases remain, namely the Zabrodsky-Aguadé cases (Wig,p =
3), (Wag,p =5), (Ws1,p=0>5) and (W34, p = 7). For each of these a direct computation (for
instance easily done with the aid of a computer) shows that if S is a Sylow p-subgroup of
W, then U = (L ® F},)® is 1-dimensional and (W, L) is isomorphic to (£, Lsy(y) ® Zp)
(the construction of such a subgroup U can also be found in Aguadé [4]). Hence we see that
if V' C L ® F, is non-trivial then either p { [Wy/| or V' is W-conjugate to U. But in these
cases we already know that Z,[L]"V is a polynomial algebra. O

Theorem 5.3. Let p be an odd prime and let (W, L) be a finite Z,-reflection group with
the property that Zp[L]W is a polynomial algebra over Z,.

Assume that for all non-trivial elementary abelian p-subgroups V C T=L® Z/p> there
exists a p-compact group F (V') with discrete approzimation to its maximal torus normalizer

given by TxWy such that F(V) is determined by Ny, @ Aut(BF(V)) 5 Aut(BNp ),
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and H*(BF(V);Zy) =5 H*(B%L;Z,)Vv. Then there exists a p-compact group X with
discrete approrimation to its maximal torus normalizer given by T xW satisfying the same
properties as listed for F(V).

Proof. First recall that by Theorem 5.1 (Wy/, L) is again a Z,-reflection group and Z,[L]"v
is a polynomial algebra. Set N = TxW. We want to construct a candidate ‘centralizer
decomposition’ diagram. Let A be the category with objects the non-trivial elementary
abelian p-subgroups V' of T and morphisms the homomorphisms between them induced by
inclusions of subgroups and conjugation by elements in W. We now define a functor F
from A°P to p-compact groups and conjugation classes of morphisms. On objects we send
V to F(V). By assumption jy : Cy(V) — F(V) is a discrete approximation to the maximal
torus normalizer in F'(V'). Now let ¢ : V — V’ be a morphism in A, induced by conjugation
by an element x € W and consider the diagram

ljv' Jv

F(V) F(V

~—

Taking the centralizer of the composite map =1 : V! — F(V) we get a space Crovy (z7 1) =
Qmap(BV', BF(V))pgy-1, which has discrete approximation to its maximal torus normalizer
equal to C(V'). By assumption we get a unique (up to conjugacy) isomorphism (V') —
Croy(z™1) under Cy(V'). By composing with the evaluation Cp(yy(z™') — F(V), we get
a morphism F(¢) : F(V') — F(V). We need to check that this gives us a well defined
functor from A°P to the homotopy category of spaces, i.e., that for V -5 V’ ¥, V" F(p)

is conjugate to F(¢)F (). To see this suppose that 1 is induced by conjugation by y € W
and consider the following diagram with obvious maps

1%

F(V) <2 Cppy(a) F(V') —2 Cpuny(y™ ") — F(V")

ev

Crovy (z7ty™)

(Here (-) denotes the adjoint map which is explained in Remark 6.3.) Note that the bottom
composite from F (V") to F(V) is F (1) and the top composite is F'(¢)F (). The top tri-
angle is commutative, since the lower isomorphism in that triangle is just the map obtained
by taking centralizers of the upper one. The rightmost square is homotopy commutative,
since the corresponding square of isomorphisms between centralizers in N is commutative,
using our assumptions that maps are detected here. Finally, the leftmost square is homotopy
commutative, by definition of the adjoint construction.

We hence get a well defined functor BF : A°® — Ho(Spaces), where Ho(Spaces) denotes
the homotopy category of spaces, on objects given by V +— BF (V). By construction
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the functor obtained when taking cohomology of this diagram, can be identified with the
canonical functor which on objects is given by V — H *(BT i Zp)VV

We want to lift this to a diagram in the category of spaces. The obstruction theory for
doing this is described in [44, Thm. 1.1], noting that by [52, Lem. 11.15] our diagram is a
so-called centric diagram so the assumptions of that theorem are satisfied.

By looking at their cohomology we see that all the spaces F(V) are connected and
hence by [52, Thm. 7.5] have center given by TWV, since p is odd. In particular (see e.g.
Lemma 10.2) the homotopy groups of ZF(V) are given by mo(ZF(V)) = H'(Wy; L) and
m(ZF(V)) = L"Vv. By [50, §8] (for details see Section 10) lim},c 5 m«(F(—)) = 0, so by [44,

Thm. 1.1] there exists a (unique) lift of our functor BF' to a functor BF' landing in Spaces.

Set BX = (hocolima BF),.

The spectral sequence for calculating the cohomology of a homotopy colimit [19, Ch. XII 4.5]
has Fs-term given by E;J = lim{ o HY (BT, Z,)"V. But again by [50, §8] these groups
vanish for i > 0 and for i = 0 give lim} H*(BT; Z,)"v = H*(BT: Z,)"V. Hence the spectral
sequence collapses onto the vertical axis, and we get H*(BX;Z,) = H *(BT; Zp)W.

Since H*(BX;Z,) is a polynomial algebra H*(X;Z,) will be an exterior algebra on odd
generators (cf. Theorem 12.1), so X is indeed a p-compact group. The fact that BX is

determined by N and satisfies ® : Aut(BX) 2 Aut(BN), also follows easily from the
above—the details are given in the proof of Lemma 6.4. g

Remark 5.4. Note that Theorem 5.3 in itself does not quite give a stand-alone proof of the
realization and uniqueness of all center-free p-compact groups with Weyl group satisfying
that Z,[L]" is a polynomial algebra, since (Wy, L) is not center-free which prevents the
obvious induction from working; the main problem is the unitary groups.

6. PROOF OF THE MAIN THEOREM USING SECTIONS &8, 9, 10, 11, AND 12

The purpose of this section is to prove the main Theorems 1.1 and 1.4, but in the proofs
referring forward to Sections 8 and 9 for information about elementary abelian p-subgroups
of the simple center-free Lie groups and to Section 10 for the obstruction group calculations.

We start by explaining the strategy in general terms. Recall that the centralizer of an
elementary abelian p-subgroup v : F — X of a p-compact group X is defined as the p-
compact group Cx(v) with classifying space BCx(v) = map(BE, BX)p,. It is a theorem
of Dwyer-Wilkerson [51, Prop. 5.1 and 5.2] that this actually is a p-compact group and that
the evaluation map to X is a monomorphism. A theorem of Dwyer-Zabrodsky [41] [78,
Thm. 3.2] says that if G is a compact Lie group with component group a p-group, then the
map

BCq(v(E)), — BCGZ;(V) = map(BE, BG,) sy
induced by the adjoint of the canonical homomorphism E x Cg(v(E)) — G is a homotopy
equivalence. Note however that Cx(v) is not naturally a subobject of X, i.e., the map to
X is defined in terms of v, unlike in the Lie case.

For a p-compact group X, let A(X) denote the Quillen category of X. The objects of
A(X) are conjugacy classes of monomorphisms v: F — X of non-trivial elementary abelian
p-subgroups E into X. The morphisms (v: F — X) — (v : ' — X) of A(X) consists of
all group homomorphisms ¢: E — E’ such that v and /¢ are conjugate.

The centralizer construction gives a functor

(6.1) BCx : A(X)°P? — Spaces
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that takes the monomorphism (v : E — X) € Ob(A(X)) to its centralizer BCx(v) =
map(BE, BX)pg, and a morphism ¢ to composition with By : BE — BE'.

By a theorem of Dwyer-Wilkerson [52, §8], generalizing a theorem for compact Lie groups
by Jackowski-McClure [75], the evaluation map

hOCOlimA(X) BCX — BX

induces an isomorphism on mod p homology. If X is connected and center-free, then for all
v, the centralizer Cx (v) is a p-compact group with smaller cohomological dimension setting
the stage for a proof by induction. (The cohomological dimension of a p-compact group Y
is defined as cd(Y) = max{n|H"(Y;F,) # 0}; see [51, 6.13] and [53, 3.8].) To make use of
this we need a way to construct a map from the elementary abelian p-subgroups and their
centralizers in X, to any other p-compact group X’ with the same maximal torus normalizer
N.

Suppose that N is embedded in connected p-compact groups X and X’ via homomor-
phisms j and j’ respectively. If v : E — X can be factored through a maximal torus
i: T — X, ie., if there exists  : £ — T such that iy = v, then p is unique up to
conjugation as a map to N by [53, Prop. 3.4], and furthermore by [52, Thm. 7.6], Cxr(1)
is a maximal torus normalizer in Cx(v). In this case j'u will be an elementary abelian p-
subgroup of X', which we have assigned without making any choices, and Cx(j'u) will have
maximal torus normalizer Cyr(p). Elementary abelian p-subgroups which can be conjugated
into T" are called toral subgroups, and elementary abelian p-subgroups which do not have
this property are called non-toral subgroups. The problem hence arises how to compare
the centralizers in the case of non-toral elementary abelian p-subgroups. This problem was
addressed by the third-named author in [92]:

Theorem 6.1. [92] Let X be a p-compact group with mazimal torus normalizer N .

Ifv: E — X is an elementary abelian p-subgroup of X, then there exists a lift u: E — N
with v = jp such that Car(p) — Cx(v) is a mazimal torus normalizer. Furthermore, if
E' CE and i is a lift of v\ with the above property, then y' can be extended to a lift p of
E which also has this property.

Assume now that X is connected. If v : E — X has rank one then v is toral [51,
Prop. 5.5.] and the above lift ju is unique up to conjugation in N. If v has rank two, then
the lift is unique if v is toral and if v is non-toral then there are precisely p + 1 different
lifts with the further property that mwo(pn) : E — mo(N) is not injective, corresponding to the
p+ 1 rank one subgroups of E. O

Remark 6.2. The analogous theorem of the above in the classical case of compact Lie
groups does not seem to appear in the literature. However, as was explained by J.-P. Serre
[115], this can be obtained by a modification of the proof of [123, Thm. I1.5.16]—strictly
speaking, we shall only need this theorem in the cases where either X is the p-completion
of a compact Lie group, or where the mod p cohomology of BX is a polynomial algebra,
the latter case being trivial.

If X is assumed connected then we can always arrange that the lift in Theorem 6.1
furthermore satisfies that the kernel of the map mo(u) : E — mo(N) is non-trivial, and such
a map will be called a preferred lift. Note that if v : E — X can be factored through 7
then the corresponding map p : E — N is a preferred lift and it is furthermore unique up
to conjugacy in N, i.e., the preferred lift is exactly the factorization through the maximal
torus described earlier (see also [92, Prop. 4.10]).
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Before proceeding with our discussion, let us recall the construction of adjoint maps,
since these play a central role in what follows.

Remark 6.3 (Adjoint maps). Let A be an abelian p-compact group, X a p-compact group,
and v : A — X be a homomorphism. Suppose that E is a subgroup of A and note that we
have a canonical map

mult

By : BAx BE — BA — BX

which only depends on the conjugacy class of v. Since furthermore

mo(map(BA x BE,BX)) = H mo(map(BA, map(BE, BX)¢))
¢€[BE,BX)]

we get that every element v : A — X gives rise to an element 7 : A — Cx(v|p) making the
diagram

Cx(VE)

o

v

commutative. Here I is well defined up to conjugacy, from the conjugacy class of v. We
will always use the notation (-) for this construction.

We now want to show how to use Theorem 6.1 to construct a map between the centralizer
diagrams of connected p-compact groups X and X’.
Suppose that v : V' — X has rank one and that Cx(v) is determined by ch(u) and

satisfies ® : Aut(BCx (v)) =5 Aut(BNey (1))- Since v has rank one and X is connected the
unique preferred lift p will in fact factor through T' by [51, Prop. 5.5], and p is a preferred
lift of j'u by [52, Thm. 7.6]. Hence Cpr(u) is a maximal torus normalizer for both Cx (v)
and Cx(j'p), so by assumption there exists a homomorphism h,, unique up to conjugacy,
making the diagram

(6.2) /CN(N)
J X
Cx(v) = Cx (')

commute. We can use the rank one case to get a map in general: For an arbitrary elementary
abelian p-subgroup v : E — X with preferred lift p : £ — N we can by Theorem 6.1 choose
a rank one subgroup V in the kernel of E — my(/N'). Hence pv factors through 7" and we
are in the rank one situation described above, i.e., we get a diagram as in (6.2) but with
v everywhere replaced by vy and p replaced by pyy. The adjoint maps of v, p, and j'u
(see Remark 6.3) map into this diagram in a coherent way, which expresses j'u in terms of
v and the rank one subgroup V, so it only depends on those parameters. Taking further
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adjoints with respect to v, i and j'p produces a commutative diagram

(6.3) Cn (1)

CCN(H\V)('&)

/,;;V T

Cx(v) ~= CCX(V\V)(V) = CCX/(j’MV)(ﬁ) = Cxr (j/M)

where iNL,,W is the map induced from h,,‘v
maximal torus normalizer also in Cx (j'1), e.g., by the characterizing property for maximal
torus normalizers given in [92, Thm. 1.2(3)], so in particular p is a preferred lift of j'pu.

Denote the bottom left-to-right composite in the above diagram by h, -, and note that

on the centralizers. But this means that Car(u) is a

the composition E % Cx(v) Py Cx/(jpu) — X' equals j'u, which we, by a slight abuse
of notation, we will denote hy (). We would like to see that hy, does in fact not depend
on the choice of V since this will allow us to construct a map in the homotopy category
from the centralizer diagram of X to X'. Likewise we want see that this diagram can be
rigidified to a diagram in the category of spaces, so as to get an induced map from the
homotopy colimit of the centralizer diagram. The next lemma states precisely what needs
to be checked—the calculations to verify that these conditions are indeed verified for all
p-compact groups is essentially the contents of the rest of the paper.

Lemma 6.4. Let X and X' be two connected p-compact groups with the same mazimal torus
normalizer N' embedded via j and j' respectively. Assume that for all rank one elementary
abelian p-subgroups v : E — X of X the centralizer Cx (v) is determined by NCX(,,) and that

¢ : Aut(BCx(v)) =5 Aut(BNgy (1)) when v is of rank one or two.

(1) Assume that for every rank two non-toral subgroup v : E — X with a preferred lift
i, both the conjugacy class of j'u : E — X' and the conjugacy class of the induced
map hyy : Cx(v) — Cx/(j' 1) described above are independent of the choice of the
subgroup V of E. Then there exists a map in the homotopy category of spaces from
the centralizer diagram of BX to BX' (seen as a constant diagram), i.e., an element
in limBeA(X) [BCx (v), BX'], given via the maps h,y described above.

(2) Assume furthermore limieA(X) 7j(BZCx(v)) =0 for j =1,2 and i = j,j + 1, then
there is a lift of this element in lim® to a map in the (diagram) category of spaces.
This produces an isomorphism f: X — X' under N, unique up to conjugacy, and

& : Aut(BX) = Aut(BN).

Proof. As explained before the proof there are no choices involved for rank one subgroups.
If v: E — X has rank two and is toral then h,y does not depend on the choice of V
by diagram (6.3) since u is uniquely determined from v in this case, and we are assuming
that ® is an isomorphism for centralizers of rank two subgroups. If v has rank two and is
non-toral, then we are just simply assuming that A,y does not depend on V.

We want to see that the rank two condition forces this to hold in general. Let Vi and
V5 be two different rank one subgroups of E, and set U = V; & V5. Since hu‘U,v does not
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depend on the choice of V' the following diagram commutes up to conjugation

h"\Vl

Cx (V) — Cxr(h(vy))

VRN

E—=Cx(yy) —= Cx/(h(v))

NS

Cx(Vy,) —= Cxr(h(vy,))

|

X/

But this shows that in general h, - does not depend on the choice of V', since for any two
choices of rank one subgroups V; and V5 the above diagram shows that both maps will be
centralizers of the common h,,‘U.

It is now easy to construct a map from the centralizer diagram of X into X', by assigning
to v the homomorphism Cx (v) b e x/(h(v)) — X'. We have to check that this is really
a natural transformation, i.e., that we get commutative diagrams on morphisms. Since all
morphisms in A(X) are the composite of an isomorphism followed by an inclusion, it is
enough to check the claim on these. Suppose ¢ : (v : E — X) — (/' : E/ — X) is an
isomorphism. If v has rank one then by assumption Cx(v) has the same automorphisms as
its maximal torus normalizer so the diagram

Cx (V) ——=Cxi(j'1)

v

Cx(@)l'z“ %lcx/(so)
Byt

Cx(V'p) —= Cx/ (5’ 1ep)

commutes up to conjugation, since we can view the diagram of isomorphisms as taking
place under Cpr(p') — Car(1), for a preferred lift u/ of /. For a general isomorphism,
if we restrict to a rank one subgroup V of E and its image ¢(V) in E’, then the diagram
above is, by construction of h,, and h,,, just obtained by taking centralizers of the adjoint
maps of /¢ and 1/ of the diagram in rank one case, and it hence has to commute up to
conjugation as well. If ¢ is an inclusion of a subgroup then above diagram will also commute
up to conjugation, by the same adjointness argument. This shows that for all maps ¢ in
A (X) the diagram

Cx(V

) Cx(¥) Cx(v)
\ y /

commutes up to conjugation, where the diagonal maps are the natural composites Cx (V) by
Cx/(h,(v)) — X'. So we have constructed a map, of diagrams in the homotopy category,
from the centralizer diagram of X to X’ (seen as a constant diagram), or in other words we
have given an element

lim® BC BX'
p]eyeg{lxgro(map( x(v), )
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By [54, Rem. after Def. 6.3] [52, 11.15] (which says that the centralizer diagram of a p-
compact group is “centric”) we have that

map(BCX’(hu(V))v BCX’(hV(V)))l — map(BCX’(hV(V))7 BX/)E — map(BCX(V)7 BX/)ehu

where the first map is composition with the evaluation map e : Cx/(h,(v)) — X’ and the
second is precomposition with h,.
Likewise, by the homotopy equivalences established earlier in the proof

map(BCX’(hV(V))7 BCX’(hV(V)))l = map(BCX(V)v BCX(V))l

which by the definition of the center [52] equals BZCx (v). Since these identifications are
natural, this gives a canonical identification of the functor v — m;(map(BCx(v), BX")(,)
with v +— m;(BZCx (v)).

By obstruction theory (see [135, Prop. 3] [77, Prop. 1.4]) the existence obstructions for
lifting this to an element in mo(holim 4 (x) map(BCx (v), X')) = mo(map(BX, BX')) lie in

Velknélg'lm(map(BCX(V),BX’)[p]) = Velji&n(n;'lm(BZCX(u)), i>1

But by assumption all these groups are identically zero, so our data lifts to a map Bf :
BX — BX'.

We now want to see that the construction of f forces it to be an isomorphism. Let N,
denote a p-normalizer of T, i.e., the union of components in N corresponding to a Sylow
p-subgroup of W. Since N, has non-trivial center (since the action of a p-group on T has
to have a fixed point), we can find a rank one central subgroup p : V — N, and so we can
view N, as sitting inside Car(x). Hence by construction the diagram

Np
SN
f

commutes up to conjugation, and in particular fj : N, — X’ is a monomorphism. This
easily implies that f is a monomorphism as well: We have that H*(BN,;F,) is finitely
generated over H*(BX';F,) via H*(Bfj;F,) by [51, Prop. 9.11]. By an application of
the transfer [51, Thm. 9.13] the map H*(Bj;F,) : H*(BX;F,) — H*(BN,;F,) is a
monomorphism, and since H*(BX'; F,) is noetherian by [51, Thm. 2.3] we conclude that
H*(BX;F)) is finitely generated over H*(BX'; F)) as well, by the definition of noetherian.
Hence f : X — X' is a monomorphism by another application of [51, Prop. 9.11]. Since
we can identify the maximal tori of X’ and X, the definition of the Weyl group defines
a map between the Weyl groups Wx — W, which has to be injective since the Weyl
groups act faithfully on 7' (by [51, Thm. 9.7]). But since we know that X and X’ have the
same maximal torus normalizer, the above map of Weyl groups has to be an isomorphism.
By [52, Thm. 4.7] (or [93, Prop. 3.7] using [51, Thm. 9.7]) this means that f is indeed an
isomorphism.

X

X/



THE CLASSIFICATION OF p-COMPACT GROUPS FOR p ODD 27

We now want to argue that this f is a map under . By Lemma 2.1 we know that there
exists a g € Aut(BN), unique up to conjugation, such that

N—L= N

1,k
X—f>X’

commutes up to conjugation. By covering space theory and Sylow’s theorem we can restrict
g to a self-map of ¢’ making the diagram

N, L N,

1T
x 1 x
commute. Furthermore any other map N, — N, fitting in this diagram will be conjugate
to ¢’ in N, by the proof of Lemma 2.1. However by construction f is a map under N
so ¢’ is conjugate in N to the canonical inclusion. But by Proposition 3.1 and 3.2 we get
that if an outer automorphism of A restricts to the identity on N, then it is in fact the
identity. This shows that g = 1, i.e., that f is a map under N. This also shows that
mo(Aut(BX)) — mo(Aut(BN)) is surjective, since for any automorphism g : N'— N jg is
also a maximal torus normalizer in X by [92, Thm. 1.2(3)].
Note that if Aut;(BN) is not contractible then we can find a rank one elementary

abelian p-subgroup v : V. — T such that Cp(v) = N which by assumption means that

¢ : Aut(BX) 5 Aut(BN). So we can assume that Aut;(BN) is contractible in which case
Aut;(BX) is as well by [52, Thm. 1.3 and Thm. 7.5].

The only remaining claim in the lemma is that the map mo(®) : m(Aut(BX)) —
mo(Aut(BN)) is injective under the additional assumption that limf,e ax) Ti(BZCx(v)) =
0, ¢ > 1. In other words we have to see that any self-equivalence f of X which, up to
conjugacy, induces the identity on A is in fact conjugate to the identity. But if we examine
the above argument with X’ = X, the map on centralizers of rank one elements induced
by f has to be the identity by the rank one uniqueness assumption. The maps for higher
rank are centralizers of maps of rank one, so they as well have to be the identity. Hence f
maps to the same element as the identity in lim_ A(x) To(map(BCx (v), BX)), which means
that f actually is the identity by the vanishing of the obstruction groups (again, see [135,
Prop. 4] or [77, Prop. 1.4]). O

Remark 6.5. Note how the assumptions of the lemma fail (as they should) for the group
SO(3) at the prime 2 which is not determined by its normalizer. In this case the element
diag(—1,—1,1) in the maximal torus SO(2) x 1 is fixed under the Weyl group action and
has centralizer equal to the maximal torus normalizer O(2).

Recall that the Weyl group W (v) of an elementary abelian p-subgroup v : F — X is
defined as the subgroup of Aut(F) consisting of the elements « such that va is homotopic
to v.

Remark 6.6. It is perhaps natural to ask whether the preferred lift of rank two elementary
abelian p-subgroups is unique in the “subgroup of Lie group sense”, i.e., whether the Weyl
group of v : E — X acts transitively on the rank one subgroups of E. The lists in Section 8
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and 9 reveals that this is false for the subgroup E%“G of the group Eg but true for all other
center-free simple compact connected Lie groups at odd primes.

Lemma 6.7. Let X and X' be two connected p-compact groups with the same mazximal torus
normalizer N embedded via j and j' respectively. Assume that for all rank one elementary
abelian p-subgroups 1 : E — X of X the centralizer Cx (n) is determined by N¢, (n) and that

® : Aut(BCx (1)) = Aut(BNey () when n is of rank one and two.
Letv: E — X be a rank two elementary abelian p-subgroup of X and assume that:
(1) The Weyl group W (v) of v contains SL(E).
(2) v is up to isomorphism the only (non-toral) elementary abelian p-subgroup whose
centralizer is isomorphic to Cx (V).

Then the map j'u : E — X' constructed by picking a preferred lift p : E — N of v does
not depend on the choice of u (corresponding to the p + 1 rank one subgroups of E; see
Theorem 6.1 and Lemma 6.4).

Proof. Let {v} denote the orbit of v in [BE, BX]| under the natural GL(E)-action and note
that the size of the set {v} equals the index of W (v) in GL(E). Let {1} denote the set of
the preferred lifts in [BE, BN] which lifts elements in {v}. Since any v has p + 1 preferred
lifts the map of GL(E)-sets {u} — {v} induced by j is surjective and (p + 1)-to-1.

By assumption SL(E) C W(v) so the Weyl group W (v) acts transitively on the rank
one subgroups of E. Hence if yu is a preferred lift of v, any other preferred lift of u can be
obtained as pa for some o € W(v). In other words also {u} is a transitive GL(E)-set.

We now want to argue that {u} is also exactly the preferred lifts of the GL(E)-orbit
{j'u} of j'u where p is any lift of v. Namely, if ' is any preferred lift of j'u then by the
first assumptions in the lemma (about centralizers of rank one and two subgroups) u' is
also a preferred lift of ju' and Cx (ju') is isomorphic to Cx/(j'u) and Cx (v) (see the proof of
Lemma 6.4). Hence by the assumption that there is only one object up to conjugacy in X
with centralizer isomorphic to Cx (v) there exists a € GL(E) such that v = ju'a. In other
words u' € {u}. So the surjective map of GL(E)-sets {u} — {j'u} is (p + 1)-to-1 as well.

