FREE FINITE GROUP ACTIONS ON RATIONAL HOMOLOGY
3-SPHERES

ALEJANDRO ADEM AND IAN HAMBLETON

ABSTRACT. We use methods from the cohomology of groups to describe the finite groups
which can act freely and homologically trivially on closed 3—manifolds which are rational
homology spheres.

1. INTRODUCTION

Cooper and Long [8] have shown that every finite group can act freely and smoothly on
some closed, oriented 3-manifold M with the rational homology of the 3-sphere (for brevity
we shall call such an object a rational homology 3-sphere). However, under the natural
condition that the action must induce the identity on the integral homology of M, new
group theoretic restrictions arise. In this note, we apply group cohomology to establish
necessary conditions for such homologically trivial actions and use this information to
construct some new examples.

Theorem A. Let G denote a finite group acting freely and homologically trivially on a
rational homology 3—sphere M. Let m denote the product of precisely those primes which
divide both |G| and |H\(M;Z)|. Then there exists an extension

l1-H—->Q,—>G—1

where H = H{(M;Z)x) is a central, cyclic subgroup and Q is a group with periodic
cohomology of period two or four.

Theorem A and more generally the results in §2 and §3 hold for finite G-CW complexes
with the cohomology ring of a rational homology sphere.

The corresponding existence statement would follow from a positive answer to the
following question:

Question. Let GG be a finite group with periodic cohomology of period four. Does G act
freely and homologically trivially on some rational homology 3-sphere ?

A complete list of such groups is given in Milnor [24, §3], and those which can act
freely and othogonally on S were listed by Hopf [16]. Perelman [18] showed that the
remaining groups in Milnor’s list do not arise as the fundamental group of any closed,
oriented 3-manifold. For some of these we have a non-existence result in our setting.
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Theorem B. Let Q) be a finite group of period four which is not the fundamental group
of a closed, oriented 3-manifold. If G' is a quotient of Q) by a central cyclic subgroup, and
the order of Q) is divisible by 16, then G can not act freely and homologically trivially on
a rational homology 3-sphere.

Among the remaining groups in Milnor’s list, the groups Q(8n, k,[), for n odd, have
been much studied, and it is known that some (but not all) can act freely on integral
homology 3-spheres (see Madsen [22]). This work gives some new examples of existence
in the setting of Theorem A via quotients by the action of central cyclic subgroups (see
Proposition 4.5). The results of Pardon [26] provided free actions of period four groups
on rational homology 3-spheres with some control on the torsion, but did not address
the homological triviality requirement (see Proposition 4.1). More information about the
actions of the groups Q(8n, k, 1) is given in Theorem 4.13.

This article is organized as follows: in §2 we apply methods from group cohomology
to actions on rational homology spheres; in §3 we consider the restrictions arising in the
homologically trivial case; in §4 we discuss the existence of homologically trivial actions,
and finally §5 deals with how our approach applies quite generally to finite quotients of
fundamental groups of closed 3—manifolds.

2. APPLICATION OF COHOMOLOGICAL METHODS

Let G denote a finite group acting freely, smoothly, and preserving orientation on a
closed 3—manifold M that is a rational homology sphere. In dimension three, free actions
of finite groups by homeomorphisms are equivalent to smooth actions, and the quotient
manifolds are homotopy equivalent to finite CW complexes.

We denote by 7(Z) the ZG module uniquely defined in the stable category (where ZG-
modules are identified up to stabilization by projectives) as the r—fold dimension—shift of
the trivial module Z. Note the isomorphism of ZG-modules H;(M;Z) = H*(M;Z); we
may use either version depending on the context. We refer to [2] and [6] for background
on group cohomology.

Proposition 2.1. If a finite group G acts freely on a rational homology 3—sphere M, then
there is a short exact sequence of ZG-modules in the stable category of ZG—-modules of
the form

(2.2) 0— Q*Z) = O*(Z) — Hi(M;Z) =0

Proof. We will assume that M is a G-CW complex with cellular chains C,(M). Then we
have exact sequences of ZG—modules

0—=Z— C3(M)— Co(M)— By —0
0— 2 —Ci(M)— Co(M)—Z—0
0— By — 72y — H(M;Z) =0
where B; denotes the module of boundaries and Z; the module of cycles respectively. The

result follows from (stably) identifying Z; with Q%(Z) and B, with Q™ %(Z) respectively.
UJ
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Note that the stable map Q72(Z) — Q?(Z) defines an element
o € Homy(Q*(Z), 2(Z)) = Homy(Z,Q4(Z)) = H (G, Z)
This class appears when applying Tate cohomology to (2.2).

Corollary 2.3. The short exact sequence (2.2) yields a long exact sequence in Tate co-
homology

= H*(@,2) =% H"(G,2) — H(G, H\(M;Z)) — H™"(G,Z) - ...
determined by the class o € PAI_4(G, Z) which is the image of the generator 1 € ﬁO(G, Z) =
Z]|G|.
Next we identify the class o geometrically.

Proposition 2.4. If [M/G]| € H3(M/G,Z) denotes the fundamental class of the quotient
manifold, then o is the image of c.[M/G] € H3(BG,Z), under the natural isomorphism

H3(BG,Z) = ﬁ*‘*(G,Z), where c: M /G — BG s the classifying map of the covering.
Proof. To see this, recall that the description due to MacLane [19, Chap. V.8] of
Tor}%(Z,7) = Hs(G; 7)
via chain complexes, shows that the image of the fundamental class
c.[M/G)| € H3(G;Z)

is represented by the chain complex C,(M) of finitely-generated free ZG-modules. We
can apply dimension-shifting in the “complete” Ext-theory to the formula:

Tor}%(Z,2) = B~(G; Z) = Extz4(Z; Z) = Homgo (2, 2'Z)

to identify c¢,[M /G| with the extension class of the sequence (2.2) (see Wall [30, §2] for
more background). O

In a similar way the map Q?(Z) — H;(M,Z) defines an extension class
&v € H*(G, H\(M;Z))

which appears in the long exact sequence from Corollary 2.3 as the image of the generator
under the map

(2.5) H°(G,Z) — H*(G, Hy(M;Z)).

