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QUANTIFYING QUILLEN’S UNIFORM F,-ISOMORPHISM
THEOREM

KOENRAAD VAN WOERDEN
(communicated by J.P.C. Greenlees)

Abstract

Let G be a finite group with 2-Sylow subgroup of order less
than or equal to 16. For such a G, we prove a quantified version of
Quillen’s uniform J,-isomorphism theorem, which holds uniformly
for all G-spaces.

We do this by bounding from above the exponent of Borel
equivariant Fs-cohomology, as introduced by Mathew—Naumann—
Noel, with respect to the family of elementary abelian 2-subgroups.

1. Introduction

For a finite group G, consider a cohomology class u € H*(BG; F,) that restricts to
zero on all elementary abelian p-subgroups (i.e., groups of the form (Z/p)*! for some
integer [ > 0). It is a theorem of Quillen that u is nilpotent. In fact, Quillen showed

Theorem 1.1 ([17, Thm. 6.2]). For X any paracompact G-space of finite cohomo-
logical dimension, the map

res: HY(X: F li Hi(X:F 1
res: He(X; p)%ECG el?rglb'p_gp' 5(XGFy), (1)

where the maps in the indexing category for the limit are given by restricting along
subgroups and conjugation, is a uniform Fy,-isomorphism, which means that there is
an integer n = 0 such that

1. Every u € ker(res) satisfies u™ = 0.
2. Everyv € limg Hj(X;F,) \ Im(t6s) satisfies vP" € Tm(res).
Here H{(X; F)p) denotes the mod-p Borel equivariant cohomology of a G-space X.

These results led to many structural results in group cohomology. Quillen himself
immediately deduced:

Corollary 1.2 ([17, Cor. 7.8]). The Krull dimension of H*(BG;F,) equals the rank
of the mazimal elementary abelian p-subgroup of G.

Results directly building on Theorem 1.1 include a theorem of Duflot on the depth
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of H:(X;F,) [8, Thm. 1], a theorem on the complexity of kG-modules by Alperin-
Evens [2], Benson’s description of the image of the transfer map [3, Thm. 1.1], and
a theorem on the depth of group cohomology rings by Carlson [5, Thm. 2.3]. These
results, and Quillen’s original result all indicate the importance of the elementary
abelian p-subgroups in Borel equivariant F,-cohomology in general, and group coho-
mology with F,-coefficients in particular.

It is natural to ask what one can say about the n in Theorem 1.1. One approach
to this question is to apply the work of Kuhn [12,13], which builds on work of Henn—
Lannes—Schwartz [9]. In particular, for p = 2, this gives explicit upper bounds on the
nilpotence degree of the kernel of (1), for X = pt. Alternatively, for the case X = pt,
one can explicitly compute both sides of (1) to determine a feasible n.

The case X # pt is not covered by these bounds however. We will consider all
X, not necessarily X = pt, by using the approach introduced by Mathew—Naumann—
Noel in [15], where the map (1) is realized as the edge homomorphism of a homotopy
limit spectral sequence, called the .%-homotopy limit spectral sequence

Ey' = lim® HY(X;F,) = HL(X;F
2 ﬁ(lcn)l‘;’ H( p) al »)

converging strongly to the target [15, Prop. 2.24], where X can be any G-space (or
more generally, a G-spectrum), and % any family of subgroups of G which contains
at least the family &) of elementary abelian p-subgroups. The indexing category is
the subcategory of the orbit category &(G) spanned by the orbits G/H with H in
the family .%. The key property of the .%-homotopy limit spectral sequence is that
it collapses at a finite page with a horizontal vanishing line [15, Thm. 2.25].

This implies that every computation with the .#-homotopy limit spectral sequence
is a finite one. Moreover, in many concrete situations we can establish a bound on the
height of the horizontal vanishing line, and a bound on which page it appears. Besides
implying when the .#-homotopy limit spectral sequence will have collapsed, it can
also be used to deduce differentials. This was illustrated in the computation of the
cohomology of the quaternion group of order 8 in [15, Ex. 5.18]. The computational
utility of the .#-homotopy limit spectral sequence will be illustrated in a forthcoming
paper, by using it to compute the cohomology of all 2-groups up to order 16.

Varying X over all G-spectra, this horizontal vanishing line turns out to have a
uniform upper bound in height [15, Prop. 2.26]. The minimal upper bound of this
height is one of the definitions of the &,)-exponent eXpg, | &G' An equivalent

definition is the following.

Definition 1.3 ([15, Prop. 2.26]). The &,y-exponent of HF), is the minimal integer
n > 0 such that there exists an n-dimensional CW-complex X with isotropy in &,
such that the canonical map HF, — F(X, HF,) admits a retraction

HF, — F(X, HF,) — HF,,.