Hence the set {j'u} has the same cardinality as {v}. In particular the stabilizer of j'u is a
subgroup of GL(E) of index [GL(FE) : W(v)]. But since SL(E) C W (v) this means that this
stabilizer equals W (v), since W (v) is the unique subgroup with this index (c.f. e.g. [74]). In
particular j'u = (j'u)a = j'(pua) and since pa exhausts the preferred lifts of v, we conclude
that j'u does not depend on the choice of preferred lift. O

Lemma 6.8. Let X and X' be two connected p-compact groups with the same maximal
torus normalizer N' embedded via j and j' respectively. Assume that for all rank one and
two elementary abelian p-subgroups n : E — X of X the centralizer Cx(n) is determined

by Neyy and that @ @ Aut(BCx(n)) = Aut(BNey (). Furthermore assume that for
n: E — X of rank two, self-equivalences of Cx(n)1 are detected by its mazximal torus (which
is covered by the previous assumption if p is odd; cf. Proposition 3.2).
Letv: E — X be a rank two non-toral elementary abelian p-subgroup of X. Assume the

following:

(1) The Weyl group W (v) of v acts transitively on the rank one subgroups of E.

(2) E x Cx(v)1 = Cx(v), where the identity component Cx(v)1 is a non-trivial p-

compact group and o € W (v) acts on E x Cx(v)1 as a x 1.

Then neither ju nor the map hy, v : Cx(v) — Cx/(5'1) of Lemma 6.4 depends on the choice
of the rank one subgroup V' of E (i.e., the assumptions of Lemma 6.4(1) are satisfied).
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Proof. Fix a preferred lift p of v, and let T be the identity component of the space Car(u)
(which will be a maximal torus in Cx(v) and by assumption non-trivial). Let V' be the
kernel of mo(p) : E — mo(N).

Since the map p : E — Car(p) is central, we get an induced map i : E x Tp = E x
Cn () — Cn(p) — N.

The assumption about the action means that for o € W (v) we have the following diagram
which commutes up to conjugation:

E x T —Cn(n) — Cx(jp)
Laxl la\
ExTp —Cx(p) —=Cx(jp) —= X
so ji(a x 1) is homotopic to jf.

Let U be a rank one elementary abelian p-subgroup of Tg. By assumption we have a
unique map hﬂ\ , making the following diagram commutative up to conjugation.

EXTE

so j'u(a x 1) is also homotopic to j'u. The same is hence true for the adjoint maps
E x TE — Cx(V) and F x TE — CX’(j/N)'

a(ax1)
L Ex Ty —— Cn(pa)

/\/\

Cx(j'1)

h’ua %)

which is up to conjugation commutative by the above and where the two maps E x T —
Cx(v) are identical.

Hence h_ *1(V)hV7V is a self-equivalence of Cx (v) & E x Cx(v); which is the identity on
E xTg. Slnce by assumption self-maps of Cx(v); are determined by their restriction to
a maximal torus we hence conclude that h,, %/h,,,aq(v) is indeed homotopic to the identity
(cf. [52, Lem. 5.3]) and thus h,,y does not depend on the choice of subgroup V in E. O

The above two lemmas are in fact general enough to let us verify the conditions of
Lemma 6.4 in all the situations we shall encounter, except the subgroup E%‘é of Fg where
we need a small variation of Lemma 6.8.
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Lemma 6.9. Let v : E%‘é — X = (Fg)3 be the rank two non-toral elementary abelian
3-subgroup of Eg listed in Theorem 8.9. Assume that for all rank one elementary abelian
3-subgroups m : V. — X of X the centralizer Cx(n) is determined by ch(n) and that

O : Aut(BCx(n)) = Aut(BNgy () when 1 is of rank one or two.

Then the conjugacy class of ' : Eifé — X' does not depend on the choice of preferred
lift i of v and likewise the conjugacy class of hyv : Cx(v) — Cx/(j'p) does not depend on
the choice of rank one subgroup V of E%Cé

Proof. The proof is almost identical to Lemma 6.8 but here we have to argue a bit more
carefully since W () does not act transitively on the rank one subgroups of E = E%‘é

Let pi,...,ps be the four preferred lifts. By Proposition 8.10 Ty = Car(u;(E))1 is
independent of the choice of u. (Note that we are taking centralizers in the Lie group
sense.) Set fi; : E x Tk #ix1 N. Also by Proposition 8.10 the conjugacy class of jji; does
not depend on p;. This brings us in exactly the same situation as in the proof of Lemma 6.8

(with the (o x 1) replaced by the fi;), which proves the lemma. O

Proof of Theorems 1.4, and 1.1 using Section 8, 9, 10, 11, and 12. We will show that The-
orems 1.1 and 1.4 both hold by a simultaneous induction on the cohomological dimension
of X. We will furthermore add to the induction hypothesis the statement that if X is
connected and Z,[L]"X is a polynomial ring, then H*(BX;Z,) & H*(BT;Z,)"*.

By Lemma 4.3 and 4.5, Theorem 1.4 holds for a p-compact group X if it holds for its
identity component X1, so we can assume that X is connected.

By [6, Thm. 1.2], if (W, L) is realized as the Weyl group of a p-compact group X, then
Nx will be split, i.e., Nx = TxWyx (cf. also [128], [57], and [96] for the Lie case). So,
to prove Theorems 1.4 and 1.1 we have to show that given any finite Z,-reflection group
(W, L) there exists a unique connected p-compact group X realizing (W, L), with self-maps
satisfying @ : Aut(BX) 5 Aut(BNx) (since this implies mo(Aut(BX)) 5 Nav)(W)/W
by Proposition 3.1 and 3.2).

If (W, L) can be written as a non-trivial product, then there exists a p-compact group
X realizing (W, L) by the induction hypothesis. The p-compact group is unique by [53,
Thm. 1.4] and the induction hypothesis, i.e., X is determined by Nx. Lemma 4.1 and the
induction hypothesis show that X has the right space of automorphisms. Hence we can
assume that (W, L) cannot be written as a product.

By the classification of finite Z,-reflection groups (Theorem 11.1), (W, L) is either of the
form (W, Lg ® Zy), for some compact connected Lie group G, or (W, L) is one of the exotic
Z,-reflection groups.

In the first case (W, L) can of course be realized by X = G,. Note that, by Theorem 12.2
(and Theorem 12.1) H*(BX;Z,) = H*(BT;Z,)" if and only if Z,[L]" is a polynomial
algebra.

In the latter case Z,[L]" is a polynomial algebra by Theorem 12.2 and (W, L) satisfies
™ =0 by Theorem 11.1. Hence the induction hypothesis shows that the assumptions of
Theorem 5.3 are satisfied. So, by Theorem 5.3 there exists a unique p-compact group X

with Weyl group (W, L) which is determined by N, and satisfies that ® : Aut(BX) =
Aut(BNx) and H*(BX;Z,) = H*(BT; Zp)WX.

We now want to show that X is uniquely determined by (Wx,Lx) and satisfies the
properties about self-maps listed in Theorems 1.1 and 1.4. In fact, the statement about
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self-maps in Theorem 1.1 follows from the one in Theorem 1.4 by Proposition 3.2, so we
can concentrate on Theorem 1.4.

By Lemma 4.7 we can assume that X is center-free. Likewise by the splitting theorem
[63, Thm. 1.4 and 1.5] together with Lemma 4.1 we can assume that X is simple. By
Theorem 12.2 (W, L) either has the property that Z,[L]" is a polynomial algebra, or (W, L)
is one of the reflection groups (Wpuy ), Lpum)®Zp) (With p[n), (Wgy, L,®Zs), (Wk,, Lr,®
Zs), (WEG,LEG ® Zs), (WE7,LE7 ® Z3), or (WE87LE8 ® Zs3).

If the Z,-reflection group (W, L) has the property that Z,[L]" is a polynomial algebra,
then we have just seen that there exists a space X’ such that H*(BX';Z,) & H*(B?L; Z,,)"V.
Hence all elementary abelian p-subgroups of X’ are toral (cf. Lemma 7.8). In particu-
lar X’ has no rank two non-toral elementary abelian p-subgroups so the assumptions of
Lemma 6.4(1) (used with X and X’ switched around) are satisfied. By Theorem 10.1 the
assumptions of Lemma 6.4(2) also hold, and hence Lemma 6.4 implies that there exists an
isomorphism of p-compact groups X’ — X, and that X satisfies the conclusion of Theo-
rem 1.4.

Consider (W, L) = (Wpy(n), Lpu(n) @ Zp) where p | n. We divide up in two cases. If
n = pk with k > 1 then Theorem 9.1 shows that the assumptions of Lemma 6.8 are satisfied
which implies that the assumptions of Lemma 6.4(1) are satisfied. By Theorem 10.1 the
assumptions of Lemma 6.4(2) are also satisfied, so Lemma 6.4 produces an isomorphism of
p-compact groups PU(n), — X, and shows that X satisfies the conclusion of Theorem 1.4.
If n = p then we argue as above but replace the reference to Lemma 6.8 with a reference to
Lemma 6.7, noting that the statement about h, 1 in this case follows for free from that of
3’1, since E = Cpy, (E).

If (W, L) equals (Wgg, Lg, ® Zs), Wg,,Lp, ® Z3), (Wg,, Lp, ® Z3), or (Wgy, LE, ® Z3)
then by Theorem 8.2(3) the corresponding Lie group G does not have any non-toral rank
2 elementary abelian p-subgroups at the associated prime p. Furthermore the higher limits
obstructions which feature in the assumptions for Lemma 6.4(2) vanish by Theorem 10.1.
Hence Lemma 6.4 implies that there exists an equivalence of p-compact groups G, — X,
and that X satisfies the conclusion of Theorem 1.4.

Finally, if (W,L) = (Wg,, Lg, ® Zs3) then the rank 2 non-toral subgroup E%JI; of The-
orem 8.9 satisfies the conditions of Lemma 6.8 so the assumptions of Lemma 6.4(1) are
satisfied for this subgroup. Likewise for the subgroup Eifé the custom made Lemma 6.9
shows that the assumptions of Lemma 6.4(1) are also satisfied for this subgroup. Since the
assumptions of Lemma 6.4(2) are satisfied by Theorem 10.1 we conclude by Lemma 6.4 that
X is homotopy equivalent to (Eg)3 and satisfies the conclusion of Theorem 1.4 also in this
case. This concludes the proof of the main theorem. O

Remark 6.10. Note that taking the case (Wg,, Ly, ® Z3) last in the above theorem is a
bit misleading, since groups with adjoint form Fg appear as centralizers in F; and Eg, so a

separate inductive proof of uniqueness in those case would require knowledge of uniqueness
of E6.

Remark 6.11. The very careful reader might have noticed that the splitting result in [6],
which we use in the above proof, to conclude the splitting for (Wpy sy, Lpy(s)) refers to a
uniqueness result in [21]. We now quickly sketch a more direct way to see this, which we
were told by Dwyer-Wilkerson: We need to see that a 3-compact group with Weyl group
(WPU(3), Lpy@z) @ Zs3) has to have split maximal torus normalizer . So, suppose that X is
a hypothetical 3-compact group as above but with non-split maximal torus normalizer. By
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a transfer argument (cf. [51, 9.12]) A3 has to be non-split as well. Since every elementary
abelian 3-subgroup in X can be conjugated into N3 (since x(X/N}) is prime to p), this
means that all elementary abelian 3-subgroups in X are toral. Furthermore by [53, Prop. 3.4]
conjugation between toral elementary abelian p-subgroups is controlled by the Weyl group,
so the Quillen category of X in fact agrees with the Quillen category of N. The category has
up to isomorphism one element of rank two and two of rank one. The centralizers Car(V') of
these are respectively T', T': Z /2, and T'-Z /3. The unique 3-compact groups corresponding
to these centralizers are in fact given by BCa/(V)3. Hence the map BN — BX is an
equivalence by the centralizer cohomology decomposition theorem [52, §8]. But since N is
non-split, we can find a map Z/p* — N, which is not conjugate in N’ to a map into 7.
Hence the corresponding map Z/p? — X cannot be conjugated into T either, contradicting
[51, Prop. 5.5].

7. CONSEQUENCES OF THE MAIN THEOREM

In this section we prove the theorems listed in the introduction which are consequences
of the main theorem.

Proof of Theorem 1.2. The theorem follows directly from Theorem 1.1 together with the
classification of finite Z,-reflection groups (Theorem 11.1), noting that by the proof of
Theorem 1.1 (and Theorem 12.1) all the exotic p-compact groups have torsion free Z,-
cohomology. O

Proof of Theorem 1.5. By [93, Thm. 1.4] X is isomorphic to a p-compact group of the form
(X' x T")/A, where X' is a simply connected p-compact group, 7" is a p-compact torus,
and A is a finite central subgroup of the product. Hence we have X/T = X'/T’ where T
and T" are maximal tori of X and X’ respectively. So we can without restriction assume
that X is simply connected.

For compact connected Lie groups the statement of this theorem is the celebrated result
of Bott [14, Thm. A]. Hence by Theorem 1.2 it is enough to prove the theorem when
X is an exotic p-compact group. In that case H*(BX;Z,) is a polynomial algebra with
generators in even degrees, and the number of generators equals the rank of X (by the proof
of Theorem 1.4). The same is true over F,, and since H*(BT;F),) is finitely generated
over H*(BX;F)p) by [51, Prop. 9.11], H*(BX;F,) — H*(BT;F,) is injective by a Krull
dimension consideration. But since they are both polynomial algebras it follows by e.g., [55,
§11] that H*(BT;F)) is in fact free over H*(BX;F,). Hence the Eilenberg-Moore spectral
sequence of the fibration X/T — BT — BX collapses and

H*(X/T; Fp) =F, QH*(BX;F,) H*(BT; Fp)-
In particular H*(X/T;F,) is concentrated in even degrees so the rank equals the Euler
characteristic x(X/7T) which again equals |[Wx| by [51, Prop. 9.5]. By the long exact

sequence in cohomology and Nakayama’s lemma we get that H*(X/T;Z,) is a free Z,-
module of rank |Wx| as wanted. O

Remark 7.1. Let Hap() = H*(;Z,) ® Q. For any connected p-compact group X the
natural map X/T — BT induces an isomorphism

Hgq,(X/T) = Qp ®mp, (x) Ha, (BT)

since the Eilenberg-Moore spectral sequence of the fibration X/T" — BT — BX collapses
by [51, Prop. 9.7] and [55, §11]. It then follows from [29] that the natural Wx-action on
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H*(X/T;Zy) ® Qp = Hg (X/T) is isomorphic to the regular representation of Wx when
ignoring the grading. Just as for compact connected Lie groups this is not true over Z,
when p | |[Wx]|.

Proof of Theorem 1.6. By Theorem 1.2 it is enough to prove the statement for the case
where X is the p-completion of a compact connected Lie group and the case where X is
an exotic p-compact group separately. The case where X is the p-completion of a compact
connected Lie group of course follows directly from the classical Peter-Weyl theorem (cf. e.g.
[20, Thm. ITI.4.1], so we can concentrate on the case where X is exotic. If p does not divide
the order of the Weyl group the statement is also obvious: The inclusion 7" — U(r) induces
a map TxW — U(r|W]) whose p-completion is a faithful representation. The remaining
cases have been shown to have faithful representations by Castellana: If (W, L) is in the
2a family then this is carried out in [27] and if (W, L) is one of the pairs (Gi2,p = 3),
(Ga9,p =5), (G31,p =5), or (G4, p = 7) this is carried out in [26]. O

We now turn to Theorem 1.7 which in fact follows easily from the classification. But let
us first state the part which one can see by elementary means. (See also [93, Cor. 5.6] and
[55, Lem. 9.3].)

Proposition 7.2. Let X be a connected p-compact group then the natural composite map
(Lx)w = Ho(W; Hy(BT;Zy,)) — Hy(BX;Zy) = m(X)

induced by the inclusion T — X is surjective with finite kernel.
In particular if (Lx)w is torsion free then it is an isomorphism.

Proof. By [93, Thm. 1.4] X is isomorphic to a p-compact group of the form (X’ x T")/A,
where X’ is a simply connected p-compact group, T” is a p-compact torus, and A is a
finite central subgroup of the product. Since the center of a connected p-compact group is
contained in a maximal torus by [52, Thm. 7.5] we can assume A is a subgroup of 7" x T",
where T" is maximal torus for X', and hence (7" xT")/A is a maximal torus for X. Therefore
we get the following diagram of fibration sequences

BA—— BT’ x BT" — B((T' x T")/A)

| |

BA—— BX' x BT" BX

The long exact sequence of homotopy groups and the five-lemma now shows that mo(B((T x
T")/A)) — mo(BX) is surjective which is the first statement in the proposition. To see
that the kernel is finite note that by [51, Thm. 9.7(3)] Hép(BX) — Hép(BT)W is an
isomorphism, which by dualizing to homology shows the claim.

That we get an isomorphism when (Lx)w is torsion free is obvious from the general
statement. O

Remark 7.3. One easily shows that the image of the differential ds : H3(W;Z,) —
Hy(W; Hy(BT;Zy)) in the Serre spectral sequence for the fibration BT — BNx — BW
is always in the kernel of the surjective map of Proposition 7.2. By standard group coho-
mology (cf. [28]) the image of this differential identifies with the image of the map given by
capping with the k-invariant v € H3(W; Hy(BT;Z,)) of the extension. If one knew that

the double coset formula held for p-compact groups (more precisely that H*(BN;Z,) i
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H*(BX;Z,) 2 H*(BT;Z,) is the restriction map, cf. [59, Ex. VL.4]) then it would easily
follow that this image is in fact equal to the kernel of the map in Proposition 7.2, which
would give a conceptual proof of the formula for the fundamental group. Note that by a
result of Tits [128] (see also [57, 96, 6]) the extension class 7 is always of order 2 for compact
connected Lie groups. The next proposition gives the complete answer in the Lie case.

Proposition 7.4. Let G be a compact connected Lie group. Then the map w1 (T)w — m1(G)
is surjective with kernel (Z/2)%, where s is the number of direct factors of G isomorphic to
a symplectic group Sp(n), n > 1.

Proof. That the map is surjective follows as in the p-compact case, so we just have to identify
the kernel. By [85, Thm. 1.6], for any compact connected Lie group G, TW = Z(G)®(Z/2)*,
where s is the number of direct factors of G isomorphic to an odd special orthogonal group
SO(2n+1), n > 1.

Consider the dual group GV of G obtained as the taking the dual root diagram (see [17,

§4, no. 8]). Then GY has fundamental group isomorphic to Z(G), where the hat denotes

the Poincaré dual group (see [17, §4, no. 9]). Likewise (m is canonically isomorphic
to TW. Since duality is an involution on the set of compact connected Lie groups which
sends direct summands to direct summands and SO(2n + 1) to Sp(n) the claim about the
fundamental group follows directly from the dual result about the center. O

Proof of Theorem 1.7. By Theorem 11.1 (Lx)w = 0 for all the exotic p-compact groups,
so Proposition 7.2 shows the formula in this case. By Theorem 1.2 we are hence reduced
to showing the formula for X of the form G, for some compact connected Lie group G.
In this case the formula is well known and easy. Namely it follows from Remark 7.3 that
the kernel of (Lx)w — m1(X) is an elementary abelian 2-group. Alternatively the same
conclusion follows from the formula for the fundamental group of a compact connected Lie
group (see [17, §4, no. 6, Prop. 11] or [1, Thm. 5.47], noting that in the notation of [1]

(1 - 907’)77’ = 2’}’7’)' 0
We now start to prove Theorem 1.8 and 1.9.

Lemma 7.5. Suppose X and X' are two connected p-compact groups both with mazimal
torus normalizer N'. Then all elementary abelian p-subgroups of X are toral if and only if
all elementary abelian p-subgroups of X' are toral.

Furthermore, if for all toral elementary abelian p-subgroups V- — X the centralizer Cx (V)
18 connected then all elementary abelian p-subgroups in X are toral.

Proof. Suppose that X has a non-toral elementary abelian p-subgroup V' — X. We can
assume that it is minimal, in the sense that any elementary abelian p-subgroup of smaller
rank is toral. Write V = V' @ V", where V' has rank one. We can assume that V" —
X factors through T (by the minimality) and that V' — X factors through A (by [52,
Prop. 2.14]). Let A" denote the maximal torus normalizer of Cx(V");, which by [52,
Thm. 7.6] can be described in terms of V" and A. The adjoint map V' — Cy/(V") cannot
factor through N since otherwise V' — Cx (V") would factor through T in Cx (V") (by
[61, Prop. 5.5]), contradicting that V' is assumed not to be toral. Note that N/ is normal
in Cy (V") and Cp(V)/N" = mo(Cx (V")) = mo(Cx: (V")) (see [52, Rem. 2.11]). Hence
V' — m(Cx/ (V")) is non-trivial so V.— N — X’ cannot be toral in X'.

The last part of the lemma, is clear from the proof of the first part. O
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Remark 7.6. Despite the above lemma it is not a priori clear how to determine whether
a p-compact group X has the property that all elementary abelian p-subgroups are toral
just from looking at Nx (but see [125, Thm. 2.28] for the Lie case). However, by a case-
by-case analysis (Theorem 1.8), this is the case if and only if all toral elementary abelian
p-subgroups have connected centralizers.

Remark 7.7. Note that by Lannes theory [81, Thm. 0.4] the property that every elementary
abelian p-subgroup of X is toral is equivalent to that H*(BX;F,) — H*(BT; Fp)WX is an
F-isomorphism. (See also Theorem 12.1 and Remark 12.3.)

We state the following well known lemma for easy reference.

Lemma 7.8. Suppose that X is a connected p-compact group such that H*(BX;Z,) is
a polynomial algebra with generators concentrated in even degrees. Then all elementary
abelian p-subgroups of X are toral.

Proof. For every elementary abelian p-subgroup v : E — X, H*(BCx(v);F)p) is a poly-
nomial algebra with generators concentrated in even degrees by [56, Thm. 1.3] (note that
Lannes T-functor preserves objects concentrated in even degrees by [81, Prop. 2.1.3]). In
particular Cx (v) is connected so by Lemma 7.5 all elementary abelian p-subgroups are toral.
(Alternatively one can use Remark 12.3.) O

Proof of Theorem 1.8. First note that the implications (1) = (3) and (1) = (2) follows
from Theorem 12.1. The implication (3) = (4) follows easily from Theorem 5.1. Namely
for all toral elementary abelian p-subgroups V' — X, Theorem 5.1 implies that W¢, (v is
a reflection group, so by [52, Thm. 7.6] Cx (V') is connected, using the assumption that p is
odd. But this implies that all elementary abelian p-subgroups are toral by Lemma 7.5.

We now prove the implication (4) = (1). First note that by Theorem 11.1 and [53,
Thm. 1.4] we can write X = X’ x X” where X’ has Weyl group (Wg, Lg ® Z,,), for some
compact connected Lie group G, and (W”,L") is a product of exotic finite Z,-reflection
groups. Furthermore, since the normalizer of a connected p-compact group is split for p
odd by [6, Thm. 1.2] we can in fact choose G' such that Ng; = Nx. Since by Lemma 7.5
the property of having all elementary abelian p-subgroups toral is a property which only
depends on A we conclude that G has to have this property as well. But this implies that
G has torsion free Z,-cohomology by [8, Thm. B] (see also [125, Thm. 2.28]). In the exotic
case, we know by the proof of Theorem 1.4 that we can find a p-compact group X" which has
the same maximal torus normalizer as X” and which has torsion free Z,-cohomology. Hence
we have found a p-compact group G}, x X" which has the same maximal torus normalizer
as X and has torsion free Z,-cohomology. Since by Theorem 1.4 a p-compact group is
determined by its normalizer we conclude that X in fact has torsion free Z,-cohomology.
(Alternatively, one can appeal to Remark 7.11 which shows that the property of having
torsion free Z,-cohomology only depends on N.)

Finally we prove the implication (2) = (1), where we seem to need the full strength of
Theorem 1.1. Note that by Theorem 1.2 we can write X = G, x X’ where G is a compact
connected Lie group and X’ has torsion free Z,-cohomology. Likewise if BG, has torsion
free Z,-cohomology then G, has torsion free Z,-cohomology by [9, p. 93]. g

Remark 7.9. Since the implication (1) = (4) follows from Lemma 7.8, we see that in
the above theorem the implications (1) = (3), (1) = (2), and (1) = (4) follow by general
arguments. In the case of compact connected Lie groups the implication (4) = (3) has a
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general proof, by combining [125, Thm. 2.28] with [38], and likewise (2) = (1) has a general
proof by [9, p. 93]. We do not know non-case-by-case proofs of these implications for p-
compact groups. (The implication (2) = (1) is stated in [94, Thm. 4.2] but the proof has
a gap.) The remaining implications do not seem to have general proofs even for compact
connected Lie groups. See also [125, §4].

Proof of Theorem 1.9. The statement is basically obvious by Theorem 1.2—we sketch a
proof which only uses the classification in the torsion free case. As in the proof of The-
orem 1.8 we can by Theorem 11.1 and [53, Thm. 1.4] write X = X’ x X” where X' has
Weyl group (Wg, Lg ® Z,,), for some compact connected Lie group G, and the Weyl group
(W", L") of X" is a product of exotic Z,-reflection groups.