This algebraic map arises geometrically as folllows. Let X C M denote a connected
one dimensional G — CW sub—complex such that 7 (X) — 7 (M) is onto. If we denote
F = m(X), then we have a diagram of extensions

1 R F G 1

ii

1—>7T1(M)—>7T1(M/G)—>G—>].

Abelianizing kernels gives rise to the diagram
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1 R ® G 1
]
1 —— H,(M;Z) Q G 1

where @ is the associated free abelianized extension. This extension realizes the universal
class of highest exponent in H?(G,Q?%(Z)); note that R, is a free abelian group which
as a ZG-module is stably equivalent to Q?(Z). By construction, the bottom extension
represents the class &y, € H*(G, H(M,Z)) (see [15] page 207).

It is known (see [5]) that free group actions can be fruitfully analyzed using exponents.
For actions on rational homology 3—spheres the analysis can be done quite explicitly.

Corollary 2.8. If G acts freely on a rational homology 3—sphere M, then

|G| =exp{o}-exp{Em}.
G has periodic cohomology with periodicity induced by o if and only if the extension ()
representing &y is split. In particular, if |G| is relatively prime to |Hy(M;Z)|, then o is
a periodicity class for the cohomology of G.

Proof. Look at the exact sequence in Corollary 2.3 at ¢ = 2:
o= HYG:Z) =% HY(G:Z) — H*(G; Hy(M;Z)) — ...
and let exp (o), respectively exp(€,,), denote the order of the image, respectively cokernel,

of the map induced by Uo. Recall that by Tate duality (see Brown [6, Chap.VIL.7]) there
is an element o* € H*(G,Z) such that

ocUo" =|G|/expo € Z]|G],

and the exponent expression follows. A finite group has periodic cohomology if and
only if it has an element of positive degree with exponent equal to |G| (for example,
combine Swan [29, Corollary 2.2 and Lemma 4.2]). This element is invertible in Tate
cohomology. Hence if the class ¢ has this highest exponent, then it must be a periodicity
class, in§ucing isomorphisms throughout the long exact sequence, and this occurs if and
only if H*(G; H{(M;Z)) = 0 and the extension @ is split. O

Remark 2.9. On the other extreme, if o is trivial, then the extension class €, has
highest exponent equal to |G|. Using the stable isomorphism

Homy,,(Q*(Z), Hy (M, Z)) = Homy(Z, Q% (H1(M, Z)))

we can represent &), by a rank one trivial submodule in Q7*(H;(M,Z)) (note that
any finitely generated ZG-module is stably equivalent to a Z-torsion free module via
dimension—shifting). By [1, Theorem 1.1] and its proof, the short exact sequence

0—=Z— Q*H(MZ)— QP Z—0

in the stable category is split exact. After shifting back, we obtain a stable decomposition
H (M, Z) = Q*Z) ® Q23(Z). This will occur for rational homology spheres with a free
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G-action where H*(G,Z) = 0. An example of this phenomenon is given by the Mathieu
group My (see [23]).

Remark 2.10. For G = (Z/p)", we have p - H*(G,Z) = 0 for k # 0, so we see that
the exponent of &y, is at least p"~!, and in particular the module H;(M;Z) must have
p"~torsion.

Remark 2.11. It is also an interesting problem to determine which groups can act ho-
mologically trivially on higher dimensional rational homology spheres. Using exponents
it can be shown that if GG acts freely and homologically trivially on a simply—connected
rational homology n—sphere, then the rank of G can be at most n — 2. We expect that
further group theoretic restrictions will play a role.

3. RESTRICTIONS IN THE HOMOLOGICALLY TRIVIAL CASE

In this section we focus on the special case when the G-action on M is trivial in
homology. This imposes some drastic restrictions.

Proposition 3.1. If G acts freely and homologically trivially on a rational homology
3—-sphere M, then every elementary abelian subgroup of G has rank at most two.

Proof. From Corollary 2.8 and the fact that H "(G, L) has exponent p when L has trivial
action and r # 0, we see that if (Z/p)" acts freely and homologically trivially on M, then
p" divides p? and the result follows. 0

Let us write the trivial ZG—module H,(M;Z) as a direct sum of finitely generated,
finite abelian p-groups A, = H,(M;Z)q). Then we have

Lemma 3.2. If p is a prime number dividing the order of G, then Hy(M;Z),) is either
trivial or cyclic.

Proof. Consider a cyclic C = Z/p in G. Since H'(C;Z) = 0, from the sequence 2.3 for
C at i = 4, we see that H*(C, H,(M;Z)) is a homomorphic image of H*(C,Z) = Z/p. Tt
follows that

HY(C, Hi(M; 7)) = HY(C, Ay) = A, /pA,
is either trivial or Z/p, which proves the result. O

A well-known example of a free action on a rational homology sphere is given by the
free action of Z/2 x Z/2 on RP?, which comes from the free action of the quaternions on
the 3—sphere. Associated to it there is a central extension of the form

1—-7Z/2—-QB8) —>7Z/2xZ/2— 1.

Next we will show that all groups acting freely and homologically trivially on rational
homology spheres can be modeled in this way.