In practice one can often determine this &(,)-exponent, and this leads to a quan-
tified version of Theorem 1.1, because one has n < eXPg, @G [15, Thm. 3.20,
Rem. 3.22]. The identification of &,)-exponents for 2-groups is the principal goal of
this paper, and leads to the main theorem:



QUANTIFYING QUILLEN’S UNIFORM F,-ISOMORPHISM THEOREM 75

Theorem 1.4. Let G be a finite group with a 2-Sylow subgroup of order < 16, X any
G-space, and let I be the kernel of

res: HG(X;Fy) — sea e%llrgb' 2_gp‘HE(X;Fg).

Then I* = 0. Moreover, if u is any element in the codomain of vés, then u® is in the
image of res.

Theorem 1.4 follows from combining [15, Thm. 3.20] and Lemma 3.13 with the
upper bounds on the exponents from the following theorem:

Theorem 1.5. The exponents of Borel equivariant Fy-cohomology for the groups of
order less than or equal to 16 are bounded above by the values in the following table:

G ‘ eXPg,, @G Reference

e 1 Proposition 4.1
Cy 1 Proposition 4.1
Cy x Oy 1 Proposition 4.1
Cy 2 Proposition 4.1
(ool 1 Proposition 4.1
Cy x Cy 2 Proposition 4.1
Cy 2 Proposition 4.1

Dsg 2 Corollary 4.3

Qs 4 (15, Ex. 5.18]
CQX4 1 Proposition 4.1
C’2X2 x Cy 2 Proposition 4.1
Cy x Cy 3 Proposition 4.1
Cg x Oy 2 Proposition 4.1
Cie 2 Proposition 4.1

Dig 2 Corollary 4.3
Q16 4 Proposition 4.4
SDg = Cy >?:1 Cy 4 Proposition 4.6
Mg = Cy >5<1 Cy 4 Proposition 4.5
Dg xCy 4 Proposition 4.7
Cy xCy 4 Proposition 4.8
(Cy x Cy) 11;45 Cs 2 Proposition 4.8

Qs x Oy 4 Proposition 4.13
Dg x Cq 2 Proposition 4.12

For a description of the groups appearing in Theorem 1.5 we refer to the sections
of the referred propositions. The first column lists the groups of order < 16, the
second column an upper bound on the exponent, and the last column gives a forward
reference for the claim.

Remark 1.6. All these upper bounds are in fact equalities, except possibly when G
equals SD1g, Mg or C4 x Cy, in which the exponent could be 3. These lower bounds
will be part of the content of the forthcoming paper mentioned above.
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For specific 2-Sylow subgroups of order less than or equal to 16, one can obtain an
improved version of Theorem 1.4 by using the upper bound on the relevant exponent
from Theorem 1.5.

1.1. Organization

The proofs of the main results are contained in Section 4. Section 2 summarizes
what we need from [14,15], and Section 3 contains lemmas that are used to prove
the main results.

1.2. Notation and conventions

Throughout G denotes a finite group. If a non-equivariant cohomology theory is
represented by a spectrum F, then we denote the spectrum representing the Borel
equivariant version of this cohomology theory by E . In particular, we denote Borel-
equivariant Fo-cohomology HF; . We may omit the G from the notation if the group
G is clear from the context. For a finite group G and a prime p, we denote the family
of elementary abelian p-subgroups of G' by &(G),y or &) if the group is clear from
the context.
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2. Z-nilpotence

We recall the notion of Z-nilpotence from [15], for which we first need to recall
the following space.

Definition 2.1 (|20, Satz 1 and Beweis, Bemerkung 2]). Let .# be a family of sub-
groups of G. Then the universal .7 -space E.% is the G-space given by the homotopy
colimit
E.% = hocolimG/H.
oGz
The space E.% is, up to G-equivalence, characterized by
BT ~ %) ?f H¢ 7,

pt if He .

Using the space E.%, we can give one of the equivalent definitions of .#-nilpotence.

Definition 2.2 (Cf. [15, Def. 1.4]). Let M be a G-spectrum. Then M is said to be .%-
nilpotent if there is an n such that M is a retract of F'(sk,_1 E.%;, M). The minimal
n 2 0 for which this holds is called the .#-exponent of M, and denoted exp 4 M.
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Being % -nilpotent is a strong condition, it implies for example the following.

Proposition 2.3 ([15, Prop. 2.8]). Let M be F -nilpotent. Then M is F-complete
and F -colocal, that is, the & -completion map M — M(EZ,, M) and the colocaliza-
tion map M AN EF, — M are weak equivalences.

A trivial example is the following.

Example 2.4. Let @7 ¢¢ be the family of all subgroups of a group G. Every G-spectrum
M is &/ ll-nilpotent with exp_,, M < 1, and exp_,, M = 0 if and only if M is con-
tractible.

The following two propositions are immediate from the above definition.

Proposition 2.5 ([14, Prop. 6.39]). A G-spectrum M is & -nilpotent and & -nilpotent
if and only if M is F N9 -nilpotent.

Proposition 2.6 ([15, Def. 1.4]). If M is .#-nilpotent and 4 O F, then M is ¥-
nilpotent.

Combining Example 2.4, Proposition 2.5 and Proposition 2.6 shows that every
G-spectrum M has a minimal family .% such that M is Z-nilpotent (cf. the remark
after [15, Def. 1.4]).