By Theorem 1.1 and its proof we know that X” is uniquely determined by its Weyl group
(W"” L") and has cohomology isomorphic to H*(B2L";Z,)"W". Since H*(B2L";Z,)V" =
(L)W = 0 we conclude by the universal coefficient theorem that 71 (X"”) = Hy(BX"; Z,) =
0. Hence by the T-functor, as in the proof of Theorem 1.8, we conclude that X" satisfies
all three equivalent conditions of the theorem. Furthermore we can, again by [6, Thm. 1.2]
since p is odd, choose G such that NG& >~ Ny:. Hence by Lemma 7.5 and [52, Thm. 7.6]
the theorem holds for X’ if and only if it holds for G. But by [125, Thm. 2.27] the theorem
is true for GG, which finishes the proof of the theorem. O

Remark 7.10. The same arguments as above shows that the conjectural classification for
p = 2 implies that Theorem 1.9 and Theorem 1.8 (1) < (2) < (4) = (3) holds true for p = 2.
However, in Theorem 1.8, (3) is not equivalent to the other conditions since Z2[LSO(2n+1)]W
is a polynomial algebra, since this is true for Sp(n), despite SO(2n + 1) having 2-torsion.

Remark 7.11. Notbohm states his classification of connected p-compact groups with
Zp[L]W a polynomial algebra in the setup of spaces BX with polynomial cohomology
(cf. [103]). This means that his uniqueness statement is a priori only uniqueness among
p-compact groups with torsion free Z,-cohomology (cf. Theorem 12.1). We will here briefly
sketch a direct but case-by-case way (following a line of argument given in a special case
in [94, Pf. of Thm. 5.3]) to show that for a p-compact the property of having torsion free
Z,-cohomology depends only on (W, L), which allows us to remove the extra assumption.

Assume that X is a connected p-compact group, p odd, such that Z,[L x]"* is a poly-
nomial algebra. We want to show that H*(BX;Z,) is a polynomial algebra as well. By
Theorem 12.2(1), (Lx)w, is torsion free, so m1(X) = (Lx)w, by Proposition 7.2. By the
Serre and Eilenberg-Moore spectral sequences H*(BX;Z,) is a polynomial algebra if and
only if H*(B(X(1));Z,) is a polynomial algebra. Furthermore by construction Lx 1y = SLx
and by Theorem 12.2(1) Z,[L X<1>]WX is also a polynomial algebra, so we can without loss
of generality assume that X is simply connected. By [53, Thm. 1.4 and Rem. 1.6] we can
furthermore assume that X is a simple p-compact group.

By [6, Thm. 1.2] Nx = TxxWx. Using Theorems 11.1 and 12.2 we first show that
the cohomology of Ny is detected on elementary abelian p-subgroups. More precisely we
show that in each case there is a compact connected Lie group H such that Ny contains
a subgroup isomorphic to N g, with index prime to p having the required property. When
p 1 |W| we take H to be a torus, and if (Wx,Lx) is in family 1 or family 2a we take
H = SU(n) and H = U(n) respectively. If (Wx,Lx) is one of the exotic Z,-reflection
groups (Gi2,p = 3), (G29,p = 5), (G31,p = 5), or (Gz4,p = 7) we take H = SU(p),
cf. the proof of Theorem 5.1. The only remaining cases are the ones where (Wx,Lyx) =
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(Wea, Lg ® Zy) for one of the following pairs (G,p): (G2,p = 3), (3Es,p =5), (2E7,p =5),
(2E7,p = T7), and (Eg,p = 7). In these cases we can by [78, Prop. 6.11] take H = SU(3),
SU(2) x¢, SU(6), SU(8)/C2, SU(8)/C> and SU(9)/C5 respectively. Since both J\U/U(n)z; and
NSU(n){, have cohomology which is detected on elementary abelian p-subgroups by [110,
Prop. 3.4] (for Ny(n)-; Ngu(n), follows from this, cf. [98, Lem. 12.6]) we see that in all cases
the cohomology of N, H; is detected on elementary abelian p-subgroups. Hence, by a transfer
argument, the mod p cohomology of BX is detected on elementary abelian p-subgroups.

Next, we want to show that all elementary abelian p-subgroups of X can be conjugated
into a maximal torus. By Lemma 7.5 we just have to show that we can find some p-compact
group X’ with the same maximal torus normalizer which has that property. If (Wx, Lx) is
of Lie type this follows from Borel’s theorem [8, Thm. BJ. If (Wx, Lx) is exotic this is also
true since we know (by Theorem 5.3 or Notbohm’s work [103]) that there exist a p-compact
group with Weyl group (Wx, Lx) and classifying space having polynomial Z,-cohomology
algebra.

The fact that all elementary abelian p-subgroups of X are toral combined with the fact
that the cohomology is detected on elementary abelian p-subgroups implies that the mod
p cohomology of BX is concentrated in even degrees. Hence H*(BX;Z,) is torsion free as
wanted.

Proof of Theorem 1.10. Let X be a connected finite loop space with maximal torus ¢ : T —
X. Note that (X/T), ~ X,/T, by the fiber lemma [19, II 5.1], and consequently, by the
definition of Euler characteristic, x(X/T) = x(X,/Tp). Hence T, — X, will be a maximal
torus for the p-compact group X, for all primes p.

For our connected finite loop space X, define Wx(T') to be the set of conjugacy classes
of self-equivalences ¢ of T" such that ¢ and i@ are conjugate. We obviously have an injective
homomorphism Wx — Wx, for all primes p and we now want to see that this map is
surjective as well, so that we can naturally identify (Wx, 71 (T) ® Z,) with (Wx, Lx).

First note that by [51, Pf. of Thm. 9.7] we can view Wy, as the Galois group of the
extension of polynomial algebras Hg (BX) — Hap(BT). But, since BX has finitely many
cells in each dimension and since BX is nilpotent, we can identify

H*(BX;Q) ®q Qp — H*(BT;Q) ©q Qp

1%
1%

Hy (BX)

Hy, (BT)

so the extensions H*(BX;Q) — H*(BT;Q) and Hy (BX) — Hg (BT) have canonically
isomorphic Galois groups. Hence any element in Wy lifts to a canonical element in the
Galois group of the extension H*(BX;Q) — H*(BT;Q). However, since BXq and BTq
are products of Eilenberg-Mac Lane spaces (cf. e.g. [117, Ch. V Prop. 6]), this Galois
group just identifies with the self-equivalences BTq — BTq which commute with the map
Biq : BTq — BXq up to homotopy. Hence any element in W gives rise to a compatible
family of self-equivalences of BTq and BT7, for all primes [. So by the arithmetic square
[19, VI.8.1], we get a self-equivalence of BT which commutes with the map to BX up to
homotopy, i.e., an element in Wx. The constructed element is a lift of the element in Wy,
we started with, so the map Wx — W is surjective as well.
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Likewise, the argument above showed that Wx is the Galois group of the extension

H*(BX;Q) — H*(BT;Q), so we have an isomorphism

H*(BX;Q) = H*(BT; Q)"x.
Since H*(BX; Q) is a polynomial algebra we get by the Shephard-Todd-Chevalley theorem
(see [7, Thm. 7.2.1]) that (Wx,m1(T)) is a Z-reflection group. Hence, by the proof of
Theorem 11.1, (Wx,71(T)) is the Weyl group of some compact connected Lie group G.

For each p we have an extension class v, € H*(Wx;m (T) ® Z,) corresponding to the
fibration sequence BT, — BNx, — BWx. Since H 3(Wx;m(T)) is a finite abelian group,
and hence given as a sum of its p-primary parts, these extension classes identify with a
unique extension class v € H3(Wx;71(T)). We define the loop space Nx to be the loop
space of the total space in the fibration sequence BT — BNx — BWx with the canonical
action of Wx on BT and extension class 7. Since the fiberwise F,-completion of BAx with
respect to this defining fibration identifies with BNy, the arithmetic square produces a
canonical morphism Ny — X. (N is, quite naturally, called the maximal torus normalizer
of the finite loop space X [94, Def. 1.3].)

By [6] (see also [96], [57]) the extension classes defining T — Nx — Wx and T —
Ng(T) — Wg(T) are both 2-torsion. Let BN denote the fiber-wise Z|[3]-localization of the
total space of the fibration BT — BNg(T) — BWg(T) or equivalently the corresponding
fibration with BAx. We hence have embeddings

BN
/ \
BX[4] BG[i]

By the arithmetic square [19, VI.8.1], the following square is a pullback
BX[3] [Tp22BX5

| l

BXq —— ([T, BXp)a

and simfil\zlrly for BG. By Theorem 1.4 we can construct unique maps between p-completions
under BN, and we obviously also have a unique map between the rationalizations. By
construction (as maps under BN ) these maps agree on the rationalization of the product
of the p-completions, so by the arithmetic square we get an induced map BX [%] — BG [%],
which by construction is an Fj,-equivalence for all primes p. Since both spaces are one-
connected this implies that the map is a homotopy equivalence. O

8. NON-TORAL ELEMENTARY ABELIAN p-SUBGROUPS OF THE EXCEPTIONAL GROUPS

In this section we find all conjugacy classes of non-toral elementary abelian p-subgroups
E, p odd, of any exceptional compact connected Lie group G, as well as their centralizers
Cq(E) and Weyl groups W(E) = Ng(E)/Cq(E). (Recall that a subgroup of G is called
toral if it is contained in a torus in G and non-toral otherwise.) We do this by expanding on
the work of Griess [65], who found the maximal non-toral elementary abelian p-subgroups.

Our strategy is as follows. Using the work of Griess [65], we first find representatives
of the conjugacy classes of maximal non-toral elementary abelian p-subgroups. We then
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get lower bounds for their Weyl groups by producing explicit elements in these. From this
we are able to identify the non-maximal non-toral elementary abelian p-subgroups and get
lower bounds for their Weyl groups. Finally we get exact results on the Weyl groups by
computing centralizers.

To be compatible with the standard literature we will in this section state and prove all
theorems in the context of linear algebraic groups over the complex numbers C—we state
in Proposition 8.4 why this is equivalent to considering compact Lie groups. (The results
for G(C) can furthermore be translated into results for G(F') for any algebraically closed
field F' of characteristic prime to p, see [66, Thm. 1.22] and [62].)

This section is divided into four subsections. The first recalls some results from the theory
of linear algebraic groups and discusses the relation to compact Lie groups. The remaining
subsections deal with the elementary abelian 3-subgroups of the groups of type Eg, E7 and
Ejs respectively. (The remaining non-trivial cases Eg(C),p = 5 and F;(C),p = 3 are treated
completely in [65, Lem. 10.3 and Thm. 7.4].)

For some of our computations for the groups 3Es(C) and Eg(C) we have used the com-
puter algebra system MAGMA [13], although this reliance on computers could if needed be
replaced by some rather tedious hand calculations.

Notation 8.1. We use standard names for the linear algebraic groups we consider, e.g.
3E4(C) denotes the simply connected group of type Eg over C and Eg(C) denotes its
adjoint version. We let T,, denote an n-dimensional torus, i.e., T,, = (C*)".

To describe centralizers we follow standard notation for extensions of groups, cf. the
ATLAS [34, p. xx|. Thus A : B denotes a group which is the semidirect product of the
normal subgroup A with the subgroup B, and A- B denotes a non-split extension of A with
B. If p is a prime number, p" denotes an elementary abelian p-group of rank n.

Whenever F is a concrete elementary abelian p-group of rank n we will always fix an or-
dered basis of E, so that GL(E) identifies with GL,,(F,,). We make the standing convention
that all matrices acts on columns.

We identify a permutation o in the symmetric group ¥, with its permutation matrix
A = [ay;] given by a;; = J; »(;) where ¢ is the Kronecker delta.

If K is a field, we let M,,(K) denote the set of n x n-matrices over K. For aq,...,a, € K
we let diag(ay,...,a,) € M,(K) denote the diagonal matrix with the a;’s in the diagonal.
For 1 <i,j <n, e;; € M, (K) denotes the matrix whose only non-zero entry is 1 in position
(7,7). Given matrices Ay € My, (K), ..., Am € M, (K) we let A; & ... & A, denote the
n X n-block matrix with the A;’s in the diagonal, n = nq + ... + n,,. We also need the
“blowup” homomorphism A,, p, : My (K) — My, (K) defined by replacing each entry a;;
by aijlm, where I,, € Mp,(K) is the identity matrix.

As p = 3 in all the cases we consider, we use some special notation. An arbitrary element
of F3 is denoted by *, and ¢ denotes an element of the multiplicative group F3. We let
w = e2™/3 and n = ¢*™/? and define elements 8,7, 11,7 € SL3(C) by 3 = diag(1,w,w?),
Y= (17 2, 3)7

o-mif1s | 1 w? 1
1 1 w2
V3 w1l o1

T =

and 7, = diag(n,n72,n). Note that 37 = By, 4y =1, 87 = 3 and 7™ = 3.
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8.1. Recollection of some results on linear algebraic groups. Recall that a (not
necessarily connected) linear algebraic group G is called reductive if the unipotent radical,
i.e., the largest normal connected unipotent subgroup of G, is trivial.

Theorem 8.2. Let G be a linear algebraic group over an algebraically closed field K.

(1) If A is a subgroup of G and S is some subset of A, then A is toral in G if and only
if A is toral in Cg(S).

(2) If H is a mazimal torus of G, then two subsets of H are conjugate in G if and
only if they are conjugate in Ng(H). If A is a toral subgroup of G, then W(A) =
Ng(A)/Cq(A) is isomorphic to a subquotient of the Weyl group W = Nq(H)/H of
G.

(3) Assume that G is a connected reductive group such that G’ is simply connected.
Then the centralizer of any semisimple element in G is connected. In particular,
if A is an abelian subgroup of G consisting of semisimple elements generated by at
most two elements, then A is toral.

(4) If G is reductive and o is a semisimple automorphism of G, then the fixed point
subgroup G is reductive and contains a reqular element of G.

(5) Assume that G is a connected reductive group, let Z C G be a central subgroup, and
let m: G — G/Z be the quotient homomorphism. If A is a subgroup of G, then A is
toral in G if and only if w(A) is toral in G/Z.

(6) Assume char K = 0 and let g be the Lie algebra of G. If S C G is a finite subset of
G, then the Lie algebra of C(S) is given by

cg(S) = {z € g| Ad(s)(z) = x for all s € S}.
In particular, if S C G is a finite subgroup, then

dim Ce(S) = % > tr Ad(s)],

seS

Proof. (1): Obviously, if A is toral in Cg(S) then A is toral in G. Conversely, if A is toral
in G, then A C H for a torus H in G. Since S C A we get H C C(S) and thus A is toral
in Ci(5).

(2): The first part follows by a Frattini argument. Assume that A, A9 C H are conjugate
subsets of H. Then H and HY ' are maximal tori of C(A) and thus conjugate in Ce(A)
(cf. [71, Cor. 21.3.A]). Thus we may write H = H9 ¢ for some ¢ € Cz(A) and we conclude
that n = g~'c € Ng(H). Then A" = A°'9 = A9, which proves the first part. The second
part follows similarly, cf. [83, Prop. 1.1(i)].

(3): The first part which is due to Steinberg is proved in [25, Thm. 3.5.6]. The second
part follows from the first, cf. [123, I1.5.1].

(4): We can assume G to be connected. In case G is semisimple and simply connected
the first claim is proved in [124, Thm. 8.1] and the general case reduces to this one. Indeed
we can find a finite cover G of G which is a direct product of a semisimple simply connected
group and a torus, and o lifts to a semisimple automorphism of G by [124, 9.16]. For the
second claim see [134, Thms. 2 and 3] or [123, Pf. of Thm. I1.5.16] in case G is semisimple;
the general case clearly reduces to this one.

(5): By [71, Cor. 21.3.C] we know that if H is a maximal torus of G, then 7(H) is a
maximal torus of G/Z, and all maximal tori of G/Z are of this form. Thus if A is toral
in G, then m(A) is toral in G/Z. Conversely, if H' is a maximal torus of G/Z containing
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m(A), then by the above we have H' = 7(H) for some maximal torus H of G. Thus we
get A C (H,Z). However since G is connected and reductive, we get Z C H by [71,
Cor. 26.2.A(b)]. Thus A C H and we are done.

(6): In case S consists of a single element, the first part follows from [71, Thm. 13.4(a)]
(note that the connectivity assumption in [71, Thm. 13.4] is only used in part (b)). The
general case follows from this by applying [71, Thm. 12.5(b)] to the centralizers Cg(s),
seS.

Now assume that S C G is a finite subgroup, and let x denote the character of the adjoint
representation of G restricted to S. Then the dimension of

cg(S) = {z € g| Ad(s)(z) = « for all s € S}.

equals the multiplicity of the trivial character in x. By the orthogonality relations this is
given by

1
(xI1) = =5 D_x(),
| | sES
and we are done. O

We also need the following result whose proof is extracted from [115].

Theorem 8.3. Let G be a reductive linear algebraic group, H a mazimal torus of G and
let N = Ng(H). Let U C N be a subgroup consisting of semisimple elements such that
U/(UN H) is cyclic. Let S be the identity component of HU (the subgroup of H fized by
U), and assume that S is a mazimal torus of Cq(U). Then Cn(U) = Ng,w)(S) and in
particular Cn(U) is a mazimal torus normalizer in Cq(U).

Proof. As any element of C(U) normalizes HY and hence also its identity component S,
the inclusion Cn(U) € Ngg 1) (S) is clear. Suppose conversely that x € Neg, @) (S). Let
C = UnNH. From [12, 2.15(d)] it follows that G¢ is reductive. By assumption the cyclic
group U/C' acts by semisimple automorphisms on G¢. It now follows from Theorem 8.2(4)
that GV = (G°)Y/C is reductive and that every maximal torus of GU is contained in a
unique maximal torus of G¢. Since C C H, we see that H is the maximal torus of G¢
containing S. As H® is also a maximal torus of G¢ and H* O S = S we conclude that
H® = H. Thus z € Cn(U) proving the result. O

We now explain the relationship between reductive complex linear algebraic groups and
compact Lie groups. If G is a complex linear algebraic group then the underlying variety of
G is an affine complex variety. By endowing this variety with the usual Euclidean topology
instead of the Zariski topology we may view G as a complex Lie group since the group
operations are given by polynomial maps.

Proposition 8.4. Let G be a complex linear algebraic group.

(1) Viewed as a Lie group, G contains a mazximal compact subgroup which is unique up
to conjugacy, and for any such subgroup K we have a diffeomorphism G =2 K x R?
for some s.

(2) Let K be a mazimal compact subgroup of G, and let S,S" C K be two subsets. If
S' = 89 for some g € G, then there exists k € K such that x* = 29 for all x € S.

(3) Assume that G is reductive. If S is a finite subgroup of G, then Cg(S) is also
reductive. If K is a mazimal compact subgroup of G containing S, then Ck(S) is a
mazximal compact subgroup of Cq(S).
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(4) If G is reductive and K is a mazimal compact subgroup of G, then we have a
diffeomorphism Z(G) =2 Z(K) x R® for some s.

Proof. Note first that the identity component G; of G seen as a Lie group coincides with
the identity component of G seen as a linear algebraic group [108, Ch. 3, §3, no. 1]. Thus
G/@G is finite by [71, Prop. 7.3(a)]. The first claim is now part of the Cartan-Chevalley-
Iwasawa-Malcev-Mostow theorem [69, Ch. XV, Thm. 3.1] and the second claim also follows
from this, cf. [11, Ch. V, §24, Prop. 2].

In case GG is reductive it is possible to give a more explicit form of the decomposition
above. By [71, Thm. 8.6] we may assume that G is a closed subgroup of GL(V') for some
complex vector space V. From [108, Thm. 5.2.8] it follows that G has a compact real form K
and we may thus choose a non-degenerate Hermitian inner product on V' which is invariant
under K (e.g. by [108, Thm. 3.4.2]). Let U(V') denote the set of operators in GL(V') which
are unitary with respect to the chosen inner product. Using [108, Problems 5.2.3 and 5.2.4]
we see that G C GL(V) is self-adjoint and that K = GNU(V). The last part now follows
by combining [108, Cor. 2 of Thm. 5.2.2] with [108, Cor. 2 of Thm. 5.2.1].

If S is a subgroup of K, then S is selfadjoint since K consists of unitary operators. In
particular C(S) is also a selfadjoint subgroup of GL(V'), so by [108, Cor. 3 of Thm. 5.2.1]
it follows that Ck (S) = Cg(S) N U(V) is a maximal compact subgroup of Cg(S).

It only remains to prove that C(.S) is reductive for a finite subgroup S of G. However
by [108, Problem 6.11] and [108, Ch. 4,81, no. 2] we see that a complex linear algebraic
group is reductive if and only if its Lie algebra is reductive. Thus it suffices to prove that
the Lie algebra of C(S) is reductive. However by Theorem 8.2(6) this Lie algebra equals

cg(S) = {z € g| Ad(s)(z) = = for all s € S}.

where g denotes the Lie algebra of G. The claim now follows from [30, Ch. V,§2, no. 2,
Prop. 8. O

8.2. The groups Eg(C) and 3Es(C), p = 3. In this subsection we consider the elementary
abelian 3-subgroups of the groups of type Eg over C. The group 3Eg(C) has two non-
isomorphic faithful irreducible 27-dimensional representations. These have highest weight
A1 and Ag respectively and are dual to each other. An explicit construction of 3FEg(C) based
on one of these representations was originally given by Freudenthal [60]. This construction
is described in more detail in [33, §2] from which we take most of our notation. In particular
we let K be the 27-dimensional complex vector space consisting of triples m = (mq, mg, ms)
of complex 3 x 3-matrices m;, 1 <14 < 3 where addition and scalar multiplication is defined
coordinatewise. We define a cubic form (-) on K by

(m) = det(mq) + det(mg) + det(mg) — tr(mimaoms).

Then 3F4(C) is the subgroup of GL(K) preserving the form (-). Moreover the stabilizer in
3Eg(C) of the element (I3,0,0) € K is the group F4(C). For g¢1,92,93 € SL3(C) we have
the element sg, g, 4, 0of 3E(C) given by

Sg1,g2,95 (N1, M2, M3) = (glmlg2_1792m293_17g3m3gl_1)
for m = (m1,ma,m3) € K. This gives a representation of SL3(C)? which has kernel C3
generated by (wl3,wl3,wl3), and we thus get an embedding of SL3(C)3/C3 in 3E(C). We
will denote the element s¢, 4, ¢» by [91, 92, 93]
We let {e;’ vt 1 <1,7,k <3 be the natural basis of K consisting of the elements 6;-7 . Whose
entries are all 0 except for the (j, k)-entry of the ¢’th matrix which equals 1. The elements
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of 3E4(C) which acts diagonally with respect to this basis of K form a maximal torus H

in 3E6(C). Let mfk denote the (j, k)-entry of the matrix m;. We then have H-invariant
subgroups

U, (t) = [13, 13 + tel’g, 13] s U—qy (t) = [Ig, 13 + t€371, 13] ,
Uay (t) = [I3 + tea, I3, I3] U_qay(t) = [I3 + te12, I3, I3],
Uy () = [I3, I3 + teaq, I3], U_qy(t) = [I3, I3+ teq 2, I3],

2,3
0 —m;iy 0
Uery (t) : (mi)i:1,273 — |m;+t-] 0 0 0
0 m>, 0

i+2 i=1,2,3
0 0 0
U—ay(t) : (mi)i:1,2,3 =l matt m?+21 0 _mz‘lfl
0 0 0 i=1,2,3
Uas () = [I3, I3, I3+ teaq], U_qy(t) = [I3, 13,13+ teg o],
U () = [I3, I3, I3 + te1 3], U_qu(t) = [I3, 13,13+ tes 1] .

Here, in the description of w44, (t), the m;’s should be counted cyclicly mod 3, e.g. m;ta =
my for 1 = 2.

The associated roots «;, 1 <1 < 6, of these root subgroups form a simple system in the
root system ®(Eg) of 3Eg(C) (our numbering agrees with [15, p. 260-262]). For this simple
system, the highest weight of K is A;. Furthermore the root subgroups v+, 1 <1 < 6,
have been chosen so that they satisfy [122, 8.1.1(i) and 8.1.4(i)], i.e. they form part of a
realization ([122, p. 133]) of ®(FEs) in 3Es(C). For o = +a;, 1 <i < 6, and t € C*, we
may then define the elements

N (t) = ua(t)u—a(—1/t)uq(t), ha(t) = na(t)ne (1)L,

Then the maximal torus consists of the elements h(ty,t9,ts,t4,t5,t5) = H?:l ha, (t;) and
the normalizer N(H) of the maximal torus is generated by H and the elements n; =
N, (1), 1 < ¢ < 6. It should be noted that this notation differs from the one used in
[33]. More precisely, the element h(a,(3,7,6,¢,¢) in [33] is h(d,a~t, v, 3,671, ¢) in our
notation, and the elements ni, ng, ng, n4, ns and ng in [33] equal njhq, (—1)hae,(—1),
noh(—1,1,1,—1,1,—1), ngha, (—1), n4, nshas(—1) and nehas (—1)hae(—1) respectively in
our notation.