Theorem 3.3. Let G denote a finite group acting freely and homologically trivially on
a rational homology 3—sphere M. Let m = py...p, denote the product of precisely those
primes which divide both |G| and |Hy(M;Z)|. Then there exists an extension

l1-H—->Q,—>G—1
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where H = H(M;Z) ) is a central, cyclic subgroup and Q is a group with periodic
cohomology.

Proof. Suppose that G acts freely on a rational homology 3-sphere M and consider the
group extension
1->mM)—-m(M/G)—G—1.

Let L denote the kernel of the map m (M) — Hy(M;Z)(); then it is normal in both
m (M) and 7 (M/G) and we can consider the associated central quotient extension:

0= Hi(M;Z)x — Qr = G — 1.

Note that H*(G, H,(M;Z)) = H*(G, H,(M;Z)(x) and our construction is the obvious
quotient of the extension @) representing the class €,; apprearing in Corollary 2.8.
Suppose p is a prime that divides |G| but which is relatively prime to |H;(M;Z)|. Then
H?(Syl,(G), Hi(M;Z)) = 0 and so Syl,(G) = Syl,(Qx) is periodic by Corollary 2.8. Now
suppose that p is a prime which divides 7, and let C' C G denote a cyclic subgroup of order
p. By naturality we have a commutative diagram, where the rows are exact sequences:

H(G,2) —= H*(G, H\(M;Z)) —= H*(G, Z)

l |

H°(C,7Z) —=> H*(C, H{(M; 7)) —— 0
The isomorphism in the lower row of this diagram comes from the rest of the sequence
0 — HY(C; H\(M;Z)) — HNC;Z) — H°(C;Z) — H*(C, H{(M:Z)) — 0

since
H'(C; Hy(M; 2)) = Zfp = HY(C: Z).

By Lemma 3.2 the p-component of H;(M;Z) is a finite cyclic p-group with a trivial
C-action. Hence H'(C, Hy(M;Z)) # 0 for all . The map H°(G,Z) — H°(C,Z) sends
a generator to a generator so the extension class &y € H?(G, H{(M;Z)) restricts non—
trivially on all such subgroups C, and hence the corresponding restricted extensions of
the form

0= Hi(M;Z)x = Qrlc = C =1

are all non—split.

If we take H = Hy(M;Z)), which we know to be cyclic by Lemma 3.2, then the
extension expresses G as the quotient @),/H where H is a central, cyclic subgroup and
every restricted group of the form @Q.|C is non—split, where C' = Z/pZ, and p divides .

Let u € @), denote an element of order p; if the subgroup generated by H and u is not
cyclic, then it must be split abelian, a contradiction. Therefore all elements of order p in
Q) liein H, a cyclic subgroup, and so ), has no rank two p—elementary abelian subgroups.
We have already established this for the primes which do not divide 7, whence we infer
that @) has periodic cohomology. O

Proposition 3.4. The period of Q) is two or four.
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Proof. Consider the central group extension
1-H—-Q—->G—1

where H := Hy(M,Z)(r) and Q := Q. By Swan [28], the period of @ is the least common
multiple of the p-periods of @ taken over all primes p dividing |Q|. The p-periods are
determined by group cohomology with p-local coefficients. By [28, Theorem 1], the 2-
period of @ is 2 or 4. Moveover, by [28, Theorem 2], the p-period of @ for p odd is twice
the order of ®,(Q) = Ng(Syl,(Q))/Cq(Syl,(Q)), the group of automorphisms of Syl,(Q)
induced by inner automorphisms of Q. Note that as Syl,(Q) is cyclic, its automorphism
group is also cyclic and hence ®,(Q) is cyclic of order prime to p.

As explained in [28, Lemma 3], the action on H ?(SyL(Q), Zy) is given by multiplica-
tion by r’, where r is an integer prime to p that is a multiplicative generator of ®,(Q).

Hence this action has invariants only when ¢ is a multiple of |®,(Q)|, and H*(Q, Zpy) # 0
only in degrees which are multiples of 2|®,(Q)].

If p doesn’t divide |G| but does divide |@Q|, then the p—period of @ is equal to that of
the central cyclic subgroup H and thus equal to two. If p divides |G| then the projection
() — G induces an isomorphism ®,(Q)) = ®,(G), and hence the p-periods of ) and G
are equal. Consider now the following portion of the p-local version of the long exact
cohomology sequence from Corollary 2.3:

(3.5) HY(G; Zy)) — HY(G;Zyy) — H*(G; Hy)

where H, = Syl,(H) = Hi(M;Zg)). As |G| is divisible by p, the middle term is non-
zero. Now if H(G; H,) =0, then H\(G; Zy)) # 0 and we conclude that G has p-period
dividing four (a p-local version of Corollary 2.8). Howevei, by the universal coefficient
theorem applied to the trivial G-module H,, we see that H*(G, H,) = 0 if the p-period

of GG is four or higher. Hence we conclude that the p-periods of G and ) must both be
either two or four. [l

The structure of GG is more explicit for p-groups.

Corollary 3.6. A finite p—group G acts freely and homologically trivially on some rational
homology 3—sphere M with non—trivial p—torsion in Hy(M;Z) if and only if (1) G is cyclic
or (2)p=2, Hi(M;Z)w = Z/2Z and G is a dihedral group.