Definition 2.7 ([15, remark after Def. 1.4]). The minimal family .# such that a
G-spectrum M is % -nilpotent is called the derived defect base of M.

The following is the main case of interest for us.

Proposition 2.8 ([15, Prop. 5.16]). For G any finite group, the derived defect base
Of HFQG 18 65(2).

We can now state the uniform upper bound on the height of the horizontal vanish-
ing line of the .#-homotopy limit spectral sequence and the page on which it appears.

Proposition 2.9 ([15, Prop. 2.26, Rem. 2.27]). Let G be a finite group, .7 a family
of subgroups, and M an F -nilpotent G-spectrum. Then the following integers are
equal:

1. The F-exponent of M.

2. The minimal N such that for all G-spectra X, the .F-homotopy limit spec-
tral sequence Ey"(X) admits a vanishing line of height N on the Ey.1-page:
Ejsvj_l =E5* =0 for alls > N.

3. The minimal n such that the canonical map F(E% 4+, M)~M — F(sk,_1 EZ,,
M) admits a retraction.

4. The minimal n' such that there is an (n' — 1)-dimensional CW-complex X with
isotropy in F such that M is a retract of F(Xy, M).

5. The minimal m such that the canonical map sky,_1 EZ NM — M admits a
section.

6. The minimal m' such that there is an (m' — 1)-dimensional CW-complex X with
isotropy in F such that M is a retract of X4+ AN M.
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Moreover, if M’ is any G-spectrum, then the existence of an integer for M’ as in any
one of the items from (2) to (6) implies that M’ is F -nilpotent.

We end this section by recalling from [15] some properties of exponents that will
be used in the next chapter to prove lemmas about exponents.

Proposition 2.10. Let H € #. Then G/Hy is % -nilpotent with expz G/Hy = 1.

Proposition 2.11 ([14, Cor. 4.15]). If M is an F -nilpotent spectrum and X is any
G-spectrum, then F(X, M) is F -nilpotent with exp g F(X, M) < expg M.

Proposition 2.12. If N is an % -nilpotent G-spectrum and M is any G-spectrum,
then M A N is F -nilpotent with expgz M NN < expg N.

Proposition 2.13 ([14, Prop. 4.9]).

1. If M is a retract of an % -nilpotent spectrum N, then M is % -nilpotent and
expg M < expg N.

2. If M' and M" are % -nilpotent and M’ — M — M" is a cofiber sequence, then
M is F -nilpotent and expg M < expg M’ +expgz M.

Proposition 2.14. Let M, be a set of F -nilpotent spectra with . -exponents bounded
uniformly by n. Then \/, My is F -nilpotent with .F -exponent < n.

Proposition 2.15. Let X be an (n — 1)-dimensional G-CW-spectrum with isotropy
in F. Then X is F -nilpotent and expz X < n.

Proof. Use induction and the previous propositions. O]

Proposition 2.16. Let X be a finite dimensional G-CW-spectrum with isotropy
in % . Then the equivariant Spanier—Whitehead dual D(X) of X is F -nilpotent, and
expyD(X) =exps X.

Proof. Write n = expgz X. Let Y} be an (n — 1)-dimensional G-CW complex with
isotropy in % such that there is a retraction
X—>FY,X)=2DY,)AX = X.

Applying D(—) to this retraction exhibits D(X) as a retraction of Y A D(X), which
has exponent < n by Proposition 2.15 and Proposition 2.12. Therefore, exp o D(X) <
expg X, and replacing X by D(X) in this inequality shows equality. O

3. Exponent lemmas

We discuss some lemmas that will be of use in determining exponents. Some of
these statements appear as exercises in [14, Sec. 4].
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3.1. Lemmas for .#-exponents
We now give various lemmas which describe how .%#-exponents can change as the
family .# varies. We have the following two basic product and restriction formulas.

Remark 3.1. Let 71, 5 be two families of subgroups. Then E(.7, N F3) ~ EZ1, A
EZ,. .

Notation 3.2. For .Z a family of subgroups of G, and H a subgroup of G, denote by
F the family of subgroups of H consisting of those groups in F that are contained
in H.

If % is a family that makes sense for all groups G, such as the family of all
subgroups, the family of elementary abelian p-groups, etc., we write F(G) for this
family of subgroups of G. For instance, we write &2y(Dg) for the elementary abelian
subgroups of the dihedral group of order 8.

Remark 3.3. If F is a family of subgroups of G, and H is a subgroup of G, then
Resy EF ~ EZy.

Lemma 3.4. Let M be an Z -nilpotent G-spectrum, and let H C G be a subgroup.
Then Resg M is Fg-nilpotent, and exp g, Resg M <L expg M.

Proof. This follows from [14, Cor. 4.13] and Remark 3.3. O

For a group G, we denote the spectrum representing Borel G-equivariant Fp-
cohomology by H FpG.