From the description of the root system of type Eg in [15, p. 260-262] we see that the
center Z of 3Fg(C) is cyclic of order 3 and is generated by the element z = [13, w213,w13].
We consider also the element a = [wls, I3, I3]. A straightforward computation shows that
the roots of the centralizer Csp(c)(a) are

{:l:Oél, +an, *as, as, Tag, a, :|:(Oé1 + 013), :|:(Oé5 + OZG), :|:(Oé2 - 5&)},

where & is the longest root. The Dynkin diagram for this centralizer is the same as the
extended Dynkin diagram for Fg with the node a4 removed. In particular it has type
AsAsAs and a simple system of roots is given by {a1, as, as, ag, ag, —a}. Since 3Eg(C) is
simply connected, Theorem 8.2(3) implies that the centralizer Csg,(c)(a) is connected, and
thus it is generated by the maximal torus H and the root subgroups u.i,(t) where o runs
through the simple roots {a1, a3, as, a6, a2, —a}. Now note that ug(t) = [I3 + tes 1, I3, I3]
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and u_g(t) = [I3 + te13, I3, I3] are root subgroups with associated roots & and —a re-
spectively. Since these along with H and the root subgroups u4a,, U+tay; Utas, Utas
and ui,, generate the subgroup SL3(C)3/Cs of 3E(C) from above, we conclude that

C’3E6(C)(a) = SLg(C)3/03
To describe the conjugacy classes of elementary abelian 3-subgroups we need to introduce
some more elements. Consider the following elements in SL3(C)3/C3 C 3E4(C):

r1 = [I3,3, 0], o = [6,0,0], y1 = [I3,7,7°], Y2 = [7,7:7]-
We also need the following elements in N (H):
$1 = NIN3N4AN2N5NANINITETV5T4N2TL3TUANE NG,
S92 = N1NN3MNINAN2TLZTIITUATLZTIETLATI2TIZ TV TV AT TUETLATIO NG TS TLATL2 TV T T4
nansnN4N2NgMN5M4AMN3MN ]
The action of these elements are as follows:
s1(mq, mg, ms) = (mg, my, ma), so(m1,ma, m3) = (ms, my,mi),

where m] denotes the transpose of m;. Thus these elements acts by conjugation on the
subgroup SL3(C)3/C3 as follows

91, 92, 93]°" = [92, 93, 91] (91,92, 93] = {(Ql_l)Ta (ggl)T : (gg_l)T} .
Lemma 8.5. We have
z = hw,1,w’lww?)), a=hwlw’l,w’w), z;=hwlwlww),
o = h(l,w?w? 1,3 1), y1 = ningnsnghas(—1),
Y2 = MINaN3NAN3NIN5NAN2NINATENEN5N4N2N3N NgN3N5N4NeN5 e, (—1).

Moreover conjugation by the element
N1N4MANZNINANENANEN5NAT2NZNINY - Ray (—1)ha, (—1)
acts as follows:

a v T, T2 & a, Y1 — s1, Y2 — Ya, 2wy e, (W) = [72,72, T2 -
Proof. Both parts of the lemma may be checked by direct computation. The second part
also follows from the first by using the following relations in N(H): The element n; has
image s, in W ([122, 8.1.4(i)]), we have n? = hq,(—1) ([122, 8.1.4(ii)]) and

MGG oo = MMM - .
for 1 <4,j <6, where the number of factors on both sides equals the order of sq,8,; in W

([122, 9.3.2)). 0

Notation 8.6. For our calculations, we need some information on the conjugacy classes of
elements of order 3 in 3Eg(C). These are given in [33, Table 2|: There are 7 such conjugacy
classes, which we label 3A, 3B, 3B/, 3C, 3D, 3E and 3E’, where 3B’ and 3E’ denotes the
inverses of the classes 3B and 3E. This notation is almost identical to the notation in [33],
but differs from [65]. We will need the following, which follows quickly from [33, Table 2]
using the action of W on H: We have z € 3E, a,xs,ys € 3C, x1,y1 € 3D and l‘g:l?l_l € 3A.
Multiplication by z acts as follows on the conjugacy classes:

3A — 3B,3B+— 3B, 3B’ — 3A,3C+— 3C,3D — 3D, 3E — 3E',3E — 1,

where 1 denotes the conjugacy class consisting of the identity element.
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Theorem 8.7. The conjugacy classes of non-toral elementary abelian 3-subgroups of 3Es(C)
are given by the following table.

| rank | name | ordered basis | 3Es(C)-class distribution | Csgc)(F)

‘ 3 ‘ EgEa ‘ (a,x2,y2) ‘ 3(C?26 ‘ E§E6 ‘
| 4 [ Bl | (zazay) | 3CT33E13E"" B, |
Their Weyl groups with respect to the given ordered bases are as follows:
1 | * ok X
3. = 4N 0
WiEsp,) = SLalFa), W(Bsp) = | o | gpy(my)
0

Proof. Non-toral subgroups: By [65, Thm. 11.13], there are two conjugacy classes of non-
toral elementary abelian 3-subgroups in 3Es(C), one non-maximal of rank three and one
maximal of rank 4. We may concretely realize these as follows. Consider the subgroups

EgEG = <a7$27y2> and E§E6 = <z,a,x2,y2> )

which are readily seen to be elementary abelian 3-subgroups of rank 3 and 4 respectively.
In particular both groups are subsets of C3p,(c)(a) = SL3(C)?/Cs, and since 3,y € SL3(C)
does not commute, we see that the preimages of E§E6 and E§E6 under the projection
SL3(C)? — SL3(C)3?/C3 are non-abelian. Thus by Theorem 8.2(5) E??:Ea and E§E6 are non-
toral in SL3(C)?/Cs = C3p,(c)(a) and hence also non-toral in 3E¢(C) by Theorem 8.2(1).
Thus by the above these two groups represent the conjugacy classes of non-toral elementary
abelian 3-subgroups in 3Es(C).

Lower bounds for Weyl groups: By [65, Thm. 7.4] there is a unique non-toral elementary
abelian 3-subgroup of Fy(C) of rank 3. Since we have an inclusion Fy(C) C 3E4(C) this
subgroup may also be considered as a subgroup of 3Eg(C). As its Weyl group in Fy(C) is
SL3(F3), its Weyl group in 3Eg(C) must contain SLs(F3). In particular it has order divisible
by 13 and since 13 1 |W (Eg)|, we conclude by Theorem 8.2(2) that E is non-toral in 3E4(C)
as well. Thus by the above E must be conjugate to E§’E6, and we get that W(Eg’ES) contains

SL3(F3). From this we immediately see that W(E§E6) contains the group
| 000

1
0
0 | SL3(F3)
0

Note that the element [I 3, 0, 62] commutes with z, a and x9 and conjugates ys to y2z. Thus
it normalizes E§E6 and produces the element Iy +eq 4 in W(Eg‘EG). As a result we see that
W(E§E6) contains the group

|**>I<

1
0
0 | SL3(F3)
0
Class distributions: Since a € 3C by 8.6 and W(Eg)’EG) contains SL3(F3) which acts
transitively on E??;EG — {1}, the class distribution of E??;EG follows immediately. Using this
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and the information given in 8.6 about multiplication by z, the class distribution of Eg‘EG
is easily found.

Centralizers: We have already seen that C3py(c)(a) = SL3(C)*/Cs. From this we directly
get

C3pg(c)(a,22) = Cgry(c)3/c, (T2) = (Y2, (T2 x T2 x T2) /C3) ,
Cspg(c)(a: 02, 42) = (22,92, (W) X (wl3) x (wl3)) /C3) = E§E67
proving that C3gg(c) (E§’E6) = C3E6(C)(E§E6) = E§E6.
Exact Weyl groups: From the lower bounds above and the fact that z is central we get

SLg(Fg) g W(EgEg) g GLg(Fg) and

| ko ok ok

4
SL3(F3) < W(Esp,) <

o O Ol

As C3ggcy(a, x2) = (y2, (T2 x Tg x T2) /C3), we see that no element in Csgg(c)(a,v2)
conjugates yo to y; *. Hence diag(1,1,2) ¢ W(E3g,) and diag(1,1,1,2) ¢ W (Ej, ) which
shows that Weyl groups are the ones given in the theorem. O

We now turn to the group Eg(C). As above we let Z be the center of 3FEg(C) and we
let m: 3Es(C) — Eg(C) = 3E6(C)/Z denote the projection. For g € 3Es(C) we write g
instead of m(g) and similarly we let S = 7(S) for a subset S C 3E¢(C).

Lemma 8.8. Let E be a rank 2 non-toral elementary abelian 3-subgroup of E¢(C). Then
the Weyl group W (E) is a subgroup of SLa(F3).

Proof. Let E = (g1,G2). By Theorem 8.2 part (5) and (3) the group (g1,92) C 3FEs(
is non-abelian. Thus setting 2’ = [g1,92] € Z we have 2/ # 1. Assume that o € W(
ain a2
a1 a2
(91)™2(g2)*22. Since o is given by a conjugation in Eg(C), it lifts to a conjugation in 3Es(C).
Now the relation [g1,ge] = 2’ € Z shows (2)™19227 12920 — 21" 50 since 2’ # 1 we have
(oS SLQ(Fg). ]

C)
E)
, i.e. we have o(g7) = (97)"*(92)* and o(g2) =

is represented by the matrix

Theorem 8.9. The conjugacy classes of non-toral elementary abelian 3-subgroups of Eg(C)
are given by the following table:

| rank | name | ordered basis | 3Es(C)-class distribution | Crg(c)(E) | Z(Cpyc)(E)) ]
2 | ER (1, T2) 30183D63E13]13’1 E3 x PSL3(C) E3
2 | EE (Y1, 71) 3D243E!3E/ E% x G2(C) £
3 | ER (@71, 72) 3C°°3D'®3E'3E"" B} o@ (T2: () ER
3 | ER (a,72,72) 3C"®3E!3E'" EY .38 B
3 | EX (@, 71, T1) 3C°3D7?3E'3E"" E3 o SL3(C) B3
; e 2 T .
3 E% <:r2:r1 1,y1,x1> 3A%3B?3B'“3C**3D**3E'3E"" | E}. o<z2z;1> GL:2(C) | E% 0<W;1> T,
ER (@, 72,71, %2) 3C'863D33E3E"" Ek Ek
1 | ER <E,:cz:c;17m7m_1> 3A%3B®3B/°3C'°°3D"?3E'3E"* | EX o (a7 T, | ER o, ) T,
a,roT a,r2Iq
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In particular we have 3Z(Cgyc)(E)) = E for any non-toral elementary abelian 3-subgroup
of Es(C). (In the table the 3Es(C)-class distribution of E C Eg(C) denotes the class
distribution of 7~ '(E) C 3E¢(C).)

The Weyl groups of these groups with respect to the given ordered bases are given as
follows:

€1 * *
a * a
WEE) = | L] W) =St wiEg) = [ 0
0 0 €9
e | *x x e | 00
36\ __ 3cy _ 3dy\ _
W(EL) = SLy(F3), W(E¥K) = 8 ‘SLQ(F3) , W(EE) = 8 ‘SL2(F3)
* * €1 * x ok
" GL2(F3) ‘ " " 0 & 00
W(EEG) = ) W(EEg) =

0 0 0 det 0 0 203

where det denotes the determinant of the matriz from GLo(F'3) in the description of W(E%‘é)

Proof. Maximal non-toral subgroups: By [65, Thm. 11.14], there are two conjugacy classes
of maximal non-toral elementary abelian 3-subgroups in Eg(C), both of rank 4. We may
concretely realize these as follows. Consider the subgroups

Ey = (z,a,y1,y2,%2) and By = (z,a, 2007 ", y1,21)

of C3p,(c)(a) = SL3(C)?/Cs. Since the commutator subgroup of both of these is Z, we see
that E%‘z, = 7(FE,) and E%% = 7(Ep) are elementary abelian 3-subgroups of rank 4 in Eg(C).
It follows from Theorem 8.2(5) that both E%' and Eg; are non-toral in Eg(C). We will see
below that their class distributions are as given in the table. From this it follows that they
are not conjugate and thus represents the two conjugacy classes of maximal elementary
abelian 3-subgroups in Eg(C).

Lower bounds for Weyl groups of mazximal non-toral subgroups: We can find lower bounds
for the Weyl groups of the maximal non-toral elementary abelian 3-subgroups by conjugating
with elements coming from the centralizer Csp(cy(a) = SL3(C)?/Cs and the normalizer
N(H) of the maximal torus.

The elements [32, I3, I3], [I3, 71, 7], 51 and 33 normalize E%‘z, and conjugation by these
elements induce the automorphisms on E%‘é given by the matrices Is+e€12, [s+e€34, [s+e€23
and diag(2,1,2,2). Moreover, by Lemma 8.5 we may conjugate the ordered basis of Eﬁ;‘é

into the ordered basis <:E_2, y_g, 51, E> . Noting that the element |71, 71, 71| commutes with 73,

51 and @ and conjugates T into Tayz, we see that W(E%‘é) contains the element Iy + ea 1.
The above matrices are easily seen to generate the group

e[|
Wi(Eg) = 0 0 |det =
00 0 det

and thus Wg‘g contains this group.
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Now consider E%% and let 0 = —(2,3) € SL3(C). We then see that the elements
[I3,7'1,7'12], [13,7'25,7'22], [0, I3, I3], [V, I3, I3], [I3, 3%, I3] and S5 normalize E4b6, and conju-

gation by these elements induce the automorphisms on E%% given by the matrices 14 + e3 4,
Iy + ey 3, diag(1,2,1,1), I4 + ey 2, 14 + €13 and —I4. These matrices generate the group

€1 * S
4b 0 €2 0 0
W/(EE(;): 0 0
0 0 SLa(F3)

and thus Wég contains this group.

Orbit computation: Any elementary abelian 3-subgroup of rank 1 is toral since Fg(C)
is connected. As we already know that E%‘é and E%I; are representatives of the maximal
non-toral elementary abelian 3-subgroups, we may find the conjugacy classes of non-toral
elementary abelian 3-subgroups of rank 2 and 3 by studying subgroups of these.

Under the action of W’ (E%‘é), the set of rank 2 subgroups of E%‘é has orbit representatives

EE, = (1, %3) , (@%3) , (@, 71) and (@, 73) ,
and under the action of W’ (E%%), the set of rank 2 subgroups of E%I; has orbit representatives

B = (7. 7), EE, = (n,77) , (@.7) . @ 7) (@ vy | ) and (wpay 77
Similarly we find that under the action of W’ (Eifg ), the set of rank 3 subgroups of Eifé has
orbit representatives

Ejf, = (@,71,72) , g, = (@73, 72) and (3,71, 2) ,

and that under the action of W’ (E%I;), the set of rank 3 subgroups of E%I; has orbit repre-
sentatives

3 — — ——\ 3 — — ——\ p3d I — iy —
Ep = (a,71,72) , Eg, = (a,71,71) , Eg, = <x2x1 ,yl,x1>and <a,x2x1 ,x1>.

Other non-toral subgroups: We see directly that the subgroups (a, 73), <E, a:gazl_l >, <x2x1_1

and <E, xgxl_l,x_l> are toral. Noting that the elements 3 and 7 are conjugate in SL3(C) we

see that the group (@, 771, 72) is conjugate to the group <E, I3, 3, 52],x_2> which is obviously
toral. Thus we see that the groups (@,91,%2), (@,71) and (a,7s3) are also toral. Using the
fact that [y1,21] = [y1,22] = z we see from Theorem 8.2(5) that both E%! and EI%JZ are
non-toral in Eg(C). Since the groups E%‘é, E%CG and E%Cé all contain either E%‘z_ or E%I; they
are also non-toral. Using Theorem 8.2(5) we see that the group E%% is non-toral in Fg(C),
since we know that W_I(E%Z) = E§E6 is non-toral in 3Es(C) by Theorem 8.7.

Class distributions: Using 8.6 and the action of the groups W’ (Eifg ) and W’ (Eéﬂbﬁ) it is
not hard to verify the class distributions in the table. As an example consider the group
Eéﬂbﬁ. From the action of W’ (Eéﬂbﬁ) we see that Eg; — {1} contains 2 elements conjugate to

a, 6 elements conjugate to ZL'gl‘l_l, 24 elements conjugate to T7 and 48 elements conjugate
to Tz. Thus by 8.6, the set F_l(E%I; —{1}) contains 6 elements from each of the classes 3A,
3B and 3B’, 3- (2 + 48) = 150 elements from the class 3C and 3 - 24 = 72 elements from
the class 3D. Including the elements z and 22 from the classes 3E and 3E’ respectively, we
get the class distribution of F_l(E%/%) — {1} given in the table. Similar computations give
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the remaining entries in the table. Since these distributions are different we see that the
groups in the table are not conjugate and thus they provide a set of representatives for the
conjugacy classes of non-toral elementary abelian 3-subgroups of Eg(C).

Lower bounds for other Weyl groups: We now show that the other matrix groups in the
table are all lower bounds for the remaining Weyl groups. To do this consider one of the
non-maximal groups E from the table. We then have E C E%‘z, or £ C E%%, and we get
a lower bound on W(FE) by considering the action on E of the subgroup of W’ (E%‘é) or
w’ (E%%) fixing F. As an example we see that E%‘é - E%‘é and that the stabilizer of E%“G
inside W'(Eg!) is

0 0
0 0 det =
0 O 0 det

where det is the determinant of the matrix from GLy(F3). The action of such a matrix on
E%‘é is given by

) det det

e () T2 () (T2)

Thus W(E%“G) contains the group
a € *
W,(E%G) - [ 0 € ]

as claimed. Similar computations show that for the groups £ = E%JI’G, E%‘é, E%CG and E%Cé,
the group W'(FE) occurring in the theorem is a lower bound for the Weyl group W (E).
For the group E?’b6 = (a,T3,72) we know the structure of W(?T_I(E%l;)) = W(E§E6) by
Theorem 8.7. From this we immediately get W(E%%) = SL3(F3).
Ezact Weyl groups: We now prove that the lower bounds on the Weyl groups established
above are in fact equalities. By Lemma 8.8 the Weyl groups W(E%‘é) and W(E%%) are

subgroups of SLa(F3). From this we see that W(E%%) = SL9(F3) and that W(E%‘Z) is equal
to either W’ (E%‘é) or SLs(F3), since these are the only subgroups of SLy(F3) containing
w’ (E%‘é) We have E%‘z, = (y1,T2), and by 8.6 we see that the elements 77 and T3 are
not conjugate in Eg(C). In particular we see that W(E%“G) cannot act transitively on the
ggﬁ;iltivial elements of E?E‘é, and we conclude that VV(E?EC:3 ) =W (E%‘é) is the group from

For each of the remaining non-toral subgroups we now show that a strictly larger Weyl
group contradicts the Weyl group results already established. The groups E = E%“G, E%Cé,
and E%I; all contain E%“G A direct computation shows that any proper overgroup of W'(FE)
in GL(F) contains an element which normalizes the subgroup E%‘é and induces an auto-
morphism which does not lie in W (E%!). Hence W(E) = W/(E). If E = E} a similar
argument, using the subgroup E%%, again shows that W(FE) = W/(E). Consider finally
E = E%“G Each proper overgroup of W’/(E) contains an element which normalizes one of
the subgroups E%‘é or E%I; and induces an automorphism on it not contained in its Weyl
group. Hence W(E) = W/(E). This concludes the proof that the Weyl groups listed in the
theorem are the correct ones.

Centralizers: Let © : SL3(C) — SL3(C)3/C3 C 3Eg(C) denote the homomorphism
given by O(g9) = [g,9,9|] for g € SL3(C). By Lemma 8.5 the group E%“G = (T3,77) is
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conjugate to the group (@,37). Since a® = az? we obtain Cpggc)(@) = (s1,SL3(C)3/C3),
and hence

Crs(c)(@,51) = (a, 51,2,0(SL3(C))) = (a, s1,2) x O(SL3(C)) = (@, 31) x PSL3(C),

proving the claims for E%‘é By abusing the notation slightly, we let g denote the image
of g € SL3(C) in the quotient PSL3(C). From Lemma 8.5 we then see that the elements

a, 72 and xgxl_l in Cgg(c) (E%‘é) correspond to the elements 3, 42 and 73 in the PSL3(C)

component of C' EG(C)(E%%)‘ Thus we immediately get

Cre(c)(E%) = E7 % Cpsiy(c)(3), Chy(c)(E3) = B3 x Cpgry(c)(72),
Crsc)(ER) = EF. x Cpsryc)(8,72), Cry(c)(ER) = EE X Cpspy(c) (B, 72)-

Note that Cpsr,(c)(B) = T2 : (v), giving Cpsr,c)(B,72) = (B,7) and Cpsr,(c)(B,72)
T5. From this the results on E%‘é, Eﬁfg and E}g’ﬁ follow directly. Note also that Cpgy,,(c)(72)
GL2(C) from which we deduce the claims about E%Cé
Now consider the group E%% Since Cgy(c)(@) = (s1,SL3(C)3/C3) we get
Cry(c)(@,T2) = (s1,Y1, Y2, (T2 x Tg x T2) /C3),
Cryc) (@ 72,72) = (51,Y1,Y2, I3, B, 3?] , 22, ((wl3) x (wl3) x (wl3)) /C3)
and thus Cgy(c) (E%Z) = <E%l;,s_1, 1, m> It is now easy to check that Cgy(c) (E%Z)
has the structure E%% - 3% and that Z(Cpg(c) (E%%)) = E%% For the group E%CG we obtain
CEy(c)(@71) = (y1, (SL3(C) x T2 x T2) /Cs),
CEy(c) (@ 71,71) = (y1, 21, (SL3(C) x (wl3) x (wl3)) /Cs).

Thus the centralizer CEG(C)(E%%) equals the central product E%% o(a) SL3(C) and we obtain
the claims about E%% .

R

Finally we consider the group EI%JZ = (y1,71). Ifg € ﬂ_l(CEG(C)(E%bﬁ)) then [g,v1],[g, x2] €

Z, and since [y;, 2] = z it follows that g € W_l(E%%) oy OgEG(C)(TF_l(E%%)). Thus we have

Crs(c)(ER) = EE X Cypyc)(m~ (ER)).

A direct computation shows that Csg,(c)(71) has type T2 D4 and a system of simple roots
of the centralizer is given by {a1 + as + a4, a2, ay + a5 + ag, a3 + a4 + a5 }. From this we
see that the 2-dimensional torus consists of the elements h(a, 1,7, 1, a,7) where a,y € C*.
Moreover we see that Csp,c)(71) = T2 oc Spin(8, C), where the central product is over
the group C' = Z(Spin(8, C)) = Cy x Cy which consist of the elements h(a, 1,7, 1, a,7),
o,y = %1.

Let o denote the automorphism of C3g,(c)(z1) given by conjugation with y;. A direct
check shows that the map from C to C given by x ~— z =127 is surjective. It then follows
that

Capg(c)(n (ER,)) = (T2 oc Spin(8, C))” = T§ oce Spin(8, C)°.
We have 7§ = (z), so CgEG(C)(w_l(E%%)) = (z) x Spin(8, C)?. Using the class distribution
of ﬁ_l(E%I;) found above together with [33, Table 2] and Theorem 8.2(6) we find

1
dim Cypy o) (m~ (ER)) = 5 (378 +24 - (30 + 24w + 24w?)) = 14.
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Thus Spin(8, C)? has dimension 14 and since Z(Spin(8, C))? = 1 we also see that Spin(8, C)?
has rank less than 4. From this it follows that the identity component of Spin(8, C)”
must have type G3. By [124, Thm. 8.1] we know that Spin(8, C)? is connected, so we get
Spin(8, C)? = G2(C) and hence C3gq(c) (F_l(E%I;)) = (z) X G2(C). Combining this with
the computation from above we conclude Cgg(c) (E%%) = E%JI; x Go(C). O

For the proof of our main results we need the following auxiliary results about the two
non-toral elementary abelian 3-subgroups of rank 2.

Proposition 8.10. Let E be an elementary abelian 3-group of rank 2 with basis (e, e2)
and consider the 4 homomorphisms ji; : E — Nggc)(H) (the mazimal torus normalizer in
Es(C)), 1 <i <4 defined as follows:

Mliﬁl’-’%, eg — Ty,

K2t e1 =Y, ez — T2y,

) — —1
M3 - €1 = Y1, €2 T2y

. — —1
Mgt €1 — T, €2— T2Y; .

Then p;(E) is conjugate to E%“G for alli and p; L(H) equals the 4 distinct rank 1 subgroups
of E fori=1,...,4. Moreover Tp = (HM(E))l is independent of i and C = (i (E))

is a mazimal torus normalizer in Cggy(c)(ui(E)) for all i. The canonical homomorphism
ExTg Hixg N(H) — Eg(C) does not depend on i up to conjugacy in Eg(C).

Proof. Obviously iy (H) = (e2), 13 (H) = (e1 — e2), 3 "(H) = (ex + e2) and py’ (H) =
(e1), so ui_l(H) equals the 4 distinct rank 1 subgroups of E for i =1,...,4.

) equals the identity

Since T, T2 € H, it is clear that the identity component of )7
component of H'. Hence Ty = (F“i(E)
direct computation shows that T consists of the elements of the form [g, I3, I3], g € Ta,
where Ty C SL3(C) denotes the maximal torus consisting of diagonal matrices.