Proof. The finite groups of the form /H where @ is a periodic p—group and H is a
non—trivial central cyclic subgroup are precisely the cyclic groups and Qan /Z(Qan ), where
Qan is a generalized quaternion group of order 2", n > 3, with centre isomorphic to Z /27
and quotient a dihedral group of order 2"~!. Conversely all the groups @) appearing above
act freely on S*) hence all the quotients G = Q/H act freely on a rational homology
sphere. 0

Corollary 3.7. Let G act freely and homologically trivially on a rational homology 35—
sphere M.
(i) If both |G| and |H(M;Z)| are even, then Syl,(G) is either cyclic or dihedral.
(ii) If p is an odd prime dividing |G|, then Syl,(G) is cyclic.
(iil) If (|Hi(M;Z)|,p) = 1 then Syl (G) is either cyclic or generalized quaternion.
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4. EXISTENCE OF HOMOLOGICALLY TRIVIAL ACTIONS

As mentioned in the Introduction, any finite group can act freely on some rational
homology 3-sphere if there is no homological triviality assumption. This was first proved
by Pardon [26] using local surgery theory, extending a result of Browder and Hsiang [4,
p. 267]. The direct 3-dimensional argument of Cooper and Long [8] avoids the surgery
formalism, but does not give any control on the torsion in Hy(M;Z).

Proposition 4.1. Let G be a finite group, and p a prime such that (p,|G|) = 1. Then G
acts freely on some p-local homology 3-sphere.

Proof. This statement is a special case of Pardon [26, Theorem B]|, together with the
standard remark that high-dimensional surgery existence results in dimensions 4k+3 > 7,
imply existence results in dimension three up to homology. 0]

It appears to be much more difficult to solve the existence problem for a given rational
homology 3-sphere M. For example, what if we consider only the space form groups but
do not require homologically trivial actions ?

Question. If G acts freely on S3, can it act freely on a given rational homology 3-sphere
M with (|G, [Hy(M; Z)]) = 17

We will now use the information in Theorem A to make some remarks about the
existence of homologically trivial actions on rational homology 3-spheres.

The finite groups which can act freely on S? are now known (by the work of Perelman
[18]): they are precisely the periodic groups in Hopf’s list [16]. For any of these groups
we can obtain examples of homologically trival actions by quotients S®/H, where H is
a central cyclic subgroup. Of the remaining period four groups, we first consider those
which do not satisfy Milnor’s 2p-condition.

Proposition 4.2. Let G be a finite group with periodic cohomology of period four con-
taining a non-cyclic subgroup of order 2p, for some odd prime p. Then G is a the product
of a dihedral group by a cyclic group of relatively prime order. Any quotient of G by a cen-
tral cyclic subgroup can act freely and homologically trivially on some rational homology
3-sphere.

Proof. This follows by checking the list of periodic groups, taking into account our period
four assumption. A convenient reference is Wall [31, Theorem 4.5], which states that G
is an extension of a normal subgroup Gy of odd order by a group (7 isomorphic to one
of the form C(2%), Q(2%), T*, Of, SLy(p) or T'Ly(p). The periods of these groups are
listed in [31, Corollary 5.6]. In our case, Gy must be cyclic (the only odd order group
with period < 4), and G; = C(2*) since there is an unique element of order two in the
other cases. The action of G; on Gy must be faithful to violate the 2p condition, and G
of period four implies the claimed structure for G.

Since any quotient of G by a central subgroup is again of the same form, the required
actions arise by quotients of a free action of a binary dihedral group Q(4n) on S3. U
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Milnor [24, §3] listed the period four groups which do satisfy the 2p conditions, and
identified two families of such group which (by Perelman [18]) can not act freely on S3.
These are:

(i) Q(8n, k1), withn >k > 1> 1, and 8n, k, | pairwise relatively prime;
(il) O(48,k, 1), with [ odd, 311 and 48, k, [ pairwise relatively prime.
One can also take the product of any one of these groups with a cyclic group of relatively

prime order. We will refer to these as type A if n is odd, type B if n > 2 is even, or type
C for O(48, k,1). The groups of type B or C have order divisible by 16.

Proposition 4.3. Suppose that G is a period four group of type A, B or C. If G acts freely
and homologically trivially on a rational homology 3-sphere M, then Hy(M;Z) = 7Z/d,
where (d,|G]) = 1.

Proof. From diagram (2.7), we have short exact sequence:
1 - H(M;Z)—Q—G—1

where () is a period four group. Since both @) and G are period four groups, and G
has type A, B or C, it follows that d must be odd. Since H,(M;Z) is central, it follows
that @ has the same type as G. In particular, this implies that H,(M;Z) = Z/d, with
(d,|G]) = 1. O

This results allows us to rule out types B and C. Note the condition (d, |G]|) = 1 implies
that d is an odd integer, so M would have to be a Z)-homology sphere for such an action
to exist. Theorem B follows from the following result.

Proposition 4.4. Let G be the quotient of a type B or C period four group by a cen-
tral cyclic subgroup. Then G can not act freely and homologically trivially on a rational
homology 3-sphere.

Proof. The period four groups of type B or C themselves can not act freely on any Z -
homology 3-sphere (see Ronnie Lee [17, Corollary 4.15, Corollary 4.17]), so they are ruled
out by Proposition 4.3.

Now suppose that some non-periodic quotient GG of a type B or C group acts freely
and homologically trivially on a rational homology 3-sphere M. We then have a covering
space

M — M/G — BG.

From (2.7), we have an exact sequence
1> H(M;Z)—Q—G—1

where () is a period four group and Hy(M;7Z) = Z/2d is a central cyclic subgroup of Q. It
follows that @ must again be of type B or C, d must be odd, and H;(M;Z) must contain
the unique central subgroup T' = Z/2 of order two in Q.

The group @ is constructed by a pushout from 71(M), and we can form a further
pushout over the projection Hy(M;Z) — T = Z/2 to obtain the group extension

1-T—-Q —-G—1
in which @' is again a period four group of type B or C.
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The 2-fold covering M’ — M given by the quotient (M) — T, followed by the
G-covering M — M /G, is just the @)'-covering M' — M/G.