Corollary 3.5. Let G be a group and let H C G be a subgroup. Then
€XP g,y (H) @H < CXP&,) (@) @G'

Lemma 3.6. Let %, %5 be two families of subgroups, and let M be a G-spectrum
which is both F1- and Fs-nilpotent, with exponents m, n respectively. Then M is
F1 N Fo-nilpotent, and
expg,ng, M <m+n—1.

Proof. The fact that M is .#; N Z»-nilpotent is part of [14, Prop. 6.39]. The assump-
tion on the exponents implies that both maps in

SkmflEﬁ\1+/\SknflEngr/\M—)SkmflEg1+/\Eﬁ2+/\M (2)

- EF 1, NEFy NM (3)

have a retraction, hence the composite has a retraction. The composite of (2) and (3)
factors as

Skn_1 EFy, Askn_1 EFs, — ) = EF1 NEFy, NM

<**>J/ /

skm4n—2 (E‘egfl+ A\ Engr) ANM

Composing the retraction of (x) with (xx) gives a retraction of (x * x). Since E.%7, A
EZ, ~ E(%1N%32)4 by Remark 3.1, we obtain the desired bound. O
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Notation 3.7. For a G-space X, we denote by #(X) the minimal family containing
the isotropy groups of X.

Ezample 3.8. For an orthogonal G-representation V', the unit sphere S(V') in V inher-
its a G-action. Then #(S(V)) is the smallest family containing the isotropy groups
of S(V).

Lemma 3.9 (Cf. Proof of [15, Thm. 2.3]). Let R be a ring G-spectrum with multi-
plicative Thom classes (e.g., HF5, see [15, Def. 5.1]). Let V' be a G-representation
with corresponding oriented Euler class

(x(V): VI 5 R) € R*.
Suppose x (V') is nilpotent with x(V)" = 0. Then R is .Z(S(V))-nilpotent and

exp y(vy R < ndimg V.

Proof. The fact that x(V)™ = 0 is equivalent to the oriented Euler class
R SV AR

being nullhomotopic (see [15, Lem. 5.3] and [15, Rem. 2.4]). Hence the left map in
the fiber sequence

SnV)y AR—R— SV AR

has a section: R is a retract of S(nV)y A R. But S(nV) is an (ndimg V — 1)-
dimensional G-CW complex, thus by Proposition 2.16, expz S(nV)y < ndimg V,
and hence the same bound holds for R by Proposition 2.13. O

Lemma 3.10. Let f: G — Cy =2 O(1) be a 1-dimensional real representation with
oriented Euler class e € H'(BG;Fy). Suppose e is nilpotent with n the minimal inte-
ger = 0 such that e™ = 0. Then HF is nilpotent for the family o/ llve, ¢ of subgroups
of ker f with exp gy, . HF3 = n.

Proof. The upper bound for the exponent follows immediately from Lemma 3.9.
For the lower bound on the exponent, denote a class detecting e on the E,.-page of
the @7 0l s-limit spectral sequence converging to H*(BG; F2) by €. Since e restricts
to 0 on ker f, hence on all subgroups in & ¢y, s, we know that € lives in filtration
degree > 1 on E... By assumption, "~ ! # 0. Together with the upper bound, this
implies &~ # 0, hence exp ., , R = n. O

We now recall the following well-known fact.

Lemma 3.11. For a G-space X, H C G a subgroup, the composite of maps of Borel
cohomology rings

% Res$ % Ind§ «
HA(X5F,) 220 Hy (X0 F,) 20 Hy(XSF,)

is multiplication by [G : H].
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Corollary 3.12. Let G be a group and P C G a p-Sylow subgroup. Then the maps
of G-spectra
HFpG—>G/P+/\HFpG—>HFpG (4)

representing the natural transformations Res@ and Ind$ exhibit H FPG as a retract
of G/Py A HFPG,

Proof. We need to show that for all subgroups G’ C G, applying 7&° to (4) yields
an isomorphism. This composite is given precisely by Lemma 3.11 for X = G/G’ and
H = P. But multiplication by [G : P] is an isomorphism because p { [G : P], whence
[G:PleF). O

Lemma 3.13. Let G be a group, and write P for a p-Sylow subgroup of G. Then
XPs, (@) HEpg = P, (p) HFp -
Proof. First, we have
Res% HF, = HF, (5)
and
Resg E&4)(G) = E€y)(P). (6)
Hence by Corollary 3.5 (cf. [14, Cor. 4.13]),
€XPg,, (P) @P S EXPs,) (@) @G‘
For the upper bound, write n = eXPg,, (P) @P. We then have that
skn—1 E€p) (P) A &P — @P (7)

admits a section. Note that for every X € Spg, we have Ind§ Res% X = G/H, A X.
Furthermore, if we use the model for E&(,)(P) from (6), we have
sk,_1 E&(,)(P) = ResG sk, _1 B8, (G).
Applying this, the fact that Res% is monoidal, and (5) to (7) yields a section of
G/Py Nskn_1 B8y, (G) /\%G — G/Py /\@G.
Hence
expg, (@) G/ Py A HF,  <n.
Applying Corollary 3.12 and Proposition 2.13 yields