)1 is independent of ¢ and as y; = [13,%72], a

We now prove that the homomorphisms E -5 Cs(c)(TE) are conjugate in Cgy(c)(TE)-
As a € Tg we find that CEﬁ(c)(TE) consists of the elements [g1, g2, g3], where g; € T and
92,93 € SL3(C) are arbitrary. Note first that the conjugation by the element [13, T, 7'12] €
CEe(c)(TE) sends 1 to itself and 73 to Tzy1. Hence the homomorphism £ ELN Crs(c)(TE)

is conjugate to the homomorphism E Az Cgs(c)(Tk) for i = 1,2. Letting

emif1s | 1 w? 1
T3 = — \/_ 1 1 w? S SLg(C),
3 1 w w

we get 3™ = (v and v = 2. Thus the conjugation by the element [13,7'27'1_1,7'3] €

CEs(c)(TE) sends 71 to ZT1 and 73 to zoy; * and hence the homomorphism F A, Crs(c)(TE)

is conjugate to the homomorphism £ £, CEs(c)(TE). This proves the claim. We conclude

that £ x Tg #wx] N(H) — Eg(C) is independent of i up to conjugacy in Eg(C) and also

that u;(E) is conjugate to pi(E) = EJ%J% for all 4.
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Since C EG(C)(E%“G) has rank 2 it follows that T is a maximal torus in Cgyc)(pi(E)) for

all i. Since ju;(E) is elementary abelian of rank 2 and u;(E) N H # 1 it now follows from
Theorem 8.3 that C NE6(C)(ﬁ)(,u,~(E)) is a maximal torus normalizer in Cgy(c)(pi(E)) for all

7. O

Proposition 8.11. An element o € W(E?EZ) acts up to conjugacy by ax1 on Cgyc) (EJ%JZ) =

Proof. Since G5(C) is connected and has trivial center it is clear that Out(E%I; x G2(C))
Out(E%I;) x Out(G2(C)). The result now follows as Out(G2(C)) = 1 (e.g. by [71, Thm. 27.4]

~—

O

8.3. The group F3(C), p = 3. In this section we consider the elementary abelian 3-
subgroups of the group Fg(C). By using [16, Table 2, p. 214] we see that the smallest faithful
representation of Eg(C) is the adjoint representation, i.e. the representation given by the
action of Eg(C) on its Lie algebra eg, which has dimension 248. For our computations, we
explicitly construct this representation on a computer by following the recipe in [24, Ch. 4].
(As explained in [24, Ch. 4] there is some ambiguity in choosing a Chevalley basis of eg and
we fix a certain such choice; a different choice affects our formulas at only one point—see
Remark 8.12.)

Letting ®(Eg) denote the root system of type Eg (we use the notation of [15, p. 268
270]), we have in particular a maximal torus H generated by the elements hq, (t), 1 < i <8,
t € C* ([24, p. 92, p. 97]) and root subgroups u,(t), o € ®(FEg), t € C. The normalizer
N(H) of the maximal torus, is generated by H and the elements n; = nq,;, 1 <1 < 8 ([24,
p. 93, p. 101]). We let

8
h(ty,ta, ts,ta, ts, te, 7, ts) = | [ oy (1)
i=1
Note that by [24, p. 100 and Lem. 6.4.4] the root subgroups u, form a realization ([122,
p. 133]) of ®(Eg) in Eg(C). In particular we have the following relations. The element n;
has image s, in W = W (FEg) ([122, 8.1.4(i)]), we have n? = hq,(—1) ([122, 8.1.4(ii)]) and

i =
nining ... = NjNgNg ...

for 1 <+4,j <8, where the number of factors on both sides equals the order of sq, 84, in W
([122, 9.3.2)).

Now let @ = ha, (W)hay (W)has (w?) € Eg(C). Direct computation shows that for any root
a € ®(Fg) we have a(@) = w*®*2). From this we see that the Dynkin diagram of the
centralizer C ES(C)(E) is the same as the extended Dynkin diagram of Fg with the node as
removed. Thus it has type Ag and a simple system of roots is given by

{041, a3z, 0y, 05, g, X7, O8, _a}u

where & is the longest root. Asin [15, p. 250-251] we identify ®(Ag) with the set of elements
in R? of the form e; — e; with i # j and 1 < i,j < 9, where ¢; denotes the i’th canonical
basis vector in R?. We now consider SLg(C), which is the simply connected group of type
Ag over C. Given a root o = e; —e; € ®(Ag) we let u,(t) = Iy + te; ; for t € C. With
respect to the maximal torus consisting of the diagonal matrices, this is a root subgroup
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of SLyg(C) corresponding to the root o’. The roots o, = e; — e;41, 1 < i < 8, is a simple
system in ®(Ag). From the above we then see that

ul:l:a’l (t) = Uta, (t)7 uil:o/2 (t) = uiOéB (t)7 U;:ag (t) = Utay (t)7 u;:ail (t) = u:l:as (t)7
o () g (t), g () (B, gy (61 (), g (8) > gt

defines a homomorphism SLg(C) — Eg(C) onto the centralizer Cry(c)(@). It is easy to check
that this map has kernel C3 = (wlg) and thus we may make the identification Cgy(c)(a) =
SLg(C)/C3. For any g € SLo(C) we denote by g its image in SLg(C)/C3 = Cpyc)(@) C
Eg(C). In particular we see that a = nly corresponds to the element @ from above. We also
define the following elements in SLg(C) :

xry = diag(17w7w2717w7w2717w7w2)7 T2 = diag(le17w7w7w7w27w27w2)7
T3 diag(l,l,l,l,l,l,w,w,w), 1= (17273)(47576)(77879)7
Y2 = (1747 7)(27578)(37679)

From the explicit homomorphism above we easily find

a1 (W)hay (W)hay (W2)7
a1 (W) hag (W2)h0c5 (WZ)hae (w),

and a direct computation in Fg(C) shows that

8

1 (w)has (w)has (w)v
2

Vo (w)htxs (WZ)hae (w),

8

Pay
hay (w

2 = 3

N_g = NgN7NEN5MN4AN2MNZTNITIANINETIATIONENETIATIZNLI V7T TS TL4T2 T3 TV ATL S N VT TS
NrNeN5TATI2TL3TLI TATL3 TS TLATL2TLETLE TV ATI3 TV TV T TU5 104 TV T3 TLATU S LG TLTTLS .
Remark 8.12. A different choice of Chevalley basis for eg may effect the expression for n_g

by an order two element in H. If a Chevalley basis is chosen such that the above formula
holds then all further formulas will be independent of the choice.

From this and the explicit homomorphism above we find, either by direct computation
or by using the relations in N(H), that
Y1 = ningnsnenrnensnanananiningnsnainanensningninynes:
TAM2MN3NANE TV TLSTUTTLETUETLATI2TIZ T TUATV3TU5 T ATV V6 TUE TLATLS .

nINTNEN5MAN2M3INANIEENTTLS - hal (—1)ha2 (—1)ha7 (—1),

Y2 = N2an3ningnangnansninananinensninananininnensng:
N2N3N1NANINENENTNENTIETIETIATI2TIZT 1 TV 4TI3TL5TATI2 615
4N NTNEN5NAN2NINANENSNTNG - Ry (—1)hag (—1).
Notation 8.13. To distinguish subgroups of FEg(C), we need some information on the
conjugacy classes of elements of order 3. These are given in [65, Table VI| (which is taken

from [32, Table 4]): There are 4 such conjugacy classes, which we label 3A, 3B, 3C and
3D. Moreover these classes may be distinguished by their traces on eg. Since the trace of

x3a~1 € 3D.
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Notation 8.14. If K is a field and n is a natural number, we define the group of symplectic
similitudes as CSpy, (K) = {X € GLo,(K)|X'BX = c¢B,c € K*}, where

0 -1 0 -1
b0 eoe]t ]
n times

We define the homomorphism y : CSp,,,(K) — K* by x(X) = ¢, where X*BX = c¢B. The
kernel of x is the symplectic group Sp,,, (K). (The notation CSp is taken from [84].)

Theorem 8.15. The conjugacy classes of non-toral elementary abelian 3-subgroups of
Eg(C) are given by the following table.

rank | name ordered basis E3(C)-class dist. Cg.c)(E Z(Crycy(E

3(C) s(C)

3 | BR (T1.91,0) 3ATS3BF Eff, x PSLy(C) B,

3 | B2 (T7,91.73) 3B Ef x G5(C) Ep,

4 | Bl | (mwmaa!) | 3A%28B23D? | Bl op o GLo(C) | BfE o n T

i | EF (73,71, 71, 3) 3A*3B™ | Ep o) (T2 : (1)) A

| EE (T3, 71, 51, 73) 3B% E}s, °) SLs(C) E¥,

5 | Ep | (mrLmmasa ') | BA03BS0SDS | Ejo. 0Ty |Ejoy T

5 | ER | @n0,%2,5,0) 3AT6Z3B50 ER, B,

In particular we have 3Z(Cgyc)(E)) = E for any non-toral elementary abelian 3-subgroup
Of Eg(C)

The Weyl groups of these groups with respect to the given ordered bases are given as
follows:

0
*
. GLo(F a SL3(F 0
W(E%S): 2( 3)‘ ) W(E%‘Z):SLg(Fg), W(E%;}S): 3( 3) 0
0 0 |det R
< * X * € | x ok
4b 0 * dc 0
WEE) = | o |GLa@s) | 1 WEE) = | o | gr.my)
0 0 0 |det 0
€1 * ok ok * %
0 0 "
W(ER)=| 0 | SLs(Fs) | 0 |, W(ER) = CSpy(Fs) |
0 0 "
01000 | e 000 0] x

where det is the determinant of the matriz from GLa(F3) in the description of W(E%C;)
and W(Eg;) In the description of W(E%l;), X denotes the value of the homomorphism
x : CSpy(F3) — F5 defined in 8.14 evaluated on the matriz from CSpy(F3).

Remark 8.16. Note that our information on the rank five subgroup E%C; corrects [65].
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Proof of Theorem 8.15. Mazimal non-toral subgroups: By [65, Lems. 11.7 and 11.9], any
maximal non-toral elementary abelian 3-subgroup of Eg(C) contains an element of type
3A. We may thus find representatives in Cgg(c)(@) = SLg(C)/C3. From [65, Cor. 11.10], it
follows that there are two conjugacy classes of these maximal non-toral elementary abelian
3-subgroups: E%‘; and E%I;, both of rank 5. Moreover, by [65, Lem. 11.5], their preimages
in SLg(C) may be chosen to have the shapes 3'1%2 oc, 9 x 3 x 3 and 3% o, 9. Using the
representation theory of extraspecial 3-groups ([64, Ch. 5.5]) we find that E%‘; is represented

by <x_2,x1,y1,x3,m> and that E%l; is represented by (71,71, %2, U2, Q).

Lower bounds for Weyl groups of mazimal non-toral subgroups: We can find lower bounds
for the Weyl groups of E%C; and E%bs by conjugating with elements in the centralizer
CEgy(c)(@) = SLg(C)/C3 and the normalizer N(H) of the maximal torus.

Note that

a=nl3 & nls &nls, 1 =000 0, xy = I3 @ wlz & Wl
x3 =1I3P® Is P wls, yu=7bvyDby

and (A® B®C)? = B3 C @ A. Conjugationby 1 @1 &1, 2 @ @ meand 3 2 & 3
gives

81) meMETa—a, x> xIY, T2 T2, T3 T3, Y1 YL, Y2 > Ya.
(82) meMmEm:iar—a, T T, Tar T, T3 T3, Y1 T1Y, Y2 Yo

2 .
(83) Lzi@p @®fB:a—a, x+—x1, Tor> Ty, T3 T3, Y1 TaYl, Y2 — T1Y2.

Now consider the group E%‘; From (8.1)—(8.3) we see that the elements 73 & 71 @ 11,
To @ T2 @ 12 and I3 @ 2 @ 3 normalize E%C; and that conjugation by these elements induces
the automorphisms on E%‘; given by the matrices 5 + e32, Is + €23 and I5 + e 3.

Letting o = —(1,4)(2,5)(3,6) € SLg(C) we see that (A® B& C)” = B® A® C. Using
this and the above we obtain that @, 73 and I3 ® I3 @ (32 normalize E%‘; and that conjugation
by these elements induces the automorphisms on E%C; given by the matrices diag(2,1,1,1,1),
Is + e14 + e15 and I5 + eg3. By using the relations in N(H) given above or by direct
computation, it may be checked that conjugation by the element

N1N2MgM2N3N5T4TI2TIZ TN TIATL3 T ETIATLETL5TU4ATI2TL3TIATL 7 e T 5 T4 I8 VT TG
NnsMNAN2MN3ININANINENANIIN NI4T - h(l, 1, —1, —1, —1, 1, —1, —1)

induces the automorphism on E%‘; represented by the matrix diag(1,1,1,1,2) + ez 4. It is
easy to see that the above matrices generate the group

€1 * k% *
0 0
W/(E)=1| 0 | SLs(F3) | 0
0 0
0 0 00 €9

and thus W(E%‘;) contains this group.

Next consider the group E%bs From (8.1)—(8.3) we see that the elements 71 & 71 @ 71,
T @D 19 @ 1 and I3 @ 2 @ (3 normalize E%l; and that conjugation by these elements induces
the automorphisms on E%l; given by the matrices Is + €21, I5 + e12 and Is +e14 + e3p.
Now note that a = As3(nl3), 2 = Az3(f) and y2 = Az 3(7y). Noting also that As3(M)



56 K. ANDERSEN, J. GRODAL, J. MOLLER, AND A. VIRUEL

commutes with My @ My @ M, for any My, My € M3(C) we see that the elements As 3(71)

and Ag3(m2) normalize E%l; The automorphisms induced on E%l; by conjugation with
these elements have the matrices I5 +e4 3 and I5 +e3 4. The upper left 4 x 4-corner of these
matrices are easily seen to generate the group Sp,(F3) from 8.14. By using the relations in
N(H) given above or by direct computation, we get that conjugation by the element

TN2NgNTNETIETLATI2TL3 T TV ATL3 T LA TL2 L6 TL5 T4 TL3 TV TV TG
ns4AN2MN3NANENENTNS - h(l, —1, —1, —1, —1, 1, 1, 1)

induces the automorphism on E%l; represented by the matrix diag(1,2,1,2,2)+e35. It now
follows that W(E%l;) contains the group

CSpy(F3)

* K K

W(ER) =
*

000 0| x

Lower bounds for other Weyl groups: We now show that the other Weyl groups in the
table are all lower bounds. To do this consider one of the non-maximal groups £ from the
table. We then have E C E%‘;, and we get a lower bound on W (E) by considering the
action on E of the subgroup of W’ (E%‘;) fixing E. As an example we find that the stabilizer
of B3 inside W’(E%.) is

€1 0 0 x
0 a1 a2 ais
0 a1 az as
0 0 0 det
0 0 0 0 det

where det = a11 - ag2 — a12 - a1 # 0. The action of such a matrix on E%‘; is given by
z7 — (7)) (7)* 71— (@) (1), @ — (7)™ (1) (@),

Thus W(E%‘;) contains the group

SO OoOR

GL2(F3)

W/(ER) =
0 0 |det

as claimed. Similar computations show that for the remaining groups £ = E?’bs, Eif;, E}g’s
and E408, the group W'(E) occurring in the theorem is a lower bound for the Weyl group
Orbit computation: Note first that all elementary abelian 3-subgroups of rank at most
two are toral by Theorem 8.2(3). By using the lower bounds on the Weyl groups of E%‘;
and E%l; established above, we may find a set of representatives for the conjugacy classes
of subgroups of E%‘; and E%l; of rank 3 and 4.
Under the action of W’ (E%‘;), the set of rank 3 subgroups of E%C; has orbit representatives

EY = (z1,71.a), EY, = (71,71, 73) , (T1, 72, 1) »

(@,71,72) , (@,71,73) and (@, T2, 73)
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and under the action of W’ (E%l;), the set of rank 3 subgroups of E%I; has orbit representatives

B3 = (z1,77,a) , (71,72, 77) and (@, 77,7T3) .

Similarly we find that under the action of W’ (E%C;), the set of rank 4 subgroups of E%‘;
has orbit representatives

da S — 4b e
EES - <$1yy173337$3a 1> 7EE8 - <$273317y17a>7
4c —_— = — = = =
By, = (T2,71,Y1,%3) and (@,771,72,73),

and that under the action of W’ (E%I;), the set of rank 4 subgroups of E%I; has orbit repre-
sentatives
Ey, = (72,71,91,a) and Ey = (T1,72,71,%2) -

Class distributions: Recall that by 8.13, @ is in the conjugacy class 3A, T1 and T3 are in
the class 3B and z3a~! belongs to the class 3D. Using the actions of W’(E%) and W'(ER)
it is then straightforward to verify the class distributions given in the table. As an example
consider the group E%‘; Under the action of W’ (E%‘;) it contains 156 elements conjugate
to a, 78 elements conjugate to T1, 2 elements conjugate to Tz and 6 elements conjugate to
x3a~1, which gives the class distribution in the table. Similar computations give the results
for the remaining groups.

We also see that the group Eg = (ZT, T2, 71, J2) has class distribution 3B8? and from the
class distribution of E%l; we get Ep = (E%l; N3B)U{1}. It then follows from [65, Lem. 11.5]
that Ej is toral.

Other non-toral subgroups: We see directly that the groups

<a7 x_la ‘T_27 ‘T_3> ) <CL, xy, ‘T2> ) <67 ‘T_la ‘T_3> and (aa ‘T_Za ‘T_3>

are toral. Since the group (Z1,Zz,71) is a subgroup of Ej it is also toral. Alternatively, from
the action of W/(E}.) we see that it is conjugate to the group (1, T2, T3), which is visibly
toral. Thus any non-toral elementary abelian 3-subgroup of Eg(C) is conjugate to a group
in the table. Moreover, since their class distributions differ, none of the groups occurring
in the table are conjugate.

To see that the groups in the table are actually non-toral we may proceed as follows.
The group E%‘; contains the element @, so by Theorem 8.2(1) it is toral if and only if it is
toral in C'gg(c)(@) = SLy(C)/Cs. However this is not the case by Theorem 8.2(5), since its
lift to SLg(C) is non-abelian. The groups Eﬁf; and Eif; are thus also non-toral since they
contain E%‘; We saw above that the Weyl group of E%I; contains SL3(F'3), which has order
divisible by 13. Since 13 1 |W(Es)| it follows from Theorem 8.2(2) that E%I; is non-toral.
Since E%CB contains E%I; it is also non-toral.

Centralizers: The subgroups F = E%‘;, Eﬁ;‘;, E%bs, E%‘; and E%bs are easy to deal with
since they all contain @, and hence we have Cpgc)(E) = Csryc)/cy(E) for these. It
is however notationally convenient first to change the representatives as follows. Define
Ty = 7'2_1697'2_1697'2_1 € SLg(C), and note that conjugation by (2,7,3,4)(5,8,9,6) € SLg(C)
acts as follows:

ar—a, w1 ewy, Ty ai,  a3a T, YLy, Y2 o Ui
In particular we see that E%‘; is conjugate to (T2, 7z, a). Moreover we have

Cry(c)(@72) = (y2,{A® B® C | det ABC = 1}).
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From this we directly get

Cry(0)(@73,7) = (22,92, {A ® A® A| (det A)° = 1} )

= (v2,y2,0, {A® A A det A=1})
~ (73,73, a) x PSL3(C).

Thus CEs(C)(E%‘é) = E%‘; x PSL3(C) and Z(Cpgy(c) (E%‘;)) = E%‘; From the above we see

that the elements T3, x3a~1 and 73 in C Es(c)(E%‘;) correspond to the elements (2, E and

72 in the PSL3(C) component of C ES(C)(E%‘;). From this we easily compute the structure
of Uy (c)(E) for the representatives ' which contain E%‘;, cf. the proof of Theorem 8.9.

For the computation of the centralizers of E%l; and E%CB we consider the element g =
Ray (W)has (W?) € Eg(C). By using [32, Tables 4 and 6] we get that g belongs to the conjugacy
class 3B and that the centralizer Cgy(c)(g) has type EgAs. The precise structure of this
centralizer may be found as follows. Since Eg(C) is simply connected, Theorem 8.2(3)
implies that Cgy(c)(g) is connected. Setting

o/:a1+042+2a3+3044+2045+a6,

we see that {as,as, ag,a7,0’, a2} U{ar, as} is a system of simple roots of Cgycy(g) (the
simple systems of the components of type Fg and A have been ordered so that the num-
bering is consistent with [15, p. 250-251, 260-262]). From this we get an explicit homo-
morphism 3Eg(C) x SL3(C) — Eg(C) onto the centralizer C,(c)(g). The kernel is given
by ((z,w?I3)), where z € 3E5(C) denotes the central element defined in Section 8.2. Thus
Cry(c)(9) = 3E6(C) ocy SL3(C), and we denote elements in this central product by A - B
where A € 3E4(C) and B € SL3(C). In particular we have g =z - I3 = 1 - wis.

Now consider the subgroup E = (z - I3,z - 3,y1 - ) which is seen to be an elementary
abelian 3-subgroup of rank 3 (here the elements x1,y; € 3Eg(C) from Section 8.2 should
not be confused with the elements z1,y; € SLg(C) from above). We have

Cryo)(2 - I3, 21 - B) = Cspy(C)oe,sLs(c) (21 B) = (Y1 -7, Camy (o) (#1) 0y Csiy(c)(B)) -

We note that y; -y is not conjugate to its inverse in Cgy(c) (z- I3,z - B) since no element in
CsLs(c)(B) conjugates 7 into v~! times a power of wl3. Thus we have diag(1,1, —1) ¢ W (E)
and in particular W (FE) # GL3(F3). From the above we also get

Cryc)(E) = (y1 -7, 21 - B, C3p5(c) (@1, y1) o5 Csryc)(8:7))
= <y1 *, 21 /67 C3E6(C)(7T_1(E%JIZ;)) OCjy Z(SLg(C))>

= (y1- 7,21 - 0, ((2) x G2(C)) o Z(SL3(C)))
=F X GQ(C),

using the computation of Cspy(c) (7™ (E%bﬁ)) from the last part of the proof of Theorem 8.9.
Since the preimage of F in 3Es(C) x SL3(C) is non-abelian it follows from Theorem 8.2(5)
that E is non-toral in 3Es(C) oc, SL3(C). Now Theorem 8.2(1) shows that E is non-toral
in FEg(C) (alternatively one could also just observe that Cpg(c)(£) has rank less than 8).
From what we have already proved we then see that E is conjugate to either E%Cg or E%l; in

Eg(C). Since we already know C' Es(c)(E%‘;) we conclude that E must be conjugate to E%I;
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(alternatively one could also compute the class distribution of E directly). In particular we
have Cp,(c)(Ex) = B3 x G2(C) and W(ER) # GL3(F3).

Using the inclusion 3Es(C) C 3Es(C) o, SL3(C) C Eg(C) we may also consider the
subgroup E§E6 C 3E4(C) from Theorem 8.7 as a subgroup of Eg(C). Since E§E6 is non-
toral in 3E4(C), it is also non-toral in 3Es(C) oc, SL3(C), and hence also in Eg(C) by
Theorem 8.2(1). Thus Eg‘EG must be conjugate in Eg(C) to one of the groups E%‘;, E%I;
or E%cs Comparing with the class distributions we can rule out E%‘; and E%l;, SO we
conclude that E§‘E6 is conjugate to E%CB From Theorem 8.7 we have CgEG(C)(E§E6) = E§‘E6.
Hence Cpy(c) (Eg‘EG) = E§E6 o, SL3(C) from which we get CEs(C)(E%CS) = E%cs o, SL3(C).
We determine the precise structure of the central product below after the computation of
W(EE,).

Exact Weyl groups: Recall from above that E%‘; is conjugate to (T2,7y2,a). If W(E%‘;)
was larger than the group W’ (E%‘;) from above, we then see that W(E%C; ) would have to
contain one of the groups

*
GL2(F3) * or SLg(Fg)
00 | ¢
which are the minimal overgroups of W’ (E%‘;) inside GL3(F'3). Thus W(E%‘;) would have
to contain one of the matrices diag(1,2,1) or I3 + e32. This would mean that inside

CE(c) (T2, @) there would be an element which conjugates 73 into either 722 or Joa. However
from above we have

Cry(c)(T3,@) = (y2,{A® B® C [ det ABC = 1}),

and from this it is easily seen that no such element exists. Thus W(E%‘;) =w (E%‘g) as
claimed. For the group E%I; we have SL3(F3) C W(E%I;) # GL3(F3) and hence W(E%l;) =
SL3(F'3).