To obtain a contradiction, we will now show that M’ is a Z)-homology sphere. From
the structure of M’ — M as a 2-fold covering, we have an exact sequence

0— Ho(Z/2; H{(M';Z)) — Hi(M;Z) = Z)2 — 0
and Hy(M;7Z) = Z/2d, with d odd. It follows that the co-invariants
Ho(Z/2; Hi(M";Z)) = Z/d

are of odd order, and hence H;(M';Z) has no 2-torsion. We have an exact sequence of
Z/2-modules of the form:

0— Hi(M"Z)oga — H(M";Z) - Z" — 0

and by applying group homology H,(Z/2; —) to the sequence, we conclude that r = 0 and
Hy(M';Z) is all odd torsion. In other words, M’ is a Zs)-homology 3-sphere and the free
(Q'-action can not exist. O

The remaining existence question concerns central quotients of the period four groups
of type A. It is enough to consider the period four groups themselves.

Proposition 4.5. Let G be the quotient of a type A period four group Q) by a central
cyclic subgroup T < Q. If Q acts freely and homologically trivially on a rational homology
3-sphere M, then G acts freely and homologically trivially on M/T, which is again a
rational homology 3-sphere.

Proof. Let G be the quotient of a type A period four group @ by a central cyclic subgroup
T < Q. If Q acts freely and homologically trivially on a rational homology 3-sphere M,
then G acts freely on the rational homology 3-sphere M /T.

It remains to show that and the G-action on M /T is homologically trivial. Since T is
central, the covering space M — M /T is preserved by @, and we have an exact sequence:

since Ho(T;7Z) = 0 and T acts homologically trivially on M. By applying group coho-
mology to this sequence, we obtain:

0— H\(M;Z)° = H (M/T;Z)° — H\(T;Z)° — H (Q; H(M;Z) .

However, by Proposition 4.3 we have Hy(M;Z) = Z/d, with (d,|Q|) = 1, and hence
HYQ; H(M;Z) = 0, Therefore H;(M/T;7Z)? = H,(M/T;Z), and the G-action on M /T
is homologically trivial. 0

The period four groups G = Q(8n, k, 1) of type A can not act freely on S (by Perelman),
but some members of this family do act freely on integral homology 3-spheres. For the
existence of such actions, there are two obstacles: a finiteness obstruction and a surgery
obstruction. Swan [29] showed that for every period four group, there exists a finitely
dominated Poincaré 3-complex X with m(X) = G and universal covering X ~ 53, Such
a complex is called a Swan complez of type (G, 3).
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We recall that the homotopy types of (G, 3)-complexes are in bijection (via the first
k-invariant) with the invertible elements in H*(G;Z) = Z/|G|.

Lemma 4.6. Let G be a period four group which acts freely and homologically trivially
on a rational homology 3-sphere M. Then there exists a (G, 3)-complexr X, unque up to
homotopy, and a degree 1 map f: M/G — X compatible with the classifying maps of the
G-fold coverings.

Proof. The classifying map ¢: M/G — K(G,1) of the covering M — M /G gives a class
c.[M] € H3(G,Z). By Proposition 2.4, this class corresponds to a generator

o* € HNG;Z) =~ H (G Z) = Hy(G; 7).

Let X be the (G, 3)-complex defined (up to homotopy) by this k-invariant. Since the
classifying map ¢: M/G — K(G, 1) is surjective on fundamental groups, it follows that ¢
lifts to a map f: M/G — X. Since the images of the fundamental classes of M /G and
X agree in H3(G;Z), it follows that f has degree 1. O

Remark 4.7. Any degree 1 map f: N — X from a closed oriented 3-manifold to a
(G, 3)-complex provides a degree 1 normal map by pulling-back a framing of the trivial
bundle over X.

The Wall finiteness obstruction o(X) € Ko(ZG) vanishes if and only if there exists a
finite Swan complex of type (G, 3). This is the first obstruction to existence. By varying
the homotopy type of X, Swan defined defines an invariant

0(G) € Ko(ZG)/S(G),

depending only on G, where S(G) C K, (Z@G) is the Swan subgroup generated by projective
ideals of the form (r, ¥) C ZG, where (r, |G|) = 1 and ¥ denotes the norm element. Then
0(G) =0 if and only if o(X) € S(G) for every Swan complex X of type (G, 3).

Proposition 4.8. Let G = Q(8n, k,l), with n odd, be a period four group of type A. If
G acts freely and homologically trivially on a rational homology 3-sphere, then o(G) = 0.

Proof. Under the given assumptions, G acts freely and homologically trivially on a rational
homology 3-sphere M, such that Hy(M;Z) = Z/d, where (d,|G|) = 1. By Lemma 4.6.
the classifying map M/G — K(G,1) of the covering M — M/G lifts to a degree 1
map f: M/G — X, to a uniquely defined (G, 3)-complex X. Since the map f induces a
surjection on fundamental groups, the argument of Mislin [25, Theorem 3.3] shows that

o(M/G) = o(X) + (d,%) € Ko(ZG),

and hence o(X) € S(G). Since varying the homotopy type of X changes o(X) only by an
element of the Swan subgroup (see Swan [29, Lemma 7.3]), we conclude that o(G) = 0. O

The secondary obstruction comes from surgery theory (and is defined only if the finite-
ness obstruction is zero). It can be computed in some cases to show existence (see Mad-
sen [22]). For the type A groups, a (G,3)-complex X has almost linear k-invariant
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eo € HY(G;Z) if the restriction of ¢y to each Sylow subgroup of G is the k-invariant of a
standard free orthogonal action on S* (see [22, p. 195]).