eXPg,, HFPG < n. O

Lemma 3.14. Let ¥ and 4 be families of subgroups, and let M be both % - and
& -nilpotent. Then for every K € 7, Res?( M is G -nilpotent by Lemma 3.4. Write
n=expg M, mg = expg, Res% M for all K € F, and m = maxyg my. Then

expy M < mn.
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Proof. The ¥k -nilpotence of Res?( M implies that, for all K € %,
Sk -1 B9 ARes$ M — Res$ M

admits a section. By inducing both sides from K to G, we see that expy (G/Ky A
M) < mg. By taking the coproduct over all K € .%, we obtain that expy sko E.# A
M < m. We now argue by induction that

expy skq—1 EZ AN M < md, (8)

for all d > 1. Hence assume (8) has been established for some d > 1, and consider the
cofiber sequence

skg-1 EZ NM — skg EF ANM — \[(S*ANG/K ) AM

that ends in a wedge of spheres with isotropy in .# smashed with M. By the induction
hypothesis, the ¥-exponent of the left term is < md, and the ¥-exponent of the right
hand side is < m because we already saw that expy (G/K4 A M) < mforall K € %.
Hence by [14, Prop. 4.9.2] the ¥-exponent of the middle term is < m(d + 1), which
completes the induction.

We have by .Z-nilpotency of M that M is a retract of sk,,_; E.# A M, hence taking
d =n in (8) yields the result. O

3.2. Representations and exponents

We will now present Theorem 3.17, which will be the main tool in establishing The-
orem 1.4 and Theorem 1.5. This theorem is based on the argument in [15, Ex. 5.18]
for giving upper bounds on the &)-exponent on HFy . using the projective bun-
dle theorem. We will repeatedly use Theorem 3.17 to prove upper bounds on the %
exponent of HF5 , for various 2-groups G and families 7 D &(5). We will also discuss
a complex analogue of Theorem 3.17, which is given by Theorem 3.18.

Definition 3.15. Let V be a real or complex vector space. Then the projectivation
P(V) of V is the space of all respectively real or complex lines in V.

Remark 3.16. Note that if V' comes equipped with a linear G-action (i.e., is a G-
representation), then P(V') inherits a natural G-action.

The goal of this subsection is to prove:

Theorem 3.17. Let G be a finite group, and let n > 0 be an integer. Suppose G has
a real n-dimensional representation V' such that the projectivation P(V') has isotropy
groups contained in some family F, that is, for every real line L C 'V the isotropy
group G, < G of elements of G fixing L satisfies Gr, € & . Then HFq is F -nilpotent
and the exponent satisfies expg HF2 < n.

For complex bundles we have an analogous result for cohomology with Z-coeffi-
cients:

Theorem 3.18. Let G be a finite group, and let n > 0 be an integer. Suppose G
has a complex n-dimensional representation V' such that the projectivation P(V') has
isotropy groups contained in some family %, that is, for every complex line L C'V
the isotropy group Gp < G of elements of G fixing L satisfies Gp € %. Then HZ is
F -nilpotent, and the exponent satisfies expgy HZ < 2n — 1.
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3.2.1. The projective bundle theorem

To prove Theorem 3.17 and Theorem 3.18, we will use the projective bundle theorem,
which can be used to develop the theory of Stiefel-Whitney classes and Chern classes.
This is carried out, for instance, in [10, Ch. 17]. We will follow the treatment and
notation of [10, §17.2], but only discuss what we need.

As in [10, Ch. 17], we consider real and complex vector bundles at the same time.
For the case of real vector bundles, we write ¢ = 1, we consider cohomology with
coefficients in K. = Z/2, and we let F' be the field R of real numbers. For the case
of complex vector bundles, we write ¢ = 2, we consider cohomology with coefficients
in K. = Z, and we let F be the field C of complex numbers.

We will write E(n) (resp. B(n)) for the total (resp. base) space, of a fiber (not
necessarily vector) bundle 7. Let £: E 2 B be an n-dimensional vector bundle. Let
Ey be the non-zero vectors in E. Let P(E) be the quotient of Ey where we identify
non-zero vectors in the same line. This yields a factorization

Ey—>P(E)—~=B

and P(FE) 9 B is a fiber bundle with fiber FP"~ !, called the projectivation of &
and denoted P(&). This space admits a canonical line bundle, classified by a map
f: P(E(&)) — FP*. Pulling back a polynomial generator z € H*(FP*>; K.) with
|z| = c along f gives a class a¢ = f*(z) € H*(P(E); K,).

Theorem 3.19 (Projective bundle theorem, see [10, Thm. 17.2.5]). For an n-dimen-
sional vector bundle §, the classes 1, ag,. . .,a?_l form a basis of the free H*(B(&); K.)-
module H*(P(E(£)); K.). In particular,

q': H*(B(£); Kc) — H*(P(E(£)); Ke)
is the inclusion of a summand.