As in the proof of Theorem 8.9 we show that the remaining Weyl groups equal the lower
bounds already established, by looking at what a strictly larger Weyl group would imply
for the subgroups E%Cg and E%l; For £ = E%‘;, Eg;, E%‘;, and E%l;, any proper overgroup
of W(FE) contains an element which normalizes E%C; but induces an automorphism on it not
contained in its Weyl group. For E%CB the result follows by considering the subgroup E%I;

It remains only to determine the precise structure of the central product Cgg(c) (E%JC8 ) =
Eg ocy SL3(C). From the structure of W (EZ) we see that the subgroup (T3) is invariant
under the action of VV(E%JC8 ). Thus a conjugation which sends to E%CS to E§E6 must send
(T2) to a I/V(E:ﬁfE6 )-invariant subgroup of E§E6 of rank one. From the structure of W(E§E6)
we see that there is only one such subgroup, namely (z - I3) = (1-wl3). As this is exactly
the center of the SL3(C)-component of CES(C)(EgEg) = E§‘E6 oc, SL3(C), we see that
Cy(0)(PE,) = EBE, oz SLs(C). -

8.4. The group 2FE;(C), p = 3. In this section we consider the elementary abelian 3-
subgroups of 2E7(C). We let H be a maximal torus of 2E;(C), ®(E7) be the root system
relative to H, and choose a realization ([122, p. 133]) (ua)eq g,y of P(E7) in 2E7(C). By
[122, 8.1.4(iv)] we may suppose that the root subgroups (ug),eq (s it 3E6(C) C 2E7(C)
coming from the choice of root subgroups for 3Es(C) from Section 8.2 satisfy u, = ul, for
o€ @(Eﬁ)
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Fora=a;, 1 <i<7, and t € C* we define the elements

na(t) = ua(t)u-a(—1/t)ua(t), ha(t) = na(t)na(l)_l-

Then the maximal torus consists of the elements Hi7=1 ha, (t;) and the normalizer N(H) of
the maximal torus is generated by H and the elements n; = nq, (1), 1 <i <7.
As in Section 8.2 we define the following elements in 3E4(C) C 2E;(C):

z = hay(w)hag (Wz)has (W)hag (W2)= a = hay (w)hag (Wz)has (W2)ha6 (w),
T2 = haz (w2)ha3 (w2)h0¢5 (wz)v
Ya = n1n2n3n4n3n1n5n4n2n3n4n5n6n5n4n2n3n1n4n3n5n4n6n5ha2 (—1).
Notation 8.17. The conjugacy classes of elements of order 3 in 2E7(C) are given in [65,
Table VI] and [32, Table 6] from which we take our notation. In particular, there are 5 such
conjugacy classes, which we label 3A, 3B, 3C, 3D and 3E. Moreover these classes may be
distinguished by their traces on e7, except for the classes 3A and 3D which have the same

trace. Since the trace of the element h € H is given by 7 + Zag@( Br) a(h) we easily obtain
the inclusions

3C[3Es] C 3C[2E7), 3E[3E] C 3B[2E7], 3E'[3E,] C 3B[2E7],
corresponding to the inclusion 3Es(C) C 2E7(C).

Theorem 8.18. The conjugacy classes of non-toral elementary abelian 3-subgroups of
2FE;(C) are given by the following table.

| rank | name | ordered basis | 2E7(C)-class dist. | Copc)(E) | Z(Copy(c) (E)) |
| 3 [ Byp, | (a,22,2) | 3C?° | B3 x SLo(C) | B3 x Z(2E7(C)) |
‘ ‘ E2E7 ‘ <Z,a,$2,y2> ‘ 3B23C78 ‘ E2E < >T1 ‘ E2E < >T1 ‘

In particular we have 37(Cyp,(c) (E)) = E for any non-toral elementary abelian 3-subgroup
Of 2E7(C).
The Weyl groups of these groups with respect to the given ordered bases are given as

follows:
| ko ok ok

9
3 4 0
W(E2E7) = SL3(F3)7 W(E2E7) = 0

SL3(F3)
0
Remark 8.19. Note that our information on the rank 3 subgroup E§E7 corrects [65].

Proof of Theorem 8.18. Non-toral subgroups: From the way the realization (u,) acd(Er) is

chosen above, it follows from Theorem 8.7 that ES’E7 and E§E7 are elementary abelian
3-subgroups of 2E7(C) and that we have

| ko ok ok

1
0

0

In particular we see that both W(E§E7) and W(E§E7) have orders divisible by 13 and since
131 |W(E7)|, we conclude by Theorem 8.2(2) that Eg’& and E§E7 are non-toral in 2E7(C).
By [65, Thm. 11.16] we know that there are precisely two conjugacy classes of non-toral
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elementary abelian 3-subgroups in 2E7(C), and thus E§E7 and E§E7 represent these two
conjugacy classes.

Class distributions: The class distributions follows directly from the class distributions
of the groups E??;EG and E§‘E6 given in Theorem 8.7 and the information in 8.17 about the
behavior of conjugacy classes in 3Eg(C) under the inclusion 3Es(C) C 2E7(C).

Weyl groups: Using our realization (uq) acd(E,) We may define a canonical map ¢ : W —
N(H) as follows ([122, 9.3.3]): If w = sq,, ... Sq,, is a reduced expression for w € W we let
d(w) =mny, ...n;, (by [122, 8.3.3 and 9.3.2] this does not depend on the reduced expression
for w). Note that the element ¢(w) is a representative in N(H) for w € W. Now let
wp € W be the longest element in W, and let ng = ¢(wp). From [15, p. 264-266] it follows
that wy equals the scalar transformation —1, and so conjugation by ng acts as inversion
on H. Now let w € W and define w’ by ww’ = wgy. Since wq is central in our case, we
have (ww') w™! = w™! (ww') = w' so we conclude that w'w = ww' = wg. Now let £ be the
length function on W. By [73, p. 16] we have {(w) + £(w') = £(wp). In general the map ¢
is not a homomorphism, but we do have ¢(wiwsz) = ¢(w)P(ws) if L(wiwse) = £(w) + £(ws)
by [122, 9.3.4(i)]. From this it follows that ¢(w)d(w') = ¢(w')d(w) = ¢(wp) = ng, and we
conclude that ng commutes with ¢(w) for all w € W.

Now consider the element

W = 51528354535155545925354555655545253515453555456S55-

Using the fact that the length of an element is given by the number of positive roots it sends
to negative roots ([73, Cor. 1.7]), we see that the above product is a reduced expression for
w. Thus we have yo = ¢(w)ha,(—1). From the above we then conclude that conjugation
by ng acts as follows:

2 2

Z = 27, a—a’, Ty — 3, Yo > Yo.

Thus ng normalizes E§E7 and gives the element diag(2,2,2,1) in W(E§E7). Combined with
the above we conclude that

3

4 0
WEe:) 21 o | SLy(ws)

0

From the inclusion ®(FE;) C ®(F3) we get the inclusion 2E7(C) C FEg(C), so we may
consider ES’E7 and E§E7 as subgroups of Eg(C) as well. Since the orders of their Weyl
groups in 2F7(C) are divisible by 13 and 13 1 |W(Es)|, we see from Theorem 8.2(2) that
E§E7 and E§E7 remain non-toral in Fg(C). Using Theorem 8.15 and the class distributions
from above we conclude that E§E7 and E§E7 are conjugate to E%bs and E%CS respectively in
Eg(C). Theorem 8.15 now shows that the lower bounds found above are indeed the Weyl
groups of Eg’& and E§E7 in 2E7(C).

Centralizers: For the computation of the centralizer of E§E7 we consider the element
g = hay (W)has (wW?) € 2E7(C). By using [32, Table 6] we see that g belongs to the conjugacy
class 3B and that the centralizer Cy,(c)(g) has type AsAs. The precise structure of this
centralizer may be found as follows. Since 2E7(C) is simply connected, Theorem 8.2(3)
implies that Cyp,(c)(g) is connected. Setting

a’:a1+a2+2a3+3a4+2a5+a6,
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we see that {as, ag, a7, o', agJU{aq, az} is a system of simple roots of Cyp, (¢ (g) (the simple
systems of the components of type As and Ay have been ordered so that the numbering is
consistent with [15, p. 250-251]). From this we get an explicit homomorphism SLg(C) X
SL3(C) — 2E7(C) onto the centralizer Cop, (cy(g). The kernel is given by ((wlg,w?I3)).
Thus Cyp,(c)(9) = SLe(C) oc; SL3(C), and we denote elements in this central product by
A - B where A € SLg(C) and B € SL3(C). In particular we have g = wlg - I3 = I - wls.

Now consider the subgroup E = <w[6 I3, (B B)-B,(y B ) -72> which is seen to be an
elementary abelian 3-subgroup of rank 3. We have

Copyc)(wle - I3, (B D B) - B) = CSLg(C)oc3SL3(C)((5 © B) - B)
= ((v®7) 7, Cso(0) (B & B) o5 Csry(c)(B)) -

From this we get

Copr(c)(E) = {(y®7) - v, (B B) - B, Csre(c) (B D B,7 D) 0¢5 Csry(c)(B:7))
=((v®7) ¥, (B®B) - B,Csre(c) (B B,y ®7) oc, Z(SL3(C))) .

Here Csp4(c) (8983, 7®7) = Aa3({A € GLy(C)|(det A)* = 1}) is generated by Ay 3(w?lz) =
w?Is and A 3(SL2(C)). From this we get

C2E7(C)(E) = <E, A2,3(SL2(C))> = F X SLQ(C)

Since the preimage of E in SLg(C) x SL3(C) is non-abelian it follows from Theorem 8.2(5)
that E is non-toral in SLg(C) ocy, SL3(C). Now Theorem 8.2(1) shows that E is non-
toral in 2E7(C) (alternatively one could also just observe that Cyp,(c)(E) has rank less
than 7). It then follows that F is conjugate to E§E7 in 2E7(C). In particular we have
Copnc)(E3g,) = E3p x SLa(C). Hence Z(Cop,(c)(E3p,)) = Ejp, < Z(2E7(C)) since the
center of 2F7(C) has order 2.

To compute the centralizer of E§E7 we note that Cyp,(c)(2) has centralizer type EgT1,
and that the Eg component corresponds to the subgroup 3Es(C) C 2E7(C). A computation
shows that the Ty component is given by T; = {h(t2,#3,t* 0,5 t* 3|t € C*}, and
thus we get Cp,(c)(2) = 3Es(C) o,y T1. Theorem 8.7 now shows that Cop.(c)(E3p, ) =
C3E5(C)(E§E7) O<z> T1 — E§E7 O<Z> Tl- |:|

9. NON-TORAL ELEMENTARY ABELIAN p-SUBGROUPS OF PROJECTIVE UNITARY GROUPS

The purpose of this short section is to describe the non-toral elementary abelian sub-
groups of PGL,(C), which by Theorem 8.4 is equivalent to finding them for its compact
form PU(n), as well as to give information about centralizers and Weyl groups. The sub-
groups are easily determined and are described in [65, §3]—we here just add some extra
information about centralizers and Weyl groups which we need in our proof of Theorem 1.1.

We first introduce a useful subgroup. If p” divides n write n = p"k and consider the
extraspecial group pf% embedded in GL,(C) by taking k copies of one of the p — 1
faithful irreducible p"-dimensional representations. (They all have the same image; see [74,
Satz 16.14].) Note that this embedding maps the center of p}ﬁzr to the elements of order
p in the center of GL,(C). Let I, denote the subgroup of GL,(C) given by the subgroup
generated by the image of pi”r and the center of GL,(C). Note that as an abstract group
I',. fits into an extension sequence

1-C*=TI,—-I,—1
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where C* identifies with the center of C* and T, = (Z/p)?" identifies with the image of T,
in PGL,,(C). (The matrices for I', are written explicitly for £ = 1 in [107, p. 56] where it
is called Fgr-.)

Theorem 9.1. Suppose E is a non-toral elementary abelian p-subgroup of PGL,(C) for
an arbitrary prime p. Then, up to conjugacy E can be written E =T, x A, for some r > 1
and some abelian subgroup A of Cgy,,(c)(I'r) = GLi(C).

For a given v the number of conjugacy classes of such subgroups E are in one-to-one cor-
respondence with conjugacy classes of toral elementary abelian p-subgroups A of PGLy(C) =
Cngn(C)(fr)l (allowing the trivial subgroup), and the centralizer of E is given by Cpqr,, (c)(E)
L'y x Cpgryc) (4)-

The Weyl group equals

>~

. Sp(fr) 0
WraL, (o) (E) = * WpaL, (o) (4)

Here Sp(T',) is the symplectic group relative to the symplectic product coming from the
commutator product [-,] : T, x ', — Z/p C C* and the symbol * denotes a rank A x 2r
matriz with arbitrary entries.

An element o € Sp(T',.) C WpaL,(c)(E) acts as up to conjugacy as ax1 on Cpgr, (c)(F)

L, x Cpgr,c)(A).

Sketch of proof: The existence of the decomposition E = I',, x A follows from Griess [65,
Thm. 3.1] and the statements about uniqueness follow by representation theory of the
extraspecial p-groups.

Since the image of p_lﬁz’" is the sum of k identical irreducible representations we have
by Schur’s lemma that Cqr,, (c)(I'r) = GLi(C) (see also [107, Prop. 4]). From this the
centralizer in PGL,,(C) can easily be worked out.

In the case where A is trivial the statement about Weyl groups is given in [107, Thm. 6]
(and just uses elementary character theory). The general case follows similarly, again using
character theory.

For the statement about the Weyl group action, first note that Out(I', x PGLg(C)) =
Aut(T,) x Out(PGL(C)). An element o € Sp(I';) = Wpgr,(c)(I'r) acts as an inner
automorphism on PGLy(C) since this is true for the action on Cqr,(c)(I'y) = GLi(C)

12

by character theory. Hence we can choose a representative g € Npqr,,(c)(I'y) of a which
acts as & x 1 on Cpgr,,(c)(Tr) = T x PGLi(C). Hence g is also a representative of
a € Sp(T;) € Wpgr, (o) (Tr x A). The claim now follows. O

10. CALCULATION OF THE OBSTRUCTION GROUPS

In this section we show that the existence and uniqueness obstructions to lifting our
diagram in the homotopy category to a diagram in the category of spaces identically vanish.
More precisely, we will show the following theorem:.

Theorem 10.1. Suppose that X is any of the following p-compact groups (Fy)3, (Fs)s,
(E7)3, (Eg)s, (Eg)s or PU(n), (any p), or suppose that p is odd and X is connected and
center-free with H*(BX;Z,) a polynomial algebra. Then

lim'm;(BZ(Cx(-))) = i j.
Al(lg(l)%( (Cx(=))) =0, foralli,j
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(See Theorem 12.2 for an explanation of why exactly these p-compact groups need atten-
tion.) Note that for the purpose of Theorem 1.4 we only need to calculate the above groups
forj=1,2andi=jori=j+1.

We prove the theorem by filtering the functor F; = m;(BZ(Cx(—))), and showing that all
filtration quotients vanish (with a small twist for PU(2)3). First we show that the quotient
functor of F; concentrated on the toral elementary abelian p-subgroups has vanishing limits,
using a Mackey functor argument which first appeared in [50]. This takes care of the case
where H*(BX;Z,) is a polynomial algebra since in this case all subgroups are toral by
Lemma 7.8. For the exceptional compact connected Lie groups we then continue and filter
the non-toral part of the functor by functors concentrated on only one non-toral subgroup,
and use a formula of Oliver [106] to show that the higher limits of these subquotient functors
all vanish. For PU(n) we use a variant of this technique by suitably grouping the non-toral
subgroups and using a combination of Oliver’s formula and the Mackey functor argument
we used for the toral part.

We use the notation Stg to denote the Steinberg module over Z,, of a finite group of Lie
type G of characteristic p, defined as the top homology group with Z,, coefficients of the
Tits building of G (see e.g., [72]). In the special case of GL(E) we also write St(E) for the
Steinberg module.

10.1. The toral part. Define a quotient functor F ;Or of F; by setting thor(V) = F;(V)
if V' is toral and Fj°"(V) = 0 if V is non-toral. Let A*™(X) denote the full subcategory
of A(X) consisting of toral subgroups. From the chain complex defining higher limits (see
e.g., [63, 3.3]) it follows that

lim" Fj" = lim* Fj°"

A(X) Ator(X)
In order to use a Mackey functor argument on the right-hand side we need a more explicit
description of the functor Fj°".

Lemma 10.2. Fiz a connected p-compact group X and let T be the discrete approximation
to a maximal torus T in X. For a non-trivial elementary abelian p-subgroup V C T, let
Wx (V) denote the Weyl group of Cx (V') and let Wx (V)1 denote the Weyl group of Cx (V)1
(see [52, Thm. 7.6]).

If TWx(W s o discrete approzimation to Z(Cx(V)1) then TWXV) is a discrete approz-
imation to Z(Cx(V)). In particular in this case m (BZ(Cx(V))) = H'(Wx(V); Lx) and
m(BZ(Cx (V) = (Lx)V*xY) where Lx = m(T).

Remark 10.3. For a connected p-compact group X and p odd, the fixed point set TWx
always equals a discrete approximation to the center of X by [52, Thm. 7.6]. If X is the
p-completion of a compact connected Lie group then this is likewise the case for p = 2 unless
X contains a direct factor isomorphic to SO(2n + 1)3, by [85, Thm. 1.6].

Proof of Lemma 10.2. Set Y = Cx (V) and 7 = mo(Y) for short. Since V is toral, T is in a
canonical way a discrete approximation to a maximal torus in Y.

First observe that the center of Y has discrete approximation in T. Indeed, otherwise
there would by [52, Thm. 6.4] exist a central homomorphism f : Z/p" — /\V/p,y with image
not in 7', which would produce a homomorphism f : Z /" — /\V/p, x commuting with 7" but
not in T, which contradicts the fact that T is self-centralizing in X by [51, Thm. 9.1], since
X is connected.
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Suppose that TWx()1 s a discrete approximation to Z(Y;) and set C' = TWx(V) We
want to show that C' is central in Y. Let f : BC — BYj be the natural inclusion. We have
an obvious diagram with horizontal maps fibrations

map(BC, BY1){sy — map(BC, BY )} — map(BC, Br),

| l ]

BY; BY

where {f} denotes the set of homotopy classes of maps BC — BY] generated by f under
the m-action on BYj. If we can show that {f} consists of just f then it follows from the
five-lemma that the middle vertical map is a homotopy equivalence, since our assumption
implies that C' is central in Y7.

To see that the action is trivial consider the following diagram:

BNy, —§> BNy,

S,

BC BY, — - BV,

where f is the natural inclusion of BC' in BNy, g is an element in Aut(BY7) induced by an
element in 7 and g is the corresponding self—map of BNy, defined via Lemma 2.1. However
by the definition of C, the composite §f is homotopic to f for all ¢ induced by an element
in 7, so f is homotopic to gf as well. Hence we have shown that C' is central in Y and since
the center of Y has discrete approximation in T it is obviously the largest subgroup with
this property. So C' is a discrete approximation to ZY as wanted.

The last statement about the homotopy groups now follows easily using the long exact
sequence in group cohomology. O

Remark 10.4. The above lemma should be compared to Lemma 4.5 and Remark 4.6 which
have slightly different assumptions and conclusions.

The following lemma is essentially contained in [50, §8].

Lemma 10.5. Let X be a connected p-compact group, and assume that for each non-trivial
toral elementary abelian p-subgroup V € A(X) the fized point set TWxWt s a discrete
approzimation to Z(Cx(V')1). Then

H> I (Wx;Lx) ifi=0andj=12

.1 ptor __
lim Fy = { 0 otherwise.

A(x) 7
where H*J(Wx; Lx) & 7;(BZ(X)) if TW is a discrete approzimation to Z(X).

In particular, if p is odd, or more generally if for all reflections s € Wx the singu-
lar set o(s) equals the fized point set T) then the assumptions above are satisfied and
limg (x) ithor = 7;(BZ(X)) ifi = 0 and zero otherwise. (See [52, Def. 7.3] and Remark 10.6
for the definition of o(s).)

Proof. The first part of the proof consists of a translation of [50, §8] into the current notation.
By [53, Prop. 3.4] all morphisms in A(X) between toral subgroups V — X and V' — X
are induced by inclusions and action by elements of Wy. Hence we can identify A" (X),
up to equivalence of categories with a category which has objects non-trivial subgroups
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of pf’ &~ (Z/p)" (where r is the rank of 7T') and morphisms the homomorphism between
subgroups induced by inclusions and action by Wx. Also, by [52, Thm. 7.6], Wx (V)
consists of the elements in Wx which pointwise fixes V. Hence Lemma 10.2 shows that
the functor Fi° on A*"(X) is isomorphic to the functor aon u on Ar from [50, §8], where
I' =Wx and M = Lx. Likewise Ffor is isomorphic to a%’ - (Note that there is the slight
difference from [50, §8] that M is a Z,I-module rather than an F,I'-module, but this makes
no difference.) Therefore [50, §8] (which is a Mackey functor argument, which can also be
deduced from [49] or [75]) implies the first part of the lemma about obstruction groups.

To see the last part about the singular set recall that for an abelian subgroup A C T we
have by [52, Thm. 7.6] that

N a(s)

reflections s € Wy
such that A C o(s)

is a discrete approximation to Z(Cx(A)1). Hence if o(s) equals T then the assumptions
of the first part are obviously satisfied since (again by [52, Thm. 7.6]) Wx (A); is generated
by reflections s € Wx with A C o(s). O

Remark 10.6. Let G be a compact connected Lie group with maximal torus T', and let «
be a root of G relative to T with corresponding reflection s,. In this case the singular set
0(sq) is just the discrete approximation of the kernel U, of a on T'. (To see this note that
by [17, §4, no. 5] the reflection s, lifts to an element n, (denoted by v(6) in [17]) which
satisfies n2 = exp(a“ /2); the statement now follows—cf. [85, Pf. of Prop. 3.1(ii)].)

Explicit calculations [85, Prop. 3.1(ii)] (see also [58], [76, Prop. 3.2(vi)], and [109, §4])
show that for a compact connected Lie group G, o(s) in fact always equal to T except
when G contains a direct factor isomorphic to SO(2n+1). Combining this with Lemma 10.5,
now gives the following calculation of the toral part of the obstruction groups, whose full
strength at p = 2 we will however not use here.

Corollary 10.7. Let G be a compact connected Lie group with no direct factors isomorphic
to SO(2n + 1) when p = 2. Set X = G,. Then

A(X) 0 otherwise.

0

Proof of Theorem 10.1 when H*(BX;Zy) is polynomial, p odd. If H*(BX;Z,) is a polyno-
mial algebra concentrated in even degrees then all elementary abelian p-subgroups are toral
by Lemma 7.8, so F' = F'*'. Since p is odd the assumptions of Lemma 10.5 are satisfied
and Theorem 10.1 follows. O

10.2. The non-toral part for the exceptional groups. In this subsection we prove
Theorem 10.1 when X is the p-completion of one of the exceptional groups and p is odd.
Let F]-E denote the subquotient functor of F; concentrated on a non-toral elementary abelian
p-subgroup E. By Oliver’s formula [106, Prop. 4]

limiFF — { Homyy (St(E), Fj(E)) if i =rkE —1

AX) 7 0 otherwise.
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We now embark on proving some lemmas which will be used to show that these obstructions
groups identically vanish. (For the use in Theorem 1.4 we actually only need this when F
has rank at most four.)

Since Z(Cx (F)) is the p-completion of an abelian compact Lie group (by [52, Thm. 1.1]),
F; = 0 unless j = 1,2. The following lemma reduces the problem of showing that
the obstruction groups vanish to showing that Homyy( E)(St(E),pZ (Cx(E))) = 0, where

»Z(Cx(E)) is the finite group of elements of order p in the discrete approximation Z(Cx (E)).
Lemma 10.8. Let A be an abelian compact Lie group, and let ,A and AP denote the kernel
and the image of the pth power map on A (using multiplicative notation). Let P be a finitely
generated projective Z,W -module for a finite group W, and assume that A has a module

action of W.

Then Homyy (P, A) = 0 if and only if Homy (P, 71 (A)®Z,) = Homyy (P, 7o (A)®Z,) = 0.
Proof. The long exact sequence of homotopy groups associated to the exact sequence of
groups 1 — AP — A — A/AP — 1 shows that the inclusion A? < A induces an isomorphism
71(AP) = 71(A) and an injection mo(AP) — mo(A).

Hence the exact sequence 1 — ,A — A Loar -1 produces the following diagram, where
the row, as well as the sequence going through m;(A) instead of m;(AP), is exact.

1 (A) > 71 (AP) ——> mo(pA) —— mo(A) — > mo(AP)

Nk ~
m(A) mo(A)

Apply the exact functor Homyy (P, — ® Zj,) to this diagram. The lemma now follows from
Nakayama’s lemma, using that mo(A) is finite and 71 (A) is finitely generated. O

The following elementary observation is so useful that it is worth stating explicitly.
Lemma 10.9. Suppose that W is a subgroup of GL(E), p odd, such that —1 € W. Then
Homyy (St(E), E) = 0.

Proof. Set Z = (—1). Since Z acts trivially on St(E) we have
Homyy (St(F), E) € Homz(St(E), E) = Homz(St(E), EZ) = 0.
0

We also need the following lemma, which is a special case of a theorem of Smith [121].

Lemma 10.10. Let G be a finite group of Lie type of characteristic p, and let P be a
parabolic subgroup of G with corresponding unipotent radical U and Levi subgroup L = P/U.
Suppose that W is a subgroup U C W C P, and let M be an F,W-module.
(1) If U acts trivially on M, then Homyy (Stg, M) = Homyy ¢ (StL, M).
(2) If St ®F, is irreducible as an F,W/U-module and if M has a finite filtration as an
F,W-module, with filtration quotients of F,-dimension strictly less than rankz,, Str
then Homyy (Stg, M) = 0.

Proof. Since U acts trivially on M, Homyy (Stg, M) = Homy((Sta)u, M) where (—)y
denotes coinvariants. But since the Steinberg module is self-dual, as is clear from its def-
inition as a homology module, (Stg)y = (Stg)Y. Now Smith’s theorem [121] says that
(Stg)V = Str, which proves the first part of the lemma.



68 K. ANDERSEN, J. GRODAL, J. MOLLER, AND A. VIRUEL

For the second part, we can assume that the filtration quotients are simple F,W-modules.
Since U C O,(W), U acts trivially on any irreducible F,W-module, by elementary repre-
sentation theory. Hence the second part follows from the first together with a dimension
consideration. d

The above lemma is usually used in conjunction with the following obvious observation.