Definition 4.9. We will say that a free homologically trivial action of a type A group
GG on a rational homology 3-sphere M has almost linear k-invariant if there exists a
degree 1 map f: M/G — X to a finite (G, 3)-complex with almost linear k-invariant
eo € HY (G, Z).

Remark 4.10. If G acts freely and smoothly on an integral homology 3-sphere ¥, then
the quotient manifold ¥/G = X is a finite (G, 3)-complex with almost linear k-invariant
(see [13, Corollary C] and the discussion of [22, Conjecture D]). By Proposition 4.5, any
quotient of such a group G by a central cyclic subgroup would act freely and homologically
trivially on a rational homology 3-sphere.

Conversely, we expect that the following existence statement holds:

Conjecture 4.11. Let G = Q(8n, k, 1), withn odd, be a period four group of type A. Then
G acts freely and homologically trivially on a rational homology 3-sphere with almost linear
k-imvariant iof and only if G acts freely on an integral homology 3-sphere.

In the remainder of this section, we prove this conjecture under some additional as-
sumptions. If f: N — X denotes a degree 1 normal map to a finite (G, 3)-complex,
with m (X) = G, then there is weakly simple surgery obstruction X' (f) € L§(ZG). This
is defined since every finite Poincaré 3-complex with finite fundamental group is weakly
simple (meaning that its Poincaré torsion lies in SK;(ZG)). We let A*(f) € LE(ZG),
the image of X'(f) under the natural map, denote the obstruction to surgery on f up to
homotopy equivalence.

Let H = QQ(4ab) denote the index two subgroup of GG, containing the subgroup C'(4) <
Q(8) which acts by inversion on the normal subgroup of order ab.

Theorem 4.12 (Madsen [22]). Suppose that G = Q(8n,k,l), with n odd, is a period
four group of type A such that o(G) = 0. Let f: N — X be a degree 1 normal map
to a finite (G, 3)-complex with almost linear k-invariant. Then N (f) = 0 if and only
if Resg(N(f)) = 0 for each subgroup H < G of the form H = Q(4ab). Furthermore,
N f) = 0 if and only if Resg(AN(f)) = 0 for each subgroup K < G of the form K =
Q(8a,b).

Proof. This a a summary statement of the calculations in [22, §4-5]. See in particular [22,
Theorems 4.19, 4.21 and Corollary 5.12]. O

For the groups G = Q(8a,b) = Q(8a, b, 1), the top component S(ab) C S(G) C Ko(ZG)
of the Swan subgroup is defined as the the kernel of the restrictions to all odd index
subgroups. For example, Bentzen and Madsen [3, Proposition 4.6] computed S(Q(8p, q)),
for p,q odd primes, almost completely, and showed that S(pg) = 0 in a many cases (e.g
(p,q) = (£3,£3) mod 8§; or (p,q) = (1,£3) mod 8, and 2 has odd order mod p.

Theorem 4.13. Let G = Q(8p,q), for odd primes p > q, and assume that S(pq) = 0.
Then G acts freely and homologically trivially on a rational homology 3-sphere with almost
linear k-invariant if and only if G acts freely on an integral homology 3-sphere.
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Proof. Remark 4.10 explains the sufficiency part. For the converse, suppose that G =
Q(8p,q) with S(pg) = 0 acts freely and homologically trivially on a rational homology
3-sphere M with almost linear k-invariant. Then there exists a finite (G, 3)-complex X
with almost linear k-invariant, and a degree 1 normal map f: M/G — X = X(G). by [12,
Theorem 3.1], we may assume that the covering space X (H) is homotopy equivalent to
an orthogonal spherical space form, for H = Q(4pq) < G, and that the normal invariant
restricts to the normal invariant of an orthogonal spherical space form over the 2-Sylow
covering X (Q(8)). In particular, since Hy(M;Z) = Z/d for d odd, we must have

o(X(Q(8)) = (d,N) = 0 € Ko(ZQ(8).
Hence d = £1 (mod 8), and Resgs)(A(f)) = 0 by [9, Theorem 5.1(ii)]). This information
about the normal map f: M/G — X was extracted from the work of Madsen, Thomas
and Wall (see [20, 21]).

Now we consider the restriction of the surgery obstruction Resy(\'(f) € LE(ZH).
Since X (H) is homotopy equivalent to an orthogonal space form, Resy(A*(f)) is the
surgery obstruction of a normal map between closed manifolds. Therefore, Resg (A"(f)) is
detected by further restriction to the 2-Sylow subgroup C(4), and hence Resy(A(f)) = 0.
It follows that Hy(M;Z) = Z/d stably supports a hyperbolic linking form, and hence
d = r* mod (8ab) is a square. Since S(pq) = 0, it follows that (r, N) = 0 € K(ZQ).
Now by [9, Theorem 5.1(ii)] applied to \*(f) € LE(ZG), we see that \*(f) = 0. Therefore
G acts freely on an integral homology 3-sphere. OJ

Remark 4.14. By taking full advantage of Madsen’s results as summarized in Theo-
rem 4.12, we could give a statement for the groups Q)(8a,b), under the assumption that

S(a’, V') =0 for all divisors 1 #a' | a, and 1 #b" | b.

Remark 4.15. We would like to remove the almost linear k-invariant assumption. How-
ever, the group G = Q(8) acts freely and homologically trivially on M = RP3 with
H\(M;Z) = Z/3, since Q(8) x Z/3 acts freely on S3. This action has non-linear k-
invariant in our sense. Indeed, by the proof of Proposition 4.8, there is a degree 1 map
f: M/G — X, where X is a Swan complex for Q)(8) with non-trivial finiteness obstruc-
tion.