3.2.2. From representations to exponents
We are now ready to prove Theorem 3.17 and Theorem 3.18.

Proof of Theorem 3.17 and Theorem 8.18. Consider the Borel construction on V for
an arbitrary subgroup H < G, and call the resulting bundle £p:

¢g:V -V xyg EG — BH.

Note that this is natural with respect to inclusions of subgroups. The associated
projective bundle is

P(éy): P(V) = P(V xy EG) — BH.
Observe that P(V xg EG) = P(V) xy EG. Hence by Theorem 3.19,
F((P(V) XH EG)+7HKC) = F(P(V)+7HKC)H

is a free F(BH,K,) = HK,”-module. Recall that the real dimension of V is cn.
A basis is given by the proof of [10, Prop. 17.3.3], which shows that there are classes
Liag, - a?;l that form a basis of 7 F(P(V), HK,.) as a 72 H K .-module. More-
over, the element a¢,, is natural with respect to restriction to subgroups, because
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the canonical line bundle on P(V x¢ EG) pulls back to the canonical line bundle on
P(V xg EG). In particular,

Resf ag = agy,
for all H < G. It follows that all basis elements, being powers of a¢,, are natural
with respect to restriction to subgroups. Hence F(P(V), HK.) is a free H K .-module,
because freeness of modules is an algebraic condition. Therefore, a suspension of H K,

is a retract of FI(P(V), HK_.). But by Proposition 2.9 (6), the .#-exponent is invariant
under suspension. Therefore, by [14, Prop. 4.9],

expy HK. < expg F(P(V), HK,).

Furthermore, V' is c¢n-dimensional, hence P(V') admits the structure of an (cn — ¢)-
dimensional G-CW-complex [11, Cor. 7.2] with isotropy contained in # by assump-
tion, which implies by Proposition 2.9 (1) and (4) that

n ifc=1
expr HK, <cn—c+ 1= ’
Py e {M—l if = 2. 0
3.3. Proper subgroups
Let G be a finite non-abelian 2-group of order 2. The goal of this subsection is to
prove

expgyp HFs , < 2[VI|G|—-1] -1,
see Corollary 3.21 below. This result will not be used for establishing the main results

of this paper.
The argument is an adaption of the ones found in [16, Lem. 4.3] and [19].

Lemma 3.20. Let G be a finite non-abelian p-group of order p*. Then G has an
irreducible complex representation V with dimcV > 2, and moreover, all such V

satisfy

dime V < [V[G| - 1].
Proof. Denote by nq,...,n, the C-dimensions of the irreducible C-representations
of G. We have

nf+ns+ - +nj = |G

(see, e.g., [18, Cor. 2.4.2]). Since G is non-abelian, there exist i, j such that n; > 2
(18, Thm. 3.1.9] and n; = 1, corresponding to the trivial representation. Assume
without loss of generality that they are respectively n; and ny. Then

|Gl =ni+n+-+nj>ni+1,
hence
ni1 g \/ |G| - 1,

where this upper bound is in general far from optimal. Applying the floor function on
both sides preserves the inequality and does not change the integer on the left hand
side. This yields the result. O
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Corollary 3.21. Let G be a finite non-abelian 2-group of order 2%, and let P be the
family of proper subgroups of G. Then

expgyp HF3, < 2|V/I|G| - 1] — 1.
Proof. Let V be an irreducible complex representation of G satisfying

2 <dime V < [V[G[— 1),

as furnished by Lemma 3.20. Then the complex projectivation P(V') has isotropy in
Z the family of proper subgroups of G, for if L € P(V) were fixed by all of G, V
would not be irreducible, since dimg V' > 2. An application of Theorem 3.18 yields
the result. O

4. Exponents of small 2-groups

We now prove Theorem 1.5 from the introduction, by proving the claimed upper
bounds of the &z)-exponents. We first treat the class of abelian groups, dihedral
groups, and the generalized quaternion groups. The remaining groups of order 16 are
treated using a case-by-case analysis.

4.1. Abelian 2-groups
We determine an upper bound on the &(s)-exponent of HF3 , for A a finite abelian

group.
Proposition 4.1. Let A be a group isomorphic to

[ = ] ¢

JjE€J keK
with n; > 2. Then

eXPg,, HFy , < #J+ 1.
Proof. For j € J, consider the projection of A onto the Cs in the j-th factor:
pj: A— Cy =2 0(1).

The corresponding Euler class is a; € H'(BA;F5). Since a? = 0, we obtain

eXpﬂezkcrpj HF2 = 2.

Now (¢, ker p; = &2, and hence by Lemma 3.6, we obtain eXPg,,, HF, < #J+ 1.

O

jeJ

4.2. Dihedral groups
Let Daon be the dihedral group of order 2" (n > 3) with presentation
Don = (0, p|o? = p2n71 =e,opo ' =p7h).
Denote by T the matrix representing reflection in the z-axis. In the remainder of this
section, for an angle 6, denote by Ry the matrix representing counterclockwise rotation
in R? by 6 about the origin. Then o — T, p — Ry, Js2n—1, yields a linear 2-dimensional
real orthogonal representation of Don, which we call V. We apply Theorem 3.17 to
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compute an upper bound on the exponent with respect to the family &) of elementary
abelian 2-subgroups. In the following lemma we establish that the isotropy of P(V)
is contained in &y).