Lemma 10.11. Let E be a non-toral elementary abelian p-subgroup of a compact Lie group
G. Then the F,-dimension of ,ZCq(E) is at most equal to the maximal dimension of a
non-toral elementary abelian p-subgroup of G, and E is a W (E)-submodule of ,ZCq(E).O

The last lemma we shall need is a concrete calculation.

Lemma 10.12. Let E be a rank 4 elementary abelian 3-group, and let W = SL3(F3) x 1 C
GL(E). Then Homyy (St(E), E) = 0.

Proof. This most easily checked by computer, e.g., using MAGMA [13], but is indeed a
sufficiently small calculation so that the computer’s algorithm with a bit of effort can be
redone by hand. Alternatively one can use some ad hoc Lie theoretic arguments. (We are
grateful to A. Kleschev and H. H. Andersen for sketching a couple of such arguments to us—
however, since these arguments are rather involved compared to the size of the calculation
at hand we will not provide them here.) O

Before we start going through the exceptional groups, we need to introduce a bit of no-
tation. For an Fj-vector space E = (e1,...,e,), we let E;;  denote the subspace generated
by e;, e, .... Likewise we let P;; . (resp. Uj;...) denote the parabolic subgroup (resp. its
unipotent radical) of GL(E) corresponding to the simple roots «;,ay, ... in the standard
basis and notation. For example in GL3(F),), Uz is the subgroup

S O =
O = ¥
— O ¥

Proof of Theorem 10.1 when X = (Eg)s, (Fy)s, (Fs)3, (E7)3, or (Eg)3. By Lemma 10.8 it
is enough to see that Homyy (g (St(£), ,ZCq(E)) = 0 for all non-toral elementary abelian
p-subgroups of G. We proceed case-by-case.

(Es,5) and (Fy,3): By [65, Lem. 10.3 and Thm. 7.4] G has, up to conjugacy, one non-
toral elementary abelian p-subgroup F, which has rank 3, Weyl group SL(F), and (since
E is necessarily maximal) E = ,ZCq(F). Since St(E) is an irreducible SL(E)-module of
dimension p3 we have that Homy (St(E), E) = 0.

(E7,3): By Theorem 8.18 FE; has, up to conjugacy, two non-toral elementary abelian 3-
subgroups E§E7 and E§E7 of rank 3 and 4 respectively. Since W(Eg’E?) = SL3(F3) a
dimension consideration as above gives Homyy,( E§E7)(St(E§’E7), 2 Cg(Eg’&)) = 0. For E§E7

(whose Weyl group is listed in Theorem 8.18) we use Lemma 10.10(2), taking U = Uog,
which immediately gives that also Homy,( E§E7)(St(E§E7), »Z C’G(EgE?)) = 0.

(Eg,3): By Theorem 8.9 Fg has eight non-toral elementary abelian 3-subgroups all of rank
less than or equal to four. We follow the notation of this theorem. By Lemma 10.10(2),
Homyy (St(E), pZCq(E)) = 0 when E = E%l;, E%l;, E%CG or E%‘é (taking U =1, 1, Us, and U;
respectively). For £ = E%‘é, E%‘é, E%Cé, and E%% we use that by Theorem 8.9 F = ,ZCq(E)
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in these cases (a fact that we did not need above), and also —1 € W (F) so Lemma 10.9
applies to show that Homyy (St(E), ,ZCq(E)) = 0.
(Es,3): By Theorem 8.15 Eg has seven conjugacy classes of non-toral subgroups. If
E = E%‘;, E%I;, E%I;, or E%‘; then Lemma 10.10 shows that Homy (St(E), ,ZCq(E)) = 0
(taking U = Uy, 1, Us, and Uss respectively). (Note that we do not need to know ,ZCq(E)
exactly since the rough bound from Lemma 10.11 will do.) We now consider F = Eﬁf; . By
Theorem 8.15 we have that ,Z(Cg(E)) = E, and by Lemma 10.12 Homyy () (St(E), £) = 0.
Suppose that E = E%C; . Then E has an invariant subspace F; upon which U = Ussy
acts trivially. Now Homy (St(E), E1) = Homyy(St(E1) ® St(E2zss), £1) = 0, where
we use Lemma 10.10 (to see that St(E)Y = St(FE;) ® St(Fa345)) and Lemma 10.9 (us-
ing that ; act trivially on St(F7) but fixed point free on E;). Now Homy (St(E), E/E;) =
Homyy ¢ (St(£1) ® St(E2345), £/E1) = 0 by Lemma 10.12. Suppose that £ = E%l; Take
U = Uj23 and note that Ej934 is an invariant subspace under W. Then Homyy (St(E), F1234) =
Homyy /17 (St(E1234), Er23a) = 0 since —1 € Sp(F1234) € W/U. By [5] (or a direct calcula-
tion)

Homgy, (g,054) (St(F1234), £/ E1234) = 0,
which shows Homyy (St(E), E) = 0 as well. This exhausts the list. O

10.3. The non-toral part for the projective unitary groups. We now embark in
proving Theorem 10.1 for X = PU(n),. We will throughout this subsection use the notation
for elementary abelian p-subgroups of X introduced in Section 9.

We first state the toral case.

Lemma 10.13. Let X = PU(n),. Then

limiF-tor:{ Z/2 ifn=p=2i=0andj=1

A(x) 0 otherwise.

Proof. If n # 2 then it is immediate to check that 7') is connected for an arbitrary reflection
s € Wx, so o(s) = T®) by the definition of o(s). Hence if n # 2 or p odd the lemma follows
by Lemma 10.5.

Now suppose that X = PU(2)3. Since for the non-trivial V C T we have that Wx (V)
is trivial and Cx (V)1 = T the first part of Lemma 10.5 still applies to finish the proof also
in this case. 0

We next record the following general lemma, which is obvious from the Kiinneth formula.

Lemma 10.14. Suppose D1 and Dy are two categories with only finitely many morphisms.
Let CD; be “the cone on D;” i.e., the category constructed from D; by adding an initial
object e to D, and let D1 x Dy = CD; x CDy — (e,e), “the join of D1 and D7 (see [112,
§1]). If F; : CD; — Z,-mod, i = 1,2 are functors then

C*(CDl X CDg, Dy % Do; I} ®F2) = C*(CDl,Dl;Fl) ® C*(CDQ;DQ;FQ).

In particular if one of the chain complexes has torsion free homology or if everything is
defined over F,, then

H*(CDl x CD9, D1 xDo; 1 ® FQ) = H*(CDl,Dl;Fl) &® H*(CDQ;DQ;FQ).
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The following result gives that certain filtration quotients have (almost) vanishing coho-
mology.

Theorem 10.15. Set X = PU(n), and fir an integer r > 0. Let F" : A(X) — Zp-mod
denote the functor on objects given by F;(E) =7;(BZCx(E)) if E is of the form I', x A
(in the notation of Section 9) and zero otherwise. Writing n = p"k we have that

limiF; _ {Z/2 ifj=i=k=r=1andp=2

A(X) 0 otherwise.

Proof. Define a functor FJT’ by F;"(E) = Wj(BZCPU(k)(A);;) if E =T, x A for a fixed r and
zero otherwise. This is a subfunctor of F}' via the identification PU(k) = Cpy ) (T))1. Set

Ff = F; /FJT and observe that this is the trivial functor unless j = 1 where it is given by

ﬁ]T(E) =T, if E is of the form T, x A and zero otherwise.
Consider the category

D= Ae(X)g:r x A°(PU(k),) — (e, e)

where the superscript e means that we do not exclude the trivial subgroup. We have a
natural inclusion of categories ¢ : D — A(X) on objects given by (V,A) — V x A. Step 1:
We claim that this map induces an isomorphism

Im*F" — lim*F7.
AX) D

By filtering the functor and using Nakayama’s lemma it is enough to show this for F T OF,

and F ;T @Fp. We can furthermore replace these functors by the subquotient functors which
are only concentrated on one subgroup I', x A.

Consider first such a subquotient of F ;7 @ Fp. In this case the formula of Oliver [106,
Prop. 4] together with Lemma 10.14 shows that the higher limits on both sides are only
non-zero in a single degree, where the map identifies with the restriction map

Homyy (7, 1) (St(Tyr x A), mj(BZCpyy(4)) @ Fp) —

Homsp(fT)XWPU(k)(A) (St(fr) & St(A), Fj(BZCpU(k) (A)) & Fp)

Now note that the elements U in Wpu(n)(fr x A) which sends T', to A act trivially on the
target by Theorem 9.1. Furthermore we have by the theorem of Smith [121] (and self-duality
of the Steinberg module) that St(T', x A)y = St(T, x A)Y = St(T',) @ St(A), where (—)y and
(—)U denote coinvariants and invariants respectively. Hence this map is an isomorphism.
The case of a subquotient of F f ® F), is completely analogous. This shows the isomorphism.

Step 2: We now proceed to calculate the higher limits over D, which we do by calculating

the limits of F;’ and 15;’. We first consider F]’f. We have already remarked that only
E7 # 0. Furthermore if k # 1 then H*(CAY"(PU(k),), A" (PU(k),); Z,) = 0 by [50, §8]
so limp, 1:"]’-" = 0 by Lemma 10.14. If k = 1 we get lim}, F" = Homsp(fr)(St(f‘T),f‘T) it
i = 2r — 1 and zero otherwise, by [106, Prop. 4].

Now consider F}. By Lemma 10.14

LT _ T son1—2r A
h]gn FJ = HOIIlSp(FT)(St(FT), Zp) & AeAtolrl(IgU(k);?] (BZCPU(k);; (A))
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By Lemma 10.13 lim;;%f(PU(k);) T (BZCpy);(A)) = 0 unless p = k = 2, j = 1 and

i — 2r = 1 where we get limkm(PU@)é) j(BZCpy);(A)) = Z/2.
By an argument of H. H. Andersen and C. Stroppel [5] we have that
Homsp(ffl)(st(f’r), Zp) =0

for all r and p.
To sum up we get that
Jim'F} 2 lim B = Homg,r, ) (SU(T,). T)
if j=k=1and ¢=2r—1 and zero otherwise.
However the same argument of H. H. Andersen and C. Stroppel [5] shows that

Homsp(fr)(st(f’r), f?“) =0

unless 7 = 1 and p = 2 where it equals Fy. (Note that this is obvious if p is odd by
Lemma 10.9.) This shows the wanted formula. g

Remark 10.16. Note that slightly non-trivial statements from [5] are only used above for
p = 2 and furthermore become trivial when r = 1, where Sp(I'1) = SL(I';), and this is in
fact the only case which involve obstruction groups in the range needed for the proof of (the
p = 2 version of) Theorem 1.4.

Remark 10.17. It is in fact possible to give a short proof of Smith’s theorem in the special
case used above, using the geometric definition of the Steinberg module St(F) via flags.

Proof of Theorem 10.1 for X = PU(n),. Lemma 10.15 and 10.13 directly shows the con-
clusion unless n = 2 and p = 2, so assume we are in this case. By writing down the
definition it follows that limOA( X) Fy = 0. Now, consider the exact sequence of functors

0 — F! — Fy — Ff°" — 0. The long exact sequence of higher limits starts out as

0—0—0— Im"F° - lim'F — lim'F —0— -
A(X) A(X) A(X)
So, since lim&(X) Fior = 7,/2 = limk(x) Fl we get that lim;(x) Fy =0 for ¢ > 0 as well.
This concludes the proof of this last case of Theorem 10.1. O

11. APPENDIX: THE CLASSIFICATION OF FINITE Z,-REFLECTION GROUPS

The purpose of this appendix is to give a classification of finite Z,-reflection groups
extending and simplifying work of Notbohm [100, 102] who gave a classification for odd
primes p. See also [47, §5] for related earlier results.

We start by recalling some definitions. Let R be an integral domain with field of fractions
K. An R-reflection group is a pair (W, L) where L is a finitely generated free R-module,
and W is a subgroup of Aut(L) generated by elements « such that 1 — a has rank one
viewed as a matrix over K. Two finite R-reflection groups (W, L) and (W’ L') are called
isomorphic, if we can find an R-linear isomorphism ¢ : L — L’ such that the group W™
equals W'. A finite R-reflection group (W, L) is said to be irreducible if the corresponding
representation of W on L ®r K is irreducible. If R has characteristic zero we define the
character field of an R-reflection group (W, L) as the field extension of Q generated by the
values of the character of the representation W <— Aut(L). For R = Z, or Q, we define an
exotic R-reflection group to be a finite irreducible R-reflection group with character field
strictly larger than Q.
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The classification of finite Z,-reflection groups is based on the work of Clark and Ewing
[31], which is again based on the classification of finite C-reflection groups by Shephard and
Todd [119]. Clark and Ewing showed that there is a bijection between finite Q,-reflection
groups and finite C-reflection groups whose character field may be embedded in Q,. The
classification of finite complex reflection groups [119] is as follows: The irreducible ones fall
into 3 infinite families (in the following called families 1, 2 and 3) and 34 sporadic cases (in
the following labeled G;, 4 < i < 37). Moreover any finite complex reflection group can be
written as a direct product of irreducible finite complex reflection groups, cf. [58, Rem. 2.3]
(in fact this holds over any field of characteristic 0).

It is convenient to split family 2 further depending on the character field. The associated
complex reflection group is the group G(m,r,n) (where m, r and n are integers with m,n >
2,r>1,r|mand (m,r,n) # (2,2,2)) from [119, p. 277] which consists of monomial n x n-
matrices such that the non-zero entries are mth roots of unity and the product of the
non-zero entries is an (m/r)th root of unity. Thus G(m,r,n) is the semidirect product of
its subgroup A(m,r,n) of diagonal matrices with the subgroup of permutation matrices.
Let G = €2™/™ For n > 3 or n = 2 and r # m the character field of G(m,r,n) equals
Q(¢m), and for n = 2 and 7 = m it equals Q((, + (1) (see [31, p. 432-433]). We label the
two cases family 2a and 2b respectively.

A complete list of the irreducible finite complex reflection groups, their character fields
and the primes for which these embed in Q, can be found in [79, p. 165] or [6, Table 1].

If (W,V) is a finite Q,-reflection group, then by [36, Prop. 23.16] we can find a (non-
unique) finitely generated Z,W-submodule L C V with L ® Q = V. Thus any finite Q,-
reflection group may be obtained from a finite Z,-reflection group by extension of scalars,
but in general there are several non-isomorphic Z,-reflection groups which give rise to the
same Q,-reflection group. The following result extends [102, Thm. 1.5 and Prop. 1.6] to all
primes.

Theorem 11.1 (The classification of finite Z,-reflection groups). Let (W, L) be a finite
Z,-reflection group. Then there exists a decomposition

(W,L) = (W1 x Wy, L1 & Lo)

where (Wi, L) = (Wg,Lg ® Zy), for some (non-unique) compact connected Lie group G
with Weyl group We and integral lattice Lg, and (Wa, La) is a (up to permutation unique)
direct product of exotic Z,-reflection groups.
The canonical map (W, L) — (W, L®Q) gives a one-to-one correspondence between exotic
Z,,-reflection groups up to isomorphism and exotic Q,-reflection groups up to isomorphism.
If (W, L) is any exotic Zy-reflection group, then L @ F,, is an irreducible F,W -module,
and in particular we have (L ® Z/p>®)W =0 and Ho(W; L) = 0.

Remark 11.2. For odd primes p the last two results says by definition that any exotic
Z,-reflection group is respectively center-free and simply connected, cf. [100].

Note also that [102, Thm. 1.5] imposes the unnecessarily strong condition that the in-
variant ring Z,[L]" is a polynomial algebra, but this condition is not actually used in
[102].

We recall the following elementary fact about elements of finite order in GLy,(Z,).

Lemma 11.3. Let G C GL,(Z,) be a finite subgroup. Then the mod p reduction G —
GL,,(Z,) — GL,(F,) is injective if p is odd. For p =2 the kernel of the composition is an
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elementary abelian 2-subgroup of rank at most n®. In particular the kernel is contained in
02(Q), the largest normal 2-subgroup of G.

Proof. 1t is easy to see directly that any non-trivial finite order element in GL,(Z,) has
non-trivial reduction mod p if p is odd (cf. [120, Pf. of Lem. 10.7.1]). For p = 2 the same
argument shows that this is true if we reduce mod 4. The result now follows. O

Proof of Theorem 11.1. We start by showing that for any exotic Qy-reflection group (W, V')
we can find a finitely generated Z,W-submodule L C V with L ® Q =V, such that L& F,,
is an irreducible F,W-module.

Assume first that p 1 [IW|. By [36, Prop. 23.16] we can find a finitely generated Z,W-
submodule L C V with L ® Q = V. It follows from [35, 75.6 and 76.15] that L ® F), is
automatically an irreducible F,W-module.

Assume now that W has order divisible by p. From Clark-Ewing’s list we see that the
only exotic Qp-reflection groups satisfying this condition are the groups G(m,r,n) from
family 2a or one of the groups G1o for p = 3, Goy for p = 2, Gog and G3q for p =5 or Gy
forp="1.

In case W = G(m,r,n) from family 2a we get the extra conditions m > 3, p = 1
(mod m) and p < n. Note in particular that n > 3. The description above directly gives a
representation with entries in Z, since the multiplicative group of Z, contains the (p —1)th
roots of unity. Let L = (Z,)" be the natural Z,W-module, i.e. the set of columns with
entries in Z,. Assume that 0 # M C L ® F, is a F,W-submodule of L ® F,,. Choose
x € M with z # 0 and let 6 € F,, be a primitive mth root of unity. Since W contains the
permutation matrices and the diagonal matrix diag(€,6~',1,...,1) we see that M contains
an element of the form 2’ = (z1,22,0,...,0)T with z; # 0. Since n > 3, W also contains
the diagonal matrix diag(6,1,071,1,...,1) and hence M contains ((1 —6)x1,0,...,0)T. As
6 # 1 and W contains all permutation matrices we conclude that M = L ® F),, proving the
claim for the groups from family 2a.

Next consider W = G2 at p = 3. Since W is isomorphic to GLy(F3), Lemma 11.3 shows
that for any finitely generated Z3zW-submodule L C (Q3)? of rank 2, we may identify L&F3
as the natural FgWW-module. In particular L ® Fg3 is an irreducible F3W-module.

For W = Gog at p = 2 we have W = Z/2 x GL3(F3). Hence Lemma 11.3 shows that
for any finitely generated ZoW-submodule L C (Q2)? of rank 3, we may identify L ® Fy
as the Fa(Z/2 x GL3(F32))-module where Z/2 acts trivially and GL3(F3) acts naturally. In
particular L ® F is an irreducible FoW-module.

Next consider the groups Gaog and G371 at p = 5. Since Gog is contained in Gg; it suffices
to show the result for W = Gag. The representation in [119, p. 298] is defined over Z[3, ]
and hence we get a representation over Zs by mapping i to a primitive 4th root of unity
in Zs. Let L = (Z5)4 be the natural ZsW-module. There are 40 reflections in Gag: The
24 reflections in the hyperplanes of the form x; — iz}, = 0, j # k and the 16 reflections in
the hyperplanes of the form Z?Zl i%x; = 0 with Z?Zl a; =0 (mod 4). In particular Gag
contains the reflections in the hyperplanes z; —x; = 0 and thus Gag contains all permutation
matrices. The product of the reflections in the hyperplanes x1 — ixs = 0 and 1 — 29 = 0
equals the diagonal matrix diag(i, —i,1,1) and thus this element is also contained in Gag.
Now the same argument used in the case of the groups from family 2a shows that L ® F5
is an irreducible F5W-module.

The argument for the group W = G4 at p = 7 is similar. The representation given
in [119, p. 298] is defined over Z[%,w], w = (3 and hence we get a representation over
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Z7 by mapping w to a primitive 3rd root of unity in Z;. Let L = (Z7)® be the natural
Z;W-module. There are 126 reflections in G34: The 45 reflections in the hyperplanes of
the form z; — w%x, = 0, j # k and the 81 reflections in the hyperplanes of the form

?:1 wYz; = 0 with Z?Zl a; = 0 (mod 3). In particular Gg4 contains all permutation
matrices. The product of the reflections in the hyperplanes 1 — wxe =0 and z; — 22 =0
equals the diagonal matrix diag(w,w?,1,1,1,1) and thus this element is also contained in
(G34. As above we then see that L ® F7 is an irreducible F7WW-module.

This proves the claim made above that for any exotic Q,-reflection group (W, V) we can
find a finitely generated Z,W-submodule L C V with L ® Q = V, such that L ® F,, is
an irreducible F,W-module. It now follows from [118, Ex. 15.3] that, up to scaling with
a unit in Q,, L is the only such Z,W-submodule. This gives the bijection between exotic
Z,-reflection groups and exotic Q,-reflection groups.

Since L ® F), is an irreducible F,W-module we also conclude that (L ® F,)"V = 0 and
Ho(W;L ® Fp) = 0. Hence we get (L ® Z/p>®)" = 0 as claimed. We also see that
multiplication by p is surjective on Ho(W; L) and from this we obtain Ho(W;L) = 0 by
Nakayama’s lemma. This proves the part of the theorem pertaining to exotic Z,-reflection
groups.

Now consider a finite Z,-reflection group (W, L) such that we have a direct sum decom-
position L ® Q = Vi & V as Q,W-modules. Let W; (resp. W3) be the subgroup of W
which fixes V5 (resp. V1) pointwise. It it easy to see (cf. [53, Prop. 6.3]) that (W;,V;) is a
Q,-reflection group and that we get the decomposition (W, L ® Q) = (W7 x W, Vi & V3).

We now claim that if (W2, V5) is an exotic Qp-reflection group, then we have the de-
composition (W, L) = (Wy x Wy, Ly @ Lg) with L; = LNV;. Let a : Ly & Ly — L
be the addition map. As in [53, Pf. of Thm. 1.5] it suffices to prove that o ® Z/p™ :
(L1 @ Z/p™>®) @ (Le @ Z/p>*°) — L ® Z/p™ is injective. Assume that (z1,z2) is in the
kernel of a ® Z/p>, z; € L; ® Z/p™®. Thus x1 + zo = 0. If s € Wy is a reflection we
have by definition s-x7; = x1 and hence s also fixes 9 = —x1. Since W5 is generated by
reflections we get x2 € (Lo ® Z/p™>)" and hence x5 = 0 by the results already proved for
exotic Z,-reflection groups. Hence z1 = 0 as well, and thus a ® Z/p* is injective proving
the claim.

Since any finite Q,-reflection group may be decomposed into a (up to permutation unique)
product of finite irreducible ones, we see by using the claim repeatedly that any finite Z,-
reflection group (W, L) may be decomposed as a product (W,L) = (W x Wy, Ly @ Lo)
where (W7, L1) is a Zy-reflection group with character field equal to Q and (Ws, L) is as
in the theorem.

To finish the proof we thus need to show that for any finite Z-reflection group (W, L) with
character field equal to Q we may find a compact connected Lie group G such that (W, L)
is isomorphic to (Wg, Lg ® Z,). We start by reducing the problem to finite Z-reflection
groups. The representation W — GL(L ® Q) is a reflection representation and hence has
Schur index 1 by [31, Cor. p. 429]. Thus this representation is equivalent to a representation
defined over Q. Hence [36, Cor. 30.10] applied to R = Z ;) shows that there exists a (unique)
finitely generated Z,)W-submodule L' C L with L' ®z, Z, = L. Now [36, Cor. 23.14]
applied to R = Z shows that L’ contains a (non-unique) finitely generated ZW-submodule
L" C L' with L' = L" ® Z,). We conclude in particular that (W, L) = (W, L" @ Z,).

We finish the proof by showing that there exists a (non-unique) compact connected Lie
group G whose Weyl group (W, L) is isomorphic to (W, L”). For each reflection s € W
the group {z € L” | s(x) = —z} is an infinite cyclic group with two generators which
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we label +a;. Let ® = {da; | s is a reflection in W} and L{ = (L”)". It then follows
(cf. [109, p. 85]) that (L”, Lj, ®) is a reduced root diagram whose associated Z-reflection
group equals (W, L") (see [17, §4, no. 8] for definitions). From the classification of compact
connected Lie groups ([17, §4, no. 9, Prop. 16]) it then follows that there exists a compact
connected Lie group G whose root diagram equals (L”, L{, ®). In particular (Wg, L) is
isomorphic to (W, L") and we are done. O

The following result answers the question of when two compact connected Lie groups give
rise to the same p-compact group. For a compact connected Lie group G let G(1) denote the
universal cover of G. Furthermore let H be the direct product of the identity component of
the center, Z(G)1, with the universal cover of the derived group of G. We have a canonical
covering homomorphism ¢ : H — G with finite kernel (cf. [17, §1, no. 4, Prop. 4]). If pis a
prime number, we let COVp/(G) denote the covering of G corresponding to the subgroup of
71(G) given as the preimage of the Sylow p-subgroup of 71 (G)/¢(m1 (H)).

Theorem 11.4 (Addendum to Theorem 1.1 and 11.1). Let G and G’ be two compact
connected Lie groups and p a prime number. Then

(1) (Wg, Lg) and (Wer, Lgr) are isomorphic if and only if G is isomorphic to G' up to
the substitution of direct factors isomorphic to Sp(n) with direct factors isomorphic
to SO(2n + 1).