5. FINITE QUOTIENTS OF FUNDAMENTAL GROUPS OF 3-MANIFOLDS

In this section we consider closed 3-manifolds with finite coverings which are rational
homology spheres. The associated finite covering groups act freely on rational homology 3-
spheres, so they afford examples to which our methods will apply. Note that according to
[8, Theorem 2.6] every finite group in fact acts freely on some hyperbolic (hence aspherical)
closed rational homology sphere In such cases the fundamental group determines the
topology, and we are really just considering finite index subgroups of Poincaré duality
groups with vanishing first Betti number.

Recall that for any group @ and integer n > 0 we define the n—th term of its derived
series as QM = [Q™,Q™], where Q(® = . The derived series for a finite group
stabilizes at a perfect normal subgroup, but may not terminate for an infinite group. In
fact an interesting open question is whether or not the derived series for the fundamental
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group I of a closed orientable 3-manifold stabilizes if I'/T(™ is finite for all n. If it does
stabilize then I'/T'® is a solvable group with periodic cohomology (of period four), as it
acts freely on an integral homology 3—sphere. Independently of the stability question, one
can ask (as in [7]) about possible restrictions on the finite quotient groups I'/I".

Let L denoted a closed 3-manifold such that for some n > 0 the quotient 7y (L) /71 (L)™
is finite. Let I' = m;(L). From the extensions

1 — 1O/ i+ o p/r®
for 1 <i < n — 1, we infer that all the groups I'/T® and T'®/T+1) are finite in that
range. Hence the corresponding covering spaces L; are rational homology spheres. The
finite groups I'/T'® act freely on them, with quotient L; note that H?(L;, Z) = T /D (+1),
Applying 2.3 we obtain
Proposition 5.1. Let M denote a closed 3-manifold with T = 7;(L) such that T'/T™ is
finite for some n > 0. Then for all 1 <i <n —1 there are long exact sequences

o= HPT/TO 7)) 22 H(0/T9,7) — HY(T/TO, 10 /160y 5 F43(1 /10 7) — ..

These sequences are determined by elements o; € ITI*4(F/I’(i), Z), which are images of the
respective generators in H°(T'/TW Z) = 7 /| /T®].
Corollary 5.2. IfT'® is perfect, then o; € f[“‘(F/F(i),Z) s a periodicity generator for
the cohomology of T /T,

As we have seen, Proposition 5.1 can be used to obtain restrictions on the finite groups

['/T®. As an application we take the opportunity to quickly obtain some of the results
in [7] and [27].

Proposition 5.3 (Cavendish [7]). Let L denote a closed 3-manifold and q : I' — G, a
surjective homomorphism from its fundamental group I' = m (L) onto a finite group G

which induces an isomorphism Hy(T,Z) = H\(G,Z). Then ¢ : H*(G,Z) — H (G, Z)

gwen by x — o Uz is an isomorphism and cup product defines a non-degenerate pairing
H*(G,2) ® HY(G,Z) — HY(G,Z).
If in addition ker(q) C T®, then this pairing factors through a cyclic subgroup 0fﬁ4(G, 7).
Proof. There is a covering space L of L corresponding to ker(q), with a free action of G.
Consider the fibration L — L — BG and its associated 5-term exact sequence
0 — H*(BG,Z) — H*(L,Z) — H*(L,Z)% — H*(BG,Z) — 0

where the last map is surjective because H?(L,Z) is torsion—free. On the other hand,
from 2.3 we have an exact sequence

0 — coker(¢) — HY(G, H*(L,Z)) — H*(G,Z) — 0.

As H?(BG,Z) = H?*(L,7), then H*(L,7Z)¢ = H3(G,Z), but it factors through Tate
cohomology so we obtain that the norm map N is trivial on H*(L,Z),

HY(G,H*(L,72)) =~ H*G,Z)
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and that ¢ is surjective. As the domain and codomain of ¢ have the same number of
elements this implies that it is an isomorphism. Now given y € H?(G,Z) we can choose
2 € H?(G,Z) such that the Tate dual y* = o0 U z. Then 0 # 2 Uy because

04y "Uy=0cUzUy,

showing that the pairing is nondegenerate.

Let us now assume that ker(q) € T'® and let J = [G,G], R = G/[G,G] and S =
[ (L), m (L)] = m(L/J). T maps onto G, so S maps onto .J and H;(S,Z) maps onto
H,(J,Z). The condition ker(q) C I'® = S means that the kernel of ¢|g: S — J is
contained in S, and so the abelianized map is an isomorphism H,(S,Z) = H,(J,Z).
Given that L /K is a rational homology sphere,

H*(L)J,7) = H*(J,Z) = H,(J, 7).

Using this identification and applying 2.3 to the R-action on [3/ J, we obtain the exact
sequence

0— H'(R,H*(J,Z)) % HYR,Z) — H'(R, 7).

As before we can identify d with the differential ds: F3® — E3° for the LHS spectral
sequence for the group extension

l1—-J—-G—R—1.

Therefore the image of d goes to zero under the inflation map H*(R,Z) — H*(G,Z),
which therefore factors through coker d C H*(R,Z) = Z/|R|, a cyclic group. Using the

isomorphism H 2R, Z) = H 2(@, Z) and naturality of the cup product completes the proof.
O

We apply this to obtain a quick proof of a result due to Reznikov [27], following the
approach in [7].

Corollary 5.4 (Reznikov [27]). Let L denote a closed three-manifold such that G =
(L) /7 (L)™ is a finite 2-group, and Hy(L,Z) = 72 x Z/2. Then G is a generalized
quaternion group.