Lemma 4.2. The isotropy groups of the projectivation P(V) are contained in the
Jamily &) of elementary abelian 2-groups in Dan.

Proof. The proof is by elementary linear algebra. Since V' is an orthogonal represen-
tation, a linear subspace L spanned by a vector v is fixed by an element g of Dan if
and only if g has eigenvalue 1 or —1. A finite group is an elementary abelian 2-group
if and only if all of its elements have order dividing 2. Therefore, we can reduce to
proving that all elements of order 4 do not fix any lines, which we can reduce further
to proving that all elements of order 4, up to inverses and conjugation, do not fix any
lines. This means it suffices to check that the element /)2"73 does not fix any lines.
But this element has characteristic polynomial A? 4 1, which has no real zeroes, and
thus the result follows. O

Corollary 4.3. The &y)-exponent of HFgDzn satisfies

eXPg,, HFng < 2.

Proof. Immediate from Theorem 3.17 and Lemma 4.2 and the fact that V is 2-
dimensional. O

4.3. Quaternion groups

The generalized quaternion group @2~ of order 2™ is the finite subgroup of quater-
nionic space H generated multiplicatively by the elements of unit length {62”/ 2"71, J}
(see, e.g., [7, XIL.§7]). Denoting these generators by r and s, respectively, one obtains
the presentation

Qan = (1, 5| P2 = s, rsr = s),

for all n > 3. The subgroup generated by (s?) is central and of order 2, which gives
rise to a central extension [1, IV.2]

Cs — Qon —> Dgn—1.

In this subsection we will prove the following upper bound on the &s)-exponent.

Proposition 4.4. The &y)-exponent salisfies

€XPg,,, HF2Q2n < 4.

Proof. The proof is a straightforward adaption of the argument in [15, Ex. 5.18].
Let H = R* be the 4-dimensional real representation coming from the embedding
QQon — H. This is a free action, and restricts to a free action on S3. The subgroup
(£1) is central, and therefore Qqn/(#1) acts on S3/(41) = P(R*) with isotropy in
(£1). The result now follows from Theorem 3.17. O
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4.4. The modular group of order 16
Let

Mig=(r, f|r®=f>=e frf~' =1°)

be the modular group of order 16. The group has this name because its lattice of
subgroups is modular (see, e.g., [4, 1.§7]).
In this subsection we prove the following upper bound on the &(3)-exponent.

Proposition 4.5. The &y)-exponent satisfies

eXPg,, HF2M16 < 4.

Proof. For an angle 0, let Ry be the rotation matrix. Let T" be the matrix which inter-
changes the summands of R? & R?. Write o = 27/8. Let V be the 4-dimensional real
orthogonal Mjg-representation given by f +— T, r — R, ® Rs.. This is the represen-
tation from [21, Lem. 13.3].

We will now show that the isotropy groups of the projectivation P(V') are contained
in &2). As in the proof of Lemma 4.2, we only need to consider all the elements of
order 4, up to taking inverses and conjugation, of which there are two: r? and fr2.
Both have characteristic polynomial (A? + 1)2, which has no real roots. Therefore,
they do not fix any lines. Applying Theorem 3.17 gives the desired result. O

4.5. The semi-dihedral group of order 16
Let

SDig = (s,7|s* =18 =¢, srs! =1?)

be the semidihedral group of order 16.

Proposition 4.6. The &y)-exponent satisfies

eXPg,, HFQSD16 < 4.

Proof. We will use the notation Ry and T from the proof of Proposition 4.5. Write
a =27/8 and let V be the real orthogonal SDjg-representation given by s+ T,
r+— Ry @ R, from [21, Lem. 13.4].

Again, it reduces to considering two elements: r> and sr. The element r? has
characteristic polynomial (A% +1)2, and the element sr has characteristic polyno-
mial A\* 4+ 1. Neither of these has real roots, so these elements do not fix any lines.
Applying Theorem 3.17 gives the desired result. O

4.6. The central product of Dg and Cy

Let Dg = (o, p) be the dihedral group of order 8, and let Cy = () be the cyclic
group of order 4. Both these groups have central cyclic subgroups of order 2: for Dg
this is (p?) and for Cy this is (y2). The central product of Dg and Cj is defined to be
the direct product with these central subgroups identified:

Dg * C4 = Dg X C4/<p2’y_2>.

Proposition 4.7. The &y)-exponent salisfies eXPg,,, < 4.

HF¥3p. .0,
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Proof. Let R.;; be the rotation matrix with § = /2, and let T' be the matrix
interchanging the summands of R? @ R2. Consider the representation given by o
Ide(=1d), p—= T((—1d) @ 1d), v = Ry /2 ® Ry /2, which is the underlying 4-dimen-
sional real representation from [21, Lem. 13.5].