(2) Wg,Lg ® Zg) and (Wer, Ly @ Zs) are isomorphic if and only if Cov® (G) and
COV2/(G/) are isomorphic up to the substitution of direct factors isomorphic to Sp(n)
with direct factors isomorphic to SO(2n+1). Moreover the following conditions are
equivalent:

(a) (Wa, Lg @ Za, Ly ® Z2) and (Wer, Loy ® Za, Ler 1y @ Za) are isomorphic.
(b) Cov?(G) is isomorphic to Cov? (G).
(c) (BG)s ~ (BG")3.
(3) For p odd the following conditions are equivalent:
(a) (Wg,LG ® Zy) and (Wer, Lgr ® Zy,) are isomorphic.
(b) Cov? (@) and Cov? (G') are isomorphic up to the substitution of direct factors

isomorphic to Sp(n) with direct factors isomorphic to Spin(2n + 1).
(¢) (BG)p = (BG"),.

Sketch of proof: By [109, §4] or [76, Prop. 3.2(vi)] we can recover the root datum of a
compact connected Lie group from its integral lattice up to substitution of direct factors
isomorphic to Sp(n) with direct factors isomorphic to SO(2n + 1). Part (1) now follows.
Now, suppose that G is a compact connected Lie group of the form H/K where H is
a direct product of a torus with a simply connected compact Lie group and K is a finite
central p-group, i.e., that Covp/(G) = (3. Suppose moreover that G does not contain any
direct factors isomorphic to Sp(n). By Proposition 7.4 the fundamental group of G equals
the coinvariants (Lg)w and hence Ly = (Lg)" @ SLg. This shows that (W, Ly ® Z,) can
be reconstructed from (W, Lg ® Z,,). By the classification of simply connected compact Lie
groups we can for p = 2 reconstruct H from (W, Ly ® Z,). For p odd the only ambiguity
arises from direct factors isomorphic to Sp(n) or Spin(2n + 1). However, if p is odd then
by the assumption on G, H cannot contain any direct factors isomorphic to Sp(n), and we
conclude that in all cases we can reconstruct H from (W, Lg ® Z,,). Since K is the cokernel
of the inclusion Ly ® Z, — Lg ® Z,, we can also recover the inclusion K C Ly ® Z/p™> =
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v

Z(H) C Z(H) using [58, Thm. 1.4] for the middle equality. This shows that we can recover
G from (W, Lg ® Zy).

The above analysis directly shows the first claim in (2) as well as (3a) < (3b). From the
first claim in (2), (2a) < (2b) follows, since Sp(n) and SO(2n+1) have different Zo-reflection
data (Wg, L ® Z2, Lgy ® Za). The implications (2b) = (2c) = (2a) are clear.

To finish off we remark that (3c) = (3a) is clear and (3b) = (3c) follows since B SO(2n+
1), is homotopy equivalent to B Sp(n), either by a very special case of our main Theorem 1.1
or by the original proof due to Friedlander [61]. d

12. APPENDIX: INVARIANT RINGS OF FINITE Z,-REFLECTION GROUPS, p ODD
(FOLLOWING NOTBOHM)

The purpose of this appendix is to recall Notbohm’s determination [102] of finite Z,-
reflection groups (W, L), p odd, such that the invariant ring Z,, [L]W is a polynomial algebra.

Before stating it let us however for easy reference recall the following ‘classical’ character-
izations of being a ‘p-torsion free’ p-compact group, which has a proof by general arguments
which we will sketch.

Theorem 12.1. Let X be a connected p-compact group with mazximal torus T and Weyl
group Wx . The following statements are equivalent:
(1) H*(X;Z,) is torsion free.
(2) H*(X;Z,) is an exterior algebra over Z, with generators in odd degrees (or equiv-
alently with ¥, instead of Z,).
(3) H*(BX;Z,) is a polynomial algebra over Z, with generators in even degree (or
equivalently with F), instead of Zy).

(4) H*(BX;Z,) is a polynomial algebra and H*(BX;Z,) = H*(BT; Z,)"x.

We now give Notbohm’s classification. The first part (which is a general argument
reducing to the simply connected case) is [102, Thm. 1.3] and the second (which is a case-
by-case argument in the simply connected case) is a slight extension of [102, Thm. 1.4].
For the benefit of the reader we give a streamlined proof of the second part. Recall that
for a finite Z,-reflection group (W, L) we define SL to be the submodule of L generated by
elements of the form (1 — w)x with w € W and x € L. We call (W, L) simply connected if
L = SL' for some Z,W-lattice L' (note that for p odd this is equivalent to SL = L since
S2L' = SL/, cf. the discussion of Z,-reflection data in the introduction).

Theorem 12.2 (Finite Z,-reflection groups with polynomial invariants, p odd). Let p be an
odd prime and (W, L) a finite Zy-reflection group. Then we have the following statements:
(1) Z,[L)Y is a polynomial algebra if and only if Z,[SL]Y is a polynomial algebra and
the group of coinvariants Lyy is torsion free.
(2) Suppose (W, L) is irreducible and simply connected. The following conditions are
equivalent:
(a) Z,[L]V is a polynomial algebra.
(b) F,[L@F,W is a polynomial algebra.
(¢) (W, L) is not isomorphic to (Wg, La®Zy) for the following pairs (G, p): (Fy,3),
(3E67 3): (2E77 3)} (E87 3) and (E87 5)
In particular, if X is an exotic p-compact group then Z,[L x]"X is a polynomial algebra and
if W, L) = (Wg, Lg ® Zy) for a compact connected Lie group G then Zy[Lg ® Z,)"V¢ is a
polynomial algebra if and only if H*(G;Zy) is torsion free.
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Sketch of proof of Theorem 12.1. The equivalence of (1), (2), and (3) are old H-space and
loop space arguments which we first very briefly sketch. By a Bockstein spectral sequence
argument (cf. e.g., [79, §11-2]) H*(X;Z,) torsion free if and only if H*(X;Z,) is an exterior
algebra on odd dimensional generators so (1) is equivalent to (2). This is again equivalent
to that H*(BX;Z,) is a polynomial algebra on even dimensional generators (using the
Eilenberg-Moore and the cobar spectral sequence; see e.g., [79, §7-4]), so (2) is equivalent
to (3).

That (4) implies (3) is obvious. The fact that (1)—(3) also imply (4) requires more
machinery and is probably first found in [47, Thm. 2.11]—we quickly sketch an argument.
We want to show that the map r : H*(BX;Z,) — H*(BT;Z,)" is an isomorphism. By
[51, Thm. 9.7(3)]

(12.1) H*(BX;Z,)®Q > H*(BT;Z,)" ® Q.

This implies by comparing Krull dimensions that the number of polynomial generators
equals the rank of T. Since H*(BT;F),) is finitely generated over H*(BX;F,) by [51,
Prop. 9.11] it follows by comparing Krull dimensions again that H*(BX;F,) — H*(BT;F))
is injective. Hence H*(BX;Z,) — H*(BT;Z,) has to be injective by Nakayama’s lemma.
Likewise r has to be surjective: By (12.1) the cokernel of r has to be p-torsion. Since the
reduction mod p of r is still injective (as seen above) the cokernel of r has to be p-torsion
free as well (since Tor(coker(r), F,) = 0). O

Remark 12.3. If p is odd then F-coefficients can also be used in Theorem 12.1(4) by a
Galois theory argument using Lemma 11.3. For p = 2, this is not true as can be seen by
taking X = SU(2)3. See [48] for a p = 2 version.

Remark 12.4. If (W, L) is a finite Z,-reflection group then Z,[L]" is a polynomial alge-
bra if and only if F)[L ® Fp]W is a polynomial algebra and the canonical monomorphism
Z,[L)" @F, — F,[L&F,]" is an isomorphism as shown in [102, Lem. 2.3]. Note that this
can be reformulated as saying that Z,[L]" is a polynomial algebra if and only if F,[L&F,]"
is a polynomial algebra with generators in the same degrees as the generators of Q,[L® Qv
since dimq, (Qp[L ® Q]),, = dimg, (Z,[L]" ® F,),, < dimg, (F,[L @ F,]"V), for any n.

Remark 12.5. The finite Zz-reflection group (W, L) = (Wpy(s), Lpu) ® Z3) does not
have invariant ring a polynomial ring (e.g., since Ly = Z/3 is not torsion free). However a
short calculation shows that F3[L @ F3]" is a polynomial ring with generators in degrees
1 and 6 (as opposed to the degrees over Qg which are 2 and 3). (See also [47, Rem. 5.3].)
It turns out that this example is essentially the only one since it can be proved that if
(W, L) is a finite Z,-reflection group, p odd, such that F,[L]" is a polynomial algebra, then
Z,[L]" is also a polynomial algebra unless p = 3 and (W, L) contains (Wpu), Lru(z) ® Zs3)
as a direct factor. We omit the proof which is an extension of the technique used in the
examples in Section 7 in a preprint version of [56], which can at the time of writing be found
on Wilkerson’s homepage.

Lemma 12.6. Assume that L is a finitely generated free Zy-module and that W is a finite
subgroup of GL(L). If p [W| and F,[L @ Fp]V is a polynomial algebra, then Z,[L]V is
also a polynomial algebra.

Proof. By assumption we have the averaging homomorphisms Z,[L] — Z,[L]" and F,[L®
F,] — F,[L ® F,]V given by f — |—V%,‘ Y wew w - f. These are obviously surjective and
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hence the commutative diagram

Z,|L) ————Z,[L]"

| |

F)[L®F) —=F,[LoF,W

shows that the reduction homomorphism Z,[L]" — F,[L ® F,]" is surjective. The result
now follows easily from Nakayama’s lemma (cf. [102, Lem. 2.3]). O

Proof of Theorem 12.2. Part (1) is contained in [102, Thm. 1.3]. To prove part (2) note
that by Notbohm [100] (see also [102, Thm. 1.2(iii)] and Theorem 11.1), there is a unique
finite irreducible simply connected Z,-reflection group for each group on the Clark-Ewing
list. We now go through the list, verifying the result in each case.

If p  [W| the invariant ring F,[L ® F,,]" is a polynomial algebra by the Shephard-Todd-
Chevalley theorem ([7, Thm. 7.2.1] or [120, Thm. 7.4.1]), and thus Lemma 12.6 shows that
Z,[L]" is a polynomial algebra.

Next, assume that (W, L) is an exotic Z,-reflection group. If (W, L) belongs to family
number 2 on the Clark-Ewing list, the representing matrices with respect to the standard
basis are monomial and so Z,[L]" is a polynomial algebra by [95, Thm. 2.4].

An inspection of the Clark-Ewing list now shows that only 4 exotic cases remain, namely
(Gi2,p = 3), (Gag,p = 5), (G31,p = 5) and (Gsq,p = 7). In the first case we have
G12 = GLy(F3) and Lemma 11.3 shows that the action on L ® F3 = (F3)? is the canonical
one. The invariant ring F3[L @ F3]¢2(F3) was computed by Dickson [39]. In the remaining
3 cases the mod p invariant ring was calculated by Xu [136, 137] using computer, see also
Kemper and Malle [80, Prop. 6.1]. The conclusion of these computations is that in all 4
cases the invariant ring F,[L ® Fp]W is a polynomial algebra with generators in the same
degrees as the generators of Q,[L ® Q]"Y. By Remark 12.4 we then see that Z,[L]" is a
polynomial algebra in these cases.

The only remaining cases are the finite simply connected Z,-reflection groups which are
not exotic. Since p is odd and 7 (G) and (Lg)w,, only differ by an elementary abelian 2-
group (cf. proof of Theorem 1.7 and Remark 7.4), we may assume that (W, L) = (Wg, Lg®
Z,) for some simply connected compact Lie group G. In this case Demazure [38] shows
that if p is not a torsion prime for the root system associated to GG, then the invariant rings
Zy[Lc ® Z,)"e and Fy[Lg @ Fp)"Vé are polynomial algebras.

By the calculation of torsion primes for the simple root systems, [38, Prop. 8], the excluded
pairs (G, p) in the last part of the theorem are exactly the cases where the root system of G
has p-torsion. In these cases Kemper and Malle [80, Prop. 6.1 and Pf. of Thm. 8.5] shows
that F,[Lg @ F,]"¢ is not a polynomial algebra. Hence in these cases Z,[Lg @ Z,)"V¢ is
not a polynomial algebra by [102, Lem. 2.3(i)]. This proves the second claim.

Finally, let G be a compact connected Lie group with Weyl group W and integral lattice
L = Lg. We now prove that Z,[L ® Z,]" is a polynomial algebra if and only if H*(G; Z,)
is torsion free. (See also [103, Prop. 1.11].) One direction follows from Theorem 12.1, so
assume now that Z,[L ® Z,]" is a polynomial algebra. From Theorem 12.2(1) we see that
Z,[S(L ® Z,)]"" is a polynomial algebra and that (L ® Z,)w is torsion free. Since p is odd,
we have (L®Z,)w = 71(G) ®Z, and S(L®@Zp) = Ly ® Zy, cf. proof of Theorem 1.7 and
Remark 7.4. From what we have proved above we conclude that H*(G(1);Z,) is torsion
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free. Since m1(G) does not contain p-torsion, it now follows easily from the Serre spectral
sequence that H*(G;Zy) is torsion free. O

Remark 12.7. Let p be an odd prime and (W, L) a finite Z,-reflection group. We claim
that the following conditions are equivalent:

(1) Z,[L]V is a polynomial algebra.

(2) Fp[L ® F,)" is a polynomial algebra and Ly is torsion free.

(3) F,[SL ® F,)V is a polynomial algebra and Ly is torsion free.

Indeed we have (1) < (3) by Theorem 12.2 since (W, SL) can be decomposed as a direct
product of finite irreducible simply connected Z,-reflection groups by [100, Thm. 1.4]. The
implication (1) = (2) follows from [102, Thm. 1.3 and Lem. 2.3]. Finally (2) = (3) follows
from [95, Prop. 4.1] as Ly torsion free implies that SL ® F, — L ® F), is injective.

13. APPENDIX: OUTER AUTOMORPHISMS OF EXOTIC FINITE Zp—REFLECTION GROUPS

Theorem 1.1 states that the outer automorphism group of a p-compact group, p odd,
equals Ngp,( L)(W) /W, which makes it useful to have a complete case-by-case calculation
of this group. Theorem 11.1 and Proposition 3.4 reduces the calculation to the case where
(W,L) = (Wg, Lg®1Z,) for some compact connected Lie group G and the case where (W, L)
is exotic.

The purpose of this appendix section is to provide such a calculation when (W, L) is
exotic based on calculations of Broué, Malle and Michel [23, Prop. 3.13] over the complex
numbers. Information about the, perhaps more familiar, Lie case can be obtained similarly,
or by a very close reading of [76].

For the statement of the result (which will take place in the theorem below as well as in
the following elaborations), we fix the realizations G(m,r,n) of the groups from family 2
as described in Section 11. Moreover we also fix the realization of the complex reflection
groups G; (4 < i < 37) to be the one described in [119]. Finally we let yu, denote the group
of nth roots of unity.

Theorem 13.1 (Outer automorphisms of the exotic Z,-reflection groups). Let (W, L) be an
exotic Zy-reflection group and let (W, V') be the associated complex reflection group. Then
NGL(V)(W) = (W,CX> and hence NGL(L)(W)/W = Z;/Z(W) and NGL(L)(W)/Z;W =1
except in the following cases:

(1) W = G(m,r,n) from family 2 with (m,r,n) # (4,2,2),(3,3,3): NaLw)(W) =

(G(m,1,n),C*) and Ngr)(W)/Z;W = Cyea(r,n), cf 13.4.

(2) W = G(4, 2, 2).‘ NGL(V)(W) = <G8, CX> and NGL(L)(W)/Z;W = 23, Cf. 13.5.

(3) W = G(3,3, 3) NGL(V)(W) = <G26, CX> and NGL(L)(W)/Z;;W = A4, Cf. 13.6.

(4) W = G5.’ NGL(V)(W) = <G14, CX> and NGL(L)(W)/Z;W = 02, Cf. 15.7.

(5) W = G7.‘ NGL(V)(W) = <G10,CX> and NGL(L)(W)/Z;;W = Cg, Cf. 13.8.

Lemma 13.2. Let K C K' be fields of characteristic zero, and W C GLy,(K) an irreducible
reflection group. Then Ngr,, k(W) = <NGLn(K)(W), K’X>.

Proof. The inclusion “2” is clear, so suppose g € Ngr,, (x7)(W). Consider the system of
equations Xw = gwg~ !X, w € W where X is an n x n-matrix. Over K’ this has the
solution X = g. By [58, Lem. 2.10], the representation W — GL,,(K’) is irreducible, so the
solution space is the 1-dimensional space spanned by g. Since the coefficients lie in K, the
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solution space over K is 1-dimensional as well, so we can write g = Ag; with A € K’ and
g1 € My(K). As g # 0 we get A # 0 and g1 € Nar,,(x)(W). O

We can now start the proof of Theorem 13.1. By [23, Prop. 3.13] we easily get the results
on Ngr,v)(W) claimed above (note that (G(4,1,2),Gs, C*) = (Gs,C*) and G(3,1,3) C
Gos). Now assume that W does not belong to family 2 and W # G5,G7. Let n de-
note the rank of W and K the field extension of Q generated by the entries of the ma-
trices representing W. Our assumption ensures that Ngp)(W) = (W,C*) and hence
Nar, (k) (W) = (W, K*). Lemma 13.2 now shows that Ngr,,(q,)(W) = (W,Q)). Hence
we get Nap)(W) = <VV, Z1§> and since W is irreducible we have W NZJ = Z(W), cf. [58,
Lem. 2.9].

This proves Theorem 13.1 in case W does not belong to family 2 and W # Gj, Gr.
In the remaining cases we have also proved the statements concerning NGL(V)(W), and
we thus only need to find the structure of Ngp)(W) in these cases. This is done in
Elaborations 13.4, 13.5, 13.6, 13.7 and 13.8 below.

To treat the dihedral group G(m,m,2) from family 2 we need the following auxiliary
result. Note also that the exotic groups from family 2a are also handled in [101, §6] (where
the non-standard notation G(g,7;n) for G(q,q/r,n) is used).

Lemma 13.3. Assume that m > 3 and p = £1 (mod m) so that (m + (' € Zy. Then
2+ Cm + ()t is a unit in Zy,.

Proof. 1t suffices to prove that the norm NQ(Cm +eal /Q(Z + Cm + ¢,1) is not divisible by p.
Since its square equals the norm Ng,.)/qQ(2 + (m + (1) it is enough to see that this norm

is not divisible by p. In Q((;,) we have 2+ ( + (b = (14 G )? /¢ and since ¢, is a unit
it is enough to see that Ng(c,,)/q(1 + Gn) is not divisible by p. By definition

Noed+Gm) = [ @+ =0 I (-1-¢) =an(-1).

0<k<m 0<k<m
ged(k,m)=1 ged(k,m)=1
The first claim now follows from [131, Lem. 2.9]. O

Elaboration 13.4 (Family 2, generic case). Let W = G(m,r,n) from family 2 and let p be
a prime number such that W is an exotic Z,-reflection group. Thus if n > 3 or n = 2 and
r < m we have m > 3 and p =1 (mod m), and for n = 2 and m = r we have m > 5,m # 6
and p = +1 (mod m). Assume moreover that (m,r,n) # (4,2,2),(3,3,3) (these two cases
are dealt with in Elaborations 13.5 and 13.6 below).

Assume first that p =1 (mod m). The realizations of the groups G(m, r,n) and G(m, 1,n)
from above are both defined over the ring Z[(,,,] which embeds in Z,,. Lemma 13.2 shows that
Nav,(z,) (W) = (G(m,1,n), Z;;> whence the natural homomorphism (A(m, 1,n)/A(m,r,n))x
Z) — Ngv,(z,)(W)/W is surjective. The kernel is the cyclic group generated by the el-
ement ([Cnln],¢nt) (here [(nly] € A(m,1,n)/A(m,r,n) denotes the coset of (,,I,) and
thus Nar,,(z,)(W)/W = (A(m,1,n)/A(m,r,n)) oc,, Z,;. Note that A(m,1,n)/A(m,r,n) is
cyclic of order r generated by the element x = [diag(1,...,1,(,)] and that [(;,],] = ™.

If the assumption p = 1 (mod m) is not satisfied, then W = G(m,m,2) is the dihedral
group of order 2m with m > 5,m # 6 and p = —1 (mod m). Conjugating the realization
of G(m,m,2) from above with the element

[ =gt
9‘[1 —M
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gives a realization G(m,m,2)9 defined over the character field Q((, + ¢,,!). Note that
if m is odd, then Ngr,(c)(G(m,m,2) = (G(m,1,2),C*) = (G(m,m,2),C>) and hence
Nary(z,)(G(m,m,2)9)/G(m,m,2) = Z), so we may assume m to be even. Since G(m, 1,2)
is generated by G(m,m,2) and diag(1, (,,) we find

Nei,(z,)(G(m,m,2)) = <G(m,m, 2)9, [ _11 L+ gml iy } ,Q;> N GLy(Zp)

using Lemma 13.2. From Lemma 13.3 we see that the above matrix is invertible over Z,
and hence

1 1

Thus the homomorphism Z x (Z, /2) — Nav,(z,)(G(m,m,2)?)/G(m,m,2)9 which maps
1 1

-1 1+ Cm + Cr_nl
be the infinite cyclic group generated by the element (—2,[1 + (,, + ¢,']) and thus we get
NGry(z,)(G(m,m,2)9)/G(m,m,2)9 = Zog(Z) [ 2). 1t easily checked that [24Cp+¢,,!] has
a square root in Z /ug if and only if either m =0 (mod 4) or m =2 (mod 4) and p = —1
(mod 2m). In this case we have Ngr,(z,)(G(m,m,2)?)/G(m,m,2)? = Cy x (Z [ p2).

(k,[\]) to the coset of A [ ] is surjective. The kernel is easily seen to

Elaboration 13.5 (G(4,2,2)). The realization of the group G(4,2,2) from above and the
realization of the group Gg from [119, p. 280-281] are both defined over their common
character field Q(z). Thus the relevant primes p are the ones satisfying p = 1 (mod 4).
More precisely the representations are defined over Z[%,i] and as this ring embeds in Z,
for all p as above, we see that Ngr,(z,)(G(4,2,2)) = <G8, Z;). It is easily checked that
Gs = (G(4,2,2), H), where H is the group of order 24 generated by the elements

0 ¢ 1+ 1 1

1 0" 2 1 —1
Since G(4,2,2) N (H,Z5) = Z(H) = p4 we conclude that N, z,)(G(4,2,2))/G(4,2,2) =
(H/Z(H)) x (Zy [ 1na) = X3 x (25 / j1a).-

Elaboration 13.6 (G(3,3,3)). The realization of the group G(3,3,3) from above and the
realization of the group Gog from [119, p. 296-297] are both defined over their common
character field Q(w) where w = e2™/3  Thus the relevant primes p are the ones satisfying
p = 1 (mod 3). More precisely the representations are defined over Z[%,w] and as this
ring embeds in Z,, for all p as above, we see that Ngp,(z,)(G(3,3,3)) = <G26, Z;). It is
easily checked that Gag is the semidirect product of G(3,3,3) with the group H = SLy(F'3)
generated by the elements

1 0 0 1 w w? W?
Ri=|01 0 | R=—|w w
0 0 w? V=32 w2y
The center of H is generated by the element
0 -1 0
z=| -1 0 0
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and G(3,3,3) N (H, Z;;> = (—z, u3). Thus
Nary(z,)(G(3,3,3))/G(3,3,3) = H og, (Z, /13) = SLa(F3) oc, (Z, /13)

where the central product is given by identifying z € H with the element in Z; /3 repre-
sented by —1.

Elaboration 13.7 (G5). The realization of the group G5 from [119, p. 280-281] is defined
over the field Q({y2), but the group has character field Q(w) and thus the relevant primes
p are the one satisfying p = 1 (mod 3). Conjugation by the matrix

B 2 V3 -1
I= |l (V3-1D1—i) i-1
gives a realization defined over Z[%,w] which embeds in Z, for all p as above. Its easily
checked that G14 is generated by G5 and the reflection

5[]

0 1
NGLQ(ZP)(Gg) = <Gg7 |: —20 0 :| 7Z1>)<>
and thus the homomorphism Z x (Z /) — Nar,(z,)(G3)/GE which maps (k, [A]) to the

coset of A [ 0
—2w

generated by the element (—2,[2]) and we get Ngp,(z,)(G8)/GE = Zog (Z) /ue). Tt is easy
to check that [2] has a square root in Z /ue if and only if p = 1,7,19 (mod 24) (that is
unless p = 13 (mod 24)). In this case we get the simpler description Ngr,(z,)(G2)/GE =
Cg X (Z;; /,UG).

Elaboration 13.8 (G7). The realizations of the groups G7 and Gy given in [119, p. 280—
281] are both defined over their common character field Q((12). Thus the relevant primes
p are the ones satisfying p = 1 (mod 12). More precisely the representations are defined
over Z[%, C12] and as this ring embeds in Z,, for all p as above, we see that Nqp,(z,)(G7) =
<G10, Z1§>. It is easily checked that G19 = (G7,Cy), where Cy is the cyclic group generated
by [ L (z) } Since G7 N (Cy x Z;) = Ca x p1a we conclude that Ngp,z,)(G7)/G7 =

0
Cg X (Z;/,ulg).

From this we get

k
0 ] is surjective. The kernel is easily seen to be the infinite cyclic group
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