Proof. As G is a quotient of (L) mapping onto its abelianization, then
G/[G.G] = Z/2 x 72

and so G is a 2-group of maximal class and thus must be either (generalized) quaternion,
dihedral or semi-dihedral (see [11], Section 5.4). However the condition that the cup
product pairing be non-singular eliminates the semi-dihedral groups (see [10]), and the
fact that the image has rank one eliminates the dihedral groups (see [14]). Thus we
conclude that G is a generalized quaternion group. 0



16

[1]
2]

3]

ALEJANDRO ADEM AND IAN HAMBLETON

REFERENCES

A. Adem, Cohomological exponents of ZG-lattices, J. Pure Appl. Algebra 58 (1989), 1-5.

A. Adem and R. J. Milgram, Cohomology of finite groups, second ed., Grundlehren der Mathematis-
chen Wissenschaften [Fundamental Principles of Mathematical Sciences|, vol. 309, Springer-Verlag,
Berlin, 2004.

S. Bentzen and I. Madsen, On the Swan subgroup of certain periodic groups, Math. Ann. 264 (1983),
447-474.

W. Browder and W. C. Hsiang, Some problems on homotopy theory manifolds and transformation
groups, Algebraic and geometric topology (Proc. Sympos. Pure Math., Stanford Univ., Stanford,
Calif., 1976), Part 2, Proc. Sympos. Pure Math., XXXII, Amer. Math. Soc., Providence, R.I., 1978,
pp- 251-267.

W. Browder, Cohomology and group actions, Invent. Math. 71 (1983), 599-607.

K. S. Brown, Cohomology of groups, Graduate Texts in Mathematics, vol. 87, Springer-Verlag, New
York-Berlin, 1982.

W. Cavendish, On finite derived quotients of 3-manifold groups, Algebr. Geom. Topol. 15 (2015),
3355-3369.

D. Cooper and D. D. Long, Free actions of finite groups on rational homology 3-spheres, Topology
Appl. 101 (2000), 143-148.

J. F. Davis, Evaluation of odd-dimensional surgery obstructions with finite fundamental group, Topol-
ogy 27 (1988), 179-204.

L. Evens and S. Priddy, The cohomology of the semidihedral group, Conference on algebraic topology
in honor of Peter Hilton (Saint John’s, Nfld., 1983), Contemp. Math., vol. 37, Amer. Math. Soc.,
Providence, RI, 1985, pp. 61-72.

D. Gorenstein, Finite groups, second ed., Chelsea Publishing Co., New York, 1980.

I. Hambleton, Some examples of free actions on products of spheres, Topology 45 (2006), 735—749.
I. Hambleton and I. Madsen, Local surgery obstructions and space forms, Math. Z. 193 (1986),
191-214.

D. Handel, On products in the cohomology of the dihedral groups, Tohoku Math. J. (2) 45 (1993),
13-42.

P. J. Hilton and U. Stammbach, A course in homological algebra, second ed., Graduate Texts in
Mathematics, vol. 4, Springer-Verlag, New York, 1997.

H. Hopf, Zum Clifford-Kleinschen Raumproblem, Math. Ann. 95 (1926), 313-339.

R. Lee, Semicharacteristic classes, Topology 12 (1973), 183-199.

J. Lott, The work of Grigory Perelman, International Congress of Mathematicians. Vol. I, Eur.
Math. Soc., Ziirich, 2007, pp. 66-76.

S. Mac Lane, Homology, Classics in Mathematics, Springer-Verlag, Berlin, 1995, Reprint of the 1975
edition.

I. Madsen, C. B. Thomas, and C. T. C. Wall, The topological spherical space form problem. II.
Ezistence of free actions, Topology 15 (1976), 375-382.

, Topological spherical space form problem. III. Dimensional bounds and smoothing, Pacific
J. Math. 106 (1983), 135-143.

I. Madsen, Reidemeister torsion, surgery invariants and spherical space forms, Proc. London Math.
Soc. (3) 46 (1983), 193-240.

R. J. Milgram, The cohomology of the Mathieu group Maz, J. Group Theory 3 (2000), 7—26.

J. Milnor, Groups which act on S™ without fized points, Amer. J. Math. 79 (1957), 623-630.

G. Mislin, Finitely dominated nilpotent spaces, Ann. of Math. (2) 103 (1976), 547-556.

W. Pardon, Mod 2 semicharacteristics and the converse to a theorem of Milnor, Math. Z. 171 (1980),
247-268.

A. Reznikov, Three-manifolds class field theory (homology of coverings for a nonvirtually by -positive
manifold), Selecta Math. (N.S.) 3 (1997), 361-399.




FREE FINITE GROUP ACTIONS ON RATIONAL HOMOLOGY 3-SPHERES 17

[28] R. G. Swan, The p-period of a finite group, lllinois J. Math. 4 (1960), 341-346.

[2 , Periodic resolutions for finite groups, Ann. of Math. (2) 72 (1960), 267-291.

[30] C. T. C. Wall, Periodic projective resolutions, Proc. London Math. Soc. (3) 39 (1979), 509-553.

[ , On the structure of finite groups with periodic cohomology, Lie groups: structure, actions,

and representations, Progr. Math., vol. 306, Birkhduser/Springer, New York, 2013, pp. 381-413.

8
9
0
1

3

]
|
|
31]

DEPARTMENT OF MATHEMATICS, THE UNIVERSITY OF BRITISH COLUMBIA
VANCOUVER, BRITISH COLUMBIA, CANADA
E-mail address: adem@math.ubc.ca

DEPARTMENT OF MATHEMATICS & STATISTICS, MCMASTER UNIVERSITY
HamirToN, ONTARIO L8S 4K1, CANADA
E-mail address: hambleton@mcmaster.ca