Again, it suffices to study the elements p, v, and p?y. The element p has char-
acteristic polynomial A\* + 1, the element « has characteristic polynomial (A2 + 1)2.
Neither of these polynomials has real roots, so neither p nor « fixes any lines. Since
p? acts by —Id it follows that also p?y does not fix any lines. The result follows
from Theorem 3.17. O

4.7. The group (Cy x C3) x Cy

Let Cy = (a), Cy = (b), and let Cy =2 {c) act on Cy x C3 = {a,b) via a — ab, b+ b.
We consider the group G which is defined to be the semidirect product of (Cy x C3) %
C5 under this action. This group hence admits the following presentation:

G = (a,b,cla* =b* = * = ¢, ab = ba, bc = cb, cac™* = ab).
We will establish an upper bound on the &,)-exponent of G.
Proposition 4.8. The &g)-exponent of G = (Cy x Ca) x Cy satisfies
eXPg,, HF, < 2.

Proof. Let A be the subgroup (a?,bc,c), and let B be the subgroup of A given by
(bc,c). Both A and B are normal subgroups of G. Furthermore, A is the unique
maximal elementary abelian 2-subgroup of G. Consider the composition of quotient
maps

G—G/B=Cy— GJA=(Cs.

Pulling back the sign representation of C to G gives a 1-dimensional real G-represen-
tation with Euler class e. Because of the factorization over Cy, we have e? = 0, by
naturality of the Euler class, and the fact that every class in H'(BCjy;F3) squares
to 0. Hence by Lemma 3.10, eXPg,,, HF; < 2. O

4.8. The group C4 x Cy

Let r and s generate two copies of Cy: (r|r* =e), (s|s* =) = C,. Let (s) act
on (r) by s-r=r"1 Then Cy x Cy is defined to be the corresponding semi-direct
product (r) x (s). A presentation is Cy x Cy = (r,s|r* = s* = e, srs7! = r3). We will
determine an upper bound on the &(z)-exponent of HFy CuxCy’ In order to do so, we
will use the fact that H*(BCy x Cy; Fy) is isomorphic to [6, App. C, #10(16)]

Fg[z,y,x,w]/(zZ—i—yQ,zy) (9)

with degrees |z| = |y| =1, |z| = |w|=2. We will determine an upper bound on
eXPg,, HF5 using the following lemmas.

Lemma 4.9. The FEuler class e of the I1-dimensional real representation given by
pulling back the sign representation along the quotient map

C4><IC4*>C4>QC4/<?",$2>%CQ (10)

satisfies €2 = 0.
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Proof. The proof is the same as the proof of Proposition 4.8: the quotient map (10)
factors through the map Cy x Cy — Cy x Cy/(r) = C4, hence e = 0 by naturality.
O

Lemma 4.10. The Euler class e of the 1-dimensional real representation given by
pulling back the sign representation along the quotient map

C4>404—>C4>4C’4/<T2,S>g02

satisfies €3 = 0.

Proof. This follows from the fact that that H*(BCy4 x Cy;F2) is isomorphic to (9),
and that in that graded ring every element in degree 1 cubes to 0. O

Combining these lemmas, we obtain

Proposition 4.11. The &)-exponent satisfies

HFQC4>(]C4 < 4.

Proof. We remark that (r?,s?), which is the unique maximal elementary abelian 2-
subgroup of Cy x Cy, is the intersection of (r?,s) and (r, s?), the groups we divided
out by in Lemma 4.9 and Lemma 4.10. Hence by Lemma 3.10 and Lemma 3.6,
expg(z)@<2+3—1:4. O

4.9. The group Dg x Cy
Proposition 4.12. For Dg x Cs, the &zy-exponent of HF o satisfies

XD, HF5 < 2.

Proof. Pulling back transitive Dg-orbits with isotropy in elementary abelian groups
along the projection map Dg x Cy — Dg gives transitive Dg x Ca-orbits with isotropy
in elementary abelian groups. Therefore, pulling back the representation of Dg con-
sidered in the proof of Corollary 4.3 along the projection map Dg x Cy — Dg gives
a 2-dimensional real representation of Dg x Cy with projectivation having isotropy
contained in &(2). Hence by Theorem 3.17, we have eXPg,, @DBX@ <2 O

4.10. The group Qg x Co
Proposition 4.13. For Qg x Cy, the &z)-exponent of HF is

EXPs(y) @stcz <4

Proof. Elementary abelian subgroups of Qg pull back to elementary abelian sub-
groups of Qg x Cy along the projection map Qg x Cy — Qg. Therefore, pulling back
the 4-dimensional real representation of ()3 whose projectivation has isotropy in &(3)
considered in [15, Ex. 5.18] along the projection map gives a 4-dimensional real rep-
resentation of Qg x Co with projectivation with isotropy in &()(Qs x C2). Hence,
by Theorem 3.17, the exponent satisfies eXPg,, @ng()z < 4. O
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